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

PART I - EXPERIMENTS AND TEST RESULTS
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- Delft University of Technology, Ship Hydromechanics. Laboratory, Delft, The

Netherlands
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A model of a surface-piercing wing has been towed through the water at three speeds
in two opposite directions for different draughts and drift angles. The experiments
were carried out in both deep and shallow water. Purpose of the tests was to-measure
the longitudinal and transverse forces on the wing-model. From the measured forces
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
Motion Mechanism (PMM) were carried out to determine the hydrodynamic
manoeuvrmg 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. Comparison with the measurements showed
encouraging results to determine manoeuvring coefficients also for the velocity
derivatives. :

Both experiments and calculations showed a strong increase of the coefficients with

draught and reduction of waterdepth.

‘Nomenclature

A connection point of fore oscillator leg to wing model
APP aft perpendicular

AR aspect ratio T/L,,

a b de hydrodynamic coefficients for seakeeping

a distance from LCG to CN
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1. Introduction

beam, connection point of aft oscillator leg to wing model
local half beam of the wing model

. centre where the transverse force acts

depth or maximum span of the wing model, drag
fore perpendicular

Froude-number

acceleration due to gravity

‘waterdepth |

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

lift force

length. position of centre of gravity

length of wing model

distance between legs of oscillator

fluid added mass

sectional added mass

mass of wing model

maximum beam

normal force; moment, potential damping, manoeuvring coefficient -
radius of curvature of bilge, yaw angle velocity

draught of wing model, longitudinal force

wing model speed

transverse component of model speed U

longitudinal force

transverse force, manoeuvring coefficient

represents a system of reference axes fixed in space with origin 0
represent a body fixed system of axes with its origin in LCG
phase angle for moments

drift angle '

phase angle for forces

yaw angle

adjusted phase angle between fore and aft oscillator leg at yaw
circular frequency of oscillation

For convential ships the directional or course stability may sufficiently be determined
from data ebtained 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 of a track or manoeuvre on deep water is 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
manoeuvnng 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 to 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-up of 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 shallow 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 at 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 influence for the latter condition.

From the measurements of the transverse force and moment the hydrostatic and
hydrodynamic maneeuvring 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.
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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-63,A-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 stroke 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 return flow during the
experiments. '

Table 1. Main dimensions of NACA-63,A-015 Wing model.

Length Ly (chord) 2.2_577 m
Maximum beam By 0.3385'm
Depth: (Maximum Span) D 0.500 m

Draught (Actual Span) T

‘Geometric Aspect-ratio

AR=T/L,

Taperratio Liop /Lbarmm

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- m (7)

Adjusted mass moment of inertia (kg
' m?2) with respect to vertical axis

through LCG as function of draught

(D) - Iz () |

0.10 m (shiplike condition):0.20 m

0.30 m, 0:40:(For Fn =.15 and deep water only)
0.0443, 0:0886

0.1329, 0.1772 (For Fn =.15 and deep water only)
1.0

0

0.960 m

50.6 kg (7=0.10m) 100.5 kg (T=0.20m)
150.8 kg (7=0.30m) 201.lkg (T=0:40m)
(For Fn-= .15 and deep water only) »

10.958 kgm2 (T=0.10m)-23.504 kgm? (T=0.20m)

25.424 kgm?2 (T=0.30m) 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 1. Wing model with PMM under the towing carriage.

T
. +
\ Faired Bilge !
ol -

\ Squared Bilge —/

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 3b. 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 carriage 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 Motien Mechanism (PMM) by
two dynamometers on each leg, one sensitive to the longitudinal direction of the wing.
model and the other one for the transverse direction. The legs of the oscilla-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 the base line.
The PMM was connected with the towing carriage.

The following conditions for the model with square tips were investigated.
a. 3draughts T viz.:

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, 0.0886, 0.1329 with as addition 0.1772 for Fn =0.15 and deep.
water only.

The draught T considered was adjusted at zero speed, while at speed the position of
the model was kept constant.

b. 3 speeds forward (A-condition) and back (B-condition) viz.:

Fn =0.15 U =0.706 m/s
=0.20 =0.941 m/s
=0.25 =1.176 m/s

c. 3 waterdépth - draught ratio's H/T viz.:

H/T = 1.2, 1.6 and 2.0 (shallow water) and for deep water H =2.50 m and H = 0,60 m
for T=0.10 m.

The waterdepth - draught ratio’s are given for the zero speed condition.

