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Abstract

Hot pressing is an important step in the manufac-
ture of wood composites. In the conventional press-
ing system, hot press output often acts as a constraint
to increased production. Severe drying of the furnish
{e.g., particles, flakes, or fibers) required by this pro-
cess substantially increases the manufacturing cost
and creates air-polluting emissions of volatile organic
compounds, which are a main source of air pollution
from the forest products industry. Wood composites
made in the conventional process have high internal
stress and low dimensional stability and strength. The
development of a pressing technology to improve the
process is limited by the release of vapor pressure
during hot pressing. A perforated caul system may en-
large the area for the moisture to escape from the
board mat during pressing, and thus, make possible
high moisture content (MC) pressing. ®he objectives
of this study are to:
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1. investigate the MC movement through dynamic
control of moisture in hot pressing,

2. determine the thermal conductivity, permeabil-
ity, specific heat of three major wood compos-
ites (medium density fiberboard [MDF], part-
icleboard, and oriented strandboard [OSB]),

3. develop mathematical models for each pressing
stage of the conventional pressing process,

4. develop mathematical models for the vacuumed
perforated platen pressing process to define
temperature, moisture, and vapor pressure gra-
dients in a hot pressing cycle, and

5. gvaluate the vacuum effects on the physical and
mechanical performance of these wood com-

posites.

A preliminary study on perforated platens showed
that the rate of core temperature changes increased
with increasing flake MC and number of platen holes.
Modulus of rupture (MOR) was highest when the MC
was at 8 percent and decreased thereafter as MC in-
creased for all three amounts of platen holes. Internal
bond strength increased with the increase of platen
hole number perunit area at all MC levels except the 2
percent MC level and decreased with the increase of
flake MC levels. This study showed that the perforated
caul had the function of releasing moisture and vapor
pressure during hot pressing.
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Literature Review

Moisture and transfer during hot pressing

In the manufacture of dry-process wood compos-
jtes, resin-coated wood furnishes are consolidated
into panels between two heated platens. The moisture
in a mat is vaporized and transferred in the vertical
and horizontal directions from the mat surfaces.
Since mat edges are the only areas exposed to the out-
side environment, vapor pressure is formed in the
mat and is responsible for problems such as low core
density and internal bond (IB) strength, blows and de-
lamination, and resin wash-in and wash-out effects.
To avoid these problems, wood furnishes are dried to
a low moisture content (MC). The drying process also
results in volatile organic compound (VOC) emis-
sions. The low MC requirement of the conventional
pressing system lowers the production of the furnish
dryer as well as the entire production line. The rigid
requirement on mat MC makes the safety window of
the conventional process very narrow and substantial
losses are incurred. The solution to this problem re-
quires the use of furnish MC that is higher than what
is currently used in commercial plants and an under-
standing of the mechanism of heat and mass transfer
during hot pressing.

The moisture in a mat of a typical dry-process
wood composite panel primarily comes from three
sources, i.e., the furnish, the resin applied to the fur-
nish, and the condensation reaction after the resin
cures. In a typical manufacturing process, mat MC
from the furnish may be between 2 percent to 6 per-
cent based on ovendry furnish weight. For structural
panels, water-based phenol-formaldehyde (PF) resin
is widely used. The solid content of PF resin is about
45 to 50 percent; that is, if 1 percent more of solid
resin is added to a mat, more than 1 percent of water
is also added to the mat. The typical resin content of a
conventional oriented strandboard (OSB) manufac-
turing process is 3 to 6 percent. That means that about
3 to 6 percent of water is added to the mat along with
the resin addition. For the third source, a small
amount of extra moisture is added to the board mat
by combining two resin molecules and splitting off
one water molecule. The total MC of a mat is from 7 to
12 percent, depending on the particular process.

In the process of consolidation, moisture in a mat
first changes to vapor under heat and pressure and
migrates to the cooler areas of the mat core, edges,
and corners along with volatile extractives of the
wood furnish and nonreactive adhesive components
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(Kamke and Casey 1988a, 1988b). The four edges and
corners are the only areas from which the moisture
can escape during hot pressing. Thus, moisture, tem-
pemun'e,andvaporpressuregradientsamefonned
from face to core and from core to edges (Maloney
1977, Stickler 1959, Suchsland 1962). The mat edges
are small compared to the total surface area of the
board. Therefore, only a small amount of moisture es-
capes through the edges and corners; most moisture
is released through the panel faces upon opening of
the hot press (Maloney 1977). Since excessive mois-
ture may cause blows or delamination, the MCin a
conventional process is rigorously controlled in a low
range through drying. _

MC and its distribution are important factors gov-
erning the properties of wood composites. Heat and
moisture soften the wood furnish and facilitate
plasticization so the wood can be bent without break-
ing. It is reported that the optimum condition for
wood deformation is 15 to 20 percent MC at 100°C
(Spelter 1999). The MC of a conventional mat is nor-
mally below this range and high swelling would be ex-
pected after the panels retake moisture. Rice (1960)
found both bending properties and dimensional sta-
bility properties are improved by increasing the mat
MC from 9to 15 percent. Moisture may speed the heat
transfer from face to core (Kamke and Casey 1988b,
Sosnin 1974, Strickler 1959). Drying wood materials
is the dominate source of VOC emissions from the
wood products industry (Englund and Nussbaum
2000). Englund and Nussbaum (2000) showed that
emissions of terpenes and VOC per ovendry weight
rapidly increases when the sawdust MC is reduced to
below 12 percent (Granstrom 2003). Also, high mat
MC may reduce closing time (Maloney 1977), board
moisture adsorption and thickness swelling (Maku
and Hamada 1955), and internal strain (Kelly 1977,
Suchsland 1962). MC adversely influences other pro-
perties. Excessive moisture may cause adhesive cur-
ing problems, longer pressing time, low core density,
and thus low internal bond (IB) strength (Johnson
and Kamke 1994, Kelly 1977, Maloney 1977). High
MC leads to high gas pressure in the mat (Kamke and
Casey 1988b). If moisture is not released sufficiently
during pressing, blows or delamination can occur.

There are techniques to reduce or eliminate the
negative effects of MC and take advantage of its posi-
tive effects. Several endeavors have been implemen-
ted to achieve this goal. One technique is to distribute
higher moisture in the face than in the core to pro-
duce the steam-shock effect (Sosnin 1974, Strickler



1959). Steam-shock is an advance in both pressing
theory and technology. Strickler (1959) showed that
the heat transfer rate increases with increasing face
furnish MC, but modulus of rupture (MOR), modulus
of elasticity (MOE), and IB strength decrease when
the core MC is at 9 percent.

