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Abstract

The introduction of computerised planar motion carriages (CPMC) offered many advantages to
researchers making use of captive model testing for investigating ship manoeuvring. Compared to
PMM systems of the first generation, a CPMC is restricted to neither small amplitude motions nor
captive manoeuvres with harmonic character. Nevertheless it is still not clear in which way optimal
use can be made of the possibilities of this experimental equipment in the determination of
acceleration derivatives occurring in a ship’s mathematical manoeuvring model, especially in
shallow water conditions and low speed values. In order to overcome some disadvantages of
conventional PMM sway testing, an alternative way of determining sway acceleration derivatives was
introduced. A series of captive model tests has been executed using ship models with varying block
coefficients — among which a model of the Esso Osaka — to examine the influence of test parameters
on the acceleration derivatives of lateral force and yawing moment during pure sway and yaw
motions.

1 Introduction

The introduction in the early 1960s of the Planar Motion Mechanism allowed the determination of
sway acceleration and yaw dependent forces and moments in a relatively narrow tank. Due to
mechanical constraints and limitations of available post-processing techniques, PMM systems of the
first generation were only able to perform harmonically oscillating sway and yaw motions. Some
disadvantages can be recognised: although manoeuvring behaviour is generally considered as a quasi-
steady problem, non-stationary effects are introduced due to the experimental techniques; moreover,
the applied motions can hardly be considered as realistic.

Thanks to the development of computerised planar motion carriages, the harmonic character of the
trajectories implied to the ship models can no longer be considered as a restriction. However, the
traditional techniques of performing captive manoeuvring tests with ship models were not
fundamentally modified by the introduction of the CPMC.

Non-stationary effects can usually be eliminated from PMM test results by an appropriate selection of
the test frequencies, allowing extrapolation to zero frequency. Test results obtained in the towing tank
for manoeuvres in shallow water at Flanders Hydraulics (Antwerp, Belgium), however, indicate that
difficulties may arise in eliminating non-stationary phenomena in (very) shallow water conditions.
Especially the results of PMM sway tests appear to be very sensitive to the test frequency, even at
very low frequency.

The paper intends to discuss the results of a captive model test program, which was executed in order

to acquire more insight in this problem and to provide an answer to following questions.

O Is the hypothesis of quasi-steadiness justified, or should non-stationary effects be taken into
account in the formulation of the mathematical manoeuvring model?

O Are conventional, harmonic PMM sway and yaw tests the most appropriate way of obtaining
information about the acceleration induced forces, or can alternative, non-conventional captive
manoeuvring tests lead to more acceptable results?



2. Experimental investigation

2.1 Characteristics of the experimental equipment

Captive model tests have been executed in the Towing Tank Jor Manoeuvres in Shallow Water (co-
operation Flanders Hydraulics — Ghent University) using two ship models with different block
coefficients (see Table 1). The dimensions of the towing tank are 88 x 7 x 0.5 m?, with a useful length

of 68 m.
Table 1. Characteristics of tested models
E318 D518
Ship type Tanker Container
(Esso Osaka) carrier
Condition EG | EH DA
Lo (311) 325.0 289.8
B (m) 53.0 40.25
D (m) 34.0 22.8
T (m) 21.79 15.0
Cs 0.83 0.61
scale 1/85 I775
/T 1.2 | 1.5 1.2
2.2, Test program
2.2.1. Conventional PMM tests

Conventional PMM sway and yaw tests without propeller and rudder action have been executed with
test parameters summarised in Table 2. The non-dimensional frequency is defined as:

u being the longitudinal component of model speed V.

Table 2. Test parameters during conventional PMM tests
PMM sway tests PMM vaw tests
Condition EG/EH DA EG/EH DA
Froude number F, (-) (0.033 0.032 0.016 0.032
0.049 0.049 0.033 0.049
0.065 0.065 0.049 0.065
0.065
Frequency range o’ (-) 1-6 1-4 1.43 -6.67 | 2.25-4.50
Amplitude 0.25m 0.25m 10 deg 10 deg
Voa (1) 0.50 m 0.50 m 15 deg 15 deg
Wa (deg) 1.00 m 1.00 m 20 deg 20 deg
25 deg 25 deg
35 deg 30 deg
35 deg
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According to the Froude numbers only lower model velocities have been considered during the test
program. The selection of these speed values is justified taking account of the shallow water
conditions in which the manoeuvres are carried out, but differ substantially from the speed values
used during oscillatory captive model tests reported in many papers concerning PMM testing such as
[1] and {2]. Nevertheless, tests carried out in similar conditions were reported in [3] where the
influence of water depth and speed on the manoeuvring derivatives has been examined.

