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(Abstract)

The objective of this research based on both the theory and experimentation was to prove that
the total pressure difference is the primary driving force during the vacuum drying. The theoretical
drying rates of diffusion, free water bulk flow and water vapor bulk flow were calculated and
compared. The concept of equilibrium moisture content under the vacuum was developed. The
theoretical maximum moisture content drop in one cycle was calculated using energy balance. The
model was developed for the vacuum drying to understand the mechanism of the vacuum drying
including the boiling front and its movement.

To evauate the effect of the sample sze on the drying rate, four different thicknesses (1, 1.5,
2, 2.5 inches) and three different lengths (5, 10, 15 inches) were used. In the cyclic drying, the
gpecimens were heated to the 60°C. The vacuum was pulled to about 18 mm Hg. The vacuum pump
was kept running for 140 minutes. It was found that in cyclic vacuum drying, drying rate was not
affected by the thickness. However, it was affected by the length. The cyclic drying curve consisted
of two distinct parts. Thefast drying period lasted about 10 to 20 minutes. The slow drying period
occurred next when the pressure inside wood got close to the ambient pressure.

In end grain vacuum drying, the specimens were coated with wax, wrapped in the plastic film
and inserted into arubber tube to prevent the moisture loss from the side surfaces during drying. The
goecimen Szewas 1x1x10 inches. Red oak and white oak were sealed and dried in both cyclic and
continuous vacuum drying. The results showed that sedled specimens dried amost as fast as unsealed
specimen. There was little moisture loss from the Side surfaces. There was a moisture gradient along
the length in both cyclic drying and continuous vacuum drying.

Red oak specimens of 2.5x1.5x10 inches were used to study the boiling front in the vacuum

drying. Inorder to detect the boiling phenomenon, the saturation pressures were calculated and were



compared with the pressures at the same time and the same location. Boiling occurred during drying
and the boiling front retreated to the center of wood as drying proceeded. The retreating speed
depended on the heat supply and the permeability.

Vacuum drying at room temperature was investigated. The specimens were dried at 20°C
and pressure near 18 mm Hg. The results showed that wood can be vacuum dried at room
temperature with little or no degrade at a reasonable drying rate.

All experimental results support the objective of this study that the primary driving force is

the total pressure difference.
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1. Introduction

Current vacuum drying technology has its beginning in 1962. Recently, it has gained a
renewed interest in both industry and research. An increase in vacuum drying is expected in the near
future, especidly in Europe and Asa. In vacuum drying, lumber is placed in atight drying chamber,
and the vacuum system pulls a vacuum on the lumber. Wood is theoretically dried with moisture
evaporation at low boiling temperatures (usually about 40°C). In cyclic vacuum drying, the lumber
is heated intermittently by hot air convection. After the wood has reached the required temperature,
avacuum is pulled on the lumber. The drying continues until the drying rate is very small, at which
time the cycleis repeated.

Many studies have been conducted on vacuum drying, from which it has been found that
vacuum drying significantly shortens the drying time, especialy for thick lumber, and the drying
qudity isusudly good. Vacuum drying is often used for high valued species or for alarge dimension
lumber. However, little work has been done on the theoretical aspects of vacuum drying. Lack of
technica information and operating procedures has reduced the utilization of this drying technology.

Bulk flow and diffusion are two forms of water transportation inside the wood. Generally,
it isrecognized that free water bulk flow (FWBF) controls moisture movement at moisture content
(MC) above fiber saturation point (FSP) and diffusion controls the moisture movement at MC below
FSP. Little is known about water vapor bulk flow (WVBF) which is driven by the total pressure
difference. WVBF strongly depends on the gas permeability of wood. In vacuum drying, thereisa
total pressure difference within the wood. This causes mass flow of water vapor from the center to
the surface. It is essential to study WVBF in vacuum drying when water movement is no longer
entirely diffuson controlled. It iswell documented that permeability affects the vacuum drying rate,
and that wood is much more permeable in the longitudinal than in transverse directions. However,
the effect of anisotropy of wood permeability on the vacuum drying has not been studied in detail.

It is expected that there is a significant difference in the moisture transport between the longitudinal



and transverse directions since the ratio of hardwood longitudina permeability to transverse
permesbility is usualy more than 30,000. Also, there is some controversy on various issues, such as,
whether water is boiling inside the wood. It is still uncertain whether most moisture is transferred
in steam (vapor) or liquid form and what role the total pressure difference plays as adrying forcein
vacuum drying.

Drying involves the water removal and heat supply to the wood, both of which affect the
vacuum drying rate. It isimportant to know how they function in vacuum drying. Thiswill help
understand the influence of the thickness and length of specimen on the drying rate. It is unknown
how much of water is transferred longitudinally and removed from the end grain surface during
vacuum drying. Vacuum drying isfast and the drying rate is determined by the heat supply whichin
turn is controlled by the ambient temperature. The higher the ambient temperature is, the higher is
the drying rate. The evaporation rate from the wood surface is large even at room temperatures. It
isinteresting to observe the vacuum drying rate when the ambient temperature is reduced to room
temperature.

Although vacuum drying can significantly shorten the drying time, the checking (surface
checks and internd checks) remainsamgor problem. Also, the moisture gradient along the thickness
is generdly quite steep in vacuum drying, even higher than in conventional drying (Kanagawa and
Yisyima 1993). The mechanism of vacuum drying needs to be investigated in order to understand
the cause of defects such as checking.

Oaks (Quercus spp.) are the most important and most abundant hardwoods in the North
Temperate Zone. They constitute about 40% of the hardwood volume in the U.S. Lumber and
veneers made from oaks have excdlent quality and outstanding beauty. Oaks account for nearly 30%
of dl hardwood lumber used in the furniture industry and are used extensively in both residential and
indugtrid flooring. White oak has lower permesbility than red oak because of the presence of tyloses
in white oak. Due to the importance of oaks and the difference between the permeability of white

oak and red oak, they are chosen as the woods for this research.



2. Hypothesis and Objective

2.1. Hypothesis
Vacuum drying of wood is based on the fact that the boiling point of water is substantially

lowered when the atmospheric pressure over it islowered. By lowering the atmospheric pressure,
apressure gradient inside the wood develops. As the wood temperature approaches or exceeds the
boiling point of water, water vapor israpidly generated and hydrodynamic bulk flow results from the
pressure gradient. Under this condition, the wood permeability may be the dominant factor
controlling moisture movement. The two hypotheses are,
(1) If permesability is an important factor, the anisotropy of permeability
should reveal that moisture transferred in the longitudinal direction will be
much larger than in the transverse direction.
(2) If abailing front (transition location which separates boiling and
non-boiling regions) exists in vacuum drying, then, from the boiling front to the
surface, the total pressure difference is a major driving force. The moisture
transferred in the boiling region isin steam form by WVBF, and Darcy's law
is gpplicable. From the bailing front to the center, the drying mechanism is the

same as in conventional kiln drying.

2.2. Objectives

The overal god isto investigate the mechanism of vacuum drying. Detailed understanding
of moisture transport during vacuum drying can lead to a method to monitor and control the drying
rate in order to improve the vacuum drying process. The objectives of this study are to show, based
on measurement of the pressures and temperatures at different locations inside the lumber together
with the assumed permeability values, that:

(1) Totd pressure difference isthe maor driving force which controls

the vacuum drying rate.



(2) Moisture is removed mainly in the longitudinal direction and
moisture moves in steam form.
(3) Boiling occurs inside the wood. There is a boiling front and the

boiling front moves toward the center of the lumber as drying proceeds.



3. Literature Review

3.1. Mechanism of M oisture M ovement
3.1.1. Energy State of Moisturein Wood

Kinetic and potential energies are the two principle forms of energy. Kinetic energy is
proportiona to the velocity squared. Since the movement of water in wood is quite slow, the kinetic
potentia is generally negligible (Siau 1984). On the other hand, the potential energy, which isdue
to position or internal condition, is of primary importance in determining the state and movement of
water in wood. Water moves constantly in the direction of decreasing potential energy.

The rate of decrease of potential energy with distance is the moving force which causes
moisture flow. The forces involved in the wood moisture movement include gravitational force,
capillary force and hygroscopic force (Hillel 1971).

The total water potentia in the wood can be defined as the amount of work that must be done
per unit quantity of pure water in order to transport reversibly and isothermally water from a pool of
pure water at a specified elevation at atmospheric pressure to the wood water (Zimmerman 1983,
Kozlowski and Pallardy 1997). The total water potential of the wood water can be the sum of the

separate contributions of several components:

E=Eg+Ep+EV+EO+ ...... 3.1

where E isthe tota potential; E isthe gravitational potentia; E, is the pressure potential; E, isthe
chemical potential; and E, is the osmotic potential.

The liquid movement inside the wood due to gravity is often neglected, typically when the
pore dimensions are very small (Siau 1984). The chemical potential which is due to partial vapor
pressure difference is significant in diffusion that occurs in the conventional drying (Walker 1993).

It is interesting to discuss the pressure potential which is the driving force for bulk flow
including FWBF and WVBF. Bulk flow (liquid or vapor flow) due to the total pressure difference
can be caused by externa pressure, shrinkage, high temperatures and capillarity (Waananen and Okos

5



1989). Discussion of bulk flow can be found in severa sources (Hillel 1971, Salisbury and Ross
1992, Zimmermann 1983, Kozlowski and Pallardy 1997). The following information can be drawn
from them. When wood is completely saturated (the theoretical maximum MC), its water is at a
hydrostatic pressure equal to atmospheric pressure. In unsaturated wood, the water is constrained
by capillary and adsorptive forces, hence its energy potential is generally negative. Under norma
conditions, wood is generally unsaturated and the wood water potentia is negative (suction).

A negative pressure potential has often been termed capillary potential and more recently
matric potential in wood science (Siau 1984). This potential of water in wood results from the
capillary and adsorptive forces due to the wood matrix. These forces attract and bind water in the
wood and lower its potentia energy below that of bulk water. The flow caused by capillary force or
adsorptive force can not easily be separated since capillary menisci are at a state of internd
equilibrium with the adsorptive films. None can be changed without affecting the others (Hillel
1971).

3.1.2. Free Water Bulk flow (M ovement of Liquid Water)

Moigture exists in wood as bound water within the cell wall, capillary water in liquid form and
water vapor in gas form in the voids of wood (Haygreen and Bowyer 1996). Capillary water bulk
flow refersto the flow of liquid through the interconnected voids and over the surface of a solid due
to molecular attraction between the liquid and the solid (Haygreen and Bowyer 1996).

In saturated wood, wood isin the equilibrium with capillary water at the same elevation. The
actual pressure is atmospheric and the suction is zero. Water in unsaturated wood is subject to a
subatmaospheric pressure or suction, which is equivalent to a negative pressure potential. Water loss
may occur until the suction increases to a certain critical value at which the largest pore begins to
empty. Thiscritica suction is called the air entry suction in soil science (Hillel 1971). Assuctionis
further increased, more water is drawn out of the wood. The relatively large pores which can not
retain water against the suction applied will empty out. A gradual increase in suction will result in
the emptying of progressvely smaller pores. Until a high suction values, only the very narrow pores

retain water. Similarly an increase in wood water suction is associated with a decreasing thickness



of the hydration films covering the wood partial surfaces. Water flows from a zone where the
hydration films (water films) are thicker to where they are thinner and it flows from where matric
suction is lower to where it is higher. When suction is uniform, there is no moving force (Hilléel
1971).

An understanding of free water movement in the gross capillary structure of wood requires
aknowledge of capillary pressure. Capillary pressure and matric potentia play a centra rolein the
description of liquid flow in porous media (Eaton and Hale 1993).

3.1.3. Water Vapor Bulk Flow

At temperatures approaching and exceeding the boiling point of water, rapid vapor generation
may produce significant total pressure gradients in addition to partial vapor pressure gradients
(Waananen and Okos 1989). Water vapor will be moved from a high pressure to alow pressure
regions under total pressure difference. Thisissimilar to free water bulk flow. Gas permeability is
considered in water vapor bulk flow (Tesoro et al. 1974, Bolton and Petty 1978, Walker 1993).
Although the dengity of water vapor issmal, the volume flow rate is large under the certain pressure
differences. A significant amount of moisture may be transferred by water vapor bulk flow. In
vacuum drying, total pressure differences within wood causes water vapor bulk flow. Thereisa
continuous water vapor supply in the boiling region because of water evaporation (\Waananen and
Okos 1989).

3.1.4. Diffusion

Unlike free water bulk flow due to capillary forces (matric potential), diffusion is the transfer
of amaterid by essentidly random molecular motion of sngle molecules in response to concentration
gradients (Hougen et a. 1940). Water and other small molecules can migrate across cell walls even
when wood is impermeable and there is not a pressure gradient (Waker 1993).

In Fickian diffusion (Massey 1986), all water molecules are free to migrate. They generally
diffuse from a region of high moisture content to a region of low moisture content, which reduces
the moisture gradient and equalizes the moisture content. The rate of diffusion increased with
temperature, increasing about 37 times when temperature is raised from 25 to 100°C (Walker 1993).



The principle reason for drying wood at higher temperatures is because the rate of diffusion increases
with the temperature. Diffusion plays an important role in the drying of lumber, at all moisture
content with impermegble timbers and in permeabl e timber wherever the moisture content is too low
for hydrodynamic flow of water through the lumens (Walker 1993).

Diffuson in wood occursin the hygroscopic range (Walker 1993, Perre and Mosnier 1995).
According to Siau (1984), there are two types of diffusion occurring in the wood, intergas diffusion
and bound water diffuson. Intergas diffuson isthe transfer of water vapor through air in the lumens
of the cells. Bound water diffusion is water transfer within the cell wall of wood.

3.2. Vacuum Drying
3.2.1. Definition of Vacuum Drying

In vacuum drying, the lumber is placed in atight drying chamber. The vacuum drying system
pulls a vacuum on the lumber so that the water in wood is boiling and is drawn out of the wood
(Simpson 1984). Vacuum drying is actually based on the fact that the boiling point of water is
substantially lowered when the atmospheric pressure over the wood is lowered.

The relation between the saturation pressure and temperature from 0 to 100°C is expressed
as (Siau 1984):

Po=8.75x107Exp(—%) ...... 3.2

where P, is saturated pressure, cm Hg; R is gas constant, 1.987 cal/molK and T is Kelvin
temperature.

Thisrelation is graphically presented in Figure 3.1.
3.2.2. History of the Vacuum Drying

The higtory of the vacuum drying of wood can be traced back to early 1920's and a patent on
the vacuum drying system of wood was registered in 1922 in Sweden (Ressel 1994).

In 1962, the first industria vacuum dryer using cyclic technology was built (Pagnozzi 1983).



In 1964, a small dryer was made with the electric resistance plates working under a continuous
vacuum. In 1975, adryer with hot air heating was developed for the first time. The first radio
frequency vacuum dryer was built in the early 1970's (Koppleman 1976).

3.2.3. Types of Vacuum Drying Systems

Vacuum drying systems can be separated based on the method of heat transfer to the wood,
into four type. There are: conduction by direct contact with a hot plate or electric heating blanket;
convection using superheated steam at high temperature; convection using hot air as in cyclic systems
and radio-frequency dielectric heating (Chen and Lamb 1995b). Cyclic vacuum drying is a
discontinuous vacuum drying system. The others are continuous systems.

In cyclic drying, the latent heat of evaporation is essential for drying. As soon as the latent
heat provided by the resdud heat in the wood is used up, the drying stops. There isno easy way to
convey hest to the lumber under vacuum. In absence of air, convection is amost absent and radiant
heat around the wood only can heat the outside of the stack (Simpson 1984).

In radio-frequency vacuum drying (RFV), the wood dielectric is placed between metal plates
or electrodes (Hamano and Nishio 1986). When an RF electric current is applied, the molecules
change their directions cyclically, resulting in arapid vibration of molecules, and heat is generated.
Radio-frequency generated heat produces high temperature inside the wood in very short time
(Avramidis et a. 1994).

In hot platen vacuum dryer, the stacks of wood are laid out between aluminum heating plates.
Hot water flows through the plates and hot plates heat the lumber to the required temperatures
(Kanagawa and Y asujima 1993).

3.2.4. Vacuum Drying Rate

Both research and practical experience agree that vacuum drying of lumber isfast. Voigt et
a. (1940) and Avramidis et a. (1994) concluded that the vacuum drying rate is inversely proportiona
to ambient partial air pressure, and that it is comparable with the drying rates obtained by high
temperature drying above 100°C. For vacuum drying 8/4 red oak 8-foot long, it took about 88 hours
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to dry from an initid MC of 67% to find MC of 7%. Whereas with conventional kiln drying, for the
same size lumber, it took 63 days to dry to 8% MC (Harris and Taras 1984). The speed of radio-
frequency vacuum drying is almost seventeen times that of conventional drying (Harris and Taras
1984). They aso dried 5/4 mixed oak species from green to 8% MC in 65 hours as compared to 42
daysfor conventiond kiln drying. In cyclic vacuum drying of hornbeam, drying time was by 25-30%
when compared with conventional drying (Trebula and Dekret 1984). For drying softwoods, such
as pine, Moldrup and Moldrup (1992) found that vacuum drying was three times faster than
conventiona kiln drying with the same drying quality.

Drying speed isrelated to the species, especially the permeability of the species (Kanagawa
and Yasujima 1993). Inthe RFV, high permeable woods, such as Apitong, dried 13 times faster than
with conventional kiln drying. The vacuum drying rate of low permeable woods, like Matoa and
Wester red cedar are only 2.6 and 1.4 times faster, respectively, when compared with conventional
kiln drying (Kawabe and Mori 1984). Drying timein vacuum drying, especially using radio frequency
hesting is sgnificantly shortened because the temperatures are higher in the lumber core than in the
surface. Moyne and Martin (1982) concluded that the acceleration of drying rate is due to pressure
driven flow occurring under vacuum conditions.

3.2.5. Vacuum Drying Quality

The quality of the vacuum dried lumber is generally good. Usually lower degrade is found
in vacuum drying than in conventional kiln drying (Wengert and Lamb 1982). With vacuum drying,
lumber issmilar in color after drying to the color before drying (Moldrup and Moldrup 1992). Also
vacuum dried lumber has a lighter color than predried lumber (Wengert and Lamb 1982).

Drying stressesin vacuum drying are Smilar to those in conventional kiln drying. At the early
dtage of drying, the lumber surface isin tension and the core isin compression. Asdrying continues
below FSP, stressesreverse (Harris and Taras 1984). Harrisand Taras (1984) found that the residual
sresswas amdl after RFV drying. Smaller residual stresses and less degrade were found for lumber
that was cyclic vacuum dried compared to lumber that was RFV dried.

Wengert and Lamb (1982) evauated several methods for drying 5/4 and 8/4 red oak lumber.
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They recorded number of the drying checks in lumber dried by RFV, cyclic vacuum drying and
predrying followed by kiln drying. Vacuum drying had substantially low checks including end,
surface and internal checks. They aso found that RFV has less crook (36% less than predried).
Simpson (1987) dried red oak of 4/4 and 10/4 thicknesses using a heating blanket vacuum system and
reported no surface checking and low (2 to 2.2%) honeycombing. No interna and surface checks
were found in RFV by Avramidis et al. (1994).

In vacuum drying, a steep moisture gradient occurs in the surface layer of a sample because
it does not move sufficient moisture from the center to the surface. This steep moisture gradient is
developed even at the early stages of drying (Kanagawa and Yisujima 1993, Avramidis et a. 1994).
Vacuum drying systems aso show a large variation in the final MC between and within board
especidly in RFV which has an uneven heating temperature (Lamb and Wengert 1993). Conventional
kiln drying maintains a lower moisture gradient through the board thickness than does RFV. The
variation among boards ranges from 2 to 28% MC for RFV compared with 7 to 11% MC for
conventional drying as reported by Trofatter et al. (1986).

