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Abstract

Fishing boats have unique features that make them prone to changing loading conditions. When the boat leaves the port, the empty fish tank
gradually fills up during fishing operations which may result in parametric roll (PR). This dangerous phenomenon that can lead to capsizing.
The present study aims to understand better the behaviour of parametric roll in fishing boats and its relation to changing loading conditions. The
study considers the effects of displacement and the GM/KM ratio on parametric roll, as well as the longitudinal flare distribution at the
waterline. Two assessments to detect the parametric roll occurrence in early stage were carried out by using the level 1 assessment of parametric
roll based on the Second Generation of Intact Stability criteria (SGIS) from International maritime Organisation (IMO) and the Susceptibility
criteria of Parametric roll from the American Bureau of Shipping (ABS). Then, the CFD method is used to predict the amplitude of the
parametric roll phenomenon. The results provide important insights to fishing vessel operators on how to manage loading conditions to maintain
stability and avoid hazardous situations. By following the guidelines outlined in this study, fishing boats can operate more safely and efficiently,

reducing the risk of accidents and improving the overall sustainability of the fishing industry.

Keywords Small fishing boat; Parametric roll; URANS-CFD; KRISO Container Ship (KCS); Stability in waves

Article Highlights

* The study provides a deeper understanding of parametric roll in
fishing boats, a dangerous phenomenon that can lead to capsizing,
and its relation to changing loading conditions.

» The effects of displacement and the vertical load position (GM/
KM) on parametric roll are considered, along with the longitudi-
nal flare distribution at the waterline.

» Two assessments were used to detect the occurrence of parametric
roll in the early stages, based on the Second Generation of Intact
Stability criteria from IMO and the Susceptibility criteria of Para-
metric roll from ABS.

» CFD simulations, used to predict the amplitude of parametric roll,
revealed the importance of keeping the y* value below unity to
accurately model the viscous effect on parametric roll amplitudes.

» The study also highlighted the role of the GM Ratio (level 1 assess-
ment of PR on SGIS from IMO) in changing the amplitudes of
parametric roll, pitch, and heave motions.
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1 Introduction

Parametric roll is one of the five stability failures that
should be investigated in the design phase recommended by
IMO on the Second Generation of Intact Stability (SGIS).
Parametric roll occurs because of the periodic variation of
the restoring roll moment. When the ship moves in waves,
especially in head waves, the GM changes considerably
during one encounter period. Usually, the GM is low when
the wave crests at the midship and high when the wave
trough at the midship. These changes trigger the roll motion
gradually. When the encounter frequency is twice the roll’s
natural frequency, parametric resonance occurs (Park et al.,
2013).

The occurrence of parametric roll can be identified early
in the design spiral using the relationship between the
encounter wave period (7e) and natural roll period (7n).
The phenomenon is predicted to occur where the ratio 7e/Tn
is close to 0.5. However, the amplitude of parametric roll
should also be predicted to ensure the boat’s safety, and
comfort during operation. In the worst case, high roll ampli-
tudes may lead the ship to capsize because of insufficient
restoring moment.

Parametric roll studies have mostly focused on large
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ships, such as ONR Tumblehome surface combatant (Sadat-
Hosseini et al., 2010; Liu et al., 2021) and container ships
(Park et al., 2013; Yu et al., 2018; Yu et al., 2019; Zhou
et al., 2016). While many researchers focused on investi-
gating the parametric rolling of large ships, some researchers
investigated fishing boats, such as Neves (2002), Ghamari
et al. (2017) and Ghamari et al., (2020). Based on these
publications, fishing boats can experience parametric roll
in the same way as merchant ships as long as the condi-
tions triggering parametric roll are met.

However, the length of the fishing boats mentioned in
the above studies investigated large vessels, approximately
25 m in length, which is not sufficiently small to represent
a large portion of today’s fishing boat fleet. There are con-
siderable differences in the seakeeping behaviour between
large and small vessels. Subject to the same wave at sea,
the response of small boats tends to be higher than large
vessels, making them uncomfortable. Moreover, to the best
of the authors’ knowledge, there are no existing studies
investigating the parametric roll of small fishing boats by
using fully nonlinear unsteady RANS simulations, espe-
cially in different loading conditions. The present paper
models a typical five-metre Indonesian fishing boat to inves-
tigate its parametric roll behaviour as a case study.

The Republic of Indonesia’s territorial waters span a
greater area than the country’s landmass. The natural
resources from this area, especially the fish resource,
should be well utilised for the welfare of the Indonesian
people. Thus, research about the fishing boat has become
essential to ensure fishing activities in Indonesia are safe.
Many fishing boats in Indonesia are built in small sizes.

Small fishing boats are the most prone to accidents com-
pared to the large ones. Moreover, Igbal et al. (2023)
showed that the operability of small fishing boats is not
high, around 60%—70%, due to several strict seakeeping
criteria, such as limits on RMS roll amplitudes. Due to the
small typical boat size, the roll natural period of the small
fishing boat is relatively low and might be close to the wave
period. This condition may lead to the roll resonance. Also,
the parametric roll is expected to occur when the encounter
period is close to the half of the natural roll period.

It is common for a fishing boat during its operation to
experience different loading conditions. Starting from the
port, the fish tank is empty as there is no fish caught yet.
Then, during its operation, the fish tank is gradually filled.
This condition makes the displacement of the boat change
progressively as well. Moreover, when the fishers are
catching the fish, there is a time when the fish are located
on the deck before being placed inside the fish tank. This
causes a shift in the Vertical Centre of Gravity (KG). All
these changes in loading condition led to a variation in the
roll natural period (7n), which may then cause parametric
roll.

This study aims to investigate the parametric roll charac-
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teristics of a small fishing vessel while in operation, specif-
ically when there are changes to its loading conditions. The
influence of displacement and the GM/KM ratio on the
parametric roll are presented. Also, in terms of vessel shape,
the influence of longitudinal flare distribution at the water-
line of the boats is discussed. The information provided in
this study offers guidance to fishing boat operators on the
optimal methods for handling the fish they catch during
their operations.

The prediction of parametric roll in this paper was inves-
tigated using a commercial Computational Fluid Dynamics
(CFD) software package, Star CCM+. The employed tech-
nique used in this study is based on the unsteady Reynolds-
Averaged Navier Stokes Equations (URANS) method,
which has been used widely by many researchers to inves-
tigate similar marine hydrodynamics-related problems. The
presented CFD simulations in this study are compared
against existing data using the experimental research on
the parametric roll of the benchmarking KCS model as
reported by Yu et al. (2018; 2019). Once an adequate simu-
lation set-up was established for the KCS, characterised by
a low comparison error with the experiment, an identical
numerical set-up was implemented for the fishing boat.

One of the benefits of using URANS CFD simulation is
its accuracy in predicting Parametric Roll (PR), as the vis-
cous effects are directly included in the simulation. A dif-
ferent wall treatment was used in this work’s CFD set-up
to ensure the viscous terms are correctly calculated allowing
a comparison of different y* strategies to be carried out. Two
methods for predicting the conditions that trigger the PR
were used: level 1 assessment of PR on the Second Gener-
ation of Intact Stability form IMO and Susceptibility criteria
of PR from the American Bureau of Shipping (ABS). Then,
the direct CFD simulation for PR was carried out to pre-
dict the amplitude of PR. The effect of displacement and
GM/KM ratio on the GM Ratio is observed. Also, the influ-
ence of vessel shape and the longitudinal flare distribution
on the waterline are considered.

The present paper is organised as follows. Section 2 pres-
ents the literature review, including the origin, an in-depth
literature review of parametric roll, and the method used in
this study. This section also reveals some gaps to be filled
by the present study. Subsequently, the ship geometry and
loading conditions used are presented in Section 3. Follow-
ing this, the research methodology is explained in Section 4.
Results and discussion are presented in Section 5. Finally,
the conclusions of this study are given in Section 6, along-
side recommendations for future work.

2 Literature review

The study conducted by Paulling and Rosenberg (1959)
investigated the stability of ships in calm water. Their work
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took into account the influence of non-linear second-order
terms and coupling terms in the equation of motion. By
solving the Mathieu Equation theoretically, they identified
the existence of instability caused by non-linear coupling.
The experimental tests, which coupled heave and roll
motion, confirmed their findings. However, the researchers
suggested that the coupling effect should incorporate more
than two degrees of freedom. For several years, the para-
metric roll was considered only a theoretical concern until
the APL China container ship experienced it in 1998. Fol-
lowing the accident, many scholars became intrigued by
this phenomenon. Neves et al. (1999) conducted experi-
mental and numerical investigations to examine the influ-
ence of different stern shapes on parametric rolls in fishing
vessels. The study found that the transom stern resulted in
a higher parametric roll amplitude compared to the round
stern. This was attributed to a significant difference in the
longitudinal flare distribution (dY/dZ) between the two stern
shapes, which caused a different roll excitation. Francescutto
(2001) conducted an experimental investigation to explore
the possibility of parametric roll in a destroyer model when
sailing into headseas. The study also calculated the roll
damping through a roll decay test conducted in calm water
with forward speed. However, the impact of waves on roll
damping was not considered. Francescutto’s findings dem-
onstrated a potential risk for ships with relatively low roll
periods at this heading (head waves). France et al. (2003)
conducted a numerical study using FREDYN, a nonlinear,
time domain ship motion simulation program developed by
MARIN based on Hooft (1987), and LAMP (Large Ampli-
tude Motion Program) based on Lin and Salvesen (1997)
code to investigate the influence of stern and bow flare of
Series 60 hull form on parametric roll amplitude. Results
showed that ships with stern and bow flare have a higher
parametric roll amplitude than those with bow flare of 0°,
with the roll amplitude increasing as the bow flare increases.

Spanos and Papanikolaou (2006) investigated the occur-
rence of parametric roll in fishing vessels through time-
domain numerical simulations in head waves. Their simu-
lations utilised potential theory and considered non-linear
terms in 6 degrees of freedom (6 DoF), with viscous effects
incorporated through a semi-empirical linear or quadratic
roll velocity model. The study demonstrated that the ampli-
tude of the roll was influenced by the effect of wave ampli-
tude on the parametric roll. Spanos and Papanikolaou (2007)
studied the occurrence of parametric roll in two different
types of ships, a fishing boat and a Ro-Ro vessel, in head
waves using numerical simulations. The study results showed
a difference in the occurrence of parametric roll between
the two ships. The fishing vessel experienced a parametric
roll at the lowest wave amplitude investigated in the study
(0.6 m out of the highest amplitude, 1.4 m). In comparison,
the Ro-Ro ship began experiencing parametric roll for wave
heights from 4 m up to 6 m. Sadat-Hosseini et al. (2010)

studied the ONR Tumblehome surface combatant to inves-
tigate the parametric roll phenomenon using a non-linear
dynamics approach, EFD, and CFD, with and without bilge
keel. The CFD method was used for the first time by Hos-
seini (2009) to predict parametric roll, as well as other
modes of stability issues. The study revealed that the CFD
results for the parametric roll were higher than the EFD
results, although there was an agreement in trend between
the two sets of results.

