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Abstract

In a previous paper a geometric model for porous media filled by fluid flow was
developed, within a thermodynamical model based on the rational extended irreversible
thermodynamics with internal variables. The dynamical system for a simple material
element of these media, the expression of the entropy function and the relevant entropy
1-form were obtained. In this contribution we derive the linear morphism defined on the
fibre bundle of the process, the transformation induced by the process and, applying
the closure conditions for the entropy 1-form, we give the necessary conditions for the
existence of the entropy function. The derivation of the entropy 1-form is the starting
point to introduce an extended thermodynamical phase space. Furthermore, considering
the necessary conditions for the existence of the entropy function the constitutive laws

can be obtained.

Keywords: Non-equilibrium Thermodynamics, internal variables,
geometrical models, porous structures.

1. Introduction

The models describing pore structure filled by fluid flow may have rel-
evance in the description of phenomena accompanying flows of mass. They
find applications in several fundamental sectors: in geology, vulcanology,
medical science, biology and other science. The porous channels sometime
can self propagate because of changed conditions and favorable surroun-
ding conditions. Thus, in metallurgy during a process of fabrication such
propagation can provoke a premature fracture. It is well known that the
permeability is the the basic property of porous media that allows fluid flow
through interconnected pores. There exist several descriptions concerning
fluid flow through porous materials (see for instance [1|- [1]). In most pa-
pers the volume porosity and the coefficient of permeability, which occur
in Darcy’s law, are used as macroscopic pore structure parameters. In the
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case of anisotropic pore structure, permeability coefficients are considered
as components of a symmetric second order tensor in a generalized Darcy’s
law, which represents the conductivity of the pore structure regarding the
permeation by a fluid flow [I]. In some cases a surface ratio has also been
considered as a pore structure parameter. In [1] a macroscopic characteri-
zation of a pore structure is given by Kubik accounting for its anisotropic
character. In a previous paper [5], in the framework of the rational extended
irreversible thermodynamics with internal variables |6], a thermodynamical
model for a fluid flow through porous solids was developed by the author,
introducing a second order structural permeability tensor ¢ la Kubik and
its flux as internal variables. In fact, dissipative fluxes and gradients of the
physical fields are included in the state space and additional rate equations
for fluxes or internal variables are taken into consideration, so that the bal-
ance equations on such extended state space form a hyperbolic system of
partial differential equations giving finite speeds of disturbances. Such finite
velocity of propagation of physical fields is very important where the signals
have transmission velocity very high. In [7], within the same thermodynam-
ical description, a geometrization technique for material elements [3|- [10]
was applied to these porous structures and a geometrical model was devel-
oped. The dynamical system and the expression for the entropy function
were derived. In this contribution, within the same geometrical context the
morphism defined on the fibre bundle of the process, the transformation
induced by the process, the necessary conditions for the existence of the
entropy function and the entropy 1-form ,starting point to introduce an
extended thermodynamical phase space [11], are obtained as new results
within the geometrical model developed in |7] for the description of these
media. In [15], [16] and [17] geometrical models for complex media were
derived in the same geometrized framework by one of us (L. R.).

2. The structural permeability tensor a la Kubik

Now, we recall the thermodynamical model developed [5] for describing
a pore structure filled by a fluid flow. The structure of the porous channels
resembles a network of infinitesimally capillary tubes in a elastic solid. The
fluid and the elastic solid are considered as a two components mixture. To
describe a pore structure in 4] Kubik considers a representative elementary
sphere volume Q of a porous skeleton filled with fluid (see Fig. 1), large
enough to provide a representation of all the statistical properties of the
pore space QP. ) = Q% + QP where 2 is the solid space. Since all pores are
considered to be interconnected the effective volume porosity is completely
defined as f, = % The analysis is restricted to media which are homoge-
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neous with respect to volume porosity f, , i.e. f, remains constant in the
medium. In Fig. 1 to avoid confusion all microscopic quantities are writ-
ten with respect to the coordinate system &; , whereas all the macroscopic
quantities are written with respect to the coordinate system z;. Let a(§)
be any scalar, spatial vector or second order tensor a quantity describing
some microscopic property of the fluid flowing through the pore-volume QP.
We assume that such quantity is zero in the solid-space 2°. The volume
averaging procedures give

