
J,

FFSHORE TEC1IOL0GY C0NFENCE
200North Central Expressway
allas, Texas 75206

INTRODUCTION

Traditional naval architecture technology
has not devoted extensive efforts to under-
standing of the requirements for mooring a
vessel in the open ocean under storm condi-
tions. Perhaps it can be said that conven-.
tional maritime practice would consider mooring
under such circumstances an act of foolishness
and therefore not deserving o,f serious tech-

-nological effort. The demand on the offshore
petroleum industry fur mooring under trying
conditions has, however, created the need for
a clearer understanding of the physical
phenomena involved. The offshore industry has
experienced major difficulties in mooring under
storm conditions and has suffered extensive
financial loss. Over the years, attempts have
been made to solve offshore mooring problems,
utilizing a variety of vessels and mooring
techniques. Results of experience and practice
offer conflicting indications of the relative
merits of various mooring systems. Various
engineering and scientific studies have con-
tributed toward an understanding of many fac-
tors influencing forces; however, it appears
that previous studies have, for the most part,
ignored a governing phenomenon. Specifically,
there has been little attention devoted to the
effects of slow vessel drift oscillation in
random or irregular seas. It is this phenome-
non which is the prime subject. of the present
paper.

References and illustrations at end of paper.

Fig. i illustrates results obtained from
model tests of a moored vessel in irregular
waves. Shown in the figure, as a function of
time, are the variations of wave height and
period, the surge or drift position of the
vessel and the tension in the primary mooring
line. It will be noted that the surge motion
of the vessel involves both a direct wave
induced surge and a gradual slow drift taking
place over a period of 1 minute or more in
prototype time. The drift behavior shown in
Fig. 1 is the phenomenon of critical importance
This type of drift motion is found in the
motion records of moored ships in an actual
ocean storm environment. Moreover, the basic
behavior of slow oscillations is not unique to
moored vessels. For instance, such behavior
has been observed in tests involving vessels
towed through irregular waves with a constant
towing force. In such case, it has been
observed that the vessel velocity exhibits slow
oscillations with periods in the range of i to
2 minutes.

When an ocean wave is propagated toward a
moored vessel, part of the wave is reflected,
the remainder being transmitted on beyond the
vessel. The conservation of wave momenti
results in a net force applied to the vessel fox
each wave. For regular waves the consequence
is a steady drift force resulting in a static
shift of the.position of the moored vessel.
For irregular waves, on the other hand, a
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ANALYSIS OF PEAK MOORING FORCES CAUSED BY SLOW

VESSEL DRIFT OSCILLATIONS IN RAIDOM SEAS

varying sequence of drift forces arises in
correspondence to changes :inwave height and
period. Investigations leading to this paper
show that the ensuing long period drift of
the vessel can for many cases be the com-
pletely dominating influence in determining
maximum mooring line tension.

CONCEPTS OF MATMATICAL MODEL

In the development of concepts it is first
convenient to focus attention on phenomena
associated with regular waves. The hydro-
dynamic theory of the average steady force
imposed by wave action on a stationary body
or on a floating ship was first presented by
Havelock in the early l9)O's.l,2 Since then,
several other investigators" have examined
similar problems on floating ships, primarily
vessels underway, and have made important
contributions. Past work on the subject has
been derived rigorously from solution of
boundary value problems in linear potential
theory. Results of this type are exceedingly
important in providing basic insight into the
problem and in affording a foundation for
further development. These theories, however,
are not convenient.for direct solution of
practical problems because such solutions are
difficult to obtain except for grossly simpli-
fied bodies and the theories are applicable
only to small amplitude regular waves.

The basic method for calculation of wave
drift force developed in this paper is based
upon the.same concept as the "radiation
stress" introduced by Longuet-Higgins and
Stewart in 1960.5 "It is well known that
surface waves possess momentum which is di-
rected parallel to the direction of propaga-
tion and is proportional to the squares of
wave amplitude. Now, if a wave train is re-
flected from an obstacle, its momentum must be
reversed. Conservation of momentum then re-
quires that there be a force exerted on the
obstacle equal to the rate of change of a
wave momentum." We prefer however to describé
the radiation stress as "wave drift force" and
to refer to "rate-of-ôhthige of wave momentum"
as simply "momentum flux".

