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Introduction

Effects of Chaotic Advection on Reaction Processes
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Effects of Chaotic Advection on Reaction Processes
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“@ Finite-time? Bulk behavior (Neufeld et al. 2002)?

= "7 Transport barriers?
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Distinct limits of scalar diffusion

@ Batchelor regime
Lg : balance - stirring &
molecular diffusion
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Distinct limits of scalar diffusion

@ Batchelor regime @ Homogenization regime
Lg : balance - stirring & Lc or Lg > L, separation of
molecular diffusion scale, no long-term correlation

@ Between the two — LONG transient (Bouchaud & Georges 1990)
o Welander experiment (Welander 1955), hint of coherent structures

-q(@

@ Small-scale sink/source/biology, Iong—term correlation make
transient-time dynamics important
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FEE
Reaction Model 1 — Slngle Stable State (with C. Luna PoF 2013)

@ Autocatalytic reaction in chain vortex flow
¢t +u- Ve —Pe V¢ = Dac(1 — ¢),
Pe = UL/Keddy ~ 10 — 10%, Da = kGL/U ~ 1
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FEE
Reaction Model 1 — Slngle Stable State (with C. Luna PoF 2013)

@ Autocatalytic reaction in chain vortex flow
¢t +u- Ve —Pe V¢ = Dac(1 — ¢),
Pe = UL/Keddy ~ 10 —10%,  Da= kGoL/U ~ 1
@ Spatially periodic flow — homogenization, what about transient?
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Advection-Diffusion-Reaction FKPP

Comparisons

@ Initial stretching dictates reaction variability
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FEE
Scalar budget

@ Evolution of scalar density and related quantities

d
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FEE
Behavior at different stages

@ Stage 1: decay due to scalar dissipation
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@ Approximately solution kernel is
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Behavior at different stages

@ Stage 1: decay due to scalar dissipation
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@ Based on this approximation dissipation rate is (o : initial variance)

(02e2M | 2tPe-1)3/2(g2 4 2te2XtPe—1)3/2’

(IVel?) =

o Small t behavior is 7[1 + 3tA(1 — 02) + 2t(1/0? — 3)/Pe]
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FEE
Behavior at different stages

@ Stage 2: maintenance of filament width at Batchelor scale

1
¢t — AXcy = —czz + Dac.
Pe
@ Balance of straining-diffusion leads to spatial profile across filament:

X = crexp(—\Pex?/2)
T = eDat

o Amplitude ¢; decays as et

o Scalar dissipation scales as O(e~2 et eDar) — o(e(Da-)t)
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FEE
Behavior at different stages

@ Stage 2: maintenance of filament width at Batchelor scale

1
Cr — A\R¢y = Pfecs(g + Dac.

Balance of straining-diffusion leads to spatial profile across filament:

X crexp(—APex?/2)
T = eDat

At

Amplitude ¢; decays as e~
Scalar dissipation scales as O(e~2terteDat) = 0(e(Da-r)
The larger the stretching, the smaller the dissipation

Stage 3: homogenization in different zones

Stage 4: almost uniform reaction
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Advection-Diffusion-Reaction FKPP

Modeling based on Lagrangian stretching rate

4 2

10° 10 10° 0 5 10 15

<c> T
<c>atT=7.5 Modeled <c> at T=7.5

1 0.55 [}
052

)

> 05 o5 | | ‘ 05
S , i 0.48
4
0 045 : 0.46
o o5 1 15 2 0o 05 1 15 2
X X

Wenbo Tang (ASU) Reaction in Coherent Structures 10/16/14 11 /20




Advection-Diffusion-Reaction FKPP

Parametric dependence

@ Quantify variability based on gap at intermediate time to saturation
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Bt Equitiane
ReaCtion MOdel 2 - BiStable Equ”ibria with A. Dhumuntarao, submitted

@ Bistable dynamics with single scalar
(¢t +u-Vc)—Pe lV2c = Dac(a — c)(c — 1),
Pe = 1000, a = 0.2, Da varies
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ReaCtion MOdel 2 - BiStable Equ”ibria with A. Dhumuntarao, submitted

@ Bistable dynamics with single scalar
(¢t +u-Vc)—Pe lV2c = Dac(a — c)(c — 1),
Pe = 1000, a = 0.2, Da varies
e Without flow, ¢ = 1 is more stable. With flow (Da=53):
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Domain Partition

@ Dependence on Da

Da=38, T=36

Da=43, T=32
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e FTLE (with T=1) alone insufficient to explain (at least for Da = 38)
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Bitsitll Expilfine
Closer look for small Da
o Da = 38, lower stretching — 0, higher stretching — 1
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Bt Equitiane
Turbulence

@ 2D turbulence randomly forced to maintain modal energy at medium
wavenumber and low-mode damped to avoid inverse cascade

1
wt—i-J[i/J,w]:@V%u—i-T/J—i-f, w = V2
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Bt Equitiane
Turbulence

@ 2D turbulence randomly forced to maintain modal energy at medium

wavenumber and low-mode damped to avoid inverse cascade
1
wt—i-J[i/J,w]:@Vzw—i-w—l—f, w = V2

@ Re = 1000, Sch = 1, distinct behaviors at Da = 8
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@ Dependence on Da
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Advection-Diffusion-Reaction Chemotaxis in 2D

Reaction MOdel 3 - ChemotaXiS in 2D with K. Jones, in preparation

@ Motile species move via chemotaxis
(Ct+u-VC)—Pe'V2C = —DaC(B+1),
(B: +u-VB)—Pe V2B = —xV(BVC),
Pe = 1000, Da =0.001, y = 0.01
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Advection-Diffusion-Reaction Chemotaxis in 2D

Reaction MOdeI 3 - ChemotaXiS in 2D with K. Jones, in preparation

@ Motile species move via chemotaxis
(Ct+u-VC)—Pe'V2C = —DaC(B+1),
(B: +u-VB)—Pe V2B = —xV(BV(),
Pe = 1000, Da =0.001, y = 0.01
o Uy=J, Bm - CdD/ [, BudD, Unm=[p Bum - CdD/ [, BumdD,

Uptake advantage

.
25%10
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Summary

@ Conclusions
o FKPP
o Spread further to react fast
o Chaotic advection affects early reaction, dictates bulk reaction speed
o Lagrangian measures (FTLE) can be used to parameterize this
variability, even with transport barriers
o Bistable Equilibria
o Flow topology can lead to distinct states
o Similarity and distinction from FKPP
o Distinct fates even when eddies are transient
@ Current work
o Determination of bifurcation boundary for bistable reaction
e Mixing between fixed point and limit cycle
e Domain dependence for chemotaxis
° References
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