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Abstract. Thermal and mechanical effects commonly pose challenges during the heat and mass
transfer treatment of seed products. Consequently, drying methods utilising a vibratory fluidised
bed, which minimise these effects on plant-based products, remain relevant. This study aimed
to enhance the driving force and, consequently, the efficiency of the dehumidification process
for thermolabile plant raw materials by employing vibro-mechanical activation of seed material
movement, increasing electro-osmotic pressure to improve moisture diffusion conditions, and
achieving disinfection during processing. The research methodology included experimental
investigations conducted using a vibratory bed system with an ozone-air drying agent. The study
examined the influence of vibration frequency, ozone concentration, and temperature regime
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on drying kinetics, heat and mass transfer rates, disinfection levels, and energy efficiency. Based
on the results, a process flow diagram for convective drying of grain and cereal materials was
developed, incorporating vibratory and ozonising means to intensify the process. The proposed
process flow diagram ensured the necessary disinfection of the product, improved heat transfer
conditions, maintained consistent hydraulic resistance along the entire rarefaction chamber, and
ensured uniform drying. It also reduced energy consumption, enhanced the durability, reliability,
and productivity of the process, and prevented overheating of the material, thereby enabling the
drying of thermolabile products. Research findings demonstrated that filtration drying with vibro-
ozonation reduced the processing time for pumpkin seeds by a factor of 1.67 and decreased energy
consumption by a factor of 1.71 compared to conventional convective methods. The highest drying
rate was achieved with filtration vibratory drying, which proved to be 1.68 times more efficient
than convective drying. The practical significance of this research lies in the development of
drying equipment that ensures uniform drying, mitigates the risk of overheating, and improves the
longevity and productivity of the process. The obtained results can be implemented in industrial
settings for the efficient processing of thermolabile agricultural products

Keywords: dehumidification processes; ozone; vibration; fluidised bed; heat carrier; thermolabile

products; heat and mass transfer processes

Introduction

In modern drying technologies, vibration meth-
ods of technological impact on plant raw mate-
rials are becoming increasingly in demand in
the processes of food and processing industries
due to factors such as increased equipment
productivity, shortened production cycles, and
improved product quality; intensification of
heat and mass transfer processes. W. Zhang et
al. (2021) proved the feasibility of such techno-
logical measures in the processes of dehumidi-
fication and drying of seed and fruit-vegetable
material. When creating low-frequency vibra-
tions in a bulk mass of the product, the adhesion
between the particles of the technological load
weakens, which leads to the emergence of a flu-
idisation state in the system. In the research of
I. Palamarchuk et al. (2023), it was proved that
such a state of the processed medium contrib-
utes to the effective mixing of the mass due to
an increase in the contact interaction area. At
the same time, this allows for a reduction in the
cost of bubbling the heat carrier through the
material flow, since the magnitude of internal
friction decreases.
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An interesting aspect is the development of
combined physical-mechanical and vibrational
methods for moisture removal from raw materi-
als in the food and processing industries. In the
scientific studies of M. Mohamed et al. (2021),
the main characteristics of vibrational elec-
tro-osmotic dehumidification of pectin-rich
food raw materials, particularly beet pulp, were
investigated. The authors proved that it is pos-
sible to increase the driving force of the dehu-
midification process by applying centrifugation
with rotor rotation, superimposing lowfrequen-
cy vibrations on the working container, creating
an electro-osmotic effect under conditions of
one-sided diffusion, and filtering the medium
through perforations in the rotor.

