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Motivation

Optical and acoustic properties of surf zone (both wave-
averaged and inter-wave)
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* Gas exchange problem at air-sea interface
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Instantaneous three dimensional void fraction distribution determined from an LES
without (a) and with (b) LC effects, horizontal plane at z = -1.5m (top) and a
crosswind-depth section at arbitrary along-wind location (bottom, in log scale for
visual enhancement). (Kukulka and Kirby, 2012)



Surf Zone Optical Constituent Dynamics :
Wave-Induced Bubbles & Foam
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Can bubble generation and transport be modeled as a function of wave energy
input and bathymetry?

How are bubbles entrained into the water column?




Goals:

Develop a model for instantaneous bubble distribution under
surf zone breaking waves;

Investigate interaction between void fraction and turbulence
properties;

Formulate a model for wave-driven circulation (longshore and
rip currents, large-scale vortices), resulting bubble distribution
and transport, and generation and transport of foam on the
water surface.



What are the dominant mechanisms for bubbly flow?

Turbulence generation and bubble
entrainment at the free surface;

Bubbles with different sizes, Stokes
number St ~ O(1);

Void fraction up to 20~30%;

Intense interactions among bubbles,
mean flow and turbulence;

Bubble breakup and coalescence

Methodology:

Polydisperse Eulerian-Eulerian two-
fluid approach;

Volume-of-Fluid (VOF) approach to
capture complex free surface during
wave breaking
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Polydisperse Two-fluid Model for Bubbly Flows
(Carrica et al., 1999; Ma et al., 2011)
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Fluid-bubble : momentum transfer
Bubble-bubble: coalescence, breakup

Implemented in a 3D VOF code
Truchas-2.4.1




Turbulence Models

e 2-D: Two phase k- € for bubbly flow (Troshko & Hassan, 2001)
— Source term in TKE equation includes drag force effects
— Bubble effects on turbulent dissipation rate
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e 3-D: Two phase LES
— Bubble-induced viscosity (Sato & Sekoguchi, 1975)
— Smagorinsky sub-grid model for turbulent eddy viscosity
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Bubble generation mechanisms:
« Cavity capture and collapse

« Continuous bubble entrainment through turbulent
surface folding processes

Source terms in bubble number density equation:

* Bubble breakup: Model of Martinez-Bazan et al
(1999a,b, 2010)

* Bubble coalescence: ignored

* Bubble dissolution: ignored



Deane and Stokes (2002): Breakup of trapped
cavity and resulting size distribution of bubbles
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Model prediction of bubble size distribution based only on
breakup mechanism. All bubbles initially have D=9mm
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Bubble Entrainment Model

Deane and Stokes, Acoustically active phase Quiescent phase
Nature, 2002 e Jet/wave-face interaction ¢ Advection
e Cavity collapse e Turbulent diffusion
e Primary plume formation ¢ buoyant degassing
® << 1sec e dissolution

Bubble entrainment rate is linearly
propotional to turbulent dissipation Bubble size spectrum by Deane

rate (Ma et al., 2011) and Stokes (2002)
By = j—b(i) oy Gf(a')Aa' € fla) xa™'? if a>1.0mm
il Za (a:)Aa fla) xa™3? if a<1.0mm

Hinze scale = 1.0 mm



Oscillatory Bubble Plume
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Simulated oscillatory bubble plume.
Time interval between snapshots is 10 sec.
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Model-data comparison of time
averaged liquid phase velocity
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Figure 1. Local transient measurements of the vertical liquid velocity at positions A (bubbly flow) and B
(bubble free zone) (reprinted from Sokolichin and Eigenberger [1999] with permission from Elsevier).

0.5
Oscillation in bubble plume: € o
Simulated x x
50 100 150 200

50 100 150 200
time (s)

Figure 4. Simulated time series of vertical liquid velocity at monitor point (top) A and (bottom) B.



Model Validation Il:
Turbulence under breaking waves
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Laboratory experiment by Ting & Kirby (1994, 1996)

Spilling breaking wave

Simulations with and without bubbles
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Part |: Void Fraction Evolution and Distribution
(Ma et al., JGR, 2011)

Laboratory experiment
by Cox & Shin (2003)




Model-data comparisons of free surface
elevation, streamwise velocity and void fraction
at section 1
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Vertical Distributions of Void Fraction

Smallest

Exponential relationship:

C(2) = Cnexp(k; (2 — 2m))
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Temporal Variations of Void Fraction
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Turbulent Coherent Structures and their
Interactions with Dispersed Bubbles

Spilling breaking wave (Ting and Nelson, 2011)
Domain size: 15m x 0.3m x 0.6m

Grid size: 0.04m x 0.0075m x 0.0075m

Bed slope: tanf = 0.03



Evolution of Free Surface (Captured by VOF Approach)
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Turbulent Vortex Structures

obliquely descending eddies

Evolution of vortex structures at (a) t=tb+1/8T; (b) t=to+3/8T, (c) t=tb+5/8T
and (d) t=to+7/8T. The vortex structures are recognized by the isosurfaces
of A2=-2.0 (A2 is the second largest eigenvalue of the tensor S*2+Q"2).



