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Abstract: Ocean waste that continues moving in the water has been a problem until now. This
has stimulated marine debris cleaning technology to emerge. This research sought to evaluate the
effectiveness of waste collection using a monohull and catamaran fitted with a forward conveyor. The
Reynolds Average Navier Stokes (RANS)-based numerical simulation research is used to predict flow
pattern characteristics, velocity contour, wave pattern, pressure distribution, and ship resistance. The
current research focuses on the impact of a round-bilge-type monohull and inner flat-type catamaran
hull front shape on waste collection behavior by applying numerical methods. The multiphase solver
numerical configuration supplied with OpenFOAM v2112 has been verified and validated using
the Delft catamaran 372 with Froude numbers 0.3. The effect of free surface on resistance and flow
characteristics was evaluated by comparing these two models. The results show the behavior of
marine debris collection due to the flow characteristics of both models. The marine debris flows
much more conveniently through the conveyor fitted in front of the catamaran model than in the
monohull model. In addition, considering the front-side hull flow, the catamaran model is superior
since marine debris is able to approach the ship easily. However, the monohull model is faster at
bringing marine debris closer to the conveyor, particularly at the location in front of the conveyor.

Keywords: collecting; conveyor; monohull; catamaran; waste collection; computational fluid dynamics
(CFD)

1. Introduction

Ocean waste that continues moving in the sea has been a problem until now [1,2]. The
size of ocean waste varies from very small in micrometers, a few centimeters, such as plastic
bags and soda bottles, to the largest in tens of meters, such as shipwrecks and lost cargo
containers [3–5]. According to the quantity of marine debris in 2010, forecast from these
conditions, the total plastic mass in 2025 will rise from 100 to 250 million tonnes with the
same commercial assumption [6]. Communities around seas and rivers have a significant
influence on this issue [7]. Then the involvement and use of communities around the sea
and rivers by using digital technology is also possible to solve this problem [8].

The role and functions of ships in ocean waste cleaning can be carried out in several
ways, such as collecting and processing [9]. The design of an ocean waste collection ship
using a monohull can also be used [10]. Monohull ships have more space that can be used
to store marine debris catches. The monohull ship is also stable and can handle bad weather
conditions. Even a relatively small ship will have excellent sailing characteristics from all
directions. The monohull-type hull has long been used in the world of sea transportation
because of its large loading capacity and relatively low development cost [11]. The current
study aims to investigate and to analyze the possibilities of using a monohull ship that has
installed a conveyor in front of the ship to collect ocean waste. The monohull ship model
used in this research is a round-bilge type.
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In addition, for comparison, this research was also carried out on a catamaran type.
An inner flat catamaran type is used for comparison. Research on catamarans generally
does not discuss the conveyor usage in front of the model. The majority of research tends to
discuss the smallest resistance of the ship due to the differences in shape of the catamaran
hull without an appendage such as a conveyor. A study of resistance and flow distribution
in catamarans due to differences in shape was carried out by Chrismianto et al. The
results showed that the inner flat-hull catamaran model generated the smallest resistance
compared to the outer flat-hull catamaran model and the symmetry model catamaran [12].
In addition, research on the effect of using the chine in fishing vessels’ catamaran hull
form on the resistance was carried out by Basir et al. The results showed that the shape
of the catamaran’s hull using three chines was better than two chines and one chine [13].
Other studies have shown that the use of an asymmetrical catamaran is able to reduce
wave resistance [14]. In addition, a study of the ship’s resistance due to the effects of
catamaran hull distance showed that the wider the hull distance, the smaller the ship’s
resistance [15]. Najafi and Saeed investigated catamarans using foils to investigate the
dynamic stability and longitudinal coefficient of motion of catamarans, and the results
show that most coefficients are frequency independent, especially at high frequencies [16].
Numerical research on the flow and resistance between the S60 catamaran and the S60
monohull was performed by Farkas et al. The monohull form factor is different from the
catamaran form factor, which has the same demihull. The catamaran form factor has also
been found to correlate with separation [17]. In addition, research on multi-hull ships
revealing greater safety, better seaworthiness, and more deck space than the monohull was
performed by Dubrovsky et al. [18].

Research on marine passive plastic collectors in rough sea conditions as well as marine
debris collection behavior due to ocean current speed, wave height, wave length, and
plastic density was performed by Shaw et al. [19]. The results indicated that the wavelength
and plastic density of the parameters had a negligible effect on the capture rate. In contrast,
the effects of the other two parameters were significant. Research on ocean surface cleaning
systems using a mooring system and motion gauges, which is applicable in various marine
locations, was carried out by Ji et al. [20]. The results denoted that the system’s motion
response in the vertical plane is small, indicating that marine debris was unable to escape
from the top and bottom of the system.

