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MANOEUVRTNG COEFFICIENTS FOR A WING-MODEL IN DEEP
AND SHALLOW WATER

PART I - EXPERIMENTS AND TEST RESULTS

W. Beukelman
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Netherlands
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A model of a suiface-piercing wing has been towed t rough the water at three speeds
in two opposite directions for different draughts and drft angles. The experiments
were carried out in both deep and shallow water Purpöse of the tests was to measure
the löngitudinal and transverse forces on the wing-model. From the measuredforces
hydrostatic manoeuvring coefficients were determined as a function of the drift angle
in addition to these ,static measurements forced horizontal motion tests with a Planar
Mótion Mechanism (PMM) were carried out to determine the hydrodynamic
manoeuvring coefficients Calculations based on the potential theory and on the
variation of the added mass impulse were carried out to determine the manoeuvring
coefficients for small drift angles. Cómparison with the measurements showed
encouraging results to determine manoeuvring, coefficients also for the velocity
derivatives.
Both experiments and calculations showed a strong increüse of the coefficients with
draught and reduction of waterdepth.

Nomenclature

A connection pointof fore oscillator leg to wing model
APP aft perpendicular
AR aspectratioT/L
a, b, d, e hydrodynamic coefficients for seakeeping
a distance from LCG to CN



6 Manoeuvring coefficients for a wing-model in deep and shallow water

B beam, connection point of aft oscillator leg to wing model
b(x) local half beam of the wing rodei
C'N centre where the transverse force acts
D depth or maximum span of the wing 'model, drag
FPP fore perpendicular
Fn = Uí-sfj Froude-number
g acceleration due to gravity
H waterdepth

mass moment of inertia of the wing model with respect to vertical
axis through LCG

L lift force
LCG length position of centre of gravity

length of wing model
¡ distance between legs of oscillator

fluid addd mass
sectional added mass
mass of wing model

mb maximum beam
N normal force, moment, potential damping, manoeuvring coefficient
r radius of curvatUre of bilge, yaw angle velocity
T draught of wing model, longitudinal force
U wing model speed
y transverse component of model speed U
X longitudinal force
Y transverse force, manoeuvring coefficient
x, y, zO represents a system of reference axes fixed in space with origin O
x, y, z represent a body fixed system of axes with its origin in LCG
a phase angle for moments

ß drift angle
e phase angle for forces

yaw angle
adjustedi phase angle between fore and aft oscillator leg at 'yaw

w circular frequency of oscillation

1. Introduction

For convential Ships the directional or course Stability may sufficiently 'be determined
from data obtained by full size experiments or forced oscillatiOn tests with a ship
model. In this way it is possible to measure the manoeuvring coefficients, which for
convential ships in deep water also may be obtained from expressions based partly on
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experience and theory [1]. Prediction ofa track or manoeuvre on deep wateris within
some limitations possible.
Up to now it was thought that the determination of manoeuvring coefficients by
potential theory mainly fails with respect to the damping coefficient because viscous
influence and flow separation can insufficiently be taken into account.
For fast modern ships, such as Ro-Ro ferry boats it is even more difficult to obtain
manoeuvring characteristics, especially for particular circumstances such as shallow
Water, trimmed condition and in waves [2]
As' a first step to address this problem it was thought. to be useful to design a series of
tests with a wing profile model in deep and shallow water tö obtain the required
experimental data and to compare them with provisional computed poten-tial values.
In the physical model for predicting manoeuvring coefficients the ship is considered
to be' a, wing profile with a very low aspect-ratio.
The calculated transverse force has been determined from the variation of the added-
mass impulse, a method proposed 'by Jones [3] and Payne [4].
The present study is an abbreviated version of a report by Beukelman [5] about
manoeuvring derivatives for a low aspect-ratio surface piercing wing-model in deep
and' shallow water. It is also a follow-upof a report describing the lift production of
such a wing-model [6].
The static measurements mentioned, there 'are the same as those considered now,
while the calculation method of the:transverse force is also simular to the one used to
calculate the lift force in the preceding study.
This report, however, only considers the manoeuvring aspects'.
To determine the hydrodynamic manoeuvring coefficients forced horizontal motion
test with a Planar Motion Mechanism (PMM) were performed in, conditions related to
the static measurements. A calculatiOn procedure for the coefficients is also
presented.
The tests were carried out in a towing tank with a surface-piercing wing-profile model
at three speeds in twO opposite directions in both deep and shallo.W water. The
longitudinal and tranverse forces' on the wing were measured as a function of drift
angle for the static measurements and as a function of forward speed a the forced
horizontal motiOns.
These experiments were carried. out for three draughts (aspect-ratio's) and four
waterdepths including deep water.
Additionally, some tests' Were performed with faired tips of the bilge instead of the
usual square tips to show the viscous inflûence for the latter condition.
From the measurements of the transverse force and moment the hydrostatic and
hydrodynamic manoeuvring coefficients were determined and presented as func-tions
'of resp. drift angle and forward speed. These results were compared with calculated
values for small angles and displacements representing the linear behaviour The
agreement in general appeared' to be rather satisfactory.



8 Manoeuvring coefficients for a wing-model in deep and shallow water

Similar tests and calculations with a segmented ship model showing also non-linear
influences have been performed in the past [7].

2. Model data and test description.

The tested model had for each draught a NACA-632A-015 Wing profile as presented
in the book 'Theory' of Wing Sections' by Abbot and Doenhoff [8]. The main
dimensions and data of the 'wing model are presented in Table 1.
On the side surface of the wing model lines were drawn in such a way that area's of 5
x 5 cm were obtained with, exception of the last strokç at the tail in condition A which
has a width of 5.8 cm. In the centre of each area a wire or tuft was attached to show
locally the direction of the flow in deep water by photo and video. See Figure 1. The
model was situated in the middle of the towing tank which has a width of 4.22 m. At
a distance of 1.15 m from the side-wall of the towing tank at a depth equal :to the
model's actual draught a flow-mill was placed to measure the rehirn flow during the
experiments.

Table I. Main dimensions of NAC'A-632A-O.15 Wing model.

