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ABSTRACT

Improving a ship’s stern part could help to reduce greenhouse gases and costs. However, a ship
sailing in actual conditions experiences disturbances that can affect its performance. Ship
performance is an important aspect of the design process that guarantees ship safety. The heave
and pitch motions of an improved fishing boat were predicted numerically by using a hybrid
scheme of Eulerian grid-Lagrangian particle, hereinafter improving its stern part and attaching an
additional part. The stern part improvement and additional structure attachment affected an
increase on the heave amplitude from the ship’s basic form by 5% to 10%. Moreover, the
improvement of the stern part in the bottom area contributed to a better heave amplitude than that
of the side area. Finally, the pitch amplitude for all forms was relatively small and affected an
increase of 5% to 9%, dependent on the form. The improvement had a greater effect on heave
motion than pitch

Keywords: Additional structure attachment; Heave motion; Hybrid particle-grid scheme; Pitch
motion; Stern part improvement

1. INTRODUCTION

Energy efficiency has drawn global attention to the decarbonizing of economies, the securing of
energy supplies, and the increasing of productivity. This attention has involved the marine
engineering field as well. To reduce ships’ greenhouse gas emissions, the International Maritime
Organization (IMO) has urged the Marine Environment Protection Committee (MEPC) to
identify and develop mechanisms to achieve such a reduction (IMO, 2010). To this end, the
MEPC has introduced regulations focused on the limitation of CO> production of newly built
ships (MEPC, 2011). Optimization of the hull form and appendages are necessary to match these
targets, which were both elaborated on by Legovic & Dejhalla (2016). This means that a ship’s
geometry should be optimized appropriately due to its significant relation to ship performance
and energy efficiency.

The resistance reduction improvements on the bow part of a fishing boat have been carried out
by multiple researchers, such as Miyata et al. (1981), Miyata and Doi (1984), Suzuki et al. (1992),
Kawashima et al. (2003) and Masuya (2007). However, few have been concerned with
improvement on stern end bulb of Japanese fishing boats. Kim and Yang (2013), along with
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Gabor (2011), have recently conducted numerical works related to stern part improvement to
reduce drag, and Supriadi et al. (2015) applied a replication of micro-riblets to a ship’s hull for
drag reduction. That being said, the styles of fishing boats are known to vary as widely as fishing
techniques.

Mutsuda et al. (2013) studied the numerical resistance reduction of fishing boats by improving
the stern part. In this study, the improvement of the body line and the addition of a structure at
the stern part was examined to reduce drag resistance. All of the cases proposed in this study
could reduce water resistance with the maximum reduction rate of around 15 to 20% when
compared with the ship’s basic form (original case). In addition, Suastika et al. (2017) studied
the effects of a stern foil application on ship resistance by using a numerical method and
comparing experimental results. Based on the results, applying a stern part foil to decrease ship
resistance obtained an effect at high speed (Fr > 0.5), decreasing ship resistance up to 10.0%.
By contrast, properly designed bulbous bows have been proven to reduce resistance by 15% to
40%, depending on the steaming speed, overall hull proportions, etc. (Friis et al., 2010; Friis et
al.,2017).

Shenglong et al. (2018) optimized the hull form of a ship in waves, based on a CFD technique,
but, the motions of pitch and heave were not computed and only the ship motion was facilitated
by the CFD technique. Kim et al. (2010) also optimized a hull form for reduced resistance and
improved seakeeping via practical design-oriented CFD tools. In this paper, resistance reduction
is clearly explained and obtained. However, the evaluation of seakeeping using the Bales’
Ranking method could only quantify one wave condition (Kim et al., 2010). The improvement
of ship form, such as that of fishing boats, must also contribute to good performance in a seaway,
forcing designers to improve ship performance, such as reducing ship response or motion.
Therefore, we continue the study (Mutsuda et al., 2013) by focusing on the motions of fishing
boats as result of stern part improvement using a hybrid scheme or hybrid Eulerian grid with
Lagrangian particle scheme. The improvement of the stern part in the bottom area enhances the
heave amplitude while the pitch amplitude for all forms is relatively small and increases by 5%
to 9%, depending on the form. Some snapshots caused by nonlinear interactions between ship-
wave could be captured clearly.

