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ABSTRACT

Between February 1 and 4, 2004, the PCTC AIDA experienced head sea parametric rolling at
five different occasions, which was recorded by an onboard operational decision support system.

By applying the common wave spectrum theory together with the ship dynamics theory appro-
priate for the parametric roll, it could be shown that the parametric roll could not occur to the PCTC
AIDA at the onboard evaluated and hind-cast sea conditions expressed in term of a PM-spectrum
with 12.6s —13.5s peak period. However, the heave and pitch motions were shown to be quite regu-
lar under the time intervals, during which the recorded successively growing roll motions took
place. It can then be deduced that the ship-encountered waves were quite regular during these times.
Both wave amplitude and wave period could be estimated from the measured instance heave and
pitch motions. By time-domain simulation, it has been shown that the parametric rolls can occur to

the present ship in these regular waves and get the magnitudes quite near the recorded ones.
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1. INTRODUCTION

It is well known that ships based upon the
RoRo-concept can be subjected to considerable
variation of metacentric height due to the wave
profile along the ship. This problem was
adressed as early asin 1980s after some capsiz-
ing accidents. Huss (1988) conducted a sys
tematic investigation on the influence of hull
form of RoRo-ships on the GM-variation in
waves. The conclusion was that the hull forms
optimized for efficient cargo handling and low
resistance are more sensitive to the GM-
variation in waves than conventional hull
forms.

One consequence is that ships with consid-
erable GM-variation in heading or following

waves are vulnerable for an unstable roll phe-
nomenon called for parametrically excited roll.
The magnitude of the GM-variation, ratio of
the roll natural frequency to the encounter fre-
quency and the roll damping are the main pa-
rameters governing the occurrence of this kind
of roll problem.

Under a series of seakeeping model test in
MDL, the seakeeping wave basin at SSPA, for
a RoRo-ship by Soderberg (1985), the paramet-
rically excited roll motions were measured.
The same RoRo-ship was later used by Hua
(1992) in a time-domain simulation study
based a nonlinear strip numeric model, taking
the coupling between the roll, heave and pitch
into account, the parametrically excited roll
motions were re-constructed in heading and
following waves, fairly in agreement with the



model measurements.

In February 2003, the Wallenius PCTC
M/V Aida experienced a sudden violent rolling
in rough head sea southwest of the Azores.
Roll angles as large as 50 degrees were read off
the bridge inclinometer. When this incident
was post-analysed it was found that the condi-
tions were such that parametric rolling was the
most likely cause. Partly due to this incident,
M/V Aida was equipped with a measurement
system in December 2003 for trial during the
winter. Between February 1 and 4, 2004, the
PCTC AIDA experienced head sea parametric
rolling at five different occasions, although not
as critical as in 2003, which was recorded by
the onboard system, for details see Palmquist
and Nygren (2004).

To the authors knowledge, this is the first
time that parametric rolling is recorded in full
scale during normal operation. Actualy, the
parametric rolling occurred in a rather moder-
ate sea state with a significant wave height well
below the threshold wave height for this ship
according to IMO MSC/Circ.707. In this paper,
an analysis is conducted in order to identify the
underlying factors causing the parametric roll-

ing.

The main particulars of AIDA and loading
condition at the recording occasion are listed in
table 1.

Table 1 Main particulars of AIDA and loading
condition at the recording occasion.

Lpp 190 m

B 32.26 m
Draught 9.34m
Trim 0.68 m

KG 13.6 m
Displacement 34091.4 ton
GM 1.38 m

2. DATA FROM ONBOARD
RECORDING

Among other functions, the Seaware En-
Route Live® system conducts 6 d.o.f. ship mo-
tion measurements, on sSite wave spectrum

evaluation based upon the measured motions.
In addition to this it provides a recording func-
tionality that continuously records parameters
such as ship motions, wind speed and direction
from anemometer, ship speed and course from
GPS, evaluated seastate and more.

