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ABSTRACT

In this paper two non-linear, time-domain methods are proposed for the prediction of parametric
roll resonance in longitudinal regular waves. Using a two-dimensiona approach, periodic changes
in the underwater hull geometry due to heave, pitch and wave passage are calculated as afirst order
function of the local breadth and flare at the till waterline in Method (1), and as a higher order
function of the local instantaneous breadth in Method (I1). The 1-DoF uncoupled equation of
motion in roll -with parametric excitation terms- is then solved in the time-domain in the absence of
an external roll excitation. Non-linearities in the roll damping and restoring terms are accounted for.
The two methods have been applied to a post-Panamax C11 class containership, travelling in
longitudinal regular waves. Obtained results demonstrate that the numerical methods succeeded in
producing results similar to those available in the literature. Limitations of the methods used are
discussed.
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1995). Now the concern is for the vulnerability
of large ships in head seas (Dallinga et 4,
1998). The problem returned to prominence
recently as aresult of significant cargo loss and

1. INTRODUCTION

The phenomenon of parametrically excited
roll motion has been known to naval architects
for amost half a century now (e.g. Paulling,
1961 and Blocki, 1980). In this phenomenon,
transversely symmetrical ships may experience
extreme roll motions in longitudinal waves i.e.
head or following waves. This is explained by
reasoning that in longitudinal waves, ships may
experience variations in their transverse
stability due to time-varying changes in the
underwater hull geometry. In the past the
concern with parametric roll was mostly for
smaller shipsin following seas (e.g. De Kat &
Paulling, 1989 and Umeda & Hamamoto,

damage sustained by a C11 post-Panamax
container carrier on a voyage from Taiwan to
Seditle (France et a, 2003). A detaled
investigation followed showing that the ship
had experienced large roll  motions
accompanied by significant pitch and yaw
motions, resulting from a periodic change of
the transverse stability in head seas. The large
change of stability was found to be a direct
result of the hull form. A substantial bow flare
and stern overhang -typical of large container
carriers- caused a dramatic difference in the
waterline form and, hence, in the transverse



stability of the ship (France et al, 2003).

For parametric roll to occur, however,
certain conditions need to be sdtisfied, in
particular (France et al, 2003): 1) the encounter
frequency is equal or close to twice the natural
frequency of roll. 2) The wavelength is of the
same order as the ship length. 3) The wave
height exceeds a critical level, or threshold
value. 4) The roll damping is below a critical
level, or threshold value.

Roll damping plays an important role in the
development of parametric roll. If the “loss’ of
energy per cycle caused by damping is more
than the energy “gain” caused by the change in
stability, the roll angles will not increase and
parametric roll will not develop. On the other
hand, if the energy “gain” per cycle is more
than the energy “loss’ due to damping, the
amplitude of parametric roll will start to grow
(Shin et al, 2004).

Longitudinal waves i.e. head or following
seas, cause the largest change in stability and
therefore  create maximum  parametric
excitation. While the physical basis for
parametric roll is the same in head and
following seas, parametric roll in head seas is
more likely to be coupled with, or at least
influenced by, heave and pitch motions of the
ship, since these motions are typically more
pronounced in head-seas (Shin et a, 2004).

Parametric roll should be limited to finite,
though sometimes large, amplitudes of roll
angle. This is where the role of non-linear
terms comes into play since it is known that in
the roll equation of motion non-linear terms
tend to stabilize parametric roll. The two major
non-linear terms in the roll equation of motion
are the hydrostatic restoring and damping
terms. Although the actions of both terms have
similar consequences in limiting parametric
roll, the physics of their actions are different.
Non-linearity of the GZ curve at large angles of
heel leads to a significant change in the
effective restoring terms and, therefore, a
significant change in the roll resonant period.
Change of the roll resonant period may take the

system out of the instability zone. The input of
additional energy ceases once the roll achieves
a certain angle. As a result, an energy balance
in motion is established and roll stabilizes at a
certain amplitude, provided that capsizing does
not occur. On the other hand, non-linear
damping has the tendency to increase with roll
velocity, thus, sooner or later it will grow
above the damping threshold. The system then
dissipates more energy than the input energy
from parametric excitation, which also leads to
stabilization of the roll amplitude (Shin et al,
2004). Non-linearity of the GZ curve is more
important in the stabilization of parametric roll
than non-linear damping (Bulian et al, 2003).

