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Annotation. When creating a microwave technological complex (MWTC) of both unitary and hybrid
types, the initial data for the designer are the data on the parameters of electromagnetic action. It is
advisable to divide these parameters into two groups. The first of them refers to idealized processing
conditions in a hypothetically homogeneous EMF (or, equivalently, EMF for an elementary volume of
the processed material). The second group characterizes the processing parameters in real conditions,
in particular, the heterogeneity of the EMF. The division into these groups is due to a number of reasons
and also has the peculiarity that the first parameters are determined at the stage of pre-project studies,
and the second parameters - at the stage of R&D. It should be emphasized that in most cases the stage
of pre-project studies is carried out by specialists professionally oriented in the field of applications
(biologists, chemists, etc.), while the R&D stage is carried out by radio engineers. This leads to the fact
that the recommended processing conditions at best correspond to the conditions of optimal processing
quality, i.e. they are determined without taking into account the specifics of subsequent implementation.
The energy consumption factor and, especially, the reduced microwave energy costs often remain out
of sight. We will call finding the specified parameters, optimal from the point of view of the “quality -
energy consumption” ratio, determining the microwave processing mode. Examples and possibilities of
effectively finding such modes corresponding to low-intensity MWTC for processing of seeds of agri-
cultural and forest crops, inactivation of microorganisms and microflora, stimulating the development
of bacteria and yeast are considered in this paper.
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Introduction

The field of applications in which the effective use of SHF and EHF electromagnetic en-
ergy is possible is very wide. The intensity of the EMF, the duration of the treatment and its result
— changes in the properties of the material being treated — also vary widely. The following charac-
teristic groups can be distinguished among the described applications [1-4]:

1. The intensity of the EMF is very low and the treatment does not lead to any significant
heating of the material. This group mainly includes various options for the effect of the EMF of
the SHF range on biological objects with the purpose of their stimulation or suppression: pre-
sowing treatment of seeds, stimulation of biochemical processes, therapy, etc.

2. The treatment is carried out by the EMF of the microwave range for a relatively short
period. In these cases, the material is heated, however, due to the short duration of the process; the
effects of heat transfer and, especially, heat exchange with the environment do not play a decisive
role. As a result, the spatial distribution of EMF intensities and temperature fields are close to each
other, which allows us to limit ourselves to EMF analysis, i.e. solving electrodynamic problems.
An example is the stimulation of seeds by microwave EMF, some problems of material disinfec-
tion, etc.
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3. The treatment is carried out by microwave EMF of relatively low intensity over a long
period. A characteristic feature of this group of effects is that heat transfer processes play a signif-
icant role, because of which the spatial dependences of temperature fields and EMF intensities
differ significantly. This requires solving both the corresponding electrodynamic and thermos-
physical problems. The concept of "relatively low intensity" of EMF in this case means that as a
result of heating there is no significant change in the electrical parameters of the material, nor,
moreover, a change in its mass, composition and phase state. Examples of such processes include
most cases of food disinfection.

4. The treatment is carried out by high-intensity EMF over a long period. Because of heat-
ing, the electro-physical parameters of the material change significantly, which leads to a signifi-
cant change in the EMF pattern during the treatment. Typical examples of this group are various
options for using EMF energy for polymerization of plastics, vulcanization of rubber, etc.

5. High-intensity and long-term EMF treatment, leading to a change in the phase state of
the substance. The peculiarity of this group of applications is that when the phase state of most
materials changes, a more significant and abrupt change in the electro-physical parameters occurs
than in the previous case - both specific conductivity and permittivity, and thermal physical pa-
rameters. Examples - defrosting of products, melting of various materials, etc.

6. Long-term high-intensity EMF treatment, leading to a change in the mass and electro-
physical parameters of the substance. A typical example is microwave drying of various materials.
The most important feature of such processes is the fundamental need to take into account the
above changes, both in the analysis of EMF and thermos-physical processes.

The classification of various options for implementing microwave technological processes
(MWTP) based on the use of electromagnetic energy of the SHF and EHF ranges allows us to set
the task of microwave processing modes selection in low-intensity hybrid microwave technologi-
cal complexes (MWTC) based on the criterion of "quality-energy consumption™.

1. Processing mode selection tasks

When creating a microwave processing complex of both unitary and combined types, the
designer uses the data on the electromagnetic impact parameters - V1 as the initial data. As shown
in [1, 2], it is advisable to divide these parameters into two groups - Vinom and Viinhom. The first of
them refers to idealized processing conditions in a hypothetically homogeneous EMF (or, equiva-
lently, EMF for an elementary volume of the processed material). The second group characterizes
the processing parameters under real conditions, in particular, the inhomogeneity of the EMF.

The division into these groups is due to a number of reasons and has the peculiarity that
the parameters Vinom are determined at the stage of pre-design studies and the parameters Viinhom -
at the stage of R&D to create a specific MWTP and MWTC implementing latter. It should be
emphasized that in most cases the pre-project research stage is carried out by specialists profes-
sionally oriented in the field of applications (biologists, chemists, etc.), while the R&D stage is
carried out by radio engineers. This leads to the fact that the recommended processing conditions
(specified by the Vinom parameters) at best correspond to the conditions of optimal processing
quality, i.e. are determined without taking into account the specific features of subsequent imple-
mentation. The energy consumption factor and, especially, the reduced microwave energy con-
sumption often remain out of sight. In accordance with the approach described in [1, 2], a some-
what different task should be solved at the pre-project research stage. Namely, such conditions of
electromagnetic processing Vinom_opt are determined, which correspond to the minimum of the re-
duced costs of electromagnetic energy

W,, — min (@8]
with acceptable quality of processing
Q (Vlhom_opt ) 2 Qacc )

or under the condition
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<eg, (3)

‘Q L\jlhom j -Q (Vlhom_opt )

where Q(V 1hom] the best value of the quality indicator of processing, determined without taking

into account the factor of energy costs.