Steam-injection pressing was designed to reduce
pressing time and improve dimensional stability of
wood composites. It includes open and closed sys-
tems. Both systems use perforated platens to heat the
mat through hot steam that is ejected from the holes.
In the closed system, the mat is sealed and consoli-
dated under elevated temperature and pressure (Gei-
mer and Kwon 1999, Geimer et al. 1998, Shen 1973).
At the end of steaming, pressure is released and the re-
maining steam is exhausted to the atmosphere. In the
open system, mat edges are exposed to the environ-
ment, as in the conventional pressing press. Steam is
injected from separately heated platens and the mat is
consolidated by the heat from the platens and the
steam (Geimer and Kwon 1999, Hse et al. 1991, John-
son and Kamke 1994). Composite panels pressed with
the steam-injection method have high dimensional
stability. This was attributed to the combination of
flake plasticization, lignin flow, and chemical modifi-
cation (Geimer and Kwon 1999). However, high MC
in a steam-injected mat results in poor mechanical
properties of the mat. This also is the result in the con-
ventional pressing process when the mat has high a
MC (Palardy et al. 1989). ,

The solution to the problem of high moisture press-
ing is dependent on the release of excessive moisture
in the middle of the hot-pressing process. In a typical
pressing cycle, the steam pressure is highest in the
middle of a mat and diminishes toward the edges,
where the steam is released. It is speculated that one
or both of the two mat faces may be used as avenues
for vapor to escape from the mat during hot pressing
menlargeﬂaemoistme-scapingm:[.ngnewaytoim-
plement this is to have holes in the platens so that the
evaporated steam may be released through the holes
into the atmosphere while the board is being hot
pressed.

Modeling on heat and mass transfer

Heat transfer in a medium or between media is
due to temperature differences. There are three
modes of heat transfer, i.e., conduction, convection,
and radiation. If heat transfer occurs across a me-
dium, then the heat is transferred by conduction.
Convection heat transfer occurs between a surface

and a flowing fluid when they are at different tem-
peratures. Thermal radiation occurs as a surface
emitting energy in the form of electromagnetic
waves. All of these transfer modes are present during
hot pressing of wood composites.

Numerous studies have been conducted on the de-
velopment of mathematical models of heat and mass
transfer in hot pressing. Bolton and Humphrey
(1988) conducted a review of the literature on heat
and moisture transfer. MacLean (1942) and Car-
ruthers (1959) measured the temperature changes in
plywood during hot pressing. Kull calculated heat
transfer in flakeboard and built a one-dimensional
model (1988) to predict the temperature changes in
the mat. Since heat and moisture transfer in compos-
ites during hot pressing occurs in three dimensions,
one-dimensional models can only predict the mois-
ture and temperature changes in the vertical direc-
tion. The one-dimensional model cannot accurately
predict moisture and temperature changes in a mat.
Bowen (1970) evaluated the convection effects, and
Gefahrt (1977) and Kayihan and Johnson (1983) in-
cluded convection effects in their one-dimensional
models.

Humphrey and Bolton (1989) studied the heat and
mass transfer in pressing of particleboard. A mathe-
matical model was developed using a finite difference
method to predict temperature, MC, and vapor pres-
sure changes in the middle of the particleboard mat
during pressing. Both conduction and convection
were included in the modeling and circular boards
were used to simulate three-dimensional hot-press-
ing configurations. The initial temperature increase
predicted by the model fit well with the experimental
results. The developing trend of vapor pressure pre-
dicted by the model agrees with the measured values,
but the predicted vapor pressure values exceed the ex-
perimental ones often by a factor of three. The differ-
ence was partially attributed to the long flow paths
and the absence of press closure in the model. The
model failed to predict the second increase in temper-
ature and was thus valid only for the initial and subse-
quent vaporization stages.

Kayihan and Johnson (1983) developed a one-
dimensional theoretical model for heat and moisture
transfer when pressing particleboard. The model was
based on three simultaneous systems of equations de-
rived by Luikov (27). Both conduction and convection
were included in the model. The model divided a half
of the mat thickness into a number of consecutive
compartments, each of which was divided into two
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phases according to the solid to void ratio: void space
and wood substance. To include the bulk flow of va-
por into the model, a mixing effect was used as a mea-
sure to simulate the bulk- movement from high- to
low-pressure regions. The lateral removal of vapor
was treated as “leakage” in the model. The model can
be used to predict bound moisture, condensed mois-
ture, vapor pressure, density, vapor moisture, and to-
tal pressure profiles at different mat depths. The tem-
perature drops in terms of temperature profiles in the
experiments with fiberboard are consistent with the
concept of “leaking” introduced into the model.

Dai et al. (2001a, 2001b) developed a finite element
model to predict the core temperature, gas pressure,
MC, and VDPs of wood and straw composites. Some
heat conduction and convection parameters were ob-
tained from experiments and others were taken from
the literature. The predicted results of temperature, va-
por pressure, and MC agreed well with the experiment.

Harless et al. (1987) developed a one-dimensional
numerical model to predict the density profile of
particleboard. The model that included heat and
mass transfer simulated the physical and mechanical
processes that occur in the press and mat system. The
closing process was modeled as a series of closing
stages, which are distinguished by input values for
ram area, power supply, and rate of closure. A mat
was described as a series of levels, each of which con-
sisted of two or more mat layers. Mat layers within a
level were assumed homogeneous and identical with
respect to MC, bulk density, and specific gravity. At
the end of any simulated press cycle, the predicted
density profile represents layers at different tempera-
tures and moisture values. Empirical data was used to
calculate the strain development as a function of tem-
perature and stress without consideration of MC.

The glass transition temperature of a polymer; T, is
the temperature that corresponds to a change in slope
when a specific volume is measured againéit tempera-
ture (1983). The amorphous materials in wood, hemi-
celluloses and lignin, are glassy regimes when the
temperature is below T, and rubbery when the tem-
perature is above T,,. For hydroscopic polymer materi-
als such as wood, T, decreases with an increase of MC.
The variation of T, for hemicelluloses and lignin with
MC was described by the Kwei Equation (Kelly et al.
1987). Wolcott et al. (1990) used a one-dimensional
heat and mass transfer model in conjunction with
measured temperature and gas pressure to predict lo-
calized MC. The T, of hemicelluloses and lignin in
wood was tracked through the pressing cycle and com-
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between the two temperatures worked as an indicator
of flake deformation and stress relaxation, which were
used to predict the density profile. The predicted den-
sity gradients agreed well with what was measured ex-
cept when the tracked T, was below the measured tem-
perature (Wolcott et a]g 1990). The accuracy of the
techniques is dependent on the sufficient measure-
ment of the difference between the two temperatures.
For numerical simulation, errors exist to assume a
continuum and local thermodynamic equilibrium, but
errors can be minimized by meshing the simulated vol-
ume sufficiently small. The huge processing capacity
of modern computers can reduce the errors to suffi-
ciently small. The techniques of tracking T, combined
with numerical methods for MC simulation would be
more practical and viable for the prediction of temper-
ature, vapor pressure, and moisture levels as well as
density gradients.

