et

g

et

e

gy

e

S

ThM No.: 44-85-02CR January 1885

REVIEW OF SEMISUBMERSIBLE AND TENSION LEG PLATFORM
ANALYSIS TECHNIQUES

VOLUME | — LITERATURE SURVEY

F. Rajabi, S. Ghosh, C. Oran
Brown & Root Development, Inc.

D. R. Shields
Naval Civil Engineering Laboratory

Prapared for:

Naval Civil Engineering L.aboratory
Ocean Structures Division
Port Hueneme, California 93043

and

Minerals Management Service
Technology Assessment and Research Branch
Reston, Virginia 22091

Sponsors:

Naval Facilities Engineering Command
Minerals Management Service

Program Nos: YF60.634.091.01.A351
44-065

Approved for public release; distribution unlimited






g

=;¢m ﬁ%"

Sapypgt

St

A
i

St

T

g

71 AA

FOREWARD

This report constitutes Task I of the contract No. N62474-83-C6716 entitled
"Engineering Services for Conceptual Formulation and Design, Feasibility Studies,
Detail Design, and Development of Plans for Fixed and Moored Ocean Structures".
It was performed under Brown and Root Development, Inc. (BARDI), Job No. XF-0030.

Task T included two parallel activities - (1) a Titerature review of state-of-
the-art techniques and theory involved in motion and structural analysis of
semisubmersibles and tension leg platforms; and (2) a worldwide survey of the
software capabilities for design and analysis of such structures.

Motion and structural analysis capabilities of semisubmersible and tension leg
platforms aré dependent on techniques developed in the disciplines of: meteor-
ology; physical, geological and biological oceanography; mathematics and sta-
tistics; physics and mechanics; computer sciences; naval architecture; coastal,
geotechnical, materials, ocean and structural engineering. There are literally
tens of thousands of publications in each of these disciplines ranging from the
basic to those that are specialized and highly technical in nature. Clearly it
is not possible to provide an in-depth discussion of each discipline and topic
without producing a voluminous amount of text. Volume I provides an integrated
basic multi-disciplinary introduction to the topic for graduate civil and
mechanical engineers with limited knowledge or training in this area. It
could easily serve as an introductory text to the subject for first year grad-
uate students.

The literature review in Volume I covers many topics which provide the reader
with an introduction to selected fundamentals involved in the determination of
hydrodynamic loading, motions and responses, structural analysis, and mooring
analysis for semisubmersibles and tension leg platforms. Consistent with the
spirit of the charter for the report, the nomenclature adopted in the various
chapters of this review reflects that widely used by researchers, industry and
regulatory agencies. To assist the reader, a summary of significant nomencla-



ture terms, broken down by chapter, is presented on page xvi just prior to the
formal introduction to this review.

As previously discussed, an in-depth discussion of each topic is not possible
within this report. A bibliography compiled by me 1ists 34 easily obtainable
nc1assic" text and design level books which will provide the reader with a
more in-depth understanding of those topics in which he nas this desire. An
extensive list of over 350 references are cited in this review which shouid

enable the reader to achieve a more detailed understanding of specific phenomena

and recent developments in related areas when so required.

To conduct the worldwide software survey, Wore than 40 organizations in eight
different countries were contacted. These organizations are engaged in @
variety of activities and included research centers, academic institutions,
engineering consultants and contractors. Since standard universally éccepted
definitions are not in use for most of the parameters included in the motion
and structural analysis of semisubmersibles and rension leg platforms, a ques-
tionnaire was prepared for requesting uniform information from various organi-
zation. Summmary tables reflecting responses received from participants in
the survey are included in Volume 11 of this report. Responses received by
August 6, 1984 were included. A synopsis of each response is also included 1in
Volume 11. Questionnaires completed by various organizations are compiled in
Appendix 1.

BARDI was directed to make no attempt to evaluate the programs nor compare one

program againsi another. There is no endorsement of any program Or any program

over another and none should be inferred. Therefore, the software survey
should be regarded simply as a compilation of worldwide software capabilities
for motion and structural analysis in a uniform and easy to understand format.
Programs are continually in a state of development and maintenance. “Therefore
a user should generally find programs with similar general capabilities and
then confirm the present capabilities with the developers of the programs
before making a final selection of the program best suited to the problem he
wishes to analyze.
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The programs listed in the survey accommodate a range of problem complexities
from performing linearized frequency domain analysis for concept investigations
to nonlinear time domain analysis required in the final detailed design phase.

"y The programs covered range from those that may be regarded as quite user friendly,
L even to the extent of being menu driven, to those which should be regarded as
e principally research tools with which only a few individuals are knowledgeable

enough to code and perform analyses. The principal programs which are actively
being used for design and analysis of semisubmersibles and tension leg platforms
3 are felt to be adequately represented in this report.

3 A set of blank forms are provided at the end of Appendix I which may be reproduced
and used to document new programs or update programs which are included in the
present report. If new programs are documented or present ones updated it is
requested that this information be provided to NCEL directed to the attention
of the Ocean Structures Division Director. Copies of this updated information
will be forwarded to other parties on the original distribution list. Because
of the nature of the material in Volume II and Appendix I it is not for pudlic
distribution.
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J EXVP Extended Velocity Profile
F.D. Frequency Domain
»i% FDM Finite Difference Method
FEM Finite Element Method
Nw% GTP Guyed Tower Platform
“““ g HEM | Hybrid Element Method
k! ISSC International Ship Structures Congress

JONSWAP Joint North Sea Wave Project
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Abbreviation

MD
MWL
NMI
N.S.M.B.
NSRDC
NSTL
ONR
0TC
OTEC
0TS
P-M
RINA
R.M.S.
SCF
S.F.
S.1.
SNAME
SSDU
STAR
SWATH
SHL
TBP
T.D,
TLP
TPP
UK

UK DTI
u.s.
Usca

USGS
VYMP

ABBREVIATIONS

Definition

Maritime Directorate (Norway)

Mean Water Level

National Maritime Institute

Netherlands Ship Model Basin

Naval Ship Research and Development Center
National Space Technology Laboratories
Office of Naval Research

Offshore Technology Conference

Ocean Thermal Energy Conversion

Ocean Test Structure

Pierson-Moskowitz

Royal Institution of Naval Architects

Root Mean Square

Stress Concentration Factor

Safety Factor

Standing Instruction

Society of Naval Architects and Marine Engineers
Semisubmersible Drilling Unit

Scientific and Technical Aerospace Reports
Small Water Plane Area Twin Hull

Stil11 Water Level

Tethered Buoyant Platform

Time Domain

Tension Leg Platform

Tethered Production Platform

United Kingdom

United Kingdom Department of Trade and Industry
United States

U.S. Coast Guard

U.S. Geological Survey
Yertically Moored Platform
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3 NOMENCLATURE

CHAPTER 1
| Tn = natural period
T = spectral peak period

3 g

M CHAPTER 3
“1 °F = degrees Fahrenheit
\ CHAPTER 4
7 A = projected area per unit length perpendicular to flow
3 direction or area of cross section
‘; Ajk = added mass matrix
,é B = linear damping coefficient
3 (BR)jk - radiation damping matrix
X B - = structural damping coefficient
j} (Bv)jk = viscous damping matrix
- Bjk = hydrodynamic damping matrix
E c = stiffness coefficient
! Cd = .drag coefficient
' Cd.| = linearized drag coefficient
j Cjk = stiffness matrix (hydroelastic restoring plus mooring)
- Cm = inertia coefficient
ayg (CH)jk = hydrostatic stiffness matrix
'wﬁé E = modulus of etasticity
o Fy = drag force
‘E Fi =  1inertia force
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CHAPTER 4 (Cont'd)

e

forcing functions = time varying exciting forces
generic resultant force acting on body
gravitational acceleration

wave height

complex frequency response function

gain factor = response amplification operator {RAD)
mass moment of inertia

product of inertia

subscripts for modes 1 to 6 {surge, sway, heave, roll,

pitch, and yaw)

retardation function

wave number

mooring stiffness matrix

nonlinear mooring restoring forces
structural mass

generic added mass

frequency-independent impulsive added mass matrix
structural mass matrix

wave spectrum

response spectrum

time

water particle velocity

volume per unit length of slender member
structural disptacement

structural velocity
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CHAPTER 4 (Cont'd)

4 X = structural acceleration

“2 Xy = surge (positive forward) displacement

CE X, = sway (positive to port) displacement

o X = heave {positive upward) displacement
“ié Xy = roll {positive, deck down to starboard) displacement
.i‘ Xz = pitch (positive, bow downward) displacement

JE x6 = yaw (positive, bow to port) displacement

mé Xi = {i =1 to 6) displacement components of platform c.g.

7 Xo = amplitude of response

é X, Y, 2Z = coordinating system attached to ptatform c.g.

&, X, VY, Z = fixed coordinate system

VE (X)rms = root mean square of random variable X

3 fo = amplitude of forcing function

; 8 = wave heading measured from the X-axis

‘E At = small time interval

. o = water mass density

;é é( w) = phase factor

B n = wave circular frequency

- (a,8,0) = Euler angles

'E
,; CHAPTER 5
;&g A = amplitude of wave
g c = speed of wave propagation (phase speed, phase
- velocity, celerity, = L/T = w/k) = wave celerity

\} C{n) = normal izing function
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CHAPTER 5 (Cont'd)
d
E
f
G(e)
H
(H, T)

(M 100 T1/20]

(Hy/3s T1/3)

(H )

, T
max max
K

—

= =

P

q

q {u,v,w)
S

S(f,e)

T

U

distance from MWL to bottom = water depth
area under energy specfrum
wave frequency (= 1/T)

wave spreading function

wave height {= 2A for small amplitude wave theory)

mean wave height and period

average one-tenth highest wave height and period

significant wave height and period
maximum wave height and period

wave number (= 2v/L)

wave length

average apparent wave length

nth moment of energy spectrum

area under energy spectrum = E
number of waves

pressure

magnitude of velocity vector = (u2+v2+w2)1/2
fluid particle velocity vector = grad ¢

spectrum

wave directional spectrum = S(f) G{e)
wave period

UrseTl number (= HLZ/d3)

wave velocity component in X-direction
wave velocity component in Y-direction

wave velocity component in Z-direction
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3 CHAPTER 5 (Cont'd)

) '7E,h?,-f = coordinate system attached to platform c.g.

E X, Y, Z = fixed coordinate system

x% g {x,y,z,t} = velocity potential
st n(x,t) = instantaneous vertical displacement of sea surface
W% above MWL

J ) = angle showing direction of waves

; ) = direction about which wave spectrum is centered

5 02 = mean square value of a wave record

= area t under energy spectrum = Mo

'E = 1/2 area under amplitude spectrum

U £2 = rotation vector

‘é Qx = component of rotation vector about x-axis

) Qy = component of rotation vector aboyt y-axis

’ QZ = component of rotation vector about z-axis

E w = wave angular frequency (= 21/T = 2xf)

. wp = wave spectrum peak frequency

Z

~% CHAPTER 6

! Ca = Cm-l = added mass coefficient

3 Cd = drag coefficient

. Cm = inertia coefficient
_gg D = diameter

£ F = the Morison force per unit length of cylinder
7 Fp = drag force

} F1 = inertia force

XX



CHAPTER 6 (Cont'd)
XC

Re

CHAPTER 7

Keulegen-Carpenter number = ul/D
Reynolds number = uD/v

horizontal water particle velocity
horizontal water particle acceleration
current velocity

orbit width of the water particle
kinematic viscosity

water mass density

projected area per unit length
1ift coefficient

1ift amplification parameter

1ift coefficient of stationary cylinder in hydrodyna-

mically similar flow
Cm-l = added mass coefficient

drag coefficient

drag coefficient for cylinder undergoing hydroelastic

oscillations

inertia coefficient

diameter

the Morison force per unit length
1ift force

natural frequency of the body

resisting force

Xxi
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CHAPTER 7 {Cont'd)

y Ftrans = transverse force per unit length = FL"Fr

7 fn = natural period of cylinder

”% fv = vortex shedding frequency
- fv/fw = ratio of dominant shedding (1ift) frequency to wave
ifé frequency

. H = wave height
‘aé KC = Keulegan-Carpenter number = uT/D

"y KC* = KC at perfect synchronization

’ kd = water depth parameter = wave number x debth
h:} kr = roughness height

y kr/D = relative roughness

J L = wave Tength

% m = effective mass of the cylinder

y Re = Reynolds number = uD/v

‘é Rp = response parameter

- r = increase in cylinder diameter due to marine growth

c? buildup

3 St = Strouhal number - fVD/u

- T =  wave period

f% u = horizontal fluid particle velocity

a = horizontal water particle acceleration

:gg v = volume per unit length
‘“%% VC = current velocity
- v* = reduced velocity at Tlocation on cylinder where

shedding frequency chosen to be dominant

Xxii
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CHAPTER 7 (Cont'd)

V!"‘

X

CHAPTER 8

Ak
B3k
i
D

Fe
rle)

fip)

plw)
J
G{X,p)

Mik

reduced velocity = u/an

structural velocity

structural acceleration

cylinder displacement in the in-line direction
cylinder displacement in the transverse direction
kinematic viscosity

water mass density

spectral peak frequency

predominant (or dominant) circular 1ift frequency

added mass matrix
damping matrix
stiffness matrix
diameter

exciting force on the body

total wave force or “"exciting force", harmonic in time

unknown source strength distribution
Froude-Krylov force

Green's function of a point wave source of
strength at point p

wave length

structural mass matrix

number of sources to describe body contour in wave

source method
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' CHAPTER 8 (Cont'd)

N n = normal to surface of body
/ nj = components of generalized normal vecﬁor
:;% Ny qy, n, = direction cosines of normal to body surface
) {r, o) = cylindrical polar coordinates
'ﬁE S = body surface
. Vn = velocity of body in direction of the normal
ré Xk ‘ = structural response
3 ﬁb = body wave potential
- B4 =  diffracted wave potential
:} b = excitation potential = g + ¢,
. ¢k(x,y,z,t) = body potential associated with mode Xy
€ ﬁw = incident wave potential
3
: CHAPTER 9
: Cq = drag coefficient
} Cmds = dimensional constant
v D = diameter
;! Fp ' =  drag force
B Frods = mean drift force acting on semisubmersible hull
"i} ch = wave-current drift force
oy HS = significant wave height
A L =  wave length
‘”f} P = pressure
’ q = water velocity at body surface due to first order
4% velocity potential = (u2 + v2 + w2)1/2
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CHAPTER 9 (Cont'd)

T = wave period \

T, = significant wave period 4

U = maximum horizontal orbital velocity at a particular “f§
point& ;M

VC = curﬁent velocity f?

h = length of wetted part of column below mean water level

htn = length of wetted part of cotumn in the presence of

waves {"instantanecus wetted length")

P
Lacqus’

e = a small parameter (e << 1)
6 = velocity potential ”3
ﬁ(l) = first order velocity potential

e

= second order velocity potential

CHAPTER 10

'AC = projected area against current }

j = area of ith windage >
E

Awind = wind exposed area of windage '

Cq = drag coefficient o

Ch = height coefficient for wind velocity profile H
s = shape factor

(Cs)i = shape factor for ith object .
(Cgp)i =  shielding factor for ith object s

d = distance from water surface to mudline

d14 = width (or diameter) of the leeward member

dww =  width {or diameter) of the windward member

XXV



CHAPTER 10 (Cont'd)
F = wind force on platform with "N" number of items

exposed to wind

y fm = non-dimensional frequency
o fe = hon-dimensional frequency
d%} Kw = wind surface stress coefficient
\ kv _ = von Karman constant (= 0.40)
! L = Tength scale dimension
™ = 5900 feet for Harris spectrum
’ = 4000 feet for Davenport spectrum
/ Lu = integral scale  of  Jongitudinal wind  velocity
fluctuations (in direction of mean wind speed)
N = number of items exposed to wind
n = fluctuation frequency
Re = Reynolds number
3 S, (n) =  wind spectrum
. Vi = wind velocity at centroid of Ai
eé wind = wind velocity at the center of wind exposed area
,“E VZ = wind speed at height z feet above SWL
! V30(10} = wind speed at a reference height of 30 feet (10
"ig meters) above SWL
. v = longitudinal wind velocity
~%§ Vyof = mean velocity of wind at reference elevation
”“% v' = Tongitudinal wind velocity fluctuation
. v* = friction velocity
} X = distance above mudline
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CHAPTER 10 (Cont'd)

z = any elevation
ZO = roughness length = sea drag coefficient K
Zref = reference elevation

' = (prime) denotes fluctuating part
— = {bar over letter) denotes mean value
1/n = exponent between 1/13 and 1/7 for wind speed
determination
B = coefficient defining mean sguare value of turbulent

fluctuation in terms of friction velocity vy

v = kinematic viscosity of water
®air = air mass density
Pwater = water mass density

CHAPTER 11
Ac = projected area is direction of current
Cd = drag coefficient
d = distance from water surface to mudline = water depth
Fcurrent = current force
Re = . Reynolds number
(VC)s = current velocity at water surface
(VC)x = current velocity at distance x above mudline
X = distance above mudline
Puater = water mass density

*Xvii
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CHAPTER 12

_ FSC = free surface correction
EY
. GM = metacentric height
(IT)i = moment of inertia of Tliquid plane in the ith tank

about the tank heeling or trimming axis

“f% KB = distance of center of buoyancy above keel
- KG = distance of center of gravity above keel
'JE N = number of tanks
5 GTiquid = specific volume of the Tiquid in the tank
& A = displacement of the vessel
) CHAPTER 13
~§ B = Tinear damping coefficient
3 F(t) = horizontal wave force acting on the platform
7 Fo = amplitude of wave force
”} £y =  peak spectrum freguency
“ k = wave number
wé L = lTength of tendons
ey M = structural mass
o m, = added mass
4“§ T =  total tensile force in tendon system
”; T/L = stiffness coefficient (spring constant) of fictitious
mm§ horizontal and 1inearly elastic spring
”%% To = constant tensile force
7 T, =  wave period
) Tx = period of TLP in simple surge motion

xxviif



CHAPTER 13 (Cont'd) J

T{L) total tendon force

excitation parameter

u

w undamped circular frequency of TLP
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1.0

INTRODUCTION

Over the past thirty years pile founded steel jacket-type platforms
(commonly referred to as fixed platforms) have represented the most
common structural solution for offshore structures and in particular
the offshore o0i1 and gas industry's drilling and production
facilities. The need to move into deeper waters, technological
advancements, ever-growing expertise, more sophisticated analytical
techniques and faster and Targer computers have pushed the state-of-
the-art further and further. Today the tallest stee]l Jacket, Shell's
Cognac platform, stands in 1050 feet of water in the Gulf of Mexico.
There are various indications that with the present technology, water
depths much beyond 1000 feet may require an altogether different
approach.

One of the main problems to be faced by the designer of deep water
platforms is the dynamic interaction between waves and structure..
Figure 1.1, shows a set of design conditions typical of the Gulf of
Mexico. The main diagram shows three wave spectra, labeled as
operating weather, winter storm, and design storm. The curve in the
frame describes how the dynamic amplification factor (D.A.F.) varies
with the ratio of the structural period to the dominant wave period.
It should be noted that the curve shown is valid for systems with a
single degree of freedom, while an offshore structure is obviously a
multi-degree of freedom system. For a qualitative discussion,
however, the simplification is acceptable.

The shallow water (300 feet) stee] jacket has a natural sway period
(Tn) of about 2 seconds; this period is much lower than the peak
period of a sea state (T ), of the various sea states. Accor-
dingly, the ratio of the periods is less than one (Tn/Tp << 1},
and the point representing this ratio on the dynamic amplification
factor (D.A.F.)} curve is on the left side of the resonance peak. As
Tong as the period ratio (Tn/Tp) is small enough, the D.A.F. is
very close to 1 and the structural response is essentially static.



As the water depth dincreases, the structure's natural sway period
increases and approaches the spectral peak period of a sea state
while the D.A.F., becomes Targer than 1 and wmoves closer to the
resonance peak. For a 1000-foot water depth steel jacket, the
structure's natural sway period (4-6 seconds) is such that the
interaction with the design storm 1is Timited; but the energy
associated with the operating sea states is amplified significantly.
As a consequence, fatigue becomes a critical aspect of the design;
modifications may be needed to stiffen the structure. This resuits
in a dramatic increase in steel tonnage, in additional costs, and in
fabrication and installation difficulties.

The logical question to be asked is whether or not the problem couild
be solved by resorting to a different approach, Rather than trying
to minimize the dynamic wave-structure interaction by reducing the
structural period, could the same effect be obtained by making the
structural period higher than the wave period? The answer is
provided by the so-called compliant structures such as the guyed
tower platform, the tension leg platform, the buoyant tower, etc,
The common characteristic of these structural concepts is that the
ratio of the surge and sway periods to the wave period is greater
than 1; accordingly, the D.A.F. becomes less than 1, thereby reducing
the dynamic Toads.

Semisubmersibles are also compliant structures and have very large
surge, sway, and yaw natural periods (about 100 seconds). The new
generation, large displacement semisubmersibles have roll and pitch
natural periods of about 25 seconds and are designed to have heave
periods in the 20 second range. For large displacement semisubmer-
sibles the natural periods for all rigid body motions are greater
than the dominant sea wave period., This ensures workable response
characteristics and prevents a resonant condition with most sea
states encountered worldwide. However, studies have shown that
1ighter semisubmersibles (about 250 short ton displacement)} have the
surge, sway, and yaw natural periods of the same order of magnitude

%‘%mzt‘-"}
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as the larger concepts, but their roll and pitch natural periods are
in the 718 second range and their heave period may be around 12
seconds. Therefore, special consideration should be given to the
design of these small displacement semisubmersibles because these
important response characteristics fall in the range of dominant wave
periods.

Mooring system characteristics have a significant effect on the
natural periods of the structures under consideration. The influence
of the mooring system will be more pronounced in the case of small
displacement semisubmersibles than in the case of larger platforms.

This review is mainly concerned with Toadings and responses of

floating moored structures. In particular, attention will be focused
on semisubmersibles and tension leg platforms. While a detajled
description of the guyed tower ptatforms is outside the scope of this
review, a few basic items will be discussed for the sake of
completeness and in order to understand the difficulties relative to
the design and analysis of this structural concept.
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2.0 GUYED TOWER PLATFORMS (GTP's)

gt

The guyed tower platform {GTP) concept has been described in various
papers by Finn (1976), Finn and Young (1978), Finn et al. (1979),
Mangiavacchi et al. (1980), and Glasscock and Finn {1984). The GTP
is a trussed structure that rests on the ocean floor and extends
upward to a deck supported above the waves. The tower is laterally
Supported by an array of mooring Tines,

e ;5‘;?'

\‘x;‘zed.a,::

Each mooring 1ine (or guyline) consists of a lead (or catenary) line,
a clump weight, and a trailing (or anchor) line. The presence of the
clump weight 1imits the maximum tension in a single line. As the
tension exceeds a preset Timit, the clump weight 1ifts, the trailing
Vine becomes active, and the mooring system's stiffness decreases.
This phenomenon will increase both the surge and sway natural periods

'g of the structure, reducing the 1ikelihood of wave-structure
: interaction.

e

Because of the ‘lateral support provided by the mooring lines, the
tower is not expected to resist the total overturning moment like a
conventional jacket. Hence, a uniform tower cross section can be
used with 12 or 16 main jacket Tegs extending from the mudline to the
top of the jacket. This reduces the total required steel compared to
a fixed jacket for the same water depth. It should be noted that
“%é most of the members in the tower are buoyant, and the gravity load
' supported by the foundation isg therefore reduced. Should the gravity
Toad be too heavy for the foundation, permanent buoyancy tanks may be
utilized to offset the excess weight. The main problem to be solved
1s how to obtain sufficient compliancy to enable the structure to
e oscillate with the waves without overstressing the foundation. Finn
(1976), Finn and Young (1978}, Finn et al. (1879) and Audibert et al.
{1979) presented concepts based on the adoption of the spud can as
the foundation solution, while Mangiavacchi et al. (1980) introduced
E an original development in which the foundation consisted of

conventional piles. Figure 2.1 shows a sketch of a2 pile founded
guyed tower designed for the North Sea.

i
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The analysis of the GTP presents formidable challenges because of
various nonlinearities involved. The presence of the clump weights
obviously introduces a nonlinearity in the system. MWave-structure
interaction is another nonlinearity that has to be accounted for.
Compared to fixed jackets, the structural motions of GIP's in surge
and sway are relatively large {(GTP's are designed to have the total
offset less than a couple of degrees from vertical). Consequently,
the hydrodynamic drag forces due to wave and current must be written
in terms of relative velocity between the fluid and structure in the
Morison equation. Additional overturning moment due to the large
offset and heavy deck weight contributes to the geometric
nonlinearity. Finally, the high nonlinear soil behavior affects the
foundation stiffness of GTP's. An efficient method for the nonlinear
dynamic analysis of GTP's is presented by Hanna et al. (1981).

The GTP is a technological reality today. The first commercial GTP
{Lena) was installed by Exxon in the summer of 1983 in a water depth
of 1000 feet in the Gulf of Mexico, see LeBlanc (1983), Figure 2.2,
Research work is underway to simplify the GTP and make it more
economical and cost effective for production of smaller reservoirs.

P
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FIGURE 2.2 LE?A GUYED TOWER
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3.0

3.1

FLOATING MOORED STRUCTURES

Introduction

The concept of an ocean platform as a stable floating unit capable of
remaining on station with TJimited motion characteristics was
introduced in the early 1920's as indicated by St. Denis and
Almendinger (1971), These platforms today are désigned to accomplish
a number of missions, inctuding mineral recovery, oil drilling, pipe
Taying and support, and research work.

Five basic types of floating platforms can generally be identified,
viz., submersibles, semisubmersibles, jackups, ship-shaped vessels,
and tension leg platforms (TLP's). The reasons for a clear
distinction between semisubmersibles and TLP's are presented in
Section 3.4,

These platforms are either connected to the bottom by Tegs (often
called tendons or tethers for TLP's} or mooring lines, or are free
and kept on location by means of propulsion devices. According to
Van Sluijs and Minkenberg (1977), there are three important
considerations in the design of the floating ocean platforms:

1. Stability and survival. The platform should be operable under
adverse weather conditions and should be able to survive in high
seas, wind gusts, and overridden moorings (See MNumata and
Michel, 1974),

2.  Strength. The platform should remain intact under survival
conditions. Under these circumstances it is necessary for
semisubmersible platforms, TLP's and Jackups to maintain a
proper clearance (referred to as air gap) between the upper deck
and the water surface to avoid hydrodynamic impacts.



3. Mobility. The hydrodynamic resistance in transit condition has
to be as Tow as practical {see Macy 1966).

Most applications of floating ocean platforms reguire that they be
designed for minimum motion characteristics. Therefore the platforms
should have Tong natural motion periods to avoid or minimize
resonance with dominant waves. The most effective platforms have
natural surge and sway periods greater than 20 seconds, and natural
periods of pitch and roll greater than 30 seconds (see Bell 1974),
In order to avoid resonance in heave motions, the ocean platforms are
usually designed to have heave natural periods larger than the
dominant wave periods. However for TLP's the tendency is to keep
heave natural periods below 5 seconds to prevent fatigue in the
tendons. Since the subject of rigid body motions of a floating
platform will be encountered repeatedly during the course of this
review, a brief description of these motions 1is considered
appropriate here.

A rigid floating body may have a motion with six degrees of freedom:
three translational and three rotational., In the terminology of
naval architecture, the translational motions in X, Y, and Z
directions are referred to respectively as surge, sway and heave; and
the rotational motions about the X, Y, and Z directions respectively
as roll, pitch and yaw, In Figures 3.7a and 3.1b the X coordinate is
taken to 1ie along the Tongitudinal axis of the body and Z is the
vertical direction. However, for symmetrical platforms of
equilateral triangle, square, or circular shape which do not have a
preferred Tongitudinal axis, the coordinate system may be arbitrarily
placed along one of the axes of symmetry of the structure. An
example of this case is shown in Figure 3.1c. A more detailed
description of the coordinate system and rigid body motion éssociated
with floating bodies is given in Chapter 4.0.

A review of the studies on all ocean platform motions is beyond the

scope of the survey. A synopsis of the subject may be found in a

10
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3.2

3.2.1

paper by Van Sluijs and Minkenberg (1977). This study will be
focused on loadings and responses of semisubmersibles and tension Teg
platforms.

Semisubmersibles

Semisubmersible platforms consist of submerged bodies connected to
the working decks above the water by means of columns or slender
walls. Some derrick barges, pipelaying barges, s%orage platforms,
production platforms, and drilling platforms are built in this way .,
since experience has shown that the motions of this type of vessel
are smaller for a given sea state than the motions of ship-type
vessels or barges. Semisubmersibles were introduced starting from
the idea that their wave-induced motions are decreased by lowering a
large part of the buoyancy to a region of reduced wave excitation.
Motora and Koyama (1959) indicated that semisubmersibles undergo_
smaller motions than ship-shaped vessels.

Only column-stabilized semisubmersibles can meet the small motion
requirement, as their water plane area is small in relation to the
displacement. Column-stabilized implies that heave static stability
is obtained from the water plane area and that pitch and roll static
stabiTity are obtained from the water plane moment of inertia of the
surface piercing vertical columns. More elaborate descriptions of
this concept are given by Paulling (1970).

The mooring system of a semisubmersible is usually a conventional
catenary system, which offers restoring forces predominantly in the
horizontal plane and very little in the vertical plane. For this
reason semisubmersib1es have larger heave motions than TLP's.

Evolution of Semisubmersibles

Construction and deployment of semisubmersibles have gone through a
dramatic evolution since they were first introduced,

11



Macy {1969) describes and illustrates several o0il-drilling platforms
of this type. One of them, BLUE WATER II, consists of a square base
configuration approximately 200 feet by side, made up of cylindrical
members 14.5 feet in diameter, with four vertical corner columns 24.7
feet in diameter supporting the main deck. This platform normally
operated at a draft of about 40 feet. A second platform, the SEDCO
135, 16,000 short tons displacement, consists of three main vertical
columns Tocated approximately at the vertices of an equilateral
triangle, several diagonal tubular truss members, and, at the bottom
of the main columns, elongated pontoons of oval shape (see Figures
3.2 and 3.3).

Howe (1967) reviewed some developments of offshore drilling and
production technology up to 1967. Figure 3.2 shows some of key
semisubmersible rigs which he reviewed.

McClure (1965) described a platform designed for the MOHOLE deep sea
drilling project. This platform was to consist of two submerged main
horizontal pontoons 35 feet 1in diameter, and 390 feet Tong, with a
centerline separation of 215 feet. Three vertical columns 31 feet in
diameter extended from each horizontal pontoon through the free water
surface to support the main working deck. This platform had a
displacement of 25,000 short tons and was intended to operate in a
water depth of 14,000 feet. It was to be dynamically positioned by
means of trainable propulsion units controlled through a central
computer system.

Since 1970, the need for exploration in deeper waters has given a
noticeable momentum to the design and fabrication of heavy
construction, drilling and production semisubmersibles.

Rodnight (1983} has reviewed a new generation of semisubmersibles for
offshore drilling operation. He points out that the semisubmersible
drilling units (SSDU's) are considered the most suited for drilling
in harsh environments due to their excellent motion characteristics
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(see Table 3.1). A comparison between various drilling platforms is
presented in Table 3.7. The cost comparison among various drilling
platforms is given in Table 3.2.

Throughout the development of the driiling semisubmersible there has
been a general trend to simplify the structural design. Some of the
early semisubmersiblies were extremely complicated structures when
compared with the most recent units (see Figure 3.3). The structural
design of today's semisubmersibles has been simplified by:

Reduction in number of dispTacement hulls or pontoons
Fewer brace members and nodal joints,

Simpler brace connections.

Modular deck structures.

© O © o

Two longitudinal pontoons with four, six, or eight columns supporting
the main deck structure has become the universal design for
semisubmersibles built over the last 10 years,

Some semisubmersible designs have deleted the horizontal braces tying
the pontoons together &t the column base level to reduce the drag at
transit draught and wave slamming forces on the horizontal braces.
This particular design feature has not received widespread approval
because of excessive sagging forces occurring at deck structure level.

Construction and pipelay barges have also gone through dramatic
changes. Their evolution in the seventies and early eighties shows
their suitability for performing operations that some years ago
seemed impossible. The f0110wing s a brief 1ist of the most notable
construction and pipelay semisubmersibles put into service during the
1970°'s and early 1980's. A more detailed description of these
vessels may be found in Ocean Industry, July 1978 and Offshore,
August 1978,
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Castoro Sei -

Castoro Sei is the newest and largest pipelaying semisubmersible
in existence today {(Figure 3.4). This vessel was completed in
1978 and its first job was the Trans-mediterranean gas pipeline
from Algeria to Sicily.

Castoro Sei has the following specifications:

Length 595 feet

Beam 231 feet

Depth 97 feet

Draft 21 to 50 feet
Displacement 30,000 short tons (minimum)
Operating Depth 2000 feet

The Castoro Sei's two 187-short ton cranes permit the unit to
undertake light platform installation work and pipeline tie-in;
however, the vessel was designed primarily for pipelaying., A
total of 74 vessels worldwide are or can be equipped to lay pipe.

Nomad -

The horseshoe shape of the semisubmersible derrick barge Nomad
(Figure 3.5), now in the final design stages, is a result of
efforts to provide more points of ‘access to stationary
structures by the revolving crane aboard. The hull concept is
owned jointly by Nippon Kokan, the owner, and Baker Marine
Corporation.

A revolving crane with a fixed 1ift capacity of 2,000 tons and
rotary capacity of 1500 short toms is situated at the top of the
horseshoe hull, The semisubmersible has five stabilizing
columns. The deck load capacity is 6600 short tons, one of the
largest in the industry. Accommodations for 300 workmen will be
provided.
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The Nomad will be self-propelled with four azimuthing thrusters
for Timited dynamic positioning and a conventional eight-point
mooring system for stationkeeping.

DB 100 -

J. Ray McDermott's 406 foot Tong semisubmersible, DB 100 (Figure
3.6), is unique in that it has 13 columns atop a centerline and
two outboard hulls. Two of the columns are directly beneath the
single-derrick crane. The DB 100's crane has a 1ift capacity of
2000 short tons fixed and 1600 short tons revolving.

The DB 100 has the following specifications:

Length 406 feet
Beam 275 feet
Depth 130 feet
Draft 27 to 70 feet

Operating Depth 1000 feet

The DB 100 is also capable of moving away from a platform work
position to a distance of 500 feet and maintaining a standby
mooring position through Sea State Eight. It can maintain
station at maximum buoyancy in waves up to 98 feet.

Sedco/0Oxy MSV -
The Sedco/Oxy MSV (Figure 3.7) is of a design similar to the
Sedco/Phitlips SS with a multitude of firefighting facilities

aboard. The unit is being constructed by Mitsubishi Heavy
Industries in Japan,

Sedco/Oxy MSV has the following specifications:

Length 300 feet
Beam 249 feet
Depth 114 feet
Draft 22 to 80 feet

15



Its primary functions are platform djving 1inspection,
maintenance, package 1ift, pipeline inspection and repair, and
construction support. A 100-foot boom supported gangway allows
for personnel movement during construction support and
firefighting.

The twin-hulled unit has eight support columns, is self-
propelied and has a dynamic positioning capability. Remote
control firefighting monitors are mounted atop the 350-short ton
crane at the center aft of the vessel.

Al1 of the diving equipment aboard the Sedco/Oxy MSV is located
below deck and the diving bell enters the hull below the wave
zone. This unique feature allows the bell to operate at higher
sea states than normally possible.

NOC Units -

The two large semisubmersible derrick vessels built for Heerema
Engineering are unique in that each has two heavy-1ift rated
cranes aboard instead of one. One is rated for 3000 short tons
and the other at 2000 short tons. Only one other vessel in the
industry, Heerema's derrick ship 0din, has a 3000-ton 1ift crane
(see Figure 3.8).

The workability expectations of the two Heerema semisubmersibles
are 320-340 days per year, comparable to or slightly more than
the 475-foot Narwhal's performance in the North Sea. Ship-shape
derrick vessels now working in the North Sea have a work
expectation of 109 days per year, which make installation time
and scheduling difficult and often delays field development.

Ship-shape derrick units were used widely in the southern areas of
the North Sea but the latitudes further to the North are subjected to
heavier swells. Semisubmersibles are considered to be the most
stable hull structures for work in heavy seas. With the use of
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computer directed movement of ballast water, in amounts up to 5000
short tons in 20 seconds, the semisubmersible shape can accommodate
much heavier 1ifts than have been previously undertaken.

The evolution of semisubmersibles will continue in future decades
since these vessels promise a reliable, feasible, and economical
concept for diverse purposes. The degree of versatility of
semisubmersibles may be noted in a semisubmersible buoy designed for
data collection and telemetry for the United States Air Force Ajr
Combat Maneuvering Instrumentation (ACMI) range in the Philippine Sea
(see Figure 3.9). This range will empioy five semisubmersibles of
this type. These semisubmersible platforms have 250 short tons of
displacement and will be trimoored in water depths of 3000 feet to
11,000 feet. McClure and Kirshner (1983) give a more detailed
description of this platform. Garzke et al. {1978), Shields et al.
(1983) and Shields and Zueck (1984) have also performed studies which
have looked at semisubmersibles with displacements of less than 5000
Tong tons. 1In each case the small semisubmersible was determined to
have superior motion characteristics when compared to discus and spar
buoys. The one-third scale Deep 0i1 Technology TLP "X-1", Horton
(1975), was also used as a catenmary moored semisubmersible in 1000
feet of water for OTEC cold water pipe testing, Donnelly et al.
(1979) and Johns Hopkins University (1980).

The objective of making the semisubmersible as transparent as
possible to the passage of waves and while providing a larger
waterplane area has produced several conceptual designs for future
semisubmersibles. Figure 3.10 shows Cluff-Copson's = semi-flex
floating production facility which combines vertical columns on
universal joints to provide wave transparency, fewer stress points
and a larger waterplane. '

A new generation of completely winterized (climatized) semisubmer-
sibles will be deployed in the arctic regions. Ocean Drilling and
Exploration Company's Ocean Odyssey is an example of this new

17



3.2.2

generation platform. It is & super-class arctic semisubmersible
dritiing rig (Figure 3.11). Odyssey is extremely winterized, and all
equipment and systems are designed for service tiemperatures down to
-31°F., The derrick is fully enclosed with steel to 115 feet above
the heated drill flioor, permitting all-weather operation. A
comprehensive description of this platform is given in the Mobile Rig
Construction section of Offshore magazine (January 1983).

Another winterized semisubmersible presently in the design stage is
the Norsk Hydro rig (Figure 3,12), which will be the first completely
enclosed and climatized semisubmersible to operate year round at 72°
north Tatitude on the Tromsoflaket, on the Norwegian continental
shelf. A comprehensive description of this platform is given in the
Mobile Rig Construction section of Offshore magazine (January 1983),

Another semisubmersible concept on the drawing board is the German RS
35 Concept (Figure 3.13), as related by the Mobile Rig Construction
section of Offshore (January 1983). This semisubmersible is designed
to operate in the hostile environment north of the 62nd parallel in
the North Sea and to offer a careful balance between economics and
safety. The fundamental concept of the RS 35 generation is & uniform
and well balanced submerged ring hull of tubular sections, with the
deck and superstructure carried on four vertical columns. The
columns are ice-strengthened for operations in arctic waters.

Design Considerations for Semisubmersibles

The principal considerations for the design of semisubmersibles are
in general the same as for any other floating vessel, as listed below:

Owner's Requirement

General Arrangement

Principal Dimensions

Stability

Motion Response Characteristics

O O O o©
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0 Structural Design
0 Mooring System Design

The Owner's requirement will 1in general include the functional
purpose of the vessel, the environmental conditions for the operating
site, the performance criteria for operational requirements and any
other personal preference. Environmental conditions should specify
the design wave height, wave statistics, wind velocity and the
current profile. The performance criteria depend on the functional
purpose of the vessel, and are often described by the limiting motion
prior to shutdown of operation. For exampte, the limiting condition
for a floating production ptatform is given by the vertical and
horizontal excursion, whereas for a derrick barge it may be the
motion of the crane boom tip.

The space allocation, facilities Tayout and general arrangement for
any floating vessel are guided by operational objectives, desired
capability, needed equipment, particular construction goals and
individual preference. Thus for semisubmersibles designed to Ttay
pipe, the general arrangement will be greatly influenced by the flow
of pipe segments from the conveyor to the welding station to the
pontoon or stinger and onto the ocean bottom, whereas for a drilling
platform, the Tayout objective is to facilitate the drilling
operation. For a semisubmersible buoy designed to collect and
telemeter data as for the U.S. Air Force ACMI range, the utmost
concern may be for the motions at the antenna tip.

The principal dimensions of a semisubmersible vessel include the deck
size, number, size, and height of columns, and the size and length of
the pontoons. These dimensions should be chosen to satisfy the
requirements due to general arrangement, displacement, stability and
other performance related criteria. The vessel should provide enough
buoyancy to support the structural steel weight, ballast, mooring

equipment, and all other weight items including machinery, HVAC,

piping, electrical, any special equipment, etc. Usually the
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principal dimensions are chosen on & trial basis at an early stage of
the design and are then changed during many ijterative steps during
design process to provide adequate stability and meet the other
performance requirements.

The requirement of stability for any floating vessel is a fundamental
one. Motion response characteristics of a floating vessel more often
give an idea of the vessel performance. The method of evaluating and
the considerations for stability and motion response are provided in
detail in Chapters 12.0 and 13.0 respectively.

Structural design will require identification of all the loadings
before carrying out the analysis. A vessel is usually subjected to
static loads such as dead load, live load and current load, and
dynamic loads due to waves and wind. The wave induced loading will
produce significant inertial Tloads on the structure. The wind
Toading is often assumed to be static, which may be acceptable for
structural design. Wind dynamics may, however, cause larger
horizontal excursion. The wind and current loadings are described in
detail in Chapters 10.0 and 11.0 respectively.

Another fmportant element in the design of semisubmersible vessels is
the mooring system. A proper mooring system design will specify the
number, size, material and the pattern of mooring lines which will
keep the vessel on station in the design sea state.

The most common mooring system is a spread (catenary) mooring
consisting of wire rope, chain, or a chain-wire combination. The
system will be subjected to loadings due to current, wind and waves
which should be described in the environmental conditions. During
1982, more than 90 percent of the semisubmersible dri1Ting units
working in North European waters were equipped with chain mooring
systems.
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A chain-wire combination mooring system s designed to further
improve water depth capability by employing wire at the semisubmer-
sible end to increase the mooring length. This feature minimizes
weight increases, but requires complex drive and spooling units.

The design water depth capability of moored semisubmersible drilling
units working in the North Sea has increased from 600 feet in the
early 1970s to approximately 1500 feet for the latest units. Several
of the semisubmersible drilling units built in the mid-1970's were
upgraded from 600 feet to 1000 feet. This was achieved by increasing

the chain Tengths from approximately 3500 to 4500 feet and modifying
the chain Tockers.

While it is possible to design larger and better mooring systems, the
practical aspects of running and retrieving moorings in deep waters
and harsh environments should not be understated. Operations in such
conditions take longer periods of time and require larger workboats
and reliable windlass braking systems.

Many of the early semisubmersibles were equipped with wire mooring
systems, but chain is strongly favored because:

0 The chain system is considered more robust and durable.
] The chain catenary shape enables chain to embed into the sea
bottom and improve overall anchor holding capability.

A wire mooring system, however, offers reduced weight, reduced cost,
and better mooring characteristics in shallower waters.

Some of the latest semisubmersibles equipped with wire or the wire-

chain mooring systems have located the wire storage reels in the
pontoons or lower columns.

Many problems were experienced with mooring systems during the last
decade of semisubmersible operations. These dincluded chain and
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anchor failures, broken dog clutches and bull gears, fairleader
foundation welding problems, and incorrect design of fairleader and
gypsy pockets. Recent improvements include the use of hydraulic
power, torque converters, better braking systems, and removal of
wildcats. The new regulations, design features, and manufacturing
techniques are obviously aimed at improving the reliability of
mooring systems,

Mooring systems can be improved by specifying a higher quality
chain. During the last few years, chain manufacturing techniques
have progressed from the normal oil rig quality or similar Grade 3,
to provide either an arctic or Grade 4. The arctic grade provides
Charpy dimpact test results at -60°C, while Grade 4 provides
approximately 35 percent improvement in tensile yield values.

Finally, due consideration should be given to optimizing the hull
configuration, design parameters such as ratio of column displacement
to pontoon displacement, column spacing, etc, A detailed description
of optimization procedures is given by Ghosh et al. (1979) for
designing a pipelay/derrick semisubmersible barge. The same
philosophy can be applied to the design of other semisubmersible
vessels with very little change in the logic., Figure 3.14, adopted
from a paper by Ghosh et al. {1979), shows optimization cycles for a
pipelay/derrick semisubmersible.

Tension Leg Platforms (TLP's)

Mercier et al., (1982) describe the tension leg platform (TLP) as a
floating structure connected to anchors fixed in the seabed by
vertical mooring lines {tension legs) at each corner of the platform
(Figure 3.15). These vertical mooring lines virtually eliminate the
vertical plane motions of heave, pitch and roll, while the lateral
movements 1in surge, sway, and yaw are compliantly restrained.
Buoyancy is provided by the vertical columns and the horizontal
pontoons connecting the bottoms of these columns. An excess of
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buoyancy greater than the platform weight keeps the mooring lines in
tension for all weather and all Joading conditions. Column height is
sufficient to support the deck above the wave crest elevations for
all tide and wave conditions when the TLP is fixed to the seabed
foundations by the tension legs.

Evolution of TLP's

In the early days of the TLP conceptual development most drillers and
011l and gas production engineers considered the TLP as a logical
extension of semisubmersible rigs. Accordingly, conceptual systems
were developed on the basis of the existing semisubmersible design
technology. However, while a TLP is indeed highly compliant in the
surge, sway, and yaw directions (periods over 100 seconds), it is
virtually fixed against pitch, roll and heave motions (periods Tess
than 5 seconds). These motion restrictions result in fundamental
differences between a TLP and a semisubmersible platform.

" An example of the TLP was shown by Macy (1969) as early as 1969 and

described by Paulling and Horton (1970) in 1970.

Also in the early 1970's, a team of CONOCO, Inc. engineers analyzed
subsea production system for deep water. As a result, they
recommended that designs be developed to provide above-water platform
space to accommodate drilling and production facilities in deep
water., The TLP was recognized as a potential system with a cost that
should be relatively insensitive to water depth. An intensive study

concluded that this concept was feasibie and could be designed to be
reliable, '

As a consequence of these studies, another in-depth design study was
carried out in 7977 on the application of a TLP for devetopment of
the Hutton Field 1in the British MNorth Sea. In addition, the

application of a semisubmersible early production system was
investigated. Following a comprehensive investigation of alternative
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development methods, inciuding a steel Jjacket structure, the team
recommended the use of a TLP to develop Hutton (see Figure 3.15).

The tension ‘leg platform family encompasses several different
designs, e.g. vertically moored platform (VMP), tethered production
platform (TPP), and tethered buoyant piatform (TBP), etc. Various
designs include numerous alternative solutions. For example, the TLP
could be anchored by a gravity base, driven piles, or drilled and
grouted piles., However, all TLP designs have been developed on the
basis of a vertical mooring system under pretension due to excess
buoyancy. The term TLP is used in this review in a general sense
without reference to any specific design.

Figures 3.16 and 3.17 from Angelides et al. (1982) show some of the
most common designs for tension leg platforms. Four of the five
designs have two axes of symmetry, while one is axisymmetric. The
buoyancy in two of them is provided mainly by the vertical botftle
shaped mwembers, while in the other “three configurations, a
significant amount of the total buoyancy is provided by horizontal
members as well.

Another TLP design that deserves some attention is a TLP concept
developed by Tecnomare. Paruzzolo (1981) describes this TLP as
having a gravity type foundation mainly to facilitate installation.
Figure 3.18 shows the Tecnomare TLP design in construction, towing,
and installation configurations. The tendons for this design are
welded pipes.

Today the TLP concept is a technological reality and appears to be
one of the most promising platform configurations for deeper waters.

Currently, the design, analysis, fabrication, and installation of the
first tension leg platform for CONOCO, Inc., Hutton Field, British
North Sea, in 490 feet of water are complete. The hull, deck, and
other components were fabricated in Scotland. Installation was
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completed in the summer of 1984.

Design Considerations for TLP's

Among the proposed deepwater compliant concepts, the TLP represents a
unique chalienge to a wide spectrum of engineering deciplines,
Capanoglu (1979) and Karsan and Mangiavacchi (1982), emphasize the
fact that a close interaction among naval architects, hydrodynami-
cists, structural and mechanical engineers, foundation and soil
engineers, and fabrication and installation specialists is necessary
for a successful and cost-effective TLP design. The roles of project
managers, schedulers and weight control engineers should also be
integral in the design process.

The high interaction between many disciplines and specialists in all
the phases of a TLP system design and construction demands stronger
project and schedule control than is usually required for a standard
fixed platform. Minor changes in the equipment weights and center of
gravity, tendons, risers or fdundation configurations may result in
major changes in other TLP components, thereby greatly affecting the
cost and schedule.

Ghosh et al. (7980), review the design considerations of a TLP. They
divide the design activities into the following areas:

PTatform geometry
Platform structure
Mooring systems
Equipments
Hardware

o o O O ©

They further 1ist the major tasks for a TLP design to be as follows:

o Owner's specifications
0 Design criteria
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Deck arrangement

Platform characteristics
Stability analysis

Motion analysis

Riser and tether system
Transportation study
Installation method

Structural analysis and design
Foundation structure design

c 0o 0O O O O 0O o O

An example of a TLP design activity network is shown in Figure 3.19.
For a TLP design, the owner will in general specify the production
rate based on the geological survey and exploratory drilling,
location and the water depth. Other owners such as the Navy reguire
specifications which may be motion or cost related. The owner often
provides information related to the environmental data and might also
impose some constraints such as fabrication site requirements and the
transportation method and route. The environmental data should
include statistical data related to wave, wind and current criteria.

The TLP concept is relatively new and there are no well defined
design criteria for each task. The regulatory agencies who are
involved 1in classifying the various types of offshore platforms
generally consider the TLP as a special case. A collection of
recommended practices for the design of TLP's is being prepared by
the American Petroleum Institute (API). Until these are published,
various design criteria developed for semisubmersible design may be
-used for a TLP. For example, during transportation and various
stages of installation, a TLP dis no different from a
semisubmersible. Therefore the existing criteria for dintact and
damaged stability evaluation for a semisubmersible can be used for a
free floating TLP. These criteria are described in detail in Chapter
12.0. The other criteria for semisubmersible type vessels related to
accommodations, safety equipments and requirements such as column
height above mean water line, miscellaneous outfittings, etc., are,
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in general, applicable to TLP's.

Ancther important concern, for drilling and production TLP's, s
represented by the horizontal excursion and the response behavior of
the platform, which directly influence the tendon response and its
fatigue 1ife. The horizontal excursion will be governed directly or
indirectly by tendon response and the allowable riser angle at base;
the Tlatter being dependent on the bottom ball joint design. The
tendons are subjected to cyclic loading, which makes it necessary to
satisfy these criteria: fatigue (which depends on the desired
structural 1ife of the platform), maximum tension (which should not
induce tendon stresses higher than the allowable), and minimum
tension (no tendon should go slack). Unlike semisubmersibles, the
TLP system has a natural period around 2-4 seconds in the vertical
plane. The Tow natural period of the system makes fatigue
consideration very important. The tendon connectors are not designed
to take any compressive load, so the criterion that the tendon not go
slack should be satisfied in the design.

Wind, currents, and waves acting on the TLP cause steady and
oscillatory 1lateral movements and variations in the loads in the
tension legs. The motions and loads must be determined and accounted
for in the design of TLP systems, such as foundations, tension legs,
risers, equipment supports, and the structure.

The dynamic behavior of the TLP may be compared to an inverted
pendulum, with the excess buoyancy playing the role of gravity.
While vertical motions (heave, pitch, rol1} are effectively
restrained, it is free to surge, sway, and yaw. The tension legs
are, in effect, parallel motion linkages. The natural periods of
oscillation of the TLP depend on tension Teg length, among other
factors.

The tension of the tension Tegs serves two functions: {1} it prevents

"snap" loads in case an extreme wave produces an excess downward

27



force, causing the anchor legs to go slack and (2) the horizontal
component of the tension in the inclined anchor Tline balances the
time-average horizontal forces due to wind, current, and waves.
Anchor 1ine tension variations are kept to a minimum by careful
design of the proportions between columns and horizontal bracing, in
a manner similar, but not quite identical, to the design of semisub-
mersible vessels. In the case of the semisubmersible, the prime
cbjective is to minimize heave motions, while the TLP's members are
sized to reduce variations in the vertical anchor line forces.

Since the tension legs act as paraliel motion linkages, a horizontal
displacement of the platform will produce a vertical setdown. This
affects the required air gap (clearance between deck and mean water
Tevel to accommodate the highest wave and tide combination}. Further
displacement due to wave-induced oscillations would cause additional
setdown, but the effect on the required air gap is not substantial
since wave crest and platform motions are approximately 90° out of
phase (see Mercier et al. 1982).

Intact and damaged stability needed for a safe and stable TLP
configuration requires special attention. Because of its relatively
small water plane areas, a TLP configuration possesses a much smaller
metacentric height than a ship hull section. This makes the system
gquite sensitive to variations of deck equipment weight and center of
gravity (c.g.}). As a consequence, any change in deck eguipment,
weight and c.g. during the design phase may result 1in major
modifications to the TLP hull configuration. Lack of proper weight
and ballast control procedures during the installation and operation
phases may result in serious safety problems. Figure 3.20 from a
paper by Karsan and Mangiavacchi (1982) shows various conditions
which need to be checked for overall stability assessment of a TLP
system. The current industry practice is to check the stability
conditions against the dynamic stability criteria recommended by the
American Bureau of Shipping (ABS) (Figure 3.21). While this
empirical method introduces current and wave effects through a
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suitable safety factor, the effects of other parameters such as
spectral shape and dynamic characteristics of the vessel are not
directly considered. More advanced methods (such as modifying the
heeling moment Tine accounting for current and wave effects) need to

be developed. This may require extensive model testing and
analytical work.

The TLP hull is generally composed of columns and pontoons, which are
essentially stiffened thin shells. A question not yet completely
answered is whether a configuration with a circular cross section
would be preferable to one with a rectangular cross section. The
fabrication of the latter might be easier, but the connection design
might be much more difficult., Also, with particular reference to the
pontoons, the hydrodynamic behavior might show some undesirable
characteristics.

Two different structural concepts have been considered for the deck.
One consists of a plate girder construction, very similar to the
approach used in the shipbuilding industry. The other concept is
based on the use of a tubular truss as the main deck structure, to be
covered by steel plate floors and walls. The latter solution may
present the advantage of an increased flexibility of design and
operation, since minor modifications needed to accommodate equipment,
wiring and piping will not affect the main load-carrying members.

Like other areas of a TLP design, the main difficulty Ties in the
highly interactive nature of the problem. To achieve a satisfactory
configuration in terms of minimum weight, sufficient strength and
adequate stability, several passes through the design loop may be
necessary. Variations to the platform geometry, to the hull
component sizes and weight, and to the production and drilling
equipment weight and location may result in substantial changes in
the TLP motion characteristics and in the tendon response. As a
conseguence, an integrated TLP analysis package requires an efficient
interface between naval architecture software (motion analysis) and
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structural engineering software (stress analysis). Liu et al. (198C)
and Tein et al. (1981) discuss such an integrated structural and
hydrodynamic analysis method. Capanoglu (1979) emphasizes the need
for close interaction between the naval architecture and structural
analysis of TLP's.

Tendons are one of the most critical elements of the TLP system.
Various types of tendons such as steel wire bridge strand, Keviar,
high strength drill pipe and specially forged threaded high strength
pipe joints have been proposed by early TLP jnvestigators. Kevlar is
not favored because of the lack of satisfactory material information
and field experience. Possible fatigue and corrosion problems
discourage the use of the steel bridge strand. 1In their Hutton Field
TLP, CONOCO has wused specially forged, high strength, conically
threaded tendons similar to oiifield drill strings.

The tendon termination points at the TLP hull and at the seabed
anchor template undergo large rotations; fixed connections at these
points would be subject to very high stresses. The means for
providing gimbal action at the termination points have been studied
by various researchers. These efforts resulted in the development of
elastomeric compression connectors. Field experience with the
underwater Tlong term behavior of elastomeric rubber materials
subjected to cyclic shear and compression loadings 1is generally
lacking. More field data and tests on these cdnnectors are required
to establish their long term reliability.

A proper method for anchoring the TLP to the seabed fis another
challenging task to consider.

In the early days of TLP development efforts, two schools of thought
for restraining the heave motions existed, One considered the
possibility of providing gravity anchors; the other favored an anchor
template(s) fastened to the seabed by piles. The piles, in turn,
could be either driven, drilled and grouted, or perhaps jacked in.
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Large weight and installation difficulties discouraged the use of
gravity anchors. Advancements in  the tempiate Jlowering and
underwater pile driving equipment and its inherent Tight weight added
impetus to the use of steel frame anchor templates. Berman and
Blenkarn (1978) proposed a singie-piece anchor template for their
Vertically Moored Platform (VMP) concept where risers were employed
as vertical mooring elements, Drilling and production risers were
Tocated inside the drilled and grouted tension piles. Since then,
the idea of using the risers as structural tension members has been
temporarily shelved, mostly because of safety considerations.

Currently, the use of either multiple anchor templates or single
anchor templates s equally favored. Some favor the use of
individual Tightweight anchor templates (300 to 600 short tons per
unit) which can be lowered to the seabed using a common floating
drilling rig (Figure 3.22). Others favor the use of a single anchor
template because of the reduced risk of misalignment in the positions
of the individual anchor pile clusters, This scheme has the added
advantage of offering the possibility of installing tethers and
anchors in a single operation and of providing space for an ample
number of piles (Figure 3.23) (see Karsan and Mangiavacchi, 1982).

Fabrication and installation of TiP's are two areas that deserve
particular attention. Two strategies prevail today based on the
ongoing state of technology and the capabilities of fabrication
yards. In  single-pjece fabrication the entire structure s
fabricated in one fabrication yard by first assembling the deck and
the facilities and progressively jacking it up to assemble it on the
hull, This may create serious fabrication, scheduling and tow out
difficulties. This is especially true for a drilling and production
TLP where the size and the weight of the deck and hull are very
large. This method may be very successful and economical for a
Tightweight TLP with moderate geometrical dimensions where a high tow
out draft may not be required.
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Currently the favored approach is to fabricate the hull and deck with
Tts assembled facilities as two separate pieces in two fabrication
yards and then tow and mate the two pieces in a protected deep water
Tocation near shore. 1In this method the deck and the facilities are
fabricated and hooked-up in a graving dock, near a quay wall or over
a dry dock and then towed out in a manner similar to the Maureen
Field HIDECK or multiple outrigger barge(s). Similarly, the hull is
either built in a graving dock or on launch skids and then floated
out to the deep water mating site. The deck and the hyll are then
mated by ballasting the deck transport barge(s) down while the hull
structure is deballasted. The hull-deck assembly is then towed to
the offshore location for connection to the subsea anchor template(s).

