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ABSTRACT e A summarized 2-dimensional mathematical model has been developed,
solved, and verified for the transient non-linear heat conduction and energy consumption
in frozen and non-fiozen logs at arbitrary, initial and boundary conditions met in practice.
For the first time the model takes into account the fiber saturation point of each wood
species and the specific heat capacity of wood as well as its ice content, formed by freezing
of free and hygroscopically bounded water. This paper presents solutions of the model and
the simulative investigation of the impact of the processing medium temperature and the
initial wood temperature (in presence and absence of ice in the wood) on the change of heat
energy required by wood for reaching different temperatures in the centre of logs. The
results are used for the development of the algorithm and system for optimizing automatic
control of the process of thermal treatment of logs in veneer production.

Key words: heat energy, mathematical model, automatic control, thermal conductivity,
FORTRAN, logs

SAZETAK e U radu je razvijen i provjeren zajednicki dvodimenzionalni matematicki
model za prijelaznu nelinearnu toplinsku vodljivost i potrosnju energije pri termickoj obra-
di smrznutih i nesmrznutih trupaca uz proizvoljne pocCetne i rubne uvjete koje susrecemo u
praksi. Model je prvi put uzeo u obzir tocku zasic¢enosti viakanaca pojedinih vrsta drva i
specificni toplinski kapacitet drva, jednako kao i njegov sadrzaj leda sto je nastao smrza-
vanjem slobodne i higroskopski vezane vode. Rad prikazuje rjeSenja modela i simulacijska
istrazivanja utjecaja temperature procesnog medija i pocetne temperature drva (pri posto-
Jjanju ili nepostojanju leda u drvu) na promjene toplinske energije potrebne za postizanje
razlicitih temperatura u sredistu trupca. Rezultati se koriste za razvoj algoritma i sustava
za optimizaciju automatske kontrole postupaka termicke obrade trupaca u proizvodnji
furnira.

Kljuéne rijeci: toplinska energija, matematicki model, automatska kontrola, toplinska
vodljivost, programski jezik FORTRAN, trupci
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1 INTRODUCTION
1 UVOD

In order to optimize the control of the
heating process of logs in veneer and ply-
wood mills, the distribution of the tempera-
ture field in the logs must be known at
every moment of the process as well as the
energy consumed for their heating. There
are many publications, which deal with the
distribution of the temperature in the logs at
different initial and boundary conditions of
the process and there are practically none
that present the influence of various factors
on non-stationary change of heat energy,
necessary for heating frozen and non-
frozen logs.

H. P. Steinhagen has made consider-
able contribution to the calculation of non-
stationary distribution of temperature in
frozen and non-frozen logs and to the dura-
tion of their heating. For this purpose, he
alone, (Steinhagen, 1986, 1991) or with co-
authors (Steinhagen et al. 1987; Steinhagen
and Lee, 1988) has developed and solved a
1-dimensional, and later a 2-dimensional
(Khattabi and Steinhagen, 1992, 1993,
1995) mathematical model, whose applica-
tion is only limited to > 0.3 kg-kg-!.

These models contain two systems of
equations, one of which is used for the cal-
culation of the change in temperature at the
axis of the log, and the other - for the cal-
culation of the temperature distribution in
the remaining points of its volume.
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This paper presents the development,
verification and solutions of the summa-
rized 2-dimensional mathematical model of
the transient non-linear heat conduction and
energy consumption in frozen and non-
frozen logs, where the indicated complica-
tions and incompleteness in existing analo-
gous models have been overcome. The
paper presents the results of simulative
investigation of the impact of the process-
ing medium temperature and the initial
wood temperature (in presence and absence
of ice in the wood) on the change of the
heat energy consumption, required by wood
for reaching different temperatures in the
centre of logs. The results are used for the
development of the algorithm and system
for optimizing automatic control of the
process of thermal treatment of logs in
veneer production.

