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was proposed for

1D steady-state flow
of almost pure
incompressible water
in saturated
homogeneous
isotropic rigid sandy
soil under isothermal
conditions
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to apply to
3D unsteady flow of two
or more compressible
fluids, with any amount
of dissolved matter, in
heterogeneous
anisotropic deformable
porous media under
non-isothermal
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METAMORPHOSIS OF
DARCY’S LAW
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FOR ONE-DIMENSIONAL FLOW, Change — to — —
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METAMORPHOSIS OF
DARCY’S LAW

For unsteady state conditions: h = h(X,'[)
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METAMORPHOSIS OF
DARCY’S LAW

FOR THREE-DIMENSIONAL FLOW
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METAMORPHOSIS OF
DARCY’S LAW

FOR ANISOTROPIC MEDIA, REPLACE K BY K
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METAMORPHOSIS OF
DARCY’S LAW

FOR HETEROGENEOUS MEDIA

Is assumed to be a function
of position




METAMORPHOSIS OF
DARCY’S LAW

FOR DEFORMABLE MEDIA

Is assumed to be a functionof
POROSITY or DEFORMATION




METAMORPHOSIS OF
DARCY’S LAW

FOR FLOW IN UNSATURATED ZONE:
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METAMORPHOSIS OF
DARCY’S LAW

FOR FLOW IN UNSATURATED ZONE:

K .. _Is assumed to be
|J a function of
water content. (3
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METAMORPHOSIS OF
DARCY’S LAW

FOR TWO-PHASE FLOW (say WATER AND OIL):




METAMORPHOSIS OF
DARCY’S LAW

FOR TWO-PHASE FLOW (say WATER AND OIL):
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METAMORPHOSIS OF
DARCY’S LAW

FOR TWO-PHASE FLOW (SAY WATER AND OIL):




METAMORPHOSIS OF
DARCY’S LAW

FOR TWO-PHASE FLOW (say WATER AND OIL):

K!= k'K,
K:= KK,




“Extended” Darcy’s Law

oh oh*
— K Z— S= - KD ——

We have added bells and whistles to a simple formula to
make it applicable to a much more complicated system!

One must follow a reverse process:
- develop a general theory for a complex system
- reduce it to a simpler form for a less complex system




Comparison of theories of Aristotle and Galileo on
free fall of objects with hypothetical measurements
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PhD RESEARCH PROJECT
Determine terminal velocity of objects
as a function of mass density and other factors
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Standard two-phase flow equations
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Effective stress in unsaturated soils
Effective stress:
Gi?ﬁ = (Gij — Pairé‘ij )+ ZPCé}j

Pr; pore air pressure,
Pe: capillary pressure, (P,-P,), or matric suction

y : effective stress parameter;
assumed equal to saturation

x=f(E")

Water Soil grain |



Measurement of Capillary Pressure-Saturation Curve
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Capillary pressure-saturation curve is hysteretic
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Two-phase flow dynamic experiments (PCE and Water)

Selective pressure transducers used to
measure average pressure of each phase

within the porous medium
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Two-phase flow dynamic experiments (PCE and Water)

Static Pc-S Curves
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Two-phase flow dynamic experiments (PCE and Water)

10.0 1

prim drain PN~16kPa
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Experiments on the uniqueness of p°-S§ curves

(Smiles, Vachaud, andVauclin, 1971)
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There

IS No unique pP°-S curve.
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Main Scanning Drainage Cu. v

Main Drainage Curves
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Capillary pressure p°©
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Relative permeability-saturation curve
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Relative permeability is supposed to be less than 1.
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Standard theory does not model the development
of vertical infiltration fingers in dry soil

Universiteit Utrecht

Experiments by Rezanejad et al., 2002



Standard theory does not model the development
of vertical infiltration fingers in dry soil

Infiltration experiments;

Rezanejad et al., 2002

* Universiteit Utrecht




Standard theory does not model the development
of vertical infiltration fingers in dry soil
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Experiments by Rezanejad et al., 2002



Non-monotonic distribution of saturation during
infiltration into dry soil; experiments in our gamma system
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Non-monotonic distribution of saturation during
infiltration into dry soil; experiments in our gamma system

At z=20 cm and for different flow rates g (in cm/min)

o ’ q=0.045
o7H} ——q=0.1
——q=0.26
4l q=0.52
—_ =3
0.5H-1 3
= | | | |
S o411 e L o A
~Nad [ I | i
= | . | |
= o aff-Hhin S 1V ) E— e S
= | | | :
X | | | |
X g 2ft-- | 1 I S LYY b
0.1}
0
~0.1 | | i i i psiteit Utreclt
. 0 1000 2000 Ti 5000 6000
Fritz et al., 2012 ime (sec)