3.2.6. Property Changein Vacuum Drying

It is reported that the shrinkage of red oak lumber dried by RFV is approximately 30% less
than that dried by conventional kiln drying (Harris and Taras 1984). For RFV, red oak was dried
from green to 5.5% MC with an average shrinkage of 4.1% radially and 7.5% tangentially. By
comparison, for conventional drying, red oak dried from green to 7.8% MC, had shrinkage values
of 5.6% and 10.3% in the radia and tangential direction respectively.

The equilibrium moisture content (EMC) is significantly lower in vacuum drying than in
conventiona drying (Lee and Harris 1984). Taniguchi and Nishio (1991) reported that lumber dried
by RFV had an EMC of 0.7 to 1% lower than that dried by conventional kiln drying.

In comparison with dehumidification drying and conventional kiln drying, lumber dried by
RFV has dightly lower compressive strength, bending stiffness, bending strength, shear strength, and
hardness. However this difference is statistically insignificant except for the compressive strength

(Taniguchi and Nishio 1991, Lee and Harris 1984). There was no difference in hardness or toughness
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between oak lumber dried by RFV and by conventional kiln drying according to Wengert and Lamb
(1982).

3.3. Wood Drying M odels
3.3.1. Model Development

Devedopment of mathematical models to describe wood drying has been atopic of research
for many decades (Salin 1991). Since Tuttle (1925) presented the first mathematical theory for wood
drying, numerous models have been developed. Basicaly these model can be classified into three
categories (Kamke and Vanek 1994, 1996): empirica curve-fitting equations, moisture diffusion
equations, and fundamental heat and mass transfer equations. Most of the wood drying models fall
into the category of fundamental heat and mass transfer equations. Generaly, one dimensional heat
and mass transfer isassumed (Plumb et d. 1985, Stanish et al. 1986, Liu et al. 1990). Recently, two-
dimensional models have been suggested (Furguson and Turner 1994, Perre and Mosnier 1995).

Several mechanisms of internal mass transfer have been proposed in the drying literature
including liquid diffusion, vapor diffusion, surface diffusion, and bulk flow (Waananen et a. 1993).
Diffusion-controlled transport below FSP and the capillary pressure controlled transport above FSP
are frequently used in describing conventional wood drying. The key characteristics of the drying
models discussed include controlling process resistances, internal mechanisms of moisture movement,
structural and thermodynamic assumptions, methods of material property measurement, model
solution, and model validation.

Mode developments have been based on approaches in which the descriptions of transfer
phenomena have been derived from either Fourier's and Fick's laws or the principles of irreversible
thermodynamics and entropy production (Bramhall 1979a, 1979b, Thomas et al. 1980, Benet and
Jouanna 1983, Plumb et d. 1984, Stanish et d. 1986, Adesanya et al. 1988, Liu 1990). Traditionally
moisture content gradients have been employed as the driving forces for diffusion (Droin et al. 1988,
Droin et a. 1989a, 1989b, Vergnaud 1991). In addition, gradients of chemical potential, water
potential, and spreading pressures have also been used (Siau 1983, Nelson 1986a, 1986b, 1986c,
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Cloutier et a 1992). Thermally induced mass transfer (Soret effect) is also taken into account
(Degroot and Mazar 1962, Siau 1983)

The main difficulty in modeling wood drying is the fact that wood is an anisotropic medium.
Moddling is aso complicated because more than one mechanism may contribute to the total flow and
the contribution of different mechanisms may change as the drying process proceeds (Bruin and
Luyben 1980).

A diffuson mechanism for internad mass transfer has been assumed in many modeling studies.
Didtinction can be made between liquid diffusion, vapor diffusion, and surface diffusion of adsorbed
molecules. Phenomenologica laws such as Fourier'slaw, Fick's law, and Ohm's law are based on the
proportion between a flux and a driving force. When more than one driving force is present in a
process, cross effects can occur. In coupled heat and mass diffusion, a gradient in temperature can
cause mass transfer (Soret effect) and a gradient in mass concentration can cause heat flow (Defour
effect). Whitaker (1988) performed a detailed analysis of the Soret and Dufour effects for heat and
mass transfer in a porous medium. He concluded that the effects are negligible when compared with
coupling effects caused by classic equilibrium thermodynamic considerations. Fortes and Okos
(1981) developed a drying model for food using an irreversible thermodynamics framework. They
observed that the cross-effect terms were small compared to direct terms. Based on this analysis, it
does not appear practical to utilize irreversible thermodynamics for development of drying models
for porous solids.

Internal mass transfer due to a gradient in total pressure has been postulated in drying
materials such as wood and food (Moyne and Degiovanni 1985, and Waanenan et a. 1993). At
temperatures approaching and exceeding the boiling point of water, rapid vapor generation may
produce significant total pressure gradients in addition to partia vapor pressure gradients (Moyne and
Degiovanni 1985). Total pressure driven flow may also occur in moderate temperature vacuum
drying and in high temperature convective and contact drying (Moyne and Degiovanni 1985). Moyne
and Degiovanni (1985) derived a one dimensional drying model which accounts for total pressure

driven flow. Theoreticd predictions were compared qualitatively with experimental results obtained
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for the drying of light concrete slabs in superheated steam. Predicted and experimental curves were
shown to have similar shapes. Cross et a. (1979) studied the theoretical development of pressure
gradients within iron ore pellets during drying. Based on the results from their model, the porosity
of the body was shown to be a significant factor in determining the maximum pressure gradient.
3.3.2. Methods of M odel Solution

Combination of flux equations with mass and energy balance equations gives rise to a system
of nonlinear partia differentia equations. Numerical techniques are usually used to solve these
systems of equations. Sidiropoulos and Tzimopoulos (1983) presented severa approaches to heat
and mass transfer equations. Finite difference and finite eement methods are frequently employed
to solve the second degree partid equations. Stanish et al. (1986) solved a set of equations using an
adaptive mesh finite difference method. Patankar (1991), Fortes and Okos (1981) and Vergnaud
(1992) also used finite difference techniques to solve heat and mass transfer equations.

3.3.3. Modd Validation

In some cases, only theoretical drying models are developed with no attempt to apply the
models or assess their validity. Comparison of predicted drying curves with experimental curves
gives one measure of model validity. Stanish et al. (1986) determined model coefficients from
selected data and found that predictions using these coefficients were good over a broad range of
conditions. In these cases, the theoretical basis of the modelsisindirectly supported.

Comparison of actual and predicted moisture profiles gives a second measure of model
vaidity. Experimental measurement of moisture profilesin solid materialsis difficult, and has limited
the ability to vaidate drying modds. Thereis high variability among results of various models. Most
of the simulation results were not in close agreement with actual laboratory tests. The explanation
for the difference can be found in the uncertain coefficients used in the models, different degrees of
amplifications, and different ways of solving the heat and mass transfer equations (Kamke and V anek
1994, 1996). They concluded that smple models will work as well as sophisticated models.

3.3.4. Modeling Vacuum Drying
An important group of problem in modeling is that water has transformation points at which
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it changes from one phase to another with emission or absorption of heat, (such as, melting, freezing
and evaporating). The problem of ice thickness was studied by Stefan and Jaeger (1959). They
discussed the new feature of such a problem to be the existence of a moving surface of separation
between any two water phases. Luikov (1975) also studied steady state heat and mass transfer
between a capillary porous medium and an external gas steam during drying. He concluded that
evaporation takes place inside the body at a certain depth and that the deepening of the evaporation
front has an appreciable effect on the heat trandfer.  The moving evaporation front divides the system
into two regions. While the moisture in one region is in vapor form only, in the other region, itisas
amixed vapor and liquid. The moisture in vapor form moves out to the surface without removing
any gppreciable anount of heat from the system. The problem reduces to the s multaneous solution
of apure heat conduction problem in one region and an unsteady state coupled problem of heat and
mass transfer with a moving boundary in the other region.

This unsteady state problem, characterized by a moving evaporation front in a porous medium
and simultaneous transfer of heat and moisture, is called the generalized Stefan's problem. Gupta
(1974) presented an gpproximate solution to this problem in which he assumed that the effect of the
temperature gradient on the mass transfer is small and can be neglected. Cho (1975) gave the exact
solution to this problem. For the problem of freezing of a humid porous medium, Mikhailov (1976)
presented the exact solution. Lin (1982) presented the exact solution of coupled heat and mass
transfer of the sublimation and desublimation problems in a porous medium, assuming that mass
transfer was controlled by Fick’slaw done. Coupled heat and mass transfer with moving interfaces,
taking place in a porous medium when considering the effect of surface pressure and permeability on
the sublimation rate, is exactly solved by Peng and Chen (1993).

In a model of wood vacuum drying, Guilmain et al. (1996) adds a third partial equation
(pressure partial equation) to the classical models which consisted of only two equations: an energy
equation and amass transfer equation. With their simulation results they recognized the importance
of moisture transport in a gaseous phase under the influence of atotal pressure gradient in vacuum

drying. They concluded that the boiling of water must be considered. However, they did not include
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the evaporation phenomenon and different phase zones during vacuum drying. In porus materials,
the drying rate increases with alowering of the surrounding pressure below atmospheric pressure.
Ressdl (1994) mentioned that Stefan’ s problem occurs in wood vacuum drying. Stefan’s problem is

considered to be important factor in this research.

3.4. Wood Physical Properties Related to Vacuum Drying.

3.4.1. Per meability

Permeability refers to the capability of a solid substance to alow the passage of gases or
liquids under pressure (Erickson 1970). Permeability assumes the mass movement of moleculesin
which the pressure or driving force may be supplied by such sources as mechanically applied pressure,
vacuum, thermal expansion, gravity, or surface tenson (Waanenen and Okos 1989). At temperatures
above the boiling point and at MC above FSP, hydrodynamic bulk flow results from the pressure
gradient arising from steam pressure within the wood (Waanenen and Okos 1989). Under this
condition, the permesability of wood is the dominant factor controlling moisture movement (\Waanenen
and Okos 1989). Wood has arelatively large permeability dueto its cellular structure, especialy in
the longitudinal direction.
3.4.1.1. Wood Permeability in Relation to its Anatomical Structure

The permeability of wood depends on its microscopic structure. Wood of a certain species
may have alarge void volume, but because of limitations of interconnections, the permeability may
be low (Erickson 1970). Transverse permeability is dependent primarily upon the permeability of pits
(Comstock and Cote 1968). Pit aspiration reduces the permeability (Comstock and Cote 1968).

Due to the complex structure of wood, permeability is an extremely variable property. The
early research on gas permeability by Smith and Lee (1958) showed differences in longitudina
permeability of 5x10° times between permeable and impermeable hardwoods. A wide variation in
permesability aso occurs within one species. Smith and Lee (1958) observed permeability differences
in different oak specimens up to three thousand to one.

Tesoro et a. (1974) concluded that permeability of sapwood was always higher than that of
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heartwood. Thisis caused by the tyloses, pit aspiration and extractive content in heartwood (Cote
1963). Inring porous hardwoods, earlywood is frequently more permeable than latewood due to the
large earlywood vessels (Cote 1963).
3.4.1.2. Anisotropy of Permeability

The arrangement, shape and size of the microscopic elements give wood the directiond
qudlity of an anisotropic porous medium. Permeability in wood shows marked differences depending
on the direction of flow. Theratio of longitudinal to tangential permeability for softwood islarge.
For hardwood, it ranges from 30,000 to 4x10° (Siau 1984). On the average, the ratio of longitudinal
to radial to tangentia gas permeability in the oven dry condition for hardwoods is 21661:23.3:1
(Smith and Lee 1958). This high ratio in hardwoods may be explained by the number and distribution
of open vessels. Vesses are responsible for the relatively high longitudina permeability in hardwoods
(Cote 1963). Tyloses greatly increase the resistance to flow along vessels, and they account for the
low permeability of some species, such as, white oak (Walker 1993).
3.4.1.3. Relation between M C and Permeability

An increase in permesbility with loss of moisture would be expected, since aloss of moisture
would result in shrinkage of the fibrous strands in the pits and a corresponding increase in the size
of openingsin the pits (Siau 1984).

Wood above FSP would be expected to have very low gas permeability because high capillary
pressures must be overcome to force air bubbles through the minute pit openings (Siau 1984). The
ratio of gas permeability values between 0 and 20% MC is fairly constant for a given species,
regardless of thickness or direction of flow (Choong and Tesoro 1974). The ratio of permeability at
0 MC to that at 20% MC was about 2 to 1 for the impermeable specimens, and for the permeable
specimens it was about 1.35 to 1 (Choong and Tesoro 1974).

In softwoods, green lumber may have higher permeability, due to severe drying condition, and
pit aspirations which may cause low permesability at low MC (Comstock and Cote 1968). Pit
aspiration can be minimized by proper drying so that high earlywood permeability can be retained
after drying (Bolton and Petty 1978).
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3.4.1.4. Gas Permeability and Liquid Permeability

A high degree of correlation between gas and liquid permeability exists. The relationship
between the logarithms of gas and liquid permeability valuesis nearly linear (Choong and Tesoro
1974). Theratio of gasto liquid permeability is shown to change more in those species that have
lower permeability (Choong and Tesoro 1974).
3.4.2 Wood Thermal Properties

Wood therma conductivity (K) is the ratio of the heat flux to the temperature gradient
through a wood sample (Siau 1984). Wood has a relatively low thermal conductivity due to its
porous structure, and cell wall properties. MaclLean (1941) measured the thermal conductivities of
various woods with a large range of MC and specific gravities (SG). He presented two empirica
equations which gave the best agreement with his experimental data. The transverse thermd

conductivity can be expressed as:

K=[SGX(4.8+0.09xMC) +057]x104_ A 33
cm°Cs
when moisture content of wood is below 40%.
K=[SGX(4.8+0.125xMC) +0.57]x100 9—4_ 34
cm°Cs

when moisture content of wood is above 40%.

The free water in the cell lumens contributes more and more to the thermal conductivity when
MC increases. Thelongitudina therma conductivity is about 2.5 times of that of transverse thermal
conductivity (MacLean 1941).

The thermal conductivity of wood is affected by a number of factors,

a. density of wood,
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b. moisture content of wood,

C. grain direction,

d. extractive and chemical substances in the wood,

e. earlywood and latewood,

f. defects such as checks, knots, etc.

Another therma property of wood which affects the heet transfer is the specific heat (c). The
gpecific heat of amaterial is defined as the ratio of its thermal capacity to that of water at 15°C. It
can be caculated as the calories of heat required to raise a one-gram mass by 1°C (Skaar 1972). It
depends on the temperature and MC of wood, however, it does not vary with the density or species.
The specific heat of dry wood C,, increased linearly with the temperature over alimited temperature

range. It can be expressed as:

c,-0.266+0.00116xT......3.5

where T is the temperature (°C), and the unit for specific heat iscal/g°C
Specific heat of moist wood is higher than that of dry wood. It can be calculated by:

_¢,+0.01xMC

c=—————+A....36
1+0.01xMC

A is the additional specific heat due to the wood-water bond energy. For wood at 10% MC, A
ranges from 0.02 to 0.04 at the temperature 30°C to 60°C and it ranges from 0.04 to 0.09 at 30%
MC at the same temperature range (Wangaard 1981).
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3.5. Mechanisms of Drying under Vacuum

Because Fick'slaw isnot applicable in vacuum drying (Neumann et a. 1992), recently work
has concentrated on the theoretical aspects of the driving force and moisture movement mechanisms
during vacuum drying. Early studies did not consider the pressure influence on drying. By increasing
the wood permeability using steam explosion, the vacuum drying rate of such treated wood was
higher than the drying rate of a specimen without the such trestment at all moisture contents (Hayashi
et al. 1993, 1995). The permeability of wood was found to be the dominant factor in controlling
moisture movement in vacuum drying. Inthiscase, bulk flow is thought to be the way most moisture
is removed from the wood.

Tota pressure changes in avacuum dryer have recently been used to identify the importance
of abulk flow mass transfer mechanism in pasta at temperatures above the boiling point of water
(Waananen and Okos 1989). Pressure driven flow becomes the dominant transport in moisture
migration within heated concrete at €levated temperature (Moyanand Giovanni 1985). Drying rates
for the bulk flow processwere two to six times those observed for diffusion in concrete (M oyanand
Giovanni 1985).

Knowing the importance of pressure effects in vacuum drying, Sasaki et al. (1987) measured
the pressures insde wood during RFV. They drilled holes into the wood and inserted glass tubes that
were connected to manometers. They measured the pressure distribution and found that there was
apressure difference aong the length and width. However they did not measure temperatures so that
they did not compare pressure with the saturation pressure.

Perre and Mosnier (1995) measured the pressures in wood during radiative heating vacuum
drying. They defined adrying front in vacuum drying. Furthermore, they suggested the drying front
is at that location where the MC in the wood is lower than FSP.

When the pressure is lower than the saturated pressure, water boils (Kanagawa and Y asujima
1993). Mot studies support the concept that moisture is vaporized in the wood during drying as the
boiling temperature islowered by vacuum. In RFV, the temperature of the wood reaches the boiling

point in avery short time (Avramidis et al. 1994). However, Neumann et al. (1992) simultaneoudly
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measured the temperature and pressure at different depths of beech boards during convective vacuum
drying in superheated steam at 2x10* Pa (0.2 bar). They found that pressures at different depths were
aways higher than the saturation pressures corresponding to the local temperatures. They concluded
that water is not boiling in the wood and the fast drying in vacuum drying may not be attributed to
the boiling phenomena as most studies indicate. Their measurements were done in the center of
boards. However, thiswork did not exclude the possibility of boiling near the ends of the boards.
If longitudinal moisture transportation is important, a boiling front may occur there.

The boiling front concept has been proposed by Chen and Lamb (1995a). They suggested
that not only does boiling occur inside the wood, but also there is aboiling front. From the boiling
front to the surface of the wood, the pressure is lower than the saturation pressure and moisture in
this region evaporates. From the boiling front to the center of the wood, boiling does not occur
because the pressure insde the wood is higher than the saturation pressure. The boiling front retreats
from the surface toward the center as drying proceeds. The retreating speed depends on the heat
supply and the properties of the wood, such as permeability and conductivity (Chen and Lamb
1995a).

Neumann et d. (1992) stated that the pressure at the surface dropped rapidly when vacuum
drying began, while the pressure in the center decreased when the MC of the wood was below FSP.
Not only isthere a pressure gradient across the thickness or width, but also there is also one along
the length (Neumann et al. 1992, Avramidis et a. 1994). Avramidis et a. (1994) found that the
internal pressure gradient is also significant along the longitudinal direction during RFV. They
concluded that thisisaresult of the large permeability in the longitudinal direction and that moisture
evaporates from the end grain. This phenomenon aso resultsin alarge temperature gradient in the
longitudind direction. Thismay cause faster drying rates in vacuum drying. Under these conditions,
Soret and Dufour effects can be neglected (Dayan and Gluekler 1982).

Sasaki et al. (1987) studied the change in pressure inside wood as drying proceeds. They
found that the pressure verse time curves were divided into three periods. In theinitial period, the

pressure decreased rapidly depending on the permeability and location in the board. In the second
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period, the pressure remained nearly constant. In the third period, after MC was below FSP, the
pressure began to decrease again and approached the reduced pressure in the chamber.

