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Nomenclature

Symbols

Co  Courant factor

Cs Speed of sound

Ar Initial distance between particle

Ec¢ Energy due to the compressibility

Eu Energy dissipated

&Ei Internal energy

Ex Kinetic energy

En  Mechanical energy

Ep Potential energy

Wa_.s0 Work done by the fluid on the boundary
Generic external volumetric force -Usually the gravity-
Characteristic length of the kernel

Mass

Normal of a generic surface. Outward pointing normals are considered unless some-

T I T n

thing else is stated

Compact support of the kernel, unless something else is stated
Pressure

Particle position

Density

Stress tensor

Flow velocity

Dynamic viscosity of the fluid

<~ T R 89° Y% O

Kinematic viscosity of the fluid, v = u/p
Operators

(...) SPH operator

Acronyms / Abbreviations

APU Accelerated Processing Unit
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ART Anti-Rolling Tank

BC  Boundary Condition

CFD Computational Fluid Dynamics

CPU Central Processing Unit

CSS Conventional Serial Staggered

0-SPH WC-SPH with a diffusive term added to the mass conservation equation
EOS Equation of State

GPGPU General-Purpose computing on Graphics Processing Unit
GPU Graphics Processing Unit

I-SPH Truly Incompressible SPH

MPS Moving Particle Semi-implicit Method

RAO Response Amplitude Operator

R-SPH Riemann solvers based SPH

SPH Smoothed-particle hydrodynamics

TLD Tunned Liquid Damper

WC-SPH Weakly Compressible SPH



Abstract

The subject of the present thesis is the development of a new free Smoothed Particle Hy-
drodynamics (SPH) code oriented to the researchers, conversely to the already available
free/open source SPH codes. The new software should be competitive in performance terms,
allowing at the same time to be modified and extended with a minimum amount of effort.
Such code should be later applied to analyze SPH models where a diffusive term is added in

the mass conserving equation, which are usually known as 6-SPH models.

Therefore, the thesis can be split in 3 main parts: The theoretical aspects of the SPH

models considered, the numerical model implementation, and their verification and validation.

During the theoretical analysis, the possibility of adding a diffusive term inside the
continuity equation in order to significantly reduce the characteristic numerical instabilities
of the SPH model is investigated, compiling a list of the already existing models, discussing
their features and relationships, and pointing out their main benefits and drawbacks. A close
relation between the 6-SPH models and the Riemann solver based ones have been unveiled.
Also, a new diffusive term not requiring neither a tuning parameter nor a Courant condition

is presented. Such term is resulting from a slightly modification of an already existing one.

Later, as part of the same theoretical investigation of the model, an energy conservation
analysis has been carried out, considering the interactions with the boundary conditions,
such that several extra energy terms are resulting, some of them representing extra energy

dissipations if a set of conditions are fulfilled.

All this theoretical aspects have been implemented in a new free SPH solver, accelerated
with OpenCL, modular, and extensible by Python scripts. Implementation details regarding
the software itself, as well as the SPH models considered have been provided. The main
benefits of the new code, compared with other already existing free/open source alternatives,

have been discussed.

Finally, a set of 4 verification and validation test cases is described, covering all the
theoretical and implementation aspects discussed along the thesis. In such verification and
validation cases the implementation details, performance, and results quality are discussed.

The verification and validation cases are complemented with two practical applications,
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where the capabilities of the new software to scale to significantly complex problems are

shown.



Resumen

En esta tesis se documenta el desarrollo de un nuevo software de SPH (Smoothed Particle
Hydrodynamics), que tiene la pareticularidad de estar orientado al trabajo de investigacion,
en lugar de enfocarse a aplicaciones industriales como los otros cddigos libres/abiertos
disponibles en la actualidad. El nuevo cédigo debe ser competitivo en términos de coste
computacional, al tiempo que provee una herramienta modular y extensible. Dicho cddigo se
empleard mds tarde para analizar los modelos conocidos como ¢-SPH, que se caracterizan

por la presencia de un término difusivo en la equacion de conservacion de masa.

Por tanto, el trabajo llevado a cabo durante el desarrollo de la tesis se puede dividir en
tres partes: Los aspectos tedricos, la implementacion del modelo numérico, y la verificacién

y validacién de los mismos.

A lo largo del anélisis tedrico se investigara la posibilidad de afiadir un término difusivo
a la ecuacidn de continuidad, con el objetivo de reducir significativamente las inestabilidades
numéricas que vienen caracterizando al modelo de SPH. Para ello se recopilaran todos los
modelos existentes actualmente, discutiendo sus propiedades principales, las relaciones que
guardan entre ellos, y las principales ventajas a destacar de cada uno de ellos. Ello nos servira
para establecer una relacion entre los modelos 6-SPH, y los modelos basados en Riemann
solvers. Ademds se presentard un nuevo término, resultante de la modificacién de uno ya
existente. Dicho término tendrd la ventaja de no requerir ni un pardmetro de tuneado, ni una

condicion de Courant adicional sobre el paso de tiempo.

Como parte del mismo andlisis tedrico, se investigaran las propiedades de conservacion
de los modelos, en donde se considerara la interaccion con los contornos. Como resultado,
se demonstrara la existencia de unos términos de energia adicionales, algunos de los cuales

pueden ser considerados disipaciones extra si se cumplen unas determinadas condiciones.

Todos estos aspectos tedricos se implementan en un nuevo cédigo libre de SPH, el cual
estd acelerado con OpenCL, ademds de ser modular y extensible con c6digos de Python. Se
documentan algunos detalles sobre la implementacion del software en si mismo, y sobre la
implementacién de los modelos SPH a considerar. El nuevo software se compara con otras

alternativas ya existentes, resaltando sus ventajas.
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Finalmente, se describen 4 casos de verificacion y validacion que permiten cubrir todos los
aspectos tedricos y computacionales abordados durante la tesis. En ellos se proveen algunos
detalles sobre como se han desarrollado, el coste computacional, y la calidad de los resultados.
Estos casos de verificacion y validacién se complementan con dos aplicaiones practicas,
donde se muestran las capacidades del software para afrontar casos significativamente

complejos.



Chapter 1

Introduction

1.1 Motivation and background

1.1.1 General

When in a CFD discussion someone mentions the SPH numerical method, the seeds of
controversy are sown. Probably, at some point of the conversation someone will try to
support SPH arguing that it is a young methodology, which is still waiting to enjoy a large
amount of improvements. However, it does not seem sensible to claim that SPH is a young
technique since it was introduced for the first time in 1977 (Gingold and Monaghan, 1977,
Lucy, 1977).

In order to find a justification to the lack of maturity of the method, the number of
publications per year related with SPH are depicted in Fig. 1.1. It can be appreciated that
during the first ten years the methodology received a marginal attention by the research
community. Moreover, the interest in SPH has not started to significantly grow until the 211

century.

Therefore, even though considering SPH as a young methodology could be strictly
incorrect, we can assert that the rate of publications is currently still significantly growing.
To illustrate such statement, it can be remarked that just in the last year more papers have
been published than during the first 23 years of the entire history of the method.

The reasons that have led the research community to start paying attention to SPH are
really foggy, but probably they are widely related to the GPGPU technique introduction,
which has critically modified the computer simulations paradigm. Next section is dedicated

to discuss this disruptive technique.
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Fig. 1.1 Number of SPH related publications per year. Extracted from scholar.google.
com (Thomson Reuters Science citation Index indexed and non-indexed publications are
considered)

1.1.2 GPGPU, a new computing paradigm

The GPGPU term was coined for the first time by Harris (2002). By then, such technique
was based on the use of shaders -small pieces of code to be executed in the GPU- that operate
data artificially introduced as textures.

Such new paradigm was motivated by the technical limitation reached in the CPU
development a few years ago, due to the impossibility to increase the processor’s clock-rate.
The manufacturers dealt with this situation focusing their new designs on the multi-core
chips with a clock-rate stabilized around 3 GHz. In order to use this new feature, specific
new libraries were mandatory. Nowadays, the Open Multi-Processing standard (OpenMP)
(OpenMP Architecture Review Board, 2013) is usually applied in all operating systems and
architectures.

Of course, the extremely low-level approach for developing GPGPU accelerated ap-

plications was quickly superseded by sets of libraries and compilers specifically designed
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for that purpose, e.g. Brook (Stanford University graphics group, 2004), CUDA (NVidia,
2006) or AMD-Stream (AMD, 2006). At that time (circa 2006), a GPU device had similar
computational power than a middle sized CPU based cluster for a fraction of its cost, a
feature that quickly attracted the attention of science and engineering researchers (Maintz
et al., 2011; Martinsen et al., 2009; Molero-Armenta et al., 2014).

SPH community has not remained unaware of this computer sciences revolution. In fact,
SPH may result in relatively large computational costs due to the large number of interactions
per particle and the small time steps usually required, which made SPH simulations become
a constant struggle, and therefore heavily criticized. The first proofs of concept regarding the
acceleration of a SPH code with a GPU device, in the context of the computer graphics, were
described by Amada et al. (2004) and Kipfer et al. (2004), deploying moderate speed-ups.
They were followed by several implementations which proved the capabilities of graphic
oriented devices to perform massive computations using the CUDA language (Crespo et al.,
2011; Dominguez et al., 2013; Herault et al., 2010), deploying this time large speed-ups
which transformed SPH into a competitive CFD alternative in performance terms, in a variety
of problems.

However, in recent years the gap between the CPU and the GPU performance is fading.
Moreover, the hybridization of both technologies -so-called APU- is becoming a very
promising tendency, which significantly increases the computational performance due to the
extreme reduction of the overhead due to the memory transfers. Unfortunately, the available
CUDA based implementations present some limitations which put them aside of these new
technologies:

1. CUDA is a proprietary framework.
2. Heterogeneous platforms are not supported in CUDA.

3. Hardware from vendors other than NVidia cannot be used within the CUDA framework
yet.

To partially work around this problem, DualSPHysics package (Crespo et al., 2011; Dominguez
et al., 2013) includes both a CUDA and an OpenMP implementations, with the main draw-
back of the large amount of code duplication. In this sense, the open standard OpenCL
(Khronos group, 2009) can be used to completely shortcut the problem, due to its specific
design to unify the acceleration of codes when heterogeneous platforms are considered.

To illustrate the relevance of the APU irruption in the numerical simulations, Daga
et al. (2011) compared the performance of the AMD Zacate APU with two different AMD

graphic cards, benchmarking against 4 classic cases: the Fast Fourier Transform, the Scan,
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the Reduction, and the Leonard-Jones Molecular Dynamics. Even though the theoretical
computational capabilities of the considered GPUs were several times larger than the APU’s,
the latter showed similar performance in those benchmarks characterized by their high
computational demands, becoming significantly faster when the bandwidth was a critical
factor. Along the same line, Conti et al. (2012) compared the performance deployed by a
high-end NVidia Tesla GPU and a mid-end desktop APU, for a complex practical application,

demonstrating that similar performances are achieved.

1.1.3 State of the art of SPH

Regardless the reasons that motivated the critical change of tendency shown in Fig. 1.1, it
is interesting to analyze the consequences. There is no doubt that the constantly increasing
research efforts dedicated to the SPH method in recent years are helping the community to
get a much better understanding of such method, and therefore its strengths and weaknesses,
implying at the same time an unpredicted rate of improvements. Therefore, it is not unrea-
sonable to suggest that SPH itself, and all the related ecosystem in general, is currently in a
really healthy situation. Unfortunately, such situation is inexorably resulting in a large rate
of new formulations and methodologies. To illustrate that, the main contributions of recent
years are reviewed below.

To start with, the incompressibility of the model, and the associated numerical noise,
is a SPH aspect which is receiving a large amount of interest by the community. One
significant contribution in this area was carried out by Vila (1999), who formalized the R-SPH
methodology (see also Rafiee et al. (2012) and Koukouvinis et al. (2013)). Such formulation
is usually criticized by the large computational costs resulting from the integrated Riemann
solver. Ferrari et al. (2009) simplified it, significantly reducing the required computational
efforts, introducing a Rusanov (upwind flux-based) diffusive term directly in the conservation
of mass equation of the WC-SPH formulation. In parallel, Molteni and Colagrossi (2009)
proposed a different diffusive term to be added to the mass conservation equation as well.
Both terms suffer from inconsistencies close to the free surface, as it was demonstrated by
Antuono et al. (2010), who also suggested a correction to recover the consistency.

The term proposed by Molteni and Colagrossi (2009), and corrected by Antuono et al.
(2010), has been later deeply investigated (Antuono et al., 2012, 2011, 2015). Recently, as
part of this thesis, Cercos-Pita et al. (2016b) have revisited all those terms, as well as the one
proposed by Fatehi and Manzari (2011), investigating their features. In the same work the
relation between R-SPH and WC-SPH methodologies, already hinted by Ferrari et al. (2009),
was documented.
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In a different fashion, some other authors have investigated the use of truly incompressible
approaches in SPH (Lee et al., 2008; Shao and Lo, 2003), with the main drawback that a
large and dense linear system of equations has to be solved each time step, resulting again in
large computational costs. Related to that, the equivalence of those approaches with the MPS
method (Khayyer and Gotoh, 2009) was demonstrated by Souto-Iglesias et al. (2013) and
Souto-Iglesias et al. (2014).

Another topic which is acquiring a significant amount of prominence in recent years is
the boundary conditions treatment, becoming in fact one of the four grand challenges of SPH,
according to the SPHERIC SPH Numerical Development Working Group.

Colagrossi et al. (2010) profusely studied the behavior of the operators close to the free
surface, including to this end the wide variety of different formulations used to approximate
each differential operator involved in the Navier-Stokes equations, providing a theoretic
background for the inconsistencies suffered by the SPH model. A further analysis of the
viscous term was carried out later by Colagrossi et al. (2011), demonstrating that it may

locally diverge close to the free surface, becoming anyway consistent in an integral sense.

Regarding the solid boundaries, on top of the wide variety of techniques already existing
(Cercos-Pita, 2015), which can be grouped as repulsive forces and fluid extensions, a new
methodology was described by Ferrand et al. (2013), based on the works of Campbell (1989)
and De Leffe et al. (2009), so-called Boundary Integrals. In the original work, a semi-
analytical approach to approximate the boundary integrals involved was suggested, while in
some other recent works a purely numerical approach has been practiced (Cercos-Pita, 2015;
Macia et al., 2012).

Macia et al. (2011a), Macia et al. (2012) and Merino-Alonso et al. (2013) performed a
set of analysis on the consistency of the differential operators close to the solid boundaries,

when different techniques are applied to impose the boundary conditions.

Actually the SPHERIC SPH Numerical Development Working Group is doing a great
job regarding the SPH grand challenges, not only motivating new research works, but also
collecting and compiling the most significant related publications. Hence, the SPH grand
challenges site is a good place to look for literature where new formulations, models and
schemes are introduced. For instance, within the stability section topic the work carried
out by Dehnen and Aly (2012) can be remarked. In such work the role of the kernel in the
numerical scheme stability was discussed, demonstrating the benefits of switching to the
Wendland kernel, instead of the Gaussian or Cubic splines typically applied at that time. This

idea was already noticed by Macia et al. (2011b) through numerical simulations.

Regardless the theoretical aspects commented above, one SPH grand challenge is focused

on the adaptivity. Adaptivity refers to the possibility of increasing the resolution, i.e. the
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number of particles, in specific regions of the simulation domain where more detail is
required. The term is inherited from the adaptive meshes already used for long time in
Eulerian methods. Of course the adaptivity is a desirable feature to the model in order to
significantly reduce the computational costs. The first dynamic particles splitting process,
conserving both mass and momentum was described by Bonet and Rodriguez-Paz (2005)
and Feldman and Bonet (2007). Later, Vacondio et al. (2013) proposed a model to split and

coalesce particles conserving momentum, even when variable smoothing length is considered.

1.1.4 The SPH community

The state of the art of the SPH methodology described in the previous section has depicted a
dynamic ecosystem, with a constant increase of new actors, formulations, models, schemes
and implementations. However, such healthy situation may become untenable if a convenient
set of resources can not be eventually provided to the community.

Limiting to available software implementations, it can be asserted that the industry
currently enjoys a number of open-source implementations (Dominguez et al., 2013; Gomez-
Gesteira et al., 2012; Herault et al., 2010), which have significantly contributed to boil down
the technical barriers to access the model. However, there is an actual lack of tools strictly
oriented to the researchers. It is clear that the features of the software mainly dedicated
to industrial applications should significantly differ from the features of the tools oriented
to research activities, in which some performance may be sacrificed for the sake of great
capabilities to develop, test and deploy new formulations and schemes. In fact, the low-level
programming language used by the fully accelerated SPH alternatives oriented to industrial
applications (Dominguez et al., 2013; Herault et al., 2010), which are strictly written in C++
and CUDA, may excessively hamper the developing tasks, and therefore the implementation
of modifications to the model. Therefore, the SPH community is facing the challenge of

providing software packages specifically designed to aid the researchers.

1.2 Objectives

During this thesis the AQUAgpusph tool is presented, with the following main objectives:

1. Analyze the wide variety of boundary conditions already developed for the SPH
method, carrying out a formalization which allows to provide a common framework to

investigate all of them in the same context.

2. Break down the energy components of the discrete system, comparing it with the

continuous one in order to analyze the effect of the selected viscous function, the
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0-SPH term, and the boundary conditions. Such analysis is focused on the investigation
of the consistency of the different formulations, as well as the eventual extra dissipation

or spurious energy terms.

3. Develop a novel free SPH solver, which can be executed in a wide variety of platforms
and architectures. This implementation should be clearly oriented to the research
activities, allowing the users to easily modify the formulations to be applied, or even

to extend the solver using a Python interface.
4. Carry out verification and validation of the solver with simple test cases.

5. Explore the possibilities offered by this new code to solve complex problems, namely
forced motion 3D sloshing in a nuclear reactor, and non-linear coupled sloshing and

ship motions problems.

1.3 Structure of the thesis

This thesis is structured as follows.

1. The SPH numerical model is described in chapter 2, including all the formulations

supported “out of the box” by the AQUAgpusph package.

2. In chapter 5, the key AQUAgpusph features are discussed, focusing on the differences

with other existing SPH solvers.

3. In chapter 6, the new code, AQUAgpusph, is verified and validated against simple
benchmark tests.

4. In chapter 7, a set of practical applications will be presented in order to demonstrate
the capabilities of AQUAgpusph to be used both in industrial and research contexts.

5. Finally, a conclusions summary together with future work targets are provided.






Chapter 2
Numerical model

Even though AQUAgpusph has been designed to be able to solve a wide variety of problems,
just an incompressible Navier-Stokes equations solver is provided “out of the box”, based
on the WC-SPH formulation. In this chapter, the governing equations and the associated
numerical model built on top of that are presented.

2.1 Governing equations

In the WC-SPH formulation, the incompressibility is sought by modelling the flow with a
compressible fluid which, in the expected flow regime, presents very small density fluctua-
tions. The fluid is assumed to be barotropic, implying that the internal energy equation is

decoupled from the continuity and momentum equations.

The compressible Navier-Stokes equations for a barotropic fluid in Lagrangian formalism

are:
%’; = —pdiv(u), 2.1)
Du div (T)
T A (2.2)
p = pp). (2.3)

The flow velocity, u, is defined as the material derivative of a fluid particle position, r:

Dr
i 2.4
Dt “ 24
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The stress tensor of a Newtonian fluid, T, is defined as follows:
T=(-p+AtrD)1 +2uD, (2.5)

with D as the rate of strain tensor, i.e. D = (Vu + VuT) /2; 1 the identity matrix, and u, A are
the viscosity coeflicients.

An EOS relating the pressure and density fields must be imposed. Monaghan (2012)
discussed the most convenient EOS for weakly compressible simulations, suggesting the
usage of the following stiff equation (see also (MacDonald, 1966)):

2 Y
p=po+ ﬂ((ﬁ) - 1), (2.6)
Y PO

where pg is the reference density, pg is the ambient pressure, and c; is the sound speed.
However, assuming the weakly-compressibility hypothesis, a Taylor series around p = pg
demonstrates that the following linear form is the main contribution in the previous equation
(see for instance (Antuono et al., 2010)):

p=po+cs(p—po). @2.7)

Hereinafter, just the EOS (2.7) will be considered, even though more complicated expressions
can be easily used in AQUAgpusph.

2.1.1 Boundary conditions

A number of BCs can be considered depending on the particular problem to solve. In this
section all the boundary conditions provided within the AQUAgpusph package are described.

Free surface BC

Along the free surface, kinematic and dynamic BCs must be satisfied. The kinematic BC
implies that material points already on the free surface must remain on dQr since this region
evolves with the fluid flow.

uy,(x)=V,(x) Vx € 0QF, (2.8)

where u,, is the fluid velocity projected over the solid normal at point x, and V, is the solid

velocity projected over the solid normal.
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The dynamic free-surface BC is a consequence of the continuity of the stresses across the
free surface. Assuming that surface tension is negligible, a free surface does not withstand
neither perpendicular normal stresses nor parallel/tangential shear stresses. For a Newtonian
fluid, the dynamic free-surface BC can be expressed as:

T-n=(-p+AtrD)n+2uD-n = 0. (2.9)

Solid boundary conditions

In the solid boundaries an impenetrability condition must be imposed, meaning that
uy(x)="V,(x) Vx € 0Qp. (2.10)

Regarding the tangential velocity on the solid, either a free-slip or no-slip BC can be
imposed, depending on the interest on resolving the boundary layers. The no-slip condition
implies:
=Vix) Vx € 0Qp, (2.11)

ut(x)|no—slip

where u; and V; are the fluid and solid velocities respectively, both of them projected on the
tangent plane of the solid boundary. Conversely, with a free-slip BC no restriction is imposed
to the tangential velocity.

Regarding the pressure, the following Neumann boundary condition is considered:

_dV(x)
dt

Vp(x)-n(x)=p|g + vAu(x) |- n(x) Vx € 0Qp, (2.12)

Inflow/Outflow

While in solid boundaries a Dirichlet BC is applied to the velocity field, and a Neumann
BC to the pressure one, in the case of Inflow BC just Dirichlet boundary conditions are

considered,

px) = P) Vx € 09y, (2.13)

where P is the prescribed pressure field at the inflow BC.

{ u(x) = V(x)

On the other hand, in the outflow just Neumann BCs are imposed:

0
g n(x)

{ Va(x) - n(x) Vx € 8Q0. (2.14)

Vp(x)- n(x)
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Periodic boundary conditions

Some problems may admit a spatial periodic description, such that a generic scalar or vector
field can be defined as follows:

fx) = f(x+Ax), (2.15)

where Ax is the spatial period.

Symmetric boundary conditions

In a similar way, some problems may admit a symmetric description such that a generic
scalar field can be defined as follows:

f(x) = f(x=2n50 ((x —x50) - nyq)), (2.16)

where x50 and nyq are a generic point and the normal of the symmetry plane respectively.
Regarding the treatment of vector fields, the normal and tangential components should, if

needed, be extended in a different way:

fu(x) = f(x)-nyq = —f (x —2ns0 ((x —x50) - Ro0)) - Nsq, (2.17)
f(x) = f(x—2n50((x —x50) - nyq)) + 2 f1 (X) noq, (2.18)

such that the tangential component is preserved while the normal component orientation is
swapped.

2.1.2 Initial conditions

Since the governing equations (2.1)-(2.3) must be solved as an initial value problem, the
pressure, density and velocity fields must be known at an initial time #y, from which a forward

time integration can be performed.
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2.2 SPH methodology

2.2.1 SPH Continuous model

SPH method is entirely based on a convolution integral. To this end a kernel Wj(x) is defined

as a positive even function such that

f Wi(x—y)dy =1, (2.19)
R4

Wp(e0) = 0. (2.20)

For practical purposes, the kernel Wy,(x) vanishes for |x| > sh, where s is an integer greater
than 0, and 4 is the characteristic length of the kernel. Hence, the SPH convolution integral

of a scalar or vector function f(x) with respect to the kernel Wy(x) is defined as

) = fQ FOIWax—y)dy, @21)

where the integral is restricted to the compact support of the kernel, Q, of radius s 4. It should
be noticed that we are not considering truncated compact supports yet, where boundary
conditions should be imposed. It can be demonstrated that (f(x)) — f(x) = O(h?) (see
Monaghan (2012)).

Of course the expression (2.21) can be applied to a generic first order differential operator

as well:

(Df(x)) = fg D) Walx - y)dy. 222)

Unfortunately, Df(y) is generally unknown, turning the expression above useless in principle.
However, it is possible to expand it, and use the divergence theorem to get a new form where
the value of D f(y) is not required anymore,

(Df(x) = foO’) VWi(y —x)dy + fm J)-n(y)Wi(y —x)dy, (2.23)

where the symmetry property of the kernel has been already applied. However, provided
that we are not considering truncated kernel supports yet, and since the kernel vanishes for
a radius bigger or equal to the compact support one by definition, the second term of the
right hand side can be neglected, leading to the well known SPH convolution continuous

expression:

(Df(x)) = fg F5)- VWily - x)dy. (2.24)
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Therefore the SPH convolution integral has allowed us to conveniently move the differential

operator to the kernel function, which can be analytically differentiated.

2.2.2 SPH Discretized model

For practical purposes, the convolution integral of the equation (2.24) is solved numerically,
introducing therefore another error (Amicarelli et al., 2011; Quinlan et al., 2006). To this
end, the space is conveniently discretized by placing a set of particles separated a distance Ar
which are treated from a Lagrangian point of view. The differential volume element, dy, is
then discretized as the volume of the particles, and as follows for a generic particle i:

m;

—, (2.25)
Pi

dy ~

where m; is the particle mass, and p; its density. The discretized version of the SPH

convolution (2.21), and its differential developed form (2.24), read as follows:

D= S Lwirs-rom, (2.26)
jeFluid’Oj
(Df)i= ) Q-th(r,-—r,-)m,-, (2.27)
jeFluidpJ

where it can be appreciated that the expression (2.27) offers us a tool to compute the value of
first order differential operators of a generic scalar or vector field from the already known
value of such generic field for the surrounding particles (hereinafter neighbours). The
convolution process described above is schematically shown in the Fig. 2.1.

Even though the same procedure can be extended to higher order differential operators,
the error resulting from that may become unacceptable. As a workaround, a combination of
a finite difference scheme and the SPH model is usually applied. At the moment there exists
two different formulations:

1. Monaghan and Gingold (1983): Specifically designed to model an artificial viscos-
ity term, and shown by Hu and Adams (2006) to be the continuous version of the

incompressible flow Newtonian viscous term.

2. Morris et al. (1997): A more general Laplacian operator. Unfortunately, this model
diverges close to the boundaries if a BC is not properly imposed (see Colagrossi et al.
(2011)).
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Fig. 2.2 Schematically view of a generic particle affected by a boundary. The compact
support has been divided in 2 subdomains: Q, highlighted with a green background, where
fluid information is already available, and Q*, highlighted with a red background, where
fluid data is in principle unknown

2.2.3 Boundary conditions

Both in sections 2.2.1 and 2.2.2 we have considered that the compact support is completely
filled. However in a number of problems it is required to deal with boundary conditions where
the compact support will be inexorably truncated. Such situation has been schematically
depicted in Fig 2.2. As it can be appreciated, the kernel compact support, Q, lacks of fluid

particles in the subdomain Q.

There currently exist 4 methodologies that have been developed to deal with this situation,

1.e. to impose boundary conditions. They are described in the following subsections.
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Kernel corrections

The obvious solution is letting the kernel compact support become truncated, eventually
replacing the kernel by a deformed version of itself, which is in fact able to partially recover
the differential operators consistency. Indeed, when this approach is practised the kernel
function, Wy (r;—r;), is replaced by an alternative function, WhL(r j—ri), with the following
form:

VWE(r;—r) = La)VWi(r;—ry). (2.28)

Of course, In case L(r;) = I the original undeformed kernel is recovered.
Along the line of the kernel deformations, the simplest formulation is the Shepard
renormalization (Belytschko et al., 1998),

L(r) = I, (2.29)

1
y(r:)

where y(r;) is the Shepard renormalization factor, defined as follows:

m
Y= Y Walrj—r)—. (2.30)
jeFluid Pj

It should be noticed that the Shepard renormalization can be used to recover the 0" order
consistency in the fields values convolution, remaining anyway inconsistent for the differential
operators computation. In order to recover 1*' order consistency, even for the differential
operators, Randles and Libersky (1996) described the MLS approach, where the deformation
matrix is defined as follows:

-1
m

Lo)=| ). (rj=r)@VWy(r;—r) (2.31)

J

jeFluid Pj

This kind of boundary condition has been widely applied in the literature to impose the
free surface BC, when multiphase simulations are not considered. Moreover, Colagrossi

et al. (2009) already analyzed the consistency and conservation features shown by multiple

formulations, eventually including some kernel deformations.

Boundary forces

The previous technique may not be applicable in some contexts. For instance, even if
MLS deformed kernels (Randles and Libersky, 1996) are applied, the solid boundaries

untrespassing feature cannot be asserted. As a simple solution a set of dummy particles
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Fig. 2.4 Schematically view of the fluid extensions methodology

can be inserted along the boundary, such that they will exert a repulsion force over the fluid
particle. It has been schematically depicted in Fig. 2.3.

The main benefit of this technique is that it can be easily implemented, which has brought
the spawn of a number of formulations in the past (see for instance the boundary forces
(Cleary, 1997, 1998; Monaghan and Kajtar, 2009), the Dynamic boundaries (Crespo et al.,
2007), or the elastic bounce (Cercos-Pita, 2015)). However, this kind of boundary conditions

are generally damaged by the lack of consistency.

Fluid extensions

A completely different approach to impose the boundary condition is based on completing
again the kernel compact support, virtually extending the fluid domain to this end. The

process can be appreciated in Fig. 2.4. Of course, these new particles, usually called virtual
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or ghost particles, should be added to the SPH operators described in the section 2.2.2:

i i
Fi= D EWarj—rymi+ Y Wy -rmj, (2.32)
jeFluidp J jeGpTJ
i i
(Df)i= ) = VWyrj—romj+ > =L NWy(r;=rm;, (2.33)
jeFluid "/ jeGpHJ

where GP denotes the appended Ghost particles.
The first non-trivial topic to become solved, in order to apply this type of this boundary
condition, is the process to select the number and position of the new ghost particles. Three

popular approaches have been documented in the literature:

1. Fixed particles attached to the boundary (Bouscasse et al., 2013).
2. Mirrored particles (Randles and Libersky, 1996).

3. Templates of particles (Fourtakas et al., 2014).

Once the positions of the ghost particles are set, the second challenge is defining a
procedure to assign field values to those new particles, using for that the already available
information from the fluid particles. The applicable field values extension algorithms, and
their consistency, has been reviewed by Macia et al. (2011a) and Merino-Alonso et al. (2013).

Boundary Integrals

The fluid extensions approach to impose boundary conditions has the main drawback that
dealing with complex geometries can become excessively complex. Even though the first try
to use the normal flux to impose boundary conditions was described by Campbell (1989) for
the first time, revisited later by Kulasegaram et al. (2004) and De Leffe et al. (2009), the first
consistent Boundary Integrals formulation was introduced by Ferrand et al. (2013). In fact,
the consistency of the Boundary Integrals methodology was analyzed by Macia et al. (2012).

Ferrand et al. (2013) initially proposed a semi-analytic formulation. However, such
formulation depends on the usage of the mesh connectivity data, implying a prohibitive
overhead in 3D GPU-based simulations. Therefore, during this work just the purely numerical
Boundary Integrals scheme will be considered (see for instance (Cercos-Pita, 2015)).

It is convenient for us to develop the Boundary Integrals formulation in a different fashion
to the usually found in literature. Coming back to Fig. 2.2, the first order differential operator

continuous convolution of the equation (2.24) can be rewritten as follows:

(Df(x)) = fQ F)-VWily = x)dy + fg f)- YWy =x)dy, (2.34)
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where the second integral is in principle unknown. However, for a regular enough generic
field f, and using the kernel properties described in equation (2.19), the following relation
can be imposed between both integrals of the right hand side:

L ( [ - owi-xay+ | f(y)~n(y)Wh(v—x)dy)=

y(xi o ) (2.35)
£0)-IWi - dy+ | f(y)-n(y)Wh(y—x)dy)+0(h),

1—y(x) \Jo oQ

where n(y) is the outward normal (with respect to the integration domain boundary), and

v(x) is the continuous Shepard renormalization factor,
Yu(x) := f Wi(x —y)dy. (2.36)
Q

Taking into account that the kernel vanishes in all the boundary except in the intersection
of the 2 subdomains, 9Q N IQ*, the second integral of the left hand side is the same than the
second integral of the right hand side, with the sign inverted. Hence, the second integral of
the right hand side of the equation (2.34) can be expanded,

[ f0r-9wiy -y ~

L((l—y(x))ff(y)-VWh(y—x)dy+f_ f) -n(y)W,(y —x)dy]|.
y(x) a a0

(2.37)

The equation above is really interesting, because it clearly shows that the boundary effect,
when the Boundary Integrals approach is applied, is composed by a term strictly depending
on the boundary (surface integral of the right hand side), and a volume integral in the fluid
domain. Such assertion contrasts with the common point of view where the effect of the
boundary is restricted to the integral along the boundary.

