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Growth phenomena and scale invariant structures

Vapor atom deposition Imbibition fronts Clouds

[Castro et al., 2012] coffee stain on paper Boulder sky, summer 2011
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Growth phenomena and scale invariant structures

Vapor atom deposition Imbibition fronts Clouds

[Castro et al., 2012] coffee stain on paper Boulder sky, summer 2011

e Self-sustained systems

Bacterial colonnies Paper combustion Plants growth
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Growing Interfaces

feedback

N

model equation: A+B —> 2B+ C

e Autocatalytic chemical reaction

e Self-organization
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e Reaction Diffusion equation
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e Reaction Diffusion equation
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o Fisher-Kolmogorov equation (FKPP model)
[Kolomogorov et al. 1937, R. A. Fisher 1937]
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o Fisher-Kolmogorov equation (FKPP model)
[Kolomogorov et al. 1937, R. A. Fisher 1937]
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e Progressive wave solutions
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PLAN

1 - Experimental setup

2 - Front dynamics in high flow strength
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e lodate acid arseneous reaction (IAA)

IO; +51 +3H3As03 — 61 +3H3As04

e 3" order chemical kinetics f(C)=aC*(1-C)

a—C—D (62—C+azc)+acz(1 C)
ot  "\ox2  0y2

C : autocatalists concentration [17]/105]

(& : reaction rate
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1
1+expl(x—Vy0)/l]

e Stationary solution Clx,t) =

—— resulting from the balance between diffusion and reaction

reaction front velocity and concentration profile of the front
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F Eeienal seup

light panel

I I I |:| injectors

camera

flow through a granular medium

1.5 mm and 2 mm
diameter glass beads
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e Reaction front propagation

without disordered flow

0

A
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e Tracers dispersion experiments: measurements of the local flow velocity
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1 1 - Experimental setup
|

e Tracers dispersion experiments: measurements of the local flow velocity
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e Tracers dispersion experiments: measurements of the local flow velocity

Fluctuations correlation length:
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1 1 - Experimental setup
|

e Tracers dispersion experiments: measurements of the local flow velocity

Fluctuations correlation length:

d;=18+0.1 mm
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PLAN

1 - Experimental

[2 - Front dynamics in high flow strength]
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Supportive flow Adverse flow
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| 2 - Front dynamics in high flow strength

e Front height spatiotemporal fluctuations measurements

h (x,t) (mm)

X (mm)
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| 2 - Front dynamics in high flow strength

e Front height spatiotemporal fluctuations measurements
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e Roughness w(Ax,t) = (VA[R(x,t) — (h) 5, ]2>A:c>L
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e Roughness w(Ax,t) = (VA[R(x,t) — (h) 5, ]2>A:c>L

power law:

w(Az,t) ~Ax®

jeudi 21 aolt 2014



e Roughness  w(Az,t) = (\/([h(z,t) = () 5, [P a0) s

100 : - : 101

U=464
power law:

w(Az,t) ~Ax®

W(AX, t) (mm)
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e Roughness w(Az,t) = <\/<[h($at) — () A, ]2>Aw>L
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e Temporal fluctuations  w(x,At) = <\/<[h(-’ﬂat) - <h>At]2>At>T
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w(x, At) ~AtP
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e Temporal fluctuations

power law:
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e Theory Kardar-Parisi-Zhang (KPZ) model:

Nonlinear continum (WL(:B t)
?

ot

= vV2h(z,t) + % [Vh(z,t)]” +n(x,t) + f

growth equation

[Kardar & al. 1986]

jeudi 21 aolt 2014



e Theory Kardar-Parisi-Zhang (KPZ) model:

Nonlinear continum Oh(x. 1 X
growth equation ét’ ) _ VVQh(xa t) + 5 Vh(z, t)]Q +n(z,t)+ f
_ 1 1
Predicted exponents: a = > and = 3 [Kardar & al. 1986]
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[ 2 - Front dynamics in high flow strength

e Theory Kardar-Parisi-Zhang (KPZ) model:
Nonlinear continum 31 (
Oh(x.t . X . | .
growth equation ((71 ) = I/V')/I(.I‘. t) + 5 Vh(x, f)]") + n(x,t) + f

1
Predicted exponents: a=— and = 3 [Kardar & al. 1986]
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Advection - Reaction - Diffusion equation in thin front limit .

Ve
Ve

e Eikonal approximation
vf”_i:DrrzK'f'VX+(7(x,h(x,t),t).ﬁ Using
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Advection - Reaction - Diffusion equation in thin front limit .

e Eikonal approximation
Vi-7i = Dk + Vy+ U(x, h(x, 1), 1) - 7i
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Advection - Reaction - Diffusion equation in thin front limit .

e Eikonal approximation

Vi-7i = Dk + Vy+ U(x, h(x, 1), 1) - 7i

Vrcos¢p=—-Uyxsing + Uycos¢p+ Vy + Dk

Ve
Ve

Usind

-

p
Vf: | ﬁ:(Ux), ﬁ:(—sm(,b
Uy Cos ¢
v _% e 0% h/0x?
AT T (1+(0h/dx)2)37?
tan¢ = Vi h
1
cos¢p =
vV 1+(Vh)?