In vacuum drying, the total pressure gradient inside wood is a more important drying force
than diffusion, unlike the case in conventional kiln drying. Total pressure differences inside a porous
medium have recently been used to identify the importance of a bulk flow mass transfer mechanism
at temperatures above the boiling point of the water, during vacuum drying of other materials such
asfood (Waananen and Okos 1989). Thelr predicted results were in agreement with the experimenta
results. Noack (1965) found that moisture migrates during the vacuum drying in a gas state (steam)
when wood dries below FSP. He concluded that the drying force is the pressure difference between
the vapor pressure in the lumina and the ambient pressure. Moyne and Martin (1982) concluded that
the acceleration of the drying rate due to pressure driven flow occurred during hot platen drying of
wood under vacuum. The surface of wood exposed to lower pressure results in a significant heat
release by evaporation of water held within the porous structure. Pressure driven flow becomes

dominant at high temperatures (Moyne and Martin 1982).
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4. Moisture Movement During Vacuum Drying

The objective of this phase of study isto compare the magnitudes of diffuson, FWBF and
WVBF. Wood drying involves the movement of moisture from the interior to the surface of lumber
and the evaporation of moisture from the surface to the environment. Two forms of moisture
trangport exist in wood: diffuson and bulk flow (FWBF and WVBF). These forms of transportation
are a result of three kinds of mechanisms. vapor movement through cell lumens and pit cavities,
bound water movement through the cell walls, and free water movement through cell lumens and pit

cavitiesin liquid form.

4.1. Diffusion

There have been extensve studies of bound water diffusion and vapor movement in the past
(Walker 1993). A diffusion is molecular mass flow under the influence of a concentration gradient.
Therefore atota pressure differenceis not necessary for diffusion to occur. Fick's law represents the
relationship between the flux and the concentration gradient.

Fick's law defines unidirectional moisture diffusion as the rate of mass transfer per unit of
cross sectiond area (flux) J, per unit change of concentration dC per unit of specimen length dx. For
steady state conditions in wood where the flux and gradient (dC/dx) remain constant over time,
Fick'slaw can be expressed as (Siau 1984):

J =—D><£ ...... 4.1

where D is the diffusion coefficient of wood (cm?/s).
This can be rewritten so that the concentration difference (dC) is expressed in terms of the

moisture content difference(dMC):
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where G, is the nomina specific gravity at the moisture content MC and p,, is the density of water
(g/cm?), unity.

The equations that are used to explain diffusion for moisture movement in wood are a
combination of vapor and bound water diffusion. They can be separated theoretically into the
following equations for the transverse direction (Siau 1984).

An emperical equation for transverse bound water diffusion can be expressed as.

70xMC-9200

D, =0.07xex
= 0.07xeXp(——

o3

where R isthe gas congtant, 1.987 (cal/mol K); and T is the Kelvin temperature; MC is the moisture
content (%); D,, is the transverse bound water diffusion coefficient of wood (cm?/s).

Vapor diffusion coefficient in the lumens can be expressed (Siau 1984) as.

0.016P TO7
D, = ° «aH 4.4
RPG, p, dMC

where D, isthe vapor diffusion coefficient (cm?/s); P, is the saturation vapor pressure at temperatrue
T; Pisthetota pressure; H isthe relative humidity (%).
These two values are then inserted into the equation below to calculate the theoretical gross

wood diffusion coefficient in the transverse direction (Siau 1984):
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= ‘/vantDV ...... 45
(1—Va)[\/Vant+(1—\/Va)DV]

g

V , isthe porosity of wood, which can be caculated from the following equation (Siau 1984):

V,=1-Gx(0.667+0.01xMC)......4.6

G is specific gravity, 0.56 for red oak (Alder, 1995)

The longitudinal bound water diffusion coefficient of the cell wall is approximately three
times that in the tangential direction and two times that in the radial direction. It is assumed that
longitudinal cell wall bound water diffusion coefficient is 2.5 times the transverse direction (Siau
1984).

D, =2.5%D,,.....4.7

Vapor diffusion through the lumensiis the same as in the transverse direction.

The gross wood longitudinal diffusion coefficient D, can be expressed as (Siau 1994):

2w = + (1_‘/@]
D "DV, +D,(1-V,) 100DV,

gl

In order to effectively compare the diffusion rate with transportation rates for bulk flow
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(FWBF and WVBF), diffuson rates will be calculated at 30% M C and 10% M C using equation 4.8.
Table 4.1 shows the calculated diffusion coefficients for average MC of 30% and 10% at
60°C for red oak.

Table 4.1 Diffusion Coefficients at 30% and 10% MC for Red Oak at 60°C

MC (%) 30 10
D, (cm?sx10° 2.7 15
D,, (cm?/s x10” 8.5 2
D, (cm?s x10") 21.3 5
vV, 0.458 0.57
D, (cm?s x10° 4.3 1.88
Dy (cm?/s x10°) 23.8 117

At the different MC gradients, the diffusion rates (J,) can be calculated at the average MCs
of 30% and 10% (Table 4.2). They are graphically presented in Figure 4.1. Several moisture
gradients are chosen since moisture gradient during the drying generally falls among them.

Moigture diffusion through wood is not affected by pressure, according to Kollmann and Cote
(1968). Because diffusion rates increase with temperature, they may be even smaller in vacuum

drying than in conventional kiln drying, since lower temperatures are used.

4.2. Water Vapor Bulk Flow (WVBF)

The movement of water vapor through wood under atota pressure difference can be assumed
to follow Darcy’slaw. Although the density of water vapor is small, an appreciable certain amount

of water is still transferred when the flow rateislarge.
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Table 4.2 Diffusion Ratesin Transverse and Longitudinal Directions for Red Oak

MC MC Longitudinal Longitudina Transverse Transverse
Difference Gradient | Diffuson Rate | Diffusion Rate Diffusion Diffusion
within one (%/cm) x10* x10* Rate Rate

inch (g/cm?hr) (g/cm?hr) x10* x10*

(g/cm?hr) (g/cm?hr)

at 30%MC at 10%MC at 30%MC at 10%MC
1 0.394 4.6 23.4 0.87 0.38
2 0.787 9.6 47.17 1.73 0.76

5 1.968 23.4 117.9 4.33 19

10 3.937 47.98 236 8.67 3.79
20 7.874 99.6 472 17.34 7.58
30 11.81 144 708 26.01 11.37

Darcy’s law for gas (water vapor) can be written as (Siau 1984):

where K is the gas specific permeability; dP/dx is the pressure gradient; P bar is the average
pressure; ), isthe viscosity of vapor; p, is the density of the steam at the pressure P.

The relaive permeahility of the solid to bulk gas flow is dependent on the relative saturation
and on the permeability of the solid when no free water is present. For gas flow, the longitudinal
permesbility decreases with increasing relative saturation or MC (Choong and Tesoro 1974). When
MC is above FSP, the relationship between the gas permeability and the MC can be expressed as
(Choong and Tesoro 1974):
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K :KngEZKgdx 1-G(0.667+0.01MC)
Y (1-0.967G)

whereV,, isporosity at MC; V, isthe porosity at 30% MC; K" is gas permeability of red oak at 30%
MC, 43.18 darcy.

At MC below FSP, the gas permeability is constant and not affected by the MC. Dueto the
fact that the gas permeability is afunction of the moisture content at M Cs above FSP, we only can
estimate the vapor bulk flow rate since the moisture distribution is unknown.

In the following calculation, the temperature is assumed to be 35°C, which is considered to
be alow temperature for vacuum drying. The rate will be larger at higher temperature.

An approximate equation is,

Kgreen Edp < Kg Edp < K]_O Edp

<p <
9 m, Pdx Onm, Pdx %n, Pdx

...... 411

where K ., is the minimum gas permeability and K, is the maximum gas permesability assuming the
final MC is 10%, both calculated from equation 4.10.

Assuming the water vapor is saturated, there is a relationship between saturation pressure
and temperature. Knowing temperature, WV BF rates calculated from above equation are shown in
Table 4.3 and Figure 4.2.

Several temperature gradients were selected to represent the temperature gradient during
drying.

4.3. Free Water Bulk Flow (FWBF)

The migration rate of the free water is assumed to follow Darcy’s law for flow through porous
media (Waananen and Okos 1989).
Darcy's law for liquid may be written as (Siau 1984):
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where J is the free water bulk flow rate; P, is the pressure within the free water; n,, is the viscosity

of the water; p,, is the density of water, unity.

Table 4.3 Calculated Water Vapor Bulk Flow Ratesin Red Oak

Temperature Temperature GreenMC MC=10%
Difference Gradient (g/cm? hr) (g/cm? hr)
within One (°Clcm)

Inch
1 0.394 0.05234 0.1023
2 0.787 0.11085 0.2167
5 1.969 0.32286 0.6311
10 3.937 0.86127 1.6837
20 7.874 3.1143 6.0882
30 11.81 8.974 17.54
40 15.75 21.55 42.136

The viscosities and densities of the gases and liquids are functions of pressure,
temperature and the composition of each phase. The pressures P, and P are related by the

capillary pressure P, (Spolek and Plumb 1981):

P=P-P......4.13

C
where P isthe total pressure in the lumen.
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The capillary pressure is related to saturation, pore size, pore shape, the angles at which fluid water
air interface contacts the solid surface, the density difference between phases, temperature and radii
of the curvature of the interface (Spolek and Plumb 1981).

The total pressure within the liquid phase is equal to the total local gas pressure minus the
capillary pressure associated with the gas-liquid interface. Spolek and Plumb (1981) measured the
relationship between capillary pressure and wood saturation. P, (Pa) can be calculated by equation
4.14, which is the relationship between capillary pressure and the MC (Figure 4.3).

...... 4.14

0.01xGxMC-0.3G )0.61
1-Gx0.997

P.=10%(
The relative permeability of the wood to liquid flow is dependent on the relative saturation
and on the permeability of the wood when it is completely saturated.
The relationship between gas permeability Kgd (When MC isat FSP) and liquid permeability
K;® (when the wood is fully saturated) for hardwood species was reported by Choong and Tesoro
(1974), to be:

LogK'=0.03+0.81xLogK"......4.15

Liquid permeshility isaso related to MC (Figure 4.4). Below a certain critical relative saturation or
irreducible saturation, liquid permeability falls to zero and liquid migration ceases due to a loss of
continuity in the liquid phase. The MC at this critical relative saturation is the criticall MC (MC.,,.
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According to Stanish et al. (1986), the equation is:

Assuming the specific gravity for red oak is 0.56 (Alder 1995) and S, is 0.1, the MC, is
38.2%. This means that when MC of red oak is less than 38.2%, there is essentially no FWBF.
Abovethiscriticd MC, the relation between the permeability K, and MC is as follows (Stanish et a.
1986):

. 0.01xGX(MC-30)V,-§;
2 1-S

r

K,=K;T1-cos( )]......4.17

Continuing with our example for red oak, free water movement only occurs above 38.2%
MC. The higher the MC, the larger the flow rate will be under the same conditions. Furthermore,
moisture gradient is developed. Asaresult, there is a capillary pressure difference when the wood
MC is above the critical MC (MC)). It isimpossible to calculate FWBF without knowing the MC
distribution. The range of FWBF (maximum and minimum values) can only be estimated under
certain conditions. Table 4.4 shows the calculated result for FWBF at a MC of 70% using Darcy’s
law (Figure 4.5). Several moisture gradients are chosen since moisture gradient during drying

generally falls among them.
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Table 4.4 Cdculated Free Water Bulk Flow Rates in Red Oak

MC Differencein MC Gradient Max. Flow Rate Min. Flow Rate
oneinch (%/cm) (g/cm? hr) (g/cm? hr)
1 0.394 104.8 98.78
2 0.787 214.1 189.3
5 1.969 571.6 411.4
10 3.937 1292 621.2
15 5.907 2236 643.5
20 7.874 3544 506.2
30 11.81 8954 30.26

Note: Maximum value is achieved at the maximum permeability when MC is equal to 70%. The

minimum value is when the value of MC is at the lower end.

The transverse permeability of oak is very small.
longitudina direction it is about 4.9 x10° time the radial direction (Eaton and Hale 1993) and in the
tangential it is about twice of the radial direction (Siau 1984). Since the vapor and free water flow

rates are proportional to the permeability, the flow rate will be negligibly small in the transverse

direction.

4.4. M oistur e Evaporation in the Vacuum

In a perfect vacuum, water molecules escape from the solid interface without returning back

to the solid, the evaporation rate can be computed from the Hertz-K nudson equation (Jones 1991):

J,=0.0583xPx
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Figure 4.5 Calculated Free Water Bulk Flow Rate in Red Oak at MC of 70%
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where J, is the evaporation rate, g/lcm? s; Pis the saturation vapor pressure of the water at the Kelvin
temperature T, mm Hg.

The relationship between the evaporation rate and temperature is presented in Figure 4.6.
This shows that evaporation in a perfect vacuum depends on the temperature only, the higher the

temperature, the faster the evaporation rate.

4.5. Analysis of M oisture M ovement During Drying

From the above calculations, we can see the magnitudes of several forms of moisture
transportation. For a given moisture gradient in the longitudinal direction, generaly speaking,
moisture by FWBF is the largest, followed by WVBF and diffusion is the smallest (Figure 4.7).
Surface evaporation is generaly not a limitation in vacuum drying. Figure 4.8 and Figure 4.9
represent the moisture transportation in conventional kiln drying and in vacuum drying.

In conventiond kiln drying, there is essentially no total pressure difference. Therefore, there
islittleor no WVBF. Furthermore, because surface evaporation at the beginning of drying islarge,
the surface MC drops below FSP, and there is no FWBF at the surface. In theinner layers, thereis
FWBF dueto the MC gradient. Thus, diffusion occurs at or near the surface. Since the diffusion rate
near the surface is much smdler than FWBF ingde the wood, it controls the drying speed. Therefore
the drying speed depends on diffusion rather than on FWBF in conventional kiln drying. In contrast,
in vacuum drying WV BF near surfaceislarger than diffuson. However, it is still smaller than FWBF,
and will control the drying speed in vacuum drying. It is necessary to point out that although
longitudinal diffusion rates are not much larger than transverse diffusion rates, the difference in side
surface area and end grain surface areain lumber are even greater. Therefore moisture removal from
the side surface can not be neglected in conventional kiln drying. In contrast, for vacuum drying,
WVBF controls the drying speed, because the ratio of longitudinal to transverse WVBF is much
larger than the ratio of transverse to longitudina surface area. Therefore, longitudinal moisture
transport is dominant for common sizes of lumber in vacuum drying. This can be shown in the

following example.
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Assuming red oak lumber with the dimensions of 2 inches (5.08 cm) thick, 6 inches (15.24
cm) wide, and 8 feet (243.84 cm) long, the surface area of the end grain is 154.8 cm? The four side
surface areais 9910 cm? The total areais 10065 cm?. The volume is 18878 cm?®. Assuming the
gpecific gravity of red oak is 0.56 (Alder 1995), so that the oven-dry weight of board is about 10572
grams. If the lumber isdried from green (71%) to 10% MC, the total water removed will be 6448
grams. If the diffusion rate at the moisture gradient of 10%/inch (3.94%/cm) for the transverse
direction is 0.000867 g/cm? hr and for the longitudinal direction is 0.0048 g/cm?hr. According to
this cdculation, the drying rate will be 9.33 g/hr and it will take 691 hours (28.8 days) to dry to the
fina MC.

If WV BF at the temperature gradient of 5°C/inch (1.969° C/cm) is 0.323 g/cm? hr, then, the
drying rate from the only end grain is 50 g/hr. Thus, it will take only 129 hours to dry the lumber to
thefinal MC. Although the surface area available for diffusion islarge, WVBF by theend grainis
still 5.36 times faster.

From the above cdculation, it isimpossible that diffuson controls the vacuum drying process.
Simpson (1987) stated it takes less than 10 days to dry wood under a vacuum. Many commercial
processes take even less. Although the free water bulk flow rate is large, the surface evaporation is
even higher. Very soon, there is not enough free water supply to the surface to evaporate, since
surface MC islower than critical MC. The vapor bulk flow from the end grain and the diffusion from
the side face will control the drying process. In vacuum drying, diffusion is the same as in the
conventional kiln drying or may be even smaller due to the lower temperature in vacuum drying
(Kollmann and Cote 1968). Generaly, WVBF plays a more important role than diffusion in the

vacuum drying.
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5. Wood asa Three-phase System

The three phases of ordinary water are represented in wood as follows: the solid phase
consisting of the wood substance itself; the liquid phase consisting of free water; and the gaseous
phase consisting of air and water vapor. It is important to analyze the proportion of these three
phases inside the wood in order to better understand the mechanism of vacuum drying.

If shrinkage is not considered, then the volume of wood is equal to the sum of each phase
(Skaar 1972):

V=V, +V, +V .51

V isthe total volume of wood; V,, isthe volume of wood substance; V, isthe void volume; V , is
the volume of water or moisture in wood.

The wood substance fraction (v,,) can be calculated as (Skaar 1972):

vV, W/d Gd

w

"V W/Gd) d

The water fraction (v,,) can be calculated as (Skaar 1972):

Wi/,

V,=—2 ™ _-GxMC/100......5.3
W,/(Gd,)

Theair fraction (v,) isthe porosity (if water vapor not considered) which can be calculated
(equation 4.6) as (Skaar 1972).
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v,=1-Gx(0.667+MC/100)......5.4

where W,, and W, are the weights of wood substance and moisture respectively; G is the specific
gravity of thewood; d., isthe density of water, unity; MC is the moisture content of wood, (%); d
isthe density of wood substance, 1.5 g/cm? (Siau 1984).

The calculated results for the proportions of the three phases for red oak (G=0.56) are
presented in Figure 5.1. It can be seen the percentage of wood substance does not change. The
percentage of void increases as MC decreases. On the other hand, the percentage of water decreases
as MC decreases.

Figure 5.2 and Figure 5.3 represent the proportion of the three phases at MC’s of 30% and
60%. If the MC of red oak with SG of 0.56 is 60%, then the porosity of the wood is 0.29. The
moisture volume fraction is about 0.336 and wood substance is about 0.374 which does not change
with the MC if the wood is above FSP or if shrinking is not considered. This means that one cubic
centimeter of red oak wood will contain 0.29 cm®void space, 0.374 cm® wood substance, and 0.336
cm® water. Water, in turn, consists of 0.168 cm® bound water and 0.168 cm?® free water or 0.168
grams of free water and 0.168 grams of bound water.

In vacuum drying, the pressure inside the wood is larger than the environmental pressure.
Thus, air in the environment can not enter the wood during drying. Instead, water evaporates into
water vapor. Together, the water vapor and the air are removed by bulk flow driven by the total
pressure difference. Thisis different from conventional kiln drying in which outside air enters the
wood as MC decreases. The problem iswhat volume of air and water vapor will be removed during

the vacuum drying process.
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For example, if 1 cm®red oak is dried from 60% to 10% final MC, the volume of air is 0.29
om?® at 60%MC. The moisture at 60% M C about 0.336 grams and at 10% MC is about 0.056 grams.
Therefore, total moisture removed from 1 cm® wood is: 0.336-0.056=0.28 grams |f this amount of
water evaporates at the temperature of 50°C, the specific volume of saturated steam at this
temperature is about 12032 cm*/g (based on a steam table).

Then, the water vapor volumeis; 0.28x12032=3369 cm®. Thisis 11,617 times the volume of
air inside wood. If only a small amount of the free water evaporates, its volume far exceeds the
volume of air in the wood since the volume of air is decreasing. The water vapor volume increases
ggnificantly when evaporation takes place. If the evaporation takes place during vacuum drying, then
gasbulk flow is dominated by the water vapor component. As aresult, the volume of air inside the
wood can be reasonably neglected.
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6. Equilibrium Moisture Content under Vacuum

The relationship of EMC with relative humidity and temperature of wood at the temperatures
up to 100°C has been well established (Forest Product Lab. 1990). The relationship is based on
Sitka. There are some EMC data above 100°C with the pure steam at atmospheric pressure
(Simpson and Rosen 1981).

