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Abstract

In Europe, 3 % of the electricity consumed by industry is spent on the production of compressed air. At the same time, the payment 

for electricity consumed by the compressor is the largest share in the structure of the factorys costs. In modern production, 

compressed air requires drying to meet the requirements of the equipment and for various technological processes. In this 

case, a large amount of compressed air is lost thus, improving the design of air dryers is an important step for improving energy 

efficiency. In this paper is developing a method for reducing the energy costs of the heated desiccant dryers is developed by mean 

of regenerating adsorbents using microwave energy.

In the process of developing heaters using microwave energy, the main problem is the achievement of a uniform heating of the 

material. The same problem also arises when using microwave energy to regenerate the adsorbent in the adsorption dryer. Due of 

above-mentioned, the problem by dynamically changing the configuration of the heater chamber and waveguide systems is solved 

by using of increasing the uniformity of heating and two opposite waveguides in the heater design with a variable phase of one of 

them. A specific condition for conducting experiments is obtained. Particularly the adsorption dryer chamber is a cylindrical vessel 

that is filled with an adsorbent and has predetermined proportions. A significant change of these proportions adversely affect at the 

adsorption process during the operation of the desiccant.
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1 Introduction
Modern adsorption dryers during the process of regener-
ating the adsorbent uses hot air, which is heated by exter-
nal heaters and transported to the cavity of the adsorp-
tion column [1]. Heating the moisture directly in adsorbent 
pores is a useful step towards improving the energy saving 
of the regenerative drying of the adsorbent. This is possi-
ble if microwave energy is used to heat the adsorbed mois-
ture in the desorption process.

Drying with the use of microwave heating is charac-
terized by ecological purity [2], absence of thermal iner-
tia and high coefficient of efficiency [3-5]. Heating by 
using the microwave energy has some positive side 
effects. Thus, the effect of reducing the surface tension 
coefficient of water [6-9] accelerates evaporation [10]. 

Also, increasing vapor pressure in pores of the adsorbent 
promotes the acceleration of the desorption process [11].

The main problem of increasing the efficiency of the 
microwave heater is to enhance the uniformity of the dis-
tribution of microwave energy inside the heating chamber 
to increase the efficiency and stabilize the heating of the 
materials [12]. In practice, as a rule, this is achieved by 
changing the mutual location of the source of microwave 
energy and the material being heated [13]. There is still a 
way to increase the uniformity of heating due to the fact 
that a traveling wave effect is created in the heater cham-
ber [14, 15]. This method is the best way to improve the 
uniformity of heating of inhomogeneous materials, sim-
plify the mechanical design of the heater and to increase 
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the automation of the process [16]. Also, the change in the 
configuration of the electromagnetic field in the heater 
chamber can be applied in combination with the displace-
ment of the being heated object [17].

The practice of using microwave energy shows that the 
intension of the electromagnetic field is not evenly distrib-
uted in the volume of the adsorbent. This leads to damage 
of the adsorbent due to its local overheating and does not 
allow for intensive drying by increasing the radiation power. 
Researchers who are faced with this problem directly point 
that the main difficulty remains in the microwave waveguide 
and applicator design which requires further investigations 
on dielectric characterization of adsorbent systems [18].

The purpose of this research work is to investigate 
the possibility of achieving uniform heating of silica gel 
without moving the heated material inside the cavity of 
the adsorption column. A positive result of the research 
will allow using the traveling wave effect in the design of 
adsorption dryers to achieve uniform heating of the adsor-
bent during the regeneration process.

In this article, a computer simulation [19-24] of the process 
of silica gel heating in the cavity of the adsorption column 
is considered with the creation of the traveling wave effect.

1.1 Materials and Methods
The heater design should provide intensive heating using 
the energy of electromagnetic radiation due to redistri-
bution of electromagnetic radiation in the chamber in the 
entire volume of the dried material without its local over-
heating and with less hardware costs.

Microwave energy reaches different coordinates of 
space in various ways. The electric field strength in a given 
volume region is the vector sum of the fields, which are 
formed by waves of all directions. As a result of superpo-
sition, in addition to the numerical value of the field, one 
must also take into account the spatial orientation of the 
field. Thus, the total field can turn out to be less than each 
of terms. Waves that come to this coordinate space, dif-
fer in phases. Therefore, due to interference, in the various 
coordinates of space the sum of the same waves will give a 
different result in the range from 0 to the arithmetic sum of 
the amplitudes. The intensity map of the electromagnetic 
field can be obtained by computer simulation of the process 
of heating the humid adsorbent using microwave energy.

