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Abstract: The realism of ocean visual systems is a key challenge in developing maritime simulators
within ocean engineering. Achieving high realism in turbulence simulation is crucial for enhancing
the effectiveness of these simulators. Traditional spectrum-based methods lack realism and fail
to generate turbulent interaction effects. To address this, an improved Hybrid Smoothed Particle
Hydrodynamics method is proposed for simulating ocean scenes, incorporating advanced micropolar
fluid model techniques to enhance detail realism. The proposed algorithm introduces a density
constraint solver that directly adjusts particle distribution and couples it with a divergence-free
velocity solver, aiming to construct a physical-based fluid simulation framework that enhances detail
realism in ocean scene simulations. The results demonstrate that the proposed method effectively
accelerates the convergence of constraint conditions, reduces simulation time, and improves overall
incompressibility. Additionally, the introduced turbulence model addresses high-frequency detail
loss caused by numerical dissipation in the Smoothed Particle Hydrodynamics method, enabling
more complex navigation scenarios. This study provides theoretical and technical references for
achieving realistic ocean scene simulations in maritime simulators.

Keywords: maritime simulator; hybrid SPH; physical-based simulation; micropolar fluids; ocean scene

1. Introduction
1.1. Motivation

The maritime simulator is an essential platform for seafarer training, theoretical engi-
neering research, scientific practice, and other fields. Compared with the high cost of real
ship training and research, the maritime simulator provides a virtual maritime environment
for skill development. Maritime simulators are widely regarded as an efficient, safe, and
low-cost alternative, and are extensively utilized in the field of maritime education and re-
search. The International Maritime Organization (IMO) mandates that cadets use simulators
for training under the International Convention on Standards of Training, Certification, and
Watchkeeping for Seafarers (STCW Convention) and its amendments. Furthermore, it im-
poses additional mandatory requirements on navigation. Various performance requirements
for the simulator have been established. As one of the critical components of the maritime
simulator, the realism of the visual system directly determines the overall realism, making
the study of its realism crucial. The ocean scene occupies more than half of the interface
of the entire visual system. The highly realistic ocean scene should accurately simulate the
movement of seawater and the interactions between seawater, ships, and navigation aids.
Currently, most modeling methods for ocean scenes in visual systems employ spectrum-
based methods. The advantage of this method is that it enables real-time simulation of
large-scale seawater movements at a faster rate, with increased computational speed. How-
ever, when it is necessary to capture detailed scenarios, such as fluid–solid coupling effects
such as green water and seawater impacting and breaking against the hull, the spectral
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method falls short. Additionally, the scenes simulated by the spectral method lack physical
authenticity. The use of computational fluid dynamics (CFD) methods to simulate seawater
movement significantly enhances the physical realism of the simulation results and allows
for a better simulation of complex ocean interaction scenes under various conditions. This
approach represents the future development trend of maritime simulator visual systems.

1.2. Related Work
1.2.1. Physical-Based Fluid Simulation

The physical-based simulation of fluid is primarily based on CFD methods, derived
from the Navier–Stokes equation, an equation governing a fundamental set of fluid me-
chanics. There are two principal methods for describing flow field motion: the Eulerian
method and the Lagrangian method. Eulerian methods describe spatial aspects, with
the finite difference method being a prominent example [1]. The Lagrangian methods
focus on describing material points, with prominent examples including the finite ele-
ment method [2] and the smoothed particle hydrodynamics (SPH) method [3]. Because
wave motion in ocean scenes can cause significant deformation and fragmentation upon
contact with interactive objects, grid-based methods often result in issues such as grid
distortion [4] during simulation. Grid-less particle methods, such as the particle-based
SPH method, eliminate the need for differential operations on the grid. Particles are cou-
pled through kernel functions, thus avoiding this issue and making it highly suitable for
simulating ocean scenes. The SPH method, originally proposed by Gingold [5], utilized
Newton’s particle equations for simulating multivariable stellar models in astrophysics.
Later, Monaghan [6] first introduced it into the field of fluid simulation to address the
issue of requiring boundary conditions for any moving surface, and the SPH method was
applied to simulate free surface flow. Stam [7] employs the diffusion process to simulate
gas phenomena, such as smoke. Müller et al. [8] introduced the SPH method into computer
graphics fluid simulation first, deriving the viscous term and pressure field from NSE and
designing a new kernel function to achieve surface tracking and rendering at an interactive
rate. However, the performance level was modest and the overall experimental results
were limited, as this was constrained by the graphics processing unit (GPU) available at
that time. Furthermore, the derivation of the model in this study is based on the ideal gas
equation of state, leading to the fluid system being incompletely incompressible. Following
Müller’s work, research into the incompressibility of SPH fluids emerged as a prominent
topic in the academic community.

