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Abstract

The paper deals with numerical modelling of water flow which is generated by the break
of a dam. The problem is solved by applying a smoothed particle hydrodynamics (SPH)
method in which standard smoothing kernel functions are corrected in such a way that
so-called linear reproducing conditions for kernel approximations and their gradients are
satisfied. The proposed SPH model has been used to simulate a two-dimensional problem
of the collapse of a water column inside a rectangular tank. The simulations illustrate the
formation and subsequent propagation of a wave over the horizontal plane. It is shown
that the model predictions of the changes of the advancing wave-front position, and of the
changes of the free surface elevation of water, compare well with experimental data. Also,
the results obtained with the corrected SPH method are compared with those given by the
standard SPH method with no kernel correction. In addition, an impact of the surging wave
against a vertical rigid wall is illustrated.

Key words: Dam-break problem, free-surface flow, meshfree Lagrangian method, smoothed
particle hydrodynamics

Notations

— reference particle label,

— neighbouring particle label,

— characteristic particle spacing,
— kernel smoothing length,

— initial water column height,
initial water column width,

— mass,

— number of particles in a support domain,
— pressure,

— distance between particles,

— kernel support domain radius,
— time,
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v — velocity vector,

% — volume,

w — smoothing kernel function,
x; (1=1,2,3) — spatial Cartesian coordinates,
X — position vector,

0 — density.

1. Introduction

Since its invention, independently, by Lucy (1977) and Gingold and Monaghan
(1977), the Smoothed Particle Hydrodynamics (SPH) method has been extended
considerably, to become one of the most versatile and computationally effective
discrete particle methods used in the fields of physics, applied mechanics and en-
gineering. The growing significance of the method can be attributed to its several
attractive features, such as conceptual simplicity, relative ease of programming, and
its natural capability of dealing with problems involving large deformations. Being
a fully meshfree Lagrangian approach, the SPH method has found successful ap-
plications in numerical modelling of a wide range of phenomena, such as dynamic
impact (Johnson et al 1996), damage and fracture of metals (Randles and Libersky
1996), sea (Gutfraind and Savage 1997) and river (Shen et al 2000) floating ice
dynamics, flows through porous media (Morris et al 1999), heat transfer processes
(Cleary and Monaghan 1999), underwater explosions (Liu et al 2003b).

Naturally, the SPH method has also been used to solve various hydrodynam-
ics problems, including those which are of importance to hydro- and off-shore
engineering. For example, Monaghan (1996) employed this method to investigate
gravity currents and solitary waves in water; Lo and Shao (2002) analysed the
run-up and run-down of solitary waves at a vertical wall and on a sloping beach;
Colagrossi and Landrini (2003) studied the classical dam-break problem, including
the analysis of water impact against a wall; Gomez-Gesteira et al (2005) investigated
the phenomenon of a wave overtopping a flat rigid horizontal plate; Dalrymple and
Rogers (2006) modelled two- and three-dimensional problems of a wave breaking
on a sloping beach; Antoci et al (2007) studied a fluid—elastic structure interaction
problem; and most recently Ataie-Ashtiani et al (2008) investigated the problem of
the run-up of a tsunami wave on a sloping beach.

In the above papers devoted to hydrodynamics problems, different variants of
the SPH method have been applied. In earlier works, represented, for instance, by
the paper of Monaghan (1996), the conventional SPH approach is followed in which
water is treated as a weakly compressible fluid, and in which all field variables are
approximated at discrete particles by using a single interpolating function (known
in SPH as the smoothing kernel), the same for all particles, irrespective of their
positions and the positions of neighbouring particles, within the fluid domain. In
later works, various improvements have been gradually introduced, with the aim
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of achieving better modelling of the real fluid behaviour on one hand, and to
increase the accuracy of computations on the other. Hence, attempts have been
made to model water as an incompressible fluid, which is a common simplification
in problems involving the phenomena of gravity wave propagation. Representative
examples of such formulations (sometimes referred to as Incompressible SPH, or
I-SPH) are the papers by Lo and Shao (2002) and Ataie-Ashtiani et al (2008). A typ-
ical feature of these formulations is the necessity to solve a Poisson equation for
pressure at each time step in order to enforce the incompressibility constraint. This
effectively excludes the application of fast explicit time-stepping schemes which are
used in the standard SPH method, considerably increasing the computational cost
of the method.