_ 1
Y

1)  ax) /Qa(g)cm, a(x):%/ﬂ a(€)ds,

where the quantities &(x) and @(x) describe at macroscopic level the same
property of the flux of the fluid. They are average quantities on pore-volume
and on bulk-volume €, respectively. Similarly, we define the average quantity
of (&) on pore-area as follows

(2.2) & (o) = gy [ @y,
e Jr

where I' is the central sphere section and I'P represents the pore-area of T'.
The orientation of I'" in  is given by the normal vector p. Furthermore,
I' = I'* + TP, where I'* is the solid-area. By definition the quantity a(&)
is zero in the solid surface I'*. In such medium Kubik defines the so called
structural permeability tensor describing a pore structure, as the following
linear mapping

(2.3) 0i(%) = Rij(x, 1) 05 (%, p),
where
(2.4)
¥(x) = %/ﬂpv({)dﬁ, £, v(x,p) = %/Fv(g)df, EecQP

are the average fluid velocity on the bulk-volume and the the average fluid
velocity on the pore-area, respectively. In [1] Kubik establishes the geome-
trical interpretation of R considering a fluid flow having the average velocity
on a bulk-volume ¥(x) as the superposition of three one-dimensional fluid
flows (along three mutually perpendicular channels) having average veloc-
ities on the orthogonal section areas of these channels v; (x, ). In fact,
equ.(2.3) gives a linear mapping between the average fluid velocity v(x) on

the bulk volume and the area average fluid velocities 1*% (x, ). Only part of
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the fluid can flow unimpeded while the rest is trapped in the porous struc-
ture. Now, following Maruszewski in [18|, using the previous definitions, for
any flux a; of some quantity transported through a cobweb of lines one
postulates that

(2.5) a(x); = Rij(x, 1) @ (x, ),

where
Rz] (X’ IJ’) = FTZ] (X’ IJ’)

In the above equations r;; is a new tensor called structural permeability

core tensor that refers R;; to the surface I'. Its unit is m~2.

3. A non conventional model for porous solids filled by a fluid
flow

Now, we recall the continuum model developed in [5] in the framework
of the extended thermodynamics with internal variables for describing the
reciprocal interactions between a fluid flow, a structural permeability field
coming from a porous structure in an elastic body and a thermal field.
Since during deformation the porous structure evolves in time, the struc-
tural permeability field is described by the state tensor 7;; (not necessarily
symmetric), which relates to the density of porous, and by the flux of this
tensor V;jx. The fluid flow is described by two variables: the concentration
of the fluid ¢ and the flux of this fluid j;. The mass density of the fluid
(transported through the elastic porous body of density ps) is called p;.
The fluid and the elastic solid form a two-components mixture of density

(3.1) p=p1+p2.

The concentration of the fluid c is defined as follows ¢ = %. For the mixture
of continua as a whole and also for each constituent separately the continuity
equation is satisfied

(3.2) p+ pvii =0, % + (p1v1i) i = 71, Op2 + (p2v2i) i = 72,

t ot
where a superimposed dot denotes the material derivative, vi; and wvg; are
the velocities of the fluid particles and the particles of the elastic body
and 7y and ro denote the sources of mass of the constituents, respectively.
In the following 71 and 79 will be neglected, because it is assumed that

there are not chemical reactions between the constituents or coagulations.
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The barycentric velocity of the body and the fluid flux are defined in the
following form

(3.3) pvi = p1v1; + pavei, and g = p1(vi — ;).

The mechanical properties of the considered system are described by the
total stress tensor 7;; (in general non symmetric) related to the whole body
considered as a mixture and the small-strain tensor ¢;; describing the defor-
mation of the elastic solid €;; = %(ui,j +u;;) (where u; are the components
of the displacement vector) so that the gradient of the velocity of the body
is given by

Oeij 1
(3.4) v = wij + ﬂ, where w;; = 5('[)1‘,]’ — V)

ot

is the antisymmetric part of v; ;. Finally, the thermal field is governed by
the temperature and the heat flux ¢;. Thus, the vector space is chosen as
follows

(35) C= {51']') C, 95 Tij)jl') qi, V’ijk) Clis ‘971') T’ij,k})

where we have taken into consideration the gradients c;,0; and r;; ;. We
ignore the viscoelastic effects, so that T;; is not in the set C. All the processes
occurring in the considered body are governed by two groups of laws. The
first group concerns the classical balance equations:

the balance of mass resulting from (3.1)-(3.3)

(3.6) pc + Jii = 0;
the momentum balance
(3.7) pvi — Tjij — fi =0,

where denotes a body force. In the following f; will be neglected;
the moment of momentum balance

(3.8) gijkLjk + gi = 0,

where g; is a couple per unit volume;
the internal energy balance

(3.9) pé — Tjivij + qii — pr =0,

where e is the internal energy density and r is a heat source distribution,
that will be neglected in the following. The second group of laws deals with
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the rate properties of the structural permeability tensor and the fluxes of
the mass, heat and porous field
(3.10)

Fij+Vijkx— Rij(C) = 0, ji—J;(C) =0, ¢;—Qi(C) =0, Vijr, —Vijr(C) = 0.

