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Abstract: Seaplanes are subjected to hydrodynamic forces, including slamming, splashing, and wave
interference during aquatic operations. When planing or gliding on the water surface, seaplanes may
experience slamming, where the aircraft impacts the water at high speed, resulting in significant vertical
acceleration and impact forces. A numerical model of the aircraft was initially developed using
Computational Fluid Dynamics (CFD). To account for the interaction between air and water, the Volume of
Fluid (VOF) model was employed to solve the Reynolds-averaged Navier-Stokes equations. The Dynamic
Fluid-Body Interaction (DFBI) method was applied to simulate the six-degree-of-freedom motion of the
seaplane. Numerical simulations were performed at different gliding speeds. Next, the simulation results are
compared with experimental data, validating the applicability of the numerical method for investigating the
motion characteristics of the seaplane while gliding over waves. Finally, simulations under different wave
conditions were carried out. The influence of wave parameters on the motion of the seaplane was investigated
using the CFD method. The results indicate that the hydrodynamic load significantly affects the motion
characteristics of the seaplane during gliding over waves.
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0 Introduction

Seaplanes, capable of operating in both air and water, capitalize on the advantages offered by each
environment. They are widely used in maritime rescue, reconnaissance, forest firefighting, and special
operations. Due to their high environmental adaptability, seaplanes do not require large, specialized airports,
thus conserving valuable land resources. Furthermore, seaplanes exhibit robust performance across diverse
meteorological conditions and offer flexible deployment options for multi-role tasking. They are particularly
useful for maritime patrol, anti-submarine operations, rescue missions, and forest firefighting. The advantages
and versatility of seaplanes are considerable. Research into seaplanes holds strategic importance and

economic value for the coastal countries, with promising application prospects.
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Seaplanes face several challenges when operating on water, such as slamming, splashing, and wave
interference. During high-speed taxiing or water touchdown, slamming induces severe impulsive loads and
substantial vertical accelerations. Slamming imposes significant loads on the aircraft, which can potentially
damage the local structure. When moving in waves, the water jets sprayed from the bottom of the aircraft
may splash onto the water surface, increasing the contact area between the fuselage and the water. This, in
turn, raises the resistance during gliding, leading to higher engine power consumption and a reduction in
gliding speed. Wave interference can cause the aircraft to bounce up and down on the water, reducing
stability and maneuverability, while complicating the pilot operation. In severe cases, a phenomenon known
as ‘dolphin jumping’ may occur, posing a serious threat to the aircraft's structural integrity and the safety of
its passengers. These factors contribute to seaplane accidents, resulting in significant loss of life and property.
Therefore, studying the gliding characteristics of seaplanes is essential.

Since the 1920s, numerous scholars and engineers have studied the load characteristics and structural
properties of seaplanes. Early investigations primarily focused on the issue of water landing slamming, as this
phenomenon is critical to the integrity and safety of the aircraft's overall structure. Over time, research has
expanded to include concerns such as planing motion, splashing, and the dynamic simulation of the take-off
process. In the mid-20th century, the study of seaplane load characteristics primarily relied on model tests and
open-water model tests. While these model tests are intuitive, they are costly and constrained by the testing
conditions. Systematic experimental studies were conducted by Klemin et al'!, Lina"”, Haines", Smith
et al'”!, Sottorf"”, and Ridland et al'® to investigate the limiting conditions, influential factors, and prediction
models for porpoising instability and slamming loads of seaplanes, providing guidance for their design.

With the advancements in computer technology, Computational Fluid Dynamics (CFD) simulations
have become essential tools for studying seaplane-related issues. This method offers cost-effectiveness and
high flexibility, effectively overcoming the limitations of traditional testing while enhancing applicability.
The CFD approach overcomes the limitations of 2D+T (Sun and Faltinsen et al” ) and other techniques in
handling complex geometries and seaplanes with longitudinal step geometries. Qiu and Song“O] conducted a
dynamic simulation of the seaplane take-off process using a decoupling algorithm, calculating aerodynamic
and hydrodynamic forces separately. This dynamic analysis examined the interaction between the seaplane
body and the water surface during take-off, in order to optimize the performance. Zheng et al''' > performed
a numerical simulation of a seaplane model and compared the results with experimental findings, which
showed good agreement; however, the discrepancy increased with velocity. Duan et al™ investigated the
porpoising phenomenon using a modified two-phase flow solver in OpenFOAM, simulating a large seaplane
with four turbines during take-off. The complex effects, including hydrodynamic forces, aerodynamic forces,
ground effect, and slipstream, were thoroughly considered. Zheng et al'" studied the ditching performance of
a blended-wing-body (BWB) aircraft using the CFD method, revealing the porpoising motion of the BWB
aircraft, which was determined by a combination of hydrodynamic and aerodynamic loads. Song et all"”
studied the planing motion and hydrodynamic performance of a seaplane in calm water and waves, finding
that the aerodynamic force in waves significantly influenced the seaplane motions. Deng et al" utilized CFD
simulation to investigate the fuselage hydrodynamic behavior during taxiing, exploring the effects of various
factors and proposing an effective scheme to improve numerical simulation.

In summary, extant literature on seaplane hydrodynamics has predominantly focused on interactions
within calm water or low-amplitude wave environments. However, severe sea states significantly influence

the hydrodynamic loads acting on the fuselage, thereby affecting seaplane motion—effects that are difficult to
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capture in detail through experimental approaches. Therefore, a comprehensive understanding of porpoising
behavior is essential for optimizing hull design, reducing slamming loads, and improving operational safety,
particularly under rough sea conditions.

This study aims to achieve two main objectives. First, a coupled aerodynamic—hydrodynamic numerical
method is investigated and validated for simulating seaplane gliding. Second, based on this coupled method,
the motion characteristics and hydrodynamic loads of the seaplane during gliding in wave environments are
analyzed. The findings aim to provide guidance for future seaplane design research. The paper is organized as
follows: an introduction is presented, followed by a detailed description of the numerical methods used in this
study, including the governing equations, turbulence models, the Volume of Fluid (VOF) method, and the
DFBI model in Section 2. In Section 3, the numerical model is implemented and validated against
experimental results. Section 4 presents simulations of seaplane gliding over various wave conditions, with a
systematic analysis of the seaplane's motion and load characteristics. The influence of wave parameters on
seaplane motion is examined using CFD methods. Finally, the main conclusions of this paper are presented in

the final section.

