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VOOR WOO RD

Voor de huidige grote en zeer grote schepen zijn bepaalde zeeen
in beiangrijke 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
zeebodem raakt. Het is daarom van belang orn ook inzicht te
hebben in de grootte van de mogelijk optredende scheeps-
bewegingen in goiven 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 bepaaid
door de bewegingen in het langsscheepse viak, zodat squat en
trim van het schip in vlak water moet worden beschouwd te-
samen met stampen en dómpen in golven.

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

Naast de modeiproeven zijn theoretische berekeningen uitge-
voerd orn voorspellingen te kunnen doen van de optredende
squat en trim in vlak watçr. De stamp en domp bewegingen voor
ondiep water iijñ berekend door uit te gaan van de bewegings-
vergelijkingen voor diep water.

Voor de scheepsvorm is gebrúilc gernaakt 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 modeiproeven en de bereke-
fingen zijn alle uitgevoerd bu het Nederiandsch Scheepsbouw-
kundig Proefstatión 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, stili 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 motiòn 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

Added mass in the i-directiòn due to a motion in the j-direction
Damping coefficient in the i direction due to a motion in the j-direction

c, Spring constant in the i-direction due to a motion in the j-direction
e Some coefficient
d water depth
e 2.72

f Some coefficient
g Acceleration due to gravity

i.
m Mass of body
t Time
V Forward speed
x Longitudinal motion

9 Lateral motion
z Vertical mot on
A, B Response functions of motion in z direction due to a unit vertical force

(A) and pitching moment (B)
B Breadth of ship
F, Froúde .numbr
1 Moment of inertia of body about axis in i-direction
L Length between perpendiei1ats
M Wave excited pitching moment
T Draught of ship
Vmñ (mn'flm ± amn) (iw)2 ± bmn(jW) +'Ç

Wmn (5mnmm ± ampi) d2/dt2 ± bmndldt + Cmn

Wave excited vertical fórce.
c Phase difference between wave motion and ship motion in i direction

Phase diffetence between wave, motion- and wave excited force in i-
direction

w Wave circular frequency

°e Circular frequency of wave encounter = circular frequency of oscillation
of ship
Wave tnòtiòn . -

O Pitch angle
Wave number = 2it/2

) Wave length
u Wave direction relative to ship direction (positive when turning counter-

clockWise) -

z Some coefficient

mn lwhenm=n
Owhenmn -



i 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), where 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 motioñs as influeñced by
shallow water waves.

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

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

'The squat and trim will change in comparison to
the values at deep water
The ship motions will change in comparison to the
motions at deep water.

3 The external loadings on the ship will change in
comparison with the loadings at deep Water.

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

THE BEHAVIOUR OF A SHIP IN HEAD WAVES
AT RESTRICTED WATER DEPTHS
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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 discussion 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 in deep water.

been cortipared with the results of theoretical 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, 3.50 x draught) in
still water and in regular head waves. The width of
the basin to 1575 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 showñ in figure 1. The model Was fitted
with a stock propeller according to figure 2 and Table
Il, a rudder and bilge keels.-The bow of the model was
provided with a row of studs to stimulate a turbuleñt
flow about the hull.

7

Table I. Particulars of model

désignatibn symbol unit model
294ÔZ

Length between perpendiculars m 4.289
Length on waterline L1 rn 4.360
Breadth rnoulded B n 0.613
Draft moulded (even keel) T m 0.245
Displacement volume moulded m3 0.5152
Longitudinal centre of
buoyancy abaft of FP FB m 2.037
Block coefficient C 0.800
Midship section coefficiènt CM 0.994
Prismatic coefficient Cp 0.805

Designed load waterline
coefficient 0.871

Centre of gravity above keel Tk m 0.218

Metäcentric height m 0.0307
Longitudinal radius of K m 1.030
gyrãtioñ for pitching (= 0.24 x LPD)
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Fig. 1. Body plan with bow and stern outlines of tested "series 60" model.

PITCH DISTRIBUTION

76.6

Fig. 2. Propeller model used during self-propulsion tests in still water and waves.

3 S4uat 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 iffclinätion

at zero speed. As a resült of the. passing ship, the
thud partieles in the vicinity of the ship's hull are
accelerated from zero to a certain velOcity, which
induces, according to Bernoulli, a decrease of the
pressure resulting in a downward displacement 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 induces añ 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
underneath the ship which leads to an increase of
siîìkage.

