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ABSTRACT 

The development of a two-dimensional mathematical model to describe the internal conditions 
during the hot-compression of wood-based composite panels is discussed. Five primary variables were 
considered during the model development: air content, vapor content, bound water content, and tem- 
perature within the mat, and the extent of the cure of the adhesive system characterized by the cure 
index. Different heat and mass transfer processes were identified for the transport of the heat and of 
the moisture phases. The heat was transported by conduction and convection due to a temperature 
gradient. while the water phascs were transported by bulk flow and diffusion due to total pressure and 
partial pressure gradients. The resulting differential-algebraic equation system was solved by the meth- 
od of lines. The spatial derivatives of the conduction terms were discretized by central differences, 
while the spatial derivatives of the convection terms were discretized according to an upwind scheme. 
The resulting ordinary differential equations in the time variable were solved by a freely available 
differential-algebraic system solver (DDASSL). The mathematical model predicted temperature, mois- 
ture content, partial air and vapor pressures, total pressure, relative humidity, and extent of adhesive 
cure within the mat structure under a typical hot-compression process. A set of three-dimensional 
protiles describes the evolution of these variables with time, in the thickness and width dimensions 
of the mat. The model results allow a better understanding of the interacting mechanisms involved in 
a complex production process. The model also supports optimi~ation of the hot-pressing parameters 
for improved quality of wood-based panel products, while reducing pressing time. 

K r y ~ ~ o n l . ~ :  Wood-based composites, heat and mass transfer. hot-pressing, process simulation, finite 
clil't'erence method. 

INTRODUCTION sure. During the hot-pressing cycle, the inter- - - .  

A composite panel attains its final charac- nal conditions of the mat change rapidly. Heat 

teristics during h ~ t - ~ r e ~ ~ i n g ,  as the loosely is transported by conduction from the hot plat- 
formed flake mat is  to its final ensto the mat surface. The abrupt increase of 
thickness under elevated temperature and pres- temperature vaporizes the moisture Content of 

the flakes at the surface and increases the va- 
-? Member of SWST. por pressure. The pressure differential drives 



Zonzhorr uf 01.-SIMULATION OF INTERNAL CONDITIONS DURING THE HOT-COMPRESSION PROCESS 3 

the hot vapor to the cooler center of.the mat, 
where it may condense. Therefore, a vertical 
water vapor flow from the surface of the board 
towards the center can be observed at the be- 
ginning of the press cycle. As the rate of mois- 
ture evaporation at the surface declines, the 
surface temperature quickly reaches the platen 
temperature. However, it takes a considerable 
time to increase the centerline temperature of 
the mat to the local boiling point of water at 
the given internal pressure. As the center 
reaches this temperature, the water vaporiza- 
tion is accelerated, and the increased pressure 
in the center of the board will drive the vapor 
horizontally towards the exposed edges of the 
mat. The centerline temperature remains near- 
ly constant until the moisture content drops 
considerably in the mat structure, due to the 
energy consumed by the vaporization process 
(latent heat). Consequently, the vertical flow 
accelerates the temperature rise in the center, 
while the horizontal flow retards it. 

The rate of the vertical and horizontal mass 
transfer process is dominated by the flow of 
the water vapor through the porous structure 
of the mat. A structural model described in a 
related article (Zombori et al. 2001) is capable 
of predicting the dynamic structural changes 
within the mat during the press closure. Gen- 
erally, the voids between the flakes are elim- 
inated, and the porous structure of the flakes 
is also compressed during the press closing 
time. The substantial change in mat structure 
will affect the rate of the mass transfer through 
the changing physical mat properties. There- 
fore, it is crucial to link the mat structural 
properties to the mat transport and physical 
properties in the model. 

The moisture distribution develops as a re- 
sponse to the temperature gradient. Conse- 
quently, the movement of moisture in the form 
of steam influences the temperature gradient 
during the press cycle; the heat and mass 
transfer are coupled. Evaporation and conden- 
sation of the moisture in the mat will consume 
or release latent energy, respectively, which 
contributes to temperature and gas pressure 
changes. The result of these interacting heat 

and mass transfer mechanisms is a three-tii- 
mensional variation in temperature, moisture 
content, and pressure within the mat structure. 
The viscoelastic properties of the flakes, such 
as the relaxation modulus, depend on the 
moisture content and temperature variation. 
The rate and extent of the cure of the ther- 
mosetting resin are also functions of the mat 
internal conditions. The production parameters 
substantially affect the internal environment of 
the mat and the final characteristics of the 
manufactured board. If the connection be- 
tween production parameters and the final 
properties is established, the process operators 
can have a great influence on the ultimate 
properties of the board. Therefore, it is critical 
to describe the changes of moisture content 
and temperature within the flake mat in space 
and time. This article focuses on the devel- 
opment of a numerical simulation model to de- 
scribe the heat and mass transfer phenomena 
within the mat structure during a conventional 
hot-pressing operation. The comparison of the 
model predicted and measured internal mat 
conditions among a wide range of pressing pa- 
rameters, and the simulation and validation of 
the vertical density profile formation will be 
reported in subsequent articles. 

BACKGROUND 

Two complementary approaches have 
emerged to find relationships between produc- 
tion parameters and the properties of wood- 
based composite panels: testing and modeling. 
A number of investigators studied the hot- 
compression process based on empirical data 
collected on a small scale laboratory press 
(Kelley 1977; Strickler 1959; Maku et al. 
1959; Kamke and Casey 1988a, b). Sophisti- 
cated experimental designs were constructed 
to statistically analyze the effect of platen tern- 
perature, initial moisture content, panel final 
density, and other variables on certain board 
properties. An inherent disadvantage of this 
approach is that, although general trends can 
be observed, the data are valid only for the 
range of testing conditions. In order to remedy 
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the drawbacks of the experi~nental approach, 
several numerical models were developed in 
the last three decades to better understand the 
transient effects during the hot-compression 
process of wood-based composites. 

One of the earliest attempts to model tem- 
perature and moisture distribution in particle- 
board in two dimensions was that of Bowen 
( 1970). He used measured temperature data 
and a finite difference model to predict the 
contribution of sensible (conduction) and la- 
tent (condensation/evaporation) heat on the 
heat transfer in the mat. Latent heat was cal- 
culated by deducting the calculated sensible 
heat from the experimental temperature data. 
Having evaporation and condensation rates, 
moisture distributions within the mat structure 
were calculated at various stages of the press 
cycle. Bowen concluded that, in addition to 
the conduction component, the heat of resin 
polymerization plays an important role. Radi- 
ation effects and heat of compaction were also 
proposed as contributing to the thermal history 
of the mat. 