1 Numerical methodology

The commercial CFD software STAR-CCM+ 16.06"" is utilized in this study. The following key

aspects are addressed in this section: the goveming Numerical simulation research on the wave gliding process of
seaplanes based on CFD

equations, the turbulence model for capturing the
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1.1 Flow solver Fig.1 The flowchart of numerical method

In this study, the unsteady Reynolds-Averaged Navier-Stokes (RANS) equations are employed in
conjunction with the SST k-w turbulence model, which combines the advantages of both the k- and k-¢
models. The Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) algorithm is utilized to resolve
the pressure-velocity coupling. The pressure term is estimated using a weighted scheme that incorporates
body forces, while the second-order upwind scheme is applied to the convection terms in the momentum and

turbulence equations. The diffusion terms are approximated using a second-order central difference scheme,
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and the unsteady terms are treated using a second-order implicit time integration method. More information
on these numerical schemes is available in the STAR-CCM+ user guide.
1.2 The governing equations

The governing equations of Navier-Stokes equations are solved based on the conservation of mass and
momentum for incompressible flow field with appropriate density and viscosity, as expressed in Egs.(1) and
(2). The SST k-w turbulence model is employed to resolve the turbulence field. The mass conservation

equation and momentum conservation equations are as follows

ou;
— =0 1
e (1)
ou; Ou; 0P 107

gy — =4
ot ”’ax,- dx; p Ox;

In the Cartesian coordinate system, the velocity vector is represented by u;, where P,p,u denote the

+fi 2

pressure, density, and dynamic viscosity coefficient of the fluid, respectively. 7;; is the shear stress tensor,
defined as 7;; = u(0u;/0x; + Ou;/0x;). f; represents the body force, such as gravity.

To simulate a realistic numerical environment for a towing tank, a numerical tank is constructed in the
CFD framework, and the velocity inlet method is adopted to generate waves. The porous media method is
used to absorb the reflected waves in order to prevent a reduction in wave accuracy due to reflection. Given
the nonlinearities of wave loading, the VOF method is adopted to precisely capture the air-liquid interface.
The phase volume fraction is used to determine the distribution and location of the air and water, as defined

by the following equation

L i
.= _I 3
a; vV ( )

where V; is the volume of phase i in one grid cell, and V is the total volume of the gird cell. The sum of the
volume fractions of all phases in one element must equal to 1. Based on the value of the volume fraction, the
presence of different phases within the grid cells can be distinguished. Specifically, a; =0 indicates the
absence of a phase in the corresponding grid cell, 0 < @; < 1 indicates the presence of multiple phases at the
interface, and «; = 1 indicates that the grid cell is fully occupied by a single phase.
1.3 The VOF method

The VOF method, proposed by Hirt and Nichols"", is employed in the Finite Volume Method solver to
capture free interfaces. The interface between liquid and gas is determined by calculating the volume fraction
of two phases within each grid cell. The volume fraction ., is introduced to represent the volume occupied
by water. When the volume fraction a,,., of water is between 0 and 1, a fluid interface exists in the cell. It is

calculated using following equation

Vwa er
Cywz\ter = V‘ (4)

where V.. represents the volume of water in the grid cell, and V represents the volume of the grid cell. The
volume fraction of air in each cell can be computed as

@ir = 1 = Cater ®)

For a grid cell with a free surface, the properties (such as density and dynamic viscosity coefficient) are

weighted according to the different fluid phases.
P = Pair@air +pwaterawaler (6)

/J = /Jairaair +/~1waterawater (7)
where p and u represent the density and dynamic viscosity coefficients, respectively.



%5 6 11 LIU Wei-qin et al: Investigation on Porpoising Motion of Seaplane during: - 875

There are two main types of VOF schemes: algebraic and geometric VOF. The algebraic VOF model is
used to capture the interface between water and air, with a water volume fraction of 0.5. The geometric VOF
scheme, known as the High-Resolution Interface Capturing (HRIC) scheme, is one of the most widely used
algorithms for interface tracking. The modified HRIC scheme facilitates the development of a stable interface
while maintaining its boundedness.

1.4 The DFBI method

The Dynamic Fluid Body Interaction (DFBI) model is a numerical approach used to calculate the
interaction between fluids and seaplanes. It is particularly well-suited for problems involving fluid-solid
boundary interactions in dynamic systems. The DFBI model integrates fluid dynamics and structural
mechanics simulations to predict the motion of the seaplane and the characteristics of fluid flow under
dynamic loads.

The motion of the rigid body center is expressed as follows

v 5

m—=F 8)

where m represents the mass of the rigid body, V is the velocity of the mass center, and F represents the force
acting on the rigid body.
The DFBI rotation equation is as follows
lo+dxId=1i )
where I denotes the moment of inertia matrix, @& represents the angular velocity, @ represents the angular

acceleration vector, 7 is the moment. The moment of inertia is given by the following formula

Ixx I xy I xZ
I=|1, I, I, (10)
I a4 I zy I 2z

A numerical model of the seaplane is developed using the FVM method. To capture the air—fluid
interaction, the VOF model is employed to solve the RANS. The DFBI method is implemented in all
simulations to represent the six-degree-of-freedom motion of the seaplane. Subsequently, a series of

numerical simulations is conducted at various gliding speeds and wave conditions.

2 Validation of the numerical method in seaplane gliding

This section presents the wave gliding motion test of a seaplane model. A CFD model is established
based on the geometric parameters and boundary conditions of high-speed towing tank experiments. Initially,
the computational domain—comprising background, overset, and refinement regions—was defined, followed
by a mesh independence study to standardize the discretization scheme. Subsequently, a suitable turbulence
model and boundary conditions are specified to ensure an accurate simulation of the seaplane model.
Numerical simulations of the seaplane motion characteristics are then performed under nine operating
conditions based on the model tests. The motion curves of the seaplane model are computed under coupled
air and wave conditions. The numerical framework is validated by benchmarking the simulation results
against experimental data.

2.1 Physical model

In this study, the aircraft model from the research on a 3.6 m seaplane model by Hu'"” is used as the

subject of our numerical simulation. Fig.2 illustrates a three-dimensional diagram of the seaplane model. The

overall design of the model is slender, featuring a V-shaped hull. The upper structure, comprising the wings
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and tail fins, generates lift. To reduce water resistance and facilitate the introduction of air behind the steps,
the underside of the seaplane is divided into two sections: the forebody and the afterbody. At low speeds, the
forebody remains in contact with the water surface, providing buoyancy support. As speed increases beyond a
certain threshold, the bow of the seaplane lifts out of the water. The main parameters of the seaplane model
are detailed in Tab.1.