2. METHODS

2.1. Overview of Hybrid Scheme

In a previous work (Baso et al., 2011b), a Eulerian scheme with Lagrangian particles was
developed. Figure 1 shows an illustration of just such a Eulerian scheme with Lagrangian
particles for computing a multiphase flow. This method possesses hybrid techniques, coupling
a grid-based method (based on the constrained interpolation profile method) with particle-based
method (based on the smoothed particle hydrodynamics (SPH) method). The SPH method could
conserve mass and compute pressure from the weighted contributions of neighboring particles,
allowing the direct creation of a free surface for two-phase interacting fluids. The constrained
interpolation profile method is associated with solving advection equations in the advection
phase, the first of the three stages in the time stepping procedure to solve nonlinear wave-body
interaction problems. Density function ¢ (i = 1: gas, i = 2: water, i = 3: solid) is defined on the
node of an Eulerian grid in all phases. The time evolution of the density function is advanced by

the advection equation of #. To compute an accurate interface between different phases, two

kinds of Lagrangian particles having the density function ¢, are employed on an Eulerian grid

in which physical values are defined on a staggered grid system. The time integration of free
surface particles is computed using the fourth Runge-Kutta method. These free surface particles
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and SPH particles can contribute to the correction of density function # numerical errors
coming from time integration on an Eulerian grid.
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Figure 1 lllustration of an Eulerian scheme with Lagrangian particles ( ¢; indicates the density
function and the Lagrangian particles are located on Eulerian grids)

2.2. Governing Equations

The governing equations (Equations 1-3) for the fluid phase consist of the mass conservation
equation, an incompressible Navier-Stokes equation, the equation of continuity, the density
function for i-phase and its advection equation. The equations computed by a grid-based method
are expressed as follows:
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where u; is the velocity, u is the coefficient of fluid viscosity, p is the fluid density, P is the
pressure, Fri is the fluid-structure interaction, gi is the acceleration due to gravity, zij is the

subgrid-scale (SGS) stress term, and @ is the density function. To reduce the model parameters,
the SGS stress term is solved by using the dynamic SGS model. It is also used to represent the
effect of unresolved small-scale fluid motions. A time-splitting technique is then employed for
the multiphase flow. More details are provided by Mutsuda et al. (2008). Meanwhile, the
governing equations for the solid phase are a continuity equation (Equation 4) and momentum
equation (Equation 5) computed by the SPH method as follows:
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where p is the density, u; is the velocity, P=-oy /3 is the position vector of vector j components,

od is the stress tensor of the solid phase, and F+s; is the fluid structure interaction term.
The pressure, with specified jump conditions, is solved by Poisson's equation (Equation 6) given

by
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(6)
where * denotes a physical value after the advection step. The pressure for the solid phase can
be obtained by this equation and applied when solving a solid deformation.

The fluid structure interaction Fs; is solved by acceleration obtained from the pressure on the
SPH particles interpolated using the pressure on the grids solved by Equation 6. In the model,
the fluid structure interaction Fsi (Equations 2 and 5) can be given by the following equation:

FfSI Y h) (7)

where my is the particle mass, W is the Kernel function, ra and r, are the particle positions, and
h is the radius of the referenced area where the interaction between particles can be considered.
A ship’s motion can be solved by using information obtained from SPH particles because a
ship’s hull consists of SPH particles capturing the motion and deformation of a ship. Therefore,
to avoid the gimbal lock phenomenon, the three-dimensional (3D) motion of a ship hull is
represented by describing the translation and rotation of a ship hull’s center of gravity by using
the quaternion given by the following equations:

%X F
at;k = n‘:k —Fy (8)
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where 6, is the rotational angle, w.is the angular velocity, Ti is the torque, | is the inertia
moment, and F+s; is the fluid structure interaction. In addition, the center of gravity of a ship hull
can be obtained by solving the inertia moment of SPH particles, which is calculated by using
Baraff theory (1997). Based on this theory, the equations for 3D motion are given by

1 on
fo =y 2o (1)
=L @2

where N is the coordinate of the center of gravity of the rigid body, rg is the position of the
gravity center, | is the inertia moment, r; is the position of the SPH particle i, and m is the mass
of the particle.

The time integration of a ship’s position is defined as follows:
F=F"—r (13)
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rir: rgr + R—l(rik _ rgk+1) (16)

where R is inverse of the rotation matrix.

Therefore, the coordinates of velocity of each SPH particle in every time step can be tracked by
using the rotation matrix and the amount of the angle rotation of the center of gravity.

3. VALIDATION

The developed numerical method of Eulerian grid-Lagrangian particle (Baso et al., 2011b;
Mutsuda et al., 2013) had been validated previously with several cases, particularly regarding
fishing boat and tanker motions in a nonlinear wave. The validations possess good agreement
between numerical and computation results. In this section, the validation results have been
explained for the tanker case. The tanker speed was set to 0.875 m/sec or the Fr number (0.1385)
initially. The dimensions of the tanker model for the experimental work were 4.0m length (Lpp),
0.645 m width (B), and 0.258 m draft (d) (Baso et al., 2011b). The incident wave height was set
to Hw/Lpp = 0.02 and the wave length was ranged from A/Lp, = 0.25 to 1.25.

