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Abstract—The model of heat and mass transfer in porous media used here is deduced from Whitaker’s

theory. It leads to a very comprehensive set of equations and takes into account the effect of the gaseous

pressure. It is numerically solved with unidirectional transfers. The evolution of temperature, moisture

content and pressure as well as the overall drying kinetics are calculated for two very different porous media.

This device permits to study the sensitivity of the model to internal parameters and conditions at the
interface as well as the effect of certain reductions in the model.

1. INTRODUCTION

CoNVECTIVE drying is usually encountered in many
industrial fields (food industry, building industry, for-
est products,...). Therefore, the study of this type
of problem becomes very important and for several
decades now has attracted the attention of several
authors. Among the works relating to this question
we cite the works of Whitaker {1-3] and of Bories er
al. [4], of Moyne and Degiovanni [5] concerning dry-
ing at high temperature that of Basilico and Martin
[6] and Plumb et al. {7] for the drying of wood, of
Harmathy [8] and Huang et al. [9, 10].

Our contribution consists in the theoretical study
of unidirectional heat and mass transfer during the
drying of porous media. The model used is drawn
from the work of Whitaker [1] and leads to a very
comprehensive set of equations, with three variables
(temperature, moisture content and pressure). We
note that the effect of pressure has been considered,
to our knowledge, only in cases of drying at high
temperature {5] and in cases where the initial moisture
content is rather weak [7-9].

This model is solved numerically for two very
different porous media. This choice permits to pin-
point the effect of all the physical characteristics.

The numerical simulation enables one to determine
the evolution of temperature, moisture content, and
pressure as well as the overall drying kinetics.

Further, a study of the sensitivity of the model to
transport parameters and conditions at the interface
enables one to select those which have to be deter-
mined in detail.

We also propose certain reductions in the model :

(a) in all the simulated cases, heat transfer by con-
vection is negligible ;

(b) given certain conditions (detailed in the text)
one can dispense with Darcy’s law and the continuity
equation of the gaseous phase.

2. FORMULATION OF THE PROBLEM

The configuration is that of a flat porous slab con-
stituted with a solid phase that is inert and rigid, a
liquid phase (pure water) and a gaseous phase which
contains both air and water vapour. One side of this
slab is exposed to an air flux with fixed characteristics
(velocity, temperature and relative humidity). The
other, adiabatic and impervious, can also represent a
plane of symmetry (Fig. 1). Initially, the porous
medium is isothermal and at hydrostatic equilibrium.

The theoretical formulation of heat and mass trans-
fer in porous media is usually obtained by a change
in scale. We pass from a microscopic view where the
size of the representative volume is small with regard
to the pores, to a macroscopic view where the size of
the representative volume w is large with regard to the
pores.

The macroscopic equations are obtained by aver-
aging the classical fluid mechanics, diffusion and
transfer equations over the averaging volume w. The
average of a function f'is

f=$ffM> M

and the intrinsic average over 4 phase i is

7= fao @

i Jur

Given Whitaker’s theory [1], the macroscopic equa-
tions governing heat and mass transfer in porous
media are given in the following sections.

2.1. Generalized Darcy’s law

Darcy’s law is extended by using relative per-
meabilities. For the gaseous phase, since no gravi-
tational effect is noted
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NOMENCLATURE
C,  specific heat [Jkg™'K™'] u dynamic viscosity [kgm~'s™']
Dy  effective diffusivity [m?s '] v cinematic viscosity [m*s']
D,  drying rate [kgm~?s~'] p density [kgm 3]
g gravitational constant [m s3] o surface tension [Nm™']
H, ambient relative humidity w averaging volume [m?].
Ah,,, latent heat of evaporation [Jkg™']
K intrinsic permeability [m?]
K., K, relative permeabilities of gas and liquid .
L thickness of the porous medium [m] Subscrip t:.
M molar mass [kgmol~'] at ltr heri
m evaporation rate [kgm~3s~'] atm  almospheric
c capillary
P pressure [Pa} itical
R universal gas constant [Jmol~'K~'] o o l.‘ﬁ) .
S relative saturation Zq Z‘;?“ rum
T i t @ K L
/ t?nnllg)[esr]a ure [*C or K] i spatial index
At time increment [s] ;r ;irri?:;mble
U moisture content [kg of water/kg of 4 . .
solid] psf ﬁbl.‘e saturation point
v velocity [ms™'] s solid
x distance [m] sat saturated
Ax  thickness of control volume [m]} v vatpou:
ox distance between two adjoining nodes vs saturale vapour
[m]. o] ambient.
Greek symbols
a heat transfer coefficient [Wm 2K ™'] Superscripts
B mass transfer coefficient [ms™'] g intrinsic average over the gaseous phase
= porosity 1 intrinsic average over the liquid phase
A effective thermal conductivity n time index
Wm 'K - average value.
Air flow ol where #, is the speed of the liquid phase, K; the relative
permeability to the liquid phase, P, the capillary pres-
L sure, y, the vicosity of the liquid, g the gravitational
o constant, and p, the density of liquid.
7777

