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Abstract

This study introduces a hybrid simulation method, CFD-Modified Potential (CMP), that integrates
Computational Fluid Dynamics (CFD) with potential flow methods to analyze the seakeeping
performance of an amphibious vessel. The CMP procedure addresses the limitations of potential flow
models, which are computationally efficient but neglect viscous effects, and CFD models, which are
accurate but computationally intensive. By combining these approaches, CMP achieves both
computational feasibility and enhanced accuracy. The method was used to predict roll and pitch
damping ratios, derive Response Amplitude Operators (RAOs), and evaluate seakeeping performance.
Results showed that CMP improved the accuracy of roll motion predictions in beam sea (90°) with
errors below 5% compared to experimental data. For pitch motion in head sea (120°~180°), significant
improvements were observed when applying the CMP-derived damping ratio. Seakeeping performance
predictions, particularly for roll motion, closely aligned with experimental results across all wave
conditions, demonstrating CMP’s reliability. While direct experimental data for pitch motion were
unavailable, the method’s robustness was validated through CFD-based comparisons. This study
highlights CMP as a practical and reliable tool for accurate seakeeping performance assessments,
minimizing the need for extensive experimental testing and supporting the design optimization of

amphibious vessels.
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1. Introduction

Various methods are available for analyzing the seakeeping performance of small vessels, and
among them, experimental methods are inefficient for conducting extensive parametric studies.
However, experimental tests are considered the most accurate and have been conducted in many studies.
For example, Kim et al. (2013) analyzed the seakeeping performance of a high-speed small ship by
varying the design variables such as deadrise angle, cross-section shape, and length-to-beam ratio
through model testing. Seo et al. (2016) investigated resistance and seakeeping performance for wave-
piercing high-speed vessels, while Ryu et al. (2019) conducted hull form design and seakeeping tests
on a fishing training vessel to evaluate stability under different sea conditions. Similarly, Niklas &
Karczewski (2020) examined the hull resistance and seakeeping performance of small passenger ships
through experiments. Su et al. (2021) also explored the resistance and seakeeping performance of
variable-structure boats, which are adaptable vessels with a main hull and retractable side-hulls, in
regular and irregular waves, comparing results with numerical simulations. While these experimental
methods provide highly reliable data, they are constrained by limitations such as the size of the facility,
and significant costs associated with model fabrication, testing setup and running the tests.

To overcome these limitations, numerical methods have gained prominence due to their cost-
effectiveness compared to experimental methods. Among these, potential flow-based analysis
techniques are widely used for seakeeping studies because they allow rapid computations across various
wave frequencies and directions. For instance, Sclavounos and Borgen (2004) used a three-dimensional
Rankine panel method based on linear potential theory to analyze the seakeeping performance of foil-
assisted high-speed vessels. Similarly, Lewandowski (2008) applied linear potential theory to calculate
wave-induced motions of two vessels in close proximity, while Tello, Silva, and Guedes Soares (2011)
evaluated hydrodynamic performance across multiple criteria related with the absolute and relative
motions, accelerations, slamming and green water on deck for various fishing boat designs. Prini et al.
(2015) analyzed heave and pitch motions of search and rescue (SAR) craft, and Yi et al. (2020) applied
frequency-domain potential flow analysis to study the seakeeping performance of an LNG bunkering
vessel operating in shallow waters. Despite their efficiency, potential flow methods often lack accuracy
because they neglect nonlinear viscous effects, which are particularly significant for small vessels. For
example, small vessels are highly susceptible to nonlinear damping caused by fluid viscosity, and
conventional potential theory cannot accurately capture damping coefficients essential for stability and
performance predictions (Jung et al., 2005).

To address these deficiencies, researchers have increasingly turned to Reynolds-Averaged Navier-
Stokes (RANS)-based Computational Fluid Dynamics (CFD) simulations for analyzing the
hydrodynamic behavior of small and high-speed marine vessels. Tavakoli et al. (2024) highlighted

advancements in CFD applications for planning hulls, emphasizing the importance of combining these
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methods with experimental and empirical approaches to improve the accuracy and efficiency of
hydrodynamic predictions. Research in CFD-based fluid behavior analysis, which provides more
accurate results by accounting for the viscous effects in small and high-speed vessels, continues to
evolve. For instance, Simonsen et al. (2013) used CFD simulations to predict the heave and pitch
motions of the KRISO Container Ship (KCS) model, achieving strong agreement with experimental
results. Similarly, Toxopeus et al. (2018) validated hydrodynamic simulations of ship motions using
various models, including low-fidelity system-based models, potential theory, and high-fidelity CFD,
concluding that CFD is indispensable for capturing complex physical phenomena in wave operations.
Niklas & Pruszko (2019) employed CFD to analyze seakeeping performance of small ships, while Lin
& Lin (2019) assessed the relationship between seakeeping performance and speed for high-speed
vessels. More recently, Ozturk et al. (2021) analyzed full-scale seakeeping performance of emergency
response vessels, and Im and Lee (2022) examined wave height and forward speed effects on small
fishing vessels seakeeping characteristics using CFD. Park et al. (2024) conducted hydrodynamic
analyses on 16 small fishing vessels to evaluate their seakeeping performance, deriving roll, pitch, etc.
under various environmental conditions. However, despite its accuracy, CFD is computationally
expensive. This makes it impractical for comprehensive seakeeping performance evaluations, which
require assessments across multiple wave conditions.

Given the inherent limitations of experimental, potential flow, and CFD-based approaches, this
study introduces a hybrid method, CFD-Modified Potential (CMP) Simulation, to overcome these
challenges. CMP integrates potential flow and RANS-based CFD methods to leverage the
computational efficiency of the former and the accuracy of the latter. This procedure leverages the well-
established potential flow analysis for evaluating ship motion responses to incident waves, while CFD
is employed to adjust specific damping coefficients. Potential flow analysis remains the standard
method for ship motion evaluation during the initial design phase, as mandated by the International
Maritime Organization (IMO) and major classification societies (Lloyd, 1989; Faltinsen, 1993). A key
characteristic of this approach is that the damping ratio used in hull motion analysis is applied uniformly
across all wave directions, thereby standardizing responses using a single simulation. As proposed by
Nam et al. (2022; 2024), the CMP model refines the potential flow simulation by incorporating damping
coefficients derived from CFD results for the most critical motion conditions, thus achieving more
reliable predictions. However, previous studies successfully applied CMP to simple barge hulls but did
not investigate its applicability to complex hull forms.

