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Abstract: This study aims to investigate the influence of wheel configurations on hydrodynamic 

resistance of an amphibious vessel through experiments and simulations. To evaluate the resistance 

performance associated with wheel a�achments, three configurations were examined: vessel with-

out a�achments, with caterpillars, and with both caterpillars and shoe−paddles. A comprehensive 

series of computational fluid dynamics (CFD) simulations were conducted for these a�achment 

types, complemented by experimental validations. The Volume-of-Fluid (VOF) model was em-

ployed in CFD simulations to capture the free surface movement, and the Dynamic Fluid–Body 

Interaction (DFBI) model was adopted to represent the two-degree-of-freedom motion of the vessel, 

specifically trim and sinkage. The total resistance derived from CFD simulations was calculated 

across a range of Froude numbers (Fns), including the design speed of the target vessel, and vali-

dated through model tests conducted in a wave basin equipped with a towing facility. The analysis 

indicated a general increase in resistance when a�achments were added to the amphibious vessel. 

Remarkably, at the design speed (Fn = 0.27), the total resistance with both caterpillars and shoe−pad-

dles exceeded that of the configuration without any a�achments by more than 75.7%. These results 

provide crucial insights for the preliminary design stage of amphibious vessels, particularly those 

intended for marine debris collection in hard-to-reach areas. 

Keywords: amphibious vessel; resistance performance; trim and sinkage; caterpillars; shoe−paddles; 

computational fluid dynamics (CFD); experiment 

 

1. Introduction 

Debris washed into the ocean by typhoons and winds or waves can damage coastal 

landscapes and severely impact marine ecosystems and habitats. The international com-

munity has long been concerned about and active in protecting the marine environment. 

Specifically, the United Nations Environment Assembly (UNEA) has issued annual reso-

lutions since 2014 to identify the origins of plastic debris entering the ocean and to pin-

point technologies and practices for minimizing its entry [1]. Recently, it has intensified 

its efforts to prevent and reduce marine debris by issuing a resolution calling for the es-

tablishment of a relevant expert organization and binding measures by 2025. Meanwhile, 

14 major ports in South Korea are also making various efforts to reduce marine debris, 

including operation of cleaning vessels. However, collecting debris in coastal areas, such 

as rocky coasts or uninhabited islands, remains challenging due to the difficulty of clean-

ing vessels to reach these areas, exacerbated by wind or waves. To address this problem, 

the construction of amphibious marine debris collection vessels, capable of operating in 

inaccessible coastal and offshore areas, has been proposed. An amphibious vessel, 
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designed as a catamaran, features caterpillars with several wheels connected to both hulls 

and a shoe-paddle a�ached to the top of the caterpillar, propelling the vessel forward 

through its rotation. 

In this context, research involving experiments or numerical simulations on the re-

sistance of amphibious vehicles has recently been undertaken. Nakisa et al. [2] used com-

putational fluid dynamics (CFD) to compare the drag of a multipurpose amphibious ve-

hicle in finite and infinite water depths. Yamashita et al. [3] aimed to propose a methodol-

ogy for simulating amphibious vessels transitioning between land and water modes. Sun 

et al. [4] and Pan et al. [5] conducted studies using experiments and simulations to im-

prove resistance performance by adding flaps as a�achments to reduce lateral resistance 

of high-speed amphibious vehicles. Liu et al. [6] performed optimal design using CFD by 

selecting and analyzing shape control parameters as optimal design variables to reduce 

the hydrodynamic resistance of an amphibious vehicle, comparing the results with exper-

iments. Jaouad et al. [7] also focused on using CFD for amphibious vehicles to minimize 

drag and improve the aerodynamic performance characteristics of these vehicles. More et 

al. [8] conducted model testing and CFD simulation to estimate the resistance of amphib-

ious vehicles in relation to their surface characteristics, concluding that a smoother surface 

results in reduced viscous resistance. Guo et al. [9] and Pan et al. [10] used numerical sim-

ulation to predict the pressure distribution and free-surface elevation on the surface of the 

amphibious vehicle during navigation. Du et al. [11] examined the primary parameters 

affecting the resistance performance of amphibious vehicles. Their research identified cru-

cial parameters that influence the resistance characteristics of these vessels, such as the 

length-to-draught ratio, length-based Froude number, volume-based Froude number, 

block coefficient, volume–length coefficient, loss of waterplane area, and trim angle. 

