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1. Motivation
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R 4 Convection in porous media @ Porelab
Physics of Fluids NTNU-UiO Porous Media Laboratory

Sea ice formation
(b)

1ce

mushy
layer

Middleton et al., “ Visualizing brine 0 0.08

channel development and convective \

processes during artificial sea-ice Wells AJ, Hitchen JR, Parkinson JRG., «Mushy-
growth U}'smg Schhgren optical layer growth and convection, with application to
methods”. J. Glaciology (2016). sea ice» 2019 Phil. Trans. R. Soc. A

Other applications

Simmons et al., “Variable-
density groundwater flow
and solute transport in

heterogeneous porous media:

approaches, resolutions and
future challenges,” J.
Contam. Hydrol. (2001).

Molen et al., “Transport of

solutes in soils and
aquifers,” J. Hydrol. (1988).

LeBlanc, Sewage plume in a
sand and gravel aquifer,
Cape Cod, Massachusetts
(US Geological Survey,
1984).
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Carbon Capture and Storage
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NTNU-UiO Porous Media Laboratory
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De Paoli, Phys. Fluids (2021)
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2.  Reservoir-scale: multiphase gravity currents

IR

Interface along which
dissolution is inhibited
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Carbon Capture and Storage PorelLab

Physics of Fluids NTNU-UiO Porous Media Laboratory

Impermeable layer

h Spreading of Spreading of »
buoyant current buoyant current

Reservoir properties

Supercritical CO,

e anisotropy and heterogeneities

1 ST off 00  finite size of conﬁning'layers
rich solution » effects of rock properties
(mechanical dispersion)

* chemical dissolution and
morphology variations

NOT TO SCALE

Impermeable layer

CO, concentration
[T T T .
brine liquid

CO,

A CO, injection point

De Paoli, Phys. Fluids (2021)

MacMinn & Juanes., Geophys. Res. Lett. (2013)

75x realtime
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oA Multiphase gravity currents with dissolution Q Porelab
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CO2 concentration

brine T C O 2

l (b)
'
—

(f)

time
time

De Paoli, Phys. Fluids. (2021)
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R 4 Multiphase gravity currents with dissolution Q Porelab
Physics of Fluids NTNU-UiO Porous Media Laboratory

L*

\ 4

(c)

Interface along
which dissolution
takes place

Interface along which \
dissolution is inhibited

De Paoli, Phys. Fluids. (2021)
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= d) Multiphase gravity currents with dissolution %ppand-ekatb
i Oh Oh,,
L A, O - - —
( ); ot ax[(l f)h —0fhm Ix ] €05
a
ahm ahm ah _ &0
lg or 8x[8(1 _f”")h’“ﬁ _fmha] "X,
fe Mh* |H*
(b) (M = 1)h* [H* + (M — 1) /H* +1°
(t) £ e Myhl, | H*
"7 (M= 1)kt [H + (M — )l /H* + 1
(c) MacMinn, Neufeld, Hesse,

Interface along which
dissolution is inhibited

Pm  Hm

N NeiR g )[

.
~

Interface along
which dissolution
takes place

De Paoli, Phys. Fluids. (2021)

and Huppert, Water Resour. Res. (2012)

Mobility ratios M = luw/[/lc and M, = MW/[/‘m

Buoyancy S = W,;Z/W*

velocity ratio

Volume fraction X, = P, Xm / o
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R 4 Multiphase gravity currents with dissolution @ Porelab
Physics of Fluids NTNU-UiO Porous Media Laboratory

MacMinn, Neufeld, Hesse, and Huppert, Water Resour. Res. (2012)

- la-ms

— 8Fhm ahx ] _

Impermeable layer

Spreading of
buoyant current

: W

Brine

Supercritical CO,

Fixed concentration

NOT TO SCALE

1 ISmklng of CO4-

rich solution

Spreading of
buoyant current,

.