Consider the two-dimensional case of a
regular wave train propagating from left to
right In Fig. 2. TA and TB are two vertical
planes fixed in space, beyond the limits of
vessel excursion. If the vessel were absent,
the wave field would be spatially homogeneous
and the fluid properties [namely, velocity
and pressure] at TA would be different from
those at TB at most by a constant phase angle.
Consequently, the time average properties at
TA would be identica], to those at TB. Let MA
and MB indicate the average momentum flux

crossing TA and. TB, respectivelyj then, by.
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conservation of momentum of the fluid contained
between TA and TB, we would have

.MA +iÇ.k! = o (1]

where and are the outward normal vectors
at TA and TB, respectively. When the vessel
is present, part of the wave passing through
Plane TA is blocked and reflected by the ves-
sel, the remaining part being transmitted on to
Plane TB. .At the same time, movements of the
vessel also generate waves which propagate
awäy from the vessel.. Therefore, the average
fluid properties at TA and TB are no longer the

same. Let MA and represent changes of
average momentum flux at TA and TB caused by
the presence of the. vessel; then the wave drift
force exerted on the vessel, is equal and op-
posite to the direction of the total change
of average momentum flux crossing the two
planes and can be expressed as

- (AA +'Ç.M).
Hence., if the fluid properties at far-field
were known, the wave drift force could be
f rmally determined accordingly. However, such
a formal calculation depends on the exact know-
ledge of the wave potentials for reflected and
generated waves.

In. this paper, a model for reflection and
generation of waves is constructed utilizing
simplified boundary conditions at the vessel' s
vertical walls as indicated by Planes Tl and 72
in Fig. 2. Since any variation of fluid para-
meters between Tl and TA and, likewise, between
T2 and TB must satisfy the requirement of con-
servation of momentum,6 the drift force can be
expressed as

-
(n1.M], +.4M)

=' (M - M2) '
. [3]

where l and 2 are outward norma], vectors at

Tl and T2, M1 ana M2 are change. of momentum
flux caused at Tl and T2, reectively.

Great simplification in the problem of
calculating fluid parameters at Planes Tl and
T2 is achieved by assuming that all wave'
momentum between the free surface and vessel
keel is blocked and' reflected and 'that the wave
field below the vessel keel is not disturbed,.
The waves generated by the movement of the
vessel are defined as a function of vessel
draft, and its horizontal motion relative to
the incident waves. In the present model for
calculation of wave drift force, the influence
of vessel vertical môtion, namely, heave, is
incorporated in the sense that heave motion,
changes the effective draft of the vessel.
Detail description of the model and

[2]



mathematical treatments are given in Appendix
A.

Reduced to the restricted case of two-
dimensional flow [e.g., beam seas] Eq. [A-16]

- of Appendix A gives average drift, force as
follows, correct to second order in wave
amplitude.

¿L-N2=

Cos (lac1 )J
r 2 Cosh K (h-D)

-
CoshKh

- .]

fjo
2 CoshK(h_D)J.

a Cosh Kh

[.Cos ( - ) + Cos (icc1

- )]J ' [li.]

where parameters are as defined in list of
symbols. Eq. 4 gives the magnitude of the
average drift force per unit length exerted
on a vessel by a regular wave train traveling
in the direction normal to the surface of the
vessel. Therefore, the total wave drift force
on a ship caused by waves coming from beam
direction should be

where L is the length of the ship. The calcu-
lation procedure developed here is best suited
for evaluation of wave drift force exerted on
a vessel in beam seas. However, Eq. 4 can be
adopted for head seas by replacing the ampli-
tude and phase angle of the sway motion,
namely S0 and e, with those of the vessel surge
motion. For a vessel with square bow and
stern, the longitudinal wave drift force is
given by

B . [AM1 - AM2]
where B is the beam of the ship. For waves
coming at an angle with respect to the ship,
Eq. 4 should be modified. The ecpression for
the modified beam drift force is given in
Appendix A. In general, in quartering seas,
there isa longitudinal drift force in addition
to a beam drift force.

