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Abstract: The vulnerability criteria and direct stability assessment on parametric rolling and pure loss of stability are now under
development by the International Maritime Organization (IMO) in the second generation intact stability criteria. Roll restoring
variation is a key factor for both criteria and model experiments and simulations are conducted to study the roll restoring variation in
waves. Firstly, captive model experiments in which heave and pitch motions are free and other motions are restrained with a constant
heeling angle are conducted to measure roll restoring variation in following and head seas for parametric rolling and pure loss of
stability. Secondly, the roll restoring variations of Froude-Krylov calculation by a static balance method and a strip method of heave
and pitch motions are carried out in following and head seas,and the dynamic effect of radiation and diffraction force on restoring
variation are also calculated. Finally,the rule of roll restoring variation in following and head seas is pointed out by experiments and
simulations and the numerical methods are also validated through the comparisons between the model experiments and the
simulations using the C11 containership for the vulnerability criteria and direct stability assessment on parametric rolling and pure
loss of stability.
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1. Introduction calculating roll restoring variation in waves and give
out reasonable methods for direct stability assessment
on parametric rolling and pure loss of stability.
Parametric rolling is induced by restoring arm
variation in time. In case of following waves, the
encounter frequency is much lower than the natural
frequencies of heave and pitch motions so that
coupling with heave and pitch is not significant. In
addition, added resistance in following waves is
generally small. Thus several successful predictions of
parametric rolling in following waves were reported
[3]. In case of head seas, however, prediction of
parametric rolling is not so easy because coupling
with heave and pitch is significant and added
resistance cannot be simply ignored. Effect of
dynamic heave and pitch motions on parametric
rolling was investigated so far by many researchers

The wvulnerability criteria and direct stability
assessment on parametric rolling and pure loss of
stability are now under development by the
International Maritime Organization (IMO) in the
second generation intact stability criteria [1]. The roll
restoring variation in waves is allowed to use the
Froude-Krylov assumption with static balance in
heave and pitch in the wvulnerability criteria of
parametric rolling and pure loss of stability [2]. The
roll restoring variation is a key factor for both
criteria of parametric rolling and pure loss of stability .
Therefore, it is necessary to conduct model
experiments and simulations to validate the reliable of
the method proposed in the vulnerability criteria for
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Since in a ship seakeeping theory, the effect of roll on
heave and pitch motions is small, coupling from heave
and pitch to parametric rolling is taken into account
but not vice versa in published papers, and here the
roll restoring variation consists of two components.
One is nonlinear Froude-Krylov component which is
calculated by integrating the wave pressure up to the
surface of the wave with the heave and pitch motions
obtained by a strip theory. The other is the
hydrodynamics effect which consists of radiation and
diffraction components acting on a heeled hull as
linear components with respect to wave height [5, 6, 7,
8, 9].

For validating the method proposed in the
vulnerability criteria of parametric rolling and pure
loss of stability and providing a reliable numerical
method of calculating the roll restoring variation to
accurately predict parametric rolling and pure loss of
stability on a wave crest, the authors conduct partially
restrained experiments with a newly designed
equipment to investigate the roll restoring variation of
a post Panamax C11 class containership which is
provided by an IMO’s intersetional corresponding
group as one of standard ship for developing second
generation intact stability criteria.

2. Mathematical Model

The mathematical model for the roll restoring
variation of Froude-Krylov component in regular
waves is expressed as (1), (2).

W-GZ, = ng YB(X) -A(x)dx+ pgsin -

[ 25 F () A)-sin(¢ +x-cos 7)d x @
sintk 2Xsin 4)
k———=sin y
where, W: ship weight, GZg: Froude-Krylov

components of the restoring variation, L: ship length,
A(x): the submerged area of local section of the ship;
y’B(X): the transverse position of buoyancy centre of
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local section, z’B(X) : the vertical position of buoyancy
centre of local section, &g: the longitudinal position of
a ship’s centre of gravity from a wave trough, x: the
longitudinal position from the ship’s centre of gravity.
Furthermore, {a :wave amplitude, k:wave number,
heading angle, B(X):breadth of x section,
d(x)draught of x section, o: water density and g:
gravitational acceleration.

When a ship has a heeling angle, static balance in
heave and pitch should be satisfied, and heave and
pitch could be calculate by follow static balance
methods (3),(4).

W—ngA(x)dx+pg-LF(X)-A(X)-cos(gs+x-cos;()dx:0 (3)
pgjoA(x)dx+pg-LxF(x)~A(x)~cos(§G +x-00s 7)dx=0  (4)

A strip method is also used to calculated heave and

pitch motions by follow equations (5), (6) as another
method.

(M +A,)s+By, é“" Cug + A 0+ By 9+C35‘9 =F,

X

()

A6t Bsa§;+c53§+(|yy+/'\ss)9+ Bss 0+C550: M, (6)

The radiation and diffraction components of the
restoring variation are calculated as follows.

GCZpgp =— My IW (7)
M, =K —(KG-D)Y )
M, (X,t) =M, cos(wt - kX c0S ¥+, ) 9)
Y=F, -(Ayc+B,c+Cuc+ A 0+B, 0+Ch)  (10)
K=M,~(Ayc+BuctCpg+ AgO+Bg0+Cef) (11

where, KG: the distance from the keel to the gravity of
ship; D: draft; My,: amplitude of the restoring
variation, dux: the initial phase of the restoring
variation.