ImDermeable layer

CO, concentration

l

no-flux
—

[ —— |
gl brine liquid
o,

A (CO, injection point

b

Brine

Ohim m h] ()
ot _ax[‘s(l_f’”)hmﬁ_fmha]"‘

;e Mh* |H*
(M -1)h*/H* + (M — 1)k, /H* + 1
Mk, /H

(M - 1)h*/H* + (M, — 1)h}/H* +1

0 if h(x)=0orh(x)+hm(x) =1

€ else,

How to determine the
dissolution rate q,, ?

* %\ 2
€= Qm LO
oW+ \ H*
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o= Darcy numerical simulations
Physics of Fluids
<
Dimensionless equations
9C , 0C | 90 _ 1 (9°C  PC
ot " “ox "0z T Ra \ 922 " 922
oP oP
u = —% s w = —% — C
ou Ow 0
or ' 9z S
A
~—
N

Governing parameter

_ gH k,Ap*
- u®D

Ra
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R —— Convective dissolution process @ Porelab
Physics of Fluids NTNU-UiO Porous Media Laboratory
Ra = 10*
0.040 —————— R e e
'
De Paoli, Zonta and Soldati, Phys. Fluids (2016) 0.035 _ i
De Paoli, Zonta and Soldati, Phys. Fluids (2017) X | _
\
0.030 .
\ ! ]
1 L ac 0.025 -\ _
LY L - |
L Jo 0z, &, 0.020 - \ p— i
. \
& F i e TR ¢ — s
0.015 | \ \ ]
\ . \
. 0.010 S \ -
Examples of model extension: . \
effect of anisotropy of the medium 0.005 | | | | Y \ ! ]
~
0.000 '3 — '4 F—ee—— -*""'G""——x-
See also Slim, J. Fluid Mech. (2014) 10 10 10 10
Hewitt, Neufeld & Lister, J. Fluid Mech. (2013) t
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Convection in anisotropic media Porel ab

Physics of Fluids NTNU-UiO Porous Media Laboratory

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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Problem formulation

Physics of Fluids

PoreLab

NTNU-UiO Porous Media Laboratory

Assumptions:
1. Homogeneous porous medium
2. Anisotropic porous medium
* Principal directions of the permeability
tensor aligned with the reference frame

kxx kxy kxz
K = kyx kyy kyz
kzx kzy kzz
K 0 0
K = 0 k’yy 0
0 0 Kk,

https://www.intechopen.com/chapters/59029

De Paoli Marco, Multiscale modelling of convective mixing in confined porous media

19



Heat flux and dissolution rate

PorelLab
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Physics of Fluids

isotropic medium

L
1 oC
F@) =— —| dx

S -2
= 10

' Diffusion Linear Flux Merging Constant flux gShutdown

- : growth  growth : :

10‘3 12 N 13 ,: ...1.1,14 ,:.......1 ..1 o Y
10 10 10 See also Slim, J. Fluid Mech., 2014

Hewitt et al, J. Fluid Mech., 2013,
De Paoli et al., Phys. Fluids, 2016, 2017

Convection-dominated — F(¢) = 0.017

t/10°

Strong influence of y on flux *

S
3
Il

F(t) = 0.017y" /2
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oA Gravity currents with dissolution @ Porelab
Physics of Fluids NTNU-UiO Porous Media Laboratory

O _ O [5(1—fm)h %—fmh@]

ot  Ox 0

T @ = o !
B Mh* |H*
/= (M - )h* JH* + (M — 1)y /H* + 17
. | : e o Tmpermeable laver | : e fm _ Mmh;;/H |
prine pereritical €O (M - 1)h*/H* + (M,, — 1)k}, /H* + 1
Brine

1 1Sinking éf.coz-

rich solution

o(x) - {0 if h(x) = 0o0rh(x) + hm(x) = 1

L soncentration
S— e € else,
CO, concentration
gl brine liquid @ ( ) How to determine the
no-flux A CO, injection ;ift ng* dissolution rate gy, ?
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Etfect of anisotropy

(b) Sedimentary rocks are anisotropic
zy (t7) _ky <1 y =1 isotropic
14 ky, y = 1/8 strongly anisotropic
30 T g8
(c) S 17/8
Lo/s
P Hm hr (z",t") 15/8
4/8
Darcy-scale simulations: 3/8
@ il BE
dissolution rate gq,, ~ ]/_% 202 — 1(')3 e 1(')4 — 1(')5 1/8
@ t
dissolution increases with the Analytical solution in case of
anisotropy of the medium * no-dissolution

