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ABSTRACT

A macroscopic approach based on the water potential concept is proposed to represent the movement
of water in wood during continuous vacuum drying. In order to solve the flow equation, the effective
water conductivity under vacuum must be known. A new apparatus is proposed to determine this
moisturc transport cocfficient based on the instantaneous profile method, where moisture content pro-
files are established at different drying times, making possible the measurement of the moisture flux
and driving force at a given position. One-dimensional moisturc flow measurements were conducted
through two sides of a cubic wood specimen under constant temperature and absolute pressure. The
cffective water conductivity function was established from green to dry conditions at 60°C in the radial
and tangential directions; at 8, 13, and 18 kPa for sugar maple sapwood; and at 8 kPa for white spruce
heartwood. The results show that the effective water conductivity decreases exponentially from green
conditions to about 35% moisture content for sugar maple. Beyond this point, the effective water
conductivity decreascs more gradually with a decrease in moisture content for both sugar maple and
white sprucc. The effective water conductivity is generally higher in radial than in tangential direction
for both species. The results obtained for sugar maple show that the effective water conductivity
increases significantly as the pressure decreases. The effect of pressure can be explained by the con-
tribution of the apparent gas permeability. The contribution of the pressure potential to the total water
potential can be neglected below fiber saturation point. The flux-gradient rclationships obtained at
given moisture contents are linear, confirming the validity of the flow equation based on water potential
uscd in the present work.

Keywords: Water potential, effective water conductivity, vacuum drying, instantaneous profile meth-
od, sugar maple, whitc spruce.

INTRODUCTION lumber and secondary wood processing. Nu-
merous drying techniques have been devel-
oped, among which is vacuum drying. During
the last two decades, many studies have been
devoted to vacuum drying of wood. Its main
+ Member of SWST, attraction is the reduction of the boiling point

Wood drying is an essential requirement for
the production of high quality construction
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of water under partial vacuum. Therefore, free
water can be vaporized and removed at tem-
peratures below 100°C almost as rapidly as for
high-temperature drying. Thus, thick, refrac-
tory, and high-value species can be safely
dried in a vacuum kiln in a fraction of the time
required in a conventional kiln. However, the
drying schedules developed so far for vacuum
drying rely mainly on empirical knowledge.
One way to achieve the optimal control of
wood drying under vacuum is mathematical
modeling based on a physical description of
heat and mass transfer inside wood. A few
studies have been published in this respect
(Moyne and Martin 1982; Fohr et al. 1995;
Perré and Mosnier 1995; Guilmain et al. 1996;
Sébastian et al. 1996; Audebert et al. 1997;
Jomaa and Baixeras 1997).

BACKGROUND

A particular problem occurring when defin-
ing a model of moisture movement in wood
during drying is the choice of the driving
force. Different potentials are advocated in the
literature. Following Babbit (1950), the use of
a thermodynamic potential function character-
izing the free energy status of water in wood
has gained a wider acceptance during the last
twenty years. The functions used are either the
gradient in chemical potential (Kawai et al.
1978; Siau 1983, 1992; Skaar and Kuroda
1985; Stanish et al. 1986; Skaar 1988) or the
gradient in water potential (Fortin 1979; Siau
1984; Cloutier et al. 1992; Cloutier and Fortin
1994). In the multi-component model pro-
posed by Whitaker (1977), different driving
forces are used, depending on the state of wa-
ter in wood. For water in the liquid, gaseous,
and bound states, driving forces are, respec-
tively, the gradient in the pressure within the
liquid, the gradient in total pressure, and the
gradient in moisture content or in chemical po-
tential (Stanish et al. 1986; Pang 1996; Perré
1987, 1996; Perré and Maillet 1989; Perré and
Degiovanni 1990; Ouelhazi et al. 1992; Me-
laaen 1996).

The application of the water potential con-

WOOD AND FIBER SCIENCE, OCTOBER 1999, V. 31(4)

cept to the prediction of water movement in
wood during drying has been described in de-
tail by Fortin (1979). The water potential, i,
is derived from classical thermodynamics as
the difference between the specific Gibbs free
energy of water in the state under consider-
ation, and the specific Gibbs free energy of
water in the standard reference state. The wa-
ter potential is expressed in terms of energy
per unit mass of water (J kg~!) or its pressure
equivalent (Pa). It may be thought of as the
sum of the separate contributions of the vari-
ous force fields acting on the water in wood.
In the case of isothermal wood drying at at-
mospheric pressure, it has been demonstrated
that the only significant component of water
potential is the matric potential ¢, (Fortin
1979; Cloutier and Fortin 1993). During vac-
vum drying, there is a significant bulk flow
induced by a gradient in the total pressure
(Moyne and Martin 1982). Thus, the pressure
component i, must be taken into account in
the total water potential as follow:

b=t T Y, ey

Each of these components can be derived sep-
arately in terms of measurable parameters
(Cloutier and Fortin 1991). At high moisture
contents, i, can be described by the following
relation:

Y = —VP, 2

where i, = matric potential due to the com-
bined effect of the capillary and sorptive forc-
es; V, = specific volume of water (M.
kg ',.e); and P, = equivalent matric pressure
counterbalancing the effect of the capillary
and sorptive forces due to the wood matrix
(Pa). The component #, is defined by the fol-
lowing relation:

3

where i, = pressure potential describing the
effect of a system bulk pressure either greater
or less than the reference bulk pressure which
by convention is taken as zero; P, is the ex-
ternal hydrostatic or gas pressure (Pa).