In this paper, Methods (1) and (Il) have
been applied to a post-Panamax C11 class
containership, traveling in regular waves.
Within the scope of the study special attention
iIs focused on the influence of different
operational aspects on parametric  roll
resonance, e.g. different wave heights, wave
headings (head or following seas), encounter
frequencies, forward speeds, loading conditions
(different KG values), etc. Results obtained
demonstrate that Method (I1) has succeeded in
producing results similar to those available in
the open literature, whilst Method (1) has a
more limited range of application.

2. NUMERICAL SIMULATION

In the literature many of the studies
predicting parametric roll resonance are based
on the assumption that the ship is a 3-DoF
system in heave, pitch and roll. The heave and
pitch motions are solved simultaneously and
independently of the roll motion, an
assumption that is justified experimentaly (Oh
et a, 2000). However, due to the heave-pitch-
roll coupling, heave and pitch motions,
together with the wave passage, are an
effective amplitude and frequency of excitation
in parametric roll. The uncoupled equation of
motion in roll is then solved in the absence of
an external roll excitation and with non-
linearities accounted for in the roll damping
and restoring moment (Neves et al, 1999). In



other words, the heave and pitch motions feed
in the energy required for parametric roll to
occur but no reverse influence is exerted by roll
on heave and pitch since there is no direct
excitationinroll.

In the study presented here and based on the
assumptions mentioned previously, two non-
linear time-domain methods are adopted and
developed. Initially, the heave and pitch
equations of motion are solved simultaneously
and independently of the roll equation. This
solution is obtained using a three-dimensional
frequency-domain source distribution method
(pulsating source method) which aso provides
the hydrodynamic data of the ship in roll
(added inertia and linear damping). In Method
(I, periodic changes in the underwater hull
geometry due to heave, pitch and the wave
passage are calculated as a first order function
of the local breadth and flare at the still
waterline, (Neves et al, 1999, and Neves et a,
2003). On the other hand, in Method (1), the
periodic changes are calculated as a higher
order function of the local instantaneous
breadth, i.e. at every time step. In both cases
these calculations are carried out using a two-
dimensional approach for sections along the
length of the ship. The formulation of Method
(1) leads to a mathematical model with second
order non-linearities defined in terms of the
heave-pitch-wave passage couplings. Non-
linearities in the roll restoring arm (Surendran
et al, 2003) and roll damping (Himeno, 1981)
are also accounted for. Finaly, the 1-DoF
uncoupled equation of mation in roll is solved
in the time-domain, subjected to an initial roll
angle, using a fourth-order-Runge-Kutta
method in the absence of an external roll
excitation.

2.1 M athematical Formulation

For both aforementioned methods, the
restoring coefficient in roll may be expressed
as.

C44(x,t) = @J-A(x,t)GMT (x,t)dx D

where, x denotes the coordinate aong the
ship and A(X,t) represents the immersed
sectional area, such that:

A(x,t)GM ; (x,t) = 1, (x,t) + Z, (x,t) A(x,1)

= Z,A(x,1) @

where, It(x,t) and Zy(x,t) represent the

transverse second moment and the vertical

coordinate of the immersed sectional areas,

respectively, and Zy(x,t) represents the vertical
coordinate of the ship’s centre of gravity.
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Figure (1) Variation of Sectional Beam with
Relative Vertical Displacement
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Therefore, for Method (1):

1 .,dy
Cou(,) = AgGZ + p[[ 2522
‘[ 2 dz

5220 3
- ZgbO (x)]/]dx

and for Method (I1):
Coux,) =0gGZ + pg{ [ a(x,1)
L

[ ;bg(x)erO(x)a(X’f)Jfiaz(x,t)]dx
=Z [ [bo(x)*+a(x,0)Jn(x,)dx (4)

