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ABSTRACT

An approach for calculating the heat balance and thermal efficiency of concrete pits during the
steaming of frozen logs intended for peeled veneer production is presented. Using our non-
stationary model, the temperature ficld and heating times of beech logs with a diameter of
0.4 m, an initial temperature of —20°C, and moisture contents of 0.4, 0.6, and 0.8 kg-kg ' were
determined at a steaming-medium operating temperature of 80°C. Using the calculated heating
times and our stationary model of the heat balance of concrete pits during log steaming, the
total energy required for the entire steaming process and each of the five individual heat-balance
components were calculated. Computations were performed for a concrete pit with overall di-
mensions of 7.4 x 2.8 x 2.5 m, a working volume of 20 m?, and filling degrees f of 45%, 60%,
and 75%. Reducing the filling degree from 75% to 45% decreased the thermal efficiency from
46.0% to 34.8%, from 52.4% to 41.0%, and from 56.6% to 45.4% at log moisture contents of
0.4, 0.6, and 0.8 kg-kg !, respectively. The proposed approach can be readily adapted to calcu-
late the heat balance and efficiency of concrete steaming pits with different designs and con-
struction parameters.

Keywords: concrete steaming pits; veneer logs, heat balance, heat efficiency; wood moisture
content; energy consumption

INTRODUCTION

It is well known that logs are thermally treated in steaming pits to plasticize the wood
and reduce cutting resistance during the production of high-quality peeled veneer [1-12].

The steaming of wood materials in pits is characterized by high energy consumption
and low thermal efficiency [13, 14].

Estimating the combined effects of several dozen factors on the temperature distribution
in wood materials subjected to steaming and on the required energy consumption is a difficult
task. This problem can be solved only with the aid of adequate mathematical models.

Publications on the energy required to steam or boil logs in pits are scarce. A model of
the heat balance of concrete pits was proposed in [15] and used to calculate the heat balance of

the pit shown in Figure 1 during the boiling of frozen beech logs.
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The aim of this study is to extend the model presented in [15] to the steaming of logs in
concrete pits and to investigate the effects of the pit filling degree and log moisture content on

the heat balance and thermal efficiency during the steaming of frozen veneer logs.

MATERIALS AND METHODS

This study was conducted on frozen beech (Fagus sylvatica L.) logs steamed in the
concrete pit shown in Figure 1 to plasticize the wood for peeled veneer production. The main
input parameters of the pit and the studied logs used in the mathematical model of the pit heat

balance during log steaming are given in Table 1.

Figure 1. Longitudinal and transverse sections of the pit used for steaming wood materials in the heat-balance
and efficiency calculations

The pit is a concrete tank with steel-reinforced walls and bottom that are well insulated
both thermally and against moisture. A water-filled groove is formed in the pit walls; when the
pit is closed, the protruding edge of the lid is immersed in this groove, creating an effective
water seal. During steaming, the pit is closed with a removable, well-insulated metal lid.

The required operating temperature during log steaming is maintained by saturated
steam introduced into the pit through the heating elements of a tubular radiator. The radiator is
located in the lower part of the pit and is supplied with steam from a generator of suitable
capacity. The tubular radiator elements are perforated on their underside, and the steam passes
through a layer of condensate while heating the pit and the logs. After the steaming cycle is
completed, the pit is drained and the condensate is removed.

Commonly used steaming cycles for frozen wood materials were applied in the calcu-
lations [15]. During these cycles, the temperature of the steaming medium rises exponentially

from an initial value of 10 °C to a constant maximum value of 80°C over 4 h (Table 1).
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MODEL OF THE PIT HEAT BALANCE DURING LOG STEAMING
The heat balance of the concrete pit during log steaming can be represented by the fol-

lowing mathematical model:

