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In this paper, a modeling study is presented to simulate the fluid infiltration in fibrous media. The
Richards’ equation of two-phase flow in porous media is used here to model the fluid absorption in
unsaturated/partially saturated fibrous thin sheets. The required consecutive equations, relative
permeability, and capillary pressure as functions of medium’s saturation are obtained via fiber-level
modeling and a long-column experiment, respectively. Our relative permeability calculations are
based on solving the Stokes flow equations in partially saturated three-dimensional domains
obtained by imaging the sheets’ microstructures. The Richards’ equation, together with the above
consecutive correlations, is solved for fibrous media inclined with different angles. Simulation
results are obtained for three different cases of upward, horizontal, and downward infiltrations. We
also compared our numerical results with those of our long-column experiment and observed a good
agreement. Moreover, we establish empirical coefficients for the semianalytical correlations
previously proposed in the literature for the case of horizontal and downward infiltrations in thin
fibrous sheets. © 2009 American Institute of Physics. 关DOI: 10.1063/1.3141737兴
u = − K共兲共ⵜ共兲 + g sin ␣兲,

I. INTRODUCTION

Infiltration is the basic mode of spontaneous fluid transport in most fibrous materials. The word “spontaneous” here
is used to refer to the fluid uptake solely due to the capillary
pressure. The spontaneous infiltration can be influenced by
the gravitational forces depending on the material angle of
inclination. Upward fluid infiltration in thin fibrous materials
has been studied by many researchers in the last decades 共see
Refs. 1 and 2 for a complete review兲. Many authors have
used the pioneering model of Washburn3 to study the fluid
infiltration.4–9 Washburn’s approach of modeling complex interstitial pore space with equivalent capillary tubes has been
often criticized in the literature.10–12 To this date, there is no
fundamental analytical theory to deduce the equivalent capillary of a porous medium and investigators have to rely on
empiricism.13 The other shortcoming of the Washburn’s
model is its assumption of fully saturated media below the
wetting front. This assumption is known to break down when
the flow is influenced by the gravity for instance.14
On a parallel track, fluid infiltration problems have also
been studied using the so-called Richards’ equation15 originally developed for granular porous media.16–18 Richards’
equation is based on the modification of the Darcy’s law for
partially saturated media. Unlike the work of Washburn, the
pore space is not modeled by series of equivalent capillary
tubes in the Richards’ model. Further assumptions here are
that the capillary pressure is a function of the local fluid
content  共volume of fluid/volume of media兲, inertial forces
are neglected, and the flow is laminar. Based on these assumptions, the Darcy’s law for unsaturated flow in the presence of gravitational effects can be written as19
a兲

Author to whom correspondence should be addressed. Electronic mail:
htafreshi@vcu.edu. Tel.: 804-828-9936. FAX: 804-827-7030.

0021-8979/2009/105共11兲/113522/8/$25.00

共1兲

where K, , , and g are the permeability, capillary pressure,
fluid density, and gravitational acceleration. Here ␣ is the
angle of inclination of the sheet with respect to horizon 共see
Fig. 1兲. Also note here that K = k / , where k is the intrinsic
共or Darcy’s兲 permeability of the medium. When Eq. 共1兲 is
combined with the continuity equation, we have
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Substituting from Eq. 共1兲, we have
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Richards’s equation is a highly nonlinear advectiondiffusion-type equation, i.e., analytical solution is seldom
possible. Richards’ equation can be also written in terms of
pressure but numerical solution seems to suffer from poor
mass conservation.19 One-dimensional 共1D兲 form of Richards’ equation can be also written in terms of saturation 共⌰
= volume of fluid/volume of pore兲 as

FIG. 1. 共Color online兲 A schematic representation of 1D fluid infiltration
problem considered in this paper.

105, 113522-1

© 2009 American Institute of Physics

Downloaded 09 Jun 2009 to 128.172.192.39. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp

