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Abstract: In this work, the dynamics of a planing hull in regular head waves was investigated using
the Smoothed Particle Hydrodynamics (SPH) meshfree method. The simulation of the interaction of
such vessels with wave trains features several challenging characteristics, from the complex physical
interaction, due to large dynamic responses, to the likewise heavy numerical workload. A novel
numerical wave flume implemented within the SPH-based code DualSPHysics fulfills both demands,
guaranteeing comparable accuracy with an established proprietary Computational Fluid Dynamics
(CFD) solver without sharpening the computational load. The numerical wave flume uses ad hoc
open-boundary conditions to reproduce the flow characteristics encountered by the hull during
its motion, combining the current and waves while adjusting their properties with respect to the
vessel’s experimental towing speed. It follows a relatively small three-dimensional domain, where
the potentiality of the SPH method in modeling free-surface flows interacting with moving structures
is unleashed. The results in different wave conditions show the feasibility of this novel approach,
considering the overall good agreement with the experiments; hence, an interesting alternative
procedure to simulate the seakeeping test in several marine conditions with bearable effort and
satisfying accuracy is established.

Keywords: SPH; planing hull; CFD; seakeeping; regular waves; open boundaries

1. Introduction

High-speed hard-chine hulls glide on the water surface over a certain threshold of
velocity [1], as the hydrodynamic lift force overwhelms other vertical force contributions,
to reach the full planing regime. The vessel’s bow elevates as a consequence of the forces
experienced by the keel, changing the trim angle and establishing strong pitch–heave
motion coupling [2]. The transient equilibrium of such hulls is relatively easy to address
in steady conditions, i.e., a calm sea state, but the complexity of the problem suddenly
increases when the vessel operates in waves, even if they are not mightily sloped or skewed.
In rough water, the dynamics of planing hulls implies sudden and notable variations in
the trim, sinkage, and wetted surface [3]: the interaction with unsteady marine conditions,
in fact, triggers the craft response, leading to larger motion and forces, and eventually
to hull-slamming phenomena, which can cause serious structural loads [4]. Significant
changes in the hull behavior are expected with an irregular sea state, involving higher
harmonics and increasing the nonlinearities between the excitation (wave conditions) and
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the response (hull’s heave and pitch): the combination of the latter rotational and vertical
motions, in fact, is responsible for high-order harmonics [5]. The first-order Response
Amplitude Operator (RAO) is no longer able to predict the vessel behavior [6], as classic
seakeeping methods are not able to account for flow separation or dynamic lift.

Hence, the motion of planing hulls in waves is difficult to capture with empirical or
analytical models, for which unsteady response and sensible displacements constitute an
impassable challenge. Towing tank tests still form the basis for studying planing craft
in complex conditions, as the literature available systematically covers a wide range of
operational conditions (see [3,6–9]). Nevertheless, numerical and semi-analytic methods
can always be valid investigative tools for enhancing the readability of the experimental
data. The support of Computational Fluid Dynamics (CFD) methods, in which the gov-
erning equations of fluid flows are discretized and solved either in the frequency or time
domain, has been used for studying the interaction between the hull and free-surface fluids,
and numerical modeling procedures for assessing the performance of planing hulls are
becoming more reliable.

The numerical codes based on the 2D+t mathematical model [10], for example, represent
viable tools for evaluating a boat’s motion under wave action. The latter approach reduces
the dimension of the problem to the transverse plane, in which the boat vertically and rota-
tionally oscillates. The relevant quantities (total moment and force acting on the vessel) may
then be estimated in time by combining the local forces in several cross sections, depending
on the wetted surface. The related simplifying assumptions, which allow for the analytical
definitions of the phenomenon’s variables, necessarily pose limitations on the 2D+t-based codes
accuracy, which, nevertheless, can be considered satisfying for generally describing the craft
hydrodynamics [11,12], even more so if related with the paltry computational effort required.

For more sophisticated solutions, traditional mesh-based approaches are usually em-
ployed in seakeeping simulations, describing the flow phases with Reynolds-Averaged
Navier–Stokes (RANS) equations combined with the overset mesh to alleviate the compu-
tational effort. This is deemed necessary as the domains are often several wavelengths long
to allow reproducing the virtual towing process of the hull [13] or avoiding undesired flow
reflection at the boundaries [14–16], complying with the International Towing Tank Con-
ference (ITTC) recommendations [17]. However, relatively recent numerical approaches
represent a viable alternative to assess the dynamics of hard-chine hulls.

Among the latter CFD methods, the meshfree particle methods stand out due to several
advantages in simulating free-surface flows and their interaction with moving structures
over mesh-based methods [18,19], as the computational nodes move according to the field
laws, making it easier to track interfaces and compute extreme deformations [20]. The em-
ployed set of particles represents the state of the system and follows its evolution, being the
particles associated with one physical object or part of a continuum domain. The Smoothed
Particle Hydrodynamics (SPH) method [21,22] is one of the most popular Lagrangian ap-
proaches, widely used in many water-related fields [23–25] and inherently able to address
complex fluid–structure interactions in coastal and civil engineering applications [26,27].

