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In this work, a two-scale two-phase modeling methodology is presented for studying fluid release from
saturated/unsaturated thin fibrous media when brought in contact with a moving solid surface. Our
macroscale model is based on the Richards' equation for two-phase fluid transport in porous media. The
required constitutive relationships, capillary pressure and relative permeability as functions of medium's
saturation, are obtained through microscale modeling. At microscales, a 3-D model based on fiber diam-
eter, fiber orientation, and medium's solid volume fraction (SVF), is generated to resemble the internal
structure of the fibrous sheets and be used in full-morphology analysis as well as microscale permeability
simulation. A mass convection boundary condition is considered here to model the fluid transport at the
boundary in contact with the target surface. It was shown that the mass convection coefficient, kf , plays
a significant role in determining the release rate and is expected to be in the range of 10−6 < kf <10

−9,
depending on the properties of the fluid, fibrous sheet, the target surface as well as the speed of the
relative motion, and remains to be determined experimentally.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Fluid delivery via fibrous materials has become widely popular in
recent years. Drug delivery patches, sanitizing wipes, facial scrubs,
and many other hygiene and industrial products take advantage
of the unique properties of the fibrous materials in storing a fluid
and releasing it when brought in contact with moving or absorbing
solid surfaces. Underlying principles in fluid absorption and/or re-
lease in/from fibrous materials are similar to those of fluid imbibition
and drainage in unsaturated granular porous media. These princi-
ples will be used here for establishing modeling strategies to include
microscale properties of fibrous media in developing predictive nu-
merical models for cost-effective product design and development.

Two-phase flow in porous media has been studied in various
fields via numerical simulations and experiments. These include, but
are not limited to, underground oil and gas fields (Ciegis et al., 2006),
water absorption in concretes (Lockington and Parlange, 2003), and
rocks (Li, 2008) among many others. Literature of fluid modeling in
unsaturated fibrous media, on the other hand, is somewhat scarce.
Most of the published works on fibrous media are only concerned
with fluid absorption with no attention to the fluid release. Majority
of these works are experimental (see, for instance, Hsieh and Yu,
1992; Miller and Schwartz, 2000) although there are some numerical
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simulations available as well (see, for instance, Tompson, 2002;
Mao and Russell, 2003; Lucas et al., 2004). For a complete review
of the previous works on fibrous media readers are referred to the
recent book of Pan and Gibson (2006).

In the current paper, for the first time, we present a two-scale
two-phase 3-D modeling work aimed at simulating the release of
delivery fluid from thin fibrous sheets when rubbed against a target-
ing surface. Our work is based on developing 3-D microscale models
resembling internal geometry of fibrous sheets. The virtual geome-
tries will be then used in establishing relationships for the relative
permeability and capillary pressure in terms of medium's saturation.
These relationships are hence implemented in a macroscale model,
based on the Richards' (1931) equation for fluid propagation in un-
saturated porous media.

Section 2 describes our macroscale model for release rate pre-
diction. The required constitutive equations are obtained via mi-
croscale modeling and are described in detail in Section 3. In this
section, we first explain our 3-D fibrous microstructures and then
describe how these microscale geometries are used to calculate ab-
solute permeability, relative permeability, and capillary pressure
needed for the macroscale model. Here, we also review relevant em-
pirical correlations and discuss them in the context of our simula-
tions. Numerical simulation of Richards' equation and the deployed
boundary conditions are discussed in Section 4. Finally, our fluid
release results are presented in Section 5 together with a discus-
sion on the influence of the mass convection coefficient, kf , on the
release rate.
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