Inserting equation (2.37) into equation (2.34), and discretizing, the well known purely

numerical Boundary Integrals expression is achieved,

1 .
(Df)i=— Z Q-VW/,(rj—ri)mj+ Z fj-anh(rj—r,-) sil (2.38)

Yi\ jérmia P jeBE
where BE denotes a set of boundary elements distributed along dQ, and n ; and s; their

normal and area respectively.

Therefore, the BC described above is actually a combination of a boundary forces based

BC (see 2.2.3), as it can be appreciated by the second summation of the right hand side, and
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a Shepard kernel deformation (see 2.2.3). Indeed, it shares a lot of benefits of the boundary
forces and kernel deformations, like the good capabilities to deal with complex geometries.

Unfortunately, the main drawback imported from the kernel correction is the non-symmetric
Wi(rj—r;) + Wy(ri—r;)

final kernel expression (in general 7
J

), which is affecting negatively the

conservation properties of the model.

2.3 Numerical scheme

In principle, the SPH model described in the section 2.2 can be directly applied to the
differential operators of the governing equations, discussed along the section 2.1. However,

it is more convenient to consider the following numerical scheme:

dp; n;
d_tl = _pi.z. [(uj—ui)+Fij]'VWh(rj—i‘i)p—j,
JjeFluid
d_tl = — Z l. _]VWh(rj—ri)mj
jeFluid PiPj
uj—u;)-(rj—ri (2.39)
—ﬂK Z ( ) ( ) )VWh(rj—r,-)mj+g
jeFluid  PiPj |r j_"il
dr,~ - u
d
pi = ci(pi—po)

where F;; is a numerical diffusive term usually known as 6-SPH model (see Antuono et al.
(2012, 2010, 2015); Cercos-Pita et al. (2016b)), which is discussed in the next chapter, and
K is a spatial dimension parameter (K = 6,8,15, in 1D, 2D and 3D respectively). Of course
the previous numerical scheme should be conveniently modified depending on the BCs
techniques used, according to the models discussed in the section 2.2.3.

When neither the 6-SPH term, F;;, nor the viscous term, nor the BCs are considered, the
numerical scheme (2.39) has the main benefit that is fully conservative. Therefore, the role
of those terms in the energy balance of the numerical scheme should be carefully analyzed

later, in chapter 4.



Chapter 3

Diffusive terms in the mass conservation
equation

3.1 General

As it has been discussed in the section 2.3, a generic diffusive term, F;;, has been introduced
in the mass conservation equation. Such diffusive term has the main objective of reducing the
characteristic SPH pressure field noise. Here in, several already existing terms are revisited,
analyzing their relationships and principal features, providing a glossary where the main

benefits and drawbacks of each one.

More details were published as part of this thesis in the work of Cercos-Pita et al. (2016b).

3.2 Consistency conditions and desirable features

In order to can discriminate the benefits and drawbacks of each diffusive model, a set of
conditions to check the consistency, as well as some other desirable properties should be
provided. More specifically, we are introducing 2 consistency conditions, and 2 desirable
features. It should be remarked that in the work of Cercos-Pita et al. (2016b) an additional
condition regarding the energy balance is stated, which for the sake of a more readable

document has been intentionally relegated to the section 4.2.
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3.2.1 Condition 1. Conservation of mass consistency

In order to assert the consistency of the model, the original governing equation (2.1) should

be recovered in the continuum. This condition can be written as

dor..
lim <pF”> 0, 3.1)
Axh—0\ dt [,

h—0

where Ax is the distance between particles. As it will be shown later, almost authors fulfills

the condition (3.1) defining terms of the following form:

F(x,y)=h F(x,y) & p>1. (3.2)

3.2.2 Condition 2. Consistency close to the free surface

Antuono et al. (2010) introduced this condition for the first time. In such work the authors
demonstrated that the term original proposed by Molteni and Colagrossi (2009) becomes
inconsistent close to the free-surface due to the singularity of the Morris formula (Colagrossi
et al., 2009; Morris et al., 1997).

In a similar way, any other term based on the Laplacian of the density or pressure fields
may be affected by such singularity, as Antuono et al. (2012) demonstrated for the term
proposed by Ferrari et al. (2009).

3.2.3 Condition 3. Intrinsically global mass conservation

Even though the condition 3.2.1 is enough to assert the mass conservation in the continuum,
for practical purposes intrinsically conserving the global mass, even at a discrete level,

becomes a desirable feature of the diffusive model, i.e.:

dpFij _
Z < " >._o. (3.3)

i€Fluid t

Antuono et al. (2012) already demonstrated that symmetric forms of the term F;; are
already fulfilling this condition.

3.2.4 Condition 4. No tuning of parameters

Antuono et al. (2010) and Antuono et al. (2012) discuss the process to set a convenient

parameter to their model, and an associated Courant condition for the time step. The stability
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analysis performed requires an expertise regarding the model to can successfully apply it in
the simulations. Hence it is a desirable -but not mandatory- property of a model if it could be
used without needing to tune parameters in order to have a stable time integration. The author
incidentally remarks that the commonly used artificial viscosity depends on a parameter « to

be tuned.

3.3 Existing diffusive terms in the literature

3.3.1 The diffusive term proposed by Vila (1999)

Vila (1999) included the Riemann solvers in the SPH context, where the Godunov scheme
(Godunov, 1959) is approximately solved (see (Koukouvinis et al., 2013; Toro, 1997)).
However, this model can be studied in the context of the 6-SPH model, provided that the
mass variation rate used in R-SPH is related with the numerical diffusive term.
In fact, in R-SPH model the domain is discretized in particles as well, but the following
transport equation is used:
% = V;div(u (x;,1)), (3.4)
where the volume of the generic particle i can be written as the division of mass and density,

m;

V= —.
Pi

(3.5)
On the other hand, in R-SPH a mass rate of change equation is proposed in the following

general form,
d
E(Vipi): _ZViVjGjVWij' (3.6)
J

We are trying to relate this proposed model with the discussed along the section 2.3. First
let’s expand the derivative of the volume, V, in terms of the mass and the density:

—— . 3.7
de  pi dt p? dt G-7)

Solving for the density, the conservation of mass equation in the context of the R-SPH model
reads d :

Li . pi am;

— =—p;d X, 0)+——,

P iv (u (x;,1)) —P

where the transport equation (3.4) has already been applied. Comparing this conservation of

(3.8)

mass equation with the mass conservation equation in (2.39), we can relate the diffusive term
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inside the conservation of mass equation with the mass variation rate in the R-SPH approach:

(div(Fy)). = ’% dgzi. (3.9)

Regarding the term G, it can be related with the mass variation rate as well, because

from the equation (3.6) we can write

pi dm;
m; dt

1
=-> —G;YW;m; (3.10)
j b

Combining the equations (3.9) and (3.10) the relation between R-SPH model and the

numerical diffusive term added to the conservation of mass equation can be obtained:
Fij=-G,;. (3.11)

Indeed the term proposed for the mass rate of change equation in R-SPH is the same than the
introduced in the conservation of mass equation. This idea had been hinted by Ferrari et al.
(2009), who did not formalized it.

Hence, the 6-SPH equivalent term can be written as follows:
F?;i = =2piij (ui,ij —u(Fij, t)), (3.12)

where p;;; and u; ;; are the approximate solutions of a Riemann problem for the density and

velocity respectively, and

Fij= ot (3.13)

In this term the condition 1 is fulfilled if the approximate Riemann problem solution
consistency can be demonstrated:

lim wyap =u(Fep,t). (3.14)
Ax/h—0
h—0
Such demonstration is out of the scope of this work. However, becoming the term symmetric,

it can be asserted that the condition 3 if fulfilled.

Regarding the condition 2, since this term is proposed as a function of the divergence of
the velocity resulting from the Riemann problem solution, not using therefore the Morris
formula (Morris et al., 1997), it is not affected by the singularity described by Antuono et al.
(2010). Vila (1999) has already analyzed the stability of the time integration, which has been



3.3 Existing diffusive terms in the literature 25

proven later in several practical applications (see for instance Molteni and Bilello (2003) and

Koukouvinis et al. (2013)), not requiring therefore a tuning parameter.

It should be remarked that the solution of the Riemann problem adds a significant

computational cost to the model.

3.3.2 The diffusive term proposed by Ferrari et al. (2009)

Ferrari et al. (2009) proposed a diffusive term directly inside the conservation of mass
equation as a simplification of the model introduced by Vila (1999). In this case Ferrari et al.
(2009) chose an upwind Rusanov (1962) flux, such that, taking a constant sound speed for
simplicity, the model can be written as

rij

Irijl’

Ffe = —c(p;—pi) (3.15)

In order to check the condition 1, a finite differences approximation can be applied,
Fi7 = —c(Vp),Irijl, (3.16)

which can be expressed in a continuous form,

<%> = —c, (div(Vo(@)lryl)).- (3.17)

Unfortunately, equation above is not vanishing at the limit of 4 — 0:

dA X
< p(x)>:c ( f AP Wi(ray)dy + f Vp(v)-lWh(rxy)dy) (3.18)
dr Q Q |rxy|

Therefore the condition 1 is not fulfilled. However, even though the term is inconsistent with
the mass conserving equation, it has a symmetric form (at least if a constant sound speed is

considered), and therefore it is intrinsically conserving the global mass.

Regarding the condition 2, Antuono et al. (2012) already demonstrated that this model is

affected by the singularity of the Morris formula close to the free surface.

In this term no tunning parameters are used, fulfilling in principle the condition 4.
Unfortunately, this term may turn the simulation unstable if a conveniently tuned parameter

is not introduced in the equation (3.15).
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3.3.3 The diffusion term proposed by Molteni and Colagrossi (2009)
and Antuono et al. (2010)

This term was initially introduced by Molteni and Colagrossi (2009) as a function of the
Laplacian of the density field, and corrected later by Antuono et al. (2010) to fix the problems
arising on the free surface, transforming it into a fourth order differential operator. The term

can be written as follows:

F;ﬁ‘}n:—2(5hcs((pj—p,~)#+fL(p,~,pj)), (3.19)
where ¢ is a non-dimensional factor, and f, (pi, P j) 1s a MLS based correction term (Antuono
et al., 2010; Hashemi et al., 2011).

In this model the smoothing length is specifically inserted into the term, fulfilling, for
regular enough density fields, the condition 1 at the limit of # — 0. The model is also
intrinsically conserving the global mass, i.e. is fulfilling the condition 3, due to its symmetric
form.

Antuono et al. (2010) specifically added the term f, (p,-,p j) to the model to fix the
singularity close to the free surface.

This term is proposed with an specific dependency on a ¢ parameter which should be
tuned for each simulation. Hence the condition 4 is not fulfilled for this term. Related
with that, it should be remarked that Antuono et al. (2010) performed a linear stability
analysis to provide a way to tune the parameter, but adding an heuristically found limit for
2D simulations. Later a new linear stability analysis was performed (Antuono et al., 2012),
such that this time the resulting ¢ parameter is a function of the applied kernel too, and it
requires introducing another Courant condition to set the time step depending on the selected

value for such ¢ parameter.

3.3.4 A diffusion term inspired by Fatehi and Manzari (2011) and Hashemi
et al. (2011)

The last proposed term to include in the conservation of mass equation was proposed by
Fatehi and Manzari (2011), who were the first to use an approximation the Laplacian of the
pressure instead of the Laplacian of the density. The term was later formalized by Hashemi
et al. (2011), introducing a correction concerning the boundaries, in a similar way as Antuono
et al. (2010) did for the term proposed by Molteni and Colagrossi (2009). During this work a

new modified version of the originally defined model is used, where the averaged density
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value (pi +p j) /2 1s replaced by density of reference py:

P =20 () Tt ()| (3.20
po i
which is really a more convenient formulation to analyse the consistency.

The condition 1 is satisfied due to the involved time step A¢, which in SPH is usually set
such that:

A~ (3.21)
Cs

However, it should be remarked that, not becoming symmetric, this term is not intrin-
sically conserving the global mass at the discrete level, which is an undesirable property.
However, due to the weakly compressibility assumption (p; =~ pg), small errors have to be
expected.

In a similar way to the previous model, this model requires a correction to avoid the
singularity close to the free surface, turning it consistent under the condition 2.

This term satisfies the conditions 4 as there are no tuning parameters.

Actually, considering the equation (3.21), and the equation of state in (2.39), it can
be demonstrated that the terms (3.19) and (3.20) are widely related (see Cercos-Pita et al.
(2016b)). Along this line, explicitly introducing the time step in the diffusive term takes the
place of the tuning process and Courant condition imposition described by (Antuono et al.,

2012).

3.4 Summary of diffusive 6-SPH terms

In Table 3.1 the main features of each term, discussed in the previous section 3.3, are compiled.
As it can be appreciated, the new term FH2, resulting from the convenient modification of
the term proposed by Fatehi and Manzari (2011) and formalized later by Hashemi et al.
(2012), is the only one which, not requiring a tuning parameter, its consistency has been
proven. Actually, such term only fails regarding the intrinsically global mass conservation
desirable feature. However, as it has been mentioned in the section 3.3.4, not large errors can
be expected due to the weakly compressibility hypothesis. Effectively, the lack of either a
tuning parameter or an additional associated Courant condition, reduce the required expertise
to implement and apply the model, which is a great benefit.

Hereinafter, just the last 2 terms are considered, FA" and FH2, becoming the only ones in

which have been proven that the 2 consistency conditions are fulfilled.
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Diffusive terms in the mass conservation equation

FVi FFe FAn FHa
1. Mass conserving equation consistency unknown* no yes yes
2. Consistency close to the free-surface no yes yes**  yes**
3. Intrinsically global mass conservation yes yes yes  no¥¥*
4. No tuning parameters yes noHHHE no yes

Table 3.1 Properties of existing diffusive terms proposed for the Conservation of mass

equation in SPH. FV' = Vila (1999), FF¢ = Ferrari et al. (2009), FA™ = Antuono et al. (2010),
FH2 = modified Hashemi et al. (2011).

* The consistency of the Riemann approximated solution should be analyzed. ** Far away
from the boundaries, where the correction term contribution can be neglected. *** Small
errors have to be expected due to the weakly compressibility hypothesis. **** Even though
it has no tuning parameters, without them the simulation may turn unstable.



Chapter 4

Energy equations

During this chapter an analysis of the sources of energy dissipation of the numerical fluid
system, depending on the formulation used, is carried out. This kind of analysis, including
the boundaries and the external works, is an original contribution of this thesis, extending

previous work by Antuono et al. (2015).

For a system where the heat transfers can be neglected, the following energy balance can

be stated:

—+
e dr
where the left hand side is the total energy variation rate -i.e. power- of the fluid, while the

=-Wa_sq, 4.1)

right hand side is the delivering energy rate of the fluid to the boundaries. The mechanical
energy variation rate can be computed as the sum of the potential and the kinetic energy,

A&, _ 48, d& _
dt  dr  dr

Z miui~(—g+%). (42)

ieFluid d

Of course, the acceleration term, %, is affected by the boundary condition applied (see

the section 2.2.3), which is discussed below. For the time being, it is more convenient

disregarding the boundary effects in the mechanical energy, reading as follows:
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Regarding the internal energy, the discrete system considered can be split in the dissipated/ir-

reversible energy and the energy due to the compressibility,

d&; _ d&y  d&. _d&s Z pi dp; @

- = + mi——,
2
e dr o dr g P 4
where the rate of dissipated energy, %, is in principle unknown.

As it happened to the kinetic energy, the compressibility term, %, is affected by the
specific BC used. The effect of such BC is being intentionally relegated to a further discussion

in section 4.3.

