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Abstract. In this study, coupled mechanical and heat and mass transfer models describing mat com-
pression and heat and moisture transfer occurring during hot pressing of medium-density fiberboard mats
are presented. The mat is considered an aging linear elastic material and is described by a mechanical
model in three dimensions. Rheological properties of the mat depended on time, space, temperature,
moisture content, and resin cure. Hardening and softening phases of the material behavior were accounted
for and treated with separate constitutive laws. Press closing was taken into account, and a coupling
procedure between mechanical and heat and mass transfer models was elaborated. Development of the
vertical density profile was dynamically predicted by the model. Both mechanical and heat and mass
transfer models were discretized in space by the finite element method. An implicit second-order back-
ward finite difference scheme was used for time discretization. All calculations were carried out on a
moving geometry whose deformation (compression) was a function of a press closing schedule. Model
results exhibited good agreement with experimental results. Under various press closing schedules, the
model gave information on variables such as density profile, total gas pressure, air and vapor pressure,
temperature, moisture content, RH, and degree of resin cure.
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INTRODUCTION

When a wood composite mat is hot pressed,
mechanical deformation and heat and moisture
transfer processes are intimately coupled and
strongly interact with each other (Nigro and
Storti 2001; Zombori et al 2003; Dai and Yu
2004; Thomen and Humphrey 2006; Thomen
and Ruf 2008). Dynamical development of the
vertical density profile is enhanced by a soften-
ing effect of moisture content and heat (Bolton
et al 1989; Thomen and Ruf 2008). Conversely,
changes in the vertical density profile influ-
ence thermal conductivity, gas permeability, and
porosity of a composite mat, thus affecting heat
and moisture transfer in the mat.

The literature on combined mechanical and heat
and mass transfer models of the hot pressing
process rarely presents detailed information about
the coupling procedure. Among the first researchers
proposing an integrated approach were Kavvouras
(1977), Humphrey (1982), Bolton and Humphrey
(1988), and Humphrey and Bolton (1989).
Recently, models have been developed by Dai
(2001), Carvalho et al (2003), Zombori et al
(2003), Pereira et al (2006), and Thomen et al
(2006). Meanwhile, Winistorfer et al (1996,
2000), Wang and Winistorfer (2000a, 2000b),
and Wang et al (2001a, 2001b, 2004) published
a series of studies presenting gamma ray in situ
measurements of the vertical density profile devel-
opment during hot pressing. Unfortunately, the
apparatus needed to conduct those experiments
is not commonly available. Therefore, to gain
insight into the dynamic development of the
vertical density profile, an approach based on
numerical simulation appears to be a promising
avenue (Thomen et al 2006).

Mechanical behavior of wood-based composites
is influenced by moisture content (M) and tem-
perature (7)) conditions. Wolcott et al (1990) char-
acterized temperature evolution in the mat during
flakeboard hot pressing and its relation with the
glass transition of lignin and hemicelluloses. This
can explain the development of the vertical den-
sity profile during the hot pressing process. This
phenomenon can also be related to hygrothermal
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aging (time dependence of mechanical properties)
inducing dependence of the rheological parame-
ters on evolving M and T. Thus, coupling of the
mechanical model with the heat and mass transfer
model becomes necessary and helps to describe
more accurately the interactions between heat and
mass transfer and rheological mechanisms.

The aim of this study was to develop a numerical
model of the linear elastic mechanical behavior
of an aging medium-density fiberboard (MDF)
mat with mechanical properties dependent on
time, temperature, moisture content, and resin
cure and to describe methodology developed
and solution strategy implemented to simulate
MDF hot pressing. We propose a global coupled
mechanical and heat and mass transfer numerical
model based on the finite element method. In
Part 1 of this study, equations of conservation of
energy, air mass, and water vapor mass were
proposed to model heat and mass transfer. This
3D unsteady mathematical model was expressed
as a function of three state variables: temperature,
air pressure, and water vapor pressure. Assumed
boundary conditions, time- and space-dependent
material properties of the mat, and numerical solu-
tion methods and strategy were also presented. All
relevant details regarding the heat and mass
transfer model were provided in Part 1. There-
fore, we shall only discuss here the mechanical
model and its coupling with the heat and mass
transfer model. Robustness and flexibility of the
global model were tested under various pressing
conditions, and the model was used to perform
several tests and case studies.

MATERIALS AND METHODS

Results of our coupled numerical model were vali-
dated against the same experimental data as those
presented in Part 1 of this study. Relevant details
regarding materials and panel manufacturing were
also presented in Part 1 and shall not be repeated here.

Methods

Interactions between rheological and heat and
moisture transfer mechanisms during the hot
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pressing of MDF mats contribute to the devel-
opment of a nonhomogeneous density profile.
We propose and describe an approach to couple
mechanical and heat and mass transfer models
allowing predicting time- and space-dependent
development of a vertical density profile. Because
material and rheological properties of the mat
depend on time, density, resin cure, temperature,
and moisture content (aging material) (Appendix 1),
coupling of mechanical and heat and mass trans-
fer models is necessary. The proposed models have
a general 3D mathematical formulation. A linear
elastic model for an aging material was used.
Press closing and effect of changing mat thick-
ness on the material and rheological properties of
the mat are also taken into account. Numerical
procedure combines the finite element method
with a quasistatic incremental formulation. Also,
the geometry of the working domain evolves during
the pressing process. In Part 1 of this study,
material (Lagrangian) formulation was adopted
and calculations were transferred to a reference
domain. In Part 2, however, updated Lagrangian
formulation of all equations is used and calcu-
lations are carried out on a dynamically moving
domain. The mesh grid moves as well and is
updated after each time step. Updated Lagrangian
formulation enables us to capture the movement
of the domain in a natural way. Resolution strat-
egy and coupled mechanical and heat and mass
transfer models were integrated into the finite
element code MEF+-+- developed by the Groupe
interdisciplinaire de recherche en éléments finis
at Laval University, Québec, Canada.

