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Unifying picture of mixing is missing

Fixed interface

Hewitt et al. (2013). J. Fluid Mech., 719
Slim, A. (2014). J. Fluid Mech., 741
De Paoli et al. (2025). Geophys. Res. Lett., 52 (7)
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Fixed interface Free interface
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Questions

< What is the role of boundary conditions?

< What is the role of fluid model?

< What is the role of dimensionality?
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Boundary conditions

(a) fixed interface

C*

De Paoli & Pirozzoli (2026), arXiv:2604.23199
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Boundary conditions

(a) fixed interface (b) free interface

z*=2H"

De Paoli & Pirozzoli (2026), arXiv:2604.23199
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Fluid models
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Fluid models

V-u=0 = — —+u-VC =—VC
I.I_o_ u u (Vp + pk) Fy u Rac
p=1+4C , -1<C<0 L2 Cn P =Pn_ oy,
o Fixed interface o= 1 —C2 , _1 < C < 0 | .
= c'=c: _p'=pt | _._,

De Paoli & Pirozzoli (2026), arXiv:2604.23199
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Fluid models
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Fluid models

Effect of a

Effect of 5

1 05 0 05 i
C
Rag = 7H Q= ¢ —Cm — P~ P; In this work
¢D il O Pm — P~ Ra, = 10*

De Paoli & Pirozzoli (2026), arXiv:2604.23199

Marco De Paoli, Mixing of complex fluids in confined porous media

15




m Fixed interface

. 3D faster mixing than 2D

GL
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De Paoli & Pirozzoli (2026), arXiv:2604.23199
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Fixed interface: 3D faster mixing than 2D

3D

p=1+C

concentration C

Z=2

/

De Paoli & Pirozzoli (2026), arXiv:2604.23199
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Fixed vs. free interface

fixed interface
(linear)
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Fixed vs. free interface

fixed interface
(linear)

deformed interface

free interface
a = 0.6
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Mixing

x = (IVC[?)
with (

IVC?

) = volume average

Jha, B., Cueto-Felgueroso, L., & Juanes, R. (2011). Phys. Rev. E, 84 (6), 066312

Hidalgo, J., Fe, J., Cueto-Felgueroso, L., & Juanes, R. (2012). Phys. Rev. Lett., 109 (26), 264503.
Hidalgo, J., Dentz, M., Cabeza, Y., & Carrera, J. (2015). Geophys. Res. Lett., 42 (15), 6357-6364.
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@ Mixing

Mean scalar dissipation
x = ([VC?)

with ( ) = volume average

Degree of mixing

L, o) 8(1—aw)? t ©
WIGER! = /0th !

2
o Ra

0> = (C?) — (C)?

Jha, B., Cueto-Felgueroso, L., & Juanes, R. (2011). Phys. Rev. E, 84 (6), 066312
Hidalgo, J., Fe, J., Cueto-Felgueroso, L., & Juanes, R. (2012). Phys. Rev. Lett., 109 (26), 264503.
Hidalgo, J., Dentz, M., Cabeza, Y., & Carrera, J. (2015). Geophys. Res. Lett., 42 (15), 6357-6364.
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Mean dissipation and mixing
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Mean dissipation and mixing
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Mean dissipation and mixing
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Mean dissipation and mixing @U
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Mean dissipation and mixing @U

x = (IVC|?)

e

400
Diffusive solution
300 (2 — 1) Ra
~ (1—a) [204—1+erf< N )]

200 1 [Ra

(1—a)24V 2nt
100

NN R RN RET Lo vl
101 10° t 10! 102

Marco De Paoli, Mixing of complex fluids in confined porous media 27



Mean dissipation and mixing
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Mean dissipation and mixing EGU
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m Influence of fluid models on the interface
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Influence of fluid models on the interface @U
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Mean dissipation and mixing

2
Model for dissipation during shutdown of convection X = <|VC| >

1. Estimate local dissipation |VC|?

0.C| ~10,C| < |0.C| VS P===jpqpes=== low D= high

Hidalgo, J., Dentz, M., Cabeza, Y., & Carrera, J. (2015). Geophys. Res. Lett., 42 (15), 6357-6364.
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Mean dissipation and mixing

