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ABSTRACT

In this paper the basic expressions for the com—
putation of mean and low frequency second order wave
drift forces on floating structures in directiomally
spread seas as can be derived from potential theory
are discussed. The resultant expressions for the
mean and slowly varying drift forces are applied to
a specific form of the directional seas, i.e. cross
seas which consist of two irregular long-crested
wave trains from different directions. The analysis
shows under which conditions the drift forces in
irregular cross seas may be calculated based on the
superposition of the ‘drift forces from the component
long-crested irregular wave trains. Model tests were
carried out with the model of a 200,000 DWT tanker
moored in regular and irregular cross seas. The
results of the model tests confirm theoretical pre-
dictions regarding the superposition of mean drift
forces and the interaction effects present im slowly
varying components of the drift forces in direc-
tional seas.

INTRODUCTION

The analysis of the behaviour of vessels moored
at sea is generally based on measurements from model
tests in irregular uni-directional waves carried out
in suitable model facilities.

Data obtained from such model tests has in the
past proved to be indispensable in the design of
offshore floatimg structures. Although, at all
times, the conditions of the model tests represent a
simplified reality, the on-site performance of full
scale structures bears witnmess to the general valid-
ity of such model test data as a sound basis for
judging the performance of a particular design with
regard to both the motion behaviour and the loads omn
the structures.

References and illustrations at end of paper.

Notwithstanding, however, the generally accepted
validity of model testing under such simplified
conditions, there is a need to investigate, in more
detail, the effect of directional spreading of ir-
regular waves, as It occurs in reality, om the loads
and motions of floating offshore structures. See,

for instance, ref. [1].

One method of obtaining such information 1is to
conduct model tests in basins fitted with wave
generators which have the capability to generate ir-
regular directional waves. Such model tests will
produce quantitative data, based on a physical
reality, of the effects of directional waves. [1],
[2] and [3].

Another method of obtaining data on the effects
of multi-directional seas on the behaviour of float-
ing structures is based on theoretical computations;
[4?- It will be clear that efforts should be made to
compare results of such computations with model test
results. This 1is necessary since significamt physi-
cal effects peculiar to directional seas may be
present which are not accounted for in the theoreti-—
cal approach.

For irregular uni-directional seas, commutation
methods exist which can, with reasonable accuracy,
predict the behaviour of a moored vessel im both the
frequency and the time domain; [5] and [6].

This type of computer program can be used to
assess certain aspects associated with mul&i-direc—
tional seas provided a realistic formulation can be
given for the wave loads, both oscillatory, first
order wave loads and mean and low frequency second
Erfer drift forces in irregular directional waves,

T]e

In this paper attention is paid to such formula-
tions for the mean and slowly varying drift forces.
Expressions are given for the wave drift forees for
the case that the undisturbed incident directiomal
wave fileld 1s described by a Fouriler series with
random phase angles.
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2 THE INFLUENCE OF DIRECTIONAL SPREADING OF WAVES ON MOORING FORCES

Based on such descrlptlons for the second order
wave loads, frequency domain results are obtained in
terms of force spectra in irregular directional
seas. From these expressions further insight can be

obtained regarding the effects of directional seas.

Numerical results on the wave drift forces in a
special type of directional sea, namely, regular
cross waves, obtained using three-dimensional dif-
fraction calculations and direct integration of
second order pressure are compared with results wof

model tests,

Results are also given of tests in irregular uni-
directional waves and of tests in 1irregular cross
seas on the basis of which the wvalidity wof the
superposition principle with respect to mean drift
forces could be checked. For these cases computed

I results are also presented.

Finally some model tést results which show the
effect of irregular cross seas on low frequency
mooring forces are given.

THE TINCIDENT WAVES
In order to derive expressions for the drift

forces 1in directional seas we assume that the wave
elevation in a point can be described by a double
Fourier series, which characterizes the surface
elevation as a sum of regular long-crested waves
from various directions:

N M

K cos(mit + € = 0 (1)

)
i -

In 2 multi-directiomal sea the amplitudes of the
wave components are found from:

;ik = )2 sc(wi,wk) Aw Ay o - . (2)
where:

S (wi,wk) = directional wave spectrum

23 = frequency interval

Ay direction interval.

For the directional spectrum S,(w,¢) various for-
mulations can be chosen, [8] and [3]

After chosing the random phase angles, a time

record of the surface elevation can be computed from
equation (1).

