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LONG TERM GOALS

Our long term goal is to develop a tested model of optical properties in the surf zone and adjacent
nearshore ocean, including the influence of suspended sediment, bubble population and surface foam,
to assess how optical properties are related to short term events such as individual breaking wave
crests, and to determine how wave-driven surf zone circulation influences spatial distribution of optical
properties just offshore of breaking through seaward transport of fine sediment, small persistent
bubbles and surface foam.

OBJECTIVES

The ability to make optically-based observations in nearshore waters is strongly influenced by the
presence of suspended sediment particles and of bubbles, both of which are present due to the action of
breaking waves. Wave breaking is instrumental in injecting large volumes of air into the water column.
This air volume subsequently evolves into a distribution of bubble sizes which interact with the fluid
turbulence and are advected by the organized flow. Degassing of the water column can additionally
generate a persistent foam layer which can prevent any optical penetration of the water column.

Our goal is to develop time-resolved models for these processes in order to make predictions of optical
properties of the water column. To date, we have begun this process by incorporating a continuum
description of bubble populations and associated dynamics in 2-D (Ripple) and 3-D (Truchas) Navier-
Stokes solvers. In the continuation of this work, our objectives are to:

1) Implement a physics-based process model for bubble entrainment by small scale surface
deformation processes, appropriate for applicaton to established surf zone bores.

2) Continue implementation of the multiphase model terms for bubble/bubble interactions.

3) Tackle the fluid mechanics problems associated with moving discretely resolved air volumes
out of the model air phase and into the continuum bubble phases.

4) Develop a model for generation, transport and decay of a foam layer at the water surface.
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APPROACH

Our initial approach to the problem is based around incorporating a comprehensive model of bubble
physics within a Reynolds-averaged 2D hydrodynamic code. The physics is represented by a
multiphase continuum model, using the formalism described by Drew and Passman (1999). In the
present project, we are aiming to implement a model combining a water phase, a bubble phase with
multiple bubble size (or, more accurately, mass) bins, and a non-cohesive sediment phase, also
including multiple size or weight bins. A comprehensive version of the model physics would include
full coupling between bubble size bins (fractionation and coalescence), interaction between sediment
size classes (hindered settling and effect on turbulence), and interaction between sediment and bubble
phases as well as between each of these and the water column. Carrica et al (1999) have provided a
detailed model for the bubble/water component. The sediment component would be an elaboration of
the two-phase model of Hsu et al (2003) to include multiple grain size bins. Finally, the framework for
the bubble/sediment interaction needs development in the context of the present project. In order to get
basic aspects of the transport problem implemented and tested first, we concentrated earlier in the
project on running a version of the code with a simplified bubble phase description due to Buscaglia et
al (2002), a simple advection-diffusion scheme for the sediment size bins, and no interphase
interaction. Presently, we are concentrating more on the development of a 3-D code in an LES
framework. The existing 3-D model Truchas has been extended to include the Carrica et al.’s mixture
model and a turbulence closure model, and has been tested for several simplified cases including the
bubble column experiments of Becker et al (1995). An application of solitary wave breaking is
presently being carried out, for which a detailed experimental data set on flow field turbulence and
coherent vortical structures exists (Ting, 2008). The effects of three-dimensional obliquely descending
eddies (Nadaoka et al., 1989) and downburst (Kubo and Sunamura, 2001) on bubble transport are
being investigated using the 3-D multiphase model.

Previous studies of foam dynamics are mostly restricted to modeling of foam microstructures and their
evolutions which are determined by the interfacial forces occurring at the film level (Davini, 2010).
Practical applications of such models in larger scale (surfzone scale) are rarely found in literature. Our
approach to modeling foam coverage and transport inside the surfzone starts with a simple process-
based transport model with incorporation of existing empirical formulations, parameterization of
results from a bubble prediction model into calculations of source/sink terms in the model.