Figure 1 below shows the recorded data
during the entire voyage. The first graph shows
measured heave, pitch and roll in terms of sig-
nificant values during 2 minutes blocks of mo-
tion samples with a sampling frequency of 10
Hz. As seen, sudden and relatively large rolling
occurred 5 times during 2 and 3 Feb 2004. The
second and third graphs show mean values of
wind speed and relative wind direction during
2 minutes blocks (based on approximately 1 Hz
sampling frequency). Relative wave direction
is defined so that O degrees represents head
wind (positive values means wind on starboard
side, negative on port side). The fourth (lower)
graph displays significant wave height and
mean zero-crossing period as estimated by the
measurement system. The wind wave direction
used for wave estimations is assumed to equal
amoving average of the wind direction. Figure
2 shows the measured time series of heave,
pitch and roll at 2004-02-02 14:55:48UTC, and
Figure 3 at 2004-02-03 16:06:44UTC.

Hindcast wave spectra at the times of para-
metric rolling were obtained from the Swedish
Meteorological and Hydrological Institute
(SMHI) and compared against evaluated wave
spectra by the measurement system. The hind-
cast wave spectra represent analysis fields for
the time of concern, computed at European
Centre for Medium-Range Weather Forecasts
(ECMWEF). In Figure 4 and Table 2, hindcast
and evaluated wave spectra for the position of
M/V Aida a 1200 UTC 2004-02-02 shows
fairly good agreement, having almost identical
peak periods. Table 3 is a corresponding com-
parison for 2004-02-03 at the time of large roll-
ing. These aso compare fairly well, athough
the evaluated peak period is approximately 1.5
slarger than for the hindcasts.

As mentioned in the introduction of this pa-



per, M/V Aida experienced far more extreme
rolling in head sea the year before, in February
2003. As the loading conditions were quite
similar, it is interesting to compare hindcast
wave spectra for the two occasions. In Figure 4
it can be seen that the hindcast wave spectra for
2003-02-17, i.e. last years incident, is very
similar to the hindcast wave spectra for 2004-
02-02. The severe rolling experienced at 2003-
02-17 can then be deduced most probably as a
parametric roll.
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Figure 1 Overview of the voyage in terms of
recorded motions, wind and wave conditions as
estimated by the measurement system.
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Figure 2 Measured time series of heave, pitch
and roll at 2004-02-02 14:55:48UTC. Positive
pitch is bow down, positive heave is upwards
and positiveroll isto starboard side.

Figure 3 Measured time series of heave, pitch
and roll at 2004-02-03 16:06:44UTC. Positive

pitch is bow down, positive heave is upwards
and positiveroll isto starboard side.
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Figure 4 Comparison of wave spectra: Esti-
mated wave spectra 2004-02-02, hindcast wave
spectra 2004-02-02 and hindcast wave spectra
for incident 2003-02-17. The peak periods were
almost identical at the two occasions.

Table 2 Comparison of significant wave height
and peak period 2004-02-2 — hindcast vs
evaluated

Sign. wave Peak period,

height, Hs (m) Ty (S)
Hindcast 5.6 134

EnRoute Live ~5.2-6.0 ~12.7-13.2

Table 3 Comparison of significant wave height
and peak period 2004-02-3 hindcast vs evalu-
ated

herght, B (1) el
Tz'ﬂqrcgg 45 126
Tér&qrcgst 43 126
hode Live 5160  ~135-140

3. ANALYSISOF THE ROLL EVENTS
3.1 Characteristicsof the GM-Variation

So long as roll amplitude is limited, the pa-
rametric roll of a RoRo-ship can be expressed
in the following single roll equation

o+ D(q'ojw{u‘;lw(;)} P=cf B (1)



In the above, GM(t) is GM-variation as
function of time when a wave passes through
the ship. The contributing components to the
GM-variation are the hydrostatic effect due to
heave and pitch motion, effects of incident
wave potential, radiation and diffraction poten-
tial. In Hua (1992), a nonlinear strip approach
was applied for time domain simulation of pa
rametric roll of a RoRo-ship in heading and
following waves taking the coupled roll, heave
and pitch into account while the radiation and
diffraction effect on the GM-variation were
calculated with a rough simplification. The
numerical result shows that the radiation and
diffraction effect were insignificant and the
simulated parametric rolls were in fair agree-
ment with the model measurements. Theoreti-
cally, the radiation and diffraction effect on the
parametric excitation are in magnitude one or-
der lower compared to the hydrostatic effect
and the effect of incident wave potentia re-
spectively, and decrease with increasing wave-
length. Thus, it is reasonable to take only the
hydrostatic effect and the incident wave poten-
tial effect into consideration when analyzing
the characteristics of the GM-variation of a
ship in waves and for making quantitative
study of the parametric roll.