Tab.1 Main parameters of the model

\ »\ Main Main

Value Value
parameters parameters
z -
Initial trim
, Length (L)/m 3.6 angle/deg 2.5
. 2
0 . ‘\ : Weight/kg 60 L./(kg mz) 18.314
. - Wingspan/m 1.8 L, /(kg'm’) 20.153
\
\ Waterline in
L floatine/m 0.125 | LAkgm) 35970
Fig.2 Diagram of the 3.6 m seaplane model g

The "water line in floating" refers to the draft of the model at the midship section under static floating
condition, i.e., the vertical distance from the still waterline to the baseline at the midship.
2.2 The CFD model and computational grids

The geometric model of the aircraft is imported into STAR-CCM+. The entire flow field and
overlapping region are then used to define the mesh scheme, as shown in Fig.3. The background domain,
encompassing both the air and water phases, remains static to provide a stable medium for wave propagation.
The overlapping domain is created by subtracting the model geometry, ensuring effective interaction between
the aircraft and the background grid within the boundaries of the two regions. This configuration allows the
model to move during the calculation process, enabling real-time interaction between the overlapping grid

and the background grid, thereby ensuring effective information transmission between the two grids.
Top

) — Geometry model
'\ i Background 8

egular wave :
Regular Wa Sropagating

surface

Fig.3 Computational domain and boundary conditions

The entire computational domain is carefully calibrated to match the dimensions of the high-speed
towing tank, ensuring that the simulation conditions aligned with the actual test conditions. Accordingly, the
background domain extents are defined from [-60.0 m, —3.25 m, —=5.0 m] to [4.7 m, 0 m, 3.0 m]. The
overlapping area is designated for simulating the motion of seaplanes and is required to fully encompass the
entire seaplane geometry. Additionally, sufficient space is maintained between the seaplane geometry and the
overlapping interface to allow for an adequate number of grid layers. This resolution is critical for resolving
near-wall flow physics and ensuring an accurate boundary layer solution. Therefore, the size range for the
design overlapping area is specified as [-0.2 m, —2.2 m, —0.5 m] to [4.5 m, 0 m, 1.2 m].

To calculate the motion of the seaplane during gliding in waves, a velocity-inlet boundary wave-maker

is employed by prescribing wave phase velocities and phase functions at the inlet boundary of the
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computational domain. First-order linear wave theory is utilized within the numerical tank for wave
generation. The analytical solutions of the wave theory, expressed by Egs.(11)~(15), are derived based on

potential theory, which is used in all simulations.

H
n= Ecos(kx—wt) (11)
_ Hgcoshk(h+z7) .
=~ " ooshih sin(kx — wt) (12)

_ 0¢p _ H gkcoshk(h+z)

T 8x 2w coshkh

_ Op _ H gksinhk(h+z)

T 9z 2w coshkh
w* = gktanhkh (15)

In this context, i represents the wave elevation, which varies at each X-axis position, ¢ is the velocity

cos(kx — wt) (13)

sin(kx — wt) (14)

potential, # denotes the water wave velocity in x-direction, while w represents the fluid velocity in z-
direction. w refers to the angular velocity of the water wave, H indicates the wave height, and % is the water
depth.

To prevent the reflection of waves at the boundary, a damping zone is introduced at the exit, extending
over a distance of 1.5 to 2 times the wavelength. As shown in Fig.3, the wave elimination zone extends 12 m,
positioned at the end of the wave tank. The damping coefficient is set to 1. Tab.2 presents the boundary types
for both the overlapping and the background areas.

Tab.2 Boundary conditions of the computational domains

Domain Location Boundary condition
Inlet Velocity inlet
Outlet Pressure outlet
. Front Wall
Background domain
Background Wall
Top Pressure outlet
Bottom Wall
. . Geometry model Wall
Overlapping domain ) )
Interface between background and overlapping domain Overset mesh

2.3 Grid independence analysis

In CFD simulations, mesh size plays a critical role in both the efficiency and accuracy of numerical
analysis. For aircraft gliding simulations, techniques such as surface reconstruction, automatic surface repair,
volume mesh generation, and prismatic layer mesh generation are employed to create both surface and
volume meshes for the background and overlapping domains. To accurately capture phenomena such as
boundary layer effects near the surface of the seaplane and variations in the free liquid surface flow, it is
essential to define surface and volume controls that allow for finer mesh divisions. Additionally, volume
control refinement is applied in the background region to ensure that the mesh size at the overlapping
interface closely matches that of the background domain. This approach minimizes data interpolation errors
between the overlapping region and the background domain, thereby improving the accuracy of the
computational results.

A grid independence analysis is conducted with the simulation condition set to a wave height of 0.07 m
and a wavelength of 1 m. The various base grid sizes, and the specific details of the meshes utilized are

presented in Tab.3. The schematic of the mesh for numerical wave generation is shown in Fig.4.
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Tab.3 Details of the meshed used in the simulations

Number of Number of Mesh §
background overset size/
grids grids mm
Mesh A 7773644 4420984 3352660 10.94
MeshB 10416646 5859188 4557458  3.69
MeshC 13115111 7675 760 5439351 174 Fig.4 Schematic of the mesh for wave generation

Grid  Number of
scheme  all grids

The total number of grids in the coarse Mesh A is approximately 777 364, while the medium Mesh B

contains about 10 416 646 grids, and the fine Mesh £ 004 ~—MeshA ~~" MeshB - - - MeshC
C consists of approximately 13 115 111 grids. These Eﬂ O'Oi

three grid schemes are employed in the seaplane g -0.02

gliding simulations. The wave height time-domain = 004 ‘ ‘ ‘ , ‘
curves for the three grid schemes are shown in ° ? ! Time/és ; 0

Fig.5. It is evident that the wave height changes Fig.5 The time history of the wave elevation for all grid

periodically, and the trends are consistent across all schemes

three grid sets, indicating their suitability for the Tab.4 Verification of numerical results

numerical simulation of seaplanes. The wave height Numerical results 51 s, s en e R
for Mesh A is 64.72 mm, with a deviation from the ~ Mean wave height/mm 64.72 65.98 66.78 1.26 0.8 0.63
theoretical value of 7.54%. The wave height for

