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NUMERICAL SIMULATION OF PRESSING WOOD-FIBER COMPOSITES

l. INTRODUCTION

1.1 Background

The development of reconstituted wood composite

materials has, since its beginning, largely been an

empirical or trial and error process. This has included

extensive experimentation carried out over many years. No

doubt, research has improved the efficiency of manufacturing

processes considerably, although a more scientifically-based

approach would almost certainly have put us in a stronger

position by now. Addressing basic principles before

experimental work is undertaken offers clear advantages.

The use of the computer modeling in a wide range of

industrial processes has helped understanding and has

promoted a much faster way of predicting situations before

they are considered experimentally. As soon as the basic

principles of a process are understood, it is possible,

through simulation, to gain insight and to predict new

situations never before contemplated, or which would be

difficult to perform experimentally.

In this manner, experimentation can be planned and

executed in a confident way, since trials may be conducted

only for those choices identified in advance through
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numerical simulation. This strategy does, of course, depend

on the availability of sound material properties data and

the definition of reliable mathematical models.

In the present case of composite pressing, particle and

fiber mat material properties have already been determined

for many conditions thanks to prior work of those such as

Humphrey (1982) and Bolton and Humphrey (1989),

followed by Shao (1990) and Ren (1992). Measurements were

mostly made by applying steady gradients to the materials

when under highly controlled conditions, although their use

will be in transient situations when modeling the unsteady-

state and interactive mechanisms operative during hot-

pressing. Combining fundamental analysis within mathematical

models will make it possible to manipulate the press

operation system in hitherto unattainable ways; an old dream

of the plant engineer.

The pressing simulation models may be used by panel

manufactures to tailor final products to in-service demands.

As important examples of such a procedure, the structure of

composites, such as density profile (cross-sectional mass

distribution), or specific conditions for adhesive cure, and

minimization of pressing time and energy consumption, could

be usefully manipulated.

Computer simulation programs may also be used to

explore innovations such as the injection and removal of
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steam and other gases during pressing, or continuous

pressing or molding. Development of radically new products

and processes might also be aided by the use of models.

Of course, these are very broad and ambitious goals and

they can not be fully implemented in the work described

here. Our objective is to go one step forward in the process

of characterizing furnish materials and also in modeling the

phenomena which happen during wood composites hot-pressing.

In this thesis new methods of evaluating mat permeability

will be developed together with a model to simulate hot-

pressing. The model will account for press closing and

rheological mechanisms which lead to density profile

development. Before specific objectives of the research are

listed, the mechanisms operative within composites during

pressing will be outlined.

1.2 Mechanisms Operative in Composites During Pressing: an
Overview

The manufacture of wood-based composites involves

compacting a relatively loosely packed mat of wood elements

by reducing its void volume until target values of density

and thickness are reached. Average board density is dictated

by the weight (amount) of material per unit area composing

the mat's original structure. In conventional hot-pressing

procedures, heat is added to the mats' outer layers by

conduction from the press platens. High internal mat
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temperatures are necessary to cure the thermosetting

adhesive in a reasonable time and also to soften the fiber

cell walls. Due to the moisture in the mat (resin solvent

plus within-wood moisture), part of the heat introduced is

expended in evaporating water. Water vapor is then

transferred to internal colder layers where it recondenses

and liberates its latent heat. This convection, which is

known to hasten heat transfer significantly, occurs because

the mat is permeable. The permeability of mat materials is

therefore an important material property. The development of

automated laboratory techniques to evaluate the permeability

of furnish material at various levels of consolidation is

therefore a primary concern of the present work.

The plasticizing effect that the heat and moisture has

on wood induces every cross-sectional level of the mat to

sustain specific time-dependent rheological (load-induced

time-dependent) behavior. This, in turn, stimulates

different layer properties from which density gradients

through the composites' thickness is the most evident and

notable result. Prediction of the development of this

density profile during pressing is, in addition to

permeability measurements, an objective of the present work.



1.3 Objectives of the Research

To review and judiciously select furnish material

properties which have been reported in the literature during

the past several years. The properties sought will be those

necessary for use as input data for simulation of the hot-

pressing process (see below) deterministically.

To develop a technique for the simultaneous

determination of vertical (cross-sectional) and horizontal

(in-plane) fluid permeabilities of fiber mat material as

affected by density (level of consolidation). Again, this is

to provide input data for a pressing simulation model.

To validate the above permeability measurement

technique by conducting independent one-dimensional

experiments.

To construct a deterministic model to simulate co-

dependent thermodynamic and rheological mechanisms operative

within fiber mats during hot-pressing. A starting point for

this is a pre-existing mass and heat transfer model

developed by Humphrey (1982). The model will be capable of

simulating complete pressing cycles (including press

closure). This will incorporate existing rheological data

but in modified form.

5



1.4 The Thesis Structure

The thesis first (chapter 2) reviews literature

concerning a diversity of properties of furnish materials

which are necessary to model the pressing of wood-based

composites. Also reviewed is the pressing simulation model

upon which the present model is built. Following this,

chapters 3 and 4 introduce fluid permeability measuring

techniques for artificially consolidated wood furnishes.

Chapter 5 discusses the nature of the pressing model itself

while chapter 6 is dedicated to a survey of model

predictions. The thesis ends with a concluding discussion

and consideration of future research needs (chapter 7).

6



2. LITERATURE REVIEW

2.1 Introduction

Material properties that will be reviewed here are

related to wood mat furnishes and to wood-water

combinations. They are those that will be required in the

simulation model to follow. This model will account for

thermal conduction, phase change, vapor convection and

rheological mechanisms.

Mat furnish properties treated in this chapter include

fluid permeability, thermal conductivity, specific heat and

rheological characteristics.

On the other hand, properties of wood-water systems are

briefly discussed in the present chapter as is information

on equilibrium moisture content as affected by temperature

and relative humidity.

The chapter ends with a review of prior work on

modeling the pressing process.

2.2 Mat Furnish Permeability

The permeability of furnishes used to make wood

composites is an important parameter in the manufacturing

process. This is especially true with the increasing need to

manipulate thermodynamic conditions prevailing during hot-

pressing. There have not, however, been many studies

regarding the permeability of wood particle and fiber mats

7
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and even less dealing with its anisotropy and the effect of

mat density. Such relationships are needed as input data for

pressing simulation models.

Permeability is important when pressing mats in a

conventional press and also when using one with perforated

platens through which water vapor may be injected and

removed. In the latter, the timing of vapor injection is

usually synchronized with press closure in light of

compaction-induced permeability variations. Permeability is,

however, also important in the natural convection that

happens during conventional dry-process manufacturing.

Numerical simulation of the processes occurring during

pressing of panel products (of concern here) requires

detailed knowledge of the permeability of specific furnish

types and how consolidation effects this.

Permeability is a constant of porous media which is

independent of the type of fluid used in its determination

(Muskat, 1934). The permeability of a porous medium is a

second-rank tensor (Muskat, 1934; Collins, 1961;

Scheidegger, 1974; Bear, 1988).

K11 K12 K13

K21 K22 K23 j2

K31 K32 K33_ \ j3/

(2.1)
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where J is the gradient vector and q the mass flux. Since K

is a symmetric tensor, there are only six independent

components. Then, six independent experiments are necessary

to completely define an anisotropic materials' permeability

components.

However, when three principal axes are known, only

three experiments are needed (rotating the axes to a

particular orientation coincident with the principal axes)

to characterize the material. Furthermore, for

axisymmetrical anisotropic materials, only two experiments,

one for the transverse (z) and one for the in-plane (x-y)

directions, are necessary.

Permeability cannot be related solely to the total

porosity (or density) for wood composites. Different types

of wood composites will exhibit different permeabilities,

even though their porosity may be identical. No doubt, for a

given material geometry, density (and therefore porosity) is

the most important parameter affecting permeability. Muskat

(1934) acknowledges that while, in general, no relation

exists between permeability and porosity, any alteration in

the latter will produce an even greater effect on

permeability.

An apparatus to determine the lateral (x-y) anisotropic

permeability is given for example by Bear (1988). There an

inflated plastic bag produces pressure to the sides (edges)
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of samples; this prevents flow bypass. Such an approach has

been used to determine permeability of natural undisturbed

materials such as rocks and soil.

Most techniques that have been used to determine the

permeability of wood composite materials employ some type of

pre-forming of mats, followed by hot-pressing. Then the

sides (edges or faces) are sealed in order that one-

directional flow may be measured. Melting rubber or

shrinking plastic have been used to affect such sealing

(Sokunbi, 1978; Hata, 1993; Bolton and Humphrey, 1995).

A major source of error in the above approaches is that

a z-direction density profile develops during hot-pressing

and this confounds the results. Unless cold pressed, the

material permeability may not be related to the board's bulk

density. Another weakness of the methods is that the

permeability values so determined might be different from

those pertaining during mat compaction. There, the adhesive

is still not set and different void volume distributions may

prevail. The main difficulty in determining the permeability

of mats while compacting then is, however, in sealing the

faces or edges so that flow is uniaxial.

In order to overcome some of the above problems, a two-

dimensional system with dye movement was developed by

Lindsay (1990) to determine the anisotropic permeability of

paper sheets. Flow in this case was confined to the
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horizontal plane, since thicknesses were small enough so

that the gradients in this direction could be neglected.

Lindsay's model was treated in cylindrical coordinates with

the flow confined to the r,e dimensions. Using circular

paper discs pressed between two metal plates, the ratio of

the two mutually perpendicular permeability values (a =

Kx/Ky where Kx and Ky are permeability in the machine- (MD)

and cross-directions (CD) respectively) was found from the

shape of the dyed region. Water with or without dye was

injected at a central point, allowing for radial flow. An

average of the horizontal in-plane permeability (neglecting

z-direction gradients) could also be determined from the

advancing fluid boundary.

In a separate experiment, Lindsay found the ratio of

horizontal (KO to vertical (Kr) permeability of paper to

range between 2 and 3 in most cases. He found also that the

permeability in the MD (Ks) is always higher than that in

the CD (Kg). One of the reasons pointed out is that flow

parallel to aligned cylindrical rods seems to have about

half the resistance than flow normal to such rods (here

identified as wood fibers), and paper formation leads to

some fiber orientation in the MD. Although the permeability

was related to porosity, the ratio of Kh to Kzapparently

was constant and independent of mat compression. In a

follow-up study, Horstmann et al (1991) used a photographic
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camera to determine the shape of the moving front and then

related that to the ratio a of the in-plane permeability

values. Transverse (through the thickness) permeability was

treated in independent experiments.

In the above work, the paper sheets were compressed to

porosities between 0.6 to 0.9. The porosity e was calculated

using the relation:

In
= 1- (2.2)

ALp

where:

m = oven-dry mass of the sheet
A = planar area
L = thickness
p = the density of cell material (taken as 1550

kg/m') .

Unfortunately, Lindsay's method can not be used for

thicker fiber mats where the z-direction flow is not

negligible. Furthermore, the physics of an advancing front

of a wetting fluid is complicated by capillarity and surface

energy issues. It is not entirely clear that Lindsay's

method provides results which are solely a measure of fluid

permeability.

Wafer board permeability was investigated by Smith

(1982). He measured edge permeability for different board

densities. Also, for smooth face as well as for screen back

board (pressed against a screen as is usual in some oriented

strand board (OSB) and wafer board manufacturing). The edge
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permeability was found to increase as closing time

decreased. This was explained taking the resultant lower

core density formed that way. The lower the density, the

higher the permeability. However, a description of the

method used for determination was not clear. Average board

vertical permeability values are also reported by Denisov et

al (1975).

Hata (1993) determined the permeability of preformed

steam-injected particle board. Parameters influencing

permeability which were investigated were particle geometry

and compaction ratio. The wood used was Japanese Red Cedar

with an air-dry density of 400 kg/m'. As would be expected,

both horizontal and vertical permeabilities decreased with

increasing particle length and width and increased with

thickness. According to the investigation, permeability

decreased exponentially with compaction ratio. The ratio of

horizontal to vertical permeabilities reported ranged

between 3 and 300.

Although accounting for different particle sizes and

compaction rate, the determination of permeability after

steam-pressing the boards makes the data as unrealistic as

the ones discussed before, since density profiles in those

boards are not really flat. Those might be referred to as

final product permeability values, not to particle mat
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material values. A lower outer layer density is acknowledged

for most steam-injection pressed boards as, for example,

Geimer (1982) or even Hata (1989) suggest.

Vertical permeability determination for different

layers of hot-pressed particle boards were attempted by

Sokunbi (1978). Some rough horizontal permeability values

were also reported for complete vertical sections.

Nevertheless, the data was limited and Bolton and Humphrey

(1994) question the validity of the method since it is

doubtful if thin enough layers representing the density

profile could really be produced. Sokunbi should, however,

be credited with being cognizant of the density profile and

its impact on permeability measurements.

The permeability values determined by Sokunbi (1978),

Lindsay (1990) and Hata (1993) for particle board, paper

sheets and steam-injected particle boards respectively are

shown in Figure 2.1. For paper, porosity was here

transformed to bulk mat density (no corrections for moisture

content were attempted), while for particle board,

compaction ratio was here transformed to its corresponding

mat density (oven-dry weight and volume when the test was

made) value. Corrections have also been made for air

viscosity by converting permeability to specific

permeability.



200 300 400 500 600
Density (kg/m3)

H-Particle-9V-Particle

-H-Paper -e- V-Paper

H-blotter V-blotter

H-Sokunbi -V- V-Sokunbi

Figure 2.1 Horizontal (H) and vertical (V)

permeabilities for particle board and paper. Drawn from
data from Sokunbi (1978), Lindsay (1990) and Hata
(1993)

Hata's vertical and horizontal permeabilities are for

particles measuring 10 x 2 x 0.3 mm. The lowest vertical

permeability value (at a density of 600 kg/m3) is an

15
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inferred one. This is based on Hata's suggestion that the

vertical permeability for a density of 600 kg/m' and same

particle sizes as the one given here is about 25 times

smaller than the horizontal. Plotting the equation provided

in Hata's text does, however, give negative permeability

values for board densities above 450 kg/re. This might be

due to the omission of significant digits in the published

regression equation coefficients.

Moisture content might also exert some influence on mat

permeability. Possibly, permeability will decrease with

increasing fiber mat moisture content since the fiber will

swell correspondingly. However, in the hygroscopic region

the determination is not easy since the flowing media may

affect the equilibrium moisture content and consequently

violate the steady-state assumption.

Above the FSP, water might be a better medium for

permeability measurements, although capillarity may play a

complicating role unless completely water saturated media

are used. Temperature combined with moisture and its

plasticising effect may also contribute to permeability

variation during hot-pressing. Furthermore, during hot-

pressing permeability might decrease as adhesion progresses.

However, there is no quantitative information available to

explore this assertion.



So far, our review has been concerned with laminar

viscous flow. Deviations from this behavior exist, however,

for very large Reynold's number (Re > 1 to 100). Here Re is

defined as (Bejan, 1984): Re = (v K1/2/v), where v is the

kinematic viscosity. For example, Muskat (1934) and

Scheidegger (1974) mathematically define turbulent flow for

gases as follows:

dP2 - a q + bqn
dx

(2.3)
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where a, b = constants
n 2

The first term in the right hand side of equation (2.3)

is identical to the expression for general laminar flow (a =

p/K), whereas the second term accounts for turbulent flow. A

transition region between laminar and turbulent flow exists

where inertial effects rather than viscous effects are more

important. On the other hand, when the passageways become

close to the fluid molecular diameter (size) another type of

flow may be present. That is variously referred to as slip

flow, the Klinkenberg effect and Knudsen or free molecular

flow (Bear, 1988).

In the present work we are concerned only with laminar

viscous flow. For practical purposes, this is the most

important, except maybe for high pressure steam-injection

pressing. In the absence of a reliable technique to provide

permeability data as a function of consolidation (density)
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for mat materials, the technique described in chapters 3 and

4 has been developed.

2.3 Thermal Conductivity

A rather detailed review of the literature pertaining

to the effect of density, moisture content and temperature

on the thermal conductivity of wood and wood composite

materials was given by Shao (1990). The effect of each

condition will be considered in turn.

2.3.1 Density Effects

There is general agreement that the thermal

conductivity of wood increases almost linearly with density

(Rowley, 1933; MacLean, 1941; Thunell and Lundquist, 1945;

Kollmann, 1951). For wood composite materials, this

relationship also seems linear for densities below 1000

kg/m3 (Kollmann and Malmquist, 1956; Lewis, 1967). Among

conventional wood-based panel products, fiberboard is the

one with the lowest conductivity for a given density, while

solid wood parallel to the grain is relatively high;

particle board lies somewhere between the two.

Comparing z-direction (through mat thickness) thermal

conductivity values of fiberboard with those published by

Kollmann and Malmquist(1956) and Lewis(1967) at zero percent

moisture content and similar temperature, Shao(1990)

reported slightly higher values. She attributed the
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different values to differences in raw material types and to

experimental error (largely in the earlier works). We might

add that the average temperature used by Shao (78°C) was

somewhat higher than those in the literature. Shao measured

z-direction conductivity values ranging from 0.06 W/m°C for

0% MC material at 300 kg/m3 density to 0.22 W/m°C for 15.9%

MC material at 1017 kg/m' density. The fiber material used

by Shao was identical to that employed in the present work;

Shao's data is therefore directly applicable here.

2.3.2 Adsorbed Moisture Effects

If there are not many studies on the effect of density

on thermal conductivity of wood composite furnishes, then

even less information is available on the effect of

moisture. Steady-state methods are not well suited to

evaluating thermal properties of hygroscopic materials

because of moisture migration which occurs in response to

applied temperature gradients; such gradients must be

sustained for long periods in order to reach steady

conditions. An unsteady-state (or dynamic) method was

therefore devised by Shao(1990) to enable measurements of

conductivity at specific mat MC and compaction to be made

quickly. Migration of moisture was then kept to an

acceptable minimum.
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2.3.3 Temperature Effects

As already stated, Shao's derivation of thermal

conductivity was for a mean sample temperature of 78°C,

which is clearly lower than platen temperatures typically

used in panel manufacture. It should be remembered, however,

that wood material temperatures range between ambient and

platen temperature during pressing. The use of an

intermediate temperature upon which to base temperature

corrections is therefore logical. Humphrey (1989) agrees

that there is a small positive linear effect of temperature

on the conductivity value. Furthermore, investigations by

Gilbo (1951), Kollmann (1951,1952), Lewis (1967), Ward and

Skaar (1963) indicate that particle board conductivity

varies with temperature. KUhlmann (1962) in Kollmann et al

(1975) (original not seen) determined the thermal

conductivity of particle board for various temperature and

MC values. At the 80°C isotherm the values are not

appreciably different from those reported by Shao (1990).

From the original data it is apparent that interaction

affecting k exists between MC and T. However, this data were

taken for only one average particle board density and

temperatures considered were 20, 50 and 80°C.

For temperatures above 100°C, the relationship for

thermal conductivity of wood composites is not clear at this



time. However, Knudson (1973) found a linear positive

relationship for oven-dry wood up to 200°C.

2.3.4 Direction of Heat Flux

The discussion so far has been dedicated to thermal

conductivity in the z-direction of a compressed mat. Very

few measurements have apparently been made for in-plane (x-y

plane) conductivity. Humphrey (1982) made some preliminary

horizontal conductivity measurements on oven-dry flake board

material and found values approximately 50% higher than

those in the z-direction. This seems to corroborate the work

of Ward and Skaar (1963) who carried out experiments on

extruded board materials where particles are predominantly

aligned perpendicular to the board plane.

2.4 Specific Heat

Skaar (1972) reviewed literature concerning the

specific heat of dry wood under a range of temperature

conditions. All authors cited found a linear relationship

between temperature and specific heat for dry wood.

For moist wood, Skaar suggests that the weighted mean

heat capacities for the wood and water fractions be used,

although Kelsey and Clarke (1956) have shown that the

specific heat of sorbed water is slightly higher than that

of free (liquid) water.

21
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2.5 Equilibrium Moisture Content

At temperatures below 100°C wood equilibrium moisture

content (MC) values for given environment are well

documented. Models which provide MC values for almost all

ranges of partial pressures of water vapor and temperatures

are available. The most accepted among these are the one-

and two-hydrated forms of the Hailwood and Horrobin (1946)

models fitted by Simpson (1973) to the data presented in the

Wood Handbook (1955).

There is general agreement (rightly so) that

equilibrium moisture contents also exist for temperatures

above 100°C. Many authors have determined equilibrium

moisture content values for one or below one atmosphere of

pressure for such temperatures (Simpson and Rosen, 1981).

For temperatures above 100°C and partial pressures

exceeding one atmosphere, however, very few actual

measurements have been made; most data is obtained by

extrapolation from fitted data collected at lower

temperatures. For example, Kaumman (1956) built a chart of

equilibrium moisture content for wood in pure superheated

steam and superheated steam-air mixtures. Furthermore,

Simpson and Rosen (1981) discuss the extrapolation of the

one-hydrate equation to temperatures above 100°C. One of the

few experimental attempts was made by Resch (1988), although

difficulties were many and experimental accuracy was
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questionable. The results, also, do not exactly match those

obtained by extrapolation such as Kaumann (1956) or Simpson

and Rosen (1981).

Moreover, particles and fibers may not have the same

hygroscopicity as solid wood of the same specie. Changes in

the quantity and accessibility of hydroxyl groups in cell

walls may be affected by chemical, thermo-mechanical and

even mechanical breakdown of the wood. History and

hysteresis effects may also play an important part.

Particles are usually dried at high temperatures prior to

mat formation while fibers might be exposed to high

pressures and temperatures during defibration. It is well

known that temperature affect the carbohydrate structure.

Humphrey (1989) used two-dimensional interpolation of

the charts given by Kaumann (1956) to find out relative

vapor pressure as a function of moisture content and

temperature. At the present a few choices exist, mainly due

to the availability of the expressions of Simpson (1971,

1973) and Simpson and Rosen (1981). The latter are derived

from the Bradley (1936) and the one- and two-hydrate forms

of the Hailwood and Horrobin (1946) equations which will be

presented in turn.

a) Bradleys' (1946) equation is of the form:

h = e-(K2K1fric + K3) (2.4)



where:

MC per cent moisture content
relative vapor pressure

K1,K21K3 = material parameters.

The above material parameters were adjusted by Simpson

(1973) to the form presented in the Wood Handbook (1955) as

where T is expressed in °F.

b) The one-hydrate Hailwood and Horrobin (1946) model is of

the form:

MC - 1800 -871B-2h B72h

W 1 +I'72h 1 - k2h

The coefficients K1,K2 and W were determined by Simpson

(1971), between 30°F and 210°F, to be:

Kl = 3.73 + 0.03642 T - 1.547E-04 T2

K2 = 0.674 + 1.053E-03 T - 1.714E-06 T2
W = 216.9 + 0.01961 T - 0.00572 T2

Simpson and Rosen (1981) considered extrapolating

equation 2.5 up to 302°F and compared that with experimental

and extrapolated data in the literature. The maximum

discrepancy was found to be 2.8% MC. Most of the

experimental data available in the literature at high

temperatures were determined in an all water vapor

environment at one atmosphere total pressure.

