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ABSTRACT ¢ 4 3-dimensional mathematical model has been developed, solved, and verified for the transient
non-linear heat conduction in frozen and non-frozen wood with prismatic shape at arbitrary initial and boundary
conditions encountered in practice. The model takes into account for the first time the fiber saturation point of
each wood species, Uy, and the impact of the temperature on U, of frozen and non-frozen wood, which are then
used to compute the current values of the thermal and physical characteristics in each separate volume point of
the material subjected to defrosting.

This paper presents solutions of the model with the explicit form of the finite-difference method. Results of simu-
lation investigation of the impact of frozen bound water, as well as of bound and free water, on 3D temperature
distribution in the volume of beech and oak prisms with dimensions 0.4 x 0.4 x 0.8 m during their defrosting at the

temperature of the processing medium of 80 °C are presented, analyzed and visualized through color contour plots.
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SAZETAK e Kreiran je i rijeSen 3D matematicki model te provjeren za nelinearno provodenje topline u smrz-
nutome [ nesmrznutom drvu prizmaticnog oblika pri proizvoljnim pocetnim i rubnim uvjetima koji se susrecu u
praksi. Prvi put model uzima u obzir tocku zasi¢enosti vlakanaca za svaku vrstu drva (u,,) i utjecaj temperature na
u,, smrznutoga i nesmrznutog drva, koji se primjenjuju pri izracunavanju trenutacne vrijednosti termo-fizikalnih
svojstava u svakoj posebno definiranoj tocki volumena materijala koji se odmrzava.

Rad prikazuje rjeSenja modela s eksplicitnim oblikom metode konacnih razlika. Rezultati simulacijskih istrazivanja
0 utjecaju zamrznute vezane vode te vezane i slobodne vode na 3D raspodjelu temperature u volumenu bukovih
i hrastovih prizmi dimenzija 0,4 x 0,4 x 0,8 m tijekom odmrzavanja pri temperaturi procesnog medija od 80 °C
prezentirani su i analizirani te vizualizirani crtezima u boji.

Kljuéne rijeci : 3D matematicki model, smrznuto drvo, metoda konacnih razlika, raspodjela temperature , kon-
turni crtezi
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1 INTRODUCTION
1. UVOD

For the optimization of the control of the heating
process of wood in veneer and plywood mills, it is nec-
essary to know the temperature distribution at every
moment of the process (Shubin, 1990; Trebula and
Klement, 2003; Pervan, 2009). Considerable contribu-
tion was made to the calculation of non-stationary dis-
tribution of temperature in frozen and non-frozen logs,
and to the duration of their heating (Steinhagen, 1986,
1991). Later on, 1-dimensional and 2-dimensional
models were developed and solved (Steinhagen et al.,
1987; Steinhagen and Lee, 1988; Khattabi and Steinha-
gen, 1992, 1993, 1995), whose applications are limited
only to wood with moisture content above fiber satura-
tion point.

The heat energy, required for melting the ice,
formed from bound water in the wood, has not been
taken into account in these models. The models assume
that the fiber saturation point is identical for all wood
species (i.e. u,, =03 kg-kg™ = const) and that the melt-
ing of the ice, formed from free water in the wood, oc-
curs at 0 °C.

However, it is known that there are significant
differences between the fiber saturation point of differ-
ent wood species (Pozgai et. al., 1997; Videlov, 2003)
and that, depending on this point, the quantity of the
ice formed from free water in the wood melts at a tem-
perature in the range between -2 °C and -1 °C (Chudi-
nov, 1968, 1984). The complications and deficiencies
indicated in these models have been overcome by a
2-dimensional mathematical model of the transient
non-linear heat conduction in frozen and non-frozen
logs suggested by Deliiski (2004, 2011).

This paper presents the development, verification
and solutions of an analog 3-dimensional mathematical
model of the transient non-linear heat conduction in
frozen and non-frozen wood with prismatic shape at
arbitrary initial and boundary conditions encountered
in practice. The model takes into account for the first
time the fiber saturation point of each wood species,
Uy, and the impact of the temperature on u of frozen
and non-frozen wood, which are then used to compute
the current values of the thermal and physical charac-
teristics in each separate volume point of the material
subjected to defrosting.

