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ABSTRACT

In this paper the phenomenon of
the slowly varying drifting force on
a moored object in a random sea will
be explained and illustrated from the
results of a number of model tests
with a rectangular barge. These tests,
conducted at the Netherlands Ship Model
Basin, were an extension of an earlier
executed program [1] .

It will be shown that, using the
results of measured or calculated
drifting forces on an object moored in
regular waves, a prediction can be made
of the drifting forces induced by
wave trains consisting of regular wave
groups.

Also for an irregular wave train
the drifting force on the barge could
be computed as a function of time,
which made it possible to calculate
the surge motion of the barge

References and illustrations at end
of paper

The results of tests and calculations
show a reasonable agreement.

INTRODUCTION

In the last few years the problems
concerning the mooring of objects in
random seas have gained much attention
as a result of the necessity to load
and discharge big tankers in open sea
or due to the fact that the sea bottom
had to be explored and exploited from
vessels operating from the water
surface.

A floating object moored in waves
will generally be subjected to forces
causing horizontal and vertical motions
and moments causing angular motions
about horizontal and vertical axes.

In this paper the horizontal surge
motion of a rectangular barge moored by
means of linear springs in head waves
will be dealt with. The surge motion
can be split-up in a mean excursion,

a slowly varying motion and a higher
frequency oscillation around the

slowly varying position.
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The period of the higher frequency in which:
oscillation is equal to that of the
wave motion and since a considerable
amount of literature is available
concerning this part of the motion, it
will not be treated in this paper.

From the results of model tests in
regular waves the mean drifting force
on the barge could be determined as a
function of the wave frequency. Using
these data the long periodical surge
motion of the barge was calculated for |
different stiffnesses of the mooring
system for the condition that the barge
was moored in a wave train which
consisted of regular wave groups. The
results of those calculations are
compared with model test results. From
these and earlier executed tests []

it is clear that resonance phenomena
may ocecur when the period with which
the wave groups encounter the barge
equals the natural period of the surge
motion of the moored barge. Further it
appears to be possible to calculate the
drift force induced by regular wave
groups when such a wave train is
considered to consist of two regular
waves with a small difference in
frequency.

However, regular wave groups will
seldom occur. Generally the wave height
changes irregularly.To estimate the
drift forces exerted on an object in
irregular waves as a function of time >
there exists a method which produces P-4 [ R (w) ] (1)
reasonable results. This method will be a=2 0P8 : ga
dealt with. Starting from the so

specific mass density of
water

acceleration due to gravity
amplitude of the wave
reflected and scattered by
the body in a direction
opposite to the incident wave

i

o 03

Generally only a part of the incident
wave will be reflected; the rest will
be transmitted underneath the cylinder.
Besides the reflected wave also waves
are generated opposite to the incident
wave due to the heave, sway and roll
motions of the cylinder. All reflected
and scattered waves have The same
frequency which means that the sum of
these components is again a regular
wave with the same frequency and with
an amplitude depending on the amplitudes
of the reflected and scattered wave
components and their mutual phase
differences. The amplitudes of these
components and the phase differences
depend on the frequency of the incident
wave, while the amplitudes can be
assumed to be linearly proportional to
the amplitude of the incident wave.
This means that the steady drifting
force F. in regular waves per unit
length gf the cylinder can be written
as:

obtained drifting force, the surge in which:

motion of the object moored in this _ :

particular wave train can be calculated. R (w). ga - iﬂgl;zzgieggdriiigcted
This is illustrated by comparison of c .

R (w) = reflection coefficient
some calculated and measured surge B 11tud £ incident
motlon records. ga B 325e1 uae o nelden

‘ w = frequency of incident
THE DRIFT FORCE IN REGULAR WAVES wave

This expression indicates that the
drifting force is proportional to the
square of the wave height.

The hydrodynamic forces on an
object floating in regular waves may
be resolved in an oscillatory part and
in a constant part of which the latter
is known as the steady drifting force.
Maruo [2] shows for the two dimensional
case of an infinitely long cylinder
floating in regular waves with its
axis perpendicular to the wave direction
that the steady drifting force Fd per
unit length satisfies:

To verify this and to determine the
reflection coefficient R for a
rectangular barge in head waves, tests
were conducted in the Wave and Current
Basin of the N.S.M.B. In this basin
(length 60 m; width 40 m; maximum water
depth 1.20 m) a model of a rectangular
barge was moored to a fixed point by

5 means of a bow hawser, which consisted
p g a gf a linear spring with spring constant

Fd =

Nl
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To avoid the bow hawser becoming slack,
a countermass was used as 1s indicated
in Figure 1. In this Figure the test
set-up and the particulars of the
tested barge are given,

In the present paper all dimensions
are given for the full size barge in
sea water. The model scale is 1 : 80.