Mesh B is 65.98 mm, with a deviation of 5.74%. The wave height for Mesh C is 66.78 mm, with a deviation of

4.60%. Considering both the accuracy and efficiency of the results, the medium grid scheme Mesh B is selected

for the numerical simulation of seaplane gliding in calm water and waves. The data were averaged and
compared with the theoretical value. The wave amplitude values are presented in Tab.4. To estimate the
uncertainty in the numerical solution, the results obtained using Mesh A, B, and C are denoted as s,, s,, and s3,
respectively. €, and &,; denote the differences between the results obtained using Mesh B and Mesh A, and
between Mesh C and Mesh B, respectively

Epn =8, — 8 (16)
E3=83—5 (17)
The convergence rate R; is calculated as
Ry =2 (18)
Ei1,i

The convergence rate can be classified into three types of numerical solutions: 1) 0<R;<1, indicating
monotonic convergence, 2) R;;< 0, indicating oscillatory convergence, and 3) R,;> 1, indicating divergence.
As shown in Tab.4, the results demonstrate monotonic convergence with respect to the mesh size. This
suggests that, considering the grid dimensions referenced in the relevant literature and the computational cost-
effectiveness, selecting Mesh B is a viable choice for future studies.

In the final seaplane grid scheme, the basic mesh size on the body surface is 0.01 m, while the base
mesh size in the overlapping domain is 0.05 m. The base mesh size in the background region is 0.12 m. The
free surface in the x- and z-directions within the computational domain is locally refined, resulting in a mesh
size of 0.025 m in the x direction and 0.007 m in the z direction within the overlapping domain (indicating
that each wave height is represented by 10 grid points). In the background domain, the mesh size of the liquid

surface is 0.03 m in both the x and z directions. The grid division near the profile is shown in Fig.6(a).
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'

. (.)\;e.rlappirl.g domain
(a) Mesh refinement on the seaplane surface (b) Mesh refinement for the wave
Fig.6 The schematic of grid scheme
As reported in previous studies, turbulent modelling and mesh size are crucial factors in simulating

1""). Consequently, localized refinement

seaplane motion in waves (Qiu et al"”, Jafar et al”® and Zheng et a
in the vicinity of the hull is imperative to resolve high-speed slamming and associated nonlinear phenomena.
Based on grid independence analysis, a mesh size of 1.39% of the length (L) is adopted to refine the surface
of the seaplane. Additionally, it is important to implement uniform grids around the free surface. Due to the
differences in the densities and viscosities of water and air, the coupled aerodynamic and hydrodynamic
simulations require the hydrodynamic non-dimensional distance y+ value to be at least 10 times greater than
that of the aerodynamic y+ value. In the model-scale coupled aerodynamic and hydrodynamic calculations,
the y+ values in the water domain ranged from 30 to 60, while in the air domain, they ranged from O to 1. The
first layer grid height is set globally at 0.45 mm for practical purposes. Finally, to ensure accurate
simulations, a total of approximately 10.6 million meshes are used, as shown in Fig. 6 (b).
2.4 Validation against the experiment results

In this section, the simulation of the seaplane gliding over waves is investigated based on the FVM

solver. The unsteady RANS equations are solved in Tab.5 Simulation conditions for validation

conjunction with the SST k-w turbulence model. Case Speed/(m's ) Relative wave length Wave height/m

Pressure-velocity coupling is handled using the 1 3 2 0.07
SIMPLE algorithm, and second-order upwind 2 9 2 0.07
schemes are applied to discretize the convection 3 3 2 0.3

terms in both the momentum and turbulence equations. An implicit second-order unsteady time discretization
method is employed, with a time step of 0.005 s, as recommended by ITTC"". The temporal evolutions of
heave, pitch, and center-of-gravity acceleration were extracted and validated against experimental data. A
series of numerical simulations are performed using the validated method. The seaplane's initial condition is
set to be the same as that in the reference by Hu et al'”, the simulation conditions are set as shown in Tab.5.

Cases 1, 2, and 3 represent extreme conditions characterized by the longest wavelength, highest speed,
and greatest wave height, respectively. Under these conditions, the interaction between the seaplane and the
water surface becomes more pronounced, resulting in significant wave impacts and splashes that present a
considerable challenge to the seaplane's hydrodynamic performance and structural integrity. Assessing the
seaplane's performance under such extreme conditions is crucial. Since the seaplane must perform a gliding
motion within the background domain during numerical simulations, a larger background domain is required,
which in turn demands substantial computational resources. Consequently, all test cases in this section are
limited to a time frame of 5 seconds.

In Cases 1 and 2, the heave motion of the seaplane is extracted and compared with experimental results.
As shown in Fig.7, the solid black line represents the simulation values for the heave motion of the seaplane,
while the dotted red line represents the experimental values. For Cases 1 and 2, when the seaplane glides

through the waves, the simulation results align with the trends observed in the experimental results. In Case 1,



880 AT WA 5530 555 6 11

the amplitude of the heave motion obtained from 60 re— — Present CFD. - Exp.

the numerical simulation is 74.3 mm, whereas the

amplitude from the experimental data is 70 mm,

resulting in an error of 6.1%. In Case 2, the
amplitude of the heave motion from the numerical

simulation is 101.3 mm, compared to 92.778 mm

240
A 3 . 180 [Case3 — Present CFD.
from the experimental data, yielding an error of 120
8.68%. This discrepancy falls within the acceptable e}
. L o . -120
_1 s L L L L L L
range for practical engineering applications. It is 80 05 10 15 20 25 30 35 20 25 50
also indicated that the heave curves exhibit a Time/s

sinusoidal pattern which is consistent with the  Fig.7 Time history of the heave motion for Cases 1, 2, and 3
periodicity of the waves. The period of the simulated motion closely matches that of the experimental results.
Although there is a minor deviation in amplitude, which can be attributed to model simplifications and
approximations in wave generation and propagation, this deviation remains within the acceptable range of
engineering error. These findings validate the fidelity of the numerical model, confirming its suitability for
investigating seaplane hydrodynamics. Due to the absence of experimental data, Case 3 focuses on
investigating the heave motion of a seaplane gliding under conditions of relatively high wave amplitude,
which exhibits similar behavior to pitch and vertical acceleration.

