


The modelling of a spilling breaker: strong turbulence at a free
surface.
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Abstract

A brief review is given of the initial development of a model for the turbulence
generated by aspilling breaker riding on an unsteady wave. The turbulent volume
of water in a spiller is modelled as a thin layer. The basis for such a model comes
from the analysis of the interaction between an air-water interface with patche
of turbulence. Hence, the behaviour of a free surface which is affected by strong
turbulence is being studied. We summarise some of the salient points of our
work. These include a derivation of averaged boundary conditions which include
mass and momenturn flows in the surface layer and the transfer to the bulk
liquid. A brief account is also given of the type of equations needed to represent
the motion of the front edge of the breaker. Illustration of the method is only
given in terms of the equations derived by integration from the equation of mass
conservation. Finally, there is description of the various free surface regimes that
occur and need to be considered in order to determine suitable closures for the
averaged terms.

Motivation and Methodology

This study is motivated by a wish to model the spilling breakers that arise
from the crests of steep water waves (e.g. see figure 1). Spilling breakers are
classified in a wider class of types of breaking where the wave form changes
relatively slowly. Together with the bore (or turbulent bore) they form the class
of the quasi-steady breakers. If the turbulence is confined to a region near the
crest of the wave tlie wave is a spilling breaker but if the whole face of the wave
is turbulent it is a bore.

In their analysis of spilling breakers, bores and hydraulic jumps Peregrine &
Svendsen (1978) suggested that the voluine of turbulent flow in a spilling breaker
resembles a turbulent mixing layer. The roller model in which the turbulent
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there is no good description of free surface boundary conditions for a turbulent
flow. The most interesting, and difficult, flows are those breakers which are
strongly nonlinear and splashing, but even the much smoother flows occurring
in small “micro-scale” breakers, that are restrained by surface tension, require
special attention. Hasselmann (1971) is the only paper we know that describes
similar surface flows in the context of both wave and turbulent averaging.

In that paper a perturbation is made about the undisturbed free surface,
assuming Taylor series make good approximations. This may be a good approx-
imation for irrotational motions but is clearly more limited for turbulence. An
interaction stress tensor and a surface mass transfer must be introduced to take
proper account of interactions between short and long period motions. However
this particular analysis is no longer appropriate when turbulent eddies cause the
interface to develop sharply curved features or to disintegrate into splashes. In
this case the problem to be faced is of a twofold nature as both turbulence and
two-phase flow must be taken into account (e.g. see top layer of figure 2). The
interface between the air and water can be extremely complex.

Here we only analyse the problems of modelling the top layer (‘surface layer’).
At first we illustrate the physical/mathematical framework which concerns both
the avaraging within the two-phase layer and the subsequent definition of suitable
model equations and boundary conditions. Then, a brief account is given on the
equations which are needed to represent the motion of the front edge of the
breaker (‘toe of the breaker’). Finally, in recognition of the need for closures
which depend on specific flow regimes, we describe the main features of such
regimes leaving open (for moment) the question of quantifying closures.

The boundary conditions for the ‘surface layer’.

The top region of the spilling breaker is studied as a layer consisting of an air-
water mixture (‘surface layer’ of figure 3). The analysis of the flow of two fluids,
one dispersed throughout the other, is most often carried out by solving equations
which arise from averaging over each phase. In recent research this is achieved
by introducing a ‘phase function’ or ‘intermittency function’, which is essentially
a step function, and then averaging (e.g. Drew, 1983). The properties of the
phase function are such that a number of conservation equations are obtained
for each dispersed phase.

Within the layer flow properties (e.g. velocities) are not continuous func-
tions of time and space hence we introduce a ‘phase function’ or ‘intermittency
function’ such that:

_ | 1 if(s,n) is in the water at time ¢
I(s,n,1) = { 0 if (s,n) is in the air at time . (1)

The we introduce an averaging process (-) such that if G(s, n,t) is a generic
flow variable then (G (s, n,t)) = G(s,n,t) is the corresponding average. The most
appropriate averaging process is the ‘ensemble average’ however many of the flows
studied in the laboratory are statistically stationary with respect to time. If this
is so, the ergodic hypothesis asserts that the time average is equivalent to the
ensemble average and () can simply be regarded as a time average.
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Surface layer

 Envelope of troughs

Figure 3: Global geometry adopted in the model for the surface layer.

After averaging the intermittency function becomes an average volume frac-
tion (s, n,t) also called ‘intermittency factor’ such that

_ _ | 1 below trough level n = b "
1(sn,0) = (I(s,m,1)) = { 0 above crest level n = h. (2)

Within the surface layer there can be regions in which only the air, or only
the water, or both, are connected. Whether connected or not there is a range
of v from 0 to 1. Somewhere within the layer a mean interface can be defined.
Several possible definitions are available, e.g. the surface v = 0.5, or the surface
corresponding to an equi-distribution, within the surface layer, of the two phases
on each side of the chosen surface (see figure 3). In principle this interface can
be regarded as a local reference for defining the origin of a local curvilinear
coordinate set (s,n), where s follows the mean surface and n is normal to it.
However, following experience developed in defining mean shorelines for waves on
a beach (Brocchini & Peregrine, 1996) we choose to avoid any specific definition
of the mean surface since it seems more meaningful to deal with the surface layer
as a whole. For interaction with the water below, the lower boundary of the layer
is most relevant, this we denote as b.

