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Abstract

In this work, a comprehensive two-dimensional drying model, known as TransPore, is extended so that the effect of material heterogeneity
and local material directions on the heat and mass transport processes evolving within the medium can be investigated. The underlying
mathematical theory enables the property variations as well as the spatial changes of local material directions to be taken into consideration
throughout the computation. The model, which enables the behaviour of the moisture content, internal temperature and pressure fields to
be monitored during the drying process, uses a control-volume finite-element (CV-FE) formulation, together with a suite of sophisticated
numerical techniques to ensure both accurate and efficient simulation results.

A board section of softwood is used to depict the possibilities offered by this model. In this case, the material directions vary along
the section according to the pith position that defines the radial and tangential directions. In addition, the material properties change
significantly from earlywood to latewood. A comparison of the overall drying kinetics generated by both the heterogeneous and the
classical homogeneous models will provide a clear understanding of the impact and importance of treating the local wood properties when
drying softwood. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Wood is a fascinating biological porous material that is
both anisotropic and heterogeneous. Its structure is rather
complex, however, it is well known and thoroughly doc-
umented in the literature (see, e.g. [1]). The cell wall
thickness varies considerably from earlywood to latewood
across a growth ring and the density is higher in latewood
in comparison to earlywood. In fact, the density variation
across a growth ring of a tree can range between a factor of
3 and 4 for wood elaborated in spring as compared to wood
elaborated in late summer. Clearly, as a result of this vari-
ation, almost all of the physical properties of wood depend
strongly on the position within the annual ring and this
density variation must be taken into consideration when de-
veloping a mathematical model that describes the drying of
softwood. It is the primary aim of this paper to study in de-
tail the effects of heterogeneity on the drying of a sample of
wood modelled at the scale of the annual growth increment.

Recently, some research work has focussed on the devel-
opment of mathematical models that treat the heterogeneity
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evident in wood [2–6]. In particular, the two-dimensional
model proposed by Plumb and Gong for the radial and tan-
gential wood directions predicted the variations in moisture
content across the growth ring that were observed experi-
mentally. Further, it was seen that the earlywood exposed
at the drying surface dries quickly during the early stages
of drying and that the free water tended to move diagonally
across the sample due to the high permeability in the ra-
dial direction. All of these effects were evident during the
experiment.

In this work, a comparison of the overall drying kinet-
ics generated by a new heterogeneous drying model and
a classical homogeneous model [7] for high temperature
drying will be presented. The majority of this paper con-
cerns the detailed discussion of the new heterogeneous dry-
ing model and the sophisticated numerical techniques that
ensure that the simulation results are accurate and that the
computations are performed efficiently. This new model su-
persedes the previous versions of the computational code
TransPore. Here, a completely unstructured mesh built by
tessellating the solution domain with triangles is used for
the virtual board description. Thereafter, a control-volume
finite-element (CV-FE) discretisation process is performed
to transform the non-linear partial differential system that

1385-8947/02/$ – see front matter © 2002 Elsevier Science B.V. All rights reserved.
PII: S1 3 8 5 -8947 (01 )00270 -4
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Nomenclature

J flux vector (kg m−2 s−1)

K kinetic transport tensor
S saturation
t time (s)
T temperature (K)
v velocity (m s−1)
X moisture content dry basis

Greek letters
φ porosity
ϕ phase potential
ρ intrinsic averaged density (kg m−3)
ω mass fraction
Ψ conserved quantity

Subscripts
a air
b bound water
eff effective property
g gas phase
v vapour phase
w liquid phase

describes the drying process into a discrete non-linear alge-
braic system analogue.

2. Mathematical formulation

2.1. The heterogeneous transport model

The macroscopic equations that govern heat and mass
transport in a homogeneous porous medium have been dis-
cussed in great detail previously by Whitaker [8,9]. These
equations also have been used with great success to model
the drying of a homogeneous sample of wood (consisting
of either all sapwood or all heartwood) for several different
drying configurations [10–12]. In this work, these equations
have been extended to account for material heterogeneity
through the apparent density of the porous medium ρ0(x)
and via the density variation of the material properties, capil-
lary pressure, permeability, diffusivity and conductivity. The
mathematical model is summarised briefly as follows.