* independent currents ------------

De Paoli, Zonta & Soldati, Phys. Fluids (2016, 2017)
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P Effect of anisotropy @ Porelab
Physics of Fluids NTNU-UiO Porous Media Laboratory
0.5 Fraction of volume dissolved T g /s "
errrrrrereer s, r et e Sedimentary rocks are anisotropic y = — <1
N AT 17/8 o
0.41= / ’ ///—' y =1 isotropic
= 16/8 y = 1/8 strongly anisotropic
0.3
=
~
0ol 2000
— 6
0.1} Analytical -
independen 1500 |- 5 8 —5
) o)
0 P I T N T T N S B S < ?
500 1000 1500 b o & 4 3
t ~ 1000 - & 2|
o Q‘ * b
+ —
o Q +
Long-term predictions g 2 o
of real-scale reservoirs 500 — «
| | | | | | | 7t
1/8 2/8 3/8 4/8 5/8  6/8  7/8 1
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o= Darcy numerical simulations
Physics of Fluids
<
Dimensionless equations
9C , 0C | 90 _ 1 (9°C  PC
ot " “ox "0z T Ra \ 922 " 922
oP oP
u = —% s w = —% — C
ou Ow 0
or ' 9z S
A
~—
N

Governing parameter

_ gH k,Ap*
- u®D
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i Convective dissolution process
Physics of Fluids
Ra = 104
0-040 T T ""'I T T T ""'I T T T llllll T T T !llll[
S QR
0.035 P
\
3 \
> LBl =y What if Ra is
N \ ° ?
O | 0.025L \ increased’
\ \
I \ Ul
0.020 | \ : ————
\D LLI b Rb= 4
— =y \ - ——= = = === = (aam——
0.015 + \ \
| N <
— \
> 0.010 | S '
LL‘ \
0.005 : , . , L
~ —
0.000 T S S S S0 R

103 104 10° 109

Ra

 gH kK, Ap*
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o= Convective dissolution process @ Porelab
Physics of Fluids NTNU-UiO Porous Media Laboratory
A6
 ——
¢ o | | ; f Exact closed
-\ - i
- . energy budget
=
= . 5.
2 g“ 5 20 ‘ cold
004 F 2 5 L B }
= i= - 5}
F |
E F = const
0.02 - : _
______________ ’ = T PRRORA AN _——————— -
| - R i ' [ hot ]
paaal Lol IR C Lol L1
102 103 104 105 106

Hidalgo et al., Phys. Rev. Lett. (2012)
De Paoli, arxziv https://arxiv.org/abs/2310.01999
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; 2D vs 3D convection

@PoreLab

NTNU-UiO Porous Media Laboratory

2D Darcy convection

<— BOUNDARY LAYER

PROTO-PLUME REGION

INTERIOR

MEGA-PLUME
REGION

PROTO-PLUME REGION
MEET A Siisid «— BOUNDARY LAYER

Pau et al., Adv. Water Res. (2010)
Hidalgo et al., Phys. Rev. Lett. (2012)
Hewitt et al., Phys. Rev. Lett. (2012)
Hewitt et al., J. Fluid Mech. (2013)
Slim, J. Fluid Mech. (2014)

Wen et al. J. Fluid Mech. (2015)

De Paoli et al., Phys. Fluids (2016

De Paoli et al., Phys. Fluids (2017
Hewitt, Proc. Royal Soc. A (2020)

3D Darcy convection

Fu et al. Phil. Trans. Royal Soc. A (2013)
Hewitt et al., J. Fluid Mech. (2014)
Pirozzoli, De Paoli, Zonta & Soldati, J. Fluid Mech.