In an extensive review on the hot-pressing 
of plywood and particleboard, Bolton and 
Humphrey (1988) identified the primary phys- 
ical processes and their interactions. Several 
related papers (Humphrey 1989; Bolton et al. 
1989a, b. c) described the derivation and val- 
idation of the most comprehensive simulation 
model to date for heat and moisture transfer 
during the hot-pressing of particleboard. Con- 
duction. convection, bulk flow, and water 
phase change were the heat and mass transfer 
mechanisms included in the model. The two- 
dimensional. time-dependent problem in a cy- 
lindrical coordinate system was solved by the 
finite difference method, assuming that steady- 
state theory adequately describes the behavior 
o f  the system during each time increment. 
Temperature, steam pressure, and equilibrium 
moisture content were predicted in the radial 
and vertical directions. The internal environ- 
ment at the corner of the board was calculated 
by interpolating results obtained from in- 
scribed and circumscribed cylinders of the 
rectangular shape of the board. The model ne- 

glected the effect of press closing time and 
resin cure on the internal environment of the 
mat. Instead, instantaneous press closing was 
assumed, and variables were predicted only 
for the remaining part of the press schedule. 
The vertical density gradient formation during 
mat consolidation was not considered. but 
rather they assumed a stepwise change of the 
density profile at certain stages of the com- 
pression process. Therefore, the transfer prop- 
erties also changed stepwise in the model, 
causing some numerical difficulties. 

Harless et al. (1987) were among the first 
who recognized the relationship between the 
vertical density profile formation and the inter- 
nal temperature and pressure distribution in the 
board. A model was developed to simulate the 
effect of heat and moisture on development of 
the vertical density profile. They considered 
only conduction heat transfer and mass transfer 
by bulk flow. The compressibility of the flakes 
was assumed to be only a function of temper- 
ature. The simulated pressing process was ter- 
minated as the final thickness of the mat was 
reached, not accounting for the effect of the 
differential relaxation of the mat during the re- 
maining part of the press schedule. 

Kayihan and Johnson (1983) developed a 
one-dimensional model for the combined heat 
and mass transfer in particleboard. Conduction 
and convection heat transfer, and bulk-flow 
mass transfer were considered together with 
water phase equilibrium equations in the mod- 
el. The edge effect, losing moisture and heat 
at the edge of the board, was taken into con- 
sideration by a "leakage" term. 

Carvalho and Costa (1998) developed a 
three-dimensional model for the hot-pressing 
of medium density fiberboard (MDF). The 
equations were based on the Stanish (1986) 
drying model, but the physical properties were 
assessed for fiberboard instead of solid wood. 
Although the temperature and moisture effects 
on the physical properties were included, the 
effect of press closing on the structure, and 
consequently on the physical properties of the 
mat, was neglected. The predicted results 
closely followed general temperature and 
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moisture content trends during a typical hot- 
pressing process, as was demonstrated by 
comparing the results to other model predic- 
tions. 

Dai et al. (2000) presented a comprehensive 
mat consolidation model based on general 
physics and mechanics concepts. The model 
connected the mat formation. heat and mass 
transfer, and consolidation stress-strain behav- 
ior of the mat in order to predict the resulting 
density profile of the final panel. Good agree- 
ment was found between model predicted and 
experimental vertical density profiles. 

A numerical continuous hot-press model 
was introduced by Humphrey and Thoemen 
(2000). The heat and mass transfer properties 
(conductivity, permeability) and the rheologi- 
cal characteristics of the mat were determined 
experimentally. The results of a simulation run 
provided good qualitative agreement with the 
expected behavior of the temperature and gas 
pressure inside the mat. 

It is apparent that previous models had in- 
herent limitations; either they were one-di- 
mensional. or gross simplifications were made 
about the transfer mechanisnls. In this work, 
a general approach was followed during the 
model development, which allowed a compre- 
hensive description of the heat and mass trans- 
fer phenomena during hot-pressing. All con- 
ceivable simultaneous heat and mass transfer 
mechanisms were considered, together with 
phase balancing sorption isotherms. By nu- 
merically solving the governing equations, the 
prediction of the evolution of moisture and 
temperature profiles in the vertical midplane 
of the board became attainable. The changing 
internal environment of the mat allows the as- 
sessment of the viscoelastic (time-tempera- 
lure-, and moisture-dependent) response of the 
flakes and the simulation of the vertical den- 
sity profile formation, which will be discussed 
in a separate paper. 

MODEL DEVELOPMENT 

The one-dimensional drying model pub- 
lished by Stanish et al. (1986) formed the basis 

for further model development. The model 
was extended to two spatial dimensions, and 
the transport properties were changed to in- 
corporate the differences between solid wood 
and oriented strandboard mat properties. Sev- 
eral simplifying assumptions were adopted to 
solve the problem imposed by the coupled 
heat and moisture transfer mechanisms during 
hot-pressing: 

- Solid and gaseous phases are considered, 
and these two phases are always in local ther- 
modynamic equilibrium. 

- Heat and mass transfer between the two 
phases are instantaneous; therefore, any resis- 
tance between the solid and gas phase is ne- 
glected. 

- The gas phase is composed of an air-water 
vapor mixture, and the components follow the 
Ideal Gas Law. 

- Air is treated as a single component gas. 

- Water can be present as bound water in the 
cell wall or water vapor in the voids; the free 
water component is ignored due to the low 
initial mat moisture content typical for wood 
composite manufacture. 

- The bound water in the cell walls is a1wa;ys 
in local equilibrium with the water vapor in 
the voids. 

- The heat supply for the process comes from 
the hot-press platens and from the heat of re- 
action of the resin. 

- Water produced during the condensation re- 
action of the resin is neglected. 

- The physical and transport properties are 
functions of temperature, moisture content, 
density, porosity, and steam pressure; there- 
fore they may vary with respect to space and 
time. 

- The press schedule includes the press clos- 
ing period during which the porosity and den- 
sity of the mat changes continuously, resulting 
in changes of the physical and transport prop- 
erties of the mat. 
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- Conditions at the four boundaries are inde- 
pendent of each other and can vary with time. 