In the field of ocean engineering, as the most prevalent fluid type, seawater is incom-
pressible. Therefore, studying the incompressibility of seawater enables precise modeling
of the waves on its surface, thereby enhancing the realism of the overall simulation. The
study of fluid incompressibility can be categorized into two types based on the methods
used to solve pressure, the local pressure solver and the global pressure solver. The local
pressure solver employs the equation of state to determine the pressure of the fluid system
with the representative methods WCSPH and PCISPH [9,10]. The abbreviations of rele-
vant proper nouns can be looked up in Appendix A. Becker applied the high-sonic Tait
equation to minimally oscillate the density of the flow field [9]. This approach alleviated
concerns regarding the physical authenticity issues caused by SPH compressibility. How-
ever, this method inherently exhibits density oscillations. Compared to incompressible
fluids, physical realism is lower. Additionally, the instability of the flow field requires
simulations to be conducted with smaller time steps, thereby increasing the simulation
duration. Solenthaler [10] implements a predictive correction scheme by estimating the
fluid system’s velocity and position at the next time step to achieve an incompressible state
through density corrections. Consequently, current mainstream research focuses on the
global pressure solver. The global pressure solver primarily derives the pressure of the
fluid system by solving the Pressure Poisson Equation (PPE), notable examples of which are
IISPH, DFSPH, and PBF [11–13]. Ihmsen et al. [12] utilized the symmetric pressure formula
and the SPH discretization of the continuity equation to derive a discrete-form solution
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for PPE. Bender considered both the incompressibility of the volume and the condition
of the divergence-free velocity field in incompressible fluids. Simultaneously solving two
PPEs has become a popular and stable simulation method, allowing for larger timesteps in
large-scale fluid simulations [11]. The PBF method proposed by Macklin is an approximate
SPH method to some extent [13]. It enforces constant density constraints on the fluid
system and directly adjusts the positions of fluid particles to enforce incompressibility. This
method yields excellent results. As the direct resolution of the PPE is not required, this
method enables large time steps for real-time level simulations. However, the artificial
pressure term in this method is devoid of physical significance.

In recent years, several coupling methods combining particle and grid techniques
have emerged, including MultiFLIP and NBFLIP [14,15]. The core concept derives from the
FLIP method, which employs particles to represent fluids and grids to calculate interactions
among particles. This approach reduces numerical dissipation in fluid simulations through
coupling. Based on the SPH method, numerous coupling techniques involving grid–
particle and particle–particle interactions have been developed, including Hybrid Eulerian-
DFSPH, DFPBF, FDSPH, and SPH-MPS [16–19]. These coupling methods are primarily
applied in specific field scenarios with positive outcomes; however, they are not ideal for
ocean engineering applications. Additionally, the SPH method utilizes kernel functions
to estimate fluid properties and facilitates the discretized particle approximation process,
resulting in varying degrees of numerical dissipation [20]. Therefore, when employing the
SPH method for fluid simulations, additional measures are necessary to recreate the highly
realistic turbulence effects. Applying a turbulence reduction method enhances the detail
in simulations.

1.2.2. Turbulence Restoring Method

The high-frequency details of the SPH method are often smoothed out due to its
coarse discretization process, resulting in the loss of vorticity in fluid particles [21]. The
reduction of turbulence can affect the realism of ocean scenes, making it essential to restore
turbulence details to enhance the realism of the whole scenario. Currently, methods for
restoring turbulence details are classified into four main types: up-res sampling, vorticity
confinement, the Lagrangian vortex method, and vortex particle method [22–25].

Up-res sampling involves adding a high-resolution mesh or high-frequency turbulence
details to the coarsely discretized upper surface of the fluid system, thus improving the
realism of its turbulence details. In grid-based fluid simulation, Edwards introduced an
adaptive volume grid method to further subdivide the grid and augment fluid details [26].
With advancements in machine learning, high-resolution turbulence can be generated by
training convolutional neural networks, although this training is time-consuming and
primarily enhances surface turbulence effects [27,28].

The vorticity confinement method works by calculating the optimal vortex in the
fluid system and applying vorticity confinement forces to increase the velocity of fluid
particles, thereby intensifying the vortex effect. Jang et al. achieved improved outcomes by
stratifying vorticity limitations and applying varied levels of restriction forces depending on
system conditions [29]. Macklin and Müller developed a fluid simulation method based on
PBD and employed the vorticity confinement method to counteract the reduced rotational
velocity from numerical damping. The vorticity confinement method is straightforward to
implement and can maintain and amplify existing vortices. However, it does not create
additional fluid details, and the amplification level is regulated by the adjustment coefficient.
When the adjustment coefficient is excessively high, this method introduces additional
energy to the fluid system; thus, the system energy is non-conservative and hard to control.

The Lagrangian vortex method restores turbulence details using various elements such
as filaments, particles, patches, curves, and surfaces [30–34]. This method fundamentally
solves the vorticity form of the Navier–Stokes equations, thereby ensuring that the fluid
system’s overall divergence remains 0 without suffering from numerical dissipation. A notable
disadvantage of this method is its difficulty in handling boundary issues, particularly with
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non-rigid bodies and free surfaces. To address this, some studies have simplified the boundary
problem by using Eulerian mesh; however, this approach still incurs high computational times
as it relies on the Biot–Savart integral to compute the velocity field [35,36].

The vortex particle method, a relatively new approach, exhibits strong adaptability
for particle-based fluid simulations. Zhang et al. introduced an advection scheme that
combines vorticity and velocity, aiming to minimize numerical dissipation [25]. While
this method excels in simulating smoke, it is less effective for liquid simulations. Wang
et al. utilized the Rankine vortex model to develop a turbulence simulation method using
vortex particles [37]. They modeled viscous vortices by simplifying control equations and
employing empirical models instead of analytical solutions. For simulating inviscid or
nearly inviscid fluids, the micropolar fluid model offers superior performance, preserving
system momentum and energy while capturing detailed vortex currents [38]. Bender
et al. utilized this approach to simulate foam rotation on water surfaces [39]. This study
introduces and adapts this technique to the hybrid divergence-free SPH (HYSPH) method
outlined herein, enhancing turbulence detail and realism in ocean scene simulations within
the maritime simulator.

The main contributions of this article are outlined as follows:
(1) We propose a novel fluid simulation method, HYSPH, employing a density con-

straint solver to replace the constant density solver used in the traditional DFSPH method.
This modification significantly enhances the convergence speed of the model and facilitates
simulations with larger time steps.

(2) Utilizing the new HYSPH method, we incorporate the micropolar fluid model to
counteract the loss of turbulence details due to the inherent numerical damping caused by
the method itself, thereby enhancing the turbulent surface details.