Riberio e Silva et al. (2010) presented a simple method
to determine if a container ship is susceptible to parametric
roll based on ABS guidelines. The study evaluated suscep-
tibility criteria for two container ships. Miller’s method
(Miller, 1974) was used to calculate roll damping. Then, a
numerical method was employed to simulate parametric
roll cases in the time domain. Riberio e Silva et al. (2010)
aimed to predict the amplitude of the roll motion. Based
on this research, the ABS guidelines were found to be an
adequate and efficient way to identify the occurrence of
parametric roll.

Neves et al. (2011) investigated the influence of vessel
speed and wave amplitude in regular head waves on roll
response using two different stern shapes based on experi-
mental and numerical methods. Fishing boats may experi-
ence different speeds to maintain their position in rough
weather. The study concluded that vessel speed influenced
the roll amplitude, with an asymmetrical pattern in the roll
response. Park et al. (2013) conducted a sensitivity analysis
of computational results of parametric roll in regular and
irregular waves. Their research involved two container ships
as case studies. The impulse-response-function (IRF) and
3D Rankine panel methods were used to simulate parametric
roll in regular waves. The study showed a good agreement
compared to Mathieu equation-based solutions. Galbraith
and Boulougouris (2015) studied the parametric roll pre-
diction of the Tumblehome model using the Star-CCM+
software. In their simulations, a different initial heel was
applied, first, by setting an initial angular velocity of 0.1 rad/s
and second, by shifting in the transverse centre of gravity
by 0.001 48 m to starboard. Based on their findings, the
second one accelerated the occurrence of the parametric roll
by 20 s compared to the first, and the roll amplitude was
slightly smaller.

Zhou et al. (2016) developed a hybrid method to predict
the parametric roll of the C11 container ship. The method
involved determining the damping coefficient from experi-
mental data and a CFD method using free and forced roll
decay, which was then used to predict the parametric roll
based on potential theory. The results of the hybrid method
were compared to the non-linear dynamics approach (used
as a second check of Level 2 criteria by IMO) and CFD
simulation and showed good agreement. Schumacher et al.
(2016) conducted a study on the occurrence of parametric
roll on a container ship, utilising both numerical and exper-
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imental approaches in regular and irregular wave condi-
tions. Roll damping was evaluated through forced rolling
tests, with both linear and nonlinear methods employed.
The nonlinear time domain model was found to be in good
agreement with the experimental test results. Lu et al.
(2016) conducted a study on the relationship between para-
metric roll and added resistance. They expanded Mauro’s
theory (1963) for added resistance in head seas to examine
the impact of parametric roll on added resistance using
potential theory. The study included an experimental test
to compare the numerical results, which showed agreement.
The study found that the viscous roll damping affects the
added resistance, and the effect becomes more significant
as the parametric roll amplitude increases. Ma et al. (2018)
studied the parametric roll phenomenon of a C11 container
ship using experimental and numerical methods. The study
also investigated the effects of draft, speed, and wave
amplitude. The study showed that the parametric roll ampli-
tude is not a linear function of wave steepness, with an ini-
tial increase followed by a gradual decrease. Additionally,
the wave steepness that results in the maximum amplitude
of parametric roll varies at each Froude number.

Zhou (2019) examined a hybrid approach to forecast the
occurrence of parametric roll. The damping factor was deter-
mined through both CFD simulation and an experimental
test. The results demonstrated that the direct CFD approach
was more accurate than the hybrid method, as the fully
non-linear viscous flow improved the hydrodynamic force
prediction and critical wave steepness. Ghamari et al. (2020)
conducted a study on the parametric roll of Norwegian
fishing vessels in regular waves using numerical and experi-
mental methods. The experimental tests were carried out
with and without forward speed at different wave frequen-
cies and steepness, and the roll damping was determined
through roll decay tests. The numerical method involved
using radiation and diffraction potentials at zero speed, fol-
lowed by utilizing the results obtained by the strip theory
based on Salvesen, Tuck and Faltinsen (STF) method. The
study investigated a wide range of simulation conditions,
with most cases showing consistent steady roll amplitude
between experimental and numerical results. However, some
discrepancies were observed in a few cases close to the
instability border. Liu et al. (2021) utilised a CFD simula-
tion to investigate the parametric roll of an ONR Tumble-
home in both model and full scale. Their study revealed
that the scale effect in parametric roll is negligible, as the
difference is minimal. The presence of a bilge keel in the
ship was found to be effective in reducing the amplitude of
the parametric roll. In a subsequent study, Liu et al. (2022)
examined the influence of liquid sloshing on the parametric
roll of an ONR Tumblehome. Their research found that
sloshing affects the natural roll frequency, decreasing the
roll amplitude when the phase difference between the ship
motion and sloshing is 180°. Zhou et al. (2022) investigated
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the vulnerability of the Offshore Research Vessel (ORV) to
parametric roll caused by the extended low weather deck.
They did not only examine the amplitude of the parametric
roll but also the GZ curve, which they compared to experi-
mental test results from previous studies. Additionally, the
study investigated the non-linear water-on-deck phenome-
non that occurs during parametric roll.

Sea area and season where and when the ship operates
also influence the vulnerability to the parametric rolling of
the ship. Hashimoto and Furusho (2022) investigated this
issue in a Cl1-class container ship and a pure car and truck
carrier. The results showed that Centre-North Pacific is
the worst environmental condition for both ships. It also
revealed that the winter season has a ten times higher fail-
ure index compared to summer. Another of interest in para-
metric roll study had been investigated by Maruyama et al.
(2023). Their study investigates how to estimate roll accel-
eration with probability density function. Later, Liu et al.
(2023) evaluated the second level of vulnerability criteria
of parametric roll for C11 container ships with stochastic
stability theory. Then, the results were compared with the
stability criteria proposed by IMO. The proposed method
gives more accurate results compared to IMO.

The majority of existing literature has verified a pro-
posed numerical approach to predict parametric roll (PR)
and helped to understand its behaviour. A discussion of
various techniques has been presented. Several researchers
have investigated the PR behaviour concerning wave steep-
ness, wave amplitude, vessel speed, wave heading, and GM.
However, there has been limited exploration of PR based
on case studies of small fishing boats. To the best of our
knowledge, no research has been conducted on the para-
metric roll of small fishing boats utilising fully non-linear
unsteady RANS CFD simulations, particularly in different
loading conditions that accurately represent fishing boat
operations.

This study examines the impact of different loading con-
ditions on a small fishing boat, which can alter the natural
roll period, roll damping, and restoring moment values.
The study investigates the influence of displacement and
GM/KM ratio on GM Ratio and its effects on roll, pitch,
and heave amplitude. The research also considers the effect
of vessel shape and the distribution of longitudinal flare on
the waterline. This phenomenon is unique to fishing boats
since their loading condition changes continuously during
operation. Furthermore, the natural roll frequency of small
boats is low and may be close to the wave period, leading
to the occurrence of parametric roll. The findings of this
study are believed to provide valuable information to fishing
vessel operators on optimal fish placement after catching
them.

A CFD approach was chosen in this study as a method
to predict the amplitude of parametric roll phenomenon on a
small fishing boat because of its high accuracy. To enhance
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the efficiency of the time-domain simulation, the wave steep-
ness and vessel speed that trigger the PR in each load case
were identified early on, using ABS recommendations
(American Bureau of Shipping (ABS), 2019). This study
also investigated the impact of viscosity by comparing var-
ious y" strategies. The diffusion term in the URANS method
encompasses viscous effects, resolved using the turbulence
model in the boundary layer region. As subsequently dem-
onstrated, accounting for viscous effects is crucial to pre-
dict the roll motion accurately.

3 Ship geometry and loading conditions

In this paper, a five-metre-long traditional fishing boat
from Indonesia was used. This fishing boat underwent geo-
metric optimisation by Tezdogan et al. (2018). Later, Liu
et al. (2019) designed a bilge keel for this boat. A body
plan of the fishing boat is shown in Figure 1, and the main
dimensions are given in Table 1. The latest investigation
into this fishing boat was carried out by (Igbal et al., 2023),
who investigated the operability analysis under different
loading conditions.

M
WL 0.8 WL 0.8
W /1]
wEog of~7 ] wroe
WL 0.5 \\\XX( = Nﬁ/[l WL 0.5
WL 0.4 X\ o WL 0.4
WL 0.3 \\\\ DWIL at 033 DWE at 035 WL 0.3
WL 0.2 WL 0.2
WL 0.1 —A222 l WL 0.1
2/1//AP  Baseline Baseline
543
Figure 1 Body plan of the research object (Liu et al., 2019)
Table 1 Main dimensions of the fishing boat (Tezdogan et al., 2018)
Parameter Value
Length between perpendicular, L, (m) 5.000
Breadth at the water line, B (m) 1.934
Depth to 1% deck, D (m) 1.196
Loaded draft, 7' (m) 0.350
Displacement, A(t) 1.858
Block coefficient, C, 0.537
Mid-boat section coefficient, C 0.764
Wetted surface area, 4, (m?) 10.201
Maximum Froude number, Fr 0.590

Igbal et al.’s (2023) research examined five distinct load-
ing conditions, representing a fishing vessel’s operational
conditions. These conditions ranged from the boat being
empty at the port to gradually filling the fish tank to 50%
and 100% capacity. Furthermore, in each half and full-

loading condition, the fish were placed on both the deck
and below the deck. This approach was taken because fish-
ermen often put their catch on the deck before depositing
them inside the tank. This paper, however, uses a different
loading condition from Igbal et al.”s (2023) study, as pre-
sented in Table 2, to investigate the parametric roll phenome-
non. The LCG is measured from AP, while KG is measured
from baseline.

Table 2 Loading condition of the fishing vessel operation (Igbal
etal., 2023)

Load Description Ship
case p weight (kg)

1 Empty load of fish 712.00 1.550 0.844  0.763
Half load of fish,

LCG (m) KG (m) GM (m)

2 128500 1751 0914  0.456
upper deck

3 Halfloadoffish, ) oo hn 1751 0557 0813
below deck

g Fullloadoffish, — ose 00 1 o0e 1064 0.163
upper deck

5 Fullloadoffish, ) oo0 00 o0g 057 0657
below deck
4 Methodology

4.1 Flowchart

The simulation flowchart is presented in Figure 2, where
the steps involved in conducting a CFD simulation for the
KCS model are shown on the right-hand side. First, a fine
mesh configuration was simulated using two different y*
strategies. Then, steady roll amplitudes obtained using low
and high y" meshing strategy were compared to the experi-
mental result obtained from the parametric roll test of the
KCS model studied by Yu et al. (2018; 2019). This uses an
estimate of the discretisation uncertainty obtained through
the Grid Convergence Index (GCI) method, which forms
the verification study. Following this, the set-up of CFD
simulation of the KCS model was done for both free roll
decay simulation and direct CFD simulation on parametric
roll. The free roll decay results, the linear roll damping ratio,
were used as an input in susceptibility criteria assessment.
The linear roll damping obtained from CFD calculations
was also compared to Tkeda’s method, which was calculated
in the ShipX software with the same conditions as CFD. The
viscous roll damping in ShipX software is determined from
an empirical formula for roll motions. The components of
this formula are frictional shear stress on the hull surface
(Kato, 1957), eddy damping (Ikeda et al., 1977), lift damp-
ing (Himeno, 1981) and the bilge keel damping (Ikeda,
1979). The latter component is not included because in
this study the boat has no bilge keel.
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Table 3 Wave height information according to the Wave Scatter Data
from IACS Recommendation

Determine loading condition | Validation study
(Igbal et al. 2023) (Yuet al 2018, 2019)

v

Determine design wave and | [

Verlﬁcatlon study
speed (ABS, 2019) (Grid convergence index)
v
Calculate GM ratio Free roll decay CFD simulation |
(AGM/GMcalm) in wave with low speed
v
( Level 1 assessment for PR ) [ Dgtegning lineca.%g)ll.danllp;i.ng )
S e ratio based on simulation
§ (2nd Generation intact stablhty)l and compare with Ikeda’s method

v

Susceptibility criteria assessment for PR (ABS, 2019)
-frequency condition
-damping threshold condition

v

Direct CFD simulation for parametric roll

Figure 2 Simulation flowchart

The left-hand side of the flowchart starts by determining
the loading conditions, as shown in Table 2. The ABS (2019)
recommendation is used to determine the design wave and
vessel speed for a given loading condition. This design wave
is then used to calculate the GM variation as the wave crest
moves from the bow to the stern. The resulting GM Ratio
is then used to perform the Lv1 Parametric Roll Assessment
of Second Generation of Intact Stability (SGIS) and to
assess the susceptibility criteria, following the ABS’ (2019)
method. Finally, after determining the design wave and
boat speed in each load case and having done the CFD setup,
the direct CFD simulations of the fishing boat to investigate
a parametric roll can be carried out.

4.2 Determination of the design wave and vessel
speed

The ABS (2019) guidelines recommend using a wave-
length equal to the ship length and Table 3 to determine the
wave height based on the relationship with its length. The
table shows that the wave steepness ratio, H, /4 (where H
is the wave height and 4 is the wavelength), increases when
the wavelength decreases. In this particular study, the fish-
ing boat’s length is 5 m, so the wavelength A is also 5 m.
According to the table, the H /4 ratio used was supposed
to be 0.12 (for the lowest wavelength), resulting in a wave
height of 0.6 m. However, this ratio is too high for a 5-metre
fishing boat, and it would cause wave breaking. Therefore,
a lower H, /A ratio of 0.06 was used, resulting in a wave
height of 0.3 metres.

Equation (1) from ABS (2019) was employed to deter-
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Wavelength, A (m) Wave height, / (m) H, /A
50 5.9 0.12
100 11.6 0.12
150 14.2 0.09
200 15.1 0.08
250 15.2 0.06
300 14.6 0.05
350 13.6 0.04
400 12.0 0.03
450 9.9 0.02

mine the velocity of the boat (V;, in knots) that leads to a
parametric roll. In Equation (1), If 2w,, > w,, (Where w,, is
the wave frequency and w,, is the mean frequency) the para-
metric roll phenomenon will be expected in head waves.
Conversely, if 2w, <w,, the parametric roll will be expected
in stern waves, which can be determined based on the wave-
length. w,, is the mean frequency that obtained from GM,,
by calculating the stability in longitudinal wave, explained
in the following subsection.

19.06 x |20, - @, |

Vir = 3 (D
w

w

4.3 Calculation of the GM ratio (level 1 assessment
of PR)

Using the design wave determination procedure described
earlier, the wave crest (X) location was shifted along the
ship length (LBP) to calculate the GM. Maxsurf Stability
software was employed to calculate this step, resulting in
GM,,., GM,., GM,, and GM,, as shown in Figure 3.
Here, GM,,, and GM,,, are the maximum and minimum
GM values, while GM,, is mean of GM, where GM,, =
0.5(GM,,, + GM,.,.), and GM, is the amplitude of GM
calculated as 0.5(GM,,,, — GM,.., ). GM, is also referred to
as 4GM and is used to calculate Level 1 vulnerability crite-
ria of Parametric Roll in the Second Generation of Intact
Stability (SGIS), as shown in Equation (2).

00300 5 GM - GMm ——GM calimwater

0.025 ¢
2 0020 /\\\ /
= 0015 \ "
9 0.010

0.005 | \._/

0 010203040506 070809 1
X/LBP

Figure3 GM value in of 2.3 m KCS model in waves
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A ship is predicted to experience parametric roll if
AGM/GM,,,,, > Ry, where R, is a semi-empirical factor
based on the basic geometrical characteristics of a vessel,
such as L, B, and midship coefficient (C,). The equation is
stated in IMO (2008), which is highly sensitive to bilge
keel area, Ak. When there is no bilge keel installed on the
vessel, Ry is set as 0.17. In the present investigation, the
computation proceeds to the Direct Stability Assessment
(DSA) stage instead of Level 2, in the event of a failure in
Level 1 assessment, when AGM/GM,,,,, > R,,. This deci-
sion is taken considering the utilisation of the computational
fluid dynamics (CFD) technique to simulate the amplitude
of parametric roll.

AGM
GM

< Rpp 2

calm

The result of Equation (1) (vessel speed) and Equation (2)
(Lv 1 assessment of PR) are shown in Tables 4 and 5,
respectively. As Table 4 indicates, the speeds at which PR
is triggered vary for each load case. The wave direction for
all load cases is head waves, except for load case 4, which
involves following waves. In Table 5, all load cases except
LC3 and LCS5 failed to satisfy the Level 1 assessment for
PR, thereby necessitating progression to Level 2 assessment.
Nonetheless, this study undertakes a DSA, which leverages
Computational Fluid Dynamics (CFD) simulation to esti-
mate the amplitude of PR, instead of Level 2 assessment.

Table 4 Result of vessel speed and wave direction for 4=5.0 m and
H =0.3 m based on Eq. 1

Load o) Boatspeed, 0 direction  T.(s) T.IT,
case Vg (m/s)
1 200 2.37 Head waves 0968  0.48
(2o,>w,)
2 2.00 1.33 Head waves 1212 0.61
(2o,>w,)
3 1.60 2.85 Head waves 088  0.55
(2o,>w,)
4 438 0.35 Following waves ) )¢ 47
(2o,<w,)
5 1.57 2.36 Head waves 0970  0.62
(Qo,>w,)
Table5 The results of Level 1 SGIS (Eq. 2)
Loadcase ~AGM  GM_,, AGM/GM_, R Status
1 0419  0.763 0.261 0.17  Failed
2 0252 0.456 0.184 0.17  Failed
3 0.145  0.813 0.106 017  Pass
4 0271 0.163 0.221 0.17  Failed
5 0071 0.657 0.058 017  Pass

4.4 The susceptibility criteria of parametric roll

Prediction of parametric roll in regular waves can be
accomplished using the Mathieu equation. This equation can
be deconstructed by considering a ship moving in waves
with forward speed. As the ship moves through the waves,
the GM of the ship changes in response to the location of
the wave crest and trough.

The change of GM can be simplified with the sinusoidal
waves as shown in Equation (3). By substituting Equation (3)
to the equation of 1 DOF of damped free roll motion, one
arrives at Equation (4), where w,’=4.GM,,/(1 +1, )
and w,>=4.GM,/ (I, +1, ). Then, the parameter ot can
be replaced with z, a notation to normalise Equation (4) by
dividing it by ? resulting in Equation (5). The ¢ symbol
in Equation (4) is the defined as a damping ratio, the ratio
between the linear damping coefficient of the roll (B) to its
critical damping (B,).

The present paper determines the linear roll damping for
every load case from free roll decay simulation. A speed of
0.2 m/s was selected in the simulation to produce 7 or w .
High speeds were avoided as they may increase the roll
damping coefficient (B) and reduce the roll motion.

The condition of fishing vessels when determining the
roll damping using CFD simulation is that the vessel is
non-stationary and in waves. The first reason for this is to
obtain the roll damping as realistic as possible. When the
fishing boat experiences the parametric roll, it occurs in
waves (not in calm water) and at non-zero speed condi-
tion. The second reason is the roll damping obtained from
waves is mostly higher than in calm water, as reported by
Rodriguez et al. (2020). Therefore, it would be overesti-
mated if we use the roll damping based on calm water values.

The result of linear roll damping was subsequently com-
pared to that obtained from Ikeda’s method, which was
computed using ShipX software under the same conditions
as the CFD simulation.

To eliminate the second term (linear damping) in Equa-
tion (5), the solution of 1 DOF of damped free roll motion
(Equation (6)) is used and results in Equation (7). This
equation is referred to as the Mathieu equation. The com-
mon form of the Mathieu equation is shown in Equation (8).

GM = GM,, + GM cos(w,t) 3)

ft? +(2Cwn)%+(wm2+a)a2c0s(a)et))¢=0 4)
d2¢ Ca)n d¢ a)ﬁlz a)uz —

dr2+(2we)dr+(wez+wezcos(r))¢—0 %)

p(r)=x(7)-e™ (6)

where 1 = {w, /o,
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There are two susceptibility criteria based on ABS after
p and g are determined. First, the frequency of parametric
excitation (encounter wave frequency) should be about
double of natural roll frequency (w, ~ 2w, ) or the encounter
wave period should be about a half of natural roll period
(T,=~0.5T,). The frequency condition of susceptibility cri-
terion is shown in Figure 4 and Equation (9). The boundary
line in Figure 4 is determined from Equation (9) and is
sourced from ABS (2019). Based on these, the ship is con-
sidered susceptible to parametric roll if the point obtained
from the combination of p and ¢ lies inside the unstable
zone.