(2.5)
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follows:

K1 = 0.839 + 2.02E-05 T - 1.56E-06 T2
1<2 = 3.56 + 3.92E-03 T - 4.45E-05 T2

K3 = 0.0219 + 1.64E-05 T
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c) The two-hydrate Hailwood and Horrobin (1946) model is of

the form:

MC
1800 Kh KKh+ 2BKK2h2

-
W 1-Kh 1+KKh+1hK2122

(2.6)

The parameter's temperature dependence (K1 and K2) were

slightly modified in the Wood Handbook (1987) as follows:

K1 = 6.34 + 7.75E-04 T - 9.35E-05 T2

Extrapolation of the two-hydrate equation beyond 100°C

was considered by Kamke and Wolcott (1991). They used the

original form of the parameters (Simpson, 1973) and

concluded that the two-hydrate form of the equation predicts

MC better than the one-hydrate form, when compared to data

for one atmosphere of pressure presented by Simpson and

Rosen (1981) and at pressures greater than one atmosphere

presented by Resch et al (1988). A graphical display was not

presented and no explanation was given as to why they did

not use the Wood Handbook (1987) coefficients. They agree,

however, that the predictions are poor for temperatures of

140°C. With the coefficients presented in the Wood Handbook

(1987), the equation can not predict MC for temperatures

above 132°C.

Simpson (1973) determined the coefficients to be:

W = 330 + 0.452000 T + 0.004150 T2
K = 0.791 + 4.63E-04 T - 8.44E-07 T2

K1 = 6.17 + 0.003130 T - 9.26E-05 T2

K2= 1.65 + 0.020200 T - 9.34E-05 T2

1<2 = 1.09 + 0.0284 T - 9.04E-05 T2
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2.6 Rheological Properties of Wood and Wood-Composite
Furnishes

A large number of studies have been carried out to

investigate the rheological characteristics of wood and wood

composites under the relatively narrow range of conditions

that usually occur in service. For this reason and also

because our interests in the present work lie in extremes of

temperature and stress that occur during pressing, we will

only name a few before moving on to consider mat materials.

Both creep and relaxation experiments have been conducted.

Since it is easy to observe strain under constant stress

(weight), creep experiments greatly out number relaxation

ones.

2.6.1 Rheological Studies of Wood Products in
Service

Critical reviews of rheological behavior of wood are

given, for example, by Schniewind (1968), Grossmann (1976),

Johnson (1978) and Bodig and Jayne (1982). Empirical

equations have been fitted to the data on a trial and error

bases as well as more elaborate mathematical equations based

on physical models. Although the latter have more physical

relevance, they nevertheless are still not general, and

parameters must be determined for every material and

environmental condition. This is due to the complex

chemical, ultra-structural, micro-structural and macro-

structural nature of wood and products derived therefrom.



27

A complete understanding of wood rheological

characteristics is also not possible without considering the

environmental conditions to which wood is subjected. For

instance, during drying, wood is subjected to quite severe

changes in temperature and moisture content. Since Barkas

(1949), a large number of studies have been devoted to

mechano-sorptive creep that happens as a consequence of

moisture content changes in conjunction with applied loads.

During drying, mechano-sorptive creep is a major strain

component and a function of moisture content change

(Leicester, 1971, Armstrong, 1983). Rice and Young (1989)

found a linear relationship between mechano-sorptive creep

and moisture content change. However, for high stress it may

not be linear (Bodig and Jayne, 1982; Hunt,1989). Castera

(1989) discusses the development of a three-dimensional

mechano-sorptive model to explain the thermo-hygro-

mechanical behavior of wood.

Creep in chip board has been thoroughly investigated by

Dinwoodie et al (1977, 1992). Effects of steady-state or

unsteady (cyclic) temperature, moisture content and stresses

have been analyzed. Behavior of the various wood composite

materials are different and many interactions seem to exist

among environmental conditions. The type and amount of resin

may also affect chip board creep behavior (Dinwoodie et al,

1991).
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Fitting three- and four-element response curves to

creep data was proposed by Pierce and Dinwoodie (1977),

while an improved model for prediction of creep deflection

was proposed by Pierce et al, (1984). Dinwoodie et al (1990)

discuss the merits of a 5-parameter rheological model as a

predictive tool.

Burger's body is one of the most used physical analogue

models to describe creep behavior of solid and reconstituted

wood. It consists of a Maxwell body in series with a Kelvin

body. The former accounts for elastic and Newtonian viscous

deformation while the latter explains delayed elastic

deformation. The elastic deformation is time independent and

is that part which occurs instantaneously when stress is

applied. There is, however, some dispute as to whether the

stress (or strain) can really be applied instantaneously

(Costa, 1952). Delayed elastic deformation is also totally

recoverable, but not instantaneously, when the load is

removed; the deformation decays exponentially, resembling

the charge dissipation of a dielectric. Viscous deformation,

on the other hand, is not recoverable; its rate is

proportional to the applied stress and inversely

proportional to a descriptive constant analogous to fluid

viscosity.

Kollmann and Cote (1968) refer to Burger's model as a

simple but workable model for wood and wood composites.
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Bodig and Jayne (1982) determined the parameters based on

existing creep deformation curves. More recently, Fridley

(1992) determined the four creep model parameters for

Douglas-fir beams while under specific moisture and

temperature conditions.

Dinwoodie et al (1991) found that the relative

proportions of the elastic, viscoelastic, and viscous

components making up total deflection may vary considerably

with time, temperature, relative humidity, stress level and

wood composite material. Moreover, interactions reported

were considered complex with strong interactions occurring

among environmental condition, stress level and material.

Most of the variability in creep deflection (Dinwoodie et

al, 1991) was found to be due to changes in the percentage

contribution of the viscous component. Dinwoodie et al

(1990) point out the significant role of the viscous

component in determining creep deflection at high levels of

stress and RH.

Niemz (1985) found that creep rate increases more

sharply with RH in wood-based composites than it does in

solid wood. Compared to creep in pine wood, which was linear

in the range 45-85% RH, particle board showed an accentuated

increase in creep when subjected to RH values greater than

70%. Prediction of long term behavior of particle board from

primary creep data was proposed by Kliger and Edlund (1991).
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Changes in the structure of particle board under permanent

mechanical load and cyclic changes in RH were reported by

Steller (1988).

Creep in films of adhesive used in commercial particle

board was investigated by Irle and Bolton (1991), under 4

different environments. They concluded that UF resin was

more rigid than PF, indicating that higher stresses will

develop in composite products and take longer to decline

when compared to PF.

Creep in cement bonded particle board increases with MC

and temperature (Kondrup, 1990). A decrease in creep

deformation during cyclic RH changes of particle board

produced with acetylated chips was reported by Takino et al

(1989) while Imamura et al (1986) found little strength

reduction of acetylated chip boards when subjected to fungal

attack during bending-creep tests. Imamura and Nishimoto

(1984) found that board resistance in creep tests under

fungal attack varied depending on manufacturing conditions

and adhesives used.

PF particle boards produced with a high percentage of

alkali hardener may exhibit poor long-term creep properties

(Deppe and Hoffmann, 1986). Preliminary results of creep

tests conducted on 1000 large plywood and OSB panels by

Laufenberg and McNatt (1989) indicated that duration of load

factors compare favorably with the National Design
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Specifications factors used for adjusting lumber design

strength properties. Creep factors in panel design practice

were found appropriate for plywood under the influence of

relatively severe environments and for OSB in moderate

environments. Creep studies on OSB panels have also been

carried out by Pu et al (1991) and McNatt and Laufenberg

(1991).

2.6.2 Rheology of Wood Composite Furnishes

The overview given above only demonstrates the great

importance that has been giving to trying to understand

product behavior with time in service. The same amount of

effort has not been devoted to understanding the rheological

properties of mat material (composite furnish) during hot-

pressing. This is in spite of the fact that the effects had

been long identified, mainly in the pronounced z-direction

density gradient detected in conventionally hot-pressed

products.

Strickler (1959) recognized the influence of various

pressing conditions on the properties of wood-based

composite panels. The shape of the density profile has been

related to the mechanical properties of the final board, but

mostly trial and error methods were used to converge on

panels with desired characteristics. Panel cross-sectional

mass distribution has been compared to that of an "I-beam"

with similar mechanical advantages (such as large strength
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to weight characteristics). More recently, work conducted by

Kavvouras (1977) and Humphrey (1982) did throw some more

light on the subject. Although the need for a model that

would represent the rheological behavior of wood was

recognized by Humphrey (1982), his simulations were largely

based on assumed density profile development. This was of

course necessary at that time due to the absence of any

reliable means of predicting the profiles' development

during pressing.

Ren (1992) was probably the first to explore the Burger

model parameters for wood composite mats during compaction.

The four Burger model parameters were determined in

conjunction with a newly defined fracture element linked in

series (Figure 2.2). The elastic, fracture, viscous and

delayed elastic coefficients were determined for various

conditions of stress, temperature, MC and mat density. The

model is however, still one-dimensional and no mechano-

sorptive effects as well as no resin application are

considered.

Nevertheless it is a first step toward elucidating the

behavior of wood mats during hot-pressing. It is Ren's data

that will be used in the present work when modeling density

profile development.



Figure 2.2 Five element model

Dai (1994) proposed a mathematical model of wood flake

mat formation using geometric probability theory. The

results showed that flake mat formation follows a random

process with random flake positions and orientation. As

expected, he concluded that pressure applied in a mat during

pressing is mainly supported by areas of higher wood

coverage, allowing for wide stress variation from location

to location in the mat field.

In conventional pressing arrangements, wood mats are

subject to z-direction creep due to continuously increasing

stress during press closure; relaxation appears to

predominate after closure to stops. Stress normally, but not

necessarily always, reaches a peak at closure, relaxing

33
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afterwards when platens are held static (Kavvouras, 1977;

Humphrey, 1982, Kamke and Casey, 1988; Bolton and Humphrey,

1989).

Liiri (1969) measured the pressure necessary to close

the press in particle board production as functions of final

density and closing time. Logically, the longer the closing

time, the lower the externally applied pressure (Strickler,

1959). Most of the stress relaxation within the mattress

occurs during the first 600 seconds after closure

(Kavvouras, 1977-not seen). Suchsland (1967) suggests that

pressure relaxation upon press opening follows an

exponential function which is in accordance with many other

observations.

Humphrey (1982) reported that stress relaxation was

slightly faster when pressing mats with UF resin applied to

flakes compared to those pressed with no resin. In that

regard, Humphrey hypothesized that the curing adhesive

restrains localized reductions in material density that

would otherwise occur after press closure; such density

decreases are a consequence of changing distributions of mat

stiffness as heat and moisture are redistributed (a primary

focus of the present work).



2.7 Density Profiles in Composite Panels

2.7.1 Prior Considerations of Density Profile
Development

The classic work carried out by Denisov and Sosnin

(1967) and Strickler (1959) indicates clearly that mat MC

and temperature and closing time influence press operation

and final board properties. Furnish MC influences not only

the maximum press pressure required to reach target

thickness in an acceptable time, but also the shape of the

density gradient through the thickness of the final product.

As one would expect, for a given platen temperature, less

pressure is needed for closing the press with high MC mats

than for low (Strickler, 1959; Kehr and Schoelzel, 1968;

Kamke and Casey, 1988).

The moisture content of particles after they have

undergone drying may range from 3 to 6% in typical

conventional panel manufacturing operations. The addition of

resin may increase the furnish MC 3 to 5%, while

condensation reactions of most commonly used thermosetting

adhesives may contribute around 1% to overall moisture

content. Water may also be sprayed unto the mat surface to

produce smoother surfaced boards and to hasten heat transfer

to the core regions, thus potentially shortening the press

cycle. The addition of moisture clearly helps develop more

pliable particles which are more easily compressed.
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While Denisov and Sosnin (1967) and Suchsland (1962)

were among the first to assert that platen temperature and

moisture content are responsible for the formation of the

density profile, Heebink, Lehmann and Hefty (1972) developed

this concept further; they studied the effects of various MC

and temperature conditions and two types of adhesive on

density gradients in particle board. As already observed in

earlier studies, they also found that higher initial MC will

lead to higher density contrasts through the thickness. An

increase in the MC of the surface layers from 12 to 20% was

found to increase the consequent bending properties of

particle board (Kollmann et al, 1975). High bending strength

is associated with high face densities (Suchsland, 1967)

since, for most cured furnishes, there is a strong positive

correlation between density and strength. The transformed

section of the panel resembles an I-beam in its shape.

Clearly, when pressing to stops, the density profile

may be manipulated by controlling closing times. With short

times, only the surface layers are heated before overall

compaction is completed and higher surface density results.

With long press closing times, more layers are heated before

the mat is compressed to final thickness and this results in

lower density contrasts (Suchsland and Woodson, 1987).

Interestingly, these reports placed relatively little

importance on the effects of moisture re-distribution on
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differential densification, an effect which the present

study highlights.

Flat density profiles were sought by Poblete (1989) for

radiata pine OF bonded particle boards. Variables studied

were furnish MC and adhesive content. Low density (400

kg/m') strand type panels were fabricated in the laboratory

by Kawai and Sasaki (1986). Contrary to Poblete, they were

engaged in developing steep density profiles, and they

sought to do this by varying press pressure and time in a

two-step process. Steeper density profiles were obtained,

according to the authors, by increasing press pressure and

time. However, higher face density did not improve NOR of

the product because shear failure occurred in bending

(clearly a span-dependent phenomenon).

The rate of water uptake in laboratory pressed particle

board panels was related by May (1987) to the density

profile. Water uptake was lower in the surface layer

compared to the core layers; the reverse was observed for

thickness swelling. According to Boehme and Munz (1987),

tool wear may be greater when milling board-surface-layer-

material than middle-layer-material. This was attributed by

the authors to the higher surface layer density.

Furthermore, steep density gradients may be detrimental to

the board-edge nail resistance of low density particle

boards (Sekino and Morisaki, 1987).
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The influence of material and processing parameters on

cross-sectional density profiles were studied by Hansel et

al (1988) for three layer particle board. Results indicated

that density profiles can be varied within wide limits by

controlling such parameters.

Suchsland and Woodson (1974) show schematically the

type of density contrasts that might be expected as a

function of closing time. Suchsland and Woodson (1987)

erroneously say that increasing the pressure to extremes

will cause instantaneous press closing and no development of

a density profile. They based their statement on the cold

pressing of particle board, where, indeed, no density

profile develops. They failed to appreciate the importance

of differential softening and the consequent shift of mass

distribution later in the pressing cycle (after the stops

are reached).

Suchsland and Woodson (1987) measured density profiles

in a laboratory produced medium density fiberboard (MDF).

They also investigated the relationship between closing time

and modulus of elasticity in bending for the same furnish

material. For long closing times (128 seconds) Suchsland and

Woodson found a peak in density further from the surface

than for relatively fast closing times (2 to 30 seconds);

apparently, higher contrasts of density existed for closing

times of 10 to 30 seconds.
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According to Spalt (1977), the density profile in

smooth-one-face (S1S) hardboard is asymmetric due to the

one-directional flow of water toward the venting screen

during pressing. In smooth-two-faces (S2S) hardboard panels,

the density profile is typically symmetric which is

responsible for the higher bending stiffness of this type of

product. Both Lynam (1959) and Plath (1963) also observed

that density increases in the surface layers and decreases

toward the core of particle board. They were also aware that

higher density in the surface layers corresponds with higher

bending strength. Shen and Carrol (1970) found a strong

correlation between layer density and torsion shear

strength in particle board.

Suchsland and Woodson (1987) contend that the

development of density profiles in thin hardboard is of

secondary importance; whereas this is not the case for MDF

and thick particle board, where density profiles are of

primary importance. They suggest that since the average

density is the same, the higher the density of the faces,

the lower the core density and consequently the board IB.

Density profiles in wafer boards were studied by Smith

(1982). Smith reports that for 30 seconds closing time,

density profiles were approximately "U"-shaped, while for

long closing times (100 seconds), the profile was "M"-

shaped. Peaks in density were further from the surfaces with
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longer closing times. The same author suggests that wafer

board is best made with as short a press closing time as

possible, since the highest strength properties are then

attainable. Clearly, Smith neglects the penalty in IB that

one pays for such an extreme philosophy. Furthermore, micro-

mechanical mechanisms operative at the cell-wall level are

likely to be affected by the extremes of pressure that occur

in concert with the prevailing thermodynamic conditions.

Maloney (1989) makes the now commercially important

point that particles from low density wood are easier to

compress (require less total pressure) than do particles

from higher density woods. He also contends that larger

particles require "more pressure", although this is clearly

an oversimplification. According to Engels (1978), press

cycle and glue recipe may also alter the density profile.

Geimer (1982) shows an almost flat density profile with

steam injection pressed boards. The claimed flat density

profile, however, is not precisely flat. Only in the core

regions does this seem to be the case for the panels

reported; a low density surface layer exists. Density

variation through the thickness of steam-injected particle

board were also measured by Hata (1989) and compared to that

of standard pressed panels.

While density profiles have been extensively

investigated experimentally, and the main variables that
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control their formation identified, few attempts have been

made to predict them, and no reliable means (based on

fundamental mechanisms) has been computed to date. The

industry approach has been a trial-and-error one.

Furnish mats may develop horizontal (x-y)

inhomogeneities as well as cross-sectional ones. This is

caused by the discrete nature of the wood particles and the

statistical nature of their spatial distribution and

overlapping. Processing inadequacies may also contribute to

x-y variability. For example, Dai (1994), working with

Steiner, investigated the influence of raw material

characteristics on horizontal density distribution and the

effect of consequent particle board non-uniformity on some

panel properties. The number and size of voids were found to

contribute to the relation between particle size and

horizontal density distribution. Also, a layer concept was

developed relating particle thickness, wood density, board

density and board thickness to horizontal density

distribution. A decrease in density variation was predicted

as particle layers increased. Logically, while thickness

swelling (TS) was influenced most by the high density

portions, mechanical properties were dominated by the low

density areas. Those, however, are not the object of the

present study which assumes an average mat where local

inhomogeneities disappear. Future development of the
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modeling concept will, however, involve integration of both

modeling aspects.

2.7.2 Measuring Density Profiles

Both Nearn and Bassett (1968) and Steiner et al (1978)

used x-ray densitometers to explore mass distribution in the

z-direction of pressed panels. Reports of gamma radiation

use were given by Laufenberg (1984, 1986) and May (1987).

Winistorfer et al (1986) concluded that a direct gamma ray

densitometer to measure density profile is faster and more

accurate than destructive gravimetric methods. Clauson and

Wilson (1991) compared the use of video camera and x-ray

devices to estimate annual growth ring densities in Douglas-

fir wood. Although faster than x-ray, the video-camera

requires that density variation patterns on exposed surfaces

may be discerned optically; this might not be the case with

wood particle and fiber composites.

Gravimetric methods require removing successive layers

of a pressed composite by slicing, planning, or sanding

techniques. Humphrey (1982) used a planer cylinder to remove

thin layers of particle board material to make

determinations of density variation through its thickness. A

slicing technique was described by Stevens (1978).

While the techniques referred to above allow for

density profile determination after hot-pressing, they may

not be used to follow mat density behavior during pressing.
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De Paula (1992) probably was the first to record in situ
density changes in a wood mat particle board during hot-

pressing. In that work, an Americium' radiation source,

coupled to a sodium iodide crystal detector, was used to

infer mass distributions during pressing at three discrete

positions (25%, 50% and 75% of the mat height) at any time

during the press cycle. The most notable phenomena reported

was the dynamic change in density that happens after the

press reached final position. This finding will be confirmed

in the model predictions reported later in the present

thesis.

2.8 Modeling Hot-Pressing

Harless et al (1987) developed a one-dimensional model

in an attempt to predict density profiles in particle board.

The model included heat transfer in a crude fashion as well

as compaction based on elastic stress-strain data collected

at four temperatures and transformed to stress-specific

porosity. It is apparent that only one initial furnish

moisture content was used. Stress relaxation was ignored and

for this reason the model could only poorly predict density

profiles at press closure. Simulation of press closing rates

of 0.1 to 0.65 cm/sec were applied. Again according to the

authors, the model failed to predict an increase in the

density of layers near the surface with an increase in press

closing rate. Closing rates of 0.25 cm/sec is considered a
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fast closing rate. The model was too simplistic to work

satisfactorily, particularly because it took no account of

the all-important moisture-induced mat property effects on

the viscoelastic nature of natural fibers.

Niemz et al (1989) concluded that only statistical

modeling of the links between processes in particle board

manufacturing (such as chipping, gluing, mat formation and

hot-pressing) was practicable. In concurrent work, Ritter et

al (1989) compared various regression and classification

models. A structural model for particle board based on

hybrid multi-layer elements was developed by Neumuller

(1988). These statistically based descriptive analyses are

in contrast to the present one in which a fundamental

mechanistic approach is taken to process (pressing)

simulation.

A model to simulate heat and moisture transfer during

pressing, has been discussed by Bolton and Humphrey (1988).

There, the main phenomena identified as occurring during hot

pressing and that affect final product properties are mass

and heat transfer, adhesion and rheology. Figure 2.3

(Humphrey, 1994) summarizes the overall interactions while

Table 2.1 lists the mechanisms operating during hot-

pressing. Also shown are material properties and their

dependencies.
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HEAT AND MOISTURE TRANSFER

LocalizedAdsorbedMoistureContent(MC)

Thermal conduction, phase change, and vaporconvection affect local temperatures, MCs, andvapor pressures. Local balance betweentemperature, MC, and vapor pressure
is maintained.

LocalizedTernperature
Density greatly influences MC affects

perm ea bil ity and bonding rates
thence vapor flow Temperature Temperatureaffects effectsbonding rates vise o el asticity

.A.DH ES ION

Bondingmayrestrain
def orm ati on

Bondinghastensgross stressrelaxation

MC affectsvi sc oele.sti city

Figure 2.3 The main physical processes operative during
the pressing of wood composites and their interactions
(from Humphrey, 1994)

Due to the complexity of the phenomena that take place

during hot-pressing a closed form analytical solution was

not possible. So, the approach adopted by Humphrey (1982)

and Humphrey and Bolton (1989) was to use numerical methods

of simulation to predict the time dependent thermodynamic

changes that occur during hot pressing.
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Mechanism

Thermal Conduction

Gas Flow

Phase Balance Hygroscopicity

Phase Balance Void Volume
(fractional)

Rheological E1

behavior

E2

rh

IV
112

Material Property

Conductivity, k

Permeability, K

Dependencies

p, MC, direction

p, direction, gas
viscosity

T,RH,MC relation.

p, T, MC

p, T, MC

p, T, MC

p, T, MC

p, T, MC

Adhesion* Bond Strength T, MC
Develop.(ds/dt)

Max.Bond Strength T, MC
* Not included in present version of the model.

The numerical approach employed by Humphrey involved

dividing the mat spatially into small segments so that

conditions and material properties within each may be

assumed uniform. In a similar way, the time dimension was

divided into small intervals during which material

properties and gradients were assumed not to change.

The solution is essentially non-linear: energy

transfer, water vapor movement are all interdependent. At

the end of every time step, a phase balance among hygro-

thermal variables was carried out using a successive
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Table 2.1 A summary of the mechanisms, material properties
and dependencies associated with the hot
pressing process
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approximation technique. The solution was also non-linear

because material properties continuously changed during

pressing (in time and space). However, for very small time

steps the solution was linearized by treating material

property changes explicitly. Material properties were

corrected every time step.

