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ABSTRACT

The quantitative and economical importance of continuous pressing has increased steadily over the
last two decades. An analytical model will be helpful in better understanding and improving this
process and in developing new manufacturing techniques. Reported here is a simulation model that
accounts for heat and mass transfer as well as rheological and adhesion mechanisms that occur in
three dimensions as mat material passes through a continuous press. The model enables one to predict
the evolution of important variables including temperature, moisture content, air and water vapor
pressure, density profile, and adhesive bond strength. The scientific principles upon which the model
depends are summarized along with the boundary conditions and modeling strategy employed. Model
predictions are presented and discussed for a typical medium density fiberboard (MDF) production
plant.

Keywords: Wood-based composites, continuous pressing, computer simulation, thermodynamics,
rheology, adhesion, density profile development, product and process innovations.

BACKGROUND

During the consolidation of wood-furnish
mats in hot presses, a wide range of events
occurs simultaneously. The most important are
heat transfer and flow of gas mixtures, phase
change of water, densification of the material,
development of internal stresses, and adhesive
cure. Fundamental knowledge about these
mechanisms and their interaction is essential
to improving our understanding of the press-
ing process. Such understanding is necessary
for optimization of existing production pro-
cesses and for the development of new prod-
ucts and techniques for their production.

The effects of many material and pressing
parameters on panel properties and production

speed have been addressed in the past, with
the majority of these studies being empirical.
The determination of simple links between
single production and output parameters is,
however, made difficult by the complexity of
interactions among almost all individual
mechanisms.

In order to develop a scientifically based
method to quantify the impact of variations in
pressing conditions on the process and final
product, some researchers have proposed an
integrated approach that considers those vari-
ables important during hot pressing simulta-
neously rather than in isolation. Among the
first were Kavvouras (1977) and Bolton and
Humphrey (1988). This approach, along with
the rapid increase of computational power, laid
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the foundation on which to develop analytical
process models based on fundamental princi-
ples.

A few analytical models of hot pressing
have been presented during the last two de-
cades. Thoemen (2000) gives a comprehensive
literature review of such models. All models
published to date simulate batch presses. Con-
tinuous pressing has, however, been increasing
steadily in quantitative and economical im-
portance. Not only does the productivity of
this technology exceed that of batch pressing,
but it also has opened new opportunities to
manipulate panel properties.

Existing models for batch presses can be ex-
trapolated to the continuous press to a certain
degree, the physical mechanisms within the
mat being the same in both types of machine,
but there are serious limitations to so doing.
Not all of the important features of continuous
pressing can be simulated by modifying con-
ventional models of the batch pressing pro-
cess. In the continuous press, for example, the
boundary conditions change in the feed direc-
tion. Furthermore, the gas mixture in the con-
tinuous press escapes not only through the
sides of the mat, but also through its surfaces
immediately in front of and behind the press.

The model presented here can be applied to
both batch and continuous pressing processes;
it is summarized in this paper, with those as-
pects that are specific to the continuous press
presented in more detail. The interested reader
is referred to Thoemen and Humphrey (2003a,
b) for a comprehensive description of the ba-
sics of the model and the numerical proce-
dures employed. Predictions of interfiber bond
strength development, based on adhesion ki-
netics data derived with the ABES technique
(Humphrey 1999), are not included here; they
will be dealt with in a separate publication.

MODELING MASS AND HEAT TRANSFER

AND RHEOLOGY

The model consists of a three-dimensional
heat and mass transfer model, combined with
a one-dimensional rheological model. Both

components will be summarized in turn; der-
ivations and justifications of model assump-
tions and mathematical formulations are not
included here; they are dealt with in Hum-
phrey and Bolton (1989a), Thoemen and
Humphrey (2003a, b), and Thoemen (2000).

For modeling purposes, the wood-furnish
mat is considered as a homogeneous material.
That is to say, a macroscopic view is used
where the size of the representative volume is
large relative to that of the wood constituents.
However, a microscopic view is used when-
ever appropriate to illustrate model assump-
tions or to explain specific features of the
modeled system.

