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Figure 5.1. The wanted capabilities of a virtual wave flume.

It was chosen to use an already assembled SPH program SPHysics instead of
building a new one because SPHysics contained all the necessary tools to model a
virtual wave flume. Apart from the necessary tools to solve CFD SPH problems in
2-D and 3-D it also contained subroutines to handle geometry generation, paddle
movement, obstacles in the flume and a selection of filters to help improve the
solution. The theory and program structure utilized in SPHysics is described in
greater detail in Section 5.1 and 5.2.

5.1 SPHysics

The program SPHysics v1.0 was released in August 2007 made jointly by the re-
searchers at a number of universities. SPHysics is written specifically to solve free
surface fluid problems using the SPH method. SPHysics is written entirely in For-
tran 77 and the post processing is done with MatLab. The program is able to han-
dle a number of different situations in two (2-D) and three (3-D) dimensions most
notable the simulation of a wave flume with two different kinds of paddles. More
information about the SPHysics project and the group of researchers in the
SPHeric group backing it is available at [SPHysics; 2007] and [SPHerics; 2007
a&b]. Other open source SPH programs are available like the one offered by [Liu;
2003] and while it is well-arranged and more developed in terms of parallel pro-
gramming it is first and foremost a demonstration tool and lacks among other
things the advanced wave flume abilities. The SPHysics source code for geometry
generation and the numerical solution is available for download together with its
documentation [Gesteira et al; 2007].

The original version of SPHysics v1.0 is written in Fortran 77 and will henceforth
be referred to as SPHysics F77. Only in and output variables are defined in F77
and the file structure made the code impractical to work with. In order to obtain an
understanding off how an advanced SPH program function and learn how to work
with Fortran it was decided to upgrade the existing code to Fortran 95. This new
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version of SPHysics will henceforth be known as SPHysics F95 and is used for all
the numerical simulations presented in this report. In this project all the work was
done on the 2-D version but it is a simple matter to perform the same work on the
files for 3-D computations. Any reference to SPHysics in this report is always to
the 2-D version. An analysis of SPHysics F77 and a description of the applied
changes are available in Appendix B.3 together with information about changes
and found bugs. The following pages contain a short description of the capabili-
ties of the code and the used theory.

Further reading about the original SPHysics source code is available in [Gesteira
et al; 2007] .The source code of SPHysics F95 is available on the CD-Rom. A
good place to start would be the file Parameters.f90 where most of the variables
are defined and SPHysicsF95.f90 is the file controlling the main loop. A full flow
diagram of how the subroutines interact in SPHysics and SPHysicsgen is available
in the Appendix B.6.

SPHysics F95

Initial conditions

Particle Interaction (Linked-list)

Navier Stokes Equations
¢ Kernel Function (Cubic Spline)

¢ Filtering and Correction

o Constant Correction (CSPH)
o Shephard Filtering

e Turbulence model (SPS)
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Boundary Conditions

Particle movement (XSPH)

Equation of state

Figure 5.2. The SPHysics toolbox used in this project the different methods are introduced in the

following section.
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5.2 Theory - SPH with CFD

During the past 15 years the SPH method has undergone a great deal of change
when it comes to solving fluid dynamics problems. Although the original SPH
formulation remains the same a number of correction filters, boundary types and
diffusion models have been added to improve the method. SPHysics uses a chosen
combination of these methods and one of the reasons to use SPHysics for model-
ing instead of building a program from scratch was the possibility to get a toolbox
that was already fully assembled and tested. The theory behind this toolbox is pre-
sented on the next few pages with emphasis on the methods used to build the vir-
tual wave flume and why the method was chosen. The described methods and
how they relate to each other is depicted in Figure 5.2.

The biggest difference from the SPH theory discussed in Chapter 3 is that the par-
ticles are no longer fixed in space and this makes it necessary to discuss the con-
sistency of SPH and how it is implemented, Section 5.2.1 and 5.2.5. The particle
distribution is no longer regular and the support domain might be truncated by
boundaries, Figure 5.3. This is also taken into consideration when the governing
Navier-Stokes equations are derived in order to limit the impact of the irregular
distribution.

1
1
1
1
1
1
:
1
1
Irreanlar narticle distribiition Truneatad hv a hatindarv

Figure 5.3. Example of how the distribution of particles beneath a kernel function and how the
kernel function might be truncated by a boundary. Both situations will lead to particle inconsis-

tency.

5.2.1 Particle inconsistency

If a numerical method is to converge it must have a certain degree of consistency.
The level of consistency is measured by the degree of polynomial the chosen
shape function/kernel function is able to reproduce. This term is also known as
completeness in FEM and SPH has borrowed the definition of the necessary level
of completeness form here. For the SPH method the necessary consistency of the
kernel approximation is given in (5.1) and (5.2). They ensure that linear functions
are perfectly interpolated and their gradients are exactly obtained.
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[w(x—x,n)ax =1 (5.1)

Q

(x—x')W(x—x',h)dx'zO (5.2)

[oX S

This leads to the consistency of the particle approximation as equation (5.1) and
(5.2) does not necessarily have consistency in their discrete form (5.3) and (5.4)

M=

W (x-x;h)Ax, =1 (5.3)

J

.
I
R

AMZ

(x-xj)W(x-xj,h)ij=0 (5.4)

J

The discretized consistency conditions given as (5.3) and (5.4) are easily brought
out off balance if the support domain is truncated or if the particle distribution in
the support domain is unbalanced, Figure 5.3. This is a problem called particle
inconsistency when working with moving particles and is solved in SPHysics F95
by using a normalization scheme (CSPH) described in Section 5.2.5. [Liu; 2003]

5.2.2 Smoothing length

The smoothing length % is chosen as a constant in SPHysics defined by equation
(5.5). Where dx and dz is the initial particle spacing and k; is a coefficient chosen
as 0.92 in 2-D no matter what kernel is used in order to create a support domain
covering the neighbouring particles.

h=k, ~Ndxd’+dz’ (5.5)

From Section 3.4 it is known that the smoothing length has an impact on the qual-
ity of the solution. When the particles in 2-D are moving is the optimal 4 of
course hard to predict. [Liu; 2003] introduce the possibility of a variable smooth-
ing length in order to optimize the solution. This possibility is not available in
SPHysics F95 and will not be discussed further in this report. Furthermore will the
CSPH normalization limit the disadvantages of a constant /4 as it correct the kernel
to the current particle distribution in order to fulfil the consistency. The constant /
should approximate the average particle distance throughout the solution.
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5.2.3 Kernel functions

Two new kernels are available in SPHysics F95 together with the Gaussian and
the Cubic Spline kernel, Table 3.1. The new kernel functions must fulfil the same
conditions as the other kernel functions described in Section 3.3 and are presented
in Table 3.1. All kernel functions in SPHysics have a x equal to four;

Table 5.1. List of kernel functions available in SPHysics for 2 and 3-D [Gesteira et al; 2007] and
[Wendland, 1995]

Kernel name  Equation Eq. no

Quadratic W(R,h):ad iR2—§R+§ 0<R<?2 (5.6)
16 4 4

Wendland (5.7)

4
W(R,h)zad(l—gJ (2R+1) 0<R<2

Table 5.2. List of the constant o, used together with kernel functions in Table 3.1

Kernel name Eq.no. x 2-D(a,) 3-D (ay)
Quadratic (5.6) 4 1/(nh?) 1/(zh?)
Wendland (5.7) 4 7/(4nh%) 7/(87h®)

