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CALCULATION OF THE ENERGY CONSUMPTION FOR
HEATING OF WOOD CHIPS UNTIL MELTING OF THE
FROZEN BOUND WATER IN THEM

Nencho Deliiski® — Veselin Brezin® — Natalia Tumbarkova® — Anton Geffert?
— Jarmila Geffertova?

Abstract
A mathematical model and an engineering approach for the calculation of the specific
mass energy consumption, which is needed for the heating of the wood chips until melting

of the frozen bound water in them above the hygroscoplc range, qmi.m. have been

suggested. An equation for the easy calculation of qf, bwm has been derived, depending on
the wood moisture content u, on the fiber saturation point of the wood species at 20 °C (i.e.
at 293.15 K), ug,>*®, and on the initial temperature T, of the frozen chips. According to
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this equation, the values of qf, bwm increase with the increase of u and of uz;>*°, and they

decrease when T, increases.

For the calculation of the qfr bwm according to the suggested model a software
program has been prepared in MS Excel 2010. With the help of the program calculations
have been carried out for the determination of qfr bwm for oak, acacia, beech, and poplar

frozen chips with moisture content in the range from u = 0.4 kg'kg™ to u = 1.0 kg'kg* and
at a temperature range from t, =-40°Cto t, = -2 °C because of the fact that at t, =-2 °C

the melting ot the frozen bound water in the wood chips has been completed.
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INTRODUCTION

It is known that the cellulose fibers, which are suited to produce quality pulp products,
come from various wood species. Raw materials enter the mill as logs. The logs are then
chipped into uniform pieces to facilitate the following cooking process. The cooking of the
wood chips takes place at a definite temperature and pressure with specialized chemicals
(Stamm 1964).

Before the starting of the chemical reaction between the wood chips and the processing
medium during the cooking, a pure heating process with the chips has been undergoing.
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The creation of a model for the calculation of the energy consumption for the heating of
frozen and non-frozen wood chips until the starting of the chemical reaction during its
cooking is of certain scientific and practical interest. Such a model is of interest also for the
calculation of the energy, which is needed for the heating of the wood chips at the
beginning of their drying when they are used as fuel, for production of briquettes and
pellets, or for the production of particle boards (Y osifov 2005).

The aim of the present work is to suggest a mathematical model and an engineering
approach for the calculation of the energy consumption needed for the heating of the wood
chips until melting of the frozen bound water in them above the hygroscopic range.

MATERIAL AND METHODS

Theoretical basis for the calculation of the heat energy consumption
It is known that the specific energy consumption for the heating of 1 m* of solid
materials with an initial mass temperature T, to a given mass temperature T, is determined

using the equation (Deliiski 2013a, 2013b)

vim3 _ C'P'(T1—To)
3.6-10

The multiplier 3.6-10° in the denominator of eq. (1) ensures that the values of q are
obtained in kWh-m?, instead of in J-m™.

After dividing of the right part of eq. (1) by the wood density p the following equation
for the determination of the specific mass energy consumption for the heating of 1 kg of
different materials is obtained:

mig _ C-(Ty —To).

2
3.6-10° @

q

For the practical needs it is more convenient to determine the energy consumption g in
kWh-t™ (i.e. for the heating of 1 ton of wood chips) according to equation

(T,-T,
- C3F61.1030) ' ©

The moisture content of the subjected to defrosting wood chips in the practice usually
is above the fiber saturation point. This means that the chips contain the maximum possible
amount of bound water for the given wood specie and the chips also contain free water,
which amounts depends on u.

It has been determined, using the studies in Chudinov (1966), that the melting of the
frozen bound water in the wood takes place gradually in the entire range from the initial

temperature of the frozen wood t, <— 2 °C (i.e. T, <271.15 K) until reaching of the

temperature tyg_pum=— 2 °C (i.6. Tgr_pwm =271.15 K). This means that based on eq.

