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Abstract. The aim of the study is to determine the influence of the thermal effect on dielectric losses in grain mass
subject to bruising during drying and storage on the example of wheat across a wide external electric field frequency
range. The study of the electrophysical characteristics of a dispersed medium comprising mechanically activated wheat
grains takes into account the effect of the degree of breakage on the dielectric parameters of the studied medium. The
studies were carried out on experimental samples having different degrees of mechanical activation of patrticles, which
ranged in size from from 50 to 1000 pym. Variations in the dielectric loss tangent were studied using the dielectric method
across a wide temperature-frequency range. Studies of variations in dielectric properties were carried out for wheat sam-
ples subjected to grinding according to the mechanical activation method at temperatures varying from 20°C to 255°C
with a constant heating rate of 0.7 deg / min. During the course of the experiment, the frequency of the external electric
field was varied from 25 Hz to 1-10° Hz. Dielectric constant and dielectric loss tangent calculations were carried out using
data on electrical capacity and conductivity obtained using an E7-20 immittance meter and a measuring cell in the form
of a flat capacitor. An analysis of variations in these dielectric characteristics was also performed. The obtained stable
correlation of the dielectric loss tangent with the frequency of external electric impact and the degree of heating of the
samples was most pronounced for finely dispersed samples (particle size 50 ym). Variations in dielectric characteristics
are most significant when the frequency decreases to 100 Hz and below. The study of variations in the main dielectric
parameters can be used to prevent self-heating and ignition of the grain mass during storage, as well as for selecting the
most efficient energy-saving drying mode.
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Pe3stome. Llenb — usyyeHne BNUSHUSA TEPMUYECKOrO BO3LENCTBUSA HA AMINEKTPUYECKE NOTepU B 3epHOBOI Macce,
NOABEPXKEHHON TPABMUPOBAHWIO NPU CYLUKE U XPAHEHWWN HA MPUMMEPE MLUEHMLbI B LUMPOKOM ManasoHe 4acToT BHELIHe-
ro 3NeKTPUYECcKOro Mons; usyyeHue 3nekTpoU3NYECKUX XapaKTepUCTUK AMCNEepCHON cpefbl, COCTOsALeH U3 noaBse p-
XEHHBIX MEXAHOAKTUBALMM 3€PEH MLIEHULBI, C YYETOM BIIMSHUS CTENEHU U3MENbYEHUS HA AM3NEKTPUYECKNEe NoKkasaTe-
nu uccnegyemon cpepbl. MiccnegoBaHust NpoBEAeHbl ANst 3KCMEPUMEHTalbHLIX 06pa3LoB C pa3HOM CTEMEHLID MEXaH O-
aktueaumm vactuy, — ot 50 go 1000 pm. AManekTpuyeckuin MeToa, NPUMEHSIEMbIN B LUIMPOKOM TEMNEPATYPHO-4aCTOTHOM
Anana3oHe, NO3BONUI U3YYNTb BapuaLumu TaHreHca yria AuanekTpUuYecknx notepb Ans pasnuyHbiX yenoswuii. Mccnego-
BaHWsl Bapuauun AU3NeKTPUYECKMX CBONCTB NpoBeAeHbl Ans 06pa3LoB nileHuULbl, NoABePKEeHHbIX U3MENbYEHNIO MET O-
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[OM MexaHoakTuBaLum npu Bapuauum Temnepatypebl oT 20°C o 255°C ¢ NOCTOSHHOW CKOPOCTLIO HarpeBa, COCTaBns-
towen 0,7 rpag/MuH. YacToTa BHELLHErNO SMIEKTPUYECKOro MOMsi MPU NPOBEAEHUN 3KCMEPUMEHTa BapbupoBanach oT 25
My oo 1-10° l'u. Mpn nomown nameputens ummutanca E7-20 n nameputenbHON S4EkK B BUAE NNOCKOrO KOHAEeHcaTopa
MonyyYyeHbl AaHHbIe MO 3NEKTPUYECKOW eMKOCTW, NPOBOAMMOCTY; CAENaHbl pacyeTbl AUINEKTPUYECKON NPOHULLAEMOCTH U
TaHreHca yrna guanekTpuyeckux notepb. [poBeAeH aHanu3 Bapuauuid aHHbIX M3NEKTPUYECKUX Xxapaktepuctuk. OT-
MEYEHO Hanuune yCTOMYMBON KOPPENSALWUM TaHTeHeca yrna AU3NEeKTPUYECKUX NoTePb C YaCTOTOW BHELIHEro 3neKkTpuye-
CKOTO BO3LEMCTBUS U CTEMEHbID HarpeBa obpasuoB, Hanbonee SPKO BbIPAXEHHOW ANs MENKOAWCNepCHbIX 0bpasLos
(pasmep yactuy 50 mMkm). Bapuauum guanekTpuyecknx xapakTepuctuk Hauwbonee 3HauMmbl MPU YMEHbLIEHUM YacTOThI
8o 100 'y n Huxe. W3yyeHne Bapuauuin OCHOBHbIX AW3NEKTPUYECKMX napaMeTpoB [aeT BO3MOXHOCTb NpeaynpeanTb
CamMOCOrpeBaHWe 1 BO3ropaHue 3epHOBOI Macchl B MPOLEcce XxpaHeHust u BoibpaTb Hambonee ahPEKTUBHLIA 3HepT -
cbeperarLmin pexmum CyLKu.