2 MATHERIALS AND METHODS
2 MATERIJALI | METODE

2.1 Mathematical model for heating
of logs

Matemati¢ki model za grijanje
trupaca

2.1

The process of heat transfer in the
logs can be described by a non-linear dif-
ferential equation of thermo-conductivity,
which takes the following form in polar
coordinates (Deliiski, 1979):

oT(r,2,7) o’T(r,zr) 1 0T(r,z)| 0A,, [0T(rzo)T
'’ we'—:)’wr' > +—- + . +
ot or r or oT or
o°T or,, [or ? ®
+/1wz' (I‘,Z,T)+ Wz, (I‘,Z,T)
oz° or oz

The heat energy, required for melting ~ With an initial condition
the ice, Wth}.’l has been formed by'freezmg T, (r, z,O): T.o, )
of hygroscopically bounded water in wood, -
has not been taken into account although and a boundary condition
the value of the specific heat capacity of T, (O,z,r): T, (r, O,r): T, (T) 3)

that ice is comparable to the capacity of the
frozen wood itself (Chudinov, 1966). The
models assume that the fiber saturation
point is identical for all wood species and
that the melting of the ice, formed by free
water in the wood, which is found in the
inter-cellular areas, occurs at 0 °C.
However, it is known that there are signifi-
cant differences between the fiber satura-
tion points of individual wood species and
that depending on this point, the quantity of
ice developed from free water in the wood,
thaws at a temperature ranging between
-2 °C and -1 °C (Chudinov, 1984).

For the solution of the system of
equations (1) + (3), a mathematical descrip-
tion must be provided of the components of
thermo-physical characteristics of wood,
Cwes Mwrs Mz and of its density, p,.

wer “F*wre Trwze
We have prepared this description by
use of experimental data for the thermal
characteristics of wood, obtained by Kanter
(1955) and Chudinov (1966, 1984) during
the development of their dissertations.
Equations in (Deliiski, 2002a) present

a mathematical description of the effective
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specific heat capacity coefficient, c,, of

wood as a sum of the capacities of the wood
itself, c,,, and the ice formed in it by freez-
ing of free water, cy,, and hygroscopically
bounded water, cy,.

The following equations have been
derived for the calculation of the heat ener-
gy consumption required by logs, and valid
for all wood species:

Cwe = Cw +cfw +cbw 5

4)
where, if 271.15K <7< 272.15K and u
> l'lfsp:

ch, =3,34-10° ”;ﬂ : )

+u

and if 7< 271.15 K and u > u,g,:

0,0567-(T-271,15)

e
Cow = 1,8938-10* - G, —0,12) ()

When 7 and u are outside the intervals
indicated in equations (5) and (6), the val-
ues of cg,, and ¢y, have been assumed to be
equal to zero in the solution of the mathe-
matical model.

The values of ¢, are mathematically
described with the following equations:

a) When 7> 271.15 K, or when T'<271.15

K and simultaneously with this u < u,5,:

4000

-if u <wggy

2097 -u+826 9,92-u+2,55 0,0002 _,
Cy = + + T
1+u 1+u

(7

I+u
- if u> ufsp:

2862-u+555 549-u+295 0,0036 ,
Cy = + + T

w

®)

l+u I+u I+u

b) When 7'< 271.15 K and simultaneously
with this u > u¢,:
526+2,95:T+0,0022- T +2261-u+1976- 1, .9)
1+u

we

K

wcC

~1,06+0,04-1+0,00075-(T —271,15) (10)

Unfi

where if 7' < 271.15 K, the content of non-

frozen water in the wood u,, is equal to

wo =012+ @fsp 0.1 2) LOSETT27115) (11

Figure 1 shows the change calculated
in accordance with the equations (7) = (11),
in ¢, of pine wood (Pinus silvestris L.) with
ugsp = 0.28 kg'kg! (Videlov, 2003) depend-
ing on 7 and on u.
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Figure 1

Change in c,, of pine
wood (Pinus silvestris
L.), depending on T
and on u

Slika 1.

Promjena specificnoga
toplinskog kapaciteta
(c,,) borovine (Pinus
silvestris L.) u
ovisnosti o
temperaturi (T) i
relativnom sadrzaju
vode (u)

Figure 2

Change in cg,,
depending on u and on
Ufsp

Slika 2.

Promjena specificnoga
toplinskog kapaciteta
leda nastaloga u drvu
smrzavanjem slobodne
vode (cfw) u ovisnosti

ouiufsp
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Figure 3

Change in cy,, of pine
wood with ug, = 0.28
kg/kg, depenc;j ingon T
and on u

Slika 3.

