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VOORWOORD

Voor de huidige grote-en zeer grote schepen zijn bepaalde zecén
in belangrijke vaarroutes. niet meer als diep te beschouwen, zoals
bijvoorbeeld grote gedeelten van de Noordzee. Aangezien in
deze gebieden een behoorlijke golfslag kan optreden bestaat de
mogelijkheid dat het schip als gevolg van haar bewegingen de
zecbodem raakt. Het is daarom van belang om ook inzicht te
hebben in de grootte van de mogelijk optredende scheeps-
bewegingen in golven op niet meer diep water, waarvan, in
tegenstelling tot de gedragingen op diep en ondiep water, nog
weinig bekend is.

Het gevaar van het raken van de zeebodem wordt bepaald
door de bewegingen in het langsscheepse vlak, zodat squat en
trim van het schip in vlak water moet worden beschouwd te-
samen met stampen en dompen in golven.

Voor dit onderzoek zijn reeds eerder modelproeven -uitgevoerd
in voor inkomende: golven bij een drietal verhoudingen van de
diepgang tot de waterdiepte.

Naast de modelproeven zijn theoretische berekeningen uitge-
voerd om voorspellingen te kunnen doen van de optredende
squat en trim in vlak water. De stamp en domp bewegingen voor
ondiep water zijn berékend door uit te gaan van de: bewegings-
vergelijkingen voor diep water.

Voor de scheepsvorm is gebruik gemaakt van een model,
behorende tot de series ,,60” met CB =0.80, waarvan het gedrag
in diep water uitgebreid is onderzocht.

De voor dit onderzoek gehouden modelproeven en de:bereke-
ningen zZijn alle uitgevoerd bij het Nederlandsch Scheepsbouw-
kundig Proefstation te Wageningen.

HET NEDERLANDS SCHEEPSSTUDIECENTRUM TNO

PREFACE

Several seas. in the important trade routes can no longer be
considered as deep with respect to the large and giant ships of
this time. This holds. for example for large parts of the North
Sea too. As considerable seas can appear in these areas it is
possible that the ship hits the bottom because of her motions.
It is therefore important to have insight into the values of the
ship motions that can be experienced in waves at waters of
restricted depth too, of which, contrary to the behaviour at deep
and shallow water, still little is known.

The danger of bottom contact depends upon the motions in
the longitudinal plane; because of which squat and trim of the
ship in calm water has to be considered in combination with
heave and pitch in waves.

Model experiments have been executed earlier in head waves
at three values of the depth to draught ratio. In addition to the
model experiments theoretical calculations have been made to
predict the squat and trim. The pitch and heave motions at
restricted water have been calculated starting from the equations
of motion for deep water.

The ship form was based upon a model of the ““series.60" ships
with CB=0.80, of which the behaviour in deep water was
determined extensively in previous research.

The model experiments and calculations made for this. project
were executed at the Netherlands Ship Model Basin, at Wage-
ningen. )

THE NETHERLANDS SHIP RESEARCH CENTRE TNO
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LIST OF SYMBOLS

Addéd mass in the i-direction due to a motion in the j-direction
Damping coefficient in the i-direction due to a motion in the j-direction
Spring constant in the j:direction die to a motion in the j-direction
Somie coefficient
water depth
2.72
Some. coefficient
Acceleration due to gravity
-1 :
Mass of body
Time
Forward speed
Longitudinal motion
Lateral motion
Vertical motion :
Resporise functions of miotion in i-direction du€ to a unit vertical force
(A4) and pitching moment (B)
Breadth of ship
Froude numbeér
Moment of inertia of body about axis in i-direction
Length between perpendiculafs
Wave excited pitching moment
Draught of ship
Oy + ) ((0)? + by (i0) + Cip
(s ¥ Ap) d2 (A1 4 b, d] At + Cpy
Wave excited vertical force. :
Phase difference between wave motion and ship motion in i=direction
Phase. difference between wadve motion--and wave excited force in i-
direction '
Wave circular frequency
Circular frequency of wave encounter = circular frequency of oscillation
of ship '
Wave métion
Pitch angle
Wave number = 27/4
Wave lerigth »
Wave direction relative to ship ditection (positive when turning counter-
clockwise) ' '
Some coefficient
1 whenm=n
0 when m #n




