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Abstract

The coupled and highly non-linear nature of the transport equations that govern the drying process highlights the
applicability of numerical simulation in this field. This work is devoted to presenting the latest version of TransPore:
a unique 3-D drying model that is able to deal with the heat and mass transfer in porous media. The set of
equations used in the present work is among the more comprehensive physical descriptions for the drying of a
porous medium modelled at the macroscopic scale.

Several simulation results are presented that depict the new possibilities offered by such a tool. In particular, the
effect of the number of exchange faces is studied both for an isotropic medium (a cube of light concrete) and for an
anisotropic medium (a board of wood) where the anisotropy ratios and geometrical factors are large. These
simulations prove that only three spatial dimensions are able to capture the effect of the width of the medium in the
case of high temperature drying. Indeed, with such conditions, the longitudinal direction is required to highlight the
effect of overpressure in a strongly anisotropic medium, while both thickness and width are necessary to account for
the coupling between the thermal field and the pressure driven flow. © 1999 Published by Elsevier Science Ltd. All

rights reserved.

1. Introduction

In this work a new three-dimensional (3-D) drying
model is presented. Three macroscopic state variables
(one for the energy conservation equation, one for the
moisture conservation and one for the conservation of
the gaseous phase) are used to describe the drying pro-
cess. The most important physical phenomena treated
in the formulation include capillary and convective
liquid flow, bound and gaseous diffusion and convec-
tive gaseous migration, thermal conductivity and heat
required for evaporation. Finally, isotherm curves,
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heat and mass exchange terms, and conditions on full
saturation [17] allow the closure of this system.

The resulting code is quite complex and can be time
consuming in terms of CPU time for the large meshes
encountered with three spatial dimensions. In order to
counterbalance this effect, state-of-the-art numerical
techniques such as quasi-Newton methods for solving
the non-linear discrete network and pre-conditioned
conjugate gradient solvers for resolving the linearised
sparse matrix system are employed.

To date a number of comprehensive two-dimen-
sional (2-D) models are available for studying the dry-
ing process. These models have been applied in the
domains of wood drying [9,10,6,3] and building ma-
terials, such as brick [2]. These models have provided
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the drying engineer with fundamental knowledge that
has increased the understanding of the process and
allowed new and innovative drying operations to be
proposed.

The motivation for developing a 3-D model for dry-
ing originates from the conclusions drawn from some
of the previous 2-D studies carried out by the authors.
Firstly, drying stresses that develop in wood during
drying depend strongly on the board width [8], while
the longitudinal direction is important to represent
transport phenomena. Secondly, such a model is absol-
utely necessary before a comprehensive radio frequency
or microwave drying simulation can be performed [11].

The use of three spatial dimensions in porous media
modelling is not new, however, to our knowledge,
comprehensive computation models do not exist cur-
rently in the field of drying research. Some simple
transfer models exist for studying the absorption and
desorption of water in a wood beam [7] and for analys-
ing moisture distortion modelling of wood and struc-
tural timber [13], however, a complete resolution of the
coupled and highly non-linear drying model equations
appears to be a new contribution to the literature. In
the fields of ground water flow, petroleum reservoir
simulation and pollution modelling one can find a
wealth of references pertaining to 3-D models im-
plemented on both structured and unstructured meshes
[1,4,20,5,15]. It is clear from all of the above studies
that although in principle it appears straightforward to
pass from two spatial dimensions to three, some rather
subtle numerical analysis and innovative concepts in
linear algebra are required if efficient computation
times for the simulations are to be realised.

In this work two case studies have been chosen to
test the performance of the 3-D model. In Case Study
1, the high temperature convective drying of light con-
crete is presented, while in Case Study 2, the results
for both low and high temperature convective drying
of softwood are analysed. In particular, it will be
shown that only three spatial dimensions are able to
capture the correct physical behaviour of the porous
medium throughout the drying process. Indeed, high
temperature drying induces an important overpressure
in the longitudinal direction of the board that is a
trademark of a highly anisotropic porous medium. The
thickness and width of the board are necessary to
account for the coupled mechanisms of thermal and
mass diffusion, and Darcy’s flow.

2. Mathematical formulation

In this section of the paper the drying conservation
equations, together with the relevant flux expressions
and constitutive relations will be presented. The discre-
tisation process will be analysed and the numerical sol-

ution procedure will be outlined briefly. Some specific
computation details for the new 3-D model will be dis-
cussed.

