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Abstract
A small waterplane area twin hull (SWATH) has excellent seakeeping performance and low wave-making resistance, and 
it has been applied to small working craft, pleasure boats, and unmanned surface vehicles. However, with the increase in 
speed, the hydrodynamic resistance of SWATH will increase exponentially because of its large wet surface, followed by the 
uncomfortable situation of the hull underwater part relative to the water level and in terms of high trim by stern and high 
sinkage. A way to improve this situation is to reduce the depth of the draft at high speeds to ensure that all or a part of the 
volume of the submerged bodies is above the water level. Based on this idea, a new type of semi-SWATH hull form was 
analyzed in this paper. The two submerged bodies of the SWATH have a catamaran boat shape. This paper employed Sie-
mens PLM Star-CCM+ to study the hydrodynamic performance of an advanced semi-SWATH model. Bare-hull resistance 
was estimated for both SWATH and CAT (CATAMARAN) modes in calm water. Moreover, the effect of fixed stabilizing 
fins with different angles on the vertical motions of the vessel in regular head waves was investigated with an overset mesh 
approach. The vertical motion responses were estimated at different wave encounter frequencies, and the present numerical 
method results have been verified by already published experimental data.
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1 Introduction

In recent years, improving the seakeeping performance has 
been one of the primary purposes of marine designers in the 
design of ships and floating structures. Environmental con-
ditions during sea voyages of a ship can have a significant 
effect on the operability of marine vehicles.

Given that a small waterplane area twin hull (SWATH) 
hull has excellent seakeeping performance compared with 
the other conventional crafts, it has been used for different 
applications. In addition, numerical and experimental inves-
tigations have been carried out for the study and improve-
ment of advanced SWATH hull performance in calm water 
and different wave conditions.

In addition to characteristics, such as the excellent seakeep-
ing performance and low wave-making resistance of SWATH 
hull form, SWATHs are highly sensitive to weight distribution 
and dynamically unstable when the relative speed increases. 
As regards motion resistance, their performances are in the 
same range as conventional hull forms, except at extremely 
low relative speeds, at which the large wet surface worsens 
their performances. With regard to sea travels, the pitch 
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response is of particular concern because, notably, large 
encounter periods that are close to the pitch resonance are 
likely to occur over a wide range of wavelengths. With the 
increase in speed, the hydrodynamic resistance of SWATH 
will increase exponentially because of its large wet surface, 
followed by the uncomfortable situation of the hull underwa-
ter part relative to the water level and in terms of high trim by 
stern and high sinkage. A way to improve this situation is to 
reduce the depth of the draft at high speeds to ensure that all 
or a part of the volume of submerged bodies is above the water 
level. Based on this idea, several new types of semi-SWATH 
hull forms have been developed. In addition, based on the 
design purposes of crafts and their specific missions, different 
types of HYBRID SWATH hull were designed and studied for 
the improvement of standard SWATH hull form performance 
at high speeds in calm water and rough seas. Most designs 
concern the replacement of standard SWATH submerged bod-
ies with a catamaran, planing, and other hull shapes to cope 
with the natural disadvantages of the SWATH hull form. In 
SWATH-CAT hull form, the two submerged bodies of the 
SWATH have a catamaran shape. Therefore, at a low draft, the 
SWATH-CAT behaves as a catamaran, and at higher drafts, 
the SWATH mode will be used. Based on the different modes 
of operation (SWATH or CAT mode), the vessel has different 
performances, and this flexibility in features compared with 
standard SWATH or catamaran hull forms will give inter-
esting characteristics for most of SWATH application fields 
(Dubrovsky and Lyakhovitsky 2001; Dubrovsky et al. 2007). 
The standard SWATH hull form also has numerous applica-
tions in offshore industries. The buoyancy force is provided by 
two torpedo-like submerged hulls below the water level. Struts 
connect the lower hulls to the transverse structures above the 
water level. The struts have a small waterplane area, conse-
quently making the vessel less sensitive to the wave impacts 
compared with other conventional vessels, such as mono-hulls 
and catamarans (Gupta and Schmidt 1986).

In 2001, a new catamaran hull form was developed by 
BMT Nigel Gee in the UK, which led to the semi-SWATH 
(CAT mode) hull form technology. In this new technology, the 
waterplane is more constricted, and the height of the center of 
buoyancy has lower values. Moreover, the bulbous bow has a 
slender shape (Yun et al. 2018). The semi-SWATH technology 
fills the gaps in the hydrodynamics performance between the 
catamaran and SWATH. Hence, the motion-seasickness inci-
dence and motion-induced interruptions of the semi-SWATH 
decrease compared with those of the catamaran. Conversely, 
the SWATH requires a significant power in comparison with 
the semi-SWATH (Jupp et al. 2014). In other words, the semi-
SWATH technology is essentially an attempt to show the bene-
fits of the catamaran and SWATH and to avoid their drawbacks.

