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1. Abstract

In general the character of the transverse forces may be distinguished in a potential and a
viscous part.
A calculation method will be presented to determine the potential forces. These forces may be
determined by the rate of change of fluid momentum, which is avery significant characteristic
for calculating motions of ships in waves, damming, lift forces on hull and rudder and
manoeuvring derivatives. The drift angular dependence for the potential transverse forces
appears to be proportional to 0.5:5n 2b . At small drift angles up to b =10°, this dependence
may be considered to be linear with b and may be applied for manoeuvring. These force
coefficients will be compared with experimental results for a ship-like wing model in deep
and shallow water as well as with those of a segmented ship model in the same conditions.
In this case of small drift angles the linear potential part of the transverse force is dominant,
especialy in shallow water. Then the viscous part may be neglected. The maximum vaue of
the potential transverse force will appear at drift angle b = 45°; see Figure 1.
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The viscous transverse force has a drift angular dependence according to sn®b (Version 1)
orto sn®b (Version 2), which for small drift angles may considered being approximated by
bZ?orb?®, showing in this way a non-linear character in this region. The maximum value of

this viscous force will be achieved at drift angle b =90°, where the potential force will be

zero. In this respect reference is made to tests with a segmented ship model at transverse
speed in deep water. Determination of the amplitude of the viscous force from tests at small
drift angles appeared to be questionable.

Regions of drift angles will be indicated where both potential and viscous forces should be
taken into account.

2. Calculation procedures

2.1. General

The potential forces and moments are calculated by the exchange of fluid momentum
according to the method as proposed by Jones [1], Payne [2] and Newman [3].

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 Bernoulli equation
relates the pressure with the velocities. The flow around the ship is represented by a
distribution of sources and sinks only. The equations of motion in the flow are the equivalent
of Newton's second law.

The sectional added mass m' is determined by using a method based upon the potential theory
only, as presented by Keil [4] including the influence of restricted water depth. This method
has been incorporated in the ship motions computer program SEAWAY of Journée as
described in [5]. With aid of this computer program the hydromechanical derivatives are
determined according to expressions derived in the following sections.

The sectional added mass m' may also be obtained by a diffraction method, i.e. DELFRAC of
Pinkster as presented by Dmitrieva in [6]. The advantage of this method is that wall influence
or influence of other obstacles in the neighbourhood may be taken into account too.

To compute the flow around an arbitrary profile, De Koning Gans [7] developed a higher
order three-dimensional panel method program. His method has also been applied to
determine the pressure distribution around a wing profile and may also be used to calculate
the normal and lift forces.

2.2. Potential transverseforces



Figure2 Forcesacting on awing section

The calculation of the transverse force, based on the rate of change of fluid momentum, is
applied to determine the lift forces on a wing profile. For zero drift angles the transverse force
N isequa tothelift force L ; see Figure 2.

The hydromechanical manoeuvring coefficients are derived from the transverse forces and
moments. In this way a ship should considered to be awing profile with alow aspect ratio.

The derivative of the local potential normal or transverse force N, in longitudina direction

may be set equal to the time derivative of the local added mass impulse in transverse direction
- also known as the fluid momentum exchange - and is presented as:

dN
)
dx dt
Equation 1
with: m added mass in transverse direction per unit length
v=Usdgnb transverse component of the flow speed - U (opposite to the towing
direction)
b drift angle or angle of attack.

Equation 1 may be developed into:

deot_drﬁdX +de%

dx  dx dt dx dt

Equation 2

Keeping in mind that dv/dx =0 and dx/dt =-U cosb (-U being the fluid flow speed on the
wing which is opposite to the wing model speed), the expression becomes:
dN dm'
pot _

=-U?d9n b cosbh —
dx dx

Equation 3
or:

dN ,, =- 2U 2dm'sin 2b
2



Equation 4

The total normal force on the wing model will be obtained by integration of dN , over the
length (chord) of the wi ng as.
OiINpm = 1U 2dn 2b01m =- %U an2b[m'c-m', ]
Equation 5

If m'. =m', =0, which is generadly the case, the total transverse force will be zero. This

phenomenon is quite in accordance with d’Alembert’s paradox on the assumption that the
flow isirrotational in an ideal fluid without viscosity, vortex streets and separation. Only for a
body with atail fin at theend, so m',* O, the situation is fundamentally different as stated by