Figure 2 shows a comparison of the transfer functions of the heave and pitch motions between
numerical, experimental, and strip theory results. Based on Figure 2, the computation of heave
motion is consistent overall with the experimental result, but the computational result is
relatively higher and overestimated in range 1.1 to 1.8. The overall comparison errors
between the computational and experimental results for heaving motions are shown to be
relatively small, with large errors only in}/m 1.1 and 1.24. The averaged comparison error is
12%. Moreover, the comparison error between the computational and strip theory results for
heaving motions averages 15%. For pitching motion, the overall value difference between
computational and experimental results is significantly small and the averaged comparison error
is 9%. In addition, the comparison error between computational and strip theory results averages
12%.
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Figure 2 Transfer function of heave motions and pitch motions of the tanker

This can be interpreted as showing the heave motion increasing moderately with increasing wave
lengths, but the experimental and strip theory tendencies fluctuate. The computation of pitch
motion is very consistent with the experimental result as well.

4. RESULTS AND DISCUSSION

The larger low-pressure area, vortices flow and resultant forward water motion cause substantial
energy loss and inefficiency. These are some reasons to improve the stern part and attach an
additional structure on the stern part. Thus, the stern part improvements attempted to cause no
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significant change on the ship’s water line length, the quiet clearance for propeller installation,
and the transom immersion reduction.

The principal particulars of the fishing boat model run in the computations are given in Table 1
and the body line plan of the fishing boat is shown in Figure 3. The 3D basic form is provided
in Figure 4. The improved stern part is named Sternl and Stern2. Then, the additional structure
attachment are named Stern End Bulb 2 or SEB2, SEB2down, and SEB3. Sternl has a
trapezoidal shape on the rear main deck to the bottom vertically, whereas Stern2 has a shorter
immersed transom shape than the basic form, as shown in Figure 5. SEB2 has an additional
structure attached on the stern part with a width that is 89% of the ship’s breath (B). The structure
is located 65% of ship draft (d) vertically from baseline. SEB2down is located near corner of
transom shape about 39% d vertically from baseline. SEB3 is a combination of SEB1 and SEB2.
These are shown in Figure 6.

They were performed in a numerical water tank. The grid size was normalized by length between
perpendiculars (Lpp) of 0.0025~0.015Lp, and the radius of free surface particles was 0.00125
~0.005Lpp. Then, the radius of the SPH particle was 0.00125L,p. For wave conditions, the
incident wave height was set to Hw/Lpp = 0.06 and categorized as a high wave. The wave length
was ranged from A/Lpp = 0.5 to 2.0. Finally, the fishing boat speed was set to Fn = 0.384 initially.

Table 1 Principal particulars of the fishing boat model in the computational condition

Lpp (m) 1.5000
Lwl (m) 1.6492
B (m) 0.3066
L/B 4.8920
Ch 0.7155

s ik
E i
"
i
e
¢

HE

cueout:
L

Basic form

R
at A
i—‘,

Figure 3 The body lines of the fishing boat Figure 4 3D basic form
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Figure 5 The improved stern part of Sternl (left) and Stern2 (right)
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Figure 6 The additional structure attachment on stern parts SEB1, SEB2, SEB2down, and SEB3

Figure 7 Snapshots of the basic form’s motions in a heading wave
(Fr=0.384, 2/Lpp=1.2, Hu/Lp, = 0.06)

Figure 7 shows some snapshots of the basic form acting gently in a heading wave. The length of
the numerical wave tank was made longer to obtain several cycles of motion. From these
snapshots, the occurrence of some phenomena caused by the interaction between the ship and
the wave can be seen, such as water splashing near bow part and bow slamming.

Only the heave and pitch motions are considered, as the other motions are fixed. Figures 8 and
9 show the time history of the heave and pitch amplitudes, respectively. The amplitudes during
the time period are fairly stable. In interpreting the motions of the fishing boat, the heave and
pitch motions have been normalized. Non-dimensional heave is defined by H./Hw, and the pitch
is defined by 0/(HwK) where Hy and & are the respective heave and pitch motion amplitudes, Hw
is the incident wave height, and K is the wave number.

Figures 10 and 11 show the non-dimensional heave motions for each stern part improvement
and additional structure attachment, respectively. From the figures, the heave motion tendency
of all forms is identical, showing the heave motion tends to increase with the increasing wave
length. The stern part improvement, shown in Figure 5, and the additional structure attachment,
as shown in Figure 6, affect increases on the heave amplitude of the basic form by approximately
5% to 10%. The amplitude value is given by averaging a difference Response Amplitude
Operator (RAO) of heave motion between the stern part improvements (Sternl and Stern2) and
the additional structure attachments (SEB2, SEB2down, and SEB3) with the basic form, as
shown in Table 2. This means that the heave amplitudes of the stern part improvements and the
additional structure attachments are higher than the basic form. However, the increase in heave
motion is not significantly higher from A/L,, = 0.5-1.0 and 1.8-2.0.
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RAO Heave Motion