2.2.2. Non-conventional PMM tests

Non-conventional PMM sway tests have been introduced to overcome some disadvantages related to

traditional sway tests.

@ Discontinuities in the sway acceleration are introduced at the beginning and the end of the
stationary oscillation phase, described by the formulas:
¥ =Yoa COSQL
V=-v, sinwt (2)
V=-v, coswt

0 Depending upon the imposed (non-dimensional) oscillation frequency, interference may occur
between the trajectories described by the fore and aft body of the model. High frequencies ’
impose interference over a relatively substantial fraction of the oscillation period, as is illustrated
in figure 1. As this kind of interference takes place at maximum sway acceleration, the
determination of the acceleration derivative may be affected. These so-called ‘memory effects’
occurring during captive model testing are illustrated in [4] based on a idealised two fin craft.

O The sway acceleration reaches a maximum at zero sway velocity. At low oscillation frequency,
this may lead to control inaccuracies, especially in the case of a CPMC with independent control
of the three degrees of freedom.

Q  The motion imposed to the ship model may be considered as rather unrealistic.

These disadvantages are eliminated by the introduction of non-conventional sway tests, first reported
in [5], where a constant forward speed is combined with alternating sway motions to starboard (phase
I) and port (phase III). Both phases are separated by a so-called link period (phase II), during which
the model is kept in its maximum lateral position, allowing the aft body to leave the fore body’s
‘lateral wake’.

During phases I and III, with duration Axe/u,, the lateral position is varied as follows:

oA A ' Ao o s \
fo=omm + (1) 2o 21 wfi=tar Pesmos-ca) o

During the link period, with duration AL/uy, the lateral position is constant:

i Ay
Yo =Yogn + (1) =* @
3. PMM sway tests

The influence of sway acceleration on the lateral force appears to be more important than the
influence on yawing moment. More attention will be paid to the derivative Y’ 4, in the next chapters.

3.1, Conventional PMM sway tests

The results of captive model tests for the non-dimensional acceleration derivative Y g0
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are presented on figure 2 for the Esso Osaka model at two water depths, and on figure 3 for the
containership D518 at several forward speeds. These values are based on a Fourier analysis (up to the
third harmonic) of the lateral forces measured on the fore and aft gauges.

The effect of the underkeel clearance is clearly illustrated in figure 2. As the water depth decreases,
the influence of frequency on the acceleration derivative increases considerably. At lower frequency
the scatter becomes very important which makes an extrapolation to zero frequency impossible.

This scatter can partly be explained as follows. At low oscillation frequency, the lateral force
component due to sway acceleration becomes less important compared to the force component
induced by sway velocity. In order to quantify the relative magnitude of the sway acceleration

dependent terms, an angle ¢ is defined:

YS[I]
¢ = Arctan W (6)

with Y, (related to sway velocity) and Y.V (related tot sway acceleration) the first harmonic sine
and cosine component obtained by Fourier analysis of the lateral force. If ¢ takes values near +90
degrees, only a minor part of the total lateral force is caused by sway acceleration, so that some doubt
may arise about the accuracy or the reliability of Y.u. This can be illustrated applying following
formulation for the lateral forces due to sway motion:

Y :(Y‘. —m)v-f— Y,uv+Y

v|v‘ V‘V[

=—(Y, -mw’yg, cos ot - Y, Uy, Sin ot — Yviv|w2yéA sin w/sin (ut‘ )

8 ; 8 .
E—(Yv —rn)(nzyOA cos wt —-(Yu\,umym +§Yv‘v‘w2y§}\ Jsm wt + E{Y"lvlmzy%’“‘ sin 3wt +...

yielding following expression for ¢:

8 2 2 i 1+3—YVM REALY
YuvquOA +ﬁvav‘®~3’0.A i 3m Yuv L
3m

o= Arc tan = Arctan - ~ (8)
(Yv “m)UJ2Y0A (Yv —m)co
with
' Y
Votgs o | 1otz = IiMT P —— - (9)
2PLppT 7 P%pp 2 PLT
Based on (7) the acceleration derivative Y4y 15 determined:
y[!
Yv = Yvdot =TT +m (10)
W7 Yon

