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Abstract

The capabilities of SPH models to deal with complex scenarios involving real
geometries and extreme events are shown for different applications. The model
not only is able to capture the main features of complex flows, but also allows
including objects that can move due to the force exerted by the fluid. This is of
special interest to reproduce the flooding of coastal areas, where water can move
cars, pieces of urban furniture or debris.
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1 Introduction

Smoothed particle hydrodynamics (SPH) [1] has become increasingly popular
during the last decade to study free-surface flows. The conceptual simplicity of
these Lagrangian models lies in the fact that the fluid is decomposed into a series
of points, the particles, which interact with each other according to the fluid
conservation laws. An overview of recent improvements in the technique is
presented in the special issue SPH for free-surface flows [2].

Here we will briefly describe some cases where models based on SPH
technique can be of interest to reproduce the interaction between water and
coastal structures. Numerical results in the manuscript were obtained with
DualSPHysics. This code, which is a joint effort by researchers at the University
of Vigo (Spain) and the University of Manchester (UK), is freely available
at (http://dual.sphysics.org) and has been applied to the study of coastal
processes [3-13].
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2 Theory

2.1 The SPH method

The main features of the SPH method are described in [9, 14-18]. Any function
A(r) can be approximated by an integral interpolant:

A(r) = [ A(r)W (r—r'hydr’ @)

where W (r—r’,h) is the weighting function or kernel and h is weighting

function smoothing length. In discrete notation, this leads to the following
approximation at point a,

A)=>"m, %W(r—rb,h) )

where the summation is over all the particles b within the region of compact
support of the kernel function. The mass and density are denoted by m, and p,
respectively, being V, =m,/p, the volume of a particle, r=r, the position
vector and W, =W (ra - rb,h) the weighting function (kernel) that depends on
the distance between particles a and b.

The model depends on the choice of the weighting function, which should
satisfy several conditions such as positivity, compact support, and normalization.
It also must be monotonically decreasing with increasing distance from particle a
[15-17]. Kernels depend on the non-dimensional distance between particles
given by g=r/h, where r is the distance between particles a and b. The
parameter h controls the size of the area around particle a where the contribution
from other particles cannot be neglected. Although different kernels have been
used in the literature, here we will consider the so called cubic spline.

3,2, 3.5
1-— — 0<g=<1
2q +4q q
1
W (r,h) =, Z(Z—q)3 1<q<2 A3)
0 q=2

In addition, the tensile correction [19] must be activated since the first
derivative of the kernel goes to zero with g.

2.2 Momentum equation

The momentum conservation equation in a continuum field is

E=—1VP+g+F (4)
Dt p
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where 7" is the dissipative terms and g =(0,0, —9.81) ms® the gravitational

acceleration. In spite of different options for dissipation can be used [20] here we
will only consider the artificial viscosity proposed by Monaghan [15]. Thus,
Eqg. (4) can be written in SPH notation as

dv, =->m, i"2+P—a2+Hab V.W, +g (5)
dt 5 . .

where Py and py are the pressure and density of particle k (a or b). The viscosity
term I, is given by

—ac
0. - =% aan V,, T, <0
ab - pab (6)
0 V- >0

where the difference in position and velocity between particles a and b is
=T~ Vo =V, =V, t, =hv, -1, /(r2 +7°), being c, =0.5(c, +c, ) the

a

mean speed of sound, 7°= 0.01h’ and « a free parameter that depends on
the problem.

2.3 Continuity equation

Changes in the fluid density are calculated in SPH using

d a
(i = Zmbvabvawab (7)
b

instead of using a weighted summation of mass terms as described in Monaghan
[15], in order to prevent artificial density decrease near fluid interfaces.

2.4 Equation of state

The fluid in the SPH formalism is treated as weakly compressible and an
equation of state is used to determine fluid pressure [21]. The compressibility is
adjusted to slow the speed of sound so that the time step in the model (using a
Courant condition based the speed of sound) is reasonable. Another limitation on
compressibility is to restrict the sound speed to be at least ten times faster than
the maximum fluid velocity, thereby keeping density variations to within less
than 1%.

Following [22, 23], the relationship between pressure and density follows the

expression
7
P-B (ﬁJ -1 @®)
Po
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where y=7 and B=c?p,/r being p, =1000 kg m* the reference density and
c,=cC =./(0P /¢ the speed of sound at the reference density.
o=c(p)=(ePTdp)| thesp y

2.5 Moving the particles

Particles move with a velocity close to the mean velocity in their neighborhood
using the XSPH variant [24]

dr m
2=y, + gz=bvbawab 9)
dt b Pab

where £=0.5 and p_ =0.5(p, +p,)-

2.6 Density reinitialization

In SPH, the pressure field of the particles exhibits large pressure oscillations due
to acoustic waves present in compressible fluids. One of the most
straightforward and computationally least expensive methods to overcome this
problem is to spatially filter the particles densities [25]. Although, there are
several orders of correction available in DualSPHysics [20], here we will
consider the zeroth- order correction, also called Shepard Filter, that must be
applied every M time steps (M~30)

~ m ~
new __ b _
pa = Zpbwab — = ZmbWab (10)
b Po b
where the kernel has been corrected using a zeroth-order correction:
~ W
W, = —a"m (12)
Z\Nab -
b P