During the squat tests in still water the vertical

Table II. Propeller dita

designation symbol ünit model

Diameter D mm 119.00

Pitch at blade tip mm 76.80

Pitch at 0.7 radius PO7R mm 19.40

Pitch at root mm '74.50

Pitch ratio P0.,11/D 0.7.51

Boss-Diameter ratio dID 0.173.

Expanded blade area ratio A E/A O :0463

Number of blades z 4,



motions at the fore and aft perpendicular were.
measured with respect to a carriage running above the
self-propelled model. The number of revolutiòûs of
the propeller required to propel the model at the
desired speed, was kept constant during a test run.
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Fig. 3. Relationship btween model speed and propeller RPM
for several dIT ratios.

The RPM - speed relationship for the various water
depths is given in figure 3. The model was acceleràtèd
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

Model -

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 resülts are plotted in comparison
with the calculations, the equations given by Tuck
being used.

Tuck and Taylor deal with the problem of a ship
sailing in an infinite expanse of water in a two-
dimensional way The velocity potential for the flow
around the ship is derived from which -the. pressure
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Fig. 5. Measured and calculated mean siñkage (squat).

9

'T

CALCULATED ACCORDING TO TUCK

4 WATER DEPTH

T DRAUGHT

1.87,5

2.500 +

3750 A

A

+

+

A +

+

A

A

T

13,1.875
WATER DEPTH

'T 2.500
DRAUGHT

3.750 -----

- CALCULATED ACCORDING TO TUCK
1875

"T 250O +

A

d

T

WATER DEPTH

DRAUGHT

A

A

+
.8

+ i

+

A

0.75 1.0 1.25 15 20
MODEL SPEED IN

(Fn >2

Fig. 6. Measured and calculated trim.

01 02 03 04

0-t 02 0.4



lo

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 fòr the trimming moment and consequently the
change of trim..

From the investigations by Tuck the following
equations are obtained:

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

F(d)
Zrnean

= /'i F(d)

while (ässüming that MLG MB) the change of trim
satisfies

=
F(d)

- .J1F(d)
in which
F(d) = Froude number based on the watr depth

v//gd
V11, model speed
d = water depth
c, c0 = dimensionless shape factors of ship's hull

V
.3

pp

Co =

L,, L,,
2irL, J dx .$

o o

'WI
in which
L,,, = length of ship between perpendiculars
B(X) = breadth of ship on waterline at station x
S(X) = area of cross section at station x

waterline area
= moment of inertia of waterline area

V volume of displacement

MLG = longitudinal metacentric height
= height of longitudinal metacentre ML above

centre of buoyancy -

According to Tuck c varies betWeen 1.40 and 1.53
over a wide fange of ship forms of which the value
c = 1.46 is recommended. When using the value e0 =
i 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 C and e9 valües from the equations (3) azicl (4)
the approximations given by Vermeer [5] are re
commended. -

-
(4)

(1)

(2)

From equations (i) and (2) it can easily be seén that
the squat and the trim are proportiönal 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 separation 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). Diminishing the
boundary layer separation will generally increase the
pressure at the aft body, but due to the extra velocities
induced by the screw, the total pressure decreases
considerably which was clearly shown by Bazilevsky.

The good agreement between the mean measured
sirikage and the sinkage calculated àccording 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 Equations of motions of ships in waves

For the presênt study tests have been performed in
regularhead waves. As a consequence the ship mätions'
can be descñbed as a combination of pitch and heave,
Which cán be written in a general way by

(m + a,,)2 + bi + CZ + aseO + b0O + c0O =

= ZaCOS(COét+7z)

(I + a0) + b9O ± c000 + a02+ b0 +e01=

= Macos(wet+oo) (5)

in which
m mass ofthe ship
'00 = moment of inertiä of ship about the transyers

axis
= hydrodynamc coefficients of the ship intro-

di.icing the reactiOn forces
= added mass coefficient

damping coefficient
Cii = restoring force coefficient (hydrostatic coeffi-

cient)'
Za wave excited vertical force
Ma, = wave excited pitching moment
je = circular frequency of wave encounter

L,, L,,
2rL, $ dx f d . BX) S log (x

(3)



The circular frequency of the waves is defined by co.
It will be obvious that the ship motion frequencies are
equal to the beat frequency of the waves on the moving
ship which is defined by the frequency of encounter;
Therefore the frequency of the ship motions will be
indicated further on by cot.