The following experiments were carried out with the square tipped model:

a. Static drift angles

For drift angle 8 = 0, 4, 8, 12, 16 and 20 degrees the longitudinal X-force and the
transverse Y-force were measured for the denoted draughts, speeds and waterdepth's.
The drift angle B 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. -

b. Horizontal oscillation

For one low manoeuvring frequency @ = 0.25 rad/s the model was forced to carry out




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

both the sway and yaw motion with an-amplitude yo = 0.1 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 faired tips related to-the condition:

T=0.10m H =2.20 m, 0.60 m (deep water)
T=030m H =2.40 m (deep water)

and H =0.75 m (H/T = 2.5, shallow water).

3. Experiments and test resuilts

The hydrostatic and hydrodynamic manoeuviing coefficients were obtained. from the
experiments in a way which in general is well known and i.e. presented in [1,9].
Nevertheless the procedure will be described here again because it is a necessary link
in view of the relation which will be developed here between the manoeuvring and
seakeeping coefficients. :

The transverse drift force Y and the moment N as measured during the static drift
experiments and the oscillatory motions are presented in a non-dimensional way as
follows.

Y’=1—Y and N’= N
EPUzL 2 pu2L 3

3.1
For a review of the way in which each of the measured and calculated coefficients has
been made non-dimensional see Table 4-6 (Part II).

3.1. Static measurements

From the total measured sideforce (see Figure 3a-and 3b) it follows, that

rp=2AtY8 gy vy TB 32
"'pUZL 2 C :

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

1 . : .
(Y- Ya) '
Ng= 2—) and Ng = I—N'B— : (3.3)
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The test results for the non-dimensional drift forces Yp’ and the non-dimensional

moments Ng' are together with the longitudinal forces -X, shown in report [5] as
function of the drift angle f for all conditions considered and: as an example here for
shallow water in the Figures 4 and 5. For deep water see Figures 6:and 7.

"05‘8

Condlition A Square Tips t = 0.36 n T = 0.30 i
Exp. YO*‘Stallc " Fn = .15 = = Fn = 20 ‘et Fn = .25
Exp. -Yv Bway VYen was . 20 Acn - 25
- “vcﬂeu.lnuon. (8 =0")
'6\"0.6 ......;... ..;. ....
O ot Bl et I

5 L
N MR SEEI S
02} — : :

0} | 4 8 . 12 16 ' 20
| 3 degrees

F ighne 4. Measureme_nis,and calculated values for shallow water, H/T = 1.2.
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|
(-
P
Condition A ) Squure Tipe H = 0:98:m T=030m
Exp. Y6' Sialic TTFa = 15 —~ En. = :20 * Fn = .25
Exp. Yv' Swoy ern - .15 L] Fn = .20 A_AFn - .25
— — Calculations (0 =0°%
- _ I . | —— I
0 4 8 12 16 20
3 degrees

Figure 5. Measurements and calculated values for shallow water, H/T = 1.6.

0.2

A5

0.1
e
ir

0.1

YB', YV (B

0.05}

Condiilon A
Exp. YN Stalc

Exp. -Yv' Sway

.8quare Tips
TTIFn = 18

an ‘- 18

— —Calculations (A =0%)

H =250 m

T T Fn. = .20

4 8

B3

12

degrees

16 20

Figure 6. Measurements and calculated values for deep water (square tips of the

bilge).
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Table 2. Comparison between measured and calculated values for Yp" and Np',

Condition A.
Condition Measured Calculated
Fn =0.20,8=4° - B=0°

Yg Ng Yg Ng

* 10 *10 * 10 * 10
T=0.10m, H=0.12m 0.832  0.116_ 0.780. 0.226
Square Tips 0.724°  0.101 '
T=0.10m, H=0.16m 0.400  0.079 0.357 0.113
Square Tips 0.448 0.089 ;
T=0.10m, H=020m 0325  0.071 0.204 0.076
Square Tips 0393°  0.086 |
T=0.10m, H=0.60'm 0.247  0.050, 0.107 0.043
Square Tips. 0.247 0:050
T=0.10m, H=0:60m 0.142  0.030 0.107 0.043
Faired Tips 0.142*  0:030" |
T=0.40m, H=250m 0.197 01042 0.097 0.040
Square Tips 0.197 0:042 ,
T=0.10m, H=2.20m 0.144  0.027 0:097 0.040
Faired Tips 0144 00277 ,
T=030m, H=0.36m 3390 0516 2.540 0.923
Square. Tips ‘ 3.210 ‘0.489
T=030m, H=048m -  1.845 0323 . 1.275 0.488
Square Tips: ,15.929* 0.338"
T=030m, H=0.60m 1.255  0.245 1.011 0.396
Square Tips 1.303"  0:254" -
T=030m, H=0.75m 0:930 0245 - 1.011 0.396
Faired Tips 0:965 0.254
T=030m, H=2.50m 1.140  0.248 0.726 0.296
Square Tips 1.140"  0.248" |
T=030m, H=2.40m 0.855  0.237 0.726 0.296 -
Faired Tips 0855 0.237% |

