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ABSTRACT

The process of intensifying dehydration of pectin-containing raw materials by using centrifugation with simultaneous
application of low-frequency oscillations to the working container creates an electroosmotic effect in unilateral
diffusion to improve the filtration process. It is established that to reduce the technological resistance in the presented
methods; it is necessary to create a fluidized bed of products due to the oscillating motion of the working capacity. An
experimental vibration unit has been developed to determine the rational parameters of the vibrocentric moisture
removal process using the electroosmotic effect. It is proved that the complex of the designed equipment provides
consecutive carrying out of three-stage vibration filtration-convective drying of high-moisture production by an
alternation of action of a stream of the heat carrier, an electromagnetic field, low-frequency fluctuations. According to
the research results, the dependences of the kinetics of the moisture diffusion process on the electric field strength are
obtained; frequency of electric current and duty cycle of pulses, which allowed to optimize the process parameters
according to the criteria of minimizing energy consumption. It was found that the processing time to achieve the desired
humidity with the application of vibration, filtration, and electroosmotic effect was twice less than for filtration drying
in a fixed bed. In combination with the noted physical and mechanical factors, the proposed technology improves the
technical and economic parameters of the studied process.

Keywords: vibratory-centrifugal moisture removal, electroosmotic effect, microcontroller system, drying kinetics,
pectin-containing raw materials

INTRODUCTION

Pectin-containing raw material, in particular, beet pulp, which is a valuable raw material for processing,
pharmaceutical, and food industries, was used as the object for processing. It is advisable to organize the
production of beet pectin at sugar factories or near them [1]. One of the most promising areas of beet pulp use is
dietary fiber production. Over the last decade, modern technologies have been developed to obtain clarified dietary
fiber from beet pulp, which contains a large amount of pectin and can be used as an additive in manufacturing a
wide range of foods. In addition, beet pulp dietary fiber has a lower moisture-holding capacity because it contains
up to 10% of hydrated pectin. These properties allow using beet dietary fiber to produce dietary supplements for
preventive nutrition [2].

The process of dehumidification is one of the most complex and energy-intensive one in processing and food
productions. It significantly increases the cost of production. Thus, the search for innovative technology and
design solutions in the drying systems development, particularly with the use of mechanical and
physicomechanical processing methods [3], is becoming relevant. In modern technologies, mechanical pressing
has become the most common method for removing excess moisture from the pulp-pectin raw materials. This
operation is carried out mainly in screw-type machines, characterized by a reasonably high metal intensity and
require significant energy consumption for their function [4].

Considering that the Fiproductivity of any mass transfer process is inversely proportional to the diffusion
resistance of the medium and directly proportional to the difference in concentrations of diffusion substance
compared to equilibrium, physicomechanical actions, such as providing low-frequency oscillations to the working
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container, increasing the osmotic pressure when applying an electromagnetic field in the technological
environment, were used to intensify the process.

Vibrations of the working container cause both the general circulation of the loaded mass and the relative chaotic
movement of the mixture components, which leads to the weakening of adhesion forces between the particles of
the process medium, destruction of the formed conglomerates, changes in rheological characteristics of the
material — viscosity, shear modulus, effective coefficient of friction, adhesion forces, which, taken together, create
the effect of loosening the mass of the product, reducing the structural resistance and increasing the heat and mass
transfer surface [5]. Electroosmotic processes in the highly humid layer of raw material, when creating a pressure
difference in the working volume, allow increasing the filtration and dehumidification processes [6].

The developed drying technology was evaluated using the technical and economic parameters of the
dehumidification process, namely, the minimum possible energy consumption, minimal time for reaching the
given humidity, and the most effective removal of free moisture.

Scientific hypothesis

The technological hypothesis assumes a reduction of energy and material consumption due to the combination
of several types of physicomechanical and technological influence, namely centrifugal, filtration, vibratory,
electroosmotic; creation of the most favorable conditions for technological processing of products different in
their properties due to the choice of the required type of the combined physicomechanical action on raw materials.