The present study aims to extend the applicability of CMP by analyzing the seakeeping
performance of amphibious vessels. These vessels, characterized by their caterpillar-like structures
enabling operation on land and at sea, require accurate predictions of dynamic stability across diverse
wave frequencies and conditions. By applying CMP, this research seeks to enhance the accuracy of

nonlinear damping and dynamic stability analyses, which are critical for amphibious vessel design.
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Furthermore, the study explores how CMP can improve efficiency and safety during the design phase,
reducing reliance on costly experiments and contributing to the prevention of maritime accidents.
Through this work, CMP is positioned as a reliable, cost-effective tool for advancing seakeeping

analysis and optimizing vessel performance.
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2. Numerical Methods

2.1 Concept of CMP Simulation
2.1.1  Potential flow program

The potential flow solver WAVELOAD-FD (Lloyd’s Register) was used in this study to calculate
ship motion. This program is based on potential flow theory, where the potential function is a continuous
scalar filed that satisfies the fundamental principles of fluid mechanics, including mass conservation
and momentum. Potential flow methods assume the fluid is incompressible, irrotational (i.e., fluid
particles do not rotate), and inviscid (i.e., frictionless), making them computationally efficient. The
basic governing equations are summarized in Appendix A. While potential flow theory is widely used
for seakeeping analysis, it inherently neglects viscous effects, necessitating further refinement for

practical application.

2.1.2  Computational Fluid Dynamics (CFD)
CFD simulations were conducted using STAR-CCM+ (v16.04) to account for viscous effects and

nonlinear flow phenomena. The motion of viscous fluid is governed by the continuity and Navier—

Stokes equations, expressed as:
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where p represents the fluid density, 4 denotes the mean velocity, t is time, x refers to the spatial

coordinate, p is the mean pressure, y stands for dynamic viscosity, and ul'u]/ represents the Reynolds
stress. To simulate ship motions, the Dynamic Fluid Body Interactions (DFBI) model with six degrees

of freedom (6-DOF) was employed. The governing equation for the center of mass translation is:

dv
m—-= F 3)
where m is the mass of the body, v is the velocity of the center of mass, and F is the resultant force
acting on the body
The Volume of Fluid (VOF) model (Hirt and Nicols, 1981) was used to capture the interface

between air and water phases. The evolution of the free surface is governed by the transport equation

for the volume fraction, a:
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Z+V-[(U-Upa] +V-[U,(1-a)] =0 )

where a is the volume fraction of the fluid (0 < @ < 1), U refers to the velocity field, while U, denotes
the velocity of the mesh, and U, is the relative velocity of the fluid phases.

The High-Resolution Interface Capturing (HRIC) scheme is employed to discretize the convection
term in the transport Eq. (4). This scheme is specifically designed to maintain a sharp interface between
phases, ensuring numerical stability and minimizing artificial smearing of the free surface. The HRIC
method combines the benefits of upwind schemes for stability and central schemes for accuracy,
enabling precise tracking of the fluid interface even under complex wave dynamics.

To further reduce wave reflections at domain boundaries, a sponge layer (damping zone) was
applied in the simulation. This layer dissipates wave energy by reducing vertical velocity near the
boundaries, ensuring that reflected waves do not interfere with the computational domain.

Furthermore, the Overset Mesh Method was employed, dividing the computational domain into
an inner grid (object motion) and outer grid (numerical wave tank). Data exchange at the interface
was handled using the least-squares method to maintain second-order accuracy.

Mesh refinement was guided by ITTC (2011) recommendations: 80—100 grid points per
wavelength, 20 grid points per wave height, and a non-dimensional wall distance (y*) below 5 near the

hull. This approach ensured accuracy while maintaining computational efficiency.

2.2 CMP Simulation Procedure

The CMP simulation process for seakeeping analysis is illustrated in Figure 1.

Determine environmental condition and wave spectrum

Collect met-ocean data from target sea location and drive wave spectrum

Motion analysis using potential flow
Perform motion analysis in wave condition with initial damping ratio and calculate

initial RAO
o1 Motion analysis using RANS
S tage Perform motion analysis under the condition of the maximum RAO of roll & pitch
happened

23 Finding the modified damping ratio & final RAO
Through iterative calculation of the potential program, fine the modified damping
ratio & final RAO to have same RAO as CFD result calculated in 2nd stage

Stage

Seakeeping Performance

Numerical Analysis Method
Seakeeping performance with final RAO

4th
Stag Evaluate specific items on seakeeping performance through ship response spectrum
CMP PROCESS sStage by multiplying modified RAO and the wave spectrum

Figure 1. CMP simulation process
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2.2.1 [0" stage] Determine environmental condition and wave spectrum

In the 0™ stage of the CMP simulation process, the environmental conditions of the target sea area
are defined. Data such as wave height, wave period, and wave direction are collected and organized
into a wave scatter table, which provides a statistical representation of the sea state. This table serves as
the basis for generating a wave spectrum tailored to the operational area.

The wave spectrum, which describes the energy distribution across wave frequencies, is critical
for seakeeping performance evaluation. The hull response spectrum is calculated by multiplying the
wave spectrum with the square of the Response Amplitude Operator (RAO) obtained from ship motion
analysis. Selecting an appropriate wave spectrum model is essential, as it significantly impacts
prediction accuracy. Common models include the Pierson-Moskowitz spectrum for fully developed seas
(Pierson and Moskowitz, 1964) and the JONSWAP spectrum for fetch-limited conditions (Hasselmann
et al., 1973), such as those in Indonesian waters (Rahmayji et al., 2022). For finite-depth waters, the
Texas A&M Modified (TMA) spectrum, an adaptation of the JONSWAP model, is commonly applied
(Shu et al., 2008). For instance, Tello et al. (2011) applied the Pierson-Moskowitz spectrum to evaluate
the seakeeping performance of vessels in open sea conditions.

By defining the wave spectrum based on the sea state, the Oth stage ensures realistic input for

subsequent stages of the CMP simulation, enabling reliable performance predictions.

2.2.2 [1* stage] Motion analysis using potential flow

In the 1st Stage of the CMP simulation process, a potential flow program is employed to calculate
the hull motion RAOs under zero-speed and wave conditions. Potential flow methods, while
computationally efficient, do not account for viscous effects. To address this limitation, a damping ratio
is introduced to represent the resistive force per unit speed acting on the vessel. Traditionally, this
damping ratio is determined through free decay predictions using experiments or CFD simulations.
However, this study proposes a novel approach to estimate the damping ratio without requiring free
decay tests. Instead, an initial approximate value is applied, which is iteratively refined in later stages
of the simulation.