+{[;bo(xﬁga(x,z)m(x,z)\n(x,r)\dx}

where, as shown in fig.(1) (Neves et d,
1999),
a(x,t) =b(x,t) = by(x). (5)



The relative vertical displacement n is
expressed as:

n(x,t) =z, COS(w,t +a_)—x0,CoS(w,t +a,) ©)
—{ cos/kxcos(x) — w,t]

where, zy, 6o, 02, 0 are the heave and pitch

magnitudes and phase angles, respectively, C is

the wave amplitude we is the encounter

frequency, k is the wave number and x is the
wave heading.

The normalized 1-DoF uncoupled equation
of motion in roll for a ship travelling in
longitudinal regular waves takes the form:

&H(bML+bMN)¢+hMuf+QMNg¢;
+ C(44N)5¢4 + eo (t)]wz O

(7)

In equation (7), bsy and ban represent the
linear and the equivalent linearized roll
damping components, respectively. Based on
the expression for (AgGZ) described in section
(2.2), Caa, Cuaanyz and Cuanys represent the
linear, cubic polynomia and quintic
polynomial  roll  restoring  coefficients,
respectively. ey(t) is the total parametric
excitation term (1% and 2™ order) due to heave,
pitch and wave passage and can be identified
from equations (3) and (4). All coefficients in
eguation (7) are normalized with respect to the
total roll moment of inertia (l44+A44), Where l 4
and A4, are the moment and added moment of
inertiain roll, respectively.

2.2 Non-linear Roll Restoring
Coefficients

As was mentioned before, the non-linear
roll restoring coefficients representing the GZ
curve have an important role in stabilizing the
parametric roll motion of a ship. In the
methods presented here, a quintic polynomial
expression is used to account for the non-
linearity in the GZ curve (Surendran et a,
2003). Therighting arm curve is expressed as:

AgGZ = C44L¢+ C(44N)3(03 + C(44N)5(05 (8)

Coefficients of the polynomia are
determined by the satic and dynamic
characteristics of the GZ curve such as the
metacentric height, GM+; the angle of
vanishing stability, @y; and the area under the
GZ curve Ay up to the angle of vanishing
stability as follows (Cy =AgGM1):

4
C(44N)3 = Ag[E(\?)Aﬂ - GMT(DVZ)]
' 9
3
Claany, = Dg [} (44, —GM . ¢)]

v

2.3 Roll Damping

In the methods proposed in this paper, a
semi-empirical  model due to Ikeda and
described by Himeno (1981) is used for the
prediction of the total roll damping coefficient.
This model assumes that the total roll damping
coefficient can be calculated as the sum of five
major components, namely: wave damping,
frictional damping, eddy damping, lift damping
and bilge keel damping.

Out of these five components the wave and
lift damping coefficients are assumed linear,
whereas the frictional and eddy damping
coefficients, together with part of the bilge keel
damping coefficient are taken as equivalent
linearized damping coefficients, i.e. they are
functions of the steady roll angle (through an
iteration process for the roll angle and the value
of a roll damping) but are proportiona to the
roll velocity in theroll equation of motion.

3. RESULTS

Methods (1) and (I1) have been applied to a
post-Panamax C11 class containership (L=262
m), travelling in longitudinal regular waves at
two different loading conditions represented
by: KG=17.55 m, figs.(2-11) and KG=17.95 m,
figs.(12,13). The first loading condition results
in a metacentric height GM+=1.615 m and a



roll natural frequency w,=0.2673 rad/s. The
second loading condition results in a
GM+1=1.215 m and ,=0.2314 rad/s.

Most of the results have been obtained in
two sea-states, namely, sea-state 6, SS(6), and
sea-state 7, SY(7), where both are redlistic sea-
states occurring in the North Atlantic
(Faltinsen, 1990). For SS(6) the mean
significant wave height is H,=5 m and the
most probable modal wave period is T,=12.4 s,
for S§(7), Hy=7.5mand T,=15s.

