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A set of physical assumptions for a straightforward and efficient simulation of the
drying of a porous medium submitted to a convective and/or radiative heating is pro-
posed. All of the parameters used are physical (liquid migration coefficient, permeability
values along the thickness and the length, thermal conductivity, and external exchanges),
but the relevant geometrical properties (length and thickness of the slab) were also
included in the analysis. The 2-D pressure field generated within the medium during the
drying process is obtained by using an analytical expression. The treatment of the pres-
sure field, especially for a strongly anisotropic medium, is an important feature of the
model, which allows an analytical model for such a complicated porous medium as
wood to be used across a wide range of drying conditions. The computer code developed
from the proposed formulation permits a complete simulation of the drying process
within a few seconds on a personal computer. Different configurations have been tested
for both anisotropic (wood) and isotropic (light concrete) porous media. Agreement
with the experimental results is reasonable in terms of the observed physical phenomena.
For instance, the model highlights dependence of the duration of the first drying rate on
both material properties and drying conditions. This new model can be used for a global
physical characterization of products by curve fitting and the collated information for

the design of dryers.

Introduction

Heat and mass transfer that occurs during drying with
internal vaporization can involve quite complex physical
mechanisms that are strongly coupled and highly nonlinear.
Consequently, in the past, numerical computation has been
the preferred option for solving comprehensive sets of equa-
tions. Such models exist and have been widely documented in
the literature, including work by the authors of this article
(Turner and Perré, 1995; Perré and Turner, 1996). Neverthe-
less, because of their complexity, drying practitioners find
such models cumbersome and difficult to use. In particular,
these models must be supplied with numerous physical prop-
erties that are often functions of one or two variables (tem-
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perature, moisture content). Even more problematic, some of
these parameters are both sensitive and poorly known. A
well-documented example is relative permeability expres-
sions. For all these reasons, this approach generally remains
in laboratories, far from industrial applications.

At the other end of drying research—for example R&D,
the design of dryers, and the improvement of the drying
process—it is clear that the majority of the work is still closely
related with empirical knowledge. Here, there is no real evi-
dence of the use of comprehensive models, and typically ex-
periments, curve fitting, and global formulation expressed at
the scale of a whole dryer are the most popular research tools.
Regarding this situation, scientists must agree that drying is
often a very complex process for which the complete model-
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ing strategy can, in some circumstances, still fail, especially
when the quality of the dried product is considered. In fact,
even if it is possible to find new software devoted to the ap-
plied field of drying, the physical formulation available in
these models still remains simple. This fact is evident from
the dimensionless drying curves proposed by Van Meel (1958)
40 years ago (Marinos-Kouris et al., 1996), up to the pure
diffusion models published recently by Pakowski and Zylla
(1996). Indeed, such tools focus the attention on the global
process variable, which includes matter, moisture and energy
fluxes, temperature and relative humidity variations within the
kiln, and so on.

The main motivation of this work is to help build a bridge
between this simple modeling approach and a more compre-
hensive and rigorous modeling strategy. The model proposed
in this research lies midway between the most comprehensive
macroscopic formulation of heat and mass transfer, and the
global formulation for which the drying medium is treated as
a black box. This new model is based on a physical formula-
tion, but should be used by people who are closely connected
to the industry. To this end, the algorithm of the code named
Front _2D is provided in the Appendix. In addition, the cor-
responding file can be obtained from any of the authors
through the Internet.

The philosophy of the new model is to use enough physical
assumptions to enable the drying equations to be resolved by
a semianalytical method. This strategy allows the new model
formulation to complete a two-dimensional simulation of the
drying process within some seconds on a personal computer
(around 5 s on a Pentium II 300 MHz, for a classic drying
configuration). This efficiency in simulation time allows the
model to be included in any industrial software devoted to
drying.

This article is divided into different sections: model as-
sumptions, pressure-field calculation, heat- and mass-transfer
formulation, and numerical solution. The simulation results
are then presented for different materials that have been
dried using a variety of drying conditions. The typical
anisotropic material used to validate the model is softwood.
Simulating a sapwood board and a heartwood board of this
species, it is shown how the model can handle different porous
media and different drying conditions. Results are also de-
picted for light concrete. This is an isotropic material, but
can be treated without any problem by Front _2D, and it is a
good example of a porous medium with an important irre-
ducible saturation.

Two-Dimensional Pressure Field

Keeping in mind the complexity of the coupled heat and
mass transfer that occur during drying, it must be clear to the
reader that the analytical model proposed in what follows is
based on a set of simplifying assumptions. The real challenge
is, as usual in science, to find a good compromise between
how difficult it is to solve the governing set of equations on
the one hand, and the variety of configurations that the new
model can handle on the other. Assumptions Al to A5 allow
the two-dimensional pressure field to be resolved in terms of
an analytical expression:

Al The present model uses the basic assumption of a
drying front (Hadley, 1982; Rogers and Kaviany, 1992). In
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Figure 1. 2-D drying front configuration considered in
this work.

2-D, the zone where liquid evaporates to water vapor is re-
duced to a line. The product shape is assumed to be rectan-
gular, with thickness / and length L. The front position i
assumed to be parallel to the exchange surface. Denote e the
distance between the front and the exchange surface and ¢
the complementary distance, ¢ =7 — ¢ (Figure 1).

A2, In the zone between the front and the exchange sur-
face it is assumed that the gaseous phase consists only of
water vapor.

A3. The water vapor is assumed to migrate only accord-
ing to Darcy’s law. Consequently, the diffusion term is ne-
glected, which is consistent with assumption A2.

A4. The porous medium is divided into two zones (one
vapor zone and one liquid zone). Within each zone, the phys-
ical parameters are assumed constant in space.

A5.  The pressure field is assumed to have reached the
steady state. Indeed, due to the ratio of liquid density over
the vapor density, the front migration is always small com-
pared to the gas velocity.

According to the assumptions (A1-A5), the pressure field
throughout the sample is governed by the following sets of
equations:

In the vapor zone, denoted by index 1:

div(q,) =0

K,
q,=— p,— VP,
P(x=0,y)=PF,
Pl(x7YI=0):Pext

P, . K

Xt

()

1y

——(x,y;=e)=A\q,(x) with Ay=-p—
ayl oy
dP, L 0
Ix (X— ’yl)— .
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And in the liquid zone, denoted by index 2:

div(q,)=0
K,
q,= — pl)_VP2
(9P2 . KZ\?
(x,y2=¢)=A,q,(x) with A,=-p,—
Iy, My (2)
dP, I 0
ax (x=L,y;)=
PZ(x =0’y2) = chl
apP,

—(x,y,=0)=0.
(9y2(x)’2 )

Zones 1 and 2 have to be related: the pressure field and total
mass flux deduced from the fluxes generated at the front po-
sition in zones 1 and 2 are continuous:

Py, =e)="Py(yr=c) (3a)
g,(x) + g,(x) = (gm). (3b)

According to assumption (A1), the total flux that cvaporates
at the front level is independent of x. Nevertheless, the ac-
tual vapor flux may vary slightly along the x-axis, hence the
symbol {gm>, which denotes the average value along the
length of the sample.

In order to focus the analytical solution on the effect of the
anisotropic ratio, it is convenient to scale the system by defin-

ing

L* =

L
\/—;—, x* %, and P*=P-P.,, )

with

The mass conservation equation in the vapor zone (Eq. 1)
becomes

3Py Py K, 9°Pf 3Py
Kiy—+K;,—== —m Ky, —= 5)
Jx ayi Y dx Y3
Hence, because K, X K, # 0;
3°PF 3Py 0 .
—_t =),
ax*t  ayi (©)

Equation 6 is the classic Laplacian equation. According to
the boundary conditions, we can separate variables to seek a
solution of the form:
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PE(x*,y1) = F(x™)g(r1)- (7)
Substituting this form into Eq. 8 leads to

f'e+8"f=0
f/f=-g"%. (8)

Since the lefthand side is only a function of x* and the right-
hand side is only a function of y,, the only way that the
equality can hold is if both sides are equal to the same con-
stant, say, a>.

Hence, two separate differcntial equations are obtained:

f// _ a2f =Q
” 2 (9)
g'"+ag=0.
Taking the boundary conditions into account, a? must be a
positive real, and the elementary solution reads:
PE(x*,y,)=asin(ax*)sinh (ay,). (10

Equation 10 satisfies the boundary conditions on the three
faces of zone 1 (Eg. 1), provided that « is chosen such that

dsin(ax*)

=0.
(9)(* x* = [*

The boundary condition on the fourth face (y, = e) can be
obtained only as a weighted sum of elementary solutions:

PE(x*,y,)= Z a, sin (a,x*)sinh (e, y,)
k=0

2k +1
with ak=( e 77). (11)

These elementary solutions are known to be orthogonal:

*

[ sin (g x*)sin (e, x*) de* = S (12)
0

In order to determine the coefficients a,, we have to relate
zones 1 and 2 (Eqgs. 1 and 2). In zone 2, the same procedure
leads to the following solution:

PF(x*,y;)= X bysin(aex*)cosh(Byy).  (13)
k=0

Applying Eq. 3a leads to

Y a,sin(a,x*)sinh (age) =Y. b, sin (@, x*)cosh (a,c).
0 0

(14)
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The orthogonality property requires that

sinh (age)

b, =a,———. 15
k a"cosh(akc) (15)

Finally, Eq. 3b allows the complete determination of the so-
lution:

a,{ A, sin(a, x*)a, cosh(a,e
k ! k k k
=0

sinh ( oy€)

+ A sin (@, x* ) ay sinh (a )} = {gm). (16)

*cosh (ac)

The value of each a, is obtained by multiplying Eq. 16 by
sin(a, x*) and integrating between 0 and L*, using the prop-
erty specified in Eq. 12; we finally obtain

2

“

= ol 17
ay <qm> Cak_Lx ( )

with C = A, cosh(a,e)+ A,sinh(a, e)tanh(a,c).

The complete solution allows us to calculate the two-
dimensional pressure field that results from a constant
source {q,,> located at the front position to be determined
over the entire sample. Remaining consistent with the physi-
cal assumption, this pressure field depends linearly on the
flux {q,,>. The most important result of this calculation is the
possibility of observing and modeling very quickly the effect
of the configuration: length, thickness, front position,
anisotropy ratio, and the difference of permeability between
the liquid and the vapor zones are all included within the
expression for the solution.

As an example, Figure 2 depicts the pressure field ob-
tained using Eqgs. 11, 13, and 17 for different anisotropy ra-
tios. The other parameters uscd for this calculation are L = 25
cm, /=15cm, e=0.5cm, and I'= A4,/4, = 0.2 (ratio of per-
meability values between the liquid zone and the dry zone).
It can be observed from the figure that for a small anisotropy
ratio, the dimensionless pressure field is not affected by the
end piece at the midlength. This is obvious for K /K, =10,
and remains almost true for a ratio of 100. However, when
the ratio y becomes higher, one can observe how the pres-
sure value is reduced through the sample for the same value
of the vapor flux {g,,>, which represents the drying rate. At
this stage, we have to keep in mind that a ratio of 1,000 is a
very common value for softwood species (Siau, 1984).

In fact, because of the presence of vessels within the porous
structure, the anisotropy ratio can be much more important
for hardwood. The last graph of Figure 2 depicts the pressure
field for an anisotropy ratio of 10*. In this case—and for the
chosen values of thickness, length, and front position—al-
most all of the vapor transport occurs in the longitudinal di-
rection of the sample (x-direction). The calculated stream-
lines and velocity fields can be the most interesting result for
enabling us to understand the two-dimensional gaseous
transfer (Figure 3).

Keeping in mind that the drying front moves inwards dur-
ing the drying process, it is also interesting to understand
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Figure 2. Analytical calculation of the pressure field for
different anisotropy ratios (10, 100, 1,000, and
10%).

how the front position and the anisotropy ratio interact. In
fact, whatever the value of the anisotropy ratio, the optimal
pathway for the gas migration is always along the thickness
when the front is very close to the exchange surface (see Fig-
ure 4). All that must be considered is the distance required
for the front position to move in order to induce a longitudi-
nal flux. Of course, to understand the physical behavior, this
distance has to be compared to the slab thickness. In the case
of the parameters used in Figure 3, we can see that the per-
meability ratio must be larger than 100 for the longitudinal
effect to become apparent for the 1.5-cm-thick sltab.

The effect of length L can be explained by analyzing the
solution. From Egs. 11 and 17, we can calculate the center

AIChE Journal
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Figure 3. Velocity fields and streamlines for two differ-
ent anisotropy ratios (100 and 1,000).

pressure (front position at length L*). Rigorously, this scaled
expression gives the pressure difference AP between the sur-
face and this position as

- 21"
AP={q,> 5 .
W0 aiL*{ A, coth(a e) + A, tanh (o, ¢)}

(18)

1.0 l
/ 00

04
/// 1000

Dimensionless pressure

10

1.0 1.5

Front position (cm)

Figure 4. Effect of the permeability ratio on the front
pressure at the midiength.
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Rearranging Eq. 18, we obtain the following expression for
the global vapor flux:

oy K e)AP
e
with

- 2(-1)f

= E‘U alL*{coth (a,e)+ T tanh (a,c)} (19)
and

L (2k+1
=

—Z—L*—ﬂ) c=1—e.

Equation 19 is in fact Darcy’s law written in one dimension.
The two-dimensional effect lies only in factor e/B. Consis-
tently, as e < L*, tanh(e,e) = o, €; hence,

(20)

Hence, the factor e/B vanishes in Eq. 19. Consequently, for
a porous medium that is long and not highly anisotropic, the
two-dimensional model just leads to the classic Darcy’s law
for a slab with infinite dimension in its plane.

Conversely, as e approaches L*, the ratio e/ becomes
greater than the unit, and tends toward infinity as e¢/L* in-
creases. This expresses the increase of the mass flux, for the
same value of internal overpressure, as the two-dimensional
transfer takes place.

Finally, in order to know the effect of the two-dimensional
gaseous migration, it is sufficient to compare the front posi-
tion e with the scaled length of the board: L* = L/+/y (note
that, due to the symmetry, L here is half of the real sample
length). To complete the analysis, we just have to keep in
mind that the ratio e/L* varies during the process, because e
varies from zero to [ (for the same reason, ! is half the real
sample thickness).

Energy Equation

The previous calculation allowed us to determine a rela-
tion between the center overpressure and the global vapor
flux. In order to define a drying model completely, it is neces-
sary to deal with the coupling that exists between the vapor
flux and the thermal flux.

Two additional assumptions allow the temperature field
within the medium to be governed by a very simple linear
one-dimensional differential equation.

A6. The heat transfer within the medium is assumed to
occur only in the thickness of the product. Indeed, the
anisotropy ratio, which can be substantial for permeability, is
often much lower for thermal conductivity.

A7. The heat required to change the product tempera-
ture (sensible heat) is negligible.

Vol. 45, No. 1 17



Following these assumptions, the internal thermal flux is
used entirely to change liquid into vapor at the front posi-
tion.

According to assumption A6, the heat flux reads:

In zone 1:

=—A i 21
q. iy ayl-l ( )
In zone 2:
=A i 22
q,. 2y &yzj- (22)

According to assumption A7, the energy balance is gov-
erned by the following simple expressions:

In zone 1:
Y (g, L,j 23
oy d = AL (23)

In zone 2:
AL 24
2y &yz‘l_ . ( )

Because the heat flux is constant within the gaseous zone,
the temperature gradient is connected to the front and sur-
face temperature values:

Tfmnt ~ T,

surf

4= A, (25)

The front temperature is connected to the vapor pressure
through the liquid—vapor equilibrium and sorption isotherm
relationships:

Pfront = PI(X* = L*’yl = €) = Pu:(Tfrom)X RH(X7 Tfront)‘
(26)

Finally, closure of the energy problem requires boundary
conditions at the exchange surface. Here, both convective and
radiative heat transfer are considered:

Deext ™ h{Text ~T(y,=0)}+ ‘TE{Tr:d Ty = 0)} (27
where h is the heat transfer coefficient, 7, is the external
temperature, o the Stefan-Boltzmann constant, e the equiv-
alent emissivity factor, and 7,4 the equivalent temperature
for the radiative balance (which must account for the view
factors to each of the external surfaces and their associated
temperature value).

Liquid Migration

At this point, according to the configuration, the drying
conditions, and the front position, we are able to relate the
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vapor flux to the heat flux by using the enthalpy balance. The
uniqueness of the solution provides the actual drying rate
through the value of the global vapor flux {g,,). Neverthe-
less, this value allows us to calculate the evolution in time of
the averaged moisture content.

The simulation of the process requires the front position,
¢, to be connected to the averaged moisture content. The best
situation is when the moisture-content field is known
throughout the sample. Keeping the aim of this work in mind,
which is to obtain a realistic but simplified model, we pro-
pose two further assumptions to describe the way in which
the liquid migrates within the medium.

AS8. The liquid only propagates in the thickness of the
product. This means that, concerning the liquid flow, the cap-
illary forces remain larger than the additional driving force
generated by the overpressure. A one-dimensional moisture-
content profile results from this hypothesis.

A9. The one-dimensional moisture-content profile has a
quadratic shape. Its derivative on the plane of symmetry (at
y,=1) or at the initial moisture content is equal to zero. At
the exchange surface (during the first drying period), or at
the front position (during the second drying period), the
moisture content gradient is related to the liquid flux through
the liquid migration coefficient:

X,=aé*+bé+c, with &€=y —e

Ky2 JP, .
¢=—a,V(X)=-p V(X)={g,2J- (28)
w 0X

Assumption A9 implies that b={gq,,)/a,,. Obviously, ac
cording to the average moisture content, the initial moisture
content, the irreducible saturation, and the mass flux, several
cases have to be considered (see Figure 5). Assuming that the
initial moisture content, X, is larger than the irreducible
moisture content, X, the drying always starts with case (a).
Then, according to the external flux established by the drying
conditions, the profile shifts toward case (b) (low liquid mi-
gration and/or high external flux) or case (¢) (easy internal
liquid migration and /or low external conditions). Finally, case
(d) always exists, before the drying front reaches the center
of the thickness. Between the drying front and the exchange
surface, the moisture content is simply assumed to be linear.
According to these assumptions, the computer code must be
able to provide the front position in relation to the average
moisture content, the drying flux, and the drying configura-
tion (material properties, geometrical dimension, initial mois-
ture content). This only requires some rather simple mathe-
matical developments (the interested reader can find the re-
sulting equations and cases in the algorithm provided in the
Appendix).

Computer Code Front_2D

In order to simulate the drying process using the new
model, a computer code has been developed using the set of
equations proposed in the previous paragraphs. Due to the
nonlinear expression of the external heat transfer and the
effect of drying rate on the front position, an efficient nonlin-
ear solver has been used. It consists of a Newton-Raphson
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Figure 5. Moisture content profiles resulting from the
assumptions concerning the liquid migration
(assumptions A8 and A9).

procedure, which obtains a second-order convergence. Sev-
eral sets of variables and nonlinear functions have been used.
Among these tests, the best strategy was found with ¢, and
Tt Gee., Ti(y,=0) in Eq. 24) as primary variables (say u,
and u,) and the following nonlinear functions:

Sl(qm > Tsurf) FGeext — Lu<qm>

3Z(QM?Tsurf)= <qm>CalC —<qm> (29)

In the first function, the external heat flux is calculated
according to Eq. 27. In the second function, the first mass
flux is expressed through Eq. 19, while the second mass flux
is simply the value of the primary variable.

The result is a system of nonlinear equations of the form
3(u)=0. The solution vector u contains the primary vari-
ables. This system must be resolved at each time step in
order to advance all of the primary variables in time. It is
linearized according to the complete Newton scheme. The
estimate of the solution vector at the (n + Dth level is com-
posed of the current solution at the nth level by writing

wnt =g 4 gy (30)
and solving the system of linearized equations
J(u)su'™ = — 3(u'") (31)

for the correction vector u'”. In Eq. 31, J represents the
Jacobian matrix, which is computed numerically.

Finally, Front _2D proceeds by time increments: the dry-
ing rate is calculated for each time step, allowing the evolu-
tion of the averaged moisture content to be updated. The
algorithm code is given in the Appendix. Because it does not
use any programming language, this algorithm should allow
any scientist to implement the structure using the program-
ming tool of their choice.

The calculation of the Jacobian is more subtle than what is
described in this synthetic structure. In fact, each time a pri-
mary variable is shifted in order to compute the derivatives,
the corresponding values of the functions 3; and 3, have to
be calculated according to the same procedure as the initial
value of these functions. In particular, because the liquid
moisture profile depends on the drying rate, each time the
primary variable {g,, changes, the front position e changes
also, even with the same averaged moisture content. Because
the gaseous phase is compressible, its density depends on the
pressure. The gaseous density in Eq. 19 is calculated using
the arithmetic average on the external and front pressure.
This rule is exact when assuming an ideal gas for one-dimen-
sional Darcy’s law, and represents a good approximation in
our two-dimensional case.

The code is written in Fortran 90 and allows a complete
drying simulation in a few seconds; typically 5 seconds on a
Pentium 300-MHz PC. Note that 50 terms are calculated in
Eq. 19, although only a few (1 to 5) are usually required. This
calculation time has to be compared with the time required
when using the fastest two-dimensional version of TransPore
(two-node approximation, structured mesh with Newton-
Raphson procedure): between 5 and 10 min.

Table 1. Drying Configurations and Physical Parameters Used in Runs 1 and 2

Run 1 Run 2 Run 3
Board Sapwood Heartwood Sapwood
Half-length 25 cm idem idem
Half-thickness 1.5 cm idem idem
Temperature 140°C 140°C 180°C
Heat-transfer coeff. (h) 15W-m~2.°Cc ! 15W-m~%.°Cc! 50W-m~2.°C !
Transverse permeab. (K ) 10 ~'5 m? 10 7' m? 10 °'% m?
Anisotropic ratio (K, /K,) 1,000 idem idem
Thermal conduct. (A) 0.15W-m-°C™! idem idem
Migration coeff. (a,,,) 5X10 ¢ kg-m~!-s7! 5x10 " kg-m~'-s7! 510 ®kg-m~'-s7!
Initial MC (X,,,) 150% 80% 150%
Fiber saturation point 30% idem idem
Irreducible MC (X;,,) 30% idem idem
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Figure 6. Semianalytical model: convective drying of
sapwood at high temperature (Run 1: super-
heated steam, Td = 140°C, h =15 W/m?-°C).

MC, surface and front temperature, and front pressure vs.
time.

Simulation Results

As a first overview of the possibilities offered by the pres-
ent model, two simulations will be presented. Both represent
convective drying of softwood with superheated steam (T =
140°C). The cases differ only by the part of the log: sapwood
for the first run, heartwood for the second. Consistent with a
previous analysis (Perré and Martin, 1994), the physical prop-
erties of these parts of the log change only for the permeabil-
ity values and the initial moisture content (see Table 1).

In the case of sapwood (Run 1, Figures 6 and 7), one can
observe a very long first drying period. The moisture content
profiles are rather flat in the liquid domain. As a result of the
assumption concerning the gaseous phase, the overpressure
remains exactly equal to zero as long as the constant drying
rate period lasts. For the same conditions, a simulation com-
pleted with a comprehensive set of equations would have
given a slight overpressure during the first stages of the
process (Perré and Turner, 1996). The physical reason for
that lies in the air-part expansion and the increase in the
vapor pressure when the temperature increases. Neverthe-
less, in the case of superheated steam, the air part can only
reduce gradually, and the comprehensive simulation proves
that this overpressure exists only during a short transient pe-
riod.

Figures 8 and 9 depict the simulation results for the same
drying conditions; however, the physical properties and initial
moisture content are representative of heartwood (run 2).
This test exhibits a very short first drying period, a much
higher overpressure, and a total drying time that is slightly
larger than the time required for sapwood, in spite of a lower
initial moisture content. All of these trends are in very good
agreement with the experimental observations (Salin, 1989;
Perré and Martin, 1994; Perré, 1995). It is very important to
note that these realistic trends, including the moisture con-
tent profiles (Pang, 1996; Rosenkilde and Arfvidsson, 1997),
can be obtained regardless of the simplifying assumptions by
changing parameters that are physical properties. The in-
crease of internal overpressure is more or less directly tied to
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Figure 7. Semianalytical model: convective drying of
sapwood at high temperature (Run 1: super-
heated steam, Td = 140°C, h = 15 W/m?2-°C).

Moisture content profiles at different drying times.

the value of the transverse permeability, while the duration
of the constant-drying-rate period is directly connected to the
liquid migration, whose gradient depends on both the drying
flux and on the liquid migration coefficient.

For validation purposes, experimental results obtained for
similar configurations on fir ( Abies grandis) have been repro-
duced from (Perré and Martin, 1994). Figures 10 and 11 must
be compared to Figures 6 and 8, respectively. The agreement
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Figure 8. Semianalytical model: convective drying of
heartwood at high temperature (Run 2: super-
heated steam, Td = 140°C, h =15 W/m?3.°C).

MC, surface and front temperature, and front pressure vs.
time.
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Figure 9. Semianalytical model: convective drying of
heartwood at high temperature (Run 2: super-
heated steam, Td = 140°C, h =15 W/m?-°C).

Moisture content profiles at different drying times.

is rather good and proves the model is capable of producing
simulations that are very fast and accurate at the same time.

In addition to the effect of material properties, the present
model is also able to account for changes in the external dry-
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Figure 10. Experiment on sapwood: fir (Abies grandis)
dried with superheated steam.

Temperature and internal pressure at different {ocations.
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Figure 11. Experiment on heartwood: fir (Abies gran-
dis) dried with superheated steam.
Temperature and internal pressure at different locations.

ing conditions, and to a certain extent, to account for the
coupling that exists between external conditions and internal
mechanisms. A typical example is obtained for run 3, for
which only the external conditions have been changed com-
pared to run 1. This test concerns sapwood, but with severer
drying conditions: higher temperature and higher heat-trans-
fer coefficient. The constant-drying-rate period becomes very
short, with a fast increase in the surface temperature from
the beginning of the process (Figure 12). The calculated
moisture content profiles exhibit the effect of the high exter-
nal flow on the internal MC gradient. Although this is sap-
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Figure 12. Semianalytical model: convective drying of
sapwood at high temperature (Run 3: super-
heated steam, Td = 180°C, h = 50 W/m?2:°C).

MC, surface and front temperature, and front pressure vs.
time.
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Figure 13. Semianalytical model: convective drying of
sapwood at high temperature (Run 3: super-
heated steam, Td = 180°C, h = 50 W/m?2-°C).

Moisture content profiles at different drying times.

wood, the drying conditions are so difficult that the internal
resistance to the liquid migration is higher than the external
flux limitation due to the energy supplied to the slab (Figure
13). In our opinion, this result is excellent for a model that
does not solve explicitly the moisture migration within the
board.

The analytical solution developed to model the pressure
field within the product was motivated by the high anisotropy
ratios encountered for wood. This ratio consistently became
one of the physical input properties of the simulation code.
In order to analyze the effect of this parameter on the drying
process, the anisotropy ratio has been increased, then re-
duced by a factor of 10, all other parameters being those of
run 1 (see Table 1). Figure 14 depicts the dramatic effect of
the ratio on the internal pressure: both the value and the
evolution in time change when the anisotropy becomes more
and more marked. For a ratio of 100, the end effect is almost
negligible. Most of the mass flux must pass through the slab
thickness. Consequently, the internal overpressure increases
as the front position moves inward. As the longitudinal per-
meability becomes more and more important (1,000, then 10*
times the transverse permeability), the internal overpressure
is reduced. The evolution of the front pressure in time can
even be negative. In fact, the longitudinal Darcy’s flow can
exist only when the gap between the drying front and the
exchange surface is large enough. Then, the resistance to va-
por migration is almost constant, while due to the resistance
to heat transfer in the dry zone, the drying rate decreases:
this means less vapor flow for the same resistance to the mass
migration, hence a decrease in the front overpressure.
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Figure 14. Semianalytical model: effect of the aniso-
tropy ratio (sapwood, superheated steam, Td
=140°C, h =15 W/m?2-°C).

Drying kinetics and pressure at the front position during
the second drying period.

On the other hand, the evolution of the averaged moisture
content seems to be affected very little by this large variation
in longitudinal permeability. This observation proves that the
process was mainly driven by the heat-transfer possibilities.
This is consistent with the small effect the anisotropy ratio
had on the evolution of the surface temperature. Indeed, the
drying rate is directly proportional to the difference between
the external and the surface temperatures. On the other hand,
due to the change in overpressure, the front temperature is
more directly affected by the possibility of longitudinal trans-
fer. It tends to be very close to the boiling temperature of
free water when resistance to mass transfer becomes negligi-
ble (Figure 15).
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Figure 15. Semianalytical model: effect of the aniso-
tropy ratio (sapwood, superheated steam, Td
=140°C, h =15 W/m?2-°C).

Surface and front temperature during the second drying
period.
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Finally, an example of simulation for light concrete allows
other model features to be shown:

e Although developed specifically for anisotropic media,
the model is also able to simulate a one-dimensional configu-
ration of an isotropic medium (Figure 16).

e Light concrete is known to have quite high irreducible
moisture content. This feature is included in the code, which
calculates realistic moisture content profiles (Figure 17).

e Because this medium is well known and reproducible, all
parameters used in the model can be obtained from the liter-
ature. Only the liquid migration, which here is a constant
value rather than a function of the moisture content, has been
adjusted according to the experiment (Figure 18, according
to Perré et al., 1993). As a very good result, the obtained
value is just within the variation range of the a,, function in
the liquid domain. This confirms that the liquid migration
coefficient involved in the model is an averaged physical pa-
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Figure 17. Semianalytical model: convective drying of
light concrete at high temperature (super-
heated steam, Td = 140°C, h =30 W/m?3-°C).

Moisture content profiles at diffcrent drying times.
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perheated steam.
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rameter that can be used to characterize the liquid migration
within a porous medium.

Conclusion

It can be seen from the extensive set of results presented
throughout this research work that the developed semianalyt-
ical model provides efficient and realistic simulation results
that well represent the drying process of anisotropic porous
materials such as wood. Within the liquid and gaseous zones,
the physical parameters are assumed constant in space.
Nonetheless, the model can deal with property differences
between the liquid water domain and the water vapor do-
main. Note that the coupling between heat and mass transfer
is taken into account. This is absolutely required for describ-
ing any of the phenomena that occur during drying.

The model can be calibrated by using experimental results,
with the primary fitted parameters being the averaged physi-
cal properties of the product: thermal conductivity, gaseous
permeability, liquid migration coefficient, anisotropy ratio,
and heat-exchange coefficient. Thereafter, the model can be
used to simulate the drying process with good accuracy across
a wide range of drying conditions. In fact, it is thought that
the range of drying conditions that this model is capable of
predicting would be much wider than for the concept of di-
mensionless drying curves proposed by Van Meel (1958). In
particular, the drying curves calculated from the present
model show how the shape of these curves depends on the
material, but also depends on the drying conditions for the
same material (Figure 19).

In conclusion, this model should be an excellent tool to
help engineers in the design and optimization of dryers. As a
consequence, and for completeness, the numerical algorithm
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is provided in the Appendix. As mentioned here, the code is
already capable of dealing with convective and radiative heat-
ing, including vacuum drying. The next step in the advance-
ment of this theory is to include the effects of a more ad-
vanced drying-front profile and to include the gaseous diffu-
sion, which should extend the model possibilities to any con-
vective and radiative drying with vapor or moist air. The di-
mensionless number introduced in (Perré et al., 1993) should
be used for that purpose.

Notation
1 =1

a,,; = coefficient of liquid migration, kg-m™"+s

C, = specific heat, J-kg-~' -K™!

D= diffusivity, m?-s~'

3(u;)= vector function used in the Newton-Raphson procedure
iu= latent heat of evaporation, J-kg ™"

RH = relative air humidity (P,/P,;)
K = relative permeability
k=absolute permeability, m>

k,, = mass-transfer coefficient, m-s~
M = molar mass, kg-mol !
n= unit normal
P= pressure, Pa
g.= heat-transfer flux, W-m~?
r= residual vector
R = gas constant, J-mol~!-K~

t=time, s

v= velocity, m-s~
Xpgp= fiber saturation point

x = longitudinal direction

1

1

1

y= transverse direction

a= interpolation factor

'y= anisotropy ratio for permeability (K /K )

r= permeability ratio between dry and moist zones (K, /K ,»)
¢= porosity, m*-m > ’
= dynamic viscosity, kg-m~
p= density, kg-m >

1,1

*S

Superscripts and subscripts

cr = critical
eff = effective property
eq = equilibrium
g= gas phase
i = general index for vectors
sat = saturated
U= vapor
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Appendix
Program Front__2D

Set thermophysical constants

Set geometrical parameters

Set initial conditions

Set external conditions

Set internal transfer parameters

Set computation parameters, including time step dt
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Open  saving files (profiles and kinetics)
Loop until final drying time
front position ¢

If (¢ = 0) Then (constant drying rate period)

Compute

Set Tsurf = Tb()iling
Set Tfront = Tboiling

Co t =
mpute  (q,,) = —

qC ext

according to Eq. 27

Else (falling drying-rate period)

End If

Compute

Set

Set

If
End Loop

Choose 7% and (g, )"
Set i=0
Loop until stopping criterion has been satisfied
Compute front position e
Compute Gooxt
<q"’l >(l) X LU
ComPUte Tfront = Tsurf N hence PL’ front
AXe
Compute (G dcalc according to Eq. 19
Compute 3, and 3,
Compute Jacobian J (by shifting each primary variable and computing 43, and d3,)
Compute du
Set Tsﬁ:f D= Ts(ulr)f + dul
Set (g, =g, + du,
Set i=i+di
End Loop
AXS = (g,,) X dt
p, X {

(XYt +dD)= (X)) +d{(X)

t=t+dt

(save data required) write values in saving files

End program Front__ 2D

Subroutine liquid__migration (Input: {g,,>, (X, X,,;s Xir» Xrsp, and [; Output: ¢ and RH)

Set Xyini = Xini = Xirr
Set b Y d o
e = an =—
Apy “ 4 X i
2’)(lini
Set Xep = T
If (x,<!) Then (sequencea, b, d and e in Figure 5)
o, b
t =
¢ T3 T2
X+ Xpini XU = x,,
Set X=X+ ——- (= xe)
If ((X)=X,) Then (case a)
Set e=0
Set RH=1
Else
X+ XX 105X I—x,
Set X2 _ 1 ; FSP( C )
If (X»=2X,) Then (case b)
IX({X) = Xini) = (X; + XpiiXer)
Set e=—
Xini _O-5XFSP
Set RH=1
Else If ({(X)>0.5Xysp) Then  (case d)
A=b/3
Solve Ae? + Be+C=0 with{ B=—-2A1+05Xpsp - Xy
C=Ix(Al+ X, —(X?)
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Else

End If

26

Set RH =1

Else (case e)
Set e=1
26X
Set RH =1—expl— x*(0.76469 +3.67872x*)] with x* =
Xrsp
End If
End If
(sequence a, ¢, d and e in Figure 5)
bl
Set Xo=—+ X,
3
If (X)>=X_,) Then (casea orc)
Set e=0
Set RH=1
Else If ((X) = =0.5Xgrgp) Then (case d)
cf. above
Else (case e)
cf. above
End If
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