Non-monotonic distribution of pressure during infiltration
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Effective stress in unsaturated soils
Effective stress:
Gi?ﬁ = (Gij — Pairé‘ij )+ ZPCé}j

Pr; pore air pressure,
Pe: capillary pressure, (P,-P,), or matric suction

y : effective stress parameter;
assumed equal to saturation

x=f(E")

Water Soil grain |



Effective stress parameter, y,

is a hysteretic function of saturation or suction
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Outline

Averaging-Thermodynamic approach for developing
new theories of two-phase flow

New theories of two-phase tlow

Experimental and computational determinations of
capillary pressure under equilibrium conditions

Experimental and computational determinations of
capillary pressure under non-equilibrium conditions

Truly extended Darcy’s law



A new generation of micro-models for
two-phase flow experiments

Flow network of micro-models created in PDMS, which is
hydrophobic.

Overall dimensions: length of 35 mm and width of S mm;
No. of pores: 2000 to 6000 pore bodies and 6000 to 24000
pore throats

Pore size: mean pore size of 40 to 70 pm and constant
depth of the same size

Liquids used: Water (dyed with ink) and Fluorinert

= Universiteit Utrecht

Karadimitriou et al., 2012



A new generation of micro-models for
two-phase flow experiments

Karadimitriou et al., 2012



Visualization set-up
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Karadimitriou et al., 20
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Visualization of interfaces in a micromodel
Dynamic drainage and imbibition (Karadimitriou et al., 2012)




Averaging-Thermodynamic Approach

First, a microscale picture of the porous medium is given:
Porous solid and two fluid phases fil the space;
separated by three interfaces: solid-water, water-air, solid-air,
and a water-air-solid common line.

There is mass, momentum, energy associated with each phase
and interface.

# Universiteit Utrecht




Averaging-Thermodynamic Approach

First, a microscale picture of the porous medium is given:
Porous solid and two fluid phases fill the space;
separated by three interfaces:

solid-water, water-air, solid-air,
and a water-air-solid common line.

Microscale conservation equations for mass, momentum, and
energy are written for points within phases or points on
interfaces and the common line.

These equations are averaged to obtain macroscale
conservation equations.

No microscopic constitutive equations are assumed.

Macroscopic constitutive equations are proposed at the
macroscale and restricted by 2"! Law of Thermodynamic.

W Universiteit Utrecht



Equations of conservation of mass

For each phase: § ( nS“ p“ )

—I—Vo(p“q“): Zr“’“ﬂ

at P#a
Divide by a constant p and neglect mass exchange term:
0(ns“)
+Veq® =0
, ot
For each interface:
aﬂl—waﬂ )
8(a +V0(a“ﬁF“ﬁW“ﬁ):r“’“ﬂ+rﬂ’“ﬂ
ot
Divide by a constant I"%:
oa”’

p +V0(a“ﬁwaﬂ) = EY



Results from imposing
the Second Law of Thermodynamics

Definition of capillary pressure

Under equilibrium conditions, we get:

8 m
—_p" WW
e 0S

Under equilibrium conditions, we get:

(=)

mOy" 0S"

pY _pW = r—
P s




Results from imposing
the Second Law of Thermodynamics

Definition of fluid phase pressures:

< :_(pa)2 oy

I:_pal a:W,g

Definition of solid phase pressure and effective stress:




Results from imposing
the Second Law of Thermodynamics

Definition of solid phase pressure and effective stress:

GS — Ggff _ZPCI

y=S"+xa"/P"




Extended theories of two-phase tflow

Extended Darcy’s law (linearized equation of motion ):
qa — _pOKKCX .(VGOZ . g)

where G is the Gibbs free energy of a phase:
Ga — Ga (pa,awnasa,T)

Extended Darcy’s law :

q° = —k;rjx K-(VP“ —pg—y o var —WSVS“)

where 1y“* and *° are material coefficients.

e



Extended theories of two-phase tflow

Linearized equation of motion for interfaces:
W = K" @ (VG —g)

where G"" is the Gibbs free energy of wn-interface:

G™=G"(T“,a",8,T)

Simplified equation of motion for interfaces
(neglecting gravity term):

w'n = KN |:7/wnvawn n anvsw}

o ° ° Wno
where QQ""is a material coefficient and / is
macroscale surface tension.