Behara et al. [12] studied the hydrodynamic characteristics of a waterjet-propelled am-

phibious craft traveling in displacement and planning modes via full-scale experiments 

and numerical simulations. Lee et al. [13] conducted an experiment to improve the for-

ward ability of a high-speed military amphibious vehicle while moving at sea and to pre-

dict trim and sinkage. 

Although research on amphibious vehicles has been continuously conducted in var-

ious fields, comparative studies on resistance according to the shape of the wheels of am-

phibious vehicles are limited. Recently, Dhana et al. [14] investigated the resistance per-

formance of amphibious vehicles, focusing on the effects of the hull designs and caterpillar 

tracks through both experimental and CFD simulations. This paper seeks to build upon 

the work of Dhana et al. [14] by evaluating the resistance performance when shoe-paddle 

a�achments are added to the caterpillars. Specifically, this study aims to assess the impact 

of wheel a�achments on resistance performance by analyzing the resistance components, 

wave pa�erns, and running trim across different vessel speeds. By juxtaposing experi-

mental and CFD simulation results, we aim to scrutinize the influence of wheel a�ach-

ments on the resistance of amphibious vehicles. Whereas previous study primarily con-

centrated on the presence or absence of caterpillars, the present study introduces shoe-

paddle a�achments to perform experiments under more intricate conditions, thereby aim-

ing for a comprehensive understanding of how various a�achments affect the resistance 

performance of amphibious vehicles. For reference, since the purpose of the amphibious 

vehicle is marine debris collection, it is henceforth defined as an ‘amphibious vessel’ in 

this study. 

2. Numerical Simulation 

2.1. Target Model 

In this study, CFD analysis was conducted at model scale, consistent with the exper-

imental setup. Three types of models were used for both experimental and CFD analysis, 

as depicted in Figure 1. Model (a) represents the bare hull of the basic model, similar to a 

catamaran. Model (b) illustrates the same model with a wheel-shaped caterpillar a�ached 



J. Mar. Sci. Eng. 2024, 12, 570 3 of 17 
 

 

to the bare hull. And model (c) depicts the amphibious vessel with shoe−paddles a�ached 

outside the caterpillars, enhancing structural stability for land movement. Table 1 pro-

vides the principal dimensions of the full-scale amphibious vessel. This vessel is relatively 

small, with a length of 10.767 m, and is symmetrical about the centerline. The weights of 

the caterpillars and paddles are considered negligible in comparison to the overall weight 

of the vessel. CFD simulations were performed using a 1/10.767 scale model to validate 

the experimental results. 

Table 1. Principal dimensions of the amphibious vehicle. 

Principal Dimension Full-Scale 

Length overall, LOA (m) 10.767 

Waterline length, LWL (m) 9.253 

Breadth, B (m) 3.800 

Draft, T (m) 0.750 

Displacement weight, W (kgf) 14,493.830 

Longitudinal center of gravity, LCG from AP (m) 4.978 

Vertical center of gravity, VCG from BL (m) 0.399 

Kxx/B (-) 0.400 

Kyy/L (-) 0.250 

Kzz/L (-) 0.250 

Design speed, U (m.s^-1) 2.778 

 

 

(a) 

 

(b) 
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(c) 

Figure 1. Model of amphibious vessels. (a) Bare hull. (b) With caterpillar. (c) With caterpillars and 

shoe−paddles. 

2.2. Governing Equations 

In this study, the flow field around an amphibious vessel considering its running trim 

was simulated, and it varies depending on whether caterpillars and paddles are a�ached 

or absent. The simulation was conducted using the commercial CFD software STAR-

CCM+ version 16.04. The governing equations employed were the continuity and momen-

tum equations, and unsteady Reynolds-averaged Navier–Stokes (URaNS) simulations 

were performed. 
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= 0  (1)
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where � is the total velocity vector, � is the position vector, � is the time, � is the density, 

� is the pressure, � is the kinematic viscosity, � is the gravitational acceleration, and �′��′� 

is the Reynolds stress. 

2.3. Numerical Implementation 

The governing equations mentioned in Section 2.2 are discretized by a Finite-Volume 

method (FVM), with the diffusion and convection terms being solved by the second-order 

central scheme and the first-order upwind scheme, respectively. For pressure–velocity 

coupling, the SIMPLE algorithm (Semi-Implicit Method for Pressure-Linked Equations) 

was employed. For the turbulence model, the Shear Stress Transport (SST) � −  � model, 

based on the two-equation model and used in Dhana et al. [14], was employed. Further-

more, the Volume-of-Fluid (VOF) model [15] was adopted to capture the location of the 

free surface. 