Summary of mass and heat
transfer mechanisms

The wood-furnish mat is a capillary-porous
material consisting of natural fiber cell wall
material and inter- and intra-particle voids,
which form a system of interlinked cavities.
The gas in the pore spaces is regarded as a
pure two-component mixture of air and water
vapor. Measurements reported by Denisov et
al. (1975) suggest that the proportion of other
components is relatively small; their influence
on the gas properties and mass and heat trans-
fer rates is therefore unlikely to be significant.
Future versions of the model will, however,
account for the generation and movement of
substances such as volatile organic compounds
and formaldehyde, since these may be envi-
ronmentally important and may play roles in
the kinetics of adhesive cure or chemical mod-
ification of fibers.

The model accounts for three-dimensional
convective and diffusive gas flow through the
void system of the mat. Bound water diffu-
sion, surface diffusion, and the translation of
water condensed in small inter-particle capil-
laries are unlikely to be significant relative to
water vapor translation through the void sys-
tem; they are not included, therefore, in the
model.

Convective fluxes of the gas mixture devel-
op in response to total gas pressure gradients
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and can be calculated by applying Darcy’s
law. Total pressure gradients develop between
the surfaces and the central plane of the mat
and between its horizontal center and edges.
While the horizontal gradients may be consid-
erable, the cross-sectional ones usually dissi-
pate almost instantaneously in particulate
composites (Thoemen 2000). Darcy’s law is
used in the form:

k Mp icj 5 2 p ¹p i 5 v, a (1)i ih RTabs

where:

v, a subscripts to denote vapor or air
jc

i convective flux of component i [kg
m22 s21]

Mi molecular mass of component i [kg
mol21]

pi partial pressure of component i [Pa]
p total gas pressure [Pa]
R gas constant [J mol21 K21]
Tabs absolute temperature [K]
kp permeability coefficient [m2]
h dynamic viscosity of the gas mixture

[Pa s]

In addition, diffusive fluxes occur that are
caused by partial pressure gradients of the gas
components. This mechanism likely contrib-
utes little to overall mass transfer during hot
pressing. Considerable partial pressure gradi-
ents of air and water vapor develop between
the surfaces and the central plane of the mat
however, at least temporarily. Diffusive fluxes
can be described by Fick’s law:

Midj 5 2D ¹p i 5 v, a (2)i ef f iRTabs

where:

j diffusive flux of component i [kg m22d
i

s21]
Deff effective diffusion coefficient [m2 s21]

Finally, to calculate the total flux ji of com-
ponent i, the diffusive flux may be superim-
posed on the convective flux:

ji 5 j 1 jd c i 5 v, ai i (3)

Both conductive and convective heat trans-
fer in three dimensions are accounted for. Con-
ductive heat fluxes are proportional to tem-
perature gradients and can be described by
Fourier’s law:

q 5 2kt¹T (4)

where:

q conductive heat flux [J m22 m21]
kt thermal conductivity [W m21 K21]
T temperature [8C or K]

Convective heat transfer is associated with
the gas flow (including diffusion) through the
mat. In principle, two mechanisms contribute
to convective heat transfer. First, phase change
of water always accompanies the release or
consumption of latent heat of evaporation and
latent heat of sorption. Second, gas that moves
from a hot to a cold region releases sensible
heat, just as cold gas takes up heat energy
when moving into a warmer region. The con-
tribution of the transfer of sensible heat to
overall heat flow is small, however, because
the mass of vapor and air is very small com-
pared to the mass of wood and bound water.
The transfer of sensible heat is therefore not
included.

