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Abstract
This report summarises a research project carried out at Forintek Eastern Laboratory on Investigation o f 
MDF Press Strategies to Reduce Press Time. The scope of the research includes theoretical analysis of 
MDF hot pressing process, development of a computer simulation model for MDF continuous hot press, 
parametric study of hot pressing process using the simulation model, and experimental works on 
microwave pre-heating of the fibre mat. As results of the research project, a comprehensive computer 
simulation model was developed. The following conclusions can be made based on the theoretical and 
experimental works of this project:

• The computer simulation model is capable of analysing the hot pressing process and predicting 
the evolution of important pressing parameters including temperature responses, gas pressure, gas 
density, gas flow velocity, moisture content, load and stress, and density profile development in 
different location of the fibre mat. The predicted data agree well in trend with the observations 
from the industrial MDF continuous presses.

• The parameters significantly affecting the hot pressing time include panel density, initial fibre 
moisture content, initial fibre mat temperature, pressing temperature and width of the fibre mat.

• Other hot pressing parameters, such as the initial closing speed and the temperature difference 
among different pressing zones, have no significant effects on the hot pressing efficiency.

• Microwave pre-heating of the MDF fibre mat, not only increase the initial mat temperature, but 
also re-distribute the moisture towards the mat surface.

• Microwave pre-heating induces an earlier increase of the core temperature in the MDF fibre mat 
and a greater rate of temperature increase.

• As a result of microwave pre-heating, the pressing time can be substantially reduced, leading to 
an increase in production efficiency.
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1 Objectives

Objectives of the research project are:

• To investigate and understand the key process parameters that contribute significantly to the 
efficiency of the hot pressing of MDF;

• To develop a computer model to simulate the hot pressing process of MDF;

• To identify and develop novel methods to improve the efficiency of hot pressing;

• To carry out process optimization with a parametric study using the computer simulation model 
and statistical software.

2 Background

The wood composite industry has been continually looking for opportunities to increase its process 
efficiency. One of the key areas that affect production efficiency is the production rate in the hot press. 
Considerable research has been conducted theoretically and experimentally in the area of wood 
composites hot pressing, including medium density fibreboard, with the intention to reduce pressing time 
and improve panel properties. This chapter of the report summarises the previous work in the area and 
provides some background knowledge and understandings for the project.

Many researches have been earned out relating to the hot pressing process of wood composites. They can 
be classified into three major research areas:

1. Studies on the fundamental material characteristics and behaviour in relation to the hot pressing 
process.

2. Experimental work related to the hot pressing process and methodology of wood composites.
3. Computer modelling and simulation of hot pressing processes.

2.1 Previous Studies on the Fundamental Material Characteristics and Behaviour 
Related to Hot Pressing

Hass et al (1998) conducted a series of tests to quantify the permeability of wood composite mats. 
Darcy’s law was applied to describe the heat and moisture transfer under the influence of a pressure 
gradient during hot pressing. As they discussed, the permeability constant of Darcy’s law only depends 
on the structure of the material. The permeability parallel to the surface influences the rate of venting at 
the end of the pressing cycle. The vertical permeability is important for the convective transfer of heat 
into the core layer. The permeability of fibre, particle, and strand mats with densities varying between 300 
and 1100 kg/m3 was experimentally determined. The mats were pressed with UF resin to a homogenous

B Forintek 
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density profile. The test results showed that at lower densities, the horizontal and vertical permeability of 
the fibre mats and the vertical permeability of OSB mats are distinctly lower than the permeability of 
particle mats. Particle mats made from surface material are less permeable than those made of core 
particles. However, at higher densities, fibre mats revealed the highest permeability followed by surface 
and core layer particle mats and strand material. At higher densities, mat permeability decreases with 
increasing glue and moisture contents. The pressing temperature does not influence the permeability.

Haas (2000a) investigated the compression behaviour of fibre, particle and strand mats in a density range 
varying from 280 to 1100 kg/m3. The temperature and moisture distribution of the mat was 
homogeneous. The results suggested that the velocity of compression and the glue content have scarcely 
influenced the compressibility. The compressibility is increased with increasing temperature and 
moisture until a certain combination of temperature and moisture content. The stress cannot be reduced 
with increasing temperature and moisture above this combination of temperature and moisture content. 
The compressibility of strand mats is lower than the compressibility of particle mats followed by fibre 
mats.

Lenth (1996a, 1996b) carried out a study to investigate the flakeboard mat consolidation. He developed a 
method for quantifying the cellular structure of a flakeboard mat and tested the applicability of theories 
designed to predict the compressive stress-strain behaviour of cellular materials for modeling the 
consolidation of a wood flake mat. The result of the work suggested that theoretical models developed 
for the stress-strain relationships of cellular foams were fairly effective in predicting the stress-strain 
relationships of wood flake mats at strains less than 70%. At higher strain levels, the relative density 
surpassed the initial flake density, causing a violation of model assumptions and forcing the predicted 
stress levels to increase asymptotically.

Hass (2000) studied the thermal conductivity using an unsteady state method. Fibre and particle mat and 
boards with densities varying from 300 to 1100 kg/m3 and a homogenous density profile were used for 
the testing. The result showed that boards have 20 to 30% higher thermal conductivity than mats. The 
thermal conductivity of boards pressed at a temperature of 105°C is higher than the thermal conductivity 
of boards pressed at 20°C. Furthermore, the thermal conductivity of boards with either 5% or 11% glue 
content is equal if taking spring back into consideration.

2.2 Previous Experimental Work Related to the Hot Pressing Process and 
Methodology

In order to understand the behaviour of wood composite panels during hot pressing in batch and 
continuous press systems, Steffen and his colleagues (1999) conducted an in situ experiment to test the 
pressing pressure, gas pressure and heat transfer into the mat in an industrial MDF continuous hot press. 
A miniature pressure transducer covering a range of 0 to 7 bar differential gas pressure was embedded in 
a plastic case for thermal insulation. The thennocouples were mounted on the steel tube and inside the 
insulation case. The steel tube was pushed into the fibre mat between the pre-press and the hot press. 
The entire equipment including the cable traveled through the hot press and was disconnected behind the 
press. The test result showed that the measuring equipment appeared to be reliable and the pressing 
conditions in an industrial continuous hot press could be deducted. They also concluded that the 
pressurization of air resulting from the initial mat compaction may influence the thennodynainic 
behaviour of the gas mix in the mat and the thermodynamic properties of the pressurized gas mix have to 
be characterized with regard to their effects on heat transfer in the mat.

R Forintek 
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Matuana (2003) conducted an experiment using a novel approach to explore the concept of combining a 
thermally conductive carbon fdler material (e.g. synthetic graphite) with wood particle and flakes as a 
means to promote resin cure. In the experiment, a high-purity synthetic graphite (99.9% carbon) at 
dosage rate of 1.7% of oven dry weight of wood particles was used. The experimental results indicated 
that synthetic graphite does not act as a catalyst. Rather, graphite allows a faster resin cure by 
accelerating the heat (higher temperature) into wood composites due to its higher thermal conductivity 
(600 W nf’K"1) as compared to the low thermal conductivity of the wood (0.2Wnf'K'1). As a result, the 
core temperature of the mat reached 121°C after only 225 seconds when synthetic graphite was 
incorporated into the PF resin compared to 270 seconds for panels without synthetic graphite.

Vinogradov (1987) conducted an experimental work on the application of vibrations (at 50Hz) during hot 
pressing of particleboard. The results of the experiment showed that vibration reduces the energy 
consumption by 6%. However, the experimental work was exploratory and limited and the author 
believed that further studies are needed on the rheological properties of the mat in order to determine the 
optimum vibration parameters.

Wong et al (1998, 1999) studied the effects of mat moisture content and press closing speed on the 
formation of density profile and its effects on the properties of particleboard. Although the results 
obtained were from laboratory particleboard panels, the trends are consistent with general observations in 
the MDF industry. With their experiment, two types of particleboards bonded with MDI resin were 
made. One was made with conventional U-shaped profile and the other was made with uniform vertical 
density profile (home-profile) at various density levels. The relationships between the mat moisture 
content, press closing speed and density profile were observed and the results showed that:
a) The peak density of particleboard could be increased, with a slight reduction in the core density, using 
mats with different moisture distributions.
b) In a conventional density profile, core density and peak density were highly dependent on the board 
mean density; the gradient factor, peak distance from the faces, and peak base are significantly correlated 
to each other at a 99% significance level.
c) Greater press closing speed reduces peak distance from the faces and peak base, with an increase in 
the gradient factor.
d) Greater press closing speed could increase the peak density in board of low mean density with 
minimal effect on core density.
e) The MOE from mats with high moisture content near the faces were consistently higher than those 
from mats with uniform moisture content, irrespective of the press closing speed, whereas their MOR 
became indifferent at higher mean density under slow and fast closing speeds. In home-profile board, 
MOR, MOE, IB and screw withdrawal resistance were highly correlated to the board mean density.

Furthermore, results from studying the relationship of the density profile and board properties showed 
that:
a) The bottom limit of the board density was 250 kg/m3, based on the correlation regressions between 
mechanical properties and mean density.
b) At equal mean density level, the MOR and MOE of the conventional particleboard are higher than the 
home-profile boards, due to the higher density near the faces. However, the reverse was true for IB, 
owing to the presence of the low-density core in the former.
c) The net impact of peak density on MOR and MOE was greater at higher mean density level while 
raising the core density results in more pronounced improvement in IB at lower density.
d) In addition to the compaction ratio, the dimensional stability of the board is also affected by the peak 
area and mat moisture content.
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Fukino et al (2000) conducted an experiment producing laboratory scale strand-particle board (SPB) 
using unoriented strands for the surface layers and unoriented particles for the core layer. The effect of 
initial pressure on physical properties under conditions of constant surface moisture content (17%) and 
press temperature (200°C) were investigated. The initial pressure was set at three levels (3, 4, 5 MPa) by 
controlling the press closing speed. The results showed that the effective pressing time (EPT) was 
significantly shortened and the thickness swelling was significantly reduced when initial pressure was 
4 MPa or more. The thickness swelling was the lowest when the initial pressure was 5 MPa. It appeared 
that the decreases in thickness swelling at 4 MPa or more were due to restraint of irreversible swelling by 
the surface layers. In addition to surface mat conditions (strand thickness, moisture content) and press 
temperature, selection of a suitable initial pressure to shorten the EPT was effective in reducing 
thickness swelling.

Andrews et al (2001) studied the influence of furnish moisture content and press closure rate on the 
formation of the vertical density profile in oriented strandboard. They examined the relationship of the 
formation of the vertical density profile in oriented strandboard as influenced by furnish moisture content 
and press closure rate. The results showed that furnish moisture content strongly influence the density in 
all zones and the density profile in the intermediate zones. Press closure rate strongly influenced the 
density in the face zones and density profile in the face and intermediate zones. The density profile in the 
core zone were unaffected by furnish moisture content or press closure rate.

Wang et al (2000a, 2000b & 2000c) developed a radiation-based system and measured the density of 
flakeboard mats during consolidation. This is to build in situ cross-sectional density distributions of 
flakeboard mats with pressing time. The pressing schedules included theoretical laboratory pressing 
schedules and schedules simulating industrial pressing. All tests were conducted at either ambient or 
204°C temperature. The results demonstrated that the stress relaxation during hot pressing after the press 
reached final position was much quicker than during cold pressing. The peak stress during hot pressing 
slightly decreased as the press closing time increased. The results also suggested that there was no clear 
indication that the maximum gas pressure attained is affected by the press closing time. The authors 
speculated that there was not a steady state for resin cure and bond formation at any time during the press 
cycle, even after the press reached final position. The more severe the unsteady phase during hot 
pressing, the poorer quality of the bond formation; and that any method that could reduce the unsteady 
contacting phase during pressing should result in better bond formation and consequently better panel 
properties.

In another study, Wang et al (2001) further studied step-closing pressing of MDF (two or more stages of 
closing as compare to single stage closing) and its influence on panel performance and layer 
characteristics. The end-product performance, especially the layer thickness swells and its relationship 
with layer density was studied. The result showed that step-closure schedules increased internal bond 
strength and core density, and decreased the face density, resulting in lower bending strength. 
Furthermore, greater core density did not provide higher internal bond strength since an unsteadier phase 
in the mat during pressing resulted in poorer quality of the adhesive bond formation. The layer thickness 
swell after three water exposure times was significantly and positively related to layer density in all 
panels studied. The greater thickness swell in the surface layers of MDF suggests that efforts to improve 
dimensional stability of MDF should be focused on stabilizing the high-density surface layers.

Xu and Hua (2002) described an experimental work and its results on producing particleboard with 
steam-injection-vacuum pressing (SIVP) and PF resin system. Comparing the process parameters and the 
properties of the panel made by SIVP with that made from the conventional pressing techniques, the
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results showed that by SIVP, the board pressing time could be shorten to 35% of that in conventional 
pressing and major panel properties were significantly improved. The thickness swell was decreased by 
33%, IB was increased about 15% and formaldehyde emission of the panels was reduced by 24%. 
However, MOR and MOE were reduced by 12.4% and 5.8% respectively.

2.3 Computer Modelling and Simulation of the Hot Pressing Process

Modeling on heat and moisture content transfer during hot pressing of a mat have been comprehensively 
reported by many researchers including Thoemen and Humphrey (2003), Bolton et al (1989 a, b, c), 
Haselein (1998), Heiko (2000), Luisa et al (1998), Toshimitsu (1993). The mechanical model was 
previously studied and documented by Hubert and Dai (1998), Thomas et al (1987), Timothy and 
Winistorfer (1996), Wang et al (2000), Dai et al (2000) and Andrews et al (2001).

Harless et al (1987) developed a computer simulation model to predict the density profile of 
particleboard. It simulated the physical and mechanical process that occur in the press and mat system. 
Heat conduction, gas transport, layer compaction, and water phase changes were included in the model. 
Inputs for this model include platen temperature and press closing rate. However, thermal properties 
were taken from general literature and changes in press closing rates resulted in the density profile 
predicted from the model contradicted to the expected pattern.

Bolton and Humphrey (Bolton 1989; Humphrey 1989; Bolton 1989a; Bolton 1989b) developed a 
simulation model for the hot pressing of dry-formed wood-based composites. The theoretical model 
described the heat and moisture transfer, conduction, the phase change of water from the adsorbed state to 
the vapour state, and convection. It predicted the flow of vapour and the conduction of heat, the variation 
of temperature and vapour pressure, variation of moisture content and relative humidity within a 
particleboard mattress during the hot pressing operation. The model was based on a cylindrical model 
board divided into 10 horizontal laminae with each lamina consisting of a central cylinder and nine 
surrounding concentric annuli. The predicted data were in good agreement in trend with those observed 
experimentally.

Humphrey and Thoemen (2000) described a model of continuous pressing Although no detailed 
mathematical description was given they summarised some of important physical mechanisms that are 
incorporated in the model, including air and vapour convection and diffusion, density profile 
development, and adhesive bond strength development. As a result, the model was capable to predict the 
evolution of important variables including temperature, moisture content, air and water vapour pressure, 
density profile, and adhesive bond strength. Laboratory techniques to provide the necessary input data for 
the model were also summarised. The measured properties include hygro-thermo-compressibility, gas 
permeability and dififusivity, thermal conductivity, and adhesion kinetics.

Zombori et al. (2001, 2003) developed a two-dimensional mathematical model to describe the internal 
conditions during the hot-compression of wood-based composite panels. Live primary variables were 
considered during the model development, including air content, vapour content, bound water content, 
temperature within the mat and extent of the cure of the adhesive system characterized by the cure index. 
The model considered that the heat was transported by conduction and convection due to a temperature 
gradient, while the water phases were transported by bulk flow and diffusion due to total pressure and 
partial pressure gradients. The mathematical model was capable of predicting temperature, moisture
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content, partial air and vapour pressures, total pressure, relative humidity and extent of adhesive cure 
within the mat structure under a typical hot-compression process.

Petrovskii (1996) developed a mathematical model for hot pressing of particleboard based on the data 
obtained from the mill studies. The model, based on multiple regression principle, was used in 
computerized multicriterial analysis at a Russian particleboard mill to reduce pressing time and board 
thickness variation, and improve bending strength. The model is in the format of linear regression 
equation with seven independent variables (factors):

Moisture content of resinated surface layer particles 
Moisture content of resinated core layer particles 
Mass of the mat
Hot pressing time at maximum pressure 
Time for gradual pressure reduction 
Time reduction in the open press without pressure 
Temperature of the press platens.

2.4 Factors that Affect the Hot Pressing Efficiency

As discussed in previous sections, considerable research has been conducted in the extensive 
area of material behaviour and characteristics, process methodology, and computer simulation 
related to hot pressing of wood composite panels. However, most of the work was carried out in 
one particular area and hardly a comprehensive research that covers all three areas mentioned 
above can be found. With respect to this research project, we will investigate most of the factors 
that affect the hot pressing efficiency of MDF panels. These factors include:

• Hygro-thermo-compressibility as related to:

Air content 
Vapour content 
Bound water content
Temperature (hot pressing temperature and fibre mat temperature).

• Gas permeability and diffusivity as related to:

Moisture content of mat (water phases are transported by bulk flow and diffusion due 
to total pressure and concentration gradients)
Fibre geometry
Fibre density or porosity
Wood permeability related to specific species.

B Forintek 
Canada 
Corp.

6 of 141



Investigation of MDF Press Strategies to Reduce Pressing Time

• Thermal conductivity as related to:

- Temperature (heat is transported by conduction and convection due to temperature 
gradients)

o Fibre mat temperature before pressing 
o Press temperature

Wood conductivity related to specific species 
Dimension of the mat
Conductivity of the hot press system (steel belt, rods, protection plates and heat 
element, etc.).