Taking into account the following relation (see for instance Antuono et al. (2015)),

— (Pi +Pj) up-VWy(rj—rj) =— Z : _jpi(uj—ui)'VWh(rj—ri),
ieFluid jeFluid PiPj ieFluid jeFluid PiP]
4.5)
the variation rate of the total energy of the fluid can be written as follows:
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Finally, combining the equations (4.1) and (4.6), the expression for the total energy dissipation
in the discrete system is obtained,

464 _ dEu &5 (dSaQ

e~ dr  dr dr _(WQ_“?Q)’ @7

such that the total energy dissipated by the fluid is the sum of the power dissipated by the
viscous function, the power degraded by the numerical diffusive term added to the mass
conservation equation, and the power exchanged with the boundary, conveniently subtracting
the energy effectively absorbed by such boundary.
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4.1 Viscous dissipation function

The first term of the right hand side of Equation (4.7), ddit”, is the power associated to the
viscous dissipation function, which is actually the only one with a physical meaning. In
this sense, it should be demonstrated that it is a positive function, consuming therefore
mechanical energy to produce irreversible internal energy. To this end, such term can be

rewritten as a function of the particles pair interactions,

dr 2

1 s ) ()

- : (uj—wi)- VWalrj=r.  (48)
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where the symmetry property of the kernel has been already applied. However, the kernel
gradient can be expressed as follows by construction:

VWu(rj—ri) =—(rj—r;) -wy(rj—r;, 4.9)

where wy(r;—r;) > 0. Hence, the energy dissipation by the viscous function of the equation

(4.8) is positive, quod erat demonstrandum.

4.2 6-SPH dissipation function

dd_S;;’ is caused by the term F;, artificially added into the

The 6-SPH dissipation of energy,
mass conservation equation. In this sense both terms, (3.19) and (3.20), vanish in the limit

h — 0, thus allowing to assert that,
lim — =0. (4.10)

However, the sign of the power term above should be analyzed again, in order to find out
whether the 6-SPH term is always consuming energy due to the compressibility to produce
irreversible internal energy, or it may eventually pump energy into the system, which is a
really undesirable situation. To this end, we can proceed in a similar way than the described
in the subsection 4.1, expressing the 6-SPH energy dissipation term as a function of the

particles pair interactions:

d& 1 mim;(p; .
d_té =320 2, .j(_j.Fﬁ— &Fij)'VWh(rj—ri), (4.11)
icFuid jeFtuid PP \PJ pi
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Of course, the sign of the energy term above depends on the specific diffusive term F j;

applied.

4.2.1 Molteni and Colagrossi (2009)

Considering the term of Equation (3.19), and using the kernel feature (4.9), the equation
(4.11) reads:

dgie
dr

=0hcy Z Z ’. .j(_j.__l.)(pj_pi)wh(rj—rj), (4.12)
icFluid jeFtuid PiPI \Pj  Pi

where the correction term ff, (pi, Jo, j) has been neglected, as it was done by Antuono et al.
Mo
(2015) and Cercos-Pita (2015). Provided that ”T(p) is non-decreasing, the energy term, %,

becomes positive, hence dissipating energy.

4.2.2 Fatehi and Manzari (2011)

Considering the term of the equation (3.20), and using the kernel feature (4.9), the equation
(4.11) reads:

d8§a B g Z m;pm;

2
2 = — i — 1), 4.13
T (pj—pi) walrj—ri) (4.13)

¢Fluid jeFruid PP
where the correction term fi, (pi, )4 j) has been neglected again. It can be noticed that the

expression above is positive, becoming an energy dissipation term as well.

4.3 BC dissipation function

The last energy dissipation source in the equation (4.7) is the one associated with the
difference between the energy variations due to the fluid interaction with the boundary, and
the effective work done over such boundary. Of course, this analysis should be carried out on

top of each boundary condition technique from the ones described in the section 2.2.3.
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4.3.1 Kernel correction

When kernel corrections are applied, the following expressions become valid,

doi\ _ Y N o oam
<Eﬁm—ﬂ%%%@Jquam Dvmﬂjnﬂg, (4.14)
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such that the energy variation due to the interaction with the boundary can be expressed as

follows:
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(4.16)
This boundary condition technique has a peculiar behavior, replacing the energy variations
due to the fluid particles interactions by an approximation affected by the kernel deformation.
Of course, the consistency of this BC is granted by a deformation function converging to the

identity,
Ai/i}{ri) OL(ri) =171. (4.17)

h—0

Unfortunately, if Shepard or MLS methodologies are considered, such limit is not fulfilled
close to the boundaries, becoming locally inconsistent. On top of that, it is not possible to
guarantee that the sign of Equation (4.16) is always negative, thus implying that this BC

technique may result in spurious energy pumped into the system.

4.3.2 Boundary forces

Due to the large number of Boundary forces implementations already existing in the literature
(e.g. Monaghan (1989), Souto-Iglesias et al. (2006), Crespo et al. (2007) and Kajtar and
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Monaghan (2008)), carrying out an analysis of each of them becomes out of the scope of this
work. However, as it was mentioned in section 2.2.3, the boundary integrals incorporate a
kernel correction, and an equivalent boundary force. Such boundary force is based on the
normal flux of the equation (2.38). Indeed, the density and velocity variation rates, due to the

interaction with the boundary, read:

d
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With these values, the fluid power due to the interaction with the boundary can be written as

follows:
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Conversely to the case of the kernel deformations, where the boundary does not exert/receive
work, (WQ_)ag, due to the lack of an actual boundary to interact with, in this specific case
such work should be addressed. Imposing momentum conservation, the force over a generic
boundary element, j, can be computed,

Fia00 = Z o sj(pi+pj)njWalrj=ri)

icFuid VP ( ) ( ) 421)
m; uj—u,- . rj—ri .
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and the work received by the boundary can be computed multiplying the force by the

boundary velocity, and integrating along the boundary surface:

Wasaq = Z Z mi Sj(Pi+Pj)uj‘”jWh(”j_ri)
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Therefore, a mismatching energy variation rate, with respect to the power effectively absorbed

by the fluid, due to the interaction with the boundary, has been obtained.

daﬁ—(WQ—»aQ= - Z Z - s;pi(uj—ui)- njWirj—r;)

dr icFluid jeBE 7 Pi
- (wj—ui)(rj—r;
_ Z ZIUK ’7.11.Sj( J l) ( 12 t) (uj_ui)'anh(rj_ri)-
icFluid jesg~ ViPi |" =T i|

(4.23)

The expression above should vanish at the continuum, consistently with the no-slip
boundary condition. Unfortunately, as for the kernel correction techniques, the expression
above has not a defined sign, implying that spurious energy could be artificially pumped into

the fluid particles system due to the interaction with the boundary.

At this point, it is worth recalling the expression (4.21). Neglecting the viscous term, the

force of the fluid over a generic boundary element, j, should be equal to:
Fiooa0=pjn;sj, (4.24)

which is true only if the pressure on the boundary element is computed as follows:

Y EpiWp(rj—ry)
;= eluid i
J = m; ’
1= > LWu(rj—r)
Iy Jj i
icFluid 7"

(4.25)

conversely to the usually applied Shepard filtered extrapolation (e.g. Cercos-Pita (2015);
Ferrand et al. (2013); Macia et al. (2012)),

1 m;
pi=— > = piWilrj—r. (4.26)

Y icFia P

In Fig. 4.1 both extrapolation methods are compared, considering an infinite lattice of

particles cropped by the infinite plane x = 0, and different pressure fields. As it can be
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0.0
0

Fig. 4.1 Comparison between the pressure using the extrapolation methods at the boundary,
for different pressure fields. 2D infinite lattice of particles, cropped by x = O infinite plane.
h=1,Ax=Ay="4

appreciated, if momentum conservation is imposed, inconsistent pressure fields will be

retrieved, turning the differential operators inconsistent as well (see Macia et al. (2012)).

4.3.3 Fluid extensions

In the case of the fluid extensions the effect of the boundary in the fluid particles is just an

extension of the sums along the neighbours, where the ghost particles should be included as

well,
do; m;j
<%> = _Zpi(u/;—ui)'vwh(rj—ri)_J, 4.27)
e j€GP Pj
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where the velocities u? and u’; may differ from the body velocity, u ;, depending on the
mirroring/extension process applied, as it was discussed in section 2.2.3. It should be noticed
that the density and pressure fields, p; and p;, depend as well on the mirroring/extension
model.
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The analogy between the expressions above and the ones presented in the numerical
scheme in section 2.3, where the BCs where not considered, can be appreciated. With fluid
extensions, the power of the fluid particles system, due to the interaction with the boundary,
can be expressed as follows:

480 _ Z Z mimj(pi+pj)ui‘VWh(rj_ri)

dr icFluid jegp PiPi
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In this case, the work on the boundary should be computed as well to close the balance.
To this end, the expressions described in Marrone et al. (2013) and Bouscasse et al. (2013),
to compute the force of the fluid over the boundary, are considered. Such expressions result
from the momentum conservation imposition, similarly to the procedure discussed in the
previous subsection, 4.3.2. Therefore, the work exerted by the fluid on the boundary can be

written as follows:
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(4.30)

Hence, the extra energy term, led by the differences between the power of the fluid resulting

from the interaction with the boundaries, and the effective work received by the solid, reads:
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Each differential operator leaves its imprint on the energy, which strongly depends on the
mirroring/extension model. For consistency the terms above should converge to zero at the
continuum, which is fulfilled by the first 2 terms due to the no-slip BC imposition. Regarding

the latter, it should be consistent provided the consistency of the velocity divergence operator.
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As it will be numerically demonstrated later, while the first and last terms are actually
negligible, the second term may become significant. Fortunately, if the body velocity is used
to compute the viscous term, u’; = u j, the extra energy term becomes positive, and therefore,

an energy dissipation (see section 4.1).

4.3.4 Boundary Integrals

As it has been remarked in the section 2.2.3, the boundary integrals methodology is actually
a combination of the kernel deformations and the boundary forces. In this sense, the extra
energy terms associated to this BC are just the sum of the right-hand side of the equations
(4.16) and (4.23).

Unfortunately, the kernel deformation requirement cause that this formulation is not able

to conserve momentum or energy, as it has been discussed in section 4.3.1.
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AQUAgpusph features

5.1 Free software

AQUAgpusph is, and ever will be, free software. It is currently licensed under the GPLv3
terms, so that, the users are welcome to read, edit and redistribute the code, with the main
limitation that the redistributed versions must be shared with the same license. Of course, the
possibility of accessing the source code of the program, as well as the source code of the
tools packaged within it, is not only a desirable feature for the software in general, but also a
mandatory one if the research community is the main target.

At this point, the difference between the free and open-source software should be pointed
out. Citing Richard Stallman, founder of the free software foundation, when we call software
“free”, we mean that it respects the users’ essential freedoms: the freedom to run it, to study
and change it, and to redistribute copies with or without changes. Along this line, it can be
asserted that free software is moved by ethical/philosophical values, resulting in pragmatical
benefits, while open-source software is directly motivated by such pragmatical benefits.
The difference in the values results in actual differences in practice. For instance, both
DualSPHysics (Crespo et al., 2015) and GPUSPH (Herault et al., 2010) are licensed under
the same GPLv3 terms. However, they cannot be called free but open-source software, as they
are actually self-defining such packages, since both are accelerated using CUDA, requiring
therefore a privative library, and a specific hardware owned by an unique manufacturer.

On the other hand, sometimes the gap between the open-source and the free software can
be built with the license itself. For instance, PySPH software (Ramachandran and Kaushik,
2013) is provided with the full source code, and does not require any privative piece of
software to work. However, such software is licensed under BSD license terms, stating that
the software can be modified and redistributed in binary format, i.e. without the source code,

automatically truncating the original freedoms.
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GPU
OpenCL API

Fig. 5.1 Schematic view of the AQUAgpusph modular implementation. The levels are
separated by dashed lines. The colors denote the complexity of the development, Red: High
complexity, Blue: Intermediate complexity, Green: Low complexity

5.2 Modular application

5.2.1 General

As it has been discussed in section 5.1, AQUAgpusph (Cercos-Pita, 2015) is free software, and
therefore the source code is available for the researchers, who are welcomed to modify and
adapt it to their necessities. However, becoming a desirable feature, it is clearly insufficient if
the user has to deal with the C++ core, and even worst, with the OpenCL and Python APIs.
AQUAgpusph has been divided in 3 different levels, as it is illustrated in Fig. 5.1, in order
to provide a software where the user can remain unaware of those high-level programming
environments.

The top level is the AQUAgpusph core, where the most complex development pieces of
the whole package are located. Actually, the AQUAgpusph executable binary is compiled on
top of the code of such level. Accordingly, normal users and developers would never need to
modify the source code at this level, or even to recompile the AQUAgpusph binary.
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On the other hand, the actual computational tools, i.e. the pieces of code to be executed
during each time step, are located in the bottom level.

In order to join both levels, the modular boosted XML simulations definition has been
inserted. As it is discussed below, in such level all the variables and tools that will be used

during the simulation can be specified and organized.

5.2.2 Variables

A set of variables can be asked to be generated to AQUAgpusph in the XML definition files.
Those variables can be later read and written by the tools, as it will be discussed below.

Currently, there are 2 main groups of variables: Scalars and Arrays. The former are
allocated in the host memory, with the main benefit that they can be accessed to either read
or write, without a significant performance penalty. The Arrays, on the other hand, are lists
allocated in the computational tool memory, with a fixed length. The great advantage of the
arrays is that they can be processed in parallel in the OpenCL scripts, as it will be discussed
in section 5.3. However, accessing this memory outside of the OpenCL codes is requiring
a memory transfer between the host and the computational device, which is usually a slow
operation due to the relatively low bandwidth available.

In Table 5.1, the full list of variable types that can be defined in AQUAgpusph are listed.
As it can be appreciated, in the 3D simulations 4D vectors and matrices are used, which
may result in significant performance improvements depending on the specific computational

device used.

5.2.3 Tools

In parallel to the variables discussed above, the tools to be executed at each time step can be
defined as well. Several kinds of tools can be used in AQUAgpusph, that can be grouped by
the library which drives them:

1. muParser tools
2. OpenCL tools
3. Python tools

4. Dummy tools

Each specific tool will be further discussed later.
At the time of defining a tool, it can be appended at the end of the already existing tools

stack, or it can be eventually inserted before/after an specific tool, identified by its name or
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Table 5.1 List of variable types accepted in AQUAgpusph. N can take the values 2, 3 or 4

Type Description
int Integer scalar variable
unsigned int  Unsigned integer scalar variable
float Floating point scalar variable
ivecN Vector of N integer components
ivec ivec2 for 2D simulations, ivec4 for 3D simulations
uivecN Vector of N unsigned integer components
uivec uivec?2 for 2D simulations, uivec4 for 3D simulations
vecN Vector of N floating point components
int* Array of integers
unsigned int*  Array of unsigned integers
float* Array of floating point values
ivecN* Array of vectors of N integer components
ivec* ivec2* for 2D simulations, ivec4* for 3D simulations
uivecN* Array of vectors of N unsigned integer components
uivec* uivec2* for 2D simulations, uivec4* for 3D simulations
vecN* Array of vectors of N floating point components
vec* vec2* for 2D simulations, vec4* for 3D simulations
matrix* Array of floating point matrices. 2x2 for 2D simulations, 4x4 for 3D ones

position. Optionally, the tools can be replaced, redefined, or even removed from the tools

stack.

5.2.4 Reports

The reports are quite similar to the tools. More specifically, they can be managed as a second
stack of tools to be executed right after the tools one, discussed in the previous subsection.
However, the reports are not designed to perform actual computational tasks, but to print
some data at the end of each time step, either at the terminal or into an output file.

The reports may constitute a really powerful helper since they can extract some data from
the simulation at runtime. Among others, it can be mentioned the fluid energy, the forces

over an specific body, performance indicators, or simulation progress.

Since the reports are just extracting already computed data, it is not relevant how are they
sorted on the execution stack. Hence, the reports can just be appended at the end of such
stack.
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Variables stack Module variables

Module tools

Tools stack

Module reports

Fig. 5.2 Schematic example of a generic module loading process

5.2.5 Modularization

In order to enhance the variables, tools, and reports definition described in sections 5.2.2-
5.2.4, the possibility to include XML files from another XML files has been implemented.
Therefore, the variables, tools, and even the reports, can be grouped in modules, also called
presets. Such process is shown in Fig. 5.2. As it can be appreciated, the module may contain
sets of variables, tools, and reports that are inserted into the already existing stacks when it is
loaded. As it has been discussed before, while the reports can be only appended at the end of
the stack, the variables may eventually replace an already existing one, and the tools may be
inserted in an arbitrary position.