Fig.8 shows the time history of the pitch motion for Cases 1, 2, and 3. The solid black line in the figure

indicates the simulation values for pitch motion, 4 Casel — Present CFD. - — Exp.

s 7N N ot

while the dotted red line represents the 2

experimental values. It can be observed that when 0

the seaplane glides over the waves, the pitch curves
exhibit sinusoidal patterns, reflecting the periodic

nature of the seaplane motion, which corresponds

iodici Case3 I ‘ ‘ T bresent CFD,.
to the periodicity of the waves. In Case 1, the . resen

6
3
simulation result for the pitch motion is 2.616°, 0
3

whereas the experimental result is 2.651°, yielding 0 03 10 15 20 23 30 35 20 a3 50
an error of 1.32%. Similarly, in Case 2, the Time/s

simulation result for the pitch motion is 12.785°,  Fig.8 Time history of the pitch motion for Cases 1, 2, and 3
while the experimental result is 12.704°, resulting in an error of 0.63%. In Case 2, the discrepancy between
the simulation and experimental results can be attributed to the high speed of the seaplane.

Compared to the time-history curve of motion response in Cases 1 and 2, it is evident that an increase in
wave height leads to a corresponding increase in the amplitude of the motion response. This indicates that
higher wave heights subject the seaplane to greater dynamic loads, resulting in increased heave and pitch
motions. However, this increase does not fundamentally alter the speed of the seaplane, nor does it affect the
ratio of the forces generated by the combined effects of lift and hydrodynamic forces produced by the wings.
As a result, the motion response under these conditions remains periodic and consistent with the periodic
characteristics of the waves.

Fig.9 shows the time history of the vertical acceleration in Cases 1, 2, and 3. The solid black line in the
figure indicates the simulation values; the results are obtained directly from the simulations and divided by
the acceleration due to gravity. For Cases 1 and 3, the vertical acceleration curves at the center of gravity

exhibit a sinusoidal pattern, reflecting the periodic nature of the aircraft motion and corresponding to the
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periodicity of the waves. In Case 2, however, it is 0.2
1 Casel e — Present CFD. - - Exp.

demonstrated that at a speed of 9 m/s, the vertical

acceleration at the center of gravity no longer

follows a linear pattern; instead, two distinct peaks
emerge. When compared to the time history

obtained from numerical simulations, the peaks in
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Vertical acceleration (a,/g)

more pronounced. This suggests significant ~

discrepancies between the numerical simulation —

(=]

05 10 15 20 25 30 35 40 45 50
results and the actual test data during high-speed Time/s

maneuvers, indicating certain limitations of the  Fig.9 Time history of vertical acceleration for Cases 1,2, and 3

digital simulation model. Nevertheless, despite these differences, the consistent trends observed in both
datasets suggest that the simulation model is capable of effectively predicting the motion characteristics of the
aircraft under wave conditions. In Case 1, the simulation result for vertical acceleration is 0.201 g, while the
experimental result is 0.188 g, yielding an error of 6.9%. In contrast, Case 2 exhibits a significant nonlinear
variation in acceleration. Due to the impact on the water surface, the acceleration variation follows a double-
peak pattern. The peak acceleration recorded in the test for the seaplane at this speed is 0.896 g, while the
peak value from the numerical simulation is 0.935 g, resulting in an error of 3.49%.

The vertical acceleration of the center of gravity in Case 2 indicates that, as speed increases, the
acceleration of the seaplane's center of gravity no longer follows a linear pattern. This nonlinearity becomes
more pronounced at higher speeds. This is due to the fact that increased speed alters the interaction between
the aircraft and the water, which affects the distribution of drag and lift forces. The wings generate significant
lift, which influences the vertical motion of the aircraft, leading to variations in the vertical acceleration of the
center of gravity.

Fig.10 illustrates the simulated contours of the seaplane gliding in one cycle of a wave in Cases 1, 2, and
3. In Case 1, these contours reveal the phenomenon of bow lifting during the seaplane movement, resulting
in the formation of a standard Kelvin wave behind its body. Bow lifting is a natural response of seaplanes
under specific sea conditions and speeds, helpful to reduce water resistance and providing additional lift.
The presence of Kelvin waves indicates that the hydrodynamic characteristics of the seaplanes under
these conditions exhibit linear behavior, specifically that no splashing or other nonlinear phenomena occur
when the speed is low and the movement is gentle. In Case 2, the wave pattern behind the body is disturbed,
suggesting that the hydrodynamic characteristics of the seaplane at high speeds differ substantially from those
at lower speeds, leading to nonlinear phenomena. In Case 3, no splashing or other nonlinear hydrodynamic
phenomena are observed, indicating that the hydrodynamic characteristics remain linear. In other words, at

low speeds and with minimal movement, the seaplane does not produce splashes or other nonlinear effects.
Position [Z]/m

tlon time 13.8 (7)‘ ,f(g l >-0.050
_iw S

4

\ ‘ -0.125

<-0.200

(a) Case 1.



882 WA 2

5530 558 6 11

Position [Z]/m

>0.1

Position [Z]/m

(c) Case3

Fig.10 The contours plots of the seaplane during one wave cycle
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Fig.11 presents the motion of the seaplane during a complete wave cycle. The side view of the seaplane

gliding is shown in this figure. Four instantaneous positions of the aircraft on the wave surface during one

cycle are depicted in Fig.11, offering a clear understanding of the seaplane's gliding behavior under these

conditions. It is observed that the wetted area of the fuselage is the largest at the downward wave position

during the cycle, resulting in the greatest horizontal pressure and shear loads. The numerical simulation

identifies distinct phenomena, such as porpoising motion, occurring during the seaplane's glide over the
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waves. This behavior directly arises from the interaction between the seaplane and the waves. This result
suggests that the seaplane exerts a significant influence on the surrounding water flow while gliding in Case 3.

The results of Cases 1and 2are compared with experimental data and show good agreement,
confirming that the coupled aerodynamic-hydrodynamic solver is appropriate for simulating seaplane gliding
in wave conditions. Case 3, which involves high wave heights, explores seaplane motion under such
conditions; however, it has not been validated due to the absence of corresponding experimental data. As
indicated by the results, the current model does not incorporate multiphase phenomena such as cavitation,

surface fragmentation, or spray formation, which may become significant at higher velocities.

3 Simulation of seaplane gliding in waves

The motion amplitude of the seaplane model reflects the intensity of rigid-body motion. Corresponding
motion amplitudes from both model tests and numerical simulations under various operating conditions are
extracted for comparative analysis. Given that the amplitude fluctuates across different conditions, the
average amplitude over a 5-second time interval is used to represent the motion amplitude. This approach
minimizes the impact of momentary data fluctuations and ensures a more stable and reliable analysis of the
results. Data from nine operating conditions of the seaplane are processed, and the heave, pitch, and vertical
acceleration at the center of gravity are statistically analyzed.