In head seas, a vessel with a ship bow
will have less longitudinal drift force than a
barge with a square bow. This is because the
vertical wall of a ship bow is at an angle with
the incoming wave and only partially reflects
wave momentum in the direction of propagation,
whereas a square bow fully reflects the wave
momentum. Limited by space, ¿ detailed dis-

cussion on the influence of bow shape on
vessel longitudinal drift force will not be

made here. However, by following the develop-
ment presented in Appendix A, one can arrive
at a correction factor for vessel longitudinal
drift force for a ship bow.

The method of calculation for wave drift
force presented here is based on a model of
wave generation and reflection by the vessel;
consequently, the-authors hesitate to suggest
the use of the method for semisubmersibles.
This is because semisubmersibles are in general
less obstructive to wave propagation, thus wave
reflection and generation are no longer the
dominating factors in wave drift force. For
semisubmersibles with structure member dimen-
sions at the water line in the same order as
the water particle motions, drag force acting
on the members due to relative water particle
velocity may contribute significantly to the
total wave drift force.

The average wave drift force exerted on a
vessel by a reu1ar wave train has the same
effect as an added average steady force. This
steady force will displace the vessel to a new
average position about which the vessel oscil-
lates. Fig. 3 shows the model test results of
oscillatory surge motion of a spread moored'
ship in regular head seas. Since no wind or
current was simulated during the tank test, the
shift of the average position of the vessel as
a function of wave period is a clear indication
of wave drift force at work.

VESSEL MOTION ESTD'IATE

Eq. 4 clearly indicates that both the
amplitude and phase of vessel motion have a
direct influence on the wave drift force
exerted, on the vessel. In this paper only
surge, sway, and heave motions are considered.
One may conceivably attempt to include the
angular motions into the model, but then the
model will become much more complex and perhaps
lose much of its applicability. Moreover, lt
has been the authors' observation that the
rectilinear motions, namely heave, surge and
sway, seem to be of overriding importance.

One can do well in calculation of wave
drift 'force if model tank test data on vessel
motions in regular waves are available. In
such a case, he can insert the measured ampli-
tude and phase relation directly into Eq. 4.
If no test data are available, one may either
use sophisticated computer programs makirg a
complete evaluation of the motions, or use
simplified analysis making a reasonable esti-
mate. As one gains experience and insight into
vessel motion analysis, one can even arrive at
a fairly good estimate by making an educated
guess -

Simplified models for calculation of the
horizontal and vertical vessel motions are

F. H. HSU and K. A. BLENKARN I-137
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'given in Appendix B. These predict accu-
rately the amplitudes and phase angles of the
rectilinear vessel motions to be substituted,
into Eq. 4. In order to use these models,
one must specify vessel displacement, hydro-
dynamic mass, damping, hydrostatic restora-
tion, and. môoring system spring stiffness.
In general, the mooring system basically
governs only the slow oscillation of' the
vessel, and it does not have, much influence
on the direct wave-induced vessel motions.
An example of calculated amplitude and phase
relation of vessel motion, according to the
simplified model described in Appendix B, is
given in Fig. 4. The amplitude of vessel
horizontal motion increases steadily with the
increase of wave period in the range of'
practical interest, whereas the phase angle
stays approximately the same, lagging behind
the wave profile by an angle of about 90
degrees. This means that in practical cases
the vesselts horizontal velocity is about in
phase with the horizontal velocity of thè
water particles. The maximum heave motion
occurs at about the heave natural period of
the vessel, and the phase angle has a sharp
change at the heave natural period. For wave
periods longer than the heave natural period,
the yessel essentially heaves with the wave
profile. Therefore, for long period waves
the vessel tends to move with the water
particle in both horizontal and vertical di-
rections, and, the wave drift force shouad be
small, because the more the vessel moves with
wave particles, the less disturbance it
creates in the wave field.

APPLICATIONS TO IRREGULAR SEAS

For applications of the mathematical model
of drift force to the case of irregular seas,
two basic simplifying assumptions are made:
[li that the Irregular sea can be character
ized. by a sequence of waves, each being a-
signed a defined height and period, and [2]
each of the waves of an irregular sea will
impart to the moored vessel the same impulse
which it would were it merely one of' a se-
quence of regular waves. The lack of demon-
strable rigor in these two assumptions is
readily conceded. However, our experience
is that the results determined on the basis
of these assumptions are meaningful and use-
ful in describing the phenomenon of interest.