To make easier the tools stack management, dummy tools can be added in order to mark
events to other modules. For instance, a 3rd party module can be designed to insert a bunch
of tools after the particles interactions process, i.e. differential operators computation, but
before such differential operators are used to compute the magnitudes variation rates. To this

end, dummy particles can be defined to highlight when the particles interactions computation
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have finished, and when the rates of computation would begin. Hence, the modules can be
easily split, and the dependencies between them well tracked.

Examples of this modularization will be provided during the practical applications in the
section 6.

5.3 OpenCL acceleration

5.3.1 General

As aforementioned, AQUAgpusph has been accelerated with OpenCL. Moreover, AQUAg-
pusph can run all the simulation on the computational device (CPU, GPU,...), falling back to
the host exclusively for printing output files, significantly reducing the performance penalties
due to the eventually low bandwidth assigned to the computational device.

The key features that have led the author to use OpenCL instead of other alternatives,
such as CUDA (NVidia, 2006), OpenMP (OpenMP Architecture Review Board, 2013), or
MPI (MPI Forum, 2013) (already used in other free available SPH implementations (Cherfils
et al., 2012; Dominguez et al., 2013; Herault et al., 2010; Liu and Liu, 2003)) are described
below. However, it should be remarked that some other SPH implementations using OpenCL
already exist, namely:

1. Blender (Blender foundation, 2013) has implemented its own SPH fluids simulator,

designed to obtain good visual effects.

2. Bullet (Bullet physics library, 2013) has a similar implementation focused on providing
great visual results. This engine additionally has fluid-solid interaction capabilities

implemented.

3. PySPH (Ramachandran and Kaushik, 2013) is a framework for Python partially accel-
erated with OpenCL.

While the first two aforementioned alternatives are not designed for researches or engineers,
the latter one can be actually considered for science and engineering, despite the fact that it
is not fully accelerated with OpenCL yet.

5.3.2 More powerful devices and lower costs

When using the CUDA framework, only NVidia devices can be used, but with OpenCL
hardware coming from other vendors can be applied, which may result in a substantial cost

and power difference. Currently AMD commercializes graphic devices that are approximately
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50% times more powerful and 50% times less expensive than their NVidia counterpart. For
instance an AMD ATI HD 7970 card (approximately 280€), has a computational power of 4.2
Tflops, compared to an NVidia GTX 680 card (approximately 450€) with a computational
capability of 3.0 tflops.

These costs and power differences are really volatile, being dependant on the game
industry or on the global IT market. However, they illustrate the importance of not restricting
your developments to a unique vendor.

For this reason, NVidia is currently promoting a new standard for Open Accelerators
(OpenACC), which has been successfully applied in the context of Lagrangian simulations
(Niemeyer and Sung, 2013). OpenACC, in front of CUDA, is designed to simplify parallel
programming of heterogeneous CPU/GPU systems, and in front of OpenCL, is based in
annotations in the source code to specify the areas to be accelerated.

It should be mentioned that although CUDA is designed to work just with NVidia devices,
becoming heavily optimized for such hardware, and therefore using OpenCL (or OpenACC

either) in a NVidia device has the drawback that lower performance can be expected.

5.3.3 Hardware diversification

OpenCL is not restricted to GPUs, CPUs or IBM Cell architecture, but is able to deal with all
of them. This feature must be considered seriously when selecting the software development
framework since these architectures are in continuous evolution.

Furthermore, in other SPH solvers 3 versions of the software need to be maintained.
Those are:

1. A serial CPU version.
2. A parallel CPU version based.
3. A CUDA based implementation.

With the OpenCL standard a unique version of the code can cover all the aforementioned
versions, and more over, can do it simultaneously, allowing the usage of GPUs and CPUs
in the same simulation. It should be noticed that using OpenMP or MPI the serial and the
parallel CPU codes can be joined in a single implementation.

5.3.4 Applications with the capability of being modified

In a similar way to the Open Graphics Library (OpenGL), a set of libraries to develop

hardware-accelerated 2-D and 3-D vector graphics applications, OpenCL based programs



46 AQUAgpusph features

can optionally execute codes which are loaded and compiled at runtime, and could therefore
be modified without the need to recompile the main program.

In AQUAgpusph, all the OpenCL source codes used to perform the computation are
available as independent files, and their execution is organized using the boosted XML
definition files, as it has been discussed in section 5.2. Since AQUAgpusph-2.0, the program
is able to automatically recognize and provide the variables required by the OpenCL code,
from the list of defined ones (see section 5.2.2). It is also able to detect when a variable has
been modified, such that a variable will not be resent to the OpenCL code until it should not
be updated, slightly reducing the overhead.

Creating these kind of customizable applications with other frameworks, like CUDA, is

really complex and may result in an undesirable messy coded software.

5.4 Python extensible

As it has been mentioned, AQUAgpusph core has been developed in C++ language, allowing
the deployment of a high performance application, which is actually a critical factor of a SPH
code. Unfortunately, the usage of such language imply an unacceptable coding overhead
as well as a high level of complexity, which may expel a significant part of the research
community, depending on their expertise in the computational sciences.

Such frictional issues can be significantly lightened by the integration of Python scripts
extensibility capabilities. Python is a script based language that has become very popular in
recent years due to its simplicity, power and increasing support. It is a free language that
does not require a private platform to be executed, and has been implemented in the most
widely used operating systems.

The Python extensibility in this context, and its main benefits, were already described by
Cercos-Pita (2015). However, since AQUAgpusph-2.0 it is possible to call Python scripts
at an arbitrary point of the time loop. Also, the Python scripts are not restricted to the solid
motions management anymore, but all the simulation data can be read and written.

For instance, the following source code is increasing a generic counter, ¢, defined as an

unsigned integer scalar variable in the variables stack described in the section 5.2.2:

import numpy as np

import aquagpusph as aqua

def main ():
¢ = aqua.get("c"

aqua.set("c", ¢ + 1)
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return True

Indeed, the Python module, aquagpusph, provides access to all the variables defined. Even-
tually, whole array variables can be downloaded, as well as subsets of them. Unfortunately,
the performance deployed by the Python scripts is in general several orders of magnitude
lower than the OpenCL accelerated codes. In this sense, Python scripts are strongly rec-
ommended when arbitrary complex operations should be carried out, provided that they do
not require to read or write a large amount of data. Otherwise, OpenCL scripts should be
considered.

As a similar approach PySPH (Ramachandran and Kaushik, 2013) can be considered.
However, it should be remarked that AQUAgpusph is a C++ application, extended with
Python, while PySPH is mainly implemented in Python, eventually extended with C and

Fortran languages.

5.5 muParser fast math parser

Even though AQUAgpusph provides a powerful Python environment, which can be used
to operate scalar variables (see section 5.2.2), in order to reduce the overhead the fast math
parser, muParser, has been integrated. Such tool can be used to perform operations between
scalars, without requiring a full Python environment.

Incidentally we must remark that the muParser library is used as well at the initial
condition loading process from ASCII files, so that some fields can be expressed as a math

function.

5.6 Wide variety of boundary conditions

5.6.1 General

As it is aforementioned, SPH methodology is growing fast leaded by the increasing interest
on the model, bringing a rate of changes and new modifications not seen before. Along
this line, AQUAgpusph package brings a wide variety of formulations and tools “out of the
box”. Probably, the most representative example of that is the wide variety of boundary
conditions deployed within the software. During this section such boundary conditions will

be presented, providing as well some details regarding the algorithm used to this end.
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5.6.2 Solid boundary conditions

While other boundary conditions have been implemented using just the fluid extensions
approach, significant efforts have been invested to introduce several alternatives for the solid

boundary condition, using all the approaches described in section 2.2.3.

Shepard and MLS

The 2 most popular kernel deformation functions have been implemented, the Shepard
renormalization factor (Belytschko et al., 1998), and the MLS function (Randles and Libersky,
1996). Conversely to the Shepard renormalization factor implementation, which is a trivial
operation provided that a good enough SPH framework has been deployed, MLS is requiring
the introduction of matrix operations, which are not supported “out of the box” by OpenCL.
As a workaround, the matrix* variable type has been introduced in AQUAgpusph-3.0. This
type is an abstraction of the floating point variables alignment, i.e. it is equivalent to float4 in
2D, and float16 in 3D. Hereinafter, we are only describing the 2D matrix implementation, for
the sake of simplicity.

Unfortunately, accessing the matrix elements is not a direct operation, since OpenCL
is internally applying a vector description: M) = M.s0, My =M.sl, My =M.s2, My =
M.s3. So in order to keep the user unaware from this relatively complex matrix manipulation
system, a complete linear algebra set of operators is provided. For instance, in order to
perform the MLS matrix for each particle, an outer product, and matrix pseudo-inversion
operators are required. The latter is compound itself by several operators, namely matrix
transposition, matrix multiplication, and matrix inversion. Finally matrix inversion requires
matrix determinant operators. All these operators are implemented as follows:

matrix outer(const vec vl, const vec v2)
{
matrix m;
m.sO0l = vl.x % v2;
m.s23 = vl.y % v2;

return m;

float det(const matrix m)

{

return m.sO * m.s3 — m.sl % m.s2;
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matrix inv(const matrix m)

{
const float d = 1.f / det(m);
return ((matrix)( m.s3, —-m.sl,
-m.s2, m.s0)) = d;
}

#define TRANSPOSE 50213

#define MATRIX_INV( M) \
MATRIX MUL (inv (MATRIX MUL(_M.TRANSPOSE, M)), _M.TRANSPOSE)

It should be remarked that in both cases, the Shepard renormalization factor and the MLS
matrix are ephemeral properties of the particles, i.e. they should be computed once per time
step.

Elastic bounce

Actually the elastic bounce is the simplest solid boundary condition model (Ihmsen et al.,
2011; Simpson and Wood, 1996). In such boundary condition the force necessary to prevent
the particles trespassing through a solid wall is computed, such that at the end of the time
step

w-n=U-p.u;)-n, (5.1)

where u; is the resulting velocity for a generic particle i, n and U are the normal and the
solid boundary speed respectively, and p, is the elastic bounce factor (¢, = 1 corresponds to
a full kinetic energy conservative interaction, and y, = 0 to a full kinetic energy dissipative
interaction). This technique can therefore be included into the boundary forces category.
Indeed, to efficiently implement this method, the boundary is discretized in a set of area
elements as is depicted in Fig. 2.3, where the position, normal, velocity and acceleration of
the boundary are stored. Then the interactions of a generic particle, i, with the boundary can
be described with the following pseudo-code:

for j in neighbours:
if j is not elastic_bounce:
continue
# Check if the particle would trespass the boundary
dist = dot(r_j — r_i, n_j)
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vel = dot(u_i — u_j, n_j)
if dist > vel =« dt:
continue
# Correct the normal velocity

u_i += dot(u_j — (1 + mu_e) * u_i, n_j) * n_j

Some benefits may be remarked for this boundary condition:
1. Itis the simplest one.
2. It s efficient both in memory consumption and in computational time.

3. It is really robust, being the best way to ensure that the particles do not trespass the
solid walls.

4. Itis able to deal with complex geometries.
5. It can be combined with all other boundary conditions.

Nonetheless, it is also important to remark that the accuracy of the model is low. For this
reason, this boundary condition is often used in combination with other boundary condition

models.

Ghost particles

In AQUAgpusph-2.0 main fluid extensions models can be applied. Along this line, the
simplest approach is setting a set of dummy particles outside the fluid domain, as it was
schematically shown in Fig. 2.4. The body velocity is imposed to such dummy particles,
while the density and pressure fields derive from the continuity equation (e.g., Issa et al.
(2005), Crespo et al. (2007)). After that, those dummy particles can be used as regular
neighbour particles during the interactions process.

However, the improved model described by Marrone et al. (2011a) and Marrone et al.
(2011b), has been implemented as well. In such model the pressure, density and velocity
fields result from the application of mirroring processes. To this end, on top of the dummy
particles placed outside the fluid domain, the boundary is discretized again in a set of area
elements as depicted in Fig. 2.3, such that each dummy particle is associated to an area
element, which should be its projection over the wall, as it is depicted in Fig. 5.3. It can be
noticed that several dummy particles may share the shame boundary element, which could
be in fact an elastic bounce boundary element.

Hence, the process can be divided in several stages, described in Table 5.2.
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Table 5.2 Ghost particles process

The Laplacian of the velocity is computed along the
boundary elements

The dummy particles are mirrored with respect the
area elements

The mirrored pressure, and velocity fields, p*,u* are
interpolated for the mirrored dummy particles. These
values should be renormalized, such that the Shepard
renormalization factor should be computed as well.
Regarding the density field, it is resulting from the
application of the EOS

The dummy particles positions are restored, and the
pressure, velocity, and density fields conveniently com-
puted using the mirrored interpolated values. For in-
stance, the pressure field is computed imposing the
following Neumann boundary condition: Vp-n =
Jo, [g-n - %-n + vAu-n],wherenandUarethenor—

mal and velocity of the associated area element.

The dummy particles can be now considered as usual
fluid neighbour particles during the interactions com-
putation.




52 AQUAgpusph features

Fig. 5.3 Schematic view of the ghost particles methodology

This boundary condition has demonstrated to be very robust and reliable (Bouscasse
et al., 2013; Marrone et al., 2013, 2011b). However, some drawbacks should be considered

that may lead to the usage of a different boundary condition:
1. As it can be appreciated, it is hard to be implemented, making room to errors.

2. It would become non-trivial to dispose the boundary particles, making harder to deal
with complex geometries.

3. In the traditional Ghost particles implementation, the memory required can be quite

significant and is heavily dependent on the geometry.

4. The computational effort grows as O((h/Ax) - (1/Ax)41). In addition to that, the
complexity of the implementation is inexorably imposing a penalty to the performance.

Boundary integrals

In AQUAgpusph the purely numerical model or the equation 2.38 is applied, conversely
to the original semi-analytical approach discussed by Ferrand et al. (2013). Such purely
numerical approach allows to efficiently extend the boundary integrals methodology to 3D
applications, eventually parallelized.

Hence, as it happened with the elastic bounce and the ghost particles, the boundary
should be discretized in area elements as depicted in Fig. 2.3. The velocity of the boundary
elements is equivalent to the body velocity, while the pressure is extrapolated from the fluid
available information, conveniently applying the Shepard renormalization factor. The density
is obtained just using the EOS.

A direct consequence is that this boundary condition can be easily applied to complex
geometries. Also it is relatively efficient both in memory consumption and in computational

time. Unfortunately, this model has the drawback that the Shepard renormalization breaks
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the symmetric form of the operators shown in the equation 2.39, having a dramatic effect on

the energy conservation, as it was discussed in the section 4.3.

5.6.3 Inflow/outflow

In AQUAgpusph the inflow and outflow BCs have been implemented only for uniform flows,
i.e. the velocity, pressure and density are constant magnitudes along the inflow and outflow
planes. Outflow BC is just a plane. When a generic fluid particle, i, trespass such plane, its
properties are replaced by the uniform outflow ones, u; = U,, p; = po, pi = po. After some
time steps, when the particle is far enough from the outflow plane to become neglected from
the interactions with the fluid particles, it is removed.

In AQUAgpusph, the particles are not actually removed, but stored in a buffer where they
are ignored. This feature is conveniently used to implement the inflow plane BC. Effectively,
tracking the last layer of particles injected in the inflow, it can be detected when the inflow is
starving, extracting a new layer of particles from the buffer.

This implementation is similar to the described by Federico et al. (2012).

5.6.4 Periodic

In AQUAgpusph there is not implemented an actual periodic BC, but a portal one. When a
particle is close enough to the entrance of the portal, it may interact with the particles close
to the exit of the portal. Also, when a particle trespass the portal entrance, it is automatically
teleported to the exist. The process is illustrated in Table 5.3

Of course, 2 portals with the entrance and the exit swapped result in a periodic boundary
condition, as it is described in the section 2.1.1. The possibility of using single portals is just
adding more generality. An example of the practical application of this boundary condition

will be discussed in the section 6.

5.6.5 Symmetry

Symmetry BCs are actually very similar to the portal BCs described above. However, this
time the particles are virtually mirrored respect the symmetry plane, i.e. the particles are
not really affected, just the mirrored positions and velocities are computed, carrying out a
second pass on interactions, centered in such new mirrored virtual position. The process is
illustrated in Table 5.4



54

AQUAgpusph features

Table 5.3 Portal boundary condition process

After the usual fluid interactions process, the particles
close enough to the portal entrance are moved to the
portal exit, keeping the same relative position.

The interactions of the teleported particles are com-
puted again. Since the neighbours information has
not been refreshed, the transformed particles may not
interact between them in this stage.