5.2.4 Navier-Stokes Equations

The Navier-Stokes equations for a Newtonian compressible fluid are the govern-
ing equations when modeling fluid dynamics in SPHysics. The Newtonian fluid
has a linear relationship deformation and tension. It is necessary to define the fluid
as compressible rather than the common incompressible approach to allow the use
of an Equation of state and thereby speed up the computation, Section 5.2.7. The
governing equations are following the three laws of conservation.

e Conservation of mass ensured by the continuity equation
e Conservation of momentum ensured by the momentum equation
e Conservation of energy ensured by the energy equation

The three equations are derived on the following pages and transferred to the SPH
formulation used in SPHysics finally presented in Box 5.1. The equations are de-
rived with regard to the total derivative D/Dt i.e. the derivative is following the
motion of the fluid defined in (5.8) as a sum of the local and the convective de-
rivative where v is the speed.
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D & o ,
—=—t—v
dt ot ox”

(5.8)

In other SPH literature the derivative follow the motion defined as d/df defined in
[Monaghan; 1992]. This section is written based on [Liu; 2003] & [Brorsen;
2005] and will use an index notation where a and £ placed as superscripts is used
to denote the coordinate directions (2D: o, = 1,2 and 3D: o, = 1,2,3).This is
demonstrated by writing the definition of Kronecker’s tensor in equation (5.9).

5“ﬂ={11,f“_ﬂ (5.9)
Oifa=p

Furthermore it is necessary to make a few definitions with regard to the definition
of strain and stress. The connection between shear stress 7/ and the viscous shear
strain rate ¢ is defined by equation (5.10) where x is the dynamic viscosity. The
equation is in the literature known as Newton’s equation and has been experimen-
tally validated.

t =2us” (5.10)

The total stress tensor is defined as the sum of the shear stress and the isotropic
pressure (5.11).

o =—p5? + 1% (5.11)
R A I PP (5.12)
20 ox*  ax” 3 )

The shear strain rate ¢ is defined for a compressible Newtonian fluid in (5.12).
The shear strain rate consists of two parts representing the deformation velocity
tensor and dilatation. In case of an incompressible fluid the dilatation part will be
equal to zero. Instead of 4y it is possible to use the kinematic viscosity ux defined
in equation (5.13). The kinematic viscosity is an input in SPHysics.

p=4e (5.13)
Yo

The stress vector # on a arbitrary surface 44 in the fluid is defined by the normal n
on the surface and the force AF defined in (5.14).

(AFJ _d g (5.14)
AA AA—0 dA
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Using this definition it is possible to define the relation between the stress vector
and the total stress tensor ¢ for a fluid (5.15). The definition is used when deriv-
ing the momentum equation.

o =o”n” (5.15)

X2

X3 X1

Figure 5.4. The body and surface forces on a volume X with the area A. This arbitrary volume is

used to derive a continuity and momentum.

The divergence theorem (5.16) is presented as it is used to derive Navier-Stokes
equations.

[(F-n)da= [(v-F)dv (5.16)

A Vv

Continuity equation (Conservation of mass)

The method to conserve mass is important in the SPH method as the mass is used
to calculate the density using the equation of density approximation from Box 5.1.
Presented here as equation (5.17).

J

Pi= ijVVij (5.17)

J=1

It would of course be possible to use (5.17) directly to conserve the mass as m; is a
constant i.e. the mass would be conserved as long as the number of particles J is
the same. However, using this equation directly is not possible when modelling a
free surface as the density would decrease close to interfaces like fixed boundaries
or free surfaces [Monaghan; 1992]. Instead it is necessary to derive a second
method based on the continuity equation.
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The continuity equation states the constancy of mass in the current of a contin-
uum. It is found by looking at flux through an arbitrary area A4 that serves as the
surface of the volume X. The growth in mass inside 4 is the equal to the mass that
flows through A each time unit leading to equation (5.18).

0P o 140
LECJX —L—pv dA (5.18)
dA” = n“dA (5.19)
where

dA is part of the area A [m’]
p is the density [kg/m’]

Rewriting this is possible by using the divergence theorem (5.20) together with
(5.18) leading to equation (5.21).

A el Gl
Aj(—pv )dA =—X%dx (5.20)
Ia_de:_.[ de: .[ [a_erM]dX—o (5.21)
X o X ox k| or - ox”

This equation must be valid for any choice of X allowing the following rewriting
to the finished continuity equation written as a global derivative in index (5.22)
and vector notation (5.23).

Dp ov”

=y =0 5.22
ar  ox” (522)
Dp

et v ! 5.23
o~ ” (5.23)

There are two different approaches to conserve the mass in SPH. One approach
has already been presented in equation (5.17) and it is now possible to derive a
second SPH formulation using (5.22) as a base together with SPH approximation
of Box 5.1. The equation (5.22) is rewritten using the following identity.

oV’ opv’  op
P ox” B _( ox? - ox” (5-24)
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a B
Dp p&v _ Dpv P Dp (5.25)
dt ox“

- dx” dx”

The equation is now rewritten in equation (5.26)-(5.29) using SPH approximation.

Dp, NI IR Y il

- —L p_v‘ __Vi e p (526)
2| £ o]t S ) o

Dp,_ ., 5. W o sV

dr = ,Z_:‘f'axiﬂ 627
Dp, _~ RN

7=sz (v -v7) P (5-28)

N
Do Sy v, (5.29)

The final equation (5.29) is commonly used for density approximation with the
SPH method presented first by [Monaghan; 1992]. When using this approxima-
tion the density of all particles defined initially and the change in density are
closely related to the neighbouring particles in the support domain. It is not the
only possible way to derive a particle approximation of the Continuity equation
but it is used due to several inherent advantages. Firstly, v; accounts for the rela-
tive velocity of a particle pair in the support domain and it helps to reduce errors
from particle inconsistency, i.e. an uneven distribution of the particles.

The two different ways to conserve mass are the summation density approach
(5.17) and continuity density approach (5.29). The density approach conserves
mass the exactly continuity approach does not. It does however not have the same
problems at the boundaries and the fluid surface. Furthermore when approximat-
ing between the particles it is necessary to do the approximation twice when using
(5.17). The continuity approach is used in SPHysics together with a Shephard fil-
tering discussed in Section 5.2.5 to speed up calculation. [Liu; 2003]
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Constitutive equation

The Constitutive equation is not one of the tree conservation equations but it is
nonetheless important as it defines the relationship between the total stress tensor
o’ and the deformation. Experiments show that water has linear relation between
stress and deformation defining it as a Newtonian fluid with the constitutive equa-
tion (5.30) for a fluid in motion.

o =—ps? + 1% =—po” +2us” (5.30)
1 11 22 33
p= ——( ) (5.31)

The pressure p is defined as (5.31) in a moving fluid. It is possible to assume iso-
tropic pressure as it may be shown that the motion of the fluid only will cause a
small deviation from this distribution of pressure. [Brorsen; 2005]

Momentum equation (Conservation of momentum)

The momentum equation is derived for a Newtonian fluid and the conservation of
momentum is assured by using Newton’s second law as the net force on a volume
X consist of the body forces and surface forces.

The gravitational force F, = pg and the inertia force (-Dv/Dt) are the body forces
in SPHysics defined in equation (5.32) where b” is the sum of body forces.

