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ABSTRACT

The necessity for higher speed and appropriate seakeeping performance of boats has led to extensive research. Hence,
this research mainly discusses the optimal behavior of the boat against motions. From an economic point of view,
reducing motions of the boat minimizes the damage caused by shock and vibration to the boat and equipment. Other
benefits include comfort and safety and, as a result, improved human operating ability. Suspension systems are rarely
used as motion controller in a boat. In multi-hull boats, the hull is an inseparable part of the vessels, so the wave will
affect crew and equipment. This paper proposes and evaluates a novel concept boat equipped with a suspended cabin.
The hull and superstructure (cabin) are separated in this new form by a simple passive suspension system. This study
used numerical analysis to examine the seakeeping performance of the planing boat Fridsma model equipped with
a passive suspension system under regular wave conditions. The hydrodynamics of the planing hull were modeled
using commercial software, STAR-CCM+. For simulation of the passive suspension system between boat and cabin,
MATLAB software was used. Results showed that the motion of the cabin, which is where the crew and equipment

are located, decreased in regular waves.
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INTRODUCTION

Improving ride comfort is a significant issue in the
transportation industry, so much research and development
have been done on this subject. For road vehicles, one of the
most widely used reliable methods is suspension techniques,
which typically include springs, dampers, tires, and a set of
linkages. The suspension system provides a specific reduction
of vibration oscillations induced by road bumps resulting in
improved ride comfort for vessels. The system puts designers
and researchers in so many challenges. In comparison, a
wave profile is more complex than a road profile in terms of
magnitude and frequency of surface elevation. According to
methods adopted, ride comfort and convenience of occupants

of vessels can be done in three ways: roll stabilizing fin, shifting
mass, and multi-body. [1]. A roll stabilizing fin is a protrusion
from the ship’s bottom surface used to minimize ship’s roll.
The most commonly used equipment in this category is bilge
keels, fin-roll stabilizers, and rudder roll stabilizers. Shifting
mass is a way of generating a reciprocal moment to lessen
the motion of a ship’s roll. Some tools include anti-roll tanks,
mass dampers, and vertical weight stabilizers. Multi-body ship
is the last approach. A multi-hull ship typically consists of a cabin
part, ahull part,and a connecting part. The dynamic motion of the
cabin and body can be discussed separately due to the expansion
and contraction motion of the connecting components.

Rarely a calm sea can be found without waves. Sea is rough
and gives significant motions to vessel’s structure. Motions on
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the boat have destructive effects on equipment and staffing,
to control these effects, there must be sufficient knowledge
of the motions on the vessel. A seakeeping test is used to
determine the motions on the model boat.

Takahashi (1986) [2], proposed and tested a hydraulic
support system designed to control the vertical motion called
the Hi-Stable Cabin Craft (HSCC). The roll and pitch motions
of the cabin relative to the body might be greatly decreased,
according to the model scale test. Kihara et al. (1990) [3],
built a full-scale twin-hull vessel, namely HSCC VOYAGER,
tested it at sea trail, reducing the cabin roll and pitch by
about 75% compared to the hull. A. Kiitkner et al. (1995) [4],
investigated the dynamic motions of ships by examining
experimental seakeeping in design and they took steps to
increase human safety and reduce motions of the boat. The
main focus of their research work was on the type of motions,
vertical and lateral accelerations. S. M. Cook et al. (1999)
[5], at the Research Center of the Curtin University studied
the motions of heave and pitch of the boat in regular waves.
Lu [6], in 2010 an MCS catamaran towing tank test using
a suspension system, which consisted of a spring and an oil
damper fitted between cabin and hull, found that dampers
were firmer but had a more negligible effect on it has a cabin.
Tsukamoto (2012) [7], showed that cabin’s reduction of heave
and pitch motion during towing with a towing speed of
1.5 m/s is improved by increasing damping coeflicient and
also showed that displacement between cabin and body can
provide sufficient kinetic energy for reuse it. In 2012, Velodyne
Marine [8], tested a multi-hull catamaran in California. The
ship was equipped with a fully active suspension, which
included advanced actuators and air suspensions. Low cabin
oscillation was observed at high forward speeds along the
sea trail. In Australia, Nauti Craft (2003-2021) [9], installed
a hydraulic system in a suspended cabin catamaran. A sea
trial of the full-scale ship showed a high level of suspended
cabin ride comfort. Manhar et al. (2013) [10], [11], from
the University of Florida, investigated the performance of
seakeeping of WAN-V autonomous vessels with suspension,
then results showed that the suspension system minimized
heave motions of the boat’s cabin. Jialin Han et al. (2015)
[12],[13],[14] performed an experimental test of a catamaran
model with suspension in waves. He evaluated its motion
responses in varied heave, pitch, and roll motions under
five control algorithms at two different speeds, compared to
a fixed body catamaran under test conditions. They showed
the motions were damped to a maximum of 93, an average
of 74.8 percent.