Knroyeeble croea: gucnepcHas cpefa, MeEXaHOAKTUBALMS, ANSbKOMETPUS, MWEHNLa, AUSNeKTpuYeckue notepw,
AM3neKTpuyeckast NPOHNLAEMOCTb

Ansa yumupoeaHus: bysyHoa M. HO. AHanu3 TemnepaTypHO-4aCTOTHOTO BO3ENCTBNS HA ANANEKTPUYECKME NOTe-
pu B 3epHoBoW cpege // iPolytech Journal. 2021. T. 25. Ne 6. C. 733-740. https://doi.org/10.21285/1814-3520-2021-6-

733-740.

INTRODUCTION

Issues associated with finding an effective
solution for Russia's food supply program that
takes into account current issues of energy con-
servation are currently under focused considera-
tion. At the same time, basic aspects of food
security involving the introduction and optimiza-
tion of state-of-the-art methods in processes
such as grain drying remain relevant. Due to the
energy-intensive nature of such production pro-
cesses, it becomes important to obtain solutions
that optimize electricity consumption at the
same time as ensuring compliance with the
necessary conditions for grain storage and dry-
ing [1-3].

The quality and duration of grain storage is
determined by the unique features of the medi-
um, including its physical properties. The prima-
ry electrophysical properties of grain are ex-
pressed in terms of its moisture content during
drying [4], along with temperature and the fre-
quency of its external electric field. Changes in
moisture quantity during grain storage leads to
changes in its physical characteristics. In the
present paper, such variations are considered
on the example of mechanically activated wheat,
which represents a model of grain mass which
has been bruised during drying and storage. In a
mechanically damaged grain medium, increased
air exchange releases heat leading to possible
combustion or otherwise unusable grain mass
[5]. During grain storage, the presence of an ac-
tive ventilation system helps to resolve fire safe-
ty issues [6, 7]. Such electrophysical indicators
as electrical conductivity, permittivity and the
tangent of the dielectric loss angle depend on
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the moisture content of grain [8].

Dielectric parameters of grain crops, such as
permittivity, are used to calculate the humidity of
the medium. In [9], a description of the varia-
tions in the dielectric properties of the grain me-
dium is presented along with the observation
that an increase in the dielectric constant is as-
sociated with an increase in moisture content
and a decrease in frequency and that the tan-
gent of the loss angle increases or decreases
with changes in humidity and frequency. A
mathematical model is presented for determin-
ing the dielectric characteristics of wheat in or-
der to calculate the dielectric losses when with
changes in frequency from 5 MHz to 12 GHz for
different wheat moisture levels from 3% to 24%
by measuring the dielectric properties. Tempera-
ture variations, explained in terms of changes in
the state and amount of moisture absorbed by
the grain mass, also lead to a serious change in
the electrophysical properties.