In the same way, material properties that change from

place to place (also non-linear) were averaged between donor

and receiving regions. For example, when dealing with

thermal conduction, k (thermal conductivity) may change

spatially. However, fluxes between neighboring regions were

calculated using k values which were averages of those for

the donor to the receiving regions. Furthermore, k was

assumed not to change during time steps. The same was true

in treating other mechanisms. In this approach, the time

step must be selected in such a way that one variable

changes little and all solutions were treated as independent

during the time step.

Humphrey's model made some important and limiting

assumptions and omissions. Most important was the assumption

that the press closed instantly. No changes in mat thickness

during pressing were accounted for. Furthermore, no attempt

was made to incorporate rheological behavior. These

omissions greatly limited the usefulness of the model.



written as:

a a a apv(pv) =(pv ) + (pv ) + (pvz) = (I)
ax x ay Y

Z (3.1)

48

3. A TECHNIQUE TO MEASURE ANISOTROPIC MAT PERMEABILITY AS A
FUNCTION OF CONSOLIDATION

The objective of the work described in this and the

following chapter is the development and evaluation of a

technique to measure the anisotropic permeability of mats as

affected by level of consolidation. The data derived will

then be used in our numerical modeling of the pressing

process. It is an objective to develop a two-dimensional

(2D) method to enable horizontal (in-plane) and vertical

(through the thickness) permeabilities to be determined

simultaneously. The new 2D method will be verified in

chapter 4 by comparing its results with those of simple one-

dimensional flow measurements. Measurements will be made on

specially formed miniature fiber mats while compressed to a

range of densities; thereby the density-permeability

relationship will be explored.

3.1 Analytical Approach to Gas Flow in the Fiber Mat

3.1.1 The Continuity Equation

The general principle of conservation of mass may be



where:

p = fluid density
V = velocity
t = time
(I) = effective porosity.

The equation of state for an ideal gas:

P = pR T (3.2)

where:

P = absolute pressure
R = gas constant
T = absolute temperature

Macroscopically, the velocity of a fluid flowing

through a porous media is proportional to the pressure

gradient acting on the fluid. "Macroscopically", according

to Muskat (1934), means that the flow is averaged over a

large number of pores, although it may show large variation

within an individual pore. This may be stated as Darcy's

law:

V = -V( -ISP) (3.3)
1-1

where

K = permeability
p = viscosity

which is a macroscopic equivalent of the Navier-Stockes

equation.
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3.1.2 The Equation of Motion or of Momentum
Conservation

Adding the generalized Darcy's law to the continuity

equation we obtain:

apdiv (p(V(KP) ) = V.[pV(KP) ] = at

Together with the equation of state, these are all the

equations that need be solved in the present case. So, for

cylindrical coordinates we can write:

a a K 1 a a ke

r sTr(rPTr:( 113) ) P ( P)

a a kap
(ID = (i) ata z a z p

Usually, it is easy to start from the general equation

(3.5) as suggested by Bird et al (1961) eliminating terms

that are not important. For example, for steady-state

isothermal flow with apiae = 0 (considering an in-plane

isotropic material) we have:

laaK $(1p2H (73 13.2)

(3.4)

(3.5)

(3.6)

By acknowledging the viscosity independence of gas

pressure (at least under all conditions of practical

importance here) and that the horizontal-radial as well as

the vertical-transverse permeabilities are constant along

their entire lengths (r,z):
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a2p2
Kr-r-1 -a-i-ra (r_a_r__a p2) + K, -o

Equation (3.7) will therefore give pressure

distributions within a porous body subjected to a

compressible fluid gradient. For one-directional flow,

a,-.2
n 7, 2

kj V °L - 0ar

1 a ap2 a2p2
r ) + 13 - 0r ar ar az2

(3.7)

(3.8)

and equation (3.7) usually has a closed form solution once

the boundaries are specified. For 2D flow, we can rewrite

the equation in the following form:

(3.9)
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where 13 = Kz/Kr (the ratio of the vertical to the horizontal

permeability). For most materials, this ratio is smaller

than unity and for isotropical materials, p = 1. Equation

3.9 usually has to be solved numerically since in most cases

for compressible flow (except for very simple boundaries and

one-dimensional flow) a multi-dimensional analytical

solution is not available.

Nevertheless, for experimental automation it is far

more convenient to numerically solve more complex boundaries

in multi-dimension than to perform one-dimensional

experiments. These experimental difficulties (such as mat

preforming and sealing) were briefly discussed in section



2.2. Our approach is then to simplify experiments by

allowing for two-dimensional flow and to solve the basic

math equation numerically in cylindrical coordinates.

3.2 Numerical Solution

Equation (3.9) is then in the present work solved

numerically to give the fiber mat pressure distribution, for

two sets of boundaries conditions (one after the other,

Figures 3.1 and 3.2).

One may notice that the boundaries for the two

situations (both- and one-sided injections) are identical;

the vertical height is Z/2 for the former and Z for the

latter. Figure 3.3 shows the grid definition used for

numerical computation of the pressure field. Solutions for a

range of specific boundaries will be developed in turn.

a) Solution for i = 1, i.e., r = 0:

1 8p2 a2p2 a2p2
-- + + (3 -0

ar2 az2r ar
When r=0, we have to consider the indetermination:

(aP2/ar 0
) =r IT)

since ap2
ar r=0

=0
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Boundary condition I: Injection from both sides (top and
bottom)

PERFORATED PLATEN

0

An2

ar
0

NO FLOW

ur 0
aZ

ap2
0

aZ

GAS IN
(PINJEC2)

GAS OUT
Z/2

( PATMOS 2 )

Figure 3.1 a) Vertical cross-section through the diameter
of a sample mounted in the pressing arrangement (two-sided)
b) solution region
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b)

Boundary condition II: Injection from one side (top or
bottom)

GAS IN
(PINJEC2)

z

Impermeable

wall

NO FLOW

fl,p2

ua-cz

-o

Figure 3.2 a) Vertical cross-section through the diameter
of a sample mounted in the pressing arrangement (one-sided)
b) solution region
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Z (PATMOS2)
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j=NZ

j=1
i=1

'rhr

Figure 3.3 Grid definition

Using L'Hospital's rule:

a lap2,
(ap2/ar)a.7-` ar 1 a2p2 /A.,2 ,

u
2 D.,2

lim - lim ( ) - ( ' ' ) - '
r ar 1 ar2

a r
r-0 r-O

the general equation then becomes:

a2p2 a2p2
2 +13 -0

ar2 az2

Using a 2nd order Taylor's series approximation we

arrive at:

2 2 2 13 2 2 4 213 2
+ Pi-11j) + 2 (Pi, j+1 + Pi, j-1) = ( , +

la, hz

Now let us set j=1 while i=1:

ap2 ap2
-0 -0ar ;

az

Using a mirror image:

A

i=NR

22P. 1 Pi+1,3
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Substituting into the equation leads to:

22 D2 (3 n2 (3r k - )/ 2 +1 2 2 "h; hz hr hz

Now let us set j=2,nz-1
ap2 -oar

then:

p2i+i,i

and:

4 2 13 2 2 2 13 \ n2
P (Pi + P1) = 2(

2 '3+1 1'3- 2
/

h; hz hr h;

b) Solution for i = 2,nr-1; j = 1

ap2
- 0

az
so that:

1 12 i 1 1 , n2
( + ) P1,3 4-+1 k

-
i L-i-1, j2 2hr 2rhr hr 2rhr

20 2 1 0 2
2 (+ 2 Pi'3+1 = +

hz 1.2 . 12:

c) Solution for i = 2,n-1; j = 2,n-1

1 ap2 a2p2 82p2
+3 -r ar ar2 az2

General solution for all internal points of the grid

system:

n2 0 n2 n2 n2 n2 2 2 2

+ ( ) +13 ( )-0
12,2_

2h
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or:

1 1 2 1 1 2 13 2 2

hr2
-

2 rhr) + (Pi, j+2_+ Pi, j-2.)
12,2 2 rh r hz-

1 13 n2k - + -1
2 2hr hz

d) Solution for i nr-nr/6 ; j = nz

1
(

hr 1 r \ n2 (3 02 0 1 13J_+---ri+i, +
2 r hr 2r 2 2

h 2r hz hr hz

Summarizing and making:

2 K 2A - --B - C = (
K

+ )

12 r2 ii .12.,. hf
1 h

E = _1_(1 - hr)D = (1 + _L)
hi.2 2r 12. 2r

1 K
F = 2( + )

hr2 hz2

we arrive at:

i = 1
j = 1

n2 n2 r, n2 (3.13)

i = 1
j = 2, nz-1

2APi2+1,j+B + =2CPi (3.14)

i = 2, nr-1
j =1

D(Pi2+1,i) +E(Pi2_1,j) +2B(pi2 F (pi2
(3.15)
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i = 2, nr-1
j = 2, nz-1

D(pi2+1,i) E(pi21.1) B(pi2, pi2, )
F(P,)j) (3.16)

i nr - nr/6
j = nz

D(Pi2+1,i) +E(Pi2_,,i) +2B(Pi2,i_i) -F(Pi2 ,j) (3.17)

These are all the equations necessary to solve for the

pressure distribution of our problem numerically. The system

of equations has been solved using the Gauss-Seidel

iteration procedure (Anderson et al, 1984; Press et al,

1992) and a FORTRAN algorithm was built to implement the

solution (Appendix D). Flow rate convergence for a 35 mm

thick fiber mat is shown in Figure 3.4.

For steady-state conditions the mass flow entering at

the top of the disc is equal to the mass flow escaping

radially at the disc edges. When the pressure distribution

is known, the amount of gas flowing can be calculated by

integrating over either the top or edge areas. If, for

convenience, we take the top area used to inject the fluid

and further assume that the flow in the vanishing length hz

is one-dimensional (vertical) only, we have

R nQm = f nrf2 g v rdrdez (3.18)
Ri 0
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Figure 3.4 Flow rate as a function of grid size for a 35
mm thick fiber mat
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The mass flow escaping radially at r = R is given by:

= f h.f2nervrdedz
o o

Qm = 2nhrovr
dP= 2nhrg(------)p dr

-
2nhrKr dp

0
1-1 dr

2nhrKr 1 dP2
2p RT dr

n rz it ,D2nR K h

ph RTi=o L-nr'j Pn2r+l'i)

Qm

1 a 8p2 a2p2
K (r ) +K -or r ar or Z02

which can be written as:

1 a ap2 a2p2

arr ar ) az2

where 13 = Kz/Kr.

(3.19)

(3.21)

Some manipulation, which is discussed below, is still

necessary to find the vertical and horizontal

permeabilities.

Muskat (1934) shows that an equivalent isotropical

model can be built for the prototype with anisotropical

permeability. In our case, the prototype anisotropical

pressure distribution is given by:

(3.22)

(3.23)

60



On the other hand, an isotropical equivalent of the

anisotropical prototype can be written according to Bear

(1988) as:

a ap2 a2p2
- 0

(IC) -r-ar (r-ar (Ke) az2

or simplifying:

a ap2 a2p2
-r- -a-r- + - 0

The last equation is identical to using 13 = 1 in the

prototype. It is assumed that pressure and flow rate are the

same in both systems. When both the horizontal (Kr) and

vertical (K,) permeabilities are known, then

NIKe

= K. K

That is one way of estimating Ke. There is still p to

be found. To find Ke, p is said to be equal to unity,

although we know that this is not true. All contraction goes

to Ke while the length scale is left unchanged. By doing the

reverse now, i.e., contracting the lengths and running the

program giving values to p until the systems' equivalent

isotropical permeability is identical to Ke where the scale

factors become r' = 131/2(z/r) and z = z/r instead. Figure

3.5 shows schematically how this is done.

(3.24)

(3.25)
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Figure 3.5 Equivalent isotropical permeability as a function
of 13 (where 13 = Kz/Kr) for a fiber mat density of 420 kg/m3.

The equivalent permeability varies approximately

linearly with the logarithm of 13. A regression equation of

the form Ln(Ke) = C1 + C2 Ln(p) can be successfully fitted to

the data. The equation is then back solved for 13,

introducing the known Ke from the previous run.

Now, with Ke and p known, the horizontal and vertical

permeabilities can be calculated as follows:

Kz Ke = VKzKr
Kr
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or:

Then, finally:

K=r

K2

Ke
13
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One solution (KJ is obtained from both-sided injection

while the other (13) is computed from the next (one-sided)

injection boundary.

3.3 Equipment Setup

Figure 3.6 shows the complete experimental setup while

Figure 3.7 presents the mat pressing section thereof. An

analog to digital interface (Data Acquisition DT 2801) board

connected to an IBM XT PC was set to 10 Hz sampling speed.

Variables collected were: 1) fiber mat thickness (platens

separation); 2) inlet and outlet gas pressures, and 3) fluid

mass flow rate. Following sample insertion and densification

to a pre-selected value (mat thickness) a pre-selected gas

pressure gradient was applied. Data acquisition was then

initiated and an average of 1000 samplings collected (= 1.7

min). A Quick Basic' data acquisition algorithm was

developed and used. Time (date) and temperature of the tests

were also recorded. Compressed air was used as the

permeability determination medium.
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Figure 3.7 Permeability equipment setup showing perforated
stainless steel plate details

A hydraulic press (with the ability of keeping position

constant), capacity of 30 tons, was used to compress the

mats to a range of previously selected densities.

To measure gas flow rates, a MKS mass flow meter,

1000 standard cubic centimeter per minute (SCCM) range, was

placed before the sample. The integral control valve was

kept fully open (1000 SCCM) throughout the tests (flow was

not, therefore, regulated). The pressure drop across the mat

was measured with a differential pressure transducer (0 to

50 kPa range). An absolute pressure transducer (0 to 110 kPa



range) was used to record the outlet pressure. Flow rates

were measured for a range of applied pressures at each mat

density value.

All tests were performed under ambient conditions of

temperature and humidity with three replications for each

set. No heat or resin were applied to the fibers.

3.3.1 Flow Computation for the MKS Flow Meter

With the flow control valve fully open, (i.e., the

input voltage set to 5 volts) the following relation exists:

1 volt output z (1000/5) = 200 SCCM

where, for air,

1 SCCM = 1 cm3/min at 1 atm of pressure and 0°C.

The density of air at this condition is equal to

1.293x10-3 g/cm3.

Then, it follows that:

1 SCCM = 1 cm3/min = 1.293 x 10 g/min = 1.293 x 10' kg/min

or:

1 SCCM = 2.155 x 10' kg/sec

Finally, the mass flow rate can be computed from the

equipment output voltage as:

(2. = 4.31 x 10-6 * output voltage (kg/ s)
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This is the mass flow rate at the test environment

conditions (T, P). The mass flow meter had an accuracy of

0.5% of full scale flow and stabilized in 2 seconds.

3.3.2 Fiber Disc Preparation

The fiber mats were pre-formed in a British hand-sheet

mold. Approximately 95 grams (oven-dry weight) of TMP fibers

(coming from Evanite Fiberboard Plant of Corvallis, OR) were

used to produce discs with a nominal diameter of 150 mm

diameter discs. After being air-dried without compressive

constraint, the discs were randomly divided and allowed to

stand in ambient conditions so as to equilibrate to a

moisture content (EMC) of approximately 6.5% (oven-dry

basis).

Some corrections were made to mat density while

estimating permeability. The disc diameter changed from

approximately 148 mm to 154 mm from beginning to end of

tests (when density ranged from 140 to 1000 kg/m') . In an

extreme example, since density was calculated from:

tA.
0 = Pi

taAa

were:
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the correction necessary is:

A, = 0.0172 m2
Aa = 0.0186 m2

Ai

° = Q.ITa

0.0172
= 1000 = 923 kg/m3

0.0186

That means approximately 8% total variation. Where

necessary, intermediary values were also corrected.

3.4 Results

Figure 3.8 shows for some specific fiber mat densities

and both-sided injection that the 2D total flow rate for the

fiber disc varies linearly with the square of the total

pressure gradient. This one would expect. Any deviation from

linearity might induce one to consider turbulence or Knudsen

type of flow.

The slope obtained from injection from both sides is

slightly lower than the one from one-sided flow. That means

that the flow rate is slightly higher for the same total

pressure differential if the gas is injected from both sides

simultaneously. The ratio of both-sided to one-sided flows

is not constant, however. This is likely due to the

thicknesses variations from one sample to another (since all

had about the same weight, thicknesses varied for different

mat densities). This is shown in Figures 3.9 and 3.10 and in
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Figure 3.8 Flow rate as a function of the square of the
pressure differentials (p22-E12) for three fiber mat
densities. Solid line: fitted regression line.

Table 3.1. Dividing by the corresponding thickness, it can

then be linearized, as Figure 3.11 shows. The x-coefficient

represents the variation in flow rate for a unit change in

pressure gradient.
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Figure 3.9 Flow rate as a function of the square of pressure
differentials (E22-P12) for a typical test. Solid line: fitted
regression line.
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Table 3.1 Regression coefficients for flow rate (kg/sec)
Versus the square of the pressure differentials (P12-P22, Pa2)

for a range of densities and fiberboard thicknesses

Density Thickness X-coeff-both X-coeff-one Ratios

(Kg/m3) (mm) { (Kg/sec) /Pa2} { (Kg/sec) /Pa2}

140.55 35.68 1.90E-11 1.22E-11 1.5540
140.92 34.62 1.77E-11 1.12E-11 1.5878
234.97 20.76 3.41E-12 2.67E-12 1.2775
235.17 21.32 3.40E-12 2.54E-12 1.3346
235.22 21.26 3.26E-12 2.53E-12 1.2899
328.63 15.22 8.58E-13 7.16E-13 1.1983
330.07 15.19 9.08E-13 7.46E-13 1.2184
331.58 14.72 8.42E-13 7.03E-13 1.1976
419.79 11.95 3.24E-13 2.79E-13 1.1610
422.54 11.84 3.00E-13 2.61E-13 1.1470
425.51 11.47 3.03E-13 2.70E-13 1.1204
517.81 9.42 1.19E-13 1.10E-13 1.0863
521.93 9.61 1.17E-13 1.04E-13 1.1219
522.12 9.58 1.14E-13 1.04E-13 1.0936
658.10 7.41 3.73E-14 3.57E-14 1.0447
659.79 7.58 3.33E-14 3.09E-14 1.0786
663.91 7.55 3.86E-14 3.43E-14 1.1256
774.52 6.46 1.36E-14 1.32E-14 1.0336
890.62 5.63 7.13E-15 6.24E-15 1.1419
926.81 5.40 5.14E-15 3.84E-15 1.0786
966.05 5.05 4.38E-15 4.23E-15 1.0357
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sided injection
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Table 3.2 shows the fitted regression equations for the

isotropical equivalent, for the vertical and horizontal

permeabilities, and for the ratio of the two ([3). The

estimated equations are shown graphically in Figures 3.13 to

3.15.

Table 3.2 Model fitting results for Ke, 13 and horizontal

The 13 value estimated by the 2D approach increases

linearly with fiber mat density (Figure 3.13). It might be

that the ratio of vertical to horizontal permeability will

tend to unity (or even cross) for higher density values.

Extrapolation, nevertheless, may not be appropriate.

and vertical permeabilities

1
- -0.0168 + 4.18E-06 -

0.1304

Ln(B7e)
p

Ln(p)

R2 = 99.89 SE = 1.1E-04

1
- -0.0059

0.1986
+ 2.95E-06 -

Ln(Kr)
p

Ln(p)

R2 = 99.95 SE = 9.0E-05

1
- -0.0256 + 4.98E-06 -

0.0744

Ln(Kz)
p

Ln(p)

R2 = 99.77 SE = 1.2E-04

= -0.099 + 0.0009 p

R2 = 99.88 SE = 0.0082
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Figure 3.13 Ratio of vertical to horizontal permeabilities (13)

for a range of fiber mat densities

The solution for the horizontal and the vertical

permeabilities is shown in Figure 3.14. It is estimated that

horizontal permeability values range from approximately 3E-

10 m2 at 150 kg/m3 to 3E-14 m2 at 950 kg/m3 while vertical

ones range from approximately 1E-10 m2 to 2E-14 m2 for the

same density interval.
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Figure 3.14 Estimated vertical and horizontal permeabilities
as a function of fiber mat density

Figure 3.15 shows permeability values determined in the

present work together with those in the literature for

various wood composite furnish types.
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4. VALIDATION OF THE PERMEABILITY MEASUREMENT TECHNIQUE

4.1 Introduction

In order to validate the two-dimensional approach to

permeability determination (chapter 3), relatively straight

forward one-dimensional experiments were conducted for the

same material consolidated under similar conditions.

Simple one-dimensional flow tests were performed in

order to determine the directional permeabilities (z and x-

y). Horizontal permeability (KO was computed from radial

flow of air injected at a central hole drilled in the fiber

mat disk with gas free to exit to the atmosphere around the

disc periphery. On the other hand, metallic rings were

pressed over the mat edges to prevent radial flow bypass

when measuring transverse (K) values. Mathematical and

experimental procedures are described next.

4.2 Gas Flow Analysis for Separate Horizontal and Radial
Validation Measurements

4.2.1. Horizontal in-Plane Fiber Mat Permeability

Let us consider the radial flow of gas injected through

a central hole in a fiber mat disc; for steady-state,

compressible laminar flow with ideal isothermal gas

expansion the pressure distribution is given by:
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and the flow velocity is given by:

and

thus

P12-P22 P12 -P22 )p2 Ln (r) + P12 -
Ln (R1/ R2) Ln (Ri/ R2)

Kr a p
V = par

Integrating equation (4.1) yields:

r dP2
Cidr

P12 - P22 = c[Lin(R1) - Ln (R2) = C Ln (Ri/R2)

so that

Cl
p

12_p2
2

Ln (Ri/ R2)

(4.2)

(4.3)

(4.5)

(4.6)
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p2 = C1 Ln (r) + C2 (4.4)

Introducing the boundary conditions that:

at r = p2 = p12 (inside central hole)
= R2, p2 p22 (outside, at the edges)

the constants can be determined as:

P12 = C Ln (Ri) + 02
P22 - C Ln ( R2 ) 02 then 02 = P12 - Cl Ln(RJ



or

Equation (4.7) gives the pressure distribution for

radial flow of gas injected at a central hole in the fiber

mat disc.