=gt

(5.32)

The surface forces are found with the help of the stress vector # defined in equa-
tion (5.15). This leads to equation (5.33) as the net force on the volume is equal to
Zero.

j 1% dA + j pb“dX =0 (5.33)
A X

Using the divergence theorem and the definition of it is possible to rewrite equa-
tion (5.33).

ap
dd= [0 ax (5.34)
b B
A X X
aoff
j{a“ﬂ +pb“jdX:O (5.35)
2 Ox
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Reasoning that this equation must be true for an arbitrary volume X equation
(5.36). The body force equation is substituted into the finished momentum equa-
tion (5.37) for a fluid.

Folond
ox”?

+pb” =0 (5.36)

Dv“_l@a“ﬁ+ »
Dt p o’ &

(5.37)

The momentum equation (5.37) is now rewritten using the identity (5.38) to pre-
pare for SPH approximation of the derivatives. This use of this identity and how it
is used to reach a particle approximation is derived in Appendix A.

af af af
1 0o _ 0 (o Jr0'2 op (5.38)
p ox’  oax’\ p p° ox’
Dv 0 (o) o op

= + +g“ 5.39
Dt ox” [ P j > ox” & (539)

Following a particle approximation and rearranging of the equation it is possible
to write equation (5.40) as an SPH formulation of the momentum equation. The
identifier was used to ad symmetry to the final equation reducing the error from
particle inconsistency.

a

i aﬁ O.tl/)’ aVV.J.
= : +ga (5'40)
Jj=1 1 pi axtﬂ

The viscous shear stress and the isotropic pressure is separated and a new variable
¥, representing the viscosity is defined as (5.42) where ¢ is the strain rate and u 1s
the dynamic viscosity in a Newtonian fluid

N J P z._aﬂ z-aﬁ
=>m, | L+ VW, +g" (5.41)
P; P,

Jj=1 pl pl

" i %
vy = {—2 += (5.42)
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Finally the momentum equation is written in vector notation as (5.43).

J
_Z ,( +p—j VW, + ij'/’yvau +g (5.43)
Jj=1

i

This version of the momentum equation is used commonly in SPH codes and in
SPHysics. The viscosity term is solved either by using an artificial viscosity or a
turbulence model presented in 5.2.6. [Liu; 2003 ]

Energy equation (Conservation of energy)

The conservation of energy is based on the first law of thermodynamics where the
change in internal energy is equal to the heat added to the system minus the con-
ducted work. As there is no heat added to the system in the SPH formulation the
only source of change of internal energy in the infinitesimal fluid cell consists of
the work done by the body forces. The work done by the body forces consist of
the isotropic pressure multiplying the volumetric strain and the energy dissipation
due to the viscous shear forces. It follows that the heat equation is (5.44) where
o is the total stress tensor defined in equation (5.11).

De _ o ov*
dt p ox”

(5.44)

SPH approximation in SPHysics is taken from [Monaghan; 1994] who presents
the equation (5.45) where ¥ is the viscosity terms which are calculated using arti-
ficial viscosity or SPS viscosity, Section 5.2.6.

1 P,
_=§ m, —+p'+y/,j v, VW, (5.45)
J

Several alternatives to this equation are given in [Liu; 2003] but it is also stated
that there is no noticeable difference between them.

59



5.2. Theory - SPH with CFD

Conservation of mass

Conservation of energy

J

——lZm ’+£+ v, VIV,
257\ Pl P Vi Y

J

Box 5.1. SPH equations for the Navier-Stokes equations

(5.29)

(5.41)

(5.43)

(5.45)

5.2.5 Correction and filters

The following is three methods used to enhance and stabilize the solutions gener-
ated with the SPH method. They have all been developed to help when solving
fluid problems during the last decade. The XSPH correction that moves the parti-
cles and is described separately in Section 5.2.9 is the last member of the group.

CSPH correction

The corrected SPH interpolation is conducted to ensure that the consistency equa-
tions (5.1) and (5.2) is satisfied exactly after the particle approximation (5.3) and
(5.4). The scope is to introduce an adjusting factor presented in equation (5.46) to
produce a corrected kernel [Kulasegaram & Bonet; 2000]

~

Wi(x)=W,(x [1+ﬂ (x- xb)]

60




Chapter 5 Virtual Wave Flume

The correction parameters a(x) and f(x) enforces the consistency of the particle
approximation by deriving them from (5.3) and (5.4) using simple substitution
with (5.46). This is not the scope of this report but the derived equations enable an
explicit evaluation of the parameters and ensure that the linear functions and their
gradients are exactly obtained.

The CSPH approach (also known as an RKPM: Reproducing Kernel Particle
Method) is one of two ways to ensure consistency the other is described by [Liu;
2003].

Shephard filtering

Shephard filtering is performed to ensure that the free surface is smooth and
physically acceptable. The filter is necessary when using LES to model the vis-
cous forces as density variations are being magnified by the equation of state, Sec-
tion 5.2.7. The filter is not necessary with artificial viscosity from [Monaghan;
1992] as it damps out the variations. In SPHysics F95 the filtering is performed
every 30 time steps. [Dalrymple and Rogers; 2006]

2PWY,

= 5.47
J

Tensile correction

Tensile correction is required in the SPH method as it makes small clumps of par-
ticles due to negative pressure and the sign off the second derivative of the kernel
function. The correction is activated with all kernels except the Quadratic and is
build into the momentum equation (5.43) as it is demonstrated in equation (5.48).
The scope of the correction is to induce a large repulsion between the particles
when the particle distance decreases. The first spatial derivative of Quadratic ker-
nel (5.6) is (unlike for instance the Cubic Spline kernel) always nonzero at the
origin and it represents another approach to removing the instability. [Monaghan;
2000]

dv & P P n
%:Zm/,{p—jz+p—’2+(Ri+Rj)fyJviVVij-i-... (5.48)
J= J i
Wir,
E:W&$ (5.49)
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e|P|
R =

4 2

Pi

(5.50)

where
n > (0 and equal to 2 in SPHysics F95 [-]
Ap is the average particle spacing in the area [m]
e 1s equal to 0.2 in SPHysics F95 [-]
r; 1s the distance between particle 7 and j [m]

5.2.6 Viscosity (Artificial & SPS Turbulence)

Traditionally, the viscosity terms in the SPH equation of momentum (5.52) have
been described by an empirical term /7j; (artificial viscosity) where a is an empiri-
cal coefficient between 0.01-0.1. The approach has several advantages as it repre-
sents viscosity, keeps particles from interpenetrating and keeps free surface flows
numerically stable. However, critics say that it is too dissipative and affects the
shear in the fluid. [Dalrymple and Rogers; 2006]

_ P
%:_Zm/ £12+_/2+Hij VW, +g (5.51)
dt J ‘ pi pj
aL,
. — ’Lj’ U VI, < 0
;= P (5.52)
0 vl > 0
1w = o -u;) (x,-x,) (5.53)
v ’?jZ +0.014°

The artificial viscosity approach is available in SPHysics together with an SPS
(Sub Particle Scale) turbulence model where the viscosity is divided into two
parts: The laminar viscosity and a SPS stress tensor 7 representing the turbulent
eddies smaller than the particle size. The SPH formulation is presented in equation
(5.54) [Dalrymple et al; 2006] & [Gesteira et al; 2006]
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: > P
%:—ij £’2+—" VW, +g
dt yor

J Pi jz
4ury,
+ij 'uk—’“’z VW, (Laminar viscosity) (5.54)
J (pi+pj)‘rij‘

2

I ,0? Pi

+>m, i+r—f]viVVU (SPS stress)

Both approaches have been used successfully to model 2-D waves breaking. The
artificial viscosity approach is the more common approach as it is the oldest in use
together with SPS first mentioned in [Monaghan; 1992]. A disadvantage with the
SPH method is that it requires a Shephard filter (5.47) to be introduced as the in-
herent numerically stable surface is lost; but as it is only calculated once every 30
time steps it is of limited importance. No sources are presently found that make a
detailed comparison of the two methods. This is not the scope of this project but it
is decided to run a few simulations with each method for comparison.