The use of the SPH technique to simulate vessels dates back to 2011, when
Marrone et al. [28] investigated a ship’s wave-breaking patterns using 2D+t SPH simulations.
The evolved 3D method was indeed presented in [29]. Later on, Dashtimanesh and Gadimi [30]
numerically simulated, for the first time, a planing hull specifically investigating the transom
wave generated by the aft of the hull. Tafuni et al. [31] researched the bottom pressure field
and the wave elevation generated by a planing hull in finite-depth water. Additionally, the
hydroelastic problem of panels and simple structures of high-speed crafts impacting on a calm
water surface has been investigated in the last years using SPH codes [32,33].

The SPH formulation employed for this research was implemented into the Dual-
SPHysics code [34], widely recognized as being among the most reliable open-source
SPH-based solvers. DualSPHysics provides several tools and features that make the code
ready for engineering applications, and it is very efficient when the fluid phase is relevant
since it is highly parallelized [35]. The code provides access to several external libraries
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to deal with other physical systems using two-way coupling strategies: to simulate, for
example, moored connection for floating bodies [36], or complex mechanical features [37].
Flexibility, efficacy, and performance are the main goals of the general implementation, and
those distinctive traits allow for employing the code to simulate complex systems inter-
acting with sea waves, such as wave energy converters [38–41] or floating offshore wind
turbines [42,43]. In the study by Mintu et al., 2021 [44], the code was used to investigate
spray generation by a moving ship with three degrees of freedom with different forward
speeds, and was compared to field measurements and a theoretical model. DualSPHysics
has already been validated for planing hull resistance tests [45] in calm water using the
parent hull (C1) of the Naples warped planing hull Systematic Series (NSS) [9].

In this work, taking a step forward, a procedure for numerically reproducing the towing
tank test of a planing hull in regular waves was proposed. The use of SPH to reproduce
seakeeping tests represents a novel application for the particles method in general, as most of
the available literature implements mesh-based solvers and boundary element methods [46], or
focuses on the analysis of the complex hydrodynamics generated by the vessel but overlooks its
motion [47]. The key point of this numerical procedure, rather than reproducing the test layout,
lies in constraining the hull’s external surface to only experience heave and pitch motion (i.e.,
surge motion is prevented), thus arranging the fluid flow such that it simulates an advancing
vessel. To achieve this, a numerical wave flume that leverages open boundaries [48] was
developed within the SPH framework of DualSPHysics, allowing for the use of a relatively
limited computational domain in the longitudinal dimension. The use of this strategy drastically
reduces the computational load of the SPH simulations compared to the numerical reproduction
of the seakeeping test in a similar fashion to a physical towing facility. The vessel analyzed
in the present study is the C2s planing hull of the NSS. The related experimental campaign is
presented in [3,9], highlighting the effects of various design parameters and providing data in
several sea states. Numerical results are also available in [14], obtained with the proprietary
mesh-based software SIEMENS PLM STAR-CCM+ [49] and with a semi-analytical approach
(2D+t method).

The novelty of this work arises in the effectiveness of the procedure for numerically
reproducing the wave train acting on the vessel. It allows to make the most of the capabili-
ties of SPH in simulating the wave–vessel interaction while maintaining the computational
effort under an accessible threshold.

The present research is organized as follows: Section 2 introduces the generalities
about the SPH method and the formulation used in this investigation; Section 3 describes
the experimental setup; Section 4 presents the procedure used to obtain the required wave
conditions and the implementation of the model within the DualSPHysics framework;
the validations of wave propagation and hull displacements are provided in Section 5;
conclusive considerations are arranged, finally, in Section 6.

2. The SPH Method

The physical domain (fluid and/or solid objects) in the SPH method is discretized
into a set of particles, where the physical quantities are obtained by means of interpolation
over the corresponding quantities of the surrounding particles. Each particle contribution
is weighted through the so-called kernel function, characterized by an area of influence
defined upon the smoothing length [20].

2.1. Mathematical Fundamentals

The basic principle of SPH is a local convolution of a function f and a weighting kernel
within an integral volume Ω. It can be defined by:

< f (r) >=
∫

Ω
f (r’)W(r− r′, h)dr′ (1)

where W is the smoothing kernel functionor kernel, r is the position vector, and r′ is the
position vector of another computational point (or particle). In the smoothing function, h
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is the smoothing length, which defines the influence area of W. In the discrete form, the
function is approximated by summing up the values of the nearest neighbour particles that
possess fixed mass mb, density ρb, and volume Vb. The discrete form of Equation (1) for a
particle a, b ∈ [1, Np] being part of its support domain, is:

< f (ra) >=
Np

∑
b=1

mb
ρb

f (rb)Wab (2)

The kernel function W must fulfil several properties, such as positivity on the compact
support, normalization, and monotonically decreasing with distance [21]. In this work, the
quintic Wendland kernel [50] was utilized, with 2h being the distance of the interaction:

W(r, h) = αD,n


(

1− q
2

)4
(1 + 2q) 0 ≤ q ≤ 2

0 2 < q
(3)

where q = r/h is the non-dimensional distance between particles, r being the distance between
two particles a and b, and αD,n is a constant depending on the dimension of the problem.