The particles which were not trespassed the portal yet
are send again to their original position.

Table 5.4 Symmetry boundary condition process

After the usual fluid interactions process, the parti-
cles close enough to the symmetry plane are virtually
mirrored, i.e. the mirrored position and velocity is
computed and stored in different Arrays.

The interactions of the particles close enough to the
symmetry plane are computed again. However, in the
numerical scheme 2.39 the position r; and the velocity
u; are replaced by the mirrored values. After that, the
mirrored values are discarded.
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Incidentally, it should be remarked that currently it is not possible to use the implementa-
tion of the portal BC, discussed in section 5.6.4, to simulate Symmetry BCs. An example of

the practical application of this boundary condition will be discussed in the section 6.






Chapter 6

Verification and validation

6.1 General

Even though a wide variety of simple test cases have been successfully carried out with
AQUAgpusph, for the sake of simplicity, only 4 representative verification and validation
cases are documented in this thesis.

We’ll take the advantage of the relatively low complexity of the cases to show some
details about the application modularization. In addition to that, the moving square inside a
box of the section 6.5 is perfectly suited to verify the Energy components discussed in the
section 4, while the moving square inside a fixed box of the section 6.5 can be used to show
the Python extension capabilities.

6.2 Lid-driven cavity flow

6.2.1 Case description

The lid-driven cavity flow has been widely applied in the past to verify CFD tools, becoming
in fact a standard (see Ghia et al. (1982), Ku et al. (1987) and Chern et al. (2005)). Moreover,
it has been included in the set of SPHERIC validation tests.

In this test case a square cavity filled with an incompressible fluid is considered, where
the top boundary is horizontally moving with a constant velocity U. The flow starts from
rest, letting it to evolve until a stationary solution is reached. To this end, no-slip boundary
conditions should be imposed at all the walls, including the non-moving ones. The problem
is schematically depicted in Fig. 6.1.

In Table 6.1 all the selected variable values are specified. Even though 2 Reynolds

numbers are usually selected, Re = 103,Re = 10%, in this thesis just the lowest variable will
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Fig. 6.1 Lid-driven cavity definition sketch.

Table 6.1 Variables selected in the lid-driven cavity test case

Variable Value
L 1 [m]
U 1 [m/s]
Re 1000
£0 1 [kg/m?]
u 1073 [Pa-s]
cs 50 [m/s?]
Do 3 [Pa]
Ar 0.01 [m]
h/Ar 4
Co 0.25
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be considered. With the selected distance between particles, Ar, the square cavity is indeed
discretized by 100 fluid particles in each direction. With such resolution, the simulation can
be carried out without adding an extra dissipation, i.e. without artificially increasing the
viscosity or adding the 6-SPH term either.

6.2.2 Implementation details

Because of its simplicity, the lid-driven cavity test case is perfect to show the modular design
of AQUAgpusph, discussed in section 5.2. All the simulations in AQUAgpusph should be
defined by a XML file, in this case filled with the following content:

<?xml version="1.0" 7>

<sphlnput>

<Include file="PATH/basic.xml" />
<Include file="PATH/basic/domain.xml" />
<Include file ="PATH/cfd .xml" />
<Include file="PATH/cfd/BI.xml" />
<Include file="PATH/cfd/BINoSlip.xml" />
<Include file="PATH/cfd/elasticBounce.xml" />
<Include file="PATH/basic/timing.report.xml" />
<Include file="PATH/basic/performance.report.xml" />
<Include file="Settings.xml" />
<Include file="SPH.xml" />
<Include file="Time.xml" />
<Include file="Fluids.xml" />
<Include file="BCs.xml" />

</sphlnput>

Where the PAT H is the path where the AQUAgpusph provided modules are placed. As it can
be appreciated, such XML file is only asking AQUAgpusph to load other XML files, which
are the modules. The AQUAgpusph modules used in this simulation have the following
targets:

1. basic.xml: This module is loading a set of common variables, like the position,
velocity and acceleration, or the density and density variation rate. This module is
also creating a basic structure for the SPH solver, including an Improved Euler time
integrator.

2. basic/domain.xml: Helper module which allows to set a computational domain,

such that if a particle moves out of such domain, it is removed. Loading this module
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is strongly recommended, since a single fugitive particle may lead to the simulation
crash due to the constantly growing number of link-list cells.

3. cfd.xml: Build up the WC-SPH numerical scheme of Eq. (2.39), on top of the
structure provided by basic.xml.

4. cfd/BI.xml: Add the boundary integrals BC to the numerical scheme, as it was
described in section 2.2.3.

5. cfd/BINoSlip.xml: Add no-slip capabilities to the boundary integrals BC.

6. cfd/elasticBounce.xml: Add the elastic bounce BC to the numerical scheme, as it
was described in section 2.2.3. It is very common to combine the elastic bounce BC
with other BCs in order to grant the unpenetrable walls.

7. basic/timing.report.xml: Add a report of the simulation time.

8. basic/performance.report.xml: Add a performance report, showing the memory
required, the average required time to compute a single time step, the percentage of

simulation already performed, and estimated time to finish the simulation.

After loading the AQUAgpusph modules, 3 more XML definition files are loaded to set
some required values, like the sound speed, cy, or the computational domain bounds, 7,

and 7,,4x.

The last 2 XML files, namely Fluids.xml and BCs.xml, are used to specify the files to
be read in order to load the initial condition, i.e. the initial values of the particles fields. The

fields to become read from each file can be configured as well.

For the sake of simplicity, we are not providing details on how are generated the fluid

particles and the boundary area elements.

6.2.3 Results

Numerical results are commonly assessed by plotting the steady-state streamlines and velocity
profiles down the center line of the tank. In Fig. 6.2, the velocity field resulting from
AQUAgpusph, at time instant #- U/L = 30, is compared with the streamlines obtained by
Chern et al. (2005). As it can be appreciated, a very good agreement exists between both

solutions, with a small difference in the shape of the bottom vortexes.
In Fig. 6.3 the velocity profile has been plot, showing again a good agreement.

Regarding the time required to carry out the simulation, it should take about 1.5 hours in

a mid-term computational device.
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Fig. 6.2 Lid-driven cavity velocity field. Background streamlines obtained by Chern et al.
(2005). The arrows denote the velocity direction of each fluid particle, while the colour bar
represents the normalized velocity module.
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Fig. 6.3 Velocity profile down the center line of the tank.
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Table 6.2 Variables selected in the standing wave test case

Variable Value

g 0,-1) [m/s?]
L 2 [m]
£ 0.1

0 1 [kg/m?]
Re 250

u 4x1073 [Pa-s]
Cq 50 [m/s?]
Ar 0.01 [m]
h/Ar 4

Co 0.2

6.3 Standing wave

6.3.1 Case description

The standing wave is also becoming a popular validation test case, because of the great
balance between simplicity and complex physical phenomena. More specifically, it is a
problem which involves a free-surface, accepting anyway an analytical solution of the kinetic
energy decay.

In the work of Souto-Iglesias et al. (2013), the standing wave is defined on top of an
horizontally periodic fluid domain of dimensions L x H, with L = 2H. In such domain a
wave with length A = L and amplitude A is imposed. To this end, the fluid starts from a
regular lattice distribution, with y = 0 corresponding to the flat free-surface, imposing an

initial velocity field according to the following velocity potential:

oD = ¢0(x’|y)|cos(hw<2’( ) (6.1)
___Higlcos y+H L .
bolxy) = e T S H) Cos(k (“ 2))

where € =2A/H, k is the wavenumber, and w is the angular frequency given by the dispersion
relation of gravity waves:
w = |g|k tanh (kH). (6.2)

The expression (6.1) is valid only for small € ratio values. Therefore, the velocity field can

be computed as u = Vé(x,y,1), for an arbitrary time instant z > 0.

In Table 6.1 all the selected variable values are specified. Hence, the domain has been
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Fig. 6.4 Initial condition of the Standing wave test case. The arrows denote the velocity of
the particles

discretized with 100 particles in the vertical direction. The resulting initial condition has
been depicted in Fig. 6.4.

With the conditions above, it is possible to find an analytical solution of the kinetic energy
(see Lighthill (2001)):

LH?
& = &2 g|3—26_4”k2t(1 +cos(2wi)). (6.3)

6.3.2 Implementation details

Restricting to the implementation context, this problem is characterized by the presence of
2 different symmetry planes, x = —L/2,L/2. Therefore this time it would not be enough
loading the symmetry BC module, but it should be loaded 2 times, modifying the symmetry
plane data right before each tool is executed. To this end, a Symmetries.xml file can be

loaded from the main XML simulation definition file, with the following content:

<?xml version="1.0" 7>

<sphlnput>
<Include file="PATH/cfd/symmetry.xml" prefix="1eft_"/>
<Include file="PATH/cfd/symmetry.xml" prefix="right_"/>

<Tools>
<Tool name="left_symmetry_r" action="insert"
before="left_cfd symmetry mirror"
type="set_scalar" in="symmetry_r"
value="-1.0,0.0"/>

<Tool name="left_symmetry_n" action="insert"
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before="left_cfd symmetry mirror"
type="set_scalar" in="symmetry_n"
value="-1.0,0.0"/>

<Tool name="right_symmetry_r" action="insert"
before="right_cfd symmetry mirror"
type="set_scalar" in="symmetry_r"
value="1.0,0.0"/>
<Tool name="right_symmetry_n" action="insert"
before="right_cfd symmetry mirror"
type="set_scalar" in="symmetry_n"
value="1.0,0.0"/>
</Tools>
</sphlnput>

The file above is loading the symmetry module twice, with a different prefix each time.
Such prefix is inserted at the beginning of the name of every tool loaded, such that it can
be identified when the mirroring process of each symmetry plane is executed. Indeed, 2
tools are inserted before each mirroring process to conveniently overwrite the infinite plane
position and normal.

This is a great example to show the AQUAgpusph modular capabilities, and the conse-
quent flexibility offered.

6.3.3 Results

In Fig. 6.5 the resulting kinetic energy is shown, comparing it with the envelope of the
function (6.3). As it can be appreciated, a good agreement between the analytical solution
and the one obtained with AQUAgpusph is achieved.

In terms of performance, with the currently selected parameters a simulation of 8 periods

would take about 1 hour in a mid-term computational device.

6.4 Taylor-Green vortex

6.4.1 Case description

The Taylor-Green vortex is another test case that has been widely applied in the SPH context

(see for instance Xu et al. (2009) and Vacondio et al. (2013)). In this case, an infinite periodic
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Fig. 6.5 Standing wave kinetic energy decay, compared with the analytical solution described
in Lighthill (2001)

domain (in x and y directions) is seeded by co-rotating vortexes of length A = z. In order to
carry out the simulation, a square subdomain of length L = 21 = 2 is selected, such that
only 4 co-rotating vortex are considered, with periodic boundary conditions. In the initial

condition, the particles are distributed in a regular lattice, with the following velocity field:

—cos(x) sin(x),

{ Uy sin(x) cos(x), (6.4)

iy

which is a smooth function. In Fig. 6.6 the initial condition is shown. Even though the vortex
are co-rotating, the system becomes unstable after a while. During the stable stage of the

simulation, the velocity and pressure should decay with the following functions:

uy, = F(@)sin(x)cos(x),

Uy = —F(r)cos(x) sin(x),

p = Fz(t)g cos(2x) sin(2 x). (6.5)
F(t) = e 2.

Therefore, the velocity field should be rescaled each time step to restore the lost energy.

Otherwise the instability would not become never excited.

In this specific case, the parameters of Table 6.3 have been chosen, such that the domain
is discretized by 800 x 800 particles. As it happened in the previous test cases, the selected

resolution means that an additional dissipation is not required.
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Fig. 6.6 Initial condition of the Taylor-Green vortex test case. The arrows denote the velocity
direction of the particles, while the color denote the velocity magnitude

Table 6.3 Variables selected in the Taylor-Green test case

Variable Value
L 27 [m]
U 1 [m/s]
Re 2000
0 1 [kg/m?]
u 0.52 [Pa-s]
cs 50 [m/s?]
Po 3 [Pa]
Ar  7.8x1073 [m]
h/Ar 4

Co 0.2
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Fig. 6.7 Periodic BCs required in the Taylor-Green test case.

6.4.2 Implementation details

In this test case, the implementation has 2 main peculiarities:
1. Periodic boundary conditions in both directions, x and y
2. Velocity rescaling at each time step

The former condition is quite similar to the symmetry planes, taking into account that in
this case portal BCs should be used (see the section 5.6.4). However, in this particular case
simultaneous periodic BCs should be considered both at x, and y directions. Even though it
should be in principle equivalent to impose 4 portal BCs, actually 8 ones should be used. In
Fig. 6.7 the required boundaries have been depicted over the initial condition to illustrate the
fact that 4 additional portals are effectively required at the corners.

The other characteristic of this test case, in terms of implementation, is the velocity
rescaling process. To carry out this operation, we can load from the main XML definition

file a Rescale.xml file with the following content:

<?xml version="1.0" 7>
<sphlnput>
<Tools>
<Tool name="velocity rescale" action="insert"
after="Sort" type="kernel" path="Rescale.cl"/>
</Tools>
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</sphlnput>

Which is asking for the execution of an OpenCL script, Rescale. cl, right after the Link-list
and sorting process. The following OpenCL script can be considered:

#include "PATH/types/2D.h"

__kernel void entry(const __global uintsx iset,
__global vecx* u,
__constant floatx visc_dyn,
__constant floatsx refd,
unsigned int N,

float dt)
{
unsigned int i = get_global_id (0);
if (i >= N)
return ;
const float visc_kin = visc_dyn[iset[i]] / refd[iset[i]];
ul[i1].XYZ = exp(2.f % visc_kin x dt);
}

Where PATH should be replaced by the folder where the OpenCL scripts provided by
AQUAgpusph are located. The script above is executed once per particle (the number of
threads to be launched can be configured in the tool definition), such that the index i is
assigned to each particle. After that the kinematic viscosity is computed from the already
known fluid properties, and rescaling the velocity field.

This test case demonstrate the powerful combination of the modular design of the tool,

and the OpenCL acceleration to perform particle by particle operations.

6.4.3 Results

In Fig. 6.8 the kinetic energy along the simulation is depicted. As it can be appreciated, the
flow is quite unstable. It can be appreciated as well that there is a very short period of time
where the energy is completely conserved.

Even though several flow instabilities appear along the simulation, the vortex structure
is not broken until the time instant  U/L > 20. In Fig. 6.9 snapshots of the this part of the
simulation, where the vortex structure is broken, are depicted.
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Fig. 6.8 Kinetic energy evolution in the Taylor-Green vortex simulation

It should be remarked that, even though a symmetric distribution of particles have been
generated as initial condition, the instability have been effectively excited.

Regarding the performance, this simulation is highly demanding due to the large number
of particles and simulation time required. In a mid-term computational device about 1 day

may be consumed to carry out this test-case.

6.5 Moving square inside a rectangular box

6.5.1 Case description

Another SPHERIC validation test case, worth described here, is the test number 6, 2D
Incompressible flow around a moving square inside a rectangular box.

Actually this case cannot be considered a validation but a verification, since there is
not experimental data or analytical solution either. However, this test case becomes really
interesting to verify the energy model described in the section 4. To this end, the simulation
has been carried out twice, separately applying ghost particles and boundary integrals.

In this case a solid square is introduced into a rectangular box filled with an incompressible
fluid, as it is depicted in Fig. 6.10. Both, the outer box and the inner square, are unpenetrable.
Rest condition is considered at the begin of the simulation. The outer box is fixed, while the
inner square i1s moving along x direction, with the prescribed motion shown in Fig. 6.11.