2021
De Paoli, Pirozzoli, Zonta & Soldati, J. Fluid Mech. E ;

2022

3D convection little explored compared to the 2D
case due to huge computational costs

De Paoli Marco, Multiscale modelling of convective mixing in confined porous media
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Methodology

@PoreLab

NTNU-UiO Porous Media Laboratory

9*

min

Fluid (Ap*, 1, D), porous
medium (k, ¢) and domain — Ra = gAp*kl;/(#Du)
(1y) properties
Pirozzoli, De Paoli, Zonta & Soldati, J. Fluid Mech. (2021)
De Paoli, Pirozzoli, Zonta & Soldati, J. Fluid Mech. (2022)

See also Hewitt, Neufeld & Lister, J. Fluid Mech. (2014)

Equations

@—I—V- (uQ—LVH) =0,
Ra

ot

Note that the
temperature field

Veou=0 , u=—(Vp-0j), has replaced the
Boundary conditions C?ncentration
ield in this
=0)=0 Oly=0)=1 :
v(y ) ’ (y ) ’ formulation
viy=1)=0 , O(y=1)=0.
Simulations performed
Simulation Ra Ix/ly X1z /1y Nx X Nz X Ny
Ra; 1.0 x 103 4 x4 384 x 384 x 32
Ray 2.5 %103 4x4 768 x 768 x 64
Ras 5.0% 103 4 x4 1536 x 1536 x 128
Ra 7.5 % 103 4 x4 2304 x 2304 x 192
Raj 1 x 10% 1x1 768 x 768 x 256
Rayg 2 x 10 1x1 1536 x 1536 x 512
Rax 3% 104 1x1 2304 x 2304 x 768
Rauy 4 x 10% 1x1 3072 x 3072 x 1024
Rag 8 x 10% 1x1 6144 x 6144 x 2048

De Paoli Marco, Multiscale modelling of convective mixing in confined porous media
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Ra = 8 x 10 PoreLab

Physics of Fluids NTNU-UiO Porous Media Laboratory

y-z slice (z = 0) z-z slice (y = 0.01

Pirozzoli, De Paoli, Zonta & Soldati, J. Fluid Mech (2021)
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R Supercells and megaplumes =48 Porel ab

Physics of Fluids NTNU-UiO Porous Media Laboratory

Mean radial wave number

=
~ [ [ Jk2 + k2 E(ky. k2) dxdz 3
kr = oy}
o) < [ [ E(ky, k2) dxdz > =
Following Krug et al., J. Fluid Mech.
(2018), we filter out the small-scale
structures
‘\\
.\
ly=1\\ \ —
o
— =
8

Supercells are the
footprint of megaplumes
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Q 4 Dimensional transition
Physics of Fluids
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NTNU-UiO Porous Media Laboratory

confined
dimension

/

/

3D 777 777

De Paoli https://arxiv.org/abs/2310.01999
Boffetta and Borgnino, Phil. Trans. R. Soc. A (2021)
Borgnino et al., Phys. Rev. Fluids (2021)

2D
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A 3 Assessment of domain size effects @ Porelab

Physics of Fluids NTNU-UiO Porous Media Laboratory

Ra = 10,000

1/4 no——— |
(a,c.e.,g)

0
O ]

(b,d,f)h)

aspect ratio AR=1/8

M= TD
A

e

277,
) el )%
. e

— —

Pirozzoli, De Paoli, Zonta & Soldati, J. Fluid Mech. (2021)
De Paoli, Pirozzoli, Zonta & Soldati, J. Fluid Mech. (2022)
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R Scalings of convection and finite-size effect Q Porelab

Physics of Fluids NTNU-UiO Porous Media Laboratory

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)

Ditferences arise due
to etfects not

present in the Darcy
model: consequences

for porous media
and Hele-Shaw

= ot -

See De Paoli https://arxiv.ore/abs/2310.01999 for a detailed discussion

’De Paoli Marco, Multiscale modelling of convective mixing in confined porous media 46 ‘
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Presentation outline @ Porel.ab

NTNU-UiO Porous Media Laboratory

3. Darcy-scale: simulations, experiments and finite-size effects

€2 Rax « 1
e2Rax>1

b _ b

front view side views
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R 4 Scalings of convection and finite-size etfect
Physics of Fluids

@PoreLab

NTNU-UiO Porous Media Laboratory

(b)