3 Staff

The following staff from Forintek carried out the research project:

James Deng 
Changming Yu 
Yongqun Xie 
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4 Simulation of the MDF Mat Behaviour during 
Continuous Hot Pressing - Part I: A Physical- 
Mathematical Model

4.1 Scope

A computational simulation generally consists of four parts as shown in Figure 4.1

Physical-mathematical model 
(set of differential equations)

▼

Figure 4.1 Flowchart of a typical computational simulation process

In this technical report, we will document the work carried out on the physical-mathematical model 
(Chapter Four), numerical scheme of the model and typical simulation results (Chapter Five).
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4.2 Notations

C Coefficient of the potential-law used in equation (3)
or a factor expressing the influence of mat density on the porosity of the fibre mat in 
equation (6)

Co Coefficient of the potential-law using equation (3) for ambient temperature 
Cj A factor expressing the influence of temperature on stress in the mat
Cmc A factor expressing the influence of moisture content on stress in the mat
Cmct A coefficient reflecting the coupled effect of temperature and moisture content on the stress 
Cs Specific heat of solid medium in the mat 
Cg Specific heat of gas medium in the mat 
Cmat Specific heat of the mat
Cwood Specific heat of the wood
Cdry Specific heat of dry wood in the mat
Cwater Specific heat of water
E Elastic modulus

•

Eevap Evaporation rate of water
F Area of heat transfer between the solid and gas medium in the unit volume of the mat
G Gibbs free energy
Hini Initial height of the mat
Head Final height (target thickness) of the mat
H(x) Height of the mat at the distance x in Euler coordinate system
Hfg Latent heat from water to vapour
Hgi Latent heat from bound water to free water
Hg2 Latent heat from free water to vapour
Hi Mat thickness at the first frame of the press
Ky Permeability along y direction in the mat
Kz Permeability along z direction in the mat
Kp Permeability of the mat
Ksy Solid medium thermal conductivity along y direction in the mat
Ksz Solid medium thermal conductivity along z direction in the mat
Kmat Thermal conductivity of the mat
Kqy Gas medium thermal conductivity along y direction of the mat
Kqz Gas medium thermal conductivity along z direction of the mat
Kg Gas medium thermal conductivity in the mat
Li Length of the mat in the pre-compress or infeed section of the press (the wedge compactor)
Lf Length of the mat at each frame of the continuous hot press
MC Moisture content of the mat
MCfSp Moisture content at the fibre saturation point
MCjni Initial moisture content of the mat
MC(z) Moisture content distribution along z direction in the mat
Mv Saturation moisture content
MW Molecular weight
MWa Molecular weight of the air
MWV Molecular weight of the vapour
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Pg Gas pressure in the mat
Pa Air pressure in the mat
Pv Vapour pressure in the mat
Pg ini Initial gas pressure in the mat 
Pa>i„i Initial air pressure in the mat 
Pv ini Initial vapour pressure in the mat 
Pi Vapour pressure at state 1
P2 Vapour pressure at state 2
Psat Vapour pressure at saturation state
R Universal gas constant
RH Relative humidity of the gas
Ret Contact thermal resistance between the steel belt and the mat
Rbeit Thermal resistance of the steel belt
Rrod Thermal resistance of the rolling rod
Rpp Thermal resistance of the protective plate
RhP Thermal resistance of the hot plate
Rsura Sum of the thermal resistance from the heating oil to the centre of the rolling rod
T Temperature
Tamb Ambient temperature
Tbcit Steel belt temperature
Tbcitt Top steel belt temperature
Tbcitb Bottom steel belt temperature
Tg Gas medium temperature in the mat
Ts Solid medium temperature in the mat
Tmat Mat temperature
T(z) Temperature distribution along z direction in the mat
Tsat Vapour saturation temperature
T0ji Oil temperature in the tube in the hot plate
Thp Hot plate temperature
Tpp Protective plate temperature
Trod Rolling rod temperature
Umat Feed speed of the mat
Ubeit Steel belt velocity
Urod Rolling rod velocity
W Width of the mat

ax Temperature coefficient of the specific heat of wood
m An exponent of the potential-law used in equation (3)
mo An exponent of the potential-law at the ambient temperature used in equation (3)
mi An exponent reflecting of temperature on the stress in the coupled effect of temperature and

moisture content
m2 An exponent reflecting of moisture content on the stress in the coupled effect of temperature 

and moisture content
qy Heat flux along y direction in the mat
qz Heat flux along z direction in the mat
•

q Heat generation rate in mat
t Time
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uyg Effective horizontal gas velocity along y direction in the mat 
vzg Effective vertical gas velocity along z direction in the mat 
x Coordinate position along x direction
y Coordinate position along y direction
z Coordinate position along z direction

a  Convective heat transfer coefficient between the solid and gas medium in the mat
a h Angle of the wedge compactor
8 beh Thickness of the steel belt
s  Deformation of the mat or the porosity in the mat
s M Initial porosity in the mat
s cw Porosity of cell wall in the wood
p  Density
p im Initial density of the mat
p cw Density of the cell wall in the wood

Pdrv (x) Dried mat density
/?, Density of the solid medium in the mat
p a Density of the gas medium in the mat

p a Density of the air in the gas medium
p v Density of the vapour in the gas medium
p dry M Initial dried mat density

p s im Initial density of the solid medium in the mat

Pg M Initial density of the gas medium in the mat

pmat M Initial density of the mat

Pmat,end Final density ° f  the mat
p belt Steel belt density

p WOOd Wood density
p  Dynamics viscosity
a  Stress
<Jini Initial stress
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4.3 Statement of the Problem

The questions that should be answered by the simulation are the thermal and mechanical responses of the 
MDF mat under the following specified conditions:

Structural parameters of the continuous press, such as effective working width, the number and 
geometry of the press frames, geometry of infeed system (the wedge compactor), etc.
The operating parameters of the infeed system (wedge compactor or other type of feeding system at 
the inlet of the press) and the hot press, such as the speed of steel belts, MDF mat final thickness, etc. 
The parameters of the MDF materials, such as initial moisture contents of fibre mat, original density 
of the mat, physical properties of MDF mat, including the thermal conductivity, permeability, specific 
heat, etc.

Detail specified conditions used in the model are described in the proceeding section of the unique 
conditions. Thermal and mechanical responses should consist of the mat temperature distribution, air, 
vapour and gas pressure, fibre mat moisture contents distribution and mat density distribution.

4.4 Hypotheses and Practical Considerations

To establish a reasonable physical-mathematical model, it is necessary to introduce some hypotheses so 
that the real physical industrial process can be simplified and described with the mathematical method in 
a reasonable approach and adequate approximation.

Figure 4.2 Coordinate system used in the model and half o f the mat studied

Figure 4.2 shows the coordinate system (Euler coordinate system) used in the model and one half of the 
fibre mat studied. With this coordinate system, the following assumptions are made:
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1. The mat is viewed as a volume that has unchangeable width W and length L as well as 
changeable thickness H(x) at the distance x. Only half of the mat shown in Figure 4.2 is taken as 
the research domain because the thermal and mechanical responses in the mat under hot pressing 
are symmetrical to the x axis.

2. Both Euler and Lagrange coordinate systems have been used to establish the model. The Euler 
coordinate system is located at the press that is fixed with the foundation of the press (on the 
earth). The Lagrange coordinate system is located at the moving MDF mat, that is between the 
top and bottom belts of the press. From the Euler system, the thermal and mechanical parameters, 
such as temperature, gas pressure, MDF mat density etc. just depend on location x, y and z and 
are independent on time t when the feeding speed of the mat is constant. However, from the view 
of the Lagrange coordinate system, those parameters depend on time t and location y and z. The 
relationship between time t and location x can be expressed as:

dx
^  mal j.dt

( 1)

We have from the equation (1)
-X = U mJ  ift=0, x=0.

Here, Umal is the feeding speed of the MDF mat. It is a constant.

3. The hypothesis about double-edged structure of the mat material is introduced in the modeling. 
On one hand the mat is considered as a porous medium. On the other hand the mat is considered 
as a homogeneous continual medium. Although the two considerations obviously contradict to 
each other, their introduction into the model is necessary.

4. In the case that the mat is considered as a porous medium with solid phase and gas phase, the 
solid is made of fibre containing water. The water content in the solid phase directly determines 
moisture contents in the mat. The gas phase consists of the air and vapour and it is stored in pores 
between the solid phase fibres.

5. In the mat as a continuous medium, the interface between the solid and the gas phases does not 
exist. The thermal and mechanical parameters, such as the temperature, moisture content, 
pressure and velocity of gas, mat density, and even porosity, continually exist in the medium. 
For example, the temperature at a certain position in the mat is shown both at a solid phase and 
gas phase. The gas velocity yet exists at any position and is independent of the gas phase or solid 
phase.

6. From the fact that the moisture content (MC) can be migrated from lower concentration to higher 
concentration during the hot pressing, particularly at the early stage of hot pressing, we can 
consider that the migration of moisture content is not caused by the diffusion of mass (i.e., 
concentration gradient). The gas flow containing vapour driven by the pressure difference of gas 
between adjacent pores results in moisture migration. Hence we introduce momentum equation of 
Darcy’s law to quantify the moisture migration and neglect mass diffusion equation.

7. With the respect to the relationship between the vapour density in the pores and water contained 
in the fibres, i.e., the relative humidify (RH) in the gas phase and moisture content (MC) in the 
solid phase, we introduce an important concept about the local equilibrium. We consider that the
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local equilibrium is valid for any place in the mat. That implies that the local equilibrium between 
RH and MC is reached instantaneously.

8. Air and gas mixture are considered as perfect gas to obey state equation of perfect gas.

4.5 Governing Equations and Relations

The key of the modeling process is to establish governing equations and relations describing the physical 
phenomena of the process. We will use the principle of mass and energy conservation, momentum 
equation, thermodynamics relations as well as solid mechanics to establish these governing equations and 
relations describing thermal and mechanical process in a mat during continuous hot pressing.

4.5.1 Stress in the MDF Mat

The MDF mat is loaded and deformed in the infeed system (wedge compactor) and the press. The relation 
between the stress loading of the mat and its deformation can be expressed as

a  — E s  (2)

It seems like Hooke’s law, in which the E is the elastic modulus. The value of E should be obtained by 
experiment. The experimental data we obtained can be expressed in following form:

cr = C pm (3)
or

cr = (3.a)
1 - e

Here, cr is stress [N/m2], s  is strain, p  is mean density of the mat along the z direction, p mi is initial 
mean density of mat, i.e., the mat density at x=0.

Because the mat contains water and it is heated continuously during the hot pressing, the two constants C 
and m depend on temperature and moisture content and they are obtained from the experiment. The data 
are shown in Table 4.1 and 4.2.
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Table 4.1 Mean of the coefficient C of the potential-law used in equation (3)

M o istu re  co n ten t (% )
T em p era tu re (°C ) 0 5 10 14

20 I.28E-6 1.55E-6 9.60E-7 8.86E-7
50 3.41E-6 3.60E-6 2.43E-6 1.92E-6
80 3.47E-6 1.72E-6 3.59E-6 1.01E-6
110 3.40E-6 2.50E-6 1.13E-7 7.33E-7
140 2.68E-6 1.18E-6 4.27E-8 2.15E-8
190 4.23E-6 3.53E-5

Table 4.2 Mean of the exponent m of the potential-law used in equation (3)

M o istu re  co n ten t (% )
T em p e r a tu r e (°C ) 0 5 10 14

20 2.38 2.35 2.38 2.38
50 2.23 2.20 2.23 2.25
80 2.22 2.30 2.13 2.28
110 2.21 2.20 2.54 2.22
140 2.26 2.25 2.64 2.71
190 2.14 1.58

The equation (3) should be considered as an equivalent Hook’s law. On the basis of analyzing the 
experimental data a simulation formula has been developed for the computer model as follows:

mo {1 -C t I ~ TZ  -CmcMC-Cmct M C -2 }

cr = C0p  be" im he" m (4)

Here, C0and m0 are corresponding to experimental data for 20°C and MC=0, i.e., Co=1.28*10"6, 
mo=2.38. The coefficient CT and CMC is a factor expressing the influence of temperature and moisture 
content on stress respectively. The coefficient CMCT, nq and m2 reflect the coupled effect of temperature 
and moisture content on the stress.

The <7 can be solved from equation (4) if the mean values of the mat temperature T, moisture content 
MC and density p  are substituted into the equation. It should be noticed that T and MC can be obtained 
from other part of the model on heat and moisture transfer and the density p  can be obtained from 
change in the mat thickness.

In above equations (2), (3), and (4), the cr , s  and p  are functions of the time t for the Lagrange system 
and they depend on location x for the Euler system.

4.5.2 Density Distribution in the MDF Mat
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Density is different along the z direction of the mat during hot pressing because of the difference of the 
temperature and moisture content along the z direction. The vertical density distribution in the mat can be 
obtained when equation (4) is rewritten as:

1 / w, £ 1 1 ini f  \  C  / ^ini \m lln(— u  m0 l l~CT ~  -  ^ mcM C(z )-C MCT(— -'-'0 1 belt ^ ini ^ belt ^ ini
MC(z)m

P ( z )  =  e  ‘ M ,  ' in i  ‘ belt ‘ ini (5)

here, T (z ) and M C (z) are local values at different locations along z direction of a mat. Obviously they
should be obtained from the heat and mass transfer model.

4.5.3 The Porosity in the Mat

The model of porosity of the mat considers that the effective porosity uniquely depends on density. Hence 
we establish the following equation to describe the variation of the porosity with density of mat

£ = £ini • e C>Ap-p-") (6)

here, s  is the effective porosity. s lni is initial value of effective porosity of the mat. p  and p M are
the current and initial densities of the mat. Cp is a coefficient representing the influence of density on 
effective porosity. It can be determined with the following equation:

Cp = --------------- l n ^  (6.a)
P ew  P in i  ^ in i

Here, p cw and £cw are the density and the effective porosity of a mat when the material is pressed to 
reach cell wall density. p cw is a known value, 1500 kg/m3. s cw is a very small value, such as, 0.0001. 

s M and p im can be found from the initial size and weight of mat.

4.5.4 Mass Balance of Solid and Gas Mediums in the Mat

4.5.4.1 Mass balance of solid mediums in the mat

4.5.4.1.1 Mass balance of the dried MDF in the solid mediums
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Figure 4.3 Control volume of a varying cross section

The dried MDF mass flow rate should be invariable at any cross section along the x direction and 
equals U malH {x)W pil { x ) . There, the dried MDF mass conservation equation can be written as

dU  matH (x)W pdry (jc) 

dx
Because the mat width W and the feeding speed Umat are constant, they can be omitted from the equation 
(7). The equation (7) is rewritten as

dH (x )p diy(x)

dx
=  0

or

or

H(x) d P  dry (* )

dx
1 dpdry(x)

+  P d r y ( X )

dH(x)

+

^  ' dx 
1 dH(x)

=  0 

- 0 (8)
Pdry(x) dx H(x)  dx 

here, H(x) has been specified. The equation (8) becomes a governing equation to determine dried MDF 
density p dry (x).

4.5.4.1.2 Mass balance of the solid mediums containing water

The mass flow rate of MDF containing water should be different at different cross sections along the x 
direction. They are UmaJH(x)Wps(x) and UmalH (x  + dx)Wps(x + dx) at x and x+dx respectively. 
For the control volume shown in Figure 4.3 the water mass balance can be expressed as

Uma,H(x)Wps(x) = UmalH(x  + dx)Wps(x + dx) + Eevap H(x)fVdx (9)
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The equation (9) physically means that the mass flow rate entering to the control volume (at 
x=x), the left hand o f the equation, equals the sum of the mass flow rate leaving from the control 
volume (at x=x+dx), the first item of the right hand of the equation and the evaporation amount 
from solid medium in the control volume, the second item of the right hand o f the equation. 
UmatH{x  + dx)Wps{x + dx) in the equation (9) can be extended as

Uma,H (x  + dx)Wps (x + dx) = UmalH{x)Wps (x) +
d  U ma, H (x )Wps (x) 

dx
dx

Substituting the equation (10) into the equation (9) and arranging it, the equation (9) becomes
dH (x )p s(x)

U.
dx = - EevaPH (X)

The equation (11) can be rewritten as

U.
d p s p s dH.  

rC-T^ + T T —  ) = • evap

( 1 0)

( i i )

( 12)
dx H dx

In the equation (12) the H(x) and ps(x) are simplified and named as H and ps respectively. Because the 
density of the solid medium is the sum of the dried MDF density pdry and water volume density paryMC , 
we have

P s = Pdiy{\ + MC)
and substituting the equation (13) into the equation) 12), it becomes

d p dry(\ + MC) p dry(1 + MC) dH
u mat(- ■ + -

dx H dx
Substituting the equation (8) into the equation (14), it can be written as

dPdryMC

) = ~ E evap

■u.
dx

= E evap

(13)

(14)

(15)

Equation (15) has unique dependent variable MC and can be considered as a governing equation to

determine moisture content MC if Umat, Eevap and p dry are known. Equation (15) can be also expressed 
in the Lagrange system as

dParyMC
—  th  evap

dt
(15.a)

4.5.4.2 Mass balance of the gas mediums in the mat

The gas stored in the pores is a mixture of air and water vapour. The other component in the gas has been 
neglected due to its insignificant effect. The gas density is a sum of the air density and the vapour density,

P g = P a + P v O6)
Obviously the pg ,pa and ps is specified for pg (x,y,z)s pa (x,y,z) and ps(x,y,z) respectively. Equation (16) is 
the governing equation for the gas density p  if the air and vapour densities are known. The mass balance 
equations of air and vapour are introduced in the proceeding sections.
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4.5.4.2.1 Mass balance of the dried air in the gas mediums

When we approximately consider that the air density in a mat under hot pressing is independent of 
location along z direction, the air mass conservation equation can be derived. Air mass flow rate entering 
into and leaving out from the control element dxdy is shown in Figure 4.4.

Figure 4.4 Control element for deriving the air mass balance

Comparing and analyzing the air mass flow rate shown in Figure 4.4, the air mass balance equation can be 
obtained as

dpaUyg

or

U .

u.
dx
dspa

+ - =  0
dy
d P a U yg

(17)

dx dy
This is the governing equation of air density, which can be found if the gas velocity uyg and the porosity s 
are obtained. The physical meaning of the equation ( 17) is that the air mass change (loss) per unit distance 
along x direction equals to the air mass flow rate per volume leaving from the control element along the y 
direction. In the Lagrange coordinate system the equation (17) is expressed as

depa | dpau 
dt dy

yg
=  0 (17.a)

4.5.4.2.2 Mass balance of the water vapour in the gas mediums

The vapour mass flow rate to entry into and leave from the control element dxdydz is shown in 
Figure 4.5.

Forintek
Canada
Corp.J 19 of 141



Investigation of MDF Press Strategies to Reduce Pressing Time

(v p v + — r---- dz)dxdy
d z

Figure 4.5 Control element for deriving the vapour mass balance

From analyzing Figure 4.5, we can obtain the mass conservation equation of vapour as follows:

dPJ>n ‘L r d e P y , d p '’ u yg +  - = E evap (18)
dx dy 8z

Here, the uyg and vzg are effective velocity of gas in y and z direction respectively. They will be solved by 
the momentum equation of gas. The vapour density p v can be obtained from the thermodynamic 
relations. The equation (18) physically means that the generation rate of vapour equals to the amount of

the vapour leaving from the control element per time. If uyg, vzg and p  v are known, the Eevap can be 
solved from equation (18). Therefore, equation (18) can be considered as a governing equation to

calculate the evaporation rate Eevap. In the Lagrange coordinate system the equation ( 18) is expressed as

depv dPyUyg | dpvvzg
dt dy dz

(18.a)

4.5.5 Momentum Equation

The velocities of gas flow inside the mat obey the gas momentum law for porous media, i.e., the well- 
known Darcy's law:

u yg = p  dy
(19)

K .  dPa
, ( 2 0 )

p  az
Here, K y and K 7 are permeability along horizontal and vertical direction respectively and dependent on 
local density and moisture content in the mat. p  is dynamic viscosity of gas and varies with local 
temperature in mat. It will be provided by experimental data. Pg is pressure of gas and can be obtained
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from the thermodynamic relationship. The effective gas velocity uyg and vzg can be calculated from the 
equations (19) and (20) if the Pa , K y , K z and /u are known. So the equations (T9) and (20) can be 
considered as governing equations to solve the effective gas flow velocity uyg and vzg.

4.5.6 Energy Balance of Solid and Gas Mediums in the Mat

4.5.6.1 Energy balance of solid mediums in the mat

The heat fluxes entering into and leaving from the control element dxdydz for the solid medium is shown 
in Figure 4.6.

(q2 + ̂ J-dz)dxdy  
8z

d(l -  s ) p sCsTs 
dx

dx)dydz

Sqy
dy

Figure 4.6 Control element for deriving the solid medium energy balance

The heat flux is only caused by the heat conduction in the solid medium and obeys Fourier’s law. It can 
be written along y and z direction as

Qy =-0-  ~ £)K s r ~ Z f  (21.a)
dy

and

qz = - ( \ - s ) K s z — ^  (21b)
dz

Here, qy and qz are heat flux (W/m2 ) along y and z directions in the solid medium respectively. Ksy and 
Ksz are thermal conductivities (W/m*K ) of the solid medium along y and z directions respectively, s is 
the porosity in the mat.

The resource of the heat generation is caused by the evaporation of water from the solid medium and the 
heat transfer between the solid and the gas medium. The rate of the heat generation can be expressed as

q = -Eevap H fg - a F ( T s - T g) (21.c)
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Equation (2 Le) means that the heat loss per volume in the solid medium is caused by two resources. The 
first item in the right side of the equation considers the evaporation of the water from the solid medium to 
the gas medium. The second item is the heat transfer between the solid and gas medium. From Figure 
4.6 and equations (2 La), (21.b) and (2Lc) we can obtain the energy balance equation of the solid medium 
as

9(1 - e ) p sCsTs
^  mat ^

O X

=  -~ ((1  -  s)ksr | L )  +  A  ((! -  £)ksz E l ) -  E„v  Hfg -  aF (T ,-T t  )

(2 Id)

Equation (21.d) means that the change of the heat energy per volume in the solid medium is caused by 
two factors. One is the heat conduction along y and z direction, i.e., the first and second items of the right 
side of the equation. The other is the evaporation of the water from the solid medium to the gas medium 
and the heat transfer between the solid and gas medium, i.e., the third and fourth items in the right side of 
the equation.

4.5.6.2 Energy balance of gas mediums in the mat

The heat fluxes entering into and leaving from the control element dxdydz for the gas medium are shown 
in Figure 4.7.

dq
(.q2 H---- -dz)dxdy

dz

dx)dydz

Figure 4.7 Control element for deriving the gas medium energy balance

The heat flux is caused by both conduction and convection in the gas medium. It can be written as
dT„

dy = - £ K gy —^  + u yi P « C J «  (21-e)

and
dy

dT..
d z = - £ K Gz—  + v2gPgCgTg

d:
(2 l.f)
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Here, qy and qz are heat fluxes (W/m2 ) along the y and z directions in the gas medium respectively. 
Kgy and KGz are thermal conductivities (W/m*K) of the gas medium along the y and z directions 
respectively. pg and Cg is density (Kg/m3) and specific heat (J/Kg*K) of the gas medium respectively. 
uyg and vzg are effective gas velocities along the y and z directions respectively.