Figure 4 shows that smaller absolute values for the acceleration derivative Y’ 4, coincide with ¢ = 90
deg, indicating less reliable measurements. Although identical test parameters are applied for the
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conditions EG and EH, larger underkeel clearances lead to more reliable derivatives. A comparison
between figures 4 and 5 shows that for slender ships the sway acceleration derivative is derived from
smaller force components relative to the sway velocity dependent components.

Values for Y’,4o can be selected by introducing an arbitrarily chosen limit for ¢. The results for the
Esso Osaka are compared with those of a tanker with comparable dimensions tested at a Froude
number of 0.066 and an underkeel clearance of 21% [3] (figure 6). For the conditions EG and EH the
results can also be compared to the values obtained by the Japanese MMG group [6] (see Table 3).

The introduction of a limit for ¢ reduces the scatter according to the frequency considerably. It is
remarkable that at lower frequency only tests carried out with small sway amplitude are selected: it
appears that increasing sway amplitude does not lead to a more reliable determination of the added
mass. Nevertheless, this is in accordance with expression (8).

Table 3. Results for the acceleration derivative Y4, according to the MMG group.
Condition EG, WT = 1.2 Condition EH, h/T = 1.5
m,/m X ot Eﬂm Y ot
Esso Osaka model length 2.5m 2.4.23 -0.736 1.641 -0.444
Esso Osaka model length 6m 2.453 -0.663 1.440 -0.389

B:2: Non-conventional PMM sway tests

Non-conventional PMM sway tests have been executed for the conditions EG, EH and DA with a
frequency range w*’ (= w*Lpy/u) varying between 2 and 16. Tests at higher frequencies are affected
by large oscillations of the lateral forces observed during the consecutive link periods (figure 7). At
lower frequencies measured lateral forces are smaller and have almost damped out at the end of the
link period (figure 8).

The determination of the acceleration derivative Y’vaor is based on a regression analysis according to
the mathematical model:

Y=(Y, -my+Y®(u,v) (11)

with Y(B)(u,v) a tabular model function of the drift angle f3.

As the lateral force measured during consecutive sway motions is influenced by the generation of an
oscillating flow in the towing tank, it could be useful to consider only the first sway motion from port
to starboard to determine the acceleration derivative Yysor. A comparison between the values of the
acceleration derivative determined in this way and those based on the complete test run is made in
figures 9 and 10. The latter also indicate the frequencies at which tank resonance occurs, which is an
additional limitation to the execution of PMM tests.

As the oscillation frequency increases, the difference between the Y’.qo values derived from the
complete test run and from the first motion becomes more important, which is especially the case for
50% underkeel clearance. At 20% underkeel clearance this tendency is not so clear.

A comparable angle ¢ can be defined for non-conventional PMM sway tests. Following this criterion,
the acceleration derivative can be determined more accurately compared to conventional sway tests.

3.3.  Comparison between conventional and non-conventional PMM sway tests
On figures 11 to 16 a comparison is made between the acceleration derivatives for lateral force and

yawing moment determined from conventional and non-conventional PMM sway tests for the
conditions EG, EH and DA.



The derivative Y,q differ only slightly for the two test types with the same imposed oscillation
frequency, especially for fuller bodies. For the container carrier the difference at higher frequency is
substantial. For Ny the influence of the frequency and the scatter decrease considerably for the non-
conventional PMM sway tests and for both ship types.

4. PMM yaw tests

PMM yaw tests are performed to determine both yaw acceleration and yaw velocity derivatives. In
this paper, however, only yaw acceleration derivatives of both lateral force (Y; =Y 4y ) and yawing
moment (N, =N 4, ) will be discussed.

Unlike the added mass for sway (Y40, determining the added moment of inertia, Nidot, does not cause
specific problems. Especially in the case of full form ships (figures 17 and 18), the PMM yaw test
parameters (oscillation frequency, model speed, yaw amplitude) appear to have a negligible influence
on the acceleration derivative Ny,. For slender bodies, on the other hand, the influence is more
pronounced (see figure 19); especially the yaw amplitude appears to have a rather significant
influence on the test results. In this case, however, the added moment of inertia is much smaller
compared to full ships.