Efforts aimed at increasing the accuracy and stability of the SPH formulations
have addressed a variety of numerical issues, though it seems that the most promis-
ing approach is that in which the smoothing kernel is constructed in such a way
that it forms a partition of unity (Belytschko et al 1998). Since in the standard
SPH approach the latter property is not satisfied exactly for a system of arbitrarily
scattered discrete particles, a special correction function is derived, by which the
original SPH kernel is multiplied so as to achieve a partition of unity. The principles
on which the derivation of such corrected kernels is based are the consistency and
completeness of interpolating functions, and are known from the general theory of
meshfree particle methods (Belytschko et al 1998). In principle, the kernel correc-
tion of an approximation function, or its spatial derivatives, or both, is possible —
a general methodology for constructing such corrected kernels has been developed
by Liu et al (2003a).

In the context of free-surface water flows, the above corrected SPH approach has
been followed, among others, by Colagrossi and Landrini (2003) and Dalrymple
and Rogers (2006). The former authors employed one of the methods proposed
by Belytschko et al (1998), while the latter applied a kernel correction method
known as Shepard filtering. In both cases, only the correction of approximation
functions is performed. In this paper, in addition to the approximation functions,
correction of their gradients (first-order spatial derivatives) is also carried out. This
modification improves the accuracy of the SPH kernel approximation, albeit at an
increased computational expense. The proposed method is applied to solving a clas-
sical two-dimensional dam-break problem, with the flow occurring in the vertical
plane, in order to examine the numerical performance of the model compared to
a simpler, and computationally more economic, standard SPH formulation in which
no kernel correction is performed.

The paper is organized as follows. In Section 2 fundamental equations expressing
the conservation and constitutive laws that have been adopted in this study are
presented. Then, in Section 3, a brief summary of the SPH methodology is given,
followed by discrete formulations of equations describing the problem considered.
The section is concluded with a description of the time-stepping method used
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to integrate the SPH equations. In the following Section, 4, results of numerical
simulations are presented, and, finally, some conclusions are given in Section 5.

2. Problem Formulation

In this work, water is treated as a compressible inviscid liquid, and it is assumed
that its motion, occurring in isothermal conditions, is entirely due to the action
of gravity. The fluid mass conservation balance is defined, in local form, by the
continuity equation

Do

— +0oV-v =0, 1

Dr T¢ (D
where D/Dt denotes the material (convected) time derivative, o is the fluid density,
t is time, v is the fluid velocity vector, and V is the nabla operator. The linear

momentum balance, expressing the Euler equation of motion, is given by

Dv
op, = VP +ob, 2)
where p is pressure, and b denotes the body force vector. In the problem considered
here, the only body force is that due to gravity.
The fluid flow is assumed to be barotropic, in which case the pressure is
uniquely determined by the fluid density. The following constitutive law connecting
the pressure p and density o is usually adopted in the SPH method (Batchelor 1967,

Monaghan 1992):
Y
plo) = Po [(9) - 1] . (3)
©0

In the above equation, Py and oy denote the reference pressure and density, and the
parameter 7y is usually taken as 7 for water and 1.4 for air (Colagrossi and Landrini
2003). The corresponding speed of sound, ¢, is given by

¢s = 1/Y—P°. 4)
€0

In practical implementations, the parameters Py, 09 and y are selected in such a way
that the maximum local fluctuations of density o around the reference value oy are
of order 1% or less. The advantage of the equation of state (3), providing a direct
relationship between pressure and density, is that there is no necessity to solve any
additional equation for pressure (which is the Poisson equation in the case of an
incompressible fluid flow). Therefore, fast explicit time-stepping algorithms can be
employed in computations, avoiding the use of implicit schemes required when the
Poisson equation has also to be solved as part of the solution.
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3. SPH Methodology and Equations

In the SPH method, any system under consideration is represented by a collection of
arbitrarily scattered discrete particles, each of which carries, in a Lagrangian sense,
individual information on all physical properties relevant to the problem concerned,
such as mass, density, momentum, temperature, etc. Since no connectivity for the
particles is needed, the method has a fully meshfree character. Field variables are
approximated by employing special interpolating functions, the smoothing kernels
in the SPH terminology. These functions represent weightings with which material
particles contribute to the value of a field function at a given spatial/material point.
Usually, the kernel function is constructed in such way that it has non-zero values
only within a finite domain, called the support domain, which means that for any
field point only a limited number of neighbouring particles are involved in the
interpolation. This important feature of the SPH approach, for a plane problem, is
illustrated in Fig. 1, in which W denotes a smoothing kernel, and R is the radius
of its circular support domain.