At this stage, the potential flow program provides the initial RAO in the frequency domain,
focusing on roll and pitch motions. For large ships, roll motion often dominates due to their narrow
beam relative to length. However, in small vessels, which are relatively lightweight, both roll and pitch
motions are significantly affected by waves. The analysis conducted in this stage identifies the wave
directions and frequencies corresponding to the maximum roll and pitch RAO values. These results
serve as critical inputs for subsequent simulation stages, where accuracy is further enhanced through

CFD and iterative refinement of the damping ratio.
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2.2.3 [2" stage] Motion analysis using RANS

In the 2™ Stage of the CMP simulation, the time-domain motion analysis is conducted using CFD
based on the wave direction and frequency corresponding to the maximum roll and pitch RAO values
that were identified in the 1% stage. At this stage, the vessel operates at its design speed to capture
realistic dynamic behavior. The primary goal is to ensure the reliability of the CMP-derived results
while maintaining computational efficiency.

Although performing CFD simulations across a wide range of wave directions and wave
frequencies could improve result accuracy, such an approach is computationally intensive. To address
this, the proposed method focuses on the single wave direction and period that corresponds to the
maximum roll and pitch motions, as these conditions have the greatest impact on seakeeping
performance. By targeting the most critical conditions, this stage balances the need for accuracy with

computational feasibility, ensuring reliable inputs for subsequent analysis.

2.2.4 [3" stage] Finding the modified damping ratio & final RAO

The 3rd stage of the CMP simulation process, a frequency-domain motion analysis is conducted at
vessel’s design speed using a potential flow program. The key focus of this stage is the iterative
refinement of roll and pitch damping ratios to align the RAOs from potential flow analysis (Rp,) with
those obtained from CFD simulation (R¢gp) in the 2™ stage.

This iterative process begins by inputting an initial damping ratio ({°) into the potential flow
program to calculate Rp,;. The results are then compared to Rcpp. If discrepancies exist, the damping

ratio is updated using the equation:

¢t = ¢+ aag (5)

where {" is the current damping ratio, is A{ is the correction factor, and « is the relaxation factor (0 <
a<l).

This process is repeated until the difference between Rp,; and Rcgp falls within a predefined error
threshold (g,). The resulting value ({cyp) is the final refined damping ratio derived from the CMP
simulation, as depicted in Figure 2.

Unlike the initial damping ratio used in the zero-speed motion analysis of the 1% stage, this refined
damping ratio incorporates the design speed and viscous forces acting on the hull. During the design
phase, obtaining or applying a damping ratio that considers forward-speed conditions is typically
challenging. The CMP simulation process addresses this limitation by predicting a damping ratio that
accounts for these effects, enhancing accuracy and reliability.

Finally, the refined damping ratio is applied to derive the final RAO, which reflects the vessel’s

motion response under realistic operational conditions.
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Figure 2. Procedure for determining the refined damping ratio

2.2.5 [4" stage] Seakeeping performance with final RAO

In the 4™ stage of the CMP simulation process, seakeeping performance is evaluated by combining
the wave spectrum determined in 0™ stage with the square of the final RAO obtained in the 3™ stage.
This approach leverages established strip theory and superposition techniques to infer the statistical
characteristics of motions in irregular waves from regular wave transfer functions (Lloyd, 1991). The

hull response spectrum is expressed as:

Sa(w) = S, (@) X |RAO(w)|? (6)

where S, (w) denotes the hull response spectrum, S, (w) denotes the wave spectrum, and w denotes the
wave frequency.

To facilitate quantitative evaluation, the hull response spectrum is converted into practical
assessment units. In this study, the Significant Single Amplitude (SSA) is used for determine whether
the seakeeping criteria are satisfied. The SSA is calculated from the zeroth moment (m,) of the response

spectrum using following equations:

SSA =2mq (7
My = [ 0 Sa(w)bw (8)

where wg is the encounter frequency of the ship and m,, is the nth moment of the response spectrum.
The final stage involves assessing whether the derived roll and pitch values meet predefined
performance criteria. This evaluation determines the vessel’s operational viability under specified wave

conditions, ensuring that the seakeeping performance aligns with safety and functional standards.
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3. Numerical Simulation using CMP

3.1 Target model

The target model for this study is an amphibious vessel, as depicted in Figure 3. This vessel is
designed for dual-mode operations, utilizing caterpillar tracks for movement on land. During
waterborne operations, the caterpillar tracks are assumed to remain stationary. The hull features a
catamaran-like design with symmetry along the spanwise axis (y-axis), optimizing stability and

hydrodynamic performance. The principal dimensions of the vessel are listed in Table 1.

Figure 3. Target model

Table 1 Target model information

Principal dimensions Full scale Unit
Scale ratio 1/10.767 -
Length overall, Ly, 10.767 m
Waterline length, Ly, 9.253 m
Breadth, B 3.800 m
Draft, T 0.750 m
Displacement weight, W 14,493.830 kgf
LCG from AP 4.978 m
VCG form BL 0.399 m
GMt 2.939 m
k.x/B 0.400 -
kyy/Lpp 0.250 -
k,./Lpp 0.250 -
Design speed, Uy pots 5.400 knots

Design speed, Uy, /s 2.778 m/s
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3.2 [0 stage] Numerical setup and wave spectrum selection

The target sea area for this study is the Shinan Sea, Korea. Wave and current data were collected
from an offshore buoy (34°.73N, 126°.24E) operated by the National Oceanographic Research Institute
and the Korea Meteorological Administration. The wave data consists of 2,380 daily samples of
significant wave height (Hg) and wave period (T,) from 2016 to 2023, while tidal current data were
collected at 30-minute intervals in 2019, yielding 17,522 samples. Despite the differing locations for
tidal and wave data collection, the region’s consistent average depth of approximately 20 meters ensures
the relevance of these datasets. The wave data were categorized into Sea States (SS) 2, 3, and 4 based
on WMO standards, with representative wave height and period conditions summarized in Table 2.
Current data from the target sea area showed most speeds ranged between 0.1 m/s and 1.0 m/s, with
over half below 0.5 m/s. Current data from the target area indicate that most velocities range between
0.1 m/s and 1.0 m/s, with more than half below 0.5 m/s. Although the influence of these currents could
affect the spectral energy distribution, their contribution was not considered in this study. Future

research will aim to investigate the current-induced modifications on the wave spectra in greater detail.