THE BEHAVIOUR OF A SHIP IN HEAD WAVES
AT RESTRICTED WATER DEPTHS

by
Dr. Ir. J. P. HOOFT

Summary

In this paper results will be presented of tests with models sailing in head waves. at restricted water depths. of 1.875, 2.5 and 3.75
times the ship’s draught. Also results will be given of calculated ship motions in deep water. No attention will be paid to ship
motions in shallow water.

A discuission will be given about the influences of the water depth on the ship motions. It will be shown how the:ship motions at
restricted water depths can be determined from the ship motions iri deep water.

1 Introduction

From a point of view of ship motions, three areas can
be distinguished in which large ships sail.

a. Deep water (infinite depth: water depth > 4 times
the draught) where a ship sails at a service speed
which can be influenced by the condition of the
sea.

b. Water with restricted or finite depth (4 times the
draught > water depth >approx. 2 times the
draught), wheré a ship still sails at as large a speed
as possible, -during which an influence of the sea
bottom can be noticed.

c. Shallow water (water depth <:approx. 2 times the

draught), where the ship speed has to be decreased

to avoid bottom contact due to the ship’s velocity
or due to the ship’s motions as influenced by
shallow water waves..

With respect to the ship motions in the first and third
area extensive research has already been performed
(see [1], [2), [3]). For the second area, however, little
is known. For this reason an investigation has been
peiformed to determine the behaviour of a ship in
waters with finite depth. The results of this investiga-
tion are given in the present paper.

When sailing in areas with restricted water depth,
the following will occur.

1. The squat and trim will change in comparison to
the values at deep water:.

2. The ship motions will change in ¢omparison to the
motions at deep water.

3. The external loadings on the ship will change in
comparison with the loadings at d“eep water.

In order to determine these changes tests have been
carried out with a model of the “series 60’ with a
block coefficient of 0.80. The results of these tests have

~

been compared with the results of theoretlcal investiga-

tions. : .
The model tests have been carried out in the shallow

water basin of the Netherlands Ship Model Basin at

three water depths (1.875, 2.500, 3.750 x draught) in

still water and in regular head waves. The width of

the basin amounts to 15.75 m being about 25 times

the ship’s. breadth.

2 Description of ship model

The: dimensions of the wooden model are given in
Table I. A body plan with the outlines of the bow and
the stern is shown in figuré 1. The ‘thodel was fitted
with a stock propeller according to figure 2 and Table
I1, a rudder and bilge: keels.“The bow of the model was
provided with a row of studs to stimulate a turbulent
flow about the hull.

Table I. Particulars of model

symbol unit

designation model
2940%

Length between perpendiculars L, m 4.2'89 -

Length on waterline L, m 4.360

Breadth moulded B m’ 0613

Draft moulded (even keel) T m 0245

Displacement volume moulded’ m* 05152

Longitudinal centre of __ )

buoyancy abaft of FP FB m 2.037

Block coefficient Cg 0.800

Midship section coefficient Cum 0.994

Prismatic coefficient Cp 0.805

Designed load waterline

coefficient Cur 0.871

Centre of gravity above keel XG m 0.218

Metacentric height. GM m  0.0307

Longitudinal radius of K m 1.030
(=0.24xL,,)

gyration for pitching
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Fig. 1. Body plan with bow and stern outlines of tested “series 60" model.
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Fig 2. Propeller model used during self-propulsion tests in still watér and waves.