MATERIAL AND METHODOLOGY
Samples
Sugar beet pulp (Alexandria) was used as an object of processing:
* triploid hybrid;
* created by Bila Tserkva DSS together with Ivanivska research and selection station;
* high yield;
* sugar content of 19 —20%,
* sugar collection — 9 — 10 t/ha;
* resistant to cercosporosis;
* zoned in 1997;
» recommended for growing in the areas of Polissya and Forest-Steppe.
Edible seeds of melons, particularly pumpkin, zucchini, watermelon, and melon, were purchased from farms in
Vinnytsia and Kherson regions, Ukraine.
Chemicals
Chemical reagents were not used for scientific research.
Biological Material
For experimental studies, used: pumpkin seeds, grade Volga gray 92 (supplier farm Sofia, Vinnytsia region,
Ukraine); zucchini seeds, Diamond variety (supplier farm Sofia, Vinnytsia region, Ukraine); watermelon seeds,
Giant variety (supplier Farm Taste of Summer, Kherson region, Ukraine); melon seeds, Crenshaw variety
(supplier of the Taste of Summer farm, Kherson region, Ukraine).
Instruments
Frequency converter (Mitsubishi FR-E540-075EC, producer (Inter-Synthesis) Limited Liability Company,
Ukraine).
Portable vibration analyzer (AGAT-M, producer (Inter-Synthesis) Limited Liability Company, Ukraine).
Accelerometer (LIS3DH, producer (Inter-Synthesis) Limited Liability Company, Ukraine).
Tachometer (UNI-T UT372, producer (Inter-Synthesis) Limited Liability Company, Ukraine).
Autotransformer (AOSN-20-220-75, producer (Inter-Synthesis) Limited Liability Company, Ukraine).
Electronic wattmeter (EMF-1, producer (Inter-Synthesis) Limited Liability Company, Ukraine).
Moisture meter (Wile-55, producer (Inter-Synthesis) Limited Liability Company, Ukraine)
Thermometer (Infrared Thermometer IT - 100, producer (Inter-Synthesis) Limited Liability Company, Ukraine).
Manual hydrometer (MS-13, producer (Inter-Synthesis) Limited Liability Company, Ukraine).
Micromanometer with an inclined tube ("MMN-240").
Stopwatch (SDSpr-1, producer (Inter-Synthesis) Limited Liability Company, Ukraine).
Technical scales (BTA-60, producer (Inter-Synthesis) Limited Liability Company, Ukraine).
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Laboratory Methods

Studies of raw material drying processes were carried out according to the general method, which involved
measuring the moisture content of products depending on the processing time. Products with 60% of initial
humidity were placed in the drying chamber; appropriate modes were set, particularly the temperature of the
drying agent, its feed rate, amplitude, and frequency of vibrations. The feed rate of the drying agent was measured
with the anemometer.

A wireless power supply sensor for recording amplitude-frequency characteristics based on STMicroelectronics'
LIS3DH accelerometer was used to evaluate the energy parameters.

The UNI-T UT372 wireless tachometer was used to record the drive shaft speed.

The AOSN-20-220-75 autotransformer was used to control and change the speed of the motor shaft.

An electronic wattmeter EMF-1 was used to determine the energy characteristics of the studied machine.

Electronic laboratory technical scales BTA-60 were used to study the dewatering parameters.

The temperature of the test raw material before drying and after was measured with a certified thermometer,
"Infrared Thermometer".

A manual hydrometer MS-13 is used to measure the speed of air movement in the air duct.

To measure the airflow pressure in the air duct, a multi-limit micromanometer was used with an inclined tube
MMN-240 TU-25-01-277-70.

Stopwatch SDSpr-1 was used to record the drying time.

A Wile-55 moisture meter was used to control humidity.

Description of the Experiment

Sample preparation: Samples of sugar beet pulp and pumpkin, zucchini, watermelon, and melon seeds were
used for the research. Samples of sugar beet pulp were collected at Gaisinsky Sugar Plant, Vinnytsia Region,
Ukraine.

