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ABSTRACT

A mathematical description of the thermal conductivities A of frozen and non-frozen wood

has been introduced in an own non-linear mathematical model of the logs’ freezing process.

For the numerical solution of the model a software program has been prepared in the calculation
environment of Visual Fortran Professional. With the help of the program, the 2D non-station-

ary distribution of the temperature and the change of A in the longitudinal section of poplar logs
with diameter of 240 mm and length of 480 mm during their 50 h freezing in a freezer at about
—30 °C have been calculated. The change of A in the radial and longitudinal directions of the
wood on both surfaces and in the center of the subjected to freezing logs during the freezing
process has been calculated, visualized and analyzed.

Key words: poplar logs, freezing, radial thermal conductivity, longitudinal thermal conductivity, Visual

Fortran.

INTRODUCTION

It is known that the wood thermal con-
ductivity A characterizes the intensity of the
heat distribution in the wood materials. Be-
cause of this, for the calculation of the freez-
ing process in wood materials at given initial
and boundary conditions, the knowledge of A
of non-frozen and frozen wood is needed.

From the view point of the theory of heat
conduction, the moist wood represents a 3-
component dispersion capillary porous mate-
rial, which includes wood substance, water,
and air. The thermal conductivity of each of
the three components, as well as of the water
and the ice, is different. The thermal conduc-
tivity of the water at =0 °C is equal to 0.551
W-m™-K-!, and of the ice at the same temper-
ature it is 1.047 W-m™-K!, i.e. almost twice
as large and it increases to 2.780 W-m!-K-!
at t = —50 °C (Chudinov 1968). That is why
the moisture content u is one of the most im-
portant factors, which influences the wood
thermal conductivity. The replacement of the

air in the wood pores by water causes a sig-
nificant increase in A according to a complex
dependency. The wood thermal conductivity
increases if the water in the wood is in a fro-
zen state and decreases after the melting of
the ice in the wood (Videlov 2003).
According to the theory of wood thermal
treatment, the impact of the temperature 7 on
the thermal conductivity of the wood, which
contains ice, is different in comparison to the
wood, which does not contain ice. If ¢ de-
creases, the thermal conductivity of the
wood, which contains ice, increases (Kanter
1955, Chudinov 1968, Shteinhagen 1986,
1991, Trebula and Klement 2002). A reason
for this on one hand is the decrease with de-
creasing of 7 of the quantity of non-frozen hy-
groscopically bounded water in the wood,
which has a significantly smaller A according
to that of the ice, and on another hand — the
increase of A of the ice in the wood when ¢
decreases. The increase of ¢ in the wood,
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which does not contain ice, causes an in-
crease ofits A (Kollmann 1951, Kanter 1955,
Chudinov 1968, PoZgaj et al. 1997).

The wood density, which indirectly re-
flects its porosity, also has a significant im-
pact on A. The change of the wood density
causes the change of the partial participation
of the separate components of the wood, for
which the thermal conductivity is different.
With the increase of the density, i.e. with the
decrease of the porosity, A increases (Vor-
reiter 1958, Chudinov 1968, 1968, Deliiski
2003, 2011, 2013b). Not only the porosity,
but also the form, dimensions, and position
of the pores influence A. Since the dimen-
sions of the pores are different for the sepa-
rate anatomical directions of the wood, this
causes anisotropy of A.

Besides this the precise determination of
the wood thermal conductivity needs to take
into account the impact of the fiber saturation
point of the wood ug,, which for the various

wood species changes in a large range be-
tween 0.2 kg.kg! and 0.4 kg.kg! (Pozgaj et
al. 1997, Videlov 2003, Deliiski and
Dzurenda 2010).

The aim of the present work is to study
the change in the thermal conductivities in

the radial and longitudinal directions of pop-
lar logs with an initial temperature of about
20 °C and different moisture content # during
their freezing in a freezer at about —30 °C.