Two moisture phases are recognized: water
bound in the cell-wall material and water va-
por in the voids; free water is not considered
in the present approach. The moisture is as-
sumed to be uniformly distributed within sin-
gle wood particles, and also in local equilib-
rium with the vapor phase in the surrounding
voids. This assumption appears to be justified
for small particles, such as single wood fibers.
However, when moving to simulate materials
with large particle sizes (e.g., strands), it may
become necessary to revise this assumption.
The relationship between equilibrium moisture
content (EMC), within-void relative humidity,
and temperature may be expressed by sorption
isotherms or sorption isopsychrens (i.e., lines
of equal relative humidity). Apparently, the
most comprehensive set of such data available
in the literature for conditions including those
above 1008C and vapor pressures above am-
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bience are the sorption isopsychrens presented
by Engelhardt (1979), who supplemented his
own measurements in the range between 110
and 1708C with measurements reported by
Weichert (1963) for temperatures below
1008C. The curves presented by Engelhardt
were extrapolated for temperatures up to
2208C by fitting a second order polynomial to
the measured data, and were then represented
in a look-up table with the relative humidity
as dependent variable.

Energy associated with the transition of wa-
ter from the bound to vapor states, or vice ver-
sa, is composed of the latent heat of sorption
(from the bound to the liquid state) and the
latent heat of evaporation (from the liquid to
the gaseous state). In the present model, a for-
mulation presented by Humphrey and Bolton
(1989a) is used to relate the latent heat of
sorption and evaporation to moisture content
(MC) and temperature.

Physical properties of the mat and the gases
within may vary with respect to both space
and time. Most properties are highly depen-
dent on the local conditions of the mat. In ad-
dition, variations of the transport properties
(e.g., permeability, thermal conductivity, and
obstruction factor) in the three principal direc-
tions are accounted for in the model. A com-
plete list of these dependencies is given in
Thoemen and Humphrey (2003a).

Densification and the development of
internal stresses

The wood furnish undergoes both instanta-
neous and time-dependent deformation upon
application of pressing load. Such material be-
havior may be illustrated and mathematically
described by employing rheological models in
which individual strain components are rep-
resented by simple elements (e.g., a spring or
a dashpot) or by a combination of such ele-
ments.

The four-element Burgers model is fre-
quently used in rheology to describe visco-
elastic material behavior. The strain that de-
velops when stress is applied to a pure visco-

elastic material may be divided into elastic,
delayed-elastic, and viscous components.
However, irreversible changes of cell wall and
mat structure that happen instantaneously
upon loading are the dominant type of defor-
mation during densification of wood-furnish
materials. The Burgers model does not repre-
sent this type of deformation. To account for
both the visco-elastic material behavior and
the instantaneous but irreversible deformation,
Ren (1991) working with Humphrey supple-
mented the Burgers model by adding a plastic
and micro-fracture (PMF) element in series
(Fig. 1a). A schematic of the stress-strain re-
lationship as it may be described by this rhe-
ological modeling approach is displayed in
Fig. 1b. According to Ren’s (1991) definition,
strain caused by PMF effects occurs only if
the effective stresses exceed the yield strength
of the microstructure; such deformation is not
recoverable when the load is removed. The
PMF element may be symbolized by a spring
that operates only in one direction.

Each of the five elements of the enhanced
Burgers model (hereafter referred to as the
Burgers-Humphrey model) presented in Fig.
1a can be described by a rheological coeffi-
cient. These coefficients must be expressed as
functions of temperature, MC, and density.
Given the rheological coefficients and the ef-
fective stress, the local deformation of the
wood furnish can be computed as the sum of
the four individual strain components.

Two sets of rheological coefficients for the
Burgers-Humphrey model are available so far,
either of which may be used as input data for
the simulation. The first was measured by Ren
(1991) on fiber materials and fitted to equa-
tions by Haselein (1998). The second set has
been derived from data presented by von Haas
(1998) for fiber, particle, and strand materials;
those coefficients for fiber materials will be
used for the simulation run presented in this
paper.

Numerical procedure and model
implementation

The heat and mass transfer model described
above consists of a set of constitutive flux
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FIG. 1. (a) Five-element Burgers-Humphrey model, representing four strain components. E 5 modulus of elasticity,
V 5 viscosity, Epmf 5 coefficient for plastic and micro-fracture element. The non-linear behavior of each element is
not symbolized in this schematic. Refined after Ren (1991). (b) The four strain components described by the Burgers-
Humphrey model as a function of stress s and time t. e 5 strain.

equations (Eqs. (1), (2) and (4)) that are cou-
pled by local energy and mass balances. Fol-
lowing this approach, the derivation of heat
and mass conservation equations and their
subsequent discretization was obviated.