Research by M. Capece & J. Larson (2022)
established that the combination of these
physicomechanical factors in the dehumidifi-
cation process significantly enhances techni-
cal and economic parameters. Specifically, the
specific energy consumption for removing 1 kg
of moisture is reduced by a factor of 2.7 com-
pared to traditional convective drying. Thus,
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the proposed processes and equipment facili-
tate the intensification of dehydration and im-
prove the efficiency of production technologies.
I. Rogovskii et al. (2020) demonstrated that the
application of wave and pneumodynamic pro-
cesses for treating grain and cereal products
substantially enhances the contact interac-
tion between the product and the air environ-
ment. These technological approaches create
favourable conditions for storage operations,
optimise the microclimate in grain storage fa-
cilities, and promote intensive agitation of bulk
material masses. The implementation of such
methods was found to significantly improve the
quality of stored products by ensuring uniform
moisture distribution and reducing the risk of
adverse processes in grain storage, such as the
formation of stagnant zones or overheating.
Research by A. Tuncer et al. (2020) has es-
tablished that the process of drying pumpkin
seeds using an ozone-air mixture has a dual
technological effect. In the initial drying peri-
od, ozone enters into oxidation reactions on the
surface of the grain with organic and inorganic
substances, providing a cleaning effect on the
surface of the grain material. At the same time,
part of the surface moisture interacts with the
formed ozonides, which further intensifies the
moisture removal process. As noted by D. Delf-
iya et al. (2021), the ozone-air mixture, used as
a drying agent, not only contributes to reducing
moisture but also provides a disinfecting effect
on the surface microflora due to the reactive
action of ozone. The effectiveness of this effect
depends on the ozone concentration and the
drying temperature regime, which underlines
the importance of precise control of these pa-
rameters in the technological process.
According to the research of D. Wang et
al. (2021), the application of vibration technol-
ogies contributes to the optimisation of techno-
logical processes, particularly through reduced
energy consumption, which is an important
aspect in the context of current trends towards
energy efficiency and rational resource use. The

authors claim that their application allows for
the efficient execution of dehumidification,
drying, mixing, and separation processes with
minimal heat losses and significantly lower
energy costs. Such an approach contributes
not only to reducing production costs but also
to increasing the competitiveness of the final
product on the market. Vibrational processes
ensure uniform processing of materials, mak-
ing them promising for widespread implemen-
tation in the food and processing industries.

One of the significant advantages of mod-
ern technologies is their environmental friend-
liness. As noted by S. Sevik et al. (2019), the
use of an ozone-air mixture for drying pump-
kin seeds provides a high level of disinfection
without the need for chemical preservatives.
Research results have shown that ozone, as a
powerful oxidant, effectively destroys the cells
of bacteria, fungi, and other microorganisms,
while preserving the natural properties of the
product. Such an approach is particularly im-
portant in the production of organic products,
where minimising the use of chemical additives
is a top priority. Thanks to this, the ozonation
method is finding increasingly widespread ap-
plication, combining effective treatment with
environmental safety.

The combination of these advantages
makes vibration technologies an important
component of modern production processes
in the food and processing industries. Their
widespread implementation not only improves
the quality and safety of food products but also
makes the production process more environ-
mentally sustainable and economically viable.
Thus, vibration technologies represent a prom-
ising direction for research and implementa-
tion in industries focused on innovation, effi-
ciency, and environmental responsibility. The
aim of the presented scientific research was to
increase the productivity of the pumpkin seed
dehumidification process and to improve its
technological qualities through the use of me-
chanical vibrations to increase the contact area
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with the heat carrier flow, activate electro-os-
motic diffusion of moisture, and disinfect the
plant product with ozone.

Literature Review

The development of energy-efficient and
high-quality methods for drying biological
materials occupies a leading place in modern
scientific research due to the need to ensure
high productivity and minimise the loss of nu-
trients. One of the promising directions is the
application of low-frequency vibrations, which
create additional mechanical heat and mass
transfer effects. R. Gomez et al. (2023) noted
that the creation of a vibrated fluidised bed
not only increases the total contact area be-
tween the bulk material and the drying agent
but also contributes to a uniform temperature
distribution throughout the volume of the ma-
terial. In their experiments, the authors showed
that at optimal parameters (vibration ampli-
tude 1.5-2 mm, frequency 50-60 Hz), there is
a significant reduction in drying time while
maintaining quality indicators. The research
of A. Calin-Sanchez et al. (2020) covered the
features of drying vegetables in a vibrated flu-
idised bed with additional radiant heating. The
authors established that the combined use of
methods allows for reducing heat losses due to
more effective penetration of heat into the ma-
terial. This ensures not only the preservation
of nutritional properties but also a significant
reduction in energy consumption.