Table II. Propeller data

7 fnodéi

designation symbdl it

Diameter D mm  119.00
Pitch at blade tip mm . 76.80
Pitch at 0.7 radius Py:r mm -89.40
Pitch at root mm *74.50
Pitch ratio P, .r/D 0.751
Boss-Diameter ratio d/D 0.173,
Expanded blade area ratio Ag/Ao -0.463
Number of blades 4

z 4

3 Squat and trim of ship in still water

The squat of a ship is defined as the mean sinkage of
the centre of gravity due to the forward speed. The
trim is defined as the mean change of longitudinal
inclination of the ship with respect to the ih’(ilinéti_on

at zero speed. As a result of the passing ship, the
fluid patticles in the vicinity of the ship’s hull are
accelerated from zero to a certain velgeity, which
induces, according to Bernoulli, a decrease of the
pressdre resulting in a downward displacemeént of the:
vessel. It will be clear that the distribution of the pres-
sure over the length of the ship generally induces a
change of trim of the vessel as well.

As the propeller inducés an additional velocity field
in the vicinity of the aft part of the ship, the mean
sinkage and trim will also be affected by the propulsion
system. A reduction of the underkeel clearance will
constrict the effective channel of flow (blockage effect)
resulting in a greater velocity of the water particles
undérneath the ship which leads to an increase of
sinkage. ‘ ' ' '
. During the squat tests in still water the vertical




motions at the fore and aft perpendicular were
measured with respect to a carriage running above the
self-propelled model. The number of revolutions of
the propeller required to propel the model at the
desired speed, was kept constant during a. test run.

d = WATER DEPTH

T = DRAUGHT

Je e e

N
- O

o)

<]

n

REVOLUTIONS PER SEC OF PROPELLER {model)
\ "

05 075 1.0 125 15 20
MODEL :SPEED IN m/sec,

Fig. 3. Relationsﬁip between model speed and propeller RPM
for several d/T ratios. ’

The RPM - speed relationship for the various water
depths is given in figure 3. The model was accelerated
by the carriage and released after the required speed
had been reached. During all tests the model was kept
on a straight course by means of a “trimming’” device
‘which allows the model to move freely in the vertical
plane see figure 4.

. Pantograph
Pantograph -”’

Mogdel -

——

Fig. 4. Test set-up for squat measurements.

The results of the model tests confirm (especially
for:shallower water) the results of the study by Tuck
and. Taylor [4] as can be seen from figures 5 and 6 in
which the model test results are plotted in comparison
with the calculations, the equations given by Tuck
being used. : : :
Tuck and Taylor deal with the problem of a ship
sdiling "in an infinite éxpanse of water in a two-
dimensional way. The velocity potential for the flow
~around the ship is derived from which the: pressure

- CALGULATED ACCORDING TO TUCK
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Fig. 5. Measured and calculated mean sirikage (squat).
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Fig. 6. Measured and calculated trim. - :
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decrease is determined. Integration of the vertical
component of the pressure over the ship’s hull leads
to the change of upward force which can easily be
translated into a change of sinkage. The same holds
true for the trimming moment and consequently the
change of trim..

. From the investigations by Tuck the following
equations are obtained: : 7

The squat (mean sinkage of centre of gravity) can
be written as

Fi(d) v

nn=—,l:' "5 1
V1—FZXa) “'L, @

Zme

while (assuming that M ,_G M LB) the change of trim

satisfies
2
o= Fnd .g_ )
J 1=F;d) Lo
in which »
E,(d)= Froude number based on the water depth =
vnl/gd |
v, = model speed
d = water depth

c;, ¢y = dimensionless shape factors of ship’s hull

: Lpp Lyp )
2nl2, _‘[ dx _E d€- Bl Siey-log(x=£) .

c:= a3
‘ Aw,-'V )
Lpp Lpp o
2nL5, ‘f, dx . g dE(B)-x) - S(y-log(x—&)
Cp = (4
’ 1,V )
in which
L,, =length of ship between perpendiculars

B, = breadth of ship on watérline at station x
S = area of cross section at station x

A,; = waterline area

I1,, - = moment of ‘inertia of waterline area
V = volume of displacement '

W = longitudinal metacentric height

M_B = height of longitudinal metacentre M, above
centre of buoyancy

According to Tuck c, varies between 1.40 and 1.53
over a wide range of ship forms of which the value
c;= 1.46 is recommended. When using the value ¢y =
1 for the calculations of the change of trim a good
agreement between calculations and model measure-
ments was found (Fig. 6). For a better determination
of the ¢, and c, values from the equations (3) and (4)
the approxxmatlons glven by Vermeer [5] are re-

commended.

