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ABSTRACT

The present work summarizes the results of several previous studies on moisture movement
in wood during drying under isothermal conditions. A model of the wood drying taking into
consideration coating of the surface of a specimen is presented in three-dimensional-in-space
(3-D) formulation. The influence of the geometrical shape as well as surface coating degree
of wood specimens from the northern red oak (Quercus rubra) on the drying dynamics is
investigated. The conditions of usage of 2-D moisture transfer model in contrast to 1-D for
accurate predicting of the drying process are described.

1. INTRODUCTION

Trees contain a considerable amount of water. Most water in the cut tree must
be evaporated before useful products can be made from wood. The reason
for drying lumber is to increase the strength and rigidity as well as to protect
the wood against biological damage. There are also some negative aspects to
drying wood, including the great amount of energy that must be expended
to drive the water out of wood, and the possibility of drying defects. Un-
derstanding the fundamental concepts that underly lumber drying can guide
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the selection of economical and efficient drying methods that result in high
quality products.

The water or moisture content (MC) of wood is expressed, in percent, as
the weight of water present in the wood divided by the weight of dry wood-
substance. Wood drying is usually accomplished by evaporating the moisture
from the surface of wood. When the surface moisture evaporates from the sides
or ends, moisture moves from interior toward these locations. This process
continues until the wood reaches its equilibrium moisture content (EMC) with
the ambient air climate.

From the mathematical point of view moisture transport process in wood,
under isothermal conditions, can be described by the diffusion equation with
the initial and boundary conditions. The initial condition expresses an initial
moisture concentration in the specimen, and the boundary condition describes
the surface evaporation [11; 12; 15; 18].

In the literature 1-D-in-space moisture transfer models have been widely
used in various investigations. 1-D model describes the wood drying process
accurately for extremely long and wide plates. However, 1-D analysis can
be successfully used to predict the drying process for a relatively short and
narrow specimen if four of six surfaces are heavily coated in order to reduce
the moisture transfer from those four surfaces.

The advantage of 1-D moisture transfer model is an efficiency of the problem
solution. Because of this, it is important to estimate a level (degree) of surface
coating, making 1-D model as admissible to predict the wood drying process
accurately.

Several authors have used a wood drying model to solve the inverse coefli-
cient problem [9; 10; 18; 20]. The inverse solutions are known to be sensitive
to changes in input data resulting from measurement and modelling errors
[19]. Hence, they may not be unique. Nevertheless, the determination of the
diffusion as well as surface emission coefficients for various species of wood is
the problem of today [5; 6; 10; 13; 20]. Since the multidimensional inverse
methods are especially complex, it is important to estimate a reliability of
1-D-in-space model to predict the drying process accurately.

The present work summarizes the results of previous studies [1; 2; 3; 4].
The conditions of usage of 2-D moisture transfer model in contrast to 1-D
for accurate predicting of the drying process are analyzed in this work. A
measure of reliability of 1-D model to predict the wood drying process of sawn
boards has been introduced. The influence of the specimen surface coating
on the drying dynamics is investigated in a relation to the geometry of the
specimen. The dependence of the half-drying time on the ratio of the width to
the thickness of the transverse section of sawn boards from the northern red
oak (Quercus rubra) was investigated for different degrees of edges coating.
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2. MOISTURE MOVEMENT MODEL

In a 3-D-in-space formulation, the moisture movement, under isothermal con-
ditions, in a symmetric wood piece of thickness 2a, width 2b and length 2¢
can be expressed through the following equation of diffusion type:

z € (0,a),y € (0,b),z € (0,¢),t € (0,77,

here u = u(z,y, z,t) is moisture content, ¢ is time, and D;(u), Da(u), D3(u)
are the moisture concentration-dependent diffusion coefficients in the space
directions z,y, 2z, respectively. The initial condition (¢t = 0) is

u(x,y,z,O) =Up, € [O,G],y € [07b]7z € [O,C]. (2'2)

