Journal of
Marine Science

and Engineering

Article

Numerical Evaluation of the Wave-Making Resistance of a
Zero-Emission Fast Passenger Ferry Operating in Shallow Water
by Using the Double-Body Approach

Suleyman Duman

check for
updates

Citation: Duman, S.; Boulougouris,
E.; Aung, M.Z.; Xu, X.; Nazemian, A.
Numerical Evaluation of the
Wave-Making Resistance of a
Zero-Emission Fast Passenger Ferry
Operating in Shallow Water by Using
the Double-Body Approach. J. Mar.
Sci. Eng. 2023, 11,187. https://
doi.org/10.3390/jmse11010187

Academic Editors: Carlos Guedes

Soares and Serge Sutulo

Received: 23 November 2022
Revised: 14 December 2022
Accepted: 2 January 2023
Published: 11 January 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Evangelos Boulougouris *'*/, Myo Zin Aung

, Xue Xu and Amin Nazemian

Department of Naval Architecture, Ocean and Marine Engineering, University of Strathclyde,
Glasgow G4 0LZ, UK
* Correspondence: evangelos.boulougouris@strath.ac.uk

Abstract: The consideration of shallow water effects has gained in importance regarding inland
operations. The interaction between the keel and the riverbed affects the hydrodynamic characteristics
of marine vessels. The highly complex nature of the interference phenomenon in catamarans makes
the shallow water problem more complicated as compared to monohulls. Hence, catamarans are
very sensitive to speed changes, as well as to other parameters, such as the shallow water effects.
This makes the design of catamarans more challenging than their monohull equivalents. At lower
Froude numbers, the higher importance of the frictional resistance makes the greater wetted surface
of the catamaran a disadvantage. However, at higher speeds, there is the potential to turn their twin
hulls into an advantage. This study aims to investigate the wave-making resistance of a zero-carbon
fast passenger ferry operating in shallow water. The URANS (unsteady Reynolds-averaged Navier—
Stokes) method was employed for resistance simulations. Then, the double-body approach was
followed to decompose the residual resistance into viscous pressure and wave-making resistance
with the help of the form factors of the vessel calculated at each speed. The characteristics of the
separated wave-making resistance components were obtained, covering low, medium, and high
speeds. Significant findings have been reported that contribute to the field by providing insight into

the resistance components of a fast catamaran operating in shallow waters.

Keywords: wave-making resistance; shallow water; form factor; double-body; wave interference;
catamaran; URANS; CFD

1. Introduction

Fast and green transportation systems are becoming indispensable parts of our lives
as they have the potential to provide a sustainable future. Some of them, such as ground
vehicles, are already being used by a considerable number of people, and other types of
vehicles are in a transition period or under feasibility assessment. Most of the metropolis
and shore cities in the world rely on waterborne transportation to carry passengers on a
daily basis from one port to the other. Providing large deck areas and having an immense
potential to travel at high speeds, with relatively less power compared to equivalent
monohull examples, catamarans are strong candidates for marine transportation.

The implementation of high-fidelity solution techniques is relatively new compared to
the overall progress on fluid dynamics. RANS solvers emerged in the early 21st century
and have become an indispensable part of the design, optimization, and simulation of engi-
neering systems. CFD is now widely used in marine hydrodynamic problems, e.g., power
predictions, manoeuvring simulations, and marine propeller design. Molland et al. (1994)
investigated the resistance of symmetric catamarans [1]. Insel and Doctors (1995) presented
a method to capture the wave patterns of monohulls and catamarans by linearized the-
ory [2]. Van't Veer (1998) conducted experiments to evaluate the resistance and seakeeping
performance characteristics of the Delft catamaran 372 (DC372) [3]. Castiglione et al. (2011)
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investigated the seakeeping characteristics of DC372 in rough seas with URANS [4].
Milanov (2012) developed a manoeuvring model that is a function of advance speed and
water depth for a water-jet-driven fast catamaran [5]. Broglia et al. (2014) investigated
the wave interference phenomena between the demihulls of DC372 by conducting ex-
periments at different demihull clearance arrangements [6]. Duman et al. (2020) utilized
the double-body approach in CFD simulations to predict the wave interference of a tri-
maran surface combatant using form factors [7]. Basic et al. (2020) introduced an im-
proved method of the original linear wave-making theory to predict the wave-making
resistance of ships [8]. Papanikolaou et al. (2020) presented a study focusing on the hydro-
dynamic hull form optimization of a zero emission, battery driven, fast catamaran vessel [9].
Boulougouris et al. (2021) presented the implementation of state-of-the-art “Industry 4.0”
methods and tools to enable fully electrical, fast, zero-emission waterborne urban trans-
port [10]. Shi et al. (2021) conducted an extensive study to predict the shallow water effects
acting on a zero-carbon fast passenger catamaran [11]. Duman and Bal (2022) applied the
CFD method to DC372 to develop a non-linear manoeuvring mathematical model that
can work at relatively high Froude numbers [12]. Ulgen and Dhanak (2022) analysed the
hydrodynamic performance of an unmanned catamaran, WAM-V, in restricted waters by
using OpenFOAM® [13].