However, these previous studies can only be applied in locations with large currents
and waves, and cannot be applied in some locations without currents and waves such
as lakes, sedentary rivers, and other calm water. The utilizations of tools or systems to
pick up marine debris using catamarans are being discovered. The novelty of this research
is, first, research on conveyor-mounted catamarans is scarce regarding hydrodynamic
analysis, such as flow pattern characteristics, velocity contour, wave pattern, pressure
distribution, and ship resistance as well as the behavior of ocean waste collection. Second,
this research sought to evaluate the effectiveness of waste collection using a monohull and
a catamaran, fitted with forward conveyors. The numerical simulation study based on
Reynolds Average Navier Stokes (RANS) was used to predict the characteristics of flow
patterns, velocity contours, wave patterns, pressure distributions, and ship resistance. The
flow around the model was simulated at scaled model using OpenFOAM v2112. First, the
multiphase solver numerical configuration supplied with OpenFOAM v2112 was verified
and validated using the Delft catamaran 372 with Froude numbers 0.3. The resistance
analysis was then evaluated according to the validation guidelines recommended by the
International Towing Tank Conference (ITTC). The verified numerical setup was utilized in
this present study to identify the flow characteristics and behavior of ocean waste collection
around the model at the operation condition. In order to analyze how easily and rapidly the
waste approaches the conveyor, the solutions from numerical processes were subsequently
employed. The hull shapes affected the velocity contour, mainly in front of the conveyor.
In addition, they also affected the ship resistance, ship power, and fuel consumption as
well as the effectiveness in reducing air pollution [21,22]. The present study will focus on
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the impact of the front shape of the monohull and catamaran ship on waste collection in
calm water through the application of a numerical method. Then, the results will show a
comparison of the effectiveness of the two ship models in collecting ocean waste.

2. Numerical Methods

Air and water flow around the model were modeled as steady-state multiphase flows
using OpenFOAM v2112. The governing equation of the flow around the ship is expressed
using the incompressible RANS equations:

∇.(ρu) = 0 (1)

ρuj
∂uj

∂xj
= ρ f i +

∂

∂xj
[−pδij + µ

(
∂uj

∂xj
+

∂uj

∂xi

)
− ρu′iu

′
j (2)

This study applied the volume of fluid (VOF) method, implemented in the interFoam
solver, to record the phenomena of free surface when the model was operating at surface
conditions. In addition, the sheer stress transport (SST) κ − ω eddy viscosity model
containing wall functions was used to predict flow separation in the models. The interFoam
solver approximates in each cell the Continuity and the Navier–Stokes equations for two
immiscible, incompressible, and viscous fluids. Therefore, the free-surface interface was
placed when 0 < α <1, and the available multidimensional universal limiter for explicit
solution (MULES) correction algorithm was used to reconstruct the free space, ensuring
its sharpness. The equations were integrated using local Euler time discretization with
a global maximum Courant–Friedrichs–Lewy (CFL) number of 2 at the free surface and
CFL number of 5 at the global domain. The present study utilized the PIMPLE algorithm,
which is a combination of PISO (Pressure Implicit with Splitting of Operator) and SIMPLE
(Semi-Implicit Method for Pressure-Linked Equations). The second-order upwind scheme
was adopted as the discretization scheme for the momentum equations and turbulence
quantities transport equation. At post-processing, the local flow velocity in front of the
model was captured to analyze the behavior of ocean waste collection. Then, the validation
steps were performed using the Delft catamaran 372 geometry. The validated results justify
whether the meshing process and numerical scheme is applicable for another ship model.
In addition, the uncertainty analysis was performed to evaluate the solutions obtained by
numerical scheme in both the monohull and catamaran models.

2.1. Round-Bilge Monohull and Inner Flat Catamaran Model

The models used in this present study are monohull and catamaran fitted with a static
forward conveyor. The monohull ship model is a round-bilge type as shown in Figure 1
while the catamaran model used in this study is the inner flat type as shown in Figure 2.
Both models are bare hull and fitted with only a conveyor in front of the model without any
other appendages. Hence, the numerical setup in the Delft catamaran 372 model whose
results were validated with the experiment can be applied.

The main dimensions of both models as well as the conveyor dimension used in this
study are presented in Table 1. This data was taken from previous research on ocean waste
collection ships for river, estuary, and shallow sea in Surabaya [10]. Ships are only designed
to collect and store waste while the ship is operating. After the ship has finished operating,
the waste will be moved to the processing site on the land. The waste that can be collected
by a conveyor ship is waste floating on the surface of the sea, such as plastic waste and solid
waste. The conveyor data was taken from product catalogs of the Dorner conveyor industry
project guide with the Aquapruf 7400 series [23]. Based on previous studies [24,25], the
most optimal collection of marine debris in calm water conditions is carried out at a low
speed, which is below 2 m/s. In this simulation, the size of both ship models reduces to
a 4:1 scale. So, the speed is also scaled using the kinematic similarity based on ITTC to
1 m/s [26]. Then, we add one more speed, which is smaller than 1 m/s, for comparison,
which is 0.5 m/s. Therefore, the speed used in the simulation is 0.5 m/s and 1 m/s for
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both models. The simulations are caried out in model-scale because the model size will be
equated close to the Delft catamaran 372 model, since the Delft catamaran 372 model has
open experimental data, which can be used to validate the mesh and numerical setup in
this study.