The first research about numerical optimization of SWATH 
hull form was carried out by Salvesen et al. (1985), who pre-
sented and developed a computational method for wave 

resistance minimization. Chan (1993) investigated the motion 
and dynamic structural responses of antisubmarine rescue cata-
maran and 3000-ton SWATH by a 3D linearized potential theory 
related to a cross-flow method with consideration of viscous 
effects. Campana and Peri (2000) introduced a new hull form 
with a medium waterplane area called MWATH by reforming 
the strut shape and underwater gondolas of a SWATH hull. Gut-
tenplan (2007) studied the performance of a prototype 10000 kg 
reduced waterplane area twin hull, including the effect of variable 
demi-hull separation on the resistance in calm water and quasi-
active foil control on the motion responses in waves by Rankine 
panel numerical method using SWAN2 2002 software package. 
Brizzolara et al. (2015) studied the hydrodynamic performance 
of unconventional SWATH and semi-SWATH with numerical 
methods. In their research, the resistance force in calm water was 
calculated using the boundary element method (BEM) combined 
with viscous effects and multiphase unsteady Reynolds-averaged 
Navier-Stokes equation (URANSE) solver. Heave and pitch 
responses of two hull forms were also obtained in regular head 
wave conditions by a frequency domain 3D panel method. Bego-
vic et al. (2015) provided a detailed report on the computational 
fluid dynamics (CFD) numerical method for the hydrodynamic 
assessment of the SWATH concept; their study was conducted 
in CD Adapco Star-CCM+ using the overset mesh approach. 
For a semi-SWATH hull form, the influence of stabilizing fins 
on the resistance in calm water has been experimentally carried 
out by Ali et al. (2015). The semi-SWATH model was tested 
with fixed fore fins at 0° and aft fin angle adjustable to 0°, 5°, 
and 15° at the range of Froude numbers from 0.34 to 0.69. Their 
evaluations showed that the fluid flow around the hull at different 
speeds was under the influence of the fin angle, and this depend-
ence varied based on the Froude number. Vernengo and Bruz-
zone (2016) studied and compared the calm water resistance and 
seakeeping quality of a new semi-SWATH design and a classical 
single-strut SWATH hull using the numerical BEM developed 
by Bruzzone (1994, 2003). Furthermore, the authors investi-
gated the effect of passive stabilizing fins on heave and pitch 
responses of a full-scale conventional SWATH hull, which has 
been experimentally tested by Kallio (1976). Wang et al. (2016), 
by presenting a SWATH planing unmanned surface vessel and 
using the CFD method, numerically simulated this vessel at vari-
ous velocities and showed that given the reduction of the wetted 
surface and the production of the desired lift force, the resistance 
can be significantly reduced at high speeds. Sun et al. (2016) 
investigated the seakeeping performance of a slender catamaran 
with a semisubmerged bow using the CFD method. In this study, 
based on the overset mesh and motion region techniques, motion 
responses of the vessel in regular head waves were estimated at 
various wavelengths and speeds. They showed that the overset 
mesh technique is precise in predicting motions. Vernengo and 
Brizzolara (2017), based on previous studies about SWATH opti-
mization (Brizzolara and Vernengo 2011), presented a systematic 
evaluation of the influence of various forms and canting angles of 
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struts. Vernengo et al. (2018) evaluated the motion responses of 
three hull forms, including SWATH, catamaran, and trimaran, by 
applying a first-order 3D BEM. Bonfiglio et al. (2018) studied the 
seakeeping performance of SWATH design using multifidelity 
Gaussian process regression and Bayesian optimization. Their 
studies indicated the excellent features of this optimization frame-
work in modeling and identifying optimal alternative designs 
with a remarkable reduction in computational costs. Begovic 
et al. (2019) performed a broad experimental study on four dif-
ferent SWATH model hull forms in calm water and regular and 
irregular waves. The scope of their research was the calculation 
of resistance in calm water and heave, pitch, and vertical accel-
eration RAO diagrams in waves. Pérez-Arribas and Calderon-
Sanchez (2020) introduced a method based on a parametric com-
puter to design a B-spline model of a SWATH hull with the use of 
Chebyshev functions. In this new technique, variables, including 
displacement (Δ), waterplane area (Awp), center of buoyancy, and 
center of flotation, can be controlled.

In this paper, the CFD numerical method by Siemens PLM 
Star-CCM+ was used to predict resistance force in calm water 
and simulation of vertical motions in regular head waves for 
an advanced semi-SWATH model. In calm water, the total 
resistance for SWATH and CAT modes was calculated and 
compared with available experimental data. The effect of fixed 
stabilizing fins on the reduction of heave and pitch motions 
in regular head wave conditions for a specific encounter fre-
quency was also investigated, and the semi-SWATH bare-hull 
vertical motions in regular head waves, including heave, pitch, 
and vertical acceleration RAO, were estimated at four differ-
ent Froude numbers and wide wave frequency range.

