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Particle Methods - Merits, Challenges and Future Perspectives
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Introduction

The Lagrangian meshfree or so-called particle methods are
recognised as new generation computational methods due to their
flexibility and potential robustness in reproducing natural
phenomena including those linked to extreme events such as
violent fluid-structure interactions during typhoons, earthquakes,
landslides, floods, etc. This class of computational methods
consider governing equations describing the physics of a
continmum in the Lagrangian framework and use moving
calculation points, i.e., particles, to discretise the continuous
differential equations into algebraic ones. Collocated particle
methods such as SPH (Smoothed Particle Hydrodynamics) or
MPS (Moving Particle Semi-implicit) methods consider local
kernel-based interpolations to solve for the physical fields and their
variations at the computational points”. In this brief article the
merits, challenges, the state-of-the-art and future perspectives
corresponding to particle methods, specifically SPH and MPS
methods, are briefly discussed.

Merits

The merits of SPH and MPS mainly correspond to their
Lagrangian and meshfree features, as well as their rigorous
mathematical-physical backgrounds. Both methods can be used to
discretise and solve the Partial Differential Equations (PDEs)
describing physics of different continua such as fluid, structure and
soil as well as their interactions. These methods are, in particular,
well-suited for problems involving largely moving interfaces (such
as fluid-structure interactions), free-surfaces (as in case of violent
free-surface fluid flows), and large deformations (as in case of
highly deformed structures experiencing plastic deformations and
possibly cracks and failures). Specifically, if entirely SPH or MPS-
based coupled solvers are developed to reproduce fluid-structure,
fluid-soil or fluid-structure-soil interactions, the reliability and
efficiency of computations can be better ensured due to integration
of methods of the same class, effective enforcement of interface
compatibility conditions, accurate multi-resolution schemes,
effective parallelisation and GPU-based implementations.
Certainly, in such cases multi-phase flows, such as fluids
comprising air-water flows as in case of aerated wave impact on
coastal structures or wave impacts with air entrapment, can also be
reliably modelled. Concurrently, Fluid-Structure Interaction (FSI)

Khayyer Abbas

solvers established in the context of particle methods can
potentially model detailed structural responses comprising elastic
and inelastic ones including fracture/damages in a physically
consistent and precise manner. Therefore, the particle methods,
including SPH and MPS have substantial potential to reproduce
physical phenomena including those considered in design
conditions, e.g., extreme events, for reliable and resilient designs of,

e.g., coastal/ocean structures.

Challenges

The challenges related to particle methods including SPH and
MPS can be categorised into several distinct categories. One
category of the challenges corresponds to numerical instabilities,
some solely attributed to these methods, e.g., the so-called tensile
instability, characterised by growth of unphysical perturbations in
tensile stress states. The collocated nature of SPH and MPS may
also bring about the so-called zero-energy modes or rank deficiency,
characterised by spurious energy modes and accordingly
inaccuracies/instabilities in dynamics and kinematics of the system.
As aresult, during the past two decades continued efforts have been
made by research groups worldwide to effectively eliminate or
mitigate such instabilities. The state-of-the-art of particle methods
clearly shows great enhancements in this regard and nowadays
effective stabilisation schemes, including Riemann-based ones?,
have been developed to stabilise the system with minimum
required numerical dissipation to unconditionally ensure stability.

Another category of the challenges is linked to computational
efficiency of SPH or MPS simulations. Specifically, for MPS and
SPH (ISPH), the rigorous mathematical
decomposition (Helmholtz-Leray decomposition)” and resulting

Incompressible

projection-based background of these two methods, necessitates
the solution to a set of global simultaneous linear equations which
is computationally demanding and also affects the parallelisation
efficiency.

Another category of challenges corresponds to precise
imposition or numerical resolution of specific physical boundary
conditions or compatibility conditions. For instance, numerical
resolution of the dynamic free-surface boundary condition, fluid-
structure interface compatibility conditions or the traction-free solid
boundary condition may seem to be trivial, yet, in reality, they can
be challenging and require precise insights.
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State-of-the-art and Future Perspectives

‘We have witnessed rapid advancements for both SPH and MPS
methods in the past two decades. Such advancements are mainly
due to rigorous academic research by many research groups in the
world. Fortunately, international scientific and engineering
communities such as SPHERIC (SPH rEsearch and engineeRing
International Community) have had clear contributions in this
regard through earnest and effective communications including
annual conferences or workshops.

Upon their development both SPH and MPS methods
encountered challenges with regard to stability, accuracy,
convergence, conservation, computational efficiency, etc. However,
considerable advancements have been made such that both
methods are currently known as promising computational methods
with great potentials of providing accurate reproductions of flow
field, structural dynamics, soil dynamics and multi-physics
problems such as wave-structure-soil interactions, for a wide range
of cases including extreme ones. Several recent review articles
portray these achieved advances in a concise and informative
manner>*9,

Fig. 1 portrays a few typical snapshots corresponding to SPH-
based computational methods for several FSI applications
corresponding to water slamming including homogeneous (a) and
composite (c) structures, wave impact on an elastic plate (b) and
wave interaction with a submerged porous breakwater (d). These
results correspond to computational methods developed by our
research team, PMR-Kyoto (Particle Method Research team-
Kyoto University).

The future perspectives of SPH and MPS methods mainly
correspond to continuation of rigorous academic research
especially with regard to the so-called SPHERIC grand challenges
and at the same time devoting efforts to extend the practical
applications of these methods, especially in cases that the
conventional computational methods may face difficulties in
providing reliable and efficient results, e.g., extreme events
(typhoons, tsunamis, earthquakes, etc.) characterised by violent
fluid flows, intense structure/soil responses in presence of
considerable kinematical and material discontinuities such as
fractures in advanced composite structures in extreme FSIs.
Consistent coupling of SPH or MPS with other advanced methods
such as state-of-the-art mesh-based methods is also among future
research directions.

Certainly, every single advancement and development must be
scientific  validations through

consideration of reliable reference solutions and accompanied by

accompanied by rigorous

comprehensive qualitative and quantitative verifications.

Fig. 1. A set of snapshots illustrating typical results by entirely SPH-based
FSI solvers for water slamming (a,c) and wave-structure interactions (b,d)
—HSPH stands for Hamiltonian SPH, MR denotes multi-resolution solver.
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