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De Paoli, Phys. Fluids. (2021)
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Buoyancy S = W,;Z/W*

velocity ratio

Volume fraction X, = P, Xm / o
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MacMinn, Neufeld, Hesse, and Huppert, Water Resour. Res. (2012)
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Examples of model extension: In this presentation we just consider the

effect of anisotropy of the medium anisotropy of the rocks, for additional
effects (lateral confinement, dispersion)

see De Paoli, Phys. Fluids (2021)

Sedimentary rocks: Rocks formed by stratification

benedek / Getty Images Rhododendrites/Wikimedia Commons/CC BY 4.0
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(b) Sedimentary rocks are anisotropic
T () ky y =1 isotropic
y=—<1 : :
ky, y = 1/8 strongly anisotropic
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) Interface along
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P Hnm ha P &) 5/8
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Darcy-scale simulations: 3/8
iy | B
; 0 | | | 1/8
. . % ~ _5 1 1 1 L1 1 11 | - 1 L1 111 1 1 1 L1 111
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Vs

dissolution increases with the
anisotropy of the medium

De Paoli, Zonta & Soldati, Phys. Fluids (2016, 2017)

t

Analytical solution in case of

* no-dissolution

* independent currents
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Theory: linear scaling Sh = F Ra ~ Ra is expected (see review of Hewitt, 2020)
Porous media experiments: Sh ~ Ra% a < 1 (Neufeld et al., Geophys. Res. Lett. 2010)

Hele-Shaw experiments: Sh ~ Ra® a < 1 (Backhaus et al., Phys. Rev. Lett. 2011)

Darcy simulations: Sh ~ Ra (Hidalgo et al., Phys. Rev. Lett. 2012)
O L T I

"',.S A P ‘. 4 .{:-
= 3{‘\"' o Tty

- % L g, -

Ditferences arise due
to etfects not

present in the Darcy
model: consequences

for porous media
and Hele-Shaw

See De Paoli, Fur. Phys. J. E (2023) for a detailed discussion
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See De Paoli, Fur. Phys. J. E (2023) for a detailed discussion
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De Paoli, Alipour & Soldati, J. Fluid Mech. (2020)

(a)

vyl 1
z
%
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(d)

i —

V4 A\

<
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Nu) Nu)

| b il b
side views

Darcy flow

Hele—Shaw flow
three—dimensional

This model has been further developed in
Letelier et al., J. Fluid Mech. (2023)
Ulloa & Letelier, J. Fluid Mech. (2022)
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See De Paoli, Fur. Phys. J. E (2023) for a detailed discussion
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() Sh(Rar)
T T ||||||| T T T TTTTTT T T ||||||| T T T TTTTTT T T |||||||
.. Liu et al. (2020) o s
. 102 Q: _|
Additional non-Darcy effects: U H o % =1.00, free fluid :
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-l A ¢ = 0.87, aligned circles -
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—— S
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Mechanism of dispersion Darcy formulation of dispersion
Patch of dye in a uniform flow ¢3_C 4+ V- (uC — ¢DVC) = 0
through a porous medium
time Fickian formulation for dispersion
D =DI+ (af — aT)% + arul,
u
(a) Ra = 20,000 (b) Ra = 20,000
| i"ﬁ N (‘ " i
= 2 1 |
o
£ = .
es = 3
= i
Z S
= O
Liang et al., Geophys. Res. Lett. (2018)
Chang et al., Phys. Rev. Fluids (2018)
These models required validation:

Woods, Flows in porous rocks (2015)

Experiments and simulations in porous media

De Paoli Marco, Heat and mass transport in porous media
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dC/m =0 , un=0 experiments simulations

Py, O35 G,

heavy fluid
\g

"

4

! light fluid

v pw ’ C=0 '
aC/an =0 , un—0 * High Schmidt number
* Porosity matched ¢p = 0.37
) L , e Solid impermeable to solute

Linear dependency p(C)
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(a) Hele-Shaw cell

inlet/outlet

(b) gate (side view)

(c) measurement region

valve light fluid water + KMnO,
beads and
light fluid < heavy fluid <
| a : 5
=
moving gate . §
gate movement . . o
D [~ (@)
l AN
ﬁ)eads f@[n% / S o
eav u1
' gate g ; : g an
| T o | e 7 COR. S
frame = " light fluid 1S
seals S | pw , C=0 |
inlet /outlet water
valve ) L = 200 mm ‘
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ou+ (u-Vyu = —pale +vViu — gBC3,
8,C + (u - V)C = DV°C,

P = po

Ap ]
1+ —(C-C
PoCo( 0)