2 � Main Characteristics of Semi‑SWATH Hull 
Form and Fixed Stabilizing Fins

Table 1 shows the main particulars of the semi-SWATH 
model used in the present study. The selected hull form 
model for the present study was based on Yaakob and 
Mekanikal (2006) experimental investigation; the same 
model has been used. Table 2 provides the main particu-
lars of the stabilizing fins. Figure 1 shows the semi-SWATH 
model equipped with stabilizing fins.

3 � Numerical Simulation Procedures 
Description (Physical Setup, Modeling, 
and Grid Uncertainty Analysis)

3.1 � Governing Equations and Numerical Simulation 
Setup

In this paper, simulations were carried out using the finite 
volume method for the solution of URANSE (Ferziger and 
Perić 2002):

The governing equations include the continuity, momen-
tum, and volume fraction transport equations for incom-
pressible flows. Here, � ij is the mean viscous stress tensor 
component:
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Table 1   Main particulars of the semi-SWATH model (Yaakob and 
Mekanikal 2006)

Properties Value

Length of the main hull (m) 2.31
Maximum beam (m) 0.80
Draft (SWATH mode) (m) 0.20
Draft (CAT mode) (m) 0.14
Displacement (SWATH mode) (kg) 76.877
Displacement (CAT mode) (kg) 53.176
Radius of gyration for pitch (m) 0.578
Longitudinal center of gravity abaft midships (m) 0.089
Maximum speed (m/s) 3.25

Table 2   Main particulars of stabilizing fins (Yaakob and Mekanikal 
2006)

1Distance from the main hull stem to the fin quarter–chord point
2Distance from the water level to the chord line

Properties Fore fin Aft fin

Chord (m) 0.096 0.145
Span (m) 0.120 0.186
Longitudinal location1 (m) 1.95 0.35
Vertical location2 for SWATH mode (m) 0.151 0.151
Vertical location2 for CAT mode (m) 0.092 0.092
Maximum thickness (m) 0.015 0.023
Fin type NACA–0015

Figure 1   Semi-SWATH model equipped with stabilizing fins
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(2)� ij = �

(
�ui

�xj
+

�uj

�xi

)

Variable ρ is the mixture density, ui is the averaged Car-
tesian components of the velocity vector in the xi direction 
(i, j = 1, 2, 3), �u′

i
u′
j
 is the Reynolds stress, p is the mean 

pressure field, μ is the dynamic viscosity, and (α) represents 
the volume fraction of water inside each cell.

The component of �u′
i
u′
j
 was obtained based on the 

Boussinesq approximation by the k–ε turbulence model 
selected for this simulation:

where vt = Cμk2/ε is the eddy viscosity; k is the turbulent 
kinetic energy; ε is the dissipation term of turbulent kinetic 
energy; Pk is the production of turbulent kinetic energy; and 
Cμ = 0.9, Cε1 = 1.44, Cε2 = 1.92, σk = 1.0, σε = 1.3 are model 
constants.

Frisk and Tegehall (2015) noted that the standard k–ε model 
is robust and gives accurate results for free surface simulations 
for completely turbulent flows. Table 3 summarizes the numeri-
cal simulation setup summary. The volume of fluid (VOF) 
method was employed with high-resolution interface capturing 
(HRIC). The primary application of the implicit unsteady solver 
is the detection and management of the region of all unknown 
hydrodynamic values with an iterative solver for each time step. 
Only the unsteady solver can be combined with the segregated 
flow model (Voxakis 2012). A minimum of 10 inner iterations 
for each time step was used.

The convective Courant number (CFL) relates the time 
step (∆t) to the grid flow velocity (U) and the cell size 
dimension (∆x) as follows:

In general, the CFL should be less than or equal to 1 to 
achieve the desired results and stability of the numerical 
solution. Reducing this value gives numerical solution sta-
bility despite the increase in computational cost.

In implicit unsteady simulations, the time step value was 
obtained based on the flow properties. Therefore, the time 
step employed in the calm water condition, as a function of 
vessel speed (V) and length between perpendiculars (L), was 
determined in accordance with the ITTC (2011):
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(4)CFL = U
Δt

Δx

(5)ΔtCalm water = 0.005 − 0.01
L

V

Table 3   Numerical simulation setup summary

Parameter Settings

Turbulence model Standard k–ε
Continuity and momentum equation coupling SIMPLE - Algorithm
Method Segregated flow
Solver 3D, implicit unsteady
Multiphase model VOF
Time step Equations (5) and (6)
Time discretization First order
Convection scheme for VoF HRIC
Iterations per time step 10

Figure  2   Dimensions of the computational domain. The width of 
background and overset are 2L and 3B, respectively

Table 4   Location of 
computational domain faces in 
similar previous works

Reference Inlet face Outlet face Top face Bottom face Side face

Tezdogan et al. (2015) 1.15L 4.5L L 2.3L 2.5L
Sun et al. (2016) 1.5L 3L L 2L L
Kahramanoğlu et al. (2020) 2.75L 7.75L 0.9L 1.9L 3L