Let us assume, that each side of a sawn board may be coated, e.g. painted,
to reduce moisture transfer from the surface. Let coating of opposite sides
be identical. The boundary conditions that describe symmetry and surface
evaporation (¢ > 0) are

ou

_ Ou _ Ou

% r=a - 6_y‘y:b B 5 z=c - 0’ (23)
Dy = (1 - an)(Sue —u), =0
1\u 6;{} = a1 Ue u), r =V,
ou
—Dz(u)a—y =(1—-a)(Su, —u), y=0, (2.4)
a
_D3(u)6—;‘ = (1 - a3)(Sue —u), z=0,

where S is the surface emission coefficient, u, is the equilibrium moisture
content (EMC), and «; is dimensionless degree of surface coating, 0 < a; <
1,7 = 1,2,3. Let us notice, if a side of a board is extremely coated, then
corresponding surface coating degree is 1, and it equals to O if the surface is
not coated at all.

Though the radial and tangential diffusion coefficient may be different, it
was assumed that the transverse diffusion coefficient D(u) is the same in both
space directions z and y. It was also assumed that the longitudinal diffusion
in wood is faster than the transverse one [15]:

Dy (u) = Dz(u) = D(u), Ds(u) = KD(u), (2.5)

where K is an experimentally determined coefficient (K > 1).
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The next assumption was that the diffusion function D(u) is constant above
the fiber saturation point (fsp) (the moisture content at which only the cell
walls are completely saturated but no water exists in cell lumens) and it is
equal to the diffusion coefficient at the fsp value:

_ f(u)a u S Ufsp,
D)= {f(ufsp); U > Ugsp, (26)

where u¢,, denotes the fsp (fsp is about 30%) and function f expresses the
diffusion coefficient in moisture content, and temperature:

flu) = AeB/T+C“, (2.7)

where T is the temperature in Kelvin, A, B, C are experimentally determined
coefficients [7; 15; 16].

3. SOLUTION AND VERIFICATION OF THE MODEL

Analytical solutions of problems, described by partial differential equations of
the diffusion type, do not usually exist in cases of variable diffusion coefficients
and complex boundary conditions. Therefore the mathematical model repre-
sented was solved numerically. The finite-difference technique has been used
for the discretization of the model [14]. We introduced a non-uniform discrete
grid to increase the efficiency of calculations. Since moisture evaporates from
the surface of a piece of wet wood, an exponentially increasing (bi-linear) step
of the grid was used in all space directions from the surface of the wood piece
to the center, while a constant step was used in time direction. The explicit
difference scheme for the model (2.1)-(2.4) has been designed and realized to
simulate the moisture movement in the wood specimen [1].

The average moisture content is usually measured at various time to pre-
dict the dynamics of drying in a physical experiment. The calculated average
moisture content u(t) values at any time ¢ were determined by numerical
integration of the finite difference solutions. The relative amount of the re-
maining moisture content in wood during drying at time ¢ is usually called as
the fraction of total moisture content [15], and can be defined as

E(t) = (u(t) — ue)/(uo — ue)- (3.1)

Let ty.5 be the time when the drying process reaches the medium, called
half-drying time, i.e. E(to.5) = 0.5. The half-drying time was employed to
investigate the dynamics of the drying process.

In the calculations, discussed below, a corresponding model in 1-D and 2-
D formulation was also used. The model in 1-D and 2-D formulation can be
rather easily derived from the model (2.1)-(2.4) by ignoring the corresponding
space coordinates.
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The moisture transfer model (2.1)-(2.4) was employed for computer simu-
lation of the drying of specimens from northern red oak. The experimental
moisture content values for red oak by Simpson and Liu [17] were used for
numerical analysis. Experimental drying conditions were 43°C at 84% rela-
tive humidity (EMC u, = 16.2%). There were two air velocities: 1.5 and 5.1
m/s. The size of specimen was 102 by 305 by 29 mm, i.e., 2a = 29, 2b = 102,
2¢ = 305. The average initial moisture content ug was 82.5%. Values of
the coefficients 4, B,C in (2.7) and S in (2.4) were found [17] for both air
velocities.