The relationship between the. frequency ofencounter
and the wave frequency follows from

= COKVCOS!L (6)

in. which
K wave number = 2ir/2

w

w 22
g

V speed of ship
= wave direction

The relationship of (6) is represented in fig. 7 for
d/Ï= , 3.75, 2.50, 1.875.

In ofder to analyse the ship motions (see [8]) as a
response to the wave action it should be noted that

1. The ship coefficients cu depend on
the ship's form

- the frequency Of oscillation of the ship
- the ship speed
- the 'ater depth

Fig. 7. Relationship between the wave frequency (w) and frequency of encounter (we) for several ratios of water
depth (d) and draught (T); wave direction 1800 (head waves).
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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 frequency is defined to be the fréquency 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 frquency Qf
oscillation on the hydrodynamic coefficients mentioned
before were discussed extensively by Vugts [1]. Also
the determination of the total hydrodynamic coeffi-
cients by integration of the local hydrodynamic coeffi
cients over the ship length is mentioned. At a yen

50°
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-150°
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- 0
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gLpp
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016

0.18
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Fig. 8. Uncoupled reaction function A1e' of the heave motion
z5e to an oscillating vertical force with amplitude Z5
and frequency w8.

cross section of the ship the local hydrodynamic 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
fréquency of oscillation and the ship speed ori the
reaction of the ship to an exciting force will be elab-
Orated -here by means of computer programmes
developed at the Netherlands Ship Model Basin by
C. Flôkstra [IO].

Eúation (5) can be rewritten as

lVZZ() ± W09(t) = Z()
(6)

W0z () ± 14'009 (t) 1'4(t)

in which

d2 d
Wmn (ômnMm+amn)j + bmn + Cynn

dt dt

When the exciting heave fofte and pitching moment
change sinusoidally iii tithe, equation (6) is transformed
in

10

8

C

0 6

C

.0

pig. 9. Coupled reaction function B1e'' df the heave motion
Z5e to an oscillating pitching moment with amplitude
M5 and frequency w8.

108-



.2000

.1000

.1000

w

2
4

o

VZZZ(W) + VZØO(W) = Z(W)

VOZZ(W) + VooO() = A'J(W)

in which

Vmn = (t5mnMm + amn)(ico)2 + bmn( io)) + Cmj,

The solution of equation (7) is

V80,7
Z(W) -

(8)
_vzz voz- --M(0) - --Z()

in which

D = ¡'V90 V02 V29

From equation (8) the following solution of the heave
and pitch response to waves is found

00

(7j

V

Fn

o

0.12

0.14

0.16

0.18

0.20

Fig. 10. Coupled reaction function A2e192 of the pitch motion
0aC° to an oscillating vertical force with amplitude Z
and frequency w.

w

w

i

a

in which
Za = heave amplitude
Oa = pitch amplitude

= wave amplitude
phase difference between heave and wave motion

= phase difference between pitch and wave motion
Za = amplitude Of wve excited heave force
Ma = amplitude of wave excited pitch moment

= phase difference between heave force and wave
motion

aM = phase difference between pitch moment.and wave
motion

From figures 8, 9, 10 and 11 the reaction functions
A1e, B1e'', A2e2 and Be92 of the ship motions to
a unit exciting force or moment as a function of the

o 0.12

0 0.14

o 0.16

0.18

0.20

(9)

Fig.. Il. Uncoupled reaction function B2eß2 of the :pitöh motion
O0e° tOan oscillatingpitching moment with amplitude
Ma and frequency w6.
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CB 070 THEORETICAL CALCULATION

CB 070 EXPERIMENT -

Tz NATURAL PERIOD OFHEAVE -

NATURAL PERIOD OF HEAVE
ON DEEP WATER -

l-olo - - 1.5 - 2.0

WATERDEPTH I DRAUGHT dIT)

Fig. 12. Iñflueicë of water depth on natu±a1- period of heave
according to Tasai [9].

A 3 B4 C 05

Fig. 13. Influence of ship speed on wave excited vertical force
Z5e in deep water wave direction 180 (head waves)

ship speed and the frequency of osdillation w. ôan be
derived.

From these figures the following conclusions can be
drawn

Eicept for a frequency range around the natural
frequency the unáoupled functions A1e' (fig. 8)
and B2e2 (fig. 11) are maitily determined by the
frequency of oscillation of the ship (frequency of
encounter) and are independent of the ship s
velocity.
The natural frequency is hardly influenced by the
ship's velocity.
At the natural frequency the reaction fùnctions are
influenced by the ship speed From this it can be
seen that the ship speed dOes iñfiuence the dam piùg
of the ship.