The rate of heat generation for the gas medium is

q = aF(T). - T g) + Cv (Ts -  Tg ) E evap (21 .g)
Equation (21.g) means that the heat gain per volume in the gas medium is obtained by two resources. The 
first is the heat transfer between the solid and gas medium, that is the first item of the right side of the 
equation. The second is vapour energy from the temperature Tg to the Ts, i.e., the second item of the right 
side of the equation.

From Figure 4.7 and equations (21.e),(21.f) and (2 l.g) we can obtain the energy balance equation of the 
gas medium as

r r  d £ P s C J S

d ÔT d 3T0 d dT
= ~ { s K g - i )  + —  (sKg - * - )  + —  (sKt  - * - )  

dx dx dy dy dz dz

dpeCeuxJ s dpsCgu ygTg dpgvCgv2gTg

dx dy dz

(21.h)

+ aF(Ts - T g) + Cv(Ts - T g) E evap

Equation (2 l.h) means that the gain of the heat energy per unit volume per unit time, i.e., the left side of 
the equation equals the sum of four component energy gain. The first component is heat conduction 
shown in the first three items of the right side of the equation (2l.h). The second component is 
convection expressed by in the fourth, fifth and sixth items. The third component is the heat transfer 
from the solid to the gas medium shown in the seventh items. The fourth part is the vapour heat energy 
from the temperature Tg to the Ts , i.e., the eighth item of the right hand of the equation. The gas 
thennal conductivity Kgy and Kozis unified as Kg .

4.5.6.3 Energy balance of mat mediums

The mat is considered as a continuous material in which the temperature field T(x,y,z,) is continuously 
located. There is only one value of temperature with respect to a position in the mat. Therefore,

Ts =Tg =Tmat (21 -i)
Combining the equation (21 .d) with the equation (21 .h) and the equation (21 .i), we have

U .
dpmatCmJmat d -  dT*..... d

dx
= PE(k ?l™L) + J L (k

dy dy dz dz

ô gCgit y j lmat 3p  gCgV 2gTmat
dy dz

~  E eva p  H  j g

(21)
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Equation (21) is the governing the equation to determine the temperature Tmat. Here pmat and Cmat are 
density and specific heat respectively. Obviously the heat capacity of the mat should equal to the sum of 
the solid and gas medium heat capacities, i.e.,

P m a l^ 'm a t  ~ 0 — P s ^ P g ^ g

and the thermal conductivities Kmat,x, Kmaty and KmatiZof the mat along different directions are assumed as 
the weighted average of the solid and gas medium thennal conductivities, i.e.,

K ma, x = ( \ - e ) K sx+sKg

K maly= ( \ - e ) K sy+eKg

K nm̂ = { \ - s ) K S2+sKg

In the Lagrange coordinate system the equation (21) is expressed as

d P  mat C  mat ^  mat _ d  . „ _
dt ~ dyy ma‘y Ôy

d T mat \ , d  5 T ma
) + ^ r ( K mat,z— --- )

O Z  0 2

dPgCguygTmat dp gCgv zgTmal

dy dz
~ E evap H j-g

(21 j)

So far, the eleven dependent unknown variables ( c r, p mal ,MC, Tmat, Eevap, uyg , v , p  a , p  v , p  „ and

P„ ) exist in the above nine independent equations (equations (4),(5),(14),( 15), (17), (18),(19),(20) and
(21)). We must supply another two equations to guarantee that the number of unknown dependent 
variables equals the number of governing equations. The two additional equations can be obtained from 
thermodynamic relations. It should be noted that some new dependent variables and corresponding 
equations have to be introduced in the following discussion of thermodynamic relations in order to 
provide two additional equations.

4.5.7 Thermodynamic Relations

4.5.7.1 Relation between Pa, Pv and Pg

According to Dalton’s law, the pressure of the gas mixture should be equal to sum of partial pressure of 
air and water vapour, i.e.

P ,= ? a + P ,
The equation (22) is the governing equation to determine the gas pressure Pg

(22)

i
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4.57.2 Relation between Pa and pa

The relation between Pa and pa can be obtained from state equation of perfect gas
p  x R x T  ,r  a matP, =

MW.
The equation (23) is governing equation on the air pressure Pa

(23)

4.57.3 Relation between Pv and p r

The state equation of perfect gas can also be used to find relation between the vapour pressure Pv and the 
vapour density p v.

Pv =
P  x MW..
R x T

(24)

In equations (23) and (24), MWa and MWV are respectively molecular weight of air and water vapour, R 
is universal gas constant. The equation (24) is the governing equation about the vapour density pv.

4.57.4 Relation between Pv and Psat

According to the definition of relative humidity of wet air, we have
Pv = R H * P sal (25)

Here, Psat and RH are vapour saturation pressure and relative humidity of the gas mixture with respect to 
temperature Tmat. Pv can be obtained from equation (25) a tier Psat and RH are obtained. Consequently, 
the equation (25) is the governing equation for the vapour Pv.

4.57.5 Relation between Psat and Tma[

The saturation vapour pressure Psat can be obtained from the saturation temperature through the 
saturation state equation shown as follows:

[53.42I - M M - 4.125 In7̂ ,1
Psat = e -  (26)

The vapour saturation temperature Tsal is Tmat. The equation (26) is the governing equation for the 
saturation pressure Psat.
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4.5J.6 Relation between RH, MC and Tmat

If the value of the local moisture content exceeds the corresponding fibre saturation point (FSP), the free 
water should exist in the fibres and the pressure of vapour in the pores of the mat should be equal to 
saturation pressure with respect to the mat temperature. The relative humidity becomes 100%. If the 
moisture content is less than FSP, MC<MCfsp and the temperature is lower than 100 C, the Simpson 
equation can be used to calculate the relation between equilibrium moisture contents, temperature and 
relative humidity (Simpson 1973). For the higher temperature range (over 150 C), we obtained same data 
from literature (Resch et al 1988; Lenth and kamke 2001). Nelson (1983) developed a model for 
calculating RH based on Gibbs free energy to describe the sorption behaviour of cellulosic materials and 
it is used for wood products (Wu 1999).

The Gibbs free energy G as a state parameter can be expressed by the other state parameters, such as 
pressure and temperature

R * T  P 
AG = —— ln(— )

MWV P2
(27.a)

Here, P, is less than P2. If the Pi and P2 are considered as Pv and Psat respectively, and Pv is expressed 
with equation (25), the equation (27.a) can be rewritten as

f  MW..
RH  = exp

R * T
— AG

The relation between AG, RH and MC is approximately expressed as
In AG
In AG„

=  1-

MC
M..

(27.b)

(27.c)

Here, Mv is MCfsp- If MC= Mv, AG has minimum, lnAG=0. It implies that the Gibbs free energy has a 
minimum value, i.e., potential rate of absorbing water to fibre reaches minimum. However, if  MC=0, AG 
has maximum AGo. The above equation can be written as

a-m.)
AG = AGo M’ (27.d)

Substituting this equation (27.d) into equation (27.b), we have
f

RH  = exp
MWV
R * T

■AG,0L Mv
\

(27)

or

RH  = exp

f MC 1A
MWV ,4(1.0——)

--------—e
R * T

V /
Here, MWV is molecular weight of water, R is universal gas constant, T is absolute temperature of mat, 
A is natural logarithm (In) of Gibbs free energy per mass of absorbed water as RH approaches 
zero( AG0 ), i.e., A = In AG0.

4.5.8 Closure of the Governing Equations and Relations
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So far, we have found eighteen equations (4, 5, 6, 8, 13, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27) 
that can be used to solve above eighteen unknown dependent variables, i.e., c r, p mat, s , p dty, p s , MC,

p g , p a , Eevap, uyg,v zg, Tmat, Pg , Pa, p v ,Pv, Psal and RH. In other words, a coupled closure
problem for heat and moisture transport as well as mechanical behaviour of mat under hot pressing has 
been developed.

The independent and dependent variables as well as their governing equations contained in the closure 
problem for the model are summarized in Tables 4.3 and 4.4.

Table 4.3 Independent variables

In d e p e n d e n t v a r ia b le s

position X
y
z

Table 4.4 Dependent variables

D e p e n d e n t  v a r ia b le s G o v e r n in g  eq u a tio n s
Mat stress a 4
Mat density P m a t

5

Mat porosity 8 6
Mat dry density P  dry

8

Solid medium density in mat P s
13

Moisture contents in mat MC 15
Air, vapour and gas density in mat

P a  > P  v > P  g
16,17,24

Evaporation rate •

E  evap
18

Velocity of gas along y and z direction
U yg  ’ V sg

19,20

Mat temperature Tmal 21

Gas, air and vapour pressure in mat P  P  P 22,23,25

Saturation pressure with respect to mat 
temperature

P sal
26

Relative humidity RH 27

Reviewing the above governing equations and relations, we can find that there are many parameters 
contained in those governing equations and relations except for the independent and the dependent 
variables. These are listed in Table 4.5.

Table 4.5 Parametric variables
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P a ra m etr ic  v a r ia b le s C o r r e sp o n d in g  eq u a tio n s
Permeability Kv and Kz 19,20
Dynamical viscosity of gas if 19,20
Latent heat Hfg 21
Thermal conductivity K-mat,X5 Kmat,y &nd K-mat,z 21
Specific heat of gas Q 21
Specific heat of wood c s 21
Molecular weight of air and 
water

MWa and MWV 23,24,27

Universal gas constant R 23,24,27

Some of the parametric variables in Table 4.5 are constants such as universal gas constant, molecular 
weight. Some variables are properties of materials of which the mat is made such as thermal 
conductivity, permeability, and specific heat. It should be emphasized that the values of those properties 
usually depend on dependent variables. In other words, some of parametric variables are coupled with 
dependent variables.

A reasonable physical-mathematical model should result in a closed mathematical problem. That implies 
that on one hand the number of dependent variables must be equal to number of governing equations and 
relations to determine dependent variables. On the other hand, the mathematical problem related to these 
governing equations and corresponding conditions must have a unique solution. The corresponding 
conditions are named as unique conditions.

4.6 Unique Conditions

The unique conditions generally consist of four parts: geometry, initial, boundary and physical conditions.

4.6.1 Geometry Conditions

The geometry domain of the mat in which the eighteen dependent variables exist can be described as 
follows:

In the infeed system of the hot press (the wedge compactor)
H (x) = H M -  a hx  for 0 < x < L,

Here L, and a h is the length and angle of the wedge compactor respectively. And

«* = *g ( 2 L, )

Here, Hjm is the initial height of the mat at the entrance of the wedge compactor and Hi is the mat 
thickness at the first frame of the press.

i=N

In the press, H(x)  is specified for L, < x  < Lt + y \L fl . The L f . is the length of the ith frame.
(=i
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4.6.2 Initial Conditions

The initial value of the eighteen dependent variables is specified for x=0 as follows:
Mat stress <7ini : It should be zero.
Mat density p mat M : It can be found from the following equation

_  H  end
r  mat,ini r  mat,end

* *  ini

here, p mal end is the mat target density, H end and I Iuu is the target and initial thickness of the mat 
respectively. They have been specified.

Mat porosity s M : It can be assumed as a reasonable value, such as, 40%
Mat dried density p Jn mi : It can be obtained from following equation

P . M  =  P j , y , n M  +  M C u u )

Solid medium density p s M : It can be obtained from the following equation

Pm at,in i ~  P  s,ini 0  & ini ) P g . in i^ in i

Moisture contentMCm : It should be specified as a known constant, such as 10%. 
Density of gas p  M : It can be obtained from the following equation

PS ,ini Pa,ini Pv„ini

Evaporation rate E evap It should be zero.

Velocity of gas u vg, v2g : They should be zero.
Temperature Tmat: The initial temperature of the mat is ambient temperature Tamb 
Pressure of saturated water vapour Psat : It can be obtained from the equation (26).
Relative humidity RH inl : It can be obtained from the equation (27).
Pressure of water vapour Pv M : It can be obtained from

P = RH  * P1 v,tnt tm 1 sat

Pressure of the air Pa : It is the atmosphere pressure at 1(T Pa 
Pressure of the gas mixture P„ ini : It can be obtained from

P = P  .+ Pg,ini a,mi v,tm

Density of water vapour p v tni : It can be obtained from the equation (24).

Density of air p a M : It can be obtained from the following equation

P : MW,.
P  a,in R * T.„

4.6.3 Boundary Conditions
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These values of the eighteen dependent variables at the boundary along y and z direction of the mat are 
specified in the boundary conditions. Reviewing the eighteen governing equations and relations used to 
solve the eighteen independent variables, they can be divided into three categories:

The first category consists of the pressure in vapour, air and gas (22, 23 and 25), density of gas (16 and 
24), relative humidity (27), saturation pressure of vapour with respect to the local temperature (26), stress 
(4), porosity (6) and mat density (5, 8, 13). The governing equations and/or relations are algebraic 
relations or simple functional relations. It is not necessary to supply a boundary condition for solving

those dependent variables. The solving of the dependent variable Eevap (18) is yet independent of the 
boundary conditions.

The second category contains moisture content. Its governing equation (15) is an ordinary differential 
equations with an independent variable x. It is yet not necessary to supply boundary conditions along y 
and z direction for solving the dependent variables.

The third category contains dependent variables which have partial derivative with respect to the 
independent variables y and z. Their equations are air density (17), gas velocity (T9, 20) and the 
temperature (21 ).

4.6.3.1 Boundary condition of mass balance

Regarding air density, we can find from its governing equation (17) the partial derivatives of the effective 
gas velocity ugy with respect to the independent variables y. Regarding the effective gas velocity uyg,

uyg = 0 at y=0
hi order to find the values of uyg at y=W/2, it is necessary to specify the ambient gas pressure. It can be 
the initial value of gas pressure, such as, 10" Pa. For density, we can find from equation (18) the partial 
derivative of the effective gas velocity uyg and vzg with respect to the independent variables y and z. For 
the gas velocity vzg,

vzg = 0 at z=-H(x)/2 and z=H(x)/2 ,
If the top and bottom platens are in complete contact with the mat.

4.6.3.2 Boundary conditions of energy balance

Boundary condition of temperature Tmat seems rather complicated. 

Along y direction.
STmai

dy
= 0 at y=0 (symmetrical condition)

The edges of the mat are cooled by air to equalize with the ambient temperature.
dl„

dy
= h (Tmat -  Tamh ) at y=W/2
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Along the z direction, a thermal resistance unavoidably exists between the belts and surfaces of the mat 
when the top and bottom surfaces of the mat are contacted with the top and bottom belts.

In the infeed system (wedge compactor)
Tbelt is specified

In the press
Figures 4.8 and 4.9 show the structure and the thermal resistance from the fixed oil tube to moving mat. 
That helps us to establish the relation between the oil temperature and the belts temperatures.

6Oooo ^ —Oil

Hot plate

^  Protective plate

^ —  Rolling rods
h------- Steel belt

—  Mat, top

-*------- Mat, center

____ Mat, bottom

iXXXJOOOUUUQÇJe: XJULXXHJLL
■ ■ ■ X '  X X T  :':T X X - X  Tf T :■ m m m m r n  ■

■ ■ ■ ■ ■ ■  : ' ■ m
. : ■ . . . ' - . ' /V.  ... :

/ • .
p*-------Steel belt

Rolling rods 
Protective plate

Hot plate 

Oil

(xxxxxxxxxAxxxxxxXxxxXj

O  O  O  O  ( X
G-634

Figure 4.8 Structure o f the system demonstrating all elements
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RPP Rrod
T1 oil Tpp T* rod

]------C
R

D-C
belt

1 belt

R,

Figure 4.9 Thermal resistance from the fixed oil tube to the moving mat

The thermal resistance Rhp (hot plate), Rpp (protective plate), Rrod (rolling rod), RbeIt (steel belt) and 

Rci (contact thermal resistance) are known if their geometry and material properties have been specified.

The hot plate temperature Thp can be obtained from the following relation if the oil and rolling rod 
temperatures are known

T - T1 oil 1 hp
T - T1 oil 1 rod

0.5 Rhp
R.

here,
RSum -  Rhp + Rpp + Q-5Rrod

The protective plate temperature Tpp can be obtained from the following relation if the oil and rolling rod 
temperatures are known

Tpp -  Rrod _ Q-5(Rpp + Rrod)
T - Toil rod R,

The rolling rod temperature Trod can be obtained from solving the following ordinary differential 
equation

T —T T  — TPP rod 1 bell 1 rod
dx 0.5(Rpp + Rrod ) 0.5( Rmd + RheU )

here, p wd ,C md ,U rod and 5rod is density, specific heat, velocity and diameter of rolling rod 
respectively. The relation between rolling rod velocity Urod and steel belt velocity Uhell can be expressed 
as

Umd = 0.5 Ubelt
The steel belt temperature Tbeh can be obtained from solving the following ordinary differential equation,

Pbell^belt^ bel/b.
dTie„ Trod Thelt Tmat Thel[

belt dx Rrb Rct

Here, p Mt ,C he„ ,U beh and 8 beU are correspondingly density, specific heat, velocity and thickness of 
the steel belt. The velocity of the steel belt Ubell equals the mat velocity Umal.

The boundary conditions of the mat temperature at z=H(x)/2 and z=-H(x)/2 can be written as
, dTnu„

dz
T - Tbellt mat

R.,
at z=H(x)/2

32 Of 141



Investigation of MDF Press Strategies to Reduce Pressing Time

O r r i  r r i  r j i

j  U 1 niât 1 beltb 1 mat . ty /  , \ / oand k mat — —  = ------ -------- at z-H(x)/2
Kct

here, T belu and T hehb are respectively the temperature of top and bottom of the steel belts.

4.6.4 Physical Conditions

The thermal physical properties of the mat materials, such as specific heat, latent heat of phase change, 
thermal conductivity and permeability can be found from the literature. The permeability is one of the 
macro properties of the mat material. It only depends on the structure of the material. Hence the porosity 
of the porous medium material should be considered as a property of the material.

4.6.4.1 Specific heat

Based on the definition, the specific heat can be written as follows:
Cmat = [(1 - s ) x  Cwood x p wood + e x C g x p g\ l  p mat

Here, Cg is specific heat of the gas mixture containing air and vapour. Because the heat capacity of gas in 
the pores is much less than the one in the solid structure of the mat, influence of variation of C„ on Cmat is 
small. For convenience Cg can be considered as a constant, such as, 1800J/(Kg*K).

It should be emphasized that the solid phase structure of the mat is yet complex material containing dry 
wood and water. The material specific heat CW00d is expressed by following formula

C wood

+ M C * C  

1+ MC
water

Here, Cwater is the specific heat of water. It can be taken as a constant, such as, 4190J/(Kg*K).
The Cdry is the specific heat of dry wood and it can be obtained as follows

C d ry  — C jry Q  (1 +  CtT T mac )

Here, Cdryo is the specific heat of dry wood at 0 C and aT is a temperature coefficient. Obviously, Cdryo and 
aT are constants depending on the wood species with which the mat is made, such as, Cdryo =1130 
J/(Kg*K) and aT =0.0043/K(Kellogg 1981).

4.6.4.2 Latent heat

The equations used to calculate the latent heat are obtained from the literature (Bolton et al 1989).
H s = H t l + H g2

H gj = 2.511 * 106 -  2480 * Tmat (from free water to steam)

H g2 = 1.176 * 106 * e MC (from bound water to free water)
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4.6.4.3 Thermal conductivity

As fibre mat is formed in a random manner and no obvious specific fibre orientation exists; therefore, we 
can assume that

K . =  K — K  —  y
^  mat,x ^  mat,y trial,2

The following formula is obtained from experimental data (Hass 1998)
2 W

K a t  = a P m a, + b P n.a, + C [~TT7 1
m  K

here, pmat is fibre mat density [kg/m3] and

MC=0% MC=6.5% MC=8.5%
a 4.86* 10"8 6.39*10"* 7.35*10"*
b 4.63*10s 5.41*10'3 4.27* 10"s
c 4.38*10"" 4.67*10'" 5.16*10""

4.6.4.4 Permeability

The following equation has been recommended by Hass (1998) for calculating the permeability of the 
MDF mat

____ l____

K p _ g a+hp'm' ' H p mal) [w 2]

vertical horizontal
a -0.037 -0.041
b 1.1*10^ 9.51*10'6
c -0.037 -0.015

4.7 Summary

A complete physical-mathematical model for heat and moisture transfer as well as mechanical behaviour 
of mats under continuous hot pressing is introduced in this chapter. The key point of the chapter is to 
introduce the mathematical description of a physical problem, i.e., combine a real physical industrial 
process with a mathematical formula, and then establish a closed mathematical problem. In the problem, 
the equalization of the number of dependent variables with the governing equations and relations and the 
correct combination of the unique conditions with governing equations and relations are necessary 
conditions to guarantee that the mathematical problem have a unique solution. That is a theoretical 
foundation to guarantee the validity of the model. The closed mathematical problem is so complicated 
that it is impossible to solve with any analytical method. Hence it is necessaiy to adopt a correct 
numerical scheme for solving the mathematical problem. The numerical scheme should guarantee the 
convergence and stability of a solution and the convergence solution is the unique solution to the
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mathematical problem. However, it should be emphasized that the stability and convergence of the 
numerical scheme directly influence the validity of the results predicted by the model.