A quantitative evaluation of the slow
drift oscillation can be made by applying the
time dependent wave drift force on a mass and
nonlinear spring system. The mass is made to
simulate the total mass of the vessel and its
hydrodynamic mass in a given mode of hori-
zontal motion, and the nonlinear spring is
made to simulate the total resistance of the.
mooring ystem against drift motion. The
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equation for this drift oscillation can be
written as

MX" + CX' + f(X) = g(t) , [5]

where M and C are the virtual mass and damping,
f[X] is the nonlinear spring function, and gEt]
is the wave drift force function which gives
the average wave force over each wave cycle.
In regular waves, this average force is the
same for every wave, hence g[t] -is a constant.
For irregular seas, in view of the two basic
simplifying assumptions, g[t] becomes a step
function changing abruptly from wave to wave.
Since g[t] is not a periodic function, the most
expeditious way to solve Eq. 5 is by using the
finite difference method on a computer, propa-
gating a-solution forward in time.

The basic calculating procedure can be
described as follows.

Step 1 - For a wave condition of interest,
establish either a measured wave history, or
one which is mathematically reconstruòted as
described further in this paper.

Step 2 - For each wave of the wave
history, calculate the wave drift force uti-
lizing Eq. and the methods described in the
previous two sections.

Step 3 - Determine the mooring'system
stiffness based upon mooring line composition,
weight, length and water depth.

Step k - Calculate the slow drift oscil-
lation of the vessel, utilizing the force in-
put determined in Step .2 for Eq. 5, previously
described. -

Step 5 - Estimate extreme vessel excursion
by superimposing direct wave-induced horizontal
motion n the maximum amplitude of slow vessel
dri±t.

Step 6 - Calculate peak mooring force from
the spring characteristics of the mooring sys-
tem and the extreme vessel excursion deter-
mined in Step 5. . -'- -

If the measured regular wave motion re-
sponse of' the barge and the measured. spring
force of a model test are used. in determining
the wave drift force, the results can be very
good, as shown in Figs. i and 5. Fig. 1 shows
the model tank record of the surge motion of a
spread moored 150,000-ton barge in random waves
of significant height 20.5 ft and average.
period 13 seconds. "Fig. 5 shows the sway -

motion of the same vessel in identical wave
conditions. It will be noted that in both
cases the calculated slow drift motion of the'
vessel matches very well 'with the measured
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value determined in the model test. The high
quality of correlation between calculated and
model test results provides a high degree of
confidence in the relevancy of the concepts
introduced in the paper, and the potential
usefulness of the calculating approach.

Wave condition is generally specified
statistically in terms of energy spectrum, or
significant wave height and average period.
There are at least two ways in practice to
reconstruct an irregular wave history from its
statistical specifications: [1] summing a
finite number of sine or cosine waves of
different amplitudes and frequencies and [2]
recording the output of a specially designed
filter netork which has been subjected to
ttwhite noise" input. Discussion of details on
the selection of the amplitudes and frequencies
in the first method and the construction of the
filter network in the second method are beyond
the scope of this paper. For a discussion on
irregular wave generation, refer to Ref. 7.

In view of the nonlinear spring charac-
teristics of conventional mooring systems and
the large amplitude of the slow drift
oscillation, it is doubtful whether the
statistics of mooring line force can be
meaningfully derived from wave height statis-
tics using directly linear spectral analysis.
On the other hand, the fact that wave drift
force in irregular seas varies basically with
the variation of wave heights suggests that the
slow drift oscillation may be directly related
to characteristics of wave packets or groups in
such seas. In practical mooring system analy-
sis and design, some wave measurements taken at
the operation site will be invaluable in help-
ing to reconstruct a more realistic wave
history and to obtain more meaningful results.
We suspect that characteristics of irregular
seas and wave packets depend to a large extent
on local geographical conditions.