This paper also presents the results of simulation
investigation of the impact of the frozen bound water
and free water on 3D temperature distribution in the
volume of beech and oak prisms with dimensions 0.4 x
0.4 x 0.8 m during their defrosting at the temperature
of the processing medium of 80 °C.

2 MATHERIAL AND METHODS
2. MATERIJAL | METODE

2.1. 3D mathematical model of the defrosting
process of prismatic wood materials

2.1. 3D matematicki model procesa odmrzavanja
prizmati¢noga drvnog materijala

The defrosting process of prismatic wood materi-
als during their thermal treatment can be described by
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a non-linear differential equation of the thermal-con-
ductivity, using the Cartesian coordinates (Deliiski,
2003a):

aT(x,y,z,t) @ aT(x,v,2,7)
Ce(-r'l'l)p(-l-vu)67);_&|:7"r(-r'u)67i::*+ (1)
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After the differentiation of the right side of equa-
tion (1) on the spatial coordinates x, y, and z, excluding
the arguments in the brackets for shortening of the re-
cord, the following mathematical model is obtained of
the non-stationary defrosting of wood materials with
prismatic shape subjected to heating:
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and a boundary condition
T(0,y,2,1)=T(x0,2,7)=T(x,»,0,7)=T,(t). (@)

For the solution of the system of equations (2) to
(4), it is necessary to make a mathematical description
of thermal and physical characteristics of the wood, c,,
A,k A, and of its density, p. Equations in (Deliiski,
2003a, 2011) and (Deliiski and Dzurenda, 2010) pre-
sent a mathematical description of the effective spe-
cific heat capacity coefficient, c,, of the frozen wood as
a sum of the capacities of the wood itself, ¢, and the ice
produced by freezing of the free water, c,,, and of the
hygroscopically bound water, ¢ ,. Other equations
quoted by the above authors present mathematical de-
scriptions of wood density, p, and of its thermal con-
ductivity, A, in different anatomical directions.

The given mathematical descriptions of ¢, A,,
A, and A, (Deliiski, 2011), which are part of the
model (2) to (4), have now been updated by taking into
account, for the first time, the influence of the fiber
saturation point of wood species on the values of ther-
mal and physical characteristics during wood defrost-
ing, and the influence of the temperature on fiber satu-
ration point of frozen and non-frozen wood. This has
been done using the method presented by Deliiski
(2013) during the update of the mathematical descrip-
tion of A.

2.2. Transformation of 3D model to a form suitable
for programming
2.2. Transformacija 3D modela u odgovarajuci oblik
za programiranje
The following system of equations (Equation 5)
has been derived by passing to final increases in equa-
tion (2) with the usage of the same, as well as by the
explicit form of the finite-difference method described
by Deliiski (2003a, 2011) and taking into account the
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mathematical description of the thermal conductivity,
A, in different anatomical directions.

Since in practice prismatic materials subjected to
thermal treatment usually do not have a clear radial or
clear tangential orientation, and are partially radially or

partially tangentially oriented, then in equation (5) in-
stead of the coefficients A, in the observed two ana-
tomical directions, their average arithmetic value can
be used, as it determines the thermal conductivity at 0
°C perpendicular to the wood fibers (Equation 6):

T =T +
. i+l —273.15) ]
A2 | n n n n *
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_ Mot (6) For uniformity of the calculations, it is reasona-
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Also, the thermal conductivity at 0 °C in the di-

rection parallel to the fibers A, can be expressed
through A, using the equation

Mop = Kpjerh
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A
where the coefficient K = ™ depends on the
wood species (Deliiski, 2003a).
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The boundary conditions (4) acquire the follow-
ing form suitatable for programming:

Tlnﬁ = T.Tkl =T nﬁ = anﬂ . (10)

The presentation of a non-linear differential
equation (2) from the mathematical model through its
discrete analogue (8) corresponds to the setting of the
coordinate system and positioning of the nodes in the
mesh shown in Fig. 1, in which a non-stationary 3D
temperature distribution in prismatic wood materials
during their defrosting is calculated. The calculation
mesh for the solution of the model through the finite-
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ble to use one step of the calculation mesh along the
spatial coordinates AX= Ay = Az (see Fig. 1). Taking
into consideration this condition and equations (6) and
(7), the system of equations (5) becomes equation (8).