The mass flux can also be calculated:

p12 p22
2 1 2 Ln(r/R0 + P1

Ln(Ri/R2)

Introducing the equation of state for an ideal gas:

Then

2nr_LE'r 1 dP22nrLE.r. p dP__
RT dr 2p RT dr

Q. =Lf2ngrv.rdedz=2nLrgqr
0 0

Since:

Kr dP
p dr

we have:

K dP 2nLrK dpQ.= 2nLrg(---) = - ro
p dr dr

(4.8)

(4.9)

(4.10)

(4.11)

(4.12)
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or:

where:

Qm =
nrLK, 1 ap2

p RT ar
(4.13)

Substituting in the pressure distribution equation

results:

2 2nLric 1 d Pl- P2= - Ln(r/Ri) + P12)
p RT Ln (Ri/ R2)

nLK r - P22) 1
Qm

r
2

)
p RT Ln (Ri/ R2) r (4.15)

2 2nLK 1 Pl- P2
Qm

r
RT Ln (R2/ Ri)

Solving for the permeability Kr:

Kr
Q pRT Ln (R2/ Ri)

m

P22)nL

(4.14)

(4.16)

(4.17)
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= 287 287 Kg m2/ sec2 287 m2/sec2
Kg °K Kg °K (°K)

T = °K; P = Pa = Kg/ (m sec2)



Checking units:

M2/sec2RT - (°K) = m2/sec2
(oK)

RTm sec2 M3 1
= (m2/sec2)*( ) == --

P Kg Kg

Kg Pa sec m2 1 Kg m m sec2
- m,2

sec m sec2 Pa 2 sec2 Kg

4.2.2 Vertical (Through the Thickness) Permeability

The flow through a cylindrical fiber mat with radial

and angular velocities equal to zero (qr = qe = 0)

is given by:

This implies that:

a2D2 42D2- - o
az2 dz2

Integrating equation (3.45) yields:

aq K a2p2

aZ 1-1 a Z 2

The constants can be found using the boundary

conditions:

at z = 0, P2 = P02 (top surface)
z = L, P2 = P12 (bottom surface)

(4.18)

(4.19)
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dp2 -c
dz (4.20)
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C1 z + C2



gas:

Qm - -Kz P ( ciP) r2r1 Rrdrde2p RT dz Jo o

Then:

po2 C2

2
.". C2 = Po

2
PL = ClL + C2

2 2
L o

Cl

And the pressure distribution is:

2 2
PL Po ) z + Po2p 2

The mass flow rate (QJ can be calculated:

Qm = f R f 2nQ V rdrde
0 0

Since:

dP
V p dr

which leads to:

Qm _ 4Rf2110/c dPrdrde
J0J0 p dz

(4.21)

(4.22)

(4.23)

(4.24)

(4.25)

Again, introducing the equation of state for an ideal

(4.26)
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Qin
K 1 dp2 r 211- R rcircle
2p RT dz Jo JO

,2 no2lc 1 ( L 0 Rf
m ) rdrde

2p RT L J0 J0

Qm

Kz -

2 2K Po-PL 2nR 2z

2pRT L 2

Solving for the vertical permeability (K):

2pQmLRT

IIR 2 ( R02 -RL2 )

(4.27)

(4.28)

(4.29)

(4.30)
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4.3 Experimental Procedure for Validation Measurements

The experimental procedure was similar to that of the

main method, except for the following:

A central hole of 40 mm was drilled in a set of discs

used to determine horizontal permeability. The gas was

injected into this central hole through a low-resistance air

muffler. The pressure was measured by a tube connected to

the hole cavity.

For vertical permeability determination, four metallic

rings (15, 7, 3.2 and 2 mm thick) were employed to increase

the edge density of the fiber mats to a much higher degree

than the 124 mm diameter central disc where the vertical

flow across the thickness was concentrated. Initially, we
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intended to use five metallic rings (thickness 15, 7, 3.2, 2

and 1 mm).

a)
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Figure 4.1 Observed flow leakage as function of ratios of
density under ring to normal density. Ring thickness = 3.2 mm

The ring sealing effect is depicted in Figure 4.1 for

a specific ring thickness. A more complete set of graphics

is shown in Appendices. The flow leakage for the 1 mm ring,

though, proved to be too high and this ring was then

discarded. More rings could be utilized but we thought that

the range of densities and the points covered were enough to

our purpose.
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Figure 4.2 Vertical flow rate as a function of square of
pressure differentials. Fiber mat density equal to 586
kg/m3
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All tests were performed under ambient conditions of

temperature and relative humidity with three replications

for each set. Again, no heat or resin were applied to the

fibers.

A regression line was plotted for the differences

between the squares of the inlet and outlet pressures versus

flow rate. Only the linear range was considered (Figures 4.2

and 4.3). The slopes of the regression lines were then used

to calculate permeability.

,

.,



equation:

The vertical permeability was calculated using the

Kz -
2pQm_LIRT

nR 2 P 02 - PL2

and the horizontal using:

QmpRT Ln (R2/ Ri)

nh - P22)

(4.31)

(4.32)
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Figure 4.3 Horizontal flow rate as a function of square
of pressure differentials for a typical test. Fiber mat
density equal to 527 kg/m'
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4.4 One-Dimensional Validation Test Results

The results are presented in Figures 4.4 to 4.6 The

best fitted horizontal and vertical permeability models are

presented in Table 4.3.

Figure 4.4 Horizontal permeability as a function of
fiber mat density for validation tests

The models were selected on the basis of larger R2,

smallest residual, residual plot and largest F coefficient.

The selection of different regression models to represent

horizontal and vertical permeabilities might be explained by

the larger range of fiber mat-density studied in the case of

horizontal permeability. Logarithmic transformation is



common for moderately skewed data while the reciprocal of

the logarithm transformation applies better for strongly

skewed results.

Table 4.1 Model fitting results for horizontal and vertical
permeabilities

1 0.136922
- - 0.017734 + 6.216E-06 p -

Ln(Kr) Ln(p)

R2 (Adjusted) = 0.9983 SE = 0.000170

Ln(Ic) = -24.4369 - 0.008097 p

R2 (Adjusted) = 0.9913 SE = 0.153344

(4.33)

(4.34)

The fewer points of measurement for determination of

vertical permeability do not allow the identification of a

more sophisticated model. However, for the same range of

densities, the relationship between logarithm of horizontal

permeability and density seems also close to a line.
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Figure 4.5 Vertical permeability as a function of fiber
mat density for validation tests

Figure 4.6 shows the ratio of vertical to horizontal

permeability models for the range of validity of the

vertical permeability model. Apparently, the ratio increases

with density. The relationship, however, seems non-linear.

4.5 Comparing the Main 2D Results with the 1D Validation
Test Results

For comparison, the 2D together with the ID solutions

are graphically displayed in Figures 4.7 to 4.10.

Isotropical equivalent permeability values (KJ from the 2D

and 1D computational methods shown in Figure 4.7 seem very



similar and there is no apparent reason to indicate that

they are not from the same populations. The agreement

between the [3 values estimated by the 2D approach compared

to the 1D method presented in Figure 4.9 is not very good,

however. This is probably due to the limitation of the

vertical model, which is fitted to data collected for only

four different mat densities. Nevertheless, this seems to

have little effect on the vertical and horizontal

permeabilities which do not differ excessively. This would

indicate that Kr and Kz determination is not very sensitive

to 13.

IIIII III'
200 300 400 500 600 700

Density (kg/n0)

Figure 4.6 Ratio of vertical to horizontal
permeability as a function of fiber mat density
for validation tests
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The vertical and horizontal permeabilities determined

by the main method were statistically compared to the

results of the validation methods (Tables 4.2 and 4.3). No

significant differences at 95% probability level were found

for any of the tests performed. Due to the skewness of the

data in its original form, a standard logarithm

transformation was used.
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"?E 1E-11

1E-12

1E-13

m 2D --- 1D

1E-14 I 1 I 1 I I I 1

100 300 500 700 900

Density (kg/m3)

Figure 4.7 Isotropical equivalent permeability as a function
of fiber mat density
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Figure 4.8 Ratio of Kz/Kr as a function of fiber mat density
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Table 4.2 Analysis of variance for the
transformed vertical permeabilities

logarithm

Source Sum of
Squares

DF Mean
Square

F-
ratio

p-
value

Between
groups

Within groups

0.0842

68.3639

1

26

0.0842

2.6261

0.03 0.86

Total (cor) 68.3639 27
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Figure 4.9 Estimated vertical permeability as a function of
fiber mat density

Table 4.3 Analysis of variance for the logarithm
transformed horizontal permeabilities

95

Squares Square ratio value

Between
groups

0.0314 1 0.0314 0.00 0.95

Within groups 668.8990 76 8.8013

Total (cor) 668.9310 77

Source Sum of DF Mean F- p-
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Figure 4.10 Estimated horizontal permeability as a function
of fiber mat density

4.6 Summary and Conclusions

A 2D method for horizontal (Kr) and vertical (K)

permeability determination was introduced. The problem is

treated in cylindrical coordinates and solved numerically.

Air was used as the fluid determination medium. The main 2D

results were compared to those of more straight-forward 1D

methods and the graphical agreement was considered

acceptable. Horizontal fiber mat permeability was found to

be 1.25 to 20 times greater than the corresponding vertical

at similar density. The ratio was found to decrease as
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density increases. It was possible to fit linear regression

equations to the data relating permeability to mat density.

Compared to values in the literature, fiber mat permeability

was found to stand between that of paper and particle board.

The advantages attributed to the main 2D method are

that it enables simultaneous measurement of K, and Kh and

that setup is relatively simple (no rings, holes, sealing or

board preforming necessary). Furthermore, the results were

equivalent to or of superior quality (less experimental

error) than the conventional alternative methods.

4.7 An Overall Permeability Correction Expression

Although recognizing the limitations of the actual

method (no account is made of T, MC, rheology and bonding

kinematic effects), the following equations, will be used in

simulation programs of the hot-pressing of fiber mats:

1 0.1986
-0.0059 + 2.95E-06 p -

Ln(.87,) Ln(p)

1 0.0744
-0.0256 + 4.98E-06 p -

Ln(117,) Ln(p)

(4.35)

Furthermore, the equations are obviously specific for

the fiber mat type to be used in the experimental tests.

However, since the system may be automated, it is feasible

to use it to quickly and efficiently evaluate a diversity of

furnishes.



5. A PRESSING SIMULATION MODEL

5.1 Introduction

It is clear from the previous review (chapter 2) that

density profile development depends on a complex array of

interactive factors. It is also clear that no satisfactory

attempt has been made to fully understand the process. A

model may be an important tool in addressing this need. If

well adjusted for a given situation, it could be used to

find ways of saving energy, enhancing material properties or

improving processing operations. As discussed earlier

(chapter 1), a good model may also be used as an

experimental tool in the development of new operations and

products.

In contrast to Humphrey's earlier discussed

thermodynamic model, the model developed here accounts for

press closure and associated rheological behavior.

The model is intended to simulate "dry-process" mat

behavior during hot-pressing. "Dry-process" manufacture

concerns furnish which enters the press at moisture contents

appreciably below 30% (typical fiber saturation point). For

purposes of model development, only fiber mats are

considered here. However, the program could be used for a

wide range of fiber and particle furnishes if their

properties are known.
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When modeling anisotropic materials such as wood-based

composites, the directional properties must be taken into

account. Properties such as mat stiffness (rheological

ones), fluid permeability and heat conductivity are

direction dependent.

Some simplification must be adopted when accounting for

these properties. For example, those properties referred to

above are symmetric tensors and not all of them are

independent. Also, one may be able to find some principal

directions in the material, such as x,y and z directions in

Cartesian coordinates. Then, the others may be found from

transformations.

In our case, we simplify further by saying that our

material is plane-isotropic, which is to say that infinite

planes of symmetry can be found in any x,y direction

perpendicular to the consolidation dimension. Therefore, we

consider here only mats that exhibit transverse (or

axisymmetrical) anisotropy wherein two directional sets of

properties exist: one horizontal (x,y) and one vertical (z,

through the thickness). In cylindrical coordinates, the

dimensions are r and z.

Because of this assumption, our model in the form

reported here only applies to fiber and particle furnishes

which are randomly oriented in the x,y plane; it can not be

used to accurately predict the behavior of materials that
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have oriented fibers or particles such as OSB. Conversion of

the model to truly three-dimensional form is now under way.

Bonding issues will not be addressed in this work. This

is a limitation of our model, since it cannot predict how

much the material will spring back as the press is opened

up. The rheological properties used were obtained for fiber

mats with no adhesive applied. Further improvement of the

model may account for the dependency of rheological

properties on resin cure.

5.2 Modeling Heat and Moisture Transfer

5.2.1 Heat Transfer by Conduction

Heat that is transferred through the mat material by

conduction is governed by Fourier's law:

k A AT t
Q

where:

Q = quantity of heat translated (J)
t = duration of translation (t)

AT = temperature differential (°C)
L = translation length (m)
A = conducting area (m2)
k = thermal conductivity (J/(m °C s)

To solve the conductive heat transfer equation, a

volume integral explicit finite difference numerical method

in cylindrical coordinates will be used. This is a

refinement of the method developed by Humphrey (1982):

5.1



where:

T = temperature (°C)
hz = element length in the vertical direction (m)
h, = element length in the radial direction (m)
ht = time period (s)
t = time subscript
i = radial subscript
j = vertical subscript

and a is the heat diffusivity coefficient (m2/s) defined as:

- 5.2

Here, k is the heat conductivity, p is the wood basic

density (Oven dry weight/current volume) and cp the specific

heat.

The thermal boundary conditions that are assumed here

are shown in Figure 5.1. Notice that the edges are open to

ambient temperature while the top and bottom surfaces are in

contact with the hot platens. Due to vertical and radial

ri aT dv Hoc
V
.-,2r,z

T 2nrclrclz
v at

ii kzhz ( ri,12 - r2)

n kzhz ( ri2 2),m i,j-1,t

2
(ri+112 ri-11221/ //ht

Ti,j,t)/hz

Ti,j,t)/hz
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5.1

2n krri+lhz (Ti+1,i,t - Ti,j,t)/h, +

2n krri_i hz - /hr. +

The left hand-side is given by:

p cp (T1,j,t+1 ) hzn

And the right-hand side:
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symmetry, only the grid region defined in Figure 5.2 must be 

considered for numerical computation. 
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Figure 5.1 Radial cross-section of the mat 
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The numerical equation is solved for Tit4.1, the

temperature at future time, for the following boundary

conditions:

At the top surface: z=NZ; r=2,NR+2
Fixed:

z=NZ = TPLATEN

At the middle horizontal: z=1; r=2,NR+2
Insulated:

aT

azlz=1= °

At the middle vertical plane: r=2; z=1,NZ
Insulated:

aT = oar r=2

At the mat edges: r=NR+2; z=1,NZ
Insulated: aT,-ar = °

It is assumed that there is no heat loss by conduction

at the mat edges. According to Humphrey (1982), cooling may

have a modest effect at the edges compared to heat loss by

mass movement. Future investigation and improvement may also

account for this condition.

5.2.2 Convective Heat Transfer

In addition to conductive heat transfer, we know that

heat is transferred by convection as water vapor moves

through the material and changes phase. It is assumed that

Darcy's law of laminar flow is the most important mechanism

involved in water vapor movement through the variously

permeable mat:
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k A AP2 t
2 11 L P

where:

Q = volume of fluid translated (m3)
k = permeability (m2)
p = dynamic viscosity (Pa.$)
A = cross sectional area of flow path (m2)

AP2 = square of pressure differential (Pa2)
P = pressure at which Q is measured (Pa)
t = duration of flow period (sec)

The solution of this equation is similar in nature to

that for conductive heat transfer, replacing AT by AP2/P and

a by:

cit 5.7
2111)

where Kr and K, are the mat furnish permeability values (m2)

in the radial and vertical directions respectively. Using
the expressions derived in chapter 4:

1 0.1986-0.0059 + 2.95E-06 p -
Ln (Kr) Ln(p)

1 0.0744-0.0256 + 4.98E-06 p -
Ln(Ic Ln(p)

and p is the water vapor viscosity (equation 5. 26) and (I) is

the porosity:

(I) = 1 - P
1500

5.8

5.10
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The density of the vapor flowing is found from the

ideal gas law as follow (see Figures 5.2 and 5.3):

P RH
Dv R T

where:

D, = vapor density (kg/m')
RH = relative humidity (%)

= ideal gas constant (-461 J/kg°K for water
vapor)

In the pressing process to be modeled, the boundary

conditions for water vapor flow are:

a) At the top surface z=NZ; r=2,NR+2
Insulated (No flow):

a(P)1
az z=11Z

b) At the middle vertical plane: z=1; r=2,NR+2
Insulated (No flow): ap

At the middle radial plane: r=2; z=1,NZ
Insulated (No flow):

api
0r I r=2

At the mat edges:
r=NR+2; z=1,NZ
Fixed:

vapor
r=NR+2 R Tamb

where:

Pvapor

Tamb

I = 0az z=1-

= Ps . RH (Pa)
= absolute ambient temperature (°K)
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Figure 5.3 Radial cross-section of the mat for fluid flow

Here, as with the boundary for heat by conduction,

there is some uncertainty about the real condition

prevailing at the edges of the mat. However, internal mat

condition variations are likely to be much larger than

external ones where small fluctuations may happen.

5.2.3 Phase Balancing within the Material

It is assumed that wood cell wall material, water vapor

in void spaces, and bound water are all in thermal and

hygrodynamic equilibrium in any particular finite region

within the material. Values for equilibrium conditions are

found from an equation (equation 5.21) relating RH, EMC and

temperature.



k = 0.0328 + 9.3E-05 p + 0.0049 MC
(0.0035) (4.7E-06) (0.0002)

R2 = 94.68 SE = 0.0085

R2 = Coefficient of Determination; SE = Standard Error
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5.3 Thermal Conductivity

The model of Humphrey (1982) used thermal conductivity

values measured using a steady-state method; moisture

effects were therefore dealt with by adopting values from

the literature. Those were therefore only approximate.

Values specific to the furnish material used in the present

model (and corrected for moisture content) are derived here.

A relationship between conductivity (k) and MC was not

fully developed by Shao(1990). As discussed in chapter 2,

simple linear regression equations were given at specified

MC for variation of k with density (p). For the present work

the data presented by Shao are further explored in order to

derive a single equation for k as a function of MC and p. A

linear relationship between k and MC for the range studied

(density from 300 to 1000 kg/m3; 0 to 15.8% MC) was used

here. Fitted results are given in Table 5.1. Numbers in

Table 5.1 Fitted results for the effect of density (kg/m3)
and moisture content (%) on mat thermal conductivity
(147 m--1K-1,

) Based on data given by Shao (1990)



brackets are coefficients of standard deviation. Plots of

the linearly regressed data are given in Figure 5.4.

500 700 900 1100
Density (kg/m3)

Figure 5.4 Effect of density and moisture content on
fiber mat thermal conductivity. Regression based on
data given by Shao(1990).
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A simple temperature correction (TCF) was derived from

Kuhlmann (1962) [in Kollmann et al (1975)] as follow:

TCF = (0.00011 +4.3E-05MC) (T-78) (5.16)

Figure 5.5 displays the above equation. The factor 78

is the average experimental temperature used by Shao. It

should be appreciated that the correction is zero at this

5 10 15 20
Moisture Content (%)

m 50C °80C --Equation

Figure 5.5 Effect of temperature on thermal
conductivity. Particle board density between 600-
700 kg/m3. Data from KUhlmann (1962) and Shao
(1990).

temperature, negative below and positive above. From the

original data it is apparent that interaction affecting k

exists between MC and T. We caution, however, that this data



110

were taken for only one average particle board density and

that temperatures considered were 20, 50 and 80°C. Beyond

this range, therefore, the equation is being extrapolated.

The factor only corrects for thermal conductivity as it is

affected by temperature; MC and p effects are corrected

solely from Shao's data.

The expression used in this work for conductivity

considering that the main effects are due to mat density,

moisture content and temperature, is then given by:

k =0.0328 + 9.3E-05p + 0.0049MCz
+(0.00011 + 4.3E-05MC)(T- 78)

(5.17)

Further, based on Humphrey (1982) and Ward and Skaar

(1963):

k = 1.5 k z

5.4 Specific Heat

From the relationships given by Skaar (1972), an

equation based on the average of intercepts and slopes was

computed for use in the present work and is given below:

co = 1131 + 4.19T (5.19)

For moist wood, Skaar suggests that the weighted mean

heat capacities for the wood and water fractions be used.

(5.18)

Cm
-

1 + m
(5.20)



where:

temperature (°c)
co specific heat of dry wood (J/kg°C)
cm specific heat of wood at current moisture

content (J/kelO)
cw specific heat of water (J/kg°C)

fractional moisture content

Combining Equation 5.18 and 5.19 we arrive at:

5.5 Equilibrium Moisture Content

A solution of the two-hydrate Hailwood and Horrobin

(1946) equation in its inverted form, i.e., partial pressure

(h) as a function of equilibrium moisture content (MC) and

temperature (T) was sought; this yielded a 3rd order

polynomial of the form:

ah3 + bh2 + ch + 1 = 0 (5.22)

where:

a = K1K0( 1800
) K3

MC W

b [ (1_ 3600 ) K K2
C W 2 j

1800 1800
C = ) -(1+ ) ]K

MC W MC W
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(5.23)

(5.24)

(5.25)

Since only one real root gives the necessary solution,

the Newton-Raphson root-finding method (Press et al, 1992)

C
1131 + 4.19T + 4190 m

(5.21)
1 + m
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was employed here to solve for h. It involves guessing a

value and then subtracting from the guessed number an amount

equal to dx, where:

dx - Equation (3rd order polynomial)
Derivative

Convergence to 1E-06 is obtained in about 4 iterations.

Care was taken, however, to bracket the solution between 0

and 1. Whenever out of range, a bisecting step is

introduced. A graphical display of the solution is given in

Figure 5.6.

5.6 Physics of Water Vapor

Properties of water vapor are kept in the present work

identical to those used by Humphrey (1982), except for

saturated water vapor, where the ASHRAE (1985) equation is

introduced. The discussion of kinetic theory presented there

is well accepted and still valid, and will not be repeated

here. Only the equations are reintroduced in sections below.

5.6.1 Viscosity

The viscosity of water vapor is taken as independent of

pressure and given by the Sutherland's equation:

T 312p =C.,

i T + C2
(5.27)



where:
dynamic viscosity (kg/[m s])

C1 1.112 x 10-5 (kg/ [m s '10/2] )

C2 2938 (0K)
absolute temperature (°K)
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100

-H-150 °C

Figure 5.6 Data generated using the inverted form of the
two-hydrate Hailwood-Horrobin model (Simpson, 1973)

5.6.2 Water Vapor Pressure

The saturated vapor pressure is considered to be a

function of temperature only and is given by the following

equation (ASHRAE, 1985):

C4
Ln (Ps) = Co + C1T + C2 T2 + C3 T3 + + C Ln ( T) (5.28)

T 5

7 7
741Alir

7 7 7



where:

Co = 1.3914993
Cl = -0.048640239
C2 = 4.1764768 x 10'
C3 = -1.4452093 x 10'
C4 = -5800.2206
C5 = 6.5459673

T
Ps = saturated water vapor pressure (Pa)

= absolute temperature (°K).

5.6.3 Density of Unsaturated Water Vapor

The density of unsaturated vapor pressure is found from

the ideal gas law:

P RH
D - s (5.29)

V R T

where:

Dv = vapor density (kg/m')
RH = relative humidity (%)
T = absolute temperature (°K)
R = ideal gas constant (J/keK)

5.7 Physics of Wood-Water Systems

The following assumptions have been adopted in the

present work:

a. MC of mattress always remains below the fiber

saturation point (FSP). Such an assumption has been found to

be justified when simulating the pressing of furnishes of

moderate moisture content. Future developments of the model

may well include provisions for capillary condensation and

associated free water deposition. This may be particularly

necessary when modeling water vapor injection.
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b. Heat of evaporation of water from the mattress

involves (from an energy standpoint):

latent heat of water (HL; J/Kg)
differential heat of sorption (Hw; J/Kg)

The first, HL, is given by the Clausius - Clapeyron

equation (Skaar, 1972):

H = 2.51 x 106 - 2480 T (5.30)

where:

temperature (°C)

while the second, by the Weichert (1963) equation, for

spruce wood below FSP:

Hw = 1.176 x 106 e-0.15MC (5.31)

Finally, and bringing all of the above together, the

heat required to produce a unit of vapor from sorbed water

is given by:

= 2.51 x 106 - 2480 T+ 1.176 x 106e-0.1514c (5.32)

5.8 Rheological Properties Wood-Composite Furnishes

The material models employed here all assume a linear

effect of temperature and moisture content on the elastic,

viscoelastic and fracture moduli. A more complex

relationship might exist but could not be identified based

on the limited data available. Plots of the original

equations of Ren seem to validate such an approach (Appendix
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C). Further experimental investigation would be necessary to

perform a more detailed analysis and refine the material

models.