(3) We have developed a physically based ocean scene simulation framework, tai-
lored for maritime simulators. This framework offers enhanced physical authenticity and
interactivity compared to spectrum-based methods.

The remainder of this paper is structured as follows. Section 2 discusses the SPH
discretization and the physical solver model. Section 3 details the turbulence simulation
method. Section 4 presents and analyzes our experimental results. Finally, Section 5
summarizes this paper and outlines future research directions.

2. Simulation Model
2.1. Governing Equation and SPH Discretization

In the practice of maritime simulators, the effects of salinity and temperature are
often ignored when dealing with the motion of oceans and waves. Waves are considered
uniform, isothermal, and incompressible fluids. According to physical oceanography, the
key physical quantities describing fluid motion include the velocity field, the density field,
the pressure field, and others. Ocean waves are a type of fluid and when described through
the mass conservation formula, the motion control equations of ocean waves conform to
the requirements of continuum mechanics theory. The specific form is as follows.

Dρi
Dt

+ ρi∇vi = 0 (1)

where ρi represents the density and vi represents the velocity vector of the fluid particle.
The explanations of key variables can be found in Appendix B. The movement of seawater
is described using principles of CFD, adhering to the three fundamental conservation
laws of physics: conservation of energy, conservation of momentum, and conservation of
angular momentum. The momentum equation quantifies the rate of momentum change
for fluid particles.

ρi
D2xi
Dt2 = ∇σij + fext (2)

The right side of the momentum equation represents the sum of all internal and
external forces acting on the fluid, where σij is the stress tensor of the fluid itself and fext
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represents the sum of external body forces. The unique properties of the fluid are captured
through the construction of a constitutive relationship for σij and the movement of the fluid
is ultimately governed by the forces suffered per unit volume. The constitutive equation
for incompressible fluids is typically expressed as follows.

σij = −pδij + µ(∇v +∇vT) (3)

where p represents the pressure and µ represents the dynamic viscosity. By plugging
Equation (3) into Equation (2), the NSE for incompressible fluids can be derived as follows.

ρi
Dvi
Dt

= −∇pi + µ∇2vi + fext (4)

SPH is a discretization method for continuous media based on the Lagrangian per-
spective. The continuous fluid field is discretized into interacting fluid particles, obtained
through integral approximation. This method is widely used in particle system simulations.
Physical quantities relevant to controlling fluid motion are carried by these particles. For
each fluid particle i, the field value A(xi) at xi can be obtained by summing the values of
all adjacent particles j and interpolating the results.

A(xi) = ∑
j

mj

ρj
AjW(xi − xj, r) (5)

where mj, ρj, and W
(

xi − xj, r
)

represent the mass, density, and smoothing kernel function
of neighboring fluid particles, respectively, and r is the smoothing radius of the kernel
function. Similar to fluid particle i, neighboring particles also carry physical quantities
such as velocity, position, and pressure. To enhance the intuitiveness of the equations in
this article, a simplified notation Wij

(
xi − xj, r

)
will be employed to reduce complexity. It

is not necessary to continuously track the density value of fluid particles at xi. This value
can be interpolated from the weighted mass field of neighboring particles.

ρi = ∑
j

mjWij (6)

Each term in Equation (4) can be independently split and solved. To address the
pressure gradient term ∇pi, the pressure pi must first be computed. Pressure computation
is dependent on density. It is typically derived by solving the PPE, yielding more accurate
results. However, this approach significantly extends simulation times. Conversely, using
the ideal gas equation leads to density oscillations that result in fluid compression. The Tait
equation is employed to compute the pressure [11].

pi = B
((

ρi
ρ0

)γ

− 1
)

(7)

where B = κiρ0/γ is known as the pressure constant, κi and γ are stiffness parameters and
the rest density. Typically, based on empirical evidence, γ is set to 1 and κi will be derived
subsequently based on the solver’s force analysis.

2.2. Hybrid Smoothed Particle Hydrodynamics Solver

DFSPH is one of the commonly used SPH methods. Its core concept involves solving
pressure using two specific solvers: the divergence-free velocity solver and the constant
density solver. In a uniform incompressible fluid, the density change over time is 0. Based
on Equation (1), the following relationship can be derived.

Dρi
Dt

= ρi∇vi = 0→ ∇ · vi = 0 (8)

From the equation, it can be derived that the material derivative of fluid density is
0. ∇vi represents the divergence of the fluid particle velocity field. For incompressible
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fluids, the divergence of the velocity field consistently remains 0. Therefore, imposing
a divergence-free condition on the fluid system via a pressure solution is essential for
achieving realistic fluid simulations. The pressure computed for a fluid particle i with a
divergent velocity field, using this Equation, is approximated using SPH as follows.

Fp
i = −mi

ρi
∇pi = −κv

i
mi
ρi

∑
j

mj∇Wij (9)

To ensure the conservation of overall momentum in the fluid system, the net force from
the pressure on fluid particle i and the total pressure exerted by particle i on neighboring
particles sum to 0. The pressure exerted by fluid particle i on neighboring particles is
expressed as follows.

Fp
j←i = −

mi
ρi

∂pi
∂Xj

=
κv

i mimj

ρi
∇Wij (10)

The objective of the velocity divergence-free solver is to fulfill the conditions set in
Equation (8) by modifying the velocities in response to pressure exerted on the fluid particles.

Dρi
Dt

= ∑
j

mj(vi − vj)∇Wij (11)

According to Newton’s second law, where ∆vi = Fp
i ∆t/mi, ∆vj = Fp

j←i∆t/mi, by
substituting Equations (9) and (10) into Equation (11), the value of the stiffness parameter
κv

i can be expressed as follows.