The method of the numerical scheme will be introduced in the next chapter.

5 Simulation of the MDF Mat Behaviour during 
Continuous Hot Pressing - Part II: A Numerical 
Scheme of the Model and Typical Results

5.1 Discretization of the Mathematical Model

5.1.1 Discretization of the Solving Domain

Figure 5.1 shows the solving domain that has been discretised. A typical element in the discretised 
solving domain is shown in Figure 5.2.

Corp.
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Figure 5.2 Typical discretised elements

5.1.2 Numerical Scheme of the Energy Equation (temperature differential equations)

The energy conservation shown in equation (21 ) can be discreted into several algebraic equations through 
certain numerical schemes. They are introduced as follows:

5.1.2.1 Internal elements

The internal elements are used in mat internal domain except the mat surfaces and edges as shown in 
Figure 5.3, i.e., i=2,3,...,lY-l; j=2,3,_,JZ-1.
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Z

i=l i=2 i=IY

Figure 5.3 Internal elements

The energy balance for the internal elements can be written as

T - T  T - T
K - - ' - -----^ A x A z  + K  MJ u

+  K -

Ay
T,

Ay
AxAz

- Ti.j-1 1 >J T -  T
Ax Ay + K ---- ^ ^ —  Ax Ay

(AZj + AzJ X ) / 2 (AZj + AzJ+l ) / 2

+ {pgCgT)t_Xj Uj j  Ax Az -  CPgCgT)i} uu AxAz + ( IA)

= Umal[
(P C T )"j - ( p  C T )"j 

Ax
+ E x  H  ]AxAyAz

Here, (1A):

( la)

(PgCgT ) , j - i \ jA x A y  -  (p gCgT)t Jvi J+xAxAy 

(PgCgT \ j v>jAxky -  (■PsCgT ) i j vi j +\Ax^ y  
(PgCgEXj-i\ jA x A y  -  ( p gCgT)i J+lvi J+lAxAy 

( P ç C J l  j y  jAxAy -  (p gCgT)i J+lvi J+lAxAy

if ^  ° ;vu  ^ 0
if viJ+1 > 0, vt ] < 0 

if vu+1 < 0 , vtJ > 0

if vtJ+i <°> vij  < °

and
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Here,

( p c y +l = (P c y + [

{ p C T X ÿ  - ( P  CT )lj
Ax

(PC g  T / j1 - (pC)"j T"j 

Ax

n t (PgCg)i-lJUi,j (PoCg)i,jUi+\,j

(l.b)

Ay Aa
+ (15)] Ax

HZ. (l-c)

Substituting equation (l.c) into (l.b), and then substituting (l.b) into (La), the equation (La) can be written as

Here, (IB):

T - T  T - T
K — ----^A xA z + K - ^ - — — AxAz

Ay Ay
T - T

+ K  lJ~x ,J
T - T

Ax Ay + K —— ----— AxAy
Az Az

+ (PgCgTX^ jUt jAxAz -  (p gCgT)t ju l+lJAxAz + (1 A) 

= [Umal ( P C ) l j ( T n+ in , ( P g C g h U

Ax  ̂ tJ
( J n+i /] + _ \H g^g)iju,+\j

Ay Ay

+ (15)] Ax
( p C ) l j U mat

} -  TP) + E x  H„]AxAyAz

{PgCg \ jV iJ+x | {pgC g \ ^ v
Az

‘ . j

Axz
{P g C g X jV z^  (PgCg)ijVtj

Az Az
( P g C g } j , j + \ V i , j + \  . ^ P g C g  )/,./-! Vi,

Az
- + ■ g g 'i,j-\ ij

Az
(p gCg)u+1vziJ+1 | (PgCg) , j \

Az Az

The equation (l.d) ( 1A) and (IB) can be rearranged as follows:

if vtj+i -  0 j vij  -  0

i f  v i , j + l  *  v u  <  0

if viJ+l < 0 , vtJ > 0

if vi,/+i <°> v u  < °

(l.d)
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here, (1A):

Here, (IB):

T - T  T - Tr-1,7 x i, j  ^  _ t+ U  '•/

+ K-

(4y y  ( W
T - I  T T1 ‘ , j - 1 1 ‘ . /  +  i J+l '<,/

(Az)2 (A z)'

+ (p gCgr ) Mj » u  , (Li)

= [t/

Av

(P  c  ) l

Ay

At Av

[£j/y_g_ h,jUi+lJ
Ay

+  (1 5 )]
At

iP C )[jUmat
- } - T " )  + E x H  1

( le)

(P«c g (,Pgc gT )ij v,fj+i
Az Az

( p £ J k i ^ i  (p *c *t \ , v'.j+i
Az Az

(< P g C g T \ j - \ \ j  { P g C z T \ j + \  \ j + i

Az Az
(PsCJ h \ j  (PgCgT k J+lvu +1

Az Az

if v ,;+1 > 0 ;v ,, > 0

if vu+1 > 0; vi ; < 0

if vi J+1 < 0, v(J > 0

if vt,j+1 < H j < 0

(PgCg ) j J ViJ+] (PgCg)j j - \V j j

Az
■ +

Az

( A A M j +I , (PgCg \ j \ j- +
Az Az

^ g ^ g ^ j+ ivu+i , (/7gCg)i,j-ivi,_
Az Az

(Pg^g) »J+1VU+1 . (P g C g )u \
Az Az

if vtJ+1 > 0 , v;/ > 0

if viJ+l > 0 , v;j. < 0

if vt J+1 < 0, vtJ > 0

if ViJ+l < 0 , vu  < 0

The equation (l.e), (1A) and (IB) can be rearranged again as follows:
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[K
T - T1 >-1,7 1 i‘J + K

T - T  T - T■*- îa.  1 » -* i  i __*  i  i__ I * iM j U + K- ÎJ ~  1 +  K  ‘‘J+1 *’■>'
(Ay)2 ' “  (Ay)2 ' “  (Az)2

(PsCgr )i-ij uij iPgCgT \ j  ui+lJ 
Ay  Ay

t. -7 ;
(Az)2

+ ( \ A ) - E x H A
Ax

( p C ) l j - u mal

Ax

- + T" (l.f)

Ay Ay ( P C  X’j - u mM-}

Here, (IA):

( ■ P g C g T k , - l \ j  ( P g C J ) u \ j+1
Az Az

( P g C g T h V U  ( P g C g T \ j V U +'
Az Az

{psCgT),j_x vu  (p gCgT)iJ+ï viJ+l
Az Az

( P g C g T \ j  v u  ( P g C g T \ j +1 VU +i 
Az Az

if v/J+t ^  0;vJi7 > 0 

if, vu+1 > 0 ; v u  < 0  

if viJ+1 < 0 , vu  > 0

if Vi,y+1 < 0 . < °

Here, (IB):

Az Az

(PgCg \ j VU+1 | ( ^ CA j VU 
Az Az

_ 7̂->g^’g)r,7+iv;,j+i  ̂ (PgCg)t,j-iVij
Az Az

_  ( / \ ' ^ - g  ) ; . /  +  !  V / , /  +  I  +  ( P g C g ) i , j Vi , j

Az Az

if vlJ+l > 0 , vu  > 0  

if vtJ+i vu  < 0

i f  v i j+ \  <  0  > v , j  -  0  

i f  viJ+1 < 0 , vu  < 0
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5.1.2.2 Left edge elements

Left edge elements are used in the left edge of the domain, except that the top and bottom elements and their 
left side are adiabatic for a symmetry plane is located at y=o. They are shown in Figure 5.4, i.e., i=l, 
j=2,3,...JZ-l.

i=l i=2 i=IY

Figure 5.4 Left edge elements

The energy balance for the left edge elements can be written as

K-
T - Ii+ l j  i , j

at

r  , - T

AxAz

+ K  UJ-' Ax Ay + K  T‘J+X '-‘- AxAy
A ? Az

+ 0 - { p gCgT)1]ui]AxAz + (\A)
\n+1

= u mctt[
(P C T  )"* - { p  C T  )” 

Ax
+ E x  H  ]AxAyAz

(2.a)

The equation (2.a) can be rearranged as

[0 + iL
r  _ T T - T  T - T
l i + l , j  x i,J * i , j - 1 x i , j  , y  i , j +1 i , j

(Ay)2 (Az)2
+ K

(Az f

+  0 -

(p gc grr ) i j ui+\j

Ay
+ ( I A ) - E x H  1

Ax
(p  c  )”j  ■ u mat

- + TA

7 ^” + ‘ { l I ( P g C g ) i J U i + l i  ! A x

at at ( p C ) l j - u n

(2.f)
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5.1.2.3 Right edge elements

Right edge elements are used in the right edge of the solving domain, except that the surrounding air cools the 
top and bottom elements and their right side. They are shown in Figure 5.5.

i= l i=2 i=IY

Figure 5 .5  Right edge elements

The energy balance for the right edge elements can be written as

AxAz + hy (Tx -  TtJ )AxAz
T - T

K  ‘-1J iJ 
Ay

T - T  I  - T
+ k ^ jz1— -i^-AxAy + K  -----^-AxAy

Az Az
+ (P g C g T )^  utJAxAz -  (p gCgT \  j utJAxAz + (M )

X p C T  )£) - i p C T  y
= U mJ -

Ax
+ E x  H }AxAyAz

(3.a)

The equation (3.a) can be rearranged

[K
rji rri rri /ttt /ttt ryr rri r~T~i

— r~~̂~ + hv ■- - U -  + K , tJ + K  ,J+l - , iJ 
(Ay) '  A_y (Az)2 (Az)2

+
(PgCgT ) ,-u u tJ (PgCgT)i juMJ

Ay Ay
+ (IA) — E x H a\

Ax
■ + T"

8 (p  c  yij - Umat 11

T"+l{\ I (PgCg^i,jUi+lJ ! Ax
at At ( p C ) " j U mal

(3-f)
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5.1.2.4 Bottom face elements

Bottom face elements exist in the bottom face of the solving domain, except that the left and right side elements 
and their bottom side is in contact with the moving steel belt. They are shown in Figure 5.6, i.e., i=2,3,...,IY-

i=l i=2 i=IY

Figure 5.6 Bottom face elements

The energy balance for the bottom face elements can be written as

T  - T  T  - T
K ^ d d ---- LL + -----l̂ A x A z

A y Ay

+ 1 be lib 1 i , j

R.
Ax A  y  + K  ■

Ctb

t j +1 t , j

Az
A x  Ay

+ ( p g C g T X ^ j U y A x A z  -  ( p g C g T X j U t j A x A z  + ( \ A b )

= u mM[
(P C  T )”j  - ( p  C T ) ”j

Ax
+ E x  H A A x A y A z

(4.a)

The equation (4.a) can be rearranged to

\K
rji rji rji rrj rri rrr rri rri

| £  i + \ J  ~  ‘ i . j  | l bellb ~  1 i j  | ^  1 i j + 1 1 i ,j

(A yr ( A y V Rctb ■ Az ( A z ) 1

(PgC gr ) i - u uu  (PgC gT \ j u i Ax

A y Ay
P A l+ {\ A ) - E x H ef  rr . . tJ

=  71"+1 {1 +  [ ^ P ' ^ X  X -l, j U i , j  _  ( P g C g ) j J UL+\,j  +  ( [ £ £ ) ]

A y at

( p c y y u mal

Ax  .
( p C ) l j - u J

■ + T". (4.f)

Here, (lAb):
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Q (PtCJ \ j \ j  + x
Az

0 ( P g C  g T h v u + >

Az

0 _ W W
A z

Q (p gCgT)iJ+lviJ+l
Az

Here, (lBb):

+ \ | Q
Az

( P j £ - g ) i J Vi J + 1 , q

Az
_  { P g ^ g  ^ i j + l ^ i j + l  q

Az

( P g (- ' g ' ) u + i Vi j + i  ! Q 

Az

if v,J+i ^ 0;vu  > 0 

if vu+i -  0 ; v,j  < 0  

if \ 7+i <°> vu

i f  Y J+i < 0 ,  vtJ < 0  

i f v ;j+1> 0 ,  vi ; > 0

if vt j+i Yj  < °

if v iJ+1 < 0 , vi; > 0  

if Yj+i <0> vi,; < °

5.1.2.5 Top face elements

Top face elements are used in the top face of the solving domain, except the left and right sides elements and 
their top side is in contact with the moving steel belt. They are shown in Figure 5.7, i.e., 
i=2,3,...,IY-l; j=JZ

i=l i=2 i=lY

Figure 5.7 Top face elements
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The energy balance for the top face elements can be written as

T  _ T T - I
— -i^AxAz + K - ^ ----— Ax Az
Ay A”

+ K

Ay
T - T  T - T
iJ~' i J AxAy + Ma iJ AxAy

Az RCtt
+ (p g C g T ^ jU ,jA xA z  -  (pgCgT), jU'jAxAz + (\At) 

( p C T ) " +' - ( p C T ) "
= Umal[— ------ ----------------- ^  + E x H g]AxAyAz

Ax

The equation (5.a) can be rearranged as follows

[K
T  - T  T  _  TU , j / ' i + U T,7 _j_ j 1 f+1.7 1 iJ  x  ^'.7 , ^b e llt T '

T,
(Ay)2 ' “  (Ay)2 ' "  (Az)2

, (PgCgT),

- + ■ i.j
Ku ■ Az

V  h , j Ui+ \J

Ay Ay

- T"+l(1 + hzhl^AL _

+ ( U / ) - £ x  / /„ ] --------—------- + T”
( p C ) " j - U mal IJJ  ^  mat

Here, (lAt):

Ay
à b i ^ J  + ( is ,) ] --------^ ------- }
Ay { p C ) l r u J

(5.a)

(5.1)

( p , c g r ) , H v *>J

Az
(PoC , r ) , j \ j

Az
(PgC^T),j \Vt

- 0

Az

(PgCgT )iJVU
Az

- 0

; - 0

0

if vi J+l > 0; vtJ > 0

i f  v i,7 + t -  ®  ; V i J  <  0

if Vij+1 <°> vij

if vu +1 <°> VU < °

Here, ( 1 Bt):

- 0  +

- 0  +

{PgCs \ j - y \ j
Az

(P ,CA jvu
Az

if \ / +i vu  > 0

>f Vij+i vtJ < 0
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- 0

- 0 +

V‘, j

Az

(PsCA j vu
Az

if vtJ+1 <°> vij

if v,J+1 < 0 , vtJ < 0

5.1.2.6 Left bottom element

A left bottom element is used in the left bottom comer of the solving domain; its left side is adiabatic and 
its bottom side is in contact with the moving steel belt. It is shown in Figure 5.8, i.e., i=l j= l

i=l i=2 i=IY

Figure 5.8 Left bottom element

The energy balance for the left bottom element can be written as

0 + K  T i+ lJ  T ,j  A x A z  
Ay

T _ T  T - T
+ -----!± AxAy + K  ---- — Ax Ay

K * &
+ (pgCJTlt^jUtjAxAz -  (pgCgT)tjUjjAxAz + (\Ab) 

r( p C T ) ^ - ( p C T ) l
= u mal[-

Ax
+ E x  H  JAxAyAz

(6.a)

The equation (6.a) can be rearranged to
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T — T T
[0 + j f  MJ iJ '

(ay) ■ t e

T, T, lt, - T ,  
+ K -

+ (PgCgT ) i - U UU  (PgC gT ) i J UM J

4 y

( t e ) 2

+ ( ! A ) - E x H  1-
Ax

■ + r .
4y ' ' s ( p C  )"j  -Umat *■'

(6.f)

Ax_  T n + 1 / ]  _i_ I ^  _  ( P g ^ g  +  l

U Ay 4 r  ( K ) ”r [/S
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5.1.2.7 Right bottom element

A right bottom element is used in the right bottom comer of the solving domain; the surrounding air cools 
its right side and its bottom side is in contact with the moving steel belt. It is shown in Figure 5.9 i.e., 
i=IYJ=l

j=JZ

j=2
j = l

i= l  i=2 i=IY

Figure 5.9 Right bottom element

The energy balance for the right bottom element can be written as

K TJ-hL-.I u AxAz + h ( r  - T t )AxAz 
Ay

T —T T - T
, x b e l tb  l i , j  » a , t s  M l , J + 1 ‘ ,7  a ah----------- —Ax Ay + K — ------- —AxAy

Rctb '  Az
+ (p gCgT ) ^ XJuKJ/AxAz -  (pgCgTXjUfjAxAz + (lA b ) 

r(P  C  T  )"j - ( p  C  T )"j
= u mal[-

Ax
+ E x  H  JAxAyAz

(7.a)

The equation (7.a) can be rearranged as follows:

, - ,  T - Ti , j  , beltb i j  i j + l  x l , j
2 ' " y  a _.  r>--------- ~  +  K  t  A _ \ 2

r r i  rr~i rjn  r r t  r j i  rj~i

- E M  Z  I L L  | u  l r  ~ l ’ '
(Ay)2 > Ay Rctb-Az

(PgCgT ) i - \ j  utJ ( P g C g T ) j j  ut+lJ

(Az)

+
Ay Ay

+ { \ A b ) - E x H s ]
Ax

• + T"
S \P  C )”j ■ Umat

_ ^«+1r1 , | (-P /" f;h-KjUi,j (PgCg)ijUi+ij Ax
+ (1 5 6 ) ]-

Ay Ay \ p C ) l j - U mat
}

(7.f)
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5.1.2.8 Left top element

A left top element is used in the left top comer of the solving domain; its left side is adiabatic and its top 
side is in contact with the moving steel belt. It is shown in Figure 5.10, i.e., i=l; j=JZ

i=l i=2 i=IY

Figure 5.10 Left top element

The energy balance for the left top element can be written as

0 + K Ti+XJ - AxAz
A y

T \ ~ T
+ K ^ z l ----— Ax Ay +

Az
Theltt T j j

R,„
Ax Ay

+ ( p g C g T ^  jU' j A x A z  -  ( p gCgT ) j j Uj jAxAz  + ( \ A t ) 

{ p  C  T  )"t‘ — { p C T  )"
= Umal[— ------ ----------------- ^  + E  x H g ]AxA_yAz

Ax

(8.a)

The equation (8.a) can be rearranged as follows

rj~i ryi rji rr~f /pt~t r7~T
[ o +  a : p a  , ; id .