In the study of R. Ilyas et al. (2019), the
processes of sugar crystallisation under various
vibration frequencies were analysed in detail.
In particular, it was established that at frequen-
cies of 30-70 Hz, crystallisation accelerates by
2.5-9 times, which is explained by the activa-
tion of internal moisture transfer in the materi-
al. The author emphasised the need for optimal
coordination of the frequency and amplitude
of vibrations to minimise energy consumption.
R. Aslam et al. (2021) investigated the influence
of alternating dynamic loads on the rheological
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properties of beet pulp. The results showed that
with an increase in the shear rate, the viscosi-
ty of the process mass decreases significantly,
which, in turn, contributes to the faster removal
of moisture through capillaries and pores. The
author’s contribution also includes the devel-
opment of mathematical models for predicting
these processes in real production conditions.

L. Bal-Prylypko et al. (2022) in their scien-
tific article argue that vibrational impact dur-
ing the drying of granulated sugar in a vibrated
fluidised bed allows reducing the time required
to transition to the period of falling drying
rate. The authors’ experiments also showed
that the maximum intensity of the process is
observed at an amplitude of 2 mm and a fre-
quency of 50 Hz. S. Moscatello et al. (2023) and
V. Vasyliv et al. (2021) investigated the effec-
tiveness of lowfrequency vibrations in the sec-
ond period of beet pulp drying and found that
additional mechanical impact during this peri-
od allows avoiding the formation of excessively
dried zones, which ensures uniform quality of
the final product.

I. Palamarchuk et al. (2023) made a sig-
nificant contribution to the development of
equipment for drying bulk materials, creating
a series of installations for vibro-filtration dry-
ing. The authors described in detail its operat-
ing principle, noting that although it provides
a high level of productivity, its complex design
can lead to excessive energy consumption and
non-uniform drying due to the hydraulic resist-
ance of the layer. I. Rogovskii et al. (2020) devel-
oped a dryer for grain and oilseed crops, which
includes a labyrinthine working zone. The au-
thors proved that such a design contributes to
improving the movement of the drying agent
through the material layer. However, they not-
ed that the single use of the drying agent and
difficulties in regulating the modes limit the
potential of this technology.

Convective dryers are one of the most com-
mon for processing bulk materials. To improve
them, rotary dryers were developed, which
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allow for effective mixing of the material, en-
suring uniform drying. For example, researchers
such as Y. Li et al. (2022) and others studied the
influence of rotation speed and blade design. In
addition, dryers with a fluidised bed have been
developed, which provide high heat and mass
transfer efficiency. Infrared dryers allow for re-
ducing drying time and energy consumption.
It was important to develop combined systems
that combine infrared radiation with convec-
tive heating. Scientific works, for example, by
D. Huang et al. (2021), are aimed at modelling
the energy distribution in the infrared field.

Microwave drying provides rapid heating
due to the penetration of energy deep into the
material. One innovation is the combination of
microwave drying with vacuum technologies,
which minimises thermal loading. Engineers
from the Institute of Engineering Thermo-
physics of the National Academy of Sciences
of Ukraine have worked in this direction. Vi-
brational dryers intensify the drying process
due to the mixing of particles, preventing the
formation of zones with reduced heat transfer.
Vibro-ozonation technologies, proposed in the
research of A. Niveditha et al. (2021), allow for
the treatment of materials not only by drying
but also by the oxidation of microorganisms.
The introduction of electro-osmosis allows for
reducing moisture in capillaryporous materials
by creating an electric field. Research in this di-
rection is actively conducted in EU countries, as
well as in Ukraine, particularly at the Institute
of Biosystems Energy.

Combining different methods (such as
convective, infrared, and microwave drying)
allows for achieving a synergistic effect. Sci-
entists D. Elustondo et al. (2023), M. Awad et
al. (2024), and Y. Mao & S. Wang (2023) demon-
strate the latest achievements in the field of
dryer design. For example, dryers with adaptive
control involve the use of artificial intelligence
systems and sensors to optimise the process
in real-time. Energy recovery drying units use
the heat of the exhaust air to preheat new

batches of material. Compact mobile dryers are
designed for local use, especially in agricultural
cooperatives.

The future of equipment for drying bulk
materials is linked to the development of en-
vironmentally friendly technologies with min-
imal impact on the environment; technologies
focused on reducing energy consumption; and
universal dryers capable of adapting to differ-
ent materials and conditions. These works not
only reveal the mechanisms of heat and mass
transfer processes but also open up new per-
spectives for the integration of vibration and
ozonation methods on an industrial scale. In
the future, special attention should be paid to
combining energy-efficient technologies with
ensuring the quality of the finished product.