Finding the specified parameters Vinom_opt, Optimal from the point of view of the ratio "qual-
ity - energy costs"”, will be called determining the microwave processing mode. Examples and
possibilities of effectively finding such modes corresponding to low-intensity MV TP are consid-
ered in the following sections of this paper.

2. Modes of processing seeds of agricultural and forest crops
2.1. Microwave seed treatment

For the first time, the effect of electromagnetic energy of the microwave range was tested
for the purpose of scarification, i.e. for the destruction of the hard shell of the seeds of some crops
[5]. The next step was heating the seeds with EMF, repeating in its objectives a long-known agri-
cultural technique — heating the seeds at a temperature of about 40-45 °C [6-8]. It was soon dis-
covered that the effect of stimulating the sowing properties when exposed to microwave EMF is
more pronounced than when heated by traditional means to the same temperatures [9]. Numerous
studies conducted in this direction have made it possible to reliably assert that as a result of expo-
sure to decimeter wave range (SHF) EMF, at certain field intensities and durations of exposure,
the sowing properties of seeds improve, sprouts develop faster, which ultimately leads to an in-
crease in yield.

Thus, in particular, the increase in barley yield reaches 11.7%, spring wheat — 17%. Similar
results have been achieved for a number of other crops - peas, lentils, onions, beetroot, etc. The
degree of reliability of the scientific results is such that the Ministry of Agriculture of the Russian
Federation has issued a document - "Methodological recommendations for the treatment of seeds
with microwave EMF".

Moreover, pilot plants "Impulse-2" and "Impulse-3" have been created for pre-sowing
treatment of seeds in accordance with these "Methodological recommendations...”" [9]. We will
note one circumstance that is important later: according to the aforementioned recommendations,
the treatment should be carried out with continuous SHF EMF (915 or 2450 MHz). The recom-
mended treatment mode is determined by the field intensity (about 0.1-1 W/cm2) and the duration
of exposure (up to several minutes).

Since the 1970s, the effects of exposure to EMF in the short-wave millimeter wave range
(MMW) (~ 40-60 GHz) have attracted the attention of specialists. It was found that under certain
conditions, pronounced stimulating effects are observed [10-14], including an improvement in the
sowing properties of seeds of various crops. It is important to note that these effects are the result
of exposure to EMF of very low intensity (less than 10 uW/cm?), have a frequency dependence of
a resonant nature and with a "quality factor" of about 102,

Attempts have also been made to identify more subtle effects. Thus, for therapeutic appli-
cations, it is advisable to use frequency-modulated (FM) oscillations. According to [15-17], when
treating seeds with SHF-range EMF, it is preferable to use circularly polarized fields, and with a
certain direction of rotation. Studies of the biological effects of exposure to MMF are successfully
continuing. The latest achievements in this area are devoted to special periodicals - "Millimeter
Waves in Biology and Medicine™ and "Biomedical Technologies and Radioelectronics™.
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2.2. Modes and effects of pre-sowing seed treatment

Let us briefly consider the main results of treating seeds of various crops with SHF and
EHF-ranges of EMF.

The sowing properties of seeds are determined by two characteristics: germination energy
and germination. Germination energy determines the vitality of seeds, their ability to germinate.
Germination characterizes the ability of germinated seeds to further development (formation of a
full-fledged plant). Of course, the yield depends on the sowing properties. In addition, for many
crops, for example, cereals, seeds with a germination rate of (90-95)% make up only (40-45)% of
the total volume. Thus, the seeding rate is constantly overestimated, which leads to high economic
costs. Therefore, stimulation of seeds in order to improve their sowing properties seems very rel-
evant. As noted above, seed treatment with SHF and EHF of EMF has a pronounced stimulating
effect — sowing properties are improved (Fig. 1).

Increase in germination and yield

Sunflower N
Wheat e ———
Beet F
Onion |
0 5 10 15 20 25
M Yield increase, % to control M Increase in germination, % to control

Fig. 1. Increase in germination and yield

The germination energy and germination are affected by the value of the EMF energy (per
unit mass), exposure, heating temperature, and the time of seed storage after exposure before sow-
ing. Fig. 3.2 shows the temperature values at which the sowing properties of seeds are stimulated
or inhibited.

The temperature values at which the sowing
properties of seeds are stimulated or inhibited

0 10 20 30 40 50 60 70
Temperature, C Inhibition of sowing properties

B Temperature, C Stimulation of sowing properties

B Wheat Seed germination, %

Fig. 2. The temperature values at which the sowing properties of seeds are stimulated or inhibited
(conditioned seed germination (13-14)%)
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The stimulating effect of microwave treatment in the microwave range is greatest for sub-
standard, old or dry seeds.

Despite the difference in the required intensity and duration of treatment, there are general
patterns for seeds of different crops [10-14]. The effect depends on the duration and intensity of
treatment.

For seeds of any crops, the relationship between the quality of microwave treatment and
the energy expended has the form of the dependence shown in Fig. 1.

Q A Qmax

RN

N\

-
Lt

Wopt W

Fig. 3. Dependence of the quality of microwave processing on the energy expended in the SHF range

The effect of improving seed properties appears approximately six hours after treatment
and increases with longer storage, reaching a maximum after 20-30 days. Then the effect stabilizes
and lasts for up to two months. Treatment is carried out with parameters corresponding to heating
of seeds to temperatures of about 45-50 °C, i.e. at a high intensity of SHF EMF (about 0.1-1
W/cmz2).

When treating seeds with EHF EMF, the stimulation effect is manifested to at least no
lesser extent. Germination and germination energy increase. In addition, with SHF treatment, the
resistance of seedlings to diseases affecting plants at an early stage of development increases to a
greater extent. A possible explanation for this fact is that, as a result of microwave treatment, seeds
germinate faster than pathogens have time to develop.