Overall Approach and Assumptions

Expressions and equations describing material
properties, sorption model, and resin cure kinetics
were obtained from available literature and pre-
sented in Appendix 1 of Part 1 of this study. None
of the fiber mat material and rheological proper-
ties were obtained from panels produced in the
laboratory. Expressions of coefficients used in
the fourth-order elasticity tensor are based on
information presented by Thomen et al (2006)
for Burger’s model. Those coefficients were first
obtained by von Haas (1998) using curve fitting
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of experimental data. We slightly modified those
expressions to take into account the contribution
of resin cure to the change of elastic properties of
the fiber mat (Appendix 1).

It is assumed that the mass of oven-dry fiber
material in each grid element is constant (Thomen
2000; Thomen and Humphrey 2006). Actually,
the volume of each element changes with time
as a consequence of mat compression. Thus, the
calculated oven-dry vertical density profile changes
with time.

Wang and Winistorfer (2000a, 2000b), Winistorfer
et al (2000), Wang et al (2001a, 2001b, 2004),
and Thomen and Ruf (2008) demonstrated the
impact of the pressing schedule on vertical den-
sity profile development. In our numerical study,
tests were conducted for different press closing
schedules. However, because only one pressing
schedule was used to perform our laboratory
experiments, validation of numerical results was
only possible in this case. Press opening (venting
period) was not modeled. The pressing cycle con-
sidered in our numerical study had a total dura-
tion of 268 s.

Moving Domain and Material Derivative

Mathematical concepts introduced in this sec-
tion are presented in more detail in Garrigues
(2007). Because the fiber mat is compressed
and changes shape, it can be considered a moving
domain. Oven-dry mass of the mat remains con-
stant with time. However, mat density changes
because its volume changes. To capture the com-
pression of the mat, all calculations were per-
formed on a moving geometry. Calculation of the
displacement field over the domain allows one to
keep track of each material particle movement.

To each material particle p of a moving domain,
one can associate different physical quantities G
such as scalar functions (temperature, moisture
content, pressure), vectors (displacement, veloc-
ity), or tensors (thermal conductivity, strain).
Material (particular) derivative of G is defined
as time derivative of G when following a par-
ticle p of the material domain in its movement.



246

Assume that G is a function of an independent
variable ¢ and of three real-valued functions f, g, A,
which are also associated with p and depend on ¢.
Thus, if x represents the position of particle p
at time 7, one can write G(x,7) = G(t,f(x,1),
g(x,1),h(x,1)). The chain rule applies and the
material derivative of G associated with a mate-
rial particle p is given by

DG _0G(r)  0GDf(x,1) 0GDg(x,1)

Dt Ot  Of Dt dg Dt
0G Dh(x, 1) ()
oh Dt

Because particle p is followed in its movement,
assume that it occupies position x; at time #; and
position x, at time #, with t, = #t; + At. Then,
each time derivative on the right side is regarded
as a limit (with fixed particle p); for instance,
Df(x7t) f(x27tl +At) _f(xlvtl)

i = Aim At 2)

From the numerical standpoint, a finite differ-
ence scheme is used to discretize and approxi-
mate time derivatives such as the one presented
in Eq 2. Displacement of a particle p is calcu-
lated at each time step by the mechanical model,
and its position is updated. No material particles
move in or out of the material domain. The same
conservation principles of physical quantities
associated with material particles of a moving
domain apply as those presented in Part 1 of this
study and in Kavazovi¢ (2011).

Mechanical Model

The governing equation for the mechanical model
is expressed in terms of time- and space-dependent
displacement field U(x, ). Compression of the
mat obeys Newton’s second law:

usr oo — div(o(U)) =0 in Q) (3)

where p,,4r 1S the mat’s wet density, v the velocity
field, o the second-order stress tensor (Appen-
dix 1), and Q(¢) represents the evolving compu-
tational domain (fiber mat). In Eq 3, the inertial
term (py4r 2Y) is considered negligible during
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the hot pressing process and will not be taken
into account in further discussions.

Constitutive law. To establish a constitutive
law relating U to o, the following considerations
were taken into account. The phenomenon of
material aging was considered at the macro
level. Aging is defined as the time dependency
of the material properties. Because wood and
wood-based composites are hygroscopic mate-
rials, aging is induced by variable moisture
content and temperature conditions. This is
taken into account by considering rheological
properties as functions of evolving M and T;
hence material properties vary in time. There-
fore, variations in M and T are directly linked
to softening and hardening of wood. An
increase in M and T in solid wood generates
swelling, whereas a decrease causes shrinkage.
In this study on MDF hot pressing, as a first
approach, swelling and shrinkage were not taken
into account.

We used Hooke’s law as a constitutive law:
6=E: i+E:¢ (4)

where G is a second-order Cauchy stress ten-
sor, E is a fourth-order elasticity tensor, and

1
g(U) = 3 [VU—!— (VU)T} is the second-order

strain tensor. The different coefficients of £ and
their dependency on temperature, moisture con-
tent, and resin cure degree are described in
Appendix 1.

