Vo
.\t
2 4
g
Z
~t
~
%
—
N7
N
&

Modelmg heat and mass transp()rt in |
convective porous media flows: a = '¢
multiscale approach

M. De Paolit2
m.depaoliQutwente.nl

"Physics of Fluids Group, University of Twente, Enschede (The Netherlands)
sInstitute of Fluid Mechanics and Heat Transfer, TU Wien, Vienna (Austria)

July 10th, 2024 - California Institute of Technology (Pasadena, US

\ )

Physics of Fluids



mailto:m.depaoli@utwente.nl
https://marcodepaoli.com/

e

()]

Q )

Physics of Fluids

eoo?®
oonoooooos

F'ull rotational dynamics of microplastic
fibers in turbulence, Giurgiu V., Caridi
G., De Paoli M. & Soldati A., Physical

Review Letters (in press)

De Paoli Marco, Modeling heat and mass transport in convective porous media flows: a multiscale approach 2 ‘



Caltech

Acknowledgements

Physics of Fluids

UNIVERSITY
0 F TWE NTE Physics of Fluids

MAX-PLANCK-GESELLSCHAFT
This project has received
funding from the

: ! ropean
European Union's

Horizon Europe research Marie P” ” g [ C I N E C A
and innovation Sktodowska-Curie

programme under the
Marie Sklodowska-Curie
grant agreement MEDIA
No. 101062123.

S Funded by — %
the European Union - @
% *

Actions

\
\
%
*
%
]

\_ I

r
%

*
*
ki

De Paoli Marco, Modeling heat and mass transport in convective porous media flows: a multiscale approach 3 ‘



Acknowledgements

D. Lohse C. Howland G. Yerragolam R. Verzicco

S. Pirozzoli

SAPIENZA

UNIVERSITA DI ROMA

F. Zonta

V. Giurgiu

M. Alipour

’De Paoli Marco, Modeling heat and mass transport in convective porous media flows: a multiscale approach




Presentation outline

1. Motivation

2.  Reservoir-scale: multiphase gravity currents

3. Darcy-scale: simulations, experiments and finite-size etfects
4. Pore-scale modelling and dispersion

5. Conclusions and outlook

De Paoli Marco, Modeling heat and mass transport in convective porous media flows: a multiscale approach



Presentation outline

1. Motivation
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2.  Reservoir-scale: multiphase gravity currents
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3. Darcy-scale: . experiments and finite-size etfects
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Pirozzoli, De Paoli, Zonta & Soldati, J. Fluid Mech. (2021)
De Paoli, Pirozzoli, Zonta & Soldati, J. Fluid Mech. (2022)

Governing equations

V-u=0 continuity
u=—(Vp -TKk) Darcy
oT 1 _, advection-
E +u- VT = R_av r diffusion equation

Boundary conditions

v(y=0)=0 no-penetration

v(y=1)=0
Ty=0 =1 foq temperature
Tly=1)=0

How efficient is mixing?
How fast can we dissolve CO27
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Turbulence
References hypothesis scaling
g[ e.lerls, MC V}'I Rg 1?5?;1 szlﬂoc.t RJ' Sl;ohc ' Lgn(a;)Aliééé Sf6_212' Heat transfer is independent of the thickness of
HI;\?VSarZy’L .N '19 6 6. In ’Pr;f ' 4 Z;fh [3;' C’ong, App Méch the boundary layer. Therefore, the lower and Nu ~ Ra'/3
L ’ ' ' ' ' K upper b.l.s evolve independently.
pp.- 1109-1115.
Porous media
References hypothesis scaling
Doering, CR & Constantin, P 1998, J. Fluid Mech. 376, 263— | Such scaling implies that dimensionless flux is
296. independent of thermal diffusivity, and Nu ~ Ra

Hassanzadeh, P., Chini, G. P. & Doering, C. R. 2014, J.
Fluid Mech. 751, 627-662.

therefore we achieve the so-called ultimate
regime.
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Malkus, M. V. R. 1954, Proc. R. Soc. Lond. A 225, 196-212.

Heat transfer is independent of the thickness of

regime for arbitrary Pr (diffusion-free regime)

Priestley, C. H. B. 1954, Aust. J. Phys. 7 (1), 176-201. 1/3
Howard, L. N. 1966, In Proc. 11th Int. Cong. App. Mech., the Sf%ﬁiazy;?};eihiheersgzlﬁ’lthe lower and Nu ~ Ra
pp. 1109-1115. Uppet b5 EVOLY P Y
Shraiman, B. . & Siggia, E. D. 1990, Phys. Rev. A 42, 3650— | Thermal b.l. deeply nested within the 2/7
. Nu ~ Ra

3653. turbulent viscous b.l. (Pr > 1)

Using classical mixing length arguments for R/
Kraichnan, R. H. 1962, Phys. Fluids 5, 1374-1389 turbulent boundary layer, asymptotic Nu

" (InRa)3/?

Verzicco, R. (2012). Boundary layer structure in confined turbulent thermal convection. Journal of Fluid Mechanics, 706, 1-4.
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Governing equations
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(2D) De Paoli et al. (2016)
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4. Pore-scale modelling and dispersion
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Mechanism of dispersion Darcy formulation of dispersion
Patch of dye in a uniform flow ¢8_C LV (uC — ¢DVC) =0
through a porous medium
time Fickian formulation for dispersion
D =DI+ (af — aT)% + arul,
(a) a = 20,000 (b) Ra = 20,000
iﬁ D (V‘ M
= Z
£ = :
T = S
> = -
o Q
= )
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
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Finite ditference
(AFiD, open
source)

_l_
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Boundaries Method

L.=3H
ou+ (u-Vyu = —pale +vViu — gBC3,
8,C + (u - V)C = DV°C,

Resolution:

- velocity: = 32 points
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1+A_P<c_co)] _ conc. : =128

P = Po s . .
poCo points per diameter
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1/2m is the maximum value
of dissipation. Practically,
y decreases with time
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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.
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N Conclusions and outlook
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Convection in porous media is a multiscale and multiphase References
process * De Paoli, M., Howland, C. J., Verzicco,

R., & Lohse, D. (2024). Journal of Fluid
Mechanics, 987, Al.

« Zhu, X, Fu, Y., & De Paoli, M. (2024).
Journal of Fluid Mechanics (in press).

. : : _  De Paoli, M., Yerragolam, G. S., Lohse,
Recent developments in numerical and experimental capabilities , ,
enable measurements at unprecedented level of detail, but the D. & Verzicco, R., (2024). AFiD-Darcy:

parameters space is huge! A finite difference solver for numerical
simulations of convective porous media
flows (under review).

A combination of experiments, simulations and theory is
required to model the flow dynamics
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High-resolution images, movies and slides are
available upon request to m.depaoliQutwente.nl
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