Influence of Mooring Line Pre-Tension

A. typical force vs horizontal displacement
relation for conventional mooring line catenary
is indicated by a curve for Line A in Fig. 6.
The force exerted by a mooring system on a
vessel against a specified displacement of the
vessel is the sum of change of force in ail
lines caused by the displacement. For a two-
dimensional case with identical mooring lines
at both sides of the vessel, the force in the
lines on the one side of the vessel increases
while the lines on the other side of the vessel
decrease. The net mooring force is the sum as
indicated in Fig. 6.

Fig. 7 shows the dependency of slow drift
oscillation of a given vessel on its mooring
line pre-tensions. One can see that slackening
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the mooring lines by reducing pre-tension from
F2 to Fi substantially increases the amplitude
of drift oscillation from P2 to Al, and at the
same time increases the mooring force from B2
to Bi and load in the stormward mooring line
from C2 to Ci. This is because a slackened
móoring system offers very little resistance to
vessel drift motion until the drift displace-
ment is large. At that time, the vessel,
having been pushed by the wave drift force
without the counteraction of mooring system
spring, has gathered appreciable momentum which
must be absorbed by the mooring system. Conse-
quently, to slacken mooring lines before a
storm does not always lead to reduction of
force in the lines. Table i indicates the
mooring forces of two model tank tests on the
150,000-ton barge. One can see that, by lower-
ing the mooring line pre-tension from 300 kips
to 150 kips, the peak mooring force in a single
line is significantly increased. For every
vessel and its mooring system there is an
cp4ium rge of pre-tension. Tightening moor-
ing lines beyond this range will result in
increasing instead of decreasing of mooring
line force. As shown in Fig. 7, increasing
pre-tension from F2 to F5 results in increasing
mooring force from B2 to B3 and force in moor-
ing line from C2 to CS. For a given vessel and
a mooring system, one can utilize the method
suggested here to calculate the vessel slow
drift oscillation and. to determine the range of
optimum mooring line pre-tension for the vessel
to ride out a design storm.

Pn important element in the design of
mooring systems is the stiffness characteristics
of the mooring lines. As shown in. Fig. 8, the
calculated amplitude of vessel slow drift
oscillation of two different mooring systems for
the same vessel are about equal. However, due
to difference in mooring line spring charac-
teristics, the estimated peak mooring forces
are drastically different. In general, it
seems desirable to design mooring lines in such
a way that their spring characteristics are as
linear as possible.

Influence of Wind and Current

Storm wind and current may induce some
additional vessel drift oscillation due to the
fact that neither wind velocity nor current
velocity is truly constant in nature. However,
in this discussion, their dirèct contributions
to the slow drift oscillation are ignored, and
both wind and current are considered as constant
velocities exerting a steady force on the
moored vessel.

One can see from Fig. 9 that, by applying
a steady force on the vessel, the vessel is
displaced to a new equilibrium position, indi-
cated by Point P. The new mooring system

i
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stiffness is determined by translating th

origin of the coordinates from Point O to Point

P, as indicated in Fig. 9. The stiffness of

the mooring system with respect to Point P is

no longer the same as with respect to Point O.

It is to be pointed out that the force-
displacement curve, measured from the origin of

the F'X' coordinates, is appreciably stiffer

than that from the FX coordinates. In other

words, the steady force caused by winds and

currents will in effect stiffen the mooring

system.

As discussed in previous sections, stiffen-

ing a mooring system may either increase or

decrease mooring force. As a matter of fact,

under certain situations [namely, soft mooring

system and high waves] wind and current may

actually help to reduce the peak mooring force

by stiffening the mooring system. This sur-

prising result was verified by model tank tests.

Consequently, contrary to intuition, superim-

posing wind, and current on storm waves does not

always increase the peak mooring force. From

test results as listed in Table 2, for mooring

System Ml, the mooring force is re.cuced as a

result of superimposing a 2-knot current,

whereas for mooring System M2, the mooring

force is increased.

Results and Conclusions

The analytic procedure of calculating the

slow drift oscil].ation and peak mooring force

has been applied to analyze the mooring system

for a 150,000-ton oil storage barge. Using the

recorded tank test data for direct wave-induced.

vessel motions, and using the measured mooring-

system spring characteristics and. measured

váves, the calculated slow drift oscillation
agreed amazingly well with the measured values

as shown in Fig. 1.

