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Abstract: The objective of these studies was to determine the dependence of the distribution of the
microwave field into a grain layer and the efficiency of energy transfer from the magnetron into the
grain layer, via a waveguide, on the moisture content. The subject of the research was a semicircular
waveguide with slot radiators that supply a microwave field to the grain surrounding the waveguide.
The change in the directional diagram of the microwave field in the longitudinal direction of the
waveguide was studied using CST Microwave Studio 2019 software. It was found that the change in
the moisture content of the processed grain leads to a significant change in both the radiation and total
efficiency values of the waveguide. For instance, the radiation efficiency of the waveguide decreases
by 15.1% (from 68.729 dB to 58.294 dB) when the moisture content of the processed grain increases
from 14% to 26%. The total radiation efficiency also decreases (from 11.27 dB to 21.7 dB). In this case,
not only the value of the radiation efficiency but also the shape of its dependence on the magnetron
radiation frequency change. The results of this study enable the formulation of a requirement for
a selective approach to the alignment of emitting waveguides depending on the moisture content
of the processed grain. Data were obtained on the change in the Q-factor for resonators in which
grain layers are processed, depending on the variation in grain moisture content. The research results
suggest that when designing microwave convective zones for grain processing, the quality factor
of the resonator should not be considered as the primary parameter. The main focus should be on
maximizing the radiation efficiency of the waveguides.

Keywords: microwave field; microwave-active zone; grain drying; moisture content in grain; direc-

tional diagram; radiation efficiency

1. Introduction

Microwave field-assisted techniques are widely used in agricultural production tech-
nologies and in the food industry [1-4]. In these processes, the uniformity of the microwave
field distribution over the volume of the product under processing is normally ensured
by the application of in-line processing, conveying units [5]. In such processing units, a
product is evenly distributed over a transporter to form a layer whose thickness is selected
so that the microwave field penetrates to its depth without considerable attenuation. In
such processing units, the productivity level of several tons per hour is hardly attainable,
and it normally does not exceed 250 kg /h to 350 kg /h.

At the same time, microwave field-assisted grain drying, immediately in the course
of harvesting, requires the application of grain-drying equipment with a performance
rate from 5 t/h to 30 t/h [6,7]. As a rule, convective-type grain dryers are used for this
purpose [8,9]. The major part of such grain dryers is designed to process grain in a dense
layer, in which case the grain moves downward and is blown through with a drying agent.
The drying agent (hot air) is delivered directly into the grain layer via air channels (ducts).
The grain is heated by the air, and the moisture evaporated from it is transported with
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the drying agent outside the processing plant. In grain dryers using microwave effects
produced on grain, a wet material is heated owing to the interaction with the microwave
field. That is why this process requires less energy for drying. Therefore, grain dryers based
on microwave field-assisted techniques are preferable in terms of energy-saving criteria.
Two methods of microwave field application in shaft-type grain dryers are known. In the
first case [10], microwave effects are employed in the recirculation process, thus intensifying
the moisture exchange between the wet and dried grain. In the second case [11,12], the
grain layer is exposed to the convective-microwave effect. The microwave field supports
moisture extraction from single seeds into the inter-grain space, while heated air brings
moisture out of the grain layer. The authors deal with convective-microwave processing
units of modular design, one of which is shown in Figure 1, as an example.

Figure 1. Convective-microwave grain treatment unit comprising two identical processing modules:
(1) casing of the convective-microwave module; (2) casing of the convective-microwave module;
(3) waveguides with slot radiators.