Table 2 Representative wave height and period of target sea
Sea State Code

Wave condition SS 2 SS3 SS 4 Unit
Hg 0.5 1.0 1.3 m
T, 3.5 4.0 4.5 S

Selecting a suitable wave spectrum model requires consideration of the target area’s characteristics.
Given the coastal nature and average depth of approximately 20 meters in the Shinan sea, where fully
developed waves do not occur, the TMA spectrum was deemed most appropriate. This spectrum is
derived from the JONSWAP spectrum and adjusted by a shape function to account for depth limitations.
The TMA spectrum is defined by the following equation:

Su@) = P exp [ 125 (22) | P o) ©)

where « is the constant calculated using Eq. (10), H,, is the peak wave height, w,, is the peak angular
frequency, y is the peak enhancement factor,  is the shape factor calculated using Eq. (11). The

constants and parameters are defined as follows:

o= 0.0624
~ {0.23+0.0336y—[0.185/(1.9+y)]}

(10)
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(w—wp)z]

p=exp |- (a1

(007 if (@ < wp) ’
770009 if (0 > wp) (12)

The peak angular frequency (wy) is calculated using the peak period (T5):

Tz

Tp - J(5+7)/(10.89+y) (13)

21
wy = E (14)

The peak enhancement factor (y) determines the sharpness of the spectrum peak is calculated using

DNV OS E301 guidelines:

(5 if T,/\[Hs < 3.6
T
_ J s575-1.15-%
v=4e"" T 36 <1,/ H, <5 (15)
1 if5 < T,/\/Hs

For the Shinan Sea, y was calculated to be 1, indicating a relatively flat spectrum. The transformation
factor ¢ (wp,) represents the effect of the water depth h, and it can be determined as follows where g

is gravitational acceleration:

0.5w%, if (wp, < 1)
p(wp) =41 -0.52 —wp)?, if (1< w,<2) (16)
1, if (wp > 2)

wp = a)\/% (17)

The final TMA spectrum based on these calculations is shown in Figure 4.
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Figure 4. TMA spectrum of target sea
33 [1¢ stage] Initial motion analysis using potential flow

The first stage of the CMP simulation involved conducting an initial motion analysis using a
potential flow-based program. For this analysis, approximately 35,000 panel meshes were generated to
represent the submerged part of the hull, as illustrated in Figure 5. The parameters used in the analysis
are detailed in Table 3. To evaluate the impact of wave directions, simulations were conducted at 30°
intervals, covering wave headings from head sea (180°) to following sea (0°). The average water depth
of the target sea area (20m) and the vessel’s design speed were considered in the analysis. Based on
linear wave theory, deep water conditions are assumed based on the depth-wavelength ratio, and wave
height for each frequency is calculated based on the dispersion relationship derived from the frequency
and depth information.

At this stage, an arbitrary roll damping ratio of 0.10 was used for the potential flow analysis. For
pitch motion, no specific damping ratio was applied, consistent with standard practices in large ship

analysis.

Figure 5. Panel mesh configuration for the submerged hull
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Table 3 Conditions for potential flow-based motion analysis

Parameters Full scale Unit
Wave heading 0~180, interval 30 °
Wave frequency 0.2~5.0, interval 0.05 based on ABS Guidance notes (2003) rad/s
Water depth 20 m
Ship speed 0 m/s
Roll damping ratio ({pot) 0.10 -
Pitch damping ratio (pot) 0 -

The results of the initial motion analysis are presented in Figure 6. This stage identifies critical
wave directions and wave periods associated with maximum RAO values. For roll motions, the
maximum response occurs at a wave direction of 90° and a wave frequency of 2.7 rad/s. Similarly, for
pitch motion, the highest response is observed at a wave direction of 120° with a wave frequency of 2.8
rad/s. These key conditions are summarized in Table 4, which outlines the wave height, wave period,
and wave direction corresponding to the maximum RAO values. This data serves as essential input for

the CFD simulation in the next phase.
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Figure 6. Conditions corresponding to peak RAO values

Table 4 Peak conditions for CFD motion analysis

Motion Roll(rad/m) Pitch(rad/m) Unit
Wave height 0.18 0.17 m
Wave frequency 2.7 2.8 rad/s

Wave direction 90 120 °

3.4 [2md stage] CFD motion analysis

In the second stage of the process, CFD simulation were conducted under operational conditions
corresponding to the peak RAO values identified in the first stage (Table 4). These simulations aimed
to ensure accuracy and reliability as a substitute for the physical experiments. A grid-convergence study

was performed to validate the CFD results.
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A numerical wave tank (NWT) was employed, with dimensions illustrated in Figure 7. An overset
mesh system was applied, where physical quantities were exchanged using a least-squares manner at
the interface between the overset region and the NWT. The hull’s motion, including 6-DOF, was
simulated relative to its center of gravity using the DFBI model, which solves equations of motion to
account for fluid interaction forces and moments.

To generate waves, velocity inlet conditions based on Airy wave theory were used, and a wave
forcing model minimized reflected waves (ITTC, 2011). This model combined wave damping
coefficients (Park et al., 1993; Park et al., 1999; Peri¢ et al., 2016) and harmonization of reflected waves
with incident waves (Kim et al., 2019). The boundary conditions are depicted in Figure 8.

The physical model configuration for the simulation is outlined in Table S, based on Jiao and
Huang (2020). A second-order implicit unsteady solver for time and a second-order upwind/central
scheme solver for space were employed. The Shear Stress Transport (SST) k- model was selected for
accurate boundary layer predictions. The simulations ran for 5 seconds with a time step of 0.001 seconds,

maintaining a Courant-Friedrichs-Lewy (CFL) condition below 1.0.

6L
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Overset Region
2.5L DI— 2.5L -
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K e
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Figure 7. NTW size and configuration



Seakeeping analysis of an amphibious vessel using CFD-modified potential (CMP) simulation and experimental validation
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Figure 8. Boundary conditions
Table 5 Physics models for CFD motion analysis
Items Principal
Time Implicit unsteady
Turbulence model SST k-omega
Wall function Low y+ wall treatment
Volume — of — Fluid (VOF)
Free-surface Stokes first order
VOF waves

The mesh consisted of trimmed cells with 10 prism layers near the hull to capture viscous effects,
maintaining a y* value below 4. To evaluate grid sensitivity, a grid-convergence index (GCI) test
(Roache, 1994; 1997) was conducted. to check how grid density impacts the convergence of the results.
Five grid densities were tested (Table 6), ranging from coarse (2.4 million cells) to fine (23.8 million
cells). The RAO roll was converted to dimensionless (®/kA) to check the convergence. The Richardson
extrapolation method was used to estimate errors, with a safety factor of 1.25 for three-grid comparisons.