The presented computer model uses the software on the 
base of the finite element method, which allows to stati-
cally and dynamically examine the pattern of electromag-
netic field intensity distribution and silica gel temperature, 

visualize and evaluate the achieves. The model corre-
sponds to the configuration of the desiccant adsorption 
column with a capacity of 0.5 m3/min (Fig. 1 (a)) and rep-
resents the cross section of the column at the level of two 
opposing microwave energy sources (Fig. 1 (b)).

2-D model is used for better visibility of the results and 
allows accelerating calculations. The Fig. 1 clearly shows 
the changes of the electromagnetic field strength in a range 
of phase π ... 2π rad.

In this paper the control of microwave power distri-
bution is performed by changing the phase of one of the 
microwave energy sources. This is a way to cause a change 
in the overall structure of the electric field.

Areas with the maximum and minimum amplitude of 
electromagnetic oscillations are displaced in space and 
change places.

As a result, each section of the adsorption column vol-
ume is alternately subjected to the influence of fields of 
different configuration and intensity. The effect of micro-
wave energy can be fairly uniform with a large number of 
combinations of the electromagnetic field intensity.

To solve this problem, computer simulation is carried 
out by using COMSOL Multiphysics software on the basis 
of the finite element method, which allows modelling the 
propagation of the electromagnetic field intensity in space.

The alternative calculation methods of a mathematical 
model using Mathlab are based on the Fourier differen-
tial thermal conductivity equation and use a cylindrical 

Fig. 1 The adsorption dryer's column (a) and its cross section (b)
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coordinate system. When solving the model using this 
software environment, in the process of setting the initial 
conditions in the form of functional dependence of tem-
perature on the coordinate, there is a need for functional 
expression of the temperature distribution in the calcu-
lated volume. Also, the magnitude of the energy impact, 
which depends on the intensity of the electromagnetic 
field at a given point in the volume of the cylinder, must be 
represented as a functional dependence. Data on the inten-
sity of the electromagnetic field in the volume of the adsor-
bent may be also obtained using the software Ansoft and 
Komsol, the model in which is built using the Cartesian 
coordinate system, and the resulting solution is stored in 
a matrix form. In order to accelerate the calculations and 
eliminate the error that arises when expressing the solu-
tion obtained as a functional dependence on the radius 
and cylinder length, it was decided to perform calculations 
using the Komsol multi-physical software product directly 
in the Cartesian coordinate system. Previously obtained 
data on the intensity of the electromagnetic field are used 
as the initial conditions for calculating the temperature 
and its distribution in the cylinder at the subsequent stage 
of the calculation in the same Cartesian coordinate sys-
tem. This calculation in a single integrated multi-physical 
environment is more convenient, faster and more accurate.

The pattern of the travelling wave field inside the wave-
guide can be determined by solving the Maxwell equa-
tion [25]. Equation (1), which is solved by a two-dimen-
sional solving device, was obtained directly from the 
Maxwell equation [26].
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where: µγ(x,y) – complex relative permeability; E(x,y) – 
complex amplitude representing an oscillating electric 
field; ɛγ(x,y) – complex relative dielectric permeability; 
k0 – phase constant of free space, which is equal to

k
0 0 0
= ⋅ω µ ε ,  (2)

where: ω – angular frequency (ω = 2 π f  ), where f – fre-
quency [Hz]; μ0 – magnetic permeability of the medium; 
ɛ0 – dielectric permittivity of the medium.

In the process of solving Eq. (2), a two-dimensional 
solving procedure allows obtaining a picture of the field 
for the complex complex amplitude E(x,y). This solution 
is independent of z and t; and after multiplying by e−γz  
(where γ = α + jβ is the complex propagation constant, 
where α is the damping coefficient of the wave; β is the 

propagation constant associated with the wave, which 
determines the dependence of the phase angle from z on 
time t), they will become travelling waves.

Since the calculated field pattern is valid only for one 
frequency, different field patterns are computed for each 
frequency point. For a waveguide or transmission line 
with a given cross-section, various base field patterns 
(modes) that satisfy Maxwell equations at a particular fre-
quency. Any linear combination of these modes can exist 
in a waveguide. If these higher-order modes are reflected 
back to the excitation port or transferred to another port 
without much loss, then S-parameters associated with 
these modes can be calculated.

When calculating the general solution for the 3D field, 
the following wave equation is solved:
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where: μγ – complex relative permeability; E(x,y,z) – a com-
plex vector representing the electric field; εγ – complex rel-
ative permittivity; k0 – phase constant of free space.