2.1. The transport model

Whitaker [18,19] has discussed the macroscopic
equations that govern heat and mass transfer phenom-
ena in porous media in detail. These equations have
been used subsequently to model the softwood drying
process [9,21,10], where their ability to describe several
different drying configurations has been proven. These
equations are summarised as follows:

Liquid conservation
a _ - -
7P 2Py + ) + V- (Vi + 9,V
+PpV5)
= V- (pDesrVer,) (1

Energy conservation

L wp a9+ pha) + i + pul
— g Pe) + V- (0, 1uV s + (0,1 + pha)V g
+ by Vi)
= V- (0, Dei(h V>, + h,Vr ) + Kt VT)
+ )

Air conservation
0 _ =
a(ggpa) + V- (pVe) = V- (pDerr Vi i) 3)

where the gas and liquid phase velocities are given by
the Generalised Darcy’s Law:

KKk
V= —%me, Vo, = VP —pgVy where
!

“4)
I=w,g

The quantities ¢ are known as the phase potentials
and y is the depth scalar. All other symbols have their
usual meaning.

2.2. Boundary and initial conditions

There are two types of boundary conditions that
need to be discussed, namely, conditions at external
boundaries and conditions at symmetry planes. The
boundary conditions proposed for the external drying
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Fig. 1. 3-D hexahedral control volume used for the discretisation process.

surfaces of the sample are assumed to be of the follow-
ing form (see [10]):

3, -h = kM, ln<11_ x°°>

— X,

Jo -1 = (T — Too) + ke M, 111(11 __);‘”) (5)

where J,, and J, represent the fluxes of total moisture
and total enthalpy at the boundary, respectively. The
pressure at the external drying surfaces is fixed at the
atmospheric value. Recalling that one of the primary
variables used for the computations is the averaged air
density, the Dirichlet boundary condition P,= P, has
to be modified to form an appropriate non-linear
equation for this primary variable:

puRT _

e(Py — Po) + M
a

0 (6)

Eq. (6) must be resolved, along with the conservation
laws, during the non-linear iterations for every external
boundary control volume within the computational
domain.

Symmetry planes are introduced into the model to
reduce the overall computation times. For the porous
sample under consideration here, only one eighth of
the sample is computed and all fluxes of liquid,
vapour, air and heat are assumed zero at the symmetry
planes. Initially the porous medium has some pre-
scribed moisture and temperature distribution, with the
pressure being constant throughout at the atmospheric
value.

2.3. Numerical strategies used for the resolution of the
transport model

In order to illustrate the discretisation process, it has
been decided for the sake of clarity to analyse only the
liquid conservation law (1). The overall procedure is
identical for the other two conservation laws. The dis-
cretisation process proceeds by integrating the balance
law over a typical hexahedral control volume of the
form exhibited in Fig. 1.

After integrating over each control volume within
the computational domain, a system of non-linear
equations results whereby each equation within this
system can be cast into a discrete analog of the conser-
vation equation, for example:

AV, . .
Fw(up) = T;”(‘/jwrl - w,,)
- Z (Jw : ﬁ)CVfacEiAface,- = 0’
ieNb, (7)

Jw = Ew/lwl)wV(Pw + fgzgpvvwg + ﬁeff,DgV(va
+4 ﬁ,vub

In Eq. (7) the term ,, represents the conserved quan-
tity of total liquid: ¥, = é&wp, + &p, + p,. Nb,
denotes the set of neighbouring points that surround
the node p. The tensor terms_in this equation [absolute
permeabilities K, mobilities 2 = (k/u) and diffusivities
D] within the flux expression are functions of the state
system variables. Because Eq. (7) requires expressions
for the discrete form of the flux in the normal direction
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to the CV face, it is necessary to approximate all of
the gradient terms. For an orthogonal mesh, the gradi-
ent of given quantity ¢ can be approximated simply as
(Vo )er,, = [(ur—d)/I6nI15E, (see [16]). However, it
should be noted that this formula needs to be modified
if the mesh is non-orthogonal, in which case a correc-
tion term for the tangential component of the gradient
must be added. Nevertheless, by substituting this ex-
pression where appropriate into (7), the following dis-
crete form of the flux results:

(Jw X n)Cme[
N -
= 6ri (/lw)Cme’. ) YIt*i(p)t')CV,-ncci ((/)w,,h’ - (pw,,)

)

P

+ 5f'iT(Z§)(‘Vn\cc, ! 'I)gi(p\")CVfacc, ((pgnh,- - (Pg
+0f ] D)y, * 70, (1, — M)

+ or/ (ﬁeff)chacc, Py (/)g)(‘me, (@, —oy,) (®)

where it has been assumed that the tensor terms are di-
agonal. This assumption is reasonable when the ani-
sotropy of the system is taken to be in the direction of
the principal axes of a Cartesian co-ordinate system.
The more complication configuration, where the ma-
terial axes are rotated according to the position from
which the board is cut from the tree, has been dis-
cussed in detail elsewhere [12]. The vector quantities y;
represent geometric quantities, where for example, 7,
= (K,,n;/||dr;])), and an efficient way of computing the
normal for each control volume face is to use (refer-
ring to Fig. 1 and face ABCD) n = %(XAC X Xpp). Note
that a term like (/IW)CVM implies evaluation of the
components of the liquid mobility tensor at the ith CV
face.