As an illustration, Fig. 4 provides comparative data on microwave treatment of wheat seeds
("Moskovskaya-35") in laboratory conditions.
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Fig. 4. Comparative data on microwave treatment of wheat seeds ("Moskovskaya-35")
in laboratory conditions
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Fig. 5, a and Fig. 5, b provides similar data for forest crops, spruce and pine respectively.
The tests were conducted by the Tatar Experimental Forest Station (Kazan, Russia). The germina-
tion and development of spruce and pine crops during the first year were studied.
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Fig. 5. Comparative data on microwave treatment of spruce (a) and pine (b) seeds
(were conducted by the Tatar Experimental Forest Station, Kazan, Russia)

Regardless of the type of crop, EHF seed treatment has a number of common patterns:

- the effect is manifested when treated with EMF with a frequency of about 42 and 53 GHz;

- there is a threshold level of field intensity, above which the stimulation effect is observed.
The value of this threshold is no more than 10 puW/cm2;

- there is a minimum exposure time required to achieve a useful result. This time is practi-
cally independent of the field intensity exceeding the threshold level. Further increase in the pro-
cessing time in some cases can lead to the opposite effect - deterioration of seed properties;
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- the effect of exposure to EHF EMF is manifested almost immediately (i.e. long-term
storage of seeds is not required) and persists for a fairly long time (at least a month).

2.3. Ways to reduce energy costs during microwave treatment of seeds

According to the literature [1, 2], including recommendations, when processing with SHF,
it is necessary to ensure that the seeds are heated to temperatures of about 45-55 °C. This means
that the required energy costs are about 60 J/cm®. When processing with EHF, the energy costs are
significantly lower and are about 6x10-2 J/cm? (i.e. about 4 orders of magnitude less) with a pro-
cessing time of 20 minutes. The purpose of choosing the most effective mode is to reduction of
energy consumption compared to the specified values. The studies conducted by the authors show
the presence of significant reserves for savings.

Processing of seeds in the microwave range (SHF).

The studies conducted by the authors revealed the following reserves. Firstly, it was estab-
lished that a noticeable stimulation effect occurs at significantly lower field intensities and duration
of exposure, compared to the recommended values [10-14].

For example, when studying the effects of stimulation of wheat seeds "Moskovskaya-55"
it was found that at a field intensity of (1-10) W/cm?3, the duration of treatment is (10-30) seconds.
This means that the specific costs of electromagnetic energy may not exceed a value of about 10-
20 J/cm?3. Secondly, it has been established that with equal specific absorbed energy, the time mode
plays a significant role, in particular, the presence of low-frequency modulation (with frequencies
of no more than 0.1 Hz). As an illustration, Fig. 6 provides data from laboratory studies of stimu-
lation of Moskovskaya-35 wheat seeds in the microwave range. In both cases, the absorbed energy
values are the same. Mode RD 01/2 - seed treatment in a quasi-pulse mode with a duty cycle of 10
for 2 minutes, RD 02/1 - with a duty cycle of 5 for 1 minute.

Sowing properties
93
92
91
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89
88
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85
RD 01/2 RD 02/1

B Germination energy, % Germination, %

Fig. 6. Data from laboratory studies of stimulation of Moskovskaya-35 wheat seeds
in the microwave range (SHF)

Seed treatment in the microwave range (EHF).

According to the accepted concept [10-14], EHF EMF affect biological objects, influencing
their vital functions (presumably information exchange) at the cellular level and thus influencing
regulatory functions at this level. The effects of exposure appear at certain frequency values, have
a resonant nature and are characterized by threshold intensity values, at which the effect begins to

35



OJIEKTPOHUKA | Onextponuka, poToHuKa U kKnbepduzudeckue cucrtemsl. 2025. T.5. Ne2

manifest itself in an abrupt manner. In addition, the quantitatively useful effect depends on the
duration of exposure, which is usually tens of minutes. The possibilities of reducing the energy
costs during processing in the EHF range are determined by the choice of:

- exposure frequency (from the point of view of reduced energy costs, it is desirable that
with equal manifestations of the useful effect this frequency has the lowest value);

- clarification of the threshold level of exposure (assessment of its real value, and not a
deliberately overestimated one) for a given variety of seeds, class, etc.;

- specifying the minimum required processing time based on the relationship between the
effect achieved and energy consumption;

- selecting the type, modulation parameters and, possibly, the polarization characteristics
of the EMF.

Due to the current lack of a constructive understanding of the essence of EMF seed stimu-
lation, the only way to find an effective and economical mode is a very labor-intensive experiment.
Work on this plan is at the beginning of the path, it is premature to draw final conclusions. How-
ever, the results obtained to date indicate the presence of significant reserves for reducing the
energy costs. Let us briefly present some of these results.

Exposure duration. Fig. 7 presents the data of laboratory studies on the stimulation of
sowing properties of Moskovskaya-35 wheat seeds by EMF with a frequency of 42.25 GHz. It is
clearly seen that an increase in the processing time has virtually no effect on the stimulation effect.
Further studies have shown that the processing time of 30 minutes is also too high and can be
reduced without significant damage.
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Fig. 7. Data of laboratory studies on the stimulation of sowing properties of Moskovskaya-35 wheat seeds
by EMF with a frequency of 42.25 GHz

Intensity of EMF. According to preliminary data [15-17], the threshold level is ~ 50
uW/cm2. In reality, this level may be significantly lower than 10 pW/cm2. As an illustration of
this fact, Table 1 provides data from one of the series of laboratory studies of pine and spruce seed
stimulation in the EHF range at different EMF intensities (frequency of about 42 GHz).
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Table 1. Data from one of the series of laboratory studies of pine and spruce seed stimulation (EMF)