Liquid conservation:

∂

∂t
(ρ0(x)X + εgρv) + ∇ · (ρwv̄w + ρvv̄g + ρbvb)

= ∇ · (ρgDeff∇ωv) (1)

Air conservation:

∂

∂t
(ρ̄a) + ∇ · (ρav̄g) = ∇ · (ρgDeff∇ωa) (2)

Energy conservation:

∂

∂t

(
ρ0(x)(Xhw + hs) + εg(ρvhv + ρaha)

−
∫ ρ̄b

0
�hw dρ − εgPg

)

+∇ · (ρwhwv̄w + (ρvhv + ρaha)v̄g + hbρbvb)

= ∇ · (ρ̄gDeff(hv∇ωv + hv∇ωa) + Keff∇T ) (3)

The gas and liquid phase velocities are given by the gener-
alised Darcy’s law:

v̄� = −K�k�
µ�

∇ϕ�, ∇ϕ� = ∇P� − ρ�g∇χ,

where � = w, g (4)

The quantities ϕ are known as the phase potentials and χ is
the depth scalar. All other symbols have their usual mean-
ing. The bound liquid flux is assumed to proportional to a
gradient in the bound water moisture content:

ρbvb = −ρ0(x)Db∇Xb (5)

2.2. Closure conditions

Because wood is a highly hygroscopic porous medium,
bound liquid must be separated from free water in the defi-
nition of moisture content:

X = Xw + Xb ≡ εwρw

ρ0
+ min (X,XFSP),

XFSP = 0.325 − 0.001T (6)

The volume fractions of the liquid and gaseous phases
are defined, in the usual sense, as εw = φSw, εg =
φ(1 − Sw), εw + εg = φ. The intrinsic phase air density
is defined as ρ̄a = εgρa and the gaseous phase is a binary
mixture of air and vapour, which is assumed to behave like
an ideal gas. During drying both liquid and gaseous phases
are evident within the porous medium. As a result of the
curvature of the interface that exists between the liquid and
the gas phases within the pores of the medium, the liq-
uid pressure is less than the gas pressure and the capillary
pressure represents that difference:

Pw = Pg − Pc (7)

The mass fractions of the air and vapour phases are defined
by ωa and ωv, respectively.

2.3. Boundary and initial conditions

The boundary conditions have been discussed in great de-
tail previously (see, e.g. [11,12]). For the wood sample under
consideration here, only one half of the sample is computed
and all fluxes of liquid, vapour, air and heat are assumed
zero at the symmetry plane. Initially, the porous medium
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has some prescribed uniform temperature distribution and
the pressure is constant throughout at the atmospheric value.
The initial moisture content field must be determined by
solving a non-linear system that involves an equilibration
of capillary forces throughout the medium, together with
the requirement that an overall mass balance equation be
satisfied.

2.4. Material properties

Recent research has been focussed on determining the ma-
terial property variations across a growth ring of softwood
[7,13]. In that work, experimental observation and mathe-
matical tools including image analysis, homogenisation and
a simple tracheid model enabled a complete set of correla-
tions for capillary pressure Pc(ρ0, Xw, T ), bound liquid dif-

fusivity Db(ρ0, Xb, T ), thermal conductivity Keff(ρ0, X, T )

and absolute permeability kw(ρ0), kg(ρ0) to be postulated.
These properties have been used for the simulation results
discussed throughout this text and the interested reader is

Fig. 1. Mesh generation and determination of the grain angle.

referred to the reference papers for further details on the
exact form of the correlations.

2.5. Mesh generation and treatment of the wood
grain angle

When a board is cut from a log (cf. Fig. 1) the grain angle
needs to be taken into consideration for the material property
tensor terms that are evident in the transport Eqs. (1)–(5). For
a homogeneous porous media model, the anisotropy of the
system is assumed to be in the direction of the principal axes
of a Cartesian co-ordinate system. Here, in order to capture
the true heterogeneous characteristics of a board cut from
any location within a log, the important property tensors
that exist within the transport equations need to be rotated
according to an angle θ from the horizontal, to align the
principal axes (see Fig. 1). This angle represents the angle
of the wood grain in terms of how close, and from which
location the board under consideration was cut relative to
the centre of the tree. The angle obviously varies within the
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board section. As an example, the liquid permeability tensor
becomes

Λw = PTK
∗
wk

∗
wP (8)

where P is the standard rotation transformation matrix and
the star denotes the tensor evaluated in the material direc-
tions. It is important to emphasise that, due to the particular
pore morphology of wood, the relative permeability is here
a second order tensor rather than a scalar function. Conse-
quently, the global permeability tensor has to be calculated
as a matrix multiplication only in a co-ordinate system de-
fined by the material directions (superscript “∗” in Eq. (8)).
Note that throughout this section, only global tensors, e.g.