2
Model for dissipation during shutdown of convection X = <|VC| >

1. Estimate local dissipation |VC|?

0.C| =~ |0,C| < |0.C| NP ps low [ high

2. Estimate boundary layer thickness )
F(t
(1) = (€ - ) gy = L

C_|_—C_ — 1/(1—04)
Interface deformation model
f(t) =la1 + (t —ts)|/a2 by Hidalgo et al. (2015)

Hidalgo, J., Dentz, M., Cabeza, Y., & Carrera, J. (2015). Geophys. Res. Lett., 42 (15), 6357-6364.
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Mean dissipation and mixing

2
Model for dissipation during shutdown of convection X = <|VC| >

1. Estimate local dissipation |VC|?

0,C| ~ |9,C| < |8.C] /.G A e

2. Estimate boundary layer thickness
f(t)

3(t) = (Cy = C) f(t) = =
C+—C_:1/(1—()é)

low allely

Interface deformation model

f(t) =lar + (t —ts)l/a2 by Hidalgo et al. (2015)

3. Combine and find dissipation

=(vop = = (& ‘0)2 ualt) =

L, 0

Hidalgo, J., Dentz, M., Cabeza, Y., & Carrera, J. (2015). Geophys. Res. Lett., 42 (15), 6357-6364.
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Mean dissipation and mixing
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Degree of mixing
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Time for mixing
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Time for mixing
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Conclusions
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Conclusions

Theoretical framework for comparison of De Paoli & Pirozzol
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Understanding and modelling of mixing
dynamics
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Conclusions

Theoretical framework for comparison of
system with different b.c. and fluid models

Understanding and modelling of mixing
dynamics

Comparison of different models and
prediction of uncertainties/differences
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Conclusions

Theoretical framework for comparison of
system with different b.c. and fluid models

Understanding and modelling of mixing
dynamics

Comparison of different models and
prediction of uncertainties/differences
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Backup slides
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Fluid models

fixed interface

free interface
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Free-interface dynamics (2D)
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Time for mixing EGU
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Time for mixing
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Interface position

Model of Hewitt et al. (2013)
do 6|
it = hRa

2 dh 4 Nu,
(lo1+0, - 200 ) G = -0+ L2

dt 70 Ra h Ra
20, \ do 8(Cy +0) 4/6| Nu,
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, , (2D
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— 3 (
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Interface dynamics
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Interface dynamics

B3, a=06,3=15 t 0 B6, a=06,8=15 t

150 150

1.5 L [r100 . 100

- A
00t

S s -
= NSy

. - . P v - . P~

= Vel T o B 10V g v e Z < 2z Y —55% 2R -
=" - N e AN i - v g —_=Y,
7 A“.‘.;-.WI“ ')--.q.-'!;‘ "% N - N ) ¢

Z T
t C4, a=04,8=00 t
2.0
150 @@ 150
A< 4
100 100
™ - N 1.5
A i & A aame el EU
1.0 X e h . . 1.0 (YT T
0 1 2 3 4 ) 0 1
z z

Marco De Paoli, Mixing of complex fluids in confined porous media 51




Interface dynamics

2.0

B2, a=04,3=15

1.5 -

- U QA”,

e g —~ " g —
- = N - —‘V—_—N
Y p—— e ATy Py
e e e e T e e e e
S N e e N e N~ Nt~
o ) s oD S-SR, AP SRS o SRS SRy AP S AR A A