This paper proposes and evaluates a novel concept boat
equipped with a suspended cabin. The hull and superstructure
(cabin) are separated in this new form by a simple passive
suspension system. Due to the new design, it is necessary to
know its dynamic performance. Heave and pitch motions
are the essential dynamic motions of the boat that affect
the equipment and will considerably impact the crew’s
performance. For this purpose, this study analyzed the
seakeeping performance of the boat Fridsma model equipped
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with a passive suspension system under regular wave
conditions using a numerical method.

NUMERICAL SIMULATION METHOD

In this study, the hydrodynamics of the planing hull
were modeled using commercial software, STAR-CCM+.
An implicit unsteady solver was used based on URANS with
turbulence model. A Semi- Implicit Method for Pressure-
Linked Equations (SIMPLE) has been used to solve the fluid
field around the body. The Volume of Fluid (VOF) technique,
which tracks the free surface boundary, was used to solve the
two-phase flow combining air and water. The dynamic fluid-
body interaction (DFBI) model in the code was activated to
have 2DOF for the hull.

GOVERNING EQUATIONS OF FLUID

The homogenous multiphase Eulerian fluid approach is
adopted in the current study to describe the interface between
water and air mathematically. Both air and water share the
same characteristics (in the free surface) such as velocity,
turbulence, etc. The governing equations that need to be
solved are the mass continuity equation, which is given as [15]:

d
a—xi(pui) =0 (1)

The momentum equations, which are given as:
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In order to capture the sharp interface of the free surface
of the air-water boundary, the volume of fluid method is
implemented. A transport equation (i.e. Eq. (3)) is then solved
for the advection of this scalar quantity, using the velocity field
obtained from the solution of the Navier-Stokes equations
at the last time step.
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Numerical solution of Eq. (3) gives the volume fraction, q,
for each phase (i.e., air and water) in all computational cells
where Y2_, q, = 1.
Furthermore, a k-¢ turbulence model is applied to consider
the viscous effects, which are expressed as follows:
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where k is the turbulent kinetic energy and ¢ is the dissipation
rate of the turbulent energy. Also, the parameters of and
are the generation of turbulent kinetic energy due to the
mean velocity gradients and buoyancy. Constant parameters
of 6, 8,, C, and C,_ are the model constants and must be
determined experimentally. On the other hand, 1, and y are
also the turbulent eddy viscosity and the molecular dynamic
viscosity, respectively.

Definition of Free Surface

The VOF method is adopted to capture the free surface.
For a given computational domain V, Fluid 1 is in domain
V,, and Fluid 2 is in domain V,. The function is defined as
follows [16]:

1,x e V
alx t) = {0 ‘e V; (®)

For a flow field composed of two incompatible fluids, a (x, t)
is in accordance with:
oa +U.V 0
- va = (7)
Jt
where U = (u, v, w) is the fluid velocity field, and the VOF
function is defined as the integral in the grid unit of a (x, t)
divided by unit volume, i.e.,

1

C .isinaccord with (dC/dt) + U. VC = 0. When C=1, the grid
is ﬁlled with Fluid 1. When C=0, the grid excludes Fluid 1.
When 0<C<1, the grid contains free surface.

Generating Wave Method

The wave module of CFD software STAR-CCM+ is
used to generate regular sinusoidal propagating waves in
an infinite water depth. According to linear theory, the x
and z-components of the velocity are given by the following
equations [15].

v, = w{ze* sin(wt — kx) 9)
v, = w(e" cos (wt — kx) (10)
(= (,sin (wt — kx) (11)

where:

(,: wave amplitude,

w=27/T: wave frequency,

k=2m/\: wave number,

T: wave period,

\: wavelength,

and oxz is the Cartesian coordinate at the free surface, which
the x-axis is the direction of wave propagation and the z-axis
is the positive when upward, with z = 0 the mean water level.