2.7 Boundary conditions

In SPH, the boundary can be described by a set of discrete boundary particles
which exert a repulsive force on fluid particles when they approach. Here, the

Dynamic Boundary Conditions [3] will be used.
2.8 Fluid-driven objects
The movement of objects can be computed by summing the contributions

exerted on the boundary particles for an entire body. Assuming that the objects
are treated as rigid bodies, the force on each boundary particle is computed by

WIT Transactions on The Built Environment, Vol 129, © 2013 WIT Press
www.witpress.com, ISSN 1743-3509 (on-line)



Fluid Structure Interaction VIl 79

summing up the contribution from the surrounding water particles. Hence,
boundary particle k experiences a force per unit mass given by

f = kaa 12)
aeWPs
where fka is the force per unit mass exerted by water particle a on boundary
particle k. The force exerted by a water particle on each boundary particle is
given by
m fka =-1", fak (13)

invoking the principle of equal and opposite action and reaction.
For the motion of the moving body, the basic equations of rigid body
dynamics are used

dv
M—= ka f, (14a)
dt keBPs
de
I dt = ka(rk - Ro)x f
keBPs (14b)

where M is the mass of the object, | is the moment of inertia, V is the velocity of
the object, Q its rotational velocity, R, the position of the center of mass.
Equations 14ab are integrated in time to predict the values of V and @ for the
beginning of the next time-step. The velocity of each boundary particle that
describes the moving body is then given by

U, =V+.Q><(I’k—RO) (15)

The boundary particles within the rigid body are moved by integrating
Eq. (15) in time. This technique conserves both linear and angular momenta
[18, 26].

3 Study cases involving fluid structure interaction

3.1 Collision between waves and offshore structures

A typical use of SPH models is the description of the violent collisions between
freak waves and offshore structures. Figure 1 shows different instants of the
collision between a large wave and an oil rig. This simulation which involves
more than 10° particles is, as far as we know, the largest simulation in
computational fluid dynamics. The flow around the object is highly irregular and
discontinuous. Thus, parcels of fluid are detached from the main bulk of water,
evolve and blend again with the rest of the fluid.
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Figure 1: Collision between a solitary freak wave and an oil rig. The
simulation involves more than 10° particles.

3.2 Design of breakwaters

Due to the Lagrangian nature of SPH, these models have become a suitable tool
to analyse breakwater. We can consider, for example, the run-up for a rubble
mound breakwater, where the seaward layer is made of grooved blocks. The
complex geometry of the blocks and the surrounding gaps within the breakwater
seaward layer can be efficiently simulated to obtain a detailed description of the
flow in order to analyze its response under wave attack. Run-up heights can be
computed and compared with empirical solutions and experimental data for
different wave conditions. Figure 2 shows the interaction of a wave with coastal
defenses with different configurations.

Time: 28.2 s Wave#1

Wave#2

Figure 2: Interaction of a wave with different coastal structures.
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As mentioned above, the movement of the fluid through the voids and
cavities among blocks is a key factor that determines the run-up and, hence, the
efficiency of the defense. Figure 3 shows the movement of the fluid inside those
cavities. Colors correspond to different instants, in such a way that the trajectory
described by a set of particles can be followed.

Figure 3:  Trajectories of the particles through the interstices among the
blocks for a structure with antifer configuration.

3.3 Coastal flooding and damage on structures

The model can be also used to analyse coastal flooding under extreme waves.
Figure 4 shows how a large wave overtops the defenses of a small harbour and
floods the adjacent area. Both the dimensions and the geometry of the area
mimic a harbour located at the northern coast of the Iberian Peninsula. There, the
model can be used for several purposes like calculating the maximum height
attained by waves on the promenade or the forces exerted onto coastal objects.
Figure 5 shows the collision of different waves with a lamppost. As the
boundaries and objects are also formed by particles, the force on the structure is
the summation of forces exerted on every particle.

Figure 4: Flood by a large wave. Configuration similar to the harbour of
O Barqueiro NW Spain.
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wave #1
wave #2
wave #3

Force(N)

Time(s)

Figure 5:  (a) Collision of different waves with a balustrade and a lamppost.
(b) Maximum force exerted on the lamppost.

3.4 Movement of objects

Objects can also move under the force exerted by the fluid. This is of special
interest when coastal areas are flooded and objects like cars, urban furniture or
debris are dragged by the force of the fluid. Figure 6 shows the flood of a
parking garage and how vehicles are dragged by the water.

Figure 6: Flood of a parking area. Vehicles are washed away and collide with
each other.

4 Conclusion

Here, we have shown the capabilities of the SPH models to deal with complex
scenarios involving real geometries and extreme events. The Lagrangian nature
of the method allows integrating the equations based on conservation (mass and
momentum) without the constraints of a grid.

The model not only is able to capture the main features of complex flows, but
also allows including objects that can move due to the force exerted by the fluid.
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This is of special interest to reproduce the flooding of coastal areas, where water
can move cars, pieces of urban furniture or debris.

Finally, we should note that the model requires a high number of particles to
generate accurate results, and the number of interactions among particles is
considerably higher than in Eulerian methods. Thus, the computational
requirements of these methods are huge for a single processor. This can be
palliated with the use of parallelism. DualSPHysics is especially designed to take
advantage of all resources of the computer. The model, can use in parallel
different processing devices, both CPUs and GPUs, to speed up calculations.
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