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Cross-coupled flows in porous media
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Clay minerals
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a. Sketch of the charged capillary FIOW i n nanopores
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b. Sketch of the electrical double layer c¢. Excess conductivity
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Local equations: 1. The Stokes equation

-C Vu, - 5(+)V,u(+) — C_J(_)V,u(_) +F+nV°v=0
~V(p—-7)+nV*V+F—-C,,Vu,, —C_ Vu_ =0

F=qQ,E Bulk force

E=—Vwy Quasi-static approximation

V(p—7)+C Vi) +C Vil =1V
Local Stokes equation with the electrochemical potentials defined as

Hisy = ,u(oi) +k,TInC,, ey



A note on the osmotic pressure

In the reservoirs In the pore space
,LlWZ,LlV?,-l—QWp-FkaInCW ﬁW:,LlW-FQWp-I-kaInC_:W
/Local equilibrium condition\

Hy, = U,

\_ E:p_(ﬂ'_ﬁ) )

Osmotic pressure difference van't Hoff [1888] equation
_ kT, (C,
or=n—-rT=—"—In| == m=2Ck,T
QW C:W

o ~—k,T(C,+C_,—2C;) 7=kT(Cu +C,)

(+)



V=V_+V, +V,

Total velocity = Mechanical + electroosmotic + chemio-osmotic

a. Sketch of the charged capillary
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b. Sketch of the electrical double layer c¢. Excess conductivity
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Local equations: 2. The Nernst-Planck equation

Jy = 0Ty Vil =BT ) Vi 6(r =R) +T i,y V,,

V/u(+) =V i,

a. Sketch of the charged capillary
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A note on the surface transport

K = 1_‘(+)
K+

(+)
e
>S5S0 +M" < >SOM” r'.C. eXp(—k?F]

b

K

I
>SOH! +A™ < >SOH!A" K, = I
0 %
Ly exp (k-Fj

b

Surface flux densities

- _ RS ~S
Jo = b(i)r(i)VS/u(i) This implies:

Jo = DT Vs —kThL I, VsInT e, vn I'y=VsInC

4 )

In conclusion:

(+)

- S S
Jioy = —b(i)l“(i) (xe)Viy — kab(i)F(i)V In C(i)

- . S ~
\_ )y =0T Vi,




3. Inclusion of the pore size distribution in the upscaling process

g(R) probability density to have a capillary with a radius comprised

bet R and R + dR.
etween R an (e.g., through NMR calculations)

Tg(R)dRzl

Raw moments of the probability distribution

[T, = [R"g(R)dR
0
For instance II = _[ R™*g(R)dR = j g(R)dInR
0 0

H0=jg(R)dR:1
0

I, =jR g(R)dR
0



For a bundle of capillaries, the porosity, the excess of charge
and the mean concentrations in the bulk pore space

Nz
¢ = THZ
Q/ — _2QSH—1

C., =C, (x/1+ O i@)
with the dimensionless parameter ® defined by,

Q, 107~ fo) (1—¢j
=511 ® o.| —~ |CEC
eCf - 2Cf ’ ¢

Key dimensionless variable of the problem



Methodology

1) Local equation and external and internal bounadry conditions
2) Surface average to get the total flux of a single capillary
3) Collection of n capillaries: total flux

4) Getting the flux density by dividing by the cross section area



Darcy is not dead ! Heros don’t die, they become legends

H. Darcy, Les Fontaines Publiques de la Ville de Dijon, Dalmont, Paris (1856).

Henry Philibert Gaspard Darcy
(June 10, 1803 — January 3, 1858) was
a French engineer who made several
important contributions to hydraulics .
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Constitutive equation of flow in porous materials



4. Macroscopic constitutive equations

2J
Extending Darcy’s law Jd
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Where the conductivity contributions are given by,
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Electrical potential, @ [V]

S. Application to the Callovo-Oxfordian Argillite
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Table 1. Material Properties of the COx clay-rock.

Symbol Meaning Value

7 Mean pore electrical potential -40£10 mV (a)

m Cementation exponent 2.5+0.5 (a),

@ Connected porosity 0.15+0.08 (e)

log k Log permeability 20+ 1 (b)

CEC Cation exchange capacity 0.18+0.08 Mol kg'! (c)
Pg Grains mass density 2700+50 kg m (c)
S Specific surface area 5x10* m? kg! (d)

(a) Jougnot et al. [2009].

(b) Distinguin and Lavanchy [2007] and Rousseau-Gueutin et al. [2010].
(c) Leroy et al. [2007].

(d) Gaucher et al. [2004]. The confidence interval is not known.

(e) Descostes et al. [2008].



Pore size distribution
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Prediction of the streaming coupling coefficient and Hittorf number
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Prediction of the Hittorf number
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Macroscopic Hittorf number, T [-]

—— Theory

B Ermakova et al. [1997] (silica glass)

0 Clavier et al. [1977] (#298-cross cut)

(O Clavier et al. [1977] (#301-2nd Wilcox)

X Clavier et al. [1977] (#193-68 Tuscaloosa)
© Clavier et al. [1977] (#193-86 Tuscaloosa)
@ Revil etal. [2005] (COx clay-rock)
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Prediction of the osmotic coefficient
— Theory

[0 Kemper and Rollins [1966], ¢ = 0.91
B Kemper and Rollins [1966], ¢ = 0.84
|

[0 Kemper and Rollins [1966], ¢ = 0.80
X Rousseau-Gueutin et al. [2010]

@ Malusis et al. [2003],  =0.74
O Malusis et al. [2003], ¢ =0.79
© Malusis et al. [2003], $ = 0.86
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Cexep [m]

Osmotic pressure in the field
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Hydraulic and chemical pulse tests in a shut-in chamber imbedded
in an argillaceous formation: Numerical and experimental

approaches

P. Rousseau-Gueutin, " J. [}nncalu-'és._] M. Cruchaudet,” G. de Mar&ily._] and S. Violette'
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