We also tested an approach proposed by Dubois
et al (2005) with a rheological model satisfying
the second principle of thermodynamics (posi-
tive dissipation hypothesis). In our aging linear
elasticity model, two distinct constitutive laws
were used to comply with thermodynamic require-
ments: Hooke’s law for softening (sorption) and
a tangent law defined by Bazant (1979) for hard-
ening (desorption) behavior. No differences in
results occurred with respect to the simple model
of Eq 4.

Incremental formulation. Eq 2 suggests that the
time derivatives of € and ¢ can be approximated
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(Ghazlan et al 1995; Dubois et al 2005; Beuth
et al 2008) by

De Ae ~ Do Ac 5

Dt~ At T Dt At )
where Ag and Ac are instantaneous incre-
ments of strain and stress, respectively. With
N =0,1,2,...and ty = 0, we denote time incre-
ment Ar = IN+y1 — N, Qy = Q(IN), Ey = E([N),
ey = &(ty) with the time variation of E defined
as AE = Ey,; — Ey. The composite constitu-
tive law for aging linear elastic material behavior
(Eq 4) now reads

AU:EN+1ZA8+AEZ EN (6)

It is usually assumed that the inertial component
Dv

is negligible (ie py4r 5 ~ 0), and the problem
is regarded as quasistatic (Ghazlan et al 1995;
Beuth et al 2008): at each time step, static equi-
librium is assumed (quasistatic assumption).
The time evolution of mat geometry is simulated
by imposing successive load increments on the
mat. Compression is regarded as a step-by-step
process evolving by time increment At. Devel-
opment of strain and stress is then regarded as

an incremental process:

ev+1 =&y + Ag; onp1 =oy+Ac  (7)

with gy and oy representing actual accumulated
strain and stress, respectively, whereas gy and
oy represent their values at the end of the
next load increment. This allows retaining accu-
mulated strain and stress history within storage
variables gy and oy.

With these assumptions and Eq 6, Eq 3 is writ-
ten in incremental formulation as follows:

—div|Ac] = div(oy) ie.

Unyi = Uy + AU with

Eq 8 is thus written in terms of unknown dis-
placement increment AU and is discretized by
the finite element method. Appropriate bound-
ary conditions are subsequently specified.

247

Computational Domain

Our mathematical model is written in a general
3D form, and our code can perform simulations
on 2D and 3D geometries (Fig 1a). The effect of
a daylight delay (the time necessary for the top
platen to touch the mat) (Lee et al 2007) was
ignored, and geometric symmetry was assumed
(Carvalho and Costa 1998; Carvalho et al 2001,
2003; Nigro and Storti 2001; Thomen and
Humphrey 2003, 2006; Dai and Yu 2004; Pereira
et al 2006; Yu et al 2007). In 3D, there are three
planes of symmetry (Fig 1b): a horizontal mid-
plane and two vertical midplanes. Therefore, our
computational domain represents one-eighth of
the full 3D geometry or one-fourth of the full 2D
geometry when calculations are performed in
2D. The domain considered for calculation was
meshed with a nonuniform 24 x 24 x 20 grid
whose hexahedral elements were concentrated
toward external planes (surface and exterior edges).
The concentration of elements was created by a
geometric progression with a common ratio of
0.9. We work on a moving domain (Fig 1b-c):
280 mm (half length in x direction) by 230 mm
(half width in y direction) by half mat transient
thickness (half thickness in z direction starting at
91 mm at the beginning of pressing and ending
at 6.5 mm). Clearly, mat thickness evolves during
pressing, and Fig 1c shows deformation of com-
putational domain at different moments in time
as a result of press closing. The mat is also free
to expand in the x and y directions.

Density Profile and Mat Compression

During the mat compression process, total oven-
dry mass of fiber material does not change.

—diV[EN+1 :Ag + (AE) ISN] = diV(GN)

in QN
1

Ag = g(AU) = E[V(AU) +(V(av)] (8)

However, material and rheological properties
of the mat, such as local density, porosity, per-
meability, and thermal conductivity, evolve in
time and space. Generally, the vertical density
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Figure 1.

(a) Full 3D geometry of a fiber mat; (b) computational domain in 3D (one-eighth of the full geometry);

(c) evolving 3D computational domain at different moments in time (one-eighth of the full geometry: 0 < = x < = 280 mm,

0 < =y < =230 mm).

profile of compressed composite panels is not
uniform. It mainly exhibits a characteristic M
shape with higher density in the surface layers
and lower density in the core (Carvalho et al
2001, 2003; Wang et al 2001a, 2001b; Thomen
and Ruf 2008). It is regularly observed that the
transition region from low to high density is
rather thin (Carvalho et al 2001, 2003; Wang
et al 2001a, 2001b). This nonuniform densifica-
tion is attributed to variations of T and M and
interactions among heat and moisture transfer

phenomena, glass transition of lignin and hemi-
celluloses, and mechanical compression of the
mat (Wolcott et al 1990; Kamke and Wolcott
1991; Dai and Yu 2004; Thomen and Ruf 2008).
In general, the mat becomes softer and easier to
compress when temperature or moisture content
increases (Kamke and Wolcott 1991; von Haas
and Friihwald 2000).