Number of samples analyzed: During the experimental studies, 20 different samples of sugar beet pulp and 20
samples of pumpkin seeds were examined. zucchini, watermelon, and melons, which were purchased from farms
on the territory of Ukraine.

Number of repeated analyses: All measurements of an instrument, readings were performed 5 times.

Number of experiment replication: The number of repetitions of each experiment to determine one value was
also 5 times.

Design of the experiment: The microcontroller system allowed obtaining information about the main
parameters of the process on the personal computer display in real-time, which made it possible to optimize the
processing of highly humid materials, necessary for the dynamics of heating raw materials without heating them
to maximum values, i.e., the loss of biologically active substances was limited. As a result, the current
measurement of seed moisture in the process of filtration moisture removal during sealing of the drying chamber
due to the possibility of measuring the relative humidity of the drying agent at the inlet and outlet, when sampling
is technologically impossible, was performed. When the 10% value of the product moisture content was reached,
the drying process was stopped.

Experimental studies were conducted in three stages. In the first stage, the drying chamber was provided mainly
with vertical oscillations using an electromagnetic vibrator. At a constant oscillation frequency of 16 Hz, the
amplitude values of 2, 4, and 6 mm were set, at which the duration of the filtration-convective drying process,
which was carried out according to the above-mentioned method, was recorded. In the second stage of the
research, the electromagnetic vibrator of horizontal oscillations was used in the previous modes, the operation of
which was synchronized with the vibrator of vertical oscillations in terms of frequency and phase. In the third
stage of the research, an electromagnetic vibrator of horizontal oscillations was used. With the help of an
electronic electricity meter, power consumption per-process was measured, making it possible to compare specific
energy consumption at different technological modes.

Statistical Analysis
The statistical evaluation of the results was carried out by standard methods using statistical software Statgraphics
Centurion XVII (StatPoint, USA) — multifactor analysis of variance (MANOVA), LSD test. Statistical processing
was performed in Microsoft Excel 2016 in combination with XLSTAT. Values were estimated using mean and
standard deviations.
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RESULTS AND DISCUSSION

Investigation of the dehumidification process was performed following the general method, which involved
measuring the moisture content of pectin-containing raw materials depending on the processing time using a
laboratory installation (Figure 1). Pectin-containing raw materials with 720% initial humidity were fed through
the loading device and occupied 3/4 of its volume. The intensity of moisture removal was controlled by the
difference in relative humidity of the drying agent at the inlet and outlet of the drying chamber. Processing was
completed when the moisture of the product reached about 9 — 10%.
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Figure 1 Vibratory centrifugal electroosmotic dehumidification.

Note: 1 — frame; 2 — perforated centrifuge rotor; 3 — vibratory drive; 4 — the electric motor of the vibratory drive;
5 — centrifuge housing; 6 — centrifuge motor; 7 — manifold; 8 — heat generator; 9 — compressor; 10 — electrodes;
11 — voltage converter.

Vibratory centrifugal electroosmotic experimental dehumidification provided a sequential three-stage filtration-
convective dehydration of highly humid raw materials by changing the technological effects and parameters. At
the first stage, filtration drying in a fixed bed was studied. In a stationary drying chamber, a heated drying agent
was fed through a perforated cylinder. It passed through a layer of raw used, which allowed us to trace their effect
on the time of moisture removal.

The set temperature of the drying agent was maintained automatically; it was also possible to quickly adjust it
with a power regulator. Frequency and amplitude of vibrations were set independently using the electronic device
and by the change of the vibration exciter balance weight setting angle.

In scientific works [7], [8], [9], [10] based on experimental studies of the drying process in the vibrofluidized
layer with conductive heat supply for the range of vibration frequencies from 20 — 80 Hz and amplitude from
0.0005 — 0.0025 m, it was found that moisture removal occurs mainly in a period of constant drying speed, the
efficiency of which is largely determined by the amplitude of oscillations at a vibration frequency of 40 — 60 Hz.