Materials and Methods
Moisture measurement of pumpkin seeds be-
ing dehydrated in a drying chamber was car-
ried out using an indirect method, taking into
account the ability of the drying agent to ab-
sorb moisture when passing through a layer
of product, leading to a change in its relative
humidity. Knowing the initial moisture content
of the product, the relative humidity of the dry-
ing agent at the inlet and outlet of the drying
chamber, as well as the flow rate of the drying
agent, the moisture content was determined
using H-d diagrams, where H is the enthalpy of
atmospheric air (in kJ/kg of dry air), and d is the
moisture content of the air (in %).

The flow rate of the drying agent was calcu-
lated using the formula (1):

L=3,600-y-v-F, )

where L is the flow rate of the drying agent, kg/h;
v and v are the density (in kg/m?) and velocity
(in m/s) of the drying agent, which depends on
the moisture content and barometric pressure
in the air duct; F is the cross-sectional area of
the air duct, m?.

The density of the drying agent was deter-
mined from the relationship (2):
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y=2-10-3-(B/(273+1))-((1,000+d)/(622 +d)), (2)

where B is the barometric pressure, Pa; t is
the temperature of the drying agent, °C; is the
moisture content of the drying agent, g/kg.

The velocity of the drying agent was de-
termined using a vane anemometer. The meas-
urement of the relative humidity of gases is
traditionally carried out using psychrometers,

b

the main components of which are dry and wet
thermometers. To measure and regulate the
parameters of the studied heat and mass trans-
fer processes, ensuring guaranteed compliance
with the parameters of the intensive drying
process of pumpkin seeds with vibro-ozonation
activation, a design, software, and a microcon-
troller system were developed and manufac-
tured (Fig. 1).

Microcontroller
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Figure 1. Installation for drying bulk materials with vibro-ozonation technological impact
and a system for adaptive control of the dehydration process

Source: authors’ development

The developed system allowed for the de-
termination of the temperature and humidity
of the heat carrier, as well as the velocity of
the drying agent. This enabled the calculation
of its flow rate and, consequently, the acqui-
sition of comprehensive data for the con-
tinuous calculation of the moisture content
of the seeds within the drying chamber. The
equipment also functioned as a timer, auto-
matically recording the current temperature
and humidity data. This enabled the preset-
ting and recording of time stamps with an
accuracy of one minute. The data and control
point memory were, however, power-depend-
ent. The accumulated and current information
about the dehydration process parameters was
transmitted to a computer via an interface for
further analysis, processing, and calculation.

Animal Science and Food Technology. 2025. Vol. 16, No. 2

When connected to a computer, the microcon-
troller’s clock was automatically synchronised
with the computer’s clock.

The calculation of the current moisture
content of the product was performed using a
computer and the given formulas (1) and (2),
utilising the moisture content values of the
drying agent obtained from the microcontrol-
ler and the input constants characterising the
process. The research involved considering the
following technological impacts on pumpkin
seeds: filtration drying with vibro-ozonation
activation; filtration heat exchange with vi-
bration activation; filtration drying itself; and
convective drying of the product in a stationary
state. To implement these technological meas-
ures, an experimental setup was developed, the
scheme of which is presented in Figure 1.
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The experimental setup consists of a hop-
per 2 (Fig. 1) on which gate 3 is placed to reg-
ulate the height of the layer of wet material 1.
Below hopper 2, there is a vacuum chamber 4
connected to a vibration exciter 6, on which a
perforated bottom of the working chamber 7 is
fixed. The latter is installed on elastic supports
8 and 9. Below the bottom 7, two symmetrical-
ly placed variable-angle electromagnets 11 and
12 are mounted. A drying chamber 5 is installed
above the vacuum chamber, with an unloading
hopper 10 located in its lower part.