At changing water depths the hydrodynamic coeffi-
cients will change From ref [9] the influence of the
water depth on the natural heave period has been
obtained and plotted in figure 12 From this figure it
can be conòluded that at Water depths larger than

O 075
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Fn .012 020 Fn 012 lInO 20 Fn O

n.0 12 II,,, O 20\ Fn
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2 5

Fig. 14. Influence of ship speed on wave exöited. pitching
mömënt Mae1 in deep water-; wave directiOn 180°

- - (head waves).
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about two.times the draught the influence of the water
depth on the added mass is negligible.

6 Wave-excitèd forces on the ship

In order to añaIye the inflüeñëes of th ship Speed
and the wave frequency on the wave excited forces as
mentioned earlier, the wave excited heave force and
pitching moment acting on the ship thodel being
studied have been calculated for deep water by means
of a computer programme [lO]

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

From these Figures it can be found that the tenden-
cies (locations of maximum and minimum values) of
the forces as fuñctions of the wave frequency are not
influenced by the ship's velocity which can be explained
by the fact that these maximum and minimum values
Occur at frequencies for which

a. the wave length häs a specific value, relative to the
ship length

b the inertia forces cancel the FrOudeKrilov force.

Both effects are hardly influenced by the ship s velocity
However, the maximum and miimum values of the
wave excited force an thoment are influenced by the
ship speed. Referring to the frquendies mentioned
under item a. it will be obvious that for a ship with a
constant cross section over the length (1) the total
vertical force on the ship can be found from

+ +1

Z J ZdX (10)
- ii

in which
ZX) = wave force per unit length on a cross section of

the shp located at a distance x of the centre of
the ship
Zsin(wt,cx)

From equation (10) ne finds

ZaZ J sin(cotKx)dx=Zasinwt
1

in which

Za =
sin 4icl

(12)

In the samè wa)' one flñds'

M8 = ZL4cos( ¡
sin (4icl)Ì)

.1

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

= (sin'ic1)/ìcl and f2 = - {cos(Kl)

introduce maximum and minimum values of the wave
excited force and moment In figure 15 and 16 the
estimated factors f1 and 12 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 1= O.85L has been chosen.

Fig. 15. Influence of water depth on the faötor f1={sin (f id))/
(f id) in which i is taken to be O.85L.

-020

d WATER DEPTI-] T DRAUGHT

- 1750 0 85
T Lpp

'T 1875

?°°

Fig. 16. Influence of water depth on the factor f2= i/k! Ecos
(fK1),{sin (f ,d)}/(f ici)] in which i is taken to be
O.85LDP.

15
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In figure 13 the frequencies at which factor f1 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
become minimaL

Referring tO the frequency mentioned under the 2.

above item b the location c of the minimum value in
figure 13 cn be explained by the fàct that at a given
cross section of the ship the wave force per unit length
Z. (see 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 förce per unit length
amount to 3.

Z'l() = +I1iQ9Ba5fl(COt) (13)

for the Froude-Krilov contribution

Z() -jz2a2co20 sin (cot) (14)

for the inertia force.

in Which
ic = wave number
co wäve circular frequency

= wave amplitude
T = ship's draught
B = ship's breadth

= vertical added mass per unit length
cosh(d-T) ,cT

- -e if d-'cr
cosh K d

sinh(dT) ,cT
sinh K d

- e if d -

d = water depth

From figure 8 a natural heave frequency of about
3.l../g/L is fòund from which also the added mass
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 aboût

'-oc =
M + a.

(15)

in which
co natural heave frequency
M mass of ship

For the ship being studied it is found from fig. 13 that

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:

Due to a change of the coefficients and t2 (see
equation (13) and (14)) the pi'essure variation
(Froude-Krilov fôrce) and the inertia forces will
change the amplitude of the wave excited force at
some locations of the ship according to figure 17.
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 inflüence of the waterdepth
on the added mass can be neglected when the
water depth is more than two times the draught as
is the cas;e in the present study.
Due to a change of wave length at the same wave
frequency the effective Wave exáited force will
change at a varying water depth as can be seen
frOm figure 15 and 16.
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Fig. 17. Iñfluence of water depth on the amplitude of the
dimensionless vertical wave excited force per unit
length of the ship.

