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Introduction

» Started using Gerris for my PhD work here in Princeton
(Craig Arnold's lab) in 2012

Experimentally Simulation
measured time-resolved
blister deformation

Rising bubbles beneath Self-similar breakup of Jet dropsfr_om bursting
inclined walls liquid cones bubbles



ps from bursting bubbles




Jet drops from bursting bubbles

Photron FASTCAM SA-X2 type 1000K... 10000 fps 1/10165 sec
1024 x 1024 End frame : -4881
488.1 ms

©Alain Cornu/Collection CIVC




Motivation

* Atmospheric science

- Sea spray aerosol particles act as cloud
condensation nuclel, scatter radiation

 Still significant uncertainties in climate forcing by aerosols

“entrainment

Richter & Veron 2016
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Jet drop radius vs. bubble radius
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Jet drop radius vs. bubble radius
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Dynamic similitude

* Nondimensionalization: ?\
- Length: R
- Time: 7 = +/pR3/~
- Neglect gravity (valid for Bo < 0.01)
(Bo = pgR?/y — R < 0.3 mm)

- Only dimensionless parameter:
Laplace number La = pyR/u?

 Note: La = 1/Oh2
* Increasing i equivalent to decreasing R

Density, surface tension, viscosity:
P Y I3



Bubble bursting experiments

» Use glycerol-water solutions of varying concentrations
to change viscosity, keeping R ~ 200 ym

R=204 pm _

Light source

High-speed J
camera ==l

Air
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Syringe pump
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Bubble bursting experiments

% Glycerol (by weight)

0% (Water) 20% 35% 45% 50% 55% 60%
1=0.93 mPa:s 1.5 mPa-s 2.6 mPa-s 3.9 mPa:s 5.6 mPa-s 6.9 mPa-s 9.3 mPa:-s
t =220 s 90 um

|

La=18000 6500 2300 1000 500 S —

 Non-monotonic relationship between size of the
top jet drop and Laplace number



Bubble bursting experiments

% Glycerol (by weight)
0% (Water) 20% 35% 45% 50% 55% 60%
u=0.93 mPa-s 1.5 mPa:s 2.6 mPa:-s 3.9 mPa:s 5.6 mPa:-s 6.9 mPa:s 9.3 mPa:s

La=18000 6500 2300 1000 500 320 180

 Non-monotonic relationship between size of the
top jet drop and Laplace number



Previous simulations

 Ducheminetal. 2002 ' B
also observed non- |+ Widerim |
monotonic relationship |
In simulations

. ] Ry4/R =~ 0.13 .
- Limited resolution < o | PR
- Gap near minimum |
/
0.01 ‘:_‘ i vt T
10 10 10 10 10 10

R/R,



Numerical simulations

» AXxisymmetric simulations run
In Gerris

- Adaptive mesh refinement in
regions of high curvature,
vorticity: max level 14

- Minimum cell size = 2.4 x 107 4R

* |nitialized as spherical bubble
with popped cap
- Neglect gravity
e Vary La, fixing pg/p =1.2x107°
tg/ 1 =0.018




Validation

e Air bubble in water with R =210 pym
(La = 18000)



Simulation results

t/r =0.990
La = (117000 La =|7200 La = 1000 La =610 La=110
/T =10]35 0.52 0.88 No droplet
wjozmk &y K 0.48 0.54
at / X / ) : : b

* Define inversion time %o as time when velocity of
Interface at center iIs maximum

- Time of pinch-off ¢, also labelled
 Same non-monotonic relationship



Simulation results

La =17000

t,/7 = 0.55

La=1700

La=1000

La =830

La=110

No droplet

* Define inversion time %o as time when velocity of
Interface at center iIs maximum

- Time of pinch-off ¢, also labelled

 Same non-monotonic relationship




Self-similar jet growth

La = 17000 La = 7200 La = 1700 La = 1000 La =830 La=610 La=110
fo/T = 0.55 0.52 0.51 0.49 0.54 0.88 No droplet
8 0.54

to/7 = 0.44 0.46 0.47 0.48 0.48 0.4

Z/R

—-0.25 0.00 0.25
riR



La =17000

t,/T = 0.55
th/7 = 0.44

Self-similar jet growth

La =7200

0.92
0.46

La=1700

0.51
0.47

La = 1000

0.49
0.48

La=110

No droplet
0.54

o Self-similar scaling:

- Lengths near
Inversion scale as

(v/p) 3|t — to|*/?