From equations (1) and (2) it can easily be seen that
the squat and the trim are proportional to the block

_coefficient of the ship and inversely proportional to

the length/breadth ratio and the water depth/draught
ratio. The good agreement between the theory of
Tuck. and the measurements seems to demonstrate
the lack of scale effect in the tests. However, it should
be noted that this theory does not take the induced
velocities of the propeller into account and assumes
no flow iseparation at the aft body. Tests reported by
Stumpf [6] and Bazilevsky [7] show clearly that during
resistance tests (no propeller action) separation of the:
boundary layer occurs.

This separation disappears for the greater part
during propulsion tests in the range of low advance
ratios J (heavy propeller loads). Dimniinishing the
boundary layer separation will generally increase the
pressure at the aft body, but due to the extfa velocities
induced by the screw, the total pressure decreases
considerably which was clearly shown by Bazilevsky.

The good agreement between the meéan measured
sinkage and the sinkage calculated according to the
potential theory will therefore most probably be
caused by the prevention of boundary layer separation
due to the heavy load of the propeller.

The lack of boundary layer separation was one of
the assumptions of the calculations.

4 Eqilations of motions of ships in waves

For the present study tests have been performed in
regular, head waves. As a consequénce the ship motiofis
can be described as a combination of pitch and heave,.
which can be written in a general way by

(m + azz)E + bzzz..+ Cz:2 + azoé + bzog + ‘—'zae =

=Z, cos (wst+0,)

g+ am)é + bgh + cogb + ag.Z + by 2 + c,,é =

= M, cos(w,t+ ) %)

in which

m = mass of the ship

Iy = moment of inertia of ship about the transverse
axis

a;;b;; = hydrodynamic coefficients of the ship intro-
. ducing the reaction forces

a; = added mass coefficient

by; = dampmg coefficient

G = restoring force coefficient (hydrostatic coeffi-
‘ciént)’

Z, = wave excited vertical force

M, . = wave excited pitching moment ;

®, = circular frequency of wave encounter o~
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The circular frequency of the waves is deﬁnqd/by . V =speed of ship
It will be obvious that the ship motion freqqqngi_ies are p = wave direction
equal to the beat frequency of the waves o the moving : - :
ship which ‘is defined by the frequency of encounter: The relationship of (6) is represented in fig. 7 for
Therefore the frequency of the ship motions will be d/T'= o0, 3.75, 2.50; 1.875.. :
indicated further on by w,. = In order to analyse the ship motions (sée [8]) as a
- The relationship between the frequency of encounter response to the wave action it should be noted that

and the wave frequency follows from 1. The ship coefficients a;;, by, ¢;; depend on

— the ship’s form

w, = w—kVcos R 6 , A .
e . # ) — the frequency of oscillation of the ship
in which , o — the ship speed -
Kk = wave number = 2n/1 ' » . = the water depth
20 20 .
s s ; Y; 23750
LF’F’/T =175 o Lee 75
I _V -
Fn = Jalan
151 ) . #e 15

——— 0.14 ey
——— = 0.6 - // '/
- ’,’ 4 /I
19 ——— : 018 0r y/ /['
——= : 020 ',"'//,///
W=, ) = /é/
, 2
5| 4 51 /’7//
7 4/'// g
7
o 1 1 1 S SR | 1 ] o) 1 1 - i I | A J
o 1 2 3 4 5 & 7 0 1 2 3 4 5. 6 .7
w Lep m\fL_;gap
or »d/.,. = 2.500 2or Y= 1875
Lees . 175 bees sazs
15F ; 15 /
/) %
7 %
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Fig. 7. Relationship between the wave frequency (w) and frequency of ‘encounter (w,) for several ratios of water
depth (d) and draught (T); wave direction 180° (head waves). -