Under the assumption of negligible temper-

"pp = \_,WPC
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ature gradients, the general expression for un-
steady-state moisture movement in wood is
given by the following relation (Cloutier and
Fortin 1993):

&M )T = 0

p “

where C = moisture concentration (Kguer
m Y swoo)s = time (s); KM, T) = effective
water conductivity tensor (Kg2 er M oistwood S
J71 (function of moisture content and temper-
ature); and Vi = gradient in water potential
J kg "vaer M oist wooa)- 1IN NONisothermal con-
ditions, a term for moisture flow induced by
the temperature gradient could be added.

The water potential approach is advanta-
geous because it can be theoretically applied
to water in wood in the three states (liquid
water, water vapor, and bound water). Thus, a
limited number of parameters are needed to
solve the equation of mass transfer in wood
during the drying process, namely, the mois-
ture content-water potential relationship and
the effective water conductivity of wood.

The “‘effective water conductivity,” as used
by Fortin (1979), Cloutier and Fortin (1993),
and Tremblay et al. (1998), is a general term
covering the processes of diffusion and mass
flow. The water conductivity is qualified as
“effective” because it takes into account all
the flow mechanisms at work. Thus, the driv-
ing force is represented by only one potential
gradient, which in this case is the water po-
tential gradient. Near full saturation, it is
equivalent to permeability. The scope of this
study is limited to unsaturated conductivity.
Different methods for predicting or measuring
the unsaturated conductivity were described
by Fortin (1979) and Cloutier and Fortin
(1993). Among these methods, the instanta-
neous profile method allows the direct mea-
surement of the effective water conductivity.
The moisture content profiles are established
at different drying times, allowing the evalu-
ation of the flux of moisture and the driving
force at a given position. This method presents
two main advantages: 1) no specific set of
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boundary conditions is required, except that
the flux must be known at one position; 2) the
flux-gradient proportionality can be verified
directly.

The instantaneous profile method has been
used by Kawai et al. (1978), Fortin (1979),
Cloutier and Fortin (1993), and Tremblay et
al. (1998). These studies have shown that the
effective water conductivity is higher in ab-
sorption than in desorption, that it increases
exponentially with moisture content and tem-
perature, and that it is higher in radial direc-
tion than in tangential direction. The hysteretic
behavior of the K(M) function is attributed to
the ‘““ink-bottle effect” as for the moisture
content-water potential relationship (Fortin
1979). The variation of the moisture content-
water potential relationship with temperature
would explain a large part of the effect of tem-
perature on K(M) (Cloutier and Fortin 1993).

To our knowledge, the literature shows no
data with respect to the effect of pressure on
the effective water conductivity. The separate
flow mechanism approach may be used to as-
sess this effect. According to the multi-com-
ponent approach, the liquid flux takes place in
wood under the influence of the pressure gra-
dient in the liquid phase following Darcy’s law
(Perré et al. 1995):

kk, -
=="VP,

ey

-

q, =

P (5)
where g, = mass flux of the liquid phase (kg,
m? s7"); p, = density of the liquid (kg m,~%);
k = intrinsic permeability tensor (m?); k,, = rel-
ative permeability tensor of the liquid phase
(dimensionless); w, = dynamic viscosity of the
liquid (Pa s); and VP, = pressure gradient in
the liquid (Pa). The effect of pressure on the
solid phase (wood matrix) can be assumed
negligible (Perré et al. 1995). At 50°C, the
density of water varies only by 4.4 X 107%
kPa~' (Lide 1994/1995) and the viscosity as
little as 0.04% when pressure changes from
100 kPa to 1,000 kPa (Sengers and Watson
1986). The intrinsic permeability, k, is a func-
tion of the porosity and the tortuosity of the
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porous medium (Siau 1995; Perré et al. 1995).
Since the pressure has no effect on the solid
phase, k remains unchanged whatever liquid
is considered. The relative permeability, k;, is
a function of the degree of saturation only
(Whitaker and Chou 1983; Perré et al. 1995).
From the foregoing, the vacuum should there-
fore have no theoretical effect on the global
transport coefficient of the liquid phase.