In this study, the evolution of a nonhomoge-
neous oven-dry vertical density profile of the
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Figure 1. Continued.

mat during hot pressing was calculated by a
mechanical model for an aging elastic material.
Mat thickness decreased as a function of the
press closing schedule (Figs 1c and 2a) of a
Dieffenbacher (Eppingen, Germany) laboratory
batch press. The pressing schedule of 268 s was
divided into five steps. The initial mat thickness
of about 182 mm was decreased to 37 mm in the
first 15 s (Step 1). The press remained in this
position for the next 10 s (Step 2) followed by
the second compression, which decreased mat
thickness to 19 mm at 42 s (Step 3). A slow
compression phase lasting 120 s followed at the
end of which the mat reached its final thickness
of 13 mm (Step 4) at 162 s. The hot platens

remained in this position (Step 5) until 268 s.
The curve-presenting evolution of mat thick-
ness with time can be seen in Fig 2a. The vent-
ing period was not modeled and therefore is
not presented.

From the numerical simulation standpoint, the
densification process can be described as fol-
lows: at each time step, an increment of the
platen displacement is imposed as a Dirichlet
boundary condition at the surface in contact
with the top platen. As a reaction to this solici-
tation, the mechanical model calculates the cor-
responding displacement of each mesh node and
mat geometry is updated accordingly. Because
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(b) evolution of Poisson’s coefficient.

oven-dry mass of the material remains constant
within each element, the oven-dry density evolves
because of the change in volume of each element.
Because mat porosity is a function of oven-dry
density, it is thus time- and space-dependent. Mat
porosity is calculated by the following equation:

-1 (9)

where a correction factor for MDF mats deter-
mined by Belley (2009) multiplies the expres-
sion proposed by Siau (1984) for solid wood.
Heat and mass transfer properties of the fiber
mat, such as thermal conductivity and specific
gas permeability, were presented in Part 1.

CI):l.lx(

Initial and Boundary Conditions

Appropriate initial and boundary conditions for
the heat and mass transfer model were described
in Part 1 of this study. We shall now consider
initial and boundary conditions for the mechani-
cal model.

At the beginning of pressing (1 =ty = 0), the
mat is assumed at rest and stress-free and the dis-
placement field is assumed null. This is expressed
by the following initial conditions:

U@0)=Uy=0 and o(0)=0c,=0 (10)

To mimic press closing (Fig 2a), at each time
step, an increment of displacement field (AU) is
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(a) evolution of mat thickness with time. Venting period is not modeled and therefore is not presented;

imposed at the top surface in the z direction by a
Dirichlet boundary condition (AU is deduced
from the evolution of the mat thickness; Fig 2a).
No movement in the x-y plane is allowed at
the top surface (AUy = AUy = 0). Because we
take advantage of symmetry, the working domain
represents one-eighth of the mat (Figs 1a-b) and
boundary conditions have to be imposed on the
three symmetry planes. The symmetry plane
z = 0 is not allowed to move in the z direction
(AUz = 0). The symmetry plane x = 0 does not
move in the x direction (AUy = 0), whereas
y=0 does not move in the y direction
(AUy = 0). However, they both compress in
the z direction following the movement of the
closing press platen (Fig 1c). The exterior faces
x = 280 mm and y = 230 mm follow the press
closing movement in the z direction and are both
free to expand in the x and y directions (zero
traction, o - 7 = 0, 7 is outward unit normal).

Numerical Coupling of Mechanical and Heat
and Mass Transfer Models

At each time step, the coupled heat and mass
transfer model is solved first. The three non-
linear conservation equations for heat and
mass transfer form a fully coupled system and
are solved together. This system is discretized
in space by the finite element method using
QI finite elements (Bathe 1982; Reddy 2006)
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and is solved by means of Newton’s method
(Kavazovi¢ et al 2010). All material properties
are updated at each nonlinear iteration, except
for the oven-dry density profile, which remains
unchanged at this stage. Once the convergence
criterion is reached, the program provides new
values for the three state variables P,, P,, and
T from which we calculate M. Those updated
variables are then used as input to the mechani-
cal model. Indeed, as they appear in expressions
of the aging elasticity tensor coefficients, those
new values will update the rheological parame-
ters of the mat and be used in calculations of mat
compression. The increment of the press platen
position is imposed (Dirichlet boundary condi-
tion) at the top surface of the mat. The displace-
ment vector field is then obtained as a solution
of the mechanical model, which is discretized
in space by the finite element method using Q2
finite elements (Bathe 1982; Reddy 2006). The
position of each grid point is then updated by the
corresponding increment of displacement vector
(AU). As the grid points move, the volume of
each element eventually changes. Consequently,
the value of oven-dry density of each element
changes too. The new oven-dry density field is
then used to update the mat heat and mass transfer
properties. Hence, we are ready to undertake cal-
culations with the heat and mass transfer model at
the next time step. Details on how the implicit
second-order two-step backward differentiation
formula was applied as a time discretization
scheme can be found in Kavazovi¢ (2011).

RESULTS AND DISCUSSION

To perform successful numerical simulations,
coefficients and expressions for different mate-
rial properties are needed. For example, we pro-
posed a formula to account for extent of resin
cure on MOE (Eq 13 in Appendix 1). More
research is also needed on Poisson’s ratio of the
mat during early stages of compression. Indeed,
at the beginning of pressing, the mat is a loose
material. It eventually gains more cohesion as
pressing progresses. To reflect this transition, an
appropriate formula for Poisson’s coefficient is
needed, especially in the early stages of pressing.
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We attempted to address that issue by proposing
a sigmoid shape function allowing for a smooth
transition from a loose stage to a more cohesive
material (Fig 2b and Eq 14 in Appendix 1).
Experimental data are needed to validate our
hypothesis and have a better understanding of
this phenomenon.