The GCI for fine (GCIf"®) and coarse grids (GCIS®™¢) was calculated as:

Geline = F|E, | and GCISO™se = F|E,| (18)

Here, F; is the safety factor and E; and E, are error estimators for fine and coarse grids, respectively.
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Grid refinement was performed with a factor of 1.33.
Results showed convergence as mesh density increased (Table 7), with Case 4 (13.1 million cells)
achieving a balance between accuracy and computational efficiency. Figure 9 summarizes the GCI

analysis results, and Figure 10 illustrates the selected mesh configuration.

Table 6 Grid convergence test and result

Grid case 1 2 3 4 5
Density coarser coarse mid fine finer
Number of cells 2.4M 3.9M 7.TM 13.1M 23.8M
RAO (p/kA) 0.96 1.04 1.23 1.35 1.40

Table 7 Grid convergence index (GCI) result

Items GCI 123 GCI 234 GCI 345 GCI 135
r 1.330 1.3300 1.3300 1.7689
p 2.9553 1.7036 2.6778 0.8089
GCI{ine 14.5350 17.2752 4.2234 259773
GCI5°s¢ 39.9004 30.7385 9.4288 46.9213
ratio 2.3229 0.6152 0.4660 0.6304
3
—i— RAO
2.5 GCI 123
* GCI 234
2 A GCI 345
’3 v GCI 135 v
i 1.5 2 A
s ./ )
1
0.5
0
0 1 2 3 4 5 6 7 8

Grid cases

Figure 9. Grid convergence test results
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Overset

Figure 10. Mesh configuration

3.5 [37d stage] Adjustment of damping ratio

At this stage, the goal is to determine the adjusted damping ratio such that the RAOs obtained from
the potential flow analysis match the reliable RAOs from the CFD simulations. Figure 11 shows the
time series of roll and pitch RAOs derived from the CFD simulations in the second stage. From these
simulations, the mean response amplitude (in radians) was calculated after the motion stabilized,
particularly focusing on the last three frequencies where convergence was observed. The mean response
amplitude was then divided by the wave amplitude to compute the RAO values. Table 8 summarizes
the RAOs for each motion under specific wave direction and frequency conditions obtained from the

CFD simulations.

10 1
CFD(Wave frequency=2.6rad/s, Wave direction=90") CFD(W ave frequency=2.8rad/s, Wave direction=120")
5 0.5
5 e
=
= 0 g 0
& &
5 -0.5
- -1
10 0 1 2 3 4 5 3 4 5 6 7 8
Time (s) Time (s)

Figure 11. Time series CFD result (left: roll, right: pitch)

Table 8 RAO results from CFD simulations

Motion Roll Pitch Unit
Wave frequency 2.6 2.8 rad/s
Wave direction 90 120 °

RAO (¢/kA) 1.35 0.11 -
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The damping ratio was iteratively adjusted to match the RAOs obtained from the potential flow
simulation with those obtained from the CFD results. The adjustment followed the iterative procedure
outlined in Figure 2.

Table 9 summarizes the initial and modified damping ratios for roll and pitch. For roll motion, the
initial damping ratio ({pe) was reduced from 0.10 to 0.054, reflecting the CFD-derived viscous effects.
Conversely, for pitch motion, which lacked an initial damping ratio, the refined damping ratio ({cyp)
increased to 0.50. Figure 12 illustrates an example of how the damping ratio adjustment process

converges in the frequency domain.

Table 9 Damping ratio comparison

Damping ratio Roll Pitch Unit
Tnitial (Cpor 07 Epot) 0.10 0 -
Refined ((CMP or ECMP) 0.054 0.50 -
2.5
-------- Damping ratio_{  =0.10
——— Damping ratio_{_, =0.054
2 O CFD
15 Comr = 0.054
s 1
0.5
0
0 1 2 3 4 5

Wave frequency (rad/s)

Figure 12. Example of damping ratio adjustment in frequency domain

3.6 [4*h stage] Hull response spectrum analysis

In the fourth stage, the hull response spectrum was calculated by combining the refined RAOs
obtained in the 3" stage with the wave spectrum of the target sea, as depicted in Figure 13. This spectral
analysis quantifies the frequency-dependent power spectral density of the vessel’s motion in response
to waves.

The hull response spectrum results for roll and pitch motions across different wave directions are
illustrated in Figure 14, showing their relative behavior to the sea surface. For ease of comparison, the
spectral results are converted into quantitative units, specifically SSA. The SSA-based results are

discussed in detail in Section 5.
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Figure 14. Hull response spectra for roll and pitch in various wave directions



Seakeeping analysis of an amphibious vessel using CFD-modified potential (CMP) simulation and experimental validation

4. Experiments for Validation
4.1 Test basin and wave conditions

The model tests were conducted in the square wave tank at Changwon National University, with
measures 20m in length, 14m in width, and 19.5m in depth. A wavemaker system with 28 pistons was
installed at one end of the tank to generate both regular and irregular waves, while a wave absorber at
the opposite end minimized the effects of reflected waves. These features ensured accurate wave
conditions for motion response testing.

To analyze the motion response of the amphibious vessel in regular waves, the test conditions were
scaled down from full-scale to model-scale using the Froude scaling similarity. A scale ratio of 1/10.767
was applied. The model-scale wave frequency was calculated by dividing the full-scale wave frequency
by the square root of the scale ratio. Full-scale wave frequencies ranged from 2.45 to 3.60 rad/s,
translating to model-scale frequencies of 9.188 to 11.813 rad/s. A total of 10 test cases within this
frequency range were selected, as listed in Table 10.

Following ITTC (2014) recommendations for seakeeping experiments, the ratio of wave height to
length (H/2) is typically set at 1/50 to maintain linear wave conditions. However, this ratio can be
adjusted between 1/30 and 1/20 depending on the limitations of the testing facilities. In these
experiments, wave heights were calculated as follows:

— Cases1-4:H/A=1/50
— Cases5-8: H/A=1/40
— Cases9-10: H/A=1/30

The ship model used in the tests was symmetric, ensuring identical performance for waves
approaching from either the port or starboard side. As a result, to save experimental time, the
experiments were conducted for wave conditions approaching on the port side only, and the results for
the starboard side were assumed to be symmetrical. The headings were defined relative to the ship, with
180° representing head seas and 0° for waves striking the stern. Intermediate headings were tested at
30° intervals. Instead of altering the wave direction, the towing carriage was rotated around the ship’s
center, allowing it to move forward, backward, left, and right in the tank to simulate various waves

approaches.