Determining the lateral force acceleration derivative is less straightforward, as the yaw amplitude s
has a considerable influence on the acceleration derivative Y, g (figures 20 to 22).

The variation of the angle ¢, defined as (6), explains just a part of this parameter dependence (figures
20 and 22). If following simplified mathematical model is used:

Y= (Yr —IXg )f i (Yur - m)ur + err[rjr‘

= —(Yr —mx g Jo 5 cosmt — (Y, - m)umwA sin wt — Yr\rj(ﬂz\lfi sin mt[sin cotf (12)

==Y, - mxg o'y, cosmtﬁ((YLIr — m)uow , +~38—Yrir.w2w%]sin ot + ...
T I

following expression for ¢ is found:
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= Arctan (13)

¢ =Arctan ’ AW
(Yr —mMXg )COZWA (Y, ~MmXg

As the yaw amplitude increases, the acceleration derivative is determined with more accuracy, as —
contrary to the sway induced lateral force — the numerator in (13) decreases, so that yaw acceleration
dependent terms become relatively more important. At least, this is the case if Y/ (Yu-m’) < 0.
From this point of view, large amplitude and/or higher frequency yawing tests yield more reliable
results. In the case of the Esso Osaka (figures 20-21), some convergence can indeed be noticed if
frequency is increased — except for very large amplitude motions — but this is not the case for the
container carrier model D (figure 22).

The strong dependence of Y4 on both frequency and yaw amplitude can qualitatively be explained
by interference between the fore and aft body of the ship model occurring during yawing tests. The
trajectories followed by the ship model generate complex flow patterns, which may affect the lateral
force, and which appear to depend substantially on yaw amplitude, as illustrated in figures 23-24.



At larger underkeel clearances the scatter in Yraoe according to the yaw amplitude becomes smaller, so
that the observed problems are related to the water depth to draught ratio.

For the Esso Osaka model, the results can be compared to those reported in [6] and [7] (see Table 4).

Table 4. Results for the acceleration derivative Y’ 4, and N’ 4, according to [6] and [7].

Condition EG, h/T=1.2 Condition EH, /T = 1.5

Jzz/Izz N,rdot Y’rdct Ju ZZ N,rdot Y’rdot
[Esso Osakamodel L=25m [6] 1.440 |-0.0235 1.138 | -0.0186
Esso Osaka model L = 6.0 m [6] 1.388 [-0.0227 1.053 |-0.0172
Esso Osaka model L = 8.125m [7] -0.0194 | -0.0224 -0.0135 | -0.0194

Note: Values published in [7] are based on tests carried out with a 1/40 scale model of the Esso
Osaka at a non-dimensional frequency @’ = 5.23. In (6], only values for Ny, are published.

5, Conclusions
5.1.  PMM sway tests

Conventional harmonic PMM Sway tests are principally not really suitable for accurate low frequency
tests, due to the order of magnitude of the sway acceleration dependent force component relative to
the sway velocity dependent force component. Moreover, control inaccuracies may affect the imposed
maximum acceleration, especially at low frequency. From this point of view, conventional PMM
sway tests appear to give more reliable results at higher frequency and/or small amplitude — for which
large amplitude planar motion mechanisms are not required.

On the other hand, motions induced during conventional PMM sway tests cannot be considered as
very realistic, due to important interference between the trajectories described by the fore and aft body
of the ship model. Only for course-keeping, some exception could be made, as in these conditions
oscillations could occur with small amplitude and very low frequency.

During harbour manoeuvring conditions, ship trajectories are more comparable with motions induced
during non-conventional PMM sway tests. Berthing manoeuvres with tug assistance, for instance,
involve motions with large amplitudes, low frequencies and slow speed, without oscillatory character.
Therefore, the motions induced during this alternative type of model testing could be considered to be
more realistic. However, this kind of test appears to be very sensitive to tank oscillations.

The water depth appears to be an important parameter: less interpretation problems occur in deep(er)
water. Especially in (very) shallow water, the influence of the frequency remains, so that a modified,
non-stationary mathematical model is required to take this phenomenon into account during
simulations.