This study was conducted as part of an ongoing H2020 project TrAM: Transport,
Advanced and Modular to evaluate the hydrodynamic performance of the Stavanger
Demonstrator of TrAM in shallow water conditions at a relatively low draught loading.
The reason for choosing the presented operational conditions is to analyse the vessel’s
hydrodynamic performance in a different environment; in the present case, to keep the
operational conditions as close to the Thames River as possible. First, the Stavanger Demon-
strator was subjected to 2-DoF CFD simulations in deep and shallow water conditions to
calculate the resistance performance and dynamic attitude. The computational analysis
covers a wide range of Froude numbers between 0.20-0.66. Then, the catamaran hull was
analysed by utilizing the double-body approach in CFD simulations. Single-phase simu-
lation results have been used to calculate the form factors of the catamaran at all speeds.
The residual resistance components that come from the 2-DoF resistance analysis have
been decomposed into frictional and wave-making resistance components with the help of
those form factors. Significant findings have been reported that contribute to the field of
marine hydrodynamics by providing detailed insight into the resistance components of the
subject vessel.

2. Mathematical Models
2.1. Geometric Properties of the Catamaran Hull

The catamaran hull form is designed for carrying passengers with fully electric power
as part of TrAM, an ongoing EU-funded project [14]. The first demonstrator of the TrAM
project, Stavanger Demonstrator, was launched and named MS Medstraum in Stavanger,
Norway to provide zero-emission transportation with a maximum of 27 kn recorded speed
(Figure 1). With these features, Stavanger Demonstrator is a special design as it is the
world’s first 100% battery-driven fast passenger ferry.

The catamaran hull form is characterized by a slender body, an axe-shaped bow, a
flow-adopted propeller tunnel, a transom stern, and a bow thruster tunnel (Figure 2). The
fully-appended Stavanger Demonstrator used in this study includes a twisted rudder, a
shaft, and two symmetrical foil-shaped struts on both the port and starboard sides.

The main dimensions of the Stavanger Demonstrator are given in Table 1 in nondimen-
sional form. Two different loading conditions (LC) have been analysed by the CFD method:
T' = 0.045 (LC1) and T’ = 0.040 (LC2). The displacement is changed by only re-arranging
the draught position without any modification on the original Stavanger Demonstrator
hull form to obtain main particulars for the LC2.
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Figure 2. Hull surface in 3-D from the perspective (upper) and profile (lower) views.

Table 1. Principal dimensions of the Stavanger Demonstrator.

Dimension Nondim. Nondim. Value
Separation (s) s/Lpp 0.227
Draught (T) T/Lpp 0.040
KB KB/Lpp 0.026
LCB LCB/Lpp 0.460

2.2. Computational Method

All the hydrodynamic analyses of the Stavanger Demonstrator reported here have been
done at model scale by using the commercial RANS solver software Star-CCM+ [15]. This
chapter presents the field equations, boundary conditions, discretization of the computa-
tional domain, form factor calculation approach and the nondimensionalisation procedure
followed in this study.
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2.2.1. Governing Equations

Resistance simulations of the Stavanger Demonstrator are practised under 2-DoF
conditions to allow the vessel to move freely on a vertical plane passing by the longitudinal
symmetry centre. The flow field is built in two phases (water and air) by defining a free
surface interaction level in a vertical direction (z-axis). The initial state of the free water
surface is set to a flat plane where the ship floats at a laden draught. The volume of fluid
(VoF) method is implemented to control the phase changes between the pre-described
water and air cells [16]. As the vessel is released, any kind of motion or disturbance will
cause gravity waves that will initiate a sequence of free surface waves in the vicinity of
the vessel.

