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LONG TERM GOAL

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 and small persistent
bubbles.

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) Further develop the 3-D Navier Stokes framework to incorporate sediment particle phases as
well as chemistry and biology phases with possible interactions with bubble populations, and to
incorporate a foam generation model during degassing processes at the water surface.
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2) Further refine the NHWAVE framework to incorporate similar extensions, with a focus on surf
zone scale (100 m to km) modeling of wave driven currents and bubble transport.

3) Perform tests of both frameworks against recent field data sets.
APPROACH

Our approach to the problem has followed along two tracks: (1) incorporation of a comprehensive
model of bubble physics within a 3D LES hydrodynamic code, for application in detailed process
studies and development of parameterizations for use at larger scale, and (2) development of a model
with lower resolution but retaining a fully 3-D structure, for use in surf zone simulations at spatial
scales on the order of a kilometer or so. The physics is represented by a multiphase continuum model,
using the formalism described by Drew and Passman (1999), with the details of a formulation for an
air and water mixture found in Carrica et al (1999). In the present project, we have implemented a
model combining a water phase, a bubble phase with multiple bubble size (or, more accurately, mass)
bins. The existing 3-D model Truchas has been extended to include Carrica et al.’s polydisperse
multiphase model and an LES turbulence closure model, and has been tested against a number of
detailed experimental data sets on flow field turbulence and coherent vortical structures (Ting, 2008;
Ting and Nelson, 2011). 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.

A framework for performing simulations of bubble fields and surface foam distributions at kilometer
length scales is being developed based on a fully 3-D nonhydrostatic wave resolving model. This
model will be extended to incorporate bubble phases, and will be coupled to a model for foam
generation, transport and decay on the water surface.

WORK COMPLETED

Following on work completed in FY11-13, in FY 14 we have examined the formation and evolution of
breaking-induced turbulent coherent structures (BTCS) under both plunging and spilling periodic
breaking waves as well as BTCS’s role on the intermittent 3D distributions of bubble void fraction in
the surf zone. We particularly examine the correlation between bubble void fractions and Q-criterion
values to quantify this interaction. Some of the results will be presented at the AGU 2014 Fall meeting
(Derakhti and Kirby 2014f). In addition to the above mentioned small scale studies in our two-phase
framework, a comprehensive study was done on the detailed velocity field and turbulence statistics
predicted by our 3D lower resolution non-hydrostatic model, NHWAVE (Ma et al, 2012). We have
shown that the model can resolve breaking wave properties in terms of (1) time dependent free surface
evolution, (2) integral breaking-induced dissipation, and (3) breaking-induced organized motions under
surfzone breaking waves. Local values of turbulence statistics near the free surface, e.g. TKE and
turbulent dissipation rate, however, are not very accurate and needed to be improved. These local
quantities, especially turbulence dissipation rate, are very important for bubble entrainment
parameterization as well as subsequent turbulent transport. The results have been summarized in
Derakhti and Kirby (2014c). We plan to replace the zero-gradient boundary condition for turbulence
kinetic energy at the top layer with a physical-type boundary condition originally proposed by
Brocchini and Peregrine (2001) and Brocchini (2002).



A framework for performing simulations of bubble fields and surface foam distributions at kilometer
length scales has been developed based on NHWAVE (Ma et al. 2012a). The air bubble phase was
implemented in NHWAVE following a multiphase description of polydisperse bubble population
applied in a 3D VOF model by Ma et al. (2012b). The foam layer model is based on a shallow water
formulation with a balance of drag forces due to wind and water column motion (Shi et al. 2012b).
Foam mass conservation includes source and sink terms representing outgassing of the water column,
direct foam generation due to surface agitation, and erosion due to bubble bursting. The coupled
bubble and foam model has been tested at field-scale at FRF, Duck, NC.