Self-similar jet growth

La =17000 La =7200 La=1700 La = 1000 La =830

La=110

No droplet

| « Self-similar scaling:
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Self-similar jet growth

 Decompose drop size into
- Shape factor  7* = r4(p/7)Y3(t, — toy)"%/3
- Jet growth time t* = (t, —tg)/7

» Then rq/R = r*(La)(t*(La))*/3

La =17000 La = 7200 La=1700 La=1000 La =830 La =610 La=110

to/T = 0.55 0.52 0.51 0.49
to/T =0.44 0.46 0.47 0.48




Self-similar jet growth

 Decompose drop size into

™ =ralp/ )"ty — to) 2
- Jet growth time t* = (t, —tg)/7

- Shape factor

’—--—-

w Ld
~ -
-------

* As La decreases below 1200:
- Viscosity delays pinch-off

- Drop size increases with ¢t*
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t* = (fp — to)/7

2 4

500 1000 2000 5000
La = pyR/p?



Self-similar jet growth

 Decompose drop size into
r = ra(p/7) Pty — to)~H?

- Shape factor

- Jet growth time t* = (t, —tg)/7

—— ar
La 500 La=1700 La=1w
”3 m\

3
"4 A )
t,/r=055 %052 0.51 0.49 0.5&‘
/v = 0.44 0.46 0.47 0.48 0.48

« As La increases above 1200:

- Less focusing of cavity with

hen /R = r*(La)(t* (La))**

t* = (fp — to)/7

undamped capillary waves
(Ghabache et al., 2014)

- Drop size increases with 7™

500 1000 2000 5000
La = pyR/p?



Jet drop radius vs. bubble radius
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e Dashed lines: model from fits to r*and t*
rq/R = r*(La)(t*(La))?/?



Jet drop

radius vs. bubble radius
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Size variations due to escape from pinch-off
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Hoeppfner & Pareé (2013), Recoil of a liquid filament: escape from pinch-off through
creation of a vortex ring



Dimensional plot:;

Jet drop radius vs. bubble radius
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» Seawater viscosity varies by almost a factor of 3 from 0 °C
to 40 °C - strong La dependence on temperature

- Drop size increases with temperature for R = 50 um
- Jet drops as small as 200 nm predicted in tropical waters



Conclusions

% Glycerol (by weight)
0% (Water) 20% 35% 45% 50% 55% 60%

e Non-monotonic size
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La=18000 6500 2300

« Decomposing self-similar jet[ == [ e [ T wmow [ ww [ wm [
growth into shape and time ;e ks b kr pr ke | e
components can capture ; | L
non-monotonic behavior

0.5 - .\\. ;!;! 100 .
‘- A e Jet drop sizes im:
el o | : {7 Model swo o
SB\\ : 'NAQ ,L pred|Cted 100 um; S ModelZSW:m C =
e L e e =t significantly |3 g
et 1 @ (0]
i smaller than =12 8
| BT O 3,
i | 10% rule and .5, " :
| = cuc )/
0.151 7 = 0% temperature- _@-\;&ﬁ&’
T L AR 100 nm X -
500 1000 2000 5000 20000 dependent i — --%-d-lumr , l’1'(IJ‘('Jiuml . 1r:nm : 10mm

La = pyR/u? n



Acknowledgments

 National Science
Foundation Grant
No. 1351466

e Ernie Lewis




Self-similar scaling: La=610
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Self-similar scaling: La=1700
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Self-similar scaling: La=7200
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Gravity effects: Bo~0.2

] La = 71900 : La = 77600, Bo = 0.21:2
o 2
tp = 0.592 tp = 0.605 O
rq/R = 0.155 rq/R = 0.180
o O i ‘




Gravity effects: Bo~1

La = 170000

t, = 0.716 %

ra/R = 0.163

La = 171000, Bo — 1.03

t, = 0.638
ra/R = 0.227