SECOND 'ORDER WAVE DRIFT FORCES

Second order wave forces acting on vessels or
structures in waves can be computed based on direct
integration of second order pressures and forces,
(10].

In vector notation the general expression for the
second order wave forces 1s as follows:

!
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Equation (3) shows that the second order force
consists of terms involving products of first order
quantities or integrals of products of first order
quantities.

Using the discrete formulation of equatiom (1)
for the waves it follows that the second order force
in irregular directional seas can be written as:

F(z)(t) =
N N M M
= I L I L g, &., P.., cos{(w, - w)t +
i=1 j=1 kel g=1 1K 313K 1P
* ey —egdt Y
N N M M
+ L I L I g, G., Q... sin{{w, -w )t +
$=1 gl kel gal 1 3% V13K Rl
* (e~ gg) e o)

in which Pijkl and Qijkl are the In-phase and quad-
rature quadfatic transfer functions derivable based
on equation (3).

For instance, for the quadratic tradsfer function

due to the first contribution for equation (3) we
may write:

P..,==f%pogt" . cos(e -e_ )mdl
13ks WL Tik Tig Tik  Tig
A B,
Qo = J %ogtt ¢l sin(e -e. )mdl
L WL ik Tix TR )
5w - (6)

Each of the components of equation (3) comtribute
to the total in-phase and quadrature quadratic
transfer functions. This will not be treated further
here. It should be mentioned that evaluation of
these transfer functions can be made through the
?ppfication of 3-D diffraction computer programs,

10] .

(zyhe contiigution due to the non-linear potentials
and are approximated using the method
ngen in ffo] making use of the non-lineaf second
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order potential for the undisturbed directional
waves glven in ﬁll]. For irregular long-crested
waves the validity of this approach was recently
demonstrated by comparison of results obtained using
this approximation and results based on a more exact
solution [12] and [13].

We will assume hereafter that the quadratic
transfer functions include contributions from all
components of equation (3). It should be noted that
through regrouping of terms such as given in equa-
tions (5) and (6) certain symmetry relationships
will apply to Pigkx and Qijkz’ These will be given
in a later section.

Mean drift forces

The time average drift force is found from
equation (4) for i=j:
*?Ej——— N M M {
Fr°%¢¢) = £ I I G, G P cos(e,, —€,,) +
1=1 k=1 g=1 ik °1i2 'Tidike ik =18
+ Q4 Sin(Ey, - 11)} e e e e o (1)

It can be shown that the ensemble average of the
drift force is:

N M
(2) = 2

E[f*“/] =F= % I g, "P e e . (8)
121 k=1 ik “iikk

which, in continuous form becomes:

o s © 2%

F=2 [ | S;(w,a) P(w,w,0,8) da dw o 0o o (&5

0 0

in which P(w,w,x,a) is the quadratic transfer fumc-
tion of the mean drift force in regular waves of
frequency w from wave directiom a.

Drift force spectrum

it is of interest to obtain information on the
low frequency drift forces in irregular waves in the
frequency domain. To this end we use equation (4) as
starting point to obtain the spectral demnsity of the
drift forces. The following result is obtained:

® 2% 2n
Spu) = sof Of of S, (whi,a) S (w,8) *

|T(w+u,m,a,8)|2 da dB8 dw e e o o (10)

in which:

S (w+u a) = wave spectral demsity associated with
frequency w+p and direction a.

T(wtu,w,a,8) = P(whi,u,a,8) + 1Q(wtu,w,a,B)

N ¢ £ 5

For the quadratic transfer functions the follow-
ing symmetry relationships apply:

P(wtu,w,a,B) = P(w,wtu,B,a) o 0 o G . (12)
:Q(m+u,w,a,3) = - Q(w,uwtu,B,a) 5 o c . (13)
which 1s the same as:

T(why,w,a,8) = T*(w,uwtu,B,a) e e e e oa s (14)
in which * denotes the complex conjugate. Similar

symmetry equations apply to the discrete quadratic
transfer functions Pijkl’ Qijkl and the amplitude

Ty ke’

Drift forces in irregular cross seas

We will apply equation (10) to a simple case to
show the effect of wave directionality om the wave
drift force. To this end we assume that the irregu-
lar directional sea consists of a superposition of
two irregular long-crested uni-directional seas
approaching from directions &y and a; respectively.
This type of sea condition is known as a cross—sea
condition. The relevance of the effect of such sea
conditions om the behaviour of moored vessels has
been demonstrated in [1].

