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A Methodology for Experimental Research of the
Freezing Process of Logs

Nencho DELIISKI” — Natalia TUMBARKOVA

Department of Woodworking Machines, Faculty of Forest Industry, University of Forestry, Sofia, Bulgaria

Abstract — This paper describes a methodology for experimental research of the change in the
temperature and humidity of the air processing medium and also in the temperature at 4 points of the
longitudinal section of logs during freezing. The suggested methodology is used to research the
change in the mentioned parameters of poplar logs with diameters of 240 mm, lengths of 480 mm and
moisture content above the hygroscopic range during 50 h of freezing in a freezer at a temperature of
about —30 °C. The automatic measurement and recording of the parameters is carried out with the help
of Data Logger type HygrologNT3 produced by the Swiss firm ROTRONIC. The precise
instrumentation allowed, for the first time ever, the measuring of the impact the latent heat released by
the free water on the log had on the warming up of the wood during water crystallization in the logs.

poplar logs / freezing / temperature distribution / automatic measurement / latent heat

Kivonat — Ronkfagyasztas kisérleti kutatasanak modszere. Ez a cikk leirja a homérséklet és
a nedvességtartalom valtozasat levegében elhelyezett ronk fagyasztasakor, és mutatja a homérsékletet
hossziranyban 1év6 4 kiilonbdz6 pontban. A javasolt modszert hasznaltuk, hogy megvizsgaljuk a fenti
paraméterek valtozasat 240 mm atmérdjii, 480 mm hosszu, nedves allapotii nyar ronkok fagyasztasi
vizsgalatainal —30 °C koriili hdmérsékleten, 50 6ras idotartamon. A paraméterek automatikus mérése €s
rogzitése a svajci ROTRONIC cég altal gyartott HygrologNT3 eszkozzel tortént. A pontos
mérdrendszerrel, elsé alkalommal sikeriilt megmérni a megfagyo viz altal kibocsatott latens honek a
faanyagot felmelegit6 hatasat.

nyar ronkok / fagyasztas / hé6mérséklet eloszlas / automatikus mérés / latens hé

1 INTRODUCTION

The duration and energy consumption required for the thermal treatment to plasticize logs for
veneer production depends on the degree of the icing of the log (Chudinov 1966, 1968, Shubin
1990, Pozgaj et al. 1997, Trebula — Klement 2002, Videlov 2003, Pervan 2009, Deliiski —
Dzurenda 2010, Deliiski 2013b).

In the specialized literature, there are limited reports about an experimentally determined
or computed temperature distribution of frozen logs subjected to defrosting (Steinhagen 1986,
1991, Steinhagen et al. 1987, Steinhagen — Lee 1988, Khattabi — Steinhagen 1992, 1993, 1995,
Deliiski 2004, 2005, 2009, 2011, 2013a, Deliiski — Dzurenda 2010, Deliiski et al. 2014, 2015a,
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2015b) and there is no information at all about the experimentally determined temperature
distribution in logs during their natural or artificial freezing. That is why the experimental
research and the multiparameter study of the freezing process of logs are of considerable
scientific and practical interest.

The aim of this work is to suggest a methodology for experimental research of the freezing
process of logs and to present the first results from its usage for precise temperature and humidity
change measurements of the air processing medium, tm and om, respectively. This applies also for
measurement of the non-stationary temperature distribution in 4 characteristic points of the
longitudinal section of poplar logs during their many hours in a freezer with an adjustable
temperature range from —1 °C to —30 °C. An important part of the work is to present and analyze,
for the first time ever, the measuring of the experimentally determined impact the latent heat
released by the free water on the log had on the warming up of the wood during water crystallization
in the logs.

2 MATERIAL AND METHODS

The logs subjected to experimental research had a diameter of 240 mm and a length of 480 mm.
They were produced from the sap-wood of freshly-felled poplar trunks (Populus nigra L.) with
a diameter of 630 mm according to a scheme given on Figure 1 (left).