Newman in [3]. A trailing vortex street may originate from the abrupt trailing edge at the tail.
It remains, however, questionable why this ‘tail effect’ may not be expected earlier along the
body in a rea fluid. It is well known that viscosity is required to start the potential lift
production. Jones [1] put forward that with the aid of the Kutta condition it might be easily
shown that sections of the wing behind the section with the largest width develop no lift. Katz
and Plotkin [8] even showed that there would be no lift if the beam b(x) were constant with

X. Integration up to the section with the maximum width should be sufficient.
If the integration in Equation 5 is carried out from the forward point (F) to the section with the
maximum beam at X, and m'. =0, then it holds that the transverse force may be written as:

1 o
N o = EU ‘m', sn2b
Equation 6

Equation 6 shows that the potential transverse force with respect to the drift angle b
oscillates according to sn 2b ; see also Figure 1.

2.2.1. Potential transver se moments

The moment of the local transverse force with respect to the origin of a body-fixed right hand
co-ordinate system X, Y,z (x longitudinal, positive in forward speed direction at b =0°, y
transverse, positive to the right or starboard side SB, z positive downwards) may be
expressed as follows:

dN
dM = —— xdx
dx

Equation 7

With the origin of the co-ordinate situated at arbitrary location D (Figure 2) and substituting
Equation 4 into Equation 7 the total moment of the transverse force on the wing model with
respect to D will be:

OjM =- 1U 29n 2b Oxdm'

=-Ly2gn 2b|'xm'|F - (‘j’n'dX'
2 i o0 [\;

Equation 8



It follows with m'. = 0:
1 :
M o = EU ’m, sn 2b

Equation 9

Following the reasoning as used for the transverse or lift force, point D should be chosen as
located at x.,, (Figure 2) and so:

F
m = gndx

mi
D=Xmp

My

Equation 10

is the added mass from Fto X, .

Analogous to the situation of the transverse potential force (Equation 6), it also holds for the
transverse potential moment (Equation 9) that this moment also vary with respect to the drift
angle b accordingto sn 2b .

The moment M, (Equation 9) with respect to CG delivers the well known destabilising

Munk moment for a body with a drift angle at a steady trandation. Except for the integration
boundaries, this expression agrees with that one found by Faltinsen [9].
Thedistance f, = fromD (X = x,,) to CN isfound as follows:

f - M pot _ mxmb
e N pot mxmb
Equation 11
The distance € from CN to the forward wing point F will be:
m
e=L,-d, -f,_=L,-d_- — T
Equation 12
from which follows:
m
LW - dx - .Xm
e B mb mxmb
LW B LW
Equation 13

2.2.2. Potential transverse forces and moments at small drift angles

For small drift angles to about 10 degrees it may be assumed that »sn 2b » b and the
transverse force (Equation 6) becomes:
N, =U’b m,
Equation 14

while the transverse moment according to Equation 9 and Equation 10 results into:
M, =Ub m,



Equation 15

In the range of drift angles from O to 10 degrees, it is obvious from Equation 14 and Equation
15, that the potential drift force and moment may be characterised as linear with the drift

angle b . If themoment M, of Equation 9 is presented as the Munk moment, the transverse

force N, of Equation 6 should be the equivaent of the Munk force.

pot
2.2.3. Potential lift forces and moments

At very small drift anglesto about b = 4°, the lift force L may be put equal to the transverse
force N ,,,; see Figure 2. For larger drift angles the longitudinal force T should accounted for
to find the lift force L anddrag D, as denoted in Section 3.2.

The lift force coefficient is presented as.

C = =

%r usL,T,

Equation 16
inwhich L, isthelength of the wing or ship and T,, isthe draught.
Using Equation 14, the slope of the lift curveat b =0° (so L =N oot) May be presented as:

I __ M

LIESTI
2

Equation 17

The moment of the lift force a b = 0° with respect to the forward wing point F is, using
Equation 14 and Equation 15:

e 0
= Ny >e=U2bm éLW- d, - Moy T
Xmb b ml —
Xmb ﬁ
Equation 18
The moment coefficient is presented as.
Ce — M §0t
Mpor
Lruem,
2
Equation 19

Substitution of Equation 18 into Equation 19 delivers the slope of the moment curve at
b =0°:

Ce m|
ﬂ M pot — : Xmb Xiz ﬂCL Xi
o 2y g Lo T L,

Equation 20
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Tests with a wing model as reported in [10] show that lift and drag increase strongly as the
water depth reduces; see Figure 3 as an example of the lift coefficients. Using faired tips at
the bilge instead of sgquare tips decreases lift and drag considerably. Results of experiments
with faired tips approach the calculated potentia linear values, for both lift and moment in
case of very small angles of attack.