0.15

— Experiment

— 0.1 ceeege i 4 ——  Artifical Visc.
E SPS Visc.
£ o.os% | (\ % ]
N \/V\VQ( A
2 D005 W
= 00.1 R EE
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Figure 5.5. The depicted graph is a wave height comparison between values measured in the ex-
periment of Appendix C and a corresponding virtual wave flume with two different approaches

Artificial or SPS viscosity. The waves are measured 2 m from the end of a 16 m long flume.

To evaluate the quality of the two methods the sampled wave heights in the ex-
periment of Appendix C are compared with two runs in the virtual flume, Section
5.3. There is no difference between the two virtual flumes except the use of Arti-
ficial viscosity (with a = 0.08) or the SPS model. The comparison is depicted in
Figure 5.5 and show that although the two methods initially agree about the wave
height the waves modelled with artificial viscosity slowly dissipates. The solution
of the artificial viscosity might be improved by lowering a and thereby decrease
the artificial viscosity. But as the SPS run and the experimental values have a high
level of correlation it is used for further modelling in this project.
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5.2.7 Equation of state

When modelling fluids it is often safe to assume that the fluid is incompressible as
the speed of sound in water ¢ (= 1500 m/s) is many times higher than the speed of
the bulk flow v for instance the speed of surface wave propagation. This is possi-
ble as the momentum equation leads to the relation in equation (5.55) where 7 is
the time scale and L is the length scale. The computed density variation is small
1.e. the fluid is incompressible. [Monaghan; 1994]

op vL

—= (5.55)
p cT

The reason not to treat the fluid as incompressible is to make it possible to use an
Equation of state (5.56).

P= B[(&j 1] (5.56)
Po

B =5 (5.57)
Y
Cg = CsznefghSWL (5.58)
where

v is a constant depending on the problem usually equal
to 7 when solving wave problems [-]

po is the reference density equal to 1000 [kg/m’]

co1s the speed of sound at the reference density [m/s]

The Equation of state is included to describe the relation between the two state
variables pressure and density. This is faster than solving an equation but also
demands unreasonable small time steps in order solve the model, equation (5.67).
The disadvantage is lessened by lowering the speed of sound, i.e. imposing an ar-
tificial/high compressibility. This works as long as the new speed of sound ¢y is
much larger than the speed in the bulk flow. Sources like [Monaghan; 2004] rec-
ommend a minimum relation of 10v = ¢ in order to keep density variation within
1 %. The parameter B is problem dependent and set a limit for the maximum
change in density i.e. it decides the speed of sound. SPHysics estimates B using
(5.57) and a estimate of ¢y, equation (5.58). In the estimate /gy, 1s the mean water
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level and C.ris a coefficient which is recommend to have the limit 10< C,<40.
In most cases this provides 10v < ¢y. [Gesteira et al; 2007]

It has been decided to use C..requal to 16 1.e. a ¢y equal to 42.5 m/s and B equal
to 25.8-10%. This allows for a wave speed of 4.2 m/s and from Appendix C it is
known that the wave speed in the flume based on period and wave length is max
2.5 m/s.

An incompressible SPH algorithm is not available with SPHysics but [Shao et al;
2006] worked with an incompressible approach where the pressure was calculated
using a variant of the Poisson equation. It was showed by [Shao et al; 2006] that it
was possible to simulate wave overtopping using this approach and although it
meant larger computational effort at each time step it also allowed for larger steps
as the speed of sound was no longer the deciding factor.

5.2.8 Time stepping (Verlet Algorithm and At)

Different time stepping schemes have been used with the SPH method. Tradition-
ally the double step Predictor-Corrector scheme is the most common approach and
it is, together with the single step Verlet scheme, the algorithms available in
SPHysics F95. The Predictor-Corrector scheme represents another well known
numerical scheme namely the Runge Kutta method that is used by [Colagrossi &
Landrini; 2003].

It is decided to use the Verlet algorithm as a number of sources where similar SPH
problems are investigated recommend it as stable and up to 50% faster than the
Predictor Corrector algorithm. [Dalrymple & Rogers; 2006]

The Verlet scheme computes the variables every time step using the equations
(5.59)-(5.62) where v; is the speed and r; is the position vector. [Gesteira et al;
2007]

n+ n- dvj !
=2 (5.59)
ml ol 2At(%)n (5.60)
P P dt .
n+1 n d"l ! 2 dvl' !
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n+ n— di !
o = 1+2At(7€l) (5.62)

Once every M time steps (M equal to 30 in SPHysics) the variables are instead
calculated using equation (5.63)-(5.66).

v =A%) (5.63)
Pt =pl+ (L) (5.64)
B ="+ At (%) 0568 (S) (5.65)
¢ =e + At(%) (5.66)

The size of the time step A¢ is chosen during the geometry generation. The size of
the time step must be proportional to the particle resolution i.e. the smoothing
length and the maximum speed in the solution i.e. the speed of sound. With a con-
stant value of /# and a speed of sound from equation (5.58) this leads to (5.67).
[Liu; 2003]

At = min (ﬁj (5.67)

c

The maximum possible time step is estimated with two different tests. The Cou-
rant method (5.68) is a physical condition implemented to ensure that the solution
is convergent. The Viscous method (5.69) is implemented to ensure a stable exe-
cution of the model [Shao et al; 2006]. The method is an integrated part of SPHys-
icsgen F'95 and keeping A¢ beneath the recommended maximum allows a stable
computation of the numerical solution.

A ¢ (5.68)
h2
At=0.125" (5.69)
1%
where

C is the Courant number who recommend equal to 0.1 in SPHysics
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The equations described above could also be used to allow A7 to vary during the
numerical solution. This is possible as part of SPHysics F95 but it is experienced
that using this possibility drastically increases the solution time.

5.2.9 Particle movement (XSPH correction)

Method used to move the particles. With XSPH a particle is moved with a veloc-
ity closer to the average velocity in its neighbourhood. It does not introduce dissi-
pation but it increases the dispersion. It prevents particles with different velocities
from occupying the same location and keeps fluids orderly in high speed flows
(high Mach number). The variable e (0<e<l) is chosen as 0.5 in SPHysics F95
[Gesteira et al; 2007]. But the author of another SPH code [Liu; 2003] proposes a
value of 0.3 (XSPH is turned off if e=0) for fluids with an open surface and val-
ues higher than 0.5 when modelling shock problems. The method is easily incor-
porated with equation (5.70). [Monaghan; 1989]

SN Sy (5.70)
dt TP,

5.2.10 Particle interaction (Linked-list)

The linked list algorithm is used when searching for the nearest neighbouring par-
ticles to a particle i. The problem domain is meshed with a grid with a mesh spac-
ing xh matching the dimension of the support domain i.e. the mesh depicted on
Figure 5.6 would for instance work well with the Cubic Spline kernel because x =
2. It is clear from Figure 5.6 that the particle only interacts with particles in its
own and the eight neighbouring cells. It is not even necessary to search all eight
neighbours as the interaction with four of the cells has already been resolved. This
reduces the computational time from N to N log N where N is the number of par-
ticles [Gesteira et al; 2007]. The linked list works best when the smoothing length
is constant as it is in SPHysics. If a variable smoothing length was desired a better
choice would be a Tree Search Algorithm. A solution tree is based on the particle
position where the leaves of the tree are individual particles and the branches rep-
resent ever smaller volumes. The single particle/leave off course represents the
smallest possible volume and by going back N branches the particle in a support
domain of arbitrary size 2xh;. [Liu; 2003]
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Figure 5.6. The principle of the Linked list search algorithm is depicted on this figure.