All processes considered here should be admissible from the thermo-
dynamical point of view and thus they should not contradict the second
law of thermodynamics. Thus, all the admissible solutions of the proposed
evolution equations should be restricted by the following entropy inequality

(3.11) p5+hm—lgza

where S denotes the entropy per unit mass and Jg is the entropy flux
associated with the fields of the set C given by

1
(3.12) Js=za+tk

In equ. (3.12) k an additional term called extra entropy fluz density.
Constitutive functions W = W (C) , with

(313) W = {j—lij’l'llc’ Vij)gi) €, RZ]) Jia Qi) ‘/ij) S) ‘]Si))

for porous structure filled by a fluid flow were derived in [5] and [19] in
order to close the system of balance equations (3.6)-(3.10), by analyzing
the entropy inequality by Liu’s theorem [20] and using isotropic polynomial
representation of proper constitutive functions satisfying the objectivity and
material frame indifference principles (see Smith’s [21]| theorem). p¢ and v;;
denote the potentials related to the mass and the porous field, respectively.

4. A geometrical model for porous structures

Now, taking into account the results obtained in [5] and [7] and following
[9]- [10] and [8], [11]- [13], we derive the linear morphism defined on the
fibre bundle of the process, the transformation induced by the process and,
applying the closure conditions for the entropy 1-form, we give the necessary
conditions for the existence of the entropy function. Then, we consider a
material element and we define the state space at time ¢ as the set By of all
state variables which "fit" the configuration of the element at time ¢t. By is
assumed to have the structure of a finite dimensional manifold. The "total
state space" is the disjoint union

B:U{t} X By
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with a given natural structure of fibre bundle over R where time flows
(see [9]- [10]). If the instantaneous state space B; does not vary in time
(i.e. there is an abstract space B such that B; ~ B for all instant of time
t), then B has the topology of the Cartesian product B ~ R x B.
Moreover, we consider an abstract space of processes, i.e. a set II of functions
P} :[0,t] — G, where [0,1] is any time interval. The space G is a suitable
target space defined by the problem under consideration, ¢ a label ranging
in an unspecified index set for all allowed processes and t € R, the so called
duration of the process. For the given state space B we suppose that the set
IT is such that the following hold:

i) 3D : II — P(B), where P(B) is the set of all subsets of B. D is the
domain function and Di = D(P}) is called the domain of the i-th process
of duration t;

ii) 3R : Il — P(B), where P(B) is the set of all subsets of B. R is the range
function and Ri = R(P}) is called the range of the i-th process of duration
'

iii)considering the restrictions

(4.1) P} = P} [j0.1], (1<t

new processes are obtained (‘restricted processes’) and they satisfy the fol-
lowing statement

(4.2) VT <t D(P}) C D(PY).

Incidentally, this implies that

(4.3) () D(P}) = D(P)),

7=0

where t is the maximal duration.
Then, a continuous function is defined

(4.4) x:RxI— C%B,B)

(t. P)) = pi,
with pi:by € DI C B — pi(by) = b € Ri C B, so that for any instant
of time t and for any process P} € II a continuous mapping, p!, called
transformation induced by the process, is generated. p}, gives point by point

a correspondence between the initial state b and the final state pi(b) = b;.
Now, we can define the following function of time:

i\ [b if =0 with b € D}
(4.5) M) = {p%(b) if 7 €)0.4], t



M.E. Malaspina and L. Restuccia

such that the transformation for the medium is given by
(4.6) 0:R— Rx B, T — 0(7) = (1, A\ (7).