The directional wave spectrum of irregular long-
crested waves from the direction ag is defined as
follows:

« (15)

s (w,a)
4
a

4

% 0
in which the DIRAC delta function 1s defined as
follows:

= G(a-ao) S_. (w) 5 00 0 0

G(a—ao) =0 for a # o e o o o o o« (16)
and:

2n

f §(a~ay) da = 1 e e e e . (17)
0

The directional wave spectrum of two long-crested
irregular waves from directions ag and a; 1is:

Sc(w,a) = 6(a-ao) SC (w) + 6(a—al) SC (w)
% !
e e e e e .. (18)

in which SC (w)
% 1

spectra for long-crested waves.

(w) and S

CG

are ordinary poinmt
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‘l The mean drift force in an irregular directiomal
sea 1s as follows’

i

|

e @ 21
F=2 [ [ s (w,a) P(w,w,0,a) da d
10 O C

l € @ & LI (19)
| Substitution of equation (18) and taking into
' account equations (16) and (17) givess:
ATk = i; + i;
p 0 L
= 2‘0f SC (w) P(w,m,ao,ao) dw +
a
- 0
+ 2 j S (w) Plw,w,a,,d,) do
0 z 18>0
@
1
o om - ~ (20)
| This shows that the mean drift force of two sea
states 1is the sum of the mean forces from the
individual wave trains.
The spectrum of the wave <drift force in an
irregular sea is given by equation (10):
Substitution of (18) im {10) gives:
Sz (W) =
! @ 21 2m
=8 [ [ [[8G@-ap s, (o)
| 0o 0 0 a
0
I + 6(a—q1) Sga (w+u)] .
1
' A i i [l -
o (8B s, W) + 8(Bwy) S, (w)]
a a
. 0 2 1
» T(w+u¢w!u,8) "da df dw N . « .« (21)

which results in:
|
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. % |
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i 0
+8 [ s (whi) S. (w) MT(w+uym;al,a1)42 dw
0 Cal Cal

R T . w (22)

The first and last terms of equation (22) cor-
‘Lrespond respectively with the drift force spectrum
from each of the two sea conditions separately. This
shows that the low frequency second order excitation

in a sea state comsisting of two long-crested irreg~
ular seas is larger than the sum of the excitation
from each sea independently. The second and third
' terms of equation (22) show the excitation| arising
from interaction of both long-crested seas. The
| nature of these terms also shows under which condi-~
tions such interaction terms may be neglected.

Consider, for imstance, that waves from direction
ay are relatively short, wind driven seas while
| those from direction @, are relatively lomg-period
I‘swells. Both spectra are shown in Figure 1.

' If the spectra have little or no overlap on the
frequency axis, then the products of the spectral
densities in the second and third parts of equation
(22) are small, even for relatively large p values.
This can have important consequences for simulation
| computations since such combinations of wind driven
'and swell seas frequently occur. The impact of this
effect will be apparent when it is realized that the
major part of the low frequency response of moored
vessels 1is at or near the natural frequency. These
frequencies are generally very low. The consequence
of this effect is that the system only reacts to
very low frequency components in the excitatiom. If
the above-mentioned frequency separation is present
then equation (22) shows that the excitation may be
assumed to be simply the sum of the excitation
arising from each sea independently.

MODEL_TESTS

In the previous sections a general cutline of the
theory regarding mean and low frequency second order
wave drift forces has been given. It was found that,
given a description of the irregular directional
wave field in terms of either a set of spectra of
long-crested irregular waves from discrete direc—-
tions or a continuous directional wave spectrum, the
second order drift forces can be determined if the
frequency and wave direction dependent quadratic
transfer functions Pi'kl and Qijkl'are knoyn. These
transfer functions cdn be obtdined from '3-D dif-

 fraction calculations. In this section results of
such calculations will be compared with results of
| model tests for some simple, fundamental cases.

The model tests .and calculations have been car-
ried out for a 200,000 DWT fully loaded tanker
moored in a water depth of 30.24 m. The main
particulars of the vessel are given in Table 1. A
body plan is shown in Figure 2.

The model tests were carried out at .a scale of
1:82.5 in the Wave and Current Laboratory of MARIN.
This facility measures 60 m by 40 m with a variable
water depth of up to 1 m. The basin is equipped with
snake-type wave generators on two sides of the ba-
sin. The wave generators on each side can be driven
independently to produce. regular and [{irregular
cross—sea conditioms.