Coupling of mechanical and heat and mass
transfer 3D models allowed for dynamically
predicting development of the vertical density
profile as a function of the pressing schedule.
Figure 3a shows numerical predictions of the
vertical density profile in the panel centerline. At
the early stage, average density rapidly increased
and the vertical density profile appeared uniform
throughout the thickness. About 15 s after the
beginning of compression, a steep density gra-
dient developed close to the surfaces. As press
closure progressed, average density of the mat
increased, whereas mat thickness decreased.
Figure 3a shows the development of a U-shaped
profile with a high-density region near the press
platens, a significantly lower density in the core,
and a transition region in between. Panels pressed
in the laboratory presented an M-shaped profile,
mostly because of resin precure at the surfaces
in contact with the hot platens. The model was
not able to reproduce the M-shaped profile, prob-
ably because of improper capture of the impact of
resin cure on mat mechanical properties. Results
obtained at four representative locations in the
symmetry width—thickness midplane of a 3D
geometry illustrate numerical predictions of
the evolution of oven-dry (Fig 3b) and wet den-
sities (Fig 3c), respectively. As expected, density
of the surface layer increased faster than else-
where. During Step 5 (Fig 2a), the press platens
remained at the same position. Hence, a zero
displacement increment was imposed and the
oven-dry density profile remained unchanged
(Fig 3b). This was expected because we were
modeling linear elastic behavior. There is a
qualitative similarity between our results and
those presented by Wang et al (2001a, 2001b,
2004) for a similar pressing schedule.

Numerical results obtained with the 3D-coupled
mechanical and heat and mass transfer models
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exhibit good overall agreement with experimen-
tal measurements. Figures 4a-b present labora-
tory temperature and gas pressure measurements,
respectively, together with numerically predicted
results. In Fig 4a, the curve labeled SurfaceLab
is the mean temperature measured in the labora-
tory at the surface in contact with the hot platen.
That curve was imposed as a Dirichlet boundary
condition for T at the surface. The curves labeled
CoreModel and QuarterModel were obtained by
numerical simulation and represent temperature
at the center and at one-fourth of the thickness,
respectively. As Fig 4a-b shows, numerically pre-
dicted temperature at the core and at one-fourth
of the mat thickness in the vertical center plane
closely follows evolution of in situ measurements.
In particular, plateau temperatures and time when
they were reached are similar. Numerical results
underestimated average temperature curves. Maxi-
mum discrepancy from the measured average core
temperature was approximately 4% (Fig 4a), and
at one-fourth of the thickness, temperature was
underestimated by up to 8% (Fig 4a).

In Fig 4b, numerical predictions of total gas
pressure (P) at the core and surface locations are
compared with experimental data. Large standard
deviation bars, especially in the second half of
pressing, reveal significant variations of gas pres-
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sure in the laboratory measurements (Fig 4b).
Maximum coefficient of variation was approxi-
mately 6%. Numerical results did not exhibit
any vertical gradient in total gas pressure pre-
dictions. Thus, the curves of predicted P at the
surface and at the core superimpose (curve
labeled Surface&CoreModel) and are identified
by the same symbol in Fig 4b. From the qualita-
tive standpoint, the time evolution of gas pres-
sure was well captured by the model. However,
numerical results overestimate mean value of gas
pressure experimental measurements by 10% in
the case of pressure at the surface and by 15% at
the core (Fig 4b). Nevertheless, compared with
other numerical results in the literature (Zombori
et al 2004; Pereira et al 2006; Thomen and
Humphrey 2006), results obtained in this study
are of similar quality.

When examining numerical results, the absence
of total gas pressure gradient in the vertical
center plane should be noticed. The same phe-
nomenon is observed in most of the publications
presenting numerically predicted total gas pres-
sure (Carvalho and Costa 1998; Carvalho et al
2003; Zombori et al 2003; Pereira et al 2006;
Thomen and Humphrey 2006; Yu et al 2007).
Measurements of cross-sectional gas pressure
reported by Thomen (2000) for MDF mats
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Figure 4. Numerical results obtained. (a) temperature evolution in time: measurements at surface, core, and one-fourth of
the thickness and numerically predicted results at the core and one-fourth of the thickness; (b) total gas pressure evolution in
time: experimental and numerical results at surface and core. Curve labeled Surface&CoreModel was obtained by numeri-
cal simulation, and the two others are experimental results. Vertical bars represent standard deviation from the mean value.
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Figure 5. Numerical predictions of moisture content (MC)
evolution at five equidistant points in the vertical centerline
(BSQ, between surface and quarter; BCQ, between center
and quarter).

validate these numerical results. Nevertheless, we
and the previously mentioned authors observed
the development of a significant horizontal total
gas pressure gradient, especially in the central
plane, which drives the gas out of the mat.

Figure 5 shows the evolution of predicted mat
moisture content (M) at the core, at one-fourth
of the thickness, at the surface, and at the mid-
points between the core and one-fourth of the
thickness as well as between the surface and
one-fourth of the thickness. As expected, mois-
ture content near the press platen drops rapidly
and remains low. The curves of Fig 5 clearly
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illustrate movement of bound water from the
hot surface toward the cooler core region. These
results are in accordance with Yu et al (2007).

