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Abstract
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Wood is a natural and environmentally friendly construction material widely used in various fields of industrial and civil
engineering. Timber drying process has an effect on the consumer properties of the final product and is basic in wood process-
ing technology. Ultra high frequency range is the most effective in drying sawn timber with the use of electromagnetic energy.
A process unit comprising discretely arranged magnetrons and a mechanism for rotation of sawn timber along the axis in the
chamber is presented in the study. Magnetrons discretely and uniformly arranged ensure better distribution of heat on the sawn
timber during rotation and reduces drying time. The engineering solution reduces drying time by 38.75% and increases the
volume of dried timber by 27.3%. Variable drying mode control improves efficiency of the process by 8-10% depending on
the timber species and initial moisture. Experimental dependences characterizing operational modes of the process unit are
obtained. A mathematical model of sawn timber drying in the chamber with discretely arranged magnetrons and a mechanism
to ensure rotation of sawn timber along the axis is developed. The mathematical model is made in the object-visual modelling
MatLab package (Simulink). The model adequacy is confirmed experimentally, discrepancy between the experimental data
and the data obtained from the mathematical modelling is no more than 3%.
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methods of heating materials, which ensures multiple accel-
eration of various heat stimulated processes (Sergovskiy &
Rasev, 1987).

Gorokhovskiy (2018), Gareev (2010), Sergovskiy (1987),

Introduction

Drying is the longest and most expensive operation in the
technological process of a woodworking enterprise (Khama-

letdinov et al., 2018). High-quality drying is the basis for
excellent quality of timber products (Arkhangel’skiy, 2011).

The main advantage of ultra high frequency drying is
even distribution of heat on the entire volume of the material.
Ultra high frequency heating implies that sources of heat are
inside the material body. This fact results in temperature gra-
dients opposite in sign to the values observed in traditional

Tarmian (2012), Dashti (2012), Tiaya et al. (2017) studied
patterns of temperature and moisture changes and moisture
transfer in capillary-porous bodies; use of electrical energy
for drying timber — Arkhangelskiy (2011), Didenko (2003),
Lykov (1968), Boldyrev (2010), Bartholme (2009), Bro-
die (2009), Harris (2008), Yongfeng (2014), Zhou (2009);
theory of electromagnetic field — Dautov (1993), Pimenov
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(2000), Li (2009), Alami (2017), Karampatea (2018), Masa-
limov et al. (2018).

The existing designs of ultra high frequency units for
drying sawn timber are based on ultra high frequency gener-
ators (915 and 416 MHz). The process units are of high cost,
sophisticated design, expensive to service and maintain. The
high cost of an ultra high frequency process unit means a
long payback period. Failures of the ultra high frequency
generator and its replacement result in high material losses
(Brodie, 2009).

Even heat distribution is difficult to obtain in ultra high
frequency drying since timber located closer to the ultra
high frequency source is overheated and timber deep in the
stack cannot dry to the required degree of moisture (Lykov,
1968).

The existing methods of ultra high frequency drying of
sawn timber report the following significant shortcomings
(Li et al., 2008; Vongpradubchai & Rattanadecho, 2009):
two zones are distinguished around the source of the electro-
magnetic field: the induction zone (short range) and the wave
zone or radiation zone (long range). There is no definite de-
pendence between the electric and magnetic components in
the induction zone. As the distance from the radiation source
increases the electric value of the field falls proportionally
with the distance value cubed and the magnetic value falls
proportionally with the distance value squared. So it is ex-
tremely difficult to obtain even heat distribution for the ma-
terial located in the induction zone;

High intensity of internal water transfer observed in ul-
tra high frequency drying is restrained by exchange with
the external environment. If moisture-yielding capacity of
the material is not increased when the timber is exposed to
sufficient electromagnetic power the moisture of the upper
layers is higher than that of the lower layers. This results
in lower moisture yield and local overheating of the sawn
timber.

The aim of the study: Improving efficiency of sawn tim-
ber drying through the use of discretely arranged magnetrons
and a mechanism for rotation of sawn timber along the axis
in the chamber.

Objectives of the study:

— To develop a design of the process unit comprising
discretely arranged magnetrons and a mechanism to ensure
rotation of sawn timber along the axis.

— To develop a mathematical model of the process unit
with discretely arranged magnetrons and a mechanism to en-
sure rotation of sawn timber along the axis.

— To assess experimentally the dependence of moisture
and temperature variances of sawn timber on time, to check
the adequacy of the developed mathematical model.