0.08 ¢
0.07 |
0.06 |
0.05 |
> 0.04 +
0.03 -
0.02
0.01 }

Unstable zone

Stable zone Stable zone

0 L " L L )
020 022 024 026 028 030
p

Figure 4 Frequency condition of susceptibility criterion
1 1 11
- \ X< +
T3 Tl <SPSyt O

(o,
S < gk 1~k (10)

where k, =1 - 0.187 5¢°, k, =1 002p + 0.16g + 0.759, k, =
q* - 16+ /q* +352¢> + 1024p
16g

Even though the first criterion is satisfied, the paramet-
ric roll can appear because roll damping plays an impor-
tant role. If the roll damping is sufficiently high, the para-
metric roll caused by changing stability in waves will not
develop. However, if the roll damping is insufficient to
reduce the roll amplitude significantly, then parametric
roll will develop. Therefore, the second susceptibility crite-
rion from ABS is about the roll damping threshold. The
ship is susceptible to parametric roll if the effective damping
({w,/w,) of the ship is smaller than the damping threshold

@ Springer

(q.k,kyJ 1 = k), as shown in Equation (10).
4.5 Numerical set-up

This section describes the numerical set-up used in this
study. The commercial CFD software, Siemens Star-CCM+
version 16.04, was used to carry out all simulations. In
integral form, the averaged continuity and momentum equa-
tion were solved by discretising them using the Finite Vol-
ume Method (FVM) sequentially by using the Segregated
Flow Solver. This solver utilises a pressure-velocity cou-
pling algorithm. This study used the Semi-Implicit Method
for Pressure Linked Equations (SIMPLE) algorithm. The
convective term was solved based on the second-order con-
vection scheme, while first-order temporal discretisation was
used to solve time discretisation.

4.5.1 Governing equation

Reynold Averaged Navier Stokes (RANS) equation
models the fluctuating velocity field in an averaged manner.
The averaged continuity and momentum equation for incom-
pressible flow with surface forces without body force are
shown in Equation (11) and (12), respectively.

a(pﬁ[)_
0 (11)
L’”_"')Jri( i, + p ) = MU ALY
o ox, P TP ox,  ox,

where p is fluid density, #,u; and p are mean velocity vec-

tor and mean pressure in Cartesian x,. puju; is the Reynolds

stresses. For the eddy-viscosity model is shown in Equa-

tion (13). 7, is mean viscous stress tensor, as shown in
Equation (14).

- pujuj=2u,8; - %péy‘k (13)
_ | ou 8ﬁj
i ax axi (14)

#, is the turbulent (or eddy) viscosity, S, is the mean strain-
1[ou, Ju
+ I,
2 ox;  ox
viscosity, d,; is Kronecker delta, where d; = 1 if i = j other-

wise d,; = 0. Finally, k is the turbulent kinetic energy, as
shown in Equation (15).

rate tensor in which §; = , it is the dynamic

i

k= u{u,.’=f(ﬁ+m+uz'u’) (15)

4.5.2 Turbulence model and near-wall modelling
The fluid flow around the full-scale hull is turbulent.
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We can identify this based on the Reynolds number. In this
study, the small turbulent fluctuations are averaged or fil-
tered, opting for the Reynolds-Averaged Navier-Stokes
(RANS) approach instead. The Shear-Stress Transport (SST)
(Menter, 1994) model was used, which combines a k—¢
model in the far field with a £ — w model near the wall.

The no-slip wall is a boundary condition that is a source
of vorticity in most flow problems (Siemens, 2022). The
ship hull is defined as the wall for all CFD simulations in
the naval architecture field. There is a region near the wall
called the boundary layer. It is important to predict the fluid
flow and turbulence in this region as accurately as possible.

Based on the non-dimensional wall distances (y'), the
boundary layer is divided into three regions, namely, the
viscous sublayer (y* <5), the buffer layer, (5<y*<30), and
the log layer (y*>30). The buffer layer, which is typically
avoided, is transitional between the viscous sublayer and
the log layer. Neither the wall function nor the near-wall
treatment can be used in this region. The all y* treatment
scheme in Star CCM+ package was used in this simulation
to treat the boundary layer region either in low y'grids
(when y"<5) or in high y* grids (when y*>30).

Determining the number of near-wall layers is essential
to obtain the desired y" effectively. The procedure to deter-
mine the number of these layers in this study was based on
Terziev et al. (2022). By initially computing the friction
coefficient, C;, using ITTC correlation line (Equation (16)),
the shear wall stress, 7, can subsequently be ascertained
(Equation (17)). Here Re denotes the Reynolds number
and ¥ denotes the vessel’s forward speed. Afterwards, the
first layer thickness (24,) can be calculated using Equation
(18), where v is the kinematic viscosity and u, = m is
friction velocity. It should be noted that 4, is the distance
between the wall to the first cell centre. Thus, the first layer
thickness is equal to 24,

Finally, the number of prism layers, 7, can be calculated
using Equation (19), where S is the stretch factor, express-
ing the ratio of the thickness of any two adjacent cell layers,
and ¢ is the distance over which near-wall layers are dis-
tributed. The current research reported in this paper used
the stretch factor of 1.2. The specific distance, ¢, was deter-
mined by modelling a fraction of the flat plate equivalent
turbulent boundary thickness J = 0.382 L/Re'”.

C,= 0.075/ (log,, Re - 2)? (16)
T, = O.SszCf 17
4,=y"Vu, (18)

n- logm(l - 5(1211-5)) /ogm(S) (19)

4.5.3 Capturing free surface

For multiphase simulations, the interface between two
phases can be captured using different techniques. There
are three methods that is available in most of CFD code
nowadays, which are: 1) surface fitting/mesh deformation,
2) surface capturing, and 3) level set (Wackers et al., 2011).

The present study employs the Volume of Fluid (VoF)
method. This technique included as the family of surface
capturing method, as stated in Siemens (2022). The VoF
approach, first introduced by Hirt and Nichols (1981), dif-
ferentiates between the two fluid phases (water and air) by
assigning a scalar value between 0 and 1 to each cell, rep-
resenting the volume fraction (a,) of a particular fluid in
that cell. The volume fraction ¢, is defined as Vol,/Vol,
where Vol, is volume of phase i and Vol is the volume of
the cell.

For example, a cell that contains only water, o, is be
assigned as 1. Likewise, a cell that contains only air, a; is
be assigned as 0. Based on this scalar value, the interface
between two fluid phases (the cells contain water and air)
can easily be defined as the collection of cells with a vol-
ume fraction «; of 0.5.

The algorithm of the surface capturing method (VoF) is
generally described in Wackers et al. (2011):

1) Set the initial flow field quantities (Q°) at = ¢".

2) Set the new time step, where =17+ At.

3) Start the iteration with Q= Q°.

4) Calculate the volume fraction for each fluid phase and
update the fluid properties p and u.

5) Compute the turbulence quantities from Q in step 3.

6) Solve the momentum equation to determine the new
velocities.

7) Solve the pressure equation to determine the new
pressure field.

8) Update and correct the new velocity based on the new
pressure filed.

9) If the residual is still high, go to step 3 and update the
iteration in the same time step.

10) Go to step 2 and update the time 7.

In step 4 (calculating the volume fraction in transport
equation), the density of the fluid in each cell is defined as
p= Z[p,.a[, and the viscosity is defined as u = z’_,u,a,.,
where p, and y, are the density and viscosity of phase i.
The total volume fraction for all phases in one cell must be

N
one. z a, = 1, where N is the total number of phases.
i=1
The high-resolution interface capturing (HRIC) scheme
in the software package proposed by Muzaferija (1998),
was employed to maintain a sharp interface between the
fluid phases. This scheme is suitable for tracking sharp
interfaces such as those formed between water and air.
Zhang et al. (2023) developed a new theory that can
accurately predict the dynamics of a bubble, such as bubble
oscillation, migration, and collapse due to pressure pulse.
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In the future, the theory can be more explored for the mul-
tiphase flow-related problem, such as the free surface that
is related to ship hydrodynamics.

4.5.4 Simulation of ship motions

The employed solver, Star CCM+, uses the Dynamic
Fluid Body Interaction (DFBI) module to simulate the
motion of a rigid body. This module allows a body to respond
to forces and moments applied by the physics continuum
or any additional user-defined force or moment (Siemens,
2022). The restoring arm variation is not only influenced
by the waves themselves, but also by the coupling between
heave, pitch, and roll (Neves and Rodriguez, 2006). Thus,
the DFBI module was utilised in this study to capture three
degrees of freedom of the boat when moving on the wave,
which is pitch, roll and heave. The DFBI module also com-
putes exciting forces, moments, and the gravitational force
acting on the hull and solves the governing equation of
motion to determine the new position of the rigid body at
each time step. In this paper, a selected DFBI module option
was multi-body motion. It allows the boat to move in 3-DoF,
as mentioned above.

4.5.5 Computational domain and coordinate system

The computational domain size for KCS model covers
from — 2.5LOA < x < 2LOA in length and — 1LOA <z <
0.4LOA for height, and — ILOA <y < 1LOA in width.
There is a difference in hull shape between the KCS and
the fishing boat, where the KCS is more slender than the
fishing boat. Specifically, the L/B ratio of the KCS is 7.14,
whereas that of the fishing boat is 2.59. As the ratio of the
fishing boat is lower, a larger computational domain is
required than for the KCS, specifically — 3.0LOA <x <
2.5LOA in length and - 1.5LOA <z<1.0LOA for height,
and - 1.5LOA <y < 1.5LOA in breadth.

Figure 5 displays the computational domains for the KCS
model and the fishing boat. The size of computational
domains for other similar CFD studies in the literature is
shown in Table 6. It should be noted that the domain size
was reversed for LC4. In this case, the downstream was
positioned behind the boat, while the upstream was situated
in front of the boat.

In this simulation, the coordinate system is defined such
that the X direction aligns with the longitudinal axis, paral-
lel to the ship length, with the zero-point coinciding with
the AP and the positive direction oriented towards the FP.
The Y axis aligns with the transversal direction, with the
zero-point at the ship’s centre line and the positive direc-
tion toward the port side. The vertical direction corresponds
to the Z axis, with the zero-point located at the calm water
free surface. The positive direction is upward, and the neg-
ative direction is downward.

4.5.6 Boundary condition
For boundary condition set-up, the hull surface is set as
a no-slip wall, which means the fluid velocity in the hull
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Figure5 Computational domain

Table 6 Computational domain size of similar previous studies

Reference ~ Upstream Downstream Top Bottom Transverse

(Sadat-Hosseini

etal., 2010) 05L 20L 025L 10L 1.0L
(Maetal, 2018) 2.04 452 154 254 252
(Liuetal,,2021) 1.0L 3.0L 04L 10L 1.0L

surface is zero. All boundary conditions on the rectangular
domain sides are set as velocity inlet, except for the down-
stream side, which is the pressure outlet. This boundary type
was the same as in Galbraith and Boulougouris (2015),
Ma et al. (2018) and Liu et al. (2021), where the down-
stream boundary was set as a pressure outlet, and remains
boundary as a velocity inlet. These boundary conditions
are reversed for LC4.