2.2.4. Manoeuvring
224.1. General

For manoeuvring it is assumed that the horizontal ship motions are small around the direction
of the forward ship speed U , so that the forces may be considered to be linear with respect to
the drift angle b . For that case only potential forces are taken into consideration.

The manoeuvring coefficients will be calculated with aid of seakeeping coefficients; see for a
description [11,12,13]. These coefficients generally are built up from terms with sectional
fluid added mass (m') and damping coefficient (N-U dmj/dx). For manoeuvring it is
assumed that the oscillation is amost zero, so that the damping coefficient N'® 0. The term
U dm/dx of the damping coefficient will deliver the transverse forces as shown before. For
this reason terms with U dm/dx will be integrated from the forward point F to the section
with the maximum beam at X, . This holds also for terms with pure added mass m' following
from U dmj/dx by partia integration. Terms with pure added mass m', so in case of
acceleration, will be integrated over the whole model or ship length L,,.

The historic relation between seakeeping and manoeuvring has to be considered to find
expressions for the manoeuvring coefficients. The most remarkable difference is the choice of
the vertical axis z, positive upwards in seakeeping and downwards for manoeuvring. Because
of smilar longitudinal axes in the ship’s forward direction, the transverse axis is aso different
in direction, positive to PS for seakeeping and to SB for manoeuvring.

2.2.4.2. Sway

The equation of motion for sway related to seakeeping may be written as.
(m, +a,)y+b,y=Y,dn(wt+e)



Equation 21

where m,, is the mass of wing or ship and a,, and b, are the seakeeping coefficients for

added mass and damping, respectively.
Substituting y =y, Snwt delivers for the quadrature component of the side force:

b, wy, =Y,sne
Equation 22
The sway oscillation for manoeuvring may be presented as:
(Y, - MV +Y,v =Y, sn(wt +e)
Equation 23
from which follows:
Ywy, =-Y,9ne
Equation 24

The sign for this force is opposite to that found for seakeeping due to the difference in the
direction of the y axis. In the above equation are Y, and Y, the manoeuvring coefficients for
added mass and damping, respectively.

With aid of the expressions for the seakeeping coefficients as presented in [11,12,13], it
followswith Equation 21, Equation 22 and Equation 24 that:

F
\ dm —_ 1
Yv__byy_U de—-Ume
Equation 25
In non-dimensional form this expression becomes:
ml
Yv¢: 1 Yv — 1 Xmb
—rl2u  =rL}
2 2
Equation 26
In the same way, it is found:
F
Y, =-a, =- gn'dx
A
Equation 27
which becomes in non-dimensional form:
Y C= Yo oo 1 J 'dx
ST Y o
—rL, —rL;, A
2 2
Equation 28

The other coefficients for sway may be determined in a similar way. An overview of these
coefficients is presented in Table 7 in the Appendix. An example of the measured and
calculated coefficient Y', is presented in Figure 4 and Figure 5 in Section 3.2.

2243. Yaw



The yawing motion in manoeuvring may be divided in sway and yaw with a mutual phase
difference of 90 degrees. This motion may be obtained by forced oscillation in such a way
that the velocity vector of CG is tangent to the swaying path of CG, which is achieved by
adjusting aphase angle F between the fore and aft leg in case of an oscillator, see [11,12,13],
so that:

tgi = M
2 U
Equation 29
where | is the distance between the oscillator legs.
The force equation for sway and yaw may be written as:
(m, +a,)y+b,y+d,y +e,y =Y, cost +e)
Equation 30

The force here is taken in phase with the yawing angle y and negative in sign in view of the
manoeuvring notation.
Substitution of y =y, snwt and:

2y, .
y =y ,coswt :%sn %coswt
Equation 31
in Equation 30 and using the pure yawing motion equation:
Y. i +(Y, - mU)r =Y, coswt +e)
Equation 32
yields:
Y.sne -w?’(m,+a,)y,-e,wy,
v - mu) = eSne _ (m, +a,, )y, - €, Wy
y aW y aW
or:
w +a, )l
Y, =, - (m, +a, )l |
23n —
Equation 33
If w® Othen: gn E® tgi® E® M,which results into:
2 2 2 U
Y. =-¢, - Ua,
Equation 34

