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ABSTRACT

The generation and evolution of two-dimensional bores are analyzed numerically by using the Smoothed Particle
Hydrodynamics (SPH) method. With this tool the bore steepening, breaking and post-breaking phases have been
detailed investigated in the cases of constant and variable water depths. The bores were generated through a piston
wavemaker moving with constant speed and the flow features have been studied by varying the water-depth Froude
number from 0-5 to 0-95. The breaking of a plunging bore on the underlying water injects a cyclic process of splashes
up with different strengths. The analysis highlighted also the occurrence of clockwise and anti-clockwise vortices, later
pairing to form dipole structures. These affect the water evolution and can interact in a complex way with the free
surface and with the sea floor. In the latter case, large stresses can be induced at the bottom that are responsible for
instance for erosion.

INTRODUCTION

Breaking waves can release a large amount of energy in the near-shore environment that results in a turbulent
flow within the water of the surf zone. This can lead to breaking rocks apart, or picking up preexisting sediment
grains and tossing them about, therefore to erosion both of rocky shoreline or along a sandy beach. These and
other practical consequences of near-shore breaking bores phenomena motivate an increasing research effort in this
field. Not strangely, this problem and that of breaking waves approaching a sloping beach are largely discussed in the
experimental literature, e.g.[1], [2] and [3]. However, it has been apparent for some time that new numerical approaches
are necessary if we are to gain understanding and to simulate processes in water waves after the jet splashes down,
throughout the post-breaking phase in the case of deep water waves, and continually throughout the cyclical splashing
phase characteristic of bores. The topological origin of the vortical structures and the short time scale involved in
leave to fluid viscosity a rather limited role [4].

The numerical simulation of breaking waves and post-breaking phenomena challenged several authors. The analysis
of breaking bores represents a natural problem to attack early because of the richness of the fluid dynamics involved
and the vigor of its splashing processes. Great advances have taken place in simulation of water wave propagation
by boundary element methods up through the formation of a plunging breaker, e.g.[5]. Recently, some authors have
simulated the post-preaking processes through more sophisticated numerical models, including the effect of a sloping
beach and even turbulence models, e.g.[6], [7]; nonetheless, presenting only rather short evolutions. Conversely, the
present investigation has permitted to evidence the cyclic post-breaking phenomena on long-time simulations. We
discuss results for bores propagating on water of uniform depth, and running up along beaches with constant slope.
The effects of some parameters, such as the velocity of the bore front or the steepness of the sloping beach, have also
been studied. The present attempt is based on a Lagrangian method called Smoothed Particle Hydrodynamics (SPH,
see e.g. [8] and [9]) which does not require any computational grid, and therefore is well suitable to handle free-surface
breaking. In the method, the fluid is decomposed into a large number of particles, each carrying physical primitive
information (density and velocity), and interacting with neighboring particles according to evolution equations which
follow by discretizing the field equations for an inviscid fluid. The SPH formulation used in the present paper is
detailed in [9] and [10].

BREAKING BORES

We first study the genesis and the propagation of break-
ing bores over water with uniform depth. The problem is
sketched in Fig. 1: the flow starts with a semi-infinite layer
of fluid of depth hg, forced into motion by a vertical pis-
ton moving from left to right with constant speed U. In
the discussion and in figures non-dimensional quantities are
used by taking ho and y/ho/g as length and time scales, re-
spectively. In the following, we are interested in describing

surface breaking and we consider the range 0-5 < U/V/gho < erated by a piston moving horizontally with velocity U in

0-95, for which the wave front steepens rapidly, overturns, a layer of fluid with initial depth ho. Colors represent the
and evolves into a breaking bore. intensity of the velocity field.

For the fully-developed bores, after a long enough evo-
lution, the global pattern is characterized by a breaking front moving with constant velocity, separating two layers of
water with mean levels hg and h;, downstream and upstream respectively. In this condition, by using the mass and
momentum conservations, the dimensionless velocity of the bore ut), can be related to the water depths,
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Figure 1: Sketch of a fully developed breaking bore, gen-




During all the simulations (it occurs also in laboratory experiments), the
front of the bore is not sharply defined. However, we found that, after an

initial transient, the averaged velocity of the front is constant. The data from UlVgho M/ho  Fo _ uspu/ush

our gridless simulations are collected in Table 1, they compare very nicely 0-95 212 1.82 1-06
with theoretical prediction (1), which is also the case of experiments [L1]. 828 %é %22 égg
This good agreement confirms that the simple momentum balance adopted 0-70 1.8 1-59 1-00
in (1) is valid even though strong mixing of the surface water occurs when 0-60 1.7 152 0-98