κv
i = − ρi

∆t
Dρi
Dt

1

|∑
j

mj∇Wij|2 + ∑
j

∣∣mj∇Wij
∣∣2 (12)

Next, we apply the Formula αi = −1/(|∑j mj∇Wij|2 + ∑j
∣∣mj∇Wij

∣∣2). It can be ob-
tained that αi is a coefficient only related to the position. When fluid particle i is at the
boundary of the fluid system, the deficiency of neighboring particles can lead to unstable
computations; therefore, appropriate threshold conditions must be established. Finally, the
force acting on fluid particle i is derived as follows.

FP
total = Fp

i + ∑
j

Fp
j←i = −mi∑

j
mj(

κv
i

ρi
+

κv
j

ρj
)∇Wij (13)

The velocity change caused by Fp
total is:

∆vi =
FP

total
mi

∆t (14)

To further ensure the incompressibility of the fluid system, the traditional DFSPH
method employs a constant density solver as the secondary solver. By solving the PPE
using ρi − ρ0 as the source term and computing the positions of fluid particles, the fluid
system can reach the incompressible state. Therefore, the difference between the current
density and the rest density is ideally maintained at 0. In this paper, we adopt the concept of
constraints from Müller et al. in position-based dynamics and introduce a novel nonlinear
density constraint solver to replace the constant density solver in the traditional DFSPH
method [40]. The core concept involves the following constraints.

Ci(x) =
ρi
ρ0
− 1 (15)

The constraint is Ci(x) ≤ 0, where x = [x1, · · · , xn], n is the number of neighbor
particles of the fluid particle i. By introducing a particle position correction ∆xi and
applying the first-order Taylor expansion to the constraints, we derive:



J. Mar. Sci. Eng. 2024, 12, 1498 7 of 19

Ci(x + ∆xi) = Ci(x) +∇Ci(x) · ∆xi + O
(
|∆xi|2

)
(16)

To ensure the conservation of both momentum and angular momentum, the density
constraint solver restricts the direction of ∆xi to align with the constraint gradient direction,
denoted as ∇Ci(x), i.e., ∆xi = λi∇Ci(x). Additionally, λi, the Lagrangian multiplier,
maximizes the growth rate of ∆xi and accelerates the convergence of the algorithm. Under
the specified constraint conditions, the gradient of the constraint for fluid particle i is
∇Ci(x) = 1/ρ0∇ρi. Following SPH expansion, its discrete form is derived as follows.

∇Ci(x) =
1
ρ0

∑
j

mj∇Wij (17)

Similar to the concept of symmetric forces in the divergence-free solver, in the density
constraint solver, the stability of constraint conditions can be ensured by deriving the
gradient at the neighboring particle as follows.

∇Cj←i(x) = − 1
ρ0

mj∇Wij (18)

Plugging Equations (17) and (18) into constraint Equation (16), the Lagrangian multi-
plier λi can be obtained as:

λi = −
Ci(x)

|∇Ci(x)|2 + ∑
j

∣∣∇Ci←j(x)
∣∣2 = ρ2

0αiCi(x) (19)

In the Equation, the parameter αi corresponds with the αi used in the velocity divergence-
free solver, enabling the density constraint solver proposed in this paper to more effectively
match the velocity divergence-free solver of the original method. Upon obtaining the
Lagrangian multiplier, the final displacement offset is computed according to Equation (20):

∆xi = λi∇Ci(x) + ∑
j

λj∇Ci(x) =
1
ρ0

∑
j

mj(λi + λj)∇Wij (20)

So far, the overall algorithm of the HYSPH model is shown in the Algorithm 1.

Algorithm 1. HYSPH Model

for all particle i do
search neighborhood Ni of particle i
calculate densities ρi and factors αi

calculate non-pressure forces F(non−pre)
i

v∗i = vi + F(non−pre)
i ∆t/mi

while (ρerror > η) ∨ (iter < solver_iter)
for all particle i do

calculate densities ρi and constraints Ci
if Ci > 0 do

calculate λi = ρ2
0αiCi(x)

for all particle i do
calculate ∆xi = ∑j mj(λi + λj)∇Wij/ρ0
update position xi = xi + ∆xi

update ρerror and iter
calculate Dρ/Dt
while (ρerror > η) ∨ (iter < solver_iter)
for all particle i do

calculate κv
i = −αiρiDρi/∆tDt

calculate ∆vi = −∆t∑
j

mj(κ
v
i /ρi + κv

j /ρj)∇Wij

update Dρ/Dt
update ρerror and iter
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3. High-Realism Turbulence Simulation with Micropolar Fluid Model
3.1. Conservation of Linear and Angular Momentum and Incompressibility

Fluid in three-dimensional space can be described by the density field ρ : R3 → R .
The velocity field v : R3 ×

[
0, ∞)→ R3 indicates the linear velocity vector of a point x at

time t. In the micropolar fluid model, the fluid is also influenced by the micro-rotation field.
ω : R3 ×

[
0, ∞)→ R3 represents the angular velocity vector of a point x at time t. The

conservation of linear and angular momentum can be defined as follows.

ρ
Dv
Dt

= ∇ · T + f (21)

ρΘ
Dω

Dt
= ∇ ·C + T× + τ (22)

where [T×]i = ∑j ∑k εijkTjk, T denotes the stress tensor while f and εijk represent a specific
external force and a Levi-Civita symbol, respectively. The isotropic microinertia coefficient
is represented by Θ, it reflects the inertial resistance of fluid particles to rotational accelera-
tion. Based on multiple experimental deductions and comparisons, Bender et al. decided
to use empirical values and set the isotropic microinertia coefficient to 2 [39]. τ represents
a specific external torque and the coupled stress tensor C is used to simulate the stress
generated by angular motion.