Using the seakeeping expressions for e, and a,, as presented in [11] and taking the damping
N(® O for w® O delivers:

ér F u
Y =U é(‘)d—mxdx+ gn'dxad
g dx N A



In non-dimensional form after partial integration is found:

% 1 € F F u
Y = 1 r = 1 & X, - omdx+ gn'dxi
Sf LU Sf L3 8 Xmo A H

The in-phase relation of Equation 30 and Equation 32 givesin asimilar way:

b, U
— Yy
Y, =-d,, +F

and, after taking the damping N'® O for w® O, it remains:

F
Y, =gn'xdx=N,
A

Non-dimensional presentation provides:

F
Y, =N\,=- 1 AN’ xdx
—rL A

Equation 35

Equation 36

Equation 37

Equation 38

Equation 39

The other coefficients may be determined in a similar way. In these equations, d,, and e,

are the seakeeping moment coefficients for respectively added mass and damping.

An overview of the yaw coefficientsis presented in Table 8 in the Appendix.

2.2.4.4. Semi-empirical methods

s 20 | 046 022
10 25 | 057 028

Manoeuvring Fn | Experiment Present Semi-empirical methods
coefficients Calculation
Square Faired Clarke Inoue Norrbin Gerritsma
Tips  Tips Beukelman
Glansdorp
-, 15 0.92 08 089 077 090 090 0.90
.2 20 1.04 0.82
10 25 | 125 064
- Y, 15 2.15 1.39 097 117 09 108 0.96
, 20 2.18 118
*10 25 | 202 150
- N, A5 | -011  -009 -005 002 -005 -005 -0.05
2 20 | -013 -0.05
10 25 | -011  -017
- N' 15 0.46 0.26 040 037 039 038 0.68

10



Y 15 | 005 005 -005 004 -005 -005 -005
‘107 20 | 016 012

25 | 012 o021
Y 15 | 047 031 -050 027 037 -024 -024
107 20 | 038 021

25 | 066 033
N 15 [ 001 010 007 004 007 007 007
107 20 | 003 010

25 | 007 016

N 15 | 024 014 022 018 021 021 015
£ 10° 20 | 027 016
25 | 027 013

Tablel Comparison of measured, calculated and semi-empirical valuesfor the
manoeuvring coefficients (Ty, = 0.10 m, H = 2.50 m)

The Delft University of Technology started its experimental investigations on manoeuvring in
the late sixties; see van Leeuwen and Journée [14]. Severa attempts have been published in
the past in literature to find empirical expressions for the manoeuvring coefficients of ships
based on measured values from planar motion and rotating arm experiments. Mentioned here
are Norrbin (1971) [15], Gerritsmaet.al. (1974) [16] and Inoue et.al. (1981) [17].

Clarke et.al. (1982) [18] compared several empirical formulas against scatter plots of velocity
derivatives. Clarke used multiple linear regression analysis to develop empirical formulas 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
pooled data and are together with the remaining equations for acceleration derivatives also
presented in [19].

Table 1 shows the experimental results of the manoeuvring derivatives for the ship-like
condition T, = 0.10 m, H = 2.50 m (deep water) compared to the present calculation results
and the semi-empirica methods mentioned above.

2.3. Viscoustransver se for ces and moments

For b = 0° the drag force in the longitudinal direction is mainly due to frictional forces, while
the wave forces are neglected for low forward speed. There are well known expressions to
determine this longitudinal resistance force on a ship. For larger drift angles the transverse
viscous current force and moment on the ship can be determined using the cross flow
principle as long as the current direction is not close to the longitudinal axis of the ship.
Faltinsen [9] presented this method of evaluation of the viscous transverse force and moment,
which will be characterised here as Version 1.

Version 1:

The cross flow principle assumes that:
the flow separates due to cross flow past the ship,
the longitudina current components do not influence the transverse forces on a cross
section and
the transverse force on a cross section is mainly due to separated flow effects on the
pressure distribution around the ship.

In this way the viscous transverse force may be presented as.

