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Abstract

Void fractions under breaking waves have been measured by a conductivity probe. Empirical
coefficients ko and Cp have been determined through the experimental results and found to be
function of the local wave height and relative distance, respectively. The results indicate that the
distributions of void fraction follow closely analytical solution of the diffusion equation.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The rate of air bubble transport is needed for various purposes such as the gas
exchanges, wave energy transferred, sediment transport and sound generation (e.g. Koga,
1982; Wu, 1988; Lamarre and Melville, 1991; Waniewski et al., 2001). In shallow water,
the sloping bottom causes the breaking process, where a large amount of air bubble
entrains into water near the breaking point. With the mixing of air bubbles, the flow fields
of broken waves are turbulent and complicated. The injected air bubbles beneath a
breaking wave are rapidly broken up by turbulence, producing an initial size spectrum
proportional to (radius) ~'"? (Garrett et al., 2000). This tiny air bubbles are not always
visible to the naked eye, yet they play a very important role in the surf zone.
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Studies on surf zone air bubbles are very limited yet, probably because the flow fields of
broken wave are very complicated after mixing the air bubbles. It is almost unclear how
these air bubbles affect the fluid motion in the surf zone. Only a small number of studies
investigated the characteristics of surf zone air bubbles. Chanson et al. (2002) showed that
the air entrainment process and bubble residence time are affected by the sloping bottom.
The entrained bubbles induce a rise in water level associated with an energy transfer into
potential energy while breaker-generated waves propagate in off and onshore directions
(e.g. Fiithrboter, 1970; Hwung et al., 1992). Loewen and Melville (1994) showed that the
presence of air bubbles in the surface layer, the compressibility of the mixture is increased,
and therefore, the speed of sound is reduced.

The study concentrates on shoaling of unidirectional regular waves that includes
spilling and plunging type of breaking. For plunging breakers, the entrainment of air
bubbles is caused by the top of the wave forming a water jet projecting ahead of the wave
face and entraining air when it impacts the water free surface in front of the wave (e.g.
Chanson and Lee, 1997). With spilling breakers, the air bubbles travel with the wave as a
surface roller and finally entrains into water. In both cases, air bubble entrainment is still
significant (Fig. 1).
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Fig. 1. Breaking waves. (a) Sketch of a spilling breaker; (b) sketch of a plunging breaker.
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The complex two-phase flow arising from breaking has made theoretical and
experimental progress. In this paper, we describe a device capable of measuring the
void fraction (volume fraction of air) in the surf zone.

2. Experiments
2.1. Instrumentation

Two typical waves breaking were generated in a wave channel of 20 m long, 0.80 m
wide, and 0.60 m deep. The bed slope of wave flume was 1/9.5. Experiments were
conducted with tap water and ambient air and the experimental conditions are tabulated in
Table 1.

The effect of air bubbles on wave gauge and displacement meter reading was tested in a
preliminary experiment. Air was introduced at the bottom end of a vertical cylinder
installed in a still water tank. Visual observations showed that the foam was confined to a
region above the still water level. Tests, performed with void fractions ranging from 0 to
0.10, showed that both wave gauges and displacement meter recorded with a reasonable
accuracy the rise in water level induced by the air bubbles. The error was of the same order
of magnitude as the bubbly foam thickness formed at the water surface in the cylinder,
although the output of the gauge tended to correspond to the level above the foam (Fig. 2).
Fig. 2 presents measured super elevations above still water as functions of the depth-
average void fraction for comparable tests.

The L-shape conductivity probe was used for two-dimensional wave breaking. The
effect of air bubbles on the wave gauge was tested in separate experiments. The probe,
wave gauges and pointer gauge were fixed on a trolley system and displaced in the
horizontal and vertical directions. The probe tip was set up in the opposite direction of
wave propagation and void fraction was measured with a grid spacing of 5-25 cm
increment along channel and 2 cm increment in the depth.