Model tests were carried out in regular cross-
wave conditions and 1rregular uni-directional and
cross—sea conditions. In the following a brief de-
scription will be given with respect to the choice
| of the test conditions, the results of tests and the
comparison with results of computations.

=
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Tests _in regular cross waves

According to equation (7) the mean force in
irregular directional seas is given by:
Po-1 1 {
F (¢) = I L Iz 4 Bn e cos(e . ~€,.) +
{2] k=1 g=1 ik *ig ‘" iike 1k —1%
+ Q. sinle, e, 00} e o e . (23)

Each of the terms in this equation reflects a
contribution due to interaction of a regular wave
with frequency w; from direction k with a regular

| wave with frequency w; from direction £.

Consider the case that we have one regular wave
with frequency w; from direction 1 and one regular
wave with the same frequency from direction 2.

The mean drift force would then be:

(2) - 2 2
F(e) = gy  Puggp *erp Prgp t

+ 8y SplByygp costey ey ) +

*Qpy, sin(e); ~ e} +

+8yg 511{Pygy co(e)y —6)) +

+ Q) staley, ~ €}

c .. (26)

| Taking 1into account the symmetry relationship of
equations (12) through (14) this results in:

Fizi(t) 2 2

“%1 Prn tR2 Phgpt

* 24y 8y APy, cosley) ey +

+ Q1112 sin(e11 - 512)} e o o o o (25)

The first two components of equation (25) are the
mean forces due to each regular wave independently.
The third contribution 1s due to interaction effects
of the two regular waves in the mean drift force. It
is seen that this component 1is, besides being a
function of the quadratic transfer functions P11
and %}1 2> @ function of the phase angles €11 anﬁ
€17 of the two regular waves.

The quadratic transfer functions Py117 and Pygq9
can be found from tests or computations for reguiar
waves from omne direction. For this particular
tanker, these wuni-directional mean drift force
transfer functions have been given in [10].

The purpose of the tests in regular cross waves
is specifically to identify the quadratic transfer
functions P1112 and Q1112 which represent the inter-

action effects due to the simultaneous presence of
two regular waves.

Equation (25) shows that, 1in order to identify
these effects, tests in regular cross waves should
be carried out whereby iIn each test two regular
waves with the same frequency and amplitude are
generated. The phase angle difference of the com~
ponents (€;; = €19) must be differemt for each test
however.

From equation (25) it is seen that the measured
mean drift forces on the vessel will then contain a
mean part and a part which is .a harmonic function of
the phase angle difference (g1 = £55)-

We have chosen to carry out tests in regular
cross waves with the component waves at right angles
to each other and at 45 degrees to the port and
starboard bow of the vessel respectively. The set-up
is shown in Figure 3.

Regular waves were adjusted geparately from both
sides of the basin. The frequencies were the same
and the wave amplitudes (first harmonic component of
the wave elevation record) measured at the mean po-
sition of the centre of gravity of the vessel were
almost the same. A review of the regular waves
adjusted from each side of the basin is given in
Table 2.

During the tests in regular cross waves, the
drive shafts of the wave generators on both sides of
the basin were locked to each other mechanically,
thus allowing good adjustment of the phase angle
difference (e;; = €;,) from ome test to the next and
at the same time assuring that both wave generators

| were running at the same frequency.

|
The model of the tanker was moored in a soft
spring mooring system. The longitudinal and trans—
verse forces exerted by the mooring system on the
vessel were measured by means of force tramsducers
situated at the fore and aft connection points of
the mooring system. The set-up is shown in Figure 3.

Series of tests were carried out in regular cross
waves of a given frequency and amplitude whereby the
phase angle difference (€77 = €39) between the
component regular waves was changed2 by 60 degrees
for each conmsecutive test. In each test the mooring
forces were measured. The time average of the
mooring forces yielded the mean longitudinal and
transverse drift forces and mean yaw moment as a
function of the phase difference.

The results of measurements are shown in Figures
4 through 7 in terms of the mean forces and yaw
moment to a base of the phase angle between the wave
generators. Also included is the amplitude of the
first harmonic of the resultant undisturbed wave
elevation measured at the centre of gravity of the
vessel, o

The results shown 1in these figures confirm that
the mean forces contain a constant part and a part
which varies periodically with the phase angle dif-
' ference of the wave generators.

|
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Due to the symmetry of the test set-up, 1.e.
regular wavés of the same frequency and approxi-

! mately the same amplitude approaching from 135° and

225‘, the mean values of the transverse force F_, and
the yaw moment should be equal to zero leaving
only the periodic component of the mean force and
moment. Due to slight differences in wave amplitudes
and possibly due to slight error in model alignment
this 1is not quite the case. The periodic parts of
these mean forces are, however, dominant.