2.2. Governing Equations

In fluid mechanics, the Navier–Stokes (NS) equations dictate the motion of the fluid
particles. The Lagrangian form of the NS equations reads

Du
Dt

= −1
ρ
∇p + g + Γ (4)

Dρ

Dt
= −ρ∇ · u (5)

where ρ is the density, u the velocity vector, g the gravitational acceleration vector, p the
pressure, and Γ denotes the dissipation terms.

The Weakly Compressible SPH (WCSPH) discretization of Equations (4) and (5) uti-
lized in DualSPHysics is:

dua

dt
= −

Np

∑
b=1

mb

(
pb + pa

ρaρb
+ Πab

)
· ∇aWab + g (6)

dρa

dt
=

Np

∑
b=1

mbuab · ∇aWab + δΦhc0

Np

∑
b=1

Ψab · ∇aWab
mb
ρb

(7)

The artificial viscosity term, Πab, is added in the momentum Equation (6) based on the
Neumann–Richtmeyer artificial viscosity, aiming at stabilizing the SPH scheme [21]. The second
term rightward in the continuity Equation (7) is implemented to improve the stability of the
scheme by smoothing the density field [51] (δΦ is usually chosen to be equal to 0.1).

WCSPH approaches leverage an additional equation of state for bonding the system
of equations. In DualSPHysics, Tait’s equation of state is used to determine fluid pressure
according to the variation in particle density:

p =
c2ρ0

γ

((
ρ

ρ0

)γ

− 1
)

(8)

where ρ0 = 1000 kg/m3 is the reference fluid density, γ is the polytropic constant (γ = 7
for water-like fluids), and c is the numerical speed of sound. The fluid compressibility is
adjusted so that c can be artificially lowered to assure reasonable values for the timesteps.
Expected density variations of less than 1% make the results of this approach similar to the
incompressible SPH formulations.
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2.3. Rigid Body Dynamics and SPH

The described full SPH model deals with rigid bodies by computing the total force
contributions of the neighboring fluid particles. The motion of objects interacting with fluid
particles is handled by Newton’s equations for rigid body dynamics. The net force on each
boundary particle is computed according to the designated kernel function and smoothing
length. Each boundary particle k experiences a force per unit mass given by:

fk = g + ∑
b∈ f luid

fkb (9)

fkb is the force per unit mass exerted by the fluid particle b on the boundary particle k.
The SPH discrete version of Newton’s Equations is:

M
dV
dt

= ∑
k∈body

mkfk (10)

I
dΩ

dt
= ∑

k∈body
mk(rk − r0)× fk, (11)

where M is the mass matrix of the object, I is the inertia matrix, V is the velocity, Ω the angu-
lar velocity, and r0 the center of mass;× indicates the cross product. Equations (10) and (11)
are integrated in time to predict the values of V and Ω at the beginning of the next time
step. Each boundary particle within the body has a velocity given by:

Vk = V + Ω× (rk − r0) (12)

Finally, the boundary particles within the rigid body are moved by integrating (12) in
time, conserving linear and angular momentum [52]. Validations about buoyancy-driven
motion are performed in [36,53].

2.4. Boundary Conditions

The recently implemented modified Dynamic Boundary Conditions (mDBCs) [54]
were utilized for this numerical investigation. This method is the evolution of the tra-
ditional Dynamic Boundary Condition (DBC) [55], which is perfectly suitable for GPU
implementation and provides accurate results also when dealing with complex geome-
tries [56].

The mDBC shares the same particle arrangement as their forefather, but the interacting
boundary surface is located in the middle between the outermost layer of particles of
the body and the fluid domain. Normal vectors are computed with respect to the latter
boundary surface for all of the particles within a certain distance, usually equal to or slightly
greater than the smoothing length. An adequate number of layers of boundary particles
is used to guarantee the completeness of the kernel of the fluid particles approaching the
boundary, avoiding inconsistencies related to truncation effects. Once the geometry has
been characterized by normal vectors, the interface location is used to mirror ghost nodes
into the fluid domain (similarly to [57]) and hence evaluate the fluid properties at that
virtual position through a first-order consistent SPH spatial interpolation [58]. Eventually,
these properties are used to extrapolate the density values of the boundary particles,
homogenizing the boundary and fluid pressure fields and avoiding non-physical repulsive
forces at the interface. Applications of this approach can be found in [59,60].

3. Experimental Layout

The experimental campaign [3,9] adopted in this work for the numerical analysis
was carried out in the towing tank at the Naval Division of the Department of Industrial
Engineering of the Università degli Studi di Napoli “Federico II” (Italy).

The tank is 137 m long, 9 m wide, and filled with 4.25 m of fresh water. A wave-maker
system generates waves and, on the other side of the tank, a beach with a calibrated slope
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for wave absorption is placed. The vessel is towed by a carriage with a maximum speed of
10 m/s, which applies the force in its Center of Gravity (CG—details of the C2s hull model
in Table 1) and restrains any motion except heave and pitch, as schematized in Figure 1.
The gyradius values in Table 1 follow on from the conventional relations kxx = 0.40LWL
and kyy = 0.25BWL [61], which were also validated experimentally in the work by De Luca
and Pensa, 2019 [3].

Figure 1. Scheme of the experimental setup.