For the inlet boundary, the fifth-order VOF Wave mod-
ules were used to represent fluid in the computational
domain with the wave. The forcing method was applied on
the Inlet, outlet, and right and left side boundaries. This
method forces the fluid properties and the volume fraction
of water in the forcing zone to be what the user inputs in
the boundary condition. In this case, the forcing zone is
forced to produce the fifth-order wave defined in the inlet
boundary condition. Technically, the free surface contour
in the forcing zone is unaffected by the ship’s speed and
motion. This means that the wave reflection from the bound-
aries can be avoided. The forcing length was set as | LOA
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(2.415 m) from inlet and outlet boundaries and 1.0 m from
the left and right-side boundaries.

4.5.7 Mesh generation

The automatic meshing facility in Star CCM+ was used
to generate mesh based on the cartesian cut-cell method.
Trimmed cell mesher and surface remesher are applied to
generate a volume grid consisting of hexahedral cells and
refine it to be a high resolution of rectangular mesh on a
surface. For the verification study, the influence of two dif-
ferent y* values on the amplitude of parametric roll were
compared, namely y" <1 and 30 <y < 100. Using the
method described in Section 4.5.1, twelve layers of pris-
matic cells were used with the first grid distance of 4.579 x
10 m for a 2.3 m KCS model to ensure the averaged y'<I
over wetted surface area (WSA).

On the other hand, to set a targeted y'=30—100, one layer
of the prismatic cell was used with the first grid distance
of 3.625x10”° m. The hull boundary layer for the fishing
boat simulations was set to 17 layers for the highest Reyn-
olds number (LC 3) to ensure y*<1. This same number of
layers was used for all load cases except for LC 4, which
used 15 layers since its Reynolds number was the lowest
among all load cases.

The Star CCM+ software offers three mesh configura-
tions to simulate rigid body motion: moving mesh, morph-
ing, and overset mesh. Moving mesh involves moving all the
mesh in the domain based on the body’s movement, while
morphing deforms the mesh around a moving body without
moving the domain. On the other hand, overset mesh con-
sists of two regions, the background and overset, where the
overset mesh moves while the background remains static.

A comparison of these three methods on the resistance
of planning hull was described by Yulianti et al. (2022). It
is stated that computational time needed in the overset mesh
is lower than moving mesh but higher from morphing mesh.
However, for high amplitude roll, such as in this paper, the
morphing mesh is not able to cover. Then, the best option
to be used is overset mesh.

In this study, the overset mesh module was used. Mesh
refinements were set in the free surface region. All simula-
tion settings used in this study followed the ITTC (2011)
recommendation, where longitudinal and transversal refine-
ment at the free surface region are 4/80 and Hw/20 for the
horizontal and vertical directions, respectively. The same
mesh refinements were also applied to fishing boat simula-
tions. Figure 6 shows the visualisation of two regions and
mesh refinement of for both the KCS model and the fishing
boat.

4.5.8 Determination of the time step

ITTC recommends a minimum of 100 time-steps per
period for periodic phenomena, such as roll decay. In this
study, the encounter period (7,) was used, which was approx-
imately 1.002 s. According to ITTC’s recommendation, the
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minimum time step should be 0.01. However, and a time
step of 0.005 s was used for this CFD simulation, which is
lower than ITTC’s recommendation.

Meanwhile, according to Table 4, the minimum 7, for
fishing boat simulation is for LC3, which is 0.886 s. There-
fore, the minimum time step recommended by ITTC is
0.008 8 s. However, for all load cases used in this simula-
tion, the time step was set to 0.001 s, except for LC4, which
used a time step of 0.007 s. The encounter frequency of LC4
was higher, 2.046 s, resulting in a minimum time step of
0.02 s, based on ITTC recommendations.

4.5.9 Total of computational time

All the simulation in this study was carried out using
High Performance Computer (HPC), provided by Archie-
West, by using 25 cores (CPUs). For four KCS simulations,
the average computational time is 77 hours. This means that
the total core hours for each simulation is 77 x 25, which is
1925 core hours for approximately 20 s of physical time.

For five simulations in determining roll damping of fish-
ing vessels, the average of total computational time is 13
hours. Then, the total of each computational time is 13 x 25,
which is 325 core hours for 8 s in physical times, except for
Load Case 4 (20 s).

The average of computational time for parametric rolling
simulation for small fishing vessels is higher. The average
is 164 hours for each simulation to reach 20 s in physical
time, except load case 4 (72 s). The total core hours then,
164 x 25, which is 4 100 core hours for each simulation.

4.6 Fast Fourier transform analysis

As the simulation is unsteady, its results are time-depen-

@ Springer



338

Journal of Marine Science and Application

dent and presented in the time domain. These results can be
transformed into the frequency domain using Fast Fourier
Transform (FFT) analysis to obtain quantitative insights.

o(t)= @, + 2:/: l(pn.cos(a)nt +9,), n=1,2,3,- (20)
where ¢, is nth harmonic amplitude and y, is the corre-
sponding phase which can be determined by using Equa-
tion (21) and (22). The n value indicates the total cycles that
used in FFT analysis. For example, in this study we used
the last three cycles of the results of roll motion. Thus, the
n value that used in Equation (20) is equal to 3.

9, = Ja,+b; @21
b
Y, = arctan(a") (22)
where

a =3fT¢(z) cos(w,)dr 23)

n T 0 * n
b:—ng (1). sin (w,¢)dr (24)

n T 0(0 - S wn

_ 1

0= 7] ooar @25)

The Oth harmonic amplitude ¢, is the average value of
the time history of ¢ (7).

5 Results and discussion
5.1 Verification

5.1.1 Reference data and condition

A verification study was carried out to measure the
uncertainty obtained from the numerical results. This study
covers a systematic verification for the KCS model scale
with Z,,=2.3 m under parametric roll condition (v=0.4 m/s,
#/L,,=1.0, and H/%.=0.02). The case is made the same as
Yu et al. (2018, 2019), since they have the experimental
data that can be used to compare numerical and experi-
mental results. The body plan of KCS is shown in Figure 7.
The main dimension of KCS model and simulation condi-
tion are shown in Table 7.

The Grid Convergence Index (GCI) method was used to
conduct the verification study. This approach is based on
the Richardson extrapolation (1911) as described by Celik
et al (2008). At least three solutions should be evaluated in
terms of convergence behaviour. In this paper, both grid and
time uncertainty were conducted in the same simulation
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Figure 7 Body plan of the KCS

Table 7(a) Main dimensions of the KCS model (1:100)

Parameters Value
Length between perpendicular, L,, (m) 2.3
Breadth at water line, B (m) 0.322
Depth, D (m) 0.19
Loaded draft, 7 (m) 0.108
Displacement (kg) 52.31
Longitudinal centre of buoyancy, LCB from AP (m) 1.116
Height of centre of gravity, KG (m) 0.136 6
Metacentric height, GM (m) 0.012 7
0.324 2,
K./B,K, /L,,K. /L, 0.249 5,
0.246 5
Roll natural period, T, (s) 2.16
Table 7(b) Simulation conditions
Parameters Value
V (m/s) 0.40
Wavelength, 2/L,, 1.00
Wave height/wavelength, H, /A 0.02
T,T, 0.464

with different refinement, namely coarse, medium, and fine
configurations. This approach aligns with recommenda-
tions made by Burmester et al. (2020) and ensures that the
achieved Courant number remains consistent across the
solution triplet. In addition, the number of prism layers
remains constant across the solution triplet while the dis-
tance over which near-wall layers are distributed is magni-
fied accordingly to retain identical cell aspect ratios. The
fine configuration was coarsened in terms of both for grid
and time step simultaneously through the refinement ratio
of r,,=1.23 and the medium configuration was coarsened
again into the coarse configuration by multiplying by the
refinement ratio r,,=1.24, following to Ravenna et al.
(2022). It should be noted that the remaining simulations
in this paper used the fine configuration.

Once three solutions are obtained, the difference between
medium-fine and coarse-medium can be obtained using
Equation (26) and Equation (27), where S, S,, and S, are
the solution for fine, medium, and coarse configurations,
respectively. Then, the convergence ratio, R, can be calcu-
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lated using Equation (28). The value of convergence ratio
categorizes the behaviour of the simulation with refinement
into three types, monotonic convergence (0 <R < 1), oscil-
latory convergence (— 1 <R <0), and divergence (|R| > 1).
The order of accuracy, p, then can be calculated using
Equation (29) iteratively, where r,, and r,, represent the
medium-fine and coarse-medium refinement ratios, respec-
tively. Finally, the GCI can be estimated based on Celik
et al. (2008) by using Equation (30).

&y =8, =8, (26)
€, =8, -8, (27)
€
R =21 28
3 %)
p= In| 2|+ ¢(p)
Inry, €1

where
q(p) = ln((rgl -s)/(rf, = s)), ands = sgn(e32/£21) (29)

SI_SZ

GCI = 1.25‘ /(s - 1) (30)

5.1.2 Error comparison

A study was carried out by comparing the CFD results
of fine configuration with the experimental results. The
results of CFD simulation on the parametric roll of 2.3 m
KCS model were compared with the experimental results
from Yu et al. (2018; 2019). A different wall treatment was
used to investigate the viscous effect’s influence on the
amplitude of roll during parametric roll motions. Two y*
values were used, y* =30-100 and y* < 1. A varying number
of prism layers, including both single layer and 12 prism
layers, were implemented around the hull to obtain the dif-
ferent y* values. The fine mesh configurations for two dif-
ferent total number of layers are shown in Figure 8.

The obtained values of averaged y* for the wetted surface
area of the hull are presented in Figure 9. The single layer
configuration resulted in a range of y* values between 4055,
while the 12-layer configuration produced values of y* less
than 1. To make it clearer, the distribution of y* in every cell
on the wetted surface cell is also presented. As previously
stated, selecting different y* values can affect the wall
function implemented for turbulence resolution. Specifically,
when y" was between 30—100, the logarithmic law region
was employed to solve the boundary layer around the hull.
In contrast, a viscous sublayer region was used when y* was
less than 1.

Fast Fourier Transform (FFT), as described in Equation
(20), was used to transform the time series of roll ampli-

- 2
SoluFeR eSO A L 1\ T\

(c) Medium configuration —12 prism layers

| Solution

CLie Tl S E R L

(d) Coarée configuration —12 prism layers

Figure 8 Near wall prism layer for different configuration set-up

tude into the frequency domain. This method was also used
to quantify the amplitude of the roll. The time series results
of the roll amplitude obtained from the CFD simulation
are shown in Figure 10. Different y* configurations were
also compared to the experimental data from (Yu et al.,
2018; Yu, 2019). The comparison with the experimental
data is only based on the roll amplitude, as no time series
data is available for other modes of motion for this test
simulation. Then, the last three cycles from the present CFD
results were used to transform the time domain results into
the frequency domain using FFT because the amplitude
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Averaged y* for 12 prism layers tive to the y* value. Therefore, the y* <1 configuration was
5] R S ——— used for all fishing boat simulation in this study.
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Figure 10 Roll amplitude of 2.3 m KCS model under parametric roll

was steady.