Specia attention has been paid to the
frequency tuning condition of we = 2wy, Since
this is the first and most dangerous instability
zone that arises from solving the damped
Mathieu equation for parametric roll.

4. DISCUSSION OF RESULTS

Fig.(2) illustrates the case of the Cl1
containership advancing in regular head-waves
of wave height H,=8.4 m and wave period
Tw=14 s, with aforward speed V=10 knots and
an encounter frequency w.=0.5544 rad/s. The
simulation obtained using Method (1) fails to
predict a steady parametric roll angle for this
case since the resultant roll angles become very
large after approximately t=50 s. This can be
attributed to the fact that Method (1) is based on
the assumption that the parametric excitation
terms are linearized about the still waterline
which is justified only for the case of small
vertical motions due to small wave heights. On
the other hand, Method (I1) predicts parametric
roll which steadies at a roll angle of 20°. This
agrees with the results predicted for the same
case by France et a. (2003) and Shin et al.
(2004). On the other hand, fig.(3) represents
parametric roll predicted using Methods (I) and
(I1) for a wave height of 1.5 m and a wave
length of 262 m which is equal to the ship
length. The ship is travelling in regular head-
waves at a forward speed V=4.025 knots. The
results predicted by both methods are quite
close since at such a small wave height, the
higher order terms in Method (II) are
insignificant. The difference of 5° between the

steady roll angles predicted by the two methods
is due to evaluating the instantaneous local
breadth in Method (Il) rather than the local
breadth and flare at the dill waterline in
Method (1). In most of the remaining examples,
Method (1) fails to simulate parametric roll.

The comparison between fig.(4) and fig.(5)
illustrates the importance of the condition,
“The wavelength is of the same order as the
ship length” in the occurrence of parametric
roll. Although SS(6) has a smaller wave height
than SS(7), parametric roll is predicted, by
Method (1), in fig.(4) but not in fig.(5). Thisis
due to the fact that the wavelength of SS(6),
A=240 m (corresponding to T,=12.4 9) is
closer to the ship length, L=262 m, than that of
SS(7), A=351 m. It should be noted that in
fig.(5), the value of the steady roll angle is
amost equal to the value of the initia roll
angle, hence thisisinterpreted as a case of non-
occurrence of parametric roll.

The comparison between figs.(4), (6) and
(7), dl for SS(6), demonstrates that the
frequency tuning condition of w.=2wy, is not
always the worst case scenario in parametric
roll. While in fig.(4) a steady roll angle of
approximately 18° is predicted at we=20w, the
steady roll angle increases to 28° and 43° in
figs.(6) and (7) respectively, for different
tuning conditions. This can be interpreted by
reasoning that the roll natural frequency wy, is
assumed to be constant when it actually varies
with time. One should also note that heave and
pitch responses will change with changing
forward speed.

Figs.(6-8) demonstrate the influence of
varying the ship’s forward speed on parametric
roll, al for SS(6). While in figs.(6) and (7),
parametric roll is predicted at forward speeds
of V=6 and 12 knots respectively, parametric
roll is not predicted in fig.(8) at a forward
speed of V=18 knots. This can be attributed to
the fact that forward speeds of 6 and 12 knots
give encounter frequencies that are close to the
encounter frequency of the first instability zone
i.e. We = 2wy, On the other hand, changing the
forward speed to V=18 knots moves the system



out of the instability zone and its vicinity.

In fig.(7), for SS(6), extreme roll motions
of 43° were obtained when using a predicted
total roll damping coefficient bys of 0.04. When
b4y was increased by 33%, to be 10% of the
critical roll damping (0.05346), parametric roll
IS no longer observed. This illustrates the
importance of an accurate prediction of the
non-potential flow roll damping especially for
the “just on the edge” cases of parametric roll.

Fig.(9), for SY(7), shows another
comparison between Methods (1) and (I1).
While Method (1) predicts parametric roll for
the investigated case, Method (1) does not.
This can be explained by reasoning that
Method (1) tends to overestimate the parametric
roll predictions as also demonstrated in fig.(3).