The discrete analogue (7) of the liquid conservation
law (1) is a complication non-linear function of the
state variable set (S, Py, T, p, pv Pp) at the nodes p
and all of the neighbouring nodes that surround the
control volume (CV,) under consideration. The coeffi-
cients within expression (8) combine the non-linearities
of the transport coefficients, which involve the state
function set at the node p and the neighbouring node
nb;, together with the relevant geometric factors for the
control volume face. Note that the advection transport
coefficients must be treated differently from the
diffusive terms otherwise the solutions may not be
monotonic.

For each CV, the state variable set is assumed to
have an exact definition. In fact, out of this six vari-
able set only three variables, known as the primary
variables, will be treated as the unknown independent
variables for each CV and the remaining three vari-
ables, known as secondary variables, will be computed

according to the values of these primary variables. The
values of all variables are presumed known at the nth
time level. Once the non-linear functions are assembled
for each CV within the computation domain, the result
is a system of non-linear equations of the form
Z (u)=0. The solution vector u contains the primary
variables (in triplets) for each CV within the mesh.
This system must be resolved, at each time step, in
order to advance all of the primary variables in time.

The solution procedure is carried out in two distinct
stages via what are known as outer and inner iteration
phases. During the outer iteration phase, the system of
non-linear equations is linearised according to a quasi-
Newton scheme. The estimate of the solution vector at
the (n + 1)th level is computed from the current sol-
ution at the nth level by writing

ll(n+l) — u(n) 4 511(") (9)
and solving the system of linearised equations
Bu™)su” = —Fu™) (10)

for the correction vector du®’. In Eq. (10), B rep-
resents an approximation to the true Jacobian matrix.
The exact approximation used for B will be the subject
of an article that is being compiled currently by the
authors. Nevertheless, it suffices to say that the deriva-
tives needed for the construction of the Jacobian are
computed numerically using simple finite difference ap-
proximations [16] that seek to balance the need for
excessive (and expensive) function evaluations against
the order of the approximation.

To illustrate this strategy, assume that Eq. (7) can
be written in the following form:

F(u,) = (.PW(ULUH)) _ q](uén)))

(11)
— Z Flux(uf)”“), uf;:l)) =0

ieNb,

where, for example,

n AV n
'I’(ul(, Dy = —(51’7111 +1 and

wp

~ 1 _ Py + P
u},”“) _ (XI(]nJrl)’ T;’”r >’pg;+1>)r’ Y= ( n/’upo P»)

is the moisture content and 7 represents the non-
dimensional temperature. The derivative of F,, (u,) with
respect to X, can be computed using the following ex-
pression:
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aF, () — ¥(w,)
X, €
(Flux(u;, unh,-) - Flux(up, Wy, ))

-2 - (12)

ieNb,

where u; = (X, +¢, 7, ﬁap)T and ¢ is a suitably chosen
numerical shift value that must be chosen large enough
to avoid roundoff errors and small enough to elude a
poor approximation for the derivative. Assuming that
the primary variables are all non-dimensionalised to be
O(1), then a useful rule of thumb is to compute the
shift factor used in (12) according to the square root
of the unit roundoff. We have used values of ¢=10""
and have always been able to observe quadratic con-
vergence of the Newton scheme.

The Jacobian matrix (or its approximation) has a
sparse structure, and due to its condition, must be
solved with a great deal of care iteratively. In this
work, during the inner iteration phase, system (10) is
solved by employing the Bi-Conjugate Gradient
Stabilised Method [22], together with an Incomplete
Factorisation level zero, ILU(0), preconditioning tech-
nique. Another factor that is important to the per-
formance of the convergence of the iterative solver,
and in particular the pre-conditioner, concerns the
ordering of the nodes within the solution domain.
Obviously, if an LU decomposition procedure is going
to be used as the pre-conditioner one must take care
to minimise the band-width of the sparse matrix. Such
a minimisation can be achieved using the Reverse
Cuthill-McKee algorithm.