Before the experiments, 4 holes with diameters of 6 mm and of different lengths were
drilled into each log (Figure 1 —right and Figure 2). Sensors with long cylindrical metal casings
were positioned in these 4 holes to measure the temperature of the wood during the experiments.
The number of the characteristic points, in which the changes in the wood temperature were
measured, was limited by the number of available temperature sensors the automatic system
used for the experiments had.

" Point 3

™ Peint 4

@ 240

Figure 1. An approach for the production of logs for the experiments (left) and radial
coordinates of 4 characteristic points for measurement of the temperature in the logs (right)

The coordinates of the characteristic points of the logs are, as follows:
Point 1: along the log radius r = R/4 = 30 mm and along the log length z=L/4 =120 mm;

Point 2: along the log radius r = R/2 = 60 mm and along the log length z = L/4 =120 mm;
Point 3: along the log radius r =3R/4= 90 mm and along the log length z = 3L/8 =180 mm;
Point 4: along the log radius r = R =120mm and along the log length z = L/2 =240 mm.
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These characteristic point coordinates allow for the impact of the heat fluxes to be
simultaneously covered in radial and longitudinal directions on the temperature distribution of
freezing logs (Figure 2). Point coordinate values that were suitable for temperature computation
and visualization in these points were chosen with the help of a 2D model of the freezing
process of the logs aimed at its verification (Deliiski et al. 2014).
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Figure 2. Longitudinal section of log with drilled holes for positioning of sensors
for measurement of the wood temperature during the freezing process

Each log prepared for the experiments was placed in a PVC bag with the aim of
homogenizing the moisture content in its volume as far as possible. Following this, the
experiments began.

To freeze the logs, a horizontal freezer with length of 1.1 m, width of 0.8 m, depth of 0.6 m
and adjustable temperature range from —1 °C to —30 °C was used (Figure 3 — left).

The automatic measurement and recording of the temperature and humidity of the air
processing medium in the freezer as well as of the temperature in the 4 characteristic points in
the logs during the experiments was carried out with the help of Data Logger type HygroLog
NT3 (Figure 3 —right) produced by the Swiss firm ROTRONIC AG (http:/www.rotronic. com).

Figure 3. General view of the freezer containing a log (left) and of the Data Logger (right)

The suggested methodology for the research of the freezing process of poplar (Populus
nigra L.) logs with diameter of D = 0.24 m, length of L = 0.48 m, and moisture content above
the fiber saturation point was used. Such moisture content allows for the observation of the
freezing of both the free and the bound water in the wood during the experiments.
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When the logs were completely frozen, they were subjected to defrosting at room
temperature. After that, 35 mm-thick disks from the central, undrilled area of the logs were
prepared. According to requirements of the standard BDS 1SO 3130: 1999, eleven samples with
dimensions of 60 x 30 x 35 mm were made (see Figure 6 below).

The samples were dried at 103 + 2 °C to estimate their initial moisture content u and
basic wood density pn, which is equal to the dry mass divided by the green volume. The
average values of u and pp are needed for experimental results analysis and also to solve,
modify and verify the mathematical models of the freezing process of the logs (Deliiski et al.
2014, 2015a). The measured results obtained by the Data Logger during the experiments
were additionally processed with the help of a personal computer with an installed licensed
software, ROTRONIC HW4,

The very precise instrumentation used during the experiments allowed us to detect the
latent heat released by the free water and its impact on the wood freezing process during the
crystallization of this water (see below). This phenomenon is not well-known or easily
comprehensible, hence it will be explained in detail below.

It is common knowledge that when a given substance is subjected to heating, its internal
energy and its temperature increase. However, under certain circumstances, the heat deposited
in the system is spent performing work without increasing its temperature. This happens when
a phase transformation in the substance occurs.

The phase transformation consists in moving from one aggregate state to another — for
example, the passing of ice into water. In those cases, the heat introduced in the substance is
transformed into work needed for destruction of the bonds between molecules, which are
available in the substance before heat introduction. It is acceptable to term this heat as the latent
heat of the phase transformation (Efimov 1985, Pahi 2010).