EQUATIONS OF MOTION (WITH SUSPENSION
SYSTEM)

Schematic of a dynamic model of a boat with a suspension
system and a free-body diagram of a two-body system is
shown in Fig. 1. This computational model is commonly
summarized into two cabin and boat (twin-hull) geometries
coupled by two springs and dampers at the same distance
from the cabin’s center of gravity (CG) and the boat’s center
of gravity (Cg) at the front and rear. The geometry of the
cabin is a rectangular cube, as shown in the Fig. 1 with the
word Cabin. The boat and cabin are influenced by a moving
force of a wave and hydrodynamic coefficients as well as a
stiffness and damping of the suspension system. The damping
coefficient with symbol C and the stiftness of the spring with
symbol K for the suspension system is shown in the Fig. 1.

(a) (b)

Fig. 1. (a) schematic of a dynamic model of a boat with a suspension
system [1](b) Free-body diagram of two body system

Due to the limited motions for model analysis to heave and
pitch motions, four degrees of freedom have been considered
to solve this simulation, which includes degrees of freedom:
o Z motion of the boat (Heave of the boat) (z)

o Z motion of the cabin (Heave of the cabin) (Z)
o Y Rotation of the boat (Pitch of the boat) (0)
o Y Rotation of the cabin (Pitch of the cabin) (0)

The changes of the cabin’s transitional and rotational
motions (heave and pitch) are considered around the cabin’s
center of mass (CG) and the boat’s center of mass (Cg),
respectively. Also, the coordinate system follows the right-
hand rule. The equations of the motion at head waves can
be expressed as [1]:

Heave of the Cabin:

M.Z(t) + C1(t). Zp1 () + Co(t). Zp () + K. [Zp1 () + Z2 ()] = 0 (12)
Pitch of the Cabin:

LB + L. CL(). Zpy (8) 4 L. Co(8). Zy (8) + K. [ 11 Z,1(8) + 1, Z (D] = 0 (13)
Heave of the Twin-hull:

(m + a33). 2(8) = C1(0)- 21 () = Co(0)-Zrp (6) = K. [Z11 (D) + Zra (D] (1)
= E3(t) — b332(t) — k332(t) —azs0(t) — b3s0(t) — kss0(t)
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Pitch of the Twin-hull:

(i +a55)-6(0) = LG (D). Zpy (1) = LC (). Zyp () = K. [l Zy1 (D) + L Zro (0] (15)
= E5(t) — bss0(t) — kss8(t) — as3z(t) — bszz(t) — ks3z(t)

where Z (t) and Z_(t) represent the relative displacement of

the front and rear suspension, respectively. They are written
as:

Zp () = Z() = 1LO() —z(t) + [,O() (1)

Zp(t) =Z() + ,6(t) —z(t) = LO()  (17)

The hydrodynamic forces and moments are calculated
using STAR-CCM+. The hydrodynamic coefficients of the
boat can be theoretically calculated by using the 2.5t theory
and practical Savitsky’s method. Because the solutions of
response of the heave and pitch motions analysis shows that it
is sensitive to the hydrodynamic coefficients, a more accurate
method should be developed [17].

The matrix of equations is given as follows:

0 0 Z (&1 2
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0 0 (i+ass) 5 —l1C1 =10, bsz bss

Ky
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The above parameters are given in nomenclature.
HULL DEFINITION

The Fridsma hull geometry definition is given in Fig. 2.
The hull is comprised of idealized shapes: a bow consisting
of four ruled surfaces followed by a wedge-shaped straight
section with the constant deadrise angle of 20". Fig. 2 shows
the analytical formulas for the bounding curves of the ruled
surfaces (A ruled surface can be described as the set of points
swept by a moving straight line). The main particulars of

model are given in Table 1.
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Fig. 2. The Fridsma hull geometry [18]
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Tab. 1. Main particulars of the model and cabin