Table 10 Wave conditions for motion tests

Case w [rad/s] A[m] A/Lpp [-] H [cm] H/2[-]
01 9.188 0.730 0.850 1.460
02 9.516 0.681 0.792 1.361 1/50

03 0.844 0.636 0.740 1.272
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04 10.172 0.618 0.693 1.191
05 10.336 0.608 0.671 1.442
06 10.500 0.598 0.651 1.398 1/40
07 10.828 0.580 0.612 1.314
08 11.156 0.630 0.576 1.238
09 11.484 0.547 0.544 1.558
10 11.813 0.532 0.514 1.472 1/30
4.2 Experimental setup

Figure 15 illustrates the seakeeping test setup, including the model ship, sensors, mooring lines, and
their configuration. The model ship was positioned at the center of a yaw table mounted on the towing
carriage and secured using mooring lines and springs. This configuration allowed the model to move
freely in all 6-DOF while maintaining controlled motion constraints. Tension gauges were installed at
the four corners of the rectangular frame to measure forces acting on the mooring and springs. These
gauges were connected to model ship to ensure accurate force measurements during testing. Prior to the
experiment, the pre-tension on the gauges was calibrated, and forces were recorded as the model was
moved to simulate real operating conditions.

To capture the model's motion, a motion tracking system combining Qualisys cameras and an Inertial
Measurement Unit (IMU) was employed, as depicted in Figure 16. Three cameras were mounted on
the towing carriage, strategically positioned to track markers placed on the model ship. Black tape was
applied to the model and within the cameras' field of view to minimize optical noise, ensuring the
cameras did not mistake white surfaces for markers. The IMU was installed at the center of the marker
arrangement to provide precise motion data.

Additionally, a wave probe was installed at the upper-right corner of the yaw table on the carriage

to measure wave conditions throughout the test.
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Figure 15. Seakeeping test setup (model ship, sensors, and mooring lines)
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Figure 16. Motion tracking system configuration

4.3 Roll decay test

The CMP method used in this study estimates the damping ratio without relying on experiments.
However, to validate the reliability of this estimation, additional roll decay experiments were conducted
for the amphibious vessel in still water. The roll motion was measured using an IMU, and two
independent tests (IMU_01 and IMU_02) were performed to minimize errors. The results from these
tests were also cross-verified through CFD-based roll decay simulations.

Figure 17 shows the time-series comparison of the experimental and simulation results. Over seven
averaged frequencies (0 to 5 seconds), the frequency and amplitude errors were 5.3% and 6.8%,

respectively. Indicating a strong agreement between the experiments and simulations.
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Figure 17. Time-series of experimental and simulated roll decay results

The roll decay motion in still water can be described using a 1-DOF model:

(I4a + as4)P(t) + baa(@)P(t) + cha0(t) =0 (19)

where @ (t) represents the instantaneous roll motion, I,, is the mass moment of inertia, a,, is the added
mass moment of inertia, by, is the damping coefficient (depends on roll amplitude), and c,, is the

hydrostatic restoring coefficient. This equation can be reformulated as:

¢ +p(@)@+ wip =0 (20)
2 _ mgGMr — ba(o)
" Iyatag, and p((p) T Igataag 1)

The damping moment includes linear and quadratic contributions:

p(@)9 = P19 + p2919| (22)
The Froude energy method relates roll amplitude (¢, ) and damping coefficients (p; and p,) by equating

dissipated energy with potential energy changes. The roll amplitude, ¢, = (@) + @r+1)/2, where @y,

and ¢, are successive peaks. Using this, the damping coefficients are derived through:

16
p(pg) =p, + a1, P2®a (23)
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The roll damping coefficients were extracted by integrating over a half-cycle, resulting in the energy

balance equation:

2 2 16m? 3 _ 2
o P1%Pa t 5 -P2Pa = W0p(Pr1 — Pi)Pa 24)
_ Byg 5 _ Ba |B

( - 2(Iga+agqq)wn where B4'4' - pVB2 \/:g (25)

A more detailed description and discussion on various other methods for roll decay analyses can be
found in Spouge (1988).

The Froude energy method was applied to the roll decay data from IMU 01 and IMU_02. Linear
(p1) and quadratic (p,) damping coefficients were obtained through regression analysis. Figure 18
shows the derived damping coefficients for each test. The experimental damping ratio, {gy, = 0.045,
was calculated as the average value of the two tests. This damping ratio is often incorporated into
potential flow simulation codes to adjust roll amplitudes at resonance frequencies, accounting for
viscous effects. A comparative analysis was conducted using {po¢, (emp, and ey, to evaluate their

impact on seakeeping performance.
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Figure 18. Estimation of roll damping coefficient (left: IMU 01, right: IMU 02)
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Results and Discussion

1 Response amplitude operator (RAO)

The motion analysis results for regular waves in different wave directions were compared in
dimensionless terms. A Series of experimental tests were conducted to enhance the reliability of the
CMP method; however, the scope of these experiments was limited by the physical constraints of the
wave tank. To address this limitation, additional CFD simulations were performed to fill the
experimental gaps in the low-frequency range and ensure overall reliability. These simulations were
carried out exclusively under the wave directions where the vessel’s motion was most pronounced.
The CFD results used for validation underwent a mesh convergence test and had already been
compared with experimental data in the high-frequency range, thereby confirming their reliability. It
is believed that the CFD comparison in the low-frequency range provide a robust basis for verifying
the reliability of the CMP model.

Figure 19 presents the roll motion RAO, while Figure 20 illustrates the pitch motion RAO. The
experimental data are represented by two datasets: Qualisys data, marked with plus signs, and IMU
data, marked with diamond symbols. Although slight differences exist between two experimental
datasets, they exhibit consistent overall trends.The results from the initial potential flow analysis,
using damping ratios of {p,; = 0.10 for roll and &p,; = O for pitch, are represented by dashed lines.
The CMP-based analysis results, employing damping ratios of of {cyp = 0.054 for roll and &gyp =
0.5 for pitch, are shown as solid lines. CFD results, indicated by green circles, were obtained for 9—
11 frequency conditions, including those used in the CMP process. Despite some discrepancies in
specific frequency ranges, the overall agreement with the experimental results is good.