Installation of multiple anchor template(s), similar to those used
for the CONOCO Hutton TLP, requires very close tolerances. From a
static standpoint, the TLP with more than three tether clusters is an
indeterminate structure, and any deviations from the originally
designed template positions will result in large variations in the
design tendon forces. These tolerance problems are reduced as the
water depth increases. Another installation operation that requires

particular attention is the connection of the tendons to the anchor
templiate,

During the connection of the tendons to the anchor template(s), the
TLP characteristics vary from an unrestrained configuration with a
heave period in excess of 10 seconds to a restrained configuration
with a heave period of 4 seconds or less. During this operation, the
system might be highly vulnerable to the dominant sea states, which
exhibit significant energy at these frequencies. Today's phitosophy
is to achieve the heave restraint as rapidly as possible by Towering
one tendon from each corner of the TLP hull simultaneously and
achieving rapid reductions in the heave period in a short,
predictable time span, such as 24 hours or less,
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3.4

Major Dynamic Response Differences Between Semisubmérsib'fes and TLP's

A TLP resembles a semisubmersible platform except for the m'ooring
systems and foundation structure. The mooring system of g
semisubmersible is the conventional catenary system which offers
restoring forces predominantly 1in the horizontal plane and very
Tittle in the vertical plane. For a TLP, the mooring 1ines may be
vertical or inclined. These wmooring Tines or tendons are
pretensioned in the in-place condition by excess buoyancy provided by
the hull. The tendons provide very large stiffness in the vertical
plane and Tittle restraint in the horizonta] plane. Thus, while a
TLP is indeed highly compliant in the surge, sway, and yaw directions
with perjods over 100 seconds, it is virtually fixed against pitch,
roll and heave motions with periods less than five seconds, These
motion restrictions result in fundamental differences between a TLP
and a semisubmersible platform. Figure 3.24 shows the natural
periods for a TLP and a semisubmersible in connection with sea
spectra for 10-foot and 20-foot significant wave heights. It is
interesting to note that all natural periods of a semisubmersible
fall on one side of the spectra, while the natural periods of a TLP
are split on the two sides of the spectra. This will have a direct
impact on the considerations concerning fatigue 1ife of the mooring
lines, In the case of semisubmersibles the fatigue considerations
for mooring tines are mainly based on a high stress range and low
frequency phenomenon while in a TLP fatigue occurs under a Jow stress
range and high frequency conditions.

Another major difference between a TLP and a semisubmersible is the
Payload capacity of these platforms. Conceptually a TLP can carry
more payload than a simiiar semisubmersible. This is the direct
result of the in-place stability considerations, For a
semisubmersible a positive metacentric height is a must while a TLP

may accommodate also a negative metacentric height when it is
installed in place.
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Table 3.3 the shows the major dynamic characteristics of
semisubmersibles and TLP's.

As far as major differences 1in dynamic analysis methods are
concerned, the TLP design exhibits a strong interaction between the
geometry, the motions and the loads acting on its hull and tendons.

For TLP motion analysis purposes, the tendons are simulated as
weightless springs. This simulation 1is quite satisfactory for
shallow water depths, where the total mass of the tendons is a small
fraction of the total platform weight. In deeper waters, the
approximation of tendons as massless springs is questionable and may
lead to significant errors in predicting the motion response of the
TLP system. In fact, in order to limit the heave and roll periods
below 5 seconds, the tendon to platform weight ratio will rapidly
increase with water depth (Figure 3.25). The natural bending periods
of tendons and risers also increase as a linear function of the water
depth and above 2000 feet, strong interaction with waves may be
expected (Figure 3.26). Consequently, a coupled dynamic motion
analysis of the TLP may be regquired.

During an individual maximum wave loading cycle, the axial force on a
tendon varies with time (anywhere from 10 percent to 80 percent of
jts yield strength) dindicating that the spring constants are not
really constant but they are dependent on loads and freguency.
Additionally, complex dynamic phenomena within the tendon itself,
such as resonant lateral vibrations, may further reduce the axial
tendon stiffness. Research work and parametric studies are currently
in progress for better understanding of the behavior of tendons in
deeper waters.

Albeit, 1in the case of a driT]Tng semisubmersible the usual
assumption 1is that the dynamics of the mooring lines do not affect
the motions of the semisubmersible and this assumption has proven to
be valid based on experimental investigations (see Hooft, 1971).
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However, in the case of rather small semisubmersibles such as those

discussed in Section 3.2.1 this assumption may be somewhat
guestionable.
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TABLE 3.1 COMPARISON OF VARIQUS TYPES OF MOBILE DRILLING UNITS E

Jackup Driliship Semisubmersihie “
Gonstruction cost Low 0 medium Medium to Expensive
expensive T,
Water depth capability Shzilow 1o Medium to very Medium to %
mec:ym water tdeep water deep water
Transit variabie deck toad Fair Very good Fair
Operational VDL Fair Very good Goed
Mation characieristics na Poor Good i
Mobilization Fair Very good Good )
Sefting up on location Difficult Fair Fair

"
%
g
B
I

RN

TABLE 3.2 MOBILE DRILLING UNIT CONSTRUCTION COSTS (IN $1,000,000)

Jackup Semisubmersible Driflship
Dynamically Dyramicalty

Year Shaiiow Deepwater  Moored positioned Moored positioned :
1672 $7-8 $8.5-10.5 $20-25 $10-12 $20-22 E
1973 §8-11 $11-13 $33.3 §14-20 $25-27
1974 $10-16 $15-16 $34 $16-22 $35-40
1975 $18-22 $20-25 $30-42 $25-30 $40-55 ™,
1976 §16-20 $22-28 $30-51 $62 $25-30 $45-60 :
1877 $17-21 $22-30 $57
1978 $16-22 $25-35 $59 $80-85
1879 §17-21 $28-44 $60-70 $60-68 $§75-85
1980 §20-25 $35-45 §73-75 $120 sap
1981 $21-30 351-63 $115-8130 $156 $50-100
1982 $27-30 $68-75 $100-130  $180 $75-130 $5160-180
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&) yaw ({2 z(al HEAVE

{2) SWA
A7 46y pirom

(4) ROLL

a _..L.——
R

{1) SURGE

(3) HEAVE

(2) Sy CI-’(BJ YAW

(1) SurGE
b (6 PITCH &} roLL "
(3) HEAVE
S
{8) YAW
(2} SWAY ™~
(1)_SURGE
c (4) ROLL

FIGURE 3.1 DEFINITION SKETCH OF THE SIX COMPONENTS
OF MOTION OF A FLOATING BODY
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TBLUE wATER NO_ 1™ [CONVERSION)

QDECO "OCEAN ORILLER™
SEMISUBMERSIBLE

E VSHAPE

™
~

1962

_ =
ol 1§ HH’{% |

“SEDCO 1354 : ODECO “OCEAN QUEEN™
TRIANGU MULTIPLE
sare R LONGITUDINAL HULLS

«f?ddﬁq

i
@)

1965

FIGURE 3.2 SKETCHES OF KEY SEMISUBMERSIBLE RIGS
(Howe, 1967)
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FIGURE 3.5 THE NOMAD HAS A RATED ROTARY CRANE
LIFTING CAPACITY OF 1,600 TONS
(OFFSHORE, AUGUST 1978)

FIGURE 3.6 J. RAY McDERMOTT'S DB 100 IS THE
FIRST SEMISUBMERSIBLE IN ITS FLEET
AND THE LARGEST (OFFSHORE,AUGUST 1978)
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FIGURE 3.7 THE SEDCO/QXY MSV IS THE FIRST
OF SECOND-GENERATION PLATFORM
SUPPORT-STANDBY VESSELS IN

NORTH SEA (OFFSHORE, AUGUST
1978)

4 1000 shY, at T4 eadom
Oterstionnl draHs 220w ta, X050m, § T2 te 96-F Pa 2000 sht. 900 raaiyy
Bwrrival destt D I700m ¢ 8900 & T000 ht il 0 adiers

d WITHOWM 7 aaw LT Conretty of cosver 1
t BODm. 1 Yh3-0" + Xk 3005 4nL ot 125 radiun
Huight : arbhm 4 137"
HEEREMA-HOLLAND

FIGURE 3.8 HEEREMA SEMI-SUBMERSIBLE CRANE VESSEL.
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FIGURE 3.9 THE AIR FORCE SEMISUBMERSIBLE (McCLURE AND KIRSCHNER, 1983)
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FIGURE 3.10 CLUFF-COPSON'S SEMI-FLEX FLOATING PRODUCTION
FACILITY COMBINES VERTICAL COLUMNS ON UNIVERSAL
JOINTS TO PROVIDE WAVE TRANSPARENCY, FEWER STRESS
POINTS AND A LARGER WATERPLANE.
(OFFSHORE, JANUARY 1983)
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FIGURE 3.12 THE NORSK HYDRO RIG, WHICH IS NOW BEING DESIGNED BY SONAT OFFSHORE
AND WILH, WILHELMSEN, WILL BE A DRILLING PIONEER WORKING OFF THE
NORTHERN COAST OF NORWAY. (OFFSHORE, JANUARY, 1983)
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:

HUTTON FELD
: TENSION LEG PLATFORM

GEOMETRY 3
- {All dimension t6 moulded lines) g
-I LENGTH - Between column centres 78.00 m
Cverall 9570 M
BREADTH - Between column centres 74.00 M.
Overall 91.70 M 3;
HEIGHT - Keel to main deck §7.70M -
Main deck to weather deck] 11.25 M
DRAUGHT - Qperating 3200Mat LAT. 3;
FREEBOARD - To underside of main deck| 24.50Mat LAT. o
WATER PLANE - Area 1324.00 M%
COLUMNS - 4 Corners 17.70 M Dia,
2 Centre 14.50 M Dia, ,'/;E
wﬁg,‘ PONTOONS - Height 10.80 M
Lo % Width 8.00 M
’ Corner radius 1.50 M
il THSPLACEMENT- Aopprox. 61500 Tonnes _
‘_.."}‘Ell'z:s; TOTAL WEIGHT-  Including riser tension 4B500 Tonnes ’ "1‘«‘%
%:Lg-\gg; (Approx| 7
H
FIGURE 3.15 OVERALL VIEW OF HUTTON KEY DIMENSIONS
(ELLIS ET AL, 1982) b
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- SECTION"A-A"

53

Perrett and Webb {1980)

Natvig and Pendered (1979)

Mercier et al. (1982)

HUTTON TLP

TBP

TPP

FIGURE 3.16 TYPICAL TLP DESIGNS {ANGELIDES ET AL, 1982)
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FIGURE 3.18 TECNOMARE TLP (PARUZZOLO, 1981)
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4.1

EQUATIONS OF MOTION AND DYNAMIC RESPONSE ANALYSIS

In this chapter a simpie derivation of the equations of motion for
floating platforms is presented. Particular emphasis is piaced on
moored platforms since semisubmersibies and tension teg platforms
belong to this group of ocean structures. In addition a brief
description of various dynamic response analysis techniques for

floating platforms along with the philosophy and the need for these
analyses is discussed.

Philosophy Of And Need For Dynamic Response Analysis

It s important to distinguish between dynamic Toading and dynamic
response. The CIRIA Report (1980) and Hallam et al. (1978) define
dynamic Toading as a parameter that varies with time in magnitude
and/or direction. The dynamic response which results from this
toading depends on the stiffness (as in the case of static Toads)
and, additionally, on the mass and damping of the structure. The
important distinction between static and dynamic problems is that in
the Tatter the forces required to accelerate (and decelerate) the
masses of the structure are important and must be taken into account
when considering the "equilibrium" of the structure.

Accurate evaluation of the platform motions is essential for a

reliable assessment of the loads, stresses and fatigue 1ife of the
entire system.

St. Denis (1975) states that the prediction of the oscillations that
a platform undergoes in a generic seaway is a problem in dynamics and
kinetics. Dynamics in this context stands for the determination of
the forces imposed by the seaway on the platform and kinetics is the
determination of the motions resulting from the forces imposed by the
seaway. However, it is not always feasible to separate the two
aspects from each other since the hydrodynamicatl loading on a
platform is affected by its motions.
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The casual relationship between a seaway and the oscillations that a
platform experiences usually develops in four steps.

Seaway » Fluid Kinematics » Environmental » Platform » Structural

and Fluid Loads Motions Design
Pressures and Analysis
(Step 1) {Step 2} (Step 3} {Step 4)

In the first step the fiuid kinematics and pressure distribution on
the submerged portion of the platform are evaluated.

In the second step the forces acting on the platform are derived;
these include

) the seaway induced excitation forces corresponding to each
degree of freedom

0 the platform's reactions corresponding to (as yet unknown)
platform motions; namely the dynamical coefficients of the
equations of motion.

The third step (kinetics) consists of the solution to the equations
of motion which will yield the platform responses.

Finally, the knowledge of the environmental %loads and platform
response allows structural design and analysis to be performed in the
fourth step.

Motions can be characterized either as steady or as transient.
Steady motions only are usually taken into consideration for floating
structures. They are defined as processes where statistical
characteristics are time invariant. Obviously, platform motions,
like seaways that excite them, are steady only over a short period of
time.
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The waves at sea manifest a random nature whose descriptive parame-
ters tend themselves to vary with time. This randomness, which is a
basic characteristic of the seaway, can be properly described only by
statistical models. The random character of the seaway 1in turn
reflects itself in the platform motions it stimulates, so that the
solution to a prediction of platform motions also has statistical
expressions,

The dynamic analysis can proceed along two paths: in time domain or
in frequency domain. One can work in the frequency domain, in which
case transient effects are neglected and one concentrates on
steady-state solutions. The method assumes a linear system and the
work 1is considerably less burdensome and requires less computer
work. The other possibility is to analyze the system in the time
domain by some technique, in which case transient effects may be
considered as well as nonlinearities. Figure 4.1 adopted from a
paper by Migliore and Palo (1979) shows an overview of the solution
techniques associated with floating objects subject to wave .
excitation. In this figure also a distinction is made between large
and small objects, the diffraction theory applicable to Targe objects
and the Morison equation for small objects. Theoretical definitions
of the concepts are given in Chapters 6.0, 7.0 and 8.0.

There are also two alternative approaches to transiate sea state
conditions into hydrodynamic 1loading and response of offshore
structures: deterministic (in design wave approach) and stochastic
(in spectral or probabilistic approach). The traditional design wave
method, for analyzing fixed platforms, is being improved or replaced
by the use of spectral or probabilistic techniques, which are more
appropriate when dynamic response and fatigue are important. .

The design wave approach is concerned with survival in the Targest
wave which the structure is Tikely to encounter during its lifetime.
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4.2

4.2.1

The spectral and probabilistic approaches are largely compliementary,
describing different features of an dirregular sea. The spectral
approach 1is in terms of 1its frequency content, and demonstrates
clearly the effects of natural frequency response. The probabilistic
approach is concerned with the number of times given stress or
response levels are exceeded. Figure 4.2 adopted from a paper by
Tickell (1979) shows schematically the steps involved in the
transformation of sea state information to the structural response
data.

The assumptions inherent in the stochastic approach {spectral and
probabilistic) require that the surface elevation, wave force, and
the response be related linearly. Therefore, this approach is
applicable to the frequency domain technique. Some statistical
information 1is also obtained from results of the time domain
analysis. The time history of platform response in the time domain
can be transformed into a response spectrum from which statistical
information similar to that in the frequency domain analysis may be
obtained.

Figure 4.3, inspired from a paper by Hutchison and Bringloe ({1978},
shows the analytical tools of seaway and floating platform motion
analysis and prediction.

Equations of Motion

General

This section describes the equations of motion governing the response
of a semisubmersible or TLP under the action of wind, current and
wave Tloads. Before undertaking a detailed examination of this
subject, it appears desirable to briefly discuss a few relevant
concepts and review the associated terminology.
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From a structural viewpoint, a semisubmersible or TLP consists of two
distinct parts, namely, a platform (i.e. hull-deck structure} and a
set of mooring lines. The platform itself is made up of a number of
vertical and horizontal (and, occasionally, inclined) cylindrical
members usually referred to as columns and pontoons {and braces),
respectively. For motion analysis purposes, the platform is usually
idealized as a rigid body with six degrees of freedom. 1In relatively
shallow water, the mass of the mooring system is much smaller than
that of the platform/equipment combination, thus implying that the
mooring system may be idealized as a set of weightless springs, at
lTeast in preliminary motion analysis. In deeper water, however, the
mass of the mooring system would have to be accounted for somehow, at
least in the final design stage.

In "coupled analysis", the platform/mooring system combination is
analyzed as a "whole" by first discretizing each mooring line by a
standard numerical technique such as finite differences or finite
elements. This approach, while being capable of predicting the
dynamic response of the system with high accuracy, usually requires
the utilization of a very large number of degrees of freedom and,
consequently, is computationally highly expensive, In “uncoupled
analysis", a motion analysis is first performed for the platform by
idealizing the mooring system as a set of weightless springs. The
dynamic response of each individual mooring line is then analyzed
separately by using the results of the preceding platform motion
analysis as input for the top end of the mooring line. This

approach, which 1is computationally 1less expensive, is also less
accurate.

In undertaking a platform motion analysis, first a decision has to be
made as to what specific approach will be used in the calculation of
the hydrodynamic loads, i.e. whether the platform will be treated as
a "large body" or an assemblage of "small bodies. As discussed in
greatef detail in Chapters 6.0, 7.0 and 8.0, potential flow theory
(as represented by incident, diffraction and radiation wave theories)
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is more suitable for large bodies whereas the Morison eguation, which
aims at accounting for viscous drag effects, is more widely used in
connection with small bodies. Alsoc needed at this point is a choice
between the frequency and time domain approaches. The frequency
domain approach, which s substantially more economical and
consequently more popular, requires that the formulation of the
problem be completely linearized. Potential flow theory, which is
inherently linear, is ideally suited to frequency domain analysis.
The Morison equation, on the other hand, involves a nonlinear drag
term which must somehow be 1linearized before the frequency domain
approach can be applied, Various linearization techniques that have
been suggested in the literature are reviewed in Section 7.7.

Assuming, for simplicity, that there is no current, let the drag
force be expressed as

Fp = L2oCyh |u-x| (u - X) (4.1)

in which u and i denote water particle and structural velocities,
respectively, p is the water mass density, Cd is the drag
coefficient, and A 1is the projected area per unit Tlength
perpendicular to the flow direction. According to Malhotra and
Penzien (1970), Equation {4.1) can be linearized as

£ 1/2 o Cyp A (u - X) (4.2)

e

in which, as will be shown later in Section 7.7,

8 *
Oy = cd\/;- (u-X) | - (4.3)

White u 1is known ahead of time, X is not. The process of
linerization thus involves an iterative scheme whereby an assumption
is first made for the motion amplitude, Cd] is calculated from
Equation {4.3), and a motion analysis is carried out. This solution
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is then used to obtain an improved value for CdI and the motion
analysis is repeated. While this jterative process may conceivably
continue until the assumed and calculated values of Cd1 agree with
each other within a prescribed tolerance, Burke (1969) expresses the
view that various other approximations already inherent in the
analysis would not warrant more than two iterations. Npte that, from
a computational viewpoint, the term (1/2 » C(ﬂ A)X 1in Equation
(4.2) would go to the left hand side of an equation of motion and
represent hydrodynamic damping whereas (1/2 o Cd1A)u would stay on
the right hand side and serve as a forcing function.

The Morison equation also involves an inertia term which may be
expressed as

Lo Vg, u- (€, 1) X] (4.4)

in which Cm is the inertia coefficient for the particular member
under consideration and V is the volume per unit length., Numerical
values of Cm corresponding to various geometric shapes (which may
have been obtained from experiments and/or from analysis based on
potential flow theory) may be found in standard texts such as that by
Sarpkaya and Isaacson (1981). The product pV(Cm-l)y, when passed
to the Teft hand side of an equation of motion, would represent the
"added mass" whereas pVCmﬁ would stay on the right hand side and
serve as a forcing function.

In the time domain approach, the presence of a nonlinear drag term
(i.e. the use of the Morison equation) poses no conceptual
difficulty. From a computational viewpoint, however, the situation
deserves some attention. Depending on the particular step-by-step
numerical integration technique used, it sometimes becomes necessary
to rewrite the equations of motion in an incremental form, i.e.
linearize these equations over a small time interval at. As part of
this process the drag term in Equation (4.1) must also be written in
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an incremental form. After some mathematical manipulation (the
details of which will not be given here}, one arrives at an equation
of the type

aFy = Fp (t + at) - Fp (t) = A - B aX {4.5)

D *
in which A and B are functions of X(t) and u {t * at), i.e; they both
are known quantities at time t. The product B aX, when passed to the
left hand side of an equation of motion, represents a contribution to
hydrodynamic damping.

It is important to emphasize at this point that the analysis of the
motion of a floating body is essentially a study in fluid-solid
interaction. Using Newton's second law, the equation of motion of
the body in a certain coordinate direction may be written
symbolically as

X = f (4.6)
in which M and X denote mass and acceleration, respectively, and f
represents the resultant force acting on the body in the particular
direction under consideration. MNormally, f would be a function of t,
X and X so that Equation (4.6) would be written as

e

WX = F(t, X, X) (4.7)

In a fluid-solid interaction problem of the type considered here,
however, f also contains inertia effects stemming from accelerations
of surrounding water particles, i.e. it is a function of ¥ as well,
thus suggesting that Equation (4.7) be rewritten as "

WX = f(t, X, X, X) (4.8)
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4.2.2

The contribution of X to f{t, X, X, X) can generally be isolated from
the rest and passed to the left hand side of the equation thus
transforming Equation {4.8) into

M+m) X = glt, X, X) (4.9)

in which my is the so-called "added mass" and g{t, X, k) represents
the sum of all exciting, restoring and damping forces acting on the
body. The evaluation of these individual forces depends on the
particular hydrodynamic approach used, i.e. on whether the body is
treated as a "large" or "small"™ body as discussed in detail in
Chapters 7.0 and 8.0. In the former case, the exciting forces would
be determined from the incident and diffraction wave theories, and
the damping and inertia effects from the radiation wave theory. 1In
the latter case, all the hydrodynamic forces would be obtained from
the Morison equation which, in turn, would have to be written in
terms of "relative" velocities and accelerations.

AppTicatioq; of these ideas to the motion analysis of
semisubmersibles and TLP's will be examined in detail in subsequent

sections.

Coordinate System

In studying the motion of a rigid body in three-dimensional space, it
is convenient to define two coordinate systems, namely, one fixed in
space, (X, Y, Z), and one attached to the body, (Y, 7, _Z-), as
illustrated in Figure 4.4, The two coordinate systems'are assumed to
be parallel to each other when the body is at rest. The motion of
the body can be described fully and conveniently in terms of three
translational displacements (e.g. translations of the origin of (E;
-?;-E) in the X, Y, and Z directions) and three rotation angles (such
as the well known Euter angles «, 8 and o).
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4.2.3

The mathematical formulation of the problem becomes simpler if the
origin of the (3@ 7?,-2) coordinate system is choser to coincide with
the ¢.g. of the rigid body {i.e. the c.g. of the floating platform in
the present review). Also, when the rotation angles are small (as
assumed herein), it 1is more convenient to work with the three
rotation components about the X, Y, Z axes than with the Euler
angles. In Tine with the foregoing comments, the displacements of
the platform will herein be described in terms of Xi (i = 1 to 6)
as illustrated in Figure 4.4. Note that Xi (i = 1 to 3) denote
transiational displacements of the c.g. {(with dimension of length)
and Xi (i = 4 to 6) denote rotations (with dimension of radians}.
Note also that X3 represents a vertical displacement whereas X1
and X2 represent horizontal displacements. In the usual
terminology of naval architecture, all six displacement components
can now be identified as follows:

= surge (positive forward)

Xo = sway {positive to port)

X3 =  heave (positive upward)

X4 = roll {positive, deck down to starboard)
Xg = pitch (positive, bow downward)

X = yaw (positive, bow to port)

This- terminology is entirely consistent with that recommended by API
(Draft 1984) for TLP motion analysis. While API suggests, for
simplicity, that the (Sa 7?,?5) coordinate axes be coincident with the
principal directions of the platform, the general theoretical
development presented in this report is free of such a limitation.

Equations of Motion (F.D.)

As emphasized in various other sections of this review, the frequency
domain approach requires that the mathematical formulation of the
problem be completely linearized. By modeling the mooring system as
a set of weightless Tinear'springs, the equations of motion of a
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rigid floating platform can be written as

&

E My * Ay Xe * By Xy * Oy X = Fy (4.10)

k=1

in which,

Jj, k = modes 1 to 6 (corresponding to surge, sway, heave,
roll, pitch and yaw, respectively) |

Xk = displacements (1 to 3 translations of platform c.g., 4
to 6 rotations)

Mjk = structural mass matrix

Ajk = added mass matrix

Bjk = hydrodynamic damping matrix

Cjk = stiffness matrix (hydrostatic restoring plus mooring)

Fj = forcing functions.

Assuming, as previously indicated, 'that the displacements of the
platform are referred to the c.g. of the platform, the structural
mass matrix has the form.

M 0 O ©O0 0 0 ]
o M 0 0 0 O
[M1=1{0O 0 M 0 0 0 (4.11)
0 0 0 Iy I Ipg
0 0 0 I Igp Ig
o 0 0 I oI I
i 64 ‘65 ‘66

in which M is the mass of the structure, and Ijj and I.k denote
mass moment of inertia and product of inertia, respectively. If the
coordinate system used coincides with the pricipal directions of the

platform, then Ijk = 0 for i £ j. The stiffness coefficient Cjk
may be written as

Cop = (Cyd gp + (g (4.12)
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in which CH and LM refer to contributions of hydrostatic forces
and mooring line forces, repectively. Inasmuch as there is no such
thing as a horizontal buoyancy force, (CH)jk = 0 when {j or k) =

1, 2 or 6. Depending on the symmetry properties of the mooring
system, (LM)jk may atso vanish for certain combinations of j £ k.

The values of the added mass and hydrodynamic damping coefficients
Ajk and Bjk depend on the general approach used 1in calculating
hydrodynamic effects. Bjk can be written as

in which the subscripts R and V refer to radiation and viscous
damping, respectively. When the platform is treated as a large body,
Ajk and (BR)jk are determined simultaneously from radiation
wave theory by using a suitable numerical technique as outlined in
Chapter 8.0. (BV)jk would normally be estimated from model tests
as pointed out by Chou, et al. (1983). When the platform is treated
as an assemblage of small bodies, Ajk and (BV)jk are obtained
from a linearized version of the Morison equation as discussed in
some detail in Section 7.7. The forcing functions Fj are either
calculated from incident and diffraction wave theories or from the
Tinearized Morison equation depending on whether the platform is
treated as a large or small body. The derivation of Equation (4.10)
is summarized schematically in Figures 4.5 and 4.6.

It 1is important to note that, in determining Fj, Ajk and
(BR)jk from potential flow theory, a series of analyses must be
carried out, each analysis corresponding to a single wave with a
particular circular frequency w. This explains why the added mass
and radiation damping coefficients, as well as the wave exciting
forces, are frequency-dependent. {More specifically, these
quantities depend on the direction of the waves as well as on their
frequencies). This condition poses no difficulties in the frequency
domain approach since then each wave frequency is analyzed separately
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4.2.4

anyway. In the time domain approach, however, it becomes necessary
to introduce certain modifications into the analysis as is discussed
in Section 4.3, since then a large number of wave frequencies are
generally present simultaneously. When the platform is treated as an
assemblage of small bodies and the Morison equation is used in
formuiating the problem, the particular quantities under
consideration, while they are not frequency-dependent, may be
functions of Reynolds and/or Keulegan-Carpenter numbers.

Mooring forces are usually nonltinear functions of displacements. For
the purpose of frequency domain analysis, however, these
relationships are linearized by assuming that the displacements are
small. In the case of a catenary mooring tine, equivalent spring
stiffnesses are obtained by considering unit displacements at the
line top and calculating the associated changes in the forces. In
the case of a pretensioned vertical mooring system, the problem 1is
simpler in that equivalent spring constants in the vertical and
horizontal directions are simply equal to EA/L and T/L, respectively,
where E = modulus of elasticity, A = area of cross éectfon, L =
length and T = pretension.

This weightless spring idealization for the mooring system becomes
less and less satisfactory as the water depth increases. It then
becomes necessary to use a more elaborate mooring system model that
is capable of accounting for both hydrodynamic and structural
nonlinearities of the problem. Such a refined analysis can only be
carried out in the time domain,

Solution of Frequency Domain Equations

Before going into a detailed discussion of the frequency domain

approach as applied to platform motion analysis, it may be useful to
review the special case of a single-degree-of-freedom system.
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The general equation of motion for a simple mass-spring-dashpot
system can be written as

MY + BX *+ CX = f (4.14)
in which M = mass, B = damping coefficient, C = stiffness
coefficient, X(t) = response ({displacement) function and f{t) =

forcing function. The problem here consists of determining the
output X(t) corresponding to a prescribed input f{t). The use of
complex variables proves to be a particularly powerful tool in the
analysis of this problem. Consider now the special case of

f(t) = fo exp{-iut) (4.15)
Letting
X{(t) = XO exp{-iwt) {4.16}

and substituting into Equation {4.14), one obtains

XO = H(u)fo (4.17)
in which
1
H{w) =
[C - iBu - Mu] (4.18)

is the "complex frequency response function". Note that Xo is, in
general, a complex quantity even though fo may be a real one. In
complex polar notation,

H{w) = H{w) expl-id(w)] (4.19)
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in which IH(u)] and #{w) are sometimes called gain factor and phase
factor, respectively. Substituting this resuit into Equations (4.15)
to (4.17), one obtains

X(t) = ] H( w)

f, expl-ilut + 4)] (4,20)

which, in turn, 1indicates that H{w) represents essentially a
"response amplification operator", RAO, and ¢ is a phase angle

‘between input and output.

To extend these ideas to the motion analysis of a six degree of
freedom (DOF} floating platform, consider a regular sea state with
the sea surface elevation given by

a(X,Y,t) = ; expl-ilut + kX cos 8 + kY sin g)] (4.21)

with H = wave height, o = wave frequency, k = wave number and g =
wave heading {measured from the X-axis as shown in Figure 4.4). let
the wave exciting forces associated with a wave height H be expressed
as

Fj = l Fj l exp[-i(mt+aj)] = ‘ Fj l exp(-iaj)exp(-iwt) (4.22)

in which a denote phase angles relative to the wave. In a
multidegree of freedom system such as the platform under
consideration, each response parameter Xk has its own complex
frequency response function Hk(u), i.e. its own RAO and phase
angle. Letting, by analogy to Equation (4.22),

Xk = l Xy l exp(-iﬁk) exp(-iat} T (4.23)
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one can fdentify l Xkl/}{ and ¢k as RAC and phase angle, respec-
tively, for Xk. Alternately, one can write

Xk = Hk(m) H exp(-iut) {4.24)

Theoretically speaking, Hk(m) can be determined by substituting
Equations (4.22) and (4.23) into Equation {4.10), dividing through by
exp(-fut) and solving the resulting algebraic equations for H ().
Symbolically, one can write

Hk( U) = -HE—“ (4:25)

in which Ao is a 6 x 6 determinant with elements

2 .
A = -w (M + Amn) -1man+ C

@ mn (4.26)

mn

and By is obtained from a by simply replacing the kth column by

Fm exp(wium). This approach, while being an elegant one, is of
1ittle practical value because the resulting expressions are
extremely complicated. In practice, the problem is generally solved
by a numerical approach, i.e. by expressing all input and output
parameters in terms of their real and imaginary parts and solving two
sets of algebraic equations (corresponding to real and imaginary
terms, respectively) for each specific value of w considered. Let
the solution thus obtained be expressed as

+ iH

Hk(u) = H (4.27)

kr ki

in which the subscripts r and i denote real and imaginary parts,
respectively. Then

(X +H . (4.28)

Krao T
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The concept of complex frequency response function is particularly
useful in the analysis of response spectra. For exampie, letting
snn(“) denote the wave spectrum it is shown in standard texts such
as Clough and Penzien (1975) that

2
S (8 = [Hla)| Zs (o) (4.30)
k™k
% (o) = H(0) Snn(”) (4.31)
in which $§ (w) is the response spectrum for X, whereas S _(w)
Xy Xg k X

denotes cross spectrum for the pair Xk and n.

An important statistical parameter for any random variable X is the
so-called "root mean square" defined by

=]
0, = j;Sxx(u)dm (4.32)

Other statistical parameters, such as the average of the highest 1/n
peaks, are functions of (X)rms' As discussed in detail by Sarpkaya
and Isaacson (1981),

1

H

e R O F (LRI | TR
H

rms
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4.3

in which the error function erf is defined as

erf (x)

It

X
%— Jr exp(—tz)dt (4.34)

©

The results corresponding to some selected value of n are given in
the table below:

n Hy/n
ToN

— yms
3 1.416
10 1.800
100 2.359
1000 2.805

Time Domain Analysis

In the time domain approach, the equations of motion of the system
are solved by a step-by-step numerical integration technique over a
sufficiently long time interval. The number of simultaneous
equations involved in a given appliication depends on whether the

‘analysis 1is "coupled"” or "uncoupled". In the Tlatter case, the

problem reduces to that of a rigid body motion with six degrees of
freedom. In the former case, however, the total number of degrees of
freedom, which depends on the particular mathematical model used for
the mooring lines, 1is wusually considerably higher. Also, as
previously pointed out, time domain equations of motion are usually
highly nonlinear from both hydrodynamic and structural viewpoints.

A large number of step-by-step numerical integration wmethods are
currently available as reviewed, for example, by Crandall (1956},
Bathe and Wilson (1976) and Bathe (1982)., It dis wuseful to
distinguish between the “explicit" and "implicit® methods. For
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4.3.1

simplicity, consider the special case of & single degree of freedom
system with an equation of motion of the type

g (t, X, X, X) = 0 {4.35)
in which t = time and X, X and X denote displacement, velocity and
acceleration, respectively. From a computational viewpoint, Xt,

X¢ and X, are known at time t, and Xpspto Xes,p and Xteat
are to be determined at time t+at. Obviously, three equations are
needed for that purpose. First, two equations are written to refiect
the differential/integral nature of the retationships between the
three unknown quantities. The specific form of these equations
depends on the specific step-by-step integration technique used. The
third equation is obtained by invoking the equation of motion either
at t (explicit method) or at t+at {implicit method). For details of
these two classes of methods the reader may wish to refer to Bathe
(1982).

Equations of Motion {T.D,)

As pointed out earlier in Section 4.2.3, one difficulty with the
frequency domain approach is that the coefficients in the equations
of motion turn out to be frequency-dependent when these coefficients
are determined from diffraction/radiation wave theories. If,
instead, the Morison equation is used, then the coefficients are
frequency-independent but may depend on Reynolds and/or
Keulegan-Carpenter numbers.

Inasmuch as the time domain approach is intended to be general enough
to deal with irregular sea states, the coefficients in the
corresponding equations of motion must somehow be made
frequency-independent. To that end, Cummins (1962) developed a
technique whereby an arbitrary motion is viewed as a succession of
small impulsive displacements. Basically, it is assumed that, at any
time, the total fluid force is the sum of the reactions to the
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individual impulsive displacements, with each response being
calculated with an appropriate time lag from the instant of the
corresponding impulsive motion. The foliowing technical discussion
is based on the work of Van Oortmersen (1976b).

Assuming that the platform is treated as a "large" body (i.e.
diffraction/radiation wave theories are used in formulating the
probtem) the time domain equations of motion of a rigid floating
platform can be written as

% Moy + my) X, +ft Ky (£-7) X (7) dr

k=1 o

+ Cjk Xk] = Fj(t) + L‘j {x,t) (4.36)

in which

Mjk = structural mass matrix (same as in F.D.)

mjk = frequency-independent impulsive added mass matrix
{related to Ajk(w) as shown below)

Kjk = retardation function (related to Bjk(“) as shown
below)

Cjk = stiffness matrix (representing hydrostatic restoring
forces only)

Fj(t) = time-varying exciting forces representing first order
incident/diffraction wave loads, second order wave
drift forces, current and wind loads and, possibly,
forces stemming from viscous effects.

Lj{t) = nonlinear mooring restoring forces.

The retardation function is given by

2 L+
G (0 = 2 e costot) do (4.37)

0
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in which Bjk(m) s the radiation damping matrix defined in Equation
(4.10) 1in connection with the frequency domain approach, 0On the
other hand,

o

g

S T ot . .
my = Agle) + L IKjk(t) sin (o't) dt (4.38)
0

.
gz

in which ' is an arbitrarily chosen value of w. While this equation
seems to suggest that My would be a function of ', it is in fact
a frequency-independent quantity as indicated by Van Oortmerssen
(1976b}. In practice, the numerical value calculated for m, ik may
vary somewhat with the particular value used for o', these s11ght
-3 variations stemming mainly from the approximate character of the
§ numerical integration technique used in calculating ka One way
of eliminating this difficulty would be to calculate m. 3k for
several different values of u' and then take the average,

sagssid”

As pointed out by Yan Oortmerssen (1976b), the impulsive added mass
can alternately be obtained as

mjk = Ajk(m) for u s (4.39)

ozt

The definite integrals in Equations (4.36) to (4.38) are calculated
by applying a simple numerical integration technique such as the
trapezoidal rule or Simpson's rule. Since the retardation function
dies down rapidly with increasing t, Van Oortmerssen (1976b) points
out that the upper 1imit in Equation (4.38) can be replaced by a
finite value (e.g. 25 seconds) with no significant loss in accuracy.

It should be emphasized that the left hand side of Equatibn (4.36)
above contains only radiation type damping as represented by the
‘ retardation function Kjk’ all forces of viscous origin being thrown
j into the Fj(t) term on the right hand side. 1In the case of a

“large" body as considered herein, the extent of possible viscous

gt
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4.3.1.1

damping wotld have to be estimated on the basis of model tests and/or
nrevious experience as pointed out earlier in Section 4.2.3. Viscous
damping forces, if 1linearized, may be passed to the Teft side of
Equation (4.36) and combined with radiation damping forces.

If the platform is treated as a "small" body and the Morison equation
is used to calculate all hydrodynamic loads, then the foregoing
theoretical development will have to be modified as follows in light
of the introductory remarks offered earlier in Section 4.2.1. The
added mass matrix mjk will now be obtained by simply passing the
inertia term in the Morison equation to the 1left hand side of
Equation (4.36). The radiation damping term will be eliminated. The
pricipal force represented by Fj(t) will now be the quadratic drag
term in the Morison equation which, in turn, will have to be written
in terms of "relative” velocities. It is important to note that this
drag term represents essentiaily a combination of excitation and
damping effects, the relative significance of the two effects being a
function of the relative magnitudes of the two velocities (water
particle and structure) that enter the drag term.

In "coupled" analysis, the platform/mooring system combination is
treated as a whole, thus considerably increasing the number of
degrees of freedom of the system. The specific form and number of
the resulting equations of motion depend on the particualr modeling
technique used in discretizing the mooring lines.

Force Ramp Function

The wave exciting force, drifting force, and the constant external
forces are customarily wmultiplied by a ramp function such as
(1-exp{-0.02t)) to prevent a sudden loading at the start of the
simulation. In this manner, the loads gradually increase from zero
to over 98 percent of their value in a span of 200 seconds of
simulation time.
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4.3.1.2 Time Domain Solution Process

A numerical technique for the solution of the six coupled second
order equations of motion in the time domain is described in detai]
by Van Qortmerssen (1976b). A brief description of this procedure is
given here for the sake of compieteness.

Supposing that the simulation has been carried out to instant t, the
equations of motion must now be solved for instant t+at, where at is
the time step. The velocities at t+at and t+at/2 are first estimated

by extrapolating the obtained time histories by a Taylor series
expansion:

- * -e At -8 -

xj(mt) = XJ.(t) + AtXJ.(t) M [Xj(t) - Xj(t-At)] (4.,40)
y At . At Y at £ v At

xj(t-*—?) = xj(t) t = Xj(t) 7 [Xj(t) - X(t- ?—)J {4.41)

These values are then substituted into the well known Simpson's rule
to determine Xj at t+at:

Kjlesat) = Xg(t) + BE DX (8) + 4k (e 2 o X;(tt)]  (4.42)

The convolution fintegral involving the damping retardation function
Kjk can now be computed since the time histories of all the
velocities are now known up to time t*at. This is achieved by
utilizing Simpson's rule with the same time step, at, as used
previously. The mooring line forces and the hydrostatic restoring

forces can also be determined and substituted back into the equations

of motion (Equation (4.36)) along with the values of the convolution
integrals. Solution of the six equations of motion yields the
accelerations, Xj(t+At), which can then be integrated and compared
with the predicted velocities. If the agreement is good, the
simulation can proceed to the next step, otherwise the time increment
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4.3.3

must be reduced. Note that this method 7s an "implicit" one because
the equations of motion are used at time t+at, not at time t.

Regular Wave Versus Irregular Wave Analysis

Regular wave time domain analysis is a deterministic analysis. A
discrete maximum design regular wave with one or several selected
periods is used to predict the worst system response to this event.
Note that the coefficients in the equations of motion, which have
already been made frequency-independent, need not be recalculated for
each specific freguency under consideration.

In the case of irregular waves, any specific wave train used in the
analysis is deterministic, too.

A design wave spectrum is used to simulate the irregular wave
condition. First order wave exciting forces and second order slowly
varying wave drift forces are both represented in the form of random
generated time histories. For details of this approach the reader
may to refer to Van Oortmerssen (1976b).

Output of Time Domain Analysis

The output of a time domain analysis consists of time histories of
responses. This can be used in a number of ways.

0 Regular wave simulations can be used to predict transfer
functions by taking the ratio of the response amplitude to the
input wave amplitude. (This approach is somewhat similar to the
frequency domain approach except that nonlinear effects can now
be included in the analysis).

0 The spectrum of the response can be calculated from the time
domain analysis content, providing information similar to that
of the frequency domain analysis. This c¢an be used for
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4.4

predicting extreme responses through a statistical procedure.

0 The extreme response can be estimated directly from the
distribution of peaks of the response.

Frequency Domain Versus Time Domain Analysis

Frequency domain techniques are useful tools in the design and
analysis of semisubmersible and TLP's. In particular, they are used
for preliminary design of the platform, for analysis in operational
sea states and/or for fatigue 1ife assessment. The frequency domain
approach requires that the formulation of the problem be completely
Tinearized. The solution leads to a set of linear transfer functions
for the platform which represents a mathematical expression of the
dynamic characteristics of that platform. These transfer functions
(more frequently called Response Amplitude Operators, RAO's) can be
used directly with wave spectra, thus resulting in response spectra
from which varjous statistical information can be derived and fatigue
1ife can be predicted.

Frequency domain solutions are generally more efficient and require
less computer time than time domain solutions when random excitation
of the system must be investigated.

The more direct and straight forward method is by direct integration
of time domain equations. These methods lend themselves very well
for determining responses of the platforms to extreme waves and/or
design waves where nonlinear effects are important. They permit the
inciusion of all nonlinearities. There is virtually no limitation on
the nonlinear phenomena that may be included. The drawback is the
cost. The solutions should be carried out over a relatively large
number of iterations as each solution represents only one combination
of the parameters.
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A 1ist of possible nonlinear effects which may contribute to
semisubmersible or TLP responses and may be incorporated into the
time domain analysis is given here for the sake of completeness.

0 Second-order, wave-induced mean and slowly-varying drift force.

o] Nonlinear tendon restoring forces and moments.

0 Slowly varying time-dependent wind forces.

0 Pendulum type effects, such as centrifugal force and TLP
setdown, which are due to the vertical restraint of the tendons.

0 Nonlinear effects resulting from satisfying the hull boundary
condition at the instantaneous wetted surface rather than the
mean undisturbed wetted surface. (Note that some of these
effects are included 1in the second order drift force
computation.)

0 Effect of viscous drag force induced by large wave amplitude,

) Nonlinearity of the hydrostatic restoring forces and moments as
a consequence of the instantaneous position of the structure in

the wave.

0 Nonlinear dynamic behavior of the tendons when their mass
increases rapidly as the water depth increases.

0 Effect of coupling interactions between TLP hull and tendon/
riser systems.

0 Effect of structure flexibility.

0 Nonlinear viscous drag forces.
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FIGURE 4.1 OVERVIEW OF SOLUTION TECHNIQUES ASSOCIATED WITH
FLOATING OBJECTS SUBJECT TO WAVE EXCITATION.
(ADAPTED FROM MIGLIORE AND PALO, 1979).
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5.1

WAVE MODELS

Principal Factors in Analysis and Design

In dynamic analysis of floating structures there are two approaches
to transtate sea state conditions into hydrodynamic loading on a
structure: deterministic {in design wave approach), and stochastic
(in spectral or probabilistic approach) Bea and Lai {1978), Brebbia
and Walker (1979), Standing (1981), and Sarpkaya and Isaacson (1981)
describe these methods in some detail.

The "design wave" approach is concerned with survival in the largest
wave which the structure is likely to encounter during its Tifetime.
With this approach, traditional in the design of static structures,
the platform must survive the forces exerted by a train of reqular
waves. The height of this wave train is related to sea statistics at
the structure's offshore location, and taken to be the height that is
exceeded, on average, once in a 50 or 100 year period. The design
wave method is straightforward to apply and understand, and usually
makes no exceptional computational demands. There are always
difficulties, however, in choosing an appropriate design wave period,
and often a range of periods has to be considered. Draper (1965},
and Arhan et al. (1979) describe the appropriate wave period range
associated with the design wave. The design wave approach can be
employed in both time and frequency domain analysis. However, since
in extreme conditions nonlinearities manifest themselves, time domain
analyses which are able to simulate or mimic these nonlinearities
generally are required.

The "survival" condition for a dynamic structure is even more
difficult to define, and indeed the problem is more often one of
fatigue than failure in a single large wave. Long-period waves are

.often less critical than shorter smaller waves, because of

0 their lower rates of occurrence,
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o} the structure's compliance at lower frequencies.

As o0il exploration and production have moved into deeper waters,
structures have grown larger and {relatively) more compliant, and
dynamic response and fatigue have become increasingly important
factors in design. In these circumstances the design process has to
take into account the whole range of sea conditions which will be
encountered during the structure's lifetime, rather than a single
severe wave.

For this reason the alternative spectral and probabilistic approaches
to design are being more widely adopted. A brief description of
these methods is given by Sarpkaya and Isaacson (198l). However, a
more rigorous mathematical treatment of these concepts may be found
in a paper by Price and Bishop ({1974)., They are Tlargely
compiementary, describing different features of an irregular sea.
The spectral approach is in terms of its frequency content, and
demonstrates cleariy the effects of natural frequency response. The
probabiﬁistic approach is concerned with the number of times given
stress or response levels are exceeded, and is thus relevant to
fatigue 1ife.

Corresponding to the two alternative design philosophies, there are
two different kinds of wave theory; The design wave approach
requires a train of very large regular waves. Several nonlinear wave
theories are suitable for this purpose: some analytic and others
numerical. Spectral methods on the other hand, can model the
frequency and directional content of sea waves. These models are
usually based on linear (Airy} wave theory, and can represent
irregular multidirectional seas by Tinear superposition. This method
is obviously well suited for frequency domain analysis. 4
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.2.1

Ocean Waves

Introduction

Standing on the coast and looking at the sea surface, waves with a
period of several seconds continuouslty arriving from offshore may be
observed. Several hours later, standing again at the same place, it
may be recognized that the shoreline has changed its position
Tandward or seaward. This is caused by a variation of the mean sea
level, which is mainly due to tidal motion. The waves first cited
above are short period waves, while tidal waves are long period
waves. Besides these waves, other waves with differing periods are
generated in numerous ways in the sea.

In order to describe the size of these waves, the wave height H and
wavelength L are usually employed as shown in Figure 5.1. Wave
height 1is defined as the vertical distance between a crest and a
trough of the wave train in question, while wave Tength is defined as
the horizontal distance between successive wave crests or wave
troughs. Another characteristic measure of waves is the wave period,
T, which is defined as the time required for two successive wave
crests to pass a fixed measuring point. Wave speed or wave celerity,
C, is the speed at which a wave travels, so that the relationship C =
L/T is obtained. The dimensionless ratio commonly used to express
wave profile characteristics is the wave steepness, defined as H/L.

Ocean waves have a very wide range of periods. The energy of waves
of fixed period is proportional to Hz. Figure 5.2 1is a diagram
originally drawn by Munk {1951) which displays the predominant types
of waves in the ocean, the names of the various waves for each period
range, anhd the agents generating these waves. '

The wave with the shortest period is a capillary wave; it has a wave

period of less than 0.07 seconds, wavelength of less than 2/3 inch,
and a maximum height of 4/10 to 8/10 inch. Because surface tension

54



5.2.2

is the main restoring force of this wave motion, these waves are
called capillary waves. The restoring force of waves with a period
larger than that of capillary waves is gravity; thus such waves are
called gravity waves.

As shown in Figure 5.2, waves of the greatest energy concentration
are wind waves. Wind waves are generated and developed by wind
action, and their wave period is normally less than 10 to 15 seconds,
while heights of as much as 112 feet have been reported. Swells
consist of wind-generated waves that have traveled out of their
generating area. Swells are characterized by a rather more regular
and longer period than that of wind waves.

Examples of some longer waves are surface oscillations in a harbor

“basin (secondary harbor oscillation); tsumamis, generated by either

submarine earthquakes or the eruption of a submarine volcano (the
period being several minutes to about one hour); storm surges,
generated in a vrather large-scale bay by such meteorological
disturbances as typhoons, hurricanes, and so on; and astronomical
tides. These 1long period waves play an important role in the
preservation and exploitation of coastal zones, as well as in
disaster prevention.

This section deals mainly with short period waves.

Classification of Waves

Muga and Wilson (1970) state that of all the forces induced by the
ocean environment, those due to surface gravity waves are the most
important and at the same time the most difficult to determine.

To the uninitiated, the Targe number of "wave theories" discussed in
the Titerature, all arranged according to various classification
schemes which overlap and merge into one another, would appear to be
about as unordered as actual ocean waves are to the first-time
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observer. As a matter of fact, there are several classification
schemes of wave theories which serve various useful purposes but when
applied indiscriminately can be misteading. The problem is simply
the Tack of a unified comprehensive classification scheme of water
wave theories. To 1illustrate, we have rotational and irrotational,
long-crested and short-crested, finite periodic wave theories. The
Tatter presumably include the oscillatory and translatory wave
classification scheme. In addition, we have a numerical wave theory
which includes at least two evaluation procedures. We have seen a
classification of waves by wave period in the previous section.

From a physical point of view, gravity water waves can be considered
as being free (swell) or forced (sea). Swell waves are sea waves
which have moved beyond the influence of the generating wind.

It is useful to classify waves as being ejther long-crested or short-
crested. The essential distinction is that long-crested waves are
waves whose crests extend infinitely far in the direction normal to
the direction of wave propagation and that the crests coincide with a
level surface. This permits the wave profile to be represented in a
two-dimensional vertical plane in the direction of wave propagation,
since any vertical plane is identical to any other parallel vertical
plane. On the other hand, short-crested waves are waves whose crests
do not coincide with a "level" surface. Thus, the crests may be
considered to be of finite length.

Long-crested waves are sometimes called unidirectional waves to
distinguish them from short-crested (directional) waves. Long-
crested waves may be either deterministic (sometimes called regular)
or non-deterministic (sometimes called random) while short-crested
waves are basically random with a defined directional distribution.
Muga and Wilson (1970) point out the salient features with the

_short-crested waves as follows:
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0 In 2 sense all waves generated in the ocean are short-crested
since crest lTengths are finite.

0 As the short-crested waves propagate, they tend to become
lTong-crested since there is a flow of enerqgy along the crests
(normal to the direction of wave advance).

0 The wave celerity, C, is greater for short-crested waves than
for long-crested waves of the same wavelength L in the same
water depth.

Waves may be further <classified as being either periodic
(osciliatory), aperiodic, or translatory, as shown in Table 5.1
below. Note that short-crested waves are considered as belonging to
the class of periodic waves. All other wave types listed in the
table are long-crested waves. In addition to the solitary wave, the
most important translatory waves are those generated by the tides,
floods and seismic effects.

The recently developed numerical wave theories describe surface
disturbances which can belong to either class depending on the

boundary conditions.

Table 5.1 Classification of Wave Theories

Periodic Numerical Transiatory
(a) Short-Crested {a) Periodic {a) Solitary Waves
Waves Stream Function (b} Various Long Waves
(b} Airy Linear Waves Chappelear including Tidal
{c}) Gerstner-Rankine EXVP, etc. Waves and Flood
{Trochoidal) Waves (b) Aperiodic Waves
(d} Stokes Finite Random

Amplitude Waves
(e) Cnoidal Waves

Discussion of the various wave theories requires some theoretical
background about irrotational flow and potential theory. A full
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5.2.3

treatment of these subjects is beyond the scope of this report.
However, since the subject of irrotational or potential flow will be
encountered repeatedly in the following sections, a brief discussion
of some of the basic concepts is presented.

Real Versus Perfect Fluids

The velocity of flow for most engineering problems in fluid dynamics
is of primary concern. 1If application involves flow past structural
members, a knowledge of the velocity allows pressures and
subsequently forces acting on the structures to be calculated. The
information s then used in the analysis and design of the
structure. Therefore the velocity and pressure constitute the two
fundamental unknowns of the fluid flow problem.

Most theoretical investigations in the field of fluid dynamics are
based on the concept of a perfect, di.e. frictionless and
incompressible fluid. In the motion of such a perfect fluid, two
contacting layers experience no tangential forces (shearing stresses)
but act on each other with normal forces (pressures) only. This is
equivalent to stating that a perfect fluid offers no internal
resistance to a change in shape. The theory describing the motion of
a perfect fluid is mathematically very far developed and supplies in
many cases a satisfactory description of real motions, such as e.g.
the motion of surface waves. On the other hand the theory of perfect
fluids fails completely to account for the viscous drag of a body in
a fluid. In this connection it leads to the statement that a body
which moves uniformly through a fluid which extends to infinity
experiences no drag {d'Alembert's paradox).

This unacceptable result of the theory of a perfect fluid can be
traced to the fact that the inner layers of a real fluid transmit
tangential as well as normal stress, this being also the case near a
solid wall wetted by a fluid. These tangential or friction forces in
a real fluid are connected with a physical property of the fluid,
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called viscosity.

The existence of tangential (shearing) stresses and the condition of
no slip near solid walls constitute the essential differences between
a perfect and a real fluid.

For a perfect fluid the density is usually taken to be invariant,
while surface tension and other fluid properties are neglected.

In the absence of viscosity, vorticity does not appear, and the
motion is irrotational (see Schlichting, 1968). Irrotationality is a
property of the flow and it is a direct consequence of the absence of
viscosity which is a fluid property (Batchelor, 1967).

Rotational and Irrotational Flow

Whether or not a representative fluid element tends to rotate during
translation from point to point serves as a distinction between two
types of motion. If the velocity distribution is such that tﬁe
angular rotation of a fluid particle about its mass center is zero,
then the flow is said to be irrotational. This does not mean that
the fluid element cannot deform during its motion, but only that it
cannot rotate. Note that this is a direct consequence of the absence
of the viscosity in the fluid.

Mathematically speaking, a rotation vector for fluid particle p can
be described in a convenient system of coordinates (see Figure 5.3).
The component of this rotation vector about the z-axis is defined as

1 ,a3v U
‘Q‘z vl (-B_f - -g) _ _ - {5.1)
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5.2.5

The itwo other components of the rotation vector about x and y axis
are defined by

Q = 7 - (5.2)
Q. - 1 & . (5.3)
y - Z 3z 3x .

Therefore, the irrotational flow may be defined as the absence of
rotation at every point in the fluid. That is

Slx = Qy = .Q.Z = 0 (5.4)
or

%’i = = (5.5)
3 = = (5.6)
wO- (5.7)

The above expressions are the Euler's conditions of irrotationality.

Velocity Potential, Stream Function and Bernoulli Equation

0 Velocity Potential

Irrotational motion exists only when all components of the
rotational vector are equal to zero. It is then possible to
define a continuous, differentiable, scalar function g =¢ (x,
¥s z, t) such that its gradients satisfy the Euler's condition
of irrotationality automatically. Therefore, it is possible to
define components of the fluid particle velocity vector q (u, v,
w) as follows:
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a = grad ¢ (5.8)

or

u = gg (5.9}
v o= -g-gi (5.10)
W = .g..g. (5.11)

Replacing the velocity by its potential may first seem an
unnecessary complication, since we can envisage the velocity and
measure it with suitable instruments in the Taboratory, whereas
the wvelocity potential is no more than a mathematical
abstraction. However, the velocity is a vector quantity with
three unknown scalar components, whereas the velocity potential
is a single scalar unknown from which all three velocity
components may be computed.

With the introduction of the velocity potential, the problem is
reduced to finding the velocity potential ¢ and pressure p in
acccordance with the momentum equations and the equation of
continuity.

The principle of conservation of mass is mathematically stated
as the equation of continuity. This equation for an
incompressible flow has the form

A L - (5.12)
Substituting Equations (5.9), (5.10), and {5.11} into Egquation

{5.12) one ¢btains

101

" Gg

gy

idgpagi”

gt

ity

g
Yqagaitl”

e
Noppgadd”

T



% -

Tty gt

vzﬁ___ag+ag+ag=o (5.13)

This 1is the Laplace equation from which the velocity potential
is to be determined. The solution to this equation with
appropriate boundary conditions defines completely the
irrotational flow field. The solutions to the Laplace equation
are known as harmonic functions. The direct determination of
harmonic functions which satisfies all the given boundary
conditions is often a difficult problem. Intuition, heuristic
reasoning, experience, and numerous methods must be called upon
not only to obtain a solution but also to ascertain that the
solution based on the inviscid-fluid assumption is a reasonable
approximation to the actual behavior of the fluid.

Stream Function

Sarpakaya and Isaacson (1981) define Lagrange's stream function
(first introduced by d'Alembert) as a scalar quantity which
describes not only the geometry of a two-dimensional flow but
also the components of the velocity vector at any point and the
flow rate between any two streamiines. Thus for a flow from
Teft to right (see Figure 5.4) the velocity components are
defined as

. - .g;f (5.14)
2
A = - -é-)—(- {5.15)

The definition of stream functions does not require that the
motion be irrotational. In other words y exists irrespective of
whether the flow is rotational or irrotational, as long as it is
continuous. However, only for an irrotational flow the stream
function satisfies the Laplace equation such that
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v24f= Y (5.16)

The stream Tunctions for an 1irrotational two-dimensional flow
are orthogonal to the potential functions.