° material particles

o

° smoothing kernel

o

° reference particle

o o

neighbouring particle

o
kernel support
° ° boundary

[ o

Fig. 1. The method of approximation of field variables in the SPH. The approximation at

a reference particle x, (solid square) involves material particles x; (solid circles) situated

within a circular support domain of radius R centred at x,. Particles outside the support

domain (empty circles) do not contribute to the approximation of field functions at the
reference particle x,

Let x be the position vector, and a and b be labels of a pair of material particles.
Then, the value of any field variable f(x) at particle a (so-called reference particle),
located at position x,, is evaluated by means of the kernel function W centred at
this particle. Owing to the compactness of the kernel support domain, only the
particles situated inside this domain (those indicated by solid circles in the figure)
are involved in the interpolation. This is expressed by the formula

N
Fax) =D Vi i W), 5)
b=1
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where f;, = f(x;) is the discrete value of f at particle b, V}, is the volume of particle
b, and N is the number of particles within the kernel support.

The smoothing kernel W is a function of two arguments. r is the distance
between particles a and b, that is,

r=lx, = xpl, (6)

and 4 is the so-called kernel smoothing length which determines the size of the sup-
port domain, and hence the resolution of the discretization (the number of particles
involved in kernel interpolations).

There are a variety of possible kernel functions (Monaghan 1992, Liu and Liu
2003), with the Gaussian and the cubic and quintic spline functions being probably
the most widely used in implementations. In this work, a modified Gaussian kernel,
proposed by Colagrossi and Landrini (2003), is applied, which, in contrast to the
common Gaussian distribution function, has a compact support. Hence, in two
dimensions, the following form is adopted:

_2\ 2
wou - € [ lo0(r)-en(-2). a<e .
1o, 920,
where R
g=7 and Q=7 8)
and the normalizing factor C is given by
0
C = % i | exp(—4?) - exp (-Q?)] dg. (9)

3.1. Standard SPH Equations

In order to derive discrete forms of equations describing a given problem, one
needs discrete approximations of differential operators. There are several methods
available in SPH to construct the approximations of the gradient and divergence
operators. Here, we use the forms preferred by Monaghan (1992). Accordingly, the
gradient of a scalar function f at particle a is interpolated by

N
(Va=00 Y my (é + Li]vawab, (10)
) 9 0,

and, similarly, the divergence of a vector field f at particle a is interpolated by

N

1
(V-fha==om D o fur VaWan, (11)

4 p=1
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with m,, denoting the mass of particle b. The following notations are used:

Wab = W(|xab|’h)’ fah = fa - f}) )
and V,W,,, defined by

a aW a ’h
VW, = b (|xapl, h) ’ (12)
|xab| alxab|

denotes the gradient of the kernel function W, taken with respect to the coordinates

of particle a. Since the adopted kernel (7) is symmetric, that is W,, = Wj,, then
the identity holds:

VaWab = _VbWba . (13)

The approximations (10) and (11), when used in the equations of continuity (1)

and motion (2), yield the following discrete forms of the equations:

do,
dr

Z mp Qup -V Wab (14)

and

dva:_z (

The latter two forms are known to conserve exactly (Monaghan 1992, Li and Liu
2004) the mass and linear momentum of a system of material particles.

)V Wap + b, . (15)
O

3.2. Corrected SPH Equations

As already stated in the Introduction, the standard SPH kernel does not form a par-
tition of unity, since, in general, Zlbvz \ Wap Vi, # 1 for a set of irregularly distributed
discrete particles. For particles located in the interior of the fluid domain (at dis-
tances larger than R — the kernel support radius — from the fluid boundaries) the
discrepancy from unity is usually of order which is comparable with that in other
discrete methods. However, for particles situated on or near the boundaries, the
interpolation error is significantly larger in view of the fact that part of the particle
support domain is not filled with neighbouring particles. This can seriously affect
the performance of the SPH method, leading to the appearance of numerical oscilla-
tions of pressures on/or near the boundaries, which can result in rapid deterioration
of the numerical solution.