2.2. Wave generation

A wave breaks as it approaches the shore is a function of how steep the wave is and how
gently the beach slopes. Iribarren and Nogales (1949) used the parameter, which called

Table 1

Wave breaking experiments: characteristics of wave breaking

Test (1) Hy(m) 2) T(s)(3) Hy/Ly(4)  Hy(m)(5) Hyhy (6)  Io(7) Br. type (8)
SP-1 0.110 0.056 0.117 1.08 0.443

SP-2 0.122 1.12 0.062 0.133 1.03 0.421 Spilling
SP-3 0.150 0.076 0.149 0.91 0.380

PL-1 0.125 0.024 0.180 1.01 0.677

PL-2 0.145 1.80 0.028 0.198 1.05 0.627 Plunging

PL-3 0.166 0.032 0.207 1.07 0.586




1832 A. Hoque, S.-i. Aoki / Ocean Engineering 32 (2005) 1829-1840

Dn
3-
oP0O OP1 AP2
6
27 O
4\
o)
A O
11 !
R
oo
A C (%)
0 T T T 1
0 1 2 3 4

Fig. 2. Accuracy of capacitance water gauge and displacement meter in bubbly waters: superelevation as a
function of the depth-averaged void fraction. Here PO, P1 and P2 represent the wave gauge, pointer gauge below
foam and pointer gauge above foam, respectively.

the surf similarity parameter:

m

b= L @
where, m represents the beach slope, Hy and L are the wave height and wavelength at deep
water, respectively.

Detailed measurements were performed for three tests in both cases of spilling and
plunging breakers. Galvin (1968) found that in general the Iribarren number /, can be
related to the type of wave breaking in the range 0.45-3.2 for plunging waves and 1, <0.45
for spilling waves. A summary of the characteristics of waves breaking is given in Table 1.

2.3. Response of probe tip and data analysis

A sketch of air pulses and wave profile are shown in Fig. 3(a), which is used to
determine the void fraction. When a bubble hits a probe tip, the output of the void meter
rises like the region between 1 and 2 in Fig. 3(b). Region between 2 and 3 shows the tip is
completely inside the bubble where the output is constant. As the tip touches the bubble-
water surface again which is indicated by the region between 3 and 4, the response is much
faster than the region between 1 and 2 due to surface tension.

In data processing for the output from the probe, negative voltage is set ‘0’ that
indicates water and the positive voltage set to ‘1’ that indicates air. The outputs from the
wave gauges were multiplied by the calibration coefficient to obtain elevation of water. In
the duration of breaking event which the probe is immersed under water, Az, the total time
of air bubble encounter, A7, is given as

At =" At )
At
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Fig. 3. Sketch. (a) Output signal from a probe during the passage of a bubble; (b) response of the wave gauge and
probe.

where A7, is the period that an air bubble takes when it passes the probe tip and i denotes a
number of air bubbles detected during Ar.
The void fraction for one wave period T is obtained as

C— SrAT
YA

Figs. 4 and 5 present the measurements of time averaged void-fraction during one wave
period for spilling and plunging breaker, respectively. Approximately 570 waves were
extracted from 10 min data recording for each depth in spilling breaker, whereas it were
350-420 waves from 10 to 12 min data for plunging breaker. Finally, it was found the
mean void fraction for each vertical depth from Figs. 4 and 5.

(©)

3. Analysis of the air bubble diffusion process

3.1. Vertical distribution of void fraction

The void fraction in a channel section is determined from its relation with a
representative void fraction such as the mean void fraction on a vertical line in the section.
It is a common practice to conduct depth-averaged sampling to directly determine the
vertical mean void fraction. However, during high water and unsteady flow periods, strong
currents make the depth-averaged sampling unpractical. In this situation, we can conduct
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Fig. 4. Time averaged void fraction over one wave period versus number of waves measured at x —x,=0.50 m
(Hy/Ly=0.076: spilling breaker). (a) 2 cm above the still water level; (b) at still water level and (c) 2 cm below the
still water level.
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Fig. 5. Time averaged void fraction over one wave period versus number of waves measured at x—x,=0.70 m

(Hy/Ly=0.024: plunging breaker). (a) 2 cm above the still water level; (b) at still water level and (c) 4 cm below
the still water level.
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a point sampling and use a mathematical model to translate the single sample into the
mean void fraction.

For a small control volume, the uniform steady flow for air in the air—water in term of
the simplest differential equation governing on a vertical axis is

d d ac
—(CV)=— (D ,— 4

5z az(‘(?z) @
where C=void fraction at z, z= vertical distance measured from mean water surface z=0,
and D, denotes the turbulent diffusivity of air bubble in air—water.

Now assume velocity distribution is uniform and D; is independent in the z-direction
then, we have

*C Vv, aC
— = 0= 5)
07 D, 0z
where V|, represents the uniform velocity. Therefore, solution of Eq. (5) gives
C(z) = Cy exp(k;2) (6)

where ky=V,y/D, is a decay parameter characterizing vertical distribution of air bubbles
and C, denotes the reference void fraction at the mean water surface z=0.
The following boundary conditions are automatically satisfied:

C(z) = C, atthe surface z =0
and

C(z)—0 forz— —
3.2. Determination of empirical coefficient k; and C

In Eq. (6), the unknown parameters are k; and Cy. The values of these parameters can be
estimated by comparison with experimental data. Introducing a new dimensionless
parameter kg is defined as

k() == k]H (7)

where H is a local wave height.