* Measured values corrected for measured return flow and calculated fall of waterlevel.
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Table 3. Comparison between measured and calculated values for Yg' and Ng,

Condition B.
Condition ‘Measured Calculated
Fn=.0.20, §=4° B=0°
Yy Ng Yg Ng
| , , * 10 *10 *10 *10
T=0.10m, H=0:12m . 0914 0.184 0.780 0.236
Square Tips 0.795°  0.160"
T=0.10m, H=016m 0543 0.110 0357 0.108
Square Tips 0:609°  0.123"
T=0.10m, H=020m  0:409 0.090 0.204 0.083
Square Tips 0:495" 0.109"
T=0.10m, H=0.60m 0.235 0.082 0.107 0.053
Square Tips - . 0:235°  0.082"
T=0.10m, H=060m 0.142 0.030 0.107 0,053
Faired Tips 0.142" 0.030"
T=0.10m, H=250m 0.184 0.068 0:097 0.050.
Square Tips 0.174%  0.064"
T=0.10m, H=220m 0.119 0.051 0.097 0.050
Faired Tips ~ 0119 o00s1” <.
T=030m, H=036m 2.506 0.986 2.540 0.989
Square Tips 2374" 0.934"
T=030m, H=048m 1140 0.686 1.275 0.576
Square Tips | 210 0.728"
T=030m, H=0.60m 0.715 0.518 1.01 0.481
Square Tips 0.742" 0537
T=0.30m, H=075m 0543 . 0.465 0.885 0.437
Faired Tips - 0564*  0.483" ,
T=030m, H=250m 0.837 0.487 0.726 0383
Square Tips 0.869°  0.505" :
T=030m, H=240m - 0700 0.456 0.726 0383
Faired Tips 0.726"  0.473"

* Measured values corrected for measured return flow and calculated fall of waterlevel.
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Figure 7. Measurements and calculated values for deep water (faired tips of the
bilge). ‘

The experimental values of Yg' and Ng’ for several conditions are alse presented in
Table 2 (condition A) and'in Table 3 (condition B), for Fn =0.20 and drift angle 8 =
4°. The experimental values of Y5 and Ng’ 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 Yg' and Ng'are also compared with calculated
values for 8 =0° as denoted in section 4.2.2 (Part I). '

" 3.2. Sway oscillation

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

(Yp - mw)v + Yyv= Ya sin (;‘CD[’+‘ g =Ys+ YB

3.4)
Nyv— Ny =N, sin (wr + &)= (Yg- YAv)é

in which: m,, - the mass of the wing-model

The transverse displacement of the model is defined as:
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Yy =Yys Sin wt

and v =y = wy, cos wf » 3.5)
v=i= -y, sin @t

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

-Y, cos €
Y= a—COS_ + m,,
)’aa)z
v, = Y, sine
Va @
(3.6)
N, = -N, cos o '
‘ }Q[CUZ
NV _ N,sin o
Yu®

These coefficients for sway in a non-dimensional form (m,. - ¥y, -Y,’, =N,/ and =N}/
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 B
For small drift angles, so B — 0, it means

y=-UB @3.7)

(3.8)
Nﬂ": _Nvl'
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Figure 9. Measured and calculated —.vafor sway, H = 2.50'm.
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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 10, 11 and 12. For this case of yawing: v=v= = ﬁ =0
while the yawing angle y= ycos yr is considered to be:small. -

This yawing motion can be split up in a translation of LCG (sway) and a rotation.
(yaw) as shown in Figures 10, 11 and [2 for condition A. If a phase-difference ¢ is
introduced between A and B, the displacements of A and B may be defined as:

YA =Ya sin (@t - %’)

39

 YB=Ya sin (wt + %})
The following derivation may be applied to find the phase-angle ¢/2:
The transverse speed:
U -4 (M) = wy, cosgcos wt : : (3.10)
A TAN B A ) | - :
CONDITION A
oA
Uy. x
Lee N * -
Uy -

y | '= Yacos 1

Figure 10. Pure yawing.
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N

y =yosin Yt

Figure 11. S'waying' motion (Y= =0).