RESULTS

In addition to the application of the full 3-D VOF model for surf zone breaking waves during FY11
and FY'12, and for unsteady isolated breaking events during FY 13, we have examined the relative
importance of preferential accumulation of dispersed bubbles in coherent vortex. Figure 1 shows the
3D view of BTCS and bubble plume behind the bore front at 1.0 period after breaking for the unsteady
plunging breaker. As we can see the newly entrained bubbles at the bore front evolves into the BTCS
behind the bore and are transported in the path of the descending vortices, because of preferential
accumulation. The BTCS positions are highly correlated with the bubble plume positions, which
suggests that BTCS are mainly responsible for the dispersed bubble transport with the small dispersed
bubbles fairly exactly follow the BTCS extensions. In addition, the evolution of BTCS under different
breaking waves will be address in more quantitate fashion. For example, figure 1 shows the existence
of the inverse hairpin vortices and their evolution to a elongated two legs structure previously named
as a obliquely descending eddy (Nadaoka et al. 1989).

The available relevant literature on non-hydrostatic models mainly are related to surf zone breaking
waves (or depth limited breaking waves) and mostly focus on the capability of these models to predict
free surface evolution and wave statistics while less attention has been dedicated to velocity and
turbulence fields. We have carefully compared NHWAVE results with corresponding experiments and
that by a VOF/Navier-Stokes solver under surf zone monochromatic and irregular breaking cases as
well as intermediate and deep-water unsteady breaking waves. Figure 2 shows the time dependent free
surface evolution in the shoaling (2m<x<6.5m), transition (6.5m<x<8.5m) and inner surf zone
(8.5m<x) regions for the periodic spilling breaking case, Ting and Kirby (1994). Comparing the
NHWAVE results with the VOF-based simulation, we can see that the rate of wave height decay
decreases by decreasing the number of vertical layers, especially in the transition region. In addition, in
the simulation with 5 vertical layers, there is a lead in the predicted bore front locations nearly in the
entire inner surf zone.

Figure 3 shows the corresponding phase-averaged TKE time series at 4 and 8 cm above the bed as well
as the measurements of Ting and Kirby (1994). It can be seen that phase-averaged TKE is
overestimated by the model during the entire wave period. This overestimation has been also reported
in previous VOF-based k-epsilon studies (Lin and Liu 1998, Ma et al 2011). Lin and Liu (1998) argued
that this is because the RANS simulation can not accurately predict the initiation of turbulence in a
rapidly distorted shear flow such as breaking waves. Alternatively, Ma et al 2011 studied the
turbulence field under periodic breaking waves using the VOF-based RANS model. They incorporated
bubble effects into the conventional single phase k-\epsilon model, and concluded that the exclusion of
bubble-induced turbulence suppression is the main reason for the overestimation of turbulent intensity
by single phase k-\epsilon. Comparing figure 3 with the corresponding results from the VOF-based
model Ma et al (2011, figure 7), we can conclude that predicted TKE values under the trough by
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NHWAVE is at least as accurate as the VOF-based simulation without bubbles. The spatial
distribution of the predicted TKE above the trough is less accurate than the VOF-based simulation.

IMPACT/APPLICATIONS

The work proposed here would provide a general framework for modeling the combined effects of
bubble distribution, sediment load and foam coverage on optical properties 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

Development of the multiphase aspects of the NHWAVE model code continues with additional
support from NSF-PO through the project “The interaction of waves, tidal currents and river outflows
and their effects on the delivery and resuspension of sediments in the near field.
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Figure 1. (Top) Three-dimensional BTCS (isosurface of Q = 10) and (bottom) dispersed bubble
plume (isosurface of a,=0.1%) behind the bore front at one period after breaking for large the

unsteady plunging breaker.
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Figure 2. Snapshots of the free surface evolution for the periodic spilling surfzone breaking case of
Ting and Kirby (1994). Comparison between NHWAVE results with 5 vertical layers (dashed line),
10 vertical layers (thick solid line) and the VOF-based model (thin solid line). x=0 corresponds to
still water depth of 0.38m.