Summary of extended two-phase flow equations
o(ns”)

1 ot
qa :_EKa .(vpa _pag_vfzaVawn _WaSvSa)

aawn
ot

+Veq®“ =0

+v.(awnwwn): =2 (awn,SW)

w'n = K [ywnvawn n anvsw}
0S"
ot

P" —PY=P° -7 Pe=f(S",a")



A new generation of micro-models for
two-phase flow experiments

Karadimitriou et al., 2012



Visualization of interfaces in a micromodel
Drainage Imbibition

St =24% Sh=24%
Pc=4340 Pa Pc=2200 Pa
A™ =18.32 mm* Karadimitriou et al., 2012 " =30.56 mm’



Capillary pressure-saturation points
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Capillary pressure-saturation curve is hysteretic
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Capillary pressure and saturation are two independent quantities
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Macroscale capillary pressure; theoretical definition

=F(S", aW”) or f(PC s*,a")=0

al Area

—
o

8 —

o
S
—
—
L
<
b
Q
H
Q
O
(@F
N

Projection of the P¢-a“"-S" surface on the P°-S% plane gives the
collection of all P*-SY curves (primary, main, scanning, etc.)



Capillary pressure-saturation-interfacial area Surface
Fitted to drainage points — Micromodel experiments
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Capillary pressure-saturation-interfacial area Surface
Fitted to imbibition points — Micromodel experiments
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Capillary pressure-saturation-interfacial area
Surface

The average difference between the surface for drainage and
the surface with all the data points is 9.7%.

The average difference between the surface for imbibition
and the surface with all the data points is -5.77%.

a" = ¢,S(1- )™ * P

Karadimitriou et al., 2012



Capillary Pressure-Interfacial Area-
Saturation data form a (unique) surface

This has been shown by:

- Reeves and Celia (1996); Static pore-network modeling

- Held and Celia (2001); Static pore-network modeling

- Joekar-Niasar et al. (2007) Static pore-network modeling

- Joekar-Niasar and Hassanizadeh (2010, 2011)
Dynamic/static pore-network modeling

- Porter et al. (2009); Column experiments and LB modeling
- Chen and Kibbey (2006); Column experiments

- Cheng et al. (2004); Micromodel experiments

- Chen et al. (2007); Micromodel experiments

- Bottero (2009); Micromodel experiments

- Karadimitriou et al. (2012); Micromodel experiments




Effective stress in unsaturated soils
Bishop (1959):
Gi’j = (Uij — Pa5ij)+lpc5ij

P : pore air pressure,
P_: capillary pressure, (P,-P,), or matric suction

y : effective stress parameter;
was assumed equal to saturation

x=1(S")

Wilthkr Soil grain



Effective stress parameter, y, is a function of
saturation and water-air interfacial area

O-i’j = (O-ij — Paé‘ij)+;{ Pcé‘ij
kwaawa
P

C

where: »=S"1

which gives the following definition of
Suction Stress:

SS =S"P. +k"a"
# Universiteit Utrecht



Suction stress (kPa)

Comparison with experimental results

SS =S"P, +k"*a"

140 . :
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3Dplot (surface) of
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Summary of extended two-phase flow equations

0S“

n +Veq® =0
ot 1
qa :_iKa .(Vpa _pag_wavawn _WaSvSa)
1f
53"

~ +v.(awnwwn): =2 (awn,SW)

w'n = KW [ywnvawn n anvsw}

0S"
ot

P"—P"=P° -1

pPc _ f (Sw,awn)



Experimental Set-up for measurement of dynamic capillarity effect;
Bottero et al., 2011.

Pressure Brass filter ] PCE
Regulato>mmuﬂ PPT3 3 water
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T 1 Air
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Steady-state flow NW-W
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with incremental Pressure ST Water Pump
pressure increase transducer
- e =
Primary drainage \ Differential
Differential Water Pump pressure
Main drainage pressure gauge '
Main imbibition
PCE 7~ Switch on/off
Transient drainage @np PCE Pump

with large
injection pressure

Valves




Fluids Pressure Difference vs Saturation at position z1

Coefficient 7 can be determined from these data
10 '. '. ! .-
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Value of the damping coefficient T as a function of
saturation; local scale

S T[Pa.s]

0.85 1.587  10°
0.80  1.451 * 10°
0.75  1.361 * 10°
0.70  1.375+ 10°
0.65 1.404 % 10°
0.60  1.402 % 10°
0.55 1.461 * 10°

Bottero et al., 2011




Simulation of non-equilibrium primary drainage;
Local pressure difference vs time; Injection pressure, 35kPa
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Summary of extended two-phase flow equations