Therefore, the latent heat is used for description of the thermal energy, which is needed for
the change of the aggregate state of a given substance without changing its temperature. When
the ice is transformed into water, it is acceptable to term this latent heat as latent heat of fusion
and when the water turns into steam it is called latent heat of vaporization. It was found that the
latent heat of fusion is equal to 3.34-10° J-kg* and the latent heat of vaporization is about
6.5 times larger and equal to 2.2572-108 J-kg™! (Chudinov 1966, 1968, Rivkin — Aleksandrov
1975, Efimov 1985, Spears — Zollman 1990, Pahi 2010).

Ice molecules are connected to one another with significant forces of attraction. The kinetic
energy of ice molecules increases during heating, which translates into the increase of their
amplitude oscillations. When the melting point of the ice is reached, the amplitude of the
oscillations increases so much that separate molecules begin to detach from their places and
become free. This process is not accompanied by an increase in ice temperature because of the
usage of the latent heat introduced for the overcoming of the intermolecular bonds.

The freezing and melting processes of the water in the wood are reversible.

When the water passes into ice during cooling, it releases latent heat in an amount of
3.34-10° J'’kgt. With the help of precise instrumentation, the research and the quantity
determination of the impact of the water’s latent heat release on the freezing process of the logs
are of considerable scientific and practical interest.

3 RESULTS AND DISCUSSION

As an example, in Figure 4 and Figure 5, the change in tm, em, and t in 4 characteristic points
of two poplar logs with different moisture content u = 1.78 kg-kg™ and u = 1.04 kg-kg™* (named
below as Log 1 and Log 2 respectively) during their 50 h freezing is presented. The record of
all data was made automatically by Data Logger with intervals of 15 min.
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Figure 4. Change in tm, ¢m, and t in 4 characteristic points of poplar Log 1 with
D=0.24m,L=0.48m, to=20.5°C, pp = 364 kg-m™3, and u = 1.78 kg-kg™*
during its 50 h freezing from 17:00 on 04.07.2015 to 19:00 on 06.07.2015
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Figure 5. Change in tm, ¢m, and t in 4 characteristic points of poplar Log 2 with
D=0.24m,L=0.48m,t,=19.8 °C, pp = 359 kg-m3, and u = 1.04 kg-kg™
during its 50 h freezing from 12:00 on 28.10.2015 to 14:00 on 30.10.2015

In Figure 6 the distribution of the moisture content u and of the basic density pp in the cross
section of Log 1 is shown.

In Figure 7 and Figure 8 the change in t of the separate 4 characteristic points of Log 1 in
temperature range from 0 °C to —1 °C is shown. The experiments determined that the freezing
of the free water in the wood occurs in this range.
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Figure 6. Distribution of u (left) and py (right) in the cross section of Log 1

In Figure 9 and Figure 10 the zoomed change in t in the characteristic points of Log 1 in
the temperature ranges is shown, in which the impact of the release of the latent heat of the free
water on the increasing of the wood temperature during log freezing is observed.

On the horizontal and vertical axis of Figure 7 to Figure 10 the astronomic time during the

experiments and the temperature in °C are presented respectively.
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Figure 7. Change in t in Point 1 (left) and in Point 2 (right) of Log 1
in the range from 0 °C to —1 °C during log freezing, depending on time

In Table 1 the duration of the temperature decrease in the characteristic points of Log 1 and
Log 2 in the range from 0 °C to—1 °C is given (see Figure 7 and Figure 8 for Log 1). This duration
is needed for its further comparison to the duration of the defrosting process of the same logs
in the temperature range from -1 °C to 0 °C.