The mass flux of gas phase (water vapor)
can be described as follows:

q, = —pvlég—grgwg
Pe

where §, = mass flux of the water vapor (kg,
m?s~'); p, = density of the water vapor (kg,
m,*); k, = apparent gas permeability tensor
(m?); k,, = relative permeability tensor of the
gas phase (dimensionless); u, = dynamic vis-
cosity of the gas phase (Pa s); and VP, = pres-
sure gradient in the gas phase (Pa). Vapor
pressure and density are related by the ideal
gas law:

(6

- M %
Pv RT
where M,, = molecular weight of water

(18.053 X 107* kg mol™'); R = gas constant
(8.3143 J mol~' K™!); P, = partial pressure of
the water vapor (Pa); and T = temperature
(K). It is well known that in a capillary whose
diameter is in the same order of magnitude as
the molecular mean free path, Knudsen dif-
fusion or slip flow occurs, resulting from col-
lisions with the walls of the capillary (Siau
1995). From the kinetic theory of gases, the
molecular mean free path increases with pres-
sure reduction (Siau 1995). Thus, the proba-
bility for one particle to collide with the pore
wall increases. Slip flow becomes predomi-
nant and the apparent gas permeability can be
described by (Siau 1995):

b
k, = k<1 + _—)

where k, = apparent gas permeability; k =
intrinsic permeability; b = constant propor-

@)
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tional to molecular mean free path and in-
versely proportional to pore radius (Pa); 1_3'g =
mean gas pressure (Pa). Due to slip flow, the
apparent gas permeability increases signifi-
cantly as the pressure decreases in wood. It
can double when the pressure drops from 100
kPa to 50 kPa (Perré 1987). Therefore, if one
substitutes Egs. (7) and (8) into Eq. (6), and
takes into account the negligible effect of pres-
sure on both the partial pressure of water va-
por (Edlefsen and Anderson 1943) and the vis-
cosity of gases (Sengers and Watson 1986),
one could expect an increase of the effective
permeability of the gas phase with a decrease
of pressure.

In the hygroscopic range, the flow mecha-
nism involved is mainly diffusion, including
diffusion of bound water in the cell walls and
diffusion of water vapor in the lumens. The
effect of pressure on the bound water proper-
ties can be assumed negligible (Perré et al.
1995). From the kinetic theory of gases, Perré
et al. (1995) have shown that the effective va-
por diffusivity increases when the pressure de-
creases. Swigori (1993) and Swigori and Ku-
rasiak (1995) also reported an increase of the
diffusion coefficient with a decrease in pres-

sure:
T 1.82P

T.) P ©)

where D = diffusion coefficient (m? s7!) at a
given pressure P below atmospheric pressure
P, (Pa); Dy = diffusion coefficient at atmo-
spheric pressure (m? s°'); T = temperature
(K); and Ty = normal temperature (273 K).
Because of slip flow and the increase of water
vapor diffusivity at reduced pressures, one can
expect an increase of the effective water con-
ductivity under vacuum since it incorporates
all these transport coefficients.

The objectives of this work were: 1) to de-
velop an apparatus for the determination of the
effective water conductivity of wood under
vacuum assuming that the moisture content-
water potential relationship is known; 2) to
measure the effective water conductivity of
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sugar maple (Acer saccharum Marsh.) sap-
wood and white spruce (Picea glauca
(Moench.) Voss.) heartwood, from green to
dry conditions. The effective water conductiv-
ity function determined in this study will be
used to model mass transfer in wood during
vacuum drying. The effect of pressure on the
effective water conductivity of wood is also
assessed.

MATERIAL AND METHODS
Material

The material used for this study was ob-
tained from a natural stand located in the
southeast part of Québec, Canada. The trees,
six for each species, were felled in the late fall
in the case of sugar maple and in the early
winter in the case of spruce. The age of the
trees varied from 65 to 121 and from 81 to
100 years at DBH for sugar maple and white
spruce, respectively. Depending on the diam-
eter of the tree, three to four 1.22 m-long-bolts
were cut from the stem. The specimens used
for this study were randomly selected from the
second, third, and fourth (if necessary) bolts.
They were 45 X 45 X 45 mm (L X R X T)
in dimension and free of visual defects. They
were all sapwood in the case of sugar maple
and all heartwood in the case of spruce. De-
pending on the initial moisture content and the
target pressure level, four to eight groups for
each combination of direction of flow and
pressure were formed. Each group was com-
posed of eight specimens. Six specimens were
used for the determination of the moisture
content profiles and the two remaining speci-
mens for temperature and pressure measure-
ments. After selection and classification, the
specimens were kept in sealed polyethylene
bags and stored at —15°C prior to their use in
the experiments. Before each experiment, the
specimens were kept over distilled water for
24 h in a closed desiccator at 21°C to allow
them to thaw.

The specific gravity (oven-dry weight/green
volume) of the sugar maple specimens consid-
ered in this study varied from 0.587 to 0.676
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with an average initial moisture content of
about 60%. For white spruce specimens, the
specific gravity varied from 0.318 to 0.427
with an average initial moisture content of
about 35%.