(3), the specific mass energy consumption, which is needed for the heating of the wood
chips until melting of the maximum possible amount of frozen bound water in them can be
calculated according to the following equation:
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p

O bwm = ; fgbfgg (271.15-T,) @ u>uZ/'5& T,<271.15 K. @)

For practical usage of eq. (4) it is needed to have mathematical description of the
specific heat capacity of frozen bound water in the wood. Such a description is given
below.

Mathematical description of the specific heat capacity of the frozen wood during its
defrosting

The specific heat capacity of the frozen wood, c;, , has been described mathematically
by Deliiski (2003, 2013b) using the experimentally determined data for its change as a
function of the temperature t and wood moisture content u in the PhD thesis of Kanter
(1955) and in the DSc. dissertation of Chudinov (1966). The following equations for
¢y (T,u,u,s,) have been derived, which are valid for all wood species when the wood

contains ice:
526 + 2.95T +0.0022T 2 + 2261u +1976u,,

¢, =K , 5
fr c 1+u ()

where

K. =1.06-+0.04u + 0.00075(T —271.15) 7 )

Unfw

and the content of non-frozen water in the wood u,g, can be determined according to
equation (Deliiski 2013a)

Ungy = 0.12+ (uggm —0.001T,;, + 0.17315)exp[0.0567(T —271.15)]. )

Using egs. (5), (6), and (7) the value of c; can be determined at an arbitrary value of the

temperature T in the range 223 K < 7<271.15 K.
During engineering calculations it is necessary to be able to determine the specific
energy needed for the heating of 1 ton frozen chips with an initial temperature T, to a final

temperature T, = 271.15 K, when the melting of the frozen bound water in the wood is

completed (Chudinov 1966). For this case, for the value of T in egs. (5), (6), and (7), one
must use the average arithmetic value between T, and T,=271.15K, ie.

Ty +271.15 Ty +271.15

T= . After substituting of T in these equations with T = , and also

the value of Ty in eq. (7) with Ty pwm = 271.15 K, the egs. (2), (3), and (4) obtain the
following final forms:

2
526+ 2.95(T°+2271'15j + 0.0022[T0+2271'15] 122610 +1976U, 1,
, (8)

Csr. =K.
fr-bwm c-bwm 1+u
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0.00075[T°+2271'15 - 271.15)
K e_pum =1.06 + 0.04u + , ©)
unfw—bwm
Ups-bwm = 0-12 + (ug.>+°—0.098 Jexp)| 0. Y 4 .
-wm = 012+ (422315 0.098)exp 0.0567 10+ 2271'15 271.15 (10)

Final equation for the calculation of the specific heat energy gsr-pwm

After substituting eq. (8) in eq. (4) the following final equation for the calculation of

Ofbum at U>ugit® & 213.15 K <T; <271.15 K is obtained:

K

m/t c-bwm
N = 2 (271,15 -, )-
U —bwm 3.6~1O3( 0)
2
526 + 2.95(T0+2MJ " 0_0022(W271-15j + 22611 +1976U a1

l+u

where the values of K._,,m and U,s,_pwm are calculated according to egs. (9) and (10)
correspondingly.

RESULTS AND DISCUSSION

For the solution of egs. (8), (9), (10), and (11) a program in the calculation

environment of MS Excel 2010 has been created. With the help of the program the change

in Cqpym and in g™t - depending on t, =var and u=var above the hygroscopic

range have been calculated for frequently used in the production of chips poplar wood
(Populus nigra L.), beech wood (Fagus silvatica L), acacia wood (Robinia pseudoacacia
J.) and oak wood (Quercus petraea Libl.).

