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PARAMETRIC ROLLING OF A LARGE CRUISE SHIP IN
IRREGULAR BEAM WAVES

Hiroaki Koike*, Naoya Umeda*, Takashi Tsuji*, and Akihiko Matsuda**

ABSTRACT

The possibility of parametric rolling of a large cruise ship in irregular beam waves is examined by model
experiments and numerical simulation. Using the obtained time histories of the roll and heave motions, the ratio
of the local roll period and the local heave period enables us to distinguish the parametric rolling and the
synchronous rolling. Reasonable agreement between the experiment and the simulation confirms the effectiveness
of this method for the distinguishment of roll modes. The parametric roll could occur at the wave period around
9s and the synchronous rolling around 17 s under the enormous significant wave height. The large cruise ship
could suffer from the principal parametric rolling, in which the roll period is equal to the wave encounter period,
in irregular bean waves, but its amplitude is about ten degrees or less. Thus, no significant danger due to

parametric rolling in beam waves exists if a standard size bilge keel is equipped.

1. INTRODUCTION

The cruise industry claimed that the weather criterion
of the International Maritime Organization (IMO) is
too stringent for large cruise ships having large
windage areas. The higher position of the centre of
gravity could result in the effective wave slope
coefficient exceeding 1.0 because of the simplified
empirical formula V. This situation was partly relaxed
with MSC.1/Circ.1200 in 2006 2, which allows the
designers to use model experiments in place of
empirical formulae. It is more desirable for the cruise
ship design that the use of numerical calculation
instead of the model experiment. The second
generation intact stability criteria for dead ship
condition ¥ are expected to make this approach
possible.

These criteria, similar to the weather criterion, only
consider synchronous rolling in beam wind and waves.
It is noteworthy here that large cruise ships have long
natural roll periods, e.g., the 20s or longer. Because of
the long natural roll period, it is rarely synchronized
with actual ocean waves. The North Atlantic wave
scatter table ¥, as an example, indicates that the longest
zero-crossing wave period is 18.5s, and the probability

of its
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occurrence is only 1.0x1077. Therefore, the large cruise

ships have a slight possibility for realizing
synchronous

rolling but may suffer from parametric rolling because
half the natural roll period is close to the typical wave
period at sea.

The second generation intact stability criteria have a
multi-layered structure, of which the lowest level is the
weather criterion, which only deals with the
synchronous rolling. Thus, if the ship complies with
the weather criterion, it does not need to use the
numerical simulation as the higher level in principle. If
the direct calculation method is applied to the ship
instead of the weather criterion, she could fail to pass
the criteria because of parametric rolling in beam
waves. This confusing situation is called "false
negative". For avoiding this inconsistency, it is
necessary to distinguish between parametric and
synchronous rolling when the large-angle roll motion
is observed in the numerical simulation ).

Parametric rolling is caused by the periodic variation
of the restoring moment depending on the ship's
relative position to a wave. It tends to occur when the
natural period of the ship roll motion is about twice the
wave encounter period. This phenomenon is well

known to occur in longitudinal waves. For parametric



rolling in beam waves, a recent work was reported by
Ikeda et al. ¥. In a model experiment, they realized the
parametric rolling of a large cruise ship model in
regular beam waves. Thus, the applicability of their
conclusion to ships in the actual sea was not yet
confirmed.

Therefore, in this study, the authors executed an
experiment of a large cruise ship model in irregular
beam waves. The observed roll motion is compared
with the numerical simulation. Then the methodology
to distinguish the parametric and synchronous rolling
from the measured or simulated time series is
discussed. Some of the authors reported the
preliminary experiment in wind and waves © but it was

different from the experiment used here.

2. MODEL EXPERIMENT

The 246m long-cruise ship having bilge keels is the
subject ship for this research. Its 1/82 scaled model was
used in the model experiment. The principal particulars
of the cruise ship are shown in Table.l : the photo of

the ship model is shown in Figure.1.

Table 1 Principal Particulars of the Cruise Ship

Items Full scale Model
scale
Length between
perpendiculars  246-0[m] 3.0[m]
Breath 37.5[m] 0.46[m]
Draft 8.21[m] 0.10[m]
Metacentric
height : GM 2.5[m] 0.03[m]
Natural roll
period: T 23.55[sec] 2.60[sec]
Area of bilge ) 6.70%
keel 45.02[m?] 10~ [m?]