Symbol Value Definition
L 1.5m Length of the hull
L, 1.23m Length of the cabin
b 0.3m Breadth of the hull
b, 0.3m Breadth of the cabin
h 0.1875 m Height of the hull
hc 0.05 m Height of the cabin
m 16.40 kg Mass of the hull
M 16.40 kg Mass of the cabin
i 2.33 kg.m? Moment of inertia of the hull
I 2.07 kg.m? Moment of inertia of the cabin
Xcghu” 0.615 m (41%L) longitudinal distance of center of
gravity of the hull
Xgeatin 0.615m longitudinal distance of center of
gravity of the cabin
Z o 0.0882 m (0.294*b) | vertical distance of center of gravity
of the hull
acabin 0.5125m vertical distance of center of gravity of
the cabin
MESH GENERATION

The domain dimensions were determined based on
experience gained by ITTC on free surface flow hydrodynamic
analyses [19]. The computational domain for simulation is
approximately 4.5 m in front of the bow, 10 m aft, 1.5 m
above deck, 3m below the keel, and 3m to the side of the boat.
The velocity inlet is the boundary condition in front of the
boat; the pressure outlet is the boundary condition behind
the boat; the symmetry plane is the boundary condition of
the center plane; and for the boat, no-slip wall boundary
condition is used. Also, to prevent unnecessary calculations of
the boundary layer’s effects, the remaining sides were velocity
inlets. All these boundary conditions are shown in Fig. 3.

Pressure
outlet\
II L \Velocity
Symmetry___ — inlet
plane
Overset
region 7
No-slip
wall

Fig. 3. Boundary conditions

The most challenging part of creating computation models
is mesh generation. The quality of the mesh can influence both a
correct solution and a duration of the solving time. The overset
technique is used to model the boat dynamics. When dealing
with moving bodies incorporating fluid-structure interaction,
overset grid comes in useful. This grid implementation does



not require mesh change or deformation, which provides
greater flexibility than conventional meshing techniques.
Conservation of cell quality that should be considered at each
time step is not an issue in overset grids, while this is one of
the drawbacks of the deforming mesh when there are large
body motions inside the flow [20]. There are a minimum of
two zones in overset mesh issues. As shown in Fig. 4, one
is background region, which includes the computational
domain, and the other is a smaller region that consists of
the moving body (Overset Region). Since the computational
domain’s dimensions are relatively large and the calculation is
focused mainly on the flow field near the boat, the mesh near
the boat is finer and gradually gets more and more sparse.
The total number of cells is 856282.

A

i

Fig. 4. Computational domain mesh

NUMERICAL RESULTS

In this part, we present our simulation results for the
Fridsma hull and evaluate the effect of the suspension system
on heave and pitch motions of the cabin in regular waves.
The simulation was performed over 1000-time steps with a
time-step size At=0.005s and 10 iterations per time step. The
size of the time step was selected following the instructions
provided by ITTC [19].

MESH INDEPENDENCY

To accurately describe the flow field and the force acting
on the planing hull, very careful grid refinement is necessary
in addition to the numerical model and boundary conditions.
The intended value of wall Y plus can be used to compute
the height of the first boundary layer grid. The value of
wall Y plus is shown in Fig. 5, which is reasonable [21]. This
could satisfy the turbulence equation’s and wall function’s
requirements, and the flow of the boundary layer could be
correctly simulated, ensuring its precision.

Wall Y+
2.06 14.5 26.9 39.3 517
B 4 TOaaa.. - 'm

Fig. 5. Value of wall Y plus at Fr = 1.2

As a result, before presenting the main results, a mesh
study was carried out to determine an optimum mesh size.
For this purpose, different numbers of cells ranging from
500 thousand to 2 million cells are considered, and required
simulations are performed. Fig. 6 shows the computed heave
and pitch motion at Fr = 1.2, A/L = 2 and H/b = 0.222 for
each of these cases. This figure demonstrates that heave and
pitch motions are different for the first mesh sizes, but they
are roughly similar for the last three cases. As shown in
Fig. 6, a medium-mesh (800 thousand cells) is suitable for
the current issue.