The wood-furnish mat to be modelled is
subdivided into finite-differencing control re-
gions. Computations for each time step in-
clude three distinct consecutive procedures.
First, heat and mass fluxes between the mid-
points of adjacent control regions are calcu-
lated under steady-state conditions to deter-
mine the diffusant quantities (e.g., energy)
flowing across the interfaces between neigh-
boring regions. Second, knowing gains and
losses of the diffusant within each control re-
gion, new values for the state variables (e.g.,
temperature) are calculated. Finally, the state
variables are corrected for compression or ex-
pansion of the control regions. To improve the
efficiency of computations, an adaptive time
step scheme in combination with a mechanis-
tic implicit approach for the cross-sectional
convective flow calculations was adopted. The
in-house programming code for the simulation
program is written in ANSI C.

MODELING THE CONTINUOUS PRESS

Characteristics of the continuous
pressing process

The earliest continuously working hot press
for particleboard, the so-called Bartrev press,
was developed during the 1950s in England.
This first generation of continuous press was
not, however, very successful. New technolo-
gies developed during the 1970s and 1980s led
to today’s continuous presses that are larger
and more effective. Such presses for medium
density fiberboard (MDF) typically have a
production width of 2.10 to 3.15 m, press
lengths up to 50 m, and production capacities
as great as 280,000 m3 per year (from data
published by Sunds Defibrator 1998).

The adhesive-treated wood-furnish mat is
conveyed horizontally through the press be-
tween two endless steel belts. For mat densi-
fication and adhesive cure, heat and pressure
have to be transferred into the moving mat. A
simplified representation of the vertical cross-
sectional structure of the press in the feed di-
rection is given in Fig. 2. The rolling elements
(usually steel rods or roller carpets), located
between the heating platens and the endless
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FIG. 2. A cross-section of the center zone of a typical
continuous press.

FIG. 4. Schematic of the model boundaries. R 5 in-
feed radius.

FIG. 3. Example of an in-feed section for a typical
continuous press.

steel belts, are important components for heat
and pressure transfer into the mat. The rolling
elements allow almost frictionless movement
of the mat through the press. Isobaric ap-
proaches where heat and pressure are trans-
ferred by way of a thin oil film, as used in
coating presses, to date have proven inappro-
priate for wood-based composite production.

Pressing frames typically are arranged in se-
ries over the length of the press. For each
frame, the vertical position (i.e., distance be-
tween steel belts) or the pressing pressure is
controllable within limits that are dictated by
the vertical position in the two neighboring
frames. Hence, a thickness or pressure profile
over the length of the press can be established.
In addition, it is usually possible to vary the
mat thickness over the width of the press for
some of the frames.

The heating platens are divided longitudi-
nally into zones. Usually, the temperatures in
these zones decrease towards the press outlet.
Since the rolling elements and the steel belts
move through the press with the mat, heat not
only migrates vertically into the mat, but also
is conveyed horizontally in the feed direction.
This horizontal ‘dragging’ of heat, together
with the complexity of describing heat transfer
through the rolling elements, makes it difficult
to accurately infer steel belt temperatures from
known platen temperatures.

The geometry, technical details, and con-
trolling strategies of the in-feed section where
the mat enters the press depend on the press
manufacturer. A typical in-feed section is de-
picted in Fig. 3. A large proportion of the total
mat densification occurs in this part of the
press, and the rapid compression of the water
vapor-air mixture inside the mat creates a sig-
nificant back-flow of the gas counter to the
feed direction. Usually the shape of the in-feed
section is adjustable up to a certain degree.
Changing this shape allows manipulation of
the gas back-flow, as well as mechanisms that
ultimately dictate the product’s density profile.

System boundaries

Press designs vary among press manufac-
turers. In order to provide a model that may
be used to describe a wide range of different
press designs and methods of operation, a
rather adaptable formulation of the boundary
conditions with relatively straightforward ge-
ometries has been developed.