The piocedure was then used to forecast

peak mooring force for several different moox-

ing systems in order to optimize the design.
Subsequently, additional model tank tests were
conducted, and the test results confirmed the

basic validity of the analytical procedure both

in predicting the general behavior of the barge

mooring system, including the influence of pre-

tension, winds and current, and in quantitative

evaluation of peak mooring force. A comparison

of calculated and measured peak mooring forces

is given in Table 3. It is important to point

out that in the prediction of peak mooring

force in a single lind it has been assumed that

peak mooring forces are equally distributed

among parallel lines extending in the same

directIon. The model test results showed that

this assumption is wrong. Therefore, distinc-

tion must be made between a total force in all

parallel hues extending in one direction and

peakforce in individual lines. Additional

OTC 1159.

research is needed to clarify this point. From

a practical engineering point of view, mooring

system design is more of a technical and.

economical factor in the case of large vessels

than for small vessels. Therefore., the calcu-

lation procedure suggested here is of particu-

lar importance to the design of mooring systems

for large hull-type vessels. The following

listed general conclusions have been reached.

The slow drift oscillation of a vessel

particularly hull-type vessels or a large
floater, caused by random waves is a governing

factor contributing to the high load, in mooring

lines.

A method has been developed to calcu-

late the slow drift oscillation and peak moorinE

force based on a simplified model for evaluatioi

of wave drift force. The general validity of

this method has been supported by model tank

results..

Influence of winds, current and
mooring line pre-tension on the peak mooring

force can be evaluated on the basis of their

influence on the slow drift oscillation.

COntrary to intuition, winds and current do not

always increase 'the peak mooring force, and

likewise, slackening of mooring lines does not

always reduce the peak mooring force.

ti.. Using the procedura suggested in this

paper, one can more accurately assess the

capability of different mooring systems and

arrive at an optimum mooring system design.

hi1e in this paper, the wave drift force,

the slow drift oscillation and peak mooring

forces are discussed in the light' of a spread.

mooring system, the concept and the method
suggested here are by no means limited to
analyzing one type of mooring system. As a

matter cf fact, they can b directly used in

the evaluation of mono-mooring systems. Fur-

thermore, wave drift force and resultant vessel

drift motion are likely to be the two most

important factors in dynamic positioning. With

some refinement and modification, the method fo

'evaluation of wave drift force suggested here
may even be adapted to analyze the problem of

vessel speed reduction in random seaways.

NOMENCLATURE '

S,S' 5" displacement, velòcity and acceler-
ation of vessel sway motion

W,W' ,W" displacement, velocity and acceler
ation of vessel heave motion

U,U' horizontal velocity and accelera
tion of water particle motion iii

waves
V,V' = vertical velocity and acceleration

of water particle motion in
waves .



Longuet-Higgins, M. S. and Steward, R. W.:
IlRadiation Stresses in Water Waves; a
Physical Discussion", 1ep-Sea Research
[l96L] ll, 529.
Whitham, G. B.: "Mass, Momentum and Energy
Flux in Water Waves", J. Fluid Mechanics
(1962] 12, 135.
Sibul, 0. J.: "Reproduction of Irregular
Lang Crested Waves in a Ship Model Towing
Tank", 13th Meeting of the American Towing
Tank Conference, U. of Michigan, Ann Arbor,
[Sept., 1962].
Jacobsen, L. S. and Ayre, R. S.: Engineer-
ing Vibrations, McGraw-Hill, New York
[1958J 226.

APPRNDDC A

Momentum Flux Calculation Model

Consider the cases of a regular wave train
propagating from oo in the direction of posi-
tive X axis as indicated in Fig. 10.. This wave
train, upon impinging on the floating vessel,
is partially reflected back to - and partially
transmitted to + oo. Within the realm of poten-
tial flow theory, this interaction between the
vessel and the incident wave train can be
formally treated as a boundary value problem
with the relative water particle velocity
normal to the hull of the vessel equal to zero.
Theoretical and numerical solutions tothis
boundary problem for ship hulls are generally
difficult to obtain. In this appendix a
simplified model for wave reflection and. trans-
mission, and average drift force exerted on the
vessel in the beam direction is proposed. This
model incorporates the following basic assump-
tions.