Culture | Intensity, uW/cm? | Germination energy, % Germination rate, %
20 85 94,2
Spruce 5 89,2 96,7
Control 90 97,5
20 81,7 86,7
Pine 5 80 82,5
Control 78,3 80

Frequency of electromagnetic oscillations. The problem of choosing the best frequency
value (taking into account the resonant nature of the effects and the presence of a number of reso-
nant frequencies) has not yet been studied to a sufficient degree. Only the existence of useful
effects for two frequency bands, respectively, about 42.25 and 53.57 GHz, has been reliably es-
tablished. A comparison of the processing effects at the specified frequencies showed that the
stimulation effect occurs for both frequencies, and the results correspond somewhat better to the
oscillation frequency of 42.25 GHz (Table 1). This circumstance is important, both due to the value
of due the achieved effect, and also due to the fact that the value of the reduced energy consumption
for processing EMF in the 42 GHz range is 10-20% less than for fields in the 53 GHz range (at
least due to the use of waveguides with a larger cross-section).

Processing EMF in the centimeter wave range (CMW).

Most of the studies [5-17] studied the effects of either decimeter wave range (DMW, SHF)
(915 or 2450 MHz) or milimeter wave range (MMW, EHF) (42 or 53 GHz) EMF. The effects of
CMW EMF (10-29 GHz) are almost not covered in the literature. Nevertheless, the available data
indicate the presence of stimulating effects when using CMW EMF. Table 2 presents comparative
data on the sowing properties of spruce seeds when processing them with fields of different ranges,
including CMW.

Table 2. Comparative data on the sowing properties of spruce seeds in different ranges

Frequency range Germination energy, % Laboratory germination, %
DMW 94,2 94,2
SMwW 95,8 96,7
MMW 96,7 97,5
Control 93,3 85

The data given in Table 2 for SHF and EHF correspond to the intensities and durations of
processing described above. When processing SMW EMF (f ~ 20 GHz), the duration of processing
also corresponded in order of magnitude to the case of EHF range stimulation, the field intensity
was somewhat higher, but of the same order. The data provided are preliminary and do not yet
allow us to give substantiated recommendations. However, they are of considerable interest from
the point of view of the concept of minimum reduced energy costs. Indeed, even if we allow for
the required increase in energy costs compared to MMW processing by 2...3 times, the cost of
processing with MMW fields looks promising, since the cost of 1 J of SMW energy is at least 4
times less compared to the value for frequencies of the order of 40-50 GHz. However, a final
conclusion can only be made after completion of detailed experimental studies.
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Combined multi-frequency processing.

There is a (though limited) number of studies that demonstrate the effectiveness of using
multi-frequency treatment for seed stimulation. The combined use of SMW and DMW EMFs was
studied at [18-20], and DMW and MMW fields were studied at KNRTU-KAI. According to these
studies, combined multi-frequency seed treatment can lead to additional improvement of seed
properties. As an illustration, Table 3 shows the results of spruce seed stimulation using fields of
only the EHF range and with the combined use of SHF and EHF radiation.

Table 3. The results of spruce seed stimulation using fields of only the EHF range
and with the combined use of SHF and EHF radiation

Mode Germination energy, % Laboratory germination, %
SHF 73,3 75,8
EH®O—SHF 76,7 81,7
Control 71,7 74,2

These results, despite their preliminary nature, are also of some interest from the point of
view of reducing the reduced energy costs. Firstly, since the best of the achieved results exceeds
the value obtained with separate action, dual-frequency seed treatment may be more effective in
terms of the ratio between the reduced energy costs and quality. Secondly, the possibility of achiev-
ing a better result gives grounds to expect that a result similar to the case of single-frequency
treatment may be achieved with lower total reduced energy costs.

3. Microwave Treatment Mode for Microflora Inactivation
3.1. Tasks of Inactivation of Biological Objects

Historically, the use of electromagnetic energy for the purpose of destroying microflora
was one of the first directions in the development of microwave technologies MWT [2]. Later, a
significant number of studies were carried out that led to the development of methods (and in some
cases equipment) for pasteurization of food products, sterilization of instruments and materials,
disinfection of greenhouse soils, destruction of seeds and sprouts of weeds, and a number of others
[3]. There is a vast literature devoted to the solution of the above problems, the presentation of
which goes far beyond the scope of this section. The goals and objectives in this case are to show
the presence of significant reserves for reducing the costs of electromagnetic energy in a number
of tasks of inactivation of microorganisms, disinfestation, etc.

At first glance, the mechanism of inactivation seems quite clear: under the influence of
EMF the product is heated. Microorganisms and (or) their spores, insects and (or) their eggs, seeds,
etc. contained in it die at a sufficiently high ambient temperature and duration of heating. Typical
values of the above temperatures are within 80-120 °C, the duration of heating, depending on the
specific type of objects, can be from several seconds to several tens of minutes. The reader can
find more detailed data on the values of the above quantities in specialized literature, including the
one already cited [21, 22]. The possibilities of reducing electromagnetic energy consumption in
inactivation tasks are determined by a number of circumstances. Some of them seem clear enough,
at least from a fundamental point of view, while others require careful study, and the main tool for
them can only be an experiment. Thus, according to the concept of a given heating, with a known
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range of values of the electrophysical parameters of the material, the required temperature and
duration of heating and at this temperature, the task of optimally selecting the frequency range,
EMF intensity and duration of exposure, ensuring minimum energy expenditure, can be set. This
path, in principle, is no different from that used in other problems of heating SHF EMF; directions
for solving such problems are discussed in a number of works, for example, [15-22].