Qpit-steaming = @wood T Qconstr. T Qcond. water T Qradiator T @Heat losses (1)
where Opit-steaming is the total specific heat energy (per 1 m® of wood) required for the
complete plasticization process; Owood is the energy required to heat the frozen logs; QOconstr. is
the energy required to heat the pit construction materials; Qcond. water is the energy contained in
the condensate that accumulates at the bottom of the pit during log steaming and is discharged
at the end of the steaming cycle; Oradiatoris the energy required to heat the metal radiator through
which steam is introduced into the pit; and Oreat losses 1s the energy required to compensate for
heat losses during log steaming. The unit of all specific energies Q in Equation (1) and through-
out this paper is kWh-m .
The mathematical descriptions of the heat-balance components Qwood, Oconstr., ORadiator,
and QOueat losses included in Equation (1) are the same as those given in [15]. Only the mathe-
matical description of Qcond. Water is absent from that reference. This component can be calcu-

lated using the following equation:

hl
— cw
QCond‘water =My - 3.6-1057,, (2)
where
+ +
Moy = 3.6- 106 . Vw . Qwood QCor‘lrs;r. QHeat losses (3)

steam

Table 1. Basic input parameters used to solve the mathematical model of the pit’s heat balance during log
steaming

Ne Parameter name Symbol Unit Value
Parameters of the steaming pit
1. Length of the working volume of the pit / m 6.6
2. Width of the working volume of the pit b m 2.0
3. Distance of the drainage channel from the upper edge of pit ha m 0.13
4. Depth of the working volume of the pit hy m 1.52
5. Depth of the upper (above-ground) part of the pit hy m 0.8
6. Thickness of the walls and bottom of the pit d. m 0.3
7. Thickness of the insulating layers of the walls and steel lid di, diiia m 0.1
8. Thickness of the steel sheets of the pit’s lid dre m 0.004
9. Density of the concrete walls and bottom of the pit Pe kg'm? 2300
10.  Density of the insulating layers of the pit’s walls and steel lid Pi» Picov. kg'm 350
11. Density of the steel sheets of the lid PFe kg'm? 7850
12. Initial temperatures of the pit’s concrete walls and bottom Leu0, Lego, togo °C 10
13. Initial temperatures of the pit’s insulation layers and soil tiw0, tig0, 150 °C 10
14. Temperature of the heat carrier that feeds the pit’s radiator the °C 130
15.  Temperature of the ambient air, including above the pit’s lid tair °C 10
16. Specific heat capacity of the concrete (average value) Ce JkgK! 1134

17.  Specific heat capacity of the insul. layers of the walls and lid Ci, Cilid JkgK! 850
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Ne Parameter name Symbol Unit Value
18. Specific heat capacity of the steel sheets of the pit’s lid Cre Jkg'K! 444
19. Thermal conductivity of the concrete (average value) Ae W-m-K! 1.28
20. Thermal conductivity of the insulating layers Ai W-m!-K! 0.042
21. Thermal conductivity of the sandy-clay soil around the pit As W-m!K! 1.4
22.  Loading level of the pit, i.e. the degree of filling it with logs f % 45, 60, 75
23. Specific mass of the heating elements of the radiator on 1m? of the m kg'm™ 100

area at the bottom of the pit

Technological parameters of the steaming modes of frozen beech logs in pit

1. Diameter of the logs D m 0.4

2. Lengths of the logs L m 3.0

3. Moisture content of the logs u kg'kg! 0.4,0.6,0.8

4. Fiber saturation point of the beech wood Ussp kg'kg! 0.31

5. Basic density of the beech wood Pb kg'm 560

6. Density of the ice in the wood Pice kg'm 917

7. Initial average mass temperature of the logs two °C =20

8. Initial value of the operating temperature in the pit tmo °C 10

9. Maximum operating temperature of the steaming modes tm1 °C 80
10. Duration of the increase in fm from fmo t0 fm1 T h 4.0
11. Duration of the steaming modes of logs, depending on u T h 25,27,29
12.  Minimum temperature in the center of the steamed logs at T =1, twe-min °C 62.0
13.  Average mass temperature of all logs at the end of their modes favg-end °C 72.9
14.  Condensation heat of steam in the pit at T = 1> and tm1 = 80 °C Fsteam kJ-kg! 2308
15. Enthalpy of the condensation water in the pit at £,=80 °C hew kJ-kg! 335