5.2.11 Boundaries

In Section 5.2.11 two different types off boundaries was described. Ghost parti-
cles placed on the other side of the boundary and repellent particles placed on the
boundary. The boundary particles are both of the latter type although they use two
different approaches to keep the particles within the boundaries.

e Dynamics boundary conditions: The boundary particles are part of the solu-

tion i.e. they are forced to satisfy the same equations as the fluid particles,
Section 5.2.4 although they remain stationary. When a fluid particle ap-
proaches the wall the density increases due to equation (5.29) followed by
and increase in pressure calculated with the equation of state (5.56). The re-
sult is a repulsion of the particles that begin when they reach within 24 of
the wall. [Crespo et al; 2007]

Repulsive boundary condition: The boundary particles are exerting a force f
normal to the boundary preventing any fluid particles from crossing the
solid boundary. The method was refined by [Monaghan et al; 1999] and
force is calculated using equation (5.71). The method needs to know the co-
ordinates of the neighbouring boundary particles i+/ and i-/ to ensure a
smooth travel parallel to the wall.

f=nR,(y)P(&)e(z.u,) (5.71)

R, ()= (%0.01@2}%(1—13) (5.72)
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rR=Z (5.73)

where
n is the normal to the boundary at particle i [-]
w 1s the perpendicular distance between fluid particle and wall
P(&) ensures that a particle travelling parallel to the wall experiences a
constant repulsive force
&(z,uL) adjusts the magnitude of the force according to water depth
and fluid particle velocity

The principles of the two boundary conditions are depicted on Figure 5.7 together
with an explanation of the two different ways to initially place particles in the
model.

Dynamic Boundary (Dalrymple)  Repulsive Boundary (Monaghan)

(g O n ' O
i-10O —» 0O
o © Lo
O :
7 o IO —0
o o) :
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Pressure\o\\\o 16 —’i
¢ o 5 O
O, :
(f 2h O ? > O
h

: . O O
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Figure 5.7. The two different boundary conditions available in SPHysics F95 the Dynamic bound-
ary and the Repulsive boundary depicted together with two different initial particle distributions.
BBC is mandatory together with the dynamic boundary.

Both boundary conditions have their cons and pros. The repulsive boundary parti-
cles approach is the oldest and the geometrically most versatile as it only demands
a single line of particles making it easy to fit it to a needed geometry. One limit of
the method is that the particles are not allowed closer than 4 to the wall as it is de-
picted on Figure 5.7 as the repulsive function at this point is fully activated R(y) =
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1. This can be a problem with a large discretization. The method was used on a
number of test cases and proved tight although particles might escape at the cor-
ners if two boundaries overlap or are to far apart.

The dynamic boundary use the inherit property of the SPH method that two parti-
cles repulse each other and if one is kept fixed in space the other will not pass it.
This is the strength of the method as unlike the repulsive approach all calculation
is kept within the same loop as the fluid particles it is not necessary to calculate a
repulsive function and the normal. The fact that the particles are part of the bound-
ary and the fluid particle solution means that it is easy to measure pressure at dif-
ferent points on the boundary. The problem of the method is the two layers of
boundary particles which make it harder to build geometry with many intersec-
tions.

It was chosen to build the fluid geometry using the repulsive boundary approach
mainly because it was the easiest way to model the geometry but also because
problems where experienced with dynamic boundaries at the time of the decision
depicted on Figure 5.8. On Figure 5.8 the particles are escaping through the tilted
wall and will eventually drain the box. This escape through a tilted plane would
make the boundary useless in a virtual wave flume and due to the time available it
was decided to concentrate effort on repulsive boundaries as it with the right dis-
cretization would be possible to get a good picture of the pressure at the boundary
although it would not be possible to measure pressure at the boundary particles
themselves.

Time =5 sec
. 0.1 :
Time =5 sec
0.5 S
_ . 0.05
£ £
N N
0 [0°6%%0%0%4%4%0 0 %4% %0 s %4 %% %% %% o
0
0 0.5 1 0.05
o0.
x [m] 0.4 05 0.6
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Figure 5.8. Problems with the Dalrymple boundary conditions. Particles are leaving the problem
domain. To the left the whole problem area is depicted and to the right is a close up of the prob-

lem. The simulation is available on the CD

A particle escaping through the boundary is possible with both boundary methods
and is only a question about the particle speed |vj| being large enough. When
choosing boundaries it had only been experienced with dynamic boundaries but in
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later simulations the problem appeared with repulsive boundaries. This is further
discussed in Section 5.4.

According to [Gesteira et al; 2007] the present version of SPHysics F77 should
also be able to handle periodic open boundaries but this is only possible with the
3-D source code. It might become available in a later edition but if that is not the
case another source would be [Rogers; 2008] who made a webpage on the subject:
Open boundaries and SPH.

5.3 Virtual wave flume — The model

The virtual wave flume is build using SPHysics F95 described in Appendix B to-
gether with the customized version of SPHysicsgen F95 used to initiate the model.
The virtual flume is build to match the geometry of a flume at Aalborg University
henceforward referred to as the real wave flume the geometry of this flume is de-
scribed in Appendix B.4 and depicted in Figure 5.10.

Table 5.3. The key SPH parameters chosen when building the virtual flume. The input files to gen-

erate geometry and initial conditions are available on the CD-Rom.

Geometry Fluid Time stepping
Particle spacing (SC) [m]0.02 SPS viscosity x [m*/s] 10°  Time stepping [s]4E10”
Smoothing length %k, [m]0.92 Shephard filter - - Output step [s]0.05
Dynamic boundary - - B [kg/ms®]25.9E4 Run time [s]30

Y [-] 7 Verlet algorithm - -

When building the flume a number of choices were made on how to use the dif-
ferent SPH parameters. The chosen variables used in the virtual flume are listed in
Table 5.3 and the following choices were made with regard to different SPH
methods: To speed things up the Verlet algorithm is used for the numerical time
integration. The wave flume geometry is build using dynamic boundaries and the
SC distribution of particles. The turbulence is modelled using both approaches
described in Section 5.2.6 together with a Shephard filtering to ensure a smoothed
surface. In the experiments a structure consisting of a wall and a platform is pre-
sent at the end of the wave flume this is also modelled with the boundary parti-
cles. The particle approximation is done using the Cubic Spline kernel. To gener-
ate the paddle movement a sampled time series from the experiments in the real
flume is loaded. The experiments and the comparison between the samples in the
virtual and the real flume are further discussed in 0.
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The initial distribution of particles and their particle variables velocity v; (x and z),
density p;, pressure P; and mass m; are all computed in SPHysicsgen F95. The ini-
tial velocity is zero and the particle mass is a constant for all particles while the
density and pressure are distributed like depicted in Figure 5.9 for a part of the
flume. The density for water py is equal to 1000 kg/m’ but as SPHysics is working
with a compressible fluid the density is calculated using B and the initial pressure
is found with the Equation of State.