Impermeable side or plane of symmetry

F16. 1. Geometrical configuration.

. KK, 0 5
f= =7t 5 (P ©)

where 7, is the speed of the gaseous phase, K the
intrinsic permeability, K, the relative permeability to
the gaseous phase, P2 the average intrinsic pressure
of the gaseous mixture, and p, the viscosity of the
gaseous phase.

For the liquid phase

; KK, 0 5. 5, -
b = _Ta(Pg_Pc'Fplg) 4

2.2. Mass conservation equations
For the liquid
o 0 .
= 5, (0l6) = — i O
where m is the evaporated water in units of time and

volume.
For the vapour

B0
or + a(pvvv) =m (6)
where
cer g = o
ngv = P&Ug—PSDefra—x(PV/Pg) (7)
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g, and p, are the average densities of the water vapour
and of the gaseous mixture, D4 the coefficient of the
effective diffusion of vapour in the porous medium. It
takes into account the variations in resistance to the
diffusion due to the tortuosity and to the effects of
constriction.

For the gaseous mixture

0P,

_g —
8t+ (P57s) =

@®)

2.3. Energy conservation equation

By assuming all the specific heats as constant and
with the aid of the mass conservation equations, the
energy balance takes a form which is unusual but
efficient in the calculations

0 — - 0
(’it(pC”T)+6_x<p1C”'U'T+ Y p,CijT>

j=va
i, oT o
= a (ieff ax> Ahvap’n (9)
here, Ahj,, is a constant defined by
Ahedp - Ahvap + (Cpl - va) T

Ao the effective thermal conductivity of the porous
medium, Ah,,, the enthalpy of vaporization, pC, the
constant pressure heat capacity of the porous medium

;)—C—‘p = ﬁsts+p_1Cpl+va +pd par (10)
2.4. Thermodynamic relations
The partial pressure of the vapour is equal to its

equilibrium pressure
Pt = P (T, S). (1

The gaseous mixture is supposed to be an ideal
mixture of perfect gases

P, =5 RTIM;; j=a,v (12)
=Y P b= 3 by (13)
Jj=ayv Jj=av

2.5. Boundary conditions
On the adiabatic and impervious face (x = 0) the
fluxes of heat, air and moisture are null

A

172

8x,.12

959
oT
'lefT ox +Ahvapplvl Oa ﬁa = 0’ ﬁl]ﬁl+p-§5v =0.
(14)

On the permeable face (x = L) the fluxes are con-
tinuous and the pressure of the gaseous mixture is
constant

oT i =
Aeff_a-; +Ahvappllvl = al Tao - T‘ (16)
p§ = Patm' (17)

The coefficients of heat exchange « and mass ex-
change f should be constant.

2.6. Initial conditions

Initially, the pressure of the gaseous mixture and
temperature are constant in porous media. The dis-
tribution of moisture content is that of hydrostatic
equilibrium

T=T0, P§=Palm (18)
;)
ax — P9 (19

This equation is associated with a particular con-
dition.

3. NUMERICAL RESOLUTION

The system of the presented equations is solved by
a method of finite differences based on the notion of
control domain as described by Patankar [11].

This approach has the advantage of assuring the
conservation of the fluxes and thus avoiding the gen-
eration of parasitical sources.

The domain of integration constitutes a grid of
points P, around which are constructed control
domains (Fig. 2). The value of any physical quantity
® at point P, and at time ¢+ A¢ will be noted ®**'.

The method consists of integrating the conservation
equations on the interval |z, 1+ Af| and on the control
domain.