Length L (chord)

Maximum beam BMW

Depth (Maximum Span) D

Draught (Actual Span) T

Geometric Aspect-ratio

AR = T/L.
Taperratio Lt OP/U,0,(0m

Sweep angle

Centre of gravity in length (LCG) with

respect to fore point of wing

Adjusted mass (kg) related to draught

(T) and equal to mass of displaced

water- rn (T)

Adjusted mass moment of inertia (kg

m2) with respect to vertical axis

through LCG as function of draught

()-'()

2.2577 m

03385 m

0.500 m

0.10 m (shiplikecondition)0.20 m

0.30 m 40(For Fn =. 15 and deep water only)

0.0443, 0.0886

0.1329, 0.1772 (For Fn =l5 and deep water qnly)

1.0

o

0.960m

50.6 kg (T=lOm) 100.5 kg (T=0.20m)

¡50.8kg (T=030m) 201.1kg (T=40m)
(For Fn= .F5 and deep water only)

10.958 kgm2(T=0.lOm)23.504kgm2(T=20m)

25.424 kgm2(T=30m) 36.986 kgm2 (T=0.40m)

(For Fn = .15 and deep water only)

For all conditions the experiments were carried out with a model of the wing that
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Figure 2. Transverse Wing-Section.

showed a rectangular transverse section, with a hard turn of bilge denoted as square
tips See the drawn line of the transverse section in Figure 2. In addition some tests
were repeated with a wing model having an easy turn of bilge with a radius of
curvature r of 2 cm, denoted as faired tips. See the dotted line in Figure 2.
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Figure 1. Wing model with PM/vi under the towing carriage.
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CONDiTION A

I2 1/2

2977m
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Figure 3a. Forces acting on the win.g section for condition A.

CONDITION B

Figure 3h. Forces acting on the wing section for condition B.
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For all tests the first measurement with the wing model was performed at forward
speed denOted as A-condition in the Tables and Figures. See also Figure 3a. On the
way back of the towing caEriage the measurement was repeated at the same but
reverse speed and position of the wing model, This situation is denoted in the Tables
and Figures as the B-condition. See also Figure 3b.
The wing model was attached to two legs of a Planar Motion Mechanism (PIvllvI') by
two dynamometers on each leg, one sensitive to the longitudinal dit ection of the wing
model and the other one for the transerse direction. The legs of the oscil'la-tor
(PMM) were connected to these dynamometers at a distance of 0.5 .m fore and aft the
Centre of Gravity (LCG) of the model and in height at 0.15 m above thç base line.
The PMM was connected with the towing carriage.

The following conditions for the model with square tips were investigated.
3draughtsTviz.:

T = 0.10, 0.20 and 0.30 m and in addition T 0.40 m for Fn = 0.15 and deep water
only.
T 0.10 m approaches the shiplike condition.
According to these tables. the draught values agree with the geometric aspect-ratio's
AR = T/L of 0.0443, 0886, 0.1329 with as addition 0.1772 for Fn =0.1.5 and deep.
water only.
The draught T considered was adjusted at zero speed, while at speed the position of
the mädel was kept constant.

3 speeds forward (A-condition) and back (B-condition.) viz.:
Fn 0.15 U = 0.706 mis

= 0.20 =0.941 m/s
=0.25 =l.176mIs

3 waterdepth - draught ratiö's HIT viz.:
HIT = 1.2, 1.6 and 2.0 (shallow water) and for deep water H = 2.50 m and H = 0.60 m
for T = OJO m.
The waterdepth - draught ratio's are given for the zero speed condition.

The follöwing experiments Were carried out with the square tipped model:
Static drift angles

For drift angle ß = 0, 4., 8, 12, 16 and 20 dégrees the longitudinal X-force and the
transverse Y-force were measured for the denoted draughts, speds and waterdepth's.
The drift angle ß was obtained by rotation of the wing model as denoted. for condition
A and B in resp. Figure 3a and. b.
In these figures U is indicated as the model speed which means that the flow-direction
of the fluid should be considered to have the opposite direction.

Horizontal oscillation
For one low manoeuvring frequency co = 0.25 rad/s the model was forced to carry out
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both the sway and yaw motion With: an 'amplitude.yo = O. I m.
From the measured forces the 'hydrodynamic manoeuvring coefficients were
determined.
Finally, as an addition, the static angle test and the horizontal oscillations (sway and
yaw) were repeated for the model with fairedtips reläted tothe condition:
T = 0.110 rn H = 2.20 rn, O6O m (déep water)'
T = 0.30 rn H 2.40 m (deep Water)
and H 0.75 m (HIT = 2.5, shallow water).

3. Experiments and' test resuits

The hydrostatic and hydrodynamic manoeuvring coefficients were obtained, from the
experiments in a Way which in general is well known and i.e. presented in [1,9].
Neertheless the procedure will be described 'here again because it is a, necessary link
in view of the relatión which will be developed here between the manoeuvring and
seakeeping coefficients.
The transverse drift force. Y and t'he moment N as measured during the static drift
experiments 'and the oscillatory motions are presented in a non-dimensional way as
follows.

Y ,, Nnd N._
!p.U2L2

For a review of the way in Which each' of the measured and calculated coeffkients has
been made non-dimensional see Tàble 4-6 (Part II).

3.1. Static measurements

FrOm the total measured sideforce (see Figure 3aand 3b) it follows, that

(3.1)

and Yß'_
¡3

Yß

p ULW2

In the same way the total horizontal drift moment on the wing model is foundas:

'YßYA) NAß= ) and Nß'= ß

¡3 pU2Lw3

(3.2)

(3.3.)
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The test results: for the non-dimensional drift forces Yp' and the non-dimensional
moments Np' are. together with the longitudinal forces -X, shown in report [5], as
function of the drift angl ß for all conditions considered and: asan example here fór
shallow water in the Figures 4 and 5, For deep water see Figures, 6:and 7.

B degrees

Figure 4 Measurements and calculated values for shallow water, HIT = 1.2.

Co,idliió.i A Square Tipa ti - 030 in T - 0.30 in
Eap. YlrSiaIic Fn - .1,5 - Fn - 20 . Fn - .25
Eiip. . Sy Fn - .15 Fn - .20 e .25

- CaiCuIation. (5-0

- - - -. - .1.
.-

4 8 12 16 20
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0.4.

0.3

- -Calcuisuione (ß-0)

0 4 8 12 1:6 20

ß degrees

Figure 5. Measurements and calculated values for shallow water, HIT = 1.6.

0.2

0.05

o

degrees
Figure 6. Measurements. and calculated values for deep wàter (square tips of the
bilge).

Condilion A .Bquar. Tips H - 25O ni T - 030 m
Exp. Y0'91.Uio rFn - .15 Fn. - .20 En - 25
EKp. .YvSwny VEn - .15 Fn - .20 - .25

- -Ceioui*ilo,ni (A0!)