According to the results of using different combinations of physic mechanical factors of intensification of the
studied process, it was found that vibration-filtration drying with the use of the electroosmotic effect, depending
on the kinetic characteristics of the process, appeared to be the most effective (Figure 2).

Scientific works [11], [12], [13] describe the use of electro-osmosis for dehumidification of elastic-plastic masses
in combination with electrothermal treatment with alternating current allowed to establish that electricity
consumption does not exceed 60 — 75 kWh/m, efficiency compared to steam increases by 2 — 2.5 times.
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Figure 2 Kinetics of the pectin-containing raw materials drying with different methods of moisture removal.
Note: 1 — filtration drying in a fixed bed at Wn=720%, V=3 m/s; 2 — vibratory filtration drying at Wn=720%, V=3
m/s, A=0.004 m; 3 — vibratory filtration drying using electro-osmotic effect at W,=720%, V=3 m/s, A=4 mm,
E=0.8 V/m, F=200 Hz, 0=3, I[I=0, 75.

Effective parameters of the electromagnetic field in terms of implementation of the electroosmotic effect were
the following: electric field strength £=0.8 V/m (Figure 3); frequency of electric current =300 Hz (Figure 4);
pulse relative duration Q=3 (Figure 5). Variation of the specified electrotechnical parameters complex at an
estimation of kinetic parameters of the investigated process of the pectin-containing raw materials

dehumidification allowed optimizing the process parameters according to the energy consumption minimization
criteria.
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Figure 3 Effect of the electric field strength on the pectin-containing raw materials drying kinetics.
Note: W,=720%, V=3 m/s, 4=0.004 m mm, F' =200 Hz, Q =3, [1=0.75.
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Figure 4 Influence of the frequency of electric current on the pectin-containing raw materials drying kinetics.
Note: W,=720%, V=3 m/s, A=0.004 m, £=0.8 V/m, Q=3, I[1=0.75.
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Figure 5 Influence of the pulse relative duration on the pectin-containing raw materials drying kinetic.
Note: W,=720%, V=3 m/s, 4=0.004 m, £=0.8 V/m, F=200 Hz, 11=0.75.

As a result of centrifugal filtration of two different materials in the same conditions, different contents of the
liquid phase are often found in them, which is explained by their different moisture-holding capacity [14], [15],
[16], [17].

Studies of the dynamics of the heating agent flow during dehumidification (Figure 6) revealed a slight decrease
in processing time with increasing convective flow rate. Given that there is a slight increase in energy consumption
for the process of dehumidification, we can consider insignificant the factor of increasing the speed of the heating
agent.
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Figure 6 Dependence of the temperature of pectin-containing raw materials 7' °C on the dehydration time t, min
at different oscillations amplitudes.

When substantiating the use of a combination of physicomechanical factors for intensifying the process of the
pectin-containing raw materials dehumidification, it was found that the use of vibratory filtration drying with
electroosmotic effect reduces the moisture removal time by 1.44 times compared to filtration drying in a fixed
bed (Figure 7 and Figure 8).
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Figure 7 Dependence of the pectin-containing raw materials humidity W, % on dehydration time t, min at
different oscillations amplitudes.
Note: W,=720%, V=3 m/s, 0=3, E=0.8 V/m, F=200 Hz, 11=0.75.

According to the results of scientific research [18], [19], [20], it was found that the use of low-frequency
oscillations in the second period of drying of beet pulp allowed to reduce the total duration of the process of heat
treatment of products by 40 — 45%. But the authors of annealing works [21]. Proved that in the conditions of the
vibrofluidized layer, the total surface area of the bulk material increases, resulting in an intensive removal of
moisture and an increase in the drying rate.

Reducing humidity and increasing porosity can reduce energy consumption for further drying, which can
significantly speed up the process, simplify the selection and maintenance of the dryer [22], [23], [24].