Methods

A process unit comprising discretely arranged magne-
trons and a mechanism to ensure rotation of the sawn timber
along the axis in the chamber was developed based on the re-
search results (Figure 1) (Aipov & Tukhvatullin, 2011). The
process unit is a process chamber of 2.42x0.6x0.6 m*> with
magnetrons of 1.2 kW each discretely arranged on the side
surfaces of the chamber.
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Fig. 1. A process unit incorporating discretely arranged
magnetrons and a mechanism to ensure rotational
movement of sawn timber along the axis in the chamber.
a — top view, b — side view, I — process chamber, 2 — mag-
netrons, 3 — rotating shaft, 4 — frames with bindings for
sawn timber stacks, 5 — gear motor to transfer rotation
to the sawn timber stack

To ensure more efficient drying rotating shaft 3 is in-
stalled in process chamber 1, frames and bindings for the
sawn timber stack 4 are mounted on the two sides of the
shaft. The shaft can be driven by hand and automatically
by using gear motor 6. To provide electric insulation of the
unit a cover with clamps is put on top of the process cham-
ber. To remove the evaporated moisture different ducts and
vents of the forced air system are found in the process unit.
To protect workers from the electromagnetic field a wire
screen is installed around the ultra high frequency process
unit.

Figure 2 shows a general view of the process unit with
discretely arranged magnetrons and a mechanism to ensure
rotation of sawn timber along the axis in the chamber. The
main design components of the process unit can be seen in
Figure 3.
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Fig. 2. General view of the process unit: 7 — shaft for ro-
tation of the sawn timber along the axis in the chamber,
2 — magnetrons, 3 — the unit housing, 4 — steel wire cover

Fig. 3. The main design components of the process unit:
a — the interior of the unit, b — gear motor to provide ro-
tational movement of the sawn timber stack; ¢ — frame
with bindings for the timber stack, 7 — process chamber,
2 — magnetron, 3 — sawn timber stack, 4 — gear motor,
5 — shaft, 6 — mechanism to ensure hand-held rotation of
the timber stack

Even heat distribution inside the process chamber is
achieved through radiating the material with counter-direct-
ed electromagnetic flows from ultra high frequency electro-
magnetic sources and rotation of the sawn timber stack. The
sources of 1.2 kW capacities each are arranged in a staggered
pattern at 27.5 cm distance from one another, the rotational
speed is 5...6 rpm (Aipov & Tukhvatullin, 2012).

Deep drying is provided if the moisture is transferred
from the inner layers to the outer layers at low moisture gra-
dients (Tukhvatullin, 2018). In ultra high frequency heating

of the sawn timber stack an internal energy source should be
provided by changing the direction of the transfer. The inner
zone temperature can thus be controlled by monitoring water
evaporation and moisture gradient through the timber. The
equation for the moisture transfer in the sawn timber ¢, kJ is
as follows (Didenko, 2003).

au dar d|
o=l gl G- v

where o — is the coefficient of potential diffusivity for mo-
lecular and capillary water transfer;
op — the coefficient of convection diffusion (Vongpradub-
chai & Rattanadecho, 2009);
8" — thermogradient coefficient;
p, — density of absolutely dry timber, kg/m’ (Vongpradub-
chai & Rattanadecho, 2009);

dau . .

—— — change of moisture over time, %;

dr .

o change of temperature over time, °C;

d
§ — change of density over time, kg/m 3.

Intensity of internal water transfer is restrained by the ex-
change with the external environment in ultra high frequency
heating. If moisture yield is not increased when the material
is exposed to sufficient electromagnetic power the moisture
of the upper timber layers is higher than that of the inner
layers (Dautov, 1993). Partial differential equations describe
the patterns of heat and mass transfer in the timber stack ex-
posed to ultra high frequency electromagnetic radiation from
the discretely arranged sources (Tukhvatullin, 2018):

dr er,  dU 0
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dt c, dt c,p,
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dp &
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where T — is timber temperature, °C;
U — timber moisture, °C;
p — timber density, kg/m?;
a — thermal diffusivity (Li et al., 2013);
&’ — phase transition criterion;
r,— latent heat of vaporization, kJ/ kg (Donghua et al.,
2010);
c,— specific heat of water, kJ/ (kg'K) (Tukhvatullin, 2018);
O, — heat absorbed by a material, kJ/ kg.
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Two main parameters determine operational modes of
the drying unit: rotational speed of the sawn timber stack
and number of actuated magnetrons.

The following parameters affect moisture in ultra high
frequency electromagnetic drying of the sawn timber:

U=£{U, T, m,E, ot} 3)

where U, — initial moisture is values, %;

T, — initial temperature values, °C;

m, — initial mass values of the sawn timber, kg;

E — magnetron power, kW;

® — rotational speed of the sawn timber stack, rpm.

From the formula (2), it follows that moisture is
changed under the effect of temperature field. The temper-
ature field value depends on ultra high frequency radiation
and rotational speed of the sawn timber stack (Boldyrev,
2010).