The initial condition (3) in the model is presented
using the following finite differences equation:

Ti?j,k =T,. )

+r ®)

2
Efj—l,k )"+

/k 1)

difference method is built on a 1/8 part of the prism
volume, because of its mirror symmetry with the re-
maining 7/8 parts of the prism volume.

The setting of the coordinate system, shown in
Fig. 1 allows, with the help of only one system of equa-
tions (8), to calculate the change in the temperature in
any mesh node of the volume of the prism subjected to
defrosting at the moment (n + 1)At using the already
calculated values of T at the preceding moment nArt.

Wide experimental studies have been performed
for the determination of a 1-, 2- and 3-dimensional
temperature distribution in the volume of frozen and
non-frozen oak, beech, poplar and pine
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Figure 1 Positioning of nodes in a 3D calculation mesh of a discretized wooden prism
Slika 1. Pozicioniranje ¢vorova u 3D racunskoj mrezi u diskretiziranoj drvenoj prizmi

prismatic materials during their thermal treatment. The
A, . .
values of the coefficient K .= X—"f’ in equation (8) have

been determined through the soérlution of the model
with the same initial and boundary conditions in order
to achieve maximum conformity between the calculat-
ed and experimental results.

It has been determined that the coefficient K,
has the following values: for oak K =1.76, for beech
K  =1.88, for poplar K,e=2.03, and for pine K,e=2.26

/er

(Deliiski, 2003a, 2011).

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

3.1. Computation of 3D temperature distribution in
frozen wood during its defrosting
IzraCun 3D raspodjele temperature u smrznutome

drvnom materijalu tijekom njegova odmrzavanja

3.1.

For the numerical solution of the above presented
mathematical model, a software package has been de-
veloped in FORTRAN and integrated in the calculation
environment of Visual Fortran Professional developed
by Microsoft, as a part of the Windows Office software
(Deliiski, 2011).

With the help of this software package, 3D tem-
perature changes of beechwood (Fagus Silvatica L.)
and oakwood (Quercus petraea Liebl.) prisms with di-
mensionsd = 0.4 m, »=0.4m, L =0.8 m, initial tem-
perature of t, = -40 °C and two values of wood mois-
ture content u = 0.3 kg-kg*and u = 0.6 kg-kg™ have
been studied during their 20 h heating with the inter-
mediate stage of melting at the heating temperature of
t =80 °C. The prisms with u = 0.3 kg-kg™ contain the
maximum possible quantity of frozen bound water in
beech and oak wood and contain no ice in the cell lu-
mens (i.e. contain no ice from free water). The prisms
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with u = 0.6 kg-kg™ not only contain frozen bound wa-
ter but also contain a significant quantity of frozen free
water.

The heating medium temperature, t_, increases
exponentially fromt =t tot =80 °C = const with
the time constant of 1800 s. This increasing of t_at the
beginning of the heating process of prisms can be seen
in Fig. 4 and 5. The values of d, b, L, ¢_, and u have
been selected so as to correspond to cases often en-
countered in practice.

The duration of 20 h of the prism heating at t =
80 °C has been proven suitable for complete melting of
the ice in the studied prisms. The calculations have
been done with average values of p, = 560 kg-m™ and
ugy, = 0.31 kg-kg™* of the beech wood and of p, = 670
kg-m®and u = 0.29 kg-kg™* of the oak wood (Vide-
lov, 2003; Deliiski and Dzurenda, 2010).

The computations have been carried out in a step
on the spatial coordinates Ax=0.001 m =10 mm, i.e.
withthe nodesM=1+[d/(2Ax)]=21and N=1+ [b/
(2 Ax)] = 21 along the x and y coordinates, respective-
ly, and KD =1 + [L/(2 AX)] = 41 along the z coordi-
nate. This means that the calculation meshes in the vol-
ume of the prisms consist of 21 x 21 x 41 = 18 081
nodes in total.

The step on time coordinate, At , which is deter-
mined by the software package that keeps the stability
condition (Deliiski, 2011) of 3D solution of the explic-
it form of the finite-difference method and takes into
account the maximum values of A and ¢, during wood
defrosting process, is as follows:
= for beech wood: At =30 at u = 0.3 kg-kg* and At=
25 at u=0.6 kg-kg?;
= for oak wood: At =40 at u = 0.3 kg-kg? and At = 30
atu=0.6 kg-kg™.