Finite ditference
(AFiD, open
source)

_l_
Immersed

Boundaries Method

Resolution:
- velocity: = 32 points
per diameter

- conc. :=>128

points per diameter
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gApd?
Ra,g = (exp.)
D
/'t Rad
— 7&
AN
E 10°
| | | 7
~ 104 =
= § | 10°
gAPk : (Slm.)
U — ,Ll 7] Ra,;= 105
3 .
10 E . Rad= 105.5 i 104
¢D . i —— Ray=10°
5: U IIIIII| = .IIII.I.I.|- 1 1 IIIIII| 1 1 F 1T 1T1Tl o
103 10* 10° 10°
t(pllU)
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_ D(|VC|2) _ 2 |VC|2 dV Can we model this
X = f = . . .
Ve vy mixing/dissolution process?
1071 . .
- diffusion Diffusion:
i AC z
C =(Cy+ —ert
. 1 ’ 2 o (‘\/ Qﬁt)
X|es 10-2 - AC 22
<SS 1077 3 — s
> - 0:C 2V Kt b ( 2/<;t>
7 Rad=105'5
] Rag =10 = w(|VCP) H/ 0.C*dz
10_3 | 1 ||||| | | 1 ||||| | | 1 ||||| | | | |-||||| . \/7<AC>
102 10° 10* 10° “\'37 H

_r
PITT
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D Convection
_ 2y _ 2
x = DVCI), = — | Ivc|? av .
V : )
fYvy x =r(|VC]") = KJ?GVC’] ML

107!

1

Rad = 105‘5
Rad = 106

10_3 1 IIIIII| 1 1 IIIIII| 1
102 103

10*

_t
QLU

10°

AC
24/ Tkt

L,, ~ 2Ut,

VC| ~

_2UL(AC): 1 Uy(AC)?
NS et 27 H

1/2m is the maximum value
of dissipation. Practically,
y decreases with time
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A Assume:
5 1) Interface grows as:
L
H ______ — — . . _— e g — - - . h(t) Li:L-I'ZNfingerh:L-l'ZIh
2) Gradient across the interface
evolves according to the diffusive
_______ - S solution
“ L >
, DLL +6/2 ,
=D =
x = D(VCP) = f_m 18,C17 dn
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0.20 1/2m is the maximum

value of dissipation.

Model shown starting
from t/(d/U) =1.
Time is also increased
by d/U to account for
initial condition.

)((t:].)_ﬂ( CZ)z 1 ~1

— 14 = ~
(AC)2U/H ~ arm 4) 192 2m
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1. Convection in porous media is a multiscale and
multiphase process
2. A combination of experiments, simulations and pore-scale
theory is required to model the flow dynamics
3. Recent developments in numerical and experimental

capabilities enable measurements at unprecedented level
of detail, but the parameters space is huge!

https://arxiv.org/abs/2310.04068

De Paoli Marco, Heat and mass transport in porous media 77 ‘



0 P) " kjlpora.toiredde
X . écanique des

Q ) Conclusions and outlook — Flides de

Physics of Fluids Kampé de Fériet

A'4 4;.“\“"1. l“','"di'n!!g" CRME A RS A7T N S/ W RS AN TN L 04 | LCREKRR
Thank you for your

attention! Questions?

’ ,.‘1‘- ?é"i“" :;. ‘3‘%" SR N AL "
SR S e
"“\!’5/ X S S IS

N fc‘v

O
)

o
=

,-
7
=
w9

e

v
1
N

/

\Y,\:—"
o\

W\
a),
=
)

A

vaalg
7

»,

X " .\"c"‘.
- e ‘%e\“’;

S,

!’
;,,\)74
InP b

gy SHE
R Rt S i
I A A2 Wa Y-Sy SR g p A\ ®° ) e e ,P=5 = S =/a\!
e ALY 1 S S A L e L R
“

AN >

o

gl
o) TN ) =
ST o 20 Wz . W=V s NZ= o
”"2’ a ' ) = D “"‘h‘ \ .A-_t“\ P A’
gg\-alf‘" \\“!3’!“3-‘!&””."5\‘ a ~ ,\.\\%~ LA 'b‘-\t'//)}\ x ‘ .J'mlé\\:| Physics Today‘:: 5, 68 (2021)

’De Paoli Marco, Heat and mass transport in porous media 78 ‘

»
-




o p 2@ | aboratoire de
5 $Mécanique des
VFluides de
Q ) = Lile
Physics of Fluids Kampé de Fériet

High-resolution images, movies and slides are
available upon request to m.depaoliQutwente.nl
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