Figs.(10) and (11) compare results obtained
for the same conditions (zero forward speed,
Hw=5 m) in head and following seas using
Method (I1). They show that the behaviour is
similar in both headings. While no parametric
roll is seen in the predictions in fig.(10) for a
frequency tuning condition of W=We=w,
parametric roll of approximately 20° is detected
at afrequency tuning condition of w=0=2w.

The comparison between figs.(5) and (12)
demonstrates the influence of reducing the
initial GM+t by 0.4 m on parametric roll. While
in fig.(5) no parametric roll is predicted in
SS(7) and at a frequency tuning condition of
We=2wy,, parametric roll of up to 15° is
predicted in fig.(12) for the same sea-state and
tuning condition. This illustrates the influence
of GM+ in the onset of parametric roll.

Finaly, in fig.(13), parametric roll of 18°is
again predicted for the lower initial GMr, this
time in following seas (SS(6)) and at a forward
speed, V=3.264 knots giving a frequency
tuning condition of we=2w,.

S. CONCLUSIONSAND FUTURE
WORK

In this paper, two methods have been
presented for the prediction of parametric roll
resonance in longitudinal regular waves. While
Method (1) fails to obtain steady roll angles of
parametric roll in the case of large wave
heights, the results shown here demonstrate
that Method (I1) succeeds. Nevertheless, even
in such large wave heights, Method (I) does
provide an indication of the occurrence of
parametric roll.

It is shown (e.g. fig.(2)) that Method (1)
reproduces results that are available in the
literature and are predicted by other numerical
methods. Furthermore, Method (I1) is capable
of simulating and accurately predicting typical
operational scenarios.

From an operational point of view,
changing the forward speed of the ship can
reduce the likelihood of parametric roll
occurring if the change in speed moves the
system out of the instability zone.

The frequency tuning condition of we=20
is not always the worst case scenario in
parametric roll resonance. One has to interpret
this tuning condition over a wider range of
encounter frequencies. Furthermore,
metacentric height GM+ plays an important
role, together with operational conditions, in
influencing this tuning and, thus, the onset of
parametric roll.

Accurate predictions of the total roll
damping (linear and non-linear) are essential
for any method that predicts parametric roll.

The few results presented in this paper on
following seas demonstrate that parametric roll
can occur in following seas, as in head seas, if
the conditions for occurrence, i.e. wave height,
wavelength, encounter frequency tuning are
satisfied.

Further developments of this work will
include:
= Extending Methods (1) and (I1) to arbitrary



wave headings.

» Testing the capability of Method (Il) to
simulate the effects of changes in hull
geometry.

= Applying Methods (I) and (1) to various
hull  forms, seastates, operational
conditions, etc and further verifying
results against available published data.

» Extending an available partly non-linear
three-dimensional method (hydrostatic and
incident wave components) to simulate
parametric roll resonance and comparing
results with those of Methods (1) and (I1).
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Figure (2) lllustration of parametric roll in
regular head waves, predicted b44=0.025
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Figure (3) Illustration of parametric roll in
regular head waves, predicted bs;=0.0125
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Figure (6) Illustration of parametrlc roll in
regular head waves, predicted by,=0.06
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Figure (7) lllustration of parametric roll in
regular head waves
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Figure (4) lllustration of parametric roll in
regular head waves, predicted by;,=0.015
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Figure (8) lllustration of parametric roll in
regular head waves
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Figure (5) lllustration of parametric roll in
regular head waves, predicted b.,=0.02

Figure (9) Illustration of parametric roll in
regular head waves, predicted by,=0.017
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Figure (10) Illustration of parametric roll in
regular following and head waves
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Figure (11) IIIustratl on of parametrlc roll in
regular following and head waves, predicted

b4,=0.013

Figure (12) IIIustratlon of parametrlc roll in
regular head waves, KG=17.95 m, predicted

b44:0.015

Figure (13) IIIustratlon of parametrlc roll in
regular following waves, KG=17.95 m,
predicted bs,=0.0156