7 Motions f a ship in waves at restricted water dèpth

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 föllowing- From figure 8 it
folloWs that he natural heave frequency amounts to
3.1 \/g/L 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 dimensionless Wave excited force amounts to 0.095
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at the wave frequency of.3. 1 /g7L rad/sec The have
response to waves therefore amOunts to 0.42 which
corresponds to the peak value at w = 3.1 /g/L radi
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 -.Jg/L
rad/sec, will increase as indicated in figure 7. At
increasing frequencies of encounter the reaction func-
tion will decrease accordiñg to figure & From this the
reduction of heave response for wave frequencies of
Il rad/sec .t 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 earÏier' 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 rponse 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
I 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).
Due to the restricted water depth the wave fre-
quency will change when a given frequency of ship
oscillation is regarded (figure 7).
Due to the restricted water depth the relationship
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).
Due to the restricted water depth the wave action
will iñcrease at a given wave periód, 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

Za ja = (lA)
a

in which the wave excited vertical force Za and pitching
moment Ma depend on the wave frequency. Since the
heave motion Za has to be determined for sóme fre-
quency coi, 0e as a function of o and the ship speed
(see figure 7) is first determined.

a) = 0-'e VKcos (2A)

The wave excited force at some waterdepth d now
follows from equation (12)

f1(d)f3a
c .c -J1() J3(,)

in which the subscript indicates the values at
infinite deep water; The values f and f are given in
figure 15 resp. figure 17.

In the same way one finds

AI - AI f2df3d.a () J2() )3()

(3A)

(4A)

in which f2 follows from figure 16.
Once Z and M are known one determines Á1e'

and B1e11' from figures 8 and 9. The amplitude of the
heave motion then follows frOm

Za JZ+Z (5A)

in which

Z1 = ZCOS82 = AiZacos (czi+oz)+BjMacos(ßi +0M)

Z2 = ZSfl 8 = AiZaSifl (i±0z)+BiMa5fl (ßl+OM)

The phase difference e follows from

= arctanz/z1

In the same way one: finds for the pitch motion

= arctan 02/61

in which

01 = 6ac0568 = A2ZaCOS(OE2 +Oz)+B2MaCO5(ß2 + 0M)

02 Oa sin 6 = A2Za sin ( + o) + B2Ma sin (ß2 + 0M)

In figures 20 to 29 the heave and pitch motions as
measured earlièr are given in comparison with the
estimated values according to equation (5A) and (6A).
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Measurements Of thtüst and power

Dufng the model tests the thrust and power have also
been measured. In gure 30 the thrust and power
deduced from the self propulsion model test (without
skin friction correction) 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 (irh-method), that

Ps=PFoFp and TsTTo±T
iñ which
P4, and T,,, are the power and the thrust in waves with-

out skin friction correction
P5 and T5 are the power and the thrust with the fric

tion correction.
Po and T0 are the power and the thrust in smooth

water without skin friction correction.

The power increase and the thrust increse ue to
waves are

"k = -
T,, = T T0

These' increases were made dimensionless as follows

1',,
irh

QgC(B2/L) V

T,,
h

Qg,C(B2/L,,)

These dimensionless values are plotted in figures 32
through 37 on base of Frou4e mber for varioûs
values of w/L,,/g.

As can be seen the largest thrust and power incrses

generally 'occur for a value of co.JL/g = 2.285.
This is valid Over a large range of Froude numbers

and for each water depth investigated.

iL
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Fig. 20. Comparison of estimated and.measured heave and pitch motions as a,fünction of the water depth at Froude number 0.12.
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Fig. 21. Comparison of estimated and neasured heave and pitch motions as a function of the water depth at roude nuthber 0.14.
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Fig 22 Comparison of estimated and measured heave and pitch motions as a function of the water depth at Froude number 0 16

Fig.. 23. Comparison of estiÏítèd aid ñeasuÌed heave and pitch motins as a function of the water depth at Froude number 0.18k



Fig. 24. Comparison of estimated and measured heaveand pitch motions as a function of the water depth at Froude nUmber 0.20.

Fig. 25. Comparison of estimated and measured vertical motions of the bow and stern as a function of the water depth at Froude
number 0.12;
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Fig. 26. Comparison of estimated and mea uredverticJ motions, of the bow and stern asa function of the water depth at Froude
number 0.14.

Fig. 27. Comparison of estimated and measured vertical motions of the bow änd stern as a functiOn of the watef depth. at Fíoude
number 0.16. -
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Fig. 28. Comparison of estimated and measured vertical motions of the bow and stern as a function of the water depth at Froude
number 0.18.
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Fig. 29. Comparison of estimated and measured vertical motions of the bow and stern as a function of the water depth at Froude
number 0.20.
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