To represent the running trim, such as sinkage and trim of the vessel, the Dynamic 

Fluid–Body Interaction (DFBI) model [16] was introduced. This model calculates the re-

sponses of the target object to the hydrodynamic forces and moments applied by the phys-

ical continuum. Hydrodynamic forces and moments acting on the hull are determined 

through a CFD simulation of the flow field. Subsequently, the new position of the hull can 

be established by solving a two-degree-of-freedom (2-DOF) model of the motion equation 

independently. In this study, a 2-DOF motion analysis was conducted, specifically acti-

vating the heave (translational motion in the z-direction) and pitch (rotational motion in 

the y-direction), as illustrated in Figure 2. 
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Figure 2. Schematic view of implementing 2-degree-of-freedom motion. 

2.4. Boundary Conditions and Mesh Generation 

Referring to the International Towing Tank Conference (ITTC) ship resistance CFD 

guidelines [17], the size of the virtual towing tank was determined, as shown in Figure 3, 

and the boundary conditions were set as detailed in Table 2. To enhance calculation effi-

ciency, only half of the domain including the hull was analyzed, applying a symmetry 

boundary condition to the center plane. As depicted in Figure 4, the mesh system was 

generated using trimmer mesh, a type of unstructured grid. Additionally, 12 prism layers 

were implemented on the surface to account for the viscous effects on the hull surface. 

With a total of approximately 2.3 million grids, a base grid size of 0.0177 m was used. The 

intricate designs of the caterpillar tracks and shoe−paddles led to relatively high y+ values 

(y+ < 50) around the wheel surface. Additionally, for wall treatment, an enhanced wall 

function that combines both linear and logarithmic standard laws was utilized. The time 

step (dt) is dynamically adjusted to keep the Courant number below 1 during the simula-

tion, ensuring the reliability and accuracy of the results. The initial time step was estab-

lished at dt = 0.002 s. 

To ensure the reliability of the numerical simulation, the Grid Convergence Index 

(GCI) was calculated through a grid convergence test. The GCI is a metric used for grading 

determination, calculating the convergence error of the grid based on Richardson’s ex-

trapolation [18]. In this simulation, five different grid sizes ranging from G1 to G5 were 

configured, as shown in Figure 5. The GCI calculations were performed using the proce-

dure proposed by [19,20]. The results, graphed in Figure 6, indicate that the total resistance 

tends to converge to a constant value as the mesh density increases. To quantitatively 

evaluate these values, the GCI was calculated using three mesh levels, as shown in Table 

3. Here, the refinement factor, r, is 1.414, representing the ratio of the grid size, and p rep-

resents the formal order of accuracy of the algorithm. GC�� and GC�� imply the percent-

age of asymptotic solutions derived with the fine and coarse mesh, respectively, with error 

values indicating their deviation from the asymptotic value. R is the convergence ratio, 

considered convergent if it falls between 0 and 1, and divergent if greater than 1. Through 

the GCI calculation, G4 was selected as the optimal grid size, utilizing about 2.3 million 

grids with a base size of 0.0177 m. 
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Figure 3. Computational domain of virtual towing tank. 

Table 2. Boundary conditions. 

Numerical Simulation of Plate Boundary Conditions 

Top, Bo�om, and Inlet Velocity Inlet (Dirichlet condition) 

Side & Outlet Pressure Outlet (Dirichlet and Neuman conditions) 

Amphibious vessel (Hull/Caterpillars/Shoe−paddles)  Wall (No-slip condition) 

Center-plane Symmetry 

 

Figure 4. Mesh configuration: example for case with caterpillars and shoe−paddles. 

  

G1 (369,777) G2 (710,267) 
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G3 (1,256,165) G4 (2,290,261) 

 

G5 (4,606,144) 

Figure 5. Grid system GCI values by different mesh levels. 

 

Figure 6. Grid independence index (GCI). 

Table 3. Grid convergence index (GCI). 