The knowledge of EMC under the vacuum is important for vacuum drying, since the water
vapor pressure is closely related to the EMC at MCs below FSP. The Hailwood and Horrobin
sorption theory has been applied to wood for many years. The sorption theory considers the wood
asapolymer. Through calculation, Simpson (1971, 1973) derived the coefficients of the Hailwood
and Horrobin model to estimate the EMC for Sitka spruce. He found the maximum deviation
between the caculated values and EM C standard table is about 0.9% M C with the average standard
deviation of 0.13% MC. Although based on Sitka spruce, it is suitable for other species (Simpson,
1973).

The Haillwood-Horrobin formulas to calculated EMC is (Simpson 1973):

Kleh . th ><1800

MC=(
1+K,Kh 1-Kh' W

where

K,=4.737+0.04773T-0.00050123T>......6.2
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K,=0.70594+0.001698T-0.0000055534T>......6.3

W=223.385+0.6942T+0.018533T?>......6.4

where MC is equilibrium moisture content, (%); T isthe Kelvin temperature; and h is the relative
humidity, (%).

This model representing sorption isotherms are relatively smple analytically and gives
excellent agreements with the experimental results in a broad range of relative humidity (Simpson
1973). Sorption isotherms are experimentally determined in the humid air at normal pressure. Voigt
et d. (1940) proved thisvalidity aso for vacuum condition. Therefore, the Hailwood and Horrobin
model which is used for normal atmospheric pressure can be applied to vacuum condition.

In atmospheric pressure, the relative humidity is defined as the ratio of the partial water vapor
pressurein the air to the saturated water vapor pressure. Since thereisno air in avacuum, thereis
not partial air pressure. Thus, the absolute pressure in the system is the same as water vapor
pressure. In such a vacuum drying system, there are two parameters. the absolute pressure and
temperature. The relative humidity (h) in the vacuum system is defined as the ratio of the absolute
pressure (p) in this system to the saturated vapor pressure (p,) at a given temperature (T). The

relative humidity in the vacuum is:

h=Lx100%......6.5
Po

With knowledge of relative humidity and wood temperature, the Hailwood and Horrobin

model can be used to estimate the EMC of wood under vacuum. Figures 6.1 and 6.2 are the
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calculated EMCs as function of temperature and water vapor pressure.

From the calculated results shown in these figures, the drying conditions in a cyclic vacuum
drying system can be examined. When wood is heated to the required temperature, a vacuum is
pulled to a given absolute pressure. During the drying, the pressure remains constant in the chamber.
Asaresult, the relative humidity ingde the chamber increases as moisture evaporates and wood cools.
As the wood temperature decreases, the EMC of the system increases as drying continues. Thisis
opposite to what happens in conventional kiln drying where the relative humidity is decreased by
raising the dry bulb temperature in order to control the speed of drying. Whereas, the cyclic vacuum

drying system actually is lowed because drying conditions become milder.
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7. Maximum Moisture Content Drop Per Cycle

The objective of this phase is to estimate the maximum moisture removal or the maximum
moisture content drop per cycle in cyclic vacuum drying, assuming that there is no temperature
gradient at the end of drying, and the final temperature is the saturation temperature at the ambient
pressure. The principle of energy conservation is used to calculate the maximum amount of moisture
remova during one cycle of vacuum drying. It isassumed that the amount of moisture to be removed

inacycleisM,. From basic physics, the total energy (E,,) required to evaporate moisture M, is:

E.=M,xq.....7.1

where q is the heat of water vaporization.
At the beginning of avacuum drying cycle, lumber is heated to the temperature T,. T, isthe
temperature at the end of the cycle. So, the change of energy (E,) is:

.
E.=C_xM_x(T -T)+ fT "C M dT......7.2
f

where C_, and C,, are the specific heats of water and oven-dry wood respectively; M, isthe amount
of water in the wood at the beginning of the cycle; M,, isthe weight of oven-dry wood.

The moisture content (MC,) at the beginning of thiscycleis:
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M
MC, =——x100%.....7.3

w

From energy baance congderation: E,,~E,, i.e. the evaporation energy is equal to the energy change

in the wood. Combining equations 7.1 and 7.2,

erq:meme(Tb—Tf)+fTTbCWMWdT ...... 7.4
f

The amount of water removed during acycleis:

CoXMX(T,-T)+ [ "C,M, AT
T,
M,= f

r

...... 7.5

q

where the saturation temperature (T,) is determined by the ambient pressure p (equation 3.2).
The specific heat of dry wood varies with temperature (equation 3.5). Substituting equation
3.5 into equation 7.5 and integrating between T, and T, gives:

_(C,xM,+0.266xM,)x(T,~T) +0.00058xM,x(T, -T;)
q

M

r

...... 7.6

From above analysis, the amount of moisture removal in a given cycleis determined
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the temperature of wood at the beginning and end of drying.
The corresponding MC drop (MC,) in acycleis given by combining equations 7.3 and 7.6.

(0.266+0.0IMC)x(T,-T)) +0.00058%(T/-T/)
2370.7/4.18

x100%......7.7

MC = M x100%=
(v 0=
M

w

Based on thisformulas, the maximum M C drop in a cycle can be calculated for the different
ambient pressures and the temperatures T, and T;, . The result is presented in Figure 7.1.

For example, the lumber at the beginning of drying is heated to 60°C. The initia MC of
lumber is 71%. The latent heat of water is not significantly affected by the temperature range used
inthiscdculation. Thelatent heat at the mean temperature of 40°C is 2370.7 Jg. For temperature
of 60°C and the MC of 71%, T; isabout 23°C, then the maximum MC drop for one cycle is about
6%.
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8. Modeling the Cyclic Vacuum Drying Process
8.1. Objective

The objective of this phaseisto develop the heat and mass transfer equations by using present
vacuum drying knowledge, together with certain assumptions. By using the equations developed,

the drying curve, temperature, pressure M C distribution can be determined.

8.2. Statement and M athematical For mulation of the Problem

The mechanism of vacuum drying depends on the pressure insde the vacuum dryer and the
physica properties of thewood. In the case of cyclic vacuum drying, the lumber is heated to a given
temperature, and then avacuum is pulled. It iswell known that at any fixed pressure there exists a
temperature at which water boils. Boiling occurs in the wood because the lumber temperature is
higher than the saturation temperature insde the vacuum dryer. At the beginning, boiling occurs on
the surface, then the boiling front retreats inward. The moving boiling front divides the system into
two regions, namely, the boiling region and non-boiling region.  In the boiling region, moisture
occursin the form of mixed vapor and liquid. In the non-boiling region, the moistureisin liquid form
if the small amount of water vapor contained in the air trapped in the lumen is neglected (Bramhall
1979b).

Most vacuum drying models do not consider the pressure distribution and the boiling
phenomenga; instead, they consider the mechanism as diffusion (Moyne and Degoivanni 1995). As
discussed in Chapter 4, diffusion isrelatively small, and can be neglected.

Thefollowing modée isfor one cycle in the cyclic vacuum process. Thetypica cyclic drying
chamber is equipped with heating coils and ventilators. The lumber is stacked in the conventiond
way. Heating is done by circulating air within the chamber. Once the temperature of the lumber
reaches the required temperature, the vacuum phase is initiated and the drying process starts.

For the purpose of formulating the cyclic vacuum drying model, the following assumptions
are made.

1) Two-dimensond (longitudina and transverse) heat and mass transfer is considered, since
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thereislittle difference between radial and tangential permeability values, and lumber width is much
larger than its thickness.

i) At the beginning of drying, the lumber isinitialy at a uniform temperature, pressure, and
MC.

iii) Therate of evaporation from the lumber surface is very high. The lumber surface reaches
equilibrium with the surrounding atmosphere when evaporation starts (Vergnaud 1982).

iv) Heat convection, and radiation to the surface of the lumber, thermal expansion, shrinkage
of lumber, and Soret effects are all assumed to be small and therefore negligible (Vergnaud 1982).

V) The lumber is dried by maintaining the drying chamber at constant vacuum pressure and
temperature.

vi) The differentia heat of sorption is consderably smdler than the heat of water vaporization
and is neglected (Vergnaud 1982).
8.2.1. Governing Equations

The problem of heat and mass trandfer during cyclic vacuum drying isto obtain a simultaneous
solution of coupled heat and mass transfer with a moving boiling front which separates the boiling
and non-boiling regions (Figure 8.1).

In the non-boiling region, heat conduction is described by Fourier's equation:

where x, and k; are the thermal conductivities of wood in the transverse and longitudinal directions;
A=c % p; cand p are the specific heat and density of wood respectively.
Similarly, the pressure distribution can be characterized by the equation (Siau 1984):
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where x4 and x, are the gas permeability values of wood in the longitudinal and transverse
directions. x, = K/n, where K is the specific permeability and ) is the viscosity; term o can be
expressed:

where V, isthe void fraction or porosity of wood; R is the gas constant, p, is density of gas.
In the boiling region, the effect of mass transfer on heat transfer will be also considered.
According to the first law of thermodynamic for a control volume, the energy equation can be

written as follows;

dE , P
EJrheme_himi:Qi —Qe ...... 8.4

where, h isthe enthdpy, misthe massflow rate, dE/dt is the rate of energy change inside the control
volume, and the subscript of e and i represents the flow out and into the control volume which include

the free water and water vapor, ¢ is conduction heat transfer (see Appendix B).
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Figure 8.1 Schematic Diagram of Two Dimentional Transfer in Wood
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It requires heat to evaporate water. The amount of water evaporated is assumed to be the
same as the water vapor removed from the control volume. Equation can be rewritten as following
partial equation (see Appendix B) :

or_ T, T dmu _hdm.-hm

A—= KX PR — —————— ...,
ot ax?2 dy? dtdxdy dxdy

where u isthe interna energy of water in liquid form, h is the evaporation heat and dm is the weight
lossin the dt timeinterval. And the dm/dt is the drying rate.

The thermodynamic relationship between saturated pressure and temperature is given by
equation 3.2. When drying starts, the pressure decreases in the lumber. The pressure on the surface
decreasesfirgt, and water on the surface rapidly evaporates (Jones 1991). Asdrying continues, the
pressure insgde the wood is lowered because both moisture content and temperature decrease. When
the pressure isequal to or less than the saturated pressure at the local temperature, water inside the
lumber boils. The region where the pressureis equa to or less than the saturated pressure at the local
temperature is considered to be the boiling region.

8.2.2. Boundary Conditions

Because of the low atmaospheric pressure in the vacuum chamber, heat convection inside the
kiln is small and can be neglected. The mass transfer coefficient is very high due to rapid water
evaporation from the surface of the lumber (Jones 1991). Therefore, the surface pressure is close to
the environmental pressure in the chamber.

The boundary conditions in the lumber are expressed in the following formulas (see Figure
8.2):Pix=Li2 or y=wi=P0, dT/dX - »=0 and dT/dy,-,»=0, dP/dX ., and dT/dx =0, dP/dy,,, and
dT/dy-=0
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dT/dy=0
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Figure 8.2 Schematic Diagram of Boundary Conditions
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8.2.3. Physical Properties of Wood and Thermodynamic Relationship .

The relationship between therma conductivity and M C has been developed empirically (Siau,
1984). The therma conductivity for wood in the longitudinal direction is given by equation s 3.3 and
3.4. Therma conductivity of wood in the tangentia direction is related to that in the longitudinal
directions by:

1<t=2.5><1<I ...... 8.6

The porosity of wood is given by the empirical equation 4.6. The relation between the
specific heat of wood and its MC is given in equation 3.6. The density of wood is as following:
p=Gx(1+0.01xMC)xp,, where p,, is density of water.

The zero enthalpy reference state is chosen to be 0°C and 1 atmosphere pressure. The
enthalpy of water vapor is then afunction of temperature only.

The relation of enthalpy (h) (Jg) with temperature T (°C) isas (Stanish et a 1986):

h=1650+4020x(273+T)-0.00343%(273+T)?......8.7

The air viscosity 1, (dyne/cn) is:

Nga=4-06%1007T+6.36x100......8.8

The viscosity of saturated steam 1, (dyne/cn’) is:
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Mg, =3.8x100T-1.57x1009......8.9

If there is free water, the gas phase at any point is assumed to be saturated at the local
temperature. The saturated water vapor density for steam tables over the temperature range T of 27
to 200 °Cisasfollowing (Stanish et a 1986):

p, =10 3xExp(-46.49+0.26179xT-5.0104x10 *xT 2+3.4712x10 'xT3)......8.10

p, isthe vapor density in g/lem®. T istemperature, °C

The gas and liquid permeability of wood will vary with MC, as discussed in Chapter 4. The
longitudind gas permeability of dry red oak is 59 darcy, and the liquid permeability of saturated red
oak is 139 darcy (Choong and Tesoro 1974). For white oak, these two values are 0.712 and 0.604
darcy respectively (Choong and Tesoro 1974). For red oak, the ratio of longitudinal to radid
permeability is 4.9x10° according to Eaton and hale (1993).

In this modél, the Sze of the board is 8 feet long (244 cm) and 2 inches thick (5.08 cm). The
width of board is neglected. A quarter of thissizeis 122 by 2.54 cm. The quarter size board will be
solved in the computer program.

The empirical constants which are used in the calculations are listed in the table below.
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Table8.1 Empirical Constantsin the Model

SG of Red Oak 0.56 SG of White Oak 0.60
Initiadl MC 71 (%) Initial Temperature 70°C
Initial Pressure 101325 (pa) Ambient Pressure 7330 (pa)
Internal Energy of 250.91 (j/g)
Water

8.3. Solution of the Problem

The governing equations of temperature and pressure in both the boiling region and in the
non- boiling regions are second order partial derivative equations. Patankar (1981) developed a
computer program called CONDUCT that can be used to solve such second order equations. This
program is designed for isotropic materials. It was dightly modified to be used for an anisotropic
material such aswood. A subroutine (see Appendix A) was written in order to adapt this program
to our problem. In the boiling region, thereis a heat sink, that is, the energy is required to evaporate
the water from wood. CONDUCT has been successfully used in solving problems of heat transfer
and viscous incompressible flows (Sparrow et. al. 1978, Karki and Patankar 1988). The finite-
difference form on the spatia derivatives developed in CONDUCT has dso been used in wood drying
models (Stanish et al. 1986). The grid number is 20 and time step is 10° hr.

8.4. Result of Modeling

The computational results of the computer program provide the pressure, temperature and
MC distribution data. From these, the drying rate and boiling front information can be obtained.
8.4.1. Temperature, Pressure, and Moisture Content Distributions

For red oak, the pressure, temperature and M C distributions are presented in Figures 8.2 to
8.4. The X axisis the distance from the center measured along the longitudinal direction. Similar

curves were found for white oak. The temperature, pressure and MC distributions are in the
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longituding direction at different times of the lumber drying. There are no appreciable temperature,
and pressure differences in the transverse direction.

Pressure inside the wood is lowered due to mass loss during drying. At the beginning, the
masslossismogtly ar. When the pressure is lower than saturated pressure, water boils. In the non-
boiling region temperature distribution is affected by heat conduction only, the pressure and
temperature distributions are essentidly parabolic. In the boiling region, the pressure and temperature
distribution are related. The pressure is saturated at the local temperature when the MC is above
FSP. In the absence of free water, the total pressure is assumed to be at equilibrium with the local
temperature and MC, and pressure is less than the saturation pressure. Generally the temperature
gradient is small due to the relatively large thermal conductivity (Figure 8.3).

MC digribution is affected by FWBF when a moisture gradient is presented. However, the
moisture gradient is relatively small due to the large FWBF. White oak is a less permeable species
inwhich casethe MC gradient is larger than for red oak. Also itsdrying rate is smaller than for red
oakK.

8.4.2. Movement of the Boiling Front

Figure 8.5 shows the movement of the boiling front along the longitudinal direction for red
oak and white oak respectively. When the pressure is lower or equal to the saturated pressure at the
local temperature, water boils. This happens during vacuum drying. At first, boiling occurs on the
surface. The boiling front then moves toward the center of wood as drying continues leaving a
boiling region behind. At the beginning of drying, because the temperature of the lumber is higher
than the saturation temperature, moisture in the surface evaporates and transfers out. As moisture
flows from the lumber, the pressure decreases and boiling occurs in the inner layers, and the boiling
front moves toward the center in the longitudinal direction. From the boiling front to the center, the
locd pressure is higher than the saturated pressure at the local temperature; therefore, boiling does
not occur. From the result of the CONDUCT program , the boiling extends into the whole board
very rapidly for red oak (permeable wood). It takes less than one half of minute when FWBF is

congdered (Figure 8.5). However for less permeable woods, such as white oak, it takes longer. In
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thissituation, it takesamost 15 minutes.  The retreating speed of the boiling front strongly depends
on the longitudinal permeability of the wood.
8.4.3. Drying Curve Analysis

The drying curves caculated by the computer program for red oak and white oak are
presented in Figure 8.6. Vacuum drying curves look similar to conventiona kiln drying curves.
Wood dries faster at the beginning and more slowly later. Thisis due to the reduction in pressure
difference as vacuum drying continues (Figure 8.2). As expected, it takes longer to dry white oak
than red oak due to the difference in their permeability values. The drying rate is related to the
permeability but not linearly.

8.4.4. Conclusion of Modeling

The following conclusions can be made from this modding. In vacuum drying, the drying rate
is controlled by water vapor bulk flow, unlike the situation in conventional kiln drying which is
controlled by diffusion rates. Drying speed depends on the wood temperature, vacuum pressure, and
the properties of the wood (mainly permeability).

Thereisaboailing front, which retreats toward the center of the board as drying proceeds, and
the retreating speed depends on the permeability. Pressure inside the wood is maintained by rapid
vapor generation. There are little heat and moisture losses through the sides of board due to the
lower permeability in the transverse direction. Most moisture loss is through the end grain during
vacuum drying. Drying rate, movement of the boiling front, and MC distribution are strongly

depended on the permeability.
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9. Experimental Equipment and Materials

From the proceeding theoretical development, most of the water moves aong the longitudinal
direction in vacuum drying because the total pressure difference inside the wood acts as the primary
driving force. Asaresult, amoisture gradient develops along the length. Generally, the longitudinad
permesbility of wood islarge, and the smdll differencesin total pressure inside the wood causes water
vapor and/or air to move out of the wood. Boiling occurs inside the wood during vacuum drying
when the pressure indgde the wood is lower than saturation pressure. A boiling front retreats towards
the center of specimen as drying proceeds. Even at low temperatures, the water evaporation rate is
very large under vacuum conditions, which makes room temperature drying possible. The following
experiments are used to test these theoretical consideration.

The experimental system consisted of a vacuum oven, vacuum pump, and cooling system.
A Napco vacuum oven (model 5861) was used having the inside dimensions 46 (deep) by 61 (high)
by 46 (wide) cm (Figure 9.1). A electrica heating device, located on the bottom and two sides,
controls temperature inside the vacuum oven. The oven israted to maintain an absolute pressure near
0 mm Hg. All pressures later referred to are absolute pressures. A Busch oil sealed pump (model
RA 0025-A005-1001) was connected to the vacuum oven and is capable of pulling a vacuum to 15
mm Hg. A water cooled Nedab cooling system (model CC-70W) was used to provide the low
temperature needed for the vapor freezing traps. The pressure-time performance of this system is
shown in Figure 9.2, using an empty chamber. The curve shows the figure to pull vacuum on the
empty chamber. A conventional drying oven (model 3-100, Scientific Equipment MFG Corp.) was
used to heat the sample to the required temperature for the cyclic vacuum drying.