3.1 Simulation conditions

A case scheme for the numerical study has been developed based on the conditions of the seaplane

model experiments. Nine conditions are examined Tab.6 Verification of simulation conditions
through numerical simulations, as detailed in Towing Relative Wave
Case Type _ .
Tab.6. This scheme investigates the effects of P speed/(m's ') wave length height/m
wavelength, towing speed, and wave height on the 1. Variable 3 1 0.07
" h teristi fth | The relati S2 wave 3 1.5 0.07
motion characteristics of the seaplane. The relative <3 length 3 5 0.07
wavelength is defined as the ratio of the S3 3 B 007
wavelength to the total length of the seaplane. The S4  Variable 6 2 0.07
impact of wavelength is analyzed in Cases S1 to S5 speed 8.5 2 0.07
. . 2 .
S3, with relative wavelengths of 1, 1.5, and 2, 56 9 0.07
. . . S3 . 3 2 0.07
respectively. The effect of towing speed is g7  Variable 3 ) 0.1
evaluated in Cases S3 to S6, with towing speeds of S8 l:v?vlft 3 2 0.2
. e1g
3 m/s, 6 m/s, 8.5 m/s, and 9 m/s. The influence of S9 3 2 0.3

wave height is examined in Cases S3 and S7 to S9, with wave heights of 0.07 m, 0.1 m, 0.2 m, and 0.3 m,
respectively.
3.2 Effect of wave length on seaplane response

The influence of different wavelengths on the motion response of a seaplane during wave taxiing is
investigated at a fixed speed and wave height. The amplitudes of heave, pitch, and vertical acceleration at the
center of gravity of the seaplane are measured at a speed of 3 m/s and a wave height of 0.07 m across various
wavelengths. The amplitude data for Cases Sl to S3 are extracted and plotted, as shown in Fig.12. It is
observed that, under the fixed speed (3 m/s) and wave height (0.07 m), the experimental and simulation

results exhibit consistent trends.
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Fig.12 The motion of the seaplane under variable relative wavelength

The heave and pitch motions of the seaplane exhibit a non-monotonic trend with changes in wavelength.
Initially, these motions increase with the wavelength, reaching a maximum at approximately 1.5 times the
seaplane length, before decreasing. For shorter wavelengths, the higher wave frequency causes the seaplane
to encounter more peaks and troughs within each wave cycle, thereby increasing the amplitudes of both heave
and pitch motions. The heave and pitch amplitudes are maximized when the wavelength is approximately
1.5 times the seaplane's length. This phenomenon likely occurs because, at this specific wavelength, the wave
period closely aligns with the natural vibration period of the seaplane, resulting in a resonance effect that
amplifies the motion response. When the wavelength exceeds 1.5 times the length of the aircraft, the wave
frequency decreases, and the seaplane encounters fewer peaks and troughs within each wave cycle.
Consequently, the wave period lengthens, no longer matching the natural vibration period of the seaplane,
reducing the resonance effect and potentially decreasing the amplitudes of the heave and pitch motions. Tab.7
presents the simulation and experimental results normalized by the wavelength. The results indicate that both

heave and pitch reach their maximum values when the wavelength is 1.5 L.

Tab.7 The simulation and experimental results of the seaplane motion responce under different rela-

tive wavelengths

Items Simulation results Experimental results
Relative wavelength Heave/(m/m) Pitch/(deg/m) Acceleration/(ms ) Heave/(m/m) Pitch/(deg/m) Acceleration/(ms )
L 1.15 86.23 8.49 1.13 88.49 8.69
15L 1.96 91.77 8.06 2.01 90.71 8.46
2L 1.93 82.29 5.20 1.94 88.31 5.37

The vertical acceleration of the seaplane center of gravity decreases as the wavelength increases. As a
wave propagates across the water, its energy is distributed in the direction of propagation. Longer
wavelengths result in energy being spread over a larger horizontal area, leading to relatively small vertical
amplitudes for individual crests and troughs. The vertical acceleration at the center of gravity is influenced by
the vertical forces generated by the waves. As the wavelength increases, the wave energy is distributed over a
broader horizontal range, rather than being concentrated directly beneath the seaplane. This distribution
reduces the direct impact on the center of gravity of the seaplane, thereby decreasing the vertical acceleration
as the wavelength increases.

3.3 Influence of gliding speed on porpoising behavior

The influence of varying speeds on the motion response of a seaplane is investigated while maintaining
a constant wave height and wavelength. The amplitudes of heave, pitch, and vertical acceleration at the center
of gravity of the seaplane are recorded at different speeds, with a wave height of 0.07 m and a relative

wavelength of 2. Amplitude data from Cases 3 to 6 are extracted, as shown in Fig.13. The amplitudes of
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heave, pitch, and vertical acceleration increase with gliding speed. The discrepancy between experimental and
simulation results also increases with gliding speed, as higher speeds result in greater impact forces and more
pronounced porpoising motion. Additionally, capturing the slamming phenomenon in numerical simulations

remains challenging.
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Fig.13 The motion of the seaplane under variable relative wavelength
3.4 Role of wave height in vertical acceleration
The effects of varying wave heights on the motion response of a seaplane are investigated at a fixed
speed and wavelength. The amplitudes of heave, pitch, and vertical acceleration at the seaplane's center of
gravity are measured for different wave heights, specifically at a speed of 3 m/s and a relative wavelength of

2. The amplitudes for Cases S3, S7, S8, and S9 are extracted, as shown in Fig.14.
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Fig.14 The motion of the seaplane under variable wave height

It can be observed that, under conditions of a fixed speed (3 m/s) and a relative wavelength of 2, the
heave, pitch, and vertical acceleration of the center of gravity of the seaplane increase as wave height
increases. This trend is consistent with the simulation results. Wave height directly reflects wave energy, with
an increase in wave height indicating that the wave carries more energy. When the wave interacts with the
seaplane, a larger amount of energy is transferred to the aircraft. As a result, higher waves exert a more
significant impact on the seaplane, leading to an increase in the amplitude of the motion response.
3.5 Impact load

To monitor the impact load on a seaplane hull during wave-induced gliding and to analyze its response
characteristics, the forecastle of the fuselage is defined as the origin, and the coordinates of each measurement
point are non-dimensionalized. Positions along the X-axis are scaled by L/30, and those along the Y-axis by
B/4 (B is the width of the seaplane). A total of 20 measurement points are distributed over 8 transverse
sections (3, 6, 9, 15, 17, 21, 26, and 29) along the longitudinal direction above the bow, and across
4 longitudinal sections (0, 1, 2, and 4) in the transverse direction above the mid-longitudinal plane, as shown
in Fig.15. Among them, measurement points 1 to 12 are located forward of the bottom step break, while

points 13 to 20 are positioned aft of the break. Measurement points 5 and 7 are symmetrically located on the
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starboard and port sides of the fuselage, respectively, to verify structural symmetry, as listed in Tab.8.