Qs PMM yaw tests

The yaw acceleration derivative of the yawing moment, N’ 4, appears to be not Very sensitive to the
test parameters, and can be derived with satisfactory accuracy.

The yaw acceleration derivative of the latera] force, Y a0, 0N the other hand, strongly depends on test
frequency and, especially, yaw amplitude. These can be explained by the complex flow patterns
induced during PMM yaw tests. It is not clear how test parameters should be selected in order to
determine realistic values for Y’y for a mathematical manoeuvring model, as the realism of the
imposed captive manoeuvres depends on the application. For course keeping, small amplitude



motions are more realistic, while in harbour manoeuvres, it may be more appropriate to make use of
results of large amplitude motions.

There are indications that conventional PMM yaw tests give more reliable results at high yaw
amplitude. From this point of view, the availability of a large amplitude PMM is required.

5.3.  General concluding remarks.

Frequency dependence appears to affect the test results derived from (both conventional and non-
conventional) PMM tests. These effects can only be incorporated into the mathematical model of a
ship manoeuvring simulator if a non-stationary kind of model is implemented.

Some of the PMM test results appear to depend on motion amplitude, which is problematic to
incorporate into a mathematical manoeuvring model. There are indications that the use of large
amplitude motions does not automatically lead to more realistic or more reliable results.

Most of these effects decrease substantially with increasing water depth. In (relatively) deep water,
less interpretation problems occur, and a quasi-stationary approach may be satisfactory.
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Figure 1. Swept path during harmonic PMM sway tests: influence of non-dimensional frequency.
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Figure 2. Model E (Esso Osaka). Sway acceleration derivative of lateral force, derived from
harmonic PMM sway tests. ;



Model D518, condition DA
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Figure 3. Model D (container carrier). Sway acceleration derivative of lateral force, derived from

harmonic PMM sway tests.
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Model D518, condition DA
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Model E518, Esso Osaka, condition EG

” E,k'rjslnin! e [T1T]) o |
B ‘ il i :z:;::;;::s::
|

=[] | .
gl | AL §
/% P4 d
NUTLHmm |
REHInnGLENmnnm

T(s)

Figure 9. Model E (Esso Osaka), W/T = 1.2. Results of non-conventional PMM sway tests: sway
acceleration derivative of lateral force vs. period T (= 2/ w*).
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Figure 10. Model E (Esso Osaka), W/T = 1.5. Results of non-conventional PMM sway tests: sway
acceleration derivative of lateral force vs. period T (= 2m/w*).
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Model E518, Esso Osaka, condition EH
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Figure 13. Model E (Esso Osaka), /T = 1.5. Sway acceleration derivative of lateral force, derived
from harmonic and non-conventional PMM Sway tests as a function of test frequency.
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Figure 15.Model D (container carrier), /T = 1.2. Sway acceleration derivative of lateral force,
derived from harmonic and non-conventional PMM sway tests as a function of test
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Figure 16. Model D (container carrier), h/T = 1.2. Sway acceleration derivative of yawing moment,
derived from harmonic and non-conventional PMM sway tests as a function of test
frequency.
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Model E518, Esso Osaka, condition EG
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Figure 17. Model E (Esso Osaka), W/T = 1.2. Yaw acceleration derivative of yawing moment, derived
from PMM yaw tests, as a function of test frequency.
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Figure 18.Model E (Esso Osaka), W/T = 1.5. Yaw acceleration derivative of yawing moment, derived
from PMM yaw tests, as a function of test frequency.
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Model D518, condition DA
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Figure 19. Model D (container carrier), h/T = 1.2. Yaw acceleration derivative of yawing moment,
derived from PMM yaw tests, as a function of test frequency.
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Figure 20. Model E (Esso Osaka), h/T = 1.2. Yaw acceleration derivative of lateral force, derived
from PMM yaw tests, as a function of test frequency.
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Model E518, Esso Osaka, condition EH
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Figure 21.Model E (Esso Osaka), h/T = 1.5. Yaw acceleration derivative of lateral force, derived
from PMM yaw tests, as a function of test frequency.
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Figure 22. Model D (container carrier), /T = 1.2. Yaw acceleration derivative of lateral force, derived
from PMM yaw tests, as a function of test frequency.
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Figure 24. Swept path of a ship with B/L = 0.16 during a PMM yaw test with @’=2.2, ya = 35 deg.