11



¢ o
N, =2 1 8¢F0 ()T, ()l sin blsin b

Equation 40
inwhich C, (X) is the cross flow drag coefficient for an infinite long cylinder with the cross
sectional area of the ship at the longitudinal co-ordinate x and T, (X) is the sectional draught.
If C, isconsidered to be the average cross flow drag coefficient for the whole ship and T,,
the constant draught, it may be written that for b up to 180°:

N, = % rc,T,U%L,sn’b

Equation 41

In non-dimensional form, it looks like:

N .
Nvtpszl—V:CDsnzb

ZruiL,T,
2

Equation 42

It follows from this expression that C, may considered to be the amplitude of the viscous
transverse force and may be presented as:

Equation 43
From Equation 40 it is clear that the viscous transverse moment may be presented as:
1 ¢ VI
M, = =T & (T, (X)xdx(U? sin blsn b
2 A g
Equation 44

Following the same reasoning as for the transverse viscous force, this equation for constant
valuesof C, and T, may be transformed into:

MviS:%rCDTWUZLWZS'an

Equation 45
In non-dimensional form this viscous moment can be expressed as.
M., :
MV<FS=—1 v =1CD sn®b
ZruL T,
2
Equation 46

According to Faltinsen [9], it should be kept in mind that the C, values for the ship section
considered are influenced by free surface effects, beam-draught ratio, bilge radius effects,
bilge keel and effects of laminar or turbulent flow.

12



Equation 42 and Equation 46 show that the viscous transverse force and moment oscillate
related to the drift anglewith sn?b (upto b =180°). This means that for small drift angles
(up to b =10°) the viscous force and moment vary with b?. In this way this force and
moment show a non-linear character with respect to drift angle b . It should be remembered
that the potential transverse forces and moments show a linear relation to drift angle b in this
region of small angles as shown in Section 2.2.2.

Version 2:

In the above mentioned Version 1, Faltinsen [9] assumed C, asfunction of x, while Hoerner
[20] aso introduced C,(x)Sn b in case of cylinders with an angle of attack b for the cross
flow. This implicates that viscous transverse forces and moments as derived in Equation 42
and Equation 46 oscillate with sn®b . For small drift angles (up to b =10°) the viscous
transverse force and moment vary with b ®, also being non-linear in character.

In case of negative drift angles, sn®b - essentially being sn? b|s'n b| - remains positive in
sgn.

2.4. Total transverseforces

Version 1:
From the preceding sections it should be clear that the total transverse force N, in generd is

found by summation of the potential and viscous force and so this force will be according to
Equation 6 and Equation 41:

Nt = Npor + Ny :luzm'xm sn 2b +£rCDTWU2LWs'n2 b
2 g 2

tot

Equation 47

The same reasoning holds for the total transverse moment, which may be expressed with
Equation 9 and Equation 45 as:

M tot= M pot + I\/Ivis =

Lutm sn2b +3rc T UL 2sn2b
2 4

Equation 48

There are to indicate two exceptions viz.:
1. The drift angle is rather small, so b =0° - 10°. In this case the viscous force may be

neglected and only the potential force and moment should be accounted for as shown in
Section 2.2.2. Equation 14 and Equation 15 should then be used for respectively
transverse force and moment; see also Figure 1.

2. The drift angle b achieves a value between 80° and 90°. In that case the potential
transverse force and moment may be neglected and only the viscous force and moment

should be taken into account. If for b =80° - 90° theterm sn® b is considered to be 1,
this viscous force and moment as presented in Equation 41 and Equation 45 will then be
respectively:

Ny = % rc,T UL,

Equation 49

13



M. :%rCDTWU L2

Equation 50

It should be kept in mind that, if eg. the drift angles in manoeuvring are more than 10°,
viscous influence should be added to the expressions of Section 2.2.2.

Version 2:
It might be clear from the remarks about Version 2 in Section 2.3, that they aso should be
introduced into the expressions for the total transverse force and moment in Equation 47 and

Equation 48 for the viscous component with sn®b instead of sn’b .

3. Experiments
3.1 Genera

In the following sections reference will be made to experiments in the past with ship-like
wing models [10,11,12,13] as well as to tests with a seven segments ship model aso to
measure the transverse forces [21] in deep and shalow water. At last will be presented the

experimental results with the same segmented mode! to measure the transverse forces at 90°
drift angle for severa ship conditions in deep water only [22].

3.2. Testswith ship-like wing models

The present study is based on reports by the first author [11,12,13] on manoeuvring
derivatives for alow aspect-ratio surface piercing wing model in deep and shallow water. It is
also afollow up of areport describing the lift production of such awing model [10].