B Heave motion
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Fig. 6. Mesh dependency at H/b=0.222 and M/1=2 (Fr=1.2):
(a) heave motion, (b) pitch motion

A verification study was carried out to demonstrate and
ensure the method using the Grid Convergence Index (CGI),
as shown in Table 2. This method is one of the most accurate
methods for examining the meshing of simulations, which
has been used in other articles [22]the ship bare hull case,
the with-propeller case, and the with-propeller-and-duct case
are also computed. Together, these computations provide
for a -complete CFD comparison of the duct effects. Also,
the Taguchi design of the experiment method is applied to
investigate three parameters (angle of attack, trailing edge
radius, and chord length. This study uses this method to
calculate the discretization error estimation where the low
percent of CGl is better for ensuring the solver. Celik presented
this method in 2008. The reference [23]the Fluids Engineering
Division of ASME has pursued activities concerning the
detection, estimation and control of numerical uncertainty
and/or error in computational fluid dynamics (CFD, has the
details of this method’s formulation. This report provides
a quick overview of these parameters.

Tab. 2. Discretization error for Heave and Pitch based on grid convergence
method at Fr=1.2, A/L=2 and H/b=0.222

Parameter Heave motion (m) Pitch motion (deg)
(Double amplitude) | (Double amplitude)
N, (finer) 2045088 2045088
N, (fine) 1547025 1547025
N,(medium) 856282 856282
N, (course) 501203 501203
o 1.2179 1.2179
- 1.1955 1.1955
b, 0.043 4.91
¢, 0.043 4.9
¢, 0.041 4.86
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Parameter Heave motion (m) Pitch motion (deg)
(Double amplitude) (Double amplitude)
¢, 0.03 4.66
s, 9.7435 9.2222
et 4.6512 4.9078
ell, 0.7917 0.1579
GClZh, 0.99 0.20

In this method, apparent order s is expressed as:

1 1 €3, +a(s)
Sqg = 7T———<|In|— S 19
¢ In(ry) €21 % e
Auxiliary parameters are calculated as follows:
Sa
y —S
q(sq) =In (sa—) (20)
T3 —S
&
s=1-sgn (ﬁ) (21)
€21

where, the refinement factors r for four different meshes, i.e.
(0) finer, (1) fine, (2) medium, and (3) coarse, are r, = h./h,,
r,,=h/h, (h. is the average size of the mesh were determined
from the number of the i-th mesh (N,) and the calculating
domain) that should be greater than 1.3. The parameter ¢
expresses as e, = ¢, — ¢, &, = ¢, — ¢ where ¢, denotes the
solution (here Heave and Pitch) on the i-th mesh. Now, we can
calculate the extrapolated value ¢, , approximated relative
error e , extrapolated relative error e, , and grid convergence
index GCI_ .. as follows:

= (5t — ) /(f — 1) (22)

diu

egl — |¢)1 ¢)2|

- (23)
[of}
21
t ¢2
el = | (24)
ext
1-25e21
GClaogium = —5—— (25)
21 1

These parameters were calculated for heave and pitch
values and are presented in Table 2. As can be seen from
this table, the uncertainties values for heave and pitch were
estimated “0.99%” and “0.2%”, respectively.

VALIDATION
Fridsma tested his model boat in 1969 at Davidson
Laboratory, and the results are publicly available [18]. He

performed 16 test models with L/b values of 4, 5, and 6 at three
deadrise angles in regular (1969) and irregular (1971) waves
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at three distinct speeds and three H/b ratios. Model A was
used to compare heave and pitch motions at a regular wave in
two different wave heights (H/b = 0.111 and 0.222) and varied
wavelengths to Friedsma’s experimental data [18]. Fig. 7 and 8
shows the comparison of RAOs between numerical results
and experimental data under head waves at two values of
H/b=0.111 and 0.222 and various A\/L. As observed in these
figures, the calculated heave and pitch values were generally
found in good agreement with the experimental data.

Also, Fig. 9 shows the comparison of time history between
numerical results and experimental data in head waves
at \/L=4, H/b=0.222 and L = 6. The calculated heave and
pitch motions were also¥Yin good agreement with
experimental data in this state.