2. The wave excited forces and moments depend on
— the ship’s form

the frequency and height of the waves

the ship speed

the water depth
— the wave length relative to the ship length

3. The response operator, being the ratio of motion
amplitude to wave amplitude depends on the ratio
of frequency of oscillation of the ship to the
natural frequency of oscillation of the ship: The
natural frequéncy is defined to be the frequency at
which the total reaction force is minimal or in
other words the frequency at which the ship
motion will be maximal at a given exciting force.

5 Hydrodynamic coefficients. of the ship

The influences of the ship speed and the frequency of
oscillation on the. hydrodynamlc coefficients mentioned
before were discussed extensively by Vugts [1]. Also
the determination of the total hydrodynamic coeffi-
cients by mtegratlon of the local hydrodynamic coeffi-
cients over the ship length is mentioned. At a glven

oy

Fn=0124s& 020

Fig. 8. Uncoupled reaction function 4,e*! of the heave fhotion
Z,¢%= to an oscillating vertical force with amphtude Z,
and frequency w,.

cross section of the ship the local hydrodynainic coeffi-

_cients depend on the form of this cross section.

Instead of analyzing the hydrodynamic coefficients.

 separately the overall effect of the influence of the

frequency of oscillation and the ship speed on the
r_@aéti’oh of the ship to an exciting force will be elab-
orated -here by means .of computer programimes
developed at the Netherlands Ship Model Basin by
C. Flokstra [10].

. Equation (5) can be rewritten as

We:zo+ Waebioy = Zoo

) (6)
Wo.Zy+ Wegby= M o)

in which

W = (8,mM +a,,,,,)£+b 4 re
mn mn m dt'z i mlldt mn

When the excitinig heave force and pitching moment
change sinusoidally in time, equation (6) is transformed

e
=
<

®
T
3
222
==
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b
ﬂ
a
s
3

rgBLbp

2a
Ma
BT
st
i !
| i
| 1
i
o o
& ®

Fig. 9. Coupled reaction function Ble’ﬂ + of the heavé motion .
eiez to an osclllat.mg pltchmg moment with drplitude
M and frequency w,




szz(w) + Vzoo(w) = Z(m) \
VozZ (o) + VaeB(w)y =M (o)

in which

The solution of equation (7) is

VBB I/za
Zw =5 L@~ p Mw
' sz 7 vV, z
Oy = 5 M ~ 5 Zwr
in which

D= szVoo— Vo:Vze

@

®

From equation (8) the following solution of the heave

and pitch response to waves is found

Fig. 10. Coupled reaction function Ay e’z of the pitch motion
" B4e% to an oscillating vertical force w1th arfiplitude Z,

.- and frequency w,,.

w Z
ZLelts = 4,e1 72! B o1 4 gloM
Ca v ! C.,
&)

6 Z 5. M

_a _A elaz-a ld’-+B e aelO'M

Ca 2 L

in which

z, = heave amplitude

0, = pitch amplitude

{, = wave amplitude .

¢; = phase difference between heave and wave motion

g = phase difference between pitch and wave motion

Z, = amplitude of wave excited heave force

M, =-ambplitude of wave excited pitch moment

o; = phase difference between heave force and wave
motion

oy = phase difference between pitch moment.and wave

motion

From figures 8, 9, 10 and 11 the reaction functions
A, e, B, A,¢™ and Bze'”2 of the ship motions to

. a unit exciting force or moment as a function of the

B2

pgBLpp3

-5}
f

”e@

Fig..11. Uncoupled reaction function B,e'#2 of the:pitch motion
6 ,e'%0 t6.an oscillating pitching moment with amplltude
M and frequency w,.