The Bernoulli equation is a mathematical representation of the
principle of conservation of momentum. The equation for an
unsteady, irrotational flow has the form

2
q P g _
_2 + E + gh + .E.E = f(t) (5-17)

where g = u2 + v2 + w2 is the velocity, p is the pressure,
g is the gravitational acceleration, o is the fluid mass
density, h is the elevation from a reference point, and f{t) is
an arbitrary function of time. Frequently, the f(t) is absorbed
into ¢ since this does not affect the physical quantities of
interest. The Bernoulli equation describes the relationship
between the two principal unknowns of the flow field, q and p.
Once the velocity is obtained from the equation of continuity
(Laplace equation), the pressure can be found from the Bernoulli
equation. The dintegration of this pressure over the submerged
areas of the structure results in the forces needed for analysis
and design of the structure under consideration.

This brief mathematical background was necessary in order to
discuss various wave theories that will be presented in the
following sections.

Wave Theories

The full treatment of all wave theories is beyond the scope of this
report. However, in the following sections a brief introductory

description of some of the most important wave theories is given.
Some texts which outline the development and results of wave theories
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include those by Lamb (1945), Stoker (1957), Wehausen and Laitone
{1960), Wiegel (1964), Kinsman (1965), Ippen (1966), Milne-Thompson
(1968), Silvester {1974}, Whitham (1974), LeMehaute {1976), Phillips
{1977), Horikawa (1978), LeBlond and Myask (1978}, Sorenson (1978),
Sarpkaya and Isaacson (1981) and Dean and Dalrymple (1984).

It is necessary at this time to define the coordinate system and the
terminology that will be used in the development of wave theories.
Figure 5.1 shows the coordinate system (x, vy, z) with x measured in
the direction of wave propogation, z measured upwards from the still
water level and y orthogonal to x and z. It is assumed that the
waves are two-dimensional in the x-z plane, that they are progressive
in the positive x direction and that they propogate over a smooth
horizontal bed in water of constant undisturbed depth d. We further
assume that the wave maintains a permanent form, that there is no
underlying current and that the free surface is uncontaminated. The
fluid (water) is taken to be incompressible and inviscid and the flow
to be irrotational. Figure 5.1 also indicates the general form of a
wave train conforming to these assumptions. Here the following
definitions hold:

d = distance from MWL to bottom
n(x,t}

instantaneous vertical displacement of sea surface above
MWL

A = amplitude of wave

H = height of wave (= 2A for small amplitude wave theory)

L = wave length

T = wave period

c = speed of wave propagation {phase speed, phase velocity,
celerity, = L/T = w/k)

k = wave number (= 2n/L)

w = wave angular frequency (= 2¢/T = 2xf)

f = wave frequency (=1/ T)

MWL = mean water Tevel

104



Any particular wave train is generally specified by the quantities H,
L and d or by B, T and d, and the objective of any wave theory is to
determine C (and therefore 7 or L as appropriate) and a description
of the water particle motions throughout the flow. Dimensionless
parameters are freguently used to characterize a wave train. The
wave height 1is often expressed in terms of H/gTz, the wave
steepness H/L or the relative height H/d. The water depth is often
expressed in terms of the depth parameters d/gT2 or kd or the
relative depth d/L. For steeper waves in shallow water the Ursell
number U = HLZ/d3 is often used. Thus a design wave specified by
H, T and d may conveniently be characterized, for example, by the
parameters H/gT2 and d/gTz.

The velocity potential ¢ pertaining to the fluid region needs to be
determined. This satisfies the Laplace equation

2 2
26 . 28 _ (5.18)
e 222

and will be subject to the boundary conditions

ad

3 0 at z = -d (5.19)

3 af 3 )

_a_*% + 2 _a_ﬂ - = =0 at z = g (5.20)

o, [(“’)2 s (“’)2] . £(t) t (5.21)

3T Vi X = gn = t at 2 = n .
6{x, z, t} = d(x - Ct, 2) {(5.22)

where n(x, t) is the free surface elevation measured above the still
water level z = Q.

The existence of the velocity potential ¢ and the validity of the
Laplace equation follow from the assumptions of an irrotational flow
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and an fincompressible fluid. Equation (5.19) corresponds to the
boundary condition at the seabed which imposes a zero vertical
component on the fluid particle velocity at the seabed. Equations
(5.20) and {5.21) represent the kinematic and dynamic free surface
boundary conditions respectively. The former describes the condition
that the fluid particle velocity normal to the free surface is equal
to the velocity of the free surface itself in that direction, while
the dynamic condition states that the pressure at the free surface,
expressed in terms of the Bernoulli equation, is constant. This
Tatter requirement follows from the assumptions that the atmospheric
pressure {immediately above the fluid) is itself constant and that
the free surface 1is uncontaminated (corresponding to a surface
tension that may be taken as zero). Equation (5.22) describes the
periodic nature of the wave train. In the absence of an underlying
current the waves are progressive with a celerity € and are of
permanent form: the dependence of variables of interest upon x and t
may consequently be written in terms of dependence upon a single
variable (x - Ct}.

0f course some of the assumptions made in order to establish
Equations (5.18) through (5.22) are seldom justified. Perhaps the
most severe are the assumptions that there is no underlying current,
that the depth is constant and that the wave train is two-dimensional
and of permanent form. On the other hand, the irrotationality
assumption is generally found to be reasonable outside the (thin)
boundary layers at the seabed and free surface. For the present,
then, we continue to examine the formulation of wave theories on the
basis of all the aforementioned assumptions.

In some cases, where it is convenient to specify that thg incident

wave direction makes an angle « with the positive x axis, we have

merely to replace x by {x cos a + y sin a) in any results that are
obtained.
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Airy Waves

Two serious difficulties arise in the attempt to obtain an exact
solution for a two-dimensional wave train. The first is that the
free-surface boundary conditions are nontinear, and the second is
that these conditions are prescribed at the free surface z = n which
is initially unknown. The simplest and most fundamental approach is
to seek a linear solution of the problem by taking the wave height H
to be very much smaller than both the wave length L and the still
water depth d: that is H << L, d. The wave theory which results from
this additional assumption is referred to alternatively as small
amplitude wave theory, linear wave theory, sinusoidal wave theory or
as Airy theory. Because of the assumption that H << L, d, the
nonlinear terms in Eguations (5.20) and {5.21), which involve
products of terms of order of the wave height (expressed in a
suitably dimensionless form), are than negligible in comparison with
the remaining linear terms which are themselves of the order of the
wave height. Furthermore, the free-surface boundary conditions may
now be applied directly at the still water Tevel z = 0.

ror small amplitude waves, the free-surface boundary conditions as
expressed in Equations {5.20) and (5.21) reduce to

[++]

3

no_ -
£ - % =0 atz =0 (5.23)
B 4 g0 atz =0  (5.24)
at n= - )
which may be combined to give
2%, 22 . o atz=0  (5.25)
P 52
1 a8
n o= - (29 (5.26)
g ‘at 220
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Bearing in mind the periodicity condition given by Equation (5.22),
the solution to the problem may be obtained by a separation of
variables technique.

With these boundary conditions the velocity potential will be
obtained as

p mH cosh (ks)

= 1T SR sin e (5.27)
where
o = k (x - Ct) = kx - wt (5.28)
S = z+d \ (5.29)

In the way to obtain velocity potential 4 another important equation
is found in which the € or o is related to k. This is the Tinear
- dispersion relation defined as

2

W o= gk tanh (kd) (5.30)
or
¢ . 2 tanh (kd) (5.31)

This equation describes how the wave speed increases with wave
length. More generally, the dispersion relation for a finite
amplitude wave train, C in terms of k, involves also the wave height
H and may be developed according to any particular wave theory.

Once the velocity potential is obtained the two fundamental unknowns

of the flow field, namely velocity and pressure along with other
parameters of interest, may be evaluated.
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The velocity components u and « can be found from

g

v = X (5.32)
36

[A] - —a'-z' (5-33)

The pressure p is given by the linearized form of the unsteady
Bernoulli equation, Equation (5.17), in which the nonlinear terms are
omitted in accordance with the present linear approximation,

P = —992—p§% ~ (5.34)

The results of linear wave theory, taken from Sarpkaya and Isaacson
(1981}, are presented in Table 5.2.

It is useful to note that depending upon the relative measure of
water depth and wave tength two extreme conditions of shallow and
deep water can be described. The parameter kd specifies the ranges
over which certain approximations are applicable.

The shallow and deep water ranges correspond to kd <x/10 and kd>«
respectively, and over these ranges approximate expressions may be
substituted for the hyperbolic functions used to obtain flow field
velocities.

[}

sinh {kd) = tanh (kd)

cosh {kd} = 1 for kd < /10
sinh {kd) = cosh {kd} = 1/2 okd for kd »
tanh (kd) = 1 T

Substituting these into the results of Table 5.2, we obtain the
simplified expressions that are summarized in Table 5.3. The
complete range of water depths, then, is conveniently divided into
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the shallow water, intermediate water and deep water ranges as
follows:

1 d d
shallow water waves: > ; 0.0025 » 3
20 In ;;?
intermediate depth waves: %ﬁ < -g < %; 0.0025 ¢ —Q? < 0.08;
gT
deep water waves: -% > -%; ~g§ > 0.08.

gT

These Timits in terms of d/gT2 are equivalent to those given in
terms of d/L by the application of the dispersion relation.

Bearing these approximations in mind, we see that the expressions for
the water particle displacements & and L indicate that the
particles travel in closed elliptic orbits as sketched in Figure
5.5, The amplitude of horizontal velocity {and displacement)
decreases with depth according to cosh (k{z*d)), while the amplitude
of vertical velocity (and displacement) decreases according to sinh
(k(z*d)}. Typical profiles relating to the shallow, intermediate and
deep water ranges are sketched in Figure 5.5. Note that at
intermediate depths the orbits diminish in amplitude with depth and
also become flatter until the vertical component vanishes at the
seabed in accordance with the seabed boundary condition; and also
that the velocity and acceleration vectors at a given point and time
are not collinear. In the shallow water range the elliptic orbits
are relatively flat at all depths and diminish in amplitude only
gradually with depth. 1In deep water the particle motions are
circular, the amplitude of motion decreasing exponentially with
depth, until at z=-L/2 this amplitude is only 4 percent [i.e. exp
(-7)] of its value at the still water level. Thus the wave-induced

motion may conveniently be considered to penetrate up to a depth of
half a wavelength below the free surface.
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The Tinear wave theory (Airy) has been treated in some detail because
of its importance in mathematical deveiopment of the potential flow
theory and its application to the motion analysis of floating
structures. Development of Tinear wave theory underlines the
difficulties in dealing with the boundary conditions and assumptions
required to overcome these difficulties.

The Airy waves cannot represent all the sea conditions that can occur
in the real ocean.

According to Longuet-Higgins (1956}, as quoted by Wiegel (1964},
Tinear theory is valid if the Ursell number LZH/d3<<100 and the
wave steepness H/L are small. OQutside this range, however, linear
theory may still be preferred because of its simplicity, because it
behaves stably and describes physical processes guite well over a
wide range of conditions, and because it can be readily extended to
model irreguifar multidirectional seas and wave diffraction.

Empirical Modification of the Airy Wave Theory

In Section 5.2.7 the Airy wave theory and inherent assumptions in its
development were presented. One of the major simplifications
introduced was the assumption of small amplitude of the wave with
respect to the wave length and water depth. This assumption allowed
the free surface boundary conditions to be satisfied at mean water
Tevel instead of being satisfied at the time varying and unknown wave
free surface. Therefore, the water particle velocity and
acceleration profiles needed for evaluation of wave forces are
evaluated up to the mean water level only. However, in some
applications where wave heights are considerable designers have
modified the Airy wave theory to evaluate water particle velocity and
acceleration up to the instantaneous wave surface elevation. Two
approaches are widely used, namely "extended method" and "stretch
method" .
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In the extended method the ({s) appearing in the water particle
velocity and acceleration (Tabie 5.2) is extended up to the
instantaneous water surface elevation. The water particle velocity
profile that results from application of this method is shown in
Figure 5.6a. This approach was originally adopted by Ried (1958) in
connection with his work on the correlation of water level variations
with wave forces on a vertical pile.

In the stretch method the (s) in the water particle velocity and
acceleration expressions is substituted by {sd)/{n*d). This may be
regarded as an effective height at which the force 1is to be

evaluated. Thus effective height will always be less than mean water
Tevel., It bears the same ratio to mean water level that the actual
height (s), bears to the surface elevation above bottom at the time
point for which calculations are being made. A velocity profile
evaluated under the crest by application of this method is presented
in Figure 5.6b. This method was adopted by Wheeler (1970} in his
work on the method for calculating forces produced by irregular waves.

Both methods present some drawbacks. The extended method usually
overestimates wave loads at the evaluations above mean water Tevel.
The stretch method is sensitive to the hydrodynamic model used in the
response analysis. For example, in a Tlumped area and volume
hydrodynamic model a negative mean displacement of the motion may be
obtained in contrast to the experimental observation {(Rajabi and
Mangiavacchi, 1984).

A third method which is not 1in widespread use is the "hanging
profite" or "floating profile" method. In this method the vertical
coordinate is measured from the instantaneous free surface, directly
above the point at which the kinematics are calculated. The result
is a surface particle velocity at trough equal and opposite to that
at the crest. The velocity and accelerations obtained by this method
are very close to those obtained from the stretch method. The major
difference between the stretch method and the fiocating profile method
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Ties in the fact that in the stretch method the velocity and
acceleration profiles are stretched up under the crest and are
compressed down under the trough, while in the floating profile
method the velocity and acceleration profiles hang from the wave
surface and the vertical coordinate is measured from the
instantaneous free surface in their evaluation.

In summary, the present state of practice is to deploy the extended
method for regular wave application and the stretch method in

connection with the random wave simulation.

Higher-Order Wave Theories

We have just seen that the waves derived from linearized equations on
the assumption of the relative smallness of the parameters H/d and
H/L compared to unity had the following properties:

) The particle orbits were closed,
0 The shape of the surface profile was sinusoidal, and
0 There was no net displacement of the particle.

These facts were noted to be in disagreement with observations. If
the amplitude of the surface disturbance is not required to be small
relative to the length of wave or depth of water, then this category
of waves is called finite amplitude waves. In what follows some of
the most important finite amplitude theories of waves will be briefly
described, The finite amplitude waves are nonlinear. For a
horizontal bottom the source of the nonlinearity lies in the two free
surface boundary conditions.

The results of Airy waves are valid for all ranges of the relative
depth d/L. However, 1in finite amplitude wave theories both
parameters H/d and H/L are important. Due to formidable mathematical
difficulties, it has been found impossible to derive a comprehensive
theory for all values of these parameters. The approach has been to
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5.2.10

develop a theory valid for finite values of one of these parameters
while regarding the other as small. In shallow water the important
parameters turn out to be H/d and d while in deeper water they are
H/L and L. For the shallow water case, cnoidal and solitary wave
theories have been derived. For the intermediate water case the
Stokes theory of various orders, the first order of which corresponds
to the linear or Airy wave theory, has been developed. Cnoidal waves
are considered to act as the separator between the other two., A
comparison has been made between Cnoidal and Stokes waves by De
{1955) in which he showed that the Stokes theory (to the fifth order)
should not be used for d/L Tess than about 0.125, the minimum value
depending upon the value of H/L, with greater values of H/L resulting
in a greater value of d/L at which the theory of Stokes becomes
unreliable.

In a broad sense the analytic nonlinear wave theories include two
different types of series solution:

0 The Stokes series, in power of wave steepness H/L, which is
valid in intermediate to deep water conditions (approximately

L2H/d3<26),

0 The cnoidal series, in powers of H/d (the ratio of wave height
to water depth), which is valid in shallow water conditions.

Stokes Waves

The method used by Stokes (1847, 1880} and subsequently by many other
investigators was to expand the velocity potential into a power
series about the still water level. Thus a nonlinear surface
condition for the potential on the plane of still water Tevel is
obtained. This consists of an infinite series containing partial
derivatives of the potential. The solution is obtained by successive
approximations.  Stokes applied the perturbation method to the
solution. By the perturbation method we mean that we can express the
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solutionh in an expanded form where the unknowns are written in power
series in a small parameter. In this case it is assumed that
potential ¢ and associated variables (n, u, w,...) may be written in
the form

(1) . 2402, 3403,

=8
1

coas (5.35)

in which ¢ 1is the perturbation parameter. By substituting Equation
(5.35) into the governing equation (Laplace equation and boundary
conditions presented in Section 5.2.6), it is possible to obtain
successively higher order solutions, each expressed in terms of the
preceding ones.

The number of terms contained in Equation (5.35) and associated
variables also define the order of the wave theory. It s
interesting to note that the governing equations of the first
{Tinear) approximation are precisely those that were obtained
previously in connection with the Airy wave theory. For example,
when we refer to the fifth order Stokes waves that implies that terms
up to ¢5 are included 1in deriving the solution. The solutions
require a great amount of detailed calculations of coefficients.
Stokes presented only the second order wave theory. However, the
method has been carried in detail to higher orders. Skjelbreia
{1958) obtained tables for third order Stokes waves. Skjelbreia and
Hendrickson (1960) have presented the Stokes wave theory to the fifth
order and their approach has found widespread usage in engineering
practice. Bretschneider (1960} expanded the method, in principle, to
any order.

According to Peregrine (1972), the Stokes wave expansion method is
formally valid under the conditions H/d <« (kd)2 for kd < 1, and
H/L << 1. These conditions place a severe wave height restriction in
shallow water and a separate shallow water wave expansion procedure
may then be used.
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According to Schwartz, (1974) the Stokes series becomes nonconvergent
in very steep (near-breaking) waves, and diverges rapidly if
HLE/d3 is large (see Fenton, 1979). Therefore the Stokes waves
should not be used to model steep shallow water waves. Cnoidal
theory is targely complementary in its range of validity, but again
diverges rapidly in steep intermediate to deep-water wave conditions.

Cnoidal Waves

The lower order Stokes finite amplitude wave theories just described
are generally inadequate in the shallow wdter range since many
coefficients of the higher order terms then "blow up": that is they
become excessive relative to the Towest order terms. Laitone (1961)
has investigated the range of validity of Stokes third order wave
theory on a theoretical basis, and suggests that it is most suitable
for wave lengths Tess than about 8 times the depth (kd»0.78). For
longer waves a different procedure is appropriate if the effects of
finite wave height are to be investigated, and to this end nonlinear
periodic wave theories suitable for shallow water have been developed
since the last century.

The fundamental theory, termed the cnoidal wave theory, was first
developed on an intuitive basis by Korteweqg and De Vries (1895).
According to this theory the wave characteristics are expressed in
terms of the Jacobian elliptic function cn and hence the terminology
“cnoidal wave theory" is used. A typical cnoidal wave profile is
sketched in Figure 5.7a. One limiting case of this, in which the
wavelength becomes infinite, corresponds to the solitary wave, whose
profile is sketched 1in Figure 5.7b. Another 1limiting case
corresponds to shallow water sinusoidal wave theory, with a wave
profile as sketched in Figure 5.7c. Wiegel (1960, 1964) has given a
summary of the first approximation that is directed towards
engineering applications. Laitone (1961) and Chappelear (1962) have
developed respectively second and third order approximations to
cnoidal wave theory, the latter involving a numerical procedure
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rather than explicit formulae. More recently, Fenton (1979} has
presented a cnoidal wave theory which is capable of extension to any
desired order, and which is readily suited to engineering
applications. Details of the theory to the fifth order have been
given by him.

The two nonlinear wave models described previously share a number of
common features, which distinguish them from the linear solution.
They can be described briefly as follows:

0 the nonlinear wave crests are peakier, and the troughs flatter.
Particle velocities are greater at the crest than at the trough,
and the maximum horizontal acceleration occurs nearer the crest;

0 the mean hydrodynamic pressure is nonzero. There may be an
associated change in mean water level (set-down) as described by
Longuet-Higgins and Stewart (1964), or mean uplift force on a
bottom-mounted structure (see Lighthill, 1979);

0 fluid particie orbits are not closed, and there is a general
drift of fluid in the direction of wave travel;

0 the nonlinear wave is longer, and travels faster, than a linear

wave with the same period.

Other Wave Theories

Additional wave theories that will be briefly described here include
the Gerstner trochoidal theory, solitary wave theory, and long wave
theory. i

The trochoidal theory is largely of historic interest even though it
has been applied to engineering problems to a Timited extent. The
trochoidal wave theory was introduced by Gerstner (1802} and has been
adequately described by Milne-Thompson (1968). This theory differs
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from most other finite amplitude wave theories in that it depends on
a rotational fluid motion and also in that the solution is an exact
one under the assumptions made.

The solitary wave is a translatory wave in which the surface lies
wholly above the mean water level (see Figure 5.7b). It was first
studied in the laboratory by Russel in the 1840's. It is a single,
shallow water wave of apparently permanent form which can travel
considerable distances with 1ittle attenuation. It can be regarded
as a limiting case of periodic shallow water waves of finite height
(cnoidal waves}) if the period or wavelength is stretched out
indefinitely as the relative height H/d is held constant.

The Tong wave theory has applicaton to tsunami propagation, tidal
motion, storm surge, flood waves and the like.

The Tlinearized 1long wave theory is developed from the basic
assumptions that, firstly, the wave height is small so that all
nonlinear terms in the governing equations may be neglected, and,
secondly, that the wave Tength is much larger than the water depth so
that the vertical particle acceleration may also be neglected. It
follows from these two requirements that the horizontal particle
velocity 1is invariant with depth and the pressure fis hydrostatic.
These simplifications prove most useful in obtaining solutions by
numerical methods for unsteady flows and/or flows with complex
boundaries. More detailed outlines are given by Stoker (1957) and by
Le Mehaute {1976).

Numerical Wave Theories

The analytical wave theories discussed up to now satisfy the Nth
order boundary conditions on the (N-1)th order wave form. Some of
the numerical wave theories permit the free surface boundary
condition for the Nth order solution to be applied to the Nth order
water surface. The most prominent among these numerical wave
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theories is the stream function theory.

Dean (1965} introduced & numerical method for predicting two-
dimensional wave characteristics which is based on a stream function
representation of the flow and which has since attained fairly
widespread application. This approach somewhat supercedes a not
dissimilar technique proposed earlier by Chappelear (1961) and which
was based instead on a velocity potential representation. The
approach adopted by Dean is capable of generalization and affords a
soTution where a free surface pressure distribution and uniform
current are also prescribed.

In some circumstances numerical models have advantage over purely
analytic solutions. Stream function theory is based on a Stokes-type
series expansion, 1in which the dynamic free surface boundary
condition is satisfied numerically by a least-square. The kinematic
free surface boundary condition is satisfied exactly. This solution
can be extended readily to any order, and has a wider range of
validity than the similar Stokes model. Aagaard and Dean (1969) used
stream function theory to model! unsymmetric wave forms. Von Schwind
and Reid (1972) and Fenton (1979) have also published some
formulations of stream function waves. Dalrymple (1974) has extended
the stream function theory to permit simulation of stream function
waves on a shear current. Mention should alse be made of the
somewhat related extended velocity potential method (sometimes termed
the. EXVP method) described by Lambrakes and Brannon (1974). The
method was developed to enable treatment of arbitrary wave profiles
which may vary in shape during propagation, or which may have a
separately specified crest elevation to wave height ratio. This
procedure involves a double Fourier series expansion of the velocity
potential. The unknown Fourier coefficients are determined by a
Teast square minimization technique applied to the free surface
boundary conditions and carried out over time in the x direction.
The technique is useful to deal with, for example, a series of
consecutive waves with independent characteristics.
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5.2.14

In closing this section it should be added that several researchers
have attempted to obtain solutions to a high degree of accuracy by
resorting to digital computers. A complete treatment of this subject
is beyond the scope of this report. For a more complete discussion
of numerical wave theories the reader is referred to Sarpkaya and
Isaacson (1981).

Range of Validity and Selection of Wave Theory

The problem of selecting the most suitable wave theory for a
particular application finvaribly arises 1in engineering situations.
This is difficult to resolve since for specified values of H, T and d
different wave theories might  better reproduce different
characteristics of dinterest and there can be no unique answer.
However, charts have been developed that may greatly assist in
selecting an appropriate wave theory. They depict the domains of the
various wave theories. Two dimensionless parameters H/gT2 and
d/gT2 can be formed from wave characteristics H, T and d. For a
given vaiue of 'd/gTz, theré is a maximum value of H/gT2 at which
the wave breaks. These dimensionless parameters may be used to
determine which wave theory is applicable to a specific problem.

Dean (1970) has compared several wave theories on a theoretical
basis. The criterion he used was the closeness of fit of the
predicted motion to the complete problem formulation. Since the
Laplace equation and bottom boundary condition are exactly satisfied
in all the theories considered, the error of fit to the two nonlinear
free surface boundary conditions was used as the criterion of
validity. The wave theories examined included 1inear wave theory,
Stokes third and fifth order theories, cnoidal (first and second
approximations), solitary (first and second approximations) and the
stream function theories. Dean found that the first order cnoidal,
the linear, the Stokes fifth order and the stream function theories
were generally the most suitable over the ranges indicated in Figure
5.8. He emphasizes, however, that the method used to assess the

120



theories does not necessarily imply the best overall theory, and he
also suggests that this kind of comparison may be biased in favor of
the Tower order theories.

Le Mehaute (1976} has presented a convenient chart showing the
approximate limits of validity of various wave theories as shown in
Figure 5.9. It is stressed however that Le Mehaute indicates that
this plot is not based on any quantitative investigation and so is
somewhat arbitrary. Even so, there is some agreement with Dean's
comparison 1in that for higher waves cnoidal wave theory is
recommended for the shallow water range and Stokes high order theory
for the deep water range.

The Shore Protection Manual (1977) has a chart recommending the
ranges of validity of some of the wave theories most commonly used in
design {see Figure 5.10}.

A1l hydrodynamically possible nonbreaking waves are shown in these
three figures. Actually there is some overlapping of the regions but
in these regions, the different theories yield approximately similar
results. The decision on which theory is to be used requires some
intuition and experience or judgement. If for the sake of
comparison, the same force coefficients were used to evaluate wave
loads by applying various wave theories, generally the higher order
wave theorijes predict higher drag forces but not necessarily higher
inertia forces. To be specific, if drag force dominates the loading
pattern, then a higher order theory is sometimes desirable.

Usually, uncertainties in the establishment of design wave parameters
far outweigh the relatively minor differences given by the various
wave theories. There is some variation in the value of the breaking
wave parameter H/d, or determination of the maximum wave steepness.
The criterion for maximum wave steepness adopted by Stokes and used
almost exclusively by others is that "waves break when the particle
velocity u at the crest exceeds the wave celerity C". For finite
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5.2.15.1

amptitude waves in deep water, this occurs when the angle between
tangents to the water surface profile at the crest is 120°. The
maximum wave steepness is thus 0,1418 or H/T2 = 0.875 (based on
wavelength for finite amplitude waves).

Comparison with Experiment

The suitability of one theory over another from a theoretical
viewpoint is not necessarily reflected in better agreement with
experimental data gathered either in the laboratory or in the field.
The suitability of a particular theory depends upon which
characteristic is being compared. We briefly report some of the most
recent comparisons made with laboratory waves and sea waves.

Laboratory Waves

Wiegel (1964) describes several comparisons between wave theories and
laboratory measurements. Figures 5.12 and 5.13 show some more recent
data. Figure 5.12 shows the horiiontal velocity profile deep-water
wave (H/gT2 = 0.11, d/gT2 = 0.036). Figure 5.13 shows the
horizontal velocity profile below the crest of a shallow-water near-
breaking wave (H/gT2 = 7.4 x 10'4, d/gT2 = 1.3 x 10'3).

Hogben et al. (1974) have already shown that there are only small
differences between Tinear and Stokes V theories in deep-water
conditions typical of a North Sea environment. Figure 5.11 confirms
this conclusion, showing also good agreement with Fenton's ({1979)
stream function theory and experiment.

Nonlinear effects are most apparent in shallow-water conditions,
particularly near the free surface. Figure 5.12 shows the Alry,
Tong-wave and Goda's (1964) empirically modified form of linear
theory; solitary waves of McCowan (1891) and Boussinesq (1871); first
and second order of cnoidal theory; third order cnoidal of Keulegan
and Patterson (1940), and lastly the stream functions theory. Some
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agree quite well with the experiment; others differ by large
amounts. Linear theory is satisfactory well below the free surface.
Stokes second-order theory is gquite inadequate.

Sea Waves

Because these theories are used in design as models of extreme sea
waves, it dis important to compare them not only with reguiar
laboratory-wave data, but also with irregular waves in the real sea.
Several recent experiments have made this possible.

Measurements during tropical storm 'Delia’ have veen correlated with
several wave theories by Forristall et al. (1978). Figure 5.13 shows
measured velocities below the crests and troughs of 16 large waves,
compared with the predictions of Stokes V theory. Trough velocities
were predicted quite well, but crest velocities were generally
overpredicted, particularly at this, the highest level. Irregular
stream function theory, again representing a periodic wave of
constant form, also overpredicted crest velocities. Calculations
based on a Tinear spectral model, however, including both frequency
and directional spreading, matched the experiment in terms of both
spectral shape and extreme value statistics.

Dean et al. (1979) and Bishop et al. (1980) report measurements on
the Ocean Test Structure in the Gulf of Mexico, and UK Christchurch
Bay Tower. Both indicate a tendency for nonlinear regular wave
theories to overpredict particle velocities, and that better
agreement may be obtained using spectral models.

As a final comment, it is of practical importance to have an accurate
knowledge of particle velocities and accelerations 1in steep
near-breaking waves, especially in the context of wave force
calculations. However, it appears that comprehensive comparisons
with experiments under such more extreme conditions are relatively
unavailable and thus, in spite of the sophistication of wave theories
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that may be employed, uncertainties remain in the prediction of
particle kinematics for very steep waves.

From the design viewpoint it is reassuring that the design wave
approach is conservative, in the sense that particle velocities are
overpredicted. It is clear however, that even in conditions where
nonlinear effects are apparent, a linear model, based on the theory
of directional spectra, can give more realistic results than a
nonlinear, but periodic, unidirectional and constant-form mode].

Random Waves

In the foregoing sections, long-crested waves of constant height,
period and direction were described. These waves present fairly
regular behavior. However, the ambient waves on the surface of the
ocean are random. The generating mechanism s, predominantely, the
effect upon the water surface of wind in the atmosphere. The
randomness of ocean waves s subsequently enhanced by their
propagation over large distances in space and time. Thus ocean waves
must be described in a probabilistic manner. Oceanographers have
found that the irregular sea can be described by statistical
mathematics on the basis of the assumption that a large number of
regular waves having different lengths, directions, and amplitudes
are superimposed. It should be emphasized that characteristics of
idealized regular waves, found in reality only in laboratories, are
fundamental for the description and understanding of realistic
irregular seas.

We will consider primarily the basic two-dimensional "irregular sea"
as generated by a broad-scoped wind. This means that the wave crests
are continuous in a breadth-wise direction, and all waves move in the
same forward direction (long-crested waves). Of course, as an actual
sea moves outward it spreads sideways, losing height, and thins out
progressively as the longer waves in the sea tend to outrun the
others. If, in the course of its travel, it also meets waves from
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other disturbances coming from different directions, as is usually
the case, the "short-crested" confused sea results. Whereas this
three-dimensional “"confused sea" is more prevalent in nature and is
important in evaluating 1long-range history of the motions of a
floating body, the two-dimensional "irregular sea" is considered to
have maximal effect on a body situated in it.

Figure 5.14 shows a typical record of an irregular sea taken at a
fixed point of the ocean. Clearly if the record is very long it is
impractical to keep it in its original form. Methods of condensing
the gross details of the wave record are required whereas inevitably,
after such a process, much detail will be lost.

The condensations of the real sea state need to have the property of
stébi1ity. The term stability is used to describe a characteristic
which does not change too much if the observation is repeated. For
example, suppose two wave recorders were placed in the open sea at a
distance of, say, 200 feet apart. The water surface - time history
of the two records taken at the same time would be completely
different. The sea surface records themselves are unstable. On the
other hand, such things as the average wave height, mean square water

surface fluctuation, etc. of the two records would be very close to -

being equal {so long as the records were of reasonable length). Such
statistical properties are said to be stable.

Probability densities and distributions of sea surface parameters,

together with the spectral {or variance-frequency) distribution of
the sea surface, have been found to be concise and useful properties
of this process. The spectrum is a form of probability distribution
and has very desirable stability characteristics. The spectrum
retains much information on wave amplitudes and "perjods" but Toses
all information on phase position. Probability distributions, on the
other hand, lose all information on wave periods if “wave height"
probabitities are computed or vice versa.
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5.3.1

There are various characteristics of interest in a record such as
Figure 5.14. The zero up-crossing method is the one generally
accepted to obtain these characteristics. This method uses the time
when the surface wave profile crosses the zero (still water) level in
the upward direction. An individual wave height is defined by the
vertical difference between the maximum and minimum Tevels with
adjacent zero up-cross points, and the correésponding wave period is
defined by the interval of two crossing points. The following are
some of the most important statistical data that can be derived from
a wave record.

0 The maximum wave (Hmax’ Tmax)’ which corresponds to the

maximum height in a given wave group;

0 The one-tenth highest wave (H1/10’ 71/10)’ which corresponds
to the average of the heights and periods of the one-tenth
highest waves of a given wave group;

0 The significant wave (H1/3, T1/3), which corresponds to the
average of the heights and periods of the one-third highest

waves of a given wave group;

0 The mean wave (ﬁ;'f), which corresponds to the mean wave height
and period of a given wave group.

Wave Height Distribution

The knowledge of the wave height distribution is of great importance
since various valuable information can be derived from this
distribution. Oceanographers have found that wave heights of an
irregular sea follow a Rayleigh distribution, Figufe 5.15.
Therefore, the wave height probability density functions p(H) are
given by
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pli) = 2 e (2 (5.36)
This may be expressed as the percentage of times a wave height H_i
will occur in all the waves of that series.

The 1/nth highest wave height, Hl/n’ is calculated as follows:

j-m
un  Hp(H)dH

H - (5.37)
1/n p(Hn)

Assuming p (Hn) =-% we have
(=]
Hyp= 1 ,[. Hp (H) dH (5.38)
Hn
The results of a calculation based on Equation(5.22)are:
H1/3 = 1.60 H {5.39)
Hl/10 g 2,03 H ' (5.40)
In the design of offshore structures the maximum wave height, Hmax
is of great interest. The maximum wave height cannot be determined

as a definite value, but can be expressed as the most probable
maximum value for a given number of N waves by the following equation:

1 172 | T -1/2 '
Hmax/H1/3 = -I—:m [(Ll’l N) + '-2- {Ln N) ] {5.41)

1.07 / Togyy N ; for large N (5.42)

H2

Hmax/H1/3
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Ocean Wave Energy Spectra

The irregular sea surface may be represented by the sum of a very
large number of small-amplitude large waves of different periods or
wave Tengths, amplitudes, and directions, each individual component
following the simple harmonic wave theory regarding wave length,
period, and speed. The phase relationships among these various
component waves are considered to be completely random. Any seaway
can then be characterized by an "energy spectrum” which indicates the
relative fmportance (amount of energy) in the infinite number of
different component waves which combine to produce the observed
irregular pattern. This in simple terms describes that the total
energy of the sea is made up of the sum of the energies of all small,
regular waves that make up the sea.

The fundamental importance of the spectrum is that it provides the
complete statistical characterization of the sea. The phase lags
among various components of the spectrum are random with a uniform
probability distribution; that is, there is equal probability of
their having any value between 0 and 2r. There is no particular
physical significance to the values of the phase lags, but the fact
that they are random is very important. It introduces an element of
probability into the representation which not only makes it realistic
but permits the application of probability theory. This application
is greatly simplfied by the observed fact that successive points at
equal intervals of time 1in an irregular wave record follow
approximately the normal or Gaussfan distribution. This permits the
direct determination of the characteristics of the sea that are of
primary interest. First of all, theory shows that the "variance" of
statistics, or mean square value 02 of a wave record {average of
sum of squares of deviations from the mean value measured at equal
intervals of time) is equal to the area E under the energy spectrum,
or one half the area under an amplitude spectrum.
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2 ® 1 [®
o] = F = j S(u)du = ? f 2 S (m) dm (5.43)
o 0

This means that if we know the spectrum we can immediately determine
the mean square value of the seaway record from the spectral area.
Alternatively, one can directly compute the mean square value from
the record itself, which indicates the area but not the shape of the
spectrum.

Various statistical values of visible wave properties can also be
obtained from the spectrum by taking advantage of the fact that the
peak-to-trough wave heights of a record are found to follow very
nearly a so-called "Rayleigh” distribution, Figure 5.15. The excess
probability curve for Rayleigh distribution is given in Figure 5.16.
In mathematical statistics the following useful relationships have
been derived for such a distribution, where E is the area under an
energy spectrum and 2E is the area under an amplitude spectrum.

Average apparent wave height, crest to trough

H = 2.5/JE = 1.77 JZ&E (5.44)

Simitarly, the average of the 1/3 highest waves or significant waves
height

H1/3 = 4.0 /JE = 2.8 Ji& (5.45)
And the average of 1/10 highest waves is

H1/10= 5.1 VE = 3.6 JZE ~ {5.46)

Other visible characteristics, referred to as ‘"apparent" by
oceanographers, are obtained from moments of the spectrum.

129

pURRES

eaapait®

g

g



i, :
gl

e o

5.3.3

(o o]
Moo= Jf o S(w)du (5.47)
o}

where n can be any integer. Referring to Equations 5.42 and 5.46, it
is evident that M0 is the area wunder the spectrum. The
characteristics that depend on the moments are affected by the shape,
as well as the area, of the spectrum. Thus:

Average apparent period, (average) based on zero up-crossings
e 1/2
T o= 2n(M /M) (5.48)

Average apparent wavelength

T = 2agln /2

{5.49)
Thus the spectrum of the seaway, which specifies the invisible

components of the wave pattern, also defines the properties of the
visible pattern which are of interest.

Further details on this subject are beyond the scope of this report.
More information may be found in works by Pierson et al. {1955},
Marks (1963), Munk (1951), Kinsman (1965), Comstuck (1967), Michel
(1967, 1968), Dean (1974), Price and Bishop (1974), Wiegel (1975},
Sarpkaya and Isaacson (1981), and Dean and Dalrymple (1984).

Proposed Wave Spectra

Various oceanographers have proposed analytical expressions for the

wave spectra. Most of the proposed spectra may be expressed in one
of the two ways:

1. In terms of windspeed, using formulae plus quantitative
dependence on wind data to obtain the spectra.
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2. In termg_of observed significant wave heights, HI/B’ and mean
period, T, thus using oniy the form of a theoretical spectrum,
j.e., in terms of the sea itself.

The wind-speed formula represents the classical approach. The
contention is that ocean-wave spectra depend on the velocity of the
wind as well as its duration in time and the distance over which the
wind is acting on the free surface. This distance 1is known as
fetch. Wave spectra that have reached a steady state of equilibrium,
independent of the duration and fetch are said to be fully
developed. In what follows some of the better known frequency
spectra that have been employed to describe ocean waves are presented.

Darbyshire Spectrum (1952)

0 For fully developed sea. Depends only on the characteristic
wind speed u.

0 Equation for spectrum

S(f) A exp [- -

(f-fo + 0.0422)

172

S(f)

1]
(o)

otherwise

0 A and fo are functions of wind speed u
A - 1.169 x 107° y*
£, = 1/01.94 w12 5 2.5 x 1077 oty

0 fo is the peak frequency, i.e., frequency at which S{f) is a

maximum.
0 Units
fo Hz
u m/s
A mZ/Hz
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5.3.3.2

5.3.3.3

Neumann Spectrum {1953)

o For fully developed sea.

wind speed u.

0 Equation for spectrum

2
S(F) = Efs exp (-B/f2)

2
5

62721 u
2 x 107

Q
~ @
1]

i

0 Peak frequency fo
1/2
f, = (B/3)

0 Units
f Hz
o
u n/s
K Hz

Pierson-Moskowitz Spectrum {1964)

0 For fully developed sea.

wind speed u.

0 Equation for spectrum
2

Depends only on the characteristic

Depends only on the characteristic

S(F) = —29 - exp (-B/F%)

(27)°fF

0 Phillips constant
a=8.1x10"3

o B =0.78 (g/2nu)’
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0 Units

5.3.3.4 Bretschnieder Spectrum {1959)
] In terms of significant wave height HS and peak frequency
fo. The peak frequency fo is empirically related to the

significant wave period Te.

0 Equation for Spectrum

5Hs,2 1 5 f -4
S{f) = exp [- (=) ]
1% (¢ )° T,
Note: Both the Bretschneider and Pierson-Moskowitz (P-M)

equations may be written in general form

S{f) = ;—é— eer(»B/f4)

In this way they differ only in the magnitudes assigned to
A and B. For the P-M spectrum A is constant and B depends
only on u, while for the Bretschneider spectrum A =

5Hs2 f04/16 and B = 5 f04/4. See Figure 5.17.

5.3.3.5 JONSWAP Spectrum, Hasselmann (1973)

0 P-M spectrum modified to account for the effect of fetch
restrictions and to provide for a much more sharply peaked
spectrum.
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0 Equation for spectrum

2
S(f) = *“EQZ‘B exp [- g (f/f0)43 -
(2=)°f
a = exp [ - (f-f0)2/252 f02]

0 f_is the peak frequency

o}
o o, = 0.07for f¢f
0 Ub = 0.09 for f » fO

0 v is the peakedness parameter, the ratio of the maximum spectral
density to that corresponding to P-M spectrum.

0 a characterizes the properties of the high frequency part of the

spectrum and determines the total energy content. See Figure
5.18.

Note: The JONSWAP spectrum contains the ISSC (1964} spectrum and
the P-M spectrum as special cases. For y = 1 the JONSWAP
spectrum equals the ISSC and for y = 1 and o« = 0.0081 the
JONSWAP spectrum equals the P-M spectrum. See Figure 5.18.

Other parameters of interest for the JONSWAP spectrum are

0 X = gF/u2 = dimensionless fetch
0 F = fetch

0 u = wind speed

o f, = 2.8 x70-%
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s o« = 0.066x0-%

The spectra mentioned so far represent only a concise selection of
the various freguency spectra which have been proposed. Others
inciude the Scott (1965) spectrum, the ISSC (1964} spectrum and so
on. Ochi and Wang {1976) and Ochi and Hubble {1976) have proposed a
further spectrum which depends on six parameters, and which exhibits
two peaks, one associated with underlying swell and the other with
tocally generated waves., This spectrum is the sum of two terms, each
specified by characteristic frequency, height and shape parameters.

It is appropriate at this point to mention that the wave spectrum is
sometimes present as a perjod spectrum S{T) rather than as a
frequency spectrum S{f) or S{w). These parameters are, however,
related to one another. Thus

S(T) = £25(6) = (W2/2n)5(0)

5.3.3.6 ISSC Spectrum (International Ship Structures Congress, 1964)

0 Bretschneider spectrum modified on the premise that the wave
period follows a Rayleigh distribution, as does the wave height.

o Equation for spectrum

st = (17307 S exp (69071 Wh
) Hs = significant wave height average of the one-third
highest waves
0 TS = significant period, actually the average period of the

significant waves
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Note:

The ISSC spectrum can be obtained from the JONSWAP spectrum
by setting y = 1 in the JONSWAP spectrum.

5.3.3.7 Ochi-Hubble Spectrum (1976)

This six parameter spectrum was derived to describe the wave
spectra associated with the growth and decay of a storm
inctuding the existence of a swell. It exhibits two peaks and
is the sum of fwo terms, each specified by characteristic
frequency, height and shape parameters.

4x, Aj
j*l 4 2 4,
S{w) = %Z ( q “’mj) Hsj exp[-( ‘]+1 (%J) ]
. T
; (Aj) u4)U

i = 1, 2 stands for the lower and higher frequency

components respectively
HS = stgnificant wave height
Gy = modal frequency
A = shape parameter

5.3.3.8 Scott Spectrum {1965)

Equation of spectrum

2

S{w) = 0.214 H,™ exp (a)
S{w) = 0 if W - mp < - 0,26
or W - “p > 1.65
1/2
e —— - - + L ]
a = [m wp‘ / [0.065 (4 w, + 0.26)]
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o} u spectrum peak freguency
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1

Short-Crested Waves

The true sea state consists of irregular wave trains of different
periods and heights traveling in a number of different directions
simultaneously. This condition is generally referred to as a short-
crested, or multidirectional sea. The term short-crested evolves
from the Tength of the wave crests perpendicular to the direction of
motion, which is short when compared to a unidirectional, or Tong-
crested, sea state with its infinitely long wave crests.

The directional spectrum for short-crested seas is usually generated
from the unidirectional, or point spectrum, by the use of a spreading
function. The directional spectrum is written as the product of two
functions

S(f,e) = S(f}) G(e)

where G{e) is the spreading function and represents the direction of
the wave energy at frequency w, and

27
S{f) = J[ S{f,e} de {5.50)}
Q

is the unidirectional wave spectral density. A sketch of a
directional spectrum is given in Figure 5.19. Several spreading
functions have been proposed. Some of the most widely used spreading
functions are given here.

0 Cosine-sgquared

This spreading function was proposed by St. Denis and Pierson
(1953) and is given as
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; Glo) = ~% cos’e for {el < /2
(5.51)
| G{s) = 0 otherwise
o G(e) is a maximum along the direction e = 0
i
oy 0 Cosine-power
.j' -
) 2n 1 -
Gle) = C(n) cos 52 (e - o)] (5.52)
where & is the direction about which the spectrum is centered
. '} and C(n) is a normalizing function such that
i
4/’ Gle) do = 1 {5.53)
-
and is given by
_ 1 [ (n+1)
C(n) = -~ T n T I {5.54)
There are several other spreading functions proposed by various
researchers such as circular normal, Finite Fourier Series, etc. A
more detailed description of directional waves and appropriate
spreading functions may be found in Sarpkaya and Isaacson (1981).
)
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TABLE 5.2 RESULTS OF LINEAR WAVE THEORY
(SARPKAYA AND ISAACSON, 1981) %

nH cosh (ks) .
kT sinh (kd)

. E cosh (ks) ¢in 8
2w cosh (kd)

Velocity potentiai

\UW

Dispersion relation e o8 (kd)

s

Surface elevation n=

Borizontal particle displacement ==

g

Vertical particle displacement f* e ————cos 8

Feggznt”

oH cosh (ks)
T e s 05
T sinh (kd)
#H sinh (ks)
= —— ve———- m
T sinh (kd)
an - 2#2H cosh (ks) «in
3t T* sinh (kd)
aw  2x'H sinh (ks)

e

Horizontal particle velocity

Vertical particle velocity w

Horizontal particle acceleration 8

Vertical particle acceleration v T D) cos 8
1 cosh (ks)
Pressu = wppz 4+ — —— Y
re P=-pEE ) oeH cosh (k) cos 6 :?
1 2kd

Group veloci 5 |1+ e

p velocity - 3 [ sinh(de)]c
Average energy density E= % agH?

o :
o 2P
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TABLE 5.3

SHALLOW AND DEEP WATER APPROXIMATIONS

TO LINEAR WAVE THEQRY

(SARPKAYA AND ISAACSON, 1981)

Shaflow Water Deep Water
"
Range of validity kd < —1-6 ki >=
d 1 d 1
i — —s_
L 20 L 2
d d
— < (.0025 —> 0.08
T2 T2
Velocity potential LI ™ k2o,
ocy 0 = sm Lo
ty p ¢ T4 ¢ T sin
= +—gin § = :‘E.ekz sin &
2w
2 2
[ L2 g
Dispersion relation == Gael=_=2
per k2 1] L r
Wave length L=TVgd L= Ly =gT?/2n
H
Surface eievation 7= ?cos [ t = —~cosf
Horizontal particje __E . Xz .
displacement kd o f §eoge e
Vertical particle _H z _H .
displacement = (1"'3 cos & !'—-2-= cos 9
- - H H
Honzor.:ta.l particle w= Ll = =H K2 s 0
velocity Tikd) T
Vertical particie _wH zy _mH
velocity W'-—:l_—(l'*-‘;)sme w--_f‘-e sin @
Horizontal particle u H . u 22%H . .
acceleration 3t T2 (kd) s B ot osm
Vertical particle dw  2H{ 2 oW 2r’H .
acceleraﬁon ? = __'1'2 1 +E cos @ -;- = e T2 e “cosd
Pressure . P = -pgz+] pgH cos 6 P=~pgz+%ngckzcose
Group velocity cg=c cg=ic
Average energy density E = § oght? E =} pgii?
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FIGURE 5.1 DEFINITION SKETCH FOR PROGRESSIVE WAVES

Wave period
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FIGURE 5.2 CLASSIFICATION OF OCEAN WAVES ACCORDING TO WAVE
PERIOD (AFTER MUNK, 1951)
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FIGURE 5.3 ANGULAR DEFORMATION WITHOUT ROTATION OF FLUID ELEMENT

FIGURE 5.4 RELATION BETWEEN ¢ AND VELOCITY COMPONENTS u & v
(SARPKAYA AND ISAACSON, 1981)
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FIGURE 5.7 THE CNOIDAL WAVE PROFILE, TOGETHER WITH ITS
LIMITING FORMS. FROM SARPKAYA AND ISACCSON (1981)
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FIGURE 5.14 PROFILE OF OCEAN WAVES
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FIGURE 5.19

ILLUSTRATION OF A DIRECTIONAL WAVE SPECTRUM
(SARPKAYA AND ISAACSON, 1981)
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6.0

6.1

FLUID-STRUCTURE INTERACTION

Effects of Viscosity

If the flow velocities are different on two layers aligned with the
flow, the exchange of molecules between them tends to equalize their
velocities; that is, the random molecular motion effects a transfer
of downstream wmomentum between them. The process of momentum
transfer by the molecular motion is termed viscosity. The viscous
force per unit area, termed the shearing stress, is defined as the
rate at which the molecules accomplish the cross-stream transfer of
downstream momentum per unit area.

A consequence of the existence of fluid viscosity is the "no-slip"
condition at the solid surface.

Real fluids have viscosity and cannot move relative to a solid
boundary. They separate from the solid boundary under the effect of
adverse pressure gradient as momentum is consumed by both wall shear
and pressure gradient.

Ludwig Prandtl (1904} showed that at a high Reynolds number the
effect of viscosity is concentrated in the boundary layer region of
the flow. In the case of bluff bodies such as circular cylinders,
boundary Ttayer development results in flow separation and wake
development. For this reason the local pressures and resulting
forces acting on the body are different than calculated on the basis
of the inviscid flow assumption. However, for sufficiently large
Reynolds numbers, it s reasonable to assume that within the bulk of
the fiuid, viscous forces will be negligible by comparison with the
inertial forces, and corresponding flow may be considered inviscid.

Nevertheless, a consequence of viscous shear stress is that however
large the Reynolds number may be, the fluid velocity on the rigid
boundary must still be equal to the velocity of boundary. Thus,
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6.2

there must exist significant viscous shear in a thin boundary layer
at the surface of any body that moves relative to the bulk of the
fluid.

This approach provides a scheme for calculating viscous effects, at
least for "unseparated" flows at a high Reynolds number; equally

important, it gives a rationale for neglecting viscous stress outside

the boundary layer. Moreover, if the body is sufficiently regular in
shape, its radii of curvature will be much larger than the boundary
layer thickness, and the local flow within the boundary layer will be
effectively plane. Thus, if one imagines looking at the boundary
layer flow, and enlarges it with a magnifying glass or microscope,
the details of the flow within this region will become visible, but
the overall shape of the body is lost to view and the boundary of the
body will appear practically flat within the region of view.

As yet a theoretical analysis of the problem for separated flow is
difficult and much of the desired information must be obtained both
numerically and experimentally. In this respect, the experimental
studies of Morison and his co-workers {1950) on the forces on piles
due to action of progressive waves have provided a useful and
somewhat heuristic approximation.

Wave Force Regimes

There are basically two different approaches for evaluating wave
loads on fixed and fioating structures:

1. Empirical formulae, relying heavily on experimental observa-
tions, physical insight and dimensional analysis. Examples
include the Morison equation and formulae for wave slamming,
vortex shedding, etc.
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2. Theoretical methods, which solve the boundary value problem
describing flow around the structure. These methods are usually
based on the c¢lassical theory of potential flow. The wave
diffraction method falls into this category. It s sometimes
necessary to add empirical terms representing non-ideal fluid
effects, such as viscous drag. ‘

In this report the attention is focused on the Morison equation and
diffraction theory since these are basically two different approaches
in use today for computation of fluid-structure interaction.

The ranges of validity of the Morison equation and the diffraction
method are Targely complementary as can be seen in Figure 6.1. This
figure adopted from Garrison {1978) represents a rather convenient
method of presentation of the regions of applicability of the
inviscid diffraction theory and the Morison equation for the case of
a pile. It shows the overlap region bounded by H/D = 1.0 and D/L =
0.15 where both theories are valid and regions at both large H/D and
D/L where both viscous effects and diffraction effects are important
and, consequently, neither theory is valid. However, contours of
constant values of wave steepness, H/L, plotted in Figure 6,1
indicate that the region of large H/D and D/L is of 1ittle practical
importance since the breaking 1imit for deep water is at about H/L =
0.14, Thus, Figure 6.1 suggests that viscous effects and diffraction
effects should never be important at the same time. It appears that
viscous effects should become important only in regions where the
Morison equation is valid. Sarpkaya and Isaacson {1981} prepared a
similar figure representing the regions of validity of diffraction
and separated flow. Their work is shown in Figure 6.2,

The Morison equation is based on the assumption that the kinematics
of the undisturbed flow in the region near the structure do not
change in the incident wave direction. Since flow velocities and
accelerations do in fact vary with a wavelength L, the assumption
implicit in the use of the Morison equation is that the ratio D/L is
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6.3

small, where D here denotes a characteristic horizontal dimension of
the structure, egquivalent say to the diameter of a cylinder. When a
body spans a significant fraction of a wavelength, the incident waves
generally underge sufficient scattering or diffraction and wave force
calculations should then take such scattering into account. This
situation characterizes the diffraction regime of wave-structure
interaction and is generally considered to occur when the structure
spans more than about a fifth of the incident wavelength. When wave
diffraction is important i.e., D/L is not too small, the fluid
particle displacements vrelative to D wmay themselves become
sufficiently small for the effects of flow separation to be minimized
or localized.

In brief, various force regimes may be established as follows:

D/L > 1 Condition close to pure reflections

D/L > 0.2 Diffraction increasingly important

D/L < 0.2 Morison equation valid

D/W > 0.2 Inertia increasingly predominant within the

Morison equation
D/MW < 0.2 Drag predominant within the Morison equation

where W is the orbit width of the water particle given by

H

W= —g {6.1)
tanh ~{?1

Morison Equation

Morison and his co-workers (1950) conducted some experiments on
vertical piles in progressive waves. This work was sponsoked.by the
U.S. Navy based on a problem posed by the Bureau of Yards and Docks.
The objective of this study was to develop methods for evaluating

wave loads on submerged piles. Morison et al. assumed that the:

horizontal wave force exerted on the vertical pile is a linear sum of
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two forces:

1. A drag force, FD’ proportional to the square of the horizontal
water particle velocity, u.

2. An inertia force, FI, proportional to the horizontal water
particle acceleration, u.

Therefore, the force per unit length as a vertical pile could be
written as:

F = FD + FI (6.2)
1 .

F=Cd -EDD\U\U*'Cmp TU (5-3)

where:

D = pile diameter

p = water mass density

Cm = inertia coefficient

Cd = drag coefficient

u = horizontal water particle velocity

u = horizontal water particle acceleration

The term \u' u is written in this form to ensure that the drag force
component is in the same direction as the velocity.

Other underlying assumptions in formulating the Morison equation are:
0 The equation s for unbroken surface waves.

0 The equation 1s for a single vertical, cylindrical object, such

as a pile, which extends from the bottom upward above the wave
crest.
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0 The diameter of the pile is small compared to the wave height,
wave Tength and water depth.

0 Coefficients Cm and Cd must be obtained experimentally.

0 In force calculations u is taken as the horizontal wave particle
velocity and the convective acceleration terms are often
ignored, i.e., it is assumed that

Du - au
5F °© SE (6.4)

Considerable uncertainty exists regarding the meaning and
application of the inertia force for nonlinear flows in which
convective accelerations are not negligible. Isaacson (1979a)
has discussed this subject and concluded that the inertia forces
calculated in the conventional manner will generally over
estimate the actual force.

These basic assumptions represent an over simplification of the
complex phenomenon of fluid-structure interaction. In this context
the Morison equation is generally regarded as a semi-intuitive
engineering expression which is used to approximate the force exerted
on a body in a viscous fluid under unsteady flow conditions.
However, in spite of these severe assumptions, researchers have not
been able to introduce a more appropriate expression to replace the
Morison equation. The tendency has been more toward modifying and
extending the Morison equation to make it applicable to more
complicated situations for which it was never conceived. The
application of the Morison equation and its extension to handle more
complicated structures is discussed in more detail in sections
dealing with wave forces on small bodies (see also Sarpkaya, 1976a,
1976b, 1980, 1981a, 1981b).
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6.4

Diffraction Method

It was noted that for structures which are large compared with the
wave length, the assumption that the form of the wave is unaffected
by the structure is no longer valid. The wave is then scattered by
the body and the resultant force is composed of the force due to the
incident wave together with the force generated by the scattered
component. Wave theories that take this effect into account fall
under the general heading of diffraction theory. The diffraction
theory, as it has come to be known, refers to the inviscid,
incompressible and irrotational (potential flow) solution of
fluid-structure interaction. In the Tinear diffraction theory the
sotution to the fluid-structure problem is sought such that the
linearized free-surface boundary condition is satisfied as well as
the kinematic boundary condition on the surface of the body and on
the sea floor. Moreover, the waves caused by the presence of the
body and/or its motion satisfy a radiation condition at some large
distance away from the body. Thus, notwithstanding the possibility
of certain numerical Tlimitations in application, the diffraction
theory is based on the exact solution to the interaction of either a
fixed or floating body with a fluid, but because of its underlying
assumptions it admits two fundamental Timitations:

1. That arising from the assumption of zero viscosity of the fluid.
2, That arising from the assumption of small amplitude motion as
implied by the application of the 1linearized free-surface

boundary condition.

The general diffraction theory is not Timited to any specific body
shape, although it admits of the two limitations discussed.

It is of interest to consider the diffraction theory's relationship
to the Morison equation. Historically the Morison equation was
introduced as a semi-intuitive formula for the computation of wave
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forces on objects which were small in r'eTation to the wavelength.
The Morison equation approach to the calculation of wave forces on a
body represents the asymptotic form of the diffraction theory in the
1imit as the size of the body (or diameter in the case of elongated
shapes such as a cylinder) relative to the wavelength approaches
zere. Thus, if viscous effects are disregarded, the results of the
diffraction theory approach those based on only the linear or local
inertia term in the Morison equation as the diameter to wavelength
ratio approaches zero.
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7.0

7.1

WAVE FORCES ON SMALL BODIES

The word "small" is used with reference to the diameter-wavelength
ratio. As such, the diffraction effects are negligible and both drag
and inertia forces may be important. The Morison equation is used
for estimating wave induced forces on small offshore structures.
Application of the Morison equation to compiex engineering probliems
requires knowledge of inherent assumptions and limitations of this
equation. Only through this awareness is a clear assessment of the
results and their reliability possible.