0.1
Còndsuien A

iip. YO Sisuic

&quure Tipe

'Fn - .15
Il -
En-

0.48 m

20

T - 0 30 n,
'"Fn-.25

Eep. Vv Swuy Yfo - .1:5 Fn - .20 AFn - .25

oo

>

O 8 12 16 20
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Table 2. Comparison between measured and calculated values for Yß' and Nß'
COndition A.

* Measured values corrected for measured return flow andcaIculàted fall of waterlevel.

Condition Measured Calculated

:Fn =.0.20,.ß= 40 ß= 00
Nß' Nß'

* * * *

T=0.iOm, H=O.l2m 0.832. 0.116 0.780 (1226
* *

Square Tips 0.724 0.101:.

T=O.1Om, H=O.16m 0.400 0.079 0.357 0.113
* *

Square Tips 0.448 0.089
T=0.:lOm, H.= 0.20 m 0.325 0.071 0.204 0.076
Square Tips (1393* 0.086
T=0..10.m, H=60m O247 0.050 0.107 0.043
Square Tips: (1247* (1050*

T = 0.t0 m, H =:6(1rn. (1.142 (1030 0..l 07 0.043
FairedTips 0. 14f (1030*

T = 0.10 m, H = 2.50m 0.197 004 0.097 0.0:40

SquareTips 0.197* (1042*

T=0.iOm,.H=2.20m (1144 (1027 (1097 0.040
Faired Tips . 0.144* (1027*

T=0.30m, H=O.36m 3.390 0.516 2.540 0.923
SquareTips 3.2i.0* .0.489*

T=O.30m, H=0.48m 1.845 0.323. 1.275 (1488
Square Tips: .I:.929* (1338*

T=0.30rn, H=0.60m 1.255 0.245 LOI I 0.396.
Square Tips .1.303* 0:254*

T=0.30m, H=0.75 m (1930 0.245 1.011 0.396
Faired Tips (1965* 0.254*

T= 0.30 m, H 2.50 in I:l40 0.248 0.726 0.296
Square Tips. ll.40* 0.248*

T= 0.30 m, H = 2.40 m 0.855 0.237 0.726 0.296
Faired. Tips 0.855* O.237
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Table 3. Comparison between measured and calculated values for Yp' and Np',
Conditión B.

* Measured values corrected for measured return flow and calculated fall of waterlevel.

Condition Measured Calcúlated

Fn =0.20, ß =4° 13=00

Np'
* IO * o

}'ß'
* io

Np'
* io

T=0.I0m, H=12m 0914 0184 0780 0.236
SquareTips 0795* 0.160*

T=O.ilOm, H=O.I6m 0:543 0.110 0.357 0.108
Square Tips 0.609* 0.123*

.T=0.10m, H=020rn 0.409 0.090 0.204 083
Square'Tips 495* 0.109*

T=0.]0m, H=0.60m 0.235 0.082 0.107 0.053
Square Tips 0:235* 0.082*

T=0.i0m, H='0.60m 0.142 0.030 0J07 0.053

Faired Tips iI42* 0:03Ò*

T = 0.10 m, H = 2.50 m O:U84 0.068 0.097 0.050
Square Tips 0.174* 0.064*

T = 0. LO m, H = 2.20 m 0.119 0.051 0.097 050
FairedTips 0,119* 0.051*

T = 0.30 m, H= 0.36 m 2506 0.986 2.540 0.989
Square Tips 2.374* 0:934*

T = 0.30m, H= 0.48 m 1.140 0.686 1.275 0.576
SqUare Tips l.2l0* 0.728*

T=0.30m, H=0.60m 0.715 0.518 1.011 0.481

Square Tips 0.742* Ø537*

T = 0.30m, H = 0.75 m 0.543 0.465 0.885 0.437

Faired Tips 0.564* 0.483*

T = 0.30 m, H= 2,50 m 0.837 0.487 0.726 0.383

Square Tips 0.869* 0.505$

T=0.30m, H=2.40m 0.700 0.456 0.726 0383
Faired Tips 0.726* Ø473*
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B. degrees

Figure 7. Measurements and calculated values for deep water ([aired tips of the
bilge).

The experimental values of Yß' and for several conditions are also presented in
Table 2 (condition A) and in Table 3 (condition B), for Fn =20 and drift ang'leß=
49. The expeimenta1 values, of Yß'andNp' are also corrected for the measured return
flow and calculated fall of waterlevel as presented and discussed in [6]. In these tables
the static experimental derivatives Yß' and Nß' are also compared with calculated
values foi fi 0° as denoted in section 4.2.2 (Part H).

3.2. Sway oscillation

For this motion the following equations are used (see Figure 3a and b for fi = 0):

(Yrn)i'+ YvV=Ya sin (.wt±e)= YA+ Yß

N,i'Nvy=Na sifl(oJt+a).=(YBYA.)

in which: m - the mass of the wing-model
The transverse displacement of the rnodèl is defined as:

(3.4)

C liliOn A Fdir.nl Tipu Ii 2.10

Ep Yll SIulEC Fu .15 - Fsu

I*p -V,, Swuy V Fus . IS isu .20

- Calculalsoss,, (II-01

ii I - (1 'JO usi

O . Fu .25

AF,, .25

TTTt

4 8 12 16 20
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Y Ya Sfl Wt

and V y (OYaCOS WI

V>=WYaSIflWt

Substitution of (3.5) in (3.4) delivers the hydrodynamic coefficients for sway:

Ya COS E
Y1, +m

YaSiflE
Yv -

Ya (»

Na cos a
N-

Ya

Na sin a

Yac-'-'

These còefficients for sway in a non-dimensional form Yb)', Yr', N1' and Ni,'

as function of forward speed are also shown in report [5].
As an example some of these test results for shallow and deep water are presented in
the figures 8 and 9.
The relation between the hydrostatic coefficients and the hydrodynamic coefficients
for sway may be found with

v=Usin ß

For small drift angles, so ¡3 - O, it means

v=Uß (37)

with YL,v = .Ypß it is obvious that

IF lJ,
¡ß Iv

(3.8)

Nß'= Nr'

(3.5)

(3.6)
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Fn

Figure 8. Measured and calculated Yv 'for sway, HIT 1.2.

Fn

Figure 9. Measured and calculated Yv'for sway, H = 2.50m.