In order to bring the resulting integral equations

2
—
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Control volume

F1G. 2. Numerical grid.
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back to algebraic equations tying together the values
of the solutions to the nodes on the grid, we make the
following hypotheses:

(a) the values of the terms of accumulation (97 /01),
and of the source terms 1, and (Ah,,,/), can be con-
sidered as being the averages on the control domain
constructed around P; of df/6t, m and Ah,,, m.

(b) the source terms, the terms of convection as well
as those of diffusion are evaluated at time ¢+ At (fully
implicit scheme).

Taking into account these hypotheses the con-
servation equations become

_Ax .
(! "P;:')A_t + (B )
— (P h) =~ Ax (20
(ﬁ31+l pw) + ((ﬁ%L )1+I]/2
— (P85, i) = i Ax (21)
n«H pgz) + ((pg g)?:;fz
"(Pg” )141/2)— n+‘Ax (22)
#4 |
+<(p|C‘U]T+ Z ijPjva)
Jeva i+ 1/2
_ _ n+ 1
_(ﬁ{Cplﬁ,T+ ¥ p';=C,,jﬁ,T) )
j=va i— 12
6T 22+ 1 ( aT):H—!
= ae ) —ldaas)  —Ahgrtt Ax.
( ffax)i+1/2 T ox i—172 v
(23)

On the surfaces of the porous medium, the equa-
tions are rendered discrete by integrating over half the
contro! domain and by taking the boundary con-
ditions into account.

The different parameters are calculated over the
faces of the control domains, their variations being
taken as linear.

The primary derivations are approximated over two
nodes within the porous medium

( P f>n+ i
0x fv 1/2

For greater precision, they are approximated over
three nodes on the permeable surface

(g>”+‘ __( 3fn+1+4 n+1 — "*')/25x (25)

(n+l

fiTNox. 24

5xN

Convection in the energy equation is calculated by
an upwind scheme [11].
Given the strongly non-linear nature of the equa-

and P. PERRE
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F1G. 3. Adaptation of grid to moisture profile.

tions, an iterative Newton’s method is used in associ-
ation with under-relaxation.

The simulation of the drying process sometimes
gives rise to steep drying fronts. With a view to attain-
ing greater precision without increasing the number
of nodes in the grid, an algorithm distributes the nodes
in relation to the humidity profile (Fig. 3). The grid
is recalculated during the drying process whenever the
slope or the position of the front changes significantly.

4. RESULTS

4.1. Description of drying process

The numerical model is applied to the drying of two
different porous media (clay brick and softwood). The
physical characteristics of these media are detailed in
the Appendix. The results obtained make it possible
to analyse precisely the different mechanisms involved
in each drying phase.

4.1.1. Period of constant drying rate. At the start of
drying, when the initial water content is sufficient, the
porous medium approaches the temperature of the
wet bulb. During this transition phase, the higher the
initial temperature is, the greater the drying rate (Fig.
4y,

When the drying becomes stable, the temperature
is uniform within the porous medium. The flow of
vapour being negligible in the core of the medium,
evaporation only takes place at the surface. The
boundary conditions become

(Too—‘T) = ﬁAthp(ﬁ%s(f)mpvm) (26)
The drying rate is proportional to the heat supplied

D, =-— (T, -T).

Al 27

Given the characteristics of the air flow, we can see
on equation (27) that the drying rate D, depends on
a and 7. In the plane (p,, T), point E with coordinates
(Pveo> Ts) characterizes the external air flow. Point P
with coordinates (p%, T), which characterizes the sur-
face of the porous medium, is obtained by crossing
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FiG. 4. Drying rate for brick (T, = 360.15K, H, = 0,0 = 15
Wm K™, f=0.014ms™ "),
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Fi1G. 5. Graphical determination of interface conditions.

the saturation curve with the line of slope — (a/8)Ah,,,
coming from E (Fig. 5).

Thus, given p,, and T, the determination of the
equilibrium temperature 7 needs the knowledge of the
ratio fi/a.

Equation (27) allows an accurate experimental
determination of the heat exchange coefficient «. On
the other hand, given the very low difference between
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P& and p,., the mass exchange coefficient f is really
difficult to measure. The ratio f/« is often given by
the analogy between the transfers.

Nevertheless, this analogy is valid only when the
vapour pressure is negligible with regard to the total
pressure : between 65 and 95°C, the ratio f§/« increases
by a factor of about 5 [12].

It is also of great interest to study separately the
influence of coefficients « and f.

When the equilibrium temperature T is sufficiently
high, it is only slightly affected by the term — («/8)Ah,,,
(point 1 in Fig. 5). The simulations confirm that,
in such conditions, the drying rate depends only
slightly on f and is mainly proportional to a
(Fig. 6).

For small values of T, the slope of the saturation
curve is weak. The equilibrium temperature becomes
sensitive to the term — (a/f)Ah,,, (point 2 in Fig. 5)
and each of the exchange coefficients has an influence
on the drying rate. However, in these cases, the vapour
pressure is much lower than the total pressure: the
ratio ff/a can be precisely calculated by the analogy
between the transfers.

Finally, for all temperatures below the boiling
point, f can be determined by the analogy between
the transfers without significant error.

During this period of constant drying rate, the
increase in the volume of gas carried by liquid extrac-
tion tends to subject the medium to partial vacuum
(Figs. 7 and 8). This lowering of pressure restrains
the moisture movement. The one persists while the
moisture flows essentially by capillary action.

4.1.2. Period of decreasing drying rate. When the
liquid phase becomes discontinuous, the liquid
migration stops (pendular state). Thus, the moisture
content decreases notably at the surface of the
medium which becomes hygroscopic. The pressure of
the vapour at the interface, and thus the drying rate,
decreases. The gradient of vapour pressure generates
gaseous diffusion towards the surface and evaporation
inside the porous medium. During this period, the
evaporation propagates a zone in which the gradient
of moisture content is very high (drying front) towards
the impervious surface of the slab.

The temperature rises throughout the porous
medium. The discontinuity of the temperature gradi-
ent close to the front (Figs. 7(a) and 8(a)) is a result
of the heat flux necessary for evaporation and of the
change in effective thermal conductivity. A pressure
gradient is observed between the front and the surface
(Figs. 7(c) and 8(c)). This results from the resistance
of the porous medium to the gas migration generated
by diffusion. In the model, this effect is formulated by
Darcy’s law (3). Between the drying front and the
impervious surface, a slight convection of the gaseous
phase and the rise in temperature cause the pressure
to level out at its value on the front. The value of this
pressure becomes even more important as the drying
rate increases and as the permeability of the gaseous
phase weakens.
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Uy, 0.5
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FiG. 6. Influence of exchange coefficients (7, = 80°C, H, = 60%, T, = 65°C, a* =23 W m * K™/,
B =002ms ).
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FiG. 7. Temperature (a), saturation (b), and pressure (c) profiles for brick (7, = 360.15 K, H, =0,
Tiwi=32015K, a=15Wm 2K ", f=0014ms™ ).

As the front separates from the interface, the steep-
ness in the moisture content profile becomes smaller,
temperature and pressure higher. When the front
reaches the impervious surface, the entire porous
medium is in the hygroscopic zone (third drying
period). The pressure of the gaseous phase decreases.
Temperature, moisture content and pressure ap-
proach respectively, ambient temperature, equilib-
rium moisture content and atmospheric pressure.

4.2. Sensitivity to transport parameters

The aim of this study is to gain an idea of the
allowable errors at the time of the evaluation of the
transport parameters.

4.2.1. Effective diffusivity of vapour. In the domain
of liquid migration, the vapour pressure is equal to
the saturate vapour pressure of which the gradient is
negligible. Therefore, the effective diffusivity has no
influence upon drying. On the other hand in the hygro-
scopic domain, the value of this coefficient directly
controls the migration of moisture. However, the
character of the transport does not become changed :
it is interesting to note that two proportional values
of D, give, for the same average saturation (therefore
at different moments) the same water content profiles
(Fig. 9).

422, Effective thermal conductivity. Results
obtained with a conductivity Ay twice as great show
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FiG. 8. Temperature (a), moisture content (b), and pressure (c) profiles for wood (T, = 80°C, H, = 60%,
T =65°C,a=23Wm 2K, =0.02ms™").
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Fi1G. 9. Influence of effective diffusivity (brick).

that the model is not very sensitive to this parameter.
As thermal conductivity is significant in regard to
existing thermal fluxes, the resistance of the porous
medium to heat transfer, and thus the temperature
gradient are always low. Despite considerable vari-
ations in A, the influence of this gradient on moisture
transfer remains negligible in the liquid phase as well
as in the gaseous phase.

4.2.3. Intrinsic permeability. The intrinsic per-
meability characterizes the aptitude of a single fluid
phase to migrate within the porous medium. In the
case of drying where two fluid phases exist together,
this parameter is used for the calculation of the relative
permeability to each phase.

Generally the greater the intrinsic permeability is,
the lower the gradients of pressure and of moisture
content are (Fig. 10). In the domain of liquid
migration, the influence of this parameter is per-
ceptible only when the moisture profile is far from
the hydrostatic profile. The duration of the constant

drying rate period increases when K increases since
the interface later becomes hygroscopic. In the hygro-
scopic domain, K determines the interaction between
gaseous diffusion and the gradient of gaseous phase
pressure (see Section 5.2).

4.2.4. Relative permeabilities. These parameter
functions of relative saturation determine the resist-
ance to migration of each phase (liquid and gas) with
regard to those where the porous medium is fully
saturated. They have a significant influence especially
in the zones where these values are very low (near the
fully saturated state for K, and the end of the funicular
state for K)). It is to be noted that the experimental
detection of very low permeability is extremely diffi-
cult: it is generally taken as equal to zero in a drying
model. Calculations show however that, when one
attributes values that are very low but nonzero to
permeabilities, then the moisture content profiles
change considerably.

Thus, in the case of wood, the few pits which are
located on the lateral cell walls cannot be ignored.
The geometrical model inspired by Comstock and
taken up by Spolek and Plumb [13] is used here with-
out making the assumption that all the pits are on the
overlapped surfaces (Fig. 11(a)). The permeability
to the gaseous phase is no longer strictly null above
irreducible saturation and the phenomenon of the
trapping of the gaseous phase disappears (Fig. 11(b)).

The considerable differences obtained in moisture
profiles show the influence of the gaseous phase on
liquid migration and thus, the necessity for certain
porous media that the drying model take into account
the gaseous pressure.

Concerning liquid permeability the value of irre-
ducible saturation (saturation below which liquid per-
meability is equal to zero) takes a prominent part in
the transition between liquid migration and transport
by gaseous diffusion. Thus the further the pendular
state begins from the hygroscopic range, the greater
the evaporation front steepens (Fig. 12).
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Fic. 10. Influence of intrinsic permeability : comparison between (a) brick and (b) wood.
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FiG. 11. Effect of relative permeability to gaseous phase (wood): (a) geometrical model; (b} numerical
simulations. -——— . All the pits are assumed to be on the overlapped surfaces (case A). ——, Of the pits

5% are on the lateral walls of the tracheids (case B).
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F1G. 12. Influence of irreducible saturation (brick).

5. REDUCTION OF THE MODEL

5.1. Heat transport by convection
The energy conservation equation (9) can take the
usual form

oT ) o \OT
pCpE +<ﬁ,’Cp,lJ]+ Z pfcpj%')’;;

Jj=ayv
) oT .
= (ie" §> —Ahy . (28)

Drying was simulated with and without the terms
of heat transport by convection obtained in this equa-
tion. The change in temperature gradient, even when
the latter is at its highest (transient period) remains
less than 1% and the change in total drying time is a
mere 0.5%.

Also for forced convection drying below the boiling
point these terms in energy balance can be left out. It
is interesting to specify that the terms of equation (9)

G _ =
a(p,‘C,,,v,T+ Z pr,,,-LgT)
j=av
are more important and neglecting them can lead to
appreciable errors.

5.2. Conservation equation of gaseous phase

The dry air flux (6£7,) is often weak compared to
vapour flux. Taking p%5, =0 leads to a new ex-
pression of the vapour flux

ﬁg a ﬁv
Az A Petr s = = 4

(l'—pv/pg) ox Pg
Developing the gradient with the aid of the relation-
ships of perfect gases (12) and (13) and using Darcy’s

law (3) to express the term (0/dx) P& make it possible
to write the vapour flux as follows :

29)

pes, = —

2
L3
\N 05
S Wood Brick
T x80°C T=90°C|
fo) | { | 1
0.1 ) 10 100 1000
Kl(q 7 Ay,

F1G. 13. The effect of the pressure gradient as a function of
physical characteristics and drying conditions.

qu
i — 30
= (1% 4v, /KK,) (30)
with
73 MM, pt
A= P p TP g
T=p. o) P gead,+pont s OV
and
_ 4P 0,
qu - Aﬁ\% axpv (32)

where g¢,, is the vapour flux obtained by taking the
gaseous pressure as constant. The value of ¢, is always
less than g,,. The difference between these two fluxes
results from the inhibition of the diffusion by the total
pressure gradient (term g, in the gradient of equation
(29)). It is worth noting that this gradient of the total
pressure results, through Darcy’s law, from the resist-
ance of the porous medium to the barycentric motion
of the gaseous phase generated by diffusion.

Figure 13 shows those values of 4v,/KK, for which
the pressure gradient influence is negligible. In such
cases, the pressure of the gaseous phase is taken equal
to atmospheric pressure. Darcy’s law and mass con-
servation for the gaseous phase can be discarded. The
simulation shows that these two assumptions give very
close results for brick (error less than 1%).

In the case of wood, the resistance of the porous
medium to gaseous migration is very important. The
pressure gradient generated by the diffusive flux of
vapour is too great to be neglected (Figs. 13 and 14).
However, when gaseous pressure has no effect on
liquid migration (pendular state) a good approxi-
mation is obtained by correcting the diffusivity with

multiplying factor
Avg !
(1+ )"

6. CONCLUSION

The aim of this study is to describe heat and mass
transfer during drying by forced convection of porous
media. The model used is very comprehensive. Sim-
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FiG. 14. The effect of the pressure gradient upon drying

(wood): ——, complete model; —-—, §,0, =0, f§ = Pums

) ﬁuﬁa:(),P = PalrmDﬁ”:Deﬁ"/(l-{'Avg/KKg)-

plistic assumptions have been avoided, especially inso-
far as the effect of gaseous pressure is concerned. This
model is numerically resolved and the drying process
is simulated for two very different porous media. The
temperature remains below the boiling point.

Thicg etudv narmitiad the selaction of the narametare
1 1S STUQY perimiiiea tnd 5¢:1ECUon O taC parameisrs

for which the model is most sensitive. Among different
physical characteristics of porous media, the model is
sensitive to permeabilities and to effective diffusivity,
i.e. to those parameters which characterize moisture
migration fitness.

On the other hand, at the interface, the drying is
principally controlled by the heat exchange coefficient.

Tha ragictance i mage trancfar nroved neolicihle
1i0¢ réssiance 10 mass wansicr provea négiigitig,

especially as the equilibrium temperature increases.
Greater insight into important phenomena such as
gaseous pressure has been obtained by comparing the
results for two different porous media. When gaseous
permeability is weak, taking the total pressure of the
gaseous phase into account reduces liquid migration

as well as vapour diffusion.

Einally wa hava datarminad the conditian

a fry
rifidiny, Wo naye QUilinaniand wuae LuninaUaas 1o

which certain reductions of the model lead to good
approximations. The simplifications made are sig-
nificant as they obviate the need to calculate pressure
and heat transport by convection.
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APPENDIX (PHYSICAL CHARACTERISTICS)

(Units are specified in nomenclature. T in Kelvin)

1. Brick
g =0726: ~25x% 10" 5. = 2600
= Vs K L SN 5 Fs SNy
C,.=879; i,= 1442,

Capillary pressure (deduced from empirical Levret
approach) [14]

pe = 6 J(S)/K
where
J(S) = 0.364(1 —exp{—40(1 —S)))+0.221(1 - 5)
Relative permeabilities [14]
K, =1-11

<S5
K, =0, S > S8
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K =(5-8S)/(1-8,), $>S,=009 Relative permeabilities [7]
K =0, S<8;. K, K
Effective diffusivity [15] U< Uyg i 0
Dy = D(1—8)%". 0< U< U, 0951-/(U)/Uy))+0.05 0
‘ . Up< U< U, 0.05 0.95(/(U/Ui)=1)
Effective thermal conductivity [16]
Ui—U U= Uy
hur = (g + e+ 2(1—)"  with n = 0.25. UVa <l 0.05 (‘ “ . —Uc,) 095+005 5 v,

Vapour pressure [§]

ﬁv = P-vs €Xp (_20Mv/rleT)

with Effective thermal conductivity [19]
log (r) = 2.16 1072 +43.85—253.552 4 794.545° U>04: Jg=(0.0065/U+0.0932) (0.986+2.7U)
—1333.75%+11115°—352.585—10. % (3.5543.65T)103
2. Sofiwood U<04: A= (0.129—-0.0490) (0.986+2.7U)
6= 0667 K=10"1% p, =500, C,, = 140, % (1+(2.054+4U)(T—273) x 1073).