7 . x
Y= yYCos Yyt
Figure 12. Yawing around z-axis.
The yaw angle for small values is:
- y=sin l_//='L;M=2{—”‘sin§coswt 3.11H)
from which follows:
| Yy = zl&sin %’ (3.12)
| .
and with
Uy sin
Yy vy
v=tg W=7 = . : 3.13)
y=tgy=7 cosy (

it may be seen that for cos y = 1:
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P

¢ lo

87 =20,

(3.14)

For each combination of the distance [, the frequency @ and the forward speed of the
wing U= U,, the phase angle ¢ is adjusted to obtain v =v = = B =0. The equations
of the pure yawing metion .are
(Yir + (Y,— m,U)r=7Y, cos (@t + €)

(3.15)
(N = I,)r + N,r = N, cos (ot + @)
where: :
I, = the mass moment of inertia of the wing with respect to the vertical axis through

LCG

N,=(Yg~ YA)% = the yaw-moment

r=y=-my, sin o

r=Y=-wty, cos wt | ‘ (3.16)

Substitution of (3.16) into (3.15) delivers the hydrodynamic coefficients for yaw:

v, - m;vU) _ Y, sin €
Y
Y, cos €
Yp=———0n
Ya 0
"N, cos
(N = Iy = —4+—— 3.17)
Ty
N, = N, sin o

V@




W. Beukelman 23

These hydrodynamic coefficients for yaw in a-non-dimensional form (m,, - Y,)’, =Y}/,
(I;; =Ny)’, =Ny’ (see Table:5 and 6 presented in part II) are also shown in report [5] as
function of forward speed.

As an example some of these test results for shallow and deep. water are presented in
the figures 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 180° and so the desired
pure yawing oscillation was not.achieved. 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.

1 5 — ' _ L . v _ ———
Conditlon A ‘Experiments . Square Tips ¥ Tw010m
S| Mr-o020m A1 . 030m . Foiod Tips Q. .030m W~ 25
- Caloulations V1 T T~ 040 m =~ =T «020m tec- T =030m
10 Caleulations V2 =7 =« 0.10m - = T «020m e eseT . 030m
o - T
+ {
¢ 51 - =
(@)
* 0
>'_ .
-5 |
-10 - e A . e
0.1 ' 0.15 0.2 0.25 0.3

Fn
Figure 13. Measured and calculated ~Yr' Sfor yaw, H/T = 2.0.
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I 020 m : Ay o 0310m Foired Tips @y - 630m
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o Calcutations V1.2 T Tfeo0d0m -~ - T=020m VT Y a030m

fiwm T = 030 v H/T = 2.3

: i
HiT = 2.5 |
!

QY ,
¢ 100
fo)
n
x
> 50

iI
i

ol - ’- ,
o1 015 0.2 025

Fn
Figure 14. Measured and calculated ~Yr*’ for yaw, H/T = 2.0.
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MY - 020 m AT - 030m Faxed Tips @7 - 030m
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Figure 15. Measured and calculated (I, - Nr)’ for yaw, H/T = 2.0.
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! Condition B Experiments Square Tips 'T = 0.10'm
| ™y - 020m &7 . 030m " Faired Tips ®71.030m HT =25
i . .
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I
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Figure 16. Measured and calculated (1, - Ny Sfor yaw;- H/T = 2.0.
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PART II - CALCULATIONS
4. Cﬁlcul'ations

4.1. General method

The calculation of the hydrostatic. and hydrodynamic manoeuvring coefficients is
based upon the potential theory in the same way as described in [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 as proposed by Jones [3], Payne.[4] and Newman[10].

The determination of added mass and damping is derived for an ideal fluid. This
means thatithis fluid is incompressible, irrotational and inviscid. For such a fluid the
Bernoulli equation relates the pressures with the velocities. These flows are
charactenzed 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 1mpulse in transverse

direction and can be written as:

(m'v) | | 4.1)

with m’ = the added mass of the fluidiper unit length.
v =-=UP =the transverse component of the model speed U 3.7)

Equation (4.1) may be developed into:

dy _dm’  dv_dm'dx dvdx

=A™ T de dr” T ™ dxds (4.2)
Keeping in mind. that dw/dx = 0-and dx/dfr =-U the expression becomes:

dY dm” | '

&= VP v | (4.3)
or, also dY = U2Bdm’ S o (4.4)
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The total transverse or normal force on the wing model will be obtained by
integration over the length and so:

FPP FPP

[dr=12p [ dm’ 4.5)
APP APP

FPP FPP
Y | =UPBm’ | =[Yepp— Yappl = U*Blmppp’ — mapp'] (4.6)

APP APP :

If mppp’= mapp’= 0 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 an 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 by Newman in {10]. It is, however, well
known that viscosity is required to start the potential lift/ normal force production.
Jones put forward 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 [11] that there will be no. lift if b(x) is constant with
x. Integration up to the section with maximum beam should then be sufficient.