During the experiments, temperatures were measured with a resistance temperature device
(RTD) having an accuracy of £0.1 C. The pressures were measured using pressure transducers
(model # PX213-015A5V, Omega Co.) having an accuracy of +2 mm Hg. Weights were measured
by aload cell (model # LC601-5 Omega Co.) with a capacity of five pounds (Figure 9.3).
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Figure 9.1 Vacuum Oven Used in Experiment
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Figure 9.2 Performance Chart of Experimental Vacuum System
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Data were recorded by the data acquisition system (Figure 9.4). The data acquisition system
consists of computer with 12-bit, 16-channel analog-digital conversion board operating under
program control EG. This program provides sequencing, scanning and mathematical conversion to
engineering units.

The wood samples used in all experiments were selected from red oak or white oak
heartwood. The 8.5-foot long log of white oak and 11.5-foot long logs of red oak were obtained
from the locd area. The samall end diameters of the red oak and white oak log were 12 and 10 inches,
respectively. FHatsawn boards were cut from these logs in the sawmill at Virginia Tech. The boards,
other than those used immediately after sawing, were wrapped in plastic and stored in a cold room

(0°C) to prevent decay and moisture loss prior to drying.
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Figure 9.3 Load Cell Used to Measure Weight
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Figure 9.4 Data Acquisition System
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10. Effect of Specimen Size on Drying Rate

Asindl other wood drying systems, energy is aso required to evaporate the water in vacuum
drying. In cyclic vacuum drying, the specimens are usually heated to the required temperature and
then a vacuum is pulled. Most vacuum studies have been done with the heating and vacuum
processes occurring in the same oven so that the ambient temperature was kept high during the
vacuum phase (Zhao 1988). After the vacuum was pulled, the wood temperature decreased rapidly
and became lower than the ambient temperature due to the evaporation and removal of water from
the specimen. Asareault, there was some heat transfer between the ambient environment inside the
chamber and the wood during the vacuum phase in most studies. If the ambient temperatureis high,
there is a potentia for significant heat transfer which will affect the drying process, especialy, the
drying rate and drying quality. In order to reduce the heat transfer between the wood and the
surroundings, the specimens were heated in an oven and then transferred to and dried in a vacuum
oven at room temperature. This allowed the wood to dry at or near room temperatures, in contrast
to other studies.

The wood permeability in the longitudina direction is more than ten thousand times higher
than in the transverse direction. The permeability vaues for red oak and white oak in the longitudinal
direction are 60 and 0.7 darcies respectively. The permeability values for red oak and white oak in
transverse direction are 0.004 and 0.0004 darcies respectively (Choong and Tesoro 1974). If WVBF
controlled by permeability is dominant in vacuum drying, it is expected that most of water would
move in the longitudinal direction. If thisis so, the width and the thickness of specimen should not
sgnificantly affect the drying rate. On the other hand, the drying rate should be related to specimen
length.

10.1. Objective

The objective of this phase of the experiment was to explore how the thickness and length of

the specimen affect the vacuum drying rate. In order words, it was to explore whether specimens
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with different thicknesses and the different lengths have different vacuum drying rates. Both cyclic

and continuous vacuum drying was investigated.

10.2. Experimental Procedure

Specimens were cut from green heartwood of the flatsawn red oak boards. Ten inches (254
mm) sectionswere cut from both ends of boards and discarded (Figure 10.1). One-inch (25.4 mm)
moisture sections from both ends were cut to measure the initial MC of board. In order to examine
the relationship between thickness and drying rate, four different sizes of specimens were used: 1 inch
(25.4 mm) sguare, 1.5 inches (38.1 mm) square, 2 inches (50.8 mm) square and 2.5 inches (63.5 mm)
square in cross-section, al with alength of 10 inches (254 mm). In order to examine the relationship
between the length and drying rate, specimen lengths of 5 inches (127 mm), 10 inches (254 mm) and
15 inches (381 mm), all specimens having cross-section of 1.5 inches (38.1 mm) square were used.
The maximum length of specimen was limited by size of the vacuum oven. The drying information
on ten inches long specimens in study of effect of the length on drying rate was obtained in the
experiment on the effect of thickness on the drying rate since the specimens were the same size. One
gpecimen in each drying load was used to measure temperature. In this specimen, a 1/8 inches (3.715
mm) diameter hole was drilled about half way through the thickness in the center of the specimen to
alow the measurement of center temperature. This method to measure center temperatures was used
for al experiments.

In order to separate those factors, such as heat supply from the environment, which may affect
the drying rate in cyclic vacuum drying, two ovenswere used. A conventional heating oven was used
to heat specimens to the required temperature, while the vacuum oven was maintained at room
temperature (around 20°C). The temperature in the heating oven was set at 60°C. In order to avoid
losing moisture during hesting, the specimens were wrapped in plastic film and sealed in plastic bags.
Before specimens were wrapped, they were weighed. The center temperature of one specimen in the
heating oven was determined using a K-type thermocouple. When the temperature reached 60°C,

the specimens were removed from the heating oven, the plastic removed, and the specimens were
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inserted into the vacuum oven. The RTD elements were attached to specific locations of one
specimen in order to read temperatures during vacuum drying.

In order to have ambient pressure inside the chamber (which may affect the drying rate) as
similar as possible for each drying load, the total weight of the specimens in each drying load was
controlled at about 2000 grams for various thicknesses and lengths. In order to have better resolution
on the weight measurement, several the specimens were bound together to make weight change easily
detected by load cell in each drying load. Other specimens were put on the rack inside the oven
during drying. The numbers of specimens on the load cell and in each drying load was listed in Table
10.1.

Table 10.1 Number of Specimen on the Load Cell and Total Number in Each Drying Load

Size (inch) Total Number of Specimens Number of Specimens on
in Each Drying Load Load Cell
1x1x10 11 4
1.5x1.5x10 5 2
2x2x10 3 1
2.5x2.5%x10 2 1
1.5x1.5%5 10 4
1.5x1.5x15 4 1

A vacuum was pulled to the maximum vacuum and the pump kept running during the drying
process. Thetemperatures, weights and ambient pressures were recorded every minute by the data
acquisition system. The temperatures recorded were center temperature, end surface temperature,
and ambient temperature.  The vacuum phase lasted about 140 minutes. Then, the specimens were
removed from the oven and weighed. After this cycle of vacuum drying, al specimens were

continuoudy dried under vacuum for another four hours. Thisisreferred to as continuous vacuum
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drying and will be discussed in section 10.6. After the continuous vacuum drying, the specimens were
oven-dried to obtain the oven-dry weight used to calculate MC.
Data collected during the cyclic vacuum drying includes weights, MCs, temperatures, and

pressures. The drying quality of al specimens was observed and recorded.

10.3. Effect of Thicknesson Cyclic Drying Rate

For cyclic drying, the average drying rate per cycle is calculated as the difference in MC
before heating and after 140-min of vacuum drying, divided by 140 min. The mean drying rate of
gpecimens of various thicknesses is presented in Table 10.2. Because of different statistical sample
Szes, t-tests were performed among the specimens. The p-values are shown in Table 10.2 between
the specimens with various thickness. P-value is probability value when it is less than or equal to
ggnificant leve «, itisvery unlikely to accept the statistical hypothesis that means of two groups of
dataare equal.

The statistical results show that there are no significant differences in drying rates among the
gpecimens of different thicknesses, because the p-vaues are always larger than 0.05. This means that
the cyclic vacuum drying rate is not significantly affected by the thickness of the specimen. If any
significant moisture transfer occurred from the side surface, then the drying rate would be affected
by thickness, because the moisture loss and amount of heat transfer should be directly proportional
to the surface area. Table 10.3 shows the different ratios of side surface and end surface to volume
for various specimen thicknesses.

The following provides a discussion to highlight the fact that moisture is mainly transferred
through the longitudinal direction and escapes from the end grain. If mass transfer occurs with the
same meass transfer coefficient in the side surface for each thickness, the specimen with larger ratio
of side surface to the volume (thinner specimen) will dry faster. This means the thinner specimens
would dry fast. However, this does not apply to the end surface. In contrast, no matter what the area

of the cross-section, the ratio of end surface area to volume stays the same. Thus, this would result
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in the same drying rate for various thickness if the moisture islost mostly from the end surface. This

appears to be the case in cyclic vacuum drying.

Table 10.2. Mean Drying Rates and p-values for Various Thicknesses

Size  (inch) 1x1x10 1.5x1.5x10 2x2x10 2.5x2.5x10

Drying  Rate (%/hr) 2.77 2.761 2.901 2.728
St.  Dev. 0.281 0.296 0.232 0.184
Initiadl  MC (%) 62.82 60.31 63.42 61.98
Ending MC (%) 56.35 53.86 56.65 55.61
P-values 1x1x10 - 0.95 0.28 0.75
1.5x1.5x10 0.95 - 0.27 0.80

2x2x10 0.28 0.27 - 0.19

2.5x2.5x10 0.75 0.80 0.19 -

10.4. Effect of Length on Cyclic Drying Rate

The mean drying rates for specimens of various lengths were calculated and presented in
Table 10.4. T-tests were performed among the specimens of various lengths to observe any
significant difference among their drying rates. P-values were tabulated in Table 10.4.

T-test results showed that there are significant differences among the drying rates for the
various specimen lengths. The shorter specimens dry faster than the longer specimens. Thus, the
cyclic vacuum drying rate is affected by the specimen length. Thisis one more example to show that

moisture moves primarily along the length during cyclic vacuum drying.

10.5. Analysisof Cyclic Vacuum Drying Curve
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After drying, the drying curves of the specimens on the load cell were calculated for various
specimen sizes. All drying curves showed a similar pattern. The MC, temperature and pressure
curves for 2x2x10 inches specimen are presented in Figures 10.2 to 10.4, respectively.

The drying curve consists two parts. A fast drying segment follows by slow drying segment.
Thereisatrangtion point which separates the two segments. This transition point is approximately
10 to 20 minutes after drying starts.

Table 10.3. Ratio of Surface Areato the Volume

Ratio of Side Ratio of End
Specimen Size | Volume | Side Surface | End Surface Surface Area | Surface Area
(inch) (cmd) Area (cm?) Area (cm?) to Volume to Volume

(Lem) (L/em)
1x 1 x10 163.87 258.06 12.90 1.575 0.079
1.5x1.5 x 10 368.71 387.1 25.04 1.050 0.079
2x2x10 655.48 516.12 51.74 0.787 0.079
2.5x2.5%10 1024.19 645.16 80.64 0.630 0.079

The fast drying period results from the transfer of moisture due to the sensible heat energy
being consumed to evaporate the water. At the beginning of drying the temperature difference
between the wood interior and the ambient environment islarge. As aresult of this difference, drying
isfast.

The dow drying rate period is the results of at least two factors. One of them isthat thereis
no significant temperature difference between the wood and ambient environment, resulting in low
heat transfer to the specimen. The second factor is that cause of the high permeability of wood and
the large amount of water removed in a short period of time by the WV BF, the pressure inside the
wood decreases rapidly at the beginning. During the dow drying period, the pressure inside the wood
is close to ambient pressure and the water vapor flow becomes small. This continues since the
difference in the pressures insde and outside the wood may get smaller as drying proceeds.

Three dternative explanations are used to define the transition point. There are, (1) boiling

on the end surface, (2) end surface temperature, (3) saturation pressure of the end surface.
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Table 10.4. Mean Drying Rate and p-values for Various Lengths

Size (inch) 1.5x1.5%5 1.5%x1.5x10 1.5x1.5%15
Drying Rate (%/hr) 3.002 2.761 2441
St. Dev. 0.328 0.296 0.222
Initiadl MC (%) 63.07 60.31 60.21
Ending MC (%) 56.06 53.86 54.47
P-value 1.5x1.5%5 - 0.041 0
1.5%x1.5x10 0.041 - 0.019
1.5x1.5%15 0 0.019 -

Boiling on the end surface. Boailing is determined by comparing the pressure and the
calculated saturation pressure corresponding to the local temperature. When the calculated saturation
pressure is equal to or higher than the local pressure, water boils. When the pressure curves were
analyzed, boiling occurred on the surface for most drying tests for the first 20 minutes (Figure 10.5).
When a vacuum is pulled, ambient pressure decreases, gradually becoming less than the saturation
pressure corresponding to the end surface temperature. When the surface water boils, the
temperature, and the saturation pressure are reduced significantly. Subsequently, saturation pressure
again becomes less than the ambient pressure and boiling ends. The fast drying period ends when the
boiling sops. This analysis works very well on most saturation pressure curves. However, boiling
was not detected in one or two of the saturation pressure curves first measured, probably due to
procedura difficulties.

End surface temperature. The fast drying period ends when the end surface temperature
is the same as the ambient temperature. When a vacuum was pulled, the end surface temperature
always decreased rapidly and approached the ambient temperature. However, in the larger

pecimens, end surface temperatures required much longer time to reach the ambient temperature as
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Figure 10.4 Pressure Curve for high MC Red Oak Specimen of 2 x2 x10 inchesin Cyclic
Vacuum Drying
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Figure 10.5 Saturation Pressure Curve for high MC Red Oak Specimen of 2 x2 x10 inchesin
Cyclic Vacuum Drying
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shown in Figure 10.3. In these cases, heat transfer by convection was relatively small, and
temperature decreased more slowly.

Saturation pressure of the end surface. This method compares the ambient pressure with
the calculated saturation pressure corresponding to the end surface temperature. At the beginning
of drying, the ambient pressure approached the saturation pressure. The difference between ambient
pressure and saturation pressure became smaller and smaller as drying proceeded. It reached the
smallest value and then began to increase. The transition point is the time when the smallest value
isreached. The fast drying period ended when the difference between the two pressures began to
increase. Based on this method, the transition time or end of the fast drying period is presented in
Table 10.5. The average drying rates during fast drying and slow drying period were calculated and
listed in Table 10.5. Thefast drying rates are defined as the moisture loss divided by transition time.
Most water removed from the specimen during the fast drying period.

In cyclic vacuum drying, the sensble energy stored in the specimen is used to evaporate the
water. Theoretically, in vacuum drying, when the center and the surface temperatures are equal to
the ambient temperature, there is no moisture loss and drying terminates. However, drying did not
stop in al experiments. The surface temperature continued to decrease below the ambient
temperature. In this Situation, there probably was heat transfer from the ambient environment to the
specimen. After a period of time, temperature difference between the surface and ambient
environment isvery large. For example, the surface temperature in drying the 1x1x10 inch specimen
was about 7.5°C lower than ambient temperature after 140 minutes of vacuum drying.

Referring to the temperature curve (Figure 10.3), in the beginning of drying, the center
temperature was high and end surface temperature was low. Both temperatures quickly approached
the ambient temperature as vacuum drying started, and the end surface temperature was even below
the ambient temperature. The rapidly decreasing temperature is attributed to water evaporation and
moisture was removed from the wood. In the end surface temperature curve, there was a
temperature increase about 3 to 4 minutes after vacuum was applied. This can be explained by the

fact that the end surface temperature at the beginning of drying was lower due to the heat convection
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and evaporation which cooled the surface. When the vacuum increased, the heat convection was
significantly reduced and heat conduction and mass transfer from the center to the surface resulted

in an increase in the end surface temperature.

Table 10.5 Transition Time and Drying Rates of Fast and Slow Drying Periods

Size (inch) Transition Time (min) Fast Drying Rate Slow Drying Rate
(%/min) (%/min)
1x1x 10 13 0.132 0.0285
1.5x1.5x 10 11 0.224 0.0257
2x2x 10 10 0.139 0.0598
2.5%x2.5% 10 11 0.235 0.0312
1.5x1.5%x 5 11 0.467 0.0207
1.5x1.5% 15 10 0.163 0.0272

To explore drying curves at MC below FSP, 2x2x10 inches specimens were dried toaMC
of about 20%. Then they were cyclic vacuum dried to observe any differences between the cyclic
vacuum drying of high MC (Figure 10.2) and low MC (Figure 10.6) specimens. The drying rate was
smaller for the low MC specimen for which the temperatures decreased slowly as shown in Figure
10.7. Thisisdueto the fact that less moisture is available near the end surface. More time is needed
and some energy istransferred to the ambient environment by heat convection. The specimens were
then weighed and oven dried.

The same size specimens at 0% MC were heated to 60°C and put into the vacuum oven to
observe the temperature change. The temperature curves is presented in Figure 10.8. Specimen
temperatures were never below the ambient temperature because there was no evaporation.

However, temperatures owly decreased as a result of convection heat transfer.

10.6. Effect of Specimen Size on Continuous Vacuum Drying

95



Continuous vacuum drying was conducted on the same specimens after the cyclic vacuum
drying test. After each cyclic vacuum drying test, the specimens were weighed and put into the
vacuum oven. The heating system in the vacuum oven was turned on and the ambient temperature
was controlled to 60°C. The vacuum was pulled to a maximum and the vacuum pump kept running
for four hours under this condition. Weights, ambient pressures, center, surface, and ambient
temperatures were recorded every five minutes. When drying terminated, specimens were weighed
and oven dried.

The drying rate was calculated as the difference between the MC before and after drying,
divided by the time (4 hours). The drying rates for each specimen size were calculated and are
presented in Table 10.6. T-test was performed and p-values are presented in Table 10.6.

From the discussion in section 10.3, the difference in the ratio of the surface to the volume
will affect the amount of heat transfer per unit volume to the specimen. Different amounts of heat
transfer cause differences in drying rates. Thus, there are different drying rate for different
thicknesses in continuous vacuum drying, that is, the continuous vacuum drying rate is affected by
the thickness mainly due to the amount of heat transfer. A thinner specimen will absorb more heat
energy per unit volume. Asaresult, athinner specimen will dry faster than a thicker specimen. This
is shown in the data given in Table 10.6. The one inch thick specimens had the average highest
drying rate of 5.08 %/hr, and the 2.5 inch thick specimens had the lowest average drying rate of 3.462
%lhr.

Figures 10.9 and 10.10 represent M C and temperature curves for continuous vacuum drying
of a2x2x10 inch specimen. The drying curveisamost linear and specimens of every thickness show
asmilar shape. R?vauesfor MC vstime are higher than 0.95 in all cases (Table 10.6). This means
that a constant drying rate occurs during the drying process. Because heat is required to evaporate
the water, the amount of heat transfer determines the amount of water evaporation that occurred
during drying period. Because there is small difference (Figure 10.10) in the peak and valley
temperatures between the end surface and ambient environment during drying, the amount of the heat

transfer is amost the same in the process.
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Figure 10.6 Moisture Curve for low MC Red Oak Specimen of 2 x2 x10 inchesin Cyclic
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Figure 10.7 Temperature Curve for high MC Red Oak Specimen of 2 x2 x10 inchesin
Cyclic Vacuum Drying
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Figure 10.8 Temperature Curve for Oven-dry Red Oak Specimen of 2 x2 x10 inches In
Cyclic Vacuum Drying
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Table 10.6 Drying Rate and p-values of Continuous Vavuum Drying

Size  (inch) 1x1x10 | 1.5x1.5 | 2x2x10 | 2.5x2.5x | 1.5x1.5x [ 1.5%x1.5x
x10 10 5 15
Drying Rate (%/hr) 5.08 4562 | 3.872 3.462 4.27 4.01
St.  Dev. 13 0.827 0.45 0.198 1.35 0.398
Initiadl MC (%) 56.31 535 56.65 53.98 56.06 54.47
Find MC (%) 36.00 35.25 41.16 40.13 38.99 38.43
R? 0.991 0.970 0.962 0.981 0.965 0.986
P-value 1x1x10 - 0.29 0.014 0.0022
1.5%1.5x10 0.29 - 0.038 0.0024 0.47 0.086
2x2x10 0.014 0.038 - 0.046
2.5x2.5x10 0.0022 | 0.0024 0.046 -
1.5x1.5%5 0.47 - 0.45
1.5x1.5%15 0.086 0.45 -

End check was found in the continuous vacuum drying specimen, but no surface and interna
checks (Figure 10.11). The end check occurs because of the large moisture gradient along the length.
When the MC near the end surface is below FSP, wood shrinks. While center with MC above FSP

restrains the shrinkage, then the end check occurs as shown in Figure 10.11.
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Figure 10.11 End Check in Red Oak Occurring in Continuous Vacuum Drying
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11. Effect of End Grain on Vacuum Drying

If moisture transfer is governed by WVBF, moisture is essentially transferred in the
longitudinal direction because of its higher permeability, and wood can be dried from the end grain
only. The objective of this experiment is to explore the effect of end grain on vacuum drying by
sealing the four side surfaces of specimens with paraffin wax, plastic films and butyl rubber tubes.
Therefore, moisture movement will be entirely along the grain. The end grain drying rates of both

red oak and white oak will be compared for both cyclic and continuous vacuum drying.