In order to reduce the spurious oscillations near the fluid boundaries, a number
of methods aiming at restoring the partition of unity of the SPH kernel functions has
been developed (Randles and Libersky 1996, Dilts 1999, Bonet and Kulasegaram
2000). It seems that from among these methods, the group of formulations proposed
by Belytschko et al (1998), derived within the framework of the general theory of
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interpolation functions for meshless discrete methods, belong to the most consistent
and computationally efficient. One of these methods is adopted here — the one which
corrects both the SPH kernel functions and their gradients. Accordingly, for the
two-dimensional case, the corrected kernel, W, and the two cq{rected components
of the kernel gradient along the x and z coordinate axes, (VW) and (V,W,),,
are expressed in terms of the standard kernel functions as follows:

= s
Wap = (c11 + €12 Xap + €13 2ap) W,
- s
(VaWab)x =(co1 + 2 Xap + 23 Za) W, (16)

— s
(VaWab)z =(c31 + 2 xap + C332a0) W, s

where Wfb denotes the so-called Shepard function defined by

WS = e (17)

Note that the Shepard functions represent a partition of unity, since Zg: ] chbe =1
at any particle @ in the domain, irrespective whether it is near, or far from, the
boundary.

The coeflicients cqp(x) (@, =1,2,3) in (16) are determined by applying the
completeness conditions for interpolating functions and their derivatives, formulated
by Belytschko et al (1998). These conditions yield the matrix equation

Acl =1, (18)

in which ¢ is the matrix of unknown coefficients c,g, I is the unit matrix, and A
is given by

1 Xab Zab
N
A=Y VWS | xa X, Xaa |. (19)
b=1

2
Zab  Zab Xab Zab

The above correction procedure requires, in two dimensions, the generation and
subsequent inversion of the 3 X 3 matrix A for each discrete particle a. The resulting
corrected kernel functions and their gradients, calculated from (16) once (18) is
solved for c,p, are used to replace respective standard SPH counterparts in the
equations of continuity and motion, given by (14) and (15).
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3.3. Time Integration of the SPH Equations

The problem to be solved numerically can be summarized by the following set of
first-order differential equations

dQ a dva dxa
:Mll’ _:Fa, _:U[ls 20
dr dr dr (20)
which have to be integrated for all material particles in the discrete system. The
interaction terms M, and F, follow from the mass and momentum conservation bal-
ances. By adopting their discrete forms defined by (14) and (15), with the corrected
forms of kernels and their gradients, though, one has

N
Mo= " myva - VaWa, 21)
b=1
N —_—
Fo=- m (p—z + p—;’)vawab +b,. (22)
b=1 a G

The term U, in the third equation in (20) represents a corrected velocity of particle
a. The velocity correction is performed by employing the formula proposed by
Monaghan (1992):

N

m = - Qa + Op
Ua:va"'gz __avbaWab’ Qab = az s
=1 QOab

(23)

in which the velocity of a given particle a is smoothed out by means of an average
velocity of all neighbours b located within the kernel support of a. In this way,
particle inter-penetration is prevented, thus assuring a more orderly and regular pat-
tern of particles compared to the standard SPH approach. According to Monaghan,
0 <& <1 1in (23); in the subsequent numerical simulations the value &£ = 0.5 was
taken. For consistency, the corrected velocities U, instead of v,, should also be
used in the density evolution equation, that is, in the term M, defined by (21).

In this work, the system of evolution equations (20) is solved by applying an
explicit time-stepping scheme of a predictor-corrector type, in which, within each
time step, the calculations proceed in two stages. Let a current time increment be
defined by instants * and #**!, so that the time step length is At = t**! — ¥, Then,
in the first stage, the particle density, velocity and position are calculated at the
mid-step time *1/2 = %(tk + t*1) by the formulae

(24)
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k+l

At
X, =xf+ —

k
> U,.
Next, using the above half-step values of density, the pressures p];”/ ? are calculated
from the constitutive law (3). These pressures, together with the predictions (24),
yield, in turn, the half-step values of the interaction terms ME2 and FEF2, given
by (21) and (22), and the half-step velocities U/, defined by (23).