In this way reasonable agreement with the measurements of the lift forces and
moments was found in [6], even in the case of restricted 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 ifmgpp = 0, it then holds that the transverse force
may be written as:

Y=UBm,, | o SNCED

The sectional added mass m’ was determined using a method based upon potential
theory only as denoted before and as presented by Keil 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 manoeuvring coefficients were determined based on the 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 [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 distribution. around the wing-profile
considered here and may also be used to calculate the normal and lift forces.

4.2. Manoeuvring coefficients determined from seakeeping expressions

In the following 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 dm7dx).

For manoeuvring it is assumed that the oscillation frequency is zero (static
measurements) or very low at oscillation so that the damping N> o.

The term U dm’/dx of the damping coefficient will deliver the transverse forces -as
shown in section 4.1. For this reason terms with U dm’/dx 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'/dx by partial integration. Terms with pure
added mass m’ will be integrated over the whole modellength Lw as shown
experimentally in [9].

Two calculation versions are considered. Version | (ordinary strip theory method) is
related to the added mass m’ only, while veision 2 (modlﬁed strip theory method) alse
includes the derivative of the damping N, so

J dN’ '
a_l)fz_ ) (4.8)

(m" +

See for this description also [13, 17].

The other terms with N’ remain at zero value, because a very low oscillation
frequency is considered (@ = 0.25 rad/s). The derivative of the damping dN7dx’,
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 manoeeuvering coefficients are
determined for version I only, but may easily be extended to version 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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4.2.1. Seakeeping expressions
To find the relation between seakeeping and manoeuvring at first the different
coordinate systems have to be considered as shown in Figure 17 for condition A.

CONDITION A

]// BB
. 0 X —
| Q%\_é‘x 1 = m/GZ ’ )
4 ¥ | sB |
. Y Y. ’

. zg
Seakeeping . Manoeuvring

Figure 17. System of reference axes.

X0, Y0, 2o represents a system of reference axes fixed in space with origin O
x,y,z  represents a body fixed system of axes with its origin in LCG

The most remarkable difference is the choice of the vertical axis z, positive upwards.
in seakeeping and downwards for manoeuvring. Hence the transverse axis is also
different in direction, positive to BB for seakeeping and te SB for manoeuvring.

The equations and notations for seakeeping applied for this case are from [17].

The used equations are for sway/yaw

(my + ayy)y+ by + dyyly + eyy = Y, sin (wr + €) | (4.9)

and for yaw/sway

Uz + Gy U+ byt dyy y+ ey =Nysin (@t +0) C(410)

with the sectional values:

U dN’;
ayy = m+[w2dx
by’y—N’ cgj:t.

2
dy'w=m'x+[2]%N" Udm [UdN]
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2
ejy= N —2Um - U [qu’l'

b U Uzdm U dN
aw_=m;x2+2¥‘Nx 2d.xx+[ ——dx]

'b_l/;.W:;N’xz - 2Um'x— U%xz [U ‘de]

, U dN’
dyy = x+[wz-dxx-

’

v d
eu’,y=N’x—‘U d’:x

The coefficients in eq. (4.9) and (4 10) are obtamed by integration -of the sectional
values over the model length L,

FPP
— ' ’ B
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 y =0 may
be written as follows from (4.9):

(M + ayy)y+ byyy = ¥, sin (@t + ) | | “.12)
Substituting y ="y, sin @t delivers for the quadrature component of the side-force:
bywy,=VY,sine€ ‘ (4.13)

- The sway oscillation for manoeuvring with also y =0 as described in section 3.2
resulted, using eq. (3.6), for the quadrature component of the transverse force in:

Yoy, =-Y,sine | ' (4.14)
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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), (4.13) and (4.11) it follows that

FPP

| dm’ ,
Y, = _byy =— dx ) dx
Xmb
and if N'= 0

FPP

=U I

with mgepp=0 this results into

YV = _Umx';tb

In non-dimensional form the expressions becomes:

Yo _ M

| e
,EprzU Eprz

In the same way is found for version 1:

FPP
B — — 4
APP

which becomes in non-dimensional form:
FPP

[max

ZPLw APP

The quadrature moment for sway is derived from the yaw/sway equation (4.10) for

seakeeping (with w=0)

eyy®@y a =Ny sin @

(4.15)

(4.16)

@.17)

- (4.18)

4.19)

(4.20)




W. Beukelman . v 33
and for manoeuvring is found from (3.6)
Ny, =N,sin o : : 4.21) .

Combination of (4.20) and (4.21) delivers with (4.11)