Condition A Experinients Square tips T = 0.10 in

T =0.20 m A T = 0.30 n CacuI&lons V1,2 T 0.10 m
--T=02Cm -'"T=03Om

*

CoiiUoiiA

Ar 0.30 ni

CrculaiIonsVl2

Expitluflunha SquNe Tips YT - 0.10 in T

T - 040m F,iiie.d Tips +T 0.10 in =

T - 010 in - - T 0.20 in T 030m --T

0.20iii

030m

040m

H

y..............
Y- wf

0.1 0.15 0.2 25 0.3

0.1 0.15 0.2 0.25 0.3
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3.3. Yaw oscillation

The pure yawing concept in manoeuvring is defined by the absence of a drift angle,
hence the velocity vector of LCG is tangent to the swaying path of LCG See Figure
3a and b and also Figures lO, i 1 and 12. For this case of yawing: y = ß= ß O

While Ehe yawing angle í= Ipcos yt is consideredto besmall.
This yawing motion can be split up in a translation of LCG (sway) and a iotation
(yaw) as shown in Figures 10, Il and 12 for condition A If a phase-difference Ø is
introduced between A andlB, the displacements of A and Bmay be defined as:

YA Ya 5fl (cotf)

YB Ya sin (cot + f)

The following derivation may be applied to find the phase-angle Ø/2:
The transverse spçed:

d fyß-t-yA\
Uy it 2 ) - 0Ya COS cos cot

CONDITION A

Figure 10. Pure yawing.

(3.9)

(3.10)
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_1i
Va Sin2

and with

sinv=
cosy'

YBYAy'=sin,v=
¡ -

from which follows:

it may be seen that for cos y' 1:

W. Beukeiman 21

y=yasin i//t

Figure 11. Swaying motion ( = ß = O).

y'= V"a0S ii«

Figure 12. Yawing around z-axis.

The yaw angle for small values is:

X

2Ya 0 (3.11)i sln.cosox

(3.12)

(3.13)
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p ¡w
tg2 -

For each combination of the distance I, the frequency w and the forward speed of the
wing U U, the phase angle Ø is adjusted to obtain y =i' = = ß = O. The equations
of the pure yawing motion are

(Yi + (Yr mU)r = Y cos (wt + e)

(3.15)

(Níj)+Nrr=Nucos(wt+a)

where:
= the mass moment of inertia of the wing with respect to the vertical axis through

LCG

N(, = (Y8 - YA) = the yaw-moment

r = iV=: O/1a Sfl (Dt

r= i=co2cos.cot (3.16)

Substitution of (3.16) into (3.115) delivers the hydrodynamic coefficients for yaw:

(YrmwU)

Ya cos e
Y,. - -

1Va

Na cos a(N,.I)--

Nr
Na sin a

'a03

Ya sin e

(3.14)

(3.17)
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These hydrodynamic coefficients for yaw in anon-dimensional form (,n - Y,.)', Yr',

(i Nr)', Nr' (see Table'S and 6 presented in part II) are also shown in report [5] as
function of forward speed
As an example someof these test results for shallow and deep. water are presented in
the ligures 13-16, In those figures both conditions A and B are considered
It should be remarked that for condition B the same phase-angle '2 was Used as for
condition A. This means that there was a counter-phase of 1800 and so the desired
pure yawing oscillation was notachieved. The consequences of this will be treated in.
section 4 2 4 For this reason the yaw coefficients for condition B are indicated with
a*.

For conclusions, recommendations and references see part II.
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Figure 13. Measured and calculated ?for yaw, HIT = 2.0.
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Figure 14. Measured and calculated _Y*'for yaw, H/I' = 2.0.
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PART II- CALCULATIONS

4. Calculations

4.1. Generai method

The calculation of the. hydrostatic. and .hydrodynarnic manoeuvring coefficients is
based' upon the potential theory in' the same way as described iii [6] for the deter-
mination of the lift force. For zero drift-angle the transverse force is equal to the lift
force (Figure 3a and b). Use has been made of the variation of the added mass
impulse method asproposed by Jones [3], Payne. [4] and Newman[l'O].
The determination of added mass and damping is derived for an ideal fluid This
means that this fluid' is incompressible, irrotational and inviscid. For such a fluid the
Bernöuiii equation relates the pressures with the velocities. These flows are
characterized as potential flow fields, The flow around the wing is represented by a
distribution of sources and sinks 'only. The equations of motion in the flow are the
equivalent of Newtons second law.

The derivative of the local normal or transverse force Y (see Figure 3a and b) may be
set equal' to. the time-derivative of the local added mass :i'mpulse in transverse
direction and can be written as:

dY d'='(m y)

with m' = the added mass of the fluidper nit length
y = Uß = the transverse component of the model speed U

Equation. (4.1 )may be developed into:

dY dm' ,dv dm'dx ,dvdx=-v+m=

Keeping in mind, that dv/th = O and dxidt ='Uthe expression becomes:

(4.3)

or, also dY Ußdm' .. . (4.4)

(4.1).

(3.7)

(4.2)
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The total transverse or normal force on the wing mode) will be obtained by
integration over the length and so;

FPP FPP

5dY=u2ß 5dm' (4.5)
APP APP

FPP FPP

Y I = U2ß m'
] = [YFPP - YApp] = U2ß[mFPp' - mApp'] (4.6)

APP APP

If mppp'= mpp' O Which in general is the case the total transverse or normal force
will be zero. This phenomenon is quite in accordance with D'Alembert's paradox on
the assumption that the flow is irrotational in añ ideal fluid without viscosity, vortex
sheets and flow separation. Only for a body with a tail fin at the end, so mApp' O the
situation is fundamentally different as stated byNewman in [IO]. It is, however, well
known that viscosity is required to start the potential liftl normal force production.
Jones put forwaúd in [3], that with the aid of the Kutta-condition it may be shown
easily that sections of the wing behind the section of the greatest width develop no
lift.