By measuring the force in the bow hawser
and the surge motion of the barge in a
number of regular head waves of )
different frequencies and by recording
both signals on magnetic tape, the

mean drifting force F. could be deter-
mined with reasonable accuracy. From
this a reflection coefficient R was
determined using

|
Fa

R=\/—
2
tpe(, B

in which B = breadth of. the barge.

For two different amplitudes of the
stroke of the wave generator, which
resulted in different wave heights at
the same frequency, the so obtained
reflection coefficients R have been
plotted in Figure 2. From these results
it can be concluded that the drifting

force is indeed.approximately propor-
tional to the square of the wave height.

The heave and pitch motions which also
influence the magnitude of the drifting
force were measured.

In Figure 3 and 4 the dimensionless
amplitudes of the heave and the pitch
motion have been plotted as -a function
of the frequency of the waves. The
measured results are compared with the
values obtained from calculations using
a modified strip theory according to
Flokstra [3] . Since the agreement
between the measured and calculated
heave and pitch motion is acceptable,
an attempt was made to determine the
mean drift force according to Havelock

[4] using the calculated quantities
and the following expression:

_ i1 W 2 2
Fd -2 e (Za Qup * ea Qe )
in which:

Za = amplitude of heave motion

@a = amplitude of pitch motion
sz = damping coefficient for

heave motion
e = %g@gégg coefficient for pitch

With this formula Havelock approximates
the mean increase of resistance in
regular waves by integrating the wave
pressure over the submerged part of

the hull of the heaving and pitching
ship. He assumes that the pressure

will not be influenced by the presence
of the ship. However, due to the flat
bow and bottom of the tested barge wave
reflection plays an important role,
which means that his assumption is not
valid and unacceptable for the tested
barge.

To illustrate the influence of the wave
reflection on the drifting force on the
barge, the reflection coefficient R
according to Haskind (5| for a captive
vertical plate with a draft equal to
the draft of the barge has been plotted
in Pigure 2. To indicate the possible
influence of the bottom of the barge
on the wave reflection, the wave
reflection coefficient R according to
Stoker and Mei [7] for a captive
barge of zero draft (infinite breadth)
and with a length equal to the length
of the tested barge has been given in
Figure 2,

Por an exact theoretical treatment
of the drifting force problem for a
floating body reference may be made
to

THE DRIFT FORCE IN REGULAR WAVE GROUPS

From the expression for the mean drift
force In regular waves it will be clear
that for the case that the wave height
varies slowly in time wifh a certain
period, the drift force on an object
will also vary slowly with the same
period. To illustrate this we consider
a wave train [ which consists of two
regular components which have a small
difference in frequency.

=10 cos (kx- wt+ €,) +

+ L, cos ((k+ Ak) x-(w+Awt + €,

This can be written as:

{ =acos (kx- wt~-0)

in which a = envelope of the wave
elevation or slowly

varying wave amplitude

IT-831
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The drift force is proportional to the
square of the wave amplitude, which
satisfies:

2 2

a®= [+ §22+2§1 C, cos (Akx -

(3)
-buwt + g4 - 82)

The value of a2 can also be determined
by taking the square of the wave motion
£ , for R

§2=;%(:g12.+ §22)+ g, L, cos (Akx - .

(%)

- Awt + £y - 82) + high frequency
components

According to (2) the drift force on the
barge moored in such a wave ftrain can
be calculated from: ' '

. 2 2
Fq=% pga R (w)B (5)
Tt will be clear that the drift force
consists of a constant part and a
slowly oscillating part with frequency

Aw.

The constant part Fg

of the drifting
force satisfies: :

Fo=bpe (0,2 0, 8% (wB
(6)

while the amplitude F of the slowly

oscillating part can %% written as:
2

ge = PE L LK (W8

F (7)

To verify these expressions a number

of tests have been conducted with the
rectangular barge moored by various
linear springs in a number of different
spectra representing wave trains
consisting of regular wave groups. All
wave groups had a period of about

111 sec.

For % wave spectra the particulars
are given in Table I. The wave height
was measured by a resistance type wave
probe and was recorded on magnetic
tape. With the aid of a digital computer
the square of the wave motion was
determined as a function of time.