During the operation of the experimental
model, a heating agent is supplied to the dry-
ing chamber 5. From hopper 2, using slide gate
3, the wet material 1 enters the upper part of
the perforated bottom 7 and moves along its
surface under the action of low-frequency vi-
brations generated by the vibration exciter 6
in the direction of the unloading hopper 10.
Due to the created vacuum in chamber 4, the
heating agent is filtered through a layer of wet
material, which, due to intensive mixing under
conditions of low-frequency vibrations, has
high porosity and, accordingly, low hydraulic
resistance, which allows for a significant inten-
sification of the drying process and a reduction
in energy consumption.

Results and Discussion
The mechanism of the investigated process of
convective drying with vibro-ozonation activa-
tion occurs as follows. When ozone is directed
onto the surface of plant material, free radi-
cal processes arise, which rapidly spread into
the internal tissues. In essence, this amounts
to the transfer of energy, which is released at
the molecular levels of the upper layer of the
grain or food product, into the internal tissues.
Moreover, part of the excess energy is spent on
physicochemical transformations, as a result
of which the structure of cell membranes, re-
dox potential, ionic permeability, and other cell
properties change. Part of the energy is con-
verted into heat, accelerating the development

of the studied heat and mass transfer processes
of dehumidification.

As ozone passes through the grain mass,
it decomposes into molecular and atomic el-
ements, O, and O, releasing heat equivalent
to 142 kJ/mol. Atomic oxygen binds moisture
around itself in the form of droplets, which are
carried away by the airflow. After the removal of
surface moisture, ozone affects the permeabili-
ty of cell membranes, and the presence of atom-
ic oxygen promotes the movement of moisture
outwards. The next stage of drying involves the
removal of sorption-bound moisture, using the
amount of heat released during the decomposi-
tion of ozone, as well as the presence of atomic
oxygen and ions of different polarities. Under
the influence of electromagnetic interaction
forces, the dipole bonds of water molecules
with the pumpkin seed cells are weakened,
which significantly affects the increase in the
drying rate of the grain during this period. The
introduction of low-frequency vibrations into
the technological mass of the product ensures
both an increase in the contact area between
the material and the heat carrier flow and an
improvement in the efficiency of the aforemen-
tioned chemical interaction reactions.

In the investigated process, using the
aforementioned technological methods, an
evaluation was conducted based on parame-
ters such as seed moisture content, moisture
removal rate, and temperature of the pumpkin
seed material, which can be explained by the
peculiarities of the physicochemical processes
occurring within the seed and its shell (surface)
and the seed mass itself (Fig. 2).

At the initial stage (moisture content of
54-30%), the mixing effect was uneven due to
the sticking of seeds to each other and to equip-
ment parts. Partially due to the formation of a
crust, the transparency of the perforated bot-
tom was impaired, which hindered the supply
of the drying agent. Therefore, heating of the
seed mass occurred gradually, mainly due to
conductive heat transfer. The moisture removal

Animal Science and Food Technology. 2025. Vol. 16, No. 2
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process was ensured by the evaporation of free
moisture from the seed surface and the filtra-
tion of unbound surface moisture in the direc-
tion of natural flow “seed layer — perforated
bottom”. The pressure difference was found

to be excessive above the seed layer due to the
injection of heated and ozone-enriched drying
agents and the rarefaction in the sump-diffuser
space, which significantly activates the dehy-
dration process at relatively low temperatures.
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Figure 2. Dependence of pumpkin seed moisture content W,
% on drying time t (in min) for different drying methods

Note: 1 - filtration with vibro-ozonation activation; 2 -

filtration with vibration activation; 3 - filtration; 4 —

convective in a stationary bed. The drying agent temperature for the pumpkin seed moisture content range of

54-35% was 30°C and within the range of 35-10% - 50°C

Source: authors’ development

The next stage of moisture removal (mois-
ture content of 30-15%) is characterised by
a deterioration of the adhesive and cohesive
properties of the seeds, which contributed to
the activation of the mixing process, form-
ing “fountaining” areas. The continuous film
of moisture is removed, and the liquid phase
moves from the pores and capillaries of the
shell to the outer surface of the seed, from
which it evaporates. Moreover, voids free of

liquid phase are created and spread within the
shell. Moisture is also transferred from the seed
surface by concentration diffusion. Due to the
increased influence of the convective com-
ponent, an increase in the temperature of the
seed mass is observed. The results of studies
determining the effect of the drying agent tem-
perature on the heating of the core and shell of
pumpkin seeds with changes in seed moisture
content are shown in Figures 2 and 3.