1. The boundary conditions posed by the
vertical walls of the vessel are satisfied at
Planes T1 and T2 which are the average positions
of the walls and fixed in space.

2. The boundary conditions at the bottom
of the vessel can be ignored.

3. Partial reflection and. trar,sììvTssion are
approximately modeled by superimposing fictiti-
ous velocity potentials and at Planes T1 and.
T2, respectively.

1. The fluid field below the keel is
assumed undisturbed.

For waves coming at an angle with respect
to the vessel, the boundary condition to be
satisfied is that the velocity of water parti-
cles in the direction norma]. to the beam of the
vessel is the same as the vessel velocity in
that direction. Consequently, if the vessel
motion in the horizontal plane has an amplitude
Aand a direction angle with respect to the

z=

L,B

=

X,Y,z

e1,a1,e2,
cr2

A,7 =

p=

Uul, U112, V11

[M]n,
[LM2)n

So,e
Wo, =

--nn2, =
'A' 11B

z
C111, C C1

vertical position of vessel center
of buoyancy

length and beam of the vessel
wave number
natural frequency of vessel sway

and heave motion, respectively
velocity potential, surface pro-

file, wave amplitude and pres-
sure of the waves

fictitious velocïty potentials,
surface profiles and pressures
at the windward and, leeward
sides of the vessel, respec-
tively

spatial coordinate system with
origin resting on the still
water level and. Z measuring
positive vertically upward

phase angles of the fictitious
velocity potentials

angle between the direction of
propagation of incident wave
train and the normai of the
vessel vertical wall

amplitude and direction angle of
vessel motion in the horizontal
plan, respectively

density of water
gravity constant
amplitude, celerity and frequency

of waves
velocity of vessel horizontal
motion in beam direction

change of wave momentum flux in
beam direction at the windward
side and the leeward side of the
vessel, respectively

amplitude and phase of vessel sway
amplitude and phase of vessel

heave
vessel draft
normal vectors

water depth
damping coefficients

variable of integration denoting
length along ship
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i

e

where displaced fluid mass

K spring constant of the mooring
system

c damping coefficient
basic mass of the vessel

For

[Mb

a floatiná body Mf Mb, hence replacing
x] by M, we have

M5"+CS'+KS = M.U'+CU . [B-21

If the surface profile of the wave is

=aCos&?t ,

then water particle
direction is

U = U0Costùt, where U0

Water particle acceleration
direction is

U' coU0Sinc.t

The equation of sway motion becomes

= M WU SinU)t+CU CosWt
o o

[B-1

The resulting sway motion is

where

S" - M.U' + M(SH_Ut )+C.(S'U)+ S = o,

[B-l]

= hydrodynamic mass due to relative
acceleration between fluid parti-
cle and the vessel

S S0 Cos (cot i-

= a
+ C2/M2

n

(i-

= 11 Cosh K(+h)
pIM' SirthKh

= tan
WM2(Wn2 W2 C2)

CK

Sin
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VESSEL DR]FT OSCflLATIONS IN RANDOM SEAS OTC 1159

[B-31

velocity in the horizontal

,

bosh K(Z+h)
= a.)

Sinh Kh

in the horizontal

,

[B-5]

verticàl position of vessel center of
buoyancy.

To evaluate vessel surge motion, in addition to
using the proper mass, spring and damping
coefficients, a correction factor in the form
of

should be applied to the wave amplitude to ta1e
into account the influence of the length of the
vessel. It is to be noted that by applying
this factor to wave amplitude, the amplitude of
motion, S0, is reduced, but the phase relation
remains the same.

Heave Motion

Let W, W' and W" denote the displacement,
velocity and acceleration o± heave motion. The

equation of motion can be written as

(1+i1Xw"_v')+c1(w'-V)(W- 2() = O

where wave profile = a cos cot

V vertical water velocity V0 Sin cot

V = a CL)
Sinli K[Zs-h]

O Smb Kh
V' = vertical water acceleration =

V0 coCos cot

hydrostatic restoration in heave
motion

heave damping coefficient
heave basic mass
heave hydrodynamic mass

where

K1 =

Cl

Mhl=

Let M1 = Mh Mbl, the equation of motion

becomes

M1. w'+c1w' + = (M.WV0+Ça).