In the physical experiment four of six surfaces were heavily coated in order
to reduce the moisture transfer from those four surfaces, while the edges of
the specimen were not coated absolutely. Because of this the model in 1-D-in-
space formulation was used to simulate the drying process assuming a; = 0.
The good agreement between the finite difference solution of the drying prob-
lem and experimental data was obtained. The calculated average moisture
content values compared also favorably with the results of Simpson and Liu
[17] determined using 1-D-in-space drying model. The result of calculation
showed that the half-drying time to.5 equals to 113.6 h at air velocity 1.5 m/s
and 87.7 h at air velocity 5.1 m/s.

The physical experiment was also simulated using this model in 2-D-in-
space formulation. Because edges of specimen were heavily insulated, it was
assumed that as = 1. The differences between results of calculation did not
exceed the error of calculations, e.g. values of ¢ 5 were the same as above.

4. THE INFLUENCE OF SURFACE COATING ON MOISTURE
MOVEMENT

We have investigated the influence of the surface coating degree as well as
geometry of the transverse section of a specimen on drying dynamics assuming
that the specimen is extremely long or ends are extremely coated. The wide
surfaces of the specimen were assumed to be not coated as it was in the
physical experiment, i.e. a; = 0. Let a be the degree of coating of edges
(a = ay).

The transverse section of a specimen was modelled as a rectangle having
various width keeping the thickness equal to a = 29mm. Since the thickness
of the specimen was assumed constant while the width varied, a dimensionless
ratio k of the width to the thickness of the specimen, k¥ = (2b)/(2a) = b/a,
was introduced as a characteristic of the geometry of the transverse section.
The problem (2.1)-(2.4) was solved numerically for various values of the ratio
k (1 < k <£100) and coating degree @ (0 < a < 1). In each board geometry
and degree of edges coating case, the drying until the half-drying time was
simulated to determine dynamics of the drying for both air velocities: 1.5 and
5.1 m/s. The results of calculations at air velocity 5.1 m/s are depicted in
Fig. 1. Fig. 1 shows the dependence of the half-drying time ¢y 5 on the ratio &
of the width to the thickness for specimens of the thickness 29 mm for several
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values of the degree a of edges coating: 0, 0.5, 0.9, 0.95, 0.99 in case of air
velocity 1.5 m/s. Because of petty change of tg5 for k¥ > 30 the results of
calculations are depicted for £ < 30 only.
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Figure 1. Dependence of half-drying time tg.5 on the ratio k& of the width
to the thickness of specimens of the thickness 29 mm at different values of
coating degree o and air velocity v = 5.1 m/s.

Let us redefine the half-drying time ¢ 5(a, k) as a function of coating degree
a and ratio k. In Fig. 1, curves drawn through the calculated values of half-
drying time are

tos(a, k) =t5 sePa/k 12 = lim to5(a, k), (4.1)
k—o0

where to.5(a, k) is the half-drying time of the specimen calculated by using
2-D model, tj 5 is a limiting value of half-drying time, extremely increasing
the width of the specimen, and E, is a coefficient specific for coating degree a.
Let us notice, that the value of ¢ 5 does not depend on the degree a of edges
coating. This value can also be calculated as the half-drying time of a specimen
having extremely coated edges, i.e. in the case when a = as = 1. This value
was found equal to 87.7 h at air velocity 5.1 m/s while the simulation of the
physical experiment.

Function (4.1) was also fitted to the results of calculations for air velocity
1.5 m/s. Values of the coefficient E, can be found in [2; 4] for both air
velocities.

As it is possible to notice in Fig. 1, the relative thickness of a board appears
to be important for the drying dynamics at different values of the degree «
of coating of edges. This importance decreases with increasing of a. In the
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case of uncoated edges (a = 0), the half-drying time notable increases with
increase of the ratio k up to k£ = 10. Very similar situation appears in the case
where @ = 0.5. The calculation showed that in these two cases of a (0 and
0.5) values of tg.5(a, k) varies less than 2% for k > 7 and both air velocities.
The increase of half-drying time with increase of k is rather slight for greater
values of a (a > 0.9).