Of course, the main material in wood composites
is wood. Thus, the model used to predict heat and
moisture of wood can be adopted and further devel-
oped to model the heat and moisture transfer of com-
posites. Kamke and Wolcott (1991) simulated the
variation of temperature, vapor pressure, and MC in
a pressing mat based on a mathematical model in
wood drying. The model first defined the environ-
mental conditions surrounding an individual flake
over the entire pressing cycle by estimating the equi-
librium moisture content (EMC) using measured lo-
cal temperature and vapor pressure. Then a one-
dimensional model was developed to describe the
heat and mass transfer inside of the individual wood
flake based on the environmental condition and the
wood-drying model. Modeling implicitly assumed
that the predicted domain was infinitely large and
edge boundaries were neglected. Temperature and
EMC of a flake and average flake MC were estimated
by the model. The predicted temperature variation
agreed with the measurement.

Zombori (2001) developed a two-dimensional
model using a finite difference method to predict the
variation of temperature, vapor pressure, and MC of
single- and three-layer OSB. Modeling was also devel-
oped on the basis of a model on wood drying. As in
most other models, a substantial discrepancy existed
between the predicted and experimental values. The
model qualitatively agrees with the experimental
data. This was attributed to the material’s properties
that were obtained from the literature and not the
ones on which the model was built. However, two ad-



vances were made in this modeling, that is, the inclu-
sion of closing time and heat generated from the exo-
thermic reaction of resin polymerization. A separated
probability model was also developed based on flake
geometry and density and used to simulate the struc-
tural changes of the mat during compression.

Most of the above models began the simulation
from the point after press closure. The heat trans-
ferred by radiation and time difference of the upper
and lower mat surfaces in contacting with the platens
were neglected. Closing time is typically more than 10
percent of the total pressing time. From the moment
when the mat is put in the press to the moment when
the mat is pressed to target thickness, the surface lay-
ersof the mat are warmed and temperature and mois-
ture gradients are formed. Errors would result from
the selection of boundary conditions in a model with-
out including the press closing. The model developed
by Zombori (2001) simulated the entire pressing pro-
cess including closing time, but the predicted temper-
ature and total pressure were poorly correlated with
the experimental measurement in the press-closing
period. Another common strategy of most previous
modeling was the use of one model to simulate the en-
tire period that was modeled. The extremely compli-
cated interactions among heat and mass transfer pa-
rameters, timing, and meshed elements often require
a prohibitive computer run time (Zombori 2001). To
make the simulation procedure practical, the pro-
gram either sacrificed the accuracy of the predi¢tion
by selecting large meshing sizes or reduced the simu-
lated dimensions or pressing time. The heat transfer
mode varies during the pressing period and the mode
transitions are needed to be included in the model. But
most of the above modeling did not explicitly display
themode transition of heat transfer in the modeling.

Thermal conductivity, permeability, and specific
heat depend on material density, MC, and tempera-
ture (Hymphrey and Bolton 1989) as el as furnish
geometry and species. Humphrey and Bolton (1989)
used correction factors in their model to include ma-
terial density, MC, and temperature effects on ther-
mal conductivity, permeability, and specific heat of
particleboard. The parameters used to calculate the
correction factors were mostly not measured from
the boards on which the model was built. Similar situ-
ations exist in most other simulations. The high vari-
ability of particleboards and other wood composites
makes the parameters, i.e., permeability and thermal
conductivity, different from one another. Smith
(1980) noted that vapor removal from the board edges

is a function of particle geometry. The steam dissipa-
tion of flakeboard is slower and the press times are
longer than those of particleboard and MDF. Kamke
and Casey (1988b) found that a more permeable mat
retards the pressure buildup and thus lead to a lower
temperature plateau in the core. The difference in fur-
nish shapes also affects the voids in the boards (Lenth
and Kamke 1996). Quantitative predictions depend
on the accuracy of the material parameters on which
the model is built. The way to generalize the model to
be viable for other materials is to include the material
characteristics in the model.

Current Approach

Modeling conventional pressing

When hot pressing wood composites, the heat to
moisture vaporizes water to vapor, but vaporization is
limited by the vapor pressure in the mat. After platens
contact the mat, heat is transferred mainly by conduc-
tion (Bowen 1970, Kamke and Casey 1988b) and mois-
ture in particles on both mat surfaces is vaporized. Ina
conventional platen system, vapor pressure is formed
in thin layers on the top and bottom of a mat at the be-
ginning of a pressing cycle. Thus, when pressing high
MC furnish, there is sufficient moisture in these layers
and convective heat transfer will play a major role in
addition to conduction (Kamke and Casey 1988b). The
vaporized moisture would be driven by pressure to the
cooler areas in the core, as shown in Figure 1a from A
to B. There would be no heat transfer in the horizontal
direction in this period.

The period from A to B in Figure 1a correspondsto
A to B in Figure 1¢, which shows core temperature
varies with time in a typical pressing cycle. The in-
coming water from the face to the core would in-
crease the pressure in the core and condensation is
possible (Kamke and Wolcott 1991). The condensa-
tion of vapor on particle surfaces gives off latent heat,
which increases furnish temperature. The condensed
water may sink into particles and increase particle
MC. This scenario would prevail throughout the path
of the traveling vapor to the mat core until the core
temperature reaches the vaporizing temperature.
Condensation becomes weaker and vaporization be-
comes stronger as the temperature rises. The entire
process is coupled with the variation in vapor pres-
sure caused by the flake deformation and stress relax-
ation in the core (Kamke and Casey 1988b, Wolcott et
al. 1990). Once the core reaches vaporizing tempera-
ture, incoming vapor and evaporated water from the
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keeps changing before the platens reach target thick-
ness, the conductivity (k), permeability (K), and spe-
cific heat (c) would change with density and tem-
perature. These parameters can be obtained experi-
mentally. Stage I will be further divided into seven
stages, and the heat and mass transfer in each of the
stage will be modeled (Harless et al. 1987). In Stage I,
heat is transferred by both conduction and convec-
tion in the vertical direction for both dynamic and
conventional processes. There would be no heat
transfer in the horizontal direction. In Stage I1I, heat
is transferred by conduction in the vertical direction
and by convection and conduction in the horizontal
direction. There are moisture gradients in both the
vertical and horizontal directions. Vapor pressure
gradients exist in the horizontal but not in the vertical
directions. In Stage IV, heat is transferred by conduc-
tion in the vertical direction and by conduction and
convection in the horizontal direction. There are
moisture and pressure gradients in the vertical and
horizontal directions.

In this study, the Explicit Form of the energy bal-
ance method (a finite difference method) will be used
to simulate the variation of temperature in a three-
dimensional space for each of the four stages (i.e.,Ito
IV). Each stage takes the results of the previous stage
as the boundary or initial conditions. The tempera-
ture variation lines for a pressing cycle can be ob-
tained by connection of the lines from each of the four
stages.