A regression model based on the coefficients from the

equations given by Ren (1992) performed poorly, since the

density range was not the same in all cases, and was

discarded. The best approach found was to generate data from

the original equations for the validity range and then fit

an equation to these data. Another possibility tested was

the use of a second order (T, MC) interpolation over the

exponential density equation given. The solution was,

however, much too complicated and the results were

comparable to those obtained by the much simpler equation

fitted to the regenerated data. Logarithmic linearization

was tried as well as the reciprocal logarithmic

transformation. The latter performed better and was

employed.

Table 5.2 summarizes the results obtained by fitting

the equation to the data while standard deviation values for

the constants are given in brackets. Fitted values, as well

as Ren's original values (from equations - see Appendix B),

are graphically displayed in Figures 5.7 to 5.11 for

selected temperatures and a range of mat density and MC

values. A more complete set of graphs is included as

Appendix C.
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Figure 5.7 Effect of density and MC on
the elastic modulus 01 (El) for fiber mat
temperature of 10000. Solid line: equation

It is cautioned that the equations are being

extrapolated beyond some experimentally achieved fiber mat

densities (as can be seen in the plots). Density ranges were

not the same for all selected temperature and moisture

content values (see Appendix B), which further complicated

the analysis. Although the equation was adjusted for the

range of the experimental observations (determined by

graphical analysis), the range presented in the figures (200

to 1000 kg/m3) includes extrapolation.
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Figure 5.8 Effect of density and MC on the
elastic modulus 02 (E2) for a fiber mat
temperature of 120°C. Solid line: equation

Although weak, the above assumption that the model

holds for the range in question is necessary for

the numerical simulation. Some refinement might be necessary

in further studies. The pressure range studied by Ren(1992)

was from 0 to 7 Mpa.

We emphasize again that the equations derived here are

only interpolations. The independence concept was violated

since one value being known, the others for other densities

were automatically known (by the equation) at the specific

moisture content and temperature in question.
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Figure 5.9 Effect of density and MC on the
fracture modulus for a fiber mat temperature
of 120°C. Solid line: adjusted equation
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Table 5.2 Model fitting results for elastic modulus 01 (E1,MPa), elastic Modulus 02
(E2,MPa), viscoelastic modulus 01 (V1,MPa.$), viscoelastic modulus 02 (V2,MPa.$) and
fracture modulus (F,MPa) as a function of moisture content (MC,%), temperature (T,°C) and
density (p,Kg/m3), based on equations given by Ren(1992)

1/Ln(E1) = - 0.5093 + 4.0924/Ln(p) + 0.0048 MC + 0.0004 T

(0.0252) (0.0151) (1.6E-04) (2.5E-06) (5.33)

R2 = 90.46 SE = 0.0110

1/Ln(E2) = - 0.5374 + 4.2995/Ln(p) + 0.0027 MC + 0.0002 T

(0.0203) (0.1218) (1.3E-04) (2.1E-06) (5.34)

R2 = 91.75 SE = 0.0088

1/Ln(V1) = - 0.1274 + 1.3071/Ln(p) + 0.0012 MC + 0.0001 T

(0.0073) (0.0434) (4.7E-05) (6.9E-06) (5.35)

R2 = 90.05 SE = 0.0028



Table 5.2 (Continued)

1/Ln(V2) - 0.1348 + 1.2879/Ln(p) 0.0010 MC 0.0001 T
(0.0077) (0.0461) (5.1E-05) (7.6E-06) (5.36)

R2 = 88.47 SE = 0.0033

Ln(F) 0.6736 + 0.0062 p - 0.0930 MC - 0.0105 T
(0.0977) (0.0002) (0.0042) (0.0006) (5.37)

R2 = 92.45 SE = 0.2846



Figure 5.10 Effect of density and MC on he
viscoelastic modulus 01 (V1) for fiber mat
temperature of 10000. Solid line: equation

Figure 5.11 Effect of density and MC on the
viscoelastic modulus 02 (V2) for fiber mat
temperature of 25°C. Solid line: equation
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where:

e = strain
a - stress
El = elastic moduli 1
E2 = elastic moduli 2
V1 = viscous moduli 1
V2 = elastic moduli 2
t = time

t 1 t 1 ti
e = ak- + -- + -- k_i_ e

E1 V1 E2
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5.9 Modeling Rheological Behavior During Pressing

Rheological behavior will be modeled to enable, among

other things, the prediction of density profiles development

during hot-pressing. This may allow the model to be used in

future when to explore the manipulation of hot-pressing

conditions in order to obtain desirable final product

properties. The general mechanisms involved in the

simulation of the rheological behavior of the fiber mat

furnish is discussed next, while a description of the press

cycle types that are accounted for in the present version

will follow.

Here, our starting point is the four element Burger

model described in chapter 2:

t E2
-

V2 ) ) 5.38



A fracture element was added by Ren working with

Humphrey (1992):

F

where F is the fracture moduli.

Although elastic and fracture deformations are (in our

definition) time independent, elastic (E0 and fracture

moduli (F) are dependent on temperature and moisture

content. These, we know, vary within the mat with time

during hot pressing. Also, according to the analysis

developed in Chapter 2, the compaction-induced changes in

density (p) affect the mat elastic moduli. These effects

must be taken into account during numerical simulation.

Consequently, applying a constant stress (o) during

the time interval tn tn+1, will produce the following

strain:

e
EL/

at time t1

5.40
C-

E2
at time t2

0

To apply o, the deformation must be so small that no

significant density change takes place which would result in

changes in elastic moduli. In other words, from time to to

time t1 the increase in stress must be small so that changes
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0new aold 1 Ao
e - (anew a old) =

Elnew Elnew new

while keeping material

It is assumed that no great change in stress occurs

between time steps. Furthermore, fracture will, by our

definition, happen only when Gnew > Gold i.e., when an

increment in stress occurs. The main assumption then is that

fracture will occur only if the stress exceeds the previous

maximum. Deformation is lost (i.e., is not recoverable) and

no reaction force exists to counteract fracture that has

already occurred.
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in E due to changes in p can be neglected. Here, we will

limit variations in p to 1 Kg/m3 between time steps.

The deformation induced by a new stress (increment or

decrement) will be proportional to the consequent change in

stress, [do = (anew Gold )

properties constant.

When the stress applied differs from that which

prevailed in the previous time step, the resultant strain is

given by:

5.41

If Gnew

°new

()new

<

=

Gold,

Gold

Gold,

e <

e >

e =

0,

0,

0,

elongation will occur

contraction will occur

no change will occur.



0
old

e- (1-e
E2new

deformation is computed here as:

G
e

old
t

Vmew

while delayed-elastic strain is as follows:

t E2flew

v2new )

5.43

5.44

The total strain for each element will be a summation

of the five elements' strain just described plus the strain

that will occur due to changes in material property. For

example, heating up a region will make it weaker. On the

other hand, any decrease in MC or an increase in density

usually will make it stiffer; the region may undergo elastic

deformation even though the load has not changed. To account

for this, the following procedure is adopted:

a) For elastic deformation:

1 1
e = o (

Elnew E
mold
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E
Gnew Gold

e =O if anew 0old

On the other hand, the time-dependent viscous



For viscous deformation:

1 1 )

e = o t ( _

V Vmew mold

For delayed-elastic deformation:

1 ,

C = a (1 -e2oldE2old) t(
1

i

V
v2new 2old

In the approach, the stress will be applied at every

time increment for all elements (springs, ratcheted springs,

dashpots) at once and the material will be considered new

(new dimensions, new properties) every time step. The

elastic (E1), viscous (V1), delayed elastic (E2) and (V2)

modulae are corrected every time step according to the

equations developed from Ren (1992):

1/Ln(E1) =-0.5093+4 .0924/Ln(p) +0.0048MC+0. 0004T (5.48)

1/Ln(E2)=-0.5374+4.2995/Ln(p)+0.0027MC+0.0002T (5.49)

1/Ln (V1) . 1274+1 . 3071/Ln (p) +O. 0012MC+0 . 0001T (5.50)

1/Ln (V2) =-0. 1348+1 .2879/Ln (p) +O. 0010MC+0. 0001T (5.51)

Ln(F) =0.6736+0.0062 p-0.0930 MC - 0.0105 T (5.52)

The stress through the thickness (uniaxially) of the

specimen will be assumed the same throughout and will be

made use of the principle of isostress. This means that all

elements in a cross-sectional stack of finite differencing
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regions will share the same stresses (a, = = . . . = (3 n) I



deformations will vary for each element as a function of

their properties in the z-direction (e = el+ e2+ . .. + en) -

In some cases, gas pressure gradients inside the mat

should not be ignored. That is to say that, although the

region will carry the same stress as any other through the

thickness, not all the stress goes to the deform the region;

some of the stress may be resisted by the gas. This may be

approximated by:

1de = (do-dP)
E

where P is the gas pressure. This is only an approximation

and is not implemented in the present version of the model.

Of course, the stresses can change from place to place

radially. However, a limitation of the model at this stage

of its development is that there is no connection (coupling)

among elements horizontally. This is due to the lack of

information on Poison's ratios and horizontal (x-y) moduli.

The impact of this omission is not, however, considered to

be large and is unlikely to compromise the predictions.

A macroscopic averaging approach is presupposed. The

material will be considered as a continuum and we are not

concerned with the behavior of individual fibers. Also, it

will be assumed that no platen bending (flexure) will

happen.
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where

Most conventional single or multiple opening presses

used in wood composites manufacture have press heads (top

platens) which move, while the bottom platen remains

stationary. In other words, the load is applied at the top

surface and at the bottom a reaction force will develop to

counteract the applied force (stress). In this situation,

the boundaries are:

o = o(t) at z=L
R = o(t) at z=0
a = R = 0 at r>rN

t = time (s)
z = through the thickness direction (m)
L = mat thickness (m)
r = radius (m)
R = reaction stress (MPa)
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5.9.1 Press Closure to a Fixed Position

This situation is created when the target thickness for

the composite is reached. When the press is closed to stops

(to a fixed position), reaction load is that which the

machine head keeps in order to prevent movement.

The following procedure was adopted. First, the

rheological material properties as a function of density,

temperature and moisture content for time t are determined.

Next, a unit stress is applied to the material elements and

the total mat deformation is recorded. With the stress and

corresponding deformation, a new sigma is estimated as

shown:



and

Y = b + aX 5.54

b Y - Y
1Ao = - _

a Y-1 - Y2

Until now, only one horizontal (radial) element

position has been considered. For the whole radial

horizontal assembly, the principle of isostrain is valid,

i.e.,

el = e2 = . . . = en = e

since the board thickness is the same all over at any

specific time. The general stress (a) may be computed in

this case by:

GA + ' + GnA11 n0 - 5.56
A

if the areas (Ai) are different from one another, as is the

case here.

Then, summarizing, for individual vertical elements,

the principle of isostress is valid. However, horizontally,

among elements, the principle of isostrain pertains.

5.55
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Yi = Y(,0= 0) = initial thickness
Y2 (Acs = 1) = thickness after application of a unit

stress
Y = target thickness

where
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5.9.2 Method of Solution of the Rheological Equation

The following finite element method has been adopted. A

truss element stiffness matrix is built up for every radial

annulus (considered of unit area; essentially, force per

unit area). By definition, truss elements can only carry

axial load (no shear or bending).

where:
A = area

= deformation
= stress

hz = length of truss element
= act-1)
= mat stiffness, given by:

1

0 =?\
1 '

02=0

03=0

= 1
N

A

C1 -C1 0 0 ui=0\

-C1 C1+C2 -C2 0 u =?
2 "

0 C2 C2 + C3 0 u3 = ?

0 0 -CN CN ?

1 1 R 1 1 R 1 1 Rt (R-d) t+_+F EEl Elo V1 Vlo °V oV21 1

and d is the delayed deformation occurred at t-1

The N-1 equations are solved for the unknown

deformations by inverting the tridiagonal stiffness matrix.

Data input are mat thickness; mat initial density, diameter

and thickness are considered constants which are supplied by

the user.

Data output at selected locations are directed to ASCII

data files at previously specified time intervals. Data are

5.57



saved in a format which enables a suite of three and two

dimensional graphs to be plotted.
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6. PREDICTIONS OF THE PRESSING SIMULATION MODEL

6.1 Introduction

In order to demonstrate how the program works, a series

of trial predictions are presented in this chapter for a set

of hypothetical conditions. Firstly, an array of results

will be shown for a single run established as a standard. In

addition, predictions for a limited number of non-standard

runs will be presented. In these, the influence of

temperature boundaries (platen temperature), final density,

initial mat MC, closing time, and selected material

properties (heat conductivity and furnish permeability) will

be addressed. Moreover, a limited amount of laboratory

validation data have been collected and these are included

where appropriate.

Specified for each run are: temperature prevailing at

the beginning of the press cycle, ambient temperature

surrounding the mat (edges) and platen temperature. Also

specified are initial furnish MC and ambient relative

humidity prevailing around the mat edges. Initial mat bulk

density must be supplied in conjunction with initial

thickness, while final density and thickness values are

interdependent and should be consistent with initial

supplied values. Closing time and closing strategies are

also defined. In the simulation, all the above are applied
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to a mat of TMP (thermo-mechanical pulp) fibers with

properties defined in chapter 2.

The following conditions were selected for the standard

run:
Mat diameter: 1 m
Initial mat thickness: 80 mm
Final thickness: 16 mm
Initial mat density: 125 kg/m3
Final density: 625 kg/m'
Initial mat MC: 10%
Platen temperature: 160°C
Press closing time: 30 seconds
Closing strategy: constant rate of density change up to

the target position (final thickness)

Figure 6.1 displays a typical closure strategy defined

for the standard run.

Figure 6.1 Thickness and density variations for standard
closure



The non-standard runs were executed changing one

variable at a time in relation to the standard run:

Initial density: 115,135 kg/m'
Final density: 575,675 kg/m'
Initial mat MC: 0.05,7.5,13.5%
Platen temperature: 140,180°C
Press closing time: 10,100 seconds
Permeability: 1/2,2 times standard
Heat conductivity: 1/2,2 times standard
Venting: 50 seconds, from 350 to 400 seconds of

pressing time
Steam injection: saturated steam at 120°C is injected

for for 5 seconds at a furnish density
of approximately 200 kg/m'

For the laboratory validation experiments, the

following conditions were set:

Initial mat thickness: 40 mm
Initial mat density: 136 kg/m'
Initial mat MC: 13.5%
Closing strategy: load ramp up to target load (load is

kept constant thereafter)

In the validation tests, mat consisted of thermo-

mechanically produced fiber material coming from Evanite

Fiberboard Plant of Corvallis, OR. The raw material for this

plant is predominantly Douglas-fir with a small percentage

(approximately 5%) of other mixed species. Before pressing,

the mats were allowed to dry in a conditioned environment.

This mat material is the same as that used in the

permeability, thermal conductivity and rheological

measurements reported in chapters 2 to 4.

Temperature and vapor pressure were measured at 4

radial locations (0, 15, 30 and 40 cm from the center) by

introducing thermocouples and stainless steel hypodermic
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tubing, respectively, into the core layer of the mats. Gas

pressure transducers were connected to the stainless steel

tubing. In the same way, platen temperatures were determined

during tests. To record mat thickness, an LVDT was used. All

the above were hooked up to an analog to digital data

collection system. Data were collected at periodic intervals

of 0.4 seconds.

Results of the pressing simulation model are presented

for cross-sectional(z-dependent) variations of temperature,

density, moisture content and vapor pressure at the mat

center (r=2), with pressing time. In addition, the variation

of total pressing force (platen load) during pressing is

output. The predicted data are presented graphically in two

formats. Useful, though largely qualitative, appreciations

of time-dependent variations in spatial conditions are

provided by three-dimensional surface plots. These are

generated with the aid of TecplotR software which has been

specially adapted to enable the spatial bounds (thickness,

z) of the data set to vary with time. This variation is in

response to press closure. Two-dimensional plots are better

suited to presenting data for certain detailed consideration

of predicted trend.

6.2 Thermodynamic Predictions

In this section, thermodynamic (temperature, vapor

pressure, MC) predictions will be shown, before moving on to
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Figure 6.2 Predicted variation of cross-sectional (z=1 to
nz) temperature distribution at mat center (r=2) for the
standard run
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density profile and stress relaxation data in section 6.3.

This order reflects the strong dependency that rheological

behavior has on thermodynamic processes.

6.2.1 Temperature

Figure 6.2 depicts the variation of cross-sectional (z)

distributions of temperature at the central (r=2) position.

Figure 6.3 provides a closer display of the temperature data

for selected pressing times (30, 100 and 400 seconds). The

distorted shape of the cross-sectional temperature profile
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Figure 6.3 Predicted cross-sectional (z=1 to
nz) temperature distributions at mat center
(r=2) for three selected times during
standard pressing

at 30 seconds demonstrates that heat is transferred by water

vapor movement in addition to thermal conduction. [Reference

to Figures 6.6 and 6.10, where the initial MC was set to

0.05%, will in later discussion show a "U" shaped

distribution. Evidently, in the absence of water only heat

transfer by thermal conduction occurs].

As simulated pressing proceeds for the standard run, a

period of rapid core (z=1) temperature rise occurs which

demonstrates the important contribution of convective heat

transfer. This rapid rise results from vapor's advancing

front. Following the rapid rise at the core layer, the

temperature levels off there since, from then on, energy is
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Figure 6.4 Predicted core (z=1) temperature versus time
curves at four selected radial positions for the standard
run
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consumed in changing the phase of water which escapes

radially as vapor (see Figure 6.3, 100 seconds). Such a core

temperature plateau has been widely observed in industrial

pressing operations.

Since the thickness dimension is much smaller than the

radial one, horizontal temperature gradients are small

compared to vertical ones. The representative profiles are

shown as Figure 6.4. The surface area of the edges (the only

place water vapor can scape from the system) is small
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compared to the surface area in contact with the hot

platens. Only for long pressing times, when moisture loss

from the edges can not be promptly replenished with moisture

from inner regions, might significant horizontal gradients

be found. However, those are well beyond the pressing period

used by industry and therefore are not fully explored here.

Observed and simulated core temperature (r=2) for the

laboratory setup is shown in Figure 6.5. In an attempt to

160
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Figure 6.5 Observed and simulated core
temperature

incorporate uncontrollable variations in laboratory panels

during pressing, measured platen temperature fluctuations

were fed into the simulation model as input data. Agreement
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Figure 6.6 Predicted cross-sectional temperature
distribution for standard run with mat moisture content set
to 0.05%

between model predictions and measured values seem

reasonable.

The predicted core (r=2) versus time temperature for

three different platen temperatures is shown as Figure 6.7,

while Figure 6.8 shows the cross-sectional temperature

profiles at the end of the pressing cycles (set to 400 sec).

Particularly evident at the higher platen temperature is a

discontinuity in temperature at an intermediate cross-

sectional position. This is associated with the cross-
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Figure 6.7 Predicted core (z=1) temperature with time for
runs executed with three different platen temperatures

sectional migration of adsorbed moisture which happens in

concert with the radial escape of vapor; this is escape is

greatest in the low density regions near the core (where

permeability is consequently higher).
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Figure 6.8 Predicted cross-sectional (z=1 to nz)
temperature at mat center(r=2) at 400 seconds pressing time

A set of four curves generated for runs of diverse

initial mat moisture content are shown as Figure 6.9. These

clearly demonstrate the importance of moisture in heat

transfer. The higher the MC, the faster the temperature

rise. A minor contributory factor may be the larger heat

conductivity coefficient with increasing MC. But, no doubt,

most of the difference is due to moisture migration. The

cross-sectional gradients are still steeper at the end of

the press cycle considered here (400 seconds, Figure 6.10)

for lower MC.
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Figure 6.9 Predicted core (z=1) temperature with time
for runs executed with four different mat MC values
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Figure 6.10 Predicted final (at 400 seconds) cross-
sectional (z=1 to nz) temperature distribution at mat
center (r=2) for runs executed with four different mat MC

Density affects core temperature rise since the higher

the density, the higher the heat conductivity. However, this

effect is likely countered by a reduction in vertical

permeability associated with increased density (see chapter

4); vapor convection and associated energy transfer is

likely reduced under this condition. Consequently, the

overall effect of mat density on temperature rise appears

rather small. Clearly, the relative magnitude of these

effects depends on the furnish type being used. For 50 kg/m3

final mat density variation from the defined standard
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condition, small differences are predicted for the first 100

seconds of pressing. Afterwards, they all look alike (Figure

6.11).
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Figure 6.11 Predicted variation of core (z=1)
temperature with time at mat center for runs executed
with three different mat densities

In order to explore the contribution of conductive heat

transfer to temperature rise at the core layer, the program

was modified to artificially change thermal conductivity by

factors of one half and two. Consequent predictions are

shown in Figure 6.12. These changes in conductivity

encompass approximately the whole range of k variation with



Figure 6.12 Predicted variation of core
(z=1) temperature with time at mat center
(r=2) for three conductivity runs

density investigated by Shao (1990). The influence of

conductivity on the system is evidently large. This may be

surprising when one considers the importance already

attributed to convective heat transfer. However, it should

be appreciated that once moisture is driven away from the

surface layers, heat transferred into the mat depends on

conduction through the insulating dry surfaces in contact

with the platens. The model results suggest that some non-

linear effects may be present (Figure 6.13).

The use of artificially modified permeability values

appears to influence thermal behavior in two ways. At the

beginning of the press cycle, due to easier vapor movement,

the higher permeability values lead to a faster temperature
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Figure 6.13 Predicted cross-sectional (z=1 to nz)
temperature at mat center (r=2) for three conductivity runs

rise (Figure 6.14). On the other hand, as pressing

progresses, a higher mat permeability value appears to

hasten vapor loss and this in turn makes energy consumption

higher. The predicted core temperature is higher at 400 sec

pressing time for a lower permeability value (Figure 6.15).

These interactions are manifest in the earlier discussed

behavior when mat density values were modified.



Figure 6.14 Predicted variations of core(z=1)
temperature with time for runs executed with
three different permeability values
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Figure 6.15 Predicted cross-sectional(z=1 to
nz) temperature at mat center (r=2) for three
different permeability values
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Figure 6.16 Predicted cross-sectional variation of
temperature for the standard run modified to allow
vapor venting after 350 seconds of pressing
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A preliminary demonstration of the simulation of

injection and removal of water vapor through perforated

platens is shown next. These predictions are included solely

to demonstrate the potential of the model to explore such

pressing innovations.