The fluid flow inside the computational domain is assumed to be Newtonian, incom-
pressible, and turbulent. The fluid flow for both phases is handled by the Navier-Stokes
equations in 3-dimensional space. Multi-phase flow simulations are achieved by solving
the continuity equation (Equation (1)) and the Reynolds-averaged Navier—Stokes (RANS)
equations (Equation (2)) in an unsteady way. As a result of averaging operation to the
original Navier-Stokes (momentum) equations, Reynolds stresses (Equation (3)) appear
that are modelled by the turbulence model. The near-wall treatment is activated within the
turbulence model, Realizable k-epsilon, by setting the dimensionless wall distance (y+) to
be between 30-300, which enables the wall function near the no-slip walls. Timestep, one of
the key parameters for well-posed unsteady solutions, is determined according to the ITTC
recommendations [17] following Equation (4) and is kept constant as all the computations
are based on the implicit solution algorithm.
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2.2.2. Computational Domain Boundaries and Grid Resolution

The sizes of the computational domain mainly depend on the type of the physical
problem. Dimensions should provide adequate clearance for the initialization of the
solution and for the developing flow without having an undesired numerical error. When
previous CFD studies are searched, it is seen that at least 1.5 L upstream, 3 L downstream,
and 2 L clearance are very common and give sufficient enough space to allow free surface
waves to be developed for conventional resistance simulations. Bottom and top boundaries
are generally assigned 1 L to 1.5 L far from the floating body. By considering previous
experiences and recommendations and customize them to Stavanger Demonstrator, 2.37 L
and 3.75 L distances are set for the CFD simulations in the upstream and downstream
directions, respectively. Since there is no superstructure in the model geometry, the top
boundary is located 1.68 L in height from the origin of the coordinate system, which is
assigned at the intersection point of the aft perpendicular and keel of the vessel. The side
boundaries are located approximately 2.25 L away from the centreline (Table 2). To avoid
the bank shallow water effects in deep water simulations, an artificial infinite boundary
effect is achieved by setting the top, bottom, and side faces as inlets where the fluid flows
in the longitudinal direction, and yet no flux enters the domain from these faces. For the
shallow water analysis, on the other hand, the bottom boundary is set to a pre-described
depth and assigned as a no-slip moving wall, which has the same velocity as the free stream
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imposed at the inlet faces. This technique provides an identic solution to the physical
operational conditions.

Table 2. Domain dimensions in CFD simulations.

Boundaries Background (X L) Overset (X L)
Upstream 2.370 0.072
Downstream 3.745 0.037
Top 1.685 0.169
Bottom 1.685 0.015
Side 2.247 0.187

The boundary conditions used in the CFD simulations are shown in Figure 3. The
computational domain is divided into two main regions: background and overset. In the
background domain, the front, top, bottom, and side faces are assigned as velocity inlets;
the back face is set to outlet; and the boundary face on the centreline of the catamaran is set
to symmetry conditions. In the overset domain: all faces except the boundary face on the
centreline, which is set to symmetry, are assigned as overset boundaries. The Stavanger
Demonstrator hull is assigned as a no-slip wall, where the tangential and normal velocities
are zero on the hull surface. The Chimera or overset facilitates large amplitude motions
without any deformation on the grid cells around the moving body. The flow features,
such as velocity and pressure, are transferred between the overset boundaries and the
background overlapping cells through the intersecting points [18].
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.
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\
| —
‘ \
I |
‘ ‘l " Front, top,
" | | +—__| bottom and
, — 7 ‘l portside
- A ‘ - | faces: Inlet
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Symmetry Hul  Overset ‘
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Figure 3. Boundary conditions in CFD simulations of the catamaran.

The Chimera or overset grid technique can provide high accurate dynamic solutions
without any deformation on the grid cells around the moving body on that matter. The flow
field is divided into two main regions, background and overset, and the flow information
is transferred between the boundaries of the overset region and the background region
overlapping cells through the intersecting points [18]. Coloured representations of the grid
cells and information about the data transfer between those cells for catamarans in CFD
simulations can be found in the literature [19,20].

In multiphase marine hydrodynamic problems, the interaction field should be handled
in the first place rather than the far field. The mesh structure in this study is designed to
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start finer near the no-ship surfaces and to continue with a rate of change to get coarser in
the relatively far points. The inner field between the demihulls and the overset boundary
sites are discretized with smaller cells to capture the wave interference well and to provide
a smooth transfer of the flow data between the background and overset regions (upper
picture in Figure 4). The ideal way of discretizing the free water surface is to use very small
and equally-sized cells on that horizontal plane. However, this approach will generate a
very dense mesh and will be far more than practical and cost-effective due to the need for
high computational power. Instead, a Kelvin-wave adopted grid has been applied in this
study to capture the free surface deformations. The density of the grid resolution on the
appendages and bow thruster tunnel of the Stavanger Demonstrator have been increased
(Figure 5).

Figure 4. Grid structure on the free water surface (upper) and the symmetry plane of a demi-hull
(lower) in the CFD simulations of the catamaran.