Figure 3   General view of the computational domain with boundary 
conditions
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In wave condition simulation, at least 100 time steps for 
each wave encounter period (Te) were utilized, as suggested 
by ITTC (2011) and another relevant study (Tezdogan et al. 
2015). Therefore, for this condition, the time step size was 
computed as follows:

3.2 � Computational Domain and Boundary 
Conditions

Figures 2 and 3 illustrate the computational domain dimen-
sions and applied boundary conditions, respectively. The 
domain dimensions must be large enough to achieve high pre-
cision and reliable numerical results. In Figure 2, L, B, and T

(6)ΔtWave =
Te

100

(a) 3D View

(b) Top View

(c) Side View

(d) Front View

Figure 4   Views of grid generation in the computational domain. a 3D 
view. b Top view. c Side view. d Front view

Figure 5   Grid independence analysis for total resistance prediction in 
calm water at Fr=0.68

(a)  Heave motion

(b) Pitch motion

Figure  6   Grid independence analysis in wave condition with 
length λw/L=1.8 at Fr=0.512
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are the length between perpendiculars, half beam, and draft of 
the vessel, respectively. For simulations of free surface with 
incident waves, the computational domain is extended 1.5L
upstream of the hull, which is defined as an inlet face, and 5L
downstream, which is considered an outlet face, to avoid any 
wave reflections according to the ITTC (2011) recommenda-
tions. Similar previous works were also studied to set up the 
appropriate location of computational domain faces (Table 4). 
Given the symmetry, only half of the model hull was modeled. 
Therefore, the symmetry plane condition of the longitudinal 
centerline was considered. Other boundary conditions were 
defined as follows. The inlet, side, top, and bottom faces were 
set to velocity inlet as a field function of volume fraction and 
velocity. The outlet face was imposed on the pressure outlet 
as a field function of volume fraction and pressure. The vessel 
hull surface was defined as a no-slip wall condition.

In calm water, the computational domain includes the 
stationary domain only, and the vessel is fixed to heave and 
pitch. Given that only the resistance force prediction is tar-
geted, for the simulation in wave conditions, the computa-
tional domain was specified in two regions to predict vessel 
responses, including background (stationary domain) and 
overset (moving domain) regions. Therefore, during the 
simulation in wave conditions, the vessel was free to heave 
and pitch motions and move with the overset region at each 
time step. For this purpose, a setting called dynamic fluid 
body interaction was employed to simulate the interactions 
between the fluid and rigid body.

A linear interpolation approach was employed to control 
the numerical data transfer between the two regions. In the 
overset method, no specific recommendation concerns the 
size of the overset region dimensions. However, dimensions 

with a sufficient number of cells between the surface bound-
ary of the vessel hull inside the overset and background 
regions are acceptable.

3.3 � Grid Generation

The grid division was performed using the automated mesh 
technique in the Siemens PLM Star-CCM+ package. Both 
simulation conditions (calm water and wave) were accom-
plished with an unstructured hexahedral cell (trimmed) 
mesher, which is suitable for solving complex problems, 
especially at the free surface. The mesh generation process 
was conducted based on dimensions, including the total 
thickness of prism layers and maximum and minimum sizes 
of grid cells in the desired areas (surface and volume con-
trols), especially around the hull surface with fins and the 
free surface area as a percentage of base size.

When employing the overset mesh approach, a refinement 
area called the “overlapping zone,” where the numerical data 
are exchanged between the stationary and moving domains 
through the overlapping zone grids, must be used. Siemens 
PLM Star-CCM+ user guide (Siemens 2019) provided sug-
gestions on how to set appropriate grid cells in the overlap-
ping zone. Figure 4 depicts the 3D, top, side, and front views 
of grid division in the computational domain.

3.3.1 � Grid Independence Analysis

A grid independence analysis is an essential issue for 
numerical simulations. All the physical phenomena 
related to flow around the vessel must be modeled with 
the desired quality. Therefore, the sensitivity of the 
numerical results concerning cell number and dimen-
sionless wall distance (y+=u∗y/v, where u∗ is the fric-
tion velocity, y is the absolute distance from the nearest 

Table 5   Number of cells for calm water and wave condition simula-
tions

Simulation Region

Background Overset Total

Calm water 1.80× 106 − 1.80× 106

Wave condition 1.35× 106 2.18× 106 3.53× 106

Table 6   GCI estimation-related parameters (Celik et al. 2008)

Parameter Definition

�BC
ext

=
rP
BC

�C−�B

rP
BC

−1

Extrapolated value

eBC
a

=
|||
�C−�B

�C

||| Approximate relative error

eBC
ext

=
||||
�CB
ext
−�C

�CB
ext

||||
Extrapolated relative error

GCIBC
Fine

=
1.25eBC

a

rP
BC

−1

Fine-grid convergence index

Table 7   Grid uncertainty study for total resistance in calm water

Parameter Calm water
(Fr=0.68)