The mean longitudinal force F_ contains a mean
component corresponding to the sum of the mean
forces due to the component regular waves and the
additional component which 1is periodic with the
phase difference between the wave generators.

When comparing the mean forces and yaw moment as
a function of the wave generator phase angle dif-
ference, it 1is seen that except for tests at wave
frequency 0.267 rad/s, the mean transverse force is
in phase with the mean yaw moment. At 0.267 rad/s, a
phase difference of about 180° is seen between these
quantities. In gemeral, the mean longitudinal force
F, is about 90° out-of-phase with Fy and M;. This is
in agreement with equation (25) wheh the symmetry of
the test set-up and wave conditions are taken into
account.

In a fully symmetrical case in regular cross
waves, i.e. when the phase angle difference (ell
512) is equal to zero, the wave elevation pattern
consists of a square pattern of three-dimensional
peaks and troughs travelling in a direction parallel
to the 1longitudinal axis of the vessel with the
maXimum peaks and troughs moving in a line exactly
on the centre line of the vessel.

In this case the mean transverse force F_, and yaw
moment are equal to zero. Assuming that” the com-—
ponent wave amplitudes are equal, this implies that
for the transverse force and yaw moment, the value
of Py;1o in equation (25) is equal to zero. Based on
simiiar reasoning it can be shown that for the mean
longitudinal force Fy, the value of Q;;, is equal
| to zero.

Consequently, according to equation (25) the
varylog® part of Fy will be 90° out-of-phase with
respect to the varying parts of F_, and . The

periodic part of the variations in thé mean value of
the forces to a base of the wave generator phase
difference are governed by the third component aad
fourth component for F, and for Fy, M¢ respectively
in equation (25).

In order to compare the results of model tests in
regular cross waves with the results of computa-
tions, the following analysis was applied to the
measured data:

From the results given in Figures 4 through 7,
the amplitude of the first harmonic of the mean

| forces and moment and their respective phase angles

relative to the origin were obtained by standard
harmonic analysis. The amplitudes thus obtained were
divided by 2 T1 %9 T1 and Ty being the amplitudes
of the component irregular waves given in Table 2

for the various frequencies.

o

| of a

additional low frequency force

For the surge force F,, the computed values of
the quadratic transfer functionms P and Qijkl are
given in Table 3 and in Table 4 for the case that
the direction index k corresponds to the waves from
135° and the index & corresponds to waves from 225°.

All combinations have been given. In this paper
use is only made of results for the case i=j. The
cases when 1#j correspond to regular crogs waves
with non-equal frequencies.

For comparison purposes, the quadratic transfer
functions for the surge force are also given for the
case that both waves come from the same direction,
i.e. for the case that k 1is equal to £. These
results are given in Tables 5 and 6.

The transfer functions were then compared with
the computed values of the amplitude Ty;;, for EA
Fy and . The results of the comparisons are shown
in Figures 8 through. 10.

The phase angles, Eprs of the forces and moment

relative to the point at which the amplitude of the

undisturbed regular cross waves 1s at a maximum are
also compared with the theoretical values im these
figures.

In general, the amplitudes of ‘the
transfer functions T 11 are Treasonably well
predicted by the computations as are the phase
angles relative to the undisturbed regular cross
waves. On the whole, the agreement 1s comsidered to
be satisfactory.

guadratic

Tests in ifregular cross seas

In the previous section model tests im regular
cross waves were described. It was seen that, depen-—
dent on the relative phase angles of the component
regular waves, mean drift forces could be higher or
lower than the total mean drift force due to the sum
of the drift forces from each wave component inde-
pendently.

In d{rregular seas all relative phase angles
between wave components from different directions
are equally probable. The result of this is that the
total mean drift forces in irregular seas 1s simply
the sum of contributions from all wave ccmponents.

| This is expressed 1n equation (9) for the general

case of directionally spread seas and inI equation
(20) for the case of irregular cross seas consisting
superposition o6f two long-crested |irregular
wave trains.

On the other hand, if we consider that in an
irregular directional sea the relative phase angles
between wave components from different directions
are continually changing quantities, the results
shown in Figures 4 through 7 also reflect the
components due to
interaction effects predicted by, for instance,
equation (22).