Inside the module, waveguides with slot radiators are installed, designed to deliver
an electromagnetic microwave field into the grain. The number of waveguides in a module
and the number of modules in a unit have to be defined with respect to the required grain
processing performance, the location of the unit, and its type (mobile or stationary). For
example, the productivity of the installation can be increased in two ways: One is by
widening the modules. In this case, the volume of grain processed in one module increases,
along with the number of emitting waveguides in one module. This option is applicable
when placing microwave convective grain dryers in areas where there are no restrictions
on the occupied area. In this scenario, the height of the installations will be lower, reducing
capital expenditures on loading pits. The second is by increasing the number of modules
placed on top of each other. This option is suitable for mobile installations, where there are
limitations on the dimensions of transported installations. Grain moves downwards, in
the form of a natural flow, being exposed to the microwave field. It is important to ensure
the uniformity of grain exposure to the microwave field while it is within the active zones,
between the waveguides with slot radiators. The fulfillment of this condition defines the
operational efficiency of the unit (i.e., grain treatment uniformity and energy consumption).
The authors’” approach of placing emitting waveguides directly in the grain layer allows for
regulating the intensity of the microwave field in the grain layer and its uniformity. This is
achieved by adjusting the distance between the emitting waveguides in the array, which
can vary depending on the moisture content of the processed grain.

It has been found out in our earlier studies [13,14] that variations in moisture content in
grain under a convective-microwave zone substantially affect the depth of microwave field
penetration into the grain layer. However, the dependence of microwave field direction
on the moisture content variations had not been investigated. This may be substantially
important for the uniformity of grain processing, in a convective-microwave zone.
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Moreover, it was not yet clear whether the operational matching between the waveg-
uide structure and the magnetron system changes depending on the moisture content in
the grain. Do the radiation and total efficiency of waveguides change under these condi-
tions? It is known that the radiation power (P,,;) transmitted from the source to the load
depends on the radiation efficiency (RadEff) and total efficiency (TotEff), expressed as
Prag = f(RadEff, TotEff). It is necessary to determine how these parameters depend on
the moisture content of the processed grain. The results of studying these issues could
contribute to better evaluating the operational efficiency of convective-microwave process-
ing units, making it possible to define the limits of the moisture content in grain under
processing within which such processing techniques are economically reasonable.

A convective-microwave zone is a resonator chamber filled with a product subject to
processing (grain, in our case) [15,16]. Ideally, the resonator chamber structure has to be
designed to have the maximum possible Q-factor value at the magnetron’s fundamental
radiation frequency (2.45 GHz). In this case, all of the magnetron radiation energy will
be enclosed and distributed over the grain layer [17,18]. However, unlike the microwave
signal transmission techniques used in telecommunications, resonator chambers applied in
technological processes for the treatment of various products are not void volumes. As a
rule, they are entirely or partially filled with a material subject to processing or/and are
occupied by certain structural elements. In what way might the Q-factor of the microwave-
active zone change? The answer to this question will make it possible to define more
accurately the parameters required for calculating convective-microwave zones.

2. Materials and Methods
2.1. Studying the Effect of Moisture Content on the Waveguide’s Efficiency and on the Distribution
of Microwave Electromagnetic Field in a Grain Layer

The studies were performed by the computer-assisted modeling of the distribution
of the microwave electromagnetic field emitted from a semicircular waveguide with slot
radiators into a grain layer (see Figure 2). To achieve this purpose, the software package
CST Studio Suite 2022.05 SP5 [19-21] was applied. The inner diameter of the semicircular
waveguide was 50 mm.

Figure 2. Configuration of the semicircular waveguide and grain layer selected for modelling:
(1) semicircular waveguide with slot radiators; (2) grain layer.

This diameter value was selected to allow for the entire range of H-type waves to
propagate in the waveguide. The wall thickness of the waveguide was 2 mm. The dielec-
tric properties of wheat with various moisture contents were as follows: 14% (¢’ = 4.55,
e =0.43) at 16%, (¢' =4.9, £ = 0.55) at 20%, (¢’ =5.87, ¢/ = 0.89) at 24%, and (¢’ =7.33,
¢/ =1.32) at 26%, where ¢’ represents the real part of the grain’s dielectric permittivity,
known as the dielectric constant, and ¢” represents the imaginary part of the grain’s
dielectric permittivity, known as the dielectric loss factor.

This range of moisture content variation falls within the most probable limits of its
change during harvesting and storage [7].
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The depth of the grain layer was assumed to be 100 mm from the waveguide’s walls.
Therefore, the size of the grain layer was 254 mm vertically and 152 mm horizontally.
Modelling was carried out without a metal casing of the microwave-active zone.