For the calculations, values of the basic density and of the standardized fiber saturation
point at 20 °C (i.e. at 293.15 K) derived in the literature for the studied species have been

used, namely: p, =355 kg'm® and ug)**®=0.35 kg-kg™ for poplar wood; p;, =560

kg'm?® and ugp*®=0.31 kg-kg™ for beech wood; p, =660 kg-m® and ugy**® =0.30

kg-kg™ for acacia wood and p, =670 kg'm?® and ug**®=0.29 kg-kg™ for oak wood

(Nikolov and Videlov 1987, Trebula and Klement 2002).
The influence of the initial chips temperature and of the wood moisture content on

Crown and G, have been studied for chips containing ice in the ranges
233.15 K <T, <271.15 K (i.e.—40 °C <ty <2 °C)and 0.4 kg-kg ™ <u<1.0 kg-kg™.
The calculated according to egs. (8) and (11) change in cq_pwm = f(U,ty) and in

quftbwm = f(u,ty) atto=—-10 °C, t, = —20 °C, t, = —30 °C, and t, = —40 °C are shown on
Fig. 1 and Fig. 2 respectively.
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On Fig. 3 the calculated change in qg\‘,’vtm for chips with u = 0.4 kg-kg™ and u = 1.0 kg-

kg™, depending on t, and the studied wood species is shown.
The analysis of the obtained results leads to the following conclusions:
1. Both the specific heat capacity of the chips with maximum possible amount of
frozen bound water in it, C_,,m. and the energy consumption for the heating of this chips,

qf’,“ffjwm, increase at a given value of t, according to a slight curvilinear dependence when
the chips” moisture content u increases (Fig. 1 and Fig. 2).

When the chips’ moisture content increases from 0.4 kg-kg™ to 1.0 kg-kg™ the specific
heat energy consumption, which is needed for the heating of the chips until melting of the
frozen bound water in it, qfr{‘ftbwm, increases as follow:

« from 4.93 kWh-t* to 5.17 kWh-t" at t, = —10 °C and from 20.19 kWh-t™ to 21.80
kWh-t™at ty = —40 °C for oak chips;

« from 4.96 kWh-t* to 5.19 kWh-t" at t, = —10 °C and from 20.27 kWh-t™ to 21.87
kWh-t™at t, = —40 °C for acacia chips;

« from 4.99 kWh-t* to 5.21 kWh-t* at t, = —10 °C and from 20.35 kWh-t" to 21.94
kWh-t™at t, = —40 °C for beech chips;

« from 5.10 kWh-t* to 5.29 kWh-t* at t, = —10 °C and from 20.65 kWh-t* to 22.19
kWh-t™at t, = —40 °C for poplar chips.
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Fig. 1. Change in ¢4 _,m Of subjected to defrosting poplar, beech, acacia and oak chips,
depending on u and tq
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2. The values of ¢y, and of gf't, at a given value of u are proportionally

dependent on the fiber saturation point ug,** of the chips’ wood specie. Each increase in

uégalS with 0.01 kg-kg™ causes an increase in g, With approximately 0.03 kWh-t* at

to = —10°C, 0.05 kWh-t* at t, = —20°C, 0.07 kWh-t* at t, = —30°C and 0.09 kWh-t* at t, =
—40°C.
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Fig. 2. Change in quftbwm of subjected to defrosting poplar, beech, acacia and oak chips,

depending on u and tq
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Fig. 3. Change in g%, of chips with u=04 kg-kg™and u=1.0 kg-kg™, depending

on ty and on the wood species

3. The specific heat energy consumption q#‘ftbwm decreases according to a slight
curvilinear dependence when the initial temperature of the frozen chips t, increases (Fig. 3).
If the slightly curvilinear dependences q#‘ftbwm = f(tp) on Fig. 4 are approximated with
straight lines, which connect their initial and final points, it turns out that each increase in t,
by 1 °C causes a decrease in q#‘ftbwm practically for all wood species by approximately the
following values:
+0.5376 kWh-t"-K* at u= 0.4 kg-kg™;
«0.5534 kWh-t*-K ™" at u = 0.6 kg-kg™;
«0.5671 kWh-t-K* at u = 0.8 kg-kg™:
+0.5788 kWh-t*-K™ at u = 1.0 kg-kg™.

CONCLUSIONS

The present paper describes the suggested by the authors’ mathematical model and an

engineering approach for the calculation of the specific mass energy consumption qfr,”ftbwm,

which is needed for the heating of the wood chips until melting of the frozen bound water
in it during defrosting of the chips with moisture content above the hygroscopic range. The
model reflects the influence of the initial temperature, the wood moisture content, and the

fiber saturation point of each wood specie on qf',“ftbwm during defrosting and also the

influence of the temperature on the fiber saturation point of the frozen wood.