Figure 6 summarizes the results for partial air
(P,) and vapor (P,) pressures. Figure 6a shows
that, at the beginning of pressing, air pressure
rapidly dropped in the surface layers, whereas it
remained almost stable in interior layers. At the
same time, because of the evaporation process
taking place close to the hot surface, vapor pres-
sure exhibited the opposite behavior: it increased
at the surface and remained low elsewhere
(Fig 6b). This created vertical (cross-sectional)
partial air and vapor pressure gradients. Because
total gas pressure remained almost constant
during the first half of the pressing (Fig 4b), it
can be concluded that the increase in P, was
proportional to the decrease in P,. Hence, water
vapor replaced air and became the main com-
ponent of the gaseous phase. Development of
vertical P, and P, gradients is clearly visible in
Fig 6. Those gradients drive the molecular dif-
fusion of air and water vapor within the gas
phase. Furthermore, because surface temperature
increased rapidly, evaporation of bound water
was intense in regions close to hot platens. As a
result, M at the surface decreased and local vapor
pressure increased. As seen in Fig 6b, a steep P,
gradient developed. This facilitated the molecu-
lar diffusion of the vapor within the gas phase
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Figure 6. Numerical predictions of partial air and vapor pressure at five equidistant points in the vertical centerline
(BSQ, between surface and quarter; BCQ, between center and quarter). Evolution of (a) partial air pressure and (b) partial

vapor pressure.
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toward the core. Given that the core had a lower
temperature, water vapor condensed and thus
increased the local moisture content (Yu et al
2007). Consequently, the amount of bound water
present in the core region of the mat increased
with time (Fig 5). It takes large amounts of
energy to evaporate the accumulated bound
water. That explains the temperature plateau in
the core (Fig 4a). At t = 160 s, Fig 6 suggests
that almost all the air was replaced by water
vapor in the gas phase. Also, the vertical partial
air and vapor pressure gradients vanished (Fig 6).
Total gas pressure started to increase significantly
(Fig 4b), and a temperature plateau was set at the
core (Fig 4a). This suggests that an intense phase
change of water in the core layer began (Fig 5).
Also, as densification continued, gas permeability
of the mat decreased and contributed to gas pres-
sure build-up, especially in the core layer. That
difference in gas pressure between the core and
the edges resulted in gas flow in the panel’s hori-
zontal plane, which became the predominant
direction of mass transfer. This is in agreement
with observations made by Yu et al (2007).

Numerical Tests

Our goal was to develop a robust numerical tool
able to provide reliable numerical results under
different pressing conditions. After validation of
the numerical results presented previously, the
model was used to perform several tests. For
each time step, the workload was distributed as
follows: one-third of the time for the heat and
mass transfer problem (Newton’s method con-
verged in four or five iterations) and two-thirds
for the mechanical model (conjugated gradient
method preconditioned by successive overrelaxa-
tion). In our case, 3D computations were 5 to
10 times longer than 2D calculations. Because
the number of tests to be performed was large, we
decided to run them on 2D geometry.

2D versus 3D Predictions

When the calculations were performed on 2D
instead of 3D geometry, one can expect some
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changes in numerically predicted results. Details
on impacts of the change from 3D to 2D can
be found in Kavazovi¢ (2011). The 2D and 3D
results were very similar during the first half of
pressing, but some differences occurred in the
second half, mainly in the plateau values of the
variables. These differences were most likely
caused by the small in-plane size of laboratory
panels (0.56 x 0.46 m), which enhanced bound-
ary effects (better venting in 3D). For instance,
at the core, total gas pressure in 2D was 20%
higher than in 3D. Also, in 2D, the plateau value
for M increased by a maximum of 3%, whereas
the increase of T was about 5%. However, oven-
dry density predictions do not appear to be
affected by the transfer from 3D to 2D geometry.

Convergence with Mesh

We verified that the solutions converge when
the 2D mesh is refined. Numerical simulations
were run using the laboratory pressing schedule
with a time step of 0.1 s and the computational
domain representing one-fourth of the mat. Cal-
culations were performed on a series of uniform
rectangular meshes with an increasing number
of elements. We worked on the following 2D
grids in which the first number stands for the
amount of elements in the width (x) direction
and the second number stands for the amount
of elements in thickness (z): 16 x 16, 32 x 16,
64 x 32, 128 x 64, 256 x 128. Convergence
with an increasing number of elements was
observed very quickly. Also, a study was con-
ducted to determine the impact of the layout of
elements in a finite element grid (Kavazovic
2011). A nonuniform 2D mesh with 24 rect-
angular elements in the width direction and
20 elements in the thickness direction was cre-
ated representing one-fourth of the mat. A geo-
metric progression with the common ratio of
0.9 was used to concentrate the elements toward
the boundaries (hot platen and exterior border).
Results obtained with this grid were compared
with those obtained with finer regular grids:
64 x 32, 128 x 64, 256 x 128. Comparisons
revealed very good agreement among the results,
suggesting that a coarse grid with elements
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concentrated in appropriate areas of the mat
could adequately capture the evolution of physi-
cal phenomena.

Impact of Time Step Length

The impact of time step length on results was also
examined for the laboratory pressing schedule.
Tests were performed on two 2D grids (32 X
16 and 64 x 32) with different time steps: 0.025,
0.05, 0.1, 0.2, 0.4, and 0.5 s. We used an implicit
second-order backward finite difference scheme
for time discretization. This study revealed that
the solutions converge with a decrease of time
step and that it had very little impact on the solu-
tions. This suggests that the combination of finite
element method and implicit second-order back-
ward finite difference scheme allows one to use
larger time steps without losing accuracy. In our
numerical simulations, a time step of 0.5 s was
often used in 3D and time steps of 0.1 and 0.5 s
in 2D.

Pressing Schedules

Cold pressing tests (platens at T = 25°C) were
performed with a 64 x 32 grid for different
pressing schedules with a time step of 0.5 s.
Because the temperature of the platens was
equal to ambient temperature, there was neither
heat nor mass transfer. However, the closing
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press platens induced mat densification with time.
Numerical results for cold pressing systemati-
cally produced flat vertical density profiles. This
was the expected behavior in these conditions.