The FFT results of different y* configurations are shown
in Figure 11 and were compared with experimental results.
The comparison results are shown in Table 8 which reveals
that viscous effects influence the roll amplitude. The steady
roll amplitude of y' <1 configuration is more accurate
compared to y* values between 30—100 with a difference
from the experimental result of only —3.66%. In contrast, a
significant difference from the experimental results is shown
for y'between 30-100, which is 16.33%. Based on these
results, it can be concluded that the parametric roll is sensi-
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each configuration and used in the GCI calculation. Figure 8
shows the result of the mesh near the hull surface. With
the same number of prism layers, the coarsening of the
mesh size resulted in an increase in the y* value, as demon-
strated in Figure 9. However, the y" value for the coarse
configuration remained below 1. The FFT result in the
period domain are presented in Figure 12. The roll ampli-
tude from the FFT analysis for all configurations is described
in Table 9 and was used in the verification study for GCI
calculation.

25 FFT results of roll amplitude
on
S 20
Q
3 15
§~ 10
<
= 5
~ . . . .
0 05 1.0 15 20 25 30 35 40
Period (s)
— y<l-fine — y*<l-medium — y*<I-coarse

Figure 12 FFT result in period domain for GCI analysis

Table 9 presents the results of the verification study,
which involved coarsening both the mesh and time step.
With s = 1, q( p) can be obtained after three iterations and
resulted in q( p)= —0.056 2. The GCI value obtained from
this study was 2.76%, which is considered small since it is
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Table 9 Verification results

Value

Total mesh = 13 305 894,
Time step = 0.005 000

Total mesh = 8 479 668;
Time step = 0.006 150

Total mesh =5 544 893;
Time step = 0.007 626

Parameter

Fine configuration, N,
Medium configuration, N,

Coarse configuration, N,

Refinement ratio, 7,, 1.23
Refinement ratio, r;, 1.24

Fine solution, S,(°) 23.769 8

Medium solution, S,(°) 23.120 6

Coarse solution, S,(°) 21.584 3
Medium-fine, €,,(°) -0.649 2
Coarse-medium, ¢,,(°) -1.536 3
Convergence ratio, R 0.422 6 (Monotonic, 0<R<1)
Order of accuracy, p 3.8893

GCI (%) 2.76

below the threshold of 5%. The numerical error was found
to be -3.66% when compared to the experimental results
as indicated in Table 8. Therefore, the verification and error
comparison studies demonstrated that the numerical error
was within acceptable limits. Consequently, the numerical
set up was used to perform a parametric simulation of a
small fishing boat in this study.

5.1.4 The viscous effect

This section presents a qualitative analysis of the CFD
results following the quantitative discussion in the previ-
ous section. Figure 13 displays the wave elevation contour
from different CFD configurations at the same physical time
(22.6 s) and scale (-0.062 3 m to 0.126 m). The impact of
different y* values on the fine configuration is evident from
the figure. Despite a higher roll amplitude for y* > 30, water
on the deck did not appear. Conversely, water on the deck
was observed when y to the plus less than 1 was used for
the medium and coarse configurations. The viscous effect

Fine (* > 30) Fine (" < 1)

near the hull surface, particularly on the deck, was promi-
nently noticeable between different y* values.

Figure 14 illustrates the velocity magnitude of each con-
figuration at the same physical time (22.6 s) and the same
scale, ranging from 0 m/s to 0.5 m/s. It is evident that the
total number of near-wall layers significantly impacts the
velocity magnitude close to the hull. Specifically, for y* <1
with 12 layers, the velocity is smoothly captured, particu-
larly near the bilge area. On the other hand, the thickness
of the colour layer around the hull for y*> 30 (single prism
layer) is greater, dominated by a single value, and the deg-
radation of velocity cannot be accurately captured despite
using a logarithmic law region in that single near-wall layer.

When 12 prism layers were applied, the low velocity area
near the no-slip boundary condition of the hull thins and
exhibited a greater variation in velocity values. This means
the different velocities around the hull can be captured well.
The low y* approach yields a better agreement with the
experimental results, as shown in Table 8. Therefore, it is
important to maintain y* <1 to produce the good result in
the CFD simulation. To do this, Equation (16)—(19) can be
used to determine the desired y'. As explained earlier in
Figure 2 (flow chart) in this study, this fine configuration
was applied to other CFD simulations which are roll decay
simulations to determine the ratio of linear roll damping
and direct CFD simulations of small fishing boat on para-
metric roll.

5.2 Susceptibility assessment results

5.2.1 Roll damping results

Figure 15 shows the result of roll decay simulations in
each load case. The linear roll damping ratio ( B/B, ), which
is the ratio of roll damping to critical roll damping, was
determined from the roll amplitude decrement. This can be
described in the exponential equation (e '), which is sim-
ilar to i in Equation (6). The term of x in Equation (6) con-
sists of {w,, where { is the ratio between the linear roll
damping and critical roll damping ( B/B,) and w, is natural
roll frequency in rad/s. Once x is determined from the regres-

Melum (% < 1) Carse (y* 1)

Position[Z] (m)
-0.0623 0.0317 0.126
B |

Figure 13 Wave elevation contour for different configuration. In all cases, the solution time is equal to 22.6 s
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Fine (y* > 30) Fine (' < 1)

Figure 14 CFD results of velocity magnitude for different configuration
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(€) for all load cases
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Medium (" < 1)

Coarse ("< 1)

sion, which is shown in Figure 15, the ratio of linear roll
damping, ' can be determined by dividing x by w,,.

The present study provides the linear roll damping ratio
results in Table 10. To benchmark the numerical results,
these values were compared with those obtained from the
Ikeda’s method, which is an empirical method provided in
the ShipX software. As seen in Table 10, the comparison
between the CFD and the Ikeda’s method results shows a
sufficient similarity, considering the approximate nature of
the Ikeda’s method.

The ratio of roll damping, ¢ from ShipX, was calculated
using the critical roll damping, B, which is defined as B, =
21, +(1.,),)f, (kg:m/s), where [ _is the moment of iner-
tia of roll and (/,, ), is added moment of inertia of roll, and
£, 1s the natural roll frequency (1/s). Both moment of inertia
values as well as the roll damping, B are taken from ShipX.
As shown in Table 10, irrespective of the vertical load
position, the roll damping, B, increased with displacement
(LC1, LC2-LC3, and LC4-LCS).

However, the values of the linear roll damping ratio, ¢,
varied for each load case, indicating that the vertical load
position impacted the critical damping, B,. As shown in
Table 10, the moment of inertia of roll, /,, differed in each
load case, while the added moment of inertia, (7, ), was
the same for the same displacement. This implies that the
ratio of the linear roll damping, {, was affected by the dif-
ferent loading conditions, with the vertical load position
playing a crucial role in this change. Unlike B and (/,,),,
which are only influenced by displacement, the vertical
loading position influenced the roll radius of gyration, k_,
resulting in varying values of the moment of inertia of roll,
1., even when the displacement was the same.

The ratio of roll damping value obtained from the CFD
simulation was used to assess the susceptibility criteria of
parametric roll according to ABS’ rules (2019). If the ratio
is unknown, the ABS guidelines recommend using the fol-
lowing range of roll damping ratios: u = 0.03, 0.05, 0.075,
0.10. However, the values obtained from the roll decay
CFD simulation in this paper were found to be better than
using the range of u recommended by ABS. The accuracy
in determining this coefficient is important for assessing
the susceptibility criteria, especially in criterion 2 (Eq. 10),
where the effective roll damping is evaluated to determine
whether it exceeds the threshold.
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Table 10 Comparison of the linear roll damping between the CFD and Tkeda’s method

ShipX calculation (Tkeda’s method)

Roll damping ratio calculation

CFD linear roll damping ratio

Load . N
5 R s R u Difference (%)

case  Ixx (kg'm®) Inx,, (kg'm’) B (kg:m'/s) fi(l/s) Bc(kg:m’/s) ((B/Bc) (Figure 15) wn (rad/s) ¢ (wWwn)

1 637.00 337.00 692.28 4.93 9 608.12 0.07 0.163 3.14 0.05 -27.8

2 1 160.00 441.00 1 064.80 4.93 15793.23 0.07 0.253 3.14 0.08 20.1

3 509.00 441.00 1 067.30 6.17 11 729.14 0.09 0.433 3.93 0.11 20.9

4 2130.00 456.00 1241.10 2.26 11 698.79 0.11 0.056 1.44 0.04 -63.2

5 675.00 456.00 1243.40 6.28 14 212.57 0.09 0.289 4.00 0.07 -17.7

5.2.2 Susceptibility criteria assessment results

Table 11 shows the results of the susceptibility criteria
analysis for the vessel. Criterion 1 is satisfied for all load
cases, as shown in Figure 16, indicating that the vessel has
the potential to experience parametric roll. However, the
vessel’s behaviour depends on the effective damping, as
shown in Criterion 2. If the effective damping is lower than
the damping threshold (Equation (10) is satisfied), then
parametric roll is expected to occur.

Table 11  The results of the Susceptibility Criteria

Criterion 1 Criterion 2

Load - -
Effective Damping

case
p 1 Eq.9 damping threshold Eq. 10
1 0249 0.078 Satisfied 0.025 0.079 Satisfied
2 0248 0.051 Satisfied 0.049 0.052 Satisfied
3 0.247 0.028 Satisfied 0.061 0.028  Not satisfied
4 0249 0.063 Satisfied 0.017 0.064 Satisfied
5 0.249 0.015 Satisfied 0.037 0.015  Not satisfied
0.08 -
0.06 +
o
0.04 +
0.02 +
0 L " n N
020 022 024 026 028 030
p
olCl +LC2 mLC3 «LC4 xLC5

Figure 16 Result of criteria 1 of susceptibility criteria

Referring to the Susceptibility Criteria in Table 11, load
cases 3 and 5 have a higher effective damping roll than the
damping threshold, which means that the parametric roll is
not expected to occur in these load cases. Other load cases
(LC1, LC2, ands LC4) are predicted to experience para-
metric roll because Criterion 2 was satisfied. In these con-
ditions the damping roll in each load case is lower than
that damping threshold. Because the roll damping is below

the threshold, the roll damping is not high enough to reduce
the roll motions significantly caused by the periodic varia-
tion of the restoring roll moment.