- The mechanisms for heat and mass transfer 
are : 

a.) Heat is transported by conduction due 
to temperature differential and by bulk flow of 
the air and water components. 

b.) The two gas phases (air and vapor) are 
transferred by bulk flow and diffusion, and 
follow Darcy's Law and Fick's Law, respec- 
tively; the driving force of the bulk flow is the 
total pressure differential, while the driving 
force of diffusion process is the partial pres- 
sure differential. 

c.) The migration of the bound water oc- 
curs by molecular diffusion due to a gradient 
in chemical potential of the bound water mol- 
ecules. 

d.) Phase change of water from the ad- 
sorbed to the vapor phase is implicitly includ- 
ed in the energy equation as latent heat of va- 
porization. 

Governing equations 

The description of various transport phe- 
nomena involved in a conventional hot-press- 
ing process involves the solution of mass and 
energy conservation equations. The model 
equations contain five dependent variables and 
five governing equations. The five dependent 
variables are the air density (p,,), water vapor 
density (p,.), bound water density (p,,), temper- 
ature (T), and the cure index of the adhesive 
(F). The mass density terms are based on the 
volume of the mat. The five variables are func- 
tions of three independent variables: thickness 
( z ) ,  width (y), and time ( t ) .  The five governing 
equations include two mass balance equations 
(one for air, and one for the moisture phase), 
one energy balance equation, one phase equi- 
librium equation, and one adhesive cure ki- 
netics equation. (The description of variables, 
subscripts, and superscripts in the equations is 
given in the nomenclature.) 

The constitutive equations are the mass con- 
servation equation for air 

the mass conservation equation for the water 
phase 

the energy balance equation 

the phase equilibrium relation, which is an in- 
verted form of the Hailwood-Horrobin two- 
hydrate sorption model (Hailwood and Hor- 
robin 1946; Simpson 197 1, 1973, 1980), 

where 

K ,  = -45.70 + 0.3216T - 5.012.10-4T2, 

and the cure kinetics equation of the adhesive 
system (Scott 1989; Kiran and Iyer 1994) 

This set of coupled differential-algebraic 
equations forms the basis of the hot-pressing 
model. The numerical solution of the system 
provide7 the air content, vapor content, bound 
water content, temperature, and cure index as 
a function of time in two spatial dimensions. 
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Transport mechanisms 

Heat  transfer.-Heat conduction is de- 
scribed by Fourier's First Law 

The rate of the conduction heat transfer for 
a given temperature differential is determined 
by the thermal conductivity of the mat (k,,,), 
which varies with the mat structure (flake den- 
sity, flake orientation, void fraction) and with 
the internal environment. 

Bulk flow has an important role to transport 
the energy content of the gas phases, most im- 
portantly the water vapor phase within the mat 
structure vertically and horizontally. The mag- 
nitude of the bulk flow contribution depends 
on the amount of water available and the void 
fraction. The voids in the mat create a pathway 
for bulk flow. The bulk flow terms in the en- 
ergy equation are the product of the mass flux 
and the enthalpy of each phase 

n,, designates flux terms for air, vapor, and 
bound water flow, and h,, is the enthalpy, 
where the subscript p is a (air), b (bound wa- 
ter), or v (vapor). 

Heat is also generated by the exothermic 
polymerization reaction of the resin, which de- 
pends on the rate of the reaction 

Muss tran.~frr.-Only two water phases are 
assumed to be present, water vapor filling the 
cell lumens and the space between the flakes, 
and bound water hydrogen-bonded to the cell- 
wall material. Because of the low initial mois- 
ture content of the mat (maximum 12%), it is 
unlikely that free (liquid) water would be pres- 
ent in the voids at the beginning of the press- 
ing process. The assumption of local thermo- 
dynamic equilibrium will not allow the pres- 
ence of liquid water except in rare cases. 

The two main mass phases in the mat are 
the vapor-air gas mixture in the cell lumens 

and in the space between the flakes, and the 
bound water in the cell wall. The transport 
mechanisms for each of the phases are derived 
considering the most general case feasible. 
The gaseous phase (vapor and air) is trans- 
ported by two mechanisms within the mat and 
to the surrounding environment: by bulk flow 
due to total pressure differential and diffusion 
due to partial pressure differential. Darcy's 
Law was used to describe the bulk flow, and 
the diffusion component was assumed to fol- 
low Fick's Law. Therefore, the transport 
mechanism for the vapor phase is given by the 
combination of Darcy's Law and Fick's Law 
as shown by the general form in one dimen- 
sion 

where the total pressure P is the sum of the 
partial pressures p,], the mat superficial per- 
meability is given by 

and the mat diffusivity is given by 

D = "(" + ' I,,) D,,. 
5",,, M,, 

(1 1) 

Analogous mechanisms (bulk flow and diHu- 
sion) transport the air in the mat structure; 
therefore the equations are the same, but the 
subscript v is interchanged with the subscript 
u. The rate of the bulk flow and diffusion of 
vapor or air through the porous structure of 
the mat is determined by the mat superficxal 
permeability (K,,) and the mat diffusivity (D,,), 
which in turn depend on the specific gas per- 
meability (K,) and effective diffusivity (D,,,), 
respectively. The specific gas permeability 
(K,) and the effective diffusivity (D,,,) are 
functions of the mat structure, especially the 
amount of void present in the structure. As a 
result, the magnitude of these properties varies 
widely among different types of boards and 
during the press closure. 

The bound water in the cell wall is trans- 
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ported by diffusion as described by Schajer et 
al. (1984) and follows Fick's Law with chem- 
ical potential as the driving force: 

Since thermodynamic equilibrium i\ assumed 
at every point of the mat, the chemical poten- 
tial of the bound water (F,,) by definition is 
equal to the chemical potential of water vapor 
( w , ) .  

Ph~lse eqlkilibri~~n? 

The most widely used model to describe 
phase equilibrium in a wood and water system 
is the two-hydrate fhrm of the Hailwood-Hor- 
robin equation (Hailwood and Horrobin 1946) 
with parameters fitted by Simpson (1973). 
However. it was demonstrated that the model 
is not valid above 160°C. Data on the high 
temperature sorption characteristics of wood 
are limited (Lenth and Kamke 2001; Kauman 
1956: Simpson and Rosen 198 1 ). Consequent- 
ly, an inverted form of the Hailwood-Horrobin 
two-hydrate model was used to keep the bal- 
ance between the vapor and the bound water 
phases helow 160°C (Eq. (4)), and cubic 
splines interpolants to the data of Kauman 
( 1  956) were used to describe the sorption re- 
lationship at high temperature. 