2.4. Evaluation of the tensor terms at the CV face

As can be seen from Eq. (8), it is necessary to define
spatial averaging technique for the evaluation of the
tensor terms at the control volume faces. Typically,
diffusion terms are averaged using either arithmetic or
harmonic averaging strategies. Referring again to Fig.
1, and defining the interpolation factors:

S 12 ol RS [T /|

e o= — T
' ol = ! [l |

the components of the diffusion tensors ﬁcff and ﬁb
are averaged using the following arithmetic averaging
strategy:

d

K CVee; — 5r?—dﬂ<n + 5"i_df’\’/,h,

The correct treatment of the advection and convection
terms is essential to the accuracy and performance of
the numerical scheme. In this work upstream weight-
ing, which is a first-order spatial averaging method
that is known to converge to the physically correct sol-

ution [14], has been adopted:
- 7, if(v-m)=0
Dups( panti) = ’ 13)

A, if (v-m)<0

3. Results and discussion

This section is devoted to presenting the simulation
results obtained from the computational model pro-
posed above. The purpose of this study is to use the
simulation results to elucidate upon the 3-D coupled
mechanisms that take place during drying. It is hoped
that the simulation possibilities offered by this new 3-
D tool will be highlighted throughout the discussion
that follows. Results are presented for two different
configurations, ranging from a cube of an isotropic
material (light concrete) to a long sample of a strongly
anisotropic material (softwood) dried at high tempera-
ture. In the case of wood, because special attention is
paid to the effect of the board width, which is the
main improvement compared to the existing 2-D ver-
sion of TransPore, three boards of different dimensions
have been chosen and subsequently meshed:

e 1l mx3 cmx3 cm (L-, R- and T-directions, re-
spectively);

e 1l mx6 cmx3 cm (L-, R- and T-directions, re-
spectively);

e 1l mx12 cm x 3 cm (L-, R- and T-directions, re-
spectively).

For all configurations, the presence of three symmetry
planes allows the code to deal only with one eighth of
the sample. Moreover, in order to save computation
time, the mesh is refined close to the exchange sur-
faces, where the variable gradients are likely to be the
most important. The geometrical factors are chosen so
that the corner control volume (0, 0, 0 for X-, Y- and
Z-coordinates) is almost a cube, whatever the aspect
ratio of the sample. Three mesh examples are exhibited
in Fig. 2. The grids used in the present work are rather
coarse (20 x 15 x 10 in the L-, R- and T-direction for
the 12 cm thick board), however, they are sufficient to
capture all of the physical phenomena that transpire
during the drying process. Supporting evidence of this
fact can be found throughout the numerous studies
carried out in 2-D by the authors [9,21,16].

3.1. High temperature convective drying in a cube of an
isotropic medium

A very simple configuration is used for the first ap-
plication of the 3-D version of TransPore: a cube of
light concrete (an isotropic medium) is dried by a con-
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Fig. 2. Three mesh examples: note the mesh refinement around the exchange surfaces: 1/8 of 4 x 4 x 4 cm cube of concrete, 1/8 of

a3 x 3 x 50 cm board, 1/8 of a 3 x 12 x 50 cm board.

vective air flow (dry bulb temperature=140°C, dew
point=80°C).

Fig. 3 represents the computed variable isosurfaces
at 2 h of drying. The presence of three orthogonal
exchange faces forces the moisture content to be very
low at the corner. At that drying time, only the core of
the cube retains a high value of moisture content. The
temperature and pressure fields allow more subtle
phenomena to be observed. The temperature varies sig-
nificantly in space only in the region of vapour mi-
gration (vapour diffusion and most importantly,
gaseous Darcy’s flow). In this region, the temperature
gradient is required to supply the energy necessary for

allowing the liquid to change phase to vapour. The
pressure gradient that exists in this zone results from a
cross diffusion effect of vapour and air. The bulk flow
induced by Darcy’s law applied to the gaseous phase
keeps the total air flux almost equal to zero. This
phenomenon explains why the only two pressure isova-
lues that have been plotted are close to the exchange
surfaces. Almost no pressure gradient exists in the
domain of free water.

In order to exhibit clearly the effect of tri-dimen-
sional transfers, two other simulations have been per-
formed on the same geometry and for the same drying
conditions, however, using a different number of
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Fig. 3. Numerical simulation of concrete drying (140/80°C for dry and wet bulbs, respectively). 3-D variable fields calculated at 2 h

or drying.

exchange faces. This strategy allowed 1-, 2- and 3-D
transfer mechanisms to be compared directly. The
evolution in time of average moisture content, centre
temperature and centre pressure is depicted in Fig. 4.
From the evolution of the curves, the effect of the
number of exchange surfaces on the process duration
can be quantified. It is interesting to note that the dry-
ing time is almost proportional to the number of
exchange surfaces, where by in comparison to the 1-D
case, the drying time is about one half with two
exchange surfaces and one third with three exchange
surfaces.