It takes 30 to 45 s to compute the temperature
distribution in the volume of each of the studied prisms
during a 20 h thermal treatment using the above values
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for At with the help of Intel Pentium (4) CPU 3.0
GHz processor. Using the input data for solving the
model, the value for the interval (INT) is given in sec-
onds. After completing each INT from the beginning of
the process, the calculated temperature distribution in
the prism volume is recorded on computer hard-drive.
The records can be consequently seen on a monitor,
graphically processed, and/or printed. Besides taking
into account the stability condition for solving the 3D
model, the value of the step At is calculated so as to
be divisible by the input value of INT, using the soft-
ware package.

Fig. 2 and 3 show the tables with the computed
temperature distribution in 121 nodes of the calcula-
tion mesh in the central cross-section of the beech
prisms at every 5 h of the defrosting process.

Fig. 4 and 5 shows the temperature change of the
surface of beech and oak prisms subjected to defrost-
ing, which is equal to t , as well as of t in 6 character-
istic points of their volume.

The first three characteristic points with coordi-
nates (d/4, b/8, LI8), (d/4, b4, L/4), and (d/4, bl4, LI2)
allow for the tracking of the influence on the defrosting
process of the gap from the prisms base (see Fig. 1 —

Figure 2 Change in t in the nodes of the calculation mesh, situated in the central cross section of a beech prism with
dimensions 0.4 x 0.4 x 0.8 m and u = 0.3 kg-kg™ during every 5 h of defrosting att = 80°C

Slika 2. Promjene temperature u ¢vorovima raéunske mreze smjestenima na sredi$njemu popre¢nom presjeku bukove prizme
dimenzija 0,4 x 0,4 x 0,8 m i u = 0,3 kg-kg™ tijekom svakih 5 h odmrzavanja pri temperaturi t = 80°C
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left side) to the points, which are equally distanced (at
d/4 =100 mm and b/4 = 100 mm) from both surfaces,
shaping the cross sections of the prisms.

The first characteristic point is at L/8 = 100 mm
from the prism base, the second one at L/4 = 200 mm,
and the third one at L/2 = 400 mm. Fig. 4 and 5 shows
that there is an almost identical non-linear character of
the temperature change in these points, defined mainly
by the heat transfer perpendicular to the wood fibers.
The defrosting process in the wood slows down almost

proportionally to the distance of the characteristic
points from the prism base.

The fourth characteristic point with coordinates
(074, b/2, LI2) is located at d/4 =100 mm and b/2 = 200
mm from the surfaces, forming the cross section of the
prisms and at L/2 = 400 mm from the base and the top
side of the prisms. The complex non-symmetrical heat
transfer in both longitudinal and perpendicular direc-
tions to the wood fibers causes at that point an almost
linear change in t during the defrosting process.

Figure 3 Change in t in the nodes of the calculation mesh, situated in the central cross section of a beech prism with
dimensions 0.4 x 0.4 x 0.8 m and u = 0.6 kg.kg™ during every 5 h of defrosting at t = 80°C

Slika 3. Promjene temperature u ¢vorovima racunske mreZe smjeStenima na sredi$njemu popreénom presjeku bukove prizme
dimenzija 0,4 x 0,4 x 0,8 miu = 0,6 kg-kg™ tijekom svakih 5 h odmrzavanja pri temperaturi t = 80°C
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Figure 4 3D change in t of frozen beech (left) and oak (right) prism with dimensions 0.4 x 0.4 x 0.8 m, t, = -40°C,
and u=0.3 kg-kg* during their defrosting at t_=80°C, depending on ¢

Slika 4. 3D promjene temperature smrznutih bukovih (lijevo) i hrastovih (desno) prizmi dimenzija 0,4 x 0,4 x 0,8
m, t,=-40°C, i u = 0,3 kg-kg™ tijekom njihova odmrzavanja pri temperaturi t = 80°C, u ovisnosti o

The fifth and sixth characteristic points with co-
ordinates (d/2, b/2, L/4) and (d/2, b/2, LI2) are located
along the prism longitudinal axis. They are equally dis-
tanced (at d/2 = 200 mm and 5/2 = 200 mm) from the
surfaces forming the cross sections of the prisms. The
sixth point with temperature T, (see Fig. 1 — left side)
is located in the centre of the prisms at a double dis-
tance (L/2 = 400 mm) from the prism base compared to
the fifth point with L/4 = 200 mm.