Case of A-B-C Case of B-C-D

rBC, rAB
√
2

√
2

φA 65.00 66.80
φB 66.80 67.42
φC 67.42 67.63
R 0.3444 0.3387
p 3.0753 3.1237
�BC
ext

67.7457 67.7375
eBC
ext

0.4831% 0.1590%
eBC
a

0.9196% 0.3105%

GCIBC
Fine

0.6040% 0.1988%
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wall, and v is the kinematic viscosity) for proper turbu-
lence modeling should be investigated. For this purpose, 
four types of cell numbers, namely, 0.9 × 106 (A-type), 
1.27 × 106 (B-type), 1.8 × 106 (C-type), and 2.55 × 106

(D-type), were selected for the simulation in calm water, 
and another four types, such as 2.50 × 106 (A′-type), 
3.53 × 106 (B′-type), 5.0 × 106 (C′-type), and 7.1 × 106

(D′-type), were used for wave conditions. A high-y+ treat-
ment model was employed to keep the low numbers of 
grid cells. In this particular approach, near-wall y+ was 
kept at a value higher than 30 as recommended by Sie-
mens PLM Star-CCM+ user guide (Siemens 2019). A 
good range was between 60 and 130, as reported by Cuci-
notta et al. (2018). Figures 5 and 6 show the numerical 
results in calm water (total resistance) and wave (heave 
and pitch amplitudes), respectively, for the bare-hull as 
a function of cell number for two different values of y+ 
approximately 70 and 140. The cell numbers of 1.8 × 106

and 3.53 × 106 with y+ of 70 were selected for the simu-
lation in calm water and wave conditions, respectively. 
Table 5 contains the number of cells in both overset and 
background regions for each simulation.

3.3.2 � Grid Uncertainty Estimation

The grid (UG), time step (UTS), and iterative (UI) uncertain-
ties are the main sources of numerical uncertainty (USN):

Among the main sources of numerical uncertainties 
mentioned above, grid uncertainty has the greatest impact, 
as reported by Wilson et al. (2001) and De Luca et al. 
(2016).

(7)USN
2 = UG

2 + UTS
2 + UI

2

Table 8   Grid uncertainty study for heave and pitch amplitudes in reg-
ular head wave

Parameter Wave condition
(λw/L=1.8, Fr=0.512)

Case of A′-B′-C′ Case of B′-C′-D′

Heave (m) Pitch (°) Heave (m) Pitch (°)

rBC, rAB
√
2

√
2

√
2

√
2

φA′ 0.0350 1.450 0.0395 2.273
φB′ 0.0395 2.273 0.0410 2.310
φC′ 0.0410 2.310 0.0412 2.285
R 0.3333 0.0449 0.1333 −0.67
p 3.1699 8.9506 5.8138 1.1311
�B�C�
ext

0.0417 2.3117 0.0412 2.2329
eB�C�
ext

1.8292% 0.0754% 0.0747% 2.2793%
eB�C�
a

3.6585% 1.6017% 0.4854% 1.0941%

GCIB�C�
Fine

2.2865% 0.0942% 0.0933% 2.8492%

1. Create hull form w/wo 
stabilizing fins

2. Computational 
domain definition 3. Grid division

4. Numerical solution in calm 
water 5. Post processing 

6. Numerical solution in regular 
head waves 7. Post processing 

Grid independence analysis

Grid independence analysis

STAR-CCM+ software

Boundary conditions 

VOF waves model 

k-ε standard model 

Segregated flow 

SIMPLE algorithm 

Implicit unsteady model 

Time step

First-order temporal discretization 
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DFBI solver 

CATIA software 

Body lines 
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format (igs) 
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of the boundary layer is
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Overlapping zone
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Hull w/wo fixed stabilizing fins 
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Free to heave and pitch 
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Bare-hull  

Fixed to heave and pitch 
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CAT mode

0.31 < Fr < 0.68 

Speed and pressure distribution over 

the hull

y+>30 

Validation with available experimental 

data 

Total resistance diagram 

Heave and pitch plots 

Validation with available 

experimental data 

Heave, pitch, and vertical 

acceleration RAO diagrams 

Figure 7   Numerical simulation steps of the semi-SWATH model

652

1 3

Journal of Marine Science and Application



Special attention unless commonly used in your field, we 
suggest providing the meaning of acronyms at first mention 
in both abstract and main text. However, acronyms are not 
included when terms are mentioned only once in the paper. 
For this purpose, the difference between any solution scalars 
(ε) can be computed as follows:

where φA, φB, and φC refer to the value of any scalar of 
coarse, medium, and fine-grid size, respectively. The conver-
gence ratio was utilized to evaluate the convergence condi-
tion (R), as given in Eq. (9):

According to the ITTC (2002) guidelines and Stern et al. 
(2006), three convergence conditions are defined as follows:

(8)�BC = �B − �C, �AB = �A − �B

(9)R =
�BC

�AB

The apparent order (p) can be obtained as follows (Celik 
et al. 2008):

Table 6 presents the other terms related to the GCI esti-
mation, including the extrapolated value, approximate rela-
tive error, extrapolated relative error, and fine-grid conver-
gence index (Celik et al. 2008).