The general form of the dependence of temperature and
moisture variances in the sawn timber stack dried in the pro-
cess unit subject to initial conditions U, T, m, can be writ-
ten as follows

dr
— - =NEW, 0);

aU 4)
—-=NED, o},

where E(f) — is the electricity consumption for high-frequency
drying, kWh.

To solve the system of equations (2), it is necessary to choose
the coordinate system best suited for achieve the objective.

This coordinate system must meet the requirements
of the lowest dimension and retaining the basic patterns
of drying timber in ultra high frequency electromagnetic
field.

Since the process unit is often used to dry long sawn tim-
ber built in round-shaped stacks a cylindrical coordinate sys-
tem is preferred. Assuming the length of the timber is larger
than its width and the timber is cylindrical in shape it is pref-
erable to use a polar coordinate system.

With this in view we obtain the following formula equa-
tions (2)

dT (l dr d*T ) &r, du  e2mftg(d)E* 1
—=a—— +— 4+ —

dt x dx ¥’ c,6 dt P, 14

du ( 1 du dzu) ’(1 dT dzT) du
=g | ——t—— |t o | ——— | r—;
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where V' — is the volume of the sawn timber stack exposed to
the electromagnetic field.

Results and Discussions

Figure 4 shows the mathematical model of the developed
process unit incorporating discretely arranged magnetrons
and a mechanism to ensure rotation of the sawn timber stack
along the axis.

The following conditions are accepted as initial: 10 pine
boards with dimensions 2.2x0.15x0.05 m?; initial moisture
of the timber is 84.5%; initial temperature of the timber is
22.4°C; initial density of the timber is 940 kg/m’; thermal
diffusivity is 0.15; criterion of phase transition is 1.1; ther-
mogradient coefficient is 0.05. Rotational speed of the sawn
timber stack is 5 rpm.

Figure 5 shows modelling results of drying the sawn tim-
ber stack in the process unit: @ — moisture-time variance; b
— temperature-time variance; ¢ — moisture-temperature vari-
ance.

Moisture of the timber dropped from 8% to 9%, tempera-
ture of the timber rose from 22.5°C to 78°C within 14 hours
of drying in the process unit (Figure 5a, b).

Figure 5 ¢ demonstrates the moisture-temperature vari-
ance. The variance is difficult to trace.

So for a more detailed analysis we shall divide the whole
drying process in the process unit into 4 sections:

— Section 1 —heating of wood (heating the loaded volume
of the sawn timber up to 50...65°C in the chamber);

— Section 2 — drying of wood (removing intensively re-
leased moisture from the wood during further heating, the
temperature is in the 60...70°C range);

— Section 3 — drying of wood (intensive removal of cel-
lular moisture, the temperature is in the 65...75°C);

— Section 4 — drying of wood to the lowest moisture val-
ues (intensive removal of cellular moisture, the temperature
is in the 70...80°C).

Thus we obtain the following mathematical model of the
drying process:

i;)a}lEl(t)"l provided 7, < T<T;

Zzlaszz(t)"z provided 7, < T<T
ar | =
o = (7

i;)aiﬂ(t)’s provided 7, < T<T,;

l_;)aj.:E‘*(t)u provided 7, < T<T,;
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Fig. 4. Mathematical model of the process unit with discretely arranged magnetrons
and a mechanism to ensure rotation of the sawn timber along the axis
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Fig. 5. Model results of drying the sawn timber stack in
the process unit: ¢ — moisture-time variance; b- temper-
ature-time variance; ¢ — moisture-temperature variance

iaf}E3(t)fz provided U,<U<U,;
i=0

EfaZE“(t)h provided U, <U<U,;
70
where values U,...U, are taken based on the simplest form of

the sections.

We obtain the following analytic expressions for each of
the 4 sections

T
c;tl =0.055E* — 1.164F* + 8.88E> — 28.915E + 34.72;
T

d
dt2 = 1.542F*—7.807E° + 13.203F* - 9.428E + 3.288;  (9)

drT.
dt3 =5.389E*— 17.276F° + 15.909E* + 0.0296E — 0.929;

T,
dt4 =—0.241E*+ 1.306E° — 1.691E* — 0.7788E + 4.314;
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dUu
7 L=-0.00001F£* +0.00023E° — 0.00139E” + 0.00175E — 0.0045;
du.
7 2.=0.00296E* - 0.01343E° + 0.01212F% - 0.02692E - 0.06324;  (10)
du.
73 =0.0499E* - 0.01600£° + 0.01702£* — 0.04179E — 0.25324;
du
7“ =-0.00235£" + 0.01276F° — 0.02309E> - 0.05547E - 0.1781.

Figure 6 shows graphs of moisture and temperature vari-
ances, a moisture-temperature variance for each of the four
sections (Figure 6).