The GM-variation of a ship in an irregular

wave can be expressed as a Volterra system as
the following, according to Hua (1995),

JGM (t) = ZoGMi(t) @)

where;
JGM, (t) =
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and so on for the higher order GM-variation.

In the above, a,, and a, are the amplitudes
of the regular wave components in an irregular
wave. f,(«,) and f, (w,) are the complex
first order transfer function of the GM-
variation. uz(am,cgn) and u;(wm,a)n) are the
complex second order transfer function for the
high frequency part, and vz(com,a,‘n) and
Vv, (a)m,a)n) for the slow varying part, see Ap-
pendix for details.

Generally, the first order GM-variation is a
governing factor to the parametric roll of a ship
in heading waves. Figure 5 shows the first or-
der transfer function for the GM-variation of
the present ship in heading waves. The forward
speed is 10 knots. As can be seen, the transfer
function gets its maximum at wavelengths of
near 0.6 times the ship length. However, the
GM-variation becomes much lower than the
half of the maximum when the wavelength be-
comes longer than the ship length.

The peak frequence of the wave spectrum is
about 0.5 rad/s at the occasion when the para-
metric roll events were recorded, according to
the hind cast. PM-spectrum is assumed in this
study for approximate description of the wave
spectrum. The wavelength corresponding to the
peak frequency becomes 247.6m and its ratio
to the ship length about 1.3. By Figure 5, the
first transfer function can be estimated to be
somewhat over 0.2 m/m at this frequency.

armie Purcan of 4w ® e Deler CRCYYsnr

Figure 5 Transfer function of the first order
GM-variation.



The spectrum of the GM-variation corre-
sponding to the previous wave condition is
shown in Figure 6.. As can be seen, the highest
spectrum peak is located at the wave frequency
0.7 rad/s, not the same as the corresponding
wave spectrum, and the spectrum shape be-
comes wider. The magjor part of the spectrum
area is located between 0.6-0.9 rad/s. That
means that GM-variation in time domain is
very irregular regarding the instance zero-cross
period. A typical time series of the GM-
variation is demonstrated in Figure 7, which
shows that the zero-cross instance period
changes from 5s to 8s from one cycle to an-
other and its ratio to the natura roll period be-
comes between 0.215- 0.348. These ratios are
relatively far below 0.5, which is required for
parametric roll.

Fugure 10 shows that this zero-cross mean
period increases with increasing peak period of
PM-spectrum. However, the maxima zero-
cross mean period is still below 7s for the peak
period up to 15s. This means that zero-cross
period variation alone cannot explain paramet-
ric roll in the present ship in heading waves
with peak period up to 15s, assuming a PM-
spectrum is relevant for description of the wave
condition.
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Figure 6 The energy spectrum of the first order
GM-variation calculated from the wave energy
spectrum (PM-spectrum with Hs=5.5 m and
Tp=12.6 s) and the transfer function of the first
order GM-variation in Figure 5.
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Figure 7 Time series of the first, second and
third order GM-variation as function of time.

The zero-cross instance periods shown iin
Figure 7 are quite irregular and it could be ar-
gued that a more regular wave pattern is
needed for parametric roll to occur. Such a
regular pattern is in fact possible around GM-
crests which are considerably higher than aver-
age. Figure 8 shows GM-variations with ampli-
tudes higher than 1m. The figure shows 50 s of
the variation around the peak instance. Figure 9
shows a histogram of the zero-cross periods
close to the high peak, compared to a histo-
gram of all zero-cross periods. The coefficient
of variation is 10% with high amplitudes, much
smaller than the 33% for all periods, indicating
that wave groups become more regular with the
presence of one high amplitude cycle. A more
detailed study of the length of wave groups for
high amplitude cyclesis under way, and will be
presented el sewhere.

Figure 8 Individual GM-variation above 1m.



Figure 9 Normalized histogram of the zero-
Cross periods close to the high peak, compared
to ahistogram of all zero-cross periods.
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Figure 10 Zero-cross mean period of the first
order GM-variation as function of wave peak
period of PM-spectrum.