Tables 7 and 8 present the uncertainties of calm water 
total resistance and heave and pitch amplitudes in regular 
head wave conditions for the semi-SWATH model, respec-
tively. As shown in Table 7, in both A-B-C and B-C-D 
cases, the total resistance converged monotonically. In 
Table 8, the grid uncertainty study showed monotonic 
convergence for both heave and pitch amplitudes in the 
case of A′-B′-C′, whereas for the case of B′-C′-D′, the 

(10)

⎧⎪⎨⎪⎩

Monotonic convergence ∶

Oscillatory convergence ∶

Divergence ∶

0 < R < 1

−1 < R < 0

R < −1,R > 1

(11)

p =
1

ln rBC

||ln ||�AB∕�BC|| + q(p)||
q(p) = ln

(
rP
BC
−s

rP
AB
−s

)

s = sign
(
�AB∕�BC

)

Figure  8   Computed resistance–weight ratio using the CFD method 
(present work and Ali et  al. (2014)) in comparison with available 
experimental data at different Froude numbers from 0.31 to 0.68

Table 9   Comparison of the 
CFD results of the present work 
and available experimental data

Fr Total resistance–weight ratio (RT/∆)

CAT mode SWATH mode

Present work Towing tank 
of UTM

Error (%) Present work Towing tank 
of UTM

Error (%)

0.31 0.022 0.023 −4.35 0.021 0.022 −4.54
0.48 0.059 0.058 1.72 0.072 0.070 2.86
0.56 0.077 0.085 −9.41 0.094 0.101 −6.93
0.68 0.073 0.084 −13.10 0.089 0.092 −3.26

Figure  9   Comparison of estimated wave and viscous resistance for 
CAT and SWATH modes at different Froude numbers from 0.31 to 
0.68
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pitch amplitude displays oscillatory convergence. After 
the GCI method assessment, the CFD simulations in calm 
water and wave conditions were carried out with C- and 
B′-type grids, respectively.

4 � Performance Evaluation in Calm Water 
and Regular Head Waves

Figure 7 illustrates the numerical simulation steps of the 
semi-SWATH model in calm water and wave conditions 
at a glance.

4.1 � Resistance in Calm Water

The total resistance coefficient (CT) for multihull vessels can 
be written as follows:

where k is the form factor, which was assumed similar for the 
single and multihull analyses. τ is the wave resistance inter-
ference factor. β is the viscous resistance interference factor.

As shown in Figure 8, the total resistance–weight ratio 
(RT/∆) of the present work was compared with the numerical 
results from Ali et al. (2014) research and available experi-
mental data for the semi-SWATH model in SWATH and 
CAT modes. The available experimental data were meas-
ured in a towing tank at the Marine Technology Center of 
Universiti Teknologi Malaysia (UTM), as reported by Ali 
et al. (2014).

Table 9 shows the percentage of error between the CFD 
results of the present work and the available experimental 
data at different Froude numbers from 0.31 to 0.68.

Figure 8 shows that the presented CFD results are in good 
correlation with the experimental data compared with the 
CFD results of Ali et al. (2014) due to the high quality of gen-
erated grid cells on the hull surfaces and control volumes in 

(12)CT = �CW + (1 + �k)Cf

(a) 

(b) 

(c) 

(d) 

Figure 10   Comparison of wave pattern induced by the semi-SWATH 
motion at SWATH and CATs mode in calm water at Froude numbers 
from 0.31 to 0.68

Figure  11   Comparison of the time history of wave elevation by 
numerical wave probe and sinusoidal wave (wave condition with 
length λw/L=1.8 and steepness hw/λw =0.02 at Fr=0.512)
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the required wake areas. At Fr>0.56, the presented numeri-
cal method underestimated the total resistance–weight ratio 
for SWATH and CAT modes. The maximum error between 
the results of the present work and experimental data approx-
imated 6.93% and 13.10% (Table 9) for the SWATH and CAT 
modes, respectively. The main reason for the relatively high 
discrepancies of the results at 𝐹𝑟 > 0.56 can be the fi xed 
heave and pitch motions of the vessel in numerical simu-
lations of the present work. In general, the comparison of 
the total resistance–weight ratio of SWATH and CAT modes 
indicated the advantages of the semi-SWATH hull with 
respect to the standard SWATH hull form.

The curves (dashed and dot-dash) estimated in Figure 9
indicate that the vessel at SWATH mode has higher viscous 
resistance (Rv) than the CAT mode due to the higher wetted 
surface. Figure 9 shows that the wave resistance (Rw) for CAT 
and SWATH modes at the Froude number of 0.56 peaked 
and then reduced. Figure 10a, b, c, and d show the cross-
comparison of wave pattern predicted by the CFD method in 
calm water for SWATH and CAT modes at Froude numbers 
from 0.31 to 0.68. Figure 10 demonstrates that the vessel at 
SWATH mode generated waves with relatively large peaks 
and troughs with respect to the CAT mode on the inner and 
outer sides of the struts for different velocities, consistent with 
the finding in Figure 9 (green and red curves). Therefore, the 
main reason for total resistance reduction of the vessel for the 
SWATH and CAT modes at Fr>0.56 (as depicted in Figure 8) 
was the reduction of wave resistance, which is consistent with 
the findings of Brizzolara et al. (2015).