Λw, expressed in the actual co-ordinate system will be used.
The mesh that is used for the computations is generated by

specifying internal boundaries within the medium that corre-
spond with the locations of the growth rings within the wood
sample. The mesh is refined around these virtual growth ring

Fig. 2. Mesh structure, including the control-volumes built around each node. Dark shaded regions on the mesh represent latewood (high density) and
light shaded regions represent earlywood (low density). The FE mesh is in black and the control-volumes is in white.

locations. The density varies across the virtual growth rings
according to experimental data [7]. Once the features of the
wood sample have been captured, the domain is tessellated
with triangles using the mesh generation software Easymesh.
It should be noted that the net result of the mesh generation
phase is a geometrical description of the virtual wood sam-
ple that has a wood density and grain angle associated with
each triangle within the mesh. An example mesh of a virtual
wood sample, together with the density variation across the
growth rings is exhibited in Fig. 2, which uses 1000 ele-
ments. It is evident from this mesh that the density is lowest
(light shading) for earlywood and highest (dark shading) for
latewood.

2.6. The CV-FE discretisation procedure

The CV-FE discretisation process is derived for the liq-
uid conservation law given in Eq. (1). The discretisation
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process proceeds by integrating the balance laws over
control-volumes that are formed directly from the trian-
gular mesh by joining the centroids of the triangles to the
midpoints of the triangle vertices (see Fig. 1). After inte-
grating over each control-volume within the computational
domain, a system of non-linear equations result whereby
each equation within this system can be cast into a discrete
analogue of the conservation equation:

Fw(up)≡ �Vp

δt
(Ψ n+1

wp
− Ψ n

wp
)

−
∑
i∈Nbp

2∑
j=1

(Jw · n̂)CVfaceij
||�rij|| = 0,

where Jw = Λw

µ
ρw∇ϕw + Λg

µ
ρv∇ϕg

+Deffρg∇ωv + Db∇ρ̄b (9)

In Eq. (9), the term Ψ w represents the conserved quan-
tity of total liquid, Ψw = ρ0(x)X + εgρv. Nbp denotes
the set of neighbouring points that surround node p. The
internal sum over the index j indicates that there are two
sub-control-volume faces, one from each of the two adjacent
triangular elements that share the vector δri along a com-
mon edge, to be treated for each CV face (see Fig. 1). The
tensor terms in this equation within the flux expression are
complicated functions of the state system variables. Because
Eq. (9) requires expressions for the discrete form of the flux
in the normal direction to the CV face, it becomes necessary
to approximate all of the gradient terms. If N

j
k (x, y) are

the usual Lagrange polynomial C0 basis functions then the
gradient for the jth element associated with the CVfacei can

be written as (∇φ)j = ∑
k∇N

j
k φ

j
k . This expression, after

some manipulations, can be cast in the following compact
matrix form (see [11] for further details):

(∇φ)j = Gj dφj (10)

Substituting Eq. (10) where appropriate into Eq. (9) gives
the following discrete form of the flux through the CVfaceij :

(Jw · n̂)CVfaceij
= dϕT

wj
GT
j (λw)CVfaceij

n̂ij(ρw)CVfacei

+dϕT
giG

T
j (λg)CVfaceij

n̂ij(ρv)CVfacei

+dωT
vj GT

j (Dv)CVfaceij
n̂ij(ρg)CVfaceij

+dρ̄T
bj GT

j (Db)CVfaceij
n̂ij (11)

where it has been taken into consideration that the global
tensor terms are symmetric. The unit normal vector is given
by n̂ij = (−�yij,�xij)

T/||�rij||. Note that a term like

(λw)CVfaceij
implies evaluation of the components of the

liquid mobility tensor at the CV face. The evaluation of all
of the tensor terms is important to the accuracy of the finite
volume scheme and is discussed further in the next section.

