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Motivation

Evolving structures

» at the pore scale by means of heterogeneous
precipitation/dissolution reactions
= Change of flow path and macroscopic
hydrodynamic properties

» Three-phase system with two solid phases instead of
three-phase system with two liquid phases

» Level-set approach instead of phase-field approach
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Motivation

Evolving structures

» at the pore scale by means of heterogeneous
precipitation/dissolution reactions
= Change of flow path and macroscopic
hydrodynamic properties

» Three-phase system with two solid phases instead of
three-phase system with two liquid phases

» Level-set approach instead of phase-field approach

Reactive flow and transport modeling on different
scales

» Multiscale models (obtained by averaging)
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Pore-scale model in evolving domain — geometrical setting
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Pore-scale model in evolving domain — level set approach
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Pore-scale model in evolving domain — level set approach
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Level set is capable characterizing fluid—solid interface
L-(t,x) < 0 in fluid phase/pore space,
L-(t,z) = 0 on solid—fluid interface,
L-(t,xz) > 0in solid phase.
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Pore-scale model in evolving domain — level set approach
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Level set is capable characterizing fluid—solid interface

L-(t,x) < 0 in fluid phase/pore space,
L-(t,z) = 0 on solid—fluid interface,
L-(t,x) > 0 in solid phase.

Level set equation for level set L
OrLe + v | VL= 0 r €2

with normal velocity of the interface v,, . related to distinct reaction kinetics.
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Pore-scale model in evolving domain — reactive flow and transport

Transport equation for concentration c.
Oc-: — V- (—v-c. + D, Vo) =0, reQ(t), te(0,T),
(—vece + Dy Ve - ve —eaq file-, pr)(c- — pr) =0, v e (1), te(0,T),
(—vece + Dy Veo) - v — can folc-, po)(ce — po) =0, v e 29(t), t € (0,T),

with molecular diffusion D,,, interface normal v., reaction f;(c., p), mineral densities p;,
and o, = 1/p;, i =1,2.
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Transport equation for concentration c.

and o, = 1/p;, i =1,2.

€2ILLA/UE — Vp: =0,
V.. =0,
ve = ey fi(cz, pr)ve,

Ve = 5042f2<65-7 p?)y»:-;

with dynamic viscosity u.

Oc: — V- (—v-c. + D, Ve.)
(—vece + Dy Vee) - ve — con filce, pr)(c. — p1) =
(—vece + DpVes) - ve — e folee, po)(ce — pa) =0,

0,

Stokes equation for advective velocity v. and pressure p.

x € (1),
x € C(t)

Pore-scale model in evolving domain — reactive flow and transport

e Q) te0T)
re (), te(0,T),
v e 29(t), t € (0,T),

with molecular diffusion D,,, interface normal v., reaction f;(c., p), mineral densities p;,
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Porescale model in evolving domain — regularization

Interpolation of discontinuous reaction kinetics -;
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Porescale model in evolving domain — regularization

Interpolation of discontinuous reaction kinetics -;

Transport equation for concentration c.

Oc-: — V- (—v.c. + D, Ve.)
(—vece + Dy Vee) - ve — cas fs(c., ps)c- — ps)

0, r e (), te
0, xel.(t),te(0,T)

Stokes equation for advective velocity v. and pressure p.

2 v, — Vp. = 0, x € (1), te (0,7),
Vv =0, x € . (t), te (0,7),
Ve = 5a5f(5<057 p5>V57 (S F€<t)7 t e <07T>
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Upscaling via two-scale asymptotic expansion in level-set framework
[van Noordenl

PE:EESOas:fs PD:[:(,B(]=JF0

Figure: Upscaling concept. Left: idealized porous medium with scale parameter ¢; Right: micro-macro model with unit cell.
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Two-way coupled micro-macro model

Transport equation for the concentration ¢
8t(600) —+ Vm . (?7()60) — Vm . (Dcho) = —0172]01(00) — 0173](2(60) in () x (O, T)

with porosity ¢, effective diffusion tensor D and specific surfaces o; ;.