Experimental apparatus

A new apparatus was designed to determine
the effective water conductivity under vacu-
um. One-dimensional moisture flow measure-
ments were then conducted through two sides
of a cubic specimen under constant tempera-
ture and absolute pressure. The main part of
the apparatus (Fig. 1) consisted in two 1.5-m-
long manifolds mounted on a stand. Eight
pairs of 12.7-mm-thick grooved metal plates
connected to the feed and collector manifolds
were used to heat the test specimens. Inter-
connected channels have been drilled inside
the plates to allow the circulation of hot water.
Each pair of metal plates was held together by
two metal rods with coil springs at one end to
ensure that the plates remain in close contact
with the specimen, even in the case of an im-
portant shrinkage. This ascertained heat trans-
fer efficiency from the plates to the wood
specimen. A thermostatic water bath provided
the hot water to the eight units placed inside
a small laboratory vacuum Kkiln (diameter =
0.4 m; length = 2.2 m).

The main difficulty with the apparatus was
to adjust the rate of hot water flow inside the
contact plates. This was controlled by individ-
ual valves as illustrated in Fig. 1. By adjusting
these valves, it was possible to maintain the
16 plates within *1°C.

Methods

The specimens were edge-coated with a sil-
icone sealant and aluminum foil, and insulated
with styrofoam. The open faces of the speci-
mens were then put in contact with the heating
plates. One specimen was used to measure the
local temperatures in wood with copper-con-
stantan thermocouples and another one was
used to measure local pressures in wood using
1.2-mm-diameter stainless steel tubes con-
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Collector manifold ¢=29 mm
Feed manifold ¢=41.3 mm )

&
Aluminum heating plate \—Pressure rubber tubing
Swagelock union /
Washer &
Coil spring .

®=1.1 mm

Threaded rod
$=6.35 mm

Groove

7

Fic. 1.

nected to pressure sensors. The temperature
and pressure measurements were taken at 1.0,
11.25, and 22.5 mm from one drying surface.
All temperatures and pressures were recorded
with a Strawberry Tree data acquisition board
and software (Quicklog) installed in a 386 PC.
The digital on/off control feature of the data
acquisition board was used to maintain the
vacuum Kkiln ambient pressure within *£0.2
kPa.

When all the specimens and sensors were
in place, the setup was enclosed inside the
vacuum kiln. The temperature of the water cir-
culating in the manifold was 65°C and was
kept constant by the water bath. The speci-
mens were heated at atmospheric pressure and
100% RH until the wood core temperature
reached the target value (60°C) after 2 h. Air

7

'/<Rubber tubing

Copper tubing
$»=6.35 mm

Expcrimental apparatus.

circulation during the heating phase was
achieved by 11 small fans (diameter = 0.14
m) at the bottom of the cylinder, which pro-
duced an air velocity of about 2.5 m s~!. Hu-
midification was performed with low pressure
steam (10 kPa) and was controlled by the dry
and wet bulb temperatures. Then, the vacuum
phase followed until the end of the drying pro-
cess. Vacuum was produced by a liquid-ring
pump capable of reducing the pressure down
to 5 kPa.

One absolute pressure level (8 kPa) was
considered for white spruce and three pressure
levels for sugar maple (8, 13, and 18 kPa). The
effective water conductivity was measured in
the radial and tangential directions for both
species. For a given combination of direction
of flow and pressure level, a separate drying
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run was performed for each moisture content
profile measured. This was to avoid hysteresis
and back flow effects that would have oc-
curred in a one-step drying run where a group
is removed from time to time for a moisture
content profile determination. The drying time
required for each run was established during
preliminary tests. Drying times of sugar maple
test specimens from an average initial MC of
60% to 7% were 10, 17, and 60 h at 8, 13,
and 18 kPa, respectively; whereas the spruce
test specimens dried from 35% to 7% average
MC in 10 h at 8 kPa absolute pressure.

We did not measure the actual relative hu-
midity inside the cylinder during drying, but
the surface moisture contents obtained at the
end of each drying run indicated that it was
much lower than the expected theoretical val-
ues (total pressure inside the cylinder/saturated
vapor pressure at dry bulb temperature). One
explanation for this discrepancy is that it is
likely that air never vanishes completely from
the cylinder, despite the pressure reduction;
thus, the water vapor pressure inside the cyl-
inder is lower than the total pressure. Also, the
vacuum cylinder was not perfectly sealed and
allowed some air infiltration. However, it
should be noted that the boundary conditions
have no effect on the effective water conduc-
tivity calculated with the instantaneous profile
method since the water flux and the gradient
of water potential are both measured in the
specimens.

At the end of each drying run, six of the
eight specimens were cut in the flow direction
into 11 slices (each slice having nearly 3.5 mm
in thickness) using a thin kerf band saw (0.5-
mm kerf). The mass and volume of each slice
were quickly measured to avoid moisture loss.
The slices were then dried at 105°C until con-
stant weight in order to determine their mois-
ture content and then, their moisture concen-
tration.