The driving force of the dehumidification process is increased by vibration extrusion, centrifugation during rotor
spinning, development of an electroosmotic effect when creating conditions for unilateral diffusion, and the
process of filtering the medium through the perforation of the rotor.
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Figure 8 Dependence of the pectin-containing raw materials humidity W, % on dehydrating time t, min at
different airflow rates.

Note: W,=720%, A=0.004 mm, O=3, E=0.8 V/m, F=200 Hz, I71=0.75.

However, the latter process leads to increased technological resistance, which worsens conditions for processing
intensification. This disadvantage can be offset by creating a fluidized bed of the product by providing oscillating
motion to the working container, which leads to a significant reduction in the forces of internal friction in the
mass of the load. Thus, the action of these factors is aimed at increasing the intensification of the dehumidification
process while minimizing energy consumption.

In his research [25], [26], [27] satisfied the factors of vibration action to intensify the drying process by
increasing the heat transfer process, the speed of which in different frequency modes increases from 2.5 — 9 times.

A combination of the above-mentioned factors allows for effective dehumidification of pectin-containing raw
materials with a specific set of physicomechanical properties and certain quality restrictions of the products. This
allows the formation of an effective sequence of technological influence.
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B E=80V
n, = 800 min™ Q= §0 & T
Py =700 W F =200 Hz
— FO }—
W=1000 % T W=920 % W=780 % W=160 %
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T=90°C
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Figure 9 Scheme of the combined physicomechanical processing at implementing the modes of pectin-
containing raw materials dehumidification.
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The authors of the following scientific works [28], [29], [30] proved that in the conditions of the Vibro-liquefied
layer, the total surface of the bulk mass of the material increases, as a result of which there is an intensive removal
of moisture and an increase in the drying rate.

The vibration of actuators, as well as blowing coolant bulk materials with low friction between particles and a
slight tendency to aggregation [31], [32], [33], allow you to significantly reduce the speed of the drying agent,
which reduces energy consumption for the process.

When processing the investigated pectin-containing products (Figure 9) at the 1st stage, vibration compaction is
carried out to remove free moisture, which occurs due to the acceleration of the force field:

ag ~g=9.81sﬁ2.

At the 2nd stage of processing, free moisture is squeezed out simultaneously by centrifugation, filtration, and
vibration separation. These operations are performed when reaching the resonant mode of operation of the vibrator
to prevent the negative effects of vibration when resonating on the structural elements of the filter centrifuge. At
the 3rd stage, operations of electroosmotic pressing, vibration loosening of technological masses are implemented,
which increases the efficiency of convective drying to achieve the desired humidity of the product.

The conducted research allowed to carry out the comparative analysis of the influence of various
physicomechanical measures (Figure 9) and proved the efficiency of the vibratory centrifugal removal of free
moisture at the Ist stage of processing, destruction of a continuous layer of the product under the action of a
vibration field at the 2nd one and the subsequent convective diffusion with electroosmotic intensification at the
3rd stage of processing that allows reducing the energy consumption of the dehydration process by 2.7 times in
comparison with traditional convective drying.

CONCLUSION

1. Taking into account the directions of the process of osmotic dehumidification improvement to determine the
optimal design parameters of the equipment and mode parameters of the process, a functional diagram of a set of
devices based on experimental vibration installation was developed.

2. The processing time to achieve the desired humidity when applying the vibratory, filtration, and the
electroosmotic effect was twice less than filtration drying in a fixed bed.

3. The conducted research allowed determining the optimal parameters of dehumidification of thermolabile
materials with the use of electroosmotic effect: electric field strength £ = 0.8 V/m; electric current frequency
F =300 Hz; pulse relative duration O = 3.

4. Technological scheme of electroosmotic vibration dehumidification was developed. Energy consumption for
removing 1 kg of moisture is reduced by 2.7 times compared to traditional convective drying, given that the latter
is quite destructive for thermolabile dispersed systems.
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