FPP FPP. dm’
Ny=-eyy=- [eyde== [N~ Ugndx (4.22)
Xmb' Xmib
andif N> 0
. Fpiém,, ' _ .
' Xmb '

- In.non-dimensional form and after partial integration with mgpp= 0 the result is

FPP

\y r l ’ ’ .
Ny == [xmpmsyy, = | m'dx] (4.24)

The in-phase relation for sway according to version I results in:
—dwywzy'a = NIJ.‘Ya(U2

and with equatio'n 4.11)

FPP FPP |
Ny=—~dyy = j dypydx = — jm-'xdx (4.25) -
APP APP |

The calculated values of -Y,, -N,”, (m,, — Y})" and -\’ for sway 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 Yg' = —Y,/ and Ng' = -N,’ are determined for almost zero -
frequency of oscillation (@ = 0.05 rad/s). The results are also shown in report [5]. As
an example some of the results are also presented in the figures 4 t0 9 and in the
tables 2 and 3.
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4.2.3. Yaw in manoeuvring for condition A | _
As shown in section 3.3. yaw in manoeeuvring 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 ¢ between the oscillator legs, so that
lw '

te %: d | (3.14)
The force equation for sway/yaw follows from equation (4.9) as:

(Mg + Gy )9+ byyy + dyyir+ €= =Y, sin (@t + &) (4.26)

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

2, . ¢

W=y, cos wr =3*sin 5 cos wr ' o | @3

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

Y, sin £_ —w?(m,, + Ayy)Ya = EyyOYy

Yy =m,U) =
- Vu@ . Y
N : . l ] '
or ¥, = ey, -“’(m—“’*;ﬁ +myU / (4.27)
2 sin 5
, . : o
If w— 0 then sin %) - tg% —>%) 350 | (4.28)

which results.into
Y, =—eyy ~ Uay, (4.29)

Substitution of ey, and ay, as presented in (4.11) and taking N’— 0 for ® = 0 yields
for version 1:
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FPP, ~ FPP FPP _
Y,=U jaxdnzu jm'dx-u jm'vdix
Xmb APP  ~  APP
FPPL FPP | |
Ve=U[ | Foxde+ [ max] | (4.30)
Xmb APP

In non-dimensional form we find by partial integratioh

v . FPP FPP
Y, = I ’3 =1 .3' ["x;mbmn;ib - _[ m'dx + I mldx]l (431)
Epr' (2 _Z'PLW ‘ Xiii APP :

" The in-phase relation of equation (4.26) gives. in the same way:

Y, = ,
" wzl/’a ‘ozfll’a
Y’. - i + _bY.L
2w-sin(2—1’

If @ — 0t holds according to (4.28)

. bU - .
Yy = —dyy +.—1a§2— 4.32)

and with substitution of dy, and by, as presented in (4.11) and taking N’ — 0 for w
— 0 the result will be for version I:

FPP
Vp= [ mxde=n, (433)
APP

Non-dimensional presentation gives:

;PP
B =Ny == [ mixd (4.34)
2PLw PP
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The moment equation for yaw/sway follows from equation (4.10) and may be
transformed for the manoeuvring situation usmg the same reasoning as for the force
equatlon as follows:

(IZ.Z + aw)v,'*' bwl’l'*‘ dy/yy + eu/yy = - Nu COS (wt <+ O.’) (435)’

Substitution of equations (3.11) and (3.17) into equation (4.35) gives for the out-of
phase derivative:

=Nysin & —wbyy W, — @ yudy,
WYy Yo

N, =

. With condition (4.28) this becomes:

Ny =—byy—Udyy | (4.36)

~Substitution of by, and d,” as presented in (4.11) and taking N = 0 for ' — 0

results for version 1 in:

FPP. FPP FPP
N,=U I—xzdx+2U Imxdx U. Imxdx
Xinb APP APP
FPP, . 'FPP B o _
N,=U|[ j x2dx+ [ mixdx ] (4.37)
APP

After partial integration with mgpp = 0 the non-dimensional presentation becomes:

FPP FPP

, N
N,'— L 1 [xmx p—2 ) m'xdx + mxdx]
- sz 4U sz 4 " x,{b A;’I.P
| FPP |
orN,’ [ -x bmxmb—z I mxdx] Yy (4.38)
2.0 W Xmb

The in-phase relation of equation (4.35) delivers in the same way with the.