The parameter k, for void fraction distribution in the surf zone was determined by
fitting a theoretical curve to the experimental data for both spilling and plunging breakers.
ky has smaller value when penetration is larger and vice-versa. It would be preferable to
choose a single value for k,, which gives satisfactory results for all cases, allowing the
model to be used on beaches with arbitrary shape. As shown in Fig. 6, though k, varies a
little with wave steepness and with the distance from the breaking point, it shows nearly
constant value. Thus, Eq. (7) suggests that k| increases with decreasing H. It is found from
the figures that ky=3.75 for spilling breaker and ky=4 for plunging breaker which are
shown by the dashed lines.

On the other hand, to find a reasonable value or expression of Cy, three sets of
data are used in Fig. 7 for both spilling and plunging breakers. The parameters C
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Fig. 6. Relationship between dimensionless parameter k, and distance. (a) Spilling breaker and (b) plunging
breaker.

was calculated experimentally from the wave tests in the flume. The C, values
exhibit in considerable scatter in both cases. The reason of this may be accurate
measurement is not possible near the free surface due to strong turbulence. In
Fig. 7, the best-fit curves to the values of C, are shown which depends on the
horizontal distance from the breaking point (x —xy,)/Ly.

All the data for void fraction are corrected by the following expressions for spilling and
plunging breakers, respectively:
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Fig. 7. Relationship between dimensionless parameter C, and distance. (a) Spilling breaker and (b) plunging
breaker.
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3.2.2. Plunging breaker

M foroswsolm
(x—ox) b (x — xp) ©)
=7 10285 for0.14< %7

0 0

Co = 1.285

4. Results and discussion

Figs. 8 and 9 show the reliability of Eq. (6) in describing the vertical distribution of void
fraction, in which the data used for comparison for both spilling and plunging breakers. In
Figs. 8 and 9, the effect of ko/H (=k;) on void fraction distribution, in which several
distributions are observed for each test of Hy/Ly=0.076 and Hy/Ly,=0.024, respectively.
This indicates that under a given set of wave conditions the void fraction distribution may
vary section-to-section as the H may vary. In Fig. 8, the location x —x;,=0.5 m is identical
with the end of roller (defined in Fig. 1(a)) and visual observation suggests that air bubbles
penetrate maximum at this location. Fig. 8§ also represents that the region between x —x, =
0.7 and 0.95 m corresponds to the inner surf zone (defined in Fig. 1(b)) and in this region,
the results from the model agree well with the data.

On the other hand, in Fig. 9, the positions x—x,=0.6 and 0.8 m are the plunge and
plash up points, respectively. At the plunging point x—x,=0.6 m, penetration depth
becomes maximum. The measured results are affected just after the transition region
(nearly x—x,=0.6 m) due to turbulence, especially in plunging breakers and show a little
disagreement near the still water surface.

In Figs. 8 and 9, we have seen that the data of void fraction consistently decays
exponentially with the depth. Wu (1988) and Stanton and Thornton (2000) found similar
trend of void fraction distributions for the large-scale experiments and field measurements.
Further, experimental results indicated that the maximum void fraction was around 20%
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Fig. 8. Comparison of Eq. (6) with experimental data of void fractional for spilling breaker (Hy/L,=0.076). The
solid line (—) is from Eq. (6) and hollow symbol (O ) show the experimental data.
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Fig. 9. Comparison of Eq. (6) with experimental data of void fractional for plunging breaker (Hy/Lo=0.024). The
solid line (—) is from Eq. (6) and hollow symbol (O) show the experimental data.

near the still water level in the case of plunging breaker, whereas it was around 16% for
spilling breaker. Similar results were found by Hwung et al. (1992).

5. Conclusions

The air bubbles are produced by breaking waves and then dispersed by turbulent mixing
to the entire surface layer. Two parameters were used in the basic assumption of void
fraction distribution and were determined by comparing with the experimental results and
expressed in terms of local wave height and relative distance. The results of void fraction
showed reasonable agreement between the theoretical prediction and measurements.
Overall, results demonstrated that air entrainment in the surf zone is an important process
by inducing a temporary water level rise and modifying the transmitted wave climate, and
it cannot be ignored.
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