11.1. Effectiveness of Specimen Sealing

The purpose of this experiment is to determine the effectiveness of the sealing procedure.
The sedling should prevent any significant loss of moisture from the specimen at a drying temperature
of about 60°C in a high vacuum condition.

A prdiminary study showed that wax alone was not sufficient to prevent moisture loss. For
this experiment, the specimen size 1 by 1 by 6 inches red oak. The specimens were prepared as
shown in Figure 10.1. After the specimens were cut, they were weighed and dipped into the melted
wax to coat all six surfaces. The melting temperature of paraffin wax was 80°C. The specimens
were then wrapped with plastic film on the four side surfaces. The end grain surfaces were aso
covered with plagtic film. Findly, the specimenswith wax and plagtic film were inserted into the butyl
rubber tube with an inside diameter of 28.31 mm and outside diameter of 29.83 mm (Figure 11.1).
Seven specimens were tested by this process.

The specimens were heated in a heating oven at temperature of 60°C for three hours. They
were removed, and weighed, and put into vacuum oven. A vacuum was pulled and maintained at 16
mm Hg for three hours. After this procedure, the specimens were removed from the vacuum oven
and weighed. The data are presented in Table 11.1.

The total specimen weight of all seven specimens before sealing was 746.0 grams and the

initiad MC was 63.16%. The estimated oven-dry weight of the specimens was 457.67 grams. The
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total weight loss during heating was about 0.9 gram for aMC drop of 0.20%. The weight loss during
vacuum exposure was 1.2 grams for aMC drop of 0.26%. Total MC loss in the entire process was
0.46%. Based on this result, this sealing method was assumed to be effective, and this method of

sealing was used in these experiments.

Table 11.1 Effectiveness of the Sealing

Specimen Weight before Weight after Heating Weight after 3 hoursin
Heating (g) at Atmospheric Pressure (Q) Vacuum (g)
A 128.2 128.1 128.1
B 1255 125.3 124.7
C 127.8 127.7 127.7
D 123.9 123.7 123.7
E 132.8 132.7 132.1
F 120.3 120.2 120.2
G 123.1 123.0 123.0

11.2. Comparison of Cyclic Vacuum Drying Rates of Side-sealed Red Oak and
White Oak

The moisture sections and ten specimens 1x1x10 inches were cut from the red oak and white
oak green board as shown (Figure 10.1). Based on these moisture sections, the initial MC was
calculated, and the oven-dry weights of specimens were estimated. Specimens were sealed on the
four sde surfaces using the procedure described in section 11.1. The end grain was not sealed. After
sealing, the specimens were weighed.
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Figure 11.1 Schematic Diagram of Specimen Secaling
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There were five specimensin each drying load. The specimens were heated to 60°C and dried
in vacuum for 140 minutes as in section 10.2. After this vacuum process, the specimens were
reweighed. This sequence is one cycle of drying. After this cycle of drying, the specimens were
reheated to 60°C and dried again, for atotal of four vacuum cycles. One specimen in each load was
used for measuring temperature and the other four specimens were used to measure the weight
changes. The ambient pressure was measured by the pressure transducer. Data of temperature,
pressure and weight were recorded every minute during vacuum drying. The drying, temperature,
and pressure curve were plotted from the data.

The drying rates of the specimens are presented in Table 11.2. T-tests were performed on
the drying rates of both red and white oak and the p-values are also shown in Table 11.2.

Statistical comparison (with p-value greater than 0.05) concludes that there is no significant
difference in the drying rates of red oak and white oak for 3 of 4 cycles of vacuum drying. However,
for the 3rd cycle, the red oak dried significantly faster than white oak. It is believed that this may be
due to experimental error in this cycle.

In the analysis of cyclic vacuum drying curve in section 10.5, the fast drying period usually
lasted only avery short time (10 to 20 minutes) for red oak. Therefore, another comparison between
the drying rates after twenty minutes of drying were done for sealed red oak and white oak. The
twenty specimens of red oak and white oak were cut and dried using a single cyclic vacuum
procedure. The experimental procedure was the same as above except that the drying time was
limited to 20 minutes. The drying rates and p-values are listed in Table 11.3.

The p-vaue is 0.058, indicating that there is no sgnificant difference in the drying rates of red
oak and white oak at the 5% significance level. This may be because both red and white oaks are
aufficiently permegble that permesability is not the limiting factor in this case. Furthermore, there are
variations of permeability within the same species and even within the same tree. The standard
deviations in the drying rates are sufficient large to cause no significant difference in the statistical
sense. On the other hand, the p-value is only dightly more than 0.05. If « is chosen as 10%, then

there would be a significant difference in the drying rates.
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Table 11.2 Drying Rates for Red Oak and White Oak in Each drying Cycle

Specimen Red Oak White Oak P-value
Mean St. Dev. Mean St. Dev.
Initial MC (%) 52.30 56.87
MC after 1<t cycle (%0) 45.96 49.89
Drying Rate of 1st Cycle 2.718 0.588 2.993 0.567 0.36
(%fhr)
MC after 2nd cycle (%) 39.81 43.77
Drying Rate of 2nd Cycle 2.636 0.211 2.621 0.537 0.94
(%fhr)
MC after 3rd cycle (%) 33.89 39.16
Drying Rate of 3rd Cycle 2.535 0.120 1.976 0.376 0.004
(%/hr)
MC after 4th cycle (%) 29.46 34.81
Drying Rate of 4th Cycle 1.898 0.503 1.862 0.110 0.85
(%/hr)

11.3. Comparison of Cyclic Vacuum Drying of Sealed and Unsealed Specimens
11.3.1. Comparison of the Drying Rates of Sealed and Unsealed Specimens

Cydlic vacuum drying rates of sedled (four sde surfaces sealed) red oak and unsealed red oak
were compared in order to confirm that most water islost through the end grain surfaces. The drying
rate data of unsealed 1x1x10 inches red oak specimens were taken from the experiment in section
10.3. Thedrying rate data of sealed red oak were taken from the first cycle in section 11.2 so that
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both the sedled specimens and unsedled specimenswere MC. These cyclic drying rates of sealed and

unsealed specimens are was presented in Table 11.4, with corresponding statistical values.

Table 11.3 Drying Rates of Red Oak and White Oak in Twenty Minutes of Cyclic Vacuum Drying

Red Oak Red Oak White Oak White Oak
Initial MC (%) Drying Rate Initial MC (%) Drying Rate
(%/min) (%/min)
Mean 46.10 0.2443 4591 0.2152
St. Dev. 0.0369 0.0552
P-value 0.058

Table 11.4 shows that the there is no significant difference in the drying rates of sedled and
unsealed specimens. This indicates that there is no significant moisture loss from the side surfaces
of the unsealed specimens during vacuum drying. It should be also noted that drying rates for the
sedled specimens are large. Due to the limitation of specimen size by the equipment, most of the sizes
arelby 1 by 10inches. Thissizeissmilar to therea size of lumber 14.4 inches by 14.4 inches by
12 feet long. It should not be difficult to dry this size of lumber as it can be predicted from the
modeling.

11.3.2. Comparison of Drying Curves of Sealed and Unsealed Specimen s

The MC and temperature curves of the sealed red oak specimens are shown in Figures 11.2
and 11.3. The curvesfor the sedled specimens have the same shape as those of the unsealed vacuum
drying curves (see Figure 10.2). Figure 11.2 also shows two parts corresponding to the fast and slow
drying rates. The similar curves result from the insignificant moisture loss from the side surfaces
during vacuum drying. It should be noted that the drying curves of sealed white oak specimens are
amilar to that of Sde sedled red oak specimens. The ambient pressure curves were aso identical for
the sealed and unsealed specimens.
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Table 11.4 Comparison of Drying Rates of Sealed and Unsealed Specimen

Specimen Unsealed (%/hr) Sealed (%/hr)
Initiad MC (%) 62.82 52.30
Ending MC (%) 56.35 45.96
Mean 2.77 2.718
St. Dev. 0.281 0.588
P-value 0.82

11.4. Comparison of Continuous Vacuum Drying Rates of Sealed Red Oak and
White Oak

The objective of this experiment was to compare the continuous vacuum drying rates of sealed
red oak with those of sealed white oak. Ten pieces of white and red oak specimens (1x1x10 inches)
were tested in continuous vacuum drying as described in section 10.2. The specimens were sealed
on the four side surfaces. Two continuous drying loads were done with five red oak and five white
oak specimensin each load. Theweight of each specimen was measured every 90 minutes when the
vacuum was relieved for about one minute (Figure 11.4). The mean drying rates were compared
after 9 hours and 22 hours of drying. The statistical results are presented in Table 11.5. Thereisa
significant difference between the drying rates of continuous vacuum dried red oak and white oak.
The red oak dries faster dueto its larger permeability.

More heat energy was consumed by the red oak specimens than the white oak specimen in
order to maintain the larger drying rate. The red oak specimens were always than the white oak
specimens (Table 11.6). Apparently, red oak absorbs more energy than white oak from the ambient
environment because it dries faster. A moisture gradient developed along the length as will be
discussed in the section 11.7.
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Table 11.5 Continuous Vacuum Drying Rates of Red Oak and White Oak

Specimen Red Oak White  Oak P-value
Mean St. Dev. Mean St. Dev

Initial MC (%) 56.41 53.18

MC after 9 hrs of drying (%) 26.35 20.01
Drying Rate after First 9 3.34 0.32 2.686 0.351 0.0004

Hours (%/hr)
MC after 22 hrs of drying 4.4 10.61
(%)
Drying Rate in 22 Hours 2.364 0.116 1.935 0.241 0.0003
(%/hr)

11.5. Moisture L oss from the Side Surfaces during Cyclic Vacuum Drying

The objective of this experiment was to determine the amount of water is removed from the
sde surfaces during cyclic vacuum drying. Twelve 4x4x4 inch specimens of red oak were cut from
the sample boards. Specimens were separated into two groups: six pieces sealed in the four side
surfaces and six pieces left unsealed. They were dried under cyclic conditions. There were two
vacuum cycles of one hour each. The results are shown in Table 11.7. The initidl MC was based on
unsealed specimens.

The moisture loss from the side surfaces is small for cyclic vacuum drying (less than 5% in
weight for both cycles). Statistical test results show that there is no significant difference in drying
rates between sealed and unsealed specimens during cyclic vacuum drying.

11.6. Moisture Gradient through Thickness

The objective of this experiment was to investigate the moisture gradient through the

thickness of specimens. Five specimens of 2.5%1.5%10 inches were prepared (Figure 10.1). The

specimens were completely sealed including the end grain, except for a one inch strip in the center
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of specimen (Figure 11.5). Specimens were then continuously vacuum dried at a vacuum level of 18
mm Hg and temperature of 60°C for three hours. The unsealed one inch strips were cut from the
specimens. They were then dliced into seven layers through the thickness as shown in Figure 11.6.
The moisture content of these layers were used to calculate moisture gradient.

The average moisture gradient from the five specimens is presented in Figure 11.7. Itis
clearly seen that the moisture gradient is very steep near surface of the specimens, indicating that
there is little transverse moisture movement from the center to the surface. This steep moisture
gradient was dso found in RFV drying wood (Kanagawa and Yisujima 1993, Avramidis et al. 1986).

11.7. Moisture Gradient along L ength

Data of cyclic vacuum drying for this section came from those sealed specimens of cyclic
vacuum drying discussed in section 11.2. Datafor continuous vacuum drying came from those sealed
specimens of continuous vacuum drying discussed in section 11.4. In order to determine the
longitudina moisture distribution after vacuum drying, the specimens were first ripped on four side
surfaces to remove the coating as shown in Figure 11.8. They were then cross-cut into small
segments (Figure 11.8). The lengthwise moisture distribution curves for cyclic and continuous
vacuum drying are presented in Figure 11.9 and Figure 11.10. The moisture gradients along the
length were found for both cyclic and continuous vacuum drying. Avramidis et al. (1996) also found
the moisture gradient along the length in the RFV material. The results indicates the most of the

moisture movement occurs along the length.
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Table 11.6 Temperatures of Red Oak and White Oak During Continuous Vacuum Drying

Drying Time Red Oak White Oak
(h) MC (%) Temperature (°C) MC (%) Temperature (°C)
15 51.3 34.9 47.9 35.6
3 46.3 36.9 429 37.8
4.5 40.5 37.2 38.7 37.5
6 35.0 374 34.9 39.6
7.5 30.0 37.3 318 40.3
9 26.0 39.2 28.5 43.8
20 7.2 54.8 10.7 61.6
11.7 Weight Loss of Sealed and Unsealed Specimens
Specimen Sedled Unseded Difference | P-vaue
Initial MC (%) 46.04 42.69
First Ending MC (%) 41.74 38.44
Cycle Drying Rate (%/hr) 4.30 4.25 0.78
Weight Loss (g) 146.7 151.98 5.28
Initial MC (%) 40.96 37.11
Second Final MC (%) 36.89 33.22
Cycle Drying Rate (%/hr) 4.07 3.89 0.62
Weight Loss (Q) 138.3 139.2 0.9
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Figure 11.5 Schematic Diagram of Sealed Specimen for the Study
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Figure 11.6 Schematic Diagram for Measuring the Moisture Gradient in Thickness
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Figure 11.8 Schematic Diagram for Measuring Moisture Gradient along the Length
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12. Boiling Front During Vacuum Drying

When the pressure is lower than saturated pressure, water boils. Most research supports the
concept that moisture inside wood is boiling as the boiling temperature is lowered in avacuum. In
RFV, the temperature of wood reaches the boiling temperature in avery short time (Avramidis et a.
1994). However, Neumann et d. (1992) smultaneously measured temperatures and pressures at the
different depths of beech boards during convective vacuum drying in superheated steam at 2x10* Pa
(0.2 bar). They found that the pressures at different depths were always higher than the saturation
pressures corresponding to the local temperatures. They concluded that water was not boiling in the
wood and the faster drying in vacuum drying may not be attributed to the boiling phenomena as most
researchers supposed. The boiling front concept has been proposed by Chen and Lamb (1995a), who
suggested that not only is water boiling inside the wood, but also there is boiling front. From the
boiling front to wood surface, the boiling temperature is lower than the wood temperature, and
moigture in this region boils. From the boiling front to the center of the wood, there is no boiling due
to the fact that the pressure insde the wood is higher than the vapor saturation pressure. The boiling
front retreats from the surface to the center as drying process proceeds. The retreating speed
depends on the heat energy supply and the properties of the wood, such as permeability and thermal
conductivity. The objective of this experiment was to investigate the boiling phenomena and the
boiling front during continuous and cyclic vacuum drying. The MC at the boiling front was also

explored.

12.1. Boiling Front Deter mination

From theoretical considerations (Chapter 8), there is a boiling front and it retreats to the
center of a board as drying proceeds. The emphasis of this experiment is on detecting boiling

phenomenon and characterizing the boiling front movement.
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Specimens used in the experiments were prepared as discussed in section 10.2 as shown in
Figure 10.1. The specimenswere 2.5x1.5x10inches. Some specimens were green, and others were
air dried to about 10% MC.

Two pairs of 1/8 inches (3.175 mm) holes were drilled in each specimen (see Figure 12.1).
They are designated aslocations " 1" and "2". In each pair of holes, the hole closest to the edge was
used for the pressure probe and other for the temperature probe.

Experiments were conducted for the high MC (above FSP) and low MC (around 10%)
gpecimens.  Six experimental runs are discussed here. The A and B values (Figure 12.1) from the
designated locations on the specimen in relationship to the end grain are presented in Table 12.1.

Glass tubes with outside diameter of 1.727 mm and inside diameter of 1.27 mm were inserted
into the holes and sealed with epoxy. Rubber tubes with an inside diameter of 1.27 mm and outside
diameter of 3.3 mm were then used to connect the glass tubes to the pressure transducers (Figure
12.2).

Both cyclic and continuous vacuum drying were investigated using procedure described in
section 10.2. One specimen was dried at atime.

In cyclic vacuum drying, the temperature probes were inserted into the holes after heating.
The rubber tube were then connected to the glass tube to measure the pressure. Then the specimen
was hung on the load cell and vacuum drying started. The end surface temperatures, ambient
temperatures, and temperatures at locations “1" and “2" were measured. Ambient pressures and
pressures at locations “ 1" and “2" were measured. The weight, pressure and temperature readings
were recorded during the drying every thirty second for specimen of low initiadl MC and every minute
for specimen of high initial MC. When the temperature of wood was lower than the ambient
temperature, cyclic drying was stopped.

For continuous vacuum drying, the data were recorded every minute for specimens of low
initidl MC and every five minutes for specimen of high initiadl MC. When the temperatures in the

designated locations were higher than the saturated temperature, drying was stopped.
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Figure 12.1 Longitudinal Locations on Specimen for Measuring Pressure and
Temperature
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Figure 12.2 Connection to Measure the Pressure in the Specimen
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Table 12.1 Two Locations in the Specimens for Measuring Pressures and Temperatures

Run Initial MC (%) | A Distance (mm)* |B Distance (mm)*
#1 77.59 38.1 76.2
Continuous Drying #2 44.88 12.7 38.1
#3 38.36 25.4 50.8
#4 8.83 8 25.4
Cyclic Drying #5 50.92 8 254
#6 9.89 8 25.4

* see Figure 12.1.

The experimental results are shown as MC, temperature and pressure curves versus time.
They are presented in Figures 12.3 to 12.5 for continuous vacuum drying and Figures 12.6 and 12.7
for cyclic vacuum drying. The temperature curves represent ambient temperature, surface
temperature and temperatures at locations “1" and “2". There are three pressures, the ambient
pressure and the pressures at locations “1" and “2". Thus, there are four calculated saturation
pressures shown in Figures 12.4, 12.5 and 12.7, corresponding to the four local temperatures.

The caculated saturation pressures were compared with the measured pressures at the same
timesand locations. If the calculated saturation pressure was higher than the corresponding measured
pressure, boiling is assumed to occur at thislocation. From Figures 12.5 and 12.7, it is clearly seen
that there was boiling during vacuum drying and that the boiling front moved towards the center as
drying proceeded. The time required to reach the boiling condition at each location is presented in
Table 12.2, for both cyclic and continuous vacuum drying.

It takes less time for the boiling front to retreat to the center of a specimen in continuous
vacuum drying for lower MC specimens. Thisis because it takes energy to boil the water and the
heat supply isamost the same for specimens of high MC and low initial MC, and specimens having

low MC smply have less water to boil. Thus, the temperature increased more rapidly to reach the
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boiling condition inside the wood. The temperature inside the specimens of lower MC increased
faster during drying, since the temperature inside the wood is related inversely to the MC. If the
temperature is uniform in the entire specimen, the pressure gradient only can be built up when the MC
islower than FSP and dso thereisaMC gradient as discussed in Chapter 6. The high MC specimens
require more heat supply to boil the water in the surface first in order to build up the pressure
difference to move the moisture from the interior to the surface. The boiling front then slowly
retreated to the center of the specimen.