The simulation has been performed using the parameters listed in Table 6.4 has been

chosen, such that the domain is discretized by 400 particles in the vertical direction.
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(a) tU/L =20 (b) tU/L =22

(e)tU/L =128 () tU/L =30

Fig. 6.9 Snapshots of the Taylor-Green vortex simulation
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Fig. 6.11 Velocity and acceleration of the inner solid square



72 Verification and validation

Table 6.4 Variables selected in the moving square inside a rectangular box test case

Variable Value
L 27 [m]
U 1 [m/s]
Re 100
0 1 [kg/m?]
u 1072 [Pa-s]
Cs 50 [m/s?]
Po 3 [Pa
Ar 1.25%1072 [m]
h/Ar 4
Co 0.2

6.5.2 Implementation details

As this case implies a motion, this is the first example extended with Python. In fact,

AQUAgpusph provides a module, motion.xml, to easily define motions trough a Python

script. When such module is loaded, a set of variables regarding the position, angle, velocity

and acceleration are generated, as well as a Python tool calling a script called Motion.py,

which should be provided by the user. In this case the following script has been considered:

import numpy as np
import aquagpusph as aqua

f = open(’ Motion_Body.dat’, ’r’)
lines = f.readlines ()

f.close ()

T =[]

X = 1]

U= 1]

DUDT = []

for in lines[2:]:

1
I = 1.strip ()

while 1.find (> ) != -1:

Il = I.replace(” °, > 7)
if 1 == "":

continue

t, dudt, u, x = map(float, 1.split(’

"))
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T.append(t)

X.append (x)

U.append(u)

DUDT. append (dudt)
del f, lines

T = np.asarray (T)
X = np.asarray (X)
U = np.asarray (U)
DUDT = np.asarray (DUDT)

9

F = open(’Motion.dat’, 'w’)

def main ():
t

aqua.get("t")

r = np.zeros(2, dtype=np.float32)
r[0] = np.interp(t, T, X)

u = np.zeros(2, dtype=np.float32)
u[0] = np.interp(t, T, U)

dudt = np.zeros(2, dtype=np.float32)
dudt[0] = np.interp(t, T, DUDT)

aqua.set("motion_r", r)
aqua.set("motion_drdt", u)
aqua.set("motion_ddrddt", dudt)

F.write (" {}\t{}\t{}\t{}\n .format(
t, r[0], u[0], dudt[0]))
F.flush ()

return True

Indeed, when the script is loaded, it is reading the prescribed motion and opening an output
file. Later, in the main function, which is called each time step, it is getting the time step,
interpolating the motion variables from the already known data. Of course, in this case

angular motion variables are not required.
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Fig. 6.12 Ghost particles distribution close to the convex (from the point of view of the ghost
particles) corner

At this point, it is mandatory to discuss about the ghost particles distribution. As it was
discussed in section 5.6.2, the ghost particles formulation used in AQUAgpusph, described by
Marrone et al. (2011a) and Marrone et al. (2011b). In such formulation, each ghost particle
is associated to a boundary element, which acts as pivoting point to perform the velocity,
pressure and density fields interpolation from the fluid data. Distributing the ghost particles
in planar walls is quite simple. However, close to the corners such distribution could become
significantly more complex. In case of the outer box, characterized by convex angles (from
the side of the ghost particles), we can proceed in a similar way than we done for the portals
in the previous example, i.e. we can create a lattice of ghost particles sharing a common area

element at the corner. This workaround is depicted in Fig. 6.12.

Conversely, in the case of concave (from the point of view of the ghost particles) corners,
like the ones of the inner square, a different approach has to be practised. Some models to
deal with corners, in the ghost particles context, were introduced by Colagrossi et al. (2007).
Later, Marrone et al. (2011a) revisited the problem in order to provide a more robust model
to perform the mirroring. Such new model was applied to a flow around a rectangular body
in Marrone et al. (2013). Herein a simpler approach is used, based on duplicating the Ghost
particles close to the corner, halving their mass. Then each particle of the pair will pivot
against a different area element, or in other words, one particle of the pair will be horizontally
mirrored, while the other one will be vertically mirrored. This process is illustrated in Fig.
6.13.



6.5 Moving square inside a rectangular box 75

D
D
D
D
D

D) (D D (- (
&/ &/ &/ ¢ 4
D D) D (= ()
& &/ TJ C

D an) (D (- (
7 A\ &/ p¢

(D) D D (- ()
(D (D (D

N T T ()

Fig. 6.13 Ghost particles distribution close to the concave (from the point of view of the
ghost particles) corner
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Fig. 6.14 Drag coefficient computed with AQUAgpusph, and compared with the Finite
Difference Method.

6.5.3 Results

The main result of this test case is the drag force. Since there is not available experiments
or analytical solution either, the simulation performed applying a Navier-Stokes Finite
Difference solver, with a Level-Set algorithm to capture fluid/solid interfaces, is used as
reference result. In Fig. 6.14 the drag coefficient computed with AQUAgpusph is compared
with the reference solution, both when the Ghost Particles BC is applied (Fig. 6.14a), and
when Boundary Integrals are considered instead (Fig. 6.14b). A good agreement can be
appreciated with both BCs. It can be appreciated the effect of the acoustic waves, mainly

dominated by the harmonic of period 7" = L/cs = 0.2[s]. In this sense it can be noticed that
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Fig. 6.15 Snapshots of the moving square inside a fixed rectangular box simulation

Ghost Particles are more affected by such acoustic effects, probably due to the poor approach
practised to model the corners of the inner square, described above.

In Fig. 6.15 snapshots of the simulations, including the reference case, are shown. There
is a very good agreement between the solutions resulting from SPH, although the velocity
profile is slightly different to the one of the reference solution.

Regardless the comparison with the reference solution, we are interested in the verification
of the energy components decomposition carried out in section 4, and more specifically in
the extra dissipation terms of Eq. (4.7). In Fig. 6.16 the Mechanical and compressibility
power of the fluid are depicted, as well as the effective mechanical power assimilated by
the solid square. Even though the acoustic waves affecting the Ghost Particles are clearly
reflected in the energy, in general both boundary conditions have a similar behavior.

The difference between the mechanical work assimilated by the solid square, and the
reversible energy accumulated by the fluid, is the dissipated energy. In Fig. 6.17 the compo-
nents of such dissipated power are shown. Both the viscous dissipation and the dissipation
due to the 6-SPH term are always positive, such that they are consuming mechanical and
compressibility energies respectively. However, as it was discussed in section 4.3, in general
the sign of the term dﬁ% - ‘WQ_>59 can not be defined a priori. Effectively, such term is
pumping energy into the system, an undesirable feature. Moreover, while it turns negative
for a small lapse of time when the Boundary Integrals are considered, for the Ghost particles

it is pumping energy into the system during a large part of the simulation. This issue is
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(a) AQUAgpusph, Ghost Particles (b) AQUAgpusph, Boundary Integrals

Fig. 6.16 Reversible energy variation rate of the fluid, and effective work done by the fluid
on the solid
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Fig. 6.17 Extra power terms
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Fig. 6.18 Convergence numerical analysis of the boundary interaction extra energy term

probably caused by the poor modelization of the corners of the moving square, described in
previous subsection. Comparing the figures, it is not unreasonable to suggest that 6-SPH is
significantly dissipating the artificially pumped energy by the solids.

It should be remarked as well that, while the 6-SPH term dissipation is in fact very small,
the extra energy term of the boundaries is of the same order of magnitude of the viscous
dissipation, and therefore non-negligible.

A further analysis on the extra energy term due to the interactions by the solid boundaries,
dﬁ% —Woa_ a0, has been analyzed by Cercos-Pita et al. (2016a), considering just the Ghost
Particles methodology. In such work the consistency of the model is demonstrated, that
is, the term vanishes at the continuum. In Fig. 6.18 this term is depicted for different
resolutions. Indeed, it converges to zero for the larger resolutions, both when Ghost Particles
and Boundary Integrals are considered.

This simulation does not demands large computational resources, taking less than 1 hour
in a mid-term computational device.



Chapter 7
Practical applications

Even though AQUAgpusph is a code designed by researchers for researchers, it has been
successfully applied to industrial applications. Herein, 2 remarkable industrial applications

are described.

7.1 Simulation of Earthquake Sloshing Loads in a Nuclear

Reactor

7.1.1 General

Since “Chicago Pile-17, the world’s first nuclear reactor, almost all the nuclear energy facili-
ties have been invariably designed on top of the thermal-neutron fission reactor technology.
However, a different approach could be eventually considered: the fast-neutron reactors,
characterized by the lack of a neutron moderator to slow-down the neutrons. The main benefit
of such fast reactors is the boosted resources efficiency (about 200 times more efficient than a
classic thermal reactor), even allowing to breed new fuel with the same facilities (see Waltar
and Reynolds (1981)), which may dramatically enhance the sustainability of the nuclear
power in general. Of course, such benefit is leading the generation of research programs
to develop this technology, some of them including experimental reactors (see for instance
Cochran et al. (2010)).

Unfortunately, in order to operate fast reactors, some sort of exotic coolant derived from
heavy atoms are required. Along this line, the most popular coolant is the liquid Sodium.
However, due to the high reactivity of the liquid Sodium with air and water, much less reactive
liquid lead based coolants are becoming considered as well (see among others Gromov et al.
(1997) and Alemberti et al. (2011b)).
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On the other hand, after the violent earthquakes in Japan, which caused the collapse of
Kashiwazaki-Kariwa (2007) and Fukushima (2011) nuclear plants, the nuclear engineering
community has significantly increased the research efforts dedicated to the seismic initiated
events, in which the hottest topic is clearly the power plants isolation (the works of Frano and
Forasassi (2012) and Qin et al. (2014) are good examples of that). The isolators are designed
to dramatically reduce the accelerations -i.e. the loads- induced by the seismic event in the
reactor.

Unfortunately, the extreme reduction of high frequency motions results in large amplitude
and period oscillations, which may eventually excite severe sloshing phenomena and flow
impacts. Such fluid-structure interaction has been numerically investigated in the past by
Chellapandi et al. (2012), for a liquid Sodium cooled vessel. However, the loads induced by
the fluid may become significantly bigger in the case of molten lead coolant system. Indeed,
Molten lead, at a temperature of 753K, have the following density and dynamic viscosity:

po = 1.047x10%%, o
u = 1.882x1073Pa-s, '

becoming in fact approximately 10 times denser than water or liquid Sodium, with a 10 times
smaller kinematic viscosity. In this practical application a numerical investigation of the

sloshing phenomena in a nuclear reactor vessel, considering molten lead, is carried out.

7.1.2 Case description

A simulation of a Lead-cooled Fast Nuclear Reactor (hereinafter LFR) is described herein.
In Fig. 7.1, the complete ELSY reactor geometry is shown (see Alemberti et al. (2011b) and
Alemberti et al. (2011a)), which is in fact one of the geometries considered in the SILER
EU project (see Forni and De Grandis (2012)). On top of such geometry, a 3D simplified
model has been generated, depicted in Fig. 7.2. The following elements are highlighted in
that figure:

1. Grey: Structural vessel

2. Green: Cylindrical reactor kernel.

3. Blue: Active heat exchangers.

4. Red: Passive heat exchangers (for safety reasons).

The cooled lead flows in the kernel from the bottom of the cylinder, becoming heated

by the nuclear reaction. Then the heated lead is driven to the active heat exchangers (blue



81

7.1 Simulation of Earthquake Sloshing Loads in a Nuclear Reactor
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Fig. 7.1 A plant view of the SILER LFR (left) and a front view showing the lead level with a

dashed line (right). Dimensions are in millimetres.

Fig. 7.2 Simplified geometry of the LFR.
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Fig. 7.3 XY plane section of the generated particles from the geometry in Fig. 7.2. Black:
Boundary integrals area elements, discussed in section 5.6.2. Blue: Fluid particles.

structures around the kernel) where it is cooled again, such that the heat given by the lead is
used later to produce energy. The four passive heat exchangers, separated 90 degrees, are
included in the reactor for safety reasons. Herein, the fluid dynamics inside the kernel and
the heat exchangers during the earthquake in neglected, and therefore they will be considered

as solid impenetrable structural elements.

In order to setup the initial condition of the problem, a surface mesh of the model shown
in Fig. 7.2 is generated. Within AQUAgpusph package, a tool to generate a set of particles
from a surface mesh is provided. In Fig. 7.3 a detail of the generated particles in an arbitrary

XY plane section is shown.

Regarding the motions induced by the earthquake on the structure, it has been precom-
puted, becoming in fact an input to the computation. Its time history and a spectrum of
its z component are depicted in Fig. 7.4. It can be appreciated that, while in the x and y
directions the motion is widely dominated by long period functions, in the z direction some
high frequency components remain. They are illustrated in the spectrum of Fig. 7.4b with

some small components in frequencies close to 8 Hz.

The motions are associated to a extreme earthquake event affecting a facility equipped
with dampers. Effectively, as it has been commented during the subsection 7.1.1, the dampers
are efficiently reducing the accelerations transmitted to the structure, creating long period

motions. This is the most relevant situation from the point of view of the flow dynamics.

To capture the flow impacts, numerical pressure probes are placed along the reactor top
slab in a radial distribution, at r = 2.975,4.3284,5.6819m, separating them 15 degrees.
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Fig. 7.4 Motions induced by the earthquake on the LFR structure

7.1.3 Results

During this simulation the 6-SPH formulation has been applied. A set of 3.6 x 10° particles
were used in the simulation (Ar = 0.05m), with a kernel height ratio of 4/Ar = 4. In this
case, the considered sound speed was c; = 100m / s, imposing a Courant factor of Cy = 0.25,
resulting in a time step of At =3.75x 1075

In Fig. 7.5, a snapshot of the simulation is shown for the time instant # = 19, where a
severe flow impact was detected at the LFR top slab.

In Fig. 7.6, the pressure records in the sensors for the 45 and 225 degree angles, for the
last 5 seconds of the simulation, are depicted. It can be appreciated that significant sloshing
impact phenomena are happening along the reactor top slab which might be considered in
the reactor structural design.

This simulation is characterised by a large number of particles and neighbours, as well as
a small time step, becoming significantly expensive in computational terms, requiring time
lapses of the order of days to carry out a single simulation.

7.2 Coupling free surface tanks with ship motions codes

7.2.1 General

It is well known in Naval architecture the effect on the static stability caused by onboard
liquid partially filled tanks (see for instance Lewis (1989)), at a point that nowadays it is a
routine task.
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Fig. 7.5 A simulation snapshot at time instant # = 19s. Left: particles z coordinate relative to
the LFR roof, in meters. Right: Pressure of the same particles.
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Fig. 7.6 Pressure measured in the reactor roof at 45 degrees (left) and 225 degrees (right).
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Unfortunately, the state of the art regarding such effects in dynamic situations has a

degree of development several times lower, becoming in fact a cutting-edge technology.

However, the normal operating condition of ships and offshore floating structures is
almost invariably characterised by the presence of liquids, which sometimes may represent
a significant part a large percentage of the deadweight. This is the case of tankers or LNG
ships, among others. Along this line, sometimes the naval structures may be equipped with
Anti-Rolling Tanks (ART). Such tanks are usually representing a small extra load on the
ship, significantly affecting anyway the dynamic stability, analogously to the Tunned Liquid
Dampers (TLD) in civil engineering (see Bulian et al. (2010)).

Due to the complexity of the physical phenomena considered herein, the first approaches
practiced by researchers in this regards are clearly oriented towards the coupling of inde-
pendent solvers for the external and internal hydrodynamics. The simplest developments
we can consider are the works of Malenica et al. (2003) and Kim and Shin (2008), where
both, the internal flow and the ship motions, are approximated by using fully linear solvers.
As a consequence, the whole system can be formulated in frequency domain, dramatically
reducing the computational costs. However, such approaches can be only applied in mild-sea

conditions.

When more severe sea conditions should be considered, fully linear seakeeping solvers
becomes insufficient, and must be replaced by more complex methodologies. This can be
the case of the analysis of parametric roll situation, pure loss of stability, surf riding and
broaching or large amplitude roll in dead-ship condition. Several developments along this
line have been discussed in the literature (see for instance Francescutto et al. (1999), Spanos
and Papanikolaou (2001))

Much more interesting, in the context of the present work, is the case where severe
sloshing phenomena is considered, invalidating the possibility of using linear approaches
for the internal flow solver. The first approach where non-linearities are introduced in the
internal flow, keeping a linear solver for the ship motions computation, was described by
Kim et al. (2007). A similar approach was practiced later by Zhao et al. (2014). However,
the first work where a fully non-linear approach for the internal flow computation is applied,
becoming able to treat non-single valued free surface shapes, is attributed to Bunnik and
Veldman (2010). Later some authors have investigated the possibility of using non-linear
solvers both for the ship motions and the internal flow computation (see Holden and Fossen
(2012) and Mitra et al. (2012)).

Herein the coupling of AQUAgpusph with two different seakeeping solvers, SeaFEM
(A linear seakeeping solver described in Servan-Camas and Garcia-Espinosa (2013)) and
SHIXDOF (A non-linear seakeeping solver described in Bulian et al. (2012)) is documented.
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Fig. 7.7 Implemented time stepping algorithm, based on a CSS purely explicit numerical
scheme. The indices enclosed by circles denote the order of processes

7.2.2 Co-simulation strategy

In this specific case, where the solvers may potentially run in different computers, facilities,
operating systems, or even architectures, a co-simulation strategy should be considered (see
Breuer et al. (2012) and Gomes et al. (2011)). Such strategy is also ideally suited for all
cases where it is provided a limited or null access to the source code of one or more involved
programs, like it is the case.