0S“

n +Veq® =0
ot 1
qa :_iKa .(Vpa _pag_wavawn _WaSvSa)
1f
53"

~ +v.(awnwwn): = (awn,SW)

w'n = KW [ywnvawn n anvsw}

0S"
ot

P"—P"=P° -1

pPc _ f (Sw,awn)



Development of vertical wetting fingers in dry soil;

Simulations based on new capillarity theory
finger c@ore

Dautov et al. (2002) 80 30



Summary of extended two-phase flow equations

0S“

n +Veq® =0
ot 1
qa :_iKa .(Vpa _pag_wavawn _WaSvSa)
1f
53"

~ +v.(awnwwn): = (awn,SW)

w'n = KW [ywnvawn n anvsw}

0S"
ot

P"—P"=P° -1

pPc _ f (Sw,awn)



Horizontal redistribution of moisture in
soil; a numerical example
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Equilibrium moisture distribution from
standard two-phase flow equations
with no hysteresis

A

interface




Equilibrium result from standard two-
phase flow equations with hystresis

A

interface




Summary of extended two-phase flow equations

0S“

n +Veq® =0
ot 1
qa :_iKa .(Vpa _pag_wavawn _WaSvSa)
1f
53"

~ +v.(awnwwn): = (awn,SW)

w'n = KW [ywnvawn n anvsw}

0S"
ot

P"—P"=P° -1

pPc _ f (Sw,awn)



Long-term result from extended two-
phase flow equations with no hystresis

2p 2pia
Sn[']_-—____
___IEEEELEEEEED BN 2 IEEEDDEEEEES

Sn: 0050101502025030350404505055060650.70.750.8 Sn: 0050101802025 03035040450560550808507 07508
p, [Pa] [

Pos: 7500 8000 8500 9000 9500 10000 10500 11000
)

!
/1

Poc: 7500 8000 8500 9000 9500 10000 10500 11000

aunl1/m]

awn: 400 450 500 550 600 650 700 750 800 850
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Horizontal redistribution of moisture in soil
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Significance of interfacial area
in mass transfer among phases

Mass transfer: kinetics depend on interfacial area!

Interphase mass transfer
takes place across the fluid-
fluid interface

But... interfacial energy or
interfacial area are not
model parameters in current
theories! #




Remobilization of attached colloids by moving
interfaces

high surface tension

= Universiteit Utrecht



Remobilization of attached colloids by moving
interfaces

& Low surtace tension;
reduced by dissolving
salt in water




CONCLUSIONS

The driving forces in Darcy’s law should be gradient
of Gibbs free energy and gravity.

Difference in fluid pressures is equal to capillary
pressure but only under equilibrium conditions.

Fluid-fluid interfacial areas should be included in
multiphase flow theories.

Hysteresis can be modelled by introducing
interfacial area into the two-phase flow theory.

Suction stress is not only a function of saturation but
it depends on capillary pressure too.
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»>{ GENERAL AIMS

The general aim of the Society is

to advance and disseminate knowledge

for the understanding, description and modelling
of natural and industrial porous media systems

~_“Similar solutions
for diverse applications”
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»»< MEMBER BENEFITS (1)

® Reduced registration fee at InterPore conferences

® Alliance with international conferences
(reduced fees for InterPore members)

® An alliance with Springer
(through Transport in Porous Media),
giving considerable discount on individual subscription

N __for the journal (20%) and purchase of books (20%)

@ Springer
\\ | WWW.intefbore.org'—"#/




»>< MEMBER BENEFITS (2)

® Alliance with Begell House Publishers:
® Journal of Porous Media
® Special Topics and Review in Porous Media

giving considerable discount on individual subscription
for the journal (20%) and purchase of books (up to 70%)

b begell

begell house, inc. publishers
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»»< MEMBER BENEFITS (3)

® Members-only webpages, with...

® access to online courses and video recordings
from short courses,

@ Forum: possibility of posing technical questions
to other members,

® forming discussion groups,
® job announcements.

WWWw.interpore.org
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>>< MEMBER BENEFITS (4)

® Recognition of top scientists and students:
® Honorary Membership Award
® P&G Porous Media Award
® Fraunhofer Young Scientist Award
® P&G Student Award

. ® Newsletter, with updates about new developments,
. meetings, short courses, job opportunities, etc.
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M NEXT INTERPORE MEETING

Seventh International Conference on Porous Media
& Annual Meeting of InterPore:
May 18th — 21st, 2015

University of Padova
(at Centro Congressi
Padova “L. Luciani”)

Padova, Italy
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