There are also a number of less studied possibilities based on more subtle effects of a phys-
ical and biological nature. We will note the most interesting of them, in our opinion:

- the fact of selective heating. Biological objects and the product in which they are located
have different electrophysical parameters, and in many cases biological objects have the property
of greater specific absorption. As a result, when exposed to EMF, they heat up faster than the
product surrounding them, and inactivation occurs with less heating of the product itself;

- the question of the optimal relationship between the heating temperature and the duration
of exposure is not obvious. The latter becomes especially important, since the rate of change of
temperature of the environment around them affects the disruption of vital functions of a fairly
wide range of biological objects;

- from known works, for example, [21], it follows that in a number of cases the inactivation
of microorganisms occurs more effectively (and what is important, with less heating of the product
itself) when using pulsed EMFs;

- finally, there are preliminary data indicating the presence of resonance effects of inhibi-
tion under low-intensity effects of EMFs in the EHF range.

The listed circumstances give grounds to expect the possibility of a significant reduction
in the reduced energy costs in problems of inactivation of biological objects of various natures. In
the following sections, some of these possibilities are considered in relation to a number of specific
problems.

3.2. Microwave processing modes for inactivation of microorganisms and microflora

One of the hygienic factors determining the suitability of food products is their safety in
terms of epidemics, which is assessed by such indicators as: quantity, viability, ability to further
develop and reproduce microflora and microorganisms that cause diseases. For the experiments,
E. coli and saprophytic organisms of drinking water and Salmonella cultures were selected.

The tasks of destroying harmful microflora are also of great importance for agriculture. In
particular, disinfection of greenhouse soils is a serious problem. A common practice is thermal
treatment of natural soils before sowing (with superheated steam, for several hours). The artificial
soils that are becoming widespread are practically not amenable to disinfection and are subject to
complete replacement after a certain service life. Finally, helminthiasis, which causes serious
losses, mainly in young animals, and significantly reduces the productivity of the herd, is a serious
problem for poultry farming and livestock farming. Finally, there is another area of management
where microflora inactivation is of primary importance - the tasks of disinfecting drinking water,
equipment and filters for drinking water supply systems. In particular, when using filters to purify
water, it stagnates and becomes contaminated with organisms. Traditional methods of influencing
these biological objects are energy-intensive and not always effective. In crop production, agro-
chemical methods using chemicals lead to soil depletion and a decrease in the efficiency of their
use, including due to the loss of the ecological purity of the products. Thermal heating for the
purpose of inactivating microorganisms and microflora is either energy-consuming (water, pre-
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serving poultry and meat products) or is very difficult due to the low humidity and thermal con-
ductivity of the processed media. Therefore, the development of highly effective microwave meth-
ods for inactivating microflora and microorganisms, disinfecting water and soil is very important
[23-26]. Approaches to selecting effective microwave processing modes for the above purposes
are described below.

Microwave processing of Salmonella cultures.

To study the modes, samples of two cultures were selected: Salmonella gallinarium (SG),
Salmonella cholerae suis (SCS). Their choice was due to their good resistance to life in the external
environment, the ability to survive for a long time in soil, manure, water and food products. It is
believed that boiling kills Salmonella instantly, at a temperature of 80 °C they are preserved for
up to 15 minutes. Samples placed in test tubes or Petri dishes were exposed to EMF at different
values of the average radiated power (continuous and intermittent generation modes, frequency -
2450 MHz, maximum). The results of processing Salmonella cultures in epidemic terms were
assessed as a percentage of suppressed samples to processed ones depending on the duration of
processing. Typical results are shown in Fig. 8.
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Fig. 8. The results of SCS (a) and SG (b) processing

It is clearly seen that o at a power flux density of PO ~ 0.5 W/cm? there is a minimum treatment
time at which 100% suppression of microflora occurs. Comparison of the specified data for differ-
ent values of EMF intensity allows choosing the option that corresponds to both complete inacti-
vation and the minimum level of energy consumption.

Microwave inactivation of helminths of chickens and pigs.

To determine the modes of treatment of helminths of chickens and pigs, samples of their
roundworms were taken. The samples were exposed to microwave EMF at different power and
duration of treatment. The safety of helminths in terms of epidemics was assessed by their viability
after placement in a thermostat at a temperature of 37.8 °C. The presence of movement of round-
worms, the state of their cuticles and nematodes, the presence of elements of their decomposition

in the solution were assessed. Typical results of treatment (f = 2450 MHz, T10 ~ 1 W/cm2) are
shown in Fig. 9.
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Fig. 9. The results of chickens and pigs helminths processing in test tubes (a) and Petri dishes (b)

Further studies were conducted for helminths in wastewater. Faeces were taken from pigs
spontaneously infected with ascariasis and other intestinal nematodes. A series of experiments
were conducted for natural, semi-dry and liquid feces, for which samples were prepared according
to the method used earlier. The viability of pig ascarid larvae was determined after treatment with
microwave EMF at different exposure and power flux density. Typical results of the experiments
are shown in Fig. 10.
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Fig. 10. Helminth survival results after treatment
of various types of feces

Fig. 11. The results of SHF treatment compared to
the control group for the specified soils

As in the case of Salmonella inactivation, the possibility of choosing a treatment mode with
minimal energy consumption is clearly visible from the data provided, for example, Fig. 8.

Microwave treatment of secondary soils.

To study the modes of processing secondary soils, peat-humus mixture, zeolite soil and min-
eral wool were selected as the most widely used in greenhouses. The samples were exposed to
microwave EMF at different power flux densities and treatment durations. Microflora inactivation
was assessed by its viability, determined by standard methods. Fig. 11 shows the results of micro-
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wave EMF treatment compared to the control group for the specified soils. The results of micro-
biological examination of soil samples before and after microwave treatment show a pronounced
effect of microwave radiation on bacterial and fungal microflora. It follows from the experimental
data that when exposed to 2450 MHz EMF, soil treatment for a duration of 2-2.5 minutes at Po ~
1 W/cm? should be considered minimally sufficient. Note that this irradiation frequency is deter-
mined based on the condition that microflora and microorganisms are located at a depth of 5-10
cm from the surface.