The dependence of the dielectric parameters
of the mechanically activated grain medium on
the level of dispersion of samples, as well as the
frequency of external electrical and temperature
effects, is presented in [10-12]. The results of
the described experiment demonstrate that the
dependence of inhomogeneous physical proper-
ties determined by the size of the specific sur-
face area of the fine-dispersed system is ob-
tained as a result of mechanical activation on
temperature and frequency [12, 13]. A failure to
maintain the storage conditions of grain in terms
of required temperature and humidity may result
in the release a large amount of heat leading to
its spontaneous combustion; this can be ex-
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plained in terms of of micro-stimulated currents
occuring in such an inhomogeneous environ-
ment even in the absence of external voltage
[10].

The purpose of the present work is to
study the variation of the main electrophysical
characteristics of a mechanically activated dis-
persed heterogeneous medium on the example
of samples of grain crops (wheat) having particle
fractions ranging from 50 to 1000 um. Experi-
mental studies were carried out with changes in
the frequency of the external electric field from
25 Hz to 1'10° Hz and temperature changes
from 20°C to 250°C at a constant heating rate of
0.7 degrees / min in order to determine the de-
gree of variation of the studied electrophysical
characteristics of wheat from the level of particle
grinding and the nature of the frequency-
temperature effect.

MATERIALS AND METHODS OF RESEARCH
AND THEIR DISCUSSION

The study of variations in electrical energy
losses (the tangent of the dielectric loss angle
tgd) is determined by the magnitude of the elec-
tric current flowing in a dielectric medium. This
comprises a polar dielectric whose molecules
absorb moisture such as to actively affect its
electrophysical properties. It is well known that
dielectric systems characterized by nonpolar
molecules and negligible impurities are charac-
terized by a low level of dielectric losses. How-
ever, solid dielectrics, which in most cases are
polar mainly represented by organic compounds
and substances, differ in significant dielectric
losses as a result of their characteristic dipole-
relaxation polarization, especially at radio fre-
quencies.

The dependence of the dielectric losses of
the dispersed medium of mechanically activated
wheat can be understood as a part of the elec-
trical energy converted into heat at an alternat-
ing voltage. Dielectric losses occurring during
heat treatment of grain mass are caused by
electrical conductivity and polarization, which is
established gradually under the influence of an
electric field to cause heating of the substance
under study. For the experiment, samples of
bruised grain with different particle sizes in a
wide temperature-frequency range were used.

ISSN 2782-4004 (print)

As the main research method, we selected
the method of dielectometry, which is widely
used in practice in determining electrophysical
characteristics, such as dielectric losses, electri-
cal capacitance, conductivity, dielectric permit-
tivity, etc., to investigate the molecular structure
of the substance under study [14]. We referred
to the model of the influence of various physical
conditions through their dielectric parameters on
the electrical properties of agricultural materials
of the dielectric properties of agricultural crops in
addition to calculations was presented in [15].
Taking into account the fact that the moisture
level in agricultural products affects its safety
and the vital activity of microorganisms, its effect
on dielectric properties should also be taken into
account. Comprising an example of a polar die-
lectric, the water forming part of the mechanoac-
tivated grain is the main component affecting its
dielectric properties. When modeling technologi-
cal conditions for processing agricultural prod-
ucts, it is important to take into account the de-
pendence of electrophysical properties on envi-
ronmental parameters: temperature and fre-
quency of the electric field [15].

The materials for the experiment comprised
mechanically activated wheat samples with a
variation in particle size from 50 to 1000 pm,
forming a typical example of a finely dispersed
heterogeneous heterogeneous system. Experi-
mental data were obtained using a precision in-
strument of the E7-20 immitance meter of accu-
racy class 0.1 with a wide range of operating
frequencies from 25 Hz to 1'10° Hz. After using
this meter to obtain measurements of electrical
capacitance and electrical conductivity, the cal-
culation of the real part of the dielectric constant
and the tangent of the dielectric loss angle was
carried out. In addition to the E7-20 immitance
meter, a specially measuring cell having a di-
ameter of 21 mm comprising a flat capacitor with
round aluminum electrodes was used. The
samples of bruised grain were subjected to uni-
form heating in the temperature range from
20°C to 255°C at a fixed rate of 0.7 deg/min. To
measure the temperature of the samples, a
chromel-alumel thermocouple is used. The rela-
tive permittivity of the samples was calculated
as the ratio of the capacitance of a capacitor
with a substance to the capacitance of a capaci-
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tor without a substance.