The energy balance method assumes that all heat
flow is into the node. The general form of the energy

balance equation is expressed as:

where:
E;, = energy that flows into the node,
E; = energy generated in the gode, and

Eg = energy that is stored.
In three-dimensional space, each node has six neigh-
boring notes (four are shown in Fig. 2). Energy ex-
change is influenced by conduction and convection be-
tween m, n, k, and its six adjoining nodes, as well as by
generation. Then Equation {2] may be expressed as:

6 [:] . . [3]
Y. dirs(mn k) +2, S(i3>(mn k) + A%, Ay,A2) = Eg
i=1 i=t

where:
Aiy>(mn k) = conduction rate between nodes,

L = &
; omnk imtlnk

P

m, n-1, k

2 AX
Figure 2, — Conduction and convection to an interior
node from its adjoining nodes.

S(iy+(mn k) = convection ratc between nodes,
- and

G(Ax, Ay, Az) = heat generation rate.
According to Fourier’s law, the rate at which energy is
transferred by conduction fromnodem -1, ktom,
n, and k may be expressed as:
ky(AyAz) (TP TP

Ar

wtn b u:nl-)

Glrmd n Mralm s LY = [4]
and the convection transfer rate fromnodem-1,n, k
tom, n, and k is the sum of latent heat of vaporization
of free water and heat produced when liguid water is
adsorbed by an infinite mass of material. It may be ex-
pressed as:
s=(HL +Hyw)D,V,

where:
. Hy = latent heat of vaporization (J kg™,

H,, = adsorption heat (J kg™}),

D, = vapor density (kg m3), and

V, = vapor volume (m>). .
According to Darcy’s and Fick’s laws (Siau 1995), the
vapor volume V,, in Equation [5] can be calculated by
Equation [6]:

_ KAKP] - B?) . DmAp,,GAM

Vy

2LPyn i 100L
where:
K = specific permeability of wood
composites (mz),

A = cross sectional area of flow path (m?),
t = duration of flow period (sec.),
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L = conducting length (m),
P, = upstream pressure (N m™2),
P; = downstream pressure (N m2),
n = vapor dynamic viscosity (kg m-1s1),
Dy, = vapor diffusivity (kg m?s™1),
pw = normal density of water (kg m™3),
G = specific gravity of wood (1,000 kg m™3),
and ,

AM = MC difference (%).
The convection transfer rate from node m -1, n, k to
m, n, and k can be obtained by substituting Equations
[6], Equation (7], and Equation [8] into Equation[5],

s=a f(H,P,RH, K 2% (7]

where:
f(H,P,RH,K,t) (HL Hw)Psat X RH x

2 2
10-¢ x X2%% =K

a = percentage of condensed or evaporated
water (%). '
The heat generated by the exothermic reaction of
glue can be expressed as (Zombori 2001):

2 AF
Eg =Hgp, (8]
where:
Hy = exothermic heat of glue polymerization
Gk,

pg = density of glue (kg m™3), and
AF = reaction index differential.
The energy stored in the node m, n, k may be ex-
pressed as:
prl
B = potytzax ™k~ Tma *l
At
where:
p = localized mass density of the board
mat,
¢ = specific heat (J kg~'K™1), and
At = time increase (sec.).
After the calculation of the convection and conduc-
tion transfer rates from the six neighboring nodes,
Equation [3] can be used to calculate the temperature
of this node. The temperature gradients of each step
and each time period can be obtained through solving
Equation [3] along with boundary and initial condi-
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tions. Since the transfer of heat and moisture is
coupled together, the moisture and vapor pressure
gradients will be obtained simultaneously in the calcu-
lation of temperature gradients.

Modeling the vacuum process

To understand heat and mass transfer in depth,
specially designed perforated platens will be used to
release the vapor pressure during pressing. The hori-
zontal channels connected to the perforations will be
connected to a vacuum. Figure 1a shows the mois-
ture movement in a mat pressed with such a platen
without a vacuum. To accelerated heat transfer, the
vacuum will not be applied before the core tempera-
ture reaches 80° to 100°C. When moisture is vapor-
ized, a part of the vapor produced may descend in the
mat, as in the conventional process. The remainder
finds its way through the holes to the environment, as
shown in Figure 1b. Thus, “U” shapes of vapor tracks
would be expected throughout the mat thickness. Va-
por pressure in regions near holes will be lower than
that in the conventional process. However, perfora-
tions have little effect on heat transfer due to rela-
tively small areas of the holes. After the moisture in
the mat core reaches 80°C to 100°C, most wood fur-
nish throughout the path of moisture is plasticized.
Keeping moisture in the mat any further would be
detrimental to the board. The saturated moisture
would retard the further increase of temperature in
the core (Kamke and Casey 1988b) and wash out the
resin on furnish surfaces. The moisture should be re-
moved as quickly as possible or practical. This is
when a vacuum starts. If a vacuum is applied to the
holes at point B in Figures 1c and d, vapor will be
evacuated and vapor pressure will drop, as indicated
by the dashed line shown in Figure 1d. Also, a nega-
tive pressure will allow possible remaining free water
to be quickly vaporized and evacuated out of the mat.
Parts of the resin that was “washed-in” when the fur-
nish was heated through condensation of water
would likely be “washed-out” to the furnish surface as
the moisture quickly evaporated. The detrimental ef-
fects of “wash-out” can also be reduced or avoided.
This would be achieved by finding the optimum time
to start the vacuum. The core temperature would in-
crease again with the quick removal of moisture and
pressure. The vaporization period, B to C in Figure
1c, will be reduced to B to C’ due to the evacuation of
moisture by the vacuum. Thus, through dynamically
removing the moisture, the pressing time and “wash-
out” effects would be reduced. Little heat transfer oc-



curs from B to C in the parallel-to-face direction due
to the vacuum. The vacuum will be reduced at C’ and
stopped when the press starts to release the board.
Theheat is transferred from C’to D’ by conduction. As
shown in Figure 1d, the vapor pressure (the dashed
line) after evacuation will be much less than the
panel’s IB strength, and thus blows or delamination
would not occur: Table 1 summarizes the analysis of
heat transfer in a typical pressing cycle.