3.2 Roll Simulation

Since the measured maximal roll amplitude
Is below 20 degrees, it is relevant to apply the
single roll equation in (1) for time domain
simulation for analysis of the measured para-
metric rolls of the ship in the encountered wave
conditions.

D(qo) in (1) is the non-linear roll damping

coefficient as function of roll velocity, and ex-
pressed as the following

o( ¢) = 2110, 12, + 208, 4 &)

where 0, is the coefficient for the linear part,
and p, for the quadratic part. &, the natural
roll frequency in calm water,

Here, ©,=0.03 and 0,=0.405 are used so
that the equivalent linear roll damping become
15% at 20 degrees roll amplitude according to
the following definition

pe(aqz): Pot %7:01 (&,

o that
D(&?) =209, (P, (a,) )

where &, is the expected roll amplitude. This
roll damping is fair assumed according to our
experience from model measurements for this
kind of ship.

Time-domain simulations of the single roll
equation in (1) have been conducted, using the
time history of the GM-variation in the hind
cast wave conditions as input and an initia roll
angle of 3 degrees. Actualy, no parametric roll
could be observed in these simulations. This
result could be expected since the zero-cross
mean period of the GM-variation is about 6.5s,
too low to approach 11.6s, which is required to
meet the condition for the occurrence of para
metric roll of the present ship. Besides, the in-
stance zero-cross period of the GM-variation
changes considerably from one period to an-
other as shown in Figure 7.

However, the heave and pitch motion were
quite regular in the time intervals during which
the roll motions are successively growing, see
Figure 2 and Figure 3. Both heave and pitch
motion frequencies are almost twice the natural
roll frequency. This can be deduced as that the
instance wave encountered by the ship must be
nearly regular regarding the wave period. The
instance wave amplitude is estimated to be
about 4m to 5m, by comparing the measured
heave and pitch amplitude with the calcul ated
transfer functions of heave and pitch respec-
tively. The amplitude of the first order GM-



variation becomes then about 0.6m or more and
itsratio to theinitial GM becomes over 0.4.

Thus regular waves are assumed to cause
the GM-variations in equation (1) and time
domain simulations of parametric roll have
been conducted. Figure 11 shows atime history
of asimulated roll motion of the present ship in
a regular wave. The wave frequency is 0.44
rad/s and the wave amplitude 4m. By increas-
ing the wave amplitude from 4m to 5m, the
highest roll angle becomes some degrees
higher after 100s, comparing Figure 12 with
Figure 11. Actually, the roll motions in Figure
11 and Figure 12 are very similar to the onesin
Figure 2 and Figure 3 at the time intervals dur-
ing which the parametric roll took place.

The pitch and heave motion are taken into
account when calculating the GM-variations.
Since the encounter frequency isrelatively low,
the radiation and diffraction effect on the GM-
variation should be small and insignificant re-
garding the parametric roll. Thus, the roll mo-
tions in Figure 11 and Figure 12 from the time
domain simulation of the single roll equation in
(1) should be considered as good approxima-
tions of what occurred to the PCTC AIDA dur-
ing Feb 2 to Feb 3 2004. Consequently, it can
be concluded that close to regular waves might
cause the recorded parametric roll events.
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Figure 11 Parametric roll in a regular heading
wave. The wave amplitudeis 4m.

Figure 12 Parametric roll in a regular heading
wave. The wave amplitude is 5m.

4. DISCUSSION AND CONCLUSION

By applying the common wave spectrum
theory together and the ship dynamics theory
appropriate for the parametric roll, it could be
shown that the parametric roll could not occur
to the PCTC AIDA at the onboard evaluated
and hint-cast sea conditions expressed in term
of a constant PM-spectrum with 12.6s peak pe-
riod. That is because the zero-cross mean pe-
riod of the GM-variation becomes about 6.5s,
which is far below the required 11.6 s period
half of the natura roll period. Besides, the
GM-variation is too irregular in term of in-
stance zero-cross period to be an excitation
source required to cause the parametric roll
motion of the ship.