Figure 1. Monohull model: (a) front view of round bilge, (b) 3D view of round bilge, and (c) side view.

Figure 2. Catamaran model: (a) front view of inner flat hull, (b) 3D view of inner flat hull, (c)
side view.
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Table 1. Ship main dimensions [10,23].

Parameter Symbol Monohull Catamaran

Length overall [m] Loa 4.000 4.000
Length perpendicular [m] Lpp 3.950 3.950
Length of water line [m] Lwl 3.858 3.858
Maximum breadth [m] B 1.200 1.200
Height [m] H 0.600 0.600
Draft [m] T 0.300 0.300
Wetted surface area [m2] WSA 6.232 5.723
Conveyor length [m] Lc 1.625 1.625
Conveyor angle [o] La 20 20
Conveyor wide [m] Lw 0.600 0.600
Volume displacement m3 0.90 0.36
Block coefficient - 0.625 0.25

The round-bilge monohull and inner flat catamaran model are shown in Figures 1 and 2.
The hull is full body and is defined by polynomials. The 3D CAD geometry was generated
using the plugin in Solidwork and the surface was exported to OpenFOAM as an STL
file. After converting the geometry to mesh type, the water tightness of the geometry also
was checked. Figures 1a and 2a use to define the dimensions for clarity. Figures 1c and 2c
are lateral view to clearly define the length of the conveyor and to ensure it exceeds the
ship’s nose.

2.2. Sampling Location

This research used a full domain or full model for the simulation. The flow char-
acteristics in front of the conveyor was analyzed by obtaining the data with 3 sampling
locations. The simulation results show that the solution was not totally symmetrical be-
tween measurement locations 2 and 3. Table 2 represents the coordinates of five points, P1
to P5, which correspond to the base and measurement location in front of the ship conveyor.
The sampling location is shown in Figure 3. The vertical distance for each location is
0.15 m. Each location has 5 probe points and the distances between each pair vary along
the location. These probe points are used to assess the longitudinal velocity of flow.

Table 2. Control points’ locations measured from in front of ship conveyors.

Probes X (m) Y1 Y2 Y3 Z

P1 3.5 0 0.15 −0.15 0
P2 4.2 0 0.15 −0.15 0
P3 4.5 0 0.15 −0.15 0
P4 5.2 0 0.15 −0.15 0
P5 5.5 0 0.15 −0.15 0

Figure 3. Location of probes.
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2.3. Computational Domain

The present work focuses on the front of region of the ship conveyor, where the flow of
fluid will move closer to the ship. The ocean litter was not simulated due to the similarity of
fluid flow and ocean waste movement on free surface. The test was conducted on a digital
tank using Computational Fluid Dynamics (CFD). The fully modeled ship was covered by
a square 3D computational domain.

The computational domain size was defined following ITTC guidelines [27,28]. The
inlet, side, bottom, atmosphere, and outlet boundaries are set far enough from the model to
avoid spurious flow interaction, as shown in Figure 4. The dimensions are expressed in
terms of the length perpendicular (Lpp). The distance between the origin coordinates and
the inlet face is 3Lpp while 4Lpp is the distance to the outlet face. The distance between
the midplane and the side wall is 2.5Lpp. The distance between the waterline and the
bottom of the computational domain is 2Lpp while 1Lpp is the distance to the atmosphere
face. The boundary conditions in the computational domain of OpenFOAM are velocity
field, pressure, k, omega, nut, and alpha water. In this paper, fifth boundary conditions
are written as shown in Table 3. A non-slip wall condition is imposed as the boundary
conditions for the ship model. The hull uses moving wall boundary conditions, because in
OpenFOAM the moving wall must be used for the velocity boundary condition in the hull,
but the value is 0. So, the model is motionless or stationary. The flow velocity is initialized
by the incoming flow velocity. The kinetic energy and the dissipation rate are determined
by assuming a turbulence intensity at a low level. In addition, wall functions are applied
for the ship hull.

Figure 4. Fluid domain and boundaries used to model.

Table 3. Boundary conditions.

Parameter Velocity Dynamic Pressure α. Water Omega k

Inlet fixedValue fixedFluxPressure fixedValue fixedValue fixedValue
Starboard zeroGradient zeroGradient variableHeightFlowRate zeroGradient zeroGradient
Portside zeroGradient zeroGradient zeroGradient zeroGradient zeroGradient
Atmosphere pressureInletOutletVelocity totalPressure inletOutlet inletOutlet inletOutlet
Bottom zeroGradient zeroGradient fixedValue zeroGradient eroGradient
Outlet outletPhaseMeanVelocity zeroGradient variableHeightFlowRate inletOutlet inletOutlet
Hull movingWallVelocity fixedFluxPressure zeroGradient omegaWallFunction qRWallFunction
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2.4. Meshing Process

The meshing process is also called discretization in the CFD process, which converts
continuous fluid into a discrete computational domain in order that fluid flow equations
can be solved numerically by computer. The type of mesh used in the model and fluid
domain is hexahedral. The mesh size is refined with some refinement levels, particularly in
the region near the ship hull. The results of meshing on model and fluid domain are shown
in Figure 5.