Obviously, such a simple rule results from the equiv-
alent role of each direction: cubic geometry, same
exchange conditions and an isotropic medium. Note
that, apart from the drying time, all physical mechan-
isms are alike. No fundamental changes in the drying
behaviour can be observed. In particular, the maxi-
mum value of the overpressure is the same and, after
the constant drying rate period, a plateau at around 85
to 90°C can be observed for all runs. This plateau is
typical of light concrete: it results from a dynamic bal-
ance that exists between heat transfer and vapour flux
(diffusion and bulk flow). It has been observed during
experiments and has been explained by an analytical
model [21].

3.2. Low temperature convective drying of a board of
softwood

Convective drying of softwood is the second con-
figuration that has been chose to test the code.

Compared to the first test, the material is now highly
anisotropic and the sample shape involves important
geometrical factors (I m x 12 cm x 3 ¢cm in the L-, R-
and T-directions). The drying fluid is moist air, with a
dry bulb temperature below the boiling point of water
(dry bulb temperature=80°C, dew point=>50°C, heat
transfer coefficient=25 W m~2 °C™}).

Since 3-D results are not particularly easy to plot
and analyse, it was decided to illustrate the coupling
between the three state variables by drawing ‘fence
plots’ at different drying times. This allows the spatial
field to be reconstructed by interpolating (by mind) the
isovalues at regular board sections, together with the
isovalues plotted over the three planes of symmetry.
Because the computed mesh is not regularly spaced,
these sections have to be calculated by linear interp-
olation.

Figs. 5-7 depict the 3-D fields of moisture content,
temperature and dimensionless pressure at certain im-
portant drying stages, namely:

e 5 min: transient heating period;

e 4 h: transition between the constant drying rate
period and the decreasing drying rate period;

e 30 h: end of the drying process.

After 5 min of drying, the temperature field is
obviously non-uniform. The initial temperature of the
board (30°C) is far below the dew point temperature.
Consequently, the exchange faces are heated both by
convective heat transfer and by the latent heat associ-
ated with the vapour that condenses at the surface.
The core of the sample resembles the initial tempera-
ture field, however, the hottest zones of the sample are



4508 P. Perré, ILW. Turner | Int. J. Heat Mass Transfer 42 (1999) 4501-4521

I = irsulated facs

2-0

1.005

11.004

1.003

1.002

1.0M

Averaged moisture content (%) or Temperature (°C)

200 250 300 ae0 400 450 500

1.000

Centre pressure (P/Patm)

0.289

0.998

Time {minutas)

Fig. 4. Numerical simulation of concrete drying (140/80°C for dry and wet bulbs, respectively). Effect of the number of space

dimensions on overall drying curves.

close to the intercept between two or three adjacent
exchange faces (edge and corner of the board).

The moisture content field results from several
phenomena:

e surface condensation;

e drying that already started in the hottest regions;

e longitudinal migration that has driven the conden-
sation flux efficiently towards the inner part of the
sample from the end piece.

Due to the sudden increase of temperature, the press-
ure also increased within the sample. Note that the
Dirichlet boundary condition prevents the pressure

from increasing in the vicinity of the exchange faces,
especially along the longitudinal direction due to the
high value of the permeability.

After 4 h of drying, the process is well established.
The moisture content field results from the external
exchange, together with the possibilities of internal
transfer. Again, the presence of three exchange faces as
well as the effect of material anisotropy can be
observed from this moisture field. One can distinguish
two different zones:

e the edge of the board is already within the hygro-
scopic domain. Consequently, the vapour pressure
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Fig. 6. Low temperature drying of softwood (74, =80°C, T\, = 50°C). Fence plot of moisture content, temperature and dimension-
less pressure at 4 h of drying.
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at the surface is less than the saturated vapour
pressure, which leads to an increase of temperature;

e the whole zone close to the half-width has its surface
still in the domain of free water. This part of the
board is driven by the mechanisms typical of the
constant drying rate period, with the temperature
resting at the wet bulb value and the mass flux being
almost constant.

The corresponding zones can also be seen in the tem-
perature and pressure fields. Note the underpressure in
the zone that is still at the wet bulb temperature. This
is consistent to the physical equation (increase of

gaseous volume at constant temperature) and has been
reported several times in previous works [9,10].