During the process of modelling, radiation directional diagrams were plotted for
various values of the moisture content in the grain. These directional diagrams were
studied from the following angles: a side elevation perpendicular to the upper wall of
the semicircular waveguide, angle Phi = 0° (see Figure 3a), and an end face view of the
waveguide, angle Theta = 90° (Figure 3b). The directional diagram for Phi = 0° allows for
the evaluation of the distribution of the electromagnetic field along the waveguide and
the microwave field penetration distance into the grain layer. The directional diagram
for Theta = 90° enables the analysis of the microwave electromagnetic field distribution
along the waveguide’s vertical axis. Moreover, each directional diagram shows the areas of
maximum radiation density and maximum radiation vector in the grain layer (Figure 3a,b).

Farfield Directivity Abs (Theta=90)
Farfield Directivity Abs (Phi=0)

30 Phi=180

60

Theta / deg vs. dBi
Phi / deg vs. dBi

(@) (b)

Figure 3. Directional diagrams obtained by modelling, for microwave field emitted from the waveg-

uide’s slots: (a) directional diagram of radiation, for Phi = 0°; (b) directional diagram of radiation, for
Theta = 90°.

2.2. Dependence of Radiation Efficiency on Moisture Content in Grain

The optimal matching between the radiation source and the waveguide is an essential
requirement that ensures the full transfer of the energy generated by a magnetron (Mats,
2010). In our case, when the waveguide performs the function of a radiator directly applied
to a grain layer, it is important to find out whether the energy transfer efficiency depends
on the moisture content in grain during processing. Therefore, the change in radiation
efficiency indicators was defined for grains of various moisture content.

Antenna radiation efficiency (or radiation efficiency) can be defined as the following
relationship between the input power and that emitted by the antenna:

Rad Eff = % 1)
inp
where Rad Eff is the antenna’s radiation efficiency that may be expressed in either arbitrary
units or in dB, P4 is the power dissipated in the antenna’s output (dB), Py, is the power
supplied to the antenna’s input (dB).
One more indicator, called the antenna’s total efficiency (Tot Eff), is used for evaluating
its efficiency. Total efficiency can be defined using the radiation efficiency indicator and the

power loss in the antenna:
Tot Eff = Rad Ef f-P,s, ()
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where Pj,, is the power loss in the antenna due to impedance mismatching.
In the course of modeling, the dependence of these two indicators on the moisture
content in grain during processing in the convective-microwave zone was evaluated.

2.3. Studying the Effect of Moisture Content in Grain on the Microwave-Active Zone’s Q-Factor

In microwave energy transmission systems, the so-called resonators are normally
applied to reduce power losses. These are cavities fully enclosed within a metal shell [15].
Once an electromagnetic wave oscillation has been excited in such a cavity, it will exist
there continuously.

In technological processes employing microwave field energy, such cavities are used to
be filled with various materials subject to processing. In our case, resonators are applied to
treat grain. We call a resonator chamber a ‘microwave-active zone’. Convective-microwave
units for grain processing are composed of a certain number of microwave-active zones
(resonator chambers) installed one upon another. Therefore, their specific feature is their
open design. A microwave-active zone has no barriers either on the top nor on the bottom,
and grain moves downwards, in a natural flow, from the upper microwave-active zone
towards the discharge unit. Only the bottom active zone is bounded from beneath by a
discharge tank casing.

The value of a resonator’s Q-factor shall be as high as possible to ensure an effective
use of the radiation energy source for heating materials under processing.

When a resonator is filled with a conductive medium (such as wet grain), its Q-factor
will depend on the energy loss in this medium [22]:

. 2
N:/ oE v, 3)
Jv 2

where

N represents energy loss in Watt-hours (Wh),
V stands for the volume of the resonator (m?),
E denotes electromagnetic field density (V/m),
o represents electric conductivity (S/m).