The volume of the wood materials subjected to steaming in the pit, V'w, which partici-

pates in Equations (2) and (3), is equal to

Vw = £ Vi 4)
where f'is the degree of filling (i.e. loading level) of the pit with wood materials sub-

jected to steaming, m*-m™; Vyie — working space of the pit equal to (refer to Fig. 1)

Ve =1-b-hy, (5)

The mass of condensate accumulated in the pit, mcw, and the corresponding energy,
QOcond. water, are calculated using Equation (3) for the conditions at the end of the steaming cycle,
i.e., at fm = fm1 and T = 12, when the condensate drain valve is fully open. The mass mew is
obtained by dividing the sum of Owood, Qconstr., and Qkeat losses, €xpressed in J-m 3, by the latent
heat of steam condensation in the pit, 7steam, at T = 12.

The enthalpy of the condensate, hcw, and the value of rsteam are given in the lower part
of Table 1. They were taken from reference data on the thermodynamic properties of water and
saturated steam at 80 °C [10,16—18].

The thermal efficiency of the concrete pit during the steaming of logs with different
moisture contents « and at different pit filling degrees f'is calculated (%) using the following

equation:

Q 00«
Npit-steaming = 1OOW—d (6)

Qsteam-total
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where Qgicam-total 31d Qwooq are the specific energies calculated using Equation (1) and
required to carry out the entire steaming process in the pit and to heat the frozen logs, respec-

tively.

SOLVING THE MODEL (1) — (4)

The mathematical descriptions of tm and the thermophysical properties of wood given
in [10, 19-21] were incorporated into our one-dimensional nonlinear model of the radial tem-
perature distribution in frozen logs during heating. The model was solved by the finite-differ-
ence method using proprietary software written in Microsoft Visual FORTRAN.

From the calculated temperature-field evolution in the logs, particularly the temperature
at their centre, the steaming duration 12 was determined at an operating temperature fm1 = 80°C
for logs with a diameter of 0.4 m, an initial temperature of —20°C, and moisture contents of 0.4,
0.6, and 0.8 kg-kg'.

An Excel program was developed for the simultaneous solution of all equations in Mod-
els (1)—(5). The program was used to investigate the heat balance of the pit shown in Figure 1
during the steaming of the specified frozen beech logs at pit filling degrees of 45%, 60%, and
75%.

The design parameters of the studied pit (Figure 1), the characteristics of the beech logs,

and the pit operating temperature listed in Table 1 were used as input data.

RESULTS AND DISCUSSION

Temperature changes in logs during steaming

Figure 2 shows the calculated changes in the temperature at the centre of the studied
frozen logs, twc, and in their mean mass temperature, tavg, during steaming at the pit-medium
temperature tm. The temperature tm rises exponentially from its initial value tmo = 10°C to

tmi1 = 80°C = const. over 4 h.
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Figure 2. Changes in tm, twc, and t,g of the studied logs during steaming as a function of u

Figure 2 shows that steaming of the studied beech logs ends after 25.0 h at
u=0.4kgkg!, 27.0 hatu=0.6 kg'kg!, and 29.0 h at u = 0.8 kg-kg . At these steaming
durations, the temperature at the slowest-heating central point of the logs reaches 62°C, which
is the minimum temperature required to obtain high-quality veneer from well-plasticized beech
logs [10, 22].

It is also evident that, during steaming, the mean mass temperature of the logs increases
from its initial value two = —20 "C to the same final value favgena= 72.9 “C for all studied values
of u. The equivalent value of favg-end in kelvins was used to calculate Owood in Equation (1).

Changes in the pit heat balance at the end of steaming

Figure 3 presents the changes in all five components of the heat balance of the studied
pit at the maximum filling degree /= 75% and an initial log temperature two = —20 ‘C, together
with the total energy consumption (kWh-m>) required for the entire steaming process as a

function of wood moisture content u.