Detailed analysis was performed for roll motion at a 90° wave direction (beam sea) wave direction,
where the motion is most pronounced. The CMP results showed excellent agreement with
experimental data, demonstrating the reliability of the CMP approach. However, since the
experimental data were primarily concentrated in the higher frequency range, additionally reliability
checks were conducted for lower frequencies. CFD simulations across a wide frequency range
confirmed that the difference between CFD and experimental results in the high-frequency range was
less than 5% on average, validating the CFD methodology. Moreover, the trends observed in CMP
and CFD analyses at lower frequencies, aligned closely, further ensuring the robustness of the CMP
method. For pitch motion, the focus was on the 120° wave direction, where the motion reached its
maximum. The CMP analysis results closely matched experimental data in the higher frequency
range, confirming reliability. However, due to the absence of experimental data at the specific
frequency where the pitch motions peaked in the initial potential flow analysis (with no damping
ratio applied), additional verification was necessary. CFD results, validated against experimental data,

confirmed their reliability. The motion trends observed in CFD and CMP analyses at lower
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frequencies were consistent, supporting the robustness of the CMP-derived damping raios for pitch
motions.

Additional CFD simulations were performed to verify the validity of the CMP approach under
different wave direction conditions. To efficiently confirm validity, simulations were conducted at wave
frequency 2 rad/s at 120° and wave frequency 1.8 rad/s at 150° for Roll. As depicted in Figures 19 and
20, the CFD results showed and an average error of 10% compared to the CMP. The wave heights in
these low-frequency conditions were relatively high, leading to discrepancies due to CFD accounting
for nonlinear wave effects around a hull. Given the absence of experimental data under these conditions,
accuracy assessment based solely on the error between CFD and CMP results is limited. Nevertheless,
the strong correlation observed between CFD and CMP across various wave directions confirms CMP’s
robustness beyond peak RAO conditions. Future studies could further establish the CMP procedure’s

validity and efficiency by deriving and comparing additional reliable CFD results across diverse wave

conditions.
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Figure 20. Comparison of pitch RAO across wave directions
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5.2 Seakeeping performance analysis

Figure 21 compares the seakeeping performance analysis results for roll and pitch motions under
various sea states. Due to the ship’s symmetry along the X-axis, the results from 0° (following sea) to
180° (head sea) were mirrored and extended to 360°. The blue dashed lines represent seakeeping
performance analysis results based on the initial potential flow analysis, which used arbitrary damping
ratios of {p,r = 0.10 for roll and &p,; = O for pitch. The red solid lines show the results obtained by
applying the CMP-derived damping ratios of {cyp = 0.054 for roll and &cyp = 0.5 for pitch. For roll
motion, the results using experimentally derived damping ratio {cyp = 0.045 (from roll decay tests)
are also shown as black dots. For pitch motion, no experimental damping ratio was available, so only
the initial damping ratio and the CMP-derived damping ratio were compared.

The CMP-derived roll damping ratio ( {cuyp = 0.054) exhibited excellent agreement with
experimental values across all sea states and wave directions. Notably, the results demonstrated
significant improvements over those obtained using the initial potential flow analysis with {p,; = 0.10.
At the critical wave direction of 90° (beam sea), where roll motions have the greatest impact on stability,
the relative error between the CMP results and the experimental data was approximately 2% across all
sea states. This low error margin highlights the effectiveness of the CMP-derived damping ratio in
accurately predicting the roll motion. Furthermore, the results indicate that the CMP method can reliably
predict damping ratios without requiring additional experimental roll decay tests or computationally
intensive simulations. This capability underscores the practicality and robustness of the CMP approach
for amphibious vessel’s seakeeping performance analysis.

For pitch motions, the choice of damping ratio significantly influenced the seakeeping performance
predictions, particularly in the 120°-180° wave direction range, where the RAO values varied by more
than a factor of two depending on the damping ratio applied. In contrast, within the 0°-90° range, the
RAOs were relatively insensitive to the damping ratio. The lack of experimental damping ratio data for
pitch motions limited direct validation. However, the CMP-derived damping ratio ({cyp = 0.5) led to
results that aligned closely with CFD predictions in the higher frequency range. This consistency
supports the reliability of the CMP method and its ability to incorporate viscous effects effectively. The
study further demonstrated that applying the CMP-derived damping ratio prevents overprediction of
pitch motions, especially in the critical wave direction range of 120°-180°, where the influence of the
damping ratio on seakeeping performance is most pronounced. This finding emphasizes the capability
of the CMP method to provide accurate and reliable seakeeping performance predictions for pitch

motions.
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53 Computational time comparison

This section evaluates the computational time required for motion analysis using the CMP model,
comparing it with potential flow analysis and full CFD simulations to assess the computational
efficiency of all three methods. While it is challenging to compare these models directly, accurately,
and quantitatively, an approximate relative comparison is provided based on consistent simulation
conditions: same computer specifications, 1-DOF motion, one wave heading, and 10 frequency cases.

Table 11 summarizes the simulation conditions and the computational time required for each model.
Simulations for the Potential Flow Analysis (WAVELOAD-FD) were performed using an Intel i7-
5960X CPU @ 3.00 GHz with 8 cores. The analysis included 6-DOF motion, 57 frequency cases, and
7 wave directions, resulting in a total computational time of 28,800 seconds (8 hours). When using a
single core and defining one case as 1-DOF motion at a single frequency and wave heading, the
computational time per case was calculated to be 1.5 seconds. For the CFD Simulation (STAR-CCM+
16.04), simulations were conducted using a 48-core x 2 Intel Xeon Platinum 9242 @ 2.3 GHz processor.
The analysis included 1-DOF motion, 1 frequency, and 1 wave heading, and the computation time until
the results converged per simulation was approximately 90,000 seconds (25 hours), which is 937.5
seconds on a single core.

In terms of motion analysis for 10 frequency cases, the total computational time was 15 seconds
for WAVELOAD-FD and 9,375 seconds for STAR-CCM+. The total computational time for the CMP
model is the sum of the time required for 10 frequency cases using WAVELOAD-FD and the time
required for one case using STAR-CCM+. This reflects the CMP procedure, where an initial potential
flow analysis is performed across all wave directions and period cases at 6-DOF. Subsequently, CFD
analysis is conducted for peak RAO conditions, which include specific wave periods and heights. After
adjusting the damping ratio, an additional potential flow analysis is quickly executed. This additional
analysis has a minimal impact on the overall computational time, as the corrected results are derived
rapidly based on the initial potential analysis.