Figure 5. Grid structure on the fully-appended Stavanger Demonstrator.
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2.2.3. Form Factor Prediction Method

There are two well-known and widely adopted ways of predicting the form factors of
marine vessels: (1) Prohaska’s method [21] and (2) the double-body geometric approach
or the 1978 ITTC power prediction method [22]. The first method assumes that the wave-
making resistance can be represented by the fourth order of the Froude number at low
speeds (mostly between 0.10-0.20), and the total resistance coefficient can be written as in
Equations (5) and (6). The principle is based on having a linear change at low speeds when
the Cr/Crg is plotted against Fr*/Crg where the intersection point of the linear curve and
the C7/Crg axis gives the form factor (1 + k). Although it is a commonly adopted and
well-defined method, Prohaska’s method yields reliable results at low speeds.

Cr= (1 +k)CFO—|-Cw (5)
CT F1’4

=T — 14k +a— 6
Cro (1+k) Cro (6)

The second method, on the other hand, can even be utilized at high speeds. The
methodology is simply cutting the hull form from the free water surface and eliminating
the free surface effects by means of reducing the problem to a single-phase fluid dynamics
case. The physical practice of this approach is testing the mirrored ship model in an
adequate depth of water, like a submarine, and measuring the total resistance of the double-
body. In this case, the total resistance is formed of viscous components only (Equation (7)).
The form factor (1 + k) can be obtained by dividing the total resistance co-efficient by the
frictional resistance coefficient (C1/Crg). Modelling this numerical problem is relatively less
complicated compared to multi-phase simulations.

Cr= (1 + k)CFO (7)

2.3. Presentation of Data

The force units are nondimensionalised by following the Equation (8), where it is
necessary. X and Y represent and scalar force units, r is the fluid density, U is the ship
advance speed and the S stands for the wetted surface area. The lengths are nondimension-
alized by the ship length. All the calculations reported here have been done by using the
fully appended catamaran’s main particulars, i.e., S includes both hulls” and appendages’
wetted surface areas unless the opposite is stated. The Cry frictional resistance coefficient
has been calculated by following the ITTC'57 frictional resistance coefficient formula given
in Equation (9) [23]. The experimental resistance results have been decomposed by sub-
tracting the Cpg from the Ct values that were measured in the experiments (Equation (10)).
However, the frictional resistance Crg has been calculated by the wall function that is
implemented in the turbulence model in CFD simulations. The corresponding Froude
numbers are also calculated using Equation (11) and provided in the tabulated results.

rowr . X, Y
X, Y= 0.50U2S ®)
0.075
Cro=—"—""> 9)
(log(Rn —2))
Cr =Cpy+Cg (10)
Fr = u (11
glwe

3. Results and Discussion
3.1. Verification and Validation Study

The Stavanger Demonstrator hull form was tested in an HSVA experimental tow-
ing tank at a wide range of advance speeds [11]. The verification and validation study
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has been conducted for the LC1 loading condition in deep water due to the available
experimental data.

3.1.1. Verification

Even though the comparison between the computational results and the experiments
is a strong indication of the reliability of the method used, an uncertainty assessment is
essential to draw the limits of the outputs and to observe the convergence of the method
from a numerical analysis point of view. Therefore, the latest solution verification tech-
niques, Grid Convergence Index (GCI), Correction Factor (CF) and Factors of Safety (FS)
have been applied to calculate the uncertainties in the computations [24-27]. All those
three methods are based on Richardson extrapolation. The total grid cell numbers are
increased by changing the dimensions of the reference cell by /2 as recommended by
ITTC [28]. Since the verification procedure is applied to a three-dimensional problem,
the ratio between the total grid cell numbers of different qualities is defined as follows

(Equation (12)):
1 1
Ny 3 N>\ 3
= (i) == (%) o

where N1, N5, and N3 are the total cell numbers and N3 < N, < Nj. The difference between
any numerical scalar result, which, in this case, is the total resistance between two different
grid cells, can be calculated as follows (Equation (13)):

Eyy =X, — X1 E3p=X3—-Xo (13)

The convergence condition of the numerical solution can then be observed by dividing
the constants calculated in Equation (13): R = Ep;/E3y. The mathematical meaning of the
ratio R is described in Equation (14) and the details can be found in the related reference [29].

—1 < R < 0 Oscillatory convergence
0 < R <1 Monotonic convergence
R < —1 Oscillatory divergence
1 < R Monotonic divergence

(14)

Three different grid qualities have been tested at the 0.45 Froude number to calculate
the total resistance of the Stavanger Demonstrator at LC1 (Table 3).

Table 3. Resistance values at Fr = 0.45 by different grid qualities.

Grid Quality Total Cell Numbers Cr (1 x 10%)
Fine 8.36 x 10° 6.345
Medium 4.82 x 10° 6.512
Coarse 2.92 x 10° 6.648

The total resistance values gradually decrease as the grid resolution becomes dense.
Although it seems to have monotonic convergence characteristics, it should be noted that
the convergence condition R is the ultimate indication of this behaviour (Table 4). The
highest uncertainty is calculated as 10% by the FS method, which is more up-to-date and
already known as a conservative method in the literature [12,30].
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Table 4. Uncertainty assessment results.