Study of drinking water treatment modes.

To study the microwave treatment modes of drinking water, samples of water itself (No. 1-5)
and solid particles of its sediments (No. 1-6) were selected. Samples (No. 1-4) of both sample sets
were exposed to the microwave range under various treatment modes (frequency 2450 MHz),
samples No. 5 of water and No. 5-6 of solid particles control without irradiation. Safety in terms
of epidemics was assessed in bacterial cultures of the lactose-positive Escherichia coli group and
the total number of saprophytic microorganisms. The results of the bacteriological and mycologi-
cal examination are shown in Fig. 12.
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Fig. 12. Results of the bacteriological and mycological examination of particle matters (a)
and water (b)

The growth of rods and fungal microflora was assessed in points based on their quantity in a
milliliter of the medium. For water treatment, the duration of EMF treatment varied within 1-5
minutes (groups No. 1-4, respectively). For solid sediment treatment, it varied within 1-2.5 minutes
(groups No. 1-4). Control group No. 5 consisted of solid sediment, control group No. 6 consisted
of sludge from water purification filter settling tanks. The results of microbiological examination
of water samples and solid particles before and after irradiation revealed a pronounced bactericidal
effect of microwave radiation on bacterial and fungal microflora. The minimum sufficient treat-
ment of water and its sediment with microwave EMF for 2-2.5 minutes at a radiation power flux
density of 5 W/cm? should be considered.

The data presented, firstly, show the possibility of effective suppression of microflora and
other harmful organisms, including in areas unconventional for MWT. Secondly, they suggest the
possibility of consciously choosing economical processing modes, including ways of determining
the processing mode. The possibilities for reducing the given energy costs, however, cannot be
considered exhausted. Undoubtedly, the already mentioned methods are promising in these tasks
— the use of pulsed EMF with an optimal choice of the average power flux density and duty cycle,
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as well as, possibly, specific effects of exposure to low-intensity EMF of the SHF range of certain
frequencies.

4. Modes for stimulating the development of bacteria and yeast processing

One of the promising areas of application of microwave processing methods is the stimulation
of various microorganisms. The possibility of implementing such processes was first described in
the monograph by N. D. Devyatkov [10]. The indicated work and subsequent publications present
the results of studies conducted on microbes belonging to various taxonomic groups. This section
presents data on the stimulation of the SHF range for two different classes: prokaryotes Bacillus
subtilis (B. sub.) and yeast Saccharomyces cerevisiae (S. cer.), which are of great practical im-
portance [27-28]. Bacteria B. sub. are the basis of a biological preparation for plant protection.
Yeast S. cer. are used in the baking industry. Therefore, stimulation of growth and an increase in
the biological activity of the studied microorganism cultures is an urgent task. The studies con-
ducted confirm the presence of a stimulating effect of SHF range treatment on these microorgan-
isms, as well as the resonance nature of the effects. Fig. 13,a shows the dependence of the biomass
concentration on the irradiation frequency for B. sub bacteria.
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Fig. 13. The dependence of the biomass concentration on the irradiation frequency
for B. sub bacteria (a) and of S. cer yeast (b)

As can be seen from the data provided, the change in biomass concentration depending on the
irradiation frequency with all other constant parameters remaining constant also has a resonant
nature. There is a processing frequency value (53.77 GHz) at which the biomass concentration
value (130% of the control) is maximum. With an increase in the exposure frequency relative to
the optimal value, the value of the extremes decreases and at values above 54.57 GHz the stimu-
lation effect is practically not observed, approaching the control value. A decrease in the exposure
frequency relative to the optimal value even leads to a decrease in the biomass concentration com-
pared to the control.

Fig. 13,b shows a similar dependence — a graph of the change in the biomass concentration
of S. cer yeast depending on the irradiation frequency with all other parameters remaining constant.
This dependence also has a resonant nature, although less pronounced, compared to B. Sub. In this
case, the maximum biomass increase, amounting to 36% in relation to the control, corresponds to
a frequency of 54.17 GHz.
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When the frequency increases above 54.57 GHz, there is practically no increase, and at
frequency values from 53.77 to 53.07 GHz, a negative effect is observed - a decrease in biomass
(Fig. 3.11).

Possible changes in the main technological parameters of the cultures of the studied micro-
organisms under the influence of EMR were also analyzed. One of the most important physiolog-
ical characteristics of microorganism growth is the biomass yield from the consumed substrate.
Sugars contained in the nutrient medium are used as a substrate for the growth of B. subtilis.
Changes in the composition of the culture liquid during cultivation are presented in Table 4.

Table 4. Changes in the composition of the culture liquid during cultivation

Frequency Number of reducing substances, % Protein content, mg/ml
Nutrient medium 0.504+0,001 13.7+0.05
53.67 GHz 0.256+0,0012 22.4+0,012
53.77 GHz 0.247+0,001 39.9+0.04
Control 0.288+0,001 23.4+0.03

Samples irradiated with fields of stimulating (53.77 GHz) and inhibiting (53.67 GHz) fre-
quencies were analyzed. During cultivation, the amount of reducing substances in the nutrient
medium decreased for all the samples studied. This is due to the consumption of sugars during
culture growth. However, the efficiency of using sugars for growth, defined as the yield on the
substrate, is higher for the culture irradiated with the stimulating frequency. The culture of B.
subtilis bacteria is used in agriculture to protect plants. One of the mechanisms of the biocidal
action of these bacteria is associated with the release of substances of a polypeptide nature. Anal-
ysis of changes in the protein content in the composition of the culture liquid (Table 4) shows that
during growth its content increases in all the samples studied.