M~zterial properties 

Tr~rrl.vport properties.-An important aspect 
of the behavior of wood-based composites is 
that the transport properties of the material are 
direction-dependent. Three principal axes (in- 
plane forming and crossforming directions, 
and out-of-plane thickness direction) can be 
identified in an oriented strandboard mat, giv- 
ing an orthotropic symmetry to the material. 
A further simplification into a two-dimension- 
al model requires transport properties to be de- 
termined only in the out-of-plane (thickness) 
and in-plane (width) directions of the mat. A 
considerable improvement on previous models 
is the inclusion of the press closing in the sim- 
ulated press schedule since all the mat trans- 

port properties are affected by the changing 
mat structure during this period of the hot- 
compression. Local variation of the transport 
properties with changing void volume in the 
mat structure was not assessed; instead the 
variation of the void fractions in the whole 
mat was linked to the varying transport prop- 
erties during the press closure. Additionally, 
the transport properties are a function of the 
varying temperature and moisture content in 
the mat structure. The effect of flake orienta- 
tion on the thermal conductivity of the mat 
was also included. The transport properties of 
the mat were estimated using data from the 
literature for solid wood or particleboard. The 
experimental determination of these transport 
properties can considerably improve the nlodel 
predictions. 

The thermal conductivity of the mat was 
based on the thermal conductivity of solid 
wood, the thermal conductivity of air, and the 
structure of the mat. The specific gravity and 
moisture content dependence of the solid 
wood thermal conductivity ill the transverse 
(radial and tangential) direction was given by 
Siau ( 1  995) as 

where 

SG = specific gravity of wood. 
k,,, = conductivity of cell-wall substance 

(0.2 1 7 JlmlslK), 
k,, = conductivity of water (0.4 JlmlslK), 
k,, = conductivity of air (0.024 JlmlslK), 
M = moisture content d' wood (fraction). 

\I = porosity of wood. 

Substituting model variables yields 

The flake density (pi) together with the ther- 
mal conductivity increased in the model as the 
mat was compressed and the flakes were den- 
sitied. The longitudinal thermal conductivity 
ot solid wood was assumed to be 2.5 times 
higher than the transverse conductivity (Siau 
1984). It wa5 assumed that the (-n~durtivlty of 
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I I .  1-he tttcct o f  the orientation angle ((9). and 
degree. of aligninents (hl, +?) on the thermal conductivity 
of r i ~ c  Ilar\es at [he ill-plane direction of the mat. 

the flakes in the two main anatomical direc- 
tions can be calculated by the corresponding 
~hermal conductivity of solid wood. However, 
the flakes are intentionally rotated to a certain 
orientation angle ((9) during the deposition 
process. Therefore, the magnitude of the ther- 
mal conductivity will be between the longi- 
tudinal and transverse values in the two per- 
pendicular in-plane board directions. The de- 
position process is not exact. The orientation 
angle will fill a range of values, which can be 
quantified with the degree of alignments (+,, 
(b2 ) .  The orientation angle (0) and degree of 
alignments (+,, +:) are depicted in Fig. 1. The 
degree of alignment is zero for perfect align- 
ment, when the flakes are positioned at the 
orientation angle (0), and increases as the ro- 
tation of the flakes deviates from the intended 
orientation. The dependence of thermal con- 
ductivity on the orientation angle and the de- 
gree of alignment in the in-plane (y) direction 
is described by the function 

The thermal conductivity of the flakes in the 
thickness direction ( z )  is independent of rota- 
tion angle and equal to the conductivity of sol- 
id wood in the transverse (radial and tangen- 
tial) direction (Eq. ( 14)). 

The loosely formed mat structure consists 
of strands and space among the strands due to 
the inherent randomness of the mat formation. 
The magnitude of the space is described by 
the space fraction of the mat (l,,,,,) in the pre- 
viously published mat formation model (Zom- 
bori et al. 2001). The air-filled space acts as a 
thermal insulator during the press closure. '4s 
the pressing proceeds, the space is eliminated 
from the structure, and when the mat reaches 
the target thickness, practically no space re- 
mains in the mat. Therefore, after reaching the 
target thickness of the panel, the thermal con- 
ductivity of the mat will be that of the com- 
pressed strands. It was assumed that the air- 
filled space and the strands form a parallel sys- 
tem of thermal resistance in the in-plane, and 
a serial system of thermal resistance in the out- 
of-plane directions of the mat. Therefore, the 
thermal conductivity of the mat in two per- 
pendicular directions is given by 

Permeability is an important property that 
determines the rate of gas flow in the mat 
structure during hot-pressing. In particulate 
composites, such as OSB and particleboard, 
permeability is closely related to the mat den- 
sity or porosity. In spite of its known effect 
on the internal environment of the mat, there 
has not been much research related to per- 
meability of wood composites (Smith 1982; 
Hata 1993; Hata et al. 1993; Bolton and Hurn- 
phrey 1994; D' Onofrio 1994). Specific per- 
meability data of particleboard in the thickness 
(out-of-plane) direction as a function of board 
density were presented by Humphrey (1985,). 
An exponential curve was fit to the perme- 
ability data by Carvalho and Costa (1998), and 
this function was used to describe the structure 
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dependence of the specific permeability of the 
mat in the model in the out-of-plane direction, 

Humphrey (1 989) also established a ratio of 
59: 1 for the permeability parallel and normal 
to the board plane. The parallel (in-plane) data 
were based on permeability measurements on 
extruded particleboards. In the absence of a 
more reliable relationship, this ratio was con- 
sidered in the whole density range. 

Diffusion occurs due to a partial pressure 
differential in the mat. The interdiffusion co- 
efficient of an air-vapor mixture (binary gas 
diffusion coefficient) is calculated by the 
semi-empirical relationship (Stanish et al. 
1986; Incropera and Dewitt 1996) 

To take into account the porous structure of 
the mat, this value is reduced by the square of 
the void fraction (Bejan 1986). Therefore, the 
random pore gas diffusivity for porous solids, 
such as a flake mat, is expressed as 

In the mat, the void structure presents a tor- 
tuous path for gas flow, which is taken into 
consideration by an empirical attenuation fac- 
tor a. The attenuation factor was set at a value 
of 0.5 (Stanish et al. 1986) in both the vertical 
and horizontal directions, assuming that the 
pathway is similar for diffusion horizontally 
and vertically in the mat structure, 

D,, = CXD,.,. (21) 

Although the directional dependence of the 
diffusion might improve the model predic- 
tions, it was not included in the model. Gen- 
erally, diffusion compared to bulk flow has a 
small role in the gas phase transport in the 
mat, and its directional dependence was dis- 
regarded. 