Initial pressure P [kPa] Initial density p [kg/m3]

Zz|mj

4 4
16 16.5 17 16 16.5 17
x [m] x [m]
EH a E e
0 1 2 3 1000 1001 1002

Figure 5.9. The initial distribution of hydrostatic pressure and density at the end of the virtual
flume generated by SPHysicsgen F95. The distribution is the same in the remaining part of the

flume.

The virtual wave flume is finally depicted in Figure 5.10 having modelled 15 sec-
onds of waves using the SPH parameters listed in Table 5.3.
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Figure 5.10. The geometry of the virtual wave flume used in this project depicted after 15 seconds
of wave generation using a sampled paddle movement. The initial SWL is depicted as a dotted line

together with the location of the wave gauges used to measure wave height in the real flume.
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5.4 Test of SPHysics F95

The SPHysics F95 code rewritten from the original SPHysics basis is tested. Be-
fore conducting this it has been verified that SPHysics F95 is able to solve the 2-D
test cases presented by [Gesteira et al; 2007].

5.4.1 Collapsing column

The classic SPH example: The collapsing column, cf. Figure 5.12. The idea is to
let the water from a collapsing column fill a box with an inclined bottom in order
to test if the method computes the correct pressure distribution and how it evalu-
ates kinetic and potential energy. The problem in the basis form is evaluated with
SPS turbulence, Quadratic kernel functions and a discretization where dx = dz =
0.005 m.

IZ
X EpOl,I :98J

h=02m | p=0.1m’

Epot,Z = 87 J

45°

h=0.17m| V=0.1 m’

/[=0.5m

Figure 5.11. To the left the water column before the collapse is depicted and to the right is the
same volume of water after the collapse. The potential energy before and after is easily calculated

using the depicted dimensions.

Time = 0.1 sec Time = 0.25 sec Time = 2.5 sec
0.5 v_ [m/s]
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Figure 5.12. The Collapsing column example is used to test SPHysics F95 in three different time

steps showing how when the column of water collapses a new equilibrium is established.
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The potential E,,, and kinematic Ej;, energy is easily computed using the known
particle position and velocity in each time step. The result is depicted as a graph in
Figure 5.13 together with the thermal energy E.,,, computed during the solution in
SPHysics using the energy expression of Box 5.1.
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Figure 5.13. The total potential, kinematic and heat energy in the collapsing column in the first
Jour seconds of the solution depicted as a graph where AE,,, is the change in potential energy in

relation to the original level.

It is evident from the depicted graph that there is a good agreement in the evalua-
tion of the three forms of energy in the first four seconds. However this is only the
first four seconds of the plot and problems was experienced with the SPHysics
code if problems ran more than a few seconds. These problems are discussed in
the next Section.

5.4.2 SPHysics — Crash of computation

The test case used to validate that the changes in SPHysics are working show that
the program is able to evaluate fluid problems and maintain a balance between the
three types of energy in the system. The problem is that the models crash after a
problem dependent number of time steps. The particle distribution just before the
crash is depicted on Figure 5.14.
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Figure 5.14. To the left is a close up on the collapsing column and to the right is a close up on a
part of the virtual flume with the standard parameters given in Section 5.3. Both particle plots are
from a few time steps before a crash in the computation and in both situations the density is dis-

torted in a small area of the solution.

Particles in a small area clot and this changes the approximated density and veloc-
ity of a few particles allowing them to pass through the boundary and escape the
problem domain. After the escape of the first few the remaining follows. When
the problem occurs it depend on the initial particle spacing and what kind of prob-
lem is computed. The virtual wave flume is able to compute app. 28 seconds of
wave movement while the collapsing column experiences problems earlier during
the run. Based of this it is speculated that the problem initiates from a change in
particle position/density that the Continuity equation and the Equation of state are
not able to compute.

The problems appear similar to the tensile instability described in the SPH litera-
ture where the particles form clods but this should have been removed either by
using the Quadratic kernel or using tensile correction as discussed on page 61
[Monaghan; 2000]. Both methods have been used in the collapsing column but it
only changes when the clod appears.

When the problem was identified a number of different approaches were done
within the limit of the code in order to detect whether the crash was due to an er-
ror in the code or due to a limit in the used SPH tools. The following items did not
change anything.

e The same code has been run in SPHysics F77 with the same results.
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e Tried to change the way turbulence was evaluated from SPS to artificial vis-
cosity with a equal to

e Different kernels were used. It changed when the crash occurred but not
how.

e The variable y in the equation of state was changed to 3.5 it limited the
problem to a smaller area but still allowed the particles to accumulate den-
sity.

e The problem was evaluated with Double precision variables instead of Sin-
gle precision.

e The time integration was changed from the Verlet Algorithm to the Predic-
tor corrector scheme.

The only thing that did work was a change in the discretization. With a particle
spacing of 0.025 m (and the same choices in time stepping) it was possible to al-
low the problem to be computed in 15+ seconds. This indicates that there is not
anything fundamentally wrong with the source code of SPHyscis F95 and the
problem is more likely due to an error in the numerical integration. A way to solve
the problem would be to use even smaller time steps but as it already takes a week
to model the virtual flume this is not an option.

5.5 Sub Conclusion

In this chapter the virtual wave flume has been constructed and the theory it based
upon has been derived. The combination of methods is chosen based on the ex-
perience gained during the project and the comparison between virtual and real
flume in the next chapter will show if they are right. To further improve under-
standing of SPH it would be beneficial to compare it with other CFD solvers and
compare results.

The virtual wave flume described in Section 5.3 is able to run in minimum 22 se-
conds before the tensile instability causes the code to crash. This is enough time to
compare with experiments although it is not possible to use discretization lower
than 0.02 m as the computation time would be to long (SC distribution). The flu-
me contains app. 20,000 particles and takes 5 days to compute with the best avail-
able computer. There has not been time enough to determine for certain why the
SPH code becomes unstable but the problems does not affect the overall results
from the flume as they are limited to a small area of particles.
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Chapter 6

Virtual versus Real Wave flume

Using the virtual wave flume presented in the previous chapter the numerical re-
sults are compared with measurements on the real wave flume in the Wave Labo-
ratory at Aalborg University. The two flumes are compared on two different levels

e Waves: The generated waves are measured at three different locations in the
flume in order to compare the real and virtual wave picture.

e Wave impact: At the end of the wave flume the wave impact on a structure
is measured using pressure transducers.

Figure 6.1. To the left is the inspiration for the experiments depicted: A platform on the substruc-

ture of a wind turbine. To the right the simplified structure is used in the experiments depicted.

The inspiration for the experiment was the wave impact situation when waves hit
an offshore wind turbine and the platform on the substructure depicted on Figure
6.1. A simple 2-D experimental setup was devised to investigate if the method
could be used to model this kind of impact problem.
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6.1 The Experiment

The purpose of the experiments was to get a source of reference when using the
program SPHysics F95 to compute a virtual wave flume. Therefore it was the in-
tention of the experiments to generate a similar situation in a wave flume with
waves breaking against a vertical structure and hitting a platform. The work of
building a virtual SPH model of the flume and comparing with the experiment
will expose the current limits of the SPH method and clarify how well the method
is able to model two-dimensional (2-D) wave flume with distortion of the free sur-
face, impact against structures and turbulence. The experimental setup and proc-
essing of the results is presented in Appendix C.
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Figure 6.2. A measured time series of the paddle movement generating the waves and the waves

measured just before the structure. The plotted wave initially have H,, = 0.12 m and T,,=2 sec.