GCI CF FS

21 1.20 1.20 1.20

o 118 118 118

R 0.73 0.73 0.73

Py, 2.00 2.00 2.00

Pre 2.19 2.19 2.19
Crpx (1 x 10%) 6.213 6.213 6.213
SF 1.25 112 1.10

A (%) 3.90 3.86 10.01

3.1.2. Validation

The validation of the numerical results has been achieved by comparing the resistance
components and dynamic behaviour of the Stavanger Demonstrator with the experiments.
Since the hull form and the tested conditions are symmetric about the centreline of the
catamaran, the rest of the simulations, including double-body analyses have been carried
out by adopting the half-body technique to save computational power and time. The
experiments of the fully appended catamaran were conducted in HSVA towing tank for
the T' = 0.045 loading condition (LC1) [11].

Validation has been done through the resistance components and the dynamic be-
haviour of the Stavanger Demonstrator at model scale. The catamaran has been subjected
to resistance simulations at a 0.24-0.63 Froude range with all appendages (rudder, shaft,
and strut).

A significant match has been reported between the CFD results and those obtained by
the experiments. The numerical total resistance values of the catamaran reflect the trend
of the experimental results with good accuracy (Figure 6). The maximum relative error
between the total resistance values is —3.32% at 0.39 Froude number (Table 5). The negative
percentage means that the CFD gives higher values than the corresponding experimental
results (see the formulation in Section 2.3). The experimental frictional resistance values
have been calculated by using the ITTC'57 formula. The average relative percentage
error between Cr.crp and Cr.y, has been calculated as approximately 5.6%, which can be
concluded with the proven-functionality of the turbulence model (Table 5). The dynamic
behaviour of the vessel, especially the extremum locations through the increasing advance
speed, has been well-predicted with the CFD method (Figure 7).

%43
Cg [1107]

251

0.25

0.3

0.35

0.4

0.45 0.5 0.55 0.6 0.65 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65
Fn[-] Fn[-]

Figure 6. Numerical total (left) and residual (right) resistance values compared to the experiments.
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Table 5. Resistance comparison for LC1.

Fr Crcrp (1 X 10%)  Crpypy (1 X 10%) ect (%) Crcrp (1 X 10%) Crpxp (1 X 10%) ecr (%)
0.24 5.064 4.917 —2.98% 3.248 3.071 —5.75%
0.33 5.002 4.876 —2.59% 3.089 2.906 —6.31%
0.39 5.332 5.161 —3.32% 3.028 2.825 —7.21%
0.45 6.345 6.488 2.21% 2.947 2.758 —6.87%
0.51 6.125 6.281 2.48% 2.837 2.701 —5.01%
0.57 5.461 5.552 1.65% 2.756 2.652 —3.91%
0.63 4.854 4.933 1.60% 2.720 2.610 —4.24%

O Q(Exp)
% Q(Star+)

Q [deg]

-1.4
O Z (Exp)
X Z'(Star+) 16

0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65
Fn[] Fn[]

-3.5

Figure 7. Numerical sinkage (left) and trim (right) values compared to the experiments.

The relative percentage between the numerical and experimental motion amplitudes
are relatively high, yet these values are small enough to cause such high percentages.
The difference in motion amplitudes can be the result of measuring points during the
experiments, mounting conditions and, of course, the uncertainties in measurement systems
and in computational analysis. The numerical uncertainty due to the selected grid system
is reported in the previous section, yet no data was provided by the experimental facility
regarding uncertainties in measurement systems. It can be noticed that the maximum
sinkage values in both methods are obtained between 0.45-0.51 Froude numbers (Table 6).
After this point, the catamaran enters the planning regime and the sinkage values decrease
gradually (Figure 7).

Table 6. Full scale sinkage and trim comparison for LC1.

Fr Z'crp 1 X 10%) Qcrp (deg) Z' gy (1 X 10%) QkExp (Deg)
0.24 —0.710 0.052 —0.635 —0.033
0.33 —1.649 —0.026 —1.404 —0.117
0.39 —2.436 -0.218 ~2.273 —0.300
0.45 ~3.276 —0.879 —2.774 ~1.133
0.51 —2.694 —1.245 -1.872 ~1.517
0.57 ~1.763 ~1.258 ~0.869 —1.483

0.63 —0.779 —1.124 —0.267 —1.317
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3.2. Deep and Shallow Water Resistance Analysis Results