13
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20 ship speed 'and the frequency of oscillation w,.¢an be
derived.

From these figures the follow1ng concluswns can be
i
+ 070 THEO:RETIC;L CALCULATION - drawn

———— CB : 070 EXPERIMENT

frequency the uncoupled functions A4,e” (fig. 8)
T Tzeas NATURAL F'ERIOD OF HEAVE
ON DEEP WATER °

afid B,e'* (fig. 11) are mainly determined by the
frequency of oscillation of the ship (frequency of

encountér) and are independent "of the ship’s
velocity..

1
|
\
\\
\ 1. Except for a frequency range around the natural
i . v Tzoe NATURAL PERIOD OF ‘HEAVE .. .
i
' 16] ‘\
\
i
\
i
i
A
\
A

The natural frequency is hardly influenced by the
ship’s veloc1ty

At the natural frequency the reaction functions are
influenced by the ship speed: From this it can be

seen that the ship speed does ififluence the damping
of the: ship.

1.0 15

20 25 77 30

WATERDEPTH / DRAUGHT {a/T) At changing water depths the hydrodynamic coeffi
cients will change. From fef. [9)] the influerice of the
water deptti on the natural heave period has been
obtalned and plotted in figure 12. From this figure it

" can be concluded that at water depths larger than

Flg 12. TInfluence of water depth on natufal penod of heave
according to Tasai [9]

M
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Flg 13. Influence of ship speed on wave excited vertical force Fig. 14.

Inﬂuence of -ship speed on wave excited. pltchmg

moment M,eien in deep water; wave direction 180°
(head‘waves)

Z,¢'= in deep-water; wave direction 180° (head waves).

Lo




about two.times the draught the influence of the water
depth on the added riass is negligible. :

.6 Wave-excited forces on the ship

In ordeér to analyse the infliences of the ship speéd
and the wave frequency on the wave excited forces as
mentioned earlier, the wave excited heave force and
pitching moment acting on the ship rhodel being
studied have been calculated for deep water by means
of a computer programme [10]. '

The results of these calculations are.presented in
figures 13 and 14.

From these Figiires it can be found that the tenden=
cies (locations of maximum and minimum values) of
the forces as functions of the wave frequency are not
influenced by the ship’s velocity which can be.expléine‘d
by the fact that these maximum and minimum values
occur at frequencies for which

a. the wave length has a specific value relative to the:
ship length
b. theé inertia forces cancel the Froude-Krilov force.

Both effects are hardly influenced by the ship’s velocity-
However, the maximuimn and mihimum values of the
wave excited force and moment are influenced by the
ship speed. Referring to the frequencies mentioned
under item a. it will be obvious that for a ship with a
constant cross section over the length (/) the total
vertical force on the ship can be found from
+4
Z= [ Zydx
“n

(10

in which
Z(s, = wave force per unit length on a cross section of
the ship located at a distance x of the centre of
the ship
= Z, sin(wt—Kxx)

From equation (10) one finds

+3L

Z =2, | sin(wt=xkx)dx = Z,sinwt (i1
=41
in which
_ ., sinixl :
Z,= Z“’IW (12)

In the same way one finds

= '.[. . 1 _sin(%xl)l
- M, =Z F {cos(le) _——%Kf-l- f

From equation (12) it will be clear that the factors

@exlz}

fo = (sinbel)/4kl and fz;Eli{ws(%KD?_ )

introduce maximum and minimum values of the wave
excited force and moment. In figure 15 and 16 the
estimated factors f; and f; for a ship with a cross
section changing over the length of the ship has been
plotted for different d/T ratios. For such a ship an
equivalent length / has to be taken. In this case for the
“series 60" ship /= 0.85L,; has been chosen.
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In figure 13 the frequencies at which factor f; in

figure 15 becomes zero have been indicated. It can be
seen that these values correspond well with the fre-

quencies at which the wave excited vertical forces
bécome minimal.