The models of the four sections were integrated into a single
model of drying the sawn timber stack in the process unit and
the following approximation results were obtained (Figure 7).

Division of the drying process into 4 sections result in
a detailed analysis of wood moisture and temperature vari-
ances. The analysis results ensure quality modes of sawn
timber drying.
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Based on results of the mathematical modelling the dry-
ing time for the sawn timber stack was 14 hours. The final
moisture of the sawn timber was no more than 7%.

Let us consider experimental dependences of moisture
and temperature variances for the sawn timber stack in the
process unit in one of the 4 operational modes. In this mode
seven magnetrons were actuated and the mechanism to en-
sure rotation of the sawn timber stack in the chamber was
operated.

A sawn timber stack was loaded into the chamber. The
stack had the following dimensions: board length was 2200
mm, board width was 150 mm, and board thickness was 50
mm. The rotational speed of the sawn timber stack was @ =5
rpm since based on the experiments this value ensured even
distribution of heat in the chamber with discretely arranged
magnetrons. The following equipment was used in experi-
ments: a device for measuring the material moisture test 606-
1 with an error of no more than 0.2%, surface thermometer
test 905-T2, infrared pyrometer test 830-T1. Moisture and
temperature were measured on the surface of the sawn tim-
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Fig. 6. Graphs of moisture and temperature variances, a moisture-temperature history for each of the four sections:
a —section 1; b — section 2; ¢ — section 3; d — section 4
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80

Fig. 7. Results of mathematical modelling of drying the
sawn timber stack in the process unit: 7 — modelling
results of ultra high frequency drying before division

into 4 sections; 2 — Approximation modelling results of

the 4 sections integrated into a single model of ultra high
frequency drying, n3 — Experimental data

ber; at half the timber piece thickness and at a quarter of the
timber piece thickness, the measuring interval was 100 mm
along the length.

Figure 8 shows a sample timber piece used for measur-
ing the temperature and moisture of the sawn timber sample
(Figure 8).

Figure 9 shows experimental dependences of moisture
variance based on measurement of ten samples of the sawn

J 7

Fig. 8. Sample timber piece for measuring moisture and
temperature: / — on the surface; 2 — at half the piece
thickness; 3 — at a quarter of the piece thickness

timber stack. Figure 10 shows experimental temperature
variance based on measurement of ten samples of the sawn
timber stack (Figure 9 and Figure 10).
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Fig. 9. Experimental dependences of moisture variance
based on measurement of each timber sample
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Fig. 10. Experimental dependences of moisture variance
based on measurement of each timber sample

The time for drying the sawn timber stack in the pro-
cess chamber did not exceed 14 hours. The moisture of
the sawn timber stack decreased from 85.4% to 8.5%. The
temperature range was from 22°C to 80°C. The process
volume of the unit chamber equipped with discretely ar-
ranged magnetrons and a mechanism to ensure rotation
of the sawn timber stack along the axis was 0.48 m>. The
consumption of electric energy for drying the sawn timber
stack in the process unit was 117.6 kW per hour, the elec-
tricity consumption to dry 1 m?® of the sawn timber was
245 kW per hour.

Conclusion

A process unit equipped with discretely arranged mag-
netrons and a mechanism to ensure rotation of sawn tim-
ber along the axis was developed. Theoretic dependences
of the sawn timber moisture and temperature variances
were obtained. The efficiency of the process unit was de-
termined. Theoretic and experimental dependences were
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compared; the maximum discrepancy between the de-
pendences did not exceed 3%. Therefore we believe the
mathematical model adequately reflects physical process-
es and can be used in practical design calculations. It is
recommended the process unit equipped with discretely
arranged sources of ultra high frequency electromagnetic
energy and a mechanism to ensure rotation of sawn timber
along the axis be used at small innovative enterprises en-
gaged in drying wood. The advantage of the proposed de-
sign over present-day ultra high frequency process units
is higher quality of the dried sawn timber, higher drying
speed at lower energy costs.

The process unit equipped with discretely arranged
magnetrons and a mechanism to ensure rotation of the
sawn timber along the axis ensures even heat distribu-
tion in the process chamber. So, powerful and expensive
generators of ultra high frequency electromagnetic energy
can be withdrawn from the process. Compared to other
designs the process unit can lower operating costs by
40%, reduce dimensional indices and provides variable
mode control. The process unit equipped with discretely
arranged magnetrons and a mechanism to ensure rotation
of sawn timber along the axis results in higher energy ef-
ficiency of 38.75% (energy consumption declined from
400 kWt to 245 kWt per hour). The energy efficiency is
achieved due to shorter drying time of 36.4% (drying time
decreased from 22 hours to 14 hours).
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