——1|—o—2 3 4
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| —0—7| —0—_8

seed layer tl °C
NN
o

Change in temperature
of seed core tc °C,

10 15 20 25

30 35 40 45 50 55
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Figure 3. Changes in the temperature of the seed kernel (embryo) t, (°C),
seed coat t, (°C) during filtration drying of pumpkin seeds at different seed moisture content
values W, % and drying agent temperature
Note: at (W<38%): Tda,, — 30°C; Tda,, - 40°C; Tda,, — 50°C; Tda,, - 50°C; at (W >38%): Tda, - 50°C; Tda,, -

50°C; Tda, - 50°C; Tda, - 60°C
Source: authors’ development
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The final stage of drying (seed moisture
content 17-8%) occurred in a mode of active
mixing in a vibrofluidised bed, facilitated by a
significant mass loss and cleaning of the seed
surface. The moisture transfer mechanism is
characterised by a deepening of the evaporation
front into the seed kernel. Swelling moisture, as
well as condensation from the surface of the
kernel, moves through the developed system of
capillaries and pores of the coat and evaporates
at the phase transition boundary. Further, the

phase transition front moves into the depth
of the kernel, and moisture enters the coat in
the form of vapour. This stage is characterised
by significant heating of the seed mass due to
intensive exchange of its surface and contact
with the drying agent. At values of Tda, > 50°C,
a crust is formed in the layer of pumpkin seed
moisture, making the seed layer virtually im-
permeable to the filtration of the drying agent.
Therefore, studies in mode No. 4 were conduct-
ed at Tda,, - 50°C (Fig. 4).
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2= 20 & °.
z’g 15 =l
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Time of filtration drying with vibro-ozonation activation t, min

Figure 4. Dependence of the seed kernel temperature TC, °C (line 1), pumpkin seed moisture
content W, % (line 2), and seed coat temperature TC, °C (line 3) on the filtration drying time
with vibro-ozonation activation t (in min)

Source: authors’ development

Results of studies on the heating of the
seed kernel (embryo) and the outer seed coat,
depending on the drying agent temperature,
allowed the determination of the maximum
permissible temperatures at which the seed’s
conditioning characteristics, in particular its
germination and germination energy, are pre-
served. According to the obtained data, the
maximum heating temperature of the protein
components of the embryo should not exceed
t, =42°C to ensure optimal germination and
germination energy indicators. In cases where
the temperature of the drying agent exceeds
t, the maximum permissible temperatures
for maintaining sowing qualities are 47°C and
t,,=50°C at a specific energy consumption of
Q=4.23 MJ/kg of relative humidity. Thus, the
conducted studies allow for a clear definition of
temperature limits for safe drying, taking into

account the quality of the seeds and the energy
efficiency of the process.

To optimise the technological and ener-
gy parameters of vibro-ozonation drying of
pumpkin seeds in a vibrofluidised bed, a com-
parative analysis of the efficiency of drying
processes carried out using the developed mi-
crocontroller system was performed (Fig. 2, 3,
4,5). According to the experimental results, the
use of the latest system allowed for a signifi-
cant improvement in drying parameters com-
pared to traditional methods. In particular, the
increase in drying rate was from 1.12 to 1.68
times, indicating a significant increase in pro-
cess efficiency. Specific energy consumption
decreased by 1.21-1.71 times, and processing
time decreased by 1.21-1.67 times, which sig-
nificantly reduces energy costs and increases
drying productivity.

Animal Science and Food Technology. 2025. Vol. 16, No. 2
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Figure 5. Energy characteristics of the studied convective methods of drying pumpkin seeds

Note: 1 — filtration with vibro-ozonation activation; 2 —

filtration with vibration activation; 3 - filtration; 4 —

convective in a static product bed. The drying agent temperature for the product moisture content range of

54-35% was 30°C and within the range of 35-10% - 50°C

Source: authors’ development

Particularly high results were achieved
using filtration drying with vibro-ozonation
activation, which demonstrated the highest ef-
ficiency in reducing seed processing time and
energy consumption. This phenomenon is ex-
plained by a significant decrease in internal
friction within the seed mass and a significant
increase in the contact area between the seeds
and the heat carrier. Such improvement allows
for a significant acceleration of the drying pro-
cess due to more intensive heat transfer, which
in turn contributes to a decrease in energy
consumption. In particular, the highest drying
rate was recorded for filtration vibration drying
(Fig. 5), which confirms its high efficiency com-
pared to other methods.