The scheme of the mat used in the present
model is shown in Fig. 4. The horizontal sur-
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FIG. 5. Schematic of the modeling mat segment pass-
ing through the continuous press: (a) beginning of simu-
lation; (b) mat segment within press. x0 5 position of left
boundary, xl 5 position of right boundary, lpress is position
of last mat-steel belt contact.

faces of the mat are the upper and lower model
boundaries. The lower surface follows a flat
plane; the shape of the upper steel belt can be
specified (position control). Alternatively, a
longitudinal pressure profile can be used as the
input data (load control). The upper and lower
steel belts contact the mat (at the press entry)
or leave it (at the outlet) at the same horizontal
positions. The shape of the upper steel belt in
the in-feed section is specified by the in-feed
radius R. Consequently, only position control
is possible in the in-feed section.

Both horizontal mat surfaces are sealed
against gas escape within the press and are
assumed to be open to the ambient atmosphere
in front of and behind the press. Although the
mat may lie on an impermeable conveyer belt
before entering the press, the gap between
conveyer belt and steel belt at the press entry
justifies the assumption of gas escape through
the lower surface. The edges of the mat are
open to the ambient atmosphere.

The difficulty of inferring steel belt temper-
ature from heating platen temperature has al-
ready been mentioned. Belt temperature dis-
tribution in the feed direction is therefore di-
rectly defined as a boundary condition. It has
been assumed that the mat surface temperature
is equal to that of the steel belt.

At the mat surfaces in front of and behind
the press and at the edges of the mat, almost
all heat transfer is due to the escape of vapor
and air. The importance of conductive heat
transfer at these boundaries is likely to be mi-
nor and therefore was not considered.

Strategy for continuous press modeling

Whereas hot pressing in a batch press rep-
resents an unsteady-state type of problem,
continuous pressing can be described as a
steady-state process if the press is the refer-
ence system. However, if the moving wood-
furnish mat rather than the press is the refer-
ence system, the process must be treated as an
unsteady-state type of problem. After careful
consideration, the latter approach was selected
for use here.

In order to model the endless mat moving
through the press, a segment of finite length
in the feed direction is considered (Fig. 5).
Choosing such an approach, the number of
modeling subdivisions in the feed direction
could be kept at a manageable number while
achieving a satisfactory level of accuracy, par-
ticularly at the mouth and exit zone of the
press where gradients are steep. The simula-
tion starts before the mat segment enters the
press and ends after it has left. During each
time step, Dt, the segment moves forward by
the small distance Dx 5 v·Dt, where v is the
feed speed. Heat and mass transfer and rhe-
ology are computed for the modeling mat seg-
ment as described above. The basic idea of
this approach is that only the boundary con-
ditions differ from those of a batch press; the
body to be modeled and the description of the
physical mechanisms are the same for both
continuous and batch presses.

The two boundaries in the y-z plane (per-
pendicular to the feed direction) require some
attention. Such boundaries can be treated ei-
ther as open or as closed to gaseous flow. Both
choices are extreme situations and do not re-
flect reality; inaccuracies are inevitable. To-
wards the central y-z plane (i.e., half way be-
tween these two boundaries), the inaccuracies
decline. Therefore, the ratio of length to width
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FIG. 6. Modeling mat segment with grid clustered
around reference regions.

TABLE 1. Input conditions for the model demonstration
simulation run.

Condition Value

Material
Mat width
Height of pre-compressed mat
Density of pre-compressed mat
Initial mat temperature
Initial moisture content
Radius of in-feed section
Feed speed

MDF fiber
2.30 m
160 mm
100 kg/m3

408C
9.6%
30 m
129 mm/s

FIG. 7. Specified pressing pressure and steel belt tem-
perature for the model demonstration simulation run. In
the in-feed section, the pressing pressure cannot be de-
fined directly, but is dictated by the radius and absolute
level of the upper steel belt.

of the modeling mat segment must be big
enough so that the inaccuracies at the bound-
aries do not affect the central y-z plane. Trial
runs showed that the effect of the boundaries
in the y-z plane is negligible for length-to-
width ratios larger than five. The control re-
gions in the central y-z plane are named ‘ref-
erence regions’ (Fig. 6). These regions are
monitored while the mat moves through the
press, and results for these regions are record-
ed.