In addition to the thickness of 2a = 29.0mm of the specimen, we have
calculated t§ 5, to.5(c, 10) and 9 5(c, 30) (a € {0,0.5,0.9,0.95,0.99}) for two
thicknesses more: 58.0 mm and 14.5 mm. The calculations showed that in all
these cases to.5(a, 10) = (0.91+0.01)¢5 5 and to.5(a, 30) = (0.97+0.005)¢§ 5 for
both air velocities. So, the half-drying time varies only slightly for relatively
wide specimens of the typical for sawn timber domain width.

In the case of use of 1-D-in-space model, the calculated half-drying time
equals to tj 5. Because of this, the use of 1-D model can be called as admissible
for a board if the half-drying time, calculated by using corresponding 2-D
model, equals approximately also to j 5.

Let us define a function p of coating degree o and ratio k as follows:

pla, k) = (to.5 — to.s(a, k) /105, (4.2)

where k is the ratio of the thickness to the width of a specimen, tg5(a, k)
is the half-drying time of the specimen calculated by using 2-D model. The
specimen was assumed as an extremely long sawn board. Since t§ 5 can be
also calculated by using an appropriate 1-D model, p(a, k) can be called as
a relative error of the use of 1-D model for a specimen having the width &
times greater than the thickness. p(a, k) may also be called as a level of 1-D
model reliability to predict a drying process of a sawn board. Let us notice
that 0 < p(a, k) < 1.

Using a computer simulator based on 2-D model and the definition of the
relative error of the usage of 1-D model, it is possible to adjust value of &
as well as a ensuring the error not greater than the required one in case of
use of the 1-D model. Let us define an inverse function k4 (p) to the function
p(a, k) as the minimal value of the ratio k¥ for which p(a, k) does not exceed
p at given q, i.e.

ka(p) = min{k : p(a, k) < p}. (4.3)

In other words, if k is the ratio of the width to the thickness of a specimen,
k > ka(p), and « is the degree of edges coating of the specimen then the
relative error of the half-drying time, calculated by using 1-D model, does not
exceed p for this specimen due to the use of the 1-D model.

We have calculated k,(p) for several values of o and p [4]. It was noticed
that the accurate result of the half-drying time can be achieved by using 1-
D model if a specimen is relatively wide, irrespective of the level of edges
coating. However, the accurate result can be achieved also by increasing the
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degree of the edges coating. For example, if 1-D model is used for a specimen
having k£ > 4 and a > 0.95, then the relative error p of the result will not
exceed 0.05 because of use of 1-D model, i.e. relative difference between
half-drying time calculated by using 2-D model and another one calculated
by using appropriate 1-D model does not exceed 0.05. The values of k,(p)
depend on the drying conditions slightly.

5. THE INFLUENCE OF THE SPECIMEN GEOMETRY ON
DRYING DYNAMICS

The influence of the width of sawn boards on drying dynamics, has been
analyzed above, assuming the thickness constant. The transverse section of
lumber was also modelled as a rectangle changing in both directions: the
width and thickness. Edges of specimens were assumed to be not coated as
wide surfaces to exclude the influence of coating, i.e. a3 = as = 0. Results
of multiple numerical experiments based upon the idea that the half-drying
time depends mainly on the ratio I (mm) of the area to the perimeter of the
transverse section of the board, | = (ab)/(a + b).
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Figure 2. Dependence of half-drying time ¢g.5 on the ratio [ of the area to
the perimeter of the transverse section of specimens at two air velocities v:
1.5 and 5.1 m/s.

We have investigated two extreme cases of the geometrical shape of the
transverse section of the specimen:

a) a square changing the side (I = a/2) ,
b) an extremely wide rectangle increasing the thickness (I — a).



Numerical investigation of moisture movement in wood 175

The 2-D-in-space model was used in case (a) and the 1-D model was used to
predict half-drying time in case (b). The results of calculations are presented
in Fig. 2.