The total energy dissipated in the resonator can be defined from the following equa-
tion [23]:

2
SN — / v, )
v 2

where ¢ represents dielectric permeability (F/m).
The Q-factor is defined by the following relationship:

Q=r57, ®)

where f represents the magnetron’s frequency (Hz).
Taking into account (3) and (4), we have:

Q=f, ©)

It is impossible to avoid power loss in the resonator’s walls and directly in the medium
that fills the resonator. Therefore, the overall Q-factor of the microwave-active zone takes

the following form [23]:
1 1 1

_ = + -

Q Qm Qst
where Qy, is the Q-factor of the medium under processing, and Qs is the Q-factor of the
microwave-active chamber (resonator) structure made of steel.

)
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Equation (6) makes it clear that the Q-factor of a material under processing depends
on its dielectric properties and its electric conductivity. These two parameters change in a
rather wide range during grain processing in microwave fields [24-26]. It has to be noted
that these changes involve not only the reduction in moisture content and the increase in
grain temperature but also the polarization of seeds in the electromagnetic field.

Furthermore, it is necessary to consider the fact that conventional calculation methods
for the Q-factor of resonators do not take into account any structures inside them. However,
when dealing with microwave field applications in technological processes designed for
processing agricultural products, it is necessary to consider auxiliary equipment (such as
agitators, tanks, reflectors, etc.) installed inside a resonator chamber [27,28]. In our case,
these are radiating waveguides mounted directly in the resonator chamber, which renders
conventional calculation methods for the Q-factor of resonator chambers inapplicable.

3. Results
3.1. Microwave Field Directional Diagrams for Grains of Various Moisture Content

For ease of analysis, radiation directional diagrams for Phi = 0° are presented in linear
form (Figures 4 and 5). This directional diagram is shown in the angle range from 0° to 180°.
It presents the distribution of the microwave field emitted from the slot radiators directly into
a grain layer. In the case of linear representation, the entire waveguide length is divided into
180°. For a 400 mm long waveguide, one angular degree corresponds to 2.2 mm.

—W=14% —W=16%

VAl A
\

10
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Figure 4. Radiation directional diagram of the waveguide, for grain wheat having moisture content

of 14% and 16%.
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Figure 5. Radiation directional diagram of the waveguide, for grain wheat having moisture content
of 20% and 26%.
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Our analysis of the directional diagrams made it possible to conclude the following.
The maximum values on the directional diagrams for microwave radiation change their
position depending on the moisture content in the grain under processing. These positions
of radiation maxima are shown in Figures by dashed vertical lines. Thus, for wheat grain
with a moisture content of 14% and 16%, they correspond to 32° (9,62 dBi) and 16° (9,14 dBi),
respectively, which are close to the radiation source. Conversely, for grain with a moisture
content of 26%, the radiation maximum corresponds to 175°, i.e., it is located in the area
close to the far end of the waveguide, in relation to the radiation source.

This conclusion is essentially important since it enables us to analyze changes in the
electromagnetic field orientation within the convective-microwave zone depending on
the moisture content in the grain. It follows from these directional diagrams that the area
of maximum radiation intensity will drift along the waveguide, thus preventing grain
overheating in only one particular waveguide’s internal volume.

Furthermore, our analysis of the directional diagrams shows that the distribution uni-
formity of the microwave field intensity along the waveguide is better for grain containing
20% to 26% moisture compared to that having 16% to 14% moisture content. Microwave
radiation power is lower for grain containing 20% to 26% moisture, and its distribution
uniformity is better, with the exception of small areas inside the waveguide close to its mid-
dle. This gives us a reason to suggest that by drying grain with an initial moisture content
exceeding 20%, we can avoid its overheating in any section of the electromagnetic field
along the waveguide’s axis. At the same time, processing grain (for instance, presowing
treatment) with moisture content close to its standard value (14%) is associated with the
risk of such local overheating. Therefore, this feature has to be taken into account while
defining the technological conditions of grain processing, or relevant modifications have to
be introduced into the convective-microwave zone’s design structure.

Radiation directional diagrams for Theta = 90° are shown in Figure 6.

Farfield Directi\‘i&y Abs (Theta=90)

Frequency =2.45 GHz

Main lobe magnitude = —3.07 dBi

Main lobe direction = 45.0 deg.

