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An investigation of the dynamics of
bubbles in vertical and inclined parallel
walled channels

Applications:

> Multiphase flow
> Micro fluidics

> In the bloodstream
(Decompression sickness)



Outline

> Formulation
> Numerical method

> Numerical results & comparion to experiments

+ Bond number
+ Reynolds number
o Inclination angle



Formulation

Full Navier - Stokes equations:

> Continuity of Mass
v-U=20

> Momentum Equation
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Boundary Conditions:
> Inflow and outflow
> No-slip along walls




Numerical Method

> Navier-Stokes solved with projection method

> Finite differences, 2" order in space

> Multigrid conjugate gradient method to solve
Possion equation for pressure.



evel Set Equation

Signed Distance Function

> (0 in the liquid,
¢(x,t) { =0 on the interface
< 0 in the gas.

Use velocity on interface
'to maintain a signed
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Level Set Method

> Velocity Extension
Use bicubic interpolation to find velocity
near interface (Chopp 2001)

> Fast Marching Method to extend F further

> 2" order upwinding method
to advance level set (Sethian 1999)
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Narrow Banding

Only solve level set equation near interface
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Adaptive Mesh Refinement




Parameters

Initial value problem: Unit of velocity U =c /

Reynolds number =Re = pUr/u=p o r/ p?
Re =250, 1000, ..., 8000
Re based on rise velocity 1 - 70.

Bond number= B=pgr?/oc

Channel width = 1
Initial radius = r = 0.1425

Density ratio, bubble / liquid = 0.01
Viscosity ratio = 1/1



Results

> Vertical Channel

o Steady

o Periodic oscillations

o Path Instability, zigzag, spiral motion
¢ Rupture

> Inclination angle study

» Contact line motion, start bubble on wall



Observed Rising Bubbles - Steady

FIGURE 4.1: The single-threaded wake befiingd a rectilinear rising -
ble (vey = LT pum). O the left the XE view and on the right the YZ
view. The black areas are part of the reference sysiem ouwsside the waler
fank. The walls of the fank and the mirror inside the fank are over 200
bulbble radii away from the hubble

A.W.G. de Vries, Ph.D. Thesis 2001, Univ of Twente

Schlieren visualization (refractive index gradient due to temperature)
View from XZ & YZ plane



Vertical Channel - Steady

Re = 250
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Vertical Channel - Steady
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Vertical Channel - Rupture (1)
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Vertical Channel - Rupture (1)
Re = 250
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Vertical - Periodic

2D, Re = 250
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Vertical Channels Summary
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Vertical Channel - Rupture (2)
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Z1gzag Motion

t=lhms t=4ms t=Hms t=12ms
t=24ms

t=1fms t=21ms t=28ms

t=32ms= t=36ms t=Hlms t=44ms

FIGURE 4 4: Successive sehlieven images of a bubble (v, = L0 mon ) in gigzagging
mation. Fack pair of images comaing the XE and YZ view, respectively. Note that in
the Yd-view the path is straight while i is sinusotdal in the XZ-plane. Furthenmore,
the wake of the bubble is a double-threaded wake, unless the cwrvatire af the path is
zere (starts af £ = 20 ms) in the mean position of the Digzag. The wake reconnects
and in the following the occurvence of an instability is observed in the wake, It is
clear that the zigzag is NOT maintained by vortex shedding at the maximon of the
sinus in the X&-plane (1 = (k] ms).

=45 ms t=52ms t=56ms t=flms

t=hdms t=6bilms t=71ms t=THms
FIGURE 4.5: Continuation of schlicren images of & zigzagaing bubble

> Larger Re number
> Zlgzag In XZ

> Steady rise in YZ
> No vortex shedding

A.W.G. De Vries, Ph.D. Thesis 2001, Univ of Twente



Spiraling Motion

t=4ms t=Ems t=12ms

= Im: =20ms | |4|115
t=28ms t=32ms t=3fims

t=4lhms t=44ms t=4¥ms
FIGURE 4.9: Successive images, X2 and YZ views, of a bubble (v = 1.01 mni} in spi-
ralffing motion. The wake consist af a double-threaded wake, which becomes unstable
Sar behind the bubble (rot visible).

i=52ms t=56ms t=6lms
||ﬂm: =HIms =34ms
i=Hams t=92ms =thims

FIGURE 4.1k Spcressive images of spralling motion ., = 101 mm {continued).




Path Instability - Zig Zag

Center of Mass
oscillates due
to small noise
at large Re.
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Path Instability - Spiral

Path of the center of mass Isosurfaces of the

of the rising bubble streamwise vorticity,
showing the spiral wake path

Re =8000,B=1



Start off Center - Zig Zag
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Large displacement

of initial data leads to
Zlgzag motion in 2D, of
at higher Re. "
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Low Re, steady motion.
Higher Re, Zig Zag, Spiral?
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Bubble rising in an inclined channel
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Ste ady B u b b I e S J“’(a) &

> Deformation
Increases with angle

> Rise velocity &
> Distance from wall
decrease with angle

Fig. 3. Shape of air bubbles and separation gap width at vanous surface inclination angles from the
honzontal, de = 0.0028 m

Masliyah, Jauhari & Gray '94



Effect of Angle --- Steady Bubbles

Re =

NCN

\“ _..f
—- =75
— a =860
== =45
- =230

Distance to wall Distance to wall
decreases with angle decreases with B

(B = 0.27) (6= 450)



Observed Bouncing Bubbles

> Bubble bounced if angle
from the horizontal > 55°

> At large angles, bubbles
bounced repeatedly without
loss of amplitude

> At small angles, bubbles
slid steadily along the wall

| Inclination
angle = 83°

Tsao & Koch '97



Effect of Angle of 10
Inclination -

° ' Re = 250,
D B=1
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15°, Steady
Wets top of Channel? -- No.



Distance

Distance to Wall, 6 = 15’
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Reynolds Number vs. 0

Rey = pUr/ u
= Reynolds number .
based on rise velocit (i o mem e e
y 50 j}i""'---3..(._,._....}51_.._._..:.{.5.._._.--}k—--—-"'"'ﬂ*
- = Re=4000, B=1
_ sok -=-- Re=1000,EB =1
> U =average velocity . Rel o208 —o0eas
. tead - a0l — Re =250, B=027
> fe = s
qua e S ea y SU[;__——E""A«*%"""_'}E—--..},é,____*_-_-:*_q-_*_‘_m
» Star = bouncing,
. - 20F
oscillating e ——
1qhe ==t L — = = = El
_ _ _ - — = B
Maximum in velocity (Rey)) %= 5= % o 5 = =

only for Re=250, B=1 angle
> Window of parameter
space where Re,, vs. angle

has a maximum. Re,, Increases with 6 for B =0.27



Bond number vs. angle

Re = 250

B=pgri/oc

Large B = rupture

Window of angles
for bouncing

Small angle = close to
upper channel wall
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Contact Line Motion

>Navier Slip law on wall:
u+i ou/on=0

> A = slip coefficient=0.01

> Fixed contact angle 90°

Initial Data



90 deg
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Free Bubble oscillates

periodically in channel



45 degrees, Re = 1000

0.5

Steady Shapes for Rupture at B = 20
small Bond number



Summary

> Bubble dynamics consistent with experimental work
+ Shape changes with angle

+ Bouncing for large angles
+ Path instability with Re increasing in vertical channel

¢ Maximum in rise velocity for 0 < 6 < 90° only for a
range of B and Re

> Remaining questions:
¢ 3D

¢ Rupture? Code allows for bubbles to break
or rupture onto a wall, but this rupture is
numerical, not physical.