Temperature ¢, °C
Temperatura t, °C

0 4 8 12 16 20
Time T, h
Vrijeme 7, h

The complex non-linear change in temperature in
the fifth and sixth characteristic points is almost identi-
cal, but it differs from the change in the first three
points. This is a result of not only the heat transfer per-
pendicular to the fibers, but is also caused, to a signifi-
cant degree, by the heat transfer longitudinal to the fib-
ers. Of course, the double distance of the sixth point
from the base of the prism causes a significantly slower
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Figure 5 3D change in t of frozen beech (left) and oak (right) prism with dimensions 0.4 x 0.4 x 0.8 m, t, = -40°C,
and u=0.6 kg-kg* during defrosting at t =80°C, depending on t

Slika 5. 3D promjene temperature smrznutih bukovih (lijevo) i hrastovih (desno) prizmi dimenzija 0,4 x 0,4 x 0,8
m, t,=-40°C, i u=0,6 kg-kg™ tijekom njihova odmrzavanja pri temperaturi t = 80°C, u ovisnosti o

change in t compared to the temperature change in the
fifth characteristic point.

The computed values of temperature of the third,
fourth, and sixth characteristic points during corre-
sponding moments of the defrosting process are under-
lined in Fig. 2 and 3. Apart from them, the correspond-

DRVNA INDUSTRIJA 64 (4) 293-303 (2013)

ing input data, which is used for the solution of the 3D
model, is also underlined. The remaining input data,
which is not underlined in the figures, is mainly related
to the parameters of the equipment with which the ther-
mal treatment of the wood materials (aimed at defrost-
ing) is carried out. Using this input data, the energy
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parameters of the defrosting process and the efficiency
of the equipment are calculated.

Fig. 4 and 5 shows that the change in temperature
in the wood materials is significantly slower during ice
melting then in the periods that follow when the mate-
rials are heated since there is no ice in the wood. This
slowing down is increased in the presence of ice in the
materials formed not only from bound water, but also
from free water in the wood.

The curves in Fig. 5 show, through characteristic
points located on the prism inner layers, the specific
almost horizontal sections of long temperature reten-
tion in the range from -2 °C to —1 °C, while in these
points a complete melting of the ice formed from free
water in the wood occurs (Chudinov, 1968). However,
the greater the distance of a given characteristic point
from the prism surfaces, the higher are its temperature
retention values.

For example, it takes about 0.5 h for melting of
the ice formed from free water in the point with coordi-
nates d/4, b/2, L/2; in the point with coordinates d/2,
bl2, LI4 —about 1.2 h, and in the point with coordinates
d/2, b/2, L2 (central point of the prism volume) — about
2.5h.

Such temperature retention in the range from -2
°C to —1 °C has been widely observed in experimental
studies during the defrosting process of pine logs con-
taining ice from free water (Steinhagen, 1986; Khattabi
and Steinhagen, 1992, 1993).

It must be noted that there are no such almost
horizontal sections in the change of wood temperature
during defrosting of the ice formed only by bound wa-
ter in the wood (Fig. 4). The reason lies in the fact that
melting of the ice, formed by bound water, does not
take place in a tight temperature range, but gradually
throughout the whole range from the initial tempera-
ture of the frozen wood t, = -40°C to t =2 °C. After
the final melting of the ice formed from bound water,
wood temperature increases more rapidly. This is evi-
denced by the increase in steepness of the curves in

Fig. 4 after t >—2 °C, especially the curves in the in-
ner layers of prisms subjected to defrosting.

A complete melting of the ice formed only from
bound water in the center of the studied prisms with
dimensions 0.4 x 0.4 x 0.8 m, t, = -40°C and u = 0.3
kg-kg* takes place approximately after 12.5 h of heat-
ing att = 80°C for a beech prism and after 14.5 h for
an oak prism (Fig. 4). | takes 4.5 h and 5.0 h, respec-
tively, fFor melting the ice formed from free water in
beech and oak prisms with u = 0.6 kg-kg?, under the
same conditions, i.e. the final defrosting of the prisms
takes place after 17.0 h of thermal treatment for a beech
prism and after 19.5 h for an oak prism (Fig. 5). The
longer duration of the defrosting process in oak wood
is caused by the higher density of the oak wood com-
pared to that of the beech wood.