2.7. Evaluation of the tensor terms at the CV face

As can be seen from Eq. (11), it is necessary to define
spatial averaging techniques for the evaluation of the ten-
sor terms at the control-volume faces. Typically, the diffu-

sion tensors Deff and Db are averaged at the CV face by
using arithmetic averaging for their components dij CVfacei

=
(1/2)(dij p + dij Nbi

).
The correct treatment of the advection and convection

terms within the discrete conservation laws is essential to
the accuracy and performance of the numerical scheme and
ensures that smearing of the drying fronts can be avoided
[14,15]. In TransPore, the spatial weighting scheme adopted
to treat these terms concerns flux limiting. This strategy,
although much more complicated than first-order upstream
weighting, provides excellent results in reducing numerical
dispersion. Such techniques allow coarse meshes to be
employed for the simulations whilst still allowing accurate
results to be produced (see [14] for further details).

2.8. Computation of the wood density at a node

Recall that each control-volume shares sub-control-
volumes that belong to a triangular finite-element (see
Fig. 2). Each of these finite-elements has associated with
it an angle and a density. The apparent density needs to be
determined at a node so that it can be used for the finite vol-
ume conservation equations. In this work, an area weighted
averaging technique is used based on the following formula:

ρ0(xp) =
∑

j∈NbpA
(e)
SCVJ

ρ
(e)
0j∑

j∈NbpA
(e)
SCVj

(12)

where xp represents the position vector of the node at
the vertex-centre of the control-volume. The quantities∑

j∈NbpA
(e)
SCVj

ρ
(e)
0j and

∑
j∈NbpA

(e)
SCVj

represent the solid
mass and the total area of the control-volume, respec-
tively. The porosity φ(xp) can be computed for each
control-volume once the apparent density from Eq. (12) is
known:

φ(xp) = 1 − ρ0(xp)

ρs
, ρs = 1530 kg m−3 (13)

where ρs is the density of the cell wall substance.

2.9. Determination of the initial moisture
content distribution

The initial moisture content field has to be computed prior
to the commencement of the drying process. The average
moisture content of the wood sample will initially be sup-
plied to the code and it is from this value that the initial
distribution can be determined. An important correlation
needed for determining the initial moisture content field
is the capillary pressure relation, which varies with liquid
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Fig. 3. Initial moisture content field deduced according to the density variation across the growth rings and the initial average moisture content.

saturation, temperature and density. Typically, the pores in
the latewood component of the annual ring are smaller than
in the earlywood component. Consequently, stronger capil-
lary forces become evident in latewood. The mathematical
expression postulated from image analysis performed on
different locations within the annual ring of spruce by Perré
[6] has been used to model this phenomenon.

By noting further that all capillary forces must be in equi-
librium when the medium is in its initial state, the capillary
pressures at each node of the computational mesh must be
equal. Let Pc0 be this equilibrium capillary pressure, then
the following equation must hold for each control-volume:

Pcp (Sw, T , ρ0) = Pc0, ∀p = 1, 2, . . . , N (14)

The moisture content for the control-volume is given by

Xp = φ(xp)Spρw

ρ0(xp)
+ XFSP (15)

Let the average moisture content be X̄, then the equation
that allows closure of this non-linear system is:∑N

p=1Apρ0(xp)Xp∑N
p=1Apρ0(xp)

= X̄, Ap =
∑

j∈Nbp

ASCVj
(16)

The above non-linear system of N + 1 equations can
be solved for the unknown initial saturations Swp , p =
1, 2, . . . , N at each node point and the equilibrium capil-
lary pressure Pc0 using the Newton method. This algorithm
always succeeded in determining the initial moisture distri-
bution. Once the initial saturation values are known at all
node points, it is then possible to deduce the initial moisture

field. Fig. 3 depicts the initial moisture distribution com-
puted for a typical mesh. Clearly, the moisture is highest
for the low density regions (earlywood) and lowest for the
high density regions (latewood).