Four kinds of flow can accur in wood (Siau 1995):

1. viscous or laminar,

2. turbulent,

3. nonlinear, and

4. molecular slip flow or Knudsen diffusion.
The laminar flow occurs when the Reynolds’s number
is below about 2,000, at which point an external force
causes a smooth, streamlined flow with no turbu-
lence. In the simulation of the conventional pressing
process, a laminar flow was assumed and Darcy’s law
was used to describe the mass transfer. When the
Reynolds’s number exceeds the critical values, lami-
nar flow begins to break down and eddies and distur-
bances occur. The flow under this condition is turbu-
lent flow. When a vertical vacuum is applied to the
mat in the isothermal pressing stage, air and vapor
are evacuated from capillary-pore regimes and turbu-
lent flow equations are needed to describe the mass
and heat transfer. Under the turbulent conditions, an
exponential relationship exists between the flow rate
and pressure differentials rather than the linear rela-
tionship described by Darcy’s law, as shown in Equa-
tion [6]. The governing equation for turbulent flow is
given below (Kuiko 1966, Siau 1995):

t
Q=.__L}p(l ___) 1479#3:;7 (A,f] [10]

where:

A = area of pores (mz), -
k = permeability of wood composites (m?),
AP = pressure differentials (Pa),

S = a constant,

7 = viscosity of vapor (kg m"s‘l),

r = diameter of a capillary (m), and

p = density of vapor (kg m™3).
The first term on the right of the Equation is the flow
rate in the capillary-porous regions formed between
particles, and the second term on theright is the capil-
lary flow rate inside particles.

The perforations in the platens will be separated by
an equal distance. In modeling, a grid will be visually
superimposed over the board domain. Each hole will
be located at the center of one element area in the
grid. A finite difference method will be used to simu-
late the variation of temperature, vapor pressure, and
MC in the pressing mat. Since the evacuation is un-
steady state mass transfer, the time differential will be
small to have an accurate simulation. The turbulent
modeling will start from the isothermal stage and will
model each element volume to save computer-pro-
cessing time. The solution of one element will be the
boundary and initial conditions of surrounding ele-
ments. Heat transfer in the vacuum period is assumed
to be conduction.

Results from a Preliminary Study-

The experimental variables of this study included
three levels of platen hole number (PHN) (no holes is
PHN{; low nuinber of holes is PHN2; and high num-
ber of holes is PHN3) and five levels of flake MC (2%,
8%, 12%, 17%, and 20%). For each PHN level, the
holes were uniformly distributed throughout the alu-
minum platens, which were 0.32 cm (1/8 in.) in thick-
ness. Figure 3 illustrates one design of the platens.

Southern pine (Pinus sp.) flakes were obtained
from a local OSB company in central Louisiana. The
flakes were further hammermilled into smaller flakes
using a motor miller (Industrial Plus manufactured
by Briggs & Stratton Corp., model 133412) at 8 per-
cent MC. The particles were screened on a 6-crn mesh
screen, and particles on the screen were then uni-
formly divided into five groups. Five moisture treat-
ments were randomly applied to the five groups of
particles with each group receiving one treatment.
The group with a targeted MC of 2 percent was
ovendried. The other four groups of particles were
conditioned according to the targeted MC of the
group in a conditioning chamber. The PF resin used

Schematic diagram of a perforated caul

Figure 3. —
used in the manufacture of flakeboard: (a) a caul platen
and (b) dissection of a particular hole on the caul.
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was obtained from Borden Chemical Company. The
solid content of the resin was 51 percent.

Panels were made with a resin content of 4.5 per-
cent. Resin was applied to the particles in a drum
blender by an air-atomizing nozzle. The targeted den-
sity of the boards was 0.65 g/cm®. The target thickness
of the boards was 12.7 mm. In the middle of the form-
ing operation, thermal couple wires were buried in
the geometric center of the randomly formed mats to
measure the temperature changes of the mat core
during hot pressing. After forming, one of the treat-
ment platens (no holes, low PHN, high PHN) was ran-
domly selected and put on the top of the formed mat
as the upper platen. Two boards were made for each
combination of MC and PHN variables. For each
board, the temperatures of the core were recorded im-
mediately after the pressure reached the maximum
and kept recording until the opening of the press.

The boards were tested for MOR, MOE, and inter-
nal bond (IB) strength, water absorption (WA), and
thickness swelling (TS) according to the ASTM
D1037-98.

Temperature changes of the board core with press-
ing time for the five MCs and three PHN levels are pre-
sented in Figure 4. Each temperature-time line in

Figure 4 can be divided into three parts. The first part
is the linear increase part of the temperature-time
lines. The water in the board core began vaporizing at
the end of this period, which lasted 1 to 2 minutes af-
ter press closure, depending on mat MC. Vaporizing
temperatures (VTs) of PHN1 were the highest at the
five flake MC levels and all greater than those of other
PHN levels. The VTs of boards pressed with PHN3
(i.e., the highest hole density) were the lowest and
were almost equal to 100°C for the five moisture lev-
els. Since the vapor pressure is proportional to tem-
perature, the vapor pressure inside the mat for PHN3
level was similar to that of ambient conditions.

One benefit of a high MC is the quick heat transfer
from board face to core, or the “steam-shock” effect
(29). To analyze the effects of MC on heat transfer
from board face to core, linear regression analyses
were conducted for the data that represented the lin-
ear part of the temperature-time lines in Figure 4.
The slopes (°C/sec.) of the regression lines are summa-
rized in Table 2. As shown in Table 2, the holes on the
platens slowed the heat transfer from panel face to
coreat a flake MC below 13.7 percent and had little ef-
fect after this MC point. However, the heat transfer
rates increased with the increase of mat MC for all

MC: 2.1% MC: 8.7% MC: 13.7% MC: 17.0% MC: 19.7%
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Figure 4.

Core temperature increases with pressing time of flakeboard in a new caul system.

Table 2.— Regression slope values (°C/sec  of the linear parts in temperature-time lines of boards as affected by number of

platen holes (PHN) and MC conditions.®

Targeted MC (%) 20 80 13.0 170 200

Actual MC (%) 2.1 8.7 13.7 17,0 19.7
PHNI® 2.08 (0.066) 2.89(0.105) 2.77(0.038) 3.27(0.066) 421(0430)
PHN2 2.08 0.032) 2.85(0.133) 2.48 (0.095) 3.15(0.501) 4.19(0.522)
PHN3 205(0.054)  2.66(0.275) 2.54 (0.142) 3,70 (0.145) 4.53 (0.297)

'me:wepresemdtcsmdﬁdm

b PHN represents platen hole number: PHN1 -~ no holes; Pm—hwhdemmba(bledmz);andPHN3-lﬂghholenumber(bdahnz).
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platen number levels. The average temperature rising
rates were 3.04°, 2.95° and 3.10°C per second for
PHN1, PHN2, and PHN3, respectively; for different
MC levels, the average rates were 2.07°, 2.80°, 2.60°,
3.37°, and 4.31°C per second for 2.1, 8.7, 13.7, 17.0,
and 19.7 percent flake MC, respectively.

The second part of the temperature-time lines was
from the time when vaporization began to the time
when core temperature increased again. Moisture in
the mat was vaporized in this period. This period
lasted from seconds for 2.1 percent MC to more than 2
minutes for the 17 percent MC for both PHN2 and
PHN3. It is noted that the second part never came to
an end in the pressing cycle for PHN1 for the flake MC
of 17 percent and 19.7 percent. The time used in this
period increased with increasing MC and decreased
with increasing PHN.