Bound water diffusivity in solid wood was 
assumed to be constant at 3.10-l3 kg.s/m" fol- 
lowing the results of Stanish et al. (1986), and 

given the expected temperature and moisture 
content range during hot-pressing. 

Physical properties.-The specific heat of 
wood and its associated moisture content are 
an integral part of the energy balance equa- 
tion. The density, temperature, and moisture- 
dependence of the specific heat was given by 
Skaar (1 972) as 

The viscosity of the air-vapor mixture is 
necessary to calculate the superficial gas per- 
meability of the mat. The dependence of vis- 
cosity on temperature and partial pressure is 
given as the linear combination of the com- 
ponent viscosities weighted by the mole frac- 
tions in the mixture, resulting in the equation 
(Stanish et al. 1986) 

The saturated vapor density is included in 
the inverted form of the Hailwood-Horrobin 
model (Eq. (4)), which was used to calculate 
the relative humidity within the mat. The tem- 
perature-dependence of the saturated vapor 
density is described by an exponential curve 
fitted to experimental saturated vapor pressure 
data (Stanish et al. 1986) 

Cure properties uf the adhesive.-The adhe- 
sive cure kinetics is described by an Arrhenius- 
type equation (Eq. (5)). The equation assumes a 
single-step reaction, which is an oversimplifi- 
cation, but it fits experimental data for the cure 
for specific thermoset adhesive formulations 
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very well. This equation establishes the relation- 
ship between temperature and the extent of the 
polymerization of the thermosetting resin. The 
parameters in the equation have to be deter- 
mined empirically for each adhesive system. 
The activation energy of the reaction (E), the 
reaction constant (A), and the order of the re- 
action (n) were determined for a commercial 
phenol-formaldehyde face adhesive by Ahmad 
(2000) using the same procedure and equipment 
described by Sernek et al. (2000), resulting in A 
= 0.25 l/s, E = 12423 Jlmol, n = 0.587. 

Thermodynamic relationships 

For the air, vapor, bound water, and adhe- 
hive phases within the mat an enthalpy func- 
tion was defined (Stanish et al. 1986). The en- 
thalpy of air was determined to be only a func- 
tion of temperature 

h,, = C,,(T - 273.15), (25) 

where 

C,, = air heat capacity (1000 J/kg/K). 

The enthalpy of water vapor was calculated 
as the sum of the enthalpy of the liquid phase 
of water, heat of vaporization, and enthalpy of 
the gas phase of water as 

+ C,,(T - T,,). (26) 

where 

C, ,  = liquid water heat capacity (4180 J/ 
kg/K), 

Cg, = vapor heat capacity (1950 J/kg/K). 

Heat of vaporization data from steam tables 
was fitted to a polynomial as a function of 
temperature (Stanish et al. 1986) 

Dewpoint temperature as a function of partial 
vapor pressure was described by: 

+ 6 . 9 5 d P , , ~ .  (28) 

After substituting Eq. (28) into Eq. (27) and 

Eq. (27) into Eq. (26), the enthalpy of water 
vapor is given by 

The differential enthalpy of bound water is 
equal to free water enthalpy less the differential 
heat of sorption. The differential heat of sorption 
decreases quadratically with increasing bound 
water content. At zero bound water content (p, 
= 0) it was considered to be 40% of the heat 
of free water vaporization (Stanish et al. 1986) 

where 

C,, = liquid water heat capacity (41 80 J/ 
kg/K), 

p,'\p = bound water density at fiber satu- 
ration. 

According to the previous relationship, at 
full saturation (p, = p,"p), the differential en- 
thalpy of bound water reaches a maximum, 
and decreases as the bound water is depleted. 
The heat capacities (C) were considered to be 
constant in the previous relationships, but in 
future models the temperature dependence of 
the heat capacities can be included. 

The heat of reaction (h,) of the adhesive 
system was taken from the literature (Myers 
et al. 1991; Holopainen et al. 1997). Differ- 
ential scanning calorimetry (DSC) data de- 
scribe the energy generation of the exothermic 
reaction during the polymerization of the ther- 
mosetting resin. These data show distinct 
peaks as the reaction enters different stages. 
Therefore a total heat of reaction value was 
calculated as the area under the DSC curve, 
and had the value of 3.10"Ikg in the model. 

Initial and boundary conditions 

Solution of the mass conservation and energy 
balance equations (Eqs. (1)-(5)) requires one 
initial and four boundary conditions. From the 
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initial molsture content of the mat and the tern- n,: = 0. ( 3 8 )  
perature of the ambient air, the initial conditions 
are calculated by satisfying the local thenno- Setting the bound water flux to zero at the 

dynamic and phase equilibrium constraints, boundary implies that the water in the bound 
phase can not leave the mat structure; it has 

TO., z, 0) = T o ,  (31) to be vaporized before it can escape to the 
P,,(?: 7, 0) = P,,", (32) environment. The boundary temperatures 

(TI ") are that of the hot plate temperature on 
p, (Y ,  z, 0) = P,", (33) the surface (top and bottom) boundaries and 

P,>(.v, ZI 0) = ~1;'. (34) 
The boundary conditions are obtained from 

the heat and mois t~~re  transfer phenomena be- 
tween the surfaces and edges of the board and 
the external environment. The boundary con- 
ditions for the four surfaces are independent 
of each other and they can vary with time in 
the model. Although this assumption increases 
computational time, i t  also allows the simu- 
lation of nonsymmetric boundary conditions, 
and the simulation of industrial press closure, 
where the bottom and top surfaces will expe- 
rience different time-temperature histories due 
to the press daylight. The following equations 
specify the boundary heat and mass fluxes at 
the top and bottom surfaces and left and right 
edges of the mat. The heat transfer at the 
boundaries was assumed to follow Newton's 
Law of cooling 

q /  = - Hi(T1.z - T B ) ,  (35) 
where j rerers to the top, bottom, left, or right 
boundary. 