Venting towards the end of the press cycle may cause a

substantial mat core temperature drop, even if press platen

temperature is kept constant (Figure 6.16). The main reason

for this is likely to be that energy is consumed in moisture

evaporation.
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Figure 6.17 Predicted cross-sectional temperature
distribution for the standard run modified to include the
injection of water vapor early in the pressing cycle

6.2.2 Moisture Content

At the beginning of the standard run, moisture is

uniformly distributed through the mat From an initial value

of 10%, the model predicts that the MC of the outer layers

decrease sharply with time while there is a substantial

151

On the other hand, a core temperature may rise from

ambient temperature to above 100°C occurs rapidly following

a 5 second steam injection period. This effect is evident in

Figure 6.17.
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increase in the inner layers' MC (Figure 6.18). As pressing

progresses, since vertical vapor pressure gradients flatten

out (see Figures 6.22 to 6.24), some moisture might migrate

back to outer layers (Figure 6.19). As expected, the mat

material near the periphery (edges) loses moisture to the

surroundings (Figure 6.20).
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Figure 6.18 Predicted cross-sectional moisture content
distribution for the standard run

Use of the model to make these predictions of moisture

migration are valuable because no accurate experimental

method of MC determination during hot-pressing exists to

date.
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Figure 6.19 Predicted cross-sectional (z=1
to nz) moisture content distributions at mat
center for three selected times during
pressing for the standard run

Figure 6.20 Predicted moisture content
distribution as a function of radial position
for four selected vertical positions for the
standard run at an elapsed time of 400
seconds
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Venting towards the end of press cycles is a convenient

way of lowering the gas to levels where the press may be

safely opened without failure of glue bonds. It is here

predicted that as vapor expands, a large amount of moisture

is lost from the mat very rapidly. Figure 6.21 shows how a

50 seconds (350 to 400) venting period affects mat moisture

content. Again, this prediction serves to demonstrate the

potential usefulness of the modeling method to explore and

optimize such innovations.
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Figure 6.21 Predicted cross-sectional moisture content
distribution for the standard run modified to simulate
venting of vapor after 350 seconds.
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Figure 6.22 Predicted cross-sectional vapor pressure
distributions with time for the standard run
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6.2.3 Vapor Pressure

Cross-sectional vapor pressure distributions are shown

in Figures 6.22 to 6.35. Significant vertical pressure

gradients exist only at the beginning of the standard

pressing cycle, when moisture evaporates in the hotter

layers near the hot platens. As temperatures increase toward

the core layers, the vapor pressure gradients flatten out

(Figure 6.22 and 6.23). In the radial direction, some

amplification of the temperature effect may be seen (see

Figures 6.4 and 6.24). The change in slope happens much



earlier, though, in the gas rise. This again is likely a

consequence of enhanced vapor movement.
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Figure 6.23 Predicted cross-sectional (z=1 to nz) vapor
pressure distribution at mat center (r=2) at three selected
times during pressing
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Figure 6.24 Predicted variation of core (z=1) vapor pressure
with time at four selected radial positions for the standard

run

A good agreement between observed and predicted vapor

pressure is shown in Figure 6.25. An initial pressure peak

is, however, evident in the laboratory data at press

closure. This is almost certainly due to gas trapped inside

the mat. This is not predicted, however, since only vapor

pressure is considered while the measured values are for

total absolute gas pressure.
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Figure 6.25 Observed (total gas) and simulated
(vapor) core pressure

Vapor pressure in any micro-environment (region of pore

space) is a function of both its temperature and relative

humidity. The limit (the maximum attainable vapor pressure)

is of course the saturation vapor pressure. In most

simulated cases, an almost saturated (> 90% RH) mat

environment is predicted at the core region at some stage in

the pressing sequence, except when low initial furnish

moisture contents are specified.

Platen temperature effects on core vapor pressure rise

follow very closely the core temperature rise (Figure 6.26).

At 400 seconds of simulated pressing time, no significant

vertical gradient of vapor pressure exists for any of the
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platen temperatures explored (Figure 6.27). Predicted vapor

pressure is essentially a function of local temperature and

moisture content.
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Figure 6.26 Predicted variation of core (z=1) vapor
pressure with time for runs executed with three different
platen temperature
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Figure 6.27 Predicted cross-sectional (z=1 to nz) ) vapor
pressure distributions at the mat center (r=2) for runs
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of pressing time
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Figure 6.28 Predicted variation of core (z=1) vapor
pressure with time for runs executed with three different
mat MC values
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The effect of mat MC on predicted vapor pressure is

shown in Figures 6.28 and 6.29. As would be expected, the

higher the initial mat MC, the higher the subsequent vapor

pressure values.
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Figure 6.29 Predicted variation of core (z=1)

vapor pressure with time for runs executed
with three different mat densities

It is predicted that the mat final density will have a

minor effect on water vapor pressure, as Figure 6.30

suggests. This should be true only if gas is not trapped

inside the mat during press closure. However, any gas (air)

other than water vapor probably will escape and will not be

replenished (as is water vapor) during moisture evaporation

(see Figure 6.25).

Essentially, once water adsorbed in the surface layers

of the mat is driven away, conductivity coefficients affect

the rate of heat transfer into the system and therefore the

energy distribution across the mat. This in turn will

influence the total vapor generated shown in Figures 6.31

and 6.32.
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Figure 6.30 Predicted cross-sectional (z=1
to nz) vapor pressure distribution at the mat
center (r=2) for runs executed with three
different mat MC values at 400 seconds of
pressing
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Figure 6.31 Predicted variation of core vapor
pressure with time for runs executed with
three thermal conductivity values
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Figure 6.32 Predicted cross-sectional (z=1 to
nz)vapor pressure distributions at mat center
(r=2) for runs executed with three
conductivity values at 400 sec of pressing
time

Permeability (Figure 6.33) influences the vapor

pressure values in two ways: at the beginning of the

simulated cycle, higher permeability will cause a fast rate

of vapor movement toward the core. As a consequence, a less

steep pressure gradient results (higher core pressure).

Later, the higher permeability will allow more radial vapor

loss from the mat and will consequently lead to lower

pressures.
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Figure 6.33 Predicted variation of core (z=1) vapor pressure
with time for runs executed with three different
permeability values

i

As stated earlier, venting will cause a substantial

reduction in core vapor pressure. A few seconds is enough to

lower vapor pressure from approximately 500 kPa to levels

very close to ambient atmospheric pressure (Figure 6.34).
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Figure 6.34 Predicted cross-sectional vapor pressure
distribution for the standard run modified to allow vapor
venting after 350 seconds of pressing

The magnitude of gas (vapor) pressure prevailing when

the press opens can lead to the transfer of stresses onto

adhesive bonds. These sources of stress, together with

residual elasticity of the compressed mat, plays an

important role in affecting minimum pressing times for

industrial manufacturing plants.

Clearly, therefore, the model may be useful to explore

strategies to reduce vapor pressure toward the end of

pressing cycle. The advent of gas injection/removal presses



clearly broadens these opportunities. Figure 6.35

illustrates the predicted cross-sectional vapor pressure

rise with time for the standard run modified to allow 5

seconds of steam to be injected at a fiber mat density of

approximately 200 kg/m3.
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Figure 6.35 Predicted cross-sectional vapor pressure
distribution with time for the standard run modified to
simulate 5 seconds of steam injection

6.3. Rheological Predictions

6.3.1 Density Profiles

Figures 6.36 to 6.45 show cross-sectional density

profile predictions for the standard run. It is interesting
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to notice that the profile is "M" shaped; this is widely

observed in industrially pressed panels. Clearly, such a

profile is a consequence of the combined effect of

temperature and moisture on the mat's rheological

properties. Furthermore, the program predicts that density

gradients are steeper during closure (up to when the target

thickness is reached), decreasing somewhat afterwards and

being quite stable at about 100 sec and thereafter (Figure

6.37).
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Figure 6.37 Predicted cross-sectional density
profiles for the standard run at three
selected time during pressing

Figure 6.38 shows that there is little radial variation

in predicted mat density for any given cross-sectional (z)

position. Small deviations may be seen near the mat edges

and these are the consequence of relatively small horizontal

temperature and moisture gradients predicted by the model.

It should not be forgotten, however, that the mat may expand

slightly at the edges due to load-induced spreading. In the

present version of the model, such mechanisms are not

accounted for (weight per unit area of the mat is assumed to

remain constant everywhere). Difficulties in predicting such

spreading mechanisms are quite great since evaluating

stiffness modulae in the horizontal direction together with

vertical coupling effects pose analytical problems.
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0 2 4 6 8 10
Relative Radial Position

Figure 6.38 Predicted final (at 400 seconds) density as a
function of radial position at four selected vertical
positions

The predicted effects of platen temperature on density

profile development appear not very great for the furnish

used here. Examining Figure 6.39, it is apparent that higher

temperatures will produce steeper density profiles (greater

extremes between surface, intermediate and core positions).

However, the peak density is shifted slightly toward the

core with increasing temperature.

On the other hand, the higher the initial mat MC, the

lower the predicted surface layer density (Figure 6.40).

Evidently, with higher moisture content, a large re-

distribution of adsorbed moisture towards the intermediate

cross-sectional positions occurs as the press closes. This
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Figure 6.39 Predicted density profile with
time for the three platen temperature runs

0 2 4 6 8 10

Cross-sectional Position (Cnt©r to Top)

Figure 6.40 Predicted final (at 400 seconds)
cross-sectionaldensity profile with time for
three initial mat MC values

171



172

leads to enhanced fiber softening and a consequent increase

in density at those inner zones; density profiles are

therefore displaced inward. This effect does not, however,

reach as far as the core layer; densities there are higher

with high MC mats. Clearly, the effects predicted are

specific to the standard run specifications and furnish type

defined.

Figure 6.41 shows predicted density profile development

for a panel pressed with no moisture in the furnish.
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Figure 6.41 Predicted cross-sectional density
profile with time for 0.05% MC run

Predictions show that the density profile is essentially "U"

shaped compared to the "M" shape of the standard panel:

Clearly, the absence of convective heat transfer leads to
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thermally induced cross-sectional softening. Re-distributed

bound water gradients, present in the standard run, are

absent here.

The effect of changing overall density of the mat is

shown as Figure 6.42 and an almost direct effect on density

profile values is evident.
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Figure 6.42 Predicted final (400 seconds)
cross-sectional density profiles for the
three runs made with non-standard density
values

In non-standard runs in which mat permeability was

modified, it seems that the lower the permeability, the

steeper the density profile (Figure 6.43). This may happen

because, for lower permeability, moisture will not readily

move from the surface. Thus, outer layers will dry slowly
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and the surface fibers will therefore remain pliable. This

effect is important since earlier work (Bolton and Humphrey,

1995) suggests that relatively small modifications to

furnish structure may significantly affect permeability. The

model, in concert with the automated permeability measuring

approach described in chapter 3, may therefore prove useful

in selecting furnish types to achieve desirable density

profiles.
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Figure 6.43 Predicted final (400 seconds)
cross-sectional density profile for the three
non-standard permeability values

Predictions shown in Figure 6.44 suggest that the

faster the closing rate, the steeper the density profile

generated and the closer to the surface is the peak in

density. One could also refer to chapter 5 where a



Figure 6.44 Predicted final (400 seconds)
cross-sectional density profile for the three

runs made with different press closing times

discussion of the effect of closing time on composite

properties is presented.

Figure 6.45 displays the predicted density profile for

the standard run where injection of steam is simulated

during the early stages of pressing. It is interesting to

notice the resultant lower surface layer density and the

almost flat density profile for all inner regions. These

predictions are consistent with the flat density profiles

with a lower surface density that have been reported

(Geimer, 1982; Myers, 1988).
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Figure 6.45 Predicted cross-sectional density profile with
time for the standard run modified to include five seconds
of steam injection

In many respects, the injection hot-pressing of natural

fiber mats resembles the standard dry-processes used for

flake board and fiberboard hot pressing. Water vapor

gradients are generated within these composites as a result

of energy input from heated platens and phase change of

water resident in the furnish. Such vapor convects and re-

condenses in a rather similar fashion to that injected

externally in the steam injection technique. One important

difference is, however, the combined movement of both water
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Figure 6.46 Predicted variation of total

press head force with time for the standard

run
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vapor and air that may be significant in gas injection

pressing. A fully satisfactory simulation of gas injection

pressing will require the addition of such mechanisms. These

are proposed as future development of the model.

6.3.2 Platen Force

Figure 6.46 shows the total force applied over the one-

meter diameter modeled mat. Predicted force increases up to

press closure at which time a decline begins as a result of

stress relaxation. It should be remembered that it is

assumed that the press is closed to a fixed position and the

force (counter pressure) necessary to hold the press head at

the specified position thereafter is predicted. The shape of

0 100 200 300 400

Time (se©)

1

1I I I0



the force versus time curve closely resemble those reported

by Strickler (1959), Maloney (1989) and Kamke and Casey

(1988).

Effects of platen temperature on total pressing force

are summarized in Figure 6.47. As expected, the model

predicts that the higher the temperature, the lower the

force necessary to attain necessary press position.

0

140 160 -19- 180 °C

Figure 6.47 Predicted variation of total
force with time for the three executed
temperature runs

The effects of varying MC from 7.5 to 13.5 are even

more pronounced than the effect of changing platen

temperature from 140 to 180°C (Figure 6.48). These effects

are almost the same as changing the final density by 100

kg/m3 (Figure 6.49). This serves to demonstrate the

importance of moisture in the whole system.
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Figure 6.48 Predicted variation of total
force with time for the three executed MC
runs
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Figure 6.49 Predicted variation of total
force with time for the three executed
density runs
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Figure 6.50 shows that the longer the closing time, the

lower the force necessary to bring the press into position,

a feature which has been reported in many studies (see

chapter 5).

50 100 150 200 250 300 350 400

Tim© (sec)

Figure 6.50 Predicted variation of total force with
time for the three executed closing rate runs

6.3.3 Some Mechanistic Considerations

Three predicted standard hot-press situations were

selected in order to consider rheological behavior from a

mechanistic point of view. Here, only the effect of varying

closing time (10 seconds, 1 and 2 min) are evaluated. Platen

temperature and initial mat MC were set to 160°C and 10%,

respectively. Board thickness was set to 16 mm, mat bulk
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density to 125 Kg/m' and final board density to 625 kg/m'.

In all three cases, fracture was responsible for more

than 90% of total deformation (Figure 6.51). It should be

Figure 6.51 Predicted cumulative proportion of fracture

deformation for three press closing times

remembered that fracture (as defined in this thesis) will

occur only with load (stress) increases. Since, when

simulating pressing to a fixed position, the load increases

only until the press is closed, theoretically no fracture

will happen afterwards. The faster the press closure, the
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higher is the predicted overall contribution of fracture to

deformation.

Figure 6.52 shows that the elastic, viscous and

delayed-elastic deformations are a minor proportion of the

8

0
-H

cd
4-)

E

0

0
4

0
E-2
4-1

0

0

0

Viscous
Delayed

2 4 6 8 10 12
Time (min)

Figure 6.52 Predicted cumulative elastic, viscous, and
delayed deformations for 10 sec press closing time

total up to press closure. For example, an 80 mm thick fiber

mat with 125 kg/m3 bulk density must be compacted to 16 mm

to produce a 625 kg/m3 dense board (no lateral expansion is

presupposed). Table 6.1 shows that, at closure in 10

seconds, the estimated total contribution of fracture,



Figure 6.53 Predicted cumulative elastic deformation for

three press closing times
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elastic, viscous and delayed-elastic deformations are 61,

2.7, 0.1 and 0.04 mm, respectively. Estimates for 60 and 120

seconds closing times are also given. Although no great

differences exist among total elastic deformations at

closure, Figure 6.53 shows that there are slight differences

in elastic deformation.

The corresponding stresses for the three closing

schedules are shown in Figure 6.54.



Closing Fracture Elastic Viscous Delayed-Elastic Total

time
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Table 6.1 Estimated total contribution of fracture,

elastic, viscous and delayed-elastic deformations at closure

for 10, 60 and 120 seconds closing times

Figure 6.54 Predicted stress (MPa) as a function of time for

three closing times
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7. CONCLUSIONS AND FUTURE RESEARCH SUGGESTIONS

7.1 The Work to Date

A mechanistic model to simulate the physical processes

operative during the hot-pressing of wood-based composites

has been developed. The model accounts for rheological and

thermodynamic mechanisms which occur within a circular fiber

mat as it is pressed. Predictions are made of temperature,

adsorbed moisture content, within-void partial vapor

pressure, and density throughout the mat being pressed.

Verification data for core temperature and partial vapor

pressure are in good agreement with model predictions.

When considered together, predictions of the model

complement each other logically; core temperature and cross-

sectional moisture variations follow a form which is

consistent with the role that phase change and vapor

convection plays in heat transfer. This includes in-plane

(radial) vapor escape together with cross-sectional vapor

movement. Furthermore, predicted cross-sectional density

profiles follow a complex "M"-shaped form which is

consistent with profiles reported in prior experimental

studies. The qualitative similarity of predicted and

reported density profiles suggests that the mechanisms

accounted for in the model do reflect those of greatest

importance in composites pressing. Furthermore, press
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closing rate was confirmed by model predictions to be an

important factor in density profile development. The faster

the press closure, the higher the predicted gradients and

the closer to the surface is the peak in density. This

demonstrates that the model may be used to explore means of

manipulating density profiles to create panels with

properties tailored to specific uses.
,

Such qualitative evaluation of the program must,

however, be backed up in future work with quantitative

studies, and these are addressed in the following section

(7.2). Also, a good deal of care must be taken when

identifying additional mechanisms which should be added to

future forms of the model. These additions fall in two broad

categories: those that enhance the existing model's

simulation of conventional pressing processes and those that

enable the model to simulate new and unconventional

production processes such as sealed, gas injection and

continuous pressing. A discussion of some of these also

follows in section 7.2.

A number of material properties necessary for the

simulation model were obtained from a variety of sources.

These properties include thermal conductivity, gas

permeability, rheological characteristics, hygroscopicity

and water vapor properties. Outstanding among these is

permeability since a method was developed to provide such
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data. This is a two-dimensional method for the simultaneous

determination of horizontal and vertical furnish

permeabilities and how they vary with compression.

Permeability was related to the density of the variously

compressed fiber mat furnish using standard least square

regression fitting techniques. For the thermo-mechanical

furnish explored, values of horizontal permeability were in

the order of 1.25 to 20 times the vertical ones. This ratio

was found to be dependent on density. Advantages of the

method are that it is not experimentally time consuming, is

relatively simple to carry out, and could be automated for

fast determination of permeabilities for a diverse range of

furnishes.

The predictions of the model suggest that the system is

not very sensitive to permeability variation; a two fold

change in permeability values was found to have only a small

effect on predicted parameters. The same proportional change

in thermal conductivity did, however, caused a substantial

variation in predicted values. These results demonstrate

that the model may be used as a tool to explore the

sensitivity of the pressing process to raw material

properties. Such sensitivity analyses are costly to conduct

in mill pilot trials but can be an important aid in

establishing process control criteria for furnish

preparation and mat formation.
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7.2 Future Research Suggestions

As suggested above, a limited amount of verification of

the model against the behavior of laboratory pressed mats

suggests reasonable agreement for internal temperature and

water vapor pressure. Although density profile and platen

pressure predictions are in qualitative agreement with most

published data, they are not verified quantitatively for the

specific material properties used as input data for the

model. Before the model is developed further, high priority

should therefore be given to an extensive series of

validation experiments. These should include the development

of an accurate means of monitoring the reaction of the mat

against the press platens during pressing. Furthermore,

density profile predictions must be verified for pressed

panels. This will, however, necessitate the addition of

adhesive in order to hold the pressed panels together and

thereby retain the profile pertaining immediately before

press opening. Such adhesive addition will complicate

rheological mechanisms and lead to differences between

predicted and laboratory pressed panel behavior. This may

not be a great obstacle since inclusion of adhesion effects

in the rheological aspects of the model is, in any case, an

important future goal and is addressed below.

It is clear that many improvements and extensions to

the model should be sought in future work. Accurate data on
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the hygroscopicity of diverse wood composite furnishes

materials are not available at this time. This information

will be particularly important in the future because a

diversity of chemically modified furnishes may well be used

in future composites. An automated and fast method is needed

to enable hygroscopicity to be evaluated for the extremes of

temperature and moisture content that may occur within

composites during pressing.

Instantaneous thermodynamic equilibrium between wood

cell wall material and the within void atmosphere is assumed

in the present model. However, significant gradients of

temperature and moisture may well occur within larger

particles and this means that there may be a delay between

regional hydro-thermal changes and local (within particle)

ones. Predictions with the present model suggest that this

is not a great limitation in conventional pressing of fiber

mats. However, it may become so for rapid thermodynamic

changes associated with gas injection pressing of composites

- particularly those with large (or relatively dense)

particles. A combination of experimental and analytical work

is needed to address these issues.

Horizontal (in-plane) rheological properties of mat

furnishes and coupling effects (Poisons' ratios) for a range

of densities, moisture contents and temperatures may need to

be investigated and incorporated within future models. While
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these effects may not be significant when pressing thin

panels of high surface area, they may become important in

the production of thick molded components.

It has already been pointed out that rheological

properties as they are affected by adhesive cure will need

to be addressed. This will present some formidable

analytical problems since mechanisms of adhesion in fiber

and particle composites are little understood.

Investigations of the role of mechano-sorptive effects on

rheologic behavior will also be necessary since no reliable

information is available for furnish materials.

Thus far, the presence of air in the mat has been

ignored. Although this seems not to have a great impact on

the models' overall predictions of temperature and vapor

pressure for conventional pressing, a more complete model

should include such characteristics. For example, for fast

closing rates, considerable gas pressures build up at the

beginning of the press cycle as the press head closes down

and void volumes are rapidly reduced. In some cases, total

peak fluid pressures in excess of 200 kPa (- 2 atm, absolute

pressure) have been measured. Furthermore, gas injection

pressing involves the displacement of large volumes of vapor

and air; accurate physical description of the movement of

such mixtures will be necessary if the models are to be used

to simulate such innovations accurately. The preliminary
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steam injection and venting predictions presented in this

thesis are deficient in this regard.

Flat panel manufacturing usually involves production of

material with properties in some cases different in two

or more directions. A fully three-dimensional model which

would account for in plane (x-y) anisotropy is necessary.
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APPENDIX A. LEAKAGE UNDER RINGS
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Figure Al Observed flow leakage as function of ratios of
density under ring to normal density for vertical flow
(final density under ring = 1100 kg/m3; final normal density
= 200 kg/m3; Ring thickness = 15 mm; Applied air pressure -
10 psi)
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Figure A2 Observed flow leakage as function of ratios of
density under ring to normal density for vertical flow
(final density under ring = 1150 kg/m3; final normal density
= 350 kg/m3; Ring thickness = 7 mm; Applied air pressure -
10 psi)
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Figure A3 Observed flow leakage as function of ratios of
density under ring to normal density for vertical flow
(final density under ring = 1250 kg/m3; final normal density
= 600 kg/m3; Ring thickness = 3.2 mm; Applied air pressure -
10 psi)
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Figure A4 Observed flow leakage as function of ratios
ofdensity under ring to normal density for vertical flow
(final density under ring = 1150 kg/m3; final normal density
= 725 kg/m3; Ring thickness = 2 mm; Applied air pressure -
10 psi)
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Figure A5 Observed flow leakage as function of ratios of
density under ring to normal density for vertical flow.
Applied pressure - 10 psi; (Ring thickness = lmm; (Press
load would have to be increased to use this ring)
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Figure A6 Apparent density ratio (normal density to density
under ring) as a function of fiberboard normal density
(kg/m3) necessary to completely seal the disc edges



APPENDIX B. DATA USED TO DERIVE RHEOLOGICAL CONSTANTS

Table Bl. Regression results for the effect of density on the Elastic Modulus 1 (El,
adapted from REN (1992)). The range of density investigated is also given.