Robustness and flexibility of the global model were
tested in different pressing situations. Numerical
simulations were carried out for seven different
pressing schedules on several grids. However, we
only present some of the results obtained with a
64 x 32 grid for a few pressing schedules with a
time step of 0.1 s.

Figure 7 shows four different pressing schedules.
The press closing dynamics from our laboratory
experiments were used as reference for qualita-
tive comparisons with three other pressing sched-
ules: one-, two-, and four-step pressing schedules,
respectively (Fig 7). All pressing schedules were
simulated across a period of 268 s.

One-step closure simulated a rapid compression
in which the mat reached a final thickness of
13 mm after 20 s. The press platens remained at
the final position until the end (Fig 7; curve
identified as 1 Step). For this one-step closure,
the time of first compaction was estimated at
18.6 s. We defined time of first compaction as
the moment when the mat reached 1.9 times its
final thickness. This parameter was used in our
definition for time evolution of Poisson’s ratio
(Appendix 1, Egs 14 and 15). The time of first
compaction was estimated at 71 s for the two-step

01

009

008

007 A

0.06 -

005 A

004 4

Mat thickness (m)

003 4
002 4

001 A

K Lab

Q 1 Step
02 Steps
44 Steps

0 30 60 90 120
Time (s)

150 180 210 240 270

Figure 7. Evolution of mat thickness as a function of four different pressing schedules.
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pressing schedule and 158.5 s for the four-
step schedule.

Typical tendencies at the core for oven-dry den-
sity, temperature, moisture content, and total gas
pressure fields are presented in Fig 8. One-step
closure densified the core region the most rapidly
(Fig 8a), hence increasing thermal conductivity,
which resulted in somewhat faster increase of the
core temperature (Fig 8b). The higher tempera-
ture accelerated the moisture evaporation process
in the core region (Fig 8c). As a result, a slightly
higher gas pressure was produced in the core
region in early stages of pressing (Fig 8d).
Figure 8c suggests that final moisture content in
the core region was lower when the one-step
press closure was applied. Nevertheless, final gas
pressure did not appear to be higher than the one
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obtained when the laboratory pressing schedule
was simulated (Fig 8d).

Two-step and laboratory press closing programs
had the same characteristics and resulted in
similar evolution of temperature, moisture con-
tent, and total gas pressure fields in the core
(Fig 8b-d). However, oven-dry densities (Fig 8a)
exhibited a different behavior. Indeed, because
a linear elastic mechanical model was used, the
development of oven-dry density was heavily
influenced by press closing dynamics.

The four-step closing schedule compressed the
mat slowly, causing moderate densification of
the core (Fig 8a). This adversely affected ther-
mal conductivity increase. Therefore, notice-
able delays occurred in temperature evolution
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Effect of four different pressing schedules on evolution of 2D numerical results at the core location for (a) oven-

dry density, (b) temperature, (c) moisture content (MC), and (d) total gas pressure.
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(Fig 8b) when the four-step closing was applied.
This eventually slowed down mass transfer toward
the core (Fig 8c). As a result, phase change started
later than for the other pressing scenarios. Also,
a low core density resulted in higher gas perme-
ability. Thus, when all these factors were com-
bined, significant delays occurred in pressure
build-up when the slow four-step schedule was
simulated (Fig 8d).
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Evolution of 2D Profiles

Figure 9 depicts evolution of 2D profiles of T,
M, and P,. Results are presented on one-half of
a 2D geometry in which full thickness and a
half width were considered. Top and bottom hot
platens compressed the mat from the left and right
sides, respectively. Therefore, thickness is repre-
sented by the smaller sides of the rectangle. The
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Figure 9. Evolution of 2D profiles for temperature, moisture content (MC), and partial vapor pressure.
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small side closer to the viewer is the boundary at
which exchange with ambient air occurs. Hence,
the symmetry (core) plane is represented by the
small boundary located far back on the graph. All
graphs in Fig 9 display computational domain
meshed by a 256 x 128 element grid. Domain
thickness decreased with time as press platens
compressed the mat following our laboratory clos-
ing schedule. Nevertheless, for the sake of clarity,
width of the displayed solution surfaces was kept
constant with time.

A time step of 0.1 s was used in calculations,
and numerically predicted results are presented
at 30, 125, 175, and 260 s. Graphs of T, M, and
P, presented in Fig 9 show development of ver-
tical gradients for the three variables. After 175 s,
an interesting transition happened in the P, field
predictions (image was rotated 90° clockwise).
Indeed, the P, gradient across thickness appeared
to vanish and a horizontal P, gradient started to
develop. At t = 260 s, the gradient across thick-
ness completely disappeared and an in-plane
horizontal gradient was well established, driving
the gas phase out of the mat. At the same time,
the temperature field still showed a gradient across
thickness, whereas moisture content exhibited both
a very pronounced gradient across thickness and a
weak in-plane horizontal concentration gradient.

CONCLUSIONS

The main purpose of this study was to describe
the methodology developed and solution strat-
egy implemented to simulate MDF hot pressing
on a moving domain. The proposed global
model combined the finite element method with
an implicit time scheme providing more flexi-
bility in the choice of time step. An elastic con-
stitutive law for aging material was used.