The mass transfer of the gas phase (air and 
water) is a combination of bulk flow and dif- 
fusion, due to total pressure and partial pres- 
sure difference between the surface of the 
board and the ambient environment: 

' 2 '1  

the ambient air temperature on the edge (left 
and right) boundaries of the mat. Variation of 
surface temperature of the hot platen, due to 
nonuniform heating, and variation of temper- 
ature at the edges of the mat, due to the effect 
of the escaping hot vapor, might be present 
during the hot-compression. This may be sim- 
ulated in the model, but these effects are as- 
sumed to be negligible. The total pressure 
(Pi,^) was considered to be constant at 10 1,325 
Pa. 

By adjusting the external heat and mass 
transfer coefficients (Hj, K/, Di), the rate of 
temperature change at the boundaries and the 
amount of water leaving the mat can be con- 
trolled. The heat transfer is fast from the hot 
platens to the surface of the mat, which is in- 
dicated by high external heat transfer coeffi- 
cients. However, only a small amount of water 
can leave the mat towards the metal plates. 
Therefore, low external mass transfer coeffi- 
cients are assumed at the platen. The contrary 
is true for the edge boundaries, where the heat 
transfer is slower, and the mass transfer is far 
faster, indicating that the majority of the water 
vapor leaves the mat through the edges. 

NUMERICAL SOLUTION 

"<i' = -p,-(P'," - PH) 
rl r The method of lines with finite differences 

in space was chosen for solution of the equa- 
- - M  L+L tion system (Eqs. (1)-(5)), because it is espe- 

l J ( ? o  k)niip"z - ''(')' ('') cially effective and convenient when the mod- 
el has regular geometry with simple boundary 

K1 
f 7 , /  = - p, -(P/.^ -- pH 1 conditions. The partial differential equations 

rl s (PDEs) were discretized in the spatial vari- 
ables using a control volume formulation as 

(Pi p l ( ,  - (37) shown in Fig. 2. Central differences were used - M I ,  - + - 
MI MU for the discretization of the conduction terms 

'The bound water flux is zero at [he  boundary: and an upwind scheme for the bulk flow terms 
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FIG. 2. The tinilc difference mesh superi~nposed on the vertical rnidplane of the board (4 designates any dependent 
variahle at the mesh point). 

$l 

(Pi ". - 4 ~  - - Hot Platen 

as described in detail by Patankar (1980). The 
resulting ordinary differential equations 
(ODES), the algebraic sorption equation, and 
the  adhesive cure kinetics equation were 
solved by the algebraic-differential time inte- 
grator DDASSL developed by Petzold and 
Ascher (1998). DDASSL is a specialized ini- 
tial value problem solver that can handle al- 
gebraic equations in the system. The solver 
accepts the equations in implicit form. Anoth- 
er advantage of DDASSL is that the internal 
time steps and ODE method order are adjusted 
automatically, depending on the convergence 
and stability criteria of the problem. In the 
case of fast convergence, the internal time 
steps are increased, essentially reducing the 
computational time. The solver uses backward 
difference formulas, and the Jacobian matrix 
is approximated internally. The solution re- 
quires the calculation of the right-hand-side of 
the equations with a user-supplied subroutine. 

-- - 

The main program calls the solver with the 
specified output time when values of the de- 
pendent variables are required. The vertical 
midplane of the board was discretized to 361 
mesh points, 19 in each direction in the fol- 
lowing case study. Although the problem is 
two-dimensional, nonlinear, and the number of 
equations is quite high, a solution was typi- 
cally reached within an hour on a UNIX work- 
station (DEC Alpha). 

RESULTS AND DISCUSSION 

7 7 

The previously described model can predict 
the evolution of temperature, moisture content, 
total pressure, partial air and vapor pressures, 
relative humidity, and extent of cure of the 
adhesive with time in the vertical midplane of 
the mat. Several simulations were completed 
under hypothetical pressing conditions to test 
the robustness of the model. It performed well 

!$. I - + - 
ti; - - 'c 2 

$N -- 

dl 
-- 

Az - Board Surf lce 
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over a wide range of input parameters. The 
basic capabilities of the model are demonstrat- 
ed on a single-layer strandboard hot-compres- 
sion simulation for one type of mat and press 
schedule specification. A following paper will 
compare the model predictions with experi- 
mental data among a wide range of panel den- 
sities and pressing schedules. The structure of 
the mat was recreated by using the mat for- 
mation model of Zombori et al. 2001. The 
simulated mat was positioned in the "virtual 
hot-press" to further analyze the temperature, 
moisture, and internal gas pressure distribution 
in the vertical midplane of the panel. For the 

(kg s/m3) 
(JlmlslK) 
(JlmlslK) 
(JlmlslK) 
("0 
(%) 
(bar) 
(J/m2/s/K) 
(m)  
(m/s) 
("'3 
(%) 
(bar) 
(J/m2/s/K) 
(m) 
(mls) 
(mm) 
(mm) 
(s) 
(s) 
($1 

simulation run, the platen temperature, the 
temperature at the edge of the board, the rel- 
ative humidity of the surrounding air, the ini- 
tial moisture content and temperature of the 
board, and the press schedule were specified. 
These parameters, together with other simu- 
lation input parameters, are given in Table 1. 

The time-dependent changes of the ther- 
modynamic variables (temperature, moisture 
content, total pressure, relative humidity) and 
adhesive kinetics (cure index) can not be con- 
sidered in isolation, because of their interac- 
tion. Several three-dimensional profiles of the 
basic variables were created at certain stages 
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of the hot-compression simulation to charac- 
terize the profound changes taking place in the 
internal environment of the mat. These profiles 
are largely qualitative, but provide a good 
graphical presentation of the time-dependent 
variations in the spatial conditions. The plots 
were generated by Mathematics (Wolfram 
1992), which has been adapted for easy input 
of the data files. The evolution of temperature 
and moisture content in the vertical midplane 
of the panel is depicted in Fig. 3. Figure 4 
gives the variation of total pressure and rela- 
tive humidity at certain stages of the pressing 
schedule. Additionally, the two components of 
the total pressure, the air and vapor partial 
pressures, are shown in Fig. 5.  Figure 6 sum- 
marizes the cure index data. 