In a typical experiment the waves where generated by the paddle at one end of the
flume and travelled down the flume until they where reflected by the structure de-
picted on Figure 6.1. A time series of the paddle movement and the generated
waves measured just before the structure is depicted on Figure 6.2. The nine wave
gauges used to measure the wave height in the flume are placed in three groups (1,
2 & 3) the exact position is depicted on the virtual flume in Figure 5.10 and in
Appendix C.4.2.

On Figure 6.3 the transducers are used to measure the impact depicted together
with a list of transducer numbers used in the experiment. Two different types of
transducers with different sizes were used (@8 and ©¥19). Before beginning the
experiments a number of samples where taken in order to determine the reliability
of the measurements. It showed that for everything but the peak values there was a
high level of correlation (more than 92 %) between two measured time series on
the same transducer, Appendix C.6.1. The measured mean peak value is depicted
together with its standard deviation in Figure 6.4 it shows that the transducers at
the intersection between the wall and the platform have the highest level of devia-
tion.
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Figure 6.3. To the left a list of the pressure transducers used to measure the impact and to the
right an outline of the structure build at the end of the flume.

12/479
11/477
9/475

8/473 B Transducer Row BB
7/471 @ Transducer Row AA

Transducer no

6/470
3/465
2/463

0 5000 10000 15000 20000
Max Impact [Pa]

Figure 6.4. The maximum impact measured when testing the reliability of the setup and the corre-

sponding standard deviation s, computed in Appendix C.6.1.

The post processing of the experimental measurements show that the impact on a
structure of the type used in this experiment happens instantaneous and with the
highest level of impact at Transducer no. 8 and 9. A number of different regular
wave series was generated during the experiments but only a few will be subject
to further comparison in this chapter, cf. Table 6.1. It was discovered that the size
of the impact and the wave height was closely connected and that the combination
of air, water and the structure enhances the impact and introduces a degree of un-
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predictability. As the air is not present in the virtual flume it is expected that there
will be a difference between the peak values measured in the real and virtual
flume.

Table 6.1. The wave height and period measured at the first group of wave gauges used to com-

pare the virtual and the real flume. The name refers to the description in Appendix C.

Name Wave height H,, Wave period T,
[m] [s]

Exp2—-Runno.5 0.15 2

6.2 Comparison of generated Waves

It is possible to compare the wave height H and period T at three different posi-
tions in the wave flume depicted on Figure 5.10. The basis flume parameters listed
in Table 5.3 are used to model the virtual flume with waves generated by the sam-
pled paddle movement.
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Figure 6.5. Comparison of the wave waves measured at the two first wave gauge locations. The

real and virtual flume is based on Run no. 5.
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Figure 6.6. Comparison of the measured wave waves at the third of the three wave gauge loca-

tions. The real and virtual flume is based on Run no. 5.

The second comparison is based on Run no. 5 where a series of regular waves are
generated with H,, equal to 0.15 m and 7 equal to 2.0. The depicted measurements
in Figure 6.6 show that there is a good agreement between the virtual and real
waves. Some of the differences between them are explained by the way water ele-
vation is measured in the virtual flume where the particle with the highest z-
coordinate is selected to represent the surface and particle spacing of 0.02 m will
lead to error when measuring a wave height of 0.1 m. It is evident that the two
flumes agree about the period and height of the incoming waves. It is in the wave
reflection measured at Wave gauge no. 3a that differences start to emerge. The
incoming waves are represented by the first crest and the reflected waves are the
second crest. Figure 6.6 shows that the reflection is smaller in the virtual flume.
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Figure 6.7. The wave velocity field at Wave group no. 1. The waves are generated to resemble the

waves in Run no. 4.
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Figure 6.8. The wave velocity field at Wave group no. 1. The waves are generated to resemble the

waves in Run no. 4.

The velocity field depicted on Figure 6.8 shows that the virtual flume models the
expected velocity pattern with maximum v, on each side of the crest and maxi-
mum v, on top of the crest. By using the real measurement at Wave gauge no. la
to calculate the expected wave speed it is possible to calculate the expected parti-
cle speed in 5" Stokes waves with WaveLab (H/L<0.01), cf. Table 6.2.

Table 6.2 The wave velocity at Wave gauge no. la based on 5" order Stokes waves and the meas-
ured wave height and period in Run no. 5. The virtual wave flume speed is taken from the area
depicted on Figure 6.8.

Real flume 5" order Stokes Virtual flume

Hm T, m hS WL Lm c Vx,max Vz,max Vx,max Vz,max
[m] [s] [m] [m] [m/s]  [m/s] [m/s] [m/s] [m/s]
0.15 2 0.5 4.2 2.35 0.49 0.26 0.65 -0.45

The comparison shows that if the wave height and water depth at the wave gauges
are used there is difference between the 5™ order waves and the virtual flume. But
as it is depicted on Figure 6.9 shoaling raises the wave crest and shortens the wave
length. The used 5™ order waves are based on a horizontal bottom and by chang-
ing the premise of the calculation slightly it is possible to get even closer to the
result in the virtual flume. It would be best to compare a virtual flume with a plane
bottom with the 5™ order waves but there was not time for this before the project
closure.
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L,=42mL,=40m L ,=35m
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Figure 6.9. Waves in the virtual wave flume after 15 seconds with H,,= 0.12 m and T,,=2 seconds.

The wave length of the three waves is measured between the crests.

6.3 Comparison of wave impact

The impact between structure and wall is compared at the pressure transducers
placed as depicted in Figure 6.3. Due to the choice in boundary conditions it is not
possible to measure the pressure directly on the boundary but rather on the parti-
cles right next to it. A typical boundary history is depicted on Figure 6.10 where
pictures taken in the laboratory is compared to measurements from the virtual
flume.

Time = 14.75 sec Time = 15 sec Time = 15.1 sec

16 16.5 17 16.5 17 16 16.5 17

Figure 6.10. The impact of the structure depicted in a series of pictures from just before to just
after impact. The particle position in the virtual flume and pictures from the real flume are paired
together. The dotted line shows the original SWL.
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6.3. Comparison of wave impact

It is evident from the visual comparison of the impact in the real and virtual
flume, that there is good agreement between how the water is distributed during
the impact. It was not possible to generate the same long violent splash of water
backwards from the structure evident on Figure 6.10C but this is properly due to
the size of the individual particles. The next step is to present the experimental
results of a single impact chosen from Run no. 4 and 5. The waves and structure
impact several times during the experiment and only one chosen for comparison
as the general impact history is the same and there is a high level of correlation
between the measurements. The impact is depicted in Figure 6.11 and the trans-
ducer location is depicted in Figure 6.3 or Appendix C.4

— 2000 —— Transducer 002
g —— Transducer 003
o 1000 Transducer 006
3 —— Transducer 007
3
a 0
17 17.2 17.4
Time [s]
— —— Transducer 008
g 4000 —— Transducer 009
o Transducer 011
2 2000 —— Transducer 012
3
“ 0
171 17.2 17.3
Time [s]

Figure 6.11. Impact history of a single impact in Run 5 measured with the transducer O18.The
impact is part of a series of impacts generated by the regular waves. Note the difference in the

timescale between the upper and lower plot.