—O0— Numerical (H/b=0.111) === Exp (H/b=0.111) 14 O Numerical (b=0.111) ==d==- Exp (H/b=0.111)

1.2

=08

°

=06
04
02

WL WL
(a) ()

Fig. 7. Comparison of the RAOs between numerical results and experimental
data against A/L (Fr=1.2): (a) heave motion, (b) pitch motion

—o0— Numerical (H/b=0.222) === Exp (H/b=0.222) —O0— Numerical (H/b=0.222) = ===+ Exp (H/b=0.222)

2 3
ML ML
@ ®
Fig. 8. Comparison of the RAOs between numerical results and experimental
data against A/L (Fr=1.2): (a) heave motion, (b) pitch motion
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Fig. 9. Comparison of the time history between numerical results and
experimental data at \/L=4 and H/b=0.222 (: (a) heave motion, (b) pitch
motion

FREE BODY SIMULATION (BARE HULL)

In this article, the dynamic motions of the boat and cabin
are analyzed in three phases:
o Free body motion simulation (Bare hull)
o Boat with cabin (Rigid Mode) simulation
 Suspension system simulation

This part examines the boat without the cabin. The results
obtained at two distinct wave heights (H/b =0.111, 0.222) and
five various wavelengths (A/L) are presented in Table 3. Fig. 10
shows the time history of heave and pitch motions of the
bare hull at H/b = 0.222 and different wavelengths at Fr=1.2.



Tab. 3. Results of boat motions of bare hull in regular head wave at two
distinct wave heights (H/b =0.111and 0.222) and five various wavelengths

H/b=0.111 H/b=0.222
ML Pitch
Heave [m Heave [m Pitch [de
| e (m] [deg]
4 0.045 3.32 0.091 6.63
6 0.039 1.91 0.081 3.86

(Fr=1.2)
H/b=0.111 H/b=0.222
AL
Heave [m] Pitch [deg] Heave [m] Pitch [deg]
1 0.004 0.82 0.008 1.59
2 0.025 2.99 0.044 4.88
3 0.039 3.07 0.072 5.81
4 0.037 2.20 0.073 4.39
6 0.035 1.53 0.072 2.82

6 [deg]

Lo =~ pw oA v o

Fig. 10. Time histories of boat motions of bare hull in regular head waves
at H/b =0.222 and different wavelengths (Fr=1.2):
(a) heave motion, (b) pitch motion

BOAT WITH CABIN (RIGID MODE) SIMULATION

In Rigid mode, the cabin is positioned at a set distance on
the top of the boat and is joined via a rigid body. The effects
of the cabin’s weight, moment, and center of gravity point
on the boat’s weight, moment, draft, and overall center of
gravity are considered in this simulation.

In this part, the results are obtained at two distinct wave
heights, (H/b =0.111 and 0.222), and five various wavelengths
(A/L) are presented in Table 4. Fig. 11 shows the time history
of heave and pitch motions of the cabin for boat with cabin
(Rigid Mode) at H/b = 0.222 and different wavelengths. Fig. 12
shows comparison of free surface elevation of the bare hull
and boat with cabin (rigid mode) at H/b=0.222 and A\/L=2.

Tab. 4. Results of cabin motions of the model boat with cabin (Rigid Mode)
motions in regular head waves at H/b =0.111-0.222 and different A/L (Fr

=1.2)

H/b=0.111 H/b=0.222

AL .
Pitch
Heave [m Heave [m Pitch [de;

O [m] [deg]
1 0.004 0.64 0.007 1.19
2 0.014 2.04 0.027 3.68
3 0.039 3.81 0.069 6.61

Time[s] 3 4 5
b)
Fig. 11. Time histories of cabin motions of the model boat with cabin (Rigid

Mode) in regular head waves at H/b =0.222 and different wavelengths
(Fr=1.2): (a) heave motion, (b) pitch motion

0 1 2

Position[Z] (m)
0.132

-0.035 0.049 0.216 0.300

Fig. 12. Comparison of free surface elevation of the bare hull and boat with
cabin at H/b=0.222 and A/L=2 (Fr=1.2): (a)bare hull (b)with cabin