Figure 4 shows the individual heat-balance components Qi at f' = 75%, expressed as

percentages of the total energy consumption Osteam-total, as a function of u.
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Figure 4. Heat-balance components expressed as percentages of Oseam-total as a function of u

When the pit heat balance is expressed in kWh-m>, increasing u from 0.4 to 0.8 kg-kg ™!
increases the total pit energy consumption Osicam-total from 135.5 to 181.3 kWh-m™. The indi-
vidual heat-balance components change as follows (Figure 3): Owood, OCond. water, and OHeat losses
increase from 62.3 to 102.6 kWh-m™>, from 15.6 to 19.6 kWh-m™>, and from 8.1 to
9.6 kWh-m™, respectively, whereas Qconsr. and Qradiaor remain unchanged at 48.1 and
1.4 kWh-m, respectively.

When the individual heat-balance components Qi are expressed as percentages of the
total energy Ostcam-total, increasing « from 0.4 to 0.8 kg-kg ™! changes the fraction of each com-
ponent as follows (Figure 4): Owood increases from 46.0% to 56.6%, whereas Qconstr., QCond. water,
OHeat losses, and QRadiator decrease from 35.5% to 26.5%, from 11.5% to 10.8%, from 5.9% to
5.3%, and from 1.1% to 0.8%, respectively.
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Changes in the thermal efficiency of the pit
Figure 5 presents the thermal efficiency of the pit nPit-steaming, calculated using Equa-

tion (5), as a function of the studied values of u and pit filling degrees f of 45%, 60%, and 75%.

11 pit-steaming,
%
Beech logs
D=04m
two=-20°C
tmo=10°C
tm1=80°C

Figure 5. Thermal efficiency of the pit as a function of u and f

Figure 5 shows that increasing the log moisture content from 0.4 to 0.8 kg-kg ' produces
the following increases in pit thermal efficiency npit-steaming at each filling degree:

= at f=45%: from 34.8 to 45.4%;

=at /= 60%: from 41.1 to 51.8%;

= at f'=75%: from 46.0 to 56.6%.

Figure 5 also shows that reducing the pit filling degree from 75% to 45% decreases
Tpit-steaming at each wood moisture content as follows:

satu = 0.4 kgkg!: from 46.0 to 34.8%;
=atu=0.6 kg'kg!: from 52.4 to 41.0%;
=atu=0.8 kg'kg!: from 56.6 to 45.4%.
These results demonstrate that maintaining a high pit filling degree is important for

achieving good thermal efficiency.

CONCLUSIONS

At the commonly used operating temperature fm1 = 80 "C, the total energy consumption
Osteam-total Of the studied pit was 163.7 kWh-m > when steaming beech logs with a diameter D =
0.4 m, an initial temperature fwo = —20 "C, and a moisture content u = 0.6 kg-kg ' at the maxi-
mum pit filling degree f'= 75% for plasticization prior to peeled veneer production.

Increasing u from 0.4 to 0.8 kg-kg ! at = 75% increases Osicam-total from 135.5 to
181.3 kWh-m, i.e., by 33.8%. The fractions of the individual components of Qstcam-total change
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as follows: Owood increases from 46.0% to 56.6%, whereas Qconstr., QCond. water, OHeat losses, and
QORadiator decrease from 35.5% to 26.5%, from 11.5% to 10.8%, from 5.9% to 5.3%, and from
1.1% to 0.8%, respectively.

Reducing the pit filling degree from 75% to 45% decreases its thermal efficiency from
46.0% to 34.8%, from 52.4% to 41.0%, and from 56.6% to 45.4% at log moisture contents of
0.4, 0.6, and 0.8 kg-kg " respectively.

The proposed approach can be applied to calculate the heat balance and efficiency dur-
ing the steaming of frozen logs from various wood species with different geometrical and ther-
mophysical properties. It can be readily adapted to concrete pits with a wide range of design

and construction parameters.
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