(Ay)2 (Az)

+ ( P g C g T \ j U M J

Ay Ay

Rc,t ■ Az
Ax

i p  C )”, • Umal 

Ax

• + T"

1 ( P u C a ) i  1 i U i  i ( P a C o  ) ,  .W/M ,_ ĵ n+i n rv' g lJ _ v~g g'>,] i+Kj _|_ __
_ U  Ay A_y ( p C f y U ^ }

(8.f)
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5.1.2.9 Right top element

A right top element is used in the right top comer of the solving domain; the surrounding air cools its 
right side and its top side is in contact with the moving steel belt. It is shown in Figure 5.11, i.e., 
i=IYJ=JZ

i=l i=2 i=IY

Figure 5.11 Right top element

The energy balance for the right top element can be written as

T - T  
K , l  J

At
AxAz + hy(Tn - T tJ ) AxAz

+ K
T - T1U -1 i .J

Az
AxAy  + -

T - T
1  b e l u  1 t , j

R,
Ax Ay

+ (pgCgTX^jU^jAxAz -  (p gCgT\jU .jA xA z + (\At)

=  u m a l[

{ p C T X ^ - i p C T ) ^

Ax
+ E x  H  „]Ax Ay Az

The equation (9.a) can be rearranged as follows

(9.a)
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^-U  Ti,j T - T1 rr\ A l
[K +hy — -----^  + K00 *<J , t s  ‘J ~ l i , j  , belli 1 i , jT ,  T,„, -  T,

(4 yY Ay (Az)2 R,„ ■ Az

+ (PgCgT )i-lJUiJ (PgCgT)iJUM,J
Ay Ay

+ (\At) -  E x  H ]
Ax

■ + TA
8 (P c ) l - U mM

(9.f)

Ax= 7’"+1(l + r^ " ^ "  _ (P s^g ) i jui+i,j _|_ n g f \ \ _
~ U Ay Ay \ p C ) l j - U mal

}

Finally, the above equations from ( 1 .f) to (9.f) can be written in a general form as

r .”+1 = (A W ■ Tt\ j  + AE  • T ^  J + AD ■ T ”̂  + AU ■ T"j+l + CA ■ T*} +DA) / EA

here,

(P ‘'Ci>H ) ] -------- t o -------
(Ay)2 Ay ( p  • ( / „

AD2=

or

or

or

AW=0 if i=l

AE=r_—_1 ._____ ^ _____
(Ay)2 ( p  C )■ Umal

AE=0 if i=ix

AD=[AD 1+AD21------- —------
(P -C )-U mal

K
AD1=------- if /* 1

(Az)2

AD 1=0 if j= l

(Pg ' Cg Xj-1 ' vij  
Az 
0

< / V ( U y
Az
0

if viJ+l >0 ;vu  > 0  

if vjJ+1 > 0; vtJ < 0

if v,J+1 <0;vu  > 0

if vzi ]+1 < 0; vzi} < 0
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or

AU2=

or

or

or

or

or

or

or

or

or

or

AU=[AU1+AU2]
Ax

i p - C )  -Um
AU 1=0 II

K if j * J Z
(Az)2

0

0

(Pg ' 1 ' vtj+1
Az

(Pg-c g\ j+ i - vu+i 
Az

CACAY+CAZ- ( p * ' c A r ut-j  " M J

Ay
+CA2Y+CA2Z]

if \ j +i ^ 0 ;v u  > 0  
if vJJ+1 > 0; vt J < 0

if vJJ+i < 0 ; ^ ,  > 0  

if  v zJJ+i < 0 ;v z u  <  0

Ax

CAY=- 2 • -
K

CAZ=2 •-

(Ay)
K

(A y?
K

(Az)2
K

(Ax)“ • Az
K 1

(Ax)" Rett • Az 
CA2Y=0

_ K _
Ay

(/ V c A u vzu+1
Az

CA2Z= -

A C A A v+. , <<PgC g \ j \ j

Az Az
0

+ ( / V CA u v<.v
Az

( P- C)  -Umat 

if / AIY or 1

if i=IY or 1

if j  ^  1 or JZ

if j= l

if j=JZ 

if / *  [Y 

if i=IY

if v,J+1 * ° ;u ,7 ^ °

i f  v IJ+ 1 > 0 ;v u  <  0 

if UJ+i < ° i v u  > 0  

if  U j+i < 0 ; v u  < 0

+ 1
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DA= \ - E H fg+Ret + DAl] 

DA1= 0

K ' T .

Ax

Ay

Thbeltb

K b  ■ t e

T,ibeltt

K  • t e
h -T Ty  »  1 beltb

AV K b  ■ t e

K  ■T «  , T  beltt

A v  • A z

( p O  ^ m a t

for (1), (2) 

for (3)

for (4) and (6) 

for (5) and (8) 

for (7) 

for (9)

■ + EA\]~£   ̂ |  | ^g ' Çg ' r̂+1,/ -  --- AA
Ay Ay \ p C )  ■ Un

EA1=(1B)

5.1.3 Air Density Differential Equation

According to the air mass conservation equation shown in the equation (17) in Chapter 4, the differential 
equation can be written as

n+ 1 w+1 n n n n n _ n
j  r P a j J ^ j  P a j J ^ j  P a , i , j^ i+ \J  P a , i - \ , j ^ i J  ^
Umat-----— ---------- ^  + '----------------------= 0A A ( I 0 -a )Ax Ay

The equation is valid for all elements (i=l,2,...lY;j=l,2,...JZ) and w, y = 0. The equation (10.a) can be 
rewritten as

. n „ w
1 /  P a , i , j U i+ l,j P a , i - \ J U i J  A x  „  » w  w l

+  P a , t , j £ j  ) / £ jP i J  = ( ■
Ay U„

(10.b)

5.1.4 Evaporation Rate Differential equation

According to the vapour mass conservation equation shown in equation (18) in Chapter 4, the differential 
equation can be written as

U.
n+1 »+l

P * j j £ j P v j J  £ j

Ax
+ P v , i , j Ui+ \,j P v , i - \ , j U iJ + (11 B) = E ( 11)

Here, (1 IB):
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P v j j ^ i j + l  ^  P v , l , j - \ ^ i , j  

Az Az
P v , i , j V i , j+ \  | P v , i , j V i J  

Az Az

P v j J + P *  i,j+l P v , i J - P ’i , j

Az Az
P v , i J + l ^ i , j + \  P v j j \ j

Az Az

if v,

if V < 0 , vtJ > 0

> 0 ,  vu  > 0

The equation (11) is valid for all elements (i=l,2,...IYJ=1,2,.. JZ) and w, . = 0 .

5.2 Flowchart of the Computer Program of the Model

5.2.1 Coupling Relation among Dependent Variables

The eighteen dependent variables introduced are coupled to each other. The coupling relations among 
dependent variables are shown in Figure 5.12.
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e ( x , z ) ( 6 ) p d ( x , z ) Ç & )

c r û )  (4) J*"

RH(x,y,z) (27) t ........\

P sa, (26)

P v (x,y,z) (25)

p v ( x , y , z ) (24)
‘•s...

P „ ( x , y ) (  23) T-\.. ""

_____ ____

Pg ( x , y , z ) (  2 2 )

Pm a, (*)>P m a, C*> Z ) ’  P m a, (*>><) (5 H   .........► P s (-*, z \  P s (■*, JV, Z )  ( 13)
-------------------- ^

■s...

MC(x,y,z) (15)

( JC ,  J / ,  2 )  (16)
A

""rèA, (-*>>0(17)

4

E e v a p ( x ,  y,z)( 18)
4 f

U
▼ «

,(x ,y ,z)(19)

..... *p zg ( x , y , z ) ( 2 0 )

P  ma, ' ( * ) >  T ma, C * >  > 0 » 1 ma, ( * >  ^  0  ( 2  0  *

Figure 5.12 Coupling relation among dependent variables
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5.2.2 Flow Chart of the Computer Program
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5.3 Typical Results of the Simulation

5.3.1 Input Parameters

5.3.1.1 Structure parameters of the continuous press

Table 5.1 shows the structural parameters of the continuous press studied. 

Table 5.1 Structural parameters

Working width of the press 1.71m
Length of infeed 1.4m
Angle of infeed 5 degrees

The continuous hot press consists of 25 frames and the length of each frame is shown in Table 5.2.

Table 5.2 Structural parameters of the press

N o . o f  th e  fra m e L en g th  o f  th e  fr a m e  
(m )

N o . o f  th e fr a m e L e n g th  o f  th e  fra m e  
(m )

1 1.150 14 1.400
2 1.175 15 1.400
o 1.200 16 1.400
4 1.200 17 1.400
5 1.200 18 1.400
6 1.200 19 1.400
7 1.200 20 1.400
8 1.300 21 1.400
9 1.400 22 1.400
10 1.400 23 1.400
11 1.400 24 1.400
12 1.400 25 1.400
13 1.400

5.3.1.2 Operating parameters of the press

Initial temperatures of the top and bottom rolling rods and steel belts are specified in Table 5.3. 

Table 5.3 Initial Hot Press Temperatures

Top rolling rod 200°C
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Bottom rolling rod 200°C
Top steel belt 200°C
Bottom steel belt 200°C

The temperature of the oil that flows into the hot plate and the distance between the top and bottom steel 
belts are specified in Table 5.4.

Table 5.4 Oil temperature and distance between the top and bottom steel belts as related to
the press frame

N o. o f  th e  fra m e O il te m p e r a tu r e  
-to p

("Q

O il te m p era tu re  
-b o tto m

(C)

D ista n c e  o f  steel 
belts  

(m m )
1 225 225 25.30
2 225 225 24.20
O 225 225 22.99
4 225 225 24.20
5 225 225 25.20
6 225 225 25.50
7 225 225 25.50
8 225 225 25.21
9 225 225 24.80
10 225 225 24.60
1 1 225 225 24.60
12 195 195 24.60
13 195 195 24.60
14 195 195 24.60
15 195 195 24.60
16 195 195 24.60
17 195 195 24.60
18 185 185 24.10
19 185 185 22.40
20 185 185 20.28
2 1 185 185 18.10
22 185 185 18.10
23 185 185 18.10
24 185 185 18.10
25 185 185 18.10

The feeding speed of the MDF mat is specified as 0.175 m/sec.

5.3.1.3 Parameters of the MDF materials

Table 5.5 shows the material properties of the MDF fibre mat.
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Table 5.5 Properties o f the MDF fibre mat

MDF fibre mat initial density 400 kg/mJ
MDF fibre initial moisture content 8%
Fibre mat initial temperature 20 C
MDF panel target density 750 kg/m3
MDF panel target thickness 18.1 mm

5.3.2 Output Response

5.3.2.1 Thermal response

Figure 5.14 shows a typical temperature response. 
Figure 4.8 and Figure 5.15.

The locations of the responses can be referred in

h o t  p la te  

p r o t .  R a t e

--------- ro llin g  r o d

--------- s t e e l b e l t

--------- m a t  to p

-----C1
--------- c o r e

--------- S e d g e

--------- M e d g e

Figure 5.14a Temperature response in different locations of the hot press
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p r e s s i n g  t i m e ( s e c . )

0  2 5  5 0  7 5  1 0 0  1 2 5  1 5 0  1 7 5  2 0 0

p r e s s i n g  d i s t a n c e ( m )

- C 1

C 5

Figure 5.14b Temperature response in the central vertical section o f the mat

p r e s s i n g  t i m e ( s e c . )

Figure 5.14c Temperature response in the middle horizontal section of the mat
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C e n t r a l  v e r t i c a l  s e c t i o n S u r f a c e  h o r i z o n t a l  s e c t i o n

C l S 2 S 3 S 4 S 5 S 6 S 7 S 8 S 9 Sedee

C 2

C 3

C 4

C 5

C 6

C 7

C 8

C o r e M 2 M 3 M 4 M \ M 6 M 7 M 8 M 9 M edse

' —  M i d d l e  h o r i z o n t a l  s e c t i o n

Figure 5.15 Location o f the model output in cross-section o f the Jibre mat

Figures 5.16, 5.17 and 5.18 show the air, vapour and gas pressure responses respectively.

2 5 5 0

p r e s s i n g  t i m e ( s e c . )  

7 5  1 0 0  1 2 5 1 5 0 1 7 5 200 
6

5

4

3

2

1

0

Figure 5.16a Air pressure response in the central vertical section o f the mat
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p r e s s i n g  t i m e ( s e c . )

0  2 5  5 0  7 5  1 0 0  1 2 5  1 5 0  1 7 5  2 0 0

p r e s s i n g  d i s t a n c e ( m )

—  S e d g e

Figure 5.16b Air pressure response in the surface horizontal section o f the mat

p r e s s i n g  d i s t a n c e ( m )

M e d g e

c o r e

M4

Figure 5.16c Air pressure response in the middle horizontal section o f the mat
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p r e s s i n g  t i m e ( s e c  )

0  5  1 0  1 5  2 0  2 5  3 0

p r e s s i n g  d i s t a n c e ( m )

Figure 5.17a Vapour pressure response in the central vertical section o f the mat

p r e s s i n g  t i m e ( s e c . )

0  2 5  5 0  7 5  1 0 0  1 2 5  1 5 0  1 7 5  2 0 0

1.2 

1

0.8 

0.6 

0 . 4  
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0
0  5  1 0  1 5  2 0  2 5  3 0

p r e s s i n g  d i s t a n c e ( r r i )

Figure 5.17b Vapour pressure response in the surface horizontal section o f the mat
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p r e s s i n g  d i s t a n c e ( m )

Figure 5.17c Vapour pressure response in the middle horizontal section o f the mat

p r e s s i n g  t i m e ( s e c . )

0  2 5  5 0  7 5  1 0 0  1 2 5  1 5 0  1 7 5  2 0 0

Figure 5.18a Gas pressure response in the central vertical section o f the mat
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p r e s s i n g  t i m e ( s e c . )

0  2 5  5 0  7 5  1 0 0  1 2 5  1 5 0  1 7 5  2 0 0

p r e s s i n g  d i s t a n c e ( m )

C 1

S 4

S e d g e

Figure 5.18b Gas pressure response in the surface horizontal section of the mat

p r e s s i n g  t i m e ( s e c . )

0  2 5  5 0  7 5  1 0 0  1 2 5  1 5 0  1 7 5  2 0 0

c o r e

M 4

----------M e d g e

Figure 5.18c Gas pressure response in the middle horizontal section o f the mat

Figures 5.19, 5.20 and 5.21 show the air, vapour and gas density responses respectively.
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Figure 5.19a Air density response in the central vertical section of the mat

Figure 5.19b Air density response in the surface horizontal section of the mat
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Figure 5.19c Air density response in the middle horizontal section o f the mat

2 5 5 0
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Figure 5.20a Vapour density response in the central vertical section o f the mat
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Figure 5.20b Vapour density response in the surface horizontal section of the mat

2 5 5 0

p r e s s i n g  t i m e ( s e c . )  

7 5  1 0 0  1 2 5 1 5 0 1 7 5 200
0.6

0 . 5
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Figure 5.20c Vapour density response in the middle horizontal section of the mat
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Figure 5.21a Gas density response in the central vertical section of the mat

2 5 5 0

p r e s s i n g  t i m e ( s e c . )  

7 5  1 0 0  1 2 5 1 5 0 1 7 5 200
5

4 . 5  

4

3 . 5  

3

1 . 5

1

0 . 5

0

C 1 

- S 4  

- S e d g e

Figure 5.21b Gas density response in the surface horizontal section o f the mat
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2 5 5 0

p r e s s i n g  t i m e ( s e c  )  

7 5  1 0 0  1 2 5 1 5 0 1 7 5 200
5

4 . 5  
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3 . 5  

3

0 . 5

0

Figure 5.21c Gas density response in the middle horizontal section of the mat

Figure 5.22 displays the moisture content response in different sections of the fibre mat.

o  2 5 5 0

p r e s s i n g  t i r r e ( s e c . )  

7 5  1 0 0  1 2 5 1 5 0 1 7 5 200
12

Figure 5.22a Moisture content response in the central vertical section of the mat

B Forintek 
Canada 
Corp.

70 of 141



Investigation of MDF Press Strategies to Reduce Pressing Time

p r e s s i n g  t i m e ( s e c . )

Figure 5.22b Moisture content response in the surface horizontal section o f the mat

2 5 5 0

p r e s s i n g  t i m e ( s e c  )  

7 5  1 0 0  1 2 5 1 5 0 1 7 5 200

Figure 5.22c Moisture content response in the middle horizontal section of the mat

Figures 5.23 and 5.24 show the horizontal and vertical gas flow velocity responses respectively.
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p r e s s i n g  t i m e ( s e c . )

M
E
E

oO
eu>

0  2 5  5 0  7 5  1 0 0  1 2 5  1 5 0  1 7 5  2 0 0

p r e s s i n g  d i s t a n c e ( m )

—  C 1

--------- C 5

c o r e

Figure 5.23 a Horizontal gas flow velocity response in the central vertical section of the mat

p r e s s i n g  t i m e ( s e c . )
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Figure 5.23 b Horizontal gas flow velocity response in the surface horizontal section of 
the mat
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p r e s s i n g  t i m e ( s e c  )

0  2 5  5 0  7 5  1 0 0  1 2 5  1 5 0  1 7 5  2 0 0

p r e s s i n g  d i s t a n c e ( m )

c o r e

M 4

M e d g e

Figure 5.23 c Horizontal gas flow velocity response in the middle horizontal section of 
the mat
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Figure 5.24a Vertical gas flow velocity response in the central vertical section of the mat

J 73 of 141



Investigation of MDF Press Strategies to Reduce Pressing Time

2 5 5 0

p r e s s i n g  t i m e ( s e c . )  

7 5  1 0 0  1 2 5 1 5 0 1 7 5 200

Figure 5.24b Vertical gas flow velocity response in the surface horizontal section of the mat

p r e s s i n g  t i m e ( s e c . )

0 25  50 75 100 125 150 175 200

Figure 5.24c Vertical gas flow velocity response in the middle horizontal section of the mat
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5.3.2.2 Mechanical response

A typical load and stress of the MDF fibre mat is shown in Figure 5.25.

Figure 5.25 Typical result o f load and stress in the MDF fibre mat

The mat density and its vertical distribution can be seen in Figure 5.26. It is noticed that the vertical 
density profile across the thickness of the fibre mat is relatively flat as compared to the actual MDF 
panels produced in a MDF plant. It is partially due to the difficulties in presenting the fibre mat 
thickness. The thickness of the mat changes continuously during the hot pressing process. Therefore, the 
thickness of the mat can only be presented as relative thickness as related to the discreted element. 
Eighteen points depict the relative thickness of the elements, across the thickness. The density values of 
the model output correspond to these 18 points in which the absolute locations across the mat thickness 
are continually changed in the course of the hot pressing process. However, the relative thickness is not 
changed. If the difference in thickness of each element is taken into consideration, the density profile 
would be closer to the one that is normally obtained from MDF plants.
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................... - 1 . 4
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---------- 20.01
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r e l a t i v e  t h i c k n e s s

Figure 5.26 Density and density distribution of the fibre mat at different locations
( 1.4=inlet o f the press; 33.41=outlet o f the press)

6 Parametric Study of the Hot Pressing Process

6.1 Phase One: Preliminary Study

6.1.1 Scope of Phase One

At this phase, a series of different process settings for hot pressing MDF using a continuous hot press 
were input into the computer simulation model. The model predicted the temperature, vapour pressure 
and moisture content in the core region of the fibre mat. For this preliminary study, the selection of the 
hot pressing parameters was based on previous knowledge, experience, and engineering judgement. 
Based on the results from the preliminary study in Phase One, a new set of refined hot pressing 
parameters are studied in Phase Two.

Parameters studied in Phase One include mat width, panel density, press temperature, initial fibre 
moisture content, initial press closing rate, and temperature difference in different press zones.
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6.1.2 Input of the Model for the Parametric Study

Table 6.1.1 lists the hot pressing parameters studied in Phase One. Table 6.1.2 shows a typical model 
input data set. It provides typical operating parameters and fibre mat properties for the industrial MDF 
continuous hot press. Temperatures in different locations of the press are referred in Figure 4.8.