3.2 Color visualization of 3D non-stationary
temperature distribution in prisms during
defrosting

3.2. Vizualizacija pomocu boja 3D nestacionarne
raspodjele temperature u prizmi za vrijeme
odmrzavanja

The results obtained by Visual Fortran for 3D
temperature distribution in the volume of wooden
prisms undergoing defrosting have been subjected to
the following visualization with the help of the soft-
ware Excel 2010. The color contour plots prepared by
this software are exhibited in Fig. 6 and 7, showing the
non-stationary temperature distribution in 12 cross sec-
tions equally distributed from each other in 1/8 of the
volume of the prisms after 5 h and 10 h of heating.

The temperature distribution in oak prisms dur-
ing their defrosting is analogical to the temperature dis-
tribution in beech prisms, as shown in Fig. 6 and 7. A
certain slowing down of the defrosting process can be
seen in oak prisms, which corresponds to the slowing
down in the temperature change in denser oak wood
compared to that in beech wood, as shown in Fig. 4 and
5.

Figure 6 Contour plots of temperature distribution in 1/8 of the volume of the beech prism subjected to defrosting with t, =
—40 °C and u = 0.3 kg.kg™ after 5 h (left) and 10 h (right) heating att = 80 °C

Slika 6. Konturni crtezi raspodjele temperature u 1/8 volumena bukovih prizmi koje se odmrzavaju prit,=-40°Ciuz u=
0,3 kg-kg* nakon 5 h (lijevo) i nakon 10 h (desno) zagrijavanja na temperaturi t = 80 °C
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Figure 7 Contour plots of temperature distribution in 1/8 of the volume of the beech prism subjected to defrosting with t, =
—40 °C and u = 0.6 kg.kg™ after 5 h (left) and 10 h (right) heating at t = 80 °C

Slika 7. Konturni crtezi raspodjele temperature u 1/8 volumena bukovih prizmi koje se odmrzavaju prit, = -40°Ciuzu=
0,6 kg-kg* nakon 5 h (lijevo) i nakon 10 h (desno) zagrijavanja na temperaturi t = 80 °C

The analysis of the contour plots in Fig. 6 and 7
shows the following:

o When the prisms subjected to defrosting contain ice
only formed from bound water in the wood, then all
the borders between the adjacent temperature zones
on the contour plots are represented by smooth,
curved lines (Fig. 6);

e When the prisms contain ice formed from both
bound and free water in the wood, then the smooth-
ness of the curved lines of the borders between the
adjacent temperature zones from -8 °C to 0 °C and
from 0 °C to 8 °C (Fig. 7) is deformed. A reason for
this is shown in the analysis presented in the above
Fig. 5, when the temperature remains for a long pe-
riod of time in the range from -2 °C to -1 °C in the
points located in the inner layers of the prisms. The
temperature ranges between -2 °C and -1 °C until the
ice in these points, formed from free water in the
wood, is completely melted (Chudinov, 1968).
While the points with ice not completely melted are
still located in the color zone from -8 °C to 0 °C,
some of their adjacent points from the calculation
mesh after complete melting of the ice go into the
zone from 0 °C to 8 °C. This explains the deforma-
tion of the smoothness of the borders between these
zones of the contour plotsatz=5hand =10 hin
prisms with u = 0.6 kg-kg* (Fig. 7).

A significantly faster temperature increase along
the length of the prisms can be seen on the contour
plots compared to the increase of the temperature in the
cross sectional direction to the wood fibers. The reason
for this is a much higher thermal conductivity in the
direction longitudinal to the fibers than in the cross sec-
tional direction: 1.76 times for oak and 1.88 times for
beech wood (Deliiski, 2003a). For example, after 10 h
of defrosting of the beech prism with u = 0.6 kg-kg* in
the temperature zone from 0 °C to 8 °C moves inside
the prism as follows (Fig. 7 — right side):
¢ to a distance equal to x = y = 110 mm from the sur-

faces forming the central cross section with z = 400
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mm, in which the heat transfer perpendicular to the
fibers prevails;

¢ to0 a distance equal to x = y = 180 mm from the sur-
faces forming the cross section with z = 160 mm, on
which the heat transfer longitudinal to the fibers has
a dominant impact.