Angular width (3 dB) = 22.6 deg.
180 Side lobe level = —6.8 dB

Phi / deg vs. dBi

(@)

Farfield Directivity Abs (Theta=90)

Frequency =2.45 GHz

Main lobe magnitude =—0.00633 dBi
Main lobe direction = 0.0 deg.
Angular width (3 dB) = 111.4 deg.
Side lobe level = —4.5 dB

180
Phi / deg vs. dBi

(b)

Figure 6. Radiation directional diagrams of microwave field, for angle Theta = 90°: (a) microwave
radiation directivity in a grain layer having moisture content of 14%; (b) microwave radiation
directivity in a grain layer having moisture content 26%.
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The directional diagram presented in Figure 6 shows that the pattern of the microwave
electromagnetic field propagation changes depending on the moisture content in the grain
during processing. While for a moisture content of 14% (Figure 6a), the maximum radiation
is directed towards the lower part of the waveguide at an angle of 45°, for the grain moisture
content of 26% (Figure 6b), this angle equals 0°. Clearly, both the amplitude and the grain
layer area covered by radiation undergo changes.

The obtained data on the change of microwave radiation directional diagrams will
be used in the course of designing convective-microwave zones, particularly when deter-
mining the distance between the waveguides for various unit modules, depending on the
moisture content in the grain during processing, and when arranging waveguides relative
to each other and to the module’s walls.

3.2. Dependence of Radiation Efficiency on the Moisture Content in Grain

The antenna efficiency indicator depends on the relationship between the power
supplied to the antenna and that emitted or dissipated inside it. An antenna is supposed to
be effective when the major part of the power on its input is emitted into an external space.
In antennas with low efficiency, the major part of the power is consumed inside them in the
form of power loss or/and gets reflected from them.

During the process of modeling, data on the dependence of radiation efficiency and
the total radiation efficiency of the waveguides on the moisture content in the grain during
processing were obtained (see Figure 7).
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Figure 7. Dependence of the waveguide’s radiation efficiency on the moisture content in grain:
(a) radiation efficiency; (b) total efficiency.
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It follows from the obtained graphs (see Figure 7) that the reduction of moisture
content in the grain from 26% to 14% leads to a growth in the waveguide’s radiation
efficiency by 15.1% (from 58.294 dB to 68.729 dB). In this case, not only the value of
radiation efficiency but also the shape of its characteristics change with the change in the
magnetron radiation frequency. The fundamental magnetron frequency that was selected
for modeling (2.45 GHz) is critical for the Rad Eff = f(f) dependence, since the magnetron
is capable of generating oscillations in a rather narrow frequency range of £10% (from
2.426 GHz to 2.475 GHz). That is why an additional reduction in radiation efficiency takes
place when the magnetron radiation frequency shifts towards the lower limit of this range.

The total radiation efficiency (Figure 7b) also decreases with the growth of the moisture
content in the grain (from —11.27 dB to —21.7 dB). This suggests that the growth of the
moisture content in the grain subject to processing in the convective-microwave zone
results in an increase in microwave energy loss in the waveguide. This situation occurs
because the distance of microwave field penetration into the grain layer decreases with its
moisture content. The radiation reflected from the grain gets lost in the waveguide.

These results have to be considered when matching the waveguides and when defining
the algorithm of the convective-microwave unit’s operation.

3.3. Dependence of Microwave Field Distribution in the Active Zone of a Single Magnetron on the
Moisture Content in Grain

During the grain drying process, the grain moves under its own weight within a com-
pletely filled convective-microwave zone, passing through different microwave-activated
processing areas sequentially. This leads to the grain losing moisture. During the process of
grain transport, a situation may occur where grain portions with various moisture contents
enter the active zone of the same magnetron. This situation was also simulated. Figure 8
shows the spatial distribution pattern of microwave power dissipated inside grain layers
with various moisture content that entered the active zone of a single radiating waveguide.
The upper part of the grain layer has a moisture content of W = 16%, while its bottom
portion has a moisture content of W = 14%. Isopleths for microwave power absorbed by
the grain are presented for the outermost grain layer point (152 mm from the waveguide’s
rear wall and 100 mm from the waveguide’s wall nearest to the grain layer).