WORK COMPLETED

To date, we have developed 2-D and 3-D multiphase bubble models for predicting quiescent phase of
air bubbles including a 2DV model based on Buscaglia et al. (2002) (Shi et al., 2008, 2010a), 2DV
model and 3D model based on Carrica et al. (2002) (Ma et al., 2010 a, b). Both 2DV models use the
nonlinear k-e turbulence model which takes into account bubble effects. The 3-D multiphase model
implements the LES model with an extra turbulent viscosity term due to bubble induced turbulence
(Deen, 2001). All the multiphase bubble models use a prescribed air entrainment formulation which
skips detailed modeling of the air entrainment process, making surfzone-scale modeling
computationally affordable.

Following the initial air entrainment model by Shi et al. (2008, 2010a), a more theoretical adjustable
model was derived based on the physical analysis of bubble creation processes. The bubble creation
under breaking waves is determined by the turbulent dissipation rate with a linear relationship between
the energy required for bubble creation and the dissipation rate. The initial bubble size spectrum is
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given by Deane and Stokes (2002). The new formulation does not contain a dimensional parameter as
in the previous formulation in Shi et al. (2008, 2010a) and can be calibrated using data measured in
laboratory experiments in different scales or field experiments.

Bubble breakup is an important component in the processes determining bubble size distributions after
initial air entrainment. In Shi et al. (2010a), the bubble breakup model is based on the model of Luo
and Svendsen (1996) who assumed that the breakup splits a bubble into two identical daughter
bubbles. We have recently implemented the approach of Martinez-Bazan et al. (1999) in our 3-D
multiphase model. Martinez-Bazan et al.’s model makes the bubble breakup process more realistic
(Lasheras et al., 2002, Chen et al., 2005), which is confirmed by the results shown below.

The foam layer model is governed by the mass and momentum equations associated with foam
thickness and foam transport velocity. The foam layer motion in the plane of the water surface arises
due to a balance of drag forces due to wind and water column motion. Foam mass conservation
includes source/sink terms representing outgassing of the water column, direct foam generation due to
surface agitation, and erosion due to bubble bursting. The air volume from degassing can be
parameterized by the two-fluid model. The foam layer model is being incorporated into the framework
of a Boussinesq wave model which takes into account bubble effects. Model calibration and validation
will be based on results collected during the Surf Zone Optics experiment at Duck, NC in September
2010. Initial effort(Kirby et al, 2010) is focussed on an examination of breaking wave patterns and
persistent foam distributions, using ARGUS imagery.

RESULTS

The capabilities of the 2-D and 3-D models have been tested by comparing to experimental data in
laboratory conditions. A simulation of air bubbles measured in the breaking wave experiment by
Lamarre and Melville (1991) was carried out using the 2-D multiphase model (Shi et al., 2010a).
Moments of the void fraction field defined in Lamarre and Melville (1991) were calculated based on
numerical results of void fraction and compared to measurements. Figure 1 shows model/data
comparisons of three moments: (a) the normalized total cross-sectional area A of the bubble plume
above the void fraction threshold 0.3% (b) the normalized volume of air entrained per unit width, V
and (c) the averaged void fraction, a. The model predicted a parabolic-like evolution of the void
fraction area A, which has a similar trend as shown by the data fitted curve. The area A was over-
predicted at the beginning of wave breaking, and a more moderate increase in A can be found in the
early time in the wave period, compared with the data fitted line. The comparison of the normalized air
volume shown in Figure 1 (b) indicates an under-prediction of air entrainment at the beginning of
breaking, which is consistent with the absence of a large entrained pocket of air in the numerical
simulation. An under-prediction of the average void fraction can also be found at the beginning of
wave breaking as shown in Figure 1 (c). In general, the model predictions of the magnitude and
evolutionary trend of the average void fraction are in reasonable agreement with the data. The under-
prediction at the beginning of wave breaking was expected because the model does not account for
large air pockets in the continuum phase.

The bubble breakup model of Martinez-Bazan et al. (1999a,b) was examined by a numerical
experiment which shows the bubble size distribution resulted from breakup of large bubbles with an
initial uniform size. Figure 2 shows the simulated bubble size distributions at different vertical
locations at (t-t,)/T= 0.1, where t;, is the time of wave breaking. The model can reproduce the -10/3
dependence for bubbles larger than 1 mm at z=1.5 cm where is close to the air-water interface.
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Nevertheless, the -3/2 low for bubbles smaller than 1 mm are not predicted by the model, which
supports the theory of Deane and Stokes (2002) who suggested that bubbles larger than about 1 mm
are mainly created by the breakup of air cavities. Our result also suggests that it is necessary to use a
prescribed polydisperse bubble entrainment model in simulations.