It is very interesting to notice that the first drying
period reported by the global drying rate is seldom
exactly constant on experimental curves. The smooth
transition between the first and second drying periods,
which can only be accounted for with 3-D calculations,
procures more realistic drying curves. This may be par-
ticularly important when proceeding to comparison
between theory and experiment.

Finally, at 30 hours of drying, the process is almost
at its end. Some residual moisture and a slight over-
pressure must be noted in the core of the sample. The
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Fig. 9. High temperature drying of softwood (T4, =140°C, T\ =80°C). Fence plot of moisture content, temperature and dimen-
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Fig. 10. High temperature drying of softwood (T4, =140°C, T, =80°C). Fence plot of moisture content, temperature and dimen-
sionless pressure at 4 h of drying.
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temperature field is very close to a uniform field at the
dry bulb temperature.

By perfectly insulating one or two faces, 2- or 1-D
configurations have also been computed (infinite
width, infinite length and both). The results are
reported as time evolutionary curves of the global
moisture content and centre pressure (Fig. 8).

To main remarks can be made from an analysis of
these curves:

e the evolution of centre pressure is affected only by
the state of the endpiece (whether it is insulated or
not). This is a consequence of the high permeability
value in the longitudinal direction;

e the global drying curve depends mainly on the
presence of the lateral exchange face. The possibility
of transfer at the endpiece has a limited effect on the
drying curve.

Although no 2-D configuration is able to account for a
full 3-D geometry, the effect of longitudinal transfer
has little effect on the moisture field in the half-length
section and hence, on the stress field in this section. In
conclusion, it remains reasonable to compute this low
temperature configuration using a 2-D model that cal-
culates the half-length section. This is particularly true
if one is interested by mechanical degrade during dry-
ing.

3.3. High temperature convective drying of a board of
softwood

Using the same board as for the previous test, a
high temperature configuration has been computed
(dry bulb temperature =140°C, dew point=_80°C, heat
transfer coefficient=25 W m~2 °C™").

The simulation results for the 12 cm wide board are
depicted at 2, 6 and 12 h of drying in Figs. 9-11, re-
spectively. At 2 h of drying, it can be seen that almost
the entire board is within the constant drying rate
period. The moisture content decreases gradually from
the centre towards the exchange surface. Although per-
ceptible, the longitudinal moisture gradient remains
quite low as a direct consequence of the very strong
anisotropy factor for the permeability (10%). Further,
the temperature of the board rests at the wet bulb and
the gaseous phase extension, produced by the decrease
in water content, reduces the internal pressure below
the atmospheric pressure. All of these mechanisms
have been widely analysed in previous research (see for
example [10]). What is more interesting here is the
edge effect, which is a direct artefact of the third
spatial dimension. Due to the presence of two orthog-
onal exchange faces, the moisture content decreases
much faster at the edge of each section. Consequently,
this part of the board is already in the second drying
period, with a very localised temperature increase. The

effect of this phenomenon on the pressure also can be
observed all over the length of the board near this cor-
ner. The consequence of this slight overpressure is a
wet zone that can be seen at the endpiece exchange
face, close to the edge.

As the process continues, the zone, which is cur-
rently in the second drying rate period, extends
towards the half-width. As a consequence, a corre-
sponding zone with overpressure also develops, giving
rise to an important water migration mechanism in the
longitudinal direction, towards the endpiece of the
board. This phenomenon causes the fully saturated
zone to enlarge at the end of the board at the location
that corresponds with the longitudinal projection of
the zones where liquid is available and, where an over-
pressure exists. This coupled transport mechanism
forces this phenomenon to manifest at the mid-thick-
ness quite close to the later exchange surface and to
extend progressively towards the mid-width as the
overpressure becomes sufficient at the centre. Fig. 10
(4 h of drying) illustrates these intricate mechanisms
perfectly. Due to the large increase in temperature in-
itiated at the corner, a zone with a large overpressure
exists near the board boundary. Note the endpiece wet-
ting that now appears at the centre of the section.

Another interesting phenomenon appears at the
mid-length of the board. Due to the increase in tem-
perature, and hence, in pressure that came from the
edge, an important pressure gradient existed within
this section for a long period, driving the moisture
from the edge towards the half-width. The correspond-
ing wet zone is clearly shown on the 50 cm section
(moisture field in Fig. 10). As a consequence of this
high moisture content, free water exits at the surface
that keeps the temperature close to the wet bulb tem-
perature. The coupling between transfer mechanisms is
so that this low temperature enhances the pressure
gradient, which in turn causes this state to continue.