3.2. Constitutive Equations

The constitutive equation, also known as the rheological equation, describes the
interrelationships between specific kinematic quantities of a continuous medium. To
develop a micropolar fluid model suitable for simulating inviscid and micro-viscous fluids,
it is essential to establish constitutive relationships for the stress tensor T and the coupling
tensor C.

T = −pI + µ∇vT − µt∇v+(µ + µt)ω
× (23)

C = c∇ωT (24)

where [ω×]jk = ∑i ∑k ε jikωi, p represents pressure, I represents the identity matrix, and the
pressure term establishes the foundation of the fluid model, offsetting compression. In the
traditional Navier–Stokes equation, the viscosity term is represented by a symmetric second-
order tensor, µ

(
∇v +∇vT). In contrast, in the micropolar fluid model, two independent

material parameters µ and µt are used to represent the separation tensor. µ and µt denote
dynamic viscosity and the transfer coefficient, respectively. To ensure consistency with the
second law of thermodynamics, the material parameters must satisfy µ ≥ 0 and µt ≥ −µ.
This ensures that the terms in the model will only dissipate energy and will not generate
new energy. The last term, (µ + µt)ω×, is responsible for transferring the rotational motion
of fluid particles to linear motion, and vice versa. Finally, we model the coupling tensor as
a diffusion term that depends on the gradient of micro-rotation and dynamic rotational
viscosity parameters.

3.3. Equation of Motion and Discretization

By incorporating the constitutive equation into the conservation equations of linear
and angular momentum and applying the incompressibility condition, the motion equation
of the micropolar fluid model can be derived.

Dv
Dt

= −1
ρ
∇p + v∆v + (v + vt)∇×ω+

f
ρ

(25)

Θ
Dω

Dt
= ζ∆ω+ (v + vt)(∇× v− 2ω) +

τ

ρ
(26)

v = µ/ρ, vt = µt/ρ, and ζ = c/ρ represent kinematic viscosity, the kinematic transfer
coefficient, and kinematic rotational viscosity, respectively. When vt = −v, ζ = 0 and τ = 0,
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the motion equation simplifies to the classical Navier–Stokes equation, demonstrating that
the micropolar fluid model is an extension and improvement of the Navier–Stokes model.
It is important to note that the conversion between linear motion and rotational motion is
controlled by the kinematic transfer coefficient, which is non-dissipative because it does
not appear in the diffusion term. For the simulation of waves in maritime scenarios, due to
the inviscid nature of waves, the kinematic viscosity and rotational viscosity are set to 0,
simplifying the motion equation as follows.

Dv
Dt

= −1
ρ
∇p + vt∇×ω+

f
ρ

(27)

Θ
Dω

Dt
= vt(∇× v− 2ω) +

τ

ρ
(28)

The linear acceleration of fluid particles is influenced by the term vt∇×ω, and the
angular acceleration is also affected by the same term vt(∇× v− 2ω). This demonstrates
that the update of the linear velocity of fluid particles is influenced by their angular velocity.

After deriving the motion equation, the SPH method is used to solve the particle
control equation. The calculation of density and pressure terms employs the position-based
fluid pressure solver introduced earlier. Here, we focus on calculating the curl operator for
the linear velocity and angular velocity fields. There are two methods to obtain the curl
operator: the symmetric curl formula and the differential curl formula. Using the symmetric
curl formula may cause visual artifacts on the liquid’s free surface due to local particle
defects. To address this issue, we choose the differential curl formula for the solution.

(∇×A)diff
i =

1
ρi

∑
j
(Ai −Aj)×∇iWij (29)

At this point, the algorithm for the micropolar fluid model is summarized in Algorithm 2.
It should be noticed that each step of the algorithm needs to be calculated in sequence
according to the process to obtain the final result.

Algorithm 2. Micropolar Fluid Model

for all particle i do
find neighbors

for all particle i do
compute density ρi

for all particle i do
compute non-pressure forces Fnonpre

i
compute transfer forces Ftrans

i
compute transfer torque τtrans

i
compute time step size ∆t according to CFL

for all particle i do
v∗i = vi + ∆t(Fnonpre

i + Ftrans
i + Fext

i )/mi
for all particle i do

enforce incompressibility using pressure solver
update v∗i

for all particle i do
vi(t + ∆t) = v∗i
xi(t + ∆t) = x∗i + ∆tvi(t + ∆t)
ωi(t + ∆t) = ωi(t) + ∆t(τtrans

i + τext
i )/miΘ

4. Results and Discussion

We compare the novel proposed HYSPH method with the DFSPH method to verify
the effectiveness and stability of the model. Subsequently, through various scenario tests,
we benchmark it against the popular turbulence method and the classic pure SPH method
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to assess the performance of the model. The experimental results from the same scenarios
under different methods are obtained using a unified simulation framework implemented
in C++. The simulation platform configuration for the experiment includes an Intel(R)
Core (TM) i5-13400F CPU (2.5 GHz), 16 GB RAM, and an NVIDIA GeForce RTX 3060 GPU.
Particle rendering is achieved using a custom-built OpenGL-based renderer, while realistic
scene rendering utilizes Blender 3.5, the integrated development environment employed is
Microsoft Visual Studio 2019, the utilized numerical computing library is eigen, and we
adopted OpenGL3.6 as the Graphics API.

4.1. Performance of HYSPH Model

In this section, we validate our proposed HYSPH method by using the classic dam
break scenario in inland navigation practices and the CFD field, comparing and analyzing
it alongside the DFSPH method under identical experimental conditions. We initially
compared the total solution time costs of the two methods across three different scales of
particle numbers. As depicted in Figure 1, the particle numbers are 12K, 59K, and 205K,
corresponding, respectively, to small, medium, and large scales. Different particle numbers
correspond to varying complexities in neighborhood particles; therefore, conducting exper-
iments across models with varied particle numbers is essential to ascertain the simulation’s
stability and effectiveness.