The prediction of PR occurrence in the early stage has
been carried out by using two different methods. First, level
1 assessment of PR from Second Generation of Intact Sta-
bility IMO and second, the Susceptibility Criteria of Para-
metric Roll from ABS. Both assessment methods give the
same results, whereas LC3 and LC5 do not result in para-
metric roll. Nevertheless, the amplitude of parametric roll
of suspected load case is still to be confirmed by carrying
out the CFD simulations. The following sub-section will
discuss the results of direct CFD simulation of PR for the
small fishing vessel.

5.3 CFD results of PR simulation of fishing boats

5.3.1 Results of averaged y*

Figure 17 shows the results of averaged y* on the wetted
surface area for all load cases. As can be seen in the figure
that all averaged y" are below 1. The determination of the
total number of layers from Equation (19) was successful
in achieving the targeted y" value (v, =0.7) which was
also used when studying the KCS hull performance. This
is used as an indication that the velocity gradient near the
wall is captured.

~ 10

z
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Figure 17 The results of averaged y* for different load cases

The determination of the total number of layers for all
load cases (except LC4) used the highest speed only (speed

@_ Springer
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for LC3) and resulted in 17 layers. Then, with the same total
number of layers, the averaged y* in each load case are
varying because the different speeds result in different y".
The lower speeds resulted in the lower averaged y'. Never-
theless, the average values are always y" < 1.

5.3.2 Parametric roll amplitude

Figure 18 presents the outcomes of CFD modelling for
the various load cases (LC1 to LC5) under a presumed state
of parametric roll. To hasten the occurrence of the roll phe-
nomenon, the vessel was initially inclined at 15° and sailed
under specific wave and velocity conditions as detailed in
Table 4. It should be noted that the initial roll angle did not
impact the obtained parametric roll amplitude results, as
reported by (Liu et al., 2021).

20

—LC1—LC2 — LC3 —LGC5

Roll motion (deg)

0 2 4 6 8 10 12 14 16 18 20
20
—1c4

Roll motion (deg)
=)

30 40 50 60 70 80
Time (s)

0 10 20
Figure 18 Results of roll amplitude on different loading condition

It is evident that LC3 and LC5 did not undergo paramet-
ric roll, as evidenced by the level 1 SGIS results in Table 5
and the susceptibility criteria presented in Table 11. The roll
amplitude in these cases decreased rapidly and dissipated
after 10 s of physical time. By contrast, for LC2 and LC4,
parametric roll persisted with a small amplitude. Initially,
after the boat was tilted 15°, there was some parametric roll
with higher amplitude than in the previous cycles. However,
once the roll amplitude became steady, LC2 did not exhibit
parametric roll, while LC4 did. The highest roll amplitude
was observed in LC1. After the boat was released, the roll
amplitude of LC1 decreased very slowly, indicating that
the roll amplitude did not differ significantly from the initial
values.

Figure 19 shows the contour of wave elevation based on
CFD simulations. It can be seen that the produced wave
from inlet boundary was created well. Also, close to the
left and the right-side extents of the computational domain
and the outlet boundaries, it can be seen that there are no
reflection waves that can disturb the boat response. These
conditions are caused by implementing the forcing method
close to those boundaries as mentioned in subsection 4.5.6.

FFT analysis was used to define the roll amplitude for
each load case. It should be noted that the last three cycles
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Figure 19 The wave elevation results from CFD simulation

from the roll amplitude were used to transform the time
domain into the frequency domain. Following this sub-
section, the last three cycles of other degrees of freedom,
such as pitch and heave were also used to quantify the per-
formance of the vessel. The results of these analyses were
compared to the roll motion to investigate the impact of
parametric roll on other aspects of the vessel’s behaviour.

5.3.3 Roll, pitch, and heave motions
The present study utilised a coordinate system described



M. Igbal et al.: Unsteady RANS CFD Simulation on the Parametric Roll of Small Fishing Boat under Different Loading Conditions 345

in section 4.5.4, where the X-direction coincides with the
length of the boat. A positive X-direction represents the
direction towards the bow. With regards to rotational motion,
the positive value is equivalent to a clockwise direction. For
X-direction rotational motion (roll motion), a positive value
indicates that the boat is rolling towards the starboard side.
Conversely, in the case of pitch motion, a positive Y-direc-
tion represents the direction towards the port side, and a
negative Y-direction represents the starboard side. Thus,
when the boat rotates in a positive Y-direction, it will pitch
downwards from the bow.

The results of the FFT analysis of roll, pitch, and heave
amplitude are shown in Table 12. Referring to Equation
(20), the FFT results consist of ¢, and ¢,, which are the
average (mean) and the amplitude. Based on the results, it
can be inferred that the largest parametric roll amplitude
occurs in LC1, which is 12.755 6°. The second one is LC4
which has a roll amplitude of 1.837 6°. The other load cases
are considered to have no parametric roll, as their roll
amplitude is close to 0°.

In general, among the five load cases, only LC1 can be
considered dangerous due to the occurrence of parametric
roll. Table 4 indicates that all load cases are simulated with
similar relative wave conditions, and that the speeds for
LCI1, LC3, and LC5 are also similar at around 2 m/s.
Despite these similarities, there are differences in the roll
motion response among these load cases. Specifically, LC1
shows a considerable roll amplitude, while LC3 and LC5
do not. This implies that the different loading conditions
are sensitive to the parametric roll behaviour.

Based on Table 12, there is no correlation between the
amplitude of roll to the pitch motion. The highest roll
amplitude (LC1) has the lowest pitch motion amplitude
(1.94°), while LC4 results in a pitch angle of 5.04°. This
shows no correlation between roll and pitch motion ampli-
tudes when the boat moves in head waves. The roll-heave
correlation is similar to the roll-pitch correlation. It can also
be seen in Table 12 that the order from the highest to the
lowest for heave motions is the same as for pitch motions.
LC4, which results in the highest heave motions, also results
in the highest pitch motions and so for the lowest heave
and pitch that were occurred on LC3.

The correlations between roll, and pitch/heave motions
during parametric roll phenomenon can be explained by

Table 12 FFT results of roll, pitch, and heave motions

examining the cycles of each mode of motion. Specifically,
pitch and heave motions complete two cycles for each roll
cycle. The total number of cycles roll, and pitch/heave can
then be used to establish their relationship. Figure 20 shows
that parametric roll occurs when the total cycle of pitch/
heave is approximately twice that of roll.

Figure 20 illustrates a comparison between the motion
of roll-pitch and roll-heave for LC1 to LC5. The graph
presents a vertical line for the load cases, such as LC3,
LCS, and LC2, where the boat did not experience parametric
roll. In contrast, for LC1 and LC4, which experienced the
parametric roll, it can be observed that pitch and heave
underwent two cycles during one cycle of roll motion. This
is a typical feature of parametric roll, where the encounter
wave period is twice as roll natural period. Heave and
pitch have the same period as the encounter waves in head
waves.

Examining Figure 20 for LC1, it can be seen that with
the same roll angle, there are two different displacement
values for both heave and pitch, but this does not mean
that the boat experienced two different heave and pitch dis-
placements simultaneously. It should be noted that Figure 20
only compares the displacement behaviour between roll-
pitch and roll-heave and the figure is not time-dependent.
This can be explained well in Figure 21 when the time series
of roll-pitch and roll-heave of LC1 are shown.

Based on Figure 21, it is clearly shown that with the
same roll angle (5°), the displacement of heave and pitch
are different because there is a different physical time in
the same roll angle (5°). Each physical time has a different
displacement for both heave and pitch.

Figure 22 shows the phase portrait of the roll, pitch, and
heave motion between LC1 and the KCS model, which
serves as the verification study. Both conditions demonstrate
the parametric roll phenomenon, with two cycles of pitch
and heave in each cycle of the roll. The heave motion of
LC1 and KCS model attain their highest and lowest values
at half and maximum roll. For example, LC 1’s highest and
lowest heave occurred at a roll of around 6° and 12°, respec-
tively. In comparison, the KCS model’s highest and lowest
heave occurred at a roll of approximately 12° and 24°,
respectively. However, the pattern for the pitch motion is
different. The KCS model follows the same pattern as the
heave motion for the maximum and minimum pitch. In con-

Roll (°) Pitch (°) Heave (m)
Load case

Mean Amplitude Mean Amplitude Mean Amplitude
1 -0.116 44 12.755 6 -3.053 6 1.9458 -0.017 479 0.029 679
2 0.152 17 0.775 6 -1.501 8 2.996 8 -0.007 56 0.038 771
3 -0.094 458 0.031 794 -2.6677 1.156 9 -0.038 993 0.014 939
4 -0.022 276 1.8376 -0.982 83 5.039 5 -0.009 716 5 0.056 559
5 -0.063 592 0.024 213 -0.701 97 1.2305 -0.021 113 0.018 813
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Figure 20 Roll, pitch, and heave displacement of all load cases

trast, the fishing boat exhibits a distinct minimum pitch
pattern, which appears at a roll of less than about 6°.

5.4 The influence of loading condition

Changes in the loading condition of a fishing vessel often
occur during operation. As discussed in the background
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section, various factors can affect parametric rolling, includ-
ing GM Ratio and flare shape. The subsequent subsection
investigates the extent to which changes in loading condi-
tion impact GM Ratio and flare shape, ultimately affecting
seakeeping and parametric rolling behaviour.

5.4.1 Flare distribution

The GM Ratio is also influenced by the stern shape and
the flare of stern and bow, as stated by Neves et al. (1999)
and France et al (2003). Different loading conditions applied
to a certain ship will result in a change in the draught of the
boat. Thus, the submerged hull shape also changes signifi-
cantly, especially for the V-shape hull, which is mostly com-
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mon in fishing boats. This condition makes a different lon-
gitudinal distribution of half breadth (Y) and flare (dY/dZ)
at the water line, as shown in Figure 23.
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Figure 23  Longitudinal distribution of breadth and flare for
different load case

Figure 23 describes the longitudinal distribution of the
half breadth and flare at the water line for LC1 and LCS5.
LC1 is the lightest weight and has the highest parametric
roll amplitude. Conversely, LCS is the heaviest and has no
parametric roll. Based on the figure, the half breadth distri-
bution for both load cases is entirely different. Moreover,
the V-shaped of hull form results in a significant change in
flare distribution because of the low draught due to low
displacement. As can be seen from Figure 23, the longitu-
dinal position of LC1 is characterised by a flare (dY/dZ) of
more than 1. Unlike LC5, which only has a flare of more
than 1 at X/L,, 0.6-0.85.

As stated by Neves et al. (1999), the significant differ-
ence in the longitudinal distribution of flare influences the
parametric roll amplitude. Furthermore, France et al. (2003)
clarified this influence by comparing the flare angle from
one station in the bow started from 0° to 40°. The value of
0° which means when there is no flare curve there is no
PR, while the flare angle of 40° results in the highest PR
amplitude. The results clearly explain that the hull shape
above the water line significantly influences the PR. When
the vessel is pitching and heaving, the high flare angle
changes the buoyancy compared to the straight case which
results in a GM variation.