See De Paoli https://arxiv.ore/abs/2310.01999 for a detailed discussion
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oA Experiments in Hele-Shaw cells Q Porelab
Physics of Fluids NTNU-UiO Porous Media Laboratory

2 b*/12
377

dp

L*

8

¥
TI
=
=
I
=
i
N
> |
N——
S}
|
[E
1

I
y*

=
t ¥ b Lon

Alipour, De Paoli and Soldati, Exp. Fluids (2020)
De Paoli, Alipour and Soldati, J. Fluid Mech. (2020)
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oA Experiments in Hele-Shaw cells @ Porelab
Physics of Fluids NTNU-UiO Porous Media Laboratory

ANN 2y 2 N
wt) = | () —1]
2
W, — Lldp (b Laminar Poiseuille
T2 2 >
L* Hodz channel flow
<
" % 2 b*/12 |dp
m w= =W, = —
3 uo|dz
g _ Cell equivalent o ﬁ
) permeability 1
z* P op
LW =
T | 0z > Darcy law
* | [ | Y3 k |dp
s £ b o= e
/

Alipour, De Paoli and Soldati, Exp. Fluids (2020)
De Paoli, Alipour and Soldati, J. Fluid Mech. (2020)
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R 4 Dimensional transition
Physics of Fluids

: Hele-Shaw flow

@PoreLab

NTNU-UiO Porous Media Laboratory

confined
dimension

/

/

3D 777

De Paoli https://arxiv.org/abs/2310.01999
Boffetta and Borgnino, Phil. Trans. R. Soc. A (2021)
Borgnino et al., Phys. Rev. Fluids (2021)

777

2D
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[ )]

R $ Discrepancies between experiments and simulations @ Porelab

Physics of Fluids NTNU-UiO Porous Media Laboratory

Perturbative corrections for the scaling of heat
transport in a Hele-Shaw geometry ..

Juvenal A. Letelier''>{, Nicolds Mujica’® and Jaime H. Ortega’

(c) (d)
2 6 2v72 2 2 2
o B [0=—Vp—u-|—Tz}—eVu——eRa(u-VT)z
g 5 35
T
, —0 = Darcy flow 2D Simulations
€ Ra { «]1 = Hele—Shaw flow B . .
— — >1 = three—dimensional Xperiments
\ Al e
g =
st . .
U g0 anisotropy ratio € = b*/V12H*
) A * (1% 2H*
Rayleigh number Ra = gAaps (")
12uD
_#’_ Ll b >
front view side views Possible explanation

Alipour, De Paoli and Soldati, Exp. Fluids (2020) re(.;oncﬂmg Hele_ShaW
De Paoli, Alipour and Soldati, J. Fluid Mech. (2020) experiments and simulations
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oA Experiments in Hele-Shaw cells @ Porelab
Physics of Fluids NTNU-UiO Porous Media Laboratory

LED—\)e\s_(td
illumination
gystem

Camera

Steel mesh

flurd

\ . Apf=45 kg/ m?
Cr =05 D=1.7x10"7m? /s
e ) L~ u=9.2x10"* Pa s
ki, lg \ geometry
- Injection *
of water A< * .
! b g Rubber b*€[0.1;1] mm
v K4 sealing H*€[105;343] mm
T [ L* = 200 mm
b Y
t o
Syringe Injection
pump of water

* Acquisition rate: 1 fps, 24 Mpx
* KMnO4 in water
* Linear dependency p*(C*)

Slim et al., Phys. Fluids (2013)
Ching et al., Phys. Rev. Fluids (2017)

e = b"/V12H*

_ gAps(b*)°H*
N 124D

Ra varied with b* and H*
Ra € [4.6x10% ; 6.7x109]