Another source of inaccuracy that must be
considered is the discontinuity in the boundary
conditions where the steel belt first contacts
the mat (press entry) and leaves the mat (out-
let). A control region adjacent to the horizon-
tal boundary is treated as open to the ambient
atmosphere as long as the center of the region
is outside the press. Once the center of the
region has passed the mat-steel belt contact
point, it is assumed that the surface of the con-
trol region is entirely covered by the steel belt.
The resolution and, therefore, the accuracy im-
prove with greater narrowness of the grid in
the x-direction at these particular positions. On
the other hand, in order to avoid unacceptably
long execution times, the length of the grid
cells cannot be infinitely small. Clustering the
regions in the x-direction around the reference
regions, as shown in Fig. 6, minimizes the er-
ror caused by the discontinuity in the bound-
ary condition while keeping the number of
control regions reasonably small. This ap-
proach was justified by test runs with different
grid schemes. Other grid schemes may also be
specified for simulation runs.

A SIMULATION EXAMPLE

Initial and boundary conditions for the sim-
ulation run presented below were chosen to

correspond with the industrial press used by
Steffen et al. (1999)1 to make temperature and
gas pressure measurements during pressing.

Specification of input conditions

Key input specifications are listed in Table
1 and Fig. 7. A one-layered MDF mat with
homogeneous initial conditions was modeled.
Target thickness and density were about 20
mm and 800 kg/m3, respectively. However, be-
cause load control was adopted, the actual fi-
nal panel thickness and density were a con-
sequence of the specified mat and pressing
conditions.

The steel belt temperature was needed as a
boundary condition. Neither the temperatures
recorded for the heating platens nor the tem-
perature measured near the surface of the mat

1 A more complete presentation of the results of these
measurements can be found in Thoemen (2000).
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FIG. 8. Predicted total gas pressure distribution within
the central layer of the mat. Gas pressures are given as
absolute values.

FIG. 9. Core gas pressures (l) and temperatures (.—
surface, m—core) measured in an MDF mat as it passes
through the 28 m industrial press corresponding to the
presented model data (from Steffen et al. 1999).

(Steffen et al. 1999) represent the exact steel
belt temperature. In the absence of reliable in-
dustrial data, the longitudinal temperature pro-
file (Fig. 7) was estimated. This estimate is
based on the steel belt temperature measured
right in front of the press entry (1328C) and
the temperature measured near the surface of
the mat.

A 10-meter long mat segment was consid-
ered for modeling purposes. The mat was as-
sumed to be symmetrical along the width and
the thickness, so that calculations were done
for only one fourth of the mat. A modeling
grid of 15 3 5 3 10 control regions (x, y, z)
was used, and the control regions were clus-
tered in the feed direction around the reference
regions (Fig. 6). The size ratio of outermost to
innermost regions was seven. All results are
plotted for the reference regions, i.e., half way
between the two boundaries perpendicular to
the feed direction. The simulation run was ex-
ecuted with a specified minimum of 500 time
steps per second.

Model predictions

Gas pressure predictions.—More than 95%
of the total gas pressure in the uncompressed
mat before it enters the press can be attributed
to air in the vapor-air mixture. The fast com-
pression of the air leads to a predicted total
gas pressure maximum about 75 kPa above
atmospheric pressure early in the pressing cy-
cle (Fig. 8). During the subsequent period of
the pressing cycle, when the mat thickness
stays almost constant, some of the gas en-

trapped inside the mat escapes through the
edges; the gas pressure in the center slowly
drops to an intermediate minimum of about 40
kPa above ambient. This relatively high level
of the first maximum and the subsequent in-
termediate minimum corresponds well in trend
with the gas readings made on a corresponding
industrial press (Fig. 9). Details of the mea-
surement methods are to be found in Steffen
et al. (1999).