Figure 5. Meshing in fluid domain with refinement levels: (a) side view model, (b) top view,
(c) front view.

The computational grids are created in several stages. First, a hexahedral grid using
blockMesh with improvements in regions where free surface interface may occur. Six
refinement levels using topoSet tool are applied to make the mesh dense gradually as the
elements get closer to the ship model. The ship and conveyor surface are refined with
level 2, to make the surface smoother, so that, when it is snapped with the background
mesh, the outside can be cut smoothly. The final process of meshing is generating six layers
of prismatic elements parallel to the model with an inflation ratio of 1.2 in order to obtain
the yPlus target.

The number of cells after the meshing process is about 7 million for the round-bilge
monohull model and is about 5 million for the inner flat catamaran. The element size
in the inner topoSet region is used as the reference length and it is uniform in all three
directions to improve the reliability of free surface evolution and turbulence prediction. The
target yPLus of 200 was used in this simulation. The distribution of inflation layers varies
around the ship surface as shown in Figure 6a. It depends on mesh quality parameters
and curvature of the model surface. The more complicated the model’s shape, the less the
number of layers. Despite having requested six layers, Figure 6a shows that most of the
hull has the necessary elements to capture the viscous effect within the boundary layer.
Figure 6b shows yPlus distribution on ship model. The wetted surface has yPlus value of
40 to 100 which is fit on target. It will capture the related flow characteristics accurately.

2.5. Validation

This validation method was used to verify the setup of the simulation used in this
study. Since there was no experiment on the ship using a conveyor, the validation was
carried out using the Delft catamaran 372 [29]. The solutions obtained from the simulation
were pressure distribution, wave pattern, and resistance coefficient of the Delft catamaran
372 model due to changes in the Froude number using CFD. In addition, the results were
validated by experimental research which was carried out in a towing tank using this
model [30,31]. The mesh size was refined with some refinement levels, particularly in the
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region near the catamaran hull. The number of mesh on the Delft catamaran 372 at Fr = 0.30
was 2,196,512 cells. The results of the meshing process on the Delft catamaran 372 model
and fluid domains are as shown in Figure 7.

Figure 6. The actual number of surface prism layers generated around the ship model using the
snappyHexMesh tool: (a) surface layers, (b) yPlus.

Figure 7. Meshing result on the Delft catamaran 372 model.

The computational domain size was defined following ITTC guidelines [28]. All
parameter settings used were the same as in chapter 2. The experimental result was
compared with the simulation results obtained with this numerical setup [32]. Figure 8a
shows the residuals evolution along the iterations. All residuals decreased gradually and
reached a convergent condition where the residual values did not change significantly
during iterations. In addition, Figure 8b indicates the convergence of pressure force,
viscous force, and total resistance force. Those force components reached convergence after
3000 iterations.

Figure 8c shows the location of velocity sampling. The sampling location was on the
side of the ship, extending horizontally from front to back. There were three sampling
locations with a distance of 1 m between locations. Figure 8d shows convergent evolution by
evaluating the velocity field at 3 locations. Those velocity components reached convergence
after 3000 iterations.

There are three kinds of grid sizes or grid density used for mesh verification, namely
coarse type with a total of 737,304 cells, medium type with a total of 2,196,512 cells, and fine
type with a total of 4,400,870 cells. The results that are closest to the experimental results
are from the medium grid density type. Table 4 shows the average values of pressure and
viscous components acting on the whole hull area.
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Figure 8. Residual and force components evolution: (a) residual iteration evolution, (b) force components
iteration evolution using 2,196,512 cells, (c) location of velocity sampling, (d) velocity convergence.

Table 4. Average and standard deviation of force components vs. grid density for Delft catamaran
372 at Fr = 0.3.

Grid Density Number of Cells Pressure Viscous Total Experiment Value % Error

Coarse 737,304 5.38 8.22 13.60 12.77 6.5
Medium 2,196,512 3.46 8.56 12.02 12.77 5.8

Fine 4,400,870 2.62 11.71 14.33 12.77 12.2

Figure 9a shows the pressure coefficient distribution on the catamaran’s surface. The
highest value of Cp was distributed at the bow area while it was decreased and distributed
uniformly along the hull. The wave pattern for the Delft catamaran 372 was depicted in
Figure 9b for Fr = 0.3. It can be seen that the external wave field was only slightly affected
by the presence of twin hulls, which, on the other hand, greatly influenced the wave pattern
in the entire inner region. The result was almost the same as research conducted by Broglia
et al. [32]. This is in accordance with the pattern of water flow, where the closer the flow
approaches the catamaran, the greater the pressure and vice versa.