Table 12.2 Time for Each Location to Reach the Boiling Condition

Drying Run Ambient Surface Location "1" * Location "2"*
Method (min) (min) (min) (min)
Continuous #1 5 30 65 730

Drying #2 10 25 35 190

#3 10 15 325 645

#4 8 11 12 48
Cyclic #5 Non-Boiling 9 Non-Boiling Non-Boiling
Drying #6 Non-Boiling 7 8.5 5

* Distance to location from end grain surface (see Figure 12.1).

In continuous vacuum drying, the boiling front should be located at the point in the wood
which is at FSP in specimens whose initial MCs exceed FSP. Thisis true because the temperature
near the surface is higher than in the center and the saturated pressure is higher in the surface than
in the center. Therefore, the surface approaches the boiling condition first because the pressure
decreases there first. According to sorption theory, only when MC is below FSP can the pressure
be lower than saturation pressure. From the boiling front to the center of a specimen, the MC is
higher than FSP, the pressure is higher than saturation pressure. Therefore it is not boiling. Dueto

the high permeability of wood, when the MC is above FSP, there is no large pressure gradient built
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up inthiszone. Therefore, there is not significant moisture transfer by WVBF. However, this zone
(Figure 12.5) till loses a significant amount of moisture due to large FWBF (capillary flow).

In cyclic vacuum drying, due to experimental procedures after heating and before applying
avacuum, surface temperatures tend to be lower than those in the center when a vacuum is applied.
After the vacuum is gpplied, thereis not much difference in pressure between the surface and interior
of the wood. Under these conditions, boiling may occur inside the specimen first because of the
higher interior temperature. This is the situation which occurred in the low initidl MC specimens
(Run #6). If at the beginning of the drying, there had not been a temperature gradient, boiling would
have occurred at the surface first.

For the higher initidl MC specimens, due to limited heat supply, locations inside the specimens
did not reach the boiling condition. The boiling condition inside the wood was amost reached, but
the local saturation pressure was not sufficient. The surface reached the boiling condition first.
Regarding the center temperature, the decreasing temperature may be attributed to heat conduction
from center to the surface as the surface was cooled because of the boiling or heat convection loss.
This decreasing temperature reduced the chance for the wood near the center to reach the boiling
condition. Regarding the pressure, when boiling occurred on the surface, the pressure inside the
specimen did not decrease sufficiently to reach the boiling condition.

For the high initiadl MC specimens, more water was available to evaporate near the end
surface. The boiling may have occurred near the surface (Run #5). The pressure near the surface
could not be measured. Some boiling may have occurred inside the wood not far from the end
surface.

Dueto the rdlatively high permesability of wood, the pressures inside the specimens decreased
rgpidly after the vacuum was applied, but before boiling occurred on the end surface (Figure 12.5).
According Figure 12.5, there was pressure gradient along the length. This occurred in every
specimen. The pressure was lower at the location closest to the end grain and higher toward the
center of the specimen. When boiling occurred on the surface of a specimen, the pressure in the

location near the center of the specimen decreased more owly. This can be clearly seen in Figure
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12.5 in which the pressure at location "2" did not decrease significantly after boiling occurred at the
end surface. On the other hand, there was still moisture transport due to the pressure difference.
However, water vapor was continuously supplied by evaporation which kept the pressure almost
steady at this location.

Figures 12.3 and 12.6 show that temperature increased gradually for continuous vacuum
drying and decreased gradually for cyclic vacuum drying. Thisis because the ambient temperature
was larger than the wood temperature in continuous vacuum drying and the opposite istrue in cyclic
vacuum drying. It is interesting to observe that in the high MC continuous vacuum drying, the
temperature at the location "1" was lower than the temperature at the location "2" (Figure 12.3).
This may be due to the fact that boiling occurred in location "1" not at location “2". Energy is
consumed to evaporate water. Therefore, the wood in location "1" was cooled. For cyclic vacuum
drying, temperatures at locations near the end surface were aways lower than temperatures at the
locations further from the end grain surface. However, the temperature difference between these two

locations were very small.

12.2. Moisture Content at the Boiling Front

From the results of the previous section, in continuous vacuum drying the pressures decreased
rgpidly at first and remained generaly unchanged after that (Figure 12.5). The temperature however
kept increasing, as did the saturation pressure. When the saturation pressure is higher than local
pressure, water boils. From preceding discussion, it seems that the temperature inside the wood is
closely related to the MC. The objective of this experiment is to investigate the MC at the boiling
front location.

Specimens were prepared the same way as shown in Figure 10.1. The specimens were is
25x1.5x10inchesin 9ze and dl have MCs above FSP. After a specimen was cut, one pair of holes
was drilled in the center of the specimen as was done in section 12.1. The holes were located about
50 mm from the end surface. One hole was used to measure pressure, and other to measure

temperature (Figure 12.8). There were nine experimental runs. The specimens were dried by
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continuous vacuum drying. The same methodology asin section 12.1 was applied here to measure
temperature and pressure.

When the saturation pressure was greater than the measured pressure, drying was stopped.
At the conclusion of drying, the specimens were cut into five sections (Figure 12.8). The sections
were oven-dried to constant weight. The MCs of these sections for one run are shown in Figure 12.9.
Thisfigure clearly shows that there was a moisture gradient along the length.

The relationship between the final MC and local temperature is presented in Figure 12.10,
which includes results from nine experiments. There is one saturation temperature corresponding to
each pressure. The pressures measured during vacuum drying were about 19 to 20 mm Hg. The
saturation temperatures corresponding to this pressure range is about 22 to 23°C. In Figure 12.10,
the first five points are at temperatures which are a or near these saturation temperatures. It is
consdered that boiling occurred in these five experiments and the boiling front is at these locations.
All five of these MCs were all greater than FSP. The conclusion can be drawn that the moisture
content at the boiling front is above FSP. The other four points have temperatures greater than the
saturation temperatures. It isassumed that boiling occurred in each of these cases, but there was no
longer a boiling front. The correlation between MC and temperature in the nine experimental runs
was calculated to be 0.903. There appears to be a relationship between the MC and temperature

during continuous vacuum drying.
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13. Room Temperature Vacuum Drying

Vacuum drying of wood is fast, especidly at high temperatures and high levels of vacuum,
as can be seen in the previous chapters. Red oak has been dried in 22 hours from 56% to 5% MC
at 60°C (see section 11.4). The drying rates are reduced if the drying temperatures are lowered. The
objective of this experiment isto explore the possibility of drying red oak under vacuum by lowering
the drying temperature to about room temperature. In previous experiments, drying did not stop even
when the specimen temperature was lower than ambient temperature (Figure 10.3). Even at thislow
temperature, wood still dried at a reasonable drying rate.

Every drying process involves the supply of energy and removal of water. Theoretically
vacuum drying a room temperature is possible. As discussed in the theoretical section (section 4.4),
the evaporation rate is very high even at low temperatures at 0 mm Hg pressure. For example, the
evaporation rate is about 0.25 g/cm? s at atemperature of 20°C in a perfect vacuum, even though the
gpecimen temperature is lower than ambient temperature, as can be seen in Figure 10.3. This shows
that the surface temperature is lower than the ambient temperature soon after drying. For drying of
1x1x10 inches specimen, the difference between the ambient and surface temperature reached 7.5°C
after 140 minutes of cyclic vacuum drying. That means that there is certain amount of heat transfer
by radiation and/or convection from the environment to the specimen providing energy to dry the
wood. Heat convection is related to the density of medium. There is some heat convection even in
vacuum drying because of the trace of water vapor in the chamber. Radiation is emitted from a body
as a result of vibrational and rotational movements of molecular, atomic, and subatomic particles.
Thermal radiation is transferred by electromagnetic wave and does not require a medium for its
trandfer asin the heat conduction and convection. The radiation heat transfer rates are proportional
to the fourth power of the difference in temperature (Hewitt et al. 1997).

The specimens were prepared according to the procedure described in section 10.2 (Figure
10.1). The specimens were free of visible defects, such as knots and decay, etc. Three specimen sizes
were used. In each drying run, the total weight of each specimen size was controlled to ca. 2000
grams. The sze and the number of specimensarelisted in Table 13.1. Several specimens were hung
from the load cdll and the others were put on the rack to dry in the oven. One specimen in each Size

was used to measure temperatures. The weights were recorded every five minutes. The pump was

140



stopped every 10 to 12 hours for 10 minutes for necessary maintenance.

Table 13.1 Number of Specimens on the Load Cell for Different Sizes

Size (inch) Number of Specimen in Each Drying Number of the Specimen on
Load Load Cell
1x1x10 11 2
1.5x1.5x10 5 1
1x1x15 8 3

Figures 13.1 to 13.3 show the MC, temperature and pressure curves of the room temperature
vacuum drying for the size of 1x1x15 inches. The drying (MC) curves for the other two sizes are
shown in Figure 13.1. The spikesin figure 13.3 correspond to the time when pressures were relieved
due to the maintenance requirement. Average drying rates for three different specimen sizes are
presented in Table 13.2.

Table 13.2 Room Temperature Drying Rates

o Initial MC _ Drying Time | Dry Rate
Size (inch) Fina MC (%) R?
(%0) (h) (%o/h)
1.5x1.5x 10 49.82 14.71 110 0.319 1.00
1x1x10 81.42 24.19 70.67 0.810 0.97
L 1x1x1]5 £9.64 1192 | 1155 | 09587 | 100 |

By comparing the drying rates of the three specimen sizes, statistical results showed
sgnificant differences between the drying rates. Thisresult is consistent among all tests (see sections
10.6 and 11.4). Specimens of 1x1x10 inches dried the fastest. Specimens of 1x1x15 inches dried
dower and 1.5x1.5x10 inches the slowest.
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The MC curves are more linear than most conventional drying curves (Salin 1991). Wood
isdried at most a constant rate. R? values presented in Table 13.2 are also close to unity. The MC
curveisnearly linear. Thedrying rate was determined primarily by the heat supply from the ambient
environment. The temperature difference between the specimen and the environment was amost
congtant over time and the ambient pressure was constant. Therefore, the amount of water removal
was amost the same which resulted in a practically constant drying rate. The temperature (Figure
13.2) curve shows that at the very beginning the surface temperature was reduced, because the
sensible heat energy stored in the wood was consumed to evaporate the water initially.

It was observed that the drying quality was good with no color change during drying, nor
were there is any visible drying defects. This experiment indicates that it is possible to dry red oak

at room temperature condition with reasonable drying rates.
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14. Summary and Conclusions

14.1. Summary
The primary objective of this study, based on both theory and experimentation was to prove

that the tota pressure difference is the primary driving force during vacuum drying. Severd
theoretica aspects related to the vacuum drying process were investigated. First, the effects of
various driving forces on vacuum drying were discussed. The theoretical drying rates for diffusion,
FWBF and WV BF were caculated and compared. Then, using the Hailwood and Horrobin sorption
theory, the concept of EMC in the absence of air was developed. Finaly, the theoretical maximum
MC drop in one cycle of cyclic vacuum drying was calculated using energy balance considerations.
A model, using the above theoretical results, was developed for vacuum drying to describe the
mechanism of cyclic vacuum drying, including the concept of a boiling front and its movement.

The experimental tests were conducted in a vacuum system capable of pulling the vacuum to
15 mm Hg. Temperatures were measured with RTD and pressures were measured with pressure
transducers. Weights were measured by aload cell located inside the vacuum oven. Red oak and
white oak were used due to the large differencesin their permeability values.

To evauate the effect of specimen size on the drying rate, four different thicknesses (1, 1.5,
2, 2.5 inches) and three different lengths (5, 10, 15 inches) were used. The specimens were dried
under both continuous and cyclic vacuum drying procedures. In cyclic vacuum drying, the specimens
were heated to 60°C in aheating oven. They were then transferred to the vacuum oven. A vacuum
was pulled to about 18 mm Hg, and the vacuum was continually for 140 minutes. In continuous
vacuum drying, a temperature of 60°C was maintained in the vacuum oven. The vacuum pump
pulled a vacuum to 18 mm Hg which was maintained for four hours.

For cyclic vacuum drying, the results showed that the drying rate was not affected by
gpecimen thickness. However, it was affected by specimen length, since the shorter material dried
faster. The cyclic drying curve consisted of two distinct parts, afast and slow-drying period. The
fast drying period which occurred at the beginning of drying lasted about 10 to 20 minutes. The slow
drying period began when the specimen cooled to a temperature close to the ambient temperature.

In continuous vacuum drying, the drying rate was affected by both the specimen length and
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thickness. The shorter and thinner specimens dried faster. The continuous vacuum drying curves was
amost linear.

In order to analyze the drying rates from the end grain surfaces, specimens were coated with
wax, wrapped in aplastic film and inserted into a rubber tube to prevent the moisture loss from the
sde surfaces during vacuum drying. The specimen sSze was 1x1x10 inches (25.4%25.4x254 mm) and
the inner diameter of the rubber tube was 28.31 mm. Red oak specimen were sealed and dried by
both the cyclic and continuous vacuum drying procedures. This indicates that side-sealed specimens
dried amost as fast as unsealed specimen. Both had the same drying curve pattern. The results
showed that there was little moisture loss from the side surfaces;, most of the moisture loss was
through the end grain. White oak was sedled and dried in both cyclic and continuous vacuum drying.
The drying rates of seeled white oak and red oak are compared. There was no significant difference
in the cyclic vacuum drying rate of the sealed red oak and sealed white oak specimens at the 5%
significant level. However, they were significantly different at 10% significant level. In contrast,
however, there was a significant difference between the two species for the continuous vacuum
drying. Red oak dried faster than white oak.

There was a moisture gradient along the specimen length in both cyclic and continuous
vacuum drying procedures. A very steep moisture gradient through the thickness occurred in the side
surface during continuous vacuum drying.

In order to characterize boiling front during the vacuum drying, red oak specimens of
2.5x1.5%10 inches were used. The specimens were drilled in two designated locations with 3.175
mm diameter holes. There were two pairs of holesin each specimen. One hole in each pair was used
to measure the pressure in the wood and the other hole was used to measure the temperature. Glass
tubes with outside diameter of 1.7272 mm and ingde diameter of 1.27 mm were inserted into the hole
and sedled with epoxy resin. Rubber tubes were then used to connect the glass tubes to the pressure
transducers. Both cyclic and continuous vacuum drying were used. The experimental results showed
that boiling occurred during drying and that the boiling front retreated from the ends toward the
center of wood as drying proceeded. The retreating speed depended on the heat supply and the
permeability. The MC of wood was closely related to the local temperature.

Continuous vacuum drying at room temperature was investigated. Three sizes (1x1x10,
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1.5%1.5 x10, and 1x1x15 inches) of red oak specimens were used. The specimens were dried at
20°C and a pressure of about 18 mm Hg. The results showed that wood can be vacuum dried at

room temperature with little or no degrade at reasonable drying rates.

14.2. Conclusions

The objectives of thisresearch areto show: (1) Total pressure difference is the maor driving
force which controls the vacuum drying rate. (2) Moisture is removed mainly in the longitudina
direction and moisture moves in steam form. (3) Boiling occursinsdethewood. Thereisahboiling
front and the boiling front moves toward the center of the lumber as drying proceeds.

Objective#1 is. Tota pressure differenceisamajor driving force which controls the vacuum
drying rate.

In vacuum drying, the ambient pressure is lowered, which creates total pressure differences
ingdethewood. According to Darcy’slaw, moistureis transferred due to a total pressure difference
and the amount of moisture transferred is directly proportional related to the permeability, whichis
an important factor affecting the drying rate. The continuous vacuum drying rate of red oak is larger
than that of white oak due to its higher permeability.

Theoretical comparison of severd forms of moisture movement inside the wood showed that
moisture movement under a total pressure difference is the dominant mechanism during vacuum
drying. It was shown that diffusion is not a major moisture transport mechanism in vacuum drying
asitisin conventiond kiln drying. Thisisfurther regffirmed in the room temperature vacuum drying,
because diffuson is related to temperature and at the room temperatures, the diffusion rate is small.
However, the vacuum drying rate at room temperature was still reasonably high. Because of this,
diffusion is not considered to be a major factor in moisture movement during vacuum drying.

Using drying curve andysis, it was shown that a cyclic vacuum drying curve had two distinct
parts. The fast drying period corresponded to the period of fast water vapor movement due to the
large pressure difference in the early stages of drying. The slow drying period occurred when the
pressure difference decreased.

Objective#2: Moisture is removed mainly in the longitudina direction and moisture moves

in steam form.
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At room temperature, the theoretical evaporation rate is large which allows the possibility of
converting liquid water to water vapor which can be transferred under atotal pressure differencein
which water movesin steam form. Through the vacuum drying model development and analyses, it
was shown that the moisture movement is in steam form and most water is transferred in the
longitudinal direction. This conclusion was also tested and confirmed in the various laboratory
experiments.

Based on theoretical calculation, most moisture is removed in the longitudinal direction. The
experimental tests showed that the cyclic vacuum drying rate was not affected by the specimen
thickness but it was affected by the specimen length. This showed that moisture moved in the
longitudinal direction. In end grain vacuum drying, the drying rate of sealed specimens was not
significantly different from that of unsealed specimens. Little moisture transfer through the side
surface was found in the experiment. A moisture gradient was found aong the length. A moisture
gradient through the thickness was steep and occurred in avery shallow surface. These facts further
enhance the conclusion that the moisture is transferred primarily in the longitudinal direction.

Objective #3: The boiling occurs inside the wood. There is a boiling front and the boiling
front moves from the ends toward the center of wood as drying proceeds.

Under vacuum drying, the pressure inside the wood is reduced due to the low ambient
pressure. When the pressure is lower than the saturation pressure, water boils. At the beginning,
boiling occurs on the surface and the boiling front retreats to the center of the wood as drying
proceeds. This phenomenon was found in the theoretical calculation and was shown to exist in the
experimental tests.

The following generd conclusions can be drawn from this research. Total pressure difference
isamajor driving force during vacuum drying. Most moisture moves and transfers from the wood
along the longitudinal direction. Boiling occurs during vacuum drying. Therefore a boiling front

exists and it moves towards the center of lumber aong the grain as drying proceeds.
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16. Appendix

Appendix A

Computer program

CCCCCCCCCCCCCCCrCCCrrrreceeereeceeerecceeececceeececcecceec
SUBROUTINE ADAPT

C
C-----MOISTURE DISTRIBUTION FOR 2-D GEOMETRY RED OAK
C
$INCLUDE:'COMMON'
C P REPRESENTS THE MOISTURE CONTENT IN PERCENT, TEM TEMPERATURE
Co>>>>>>>>>>>>>SSSSSSSSSSSSSSSSSSSSSSSSSSSSSS>>

DIMENSION PMC (NI,NJ), TEM(NI,NJ),CMC(NI,NJ)

DIMENSION PO(30,30),DM (30,30),PC(30,30),DML (30,30),AHV(30,30),

1 PEG(30,30),PEL(30,30),DMC(30,30),
2 DMV/(30,30),ADV(30,30),MB(30,30)

EQUIVALENCE (F(1,1,1), TEM(L,1)), (F(1,1,.2), PMC(1,1))
Co>>>>>>>>>>>>SSSSSSSSSSSSSSSSSSSSSSSSSSSSSSS>>

ENTRY GRID

HEADER =WOOD VACUUM DRY ING PROCESS

PRINTF ='PRINTY'
C CROSS-SECTION 1S 122+2.54 CM AS XL AND XY

CALL DATA2 (XL, 122., YL,2.54)

CALL INTA2 (NCVLX,20, NCVLY,20)

CALL EZGRID

RETURN

ENTRY BEGIN
TITLE()="TEMPERATURE FIELD'
TITLE(2)="PRESSURE FIELD'
WRITE(6,*) 'ENTER 1O’
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READ(6,*) 10
CALL INTA5 (KSOLVE(2), 1, KPRINT(1), 1,K SOLVE(1),1,
1 LAST,I0,KPRINT(2),1)
C  HEISHEAT TRANSFER COEFFICIENT.
CALL DATA9 (DT,0.000001, HE,SMALL, PMCO, 101325.,
1 TEMO, 70., PE,BIG, G,0.56, AMC,71.,
1 TINF,40., PINF,7330))
CINFINITIALLY SURROUNDINGS
DO 100 J=1, M1
DO 1001=1, L1
PMC(l,J)=PMCO
MB(I,)=0
DM(1,J)=O0.
DMC(1,J)=0.
ADV(1,J)=0.
PEG(I,J)=0.
PO(1,J)=343000
TEM(1,)=TEMO
C ASSIGN THE INITIAL MOISTURE CONTENT 71%.
CMC(1,9)=71
100 CONTINUE
DO 101 =1, M1
PMC(L1,J)=PINF
101 CONTINUE
DO1021=1, L1
PMC(I,M1)=PINF
102 CONTINUE
RETURN

ENTRY OUTPUT
DO 210 [UNIT = [U1,1U2

CONNOR VALUE IS THE AVERAGE OF NEIGHBOR VALUES
TEM(L,1)=(TEM(L,2)+TEM(2,1))/2.
TEM(LM1)=(TEM(LM2)+TEM(2,M1))/2.
TEM(L1,1)=(TEM(L2,1)+TEM(L1,2))/2.