The rest of the temperature-time line is the third
part. For the last two flake moisture levels, the third
part never came to the PHN1 (17% and 19.7%) be-
cause the press was opened before the temperature
increased. The highest temperature reached at the
end of pressing cycles decreased with increasing flake
MCs.

After the boards were pressed, no blow or de-
lamination was found with furnish MC up to 17 per-

Table 3.

cent even though total mat MC was about 22 percent
for the fifth group furnish. Although boards pressed
with PHN1 did not fail, the bonding between flakes
was weak. Boards with 19.7 percent moisture level
were delaminated except for one board of PHN3.

Average values and standard deviations of the phy-
sical and mechanical properties of tested flakeboard
specimens are summarized in Table 3. Most boards
at 19.7 percent flake MC were delaminated, and the
data for these boards was not available. The VDPs of
different MC and PHN levels are shown in Figure 8.

Moisture had significant effects on flexural proper-
ties. Figure 6 shows that both MOR and MOE
reached the highest level when the flake MC was
about 9 percent. It is evident that the flexural proper-
ties of boards at 2.1 percent flake MC were inferior to
those of boards at other MC levels except MOR at the
19.7 percent level. Both MOR and MOE decreased
with an increase in MC after the 9 percent flake MC.
Both MOR and MOE of PHN3 were lower than the
other two PHN levels. However, PHN1 and PHN2 lost
more strength than PHN3 as the MC increased from
8.7 to 17.0 percent.

1B values of boards at different PHN and MC levels
are shown in Table 3. As expected, a high MC deep-
ened the VDP curves for platens without holes; while

Physical and mechanical properties of flakeboard pressed by a new caul system at the five flake MC levels. ©

Specific
FMC* Platen type® gravity

MOR MOE B TSb WwAb NTs¢
@ e --(MPa)-----=c---- e (%) - -
2.1 PHN1 0.66(0.012) 16.8(0.73)  2895(30.5) 0.496(0.030) 30.78(2.15) 94.12(1.67) 14.90().77)
PHN2 0.67(2.007) 16.7(1.33) 2817(146.0) 0.541(0.028) 30.20(1.28) 95.55(3.33) 14.43(D.67)
_ PHN3 0.65(0.014)  153(0.99) 2867 (83.8) 0.545(0.027) 32.43(225) 95.48(3.92) 13.67(2.62)
R7 PHN1 0.63(0.008) 233 (0.52) 3827(159) 0.563(0.023) 31.49(1.46) 79.97(2.20) 17.31(2.53)
PHN2 0.68 (0.016)  23.7(1.63) 3858(115.6) 0.625(0.016) 32.00(3.21) 81.14(3.38) 14.82(2.89)
PHN3 0.65(0.016) 20.8 (0.81) 3335(84.6) 0.580(0.022) 32.14(147) 86.71(1.88) 16.42(1.52)
127 PHN1 0.67 (0.018) 22.740.45) 3731(1522) 0.295(0.013) 42.10(229) 84.51(1.08) 26.34 (3.64)
PHN2 0.69 (0.015) 22.4(1.72) 3629 (204.0) 0.333(0.016) 36.65(1.20) 86.98 (1.61) 21.23(0.29)
PHN3 0.68 (0.011)  18.9(1.21) 3198(162.9) 0.386(0,015) 35.69(2.73) 90.74(2.34) 19.52(1.23)
A PHN1 0.65(0.014)  17.9(1.81) 3543 (166.6) 0.124 (0.008) 41.21(4.61) 92.72(3.54) 24.56 (3.41)
PHN2 0.67 (0.009)  18.3(1.15) 3437 (186.4) 0.144(0.008) 35.59(249) 91.49(2.72) 18.58(2.28)
PHN3 0.67(0.003) 16.5(1.21)  3357(952) 0.159(0.009) 40.36(291) 91.80(2.18) 22.08 (2.20)
197 PHN1 B® B B B B B B
PHN2 0.66 (0.009) 15.1(0.51) 3602 (62.1) B B B B
PHN3 0.68 (0.009) 17.3(0.46) 3609 (47.0) 0.096 (0.015) B B B

2 FMC is flake moisture content; NTS is non-recoverable thickness swelling. Values in parentheses represent standard error.
b TS and WA were measured after 48-bhour soaking.
€ PHN represents platen hole number: PHN1 - no holes; m-mmmwm—mmmwmwm?;
¢ NTS was measured after 216-hour soaking.
€ Some boards in this group blew; property values are unavailable.
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Figure 5. — VDPs of flakeboard pressed at five levels of flake MC and three platen hole numbers (PHN): (a) 2.1 per-
cent MC; (b) 8.9 percent MC; (c) 13.7 percent MC;: and (d) 17.0 percent MC. PHN 1 - no holes; PHN2 - less holes; and

PHN3 — more holes.

Figure 6. — Effects of PHN
and MC on (a) MOR and
(b) MOE of southern pine
flakeboard.

MC %) [] 10 y 20
(a) o

there was little difference in the VDP for PHN3 in the
four MC levels. IB strength of the boards increased
with the number of holes on the platens. To compare
the difference in IB values among three PHNs at each
MC level, pairwise comparisons were made and the
resulting p-values of t-tests are listed in Table 4. At 2.1
percent MC level, PHN had no effects on the bonding
properties of flakeboard. Since some moisture was re-
leased from the board mat once it was vaporized dur-
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ing hot pressing, the “wash-in” and “wash-out” effects
were reduced at high MC levels. When the flake MC
was 13.7 percent, IB strength increased by 12.9
percent and 30.8 percent as the PHN increased from
1 to 2 and from 1 to 3, respectively. The same per-
centages of increase were found when the flake MC
was 17 percent.

TS and WA after 48-hour soaking and non-
recoverable TS after 216-hour soaking are presented



Table 4. — p-values of two-tail t-tests of IB strength

among three platen hole number (PHN) levels of flake-

board pressed at the five MC levels.

Flake MC PHN1 to PHN2 PHNI1 to PHN3 PHN2 to PHN3
(%)

2.1 0.146 0.126 0915

8.7 0.036® 0.593 0.106
13.7 0.094 0.000® 0.031°
170 0.762 0.008b 0.061
19.7

2 Boards in this group blew; most property values are unavailable.
b Values are significant at the 5 percent significant level.