Figure 1: The Photo of the model ship

The experiment was executed at a seakeeping and
manoeuvring basin of the National Research Institute
of Fisheries, which currently belongs to the Japan
Fisheries Research and Education Agency. Long-
crested irregular beam waves are used following the
ITTC spectrum as defined in Eqs.1-3, where Hs (m)
and To1 (s) are the significant wave height and mean

wave period, respectively. Here wk is a frequency.
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Figure 2: Schematic view of experiments.

Two wave conditions are focused on here: one is
relevant to the synchronous rolling, and the other is the
parametric rolling. In this experiment, the ship model
was softly restrained by a wire system to keep the beam
wave condition: to avoid drifting the ship model, the

balance weight controlled the sway motion, as shown



in Figure 2. An optical fibre gyroscope measured the
roll motion, and the sway and heave motions were
detected by a total station system consisting of an

onboard prism and a theodolite fixed in the basin.

3. NUMERICAL SIMULATION

(1) Numerical Model

As a next step, a coupled sway-heave-roll (3 DoF)
model ” is extended. The coordinate systems are
defined, as shown in Figure 3. In this model, when y =
0 degree means the following wave, and y = 90 degrees

does the beam waves from the starboard side.

Wav

o

Figure 3: Coordinate systems

The
Equations Eqs.4- 7.

mathematical model used here is shown in

mi, = Fy(Xp, X3, Xg, Xy, X3, Xy, X5, X3, %4, 1) (4)
mits = F3(Xp, X3, X4, X, X3, Xy, X5, X3, %4,t)  (5)
LixXy = Fy(xg, X3, X4, X3, X3, X4, Xp, X3, %4, ) (6)

B =+ ES+ EF+ O B+ BP ()

Here F?, Ff®, ER, Ff®, FP and F/'® describe the
buoyancy, the Froude-Krylov force, the radiation force,
the gravity force, the diffraction force and the virtual
fluid force. The roll damping coefficients are obtained
from the roll decay test from the model experiments.
Other coefficients are calculated with a nonlinear strip
theory. It should be noted that the virtual fluid force is

added to simulate the force due to the balance weight

for preventing the drift in the experiment. This force is
defined as follows.

FR = —pV ik x,(t) — pVwok, %, (t) ®)
This w, is the natural frequency of roll motion. k; and

k, are given constants.

(2) Determination of Parametric Rolling

In this study, the occurrence of parametric rolling
is determined using the local period ratio (Tron/Theave),
calculated from time-series data. For calculating the
local ratio, all zero up-crossing points of the roll angle
and the heave motion are first identified from the time
series data. Secondly, the time difference between the
adjacent zero up-crossing points of the roll and heave
are calculated for each instant. They can be regarded
as the local periods of the roll and heave motions. Then,
the ratio of the local roll to the local heave is calculated.
Finally, the joint probability density function is plotted,
taking the roll amplitude on the vertical axis and the
local period ratio (Troi/Theave) on the horizontal axis. If
the local ratio is close to 2, it can be judged as a

principal parametric rolling.

4. RESULTS AND DISCUSSION

(1) Time Series and Spectra

The model experiments were carried out under the two
conditions in the irregular waves: one of which is the
synchronous rolling condition (T.= 17.5s in full scale);
the other is the parametric rolling condition (T.= 9.5s
in full scale). The measured time histories of the roll
and heave motions are shown in Figure 4. As Figure 5
shows, the roll motions from model experiments and
those from the numerical simulation show a good
agreement in the power spectrum. Figure 6 shows the
ratio of Tron/Theave, and it indicates when synchronous

rolling or parametric rolling occurs from time to time.
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Figures 7-9 also show the comparison in

condition ( T-=9.5s).
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Figure 9 Time series of Troi/Theave With zero up-crossing

wave periods of 9.5s, mean wave height of 10.5m

Comparing Figure 6 and Figure 9, the value of Tion/
Theave in Figure 9 is closer to 2 than that in Figure 6.
Therefore, it is possible to judge when parametric

rolling occurs.