Water 2022, 14, 2623 10 of 21

Figure 9. Pressure coefficient distribution (a) and wave patterns (b) on Delft catamaran 372 surface at
Froude number 0.3.

Table 5 shows comparison between the present results and the experimental work
completed by Vant Veer [30] and Broglia et al. [31]. In this case, two parameters were
analyzed, specifically total resistance force (Rt) and resistance coefficient (Ct). The results
of both parameters were close to the experimental results. The experimental Ct was
4.961 × 10−3, then the current simulation Ct was 4.555 × 10−3. The differences were
below 9%. The experiment procedure was determined using the ITTC guideline. This
difference in numbers occurred because the model used in this simulation was not exactly
the same as the model used in the experiment. The wet surface area of the experimental
model was 1.945 m2, then the wet surface area of the simulation model was 1.896 m2.

There was a difference of 2.519%, because the experimental and simulation models were
not totally the same. In addition, the Rt and Ct from the present simulation were also
compared to numerical results [32,33]. The experimental Rt was 12.77 N, then the current
simulation Rt was 12.02 N. The results indicate that the differences were less than 5%. Then,
a comparison was also made with a Prelimina solver [34], and the difference was quite
large because there must have been different characteristics between the model used in this
study and Prelimina.

Table 5. Comparison of numerical results and experimental data.

Vs (m/s) Fn Re Rt (N) Ct × 10−3

Experiment [30,31] 1.627 0.3 4.882 × 106 12.77 4.961
Prelimina [34] 1.637 0.3 4.882 × 106 14.00 5.523
Present study 1.627 0.3 4.882 × 106 12.02 4.555

Percentage error
with experiment (%) - - - 5.843 8.18

Percentage error
with Prelimina (%) - - - 12.85 17.52

2.6. Uncertainty Analysis

Numerical uncertainty is often induced by the errors in the CFD model and comprises
the effects of discretization, round-off, and iterative convergence errors on the accuracy [35].
The grid refinement is considered as the most common solution to numerical uncertainties
by using the grid convergence index (GCI) [36,37]. Basically, the GCI relates to the compari-
son of discrete solutions at different grid resolutions and gives an indication of how much
further grid refinement would change the numerical solution [38]. Uncertainty analysis
for parameters is performed following a systematic refinement process to create multiple
solutions (at least 3) for the parameter under investigations, holding all other parameters
constant. In this present study, the grid spacing of the monohull and catamaran meshes
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was varied with certain refinement ratio ri. A good alternative that applied is ri =
√

2, as it
provides a fairly large parameter refinement ratio and at least enables prolongation of the
coarse-parameter solution as an initial guess for the fine-parameter solution. The change
between medium-fine εi, 21 = Ŝi,2 − Ŝi,1 and coarse-medium εi, 32 = Ŝi,3 − Ŝi,2 solutions
are used to defined the convergence ratio Ri = εi, 21/εi, 32, where Ŝi,1, Ŝi,2, and Ŝi,3 are
the solutions of fine, medium, and coarse input parameters, respectively [39,40]. The total
resistance at 1 m/s will be used as the solution of each mesh.

Depending on the sign and magnitude of Ri, three convergence conditions are possible:

1. Monotonic convergence: 0 < Ri < 1
2. Oscillatory convergence: Ri < 0
3. Divergence: Ri > 1

For monotonic convergence (1), Richardson extrapolation is used to estimate Ui or
δ∗ i and Uic. For oscillatory convergence (2), uncertainties are estimated by bounding the
error within the average of oscillating maximums (Su) and minimums (SL), Ui =

1
2 (Su/SL).

As for divergence, errors and uncertainties cannot be estimated. Tables 6 and 7 show the
uncertainty analysis performed for the monohull and catamaran models in OpenFOAM.

Table 6. The uncertainty analysis for monohull model.

Grid No. of Cells ^
Si,n (RT) εi, 21 εi, 32 Ri Pi GCI12 (%) GCI12 (%)

Fine 7,735,423 141.51
1.59Medium 3,143,952 143.10 6.38 0.2492 4.009 0.35 1.41

Coarse 945,286 149.48

Table 7. The uncertainty analysis for catamaran model.

Grid No. of Cells ^
Si,n (RT) εi, 21 εi, 32 Ri Pi GCI12 (%) GCI12(%)

Fine 5,877,600 136.95
−0.07Medium 3,143,952 136.87 −1.19 0.0623 8.007 0.0042 0.0042

Coarse 1,777,139 135.68

From the results, the Ri values for both models show monotonic convergence. For
monotonous convergence, the order of convergence rate or accuracy (Pi) can be estimated
by the following equation [39].

Pi =
ln(εi, 32/εi, 21)

ln(ri)
(3)

The GCI estimated for the grid independence test of the total resistance over two grid
solutions can be expressed as [41]:

GCI =
Fs
ri

Pi

∣∣∣∣∣∣
^
Si+1 −

^
Si

^
Si

∣∣∣∣∣∣· 100% (4)

where Fs is defined as a safety factor and implies 95% confidence for the uncertainty
estimate [37], Fs = 1.25 is suggested for employment over these grids [42]. Since all GCI
values are below 1.5% [38], it is verified that the dependency of numerical results on the
grid size has been reduced and the solution achieves the grid-independent solution.