Equation (4) was used in order to determine
the effective water conductivity. If the chosen
coordinates system coincides with the princi-
pal directions of the tensor and of wood, K(M,
T) is diagonal and its components correspond
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to its eigenvalues. In this case, the expression
for one-dimensional isothermal moisture
movement is:

aC 0
— - —|K,M, T)—
ot 0x ax

W _

(10)
where K,(M, T) is the unsaturated effective
water conductivity, a function of moisture
content and temperature; and 0¢/9x is the wa-
ter potential gradient in the x direction.

The relationship between wood moisture
content and water potential was established for
sugar maple sapwood and for white spruce
heartwood from green to dry conditions in a
previous study (Defo et al. 1998), for material
of the same origin as that used in the present
work. The pressure component, i, was cal-
culated from Eq. (3) with pressure values mea-
sured at different positions inside the speci-
mens during the experiments.

The equation actually used to determine the
effective water conductivity is obtained by dif-
ferentiation and integration of Eq. (10) (Clou-
tier and Fortin 1993):

a "
~ f C dx a1
ot Xq=0 ot Xiotj

KM, T),,, = ' 11
‘ i o
3x |y, 2y
where K,(M, T),; = effective water conduc-

tivity in the direction of flow x at position Xx;
and time t;, [0l/dt],;; = flux through the plane
Xx; at time t; and [94/9x],;; = water potential
gradient at x; and t;.

The boundary conditions were the same for
the two faces of the specimen in contact with
the heating plates. The problem was then sym-
metric about the plane Xq—0 which was the
middle plane of the specimen (x = 22.5 mm),
perpendicular to the flow direction. Therefore,
only one half of the cross section was consid-
ered for computations.

The average moisture concentration profiles
were fitted to the data points using a software
called “Table Curve,” each data point repre-
senting the average moisture concentration at
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a given position for the six specimens of a
group and the two corresponding positions lo-
cated each side of the middle plane. The in-
tegral I at t; was determined by the integration
of the area defined by the average moisture
concentration profile at t; and the planes x; and
X, = 0. The term [dl/3t],;; was determined by
plotting I against t and calculating the slope at
t. The water potential gradient [0y/0X],; Was
obtained following two steps: 1) the value of
i, at position x; and time t; was inferred from
the M-y relationship determined by Defo et al.
(1998). The effect of temperature was consid-
ered in the determination of y,; 2) the ¢, value
at x; and t; were calculated using Eq. (3) and
measured pressure values, and then added to
the corresponding ¢, values to obtain the total
i values. The ¢ profile at t; was plotted and
the ¢ gradient at x; was determined by calcu-
lating the slope. The effective water conduc-
tivity was determined using Eq. (11) for seven
different positions: 24, 27, 30, 33, 36, 39, and
42 mm, corresponding to 1.5, 4.5, 7.5, 10.5,
13.5, 16.5, and 19.5 mm from the position
Xy 0

RESULTS AND DISCUSSION

Effective water conductivity-moisture content
relationship

The effective water conductivity-moisture
content relationships obtained for sugar maple
sapwood are shown in Figs. 2 and 3 for the
radial and tangential directions, respectively.
The effective water conductivity-moisture
content relationships obtained for white spruce
heartwood are presented in Fig. 4 for the radial
and tangential directions. Each position con-
sidered for computation is represented by a
distinctive symbol. The curves were hand fit-
ted to the data points. The relative superposi-
tion of the data points as shown in Figs. 2 to
4 indicates that, for any given moisture con-
tent, the effective water conductivity deter-
mined by the instantaneous profile method has
a unique value, independent of the position.

As shown in Figs. 2 and 3, the effective
water conductivity of sugar maple decreases
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Fic. 2. Effective water conductivity of sugar maple

sapwood in the radial direction (Kg) at 60°C. a) 8 kPa; b)
13 kPa; c¢) 18 kPa.

abruptly from the green condition to about
35% M. Below 35% M, the effective water
conductivity of both sugar maple and white
spruce (Figs. 2 to 4) decreases more gradually
with a change in moisture content. The steep
decrease of the effective water conductivity
from the green condition to 35% M may be
due to simultaneous liquid and water vapor
flow resulting from a large gas pressure dif-
ference (Moyne and Martin 1982; Perré et al.
1995; Chen and Lamb 1995). In the later stage
of drying (below 35% M), moisture movement
would occur by a diffusion process but, as will
be discussed later, it is likely that a hydrody-
namic flow of water vapor is also present. The
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Fie. 3. Effective water conductivity of sugar maple
sapwood in the tangential direction (Kt) at 60°C. a) 8 kPa;
b) 13 kPa; ¢) 18 kPa.

inflexion point of the effective water conduc-
tivity curve would correspond to the moisture
content level at which the liquid phase conti-
nuity is disrupted and the liquid flow caused
by capillary effects is no longer possible.
The effective water conductivity varies also
with the structural direction of wood as de-
picted in Table 1. At a given pressure and for
moisture contents above 20% M, K, is higher
than K. The Ky /K, ratio varies from 1.1 to
10.3 at 18 kPa; 1.0 to 8.3 at 13 kPa; and 1.0
to 2.4 at 8 kPa. Below 20% M, the K /K ratio
is close to unity. The maximum possible error
yielded by the instantaneous profile method
has been previously evaluated to vary from
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Fic. 4. Effective water conductivity of white spruce
heartwood at 60°C and 8 kPa. a) radial direction (Kg); b)
tangential direction (Ky).

