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Gas Processing Plant CO2 Pipeline
CO2 Injection Production
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How we started into this

Initially began with traditional RBC... How about boiling RBC?
LSC, plumes, heatflux, structure functions...what not...

A beautiful mathematical framework

Incompressible flow for liquid - Euler
+

Point size — Lagrange
+
Growth/Condensation

Wait a minute...

Are these real bubbles? e 4
Can they rotate, coalesce, bounce, tumble, ¢ -
Oscillate, create wake? i

NO!

But, see we can publish papers... hmm...
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How we started into this

Then we started to work on real bubbles
Which can deform, rotate, coalesce, bounce, tumble...blah blah blah.

Raja, we are waiting for colorful dynamics

Show us some fancy
animation

How about rising bubble
In a quiscent liquid?

Size ~5 mm
cylinder of 16 cm x 2 cm
Rise velocity ~ 20 cm/s
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Rising bubbles in a liquid column

Let us see if a small bubble trails
a leading big one

Small trailing bubble rises fast
and approaches big leading bubble

Why?

In next 15 min., we will see why...

Bubble [
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A single bubble rising in a column

bubble rises due to gravity and based on
the bubble size they may reach steady rise

Based on parameters they show various shapes

Bhaga & Weber (1981)
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A single bubble rising in a column

These parameters are

Archimedes number = buoyancy / viscous
Eotvos number = buoyancy / surface tension

Rise velocity: bubble Reynolds number

Known In scientific world
Shape dynamics?

Flow features in the wake- Not much known
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Single bubble rise velocity
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Single bubble rise velocity

For larger bubbles (mm or cm) the solution is different

Because of wakes, deformability, V=2
3-dimensionality, contamination
Increase/decrease in rise velocity ig d
may happen with increase in bubble size
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Do we see any steady rise velocities for a pair?

?ﬂ — I. g 0 0 . Y r
~ Spherical regime i~ Ipsoidal regime .
r - It of oscillations: Ré o
40 | 2 e S
! aytid Re=1350 £
i

- .1: I -

20 |- .
Pure water _ 2 e :,_-,..
£ Re=1510 :Spherical
10 . 580 : regime

E 4 [ | Contaminated water ‘
f A 8
Guet &I Ooms (2006) |

0.2 04 07 1 2 4 7 10 20 40
Equivalent diameter, d. (mm)

Terminal velocity, U, (cm/s)

V=2

lg@ \

—D



In case of pair of bubbles

Inline pair

lg@ \J

b

Do we see T,

steady rise Long outstanding problem
velocities?




In case of pair of bubbles

Inline pair Side by side pair

lg@ \J

Do we see steady rise velocities?
‘V=?

Do we see

steady rise Long outstanding problems
velocities?
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Stokes flow Potential flow
(Re~0) & thin wake

Steady rise Equilibrium distance
never approach (Harper 1970)
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Axisymmetric bubbles
Equilibrium distance
(Prosperetti 1994)
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In case of pair of bubbles

Stokes flow
(Re~0)

Steady rise
never approach

Potential flow
& thin wake

Equilibrium distance
(Harper 1970)
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Axisymmetric bubbles Experiments
Equilibrium distance coalescence

(Prosperetti 1994) (Meneveau 1996)

Potential flow
(Re very large)
& no wake

They repel vertically
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In case of pair of bubbles

Stokes flow

Potential flow Potential flow

(Re~0) & thin wake (Re very large)
_ o & no wake
Steady rise Equilibrium distance .
never approach (Harper 1970) They repel vertically
‘ (van Wijngaarden 1982)
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t=0 t =0t ‘

Moderate Re =0t
A Why this discrepancy?
Axisymmetric bubbles Experiments

Equilibrium distance coalescence Because of wakes, deformability,
(Prosperetti 1994) (Meneveau 1996) 3-dimensionality, contamination
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In case of pair of bubbles

Let us ask a question... Moderate Re
Instead an equal size pair if an unequal size pair rises then?

Buoyancy force ~ d°
coalesce

@ 5
bounce -

slide
d/2 ‘

Buoyancy force ~ (1/8)d°

®

Experiments are right Can this small bubble catches-up?
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Increase in buoyancy

Increase in buoyancy
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Shape dynamics

Shape oscillations ©

during coalescence O
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Leading bubble's wake
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Leading bubble's wake plays a role

Leading bubble's wake play a big role- so trailing bubble speeds-up
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Leading bubble's wake plays a role

Leading bubble's wake play a big role- so trailing bubble speeds-up

1 USIUL =?

Inline pair
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Wake Is very complex

Q-criterion based vortex structures
Color mapped by streamwise vorticity

> Hairpin like structures during rise
> Jet ejections away from bubble

> Toroidal roll development at coalescence
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Wake Is very complex

Streamlines twined on
hairpin structures
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Trailing bubble speed: U_/U ratio

Raja,
10" } again you are getting into scaling-laws
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Trailing bubble speed: U_/U ratio

Increase in buoyancy
~ smaller the trailing bubble speed;ratio

time ¢(go/dy)"”
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Liquid velocity fluctuations?

Vertical component is dominant

anisotropy

Bubble pair coalesces
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KE Increases in liquid as bubbles rise
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Buoyancy increases




KE Increases in liquid as bubbles rise

%Ez’ < uf >t

Saturates to 3/4

0—o0—o0 -0
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Buoyancy
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Summary

* Rising bubbles show hairpin vortex structures in the wake
« Small trailing bubbles speeds-up in the wake, USIUL ~ t?
* Due to bubble rise- liquid vertical velocity component is dominant

» Liquid KE increases with time %Ez’ < uf >t
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What happend with boiling...

| think we are still on track

Are these real bubbles?
Can they rotate, coalesce, bounce, tumble,
Oscillate, create wake?

boiling






	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52
	Slide 53
	Slide 54
	Slide 55
	Slide 56
	Slide 57
	Slide 58
	Slide 59
	Slide 60
	Slide 61
	Slide 62
	Slide 63
	Slide 64
	Slide 65
	Slide 66
	Slide 67
	Slide 68
	Slide 69
	Slide 70
	Slide 71
	Slide 72
	Slide 73
	Slide 74
	Slide 76
	Slide 77
	Slide 78
	Slide 79
	Slide 80
	Slide 81
	Slide 82
	Slide 83
	Slide 84
	Slide 85
	Slide 86
	Slide 87
	Slide 88
	Slide 89
	Slide 90
	Slide 91
	Slide 92
	Slide 93
	Slide 94
	Slide 95
	Slide 96
	Slide 97
	Slide 98
	Slide 99
	Slide 100
	Slide 101
	Slide 102
	Slide 103
	Slide 104
	Slide 105
	Slide 106
	Slide 107
	Slide 108
	Slide 109
	Slide 110
	Slide 111