. manoeuvring equation for yaw (3.17):
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Nycos o =Py, (I, + ayy) + eyy@y,

‘02'/’0 - | . Wa(ﬂz

(Nr‘- I)=

e !£Qly0

'wg%“‘sin%

Ny =—ayy +

and with condition (4.28) for @ — 0

My =—ayy + %5 ey - . < (439)

Substitution of ay,,’ and ey, as presented in (4.11) and taking N’— 0 for @ - 0
results for version | in:

Np=- jmx | @4

APP
The non-dimensional presentation is as follows
FPP

Ny = e [ m'xdx - (4.41)
ZPL ] ZPLw APP _

The expressions for the hydrostatic and hydrodynamic coefficients as put forward
here are simular to those presented by Clarke in [18] with the exception of the
integration limits in the out-of phase terms for yaw. The calculated values of (m,,
Y)Y, =¥, (I;; - N') and -N,” are presented in tables and figures of report [5] and as
an example also in the figures 13 and 15 [part IJ.

4.2.4. Yaw in manoeuvring for condition B

As put forward in section 3.3. for 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 oscillation 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 manoeuvring concept (Figure 12), will be considered. For- that case the yaw
coefficients could be derived directly ﬁom the: seakeepmg expressions as presented in
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(4.11). With N’ = 0-the relations should have been: for version 1:

FPP o FPP - : '
Yy=—eyy=U j Txdx+2U | midx | (4.42)
Xmb APP )
FPP: __ FPP P’ o
Yy=—dyy=- jmxdx+— o o (4.43)
APP (02 Xmb '
v FPP, FPP
Ny = —byy=U j x2dx +2U | m'xdx | (4.44)
' Xmb APP
FPP FPP "
: d ’
N, = —Ayy =-— J. m’x%dx +% J. d’;lxdx . . (4.45)
APP Ximb ' |

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 described in 3.3.

This results for Y, in equation (4.30) in the case of condition A, so

FPP FEP FPP
dm

“dx
Xmib APP APP

Y,=U

4.30)

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

FPP
-U I m’'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 180° as for
condition B and results in:

FPP

Y,*;Ui[ f d’;’
Xmb

, FPP ,
xdx+3 [ mdx ] (4.46)
 APP |




W. Beukelman -39

In the non-dimensional.presentation this becomes

‘ FPPy FPP
¥, = = [ j x4 3 [ max]=n,-3¥y (4.47)
2PL 3U PL APP

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

FPP, | FPP

[ j 2dv+3 | mxdx )= Ny - 21 | (4.48)
2PL 4 b APP -

Introduction of phase angle ¢ 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 02 PP 0 FPP o’
=— | m'xdx+— ——dx——-— | ——dx 4.49
" A;’I.P 602 CD2 J. dx ( )
Xmb

The last term

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 ¢ between the oscillator
legs. In case of counter phase of 180° as for condition B the term changes in sign, so

FPP 02 PP |

= | mxdx+2= | Fode (4.50)
TR .

APP x,nb

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

FPP

[ fmxdx 22{22”’%1;]

. 'Y'r*
=7 -
EPLw4 2PL Y arp

Yy
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=Yy +2‘aj’2 L‘ Y, @.51)

In the same way it is possible to derive from equations (4.45) and (4.39) for condition
B:

FPP 2 PPy
N;-*' = — [ J m
ZPL APP x,,,,,
*, U? 1 , : 5
M= N2 TN . c (@52

The calculated values of (m, =Y, =Y, (I,, —N,*) and =N,* are presented in the
tables and figures of report [S] and as an example also in the figures 14 and 16 [part
ﬂ .
An overview of the above derived expressions for the hydlodynamnc manoeuvring
coefficients is presented in the Tables 4 - 7.
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4.2.5. Overview of manoeuvring coefficients
Table 4. Overview of sway coefficients, condition A and B, version 1
[
| FPP ‘ . Y
[ ! . ; dm,’ ‘Yv’ = ] Y
- Y»=U .[ O %PL'w‘zU
! Xmb
' 1pL2U
V
FPP y | FPP
APP , SPLw 2PLw” app
FPP, , N
. . dml Nvl = Vv
[My=U | s LU
me
- 1
. , . IR T =7 ['—x b ! ' m’dX]
=U [—xmbm.\'mb'_ J. m d-’x] 'l-‘PLw‘i Mo Xinb X.J.
Xmb 2 mb
FPP N ' | FPP
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Table 5. Overview of yaw coefficients, condition A, version |.
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‘ Table 6. Overview of yaw coefficients, condition B, version |
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4.3. Semi-empirical methods

rotating arm experiments.