+20% to £45% of the K-value (Cloutier and
Fortin 1993), which is small when considering
the fact that the K-values cover a range of sev-
eral orders of magnitude. With the uncertainty
associated to the curves, we cannot conclude
to any marked differences between K; and K
at low M values. A similar observation has
also been reported by Cloutier and Fortin
(1993) for aspen sapwood dried at atmospher-
ic pressure. These authors concluded that the
high values of K; at M above 20% would in-
dicate the contribution of wood rays to the
bulk flow. At low moisture contents, the flow
is of diffusive type. Thus, the contribution of
wood rays on K; would be smaller at low M
values than at high M values. It should be not-
ed that for a given moisture content, the ratio
Ki/K; at high M values at 18 kPa is higher
than the Ky/K; ratio at 13 kPa, which in turn
is higher than K, /K, ratio at 8 kPa. This var-
iation of the K /K ratio with pressure may be
attributed to the change of the mass-transfer
mechanism with pressure reduction.
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TABLE 1. Variation of the Kp/Kr ratio with pressure and
moisture content.

Pressure (kPa)

M
Species (%) 8 13 18
7 0.9 0.8 1.4
9 0.9 0.9 1.3
11 0.9 0.9 1.2
13 0.9 0.9 1.1
15 0.9 1.0 1.1
17 0.9 1.0 1.1
19 1.0 1.0 1.1
21 1.0 1.1 1.2
23 1.1 1.1 1.2
25 1.1 1.2 1.2
27 1.1 1.3 1.3
Sugar maplc 29 1.2 1.4 1.4
31 1.3 1.6 1.5
33 1.3 1.9 1.8
35 1.3 2.3 2.2
37 1.3 3.0 29
39 1.5 4.1 4.1
41 2.2 5.6 6.0
43 2.4 7.3 8.4
45 22 8.3 10.3
7 1.1
9 1.0
11 1.0
13 1.0
15 1.0
White sprucc 17 1.0
19 1.0
21 1.0
23 1.2
25 1.4
27 1.8
29 24

Effect of pressure on the effective water
conductivity

There are no available data on the effective
water conductivity of sugar maple and white
spruce at atmospheric pressure. The radial and
tangential boundary desorption curves of the
effective water conductivity functions of aspen
sapwood established at atmospheric pressure
and at 50°C by Cloutier and Fortin (1993)
were used for comparison purposes. Only the
Ky and K; values between 10 and 70% were
considered. These curves, together with the
curves of the effective water conductivity of
sugar maple sapwood at 18 kPa, are shown in
Fig. 5. It appears that the K; and K; curves
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for sugar maple under vacuum are different in
shape than those of aspen sapwood at atmo-
spheric pressure. From Figs. 2 and 3, it is ob-
vious that pressure has an effect on the effec-
tive water conductivity. To clearly illustrate
this phenomenon, the effective water conduc-
tivity of sugar maple was plotted against ab-
solute pressure at different M values as shown
in Fig. 6. At a given M, the effective water
conductivity increases as the absolute pressure
decreases, both in the radial and tangential di-
rections. At high M values, the effective water
conductivity incorporates the liquid and the
vapor fluxes. The high values of the effective
water conductivity observed at high moisture
contents can be explained by the contribution
of the apparent gas permeability which in-
creases with a reduction of the ambient pres-
sure as predicted by Eq. (8). On the other
hand, when wood is dried below FSP, the air
can leave the lumina, and diffusion becomes
more efficient as there are fewer air molecules
hindering the free movement of water vapor
molecules (Neumann et al. 1992). As predict-
ed by Eq. (9), the effective water conductivity
at 10 and 20% M (Fig. 6) tends to be inversely
proportional to the absolute pressure.

Flow mechanisms

Numerous studies assumed that the faster
drying observed under vacuum may be attri-
buted to the boiling phenomenon. Figure 7
shows the pressure levels measured in the
specimen of sugar maple sapwood at different
depths during radial vacuum drying at 8 kPa.
The saturated vapor pressures (P,) corre-
sponding to the local temperatures are also
shown in Fig. 7. It is clear that boiling does
not occur inside wood since pressures mea-
sured inside the specimens are always higher
than the saturated vapor pressures, except for
the few millimeters below the surface and at
the end of the drying (M = 6%) where the
measured pressures are lower than the saturat-
ed vapor pressures. This observation was also
made by Neumann et al. (1992) and Chen and
Lamb (1995). As shown in Fig. 7 and as point-
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Effective water conductivity of sugar maple sapwood at 60°C and 18 kPa and aspen sapwood at atmospheric

pressure and 50°C (adapted from Cloutier and Fortin 1993).