For thQ_SO obtained signal the mean
value [< and the maximum harmonic

component §a2 (T r) with a period in
the vicinityZof tHé group period T,
were computed. As an example the r&tor-
ded wave train E 5-11 was copied from
the paper chart and is given in Figure
5. In this Figure the computed envelope
is also shown; this was calculated from:

a = \/2 Ez+ 2 Qae(Tgr) cos (A(.ut)I

(8)
27
in which Aw-=

Tgr
The computed wave envelope corresponds
well with the actual envelope.

In Table I_gumerical values of
the mean valge (= and the harmonic
component [ (T ) are given for three
different spec%?a. These spectra are
plotted in Figure 6

The mean drift force F, and the
amplitude of the slowlf oscillating
force component F which will be
exerted on the ba?ge when it is moored
in the regular wave groups can now be
approximated according to (6) and (7),
which leads to: :

= —2 .2
F, = pg [ R (v)B (9
2 2
Foz= PB L, (Tg) B (0B (10)
R is determined from Figure 2 for
- 2
T

=

T mean period of waves

i

The computed forces F, and F were -
compared with the resglts ofaéhe tests
with the barge moored by means of
different springs in the particular
wave train. In each wave train six
different mooring springs were :
investigated. From extinction tests in
still water the damping coefficient b
and the natural period of the surge
motion were determined. The springs
were selected in such a way that they
induced natural surge periods T _ from
65 to 160 sec. n
During each test the surge mofion
x and the force in the bow hawser th
were measured. From the records the
mean values X, and F and the
maximum harmo%ic ampl?gudes X0 (for

T=Tgr) and Fpha were determined.
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Index (2) indicates that the quantity
.econcerned was obtained from measurements
Finally the amplitude F of the
measured drifting forcea%as determined
by solving the equation of motion of
the mass - spring system representing
the moored ship.

m¥ + bk + ex

Fd = F2 -+ Fa2 cos Aw.©

in which m = btotal mass (including
added mass and mass of
counterweight)

b = damping coefficient
‘obtained from extinection
test

¢ = spring constant of bow
hawser

Aw= %n

gr
The solution gives:
I
2 2 2
Foo =%, - \/(O-HL Au?) +D°. Aw (11)
F2 = th
The

drift force components F,, and FE

were obtained from the results of the
tests with each of the six different

springs. As an example the averages
of these six values are given for three
different spectra in Table I. In this
Table the computed values F_, and F_
are also given. ) a3 3

As may be seen the measured and
calculated values of the mean force
show reasonable agreement, This is also
true for the measured and calculated
amplitudes except for spectrum E 5-9
for which the agreement 1is poor.

In Figure 5 an example is given of a
measured surge motion in one wave train
(E 5-11) for two different springs.

The surge amplitudes X measured in
this wave train have bggn plotted for
all 6 tested springs as a function of

A=T/T p and are compared with the
calculBtel amplitude x 3 determined
from: a

Fa3

(12)

Xy3 = — .
\/(c-m. Au)2)2 +b2, Aw?

This Figure clearly illustrates the
severe amplification of the surge
motion when the natural period of the
surge motion equals or is in the
viecinity of the period of the wave
groups.

THE MEAN DRIFTING FORCE IN TRREGULAR
WAVES

An irregular long crested sea can be
considered to be composed of a large
number of regular waves with amplitude

L. _, fregquency w, and random phase
an@le En'

So [ = n£1 oy cos(knx-u)n‘c+ En),

R . 114
in which:k_ = wave number = ar
n Ap

A wave length

n

Supposing that w_ 1s the mean frequency
of the spectrum Of the wave motion { (t)
then [ (t) can be written in-a slowly
varying form:

g(e) =a (b)

in which:a (t)

cos (kmx— wt- o )

= wave envelope
= mean wave humber,
which satisfies:

g km tanh km.h
= water depth

< D‘Bm EW

2 2 '

a (t) == a cos+a sin H
a

arctan @ = asin

cos

8,05 = L L, cOS [(kn-km)x-(mn—wm).

n=1
St +-€ n]
8gin = n£1 L, sin [(kn—km)x - (wn-wm) )
' t + € n]

From this expression the mean value of
the square of the wave envelope function
a(t) can be determined for an irregular
sea with known distribution of the
spectral density Sy (w).
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az(t) = T En? = j[ 2 8¢ (w) dw (13)| the total time that the wave height
n=1 o has to be recorded amounts to 5.5 to

As the drifting force is proportional
to the square of the wave height or in
other words to the square of the wave
envelope, the mean drifting force FT
may be calculated from: ’ ’

7 - peB /8¢ (.83 (w) du (14)

(see also equation (2))

This expression was used to
calculate the mean drift force exerted
by the regular wave groups on the barge
In Table I the so calculated mean drift
force F, is compared with the measured

value F. . The agreement is good, which
was alrgady shown by Gerritsma [9] and
others.