An equation for the easy calculation of quftbwm has been derived, depending on the

wood moisture content u, on the fiber saturation point at 20 °C (i.e. at 293.15 K), ugy>*,

and on the initial temperature of the frozen chips T,. According to this equation, the values
of gf'hwm increase with the increase of u and of uZ>*°, and they decrease when T,

increases.
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For the calculation of quftbwm according to the suggested model a software program

has been prepared in MS Excel 2010. With the help of the program calculations have been

carried out for the determination of qfrl‘ftbwm for oak, acacia, beech, and poplar frozen chips

with moisture content in the range from u = 0.4 kg'kg’ to u = 1.0 kg'kg™ and at a
temperature range from t, =-40 °C to t, = -2 °C because of the fact that at t, =-2 °C the

melting ot the frozen bound water in the wood chips has been completed.

The obtained results show that gg's,, increases almost linearly with an increase of the

chips’ moisture content u at a given value of t,. For example, when u of the frozen beech
chips increases from 0.4 kg-kg™ to 1.0 kg-kg™ the value of g}, increases from 4.99

kwh-t! to 5.21 kWh-ttat t, = —10 °C and from 20.35 kWh-t* to 21.94 kWh-t* at t, = —40

°C. The values of g}, at a given value of u are proportionally dependent on the fiber

saturation point ufzsﬁs‘ls of the chips’ wood specie. Each increase in ufzsgs'l5 by 0.01 kg-kg™

causes an increase in quftbwm by approximately 0.03 kWh-t™ at t,= —10°C, 0.05 kWh-t™ at

ty=—20°C, 0.07 kWh-t™ at t,= —30°C and 0.09 kWh-t™ at t,= —40°C.
The results also show that with an increase of the initial temperature of the frozen

chips, t,, the specific mass energy consumption q#,“f‘bwm decreases according to a slight

curvilinear dependence until reaching of the value quftbwm: 0at ty=-2°C, since at t,=-2

°C the frozen bound water in the wood becomes completely liquid.

The obtained results can be used for a science-based determination of the energy
consumption, which is needed for the heating of the frozen wood chips in the production of
cellulose, briquettes, pellets or particle boards. They are also of specific importance for the
optimization of the technology and of the model-based automatic control (Deliiski 2003,
Hadjiiski 2003, Deliiski and Dzurenda 2010) of the chips’ defrosting, heating and drying
processes.
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Symbols

c = specific heat capacity (J-kg?-K™)

exp = exponent

q = specific mass energy consumption (kWh-t™) or specific volume energy

consumption (kWh-m)
= temperature (°C): t=T - 273.15
= temperature (K): T =t + 273.15
= moisture content (kg-kg™): u= W/100
= moisture content (%): W = 100u
= density (kg-m™)
= and simultaneously with this

t

T
U
W
p
&
@ =at
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Subscripts and superscripts:

b
c

= basic (for density, based on dry mass divided to green volume)
= specific heat capacity

bwm = maximum possible amount of bound water

dfr

fr

fsp

defrosting (for the temperature)
= frozen (for the state of the body)
= fiber saturation point of the wood

m/kg = mass (for the specific mass energy consumption in kWh-kg™)

m/t = mass (for the specific mass energy consumption in kWh-t™)

nfw = non-frozen water in the wood

v/m3 = volume (for the specific volume energy consumption in kWh-m)

0 = initial (for the average mass t of the frozen chips at the beginning of its heating)
1 = final (for the average mass temperature of the chips at the end of its heating)

271.15 = at 271.15 K, (for the fiber saturation point of the wood or for the temperature,

at which the melting of the frozen bound water in the chips has complited)

293.15 = at 293.15 K, i.e. at 20 °C (for the temperature of the standard values of the wood

fiber saturation point)
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