However, the heave and pitch motions were
shown to be quite regular under the time inter-
vals, during which the recorded successively
growing roll motions took place. It can be de-
duced as that the ship-encountered waves were
quite regular during these times. The instance
wave amplitude is estimated to be about 4m-
5m under the roll events a 2004-02-02
14:55:48UTC and 2004-02-03 16:06:44UTC,
and the instance wave period about 13s to
14.3s. By time-domain simulation of the single
roll equation in (1), it has been shown that the
parametric rolls can occur to the present ship in



these regular waves and get the magnitudes
quite near the recorded ones.

The PCTC AIDA experienced similar wave
condition in February 2003, and a sudden vio-
lent rolling up to 50 degrees was observed. Ac-
cording to the present anaysis, it can aso be
deduced that that event could be caused by
several amost regular waves of greater magni-
tude.

Normally, a wave spectrum provided by
weather service is in general an average spec-
trum over at least 15 minutes up to 2 hours and
over alarge sea area. As matter of fact, an in-
stance wave spectrum from two minutes wave
record can be quite different from the average
one. However, knowledge is lacking about the
probability of the instance wave spectrum in
term of instance peak period, which is required
for the risk assessment of the parametric roll
such ones as the PCTC AIDA has experienced.
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6.1 GM-variation Expressed asa Volterra system

Mathematically, the sectional beam of a ship as a function of draught can be expanded around

the mean draught T(x) asa Taylor Series,

B(x,T(x)+2) =B(x, T(x)) + g Z +% ZZZE’

+iﬁ |13+

3 o’ (5)

where z isavariable for the sectional draught change.
Aswell for the sectional moment with the keel line as reference;

OM 1 M

M(x, T(X)+ 2) = M(X,T (X)) +E Z+—

and the sectional arez;

QZ

2! g7°

+1|da—'\§' Z+...
3! oz (6)



2 3
AT +2)= AT+ 42 A 2 LA (s,
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For the sake of simplicity, we express (5), (6) and (7) as followed,;
B(x, T(x) +2) =B(X, T(x)) + ¢,(X) Z + c,(x) @* + ¢, (X) Z*+... )
M(X, T(X)+ 2) = M(X, T(x)) +d,(x) Z + d,(x)Z* +d,(x)Z°+... (9

A(X,T(X) +2) = A, T(X)) +e,(x) Z +e,(x) @ + g,(x) Z°+.. (10)

where;
6()=2, (=228 cx=22E..
dl(x):ﬂ, ,(x) = 2”&“” 46)=22Y .
(=2 e=3220 e=325

¢, (x), d.(x) and e (x) can be obtained numerically by using piecewisely polynomial functions
fitting the section form, moment and area along the ship.

Theintial metacentric height GMg at the mean draught in still water is calculated as followed:

GM, = KB +BM —KG (12)

where KB:J.LM(X’T(X))mX and B|\/|:J.LI'D’(X’-I_(X))3 [dix
A 1200

Theinitial GM-variation of aship in alongitudinal regular or irregular wave can then be determined
by integrating the sectional contribution over the ship length;

12

SGM = Zl EIL(B(X,T(X)+ ), M (x, T(x)+r(x)) - A, T(x) +1(x)) [H(G(x)j Ceix

-GM, (12

where the sectional mass center above the kedl;
KG(X) = KG + X175 = Ayinm)

s ispitch motion and a,,,,, trim. The Smith-effect is neglected in (12). First displacing the variable

zin(8), (9) and (10) with r(x,t), the relative motion of the wave surface against ship, and putting
(8), (9) and (10) into (12). After having expanded it, we get the following expression;



oo iszMi (13)

where

N i .
IGM(t)= Zan [ﬁl(wn)@-l {w, @ ﬁn)_l_fl—(wn)mlwwnm /5.1)]
n=1

and
ICM, () = iZN:am &, E[uz(wm,a)n)@_“'!(“‘“”""’m*ﬁm*ﬁnl + U3 (@, 0, ) I BT —pn]]
ot

m=1n=1

C.
+i iam @n I:[Vz(wm,wn)@iﬂwm —w, )8+, ] +V£(wm’wn)|%it[(wm+w" YE+B,, +,gn]]

m=1n=1
f,(«,) and f, («,) arethefirst order complex transfer functions for the GM-variation. u, («.,, &, ),

u;(ccm, a;n), vz(a‘m, a,‘n) and v;(ccm,a;n) are the second order complex transfer functions. Detailed
information about the calculation of the transfer functions can be found in Hua 1995.