Filtration drying with vibro-ozonation ac-
tivation showed the best characteristics in min-
imising the processing time of pumpkin seeds
and energy consumption for the process, which
is explained by the greatest reduction in inter-
nal friction in the product mass and the largest
contact area of seed coverage by the heat carrier
flow. The highest drying rate was observed for
filtration vibration drying (Fig. 5).

The conducted research demonstrates
that the experimental model of a convective
dryer with vibro-ozonation intensification has
a significant advantage in terms of pumpkin
seed drying efficiency. The intensive mixing of
seeds during heat transfer results in rapid and
uniform drying of the material. In particular,
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traditional drying systems often face the prob-
lem of uneven heating: the seed surface may
experience overheating, while the inner layers
remain moist (Carter et al., 2019). Such uneven
drying leads to a decrease in the quality of the
finished product and increases the overall pro-
cessing time.

In the investigated model, vibratory mixing
of the seeds allows for avoiding such problems,
which is extremely important when processing
seeds with a high moisture content at the ini-
tial stages of drying. For example, for sunflow-
er seeds, which often require prolonged drying
due to a thick husk, vibration technologies
could also increase drying efficiency and allow
for better preservation of nutrients, which is
important for the food industry. Periodic drying
methods, described in the research of N. Lan-
genaeken et al. (2019), are characterised by the
fact that the entire volume of seeds is processed
simultaneously and remains stationary in the
dryer until the process is complete, while the
flow regime provides faster and more uniform
moisture removal. Unlike such technology,
the developed flow process ensures continu-
ous movement of the seeds through the drying
chamber. The ability to adjust the residence
time of the seeds in the drying chamber allows
the process to be adjusted according to the spe-
cific characteristics of the material.

In the developments of L. Roy et al. (2020),
it was proven that a continuous process also
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contributes to reducing equipment setup loss-
es between batches, which is an advantage for
mass production, where minimising downtime
and cooling periods between batches is critical.
For the proposed model, more humid or more
heat-sensitive types of seeds may require a
longer stay at lower temperatures, which is eas-
ily achieved in the proposed model.

To ensure the economic feasibility of dry-
ing and dehumidification processes in large
enterprises, there is a growing demand for
simple convective technologies (Sa-Caputo et
al., 2019). At the same time, every percentage
of energy consumption significantly affects
the final cost of the product, therefore, the in-
troduction of vibration-filtration dryers will
reduce costs and, accordingly, increase the
competitiveness of products on the market. Fil-
tration drying with vibro-ozonation activation
has shown that overall energy consumption can
be reduced by 1.71 times compared to the tradi-
tional convective drying method.

For small farms, the issue of ensuring mini-
mal heat treatment duration is relevant both to
save energy costs and to improve product qual-
ity and, consequently, demand for it; this re-
quires increasing the drying rate of seeds before
long-term storage and allows for significant
time savings at a high processing rate without
loss of product quality (Piddubnyi et al., 2024).
In this regard, the studied vibro-ozonation acti-
vation contributes to reducing internal friction
between seed particles, which significantly im-
proves heat and mass transfer conditions. Such
an approach contributes to the rapid heating of
the material with minimal heat consumption
for the “internal” processing of the product,
which explains the significant energy savings.
According to the research results, filtration vi-
bration drying showed a process speed that ex-
ceeds the traditional convective method by 1.68
times. Fast drying provides an increase in the
number of batches processed in one cycle of the
dryer operation, which leads to an increase in
the productivity of production capacities.

The quality of the final product is a crucial
indicator of drying efficiency, especially when it
comes to food products. In traditional methods,
where there is no active mixing, seed particles
may be heated unevenly, leading to so-called
“overheating” in the contact zone with the
heat carrier; for example, when drying corn or
wheat, overheating of the grain can cause dam-
age to the outer coat, which impairs its germi-
nation during subsequent sowing, according to
research (Akhlaq & Ali, 2020). The application
of vibro-ozonation activation has made it pos-
sible to achieve a uniform temperature regime
throughout the entire volume of the drying
chamber, which minimises thermal and me-
chanical damage to the product structure and
loss of its nutritional properties. Thanks to uni-
form mixing and gradual renewal of the mois-
ture exchange surface, the proposed technology
avoids such problems, preserving the integrity
and quality of the seeds.