Equation (3) is analogous to the Eq. (2) used in the com-
putation of the two-dimensional field pattern in each of the 
ports by a two-dimensional solver. The difference is that the 
3D solver does not accept that the electric field is a travelling 
wave propagating in a single direction. It is assumed that the 
vector E is a function of x, y, and z. A real electric field is a 
real part of the complex amplitude, multiplied by e jωt:

E r t E r e j t, ,( ) = ( ){ }R
ω  (4)

where: e t j tj tω ω ω= ( ) + ( )cos sin  – Euler's formula; t – 
time; j – imaginary unit.

Thus, the formula for calculating the field pattern 
becomes [27]:

E x y z t E x y z e j t, , , , , .( ) = ( ){ }R
ωω  (5)

With the determined excitation at the rectangular port, 
the following equation is solved for the electric field vec-
tor E inside the waveguide and adsorption column cavity:

∇× ∇×( ) − − =
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Having the value of the electromagnetic field strength it 
is possible to model the heating of the material to be dried:

P E= 2

0
ωωεε εε σσγγ tg .  (7)

Simulation the propagation of thermal energy in the vol-
ume of the adsorbent and visualization of the results are 
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obtained due to Eq. (7) of the dependence of the microwave 
radiation power on the intensity of the electromagnetic field.

2 Model Definition
The 2-D model (Fig. 2) is a horizontal section of the 
adsorption tower. The linear dimensions of the model, 
which are chosen for the desiccant adsorption column with 
a capacity of the order of 1 m3/min, are given in Table 1. 
The adsorption column is a metallic cylinder, connected to 
a 2.45 GHz microwave source via rectangular waveguides, 
operating in the TE10 mode.

Inside the column there is a radio-transparent case. 
There is an air gap between the radio-transparent cas-
ing and the column wall. The volume of silica gel, which 
undergoes heating in the process of regeneration, is inside 
the radio-transparent case.

The model uses copper for the walls of the column and 
the waveguides. The walls were assumed to be perfect 
electric conductors and hence the tangential component of 
the electric field was eliminated to zero.

The sources of electromagnetic radiation are two ports 
with a fixed power of 500 W, located oppositely in the 
calculated plane.

The study includes two parts:
1. In the first part of the study, the phase of the first port 

P1 does not change, θP1 = 0 rad. The second port P2 

phase does not change either.
2. In the second part of the study, the phase of the first 

port P1 does not change. The phase of the second port 
P2 changes in time according to the Eq. (8):

θθ ππP abs t
2

1 1 1= ( ) +( )wv . ,  (8)
where: wv1 (t) is smoothing waveform time-dependent 
function with angular frequency = 0.09 Hz, phase = 0 rad 
and amplitude = 0.78 (Fig. 3).

The materials, used from the COMSOL Multiphysics 
library, are air and copper. The silica gel is determined 
manually (Table 2). Silica gel properties [28, 29] are cor-
rected, by taking into account the bulk density and humid-
ity of the wet silica gel.

The study was carried out in the time range 0 … 90 s, 
with the step 1 s, at a frequency of 2.45 GHz. Measurements 
of the temperature and strength of the electromagnetic 
field were made at several control points (Fig 4). Since the 
model in equation is symmetrical along the X and Y axes, 
the measurement data, obtained at the control points, can 
be extrapolated to the whole plane of the section of the 
model tabbing into consideration.

3 Results and Discussion 
3.1 The Estimation of Tensity of the Electromagnetic 
Field under the Condition θP1 = 0 rad and θP2 = 0 rad 
During the investigation, a static picture of the electro-
magnetic field strength in the simulated plane section of 
the adsorption column was obtained (Fig. 5).

Fig. 3 Waveform time-dependent function

Table 1 Parameters of the computer model

Property Dimension Value

Waveguide height mm -

Waveguide width mm 35

Waveguide length mm 194

The radius of the adsorption column mm 94

Radius of the radio-transparent case mm 50

Initial temperature °С 25

Table 2 Properties of Silica gel material

Property Dimension Value

Density kg/m3 2100

Heat capacity j/(kg·K) 730

Dielectric loss tan δ 1 0.25·10−3

Relative permittivity 1 4.2

Electrical conductivity S/m 0

Thermal conductivity W/(m·K) 0.3

Fig. 2 2D model adsorption column cavity
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In the areas of the material being heated, which is located 
in the immediate proximity of the ports (control measuring 
points A (Figs. 4, 6)) a higher level of electromagnetic field 
strength is noted, compared to the level of electromagnetic 
field tensity in the areas of the material being heated, that 
are remote from the ports (control measuring points B, D, 
F, E (Figs. 4, 6)). In the central regions of the material being 
heated (control measuring point C (Fig. 4)) the high tensity 
of the electromagnetic field is not observed (Fig. 6).