Referring to the frequency mentioned under the
above item b the location ¢ of the minimum value in
figure 13 can be explained by the fact that at a given
cross section of the ship the wave force per unit length
Z. (sée equation 11) becomes minimal because the
wave excited inertia force and the wave excited
Froude-Krilov force cancel each other. These com-
ponents of the total wave excited force per unit length
amount to

Z\w = +wmegBl, sin(wt) (13)
for the Froude-Krilov contribution
Zyay = — 1pa5,0°,sin(wl) (14)

for the inertia force.
in which

K = wave number
o = wave circular frequency
¢ wave amplitude
T = ship’s draught
B
a

= ship’s breadth
' . = vertical added mass per unit length
_cosh(d—-T) _,r

Uy .=W'—>e if d-oo
_sinh(d—-T) —xT -

d = water depth

From figure 8 a natural heave frequency. of about
3.1,/g/L is found from whi’ch also the added mass a,;
of the ship is obtained.

Combining equations (13) and (14) it will be found
that in -deep water the vertical wave excited force will
be minimal at about

2o "]——{l+a - .
= 15
azz o ( )
in which
o, = natural heave frequency
M = mass of ship

For the ship being studied it is found from fig. 13 that
w.=4.35\g/L,,

From the above given analysis of the wave-excited
force it will be obvious that the influence of the water
depth on the wave excited force is felt in several ways:

1. Due to a change of the coefficients u, and u, (see
equation (13) and (14)) the pressure variation
(Froude-Krilov force) and the inertia forces will
change the amplitude of the wave excited force at
some locations of the ship according to figure 17.

2. Due to a change of the added mass at a changing
water depth; the inertia force will change (see
equation (14)) on account of which the wave
excited force at some locations of the ship will
change. However, the influence of the waterdepth
on the added mass can be neglected when the
water depth is more than two times the draught as
is the case in the present study.

3. Due to a change of wave length at the same wave
frequency the effective wave excited force will
change: at a varying water depth as can be seen
from ﬁgure 15 and 16.
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Fig. 17. Influence of ‘water depth on the amplitude of the
dimernsionless vertical wave excited force per unit
length of the ship.

7 Motions of a ship in waves at restricted water depth
In figures 18 and 19 the heave and pitch motions of the
ship being studied are given for deep water. These
motions are a result of the above discussed reaction
and exciting forces (see equations (8) and (9)) as will
be elucidated in the following. From figure 8 .it
follows thgt he natural heave frequency amounts to
3.1+ Z;/L—pp rad/sec. For zero speed the dimensionless
reaction function at this natural frequency amounts
to 4.42 according to figure 8. According to figure 13.
the dir‘_rjens'iohless" wave excited force amounts to 0.095
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at the wave frequency of 3.1 v/ g/L,, rad/sec. The heave
- response to waves therefore amounts to 0.42 which

corresponds to the peak value at w = 3.1 N g/L,, rad/"

sec in figure 18 for zero speed of the ship.
At increasing ship speeds the frequency of encounter

corresponding to the wave frequency of 3.1 N a/L,,
rad/sec, will increase as indicated in figure 7. At
increasing frequencies of encounter the reaction func-
tion will decrease accordinig to figure 8. From this the
reduction of heave response for wave frequencies of
3,;1__\/ m rad/sec at increasing ship speeds can be
explained.

In the same way the reduction of the wave frequency
at which the heave response has a maximum value
can be deduced from the increment. of the ship speed.

Taking the -earlier findings into account the ship
motions .a restricted water depths can now be deduced
from the ship motions in deep water (see Appendix I).
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Fig. 19. Influence of ship speed on pitch response function for

deep water.

8 Conclusions

The motions of a ship sailing at restricted water depths
can be deduced from the ship motions at deep water.

This statement is based on the following conclusions

1. The reaction forces at a given frequency of oscilla-
tion of the ship will hardly be influenced by ‘the
water depth if this depth is greater than about two
times the ship’s draught (d > 2T).