Ra
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! Experiments in Hele-Shaw cells @ Porelab
Physics of Fluids NTNU-UiO Porous Media Laboratory
T T ||||||I T TTTTTI 1 ||||||| T TTTTT I <a> (b> _ (C) _ _ <d) _
— > <5}
1071 <><§><5><> : g o 5 Ei:% =
; m— 5 s | g2
i VoW SH
i z \4 g
&} < 8] | '-5 <}
[ BE i | 8E = ~ o
IRy 0 &0 =5 v Al
= oty anh | =& =
| @ y . ! T w w
| 0 b =0.15mm : ° ': | T ' | p
m b5 =0.30 mm | z | b b b
v b3 = 0.50 mm | - S - 5 - . .
@ b3 =0.80 mm : ALSL front view side views
10—2 | A bg = 1.00 mm | N
L1l 2| L 1 Iiiin 1 1 |||||||O | A | 2 %O : Darcy ﬂOW
10~ , 10 € Ra { «1 = Hele—Shaw flow
€ Ra >1 = three—dimensional
This model has been further developed in
Letelier et al., J. Fluid Mech. (2023)
De Paoli, Alipour & Soldati, J. Fluid Mech. (2020) Ulloa & Letelier, J. Fluid Mech. (2022)
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Presentation outline @ Porel.ab

NTNU-UiO Porous Media Laboratory

4. Pore-scale modelling and dispersion
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R Scalings of convection and finite-size effect

Physics of Fluids

PoreLab

NTNU-UiO Porous Media Laboratory

, 8 5
See De Paoli https://arxiv.ore/abs/2310.01999 for a detailed discussion
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R ; Pore-scale simulations @ Porelab
Physics of Fluids NTNU-UiO Porous Media Laboratory
(c) Sh(Rar)
T T ||||||| T T T TTTTTT T T ||||||| T T T TTTTTT T T |||||||
Liu et al. (2020) N “

Additional non-Darcy effects: O 5 = 1.0, free fruid % E

Relative size of flow structures and pores (| > ¢=092 aligned circles ]

-l A ¢ = 0.87, aligned circles -

- 4 ¢ = 0.82, aligned circles -

(a) l (b) | w ¢ = 0.75, aligned circles }

0o 000000 i — . |

oooooooo‘o%oo O O

(d) ShRa7 0%

O0O0O00000000O0 OO 0!
|

0 0 0

O O O O O

OOOQO
Sh

- - ]
o) - -, | :
@) -7 o gy | i _
@) e | ]
a9 0O | 1o g | -
TR N Lol L L Ll
@) g
o T I 107! 10° 10t
>
5/l
03 05 07 100 | | IIIIII| | 1L 1 11111l | | IIIIII| | 11 1111l | | IIIIII|
10° 108 10
RaT
De Paoli https://arxiv.org/abs/2310.01999 Liu et al., J. Fluid Mech. (2020)
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R Influence of dispersion

Physics of Fluids

@PoreLab

NTNU-UiO Porous Media Laboratory

Mechanism of dispersion

Patch of dye in a uniform flow
through a porous medium

time

Woods, Flows in porous rocks (2015)

flow direction

Darcy formulation of dispersion

(ba—c + V- (uC - ¢pDVC) =0

Fickian formulation for dispersion

uu
D =DI+ (af — aT)m + arul,

(a) Ra = 20,000 (b) Ra = 20,000

i’ /L (\ "I

columnar flow
fan flow

Liang et al., Geophys. Res. Lett. (2018)
Chang et al., Phys. Rev. Fluids (2018)

These models required validation:
Experiments and simulations in porous media
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oA Flow configuration @ Porelab
Physics of Fluids NTNU-UiO Porous Media Laboratory

dC/m =0 , un=0 experiments simulations

Py, O35 G,

heavy fluid
\g

d

. nea

I J

! 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 4 Experimental setup @ Porelab

Physics of Fluids NTNU-UiO Porous Media Laboratory
(a) Hele-Shaw cell (b) gate (side view) (c) measurement region
inlet/outlet
valve , | light fluid water + KMnO,
beads and
light fluid a < heavy fluid <
«B | Do E O, ]
= am)
moving gate g
gate movement . . o
o — = (@)
I (@]
ﬁ)eads f@[n% / o Bl |l
eavy tlul
Y gate g i g =
g T © [ ; | e |
frame S| ° light fluid 1=
seals S | pw , C=0 | |
inlet /outlet water
valve ) L = 200 mm ‘
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R Numerical method