0-50 1.5 1.37 1-02

passing through the bore front. The vortical structures forming the wake
then created actually contain considerable kinetic energy, in fluctuations, but  Table 1: Comparison between the com-

they are rapidly convected away. puted velocity, ugpy, of the bore front
and the theoretical value, wuy}, predicted
Pre-breaking stage by using global mass and momentum con-

We now take into consideration the case where the piston velocity is —servations, cf. Eq. (1).
U/+/gho = 0-8. After the piling up of the water against the piston, a long
wave starts to propagate with velocity of order v/gho and soon steepens, overturns and breaks with a large plunging
jet impacting onto the underlying free surface. The comparison of the SPH to a BEM solver [12] is very satisfactory
up to when the plunger impacts (i.e. when the BEM stops), cf. figure 2.

g t(g/h,)" = 5.55
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Figure 2: Pre-breaking evolution generated by a piston of constant velocity U/+/gho = 0-8. The coordinate system moves with
the piston. Comparison of the SPH fluid domain (particles are colored according to their initial vertical height) to the BEM
free-surface profiles (black solid lines).

Impact and ricochet of the plunging jet
t(glh,) =531

Then, the breaking bore features repeated plunging events, which
is also typical of breaking in shallow water, as in the case of wave trains
approaching a beach. A detailed description of the first plunging 05
event is instructive, also for deep-water breaking waves, and is given
through the plots of Fig. 3. In particular, we have chosen for reference
the configuration in the top plot, and we have assumed that the jet 2 1 0 1 2
is formed by those particles within the area delimited by the free
surface and the vertical line tangent to the nascent loop beneath the
jet. These particles are colored in black. In the following plots the
motion of these particles is easily tracked, thanks to the Lagrangian
character of the SPH. During the free-falling phase, because of mass
conservation, the jet is stretched and reduced in thickness. At the
impact, the jet particles flow into two separated streams, second plot.
One is deflected inside the loop, and the other one contributes to
the formation of the splash-up. Up to this point, the plunger is still
fed only by fresh particles (colored in red) which undergo the same
evolution as the black particles. At later stages, the particles earlier
entrapped by the clockwise structure, complete one revolution and
(partly) re-contribute to the impinging jet, last plot, implying a strong
mechanical mixing. Figure 3: Evolution of the particles originally

forming the plunging jet (colored in black).
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Splash-up cycles and formation of vortical structures

The post-breaking evolution is described in Fig. 4. At first, attention is focused on the splash-up cycles and on
the related genesis of vortical structures. In the first plot, after the impact of the plunging jet, the closure of the
cavity gives rise to a clockwise-rotating structure. The impinging jet is also feeding the splash-up I, which grows in
the form of a mushroom-like upwelling structure, second plot. This mushroom structure generates forward a second
plunging event, giving rise to a second clockwise rotating structure, third plot. Simultaneously the other part of the
mushroom structure forms a backward facing jet. The formation of this mushroom-like structure, and the growth of
the backward jet, are essentially related to the gravitational collapse of the mass of water which, deflected upwards by
the impact, eventually falls down, second and third plots. The further evolution of the backward-facing jet, impacting
with the free surface, results in a counter-clockwise vortex, which pairs with the first one, giving origin to a peculiar
flow evolution under the free surface: a dipole-like structure is formed falling down and reaching the sea floor, fourth
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Figure 4: Further evolution of the case presented in Fig. 2 and Fig. 3. Tracking of vortical structures generated during the
splash-up cycles. The non-dimensional times are t(g/ho)'/? = 7-92, 10-2, 11-4, 14-6, 20-7, and 31-5, respectively.

plot. The strength of the backward jet governs the interaction with the free surface and therefore the features and
the evolution of the resulting dipole-like structures. The second plunging breaker causes the growth of the splash-up
1T in third plot, this splash-up is less vigorous: the forward jet is rather weak and the backward flow originates later.
Due to this, the formation of the counter-clockwise structures is delayed and the clockwise vortices stay longer at the
free surface. Later, fourth plot in Fig. 4, a third rather energetic splash-up (I1I) originates, with similar strength of
the splash-up I. The subsequent dipole-like structure is quite strong and falls down; and so on.

The genesis of each vortical region is related to a folding over the surface that creates a doubly connected region.
This is crucial for the generation of vorticity and circulation. The described interaction phenomena resemble the
experimental observations analyzed in [3] (1989, ¢f. Figs. 19 and 20) for breaking surface waves in deep water. When
dipole-like structures are formed, air and surface water are captured inside and convected downwards. In the numerics
the air is not modeled, but the entrapped air could affect the motion of the vortices. In this context, an important
aspect to be speculated is related to the buoyancy effects due to the entrapped bubbly phase on the downward motion
of the dipole structures. SPH can deal with a fluid of varying density, although the accurate estimation of the actual
local variation in the fluid density is rather challenging [9]. Further, in this work we analyze only two-dimensional
flows; in reality, three-dimensional effects will play a role both in the air cavity and in the vortical-structure evolutions
[13].