However, when exposed to the stimulating frequency (53.77 GHz), protein excretion signifi-
cantly exceeds the control value, and when exposed to the inhibitory frequency (53.67 GHz), the
protein concentration is below the control. The yeast culture we studied is of great industrial im-
portance, so it is of interest to consider the effect of SHF EMF on the main technological indica-
tors. The ability of yeast to ferment glucose and fructose is determined by the magnitude of the
lifting force and zymase activity. Experiments to determine these indicators were conducted using
a culture irradiated with an EMF with an optimal frequency (54.17 GHz), and on a control sample,
that is, on yeast not exposed to EMF. The lifting force of the experimental yeast increased almost
twice as much as the control. It should be noted that the lifting force determines the activity of the
enzymatic systems of not only yeast, but also the flour used in these analyses. Therefore, there was
an objective need to conduct experiments to determine the enzymatic activity of the yeast itself.
For this purpose, experiments were conducted to determine the zymase and maltase activities of
yeast. These indicators characterize the level of consumption of sugars - glucose and maltose from
the nutrient medium and characterize the overall activity of the enzymatic systems responsible for
the utilization of glucose and maltose. The results showed (Table 5) that there is an increase in
zymase activity by 37%, and maltase by 35% in relation to the corresponding indicators of the
control yeast.
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Table 5. Results of yeast processing

Technological indicators Frequency 54.17 GHz Control

i i 10,5 21
Lifting force, min.
7 12
Osmosensitivity, min 7 7
Winter activity, min 60 45
Maltase activity, ml per 1 4
hour 5 3,75

The ability of yeast to ferment sugars in a medium with an increased salt content is determined
by the osmosensitivity index. The results of determining the experimental and control samples do
not differ. Thus, the influence of the EMF of the SHF range on this indicator is not observed.

To summarize, it should be noted that the effect of the EMF of the SHF range on different
types of microorganisms is in many ways similar. In particular, the resonant nature of the effect is
preserved for both cultures. The choice of the optimal processing mode includes, first of all, de-
termining the frequency values at which the stimulation effect is manifested to the greatest extent.
Secondly, the choice of the most effective processing mode should include determining the mini-
mum required EMF intensity and the duration of the treatment.

Conclusion

This article is published on the eve of the 85th anniversary of the founder of the Kazan
Scientific School of Microwave Technologies, Professor G.A. Morozov.

The works of the school, created in the 80s, can be traced today by the works of 2000-2025
years listed in the references. \

In conclusion, the authors would like to present a number of MWTCs created using ap-
proaches based on optimizing the “quality - energy consumption” ratio, which are most obviously
implemented in hybrid variants based on the use of decimeter and millimeter range waves for seed
treatment.

Dual-range microwave unit for pre-sowing seed treatment «SSHYTYM»

Dual-range MWTC (Fig. 14) for pre-sowing seed treatment «SHYTYM» operates in two
ranges: SHF and EHF.

The microwave installation provides:

- irradiation of seeds with electromagnetic SHF and EHF fields with regulation of the irra-
diation intensity;

- time sampling of the effect of microwave energy in accordance with the processing pro-
gram;

- a sufficiently high uniformity of seed processing for all parameters of the intensity, time
sampling and spectrum.

For loading and unloading the drum on its side surface there is a hatch with a throttle valve.
On the inner side surface of the drum at an angle to the generators, dielectric ribs are installed. To
ensure uniform processing in a non-uniform field, the mass of seeds randomly moves in the work-
ing chamber. The rotation speed of the drum is selected from the condition of ensuring a suspended
state of the seed cloud. This is achieved at rotation speed at which centrifugal forces and gravity
are balanced. After receiving a suspended cloud of seeds [after 3-4 turns] the processing program
begins to be executed. In the MWTC «SHYTYM» two different sources of electromagnetic field
are used:
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Fig. 14. Dual-range MWTC for pre-sowing seed treatment «SHYTYMp»:

a generalized scheme (A); microwave unit photo (B); sprouted seedlings of winter wheat Kazan-560 —
weak in the control band without treatment on the left and strong in the band with treatment on the right
(C); ears of winter wheat Kazan-560 — empty, lodging in the control band without treatment (D) and
filled, stable in the band with treatment (E)

SHF range: frequency 2450 MHz, productivity 24 kg/hour; power consumption no more
than 0.3 kW/hour;

EHF range: frequencies (30...80) GHz, productivity 10 kg/hour, power consumption no
more than 0.05 kW/hour.

Pre-sowing treatment of agricultural crop seeds with electromagnetic fields of the SHF and
EHF ranges improves their sowing qualities, germination energy, stability to lodging, resistance
to infectious diseases, which leads to increased yields.

MWTC MSP «Microwave Seed Processory is the analogue of MWTC «SHYTYM» with
a maximally integral body made of composite material, protecting the operator from microwave
leaks (Fig. 15).

Fig. 15. Dual-range MWTC for pre-sowing seed treatment «MSP»
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Small-sized Dual-range for pre-sowing seed treatment MWTC «ROSTOK»

A prototype of a small-sized MWTC «ROSTOK» for final drying and pre-sowing treat-
ment of seeds of agricultural crops was developed. The MWTC is intended for laboratory testing
of seed sowing properties (in the field) and for individuals.

The MWTC «ROSTOK» microwave installation is based on the household microwave
oven «Elektronika» (manufactured by POZIS, Zelenodolsk) and the medical serial installation
«Yav-7», (optionally «Yav-5»). Accordingly, two generators are used: a SHF magnetron M-136
(2450 MHz) and a generator on an LPD (1-42 or 53 GHz), and allows for software control of seed
processing taking into account their initial state (temperature, humidity).