Katz and Plotkin even showed in [1 ¡J that there will be no lift if b(x) is constant With
x. Integration up to the section with maximum, beam should then be suffiçient..
In this way reasonable 'agreement with the measurements of the lift forces and
moments was found in [6], even in. the case of restticted waterdepth.
If the integration in eq. (4,6) is carried out from the fOrward point (FPP) to the section
with the maximum beam (mb) and ifinpp O, it then holds that the transverse force
may be written as:

Y= Lt2ßmX,b (4.7)

The' sectional added mass m' was determined 'using a method based upon potential
theory only as denoted before and as presented' by Kil in [12] including the influence
of restricted waterdepth.
This method has been incorporated by Journée in the computerprogram 'Seaway' as
described in [13],. With aid of this computerprogram the hydrostatic and
hydrodynamic manoeuvrin,g coefficients were determined based on the expressions
derived in the fólló Wing sections.
The sectiónal added mass m' may also be obtained by a diffraction method i.e.
Deli rac of Pinkster as presented by Dmitrieva in [14]. The advantage of this method
is that wall influence or influence of other obstacles in the neighbourhood may be
taken into account.
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Mikelis and Price (1980) [15] found good agreement with measurements of
derivatives in both deep and shallow water through the use of a three-dimensional
potential flow analysis of the fluid using a finite element method.
To compute the flow around an arbitrary profile De Koning. Gans (1994) [16]
developed a higher order three dimensional panel method program. His method has
also been applied to determine the pressure distributiön, around the wing-profile
considered here and may also be used to cálculate the normal and lift forces.

4.2. Manoeuvring coefficients determined from seakeeping expressions

In the f011owing sectiOns the manoeuvring coefficients will be calculated with aid of
the seakeeping coefficients. These coefficients generally. are build up from terms with
sectional fluid added mass (m') and damping coefficient (N' U dm'/dx).
For manoeuvring it is assumed that the oscillation frequency is zero (static
measurements) or very low at oscillation so that the damping N'p o,
The term U dm'idx of the damping coefficient will deliver the transverse forces as
shown in section 4.1. For this reason terms with U dm'idx will be integrated from the
forward point (FPP) to the section with the maximum beam (mb) This holds also for
terms with m' following from U dm'idx by partial integration. Terms with, pure
added mass m' will be integrated over the whole rnodel'length Lw as shown
experimentally in [91.
Two calculation versions are considered. Version 1 (ordinary strip theory method) is
related to the added mass m' only, while version 2 (modified strip theory method) also
includes the derivative of the damping N so

(m
UdN'

(4.8)

See for this description also [f3, 17].
The other terms with N' remain at zero value, because a very low oscillation
frequency is considered (w = 0.25 radis). The derivative of the damping dN'/dx',
however, may have a substantial value.
The manoeuvring coefficients are calculated for ;both versions with the computer-
programm 'Seaway' [13].
In the following sections the expressions for the manoeuvering coefficients are
determined for version 1 only, but may easily be extended. to versiÓn 2. For the
yawing motion condition A is considered first and secondly condition B, taking into
account the counter-phase between fore and aft leg so that the velocity vector of LCG
was not tangent to the swaying path of LCG See section 3.3 (part I).
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42, I, Seakeeping expressions
To find the relation between seakeeping and manoeuvring at first the different
coordinate systems have to be considred as shown in Figure 17 fôr conditiön A.

z0

Figure 17. System of reference axes.

x, yO, z represents asystem of reference axes fiXed in space with origin O
x, y, z represents a body fixed system of axes with its ot igin in LCG

The most remarkable difference is the choice of the vertical axis z, positive up Wards,
in seakeeping and downwards for marioeuvring Hence the transverse axis is also
different in direction, positive 'to BB for seakeeping and to SB for manoeuvring.
The equations and notations fot seakeeping applied for this case are from [17].
The used equations are for sway/yaw

(m + d,i'+ ev= Ya sin (ox + e) (49)

and for yaw/sway

(l+ a1 ), b.,it'+d+ e=Na si(wt + X) (4.10)

with the sectional values:

rU dN'1
ayy = m +

tç;;-

b)=N' Ucf'i

U ,, U2d'n' rU dN'mx [2]-N - +

CONDiTION A

BB

z0

Manoeu vringSeakeeping



e,= N - 2Um'-

a= m9 + 2N x+ ['i*:]
dm' U2dN'- 2Um, U-x2 -[--]

rUdN'd=rnx+

e=NU-x
The cOefficients in eq. (4.9) and (4.10) are obtained by integration of. the sectional
valuesover the model length L.

FPP

Soa, ja;dx etc.
APP

Version 1 =coefficients excluding terms between brackets
Version 2 = coefficients including terms between brackets

4.2.2. Sway in manoeuvring for conditions A and B
The equation of motion for the swaying motion related to.seakeeping with yi= O may
be written as follows from (4;9)::

(m a)i+ b$' = Ya sin (cot ± E) (4.12)

Substituting y =ya sin cot delivers for the quadÌature component of the side-force:

Im' rU2' dN'1LTJ

W. Beukelman 31

The sway oscillation for manoeuvring with also y = 0 as described in section 3,2
resulted, using eq. (3.6), for the quadrature component f the transverse force in:

'YvWYa =-YuSfl E (4.14)

bcoy = Y sin E (4.13)
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The sign for this force is opposite to that found for manoeuvring due to the difference
in the direction of the y-axis.
From (4.12); (4.113) and (4.1 11) it follows that

yv = -1

and if N'-4 O

FPP

'Yv=U
Xmb

with mFp = O this results into

y =

in non-dimensional form the expressiOns becomes:

y' mxrnb

- pL)U - - pL2

In the sane way is found for version 1:

FPP

Yr,=a= 5m'dx
APP

Which becomes in non-dimensional form:

FPP

j(N_Um)dx
Xmb

Ji

1,32P'w APP

(4.15)

(4.16)

(4.17)

(4.18)

(4.19>

The quadrature moment for sway is derived from the yaw/sway equation (4.10) for
seakeeping (with y' = O)

e,,/Oy a Na sin a (4.20)



'w Xmb

The in-phase relation for sway according to 'verSiòn I results in:

ditty(1)2Ya NyaW2

and with equation (4.1.1)

FPP

Nt,=-4y= $d,ydx_ fm'xdx
APP APP

(4.25.)

The calculated values of Y, Nr' , (m -, 4)' and Nu' for s.wa.y are presented in
tables and, figures of report [5.] and as an example also in the Figure 4 to 9 '[part I].