In the physical model for predicting lift production and manoeuvring coefficients the ship is
considered to be a wing profile with a very low aspect ratio. To determine the hydrodynamic
manoeuvring coefficients forced horizontal motion tests with a Planar Motion Mechanism
(PMM) were performed. The tests were carried out at three speeds in opposite directions in
both deep and shallow water. The longitudina and transverse forces on the wing model were
measured as function of drift angle b to determine the hydrostatic manoeuvring coefficients

and as function of forward speed to determine the hydrodynamic manoeuvring coefficients.
These experiments were carried out for three draughts (aspect ratios) and four water depths
including deep water. Additionally some tests were performed with faired tips of the bilge
instead of the usual sguare tips to show the viscous influence for the latter condition.

From the measurements of the transverse forces and moments the hydrostatic and
hydrodynamic manoeuvring coefficients were determined and presented as functions of
respectively drift angle and forward speed. These results were compared with calculated
values for small angles and displacements representing the linear behaviour in that region.
Some of these results are presented in Figure 4 and Figure 5.

14
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Concerning the determination of the lift and drag force, it holds especially in case of a drift

angle b >10° (see Figure 2 and Section 2.2.3) for the measured values that:
N =Lcosb +Dsnb
T=Dcosb - Lsnb

from which the lift and drag follows as:
L=Ncosb-Tsnb

D=Nsgnb +Tcosb

15
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Equation 52
and in non-dimensional presentation:

C. = 1 L
—rui,T,
2
Equation 16
C, 1 D
~ru’L,T,
2
Equation 53

As an example some of these measured resultsof C, and C, are shown in Figure 3 together
with the calculated values. These calculated values are most times approaching the measured
values for small drift angles and the condition with the faired tips of the bilge. If it is assumed
that the calculated values are representing the potentia lift, the difference with the
experimental values should then show the viscous influence. In this way it is then possible to
determine the C_ values with Equation 43. Table 2 shows for b =20° and Fn=0.20 the

determination of these C, values for the two Versions as denoted in Section 2.3.

Square Exp. | Cdc. Version| Version
H or N'is = 1 2
Faired O\ Nlpot N' - N'

(m) Ti ps tot pot C ] CD
0.12 | Square | 1.002 | 0.522 0.480 4103 | 11.996
0.16 | Square | 0.549 | 0.211 0.338 2.889| 8447
0.20 | Square | 0.431 | 0.147 0.284 2.428 7.099
0.60 | Square | 0.228 | 0.070 0.158 1.351| 3.947
0.60 | Faired | 0.140 | 0.070 0.070 0.598 1.748
2.50 | Square | 0.199 | 0.070 0.129 1.103| 3.225
250 | Fared | 0.142 | 0.070 0.072 0.616 1.801

Table2 Cp valuesfor the ship-likewing model, b = 20°, Fn = 0.20

It is clear from this table that the C, values increase with reduction of water depth and for the
case of square tips of the bilge. The remarkable difference in C, values between Version 1
and Version 2 is due to the difference in value of sn®b (Version1) and sn®b (Version 2)
a b =20°; see Figure 1 and Equation 43.

3.3. Testswith a segmented ship model

For a Todd 60 (C, =0.70) seven segments ship model, drift forces have been measured for
drift angles up to 20° [21]. These experiments have been caried out for three different

draughts and for the design draught also at a =3.4° bow and stern trim. a is trim angle, bow
down positive.

One condition with the design draught and a =0° has aso been investigated in shallow
water, H /T, =2.4. The other conditions were related to deeper water, H /T, =15.
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For each section (segment) the linear and non-linear part of the drift force have been
determined as well as the cross flow drag coefficient C, to find the longitudinal distribution

of the coefficients related to speed, drift angle and sectional area coefficient. Similar relations
have also been determined for the whole ship model.

It appeared that the forward sections contribute the most dominant part of the drift forces.
Calculations, as proposed according to Equation 25, also taking into account the bottom
influence and compared to the measured values derived from the linear part of the drift forces,
show a rather good agreement for the forward part of the model until the section with the

maximum beam, X, ; see Figure 6.
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Figure6 Longitudinal distribution of the non dimensional linear drift force

The sum of the sectional values deliver for the whole mode!:
Y',  for thetotal non-dimensional drift force,

Y',, @asthelinear component and
Y',, @asthenon-linear component of the total drift force.
Hereis:
Yv = X = L
v -Udnb

Equation 54

inwhich U isthe forward speed and v =-U gn b isthe transverse speed component.