Towards the end of the press, total gas pres-
sure rises considerably. The generation of wa-
ter vapor, together with the compression of the
gas during the second densification step near
the end of the press, causes the final gas pres-
sure to reach a maximum of almost 150 kPa
above atmospheric pressure right before the
panel leaves the press. Throughout the entire
pressing process, a near-parabolic gas pressure
distribution is generated across the width of
the mat.

Figure 10 shows the core layer distribution
of total gas pressure for the first 6 m of the
press. The arrows represent the horizontal gas
velocity in the central layer, defined as the vol-
umetric gas flow/sec/unit cross-sectional area.2

The gas pressure maximum is reached three
meters into the press, in the middle of the mat.
Most of the vapor-air mixture escapes through
the edges in the in-feed section and through

2 The contact points of the mesh lines in Fig. 8 and the
vector bases in Fig. 10 represent the centers of the grid
regions. Hence, the first and last plotted values over the
width represent the values 5% from the actual mat edge.
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FIG. 10. Predicted total gas pressure distribution and
gas velocities (arrows) for the first 6 m within the central
layer of the mat. Gas pressures are given as absolute val-
ues.

FIG. 11. Predicted total gas pressure, vapor pressure
and air pressure in the middle of the central plane of the
mat.

FIG. 12. Predicted temperature distribution at four
cross-sectional positions within the central x-z plane of
the mat.

the surfaces right before the mat enters the
press. The magnitude of such gas counter-flow
may be of practical importance because it can
disrupt the surface of the loosely packed mat.

The partition of predicted total gas pressure
between water vapor and air for the middle of
the central plane of the mat is shown as Fig.
11. The vapor pressure in the center starts to
rise once the mat is about one third into the
press, gradually replacing the air from this mat
layer. However, the predictions also indicate
that not all of the air will be driven out of the
mat during pressing; a considerable quantity
of air may still exist in the core at the end of
the pressing cycle. This simulation result is
supported by the measurements shown in Fig.
9; core temperature and absolute gas pressure
reached 1148C and 230 kPa, respectively, im-
mediately before the mat left the press. The
water vapor saturation pressure at 1148C is,
however, only 164 kPa. The difference be-
tween measured gas pressure and actual vapor
pressure, which cannot exceed the saturation
pressure, must be mainly due to air.

Temperature predictions.—The predicted
temperature distribution at four individual
cross-sectional positions is displayed in Fig.
12. The zones of condensation and evapora-
tion progressing from the two surfaces to-
wards the central plane of the mat cause the
typical shape of the temperature line shown

for the intermediate layer z 5 4 (there are ten
subdivisions in the half-thickness.) Main fea-
tures of this line include a time lag before the
temperature begins to rise and a temperature
plateau near, but not equal to, 1008C. The tem-
perature plateau of 1138C for this layer is
much higher than the temperatures observed
in laboratory (e.g., Gefahrt 1977) or in indus-
trial particleboard batch presses (e.g., Hum-
phrey and Bolton 1989b). Model predictions
suggest that the relative humidity (not dis-
played here) in the intermediate layers exceeds
90% during the stage of the temperature pla-
teau. The temperature at such near-saturation
conditions is closely linked to the prevailing
vapor pressure. Evidently, the high predicted-
temperature plateau results from the relatively
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FIG. 13. Predicted moisture distribution within the
central x-z plane of the mat.

FIG. 14. Predicted density profile development within
the central x-z plane of the mat.

high gas pressure (Fig. 8). Predicted core tem-
perature distributions agree well with those
measured in the industrial continuous press
(Fig. 9).

Moisture content predictions.—Figure 13
displays the development of the cross-section-
al moisture profile. The MC in the surface lay-
ers declines soon after the mat has entered the
press and then stays relatively low. Moisture
rises towards a maximum in the intermediate
locations between mat surfaces and central
plane before dropping again. The position of
maximal MC thus continuously moves for-
ward towards the core. In the simulation pre-
sented here, the moisture maxima do not reach
the core throughout the entire process, but this
prediction should not be generalized. Under
different circumstances, the final moisture
maximum may well lay in the core of the mat.