Mesh Level 123 234 345 135 

r 1.414 1.414 1.414 2.000 

p 2.105 7.179 2.710 4.734 

GC��  0.901 0.007 0.020 0.004 

GC�� 1.854 0.088 0.052 0.116 

R 0.482 0.083 0.391 0.038 

3. Results and Discussion 

3.1. Experiments for Validation 

The experiment was conducted in a physical wave basin with a towing carriage at 

Changwon National University in Korea to validate the simulation results. A load cell was 

employed to measure the resistance acting on the hull. The electrical signal from the load 

cell output was converted into a digital signal through an Analog-to-Digital (A/D) 
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converter. A clamp system was used to prevent overload of the load cell due to the chang-

ing a�itudes of the vessel, influenced by the pressure around the hull during the experi-

ment. Particularly, in tests involving caterpillars and shoe−paddles, sinkage and trim were 

measured to ascertain the vessel’s condition under each test scenario. Two potentiometers 

were a�ached to the bow and stern of the amphibious vessel model to determine sinkage 

and trim, adjusting sensitivity and balance by transmi�ing a portion of the voltage in re-

sponse to the motion detection sensor. 

Figure 7 displays the experimental setup for the resistance test of the amphibious ves-

sel. The model was secured to the frame structure in the middle of a towing carriage. The 

resistance force acting on the hull was measured through a load cell installed on the vessel 

and the connection between the frame structure and the vessel. In addition, the model was 

fixed with a clamp to maintain stability and limit excessive movement during acceleration 

and deceleration. The experiment was conducted at various speeds in the range of Fn = 0.1 

~ 0.25 to observe the resistance values corresponding to different velocities. 

 

Figure 7. Experimental setup of resistance test for amphibious vessel. 

3.2. Validation and Discussion 

3.2.1. Effect of A�achments on Total Resistance 

The comparison of total resistance as a function of Froud number between the exper-

iment and CFD simulation is shown in the figure. In the model test, the design speed (Fn 

= 0.27) for the amphibious vessel model could not be achieved due to limitations in the 

water basin facility. As a result, simple linear regression was employed to estimate the 

resistance at the design speed. Equations (3)–(5) represent the quadratic trend lines and 

determination coefficient (R2) for the case of the bare hull only, for the case with caterpil-

lars, and for the case with both caterpillars and shoe−paddles, respectively. Here, the 

closer R2 is to 1, the more accurately the trend line expresses the data tendency. Conse-

quently, it was found that the analysis results, for all three configurations, in a very high 

correlation according to the trend line. 

� = 96.302�� − 13.442� + 0.9329,  �� = 0.9991 (3)

� = 83.676�� − 10.828� + 0.7260,  �� = 0.9991 (4)
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� = 65.096�� − 11.587� + 0.8149,  �� = 0.9987 (5)

Figure 8 presents a comparison of total resistance results from both experiments and 

simulations across various Froude numbers. Upon comparing the results of the model test 

with those of the CFD simulation, it was concluded that the simulation accuracy remained 

quite valid, with a relative error range of 0 to 6.56%. In the comparison of CFD simulation 

results at the design speed based on a�achments, the total resistance for the case with both 

caterpillars and shoe−paddles increased by 75.7% compared to that for the case of the 

bare hull and by 11.0% compared to that for the case with caterpillars. 

 

Figure 8. Comparison of total resistance as a function of Froude number between experiment and 

numerical simulation. 

It may be logically consistent that an increase in the a�achments leads to a corre-

sponding increase in the projected area, which in turn enhances the overall hydrodynamic 

resistance. Accordingly, to analyze the resistance characteristics by components, the re-

sistance coefficient, non-dimensionalized relative to the we�ed area, was calculated from 

the total resistance. The total resistance (R��) was divided into two components, pressure 

resistance (R��) and then friction resistance (R��), and a non-dimensional resistance co-

efficient was calculated for each component, as described in Equations (6)–(8): 

��� = ���/������
� (6)

��� = ���/������
� (7)

��� = ���/������
� (8)

where �� represents the density of fresh water, �� is the vessel speed, and �� is the 

we�ed area [21]. 

Figure 9 shows the resistance coefficients separated by a component as a function of 

Froude number (Fn). 

For this amphibious vessel, it has been observed that the proportion of pressure re-

sistance in the total resistance exceeds that of frictional resistance. At the design speed, it 

was found that the bare hull exhibited pressure resistance accounting for 84.3% of the total 

resistance, while the case with caterpillars showed 91.6%, and the case with both caterpil-

lars and shoe−paddles accounted for 92.0%. Moreover, even with an increase in the Fn, 

the change in frictional resistance was minimal. This indicates that the addition of a�ach-

ments leads to a significant increase in pressure resistance, which encompasses total pres-

sure, including hydrostatic pressure, especially at the lower hull, as depicted in Figure 10. 