In the second stage of the current time step calculations, the latter mid-step
values of interaction terms are employed to evaluate the respective values at the
end of the time step, at ¢ = t**!, according to the equations
k+1

Qﬁ” = Qz +AtM,?,

1
vt =k L AR (25)

Finally, the pressures p**! are updated by using the above end-step values of densi-

ties in the constitutive law (3), before the terms M**!, FX*! and U%*! are determined
from (21), (22) and (23) to start the next time integration step.

It is known from SPH literature (Colagrossi and Landrini 2003, Dalrymple and
Rogers 2006) that it is difficult to achieve, in particular near the fluid free surfaces,
a full consistency between particle mass, density and volume when one uses the
density evolution equation following from the continuity equation (1). Therefore,
in numerical computations, the density field is periodically regularized by applying
the formula

N
0a= ) myWay, (26)
b=1

which is obtained from equation (5) by setting f = ¢ and replacing the standard
kernel W, by its corrected form W, (recall that V, o, = m;). In the simulations, the
results of which are presented in the next section, the above density regularization
was carried out every tenth discrete time step.

4. Numerical Simulations

The SPH model described in the preceding section has been applied to simulate the
classical problem of water flow induced by a dam break. For simplicity, it is assumed
that the flow is two-dimensional and occurs in the vertical plane, and the surface
on which the water flows is horizontal and frictionless. The problem geometry and
adopted coordinate axes are sketched in Fig. 2. Such a simple idealized geometry,
featuring a rectangular column of water, of initial height H, starting to collapse
under gravity due to a sudden removal of the vertical wall at x = L, is commonly
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l gravity
water H rigid bottom

A K

0 X

Fig. 2. Dam-break problem definition: geometric parameters and coordinate axes

used as a test case for numerical methods designed for solving rapidly varying
free-surface flows.

The simulations have been performed for two aspect ratios, L/H = 0.5 and
L/H =1, since these two configurations have often been used in experimental mea-
surements. Here, the results obtained by Martin and Moyce (1952) will be used
for comparisons with the SPH model predictions, since these results seem to be
the most frequently cited in the literature on dam-break problems (e.g. Zwart et al
1999, Colagrossi and Landrini 2003, Szydtowski and Zima 2006).

The results presented below have been obtained for a water column of initial
height H = 0.6 m and initial width equal to either L = 0.3 m or L = 0.6 m. The
initial water domain has been discretized by adopting a uniform grid of particles,
with the same spacings in both x and z directions. Two grid resolutions have been
applied: a fine one, in which the inter-particle spacing is d = 0.01 m; and a coarse
one, in which d = 0.02 m. Hence, in the fine resolution grid, the total number of
particles was 1800 for the L/H = 0.5 case, and 3600 for the L/H =1 case. The
respective numbers of particles in the coarse grid were 450 for L/H = 0.5 and 900
for L/H = 1. In all test cases, the SPH kernel support domain radius was taken as
R = 4d, which means that, in the initial configuration, a typical particle inside the
fluid domain had about 50 interacting neighbours. The smoothing length /4, used in
the kernel function W (see (7) and (8)) was equal to 4d/3. The physical parameters
appearing in the equation of state (3) were Py = 10° Pa and gy = 10° kg/m>. The
evolution equations (20) were integrated with a time step of length Ar =2 x 107 s.
The initial conditions at = 0 were those of the hydrostatic equilibrium, that is,
vy =0, =0and p = 0pg(H — 2).