Table 1. Dimension of the C2s hull model.

Dimensions Unit C2s Hull

Length overall LOA [m] 1.567
Length waterline LWL [m] 1.440
Beam B [m] 0.435
Beam waterline BWL [m] 0.396
Longitudinal CG position LCG/LWL [-] 0.394
Vertical CG position VCG/BWL [-] 0.501
Mass m [kg] 20.91
Roll gyradius kxx [m] 0.52
Pitch gyradius kyy [m] 2.79

The Qualisys© system, working through three infrared cameras that track spherical
markers, provides the motion measurements with respect to the relevant degrees of freedom.
The wave elevation was measured with both a static capacitive sensor and onboard (on
the carriage) ultrasonic probes, the former placed at 71.86 m, in the middle of the tank,
and the latter placed in front, behind, and on the side of the model, far enough to neglect
the influence of the perturbation generated by the craft. In this work, the wave conditions
coupled with a towing speed of Ut = 3.50 m/s were considered, the latter corresponding
to a beam Froude number of:

FrB =
Ut√
gB

= 1.78 (13)

and to a Reynolds number of:

Re =
UtLWL

ν
= 5× 106 (14)

where ν = 1× 10−6 m2/s is the kinematic viscosity of water. The Re associated with the
test is above the critical threshold, identifying the flow around the vessel as turbulent. The
adopted wave conditions are reported in Table 2.
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Table 2. Simulated wave conditions (deep water waves) as reproduced in the experimental facility;
the colored dot represents the cases shown in the following charts.

Case
Angular

Frequency Wavenumber Relative
Wavelength Amplitude Wave

Steepness Water Depth

ωGEN [rad/s] κ [1/m] λ/LW L [-] H [m] ε = κ(H/2) [-] d [m]

1 3.456 1.217 3.585 0.1035 0.063

4.25
2 3.770 1.449 3.011 0.0440 0.032
3 4.084 1.700 2.567 0.0741 0.063
4 5.026 2.575 1.694 0.0489 0.052
5 6.283 4.024 1.084 0.0313 0.063

4. Numerical Implementation

As previously introduced, the approach proposed here is to adapt the flow features in
the proximity of the hull, with its degrees of freedom restrained to heave and pitch motion,
to numerically reproduce the carriage speed and the wave pattern. This procedure can
reduce the unbearable computational effort that the exact reproduction of the experimental
setup would have required. The flow characteristics may correspond, in the numerical
model, to the current velocity U0 ≡ Ut and to the wave-related velocity field, respectively.
Though the feasibility of the current-carriage velocity analogy is already proved in previous
publications [45], the modification of the wave pattern in the function of the towing speed
still needs to be addressed in order to achieve comparable load conditions for the craft,
combining, moreover, the wave propagation with the presence of the current.

4.1. Derivation of the Flow Field

The inlet condition is imposed by combining the presence of the current, constant over
depth with velocity U0, and the wave pattern encountered by the craft. To reconstruct the
latter field, let us consider two frames of reference (FRs) [62]: one moving with the current,
namely relative FR {O0, x0, y0}, and one fixed, the absolute FR {O, x, y} (Figure 2).

Figure 2. Absolute and relative reference systems to describe wave propagation over a steady current.

According to the linear wave theory assumptions, which are verified by the experi-
mental conditions (Table 2), the wave travels unmodified in the relative FR, and its angular
frequency ω shifts with respect to the absolute FR according to the Doppler’s effect:

ωA = ωR + κU0 (15)

where κ is the wave number, and with clear significance of the subscripts. Depending
on the available data, this relationship, along with the dispersion relation, may be used
to calculate the modified characteristics of the wave in the presence of the current. In
the present work, the velocity of the current (towing speed), the generated angular wave
frequency, and the wave number are provided. In deep-water conditions, the dispersion
relation reads:

ω2
GEN = gκ (16)
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and

λ = 2π/κ (17)

ωGEN = 2π/TGEN (18)

fGEN = 1/TGEN (19)

where λ is the wavelength, and TGEN and fGEN are the wave period and frequency as
generated by the paddle. Considering the adopted numerical solution, the hull is fixed in
the x direction, representing the absolute FR, which is, in general, the one to be considered
for developing inlet conditions. The wave perceived by the craft has to keep all of the
same features as the experimental one; thus, with κ unchanged, the encountered frequency
corresponds to:

fENC = fGEN + U0/λ (20)

which can be obtained by substituting Equations (16)–(19) in Equation (15). The corre-
spondence between the subscripts (R ≡GEN and A ≡ENC) results clear. With all of the
wave parameters known, the velocity field u(x, z, t) = {u(x, z, t), w(x, z, t)} and the free
surface elevation η(x, t) can be obtained from a first-order velocity potential function,
which includes the steady current [62]:

ϕ(x, z, t) = −U0x + A cosh(κ(d + z)) cos(κx−ωt) (21)

Applying the boundary conditions (dynamic and kinematic free-surface boundary
conditions) and retaining all of the linear terms, the functions of interest become:

η(x, t) =
H
2

cos(κx−ωt) (22)

u(x, z, t) =
∂ϕ

∂x
= U0 + A

cosh(κ(d + z))
cosh(κd)

sin(κx−ωt) (23)

w(x, z, t) =
∂ϕ

∂z
= A

sinh(κ(d + z))
cosh(κd)

cos(ωt− κx) (24)

A =
gHκ

2ω(1−U0/C1)
(25)

where C1 = ω/κ. Please note that the presented fields are not dependent on the y coordinate
as they are constant along the transversal dimension of the 3D domain. Generally, the wave
is modified by the presence of the current, which, in the following conditions, stretches
the wave, causing increments in the wavelength [62,63] and possible reductions in the
wave amplitude. However, for the purpose of this simulation, the free-surface elevation in
Equation (22) and the wave characteristics are imposed, so that they match the experimental
wave pattern, which, in reality, does not interact with any current. The wavelength, which
is unknown in the wave analysis if T, H, d, and U0 are given, here depends on the deep-
water dispersion relation in Equation (16) and is kept unchanged, i.e., the Doppler effect
does not modify κ. The wave period, indeed, is modified through Equation (20) to obtain
TENC = 1/ fENC, which mimics the period that would be perceived by an observer standing
on the advancing hull. Table 3 summarizes the equivalence of the conditions assigned in
the experimental towing tank and in the numerical wave flume.

Table 3. Correspondence between the input of the experimental and numerical model.

Experimental ⇒ Numerical

Towing velocity Ut → Steady current U0 ≡ Ut
Generated
frequency fGEN → Encountered

frequency
fENC =

fGEN + U0/λ
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It follows, moreover, that the parameter A assumes the form of Equation (25) to satisfy the
linearized Bernoulli equation (dynamic free surface boundary condition), including the current
velocity U0 [62]. It is necessary to consider that the aforementioned result is obtained with the
assumptions of limited current velocities. The carriage speed, however, is relevant, so viscous
effects start to play a role in wave propagation, usually causing skewness in the direction of
the current. Nevertheless, at the inlet boundary, the velocity profiles prescribed are obtained
from a potential that fulfills the lateral periodic boundary conditions ϕ(x, z, t) = ϕ(x, z, t + T).
The simultaneous generation of waves and the current thus cancels the excess of viscous drag
induced by the swift mass transport and results in a wave profile that smoothly matches the
one imposed in the experimental facility.

4.2. DualSPHysics Framework

DualSPHysics allows for reproducing the hull–wave interaction in a fully Lagrangian
domain, within which the resolution is defined upon the initial inter-particle distance dp
[m]. The resolution, along with a properly defined coefficient (coefh = 1.5 was adopted in
this work), also dictates the dimension of the smoothing length h = coefh(3dp2)1/2 and thus
the radius of the interaction between the particles. The numerical wave flume specifically
implemented is presented in Figure 3. It was developed using open boundaries [48] to allow
for current and wave propagation in the x direction, and with periodic boundaries [64] in the
y direction; the latter conditions ensure the absence of side wall effects. No-slip boundary
conditions are also enforced at the bottom. The computational domain dimensions are
approximately two wavelengths long to ensure correct wave propagation and absorption,
approximately three hull beams wide, and with a depth equal to 2 m, corresponding to half
of the experimental depth. In deep-water conditions, in fact, the velocity field is almost
completely developed in the uppermost half of the water column, and the limited error
related is generously rewarded with a sensible reduction in the computational time. The
open-boundary conditions adopted permit a sensible undersizing of the SPH domain with
respect to the typical computational model suggested in the literature, which is crucial to
unleashing the accuracy of the fluid–solid solver with a suitable resolution.

Figure 3. Numerical wave flume implemented in DualSPHysics with details of the principal features.

Particles motion (Figure 3, left hand) is extrapolated from a spatial grid [65] where
the fields of interest (Equations (22)–(24) are imposed in time. Several layers of SPH buffer
particles are located at the inlet, enough in number to cover at least the kernel radius. Along
with the physical information imposed (u(x, z, t), η(x, t)), others can be extrapolated from
the fluid domain (fluid density, ρ). Similarly, in the outlet zone (Figure 3, right hand), the
outward flow velocity is fixed and equal to the current velocity U0, but both the depth and
fluid density are extrapolated.

The setup includes a Relaxation Zone (RZ) [66] to smoothly convert the perturbed
flow caused by the planing hull and the interaction of waves-related (uw) and current (U0)
velocities into a steady horizontal current, as sketched in Figure 3, right-hand side. The RZ
is typically implemented for wave generation or absorption, where a weighting function
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C = C(x, ψ, β), shaped upon two parameters ψ and β, constrains the particles to follow
the imposed velocity field. Half of this bell-shaped curve, instead, was used in this work,
as the RZ was placed with the maximum of C coincident with the outlet boundary layer,
whereas the other half lay ineffective outside the computational domain. In this way, the
RZ nullifies the orbital velocities components, together with the disturbance created by the
keel, and re-establishes the current with velocity U0. The latter velocity eventually matches
the imposed outlet condition. Suitable values for ψ and β lie within the ranges of 0.05÷ 0.15
and 5÷ 8, respectively. The sensitivity of the RZ to these parameters is related to the ratio
between the orbital velocities and the intensity of the current. When the magnitude of U0 is
considerably greater than the peak values of (uw), as it is in this investigation, the shape
of the C function may vary substantially without affecting the wave absorption and the
effectiveness of the outlet.