J. Mar. Sci. Eng. 2024, 12, x FOR PEER REVIEW 11 of 20 
 

 

 
(a) 

(b) 

 
(c) 

 
(d) 

Figure 1. Comparison of Single Frame Solution Time for Fluid Model Across Various Particle Num-
bers. (a) 12K particles with dam break; (b) 59K particles with dam break; (c) 205K particles with dam 
break; (d) 59K particles with dam break lighthouse coupling. 

0 200 400 600 800 1000 1200 1400 1600 1800
0

100

200

300

400

500

Ti
m

e 
co

st
(m

s)

Frame

 DFSPH
 HYSPH

0 200 400 600 800 1000 1200 1400 1600 1800
0

300

600

900

1200

1500

1800

Ti
m

e 
co

st
(m

s)

Frame

 DFSPH
 HYSPH

0 200 400 600 800 1000 1200 1400 1600 1800

2,000

4,000

6,000

8,000

10,000

12,000

14,000

Ti
m

e 
co

st(
m

s)

Frame

 DFSPH
 HYSPH

0 200 400 600 800 1000 1200 1400 1600 1800
0

300

600

900

1200

1500

1800

Ti
m

e 
co

st
(m

s)

Frame

 DFSPH
 HYSPH

Figure 1. Cont.



J. Mar. Sci. Eng. 2024, 12, 1498 11 of 19

J. Mar. Sci. Eng. 2024, 12, x FOR PEER REVIEW 11 of 20 
 

 

 
(a) 

(b) 

 
(c) 

 
(d) 

Figure 1. Comparison of Single Frame Solution Time for Fluid Model Across Various Particle Num-
bers. (a) 12K particles with dam break; (b) 59K particles with dam break; (c) 205K particles with dam 
break; (d) 59K particles with dam break lighthouse coupling. 

0 200 400 600 800 1000 1200 1400 1600 1800
0

100

200

300

400

500

Ti
m

e 
co

st
(m

s)

Frame

 DFSPH
 HYSPH

0 200 400 600 800 1000 1200 1400 1600 1800
0

300

600

900

1200

1500

1800

Ti
m

e 
co

st
(m

s)

Frame

 DFSPH
 HYSPH

0 200 400 600 800 1000 1200 1400 1600 1800

2,000

4,000

6,000

8,000

10,000

12,000

14,000

Ti
m

e 
co

st(
m

s)

Frame

 DFSPH
 HYSPH

0 200 400 600 800 1000 1200 1400 1600 1800
0

300

600

900

1200

1500

1800

Ti
m

e 
co

st
(m

s)

Frame

 DFSPH
 HYSPH

Figure 1. Comparison of Single Frame Solution Time for Fluid Model Across Various Particle
Numbers. (a) 12 K particles with dam break; (b) 59 K particles with dam break; (c) 205 K particles
with dam break; (d) 59 K particles with dam break lighthouse coupling.

As indicated in the legend, the data in light blue represent the solution costs for
different frames using the DFSPH method, while the data in orange correspond to the
HYSPH method. We extracted the data from the first 1700 frames for visual representation.
As the fluid’s motion becomes static and stable after 1700 frames, referencing further
solution costs becomes less relevant. Overall, with an increase in particle numbers, the
corresponding time cost per time step also increases. Simulations conducted under varying
particle numbers are illustrated in Figure 1b,c of our proposed HYSPH method. The
solution time for the first frame is significantly higher than that for subsequent frames.
This occurs because the divergence-free solver among the two solvers requires extensive
initialization, necessitating additional calculations to enhance fluid system convergence.
In the experiment shown in Figure 1a, due to the small particle numbers, convergence
calculations require less time, resulting in a negligible improvement in the solution time for
the first frame. Meanwhile, fluid particles encounter the problem of neighboring particle
deficiency and need to perform a neighborhood search again, resulting in increased time in
500, 1000, and 1500 frames compared to other frames. From the Figure, it is evident that
the single-frame time cost of the proposed HYSPH method is lower than that of the DFSPH
method, and this cost advantage becomes more pronounced as the number of particles
increases. For instance, in the 59 K particle scenario, the single-frame time cost for the
DFSPH method is approximately 707 ms, compared to about 559 ms for our proposed
HYSPH method.

To validate the proposed method, experiments were carried out in different scenarios
with the same number of particles, specifically 59 K particles. Two lighthouses were
positioned on the right side of the fluid blocks of the standard dam break scenario to
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validate the method in a fluid-rigid body coupling setting. The results, as depicted in
Figure 1d, align with the findings of the simple dam break scenario.

For stability analysis of the fluid model, the time step is a crucial consideration in
SPH-based methods. A larger time step results in a more stable and faster simulation. In the
simulation experiments, the Courant–Friedrichs–Lewy (CFL) condition, commonly utilized
in fluid dynamics, was used to determine the time step. The CFL condition adaptively
adjusts the time step size to optimize benefits. As depicted in Figure 1c, the single-frame
time cost of the DFSPH method shows significant fluctuations between the 800th and
1000th frames and between the 1200th and 1400th frames, indicating a reduction in the
simulation time step. The proposed HYSPH method demonstrates relative stability.