Conceptual Model of obliquely descending eddies

(Ting, 2008)

Falling water from Air tube formed
non-uniform wave by plunging jet
breaking

Asthe lower part of
vortex tube descends
through the water column,
higher translation velocity
near the surface causes
more stretching and
bending

Spanwise vortex
formed by plunging
jet

Non-uniform breaking
causes part of vortex
tube to descend faster
than other

A vortex loop is left
behind after the broken
wave has passed



Detection of vortex tilting

* Enstrophy production

D(3w;w;) ou,; 32( w;iW;) Ow; Ow;
2 = WW;—=—— +V —V
Dt e 0x; O0x;0x Ox; Oz

e Stretching and bending

ou; ou N ou N ou N
Wil —— = WplWy— + Wy — + Wpl, —
7O, Oz YOy 0z
' o1 I'31
v v v
Wy Wy = + Wy W + WyWy— +
Y ox Y ya Y20z
I'o oo 32
ow ow ow
Wyle—— + Wyw + WoWy——
Ox Yo 0z




0.4 A . . . '
1
/\
RN B
E o2 —— ~
N ~—~— \. C
\—!_.___<
0.1
0 1 1 1 1
3 4 5 6 7 8
x(m)
0.25 T T 0.25 T T T T
@) (b)
y
27N
02k . ’, A - 02 b
o ST
sy LN
- 7 X L .\,
(\ ~ o Iv\ :’ /'\/
0.15} ERENN AP ] 0.15¢ ;
E
N
0.1F . 01 :
—_ I‘"
- =Ty
--—Ty
0.05F 1“13 . 0.05r :
___"rL
Ty
0 1 1 0 1 1 1 1
-2000 -1000 0 1000 2000 -150 -100 -50 0 50 100 150
magnitude (1/s%) magnitude (1/s)

04 T T T
A
&
0.3F \ -
\
Eo2f o e :
N ——— \\.) C
0.1¢ - e
o i i i
4 5 6 7 8 9
x(m)
02 T T 02 1 T T T
0.18 @ 0.18
18} . A8F
A
f l W\
0.16 Frfiy . 0.16
s l A
s NN
014 _ -7, DR 0.14f
- SO,
<o 3 ~ ~
T~ o N _
0.12f RS -~ - . 0.12f
E o1} . 0.1F
N
0.08} . 0.08}
— Ty
0.06f [_ _ _T,, . 0.06
''''' I"31
0.04} Ty . 0.04}
___r,
002- | . _.T, . 0.02}
0 1 1 1 0 1 1 1 1 1
-4000  -2000 0 2000 4000 -100  -50 0 50 100
magnitude (1/s%) magnitude (1/s%)

(a) crest region; (b) back face of breaking wave




Downburst of Turbulent Fluid
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(a) z=17cm; (b) z=15cm; (c) z=13cm; (d) z=10cm



Lagrangian fluid particle tracking (liquid phase)

Surfzone Diffusivity - University of Delaware - CACR - March-2012

Time=19.901 sec




Interactions between Vortex
Structures and Bubbles

Vortex Structures (left panels) and void fraction distributions
(right panels) at t=to+5/8T and t=tb+7/8T



Spanwise Averaged TKE
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Spanwise Averaged Void Fraction

(@)

Spanwise averaged void fraction at (a) t=tv+1/8T; (b)
t=to+3/8T; (c) t=tb+5/8T and (d) t=tb+7/8T.



How do bubbles affect turbulence and vorticity field?
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Apparent Surf Zone Dispersion

« Motivation: Need to explain early
stages of lateral mixing processes

in surfzone




y (m)

Rip Current Experiment (RCEX) (MacMahan et al., 2010)
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Bathymetry and instrument array Observed GPS drifter trajectories



Drifter trajectories simulated using wave-resolving and wave-

averaged models
Resulting two-point relative dispersion estimates agreed with

each other but lagged behind field observation.
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D2(1)/D?(0)

D*(t) = (|X(x + Do, 1) — X(x,1)[*)

t(s)

Geiman et al, JGR 2011



Two-point particle statistics based on Lagrangian
particle tracking in multiphase simulation




Model results for short term relative dispersion

Relative Dispersion in Surfzone
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Future

Foam production, transport and erosion at water surface
Implementation of sediment phases

Simulation of whitecap events in laterally unconstrained
domains (application to the gas transfer problem)

Attack the problem of the initial development of bubble
population during cavity collapse

Better comparisons to available field observations
Incorporation of oil droplets in the formulation