2.10. Solving the non-linear system

The non-linear function Fw(up) is a complicated expres-
sion of the state variable set (X, T , ρ̄a) at the nodes p and all
of the neighbouring nodes that surround the control-volume
(CVp) under consideration. The coefficients within expres-
sion (11) combine the non-linearities of the transport coeffi-
cients, which involve the state function set at the node p and
the neighbouring nodes together with the relevant geometric
factors for the control-volume face.

Once the non-linear functions have been assembled for
each CV within the computational domain, the result is a
system of non-linear equations of the form F(u) = 0. The
solution vector u contains the primary variables for each CV
within the mesh. This system then must be resolved at each
time step in order to advance all of the primary variables
in time. A globally convergent Newton method is used to
resolve this system [12,14].

3. Results and discussion

The simulation results using both the homogeneous and
heterogeneous drying model formulations are reported for
the drying of a small sample of softwood that contains four
growth rings. All of the parameters used for the simulations
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are listed in Table 1. Both low and high temperature drying
conditions have been tested to exhibit the differences in the
drying kinetics generated by the heterogeneous model in
comparison to the existing homogeneous model.

The air velocity used for the simulations was 3 m s−1,
yielding heat and mass exchange coefficients of 25 W m−2

K−1 and 0.025 m s−1, respectively. Gravity is acting in the
Transverse direction. The board sample is chosen to repre-
sent a flat-sawn section, so that the material angle ranges ap-
proximately between 45 and 90◦, within the computed half
part of the section.

Figs. 4 and 5 exhibit the spatial evolution of the moisture
field, internal pressure distribution and temperature distri-
bution at the centre plane of the wood sample for various
times for low temperature drying conditions using the

Fig. 4. Central plane moisture content (a), pressure (b), and temperature (c) field evolution for homogeneous model using low temperature drying conditions.

Table 1
The drying conditions and initial material property data used in the
simulations

Drying conditions and material
properties

Values used for
the computations

Average initial moisture content 170%
Initial temperature 30 ◦C
Average porosity 0.703
Average apparent density 455 kg m−3

Wood cross-section: RT directions 2 cm × 1 cm
Low temperature conditions (case 1) Dry bulb, 60 ◦C; wet bulb,

40 ◦C
High temperature conditions (case 2) Dry bulb, 140 ◦C; wet

bulb, 80 ◦C
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Fig. 5. Central plane moisture content (a), pressure (b), and temperature (c) field evolution for heterogeneous model using low temperature drying
conditions.

homogeneous and heterogeneous models respectively. It is
clear from these figures that there are substantial differences
in the kinetics generated by the two models. The moisture
content variation in space for the homogeneous model is
classical, with just a slight effect of the material angle being
evident and a smooth progression of the moisture content
from its initial constant state to the equilibrium value estab-
lished by the drying air characteristics. However, for the het-
erogeneous model, the behaviour is substantially different.
In particular, the influence of the strong density variation
across the growth rings can be observed clearly, with the
moisture fields during the constant rate drying period being
higher in the earlywood regions and lower in the latewood
regions of the wood sample. As the drying proceeds, the ear-
lywood locations tend towards the fibre saturation point at

first and then the latewood locations attain this value. Dur-
ing the later stages of drying, when all of the free water has
been removed from the tracheids of the wood, the process
resembles that computed by the homogeneous model.

The pressure field computed by the homogeneous model
is again classical. It exhibits an underpressure caused by the
evacuation of water from the pores by capillarity during the
constant rate drying period, followed by a steady increase
in pressure until a small overpressure is evident within the
medium during the falling rate drying period. The material
angle again has only a minimal effect on the symmetry of
the pressure profiles. It is thought that the unusual hump
in the pressure curve at 10 h of drying is an artefact of the
coarseness of the mesh. Such effects were not evident when
the same computations were performed using a refined
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mesh. The heterogeneous model results for the pressure
distribution are given in Fig. 5b. It is clear that there are
some differences to those computed by the homogeneous
model, although the overall characteristics are similar. In-
terestingly, the prominent growth ring phenomena clearly
evident in the moisture field are not as obvious for the pres-
sure field. Nevertheless, the shape of the pressure curves in
space during the constant rate period is definitely impacted
by the non-uniform nature of the moisture extraction during
the same period.