The static coefficients Yß' = -4' 'and N = Nr' are determined for almost zero
frequency of oscillation (w = 0 05 radIs) The results are also shown in report [5] As
an example some of the results are also presentd''i"n the figures 4 to 9 and in the
tables 2 and. 3
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and for manoeuvring is fOund' from (3.6)

NvWya='asifla (4.21)

Combination of (4.20) and (4.2.1) delivers with. (4..1 1)

FPP FPP

N'=e,= f e,y'dx=_ f(N'_u-)xdx (4.22)

Xmb Xnth

and if N'-4 O

FPP

N=U $xdx (4.23)

Xmb

In non-dimensional form and after partial integration with F°P O the result is

FPP

f m'dx], (4.24,)=
1

[_Xm!,1flx,b -
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4.23. Yaw in manoeuvringforcondition A
As shown in section 3.3. yaw in manoeuvring may be divided in sway and yaw
(Figures 10, 11 and 12) With a mutual phase difference of 90 degrees. The velocity
vector of LCG is tangent to the swaying path of LCG, which: is achieved by adjusting
a phase angle Ø between the oscillator legs, so that

The force equation for sway/yaw follows from equation (49)as:

(m + bj ey,ip'=Y sin (cot + E) (4.26)

The force here is taken in phase with the yawing angle í and negative in sign in view
of the manoeuvring notation. Substitution ofy=y sin cot and

2Ya Ø
P= wt=-7---si9coswt

in (4.26) and using (3.17) and (4.11) yields

(Yr - mU)
Ya sin w(m + ayy)ya - ey(O!Jfa

or Yr eyy,
w(m ± a)i

+

2sin

4 10)
If co -4 0 then sm -+ tg - 2V

(3.11)

(4.27)

(4.28)

which results into

Yr =e,, Ua (4.29)

Substitution of e, and ayas presented in(4..1 1) anditaking N' 0 for w_*0 yields
for version 1,:

Ølco
(3.14)



W W Xinb APP

The in-phase relation of equation (4.26) gives, in The same way:

Ya COS L bco Ya - d,co2 Va

(D2IVa - (021,L(a

b1

2co.sinf

If w O it holds according to (4.28)

Y:r=

Y - di.-- yIJI+
(02

and with substitution of and b' as presented in (4.1 1) and taking N' O for w
- O the result Willi be for versiofl i:

FPP

Y,= j m'xdx=N
APP

N:oidimensionaI presentation gi ves:

FPP

Y,.' = N' = - j. ,n'xdx
wApp
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(4.32)

(4.33)

(4.34)

FPP , FPP FPP

YrU jdmth2U jm'dx_u $m'th
Xnth APP APP

FPP , FPP

Yr=U[$Xdx+ f rn'th] (4.30)

X,,th APP

In non-dimensional form we find by partiaF integration

FPP FPP
I

f m'dx+ $ rn'dx] (4.31)Yr'=1 3[xmllnx,nb_
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The moment equation for yaw/sway follows from equation (4.10) and may be
transformed for the manoeuvring situation using .the same reasoning as for the force
equation as follows:

(l + aí+ bi+ d ± e= - N cos (cot + a (4.35)

Substitution of equations (3.1 1) and (3.17) into equation (4.35) gives for the out-of
phase derivative:

Nr
Na Sjfl a (Ob,i1JIa (02Yad,y

With condition (4.28) this becomes:

Nr bp Ud (4.36;)

Substitutiónofb'andd' as presentdin (4l:1) ad taking N * O for w O

results for version 1 in:

NrU jx2th±2U $m'xdtujm'xth
X,nb APP APP

FPP , FPP

Nr.U[$jX2dX± 5m'th]
Xmb APP

After partial integration with mpp = O the non-dimensionaipresentation becomes:

Nr' Nr i r 2

FPP FPP

pL4U pL
Lx mxrnb 2 j m'xdx + $ m'xdx]

x, APP

0t Nr'
!

[xbmx
2Pw

FPP

2 jin'xdx]-
Xmb

,

(4.37)

(4.38)

The in-phase relation of equation (4.35) delivers in the same way With the.
manoeuvring equation fôr yaw (3.. 17):



(N;.!) N cos a th2VIa(!zz + + e,w'ya

021Va

Aiiv;. - a, +
w2,u'sin

and with condition (4.28) for w 0:

N;. = a

Sub stitution of a,' and e' as presented in (4l 1) and taking N'-4 O for (s) - O
results fór version 1 fl:

FPP

N;.=' S m'x2dx
APP

The non-dimensional presentation is as follows

FPP
/v;. I 5m'xdxpL5 pL5

APP

+ e
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(4.39)

(4.40)

(4.41)

The expressions for the hydrostatic and hydrodynamic coefficients as put forward
here are simular to those presented by Clarke in [18]' with he exception of the
integration limits in the out-of phase terms for yaw. The calculated values of (m
YrY, }, (! 1W) and Nr' are presented. in tables and iguies of report [5] and as
an example also in the figures .13 and L5 [part I].

4.2.4. Yaw in manoeuvring for condition B
As put forward in' section 3.3.. fór condition, B the same phase angle between. the
oscillator legs was maintained as for condition A So there was a counter phase of 180
degrees and a pure yawing cscillätion with' the velocity vector of LCG'tangent to the
swaying path of LCG was not achieved.
'The coefficients fOr condition B. are therefore characterized by a*,
At first yawing: around the z-axis, being the second' component of yawing according
to the manoeuvrïng concept (Figure 12), wilF be considered. Foi- that case the yaW
coefficients could 'be: derived directly from the: seakeeping expressionsas presented in
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(4.1 1). With N' - Othe relätions should have been for version 1:

FPP: , FPP
dmY,. =e= U J ---xdx + ZU J ,Wdx

X,nb APP

FPP FPP

Yi.'-dyw=- f ,n'xdx+ j -dx
APP X,rth

FPP / FPP

Nr = b = U J x2dx + ZU J m'.dx
Xmb APP

FPP FPP

N. = a = - J ;m'xdx +- j xdx
APP 'mb

FPP. , FPP FPP

Y,. = U f xth + 2U $ m'dx - U J m'xdx
Xrnb APP APP

Comparison with equation (4.42) shows that the last term,

FPP

U Jtn'dx
APP

is added tO obtain equation (4.30), This term represents the in-phase part of the
swaying component in the out of-phase part of the yawing motion for manoeuvring.
This term will have a positive sign in the case of a counter phase of 1800 as for
condition B and results in:

FPP , FPP

Yr*= t J -xdx+3 J mdx] (4.46)
Xmb APP

(4.42)

(4.43)

(4.44)

(4.45)

Adding a swaying motion, as the first component of yawing according to the
manoeuvring concept (Figure 11), is achieved by adjustment of the phase angle
between the oscillator legs as descd bed in 3.3.
This results for Yr in equation (4.30) in the case óf condition A, so

(4.30)



In the non-dimensional presentation this becomes

* FPP , FPP

Yr-1 r
[ ixdx+3 f m'dx]=N'-3Y1,'