159



TEM(LLML)=(TEM(L2,M1)+TEM(LLM2))/2.
CMC(1,1)=(CMC(1,2)+CMC(2,1))/2.
CMC(1,M1)=(CMC(1,M2)+CMC(2,M1))/2.
CMC(L1,1)=(CMC(L2,1)+CMC(L1,2))/2.
CMC(L1,M1)=(CMC(L2,M1)+CMC(L1M2))/2.
PMC(1,1)=(PMC(1,2)+PMC(2,1))/2.
PMC(1,M1)=(PMC(1,M2)+PMC(2,M1))/2.
PMC(L1,1)=(PMC(L2,1)+PMC(L1,2))/2.
PMC(L1,M1)=(PMC(L2,M1)+PMC(L1,M2))/2.
COME HERE TO CALCULATE THE MOISTURE CONTENT OF WOOD
DO 2011 J=1, M1
DO 20111=1, L1
PO(1,J)=101325./76* 87500000% EX P(-10400/2./(TEM(1,J)
1 +273))
DMC(1,J)=DMC(l,)+DM(1,J)
COME HERE TO CALCULATE THE TOTAL MOISTURE LOSS
TM=TM+DM(l,J)
IF(MB(1,J).EQ.1) PMC(1,9=PO(1,J)
IF(CMC(1,J).LT.30.) THEN
PMC(1,9)=PO(l,J)* (((1-1800/CM C(l,J)/
(1417-9.43*(TEM(1,J)+273)+1.853/100* (TEM (1, J)+273)** 2))/
2/(-0.1722+4.732/1000* (TEM (1,J)+273)-5.553/1000000*
(TEM(1,9)+273)**2))-(1+1800/CM C(1,J)/
(1417-9.43*(TEM(1,J)+273)+1.853/100* (TEM (1, J)+273)** 2))/
2/(-0.1722+4.732/1000* (TEM (1,J)+273)-5.553/1000000*
(TEM(I1,9)+273)** 2)/(-45.7+0.3216* (TEM(I,J)+273)-5.012/
10000% (TEM(1,d)+273)** 2)+((((1-1800/CM C(1,J)/
(1417-9.43*(TEM(1,J)+273)+1.853/100* (TEM (1, J)+273)** 2))/
2/(-0.1722+4.732/1000* (TEM (1,J)+273)-5.553/1000000*
(TEM(1,9)+273)**2))-(1+1800/CM C(1,J)/
2 (1417-9.43*(TEM(1,J)+273)+1.853/100* (TEM(1,J)+273)**2))/
3 2/(-0.1722+4.732/1000* (TEM (1,J)+273)-5.553/1000000*
4 (TEM(1,J)+273)**2)/(-45.7+0.3216* (TEM(I,J)+273)-5.012/
5 10000 (TEM(I,J)+273)** 2))** 2+1/(
6 -45.7+0.3216*(TEM(1,J)+273)-5.012/10000* (TEM(I,J)+273)**2)/
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7 (-0.1722+4.732/1000% (TEM(I,J)+273)-5.553/1000000*
8 (TEM(1,J)+273)**2)**2)**0.5)
IF(PMC(1,9).GT.PO(I,J)) PMC(1,9)=PO(l,J)
ENDIF
2011 CONTINUE
DO 212 K=0,500000, 100
IF (K.EQ.ITER) GOTO 2155
212 CONTINUE
GOTO 210
COME HERE TO CALCULATE THE MC CHANGE
2155 DO 2012 J=1, M1
DO 20121=1, L1
CMC(1,9=CMC(1 J)+DMC(I,J)* 100./G/XCV (2)/Y CV (2)* DT* 3600.
DMC(1,J)=0.
2012 CONTINUE
COME HERE TO CALCULATE THE AVERAGE MC OF THE BOARD
AMC=AMC+TM*100/G/XL/Y L* DT*3600
TM=0.
IF (ITER .EQ.0) WRITE (IUNIT,215)
215 FORMAT (2X,ITER'3X, TIME H'4X, " TEM(22,10)', 3X, TEM (20,10},
1 3X,TEM(18,10)',3X, TEM(16,10)', 3X,'(TEM(10,10)))
WRITE (IUNIT,*) ITER TIME, TEM(22,10),
1 TEM(21,10), TEM(20,10), TEM(19,10), TEM(18,10), TEM(17,10),
2 TEM(16,10), TEM(15,10), TEM(14,10), TEM(13,10), TEM(12,10),
3 TEM(11,10), TEM(10,10), TEM(9,10), TEM(8,10), TEM(7,10),
4 TEM(6,10), TEM(5,10), TEM(4,10), TEM(3,10), TEM(2,10), TEM(1,10)
IF (ITER .EQ.0) WRITE (IUNIT,220)
220 FORMAT (2X,ITER, 3X, TIME H'5X, 'PMC(22,10)', 3X,
1 'PMC(20,10), 3X,'PMC(18,10)",4X , 'PMC(15,10)))
WRITE (IUNIT, *) ITER TIME, PMC(22,10), PMC(21,10),
1 PMC(20,10), PMC(19,10),PMC(18,10),PMC(17,10),PMC(16,10),
2 PMC(15,10),PMC(14,10),PMC(13,10),PMC(12,10),PM C(11,10),
3 PMC(10,10),PMC(9,10),PMC(8,10),PMC(7,10),PMC(6,10),
4 PMC(5,10),PMC(4,10),PMC(3,10),PM C(2,10),PMC(1,10)
IF (ITER .EQ.0) WRITE (IUNIT,277)
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277 FORMAT (2X,ITER'3X, TIME H'4X,'CMC(22,10)", 3X,'CMC(21,10),
1 3X,CMC(18,10),3X,'CMC(16,10)", 3X, (CMC(10,10))
WRITE (IUNIT,*) ITER TIME, CMC(22,10),
CMC(21,10), CMC(20,10), CMC(19,10), CMC(18,10), CMC(17,10),
CMC(16,10), CMC(15,10),CMC(14,10), CMC(13,10),
CMC(12,10), CMC(11,10),CMC(10,10),CMC(9,10), CMC(8,10),
CMC(7,10), CMC(6,10), CMC(5,10),CMC(4,10), CMC(3,10),
CMC(2,10), CMC(1,10)
WRITE(IUNIT *) ITER, TIMEAMC
COME HERE TO OBSERVE THE BOILING FRONT
LL=L2
MM=M2
DO 20151=1, L2
DO 2015 J=1, M2
IF(PO(1,J).LT.PMC(1,J)) GOTO 2015
IF(I.LE.LL.AND.JLE.MM) THEN
LL=l
MM=J
ENDIF
2015 CONTINUE
WRITE (IUNIT*) 'BOILXY ISTHE NEXT',LL,MM
210 CONTINUE
RETURN

a A W N P

ENTRY PHI
CIN THISPROBLEM GAM AND ALAM ARE FUNCTION OF MC

IF(NF.EQ.1) THEN
COME HERE TO CALCULATE THE CAPILLARY PRESSURE AS FUNCTION OF MC

DO 30111=1,L1

DO 3011 1M1

ADV (1 J)=EX P(-46.49+0.2618* (273+TEM(I,J))-5.0104* (273.+

1 TEM(I,J))**2/10000.+3.4712* (273+TEM(I J))* * 3/20000000.)/1000.

IF(PO(1,J).LT.PMC(1,J)) ADV(1,J)=0

IF(CMC(1,J).LE.38) GOTO 3002

PC(1,J)=10000* ((0.01* G* CMC(1,J)-
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1 0.3*G)/(1-G*0.967))**0.61
3002 IF(CMC(],J).LE.38) THEN
PC(1,J)=10000* ((0.01* G* 38-
1 0.3*G)/(1-G*0.967))**0.61
C PCIN PASCAL
ENDIF
3011 CONTINUE
DO 3009 1=2,L.2
DO 3009 J=2,M2
COME HERE TO CALCULATE THE PERMEABILITY OF GASAND LIQUID
CFORGAS PEGIN DARCY
PEG(I,J)=59* (1-G* (0.667+0.01* CMC(1,J)))/(1-0.967* G)
PEL (1,J)=139* COS(3.14/2* (0.01* G* (CMC(l,J)
1 -30)/(1-G*0.967)-0.1)/(1-0.1))
IF(CMC(1,J).LT.38) PEL(1,)=0
3009 CONTINUE
DO 3012 1=2,L.2
DO 3012 J=2,M2
DML(1,J)=0
DML (I,J)=-(9.87/1000000000.* Y CV/(J)* 100.*
1 ((-PC(I+1,9)-(-PC(1,3)))* PEL(1,)-
1 ((-PC(1,9)-(-PC(1-1,9)))* PEL(I-1,9))* L0/XCV())
IF(I.EQ.L2) DML(l,9)=-(PEL(I-1,J)*
1 9.87/1000000000.* Y CV/ (J)* 100.*
1 (((-PC(1,9)-(-PC(1-1,9)))* 10/XCV (1))
3012 CONTINUE
DO 301 1=2,L.2
DO 301 J=2,M2
GAMX(1,J)=(G* (4.8+0.125* CMC(1,J))+0.57)
1 *4.18%3600
GAMY (1,)=GAMX(1,)/2.5
ALAM(1,9)=(0.01* CMC(1,9)+0.324)/(1.+0.01* CMC(1,J))
1 *4.180*G*(1+0.01*CMC(l,J))
IF(PO(1,J).GE.PMC(1,J)) THEN
MB(l,J)=1
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DMV/(I,J)=-(-PEG(1,J)* 9.87/9.92/10000.* ADV (I, J)* (PM C(1+1,J)-
PMC(1,9))/XCV (1)* Y CV (J)-PEG(I J)/4.9/100000000*
9.87/9.92/10000.* ADV (I, J)* (PMC(1,3+1)-PMC(l,J))
Y CV(J* XCV (1))+(
-PEG(I,J)*9.87/9.92/10000.* ADV (I-1,d)* (PMC(1 J)-
PMC(I-1,9))/XCV (1)* Y CV (J)- PEG(I J)/4.9/100000000*
9.87/9.92/10000.* ADV/(I,3-1)* (PMC(1 J)-PMC(1,J- 1))
IYCV(J*XCV(1))
ENDIF
IF(I.LEQ.L2) THEN
DMV/(1,J)=PEG(1,J)* 9.87/9.92/10000.* ADV (1,J)* (PM C(1+1,J)-
PMC(I,9))/XCV(1)* 2+(-PMC(l,J)
+PMC(1-1,J))/XCV (1)* Y CV (J))+ PEG(1,J)/4.9/200000000*
9.87/9.92/10000.* ADV (1, )* (
(PMC(l,3+1)-2.* PMC(1, J)+PMC(1, 1)
)IYCV(J*XCV (1))
ENDIF
DM(1,)=DMV(I,)+DML(I,J)
AHV(1,9)=1650.+4.02* (273+TEM(l,J))-
1 3.43*(273+TEM(I,J))**2/1000
CAHV ISENTHALPY IN JG
C WE NEED TO SEPARATE THE STEAM AND WATER HOWEVER WATER ENTHOPY ISMIN
SC(1,9)=(-DM(1,9)* 250.91+DML (1,))* 4.18* TEM(I,J)
1 +DMV(1,J* AHV(1,J)/(XCV (1)* Y CV(J))* 3600.
IF(I.LEQ.L2) THEN
SC(1,9)=(-DM(1,9)* 250.91+DML (1,))* 4.18* TEM(I,J)
1 +DMV(,)-DML(,J))*AHV(I,I))/(XCV(I)*YCV(J))*3600.
ENDIF
301 CONTINUE
ENDIF
IF (NF.EQ.2) THEN
DO 302 1=2,L.2
DO 302 J=2,M2
C THE VISCOSITY ISAIR VISCOSITY
GAMX(1,J)=PEG(1,J)*9.87/18100.* 3600
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GAMY (1,)=GAMX(1,J)/4.9/100000000
ALAM(1,J)=(1-G* (0.667+0.01* CMC(1,J)))/PMC(1,J)
302 CONTINUE
COME HERE TO CONTROL THE PRESSURE IN THE BOILING REGION.
DO 3871=1,L1
DO 387 =1,M1
PO(1,J)=101325./76* 87500000% EX P(-10400/2./(TEM(1,J)
1 +273))
IF(MB(1,J).EQ.1) PMC(1,9=PO(l,J)
387 CONTINUE
DO 388 1=2,L.2
DO 388 J=2,M2
IF(PO(1,J).GE.PMC(1,J)) THEN
PMC(1,9)=PO(1,J)
IF(CMC(1,J).LT.30.) THEN
PMC(1,9)=PO(l,J)* (((1-1800/CM C(l,J)/
(1417-9.43*(TEM(1,J)+273)+1.853/100* (TEM (1, J)+273)** 2))/
2/(-0.1722+4.732/1000* (TEM (1,J)+273)-5.553/1000000*
(TEM(1,9)+273)**2))-(1+1800/CM C(1,J)/
(1417-9.43*(TEM(1,J)+273)+1.853/100* (TEM (1, J)+273)** 2))/
2/(-0.1722+4.732/1000* (TEM (1,J)+273)-5.553/1000000*
(TEM(1,9)+273)** 2)/(-45.7+0.3216* (TEM(I,J)+273)-5.012/
10000% (TEM(1,J)+273)** 2)+((((1-1800/CM C(1,J)/
(1417-9.43*(TEM(1,J)+273)+1.853/100* (TEM (1, J)+273)** 2))/
2/(-0.1722+4.732/1000* (TEM (1,J)+273)-5.553/1000000*
(TEM(1,9)+273)**2))-(1+1800/CM C(1,J)/
(1417-9.43*(TEM(1,J)+273)+1.853/100* (TEM (1, J)+273)** 2))/
2/(-0.1722+4.732/1000* (TEM (1 ,J)+273)-5.553/1000000*
(TEM(I1,9)+273)** 2)/(-45.7+0.3216* (TEM(I,J)+273)-5.012/
10000* (TEM (1,J)+273)** 2))** 2+1/(
-45.7+0.3216* (TEM(I,J)+273)-5.012/10000* (TEM (1, J)+273)**2)/
(-0.1722+4.732/1000% (TEM(1,J)+273)-5.553/1000000*
(TEM(1,J)+273)** 2)** 2)** 0 5)
ENDIF
GAM(l,)=10**15.

o N O 0o A WODN P © 0 N O g b W0 N P
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M=10**20

SC(1,9)=M*PMC(1,J)

SP(1,J)=-M
ENDIF

388 CONTINUE
ENDIF

COME HERE TO SPECIFY BOUNDARY CONDITION
IF(NF.EQ.1) THEN

DO 3101=2,L.2
KBCJ1(1)=2
KBCM1(1)=2

310 CONTINUE
DO 320 J=2,M2
KBCI1(J)=2
KBCL1(J)=2

320 CONTINUE
ENDIF

IF (NF.EQ.2) THEN

DO 3301=2,L.2
KBCJ1(1)=2
KBCM1(J)=1

PMC(I,M1)=PINF

330 CONTINUE
DO 340 J=2,M2
KBCI1(J)=2
KBCL1(J)=1

PMC(L1,J)=PINF

340 CONTINUE
ENDIF
RETURN
END
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Nomenclature

ADV: density of vapor

AHV: enthalpy of vapor

AMC: averaged moisture content
CMC: moisture content

DM: amount of moisture removal
DMC: difference of moisture content
DML: liquid water transferred
DMV: water vapor transferred
G: specific gravity

HE: heat transfer coefficient

LL, MM: boiling front determinant
MB: boiling region indicator

PC: capillary pressure

PEG: gas permeability

PEL: liquid permesbility

PINF: ambient pressure

PMC: pressure

PMCO: initial pressure

PO: saturation pressure

TEM: temperature

TEMO: initial temperature

TINF: ambient temperature
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Appendix B
This appendix describes the several steps from equation 8.6 to equation 8.7. Equation 8.6

isasfollow,

dE , P
EJrheme_himi:Qi_Qe ...... Al

where dE consists of internal energy differences of dry wood and water inside wood.

dE=dE,, +dE,,......A2

where dE,, is the internal energy difference of dry wood in dt interval, dE,,isthe internal energy

difference of water in dt interval.

dE,,=Cy, <My, X(T,-T)).....A3

where ¢, is specific heet of dry wood, m,, ismass of dry wood. T, and T, are temperatures of water
before and after dt interval.

dE, =mxc, xT,-m xc XT,.....A4

where m, and m, are masses of water before and after dt time, c,, specific heat of water.

mZ:ml+dm ...... A5
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where dm is weight loss during dt time interval.

dg,=m,xc, XT,-mxc xT +c XT,xdm......A.6

Let

u=c XxT,.....A.7

which isthe interna energy of water.
Substitute equation A.3 and A.6 into equation A.1, then,

dE=c,,xm,,X(T,-T,)+m,xc xT,-mxc xT +uxdm......A.8

which can be written as,

dE=cxmxdT+uxdm......A.9

where c is specific heat of moist wood and m is the mass of moist wood.

In the control volume, the weight of wood can be calculated as,

m=pxdxxdy......A.10

where p isthe density of wood.

where Q, is energy transferred by heat conduction into the control volume. Q, and Q, are energy

Q=Q,*Q,-All



transferred into the control volume by through x and y directions respectively (see Figure 8.1) .
Q.=Qq+Qgyrvv-AL2

where Q, is energy transferred by heat conduction out of the control volume. Q,, and Q,, are energy

transferred out of the control volume by through x and y directions respectively (see Figure 8.2).

Q=30 gy....A13
dx

: dT

Qex:_K|&|x+dXdy ...... Al4
s dT
Qiy——th—y|ydx ...... A.16

- dT
Q= —th—y|y+dydx ...... A.17
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; dT dT
Q= _Kla | Ay -Ke—

| dx......A.18
dy ¥

and

; dT dT
Qe: _Kla |x+dxdy_th_y|y+dde ...... A 19

. dT dT dT dT
Q ‘Qe:'ﬁ& | x+dxdy_K|& | Xdy+th—y | y+dydx—th—y |ydx ...... A.20

Equation A.8 and A.20 are substituted into equation A.1, then both sides of equation are divided by
dxdy.

AB—TZKIX 5T X 5T dmu hm,-hm,

...... A2l
St 5x2 | sy2 dtdxdy  dxdy
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