4 CONCLUSIONS
4. ZAKLJUCCI

This paper describes the development and solu-
tion of a 3D non-linear mathematical model for the
transient heat conduction in frozen wood with prismat-
ic shape and with any u > 0 kg-kg™* at arbitrary, initial
and boundary conditions encountered in practice. The
model takes into account for the first time the fiber
saturation point of each wood species, u_, and the im-
pact of the temperature on U, of frozen and non-frozen
wood, which are then used to compute the current val-
ues of the thermal and physical characteristics in each
separate volume point of the material subjected to de-
frosting (Deliiski, 2013).

Heat distribution in the entire volume of the
prisms is described by the 3D partial differential equa-
tion of heat conduction. For the solution of the model,
an explicit form of the finite-difference method is used,
with the possibility of excluding any model simplifica-
tions.

For the numerical solution of the model a soft-
ware package has been developed in FORTRAN and
integrated in the calculation environment of Visual
Fortran Professional developed by Microsoft.

Reliability and precision of the model, according
to the results of our own experimental studies and stud-
ies by other authors, allow various calculations related
to the non-stationary temperature distribution in frozen
prismatic materials from various wood species during
their defrosting.

The results presented in the figures of this paper
show that the procedures for the calculation of non-
stationary 3D temperature change, developed by the
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software, are efficient in cases of defrosting of frozen
wooden prisms with ice formed of bound water in the
wood as well as of both bound and free water in the
wood.

The results obtained in the calculation environ-
ment of Visual Fortran for the 3D non-stationary tem-
perature distribution in the wooden prism volume un-
dergoing defrosting have been subjected to visualization
with Excel 2010. Using this software, the prepared
color contour plots show the change of the temperature
in cross sections equally distant from each other in 1/8
of the volume of the prisms after the desired durations
of their heating. The contour plots can be displayed not
only individually at each time step of the defrosting
process for detailed examination, but they can also be
displayed together as an animation for the overall trend
observation, which can be very helpful for the industry
operators to easily foresee the overall changes of the
process.

The visualization with color contour plots allows
tracking and analyzing the movement of the border of
ice melting in the volume of the prisms during their
heating. Also the change in the temperature perpen-
dicular and longitudinal to the fibers can be seen. With
the help of the visualization of contour plots, it is easy
to determine the moment of reaching the zone of opti-
mal temperatures in the volume of different wood spe-
cies, guaranteeing the necessary plasticizing of the
wood and producing high-quality veneer.

The updated model is incorporated in the soft-
ware for microprocessor programmable controllers
used for model predictive automatic control (Hadjiys-
ki, 2003) of the process of thermal treatment of pris-
matic wood with or without ice. The controllers ensure
the improved science-based energy- and resource-sav-
ing control of plasticized veneer production, compared
to that used in a previous version of the software (Deli-
iski, 2003b; Deliiski and Dzurenda, 2010).
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Symbols - Simboli

b —width, m

¢ — specific heat capacity, J-kg?-K1

d —thickness, m

L —length, m

T —temperature, K

t —temperature, C

u —moisture content, kg-kg*= %/100

X —coordinate along thickness: 0 < x<d/2, m
y —coordinate along width: 0 < y <b4/2, m
z - longitudinal coordinate: 0 < z<L/2, m
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f, y— coefficients in equations for determining of A,
given in Deliiski (2011, 2013)

A —thermal conductivity, W-m*.-K
— density, kg-m-

T —time,s
Ax — distance between mesh points in space coordi-
nates, m

At — interval between time levels, s

Subscripts:

b - basic (for density, based on dry mass divided to
green volume)

bw — bound water

¢ - center (of prisms)

cr — cross sectional to wood fibers

e — effective (for specific heat capacity)

fsp — fiber saturation point

fw — free water

i —nodal point along prism thickness: i =1, 2, 3,...,
M=1+[d/(2AX)]

j — nodal point along prism width: j = 1, 2, 3, ...,
N=1+[(b/(2AX)]

k —nodal point in longitudinal direction of the prism:
k=1,2,3, ..., KD=1+[L/(2AX)]

m — medium (for heating substance)

r —radial to wood fibers

t —tangential to wood fibers

0 —initial (for tor at 0 °C for 1)

p —parallel to wood fibers

p/cr— parallel to cross sectional

Superscripts:
n —timelevel:n=0,1,2, ...
20 —-20°C
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