Formulae of the wave exciting force, Fy, and
moment M, are available in the reference [10] as well
as those for coupling coefficients in reference [11].
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3. Experiments

The partially restrained experiment with a 1/65.5
scaled model of the post Panamax C11 class
containership were conducted at the seakeeping basin
(length: 69m, breadth: 46m, height: 4m) of China Ship
Scientific Research Center, which is equipped a flap
wave maker at the two adjacent sides of the basin.
The ship model was towed by the towing carriage in
regular head seas and newly designed equipment was
used to measure roll restoring variation with pitch and
heave motions free. Roll and pitch motions are
measure by potentiometer sensor. Heave motions are
measured by displacement sensor. Roll moments are
measured by a sensors based on electromotive strain
gauge.

The principal particulars and body plan of the C11 4. Results and Discussions
class containership are shown in Table 1 and Fig.1,

Fig.2 The ship model in partially restrained experiment

respectively. The ship model in free running 0.; Exp ----- Static Blance Method Strip Method(FK)
experiment and partially restrained experiment are
shown Fig.2 and Fig.3, respectively.
Table 1 Principal particulars of the C11 containership
Items Ship Model
Length:L 262.0m 4.000m o] ‘ ‘ ‘ ‘ | ‘
Draft:T 11.5m 0.176m 0 05 1 éj)\ 2 25 3
Breadth:B 40.0m 0.611m .
Depth:D 24.45m 0.373m 0.9 Exp ----- Static Blance Method Strip Method(FK) |
Displ.:W 67508ton  240.2kg S R N B A B Y
Cs 0.560 0.560 : ‘ | ‘ | ‘ ‘
GM 1.928m 0.029m
T, 24.68s 3.05s
Kyy 0.24L 0.24L
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Fig.3 Comparison of roll restoring variation as the function §c/A
of relative position of ship to wave between the experiment Fig.4 Comparison of roll restoring variation as the function
and the Froude-Krylov calculations — with A/Z,=1.0, of relative position of ship to wave between the experiment
H/i=0.02, z=0°, $=8". and the calculations with 2/L,,=1.0, H/=0.02, =0°, ¢
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&a/A
Fig.5 Comparison of roll restoring variation as the function
of relative position of ship to wave between the experiment
and the Froude-Krylov calculations  with A/Lp,=10,
H/3=0.02, 3=180°, &=7.3".
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Fig.6 Comparison of roll restoring variation as the function
of relative position of ship to wave between the experiment
and the calculations  with 2/L,,=1.0, H/A=0.02, z=180°, 0]
=7.3".

The results of experiments indicate the roll
restoring variations become small in following seas as
ship forward speed increase and they could like first
harmonic cosines curve although the signals are
affected by the vibration of the carriage as shown in
Fig.3. The roll restoring variations of Froude-Krylov
calculation by the static balance method and the strip
method are near same in following seas and they are
also near same with that in experiment at zero ship
forward speed while they are small larger than that in
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experiment as ship forward speed increase as shown
by Fig.3. The radiation and diffraction components of
the restoring variation are also calculated. The roll
restoring variations with he radiation and diffraction
component  become larger than that with
Froude-Krylov on its own and that in experiment as
shown by Fig.4. So the roll restoring variations of
only Froude-Krylov calculation by static balance
method and strip method should be allowed to predict
parametric rolling and pure loss of stability in
following seas while the roll restoring variations of
only Froude-Krylov calculation by static balance
method could be more suitable for providing a simple
and conservative vulnerability criteria of parametric
rolling and pure loss of stability in follow seas.

In case of head seas, prediction of parametric
rolling is not so easy because coupling with heave and
pitch is significant and heave and pitch motions are
also distinct affected by parametric rolling [12,
13].The results of experiments indicate the roll
restoring variations become large in head seas as ship
forward speed increase and become complicated at a
hight ship forward speed as shown in Fig.5. The roll
restoring variations of Froude-Krylov calculation by
static balance method and strip method are near same
with that in experiment at zero ship forward speed
while they are smaller than that in experiment as ship
forward speed increase as shown by Fig.5. The
radiation and diffraction components of the restoring
variation are also calculated. The restoring variation
with the radiation and diffraction component become
larger than that with the Froude-Krylov on its own and
also larger than that in experiment except Froude
number 0.15 as shown by Fig. 6. This could be the
reason why the parametric rolling with Froude-Krylov,
radiation and diffraction components is larger than
that in experiment while that with the Froude-Krylov
on its own is near same with that in experiment[13].
So the dynamic effect of radiation and diffraction
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force should be taken into account for conservatively
predicting parametric rolling in head seas with ship
forward speed. However, the roll restoring variations
of only Froude-Krylov calculation by static balance
method could be also suitable for providing a simple
vulnerability criteria of parametric rolling in head seas
and keeping consistent with the method used in
following seas .

5. Conclusions

As a result of experimental and numerical studies on
the roll restoring variations in regular following and
head seas, the following remarks and
recommendations are noted:

1) The roll restoring variations become small in follow
seas and become large in head seas as ship forward
speed increase and they could like harmonic cosines
curves in following seas while they become
complicated in head seas at hight speeds.

2) The roll restoring variations of only Froude-Krylov
calculation by the static balance method and the strip
method should be allowed to predict parametric
rolling and pure loss of stability in following seas, and
the static balance method could be more suitable for
providing a simple and conservative vulnerability
criteria of parametric rolling and pure loss of stability
in following seas.

3) The roll restoring variations of dynamic effect of
radiation and diffraction force should be taken into
account for conservatively predicting parametric
rolling in head seas and the roll restoring variations of
only Froude-Krylov calculation by the static balance
method could be also suitable for providing a simple
vulnerability criteria of parametric rolling in head seas
and keeping consistent with the method used in
following seas .
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