SUSPENSION SYSTEM SIMULATION

The dynamic model of the boat with a suspension system
Fig. 1. This computational model comprises two parts a
cabin and a boat hull. Geometries are coupled by two springs
and dampers at the same distance from the cabin’s center
of gravity (CG) and the boat’s center of gravity (Cg) at the
front and rear. The geometry of the cabin is a rectangular
cube, as shown in the Fig. 1 with the word Cabin. The boat
and the cabin are influenced by moving forces of waves
and hydrodynamic coeflicients as well as the stiffness and
damping of the suspension system. Due to the limited motions
for model analysis to heave and pitch motions, four degrees
of freedom have been considered to solve this simulation.
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Equations 12~17 are the dynamic equations for coupling
heave and pitch motions of the boat and cabin at head
waves. By solving a system of differential equations (12~(17)
simultaneously in MATLAB software, using the ODE45
function, the cabin motions can be obtained from excitation
by the impact of wave force. Table 5 shows the input data and
output results in MATLAB software.

Tab. 5. Input and Output parameters in MATLAB software

The main specifications of the suspension system are
given in Table 6. In this part, the results of the cabin motion
obtained at two distinct wave heights (H/b =0.111, 0.222)
and five various wavelengths (/L) are presented in Table 7.
Fig. 13 shows the time history of the heave and pitch motions
of the cabin and twin-hull for boat with cabin (suspension
system) at H/b = 0.222 and different wavelengths (A/L). It can
be seen that the suspension system has significantly reduced
the heave and the pitch motions of the cabin.

Input parameters Output parameters
Parameters e
Definition Parameters Definition
a, Added mass ij, (i, j= 3-5) Z Displacement of the heave of the cabin
b, Damping ij, (i, j= 3-5) z . Vertical velocity of the heave of the cabin
k. Stiffness ij, (i, j= 3-5) 0 Displacement of the pitch of the cabin
E, [N] Wave exciting force 0, Angular velocity of the pitch of the cabin
E.[N m] Wave exciting moment Z, . Relative displacement of the front suspension
M [kg] Mass of the cabin z' . Relative velocity of the front suspension
m [kg] Mass of the hull Z, Relative displacement of the rear suspension
I [kg m/2] Moment of inertia of the cabin z . Relative velocity of the rear suspension
i [kg mA2] Moment of inertia of the hull z Displacement of the heave of the hull
1, [m] Horizontal distance from front suspension to CG, Cg z\ . Vertical velocity of the heave of the hull
12 [m] Horizontal distance from rear suspension to CG, Cg 0 Displacement of the pitch of the hull
K [kg s/-2] compression spring constant 0. Angular velocity of the pitch of the hull
C, [kgsn-1] Front damping coefficient
C, [kgsn-1] Rear damping coefficient
Heave of the Hull ———— Pitch of the Hull
oo T Heave of the Cabin 5c e Pitch of the Cabin
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Fig.13. Time histories of cabin and twin-hull motions of the model boat with cabin (Suspension system) in regular head wave at H/b=0.222
and different wavelengths (Fr=1.2): (left) heave motion, (right) pitch motion
Tab. 6. Main specifications of the suspension system Tab. 7. Results of cabin motions of the model boat with cabin (Suspension
system) in regular head waves at H/b=0.111-0.222 and different \/L (Fr=1.2)
Parameter L L K C C,
Value 036m | 036m [115N/m| O9Ns/m | 9N.s/m L H/b=0.111 H/b=0.222
Heave [m] Pitch [deg] Heave [m] Pitch [deg]
1 0.001 0.24 0.001 0.35
2 0.008 1.48 0.018 2.88
3 0.009 1.55 0.018 2.93
4 0.009 1.49 0.019 3.32
6 0.008 1.37 0.017 2.69

Pitch of the Hull
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DISCUSSION AND COMPARISON

Fig. 14 shows the numerical result of time histories of heave
and pitch motions for various models in head waves at two
H/b =0.111, 0.222, and A/L =4. As can be seen from Fig. 14,

--------- Bare hull (H/b=0.111)
= = = Rigid mode (H/b=0.111)
Suspension system (H/b=0.111)

the suspension system significantly reduces the motion of
heave and pitch in the boat cabin, but the Rigid body model
has increased the boat’s motions compared to the bare hull
at this wavelength.