4.2 � Motion in Wave

In this section, heave and pitch motions of the semi-SWATH 
model with and without fixed stabilizing fins were obtained. 
First, simulations were carried out based on Yaakob and 
Mekanikal (2006) experimental test on regular head wave 
conditions with wavelength λw/L = 1.8 and wave steepness 
hw/λw =0.02 at a Froude number of 0.512. The fore fin angle 
was fixed at 15°, whereas the aft fin angle was varied to 5°, 
10°, and 15° in accordance with the work of Yaakob and 
Mekanikal (2006). The stall effect (lift breakdown) occurred 
at more than 0.4 rad (23°) for the NACA-0015 series, as 
reported by Whicker and Fehlner (1958) and Gregory 
(1973).

(a) Bare-hull state

(b) Aft fin angle = 5° and fore fin angle = 15°

(c) Aft fin angle = 10°, fore fin angle = 15°

(d) Aft fin angle = 15° and fore fin angle = 15°

Figure 12   Heave and pitch motions of the semi-SWATH vessel with 
and without fixed stabilizing fins at the wavelength λw/L=1.8  and 
wave steepness hw/λw =0.02

Table 10   Vertical motion reduction

Fore fin angle 
(°)

Aft fin angle 
(°)

Heave motion  
reduction (%)

Pitch motion 
reduction (%)

15 5 20.32 16.98
15 10 34.54 23.18
15 15 32.08 35.17
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Before obtaining the heave and pitch motions of the model, a 
wave elevation calibration test was performed by a wave probe, 
which was located between the inlet face and the model in the 
computational domain. The time series of the elevation of gener-
ated and sinusoidal waves with the same encounter frequency 
were compared (Figure 11). A slight phase delay was observed 
between the generated and sinusoidal waves. The difference in 
the amplitude between the generated and sinusoidal waves was 
about 1.86%, which indicates that the grid cell size and time 
step utilized are reasonable for the current simulation model 
(Tezdogan et al. 2015).

Figure 12 illustrates the comparison of numerical results and 
experimental data. The origin of the slight phase delay between 
the present results and experimental data (in all plots) was due to 
an error in the generated wave by the numerical method.

Table 10 shows the maximum value of the heave and 
pitch motion reduction of the vessel equipped with stabi-
lizing fins compared with the bare-hull case. The results 
showed that the best condition for reducing the heave 
motion was at an aft fin angle of 10°, whereas the best 
condition for reducing the pitch motion was at an aft fin 
of 15°. Thus, fixed stabilizing fins are practical tools for 
reducing vertical motions.

The heave, pitch, and vertical acceleration RAO dia-
grams of the semi-SWATH bare-hull model in regular 
head wave conditions with constant height hw = 0.0857 m 
at Froude numbers ranging from 0 to 0.51 were obtained 
based on the cases mentioned in Table 11. The corre-
sponding equations in dimensionless forms of RAO are 
given below:

(13)

RAOheave =
Za

�a

RAOpitch =
�a

k�a

RAOacc =
aL

g�a

where Za is the amplitude of heave motion, ζa = hw/2 is 
the wave amplitude, θa is the amplitude of pitch motion, 
k is the wavenumber, a is the vertical acceleration at the 
center of gravity (CG) or bow, and g is the gravitational 
acceleration.

Figure 13 shows the heave and pitch RAO diagrams 
versus the dimensionless wavelength (λw/L) at four differ-
ent Froude numbers.

Using Figure 13, the following results were obtained:

1) As the speed increased, the level of heave RAO 
increased, whereas the level of pitch RAO increased first 
and then decreased at Fr > 0.17.

2) At Fr = 0.34, 0.51, a double-peak trend was found for 
the pitch RAO of the vessel. At both Froude num-
bers, the first pitch motion peak displayed lower and 
nearly appears in the proximity of λw/L = 2 (ω∗ ≅ 1.77). 
The second peak had a higher value and occurred in 
the range [4.5–6.5] of the dimensionless wavelength 
(0.98 ≤ ω∗ ≤ 1.18). In general, the presence of the peaks 
can be due to the resonance caused by the coupling of 
heave and pitch motions.

3) At Fr = 0.34, at a dimensionless wavelength of about 
λw/L ≅ 2.19 (in frequency about ω∗ ≅ 1.70), when the 
heave RAO reached its peak, the pitch RAO was at its 
minimum value close to 0. This event occurred when 
the vessel was periodically at the crest or trough of the 
incoming waves. In this interesting phenomenon, which 
can be called “pitch cancelation,” almost no moment is 
applied to the semi-SWATH vessel.