3.2 The Change in the Temperature of Silica Gel under 
the Condition θP1 =0 rad and θP2 = 0 rad
In this paper, a dynamic picture of increasing the tem-
perature growth in the adsorbent layer was obtained 
(Fig. 7, Fig. 13 A).

In the regions of the material being heated, located in 
the immediate proximity of the ports (measuring points A 
(Fig. 4)), there is a more intense temperature increase, 
compared with the temperature increase in the central 

regions of the material being heated and in the areas, that 
they are remote from ports (measuring points B, D, F, E 
and C (Figs. 4, 8)).

The difference between the temperature in different 
areas of the material, marked on the graph with red area, 
indicates a noticeably unevenness heating of the material.

3.3 The Change in the Intensity of the Electromagnetic 
Field under the Condition θP1 = 0 rad and 
θθ ππP abs t

2
1 1 1= ( ) +( )wv .  rad

The dynamics of the phase θP2 change in time t is shown in 
the graph (Fig. 9). During the investigation, a dynamic pic-
ture of the electromagnetic field strength in the simulated of 
the adsorption column section plane was obtained (Fig. 10).

In the areas of the material being heated, located in 
the proximity of the ports (measuring points A, (Fig. 4)), 
and in the areas of the material, that are remote from the 

Fig. 4 The control points of the parameter measurement

Fig. 5 The picture of the intensity of the electromagnetic field

Fig. 6 The level of tensity of the electromagnetic field

Fig. 7 Temperature rising in the adsorbent layer
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ports (measuring points B, D, F, E (Fig. 4)), there is a vari-
able level of electromagnetic field tensity. In the central 
regions of the being heated material (measuring point C 
(Fig. 4)) the high tensity of the electromagnetic field is not 
observed (Fig. 11).

3.4 The Change in the Temperature of Silica Gel  
under the Condition θP1 = 0 rad and 
θθ ππP abs t

2
1 1 1= ( ) +( )wv .  rad

In this paper, a dynamic picture of increasing the tempera-
ture in the adsorbent layer in case of phase rotates was 
obtained (Fig. 13 B).

In the central regions of the material being heated (mea-
suring points C (Figs. 4, 12)) the heating intensity is low, 
but temperature increases with the similar intensity in the 
regions of the material being heated, located both in the 

immediate proximity of the ports (measuring points A 
(Fig. 4)), and in areas, that are remote from the ports (mea-
suring points and B, D, F, E (Figs. 4, 12)).

Thus, due to the use of the phase rotation effect, a more 
uniform temperature increase is achieved in the bulk of 
the material (Fig. 14). Flow of heat has discrete uniform 
distribution in comparison with the action on the material 
by the phase stationary (Fig. 13 A).

Fig. 10 The picture of the intensity of the electromagnetic field

Fig. 9 Dynamics of the phase value θP2 change

Fig. 8 The temperature rising in the points of measurement
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Fig. 12 The temperature rising in the points of measurements

4 Conclusions
In general, the conducted investigations show the possibil-
ity and advisability of phase rotation in order to increas-
ing the uniformity of the effect of microwave energy on 
the volume of the adsorbent.

Preventing silica gel overheating during heating is an 
important task that can be solved through the rotation 
of the phases, not only by means of moving the mate-
rial. This is especially important in conditions, where the 
movement of the material being heating is difficult from a 
technical point of view.

The scientific novelty of the work is the idea of using a 
heating chamber of a cylindrical shape and achieving uni-
form heating by changing the phase of one of the opposite 
ports, without shifting or rotating the silica gel.

The data obtained using a mathematical model was 
almost applicate for construction the test bench (Fig. 14). 
Practical experiments on the indicator adsorbent confirm 
the positive effect of phase rotation on the uniform distri-
bution of temperature in the volume of the adsorbent. Also, 
in this case, there is a general decrease in the intensity of 
adsorbent heating which indicates a slight decline in the 
efficiency of microwave exposure during the phase rotation.

The obtained data contribute to the improvement of the 
design of the existing sample of industrial equipment and 
the creation of new adsorption dryer's constructions with 
microwave regeneration of the adsorbent. The results of 
this work can be used by machine-building enterprises 
producing compressed air preparation equipment.

Fig. 11 The level of tensity of the electromagnetic field
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Fig. 13 Temperature is rising in the adsorbent layer. A - phase stationary, B - phase rotates.

Fig. 14 The test bench with installed chamber and waveguide system
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