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ADVANCES IN THE MECHANICS OF INHOMOGENEOUS MEDIA

CHAPTER 9.

DIFFUSION AND HEAT CONDUCTION
IN NONLINEAR THERMOPOROELASTIC MEDIA

1. INTRODUCTION

Modeling of poroelastic materials is usually limited to the range of small defor-
mations as the main field of applications of such models is the propagation of
acoustic waves. However, many properties of these linear models cannot be
explained without referring to nonlinear effects. A typical example is furnished
by the celebrated Biot model, Biot (1956); which possesses four important pro-
perties seemingly violating principles of continuum thermodynamics:

e coupling of partial stresses by contributions of volume changes of both
phases which seems to be forbidden by the second law of thermodynamics
(compare: simple mixtures of fluids),

e linear dependence of momentum sources on relative accelerations which
seems to violate the principle of objectivity,

e dependence of permeability (resistance to relative motions of components)
on the frequency of monochromatic waves which is inconsistent with the
linearity and with the temporal form of equations of motion,

e apparent lack of porosity changes which follows from the linearity of con-
stitutive laws.

The first property was analyzed in the paper Wilmanski (2002) and it has
been shown that a nonlinear model in which one accounts for a dependence on
the porosity gradient yields indeed this coupling in the linear limit. In this sense,
the Biot model does not violate the second law.

The linear contribution of relative accelerations is contradicting the prin-
ciple of objectivity (compare: Wilmanski (2001)). However, a nonlinear correc-
tion in the difference of accelerations yields an objective quantity which may
appear as a constitutive variable (see: Wilmanski (2005)) and which yields in the
linear limit the Biot contribution.
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The third flaw of the model results from a misinterpretation of the Biot
paper, Biot (1956),. In this work M. A. Biot has shown on examples of a few
simple flows that the viscosity of real fluids saturating porous materials yields a
dependence of permeability on the frequency of acoustic waves. This property
shown in a spectral representation of the model (i.e. for independent variables
(w,x), where w - frequency, x - spatial coordinate) has been taken over by some
researchers in a mathematically nonsensical manner (see remarks in Wilmanski
(2006)). This flaw can be easily eliminated by an assumption on a hereditary
character of the momentum source. However, such a correction yields usually
also a nonlinearity of the model.

A proper exploitation of Gedankenexperiments proposed by Gassmann,
Gassmann (1951) and then used by Biot and Willis, Biot, Willis (1957) shows
that porosity does change in the original Biot model. These changes are different
from those presented by Gassmann as they contain, in contrast to the Gassmann
relation, both equilibrium and nonequilibrium contributions. However, this point
was never properly exposed in the works on linear acoustics. An equilibrium
part is proportional to volume changes of the skeleton and the nonequilibrium
part is proportional to the difference of volume changes of both components.
The latter is, in turn, proportional to the so-called increment of fluid content.

The above mentioned four effects are all related to a macroscopic mode-
ling of complex morphology of a porous material. Even in the case of fully satu-
rated, two-component systems a number of microstructural parameters desired to
describe flows in such systems may be quite large. In Figure 1, we show sche-
matically some of these morphological properties which should be reflected in a
macroscopic model. We indicate a flow through a chosen channel of a given
curvature (part 1)) which may be replaced by a flow through the channel of the
same length but a much more complicated shape (part 2)) or by two channels
(part 3)) whose average areas of cross-section are together the same as the
cross-section in part 1): all three examples are assumed to yield the same local
porosity and the same local tortuosity of the system. The latter is understood as a
fraction of the length of the channel to the distance between points A and B. It is
quite clear that, in spite of the same values of these microstructural parameters:
porosity and tortuosity the flows in all three cases are different. This results from
local variations of the microscopic relative velocity (a difference of the velocity
of true fluid and true skeleton) not accounted for in an average macroscopic
relative velocity.
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