This very particular coupling is consistent with the
physical phenomena and physical properties embedded
within the model. In fact, this phenomenon does not
appear to depend on the mesh size and has even been
observed in 2-D computations within an R—T section
[17]. Nevertheless, this mechanism seems to be sensitive
to the values of the physical parameters and the drying
conditions. To our knowledge, it has never been
reported in the literature. Nevertheless, it is worth
noting that the endpiece re-saturation and its effect on
the temperature have been studied in detail as a direct
consequence of the results that were predicted at first
by the 2-D version of TransPore [21]. Consequently, in
our opinion, this numerical observation needs to be
verified experimentally in the near future.

As the process evolves, this liquid zone finally
vanishes and the entire endpiece enters the hygroscopic
range (Fig. 11, 8 h of drying). Thereafter, the coupled
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Fig. 12. High temperature drying of softwood (T4, =140°C, Ty =80°C). Overall drying curve and internal pressure for different

configurations of exchange surfaces.

mechanisms are not as pronounced and the variable
gradients have almost the same sign whatever the coor-
dinate axes. Temperature decreases from the exchange
faces towards the centre, regardless of direction.
Moisture content decreases from the centre towards
the exchange faces, as does the pressure field. Note
that some signs of the previous effect can be detected
on the temperature and moisture content fields plotted
at 50 cm.

The process is now moving towards its end. Energy
is driven within the board due to heat conduction,
liquid water evaporates inside the medium and moist-
ure moves out of the board due to diffusion (vapour

and bound water) as well as advection (Darcy’s law
applied to the gaseous phase).

2-D or 1-D configurations have also been computed
(infinite width, infinite length and both). The results
are reported in the form of a time evolution of global
moisture content and centre pressure (Fig. 12).

It is evident from the pressure curves that the re-sat-
uration of the surface at mid-length and mid-width
exists only when exchange is possible from the lateral
face. This is the condition for the pressure gradient to
drive liquid towards the centre of the piece. The
phenomenon is enhanced and lasts for 200 min when
longitudinal migration exists (full 3-D model). A
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Fig. 13. Overall drying curve and internal pressure for different widths.

detailed analysis of all curves proves that any change
of the face status changes the global behaviour of the
process:

e the evolution of centre pressure is always affected by
any change in the exchange faces;

e although the global drying curve depends mainly on
the presence of the lateral exchange face, the possi-
bility of transfer in the longitudinal direction has,
through Darcy’s law, a significant effect for this high
temperature configuration. This result confirms the
well-known behaviour of wood during drying with
internal vaporisation.

For this case of high temperature drying, no 2-D con-
figuration is able to account for the full 3-D geometry.
The lateral face is important in terms of drying rate,
while the endpiece has an important effect on the
pressure field, hence, on the mechanisms involved
throughout the entire sample. In conclusion, the use of
any 2-D configuration imposes a quite coarse assump-
tion concerning drying.

From this previous analysis of transfer mechanisms,
the three-dimensional aspects of drying have been well
exhibited. This is particularly obvious for an aniso-
tropic material such as wood. Our last figure better
depicts the effect of board width upon the overall dry-

ing process (Fig. 13). An infinite width corresponds to
a 2-D simulation for L- and T-directions.

As expected, the drying process is as fast as the
board width is small. In the range of 8 to 20% of the
final moisture content, the total drying time varies by
a factor of 2 to 3 between a square section and an infi-
nite width. In addition, a closer observation of the
curve reveals an interesting fact: the constant drying
rate period, which is obvious for the infinite section,
almost disappears for the square section (the drying
curve is never a straight line, even during the first
instants of drying). This is a consequence of the
presence of the edges, which shift very quickly to the
falling drying rate period. It is very important to notice
that this shape of the displayed curves corresponds
with experimental observation.

Two comments concerning the centre pressure:

e the pressure levels seems to depend only slightly on
the board width. However, their shapes can be
different and are not simply scaled in time according
to the process duration as was the case for the iso-
tropic material;

e during the falling rate period, the increase in tem-
perature from the corner gives rise to a zone with
high pressure. As previously explained, a pressure
gradient is generated not only from this zone
towards the surface, but also from this zone towards
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the middle of the section. The latter is responsible
for a liquid supply towards the centre of the board
that exists only in the case of 3-D transfer. From
the evolution of the centre pressure, it can be seen
that two conditions must exist for this phenomenon
to appear:

(i) the lateral face is not insulated;

(i1) the board width is higher than the board

thickness.

This observation is consistent with the mechanisms
that were used to explain the process earlier: non-uni-
form heating of the section from the edge zone that
enters at first in the second drying period.