In Table 2 the temperature ranges and the duration of the impact of the latent heat of the
free water in the wood on the change in t of the characteristic points in Log 1 and Log 2 is
illustrated.
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Figure 9. Change in t in Point 1 (left) and in Point 2 (right) of Log 1 during the impact of the
release of the latent heat of the free water on the log freezing process

S HWA View Data - 9004605315 -0l x XS HWA View Data - S0047049.LS =[0]x
File View Options Help File View Options Help
a| «|s| u|[x 2l k[ 8| e[| 4% 2|l k=t
Groph | sn4gtea s | Gooh [ 500470495 |
— Temperature ['C] —— Temperature ['C]
/—\ 0.15

TV 1 | wa_ :;f
' ) i

l T ! T % T L T L T T T T T LS T T T T T T T T
400 B0 160 1700 100 1900 2000 2100 200 200 1300 1400 1500 1600 1700 1800 1900 2200 20 20 20

Figure 10. Change in t in Point 3 (left) and in Point 4 (right) of Log 1 during the impact of the
release of the latent heat of the free water on the log freezing process
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Table 1. Duration of the decreasing of t from 0 °C to -1 °C in the characteristic points of
poplar logs during their 50 h freezing

No Time of reaching of temperature equal to Duration of the decreasing
B 0°C -1°C of tfrom0°Cto-1°C, h
Log 1 with to=20.5°C, pp =364 kg:m=, and u=1.78 kg-kg?
Point 1 4:54 on 05.07.2015 8:32 on 05.07.2015 3.63
Point 2 8:49 on 05.07.2015 14:00 on 05.07.2015 5.18
Point3  12:30 on 05.07.2015 0:32 on 06.07.2015 12.03
Point4  11:24 on 05.07.2015 2:19 on 06.07.2015 14,92
Log 2 with to=19.8 °C, pp =359 kg'-m 3, and u=1.04 kg-kg?
Point1  20:07 on 28.10.2015 21:34 on 28.10.2015 1.45
Point 2 0:31 on 29.10.2015 3:14 on 29.10.2015 2.72
Point 3 4:45 on 29.10.2015 15:07 on 29.10.2015 10.37
Point 4 4.40 on 29.10.2015 16:10 on 29.10.2015 11.50

Table 2. Duration 1w and temperature difference AtLn of the impact of the latent heat (LH) of
the free water on the increasing of the wood temperature in the characteristic points
of poplar logs during their 50 h freezing

Time and wood temperature at ~ Maximal wood temperature
the beginning and ending of  and time of its reaching under

Ne  theimpact of LH onthe wood  impact of LH on the wood "™ Alih,
freezing freezing
Time thes, °C T, °C Time h °C
Log 1 with to = 20.5 °C, pp = 364 kg'm =, and u=1.78 kg-kg*
Point 1 5:30and 6:00 -0.072 —0.060 5:45 0.50 0.012
Point 2 11:15 and 12:07 -0.113 -0.090 11:45 0.87 0.023
Point 3 15:45 and 22:45 —-0.082 -0.035 20:30 7.00 0.047
Point4  14:45 and 23:00 -0.187 -0.152 18:45 8.25 0.035
Log 2 with to = 19.8 °C, p» = 359 kg'm 3, and u = 1.04 kg-kg*
Point1  20:15and 20:30 -0.120 —-0.120 20:15 0.25 0.093
Point 2 1:10and 1:30 —-0.110 -0.110 1:10 0.33 0.070
Point 3 5.05and 7:24 —0.059 —-0.001 5:30 2.32 0.058
Point 4 5:40 and 10:20 -0.164 —-0.036 6:15 470 0.128

The experimental results presented above, and also the results from our research of the
freezing process of logs from some wood species (poplar, beech, pine, and spruce) at different
moisture contents, show that the free water in the wood freezes in the temperature range
between 0 °C and —1 °C. This fact did not prove the points of view of Chudinov (1966, 1968)
and Topgaard — Soderman (2002), which have been presented in Deliiski et al. (2015c¢).
According to these scientists, if the wood has a significant quantity of free water, i.e. if the cell
holes and the gaps among the cells are almost completely filled with water (such a condition
was fulfilled in our experiments presented above), the centers of crystallization during cooling
arise in the water at temperatures around -5 °C + —6 °C. According to the same authors, if the
wood moisture content is slightly larger than the fiber saturation point, i.e. a small quantity of
free water is present in the wood, then the centers of crystallization in it arise even at
temperatures around —12 °C + -15 °C.