3. Results

The numerical solutions obtained with the settings described in the previous section
are discussed in this chapter. The hydrodynamic analysis of both conveyor ship models,
such as flow pattern characteristics, velocity contour, wave pattern, pressure distribution,
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and ship resistance as well as the behavior of ocean waste collection, can be performe1.
Flow Characterization.

3.1. Flow Characterization

Figure 10 shows the wave elevation generated around the round-bilge monohull at
a speed of 1 m/s. The Kelvin wave patterns seemed to be generated by the ship model
as shown in Figure 10a, and it is likewise in Figure 11a. However, the monohull type
generated higher wave elevation, particularly in the conveyor region, compared to that of
the catamaran type. Hence, the marine debris will tend to approach easily to a catamaran
type and vice versa on a monohull type.

Figure 10. Distribution of wave generated around round-bilge monohull 1 m/s: (a) wave elevation,
(b) wave profile along body.

Figure 11. Distribution of wave generated around inner flat catamaran at 1 m/s speed: (a) wave
elevation, (b) wave profile along body.

Figure 10b shows the wave profile along the monohull model. The wave profile shows
that the crest of the first wave was almost high enough to restrain marine debris flowing
through ship’s conveyor. Figure 11b shows the distribution of the wave elevation around
the inner flat catamaran at speed of 1 m/s. The wave elevations along the hull to the back
of the catamaran model ship almost look straight. There was low wave amplitude only in a
small part near the conveyor. The smaller wave elevation along the hull surface will not
obstruct the marine debris to flow through the conveyor.

Figure 12 shows wave elevation at the distance of 0.8 m, measured from the center of
the ship. Both models generated different wave elevations. The high wave elevation was
only generated at location Y/Lpp = 0.7 to Y/Lpp = 1 by the catamaran model. However, the
wave elevation was much lower behind those locations. In contrast, the monohull model
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generated higher wave elevation relatively at every location except at Y/Lpp = 0.77 to
Y/Lpp = 1. The overall wave elevations generated by the monohull model at every location
were nevertheless still higher. As a result, the wave added resistance of the monohull
model was higher. Meanwhile, the wave elevation was at a speed of 0.5 m/s, as shown in
Figure 13. The waves generated were very small and the wave elevation occurred below
the ship’s draft. Then, the pattern of wave elevation on both of the models at a speed of
0.5 m/s was the opposite of a speed of 1 m/s.

Water 2022, 14, 2623 14 of 23 
 

 

Figure 12 shows wave elevation at the distance of 0.8 m, measured from the center of 
the ship. Both models generated different wave elevations. The high wave elevation was 
only generated at location Y/Lpp = 0.7 to Y/Lpp = 1 by the catamaran model. However, 
the wave elevation was much lower behind those locations. In contrast, the monohull 
model generated higher wave elevation relatively at every location except at Y/Lpp = 0.77 
to Y/Lpp = 1. The overall wave elevations generated by the monohull model at every lo-
cation were nevertheless still higher. As a result, the wave added resistance of the mono-
hull model was higher. Meanwhile, the wave elevation was at a speed of 0.5 m/s, as shown 
in Figure 13. The waves generated were very small and the wave elevation occurred below 
the ship’s draft. Then, the pattern of wave elevation on both of the models at a speed of 
0.5 m/s was the opposite of a speed of 1 m/s. 

 

 

Figure 12. Wave elevation at Y/Lpp = 0.2 at 1 m/s speed.

Water 2022, 14, 2623 14 of 23 
 

 

Figure 12 shows wave elevation at the distance of 0.8 m, measured from the center of 
the ship. Both models generated different wave elevations. The high wave elevation was 
only generated at location Y/Lpp = 0.7 to Y/Lpp = 1 by the catamaran model. However, 
the wave elevation was much lower behind those locations. In contrast, the monohull 
model generated higher wave elevation relatively at every location except at Y/Lpp = 0.77 
to Y/Lpp = 1. The overall wave elevations generated by the monohull model at every lo-
cation were nevertheless still higher. As a result, the wave added resistance of the mono-
hull model was higher. Meanwhile, the wave elevation was at a speed of 0.5 m/s, as shown 
in Figure 13. The waves generated were very small and the wave elevation occurred below 
the ship’s draft. Then, the pattern of wave elevation on both of the models at a speed of 
0.5 m/s was the opposite of a speed of 1 m/s. 

 

 Figure 13. Wave elevation at Y/Lpp = 0.2 at 0.5 m/s speed.

Figure 14 shows the distribution of turbulent kinetic energy around the hull of both
models. The magnitude of turbulent kinetic energy was higher around the monohull model
than the catamaran model at the same speed. Figure 15 shows the turbulent intensity
around both models. The value was more intense in the wake region and side region
around the monohull model, while in the catamaran model, the turbulent intensity was
much lower. It indicates the effect of the catamaran hull’s shape, where the flow was
distributed uniformly and steadier. However, in the front region of these two models,
particularly around the conveyor, the catamaran type had higher turbulent intensity.