(Kg/m3) T°C MC

Ln (El) = a + b*g

Q (%) a b R2 (%)

300 - 550 25 0 2.72063 0.00636 92.90300 - 650 25 4 1.88442 0.00662 81.63350 - 650 25 10 1.79215 0.00647 86.77400 - 850 25 16 2.47814 0.00368 88.40

350 - 700 100 0 2.65174 0.00548 89.56400 - 900 100 4 2.39771 0.00441 90.26550 - 1000 100 10 2.73551 0.00333 65.25350 - 800 100 16 2.22265 0.00300 84.51

350 - 800 120 0 2.59871 0.00553 83.21400 - 800 120 4 3.05273 0.00325 74.66600 - 900 120 10 1.68379 0.00411 61.24350 - 650 120 16 2.25415 0.00279 56.80

650 - 900 150 0 2.33204 0.00554 83.60550 - 900 150 4 2.63164 0.00321 75.00700 - 900 150 10 -2.09380 0.00805 70.72700 - 900 150 16 -0.21987 0.00543 91.39



Table B2. Regression results for the effect of density on the elastic modulus 2 (E2,

adapted from REN (1992)). The range of density investigated is also shown.

Ln (E2) = a + b*g.

Q(Kg/m3) T°C MC (%) a b R2

300 - 550 25 0 2.09391 0.0086 97.71
300 - 650 25 4 1.50248 0.0082 93.84
350 - 650 25 10 1.94875 0.0073 94.56
400 - 850 25 16 2.56073 0.0048 90.63

350 - 750 100 0 2.00310 0.0080 94.89
400 - 900 100 4 2.10239 0.0057 94.97
550 - 1000 100 10 2.27419 0.0049 97.05
550 - 1000 100 16 1.47303 0.0054 97.05

350 - 800 120 0 1.76593 0.0074 93.70
400 - 800 120 4 2.76024 0.0051 91.16
600 - 900 120 10 3.19372 0.0037 97.11
350 - 650 120 16 2.60589 0.0040 88.56

650 - 900 150 0 1.29433 0.0079 91.74
550 - 900 150 4 1.96528 0.0052 90.69
700 - 900 150 10 -0.88902 0.0117 87.00
700 - 900 150 16 0.45006 0.0064 96.31



Table B3. Regression results for the effect of density on the viscoelastic modulus 1
(V1, adapted from REN (1992)). The range of density investigated is also
shown.

Ln (V1) = +a

N.)
I-'
cn

Q (Kg/1T3) T°C MC (%) a b R2 (%)

300 - 550 25 0 7.03929 8.57E-03 95.27
300 - 650 25 4 7.20950 6.74E-03 97.16
350 - 650 25 10 6.99715 6.35E-03 91.63
400 - 850 25 16 7.35510 4.80E-03 93.45

350 - 700 100 0 7.05826 6.73E-03 84.30
400 - 900 100 4 7.69316 4.50E-03 84.13
550 - 1000 100 10 6.97595 4.21E-03 86.24
550 - 1000 100 16 5.46370 5.80E-03 94.46

350 - 800 120 0 6.72563 6.97E-03 87.89
400 - 800 120 4 6.86860 5.59E-03 88.89
600 - 900 120 10 4.95519 6.47E-03 74.27
350 - 650 120 16 -0.86604 4.61E-03 78.88

650 - 900 150 0 6.58855 6.41E-03 80.88
550 - 900 150 4 5.44764 6.51E-03 89.22
700 - 900 150 10 2.09287 9.56E-03 76.36
700 - 900 150 16 3.31537 7.74E-03 84.61



Table B4. Regression results for the effect of density on the viscoelastic modulus 2
(V2, adapted from REN (1992)). The range of density investigated is also
shown.

= +aLn (V2) b*p

p (Kg/m3) T°C MC (%) a b R2 (%)

300 - 550 25 0 7.71583 0.0105 88.41

300 - 650 25 4 6.67971 0.0108 94.56
350 - 650 25 10 5.89205 0.0120 92.56
400 - 850 25 16 7.48219 0.0067 92.65

350 - 700 100 0 7.14709 0.0097 90.11
400 - 900 100 4 8.06327 0.0057 90.39
550 - 1000 100 10 6.81938 0.0066 88.91
350 - 800 100 16 5.97159 0.0070 82.22

350 - 800 120 0 8.13388 0.0070 84.61
400 - 800 120 4 6.86583 0.0063 86.06
600 - 900 120 10 6.26179 0.0066 83.88

350 - 650 120 16 6.52881 0.0058 80.52

650 - 900 150 0 4.82398 0.0116 97.91
550 - 900 150 4 6.61729 0.0069 89.99
700 - 900 150 10 5.74813 0.0059 87.57

700 - 900 150 16 7.99562 0.0040 86.70



Table B5. Regression results for the effect of density on the fracture modulus (F,
adapted from REN (1992)). The range of density investigated is also shown.

Ln (F) = a + b*p

g (Kg/m3) T°C MC (%) a b R2 (%)

150 - 500 25 0 -0.50492 0.0083 78.92
150 - 550 25 4 -1.37294 0.0090 78.89
150 - 650 25 10 -0.71583 0.0068 77.86
150 - 850 25 16 -0.20318 0.0048 92.66

150 - 600 100 0 -1.45454 0.0086 78.61
150 - 800 100 4 -0.73620 0.0060 85.52
150 - 900 100 10 -0.94233 0.0057 89.90
150 - 900 100 16 -0.72868 0.0050 85.42

150 - 700 120 0 -0.99294 0.0073 83.40
150 - 800 120 4 -1.15077 0.0063 79.83
150 - 900 120 10 -0.60120 0.0052 89.63
150 - 600 120 16 -2.81699 0.0073 68.75

150 - 850 150 0 -1.26273 0.0074 81.14
150 - 800 150 4 -0.39130 0.0044 81.54
200 - 850 150 10 -6.58683 0.0128 96.21
150 - 950 150 16 -2.94695 0.0071 66.27



APPENDIX C. GRAPHICAL DISPLAY OF RHEOLOGY FITTED EQUATIONS
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equation

MC=0

0 °MC =4
0 .

0

MC=10

600 800 1000
Density

400

o MC=0 -.- MC=4 0 MC=10 A MC=16

Figure C2. Effect of density and moisture
content on the elastic modulus 01 (El) for
fibermat temperature of 100°C. Solid line:
equation
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Figure C7. Effect of density and MC on the
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equation.
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Figure C14. Effect of density and MC on the
viscoelastic modulus 01 (V1) for fibermat
temperature of 100°C. Solid line: adjusted equation
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Figure C15. Effect of density and MC on the
viscoelastic modulus 01 (V1) for fibermat
temperature of 120°C. Solid line: equation
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APPENDIX D. ALGORITHM USED TO NUMERICALLY COMPUTE 2D-
PERMEABILITY

C This program computes compressible air pressure
C distribution in a fiber disc subject to steady-state
C boundary pressures. Input parameters which must be
C supplied by the user are PATMOS (absolute atmospheric
C pressure, Pa), PINJEC (absolute gas injection
C pressure, Pa), CONST (flow rate, kg/sec), TEMP (test
C ambient temperature, °C), DR (disc external radius,
C m), DZ (disc thickness, m) and DENS (mat density,
C kg/m3) .

C Results are directed to output file.
C Obs.: When the specified boundary is "injection from
C both-sides" (top and bottom faces simultaneously), DZ
C and CONST must be divided by two.
C PROGRAM FIND KE BETA

REAL*8 PERMV-,--VIkM,K
REAL*8 CONST,PERMH,PATMOS,PINJEC
REAL*8 POT(100,100)
REAL*8 PERM,DR,DZ
INTEGER IT,NR,NZ,IL,CHOICE
COMMON/DIM1/IT,NR,NZ,IL
COMMON/DIM2/DR,DZ,DENS
COMMON/DIM3/PATMOS,PINJEC,CONST,TEMP,KTEMP
COMMON/DIM4/POT,PERM
COMMON/DIM9/PERMV,PERMH,VISCM,K
OPEN (UNIT=11, FILE=1C:\PERM.TXT1)
DO 24, 1=1,99
WRITE(*,*)
WRITE(*,*) ' TYPE "1" TO FIND KE-2D'
WRITE(*,*) ' TYPE "2" TO FIND BETA'
WRITE(*,*)
READ(*, *)CHOICE
WRITE(*,*)
IF HCHOICE.NE.1).AND.(CHOICE.NE.2)) GOTO 25

C Input grid size (NR,NZ)
WRITE(*,*)'NR=?,NZ=?'
READ(*,*)NR,NZ

C Input parameter values
WRITE(*,*)'PATMOS,PINJEC,CONST,DENS,TEMP,DZ,DR'
READ(*,*)PATMOS,PINJEC,CONST,DENS,TEMP,DZ,DR
WRITE(*,*)
WRITE(*,17)PATMOS,PINJEC,CONST,DENS,TEMP,DZ,DR

17 FORMAT(1X,2F10.2,1X,F15.13,1X,2F10.2,1X,2F10.6)
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WRITE(*,*)' PLEASE WAIT'
C Permeability dummy value

PERMV = 1E-11

C Air viscosity computation (function of temperature
C only)

Cl = 1.458E-06
C2 = 110.4
KTEMP = 273.15
VISCM = (C1*((TEMP+KTEMP)**(1.5)))/(TEMP+KTEMP+C2)

IF (CHOICE.EQ.1) THEN
K=1
CALL MAINSUB

ELSEIF (CHOICE.EQ.2) THEN

C Initial value for BETA (kz/kr)
K =1.1
DZ = DZ/DR
DR = DZ

C Loop from BETA = 1 to 0.01
DO 23, IL = 1,13

IF (K.GT.0.1) K = K - 0.1
IF (IL.GT.10) K = K - 0.03
CALL MAINSUB

23 CONTINUE
ENDIF

24 CONTINUE
25 CONTINUE

STOP
END

INCLUDE 'C:\MAINSUB.TXT1
INCLUDE 'C:\ITERATE.TXT'



Include File TC:\MAINSUB.TXT'

*********************************************************
SUBROUTINE MAINSUB

*********************************************************

COMMON/DIM1/IT,NR,NZ,IL
COMMON/DIM2/DR,DZ,DENS
COMMON/DIM3/PATMOS,PINJEC,CONST,TEMP,KTEMP
COMMON/DIM4/POT,PERM
REAL*8 POT(100,100),ALPHA,PERM,K,P,DR,
REAL*8 DZ,PATMOS,PINJEC
REAL*8 TESTOLD,A,B,C,F,R(100),HZ,HR,ERROR,QZ(100)
REAL*8 D(100),E(100),PERMV,PERMH,VISCM,RHALF(100)
REAL*8 SUM1,SUM2,QR(100),PERMZ,CONST
COMMON/DIM5/D,E
COMMON/DIM7/TESTOLD,A,B,C,F,ALPHA,P
COMMON/DIM9/PERMV,PERMH,VISCM,K
INTEGER I,J

constants
ITT = IT
IT = 0
INRR = INT(NR/6)
HR = SQRT(K)*DR/NR
BETA = K
K= 1
HZ = DZ/NZ
ERROR = 1.0E-11
ALPHA = 1.0
R(1) = 0
DO 10 I=1,NR

R(I+1) = R(I) + HR
(I+1) = (1/(HR**2))*(1+HR/(2*R(I+1)))
(I+1) = (1/(HR**2))*(1-HR/(2*R(I+1)))

10 CONTINUE

A = 2/(HR**2)
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DO 20 I = 1,NR+1
DO 30 J = 1,NZ
POT(I,J) = PATMOS**2

30 CONTINUE
20 CONTINUE

B = K/(HZ**2)
C = 1/((2/(HR**2))+(K/(HZ**2)))
F = 1/(2*((1/(HR**2))+(K/(HZ**2))))
P = PINJEC**2



C Boundary pressures
DO 40 I = 1,(NR+1-INRR)
DO 50 J = 1,NZ

POT(I,NZ) = PINJEC**2
POT(NR+1,J) = PATMOS**2

50 CONTINUE
40 CONTINUE
c End Constants

c Iteration Procedure
TESTOLD = 1.0
DO 60 Z=1,200000
IF (ERROR.GT.TESTOLD) GOTO 61
TESTOLD = 0

IT = IT + 1
CALL ITERATE

60 CONTINUE
61 SUM1 = 0

SUM2 = 0
DO 79, J = 2, NZ-1
QR(J) = 0
QR(J)=3.1416*R(NR)*HZ*PERMV*(POT(NR,J)-POT(NR+1,J))

+ /(HR*VISCM*(TEMP+KTEMP)*287)
SUM1 = SUM1 + QR(J)

79 CONTINUE

DO 80, I = 2,(NR+1-INRR)
RHALF(I) = R(I)-HR/2
RHALF(I+1) = R(I+1)-HR/2
QZ(I) = 0

QZ(I)=3.141592654*((RHALF(I+1)**2)-(RHALF(I)**2))
+ *(PERMV/(VISCM*HZ))*(POT(I,NZ)-POT(I,NZ-1))/
+ (2*(TEMP+KTEMP)*287) )

SUM2 = SUM2 + QZ(I)
80 CONTINUE
C Print results to screen and output file

WRITE(*,*)
WRITE(*,*)'NUMBER OF ITERATIONS=', IT
WRITE(*,*) QR = ',SUM1
WRITE(*,*)' QZ = ',SUM2
WRITE(*,*)'AVERAGE FLOW RATE=',(SUM1+SUM2)/2
PERMZ = PERMV*CONST/SUM2
PERMH = PERMV*CONST/SUM1
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WRITE(*,*)
WRITE(*,*)
WRITE(*,*)
WRITE(*,*)
K = BETA

'PERMEABILITY Kz =',PERMZ
'PERMEABILITY Kr =',PERMH
'AVERAGE PERMEABILITY=',(PERMZ+PERMH)/2
'K=',BETA



WRITE(11,12)DENS,DZ,DR,TEMP,K,CONST*1E05,
(PERMZ+PERMH)*1E12/2

12 FORMAT(F6.2,2F10.6,F6.2,F4.3,F6.3,F8.3)

c End Iteration

RETURN
END

C End Subroutine MAINSUB
C *****************************************************

Include File 'C:\ITERATE.TXT'

C ********************************************************
SUBROUTINE ITERATE

C *********************************************************

COMMON/DIM1/IT,NZ,NR,IL
COMMON/DIM4/POT,PERM
COMMON/DIM5/D,E
COMMON/DIM7/TESTOLD,A,B,C,F,ALPHA,P
REAL*8 D(100),E(100),TESTOLD,A,B,C,F,P
REAL*8 POTOLD(100,100),RES(100,100),TEST
REAL*8 POT(100,100),ALPHA,PERM
INTEGER I,J

c Iteration Loop Begins
DO 10, I = 1,NR
DO 20, J = 1,NZ

POTOLD(I,J) = POT(I,J)
INRR = INT(NR/6)

IF (I.EQ.1) THEN
IF (J.EQ.1) THEN

RES(I,J) = C*(A*(POT(I+1,J)) + B*(POT(I,J+1)))
+ - (POT(I,J))

POT(I,J) = ((POT(I,J)) + ALPHA*RES(I,J))
ELSE IF (J.GT.1) THEN

RES(I,J)=0.5*C*(2*A*(POT(I+1,J))+B*((POT(I,J+1))
+ +(POT(I,J-1)))) - (POT(I,J))

POT(I,J) = ((POT(I,J))+ALPHA*RES(I,J))
IF (J.EQ.NZ) POT(I,J) = P

ENDIF
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ELSE IF (I.GT.1) THEN
IF (J.EQ.1) THEN

RES(I,J)=F*(D(I)*(POT(I+1,J))+E(I)*(POT(I-1,J))
+ 2*B*(POT(I,J+1))) - (POT(I,J))

POT(I,J) = HPOT(I,J))+ALPHA*RES(I,J))
ELSE IF (J.GT.1) THEN

RES(I,J)=F*(D(I)*(POT(I+1,J))+E(I)*(POT(I-1,J))
+ B*((POT(I,J+1)) + (POT(I,J-1))))
- (POT(I,J))

POT(I,J) = ((POT(I,J))+ALPHA*RES(I,J))
IF (J.EQ.NZ) POT(I,J) = P
IF ((J.EQ.NZ).AND.(I.GT.(NR+1-INRR))) THEN
RES(I,J)=F*(D(I)*(POT(I+1,J))+E(I)*(POT(I-1,J))

+ 2*B*(POT(I,J-1))) - (POT(I,J))
POT(I,J) = UPOT(I,J))+ALPHA*RES(I,J))

ENDIF
ENDIF

ENDIF

c Convergence Check (Whole Pressure Field)
IF (POT(I,J).EQ. 0) THEN
TEST = 1
ELSE IF (POT(I,J).NE.0) THEN

TEST = ABS((POT(I,J)-POTOLD(I,J))/POT(I,J))
ENDIF
IF (TEST.GT.TESTOLD) TESTOLD = TEST

20 CONTINUE
10 CONTINUE
c End of Iteration Loop

RETURN
END

C End Subroutine ITERATE
C *****************************************************
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APPENDIX E. ALGORITHM USED TO NUMERICALLY SIMULATE THE HOT-
PRESSING OF WOOD COMPOSITES

c Variables definition
CHARACTER NAME,CHR
INTEGER R,Z
INTEGER PICK, DPNTS
INTEGER IPNTS
INTEGER IT, NR, NZ,N
INTEGER INCNTL,PRINTOUT,INJTIME,LOWER,UPPER
PARAMETER (N = 30)
DOUBLE PRECISION FTEMP,FPRES,FMOIST,FCONDV,FPERMV,FPERMH
DOUBLE PRECISION LL,LLL,LATVAP,AREAH(N),AREAV(N),MTEMP
DOUBLE PRECISION MPRES
DOUBLE PRECISION WC,BMOIST,DENCEL,VCEL
DOUBLE PRECISION TEMP,TPLAT,TAMB,PATMOS,PRES,HZ,DENS
DOUBLE PRECISION MC,T,RHH
DOUBLE PRECISION TICKMM,DENSINI,DZ,THICKNESS
DOUBLE PRECISION MOISCY,ERH,PTEMP,PINJEC
DOUBLE PRECISION VPRES,VCELL,MOIST
COMMON/DDDL/NT,TIME
COMMON/DIM1/IT,NR,NZ,PRINTOUT
COMMON/DIM2/TEMP(N,N,2),TPLAT,TAMB
COMMON/DIM3/PRES(N,N,2),PATMOS,PINJEC
COMMON/DIM4/BMOIST(N,N,2),DENCEL,VCEL
COMMON/DDD/VPRES(N,N),VCELL(N,N),AREAH,MOIST(N,N)
COMMON/DIM6/INCNTL
COMMON/DIM7/WC
COMMON/DIM8/INJTIME,INVACUUM,POUTSIDE
COMMON/DIM9/IAN
COMMON/REOLOG/HZ(N,N),DELTAT,SIGMA(N),DISP,THICK,TRGDEN,NAME,

1REACT(N),STRESS,THICKNESS
COMMON/GEN1/DENS(N,N)
COMMON/GEN2/MC(N,N)
COMMON/GEN3/T(N,N)
COMMON/GEN4/RHH(N,N)
COMMON/GEN5/DENSINI,DZ,DR

c Set radius (metres),DR
DR=0.5

c Set half - thickness (metres),DZ
DZ=0.04

c # of annulae, NR
NR=10

c # of laminae, NZ
NZ=10

c # time cycles,NT
NT=40000

c Pressing time (secs.), TIME
TIME=400.0

c cell wall density (kg.m^-3),DENSOL
DENSOL=1500.0

c Iteration limit(%), RHLIM
RHLIM=1E-05

c Platen temp. (''C), TPLAT
TPLAT=160.0

c Ambient temp. (^C),TAMB
TAMB=20.0



c Ambient RH (%), RHAMB
RHAMB=65.0

c Water content (%), WC
WC=10.0

c Density (kg.m^-3), DC
DENCEL=125.0

c Number of data points to output, DPNTS
DPNTS = 400

c calculate interval (in points) between outputs to gtime
IPNTS = INT(NT/DPNTS)

c Set control variables (INCNTL and LOUT) for updating status
c at end of each time iteration.

INCNTL=1
LOUT=2

c Retain starting density
DENSINI = DENCEL

c *****************************************************************
c * USER ACCEPTANCE/CHANGE OF DEFAULT INPUT VARIABLES *

c *****************************************************************
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9000 WRITE(*,*)
WRITE(*,*)
WRITE(*,*)
WRITE(*,*)
WRITE(*,*)
WRITE(*,*)
WRITE(*,*)
WRITE(*,*)
WRITE(*,*)
WRITE(*,*)
WRITE(*,*)
WRITE(*,*)
WRITE(*,*)
WRITE(*,*)

, INPUT VARIABLE DEFAULT VALUES:
RADIUS, METERS (DR) ', DR
HALF-THICKNESS, METERS (DZ) ', DZ
# OF ANNULAE (NR) ', NR
# OF LAMINAE (NZ) ', NZ
# OF TIME CYCLES (NT) ', NT
PRESSING TIME, SEC (TIME) ', TIME
CELL WALL DENSITY, KG/M^3 (DENSOL) ', DENSOL
ITERATION LIMIT, % (RHLIM) ', RHLIM
PLATEN TEMPERATURE, C. (TPLAT) ', TPLAT
AMBIENT TEMPERATURE, C. (TAMB) ', TAMB
AMBIENT REL. HUMIDITY, % (RHAMB) ', RHAMB
WATER CONTENT, % (WC) ', WC
MEAN DENSITY, KG/M^3 (DENCEL) ', DENCEL

WRITE(*,*) ' ENTER NUMBER OF VALUE TO CHANGE OR "99" TO ACCEPT
+PRESENT VALUES:'
READ (*,*) PICK
IF (PICK.EQ.99) GOTO 9039
GOTO (9001,9002,9003,9004,9005,9006,9007,9008,9009,9010,9011,
9012,9013,9014,9015,9016,9017,9018,9019,9020) PICK
GOTO 9000

9001 WRITE(*,*) 'INPUT RADIUS, METERS (DR) , DR
READ (*,*) DR
GOTO 9000

9002 WRITE(*,*) 'INPUT HALF-THICKNESS, METERS (DZ) , DZ
READ (*,*) DZ
GOTO 9000

9003 WRITE(*,*) 'INPUT # OF ANNULAE (NR) ', NR
READ (*,*) NR
GOTO 9000

9004 WRITE(*,*) 'INPUT # OF LAMINAE (NZ) ', NZ
READ (*,*) NZ
GOTO 9000

9005 WRITE(*,*) 'INPUT # OF TIME CYCLES (NT) ', NT
READ (*,*) NT
GOTO 9000

9006 WRITE(*,*) 'INPUT PRESSING TIME, SEC (TIME) ', TIME
READ (*,*) TIME
GOTO 9000

9007 WRITE(*,*) 'INPUT CELL WALL DENSITY, KG/M^3 (DENSOL) ', DENSOL
READ (*,*) DENSOL
GOTO 9000
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9008 WRITE(*,*) 'INPUT ITERATION LIMIT, % (RHLIM) 

READ (*,*) RHLIM 
GOTO 9000 

9009 WRITE(*,*) 'INPUT PLATEN TEMPERATURE, C. (TPLAT) 
READ (*,*) TPLAT 
GOTO 9000 

9010 WRITE(*,*) 'INPUT AMBIENT TEMPERATURE, C. (TAME) 

READ (*,*) TAMB 
GOTO 9000 

9011 WRITE(*,*) 'INPUT AMBIENT REL. HUMIDITY, % (RHAMB) 

READ (*,*) RHAMB 
GOTO 9000 

9012 WRITE(*,*) 'INPUT WATER CONTENT, % (WC) 

READ (*,*) WC 
GOTO 9000 

9013 WRITE(*,*) 'INPUT DENSITY, KG/M^3 (DENCEL) 
READ (*,*) DENCEL 
GOTO 9000 

9014 WRITE(*,*) 'INPUT SPECIFIC HEAT (SPHT) 

READ (*,*) SPHT 
GOTO 9000 

9015 WRITE(*,*) 'INPUT HORIZONTAL PERMIABILITY (PERMH) 

READ (*,*) PERMH 
GOTO 9000 

9016 WRITE(*,*) 'INPUT VERTICAL PERMIABILITY (PERMV) 
READ (*,*) PERMV 
GOTO 9000 

9017 WRITE(*,*) 'INPUT HORIZONTAL CONDUCTIVITY (TCONDH) 
READ (*,*) TCONDH 
GOTO 9000 

9018 WRITE(*,*) 'INPUT VERTICAL CONDUCTIVITY (TCONDV) 
READ (*,*) TCONDV 
GOTO 9000 

9019 WRITE(*,*) 'INPUT LATENT HEAT OF VAPORIZATION (LATVAP)..', LATVAP 
READ (*,*) LATVAP 
GOTO 9000 

9020 WRITE(*,*) 'NUMBER OF DATA POINTS TO OUTPUT TO GTIME....', DPNTS 
READ (*,*) DPNTS 

IPNTS = INT(NT/DPNTS) 
WRITE(*,*) 'DATA WILL BE OUTPUT EVERY ', IPNTS, ' DATA POINTS' 
WRITE(*,*) 'FOR A TOTAL OF ',(INT(NT/IPNTS)+1), ' POINTS.' 