4. Conclusions

For the first time, a drying model that is able to
deal with a comprehensive set of macroscopic
equations in three spatial dimensions has been pre-
sented. Bearing in mind that treating the third dimen-
sion produces large computational meshes, which in
turn leads to a dramatic increase in computational
effort, numerous up-to-date numerical strategies have
been implemented in order to allow the code to simu-
late the drying process efficiently. The present version
of TransPore allows a complete simulation of the con-
vective drying of either an anisotropic or isotropic
porous medium, dried under severe external con-
ditions, within a few hours on a classical Personal
Computer. Regarding the increasing computer power,
this computation time is more than reasonable.

The physical analysis presented in this paper high-
lighted the ability of this code to be closer to reality
than every before. Typical 3-D phenomena have been
captured and exhibited for each of the given case
studies that are unable to be obtained using the current
2-D theory.

The new 3-D version of TransPore appears to be a
very promising tool for improving and furthering the
understanding of the drying process. Our future aim is
to validate the results predicted by the model using ex-
perimental data and to use the computation model for
the simulation of dielectric drying and vacuum drying
operations, as well as for the calculation of drying

stresses. These particular drying processes are typical
examples for which the third dimension is of utmost
importance.
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Appendix A. Physical values used in the simulation
A.1. Physical properties for light concrete

For this medium, results are available in terms of
liquid migration for steady state experiments [23]. The
liquid migration coefficient, names a,,;, defined in this
way is connected to the capillary pressure by the fol-
lowing equation

?[ X El 3Pc
o 9X

poaml =P

In previous works, the liquid migration coefficient was
calculated as follows:

5
log 10(poam) = Y _aiX'

=0
with ay=-10.5; a,=30.54; a,=-70.75; a3;=83.97,
a,=—49.92; as=11.88.

Due to the Newton—Raphson formulation, it is
more consistent to deal with a capillary pressure
curve. This allows the effects of capillary pressure
and total pressure to be treated together as a liquid
pressure gradient. A capillary pressure curve has been
derived in accordance with the expression of a,,
together with the relative permeability curve of the
liquid phase.

Material properties

Values used for the computations

Porosity 0.80
Density of solid matrix
Heat capacity

Irreducible moisture content
Sorption isotherm

Thermal conductivity

Xirr=0.07

500 kg m~>
pC, = po(840 +4185X) (J kg™' °C™")

IfXx < Xirl‘(PV/PVS):(X/Xirr) X [2_(X/X/|rr)] E]SG Pv:va
Jer=0.142+0.46 x X (W m~! °C™")
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Capillary pressure P.=40 x ¢ x exp(8.4057 x 10(70-3476Xu)

Gaseous diffusion Dey=0.2 x D, x k4 D, is the mass diffusivity of vapour in the air phase

Intrinsic permeability 2x 1073 m?

Liquid moisture content Relative permeability Relative permeability
of the liquid phase of the gas phase

X < Xy 0 1

0< S/w < 1 with S/,,,,=max{0, [(X_Xirr)/(Xsat_Xirr)]} (wa)3 1+(25ﬁ1’_3)(5ﬁv)2

A.2. Physical properties for softwood
Because wood is highly hygroscopic, bound water has to be separated from free liquid:
X=X+ Xpv
where
Xy = min(Xp,, X)
and
Xpp =0.325—-0.0017 (at full saturation, Xy = Xpp + Xfiv max )

The saturation variable involved in the relative permeability functions is calculated according to the free water con-
tent only:

Scalar values

Material properties Values used for the computations

Porosity 0.67

Density of solid matrix 500 kg m~>

Heat capacity pCp = po(1113 +4.85T+4185X) J kg ' K™

Sorption isotherm (P,/P,s)=1—exp(—0.764274 — 3.678747) with A =X/ Xzp
Capillary pressure P.=1.364 x 1050()(13‘,-&- 1.2 x 1074706t

Tensorial values

Material direction Tangential Radial Longitudinal
Gaseous diffusion DX=10" x k., x D, DE=2xDIk; DL=100 x DX}
Bound water diffusion D I'=exp[—9.9—9.8X,—(4300/T})] DR=2x DT DE=25xDF
Thermal conductivity 255=0.142+046 x X IB=2x 21X I=2x 2k
Intrinisc liquid permeability 1 x 107" m? 2x 107 m? 1 x 1072 m?
Intrinsic gas permeability 1x107'm? 2 x 1071 m? 1x 1072 m?
Liquid relative permeability k=S’ kfi=k} k= (Sw)*

Gaseous relative permeability kL =1+(28,,~3)(S.y) kR=k, kil=1+(48,,~5(S.)*
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