Fig. 16. Small-sized dual-range MWTC for pre-sowing seed treatment «KROSTOK»

For this type of MWTC total power consumption is no more than 4 kW, load of dry seeds
is no less than, 2 kg, productivity in the «drying» mode — no less than 20 kg-hour, productivity in
the «stimulationy - not less than 18 kg-hour in SHF range and 6 kg-hour in EHF ones.

The frequencies and processing modes for the MWTC «ROSTOK>» were selected based on
the results of studies conducted by the authors. The efficiency of the thermal and information
impact of electromagnetic fields was tested in laboratory tests at KNRTU-KAI for seeds of agri-
cultural crops (rye, wheat, carrots, corn), as well as for pine and spruce seeds. Field tests were
carried out in the forestry enterprise «<PRIGORODNY ».

Single-range MWTC "ROSTOK-3""

Single-range MWTC "ROSTOK-3" is intended for farms and individual households (Fig.
17) and operates in EHF range.

Fig. 17. Single-range microwave installation "ROSTOK-3"
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Technical specifications:

- EHF range, frequencies (30...70) GHz

- productivity 8 kg/hour

- power consumption, no more than 0.03 kW/hour.
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BbBIBOP PEXKMMOB OBPABOTKH B HU3KOMHTEHCHUBHbBIX
I'MBPUHBIX CBU-TEXHOJIOI'HYECKHUX KOMIIVIEKCAX I10
KPUTEPUIO «kKKAYECTBO-9HEPI'OIIOTPEBJIEHHUE)

I'.A. Mopo3zoes, IO.E. Cedenvnuxos, B.U. Angpunozenmos,
H.E. Cmaxoea, O.I'. Mopo3oe

Kazanckuii HalMOHAJIBHBIA MCCIIEI0BATEILCKUN TEXHUUECKUN YHUBEPCUTET
um. A .H. Tynonesa-KAU
420111, r. Kazans, yn. K. Mapkca, 10

Annorauus. [Ipu coznannu CBU-texnonorudeckoro kommiekca (CBUTK) kak yHutapHOro, Tak u
THOPUIHOTO THUIIOB, HCXOAHBIMU JTAHHBIMH AJIS IPOSKTHUPOBIIHKA SBILIIOTCA AaHHBIC O MapaMeTpax
ANIEKTPOMArHUTHOrO Bo3xeiicTBus. llenecooOpa3Ho pa3penuTh 3TH MapamMeTpbl Ha JABE TPYIIIBL
IlepBasgs u3 HUX OTHOCHTCA K WICATU3UPOBAHHBIM YCJIOBHSIM OOpabOTKM B THIOTETHYECKH
omHopogHoM OMII (wimm, yto To ke camoe DMII smemeHTapHOTO 00BEMa 00padaTHIBAEMOTO
Mmarepuana). Bropas rpynma xapaktepusyeT mapaMeTpsl 00pabOTKM B pEalbHBIX YCIOBHSX, B
4acTHOCTH, HeoxHopoaHocTh DOMII. Paznenenue Ha 3TH Tpynmbl 0OYCIIOBICHO PSAOM NPHYHH, a
TaKke UMEET Ty OCOOCHHOCTb, UTO TEPBBIC MapaMeTpPhl ONPEIEISIOTCS Ha 3Tane HpeanpOeKTHBIX
uccleoBaHni, a BTopeie — Ha atanie HUOKP. Crnenyet momgdepkHyTh, 9TO B OONBIIMHCTBE CIydacB
3Tall  MPEANPOEKTHBIX  WCCICJOBAHMKM  BBINOJNHSIOT  CHELMANKMCTBI,  MPO(ECCHOHATBHO
OpPHEHTHPOBAaHHbIE B 00JIACTH NPUIOKEHUH (OMOIOrH, XMMUKH U T.A.), Torna kak atan HUOKP —
paaroMHKEHEPBl. DTO NPUBOAUT K TOMY, YTO PEKOMEH/1yeMbIe YCIIOBHsI 00pabOTKH B JIy4LIEM cllydae
COOTBETCTBYIOT YCJIOBHSIM ONTHMAJIBHOTO KadyecTBa OOpa0OTKH, T.e. ONpeessioTcss 0e3 ydera
cnenuukyd mocnenyrome peanusanud. Ko3dduuueHT 3HepromoTpeOiIeHUs U, OCOOCHHO,
npuBeieHHbIe 3aTpaThl CBY-3HEpruM 4acTo OCTaloTCs BHE MOJS 3peHHs. HaxoxaeHue yka3zaHHBIX
MapaMeTpoB, ONTHMAIBHBIX C TOYKH 3PEHHsT COOTHOLICHHS «Ka4eCTBO-3HEpPronorpediaeHney, Oynet
3aJI0)KEHO B OCHOBY ompeznencHus pexxknma CBU-o0paborku. B maHHO# paboTe paccMOTpeHBI
IpUMEpPHl W BO3MOXHOCTH 3((EeKTHBHOrO TIOMCKAa PEXHMOB, COOTBETCTBYIONIIMX HHU3KO-
uHTeHcuBHOMY CBUY-BozneicTBuio it 00pabOTKHM CEMSH CEIbCKOXO3SIMCTBEHHBIX W JIECHBIX
KyJIbTyp, WHAaKTUBALMKM MHKPOOPTaHU3MOB M MHUKPO(MIOpHI, CTUMYJSIIMM Pa3BUTHA OakTepuil n
JIPOAOKEH.

KiroueBble c10Ba: HU3KOMHTEHCUBHBIN rHOpHAHbI CBU-TeXHOIOTHYECKUI KOMITIEKC, PEXUMBI
CBUY-00paboTkH, HIeaTU3UpOBAHHBIE YCIOBUS 00paOOTKH, peaybHBIC YCIOBHS, ONTHMAaIbHOE
Ka4uecTBO 00pabOTKH, COOTHOILIEHUE «KAYECTBO — IHEPro3aTpaThl».
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