Table 5. — Regression slope values of relationship be-
tween WA and TS as affected by PHN and MC conditions.®
Target MC (%) 2 8 13 17

Actual MC (%) 2. 8.7 13.7 17.0

PHN1® 0.16 (0.01) 026 (0.04) 0.36 (0.06) 0.36 (0.05)
PHN2 0.13 (0.02) 0.23(0.06) 0.31(0.02) 0.28 (0.03)
PHN3 0.17 (0.02) 0.27 (0.04) 0.26 (0.03) 0.33 (0.03)

® Values in parentheses are standard error.
bmmmmmm1-mmm-
low hole number(holes/m?2); PHN3 - high hole number (holes/m?).

in Table 3. Flake MC had significant effects on TS,
WA, and non-recoverable TS (NTS). Both TS and NTS
increased as MC increased from 8.7 to 13.7 percent.
PHN had no effects on TS and WA, but had significant
effects on NTS. NTSs were significantly reduced
when the boards were pressed with perforated plat-
ens (Table 3).

The linear relationship between WA and TS was
found by Lehmann (1978). A similar relationship be-
tween WA and TS was found in this study. The slope
values of this linear relationship are p¥esented in Ta-
ble 5. Slope values increased as flake MC increased
from 2.1 to 13.7 percent. This indicates that boards
pressed at a high flake MC swelled more after soaking
unit percentage of water than the boards pressed at a
low flake MC. PHN had no effect on the slope values.

Conclusions

The preliminary results show that the perforated
caul had the function of releasing moisture and vapor
from the mat during hot pressing. In the current
platen design, boards can be pressed without blows
up to 17 percent flake MC. The perforated caul

changed the heat and mass transfer properties’ of
board mat during hot pressing. Flexural and bonding
properties of flakeboard were negatively correlated
with increasing flake MC when the flake MC was
greater than 8.7 percent. IB strength of boards
pressed at moderate to high flake MC was signifi-
cantly improved with increasing PHN levels. Dimen-
sional stability in thickness was negatively correlated
with flake MC and improved with increasing PHN lev-
els. Our current and future research include:

1. establish a heat and mass transfer database and
finite difference models that quantitatively sim-
ulate a pressing cycle of particleboard, OSB,
and MDF for both conventional and dynamic
pressing systems,

2. ascertain the gas permeability of particle-
boards, OSB, and MDF as affected by density
and MC,

3. determine the thermal conductivity of particle-
board and OSB as affected by density, MC, tem-
perature, and furnish sizes, and

4. develop a dynamic pressing system to optimize
the properties of wood composites.

Literature Cited

American Society for Testing and Materials (ASTM). 1998.
Standard methods of evaluating the properties of wood-
base fiber and particle panel materials. D1037-98. Philadel-
phia, Pa.

Bolton, AJ. and PE. Humphrey. 1988. The hot pressing of
dry-formed wood-based composites. Part I. A review of the
literature, identifying the primary physical processes and
the nature of their interaction. Holzforschung. 42(6):
403-406.

Bolton, AJ., PE. Humphrey, and PK. Kavvouras. 1989a. The
hot pressing of dry-formed wood-based composites. Part
II. Predicted vapor pressure and temperature variation
with time, compared with experimental data for laboratory
boards. Holzforschung. 43(4):199-206.

Bolton, AJ., PE. Humphrey, and PK. Kavvouras. 1989b. The
hot pressing of dry-formed wood-based composites. Part IV,
Predicted variation of mat moisture content with time.
Holzforschung. 43(5):265-274.

Bowen, M.E. 1970. Heat transfer in flakeboard during press-
ing. Ph.D. Thesis. Colorado State Univ.

Carruthers, J.E.S. 1959. Heat penetration in the pressing of ply-
wood. Forest Prod: Res. Bull. 44. HMSO., London.

Choong, E.T, FO. Tesoro, and FG. Manwiller: 1974. Perme-
ability of twenty-two small diameter hardwoods growing on
southern pine sites. Wood Fiber: 6(1):91-101.

Dai, C., C. Yu, and B. Wang. 2001b. Modeling of OSB hot press-
ing processes. Technical report, Forintek Canada Corp. 18

PP
Dai, C.C., W. Wasylciw, and J. Jin. 2001a. Pressing behavior of

wood and straw composite boards. In: Proc. of the Utiliza-
tion of Agricultural and Forestry Residues Symp. Oct. 31-

l’iao, Shmv and Hse ¢ 39



Now. 3, 2003. Jiangsu, China. Science & Technique Litera-
ture Press. 405 pp.

Englund F. and R.M. Nussbaizm. 2000. Monoerpenes in Scots
pine and Norway spruce and their emission during kiln dry-
ing. Holzforschung. 54(5):449-456.

Gefahrt, J. 1977, Zur Spaneerwarmug mit Hochfrequenzener
gie - Modell zur Berechnung des Temperaturverlaufes in
Vliesmitte bei der HeiBpressung. Holz Roh- Werhstoﬁ.
35(5):183-188.

Geimer, R.L. and J.H. Kwon. 1999, Flakeboard thickness swell-
ing. Part II. Pundamental response of board properties to
steam injection pressing. Wood Fiber Sci. 31(1):15-27.

Geimer; R.L., J.H. Kwon, and J. Bolton. 1998, Flakeboard thick-
ness swelling. Part 1. Stress relaxation in a flakeboard mat.
Wood Fiber Sci. 30(4):326-338.

Granstrom, K. 2003. Emissions of monoterpenes and VOCs
during drying of sawdust in a spouted bed. Forest Prod. J.
53(10):48-55.

Harless, TE., F.G. Wagner;, P.H. Short, R.D. Seale, P.H. Mitchell,
and D.S. Ladd. 1987. A model to predict the density profile
of particleboard. Wood Fiber Sci. 19(1):81-92.

Hse, C.Y,, R.L. Geimer, W.E. Hse, and R.C. Tang. 1991. Effect of
resin variables on properties of steam-press cured flake-
boards. In: Proc. of the Adhesives and Bonded Wood Symp.
Nov. 19-21, Sesttle, WA, C.Y. Hse, B. Tomita, and S. 1.
Branham, Ed.

Humphrey, PE. and AJ. Bolton. 1989. The hot pressing of
dry-farmed wood-based composites, Part II. A simulation
mode] for heat and moisture transfer, and typical results.
Holzforschung. 43(3):199-206.

Johnson, S.E. and FA. Kamke. 1994. Characteristics of phe-
nol-formaldehyde adhesive bonds in steam injection press-
ed flakeboard. Wood Fiber Sci. 26(2):259-269.

Kamke, FA. and L.J. Casey. 1988a. Gas pressure and tempera-
ture in the mat during flakeboard manufacture. Forest Prod.
J. 38(3):41-43.

Kamke, FA.and L.J. Casey. 1988b. Fundamentals of flakeboard
manufacture: Internal-mat conditions. Forest Prod. J.
38(6):38-44.