ed out by Chen and Lamb (1995), there is a
boiling front (region where P is less than or
equal to P,) which retreats from the surface
towards the center as the drying proceeds, the
retreating velocity being a function of the heat
supply and certain properties of wood, such as
permeability, specific gravity, and conductivi-
ty (Chen and Lamb 1995). Thus, when the lig-
uid phase continuity is not disrupted, moisture
migrates from the center to the boiling front
in the liquid phase and from the boiling front
to the surface in the gas phase. When conti-
nuity is disrupted, moisture migrates essen-
tially in the gas phase. It must be noticed that
this scheme could be different in other vacuum
drying technologies.

As previously mentioned, it is possible that
below FSP water vapor also migrates under
the influence of the total gas pressure gradi-
ents. Figure 7 shows that until the end of dry-
ing, there is a difference between the pressure
in the center of the specimen and the ambient
pressure. The intense evaporation taking place
inside wood keeps the pressure up, whereas
the surface pressure is maintained at the pres-
sure of the chamber. This observation is some-
what analogous to the one made by Neumann

et al. (1992). They calculated the diffusion co-

efficients based on Fick’s first law from ex-
perimental data obtained for beech boards
dried in a conventional kiln and in a convec-
tive vacuum kiln in superheated steam at 20
kPa. At low moisture contents, the diffusion
coefficient obtained during vacuum drying
was several times higher than during conven-
tional drying. The authors concluded that
Fick’s law was not applicable to vacuum dry-
ing. Chen and Lamb (1995) reported that mass
flow is the most important transport mecha-
nism under vacuum rather than diffusion,
which is dominant for conventional drying.
Noack (1965) quoted by Chen and Lamb
(1995) found that moisture migrates in the gas
state when wood dries below FSP during vac-
uum drying. He concluded that the driving
force was the pressure difference between the
vapor pressure in the lumen and the ambient
pressure. Using steam explosion to improve
the permeability of wood, Hayashi et al.
(1993, 1995) found that the drying rate ob-
tained for radiofrequency/vacuum drying of
the treated specimens was higher than for the
control specimens in the whole range of mois-
ture contents, confirming the impact of per-
meability on moisture movement below FSP.
The transport coefficient for hydrodynamic
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TABLE 2. Summary of the regression analysis carried out for the flux-gradient relationships.

q=qo + K, Gr*

do Ky Skx
P M X 10-5 X 10-11 X 101 R?
Species Direction kPa % kg m 25! kgZm-ls-13-1 kgZm~'s 111 %
15 -191 2.26 0.29 95.3
Sugar maple R 8 20 -0.85 3.15 022 97.6
30 0.70 7.38 0.27 99.5
40 1.02 28.09 2.87 98.0
15 0.97 1.03 0.11 94.9
Sugar maple R 13 20 0.12 1.88 0.19 95.2
30 -0.92 5.30 0.39 97.3
40 1.33 33.32 4.81 923
15 0.02 0.49 0.02 99.2
Sugar maple R 18 20 -0.20 1.02 0.07 974
30 -0.30 3.77 0.71 84.8
40 -0.47 39.97 13.72 62.9
15 0.67 1.77 0.22 94.2
Sugar maple T 8 20 0.04 2.62 0.28 95.6
30 -0.22 5.68 0.76 93.4
40 0.32 24.55 1.26 99.5
15 0.15 1.46 0.07 98.8
Sugar maple T 13 20 -0.24 1.89 0.09 98.8
30 -0.72 3.33 0.15 98.9
40 -1.48 11.42 1.88 88.1
15 =0.10 0.57 0.05 96.0
Sugar maple T 18 20 0.10 0.74 0.11 90.9
30 0.20 1.75 0.13 97.5
40 0.01 5.47 0.18 99.5
15 0.76 0.85 0.08 95.9
White spruce R 8 20 0.16 1.68 0.08 99.2
25 0.10 3.11 0.29 97.5
15 0.33 0.88 0.03 99.5
White spruce T 8 20 -0.37 1.87 0.14 979
25 —0.64 440 0.40 97.6
*Gr = —(@/ax).

oped for this purpose. The effective water con-
ductivity was determined from green to dry
conditions at 60°C in the radial and tangential
directions; at 8, 13, and 18 kPa for sugar ma-
ple sapwood; and at 8 kPa for white spruce
heartwood.