At the solid boundaries (vertical wall at x = 0 and the horizontal bottom at z =
0), free-slip conditions have been adopted. From among a few possible techniques
of implementing such conditions and as known from the SPH literature, a method
proposed by Cummins and Rudman (1999), with a slight modification, has been
used. In this method, a set of so-called ghost (or virtual, or dummy) particles is
added outside the walls, as illustrated in Fig. 3. These ghost particles, distributed
within a strip of width R along each wall, are created, at a given time ¢ (a given
discrete time step) in such a way that they mirror the physical properties (mass,
density, volume) of their physical counterparts located on the other side of the
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Fig. 3. Implementation of free-slip boundary conditions along solid walls. The ghost parti-
cles outside the boundaries mirror physical particles inside the fluid flow domain

wall. The x and z positions of the ghost particles are reflected with respect to the
wall (hence, the two particles of each ghost/real pair are at the same distance from
the wall). Further, the velocity vector components are reflected with respect to the
boundary as well; that is, the tangential components of each pair of particles are
the same, but the corresponding components normal to the boundary have opposite
directions — in this way the condition of zero normal velocity at the boundary
is enforced. In the original approach by Cummins and Rudman (1999), also the
pressures at particles were mirrored across the boundary. However, it has been
found here that slightly more accurate results can be obtained by assuming that the
pressure at each ghost particle is increased/decreased by an amount following from
the difference of the hydrostatic pressures between the positions of the ghost and
its corresponding real particle.

Fig. 4 presents, for the two L/H cases considered, the results of simulations
showing the evolution of the propagating water wave position. The wave front
position, in a dimensionless form x/H, is expressed as a function of dimensionless
time ¢ \/g/_H . The numerical results are compared with experimental data measured
by Martin and Moyce (1952), represented by the solid dots, and analytical results,
indicated by the dashed lines, and predicted by the theory of shallow water waves
(Whitham 1999). According to that theory, the wave front propagates at a constant
speed of 2 ygH, independent of time, therefore the wave front position is a linear
function of time. In the plots, the SPH results obtained by the proposed corrected
method are compared with those yielded by the standard SPH approach; addition-
ally, the results for the fine and coarse grid resolutions are compared as well (see
the legend for notations). It is seen in the plots that the corrected SPH method
yields, for both L/H aspect ratios, results which are in better agreement with the
experiment than the standard approach with no correction of the SPH interpolating
functions — this feature is more pronounced for larger values of dimensionless time.
However, the increased accuracy (the better reproduction of the empirical data)
requires additional computational effort: for the particular test example considered
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I / ® e e experiment

corrected SPH, fine resolution
—+— - corrected SPH, coarse resolution
— — — — standard SPH, fine resolution
— — — shallow water approximation

0 L | L | L | L 0 L | L | L |
0 1 2 3 4 0 1 2 3 4
Dimensionless time t‘(g/H)”2 Dimensionless time t(g/H)1/2

Dimensionless distance x/H
Dimensionless distance x/H

Fig. 4. Time evolution of the water front position. Comparison of numerical (lines) and

experimental (solid dots) results for two aspect ratios: L/H = 0.5 (left plot) and L/H =1

(right plot). The dashed lines show the predictions of the shallow water approximation
theory

here the corrected SPH model is about 2.5 times more costly than its standard coun-
terpart. The differences between the results given by the fine and coarse grids are
relatively small, especially for shorter times. The SPH results plotted in the figure
also compare favourably with results obtained by other discrete methods: a finite
element solution (Zwart et al 1999), and a boundary element solution (Colagrossi
and Landrini 2003).

Fig. 5 shows the evolution of the free surface elevation at x = 0, in which the
predictions of the corrected SPH method, for both fine and coarse grid resolutions,
are plotted versus the experimental results. As in Fig. 4, the results are displayed in
dimensionless variables. Again, for both L/H = 0.5 and L/H = 1 cases, good agree-
ment between the SPH results and measurements has been achieved, in particular
for shorter times. Also, as in the previous figure, the differences between the results
for the fine and coarse resolutions are relatively small.

The following Fig. 6 illustrates, for the case L/H = 1, the evolution in the water
domain geometry with time elapsing from the dam-breaking instant # = 0. The
discrete particles have been coloured according to their initial depth in the initial
hydrostatic state, in order to show the changes in their mutual distribution as the flow
progresses. The regular and consistent pattern of particles after a relatively long
time of simulation gives confidence in the correctness of the numerical scheme
used to solve the flow problem. For longer simulation times (say for ¢ > 1.5 s) the
quality of the SPH solution starts to gradually deteriorate near the water front toe,
as there are too few discrete particles across the water layer to ensure sufficiently
accurate interpolation of the field variables.
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® s e experiment

Dimensionless elevation z/H
Dimensionless elevation z/H

fine resolution
— — — — coarse resolution
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Dimensionless time t (g/H)"? Dimensionless time t (g/H)"?

