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Multiphase flows

The bad news:

Presence of drops and bubbles introduces
nonlinearities into Stokes equation
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Sign of nonlinearity

Oil +
surfactant

Oil +
surfactant

Cordero & Baroud, unpublished
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Slightly different conditions

Cordero & Baroud, unpublished
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Surface tension

* Two ways to think about surface tension:

» Force per unit length
v = [N/m]

» Energy per unit area
v = [J/m]*

Gives cohesion to liquids
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Consequence

1 1
APcap:7<Rl | R2>

p_

Pressure inside a bubble larger than pressure outside

Pressure in a «plug» lower than outside
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Liquid cylinder: Pressure approach
APcapzv(}%l | }%2)

What happens if the diameter is

perturbed?
P+
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Liquid cylinder

1 1
APCGLJOZ’Y(Rl | RQ)

P+

|11
4
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A flow takes place from P+ to P-



Rayleigh-Plateau instability

1 1
APca]o:’)/(Rl | RQ)

Which increases imbalance;
— |nstability
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Energy approach

@)

Jet volume
Vijet = mh”L

7 Surface area
Ajet = 2mhL

J "’
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Energy approach

Drop volume A
Virops = N - §7TR3

Surface area
Agrops = N - 41 R?
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Minimize energy
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\4

L

Conserve volume,
compare areas

3L

R® = —h
AN

A get _ E

Adrops 3h

Surface area is reduced if:

R* > 3h/2.

O0000.
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Classic problem

® Plateau (1850) presented ® Rayleigh (1879) realized that
this argument and predicted dynamics must play a role in
«optimal wavelength» to be wavelength selection of
A>A\er
A = 27h.

® He found A=94
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Capillary length

Hydrostatic pressure: Lau et al, 2003
Phs ~ pgh
Capillary pressure: Pys = Pegp ={ Lo ~ A
Y Py
Pcap ™

h
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In micro-systems

Size always smaller than Lc
— Gravity can always be ignored

Inertial effects can also be ignored

Viscous vs. Capillary competition

U
Y

Ca

For a given fluid pair, Ca is a measure of the velocity of flow only
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Multiphase flows in micro-channels

pl'fig dm‘i:nlet plﬁg
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Production
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In a flowing, confined system

Qext=30 uL/min Qint=14 ulL/min
jetting
(b)
—% 57 . e i ﬁ C C: D D D
, : ,
dripping
(a)
B 0O O O O  © G .
200 pum

Qinr=5 uL/min

Cordero & Baroud, 2010
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In microchannels

Bad news 2: Formation dynamics essentially
determined by the geometry

Three classic designs are now standard

[

L
P

e
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Multiphase flows in micro-channels

1850552503
> ™ M
o L e —

pl'fig dm‘grmlet plng

How do big drops flow in a microchannel?
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Drop creates recirculation
A<<l

2D computations
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(D)
Sarrazin et al, 2006
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Recirculating flows

liquid

Digital image

22
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Velocity vectors in the liquid

Jensen lab, MIT, 2005
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Can we use this to mix fluids?

stretch and fold

reorient

Song et al, 2003
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Chaotic mixing

| PERIOD 3 PERIODS

8% PERIODS 8% PERIODS

Ottino
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Chaotic mixing (modern)

"v stretch

y fold
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Song et al, 2003
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In a droplet  separating

stream

reagent A

rapid mixing

N )
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Jensen lab, MIT, 2005
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How fast do drops flow!?

Backward flow in film pushes drop faster than mean
velocity

Vd — Vext
Va

(Drop goes faster than mean velocity!)

x Cai/ ’

See Fairbrother & Stubbs, 1935
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In a rectangular micro-channel

The steady propagation of an air finger into a rectangular tube 181

FIGURE 5. Cross-sections of the flow domain for two capillary numbers (Ca=0.02, 1.0), three
aspect ratios (¢ =1, 3,7) and Bo=0, at a distance of 3.92«a behind the tip.

delLozar et al. 2008
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Drops leave a film behind them

Cubaud & Ho, 2004
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« Bretherton » problem

€ 2/3
ﬁ o ¢ Cad .

Film thickness increases with
increasing Capillary number

(Same physics as Landau-Levich film)
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How fast the drops flow 2

Rectangular channels: Gutters change everything

Flux in gutters directed alongVd, so drops go
slower than mean velocity

Vd _ Vext
Va

. Ca;m,

See Wong, Radke, Morris, 1995
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What about in experiments!?

Fuerstman et al, 2007
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Detailed measurments

0.05

yfa?’;r

-0.05

Kinoshita et al, 2007
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Pressure profile in a 2 phase fluid flow

Divide flow into three parts:
e External fluid flow

* Internal fluid flow

* Interfaces
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A<<1

34



Flow away from interfaces

Assuming distance between plugs is large,
use single phase relation: |

AP =Y RnQ
N

For each plug and each drop
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Effect of interfaces

v
e

5 "ﬂﬂﬂﬂn g

W‘L@ E& %

Interfaces are not symmetric: Added pressures

36
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Resistance due to caps

Front and rear caps do not have same curvature

" l RITTIHNHw
6 Ra
AMHMn

Bretherton film Dynamic «advancing»

contact angle
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Complementary descriptions

d

l R —_—_

V

9 Ra @

A B
Ody et al, 2007

Ajaev & Homsy, 2005
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Combine all resistances

AP

"~

Bubbles

Drops
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Verify pressure-flow rate relation

s Poiseullle

+ BCa*’®

0 0.01 T 002
1/

Ody, Baroud & de Langre, 2007
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Added resistance of bubble...
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Surface tension-driven flows

An 1mbalance of surface tension leads to a flow

Y+ =
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Surface tension-driven flows

y is a function of temperature

Put an ice cube in oil, with particles on the surface to show the flow
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Thermocapillary flow

Laser heates a micro-bubble
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Swimming drop

COLD
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Marangoni
flow

——
drop motion

Induced external
flow

HOT
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Guiding drops

Wall-less
microchannels
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Advanced drop operations

Individual control over each
droplet
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