Promjena specificnoga
toplinskog kapaciteta
vezane vode (cy,,)
borova drva (ug,

0.28 kg/kg) u ovisnosti
o temperaturi (T) i
relativom sadrzaju
vode (u)

Figure 4

Change in A, of pine
wood (Pinus silvestris
L.), depending on T
and on u

Slika 4.

Promjena koeficijenta
Ay borova drva
(Pinus silvestris L.) u
ovisnosti o
temperaturi (T) i
relativnom sadrzaju
vode (u)
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Figure 2 shows the change calculated
in accordance with the equation (5) in cg,
depending on u and on ug,. The calcula-
tions have been done with a generally

The following equations, which are
applicable to all wood species, have been
derived for determining of p, (Deliiski,

2002b, 2003a):

accepted average of ug, = 0.3 kg/kg, and - if u < uggy:
also for the lowest value of ug, = 0.2 kg/kg 1+u
. _ pw = p . — . 14
and. the .hlghest value of Ugsp 0.4 kg/kg, b 1-93-10 4””b'€4fsp —u) (14)
which different wood species can take (Vi-
delov, 2003).
3000 I I
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Equations in (Deliiski, 2002b, 2003a) - if u > ugy:
present a mathematical description of wood
density, p,,, and its thermal conductivity in Pw =Py -(+u) . (15

different anatomical directions, where the
following equations have been obtained for
Agr and A,

dge = goe b1+ B-@-27315)]  (12)
g = Aoy b+ B-(T-27315)]  (13)
where the coefficients 5 and f like 1, and

Awoz depend on u and on wood basic den-
sity py,.

Figure 4 shows the change, calculated
in accordance with the mathematical
description, in A, of pine wood depending
on T and on u.

Figure 5 shows the changes calculated
in accordance with the equations (14) and
(15) in p, of different wood species

depending on u and on py,.

2.2 Computation of the temperature
distribution in logs during their
heating

2.2 lzradun raspodijele temperature u
trupcima za vrijeme njihova
grijanja
The following system of equations

has been derived by adopting final increas-

es in equation (1) with the use of the same,
as well as by the explicit form of the finite-
difference method (Deliiski, 1977, 2003a)

and with the use of equation (12) and (13):
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Tl’lk+1 — I’Ik+ Ar'b.)“w()r
Z 3 e _Arz

+ﬁ'|:@il,k -

with an initial condition

Tk =Two (17)
and a boundary condition
Toy =Ty =T () (18)

The presentation of non-linear partic-
ular differential equation (1) from the math-
ematical model through its discrete ana-
logue (16) corresponds to the setting of the

[+/3 (T 27315]
iqu)+Kwpr'(Ti7k—1 - iquﬂ

The setting of the coordinate system,
shown in figure 6 allows, with the help of
only one system of equations (16), to calcu-
late the temperature change at any network
node of the log volume at the moment (n +
1)-At using already calculated values of T at
the preceding moment n-At. This setting
differs from the setting of the system, used
by Khattabi and Steinhagen (1992, 1993,
1995). Their coordinate system needs two
systems of equations, one for calculating
the temperature change on the axis of the

Ik+

1400
L4 4 —e—ROb = 200
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= . C/ | » —=a—ROb = 300
2 :521000 : ' K’X) = —&—ROb = 400
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8 é .H/'; e —e—ROb = 700
= 200 —+—ROb = 800
0 —~—ROb = 900 kg/m3

0 02 04 06 08 1

12 14 16

Wood moisture content u, kg/kg

Sadrzaj vode u

coordinate system and positioning of the
nodes in the network shown in figure 6, in
which the temperature distribution in the
log is calculated. The calculation network
for the solution of the model through the
finite-difference method is built on a 1/4
part from the longitudinal section of the log,
because of its symmetry with the remaining
3/4 parts of this section.

o
m:
Y

drvu u, kg/kg

log, and the second one for calculating the
temperature distribution in the remaining
network nodes of its volume. The authors
also used to apply a more complicated
method of enthalpy for the solution of the
model instead of the temperature method
(Deliiski, 1977 and Steinhagen, 1986). A
more rational temperature method is used for
the solution of the model in the present paper.