Vapour pressure [19]

Capillary pressure [13] P, = poexp ((17.884—0.1423T

Pe =0 1364x10°UT ", Uy = U=Ups. +0.0002363T2)(1.0327—0.000674T)°2Y).
Effective diffusivity [17, 18] Fibre saturation point [17]
Doy = K,(D/45). Uy = 0.598—0.001 7.

LE SECHAGE CONVECTIF DE MILIEUX POREUX : ETUDE DETAILLEE D’'UN MODELE
DE TRANSFERT DE CHALEUR ET DE MASSE

Résumé—La formulation des transferts couplés de chaleur et de masse utilisée ici est issue de la théorie
de Whitaker. Le systéme d’équations, trés général, prend notamment en compte P'effet de la pression de la
phase gazeuse. Il est utilisé pour simuler numériquement le séchage de deux milieux poreux fort différents,
dans le cas de transferts monodimensionnels. La température reste inférieure au point d’ébullition. Les
résultats montrent I’évolution des profils internes de chacune des variables (température, teneur en eau et
pression) ainsi que les cinétiques de séchage. La comparaison entre les deux milieux permet de mieux
appréhender la sensibilité de modéle aux paramétres internes et aux conditions a l'interface ainsi que
I’a-propos de certaines réductions du modéle.

DETAILLIERTE UNTERSUCHUNG EINES MODELLS FUR DEN WARME- UND
STOFFTRANSPORT BEI DER KONVEKTIVEN TROCKNUNG POROSER MEDIEN

Zusammenfassung—Das hier verwendete Modell fiir den Warme- und Stofftransport in porésen Medien

ist von der Whitaker-Theorie abgeleitet. Sie fithrt zu einem sehr umfassenden Gleichungssystem und

beriicksichtigt den Effekt des Gasdrucks. Die numerische Lésung erfolgt mit eindimensionaler Uber-

tragung. Fiir zwei sehr unterschiedliche porése Medien werden der Verlauf von Temperatur, Wassergehalt

und Druck sowie die Kinetik des gesamten Trocknungsvorgangs berechnet. Mit diesem Hilfsmittel konnen

die Auswirkung von internen Parametern und Bedingungen an der Grenzflache auf das Modell sowie die
Auswirkung bestimmter Vereinfachungen im Modell untersucht werden.

HUCCIELOBAHWE MOJEJIU TEILIO- U MACCOITEPEHOCA ITPU KOHBEKTUBHON
CYHIKE MOPHUCTONU CPE[bI

Annoramms—Vcrone3yemas B JaHHOH paGoTe MoIe/b TEMJIO- H MacCONMEPEHOCA BLIBOOHUTCA H3 TEOPHH
Burakkepa. B pesynbTaTe nojIy4aeTcs 3aMKHYTas CHCTeMa YPaBHeHMit, B KOTOpoil yuuThiBaeTcs 3¢ dexT
naBieHus rasa. OQHOMepHas CHCTEMaA PellaeTCs YHCNCHHO. JUIg OBYX CYLIECTBEHHO OTJIHYAIOIMXCA O
CBOMM CBOMCTBaM JIOPHCTHIX CPEl PACCYHTHIBAETCA IBOJIIOLMA BO BPEMEHH MoJiell TeMmepaTypsl, BJaro-
COAepXaHns, JaBJICHUA Nlapa, a TAKXKE MHTErpaibHbIe KHHETHYECKHE XapaKTEePHCTHKH MPOUECca CYILUKH.
Hanuplii MeTod pacyera NO3BOJIAET HCCICIOBATE YYBCTBHTEILHOCTh MOJEIM K BIIMAHHIO BHYTPEHHHX
nMapaMeTpoB H YCJIOBHIl Ha rpaHuLe pa3fesa, Tak xe Kak ¥ 3EeKkT HEKOTOPBIX YNPOIIEHHH B MOIEIH.