In the past several attempts have been made to find empirical expressions for the
manoeuvring coefficients at ships based on measured values from planar motion and
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Mentioned are here Norrbin (1971) [19], Gerritsma e.a. (1974) [20], Inoue e.a. (1981)
[21]. Clarke e.a. (1982) [22] compared: several empirical formules against scatter plots:
of velocity derivatives. Clarke used multiple linear regression analysis to develop
empirical 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 pooled data and are, together with the
rem’z'ii:ning equations for acceleration derivatives, also presented in [1].

Table 7. Comparison of measured, calculated and semi-empirical values for the

coefficients.

Condition A T=0.10m, H=250m

Manoevring ‘Experiment Present Semi-empirical methods
Coefficients Fn calculation v
Square Faired Version Version Clarke Inoue Norrbin Gerritsma
Tips Tips I 2 (1982) (1981) (1971) Beukelman
Glansdorp
. ) ) (1974)
-y A5 0.92 0.51 0.89 0.89 077 090 0.90 ° 0.90
.20 1.04 0.30 -
*10? 25 1.25 0.62
. 15 2.15 1.39 0.97 097 117 0.96 1.08. 0.96
' .20 2.18 1.18
o*10% 25 202 .50
-N;/ A5 =0.11 -0:09 -0.05 -0.06 0.02 -0.05 -0.05 -0.05
.20 =0.13 —0:05
* 102 25 0.1 017
=N,/ A5 '0.46 0.26 0.40 0.40 0.37 039 038 0.68
20 046 0.22 '
* 102 25 057 0.28
S Y A5 =-0.05 0.05 -0.05 -0.06 004 -0:05 -0.05 -0.05
- .20 0:16 0.12
* 102 25 0.2 0.21
-y A5 047 -0.31 ~ -050 =050 *-0.27 -0.37 -0.24 -0.24
.20 -0.38 -0.21 ‘
. *10? 25 066  -033
=Ny’ A5 0.01 0.10 0.07 0.07 0.04 007 . 0.07 0.07
.20 -0.03 0.10.
*10? 25 -0.07 0.16
-N, A5 024 0.14 022 022 048 021 021 0.15
20 027 016 '
* 10 25 027 0.13

In Table 7 the experimental results of the manoeu‘v,ring‘derivatilves for the shiplike
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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-empirical results appeared
to be satisfactory, while the mutual differences between. the considered methods are
small.

5. Discussion of results

The measured and calculated 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 B together with -Y," and -N,’ for 8 = 0 from sway experiments and from-
sway calculations for a very low frequency of oscilla-tion, @ = 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 B = 0°. This is quite
similar as found for the measured and calculated lift forces and moments as presented
in [6]. It is also striking that the slope of the derivatives with respect to drift angle j3,
s0 dYgdp and INGAP, decreases with increasing waterdepth. This effect might be due

to a stronger return flow for restricted waterdepths especially at increasing dritt

angles.

Furthermore it is clear that in case of faired bilge tips the agreement 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 Yg increases strongly with reduction of the
waterdepth viz. with a factor 6 a 7 for draught T = 0.10 m as waterdepth H reduces
from 2.50 m to 0.12 m. In that case the moment N4 increases with a factor of about 4
for the same reduction of the waterdepth H.

Moreover it is clear that both coefficients, Yg' and Ng/, grow strongly with draught T
or aspect-ratio AR. _

The differences between —Y,/ and Yg, and -N,” and Ng, for 8 = 0 are very small. The
corrections for return flow and fall of waterlevel 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 reduction of waterdepth and with increase of the
draught 7.

The calculated speed influence is found only forthe yaw coefﬁcnents 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 N,’. For the future it might be worthwhile to take into account
also the small oscillation damping N” and not only the derivative dN7dx 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-emperical methods in Table 7 show for deep water and T =
0.10 m (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 found
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 dL/df. This measured lift slope only could be compared with the

calculated one in this report.

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 runs 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 except sometimes 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 faired 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 woithwhile to investigate the viscous. 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:

1. Reduction of waterdepth causes a strong increase of transverse force and moment.
Calculated values confirm this very well.

2. 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.

3. 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 derivatives for zero
drift angle.

4. 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 if the velocity vector of
LCG is not.tangent to the swaying path of LCG. In that case a strong increase with
forward speed may be expected.

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.

6. The greater part of the manoeuvring coefficients is from potential ongm
particularly in shallow water.

7. Experiments 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.

8. The influence of external oscillators, such as a rudder and propeller, on the hull
coefficients needs further investigation. :

9. Research into viscous influence due to the curvature of the bilge and/or the
influence of bilge keels is also needed.

10. The effect of damping due to ship oscillation on manoeuvring should be
considered too.
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