The tangent of the dielectric loss angle was
calculated in terms of frequency v, electrical ca-
pacitance C and electrical conductivity G:

1 G

tgo = = .
oRC 2mvC

(1)

The dielectric method for studying the elec-
tronic structure of a substance and the nature of
its molecular interactions is based on measuring
the electrical capacitance and studying the po-
larization process in a polar dielectric on the ex-
ample of mechanically activated wheat under
the influence of an external electric field. The
most important parameters determining the
properties of the dielectric are: permittivity,
whose variations are considered for the grain
medium in [11-13], and the angle of dielectric
losses d, defined as complementary to the angle
j (up to 90°) of the phase shift between current
and voltage.

Experimental data for the electrical capaci-
tance and conductivity of the bruised grain were
obtained for the frequency range from 25 to
110° Hz by the digital meter E7-20 with a
measurement accuracy of 0.2 pF for electrical
capacity and 1 pS for electrical conductivity. The
scheme of the experimental setup used to study
the temperature and frequency variations of
electrophysical parameters is given in [16]. After
sending the data obtained using an analog-to-
digital converter to a personal computer for fur-
ther processing, the necessary tables and dia-
grams were compiled, and the electrophysical
parameters were calculated.

Calculations of dielectric losses of fine grain
samples were carried out in a temperature
range from 20°C to 255°C along with changes in
the frequency of the electric field from 25 Hz to
10° Hz. The spatially inhomogeneous charge
distribution acquired by the studied grain sam-
ples as a result of mechanical activation when
heated comprising an additional energy reserve
that affects the value of electrophysical parame-
ters.

Fig. 1 shows variations in the dielectric loss
tangent for wheat samples with different degrees
of grinding at a frequency of 1000 Hz depending
on the temperature. The average increase in die-

lectric losses in the range from 65°C to 120°C
can be explained in terms of the weakening of
intermolecular forces, which in turn facilitates the
rotation of dipoles in the electric field. The bruised
grain mass can be taken as a polar dielectric
having an appropriate permittivity maximum
whose dielectric loss angle tangent is explained
by the temperature rise. The increase in dielectric
losses with an increase in temperature in the
studied samples is associated with the phenom-
enon of desorption of water molecules from dam-
aged chipped grains as a result of their drying.
This can also be explained in terms of an in-
crease in the mobility of dipoles when heated,
making it easier for them to unfold under the in-
fluence of an electric field, which leads to an in-
crease in tgd. With further heating, the kinetic
energy of the thermal motion of the dipoles ac-
tively increases, the intensity of Brownian motion
increases, followed by disorientation of the di-
poles. The resulting decrease in dielectric losses
and permittivity with a further increase in temper-
ature above 120°C m corresponds to the litera-
ture data [11, 16].

Fig. 1 shows that, for the largest sample with
a particle size from 500 to 1000 um in the tem-
perature range up to 150°C, the maximum value
of tgd = 0.45 corresponds to T = 96.1°C: for
sample 2 having a particle size of 251-500 pm,
tgd = 0.97 at T = 96°C, while, for sample 3,
which has the lowest degree of particle disper-
sion, tgd =1.6 at T =100.5°C

In the temperature range of 185.4-188.3°C,
there is a second additional maximum, whose
presence can be explained by the gradual de-
struction of the structure of the substance under
study during grain combustion. Undoubtedly, the
values of the electrophysical parameters depend
on many factors including the moisture level in
the substance [17]. Analysis of the measure-
ment results showed that the most finely dis-
persed sample (particle size 50 ym) in the tem-
perature-frequency range under study is charac-
terized by a more significant dielectric permea-
tion and dielectric losses. This an be explained
in terms of the cumulative increase in the total
area of the specific surface of the substance of
smaller samples during grain grinding. For larger
samples, variations in electrophysical parame-
ters are noticeably smoother. In the range from
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129.3°C to 166.3°C, variations in dielectric loss-
es of samples with particle sizes of 251-500 ym
and 500-1000 um are less noticeable. In the
smallest sample having a grain size of 50 ym,
the maximum value increases when approach-
ing the boiling point of water, increasing the po-
larization of the substance and resulting in more
active orientation of the domains when placed in
an electric field [18-20]. The experimental data

ISSN 2782-4004 (print)

obtained clearly characterize the behavior of
relaxation structures characteristic of polar die-
lectrics when placed in an electric field.