Ar
«l-th Iy Tt |\ Torriers
4
h
T (T |Tieas
Tppr | Tk Tk
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pr @k 1+ 7 k+1)(2+2Kwpr)

(16)

Figure 5

Change in p,, of wood
from different wood
species, depending on
u and on p,

Slika 5.

Promjena gustoce
(p,,) razlicitih vrsta
drva u ovisnosti o
relativnom sadrZaju
vode (u) i nominalnoj
gustoci drva (pp)

Figure 6
Positioning of the
network nodes in a
discretized log

Slika 6.
Pozicioniranje
évorova mreze u
trupcu podijeljenome
u pravilne dijelove
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We have performed comprehensive
experimental studies for the determination
of a 1- and 2-dimensional temperature dis-
tribution in the volume of frozen and non-
frozen pine, beech, and poplar logs.

Z‘wOp

The values of the coefficient K, =

wOr

in equation (16) have been determined

through the solution of the model under the

same initial and boundary conditions in

order to achieve maximum conformity

between the calculated and experimental
results.

It has been determined that the coeffi-

cient K, has the following values: for

pine K. = 2.37, for beech Ky, = 1.78,
and for poplar K, = 1.96.

2.3 Computation of specific energy
consumption during heating of
logs

2.3 lzraCun potrosnje specificne
toplinske energije pri zagrijavanju
trupaca

The average temperature of the log at
any moment of heating is calculated by the
following equation, which involves numer-
ical integration with the help of the
Simpson method (Dorn McCracken, 1972)
of the result obtained as the solution of the
model of non-stationary distribution of 7 in
the log:

1
\:/Zavg :S_' IJ‘ i?dew > (19)
Vs

where

s === (20)

The distribution of T in the log vol-

ume and the calculation of Ty, are

obtained from the solution of the model
with an interval between time levels Ar,
when the instantaneous values for the
boundary conditions and thermo-physical
characteristics of wood during heating are
taken into consideration. Simultaneously, a
calculation is performed of the specific con-
sumption of thermal energy, which is used
for heating wood until the moment n-Ar,
according to equation

3,6-10°

tion environment of VISUAL FORTRAN
PROFESSIONAL, during the computation
of QO the average arithmetical values of

cwe on the right side of the equation (21)

we
are calculated at every interval of A, sepa-

rately for the interval 7\, < T7<271.15K

in the presence of ice in the wood and sep-
arately for the entire interval 7 < T in

the absence of ice in it, depending on the
instantaneous value of 7 at every node of
the calculation network. In the cases of the
presence of ice in the log subjected to heat-
ing, the value of ¢, at the initial moment

Cwe12,0) = ¢y (12,0) + ¢, (1:2,0) is calculat-
ed for T = T, After the "thawing" of the

ice in the respective nodes of the network,
the calculation of cy,(r20) = c,(rz0) in
these nodes is made for 7=271.15 K. In the
absence of ice in the log subjected to heat-
ing, the value of ¢, at the initial moment

Cwe12,0) = ¢y (12,0) is calculated for T =
T.

w0*
In order to ensure a smooth change of
O, in the course of the progress of thaw-

ing of the ice in the log, formed from free
water in the wood, the calculations are per-
formed for a sufficiently large number of
network nodes. At the moment when each
network node reaches for the first time the
temperature of 271.15 < T <272.15 K, cor-
responding to the thawing of this ice, the
heat of the phase transition cfw, calculated
by equation (5) and divided by the entire
number of the network nodes, is added to
the current heat energy calculated by equa-
tion (21).

3 RESULTS AND DISCUSSION
3 REZULTATI | RASPRAVA

With the help of this model, the
changes in T and Q,;, are studied for frozen

and non-frozen pine (Pinus silvestris L.)
logs with D=0.4m, L=4.0 mand u = 0.6
kgkg! during their heating at different 7},,.
The values of D, L and u have been so
selected, as to correspond to cases most fre-
quently met in practice.