Tests in 1rregular cross seas were carried out to
check whether the theoretical prediction is borne
out by experimental findings with respent to the
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mean forces and the low frequency horizontal

motioms.

The model set-up was the same as used for tests
in regular cross waves (see Figure 3), 1i.e. the
model was moored in a soft linear spring system and
irregular long-crested seas were approaching the
vessel from 135° or 225° or both.

In order to check the validity of the super-
position principle with respect to the mean drift
forces, tests were carried out in three phases, i.e.

‘(1) one test to measure mean drift forces im irre-

gular seas from 135°, (2) ome test in waves from
225° and (3) one test in irregular cross seas con-
sisting of a superposition of both irregular wave
trains.

Before treating the test results, it 1is of
interest to check the superposition principle with
respect to the undisturbed wave elevation at the
centre of gravity of the vessel.

The spectra of the lomg-crested, uni-directional
wave trains generated from either of the two basin
sides are shown in Figure 11. In Figure 12 the cal-
culated sum of the individual spectra are compared
with the spectra obtained from the wave elevation
records measured in irregular cross seas consisting
of two wave trains generated from both sides using
independent random wave generator control signals.
The agreement shows that the superposition principle
holds very well for the undisturbed wave trains.

The test duration for tests in irregular seas
corresponded to 90 minutes full scale.

The mean wave drift forces on the tanker measured
in the various 1irregular lomg-crested, uni-directio-
nal seas along with calculated data are given in
Table 7.

In general the measured and calculated mean surge
and sway forces Fx and F_ are in good agreement. For
spectrum 1, the dalculathed mean surge force is some
30Z below the measured value. The reason for this
difference 1s not clear at this time. In general
differences in the forces are less than 10Z.

The difference Dbetween the calculated and
measured mean yaw moments appear to be larger. It
should be remembered, however, that the mean yaw
moment 18 derived from the difference in the mean
transverse forces measured fore and aft. The moment
arm amounted to about 320 m for the full scale
vessel. The mean yaw moments are therefore rather
small in terms of tramsverse forces applied at the
fore and aft ends.

In Table 8 the measured mean forces inm irregular
cross seas are presented together with calculated
data obtained by adding the mean values measured in
irregular uni-directional seas, and calculated data
obtained by adding calculated data for irregular
uni-directional seas.

The calculated mean forces for irregular uni-
directional seas were obtained based on equation
(19), using the measured uni-directionl wave spectra
presented in Figure 1ll. The transfer function

P(w,w,x,a) was given again, based on 3-D diffractiom
calculations and om equation (3). See, for example,
Table 5 for surge force Fy.

The results shown in Table 8, in general, show
that the superpogition principle holds very well for
the mean wave drift forces in irregular cross seas.

In general, the calculated data based on 3-D dif-
fraction theory also are in good agreement except
for those tests involving spectrum 1. In those
cases, diffraction calculations underestimate the
mean surge force F_ to some extent. This 1s imn
agreement with the fesults given in Table 7 for the
uni-directional seas.

Finally, we will look at the effect of irregular
cross~seas on the low frequency horizontal mooring
forces. In Table 9 the standard deviation of the
surge, sway and yaw forces of the tanker are given
for the four mentioned wave spectra.

For the test in irregular cross seas the results
are given in Table 10. In this table results are
also given of the forces obtained based on the tests
in irregular long-crested seas under the assumption
that no interaction effects are present. In this
case the cross sea results are obtained by taking
the square root of the sum of the squares of the
standard deviations from the two relevant tests in
long-crested seas.

Comparison of the results reveals that the inter-
action effects in the sway and yaw mode are small.
In the surge mode interaction effects are signifi-
cant for the case of wave spectrum 2 combined with
wave spectrum 3.

CONCLUSIONS

In this paper, some aspects of the general theory
regarding mean and low frequency second order drift
forces in irregular directional seas were discussed.
It was shown that, given the bi-directional and bi-
frequency dependent quadratic transfer function for
the wave drift forces, the mean forces and spectral
density of the slowly varying part of the forces
could be computed using the directional wave spec-—
trum as description for the sea condition.

This frequency domain representation, although
very useful, is not entirely complete however, since
strictly speaking Iinformation should also be given
on the distribution of low frequency forces. The
general problem of the distribution of the second
order drift forces in 1irregular long-crested seas
has been treated among others in ref. [14] and [15],
to which the reader is referred.