A pronounced moisture drop is predicted
when the panel leaves the press. The magni-
tude of this drop suggests that it is not only
vapor already in existence within the voids of
the mat that is lost; bound water must also be
changing phase and subsequently escaping. In
fact, water evaporates rapidly because of
changes of the thermodynamic conditions at
the press outlet. This rapid evaporation causes
the moisture drop, as well as the temperature
drop displayed in Fig. 12. Because the strength
of partially or fully cured adhesive bonds de-
pends on temperature, such temperature drops
may be important. These issues and their sig-

nificance are developed further by Humphrey
(1997) and Kim (2003).

Density profile predictions.—Development
of density profiles during continuous pressing
depends on the longitudinal distribution of
pressing pressure in concert with the spatial
distribution of rheological mat properties.
These mat properties are determined by tem-
perature, MC and density; they change consid-
erably throughout the pressing process. Fur-
thermore, an impact of the adhesive cure on
the mat properties may be expected. However,
since the effect of adhesive cure on rheologi-
cal mechanisms is not considered in the pre-
sent modeling approach, the following inter-
pretations are based only upon those expla-
nations that can be derived from the present
form of the Burgers-Humphrey model. Inclu-
sion of adhesive effects on mats’ rheological
properties is presently being addressed. Pre-
liminary predictions of adhesive bond strength
development within the mat using adhesive
bonding kinetics data measured using the Au-
tomated Bonding Evaluation System (ABES)
approach (Humphrey 1999), are to be found
in Humphrey and Thoemen (2000).

During the main densification in the first
section of the press, high densities are formed
near the surfaces of the mat, while the densi-
ties of the inner layers remain relatively low
(Fig. 14). The high surface densities result
from softening during and right after the main
densification. Because of the viscous-elastic
component of the material’s rheological char-



467Thoemen and Humphrey—MODELING CONTINUOUS PRESSING

WOOD AND FIBER SCIENCE
Monday Jun 09 2003 10:55 AM
Allen Press • DTPro System

wood 35_403 Mp_467
File # 03em

acteristics, the mat expands again somewhat
during the following stage of low pressure.

If no further densification were to take
place, the density profile of the final panel
would be relatively simple, with high densities
near but not at the surfaces and a near-flat den-
sity distribution across the core. However, as
specified for the simulation, the mat sustains
further densification in a second step near the
end of the press. At this stage, the cross-sec-
tional distributions of rheological properties
differ greatly from those near the press entry.
Densification is greatest in the layers midway
between surface and core, but almost no den-
sification occurs in the surface layers. A rather
complex density profile is thereby generated,
with intermediate density peaks in the former
layers. Such intermediate density peaks have
been measured frequently (e.g., Wang et al.
2000). After leaving the press, the panel re-
laxes, leading to a predicted spring-back of
about 4%. The core regions contribute most to
this spring-back, whereas the surface layers do
not expand significantly. The final panel thick-
ness is 20.4 mm.

CONCLUSIONS

The model presented in this paper is directly
applicable to continuous presses. It accounts
for those features that are specific to this press
type, including changing mat thickness and
steel belt temperatures in the feed direction,
and the escape of vapor and air through the
horizontal surfaces immediately in front of
and behind the press. Additional characteris-
tics of continuous presses, such as the possi-
bility to vary the mat thickness across the
width of the press, are easy to incorporate into
the existing model.

The main purpose of this paper was to de-
scribe the strategy developed and implemented
to simulate continuous presses, and to illus-
trate the potential of the model by displaying
and discussing results of just one simulation
run. Clearly, the results presented cover only
a small fraction of the range of possibilities.
All variables included in the model may be

output and displayed for any location, and the
model may be run with a diversity of raw ma-
terial and process configurations. Exploration
of gas flow and heat transfer patterns, as well
as sensitivity studies, will improve our knowl-
edge of the process. Such analysis will be pre-
sented in future publications.
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