Application of the Morison Equation

The basic assumption of the Morison equation that the wave force on a
cylindrical member can be separated into a velocity squared-
dependent drag force and an acceleration-dependent inertia term is a
simplification of the complex fluid-structure interaction problem.
This equation does not take into account the time history of the
fluid flow and the complex unsteady vortex action that is associated
with most of the design flow-structure conditions. The equation
cannot fully account for flow-structure conditions that are
complicated by roughness, incliined members, transverse 1ift force,
and interference effect due to neighboring elements. The equation
also cannot represent irregular kinematic conditions where flow is
complicated by breaking waves, wave-current interaction, and three-
dimensional states. Instead, the Morison equation depends on a pair
of adjustable force coefficients to obtain good matching between
measured and calculated forces. A more detailed discussion on the
validity of the Morison equation is given by Sarpkaya and Isaacson
(1981) and Sarpkaya (1967a, 1976b, 1980, 1981a, 1981b).

In spite of all of these shortcomings, in the three decades after the
introduction of the Morison equation it has not been possible to
replace it with a more appropriate formulation. Current practice
still relies heavily on the Morison equation or its extended forms to
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7.2

determine wave forces on structures. Government and industry
regulatory bodies such as the American Petroleum Institute {API), the
United Kingdom Department of Energy (DOE}, and Det norske Veritas
(DnV) of Norway all recommend the use of the Morison equation in
designing offshore structures. Morever, numerous researchers both in
Taboratory and field conditions have indicated that the Morison
equation, used in the appropriate ranges of fluid-structure operating
regimes, is a good force predictor given the values of the fluid
particie kinematics and the empirical force coefficients. 1In this
regard Sarpkaya (1976b) found that, except over the range of the
Keulegan-Carpenter numbers (KC = uT/D about 10 to 20), for which the
wake effects are rather erratic, the Morison equation represents the
oscillating forces on the cylinder with surprising accuracy.

The major difficulty in applying the Morison equation 1is the
selection of the appropriate force coefficients from the widely
scattered data in literature. This generally requires good judgement
and experience 1in selecting and/or modifying values of the
coefficients to fit the particular problem.

Another problem in the application of the Morison equation in the
frequency domain approach 1ies in fits nonlinear drag term. A
suitable linearization technique, which sometimes involves iterative
procedures, should be adopted in a frequency domain application.
Some of the most widely used linearization techniques are described
in Section 7.7.

Extensions of the Morison Equation

F = Cmpr -a—-"‘Cdl/ZpDu

The Morison equation was orginally written for force per unit length
in a form similar to the following:

2 (7.1)
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Shortly thereafter it became:

2
7D
F = Cmpz— "a—t- + Cd 1/ZDDIUIU (7.2)

The term lu |u is written in this form to ensure that the drag force
component is in the same direction as velocity for oscillatory flows.

In an attempt to render this equation more general the diameter was
replaced by a characteristic cross-sectional area per unit length
(projected area}, A, and w02/4 by a volume per unit length,

ol
Fo= Coo VA v 1/2,au]u (7.3)

This modification implies that the Morison equation is equally valid
for other body shapes. This form of Morison equation represents the
static equivalent force that is usually used in the design wave
approach for the design of fixed structures.

It was previously mentioned that in the usual Morison equation only
the Tocal derivative of the water particle velocity and ‘tocal
acceleration are used and convective accelerations are neglected.
The wuse of the substantial derivative to describe the fluid
acceleration, Du/Dt, has been found to yield better verification than
the Tocal acceleration su/at (see Isaacson 1979a) in computing the
inertia forces. Therefore another form of the Morison equation is:

Du
Foo= CooV o+ Cu1/2 oa]ulu (7.4)

The standard form of Morison equation assumes that the structure
which is experiencing the force is rigid. However, if the structure
has a dynamic response or is part of a floating body, its induced
motion may be significant when compared with the water particle
velocities and accelerations. In this case the Morison equation is
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usually written as:

Fo= (C-lp¥u-X) * p ¥ ut Cy1/2 o A lu-% | (u-X) (7.5)

where X and i are structural velocity and acceleration respectively.
The first term on the right hand side is the added mass term
associated with the acceleration of the relative motion which occurs
because of the changing flow around the structure. The term (Cm—l)
is called added mass coefficient and is customarily denoted as Ca'
The second term on the right hand side is the so called Froude-Krylov
force due to the local acceleration of the unsteady flow. The third
term gives the drag force due to the relative velocity.

In an attempt to include the effect of a steady current in the

hydrodynamic Toading process some authors have used the Morison
equation in the following form: '

* &3 L

Foo=  (C-1)o ¥{u-X)*o & utCy 1/2 o A hgu-){i (Votu-X)  (7.6)

where Vc is the current velocity and is assumed to be steady.

The Morison equation in connection with the equation of motion Iis
usually written as

LN »

mX+CX+HKX = Cmqu - (Cm—l)p¥X+Cd 1/2 pA.\Vc+u-Xi (Vc+u-X) (7.7)

The term (Cm-l)p-VX is customarily taken to the left hand side and
combined with the inertia term.

[m*(C_~1) M IXFCX*KX = C o¥utCy 1/2 o \vcm-xi (Vhu-X) (7.8)
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The term (Cm—l)bﬁ' is referred to as the added mass ({see also
Section 4.72).

Recently researchers have attempted to improve the Morison equation
prediction power by 1including additional terms to the original
equation or altogether formulating new forcing functions that somehow
resemble the Morison equation. Sarpkaya (1981b) formulated a three-
term and a four-term Morison equation by Fourier analysis of residues
(error between the experimental force and theoretical formulation).
It was shown through numerous examples, using experimental results
obtained in a U-tube, that the new Morison equations reduced the
residue significantly in the drag-inertia dominated region where the
original Morison equation predictions are not satisfactory.

Horton et al. (1982) formulated a new wave force methodoTogy based on
the dinertial pressure concept. In this method the pressure
distribution on & body is computed from potential flow theory. This
pressure distribution is then modified empirically to account for
viscous effects. The summation of these pressure forces yields an
equation which is quite similar in appearance to the Morison equation.

In light of current improved knowledge on wave flows about
structures, extensions to the Morison equation have also been
investigated to accommodate complications such as inclined members,
transverse 1ift forces, near surface effects, interference effects,
etc. It is also commonly modified for use as a spectral transfer
function between frequency domain characterization of wave kinematics
and structural response.

It is apparent that the modifications imparted to the Morison
equation are bold attempts to employ this equation in situatfons that
were not originally conceived. However, in the absence of any other
forcing function, this seems the only way to simulate the complex
fluid-structure interaction of small bodies.
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Force Coefficients

In the regions where the Morison equation is applicable, force can be
computed only if the relevant drag and inertia coefficients are known
for the specific structural configurations and design sea states
concerned. The determination of drag and inertia coefficients has
been a key topic in wave force research since the Morison equation
was introduced in the 1950's., Very considerable resources in terms
of people, talent and facilities are still involved in this task.
With some of the significant research results recently available,
investigators are perhaps Jjust beginning to be able to reduce and
explain some of the conflicting experimental data and uncertainties
about the choice of force coefficient values. Until recently the
empirical coefficients 1in this equation, Cm and Cd, depended
heavily on data obtained in either smali-scale laboratory waves or
steady flow in a wind-tunnel. There are well-known difficulties in
scaling wave forces measured in the laboratory. In order to achieve
similarity with full-scale forces, three parameters have to be
identical:

0 H/gT2 where H = wave height, T = wave period,

0 Reynolds number Re = uD/v where u = typical fluid velocity, D =
member diameter, v = kinematic viscosity,

0 Keulegan-Carpenter number KC = uT/D.

It is not possible to satisfy all three conditions simultaneously at
small scale.

Miller (1976) noted that large Reynolds numbers can be achieved in a
wind tunnel, but only in a steady flow (KC =«}. In these conditions
it is known that the drag coefficient for a circular cylinder changes
dramatically within a “"critical™ range of Reynolds number, before
settling down to a constant plateau value, independent of Re, 1in
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7.3.1

postcritical conditions. Pearcey (1979b) indicated that a similar
transition occurs in oscillatory flow, and that there are important
differences between the ‘"subcritical" conditions typical of
Taboratory waves and the ‘“postcritical®™ conditions more often
encountered at sea. The problem of obtaining data appropriate to
offshore conditions has been tacklied in two different ways; by using
artificially-generated flows in the laboratory, and by experiments in
the sea itself.

There are basically three types of flow situation for which some data
of varying degrees of quality, covering various ranges of the
governing parameter, exists. These are:

0 data obtained with vertical cylinders in laboratory wave
channels, often with small amplitude waves:

] data obtained in the ocean environment either through the
instrumentation of the existing platforms or through the use of
small scale platforms built specifically for test purposes, e.g.
Exxon's Ocean Test Structure, and NMI's Christchurch Bay Tower;

0 data obtained with sinusoidally oscillating planar flow about
smooth and rough circular cylinders.

Vertical Cylinders with Laboratory Waves

The data obtained with small amplitbde laboratory waves have
fundamental problems for the following reasons:

0 the range of Reynolds numbers and Keulegan-Carpenter numbers is

quite Timited;

0 both Re and KC vary with depth as well as with time;
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0 often the total in-1ine force acting on the entire pile, rather
than that on a small segment is measured;

0 the kinematics of the flow, calculated through a suitable wave
theory is of questionable accuracy; and

0 the orbital motion of the particles and the variation of KC and
Re along the model pile, in the range of KC values where the
original Morison equation is least accurate, complicates the
problem considerably.

Ocean Tests

The Ocean Test Structure data was obtained during a large scale
experiment undertaken as a joint industry project and conducted by
Exxon Production Research (EPR) Company. The highly instrumented
20x40x120 feet steel jacket type platform was installed in 66 feet of
water in the Gulf of Mexico. The results of this experiment are
reported by Heideman et al. (1979). They used two methods to
evaluate the drag and inertia coefficients. The first was the least
square error method of each half wave cycle. The second method
consisted of the evaluation of Cd over short segments of wave in
which drag force was dominant and Cm over short segments of the
wave in which inertia force was dominant.

The force coefficients exhibited large scatter particularly for
KC<20. The scatter decreased considerably in the range 20<KC<45. It
is not clear whether this is a genuine reduction in scatter or
whether it is a consequence of the fewer data points in the drag-
dominated regime.

Heideman et al. ({1979), attributed the scatter in Cd and C_ to
random wake encounters. It 1is postulated that if the cylinder
encounters its wake on the return half cycle but the current meter
does not, then the actual incident velocity will be greater than
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measured and the apparant Cd calculated from the measured force and
velocity will be higher than the true Cd. Conversely, if the
current meter encounters the wake on the return half cycle but the
cylinder does not, then the apparent Cd will be too low. Cilearly,
the encounter of the wake with the current meter and the biassing of
the wake by the current are extremely important. This is evidenced
by the fact that the values of Cd and Cm vary considerably from
one half-wave cycle to another even for the same wave. Thus, it is
desirable to evaluate Cd and Cm with due consideration for the
effects of current, wave spreading, and the irregularities
superimposed on each wave.

Heideman et al. (1979) concluded that:

0 the Morison equation with constant coefficients can be made to
fit measured local forces and kinematics satisfactori1y over
individual half wave cycles;

0 most of the scatter in the Cd results can be explained by the
random wake encounter concept;

0 local deviations in apparent Cd are not spatially correlated
in any given wave;

0 Cq results from Sarpkaya's experiments (1976a, 1976b)
represent an upper band to Cd values that may be expected in
random three-dimensional oscillatory flow;

0 for Re<2x105, the apparent Cd depends on surface roughness
and, for members that are nearly in the orbit plane, onAKC;

0 asymptotic Cd results from the test data in random three-

dimensional oscillatory flow are consistent with steady flow
data for the same relative roughness; and
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0 Rn is greater for smooth cylinders than for rough cylinders,
while the reverse is true for Cd'

'Figure 7.1 shows the C, results from the Ocean Test Structure (0TS)

experiment.

Laboratory Tests

Sarpkaya {(1976a, 1976b, 1978, 1981b), Rance (1969) and Garrison et
al. (1977) designed laboratory experiments in which the waves were
replaced by a simple unidirectional osciliatory flow, thus
eliminating one of the length scales (wavelength)}, together with
restrictions on the steepness parameter H/gT . This gave greater
freedom with the two remaining parameters, allowing a good range of
Keulegan-Carpenter and Reynolds numbers to be achieved (though only
Sarpkaya, in his later experiments, reached postcritical plateau
conditions). Sarpkaya's and Rance's experiments were mounted in a
U-tube and pulsating water tunnel respectively, while Garrison
force-osciliated a cylinder in still water. (This last experiment
has been criticized by Sarpkaya and Collins {1978) because the forces
may have been contaminated by the effects of high-frequency
mechanical vibration).

These Taboratory experiments had the advantages of being highly
repeatable and controlled, but two important features of free waves
were lacking. The particle motions were unidirectiohal instead of
orbital, and uniform instead of varying with immersion depth and
phase position in the wave. Pearcey (1979a) has discussed some of
the similarities and major differences toc be expected between these
two types of motion. He has suggested that the variability observed
in both the in-l1ine and transverse forces, particularly in sea waves,

is associated with an inherent variability in the effects of vortex

shedding and convection. These effects are 1ikely to depend strongly
on the lengthwise coherence of the vortices, which in turn is 1likely
to be strongly influenced by random three-dimensional features of
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7.4

real sea waves. Thus although planar flow experiments have been of
enormous value in fmproving our understanding of vortex flows, of
their sensitivity to roughness, and of the Reynolds and
Keulegan-Carpenter numbers, this very sensitivity has emphasized the
need for confirmatory experiments in real sea waves.

In 1976, Sarpkaya (1976a, 1976b) reported the results of a
comprehensive series of experiments with a sinusoidally osciliating
flow about smooth and rough circular cylinders and demonstrated
clearly the dependence of Cd, Cm’ and the 1ift coefficient CL
on the Reynolds number, Keulegan-Carpenter number, and relative
roughness.

Recent Tlaboratory experiments on rough cylinders include those by
Sarpkaya U-tube tests (1978), Heideman et al. (1979}, Pearcey
(1979b), Nath and Wankmuller (1982), Nath (1980, 1981, 1982, 1983a,
b, ¢, d, and 1984), and Nath et al. {1984).

Sources of Uncertainty

The major sources of uncertainty in values of force coefficients that
have caused the large scatter of these data according to Sarpkaya
(1980) are:

0 The inaccurate determination of the fluid particle kinematics in
many laboratory and ocean tests

The nonuniform techniques in deriving force coefficient data
Experimental error

Inexact description of the complex flow

Incomplete parameterization of the force coefficients.

Force model

o o O o O

Hudspeth {1983) has also reviewed environmental 1loads on ocean
platforms with emphasis on uncertainties that exist in the current
methods and procedures to estimate hydrodynamic forces on both small
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and Targe displacement members.

Fluid Particle Kinematics

Due to difficulties of accurately measuring ambient wave kinematics
in experimental wave force measurement programs, most of the studies
required that the kinematics used in the correlation of measured
forces with the Morison equation be established through the use of
some suitable wave theory. As a result different wave theories will,
in general, produce different pairs of force coefficients for the
same data. In field measurements, the situation dis further
complicated by the presence of ocean currents and the three-
dimensionality of sea waves which will distort the values of 1local
kinematics from that represented by a two-dimensional wave theory.

Experimental Methods

Different technigques have been used by researchers in deriving force
coefficients from force measurement data and are expected to produce
different results, Ramberg and Niedzwecki (1979). The technique
originally employed by Morison, et al. to obtain Cm and Cd was Io
set the measured force equal to either the drag or inertia component
when the other was theoretically zero. Keulegan and Carpenter (1956,
1958) later separated the measured force into its Fourier components
whose amplitudes could then be used to determine the force
coefficients. With this method, a residual or remainder force, not
accounted for by the original Morison technique, was identified both
in amplitude and frequency. Another technigue calls for fitting the
Morison equation to the measured force record in a least-square error
sense with Cm and Cd as the curve fit parameter. Each of the
above methods is well-known and widely used. However, the different
methods will, in general, produce different pairs of coefficients for
the same force record. Even for one-dimensional harmonic flow
conditions such as Sarpkaya's U-tube experiments, a 4 percent
difference in the drag coefficient was obtained by comparing both the

174



7.4,3

7.4.4

Fourier and the integral least-square method (Sarpkaya, 1976a).

Experimental Error

There are a number of possible situations which could result in
experimental errors that could affect the force coefficients. Errors
could result from measurement of the sea surface, calibration of the
force transducers, error in measuring the fluid particle kinematics,
etc. One possibility of experimental error is simply instrumentation
sensitivity and the Tow magnitudes of forces and other varjables
during periods of small waves. Dean (1976) showed that depending on
the wave and cylinder characteristics, data can be well or poorly
conditioned for resolving drag or inertia coefficients, and it is
believed that much of the scatter in the reported coefficients may be
from data that was poorly conditioned for resolving them.

Inexact Description of Complex Flow

The inexact description of the fluid-structure interaction by the
Morison equation itself contributed a certain amount of uncertainty
in determining the force coefficients. One source of uncertainty is
the existence of vortex-generated 1ift or transverse force which is
not included in simple forms of the Morison equation. In particular,
the previously-described disturbance-sensitive region of vortex
formation near the range of the Keulegan-Carpenter number from about
10 to 20, is often associated with large 1ift forces and asymmetry in
the in-Tine forces. '

There are additional hydrodynamic complexities encountered in wave
flows that are not sufficiently described by the Morison equation,
but add to the uncertainty in deriving force coefficients. The
eccentricity of the water particle orbits and the orientation of the
structural cylinder with respect to the orbits can cause asymmetric
flow about the cylinder axis. This means that the wake is not
necessarily always sweeping back and forth over the cylinder
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(Pearcey, 1979b). Another compiexity is represented by the flow not
being always uniform along the span. This variation of flow along
the span can introduce three-dimensional effects in a number of ways
that influence the force coefficients. The instantaneous velocities
and accelerations can have an axial variation which can alter the
flow forces away from the distribution predicted using
one-dimensional flow results. The other three-dimensional effect can
arise from the wake which may be swept back over or near one segment
of the cylinder after being generated at another segment under
different flow conditions.

Another source of uncertainty concerns the theoretical influence of
convective acceleration terms on the inertia force. The inertia
force as applied to the Morison equation is usually taken as
proportional either to the local (temporal) fluid acceleration or to
the total (local plus convective) fluid acceleration at a point in
nonlinear waves. Even though these may differ significantly from
each other in typical design waves, no formal justification exists
for adopting one over the other. Isaacson {1979a) derived a complete
expression for the inertia force acting on a body in an unsteady
nonuniform flow of an inviscid fluid. He found that the force
depends on convective acceleration terms, although the force is not
necessarily proportional to the total (i.e., local plus convective)
acceleration at a point. However, he also found that for most wave
conditions, these calculated forces are generally less than forces
taken as proportional to the local fluid acceleration.

Incomplete Parameterization of the Force Coefficients

Early researchers attempted to develiop relationships between the
differing values of the force coefficients used in the Morison
equation and the Reynoné number parameter. Although some of the
variation of the coefficients can be accounted for through the use of
the Reynolds number, it became obvious that the relatively clear
relationship which can be obtained in steady flow cannot be
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replicated in oscillating flow. The pattern of scatter associated
with experimental data on wave forces from osciilating flow has been
somewhat more controlled by more recent experiments which includes
both the Keulegan-Carpenter and the Reynolds numbers. Recent
experiments suggest that other dimensionless parameters may be
determined to further order the results of experiments and lend
toward yet more precise methods for evaluating the force coefficients.

A critical review of the published data on the drag and inertia
coefficients, Cd and Cm, has been undertaken by the British Ship
Research Association ({BSRA, 1976). A tabulated documentation of
results from the BSRA investigation is shown in Table 7.1. A summary
of most of the prominent laboratory and field tests on the study of
wave force coefficients was provided with the values of the key
parameters, associated test conditions, as well as their reliability
and application to practical structures. Results from some of the
more recent full scale tests (e.g., Exxon Ocean Test Structure,
Conoco Test Structure) have been added to the list.

Hogben, et al., (1977) provide suggested values of Cd and Cm in
relation to the corresponding values of the Keulegan-Carpenter
number, KC, and the Reynolds number, Re, based on the BSRA study.

The KC and Re numbers are considered to be the best dimensioniess
parameters for paremeterizing the values of force coefficients.

A review of drag and inertia forces on circular cylinders was
conducted by Garrison (1980 and 1982) in which he presented the new
data obtained in tests on rough cylinders at large Reynolds numbers.
His results are compared with Sarpkaya and 0TS data and conclude that
the simple oscillatory flow data presented in the paper éphear to be
consistent with the wave force data measurements on the ocean test
structure. He further shows that Cd values decrease sharply for

Re>2x105 in opposition to Sarpkaya data that bacame independent of
Re in this range. '
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Suggested Yalues for Force Coefficients

The Morison equation is important to offshore technoiogy becauss it
provides a basis for predicting fluid loadings due to waves, which
are a crucial consideration for designing ocean structures.
Government and industry regulatory bodies all have recommended the
use of the Morison equation in designing offshore structures.
However, proper values of drag and inertia coefficients are needed
for safe calculation of wave forces by the Morison equation. 1In the
foregoing discussion a brief review of existing data was presented
and to be honest this is only the tip of the iceberg. A huge amount
of data is being generated every day by various industry entities and
it looks 1ike the amount of confusion will get worse before it gets
better. In spite of this enormous amount of data, it appears that
when a real design condition arises the coefficients recommended are
always the same and sometimes one may wonder if all this effort and
expenditure are justified.

However, the engineer needs to obtain theée force coefficients for
his design. There are guidelines available which relieve some of the
burden from the engineer and, by giving clear instructions, make life
easier for the designer. One of these step-by-step instructions is
given by Sarpkaya and Isaacson (1981}. They suggest the following
steps for selection of force coefficients Cm and Cd that, after
all, coincide with the recommended values as suggested by regulatory
agencies such as API, DnV, and UK DTI.

For smooth vertical cylinders it is recommended that:

) A suitable wave theory {e.g. Stokes, 5th, stream function} be
used to calculate the local KC and Re values preva{Ting at a
given depth at the center of a cylinder segment,

0 Figure 7.2 adopted from the Shore Protection Manual (1977) or
similar curves {Sarpkaya, 1976) may be used to obtain local drag
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and inertia coefficients for corresponding KC and Re values,

o for Re > 1.5 x 10° the coefficients ¢
1.8 be used,

4 = 0.52 and Cm =

0 the total 1in-line force acting on the entire member may be

calculated by summing the forces acting on all segments,

0 the transverse force can be calculated in the same manner. For
Re > 1.5 x 10° a 1ift coefficient of 0.2 is recommended.

For marine roughened vertical cylinders, it is recommended that:

! The effective diameter of the cylinder (essentially the average
diametral distance between the protrusions) be first estimated
or determined as accurately as possible on the basis of past
experience with structures at the same site; and

0 the total force acting on the cylinder be calculated, as
previously described, through the use of a suitable wave theory,
the Morison equation, apparent diameter of the pipe, and the
drag and inertia coefficients. Experimentally obtained force
coefficient data in function of XC and Re are given by Sarpkaya
and Isaacson (1981) Nath and Wankmuller (1982), Nath (1980,
1981, 1982, 1983a, b, ¢, d, and 1984), and Nath et al. (1984).
Suitable force coefficients are also recommended by regulatory
agencies.

o It is recommended that for large values of XC and Re a 1ift
coefficient of C, = 0.25 be used.

Table 7.2 shows recommended values of Cd and Cm by various
regulatory agencies.
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7.6.1

7.6.2

Effects of Wave Orbital Motion, Current, Orientation, Marine Growth,

and Interference

Effect of Wave Orbital Motion

The nature of flow is much more complex for a c¢ircular cylinder in
waves than in the steady flow condition, and a well defined
relationship between the drag coefficient and Reynolds number does
not exist. In particular, the flow close to the cylinder is likely
to be strongly influenced by two specific flow phenomena not present
in steady flow: the water particle motions are orbital, and the
oscillatory nature of the flow causes the wake of the cylinder to be
swept back and forth over the cylinder.

The boundaries between the flow regimes in oscillatory flows and the
associated fluid behavior are not clearly established as are those in

- steady flows. However, the published values of drag coefficients in

waves still show an overall trend with the Reynolds number which is
broadly similar to that found in steady flow where the drag
coefficient decreases considerably with the Reynolds number over the
approximate range 104<Re<106 {see Figure 7.2).

However, the differences in flow phenomena between oscillatory and
steady flows are extremely important. These qualitative differences
between steady and oscillating flow result in the quantitative
differences in the force coefficient used in the Morison equation.
There 1is an fimportant distinction between the vortex phenomena
observed for steady flow and those Tikely to occur for oscillatory
flow. This is pointed out by Pearcey (1979a).

Effect of Current

A speculative generalization of the Morison equation concerns the
combined waves and currents. It 1is ordinarily assumed (as
recommended by API) that the Morison equation applies equally well to

180

e



Y
Mo g

7.6.3

predict flow with a mean velocity and that Cy and Cm have
constant values equal to those applicable to rigid, stationary
cylinders in wavy flows. This, in turn, implies that Cd and Cm
are independent of the convection of vortices and its attendant
consequences. The fact that this is not necessarily so is clearly
evidenced by the measurements of Mercier (1973), Sarpakaya (1977) and
Verley and Moe (1979). Clearly, extensive work 1is needed to
determine the role played by the current, the validity of the Morison
equation, the appropriate force coeffitients, etc. Until such time
as this is accomplished, the general practice within the offshore
industry is to use the modified, biassed Morison equation along with
force coefficients obtained in wavy flows.

Effect of Member Orientation

In the original Morison equation, the velocity and acceleration
components are defined to be at right angles to the vertical member
axis. The vertical and tangential components are ignored in the
force evaluation. A Timited number of approaches to the problem have
been proposed by Borgman (1958), Chakrabarti, et al. (1975} and
others for applying the Morison equation to inclined members. A
summary of the different approaches was reported by Wade and Dwyer
{1976). Hoerner, (1965) proposed the independence or cross-flow
principle or the "cosine law" which states that the normal pressure
forces are independent of the tangential velocity for subcritical
values of the Reynolds number based on the normal component of the
velocity. The flow-independence principle has been commonly accepted
for subcritical flow conditions but rejected for transitional flows.
The recent wind tunnel data by Norton et al. (1981) shows that the
flow-independence principle 1is valid, at 1least for cylinder
inclinations up to 50° (the angle between the cylinder axis and the
ambient flow velocity) as long as the Reynolds number based on the

‘norma1 component of the velocity, remains entirely within either the

subcritical or postcritical flow regime.
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Studies on wave forces coefficient associated with inclined members
are very limited. It is suggested by Hogben, et. al. (1977) that the
values of drag and inertia coefficients shouid be found with the
Reynolds number and Keulegan-Carpenter number evaluated from the
cylinder diameter and the maximum normal velocity component.

In the case of oscillating members whereby the Morison equation with
relative velocity is wused, the Cm and Cd are customarily
evaluated using the Re and KC based on wave water particle velocity
only. This approach is adopted because the velocity of the structure
is not known a priori and Re and KC cannot be evaluated based on
relative velocity. Of course this will create further uncertainty in
the correct representation of the forces. To eliminate this problem
testing of the model structure with expected velocities 1is
appropriate. This will allow more realistic Cm and Cd coeffi-
cients to be found.

Effect of Marine Growth

Marine growth may be classified into two types: ‘hard' growth
includes barnacles, shell-fish and corrosion products, while ‘soft’
pliable growth consists mainly of seaweed. Marine growth both
jncreases the effective diameter of a member, and may alter the fiow
over its surface, perhaps causing earlier flow separation. It is
customary to allow for this increased diameter in design, but only
recently have experiments revealed the often startling changes
associated with the flow field. Marine growth may be characterized
as shown in Figure 7.3, by:

0 A typical roughness height, kr’ defined as a representative
maximum height of protrusion from an imaginary smooth surface to

which the roughness is assumed to be attached;

0 the thickness of accumulated growth, giving an increase in
cylinder diameter from D to (D + r).
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Values of kr range from approximately 0.04 inch, for poorly
painted, galvanized or very lightiy rusted surfaces, up to about 2
inches for heavily fouled surfaces. Cylinder diameters, D, on
jackets, semisubmersibles and tension leg platforms are in the range

20 < D < 400 inches

The relative roughness, kr/D’ is consequently in the range

5 1

1077 < kr/D < 107
Growths, mainly of the flexible variety, up to 8 inches thick have
formed in Tess than 2 years in some areas and peak growth rates of
1 - 2 inches per month have been measured.

Generally the type and extent of growth are functions of the sea area
(salinity, temperature, available nutrients) and of the depth below
the surface {oxygen and/or light). The stronger growth occurs nearer
the surface. Figure 7.4 shows the typical distribution of marine
growth on a submerged member. It was mentioned earlier that a common
design practice is to allow for increases in diameter up to a maximum
of 4 - 12 inches, depending upon the sea area and immersion depth of
the structural member involved. Experiments have been conducted in
Sarpkaya's U-tube {1978}, in laboratory and sea waves by Heideman et
al. (1979) and Pearcey (1979b) respectively, at Targe Reynolds
numbers. Recent experiments on rough cylinders include those by Nath
and Wankmuller (1982), Nath (1980, 1981, 1982, 1983a, b, ¢, d, and
1984), and Nath et al. (1984}, The results show that "hard"
roughness increases the drag coefficient substantially, in some cases
doubTing the wave forces, even after allowing for the effective
increase in diameter. '

As in steady flow, the critical Reynolds number decreases as the

relative roughness increases. In post-critical conditions the drag
coefficient Cd reaches a constant plateau value. Sarpkaya's
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plateau values, however, are higher than those shown in Figure 7.5.
This figure summarizes results of a number of steady-flow
experiments. Even at KC = 100, where near-steady flow conditions
might be expected, Sarpkaya's values are still some 50 percent
larger. In the discussion of his paper Sarpkaya {1978} revealed that
he could achieve steady-flow values, but only at exceptionally high
Keulegan-Carpenter numbers {around 1000). Experiments in
large-amplitude laboratory waves by Pearcey (1979) tend to support
Sarpkaya's high values. 0TS results by Heideman et al. (1979)
however, obtained in real sea waves and alsc shown in Figure 7.5,
agree well with the lower steady-flow values. Again these
differences may be associated with the degree of coherence in the
vortex wake and wave encounter phenomenon. The Tower 0TS values may
be due to random three-dimensional effects on vortex-shedding and
their convection and wave encounter phenomenon.

Pearcey {1979b) also reports some recent preliminary experiments on
soft forms of marine growth, and suggests that these may dincrease
wave loads still further. This additional increase may be associated
with inertial effects, as the fronds of seaweed are swept back and
forth.

Interference and Shielding Effect

The forces on a member in close proximity to another will be affected
by the wake field. It is possible for the vortices in the wake from
the first member to excite the dynamic response of the member behind
it, leading to an effective increase in the forces computed from the
Morison equation. Conversely, it is possible that a small member
surrounded on all sides by larger members will be shielded and
experience a smaller force. It is probable that the effects of
interference or shielding are negligible if the separation is greater
than both the diameter of the larger member and the water particle
orbit diameter. In most cases only the drag component of the wave
induced force will be changed. A careful review of flow interference
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between two circuiar cylinders in various arrangements has been
presented by Zdravkovich {1977) where an extensive 1ist of references
may be found.

Added Mass of Group of Members in Close Proximity

If several members are placed close together, for instance, conductor
tubes in an offshore o0i1 production platform, there will be a
tendency for a portion of the mass of water enclosed by them to act
as part of the structure. This will lead to an effective increase in
the dinertia coefficient Cm for all the members. The actual
increase will vary with the configuration, but for conductor tubes
2.5 feet in diameter arranged on a square grid with 7 feet center to
center the Tnertia coefficient has been found to be as high as 3.0.

The potential flow theory may be used to determine the inertia
coefficient for each cylinder through the use of the method of images
and complex varjables (see Robertson 1965, Dalton and Helfinstine
1971, Spring and Monkmeyer 1974, Yamamoto 1976, Yamamoto and Nath
1976, and Dalton 1980).

Gibson and Wang {1977) carried out a series of tests to determine the
added mass of a series of tube bundles.

Linearization of the Morison Eauation

As discussed in Section 7.2, the Morison equation includes a
nonlinear drag expression arising from the velocity square term. For
a frequency domain analysis, this nonlinear term must be linearized.
Basically, the linearization process relies on the minimization of
the error between the nonlinear term and its linear approximation.
The linearized drag term in the Morison equation is usually written as

By = Cql2 pA]U |u 2 Cyy 1/20A u (7.9)

where Cd1 is the 1inearized drag term.
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Krylov and Bogoliubov (1943} described an equivalient linearization
technique in connection with nonlinear vibration problems. They
hypothesized that the work dissipated by nonlinear force during one
cycle of oscillation should be equivalent to the work dissipated by
the linearized force during the same cycle of oscillation. This idea
has been used extensively 1in the T1inearization of the Morison
equation as will be seen later.

Some other researchers have adopted the least square minimization
technique for linearizing the Morison equation. This method is based
on minimizing the error between the experimental force and the
theoretical formulation, thereby obtaining the coefficients of
Tinearization.

Another widely used linearization method is based on the "Describing
Functions™ technique. Electrical engineers for years have been
dealing with the 1linearization of nonlinear input. In this method,
the jnput is expressed in its Fourier components and only a few terms
of thjs expansion are used as a linear representation of the
nonlinear phenomenon. Gelb and Vander Velde (1968) give a detail
definition of describing functions technigue 1in connection with
electrical circuits. In applying this method to the Morison equatjon
it is customary to retain only the first term of the Fourier series
and assume the higher order terms to be negligible.

Borgman (1967) used the 1least square minimization technique to
linearize the drag term in the basic form of the Morison equation
where no current or relative velocity was involved. He concluded that

lulu = wupo /= U - (7.10)

or

8 (7.11)
di Cd urmsV/:_ '
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Mathotra and Penzien (1970) followed Borgman's approach to Tinearize
the Morison equation with relative velocity, They obtained

|u . xl (u-X = (u- i)rms--/ “-?— (U - X) (7.12)

The same result can be obtained using equivalent Tinearization of
Krylov and Bogoliubov (1943).

For regular waves a linearization provided by Thompson (1972) based
on equating the energy dissipated by the viscous damping to that of
the nonviscous damping with harmonic motion is given by

Iu Iu = 3 uu (7.13)

where U4 1s the amplitude of the oscillatory velocity. Paulling
(1981) indicates that this linearization may be used for regular
platform and wave motion.

Tung and Huang (1973) extended Borgman's technigue to include current
and wrote expressions for the linearized drag force as well as a
modified wave energy density spectrum in the presence of current.

Wu and Tung (1975) followed Malhotra and Penzien's approach to obtain
a statistical Tlinearization of the Morison equation including
relative velocity and current. ‘

Blevins (1977) proposed a linearization method similar to the
describing functions technique based on expansion of the relative
velocity in its Fourier components and retention of the first term of
this series.

Daring and Huang (1979) followed the equivalent linearization
technique of Krylov and Bogoliubov to linearize the Morison equation
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with relative velocity and current. They applied this method to
regular sea only. However, their method can be extended to random
sea without major difficulty.

Krolikowski and Gay (1980) extended the Bievins approach to include
current in the relative velocity. They applied this improved
linearization technique to marine risers in both regular and random
sea states.

It should be mentioned that in 1linearizing the drag force in the
Morison equation where a relative velocity term is used an iterative
process is needed to converge to linearization coefficients. The
iteration is needed because at the start of the Tinearization process
the structural velocity 1is unknown. Usually the displaced
configuration of the structure under some static loads is used to
initialize the iteration.

Gudmestad and Connor (1983) reviewed the linearization methods and
the influence of current on the nonlinear hydrodynamic drag force.
They note that in Tinearizing the Morison equation through equivalent
linearization techniques, terms emerging from nonlinear drag force
having frequencies Zup, 3wp, etc. are not accounted for in a
frequency domain analysis. Here “ represents the peak freguency
of the exciting wave., However, for deepwater structures, these terms
may increase the force spectral density near the fundamental natural
period of the structure and thereby increase the response of the
structure considerably (see also Sigbjomsen et al., 1978; Mes, 1978;
Smith, 1978).

Yortex Shedding On Flexible Cylinders

Many of the of the offshore structures now being designed and built
include a variety of circular cylinders. When water flows past a
cylinder, a periodic wake is formed by vortices shed from alternate
sides of the cylinder. Shedding of the vortices gives rise to an
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alternating force perpendicular to the direction of the flow
propagation. This transverse force 1is known as 1ift force, in
contrast to the in-line force which is applied in the direction of
the flow propagation (See Figure 7.6). Figures 7.7 and 7.8 show the
initiation of vortex shedding and the alternate shedding of vortices
and its relation to the 1ift force. If the condition is right a
cylinder may undergo sustained oscillation under the action of these
1ift forces.

Problems that are caused by vortex shedding and the vortex-excited
oscillations of marine structures often have been ignored in the
past, largely because reliable experimental data and design methods
have not been available. However, as marine construction has moved
into deeper water and into harsher operating environments such as the
North Sea, the need to design slender, flexible structures and
structural members against vortex shedding-related problems has
increased 1in importance. The steady and unsteady vortex-excited
hydrodynamic forces and their associated deflections and vibrations
cause amplified stress levels and fatigue, and they often lead to
structural damage and eventually to failure.

Many types of marine structures are susceptible to vortex-excited
osciliations. These include the risers and conductor tubes that are
employed in oil exploration and production, deepwater pipelines, and
members of jacketed structures. Deepwater piling instaliations and
driving operations also are hampered sometimes by problems arising
from vortex shedding.

The phenomenon of vortex shedding on cylindrical marine structures
has received considerable attention in recent years. The importance
of vortex shedding lies in the associated 1ift forces which are
dynamic in nature. When the vortex shedding frequency brackets the
natural frequency of a flexible or flexibly mounted cylinder, the
cylinder takes control of the shedding process causing vortices to be
shed at a frequency close to or at one of its natural frequencies.
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This phenomenon s called vortex shedding "lock-in" or synchroni-
zation.  Under "lock-in" conditions, large resonant transverse
oscillations occur and 1ift forces are amplified due to increased
vortex strength and spanwise correlation along the cylinder. Large
in-1ine oscillations are usually associated with resonant
oscillations in the transverse direction. This is attributed to a
substantial increase in the in-1ine drag under these conditions.
Large responses 1in both directions give rise to oscillatory
stresses. If these stresses persist for a Tong enough period of
time, significant fatigue damage occurs.

New marine structures have long flexible cylindrical members and
therefore are susceptible to resonant hydroelastic oscillations in
both current and wave environments. When a particular design is
1ikely to undergo hydroelastic oscillations, most engineers either
try altering the design to offset its natural frequency from the
shedding frequency or use vortex suppressors. Both solutions can be
guite expensive and the latter may not be that effective. On the
other hand, in some cases, hydroelastic oscillations are not that
dangerous and such meausres may not be necessary. In either case, a
reliable analytical model +to predict vortex shedding induced
oscillations and associated stresses is highly needed at this stage.

Theoretical Background

The separation of flow and alternate vortex shedding phenomenon is
intrinsic to the flow itself and has been known at least since the
times of Leonardo da Vinci. Almost 100 years ago, Strouhal (1878),
in connection with his work on a special method of creation of sound,
discovered that there is a relationship between the frequency of
vortex shedding, the velocity of flow, and the diameter of the
cylinder. This relationship which is known as the Strouhal number,
St, is given by:

St = fv D/u ‘ {(7.14)
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where fv is the vortex shedding frequency, D is the cylinder
diameter, and u is the fiow velocity. His data showed that the
Strouhal number is nearly constant for a wide range of values of D
and u. Strouhal's own data suggested a value of about St = 0.185.
The characterization of the vortex shedding process by a simpie
frequency is a practical simplification. The Strouhal number is a
function of the Reynolds number for a given body. Figure 7.9 shows
the relationship between the Strouhal number and the Reynolds number.

Other parameters that have been found to be of major importance in
determining the amplitude of oscillations and the range of
synchronizaion for a given body are

V. =u/f D {reduced velocity) {7.15)
Ko =m /% (stability parameter) (7.16)
Rp =m /-:rLD2 (CE )rms {response parameter) (7.17)

where Vr is the reduced velocity, u is the flow velocity, fn =
l/Tn is the natural frequency of the body, D is the cylinder
diameter, m 1is the effective mass of the cylinder, CE is the
1ift coefficient of a stationary cylinder in the hydrodynamically
similar flow.

Vortex shedding on cylinders can be 9induced by waves as well as
currents. In the past, most of the attention in both research and
design was given to hydroelastic oscillations produced by vortex
shedding in currents. Recently, Sarpkaya and Rajabi (1979) have
shown that vortex shedding in harmonic flow is at least as
important. They established vortex shedding "lock-in" for an
elastically mounted cylinder in two-dimensional harmonic flow. Their
results indicated that perfect "Tock-in" occurs at a reduced velocity
v (=u/an) of 5.5. At this condition, the amplitude of the 1ift

r
coefficient is amplified by nearly a factor of 2 as compared to a
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fixed cylinder in a hydrodynamically similar flow.

Studies on cylinders undergoing hydroelastic oscillations
concentrated more on the response rather than the force. Rajabi
{1979) studied both response and 1ift forces on smooth and rough
cylinders 1in harmonically oscillating flow. He correlated the
response of the rough and smooth cylinders with the response
parameter Rp. rigure 7.10 shows the relationship between the ratio
of amplitude of oscillations to cylinder diameter against the
response parameter Rp. Zedan et al. (1980) used a cantilever pile
to experimentally study the hydroelastic oscillations in waves. The
results showed that "lock-in" can be estabiished at a reduced
velocity Vr somewhere between 5.5 and 7.5 depending on the water
depth parameter "kd" (= wave number x depth). Using the cantilever
pile test data, Zedan and Rajabi (1981) were able to establish the
1ift forces in that experiment. At "lock-in", it was shown that the
1ift coefficient 1is monoharmonic with a frequency equal to the
expected vortex shedding frequency at the Reynolds, Re, and
Keulegan-Carpenter, KC, numbers of the test. The amplitude of the
1ift coefficient at "lock-in" conditions was amplified by a factor of
1.6 to 1.93 (for different tests) as compared to a stationary
cylinder in harmonic flow at the same KC and Re numbers. Angrilli
and Cossalter (1981), conducted similar tests in waves but at a much
smaller scale. Their results generally agreed with those of Zedan et
al. (1980) and Zedan and Rajabi (1981}.

The 1ift forces and responses induced by vortex shedding in current
are studied by Griffin (1982) and King (1977).

The 1ift frequency 1is generally equal to the vorfex shedding
frequency fv which can be predicted from the Strouhal number versus
Reynolds number correlation. Therefore, the excitation 1ift force
can be approximated by a monoharmonic function of time with a
frequency equal to f (CIRIA Report {1980), Hallam et al. {1978),
Blevins {1977)). This is particularly correct in regions of Re where
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vortex shedding is predominantly periodic or at "lock-in" condition.
The amplitude of the 1ift coefficient on a fixed cylinder is a
function of Reynolds number; this relation is given in the CIRIA
Report (1980} and Hallam et al. (1978). For a flexibie cylinder
undergoing hydroelastic oscillations at "lock-in", the 1ift forces
are amplified and become more periodic (monoharmonic) because of
stronger vortices and better spanwise vortex correlation. There are
no systematic data availabe in the Tliterature to describe the 1ift
amptification in this case.

The in-l1ine force acting on a cylinder usually is described by the
well-known Morison equation (1950). The validity of this equation,
for fixed cylinders in waves or two-dimensional harmonic flows has
been demonstrated by Sarpkaya and Isaacson (1981). For flexible
cylinders, it is customary to use the relative velocity between the
fluid particles and the oscillating cylinder {(in the direction of
wave propagation) in the Morison- equation instead of the particlie
veTocity. Also, an inertia term is added to the Morison equation to
account for the effects of cylinder oscillation on surrounding
fluid. When a current is present, a widely accepted practice is to
add its velocity component in the in-line direction to the wave
particle velocity in the Morison equation. The validity of these
modifications of the Morison equation is not yet established.

The use of the Morison equation in the manner described earlier to
represent the in-Tine force under vortex shedding "lock-in" is still
inadequate. Experimental results have shown a substantial increase
in the in-line response when “lock-in" was achieved in the transverse
direction. This is customarily explained by a substantial increase
in the in-Tine drag coefficient. A similar increase in the in-line
response was noticed in the case of cross flow vortéx-excited
oscillations produced by a current. Fischer et al. (1979) studied
the hydroelastic oscillations for model piles in a steady current.

For low flow velocities, the measured and predicted tip in-line
deflections agreed when the pile was effectively stationary in the
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transverse direction. When the critical flow velocity for the onset
of transverse hydroelastic oscillations was exceeded, the measured
in-1ine steady deflection was almost twice the predicted deflection
using the same drag coefficient as before. This has been explained
by Griffin (1982) as an increase in the drag coefficient due to
resonant cross flow oscillations. The in-line drag amplification has
been measured under a variety of conditions and results were reported
by Griffin and Ramberg (1975). Griffin {1980} has dicussed the
problfem in detail. The ratio of the drag coefficient of a cylinder
undergoing hydroelastic oscillations Cda to that of a stationary
cyclinder Cd, was correlated with the amplitude and frequency of
the transverse response. The correlation is given by

Cda/cd =1 for Wr <1 (7.18)
0.65

Cda/cd = 1+ 1,16 (wr - 1) for W, > 1 (7.19}

where: W. = (1 +2 'EYD)/(VrSt); z = amplitude of transverse

oscillations; D = cylinder diameter; Vr = reduced velocity; and St
= Strouhal number, Sarpkaya (1981c} suggested the following
correlation,

Cyy/Cq = (1 +2 z/D) (7.20)

The 1in-line drag correlations discussed above were developed for
hydroelastic oscillations in steady flows. No similar correlations
were developed for hydroelastic oscillations in waves. Since the
phenomenon is similar in waves and currents, it can be hypothesized
that the above correlations are applicable in both flows. Although
this hypothesis is questionable, it can be adopted until better
correlations are available in wave flows. Furthermore, it should be
mentioned that the expression proposed by Sarpkaya was developed
based on experimental data from a low Reynolds number flow and its

use in connection with high Reynolds number flows is beyond the
Timits for which it was conceived.
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7.8.2

rorcing Functions Model

Several mathematical models have been proposed. Noteworthy among
them are works by Hartlen and Currie (1970), Skop and Griffin {1973),
Iwan (1974), Iwan and Blevins (1974), Parkinson (1974), Naudascher
(1974), Currie et al, (1974), Eaton (1974}, Blevins and Burton
(1976). These models usually do not include the analysis of the flow
field and the fluid mechancial arguments invoked in their evaluations
are not altogether convincing. Thus their worth should be measured
not so much by their capacity to obtain functional relations among
significant parameters that lead to the basic understanding of the
phenomenon but by their ability to produce results which are
qualitatively similar to those obtained experimentally.

The most noteworthy among the oscillator models is the one proposed
by Hartlen and Currie (1970) where a Van der Pol-type soft nonlinear
oscillator for the 1ift force 1is coupled to the body motion by a

1inear-dependence on cylinder velocity. The model has its roots in

mechanics and electricity rather than in the equations of fluid
motion.

Recently Rajabi et al. (1983) introduced a model for representation
of the vortex shedding induced 1ift forces based on the latest
available experimental data. They used this model to predict the
response of marine risers in the transverse direction due to vortex
shedding. The 1ift amplification was considered at or near the
"lock-in" conditions. The model also allowed for the evaluation of
drag amplification due to transverse oscillation at "Tock-in"
conditions.

In their mode! the transverse force per unit length was spiit into
two parts; namely, a 1ift force FL and a resisting force Fr'
Therefore,

Ftr‘ans = F, - F {7.21)
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The 1ift force per unit length was represented by

c 2

1/26Du” CP(C, /C)) coslw t-e) (7.22)

Where p = water density; b, = predominant circular 1ift frequency
CL/CE (1ift amplification parameter) = the ratio of the actual
1ift coefficient of the oscillating cylinder to the 1ift coefficient
of a stationary cylinder in hydrodynamically similar flow; u = water
particle velocity amplitude in the direction of flow propagation; e =

a phase angle; t = time; and D = diameter.

In this equation u is a function of elevation since it varies along
the cylinder. The Airy wave theory provides a simple expression for
its variation. CE is a function of both the Reynolds and
Keulegan-Carpenter numbers {Re and KC,) which vary along the
cylinder. CE can be obtained from the two-dimensional harmonic
flow data of Sarpkaya (1976) based on local values of Re and KC, The
predominant 1ift frequency is assumed to be equal to the dominant
vortex shedding frequency, i.e. wav. For fixed cylinders,
Sarpkaya (1976a, 1976h) and others (Isaacson and Maul, 1976) found
that the 1ift force 1is generally periodic but not exactly
monoharmenic, and that the ratio of dominant shedding (1ift)
frequency to the wave freguency (fV/fw) is a function of both Re
and KC. These results were confirmed by recently published data on
vertical cylinders by Torum and Reed (1982). The CIRIA Report (1980}
and Hallam (1978) give an empirical correlation based mostly on
Sarpkaya's data. This correlation can be used to predict the
dominant vortex shedding frequency. Since Re and KC vary along the
cylinder, one expects to obtain a number of possible shedding
frequencies. The closest of these frequencies to the lowest mode
natural frequency of the cylinder can be chosen as the 1ift
frequency. This model assumes "lock-in" with one of the cylinder
modes and that perfect correlaton exists along the cylinder.
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The 1ift amplification parameter CL/CE has been shown by
Sarpkaya et al. (1981) to be a function of KC/KC*. KC* ig simply
equal te KC at perfect synchronization. It is obvious that KC/KC*
equals  the corresponding ratio of reduced velocities 1.e.
vr/v:. Figure 7.11 shows CL/CE versus Vr/V:
based on harmonic flow data of Sarpkaya (1976a, 1976b), Rajabi
(1979}, and wave data of Zedan and Rajabi (1981). For a cylinder
Vt is the reduced velocity at the location on the cylinder where
the shedding freguency s chosen to be the dominant. Since Vr
varies along the «cylinder, one expects to obtain different
amplification parameters along the cylinder.

This 1ift model can be used either for waves or current. In the case
of current, u will be replaced by the local current velocity VC,
and CE is the 1ift coefficient produced by a current on a fixed
cylinder. CE is a function of Re, and is given in the CIRIA
Report (1980) and Hallam (1978)}. The dominant 1ift frequency w, 1s
evaluated as in the case of waves, with the exceptoin of the use of
the Strouhal number - Reynolds number correlation to find all
possible shedding frequencies along the cylinder. There are no
systematic data available on (CL/CE) for this case, therefore
a value of 1 may be assumed until better data are found.

As & result of cylinder oscillations in the transverse direction, a

resisting force is generated which can be represented by the Morison
type equation in the form

F 1 CD|-|. . 'ITDZ e
r = 3P d Z1Z S (Cm - 1) z (7.23)

Where z represents the transverse response of the cylinder and dot
represents partial differentiation with respect to time.

The modified Morison equation may be employed to describe the
hydrodynamic loading in the in-l1ine direction. Therefore,
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1 .
Fy (x,t) = 5o DCy (Cp/Cy) tlu -V, - yy{{u+ vV, -y)
'er2 C l:E - (C_ - 1) 3/

t P m m (7.28)
where Vc = steady current speed, y = displacement in the in-line
direction, Cm = inertia coefficient, Cd = drag coefficient for a
stationary cylinder, Cda/Cd = drag amplification parameter.

Figure 7.12 shows a schematic of the local axis system used to define
vortex shedding forcing functions on flexible cylinders.

The coefficients Cm and Cd are functions of Re and KC which vary

along the cylinders. The drag amplificaion may be obtained from
correlations presented previously.