Table 12 presents a quantitative comparison of computational times for all models. The results
show that while the CMP model requires slightly more time than the traditional potential flow analysis,
it is significantly faster than full CFD simulations. Although precise quantitative comparisons are
challenging, the CMP model requires significantly more time than traditional latent flow analysis but is
approximately ten times faster than a full CFD simulation This comparison confirms that the CMP
model achieves a balance between accuracy and efficiency, offering more precise predictions than

potential flow analysis and considerably reducing computational time compared to CFD simulations.
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Table 11 Computational time calculations and comparison

Calculation option WAVELOAD-FD STAR-CCM+
(a) Number of cores 8 96
(b) 6-DOF cases 6 1
(c) Wave frequency cases 57 1
(d) Wave heading cases 7 1
(e) Total computational time (s) 28,800 90,000
Required time for motion analysis in 1 case (s)
1.5 f) 937.5
{©) = [(@) x () x (©) x (@)} 0
Required time for motion analysis in (g) 150 9.375.0

10 frequency cases (S)

Table 12 Comparison of computational time according to numerical methods

Numerical program/procedure Computational time for 10 frequency cases (s)
WAVELOAD-FD 15.0
STAR-CCM+ 9,375.0

CMP 952.5 [(f) + (9)]
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6. Conclusions

This study developed a CFD-Modified Potential (CMP) simulation framework for analyzing the
seakeeping performance of an amphibious vessel. The CMP approach combines the computational
efficiency of potential flow methods with the accuracy of CFD method, addressing the limitations of
each method. Potential flow methods are computationally efficient but often fail to capture viscous
effects critical for accurate seakeeping performance of small vessels operating in diverse sea conditions,
while CFD provides high accuracy at a high computational feasibility, making it a practical tool for
naval architecture. To ensure the validity and reliability of the CMP model used in this study,
comparative validation with experimental data or existing numerical analysis results is essential. The
experiments conducted were performed only within the frequency range reproducible in the wave tank.
For frequencies beyond this range, additional CFD simulations were carried out to overcome this
limitation. The CFD results used for validation underwent mesh convergence testing and were further
verified by comparison with experimental data.

Based on these validated datasets, The key findings of this study can be summarized as follows:

1. The CMP-derived damping ratios significantly improved the accuracy of RAO
predictions for roll and pitch motions. For roll motion, CMP results closely aligned with
experimental data, achieving a relative error of less than 5% in beam sea conditions (90°
wave direction). This demonstrates the reliability of CMP in capturing viscous damping
effects and accurately predicting motion responses. For pitch motion, while experimental
validation was unavailable, the CMP results showed trends consistent with CFD
predictions, further confirming the method's robustness.

2. The seakeeping performance analysis revealed that applying CMP-derived damping
ratios provided accurate predictions for both roll and pitch motions across diverse sea
conditions. For roll motions, the CMP results achieved a relative error of approximately
2% in beam sea conditions, confirming their accuracy across all sea states. For pitch
motion, significant improvements were observed in the 120°-180° wave direction range,
where the damping ratio derived from CMP prevented overprediction, resulting in more
realistic seakeeping performance assessments.

This study highlights the effectiveness of CMP in predicting damping ratios and seakeeping
performance metrics for amphibious vessels, eliminating the need for additional free decay experiments
or extensive simulations. The results confirm that CMP provides an accurate, computationally efficient
alternative to purely experimental or CFD-based methods. Furthermore, the CMP framework offers
potential for broader application in the design and analysis of other vessel types, contributing to

improved safety, efficiency, and reliability in naval architecture.
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Appendix A
The basic form of potential flow is expressed in Eq. (A1)

V="rgp (A1)

0 i] is represented as the gradient (denoted as ‘del’) and ¢ =

. a
Here, V means velocity, V = [5,5, p

@(x,y,z,t) is the potential function. This function must satisfy the continuity equation to describe an

irrotational flow, as shown in Eq. (A2).
VxV =0 (A2)

Additionally, the velocity must comply with the conservation of mass equation, where the dot product

of the velocity field equals zero to ensure incompressibility, as shown in Eq. (A3).
V-Vv=0 (A3)

By substituting the relationship between potential and velocity, the Laplace Equation is obtained, as

seen in Eq. (A4).
V2p =0 (A4)

The significance of potential flow theory grew with the development of harmonic function theory, which
allowed the resolution of various fluid mechanics problems. However, true potential flows do not exist
in reality, and viscous effects are confined to a thin layer near the surface of the body, known as the
boundary layer.

The ship's responses in the frequency domain model of WAVELOAD-FD are described by Eq.
(AS).

n(t) = Re{ée~'?et} = Re{|¢|exp[—i(w,t + £)]} (A5)

The relationship between the real and imaginary components of the complex response amplitude, along

with its magnitude and phase angle, is detailed through the following Egs. (A6)~(A9).

§ = Re{¢} + iIm{¢} = |¢|exp[—ie] (A6)
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Re{} = [¢]cos(e); (A7)
Im{¢} = —|¢&]sin(e); (A8)
€ = arctan (:Z{lg}) (A9)

In a regular wave analysis, the incident wave is assumed to have a zero phase angle at the origin of the
Hydro reference coordinate system or at a designated point within that system. The phase angle of the
ship’s response shows its phase shift relative to the incident wave (Lloyd’s Register, 2015). Assuming
that the ship's motion responses are linear and harmonic, the differential equation that governs the

motion of a floating structure is expressed by Eq. (A10).
Yho1|(My + Aji )ik + Bt + (Cie + S )| = Eje™™t (A10)

In this equation, M;; represents the generalized mass matrix, Aj, corresponds to the added mass
coefficients matrix, and Bjj represents the potential and viscous damping coefficients matrix. The
hydrostatic and mooring restoring coefficients matrices are denoted by Cj; and Sy, respectively, and
Ejy refers to the amplitude of the exciting force. All matrices are symmetrical, except for the damping
matrix, which is asymmetrical due to the necessity of incorporating velocity amplitude into the
calculations (Natving & Pendered, 1980).

WAVELOAD-FD is a software package designed to analyze linear rigid body ship motions in the
frequency domain, following the procedure outlined in the guide "WAVELOAD-FD 1.2 for Users of
Ship Right and Ship Right-FOI'. The process starts with creating a 3D model of the ship using
Computer-Aided Design (CAD). This model is then imported into Hydro-Modeller, a tool used to
calculate the ship's hydrostatic properties based on key specifications like length, breadth, draft, and
center of gravity. At this stage, the hull is divided into two parts: above and below the waterline. A mesh
is created for the submerged part of the hull, which is essential for calculating motion-induced loads,
such as forces and moments, acting on the hull when it oscillates at specific frequencies due to incident
waves. This step is critical because these loads are analyzed in a particular "rigid body mode," referring
to the ship's motion response in six degrees of freedom (heave, surge, sway, roll, pitch, yaw). After the
panel model is generated, the graphical user interface (GUI) in Hydro-Modeller prepares input data files
required by the solver. Once all input files are ready, WAVELOAD-FD can be launched to perform the

motion analysis and calculate the ship’s dynamic response (Lloyd's Register, 2015).
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