X, Y, Z 152.00 13.12 343.78 mm
alue 19.257 W/m3

Type Power Loss Density
Frequency 2.45 GHz

Cutplsne at X 152.000 mm

Max. (Plane) 19.73 W/m3

Max. position 152, 8,342 mm
Min. (Plane) 0 W/m3

Min. position 152,-182,-30 mm

Figure 8. Isopleths for microwave power absorbed in grain layers with moisture contents of 14% and
16% exposed to the effect of single radiating waveguide.

It is evident from Figure 8 that the wetter the grain is, the more microwave energy
it absorbs. Despite the fact that grain with different moisture content areas is exposed to
the microwave field of the same radiating waveguide, grain fractions with higher moisture
content get heated more intensively compared to those containing less moisture. This means
that the radiation efficiency in the active zone of a single waveguide will not remain constant
during the grain processing. Additionally, it varies depending on the position of the particular
radiating waveguide along the vertical axis of the convective-microwave zone.

Therefore, a change in the moisture content of the grain in the microwave-active zone
results in a change in the microwave impact amplitude. The direction of its maximum
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effect both along the waveguide and in relation to the radiating surface also changes. The
uniformity of the microwave field radiation along the waveguide also undergoes a change.
These conclusions have to be considered when designing microwave-active zone structures
and when determining the operation algorithms of magnetrons and the discharge unit.

3.4. Dependence of the Convective-Microwave Zone’s Q-Factor on the Moisture Content in Grain

These studies were carried out in two steps. In the first stage, the influence of the
waveguides introduced into the convective-microwave zone on the Q-factor value was
evaluated. In the second stage, the change in the convective-microwave zone’s Q-factor
was studied for grain of various moisture contents in the presence of waveguides.

Simulations were performed to determine the Q-factor using the software package
CST Microwave Studio 2019 in order to ascertain how and to what extent waveguides in
the microwave active zone affect the Q-factor. Two configurations of the microwave-active
zone casing were studied, i.e., with (Figure 9b) and without waveguides (Figure 9a).

—

(a) (b)

Figure 9. Layout of the microwave-active zones used in Q-factor calculations: (a) casing of the
microwave-active zone without waveguides; (b) casing of the microwave-active zone with waveguides.

Results of calculations are presented in Table 1.

Table 1. Modes of resonance frequencies and Q-factor, for convective-microwave zone with and

without waveguides.
No. Resonance Frequency (GHz) Q-Factor Accuracy
Microwave-active zone without waveguides
1. 2.40107 8.321 4.862 x 1074
2. 2.409471 325 6.308 x 1074
3. 2.445958 2.624 4.601 x 1074
4, 245099 1.939 1.705 x 10~*
5. 2455016 1.212 4393 x 1074
Microwave-active zone with waveguides

L. 2.456675 15.93 2321 x 1078
2. 2.461078 11.78 2418 x 1078
3. 2469784 3.044 4793 x 1078
4. 2.470463 21.66 2.008 x 1078
5. 2.478836 2.795 1.844 x 1078

It is evident from the data presented in Table 1 that, for the microwave-active zone
without waveguides (in italics), the third and fourth frequency modes are the most closely
adjacent frequencies to that of the magnetron (2.45 GHz). However, their corresponding
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Q-factor values are not high (2.624 and 1.939, respectively). The results of calculating the
microwave-active zone with four waveguides show that for this microwave-active zone
design option, the most closely adjacent resonance frequency equals 2.456675 GHz (in
italics). The Q-factor value for this frequency is 15.93. There is no resonance frequency
closely adjacent to that of the magnetron.

These simulation results provide evidence that introducing any technological equip-
ment into the so-called resonators leads to a substantial change in the Q-factor.

The dependence of the Q-factor on the moisture content in the grain loaded into
the convective-microwave zone was also studied. Calculations were made for the grain
moisture content range of W = 14% to 26%. It is precisely within this moisture content
range that the grain is exposed to the effect of the microwave field in the processing area.
The results of the studies are listed in Table 2.

Table 2. Resonance frequency modes and Q-Factor for convective-microwave zone with waveguides,
dependent on the grain moisture content.