W = W Cos (Wt +o

R2) + (R W2)2
.1

=
2 2

(Cl
)2W .(i )

+ ç
4)

¡Î?1

nl J Ç'
R

Sthh K (' + h)
SinhKh

(1-R) C11Cr)

[B-6]

Cos cot 1- c1V0 Sin cot. [B-7]

The resulting heave motion is

-1
tan

l 2(W2 )(W2 BW2
2 2

nl
)-c1& R

vertical position of vessel center of
buoyancy.
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it ±s to be noted that C and C1 are the damping
coefficients for the linear damping term in the
equations of motion, while in reality damping
is generally nonlinear in nature. For a closer
approxiinatiOfl, C and C1 should be replacéd by
the equivalent linear damping coefficients so
that the amount of energy dissipated wifl be
approximately the same as the nonlinear damp-
ing. A comprehensive discussion on equivalent
viscous damping is given in Ref. 8.

If damping is proportional to the second

power of velocity, the equivalent linear
coefficient for horizontal motion is

s W
33 U O

for heave,

=c WÚRi 3t nl o

where C, Cal are nonlinear damping coeffici-
ents. In such cases, the amplitude of motions
have to be modified accordingly.

Table 1 - Influence of pretension
on mooring line.

ROTAI. MOORING

FORCE IN ALL
4 LINES

PEAK FORCE IN
A SINGLE LINE

a
D

O.

W

RECORDED VESSEL
SURGE MOTION

FORCI IN THE LOADED MOORING LINE

Fig. 1 - Vessel Slow drift surge
osc i hat ¡on.
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a
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C
W

I I

- HEAD SEAS
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PRE-TENS ION
300 KIFS

2 3

3950

1400

RANGE OF

PRACTICAL
INTEREST

WAVE FREQUENCY . WAVE FREOUENCY
SWAY NATURAL FREQUENCY . HEAVE NATURAL FREQUENCY

Fig. 4 - An example of vessel sway
and heave response.

CQ

1

PRE-TENS ION

150 KIFS

4600

23m

W/Wfli

RANGE OF

PRACTI CAL
INTEREST

Table 2 - Influence of Current O1 Table-3 - Mooring force - Comparison of
measured and predicted force.

o
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MOORING SYSTEM
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mooring force.

CURRENT VELOCITY
KNOTC

INCIDENT REFLECTED

WAVE WAVE-

TOTAL MOORING
FORCE. IPS

VIO

TRANSMITTED
WAVE

Fig. 2 - Model for calculation of
wave momentum flux.

MEASURED PREDICTED

lao 13m

2130 2500

2STERN SEAS

SEAM SEAS

TOTAL MOORING FOECE
4 KIF SI

MEASURED SWAY MOTION

NO. OF I PEAK FORCE !N A
MOORING SINGLE LINE
LIES IKIPS

AVERAGE VESSEL

POSITION

510 15 20

WAVE PERIOD SEC.

10 SEC.

r-i

MEASURED PREDICTED

766 900

996 625

DOUBLE AMPLITUDE OF
VESSEL SURGE MOTION

Fig. 3 - Model test results of
vessel surge motion in regular

waves - head seas.

Fig. 5 - Vessel slow drift
sway oscillation.
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Fig. G - Conventional mooring line
catenary springs.
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CURRENT
FORCE -

NET MOORING
FORCE

WIND AND CURRENT

IFORCE IN
LINE A

'/
NET MOORING
SPRING FORCE

DISPLACEMENT

.4OR 10W
PRE-TENS TON

DISPLACEMENT

Fig. 9 - Influence of wind and current
on mooring system stiffness.

55 2r
WAVE DRIFT
FOR, KIPS

121W o

Fig. 7 - Influence of mooring line
pretension on vessel slow drift

oscillation.

Fig. lO - Simplified model for
wave reflection.
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Fig. 8 - Influence of mooring line
stiffness characteristics on

peak mooring force.
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Fig. 11 - Waves coming at an angle
with respect to a vessel.