GOTO 9000 
9039 CONTINUE 

DENSINI=DENCEL 
WRITE(*,*) ' INPUT HALF TARGET THICKNESS',TICKMM,' mm' 

WRITE(*,*)'FOR 625 KG/M3, TYPE 8 mm' 
READ (*,*) TICKMM 

THICK = TICKMM/1000 
TRGDEN = DENCEL*DZ/THICK 

9199 CONTINUE 
WRITE(*,*)'Input steam saturated saturated pressure' 
WRITE(*,*)'For 120 degrees celcius steam saturated temperature' 

WRITE(*,*)'write:',PINJEC 
READ(*,*)PINJEC 

Input target density for steam injection (kg/m3) 
WRITE(*,*)'Input target TIME to start steam injection (SEC)' 
READ(*,*)DENSINJ 

Input target time to start steam injection interval (sec) 

WRITE(*,*)'Input steam injection time INTERVAL (SEC)' 
READ(*,*)DINJINT 

RHLIM 

TPLAT 

, 

TAME 

RHAMB 

WC 

DENCEL 

SPHT 

PERMH 

PERMV 

TCONDH 

TCONDV 



c Calculate lower and upper time cycle loop for steam injection
LOWER = INT(DENSINJ*NT/TIME)
UPPER = INT(LOWER + DINJINT*NT/TIME)
WRITE(*,*)'Input outside (board edges) pressure'
POUTSIDE = 10**(10.745-2141/(TAMB+273.15))
WRITE(*,*)'For atmospheric pressure write:',POUTSIDE
READ(*,*)POUTSIDE
WRITE(*,*)'Input target TIME (sec) to start this pressure'
READ(*,*)DENSINJ
WRITE(*,*)'Input time interval (SEC) to keep this outside'
WRITE(*,*)'pressure'
READ(*,*)DINJINT
LOW = INT(DENSINJ*NT/TIME)
UPP = INT(LOW + DINJINT*NT/TIME)

c * END OF INPUT SECTIONS - MAIN PROGRAM BEGINS *

c ****************************************************************

c Calculate conducting lengths and time increment:
CONDLH=DR/FLOAT(NR)
CONDLV=DZ/FLOAT(NZ)
DELTAT=TIME/FLOAT(NT)

c Assign initial density DENCEL to DENS(R,Z)
c CONDLV to HZ(Z) and WC to MC(R,Z)

DO 1001, R=1,NR+1
DO 1000, Z=1,NZ+1
HZ(R,Z) = CONDLV
DENS(R,Z) = DENCEL
MC(R,Z) = WC

1000 CONTINUE
1001 CONTINUE
c Calculate partial pressure of atmospheric vapour (N.M^-2):

PATMOS=((10.0**(10.745-(2141.0/(TAMB+273.15))))*RHAMB)/100.0
c Calculate horizontal areas of rings for vertical flow:

AREAH(1)=0
DO 1 R=2, NR+1
AREAH(R)=((((FLOAT(R-1)*CONDLH)**2))-
1(((FLOAT(R-2)*CONDLH)**2)))*3.142

1 CONTINUE
c Calculate vertical conducting areas for horizontal flow:

AREAV(1)=0
DO 2 R=2, NR+1
AREAV(R)=6.284*FLOAT(R-1)*CONDLH*CONDLV

2 CONTINUE

C *******************************************

c Define time cycle loop:
DO 10 IT=1,NT

c *******************************************

INJTIME = 0
INVACUUM= 0
IF ((IT.GE.LOWER).AND.(IT.LT.UPPER)) INJTIME = 1
IF ((IT.GE.LOW).AND.(IT.LT.UPP)) INVACUUM = 1

c Calculate cumulative time:
SECS=DELTAT*FLOAT(IT)

c **********************************************

c Define vertical(Z) loop and radial (R) loop: *

DO 20 Z=1, NZ
DO 30 R=2, NR+1

c Reset rheology dependant variables:
DENCEL = DENS(R,Z)
CONDLV = HZ(R,Z)
AREAV(R) = 6.284*FLOAT(R-1)*CONDLH*CONDLV
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C **********************************************
c Calculate bulk and void volumes of region

VCEL=AREAH(R)*CONDLV
VVOL=VCEL*(1.0-(DENCEL/DENSOL))
VCELL(R,Z)=VCEL

c FLOW CALCULATIONS:
C *********************************

c Initialize starting values:
ECOND = 0.0
PTEMP=FTEMP(R,Z)
PPRES=FPRES(R,Z)
PMOIST=FMOIST(R,Z)

c HORIZONTAL FLOW:
c First identify neighbours

DO 50 1=1,2
IDUM=-1
IF (I .EQ. 2) IDUM=1
IR=R+IDUM

c extract areas
ADV=AREAV(IR)
IF (I .EQ. 2) ADV=AREAV(R)

c Extract temperature and pressure of donor region
TEMPN=FTEMP(IR,Z)
PRESN=FPRES(IR,Z)

c calculate viscosity of flowing vapour (mean of both regions)
MTEMP = (PTEMP + TEMPN)/2.0
VISCM = (1.112E-5)*((MTEMP+273.15)**1.5)/(MTEMP+3211.0)

c Set conducting length
LL=CONDLH
IF ((R .EQ. NR+1) .AND. (I .EQ. 2)) LL=CONDLH/2.0

c Correction for horizontal permeability
PERMH = FPERMH(R,Z)

c Calculate horizontal conductivity constant (1.5 times vertical)
c and conducted energy

TCONDH = 1.5*FCONDV(R,Z)
ECOND=ECOND+DELTAT*ADV*(TEMPN-PTEMP)*TCONDH/LL

c Calculate steam flow (at mean pressure)
MPRES = (PPRES + PRESN)/2.0
PRESN2=PRESN**2
PPRES2=PPRES**2
STFLOW=DELTAT*PERMH*ADV*(PRESN2-PPRES2)/(LL*MPRES*VISCM*2.0)

c check LL is re-set to standard value
LL=CONDLH

c Calculate density of flowing vapour (use mean pressure)
VAPDEN=(6.0E-6)*MPRES

c Calculate weight of vapour flowing
IF (I .EQ. 1) DWATH1=STFLOW*VAPDEN
IF (I .EQ. 2) DWATH2=STFLOW*VAPDEN

c End of horizontal flow
50 CONTINUE
c VERTICAL FLOW:

ADH=AREAH(R)
DO 55 1=1,2
IDUM=-1
IF (I .EQ. 2) IDUM=1
IZ=Z+IDUM

c Find status of donor
TEMPN=FTEMP(R,IZ)
PRESN=FPRES(R,IZ)

c Calculate vapour viscosity
MTEMP = (PTEMP + TEMPN)/2.0
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VISCM=(1.112E-5)*((MTEMP+273.15)**1.5)/(MTEMP+3211.0)
c Set length to half if at platen boundary

LLL = CONDLV
IF ((Z .EQ. NZ) .AND. (I .EQ. 2)) LLL=CONDLV/2.0

c Correction for vertical conductivity
TCONDV = FCONDV(R,Z)

c Correction for vertical permeability
PERMV = FPERMV(R,Z)

c Calculate conducted energy
ECOND=ECOND+DELTAT*ADH*(TEMPN-PTEMP)*TCONDV/LLL

C Calculate vapour flow
MPRES = (PPRES + PRESN)/2.0
PPRES2=PPRES**2
PRESN2=PRESN**2
STFLOW=DELTAT*ADH*PERMV*(PRESN2-PPRES2)/(LLL*MPRES*VISCM*2.0)

c check LLL re-set
LLL=CONDLV

c Calculate vapour density and mass transfer
VAPDEN=(6.0E-6)*MPRES
IF (I .EQ. 1) DWATV1=STFLOW*VAPDEN
IF (I .EQ. 2) DWATV2=STFLOW*VAPDEN

c End of vertical flow
55 CONTINUE
c Calculate heat capacity and total up energy and water flow

SPHT = (1131 + 4.19*T(R,Z) + 41.9*MC(R,Z))/(1+0.01*MC(R,Z))
LATVAP = 2.51E6-2.48E3*T(R,Z) + 1.176E6*EXP(-0.15*MC(R,Z))
HTCAP=(VCEL*DENCEL*SPHT)
PTEMP=PTEMP+ECOND/HTCAP
DWAT=DWATH1+DWATH2+DWATV1+DWATV2

c Calculate new (displaced) vapour density
c VAPDEN=(6.0E-6)*PPRES
c Retain starting status (before phase balancing)

STAPM=PMOIST
STAT=PTEMP
STAVD=VAPDEN
VAPDEN=VAPDEN+DWAT/VVOL
PSAT=FPSAT(R,Z)
RELHUM=VAPDEN/(PSAT*(6.0E-8))
DUM=100.0/(DENCEL*VCEL)
MOISCY=DUM*PMOIST

c Phase relaxation to find equilibrium status of region.
c K provides upper limit for number of iterations.
c K limit here is set to 5000

K= 0
DO WHILE ((ABS(ERH-RELHUM).GT.RHLIM).AND.(K.LT.5000))
IF (K.EQ.4999) PAUSE 'ITERATION EXCEEDED PHASE RELAXATION LIMIT'
K = K+1
CALL EQRH(PTEMP,MOISCY,ERH)
RELHUM=(RELHUM+ERH)/2.0
PSAT=FPSAT(R,Z)
VADEN1=RELHUM*PSAT*(6.0E-8)
WATEVP=(VADEN1-VAPDEN)*VVOL
WATEVP = WATEVP/30
VAPDEN=VADEN1
PMOIST=PMOIST-WATEVP
MOISCY=PMOIST*DUM
PTEMP=PTEMP-WATEVP*LATVAP/HTCAP

ENDDO
c Calculate final pressure

PPRES=VAPDEN/(6.0E-6)
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c Now update cell status
TEMP(R,Z,LOUT)=PTEMP
PRES(R,Z,LOUT)=PPRES
BMOIST(R,Z,LOUT) = PMOIST

c Update variables for rheology computation
T(R,Z) = PTEMP
MC(R,Z) = MOISCY
RHH(R,Z) = ERH
MOIST(R,Z)=PMOIST
VPRES(R,Z)=PPRES

C ****************************************

c CLOSE SPACIAL LOOPS*
30 CONTINUE
20 CONTINUE
c ****************************************

c Compute rheology dependent variables
CALL RHEOL

c Charge around control variables
IDUMMY = INCNTL
INCNTL = LOUT
LOUT = IDUMMY

c *****************************************

c End of time cycling loop: *

10 CONTINUE
c *****************************************

STOP
END

c END OF MAIN PROGRAM
c *************************************

SUBROUTINE RHEOL
INTEGER*4 I
REAL*8 E1(N,M),E2(N,M),FRACT(N,M),V1(N,M),V2(N,M)
REAL*8 HZZ,D1,D2,D3,SUMZZ,Y1,Y2,SIG
REAL*8 U(N),L(N),D(N),Y(N),X(N)

c POSITION CONTROL MODE
c *********************

DO R=1,NR
SUMZZ=0
DO Z=1,NZ+1
SUMZZ=SUMZZ+HZ(R,Z)

ENDDO
Y1=SUMZZ
DO Z=1,NZ+1
INCLUDE 'RHEOLEQ.TXT'

END DO
c Find stress (elastic, fracture) through linear interpolation

DO 1=1,2
c SIG is a dummy variable equivalent to SIGMA (stress)

IF (I.EQ.1) SIG = 1.0
IF (I.EQ.2) SIG = (Y1-THICKNESS)/(Y1-Y2)
SUMZZ=0
INCLUDE 'SOLVEREO.TXT'
DO Z=1,NZ+1
IF(Z.NE.1)THEN
HZZ=HZ(R,Z)-(X(Z)-X(Z-1))

ELSE
HZZ=HZ(R,Z)-X(Z)
ENDIF
SUMZZ=SUMZZ+HZZ

ENDDO



Y2=SUMZZ
ENDDO

c Assign computed (desired) stress to old sigma
REACT(R)=SIG+react(r)
IF (SIGMA(R).LT.REACT(R)) SIGMA(R)=REACT(R)
IF (THICKNESS.GT.0.04)THEN
SIGMA(R)=0.0
REACT(R)=0.0

ENDIF
c Update vertical lengths

DO Z=1,NZ+1
IF(Z.NE.1)THEN
HZ(R,Z)=HZ(R,Z)-(X(Z)-X(Z-1))

ELSE
HZ(R,Z)=HZ(R,Z)-X(Z)

ENDIF
END DO

END DO
RETURN
END

SUBROUTINE EQRH(PTEMP,MOISCY,ERH)
DOUBLE PRECISION PTEMP,ERH
DOUBLE PRECISION MOISCY,K1,K2,K,W,DX,RH,T,T2,A,B,C,DERI,VALUE
INTEGER J
T = PTEMP
T2 = T*T
W = 349 + 1.29*T + 1.35E-02*T2
K = 0.805 + 7.36E-04*T - 2.73E-06*T2
Kl = 6.18 + 5.07E-03*T - 3E-04*T2
K2 = 2.39 + 2.56E-02*T - 3.03E-04*T2
A = K1*K2*(1800/(W*MOISCY)-1)*K*K*K

1

1

B = K1*(K2*(1-3600/(W*MOISCY))-1)*K*K
C = (K1*(1-1800/(MOISCY*W))-(1+1800/(MOISCY*W)))*k
DX = 1
RH = 0.5
J= 0
DO WHILE ((ABS(DX).GT.1E-6).AND.(J.LT.5000))
J = J + 1
VALUE =A*RH*RH*RH + B*RH*RH + C*RH + 1
DERI = C + 2*B*RH + 3*A*RH*RH
DX = VALUE/DERI
RH = RH - DX

END DO
IF (J.EQ.4999) PAUSE 'ERH ITERATION LIMIT EXCEEDED'
ERH = RH*100
IF (ERH.GT.100) ERH = 99.9
IF (ERH.LT.0) ERH = 0
RH = 0
RETURN
END

DOUBLE PRECISION FUNCTION El(C,D)
PARAMETER (N = 30)
COMMON/DIM1/IT,NR,NZ,PRINTOUT
COMMON/GEN1/DENS(N,N)
COMMON/GEN2/MC(N,N)
COMMON/GEN3/T(N,N)
DOUBLE PRECISION MC,DENS,T
INTEGER C,D
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El = EXP(1/(-0.5093+4.0924/ALOG(DENS(C,D))+0.0048*MC(C,D)
1+0.0004*T(C,D)))
RETURN
END

DOUBLE PRECISION FUNCTION E2(C,D)
PARAMETER (N = 30)
COMMON/DIM1/IT,NR,NZ,PRINTOUT
COMMON/GEN1/DENS(N,N)
COMMON/GEN2/MC(N,N)
COMMON/GEN3/T(N,N)
DOUBLE PRECISION MC,DENS,T
INTEGER C,D
E2 - EXP(1/(-0.5374+4.2995/ALOG(DENS(C,D))+0.0027*MC(C,D)

1+0.0002*T(C,D)))
RETURN
END

DOUBLE PRECISION FUNCTION FRACT(C,D)
PARAMETER (N = 30)
COMMON/DIM1/IT,NR,NZ,PRINTOUT
COMMON/GEN1/DENS(N,N)
COMMON/GEN2/MC(N,N)
COMMON/GEN3/T(N,N)
DOUBLE PRECISION MC,DENS,T
INTEGER C,D
FRACT = EXP(0.6736+0.0062*DENS(C,D)-0.093*MC(C,D)
1-0.0105*T(C,D))
RETURN
END

DOUBLE PRECISION FUNCTION V1(C,D)
PARAMETER (N = 30)
COMMON/DIM1/IT,NR,NZ,PRINTOUT
COMMON/GEN1/DENS(N,N)
COMMON/GEN2/MC(N,N)
COMMON/GEN3/T(N,N)
DOUBLE PRECISION MC,DENS,T
INTEGER C,D
V1 = EXP(1/(-0.1274+1.3071/ALOG(DENS(C,D))+0.0012*MC(C,D)
1+0.0001*T(C,D)))
RETURN
END

DOUBLE PRECISION FUNCTION V2(C,D)
PARAMETER (N = 30)
COMMON/DIM1/IT,NR,NZ,PRINTOUT
COMMON/GEN1/DENS(N,N)
COMMON/GEN2/MC(N,N)
COMMON/GEN3/T(N,N)
DOUBLE PRECISION MC,DENS,T
INTEGER C,D
V2 = EXP(1/(-0.1348+1.2879/ALOG(DENS(C,D))+0.001*MC(C,D)
1+0.0001*T(C,D)))
RETURN
END
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DOUBLE PRECISION FUNCTION FTEMP(R,Z)
PARAMETER (N = 30)
COMMON/DIM1/IT,NR,NZ,PRINTOUT
COMMON/DIM2/TEMP(N,N,2),TPLAT,TAMB
COMMON/DIM6/INCNTL
DOUBLE PRECISION TEMP,TPLAT,TAMB
INTEGER Z,R

c Platen boundary:
IF(Z .EQ. NZ+1) GOTO 20
IF (IT .EQ. 1) GO TO 10
IR=R
IZ=Z

c Boundary correction:
IF (R .EQ. 1) IR-2

FTEMP=TEMP(IR,IZ,INCNTL)
RETURN

20 CONTINUE
FTEMP = TPLAT
RETURN

10 CONTINUE
FTEMP=TAMB
RETURN
END

DOUBLE PRECISION FUNCTION FPRES(A,B)
PARAMETER (N = 30)
COMMON/DIM1/IT,NR,NZ,PRINTOUT
COMMON/DIM3/PRES(N,N,2),PATMOS,PINJEC
COMMON/DIM6/INCNTL
COMMON/DIM8/INJTIME,INVACUUM,POUTSIDE
DOUBLE PRECISION PRES,PATMOS,PINJEC
INTEGER A,B,INJTIME
IF (IT .EQ. 1) GO TO 10
IR-A
IZ=B

TO 10IF (A .EQ. NR+2) GO

FPRES=PRES(IR,IZ,INCNTL)
IF HINJTIME.EQ.1).AND.(B.EQ.NZ+1)) FPRES=PINJEC
RETURN

10 CONTINUE
FPRES=PATMOS
IF ((INVACUUM.EQ.1).AND.(A.EQ.NR+2)) FPRES=POUTSIDE
RETURN
END

DOUBLE PRECISION FUNCTION FMOIST(A,B)
PARAMETER (N = 30)
COMMON/DIM1/IT,NR,NZ,PRINTOUT
COMMON/DIM4/BMOIST(N,N,2),DENCEL,VCEL
COMMON/DIM6/INCNTL
COMMON/DIM7/WC
DOUBLE PRECISION WC,BMOIST,DENCEL,VCEL
INTEGER A,B
IF (IT .EQ. 1) GO TO 10
IR-A
IZ=B
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IF (A .EQ. 1) IR=2
IF (B .EQ. 0) IZ=1
IF (B .EQ. NZ+1) IZ=NZ

IF (Z .EQ. 0) IZ=1
IF (R .EQ. NR+2) IR=NR+1



FMOIST=BMOIST(IR,IZ,INCNTL)
RETURN

10 CONTINUE
FMOIST=WC*DENCEL*VCEL/100.0
RETURN
END

DOUBLE PRECISION FUNCTION FCONDV(A,B)
PARAMETER (N = 30)
COMMON/DIM1/IT,NR,NZ,PRINTOUT
COMMON/GEN1/DENS(N,N)
COMMON/GEN2/MC(N,N)
DOUBLE PRECISION MC, DENS
INTEGER A,B
FCONDV = 0.032842+9.3E-05*DENS(A,B)+0.004917*MC(A,B)
RETURN
END

DOUBLE PRECISION FUNCTION FPERMV(A,B)
PARAMETER (N = 30)
COMMON/GEN1/DENS(N,N)
COMMON/DIM1/IT,NR,NZ,PRINTOUT
INTEGER A,B
FPERMV = EXP(1/(-0.0256 + 4.98E-

106*DENS(A,B)-0.0744/ALOG(DENS(A,B))))
RETURN
END

DOUBLE PRECISION FUNCTION FPERMH(A,B)
PARAMETER (N = 30)
COMMON/GEN1/DENS(N,N)
DOUBLE PRECISION DENS
INTEGER A,B
FPERMH = EXP(1/(-0.0059 + 2.95E-06*DENS(A,B)

1-0.1986/ALOG(DENS(A,B))))
RETURN
END

DOUBLE PRECISION FUNCTION FPSAT(A,B)
PARAMETER (N = 30)
COMMON/GEN3/T(N,N)
INTEGER A,B
CO=1.3914993
C1=-0.048640239
C2=4.1764768E-5
C3=-1.4452093E-8
C4=-5800.2206
C5=6.5459673
C=T(A,B)+273.15
FPSAT=EXP(CO+C1*C+C2+C**2+C3*C*C*C+C4/C+C5*ALOG(C))
RETURN
END

c Program END
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IF (A .EQ. 1) IR=2
IF (B .EQ. 0) IZ=1
IF (A .EQ. NR+2) IR=NR+1
IF (B .EQ. NZ+1)IZ=NZ