E B /

* P12 «PI5 * P18 y
«Pll  ePl4 « P17

P9
—— oP8
\ oﬁl °P3 sgg « P10 * P13 « P16 « P19 * P20
zx \ '
5%
Fig.15 Layout diagram of pressure measurement points at the bottom of the seaplane

Tab.8 The positions of the pressure measurement points

XI(L/30)
3 6 9 15 17 21 26 29
Y/(B/4)
Longitudinal section 1 1 3 5 10 13 16 19 20
Longitudinal section 2 6.7
Longitudinal section 3 2 4 8 11 14 17
Longitudinal section 4 9 12 15 18

To ensure stable numerical solutions, this study commences data collection after the simulation achieved
steady-state conditions over several wave cycles. The slamming pressure data recorded at the fuselage bottom
of the numerical model are then normalized using the following dimensionless coefficient for peak slamming
pressure

I, = P/pv’ (19)
where P is the measured point pressure value, p is the fluid density, v is the operational speed.

Due to the extensive pressure data collected from the seaplane, several measurement points under
typical conditions have been selected to investigate the load characteristics of the seaplane in various sea
states. This study also examines the distribution patterns of loads along the transverse and longitudinal axes
of the seaplane. When the seaplane glides through waves, different sections of the aircraft experience varying
degrees of load and stress due to the dynamic effects of the waves. The bow and stern, being the initial
contact points with the waves, are particularly susceptible to slamming, while the midsection serves as the
primary area for bearing wave loads. Consequently, a total of five bottom pressure measurement points (P3,
P10, P11, P12, and P19) have been selected from the bow, midsection, and stern regions of the seaplane for
analysis.

Based on the numerical simulation data from Case 1, partial pressure measurement points are selected

for a comparative analysis of hull slamming 0.25 - ; - :
i ) ) 020l Present CFD- --l;l-olsl—f)TsPG-—P7 183 == Is4 ]
pressure. In Fig.16, the measurement points in the 0' s Pl P3PS _-w
. . . P L P11 P14 - Pl6 P19 1
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. [ P4 e T PIZY P17
example, the red line shows the pressure at 0.05 P2 P9 S T hig
0t L R L PIS, T -a L 4
measurement points in longitudinal section 1, the 0 5 10 15 20 25 30
X/(L/30)

black line indicates the pressure at measurement
points in longitudinal section 2, the orange line Fig.16 Longitudinal distribution of impact load in Case 1

shows the pressure at measurement points in longitudinal section 3, and the blue line shows the pressure of
measurement points in longitudinal section 4. In Case 1, the speed is 3 m/s, the relative wavelength is 2, and
the wave height is 0.07 m. In this scenario, the recorded peak load at measurement points gradually decreases
with increasing distance from the centerline plane on the same transverse section. This observation indicates

that the fuselage is primarily influenced by wave loads, suggesting that the structural design near the
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centerline plane of the fuselage bottom is critical, as this region experiences the maximum pressure. Among
all the measurement points, Point 13 recorded the highest pressure due to the depth of water entry at this
location.

Fig.17 shows the time history of pressure at the measurement points (P3, P10, P11, P12, and P19). The
points (P10, P11, P12, and P19) located in the midsection and stern of the body exhibit a sinusoidal pattern.
This suggests that the pressure fluctuations at these locations are periodic, with no significant nonlinear
phenomena detected. The presence of sine curves aligns with the periodic nature of wave motion, indicating
that the pressure variations in these regions are predominantly influenced by the periodic effects of waves. In
contrast, the time-domain curve at the bow measurement point 3 reveals a more pronounced nonlinear
slamming phenomenon in the real model. This observation suggests that the hydrodynamic interactions at the
bow are more complex, potentially involving wave breaking, splashing, or other nonlinear effects. The
emergence of such nonlinear phenomena requires careful consideration during the design process, as they
may introduce additional loads and stresses that could compromise the structural integrity and performance of

the seaplane.
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Fig.17 Time histories of pressure at selected measurement points

Fig.18 illustrates the pressure contours of the seaplane's bottom during one wave cycle for Case 1.
Throughout the taxiing process, the pressure on the fuselage surface is symmetrically distributed along the
mid-longitudinal section of the aircraft. The step breakdown structure of the seaplane induces local
acceleration of the water flow at the step, leading to alterations in the pressure distribution. Consequently, this
generates sudden fluctuations at the pressure monitoring points in this region. It can be observed that the
pressure experienced during the planing process primarily occurs in the midsection of the aircraft.
Additionally, the peak in the time-domain at the middle position is the most significant.

The analysis of hull slamming pressure data for the pressure measurement points in Case 2 reveals that,
under these conditions, the peak load recorded by the measurement points gradually decreases as the distance
from the centerline plane increases. This trend suggests that the seaplane is primarily influenced by wave loads,

making the structural design near the centerline plane of the hull bottom particularly critical, as this area
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experiences the maximum pressure. Among all measurement points, P11, located at a specific position, records
the highest pressure, which is attributed to the water entry depth at this location. Fig.19 presents a time-domain
curve analysis of five pressure monitoring points located on the bow, midsection, and stern sections of the

seaplane model.