The vessel, as well as the whole domain, is discretized with SPH particles, filling
the original geometry file. The STL surface (Figure 3, center) individuates the interface
layer for normal computation (see Section 2.4) to ensure a perfect match between the
experimental and numerical model dimensions, whereas the outermost level of solid
particles is generated at a small distance inside the aforementioned surface. The physical
characteristics of the simulated hull correspond to the values of Table 1.

5. Results

In this section, the outcomes of the SPH simulations are presented. Firstly, a roll decay
test was performed. Following that, the validation process was completed by 2D empty
tank tests for wave propagation and 3D hull heave and pitch motion comparisons for the
cases of interest individuated in Table 2. Finally, the evaluation of the hull’s RAO depicts
the overall performance of the proposed methodology.

5.1. Roll Decay Test

To assess the effectiveness of the numerical twin of the C2s hull, a free roll decay test
was performed and paired with the corresponding measurements from the experimental
campaign carried out at the University of Naples “Federico II”. The use of a numerical decay
test to assess the roll damping of the vessel is still not diffused, especially for planing hulls,
as it is characterized by strong non-linearity, and the results are mightily influenced by the
characteristics of the code used, the initial conditions, and modeling (e.g., the Degrees of
Freedom (DOFs) of the hull) [67]. In the present case, the motion was restricted to allow
for only rotation around the x axis (one degree of freedom), and the vessel was initially
tilted at an angle ϑ0 = 13.63◦ with respect to the reference frame centered in its center
of gravity. The latter coordinates, along with the roll gyradius utilized, are available in
Table 1. The use of sponge layers (Figure 4a) to absorb the perturbations induced by the roll
motion avoid any reflection from the boundaries and allow for a sensible reduction in the
computational domain with respect to the experimental tank, thus alleviating the workload.
The comparison is presented in Figure 4b, showing two different SPH resolutions. The
signals are in almost perfect agreement, whereas the decay of the numerical roll is swifter
and only partially attenuated by the higher resolution. The experimental damping factor
referred to the first three oscillations, in fact, is ξEXP = 6.4%, whereas the numerical
counterparts are ξSPH = 7.9% for dp= 0.01 m and ξSPH = 7.4% for dp= 0.075 m. This is
attributable to at least two factors:

• Single-DOF numerical roll tests show faster decay terms with respect to multiple-DOF
results [67], as the complete reproduction of the complex and non-linear phenomenon
is impossible to achieve through strict motion assumptions;

• The SPH resolution strongly influences the results as the motion amplitude decreases,
causing a noticeable increase in the numerical damping when the arc covered by the
hull approaches the dp value [42].

Higher resolutions are expected to strongly improve the agreement in terms of amplitude, as
well as freeing multiple DOFs. Both strategies imply increasing the computational demand.
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(a) (b)

Figure 4. Free roll decay test performed in DualSPHysics: sketch of the numerical modeling (a) and
comparison between experimental and numerical roll amplitudes with different SPH resolutions (b).

5.2. Waves over Steady Current

The evaluation of the fluid phase motion was performed in 2D, since the flow char-
acteristics are bi-dimensional even in the 3D domain, the motion fields being imposed
unvaried along the y direction (see Section 4.1). Three of the wave conditions reported in
Table 2 are evaluated in this section, following the discussion of Section 4.1. The underlying
current travels at U0 = 3.5 m/s, constant along the water depth, resulting in modified
frequencies fENC encountering the hull. Figure 5 depicts the free-surface elevation over
several periods. As usual in SPH validations of water waves, the number of particles
per wave amplitude is the crucial parameter, more so than the resolution itself. With the
coarser resolution (dp = 0.010 m), the smallest amplitude (Figure 5a) is covered by ≈ 4
particles, which is sensibly under the threshold of H/dp = 10 recommended in most of
the available literature [68,69]. Notwithstanding, the agreement is good and both crest and
troughs are well reproduced. It is worth noting that negligible improvements are visible
with dp = 0.0075 m, which corresponds, for Case 2 (Figure 5a), to H/dp ≈ 6. However, the
wave conditions corresponding to Case 4, Figure 5c, show a constant overshooting of the
crests; this wave is characterized by a small period TENC and relatively small wavelength.
The wave steepness is hence pronounced and it sharpens the limitations of this approach. It
follows that, within the evaluation process of the hull dynamics, the wave component can
be considered as effective overall, even with the largest value of dp, especially for limited
wave steepness values. For high steepness, instead, divergence in the results may be ex-
pected, with the numerical model expected to slightly overestimate the motion amplitude.
Further discrepancies in the results between the two resolutions would be attributable to
the better computation of the keel–wave interaction and to the more precise discretization
of the hull geometry, as the initial inter-particle distance diminishes. For the sake of nu-
merical feasibility, finer resolutions are not considered, while coarser resolutions would
result in an insufficient number of particles that discretize the wave. The wave propagation
over the steady current does not add significant uncertainties about the hull dynamics,
as the theoretical profile is satisfactorily matched by the proposed SPH resolutions, and
any deviation in the result can be addressed. As previously mentioned in Section 4.1, in
Figure 5, there is little to no evidence of skewness caused by the current-induced drag
forces, guaranteeing that the encountered wave is shaped like the ones generated in the
experimental tests.
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(a) (b) (c)

Figure 5. Free-surface elevation for three wave conditions in presence of steady current.