The reasons for this situation will be discussed in the subsequent Section 3.2.2. 
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(a) 

 
(b) 

 
(c) 

Figure 9. Components of resistance coefficients. (a) Total resistance coefficient. (b) Pressure re-

sistance coefficient. (c) Frictional resistance coefficient. 
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(a) (b) 

Figure 10. Comparison of pressure and shear stress distribution at design speed for case with both 

caterpillars and shoe−paddles. (a) Pressure distribution. (b) Shear stress distribution. 

As previously discussed, it has been observed that the presence or absence of a�ach-

ments, such as caterpillars and shoe−paddles, significantly affects the total resistance. 

Given the total resistance of the vessel, it is now crucial to estimate the effective power for 

designing the adequate propulsion system. 

First, the original ITTC-1957 method from the International Towing Tank Commi�ee 

(ITTC) was utilized to calculate the resistance coefficient value (C��) for a full-scale ship. 

The sequence of equations and processes necessary for this calculation is as follows: 

��� = ��� − ��� (9)

��� = 0.075/(�������� − 2)� (10)

��� = �� ∙ ����/�  (11)

��� = ��� (12)

��� = ��� + ��� + �� (13)

��� = 0.075/(�������� − 2)� (14)

��� = �� ∙ ����/�  (15)

where ��� is the residual resistance coefficient at model test, C� is the model–ship cor-

relation allowance coefficient, considered as 0.6 × 10�� [22], �� is the Reynolds num-

ber, and ��� is the waterline length. 

Subsequently, the resistance of the full-scale ship (���) and effective horsepower (P�) 

are determined as follows: 

��� = �0.5������
����� (16)

�� = ��� ∙ �� 745⁄  (17)

where �� is the density of sea water. 

The estimated results for effective horsepower are depicted in Figure 11. The analysis 

results reveal that the addition of a�achments to the wheels of an amphibious vessel leads 

to a significant increase in effective horsepower. This suggests that the inclusion of a�ach-

ments on the hull results in increased resistance, necessitating more power engine opera-

tion. When comparing the effective horsepower necessary for the design of the propulsion 

system at the design speed of 5.4 knots, there is an increase of approximately 66.7% with 

the addition of only ‘caterpillar’ to the ‘bare hull’. The increase is about 86.5% when both 
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‘caterpillar’ and ‘shoe−paddles’ are added. These results enable the determination of the 

specifications for engines and auxiliary equipment required to achieve the design speed. 

 

Figure 11. Comparison of effective horsepower according to presence or absence of a�achments. 

3.2.2. Variation of Wave Pa�erns 

To compare wave pa�erns at the design speed for the cases with and without a�ach-

ments, simulation results were analyzed using the flow field data when a quasi-steady 

state had been reached. 

As illustrated in Figure 12, the wave pa�erns observed demonstrate that the caterpil-

lars and shoe−paddles interact with the original waves generated by the bare hull, damp-

ening the waves adjacent to the hull. This interaction also generates an additional wave 

system characterized by more divergent and transverse waves that propagate further 

from the hull. Figure 13 depicts wave profiles around the vessel’s bow, highlighting sig-

nificant changes in the wave profiles near the bow due to the added a�achments. These 

changes seem likely to be a�ributable to intensified energy dissipation mechanisms, as the 

bow wave-breaking phenomena, engendered by the a�achment–fluid interaction, become 

more pronounced with additional a�achments. Consequently, the resistance encountered 

by the hull with additional appendages increases due to wave breaking near the bow. This 

increase in energy dissipation during the wave-breaking process subsequently dampens 

the development of the wave profile along the hull towards the stern, as demonstrated in 

Figure 14. Such observations can elucidate the diminution of wave propagation in the 

wake region at the stern of the hull, as depicted in Figure 12, correlating it with the effects 

induced by the increased a�achments and the consequent energy dissipation dynamics. 

To summarize, the introduction of a�achments inhibits the development of wave pat-

terns along the hull due to heightened energy dissipation during breaking waves near the 

hull, thereby contributing to increased wave-breaking resistance. Nevertheless, it is pos-

ited that the wave pa�erns developing farther from the hull, originally generated by the 

bare hull, are accentuated due to the slightly enlarged cross-sectional area of the append-

ages, leading to an increase in wave-making resistance. 