With these positions the transformation is interpreted as a curve § in the
union of all state spaces such that it intersects the instantaneous state space
just once. Now, we assume that the behaviour of the porous media filled by
fluid flow is described by the following state variables

C = {F’ e, C, I',j, qa va VC, vea vr}
The full state space is then

B=Lin(V) aR&ReW, & VeV EWLd V&V & LinW),

where V ~ R3, W; and W, are vector spaces accounting for the internal
variables r e V respectively. The process P, is described by the following
functions

P, =[L,h,T,R,J,Q,V,C,v, &,
where h(r) = =V -q, I'(r) =V -j and the space G is given by

G=Lin(V)eRaReW &V VEW,d V&V & LinW)).

Moreover, the constitutive functions #, T, R, J, V, Q are defined as
follows

f:Rx B— RtT
T:Rx B— SymV
R:RxB—W
J:RxB—Y
V:Rx B— W,y
Q:RxB—YV

(4.7)

we assume that for each pair (Ptl, b), the following dynamical system holds

L(7)F(r)
pé="T(7) - L(7) — h(7)
pc =T'(7)
(())
j=J0
(4.8) q4=Q(d)
VY =V(6)
Ve =C(1)
VO =~(T)
Vr = Z(7)




DOI: 10.1685/CSC09328

Such a system determines a morphism G defined on fibre bundle of process
in the following way

(4 9) G : (F’ e’ C’ r’j’q’v’vc’ ve’ vr’ L’ h’ F’ R’J’ Q’ V’C’v’ E) -

which in matrix form is expressed by

(4.10)

= <::) 2) (F’ e’ C’ r’j’q’ v’ VC’ ve’ vr’ L’ h’ F’ R’J’ Q’ V’C’v’ E)T’

with

FT000000000
L. 190000000
p P
0 0%0000000
0001000000
(4.11) A_| 0000100000
0000010000
0000001000
0000000100
0000000010
0

000000001

Finally, pi(b) is given by

r= éuu&pﬁ

' iby = 3= Jo IO dt
12 A= a= T
V= [[[V(6)]dt
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5. Entropy Function

Following standard procedures (see [9]- [10] and [13]) in this geometrical
framework we are able to introduce an “entropy function”, which is related
to a transformation between the initial and the final states b and p(b) = by,
respectively, by setting:

t
. 1
(5.1) (b t) == [ 29 3sar
0

where Jg is defined according to equation (3.12). Then we get

QR g voar— [ 19 ka
e [ e [ [
(5-2) /O gV | 2 o

Moreover, one obtains the following expression for V - q
(5.3) V-q=—pe+ (TFT).F,

so that the final expression for s is

(5.4)
, TF T 1 1 1
s(py, b, 1) =/Q, with Q= — dF+= de+|—q-VH — =V - k| dr.
é 9/) 0 p92 p

The expressions for T, q and k have been calculated in |19].

The relation T - (FF~') = (TF~7) - F has been used, with F~7 = (F~1)7
(T denoting matrix transposition). Thus, the entropy function is now calcu-
lated as an integral along a path ¢ into the space R x B of all thermodynamic
variables together with the independent time variable and €2 is a 1-form in
R x B called the entropy 1-form. In components the entropy I1-form §2 be-
comes: ) = w,dg" + wodt = wadg?, (A=1,2,...,11)

where ¢4 = (F,e,c,1,j,q,V, Ve, V0, Vr,t)

and wy = (—pi@TF*T, 1,0,0,0,0,0,0,0,0, | -zq- V0 — 1V k]) .
Thus, by external differentiation, a 2-form is obtained:
dQ) = %Ap)\dqp A dg* + E\dt A dg*, with Apy = Opwy — Ohw,

and FE\ = Jywy — O wp.

10
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Finally, applying the closure conditions for the 1-form, the necessary con-
ditions for the existence of the entropy function during the processes under
consideration are:

o (-4TET) =00 1)

%;—g = (A=1,2,11; B=3,...,10),
B (—p—lgTF*T> — Op [#q-V@ -1y k} :
0 (§) = 0. | - VO~ 19 K]

These relations give the necessary conditions characterizing a sort of "ir-
rotationality" of the entropy 1-form during the transformation analyzed. If
the entropy 1-form in equ. (5.2) is closed and its coefficient are regular, this
form is exact the existence of an upper-potential S satisfying relation

S(b) — S(b) > s is ensured (see [13]). Starting from the entropy 1-form
it’s possible to investigate and to introduce an extended thermodynamical
phase space in a suitable way [14], and considering the necessary conditions
for the existence of the entropy function we can obtain constitutive laws.
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