The Stavanger Demonstrator has been analysed in deep and shallow water conditions
at LC2 to observe the shallow water effects on the resistance and motion characteristics of
the vessel. Deep water analyses have been performed in a 1.69 L depth body of water by
assigning the bottom of the computational domain as the velocity inlet, which provides
an identical numerical set-up to the actual physical conditions (see Section 2.2.2). In a real
environment where the fluid is assumed to be still, with no other external effects such as
wind and current, the ship travels at a certain speed. To imitate the physical conditions, the
ship is captive (free to sink and trim) and the free stream passes through the surface of the
vessel in the virtual environment (Figure 8, left caption). Seabed assumptions are extremely
important when it comes to having an interaction with the floating body. A ship travelling
in a finite depth water will be affected by the presence of the seabed to a certain level.
When there is no current or wind, both the current and the seabed will have no speed but
relative speed against the advancing vessel, i.e., the current and the seabed will have zero
absolute speed. To have an identical numerical solution for the shallow water conditions,
the vessel is kept captive (free to sink and trim) and the fluids enter the computational
domain on the inlet faces and flow at the operational speed of the vessel; additionally, the
seabed boundary condition is set to move in the longitudinal direction at the operational
speed of the vessel by having no-slip surface properties (Figure 8, right caption).

DW identification SW identification
Physical Us Physical Us
TTesesssmssm————.. TT—sssm—————
Uc=0 Uc=0, Ug=0
Numerical l Numerical l Us=0
Us=0
T TT s
Uc=Us Uc=Us, Ug=Us
C— O KT TR LSS ™

Figure 8. Illustrations for the identical numerical set-up for deep water (left) and shallow water (right).

The water depth for the shallow water analysis was set to 2.15 m to investigate
the Stavanger Demonstrator’s dynamic behaviour in potential operational conditions
on the Thames River in London. The ratio between the water depth and the draught
(H/T) becomes 1.79, which is a strong indication of the interaction between the free
surface and the seabed, as practiced in many studies in the literature. The 2-DoF deep
water resistance simulations have been performed at all speeds for comparison purpose.
Resistance characteristics at LC2 have been reported to be in line with the LC1 validation
case. Similarities between the sinkage and trim behaviours can be seen (Figures 7 and 9).
The most striking result from the 2-DoF shallow water resistance analyses is the dramatic
increase in the residual resistance between the 0.20-0.39 Froude numbers compared to the
deep-water results (Figure 10, bottom caption). Interestingly, even though the advance
speed increases, the total resistance coefficients remain around 4.6 x 1073 in shallow
water and start to increase after the 0.39 Froude number (Figure 10, top-left caption). The
intersection point of two resistance curves has been plotted between 0.39-0.45 Froude
numbers at where the shallow water effects turn in favour of the catamaran’s resistance
performance (Tables 7 and 8). The Fr = 0.24 has been identified as the critical speed where
the shallow water effects reach the peak point. It should be noted that the highest impact
has been detected due to pressure-based resistance components as no noticeable difference
has been detected in the frictional resistance component (Figure 10, top-right caption). This
was the authors’ primary source of motivation in conducting this work to investigate the
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pressure-based resistance components by carrying on one step further and utilizing the
double-body approach to investigate the wave-making resistance component.
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Figure 9. Sinkage (left) and trim (right) results of the catamaran in deep and shallow water.
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Figure 10. Total (top-left), frictional (top-right), and residual (bottom) resistance results of the

catamaran in deep and shallow water at LC2.
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Table 7. Resistance results of the catamaran in deep and shallow water at LC2.

Fn Crpw @ x103)  Crpw @ x10%)  Crsw @ X 10%)  Crgw @ x 10%)  ect (%) ecr (%)
0.20 4233 3.026 6.952 3.369 —64.2% —11.3%
0.24 4.634 3.024 17.720 3.817 —2824 —26.2
0.27 4.601 2.959 14.657 3.206 —218.6 —8.3
0.30 4.875 2.943 11.362 2.830 —133.1 3.8
0.33 4.545 2.920 9.707 2.726 —113.6 6.6
0.36 4377 2.886 8.212 2.684 —87.6 7.0
0.39 4973 2.873 6.900 2.664 —38.8 7.3
0.45 6.066 2.810 5.515 2.615 9.1 7.0
0.51 5.872 2.717 4.864 2.607 17.2 41
0.57 5.368 2.665 4492 2.574 16.3 34
0.63 4924 2.630 4244 2.580 13.8 1.9
0.66 4773 2.614 4.189 2.592 12.2 0.8

Table 8. Sinkage and trim values of the catamaran in deep and shallow water.

Fn Z'pw 1 x 10°)  Z'siy (1 x 10%) Qpw (Deg) Qsw (Deg)
0.20 0.0788 —1.3383 0.0709 0.0235
0.24 0.1690 —5.0447 0.0390 —1.6505
0.27 —0.0017 —0.3331 0.0759 —1.7179
0.30 —0.3753 2.6961 0.0177 —1.4326
0.33 —0.6346 4.4842 0.0222 —1.5421
0.36 —0.9065 3.9456 0.0637 —1.3896
0.39 —1.5303 4.0002 —0.1157 —1.1658
0.45 —2.4447 4.1026 —0.8402 —0.8632
0.51 —1.7202 4.1489 —1.1490 —0.6744
0.57 —1.0439 4.2890 —1.1295 —0.5704
0.63 —0.0822 4.2859 —0.9756 —0.4221
0.66 0.3753 4.2635 —0.9136 —0.3666

The CFD results have been further examined via visual media. The shock wave has
been detected in the fore part of the catamaran at the 0.24 Froude number (Figure 11)
and at other speeds up to the 0.45 Froude number. The wave contours have been formed
more linear than deep water. The extremum points of the wave crest and wave trough
((¢/L)E3) at model scale have been noted as 9.37 and —11.24 in deep water while 28.12 and
—16.87 in shallow water, respectively. The phase distributions on the demihull at Fr = 0.24
shows that the numerical ventilation has not occurred in CFD simulations (Figure 12: blue
represents the air phase on the catamaran hull and the water anywhere else). Squat effects
in shallow water are strongly related to the velocity field beneath the hull. In the aft region,
a noticeable increase in flow velocity has been observed (Figure 13). The decrease in flow
speed in the fore region can be considered as a potential cause of the shock wave incidence.



J. Mar. Sci. Eng. 2023, 11, 187

14 of 20

~ Wave
-0.094356 -0.046282 00017922

Figure 11. Free surface waves at Fr = 0.24 in deep (top) and shallow (bottom) water.
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Figure 12. Phase distributions at Fr = 0.24 in shallow water.
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Figure 13. Velocity contours on the centre plane of the demihull at Fr = 0.24 in shallow water.
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3.3. Double-Body Analysis Results

The form factors of the catamaran have been predicted by utilizing the double-body
approach in CFD simulations. The hull form has been cut from the free surface level
and subjected to a series of single-phase CFD simulations at all speeds in both deep and
shallow water conditions. The form factors obtained in shallow water were found to
be higher than those calculated in deep water for all speeds (Figure 14). The non-linear
behaviour of the form factor values in deep water can be correlated by the steep change of
the residual resistance component in 2-DoF simulations between 0.39-0.57 Froude numbers
(see Figure 10, bottom caption). No matter which operational condition is chosen, form
factors tend to have higher values with increasing speeds, which is in accordance with the
literature findings. The maximum form factor has been calculated as 1.41 and 1.39 for the
shallow and deep-water conditions at maximum speed, respectively.

1421

132 *  FF(SW)
X FF (DW)

0.2 0.3 0.4 0.5 0.6 0.7
Fn[-]

Figure 14. Form factors in deep and shallow water conditions.

The velocity distributions on the centre plane of the demihull at Fr —0.24 are presented
in Figure 15 for the deep and shallow waters. Here, the submerged part of the catamaran is
mirrored to obtain the double-body form, which has a similar 3-D shape to submarines.
It can be noticed that the flow speed is higher when the fluid particles pass through the
mid-body in the shallow water case (Figure 15, bottom caption).
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[ | D
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Figure 15. Velocity contours on the centre plane of the demihull at Fr = 0.24 in deep (top) and shallow
(bottom) waters.
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3.4. Wave-Making Resistance Calculations

The 2-DoF CFD simulations have provided the frictional (Cr) and residual resistance
(Cr) components of the catamaran in deep and shallow waters. The output of the double-
body analyses, form factors, have been used to decompose the pressure-based resistance
into viscous pressure (Cyp) and gravitational waves (Cyy) by following the 1978 ITTC power
prediction method. The wave-making resistance coefficients are presented in Figure 16
and tabulated in Table 9. Nondimensional analysis of the wave-making resistance shows
that the interaction between the hull and seabed becomes extremely important, even at
moderate and relatively low speeds. The two peak points at Fr = 0.30 and Fr = 0.45 in
deep water is no longer observed in shallow water results. Instead, gradually decreasing
wave-making resistance values can be noticed with increasing speeds. Under the conditions
defined in this study, it can be concluded that the shallow water effects are significantly
dominant between 0.24-0.39. After passing the transition Froude number, which has been
reported to be between 0.39-0.45, shallow water effects start to work in favour of the
resistance performance of the catamaran.

* C, (TTC)
x  C, (W)

x4 03
CW[1O]

0.2 0.3 04 0.5 0.6 0.7
Fn (]

Figure 16. Wave-making resistance coefficients of the catamaran.

Table 9. Wave-making resistance values at LC2.