198

e



(9461 “wvusa)

I°7 37ayt

paduaass padieloAv
{2) puv (@) [(o) pug (q)
Woay 63ins | wody sjtase
=34 383y ~aa 483y
£S°1 () 6L°Y mmw
i pap ] 8
-ntouy pIG | —ngouy pao
—a3d aAuM | -03d ohas
pue abaogy | pum avaog
TERTL T H-EYUEN] |08}
‘paAlsEqo sua | MOTIV3LA0D [ NOTIDALIGH -ing 4% B/3}
‘asn{ye) andigey uf pag[nssl Yajqa ‘uupy | @S8ud pune [ gsuyd puw 660 FuRLING
~UAQTA FRANIONAGS *quadand ayy Ay pagos [ PALAp UL | PadapYsSuLl gqouy
~Jjuitn aq oy podvedde Wy fquadann £y paj uaLHL) UL gt vaads pupy
-au) U £ QUuaL ) s adun sengea U - posn 9yl (o) SLla(v} 1 yE=p
umK Gjsf{uue s8)Ep Jo poyyal jwiqoads | PRSSPLEULG | pad3plEucd 9915
GESUTL Y CHPAUILL [UORTA}pUY o] pood Juaddng FHALIR] 13 Gre=d 1 gollt
f1os 03 aoud wull poj.aBA aJ4UJ padis R&“ L {]) 09°0(9) . dagun &L
SUDW PUE PEGY[GI[BD LBAM]Eq UOTYBLalI0s | PALRPIEULA | PIIAPEEUOD 0T-,0TXE 213 U} po | pus | paatsuqg)
tuasdutin plospd @010) SAEA JUedajJ]p [P JUdLIn) [BU jUabIng a? 5 o -puadsus aopu] Lujwdy asva oay DOYXay
wogy Hanjea Hy pus ac Uf L393u08 mmhwa £6°1 Aru cEro(s) = H*G(=4x =[£o pueayqaap fiv sus PAsHIUOG) JO J1uy Ammmwv UGHTM
E)
1 .o reus
U Saoqu
‘peadosqu Boa ‘alniyuy andjgul uoyy | puw g*| v}
U§ pagEnGed YI A *Hofjuay A fEAngongly | =ngraguip HupsuEaLd .
CPRdOp UGS GOU BER JUALIND ¥ JO 308157 sugseneg | ~ug * 01%g siyqdap enoyJaua *{18m8 ayj uo
TUYOUG D A8GUA AUE|ULYS PUB BBAUA pula [ ¥ JO wnfua | = i nm L0 ST ER T posodutjiadns
Faattalniplny bssouydnod 0g pajkgfagys uvaw by | =¢ep gunoq | c£31o0rsa Tulrqao | 3sag ygya g BIABA PUTHM
Hua AOPEDL SWAE] oy, CH00L Fhoqu o3 dn usafd 2 | -8 adudaay | AIJY wnepxuw HULsn 0% *ue ‘ot 13 0GxP>6y
Aq soodu) podnguew word patsisie ) puw *4939838 *A3933808 Blasa] uocjioas jsa3 ‘ruy G2919=g s)1>Lx6| produaneg qu
EL JO sanlus adudany puu £10sy) saua {Jo Bamalyxy fo Baw2adqxy | ¥ ﬁcamzwcbm.mcawa 81apuy 13 gerHxe jRiulogi(e) Jo nhmmmv
AUBUT | SUun PIquEno|es *E3udo] TRk 0°'y~L"0 0'¢=f'u ::oﬁxmn groqsg= 3 | ~(42 [udpyqaap HoABM UR0YG 48002 UTJT0uY e 38 poddaty
rereh{vim ay) a0B]ans
Ul 0 PIMGTIY pUE PRAIBSEQU HLA 00 §BIQ 38 #/3] L0
- 1A QUARG LAY tBean] dudp ay) STgnop - 0 uaang
JHOUGU BUA B340] [u{fauly  uysk|ouy ayg ‘ur §29°g = 4 q/altuw of
HY podep LHUOD JUIAIND ¥ JO jdaj}s U3 asvat | ~o7 peods puip
Yin ‘poun sun anbpuyoag 18agoads Lcw:*r 9t "o 020 pUS A2YF0 Yjim BC O LoE
tquanpaady poud panoys ueald seares Y| uoryelasp | dofyufaap FELT-TRRYI ¥ qellse
priu z: HUOGL GULYSULY SHEEEE PaYU OO [HD pAHpUBYY pUpUEG s PRUSEIN- R paduu o dap HUABM BIS ob [xXal
SUVIY pUB UGl Godir) aaks padlbuay] Lyt [} lmoﬁn 4 0d-ol= A FUTTAD (wopdop fspngydu ) eugf | Jo Jng {ps6tT) pyay
. W u 3 3
Lavayy, saam/ L1198 [3Y 2 J g pua 3y "YNLONHLE HIVLS vES HOLLVOrE Holany

SPUA (hEys g 39 A7100(0A 31qJ0 aawa 3O juauoduton TBIUOZTIOY BYY
=2 PO wnw b 914y HUpun PojEN[UAS USBQ SABY Y puw i puo *8dlo)

a a

0 puw

D BY3) san)uma

9 pue

*(POGEYS ssTAIaYl0 gS3fun ‘{aad]

mc :cﬁumHaUch 8y3 01 aTquoyTddy 218 uAAF wunpua AUE3AVA BABA 1HGUO

zu FE21Td%e FUTATE aunjudal(] Jo Alvuumg

e

199



(9 : ’ ' AF . .
*$00T 49a0 Aq Buggeg *alayds oYy
-J}p Banqua cu 409 Hosds JUIXISFIP J0F JO 8Ijuad &yjy 3%
LYY awes ay), pawnssu seA zc Ju angea £3100F8A F}Q40 unw 13 L2=p .
JUBYBHOD B fqUUUWOR 8P BUA B010] Baun ~Pxuw L1093 Japdo 8 gErl>it
aif), '6o010) painsuaw 343 JO $53 UTYITA paEy3 Bayugy duysn uy g=a LR R TR A |
Al{easusd dXaa Ai0ay] AAEA JapIO PATYYG cuum=~w>m .wcﬂwm pay LB LN {b961) vuUuldeY)
gayugy Juyegn paguLRdItud 83210 Yeay 2'T 10 -, 01Xy= 4'0y=y= ¥ | ves uo atayay uod | [vuy | 35800 FIRABYH LB T
, pasepeuos jou
gian gjuasans JO agoajyy *uaard anbju
~f|0a] UOFJUNIBAS RIIVF 24¥A B4 U] pasn
a4 09 ‘usmO)o 40 awauyy ‘aapew 49J13 [ G '
893018 ‘4oyraddey) Jo aud 8] puv 8033 t
~8}1493084840 wavA U0 Bpuadap peEn aq oy
Alatg eany 1f puw § #30ofosd asaey anvy ysdap
BAT}EAIBRUCD A[IWOER JI9N PUY 820407 . nua«wnwmﬂwawuww
pRinguau Jo £01 UIHIIA O3 poaetde Lriw Lantd .a-w
~aoua¥ sengea Uy pus Ny upou Hujan pajwl . ' u>¢:»ch yjueusg .
~ud{ud BavLOJ ~Mooa wnupxey ‘paod azynb 90°1 EE"0 Tvsaap \ounp wveuo
W ! UOTIWTASD | UQT4RIASP | UYITJ eo3o3g Juisn )
BBA Banfea [ puw ') [uwooy duyen peg TeuiE ASLLE 5 '
“BINITED I60YF PUR 82DI0J [HIOT palingwsu pa®p wm v wm v aezﬁw>w moﬂ X539 - w oaﬂuo
uPoA3aq JuowasBy ‘p 'L 'H WIEA L1qupo AN BS'O =g0l= Hl0g-0T="y WL -a 8 1T>X201
-atdde pajasa gng p 'y 'j1 d9A0 poduiaaw HInTHA ) kmuwﬂ wu Sn>n>se
aion mu pus My 11 208f0ad 99005 anun yinoay puv e@aad | -7hd [VOTIILA T[ goafoag
- ) aswn L1oayg Japao 13 OEmp IT puy
IAjpAIVAUGD L{(puBn puw ‘sedloy painsval QA3 9exdqg Buysn |43 ;.m.m.ﬁ . {d & 01129 ¥ b3oafdid
43 JO JO1 Upyga AfTeaausd eaan 920a0}) ﬂvacﬂﬂwbm. 0TI %_2 8JapUY 3J 02 x0T #2307 SAYA QD ﬁmwmﬂv
To30g paguinare) [ gosfosd avuoy aawpy $°T <0 -(0T= wtoll-0za"y | ~140 Teoraael T 3oafoxg f-fxey JO JINny BUBAY
ysdap
Ua3AJ3 anbJuydag UOTRPVUTWAS IDUOF JAUA YJIh UOTYBTIEA
YA pasn aq o3 Lloay] aawa Uoljoung fuptapysuos 'jeaaa W L'Ewd
WEaLyy "PIISPFIUSD 30U BIUSLIND JO BI2aJ a010) #0a0) sARA Ay} yjuau 13 00T = P }3F 00T ‘O w ¥
=J4 "40§ Ud3la 03 paoddiu sujxel 2040) [durreuy Jof ﬂcﬂﬁmcﬁ a9y | =aq senyus faocayy |3y a.m.wbﬁ A} 8 Lt>i>g I pue
16307 paAnBUaW puw cegeﬂscﬁau ‘EUd0] Y QA ] Jepad yigly saquis 1 OE =P 37 Ox>H»9 T egoefoad
19303 padusyau JO ¥ol UR3fa 03 pavadv Juyevansap Hugsn PgunTuAL sIepuj gesEA{a0l0] BAYA GO (6961)
PprLAH ABAOG DPIdBARAE 82040] pIYWINI{E) EE°T G o2t poﬁiaoHnmx 06=61= ¥ | -T1Lo peoiyday ﬂaoum auedjxany j-jxaff Jo yinp | weeq puw pieisy
yadap y3ta
wosf4eisus Butae
Lprsucd ‘3840 esvs
£ioayy saBa awaUTT puw @1gegoxd arqeqoad ayy yjwauaq san 33 06PR4
#mu;ou Tel3teuy pue Duip yuwsd Bupaupisucs atou san aqou san | +rea Laoayy avaufy s 2lted 8 LIvLré
yoeoxdda nu»ﬂuA¢pdnan ‘A10308JSTIBRUN | ~TUA 2oa0T pTva duydiy Buysn_peqenyesa | gapUy 47 Desi»g jasdusav( {196Y)
sIan sanfea’ ) .uowwm.ouﬁv>wﬁ $1 3@ no §-a P S ) .wcﬁ:mcﬁnum,c;:mnuz -140 . [NDT338) sasbA wxdag|teswsa ‘rpiu) Japrauyanydag
Aroayy o>¢:\haﬂﬁﬂnaﬁﬁom zc ao um puy ux HAHALONULS dLYis vis NOLLYDOT HOULAY

¢ *dd

SIIANLS dTITL

200



(9461 *yusa)

(@.INOD) T2 318YL

woﬂxﬂ
s a > =Vmoﬁxm LT
*TH uw sonapuasdap V) jo udTe awos mmk A0 9y 0 ‘yjdep asgea aang
aIal[], *Jo3juds [QEISPEHULD PanOUB ) wo_xm ‘yoyqoe8 834 38 B S OIa»0"9] -~Inajyg 388
.: CABDNPGURAY S040) WOl 3] ¢ BJUaAW > :vwoaxa £3F20[@A paanswau ‘Ut 9E = P 43 CE>N>QT EYA-FIE AN LN
+:wa;su £q padnsuowl BOELWAUTY U0 pauwyg a0} L*g Jolfig uwuﬁ:ﬂx>m .wcmxm Jap BIAGM 020UGY) ‘0D {6L6T)
PEJUINOIUD SdoM BIUBTIL] A0S 3DI0J IAUM ¢*1| antea unow mcﬁxm m LT~6= ¥ [FUTTAD 1W0F31ap fHIOTS SUBDTLANK{ -Xaj§ JO JIng 29844 B qaBUND
b
¥ UyEm
Buiawaao
‘40T An 2010} -ap ‘sdaaq
12409 paJnswauw ayy ajorpadadaaro Lioayy -waw parnoj
Japlo y3jiJ soyogy duisn 8di10J TE30% SI30UBW] 20) SanTwa .
Jo uopjuinate) ‘pood Laon sBs gsows] | parno] Jdogfmew 0 1-g'T
42.10] pRINSEAU pUB PajRTNOTRY WadAy | saniua ussw <y qpIm
~2q juswaaldy i Yy 38 ATqeIIpysuod £nTi-gett Aujsvalo *HOYGDAE $BaY adfyogi - 13 99
SABUIINGP g ¢y AOT 3Y Jajjwos aduw] *sJtequuwrap ‘sJaquauw| 38 A3yo0(aa padus | -oad areos ¢/t ‘yqdsp Jagum oang
JDANPEUNLY B0IOJ Mo} KBRS 3] 19ty 1ajauw usald J10j{ UBATO s0J{ ~wdw £q PajENTEAY T W Q9L = 8 gI>L>g| ~onagg sl {6L6T)
FUALIND ¥ YA SOTFENUIUTY Painsesdu Uo | ssnBA UusW| sanjes uwau a £0TXg glap 11 42>U>6 uead) ‘oot uogsuUByor pus
pasBy PIFJUIAOTHD BJUSTIESJI0D B0I0J aAEy 9 T-16°T 89°0-6°T{ - ¢cOTXZ=Y'gy-G6= Y FUTTAD [@OF3Ia4 82ABA WIOYG T ~XaW JO JIMH | UIBT) ‘unuspiaj
§/3J T = jua.xny
uop3oan 499y v
1) sg°L =P
{potaed juuuTwop)
[ poinsusw sen L3100[aa 97aln *q4ud pajuu 8 UL g d>SE Y
| pmop 8pgdauy eyy U Aju} puw *a(afs aaun (31818
513 Jo gamd paguupwop duip ayy uy pood 220 20 (tO¥3e88 1897 ju £330 JuBdfjpudra)
un 000} poyu|hI{Ed pUE pPounsugu U33agaq UOTJR AP uop3RfASD pOT34 painsedw Fugsn | uy <L 2T = | 3F Lg 620>662
BETTREN AT ‘gl X 2= Y sA0q8 Y JO u:M@ pavpuegg paBpUEgyg _mom:~m>w ¢ 0T x oum Slap B3AUHN BB BYIRISNY {£)61)
Fuodapuy pus jURYSIHOD ag 03 Paje}E BEBA ) 21 19°0 m f1) 4.4 ml ¥ mmlmﬂl A [~UTTAD [wo[glesfapnyyTdue frswg|®eyfwaqs sgwy | pleqony pus wyy
*yydap
AL00H) UOFYOUN} wBadgs ayy Fuf Y3 Is UOLjujama
=40 WAL son{ua DD puy Ec 3ty J10J 3sat dupdap)suod ‘38940 1) L't = d
—(LlE SuA B8040 ) PAJEBTIHDBD pud podnsuau SABA BU3 Yyjuau 4 00f = P 13 00T *EE=p
ULBAYUy BULJUTASD plupuays aly], - padad o -aq sanyua Laoayy | 17 4'€t2fl = a g L1>L>9 Il pue
=~ odul KUUsi]] OABA UOTJOUN) wWBadqs 4 43is | Jepto ugiLJ saquyy 1308 = p 3} Onsli>01 I sgaafudd
puu Lduoipy vaus Leajoads Jduauf[ dupsn Bufswaddap u:mww cmumswmww f.1ap B3AUM |B0I0) SAUA 0D A:hm—v
studjule wjup JO 3104834 pUu BPOYGay 1 ¢ o2 T Haﬂlzcﬁn H'OL-0T=") FUTTA2 [udljlayp [WIOYS BUBDLJInY {~fxay Jo Jiny | 1 48 tgedspiy)
*PALIPIEUOS JOU BBA T} 66=P
SHUBLIND JO 30814 ‘pasn sSvs 8jsfieuu aoB)ans 34 8 LTsI>0%
gyup Jo poljen (Bijoads ausuil] VY ' Suaua {ydag {1°'0=) S S 1 Of>H>08 11 9oafoud
W Uy oy of dn £q padod JTp 800403 HYTs FupLivy 1o |8ug s on X m Jap GOABM [9DI0] 2ABA 0D {6961)
{W30[ WAREXUW pojUENRD [BY pUT paaasuap) 0 e-atl 9'Q @onm.ml mwa:w: M FULTAD Yunyjaey [wlogs suwojlauyg f-pxap Jo Jing PEY LT
Fdaaipy ohinf S LIAUE Lo o) 4, Y puw Ty IO HIVIS VS HOLLVOU'T auibuity

SRIANLS ATaT4

201




- P e o

¢ a)

0'¢ = zv a8l
08§8 SoAUR JUTUIBAJLT Ok Jo FjsL{vuB

*uo ey xoaddo
Jajoma doap favelyy

2.l £=p
B O'exishTo
BICUE "O=HE 900

|uagsady “Buap jo gaapBau syg AurLyrgsn{ . Kaypy dursn paln ‘Ul g=q EYATY
CSanuA poanLesi AYg yjia juamaalsdy pood 21914y |:A:>w CooLxge mrrm— dap Proue Jupndad . {uusi)
i} adas Banpwa “H'WCJd 9040y paviduaulq 0'2 | —¥Tdau Feay x g 4= :nn Smyt0= o |FURTAD puafaop| -4 puw awinday Laoweoguy uap
welh o ‘56600
‘9040 *O00f *O=p
230§ W S10 00510070
palopYE paIapEs HMWYXBW 9B B30T8A w Egn"o 8 0 0sLEN 0
*pedapleUod jou sen Uod JoN {(4)uos qop Aavwsowcwsnzamcﬁ LoTx) f 900" 20 0=( PeAuA (UPTOINULS
Liosyy arwy  casjouwded juapuadupuy se 5 - 0l= Y .oﬂsmnum {4) s5a1fd eJsubs JB3UTY (a)
A/ wipn udgsap uf pasn aq prnoys wuumh A Wx_m 1ol jdun (1) wpe'g-10'0
m>m=z—cr3E Juy) PopHOLRMODAT BWA4 ] ) lJOo BUORYOHN])io suofjouny ucy4eY Y080 apngy1due-puag
ple ") Ul Sejjupejladin oy anp uofjenba [gv paytesaddlig pRjuasady Jo spnjirTdune a3 we 10 0=q .8 07 €536 D
8, UG8 IO JO auh 8y} uo 38uD HwA JUNOJ ajupd -1 cequerd £1-~¢ Huysn ﬂw¢ﬁ=ﬁﬁww ajsard 1aj8M [l }38 APWDHV
.;mu:mmgau,c:x usdainey Jo 8310831 313 faapuyLd CRIPUTTAS .;cﬂxh - moﬂxw =y pug Japuj[do} Ul pajui[loso wlasnaag
Wita pasade (®) juamisadxa go eginesyg | °2-0°T {B)} 0 2-5'0 (@) CL'9T-g 0= ¥ (¥) | [wjuozyIO) (u) @angonayg (u) Atognaoquey pus aduug
o
'R o3 puw :
.:D e zu U UOFIBFIEA 03 PAJUIaL SHA
dugppays £ppy  *GE= ¥ 283U Sdopuilio
d0j) ALN0 SanlEa buoul Ec.u Alguudy jindie
pojtudap mL pug zb g fpedop Funod suA .ux J0 .pg Jo Uy I8 T0
uayqujdes w8y} Cpoud 08 jou wuan saguld Buoijoun) svpuofjoun] sw apou
UL} J40) queudaddu Sy .Rﬂ.n .,a:w.ac aum PoguiasId paopuaBalg arpm Juypinge "
SDUaIBJ P I8edlu] SY3 2Taym ‘= ) Jwal goqurd ruajuld “usATH [ropun pariaugns [8/WG) 0 N>0T "0
qdaoxe jualiacxe mwa LI0al) @sus J8aH]) 0°¢-1°1 S iL-g°1 z: JO sanyea woly saywid vty FATUM (gS6T)
Huygn pajufnofus asofj pue sAapui{fd oyy ‘paapuithol ‘saepuiilo vwn¢=w¢>m .chxm pus Baapity LAD duipuugs 1up Jajuadis)
U B3Dd0] peInuEDN o} Haanlaq julnaszidy 9°2-9°0 2'2~L"0 mcﬂx:: H'O0ST=eg= i TUIUOZ LIOY [~ TOBOUTE JuauTl] AI09930q0 pus uwido |nay
TaNTeA cu puB aAGA
owes ayy [£0J f007 E2au AUTLIBA BaGTHA
zu SAUY BPOHJBW UOTIRATJIIR BATY4BUIAGTY saayds Jo sajuad 13 E'T>P»6°0
21040 Saus B Aar0 [[os Paa1du saamm 38 A£310070A 183 PBISE2T*0>d»0E0"0 8 2'2>L>90
TUNPTATPUT dGf pasidap BanTuA ao pug zw ~¥q10 E:Eﬂxms Juysn TauusEln 3} i T0xH»E 0
JUEGEUGS PUB Aldoayy] acds Jusuil Buisn PaYBN LBAT mcﬁxm 1 Jag84 Jo woj HIANA THP ) (266T)
pa10{00 [B2 ALl PUE S3210) DIINSGIW 9°1-6"0 0*€-g°0 lmoﬂxm rl B h~T= ¥ [F30q uo salaydg {~1OoSnuis Jwauy] Aioqudoqe] LOSTIOR 3 usjay,0
‘ : LOQA\Q <bw
:aq: 1{as 83uTallon Jou pIp 5 pus ')
*2[0AD aABA G IBA0 [IoM pootile sarea uotose 4897 39 £4712 g oxifaxe o ZrgraH/esgey
YNPTAFPMT J0f pPOATISD BanTHA aw pue zu -0 paJnswsu Busn| 400>y U>TOT0 S OsY/usT0
QUBGLLHGS pig Adudyy dAwa J43U1] dUTsn mwua:~d>u . mxcom Jd3p BIABM [ED Acmmﬁw
UL {BD SRURIOW PUB SYHGNON PORSYI {161 "0TROS T [RTY " 0F929° T :oﬁqmcyxm( ¥t g-H= ¥ W~ (4D fBafjdas|-yoanuls amaujy Adoyuaonn T8 13 U8 LJop
AAOp JAURZEGLTQUT Lo :.L :v ..: iy ..... KETHANIHERA AEWLL Vdlu Lo VS0 athluiV

Yy tily

SEIQNLS THOLYHGTV]

202



(9/61 “vysq)

(a,LNO2) 1°7 IavyL

ﬁlt aucig BUOTS
-B[[]050 ~B[L1o80 ‘
{arTesed ToTTulud "PRIapIsuod jou| ‘uyl S oxd
o BIED gou gun £20813 sABN g'0~2'0 0°6~0"T UGTIBTTIREG U fa weaIly ug
{Louwanbaug=)} n/04 YITA POJUTELI0D B0J40] tgucyg SBUOTY [ UDTRDULIYUT Y ) #1 [OSJAABUBLY DUV
duayp  ‘unjlel[iose jo apnjrpduw ayg ~HTTjo80 ~BI[I080 [-784A A3TO0[OA Unaa e [aTiBdiud pay ‘UY Oi=p
PHY WeadgE SY3 Ju UOTIISITP PUY_AYIO0TAA | dBusABuEL] | AEA3ABUYIY + OLXE "1, OT%9=_H [-¥1{ [0 uopuy WealyE Jusju ) : {£l6r)
a3 uo puadap of punoy axos n._c puy EU ¢'I~0 ¢'e=-n'i .fmhw_;wzco jou "y | =-1ho {B2TJdup {-u0d paads sof froquaoyuy Lo podap
TUf G Lys=p
*£403Yy4 2a8a AVOUY] Fusn *‘syelfreug 9 L'EXLx0°Y
1013094410 £ pajenlBAs a.8M HIDIOY SAruEy | - ‘Ut Y= Uy OrsH>E {E£167
*JUay {HOXD SBA $00J0J padnsusm L[ Tejuswy 2'0=Yy/d a1q379 a gt dapui H3a¥A BPJO WG,
—dadda pUE (U3 (384094 UsangBy JuswABLBY 10 02 P11dsu dwvag |m0ﬂn z.p.ouﬂ.om ¥} -TL> Te2)qa8p | -BNULS Imaup] Arogwaoqerq pue [jIuquaIyuyn
. ‘lesaT
. d3ges 11118
0'2 = zu pue syqy@irdsu sua A0laq 3] £ :
duap Jujwness pasjIsp wem adJd0) araa B3 doy *35 Jgp £e2x¢/een'o
J0J wnuaoy {eafjasoayy ¥y Asosqy asmn ‘0570 ser0=d | 9-sgau/pRL T
AuaUfp YUESN PU(NO (B BIIJIG) 9Y) JO atqQrd s ¢0TX9:T s.apuy B3ABA HUTO {181}
£03 HEYY A 0} pasady 88040} pPadnEmaw aj 0°'2 r18au Buag |:oaxm.mu H'2T~T= M{ ~(L0 [UD[4dap ~8NUfE JUery] £ioypaoyor uosHgo P
" caoaoy auus ayy
gappasd 03 waoys aaen sJdjed cu pue )
1edaad;}  'H2040] [WOUT PIJUINITHD puw
Pa.HluaM HESAgaq gaL Jo w.u:w.—m._.__:. IR HOTITUA
~}X8u ¥ U} pay{NBed BARTHA Y Wo4J BIAIMND arude-1Ing
g, Jojuadiy) puv uudainoy wod) paupeqqo | *zaydty aq I3 aq w Qe=p
c.u puo zc Jo o *Lao9yg sAus 03N} | ©F padapys | o3 podapys 8 {I>L>Y
Wealyl pus AdOwl3 SAUA 2GPI0 Y1) | ~U0D seaun | ~u0D BIABA afwae Tapgw ateoe-t(ng W Qrsilsg K[ a1BI8
PUY papyY) 89093 ‘Jesuf] Papnioul yojya | awyndaaay Jundadly O1X0'E-(0TX9 G= 4 u I=(g gares aurndoad §,apnoa g uuw
PHOTYRAFJap O mwcxama czw Q8 PAatIBA | UL BaONfup Uy sanyup .mHmuw IR} L0F¥%05 49pUT -t} plw [upjo 0£:] pafeos (1E6T}
BaluA Jo sdupd ) puy ) fengaw ayg 1'2-8'0 0't~g'0 .woﬂum.mu m.mmﬁan ®] ~TLo eoyIaa, ~8NULHE JYBHLT Lroqeroquy | 1e 90 sayyajfgsng
‘ut g=q
*gaajaungLud asayjy qoafqe jJo Bjung | Uy q2*yTiEr=p
Jo juapuadapuy gea zu g ‘piy puu /N 2I3Ua0 48 LJ3Eo0TaA 24ux038 {[0 1T 0>Y/N>EG 0
Win paswatou] sodog -puod ges fa0eul | g1 entea 1740 umWTXEW DUTSN ITIPOW THIFIPUT 0°9>b/Y>6"1T
AAus AB3UL] YUTEN PRJUINI(ED BoDdU0y umwygdp | 27qEPiTIsu pajEniuag § 0T¥%9 2 ~[£o-qwag pus S3AWA TBPIO {0L6T}
PHY 50ddu) padiuiienl UOBMGEq JUALGIITY a2 e=2'[ Huag xmoﬁxmu Y 11—0= 4 derniiuey oay ~gNUY S Jeauq Lroquaoge] lafqloy puo yueyg
‘pasi qon s8A Adusy] BABH ._OH Uut} sear
a: 8 2H0) QU] Te:uwumm pus q/u o s
Uapaung 8 sy Haatd ugu mcsmwc..c.“ 1JIT1 09« A
SHAVASURLL  CATJUMA)fudfs Y [BOJRTLD 10 hwan:.o *20J0] umMuIXEw
IV 67 UsGHE su4 (/U *09 4nogE ubyy ‘7Y pus 48 E3N[BA ENCaINEY
03uadd Ty a0 Ljuu mosw alaM s4[nygsd /8 jo uoig rusgeuy .mOﬁxhn.omx: u €osd>520°0
muzc;_ﬁce gsun Hwl T U Jagquos ey ~auny ¢ 6w | = y ‘pajonb s nyga 813pUT Teulmy Jag84 {696T)
PISpag Ty a0 anjea juuysucd v Aufunssy o'e 0" Ll-y'0 | /8 woaf ‘0fz-6= M| -TL£D T1BOYgd34 uyesing £aoynI0q9] asuny
Karotfy anenfKYETIAME Lo t B! g pue 'y AunL ALV VY HULLV T ikt
G 8y SHIANLS XHOLVHORYT
s . P . e S o - z.,.a ar ‘..\.‘ s T T ,..,?f: N\ﬁzfz,

203



e e T

(9/t WSk,

B (V) B h [

e e

N Pt

e ST

Adudify caunfA} L (TUVEEAY

‘papnfo ‘pApNTY *KOYJ
-4y sagng | -uy s=qny ayy 09 #9duBp
rapujiosun 81 sdiy J03anp 1o030np UMY o0 -{oUT 8nojJdmEa
~cjoad 0f s97NEsd [epow Jo uofjma}rddy =UC3 usyM | =Ucd uays ujell ay) JOo Iajawf 38 ‘saqni 404
rAragueiadad palaplauncDd BEA HEJD U daf1ews JaTrews | -eTp ai4] pus AIosyj{-onpuocd ou yjfa wudy £ET=P
wdny)  a8puUpTAd BYj JO STXUG dYy 03 jEu ganeA ganrea | J8pJdo Y313 $8y03s pus saqny Joi| TOo>Y/H>G00°0
—aou juenodwod £3¥007es 44TR wWio) J0q084 ftaanjongge | 19Hjongg s Aq uBAR 6w TeALT{=-INPUODd G YGla 8 0'Gl>6'0
Touojsuswp-aalyg Uy pesn ses uoijenba aTOUM ayoyn | J298a T{I36 18 L3102} ‘Yupma) 88040 wa gqsH>g
4, HGU§A0) .amucmumcc pue uyvdainay Agq JO 8AL} 10 2afq | ~o1aA wnwyxsw Fuyenj yjra amjoniys S2ABA
pauje3qo 4BYY wody ¥ UITa :cmawﬂmkhmn ~gyuasadday l-equasaxday wwuawﬁn>w .;Ome 1eqas{ Jo 18 JBinfia.d apny (5261
JuaLaf Ip A[psyduu B padols ") pue D 9'1 9'Q :mOau d400T~0T= X|-pow 81wds 0g/1 =frduy TTmwg Lioge.lone YY)
‘gaAuA [BNPIAFRUY JOJ S8nNTBA QU "IBPHTTAD up §tLtGtEsd
puy Ec Juisu £0T UEYlTa of paalda 89030} 817 Jo yjduast ETA:T
HesW PIJREND [HD PAU paunseay  CLep 83 Joa0 parudasu] ayq 0f Yuulduil 9] ¢ = D
~uprks ayy Jo BIX® 843 03 [uulou ghatod L paafoa {upuoe B TR Gyt A R ECAN]
“yud £3{o0184 Y3Ta WA0J JH0UJDBA TUNOESE ~JA01 mmupxul Aujen [ U fguapuie It £y
lcmEmﬁ|ch:m uf emm: uopyuubs UusTION vawpzuwmu .moﬁwm -~} BHOTJdUA U soADA [U]PTO Ampoaw
*ESNEA ) pUB o UF A@3)uHOd aiau 6'2-0"T G*2~0 nmcﬂxmu W 0230= ¥ Play 8a8puUIT1A)} —-B8NU[E JIRIUT] £I0QUXONU] 118 39 FyAunuiyuy)
RUSEST MBI I8 4
aqny 1 B JO
a a QWTT [wIUOT fJIOI]
. )| A 8y} uy BseJls
*qHATa0Xa SEM u:chwwwd Airede Jo suoyy JOo 3uoIy uo Suny satsydg Uy 02=p
~uap csaisydy Jo) g2 BUE Z[= N USIALEQ ~oun} sw -aumg 89 Uy &°2>0>0°1 8 99-2=l,
pug SISPUTLAD J04 ZT= N 38 38381 sea pajuasdad | pajussaLy "RO[J |aqny N v uy It
GIUBEB I LD 34D SYSGT UFHRIs 03 paslde ‘adeyds ‘aqayde ayucurwy aTdwrs (3o qWIT YUjUOZT = apngppduy
Beddu] PAJUTNQIBD PUB POINSBSY ‘0e G L-0'1( g:0-0°0 ayy Jo epnifrdum =10y ayg ss0dE AGTJ 2TUOW {4161}
quogs Jo Sanjua 3 03 dn parususul axas txapupldo f1apuir£o | 8yl w:nmsmcwansﬁawm papuayxe sJapu} ~t8y o [rdups Jdagnl,
a040) duap dowfy §°T 03 dn sad10J IV {1 2-9°0 1'2=0"0 .;oﬂlon H0S 0= H|-140 |YUOLTIOH]|BUOTBUBWTP=BH() faoysxoqen pus uluypliuy
w pET=p
*17Bws Adea gSua 80I0J Hudp LM 8ID BT FujEM 8 LT>L>n1
~n0y dujgiuddng waojyurd Yy roJ pisyd 18 848803 JI0) W g2>H>TE
£41001aa AY3 UTBYYO 03 susq SIJET Bl w 2i=¢} JO sucfjjpuod
o pajTdde vus 10343 saua JB3IUL] BUISR aymds Topoum - aIngonays wiog aruos~-(InJ
sisA{vus uof3o8IFI T “jual[22%e Buh JOHﬁm.wl OTXE‘e= 4 ~-q81d uorjonp JUTJUTUTE [iARR)
Teporl Yy UG BIUSWON PUE S8DUGJ PaIng E1(N e TN anyTeA ‘aTwos mwsu hcﬁwa -01d [[o deap HaAUN TTRPIO a1sod [apow ~ {h)61)
—waw ptiu PIQUINI[EI UoIA}aq JUIWSITY |PAUMSBY (°F [paumssy (°T :hcﬁxmn 06 n="% ~Uuy JO [RpOR| -8SAULE Justf] Lacywdonw] 1% 8 Uos LIV
" 4, i puw Ty AR AEVLS V4S HULINIOT wbay

g

S4IANLS FHOLVHOUYT

204



(961 ‘wusa)

(@, 1NOD)

T4 374YL

‘8801%3.10a BTiUTE Jo Huippays
pu® B833d04 3T 8448BT |4ifn pajujdosss
dugppoys L£ppa o) pojugjiiqu A8l adaa
sojouadaIdsip 980Y), D puE gL Inoqs Jo

B3t fUA u= UasAagaq 130xXo JUS[1BOX8 BUA

rgaajaunied uotyg
~BTaAI00 WD JUBY
=toduy aq 03 usoys
oare a/ 50 aaq
-umu 8pTGoliay_Bsau

(161}
J£agn), pue
wsfuydaug uy
pasn Juy} usByj}

GA230,] PAJU{BIBI PUU POUNSUE UBBHY —ydnos puw ux\wznam A3FIn] anng
~aq juemdadidy  4yt0 puv G0 U9IAYEq n\hx c\;x aa9ounaed Louanb N8 40 qui[
PafLuA deyund [wynodqg Swidysep up padap piie .ux.m: puv .oz.wz -2y ‘AOTJ OTHOW|{BUUZIAGY bYY
TEBUOD aq s puy wuuzﬁ 94 UBd 83di0) JO SuOLy Jo suoyy | -amy ardups ayy Jolssoase papuagxa 8 22 6=l
VL Cu o pue Ty o sunpgouny aq -ouny sw ~onngy e | apnayTduy ayg Jugsn| sJapuffdo 183 KOTJ afuoun
U3 pUROL 0slE J3quinu JuHNOIE puE qusTd paquusaig | pojussasy pajEnyeas * grx)]|-uozproy yinos [-iey aTduys (s (9161}
SERJEOD L L S40038 mup 11T £aey - e - ="y 59 s y - -
6°1~L"0 0'2-%"0 p0L= H°002%0="3 pug yjooug |-ucrsusugp-asup | Liogeaoqu] whuydaag
. . W d ] . L. . ' - fad 1 ey
Adwayy orunf Ky ELTRE Loy 3 J a4 PUE Yy At etk ALVEG Vil N LAV athlol Y

PR

RRL L, P o

td TaNAS THOLVROUY'Y

205



TABLE 7.2 )

Approaches to Design Practice in Static Wave Force Caiculation

{Space-Frame Structures, Desp Water) -
UK. DTI
API RP24 DNV Ruies Guidance Notes ‘
{April 1977 (July 1974) (March 1974) . }
Wave kinematics: “defensibie” (s.g., Stokes 5th “Appropriate to
Stokes 5th, the water B
Stream Funetion) depth™ E
Drag coefficient,
Cq: 0.6-1.0 0.5-1.2 “Reliabie experi- )
(not smaller mental results™ >
_ than 0.6) Fi
Incrtia coefficient, '
Con: 1.5-2.0 2
(not smailer
than 1.5)
Recognizes that Other Cy4, Cy, acceptable
Cg, C, depend with different wave
on wave theory, theory. Cy > 0.7 at

high Reynolds No.

S
=
E

{SARPKAYA AND ISAACSON, 1981)

T
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FIGURE 7.4  TYPICAL DISTRIBUTION OF MARINE GROWTH
(HALLAM ET AL., 1978)
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8.1

WAVE FORCES ON LARGE BODIES

Introduction

The forces that act on a platform hull are of two principal types:
wave-induced, or excitation; and motion-induced, or reactions. If
the platform is freely floating, the forces are all hydrodynamic; if
the platform is moored, there is, in addition, a mooring reaction.

Hydrodynamic forces are separable according to the role played by
viscosity. If the viscosity is not significant, the forces are
derived on the assumption that the fluid is inviscid and can be
described in terms of a velocity potential. If the viscosity plays a
nonnegiigible {yet far from dominant) role, the forces derived on the
assumption of inviscid fiuid can sometimes be suitably adjusted by an
amount which, at the present state of knowledge, can be given only in
an empirical form. If, on the other hand, the viscosity plays a
dominant role, the hydrodynamic forces have purely empirical
expressions and the concept of a velocity potential ceases to have
meaning. In which specific category a force falls depends
essentially on the geometry of the body, its orientation to the flow
and its depth of submergence.

If the ratio D/L is small, say less than 1/5, where Db is a
characteristic horizontal dimension of the body and L denotes the
wavelength, then the member falls 1into the category of ‘“small
bodies". In this case the viscous forces are predominant and the
Morison equation is usually employed to evaluate hydrodynamic loads
on small bodies. The inherent assumption in this approach is that
the kinematics of the undisturbed flow in the region near the
structure do not change in the incident flow.

However, when a body spans a significant fraction of a wavelength,

the incident waves generally undergo significant scattering or
diffraction and wave force calculations should then take such
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8.2

scattering into  account. This situation characterizes the
diffraction regime of wave-structure interaction and is generally
considered to occur when the structure spans more than about a fifth
of the incident wave tength, D/L > 1/5. This is in contrast to the
interaction of waves with a slender structural element, in which case
flow separation dominates the 1loading behavior but beyond the
immediate vicinity of the element, the wave train remains relatively
unaffected. These two regimes of wave-structure interaction give
rise to two distinct approaches by which wave force problems are
treated. The first of these two has been described in detail in
Chapter 7.0 and the second approach concerning the diffraction regime
is treated in this chapter.

Wave Diffraction Theory

The terms "wave diffraction” and "wave radiation" are often used in a
narrow sense, to distinguish between waves scattered by a fixed
structure, and the waves generated by an oscillating structure. This
distinction arises Tlargely through the use of Tinear wave theory,
which allows the two processes to be decoupled and linearly
superimposed. The wave diffraction and radiation processes are
closely related, and the criteria and methods of solution are almost
identical. In the following discussion, therefore, it 1is both
convenient and concise to refer to the combined process as one of
"wave diffraction".

Wave diffraction becomes important when the diameter D of a
structural member is large in relation to the wavelength L: roughly
when the ratio D/L > 0.2 (see Section 6.2). The Morison equation no
longer predicts the wave force on the diffracting member
satisfactorily, in terms of either its amplitude or phasé, and the
diffracted wave field may affect other nearby members. Results based
on linear wave diffraction theory are then more satisfactory. There
is no simple relationship between the wave force and particle
kinematics 4in the undisturbed wave, as assumed by the Morison
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8.3

equation. The full hydrodynamic boundary value problem has to be
solved. Wave forces are expressed in terms of a velocity potential,
describing the diffracted wave field. There are explicit analytic
solutions in a few special cases, but in most practical design
situations, the problem has to be solved numerically.

Computer programs, suitable for use in design, have been based on
integral equation, conformal mapping, finite element and hybrid
techniques. These methods and the underlying theory are described
fu11y in survey papers by Mei {1978) and Isaacson (1979b). The
following brief summary also discusses experimental validation and
practical applications of these methods, and recent attempts to
develop a higher-order theory.

Linear Wave Diffraction Theory

The 1inear diffraction problem arises when the wave height is assumed
sufficiently small for linear wave theory to apply.

The main assumptions are:

o  ideal fluid (inviscid, incompressible, and irrotational flow),

0 wave height and structure motions are small, so that the
equations may be linearized,

o incident wave is reguiar and unidirectional,

0 uniform water depth,

0 structure has no mean forward speed, and there is no current.

Letting, as in Chapter 5.0, the velocity vector'a'be expressed as
q = grad ¢ - {8.1}

the problem reduces to the determination of a velocity potential 8
(x,¥,z,t) which satisfies the Laplace equation
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Ss=- 0 (8.2)

within the fluid region. The solution is subject to boundary
conditions which specify the behavior of the flow at infinity, at the
surface and bottom of the sea, and at the wetted surface of the hull.

The boundary conditions at infinity and at the bottom pose no
problem; those at the surfaces of the sea and hull can be satisfied
by splitting the potential into components; thus, for a non-
transiting body subject to wave action,

6 = B, st (8.3)

where the subscripts w, d and b denote incident wave, diffracted wave
and body motion, respectively., The incident wave potential defines a
wave train in the absence of the hull; the diffracted wave potential
defines how the presence of the fixed hull disturbs the incident wave
train; and the body potential describes the flow field that is
generated by the oscillatory motions of the hull in still water. The
sum of the incident and diffracted wave potentials 1is sometimes
called the excitation potential,

+ ¢d (8.4)

The sum of all three potentials must satisfy the following boundary
condition on the wetted surface of the hull:

ad
2 - Vn (8.5)

in which n is the normal to the surface (outward for body)} and Vn
denotes the velocity of the body in the direction of the normal. The
spatial and temporal aspects of the velocity potential can be

separated as
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g{x,v,z;t) = ¢o(x,y,z) exp (-iut) (8.6)

where o 1is the circular frequency of the regular wave under
consideration. The same factoring can also be applied to the
individual potential components related to the incident and
diffracted waves and to that generated by the oscillations of the
hull.

The wave potential, diffracted potential and body potential are
sometimes called "incident wave", “scattered wave", and "radiated
wave" potentials, respectively.

The wave forces and moments on the hull are obtained by integrating
the pressure p{x,y,z:t) over its time-varying submerged surface.
Thus,

F(n) - f p n; ds (j=1,2,...6) (8.7)
S

where ds is an element of the hull surface and nj are the
components of a generalized normal vector defined as

ng o= n
n, = n,

ng = n, (8.8)
ng = zn, - yn,

Rg = Xn, - zn,

g = yn, - xn

Here, Ny ny, n, are the direction cosines of the normaj to the
surface, and x,y,z are distances from the c.g. of the platform. The
pressure p comes from the Bernoulli equation as discussed in detail
in Chapter 5.0. Several serious computational difficulties arise in
seeking to derive the hydrodynamic forces on a given hull shape,

among which may be noted:
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) The boundary condition on the hull is a function of its motions,
which are themselves the goal of the solution.

0 The Bernoulli equation is nonlinear.

As it stands, the problem is mathematically intractable and must be
simplified if it is to be solved. The first simplification
introduced is the linearization of the Bernoulli equation by dropping
the squared velocity term, a step that limits the validity of the
theory to waves of small height. This restriction is often forgotten
in engineering practice.

The wave diffraction and body motion potentials can be derived
directly only for very simple bodies. No way has been found to
construct such potentials for a hull osciilating in waves: what is
usually done is determine the diffraction potential of the restrained
hull in waves and the body potential of the oscillating hull in calm
water and combine them. By this strategem, the boundary condition at
the hull surface is satisfied not at all instants but only on the
average, i.e. in the mean positions. If the motions are small (as is
assumed to be the case), the error is negligible.

The use of Jlinearized Bernoulli equation, the expression of the
velocity potential and associated variables in the form of Equation
(8.2) involving a seﬁaration into undisturbed incident wave,
scattered wave by static structure, and radiated wave as the
structure responds in each of its degrees of freedom constitutes the
basis of diffraction theory. Consequently there are three
contributions to the hydrodynamic force: F§W)

force), F§d) from the diffracted wave, and Féb) associated
with the motion of the platform. The first two are usually combined

(Froude-Krylov

to give a total wave force or "exciting force", harmonic in time:

Fge’ - (fg‘”’ . f—§‘”) expl-iut) = f§9) exp(-iut) _. (8.8)
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The motion-dependent forces are proportional to the structure's
response Xk’ and are conventionally decomposed into components in
phase with the velocity and acceleraton of each mode.

6

(b}
FJ. = IEI [-Ajk X, - Bjk X, 1 (8.9)

where the coefficients Ajk and Bjk are taken as real. These are
termed the "added mass" and “damping" coefficients, respectively,
since they assume corresponding roles in the equation of motion. The
added mass and damping coefficients are found from expressions

Ay = Rel iz f B ns ds ] (8.10)
S

Bjk = Im [ ip -]' ﬁk nJ ds ] (8.11)
S

where ¢k is the body potential associated with mode Xk' There
are various relationships between these coefficients. For example,
reciprocal relationships

A

I
e

ik
(8.12)

Bjk = Bkj

are described by VYugts (1970}, The so-called Kramers-Kronig
relationship between added mass and damping is treated by Ogilvie
(1964), and the Haskind relationship between the coefficients and
wave forces is presented by Newman (1962). These relationships may
be put to practical use, either to check the accuracy of numerical
estimates or to reduce the number of calculations. In some
circumstances, however, these relationships can be satisfied even

though the numerical values of the coefficients may be grossly
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inaccurate.

The structure's response Xk now satisfies the equations of motion

6 Y y (e) :
(Mjk + Ajk) X Bjk X, * Cjk Xy = fj exp{-iut) (8.13)
k=1

j = 1,2,...,6

where M and C represent structural mass and stiffness matrices,
respectively.

The advantage of writing the equation of motion in this way relates
to the fact that the forces and moments associated with ﬁw and ﬁd
comprise the exciting force F(e) on the body, and this is Jjdentical
to what it would be if the body were fixed. The exciting force could
be determined in the same manner as in the fixed body case, but the
catculation does not require ¢d to be determined explicitly.

Hydrodynamic Solutions

Hydrodynamic solution pertains to evaluation of the coefficients and
excitation force in the equation of motion described by Equation
{8.13).

The parameters of hydrodynamic inertia and wave damping can always be
determined experimentally, but this 1is not a convenient procedure
during the design process. For this purpose, prediction of these
parameters based either on theory or empirical relationships is
preferred.

There are three basic theoretical methods by which we may seek to

determine the hydrodynamic inertia and wave damping of a hull of
arbitrary form:
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8.4.1

1. By a rigorous analytical solution to the boundary value problem.

2. By conformal transformation of the exact solution for a simpié
body to that for the arbitrary shape.

3. Through representation of the hull by a distribution of periodic
singularities in a uniform flow and derivation of the action on
the bounding surface between the flow.

Analytic

Rigourous solutions for the parameters of hydrodynamic inertia and
wave damping derived from velocity potentials of the body motions
have been obtained only for a relatively few bodies of simple
analytical description, the most complex one for which the full set
of body motion potentials were derived being that of a submerged
ellipsoid close to the surface by Newman (1961). Other solutions are
reported in Table 1 of St. Denis (1975) and Table 3 of Hogben et al.
(1977).

These solutions also include wave diffraction by an isolated vertical
circular cylinder extending from the seabed and piercing the free
surface. This was treated initially by Havelock {1940) for the deep
water range, then by Omer and Hall (1949) for the shallow water range
and subsequently by MacCamy and Fuchs {1954) for general depths.
Omer and Hall were concerned with predicting the wave runup around a
circular island and presented a comparison of their prediction with
observed tsunami runup around the island of Kauai. The work of
MacCamy and Fuchs is widely referred to in the wave force Titerature,
not only because their study was the first pertaining to arbitrary
depths, but also because emphasis was given to the wave-induced Joads
on the cylinder.

In this regard, Ursell's {1949) work on two-dimensional models of a
heaving horizontal cylinder is worth mentioning.
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8.4.2

8.4.2.1

Strip Theory

I+ the hull 1is siender, there 1is a way to avoid analytical
difficulties and that is to invoke the so calied strip hypothesis,
which implies that the flow is everywhere in plane normal to the axis
of slenderness. This method is particularly suitable for elongated
bodies ({such as semisubmersible pontoons) and for ships of
conventional form. This method assumes that the ship's beam and
draft are small compared with its length.

The strip, or cross-flow hypothesis was apparently introduced by
Lewis (1929}, but its application to ship motions is due to
Korvin-Kroukovsky (1961). 1Its present refined form, which applies to
all motions except surge, is due to Salvesen, Tuck and Faltinsen
(1970), and resuits obtained by these authors correlate very well
with data derived from tests with ship models. Inasmuch as the strip
technigue 1is also relatively simple to employ, it has become the
established method for ship hulls, and has even been applied
uncritically to the blunt hulls with which some platforms are
fitted. In strip theory the ship is divided along its length into a
number of sections {or strips), around each of which the flow is
assumed to be two-dimensional. Results from all sections are
combined to give overall coefficients and wave  forces.
Two-dimensional solutions for individual sections are based on either:

0 Conformal Mapping
0 Frank Close-Fit Method
0 Schwartz-Christoffel Method

Conformal Mapping
In the application of the strip hypothesis, the known solutions for
the hydrodynamic inertia and wave damping of circular cylinders and

plates are transformed by conformal mapping to sections which closely
approach in form those of the actual hull. For the present purpose,
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8.4.2.2.

8.4.2.3.

the required known solutions are those corresponding to the motions
of sway, heave and roll. Conformal mapping extends the Ursell's
(1949} cylinder solution to the Lewis forms (1929). More general
sections are treated by Tasai (1960) and Porter {1960).

Frank Close-Fit Method

The Frank close-fit method is based on integral equation technigues
and can be applied to any section shape and water depth. The hull
contour can be accurately mapped by the technique developed by Frank
(1967), according to which the shape of a section is first replaced
by a prism of a modest number of sides (in practice, up to about
twelve); pulsating sources are then disposed along the sides and the
corresponding velocity potential is derived. The technique has been
further refined by Faltinsen (1969), who succeeded in eliminating
some anomalies inherent in the original formulation.

Schwartz-Christofell Method

The methods of Tasai (1960), Porter (1960) and Frank as modified by
Faltinsen are all accurate and adaptive within the intrinsic
Timitations of the strip hypothesis, to almost any form. Of course,
this flexibilty implies Tonger computations. But when the hull
sections vary abruptly in curvature (as occurs, for example, when
they are of rectangular shape or when bilge keels or similar
extensions are fitted), the extended Joukovsky transformation does
not lead to a good fit unless it is carried out to an extremely large
number of terms, with a consequent gigantic increase in the
computational work over that required for a conventional hull. 1In
such @ case, a superior transformation namely that of
Schwartz-Christoffel is used. St. Denis (1975) described this method
in more detail and Table 2 of his paper also includes the
hydrodynamic coefficients for some of the bodies derived through the
application of this method.
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8.4.3

8.4.4

8.4.5

Three-Dimensional Problem: Vertical Wall Boundaries

The potential solution is expressed in separabie form

¢ = gy (X,Y) cosh k (d-Z) exp(-iut) (8.14)
where the ¢H is usually determined by boundary element or finite
element techniques. Hwang and Tuck (1970) and Chen and Mei (1974)
have applied these methods in the analysis of harbors and man-made

istands.

Three-Dimensional Problem: Axisymmetric Structures

When the body has a vertical axis of symmetry (i.e. the Z-axis) the
potential solution may be written as:

s
0
L

de {r,Z) cos je exp(-iut) (8.15)
0 ‘

J

where (r,e) are cylindrical polar coordinates about that vertical
axis. The added mass, damping and wave forces depend on only the
first two terms of the series (i.e. . j=0,1), but lTocal pressures and
particle kinematics require many  more terms. Individual
contributions ¢Rj have been evaluated by Chenot (1975) using finite
element techniques. Fenton (1978} applied a boundary element method,
and Kokkinowarchos (1978} used a Fourier expansion for evaluation of

de.

General Three-Dimensional Problem

The solutions obtained so far have a wide range of applications, but
it eventually becomes necessary to take up the case of bodies of
arbitrary geometry in order to deal with the variety and complexity
of design configurations encountered in the modern offshore
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8.4.5.1

structures. Such treatment must necessarily be based on a numerical
approach.  These techniques can, 1in principle, model a quite
arbitrary shape, and take full account of flow interaction between
members. They usually require sophisticated computer programs. In
practice, computer run costs and mesh-size 1imit definition of the
structure's shape. These computer programs have been based on the
boundary element method (BEM}, finite element method (FEM), finite
difference method (FDM) and hybrid element method (HEM).

Boundary Element Method (BEM)

The BEM, sometimes called boundary integral method, integral equation
method, wave source method, etc., has a long history. It is based on
the classical theory of Green's function which defines the potential
of source and sink.

In describing the wave source approach, we first note that a
fundamental result of potential theory is that the velocity potential
of the waves ¢ may be represented as due to a continuous distribution
of point wave sources over the immersed body surface. This result is
described by Lamb (1945) (see also Wehausen and Laitone, 1960). If
the potential of the fluid due to a point source of unit strength
lTocated at the point p = (x y, z) is known, then on account of the
Tinearity of the problem this may be amplified to any required
strength and then superposed with any number of other wave sources.
The velocity potential due to the whole (continuous)} distribution of
sources over the body surface is then given as

8(X) = E}Tf £(p)G(X,p)ds (8.16)

Here X represents a point (x,y,z) on S, G(X,p) is the Green's
function of a point wave source of unit strength located at the point
D = (;L -§; _E); f{p) 1is the unknown source strength distribution
function, and ds is a differential area on the ijmmersed body
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8.4.5.2

surface. The Green's function, which is singular at the source
point p, must itself satisfy the Laplace equation, the bottom and
linearized free-surface boundary conditions, together with the
radiation condition. Such, a Green's function was developed by John
(1950) and may be expressed either in terms of an integral or as an
infinite series. For a more detailed discussion of Equation {8.15)
and functions appearing in it, the reader may wish to refer to
Garrison {1978) or Sarpkaya and Isaacson (1981).

In a numerical model the structure's surface is divided into small
plane area elements (facets), as shown in Figure 8.1. A pulsating
fluid source is placed at the center of each facet, and the source
strengths are calculated so as to satisfy the normal velocity
condition as described by Equation (8.5) at each point of the
structure's surface. The source flow field represents the diffracted
wave.

The method has now become firmly established in design practice.
More detailed descriptions are provided by Garrison and Chow (1972),
Hogben and Standing (1974), Hogben et al. (1974), Garrison (1974a),
and Standing {1978). Attention is also drawn to a review paper by
Hogben et al. (1977) in which are tabulated some avajlable

diffraction programs based on the wave source method. These include '

programs by Lebreton and Cormault (1969), Garrison and Rao (1971),
Garrison and Chow (1972), Garrison (1974a), Van Ocrtmerssen (1972),
Hogben and Standing (1974), Faltinsen and Michelsen (1974), and Van
Oortmerssen {1976a, b).

Additional information on this subject may be found in the work by
Garrison and Stacy (1977), Garrison (1978), and Garrison (1982).

Finite Element Method (FEM)
The finite element method has found increasing use in treating many

diffraction problems. The general method has been described in
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detail in the text by Zienkiewicz (1977), and has been reviewed in
the context of fluid flow problemi by Shen (1977). Surveys by Mej
{1978), Zienkiewicz et al. (1978) and Brebbia and Walker {1979)
describe the application of the finite element and “hybrid" element
method to the wave diffraction problem.

In FEM the boundary value problem is re-expressed as a variational
principte. A suitable functional is extremised in order to determine
certain interpolation coefficients, which describe the solutions
within each element. A mesh of finite elements has to be constructed
throughout the fluid. There is some choice in the element shapes and
interpolation functions to be used. Zienkiewicz (1977) gives a
complete description of these elements.

One important factor of wave diffraction problems concerns modeling
the infinite extent of the ocean or radiation condition at infinity.
Four methods have been used with the finite element method to ensure
that the radiation condition is satisfied. These are as follows:

1 Finite distance radiation, boundary.

2. Analytical series solutions for exterior region.
3. Boundary integral solution for exterior region.
4. "Infinite" elements.

The first such approach is the simplest and most direct: "radiation"
boundaries are taken to lie at some reasonably large but finite
distance from the body, and the radiation condition is applied
directly at these boundaries. This method has been found to give
surprisingly accurate results. In the second and third methods
listed above, sometimes termed "hybrid element" methods, the fluid
region is divided as sketched in Figure 8.2, into an interior region
in the vicinity of the body, and an exterior region extending to
infinity. A finite element analysis is used only in the interior
region and this is matched to an alternative representation of the
exterior region. When the matching boundary forms a circular
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8.4.5.3

8.4.6

cylinder for three-dimensional or horizontal plan problems, or forms
a plane X = constant for vertical plane problems, the potential in
the exterior region may readily be expressed as an analytical series
with unknown coefficients, Chen and Mei {1974). This corresponds to
the second method 1isted above. Alternatively, the third method
involves expressing the potential in the exterior region in terms of
a singularity distribution over the matching boundary, and thus the
matching boundary may now possess a more general shape. The fourth
method involves "infinite" elements in which the outermost elements
themselves extend to infinity, and possess exponentially decaying
interpolation functions which ensure that the radiation condition is
satisfied, Bettess (1977). Hara et al. (1979), have reviewed the
alternative methods outlined above and present a comparison of
resuits based on the alternative approaches.

Finite Difference Method (FDM)

At this point mention is made in passing of the finite difference
technique which has occasionally been employed in wave force
calculations. Raichlen and Naheer (1976) have used it extensively
for the related harbor resonance problem. Chan and Hirt (1974), and
Miner et al. (1979) have used finite difference methods for various
vertical plane problems. It appears that the finite difference
methods do not have the power of the corresﬁbnding finite element
methods and have not been developed as extensively.

Computational Considerations on FEM and BEM

The finite element methods generally compare resonably well with the
integral equation methods. The finite element method generally
requires greater preparation in setting up & harticu1ar
configuration, but this is offset by the fact that it may be more
flexible, for instance, in being able to accommodate variable depths
in the region near the body. Both approaches can give accurate
results and both involve approximately the same order of computer
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8.4.7

effort. For a two-dimensional problem, this may be indicated as
follows. If N sources are used to describe a body contour in the
wave source method, then a matrix equation of rank N must be solved,
corresponding to the interaction of each source with all the others.
In contrast, if M elements are used to describe the corresponding
fluid region in the finite element method, then a matrix equation of
rank M is to be solved, with M typically larger than N (corresponding
to an area rather than a contour being discretized). But now the
matrix equation is symmetric and banded and the overall order of
computer effort is not too different. Similar comments apply to
three-dimensional problems: now a finite fluid volume must be
discretized in the finite element method, whereas a surface is
discretizied in the wave source method. 1In this case the hybrid
element methods, or the use of infinite elements, are essential in
order to avoid too large a matrix rank.

General Comments on Various Numerical Methods

Each method has a number of advantages and disadvantages, including
the following:

0 The finite difference approach is perhaps the most straight-
forward. It requires no elaborate functional or Green's
function, and is readily extended to include, for example,
non-1inear free-surface effects.

0 The finite element method allows greater flexibility in the
choice of mesh points. The finite difference method is
generally restricted to rectangular elements.

0 Both the FEM and FDM methods require a mesh throughout the
fluid. The BEM requires a mesh over the body surface only, and
uses a correspondingly smaller matrix. This advantage is

offset, however, by the complexity of the Green's functions in
that matrix.
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0 Certain resonance conditions have to be avoided. The BEM for
example, is known to fail at certain "irregular frequencies",
corresponding to internal wave modes, see John (1950). Mei
{1978} and Ogilvie and Shin (1978) mention that these
frequencies are often outside the range of interest and are
guite easy to avoid. However, they cause few practical
difficulties.

0 The FEM and FDM are particularly suited to problems involving
small finite bodies of water (for example, the sloshing of
liquid in tanks), but the radiation condition at infinity causes
difficulties, as described above.

Applications and Experimental Yalidation

Various applications and validation of Tinear diffraction theory are
reviewed by Standing (1981) and Sarpkaya and Isaacson {1981).
Following is a brief summary of the most important results.

Linear wave diffraction theory often agrees remarkably well with
experiment. This has been a major factor for its 1increasing
popularity for use in offshore design. Papers listed in Table 8.1
contain some of these comparisons, and have been chosen to iliustrate
the range of applications and conditions in which these methods have
been tested. The following conclusions have been drawn.

0 Linear wave diffraction theory generally predicts wave forces,
added masses and damping, response motions and associated
structural stresses very well, provided the Keulegan-Carpenter
number remains small, and the motions are too large. There is
often particularly good agreement in deepwater wave conditions
(also see Section 5.2,13).

0 Nonlinear features of the wave are most obvious at, or Just
below, the free surface, and they attenuate rapidly with depth.
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There may be however, quite serjous nonlinear effects in large-
amplitude shallow-water waves.

Responses of floating structures are usually predicted better
than the associated added mass and damping. The main . reasons
are as follows. First, the structure does not respond to high-
frequency forces, so that nonlinear higher harmonics are
filtered out; secondly, the response equations are often
dominated by the Froude-Krylov wave force, buoyancy stiffness
and structural mass terms, and are less sensitive to added mass
and damping.

Natural-frequency response, especially roll response of ships,
may be predicted rather poorly. This happens when the wave-
radiation damping is small, and the response depends on viscous
damping and vortex-shedding. Empirical damping coefficients may
be required.

Inglis and Price (1980) show that strip theory methods represent
conventional ship forms quite well but Faltinsen and Michelsen
(1974) mention that this is not the case for a square box.
There are however, discrepancies between the coefficients
predicted by two and three-dimensional theories at low wave
frequencies as emphasized by Inglis and Price {1980).

Experiments on a gravity platform model carried out by Garrison
et al. (1974) and Garrison and Stacy (1977) showed a small
steady uplift force (see Figure 8.3}, attributed to second-order
pressures. Garrison et al. (1975) showed that pipelines and
other bottom-mounted structures may be similarly affected.

Garrison et al. (1974), (1975) used a hybrid technique to
analyze a gravity platform basing tower loads on the Morison
equation, and caisson loads on diffraction theory. This hybrid
approach is often more accurate and efficient than either the
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diffraction or the Morison method on its own. Semisubmersibles
and tethered buoyant platforms have also been analyzed in 2
similar way. Such an application is reported by Standing
{1981), and some of the results are shown in Figure 8.4.

0 Hogben and Standing {1975) showed that drag loads, acting
between the mean and instantaneous water levels, may contribute
significantly to the maximum overturning moment on a surface-
piercing structure.

0 Wave diffraction theory is valid for all values of D/L, and may
be used to estimate the mass coefficient Cm for a member of
unusual shape when D/L and the effects of diffraction are
small. In these circumstances there may be advantages in using
a simplified form of the source potential as defined by Garrison
and Stacy (1977), in which the free surface is treated as a
rigid "1id".

Figures 8.3 and 8.4 show two typical applications of three-
dimensional wave diffraction theory compared with experiment. Figure
8.3, based on results from the work by Garrison and Stacy (1977},
~shows the maximum horizontal force fl, vertical force f3,
overturning moment f on a Condeep-type gravity platform. Results
cover three wave periods and a range of wave heights. A hybrid model
was used (see above), and several small noniinear terms were
included. For example, wave kinematics were based on Stokes V
theory, and there was a mean uplift force calculation from the
quadratic term in the Bernoulli equation. This mean force caused the
maximum upwards force (marked UP) to differ from the wmaximum
downwards force (DN}.

Figure 8.4 from the experiments carried out by Standing (1978), shows
the surge response and oscillatory cable tensions for a tethered
buoyant platform. Again, a hybrid Morison/diffraction model was
used, but this time including only Tinear terms and with zero drag.
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8.6

Potential theory has been used extensively for prediction of semisub-
mersibie and tension leg platform motion characteristics. Some
researchers have applied this theory in conjunction with the Morison
type formulation to evaluate wave loads on the smaller members of
semisubmersibles and tension leg platforms. Table 8.2 summarizes
some of the applications of these theories to semisubmersibles and
tension Teg platforms.

Nonlinear Wave Effects

One of the important limitations of the diffraction methods outlined
in preceding sections is that they are based on small amplitude wave
theory and the associated assumption of linearity. The severe wave
heights encountered in practice have led to some consideration being
given to extensions to deal with steep (nonlinear) waves.

Comments on the possible effect of wave nonlinearities on design wave
Toads on typical gravity platforms have been made by Hogben and
Standing (1975), Garrison and Stacey (1977) and Garrison (1978).
Hogben and Standing compared linear and Stokes fifth order theory
predictions of the inertia force on a column and concluded that the
difference for typical North Sea design wave conditions is not
Targe. However, one important effect of wave nonlinearity is that
for a given wave period nonlinear wave theory predicts a different
{Tonger) wavelength than does linear theory. Garrison and Stacey
have pointed out that the higher order components of a nonlinear wave
are expected to have little effect on a typical well-submerged
caisson on the seabed and they suggest using the first order
component of Stokes fifth order theory (which has the appropriate
wavelength) 1in place of 1linear theory itself in the diffraction
calculation. The columns of a typical structure Tie in the inertia
range and so can be calculated by a nonlinear wave theory on the
basis of the Morison equation as was described in Chapter 7.0.
Aithough such an approach tacks mathematical rigor, its use is
justified in that it does produce empirically satisfactory results
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and serves as a basis for a practical design procedure.