Table 6.1.1 Model input for the parametric study

R un
no. K ey in d ex

In itia l
fib re

m o istu re
%

P ress
c lo s in g

rate
m m /s

P a n el
d en sity

k g /m 3

T1

°C

T2

°C

T 3

°C

M at
w id th

m

1 control - original 8 15.3 750 225 195 185 1.71
2 change moisture 10 15.3 750 225 195 185 1.71
-*> change moisture 12 15.3 750 225 195 185 1.71
4 change moisture 14 15.3 750 225 195 185 1.71
5 change closing rate 8 7.7 750 225 195 185 1.71
6 change closing rate 8 30.6 750 225 195 185 1.71
7 change closing rate* 8 63.7 750 225 195 185 1.71
8 change closing rate 14 7.7 750 225 195 185 1.71
9 change closing rate 14 30.6 750 225 195 185 1.71
10 change closing rate* 14 63.7 750 225 195 185 1.71
11 press T=.8  of original 8 15.3 750 180 156 148 1.71
12 press T=1.2 of original 8 15.3 750 270 234 2 2 2 1.71
13 press T=.8  of original 14 15.3 750 180 156 148 1.71
14 press T=1.2 of original 14 15.3 750 270 234 2 2 2 1.71
15 full size mat width 8 15.3 750 225 195 185 3.42
16 1/4 mat width 8 15.3 750 225 195 185 0.86

17 full size mat width 14 15.3 750 225 195 185 3.42
18 1/4 mat width 14 15.3 750 225 195 185 0.86

19 Tl/T2/T3=l: 1:0.8 8 15.3 750 225 195 148 1.71
20 Tl/T2/T3=l:0.8:0.8 8 15.3 750 225 156 148 1.71
2 1 Tl/T2/T3=l: 1:0.8 14 15.3 750 225 195 148 1.71
2 2 T 1/T2/T3=1:0.8:0.8 14 15.3 750 225 156 148 1.71
23 density=0.8 8 15.3 600 225 195 185 1.71
24 density=1.2 8 15.3 900 225 195 185 1.71
25 density=0.8 14 15.3 600 225 195 185 1.71
26 density=1.2 14 15.3 900 225 195 185 1.71

Forintek
Canada
Corp.i 77 of 141



Investigation of MDF Press Strategies to Reduce Pressing Time

NOTE:
1. Run no. is the sequence number of the computer simulation model performed.
2. Key index highlights the function and objective of that computer simulation run.
3. No results have been obtained from run 7 & run 10 as the input data is out of the model’s range.
4. Moisture content of fibre is the initial moisture content of the fibre mat.
5. As described below, the press closing rate is obtained by reducing or increasing the line speed of the 

press (feeding speed Umat) and angle of the pre-press section. The original press closing rate was 
calculated as:

AH = L, * tg a h
where, A H  is the hot press initial fast closing distance (mm) 

Li is the length of the pre-press section (T/ = 1400mm) 
ah is the angle of the pre-press section

where, t is the duration of the fast closing (second)
Umai is the feeding speed (line speed) of the hot press (175 mm/s)

Press closing rate = A # /  = _ jj^  * tg a h= Un,al * tg°Ch (mm/s)
6. Density is the final panel density.
7. Ti is the temperature in the first pressing zone of the press.
8. T2 is the temperature in the second pressing zone of the press.
9. T3 is the temperature in the third pressing zone of the press.
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Table 6.1.2 Typical input data set for the model (original hot press parameters, run-1 in Table 6.1.1)
Mat width (m) 1.71 Panel thickness (m) 0.0181 Panel density (kg/m3) 750
Top rod temp.(°C) 200 Bottom rod temp.( °C) 200 Top belt temp.( °C) 200
Bottom belt temp.( °C) 200 Initial mat temp. (°C) 20 Space step length (m) 0.001
Feeding speed (m/sec.) 0.175 Number of frame 25 Length of infeed (m) 1.4
Angle of infeed (deg.) 5 Initial mat density (kg/m3) 400 Initial moisture content 0.08

T e m p e r a tu r e  zo n e N o . o f  p ress  fra m e T o p  fr a m e  o il tem p . °C B o tto m  fr a m e  o il tem p . °C L e n g th  o f  fr a m e  (m ) M a t th ic k n e ss  (m m )

T1 1 225 225 1.150 25.30
T1 2 225 225 1.175 24.20
T1 3 225 225 1.200 22.99
T1 4 225 225 1.200 24.20
T1 5 225 225 1.200 25.20
T1 6 225 225 1.200 25.50
T1 7 225 225 1.200 25.50
T1 8 225 225 1.300 25.21
T1 9 225 225 1.400 24.80
T1 10 225 225 1.400 24.60
T1 11 225 225 1.400 24.60
T2 12 195 195 1.400 24.60
T2 13 195 195 1.400 24.60
T2 14 195 195 1.400 24.60
T2 15 195 195 1.400 24.60
T2 16 195 195 1.400 24.60
T2 17 195 195 1.400 24.60
T3 18 185 185 1.400 24.10
T3 19 185 185 1.400 22.40
T3 20 185 185 1.400 20.28
T3 21 185 185 1.400 18.10
T3 22 185 185 1.400 18.10
T3 23 185 185 1.400 18.10
T3 24 185 185 1.400 18.10
T3 25 185 185 1.400 18.10
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6.1.3 Output of the Model

In Phase One, the outputs of the model used for analysis are temperature, vapour pressure and moisture 
content in the core region of the fibre mat. The solving domain of the model and its output data location 
are represented in Figure 6.1.1.

Z

C e n t r a l  v e r t i c a l  s e c t i o n S u r f a c e  h o r i z o n t a l  s e c t i o n

C l S 2 S 3 S 4 S 5 S 6 S 7 S 8 S 9 Sedec

C 2

C 3

C 4

C 5

C 6

C 7

C 8

C o r e M 2 M 3 M 4 M \ M 6 M 7 M 8 M 9 M edge

M i d d l e  h o r i z o n t a l  s e c t i o n

Figure 6.1.1 Coordinate o f the 3D MDF continuous press model and location of the model 
output for Phase One (shaded area in the left bottom corner shows the element 
from which the model output comes)
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6.1.4 Parametric Study -  Core Temperature

The effects of all factors considered in this parametric study of the fibre mat core temperature during hot 
pressing are presented in Figure 6.1.2 to Figure 6.1.7. The figures are presented from the most significant 
factors to the less significant factors. As can be seen from the figures, the fibre mat width (Figure 6 .1.2), 
panel density (Figure 6.1.3), and hot pressing temperature (Figure 6.1.4) have significant effects on the 
rate of the core temperature change. Initial fibre moisture content (figure 6.1.5) also affects the change 
rate of the core temperature, but to a less extent. The initial press closing rate (Figure 6 .1.6) and 
temperature difference at the different press zone (Figure 6.1.7) have little effect on the fibre mat core 
temperature. For every factor concerned (except initial fibre moisture content), two initial moisture 
contents of fibre mat (8% and 14%) are considered. No obvious differences in the factors studied exist 
between the two moisture levels. Therefore, the results presented in the figures are only those from one 
fibre moisture level. Furthermore, it must be emphasised that the significance of the effects of each factor 
on the core temperature of the fibre mat depends on the magnitude of each factor. Therefore, extra 
caution has to be taken when applying the results from the parametric study to industrial MDF 
production. For example, the core temperature is significantly affected by the mat width change as shown 
in Figure 6.1.2, but the magnitude of mat width change may be too large for a typical MDF mill. In this 
parametric study, we use 1.71 m as the middle level of mat width. The lower level is 0.855 m and the 
higher level is 3.42 m. However, in a typical MDF mill, it will hardly make a significant change in the 
mat width, at least not to the extent of 0.855 m to 3.42 m. That suggests that the design space chosen for 
mat width is probably larger than the industry can achieve, unless the MDF mill splits the mat into half 
width before hot pressing. Therefore, most of the mills would hardly observe the difference in the change 
rate of the core temperature when the mat width is changed at the time of production change. As a result, 
the effect of a mat width change on the core temperature change may not be as significant as presented in 
this study. Rather, the effect of the initial fibre mat moisture content is less significant on the change rate 
of the core temperature (Figure 6.1.5) comparing to the mat width (Figure 6 .1.2), but the actual influence 
of moisture in the fibre mat can be quite significant as the range of moisture content of 8% to 14% is 
close to the operating range of the MDF production. For some MDF mills, the process variation of the 
moisture content can be 2 to 4%. Therefore, the moisture content of fibre before pressing is an important 
factor to consider and should be kept in a higher range if possible for improving heat and mass transfer. 
However, higher moisture content in the fibre mat will result in higher vapour pressure in the mat. This 
will be discussed in the next section. To further compare the results of Phase One with the results of 
Phase Two, Table 6 .1.3 summaries Phase One results in terms of the effects of different process 
parameters on the change rate of core temperature in the fibre mat.
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0 25 50 75 100 125 150 175 200 225

Hot Pressing Time (s)

Figure 6.1.2 Effects o f the fibre mat width on the fibre mat core temperature (initial fibre 
mat moisture=8%)

core temp run

Figure 6.1.3 Effects o f the panel density on the fibre mat core temperature (initial fibre mat 
MC -  8%)
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0 25 50 75 100 125 150 175 200 225

Hot Pressing Time (s)

Figure 6.1.4 Effects o f the hot press temperature on the fibre mat core temperature (initial 
fibre mat MC=8%)

0 25 50 75 100 125 150 175 200 225

H ot Pressing Time (s)

Figure 6.1.5 Effects o f the initial fibre moisture content on the change rate of the fibre mat 
core temperature
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0 25 50 75 100 125 150 175 200 225

H o t P re ss in g  T im e  (s)

Figure 6.1.6 Effects o f the hot press initial closing rate on the fibre mat core temperature 
(initial fibre MC=14%)

0 25 50 75 100 125 150 175 200 225

H ot P re ss in g  T im e  (s )

Figure 6.1.7 Effects o f the pressing temperature at different press zones on the fibre mat 
core temperature (initial fibre MC =8%)
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Table 6.1.3 Summary of the pressing time required for a fibre mat to reach a specified core
temperature

Rank of significance 1 2 3 4 5 6
Factors Mat Density Press Initial Initial Temp, at

width temp. fibre closing different
MC rate press zones

m Kg/m3 °C % mm/s °C
High level of the factor 3.42 900 242 14 30.6 T[:T2:T3=22

5:195:185
Low level of the factor 0.855 600 162 8 7.7 T1:T2:T3=22

5:156:148
Range of the factor 2.565 300 80 6 22.9 AT,:AT2AT3

=0:39:37
Time to reach 70°C for high level1 105 178 135 115 113 152
Time to reach 70°C for low level 178 122 175 152 121 158
Time to reach 80°C for high level 137 199 150 136 134 167
Time to reach 80°C for low level 197 144 - 167 142 177
l ime to reach 90°C for high level 160 - 162 158 157 187
Time to reach 90°C for low level - 161 - 187 161 -

Time to reach 100°C for high level 191 - 181 179 177 -

Time to reach 100°C for low level - 199 - - 181 -

Time to reach 110°C for high level - - - - - -

Time to reach 110°C for low level - - - - - -
Pressing time reduction at 70°C (s)z -73 56 -40 -37 -8 -6
Pressing time reduction at 80°C (s) -60 55 - -31 -8 -10
Pressing time reduction at 90°C (s) - - - -29 -4 -

Pressing time reduction at 100°C (s) - - - - -4 -
NOTE:
1. Hot pressing time required for the core temperature to reach the specified temperature from the 

original core temperature prior to hot pressing.
2. The time difference between high level and low level of each factor. The negative values indicate 

that the high level of the factors give shorter pressing time. The positive values indicate that the low 
level of the factor provides a reduction in the pressing time.

6.1.5 Parametric Study -  Vapour Pressure

Apart from the core temperature of the fibre mat, the fibre mat core vapour pressure at the time of 
releasing pressure in the pressing process is an important and a critical parameter to consider in 
optimizing hot pressing process. Figure 6.1.8 to Figure 6.1.13 show the vapour pressure in different 
pressing conditions. From these figures, several interesting results can be identified:

1. Among the six factors considered in the parametric study, the highest maximum vapour pressure is 
close to 1.6 bar (0.16MPa) and it occurs at the highest level of hot pressing temperature (242°C) with 
highest initial moisture content of fibre ( 14%).

2. As the maximum vapour pressure in the core occurs at the end of the hot pressing, it should be well 
below the resin bonding strength to avoid blowing the panel when the pressure of the press is 
released. The results suggest that the internal bond (IB) should be greater than 0.16 MPa (1.6 bar).
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The internal bond required according to ANSI A208.2-2002 is well above the maximum vapour 
pressure. However, the internal bond at the completion of hot pressing depends on the in situ resin 
bonding strength development and fibre mat moisture. Within this project, no study has been 
conducted to investigate the in situ resin bonding strength development during hot pressing. The 
information on this area is also limited. Further study may be required to better understand the 
relations of resin bonding strength development and maximum vapour pressure for hot pressing 
optimization.

3. The maximum difference in vapour pressure also occurs among different average hot pressing 
temperatures. The vapour pressure increases by about 0.83 bar when the average hot pressing 
temperature increases from 161°C to 242°C.

4. The vapour pressure differences between high level and low level of each factor change with hot 
pressing time. For some of the factors, the difference in the vapour pressure increases during hot 
pressing to reach its maximum difference toward completion of the hot pressing (Figures 6.1.8, 6.1.10 
and 6.1.11). And for some factors, the difference in the vapour pressure is not affected at the final 
stage of the hot pressing (Figures 6.1.9 and 6.1.13). With regard to the mat width, the difference 
between high and low levels in the vapour pressure is reduced (Figure 6.1.12) toward the end of the 
hot pressing. The characteristics of the vapour pressure with the change of mat width are very helpful 
for the optimization of the hot pressing. As discussed in Section 6.1.4, to increase the change rate of 
the core temperature, a larger mat width is desirable. With an increased mat width, the vapour 
pressure is also increased during the pressing. However, as shown in Figure 6.1.12, it appears that 
toward the completion of the hot pressing process, the vapour pressure becomes quite similar 
regardless of the fibre mat width. Therefore, if the mat width needs to be increased for maximizing 
pressing efficiency its impact on the vapour pressure would not be of great concern.

5. The rank of the maximum vapour pressure among different factors is slightly different from the rank 
of differences in the maximum vapour pressure between the levels.

Table 6.1.4 summarizes the maximum vapour pressure among different factors and differences in the
vapour pressure between high and low level of each factor.
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Table 6.1.4 Maximum vapour pressure among different factors
Ranking of maximum vapour 
pressure among different factors

1 2 3 4 5 6

Ranking of difference in vapour 
pressure between two levels

1 3 2 4 5 6

Factors Press
temp.

°C

Density

Kg/m3

Initial
fibre

moisture

%

Temp, at 
different 

press 
zone 
°C

Fibre
mat

width

m

Initial
closing

rate

mm/s
High level of the factor 242 900 14 Ti:T2:T3

=225:19
5:185

3.42 30.6

Low level of the factor 162 600 8 Ti:T2:T3
=225:15
6:148

0.855 7.7

Range of the factor 80 300 6 ATpATj
AT3=0:3~

9:37

2.565 22.9

Maximum vapour pressure at the 
high level of the factors (bar)1

1.58 0.82 1.23 1.23 1.21 1.19

Maximum vapour pressure at the 
low level of the factors (bar)

0.76 1.32 0.63 1.04 1.10 1.21

Difference in vapour pressure 
between the levels2

0.82 -0.50 0.60 0.19 0.11 -0.02

NOTE:
1. The maximum vapour pressure is the vapour pressure at the completion of the hot pressing cycle.
2. The negative value in the vapour pressure differences indicates it has a lower vapour pressure at the 

factor of the high level.
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Figure 6.1.8 Effects o f a hot pressing temperature on the core vapour pressure (initial fibre 
MC=14%)
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Figure 6.1.9 Effects o f the panel density on the core vapour pressure (initial fibre MC-14%)
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0 25 50 75 100 125 150 175 200 225

Hot Pressing Time (s)

Figure 6.1.10 Effects o f the initial fibre mat moisture on the core vapour pressure
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Figure 6.1.11 Effects o f different pressing temperatures at different press zones on the core 
vapour pressure (fibre MC-14%)
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Figure 6.1.12 Effects o f the mat width on the core vapour pressure (initial fibre MC=14%)
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Figure 6.1.13 Effects o f the initial press closing rate at two different moisture contents on the 
fibre mat core vapour pressure
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6.1.6 Parametric Study -  Change of Moisture Content

Figures 6.1.14 to 6.1.19 show the fibre mat moisture change in the core region during hot pressing. It is 
quite obvious that higher initial fibre moisture content will result in a higher moisture migration into the 
core and higher core moisture content (Figure 6.1.14). Therefore, the parametric study in moisture 
content change of the fibre mat in the core region is conducted for the highest initial fibre mat moisture 
content (14%). From these figures, we can see that the core fibre mat moisture is continuously increased 
during hot pressing and reaches its maximum moisture content at the completion of the hot pressing 
process. This suggests that the water vapour migrates from the surface of the fibre mat into the core. 
With higher vapour pressure at the surface, the water vapour moves from a higher pressure zone at the 
surface into a lower pressure zone in the core. The difference in vapour pressure is caused by the 
difference in temperatures between the surface and the core. Table 6.1.5 lists the ranking of the 
significance in the maximum core moisture content among different factors and shows the moisture 
content differences between the high and low levels of each factor. Comparing Table 6.1.3 and Table 
6.1.4 with Table 6.1.5, it shows that the rank of significance of effects among different factors on the core 
moisture is closer to the rank of the hot pressing time in Table 6.1.3 than the vapour pressure shown in 
Table 6.1.4. It suggests that the heat transfer has a significant correlation with the fibre mat moisture 
content and its movement while higher moisture content in the core may not necessarily result in higher 
vapour pressure.

0 25 50 75 100 125 150 175 200 225

Hot P ressing Time (s)

Figure 6.1.14 Effects o f the initial fibre moisture content on the fibre mat moisture migration 
in the core region
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Figure 6.1.15 Effects o f the fibre mat width on the fibre mat moisture migration in the core 
region (initial fibre MC=14%)
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Figure 6.1.16 Effects o f the hot press temperature on the fibre mat moisture migration in the 
core region (initial fibre MC-14%)
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core MC run 4&25S26 
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Figure 6.1.17 Effects o f the panel density on the moisture change in the core region o f the 
fibre mat (initialfibre MC=14%)
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Figure 6.1.18 Effects o f different pressing temperature at different press zones on the fibre 
mat moisture movement in the core region (initial fibre MC=14%)
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0 25 50 75 100 125 150 175 200 225

Hot P ressing  Time (s)

Figure 6.1.19 Effects o f the initial press closing rate on the fibre mat moisture movement in 
the core region (initial fibre MC=14%0)

Table 6.1.5 Summary of the maximum core moisture con tent and core moisture difference
Rank 1 2 3 4 5 6
Factors Fibre

mat
width

m

Hot
press
temp.

°C

Density

Kg/m3

Initial mat 
moisture

%

Temp, at 
different 

press zone 
°C

Initial 
closing rate 

mm/s

High level of the factor 3.42 242 900 14 T,:T2:T3=
225:195:185

30.6

Low level of the factor 0.855 162 600 8 Ti:T2:T3=
225:156:148

7.7

Range of the factor 2.565 80 300 6 a t i:a t 2a t 3=
0:39:37

22.9

Maximum core moisture at 
the high level of the factors1

20.2 20.0 16.5 18.8 18.8 18.7

Maximum core moisture at 
the low level of the factors

16.6 16.7 19.7 10.2 18.1 18.6

Moisture difference between 
the levels2

3.6 3.3 -3.2 8.6 0.7 0.1

NOTE:
3. The maximum core moisture is the fibre mat final moisture content in the core region at completion 

of the hot pressing cycle.
4. The moisture difference between the levels is the difference between each factor’s high and low 

levels. The negative value indicates that a factor’s high level gives lower maximum core moisture.
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6.2 Phase Two: Optimization of Hot Pressing

6.2.1 Scope
Based on the preliminary study, a new design with a set of refined comprehensive hot pressing parameters 
is studied in Phase Two. Parameters studied include five of the most significant factors: initial fibre mat 
temperature, initial fibre moisture content, press temperature, mat width, and panel density. The focus of 
this phase is different from Phase One. In Phase One, only the hot press simulation model was used. The 
data and graphical analysis were performed to identify the most significant factors that affect the fibre mat 
temperature, vapour pressure and moisture content in the core region. In Phase Two, the optimization is 
carried out with the aid of both the hot press simulation model and a statistical analysis software (Design- 
Expert®).

6.2.2 Procedure of Data Analysis
Using the model coupled with the statistical analysis software, a Box-Behnken design with five factors at 
three different levels was designed. With this design, one can use minimum computer simulation run to 
obtain adequate data for optimization of hot pressing process. The total number of run was 46. Table 
6.2.1 shows the factors and their levels. The detailed design for each computer simulation run is listed in 
Table 6.2.2. For each run, a set of data is used as input for the hot press model. The output from the 
model (hot pressing time required to reach core temperature of 70°C along with maximum vapour 
pressure and maximum moisture content in the core) is transferred into the Design Expert for data 
analysis.

Table 6.2.1 Process parameters used for computer simulation
N o. F a cto rs L evel o f  fa c to rs

Low (-1 ) Middle (0) High (+1)
1 Initial fibre mat temperature (°C) 20 30 40
2 Mat width (m) 1.368 1.71 2.052
-> Panel density (kg/mJ) 600 750 900
4 Initial fibre moisture content (%) 6 9 12
5 Average hot pressing temperature (°C) 161.6 202 242.4

To simplify the analysis, we choose the core temperature as the index for the resin curing reaction. The 
analysis is based on the following assumptions:

1. Hot pressing time required for adequate curing of the resin in MDF is directly correlated to the 
core temperature of the fibre mat.

2. The curing rate of urea formaldehyde resin normally used in MDF is significantly increased at 
temperatures above 70°C. Therefore, the shorter the time required to reach the core temperature 
of 70°C, the shorter hot pressing time can be achieved.

3. Related to assumption 2, a linear relation exists between the time required to reach the specified 
core temperature of 70°C and the time required to reach higher core temperatures (>70°C).