 

(a) 
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(b) 

 

(c) 

Figure 12. Wave configuration around amphibious vessel at design speed. (a) Bare hull. (b) With 

caterpillars. (c) With caterpillars and shoe−paddles. 

 

(a) 

 

(b) 

 

(c) 

Figure 13. Wave configuration around bow of amphibious vessel at design speed. (a) Bare hull.  

(b) With caterpillars. (c) With caterpillars and shoe−paddles. 
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(a) 

 

(b) 

 

(c) 

Figure 14. Wave profiles along hull at design speed. (a) Bare hull. (b) With caterpillars. (c) With 

caterpillars and shoe−paddles. 

3.2.3. Changes in Running Trim 

CFD simulations were performed to analyze changes in the running trim of a vessel, 

with results compared with model test results. Notably, the experimental phase was con-

fined to a scenario incorporating all a�achments separately. 

Figures 15 and 16 depict the variations in trim and sinkage with respect to the Fn, 

respectively. Initially, the trim analysis for the bare hull shows minimal variation across a 

range of Fns. However, the equipment of caterpillar tracks results in a slight increase in 

stern trim as Fn increases. Conversely, when incorporating all a�achments, both experi-

mental and simulation data exhibit a trend towards a subtle increase in bow trim up to 

approximately Fn = 0.2. Significant fluctuations in the experimental data are noted, due to 

a variety of measurement factors or scale effects. It can be observed that the simulations 

tend to under-estimate the values by approximately 20% on average compared to those 

measured experimentally. For Fns greater than 0.2, where experimental data are absent, a 

gradual decrease in bow trim is observed, underscoring the need for additional experi-

mental investigation in higher Fn ranges. Next, in the analysis of sinkage, both experi-

ments and CFD simulations show minimal overall changes. Nevertheless, the CFD results, 

when considering all a�achments, indicate a slight increase in se�lement for Fn < 0.2, sim-

ilar to the experiment, followed by a decreasing trend above this range. 

In summary, the running trim of a vessel is subtly influenced by the type of a�ach-

ment affixed. Specifically, a vessel outfi�ed with all a�achments exhibits a bow trim at Fn 

below 0.22, with a minor tendency towards buoyancy. This pa�ern, however, reverses at 

Fn greater than 0.22, highlighting a complicated interaction between the running trim and 

the appendages a�ached. This phenomenon warrants further investigation to fully under-

stand the dynamics at play. 
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Figure 15. Results of trim as a function of Froude number. 

 

Figure 16. Results of sinkage as a function of Froude number. 

4. Conclusions 

In this study, the resistance performance of an amphibious vessel utilized for marine 

debris collection, equipped with and without caterpillars and shoe−paddles, was analyzed 

through CFD simulation and substantiated by a model tested in a wave tank with a towing 

carriage. The present study led to the following conclusions: 

 The accuracy of the CFD simulation was confirmed, with a total resistance error mar-

gin of less than 6.6% when compared to the model tests. Furthermore, an evaluation 

of resistance at varying speeds of the vessel revealed a considerable influence of the 

a�achments on total resistance. Notably, at the design speed (Fn = 0.27), the resistance 

of the configuration with both caterpillars and shoe−paddles was 75.7% higher than 

that of the bare hull and 11.0% more than that with caterpillars alone. 

 When dividing the total resistance into pressure and friction components at the de-

sign speed, it was indicated that pressure resistance constitutes the major portion of 

the total resistance across all configurations. It accounted for 84.3% of the total re-

sistance in the bare hull configuration, 91.6% with caterpillars, and 92.0% with both 

caterpillars and shoe−paddles. 

 This study examined the influence of a�achments on wave dynamics around the ves-

sel. Incorporating caterpillars and shoe−paddles led to the formation of more distinct 

wave pa�erns around the vessel, with significant wave propagation observed in the 

far field. These a�achments served to dampen wave generation in the vicinity of the 

vessel through wave-breaking phenomena, resulting in reduced wave activity and a 

more quiescent flow aft. 
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The insights derived from this study are anticipated to contribute valuable infor-

mation to the ongoing research and development process of amphibious vessels, particu-

larly those designated for marine debris collection. 
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