Results predicted by the global model for 7" and
P exhibited good overall agreement with labora-
tory batch press experimental measurements.
Temperature evolution and formation of charac-
teristic temperature plateaus are well captured.
Gas pressure gradient developed in the horizon-
tal plane, whereas numerical results revealed the
absence of the vertical gas pressure gradient in
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the center plane. The model also produced valu-
able predictions for variables of interest that are
difficult to measure in the laboratory such as
evolution of density profile, partial air and vapor
pressures, moisture content, RH, and degree of
resin cure. During the first half of pressing, par-
tial air and vapor pressure gradients were well
developed in the cross-sectional direction. They
vanished in the second half of pressing, and
horizontal vapor pressure gradient developed.

The cross-sectional density profile played an impor-
tant role in the evolution of rheological properties
and inner conditions of the mat. Development of
the vertical density profile was well predicted by
our simple mechanical model, but improvements
are required. A better knowledge of mat rheologi-
cal properties is needed, especially at low-density
values in the early stages of pressing to better
capture the development of the density profile in
the vicinity of the press platens and to consider
the venting phase of the pressing cycle.

Local rheological mat conditions change in space
and with time and are functions of mat density,
temperature, moisture content, and adhesive cure.
We considered the effect of adhesive cure on
rheological mat characteristics. This proposed
expression is only the first step in characteriza-
tion of this complex relationship. A sensitivity
study would be one way to investigate the rela-
tive importance and influence of resin cure on
mat rheological properties and numerical results.
Furthermore, the evolution of mat Poisson’s
ratio during the early stages of pressing definitely
requires more investigation. We proposed an
expression allowing for a smooth transition and
increase of Poisson’s ratio as a function of mat
thickness. However, it would be interesting to
further explore the correlation between Poisson’s
ratio and local density.

The present model provides reasonably reliable
insight into complex dynamics of rheologic and
heat and mass transfer phenomena occurring during
hot pressing of fiber mats. It was tested under vari-
ous pressing scenarios, and numerical results sys-
tematically showed reasonable tendencies. Our
global model and finite element code proved to
be robust tools to conduct further case studies.
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Nomenclature
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Partial nomenclature is presented here, whereas complementary information can be found in

Nomenclature of Part 1 of this study.
t = time [s]
x = length [m]
y = width [m]
z = thickness [m]
T = temperature field [K]; a state variable
calculated by the model
P, = partial air pressure [Pa]; a state variable
calculated by the model
P, = partial vapor pressure [Pa]; a state
variable calculated by the model
U = displacement field [m]; a state variable
calculated by the model
P = total gas pressure [Pa]
M = moisture content [dimensionless]
h = relative humidity [dimensionless]
pop = oven-dry density of the mat [kg/m3 ]
® = porosity of the mat [dimensionless]

3
pmaT = wet density of the mat [kg/m ]

o = resin cure degree [dimensionless]
E.; = modulus of elasticity [Pa]
Ex = modulus of elasticity in the x
direction [Pa]
Ey = modulus of elasticity in the y
direction [Pa]
E; = modulus of elasticity in the z
direction [Pa]
Gxy = modulus of shear stress in the x-y
plane [Pa]
Gyz = modulus of shear stress in the y-z
plane [Pa]
Gyxz = modulus of shear stress in the x-z
plane [Pa]
Poisson = Poisson’s coefficient of compression
[dimensionless]
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APPENDIX 1

The fourth-order elasticity tensor £ can be written
as a6 x 6 symmetric matrix and a relation between
stress and strain can be expressed as follows:
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O3 =1 vsi+vavez vz +vaviz 1 —wmvp £23
613 E>E3S EE>S E\E>S £
O12 0 00 Gya O 0 €12
0 0 0 0 Giz O (11)
0 0 0 0 0 Gpp
with § = (I — 2vyv3pvi3 — vizvai—  Variation of the Poisson coefficient is a delicate

E\ExEs
vo3vzy — Viavp1). The different parameters
depend on temperature 7 and moisture M first
through the relation

Ee]: 1.515
-10% exP{A+PMAT -exp(B) —ln(lpgé\;) }
(12)

with
A=a;-M-100+ by - (T —273.15) + cy;

B=a) M-100 + by - (T —273.15) + ¢

and where the constants a;, b;, ¢;(i = 1,2) can
be found in von Haas (1998) and Thomen
et al (20006):

a; =422-1072,by = —2.74-1072,¢; = 3.25
a=—-1.86-1072,0,=3.24-1073, ¢, = —5.10

Assuming MDF as a plane isotropic material
and directions X and Y (1 and 2) to be the
plane of isotropy, we further have E; = E,

Gy =Gz, G = m» Vio = V1, Vo3 =

vz = vi3 = v3; (Ganev et al 2005). We also
assumed that the elasticity coefficients
depended on the resin cure degree o (defined in
Part 1) as

E\=E,=E,- (1 +32-a); E3=E,; (13)

issue. We defined the time of the first compac-
tion f;. as the moment in time when the mat
reached 1.9 times its final thickness. That was
the moment when we estimated that the mat
gained sufficient cohesion level and set its
Poisson’s ratio to a nominal value (which in our
case was 0.25). We therefore set

0.25 - F,
0.25

F <1

Poisson = { P>l

Fi = 213- [1—\}5]

where

t
b:1+7-exp<27- [—1} —1)
Ife

In the case of our laboratory pressing schedule,
t. was estimated at 35 s. Evolution in time of
the resulting Poisson’s coefficient can be seen
in Fig 2b. Finally, we set

Vi2 = vo3 = Poisson (16)
E,
G = ;
272 (1 + Poisson)
E;
Gs;=G 17
b ¥2. (1 + Poisson) (17)

Parameters related to heat and mass transfer
model were presented in Part 1 of this study.
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