It is not straightforward how to correlate the unsteadiness

of the flow field for different speeds of the forcing piston. U/Vghe Fo 2fiv/ho/g Fo/(hi/ho—=1) 5t

The approach we have taken is to count the frequency of 0-90 1-80 0-36 1-64 0-22
creation of the forward splashes. Except when the backward 0-80 1-66 0-40 1-84 0-22
0-70 1-59 0-51 1-99 0-26

splash is very wea.mk, these tend to pair.with bam.ckward splashes 0-60 1.52 0-40 9.17 0-19

c1.°eat1ng dipole-like struc.tures. Dl.lrlng their evolution the 0-50 1.37 061 9.74 0-22

dipole structures tend to interact with each other. In the two

lower plots of figure 4, the rotational areas are identified by  Table 2: Vortex creation during the splash-up cycles for

the black dashed lines and are numbered in the order of their  different piston velocities. fs, St represent the averaged

creation. values for the dimensionless frequency of shedding and for
If Ny (t;10) is the number of vortical structures generated —the Strouhal number defined in Eq. [2].

from when the first plunging jet hits the free surface at to up

to the current time ¢, the frequency of the shedding of vortices with the same sign is

L Nu(tt))2 it [ £

Taking the ratio (h; — hg)/u as the characteristic time scale for the bore evolution we can introduce a Strouhal number
as defined in equation (2). Fixing the time interval [to, t], as Fy decreases the size of the vortical structures generated
reduces and their number increases. This implies that the averaged value of f, increases. Also the term Fy/(hy/ho — 1)
increases with the Froude number, almost with the same trend as f, (see table 2). As a consequence, except for small
fluctuations, St remains almost constant and equal to about 0-22.
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BORES ON BEACHES y

The problem of the run-up of waves on sloping beaches
is widely treated because of its practical importance: coastal ‘ |
erosion, flooding, for example. Here we present some results o @
for fully-developed bores climbing up beaches with constant Shoreline
slope «. Again a piston with a constant forward motion is
employed. This leaves a fully-developed breaking bore prop-
agating shoreward, through water with decreasing depth,
collapsing down after reaching the shoreline, and eventually
entering a running-up mode where splashing at the front is
not detected anymore. Once the bore collapsed against the
shoreline, the vortices already shed are convected forward
by the main flow and go beyond the shoreline. The top plot
of figure 5 gives the position of twelve fixed sections where
the velocity has been analyzed. A beach slope a = 3° is
considered. An example of the velocity profiles measured
along such sections is shown in the middle plot of figure 5. ‘ ‘
On this plot, one sees the bore front propagating along the © » * T tgh)t
inclined beach and the vortical structures interacting with
the local sea floor soon after they have been created. As Figure 5: Breaking bore approaching an inclined beach with
a consequence, close to the bottom the velocity profiles are constant angle a. Top: The black lines indicate the positions
characterized both by large horizontal and vertical veloc- of the selected vertical fixed sections where velocities are
ity gradients. When the bore front reaches the shoreline a  recorded. Middle: examplg of velocity profiles and associated
high speed tongue of fluid is created and starts to rise along vortical structures (o = 3 ,)' Bottom: Time hl?tones of the
the initially dry beach. At this stage no additional vortical sea-floor tangential velocities at the same locations.
structures are generated. The bottom plot gives the time histories of the sea-floor tangential velocities u, at the same
locations as in the middle plot. For all the probes, the evolution of the tangential velocities show large fluctuations
due to the presence of the vortical structures shed from the breaking bore front. The maximum velocity recorded
exceeds the speed of the bore front v = 1.66+/gho.
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CONCLUSION

A SPH method is used to achieve long-time simulations of the complex dynamics involved in the cyclical breaking
of bores. Splash-up cycles and their link with the genesis of vortical structures downstream the bore are discussed in
detail. The presence of vortical structures of opposite sign is detected and connected with the splash-up mechanics.
According to the analysis, vortices with opposite sign can pair to form dipole structures. These affect the water
evolution and can interact in a complex way with the free surface and with the sea floor. In the latter case, large
stresses can be induced at the bottom that are responsible for erosion. The latter phenomenon is quite relevant from
practical point of view. Finally, the investigation is extended to the case of breaking bores climbing sloped beaches.
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