MATHEMATICAL DESCRIPTION
OF A DURING THE FREEZING OF
LOGS

A mathematical description of the ther-
mal conductivity A of non-frozen and frozen
wood has been suggested by the first co-au-
thor earlier (Deliiski 2013a) using the exper-
imentally determined in the dissertations by
Kanter (1955) and Chudinov (1966) data for
its change as a function of 7 and u. This data
for A(¢z,u) finds a wide use in both the Euro-

pean (Shubin 1990, Pozgaj et al. 1997,
Trebula and Klement 2002, Videlov 2003)
and the American specialized literature
(Steinhagen 1986, 1991, Khattaby and Stein-
hagen 1992, 1993, 1995) when calculating
various processes of the wood thermal treat-
ment. According to the suggested in Deliiski
(2013a) mathematical description, the wood
thermal conductivity during freezing of the
logs can be calculated with the help of the
following equations for AT, u,py,ussp)

above the hygroscopic range:

A=2%y Y[l +B(T—273.15)] @ u>uy*"* &213.15 K<T <423.15 K, (1)
do =Ky -1]0.165+(1.39+3.84)-(3.3.107p? +1.015.107p, )], Q)
v=0.1284—-0.013u. 3)
In Deliiski (2003, 2013b) and Deliiski e For non-frozen wood when # > u%s7p2.15
and Dzurenda (2010) precise values of Kaq in .
. . and at the same time
eq. (2) for different wood species have been
determined. For the discussed in this paper 27215 K<T'<42315 K:
poplar wood the following values of Kaq have y=1.0 )
been determined: K;=1.48 and K, =2.88, i.e '
Kp/K:~1.95. 579 _3
The coefficients y and B in equation (1) b= 3'65(E_0'124 10 )

are calculated using the following equations:
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e For frozen wood when u > u%:pz' 15 and

at the same time213.15 K<7<272.15 K:

=1+ 0341150 —ug, )1, (6)

B =0.002(u —ug, ) - 0.0038(579 - 0.124} (7
Py

where the fiber saturation point of the
wood specie ugp is calculated according to
the equation

U =ty —0.001(7—293.15),  (8)

and u%:pz'ls is the fiber saturation point

at 7= 272.15 K (i.e. at t = —1 °C). At this
temperature the freezing of the bound water
in the wood starts, kg-kg! (Deliiski and Tum-

barkova 2016);
uf259p3 15_ standardized value of usp at T

=293.15K (i.e. at 1 = 20 °C), kg'kg™";

pr — basic density of the wood specie
equal to dry mass divided by green volume,
kg m.

EXPERIMENTAL RESEARCH OF
THE FREEZING PROCESS OF POP-
LAR LOGS

The logs subjected to experimental re-
search were with a diameter D = 240 mm,
length L = 480 mm, and moisture content
above the hygroscopic range. They were pro-
duced from the sap-wood of freshly felled
poplar trunk (Populus nigra L.). Before the
experiments, 4 holes with diameters of 6 mm
and different lengths were drilled in each log.

Sensors with long metal casing were posi-
tioned in these 4 holes for the measurement
of the wood temperature during the experi-
ments. One of the sensors was positioned in
the center of the logs.

The coordinates of the points of the logs
are, as follows: Point 1: along the radius
=30 mm and along the length z =120 mm;
Point 2: with » = 60 mm and z =120 mm;
Point 3: with » =90 mm and z = 180 mm, and
Point 4: with » = 120 mm and z = 240 mm.
These coordinates of the points allow to
cover the impact of the heat fluxes simulta-
neously in radial and longitudinal directions
on the temperature distribution in logs during
their freezing. For the freezing of the logs ac-
cording to the suggested by the authors meth-
odology (Deliiski and Tumbarkova 2016), a
horizontal freezer was used with adjustable
temperature range from —1 °C to —30 °C.

The automatic measurement and record
of the temperature and humidity of the air
processing medium in the freezer and also of
the temperature in the 4 points in logs during
the experiments was carried out with the help
of Data Logger type HygroLog NT3 pro-
duced by the Swiss firm ROTRONIC AG
(http:/www.rotronic.com).

On Fig. 1 the change in the temperature
ofthe processing air medium, #n and in its hu-
midity, ¢m, and also in the temperature in 4
characteristic points of poplar log named be-
low as P1 with u =1.44 kg-kg! and pp =
359 kg-m (left) and poplar log named as P2
with u = 1.78 kg-kg! and p, = 364 kg'm™
(right) during their separate 50 h freezing is
presented.
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Figure 1: Experimentally determined change in #m, m, and 7 in 4 points of the studied poplar logs P1 (left)
and P2 (right) with D =0.24 m and L = 0.48 m during their 50 h freezing

RESULTS AND DISCUSSION

The above presented mathematical de-
scriptions of the thermal conductivity of non-
frozen and frozen wood is introduced in the
mathematical model of the logs’ freezing
process, which has been suggested by us ear-
lier (Tumbarkova and Deliiski 2017). This
model has been solved with the help of ex-
plicit schemes of the finite difference method
in a way, analogous to the one used and de-
scribed in (Deliiski 2003, 2009, 2011, 2013b,
Deliiski and Dzurenda 2010) for the solution
of models of the heating process of prismatic
and cylindrical wood materials.

