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This study aimed at proposing a coupled FSI (Fluid-Structure Interaction)
solver for hydroelastic slamming with two major aims of 1) further development of a particle-based
multiphase computational code for more precise modeling of entrapped air dynamics in water slamming,

2) accurate coupling of a refined multiphase flow model with a non-linear elastic structure model
for precise modeling of hydroelsatic slamming. As for the first aim to avoid use of conventional
density averaging schemes, a new scheme, namely, Optimized Particle Shifting (OPS), was proposed and

then a multiphase algorithm comprising of this scheme was developed. As for the second aim,
significant efforts were devoted to development of fully-Lagrangian meshfree FSI solvers that can
precisely model the related non-linear hydroelastic slamming problems. Several fully-Lagrangian
meshfree solvers with different coupling schemes were developed with the results being published in
four journal papers.
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The so-called slamming phenomenon,
corresponding to high velocity impact of solid
bodies

on fluid surface, is of significant

importance in ocean  engineering. The
phenomenon is often characterized by strong
interactions in between deformable structures and
air-water fluid flows. Accurate prediction of
slamming induced impact pressures and their
corresponding structural responses would be of
crucial importance in design of related ocean

systems.
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This study had two major aims, 1) further
development of a particle-based multiphase
computational code for more precise modeling of
entrapped air dynamics in water slamming, 2)
accurate coupling of a refined multiphase flow
model with a non-linear elastic structure model

for precise modeling of hydroelastic slamming.
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For achievement of the first goal, a challenge
corresponded to presence of a mathematical
discontinuity of density at air/water interface.
Utilization of density smoothing schemes was
found to have adverse effects on reproduced
physics of entrapped air and thus, an algorithm
incorporating a new technology, namely,
Optimized Particle Shifting (Khayyer et al.,
2017a), was developed to reproduce the air/water
interface in a  physically/mathematically
consistent manner. In addition, different coupling
schemes and different elastic structure models
were proposed/considered to achieve an
advanced fully-Lagrangian hydroelastic Fluid

Structure Interaction (FSI) solver.
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Fig. 1 A two-step particle shifting process in
multiphase OPS method
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Fig. 2 Typical snapshot corresponding to simulation of
a multi-fluid square patch
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The outcomes of this study can be summarized as

follows: i) development of a novel
projection-based particle method for simulation
of multiphase flows of large density ratios and
discontinuous density fields at the phase interface.
The method comprises of a specific
computational algorithm utilizing the recently
developed Optimized Particle Shifting (OPS)
scheme. ii) development of several coupled FSI
solvers, all being fully-Lagrangian and meshfree,
for precise modeling of hydroelastic slamming.

Fig. 1 depicts a schematic sketch of the
proposed two-step shifting process to guarantee
regularity of particles and thus, stability and
accuracy in developed multiphase method with
utilization of OPS scheme.

Fig. 2 presents a typical result of developed
multiphase method in simulation of a benchmark
test corresponding to rotating square patch of
multi-fluids. The proposed method results in a
stable and accurate simulation with continuous
pressure and highly regular particle distributions

at the phase interface. The OPS scheme was

developed and presented in Khayyer et al.



(2017a). The multiphase OPS was presented
during 12™ SPHERIC workshop.

In development of coupled FSI solvers, an
important matter corresponds to accurate
imposition of interface boundary conditions
including continuity of normal stresses. In this
study, a so-called FSA (Fluid-Structure
Acceleration) scheme was carefully considered
and implemented to achieve a more consistent
and precise coupling for calculation of
hydroelastic slamming. Fig. 3 portrays the
achievement of normal stress continuity through
incorporation of so-called FSA scheme. Detailed
description of this scheme is presented in
Khayyer et al. (2018a).

Fig. 4 portrays a typical snapshot
corresponding to hydroelastic slamming of a
marine panel reproduced by a proposed
fully-Lagrangian meshfree FSI solver which
benefits from refined schemes including the FSA
coupling scheme (Khayyer et al., 2017b,c;
2018a). Several other coupled fully-Lagrangian
meshfree  FSI

solvers are developed and

preliminary presented in Khayyer et al. (2018b).
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Fig. 3 Schematic sketch of the Fluid-Structure
Acceleration-based (FSA) coupling scheme, (a)
structure particles providing boundary conditions in
calculation of fluid's pressure, (b) normal stress
continuity at the fluid-structure interface (Khayyer et
al., 2018a)
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Fig. 4 Typical snapshot corresponding to hydroelastic
slamming of a marine panel by an Enhanced
ISPH-SPH FSI solver (Khayyer et al., 2017b, 2018a)

The snapshot presented in Fig. 4
Enhanced ISPH

(Incompressible SPH)-SPH (Smoothed Particle

corresponds  to  an

Hydrodynamics) coupled solver with
projection-based ISPH being considered for the
fluid, while explicit SPH being considered for the
structure partition. The governing equations
correspond to continuity/Navier stokes for fluid
and linear/angular momenta for structure.

To achieve the best possible level of
accuracy, conservation properties and a deep
understanding of performances of possible
fully-Lagrangian meshfree FSI solvers, other
frameworks

computational including

projection-based MPS  (Moving  Particle
Semi-implicit) and Hamiltonian MPS or SPH
were also considered with several results
presented in Khayyer et al. (2018b).

Fig. 5 (illustrates a typical snapshot
corresponding to high velocity impact of an
elastic aluminum wedge reproduced by an
Enhanced MPS-MPS FSI solver (Khayyer et al.,
2017¢, 2018b). The presented snapshot portrays

qualitatively accurate pressure/stress fields.
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Fig. 5 Typical snapshot corresponding to high velocity
impact of an elastic aluminum wedge by an Enhanced
MPS-MPS FSI solver (Khayyer et al., 2017c, 2018b)

Indeed, detailed validations were conducted
through consideration of several benchmark test
cases to verify the performance of structure
model as well as coupled FSI solver with both
qualitative and quantitative comparisons with
analytical and experimental data. Another
important point that should be highlighted here is
that in all cases the developed FSI solvers or
multiphase method are free of any artificial
numerical stabilizers and all schemes are founded
on clear physical/mathematical backgrounds.

In summary, clear achievements are gained
and research is ongoing for further development
of proposed multiphase particle method as well
as  further advancements of  proposed
fully-Lagrangian meshfree FSI solvers from
rigorous mathematical/physical point of view. In
coupling the multiphase method with FSI solvers
the proposed schemes including multiphase OPS
and FSA coupling schemes would be highly
effective to result in physically consistent and
numerically stable results. Several remaining
challenges correspond to violent multiphase
flows including turbulence as well as
hydroelastic slamming of composite structures.

These challenges are to be targeted in future.
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