2Pw 2Pw x,, APP

In the same way it is possible to derive from equations (4.44) and (4, 37) for
condition B:

FPP , FPP

Nr*i [ $ x2dx+3. j m'xth]=Nr'-2Y,.'
pL fmb APP

Introdûction of phase angle Ø to obtain yaw manoeuvring oscillation, equation (4.43)
should be supplied as follows to arrive at Yr for condition A as presented in equation
(4.32), so

FPP FPP , FPPY=fm'xdx+ fx-fx
APP Xmb Xmb

The last term

FPP

Xrnb

represents the out-of phase part of the swaying component in the in-phase yawing
motion for manoeuvring and is achieved by the phase angle Ø between the oscillator
legs. In case of counter phase of 1809 as for condition B the term changes in sign, so

FPP FPPY*jFth+2U f-dx
APP X,nb

W. Beukelman 39

(4!47)

(4.48)

(4.49)

(4.50)

In non-dimensional presentation and applying partial. integration the expression will
be:

*, =
Yr*

:1 r
- j

APP

ppp
1J2 ,m xdx - 2q
Ut

- -I4 i4
2P'- 2P'-'w
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U21
= Yr' + 2

L (4.51)

In the same way it is possible to deiive from equations (4h45.) and (4.39) for condition
B:

FPP FpP

= T! 5
f m'xdx + 2Ç i: -xdi'd

w APP X,nb

The calculated values of (m%, - Yr*)F, -Y', (1 N*) and_Nr*1 are presented in the
tables and figures of report [51 and as an example also in the figures 14 and 16 [part

An overview of the above derived expressions for the hydrodynarnic manoeuyring
coefficients is presented in the Tables 4 - 7.

N,» = N,'+ 2 N1,' (4.52)



FPP ,

Y=U
Xmb

FPP

Yi=_ f m'dx
APP

FPP
, N' N

N= Lt! J-dx - pLU
Xmb

FPP

U [_xmtìnx,b_ J m"dx]
X,fl/)

FPP

N1,= Jm'x±*=Y.
A PP

Y'
- pLU

Y)

pL

FPP

=1
¡

[Xm1?nv,b -; J m'dx]
2Pi-v X,nb

FPP
i

f m'dx113
APP

FPP
¡

f m'xdx=Y'j-,4
APP
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4.2! 5. Oven'iew fmanoeuvring coefficients

Table 4. Overview of sway coefficients1 condition A and B, version ¡

Xrnb
mXth/,

pL2U
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'Table 5. Overview of yaw coefficients, condition A, version 1.

FPP , FPP

YrU[fXdX+ fm'th]
Xmb APP

FPP 'FPP

= U [xmj,.?nx,b - f m'dx + J m'd)]
rnb APP

FPP

=
- J m'xth =

APP

FPP

= u 2 f m'xdx
Xmb

FPP

.+ Jm'xdx]
APP

FPPN ¡m'x2dx
APP

N' r
'r

pL'u
FPP

L
* [x,,mx,b - f m'dx

2Pw Xmb

FPP

+ f m'dx]
A PP

= N' -

FPP

Y' = - - $ m'xdx = N'
2Pw 2PWAPP

FPP 'FPP

* [x,l2,jnx, 2 J m'xdx + f m'xdx]
Xmb APP

FPP

zbPXrnb 2 f m'xdx] - Y;.'

Xnth

i

FPP

N.' =
N,. i

$ m'x2dxI i5 I i
APP

FPP

Nr= u[
, FPP N' Nr I *r

m'xdx]J
X,nb

x2d.+ $
APP



4.3. Semi-empirical methods

In the past. several attempts. have been made to find empirical expressions' for the
manoeuvring coefficients at ships 'based on measuréd values from planar motion and
rotating arm experiments.
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Thble 6. Overview of yaw coefficients, condition B, version ¡
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Mentioned are here Norrbin (1971) ['19],'Gerritsrna e.a. (1974) [20],Inoue e.a. (1981)
[21]. Clarke e.a. (1982) [22] compared severaF empirical fOrmules against scatter plots
of velocity derivatives. Clarke used. multiple linear 'regression analysis to deelöp
empiical formules to explain the variation in the. available data, for the velocity
derivatives and also the acceleration derivatives. His resulting four equations for
velocity derivatives were Obtained from the poled data and are, together with the
remaining equations foracceleration derivatives, also presented in [1].

Table 7. Comparison of measured, calculated and' semi-empirical va/ties for the
coefficients.

In: Table 7 the experimental results of the manoeuvring derivatives for the shiplike

Condition A T=O 10m, H= 2.50 m
Manoevring Experiment Present Semi-empirical methods
Coefficients Fn calculation

Square Faired Version Version Clarke moue Norrbin Gerritsma
Tips Tips 1 2 (1982) (l98i,) (1971) Beukelman

G Ian sdorp

(1974)
-Y,' .15 0.92 0.51 0.89 0.89 0.77 ' 0.90 0.90. ' 0.90

.20 1.04 0.30
* 102 .25 1.25 62

-Y1.' .15 2.15 1.39 0.97 0.97 L.l7 0.96 1.08 0.96
.20 2.18 LV8

I0 .25 2.02 1.50

-Ni.' .15 -0.11 -th09 -'0.05 -0.06 0.02 -C5 -0.05 -0.05
20 -0. 13' -05

* 102 .25 -0.11 -0.17
-N1.' .15 0.46 0.26 0.40 0.40 0.37 0.39 0.38 0.68

.20 0;46 0.22
* 102 .25 0.57 0.28

-Y1.' .15 -05 0.05 -0.05 -0.06 0.04 -0.05 -05 -0.05
.20 0;I.6 0.12

*102 .25 0.12 0.21

Y .15 -0.47 -0.31 0.5O -0.50 '-0.27 -0.37 -0.24 -0.24
.20 -0.38' -2'l

* 102 .25 -0.66 -0.33
-N1.' .15 0.01 0.10 07 0.07 0.04 07 , 0;07 0.07

.20 -0.03 0.10.
* 102 .25 -0.07 0.16

Nr' .15 0.24 0.14 22 .0.22 0.1'8 0.21 0;2'l 0.15
.20 0.27 0.16

* 102 .25 27'
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condition T =0.10 m, H = 2.50 m (deep water) are compared with the present
calculation results for version 1 and 2 and the semi-empirical methods mentioned
above.
The agreement between experimental, calculated and semi-empiìTical results appeared
to be satisfatory, while the mutual differences between the cónsidered methods are
small.