5.3. Hull Motions

The hull response with respect to the validated wave conditions is reported in Figure 6
along with the experimental series. In the following charts, the first instants of the simu-
lation, where the response of the vessel is significantly unsteady, are ignored (as in [14]).
The present DualSPHysics simulations accurately match the motion phase for any wave
condition, and, in general, offer acceptable results regarding the amplitude of the two in-
vestigated motions. Despite the overall accuracy of the proposed SPH setup, the excitation
function (i.e., the encountered wave train) still determines the performances of the numeri-
cal reproduction, as the physics of the wave–hull interaction changes accordingly. Further
considerations could be made, in fact, with respect to the wave steepness and encountered
frequency, which could represent relevant parameters for estimating the capabilities of
the SPH method. The presented graphs cover different regular head waves: the cases are
listed as per decreasing relative wavelength and encountered period (see Table 2). Case 2
features a relatively small wave height and steepness: the heave amplitude (Figure 6a) is
slightly underestimated by the present SPH model, whereas the pitch better matches the
experimental results (Figure 6b). On the contrary, for Case 3, which is characterized by the
largest wave amplitude considered, as well as considerable wave steepness, SPH performs
better in terms of vertical motions (Figure 6c), whereas constantly undershoots the negative
pitch peaks (Figure 6d). The last case’s charts instead show a constant overestimation of the
experimental series, negligible in the case of heave (Figure 6e) but slightly more pronounced
when concerning the pitch (Figure 6f). As previously stated, the wave pattern encountered
by the hull in Case 4 presented higher crests than the experimental counterpart: this can
explain the partial jeopardizing of the SPH results, especially in terms of the pitch motion.
The latter dynamics, in fact, are magnified by the relatively high wave steepness and high
frequency of Case 4, which trigger the rotational inertial effects.

(a) (b)

Figure 6. Cont.
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(c) (d)

(e) (f)

Figure 6. Experimental and numerical hull motions (heave and pitch) for 3 of the evaluated wave patterns.

5.4. Overall Performance

The performance of the model in reproducing heave and pitch motion within the
sample of wave conditions simulated is presented in Figure 7, which features the numerical
results from Tavakoli et al., 2020 [14] as well. The latter results are performed with the
grid-based RANS solver STAR-CCM+, which underwent a grid refinement process [14].
The displayed outcomes of [14] can thus be considered the best achievable with such
an approach. The Response Amplitude Operator (RAO) is computed by averaging the
motion amplitude of experimental and numerical series with respect to the first harmonic
amplitude (H/2 for first-order waves) for the heave and with respect to the wave steepness
ε = κ(H/2) for the pitch. The horizontal axis in Figure 7 reports the wavelength-to-hull’s-
waterline-length ratio (’Relative wavelength’ in Table 2), and, for ease of reference, each
case is plotted with its identifying color. The percentage error related to the numerical RAO
values is, moreover, reported in Table 4, and calculated as:

eNUM =
RAONUM − RAOEXP

RAOEXP

where the subscript NUM conveniently indicates the STAR-CCM+ or SPH results. The SPH
model shows consistent agreement in all of the wave conditions but performs outstandingly
in the limits of the domain: in the inertia region (λ < 2), where the RAO is narrow, the
model predictions are close to the experimental measurements, just like as in the stiffness
region (λ > 3.5). The largest deviation is observed at the peak of the RAO, in the so-called
damping region. This result can be considered consistent with the outcomes of Section 5.1,
where an excess of numerical damping has been recognized. In addition, the SPH model
shows a comparable agreement with the STAR-CCM+ results for the largest values of
excitation, whereas it performs similarly to the grid-based solver at the edges of the relative
wavelength domain. A similar underestimation of the RAO peaks in the damping region
can also be found in other numerical simulations of planing hulls [70].
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(a) (b)

Figure 7. Response Amplitude Operator (RAO) for heave (a) and pitch (b) motion for the investigated cases.

Table 4. Response Amplitude Operator (RAO) percentage errors as reported in Figure 7.

λ/LW L

RAO Heave RAO Pitch
Exp STAR-CCM+ SPH Exp STAR-CCM+ SPH

∆z/(H/2) eSTAR [%] eSPH [%] θ/ε eSTAR [%] eSPH [%]

3.58 1.18 <1.0 −2.5 1.15 <1.0 5.2
3.01 1.25 −6.4 −12.8 1.17 −11.1 −11.1
2.57 1.16 13.8 −14.6 1.10 15.4 −16.4
1.69 0.50 30.0 8.0 0.49 26.5 6.1
1.08 0.18 −11.1 −11.1 0.12 <1.0 <1.0

Further considerations can concern the virtual mass effect, which is related to the fluid
mass that accelerates with the vessel during its motion and is difficult to capture even with
CFD models. Relying on high dynamic lifting forces to glide over the water surface, a
significant rate of the increased response, which could constitute a source of discrepancy
between physical and numerical methods, could be attributed to the additional fluid mass
disrupted by the planing vessel. Moreover, the continued changes in the extension of the
wetted surface, resulting in highly variable hydrodynamic loads, make the consequential
virtual added inertia a crucial parameter in estimating the motion amplitudes, especially
when the response of the vessel is wider than the wave amplitude.