Fig. 2 demonstrates the temperature de-
pendence of the tangent of the dielectric loss
angle for a wide range of frequencies for the
most finely dispersed sample with a particle size
of less than 50 pym.
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Fig. 1. Variations of the tangent of the dielectric loss angle on temperature for wheat samples with dispersion:
501-1000 ym; 251-500 um and less than 50 ym
Puc. 1. Bapuayuu maHzeHca yana 0uanekmpu4eckux momepb om memnepamypsl 0715 06pa3y0e nuieHuybl
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Fig. 2. Variations of the dielectric loss tangent on temperature for wheat samples with a dispersion 50 um
for various frequencies: 25 Hz, 100 Hz, 500 Hz, 1000 Hz and 10000 Hz
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Data analysis confirms the significant de-
pendence of dielectric losses in the grain mass
on the frequency of the external electric field,
which is most significant in the low-frequency
range from 25 to 100 Hz. The sharp decreases
in tgd with a further increase in the frequency to
500 Hz and above can be explained by a weak-
ening of the dipole-orientation polarization in the
disordered medium under study, the decrease in
the kinetic energy and ion path length, as well
as the probability of their collision with the struc-
tural elements of matter.

Therefore, an increase in the frequency of
the electric field leads to a decrease in dielectric
losses. The maximum value of dielectric losses,
which corresponds to a frequency of 25 Hz, is
4.13 at a temperature of 86.4°C: for a frequency
of 100 Hz, it is 3.63 at a temperature of 94.5°C;
for a frequency of 500 Hz and above, the maxi-
mum value of dielectric losses decreases sharp-
ly comprising 2.05 at a temperature of 97.6°C
for a frequency of 100 Hz, 1.6 at a temperature
of 97.9°C and a frequency of 10000 Hz, and
0.62 at a temperature of 100.2°C.

Fig. 2 depicts distinctive features corre-
sponding to an increase in tgd with an increase
in temperature above 150°C. These occur main-
ly for the low-frequency region due to the de-
struction of the structure and combustion of the
substance of a polar dielectric having a rather
complex composition. With an increase in the
frequency of external electrical action, the ion
path length and kinetic energy decrease, the
possibility of molecular interaction weakens and,
accordingly, dielectric losses decrease

As a result of the experiment, it was found
that the dielectric losses in the bruised grain
medium in a temperature range from 20°C to
250°C have a maximum at a temperature of

86.4-100.2°C. This close to the boiling point of
water, which forms part of the studied samples
and affects their electrophysical properties.
Cracks and chips of bruised grain play the role
of electrically charged defects that attract polar
water molecules to trigger the interfacial Cou-
lomb interaction mechanism at the interface.

CONCLUSION

The conducted studies demonstrated the
presence of a stable correlation of the dielectric
parameters of an inhomogeneous heterogene-
ous medium on the example of finely dispersed
wheat samples having varying fractional com-
ponents depending on the frequency of the ex-
ternal electric field and temperature. In the stud-
ied disordered systems, the significant decrease
in the tangent of the dielectric loss angle tgd is
due to the degeneration of dipole-orientation
polarization and increase in the frequency of the
external electric field,

By analyzing the spectra of the tangent of
the dielectric loss angle, we were able to estab-
lish the presence of higher electrical activity for
experimental samples of a small-sized structure
and an increase in the dielectric permittivity and
tangent of the dielectric loss angle, which was
most pronounced at frequencies below 100 Hz.
The established dependence of the tangent of
the dielectric loss angle tgd on the frequency of
the external electric field and temperature is es-
pecially significant for finely dispersed wheat
samples.

The study of the dependence of the electro-
physical properties of finely dispersed heteroge-
neous media on the example of wheat can be
important in modeling and optimizing the drying
process of grain crops and the selection of an
effective energy-saving mode
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