There is an evident difference in the impact size between the transducers. The
transducers placed at the intersection between platform and wall measure by far
the greatest difference in pressure. The plot is now compared with the virtual
flume at four different time steps, cf. Figure 6.12. From Figure 6.6 is it evident
that there is a slight delay between the virtual and real measurements app. 0.5 sec-
onds.
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Time = 16.64 sec
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Figure 6.12. The pressure at the structure computed in the virtual flume and compared with the
experimental results depicted in Figure 6.11 with an initial wave height of Run no 5. The trans-

ducer location is marked by a wedge (€ or V). Notice the difference in pressure scale.

The impact history of Figure 6.12 show that it is hard to compare the impact pres-
sure with the current virtual flume as the discretization is low. It seems neverthe-
less that the virtual flume is able to model a rough picture comparable to the real.
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6.4. Sub conclusion

6.4 Sub conclusion

The comparison of the virtual and the real wave flume shows that there is a high
level of agreement between the size and shape of the generated waves. The virtual
solution would properly benefit from a higher level of discretization especially
around the end of the flume where the pressure at impact is hard to determine. It is
certain that with the current discretization the measured virtual impact is smaller
than the real one although one could speculate that more energy is being lost in
the virtual impact due to the diminished size of the reflected waves, cf. Figure 6.6.

It has earlier been speculated whether the Dalrymple boundary conditions would
work better than the used dynamics approach when modelling this kind of prob-
lems. This is probably true as it would be possible to measure directly at the
boundary but a higher level of discretization would still be needed.

Only a small number of the experimental runs where chosen for comparison with
the virtual wave flume and the field was further diminished by the available time
and the problems to create a virtual flume running long enough to be able to com-
pare the results. With the chosen comparison between experiment and numerical
model it has been made probable that the virtual flume is able to generate results
similar to the real thing measured in the wave laboratory at AAU.
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Chapter 7

Conclusion

The SPH method has since its introduction to CFD problems in 1992 been
through a major development in order optimize its ability to compute fluids. There
are now a number of different ways to combine the supplement methods added the
last 15 years and in this report one approach in the form of SPHysics 1.0 been
used. The basis of these different approaches remains the same and it is this basis
that is described in the first part of the report. No matter how the different filters
and algorithms are combined will the choice in kernel function and smoothing
length be the tools that ultimately solve the field functions. The test cases of the
first few chapters show how small alterations to the smoothing length or a differ-
ent choice in kernel can change the solution. The supplement methods have been
added later to improve the solution and ensure the right physical solution of the
fluid. They are described in the second part of the report together with the virtual
flume and represent the basic approach normally used with SPH. It has been
shown that this combination work although it does not guarantee a working solu-
tion shown by the problems in the computation.

The program SPHysics used to build the virtual flume is only one possible way to
combine the different SPH methods. SPHysics became available in July 2007 just
when it was needed in the project and it was chosen to use SPHysics rather than
build a new program from scratch because of its wide range of possibilities. Sub-
sequently a lot of time has been used to understand how an advanced SPH pro-
gram like SPHysics is working and although there is still room for improvement
the source code has been organized using the newest possibilities available with
Fortran and rebuild to model the virtual copy of a wave flume at Aalborg Univer-
sity.

Only a small part of the experiment described in the Appendix has been compared
to computational results in this report. But as it was shown in the post processing
of the experiments are the time series consisting of a series of similar impacts with
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7.1. Further work on the Virtual Wave Flume

a regular wave pattern in the flume. The measurements have a high level of corre-
lation except at the peak values therefore a lengthy comparison with all the differ-
ent combinations of wave conditions would not present any surprises. It would
have been of interest to generate waves breaking before reaching the structure in
the virtual flume in order to validate the SPH ability to generate the crest of the
waves at the point of overtopping. It has been shown by comparison between the
real and virtual flume that the computed wave pattern match the one measured in
the experiments and that the particle speed in the wave match the pattern pre-
sented by the wave theory. The impact of the structure was difficult to measure
given the boundary choices when building the virtual flume and the limits of the
program itself. It is evident that the particles are modelling the kinematics of the
impact correctly and reflects the waves but due to the relatively rough discretiza-
tion in this part of the flume it was not possible to validate if the pressure at the
structure was corresponding to the experimental values.

If more time was available would it be interesting to take the experimental data at
hand and begin a parameters study of the major input variables in SPHysics con-
trolling the speed of sound, turbulence and particle distribution. With amble time
and computational power available it would also be possible to increase the dis-
cretization of the virtual flume and get better readings on the generated wave im-
pact. A prerequisite of this would of cause be to determine why exactly the com-
putation has a tendency to crash.

The conclusion of this project is the SPH method is in fact a good choice when
modelling a virtual wave flume and that the method is able to handle CFD prob-
lems with breaking waves and impact against a structure. But one needs to com-
bine the right SPH tools to get the optimum solution and in that respect a number
of possibilities remain for future projects.

7.1 Further work on the Virtual Wave Flume

There is much yet to be done with the SPH method as it has not been subject to
the same amount of research as more traditional methods like FEM and FD. This
Section will list some of the items it would be interesting to implement in the code
if more time was available.

First of all it needs to be determined if the instability problems with SPHysics F95
was due to some error in the source code or an example of tensile instability. If the
problem is due to tensile instability it is evident that the methods used in this pro-
ject as countermeasures need to be further enhanced. It would furthermore be
beneficial to clean up the code and rebuild the geometry generation.
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Chapter 7 Conclusion

A rewriting of the 3-D version of SPHysics along the same lines as the 2-D ver-
sion would be a logical next step in order to compute models of a wave basin with
a 3-D wave pattern. With the SPHysics 3-D in place it would also be possible to
conduct a real study of the wave impact beneath the platform of an offshore wind
turbine.

The rewritten 3-D version of the code would also demand an increase in the com-
putational processing power as a computation with 20,000+ particles presently
takes more than a week. It was early discovered that the SPH method does not
demand a lot of memory in the present explicit form instead it needs a lot of proc-
essing power because of the small time steps. The implementation of parallel
processing on more than one processor might make this possible.

SPHysics does not currently work with a compressible approach to the Navier-
Stokes solutions but it is possible to generate SPH formulation based on an in-
compressible approach. This requires an implicit solution of the pressure each
time step but it also allows for larger time steps and it might be interesting to in-
vestigate if this formulation is more stable.

The above mentioned is only a few of the things that could be done to further im-
prove SPHysics and it must furthermore be expected that the original authors of
SPHysics 1.0 will release another edition in a few years.

7.2 Other possible SPH problems

During the project other possible uses of the SPH code has been discussed apart
from the impact problem used in this project. One possibility would be to use the
method to compute overtopping not just across a regular breakwater but also in
wave power constructions like the wave dragon where energy is created by over-
topping into the basin on top of the structure, cf. Figure 7.1. With SPH it would be
possible to measure the amount of water (particles) entering the basin with a given
wave climate.

A possibility with particle methods not previously mentioned in this report is to
have an object “float” in the particles. This would for instance be of interest with
the wave star project where methods are needed to optimize the size and shape of
the floaters on which the structure rest, cf. Figure 7.1. According to the research-
ers presently working on the project this is not possible to model with the avail-
able numerical and analytical methods.
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7.2. Other possible SPH problems

Figure 7.1. Future examples of how the SPH method or other particle methods could be utilized.
To the left is the Wave star [Wave star; 2008] and to the right the Wave dragon [Wave dragon;
2008].
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