For the numerical solution of our math-
ematical model, a software program was pre-
pared in FORTRAN in the calculation envi-
ronment of Visual Fortran Professional. With
the help of the program computations were
made for the determination of the 2D non-
stationary change of 7 in 74 of the longitudinal
section of the poplar logs, whose experimen-
tally determined temperature distribution is
shown on Fig. 1. The model was solved using
a step of 6 mm along the coordinates » and z
and with the same initial and boundary con-
ditions, as they were during the experimental
research.

The comparison to each other of the
analogous curves on Fig. 1 and these from the
model solutions show good qualitative and
quantitative conformity between the calcu-
lated and experimentally determined changes
in the very complicated temperature field of
the logs during their freezing. It was calcu-
lated that the root square mean error (RSME)
for all studied 4 points in the log P1 is Gavg =
1.73 °C and in the log P2 is Gavg = 2.14 °C.
These values of RSME do not exceed 5% of
the ranges between the initial and the end
temperatures of the logs subjected to freez-
ing.

Simultaneously with the computation of
the temperature distribution in the logs, a cal-
culation of the change in the radial A, and lon-
gitudinal A, temperature conductivities in the
following points during the freezing has been
carried out: a. in the central points of the cy-
lindrical and the frontal surfaces of the logs,
Mse and Apee; b. in the central points of the logs,
Mee and Ape.

Figure 2 presents the calculated change
of all these thermal conductivities during the
freezing.
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Figure 2: Change in Ar (left) and A, (right) of the surfaces and in the centers of the logs P1 and P2 during
their 50 h freezing in the freezer at approximately —30 °C

The analysis of the obtained results
leads to the following conclusions:

1. In the beginning of the freezing pro-
cess the logs P1 and P2 have an initial tem-
perature of 19.8 °C and of 20.5 °C respec-
tively. At these temperatures the whole
amount of the water in the logs is in a liquid
state and their thermal conductivities are
equal to the following:

o for P1: hese = Are = 0.532 W-m™-K-! and
Apse = Ape = 1.037 W-m!- K-1;

o for P2: Arse =Ac = 0.611 W-m™ K- and
Apse = Ape = 1.192 W-m K-,

2. During the first 3.50 h and 4.50 h of
the cooling of the logs the water on their cy-
lindrical and frontal surfaces respectively re-
mains in a liquid state. This causes a decrease
of the conductivities Awsc and Apsc Which reach
the following values: Awe = 0.477 W-m™-K-1,
Apse = 0.933 W-m"K! for P1 and Awe =
0.548 W-m™ K1, Apsc = 1.069 W-m'-K-! for
P2.

The difference between 3.50 h and 4.50
h is caused by the larger heat transfer coefti-
cient of the cylindrical log’s surface in com-
parison with that one of the frontal surface.

3. When the mentioned 3.50 h and 4.50
h of the cooling of the logs are reached, a

freezing of the free water in their surface lay-
ers is fully completed and a freezing of the
bound water there starts. This causes jumps
in the change of Arsc and Apsc as follows:

 for PIl: from i 0.477 to
0.687 W-mK! and from Apsc = 0.933 to
1.340 W-m-K'!;

 for P2: from I 0.548 to
0.861 W-m!-K! and from Apsc = 1.069 to
1.679 W-m-K!.

4. The further decreasing of the temper-
ature in the freezer causes a gradual freezing
of the bound water in the logs. Because of
that, after their jumps, the conductivities Arsc
and Apsc increase slowly and at the end of 50 h
freezing reach the following values: for P1:
Mise = 0.755 W-m K, hpse = 1.473 W-m K
for P2: Ase = 0.924 W-mhK!, Apse =
1.801 W-m''K"!. Then the calculated tem-
peratures on the logs’ surfaces are equal to —
29.66 °C for P1 and —28.07 °C for P2.