4.2. Analysis of Turbulence Model Effects

In this section, we design a baffle dam break scenario with specific constraints to
capture and analyze turbulence quality. As depicted in Figure 2, the fluid block is positioned
on the left side of the bounding box, which measures 10 L × 3 L × 6 L. The fluid block itself
has a volume of 2 L × 3 L × 4 L, containing 862 K particles. A baffle, measuring 2.5 L in
width and 6 L in height, is located on the right side of the fluid block. A gap is present at
the back of the scene. The fluid model moves within the gap solely under the influence of
gravity, with no other external forces affecting its motion. Each surface of the bounding box
and the baffle is sampled with static boundary particles using a three-dimensional Poisson
disk sampling algorithm. These particles have the same density as the fluid’s rest density,
and their velocity is consistently 0.
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Figure 2. Plan View of the Baffle Dam Break Scenario Diagram.

Fluid particles are rendered in various colors to represent their velocity field. Color
variations clearly distinguish turbulence dispersion in both the surface and deeper layers
of the fluid. The relationship between fluid particle velocity and color is detailed in the
color bar beneath the image. The effectiveness of the turbulence model is analyzed by
comparing it to the Vorticity Confinement method proposed by Macklin et al. [13] and the
traditional pure SPH method. For ease of reference, the Vorticity Confinement method
is henceforth referred to as VCSPH, and the micropolar fluid model method as MPSPH.
Figure 3a displays the experimental results using solely the proposed pure HYSPH method,
without incorporating additional turbulence models. It illustrates that while the pure
SPH method generates some turbulence during fluid particle release, the vortices rapidly
weaken upon passing through the baffle and eventually disappear in the later stages of fluid
movement. Simultaneously, the surface particles of the fluid system appear viscous with
inactive movement. Figure 3b employs VCSPH, while Figure 3c utilizes MPSPH. Compared
to the pure SPH method, both VCSPH and MPSPH generate more pronounced surface
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turbulence; however, surface particle movement in MPSPH is more dynamic, and internal
particles consistently exhibit rotational velocities. This occurs because the MPSPH method
refines particle velocities based on the vorticity field, allowing for the natural preservation
of vortices. As the fluid system stabilizes, the MPSPH method eliminates micro-rotations on
the surface, leading to overall system stability; however, local surface particles in VCSPH
retain high kinetic energy. Comparative analysis demonstrates that the turbulence model
methods generate more kinetic energy than the traditional pure SPH method. The MPSPH
method facilitates the expression of vorticity in individual particles through micro-rotation
of the velocity field, thereby enhancing the restoration of high-frequency turbulence with
vivid detail and realism.
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As rotational velocity introduces kinetic energy, we designed an experimental scenario
to verify the conservation of the system’s overall energy and to study the impact of various
adjustment coefficients on experimental outcomes. A fixed-volume fluid block, containing
617 K particles, is located on the left side of the bounding box. A hemispherical obstacle, like
the baffle collapse scenario, is positioned on the right side of the scene. No external forces
affect the entire fluid system. In this scenario, the entire energy of the fluid system derives
solely from gravitational potential energy, which is converted into kinetic energy to drive
particle motion. As illustrated in the Figure, the experimental results for the same frame
from three different simulation methods are displayed. Figure 4a shows the results from
the HYSPH method, while Figure 4b,c displays outcomes from the VCSPH and MPSPH
methods, respectively. The adjustment coefficients for both methods are set at 0.5.

Observation of the image reveals that the front edge of the fluid system in Figure 4b has
reached the boundary of the bounding box. As shown in Figure 4, the length of the red line
represents the distance of fluid system motion under the VCSPH method, while the length
of the yellow line represents HYSPH and MPSPH. Compared to the HYSPH and MPSPH
methods, the VCSPH method results in faster overall fluid system movement and higher
speeds of fluid particles. This method exhibits higher kinetic energy, whereas the MPSPH
and HYSPH methods maintain consistent fluid particle motion. The VCSPH method
artificially amplifies the overall energy of the system by amplifying the vorticity, leading
to unconservative kinetic energy in the fluid. In contrast to VCSPH, all physical quantity
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computations in the MPSPH and our HYSPH methods are based on the conservation of
momentum and energy, ensuring that these methods do not generate additional energy.
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The magnitude of the adjustment coefficient in the MPSPH method significantly
influences the motion of the fluid system. Choosing a smaller adjustment coefficient results
in turbulence effects that cannot fully overcome SPH’s numerical damping, rendering
the restoration of turbulence details less pronounced. Conversely, a larger adjustment
coefficient leads to distorted overall motion in the fluid system and non-conservation
of energy. The Figure displays experimental results from the same frame using various
adjustment coefficients. On the left, results are shown for an adjustment coefficient of
vt = 0.5, while on the right, the coefficient is set to vt = 1.0. Figure 5 illustrates that near
the fluid surface on the left of the obstacle ball and the corner of the bounding box, the
fluid undergoes spontaneous micro-rotational motions, resulting in distorted movements.
Concurrently, the overall velocity on the right side of the obstacle ball is higher, generating
additional kinetic energy and leading to energy non-conservation in the system. After
experimenting with multiple adjustment coefficients, vt = 0.5 is selected as the optimal
coefficient for the simulation. This value also aligns with the empirical values reported in
the relevant literature employing this method.



J. Mar. Sci. Eng. 2024, 12, 1498 15 of 19

J. Mar. Sci. Eng. 2024, 12, x FOR PEER REVIEW 15 of 20 
 

 

Observation of the image reveals that the front edge of the fluid system in Figure 4b 
has reached the boundary of the bounding box. As shown in Figure 4, the length of the 
red line represents the distance of fluid system motion under the VCSPH method, while 
the length of the yellow line represents HYSPH and MPSPH. Compared to the HYSPH 
and MPSPH methods, the VCSPH method results in faster overall fluid system movement 
and higher speeds of fluid particles. This method exhibits higher kinetic energy, whereas 
the MPSPH and HYSPH methods maintain consistent fluid particle motion. The VCSPH 
method artificially amplifies the overall energy of the system by amplifying the vorticity, 
leading to unconservative kinetic energy in the fluid. In contrast to VCSPH, all physical 
quantity computations in the MPSPH and our HYSPH methods are based on the conser-
vation of momentum and energy, ensuring that these methods do not generate additional 
energy. 