The results obtained with the above/
given formula were also compared with
the results of tests with the barge in
a fully irregular sea with spectrum
code P, (see Figure 6). Six different
springé were tested. The results are
given in Table IT.

THE SLOWLY.VARYING FORCE IN TRREGULAR
WAVES

As has already been shown the square
of the wave motion provides infor-
mation about the square of the slowly
varying wave envelope of an irregular
wave train and so also about the
drifting force. In principle a spectral
analysis may be made of the square of
the wave envelope reduced by the mean
value.

In other words the spectral
density of the square of the wave
motion provides information about the
mean period and the magnitude of the
slowly varying drift force. ‘

However, in practice it is very
difficult to obtain an accurate wave
envelope spectrum due to the long wave
record which 1s required. Assuming
that 200-250 oscillations are required
for an accurate spectral analysis and
- that the mean period of the wave
envelope record amounts to about 100

sec.,

T hours.

Therefore it was decided to use a method
as described by Hsu in [10] . This
method is based on the assumption that
an irregular wave train consists of a
sequence of single waves of which the
height is characterized by the height
of the wave crest or the depth of the
wave trough, while the period is
determined by the two adjacent zerc
crossings (see Figure 7). Each of the
so obtalned single waves (one for
every top or trough) is considered to
be one of a regular wave train, which
exerts a drifting force on the barge:

- 1 2 g2
Fo=%peg L, -R(T,).B (15)
in which:
§n = height of wave crest or depth

of trough

twice the time period elapsed
between two adjacent zero
crossings.

Tn,

The so obtained irregular slowly
varying drifting force F(t) (from now
on indicated by F,) on the barge in a
certain wave traiﬁ will induce surge
motions x, which can be calculated by
solving the well known differential

equation:
mt + bx + ox = F(t) = F)

For the investigated and tested case of
linear mooring springs, using constant
damping and mass coefficients, the
surge motion can be determined for t
sufficiently large from:

t

x(t) = / h(t).F(t-1) a1 =x,  (16)
in which h(t) = impuls response
function
Co Tt
h(t) = Cq.€ sin cs t - (17)
o ,
c, = —
1
2 me - b2
-b
Cqp = m——
2 o 2m
1 2"
Cy = 4 me - b
> 2m \/
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Hsu []Q] has shown that this method
produces reliable results. This will
be illustrated by comparing some test
results with the calculated values

Xy, and F4. ) CT

1. TESTS WITH BARGE IN REGULAR WAVE

From the record of the wave motion
of the regular wave group, the
drifting force signal F, was
calculated by computer. The result
could be resulved in a constant
part F, and an oscillatory component
F_,. e period of the oscillatory
p%%t was found to be equal to that
of the wave groups (111 sec.).

As an example the values of F), and
F are given in Table I for three
sﬁgctra. The values show good
agreement with the measured values
F2 and F o except for spectrum
ES5-9 foB“which the calculated
value of the force amplitude is
about 3%0% higher than the measured
value. - - -

In Figure 5 the calculated values
of the surge amplitude X, have
been plotted for the six 3ifferent
springs for spectrum E 5~11. These
values were obatined from equation
(12) using F,) instead of Fa}‘

pupnpaviiganipil v umpmeuingEnpuig R e e e e R e K

In the irregular wave train, which
is described by the spectrum P3,
(see Figure 6) six tests were
conducted with the barge moored
with different linear springs.
During these tests, which lasted
about %5 minutes (full scale time),
the surge motion and the force in
the bow hawser were measured and
recorded on magnetic tape. These
signals were filtered in order to
smooth out the (small) contribution
due to the higher frequency surge
motion with periods in the vieinity
of the wave motion.

The so obtained signals were
analysed. In Table IIT the
following quantities are given for
the surge motion:

- mean value

- root mean square value
- maximum forward motion
- maximum backward motion

The measured quantities are compared
with the results of the calculations
according to the equations (16) and
(17). The agreement appears to be good.
In Table II the mean drifting force F)
obtained from F, = C.Xy is given for
the different sgrings. As could be
expected the value of the calculated
mean force corresponds reasonably with
the measured values and the values
calculated from the wave spectrum.