No. Resonance Frequency, GHz Q-Factor Accuracy

Microwave-active zone with grain having moisture content W = 14%

1. 2.448412 4.659 2.745 x 1077
2. 2.453007 2.158 411e x 1079
3. 2453947 6.979 2.363 x 1077
4, 2.458258 5.976 1.74 x 1077
5. 2.460989 2.74 4383 x 107
6. 2.464295 5.541 1.309 x 10~
Microwave-active zone with grain having moisture content W = 24%
1. 2.445161 0.8173 1.468 x 10~
2. 2.445267 4.995 5.263 x 10710
3. 2.447031 2.222 8.311 x 10710
4, 2.448635 2.667 1.542 x 10~
5. 2.456276 0.8439 2311 x 107°
6. 2459164 4 4,084 x 10710
Microwave-active zone with grain having moisture content W = 26%
1. 2.44959 5.054 8.83 x 10710
2. 2451184 4.461 6.535 x 10710
3. 2.452292 7.881 7.981 x 10710
4, 2.460817 6.863 1.256 x 107
5. 2463381 2.401 8.787 x 1010
6. 2.465827 4.347 4002 x 10710

The data listed in Table 2 show that none of the resonance frequency modes are
identical to that of the magnetron. Q-factor values for resonance frequencies closely
adjacent to the magnetron’s fundamental frequency vary in the range from 0.8173 to
6.949 for various modes. Moreover, they differ substantially even for the same grain’s
moisture content value. This is easily explicable since a number of different wave types
participate in the process of microwave energy transfer, and their resonance frequencies
change depending on varying dielectric properties of materials present in the processing
zone. That is why radiation efficiency changes as well, as noted above.

The results of calculating the Q-factor of resonators used in grain processing technolo-
gies for materials of various moisture contents have shown the following. The Q-factor of
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the microwave active zone substantially depends on the moisture content in the grain. At
the same time, no distinct correlation between the values of microwave radiation density for
particular frequency modes and various moisture contents in the grain has been observed.

4. Conclusions

Our studies based on the results of computer modeling using the software package
CST have led us to the following conclusions:

- Studies of the directional diagrams show that the pattern of microwave electromag-
netic field propagation in a grain layer changes depending on the moisture content
of the grain under processing. Both the radiation amplitude and the grain layer’s
coverage area by radiation undergo changes.

- Changes in the moisture content of the grain under processing in the microwave-active
zone result in a 15.1% growth in radiation efficiency of the waveguides (from 58.294 dB
to 68.729 dB), as the moisture content decreases from 26% to 14%. The total radiation
efficiency also increases (from —21.7 dB to —11.27 dB). Furthermore, not only does the
value of the radiation efficiency change, but also the shape of its characteristic changes
for different magnetron radiation frequencies. The obtained data indicate that the loss
of microwave energy in a waveguide increases with the moisture content in the grain
under processing.

- Changes in the moisture content of the grain present in a microwave-active zone result
in changes to the level of exposure and their maximum orientation, both along the
waveguide and in relation to the radiating surface. The degree of uniformity in the
radiation distribution along the waveguide also changes.

- Studying the effect of the specific design features of the microwave-active zone’s
design structure and the moisture content in the grain under processing has clarified
that the Q-factor of a grain treatment area significantly depends on its specific design
and the arrangement of technological components inside it. Variations in the moisture
content of the grain subject to processing and its temperature have a strong effect on
the Q-factor value. Therefore, the Q-factor plays only a secondary role, and there is no
practical reason to take it into account when calculating microwave-active zones.

The obtained results can serve as a basis for designing microwave-active zones and
developing operation algorithms for technological units used in grain processing using the
convective-microwave method.

The above allows formulating potential directions for further research:

First and foremost, it is necessary to evaluate the options for matching waveguides with the
load. To what extent do existing approaches allow them to be applied to microwave-convection
grain processing installations? In doing so, consider new options for such matching.

Research is needed to what extent changes in the moisture content of the processed
grain affect energy consumption and to what extent it needs to be considered in real
microwave-convection grain processing installations.

To increase drying efficiency, it is advisable to consider options for optimal process
management, taking into account the research results obtained.
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