Mlw —SEB2  SEB2down  Sternl  Stem2  Basic Form  SEB3
0.5 0.089 0.09 0.087 0.084 0.078 0.089
0.8 0.124 0.131 0.12 0.110 0.102 0.124
1.0 0.179 0.185 0.172 0.168 0.154 0.179
1.2 0.293 0.311 0.287 0.258 0.219 0.293
1.4 0.518 0.542 0.510 0.420 0.299 0.518
1.6 0.623 0.637 0.614 0.549 0.447 0.623
1.8 0.675 0.687 0.667 0.621 0.578 0.675
2.0 0.699 0.711 0.690 0.651 0.619 0.699

Table 3. The RAO of pitch motion
L RAO Pitch Motion

PP SEB2 SEB2down Sternl Stern2 Basic Form SEB3
0.5 0.031 0.034 0.028 0.027 0.012 0.031
0.8 0.087 0.089 0.085 0.075 0.025 0.087
1.0 0.162 0.165 0.158 0.145 0.064 0.162
1.2 0.256 0.260 0.250 0.230 0.175 0.256
1.4 0.368 0.370 0.360 0.335 0.280 0.368
1.6 0.467 0.470 0.455 0.430 0.350 0.467
1.8 0.524 0.530 0.510 0.480 0.409 0.524
2.0 0.550 0.560 0.530 0.510 0.441 0.550




244 Predicting the Motions of a Fishing Boat Caused by Improving the Stern
Part using a Hybrid Particle-grid Scheme

0.6

—o0—Sternl 06
—#— Stern2 d ) —O—SEB2

—a&—SEB2down f
0.5 B3

—O— Basic Form /
0.4 / /O/D/o
0.3

0.5

3 o
48 -
g /4
7 -

0 0.5 1 15 2 25 0 0.5 1 15 2 25

Nondimensional Pitch (@ /(H,,K))

Nondimensional Pitch (£ f{H,.K))

ALy

Figure 12 Non-dimensional pitch motions of each Figure 13 Non-dimensional pitch motions of
stern part improvement each addition structure attachment

Meanwhile, the heave amplitudes for SEB2, SEB2down, and SEB3 are close to each other
whereas the heave amplitudes for Sternl and Stern2 are slightly different. Based on Figure 6,
SEB2, SEB2down, and SEB3 have slightly different locations for the additional structure
attachments. Therefore, the effect on heave motion caused by the attachments is insignificant.
The difference between the Sternl and Stern2 values has been initially presumed to be caused
by the part improvement, specifically the improvement of the stern part in the bottom area
contributing to good heave amplitude than the one in the side area.

The pitch amplitude for all forms was relatively small and increased with increasing wave
length, as shown in Figures 12 and 13. The stern part improvements (Figure 5) and the additional
structure attachments (Figure 6) affected an increase on the pitch amplitude by 5% to 9%,
depending on the form and the difference value given by the RAO of pitch motion, as shown in
Table 3. The form improvements caused displacement or ship mass reduction, where Sternl
modified the rear deck and Stern2 was on the bottom. This form improvement could contribute
to the movement of the gravity center point and the gyration radius change. These aspects
influenced the pitch motion. Therefore, the Stern2 had a better pitch amplitude compared with
the other stern part improvement and the additional structure attachments.

Numerical results are obtained based on interaction between water fluids and fishing boat body,
which has an improved stern part form and additional structure attached on its body. The
different form of the improved stern part and additional structure attachment has a different of
particle number, size, and shape. This numerical method could distinguish even the small size,
shape, position, and particle number of an object. Hence, it could calculate fishing boat mass
and identify particle as a gravity center point. Therefore, the 3D motions of fishing boat are
presented by describing translation and rotation of the gravity center point.

5. CONCLUSION

In this study, the heave and pitch motions of a ship were predicted using a hybrid Eulerian grid
with Lagrangian particle scheme. The stern part improvements and the additional structure
attachments affected an increase on the heave amplitude from the ship’s basic form of 5% to
10%, but the heave amplitude was insignificant if the form differed slightly. Moreover, the
improvement of the stern part in the bottom area contributed to a better heave amplitude than
the side area improvement. The pitch amplitude for all forms was relatively small and was
increased by 5% to 9%, depending on the form. The improvement showed a greater effect on
the heave motion than on the pitch motion, but all forms were acceptable based on motion
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amplitude. The stern part improvement influenced slight motion response in contrast with
resistance reduction. The developed numerical method (Baso et al., 2011a,b; Mutsuda et al.,
2013) of a hybrid Eulerian grid with Lagrangian particle could be used practically in the
preliminary ship design stage.
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