~

jeudi 21 aodt 2014



Advection - Reaction - Diffusion equation in thin front limit .

e Eikonal approximation
Vi-7i = Dk + Vy+ U(x, h(x, 1), 1) - 7i

Vrcos¢p=—-Uyxsing + Uycos¢p+ Vy + Dk

Small gradients limite |Vh| < 1 :

Ve
Ve

Usind

-

p
Vf= | ﬁ:(Ux), ﬁ:(—sm([)
Uy Cos ¢
v _% e 0% h/0x?
AT T (1+(0h/dx)2)37?
tan¢ = Vi h
1
cos¢p =
vV 1+(Vh)?

~

jeudi 21 aodt 2014



Advection - Reaction - Diffusion equation in thin front limit

e Eikonal approximation

Vj = Dk + Vy +U(x, h(x, 0),t) -7
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Advection - Reaction - Diffusion equation in thin front limit .

Ve

7

e Eikonal approximation
Vj = Dk + Vy +U(x, h(x, 0),t) -7

Vrcos¢p=—-Uyxsing + Uycos¢p+ Vy + Dk
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Advection - Reaction - Diffusion equation in thin front limit

e Eikonal approximation
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Advection - Reaction - Diffusion equation in thin front limit .
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e Eikonal approximation
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PLAN

1 - Experimental

2 - Front dynamics in high flow strength

3 - Pinning process In low flow strength
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Adverse flow

backward

1
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Control parameter:

o U+VX + 4,
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+ fo

U4V,
Vx

Control parameter:

F

—4
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Control parameter:

U+V Numerical simulations
F=—Xx4 1
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PLAN

1 - Experimental

2 - Front dynamics in high flow strength

4 - Transcient dynamics and universality
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e Roughness
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e Roughness
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4 - Transcient dynamics and universality
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e Positif and negatif gkPZ growth process a= 0.63 p= 0.63

dhiz,it)
Ot

= vV2h(z,t) + % \Vh(z, t)]2 —l—ﬁ(a;, h(zx, t)) + f
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e Positif and negatif gkPZ growth process a= 0.63 p= 0.63

ohl(z, )
Ot

= vV2h(z,t) + % \Vh(z, t)]2 +77(g;, h(zx, t)) + f

gkPZ > 0

growth term A and the driving force term F
have the same sign
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e Positif and negatif gkPZ growth process a= 0.63 p= 0.63

Oh(x.,t A
f,ﬁ ) — JVh(z, t) + = (VA ) + (2. ha 1)) + f
qrRPZ > 0 qKPZ < 0
growth term A and the driving force term F growth term A and the driving force term F
have the same sign have opposite sign
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V>0
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e Positif and negatif gkPZ growth process a= 0.63 p= 0.63

Oh(x.,t A
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growth term A and the driving force term F growth term A and the driving force term F
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e inclined regions of the front
advance faster

e inclined regions of the front
slowdown
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PLAN

1 - Experimental

2 - Front dynamics in high flow strength

5 - Conclusion and perpectives
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3 universality classes

® KPZ behavior for moving phase ® Positif gKPZ growth process @ Negatif gKPZ growth with static
for upward propagating fronts sawtooth pattern formation for
bakward propagating fronts

e Unique control parameter

e Interesting connections with QKPZ theory
and Advection-Reaction-Diffusion systems
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e Bacteria colonies dynamics in complex flows

e Reaction front pinning control in microfluidic devices
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5 - Conclusion and perpectives
| SRS AR

e Avalanches phenomena

at the depinning transition
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e Reaction fronts interaction with hydrodynamics flows

0,/ 8=475K / 24.09.02 [ppm]
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S Sl Re e
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Phytoplankton blume in the Barents sea Ozone concentration in the polar vortex
[Gross et al., 2006]

Biological population —> nonlinear dynamics ozone reduction by chlorine compounds

Flows in the oceans —» mixing Cl+ O,—> ClO+ 0,
CiO+0,—> Ci+ 20,
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feedback

N

e autocatalytic process A+B —2B+C
e 2" order chemical kinectics wdal = —k[A][B]
dt
a = [A]/[Alg _ r_
{b:[B]/[A]O a+b=1 e k =[Alpgk
e nonlinearity — @ = k'lab= k'b(1->b)

dt
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1 - Experimental setup

e Tracers dispersion experiments

measurements of the local flow velocity

hix,t+0t)— h(x,1t)
Ot
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e Tracers dispersion experiments

measurements of the local flow velocity
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1 - Experimental setup

e Tracers dispersion experiments

Disordered flow of mean velocity U

Y (mm)

Local flow velocity u/U
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e Tracers dispersion experiments

Disordered flow of mean velocity U
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1 - Experimental setup

e Tracers dispersion experiments

Disordered flow of mean velocity U

Local flow velocity u/U

P(u/U)

PDF of the local flow
velocity fluctuations

10
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l()lé
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.
—

10

[Lebond & al. 1997]

Fluctuations correlation length:

d;=18+0.1 mm
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