Time domain representations of drift forces im
directional seas through direct summation of Fourier
components or through the application of the second
order term of a Functional Polynomial have been dis-
cussed. In both cases it was assumed that the wave
field consists of a sum of long-crested irregular
wave trains from a number of discrete directions.
The Functional Polynomial allows a deterministic
comparison to be made between measured and computed
drift force records in irregular cross seas. This
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TABLE 1—MAIN PARTICULARS AND STABILITY DATA OF LOADED TABLE 4—QUADRATIC TRANSFER FUNCTION ng FOR THE LONGITUDINAL
2

00,000-DWT TANKER FORCE IN CROSS SEA
i
Designation Symbol Unit | Magnitude jug s |02 03 0.4 0.5 0.6 0.7 0.8 09 1.0
' wy + ‘ —
Length between perpendiculars Lpp m 310.00 “"-’ o -u B -3 0 0 O @ ©
o3 | 0 -7 -6 -2 o 0 ° [
Breadth B B 47.17 04 |38 17 0o -5 - -9 0 0 ] ¥ o 135°
Depth B m 29.60 0.5 29 26 15 0 -2 =20 -3 0 [
0.6 0 21 a1 0 -12 -4 10 ] ¥y = 225°
Draftifore Te o 18.90 0.7 ] 0 w20 12 [ ] 10
Draft mean Ty o 18.90 0.8 [ [ 0 3 6 9 o 7 -5 Qg gy 1o £t/a?
0.9 0 [) 0 o -1 o 7 0 -0
! Draft aft Ta o LeLs0 1.0 ° 0 ° ° o -0 5 10 [
| Displacement weight a tf 240,697
]
| Block coefficient Cy - 0.850
Midship section ceofficient Cy = 0.995
|
Waterplane coefficient Cy = 0.868
Centre of buoyancy forward of i3 a 6.61
section 10
: Centre of gravity above keel KC 13.32 TABLE 5-QUADRATIC TRANSFER FUNCTION P, FOR THE LONGITUDINAL
Metacentric height o™ 5.78 FORCE IN LONG-CRESTED SEAS
|
Radius of gyration in air: ’
ey+ |02 03 04 03 06 07 08 03 10
- transverse | n ’ 14.77 Y
i
- longitudinal kyy m ‘ 77.47 ‘ o 3 0 <8 em 9 a 0 0 A
- vertical | Kpg 79.30 0.3 0 0 % a2 ) 0 0 o]
I ‘ L N T U LA [ [ o | Yy = 133°
0.5 [-s1 -1 -4 -0 -1z -6 2 [ o |
0.6 0 -2 -7 -2 <13 - - 7 [ " ¥y = 135°
0.7 [ [ A I o 20
TABLE 2—AMPLITUDE OF FIRST HARMONIC OF ADJUSTED REGULAR a0 9 0 0 n @ o o9 @ @ ‘ .
UNI-DIRECTIONAL WAVE COMPONENTS ' Lixk
- 0.9 [ [ 0 [ 7 o -3 -0 -1
i 1.0 0 [ 0 [ o 0 1z -u -3t
Amplitude of first harmonic
in o
I
Wave frequency |
Wave from Wave from
in rad/s
TABLE 6—QUADRATIC TRANSFER FUNCTION O, FOR THE LONGITUDINAL
east slde south side FORCE IN LONG-CRESTED SEAS
(225%) (135%) ‘
wye 0.2 03 04 035 06 07 08 09 1.0
2 ! !u" +
0.2 o <146 166 -lle [} [) 0 0 [
0.267 1.90 1.94 ‘ 0.3 |1 0 -8l -50 -4 0 0 0 0
0.4 166 81 0 =% -5 -1 [} 0 0 ¥, = 135°
0.443 1.88 1.90 0.5 116 90 50 0 -5 -3 o 0 ]
0.6 [ s0 35 o 2 -9 B [) ¥y = 135°
0.7 0 0 7w %0 o 239 -4 28
0.713 : 1.99 2.02 0.8 o o o =% 19 2 0 -7 1 Q gy 1o ce/a?
\ 0.9 [} [ [ o -3 oz 0 -3
0.887 1.82 1.87 1.0 o 0 o 0 o -8 -1 °
TABLE 3—QUADRATIC TRANSFER FUNCTION P, FOR THE TABLE 7—MEASURED AND CALCULATED MEAN DRIFT FORCES AND
LONGQITUDINAL FORCE IN CROSS SEAS MOMENT IN [RREGULAR UNI-DIRECTIONAL SEAS
wyr (02 0.3 04 05 06 07 08 09 L0 - Spectrua 1 Spactrua 2 Spectrum 3 Spectrum 4
o forces s @) ass) st
0.2 [ U T | ¢ 0 0 0 _— UaLe
0.3 71 - -4 - [ ° [ Mes- | Calew= | Mas- Calew= | Mes Calew- | Mes- | calew
L L B S T 5 0 ° [ PAERELY oment sured | latad | sured | lated | oured | leted sured | lated
0.5 -9 -8 -0 -1 7 & 8 [ [
0.6 ) % 7= 2 8 5 ° oy = 23 _
0.7 o 0 s 6 -2 -0 -1 10 12 LA Y] =157 | ~52.0 [ <169 | 1606 | -16.3 | -18.2 -8 [ -3
0.8 [ 0 s 8 a7 4 15 Pygug 1o ct/n? T, | -286.5 | -293.2 | -98.2 | -107.5 93.5 | 2.6 15.4 | 17,9
0.9 6 o 0 3 -
i o . . : . :: 1: :: _;; B, | et | -te0s.0| -3489.0 | -se2.0 [ w7100 | 16080 | e00.0 | t014.0 [ 255.0
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TABLE 8—MEASURED AND CALCULATED MEAN DRIFT FORCES AND
MOMENT IN IRREGULAR CROSS SEAS

