
Turbulent bubbly flow under 
breaking water waves 

   Jim Kirby and Morteza Derakhti 
CACR, Dept. of Civil and Environmental Engineering, University of Delaware 

1	



USNCCM13, San Diego, July 27, 2015 



2	



                                 Motivation 
 

 - Underwater optical and acoustical properties, atmosphere/ocean gas transfer 

 - Turbulence modulation by bubbles under breaking waves 

 - Link between dissipation and mixing processes 

 



Why LES? Range of spatial scales 
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Kolmogorov 
 length-scale 

η~O (10μm)  

Dispersed bubbles 
d ~ O (10 μm)  
to  O (10 mm) 

 

Log-scale 

LES filter width  
ξ~ O (0.01 m) 

Organized wave motions 
O (1 – 10 m) 

 

Inertial sub-range 

Sub-grid Scales 
(SGS) 

Resolved scales 
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Turbulent multiphase flow 

Balachandar	
  &	
  Eaton	
  (2010)	
  

Fluid 

•  We divide dispersed bubbles into 20 groups from 
0.1 to 8 mm diameter and use Eulerian approch 
for all bubble groups 

Dispersed	
  bubbles	
  



Filtered poly-disperse two-fluid model 
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Numerical implementation in TRUCHAS  
(Rider and Kothe, 1998)  
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Closure models for poly-disperse LES 

SGS motions 

Bubble 
induced 

Shear 
induced 

•  Eddy viscosity approach: 
 

ν l
sgs = (CsΔ)

2 !S

ν l
BI =CBIT i=1

NGαk
gdk !uj

l − !uk, j
l∑

Sato and Sekogushi  
!  Dynamic Smagorinsky model (DSM) 

!  Cs
2 computed dynamically using the double filtered flow 

velocities proposed by Germano et al. (1991) and Lilly 
(1992) 

!  Converges to zero turbulent viscosity when flow is not 
turbulent 

!  The only input parameter is the filter width ratio 

!  Need averaging, here we follow the Zang et al (1993) and 
use the local averaging 

!  We used the box filter for the test filter  



Closure models for poly-disperse LES 
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Interfacial 

momentum 
transfer 

added mass 
force 

Lift force 

Drag force 

Bubble entrainment 

•  We connect the volume of the entrained bubbles 
to the local liquid turbulence near the free 
surface: 

 
•  Initial size distribution (Deane&Stokes): 

	
  
	
  
	
  
	
  
 



Model validation 
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-  Extensive  model  validation has  been 
done  for  steepness-limited  breaking 
waves  generated  by  dispersive 
focusing  (Derakhti  &  Kirby,  JFM 
2014):	



- Short waves, followed by faster long 
waves,   focus at a predefined 
location	



- Snapshots of free surface evolution	



- Evolution of bubble void fraction 
comparing to the photographs taken 
by Rapp and Melville (1990)	



- Evolution of bubble void fraction 
comparing to the measurements by 
Lamarre and Melville (1991): Large 
plunging breaker	


	





Total dissipation per unit length of breaking crest 
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Large plunging Plunging Weakly plunging/spilling Spilling 

Total dissipation Shear-induced dissipation 

Bubble-induced dissipation 

Total dissipation without the 
inclusion of dispersed bubbles 

All	
  the	
  cases	
  are	
  repeated	
  without	
  the	
  inclusion	
  of	
  dispersed	
  bubbles	
  

-­‐  Bubble-­‐induced	
  dissipa6on	
  accounts	
  for	
  more	
  than	
  50%	
  of	
  the	
  total	
  dissipa6on,	
  which	
  is	
  compa6ble	
  

with	
  the	
  measurements	
  of	
  poten6al	
  energy	
  of	
  the	
  bubble	
  plume	
  by	
  Lamarre	
  and	
  Melville	
  (1991).	
  	