(2) Validation in Relationship between Roll
Amplitude and Tron/Theave

The occurrence of parametric rolling itself is not
crucial for the safety of passenger ships. It is essential
to evaluate the possibility of large amplitude
parametric rolling. Thus, the joint probability density
functions of the local roll amplitude and the local ratio
of Troll/Theave are calculated from the experiment and
the simulation. These functions show how often
synchronous rolling or parametric rolling occurred.
Furthermore, it can be realised how large the roll

amplitude is caused by synchronous or parametric



rolling. In other words, this graph indicates the leading
cause of rolling. Figure 10 shows the comparison of
joint probability density function for the condition for
T:=9.5s and H,=10.5m. This figure shows that
parametric rolling does occur in the experiment (upper
figure); however, most of the roll amplitude is less than
10 degrees. This trend is well estimated in the

numerical simulation (lower figure).
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Fig.10 Comparison of the joint probability density
functions of the experiment (upper figure) and numerical
simulation(lower figure) with zero up-crossing wave

periods of 9.5s and mean wave height of 10.5m
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Figure 11 Comparison of the joint probability density
functions of the experiment (upper figure) and numerical
simulation (lower figure) with zero up-crossing wave

periods of 17.5s and mean wave height of 10.5m

In the condition (7:=17.5s, Hs=10.5m) shown in
Figure 11, the numerical simulation provides a fairly
good estimate of the model experiment. The position
of the peak in the numerical simulation is similar to the
experimental one. However, the roll amplitude is
overestimated so that the distribution of numerical

simulation is wider and lowers the density of the peak.

(3) General Trend of Relationship between Roll
Amplitude and Tron/Theave

With this numerical simulation, the relationship
between roll amplitude and Tion / Theave can be
estimated in various conditions. Thus, to obtain a more
general trend, the numerical simulation is
systematically executed by changing the mean zero-
crossing wave period, which is chosen from the wave
scatter table for the North Atlantic. The significant

wave heights are 10.5 m.

(M
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Figure 12 Comparison of probability density function for

11 different wave periods in numerical simulation

Figure 12 show that the peaks of the probability
density are gradually changing. When the mean zero-
crossing wave period ranges from 7.5s to 9.5s, the
peaks exist near Trol/Theave = 2. This result implies that
these wave conditions are relevant to parametric
rolling. The peak of the roll amplitude in T.=7.5s and
8.5s are larger than T, =9.5s. Therefore, the results

suggest that larger rolling occurs with a shorter wave
period than the typical wave period for parametric
rolling estimated with the natural roll period at small
roll amplitude. It could be induced by the hardening
effect of the nonlinear restoring moment due to the
high freeboard. Similarly, synchronous rolling occurs
in shorter wave period conditions than the typical wave
period. This reason is the same as the parametric
rolling case.

(4) Probability of large parametric rolling

The diagrams such as Figure 12 could provide the
probability of occurrence of parametric rolling or
synchronous rolling. If we integrate the probability
density function within the specified region, the
probability of occurrence of parametric rolling or
synchronous rolling can be calculated. For example,
we define the parametric rolling region as Tron/Theave =
1.9 — 2.1 and the synchronous rolling as Tron/Theave =
0.9 — 1.1. Then we can calculate these occurrence
probabilities regardless the roll amplitude as shown in
Table 2.

Table 2 Comparison of occurrence probability of
parametric rolling and

synchronous rolling

=055 | Mum | T
Model
eXper?meents 0.145 0.0335
3dof-
simuloation 0.142 0.105
T, = 1755 | e | oo
Model
eXper?meents 0.0186 0.274
3dof-
simuloation 0.0265 0.274

Table 2 shows that in the condition of 7,=17.5s, the
simulation generally well estimates the experiment. In
the state of 7,=9.5s, the probability of the occurrence
of synchronous rolling is not so well estimated. It is
presumed to be caused by the high-frequency motion

of sway motion to the roll.



5. CONCLUSIONS

This research indicates that a way to distinguish
synchronous rolling and parametric rolling from the
measured or calculated time histories of the roll and
heave motions in irregular beam waves is effective.
The model experiment and the coupled sway-heave-
roll numerical model provides fairly good agreement
except for the synchronous roll at a more extended
wave period. As a result, the large cruise ship could
suffer from the principal parametric rolling, in which
the roll period is equal to twice the wave encounter
period, in irregular beam waves, but its amplitude is
about ten degrees or less. Thus, a large cruise ship that
has the long natural roll period could result in large
rolling due to parametric rolling from waves having
half the natural roll period.

It was found that beam waves with the significant
wave height of 10.5 m could induce parametric rolling
up to 14°.

Future research is expected to identify the effect of the
constraint used in the experiment and the contribution
of the fundamental parametric rolling, in which the roll

period is equal to the wave encounter period.
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