Kamke, FA. and S.E. Johnson. 1991, Phenolic resin interaction
during steam-injection pressing of flakeboard. /n: Proc. of
the Adhesives and Bonded Wood Symp. Nov. 19-21, Seattle,
WA, Chung. Y. Hse, Bunichiro Tomita, and Susan J.
Branham, Ed. *

Kamke, FA. and M.P. Wolcott. 1991. Fundamentals of flake-
board manufacture: Wood-moisture relationships. Wood
Sci Tech. 25:57-71.

Kelly M.W, 1977. Critical literature review of relgtionships be-

tween processing parameters and physical properties of
particleboards. Publ. No. 5065. N. Carolina Agri. Expt. Sta.,
Raleigh, NC.

Kelly, S.S., T.G. Rials, and W.G. Glasser. 1987. Relaxation be-
havior of the amorphous components of wood. J. Mater. Sci.
22:617-624.

40 ¢ Recent Developments in Wood Composites

Kayihan, F. and J.A. Johnson. 1983. Heat and moisture move-
ment in wood composite materials during the pressing oper-
ation - A simplified model. In: Numerical methods in heat
transfer; Vol. 2:511-531. R.W. Lewis, K. Morgan, and BA.
Schreffler, Ed.

Lenth, CA. and FA. Kamke, 1996. Inmgaﬁonsofﬂakebomﬂ
mat consolidation. Part 1. Characterizing the cellular struc-
ture. Wood Fiber Sci. 28(2):153-167.

Luikov, A.V. 1966. Heat and mass transfer in Capillaryporous
bodies. Pergamon Press, London.

Maku, T. and R. Hamada. 1955. Studies on chipboard. IL
Swelling properties of chipboard. Wood Res. Kyoto Univ.
15:53-59.

Maloney, TM. 1977. Modern Flakeboard and Dry-Process Fi-
berboard Manufacturing. Forest Products Society, Madi-

son, WI.

MacLean, J.D. 1942. The rate of temperature change in wood
panels heated between hot platens. USDA Forest Products
Lab. Report 1299, Rev 1960.

Palardy, R.D, B.A. Haataja, S.M. Shaler; A.D. Williams, and TL.
Laufenberg. 1989. Pressing of wood composite panels at
moderate and high moisture content. Forest
Prod. J. 39(4):27-32.

Rice, J.T. 1960. The effects of selected variables on the proper-
ties of flatpressed flakeboards. M.S. Thesis, Dept. of Wood
and Paper Sci., North Carolina State Univ, Raleigh, NC.

Shen, K.C. 1973, Steam-press process for curing phenolic-
bonded Forest Prod. J. 23(3):21-29.

Smith, D. 1980. Consideration in press design for structural
boards. In: Proc. of the 14th International Symposium on
Particleboard, April 2-5, Washington State Univ., Pullman,
WA. T. Maloney, Ed.

Sokunbi, O.K. 1978. Aspects of particleboard permeability.
M.Sc. Thesis, Univ. of Wales, UK.

Sosnin, M.J. 1974. Untersuchung der Elastizitat und Verform-
barkeit der Spanvliese bei der Spanplattenpressung. Holz-
terchnologie. 15(1):45-48.

Spelter, H. 1999. Steam has potential to reduce thickness swell
but obstacles must be overcome. Panel World, Sept. pp.
49-51.

Strickler, M.D. 1959. Effect of press cycles and MC on proper-
ties of Douglas-fir flakeboard. Forest Prod. J. 9(7):203-215.

Suchsland, O. 1962. The density distribution of flakeboards.
Michigan Agri. Expt. Sta. Quarterly Bulletin, Michigan
State Univ. 45(1):104-121.

Ward, .M. 1983. Mechanical properties of solid polymers, 2nd
ed. Wiley-Interscience. New York, NY.

Wolcott, M.P,, EA. Kamke, and D.A. Dillard. 1990. Fundamen-
tals of flakeboard manufacture: Viscoelastic behavior of the
wood component. Wood Fiber Sci. 22(4):345-361.

Zombori, B.G. 2001. Modeling the Transient Effects during the
Hot-Pressing of Wood-Based Composites. Ph.D. Diss., Vir-
ginia Polytechnic Institute and State Univ., Blacksburg, VA.
Pp- 212.






Recent Developments in
Wood Composites

Edited by
Todd E Shupe -

Associate Professor,

Louisiana Forest Products Development Center,
School of Renewable Natural Resources,
Louisiana State University Agricultural Center,
Baton Rouge, Louisiana, USA

Zs
.y

Forest Products Society
2801 Marshall Court
Madison, WI 53705-2295
phone: 608-231-1361
fax: 608-231-2152

www.forestprod.org



Table of Contents

Assessment of Screw Holding and Other Property Variations of Canadian
Furniture-Grade Particleboards
by Emmanuel K. Sackey, Kate E. Semple, Je Jun Park, and Gregory D. Smith .1

Properties Survey of Furniture-Grade Particleboard: MS and M2 Grade
Comparison and a Practical In-Situ Test for Internal Bond Strength
by Kate E. Semple, Emmanuel Sackey, He Jun Park, and Gregory D. Smith. .. .. 9

Flexural Properties, Internal Bond Strength, and Dimensional Stability of
Medium Density Fiberboard Panels Made From Hybrid Poplar Clones
by Jun Li Shi, S.Y. Zhang, Bernard Riedl, and Gilles Brunette. . . ...... 7

Dynamic Control of Moisture During Hot Pressing of Wood Composites
by Cheng Piao, Todd F. Shupe, and ChungY. Hse. . ... .. ......oconuee. .o+ 27 Y4

Compression Behavior of Resinless Oriented Strandboard Mat:
“Effect of Internal Mat Environment and Void Volume Fraction
by Jong N. Lee, Layne T. Watson, and Frederick A. Kamke . . . 41

Properties of Bio-Based Medium Density Fiberboard
by Sangyeob Lee, Todd F. Shupe, and Chung Y. Hse . . . .................... 845

Manufacturing Particleboard from Under-Utilized Species in Oklahoma
by Salim Hiziroglta. . . . ... oo oo 59

Development of Binderless Particleboard from Kenaf Core Using
Steam-Injection Pressing
by Jianying Xu, Ragil Widyourini, Guangping Han, E.D. Wong, Yuzo Okudaira,
and ShUuichi KAWaL .. ... ..ovoeeeeeneeeatacesosenesasossssesnasnans 65

*V



Optimizing Natural Fiber-Reinforced Polymer Composites Through
Experimental Design
by Rupert Wimmer, Andrea Ganz, Gtinter Wuzella, and Rudolf Kessler. . . . . 73

Characterizing Wet-Process Hardboard Manufacture by the Use of
Experimental Design
by Thomas Hutter, Rupert Wimmer, and Rudolf Kessler . . .. ... 81

Heterogeneous Nucleation of a Semicrysﬁa]]ine Polymer on Fiber Surfaces \
by Sangyeob Lee, Todd F. Shupe, Leslie H. Groom, and Chung Y. Hse . . .. @