Another effect of wave nonlinearities on surface-piercing structures
is that forces calculated by integrating pressures up to the still
water level on the one hand, or up to the instantaneous free surface
on the other, may differ noticeably from each other. Again, Hogben
and Standing (1975) have illustrated this difference for the limiting
case of inertia force predictions. Formally, this difference is a
second order guantity, and is thus of the same order as other second
order force contributions which are neglected in the linear
diffraction theory. This effect is discussed further in the chapter
that follows.

Linear diffraction theory may be more unreliable for the relatively
steep waves encountered in shallower water or for large structures
extending up to the free surface, and a more serious investigation of
nonlinear effects then becomes necessary. The important features of
the nonlinear effects then become necessary. The important features
of the nonlinear problem can formally be investigated by extending
the diffraction theory to a second approximation on the basis of the
Stokes expansion procedure in a manner analogous to the derivation of
Stokes second order wave theory {Section 5.2.7).
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TABLE 8.1

SOME COMPARISONS BETWEEN LINEAR WAVE DIFFRACTION

THEORY AND EXPERIMENT

Author

Structure and Theory Types

Date Presented

Yugts (71968) (1870)

Salvesen, Tuck,
Faltinsen (1970)

Keuning and
Beukelman {1979)

Faltinsen and
Michelsen (1974)

A. Strip/2-dimensional
Programs:

Ship sections (mapping
method)

Ship sections (Frank
close-fit)

Barges (Frank close-fit
and Lewis form)

Square-plan caisson
(Frank close-fit)

(Including some results at
non-zero forward speed)

Coefficients, wave forces,
surface elevation and
response

Coefficients, responses,
bending moments, shear
stresses

Coefficients, wave forces,
responses

Coefficients, wave forces,
responses

Garrison et al.
(1974) (1977)

Boreel (1975)
Hogben and Standing
(1975)

Ohkusu (1974)

Huntington and
Thompson (1976)

Apelt and Macknight
(1976)

B. 3-dimensional Programs
a) Fixed structures:

Condeep-type gravity
platform

Pyramidal storage tank
Square and circular-plan
cotumns

Groups of cylinders

Circular cylinder in
multidirectional waves

Caisson in shallow water
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(Zero forward speed only)
Forces and moments
Pressures, surface eleva-

tion

Forces and moments

Forces, moments, pressures

Forces and moments



TABLE 8.1 {Continued)

Author

Structure and Theory Types

Data Presented

Garrison (1974a)

Van Oortmerssen (1976)
Pinkster and Yan
Oortmerssen (1976)

Keuning and Beukelman
{1979)

Faltinsen and
Michelsen (1974)

Standing (1979}

Hogben and Rowe (1979)

Eatock-Taylor and
Duncan (1980)

b) Floating structures:

Disc buoy

Tanker

Barge

Barges

Square-plan caissons

Wave energy device (quasi

2-dimensional)

Tethered bﬁoyant platforms

¢) Flexible structures:

Vertical column

Heave and pitch motions

Coefficients, wave forces,
responses

Wave forces and responses
Coefficients
Coefficients, wave

forces, responses

Responses, power absorbed,
reaction forces

Responses, tether tensions

Coefficients for rigid-
body and bending modes

Chakrabarti (1973)

C. Part-Empirical:

Range of simple bodies
on sea-bed

Wave forces and moments
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FIGURE 8.1 WAVE DIFFRACTION THEORY: EXAMPLE OF FACET MODEL,
FLOATING PRODUCTION PLATFORM (STANDING, 1981)
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9.0

WAVE DRIFT FORCES

Under the action of environmental forces, a TLP or semisubmersible
usually experiences three types of motion, namely, (1) "first order
motions”, i.e. oscillations at wave frequencies, (2) "slow drift
oscillations" associated with some higher order (nonlinear) wave
effects and (3) steady horizontal offset stemming from wind, current
and/or mean second order wave drift forces. First order wave loads
and associated first order motions are discussed in detail in other
sections of this report. The purpose of this chapter is to review
the origin, relative significance and computational aspects of
various nonlinear hydrodynamics phenomena that tead to mean and/or
slowly varying drift forces. As pointed out by Lundgren, et al.
(1982), these forces are characterized by having small values,
generally having a mean value different from zero, varying with much
Tower frequencies than the waves and causing large horizontal motions
of moored structures such as a TLP or semisubmersible.

In potential flow theory, it is assumed that the water is inviscid,
i.e. viscous effects are neglected. One group of drift forces stem
from the fact that, in reality, water is a viscous fluid so that
localized viscous phenomena often occur even in an otherwise ideal
potential flow. Another group of drift forces, which have nothing to
do with viscous effects, are associated with the nonlinearities
already inherent in a potential flow. It may be recalled in this
connection that the potential flow theory involves two basically
nonlinear free surface boundary conditions as discussed in detail by
Sarpkaya and Isaacson (1981} and others:

an 3  an 3f

ﬁ"'-z)—)-(-“é‘;(--"a—z-:() &tZ:n ‘ (9.1)
2 2

%%+%[(%g-)+(—g-g)]+gn=f(t) at z = n (9.2)

in which n{x,t) s the free surface elevation measured from the still
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9.1

9.1.1

water Tevel, z=0. In the so-called "linear" or "small amplitude”
wave theory, the nonlinear terms in these equations are neglected
and, in addition, the equations are written at z=0 rather than at
z=n. A more rigorous solution of the potential flow equations can be
obtained by expressing ¢ as

6 = gD 242 (9.3)
in which
¢(1) = first order velocity potential

¢(2) = second order velocity potential

[

a small parameter (e << 1)

While one particular type of potential flow drift force is directly
related to ¢(2), others can be determined on the basis of ¢(1)
only, i.e. without having to construct ¢(2) explicitly, as will be

discussed in some detail shortly.

With the foregoing background information in mind, wave related drift
forces can now be classified as follows as pointed out by Lundgren,
et al. (1982), Pinkster (1981), Chakrabarti and Cotter (1983}and
others.

Viscous Drift Forces

These forces are important mainly in connection with siender members
and in the presence of relatively large wave heights and/or a
combination of waves and currents.

Wave Drag Drift

Consider a partially submerged circular cylinder such as a column of
a TLP or semisubmersible.” The length of the wetted part of the
column is h at mean water level and h*n in the presence of waves
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9.1.2

with, as previously indicated, n = free surface elevation. According
to the Morison formula, the drag force acting per unit length of the
cylinder is given by

Fy = %—pCdDU|Ul (9.4)

in which u = water particle velocity, D = diameter and Cd = drag
coefficient. To calculate the total drag force, Fd must be
integrated along the wetted length of the column. For small wave
heights, the integration may be performed along the "mean" wetted
Tength h without introducing serious errors into the calculation.
The drag force thus calculated has a zero mean value over a wave
period T. When the wave height is not small, the integration must be
performed along the "instantaneous” wetted length (h+s). The drag
force calculated on this basis always has a positive mean value
because positive values of u are accompanied by positive values of n
and vice versa. As pointed out by various investigators, this mean
value represents the dominant drift force acting on a TLP or a
semisubmersible.

Current-Wave Drift'

In the presence of a small current with velocity V the product
u |u ! in the Morison equation would have to be rep1aced by {u +
Vc)| u l c . Note that VC is always positive whereas u is
positive over half of the period and negative over the other half.
Consequently, the mean value of (u + V) u + v, over a
2, uz).

In other words, the drag force associated with the wave-current

complete period is a positive quantity that is Targer than(vC

combination is larger than the sum of the drag forces that would be
produced by the wave and current acting individually. The net
difference, which represents the effect of the “wave-current

Sinteraction", can be approximated as
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9.2

u v , (9.5)
per unit length of the column as shown by Lundgren, et al. {1982).
The auantity U in this eguation is the maximum horizontal orbital

velocity at the particular point under consideration.

Potential Flow Drift Forces

In potential flow theory, there are three types of forces acting on a
moving body, namely, forces associated with incident, diffraction and
radiation waves, respectively. In a purely linearized approach,
these forces can be calcutated separately and then superposed to
determine their combined contribution. These so-called first order
wave loads are directly proportional to the wave height. Nonlinear
theory, on the other hand, predicts a number of higher order loads
{proportional to the square or higher order powers of the wave
height) in addition to the first order wave loads. These nonlinear
load terms are usually referred to collectively as "second order
drift forces" or "potential flow drift forces".

Before going into a detailed description of these forces, it fis
useful to recall that the Bernoulli equation which defines the
hydrodynamic pressure at an arbitrary point of the flow, takes on the
following form in a potential flow:

.

3

P = p3 +%p(v¢)2 (9.6)

ot

The total wave load acting on a body is determined by simply
integrating p over the entire wetted surface of the body. As
previously mentioned, the wetted surface of a partially submerged
body varies with time due to the variation of the free surface
elevation n. Finally, the wave Toads acting on & moving body are
indirectly dependent on the motion of the body itself since that
motion affects the position and orientation of the body with respect
to the wave profile.
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9.2.1

8.2.2

9.2.3

With the foregoing observations in mind, it would now be possible to
state that of the six principal potential flow drift forces listed
below, the first five can be determined on the basis of the first
order velocity potential only, whereas the sixth one is a function of
the second order potential.

Wave Elevation Drift

Consider a partially submerged body such as a column of a TLP or
semisubmersible. If the 1linear pressure term in the Bernoulll
equation is extended from the mean water level to the jnstantaneous
free surface z = n, the integral of that pressure around the body has
a nonzero mean value when averaged over a wave period T. Assuming
that the pressure varies Tinearly with depth, this so-called "wave
elevation drift force" can be determined by simply integrating the
quantity 0% P g nz) around the waterline of the body.

Velocity Head Drift

This particular force is associated with the second (nonlinear) term
in the Bernoulli equation. It is calculated as the integral of
(1/2 » q2) over the mean wetted surface of the body, where q2 =
square of water velocity at the body surface due to the first order
velocity potential, (u2 + v2 + wz).

Body Translation Drift

In the case of a moving body, the position of the body relative to
the pressure field varies due to the motion of the body itself, thus
causing some second order variations in the wave Jloads. Those load
variations that are associated with the translational components of
the motion, when averaged over a wave period T, define the so-called
"body translation drift". Letting X; (1,2,3} denote Cartesian
coordinates and x. (1,2,3) translational components of the body's

i

motion, the product X - (3p/aX1) may be viewed as a pressure

250



9.2.4

9.2.5

term which, when integrated over the mean wetted surface, Teads to
the body translation drift.

Body Rotation Drift

This force is similar to the one above except that one now deals with
the rotational components of the body's motion rather than the
translational ones.

Slowly Varying Wave Drift Forces

The four types of drift forces considered above may have an
oscillating component as well as a nonzero mean value. Oscillating
drift forces, which usually have very low frequencies, occur only in
irregular seas {i.e. in the presence of a group of waves as opposed
to a single wave), as demonstrated by Remery and Hermans {1971) and
Pinkster (1981). To illustrate the concept, let us first note that
all four drift forces considered above involve products of the type
PQ in which P and § are first order quantities with discrete
components,

P = > Py cos (ut - 4;) (9.7)
i

0 = S 4; cos (ui't -\P‘i) (9.8)
i

Thus,

PO = 3 3 Py 9 coslu*u)t-bi-ysTecosllu-u)t-di oyl (9.9)
T

The second term in this expression varies with the low frequency
(ui-gj) which, with the right combination of i and j, may concei-

251

g

gt

Monit?

L.



gt

8.2.6

9.2.7

vably be very close to one of the natural frequencies of a TLP or
semisubmersible (such as surge, sway or yaw freguencies) thus
resulting in resonant behavior. While the amplitudes of these low
frequency drift forces are usually quite small, the amplitudes of the
resulting oscillations may reach alarmingly large proportions.

Effect of Second Order Potential

The five drift forces listed in the preceding sections are all
associated with the first order velocity potential. There is a sixth
drift force which differs from the first five in that it is related
to the second order velocity potential. To calculate this force, the
second order pressure gradient, p (aéz/at), is integrated over the
mean wetted surface of the body.

The drift force associated with the second order potential has a zero
mean value. Accordingly, it consists mainly of a low frequency
oscillating component somewhat similar to the slowly varying drift
force associated with the first order potential and discussed in the
preceding section.

Relative Significance of Wave Drift Forces

As discussed in detail in Section 6.2 of this report, the precise
physical nature of the hydrodynamic forces acting on a body depends
on the ratio (D/L} in which L is the wave length and D denotes a
characteristic horizontal dimension of the body such as the diameter
of a circular cylinder. In the case of a slender cylinder with D/L «
0.2, the incident wave is not disturbed appreciably by the presence
of the cylinder, except in a small region where viscous effects
become dominant. The Morison equation is then used to calculate the
hydrodynamic Toads acting on the cylinder. For larger values of D/L,
diffraction effects take on a more dominant role, thus requiring that

‘the hydrodynamic Joads be calculated on the basis of incident

diffraction and radiation waves. The foregoing considerations apply
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to both first and second order wave forces.

A semisubmersible or TLP is essentially a framed structure that is
made up of vertical and horizontal members usually referred to as
columns and pontoons, respectively. In some cases, there may also be
inclined members wusually referred to as bracings. The column
diameter is of the order of 50 to 80 feet in a properly designed TLP,
and perhaps a Tlittle less than that in a semisubmersible. On the
other hand, wave lengths corresponding to wave periods of 5 to 20
seconds are of the order of 130 to 2000 feet. It is seen that, in
terms of the values of the D/L ratio, the columns of & TLP or
semisubmersible would behave as "small bodies"” for larger wave
periods and as "large bodies" for smaller wave periods. In
intermediate cases, both diffraction and viscosity effects would
probably be equally significant.

The four types of potential fiow drift forces l1isted above are all
"second order" wave forces, i.e. they are approximately proportional
to the square of the wave height. The wave drag drift force, on the
other hand, is a "third order" force. According to Lundgren, et al.
{1982), it may even be viewed as a "fourth order" force since the
drag coefficient Cd varies too, and is approximately proportional
to the wave height. It should be emphasized, however, that the
abstract "order" of a force is not necessarily an accurate indicator
of the actual magnitude of that force in any given application.
According to Ferretti and Berta (1981), the wave drag drift force,
which is of viscous origin, is the dominant drift force on a TLP or
semisubmersible. This contention seems to be supported by a
numerical example presented by Lundgren, et al. (1982), in which the
total potential drift force acting on a particular circular column is
found to be only 15 percent of the wave drag drift force acting on
the same column. It should be emphasized, however, that the ratio
D/L is approximately equal to 0.04 in that numerical example, i.e. it
is much smaller than 0.2 thus indicating that viscous effects would
indeed by expected to be the dominant factor in the particular case
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under consideration. As D/L increases, diffraction effects would
gradually take on a more dominant role. According to Pinkster
(1981), wave drift forces cannot be predicted correctly on the basis
of viscous effects only.

According to API (1984), the mean drift force acting on a semisubmer-
sible hull may be evaluated from the formula

Fmds = Cmds

2 HS 2
Z D (T;) | (9.10)
in which HS and TS denote significant wave height and period,

respectively, D is the column diameter and C is a "dimensional™

constant. While API does not state the sng?fic origin of this
formula, the following observations seem to be pertinent: The
formula appears to be an empirical (as opposed to analytical) one.
The ratio (HS/TS) is an indirect measure of water particle
velocities, indicating that the drift force s essentially
proportional to the square of the velocity. The force depends on the
waterline dimensions of the columns (as represented by D) but is
independent of either the shape or size of the submerged section of
the semisubmersible. The force is also independent of either the
translational or vrotational displacements of the vessel. The
foregoing observations seem to suggest that API's formula for mean
drift force is intended to represent mainly the wave drag drift force
stemming from viscous effects around the columns.

When a time domain method is used and all nonlinear hydrodynamic
effects are taken into consideration, the wave drift forces are
accounted for automatically so that one need not have to worry about
them separately. When the frequency domain approach is used,
however, the situation is different. The calculation of static
offsets associated with wind, current and mean wave drift forces
represents the first item of business in a frequency domain
analysis. The RAO's are then calculated by assuming that the vessel
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is undergoing small oscillations about this "static" configuration.
As far as oscillating drift forces are concerned, what is relevant in
a freguency domain analysis s the so-called "slowly varying wave
drift forces" which are associated with wave groups {as opposed to a
single wave) as pointed out in Section 9.2.5. These forces can most
conveniently be analyzed in terms of “quadratic transfer functions"
as discussed in detail by Pinkster (1981).
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10.0

10.1

10.1.1

WIND LOADS
A detaited knowledge of the wind climate at a particular location is
essential in estimating the wind forces on a fixed or floating

platform.

Description of Wind

The wind description should include a velocity profile and the wind
spectra. The statistical wind speed data is useful in some cases
such as for a 1long transoceanic voyage. Though wind is mostly
considered as steady in nature, the dynamic part of the wind may
cause amplification of responses in a compliant structure such as a
semisubmersible or tension leg platform. In such cases, knowledge of
the wind spectra may be quite useful in determining the mooring and
tendon forces.

Wind Speed

Wind speed is often characterized as "sustained" and “"gust". The
sustained wind speed is defined as the average wind speed in a
sampling time usually of one minute, whereas the gust speed is the
average for a much shorter duration (usually 3 seconds). The terms
"N years sustained wind speed" and "N years gust wind speed” are used
to refer to a statistical recurrence period of N years. Wind speed
is always referred to a standard elevation, usually 30 feet {(or 10
meters) above the still water Tevel (SWL). The wind profile is then
determined by using empirical relationships. DnV (1977) recommends
the following relationship in the absence of detailed field data:

(v,)

: 1/2 '
z'sustained ~ Vlo (0.93 + .007z) for z < 150 m {10.1)

(V.) 1/2

z'gust (10.2)

V10 {1.53 + 0.003z)
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10.1.2

where VZ is the wind speed at a height z meters above SWL and Vlo
is the reference wind at a standard elevation of 10 meters above
SWL. API RP 2A (1982} recommends the following formulation,

/n
T P (10.3)
where
VZ = wind speed at height z feet above SWL
V30 = wind speed at a reference height of 30 feet above SHL
1/n = an exponent, usually assumed to be between 1/13 and 1/7

depending upon sea state, related to the distance from land
and duration of the design wind velocity. The exponent is
approximately equal to 1/13 for gusts and 1/8 for sustained
wind in the open ocean.

Velocity ©profile is sometimes determined by using a height
coefficient, as recommended by ABS (1980) and API RP 2P (1984}, and
is given by

Recommended values of height coefficients, Ch’ for various heights
are Tisted in Table 10.1.

Wind Spectra

In‘genera1, the wind speed is considered to remain constant over a
certain length of time and the wind. force 1is calculated as a
quasi-static force based on the sustained (one minute average)
speed. In reality, however, the wind speed is unsteady, and may
produce slowly varying components with a very high natural period.
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This dynamic wind force may cause significant amplication of surge,
sway or yaw motions in compliant structures such as TLP's or
semisubmersibies and exert higher forces on the moorings. Three of
the most well known formulations of wind spectra are attributed to
Davenport, Harris, Simiu and Leigh (1984). Their formulations are
described below:

Harris Spectrum

2,-5/6
Sv(n) = 4 . Km . V30 . Lo(2+F7) {10.5)}
Davenport Spectrum
4K V,.2 2
G N T — (10.6)
(1+f°)4/3
where
Sv(n) = velocity power density function (ftz/second)
n = fluctuation frequency (1/seconds)
Kw = wind surface stress coefficient
= 0.0020 for rough sea
= 0.0015 for moderate sea
V30 = average 1 hour wind speed (feet/second) at an
elevation of 30 feet
L = lTength scale dimension

= 5900 feet, for Harris Spectrum
4000 feet, for Davenport Spectrum
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non-dimensional frequency

nL

V30

Simiu Spectrum (Simiu and Leigh 1984)

[ ayf + b,f% + qf Fof (10.7a)
n S, {z,n) 5
Y = {6y *a,f * b,f foof < f, (10.7b)
Vi
0.26 £72/3 £ f, (10.7¢)
\
The friction velocity v, is given by
k., v
vy = —Sreb (10.8)
Ln ref
Zo
where,
k, = von Karman constant (= 0.40)
Veaf = mean velocity of wind at reference elevation
zref = reference elevation
Zo = roughness length

The roughness length Z0 is generally provided by specifying the
value of sea drag coefficient K, defined as

2
K = {kV/Ln (Zreflzo)] (10.9)

r]
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The mean wind speed at any elevation 'Z' can be modelled as

VZ = Vref . [Ln (Z/Zo)/Ln (ZY‘Ef/ZO)] (10.10)

The various constants of the equation (10.7) are given by the
following expressions

4 Lu 8
al = -—7-—“- (10.11)
8, = 0.26 fs‘2/3 (10.12)

f
1 7 Ln s
Tyf, t s ?;)31‘5
b = {10.13)
2 5 51,0 7 “Ts
. glin T+ glfn-fQ) + 2F (F F) + £ (F -2F )Ln 22
a, = <2b,f_ (10.14)
f

2 % T 2
dp = H Ll ey vy (- £07 ] (10.15)

m

...al
by = o - L5fd (10.16)

m

S —b2f§ (10.17)
B = ve / vf - "~ {10.18)
f = nZ / VE (10.19)
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where

Wind

integral scale of longitudinal wind velocity fluctuations
(in direction of mean wind speed)

coefficient defining wmean square value of turbulent
fluctuation in terms of friction velocity v,

non-dimensional frequency given by equation (10.19)

non-dimensional frequency above which equation 10.7c is
valid and is (=) 0.2

non-dimensional frequency at which the product of nSV is
maximum, (i.e. derivative of the function nS vanishes).
Measurements at elevations of interest in platform design
suggest that fm =~ 0.05 to 0.09

frequency

spectrum

Tongitudinal wind velocity

denotes mean value

Force Calculation

The wind force is usually calculated as a drag force, which is

proportional to the drag coefficient, air density, windage and the

square of the wind speed. Thus wind force F

F

wind

Fuind may be written as

K C, A

2
air “d (Vwind) (10.20)

wind
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where

v N 1
“air = 7 Pair

Cy =  drag coefficient which depends on the geometrical
shape of the body; sometime referred to as shape

factor Cs' Typical values of shape factor are
listed in Table 10.3.

Awind = wind exposed area or windage. Typical wind exposure
areas for a semisubmersible platform are illustrated
in Figure 10.1.

Vwind wind velocity at the center of wind exposed area

The value of Kai depends on the units used for the wind velocity
Vwind and the wind force Fwind' The relative values of the
factor "Kair“ are summarized in Table 10.2.

The following four guidelines for calculating wind areas are quoted
from API RP 2P (1984):

1. The projected area of all columns of a column stabilized unit
should be included.

2. The blocked in projected area of several deck houses may be used
instead of calculating the area of each dindividual unit.
However, when this is done, a shape factor, CS of 1.10 should
be ‘used.

3. Isotated structures such as derricks and cranes should be
calculated individually.
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4, Open truss work commonlty used for derricks, masts and booms may
be approximated by taking 60 percent of the projected hiock area
of one face.

In the absence of data related to the shape factor, the coefficients
recommended by ABS (1980} which are listed in Table 10.3 may be used
for wind force calculation. The drag éoefficients recommended by DnV
{1981), CIRIA (1980), and Hallam (1978) for current force
calculations are summarized in Table 11.1 and may be used for wind
force estimation as well.

The wind speed at different levels should be determined by methods
outlined in Section 10.1.1 before calculating the wind force on
individual objects. On any floating vessel there are many objects
that are shielded partially or fully by another object or objects
upwind of it.

Thus the wind force F on a platform with "N" number of items

wind’
exposed to wind can be estimated as shown betow (see also Chou et al.

1983):

N
2
Forind = 3 KOV (Cop )y Ay (10.21)
i=1
where
Vi = wind velocity at centroid of Ai
(CS)1 = shape factor for ith object
(Csh)i shielding factor for ith object
Ai = area of ith windage, see Figure 10.1
K = value in accordance with Table 10.2

The recommended shape coefficients for various geometries are
summarized in Table 10.3. Shielding coefficients should be used when
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10.3

adjacent objects exposed to wind Tie close enough behind the first
one. Use of the shielding coefficient is generally left to the
discretion of the designer. For units with columns, however, ABS
(1980) recommends not using any shielding allowance. If desired, the
shielding factors may be determined when two members are located one
behind the other in the direction of wind and the center-to-center-
distance "x" is less than seven times the width (or diameter) &
of the windward member. The shielding factor recommended by DnvV

(1981} is:

d
(Cdy = 1-g% (1- ) for d, < dy
Tw Tw
X
= 73;; for dww E-dTw (10.22)
= 1.00 for x » 7d

= " lww

where d1w is the width (or diameter) of the leeward member and
dww is the width (or diameter) of the windward member.

Discussion of Wind Force Calculation Methods

The methods outlined in the preceeding sections can only be used as
an estimating tool due to a Tack of knowledge of the precise values
for shape factors, shielding factors and height coefficients. Thus,
the wind force calculation is often verified by wind tunnel tests.
Most of the published literature, based on wind tunnel tests of
floating vessels, is related to column stabilized semisubmersible
units. Two important trends of those studies are described below:

1. Numata et al. {1976) found that wind force estimation by
equation {10.20) is conservative, as shown in Figures 10.2 and

10. 3. Bjerregaard et al. (1981) confirmed the previous
findings. They found that wind forces on semisubmersibles at
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Targe angles of heel, in general, are considerably smalier than
those predicted by DnV and other rules.

Bjerregaard et al. (1981} were able, through wind tunnel model
tests on various semisubmersibles, to show that the 1ift force
contributes significantly to the wind overturning moment on a
semisubmersible. This effect is not taken into account in the
empirical methods outlined in Section 10.2.
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Table 10.1
Height Coefficients for Wind Speed Profile (ABS, 1980)

Hejght*
Meters Feet Heignt
Not Not Coefficient
Over Exceeding Over Exceeding Ch
0 15.3 0 50 1.00
15.3 30.5 50 100 1,10
30.5 46.0 100 150 1.20
46.0 61.0 150 200 1,30
61.0 76.0 200 250 1.37
76.0 91.5 250 300 1.43
91.5 106.5 300 350 1.48
106.5 122.0 350 400 1,52
122.0 137.0 400 450 1.56
137.0 152,5 450 500 1.60
152.5 167.5 500 550 1.63
167.5 183.0 550 600 1.67
183.0 198.0 600 650 1.70
198.0 213.5 650 700 1.72
213.5 228.5 700 750 1.75
228.5 244 .0 750 800 1.77
244.0 256.0 800 850 1.79
>256 >850 1.80

* The height is the vertical distance from the design water surface to the
center of wind exposed area A as defined in Section 3.5.2¢c, ABS (1980)
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Table 10.2

1] n
Yalues of the Factor Kair

Awind Fwind Vvn'nd Kair Unit
12 Tbs knots 0.00338 English
12 Tbs mph 0.00256 English
m2 N Km/h 0.0473  Metric
me Kg m/s 0.0623  Metric

Table 10.3
Shape Factor Cs (ABS, 1980 and API RP 2P, 1984)

Shape CS

Cylindrical shapes 0.5

Hull (surface type) 1.0

Deckhouse 1.0

Isolated structural shapes (cranes, angles, channels,

beams, etc.) 1.5

Underdeck areas (smooth surfaces) 1.0

Underdeck areas (exposed beams and girders) 1.3

Rig derrick (each face) 1.25
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WIND EXPOSED AREAS
FIGURE 10.1
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11.0

11.1

CURRENT LOADS

Any structure, fixed or floating, is subjected to the current Toad
which is a drag force. The drag force is proportional to the drag
coefficient Cd, density of the water Puater? projected areg AC
in the direction of the current and, the square of the current
velocity Vc. Thus, to estimate current force, the important
parameters are the current velocity profile and the geometry and
shape of the submerged part of the structure.

Current Profilte

The current velocity profile should be based on field data. In the
absence of such measured data, the current velocity profile, as
recomnended by API (1982), may be determined as follows:

( X 1/7 ' :

(v) = (v ) 11.1)

c'y Ce d

where

(Vc) = current velocity in ft/sec {m/s) at distance x in ft
X

{m) above mudline

(Vc) = current velocity in ft/sec (m/s) at water surface
S

X = distance in ft (m) above mudline

d = distance in ft {m) from water surface to mudline

The quantities x, d, (V.} and (V) are illustrated in
Figure 11.1.
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11.2

Drag Coefficients

The in-Tine force due to a current is proportional to the member drag
coefficient Cd which depends on the shape of the member and the
Reynolds number Re. The coefficient Cd is not constant and varies
as shown in Figure 11.2, for a smooth right circular cylinder. CIRIA
{1980) shows that the fluid flow is basically divided into laminar
and turbulent flow and also identifies four ranges of fluid flow on
the basis of the Reynolds number. These ranges are as follows:

Subcritical range Re < 105
Critical range 105 < Re ¢ 8x10°
Supercritical range 8x105 < Re < 8x106
Postcritical range 8x106 < Re

For all practical purposes, in offshore engineering applications, the
fluid flow is either in the supercritical or in the postcritical
range. In these ranges, the drag coefficients for a smooth cylinder
vary from 0.25 to 0.60. The drag coefficient increases with
roughness on the cylinder surface and marine growth as shown 1in
Figures 11.3 and Figure 11.4 (see Olsen, 1974; Miller, 1976; CIRIA,
1980; Hallam et al., 1978). The Cd values are based on
experimental research work and some typical scattering of these
values in the subcritical and critical ranges is shown in Figure
11.5. Similar scatter is reported in the literature for other
regions, such as the supercritical and postcritical ranges. This
leads sometimes to the use of two quite different values of Cd in
the same fluid flow region.

For members with cross sections other than circular, it is even more
difficult to select a value of Cd. The data base for these
sections is quite limited. C, values recommended by DnV (1981},
CIRIA (1980) and Hallam et al. (1978) for right circle cylindrical,
équare, triangular, hexagonal, octagonal and decagonal sections are
summarized in Table 11.1 and can be used for estimating the drag
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11.3

force.

Current Force Calculation

The in-Tine current force Fcurrent can be estimated using the

following equation:

-21-p C.A vy 2 (11.2)

Fcurrent water d ‘"¢ ‘¢

where the quantities Puater?
described in Section 11.0.

Cd’ Ac and VC are

The Cd value may be chosen from Table 11.1 and the current velocity
should be obtained from the design current profile.

In certain current-flow conditions, there is a dynamically-stable
situation in which vortices are shed alternately from either side of
the structural member around which the stream is passing. This
vortex shedding generates transverse forces which can result in large
strains in flexible components, particularly if the freguency
coincides with the natural frequency of the structura) system. This
phenomenon is elaborated on in Chapter 7 of this review.
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TABLE 11.1 DRAG COEFFICIENTS -
(CIRIA, 1980, HALLAM E£T AL., 1978, Dnv, 1981)

Shape of Memper Current Jirection Cd 4
\
Right circular -
: | —{ G.7 K,
d i .
Cylinders NJ L
_l.d
\ n"%
Filat bars, rolled b TSI Tl o
sections, other v —>D 2.0 KL E'S
sharp-ended sections d
N
o )
L b
Rectangular paralieiopiped
with corner radius r(0<» v —-hD 2.0 K KK, * N
<df2), as shown in sketch < 3
r P
I\L ’L?l‘r
Quadratic box, one diagonal d %
parallel to flow [:D 1.5 Kk -
J

Rectangular paralielopiped, T
diagonal of the cross- L6 .
section parallel to current ¥ .
flow
2.0 (sharp edge)
Prism with cross-section r r "
of Equilateral triangle v —’! > 1.9 {-5- = 0.08)
) 7.7:/ 13 € = 0.25)

Prism with cross-section of r 1.3 { sharp edye y,'
Equalateral triangle V :i and £ < 0.08 .
5 .
b

Prism with cross-section
of hexagon v 1.3

-~
s

R

Prism with cross-section

of hexagon v ~>O 0.8

Prism with cross-section
of octagon v 1.4

N

Prism with cross-section
of decagon

-
ey
.
P

* Ky = 05+0.L{L/d); for L/d <B
1.0 Lid26

Ky w L furbfd =2 i
= (8-0/d)/6; 2 < bid <& y
= 0.6; bid 245

K= L, furrid < 0.10
= (4,3-13 r/d)/3 .10 < rid <0.26
= .35 rfd & 0.20 \
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- J
Subcritical range o
T,
1.0 % Turbiient How
3 Critical range
] Posteriticalrange .
51 Laminar Hlow
Supergritical range
f
5
10t 10

v
Reynolds number Re = VC
where, D = member diameter

Ve = fluid particle velocity
v = kinematic viscosity of water

FIGURE 11.2 DRAG COEFFICIENT VARIATION
THE DRAG COEFFICIENT CAN VARY WIDELY WITH SEVERAL
PARAMETERS AS YET NOT FULLY CORRELATED. IN.
PARTICULAR IT EXPERIENCES ABRUPT CHANGE WITH
THE TRANSITION FROM LAMINAR TO TURBULENT FLOW.
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08— \ marine growth _
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0.6 - cylinder
0.4 g oo RN AR 1 1
[ 10¢ & 10¢ 5 1a7 6 x 107
Reynaold: number

FIGURE 11.3 DRAG COEFFICIENT VALUES RECOMMENDED BY OLSEN, 1974

(SEE ALSO MILLER,

1976 AND BSRA, 1975)

N N R R R R I

) [ I

N Roughness §% cylinder diameter
— ———
d

_*_--"' * * —_":“_;-_"'_: "__"_'_'_'_::'-- Moderate marine growth
1.0 /-—""‘ — —]
l - Roughness 0.5%
-~ {Miller 1976}
e~ -~ -
0.6 oyl t RS 1 bty et 1 I
g 10% 5 10 5 10°

Reynoids number

FIGURE 11.4 EFFECT OF ROUGHNESS AND MARINE GROWTH ON Cq VALUES
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12.6

STABILITY ANALYSIS

The stability of a floating platform is primarily measured by the
metacentric height (GM), which is a function of the platform center
of gravity above keel (KG)}, center of buoyancy above keel (KB) and
the water plane moment of inertia of the surface piercing members.
The quantities KG, KB and GM are illustrated graphically in Figure
12.1. The expression for the metacentric height, GM, is given by:

i
GM = KB + —Z‘E—KG (12.1)

where pr is the water plane area moment of inertia and o is the
volumetric displacement.

The effective metacentric height, GM, of a semisubmersible vessel may
be reduced by the presence of sloshing 1iquids in the vessel tanks.
With rolling (or pitching), the center of gravity of the Tiquid
shifts towards the Tow side. This will cause the platform center of
gravity to move in the same direction and thus reduce the effective
metacentric height and the righting arm. The correction regquired in
the metacentric height due to the sloshing of tiquids is called the
"free surface correction". This is added to the vertical center of
gravity of the vessel above the keel (KG), resulting in an equivalent
reduction in the metacentric height. The same discussion may be
offered for a TLP during floatout or towout operation.

The free surface correction {FSC) for a floating vessel with liquid
in tanks, is given by:

% (1)
. h]

FSC = ‘-:-1—--.“5 (12.2)
Tiquid
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where

(IT).I = moment of inertia of liquid plane in the ith tank
about the tank heeling or trimming axis

6Hquid = specific volume of the liguid in the tank
A = displacement of the vessel
N = number of tanks

Thus the corrected metacentric height, GM will be given

by:

corrected’

GMcorrected = GM - FSC {12.3}
For a semisubmersible or a TLP in floatout and towout mode, the
columns and bracings in a vertical plane are the surface piercing
members in the operating load condition. The water plane moment of
inertia of these surface piercing members is proportional to the
square of the distance of the columns and bracings from the heeling
axis.

It should be emphasized that a positive metacentric height only
indicates stability of the vessel in the immediate neighborhood of
the instantaneous position under consideration. It does not give any
real indication as to how the vessel would behave under larger angles
of heel. Often the range of stability, which is the angular range
over which a floating vessel will have positive static stability,
gives an important indication of the angle to which the vessel could
heel before capsizing. The range of stability for a f]oafing vessel
is indicated in Figure 12.2. A floating vessel may be stable for a
particular load condition. This does not necessarily mean that it
will have adequate stability for another loading condition. With the
change of imposed Toading (e.g. on-deck payload), the draft,
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12.1

12.1.1

displacement, center of buoyancy, water plane moment of inertia, and
center of gravity may all change. This will result in a change of
the metacentric height and other stability related parameters such as
the righting moment and the range of stability. Thus the stability
of a floating vessel has to be checked for all conceivable Toading
conditions the vessel may be expected to encounter {e.q., towing,
operating and survival conditions).

Stability Requirements

During the design of any floating vessel the stabiTity will be
evaluated in its intact as well as in the damaged.condition, Intact
stability requirements are generally enforced for the operating
condition as well as the tow condition; whereas damaged stability
requirements will govern the compartmentation so as to prevent
capsizing of the vessel in the event of damage of one compartment
adjacent to the sea.

Intact Stability

Varjous regulatory agencies have set specific criteria for stability
evaluation of floating vessels. These criteria are, in general,
similar to each other. DnV (1981) recommends the following stability
criteria concerning the intact stability of semisubmersible vessels:

0 the static equilibrium heel angle due to wind should not exceed
15 degrees;

0 the second intercept (see Figure 12.2) of the righting moment
and the heeling moment curves should not occur at an angle less
than 30 degrees;

0 the metacentric height should be at least 1.0m (=3.0 feet) in

all operating and transit conditions. The metacentric height
should not be less than 0.3m (=1.0 feet) in any temporary

280



12.1.2

position; and

0 the area under the righting moment curve to the second
intercept, or down flooding angle should not be iess than 30
percent in excess of the area under the wind heeling moment
curve to the same 1imiting angle (see Figure 12.2). Wind
heeling moment should be determined on the basis of 100 year
storm data; if 100 year storm data are not available, a wind
velocity of 100 knots may be used. The wind force calculation
is outlined in Section 10.

Damaged Stability

To check the adequacy of water tight compartmentation, various
regulatory agencies require a stability analysis with a specified
number of compartments {usually one adjacent to the sea) flooded.
This analysis will confirm that the vessel will not capsize as a
result of progressive flooding due to damage in a specified number of
compartments.

In assessing the damaged stability of column stabilized units, the
regulatory agencies require the extent of damage {Dny¥, 1981) to be
assumed as:

0 Columns, pontoons and bracings are flooded when damage occurs at
any level between 5.0 meters (=16 feet) above the maximum draft
and 3.0 meters (=10 feet) below the minimum draft specified 1in
the operating manual;

0 Only the columns, pontoons and bracings on the periphery of the
unit are damaged and the damage is 1in an exposed area of

structure;

0 Vertical damage extent not to exceed 3.0 meters (z10 feet)
occurring at any level between 5.0 meters (=16 feet) above and
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12.1.3

3.0 meters (=10 feet) below the water line;

0 Horizontal damage extent not to exceed 3.0 meters (=10 feet)
measured along the periphery of the column or pontoon: and

0 Horizontal penetration not to exceed 1.5 meters (=5 feet)
measured radially from the shell.

ABS (1980) specifies that the vessel will be considered to have
adequate compartmentation if the unit possesses sufficient reserve
buoyancy 1in the damaged condition to withstand an additional
overturning moment due to a 50 knot wind. The water line in the
damaged equilibrium condition should be below the lower edge of any
opening through which downflooding may take place.

Additional Intact Stability Criteria

Goldberg and Tucker's (1974) dintact stability criteria for SWATH
(Small Waterplane Area Twin Hull) ships may be considered for other
semisubmersibles. The criteria presented by them was based on the
following considerations of the hazards due to:

0 beam winds combined with rolling; and

0 large off-center loads.

When the heeling arms, due to wind heel, are superimposed on the plot
of the vessel's righting arm, as shown in Figure 12.3, and an

assumption is made for the angle of rolling into the wind, e,, the
following must be satisfied:

R’

0 the heeling arm at the intersection of the heeling arm and
righting arm curves (point C) must not exceed six tenths of the
maximum righting arm.
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12.2

0 area A1 is to be not less than 1.4 times area A, (A2
extends o degrees to windward from point C and Al extends
from C to the angle of downflooding or the angle of second
intercept of the curves (point D), whichever is the Tess).

The roll angle associated with the storm wind and sea conditions is
expressed as 8p- A value of 25° was used by Sarchin and Goldberg
(1962) for U.S. Naval surface ships, but for SWATH ships {as for
air-cushion vehicles in displacement mode) a value of 15° seems more
reasonable.

Large off-center loading can arise from lifting heavy weights over
the side or end. The criteria are similar to the above except that
the heeling arm is due to the off-center load rather than the wind
heeling moment, and are as follows:

) the angle of heel at the intersection of the curves (point C)
must not exceed 15°,

0 the heeling arm at point C must not exceed six tenths of the
maximum righting arm,

0 the reserve of dynamic stability (corresponding to area Al) up

to the angle of downflooding or the angle of second intercept,

whichever is the less, must not be less than four tenths of the
total area under the righting arm curve up the same angle.

Comparisons of Existing Stability Criteria

Four of the regulatory authorities who have published stability
regulations are:

0 American Bureau of Shipping (ABS, 1980)

0 U.K. Department of Energy (DOE, 1974)
0 Norwegian Maritime Directorate (MD, 1973)
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0 Det norske Veritas (DnV, 1981)

Summaries of those four authorities' stability requirements are
compared by Ghosh et al. (1979) and are reported in Table 12.1. Due
to recent accidents of the Alexander Kjelland and Ocean Ranger, the
Norwegian Maritime Directorate is in the process of implementing some
additional stability criteria which are not included in the
comparison Table 12.1. The additional criteria will require that
{column stabilized) platforms be provided with a way of providing
buoyancy in the deck structure so as to make it possible to remain
afloat after the loss of buoyancy equivalent to the volume of the
whole or major part of any column. This loss of buoyancy should be
assumed to occur when the platform is at the maximum operating draft
and with the allowable maximum vertical center of gravity.

Discussion of Stability Analysis

The current practice regarding stabitity assessment of
semisubmersible vessels is essentially "static" in nature, in the
sense that at each displaced position of the vessel, a comparison is
made of the righting forces and the disturbing forces corresponding
to winds. To avoid capsiiing of the vessel, the righting energy must
exceed the heeling energy by a margin of 30 percent. In actuality,
the vessel is in motion and various other environmental effects are
acting on it concurrently with the sustained wind force. These
include:

0 Wind Gusts
0 Forces and motion of the vessel due to the prevailing sea states.

The 30 percent margin of safety (of righting energy over heeling
energy as discussed in Section 12.1.1) is provided to account for the
dynamic/quasi-dynamic effects associated with wind qust, wave induced
loads and the forces associated with vessel motion. Many within the
industry consider this margin of safety (see Bell, 1974) too
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conservative.

A SNAME sponsored research study (see Numata et al., 1976} nas,
however, established the adequacy of the current approach for
evaluating stability of semisubmersibles. Laboratory tests have
shown that the empirical criterion of stability for the
configurations investigated may even be too severe, thus passibiy
penalizing the 1load carrying capacity of the semisubmersible
vessels. However, a reduction in the safety margins cannot be
justified due to a lack of rigorous, analytical/rational procedures
for stabijlity investigations and a wide variation in the structural
configurations of the present and future semisubmersible vessels.
With the recent accidents of the Alexander Kjelland, Ocean Ranger and
Glomar Java Sea, no relaxation of the present stability requirements
of various classification societies is expected. More stringent
rules are forthcoming as mentioned earlier in Section 12.2.
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K - KEEL
B - CENTER OF BUOYANCY
G - CENTER OF GRAVITY

M - METACENTER

DEFINITION SKETCH FOR CENTER OF BUOYANCY AND METACENTER

FIGURE 12.1
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13.0

MOORING SYSTEM ANALYSIS

The factors predominant in the design of any mooring system must
include the correct application of the analytical methodology as
related to the project objective and requirements. From an
operations standpoint, the factors considered should include
realistic expectations based on ordinary offshore practices and
specific dinstallation requirements. Other significant parameters
influencing the design should include minimization of cost, reduction

of the mooring system weight, and adherence to existing space
requirements.

This chapter presents a general overview of mooring system analysis
and design for deepwater moored structures. Specificaily, the
apptication to semisubmersible and tension leg platform structures
will be addressed. Only the more common mooring systems will be
presented. These will include the catenary and vertical pretensioned
mooring systems.

Catenary Mooring System - Catenary mooring systems are used in deep

water for semisubmersibles and for TLP's during their installation
operations. The catenary mooring systems of today can be comprised
of any or all of the following materials; chain, wire rope, and
synthetic tines. Drag anchors are frequently used, but in some
instances, piles or explosive embedment anchors are better suited.
Depending on the application, large displacement surface buoys or
smaller in-1ine buoys may be used. Catenary systems are generally
easy to deploy, but through the use of buoys, the process is made
even easier. In this case, the mooring system is deployed first by a
separate vessel, and then the platform is brought in and engaged to
the system simply by running hawsers to the buoys. Once the system
is tensioned, it is fully operational. In the event the platform
must Teave the site (bad weather or repairs) it must only slack down
and disengage at the buoy. The mooring system stays in place.
Hybrid systems consisting of synthetic line and chain or wire rope
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13.1

have been very successful in keeping the overall weight of the system
to a minimum and simplifying deployment. Figures 13.1 and 13.2 show
a hybrid mooring system in slack and pretention configurations
respectively. Figure 13.3 shows details of a hybrid mooring system.

Vertical Pretensioned Mooring System - The vertical pretensioned

mooring system is used in deep water for tension leg platforms (see
Figures 3.15 to 3.18). This system is extremely well suited for
1imiting the heave, roll, and pitch responses of the moored
platform, It is, however, difficult to deploy {regquiring a temporary
catenary mooring system during installation) and is quite expensive.
Also due to the large pretension force exerted by the mooring system,
the design of the hull structure requires special attention.

Design Methodology For Catenary Mooring Systems

There are six major steps in the design of a catenary mooring system
once a particular type of mooring system is selected. These steps
are briefly listed below.

1. Environment Direction Study - Based on the client supplied
design criteria pertaining to the directions of wind, waves, and
current, a worst case environmental loading condition for design
is selected. A tentative mooring pattern is chosen at this step.

2. Platform Motion Response to Waves - By temporarily ignoring the
mooring system, an analysis 1is performed to determine the
frequency domain first order motions of the semi submersible and
to establish a data file for subsequent motion analysis in the
time domain. The details of this task depend on whether the
platform is treated as a large body or an assemblage of small
bodies. In the latter case, in which the hydrodynamic loads
acting on the platform are calculated from the Morison equation,
the equations of motion must first be Tinearized as discussed in
detail in Section 7.7.

293

LW

R gy



System Stiffness Study - A catenary mooring system is fintended
te be effective more against mean and slowly varying drift
forces than in connection with first order motions produced by
first order wave loads. For purposes of preliminary analysis,
the mooring system 1is often modeled as a set of horizontal
springs and the hydrodynamic loads acting directly on the
mooring lines are neglected. In designing a catenary mooring
system for a given platform, a general study is conducted by
considering a realistic set of horizontal springs and
determining the motion characteristics of the platform in each
case. This Tleads to displacement versus spring constant
relationships of the type illustrated in Figure 13.10. These
relationships, used in conjunction with the requirements of the
client (such as maximum allowable static and dynamic excursions
for the platform) give a good idea as to what spring stiffness
would be most desirable for the mooring system of the'particu1ar
platform under consideration.

Mooring System Force Balance - A static solution is obtained for
the horizontal components of the static tensions in all mooring
lines at the optimum pattern for the environmental design
loading condition.

Selection of Actual Mooring Line Configuration - Based on the
stiffness and tension requirements found in previous analyses
and the operational criteria specified by the client an actual
mooring 1ine configuration is chosen.

Verification of Design By Time Domain Analysis - A time domain
analysis incorporating the effects of the first and second order
wave forces, the wind and current forces and the newly designed
mooring system (with nonlinear characteristics) is executed as a
final check on the client's requirements for maximum allowable
excursions and allowable mooring 1ine tensions.
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13.2

The overall process of catenary mooring system design is summarized
in Figure 13.4.

Design Criteria

The client-specified design criteria consist of performance and
environmental specifications, safety factors for mooring components,
and mooring 1ine candidates. These are explained below.

0 Environmental design criteria: The <c¢lient must specify a
. maximum environmental condition consisting of wind, waves, and
current which is to be used for design.

- Sustajned wind velocity and a description of the exposed
vessel for load calculation.

- Wave height given as a statistical value such as
significant wave height (average of the highest 1/3).

- Surface current velocity and a description of the vessel's
submerged geometry for load calculation.

- Subsurface current profile as a function of depth and
direction. This may be very important for small
semisubmersibles in deep water where the ratio of
hydrodynamic Toad on the mooring lines is a large
percentage of the total hydrodynamic loads for the platform
system.

0 Safety factors (S.F.) on mooring components: These values may
be based on manufacturer's  recommendations, client's
requirements, or experience.

- Typically synthetic 1ines have a S.F. of 5 or more for
operating conditions, and a S.F. of 3 for survival
conditions. '

- Chain usually carries a S.F. of 3.

- Wire rope usually carries a S.F. of 2.
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13.3

13.3.1

) Mooring line candidates: Based on previous in situ performance
or client's requirements, mooring systems of synthetic, wire
rope, chain, or any combination of the three.

Preliminary Analysis

Mooring Pattern Selection

Initially, a study must be performed to determine the sensitivity of
mooring line loads to current, wind, and waves. This is done to
establish a worst case environmental Toading condition and to
determine from this an optimum mooring pattern. The greater part of
the loads on the vessel (and the mooring lines themselves) will
result from the current when velocities exceed 2 knots. Emphasis
should be placed on current, therefore, when determining the mooring
pattern. The subsurface current profile may be very important for
deepwater cases and especially when small semisubmersibles such as
the Navy's or Air Force's {as described in Section 3.2.1) are
considered. The subsurface current should also be considered for
deepwater TLP's. A typical mooring pattern selection process and
development of a sample design environmental condition are given
below for a catenary system.

Current force and moment data are computed from current velocity
specified by the client. Typical force and moment data scaled to a
1-knot current are shown in Figure 13.5 for all directions. From the
given data, curves are generated to show individual horizontal line
tensions for various mooring patterns. A 4-point catenary mooring
pattern of 55° (measured with respect to the vessel Tongitudinal) is
used as an example and is shown in Figure 13.6. The curve in Figure
13.7 shows the individual Tine tensions which result from a typical
3-knot current from all directions.

The client-supplied wind force and moment data should be based on a
particular speed and all directions. Typical wind data are shown in
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13.3.2

Figure 13.8. From this data, a set of curves is generated to show
the horizontal mooring line tensions for the 55° pattern. These
results are shown in Figure 13.9. As the wind is shifted through ali
headings from O to 180°, the maximum tension is experienced by 1ine
No. 1 at a heading of 55°. This corresponds to a wind acting in 1ine
with the mooring line.

Based on prior experience with wave forces on vessels, beam seas are
usually chosen for design purposes.

An overall environmental design condition can now be defined. For
this example, wind should be studied at 55°, waves from 90° and
current from 20° (based on a limitation of 50 kips horizontal tension

due to current alone). This condition is summarized below and in
Figure 13.9.

SAMPLE ENVIRONMENTAL LOADING CONDITION

MAGNITUDE DIRECTION
Current 3 Knots 20°
Wind 24 Knots 55°
Waves Based on client 90°

supplied significant
wave height for irregular
sea state

Frequency Domain Analysis

The analysis of the motion response of a semisubmersible or TLP is
not a uniquely defined task in that the sea state under consideration
may be regular or irregular, the mathematical formulation of the
problem may be linear or nonlinear, and the analytical approach used
may be in the frequency or time domain. In preliminary analysis, the
frequency domain approach is usually preferred due to its simplicity
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and cost effectiveness. However, since this approach requires that
the mathematical formulation of the problem be completely Tinearized,
a relatively costly time domain analysis is often parformed in the
final design stage to account for some of the more significant
nonlinearities that are inevitably ignored in a frequency domain
anatysis.

When the platform is treated as a "large body", a frequency domain
analysis usually involives the following four steps for any specific
wave frequency under consideration:

1.  From the incident, diffraction and radiation wave theories,
obtain the hydrodynamic load terms and the added mass and
damping matrices.

2. From a combination of mooring system characteristics and
hydrodynamic characteristics of the platform, obtain the
stiffness matrix.

3.  MWrite the six linearized equations of motion.

4. Solve these equations to determine the RAOs and phase angles for
the six principal displacement components of the vessel.

When the platform is treated as an assemblage of "small bodies", the
first of the four steps listed above would have to be modified as
follows:

Determine the added mass matrix of the platform by using the
appropriate Cm coefficient for each individual member and
Tinearize the drag terms as outlined in Section 7.7.

An irregular sea state is generally viewed as made up of a finite

number of regular waves. The analysis outlined above is repeated for
each component wave frequency and the results are combined in a
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13.3.3

probabilistic sense and in accordance with the wave amplitudes
suggested by the particular wave spectrum under consideration.

Wave drift forces can be one of the more significant external forces
which are overcome by mooring line tension and should therefore be
considered in mooring system design. This is especially true for &
platform in beam seas.

System Stiffness Study

In this part of the design, calculations are performed to determine
the general mooring characteristics of the vessel and its proposed
optimum mooring pattern as it relates to individual Tine stiffness.
This is done to assist in the preliminary determination of mooring
Tine configuration and size.

In preliminary analysis, the mooring lines are modeled as horizontal
linear springs placed at each fairlead location and orientated with
the optimum mooring pattern angle. Again, for a smaill semisubmer-
sible in deep water the assumption of linear springs to model the
mooring may not be valid. It may be better to use the stiffness
generated from a load displacement table. The effects of first and
second order wave forces from the beam direction {typically the most
severe) are studied. The steady state effects of wind and current
can be neglected from the analysis based on the fact the steady
forces will be balanced out by the static tension.

A range of horizontal line stiffnesses should be studied. The range
of values which are used {Example: From 0.1 to 1.0 kips/foot) will
be based upon experience gained in similar type analyses. For each
value of horizontal 1line stiffness two parameters will be
investigated. These are, 1) the amplitude of the sway motion of the
vessel - to obtain maximum excursion information, and 2) the
horizontal tension in the line of highest loading - for allowable
tension information. As an example, Figure 13.10 shows typical sway
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13.4

13.4.1

motion (as & function of horizontal Tine stiffness) results. This
figure shows what value of horizontal line stiffness is needed in
order to satisfy the maximum excursion criteria. The initial Tine
tensions or static tensions in each analysis are set to balance the
mean wave drift force. Therefore, the sway results represent the
displacements caused by dynamic wave forces only. As an example, the
maximum Tine tension shown in Figure 13.11 represents a typical
horizontal 1ine tension due to the first and second order wave
forces. This type of figure provides a means of estimating the
dynamic component of Tine tensions based on mooring line stiffness.

Mooring Line Design

This section describes the procedures which are used in determining
the mooring line configurations and sizes for a particular vessel.
Initially a mooring line is configured and sized based on the results
of static analysis. Finally, a complete dynamic analysis in the time
domain is run to verify the design. These steps form an iterative
procedure,

Mooring System Force Balance

A mooring system force balance is performed to determine the
relationship between mooring Tine tension and the prescribed
environmental forces which are used for design. These forces include
those due to current, wind, and mean wave drift. This is a static
balance procedure and is one of the preparatory steps in mooring
system analysis and design. A computer program can be used to
compute the lowest necessary static tension values for all mooring
1ines to keep the vessel over a defined Tocation when subjected to
the design environmental loads. The environmental effecis due to
current, wind, and mean wave drift, are treated as steady state
forces.
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Mooring Line Force-Deflection Characteristics

The next step in the mooring system design after performing the
static balance 1is to select a mooring 1ine configuration and
determine its force-deflection or stiffness characteristics. Three
basic parameters are considered when selecting an finitial Tine
configuration. These are, 1) operational feasibility, 2} ease of
deployment and recovery, and 3) performance.

The stiffness characteristics of the various mooring configurations
can be efficiently determined by a computer program. If synthetic
rope is used in the system, an extensible catenary formulation must
be considered in the solution of the problem. Drag on the underwater
mooring due to the current may or may not be considered.

The program should compute a series of values which describe the
force-deflection characteristics of the various mooring 1ine
configurations. These values, which give the mooring line reactions
at the vessel for a given range of displacements from a known
starting position, can then be used by the time domain motion
analysis program to account for nonlinear effects in the restoring
force terms.

Time Domain Motion Analysis

The linear wave theory is based on the assumption that the wave
height is infinitely small. On the other hand, wave heights of 80 to
100 feet are often used to simulate extreme storm conditions. Does
this mean that the linear wave theory is basically inadequatex Not
necessarily. For example, the linear theory is generally considered
adequate for the purpose of motion analysis under “operating
conditions" including, in particular, the calculation of the fatigue
1ife of both the vessel and the mooring system. Under extreme storm
conditions, however, one usually needs a more elaborate analytical
approach, namely, a time domain analysis to account for the
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complexities of the particular physical problem under consideration.
These complexities include:

o Nonlinearities associated with finite wave height.
o) Viscous damping and other nonlinear hydrodynamic phenomena.
0 Nonlinear mooring system characteristics.

0 Nonlinearities associated with large rigid body rotations of
structural components.

0 Material nonlinearities (synthetic rope).

The equations of motion of the time domain approach differ from those
of the frequency domain approach in two important ways, namely, 1)
the Toad terms are reevaluated at each time step by using the latest
available information concerning the velocities and accelerations of
both water particles and structural components and, 2) the added mass
and damping matrices, which are usually frequency-dependent in the
frequency domain approach, are modified in such a way as to make them
meaningful and useful in the more general time domain approach. The
equations of motion are then integrated by a step-by-step numerical
technique over a sufficiently long time interval. The results
obtained are compared with those of previous frequency domain
analyses and if possible, with experimental data. (See Chapter 4.0
for a more detailed discussion of frequency and time domain
approaches).

TLP Tendons

Description of Tendon System

A TLP 1is held in place by a set of vertical pretensioned mooring
lines usually referred to as "tendons". The tendons are arranged in
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groups called "legs". The number of legs in a given TLP and the
number of tendons per leg depend on many factors including platform
configuration, loading conditions, service requirements, redundancy
considerations, etc.

An individual tendon is composed of three major components, namely a
main body and two connection devices, one at each end for interface
with the platform and foundation, respectively. The main body may
consist of tubulars, solid rods, bar shapes, wire ropes, etc. Also,
the material used may be steel, nonmetallic composites, etc. The
selection of a particular tendon system would depend on installation
and service requirements as well as on motion analysis and structural
strength considerations.

Catenary versus Yertical Pretensioned Mooring Systems

Catenary mooring systems are effective against wind, current and
second order wave drift forces but are not very effective against
first order wave loads. A semisubmersible with a catenary mooring
system normally experiences large oscillations in all six degrees of
freedom under the action of first order wave loads. While such large
motions may be tolerable from the viewpoint of exploration drilling,
production platforms cannot function properly unless the vertical
motions (i.e. heave, pitch and roll) are drastically reduced.