We carried out a 3D modeling of an oscillatory bubble plume measured in an experimental vessel by
Becker et al. (1994). The numerical results indicated that the 3D model predicted well the flow pattern,
bubble plume-induced liquid velocity and oscillation period of the bubble plume measured in the
laboratory experiment. The model was also applied to predicting breaking wave-induced bubbly flows
measured by Cox and Shin (2003). The model/data comparisons of time series of void fraction at
different measurement points in the water column are encouraging (Ma et al., 2010b). The effects of
three-dimensional obliquely descending eddies (Nadaoka et al., 1989) and downburst (Kubo and
Sunamura, 2001) on bubble transport were investigated using the 3-D multiphase model. We used the
vortex core representation technique (Jeong and Hussain, 1995) to examine the occurrence of coherent
vortical structures and to quantify the primary direction of the vortices. The obliquely descending
eddies behind breaking wave crest can be recognized as shown in Figure 3. After wave breaking,
spanwise vortices are dominant near the water surface, while obliquely descending eddies become
dominant inside the water column with angles tilting toward the x-axis to be around 25 and 205
degrees. Numerical results suggest that vortex turning and stretching play an important role in the
evolution processes from spanwise to obliquely descending eddies. The vertical transport of bubbles is
greatly enhanced by the presence of coherent vortices.

The foam layer model has been implemented with a wetting-drying scheme. Figure 3 shows a
preliminary test in which the foam layer model was coupled with the NearCoM model (Shi et al.,
2005). Monochromatic waves were applied on an idealized barred beach bathymetry with rip channels.
The left panel of Figure 4 shows wave crests predicted by the REF/DIF-1 wave model. The right panel
shows the foam pattern (color) predicted by the foam layer model and the nearshore circulation
predicted by the nearshore circulation model SHORECIRC (Svendsen et al., 2004, Shi et al., 2003).
Foam patches are driven by waves and nearshore currents, exhibiting onshore/offshore flow patterns
including the onshore movement driven by waves and offshore transport convected by rip currents.
The foam generation and bursting rates were artificially set up in the test and their formulations need to
be further investigated.

IMPACT/APPLICATIONS

The work proposed here would provide a general framework for modeling bubble distribution and
foam coverage in the surf zone. The model framework for bubble population is intended to be general
in nature and will be applied at a later date in more computationally intensive studies of processes in
individual breaking wave crests in a wide range of water depths.

RELATED PROJECTS

Kirby is a co-PI in MURI effort entitled “Impact of oceanographic variability on acoustic
communications”. This effort involves the development of a model for spatial and temporal
distribution of bubble population under a sea surface with whitecap coverage, for use in water depths
in the 50 to 100m range. Models developed in the present study are being used in support of efforts to
parameterize bubble distributions under individual whitecap events.



A joint effort with Tobias Kukulka (UD) to examine the influence of breaking wave-induced bubbles
on air-sea gas transfer effects in the mixed layer is presently proposed (NSF). This work would utilize
the present wave resolving models in conjunction with an extension of the LES mixed layer model
(Sullivan et al, 2007) to include bubble phases in order to simulate the spatial evolution of bubble
populations in the ocean mixed layer.
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Figure 1. Moments calculated using the void fraction threshold of 0.3%, (a) Cross-sectional area A
of bubble plume normalized by V0; (b) Air volume V normalized by V0; (c) Mean void fraction a.
Case: fc = 0.88 Hz, kc = 0.38, and Af/fc = 0.73. Solid curves are functional fits to laboratory data

from Lamarre and Melville (1991). Model results shown as open circles.
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Figure 2. Vertical evolution of bubble size distribution resulting
from bubble breakup at x — x,=0.74 m.




Figure 3. Coherent vortical structures in a breaking wave crest. Snapshot taken 0.3 wave periods
after breaking of dominant wave crest in middle of frame.
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Figure 4. (Left) wave crests predicted by REFDIF-1;
(right) foam pattern and wave-induced nearshore circulation (vectors).
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