Another aspect that may help to deepen the understanding of the divergences ob-
served in RAO responses is the uncertainty in the reproduction of the forcing condition
acting on the hull. During the experiment, in fact, the hull may face wave trains, which
present slight differences in between consecutive crests and troughs with respect to the
theoretical free-surface obtained via linear wave theory imposed in CFD simulations. When
the wave condition is located within the previously defined damping region, the craft
response is easily triggered and presents significant components due to higher harmon-
ics. Thus, experimental discrepancies, obviously acceptable in terms of magnitude, may
cause measurable changes in the hull’s response that are not directly accounted for by the
response amplitude operators. More accurate analyses should be carried out to address
this uncertainty and clarify the source of disagreement, but they are clearly outside the
scope of this work.

Figure 8 further clarifies the recognizable motion pattern of the planing hull, showing
four distinct phases:

(a) The vessel approaches the incoming wave and the lift forces increase—the keel is
almost completely wetted;
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(b) The hull’s bow raises after the large hydrodynamic forces toward the maximum
trim angle, and the wetted surface tends to its minimum;

(c) The wave trough approaches as the vessel bow is completely lifted, and the water–
keel interface is minimized;

(d) The gravitational force guides the hull downward right before the next wave crest,
causing its slamming and a consequential sudden increase in pressure on the keel
panels, particularly in the chine regions.

Figure 8. Velocity field of the incoming waves and current and pressure distribution under the hull’s
keel in different phases of the hull motion in wave for Case 4 of Table 2.

Numerical models, in general, exhibit diminished forces in these crucial transition phases
and tend to disregard the motion amplifications that the vessels usually experience. Excessive
numerical damping and a lack of added mass could jeopardize the performance of CFD codes
when high responses come into play. A more careful treatment of the fluid viscosity, together
with further investigations of the hull dynamic properties in the CFD frameworks (i.e., its
discretization) could improve the performance of the solver in accurately reproducing the flow
around the keel and thus the whole unsteady phenomenon.

6. Conclusions

This work dealt with validating the proposed methodology within an SPH-based
framework for the simulation of a planing hull in regular waves. A novel numerical wave
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flume was implemented in DualSPHysics in order to reproduce the flow conditions around
a vessel, reproduce the towing process with constant velocity, and face incoming waves.
The towing speed was represented in the numerical setup by a steady current, while the
wave frequency was adjusted to match the encountered frequency as in the experimental
tank. The flow features were drawn from a first-order approximation of a velocity potential,
which includes a steady current and is imposed at the inlet boundary. The wave propagates
for one wavelength, then interacts with the vessel, whose degrees of freedom are restricted
to heave and pitch motion; then, the wave is dissipated by a combination of a relaxation
zone and an outlet buffer area; both provided negligible reflection. The proposed setup
showed consistency in both wave propagation and hull–wave interaction, being as accurate
as other established proprietary CFD solvers, and even outperforming them in particular
wave conditions. In summary, this approach represents reliable support for investigating
the motion of planing hulls in unsteady conditions, for which empirical and analytical
models usually fall short.

We conclude that the SPH method is effective in addressing planing craft response for
the tested wave conditions in both phase coupling and the motion amplitude, though with
different exactitudes. The errors are limited to the peaks of the response of the planing hull
in the identified damping region, where most of the numerical approaches proposed in the
literature fail to capture the amplification in the hull vertical displacement caused by waves
of a relative wavelength close to three. The divergence, however, is in the range of 10% and
can be ascribed to a lack of virtual mass effects, which are most evident with large flow
disruptions, and excessive numerical damping, also recognized in the roll damping analysis
performed on the C2s hull. Future work will feature further numerical investigation on the
influence of numerical damping, resolution, and different viscosity treatments (e.g., the
laminar viscosity model [71]). As part of the next numerical campaign, wider ranges of
Froude’s numbers will be tested to analyze the model performance in different planing
regimes. The numerical framework presented here would eventually be able to tackle
the hydroelastic analysis of the hull panels using the methodology proposed in [72] or,
ultimately, considering the surface of the hull as being composed of elastic material using
the approach developed in [73].
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Abbreviations
The following abbreviations are used in this manuscript:

2D Two-Dimensional
3D Three-Dimensional
CFD Computational Fluid Dynamics
DBC Dynamic Boundary Condition
DOF Degree of Freedom
FR Frame of Reference
FrB Beam Froude Number
ITTC International Towing Tank Conference
mDBC Modified Dynamic Boundary Condition
NSS Naples Systematic Series
RANS Reynolds-Averaged Navier–Stokes
RAO Response Amplitude Operator
Re Reynolds Number
RZ Relaxation Zone
SPH Smoothed Particle Hydrodynamics
STL Standard Triangle Language
WCSPH Weakly Compressible SPH
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