--------- Bare hull (H/b=0.222)
----- Rigid mode (H/b=0.222)
Suspension system (H/b=0.222)
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Fig. 14. Comparison of time history of the heave and pitch motions for different models in head waves at two H/b=0.111,0.222 and A/L=4 (Fr=1.2): (a) heave
motion, (b) pitch motion
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Figs. 15 and 16 show numerical results of RAOs of heave
and pitch motions for models in head waves at two H/b
=0.111, 0.222, and various A/L. It can be seen that RAOs
values in all A/L and both wave heights in the mode with
suspension are much lower than in the rigid mode and bare
hull. The difference in their values in the high A/L is very
considerable, which is a sign of good boat performance with
the cabin in the state with suspension compared to without
suspension in heave and pitch motions. Also, compare rigid
mode motions with the bare hull; rigid mode reduces motions
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Fig. 15. Comparison of RAOs of the heave and pitch motions for different models in head waves at H/b=0.111and various A/L (Fr=1.2):
(a) heave motion, (b) pitch motion
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Fig. 16. Comparison of RAOs of the heave and pitch motions for different models in head waves at H/b=0.222 and various A/L (Fr=1.2):
(a) heave motion, (b) pitch motion

CONCLUSIONS

This paper proposes and evaluates a novel concept boat
equipped with a suspended cabin and numerical analysis was
carried out to investigate motions. The motions of the boat
and cabin were investigated, and the effect of the suspension
system on cabin motions was evaluated in regular waves. For
this purpose, the Fridsma model boat was selected. First,
the boat was simulated in STAR-CCM+ software, and the
motions were calculated at Froude number 1.2, two wave
heights (H/b=0.111, 0.222) and five different wavelengths. The
results were compared with Fridsma’s experimental tests for
validation. The simulation results with less than 10% error
rate were considered acceptable.

In the next phase, the cabin is positioned at a set distance
on the top of the boat and is joined via a rigid body. The
simulation was done in the software at the same Froude
number of 1.2, two wave heights (H/b=0.111, 0.222), and
different wavelengths. The results showed Rigid mode reduces
motions relative to the bare hull only at low wavelengths.

Heave and pitch motions of the cabin were investigated in
the final phase for the boat with a suspension system at the
same Froude number of 1.2, two wave heights (H/b = 0.111,
0.222) and varied wavelengths. MATLAB software simulated
the suspension system between the boat and the cabin. The
results showed that the heave and pitch motions of the
cabin had been significantly decreased, with heave motions
reduced by 32 to 85 percent and pitch motions reduced
by 10 to 78 percent at different wavelengths. The maximum
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reduction of heave motion in H/b=0.111 and H/b=0.222was
at \/=1, which was 75% and 85%, respectively. Also, maximum
reduction of pitch motion in H/b=0.111 and H/b=0.222 was
at \/L=1, which was 70% and 78%, respectively.

For future work, analyzing the boat equipped with
a suspended cabin in 6-DOF needs to be considered.
Furthermore, it is also useful to study the optimization of
the value of spring stiftness and damper coefficient to reduce
the motion of the cabin.

NOMENCLATURE
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Displacement of the heave of the hull
Displacement of the heave of the cabin
Displacement of the pitch of the hull
Displacement of the pitch of the cabin

Wave height

Wave number

Wavelength

Froude number

Velocity of the boat

Length of the hull (boat)

Breadth of the hull (boat)

Height of the hull (boat)

Length of the cabin

Breadth of the cabin

Height of the cabin

Mass of the hull

Mass of the cabin

Moment of inertia of the hull

Moment of inertia of the cabin

Longitudinal distance of center of gravity
of the hull

Longitudinal distance of center of gravity
of the cabin

Vertical distance of center of gravity of the hull
Vertical distance of center of gravity of the cabin
Compression spring constant

Front damping coeflicient

Rear damping coefficient

Wave exciting force

Wave exciting moment

Added mass

Damping coefficient

Stiffness coefficient

Horizontal distance from front suspension
to CG, Cg

Horizontal distance from rear suspension
to CG, Cg

Vertical velocity of the heave of the cabin
Angular velocity of the pitch of the cabin
Relative displacement of the front suspension
Relative velocity of the front suspension
Relative displacement of the rear suspension
Relative velocity of the rear suspension
Vertical velocity of the heave of the hull
Angular velocity of the pitch of the hull
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N Number of mesh
GCI Grid Convergence Index
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