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Abstract

A model for predicting thermal waves within a surface-heated porous structure has been developed. The relevant
phenomena for the moisture, pressure and temperature fields are coupled. Considering mass and energy transfer
processes, a set of governing differential equations is presented. The solution of the problem has been obtained with a

finite difference scheme.
© 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

Thermal waves in porous media have recently re-
ceived growing attention in light of the common usage
of such media in various applications in the fields of
energy technology.

The theoretical analysis of heat and moisture trans-
port in porous material relies upon the underlying heat
flux and moisture transfer constitutive models and the
fusion of the mechanisms associated with heat conduc-
tion to those of poroelasticity lead to the fundamental
description of the thermo-poro-elastic behaviour of
solids.

The physical phenomena of moisture transfer in po-
rous media are usually explained by diffusion theory,
capillary flow theory and evaporation condensation
theory [1-24].

In a present work the evaporation mechanism was
assumed with concentration and pressure gradient
terms.

Among the various currently available heat flux
constitutive models, the Fourier model [25] which is
based upon steady-state assumptions, has long been
widely accepted for a variety of practical engineering
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situations. With the Fourier model the resulting transient
temperature equations are of the parabolic type.

To account for the temperature propagation speed,
and to account for any anomalies associated with the
Fourier model, the Cattaneo model [26] was introduced.
With the Cattaneo model, the resulting temperature
equations are of the hyperbolic type. The Cattaneo and
a Fourier-like diffusive models are subcases that can be
degenerated from the so-called Jeffrey’-type model.

Additionally, a variety of misconceptions and per-
ceptions exist in the literature, including particular at-
tempts to relate macroscale in space phenomenon in
explaining the underlying microscale in space heat-
conduction phenomena in pulse heating, nonphysical
bounds, violation of causality principles and the like,
thereby altering the fundamentals associated with the
heat transport characteristics.

In the present article Cattaneo-type heat conduc-
tion model is assumed to account for the temperature
propagation speed. The above model may be use to
formulated generalized theory of dynamic thermo-poro-
elasticity.

2. Governing equations
2.1. Conservation equations for mass

The conservation equations for mass can be written
as
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pi = —=V(pwi) + W, (1)

where p; is the density of species i, w; is the velocity of
species i and W is the production rate of species i. Since
no movement of the liquid (subscript 1) is assumed
w=0. Also, W=—-W,=—W, (v=vapor, m = air—
vapor mixture), since the rate of liquid evaporation is
the same as the rate of vapor production, and since the
air does not change phase, the rate of mixture produc-
tion equals the rate of vapor production. The above
equation thus simplifies to

o= —Wn. (2)

The continuity equation for the air (subscript a) takes
the form

pa = 7v(pawa) (3)
and for the vapor,
pv = —V(pVWV) + . (4)

The conservation of gas phase mass gives
Pm = _V(pmwm) + W (5)

Fick’s law allows the fluxes to be presented in the
forms of Egs. (6) and (7):

ja = ,Da(Wa - Wm) = 7mevp/}a7 (6)

where py = p;/p,, is the mass fraction of species i with
respect to the density of the air—vapor mixture, and D is
the diffusion coefficient for Fick’s law for the air—vapor
mixture; and

jV = pV(WV - Wm) = 7mevpﬂv' (7)

Finally, we get the following species equations:

pmpﬁa + pmwmvpﬁa = v(mevpﬂa) - pﬁa Wm (8)
and
pmpﬂv + pmwmvpﬂv = v(mevpﬁv) + (1 - p/}v) Wm

©)

2.2. Thermal equations

The fluxes of heat ¢ and flowing gases r can be ex-
pressed by the Cattaneo-type model as

Oq
—~=—q— V0 10
T = 4V (10)
and
7= p,Waha + pywihy, (11)

where 7 is the relaxation time, A is the thermal conduc-
tivity, 6 is the temperature and #%; is the enthalpy of
component i per unit mass of component i. For the

Cattaneo model the temperature propagation speed is
given as

A
cr = 4/—.
Pt

Eq. (11) can be transformed [19] to the form

r= memhm - mehﬁVpﬁu - methp/fv (12)
or
P = PpWiltm + pD(hy — ha)Vpp,. (13)

Assuming that

pe = pshs + piht + Pl — PR, (14)

where e is the thermal energy and R is the gas constant,
the thermal equations can be expressed as

A %0 . ) oS

27 — i 1
c2T6t2+pce AVO+(S+Tat), (15)
where

S=-p, [wmcpm + D(cpV — cpa)Vpﬁa}VH — [(hV — hy) W

o]

2.3. Darcy’s law

The velocity of the air-vapor mixture is given by
Wi = —kpVp, (16)
where kp is Darcy’s coefficient and p is the pressure.
2.4. Thermodynamic relations

Assuming that the vapor and air are ideal gases we
have the following relations.
Ideal gas equation for the vapor

