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Two-fluid flow In porous media

In a common approach, we use k;,,(S,) and ==

macroscopic P.(S,,). —
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Pore scale phenomena affect the k,. and |
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However, they are not well represented in the
common approach (for ex. dependency of k,
on microscopic flow regimes).

Darcy (1856), Wycoff & Botset (1936), Leverett (1941), Avraam and Payatakes (1995)
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Recent advances Iin imaging

« From black-box coreflooding to fast X-ray micro-tomography
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Intrinsic volumes in integral geometry

« For a 3D set of objects K, V,(K) — V5(K) denote the
Intrinsic volumes.

« Example of K: an assembly of fluid clusters
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Characterization theorem in integral geometry

« Under certain conditions, a function u on K can be
written as a linear combination of intrinsic volumes of K
(Hadwiger 1975).
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Free energy (F) of a fluid

* F of a fluid confined by a complex boundary fulfills the
requirements of the Hadwiger theorem.

« Therefore, F can be described by a linear combination
of intrinsic volumes (Mecke & Arns 2005).

Mecke & Arns 2005
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Free energy of a 2-fluid flow system
(by integral geometry)

bulks (a, B, s) interfaces (ap, as, Bs) contact lines (afs)

interfacial
thickness ()

Kap

Interfaces and lines
have volume.
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Dependencies of intrinsic volumes

F=FS‘+Fa+F,8_Fa,8_FaS_F,BS-I_FaBS

set intrinsic volumes

K, Vo, Ay, Hy and x,

‘ Kﬂ Vﬁr Aﬁr Hﬁ and Xﬁ

K Vs, Ag, Hg and xs

Ka[} Va[j’r Aaﬁr Haﬁ and Xap

: : : : Kas Vaﬁ;Aasr Has and Xas
Kﬁs VBS!ABSI HBS and Xﬁs
B 2 :  CiapViap — 2 Clas Vias Kaps  Vaps: Aaps: Haps and Xaps
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Dependencies of intrinsic volumes

« Simplifications (area)
* Only 2 of (Ay, A, Ags, Ags, Agp) are independent.

(Ag — Ag + Ag = Ags
Aﬁ_Aa+AS:Aﬁ5
Aa+A/3—AS=AaB
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Dependencies of intrinsic volumes

Simplifications (interfaces)

interfacial thickness (&)

Voap = 0(£), € >0

KU
Vla[)’ = Aaﬁ °

1 1 1 1 dA
Vaap = Vaapiese + Vaapirigne + Vaapiine = +mf61<a3s (R_l T Rz—>00) dd 3 HISKaﬁsR_l 4
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V3a,8 = Xap
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Dependencies of intrinsic volumes

line thickness (&)

Simplifications (contact lines) \

Voaps = 0(€%), € = 0

Vieps = 0(),e—0

&
1 1 dA 1 2n—dL 1
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Dependencies of intrinsic volumes

* F s a function of 7 intrinsic volumes:

« Under extreme wetting conditions:
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Free energy (F) of a 2-fluid flow system
(by thermodynamics)

AWexternar = dF + dEdissipated

AWexternar = PydVy, + P dV, = (Pw - Pn)an = P.dV, = ¢VP.dS,
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Efficiency (E)

Imbibition

_ dSW
= QVFE—

Imbibition E,

dF 1 dF
dw $VP. dS,,

Drainage Ep




Efficiency (E)

Imbibition

« According to Morrow (1970), the
Imbibition had an efficiency of
92.5%, whereas the drainage had
a lower efficiency.

% @ NTNU
224

5 reLab

NTNU-I Media Laboratory



Free energy (F) for spontaneous
Imbibition (SI)

| 3 * Linear regression of 330 data
RI=0993— points for five SI with
macroscopic capillary number
of 10-1% showed a good fit.

AF calculated

e « Efficiency of 1 had similar
AW macroscopic resu ItS .
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Efficiency for a PD-MI-MD experiment

Free energy

* 1-1lines represent no
dissipation.

ol e A ]

« Early PD and MD have less
dissipation (fewer irreversible
processes, e.g. Haines
jumps).
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* Late PD and MD show a
decrease in F when external A R R N R -
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Work in progress...

 The coefficients from _

Areas Curvature

regression were T — —
correlated: | g

O MD

— Limited temporal
resolution or limited <
number of data points 1 % |
might not cover the %,
possible nonlinear °
behavior. = e
« Possible non-geometric ."|
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Conclusions

* Free energy is a function of 7 geometrlcally Independent
variables (S, 4., A, H,, Xn %w> Luwns):

* The independent variables in extreme wetting conditions
are (Sy, An, Hy, Xn).

« Dissipation of the processes can be calculated by
combining integral geometry and thermodynamics.

* Possible non-geometric dependencies have yet to be
found by further experimental and theoretical work.
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Integral geometry and 2-fluid flow

« Steiner formula is a relation between volume and other
Intrinsic volumes when the structure changes.

Ae" =

M, &) — A(Q) 23: a; M5

%4 V

=1

« Based on simulated non-wetting fluid configurations
— H,,(5,, Awn, Xn) IS valid as a state function.
- H,,(S5,), H,»(S,, A,,) are non-unique.

McClure et al. 2018
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