The effective water conductivity was found
to decrease abruptly from the green condition
to 35% moisture content. Beyond this point,
the effective water conductivity decreased
slowly with a decrease in moisture content. At
a given pressure and for moisture contents
above 20% M, K is higher than K;. The K/

K ratio varied from 1.1 to 10.5 at 18 kPa, 1.0
to 8.3 at 13 kPa, and 1.0 to 2.6 at 8 kPa. Be-
low 20% M, the K /K; ratio was close to uni-
ty. The effective water conductivity increased
significantly as the pressure decreased. The ef-
fect of pressure can be explained by the con-
tribution of the apparent gas permeability. It
is likely that at moisture contents below FSP,
water vapor migrates inside wood both by dif-
fusion and under the influence of the total gas
pressure gradient. The contribution of the
pressure potential to the total potential was
negligible at low moisture contents. The flux-



Defo et al —EFFECTIVE WATER CONDUCTIVITY OF WOOD UNDER VACUUM

355

35
=
g 30 A\
L% \
f A
m A2
e § : 25 [ —e—t]
22 a>- —a— 13 \
) Oy 20p0—"%8 —»
ZEx -k =
@ § 2 -B-- 3 - I W 5 ¢
S = % 15 “aVes t5 -
2 & A
9% 10 s ¥
M
<

5

0 9 18 27 36 45

POSITION, x(mm)
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Measured total pressurcs (solid lines) in sugar maple sapwood specimens during radial drying at 60°C and

8 kPa and saturated vapor pressures (dotted lines). t1) 74 min, M = 37%; 3) 197 min, M = 24%; t5) 631 min, M =

6%.

it reached the plate temperature. The maxi-
mum temperature difference between the sur-
face and the center of the specimen was 3°C
at 18 kPa, 6.2°C at 13 kPa, and 13.7°C at 8
kPa. With these large temperature gradients,
especially at 8 kPa, the utilization of Eq. (4)
may appear questionable since it does not
show a thermal diffusion term explicitly.
Therefore, it is necessary to check the flux-
gradient relationship to verify the validity of
Eq. (4) under our experimental conditions.
From Darcy’s law, if the flux q is plotted
against —dy/ox at a given M, a straight line
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should be obtained with the slope correspond-
ing to the effective water conductivity. The
flux-gradient relationships were established at
15, 20, 30, and 40% M from the original data
points obtained at the seven positions consid-
ered for computation of the effective water
conductivity. The results of the regression
lines fitted to the data points are presented in
Table 2. Figure 9 shows the flux-gradient re-
lationships obtained for sugar maple at 18 kPa
in the radial direction and at 8 kPa in the tan-
gential direction, which are respectively the
worst (R? = 62.9) and the best (R*> = 99.5)
cases. The flux-gradient relationship was lin-
ear in all cases, with the intercept being ran-
domly positive or negative. In most cases, the
slopes of the regression line were in agree-
ment, within £S,, to the values obtained for
Kg and K; (Figs. 2, 3, and 4). These results
show that, in spite of the nonisothermal dry-
ing, Darcy’s law generalized to unsaturated
flow holds, even under vacuum.

CONCLUSIONS

The main objective of this study was to de-
termine the effective water conductivity of
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flow, k,, is large compare to the one for dif-
fusion. Therefore, it is easy to understand why
the effective water conductivity under vacuum
is greater than at atmospheric pressure.

Relative importance of the pressure potential

Equation (1) states that the total water po-
tential is the sum of the separate contributions
of the matric and pressure potentials. At 18
kPa, the contribution of ¢, to the total poten-
tial ¢ represents 0.31, 0.78, 22, and 24% for
moisture contents of 12.8, 22.3, 38.1, and
49.8%, respectively. Thus, ¢, must be taken
into account above FSP whereas under FSP ¢,
can be neglected in the computation of the to-
tal potential.

Flux-gradient relationship

The determination of the effective water
conductivity from Eq. (10) is based on the as-
sumption of isothermal drying. However, it
was very difficult to satisfy the isothermal
condition for vacuum drying. Figure 8 shows
changes in temperature inside the specimens
during radial drying at 8, 13, and 18 kPa in
the case of sugar maple. The temperature of
the plate surface was maintained at 60 = 2°C.
When drying began, the temperature at the
surface and inside the specimens dropped rap-
idly, indicating an intense evaporation without
a sufficient heat supply to compensate for the
latent heat of vaporization of water. As drying
went on, the temperature rose gradually until



Defo et al —EFFECTIVE WATER CONDUCTIVITY OF WOOD UNDER VACUUM

357

3) 30 ,
i v M=15%
& 25 A M=20% ]
S o M=30% _ |
o 20 o M=40%
0
S 15
= |
T 10 o
SR A //
= Ce— 1 —
0
0 10 20 30 40 50
b) - 25
o 20 @
& A
an L
7 15 //ﬂ // /v
(o)
: 10 ¢ f /l/(r'%v/
N’ v M=15%
M=
55 O M=30%
) OV o M=40%
0 10 20 30 40 50 60 70 80

-GRADIENT, -8y/0x (x 105 J kg-! m-1)
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direction, 8 kPa.

gradient relationships obtained at given mois-
ture contents were linear, confirming the va-
lidity of the flow equation based on water po-
tential used in the present work. The results
obtained will be used to model moisture
movement in wood during continuous vacuum
drying.
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