The magnitude of the adjustment coefficient in the MPSPH method significantly in-
fluences the motion of the fluid system. Choosing a smaller adjustment coefficient results 
in turbulence effects that cannot fully overcome SPH’s numerical damping, rendering the 
restoration of turbulence details less pronounced. Conversely, a larger adjustment coeffi-
cient leads to distorted overall motion in the fluid system and non-conservation of energy. 
The Figure displays experimental results from the same frame using various adjustment 
coefficients. On the left, results are shown for an adjustment coefficient of 𝑣௧ = 0.5, while 
on the right, the coefficient is set to 𝑣௧ = 1.0. Figure 5 illustrates that near the fluid surface 
on the left of the obstacle ball and the corner of the bounding box, the fluid undergoes 
spontaneous micro-rotational motions, resulting in distorted movements. Concurrently, 
the overall velocity on the right side of the obstacle ball is higher, generating additional 
kinetic energy and leading to energy non-conservation in the system. After experimenting 
with multiple adjustment coefficients, 𝑣௧ = 0.5 is selected as the optimal coefficient for 
the simulation. This value also aligns with the empirical values reported in the relevant 
literature employing this method. 

 
(a) 

 
(b) 

Figure 5. Turbulent Performance of the MPSPH Method with Different Adjustment Coefficients. 
(a) 𝑣௧ = 0.5. (b) 𝑣௧ = 1.0. 
Figure 5. Turbulent Performance of the MPSPH Method with Different Adjustment Coefficients.
(a) vt = 0.5. (b) vt = 1.0.

The experimental results depicted in Figure 6 represent MPSPH under optimal con-
ditions, specifically at vt = 0.5. It clearly demonstrates that the high-frequency details on
the surface of the fluid system are well-preserved, and the flow around the hemispherical
obstacle exhibits effective turbulence. Furthermore, the corresponding vortex effect is
not compromised by the numerical dissipation inherent in the SPH method, maintaining
extensive vortex details.
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4.3. Analysis of Coupling Effect of Marine Scene

To verify the effectiveness of our proposed novel HYSPH method and the micropolar
fluid model in handling classic navigation scenarios, we designed the following experi-
mental setup. The lighthouse is positioned on the right side of the freely released fluid.
Both the bounding box and the lighthouse are sampled as static boundaries using the PDS
algorithm. The velocity of these static boundary particles is 0, and their density matches
the rest density of the fluid system. Compared to the baffles and hemispheric obstacles in
previous experiments, the boundary conditions of the lighthouse model are significantly
more complex, meeting the demands of various complex scenes encountered in navigation
practice. Therefore, using a lighthouse as an experimental model is representative. Tradi-
tional fluid-rigid coupling methods such as collision detection struggle with complex rigid
meshes; thus, the lighthouse scenario was selected to demonstrate the flexibility, stability,
and applicability of unified boundaries comprehensively. The experiment result in Figure 7
shows that the seawater changes its direction upon coupling with the lighthouse, resulting
in water flow around the structure. Simultaneously, a turbulence method applied to the
seawater surface generates high-frequency turbulence details. The overall movement of
the seawater is more realistic and aligns closely with physical reality.
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5. Conclusions and Future Work

This paper introduces a novel HYSPH method for simulating seawater scenes in
maritime simulators. Compared to existing DFSPH methods, our method, which combines
a density-constrained solver with a velocity divergence-free solver, achieves faster conver-
gence, enhanced incompressibility, and improved stability. Additionally, we employ the
Micropolar Fluid model to conduct high-realism turbulence simulations in the simulator.
Compared to the pure SPH method, adding the turbulence model significantly enhances
the simulation of surface flow turbulence details and vortex effects. This approach provides
a framework for implementing special effects in ocean scenes, such as propeller rotation,
splint waves, and ship wake flow. However, the high computational cost of this physically
based method limits the range of implementation scenarios, currently allowing small-scale
real-time simulations. To maintain simulation quality while meeting real-time require-
ments, future development of ocean simulators should occur within a parallel framework to
simultaneously process the fluid model. Additionally, special attention must be given to the
mathematical motion models of various ship types to ensure more realistic ship movement.
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Appendix A. The Abbreviations of Proper Nouns (Sort by the Order of Appearance in
the Text)

Abbreviation Proper Noun

CFD Computer Fluid Dynamics
SPH Smoothed Particle Dynamics
GPU Graphics Processing Unit

WCSPH Weakly Compressed SPH
PCISPH Predictive-Corrective Incompressible SPH

PPE Pressure Poisson Equation
IISPH Implicit Incompressibility SPH

DFSPH Divergence-Free SPH
PBF Position-Based Fluids

NBFLIP Narrow Band FLIP
MPS Moving Particle Semi-implicit

HYSPH Hybrid SPH
VCSPH Vorticity Confinement SPH
MPSPH Micropolar Fluids SPH

Appendix B. The Explanation of Key Variables

Variables Explanation Variables Explanation

ρi Density of fluid particle µ Dynamic viscosity
vi Velocity of fluid particle W Smoothing kernel function
σij Stress tensor of fluid λi Lagrangian Multiplier

fext Stress of external body force Θ
Isotropic microinertia

coefficient
p Pressure of fluid particle vt Kinematic transfer coefficient
ωi Angular velocity
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