Since the intermnittency factor -y is a continuous function of time and space it
is most useful to characterize different flow conditions. For example three cases
are here reported of a wavy surface (figure 4a), a ‘scarified’ surface (figure4b) and
a splashing surface. This has been modelled by considering a Normal distribution



COASTAL ENGINEERING 1998 71

~10 -5 [ 5 10

Figure 4: Free surface profile for: (a) sinusoidal wavy interface, (b) periodic
scarified interface.

for 5 such that a simple result is obtained for -y:

y(s,m, ) =% [1 - erf(%)] . (3)

(In this model o is a measure of the lateral extent of the surface layer].
For each of the three types of surfaces we have a different v factor which is
reported in figure 5.
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Figure 5: The intermittency factor (or residence time) v for: (a) wavy air-water
interface (dashed line), (b) periodically scarified interface (dot-dashed line) and
(c) turbulent splashing interface (solid line).

It is evident that for wavy regimes water is present at the top of the surface
layer (n = 1) for a longer time than for a splashing regime in which water drops
are present for a shorter time near the top of the layer. This behaviour is reversed
at the bottom of the layer where large values of v (y & 1) are reached faster while
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For example application to the conservation of mass gives the following kine-
matic boundary condition:

db b od o fh
ot +Uly ds Vlo <3t * Bs/b W dn) ©

where U, is the mean flow velocity in the water (i.e. phase average in the liquid
phase) and W represents an extra normal-to-surface velocity which would be zero
if there were no surface layer. [Note that U,(n =) = U and V,(rn =b) = V].

Formally, this is very similar to that of Hasselmann (1971) valid for a contin-
uous interface [see surface flow term), but it is applied at base of the layer rather
than at a mean surface 7.

Note that the equation can be regarded as:
either the kinematic B.C. for the flow below n = b for which W must be given,
or as an equation for the conservation of inass inside the layer.

To use the equation as a boundary condition it is necessary to find a suitable
closure for the surface flow term

a h
5 /b Uy dn.

Closures are required for even more complicated contributions which appear in
the dynamic boundary conditions (e.g. terms corresponding to momentum flow
in and into the surface layer giving effective stresses).

The toe (2D) or the foot (3D) of the breaker.

For a physically sound representation of the spilling breaker a crucial point
is the modelling of the region where turbulence is generated at the free surface.
In a 2D description of the flow this is called the ‘toe of the breaker’.

OO
%/_\
o

Figure 7: Sketch of the flow and of the velocity profile at the toe of a breaker
propagating with celerity c.

According to Peregrine & Svendsen (1978) at the inception point (line) there’s
meeting of two layers of water travelling in opposite direction. More recently, this
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scenario has been also reported by Lin & Rockwell, (1995) in their experimental
investigation of the early stages of generation of a quasi-steady spilling breaker.
In that case, however, since turbulent blobs spill down the wave face (figure 7)
generation of turbulence is greater than in a normal mixing layer (where the
velocities are in the same direction).

A quantitative description of the inception region has been obtained following
the method used by Brocchini & Peregrine (1996) for averaging the flow at the
swash zone. Notice that:

e averaging over the turbulence is inadequate in the region right in front of
a spiller which the turbulent water only reaches rarely;

e there is little dynamical significance in such a thin intermittent layer of
turbulent water;

As a consequence of the above, the whole region which the turbulence only
meets interinittently is taken as a ‘Boundary Region’ (see figure 8) such that
there is a non-zero mean depth at the front edge of the layer.

‘Boundary region’
(volume V')

Figure 8: Sketch of the flow properties used in the modelling of the toe of the
breaker.

In more detail first introduce the following definitions:
ds)=dy;  d(sn)=0;  h(s)=b(sn); V= / ‘dds.  (6)
sy

Within our mnodel the toe of the breaker is the mathematical boundary charac-
terized by the coordinate s; and by a non-zero mean depth d,.

Following on our illustration based on the equation for the conservation of
mass (see Brocchini & Peregrine, 1998b for more details) we integrate the kine-
matic boundary condition in the streamwise direction from s; to s, to get:

v . s _[rn s [0b b
—67+d*?37~|i/b 'wadn] —/Sl [E+Ulbb—s_vlbjlds. (7)

8=3¢



COASTAL ENGINEERING 1998 81

This equation is formally very similar to one of the shoreline boundary conditions
of Brocchini & Peregrine (1996) and it can be regarded as an equation for the
motion of the front edge of the layer (s;) when rewritten as:

ds; 1 4 vV re[db b
A e SRR

Closure is now needed not only for the surface flow term but also for the
volume of water in the ‘Boundary Region’ V and for the mean depth d..

Analysis and description of the flow regimes.

In is clear that an in depth analysis of the flow regimes is needed to determine
the closures both for the boundary conditions and for the equations relative to
the motion of the toe of the breaker. However, analysis of the interaction of
turbulence with an air-water interface is interesting per se as a large number of
natural flows are characterized by strong turbulence at a free surface and they
fall in two main classes:

e turbulence generated at the free surface {breaking waves, sprays...),

e turbulence generated far from the surface (steep rivers, artificial
spillways...).

In our description of the flow regiines we assuine it is possible to characterize
different flow regimes in terms of two flow properties only (Brocchini, 1996;
Brocchini & Peregrine, 1997 and Brocchini & Peregrine, 1998a). These are:

1. the turbulence intensity
q=V2 9)

where k =turbulent kinetic energy;

2. the length scale L of the most energetic flow feature (wavelength, eddy size,
water blob size, ...)

Cousidering the two stabilising factors of the water surface (gravity and sur-
face tension) four main regions can be found in the (L, ) plane (see figure 9).

For gravity we compare the specific potential energy gL with the specific
kinetic energy of turbulence k = %qz and find the Froude nuinber

q
VoL’
while for surface tension we comnpare the specific surface energy S = T'/p with
2L to get the Weber number:

Fr= (10)

2
g¢°L

We= . 11

e= 53 (11)

Fr, and We, have been obtained working on literature data dealing with

wave generation, bubble and drop forination... Here we only swininarize some

of the results which can be found with more detail in Brocchini & Peregrine
(1998a).
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