The temperature profiles, depicted in Figs. 4c and 5c for
both models, are similar. The curves show a steady increase
in temperature up to the wet bulb temperature of 40 ◦C dur-
ing the constant rate drying period, followed by a climb to
the dry bulb temperature of 60 ◦C. The impact of the growth

Fig. 6. Central plane moisture content (a), pressure (b), and temperature (c) field evolution for homogeneous model using high temperature drying
conditions.

rings on the wood sample temperature distribution is not at
all obvious for this case.

The spatial evolution of the moisture field, internal pres-
sure distribution and temperature distribution at the centre
plane of the wood sample for various times using the ho-
mogeneous and heterogeneous models for high temperature
drying conditions are exhibited in Figs. 6 and 7. For high
temperature drying the overall kinetics are different to those
discussed for case 1. The main difference being the large
overpressure that is generated within the medium that en-
ables a substantial reduction in the overall drying time in
comparison with the low temperature drying case. For these
harsh drying conditions, the wood sample is completely dry
after only 3 h, as opposed to 15 h for the low temperature
conditions. The moisture field again is completely different



126 P. Perré, I.W. Turner / Chemical Engineering Journal 86 (2002) 117–131

Fig. 7. Central plane moisture content (a), pressure (b), and temperature (c) field evolution for heterogeneous model using high temperature drying
conditions.

for the heterogeneous model when compared with the ho-
mogeneous model, where it is again clear that the earlywood
zones of the sample dry faster than the latewood zones. The
impact of the growth rings on the temperature distribution
again is also negligible.

Perhaps the best way to study the behaviour of the distri-
butions of moisture content, internal pressure and tempera-
ture for the heterogeneous model (case 2 drying conditions)
is via a series of carpet plots that display the drying char-
acteristics of the wood sample at 0.3, 0.7, 1, 1.5 and 2.5 h
of drying in Figs. 8–11. At 0.3 h, the falling rate drying pe-
riod commences, the wood sample is dry at the two lead-
ing corners and the temperature begins to increase there.
Water appears to move from the medium along the early-
wood components of the growth rings. At 0.7 h, the latewood

sections of the growth rings at the drying surface become
dry and the temperature starts to increase. A small over-
pressure now is evident within the board. This alternation
of dry and wet zones at the surface is typical of this het-
erogeneous material. This can explain, at the global scale,
a progressive decrease of the drying rate, from the value
given by the external drying conditions (first drying period)
down to lower values controlled by internal mass transfer.
At 1.5 h of drying, Only one zone remains wet. On the other
part of the section, the temperature already increased above
the boiling point of water: an important overpressure ex-
ists in the inner part of the section. At 2.5 h of drying, the
entire section is within the hygroscopic range. All variable
fields are now smoother and resemble what could be com-
puted using a homogeneous model. An internal overpressure
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Fig. 8. Carpet plots depicting the moisture content (a), pressure (b), and temperature (c) distributions for high temperature drying after 0.3 h of drying.
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Fig. 9. Carpet plots depicting the moisture content (a), pressure (b), and temperature (c) distributions for high temperature drying after 0.7 h of drying.
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Fig. 10. Carpet plots depicting the moisture content (a), pressure (b), and temperature (c) distributions for high temperature drying after 1.5 h of drying.
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Fig. 11. Carpet plots depicting the moisture content (a), pressure (b), and temperature (c) distributions for high temperature drying after 2.5 h of drying.
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still exits for a while, but the drying process is almost
finished.

4. Conclusions

A completely new version of TransPore is presented in this
work that allows spatial variations to be considered in both
the anisotropy of the material directions and the transport
properties according to the density. Moreover, the use of
a CV-FE formulation ensures that any geometrical shape
can be computed. The model enables the behaviour of the
moisture content, internal temperature and pressure fields to
be monitored during the drying process.

Such a comprehensive model is highly demanding in
terms of computer resources (CPU time and memory)
unless a suite of sophisticated numerical techniques is im-
plemented to ensure both accurate and efficient simulation
results. Using this tool, very novel physical phenomena
become approachable. For example, it can be seen that the
overpressure generated by high temperature convective dry-
ing is able to drive a moisture flux that follows the annual
ring contour. This results from the most permeable part due
to earlywood. Additional new possibilities are probably to
be expected, for wood and also for other materials.
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