














at vacuum-high-frequency drying mathematically, but for a complete description of 
all phenomena, it is necessary to take into account the changes in the parameters of 
the surrounding medium in the working chamber, since they effect the intensity of 
heat and moisture exchange on the surface of the material. The changes in ambient 
temperature and pressure are described by the equations: 
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where Pvap, Pg are the steam and gas pressure, respectively, Pa; S is the surface area 
of the material, m2; R  is the universal gas constant; VF.V. is the free volume of the 
chamber, m3; µvap, µg  are the molar mass of steam and gas, respectively, 
kg/mol; vapρ , gρ are the density of steam and gas, m3/kg; Qvap, Qgas are the productivity 
of steam and gas removal systems, m3/sec; cvap, ca is the heat capacity of steam and 
steam and gas medium,  respectively, J/(kg·oC); a0T  is the initial temperature of the 
surrounding medium, oC; а0P  is the initial pressure in the chamber, taken equal to the 
atmospheric one, Pa. 

Thus, based on the analysis of literary sources and using the results of previous 
studies, a mathematical apparatus is obtained that describes the influence of the wave 
nature of the distribution of electromagnetic field parameters along the tangent 
towers length and external medium parameters on the temperature and moisture 
content of the material. It differs from the existing mathematical models [22-25] of 
vacuum-high-frequency drying are the possibility of using simple methods of 
analyzing systems of differential equations and requiring less initial data on the 
properties of the dried material. 

3 Materials and methods  
As the presented model shows the relationship of various physical phenomena, 

and the properties of the material have a nonlinear character of dependence on 
temperature and moisture content, then only the numerical analysis can be carried 
out for it. The one-dimensionality of the problem allows to choose a numerical 
method of finite differences, for which the time step and the coordinate increment 
x are determined by the relations: 



 max t x/ ( 1), / ( 1)t t N x L N∆ = − ∆ = − ,       (10) 

where Nt, Nx is the number of  nodes in time and in the coordinate of the finite 
difference grid. 

The calculation algorithm in the form of a block-scheme is shown in Fig. 1. The 
initial parameters are: L, W, S, VF.V.,U, f, Qvap, Qgas, T0, u0, Ta0, Pa0, 0ρ , and the 
functions are: t ( ,  )a T u , m ( ,  )a T u , δ( ,   )T u , ξ( ,   )T u , ( )r T , ( ,  )c T u , ε( , )T u , tgδ( , )T u .    

At the first stage of the calculation, the distribution of internal heat sources is 
determined in accordance with the finite difference equations for the current time 
layer i given below: 
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Fig. 1. Algorithm for analysing the mathematical model 
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Then the heat and mass transfer problem is solved in two stages using an explicit 
scheme. At the first stage, the temperature field is calculated for the current time layer: 
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At the second stage, the moisture content field is calculated: 
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At the final stage of the calculation, the parameters of the surrounding medium are 

corrected: 
( )x x

1
t a vap1

a a
vap vap g g a F.V.

1α    

( μ +
{

μ ρ )ρ  

i ii

i

i

i N NS T T с ST j R
T T t

с V

−

−

− − ++ ∆ ⋅ = −
 

gas vap 1
a

F.V.

 
} iQ Q
T

V
−+

− ; 
1

gas1 1 a a
g g g

F.V.a

1 i i
i i i

i

QT T
P P

VT
t P

t

−
− −  

= − 


−
+ ⋅

∆ 
∆ ;      (16) 

1
vap vap

F.V. vap

 
μ

[
 
 

i
i i a iS RT

P P j
V

t−= + ∆ −
1

vap1 a a
vap

F.V. a

1 ]
i i

i
i

Q T T
P

tV T

−
−  −

∆


− 
 

; 

 

a g vap
i i iP P P= + . 

4 Results 
The test for the mathematical model adequacy and the accuracy of the method of 

its analysis was carried out by comparing the obtained theoretical results with 
experimental ones. In the paper [26], a high-frequency vacuum chamber equipped 
with a generator with parameters: Umax = 1 kV, f = 27 MHz was used. The samples of 
coniferous wood (Japanese Cryptomeria) measuring 0.85 x 0.12 x 0.12 m were dried 
at a heating temperature of 60 оC and at the pressure in the chamber of 6.7 kPa. The 
constant heating temperature was provided by on-off control according to its value in 
the center of the samples. The initial moisture content was 0u  = 0.558 kg/kg. The 
initial data for the simulating were conformed to the experimental conditions 
[26].The missing information was determined by the preliminary numerical 
experiments. 

The calculation results are obtained as a data set of the values of temperature and 
moisture content in the nodes of the spatial grid for each time step ( 

i
jT , i

ju , x t1... ; 1...j N i N= = ). By processing the initial data set using simple algorithms, 
vectors of temperature values during the heating period in the center and on the 
surface of the material ( 1

iT ,
x

i
NT , 1...250i = ) were formed, which were then interpolated 

and presented as continuous functions in Fig. 2.  
 



 
Fig. 2. Changes of the temperature in the centre and on the surface of the material 

at the heating stage according to the results of modelling and experiment [26] 

Similarly, the graph of the dependence of the average moisture content on the 
drying time was obtained, Fig. 3. 

 
Fig. 3. Changes in the average moisture content during drying based on the results 

of modelling and experiment [26] 

4 Discussions 
The theoretical and experimental curves describing the heating in the center of the 

material (Fig. 2) practically match, which indicates a fairly accurate simulating of the 
process in the inner zones. The phenomena that occur in the surface zones are more 
diverse and require precise boundary conditions, which is not always possible for the 
reasons described. For example, in this paper, the convective heat transfer coefficient 
was set out constant, but in reality it depends on many factors: the method of surface 
processing, the temperature and moisture content of wood, as well as on the 
parameters of the surrounding medium. Despite this, after heating is over, both the 
model and the experiment show the same surface temperature of 42 oC. 

The curves of changes in the average moisture content during drying (Fig. 3) also 
match. The absolute error does not exceed 0.006 kg / kg, which is 1.07 % of the 
initial moisture content. The maximum divergence of the curves is observed in the 
zone of transition from the drying mode at a constant speed to the drying mode at a 



decreasing speed. This can be explained by the influence of the phase transformation 
criterion ξ( ,   )T u  set out by the chain function. 

The additional numerical experiments that were carried out without taking into 
account the electromagnetic field distribution, showed a significant difference 
between the theoretical and experimental curves both for temperature and for average 
moisture content. The differences consisted in a 1.5-fold increase of the heating and 
drying speed, which contradicts the experimental data.    

5 Conclusions 

The used assumption (1) made it possible to simplify the initial model of heat and 
mass transfer and refuse to consider the mutual influence of its three driving factors. 
At the same time, a one-dimensional setting of the problem, taking into account the 
distribution of internal heat sources, turned out to be suitable for objects of long 
length. As a result, the amount of input data required was reduced, which ambiguously 
affected the applicability of the model. On the one hand, due to its ease of 
implementation and sufficient adequacy, it should be considered an effective means of 
further research in the field of working chambers design optimization (in terms of 
drying uniformity of wooden tangent towers and other long lumber). On the other 
hand, the obtained one-dimensional mathematical apparatus does not allow to study 
the difference in moisture content along the cross section of the material. Thus, it is 
not applicable to problems of optimizing drying modes, which can be solved on the 
basis of already existing models. 
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