CONCLUSIONS

It appears to be possible to determine
the slowly oscillating character of the
surge motion of a moored vessel in a
given irregular wave train when the
reflection coefficients R are known
as a function of the wave frequency w.
Probably this holds also for other ‘
wave directions, providing that the
wave reflection coefficients are known
for these directions.

It is clearly shown that reason-

.ance may occur when wave groups are

present which encounter the ship with
a period in the vieinity of the natural
Reriod of the mooring system. Probably
or 5 of such wave groups may well
induce severe horizontal motions.
Therefore more information will
be required concerning the occurrence
of wave groups on the locations. where .
big vessels are to be moored.

When short-time wave records for a .
particular location are available and
the reflection coefficient R is
measured, in a large model basin, for
the ship under consideration, a
reasonably accurate prediction of the
behaviour of the vessel may be made
using the method of calculation out-
lined in this paper.

Since the equation of motion is solved
numerically the method may also be ’
applied when non-linear bow hawsers or
mooring systems are used.
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NOMENCLATURE

Indices a = amplitude
h = bow hawser
1 = calculated from spectral
density acc. eq. (14)
2 = measured or obtained from
model tests
3 = computed from regular
components acec. eq. (9),
(10), (12)
4 = computed from wave record
ace. eq. (15)
B = breadth of barge
F_ = force amplitude
F® = mean force
L = length of barge
sz = damping coefficient for heave
motion of barge
Qee = damping coefficient for pitch
motion of barge
R = reflection coefficient
Sg = spectral density
T° = draft of barge
T = mean period of wave spectrum
T . period of wave groups
Tﬁ = natural period of surge motion
a = wave envelope
b = damping coefficient by slowly surge
motion
¢ = spring constant
g = acceleration due to gravity
h = water depth o1
k = wave number ™~
m = total mass of barge and mooring
system
£t = time
x = horizontal alongships coordinate,
surge motion
z, = amplitude of heave motion
£ = phase angle
{ = vertical motion of water surface
Ew%F significant wave height
§2 = mean value of record of §2
Ei (T r,) = maximum harmonic component
g of 2 with period T,
Ga = amplitude of pitch motion®
X = wave length '
A = dimensionless frequency = T /T
p = specific mass density of water®’
¢ = root mean square value
w = frequency
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TABLE 1 - DATA OF SOME TESTS IN REGULAR WAVE GROUPS

TABLE 2 - MEAN DRIFTING FORCE

IN SPECTRUM P3

Spectrum Spring Measured Calculated
Dimension constant mear:_force mean force
E5-7 | E5-9 | E5-11 c 5 F, =%, .0
tw‘l/} o 5.67 5.97 5.01 in ton.m in ton in ton
T sec. 7.37 9.36 12.16 136 28 28
] 2 2.04 2.28 1,58 68 27 29
2 2 49 22 30
ga (Tgr. m ’].11 2.27 4358 40 30 30
Tgr sec. 111,70 112.30 111.50 29 26 30
20 28 30
Fy ton 80.00 | 96.00 | 37.00
¥, ton 81.00 96.00 42,00
Calculated ¥, = 28 ton
F; ton 94,00 | 104.00 38.00
F, ton 90.00 93.00 38.00
82 ton 49,00 63.00 40,00
a3 ton 51.00 104,00 37.00
al ton 50.00 92.00 28.00
TABLE 3 - COMPARISON OF CALCULATED AND MEASURED SURGE MOTION IN IRREGULAR WAVES
WAVE SPECTRUM P3, VALUES OBTAINED FROM A 35-MINUTE RECORD
Spring Mean Root mean Maximum Maximum
constant value square value backward forward
C 4 X g motion motion
in ton.m inm inm inm inm
136 Measured 0.21 0.41 1.62 1.03
Calculated 0.21 0.48 1.77 1.27
68 Measured 0.37 0.44 2.31 1.00
Calculated 0.43 0.52 2.44 1.15
49 Measured 0.45 0.65 3.07 1.39
Calculated 0.61 0.55 2.98 1.05
40 Measured 0.74 0.67 3.62 1.07
Calculated 0.75 0.77 3.46 1.04
29 Measured 0.90 0.82 3.90 1.33
Calculated 1.04 1.07 4,52 1.27
20 Measured 1.40 1.09 5.06 1.45
Calculated 1.50 1.26 5.23 1.28
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Fig. 5 - Tests and calculations for
wave group Spectrum E5-11.

Fig. 6 - Wave speétra.r

Fig.”7 - Example of drift
force obtained from
wave record.