Figure 14 shows the vertical accelerations at CG and bow 
in the dimensionless form of the RAO diagram at differ-
ent Froude numbers. In general, increasing the speed can 
have two effects on the vertical acceleration responses. 

Table 11   Different cases for 
CFD simulation in regular head 
waves

Case No. Wave/vessel 
length(
�w

L

)
Wave steepness(
hw

�w

) Wave fre-
quency (ω) (rad/s)

Dimensionless 
wave frequency�
�∗ = �

√
L∕g

�

1 0.85 0.0436 5.6 2.72
2 1 0.0370 5.16 2.50
3 1.4 0.02s65 4.36 2.12
4 1.8 0.0206 3.84 1.87
5 2 0.0185 3.65 1.77
6 2.19 0.0169 3.49 1.70
7 2.4 0.0154 3.33 1.62
8 3 0.0123 2.98 1.44
9 4.5 0.0082 2.43 1.18
10 6.5 0.0057 2.02 0.98
11 9 0.0041 1.72 0.83
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First, the maximum vertical acceleration will increase with 
speed for the constant wavelength (at a wavelength of about 
λw/L > 1.4), and secondary the resonance frequency will be 
at long wavelengths for higher speeds.

5 � Conclusion Remarks

The numerical simulation of an advanced semi-SWATH hull 
in calm water and regular head wave has been done, and 
the effectiveness of fixed stabilization fins for control and 
reduction of SWATH vertical motion has also been evalu-
ated. The numerical results also compared with available 
experimental data, and as a result, the following conclusions 
can be obtained:

(a) 

(b) 

(c) 

(d) 

Figure 13   Heave and pitch RAO diagrams (for bare-hull case)

(a) Comparison of CG accelerations

(b) Comparison of bow accelerations

Figure  14   Vertical acceleration RAO diagrams at different Froude 
numbers
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1) By comparing the numerical results and already pub-
lished experimental data, the CFD numerical method 
has acceptable accuracy for the prediction of vertical 
motions of semi-SWATH hulls.

2) Double-peaked RAO were found for pitch motion at 
Fr = 0.34, 0.51. The appearance of the peaks may be 
due to the resonance phenomenon caused by heave and 
pitch coupling.

3) When the semi-SWATH vessel was subjected to incom-
ing waves with a length of about 2.19R and the vessel 
length at Fr = 0.34, almost no moment was imposed on 
it. This interesting phenomenon in which only heaving 
motion is present can be called “pitch cancelation.”

4) Based on the presented results, fixed stabilizing fins 
can also be used for vertical motion reduction of semi-
SWATH vessels under head wave conditions.

5) For future research, the calculation of hydrodynamic coef-
ficients of the semi-SWATH vessel using CFD methods and 
the development of mathematical models for the assessment 
of the efficiency of active stabilizing fins by modern optimal 
control theory is intended.

Abbreviations and Nomenclature aCG: Vertical acceleration at the Cen-
tre of gravity (m/s2); B: Half beam of the vessel (m); BEM: Boundary 
Element Method; CFD: Computational fluid dynamics; CFL: Courant-
Friedrichs-Lewy number; CG: Center of Gravity; Cf: Friction coeffi-
cient; CT: Total resistance coefficient; CW: Wave resistance coefficient; 
DFBI:  Dynamic Fluid Body Interaction; Fr:  Froude number �
V∕

√
gL

�
; g: Acceleration due to gravity (m/s2); GCI: Grid Conver-

gence Index; HRIC: High-Resolution Interface Capture; hw: Wave 
height (m); ITTC: International Towing Tank Conference; k: Wave 
number (rad/m); L: Length between perpendiculars of the hull (m); 
MII: Motion-Induced Interruptions (1/min); MSI: Motion-Seasickness 
Incidence (%); RAO: Response Amplitude Operators; R&D: Research 
and Development; SWATH:  Small Waterplane Area Twin Hull; 
T: Draft of the vessel (m); Te: Wave encounter period (1/s); ∆t: Time 
step (s); U:  Flow velocity (m/s); u∗:  Friction velocity (m/s); 
URANSE: Unsteady Reynolds-Averaged Navier-Stokes Equation; 
V: Speed of the vessel (m/s); v: Kinematic viscosity (m2/s); w/wo: With 
or without; ∆x: Cell size dimension (m); y: Absolute distance from the 
nearest wall (m); y+: Dimensionless wall distance (u∗y/v); Za: Heave 
motion amplitude (m); α: Volume fraction of water; β: Viscous interfer-
ence factor; (1 + K): Form factor; ζa: Wave amplitude (m); θa: Pitch 
motion amplitude (°); λw: Wave length (m); ρ: Density of water (kg/
m3); τ: Wave resistance coefficient interference factor; ω: Wave fre-
quency (rad/s); ω∗:  Dimensionless wave frequency 

�
�
√
L∕g

�
; 

∇: Volume of displacement (m3)
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