3.2. Dynamic Pressure

Figure 16 represents a comparison of the pressure coefficient on both models at 1 m/s
speed. The pressure coefficient is defined as Cp = (P− P0)/ 1

2 ρU2
0 , where P is dynamic

pressure and P0 is static pressure. The pressure coefficient distribution under the hull
was higher on the monohull model than on the catamaran model. The bottom wetted
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surface of the monohull was much larger. As a result, it will amplify the pressure acting
on the surface as well as the pressure force. It is identical to a ship without a conveyor,
whereas catamaran ships typically have less resistance than monohull ships [43,44]. The
pressure coefficient distribution on conveyor surface was similar between both models. The
high magnitude of pressure was distributed at bottom end section of the conveyor. This
corresponds to the deeper part immersed in the water, which is expected to have greater
pressure from incoming flow. Therefore, at this location, it is necessary to provide more
structural reinforcement than the other parts.

Figure 14. Turbulent kinetic energy at 1 m/s speed: (a) monohull, (b) catamaran.

Figure 15. Turbulent intensity at 1 m/s speed: (a) monohull, (b) catamaran.

Figure 16. Pressure coefficient distribution on ship surface at 1 m/s: (a) monohull, (b) catamaran.
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Figure 17 shows a comparison of the pressure distribution on both models at 0.5 m/s
speed. It shows that the pressure coefficient of both models was very similar. Then, the
pressure force of 0.5 m/s speed was smaller than the 1 m/s speed. This is in accordance
with the resistance force of both models at both speeds, as the smaller the speed, the smaller
the resistance force. The total resistance force predictions show the average value after
reaching the convergent condition in the computation. The total resistance generated by
the monohull type at a speed of 1 m/s was higher than the catamaran type, likewise for the
speed of 0.5 m/s.

Figure 17. Pressure coefficient distribution on ship surface at 0.5 m/s: (a) monohull, (b) catamaran.

3.3. Flow Patterns

The flow patterns of both models at a speed of 1 m/s speed are presented in Figure 18.
The incoming flow formed similar patterns on both models, which was a straight pattern
through the conveyor. However, as the fluids flowed closer to the conveyor, the two models
had different flow pattern. The flow formed a circular pattern on the conveyor fitted on the
catamaran model, whereas there was no such a circular pattern on the monohull’s conveyor.
In addition, the flow on the front side of both models was dissimilar. At the region, the
fluid flow approached the catamaran hull, whereas it flowed away from the monohull. In
terms of marine debris collection, the catamaran model is superior because marine debris
is able to approach the ship easily.

Figure 18. Flow pattern at 1 m/s speed: (a) round-bilge monohull, (b) inner flat catamaran.

At low speeds, as shown in Figure 19, the fluid flow approached the catamaran hull.
In terms of marine debris collection, these two models are good at collecting marine debris
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because both models also bring the marine debris closer to the ship. However, when
compared with the speed side, the condition of 1 m/s speed is better.

Figure 19. Flow pattern at 0.5 m/s speed: (a) round-bilge monohull, (b) inner flat catamaran.

3.4. Velocity Contour and Velocity Sampling in Front of Model

The velocity contour was used to determine flow velocity around the ship’s hull,
mainly around the conveyor fitted on the models. The color of contour shows the flow
velocity. The magnitude of flow velocity from the highest to the lowest is represented as
red, yellow, green, and blue, respectively. Figure 20 shows the velocity contour at a 1 m/s
speed of both conveyor ship models. The fluid velocity in front of the conveyor fitted on
the catamaran model was lower than the monohull model. Then, Figure 21 shows the
velocity contour at 0.5 m/s speed. In general, the velocity contour pattern in both models
of both speeds was almost the same. The velocity contour in front of the conveyor on the
monohull ship was greener and tended to be yellow compared to the catamaran, as shown
in Figure 20a,b, as well as on both sides of the hull. Then, from the comparison at a 0.5 m/s
speed, it was shown that the monohull had brighter contours than the catamaran, as shown
in Figure 21a,b. What set it apart was the resulting velocity contour. When viewed from
the aspect of marine debris collectors, the faster the speed, the faster the marine debris
approaches the ship.

Figure 20. Velocity contour at 1 m/s speed: (a) round-bilge monohull, (b) inner flat catamaran.

Figure 22 shows local flow velocity in front of ship’s conveyor, measured at five points:
P1-P5, as shown in Table 2. There are three locations of measurement represented as three
lines and each line has five probe points. These probe points were utilized to assess the
longitudinal velocity of flow around the conveyor. The distance between three location
lines is 0.15 m. A negative velocity value means that marine debris is heading towards the
ship, while a positive value is in the opposite direction. From the comparison of Figure 22a
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at 1 m/s speed, Y = 0 at probe point P1 to P2, denoting the velocity of marine debris rotating
after approaching the conveyor on a catamaran. The back flow velocity of catamaran model
at that probe points is higher than that of a monohull. It indicates that marine debris is
rapidly to be collected into the hull ship on a monohull model than on a catamaran model.