The analysis of the obtained results about the freezing process of the studied logs showed
the following:
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The temperature decrease of the processing air medium ty in the freezer goes on
exponentially at the beginning of the freezing process of the logs and, after that,
gradually passes into an almost straight line (Figure 4 and Figure 5).
The change of the humidity of the processing air medium ¢m in the freezer goes on
according to a complex curve. At the beginning of the freezing process it jumps up to
97% at Log 1 (Figure 4) and up to 73% at Log 2 (Figure 5), but after that it gradually
decreases smoothly and reaches a value of 74% (Log 1) and of 59% (Log 2) at the end
of the 50 h logs’ freezing.
The non-stationary decreasing of the temperature in the logs’ characteristic points goes on
according to very complex curves during the freezing process (Figure 4 and Figure 5).
While the water in the log is fully in a liquid state, the decreasing of tm causes a smooth
decreasing of t in the characteristic points. The smoothness of the decreasing of t
depends proportionally on the distance of the points from both logs’ surfaces.
Specific, almost horizontal sections of temperature retention for a long period of time
in the range from 0 °C to —1 °C can be seen, while in the points a complete freezing of
the free water in the wood occurs (Figure 7 and Figure 8). How far the point is distanced
from the logs’ surfaces and the larger the amount of the free water in the wood
determines how much these sections with temperature retention are extended, as follows
(Table 1):

- inPoint1l: 3.63hforLogl and 1.45 h for Log 2;

- inPoint2: 5.18hforLogl and 2.72 h for Log 2;

- inPoint3: 12.03hforLogl and 10.37 hfor Log 2;

- inPoint4: 14.92hforLogl and 11.50 hfor Log 2.
The reason of such a long retention of wood temperature is the very low temperature
conductivity of the wood during freezing of the free water in it (Deliiski et al. 2015b).
It is seen in Table 1 that the temperature t in Point 4, which is the most distanced from
the logs’ surfaces, reaches a value of 0 °C earlier than t in Point 3 during the initial
cooling of logs before their subsequent freezing. This apparent anomaly can be
explained by the influence of the smaller moisture content u of the bottom part of the
logs (in comparison with the moisture content of their upper parts) on the wood
temperature conductivity, a. For example, the average value of u for the bottom layers
5, 6, and 7 of Log 1 (Figure 6 — left) is equal to 1.653 kg-kg*; however, the average
value of u for the upper layers 1, 2, and 3 is equal to 1.948 kg-kg* i.e. it is larger by
about 18%.
The coordinates of Point 3 determine that the change of t in this point depends on the
heat transfer only through the upper log’s layers (Figure 1 — right and Figure 2), but the
change in t of central log’s Point 4 depends on the heat transfer through all the log’s
layers.
It is well known that the decrease in u of the non-frozen wood causes an increase in its
temperature conductivity a (Chudinov 1966, 1968, Shubin 1990, Pozgaj et al. 1997,
Trebula — Klement 2002, Videlov 2003, Deliiski 2013Db, Deliiski et al. 2015b). In our
case, this means that the lower moisture content of the bottom logs’ layers causes an
accelerated heat transfer in radial direction to Point 4 in comparison to the heat transfer
to Point 3. As a consequence, the temperature of 0 °C is reached earlier in Point 4 than
in Point 3 during the log’s cooling, which is an initial part of the logs’ freezing process.
The difference between the average moisture contents of the bottom and upper (wetter)
layers of Log 2 is significantly less than of Log 1. That is why reaching 0 °C in Point 4
of Log 2 occurs only 5 min earlier than in Point 3 while Point 4 of Log 1 reaches 0 °C
60 min earlier than Point 3 (refer to Table 1).
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- During the freezing of the free water in the log, specific sections of insignificant
increases in wood temperature arise (Figure 9 and Figure 10). The reason for this is the
impact of the latent heat of the free water, which is released during water crystallization
and causes the warming up of the wood (Efimov 1985, Spears — Zollman 1990, Pahi 2010).
The increase of the wood temperature, At 1, which is caused by the released latent heat,
for poplar Log 1 with moisture content u = 1.78 kg-kg™* was measured to be equal
between 0.012 °C and 0.047 °C. The duration of the warming up of the wood because
of the latent heat release, T, Was equal to 0.50 h for Point 1; 0.87 h for Point 2; 7.00 h
for Point 3 and 8.25 h for Point 4 (Table 2).