  

-­‐  Although	
  the	
  total	
  dissipa6on	
  differs	
  between	
  different	
  breaker	
  types,	
  the	
  ra6o	
  of	
  bubble-­‐	
  and	
  shear-­‐

induced	
  dissipa6on	
  is	
  invariant	
  with	
  respect	
  to	
  breaking	
  type	
  and	
  intensity.	
  	
  

-­‐  The	
   corresponding	
   simula6ons	
   without	
   the	
   inclusion	
   of	
   dispersed	
   bubbles	
   underpredict	
   the	
   total	
  

dissipa6on	
  by	
  about	
  35%.	
  	
  

	
  

Large plunging 

Plunging 
Weakly plunging/spilling 

Spilling 



Integrated TKE  
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-  integrated TKE in the breaking region is damped by the dispersed bubbles about 20% 
for the large plunging breaker to 50% for the spilling breakers. 

-   In the plunging breakers, TKE is damped slightly or even enhanced during the initial 
stage of active breaking.  



Moving to the surfzone 
1) What are the physical characteristics of coherent structures 

(CS) generated by breaking waves in the surf zone?	


2) What role do the CS play in determining the vertical 

distribution of air in the water column?	
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Periodic surf zone breaking waves 
Ting & Nelson (2011) 
Ting et al (2013) 
-  Cnoidal waves with  
     H = 0.122 m and T = 2s 
- Weakly plunging/spilling 
breaker 
-  Δx = 25 mm, Δy = Δz = 7 

mm 
 



Periodic spilling breakers: wave profiles and wave 
height 
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Wave profiles in surfzone 



Periodic spilling breakers: profiles of mean u, k 
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Phase – and spanwise-averaged velocities. 
Color scale is for u’rms.   
Top: velocities in stationary coordinates 
Bottom: velocities in wave-following frame (u-(gh)1/2) 
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Vortex structures (VS) identified by Q criterion 
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Iso-surface of Q=30	



Jet impact and splash-up      



CS in lab:  
PIV measurements 
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Ting and Nelson (2011) 

Ting et al (2013) 



Classification of coherent structures 

!  Vortex structures (VS):  Q > 30 

!  “Downbursts” (DBS):  w’ < 0, Reynolds stress > 2 u’rms w’rms 

!  “Upbursts” (UBS):     w’ > 0, Reynolds stress > 2 u’rms w’rms 

     (both “burst” cases require Q < 30)  
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Adrian, 2007 



      Modeled  horseshoe and downburst 
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Volumes occupied by CS’s, and k in each volume 
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What role do CS play in determining the vertical 
distribution of air in the water column? 
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Green: Iso-surface of Q=30	


White: Iso-surface of αb=0.5%	



Bore propagation 



3D void fraction distribution  
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Contours are Q = 30	


Colors show bubble void fraction in log scale	



The	
  lower	
  panels	
  are	
  the	
  cross-­‐sec=ons	
  (a-­‐d)	
  

Bubble void fraction  in log-scale(%
)	





3D void fraction distribution  
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The	
  lower	
  panels	
  are	
  the	
  cross-­‐sec=ons	
  (a-­‐d)	
  

Bubble void fraction  in log-scale(%
)	



Contours are Q = 30	


Colors show bubble void fraction in log scale	





Time- and spanwise-averaged TKE and bubble 
void fraction inside and outside of CS 
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What role do the CS play in determining the vertical 
distribution of air in the water column? 

!  Bubbles may be preferentially accumulated in vortex structures (VS), and 
subsequently transported vertically inside the VS	



	



	



	



	



•  Bubbles may also be  transported by burst-like structures  in a fashion 
similar to transport of turbulent fluctuations	



•  Time-averaged bubble void fractions and vertical flux rates below wave 
trough level inside the CS are an order of magnitude greater than outside 
the CS.	
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Vortex in continuous phase	


ρc	



ρc > ρd	





Vertical fluxes of turbulence and air 
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Vertical flux of  k Vertical flux ofαb 



Are bubbles affecting the kinematics, dynamics? 
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Vertical velocity fluctuations: bubbles (left), no bubbles (right) 
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