The influence of 7}, on the duration 7,

has been studied, required for reaching a
certain temperature in the centre of the logs

2

R S R SR N
VL6

By using the software prepared by us
for the solution of the model in the calcula-

T, which must be achieve at the end of the
thermal treatment before the rotary cutting
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or slicing of veneer, and also on the specif-
ic heat energy consumption Q,,, during the

heating process. The calculations have been
done with average values of p, = 430 kg/m3
and ug, = 0.28 kg/kg of the pine wood

(Videlov, 2003) and number of knots in the

calculation network, equal to 20 along the

coordinate and 200 along the z coordinate.
Figure 7 shows the change in 7 and

Oup, of the frozen pine logs (with T, = -20

°C) and non-frozen (with 7,,,= 0 °C and

on T, and increasingly on 7.

2. The increase of T, causes a proportion-
al decrease of Q,,;, with a slope, which
is practically identical for both frozen
and non-frozen wood. This slope
decreases insufficiently with the
decrease of T,.

3. The increase of T, causes a proportio-
nal increase of O, with a coefficient

equal to 0.33 kWh/(m3:K) for frozen
and to 0.31 kWh/(m3-K) for non-frozen

- 80
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Initial wood temperature T, °C

po&etna temperatura drva, °C

T'wo = 20 °C) pine logs during their heating
at T, = 80 °C. The influence of T, T}, and

wo?

T; on Oy, and 7, of frozen and non-frozen

pine logs are shown in Figure 8 and Figure

9, respectively.

The obtained results lead to the fol-
lowing conclusions:

1. The increase of Q,,;, during the heating
occurs approximately at exponents,
which begin at 0 and asymptotically
approach the maximum values Qg1 ,

depending increasingly on 7, and

decreasingly on T,,. The steepness of

these exponents depends decreasingly

pine logs.

4. The increase of T, causes a proportional
increase of Q,,;, with a coefficient equal
to 0.26 kWh/(m3-K) for both frozen and
non-frozen logs.

5. When T, <2 °C and u > ug,, a jump in
the change of O}, between -2 °C and -
1 °C is observed, caused by the need for
additional energy for thawing of the ice,
formed from the free water in the wood.
For the studied values of D, L and u of
pine logs this jump in the change of the
specific heat energy consumption O,

is equal to 19.2 kWh/m3,
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Figure 7

Change in Q,,;, and T,
of frozen and non-
frozen pine logs with
D=04m L=40m
and u = 0.6 kg/kg
during their heating at
T, = 80°C,
depending on T,
Slika 7.

Promjena jedinicne
potrosnje toplinske
energije (O, i
temperature u sredini
trupca (T,) smrznutih i
nesmrznutih borovih
trupaca promjera D =
0.4 m i duzine L = 4.0
m, relativnog sadrZaja
vode u = 0.6 kg/kg, za
vrijeme grijanja na
T, =80°Cu
ovisnosti o Ty,

Figure 8

Change in Q,,), of
frozen and non-frozen
pine logs with D = 0.4
m, L=40m

and u = 0.6 kg/kg,
depending on T,,, T,
and T,

Slika 8.

Promjena jedinicne
potrosnje toplinske
energije (Q,,;,) za
smrznute i nesmrznute
borove trupce
promjera D = 0.4 mi
duzine L = 4.0 m,
relativnog sadrzaja
vode u = 0.6 kg/kg u
ovisnosti o Ty, T, i
temperaturi u sredini
trupca (T,)
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Figure 9

Change in 7, of frozen
and non-frozen pine
logs with D = 0.4 m, L
=4 0mandu =106
kg/kg, depending on
To T,and T,

Slika 9.

Promjena tp smrznu-
tih i nesmrznutih
borovih trupaca
promjera D = 0.4 mi
duzine L = 4.0 m,
relativnog sadrzaja
vode u = 0.6 kg/kg u
ovisnostio T,,p, T, 0
temperaturi u sredini
trupca (T,)
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6. The increase of T, causes a proportion-
al decrease of 7, with a slope higher by

approximately 30 - 40 % with non-
frozen logs than with frozen logs. This
slope decreases with the increase of the
medium temperature 7},,.