Analogously, the temperature increase Atin for poplar Log 2 with lower moisture
content u = 1.04 kg-kg™* was measured to be equal between 0.058 °C and 0.128 °C. The
duration t.H for this log was equal to 0.25 h for Point 1; 0.33 h for Point 2; 2.32 h for
Point 3, and 4.70 h for Point 4.

It can be noted that if the temperature data recording by Data Logger had been

performed with intervals shorter than 15 min, the maximum wood temperature, /13,

and time of its reaching under impact of LH on wood freezing would be different than
these given in Table 2; thus, the values of At.n for Log 1 probably would be larger than
the values of At for Log 2.

+ After the whole amount of free water in the separate characteristic point freezes, the

bound water in the wood starts to freeze. The decreasing of t in all points during the
freezing of the bound water is smoother than the decreasing of t during the cooling of
the logs before the starting of the water crystallization in the wood.
When the 50 h freezing process ends, the temperature of all characteristic points of Log
1 and Log 2 reach a value equal to —27.9 + 0.2 °C and —29.6 + 0.1 °C respectively. Then
the temperature tm is equal to —29.1 °C and —30.1 °C respectively (see Figure 4 and
Figure 5).

4 CONCLUSIONS

This paper describes a methodology for experimental research of the freezing process of logs.
It also presents the first results from the usage of the suggested methodology for measurement
of the change in the temperature and humidity of the processing medium, tm and @m,
respectively, and also in the non-stationary temperature distribution in 4 characteristic points
of the longitudinal section of poplar logs during their 50 hours freezing in a freezer with an
adjustable temperature range from -1 °C to —30 °C.

The precise instrumentation allowed, for the first time ever, the measuring of the impact
the latent heat released by the free water on the log had on the warming up of the wood during
water crystallization in the logs. The increase of the wood temperature caused by the released
latent heat, for the studied poplar logs with moisture content u = 1.78 kg-kg™* (Log 1) and
u=1.04 kg-kg* (Log 2) was measured to be equal between 0.012 °C and 0.047 °C for Log 1
and between 0.058 °C and 0.128 °C for Log 2. The impact of the latent heat release on the
wood’s warming up lasts from 0.50 h in the peripheral layers of the Log 1 to 8.25 h in the log’s
center and from 0.25 h to 4.70 h for Log 2.

It can be noted that in the accessible specialized literature, there is no information at all
about the impact of the release of the latent heat on the wood freezing process.

Our experimental results show that the free water in the wood freezes in a temperature
range between 0 °C and —1 °C. This fact did not prove the points of view of some of the above
mentioned authors who claim the free water in the wood freezes at much lower temperatures.
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Our results prove the popular belief that after the whole amount of free water freezes, the
freezing of the bound water in the wood starts and that it takes place gradually during the rest
time of the experiments.

The obtained experimental results will be used for the modification and verification of our
1D and 2D mathematical models of the freezing process of logs (Deliiski et al. 2014, 2015a).
They could be very useful for the creation, solution, and verification of analogous models by
other researchers.

The methodology suggested in this work could be used for experimental research of the
freezing processes of different capillary-porous bodies. For example, for winter research
concerning the impact of free water in live trees or in fresh concrete regarding freezing along
the radius or the thickness at different ambient temperatures, etc.
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