Fn FFgyy Cw-sw FFpw Cw-pw

0.20 1.3406 241 x 103 1.3128 3.40 x 10%
0.24 1.3489 1.26 x 10% 1.3219 6.36 x 104
0.27 1.3545 1.03 x 102 1.3266 6.75 x 10%
0.30 1.3601 751 x 10% 1.3334 9.51 x 10%
0.33 1.3644 5.99 x 103 1.3393 6.35 x 10%
0.36 1.3712 453 x 103 1.3463 492 x 10%
0.39 1.3762 3.23 x 103 1.3490 1.10 x 108
0.45 1.3853 1.89 x 103 1.3512 227 x 103
0.51 1.3936 1.23 x 103 1.3583 2.18 x 103
0.57 1.4008 8.86 x 10% 1.3673 1.72 x 103
0.63 1.4076 6.12 x 10% 1.3870 1.28 x 103

0.66 1.4104 533 x 104 1.3910 1.14 x 108
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4. Conclusions

This study was conducted to look for insight into the resistance components, especially
the wave-making resistance of a zero-emission fast catamaran ferry. The subject vessel, the
Stavanger Demonstrator catamaran, was built and named MS Medstraum in Norway as a
demonstrator of an ongoing H2020 project TrAM.

The catamaran has been analysed under free surface effects in deep and shallow
water conditions to obtain resistance values and to observe the dynamic behaviour of
the vessel. The 2-DoF CFD simulation results show a significantly good match with the
experiments. It has been noted that the highest impact of the shallow water effects is
on the residuary resistance component as no noticeable difference has been detected in
the frictional resistance. The transition speed where the shallow water effects start to
work in favour of the resistance performance of the catamaran has been recorded between
the 0.39-0.45 Froude numbers. The critical speed, where the total resistance reaches the
maximum point due to shallow water effects, has been recorded at Fr = 0.24. The catamaran
travels at negligible trim angles up to Fr = 0.39; however, from this point on, the trim values
increase exponentially towards the aft. On the other hand, significant trim-to-aft conditions
occur in shallow water. The vertical motion of the catamaran is completely in the opposite
direction in deep and shallow waters. Shock waves in the fore part of the catamaran have
been captured at moderate and relatively small advance speeds in shallow water.

The study is followed by utilizing the double-body approach at all speeds in both deep
and shallow water conditions. The form factors of the catamaran have been calculated for
each speed and used to decompose the residual resistance (Cr) components into viscous
pressure (Cyp) and wave-making resistance (Cyy). Regardless of the operational condition,
the form factors have been found to have higher values with increasing speeds, which
complies with the literature. The analysis of the wave-making resistance shows that the
interaction between the hull and seabed becomes extremely important even at moderate
and relatively low speeds. In fact, the total resistance values of shallow water cases become
lower than those obtained in deep water because of the significant reduction in wave-
making resistance due to the interaction between the gravitational waves and the riverbed.
This statement is not valid for low Froude numbers as the resistance of the catamaran
increases dramatically at lower speeds.

The hydrodynamic performance of the Stavanger Demonstrator will be further in-
vestigated for changing depth, different loading conditions, and demihull clearance. The
propeller effects will be taken into consideration in future studies.
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Nomenclature

104 Constant

B, By Beam moulded (m)

Cr, Cro Frictional drag coefficient

Cr Total drag coefficient

Crcrp Total drag coefficient by CFD
Crexy Total drag coefficient by experiments
Crext Extrapolated total drag coefficient
€ Relative Error (%)

A Model scale ratio

L, Lpp Length between perpendiculars (m)
Lwr, Length of waterline (m)

v Kinematic viscosity (N's m~2)
\Y Displacement volume (m3)

r Density of water (kg m~3)

P Pressure (N m~2)

Q Pitch Amplitude (deg)

R Convergence Condition

S Wetted hull surface area (m?)

T Draught at Midship (m)

u,v,w Fluid velocity components

y+ Dimensionless wall distance

Z Heave Amplitude (m)

g Wave height (m)

(1+k) Form Factor

BCs Boundary Conditions

CF Correction Factor

CFD Computational Fluid Dynamics
DC372 Delft Catamaran 372

DoF Degree of Freedom

EFD Experimental Fluid Dynamics
Fr, Fn Froude Number

FS Factors of Safety

GCI Grid Convergence Index

H2020 Horizon 2020
HSVA Hamburg Ship Model Basin

ITTC International Towing Tank Conference
KB Vertical Centre of Buoyancy

LC Loading Condition

LCB Longitudinal Centre of Buoyancy

RANS Reynolds-averaged Navier-Stokes
TrAM Transport: Advanced and Modular
WAM-V  Wave adaptive modular vessel
VoF Volume of Fluid
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