In a TLP, the hull-deck structure is initially in equilibrium under
the action of upward excess buoyancy forces and downward fendon
pretensions. As far as the three vertical motion components are
concerned, the stiffness of the system is controlled by the geometric
and mechanical properties of the tendons (i.e., their number,
distribution, cross-sectional area and modulus of elasticity) whereas
for the three horizontal motion components the stiffness is directly
proportional to the total pretension in the tendon system. A
fundamental consideration in the design of a mooring system is
minimization of the probability of resonant behavior under the action
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of first order wave loads for waves with periods appreximately in the
5 to 20 second range. As illustrated previously in Figure 3.24, all
six natural periods of a properly designed semisubmersible are larger
than 20 seconds. However, only three natural periods of a TLP are
larger than 20 seconds {for horizontal motions) whereas the remaining
three are smaller than 5 seconds {for vertical motions).

Methods of Analysis

Tendons are subjected to a combination of static and dynamic loads.
Static loads stem from tendon pretension, tide effects on the hulil,
and platform offsets associated with wind, current and mean wave
drift forces. Dynamic Toads arise from a combination of platform
motions and hydrodynamic forces acting directly on the tendons.

The analysis of the static behavior of a TLP is a relatively simple
task, at Teast in a conceptual sense. The analysis of the dynamic
behavior, on the other hand, is generally considerably more complex.
A rigorous analysis of the dynamic stresses in a given tendon would
normally require a coupled ({or integrated) analysis, i.e. a
simultaneous analysis of the overall structural system consisting of
the platform, risers and tendons. Such an analysis would normally be
highly nonlinear from both structural and hydrodynamic viewpoints and
would have to be based on the time domain approach. Computational
costs would, therefore, be very high.

As previously pointed out in Chapter 4.0, coupled analysis is still
viewed by the industry as the ultimate analytical tool for the final
design of a TLP. Accordingly, various companies are currently in the
process of developing their own coupled analysis computer programs.
For preliminary design purposes, however, a two-stage "uncoup1ed
analysis is generally considered adequate. In uncoupled analysis, a
platform motion analysis is first performed by idealizing the tendon
system as a set of linearly elastic springs. The dynamic response of
an individual tendon 1is then analyzed by specifying time histories
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for tendon top forces or displacements in accordance with the results
of the preceding platform motion analysis, also taking info account
the lateral hydrodynamic loads acting directly on the tendon.

Platform motion analysis may either be in the frequency or time
domain, the former approach being considerably more popular due to
its simplicity and economy. Tendon analysis may also be carried out
in either domain. However, the tendon problem 1is an inherently
highly nonlinear one, so that the frequency domain approach, which
requires a complete Tlinearization of the problem, may lead to
inaccurate and unreliable results when applied to tendon analysis.

Design Considerations

An important consideration in the design of a tendon system is
"redundancy". Since individual tendons may have to be removed
periodically for inspection and/or repair purposes, the system must
be redundant, i.e. the case of a missing tendon must not cause
overstressing either in the remaining tendons or in the hull-deck
structure. The analysis of the fatigue life of a TLP must also take
into account a realistic assessment of the cumulative time
(throughout the design 1ife of the platform) when one or more tendons
may be missing.

In addition to the static loads (associated with pretensions, tides
and static offsets) wave loads {both first and second order), vortex
shedding loads and seismic loads must be taken into consideration.
The stresses corresponding to each relevant load combination must
remain within the 1imits specified for that particular load
combination by the recommended design practices of the industry.

Mathieu Instabilities

The principal source of stiffness of a TLP in surge or sway motion is

the total tensile force in the tendon system. Letting x(t) denote

1
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the horizontal displacement of the platform at time t, the
instantaneous horizontal restoring force acting on the platform can
be expressed as (Tx/L) in which 7 = total tensile force and L =
length of tendons. The quantity (T/L) can thus be viewed as the
stiffness coefficient (spring constant) of a fictitious horizontal
and tinearly elastic spring attached to the platform.

Under the action of waves, the hull-deck structure is subjected to
time-dependent wave loads in both horizontal and vertical
directions. Of these, the vertical one is transferred directly to
the tendon system thus making T a time-dependent force and causing
the stiffness coefficient of the fictitious spring to be
time-dependent. A mechanical system with time-dependent stiffness
characteristics does not have well defined free vibration modes and
frequencies. Furthermore, it is known that such a system may become
dynamically unstable as discussed by Bolotin (1964}, Rainey (1977)
and others. In the case of a TLP or any other floating vessel (such
as a semisubmersible or a ship), there is a second possible source of
instability, namely, the time variation of the phase of the
horizontal wave load stemming from the motion of the vessel itself.

The possibility of the so-called "Mathieu instability” in a TLP was
apparently first considered by Rainey (1977). Several theoretical
and experimental studies have since been reported by Paulling (1982),
Richardson (1979), Rowe and Jackson (1980), Hydraulic Research
Station (1981}, and others. On account of the enormously complex
nature of the problem, the theoretical studies are generally based on
some drastic simplifying assumptions. In particular, the TLP is
usually idealized as a single-degree-of-freedom system in surge or
sway and most nonlinearities are dignored. The purpose of the
discussion presented herein is to review the essential physical and
mathematical aspects of this problem in 1ight of the studies reported
in the Titerature and also Took into the possible significance of the
so-called "secondary modes" of a TLP with respect to the occurrence
of Mathieu instability.
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The equation of motion of a TLP in simple surge motion is often
written in the form

T(E) X = F(t) (13.1)

(M + ) Y 4B X+

in which M = mass of platform, m, = added mass, B = linear damping
coefficient and F(t)} = horizontal wave force acting on the platform.
In regular waves, the total tendon force can be expressed as

T(t) = T0 + T1 cos{wt - kX) (13.2)
and the horizontal wave force as
F{t) = F0 sin (wt - kX) (13.3)

in which k is the wave number and the gquantity kx represents the
phase angle associated with the horizontal motion of the platform.
It is seen that this term is a source of nonlinearity in Equation
{13.1). Noting that the displacement X is usually much smaller than
the wave length, i.e., kX << 1, Equation (13.1} can be linearized in
X and rewritten as

T T

M+m)X=BX+-2+ (—%’rkFo) cos ut] X = Fy sin ut (13.4)

Note that the bracketed quantity in this equation, which represents
the stiffness of the TLP in simple surge motion, is indeed time-
dependent due to two different reasons, namely, the variation of the

tendon force with time and the phase variation of the horizqntal wave
force acting on the platform.
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The homogenous part of Equation (13.4) can be rewritten as

X +.2¢ X + m)f [1+ 24 cos ot] X = 0 (16.5)

in which vy is the undamped circular frequency of the TLP in simple
surge motion calculated on the assumption of constant tensile force,
T,+ Eaquation ({13.5) s the well-known Mathieu equation. The
possibility of instability of a TLP is determined by the behavior of
the corresponding Mathieu equation, i.e., by the relative values of
the four principal problem parameters that appear therein, namely, u,
Wys K and e.

Since the Mathieu equation is a second order linear homogeneous
differential equation, its general soTution can be expressed in terms
of two linearly independent particular solutions. The physical
system {i.e., TLP, ship, etc.) is stable if both particular solutions
remain bounded for t » e« and unstable if at least one solution is
unbounded. Transition from stability to instability occurs when the
particular solutions are periodic in nature.

Results corresponding to the special case of zero damping are
summarized graphically in Figure 13.12 in which the hatched areas
correspond to unbounded particular solutions to the Mathieu equation,
j.e., to unstable behavior for the TLP. Note that, for small values
of the excitation parameter ., instability occurs in the vicinity of
integer values of the ratio 2 Tm/Tx = 2 mx/u in which TU is
the wave period and Tx the period of the TLP in simple surge
motion. Particularly significant in this connection is the so-called
"principal region of instability" which begins at 2 T/T, = 1 and
pw = 0, i.e., the Towest hatched region in Figure 13.12. In the
presence of damping, =#0, instability regions do shrink somewhat
as illustrated in Figure 13.13, the principal region shrinking less
‘than the others. It is seen that the presence of linear damping can
eliminate the danger of instabilty for small values of the excitation
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parameter ¢ but not for its larger values.

What is the practical significance of these theoretical developments
in terms of the actual stability behavior of a realistic TLP
structure, It is important to emphasize at this point that the
foregoing analysis was based on a drastically simplified mathematical
model: Single-degree-of-freedom system, Tinear damping, no other
nonlinearities of ejther structural or hydrodynamic origin, and
regular seas. Accordingly, any theoretical results obtained on the
basis of that simpiified analysis would have to be used with
caution. Also, any experimental results obtained from a particular
test model may or may not have any practical significance because the
mode? used may or may not be representative of any realistic TLP
structure under realistic environmental conditions. For example, the
tests conducted by Rowe and Jackson (1980) were, as pointed out by
the authors, designed primarily to "accentuate the factors leading to
the instabilities” rather than represent realistic TLP configurations.

After these words of caution, it may be possible to offer a few
general observations. In-house studies at Brown and Root indicate
that the surge period of a TLP varies approximately in the range 60
seconds < TX ¢ 160 seconds for water depths of 400 feet <« L < 6000
feet. On the other hand, significant wave periods are approximately
in the range 5 seconds < Tw < 20 seconds. Using the more critical
value of Tu = 20 seconds, one finds that 0.67 < {2 Tm/Tx) <
0.25 and this in turn seems to suggest that the TLP would not develop
Mathieu instability (except possibly in unrealistically shallow
waters) because the parameters (2 Tu/Tx) always remains
substantially below unity.

While the foregoing conclusion sounds quite reasonable, one has to
remember that the analysis used was based on a single-degree-of-
freedom idealization for the TLP. In reality, the tendon-platform
combination is a continuous mechanical system with an infinite number
of degrees of freedom as pointed out by Oran (1983). In particular,
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it has an infinite number of vibration modes in the Jateral
direction, the commonly defined "surge" mode being only an
approximation of the so-called “"principal Tateral” mode. Numerical
studies indicate that the periods of the "secondary lateral" modes
vary within an extremely wide range as illustrated in Figure 13.11.
An interesting question here dis: Can Mathieu instability occur
through the excitation of a secondary lateral mode ? The linearized
nature of the analysis used implies the validity of the principle of
superposition which in turn suggests that each vibration mode can
indeed be excited independently provided, of courée, there exists a
certain critical relationship between the excitation frequency and
the frequency of the particular vibration mode under consideration.
If the perjod of a secondary mode is used for Tx rather than the
surge period, then the ratio (2 TQ/TX) can easily be made equal
to unity or some other positive integer for almost any water depth as
seen from Figure 13.14, thus suggesting the possibility of Mathieu
instability through the excitation of a secondary lateral mode.

The reasoning outlined in the preceding paragraph must also be ysed
with caution since that reasoning happens to be based on the
assumption of linear damping. Wave-structure interaction of the type
considered herein usually involves both linear and gquadratic damping
stemaing from wave vradiation and drag effects, respectively.
Quadratic damping generally has the net effect of bounding the
amplitudes of vibration of a mechanical systém as also demonstrated
by the Hydraulic Research Station (1981) in connection with some
special TLP models. However, whether these amplitudes do remain
small enough to keep the stresses within allowable Timits is of
course another gquestion. Also rather unclear in the particular TLP
problem under consideration is the precise distribution and magnitude
of the drag forces acting on the system.

In summary, the information that is currently available concerning
the possibility of Mathieu instability in a TLP is still very much
incomplete. Development of practical and reliable design criteria on
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this subject would require further research along both analytical and
experimental paths.
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14.0

14.1

STRUCTURAL DESIGN AND ANALYSIS

Introduction

The structural design of a semisubmersible or TLP is considered
adequate if the platform meets the requirement of minimum weight and
maximum strength during the functional life of the structure. The
minimum weight design may be achieved by careful design and analysis
of the structure for all the possible loading conditions. The
strength requirement can be met if all the components and connections
have an adequate safety factor, resist yielding and buckling, and
have sufficient fatigue life. To meet these requirements the
semisubmersible and TLP structures should be redesigned and analyzed,
and resized for all the phases from construction to platform removal
(after completion of the mission or due to emergency). The initial
member sizing may be based on a conceptual study or on past
experience. The initial design will provide the preliminary
structural weight estimate required by all the other disciplines
involved in the platform design. These include the areas of motion
analysis, foundation, tendon and mooring, riser, drilling, etc.

The preliminary design should be followed by detailed structural
analysis of the system for all Tloading conditions. The members
should be continuously checked and resized to provide both strength
and minimum weight.

The following 1ist summarizes the significant phases which should be
considered for the complete design of a semisubmersible or TLP.

Hull and Deck Construction .

Hull and Deck Towout (single-piece or two-piece structure)
Hul1/Deck Mating (onshore or offshore)

Module Installation

Platform Towout (damaged and undamaged configuration)
Platform Instaliation

o O O O O o
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14.2

0 Platform In-place {operating or extreme storm)
o Removal of Platform (reversal of installation procedure)

The following sections describe a procedure for the structural design
and analysis of semisubmersible and TLP vessels.

Catalog of Loading and Weight Estimates

Semisubmersible and TLP structural components must be designed for
the loads applicable to each phase discussed in the previous
section, At the start of the design activity all loads and weights
must be identified and tabulated. Major loads can be categorized as
follows:

0 Environmental Toads. These include wind, wave and current loads.

- Wind loads. Appropriate wind speed should be used for each
loading condition and geographical location.

- Wave loads, The wave forces acting on the hull of the
vessel should be calculated by an appropriate motion
analysis program. Wave spectra may be used for the load
calculations.

- Current Toads. Current velocity profiles and appropriate
drag coefficients should be used to derive the total
current loads. |

- Seismic loads,

0 Permanent loads. These Tloads comprise the dead weight of
structure, facilities, machinery, equipment modules, piping,

risers' tension, ducting, anodes, etc. These loads should have
appropriate values for each loading condition.
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Moveable loads. In this category, the major loads to be
considered in the design are the drilling derrick substructures
and any other moveable deck eguipment.

Yariable operating loads. These comprise the drilling and
production material weights such as 1iquid mud, sack mud, dril}
water, diesel fuel, tank storage, etc. The magnitude of these
loads varies depending on the enviornmental condition
considered. The location of the Toads remains unchanged.

Live loads., These Toads comprise consumables or equipment which
are temporarily placed on open deck areas. The live loads may
be reduced by area live load reduction factors, when designing
subsidiary support members,

Mooring loads for semisubmersibles.

- Static pretension

- Variations due to changes in M.W.L.

- Effects due to current and wind loads
- Dynamic variations due to wave loads

Tendon loads for TLP's., The tendon loads consist of:

- Static pretension

- Variable static tendon tension associated with changes in
mean water Tevel (M.W.L.).

- Static offset tendon tension (setdown). This 1is the
tension induced by a steady current and/or wind force.

- Dynamic tendon tension. This is induced by the action of
waves passing through the structure,

Inertial 1loads. These Tloads are due to the structural
accelerations induced by the environmental loads.

Ballast loads and buoyancy loads. These loads depend on the
specified drafts associated with different loading conditions.
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14.3

0 Construction and installation loads.

dydrodynamic Loads Generation

Waves affect the semisubmersibles and TLP's in two distinct ways:

through hydrodynamic loads acting on the underwater portion of the

vessel, and through motion-induced structural inertia forces acting
on the overall structure.

The computation of motion-induced structural loads is straightfor-
ward, since these loads depend simply on the mass distribution of the
structure and the motion responses of the platform. The computation
of hydrodynamic loads, on the other hand, is somewhat more complex
and depends on whether the platform is treated as a small or large
body. These Toads are affected by diffraction and radiation
phenomena, hydrostatic pressure perturbation, effects from moorings,
and effects of fluid viscosity.

Wave forces may be considered as being composed of first-order and
second-order wave forces, producing respectively the high and low
frequency oscillation motions for the vessel. Second-order wave
forces, also known as slow drifting forces, are generally small
compared to first-order wave forces. The low frequency nature of the
excursion motion due to second-order wave forces suggests that the
excursion-induced inertial forces are also 1ikely to be small
compared to those due to first-order wave forces. Thus, it is
sufficient to consider first order wave forces for the purpose of
predicting the maximum dynamic stress and fatigue Tife for the
platform.

Wave diffraction and hydrodynamic interactions are important to the
semisubmersible and TLP. Therefore, advanced potential fluid
theories are employed to compute hydrodynamic coefficients and wave
forces. Various analytical programs have been developed for semisub-
mersibles and TLP's using either a 2-D or 3-D source-sink method.
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The selection of proper methods for evaluating hydrodynamic forces
and coefficients depends on the geometry of the hull and the degree
of sophistication desired. For instance, the sophisticated 3-D
source and sink method, suggested by Faltinsen (1974) and Garrison
and Stacey (1974), can be used to calculate the added mass, damping
coefficients, and wave forces. Alternately, these forces and
coefficients can be obtained by judicious selection of 2-D methods.

In the case of a "large body", a direct application of the 3-D
potential filow method appears to be desirable because it is capable
of modeling any geometric shape. However, the modeling procedure
could be cumbersome and the computer costs prohibitive., On the other
hand, 2-D methods are cost effective and reasonably accurate,
provided care is taken in selecting methods capable of modeling the
important physical process.

The effects of viscous damping on the semisubmersible and TLP motion
near resonance have proven to be rather significant as indicated by
Tein et al. (1982), since wave damping effects are small in both high
frequency regions (heave, roll, and pitch natural frequencies) and
Tow frequency regions (surge, sway, and yvaw natural frequencies).

When the platform 1is treated as a "small" body, the wave force
evaluation is based on the Morison equation. In this method it is
inherently assumed that:

0 Structural members are widely separated so that the hydrodynamic
interaction among members is negligible; i.e., the fluid force
acting on one member is not affected by the presence of other
members. Thus, the total force and moment may be computed by
vectorial summation of those acting on each individual member.

0 The cross-sectional dimension of a member is small in comparison

with the wavelength so that the pressure, velocity and
acceleration on the surface of the member may be approximated by
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nominal values evaluated at the centerline of the cylindrical
members.

The restoring forces and moments of a semisubmersible or TLP consist

of two parts: those due to hydrostatic properties of the vessel, and

those due to the constraints of the mooring system. The former can
be expressed in terms of area and moments of water plane and
metacentric heights; the latter can be expressed in terms of the
pretension and stiffness.

The hydrodynamic loads are usually predicted using a frequency domain
approach. Since wave diffraction and hydrodynamic interactions are
important to the semisubmersibles and TLP's, diffraction potential
fluid theories are usually used as the primary tool in determining
the hydrodynamic load. Provision should also be made for viscous
damping in view of its effect on the motion response.

When the hydrodynamic loads are calculated from the Morison equation,
the problem is complicated by the fact that the distribution of these
Toads around the cross section of a member is not known although
their distribution in the axial direction is known. For the analysis
of the local shell behavior of a member, it becomes necessary to make
an assumption concerning the missing load distribution. This
assumption may be based on experimental results and/or theoretical
results obtained from the diffraction theory.

In summary, as far as structural design and analysis are concerned
the main problem s twofold:

0 How to provide a set of structural loads that are consistent
with the motion analysis, and '

0 How to efficiently process the massive amount of data.
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14.4

In this regard the integrated motion-structural analysis methods come
into the picture. This subject is briefly described in the next
section,

Integrated Motion-Structural Analysis Methods

In the structural design and analysis of a semisubmersible or TLP two
distinct models should be considered. These are the hydrodynamic
model and the structural model. With the hydrodynamic model, the
primary concern is the accurate representation of the underwater hull
geometry. In constructing the structural model, the primary concern
1s the accurate representation of the overall platform structural
rigidity and weight distribution. Nevertheless, these two models
must be consistent with each other in terms of weight distribution,
geometry representation and load distribution. It should be
emphasized that the semisubmersible and TLP are free-free systems in
that motion induced inertial forces are delicately balanced by
hydrodynamic forces. Inconsistencies between models could tilt the
delicate balance thus vresulting in a meaningless structural
analysis. To achieve such consistency, an integrated motion-
structural analysis approach is needed. This integrated procedure
not only ensures the consistency of the analytical models, but also
altows the entire analysis to be performed through data interfaces
and automatic data generations. The system integration is achieved
by interfacing the motion analysis and structural analysis programs.
These programs communicate with one another via data interfaces.

The structural analysis is usually a two-step operation., In the
first step a preliminary analysis is performed. This entails
constructing a space-frame model based on the primary characteristics
of the platform, whereby the hydrodynamic loads are evaluated and the
expected maximum stress and fatigue life are assessed. Figure 14.7
shows a space frame model. The second step consists of performing a
detailed structural analysis for pontoons, columns, and critical
structural joints. The detailed analysis is more complex and usually
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14.5

14.5.1

requires a 3-D source-sink distribution hydrodynamic model. Figure
14.2 shows a computer generated source-sink hydrodynamic model for a
TLP.

Liu et al. (1980} presented an integrated computational procedure for
hydrodynamic loads and structural responses of TLP's., Hydrodynamic
Toads were generated by using the Morison equation. A flow chart of
the integrated method used by Liu et al. (1980} is given in Figure
14.3.

Tein et al. (1981) also presented an integrated motion and structural
analysis method for TLP's. 1In this case they used the potential
theory for hydrodynamic 1oad generation. The effect of viscous
damping was introduced based on model test data. A flow chart of
their approach to the integration of motion and structural analysis
programs is shown in Figure 14.4.

Platform Structure Design

General

Semisubmersible and TLP platforms must be designed to withstand a
number of distinct phases of Tloading. These phases include
fabricaton, mating, floatout, installation, operation, survival and
platform removal conditions. The primary design consideration is to
provide a minimum weight structure which can meet the strength
requirements of all phases. In the installed condition, semisub-
mersible and TLP structures should perform the intended function for
the specified time duration. The design of a semisubmersible or TLP
a is carried out in two stages:

1. Preliminary Design.
2. Final Designs.
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A method of overall structural design is summarized in the flow chart
presented in Figure 14.5.

In the preliminary design stage an exhaustive investigation of the
structure’'s performance under all possible loading cases is not
required. However, a reasonable design and weight estimate of the
platform structure may be obtained by considering the following
loading conditions.

0 Floatout (damaged and intact condition),
0 Installation,
0 Operation - l-year storm,

0 Extreme environmental condition - 100-year storm {using maximum
and minimum mooring tensions for semisubmersibles and maximum
and minimum tendon tensions for TLP's).

In the final design, or production engineering phase, additional
conditions, such as deck and hull fabrication, deck loadout, mating
and transportation are considered. These conditions jnduce built-in
stresses in the structure which have to be added to the stresses of
all other Toading conditions when establishing the total stress sum
for a structural element.

In the case of onshore mating, the column shell plating and internal
framing must be designed to adequately resist high concentration of
deck and jacket reaction forces. The shell plating and stiffeners
must be checked against interframe buckling, ring stiffener buckling
and overall buckling of the hull cylinder as a column.

In either method of connection, the design must consider all the

reaction loads of the floatout, installation, operating and extreme
operating cases.
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14.5.2

Platform Structure Preliminary Design Procedure

A method for the preliminary structural design of a semisubmersible
or TLP is given in the flow chart presented in Figure 14.6. The
design of the platform structure may be based on the working stress
method using applicable dindustry <codes and specifications.
Consequently, the recommendations and requirements of the following
standards may be used in the design process.

API-RPZA Recommended Practice for Fixed 0ffshore Platforms

API-RP2P Recommended Practice for the Analysis of Spread Mooring
Systems for Floating Drilling Units

ABS American Bureau of Shipping, Draft "Rules for Offshore
Instatlation"
DnY Det norske Veritas, "Rules for Design Construction and

Inspection of Offshore Structures”

USGS U.S. Geological Survey, OCS Order No. 8 "Regquirements for
verifying the Structural Integrity of Outer Continental
Shelf Platforms"

USCG U.S. Coast Guard 46 CFR, I "“"Cargo and Miscellaneous
Vessels” 46 CFR IA "Mobil Offshore Drilling Units”

AISC American Institute of Steel Construction, "Manual of Steel
Construction®

The AISC specification covers design checks neceésary for
compressive, flexural and shear resisting members. The methods for
the strength evaluation of plate girders and rolled beams are also
included in AISC. The stability checks for ring stiffened shells
such as hulls, columns, pontoons, and deep plate girders are not
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14.5.2.1

provided for in the AISC rules. Therefore, part of the DnV rules may
be used to check the stability of stiffened columns and pontoons. As
an additional design tool, Merrison's Rules (1974) may be used to
maintain an adequate level of safety and to achieve minimum weight
design. The appropriate safety factors consistent with working
stress method should be used for the design.

The semisubmersible and TLP hull structures primarily consist of
bulkheads, stringers, rings, and stringer-stiffened rectangular or
cylindrical shells. The elements in the hull structure must be
checked aginst yielding and buckling for the loading conditions
described in Section 14.2.

The API and DnV rules providing considerable guidance for the design
of stiffened cylinders may be applied in designing the columns and
pontoons. Merrison's Rules provide appropriate methods for the
design of stiffened flat plates and are applicable to the poritoons
and deck structures. Areas other than shell and plate sections may
be designed to conform to the AISC rules. Appropriate-safety factors
consistent with the working stress method should be used.

Deck Design

Two different structural concepts have been considered for the deck.
One consists of a plate girder construction, very similar to the
approach used in the shipbuilding industry. The other concept is
based on the use of a tubular truss as the main deck structure, to be
covered by steel plate floors and walls. The latter solution may
present the advantage of an increased flexibility of design and
operation, since minor modifications needed to accommodate equipment,
wiring and piping will not affect the main load-carrying members,

The deck's diaphragms may consist of conventional deck plating and

stiffeners. A representative uniformly distributed dead load plus
live load over the deck area may be used for sjzing the deck
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14.5.2.2

diaphragm, Figure 14.7 shows schematically a deck support structure.
A method of overall deck design procedure is shown in Figure 14.8.
Column Design

The columns will be designed for the combined effect of the following
loads: '

0 Hydrostatic pressure (including astronomical tidal ranges).

0 Additional hydrostatic pressure due to static offset {Setdown).

0 Hydrodynamic pressure and inertia forces obtained from motion
analysis.

o  Current loads.

] Vertical tendon forces transmitted to the stiffened column and
horizontal tendon forces transmitted through the cross-load
bearing near the keel.

0 Dead weight and buoyancy forces.

0 Boundary forces due to space frame action.

Boat impact loads on the column may be used to design the damage
control shell.

The shell plating and stiffeners will be checked for buckling and
yielding. API and DnV Rules may be used for this purpose.

Figure 14,9 shows schematically the derivation of hydrodynamic

pressure on a column, Figures 14.10 and 14,11 show typical column
structural components and a typical column structural arrangement,
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14.5.2.3

14.6

14.6.1

respectively, for a TLP,
Figure 14.12 presents an overall column design procedure.
Pontoon Design

The objective of pontoon design is the selection of a pontoon
structure such that minimum weight will be obtained without
compromising the overall structural integrity and stability of the
platform. The compartmentation may be based on the requirement for a
minimum of two flooded adjacent compartments for damaged stability.
Figure 14.13 shows a 3-D view of pontoon framing. Figure 14.14 shows
a method for overall design of a TLP pontoon.

A question not yet completely answered 1is whether a pontoon
configuration with a circular cross section would be preferable to
one with rectangular cross section. The fabrication of the Tlatter
might be easier, but the connection design might be much more
difficult,

Structural Analysis

General

Static and dynamic stress analyses of the platform are carried out to
obtain internal loads, deflections and stresses associated with the
individual members of the structure.

At the first stage of stress aralysis (preliminary phase), a space
frame model! may be used to obtain global forces and stresses in the
structure. This model uses beam elements to idealize the pontoons,
columns, and a two-level system of beams and truss elements to
simulate the deck. This type of model is simple to use but has
Timitations for large columns and pontoons. However, for preliminary
sizing and initial weight estimating the results provide valuable
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14.6.2

information and design data.

Suitable programs should be used for static and dynamic analyses. In
both types of analysis the appropriate space frame model may be
used. The results of these analyses should be combined and used for
finalizing the preliminary member sizes in the second phase of the
activity.

The second phase of preliminary stress analysis considers the columns
and pontoons and the deck plate girders in more detail. In this
phase local buckling, yielding and hot spot stresses of major
components will be checked, and resizing and design modifications
will be implemented. In case of minor design changes, no further
stress analysis will be necessary. For critical loading conditions
the structure has to be reanalyzed and major components have to be
resized to obtain satisfactory resu1fs in terms of minimum weight and
adequate strength.

Space Frame Model

A beam element space frame model may be used for the platform stress
analysis (see Figure 14.1). The beam elements idealize the deck,
columns, pontoons and bracings. The space frame provides a simple
and effective analysis model to investigate special static and/or
quasi-static loading cases. The computer program used for space
frame analysis should be able to model shell plating and stiffeners
of cylindrical members. Furthermore, the results of these analyses
should be checked against appropriate codes. Therefore, as the
analysis proceeds for each 1loading phase, the appropriate member
design modification will be carried out. The Toads for the space
frame model are obtained from preliminary design of the members, from
the environmental data, and from the results by other disciplines.

For preliminary design of a semisubmersible the mooring lines may be
modeled by linear springs. For each phase of loading the appropriate
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14.6.3

environmental conditions and weights must be specified and imposed on
the models.

For a TLP, the tendons may be modeled by axial springs at each corner
column. Proper ballast should be specified to produce the specified

pretension in the tendons.

Static Stress Analysis

The 1loading conditions which are considered significant for the
preliminary phase of the semisubmersible and TLP design and weight
estimate are floatout (intact and damaged condition), installation,
operating (l-year storm) and extreme storm (100-year storm). The
following Toads are usually specified in the static analysis.

0 Wind loads which are distributed among the deck beam members and
columns above the mean water Tevel. The wind forces may be
calculated according to API RP 2A.

0 Current Toads are modeled by specifying the current velocity
profile and drag coefficients.

4] Buoyancy corresponding to the maximum astronomical tide and
maximum static offset (for in-place conditions) may be used in
the analysis.

0 The spring stiffness of the tendons (for in-place conditions)
can be caiculated from the tendon pretension and the position of

the TLP at the maximum offset position (See Figure 14.15).

0 The vertical and horizontal components of riser pretensions may
be imposed at the well bay area in the form of a constant load.

0 The ballast 1loads corresponding to the appropriate loading
conditions should be specified.
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0 The primary dead weights such as structural, driliing and
production facilities, tendons, marine growth, anodes, etc.
should be tabulated for each condition and properly distributed
among the space frame members.

0 The secondary steel work dead weight, which includes stairways,
walkways, minor piping, cables, minor supports, wind bracing,
etc., must be evaluated on the basis of past experience and
properly input into the model.

] The weight of components which are proposed for the semisubmer-
sible or TLP installation and are to remain permanently on the
structure must also be included.

The individual loading cases may be analyzed by suitable computer
programs. The members may be checked by suitable computer programs
according to API, AISC and DnV rules for yielding and buckling. This
type of code check is Timited to global frame members and is
particularly useful for preliminary resizing of deck trusses or
girders. The code check for columns and pontoons is not quite
satisfactory and a more detailed investigation is usually reguired
following the static and dynamic analyses. This is discussed in
Section 14.6.8.

The results of static stress analyses should provide the following
information:

Tabulation and summary of loads and load cases
Equilibrium check of forces

Member global forces and reactions

Member stresses and interaction ratios
Combination of stresses

Code check and tabulation of critical members

o O O O O ©
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14.6.4

14.6.5

The member static force and stress output should be stored and
combined with the dynamic analysis results for the detailed analyses,

Dynamic Stress Analysis

In addition to static stress analysis, the .dynamic stresses of the
semisubmersible and TLP should be determined for the loading
conditions described in Section 14.2. 1In all these analyses a space
frame model may be used.

The integrated motion and structural analysis system described is
usually used to perform this task.

The results of the dynamic analysis are usually in the form of
probabilistic dynamic stresses, The maximum stresses may then be
predicted by the superposition of the maximum dynamic stress and
static stresses. -At any given node on the space frame model, the
stresses should be predicted at several circumferential points.

In all the above phases, from floatout through the in-place extreme
condition, the combined static and dynamic stresses are obtained and
the critical areas of the structure are identified. The members’
sizing and details are carefully examined and modified, if necessary,
to reduce the level of hot spot stresses, The members are designed
to provide strength, ease of fabrication and minimum weight.

Platform Stress Analysis During Floatout of TLP's

The floatout operation is of critical importance to the TLP design.
During floatout, the TLP behaves 1ike a compliant floating platform

in which the heave, roll, and pitch motions have large amplitudes.

These motions may produce significant inertial stresses in the TLP
structure at locations which may be quite different from those of a
tethered TLP,
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14,6.6

14.6.7

During this phase the TLP is to be towed to the installation site
from an onshore or near shore location. The platform stress analysis
should be performed for a sufficient number of waves, say, ten wave
periods at the wave heading considered the most critical for the
structure.

The floatout phase should be analyzed for intact and damaged vessel
configuration (see Figure 14.16}.

Platform Stress Analysis During Installation of TLP's

Platform stress analysis during dinstallation is particularly
important for a TLP. During the TLP installation, the structure may
experience resonant motions as the tendons are being instalied.
During the tendon hook-up process the TLP is susceptible to waves
with a wide range of periods because of jts varying natural period
due to the changes in restoring forces and moments.

The platform streés analysis may be performed for the most critical
stage of the jnstallation process. Again, the motion characteristics
of the TLP will be the criterion for screening. The selected
critical wave headings may be determined from the TLP motion
characteristics.

Platform Stress Analysis During Operational and Survival Conditions

for TLP's

To ensure the operability and survivability of the platform during
its entire service 1ife, platform stress analyses may be performed
for both the operational and survival conditions. Additional
analyses for damaged condition may be required during this phase of
the TLP investigation. Figure 14.17 shows schematically a structural
analysis of a TLP in damaged condition. Figure 14,18 shows a flow
chart describing a method of preliminary structural analysis of a TLP.
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14.6.8

14.6.9

Detailed Stress Analysis

A detailed stress analysis should consider all eight phases discussed
in Section 14.1. The space frame model will identify the criticai
phases, loads, wave headings, and the components. These results can
be used to limit the number of detailed analyses. The detailed
structural analysis may require a 3-D global finite element analysis
instead of the space frame model. However, prior to using a detailed
3-D global model, a 7local finite element analysis of critical
components, such as column-pontoon, column-bracing, pontoon-bracing,
and deck-column nodes, may be performed to check the adequacy of the
connections. The local analyses will reduce the cost of the final
3-D analysis. An example of the column-pontoon finite element model
is shown in Figure 14.19.

Local Stress Analysis and Design Modification

The space frame analysis predicts the combined static and dynamic
global forces and stresses at a number of points around the beam
element cross section at each nodal point. Clearly, this analysis
has limitations in that large members such as columns and pontoons
are idealized as simple beams. A more representative state of stress
is obtained by combining the global stresses with the external
pressure. In local analysis, the columns and pontoons are treated as
shell structures and the dispersion of forces through the stiffened
plates are studied. The stress resultants are used to check the
components against yielding and buckling using Dn¥ or other codes.
Proper design modifications are made to finalize the design. For
major modifications which result in significant changes in the
weight, a second stress analysis may be required. However, for minor
design and weight changes no new analysis will be needed.
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14.6.10 Fatigue Analysis

14.7

14.8

The result of the 3-D finite element analysis for all the loading
conditions are used to calculate the hot spot stresses and the stress
concentrations (SCF)} at the critical connections., The SCF's are then
used to estimate the fatigue life of the joints. A detailed
procedure for estimating the fatigue 1ife based on the probabilistic
approach is given by Zedan et al. (1981), Tein et al. (1982}, and
Wallis et al. (1979). The flow chart in Figure 14.20 shows a
procedure for fatigue assessment of a TLP.

Detailed Design

A detailed design of a semisubmersible or TLP structure involves the
consideration of all the eight phases discussed in Section 14,1, In
this case the structural design of the components will be more
stringent., For example, & three dimensional finite element analysis
of the nodes, hull and deck structure may be used to obtain proper
pressure distribution, stresses and stress concentration factors of
the components. The design procedure will basically foliow the
philosophy outlined before.

Platform Structure Weight Summary

The main objective of semisubmersible or TLP structural design is to
provide a minimum weight structure that satisfies the strength and
intended functionai'requirements. A complete itemized record of the
weight of all the structural components must be prepared at the end
of the design phase. This information is supplied to the weight
control engineer. The weight control engineer, in turn, tabulates
all the weights and supplies, and forwards this information to other
disciplines such as motion analysis, stability check, drilling,
tendon, riser, etc.
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14.9

Final Structural Configuration

At the completion of preliminary and detailed design changes the
design drawings are issued. These drawings should give descriptive
information about the major components of the structure. The
drawings shouid show the overall layout and definition of critical
items and details of essential items. The minimum number of
structural drawings should be composed of the following items:

o Deck
- Diaphragm
- Trusses, girders
- Well bay truss or plate girder

0 Column
- Shell plating and stiffeners
- Elevator shaft
- Tendon tube
- Bulkheads
- Trim ballast tank bulkhead

0 Pontoon
- Shell plating and stiffeners
- Watertight bulkheads )
- Web frame/non-watertight bulkhead

0 Bracing
- Shell plating and stiffeners

0 Connection Nodes
- Column-to-pontoon node
- Pontoon-bracing node
~ Column-deck connection
- Column-bracing connection
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14.10 Concluding Remarks

In concluding this section it is worthwhile to mention that the "g
design of the Hutton TLP structure pesed several new design and !
configuration problems whose solution gave a huge momentum to this -'wé
new technology. Most of the ideas presented in the previous sections s
are inspired by challenges posed by the Hutton TLP. The structural —
configuration and design features of the Hutton TLP are presented by }
E11is et al. (1982). Figure 14.21 shows schematically the analytical

procedure used in the Hutton TLP design. m{%
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| EnvIRoNmENTAL MEMBER DESCRIPTION MEMBER DESCRIPTION
CONDITIONS FOR HYDRODYNAMIC FOR STRUCTURAL
{WAVE, CURRENT} ANALYSIS ANALYSIS
4
FINITE ELEMENT
¥ MODEL GENERATION {7
SOLUTION, RIGID BODY MOTION
AND 4
MOORING TENSION MASS, CG AND
RADIUS OF
GYRATION
F
HYDRODYNAMIC maTion
FORCES ON VELOCITY Anp
THE MEMBERS ACCELERATION

FORCE IHTEHFACINGJ
GRAVITATIONAL AND

INERTIAL FORCE N
ADDED ON MEMBERS

!
FINITE ELEMENT PROGRAM

i
[PosT-procEssoR|

FIGURE 14.3 INTEGRATED MOTION-STRUCTURAL ANALYSIS PROCEDURE
FOR TLP (LIU ET AL. 1982)
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FIGURE 14.4 INTEGRATED MOTION-STRUCTURAL ANALYSIS PROCEDURE FOR
TLP (TEIN ET AL. 1982)
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TRUCTURAL CONFIGURATION ANb
LAYOUT

I
>v~1—

| PRELIMINARY DESIGN AND WEIGHT
o ESTIMATE

{DYNAMIC AND STATIC LOADS ]
|
4
STRUCTURAL DESIGN AND CODE CHECK
DECK, COLUMN, BRACING AND PONTOON

|

GLOBAL STRUCTURAL ANALYSIS

-
» MAJOR

MINOR

>
A 4

FORCES AND BOUNDARY CONDITIONS FOR
DECK, COLUMN, BRACING, PONTOON

v
- [CODE AND BUCKLING CHECK |

|
- L

MAJOR
MINOR

CONNECTIONS

)

'|DETAILED DESIGN

4
DESIGN DRAWING

e
H .
J

FIGURE 14.5 A METHOD FOR OVERALL STRUCTURAL DESIGN OF A SEMISUBMERSIBLE OR A TLP
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FIGURE 14.9 HYDRODYNAMIC PRESSURE ON A COLUMN
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FIGURE 14.11 TLP COLUMN STRUCTURAL ARRANGEMENT
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EXTERNAL FORCE
LENGTH OF TETHER

EXTERNAL MOMENT
TETHER ELONGATION
HEEL ANGLE
SINKAGE

BUOYANCY GAIN
DUE TO SINKAGE

FIGURE 14.15 TLP CONFIGURATION AT MAXIMUM OFFSET
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a) LOSS OF BUOYANCY b) BREAKING OF ONE
OR MORE TETHERS

FIGURE 14.17 IN-PLACE STRUCTURAL ANALYSIS OF TLP FOR DAMAGED CONDITION

364



SEMESUBMERSIBLE!TLP
GHARACTERISTICS

CURRENT AND

F

STRESS ANALYSIS FOR

WIND LOAD

STATIC LOAD

|

MOTION RESPONSE, INERTIA
AND HYDRODYNAMIC LOAD

'

STRESS RAO USING SPACE
FRAME MODEL

h

WAVE SPECTRA &
DESIGN WAVE HT

SIGNIFICANT AND MAX DYNAMIC
STRESS IN RREGULAR SEAS

l

COMEINED MAX STRESS DUE TO
STATIC, AND DYNAMIC LOADINGS

CCEPTAB NO

- REDESIGN THE

YES

LOCAL STRESS ANALYSIS (=

STRUCTURAL MEMBERS

REDESIGN THE

LOCAL STRUCTURE
A

CCEPTABLE NO
'YES
FATIGUE LFE
NO
ACCEPTAB
YES

TLP STRUCTURE

METHOD OF SEMISUBMERSIBLE/TLP STRUCTURAL ANALYSIS
FIGURE 14.18

365

g

s

h‘&ww":f

agggert”

= wf

e

o



¢
Tz

PLANE OF SYM.

. __,__..,ls--'“’" N |
!
o
N |
- »
T _JI_.—RWG STIFFN'R
I
I
‘-.__- I
I
i
— i
{
B ’ { PONTOON
S ‘ I
s i
~—— iy S A I A AN
q | — :/a/; . }c._L_‘ T N R - e Y !
AL AN W g GRS N -
~—] ,Hl'“' T L sRNARIEN LR
| i — o, W LTl MEVAY
= L A SV | T4 :/‘.5 17' e g 0
[ - LA ::’—’lt ! L 1l ;,{II o
SV il :/"i: i L o ll/:. T yi: A,
, '1 | ] ; JL l 7 K
— ___-'L_‘ )|n' ' ; — | 7
-—:."_". { /|’ . i : "“‘ l/ :’:: /“ : 3 i, N
i 1 At ¥ o R D R e . e e
L f ' S T LA S
- —_ i1 NN NN
i ) \
i | — AUTT W TN 4 1T
o —— e L " . l';‘—FT)'."‘ PO S 7 5 g = '
—r — ' L — |V A — X
[

FIGURE 14.19 COLUMN TO PONTOON NODE FINITE ELEMENT ANALYSIS

366



SEMISUBMERSIBLE/TLP
CHARACTERISTICS y
¥
STRESS RAC AT
CRITICAL JOINTS
SCF FROM FINMTE 3
- ELEMENT ANALYSIS
HOT SPOT STRESS RAQ i
o WAVE SPECTRA E
HOT SPOT
STRESS SPECTRA 2
EXPECTED NUMBER OF
CYCLES FOR VARIOUS 3
STRESS RANGZ
S - N CURVE
DETERMINE CUMULATIVE
-DAMAGE RATIO
A
FATIGUE LFE '
j

pctamed

FATIGUE LIFE ANALYSIS

g

FATIGUE ANALYSIS PROCEDURE FOR A SEMISUBMERSIBLE/TLP
FIGURE 14.20

367



(2861 "W 13 SIT13) “SISATYNY TWHALINULS d1L NOLLAH 404 GISH IWNGII0Nd IWOLLATYNY T2°pT unuld

SONIMYLD
11V
KOIS30
1Y¥120
HONI —— — e
b= ———— —_— J—
£ nst1Yd ; %“a J_
N
{ SISATYHY “
NOILYHLIN3d | |
SISATYNY T - WIn |
IvYLdids |
{
@ HOLS "
L8438 r-——— :ln ©
55155V 2 HoNH HONI I 365w e
r TR T mactal LILAL METERIRIN . B ]
_ i 30w netsan I0NVH) NDISI0 Y0 hIA0 | |
$1511 100K t |
HiiM t §
1LY 135403 “ |
“ |
| GONIH HONI _ €I5v 7 }
,q u%ﬂuzu_&o 30V o] ,\u.“ M ime s h
i) NDIS30 OIS SOvDY 3AIN {
| — _ ! _ [owwn-150a] [ ontivu - 3ud] S e o3I S35Y)
] H | 7] 0v01 03133123
51531 } FIMG NHN03 SNOOINDD y  [s13000 Wy T T |
3aoW i | rnooLkod 4 1 | TI8Y1¥dHO) i
WU LNYLS NHAI0D{ %230 HHAT0) EYOOA/NYHLS YN ¥30 40 |
! ! 1360M4
_ ‘ . [ f
| T _ IV swva) |
T
! LHMT1I i SISATYNY : T |
| TR i JIHYNAQ SISATYRY |
u _ _ L JYES i
| = Eoeyween-dAN |
1HOEIM
13008

AYLIHOID
HEld




i

Pl

ey T P

Ly 5,




15.0

REFERENCES

Ragaard, P.M. and Dean, R.G., 1969, "Wave Forces: Data Analysis and
Engineering Calculation Method," Offshore Technology Conference,
Paper No. OTC 1008, Houston.

ABS, 1980, "Rules for Building and Classing Offshore Mobile Drilling
Units," American Bureau of Shipping, New York.

Angelides, D.C., Cheng, Y.C. and Stephen, A.W., 1982, *Dynamic
Response of Tension Leg Platforms," BOSS Proceedings, Third
International Conference, Massachusetts Institute of Technology.

Angrilli, F. and Cossalter, V., 1981, "Transverse Osciilations of a
Vertical Pipe in Waves," Proceedings of the 102nd ASME Winter Annual
Meeting [Nov. 1981], Washington, D.C.

Apelt, C.J. and Macknight, A,, 1976, "Wave Action on Large Offshore
Structures," Proceedings of 15th Coastal Engineering Conference,
ASCE, Chapter 30, pp. 2228-2247.

API RP 2A, 1982, "Recommended Practice for Planning, Designing and
Constructing Fixed Offshore Platforms," 13th Edition, January.

API RP 2P, 1984, “Recommended Practice for the Analysis of Spread
Mooring Systems for Floating Drilling Units,” 1st Edition, January.

Arhan, M.F., Cavanic, A.G. and Ezraty, R.S., 1979, "Determination of
the Period Range Associated to the Design Wave," Offshore Technology
Conference, Paper No. OTC 3643, Houston.

Audibert, J.M.E., Dover, A.R., Thompson, G.R. and Hubbard, J.L.,
1979, "Geotechnical Engineering for Guyed Tower Offshore Structures,”

Civil Engineering in the Oceans IV, ASCE, San Fransisco, California,
September.

369



Bakmis, C., 1981, "Harmonic Flow About Cylinders," Thesis submitted
to the Naval Postgraduate School, Monterey, California.

Batchelor, G.K., 1967, "An Introduction to Fluid Dynamics," Cambridge
University Press, Cambridge, Massachusetts.

Bathe, K.J., 1982, "Finite Element Procedures in Engineering
Analysis,” Prentice-Hall Inc., Englewood Cliffs, New Jersey.

Bathe, K.J. and Wiison, E.L., 1976, "Numerical Methods in Finite
Element Analysis," Prentice-Hall Inc., Englewood Cliffs, New Jersey.

Bea, R.G. and Lai, N.W., 1978, "Hydrodynamic Loadings on Offshore
Platforms," Offshore Technology Conference, Paper No. OTC 3064,
Houston,

Bearman, P.W., 1971, "Wind Loads on Structures in Turbulent Flow,"
The Modern Design of Wind-Sensitive Structures, Construction Industry
Research and Information Association, London, U.K., 1971, pp. 42-48.

Bell, A.0., 1974, “"Service Performance of a Drilling Unit," Royal
Institution of Naval Architects, Spring Meetings, London.

Berman, M.Y. and Blenkarn, K.A., 1978, "The Vertically Moored
Platform for Deepwater Drilling and Production," Offshore Technology
Conference, Paper No. OTC 3049, Houston.

Bettess, P., 1977, "Infinite Elements," International Journal of
Numerical Methods in Engineering, Volume 11, pp. 53-64.

Beynet, P.A., Berman, M.Y. and Aschwege, von J.T., 1978, "Motion,
Fatigue, and the Reliability Characteristics of a Vertically Moored
Platform," Offshore Technology Conference, Paper No. 0TC 3304,
Houston. '

370

Biggguah

:“vmai o

Sy’

-.:%”My\:

gt

it

gt

Taged

e

gt



Bishop, J.R., 1978, "The Mean Square Value of Wave Force Based on the
Morison Equation,” National Maritime Institute Report NMI-R-40.

Bishop, J.R., 1979, "“R.M.S. Force Coefficients Derived from
Christchurch Bay Wave Force Data," National Maritime Institute Report
NMI-R-62.

Bishop, J.R., Tickell, R.G. and Gallagher, K.A., 1980, “"The U.K.
Christchurch Bay Project; a Review of Results," Offshore Technology
Conference, Paper No. OTC 3796, Houston.

Bjerregaard, Egon T.D., Velschou, Svenn and Clinton, John S., 1978,
“Wind Overturning Effect on a Semisubmersible," Offshore Technotogy
Conference, Paper No. OTC 3063, Houston.

Bjerregaard, Egon T.D. and Sorensen, Erik G., 1981, "Wind Overturning
Effects Obtained From Wind Tunnel Tests with Various Semisubmersible
Models," Offshore Technology Conference, Paper No. OTC 4124, Houston.

Blevins, R.D., 1977, ‘"Flow-Induced Vibrations," Van Nostrand
Reinhold, New York.

Blevins, R.D. and Burton, T.E., 1976, “Fluid Forces Induced by Vortex
Shedding,™ Journal of Fluid Engineering, Volume 95, 1976, pp. 19-24.

Bolotin, V.V., 1964, "The Dynamic Stability of Elastic Systems,"
Holden-Day, Inc., San Francisco, California.

Boreel, L.J,, 1975, "Wave Action on Large Offshore Structures,"
Proceedings of the Conference on Offshore Structures, Institute of
Civil Engineers, London, pp. 7-14. “

Borgman, L. E., 1958, "Computation of the Ocean-Wave Forces on
Inclined Cylinders," Transactions of American Geophysical Union,
Yolume 39, pp. 885-888,

371



Borgman, L.E., 1967, "Random Hydrodynamic Forces on Objects," Annual
Mathematical Statistics, 38, 37.

Boussinesq, J., 1871, "Theorie de L‘'intumescence Liguide, Appelee
Onde Solitaire ou de Translation se Propageant Dans un Canal
Rectangulaire,” Comptes Rendus Acad. Sci., Paris, Volume 72, pp.
755-759.

Brebbia, C.A. and Walker, S., 1979, "Dynamic Analysis of Offshore
Structures," Newnes-Butterworths, London,

Bretschneider, C.L., 1959, "“Wave Variability and Wave Spectra for
Wind-Generated Gravity Waves," U.S. Army Corps of Engineers, Beach
Erosion Board, Technical Memorandum, No. 118.

Bretschneider, C. L., 1960, "A Theory for Waves of Finite Height,"
Practices, 7th Conference on Coastal Engineering, The Hague, pp.
146-183.

British Ship Research Association, 1976, "A Critical Evaluation of
the Data on Wave Force Coefficients,” British Ship Research
Association, Wallsend upon Tyne, Contract Report W-278.

Burke, B.G., 1969, “The Analysis of Motions of Semisubmersible
Drilling Vessels in Waves," Offshore Technology Conference, Paper No.
0TC 1024, Houston.

Burns, C.E., 1981, "Simpiified Analysis of a Tension Leg Platform,”
Proceedings of Deep Offshore Technology Conference.

Burns, C.E., 1983, "Calculating Viscous Drift of a Tension Leg

Platform,” Proceedings of the Second International Offshore Mechanics
and Arctic Engineering Symposium, ETCE, Houston, Texas, January.

372

Shaspsda”

S

Bt



Calsen, C.A. and Mathisen, J., 1980, "Hydrodynamic Loading for
Structural Analysis of Twin Hull Semisubmersibles," Computational
~ Methods for Offshore Structures, American Society of Mechanical
Engineers, AMD Volume 37.

Capanoglu, C., 1979, "Tension Leg Platform, Interaction of Naval
Architectural and Structural Considerations,” Marine Technology,
Volume 16, No. 4, October 1979, pp. 343-352.

Chakrabarti, S.K., 1973, "Wave Forces on Submerged Objects of
Symmetry," Journal of Waterways, Harbors and Coastal Engineering
Division, ASCE, Volume 99, (WW2), pp. 147-163.

Chakrabarti, S.K., et al., 1975, "Wave Forces on a Randomly Oriented
Tube", Offshore Technology Conference, Paper No. 0OTC 2190, Houston.

Chakrabarti, S.K. and Cotter, D.C., 1983, "Interaction of Waves with
a Moored Semisubmersible”, Proceedings of the Third International
Offshore Mechanics and Arctic Engineering Symposium, New Orleans,
Louisiana.

Chan, R.K. and Hirt, C.W., 1974, "Two-Dimensional Calculations of the
Motion of Floating Bodies," Proceedings of the 10th Symposium on
Naval Hydrodynamics, Cambridge, Massachusetts, pp. 667-683.

Chappelear, J.E., 1961, *“Direct Numerical Calculation of MWave
Properties,” Journal of Geophysical Research, Volume 66, pp. 501-508.

Chappelear, J.E., 1962, “Shallow Water Waves," Journal of Geophysical
Research, Yolume 67, pp. 4693-4704,

Chen, M.S. and Mei, C.C., 1974, "“Oscillations and Wave Forces in a
Man-Made Harbor in the Open Sea,” Proceedings of the 10th ONR

Symposium on Naval Hydrodynamics, Cambridge, Massachusetts, pp.
573-596.,

373



Chenot, J.L., 1975, “Methode Numerique de Calcul du Mouvement d'un
Corps Flottant Soumis a 1'Influence d'une Houle Peridique en Theorie
Lineaire," Rev. Institute Francais du Petrole, Volume 30, pp. 779-802.

Chou, F.S., Ghosh, S. and Huang, E.W., 1983, "Conceptual Design
Process of a Tension Leg Platform," Transactions, SNAME, Volume 91,.

CIRIA, 1980, "Review of the Fluid Loading Research Programme for the
Offshore Energy Technology Board," Report No. OT-R-8046, CIRIA,
September.

Clough, R.W. and Penzien, T., 1975, "Dymanics of Structures," McGraw-
Hi11 Inc., New York.

Comstuck, J.P., 1967, "Principles of Naval Architecture,” Society of
Naval Architects and Marine Engineers.

Crandall, S.H., 1956, "Engineering Analysis," McGraw-Hill Inc., New
York.

Cummins, W.E., 1962, "The Impulse Response Function and Ship Motion,"
D.T.M.B. Report 1661, Washington, D.C.

Currie, 1.G., Hartlen, R.T. and Martin, W.W., 1974, “"The Response of
Circular Cylinders to Vortex Shedding,” in Flow-Induced Structual
Vibrations, Editor, Naudascher, E., Springer-Verlag, Berlin, pp.
128-142,

Dalrymple, R.A., 1974, "A Finite Amplitude Wave on a Linear Shear
Current," Journal of Geophysical Research, Volume 79 (No. 30}.

Darbyshire, J., 1952, "The Generation of Waves by Wind," Proceedings
of the Royal Society, Serial A, Volume 215, pp. 299-328.

374

caagt

e
Szt

1Y

gl

Hgn



Dalton, C, 1980, “Inertia Coefficients for Riser Configurations,"
ASME Paper No. 80-Pet-21.

Dalton, C and Helfinstine, R.A., 1971, "Potential Flow Past a Group

of Circular Cylinders," Journal of Basic Engineering, ASME, pp.
636-642. |

Daring, D.W. and Huang, T., 1979, "Marine Riser Vibration Response by
Modal Analysis," Journal of Energy Resource Technology, ASME, 1979,
pp. 101, 159,

De, S.C., 1955, "“Contribution to the Theory of Stokes Waves,"
Proceedings of the Cambridge Philosophical Society, Volume 8, pp-
57-74,

Dean, R.G., 1965, "Stream Function Representation of Nonlinear Ocean
Waves," Journal of Geophysical Research, Volume 70, pp. 4561-4572.

Dean, R.G., 1970, "Relative Validities of Water Wave Theorjes,"
dJournal of Waterways, Harbors and Coastal Engineering Division, ASCE,
Volume 96, No. WWI, pp. 105-119,

Dean, R.G., 1974, "Evaluation and Development of Water Wave Theories
for Engineering Application," Volumes I and II, U,S. Army, Coastal
Engineering Research Center, Special Report No. 1, Fort Belvoir,
Virginia.

Dean, R.G., 1976, "Methodology for Evaluating Suitability of Waves
and Wave Force Data for Determining Drag and. Inertia Coefficients,”
BOSS Proceedings, First International Conference, Trondheim, Norway.

Dean, R. G., 1976, "Methodology for Evaluating Suitability of Wave

and Force Data for Determining Drag and Inertia Forces," B0SS ‘76,
Trondheim, Volume 2, pp. 40-64.

375



Dean, R.G., Lo, J.M. and Johannson, P.I., 1979, "Rare Wave Kinemetics
vs. Design Practice," Proceedings of the Conference on Civil
Engineering in Oceans IV, San Fransisco, ASCE, pp. 1030-1049.

Dean, R.G. and Dalrymple, R.N. 1984, "Water Wave Mechanics for
Engineers and Scientists," Prentice-Hall Inc., Englewood Cliffs, New
Jersey.

bnv, 1977, "Rules for the Design Construction and Inspection of
0ffshore Structures," Det norske Veritas, Oslo, Norway.

DnV, 1981, "Rules for Classification of Mobile Offshore Units,” Det
norske Veritas, Oslo, Norway.

DOE, 1974, "The Offshore Installations {Construction and Survey)
Regulations," $.I. No. 289, Department of Energy, U.K.

Donnelly, H.L., Stadter, J.T., Weiss, R.0. and Perez y Perez, L.,
1979, "Cold Water Pipe Verification Test," in Proceedings of the 6th
Ocean Thermal Energy Conversion Conference, Washington, D.C., dJune.

Draper, L., 1965, "Wave Spectra Provide Best Basis for Offshore Rig
Design," 0i1 and Gas International, Volume 5, No. 6, pp. 58-60.

Eatock Taylor, R. and Duncan, P.E., 1980, "riuid-Induced Inertia and
Damping 1in Vibrating Offshore Structures,” Applied Ocean Research,
Volume 2, pp. 3-12.

Faton, K.J., {editor), 1974, "Proceedings of the Fourth International
Conference of Wind Effects on Buildings and Structures," Cambridge
University Press, Cambridge.

E11is, N., Tetlow, J.H., Anderson, F., Woodhead, A.L., 1982, "Hutton

TLP Vessel - Structural Configuration and Design Features," Offshore
Technology Conference, Paper OTC No. 4427.

376

et

TRt

g

M ppin?



Faltinsen, 0., 1969, "A Comparison of Frank Close-fit Method With
Some Other Methods Used to Find Two-Dimensional Hydrodynamical Forces
and Moments for Bodies Which are Oscillating Harmonically in an Ideal
Fluid," Det norske Veritas, 0slo, Norway, Report No. 69-43-S.