Darcy equation for the averaged velocity field vy and pressure pg

K
vy = ——Vpy, inQ, te(0,7),
7
V -0y = —01201 f1(cn) — 01 302f2(c0) in 2, t€(0,7).

with permeability tensor /.

Level set equation for level set ¢

O:Lo — [5(x,t,co,p.y)|VyLo| =0 inY xQx(0,7)
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Two-way coupled micro-macro model

Cell problems in (; for diffusion tensor
—Vy - (VyG) =0
vij V= —€ -1
¢; periodic in y, /Yw(t’w) ¢ dy = 0.

Cell problems in w;, 7; for permeability tensor

Yy < K,O(ta'f)?
Yy S F()(?f,l’),

—Aij + Vywj = € (TRS Yl_/()(t, ZC),
V- -wj=0 y € Yio(t, x),
Wj = 0 (RS Fo(t,ﬂf),
w;, 7; periodic in y, /Yl,o(t,m) m; dy = 0.
N.Ray - FAU - Micro-macro models for reactive two-mineral systems May 7, 2022
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Simulation scenario

Click for video

N.Ray - FAU - Micro-macro models for reactive two-mineral systems May 7, 2022 10



p ==

Department E ==

MATHEMATIK

NATURWISSENSCHAFTLICHE

References

reactive two-mineral systems. SIAM Journal of Multiscale modeling and
Simulation (2021)

media. Proceedings Of The Conference Algoritmy, 121 - 130 (2020)

» S. Garttner, P. Frolkovi¢, P. Knabner, N. Ray: Efficiency and Accuracy of

(2020).

Geosciences (2019)

effective equations and numerical experiments. Multiscale Modeling &
Simulation, Vol.7 3 1220—-1236 (2009)

» S. Garttner, P. Frolkovi¢, P. Knabner, N. Ray: Efficiency of micro-macro models for

» P. Frolkovi¢, N. GajdoSova, S. Garttner, N. Ray: Voronoi implicit interface method
for geometry evolution of two minerals with applications in reactive porous

Micro-Macro Models for Mineral Dissolution. Water Resources Research 56, 8

» N. Ray, J. Oberlander, P. Frolkovi¢: Numerical investigation of a fully coupled
micro-macro model for mineral dissolution and precipitation. Computational

» T. van Noorden: Crystal precipitation and dissolution in a porous medium:

N.Ray - FAU - Micro-macro models for reactive two-mineral systems May 7, 2022



4

Department

MATHEMATIK

FRIEDRICH-ALEXANDER

NATURWISSENSCHAFTLIC

HE

THANK YOU
VERY MUCH FOR
YOUR
ATTENTION!

DFG Deutsche
Forschungsgemeinschaft

Open position

Within the DFG funded Priority Program PP 2089
,Rhizosphere Spatiotemporal Organisation —a Key to
Rhizosphere Functions” we offer a three year

PhD Position “Reactive Transport and Structure
Formation in Porous Media”

in the section ,Modelling and Numerics“ at the De-
partment of Mathematics, Friedrich-Alexander Uni-
versitat Erlangen-Nurnberg/Germany.

Please send your application (cover letter, CV, an of-
ficial listing of your grades, and contact details of a
reference) electronically to prechtel@math.fau.de
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Interpolation

[dist(gé?(t)) . %1 ha(z) + l dlst(;’&);a( ) %1 ha(z), if 0 < dist(z, Y2(t)) < d¢
() = ||~ 2O 3] () + [ B 4 o (a), 0 < dist(x, X(#) < 0e
hi(z), if dist(x, X2(t)) > d¢
ho(x), if dist(z, Y1(t)) > de
where
X(t) = {:13 € () : dist (:13, Xé(t)) < dist (x,xﬁ(t))}, jg#1ie{l,2}
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Interpolation
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Figure: (a) Smoothing applied to mineral densities p; > ps being related to phases x! and x? for § = 0.1. The part of the fluid-solid interface
I''3 is highlighted in red, I'>3 in blue. lllustration (b) presents the values of p; as the interpolation between both mineral densities p;, ps2 along
different horizontal slices.
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