The non-dimensional expression becomes:

Y,
A T .
=rL,U Z=rL,U%snb
2 2

Equation 55 (equal to Equation 26)
The total non-dimensional drift force will be:
YIv = YIvIn +Ylvnl

Equation 56

The cross flow drag coefficient according to Version 1 of Section 2.3 is.
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CD = T YnI
Erl_wTWuzsin blsn b|

from which follows for b <180° with Equation 55:
L

Equation 57

Equation 58

Equation 59

CD = _Y'vnlx-—W
T,9nb
For Version 2, this expression becomes:
L
CD =" YIvnI x—wz
T,9n“b
The measured and derived values are shown in Table 3 and Figure 7 for the denoted
conditions:
Fn=020 U=0.941m/s
Co
b Y'v Y'vln Y'vnI
(deg) | xq0° *10° *10° Versonl | Version 2
20 -23.2 -14.9 -8.3 0.434 1.268
16 -20.6 -14.9 -5.7 0.367 1.335
12 -18.4 -14.8 -3.6 0.306 1.469
8 -17.8 -16.1 -1.7 0.213 1.525

Table3 Crossflow drag coefficient Cp from measured forces for the whole model,

Tw=0.129m,a =0°, H/T,= 15

—*— Fn=0.15 (Version 1)
1.5 —=— Fn=0.15 (Version 2)
Fn=0.20 (Version 1)
Fn=0.20 (Version 2)

b (deg)

. A —%— Fn=0.25 (Version 1)
o M —e— Fn=0.25 (Version 2)

Figure7 Crossflow drag coefficient Cp for the whole model as function of drift angle

34. Testswith a segmented ship model at 90 degree drift angle
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This investigation is a rational follow up of previous research (see Section 3.3.) in which for a
seven segments ship model drift forces have been measured for drift angles up to 20° a
different forward speeds [21].

In this case a drift angle of 90° has been taken into consideration for the same ship model to
measure the drift forces at values of transverse speed corresponding to the transverse speed
component, occurring during the preceding above mentioned tests. These experiments as well
as the present ones have been carried out for three different draughts and for the design
draught at a = +3.4° bow and a = - 3.4° stern trim.

These static drift experiments at 90° drift angle were carried out with the 2.3 m model of the
Todd 60 Series. The main particulars are presented in Table 4.

L ength between perpendiculars Lo 2.258 m
Length on the waterline L, 2.296 m
Beam B, 0.322 m
Draught T, 0.129m
Block coefficient Cs 0.70

Table4 Main particulars of the seven segments Todd Sixty M odel

The model has been tested without rudder and propeller. The same model has been used for
the experiments as described in Section 3.3. The position of the model at 90° drift angle was
such that the port side was in the towing direction. For the design condition all sections have a
length | = 0.323 m, except section no. 1 which has alength | = 0.360 m. The test conditions
are summarised in Table 5. The forward speed has been adjusted up to a maximum of 0.50
m/s in steps of 0.10 m/s. This maximum speed corresponds to the transverse speed at the
maximum drift angle of 20 degrees and the maximum forward speed Fn=0.25, as used in
the preceding research. For each section the total drift force Y., has been measured assuming

that the potential force Y, was zero at 90° drift angle.

Water-
Cond. | Draught | Length Trim Depth
No. Tw L, a Draught
(m) (m) (deg) Ratio
H/Tw
1 0.129 2.296 0 15
2 0.129 2.233 +3.4 15
(Bow down)
3 0.129 2.314 -3.4 15
(Bow up)
4 0.159 2.320 0 12
5 0.099 2.216 0 20

Table5 Test conditions
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The cross flow drag coefficient for each section is, analogous to Equation 57, defined as:

. Y,
CD = 1 nl
~rL, T, U?
2
Equation 60
Analogous to Equation 58, it is found for both Versons1and2 (sn b =1):
. . L
CD =- YvnI x_\/\:
TW
Equation 61
and for the whole mode:
L
CD =" Y'vnl —
TW
Equation 62
Test results are for one denoted condition as an example shown in Table 6
Co
U Section No. Co
(ms) 7 2 3 4 5 6 7

.05 .30 24 19 A3 22 16 27 151
10 24 19 18 15 19 A8 23 1.36
.20 22 18 .16 14 .16 .16 .20 1.22
.30 22 18 15 14 A5 A7 21 1.22
40 22 19 15 A2 A5 A7 22 1.22
.50 22 17 14 12 14 A7 22 1.18

Table6 Crossflow drag coefficients at 90° drift angle
Condition No. 1, Ly=2.296m, T, =0.129m, a =’ H/T,=15

It should be remarked that the results for C_ at 90° drift angle in case of the transverse
component for Fn=0.20 at 20° drift angle (U = v = 0.325 m/s) show avalue of 1.22 for C, .
This agrees rather well with the results found for Verson 2 in Table 3 for the mentioned
condition, being there C, =1.268, while Version 1 in general show too low values. The C,
values for the ship-like wing modedl (see Table 2) show - for Fn=0.20 and drift angle
b =20°in deep water with faired bilge tips - rather high valuesin case of Version 2, viz. C,
values of 1.92 and 1.75. Up to now, it is unknown how deviations from the real ship form
influence the C, values.