7. The increase of T, and the decrease of
T. cause an accelerated non-linear
decrease of 7,. This important fact and

its quantitative parameters under differ-
ent initial and boundary conditions must
be taken into consideration during the
automatic control of the thermal treat-
ment of logs, when a compromise
between the decrease of the specific
heat energy consumption and the corre-
sponding increase of the duration of this
treatment is investigated.

4 CONCLUSION
4 ZAKLJUCAK

The present paper describes the devel-
opment and solution of a 2-dimensional
mathematical model for non-stationary
heating of frozen and non-frozen logs. The
model takes into account the physics of the
process and allows the calculation of the
temperature distribution in the logs volume
of different wood species subjected to heat-
ing, and also of the specific consumption of
thermal energy required by logs during their
heating.

The development of the model and
algorithms and software for its solution is
consistent with the possibility for their use
in automatic systems with a model predict-
ing control (Hadjiyski, 2003) of different
technological processes for logs' thermal
treatment.

At this stage the solutions of the
model, obtained using a personal computer,
are adequately processed and input into a
computing and controlling algorithm of
microprocessor programmable logic con-
trollers (PLC). This algorithm reflects the

above described quantitative influence of
T, and T, (both in the presence and

absence of ice in the wood) on O, and T,

for different wood species (Deliiski 2003b).

As a result of the adoption of such
PLC for the automatic calculation, regula-
tion and optimization of steaming of logs in
pits, chambers and autoclaves, the quality
and quantity of veneer output have been
improved and the specific heat energy con-
sumption has been significantly decreased.

Symbols
Oznake

a = temperature conductivity (foplinska
vodljivost), m2-s°1

¢ = specific heat capacity (specificni toplinski
kapacitet), W-kg1-K-1

D = diameter (promjer), m

e = exponent (eksponent)

L = length (duljina), m

QO = specific heat energy (jedinicna toplinska
energija), kWh-m-3

r = radial coordinate (radijalne koordinate):
0<r< R,m

R =radius (polumjer), m

S = area (povriina), m2

T = temperature (temperatura), K

t = temperature (temperatura), °C

u = moisture content (sadrzaj vode),
kg/kg = %/100

z = longitudinal coordinate (longitudinalne
koordinate): 0 < z < L/2, m

A = thermal conductivity (toplinska
vodljivost), W-m-1-K-1

p = density (gustoéa), kgrm-3

T =time (vrijeme), s

Ar = distance between mesh points in space
coordinates (udaljenost medu tockama
mreZe u prostornim koordinatama), m

At = interval between time levels (interval
izmedu vremenskih razina), s

Subscripts

Donji indeksi

a = anatomical direction (anatomski smjer)

avg = average (srednji)

b = basic (for density, based on dry mass

divided by green volume) / nominalni (za
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gustocu, utemeljeno na suhoj masi po-
dijeljenoj volumenom u svjezem stanju)
bw = bound water (vezana voda)

¢ = center (of logs) / sredina (trupaca)

fsp = fiber saturation point (focka zasicenosti
viakanaca)

fw = free water (slobodna voda)

i =nodal point in radial direction: 1, 2, 3,...,

(R/Ar)+1 / évorna tocka u radijalnom
smjeru: 1, 2, 3,..., (R/Ar)+1

h = heat (toplina)

k  =nodal point in longitudinal direction:
1,2, 3,..., (RIAr)+1 / évorna tocka u
longitudinalnom smjeru: 1, 2, 3, ...,
(R/Ar)+1

m = medium (medij)

nfw = non-frozen water (nesmrznuta voda)

0 = initial (at 0°C for A) / pocetni (pri 0°C za 1)

p = parallel to the fibers (paralelno s
vilakancima)

p = process (for duration of the heating
process) / postupak (za vrijeme zagrija-
vanja)

= parallel to the radial direction (paralelno
s radijalnim smjerom)

r = radial direction (radial to the fibers) /
radijalni smjer (radijalno s obzirom na
vlakanca)

w = wood (drvo)

we = wood effective (for specific heat
capacity) / efektivno drvo (za specificni
toplinski kapacitet)

z = longitudinal direction (parallel to the
fibers) / longitudinalni smjer (paralelno
s vliakancima)

pr

Superscripts
Gornji indeksi

n =timelevel 0, 1, 2, ... / viemenski
nivo 0, 1, 2, ...
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