At the commencement of the hot-compres- 
sion (0 s), the profiles show the defined initial 
and boundary conditions. The temperature of 
the mat is a uniform 2S°C, and the high 200°C 
platen temperature at the surface and some- 
what lower 100°C ambient temperature at the 
edge boundary of the board also can be ob- 
served. The moisture content is a uniform 5% 
within the mat structure, and very low (-0%) 
at the boundaries because of the specified low 
relative humidity and high temperature of the 
ambient environment (Fig. 3). The total pres- 
sure inside of the mat is in balance with the 
atmospheric pressure at the beginning of the 
compression process. The relative humidity is 
approximately 25% within the mat structure 
and approximately 2% at the boundaries (Fig. 
4). Note that the main component of the gas 
phase in the mat initially is air. The vapor con- 
tent is very low, indicated by the high air and 
low vapor partial pressures in the vertical mid- 
plane of the mat (Fig. 5) .  The adhesive reac- 
tion is not initiated, the cure index is 0 every- 
where in the cross section of the mat (Fig. 6). 

During the press closing period, the tem- 
perature increases sharply at the top and bot- 
tom surface of' the board. It reaches a value 
close to the hot platen temperature soon after 
the press closing time (60 s). However, the 
center temperature is still low, forming a large 
temperature gradient in the vertical direction. 

The temperature gradient initiates conduction 
heat transport vertically from the hot platens 
to the cooler center. At this stage of the press 
schedule, the horizontal temperature differen- 
tial is insignificant, resulting in only convec- 
tion heat transfer in the horizontal direction. 
Notice the effect of the environment surround- 
ing the edge of the board on the temperature 
distribution. The lower ambient temperature at 
the edge retards the temperature increase, es- 
sentially creating a lower edge than center 
temperature within the board (Fig. 3). Closest 
to the hot platens the temperature increases 
high enough that the activation energy of the 
polymerization reaction is reached and the ad- 
hesive cure begins to accelerate (Fig. 6). It is 
apparent in Fig. 5 that the growing tempera- 
ture close to the hot platens will vaporize the 
moisture of the strands and will increase the 
partial vapor pressure considerably. The air 
component of the gas phase is forced out from 
the board as indicated by the sudden decrease 
in partial air pressure at the face location of 
the mat. The net effect is that the total pressure 
increases above the atmospheric pressure close 
to the hot platens (Fig. 4). The total pressure 
differential drives the vapor normal to the sur- 
face of the board. Except for a small fraction, 
the hot vapor can not escape towards the metal 
caul plates, but rather migrates vigorously by 
bulk flow and diffusion towards the center due 
to the total and partial vapor pressure gradient 
in the vertical direction (Fig. 4, Fig. 5). The 
movement of the water vapor front towards 
the center of the board can be traced on the 
relative humidity profile. The relative humid- 
ity gradually increases towards the center, and 
can reach high values (-60%) at certain lo- 
cations (Fig. 4). An additional consequence of 
the quickly moving hot vapor is that the bulk 
flow plays a more significant role in the ver- 
tical heat transfer at this stage of the press 
schedule. The majority of the moisture is 
transported in the vapor phase. Nonetheless, a 
small (almost negligible) part of the vertical 
moisture movement is due to bound water dif- 
fusion in the cell wall of the strands, where 
the driving force is also the vertical tempera- 
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FIG. 3.  Predicted temperature and rnoirture proliles during the hot-compression of a single-layer strandboard. The 
moisture content is the sun1 of the vapor and bound water content within the mat. The Y and Z coordinates designate 
thc width and the thickness of the mat respectively. The boundary conditions are also depicted in the ptofilcs. (Same 
i~ltct.prctation o f  Y and Z. and the boundary conditions arc alho shown from Fig. 3 to Fig. 5.) 
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FK;. 4. Predicted total pre\\ure and relative humidity (F! RH)  protiles during the hot-compression of a single-layer 
ytl-andboarti. Total pressure is the sum o f  thc partial air ( p 0 )  and vapor ( I , , )  pressures. The relative humidity i \  calculittcd 
t'so~n the vapor pressure ant1 the saturi~tcd vapor pres<urc at thc given temperature, 
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FIG. 5 .  Predicted partial air and vapor pressure ( p , ,  p,.) profiles during the hot-compression of a single layer 
strandboard. 
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lure and vapor partial pressure gradient. The 
initial stage of the hot-compression is char- 
acterized by very intense vertical movement 
of heat and moisture. 

Typical internal environment conditions are 
depicted in the middle of the press schedule 
(240 s). The surface temperature of the mat is 
getting closer to the hot platen temperature, 
and the center temperature gradually reaches 
the boiling point of water at the prevailing 1.0- 
tal pressure (Fig. 3). This triggers an intensive 
vaporization in the center location of the 
board. The partial pressure profiles (Fig. 5 )  
confirm this phenomenon, where the vapor 
partial pressure increases sharply in the center 
location creating large pressure differentials 
between the center and the edges of the panel. 
The air partial pressure is low, implying that 
the majority of the air fraction of the gas phase 
is depleted. The total pressure increases far 
above the atmospheric pressure in the center 
of the panel (Fig. 4). The high total and partial 
vapor pressure differential drives the moisture 
horizontally towards the edges of the board, 
effectively reducing the moisture content (Fig. 
3). The adhesive cure reaction is initiated 
through the whole cross section of the board, 
and is quite advanced at the surfaces (Fig. 6). 
The middle stage of the hot-compression is 
characterized by moderate vertical movement 
of heat and moisture and steady horizontal mi- 
gration of moisture. 

The last 240 seconds of the pressing cycle 
is less dynamic. At 480 seconds-the end of the 
pressing period is reached and the venting be- 
gins in the hot-compression schedule. The sur- 
face of the board almost reaches the platen 
temperature. The heat slowly migrates towards 
the center of the mat, mainly by conduction. 
The initially vigorous flow of hot vapor ceases 
in the vertical direction, because there is no 
gradient in pressure (Fig. 4). The vaporization 
of the remaining water in the center is still 
active, which creates high relative humidity at 