It should be noticed also that, according to the results in Table 6, the values for C, increase

with speed reduction.
The longitudinal distribution of C, is presented in Figure 8 for U = 0.30 m/s and the denoted

conditions with a horizontally drawn line representing the average value of each segment and
isdefined as:

C'D:%
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Equation 63

where | is the length of the segment under consideration.
A possible continuous curve for the coefficient C', is suggested in Figure 8 by taking into
account the condition that for each segment the average value should be reproduced.

Tw =0.129 m, trim = 0 deg Tw =0.129 m, trim = +3.4 deg
0.8 1 0.8 1
0.6 - 0.6 -
0.4 A 0.4 A
cd' cd'
0.2 A 0.2 A
0 - 0 -
1 2 3 4 5 6 7 1 2 3 4 5 7
section section
08 - Tw =0.129 m, trim = -3.4 deg 0.8 - Tw = 0.159 m, trim = 0 deg
0.6 A 0.6 -
04 1 0.4 1
cd' Cd'
0.2 1 0.2 A
0 - 0 L L L L L L
1 3 4 5 6 7 1 2 3 4.5 6 7
section section
0.8 - Tw = 0.099 m, trim = 0 deg
0.6 1
0.4 A
Cd'
0.2 A
0

section

Figure8 Longitudinal distribution of Cp at 90° drift angle for U = 0.30 m/s

4. Conclusions

The presented calculation method to determine lift production and manoeuvring derivatives
and the method to calculate the viscous drag, deliver - compared to the described test results -
the following conclusions:

1. Reduction of water depth causes a strong increase of transverse forces and moments as
shown by experiments. Calculated values confirm this very well.

2. Using faired tips at the bilge instead of square tips decrease drag and transverse force
considerably and approach rather close the calculated potential values.
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5.

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. For drift angles larger than 10°
the influence of viscous transverse forces should be taken into account.

The drift angular dependence for the potential transverse forces appears to be according to
dn 2b . At small angles up to b =10° this dependence may be considered to be linear
with the drift angle b and may be applied for manoeuvring situations. The maximum

value of the potential transverse force will be achieved at drift angle b = 45°.

The viscous transverse force has a drift angular dependence according to sn®b (Version
1) orto Sn®b (Version 2) which for small drift angles (b <10°) may be considered to
be respectively b? or b?®, showing in this way a non-linear character in this region. The
maximum value of the viscous transverse force will be achieved at a drift angle b = 90°,

where the potential transverse force will be zero in value. For b =80° - 90° the potential
transverse force and moment may be neglected. Determination of the cross flow drag
coefficient C, from tests at small drift angles shows the best results for Version 2 if
compared to the test results for 90° drift angle.

Experiments with a ssgmented model at 90° drift angle show a rather equal distribution of
the cross flow drag coefficient C, over the ship length. This coefficient C, is almost

constant with speed except for the low speed region (Fn = 0.02) where the value of C,
increases.

Appendix

This Appendix gives an overview of the sway and yaw coefficients.

F 1 Y = mI
Y, =U e =- U, _ V==
o X Sr2u L
2 2
F F
Y, 1
Y. =-ANn' = v = AT
y = - gndx Y', 1.1 . dx
A —rL, —=rL,A
2 Y2 "
F N
L dm’ N', = v
N, = O———xdx v
v~ 074 1rLﬁ’VU
Xmb
é F\ u 1 € F u
SU& XM, - g'XG =g X - i
@ Xmb g —|’st§ Xmb g
2
F N 1 F
N, =- gnxdx =Y, N, =——=- gnxdx =Y’
A Lo R
2 " 2 "
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Table7 Overview of sway coefficients

S S y ="
@O xdx+(jﬂxdx§| LN
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e X ¢ =rL, 8 Xno ¢
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Table8 Overview of yaw coefficients
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