Solution time 10.62 (s) Solution time 10.77 (s) Solution time 10.92 (s)

[ . | . |l .
<=500 0 500 1000 >1500 <=500 0 500 1000 >1500 <=500 0 500 1000 >1500
Pressure/Pa Pressure/Pa Pressure/Pa
Solution time 11.07 (s) Solution time 11.22 (s) Solution time 11.37 (s)
| . | . |l .
<=500 0 500 1000 >1500 <=500 0 500 1000 >1500 <=500 0 500 1000 >1500
Pressure/Pa Pressure/Pa Pressure/Pa
Solution time 11.52 (s) Solution time 11.67 (s) Solution time 11.82 (s)
[ . | . | .
<=500 0 500 1000 >1500 <=500 0 500 1000 >1500 <=500 0 500 1000 >1500
Pressure/Pa Pressure/Pa Pressure/Pa
Fig.18 Pressure contour of seaplane bottom
In Fig.20, the time-domain curves at the 0.10
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pressure fluctuations at these positions are

XI(L/30)

periodic, with no significant nonlinear phenomena
observed. The presence of sine curves typically Fig.19 Longitudinal distribution of impact load in Case 2
corresponds to the periodic movement of waves, suggesting that the pressure variations in these areas are
primarily driven by the periodic effects of the waves. In contrast, the time-domain curve at the bow
measurement P3 clearly shows a nonlinear slamming phenomenon. This suggests that, under these operating
conditions, the impact of the water flow at the bow is more complex, making the occurrence of the slamming
phenomenon more likely.

Fig.21 illustrates the pressure contour on the bottom of the seaplane during one wave cycle in Case 2.
Due to the high speed of the seaplane under this condition, pressure during the gliding phase is primarily
concentrated at the front and rear of the step breakdown. The step breakdown structure induces local
acceleration of the water flow, resulting in changes to the pressure distribution. These changes cause sudden

fluctuations in pressure at the monitoring points in this region. Additionally, it is observed that the pressure
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on the fuselage surface is symmetrically distributed along the longitudinal centerline of the aircraft.
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Fig.20 Time-domain pressure curve
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Fig.21 Pressure contour of seaplane bottom
Fig.22 shows the longitudinal distribution of impact load in Case 3. The peak load recorded at the
measurement points gradually decreases as the distance from the centerline plane increases along the same
transverse section. This trend indicates that the aircraft is primarily influenced by wave loads, making the
structural design near the centerline plane of the hull bottom particularly critical, as this area experiences the

maximum pressure. Among all measurement points, P9 records the highest pressure, which is attributed to the
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Fig.22 Longitudinal distribution of impact load in Case 3

high speeds become more pronounced. The seaplane encounters larger waves and stronger hydrodynamic

effects, resulting in more intense impacts in the middle and stern sections of the aircraft.
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Fig.23 Time-domain pressure curve

Fig.24 illustrates the pressure contour on the underside of the seaplane during one wave cycle in Case 3.
When the seaplane encounters larger waves and stronger hydrodynamic forces, the impact on the seaplane's
underside is significantly greater compared to the other two cases, the impact loads increase with wave
height. The relative positions of the seaplane and the waves fluctuate, leading to varying locations where
maximum impact pressure is generated. Due to the structural changes occurring at the seaplane's break stage,
the impact load at this location differs from that at other points.
3.6 Summary of parametric trends

As indicated by the aforementioned investigations, when the seaplane maintains stable motion relative to
the waves, the periods of its heave and pitch motions at various speeds closely correspond to the encountered
wave period. The heave and pitch responses remain synchronized with the wave profile. The amplitudes of
heave, pitch, and the vertical acceleration increase with both wave height and gliding speed. Additionally, the
heave and pitch motions increase with wavelength, reaching a maximum at approximately 1.5 times the
relative wavelengths, and subsequently decrease. At higher gliding speeds, significant nonlinear phenomena
occur at locations near the midsection and stern of the fuselage. The influence of nonlinear impact loads on
the seaplane’s motion becomes more pronounced at elevated speeds. Under these conditions, the seaplane
encounters larger waves and stronger hydrodynamic forces, resulting in more intense impacts in the mid and

aft sections of the seaplane.
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Fig.24 Pressure contour of seaplane bottom

4 Conclusions

This paper investigates the motion responses of a seaplane through CFD simulations based on the FVM
method and the VOF model. The air-water coupling method is applied in all simulations. The DFBI model is
employed to calculate the six-degree motion of the seaplane. The simulation method is validated by
comparing it with experimental results, which demonstrate that the method is both accurate and efficient for
calculating seaplane gliding in waves. A series of numerical simulations are conducted to study the influence
of wave parameters on the motion of the seaplane in addition to model tests. It is found that the
hydrodynamic load predominantly affects the motion characteristics of the seaplane during gliding on waves.
Four conclusions are drawn as follows:

(1) The air-water two-phase coupling numerical method, based on the CFD solver, can effectively
simulate the wave water taxiing problem of a seaplane. When a seaplane glides over waves, it experiences
coupled effects, such as wave load, slamming force, and aerodynamic lift, simultaneously, resulting in
significant pitch and heave motions. In this study, a CFD simulation method utilizing the FVM and the VOF
model, accounting for gas-liquid coupling, is employed to numerically simulate the wave gliding tank model
test of the seaplane. The heave and pitch motion curves of the seaplane model, under the combined influence
of wave action and aerodynamic lift, are calculated, with an error margin of less than 10% compared to the
experimental results, thus confirming the validity of the numerical method.

(2) Under fixed speed and wave height conditions, the heave and pitch motions of the seaplane exhibit a
non-monotonic trend as the wavelength changes. Initially, these motions increase with the wavelength,

reaching a maximum at approximately 1.5 relative wavelengths, and then decrease. Furthermore, the vertical
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acceleration of the center of gravity decreases as the wavelength increases.

(3) As the gliding speed and wave height increase, the motion amplitude of the seaplane also increases.
This suggests that slamming occurs at higher gliding speeds and wave heights, with the porpoising motion of
the seaplane becoming more pronounced.

(4) Structural changes at the seaplane step break result in peak loads in both the front and rear sections at
this location. The structural design near the centerline of the fuselage bottom is critical, as this region
experiences maximum pressure. During the structural design phase of the seaplane, particular attention should
be given to the structural strength of this area.

Although the motion and hydrodynamic forces of the scaled seaplane model can be accurately predicted
under moderate conditions, numerical simulation errors increase significantly at higher gliding speeds, such
as 9 m/s. This indicates that more stringent numerical requirements are necessary. As revealed in the above
analysis, the VOF model exhibits inherent limitations, particularly in resolving the air-water interface, which
demands a higher mesh resolution. The current CFD approach used in this study is insufficient for accurately
capturing the free surface and air-water interactions in multiphase flows involving seaplanes. To enable high-

fidelity simulations of full-scale seaplanes, further advancements in numerical methodologies are essential.
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