Curves drawn through the half-drying time values in all the cases are poly-
nomials of the second order [2; 3]. The polynomial fits two extreme cases
(a) and (b) form a sector for each air velocity. As it is possible to notice in
Fig. 2, these two sectors intersect. Additional calculations showed that values
of the half-drying time lie in this sector for any specimen being of the shape
of a rectangle in the transverse section. This property is valid for both air
velocities: 1.5 and 5.1 m/s.

The investigation above was extended to 3-D moisture movement. Let m
be the ratio of the volume to the whole surface area of the specimen (mm),
m = (abc)/(ab + be + ac).
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Figure 3. Dependence of half-drying time tg.5 on the ratio m of the volume
to the whole surface of specimens at air velocity v = 5.1 m/s.

We investigated the influence of the ratio m on half-drying time for a spec-
imen as a rectangular parallelepiped. We chose two extreme cases:

¢) a cube changing the side (m =a/3) ,
d) an extremely wide and long plate increasing the thickness (m — a).

The 3-D-in-space model was used to simulate drying in case (¢). Case (d)
is equivalent to case (b), which was discussed above. The 3-D model requires
a value of the dimensionless coefficient K (how many times the longitudinal
diffusion is faster than the transverse one). We used two different values of
that coefficient: 2.5 [15] and 5.0 [8]. The results of calculations are presented
in Fig. 3 at air velocity of 5.1 m/s. The fits to values of the half-drying time
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for the cubic specimens (c) were expressed as polynomials of the second order
at both air velocities [3].

The fits for cases (c) and (d) form a sector for both values of the coefficient
K: 2.5 and 5.0, and both air velocities. We have established that values of
half-drying time lie in this sector for any specimen being as a rectangular
parallelepiped for both air velocities and both values of K, provided ¢ > a,
¢ > b. The last condition is important because of the assumption that the
longitudinal diffusion is faster than the transverse one.

6. CONCLUSIONS

The 3-D-in-space moisture transfer model (2.1)-(2.4) taking into consideration
the degree of coating of the surface of a wood specimen can be successfully used
to investigate the influence of the surface coating degree as well as geometrical
shape of the specimen of northern red oak on the drying dynamics from above
the fiber saturation point under isothermal conditions.

The 2-D model guarantees better prediction of the drying process than the
1-D one if the ratio of the width to the thickness of a specimen is rather small
(less than about 10) or the degree of coating of edges is not very high (less
than 0.95-0.99).

The half-drying time can be expressed as an exponential of the ratio of
the width to the thickness of a specimen for different values of the degree of
coating of edges. The half-drying time can be expressed as the second order
polynomial of the ratio of the area to the perimeter of the transverse section of
the specimen for two extreme cases of the geometrical shape of the section: a
square and an extremely wide rectangle. A similar pair of polynomials of the
second order expresses the dependence of the half-drying time on the ratio of
the volume to the whole surface of the specimens in the shape of a rectangular
parallelepiped.
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DREGMES JUDEJIMO MEDIENOJE IZOTERMINEMIS SALY-
GOMIS MODELIAVIMAS

R. BARONAS, F. IVANAUSKAS, M. SAPAGOVAS

Siame darbe yra apzvelgiama keletas ankstesniy darby, kuriuose buvo nagrinéjama drégmes
judéjimas medienoje dziovinant ja izoterminémis salygomis. Straipsnyje yra pateiktas tri-
matis medienos dZiovinimo modelis, kuriame atsiZvelgiama j galima bandinio pavirSiaus
izoliavima. Bandinio geometrinés formos bei pavir§iaus izoliavimo lygmens jtaka dZiuivimo
dinamikai yra iStirta bandiniams, pagamintiems i§ Siaurés aZzuolo (Quercus rubra). Darbe
yra iSanalizuotos salygos, nusakancios, kuomet yra tikslingiau naudoti dvimatj modelj vie-
toje atitinkamo vienmacio modelio.