Faltinsen, 0. and Michelsen, F.C., 1974, "Motions of Large Structures
in Waves at Zero Froude Number," Proceedings of the International
Symposium on the Dynamics of Marine Vehicles and Structures in Waves,
University College, London, pp. 91-106.

Faltinsen, 0., Van Hoof, R.W., Fylling, I.J. and Teigen, P.S., 1982,
"Theoretical and Experimental Investigations of Tension Leg Platform
Behaviour," BOSS Proceedings, Third International Conference,
Massachusetts Institute of Technology.

Fenton, J.D., 1978, "Wave Forces on Vertical Bodies of Revolution,"
Journal of Fluid Mechanics, Volume 85, pp. 241-255,

Fenton, J.D., 1979, "A High-Order Cnoidal Wave Theory", Journal of
Fluid Mechanics, Volume 94, pp. 129-161.

Ferretti, C. and Berta, M., 1981, "Viscous Effect Contribution to the
Drift Forces on Floating Structures," Proceedings, International
Symposium on Ocean Engineering-Ship Handling, Gothenburg, Sweden,

Finn, L.D., 1976, "A MNew Deepwater Offshore Platform - The Guyed
Tower," Proceedings, Offshore Technology Conference, Paper No. OTC
2688, Houston.

Finn, L.D. and Young, K.E., 1978, "Field Test of A Guyed Tower,"

Proceedings, Offshore Technology Conference, Paper No. OTC 3131,
Houston.

377



Finn, L.D., MWardell, J.B. and Loftin, T.D., 1979, "The Guyed Tower as
a Platform for Integrated Drilling and Production Operations,"
Journal of Petroleum Technology, pp. 1531-1537.

Fischer, F.J., Jones, W.T. and King, R., 1979, "Current Induced
Oscillations of Cognac Piles During Instaliation-Prediction and
Measurement," Proceedings of Symposium on Practical Experiences with
Flow-Induced Vibrations (Preprint), Karlsruhe, Volume I, 216-228,
September,

Forristall, G;Z., Ward, E.G., Cardone, V.J. and Borgman, L.E., 1978,
"The Theoretical Specra and Kinematics of Surface Gravity Waves in
Tropical Storm Delia," Journal of Physics and Oceanography, Volume 8,
pp. 888-909.

Frank, W., 1967, "Oscillation of Cylinders in or Below the Free
Surface of Deep Fluids," NSRDC, Washington, D.C., Report 2375.

Garrison, C.J., 1974a, "Hydrodynamics of'Large Objects in the Sea,
Part I - Hydrodynamic Analysis," Journal of Hydronautics, Volume 8,
pp. 5-12.

Garrison, C.J., 1974b, "Dynamic Response of Floating Bodies,"
Offshore Technology Conference, Paper No. OTC 2067, Houston.

Garrison, C.J., 1975, "Hydrodynamics of Large Objects in the Sea,
Part II - Motions of Free-Floating Bodies,” Journal of Hydronautics,
Volume 9, pp. 58-63.

Garrison, C.J., 1978, ‘T"Hydrodynamic Loading of Large Offshore
Structures: Three-Dimensional Source Distribution Methods,“'NumericaT
Methods in Offshore Engineering, Zienkeiwicz, Lewis, Stagg Editors,
John Wiley & Sons.

378

Sy’

e

gttt

Ry

condt

S

g



Garrison, C.J., 1980, "A Review of Drag and Inertia Forces on
Circular Cylinders," Offshore Technology Conference, Paper No. 0TC
3760, Houston.

Garrison, C.J., 1982, "Forces on Semisubmerged Structures,” Ocean
Structural Dynamics Symposium 1982 Proceedings, Unbound Paper, Oregon
State University, September 1982,

Garrison, C.J. and Rao, V.S., 1971, "Interaction of Waves with
Submerged Objects," Journal of Waterways, Harbors and Coastal
Engineering Division, ASCE, Volume 97, No. WWZ, pp. 259-277.

Garrison, C.J. and Chow, P.Y., 1972, "Wave Forces on Submerged
Bodies," Journal of Waterways, Harbors and Coastal Engineering
Division, ASCE, Volume 98, No. WW3, pp. 375-392.

Garrison, C.J. and Stacey, R., 1974, “A Comparison of Theory and

Experiment,” Offshore Technology Conference, Paper No. OTC 2794,
Houston.

Garrison, C.J., Torum, A., Iverson, C., Lejvseth, S. and Ebbesmeyer,
C.C., 1974, "Wave Forces on Large Volume Structures - A Comparison
Between Theory and Model Tests," Proceedings, Offshore Technology
Conference, Houston, Paper No. OTC 2137, Volume II, pp. 1061-1070.

Garrison, C.J., Gehrman, F.H. and Perkinson, B.T., 1975, "Wave Forces
on Bottom-Mounted Large-Diameter Cylinder," Journal of Waterways,

Harbors and Coastal Engineering Division, ASCE, Volume 11 (Wwé), pp.
343-356.

Garrison, C.J., Field, J.B., and May, M.D., 1977, "Drag and Inertia
Forces on a Cylinder in Periodic Flow,” Journal of Waterways, Ports,
Coastal, and Ocean Division, ASCE, Volume 103 {WWZ), pp. 193-204.

379



Garrison, C.J. and Stacey, R., 1977, "Wave Loads on North Sea Gravity
Platforms: A Comparison of Theory and Experiment,” Offshore
Technology Conference, Paper No. OTC 2794, Houston.

Garzke, W.H., Petrie, G.L., McClure, A.C., Fink, C. and Giannotti,
J., 1978, "Design of a Reflector Buoy for AWACS Radar: Engineering
Report on Design and Computer Analysis," NOAA Data Buoy Office, NSTL
Station, Mississippi, Jduly.

Gelb, A. and Vander Velde, W.E., 1968, "Multiple-Input Describing
Functions and Nonlinear System Design," McGraw-Hill, N.Y.

Gerstner, F., 1802, "Theorie Der Wellen, Abhandlungen der Koniglichin
Bohimshen Gesellschaft der Wissenschaften, Prague," (see Also
Gilbert, Annalen der Physik, Volume 32, pp. 412-425,

Ghosh, S., Chou, F.S. and Huang, E.W., 1979, “A Rational Approach to
the Design of a Pipelay/Derrick Semisubmersible Barge,” Transactions,
SNAME, Volume 87.

Ghosh, S., Chou, F.S. and Huang, E.W., 1980, "Design Consideration of
a Tension Leg Platform,” Society of Petroleum Engineers, SPE 10753.

Gibson, R.J and Wang, H., 1977, "Added Mass of Pile Group," Journal
of Waterways, Harbors and Coastal Engineering Division, ASCE, (WW2),
pp. 215-223.

Glasscock, M.S. and Finn, L.D., 1984, "Design of a Guyed Tower for
1000 Feet of Water,"'dourna1 of Structural Engineering, Volume 110,
No. 5, ASCE, May.

Goda, Y., 1964, "Wave Forces on a Vertical Circular Cylinder and a

Proposed Method of Wave Force Computation", Report of Port and Harbor
Technical Research Institute, No. 8, pp. 1-74.

380

g

s

St

Hipgges



Goldberg, L.L. and Tucker, R.G., 1974, "Current Status of U.S. Navy
StabiTity and Buoyancy Criteria for Advanced Marine Vehicles," AIAA/
SNAME Advanced Marine Vehicle Conference.

Griffin, 0.M., 1980, "OTEC Cold Water Pipe Design for Problems Caused
by Vortex Excited Oscillations," NRL Memorandum Report No. 4757,
Naval Reserch Laboratory (March), Washington, b.C.

Griffin, O.M., 1982, "The Response of Marine Tubulars and Risers to
Current-Induced Hydrodynamic Loading," Proceedings of the 37th ASME
Petroleum Mechanical Engineering Workshop and Conference {September
1981), Dallas, Texas. Also updated in ASME Transactions, Journal of
Energy Resources Technology, Volume 104.

Griffin, 0.M. and Ramberg, S.E., 1975, “On Vortex Strength and Drag
in Bluff Body Wakes," Journal of Fluid Mechanics, Volume 69, Pp-
721-728.

Griffin, O0.M. and Ramberg, S.E., 1976, "Vortex Shedding From a
Cylinder Vibrating in Line with an Incident Uniform Flow," Journal of
Fluid Mechanics, Volume 75, pp. 257-271

Gudmestad, 0.T, and Connor, J.J., 1983, "Linearization Methods and
Influence of Current on the Nonlinear Hydrodynamic Drag Force,"
Applied Ocean Research, Volume 5, No. 4.

Hallam, M.G., Heaf, N.J. and Wootton, L.R., 1978, "Dynamics of Marine
Structures: Methods of Calculating the Dynamic Response of Fixed
Structures Subject to Waves and Current Action," Report UR8, 2nd
Edition, CIRIA, Underwater Engineering Group, UK, October.

Hanna, S.Y., Mangiavacchi, A. and Suhendra, R., 1981, "Nonlinear

Dynamic Analysis of Guyed Tower Platforms,"” ASME Paper No.
81-WA/OCE-9, ASME Winter Annual Meeting, Washington, D.C., November,

381



Hara, H,, Zienkiewicz, 0.C. and Bettess, P., 1979, "Application of
Finite CElements to Determination of Wave Effects on Offshore
Structures,” Proceedings of the 2nd International Conference on the
Behaviour of Offshore Structures, B0SS '79, Llondon, Volume I, pp.
383-390,

Hartlen, R.T. and Currie, I.G., 1970, "Lift-Oscillator Model of
Vortex~Induced Vibration," Journal of the Engineering Mechanics
Division of ASCE, Yolume 96, EM5, pp. 557-591.

Hasselmann, K., et al., 1973, "Measurements of Wind - Wave Growth and
Swell Decay During the Joint North Sea Wave Project," Deut. Hydrogr.
Z., Reihe A, No. 112.

Havelock, T.H., 1940, "The Pressure of Water Waves Upon a Fixed
Obstacle,” Proceedings of the Royal Society, London, Serial A, Volume
963, pp. 175-190.

Heideman, J.C., Olsen, 0.A. and Johansson, P,I., 1979, "Local Wave
Force Coefficients,” Civil Engineering in the Oceans IV, ASCE, pp.
684-699,

Hoerner, S.F., 1965, "Fluid-Dynamic Drag," 2nd Edition Book published
by the author, New Jersey.

Hogben, N., Osborne, J. and Standing, R.G., 1974, "Wave Loading on
Offshore Structures - Theory and Experiment,” Proceedings of the
Symposium on Ocean Engineering, National Physical Laboratory, London,
RINA, pp. 19-36.

Hogben, N. and Standing, R.G., 1974, "Wave Loads on Large Bodies,"
Proceedings of the Symposium on Dynamics of Marine Vehicles and
Structures in Waves, Institute of Mechanical Engineers, London, pp.
258-277.

382

it

s

Fein

g’

2t



Hogben, N. and Standing, R.G., 1975, “Experience in Computing Wave
Loads on Large Bodies," Offshore Technoiogy Conference, Paper No. OTC
2189, Houston.

Hogben, N., Miller, B.L., Searle, J.W. and Ward, &., 1977,
"Estimation of Fluid Loading on Offshore Structures,” Proceedings,
Institution of Civil Engineers, Volume 63, Part 2, pp. 515-562.

Hogben, N. and Rowe, S.J., 1979, "Theoretical and Experimental
Paramater Study of the Deep-Section Concept of Tethered Buoyant
Platform,” National Maritime Institute Report No. NMI R59, Feltham,
15p.

Hooft, J.P., 1971, "A Mathematical Method of Determining
Hydrodynamically Induced Forces on a Semisubmersible," Proceedings of
SNAME Annual Meeting, New York, November.

Horikawa, K., 1978, "Coastal Engineering, An Introduction to Ocean
Engineering,” Wiley, New York.

Horton, E., 1975, "Tension Leg Platform Prototype Completes Pacific
Coast Test,” Ocean Industry, September,

Horton, T.E., Feifarek, M.J. and Rish, J.W., III, 1982, “Formulation
of the One-Dimensional Wave Force Algorithm Using the Inertial
Pressure Concept,” Proceedings of the First Offshore Mechanics/Arctic
Engineering/Deepsea Systems Symposium, ASME, Volume I, 1982, pp.
59-60,

Howe, R.J., 1967, "Development of Offshore Drilling and Production
Technology,"” ASME Underwater Technology Division Conference, April 30
- May 3.

383



Hudspeth, R.T., 1983, "Environmental Forces on Ocean Platforms,"” NCEL
Technical Note TN No. N-1681, Naval Civil Engineering Laboratory,
Port Hueneme, California, November.

Huntington, S.M. and Thompson, D.M., 1976, "Forces on a Large
Vertical Cylinder 1in Multi-Directional Random Waves," Offshore
Technology Conference, Paper No, OTC 253%, Houston.

Hutchison, B.L., Bringloe, J.T., 1978, "“Application of Seakeeping
Analysis," Marine Technology, Volume 15, No. 4, October.

Hwang, L.S. and Tuck, E.O0., 1970, "On the Oscillations of Harbors of
Arbitrary Shape," Journal of Fluid Mechanics, Volume 42, pp. 447-464.

Hydraulic Research Station, 1981, "Dynamic Instabilities of Tethered
Buoyant Platforms," Department of Energy Offshore Energy Technology
Board, Report 0T-R-8138, Wallingford, England, May 1981.

Inglis, R.B. and Price, W.G., 1980, "Comparison of Calculated
Responses for Arbitrary Shaped Bodies Using Two and Three-Dimensional
Theories,® International Shipbuilding Progress, Volume 27, No. 308,
pp. 86-95.

Ippen, A.T., ed. 1966, "Estuary and Coastline Hydrodynamics,” McGraw-
Hi11, New York.

Isaacson, M., 1979a, “Nonlinear Inertia Forces on Bodies,” Journal of
Waterways, etc. Division, ASCE, No. WW3, pp. 213-227.

Isaacson, M., 1979b, "Wave Induced Forces in the Diffraction Regime,"
In Mechanics of Wave-Induced Forces on Cylinders, ed. T.L. Shaw,
Pitman, London, pp. 68-89.

Isaacson, M., 1981, “Steep Wave Forces on Large Offshore Structures,”

Offshore Technology Conference, Paper No. O0TC 3955, Houston.

384

i
5,

s g™

R

, . .

kR s
w/»?



Isaaccson, M. and Maull, D.J., 1976, "Transverse Forces on Vertical
Cylinders in Waves,” dJournal of Waterways, Harbors, and Coastal
Engineering Division, ASCE, Volume 102, No. WW1, February, pp. 49-60.

ISSC Spectrum, 1964, “Environmental Conditions," Committee No. 1,
Proceedings of Second International Ship Structures Congress, Delft,
Netherlands.

Iwagaki, Y. and Sakai, T., 1969, "Experiment on Horizontal Water
Particle Velocity of Finite Amplitudes Waves," (In Japanese)
Proceedings, 16th Conference on Coastal Engineering in Japan, pp.
15-21. Also, Horizontal Water Particle Velocity of Finite AmpTitude
Waves. Proceedings, 12th Coastal Engineering Conference, Washington,
D.C., pp. 309-326.

Iwan, W.D., 1974, "The Vortex Induced Oscillation of Elastic

Structural Elements," Journal of Engineering for Industry, Volume 97,
pp.1378-1382.

Iwan, W.D. and Blevins, R.D., 1974, "A Model for Vortex-Induced
Oscillation of Structures," Journal of Applied Mechanics, Volume 41,

John, F., 1950, “On the Motion of Floating Bodies," Parts I and II:
Communication on Pure Applied Mathematics Volume 2, pp. 13-57, and
Volume 3, pp. 45-101.

Johns  Hopkins University, Applied Physics Laboratory, 1980,
"Verification Test for Cold Water Pipe Analysis, Part A: Test
Description Results and Model Comparisons," JHU/APL SR 80-2A, October.

Karsan, D.I. and Mangiavacchi, A., 1982, "Tension Leg Platforms:
State of the Art and Future Research and Development Requirements,®
Proceedings, Ocean Structural Dynamics Symposium, Oregon State
University, Corvallis, Oregon.

385



Keulegan, G.H. and Patterson, G.W., 1940, "Mathematical Theory of
Irrotational Translation Waves," Journal of Research, National Bureau
of Standards, Volume 24, pp. 47-101.

Keulegan, G.H. and Carpenter, L.H., 1956, "Forces on Cylinders and
Plates in an Oscillating Fluid," National Bureau of Standards, Report
No. 4821.

Keulegan, G.H., and Carpenter, L.H., 1958, "Forces on Cylinders and
Plates in an Oscillating Fluid," Journal of Research of the National
Bureau of Standards, Volume 60, No. 5.

Keuning, J.A. and Beukelman, W., 1979, "Hydrodynamic Coefficients of
Rectangular Barges in Shallow Water," Proceedings of the 2nd
Conference on the Behaviour of Offshore Structures {BOSS '79),
London, Volume 2, pp. 105-124,

King, R., 1977, "A Review of Vortex Shedding Research and Its
Application,” Ocean Engineering, Volume 4, pp. 141-171,

Kinsman, B., 1965, "Wind Waves: Their Generation and Propagation on
the Ocean Surface," Prentice-Hall Inc., Englewood Cliffs, New Jersey.

Kokkinowrachos, K., 1978, “Hydrodynamic Analysis of Large Offshore
Structures," Proceedings, 5th Ocean Development Conference, Tokyo.

Korteweg, D.J. and De Vries, G. 1895, "On the Change of Form of Long
Waves Advancing in a Rectangular Canal, and on a New Type of Long
Stationary Waves,” Philosophical Magazine, 5th Series, Volume 39, pp.
422-443,

Korvin-Kroukovsky, B.V., 1961, "Theory of Seakeeping,” Society of
Naval Architects and Marine Engineers, New York, 360 pp.

386

Y
Ry

Heapgaert



Krolikowski, L.P. and Gay, T.A., 1980, "An Improved Linearization
Technique for Freguency Domain Riser Analysis,” Offshore Technology
Conference, Paper No. 0TC 3777, Houston.

Krylov, N. and Bogoliubov, N., 1943, "Introduction to Nonlinear
Mechanics,” Princeton University Press, New Jersey.

Laitone, E.V., 1961, "The Second Approximation to Cnoidal and
Solitary Waves," Journal of Fluid Mechamics, Volume 9, pp. 430-444.

Lamb, H., 1945, "Hydrodynamics," 6th Edition, Dover, New York, also
Cambridge University Press, 1932,

Lambrakos, K.F. and Brannon, H.R., 1974, "Wave Force Calculations for
Stokes and Non-Stokes Waves," Proceedings of Offshore Technology
Conference, Paper No. OTC 2039, Houston.

Le Mehaute, B., 1976, "An Introduction to Hydrodynamics and Water
Waves," Springer-Verlag, Dusseldorf.

Le Mehaute, B., Diboky, D. and Lin, A., 1968, "Shallow Water Waves: A
Comparison of Theories and Experiments," Proceedings, 11th Coastal
Engineering Conference, London, pp. 87-107.

LeBlanc, L.A., 1983, "Exxon Installs First Guyed Tower," Offshore,
August.

LeBlond, P.H. and Mysak, L.A.,, 1978, "Waves in the Ocean," Elsevier,
Amsterdam,

Lebreton, J.C. and Margnac, A., 1968, "Calcul del Mouvements d'un

Navire ou d'une Platforme Amarres dans la Houle; La Houille Blanche,"
Yolume 23, pp. 379-389,

387



Lebreton, J.C. and Cormault, P., 1969, "Wave Action on Stightly
Immersed Structures, Some Theoretical and Experimental

Considerations," Proceedings, Symposium on Research on Wave Action,

Delft.

Lewis, F.M,, 1929, "The Inertia of Water Surrounding a Vibrating
Ship," Transactions, Society of Naval Architects and Marine
Engineers, New York, Volume 27, pp. 1-20.

Lienhard, J.H., 1966, *Synopsis of Lift, Drag, and Vortex Frequency
Data for Rigid Circular Cylinders," Washington State University,
College of Engineering, Research Division, Bulletin 300.

Lighthill, M.J., 1979, "Waves and Wave Loading," Proceedings, 2nd
Conference on Behavior of Offshore Structure (Boss 79), London,
Yolume 1, pp. 1-40,

Liu, 0., Chen, Y.N., Shin, Y.S. and Chen, P.C., 1980, "Integrated
Procedure for Hydrodynamic Loads and Structural Response of a Tension
Leg Platform," Computational Methods for Offshore Structures, ASME
Winter Annual Meeting, AMO - Volume 37.

Longuet-Higgins, M.S., 1956, "The Refraction of Sea Waves in Shallow
Water," Journal of Fluid Mechanics, Volume I, pp. 163-176.

Longuet-Higgins, M.S. and Stewart, R.W., 1964, "Radiation Stresses in
Water Waves: A Physical Discussion with Applications,”
Research, Volume 11, pp. 529-562.

Deep Sea

Lundgren, H., Sand, S.E. and Kirkegaard, J., 1982, “Drift Forces and
Damping in Natural Sea States: A Critical Review of the Hydrodynamics
of Floating Structures", BOSS Proceedings, Third International
Conference, Volume 2, Massachusetts Institute of Technology.

388

'\“«ma}';

Ftogaid?’

R

B

Tosggpt’

Miagnent



Macy, R.H., 1966, "Towing, Motions and Stability Characteristics of
Ocean Platforms," Sixth Symposium on Naval Hydrodynamics, Washington,

Macy, R.H., 1969, "Drilling Rigs," Chapter XVI of "Ship Desigh and
Construction,” A.M. D'Archangelo, Editor, SNAME.

Malaeb, D.A., 1982, "Dynamic Analysis of Tension Leg Platforms,"
Ph.D. Thesis, Texas A&M University, December.

Malhotra, A.K. and Penzien, J., 1970, "Nondeterministic Analysis of
Offshore Tower Structures," Journal of Engineeing Mechanics Division,
ASCE, Volume 96, No., EM6, pp. 985—1003, (see also Volume 97, EM3,
1971, pp. 1028-1029).

Mangiavacchi, A., Abbott, P.A., Hanna, S.Y. and Suhendra, R., 1980,
"Design Criteria of a Pile Founded Guyed Tower," Proceedings,
Offshore Technology Conference, Paper No. OTC 3882, Houston.

Marine Consfruction, Offshore Magazine, January 1983.

Marks, W., 1963, "The Application of Spectral Analysis and Statistics
to Seakeeping," ANAME T&R Bulletin, No. 1-24.

MacCamy, R.C. and Fuchs, R.A., 1954, "Wave Forces on Piles: A
Diffraction Theory," U.S. Army Corps of Engineers, Beach Erosion

Board, Technical Memo MNo. 69, Washington.

McClure, A.C., 1965, "Development of the Project Mohole Drilling
Platform," Transactions, SNAME, Volume 73, 1965, pp. 50-99,

McClure, A.C. and Kirschner P.N., 1983, “Semi-~Submersible Buoy for
Stormy Seas", Unpublished Document.

McCowan, J., 1891, "On the Solitary Wave," Philosophical Magazine,
Volume 32, pp. 45-58.

389



MD, 1973, T"Regulations for Mobile Drilling Platforms with
Installations and Equipment Used for Drilling for Petroleum in
Norwegian Internal Waters, in Norwegian Territorial Waters, and in
That Part of the Continental Shelf Which is Under Norwegian
Sovereignty," Norwegian Maritime Directorate, issued September 1973.

Mei, C.C., 1978, "Numerical Methods in Water-Wave Diffraction and
Radiation,” Annual Review of Fluid Mechanics, Volume 10, pp. 393-416.

Mercier, J. A., 1973, "Large Amplitude Oscillations of a Circular
Cylinder in a Low-Speed Stream," Ph.D, Dissertation submitted to the
Stevens Institute of Technology.

Mercier, J.A., Goldsmith, R.G. and Curtis, L.B., 1982, "The Hutton
TLP: A Preliminary Design," Journal of Petroleum Technology, January,
pp. 208-216.

Merrison Committee, 1974, "Interim Design and Workmanship Rules for
the Design of Box Girder Bridges," HMSO, London.

Mes, M.J., 1978, “"New Studies Improve Wave Force Spectral
Calculations,” The 0i1 and Gas Journal, April.

Michel, W.H., 1967, "How to Calculate Wave Forces and Their Effects,”
Ocean Industry, June.

Michel, W.H., 1968, "Sea Spectra Simplified," Marine Technology,
January.

Migliore, H.J. and Palo, P.A., 1979, "Prediction of Ocean Platform

Response,” NCEL Technical Memorandum, M-44-79-4, Port Hueneme,
California, January.

390

g




Miller, B.L., 1976, "The Hydrodynamics Drag of Roughened Circular
Cylinders," Journal, Royal Institute of Naval Architects, RINA Spring
Meeting.

Milne-Thompson, L.M., 1968, "Theoretical Hydrodynamics," 5th Edition,
MacMiTlan, New York.

Miner, E.W., Griffin, O.M., Ramberg, S.E. and Fritts, M.J., 1979,
"Numerical Calculation of Wave Effects on Structures,” Proceedings,
Civil Engineering in the Oceans IV, ASCE, San Francisco, Volume I,
pp. 17-27.

Mobile Rig Construction, 1983, "Joint Effort to Create Climatized
Semi," Offshore Magazine, January.

Mobile Rig Construction, 1983, "New RS 35 Semis Designed for North
Sea," Offshore Magazine, January.

Mobile Rig Construction, 1983, '"Odeco Super Semi Built for Arctic
Work," Offshore Magazine, January.

Morison, J.R., 0'Brien, M.P., Johnson, J, W. and Schaaf, S. A., 1950,
"The Forces Exerted by Surface MWaves on Piles,* Petroleum

Transactions, AIME, Volume 189, pp. 149-157.

Motora, S. and Koyama, T., 1959, "On Wave Excitationless Ship Forms,"
Journal of Society of Naval Architects of Japan, 3.

Muga, B.J. and Wilson, J.F., 1970, "Dynamic Analysis of Ocean
Structures,” Phenum Press, New York.

Munk, W.H., 1951, "Origin and Generation of Waves," Proceedings, 1st
Conference on Coastal Engineering, pp. 1-4.

391



Munk, W.H., Tucker, M.J., Snodgrass, F.E., 1956, "Remarks on the
Ocean Wave Spectrum,” Proceedings, Naval Hydrodynamics, September,
Washington, D.C., Publication 515, National Academy.

Nath, J.H., 1980, "Marine Growth on Offshore Platforms,” Interim
Report for National Science Foundation, November.

Nath, J.H., 1981, "Hydrodynamic Coefficients for Cylinders with
Pronounced Marine Growths," Final Report to API, API PRAC Project
80-31, October.

Nath, J.H., 1982, "Heavily Roughened Horizontal Cylinders in Waves,"
BOSS Proceedings, Third International Conference, Massachusetts
Institute of Technology.

Nath, J.H., 1983a, "Vertical vs. Horizontal Cylinders in Waves," ASCE
Specialty Conference on Pipelines in Adverse Environments, San Diego,
California, November.

Nath, J.H., 1983b, "Hydrodynamic Coefficients for Cylinders with
Pronounced Marine Growths," Final Report to API, API PRAC Project
80-31-13, Vertical Cylinder, January.

Nath, J.H., 1983¢, "Hydrodynamic Coefficients for Cylinders Roughened
by Marine Growths From the Gulf of Mexico," Final Report to API, API
PRAC Project 82-31, January.

Nath, J.H., 1983d, "Hydrodynamic Roughness of Marine Growths on
Cylinders,” Final Report to National Science Foundation, Civil and
Environmental Engineering Division, December.

Nath, J.H., 1984, "Hydrodynamic Coefficients for Cylinders Covered

with Soft Organisms, Particularly Sea Anemones,” Final Report to API,
API PRAC Project 83-31, June.

392

gt

R

g

e

“ugasd

._}
it

K



Nath, J.H. and Wankmuller, R.N., 1982, "Wave Forces on Kelp Covered
Horizontal Cylinders,” Ocean Structural Dynamics Symposium, Oregon

State University, Corvallis, Oregon, September.

Nath, J.H., Hsu, M.K., Hudspeth, R.T. and Dummer, Jd., 1984,
"Laboratory Wave Forces on Vertical Cylinders," to be presented at
Ocean Structural Dynamics Symposium, Oregon State University,
Corvallis, Oregon, September.

Natvig, B.J. and Pendered, J.W., 1979, "Motion Response of Floating

Structures to Regular Waves," Offshore Structures Engineering, Volume
2, Proceedings, International Symposium on Offshore Engineering, Rio
de Janeiro, Brazil, 1981. Houston, Texas: Gulf Publishing Company.

Naudascher, E., 1974, (editor), "Flow-Induced Structural Vibrations,"
Springer-Verlag, Berlin.

Neumann, G., 1953, "On Ocean Wave Spectra and a New Method of
Forecasting Wind-Generated Sea," U.S. Army Corps of Engineers, Beach
Erosion Board, Technical Memo, No., 43,

Newman, J.N., 1961, "The Damping of an Oscillating E1lipsoid Near a
Free Surface," Journal of Ship Research 5, (3), 44-54,

Newman, J.N., 1962, "The Exciting Forces on Fixed Bodies in Waves,"
Journal of Ship Research, Volume 6, pp. 10-17.

Norton, D.J., Heideman, J.C. and Mallard, W.W., 1981, "Wind Tunnel of
Inctined Circular Cylinders”, Offshore Technology Conference, Paper
No. OTC 4122, Houston,

Numata, E. and Michel, W.H., 1974, “Experimental Study of Stability

Limits for Semi-Submersible Drilling Platforms," Offshore Technology
Conference, Paper No. 0TC 2032, Houston.

393



Numata, E., Michel, W.H. and McClure, A.C., 1976, "Assessment of
Stability Requirements for Semisubmersible Units," Transactions,
SNAME, Volume 84.

Ochi, M.K. and Hubble, E.N., 1976, "Six-Parameter Wave Spectra,"”
Proceedings, 15th Coastal Engineering Conference, Honolulu, Volume,
I, pp. 301-328.

Ochi, M.K. and Wang, S., 1976, "Prediction of Extreme Wave-Induced
Loads on Ocean Structures," B0SS Proceedings, First International
Conference, Trondheim, Norway.

0gilvie, T.F., 1964, "Recent Progress Towards the Understanding and
Prediction of Ship Motions," Proceedings, 5th ONR Symposium on Naval
Hydrodynamics, Bergen, pp. 3-97.

Ogitvie, T.F. and Shin, Y.S., 1978, "Integral-Equation Solutions for
Time-Dependent Free-Surface Problems," Naval Architecture and Ocean
Engineering, Society of Naval Architects, Japan, Volume 16, pp. 86-96.

Ohkusu, M., 1974, "Hydrodynamic Forces on Multiple Cyldiners in
Waves," Proceedings, Symposium on Dynamics of Marine Vehicles and
Structures in Waves, Institute of Mechanical Engineers, London, pp.
107-112.

Olsen, O0.A., 1974, ‘“Investigation of Drag Coefficients Based on
Published Data,” Report A74-2-S, Det norske Veritas.

Omer, G.C. and Hall, H.H., 1949, "The Scattering of Tsunami by a
Cylindrical Island,” Journal of Seismological Society of America,
Volume 39, No. 4, pp. 257-260.

Oran, C., 1983, "Overall Dynamic Characteristics of Tension Leg

Platforms," Proceedings, 15th Offshore Technology Conference, Paper
No. OTC 4640, Houston, Texas.

394

S

Mgzt

Lot

Lo

G 7
Uijpenn

g



Parkinson G.V., 1974, "Mathematical Models of Flow-Induced Vibrations
of Bluff Bodies,” 1in Flow-Induced Structural Vibrations, Edited,
Naudascher, E., Springer-Verlag, Berlin, pp. 81-127.

Paruzzolo, A., 1981, "Tecnomore Creates Its Own TLP," Offshore,
November.

Patel, M.H. and Lynch, E.J., 1983, "The Coupled Dynamics of Tensioned
Buoyant Platforms and Mooring Tethers,” Journal of Engineering
Structures, to be published.

Patel, M.H. and Lynch, E.J., 1983, "A Calculation Method for the Wave
Induced Motion Response of a Tensioned Buoyant Platform Including the
Effects of Mooring Tether Dynamics," Program Manual for UCLTBP;
Version 2, Mechanical Engineering Department, University College,
L.ondon.

Pautling, J.R. 1970, "Wave Induced Forces and Motions of Tubular
Structures,"” Eighth Symposium on Naval Hydrodynamics, Office of Naval
Research, Pasadena, Calif.

Paulling, J.R., 1975, "Elastic Response of Stable Platform Structures
to Wave Loading," Proceedings of the International Symposium on
Dynamics of Marine Vehicles and Structures in Waves, The Institute of
Mechanical Engineers, London, England.

Paulling, J.R., 1977, "Time Domain Simulation of Semisubmersible
Platform Motion with Application to the Tension Leg Platform," SNAME
Spring Meeting/STAR Symposium, San Fransisco.

Paulling, J.R., 1981, "The Sensitivity of Predicted Loads and

Responses of Floating Platforms to Computational Methods,"
Proceedings, Conference on Integrity of Offshore Structures, Glasgow.

395



paulling, J.R., 1982, "Mathieu Instabilities in TLP Response,” Ocean
Structural Dynamics Symposium '82 Proceedings, Oregon State
University, September 8-10.

Paulling, J.R. and Horton, E.E., 1970, "Analysis of the Tension Leg
Stable Platform," Offshore Technology Conference, Paper No. OTC 1263,
Houston.

Paulling, J.R. and Horton, E.E., 1971, “Analysis of the Tension Leg
Platform,"” Society of Petroleum Engineers Journal, September, pp.
285-294.

Pearcey, H.H., 1979a, "Some Observations on Fundamental Features of
Wave-Induced Viscous Flows Past Cylinders," Mechanics of Wave-Induced
Forces of Cylinders (ed. T. L. Shaw), Pitman, London, pp. 1-54,

Pearcey, H.H., 1979b, "The Effect of Surface Roughness on the Wave
Loading for Cylindrical Members of Circular Cross Section," National
Marine Institute Report No. NMI R651, Feltham, 18 p.

Pearcey, H.H. and Bishop, J.R., 1979, "Wave Loading in the Drag and
Drag-Inertia Regimes; Routes to Design Data,” BOSS, London, Paper No.
23.

Peregrine, D.H., 1972, ‘"Equations for Water Waves and the
Approximations Behind Them," In Waves on Beaches and Resulting
Sediment Transport, Editor R.E. Meyer, Academic Press, New York, pp.
95-.121.

Perrett, G.R., Webb, R.M. 1980, "Tethered Buoyant Platform Production
System,” Offshore Technology Conference, Paper No. 0TC 3881, Houston.

Phitlips, 0.M., 1977, "The Dynamics of the Upper Ocean," 2nd Edition,
Cambridge University Press.

396

L GF
Niggaa®

“nasad

“agt’

gy

B



Pierson, W.J., Newmann, G. and James, R.¥., 1955, "Practical Methods
for Observing and Forecasting Ocean Waves," U.S. Navy Hydrographic
Office Publication, No. 603,

Pierson, W.J. and Moskowitz, L., 1964, "A Proposed Spectral Form for
Fully Developed Wind Seas Based on the Similarity Theory of S.A.
Kitaigorodskii," Journal of Geophysical Research, Volume 69, pp.
5181-5190.

Pinkster, J.A., 1981, "Mean and Low Frequency Wave Forces on
Semisubmersibles™, Offshore Technology Conference, Paper No. O0TC
3951, Houston,

Pinkster, J.A. and Van Oortmerssen, G., 1976, "Computation of the
First and Second Order Wave Forces on Bodies Oscillating in Regular
Waves," Proceedings, 2nd Conference on Numerical Ship Hydrodynamics,
Berkeley, pp. 136-156.

Porter, W.R., 1960, "Pressure Distributions, Added Mass and Damping
Coefficients for Cylinders Oscillating in a Free Surface," University
of California, Berkeley, Institute of Engineering Research Series 82,
Issue 16, 181p.

Prandtl, L., 1904, "Uber Flussigkeitsbewegung bei sehr kleiner
Reibung," Proceedings 3rd Internation Math. Congr., Heidelberg.

Price, W.G. and Bishop, R.E.D., 1974, "Probabilistic Theory of Ship
Dynamics," John Wiley and Sons, N.Y.

Raichlen, F. and Naheer, E., 1976, "Wave Induced Oscillations of

Harbors with Variable Depth," Proceedings, 15th Coastal Engineering
Conference, Honolulu, Volume IV, pp. 3536-3556.

397



Raines, T. S., 1981, ‘'"Harmonic Fliow About Smooth and Rough
Cylinders," Thesis submitted to the Naval Postgraduate School,
Monterey, Calif.

Rainey, R.C.T., 1977, "The Dynamics of Tethered Platforms,"
Transactions, Royal Institution of Naval Architects, Volume 120,
London.

Rajabi, F., 1979, "Hydroelastic Oscilliations of Smooth and Rough
Cylinders in Harmonic Flow,“ Ph.D Thesis, Naval Postgraduate School,
Monterey, California (December).

Rajabi, F., Zedan, M.F. and Mangiavacchi, A., 1983, "Vortex Induced
Dynamic Response of Marine Risers," Proceedings of 2nd Offshore
Mechanics and Arctic Engineering Symposium ETCE, Houston, Texas, dJan.

Rajabi, F. and Mangiavacchi, A., 1984, “"Guyed Tower Model Test Joint
Industry Project, Correlation Studies," Report to 13 oil companies on
guyed tower model test results, 3 volumes, Houston.

Ramberg, S.E. and Niedzwecki, J.M., 1979, "Some Uncertainties and
Errors in Wave Force Computations,” Offshore Technology Conference,
Paper No. 0TC 3597, Houston.

Rance, P.J., 1969, ‘"Wave Forces on Cylindrical Members of
Structures,” Hydraulics Research, Hydraulic Research Station,
Wallingford, pp. 14-17.

Remery, G.F.M. and Hermans, A.J., 1971, “The Slow Drift Oscillations
of a Moored Object in Random Seas", Offshore Technology Conference,
Paper No. 0TC 1500, Houston,

Richardson, J.R., 1979, "Mathieu Instabilities and Response of

Compiiant Offshore Structures,” National Maritime Institute, Report
49, February.

398

“agest

e



Ried, R.0., 1958, "Correlation of Water Level Variations with Wave
Forces on a Vertical Pile for Nonperiodic Waves," Proceedings of
Sixth Conference on Coastal Engineering, Miami Beach, Florida.

Robertson, J.M., 1965, "Hydrodynamics in Theory and Application,"
Prentice-Hall Inc., Englewood CT1iffs, New Jersey.

Rodnight, T.v., 1983, "New Generation of Semis Improves Offshore
Prilling Operations,” Petroleum Engineer International, October.

Rowe, S.J. and G.E. Jackson, 1980, "An Experimental Investigation of
Mathieu Instabilities on Tethered Buoyant Platform Models," National
Maritime Institute, Report 73, January.

Russel, J.S., 1844, '"Report on Waves," 14th Meeting, British
Association of Advanced Science, pp. 311-390.

Salvesen, N., Tuck, E.O0., Faltinsen, 0., 1970, "Ship Motions and Sea
Loads," Transactions, SNAME, Volume 78, pp. 250-287.

Salvesen, N., Von Kerczek, C.H., Yue, D.K. and Stern, F., 1982,
"Computation of Nonlinear Surge Motion of Tension Leg Platforms,"
Offshore Technology Conference, Paper No. OTC 4394, Houston.

Sarchin, T.H, and Goldberg, L.L., 1962, "Stability and Buoyancy
Criteria for U.S. Naval Surface Ships," Transactions, SNAME.

Sarpkaya, T., 1976a, "Vortex Shedding and Resistance in Harmonic Flow
about Smooth and Rough Cylinders at High Reynolds Numbers," Naval
Postgraduate School, Technical Report No. NPS-59SL76021, (February).

Sarpkaya, T., 1976b, "In-Line and Transverse Forces on Smooth and
Sand-Roughened Cylinders in Oscillatory Flow at High Reynolds

Numbers,"  Naval Postgraduate School, Technical Report  No.
NPS-6951.76062, Monterey, California.

399



Sarpkaya, T., 1977, "Unidirectional Periodic Flow About Bluff
Bodies," Report No. NPS-63SL77051, Naval Postgraduate School,
Monterey, California.

Sarpkaya, T., 1978, "The Hydrodynamic Resistance of Roghened
Cylinders in Harmonic Flow," Transactions, Royal Institution of Naval
Architects, London, Volume 120, pp. 41-58,

Sarpkaya, T., 1980, "Assessment of the Morison Equation," CR 80-022,
Naval Civil Engineering Laboratory," Naval Construction Battalion
Center, Port Hueneme, California.

Sarpkaya, T., 1981a, "A Critical Assessment of Morison's Equation,”
Proceedings of Hydrodynamics 1in 0Ocean Engineering, August, The
Norwegian Institute of Technology, Trondheim, Norway.

Sarpkaya, T., 1981b, "Morison's Equation and the Wave Forces on
Offshore Structures," CR 82-008, Naval Civil Engineering lLaboratory,
Naval Construction Battalion Center, Port Hueneme, California.

Sarpkaya, T., 1981c, "On Hydrodynamic Response of Risers to Waves and
Currents,” Proceedings of the 37th ASME Petroleum Mechanical
Engineering Workshop and Conference (September), Dallas, Texas.

Sarpkaya, T. and Collins N.J., 1978, “"Discussions on Reference 31,"
Journal of Waterways, Port, Coastal and Ocean Division, ASCE, Volume
104 (WWI).

Sarpkaya, T. and Rajabi, F., 1979, "Dynamic Response of Piles to
Vortex Shedding in Oscillating Flow," Offshore Technology Conference,

Paper No. OTC 3647, Houston.

Sarpkaya, T. and Isaacson, M., 1981, "Mechanics of Wave Forces on
0ffshore Structures," Van Nostrand Reinhold, New York.

400

L

Bt



Sarpkaya, T., Rajabi, F., Zedan, M.F. and Fisher, F.dJ., 1981,
"Hydroelastic Response of Cylinders in Harmonic and Wave Flow,"
Offshore Technology Conference, Paper No. OTC 3992, Houston.

Schlichting, H., 1968, "Boundary-lLayer Theory," McGraw-Hi1l Book Ce.,
New York, 6th ed.

Schwartz, L.W. , 1974, "Computer Extension and Analytic Continuation
of Stokes' Expansion for Gravity Waves," Journal of Fluid Mechanics,
Volume 62, pp. 553-578.

Scott, J.R., 1965, "A Sea Spectrum for Model Tests and Long-Term Ship
Protection,” Journal of Ship Research, Volume 9, pp. 145-152.

Shen, S.F., 1977, "Finite Element Methods in Fluid Mechanics," Annual
of Revised Fluid Mechanics, Volume 9, pp. 421-445.

Shields, D.R., Maris, A.T. and Vega, L.A., 1983, "Long Term Sensor
Platforms," Proceedings of the 1983 Symposium on Buoy Technology,
Marine Technology Society, New Orleans, Louisiana, April.

Shields, D.R. and Zueck, R.F., 1984, "Deepwater Semisubmersible
Motion Simulation," Proceedings Oceans 84, Marine Technology Society,
Washington, D.C., September.

Shoaf, R.L., 1978, "A Discrete Vortex Analysis of Flow about
Stationary and Transversely Oscillating Circular Cylinders," Ph.D.

Thesis, Naval Postgraduate School, Monterery, California {December).

Shore Protection Manual, 1977, U.S. Army Coastal Engineering Research
Center, in 3 volumes.

401



Sigbjomsen, R., Bell, K. and Holland, I., 1978, "Dynamic Response of
Framed and Gravity Structures to Waves," Numerical Methods 1in
Offshore Engineering, Zienkewicz, Lewis, Stagg Editors, John Wiley &
Sons.

Siivester, R., 1974, "Coastal Engineering, I," Elsevier, Amsterdam.

Simiu, E. and Leigh, D.S., 1984, "Turbulent Wind and Tension Leg
Platform Surge," Journal of Structural Engineering, ASCE, Volume 110,
No. 4, April, pp. 785-802.

Skjelbreia, L., 1958, "Gravity Waves, Stokes Third Order Approxima-
tion Tables of Functions, June 11,

Skjelbreia, L. and Hendrickson, J.A., 1960, "Fifth Order Gravity Wave
Theory," Practices, 7th Coastal Engineering Conference, The Hague,
pp. 184.196.

Skop, R.A. and Giffin, O0.M., 1973, "A Model for the Vortex-Excited
Resonant Response of Bluff Cylinders,” Journal of Sound and
VYibration, Volume 27, pp. 225-233.

Smith, E., 1978, "On Nonlinear Random Vibration," Ph.D. Thesis,
Division of Structural Mechanics, The MNorwegian Institute of
Technology, Trondheim, Norway.

Sorensen, R.M., 1978, "Basic Coastal Engineering," Wiley, New York.
Spring, B.H. and Monkmeyer, P.L., 1974, "Interaction of Plane Waves
with Vertical Cylinders," Proceedings of the 14th Coastal Engineering

Conference, ASCE, Volume III, pp. 1828-1847.

St. Denis, M. 1975, "On the Motions of Oceanic Platforms,”
Proceedings, Symposium Dynamics of Marine Vehicles and Structures in
Waves, Institute of Mechanical Engineers, London, pp. 113-134.

402

Fannans”

" saet”

R



St. Denis, M. and Pierson, W.J., 1953, "On the Motion of Ships in
Confused Seas," Transactions, SNAME, Volume 61, pp. 280-357.

St. Denis, M. and Almendinger, E., 1971, "Problems of Ocean
Piatforms," Spring Meeting SNAME, Honolulu, Hawai, May 25-28.

Standing, R.G., 1978, "“Application of Wave Diffraction Theory,"
International Journal of Numerical Methods in Engineering, Volume 13,
pp. 49-72.

Standing, R.G., 1979, "Use of Potential Flow Theory in Evaluating
Wave Forces on Offshore Structures," Proceedings, Conference on Power
from Sea Waves, Institute of Mathematical Applications, Edinburgh.

Standing, R.G., 1980, ‘“Wave-by-Wave Analysis of Data from
Christchurch Bay Wave Force Experiment," NMI Report No. R-86.

Standing, R.G., 1981, "Wave Loading on Offshore Structures: A
Review," NMI, R102, OT-R-8113.

Stoker, J.J., 1957, "Water Waves," Interscience, New York.

Stokes, &. G., 1847, "On the Theory of Oscillatory Waves",
Transactions of Cambridge Philosophical Society, Volume 8, pp.
441-455, Also "Mathematical Physics Papers,” Volume 1, Cambridge
University Press, 1880.

Strouhal, V., 1878, "Uber eine besondere Art der Tonerregung,” Annual
Phys. und Chemie, New Series Volume 5, 1878, pp. 216-251

Tasai, F., 1960, "On the Damping Force and Added Mass of Ships
Heaving and Pitching," Translation Issued at \University of
California, Berkeley, Institute of Engineering Research Series 82,
Issue 15, 24p.

403



Tein, Y., Chianis, J., Teymourian, J., Chou, F., 1981, "An Integrated
Motion and Structural Analysis for Tension Leg Platforms," Offshore
Technology Conference, Paper No. OTC 4072, Houston.

Tein, Y., Chianis, J., Teymourian, J. and Chou, F., 1982, "An
Integrated Motion and Structural Analysis for Tension Leg Piatforms,"
Offshore Technology Conference, Paper No. OTC 4072, Houston.

Thompson, W.T., 1972, “Theory of Vibration with Applications,"
Prentice-Hall, Englewood Ciiffs, New Jersey.

Tickell, R.G., 1979, "The Probabilistic Approach to Wave Loading on
Marine Structures,” Mechanics of Wave-Induced Forces on Cylinders,
ed, T.L. Shaw, Pitman, London, pp. 152-178.

Torum, A.M. and Reed, K., 1982, "On the Spanwise Correlation of Wave
Forces on Slender Structures," Offshore Technology Conference, Paper
No. OTC 4226, Houston.

Tung, C.C. and Huang, N.E., 1973, "Combined Effects of Current and
Waves on Fluid Force," Ocean Engineering, 2, 183.

Unknown Author, 1980, "Gulf TLP to Feature In-leg HWells," Offshore,
April, pp. 136-138.

Ursell, F., 1949, "On the Heaving Motion of a Circular Cylinder on
the Surface of a Fluid," Quarterly dJournal of Mechanics and Applied
Mathematics, Volume 2, pp. 218-231.

Van Oortmerssen, G., 1972, "Some Aspects of Very Large Offshore
Structures," Proceedings, 9th ONR Symposium on Naval Hydrodynamics,

Paris, pp. 975-1001.

van Oortmerssen, G., 1976a, "The Motions of a Ship in Shallow Water,”
Ocean Engineering, Volume 3, pp. 221-255,

404

Ht g

EL



van Oortmerssen, G., 1976b, "The Motion of a Moored Ship in Waves,"
N.S.M.B. Publication No. 510.

Van Opstal, G.H.C., Hans, D., Salmons, J.W. and Vander Viles, J.A.,
1974, "MOSAS: A Motion Strength Analysis System for Semisubmersible
Units and Floating Structures," Proceedings, Offshore Technology
Conference, Paper No. 0TC 2105, Houston.

Van Stuijs, M.F. and Minkenberg, H.L., 1977, "A Review of Studies of
Ocean Platform Motions," Ocean Engineering Volume 4, pp. 75-90,
Pergamon Press. Printed in Great Britain.

Verley, R.L.P. and Moe, G., 1979, "The Forces on a Cylinder
Oscillating in a Current," River and Harbour Laboratory, The
Norwegian Institute of Technology, Report No. STF60 A79061.

Yon Schwind, J.J. and Reid, R.0., 1972, "Characteristics of Gravity
Waves of Permanent Form," Journal of Geophysics Research, Volume 77,
pp. 420-433.

Vugts, J.H., 1968, "The Hydrodynamic Coefficients for Swaying,
Heaving and Rolling Cylinders in a Free Surface," International
Shipbuilding Progress, Volume 15, pp. 251-276.

Vugts, J.H., 1970, "The Hydrodynamic Forces and Ship Motions in
Waves,” Ph.D. Thesis, Delft Technological University, 113 pp.

Wade, B.G. and Dwyer, M., 1976, "On the Application of Morison's
Equation to Fixed Offshore Platforms", Offshore Technology
Conference, Paper No. OTC 2723, Houston,

Wallis, J.R., Bajazitog?u, Y.0., Chapman, F.M. and Maﬁgiavacchi, A.,

1979, "Fatigue Analysis of Offshore Structures,” Offshore Technology
Conference, Paper No. OTC 3379, Houston,

405



Wehausen, J.V. and Laitone, E.V., 1960, "Surface Waves," in Handbuch
der Physik, ed. S.Flugge, Springer-Verlag, Berlin, Volume IX, pp.
446-778.

Wheeler, J.D., 1970, "Method for Ceaiculating Forces Produced by
Irregular Waves," Journal of Petroieum Technology, March.

Whitham, G.B., 1974, "Linear and Nonlinear Waves," Wiley, New York.

Wiegel, R.L., 1960, "A Presentation of Cnoidal Wave Theory for
Practical Application," dJournal of Fluid Mechanics, Volume 7, pp.
273-286,

Wiegel, R.L., 1964, ™"Oceanographical Engineering," Prentice-Hall
Inc., New Jersey.

Wiegel, R.L., 1975, "Design of Offshore Structures Using Wave
Spectra,” Oceanography International Conference, March, pp. 233-243,

Wu, S.C. and Tung, C.C., 1975, "Random Response of Offshore
Structures to Wave and Current Forces," Sea Grant Publication
UNC-SG-75-22, North Carolina State University, Raleigh, N.C.

Yamamoto, T., 1976, ‘“Hydrodynamic Forces on Muitiple Circular
Cylinders," Jdournal of Hydrodynamic Division, ASCE, Volume 102, No.
HY9, pp. 1193-1210.

Yamamoto, 7. and Nath, J.H., 1976, "Forces on Many Cylinders Near a
Plane Boundary," ASCE National Water Resources and Ocean Engineering
Convention, Preprint No. 2633.

Yue, D.K., Chen, H.S. and Mei, C.C., 1976, "Three-Dimensional

Calculations of Wave Forces by a Hybrid Element Method,” Proceedings,
11th Symposium of Naval Hydrodynamics, O0ffice of Naval Research.

406

Tong

: k‘l-mﬁ:.-”= '

bg i

St



Zdravkovich, M.M., 1977, "Review of Fiow Interference Between Two
Circular Cylinders 1in Various Arrangements,” Journal of Fluid
Engineering, Transactions, ASME, Volume 99, Serial 1, No. 4, pp.
€18-633.

Zedan, M.F., Young, J., Salane, H. and Fischer, F.J., 1980, "Dynamic
Response of a Cantilever Pile to Vortex Shedding in Reular Waves,®
ASME Transactions, Journal of Energy Resources Technology, Volume
103, pp. 32-40. Also Proceedings of the Offshore Technology
Conference, Paper No. OTC 3799, Houston.

Zedan, M.F., Bayazitoglu, Y.0., Chianis, J. and Tein, Y., 1981, "A
Quasi-Static Approach for Transportation Analysis of Offshore

Platforms," Offshore Technology Conference, Paper No. OTC 4161,
Houston.

Zedan, M.F. and Rajabi, F., 1981, "Lift Forces on Cylinders
Undergoing Hydroelastic Oscillations in Waves and Two-Dimensional
Harmonic Flow," Proceedings of Hydrodynamics in Ocean Engineering,
August, The Norwegian Institute of Technology, Trondheim, Norway.

Zienkiewicz, 0.C., 1977, "The Finite Element Method," 3rd Edition,
McGraw-Hi1l, London.

Zienkiewicz, 0.C., Bettess, P. and Kelly, D.W., 1978, "The Finite
Element Method for Determining Fluid Loadings on Rigid Structures
Two~ and Three-Dimensionsional Formulations," In Numerical Methods in
Offshore Engineering, eds. 0.C. Zienkiewicz, P.Lewis, and K.G. Stagg,
John Wiley, Chickester, England, pp. 141-183.

407



T

RN

LN

AT



16.0 BIBLIOGRAPHY

1. Abkowitz, M.N., Stability and Motion Control of Ocean Vehicles, M.I.T. Press,
Cambridge MA, 1972.

2. American Bureau of Shipping, Rules for Building and Classing: Mobile
Offshore Drilling Units, American Bureau of Shipping, New York, NY, 1980.

3. American Bureau of Shipping, Rules for Building and Classing: Steel
Vessels, American Bureau of Shipping, New York, NY, 1982,

4. Batchelor, G.K., An Introduction to Fluid Dynamics, Cambridge University
Press, Cambridge, MA, 1967.

5. Bathe, K.J., Finite Element Procedures in Engineering Analysis, Prentice-
Hall, Inc., Englewood Cliffs, NJ. 1982.

6. Bendat, J.S. and Piersol, A.G., Random Data: Analysis and Measurement
Procedures, John Wiley and Sons, Inc., New York, NY, 1971.

7. Bendat, J.S. and Piersol, A.G., Engineering Applications of Correlation
and Spectral Analysis, John Wiley and Sons, Inc., New York, NY 1980,

8. Bhattacharyya, R., Dynamics of Marine Vehicles, John Wiley and Sons,
New York, NY, 1978,

9. Blevins, R.D., Flow-Induced Vibrations, Van Nostrand Reinhold Co., New
York, NY, 1977.

10. Carnahan, B., Luther, H.A. and Wilkes, J.0., Applied Numerical Methods,
John Wiley and Sons, Inc., New York, NY, 1969.

11. Ctough, R.W. and Penzien, J., Dynamics of Structures, McGraw-Hill Inc.,
New York, NY, 1975.

12. Comstock, J.P., Principles of Naval Architecture, The Society of Naval
Architects and Marine Engineers, New York, NY, 1967.

13. Dawson, T.H., Offshore Structural Engineering, Prentice-Hall, Englewood
Cliffs, NY, 1983.

14, Dean, R.G., and Dalrymple, R.N., Water Wave Mechanics for Engineers and
Scientists, Prentice-Hall, Inc., Englewood C1iffs, NJ, 1984.

15. Dean, R.G., Evaluations and Development of Water Wave Theories for
Engineering Application, Vol I, Il (SR-1}, U.S. Army Coastal Engineering
Research Center, Fort Belvoir, VA, Nov 1974,

16. Gerald, C.F., Applied Numerical Analysis, 2nd edition, Addison-Wesley,
Reading, MA, 1978.

17, Gillmer, T.C. and Johnson, B., Introduction to Naval Architecture, Naval
Institute Press, Annapolis, MD, 1982.

408



18. Hallam, B.G., Heaf, N.J. and Wootton, L.RK., Dyvnamics of Marine Structures:
Methods of Calculating the Dynamic Response of Fixed Structures Subject to
Wave and Current Action, 2nd edition, Report URS CIRIA Underwater Engineering
Group, 6 Storey's Gate, London, Oct 1978

19. Hooft, J.P., Advanced Dynamics of Marine Structures, John Wiley and Sons,
Inc., New York, NY, 1982.

20. Kinsman, B., Wind Waves: Their Generation and Propagation on the Ocean
Surface, Prentice-Hall, Inc., Englewood Cliffs, NJ, 1965.

21. Lamb, H., Hydrodynamics, Dover Publications, New York, NY, 1945,

22. Le Mehaute, Introduction to Hydrodynamics and Water Waves, Springer-
Yerlag, Berlin, Germany, 1975.

23. Mei, C.C., The Applied Dynamics of Ocean Surface Waves, John Wiley and
Sons, Inc., New York, NY, 1983.

24, Meirovitch, L., Methods of Analytical Dynamics, McGraw-Hill, Inc., New
York, NY, 1970.

25. Milne-Thomson, L.M., Theoretical Hydrodynamics, 4th edition,, MacMillan
Co., New York, NY, 1960,

26. Muga, B.J. and Wilson, J.F., Dynamic Analysis of Ocean Structures, Plenum
Pbess, New York, NY, 1970.

27. Newman, J.N., Marine Hydrodynamics, MIT Press, Cambridge, MA, 1577.

28. Price, W.6. and Bishop, R.E.D., Hydroelasticity of Ships, Cambridge
University Press, New York, NY, 1979.

29, Price, W.6. and Bishop, R.E.D., Probabilistic Theory of Ship Dynamics,
John Wiley and Sons, Inc., New York, NY, 1974,

30. Sarpakaya, T. and Isaacson, M., Mechanics of Wave Forces on Offshore

Structures, Van Nostrand Reinhold Co., New York, NY, 1981.

31. Taggart, R., Ship Design and Construction, The Society of Naval Architects
and Marine Engineers, New York, NY, 1980.

32, Thomson, W.T., Theory of Vibration with Applications, 2nd Edition, Prentice-

Hall, Inc., Englewood Ciiffs, NJ. 1981.

33. U.S. Coastal Engineering Research Center, Shore Protection Manual, 3rd
edition, Vol. I-III, U.S. Coastal Engineering Research Center, Fort Be1vo1r
VA, 1977.

34. Vallentine, H.R., Applied Hydrodynamics, SI edition, Butterworth and
Co., London, England, 1969.

409

BT

AT

o
i