Actually, the same co-simulation strategy has been followed to couple AQUAgpusph
with the 2 different seakeeping solvers. Moreover, the implementation in the AQUAgpusph
side has not significant differences.

Almost every co-simulation strategy can be split in the 3 main parts discussed below.

The numerical scheme, or coupling

In the co-simulation methodologies, also known as partitioned treatment, each subsystem is
isolated, modelling the interactions as forcing effects that are communicated between the
individual components. This type of co-simulation strategy is usually applied in case of
so-called loosely coupled systems, like those where the interaction between two subsystems
is achieved by communicating the interface force and displacement, as it is the case in this
study. Along this line, the Conventional Serial Staggered (CSS) purely explicit numerical
scheme (see Farhat et al. (2006)) depicted in Fig. 7.7 has been used. Such integration
scheme can be summarized as follows:
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1. AQUAgpusph send the interpolated force and moment to the seakeeping code.
2. SHIXDOF advances in time by At while AQUAgpusph is waiting.
3. SHIXDOF sends the time step At and the new motions at time #y1 to AQUAgpusph.

4. Finally, AQUAgpusph advances in time Az as well, but using a different time step,
Ats py. During this process, the seakeeping solver is waiting at #y41 = ty + At for the

force and moment, in order to start the next time step computation.

The communication layer

Once the numerical scheme has been defined, a two-way channel between both subsystems
should be provided in order to exchange the necessary information. In this case, a TCP/IP
network communication model has been selected, which is better suited to exploit all the
benefits of the partitioned treatment of the problem. Indeed, an exchange of data based on

network communication is much less intrusive and potentially more scalable.

The implementation

In order to close the system, both the numerical scheme and the communication channel
should be joined in a common implementation. In Fig. 7.8 the co-simulation implementation

is schematically shown. The working flow of each simulation can be summarized as follows:
1. Initialization stage. This phase consists of the following tasks:

(a) The daemon detects that there is not any simulation running, taking the control

and setting up a server waiting for a seakeeping client.

(b) When the seakeeping solver is launched, it connects with the daemon and sends
the simulation data (geometry, fluid properties, filling level, target number of
particles, etc.)

(¢) While SHIXDOF is waiting, the daemon setups the simulation.

(d) The daemon sends back a small report about the simulation, including the actual
number of particles resulting from the packing. Such information is used as a flag

to inform that the daemon work has finished and the connection should be closed.

2. After the system has been initialized, the control of the server is assigned to AQUAg-

pusph, which opens a new port through a Python extension.
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Fig. 7.8 Implementation of the co-simulation strategy
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Table 7.1 Main features of the modified S175 hull

Length between perpendiculars  47.6 m

Breadth 13.7m
Draft 40m
Displacement 1498 tons
ZG -0.25 m
Radius of roll gyration 6.26 m

3. Eventually, the actual coupled simulation can start by carrying out the time stepping

loop described above.

In AQUAgpusph the coupling implementation described herein can be carried out with a
Python extension of 684 lines, from which 309 lines of code are dedicated to the numerical
scheme implementation, while the remaining 375 lines are dedicated to the network com-
munication server instance. 404 lines of code should be added to implement the daemon,
composed by 297 lines of Python, and 107 lines of Bash. Therefore, a total of 1088 lines of

code have been required for this specific practical application.

7.2.3 Linear ship motions model (SeaFEM)

The first seakeeping solver considered is SeaFEM, a potential FEM time domain suite of
tools for seakeeping simulation (see Servan-Camas and Garcia-Espinosa (2013)). In order to
verify the tool, the same numerical simulations performed by Kim et al. (2007) can be carried
out. The work of Kim et al. (2007) is based on the experimental campaign described by
Bai and Rhee (1987), regarding a supply vessel equipped with an ART. However, Kim et al.
(2007) is not using the same hull geometry considered by Bai and Rhee (1987), but a S175
supply ship modified to fit to the dimensions of the one considered in the experiments. The
results of the simulations shown similar trends between the numerical and the experimental
results.

The considered ship hull, as well as the equipped ART considered in this work are
depicted in Fig. 7.9. In Tables 7 and 7 the main features of both, the hull and the tank, are
related. The ART is filled with fresh water, pg = 998 kg / m’.

Two series of simulations with monochromatic waves have been carried out, one without
considering the ART, i.e. running SeaFEM alone, and one equipped with the ART, requiring
therefore the coupling with AQUAgpusph. In Fig. 7.10 the obtained Roll RAOs, normalized

with respect to the maximum wave slope, are compared with the experimental ones. A good
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Fig. 7.9 Modified S175 hull, equipped with an ART

Table 7.2 Main features of the ART for the modified S175 hull

Length 2.8 m
Breadth 13.7m
Height 24 m

Filling level 50%
X7 (mid tank) -0.73 m
Zr (base tank) 2.14m
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Fig. 7.10 Experimental vs present work. Roll RAOs for monochromatic wave tests.

degree of agreement can be appreciated, even when the ART is considered, consistently with
the model calibration performed to achieve a similar behavior to the supply vessel used by
Bai and Rhee (1987). It can be appreciated the large effect of the ART in the ship roll motions.
During the next subsection AQUAgpusph is coupled with a non-linear seakeeping code,
which will be useful to numerically investigate the effect of the sea state on the effectiveness
of an ART.

7.2.4 Non-linear ship motions model (SHIXDOF)

During the previous subsection, the ship motions resulting for a supply vessel equipped with
an ART, have been analyzed for mild sea conditions, comparing them with the experimental
results. However, herein we focus on investigate the effectiveness of the ART when more
severe sea conditions are considered. As it has been mentioned above, to this end linear
seakeeping codes cannot be considered anymore. Indeed, AQUAgpusph has been coupled
with SHIXDOF (see Bulian et al. (2012)), a fully non-linear ship motions computation tool.

For the sake of reproducibility, a well known series-60 hull will be considered this time,
with the main characteristics listed in Table 7.3. As in the case of the coupling with SeaFEM,
an ART is equipped, with the main features described in Table 7.4.
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Table 7.3 Main features of the modified series-60 hull

Length between perpendiculars  162.5 m

Breadth 25.0 m

Draft 10.0 m
Displacement 32500 tons

ZG 8.59 m

Radius of roll gyration 9.1m

Table 7.4 Main features of the ART for the series-60 hull

Length 10.0 m
Breadth 25.0 m
Height 5.0 m
Filling level  21.6%
X7 (mid tank) 0.0 m
Zr (base tank) 22.0m

In Fig. 7.11 the maximum roll angles obtained for different regular beam waves, with and
without the ART, are depicted. It can be appreciated the non-linear behavior of the system in
the dependency of the normalized roll angle depends with the considered wave steepness.
Such phenomena can not be captured by linear approaches.

Regarding the effect of the ART in the global system, it should be remarked the large
effect of the tank, which represents a 0.4% of the total ship displacement, when moderate
wave steepnesses are considered. It is also mandatory to point out the quick change of
behavior when the largest wave steepness, sy = 1/50, is considered. In such severe sea
condition the efficiency of the ART is critically affected. The system shows as well the
classical double peak behavior when ART devices are applied.

Regarding the flow inside the tank, in Table 7.5 several snapshots of a simulations subset
are depicted. The snapshots are taken for the tank in its maximum, minimum, and zero roll
angles, during the last wave period of the simulation. Consistently with the Fig. 7.11, a
significant difference can be clearly appreciated in the behavior of the fluid inside the tank

for different wave steepness.
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Fig. 7.11 Normalised roll response in regular beam waves. Vessel without tank and vessel
with tank, for different forcing wave steepnesses.
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Table 7.5 Snapshots of the flow inside the ART, corresponding to a subset of the series-60
simulations

| w/wy=0.7 w/wy=0.8 w/wo = 0.9
Sw=1/50
sw=1/80
L i i




Chapter 8
Conclusions and future work

In the present Ph.D. thesis an analysis of the state of the art of the SPH methodology has
been carried out. Such analysis has not been restricted to the numerical technique itself, but
also to the ecosystem of researchers and industry supporting it. In such analysis it has been
pointed out that SPH has received a marginal attention during its first 20 years, situation
that has dramatically changed in recent years, with a significant growing rate of the related
publications. A natural conclusion arising from this fact is that a large development of the
methodology is still required.

During the review of the state of the art, we have also demonstrated that several free/open
source codes already exist for industrial applications. Conversely, there is a lack of software
oriented to the researching tasks, which should be clearly characterised by the capacity of
modifying and extending the software with a minimum amount of effort. Of course, such lack
of software, combined with a growing research community, may result in a unsustainable
situation. As part of this thesis, the software AQUAgpusph has been released as free software,
licensed under GPL version 3 terms. Due to the acceleration -and optimization- with OpenCL,
AQUAgpusph is competitive in performance terms, becoming as well modular and extensible.
Indeed, AQUAgpusph is called to fill the gap between the low performances codes designed
to carry out small tests of new formulations, and the high performance codes clearly designed
to perform industrial applications.

In order to demonstrate the capabilities of AQUAgpusph to aid the research works,
contributing at the same time to the SPH methodology development, an analysis of the
diffusive terms in the mass conservation equation, usually called 6-SPH model, has been
carried out, as well as an analysis of the energy conservation when the interaction with solid
boundaries is considered.

In the former analysis, several already existing formulations have been compared. The

usually applied 6-SPH model is based in tuning parameters and imposing an additional
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Courant condition. Conversely, a model which is not requiring neither tuning parameters
nor additional Courant conditions has been developed. The eventual relations between the
diffusive models have been investigated as well. From such study, it can be concluded that
the Riemann solver based SPH models (R-SPH) can be analysed in the same context of
the 6-SPH models. In fact, the mass variation rate used in R-SPH is equivalent to the mass

conserving equation used in 6-SPH, where a diffusive terms is appended.

From the energy analysis, it can be concluded that the 6-SPH model implies an extra
energy dissipation, while some other extra energy terms are arising from the interaction with
solid boundaries, which unfortunately can not be classified as dissipation terms since their

signs cannot be defined a priori.

Of course, the extra terms arising from the interaction with the boundaries depend on
the specific BC technique applied. Along this line, and in order to provide as many details
as possible regarding those extra energy terms, during this thesis the already existing BC
techniques have been classified in four groups: Kernel corrections, Boundary forces, Fluid
extensions, and Boundary integrals. Using such classification, it has been demonstrated
that the Boundary integrals technique is actually a combination of a kernel correction and a

boundary force.

Four verification/validation tests have been discussed in the document. On top of the
cases description and results, mandatory to prove that the tool is verified and validated, the
most relevant implementation details have been provided for all the test cases. Also some

notes regarding the performance are provided as well.

The first case consists of a Lid-driven cavity flow, being in fact one of the SPHERIC
validation test cases. Such case has been selected due to its simplicity, ideally suited therefore
to verify the package as a CFD solver, and to demonstrate the benefits of the modular
implementation of AQUAgpusph.

The second test case, a 2D standing wave, is used to verify the symmetry boundary
condition provided “out of the box”, while the third test case, consisting in a Taylor-Green
vortex, has been selected to verify the periodic boundary condition. The Taylor-Green
test case is used at the same time to show how to take advantage of the AQUAgpusph
modular design to extend it, inserting a velocity field rescaling OpenCL script directly by the
simulation XML definition files, i.e. without editing a single line of the AQUAgpusph source
code.

The last verification case is clearly the most complex one. Such case, extracted as
well from the SPHERIC validation test cases, consists in a 2D moving box moving into
a rectangular box confined fluid. It was selected to verify the energy theoretical analysis,

including the effect of the 6-SPH term and the interaction with the solid boundaries. Along
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this line, the case is implemented using both Fluid extensions and Boundary integrals. Such

case is used as well to show the Python extension capabilities.

Regarding the results obtained, a good agreement has been achieved for all the described
test cases, such that AQUAgpusph can be considered successfully verified and validated.

Finally, two practical applications have been described in order to show the capability of

AQUAgpusph to scale to significantly more complex problems.

First, a simulation of earthquake sloshing loads in a fast-neutron nuclear reactor has been
carried out. Effectively, due to the combination of the molten lead coolant considered and
the presence of dampers, which dramatically reduce the acceleration at the expense of large
amplitude displacements, large sloshing phenomena can be expected, which may eventually
imply high loads that should be considered during the design. Such practical application
is characterized by the very complex 3D geometry considered, which inexorably imply the
use of a large number of particles. To partially fix the issues when complex geometries
are considered, AQUAgpusph has been equipped with a tool to generate an initial particles
packing -i.e. and initial condition- from a surface mesh. Significant sloshing loads have been
predicted at the reactor top slab. In this specific reactor design the top slab is a critical part,
becoming in fact the only link point of the reactor cylinder and heat exchangers with the

structural vessel. Therefore, the collapse of such piece is an unacceptable critical situation.

The second practical application is a complex coupling between AQUAgpusph, and
two different seakeeping/ship motions solvers. In such coupling, AQUAgpusph is used to
model the flow inside an arbitrary number of tanks, with the main objective of computing the
forces and moments exerted by that on the ship, such that the seakeeping codes may take
into account such information during the ship motions computation. Of course it is a 2 way
coupled system, where AQUAgpusph reports the forces to the seakeeping codes, and the
seakeeping codes enforce the motions of the tanks for the AQUAgpusph instances. To carry
out such coupling, a TCP/IP network connection based GRID system has been setup, such
that an arbitrary number of AQUAgpusph servers can be deployed in an arbitrary number of
facilities, aiding SeaFEM or SHIXDOF clients, conforming a virtual synergistic organization.
This practical application is probable the best example of how to take advantage on the
modular design and extensibility of AQUAgpusph. Moreover, just 1088 lines of code, almost

of them of Python, have been required to build up such a really complex interaction system.

Hence, during this thesis a new free SPH code has been developed. Such code has been
designed bearing in mind the researcher common tasks, clearly dominated by the continuous
implementation of new formulations, as well as the modification of already existing ones.

Along this line, AQUAgpupsh is a optimized application, accelerated with OpenCL, modular,
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and extensible, which may eventually reduce the efforts required to the researchers to develop
their new advances on the model.

In order to demonstrate that AQUAgpusph may fit better to the necessities of the SPH
researchers, theoretical aspects of the model, mainly related to the energy equations, have
been analyzed, implemented, and verified. Details regarding such implementations have
been provided in order to demonstrate that the required efforts have been minimized, while
the performance of the tool has not been significantly penalized. Also, such theoretical
investigations represents a contribution to the SPH model development.

However, several improvements and future works are still required.

Regarding the software, other models should be implemented on top of the already
provided “out of the box™. In particular, the author would remark the incompressible SPH
formulations and the linear elasticity structural models. The former imply the introduction
of a simple way to setup and solve linear system of equations. The later require a fully new
model, which is in fact widely related with the CFD one.

Regarding the theoretical aspects, there are three main points that have been treated in

this thesis which should be further investigated in the future:
1. The boundary conditions.
2. The 6-SPH terms.
3. The energy balance.

The boundary conditions are in fact one of the SPHERIC grand challenges. As it has
been discussed along this work, several boundary condition techniques have been already
described in the literature, almost of them affected by consistency issues, energy conservation
issues, or even momentum conservation ones. Therefore, improvements are still required to
gain knowledge about the commented issues, and to eventually control or even fix them.

Regarding the 6-SPH terms, they have represented an actual revolution in the SPH
model, allowing to dramatically increase the model stability with a minimal impact on the
performance. However, as it has been demonstrated, the 5-SPH terms are introducing a new
term in the energy balance, which should be controlled. Effectively, the candidate has pointed
out that several 6-SPH terms, including the most popular one, represent an extra energy
dissipation, which is a very good property. However, finding a term which is not altering the
global energy balance would become a dramatic improvement.

Related to that, during the analysis of the 6-SPH term, it has been demonstrated that the
R-SPH models are widely related with them, and moreover, they could be analyzed in the

same context. Unfortunately, such analysis analysis has not been carried out. Therefore, a
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further investigation of the R-SPH models in the context of the common 6-SPH models is
left for future work.

Finally, the energy analysis should be extended to some other thermodynamic phenomena.
In this sense, the temperature may play a critical role in the energy balance. However, in the

present work such thermodynamic variable has been completely neglected.
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