Ve = pR0, (17)

where V; = p,/p,; tepresents the volume occupied by
component i per unit total volume; and
Ideal gas equation for the air

PaVa = paRA0. (18)
2.5. Clausius—Clapeyron equation

Since the liquid and vapor are assumed to be in
equilibrium,

Dv :psat(e) (19)
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in the presence of liquid water. An analytic expression
for pg, 18

_ A
psal(g) =C0 (B/R) exp( - RVT) . (20)

2.6. State equation

Using the notations pj, and V;, the state equation can
be presented as

p‘/(8 - 71) = pmpﬁvRVe = (1 - pﬁa)meVG (21)
and
Pa (8 - 7l) = pmp/}aR307 (22)

where 7, =V, = (¢ — 7}) and € is the porosity.
Combining the above equations we get

p(s - 71) = pRub, (23)
where

Ry = ppRy 4 ppRa- (24)
3. Example

3.1. Simplified equations for a 1-D axysymetrical problem

One of the simple examples of the thermo-poro-
elasticity theory presented in this paper is 1-D axysym-
metrical problem. In such a case the set of governing
equations and suitable boundary conditions in a cylin-
drical coordinate system of coordinates (r,x) take the
form:

Thermal equations

AT0, W0 @0 (10
2o TPy T e T\ rox PouCprn

( cﬁa) apﬁa 20

X{W” om | ox |JOx

- [(hv — ha) W — % (meme)}

010
+Ta{;a(”1) = PmCpm

D(cpr — ) %} }@

x {Wm * Cpm ox Ox

- [(hv = ha) Wi — % (memﬂ)} . (29

0(x,0) = Oo(x), (26)

00

a0 =0 (27)
and

—)v%(L7 t) = h[(‘)(L, t) — 9;([)} +f0_ |:(')4(L7 t) . 9?(t):|7

(28)

where L is the radius of the element, 0, is the environ-
mental temperature, 4 is the convective heat transfer
coefficient, f is the effective shape factor for radiation
and o is the Stefan-Boltzman constant.

Species equations

ap[;a azp[]a 1 3 ap/}a Ppa Win
ot =D Ox2 * Dol OX (rpwD) = Win x  p,
(29)
p/fa(xv 0) = p[ia‘O(x)7 (30)
and
ap[}a
=0. 1
215.0,0) =0 G1)

Continuity equations

aé%m %g(rpmwm) = W, (32)
wi(0,7) = (33)

op _

E - 7Vva (34)

and

pi(x,0) = pyo(1)- (35)

3.2. The solution

The solution is obtained by an implicit finite differ-
ence technique with a constant grid and variable time
step sizes. Since the equations describing heat and mass
transfer in porous materials are partial differential
equations of parabolic type, the solutions of such
equations are well known and can be found in many
textbooks on numerical analysis. These data do not
provide any special information regarding this paper
and have been omitted.

3.3. Temperatures in a 1-D axysymmetrical element

The specific case of a 1-D axysymmetrical structural
element with a uniform initial temperature is considered
to illustrate the results of the analysis. The element
length is 12 cm. The initial moisture content is from 0 to
10.8 cm and the remaining 10.8 to 12 cm is supposed to
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Table 1
Thermal parameters used in the study

¢, = 1040 J/kgK o’ =10 x 107¢ 1/K

D =2.142 x 105 m¥/s B=0.1

f=09 kp =5 x 10712 to oo m? s/kg
o=0to oo Ppaco = 1.0

op = 00 a=522x%x10"7 m?/s
A=1.70J/smK €=02

A =318 x 10° J/kg
B = 2470 J/kgK
C = 6.05 x 10% N/m?

p = 2400 kg/m?
pro = 0.200 kg/m®

be dry. The thermal parameters used are presented in
Table 1. The results will be described in nondimen-
sional values so nondimensional parameters are shown
in Table 2. In Fig. 1 the heating curve for the problem
analysed is shown. Figs. 2-4 present the nondimensional

Table 2
Nondimensional parameters used in the study
B, =0 Sh = oo
¢, =10 St =0.1
D=1.0 a=10
k=10 p=1.0
kb = 10-00 Pro=0-0.1
Lk = 43
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Fig. 1. Heating curve for the problem analysed.
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Fig. 2. Nondimensional temperature as a function of non-
dimensional time for B; = 0.6, kp = 10, p;, = 2.9 x 1072,
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Fig. 3. Nondimensional temperature as a function of nondi-
mensional time for Biot numbers B, = co (a) and B, =0 (b),
po = 0.1 and x = 0.82 for heating curve as in Fig. 1.

temperature in the porous element as a function of
nondimensional time for the assumed heating curve and
various material parameters.
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Fig. 4. Nondimensional temperature as a function of non-
dimensional time for p;, = 0.0.

4. Concluding remarks

An analysis is developed for thermal waves in a wet
porous medium subject to unsteady, nonlinear boundary
conditions. The Cattaneo model was introduced. The
simplified equations have been solved simultaneously by
an implicit finite difference technique.
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