Masn Spectrum 1 (225°) + Spectrum I (225°) + BODY PLAN
forces + Spactrum 3 (135%) + Spaccrus 4 (133°) ﬁ
- Oait 4
Calculeced | Calculated Calculated | Calculated
BOWSHT Measurad (1) ) Measured m (2) f
= 20 I
F, et -98.6 -7l -32.6 -Bh.b =56, -80.6
Fy of -195.8 -180.6 -193.0 -277.6 =275.3 -271.1
i' otm -3242.0 ~2889.0 ~3077.0 ~4745.0 -3234.0 ~3671.0 o
Spectrim 2 (22%°) + Spectrum 2 (225°) + 1
+ Spaccrum 3 (135°) + Spectrum 4 (135°)
Caleulated { Calculated Calculated | Calculsced 2
Mesaured ) @ Measured ay 2
¥, o -32.8 ~34.7 -33.8 “18.4 -19.9 -21.8 3
T, tt 0.6 (188 -4.7 -88.1 -89.6 -82.8 a 16
#, tfm 708.0 129.0 1026.0 ~294.0 =216.0 432.0
M 1 S _H
Calculated (1): Sum of calculated values given fn Tadble 7
Cslculaced (2): Sum of messured values given fn Table 7

TABLE 9—STANDARD DEVIATION OF MOORING FORCES MEASURED IN

Fig. 2—Body plan of 200,000-DWT tanker.

IRREGULAR LONG-CRESTED SEAS

Wave Wave Standard deviation of ‘
Pt dir::tion mooring force SouTH !
No.
degrees 6p in tf jop, in tf (o, in tfm !
F’ Py H* I | ily
|I'i| f
1 225 275.9 [‘ 357.0 1 26643.7 WAVES 135 deg.
| H
2 225 30.8 187.6 8260.2 | "
[}
3 135 38.1 107.8 8635.1 ORCE TRANSDUCER “
|
4 135 14.0 65.6 6198.4 WAES 225 deg il
- Fol | 0m
TABLE 10—COMPARISON OF THE STANDARD DEVIATION OF MOORING ,
FORCES MEASURED IN IRREGULAR CROSS-SEAS AND COMPUTED FROM SOFT SPRING MOORING
RESULTS OF TESTS IN IRREGULAR LONG-CRESTED SEAS 7 '
‘ Standard deviation of wooring f o
] San tanda eviation of mooring force gADsET ! hi Lbeacn
- o 1n 1] or, in tf o, in cf I ‘W.
! W = ‘
Spectrum 1 + 3 | 311.3 278.5 %0.0 || 7209 27674.8 | 28009.3 LQ of 881Up of tanker mode! in wave aralUeient
Spectrum 1 + & | 266.7 276.2 364.8 363.0 26873.6 | 27355.2 laboratory.
Spectrum 2+ 3 | 88.2 49.0 219.2 216.4 12919.8 | 11952.6
Spectrum 2 + & 36.6 33.8 198.5 198.7 9549.2 | 10327.2 10[ 400 20000
[
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Fig. 1—Schematic representation of wind sea and swell spectrum,
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