1.0 -

2.0

1.0 -

150

100

50

150

100

50

2.0

1.5

1.0

2.0

0 1

i
C6, a=04,8=30

1.5

1.0

t

150

100

50

150

100

50

Marco De Paoli, Mixing of complex fluids in confined porous media

52




Simulations details

Sim. interface/b.c.  Ra p(C) « B L, L, L, N, N, N,
Al fixed/(8) 1x10° [linear (36) - - 5 - 1 5120 1 256
A2 fixed/(8) 1 x 10* parabolic (S7) - - 5 - 1 5120 1 256
A3 fixed /(8) 1 x 10*  linear (S6) - - 1 1 1 1024 1024 256
A4 fixed/(8) 1 x10* parabolic (S7) - - 1 1 1 1024 1024 256
B1 free/(9) 1 x 10* piecewise (S8) 0.1 1.5 5 - 2 5120 1 1024
B2=C2  free/(9) 1 x 10* piecewise (S8) 0.4 1.5 5 - 2 5120 1 1024
B3 free/(9) 1 x 10* piecewise (S8) 0.6 1.5 5 - 2 5120 1 1024
B4 free/(9) 1 x 10* piecewise (S8) 0.1 1.5 1 1 2 1024 1024 1024
5=Cbh free/(9) 1 x 10* piecewise (S8) 0.4 1.5 1 1 2 1024 1024 1024
B6 free/(9) 1 x 10* piecewise (S8) 0.6 1.5 1 1 2 1024 1024 1024
C1 free/(9) 1 x 10* piecewise (S8) 0.4 0.0 5 - 2 5120 1 1024
C2=B2  free/(9) 1 x 10* piecewise (S8) 0.4 1.5 5 - 2 5120 1 1024
C3 free/(9) 1 x 10* piecewise (S8) 0.4 3.0 5 - 2 5120 1 1024
C4 free/(9) 1 x 10* piecewise (S8) 0.4 0.0 1 1 2 1024 1024 1024
C5=B5  free/(9) 1 x 10 piecewise (S8) 0.4 1.5 1 1 2 1024 1024 1024
C6 free/(9) 1 x 10* piecewise (S8) 0.4 3.0 1 1 2 1024 1024 1024
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Simulations details

Sim. interface/b.c.

Ra

p(C)

h
I\

x x Ny z
D1 free/(9) 1 x 10* piecewise (S8) 0.25 0.0 5 - 2 5120 1 1024
D2 free/(9) 1 x 10* piecewise (S8) 0.25 1.5 5 - 2 5120 1 1024
D3 free/(9) 1 x 10* piecewise (S8) 0.25 3.0 5 - 2 5120 1 1024
D4 free/(9) 1 x 10* piecewise (S8) 0.5 0.0 5 - 2 5120 1 1024
D5 free/(9) 1 x 10* piecewise (S8) 05 1.5 5 - 2 5120 1 1024
D6 free/(9) 1 x 10* piecewise (S8) 0.5 3.0 5 - 2 5120 1 1024
D7 free/(9) 1 x 10* piecewise (S8) 0.25 0.0 1 1 2 1024 1024 1024
D8 free/(9) 1 x 10* piecewise (S8) 0.25 1.5 1 1 2 1024 1024 1024
D9 free/(9) 1 x 10* piecewise (S8) 0.25 3.0 1 1 2 1024 1024 1024
D10 free/(9) 1 x 10* piecewise (S8) 0.5 0.0 1 1 2 1024 1024 1024
DIl free/(9) 1x10* piecewise (S8) 0.5 1.5 1 1 2 1024 1024 1024
D12 free/(9) 1 x 10* piecewise (S8) 0.5 3.0 1 1 2 1024 1024 1024
El free/(9) 1 x 10* piecewise (S8) 0.1 0.0 5 - 2 5120 1 1024
E2  free/(9) 1x10* piecewise (S8) 0.6 0.0 5 - 2 5120 1 1024
E3 free/(9) 1 x 10* piecewise (S8) 0.1 3.0 5 - 2 5120 1 1024
E4 free/(9) 1 x 10* piecewise (S8) 0.6 3.0 5 - 2 5120 1 1024
E5 free/(9) 1 x 10* piecewise (S8) 0.1 0.0 1 1 2 1024 1024 1024
E6 free/(9) 1 x 10* piecewise (S8) 0.6 0.0 1 1 2 1024 1024 1024
E7  free/(9) 1x10* piecewise (S8) 0.1 3.0 1 1 2 1024 1024 1024
ES8 free/(9) 1 x 10* piecewise (S8) 0.6 3.0 1 1 2 1024 1024 1024
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