F~ci. 6. Predicted adhesive cure index (F) profiles dur- 
ing ~ l i c  hot-compression of a \in@-layer strandboard. this location (Fig. 4). The vapor generation 
Cut-e ~ I I C I C X  I designates the cor~ple te  cure of the adhesive. Can "01 up with the losses at the 

edges, and both the partial vapor pressure and 
the total pressure drop in the center, diminish- 
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ing the initially large pressure differential in 
the horizontal direction. Therefore, the migra- 
tion of vapor towards the edges gradually 
slows down, together with the moisture escape 
Srorn the board. Note that, although the mois- 
ture is completely depleted at the surface of 
the board, there is still a considerable amount 
of water remaining in the center location (Fig. 
3). Only a far longer simulated pressing period 
(--750 s) would be able to completely con- 
sume this moisture, and eliminate the pressure 
in the center of the board. However, at the end 
o f  a typical pressing schedule simulation the 
final total pressure in the center is around 1.3 
bar, which if equilibrated too quickly, can re- 
sult in a panel blow. An adequate venting pe- 
riod is crucial to eliminate the delamination of 
the panel. The polymerization reaction of the 
adhesive is still not complete (Fig. 6). The last 
stage of the hot-compression is characterized 
by very slow vertical movement of heat and 
moist~ire and diminishing horizontal migration 
of moisture. The three-dimensional profiles 
are powerful graphical tools to provide a better 
understanding of the relative magnitude and 
interaction of the different physical processes 
during the hot-compression. 

SLIMMARY AND CONCLUSIONS 

The comprehensive experimental character- 
ization of the heat and mass transfer process 
during hot-pressing is a formidable task due 
to the large number of interacting variables. A 
realistic mathematical model of the phenom- 
ena can make the task manageable. A one- 
dimensional drying model of hygroscopic po- 
rous materials was extended to two dimen- 
sions and adapted to include all the relevant 
heat and mass transfer mechanisms to simulate 
the hot-compression of wood-based composite 
panels. The model is capable of simulating the 
change of the internal environment within the 
vertical ~nidplane of the flake mat in order to 
characterize the rapid moisture, temperature, 
and pressure gradient development, and the 
extent of the adhesive polymerization reaction 
in two dirnensions. 

The model was also extended to include the 
third spatial dimension, but the execution time 
became prohibitively long. Actually, the in- 
formation gained by the three-dimensional 
model was irrelevant, when symmetric bound- 
ary conditions were assumed. The model is 
robust enough to simulate industrial pressing 
situations, including the press closing time and 
asymmetric boundary conditions. Events hap- 
pening in the vertical direction are directly ap- 
plicable to industrial board production, be- 
cause they are not sensitive to the lateral size 
of the panel. However, predictions in the hor- 
izontal direction, especially at the edges, are 
dependent on the lateral dimension. Assigning 
different transport properties at different mesh 
points, the simulation of the hot-compression 
of a multilayer board is also attainable. In re- 
cent years nontraditional production technol- 
ogies, such as high frequency heating, steam 
injection, or continuous pressing, are gaining 
acceptance in wood composite production. 
The model, with certain modifications, would 
be able to predict the internal environment of 
multilayer, full-size panels produced with one 
of these innovative technologies. The modular 
structure of the model computer code allows 
easy inclusion of research advancements, and 
therefore the process simulation can be further 
refined. 

The hot-compression model allows one to 
carry out sensitivity analysis using the same 
mat structure. Process operators can gain in- 
sight into the effect of certain production pa- 
rameters on the internal conditions of the mat, 
thus allowing them to make more informed 
decisions about the production process. Fur- 
thermore, by using this simulation model in- 
side an optimization algorithm, the production 
parameters can be mathematically optimized 
to meet any specified objective. 
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NOMENCLATURE 

Constcln ts 

R = universal gas constant 8.3 1696 (J/mol/ 
K) 

M,, = molar weight of air 0.028968 (kglmol) 
M,. = molar weight of vapor 0.01 8016 (kg/ 

mol ) 

Basic varicib1e.s 

Independent variables 
r = time (s) 
Y = horizontal coordinate in the width of 

the board 
- - - vertical coordinate in the thickness of 

the board 

Dependent variables 
p,  = density of air (kg/mi) 
p, = density of vapor (kg/mi) 
p, = density of bound water (kg/m3) 
T = temperature (K) 
F = extent of reaction (cure index) 

A = reaction constant 
C = specific heat of wet wood (J/mi/K) 

C, = heat capacity (J/kg/K) 
D,,  = binary gas diffusivity for air-vapor 

mixture (m2/s) 
D,,, = effective gas diffusivity (m21s) 
D,,, = mat gas diffusivity (kg/m/s) 
Dl, = bound water diffusivity (kg dm') 
E = activation energy (Jlmol) 
G = heat generation (J/mi) 

K ,  = specific gas permeability of dry 
wood (mi/m) 

K,,, = mat superficial gas permeability (s) 
L = board dimension (m) 
P = total pressure (Pa) 
S = entropy (J/mol/K) 

n = order of reaction 
p ,  = p,RT/[ ,,,, M,, partial pressure (Pa) 
q = heat conduction flux (Jlm'ls) 

a = attenuation factor for vapor diffusiv- 
ity in the flakes 

O = rotation angle (deg) 
dl, +2 = degree of alignment (deg) 

q = viscosity (kg lds )  
h = heat of vaporization (Jkg)  

= chemical potential (Jlkg) 
p,, = density of dry wood (kg/m3) 
i,, = lumen fraction in the flakes 
[,,,, = space fraction in the mat 
[,,, = void (space + lumen) fraction in the 

mat 
C,,,, = lumen fraction in the mat 

HI = external heat transfer coefficient (J/  
m2/s/K) 

K' = external bulk flow coefficient (m) 
DJ = external diffusion coefficient (mls) 

B = boundary point 
h = bottom boundary 
,j = represents boundaries (top, bottom, 

left, right) 
1 = left boundary 
r = right boundary 
t = top boundary 

cc = environment 

L = longitudinal anatomical direction in 
solid wood 

T = transverse (radial and tangential) an- 
atomical direction in solid wood 

a = air 
b = bound water 

cw = cell wall 
d  = dry wood 

dp = dew point 
f = flake 

c,, = heat convection flux (J/m2/s) ,fsp = fiber saturation point 
h,, = enthalpy (Jkg)  g = gas phase (air + vapor) 
k = thermal conductivity (J s/m/K) 1 = lumen (hole in the flake) 

n,, = mass flux (kg/m2/s) m = mat 
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p = phase (air, vapor, bound water) HATA, T. 1993. Heat How in particle mat and properties 

s = space (hole in the mat) o f  particleboard under steam-injection pressing. Wood 
Rcccarch, Bull. Wood Research Inst., Kyoto University sat = saturation 80.1-47 

v = vapor 
w = water 
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