Results from previous research works generally proved the validity of the first two assumptions (Pizzi, 
1994; Anthony, 2000; Dunky, 2000, Xing, 2004). The results from Phase One agree well with the third 
assumption as no cross-over occurs among the core temperature lines as shown in Figures 6.1.2 to 6.1.7. 
We also used the data generated from the model in Phase Two to verify the assumption. As can be seen
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in Figure 6.2.1(a) & (b), although there are some exceptions, in general, the time required for the core of 
the mat to reach 80°C or 90°C is in a similar ranking as the time required to reach 70°C in the core. 
Therefore, it should be adequate to use core temperature of 70°C and hot pressing time to reach such core 
temperature as an index for measuring hot pressing efficiency. With the above proved assumptions, the 
analysis in this parametric study can be greatly simplified. Hot pressing efficiency can be first quantified 
by the time required to reach core temperature of 70°C and then quantify maximum vapour pressure and 
maximum moisture content in the core region of the fibre mat.

Based on above assumptions and Tables 6.2.1 and 6.2.2, the model calculated core temperature, core 
vapour pressure, core moisture content, average density and thickness among with other physical and 
mechanical properties during the hot pressing. The output data from the model was selected and used for 
the further analysis in Design-Expert'1 software.

■  time required for core temp, to reach 70C 

□  time required for core temp, to reach 80C

200

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45

Ranking

Figure 6.2.1(a) Time required for the core temperature to reach 80°C vs. 70°C
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Figure 6.2.1(b) Time required for the core temperature to reach 90°C us. 70°C
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6.2.3 Input of the Model for the Parametric Study

Table 6.2.2 shows the hot pressing parameters studied in Phase Two of the parametric study.

Table 6.2.2 Model input
R u n  N o . M a t T e m p . (°C ) M a t  w id th  (in ) D e n s ity  (k g /m 3 ) In it ia l f ib r e  M C  (% ) P r e ss  T e m p . (°C )

1 30 2.052 900 9 202
2 40 1.71 750 6 202
3 30 2.052 750 12 202
4 40 1.368 750 9 202
5 30 1.71 600 6 202
6 30 1.71 900 12 202
7 30 1.71 750 9 202
8 30 2.052 600 9 202
9 20 1.71 600 9 202
10 30 2.052 750 9 161.6
11 30 1.71 750 12 161.6
12 20 1.71 900 9 202
13 30 1.368 750 9 242.4
14 30 1.368 750 12 202
15 40 2.052 750 9 202
16 30 1.71 900 9 161.6
17 20 1.368 750 9 202
18 40 1.71 750 12 202
19 30 1.71 750 6 161.6
20 20 1.71 750 9 161.6
21 30 1.71 750 12 242.4
22 30 1.71 900 9 242.4
23 30 1.71 750 9 202
24 30 1.71 750 9 202
25 30 2.052 750 6 202
26 20 1.71 750 12 202
27 40 1.71 900 9 202
28 30 1.71 600 9 161.6
29 30 1.368 750 6 202
30 20 1.71 750 6 202
31 40 1.71 750 9 242.4
32 30 1.71 750 9 202
33 30 1.71 600 9 242.4
34 30 1.368 750 9 161.6
35 30 1.71 750 6 242.4
36 20 1.71 750 9 242.4
37 30 1.368 900 9 202
38 40 1.71 600 9 202
39 30 1.71 600 12 202
40 40 1.71 750 9 161.6
41 30 1.368 600 9 202
42 30 1.71 900 6 202
43 30 1.71 750 9 202
44 20 2.052 750 9 202
45 30 1.71 750 9 202
46 30 2.052 750 9 242.4
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6.2.4 Result of Parametric Study
A group of line plots generated from Design-Expert1' is shown in Figures 6.2.2 to 6.2.6. The plots show 
only the considered factor as the independent variable and the rest of the factors, held as the parametric 
variables, have the constants at the mid point of their design space (middle level of each factor in Table 
6.2.1 ). Although the interactions among the factors cannot be considered in these plots, the plots provide 
adequate information on the sensitivity of each independent factor on the core temperature change in the 
fibre mat during hot pressing. As can be seen, the slope of the curves from Figures 6.2.2 to 6.2.6 reduces, 
suggesting that the sensitivity of the factors on the core temperature reduces. It ranked from the most 
significant factor to the less significant one as follows: panel density, initial fibre mat moisture content, 
initial fibre mat temperature, average hot pressing temperature, and fibre mat width. However, as 
previously discussed in Section 6.1.4, it must be emphasized that the degree of significance of each factor 
on the core temperature is based on the specified data set and the magnitude of the design space of each 
factor. It may change if these factors change. The significance of each factor in Phase II is different from 
that in Phase I (Table 6.1.3) because the input data set and method of data analysis between the two 
phases are different.

Figure 6.2.2 Sensitivity o f the panel density 
on the change rate of the core temperature

In itia l fibre m at moisture content (%)

Figure 6.2.3 Sensitivity o f the initial fibre 
mat moisture on the change rate o f the core 
temperature
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In itia l mat tem perature (deg.C)

Figure 6.2.4 Sensitivity o f the initial fibre 
mat temperature on the change rate o f the 
core temperature

Hot pressing temperature (deg.C)

Figure 6.2.5 Level o f hot pressing 
temperature on the change rate o f the core 
temperature

Fibre m at w idth (m)

Figure 6.2.6 Sensitivity o f the fibre mat width 
on the change rate of the core temperature
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Further analysis was carried out using the Design-Expert * software to study the interaction of two factors 
on the change rate of the fibre mat core temperature. It is judged by the time required from initial core 
temperature to the core temperature of 70°C. As can be seen from Figures 6.2.7 to 6.2.16, no curves cross 
over and they are almost parallel to each other in most combinations of the factors. It suggests that no 
interactions occur among the main factors studied. Table 6.2.3 provides an index of the interaction 
graphs.

Table 6.2.3 Index of the interaction graphs of five main factors studied_________
Initial 
fibre MC

%

Initial mat 
temperature

°C

Pressing
temperature

°C

Mat width 

m
Panel
density
kg/m3

Figure
6.2.7

Figure
6.2.8

Figure
6.2.9

Figure
6.2.10

Initial 
fibre MC
%

Figure
6.2.11

Figure
6.2.12

Figure
6.2.13

Initial mat 
temperature
°C

Figure
6.2.14

Figure
6.2.15

Pressing
temperature
°C

Figure
6.2.16
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Figure 6.2.7 Interaction graph showing the 
relation between panel density and initial 
fibre mat moisture content (MC-6% or 12%)

Panel density (kg/m3)

Figure 6.2.9 Interaction graph showing the 
relation between panel density and the hot 
press temperature (162°C or 242°C)

Figure 6.2.8 Interaction graph showing the 
relation between panel density and initial 
fibre mat temperature (20°C or 40°C)

Figure 6.2.10 Interaction graph showing the 
relation between the panel density and the 
fibre mat width (1.37 or 2.05 m)
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Initial fibre mat moisture content (%)

Figure 6.2.11 Interaction graph showing the 
relation between the initial fibre mat moisture 
and the initial mat temperature (20 or 40°C)

Initial fibre mat moisture content (%)

Figure 6.2.13 Interaction graph showing the 
relation between the initial fibre mat moisture 
and the fibre mat width (1.37 or 2.05 m)

Initial fibre mat moisture content (%)

Figure 6.2.12 Interaction graph showing the 
relation between the initial mat moisture and 
the hot press temperature (162 or 242°C)

Initial mat temperature (deg.C)

Figure 6.2.14 Interaction graph showing the 
relation between the initial mat temperature 
and the press temperature (162 or 242°C)
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Initial mat temperature (deg.C) Hot pressing tem perature (deg.C)

Figure 6.2.15 Interaction graph showing the 
relation between the initial fibre mat 
temperature and the mat width (1.37 or 
2.05 m)

Figure 6.2.16 Interaction graph showing the 
relation between the press temperature and 
the mat width (1.37 or 2.05 m)

The contour plots and response surface plots are shown in Figures 6.2.17 to 6.2.26 as results of the 
analysis. For the contour plot and response surface plot, apart from the factors considered (factors as X 
axis and Y axis), the other factors are held constant at the reference value. The reference points are set at 
the mid point of the design space as shown in Table 6.2.1. All contour plots and response surface plots 
are in the same scale and intervals. With the same interval (every 15 seconds), comparison among 
different graphs can be made easily.

The plots were presented in the sequence from the most significant combination of the factors to the less 
significant ones. Since the interval of the contour line is the same throughout all contour plots, the plot 
with more contour lines indicates that the factors presented by the contour lines have more effect on the 
core temperature. Based on the contour plots, the combination of panel density and initial fibre moisture 
content has the most significant effect on the change rate of fibre mat core temperature (Figure 6.2.17). 
Second level of significance is in the combination of the panel density and initial mat temperature (Figure 
6.2.18), panel density and pressing temperature (Figure 6.2.19), initial fibre moisture and mat temperature 
(Figure 6.2.20), initial fibre moisture and pressing temperature (Figure 6.2.21). Less significant effects on 
the core temperature of the fibre mat are the combination of panel density and mat width (Figure 6.2.22), 
initial fibre moisture and mat width (Figure 6.2.24), initial mat temperature and pressing temperature 
(Figure 6.2.23). The least significant effect of main factors combination on the core temperature is the 
combination of initial mat temperature and mat width (Figure 6.2.25), and pressing temperature and mat 
width (Figure 6.2.26).
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Furthermore, from these contour and response surface plot, we can also identity the significance of the 
impact on core temperature within the two factors studied in the plot. If the slope of the contour lines in 
the plot is close to 45° (or 135° as shown in Figures 6.2.17 & 6.2.23), it indicates that the two factors 
considered are in a similar sensitivity level to the core temperature in the design space. If the contour 
lines in the plot incline to either X-axis or Y-axis (as shown in Figures 6.2.22, 6.2.24, 6.2.25 and 6.2.26), 
it suggests that the change rate of the core temperature is more sensitive to the change of one factor than 
the others. In Figure 6.2.24, it indicates that in the design space the initial fibre mat moisture has much 
more significant impact on the core temperature than the fibre mat width. Compared to the result from 
Phase I, this result is more realistic and close to our observation from both laboratory experiment and 
industrial MDF production. Table 6.2.4 provides an overview of the contours and response surface plots. 
From this table, it would be quite easy to identify and compare the significance of effect of each factor on 
the change rate of the core temperature.

Table 6.2.4 Index o f contours and response surface plots offive main factors

Initial 
fibre MC

%

Initial mat
temperature

°C

Pressing
temperature

°C

Mat width 

m
Panel
density
kg/m3

Figure
6.2.17

Figure
6.2.18

Figure
6.2.19

Figure
6.2.22

Initial 
fibre MC
%

Figure
6.2.20

Figure
6.2.21

Figure
6.2.24

Initial mat 
temperature
°C

Figure
6.2.23

Figure
6.2.25

Pressing
temperature
°C

Figure
6.2.26
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6 600

Time required fo r core temp, reach 70C (s)

Figure 6.2.17 Effects o f panel density and initial fibre moisture on the change rate o f the core 
temperature

Time required for core temp, reach 70C (s)

Panel density (kg/m3)

Figure 6.2.18 Effects ofpanel density and initial fibre mat temperature on the change rate of 
the core temperature

■ V i  Forintek 
Canada

W E I  Corp

u s  of 141



Ti
m

e 
re

qu
ire

d 
fo

r c
or

e 
te

m
p,

 re
ac

h 
70

C
 (s

) 
i

 
Ti

m
e 

re
qu

ire
d 

fo
r c

or
e 

te
m

p,
 re

ac
h 

70
C

 (s
)

Investigation of MDF Press Strategies to Reduce Pressing Time

Time required for core temp, reach 70C (s)

Figure 6.2.19 Effects o f panel density and press temperature on the change rate o f the core 
temperature

Time required for core temp, reach 70C (s)

Figure 6.2.20 Effects o f initial fibre moisture and mat temperature on the change rate of the 
core temperature
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Time required for core temp, reach 70C (s)

Figure 6.2.21 Effects o f initial fibre moisture and press temperature on the change rate o f the 
core temperature

Time required for core temp, reach 70C (s)

Figure 6.2.22 Effects o f panel density and mat width on the change rate o f the core 
temperature
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Time required for core temp, reach 70C (s)

Figure 6.2.23 Effects o f initial mat temperature and press temperature on the change rate o f 
the core temperature

Time required for core temp, reach 70C (s)

Figure 6.2.24 Effects o f initial fibre moisture and mat width on the change rate of the core 
temperature
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Time required for core temp, reach 70C (s)

Figure 6.2.25 Effects o f both initial mat temperature and mat width on the change rate o f the 
core temperature

Time required for core temp, reach 70C (s)

Hot pressing temperature (deg.C)

Figure 6.2.26 Effects o f both press temperature and mat width on the change rate of the core 
temperature
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6.2.5 Optimization
Unlike the data analysis process we carried out in Phase I, we did not conduct an independent analysis for 
vapour pressure and moisture content in the core of the fibre mat in Phase II. Instead, an optimization 
using Design Expert" software was carried out based on the results from the model. Two different 
approaches can be used for optimization with the software: numerical optimization and graphical 
optimization. We used numerical optimization first to identify an area of satisfactory solutions at the 
specified process parameters and then applied a graphical optimization to provide a broader operating 
window.

6.2.5.1 Numerical optimization

Design-Expert" software can maximize, minimise or target:
• A single response
• A single response, subject to upper and/or lower boundaries on other responses
• Combinations of two or more responses.

Based on the results from the model in both Phase I and Phase II, we chose the second option as the 
change rate of the core temperature in the fibre mat was the main concern as long as the vapour pressure 
and moisture content in the core of the mat were within an acceptable range. Therefore, we set the time 
required for the core temperature to reach 70°C to the minimum and both core vapour pressure and core 
moisture content within the range of the model output. We also maintained the original range for all the 
factors studied. The result of the numerical optimization is shown in Table 6.2.5.
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Table 6.2.5 Results o f numerical optimisation

Number
Mat

temp.

°C

Mat
width

ni

Density

Kg/m3

Fibre
MC

%

Press
temp.

°C

Time
required for 
core temp, 
reach 70°C 

sec.

Vapour
pressure

bar

Core
MC

%
1 35.25 2.02 609 10.6 232.4 58.0 1.42 16.0
2 38.95 1.82 647 10.6 235.6 61.9 1.56 16.0
OJ 39.23 1.87 602 11.9 169.6 63.1 1.05 16.1
4 36.53 2.02 672 12.0 216.5 63.9 1.38 17.2
5 38.88 1.92 611 10.5 192.4 65.4 1.16 14.9
6 35.36 2.01 620 10.0 225.9 66.2 1.34 15.1
7 38.02 1.95 630 10.0 217.8 66.3 1.31 14.8
8 38.74 1.86 604 11.6 168.7 66.9 1.04 15.8
9 39.18 1.55 648 11.8 216.3 67.1 1.53 17.2
10 37.8 1.9 636 11.2 196.8 67.1 1.25 16.0
11 35.56 1.79 606 10.4 221.5 67.5 1.41 15.7
12 39.48 1.83 640 11.3 189.6 67.8 1.22 15.8
13 39.33 1.65 620 10.4 208.6 69.1 1.35 15.3
14 34.56 2.04 615 9.1 240.3 69.4 1.34 14.0
15 31.92 2.05 669 11.7 234.7 69.6 1.50 17.4
16 30.31 1.87 604 11.4 223.8 69.7 1.44 17.2
17 37.18 1.58 606 11.5 198.1 69.9 1.33 16.5
18 36.73 1.99 610 9.6 207.4 70.0 1.18 14.2
19 38.22 2 613 9.7 195.3 70.5 1.09 13.9
20 39.87 1.55 684 12.0 217.0 70.5 1.55 17.2
21 39.78 1.61 607 9.5 222.7 70.5 1.38 14.4
22 37.14 2.05 746 11.3 239.8 70.6 1.56 16.5
23 39.48 2.01 745 11.4 219.7 70.9 1.42 16.2
24 33.17 2.04 701 11.7 238.8 71.0 1.55 17.3
25 31.05 2.04 648 10.6 242.3 71.4 1.50 16.2
26 32.84 1.99 634 10.7 220.8 71.4 1.36 16.0
27 32.57 1.86 644 11.3 230.8 71.5 1.52 17.0
28 38.48 1.95 732 10.7 239.2 71.5 1.56 15.8
29 35.35 1.73 609 10.4 215.4 71.9 1.37 15.6
30 38.98 1.58 691 11.9 221.4 71.9 1.58 17.3
31 39.49 1.99 701 9.5 239.5 72.0 1.44 14.3
32 33.36 1.68 602 10.2 238.2 72.0 1.54 15.9
33 38.26 1.9 620 10.1 191.3 72.3 1.13 14.4
34 39.4 1.66 677 11.9 200.3 72.4 1.37 16.7
35 39.79 2.03 642 9.0 212.3 72.6 1.15 13.2
36 35.81 1.85 680 11.4 222.0 73.0 1.48 16.7
37 39.64 1.75 741 11.9 221.2 73.0 1.53 17.0
38 27.45 2.05 609 11.9 213.0 73.0 1.28 17.5
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Table 6.2.5 (continued)

Number
Mat

temp.

°C

Mat
width

m

Density

Kg/m3

Fibre
MC

%

Press
temp.

°C

Time
required for 
core temp, 
reach 70°C 

sec.

Vapour
pressure

bar

Core
MC

%
39 38.96 1.38 617 11.8 197.0 73.1 1.37 16.5
40 33.85 2.03 608 8.8 235.7 73.1 1.27 13.5
41 39.14 2.04 748 11.4 214.4 73.2 1.36 16.1
42 25.92 1.89 600 11.2 241.7 73.2 1.54 17.3
43 39.36 2.01 613 8.9 200.2 73.2 1.04 12.8
44 36.59 1.63 650 11.2 220.5 73.2 1.51 16.6
45 37.09 1.67 607 10.0 212.3 '-ifJ.J 1 o o1.3.3 14.9
46 29.28 2 613 10.0 239.3 7̂0 o /J.J 1.43 15.5
47 33.36 1.91 604 9.0 241.7 73.4 1.38 14.1
48 30.27 1.86 600 11.3 212.5 73.4 1.34 16.7
49 38.29 1.49 606 11.4 190.1 73.4 1.27 15.9
50 38.62 1.68 673 11.7 204.1 73.5 1.39 16.5
51 32.38 2.05 709 11.6 241.8 73.6 1.57 17.3
52 24.96 2.02 603 10.7 241.5 73.6 1.46 16.6
53 39.57 1.81 689 11.2 202.1 73.7 1.32 15.8
54 27.92 2.04 625 11.2 229.4 73.7 1.41 16.8
55 24.71 1.98 601 10.9 242.3 73.7 1.49 16.9
56 39.93 1.84 739 12.0 207.8 73.8 1.39 16.6
57 39.84 1.71 685 11.9 191.8 73.9 1.29 16.4
58 35.59 2.03 744 11.3 240.9 73.9 1.57 16.6
59 39.98 1.68 648 12.0 174.2 73.9 1.14 16.1
60 38.86 1.56 611 10.2 205.3 74.1 1.31 14.9
61 39.97 1.81 765 11.6 227.5 74.1 1.56 16.7
62 29.59 1.77 609 11.3 229.2 74.2 1.50 17.1
63 39.76 1.7 651 11.8 177.5 74.3 1.16 16.0
64 35.27 1.8 688 11.6 227.7 74.3 1.55 17.1
65 37.19 1.82 689 11.1 218.8 74.3 1.45 16.3
66 29.36 1.95 614 10.0 241.4 74.4 1.46 15.5
67 39.38 2.02 815 11.5 237.9 74.4 1.56 16.4
68 39.79 1.78 702 10.3 227.2 74.4 1.48 15.3
69 37.01 2.02 606 9.5 189.2 74.4 1.03 13.7
70 38.64 1.42 619 11.8 192.1 74.4 1.32 16.4
71 35.84 1.45 616 11.5 214.9 74.5 1.49 16.9
72 39.19 1.9 733 10.3 236.6 74.6 1.53 15.4
73 39.02 1.91 605 8.3 222.5 74.6 1.14 12.4
74 39.6 1.64 676 11.4 202.4 74.6 1.37 16.2
75 25.07 1.98 601 10.5 242.3 74.6 1.47 16.4
76 39.98 2.05 699 9.9 210.9 74.6 1.23 14.2
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Table 6.2.5 (continued)

N u m b e r
M at

tem p .

