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[1] Using transparent microfluidic cells to study the two-
phase properties of a synthetic porous medium, we establish
that the interfacial area per volume between nonwetting and
wetting fluids lifis the ambiguity associated with the
hysteretic relationship between capillary pressure and
saturation in porous media. The interface between the
nonhwetting and wetting phases is composed of two subsets:
one with a unique curvature determined by the capillary
pressure, and the other with a distribution of curvatures
dominated by disjoining pressure. This work provides
experimental support for recent theoretical predictions
that the capillary-dominated subset plays a role analogous
to a state variable. Any comprehensive description of
multiphase flow properties must include this interfacial
area with the traditional variables of pressure and fluid
saturation, INDEX TERMS: 1829 Hydrology: Groundwater
hydrelogy; 1832 Hydrology: Groundwater transport; 1875
Hydrology: Unsaturated zone; 1899 Hydrology: General or
" miscellaneous, Citation: Cheng, J.-T., L. J. Pyrak-Nolte, D. D,
Noite, and N. J. Giordano (2004}, Linking pressure and saturation
through interfacial areas in porous media, Geophys. Res. Lett., 31,
LOR502, doi:10.1029/2003GL0O19282.

"1. Introduction

[2] The problem of predicting and visualizing the inter-
woven distributions of muitiple fluids in a porous medium
is ubiquitous and crosses many disciplines. These include
oil, gas and water production in the geosciences, ground
water protection and contamination remediation in environ-
mental science, chemical mixing and processing in chemical
engineering, and in porous tissue applications of biology
and bioengineering. In light of the crucial importance of
multiple fluids in porous media, it is surprising that current
research relies on work that has seen little improvement
over 150 years. In 1856, Henri Darcy [Darcy, 1856]
developed an empirical law for single-phase flow in a
porous medium. Since that time, Darcy’s law has been used
in various extended forms to describe the flow of multiple
immiscible fluid phases and applied to problems in diverse
fields. Traditionally, Darcy’s flow equation is written for
each fluid phase in terms of fluid phase pressures and fluid
saturations. Two constitutive equations are used to couple
the two flow equations. One of the constitutive equations
relates the pressure contrast between the fluid phases
(capillary pressure) to saturation and the other equation
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relates relative permeability of a phase to the saturation of
the phase. Saturation of each phase is the parameter that is
common to both constitutive relations., Unfortunately, such
descriptions of multiphase flow are known to fail badly in
many cases [van Genabeek and Rothman, 1996; Muccino et
al., 1998].

[3] The failure of the extensions of Darcy’s Law to
multiple phases indicates that knowledge of the saturation
of each phase is not sufficient to describe the state of the
system. Several investigators [Rapoport and Leas, 1951;
Gvirtzman and Roberts, 1991; Bradford and Leij, 1997,
Hassanizadeh and Gray, 1990; Gray and Hassanizadeh,
1991, 1998a, 1998b] have recognized that an accurate
description of multiphase flow in a porous medium must
account for the thermodynamics and the geometry of the
interfaces between the fluids and between the fluids and the
solid phase. Fluid flow and the distribution of multiple fluid
phases are controlled by the movement of the interfaces that
results from changes in pressure and saturation. The physics
of the interfaces is accounted for in these theories by
explicitly introducing interfacial area per volume in combi-
nation with capillary pressure and saturation as an indicator
of the thermodynamic energy state. Based on this hypoth-
esis, the hysteretic relationship universally observed
between capillary pressure and saturation for equilibrium
conditions should be a unjque and invertible relationship
when interfacial area per volume is included.

[4] The experimental results described in this paper
provide the first direct measurements of interfacial area,
examines how it varies during multiphase imbibition and
drainage, and verifies for the first time that interfacial area
per volume does indeed lift the hysteretic ambiguity be-
tween capillary pressure and saturation. The experiments
were performed on an artificial porous medium, often
referred to as a “micro-model”. A general review of
micro-models and the associated scientific issues is given
by Giordano and Cheng [2001].

2. Experimental Technique

[5] The micro-models we use are 2D porous media
composed of a thin (1,08 microns) photo-sensitive polymer
(photoresist) sandwiched between two glass slides. Regions
of the plastic polymer are removed through photochemical
reactions prior to making the sandwich, and these regions
are accessible to the fluid(s) in owr experiments. Details of
the sample fabrication, as well as the measurement tech-
nique are given elsewhere [Cheng, 2002]. The fabrication
process allows full choice of the geometry of the flow
region. In our experiments we studied random porous
geometries that are generated by distributing voids over a
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