2. ‘Due to the restricted water depth thé wave fre-
quency will change when a given frequency of ship
oscillation is regarded (figure 7).

" 3. Due to the Testricted water depth the rélationship

between wave length and wave frequency will
change, on account of which at a given wave fre-
quency the wave excited force or moment will
change accordingly (figures 15 and 16).

4. Due to the restricted water depth the wave action
will increase at a given wave period, on account of
which the wave excited force will change according-

ly (figure 17).
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APPENDIX I
Determination of the motions of ships sailing at
restricted water depths

According to equation (9) one finds for the heave
motion

N

. 7. oM. .
ae:z, — A,e"‘—“e'°‘+-Ble'”‘ : a ewM

Za iA
Qa 7 'Ca Ca ( )
in which the wave excited vertical force Z, and 'pitch'jng
moment M, depend on the wave frequency. Since the
heave motion z, has to be determined for some fre-
quency w,, w, as a function of w and the ship speed
(see figure 7) is first determined.

w=ow,—Vkcosu (2A)
The wave excited force at some waterdepth d now
follows from equation (12)

fl(d)"fs(d)
Zy=Zy 5 =

2 3A
Si(ey F3() (34)

in which the subscript oo indicates the values at

infinite deep water. The valués f, and f; are given in

figure 15 resp. figure 17.
In the same way one finds

Sy f3@
Md=M(w)'—“;‘

‘ 4A
fz(ao)'fs(ao) ( )

in which f, follows from figure 16.

Once Z and M are known one: determines A4,
and B, e from figures 8 and 9. The amplitude of the
heave motion then follows from '

z, =22+ 22 (5A)
in which
z, = z,c0s¢;, = A, Z,cos(a, +0;)+ B M, cos(B,+0oy)

z, =12z,8in g, = A, Z,sin (2, +06,)+ B, M, sin (B, + o)
The phase difference ¢, follows from

g, = arctan z,/z,
In the same way one finds for the pitch motion

0, =/6%+62

gg =arctan,/0,

(6A)

in which
0, =6,cose = AyZ,c08(a;+0;)+ B,M,cos(B,+0y)

0, = 6,sin gy = A,Z,sin (¢, +6,) + B,M,sin (B, + 6y

In figures 20 to 29 the heave and pitch motions as
measured earlier are given in comparison with the
estimated values according to equation (5A) and (6A).
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APPENDIX I
Measurements of thriist and power

Dui"ﬁ‘xg’ the model tests the thrust and power have also
been measured. In figure 30 the thrust and power
deduced from the self propulsion model test (without
skin friction cofrection) are presented. From figure 30
the thrust and power prediction for full scale (a skin
friction correction being used) have been determined
and presented in figure 31. -
From figures 30 and 31 it can be seen that the
effect of the water depth. becomes only noticeable at
higher ship speeds. For the prediction of the thrust
and power in waves from the results of the model
tests, use is made of the assumption (7;,-method), that

Ps=P,—Py—P, and T3=T,—T;+T,

in which .

P, and T, are the power and the ttirust in waves with-
out skin friction correction:

Pg anid Ty are the power and the thrust with the fric-
tion' correction.

Poand T, are the power and the: thfust in sthooth
water without skin friction correction.

P,and T, are the power and the thrust in smooth
water with skin friction correction.

L
The power |increase -and the thrust increase due to
waves are
) ) I

Ph=PuL,—P0

h=T-T,

These increases were made dimensionless as follows

. Y
= 2/ 2 NE
Qg:Ca (B './Lpp) 4
T, = L Th:
=
0g{2(B*|Ly,)

These dimensionless values are plotted in figures 32
through 3779n base of Froudé number for various
values of wx/L,,/g. '

As can be'seen the largest thrust anq power increases
generally occur fora value of V. L,7; =2.285.
" This is valid over a large range of Froude numbers.
and for each water depth investigated. '
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