°C

M at
w id th

m

D en sity

K g/m 3

F ib re
M C

%

P ress
tem p .

°C

T im e
req u ired  fo r  
co re  tem p , 
reach  70°C  

sec .

V a p o u r
p r e ssu r e

b ar

C o re
M C

%
77 37.29 1.38 604 12.0 193.5 74.7 1.33 16.8
78 39.89 1.66 605 10.9 167.7 74.7 1.05 14.8
79 39.89 1.91 687 9.1 239.1 74.7 1.41 13.8
80 38.87 1.48 610 11.8 177.3 74.8 1.19 16.1
81 35.68 1.37 602 11.4 216.4 74.8 1.49 16.8
82 39.92 1.84 769 11.2 232.0 74.9 1.57 16.2
83 37.96 1.61 609 11.7 174.9 74.9 1.14 15.9
84 26.63 1.79 600 11.3 239.3 74.9 1.56 17.5
85 36.56 1.37 600 11.8 200.3 74.9 1.38 16.8
86 39.36 1.77 722 11.3 218.4 74.9 1.48 16.2
87 27.74 2.05 600 12.0 199.5 74.9 1.17 17.3
88 40 1.47 600 12.0 161.6 75.0 1.06 15.7
89 40 2.05 856 12.0 236.3 75.1 1.53 16.5
90 39.42 2.01 898 12.0 242.4 80.3 1.57 16.4
91 38.89 2.05 896 12.0 242.4 80.7 1.55 16.4
92 40 1.37 604 11.6 161.6 80.8 1.05 15.1
93 30.04 1.37 600 11.5 231.2 82.3 1.58 17.5
94 20.01 2.05 654 11.2 242.4 88.1 1.46 17.1
95 40 1.5 760 10.0 242.4 88.7 1.58 14.9
96 20 2.05 600 10.8 210.2 89.8 1.17 16.0
97 20 2.05 600 10.3 213.7 90.5 1.17 15.5
98 23.85 2.05 749 11.9 242.4 95.9 1.50 17.5
99 40 1.37 854 12.0 200.0 105.9 1.20 15.2
100 23.88 2.05 893 12.0 242.4 116.5 1.34 16.2

6 . 2 . 5 2  Graphical optimization

Figures 6.2.27 to 6.2.36 show the graphical optimization process. With the graphical optimization, we 
can graphically obtain the pressing information and understand the hot pressing mechanism while we 
adjust the process parameters. As can be seen from the graphs, the approach of the optimization is first to 
identity the overlay area of the combination of the two factors (graph a); and then move the contour lines 
to change the overlay area of the three dependent variables (pressing time for the core temperature to 
reach 70°C, moisture content and vapour pressure in the core of the fibre mat in graphs b and c). The 
movement of the contour line can be either to make the area of overlay larger or smaller. At this stage, 
the purpose is to get a feeling of the sensitivity from any change of the process parameters on the pressing 
time, moisture and vapour pressure in the core. The move of the contour line can be carried out several 
times until the optimized range of process parameters is identified (graph d). Same approach is carried 
out for all the combinations of the factors studied. Table 6.2.6 summarises the results from the graphical
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optimization. The graphical optimization process is useful in terms of understanding the hot pressing 
process and its mechanism. To some extent, the optimization process is more qualitative than 
quantitative. We must emphasize that the optimization was carried out based on the output of the 
computer simulation model and statistical analysis. The model was developed based on physical and 
mechanical characteristics of the materials and principles of mass and energy conservation, momentum 
equations, thermodynamics and solid mechanics. Therefore, variation may exist in terms of prediction of 
the optimal hot pressing parameters. Further calibration and verification of the model will improve its 
accuracy. Furthermore, the predicted optimal hot pressing parameters in Table 6.2.6 are only suitable for 
hot pressing conditions that are within the design space of this parametric study (Table 6.2.1 ).

Table 6.2.6 Proposed optimal hot pressing parameters in terms of achieving a fast elevation
rate of the core temperature

N o. F actors O p tim a l ra n g e  w ith  
c o n s id e r a tio n  o f  th e  

m o istu re  an d  v a p o u r  
p ressu r e

O p tim a l p ro cess  se ttin g s  
w ith o u t  c o n str a in t o f  th e  

m o istu r e  an d  v a p o u r  
p ressu re

1 Initial fibre mat temperature (°C) 34-40 40
2 Mat width (m) 1.625-2.05 2.05
3 Panel density (kg/m3) 600-650 600
4 Initial fibre moisture content (%) 9-10.7 12
5 Average hot pressing 

temperature (°C)
202-242.4 242.4

N O T E :
The range is subjective and based on the principle of optimization in the graph.
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Overlay Plot
12.00
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Overlay Plot

10.50

9.00

7.50

Panel density (kg/m3)

(b)

se
2>

12.00

10.50

9.00

7.50

Overlay Plot

s>■§
OE2

x i

12.00

10.50

9.00

Overlay Plot

Panel density (kg/m3) Panel density (kg/m3)

(c) (d)

Figure 6.2.27 Overlay plot showing the optimization process o f three responses in relation 
with the panel density and initial fibre mat moisture

116 of 141



In
iti

al
 m

at
 te

m
pe

ra
tu

re
 (

de
g.

C
) 

In
iti

al
 m

at
 te

m
pe

ra
tu

re
 (

de
g.

C
)

Investigation of MDF Press Strategies to Reduce Pressing Time

Overlay Plot Overlay Plot

(a) (b)

Overlay Plot Overlay Plot

(C) (d)

Figure 6.2.28 Overlay plot showing the optimization process o f three responses in relation 
with the panel density and initial mat temperature



Investigation of MDF Press Strategies to Reduce Pressing Time

Overlay Plot Overlay Plot

(a) (b)
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).00
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Overlay Plot

202.00
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Overlay Plot

Panel density (kg/m3) Panel density (kg/m3)

(c) (d)

Figure 6.2.29 Overlay plot showing the optimization process o f three responses in relation 
with the panel density and hot pressing temperature
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Overlay Plot Overlay Plot

Panel density (kg/m3)

(a) (b)

Panel density (kg/m3) Panel density (kg/m3)

(c) (d)

Figure 6.2.30 Overlay plot showing the optimization process o f three responses in relation 
with the panel density and fibre mat width
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Overlay Plot Overlay Plot

(a) (b)

Overlay Plot Overlay Plot
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Figure 6.2.31 Overlay plot showing the optimization process o f three responses in relation 

with the initial fibre moisture and initial mat temperature
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Figure 6.2.32 Overlay plot showing the optimization process o f three responses in relation 
with the initial fibre moisture and hot pressing temperature
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Figure 6.2.33 Overlay plot showing the optimization process o f three responses in relation 
with the initial fibre moisture and mat width
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Figure 6.2.35 Overlay plot showing the optimization process o f three responses in relation 

with the initial mat temperature and mat width
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Figure 6.2.36 Overlay plot showing the optimization process o f three responses in relation 
with the hot pressing temperature and mat width
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6.3 General Conclusions

Parametric studies were carried out using the MDF hot press simulation model and the Design Expert
software. The following conclusion can be made:

• Parametric study using the model and the Design Expert software is an effective tool to understand 
and analyse the hot pressing process of MDF.

• With parametric study, the most significant factors that affect the hot pressing efficiency in terms of 
the pressing time were identified. It includes initial mat moisture content, panel density, initial mat 
temperature, press temperature and mat width.

• With reasonable assumptions, the process optimisation of MDF hot pressing can be made easily.
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7 Experimental Study of Microwave Pre-heating of MDF 
Fibre to Reduce the Hot Pressing Time

7.1 Background of the Experiment

Many process factors affect the heat transfer from the press platens (or steel belt) to the fibre mat. As a 
result, these factors could significantly influence the efficiency of production and the properties of MDF 
panels. As described in the parametric study (Chapter 6), the main factors affecting hot pressing 
efficiency are final panel density, initial fibre moisture content, initial fibre mat temperature, hot pressing 
temperature, and mat width. The initial fibre mat temperature is one of the most significant factors that 
affect the efficiency of pressing.

During hot pressing, the water vapour as a medium of heat transfer moves vertically into the core of the 
mat from the surfaces due to the temperature gradient and also moves horizontally from the core to the 
edges. This raises several issues: (1) The coupling effect between moisture gradient and temperature 
gradient hinders the heat transfer from the mat surfaces to the core and results in longer pressing time and 
lower production efficiency (Xie et al., 2003). (2) Moisture contents of the surface layers of the mat are 
very low after the moisture moves into the core. This further hinders the heat transfer. (3) The 
temperature of the mat surface approaches to the platen temperature. It may cause degradation of wood 
fibre and/or resin, which negatively affect the surface quality of MDF panels. This is particularly true in 
the conventional hot pressing processes without any form of mat pre-heating. In order to address the 
above issues and find effective methods for reducing hot pressing time and improving MDF panel 
properties, an experiment of microwave pre-heating of mat was carried out in the Forintek laboratory.

Microwave is an electromagnetic wave at a frequency range of 300 MHz to 300 GHz. There are many 
applications apart from its application in telecommunication. Along with ultra high frequency 
electromagnetic wave heating, microwave heating is called dielectric heating. Microwave is a form of 
energy of vibrations. It can be converted into heat energy in the dielectric field (Okress, 1968). The 
mechanism of microwave application on wood fibre for heating or drying is based on the characteristics 
of water molecules, which are highly polar. The molecular structure of water is consisted of one oxygen 
atom and two hydrogen atoms. Both hydrogen atoms align on one side of oxygen atom with an angle of 
105° as shown in Figure 7.1 (Skaar, 1972). Therefore, it is positively charged on one side and negatively 
charged on the others—a typical polar molecule. When microwave is applied, water molecules absorb 
the electromagnetic energy. It causes violent vibration and friction among water molecules, which 
produces heat. Wood fibre as dielectric material also absorbs microwave energy to some extent, and 
converts the electromagnetic energy into heat energy.
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HYDROGEN ATOM

OXYGEN ATOM

Figure 7.1 Schematic diagram of a water molecule

Microwave heating is quite different from hot platen heating. The characteristics of microwave heating 
are fast heating speed, reasonably good uniformity, high energy efficiency, swift and accurate process 
control and high flexibility. With microwaves, the whole fibre mat is heated at the same time without 
significant temperature difference. The heating rate is independent to the mat density and thermal 
conductivity. Furthermore, with microwave pre-heating of the mat, moisture and temperature gradients 
will be in the same direction at the initial stage of hot pressing due to moisture re-distribution within the 
fibre mat, and the surface layers have a higher moisture content than the core. This moisture distribution 
contributes to heat transfer and improves uniformity of mat moisture content during hot pressing. With 
regard to hot platen heating, however, heat has to be transferred from the mat surface to the core. It 
creates a great temperature gradient across the thickness of the fibre mat with excessive heat on the mat 
surface. The mat surface is thus overheated, resulting in degradation of surface fibre and/or adhesive 
bonds while the core is under-heated for the most part of the hot press cycle.

Despite the popularity of microwave technology, only limited researches have been carried out in the area 
of MDF, especially in fibre mat pre-heating. Therefore, an experimental work was carried out in the 
Forintek laboratory to quantitatively study the effects of microwave heating of fibre mat prior to hot 
pressing in order to reduce hot pressing time and improve panel properties.

7.2 Material and Equipment

Wood fibre used for the experimental work was produced by the MDF Pilot Plant in Forintek Eastern 
Laboratory. Wood chips used to produce the fibre were typical industrial mixes of wood species 
consisting of 1/3 of spruce, 1/3 of pine and 1/3 of fir (SPF). A commercial urea-formaldehyde resin was 
supplied by Borden Chemical Canada Inc. (65% solid content). A 24 kW microwave heating equipment 
was supplied by Hydro Quebec. The equipment had 12 microwave components with capacity of 2 kW 
each. The chamber was fully shielded with perforated aluminium sheet. It had a conveyor belt at the 
bottom of the chamber. Figure 7.2 shows the structure of its heating chamber. A nylon-forming box was 
made with an internal dimension of 610 x 610 x 320 mm for forming the mat and holding the mat in the 
microwave chamber. A Dieffenbacher hot press with a PressMan control system was used for pressing 
the panels. The dimension of the hot platen was 860 mm x 860 mm. The PressMan control system had a
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capability of monitoring and recording mat core temperature, gas pressure, mat thickness and mat 
pressure.

Figure 7.2 Heating chamber of the microwave system

7.3 Experimental Procedure

The fibre was blended with the UF resin at a 10% solids add-on rate (on a dry fibre basis) by the rotary 
laboratory blender. Target fibre moisture content was 10%. The fibre mat was manually formed in the 
nylon-forming box at a target panel density of 740 kg/m3. 9.53 mm thick MDF panels were produced 
using the laboratory press under two different process conditions:
Control panels: Fibre mats were hot pressed without microwave pre-heating. Pressing time was 210 
seconds with hot pressing temperature of 165°C.
Experimental panels: Mats were hot pressed after microwave pre-heating. These panels used the same 
press program than that of the control panels.

7.4 Results and Discussion

7.4.1 Fibre Mat Temperature

During pre-heating of fibre mat with microwaves, the temperatures in top, middle and bottom layers of 
the mat were measured. Three optical non-metal thermal sensors were used. The profile of temperature 
changes in the centre of the mat is shown in Figure 7.3. Within 30 seconds, the temperature reached 
above 70°C. Realizing that the time required to reach a certain temperature varies slightly; all mats 
subjected to microwave were heated to about 70°C in their centre.
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T e m p e r a t u r e  VS T i m e

Figure 7.3 Temperatures o f microwave pre-heated fibre mats vs. time

7.4.2 Moisture Distribution within the Fibre Mat

Moisture within the fibre mat was re-distributed after microwave heating due to the moisture movement 
from the centre of the mat to the surface and edge areas (including top, bottom surfaces and four edges). 
The fibre mat was vertically separated into three layers and then divided into 9 sub-zones in each layer. 
Fibre samples were collected from each sub-zone for the measurements of their moisture contents (oven- 
dried). The results of moisture content measurements are shown in Table 7.1 and the moisture 
distribution within the mat is shown in Figure 7.4.

As can be seen in Table 7.1, the moisture content was lower in the centre layer than that in the top layer 
and bottom layer. The lowest moisture was in the central zone at the core of the mat. This was due to the 
moisture movement from core to the surfaces vertically as well as from central zone to the edges 
horizontally. The highest moisture content was in the bottom layer as the moisture could not move 
further when reaching the bottom nylon plate. The moisture movement within the mat shown in Figure 
7.4 appears to be due to the characteristics of microwave pre-heating. As heat loss was faster in the mat 
surfaces than in the core, higher temperature was always observed in the core. Driven by the temperature 
gradient, moisture moved from inside of the mat to the surfaces, which led to a moisture gradient with 
lowest moisture contents in the central zone at the core and higher moisture contents in the surface 
regions.
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Table 7.1 Moisture contents o f the fibre mat in different locations

Layer Average
moisture

Maximum Minimum Standard
deviationposition value position value

Top layer 6.3 comer 6.8 edge 5.9 0.35

Centre layer 5.2 edge 5.6 core 4.4 0.40

Bottom layer 7.9 comer 9.2 edge 7.2 0.68

N O T E : The locations of samples within each layer of the mat is 
defined as: comer edge comer

edge centre edge

comer edge comer
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Figure 7.4 Distribution of moisture contents in a fibre mat after microwave pre-heating,
a) top layer b) centre layer c) bottom layer
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7.4.3 Change of Core Temperature in the Fibre Mat during Hot Pressing

Laboratory MDF panels were made with or without microwave pre-heating of the mats. Two panels were 
made in each process condition. The core temperature was monitored during hot pressing. With regard to 
microwave pre-heating of the mat, the core temperature change during hot pressing is shown in 
Figure 7.5. The core temperature change with regard to control panels (without microwave pre-heating of 
mat) is shown in Figure 7.6. Hot pressing times corresponding to different core temperatures for both 
microwave pre-heated mat and control mat can be seen in Table 7.2.
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heated fib re  mats
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Table 7.2 Hot pressing times corresponding to different core temperatures

Core temperature (°C) 60 70 80 90 100 110 120
Time to reach a certain core temperature 
with the experimental panel (sec.) 16.5 20.5 23.0 25.5 30.0 44.5 72.5
Rate of core temperature increase of the 
experimental panel (°C/s) 2.5 4.0 4.0 2.2 0.69 0.36
Time to reach a certain core temperature 
with the control panel (sec.) 44.0 51.5 60.0 74.0 94.5 115.0 138.5
Rate of core temperature increase of the 
control panel (°C/s) 1.3 1.2 0.71 0.49 0.49 0.43
Time difference (sec.) 27.5 31.0 37.0 48.5 64.5 70.5 66.0
Ratio of the temperature increase rate 
between the experimental and control 
panel

1.93 5.71 4.49 1.41 0.84

Table 7.2 also shows the difference in time for reaching a certain core temperature during hot pressing 
between the microwave pre-heated mat and the control mat. For example, at 60°C, the time difference 
was 27.5 seconds. It indicates that with microwave pre-heating the mat was 27.5 seconds faster to reach 
core temperature of 60°C than the mat without pre-heating. Therefore, the press time for increasing the 
mat core temperature was greatly reduced. This was particularly significant in the range of 80°C to 120°C 
because UF resin is believed to cure at a fast rate in this temperature range. As can be seen in Figures 7.5 
and 7.6 and Table 7.2, the average press time to reach the same temperature was reduced by nearly 1 
minute (57.3 seconds). Press time was reduced by 66 seconds for the core temperature to reach 120°C; at 
this temperature the UF resin in the fibre mat is expected to be fully cured with a very fast reaction rate. 
This was about 1/3 of the entire hot press cycle time. This significant reduction in press time and, hence, 
potential increase in productivity may very well justify the capital expenditure on introducing a 
microwave fibre mat pre-heating system in an existing or new MDF plant. Furthermore, the MDF panel 
properties may be improved with microwave pre-heating of mat as a result of significant reduction of the 
press time because the thermal degradation of the adhesive or the wood fibre is reduced or eliminated. It 
appeared that the difference in press time to reach a certain core temperature between the experimental 
panel and the control panel became greater with the increase of the core temperature. At a core 
temperature of 110°C, it reached a maximum difference of 70.5 seconds. As shown in Table 7.2, the rate 
of core temperature increase was substantially higher in the case of a microwave pre-heated mat. The 
ratio of the rates between the pre-heated mat and the control mat was as high as 5.71 with an average of 
1.7. It suggested that microwave pre-heating of the fibre mat improves heat and mass flow, and thermal 
conductivity.

It is also interesting to compare Figure 7.5 with Figure 7.6. In the early stage of hot pressing (<60°C), the 
increase of the core temperature in Figure 7.5 started earlier than in Figure 7.6. It indicates that the heat 
reaches the core sooner in the microwave pre-heated mat. Heat transfer was faster and the volume of heat 
flow was greater at a temperature range of 60°C to 100°C as indicated by the slope of the curve in 
Figure 7.5. This was probably due to the moisture re-distribution of the fibre mat during microwave pre
heating, which gave higher moisture in the surface and lower moisture in the core (Table 7.1 and 
Figure 7.4). At the early stage of hot pressing, the mass transfer of moisture is in the same direction as 
that of heat transfer. Heat and water vapour swiftly migrate to the core under both temperature gradient
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and moisture gradient. This phenomenon was theoretically studied (Xie et al., 2003) and defined as the 
effect of positive coupling between moisture gradient and temperature gradient. As a result of the effect 
of positive coupling, the rate of heat transfer and volume of heat are significantly higher in comparison 
with those solely relied on temperature gradient.

7.5 Conclusions

The following conclusions are made based on the experimental results:

• With microwave pre-heating of MDF fibre mats, not only the initial mat temperature is increased, 
but also the moisture is re-distributed and moves towards the mat surfaces.

• As a result of moisture re-distribution, the moisture gradient and temperature gradient are in the 
same direction at the early stage of hot pressing. Due to this effect of positive coupling between 
moisture gradient and temperature gradient, heat can be transferred significantly faster from the 
surfaces to the core and heat flux is also increased.

• With microwave pre-heating, the increase of the core temperature in MDF fibre mats occurs 
earlier and the rate of the temperature increase is greater.

• As a result of microwave pre-heating, hot press cycle time can be substantially reduced, leading 
to an increase of production efficiency.

• Further theoretical and experimental work is required to compare the properties of MDF panels 
with and without microwave pre-heating and to define the optimal hot pressing conditions 
coupled with microwave pre-heating.
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