5.4.2 GM Ratio

Figure 24 depicts the influence of displacement change
on the KM value. The lowest displacement corresponds to
LC1, which indicates 0% fish tank capacity. Subsequently,
the displacement increases to 50% fish tank capacity for

LC2 and LC3, and full load condition for LC4 and LCS5.
The graph illustrates a decreasing trend of KM with increas-
ing displacement. LC1 exhibits a GM/KM ratio of more
than 0.4, while LC2 and LC3 are approximately 0.4 and 0.6,
respectively. LC4 and LC5 show a GM/KM ratio of less
than 0.2 and 0.6, respectively.
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Figure 24 KM and GM change of small fishing boat regarding the
displacement

Based on Figure 24, it can be seen that the actual GM
between LC1, LC3, and LCS5 are relatively similar, but
they are characterised by a different GM/KM ratio. The
higher displacement cases have the higher GM/KM ratios.
Following this, the GM Ratio (AGM/GM_,,,.), which is
known as level 1 assessment of PR, was calculated from the
combination of GM/KM ratios and displacement change
(relative to the maximum displacement) to observe the
influence of the loading conditions. The impact of changes
in both the vertical loading position (GM/KM ratio) and
displacement on GM Ratio is illustrated in Figure 25.
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Figure 25 The influence of different loading conditions through
the GM Ratio

Figure 25 illustrates the impact of different loading con-
ditions on GM Ratio in head waves with a wavelength of
A=5.0 m and a wave height of # = 0.3 m. GM Ratio is a
Level 1 assessment of parametric roll in the Second Gener-
ation of Intact Stability (SGIS) as described in Equation
(2). The ratio of displacement to the maximum displacement
represents the change in displacement, and the GM/KM
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ratio represents the change in vertical loading condition.
The GM Ratio threshold (Rpr) for the ship without a bilge
keel is 0.17. The figure also shows the GM Ratios for all
load cases, which are taken from Table 5.

The trend in Figure 24 shows that at the same GM/KM
ratio, the lowest displacement has the highest GM Ratio.
On the other hand, observing each displacement, the lower
GM/KM ratio, the higher GM Ratio. Referring to Table 2
(loading condition) and Figure 23 (KM and GM), the GM
for LC1 and LC5 are quite similar (0.763 m and 0.657 m),
but both GM Ratio results are different, as both GM/KM
ratios are different. This indicates that the GM/KM ratio is
more essential than the actual GM. The KM for each load
case should be considered as well in a parametric roll.

5.4.3 Relationship between GM ratio to the amplitude of
roll, pitch and heave

When the GM Ratio is linked to the parametric roll
amplitude, it may be concluded that a higher the GM Ratio
is associated with a greater roll amplitude, as depicted in
Figure 26. The aforementioned figure indicates that the roll
amplitude commences to escalate when the GM Ratio sur-
passes the threshold of 0.17, which is attributed to LC2,
LC4, and LC1. This discovery aligns with SGIS’s evalua-
tion of parametric roll, which necessitates identifying the
roll motion amplitude in the event of level 1 failure (i.e.,
GM Ratio exceeding the threshold) and proceeding to level
2 or direct stability analysis.

GM ratio vs roll amplitude
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Figure 26 The relationship of GM Ratio to the parametric roll
amplitude

The present investigation examines not only LC3 and
LC5, which passed level 1 SGIS assessment for Paramet-
ric Roll, but also other load cases that failed, by utilizing
fully nonlinear URANS CFD simulation to assess their
parametric roll amplitudes. Of all the load cases consid-
ered, LC1, which has the lowest weight, poses the greatest
danger to fishing boats due to its elevated parametric roll
amplitude. As displacement and GM/KM ratio increase,
the GM Ratio decreases, leading to a reduction in parametric
roll amplitude. Regardless of the boat’s speed or wave direc-
tion, the operator should not run the vessel with an empty
load and should lower the vertical load’s position to pre-

@ Springer

vent parametric roll from occurring during operation.

In our previous study (Igbal et al., 2023), the heave,
pitch, and roll motions of the same fishing vessel modelled
herein were predicted by using the linear strip theory.
Based on our findings, both vertical load position and dis-
placement change the roll motions. The roll natural fre-
quency as well as roll damping are changed when the dis-
placement and GM are altered. On the other hand, pitch
and heave motions were not influenced by the vertical
loading condition, which only changed when the displace-
ment was varied. Based on this, the influence of GM Ratio
on the pitch and roll amplitude can be observed with the
same displacement.

Figure 27 shows the correlation between GM Ratios and
the pitch and heave amplitudes. The figure elucidates why
there exists a discrepancy between the amplitude of roll
and pitch and heave, as discussed in Section 5.3. A higher
roll amplitude does not necessarily entail that pitch and
heave amplitudes are also high. In fact, with the same
displacement, variations in GM play a significant role in
increasing pitch and heave amplitudes.
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Figure 27 The relationship between GM Ratio and pitch and heave
amplitudes

The red line in Figure 27 is the full load displacement,
consisting of LC4 and LCS5. As the GM Ratio increases,
the amplitude of pitch increases from 1.23° to 5.03°. This
change was replicated in LC 2 and LC3, where the fish
tank capacity was 50% full. It can be seen that the pitch
amplitudes increased from 1.15° to 2.99° in these cases.
As there is no vertical loading position change in LC1, it is
not possible to observe the influence of GM Ratio on the
pitch and heave amplitudes. However, based on two differ-
ent displacements, both amplitudes will increase if the GM
increases. All trends observed for pitch were similar in the
case of heave.
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The above findings show that the parametric roll ampli-
tudes do not influence the pitch and heave amplitudes. The
GM Ratio, which is the level 1 assessment of SGIS form
IMO, is the only one that affects the amplitude of roll,
pitch, and heave. In this paper, the GM Ratio was deter-
mined from different loading conditions, which are the ver-
tical load position (GM/KM) and displacement (A/Amax).
Both of these parameters change the amplitudes of para-
metric roll. On the other hand, the influence of GM Ratio
on the amplitudes of pitch and roll can be observed with
the same displacement. This means, the GM Ratios that
change the amplitudes of pitch and heave motions are
based on vertical load position only.

The level 1 assessment of SGIS from IMO is a reliable
tool to detect the parametric roll in the early design stages.
Through the utilisation of fully nonlinear Computational
Fluid Dynamics (CFD) simulation, this current study eluci-
dated how the pitch and heave amplitudes are influenced
by the independent increase of GM Ratio, regardless of the
roll amplitude. This research imparts vital information to
the ship operator, specifically, the significance of maintain-
ing the GM Ratio below the predetermined threshold, set
at 0.17. To meet this criterion, the placement of the fish
tank should be as low as possible to ensure a high GM/KM,
and the vessel should be laden as heavily as possible by
avoiding an empty fish tank.

6 Conclusions

Parametric roll simulations for the KCS model and a
small fishing boat were carried out using a commercially
available URANS solver. The result from fine configura-
tion of mesh and time step was 3.66% lower compared to
the available experimental test. The Grid Convergence Index
showed an acceptable level of discretisation uncertainty of
2.76%. It was demonstrated that keeping the y+ value below
unity is important to ensure the effect of viscous damping
on the amplitudes of parametric roll is modelled accurately.
The results showed that the fine configuration with the high
»" (30—100) resulted in high roll amplitudes, overestimating
the experimental results taken from the open literature by
16.33%.

Two assessments to detect the parametric roll occurrences
in early design stages were carried out by using the level
1 assessment of Parametric roll on Second Generation of
Intact Stability from IMO and the Susceptibility criteria of
Parametric roll from ABS. Both returned the same results,
where LC1, LC2, and LC 4 are predicted to exhibit para-
metric roll. The susceptibility criteria from ABS were also
used to determine the design wave and vessel speed that
was suspected to trigger parametric roll, which is useful in
reducing the total number of CFD simulations.

Level 1 assessment is based on GM Ratios, while the
susceptibility criteria is based on the frequency condition

and the ratio of linear roll damping ( B/B..). With the damp-
ing threshold, the last criterion from ABS revealed that if
the effective roll damping was sufficient the parametric roll
motions were going to be very low. However, the accurate
prediction of roll damping is necessary. To achieve this,
the low speed CFD roll decay simulations in head waves
were carried out.

Linear roll damping ratios obtained from CFD simulations
were compared with those obtained from Ikeda’s method
using the ShipX software. It was revealed that the displace-
ment of the vessel influenced the roll damping coefficient
and added roll moment of inertia. Meanwhile, the displace-
ment and vertical load position influenced the roll moment
of inertia. All of these change the linear roll damping ratio.
Even though the prediction of PR occurrence in the early
stage has been carried out using two different methods, the
amplitude of parametric roll of suspected load case still
needs to be confirmed through the CFD simulations.

Based on the CFD simulations, LC1, surprisingly was
the load case that had the highest parametric roll amplitude
(12.76°) followed by LC4 (1.84°) and LC2 (0.78°). Mean-
while, LC3 and LCS5, as predicted, did not result in para-
metric roll. It was also revealed that the parametric roll
amplitude did not directly influence the amplitude of pitch
and heave motions. A higher parametric roll amplitude does
not indicate high pitch and heave amplitudes. The changes
in loading conditions during operation also changed the
longitudinal distribution of flare shape at the water line.
The flare shape contributed to the occurrence of parametric
roll, as it can significantly change the buoyancy as well as
the GM when the boat is pitching and heaving in waves.

The GM Ratio (level 1 assessment of PR on SGIS from
IMO) had a crucial role in changing the amplitudes of
parametric roll, pitch, and heave. The roll amplitudes were
increased when the GM Ratio caused by vertical load posi-
tion (GM/KM) and displacement (A/Amax) increased. With
the same displacement, the amplitude of pitch and heave
motions will also increase when the GM Ratio increased
due to the change of vertical load position (GM/KM).

This research gives the information to the ship operator
that it is important to keep the GM Ratio of the boat below
the threshold, which is, in this case 0.17, to avoid the para-
metric roll occurrence and increase in pitch and heave
motions during its operation. This can be achieved by plac-
ing the fish as low as possible (making the GM/KM high)
and keeping the boat as heavy as possible (making the dis-
placement high) by not keeping the fish tank empty.

Future work should focus on minimising power require-
ments while considering the boat’s loading condition, as
larger displacements can be used to avoid parametric roll
occurrence. Still, it may result in higher resistance in calm
water and waves. Additionally, as the boat operates at high
Froude numbers, it may enter the displacement and semi-
planning modes of motion.
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