5. Discussion of results

The measured and ciculated data in the tables and figures will be compared and
discussed now in order of the experiments as described before:

Hydrostatice coefficients
The figures 4 to 7 [part i] present both' experimental and calculated results as function
of drift angle ß together with Y' and Nr' for f3 = O from sway experiments and from
sway calculations for a very low frequency of oscilla-tion, w = 0.05 rad/s. These
results together with the ones in Table 2 and 3 generally show for condition A and B a
good agreement between measure-ments and calculations at ß 00. This is quite
similar as found for the measured and calculated Uft forces and moments as presented
in [6]. It is also striking that the slope of the derivatives with respect to drift angle ß,
sodYß and Np'ß, decreases withincreasing waterdepth. This effect might be due
to a stronger return flow for restricted waterdepths especially at increasing drift
angles.
Furthermore it is clear that in case of fäired bilge tips the agieement between
experiment and calculation is closer than for square tips. It also appears,, that the
longitudinal force X, generally somewhat higher for the B-condition, decreases for
faired tips and increase of waterdepth, See report [6].
Just as for the lift force, it appears that Yß' increases strongly with reduction of the
waterdepth viz, with a factor 6 à 7 for draught T = 0. lO rn as waterdepth H reduces
from 2.50 m to 0.12 m. In that case the moment Nß' increases with a factor of about 4
foú the same reduction of the Waterdepth H.
Moreover it is clear that both coefficients, Yd and IVß', grow strongly with draught T
or aspect-ratio AR.
The differences between Y' and Yd, and Nr' and Nß', för ß = O are very small. The
corrections for return flow and fall of waterlCvei as shown in the tables 2 and 3
demonstrate sometimes remarkable improvements in the comparison with the
calculations.

Hydrodynamic coefficients
The measured and calculated hydrodynamic coefficients for sway and yaw are as an
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example presented in the figures 8, 9, 13 - 16 (part I). These results are plotted as
function of forward speed. See also report [5].

In general the same remarks can be made as for the hydrostatic coefficients. That is,
good agreement between experiment and calculation, the best for the model with the
faired tips, strong increase with rediction of waterdepth and with increase of the
draught T.
The calculated speed: influence is found only for the yaw coefficients and N' of sway,
especially for version 2 and condition B. This is mainly due to the effect of the
counter-phase, so that the velocity vector of LCG was not tangent to the swaying path
of LCG. This influence clearly demonstrates, that external oscillators, such as a
rudder or propeller might change the hydrodynamic coefficients for yaw of the hull
prominently. This means that the superposition principle to extend the fixed hull
coefficients with external influences of rudder and propeller is quite disputable.
It is hard to tell whether or not version 2 delivers better results for all cases
considered. Compared to the measurements it should be remarked that the calculated
results according to version 2 show much too high values for shallow water in case of
the 'coefficients N' and Nr'. For the future it might be worthwhile to take into account
also the small oscillation damping N' and not only the derivative dN'/dx in
longitudinal direction. It is striking, that the expression for yaw in condition B shows
nice calculated results compared to the measurements.

The results of the semi-emperial methods in Table 7 Show for deep water and T =
0.10 rn (most shiplike condition) good agreement with the experiments, especially for
the faired tips and with the present calculations. It should be stressed that these results
are related to the linear part of the manoeuvring coefficients only. For more
information about non-linear influences on ship models see [7], where is also
indicated that for shallow water conditions the measured manoeuvring coefficients
should be corrected for return flow and' fall of water level as denoted in [6].

In general it might be clear from this study, that integration of the velocity derivatives
up to the maximum beam delivers nice and useful results, which are similar as fòund
for the lift forces in the preceding research [6].
It should, however, be remarked that the comparison of measured and calculated
transverse forces here is more direct and therefore better than in report [6], where the
lift force composed from transverse force and drag was used for the determination of
lift production L/ß. This measured lift slope only could be compared with the
calculated one in this reports
Because. it was always stated that especially for the velocity derivatives viscous
influence should be dominant, observations were made with photo's and video records
from the movements of tufts on the underwater hull surface during the ùuns on deep
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water. (See chapter 2 and [6]).
Neither the photo's or the video records show clearly and systematically separation of
the flow somewhere along the model exceptsometimes at the utmost end.
From the comparison between measurements and calculations it is clear that, if the
calculated values are considered to represent the potential influence, for fàired bilges
the viscous damping is rather small. This amounts to an average of 15% from the
potential value of the velocity derivatives. For square bilges there is a strong increase
of the viscous influence to about 75%. Hence in both cases the potential part in
general remains dominant. Especially in, shallow water.
In this respect it should be wotthwhile to investigate the vscous influence due to the
curvature of the bilge and/or the influence of bilge keels.

6. Conclusions and recommendations

The tests with a model of a wing profile in deep and shallow water and the potential
theory calculations based upon the variation of the added mass impulse to determine
hydrostatic and hydrodynamic manoeuvring coefficients lead to the following
conclusions and recommendations:

Reduction of waterdepth causes a strong increase of transverse force and moment.
Calculated values confirm this very well.
Using faired tips at the bilge instead of square tips decreases drag and transverse
force considerably and approach rather close the calculated potential values for the
latter one.
The calculated velocity derivatives are obtained by longitudinal integration of the
sectional fluid added mass up to the section with the maximum beam, while
acceleration derivatives are found by longitudinal integration over the whole
modellength. These results are related to the linear part of the dérivatives for zero
drift angle.
Hydrostatic and dynamic coefficients increase strongly with draught or aspect
ratio, but are in general weakly dependent on forward speed. An exception
appeared to be the hydrodynamic coefficients for yaw ii the velocity vector of
LCG is nottangent to the swaying path of LCG. In that case a strong increase with
forward speed may be expected
The presented calculation method supplies a useful tool to determine the
manoeuvring coefficients for deep and shallow water showing good: agreement
with measurements and results of semi-empirical methods for ships in deep water.
The greater part of the manoeuvring coefficients is from potential origin,
particularly in shallow water.
Experimènts with a segmented model should be carried out to obtain a better idea
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about the longitudinal distribution of the coefficients. During these experiments the
measurement of return flow and fall of waterlevel in more detail is. essential.
The influence of external oscillators, such as a rudder and propeller, on th hull
coefficients needs further investigation.
Research into viscous influence due to the curvature of the bilge and/or the
influence of bilge keels is also needed.

IO. The effect of damping due to ship oscillation on rnanoeuvring should be
considered too.
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