@PoreLab

NTNU-UiO Porous Media Laboratory

)

Physics of Fluids

(a
(b)

Y Y Y i

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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== Mixing length @ PoreLab
Physics of Fluids NTNU-UiO Porous Media Laboratory
gApd?
Ray = —— (exp.)
D
ﬂ Rad
— 7\’
AN
E 109
| | | a
3 10° 3 10°
. (sim.)
gApk 5
U=°""— : Rag=10°
H 10° 3 — Rag=10>5 ||| 0
¢D ] :: — Ray= 10°
527 IIIIII| = .IIII.I.I.|- 1 1 IIIIII| 1 1 F 1T 1T1Tl o
103 10* 10° 106

t(PlIU)
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S d) Modelling scalar dissipation %Pp()mrdej_batb
D C del thi
X = D(lVC|2)f — |VC|2 dV an we model this
Ve vy mixing/dissolution process?
1071 o . .

- diffusion Dittusion:

: AC :

] C = Oo + TGI‘f (\/2—/{t>

Rad = 105‘5
Rad = 106

10_3 I Frrrrry I I Frrrrry I I Frrrrry I I II‘-IIII|

102 103 104

_r
PITT

10°

AC 22
0,C = ——
2V Tkt b ( 2/4;75)

(VO H/ 0.C2d>

B \/; (80)
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Q Modelling scalar dissipation

Physics of Fluids

@PoreLab

NTNU-UiO Porous Media Laboratory

2 D 2
x =D{VCP) =+ | [VCI* av

f Vf
107! T
=
S[E 107 3
> .
T Ra,;= 1072
1 Ray =106
10_3 1 IIIIII| 1 1 IIIIII| 1
102 103 10*

_t
QLU

10°

Convection

Ly,
x = K(|VCP?) = &?<|VC!2>ML,
AC
2\/7T/€t.

L,, ~ 2Ut,

VC| ~

_ 2UL(ACP 1 Ud(AC)
NS et 27 H

1/2m is the maximum value
of dissipation. Practically,
y decreases with time
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Modelling scalar dissipation

@PoreLab

Q )
Physics of Fluids NTNU-UiO Porous Media Laboratory
A Assume:
5 1) Interface grows as:
L
Hl --J__|- Y h(?f) Li:L-I'ZNfingerh:L_l'ZIh
2) Gradient across the interface
evolves according to the diffusive
""""""" Tt T T T solution
“ L >
DLL' +6/2
x =Dy =t | 10,0 dn
HL J_s /2
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Physics of Fluids

Modelling scalar dissipation

PorelLab

NTNU-UiO Porous Media Laboratory

0.20

‘ "*. st

1/2m is the maximum

1/(27x) value of dissipation.
— _ |- P L . —
“0 1 — -

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

0.00 -1 | I | I
0 10 20 30 40 50 60
_t
aiu el g o
t = a
(AC)2U/H ~ am 4) 7 1.92r  2m
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Modelling scalar dissipation

@PoreLab

NTNU-UiO Porous Media Laboratory

shutdown

_gApkH UH H RaDa
ueD 9D L ¢

%

Ra

T
S[E 107
= .
E Ra,=10° 10-1 e
— Rad=105'5 m I S .
N S~
Ray=10° S | |
1073 T T TTTT] |>~<Q : : .....
102 3 10_2 | |
- I I
| |
| |
| |
f — Qb—D | |
4 107 | : | : | | |
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
L
H/U
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Presentation outline @ Porel.ab

NTNU-UiO Porous Media Laboratory

5. Conclusions and outlook
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o= Conclusions and outlook @ Porelab
Physics of Fluids NTNU-UiO Porous Media Laboratory

1. Convection in porous media is a multiscale and pore-scale
multiphase process

2. A combination of experiments, simulations and
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

review

=] 2 (=]
[=]

|
https://arxiv.org/abs/2310.01999
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o= Conclusions and outlook @ Porelab
Physics of Fluids NTNU-UiO Porous Media Laboratory
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High-resolution images, movies and slides are
available upon request to m.depaoliQutwente.nl
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