Fig. 5. Time evolution of the free surface elevation at x = 0. Comparison of numerical
(lines) and experimental (solid dots) results for two aspect ratios: L/H = 0.5 (left plot) and
L/H =1 (right plot)

The next Fig. 7 displays the evolution of the free surface of the collapsing water
column with increasing time, for L/H = 1. One can note the smooth variation of the
free surface geometry, indicating stable behaviour of the applied numerical method.
The corresponding vector plots in Fig. 8 illustrate the velocity field within the water
domain for the same initial configuration as in the previous figure; shown are the
fields at time levels ¢ = 0.3 and ¢ = 0.5 s. The velocities are given in dimension-
less forms, that is, the quantities v/ \igH are presented. Again, a smooth pattern
of the plotted quantities can be observed, confirming the overall good numerical
performance of the SPH method.

Finally, a dam-break flow problem involving an impact of water against a vertical
rigid wall has been simulated by applying the proposed SPH model. To this aim,
the configuration sketched in Fig. 9 is adopted, in which the gravity-driven flow,
generated by a collapse of a water column, takes place in a rectangular tank. The
simulations have been carried out for the initial water column height H = 60 cm,
with other relevant dimensions defined in the figure. As before, it has been assumed
that all solid surfaces are frictionless. In the calculations 3600 discrete particles have
been used, initially distributed on a 60 X 60 uniform grid.

The changes of the water domain with time elapsing from the sudden removal
of the vertical wall at x = H are illustrated in Fig. 10. The sequence of plots shows
the behaviour of water starting from the instant ¢ = 0.4 s, just before the advancing
water front hits the rigid wall on the right. The subsequent plots illustrate successive
phases of the flow development. First the water run-up on the wall (the plot for
t = 0.8 s), then the reversal of the flow along the wall due to the action of gravity
resulting in the downward movement of the water (# = 1.1 s), next the plunging
of the water onto the surface of the water below moving to the right ( = 1.2 s),
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Fig. 6. Time evolution of the water domain, for the case L/H =1 (900 discrete particles
have been used)
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Fig. 7. Time evolution of the free surface of water, for the case L/H =1 (3600 discrete
particles have been used)
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Fig. 8. Vector plots of the velocity field in water at different times, for the case L/H = 1
(3600 discrete particles have been used)
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Fig. 9. Dam-break flow in a rectangular tank

followed by the water splash-up and the formation of a cavity under the jet, and
the beginning of fragmentation of the flow due to some particles leaving the main
body of the liquid (plots for # = 1.3 and 1.4 s). Note that the plots are clipped at
z =1.6 H, so that the full extent of the flow along the vertical wall is not shown
(the maximum run-up of the water during the simulation was about 2.38 H, reached
at time 7 ~ 1.0 s).



Simulation of Dam-Break Flow by a Corrected Smoothed. .. 77

0 1 x/H 2 3 0 1 x/H 2 3

0 1 x/H 2 3 0 1 x/H 2 3

Fig. 10. Evolution of the water domain during dam-break flow in a rectangular tank
(H = 60 cm, 3600 discrete particles have been used in the simulation)

5. Conclusions

In the paper, a modification of the SPH method is proposed, in which the standard
kernel function and its gradient are corrected in such a way that the partition
of unity property is preserved. The results of numerical simulations have shown
that the kernel correction leads to better quantitative predictions of the wave front
position in time than the standard SPH method, in which no correction of the
kernel function is carried out. However, the improvement in accuracy is achieved at
considerably increased computational cost. The results showing the time evolution
of the free surface of water, and the plots of the velocity field in water, show that
the method is numerically efficient and stable. Although comparable accuracy of
numerical results can be achieved by employing other discrete methods, such as
the finite element, finite volume or boundary element methods, it seems that the
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proposed SPH approach, owing to its significantly lower computational cost and the
simplicity of numerical implementation, can be considered as a serious competitor
for the older and better-established methods.
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