5. During the first 28.75 h for P1 and
36.00 h for P2 of the cooling of the logs the
water on their centers remains in a liquid state
and this causes gradual decrease of the con-
ductivities A and Ay until reaching of the
following values: A = 0.477 W-m™ K™, Ape
0.933 W-m!'K! for Pl and A
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0.548 W-m-K!, Ape = 1.069 W-m™'-K-! for
P2.

6. When the mentioned 28.75 h and
36.00 h of the cooling of the logs are reached,
a freezing the free water in their centers is
fully completed and a freezing of the bound
water there starts. This causes jumps in the
change of A and Apc as follows:

« for Pl: from A 0.477 to
0.706 W-m-K-! and from Apc = 0.933 to
1.378 W-m!-K'!;

« for P2: from e 0.548 to
0.882 W-m"K-! and from Ay = 1.069 to
1.720 W-m K1,

7. The further decreasing of the temper-
ature in the freezer causes a gradual freezing
of the bound water in the logs’ centers. Be-
cause of that, after the jumps, the conductiv-
ities Arc and Ay increase slowly and at the end
of 50 freezing reach the following values: for
Pl: Ae =0.755 W-m- K, Ape = 1.472 W-m K-,
for P2: A = 0923 W-m!K!
Xpe=1.800 W-m!-K-!. Then the temperatures
in the logs’ centers are equal to —29.57 °C for
P1 and —27.84 °C for P2.

Our comprehensive experimental re-
search showed that the jump in the thermal
conductivities in separate points of logs oc-
curs at —1 °C when the freezing of the free
water in the wood is completed and the freez-
ing of the bound water starts (Deliiski and
Tumbarkova 2016).

CONCLUSIONS

The present paper describes the applying
of the suggested by the first co-author earlier
mathematical description of the wood ther-
mal conductivities of non-frozen and frozen
wood for computation by an own non-linear
2D model of the temperature distribution in
subjected to freezing logs. The description
takes into account to a maximum degree the
physics of the processes of freezing of both
the free and the bound water in the wood. It

reflects the influence of the temperature,
wood moisture content, wood density, and fi-
ber saturation point of each wood specie on
the thermal conductivities in logs’ radial and
longitudinal directions during freezing and
also the influence of the temperature on the
fiber saturation point.

For the solution of the mathematical
model of the logs’ freezing process and com-
putation of the logs’ temperature conductivi-
ties according to the applied mathematical
description a software program has been pre-
pared in FORTRAN, which has been input in
the calculation environment of Visual
Fortran Professional developed by Microsoft.

With the help of the program computa-
tions have been carried out for determination
of the radial and longitudinal thermal con-
ductivities on the frontal and cylindrical sur-
faces and also in the centers of two poplar
logs during their 50 h freezing in a freezer at
about —30 °C. The logs have a diameter of
0.24 m, length of 0.48 m, initial temperatures
of 19.8 °C and 20.5 °C, basic densities of
359 kg'm™ and 364 kg'm>, and moisture
contents of 1.44 kg-kg! and 1.78 kg-kg!. It
was determined, that the longitudinal thermal
conductivities of poplar logs are about
1.95 times larger than their radial thermal
conductivities.

The obtained computed results show
that a decrease in 7 at a given value for u leads
to a decrease in A for wood, which does not
contain ice and to an increase in A for wood
containing ice as a consequence of the in-
crease in the ice quantity with decreasing of
t. The results show also that at a given value
of ¢ an increase in u for non-frozen wood and
for wood containing ice, formed in it from the
freezing of both the free and bound water,
causes a non-linear increase in A. When the
decreasing temperature in subjected to cool-
ing logs reaches —1 °C, a jump take place in
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A. This jump is explained by the phase tran-
sition into ice of the whole amount of free
water in the logs at —1 °C during their freez-
ing. Our wide experimental research proved
this fact (Deliiski and Tumbarkova 2016).
The validated high precision of the mathe-
matical description of A and the other
thermo-physical characteristics of wood and
also of our models of non-stationary freezing
and defrosting processes of wood materials
make them user friendly for contemporary
systems for model-based automatic control
(Hadjiski and Deliiski 2015, 2016) of differ-
ent processes of thermal and hydrothermal
treatment.
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