Figure 21. Velocity contour at 0.5 m/s speed: (a) round-bilge monohull, (b) inner flat catamaran.

Figure 22. Velocity flow at probes: (a) 1 m/s speed, (b) 0.5 m/s speed.
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At probe point P2 to P3 of both the monohull and catamaran models, although the
velocity magnitude of marine debris approaching the ship was almost identical, yet at
probe points P4 to P5 it was higher for the monohull model than the catamaran model. By
comparing the lines in Figure 22a, it can be summed up at location Y = 0.25 B at probe
points P3 to P5, the incoming flow velocity to the conveyor on the catamaran was higher
than that of the monohull, and also at location Y = −0.25 B, the incoming flow velocity to
the conveyor on the catamaran was higher than the monohull ship. It denotes the behavior
of the marine debris approaching the conveyor ship was almost same between the two
models on both sides of the ship. Furthermore, at probe points P3 to P5, the flow velocity
was similar towards the conveyor. Eventually, it could be identified from the Figure 22a that
the catamaran model, at both locations, Y = 0.25 B and Y = −0.25 B, had faster flow velocity
approaching the conveyor. It indicated that the conveyor catamaran ship is superior at
flowing marine debris closer to the conveyor.

Figure 22b shows local flow velocity in front of the ship’s conveyor at 0.5 m/s speed,
and at probe point P1 to P2, almost all conditions showed no velocity of marine debris
rotating after approaching the conveyor, except for a small velocity of marine debris rotating
in the catamaran at locations Y = 0.25 B and Y =−0.25 B. At points P2 to P3, the flow velocity
of both models had high magnitude. However, the flow velocity of the monohull was faster
than catamaran. Next, at probe points P3-P5, generally, the flow velocity of the monohull
was higher than the catamaran. From all conditions at 0.5 m/s speed, it was indicated that
marine debris is easier and faster to be collected into the hull ship on a monohull model
than on a catamaran model.

Comparing the two speeds at probe points P1 to P3 showed that, at 1 m/s speed, the
monohull was faster at bringing marine debris closer to the ship than the catamaran. Then,
at probe points P3 to P5, it showed that the catamaran was faster than monohull at 1 m/s
speed, but the monohull was faster than the catamaran at 0.5 m/s speed. From the whole
results, the monohull ship is superior at flowing marine debris closer to the conveyor.

4. Conclusions

The numerical method used to analyze the flow characteristics of the conveyor ship
model is technically reliable. The validation procedure was performed to validate the
numerical approach used in this study. In addition, the uncertainty analysis was performed
to evaluate the solutions obtained by numerical scheme in both the monohull and catamaran
models. From the uncertainty analysis, all GCI values were below 1.5%. It was verified that
the dependency of numerical results on the grid size has been reduced and the solution
achieves the grid-independent solution. The simulation results show that the catamaran
model is superior; however, each model offers advantages in its own way, as stated in this
conclusion section. First, in terms of flow pattern, or how easily the waste approaches
the conveyor, the flow pattern in the front-side of the hull indicated that the fluid flow
approached the hull of the catamaran model, whereas it flowed away from the hull of the
monohull model. As a result, the catamaran model is preferable because marine debris
may be easily transported off into the conveyor. Second, in terms of velocity contour,
or how quickly the waste reaches the conveyor, a comparison of fluid velocity over the
conveyor showed that the speed of marine debris spinning after approaching the conveyor
on the catamaran model was faster than that of the monohull model. This suggests that
a conveyor connected to a monohull model will collect marine debris more quickly than
a catamaran model. Following that, at the area directly in front of the conveyor, it was
demonstrated that the conveyor monohull was faster at transporting marine debris closer
to the conveyor. However, this transporting speed was not significant compared to the
catamaran. Therefore, the catamaran model remains preferable. In addition, regardless of
storage capacity, the recommendation for the real-life ship dimensions should be B/L = 0.3,
T/L = 0.075.

Further research to improve this research can be conducted by: 1. comparing the
marine debris behavior of different hull numbers with the same storage capacity, 2. research
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on the possibility and optimization of the use of a wing conveyor in front of the ship, in
order that marine debris moving sideways to the ship can be caught by the wing conveyor,
3. using artificial marine debris in numerical simulations in order to obtain better results
regarding behavior on marine debris collection, and it might be possible to use Lagrangian
particle tracking [45], 4. further research can be performed by introducing the wind and
wave conditions at a certain location and time, as, in this simulation, the initial conditions
of wind and waves were ignored [46], therefore, the results of the numerical approach
are more like real conditions, 5. adjusting the distance of the demihull of the catamaran,
which will affect the total resistance. Then, it will affect the interference of hulls and waste
collection behavior.
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