Heat treatment of plant raw materials in a
static bed within stationary thermal chambers
or cabinets requires a sufficiently high energy
consumption to achieve an acceptable result,
which is usually accompanied by significant
heat losses (Sun & Seok, 2019; Singh & Agar-
wal, 2021). With such drying methods, the con-
tact of seeds with the heat carrier is limited,
which is why seed particles must be overheat-
ed to ensure effective heat and mass transfer
(Wang et al., 2020). When using the investigat-
ed model of a vibroconvective dryer with a flu-
idised bed of the product, under conditions of
active surface renewal, it is possible to achieve
the best results even at lower temperatures of
the heat carrier, which also contributes to pre-
serving quality.

In the production of organic products,
preserving the biochemical properties of the
material under convective heat exchange con-
ditions is a significant challenge (Wathelet et
al., 2020). The proposed technology has signif-
icant potential for this industrial application,
as it combines economic efficiency and high
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drying speed with product quality preservation.
Reduced energy consumption also has a posi-
tive impact on the environmental performance
of production, as heat energy consumption is
directly correlated with the level of emissions
into the environment. The implementation of
such technology in industrial lines would con-
tribute not only to resource savings but also
to reducing the overall environmental impact
of production, which is an important factor in
modern society.

In summary, the developed method of con-
vective drying with vibro-ozonation intensifica-
tion demonstrates several significant advantag-
es over traditional methods. It provides a high
speed of seed processing with a significant re-
duction in energy consumption, making it eco-
nomically viable and environmentally sound.
The uniformity of the temperature distribution,
the ability to adjust the process parameters, the
high quality of the final product, and the re-
duction of the negative impact on the environ-
ment make the proposed methodology attrac-
tive for implementation on an industrial scale.

Conclusions

As a result of the conducted scientific research,
a design, software, and a microcontroller-based
complex were developed for remote monitoring
and computer interpretation of data with adap-
tive temperature control of thermolabile seed
materials, namely pumpkin; which allowed
measuring the temperature and humidity of the
heat carrier, the speed of the drying agent, and
indirectly - carrying out the current calculation
of seed moisture, monitoring the heat and mass
transfer process with the determination of ra-
tional process parameters.

The results of the studies conducted using
the developed experimental model of a convec-
tive dryer with vibro-ozonation intensification
of the seed processing process showed the fol-
lowing advantages of the proposed method:
intensive mixing of seeds during heat transfer;
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continuous flow moisture removal process; the
ability to adjust the residence time of seeds in
the drying chamber; equalisation of the materi-
al temperature throughout the entire volume of
the drying chamber; intensive moisture removal
with constant renewal of the moisture exchange
surface; carrying out the process under rational
regimes that ensure the current requirements
for the final quality of the material and a signif-
icant reduction in specific energy consumption.

Filtration drying with vibro-ozonation ac-
tivation demonstrated the best characteristics
in minimising the processing time of pumpkin
seeds: a 1.67-fold decrease compared to the
convective heat transfer method and a 1.71-
fold decrease in energy consumption for the
process compared to traditional convective dry-
ing, which is explained by the greatest reduc-
tion in internal friction in the product mass and
the largest contact area of the seed coverage
with the heat carrier flow. The highest drying
rate was shown for filtration vibration drying,
which exceeded this indicator in the case of the
convective method of processing by 1.68 times.

Promising directions for improving the
studied technologies may include the use of
vibrators with kinematic combined vibration
excitation, which will significantly reduce the
vibrating mass and, accordingly, energy con-
sumption for the process; the implementation
of a vibro-wave conveyor system, which makes
it possible to both reduce energy consumption
and metal consumption of drying equipment
while maintaining the quality effects of the
proposed technology.
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AHoranisg. Y mporeci TeruioMacoo6MiHHOI 06pO6KM HACiHHEBOI MPOMYKIIii, SIK ITPaBuMIIO,
BMHMKAIOTh MPOGIeMM BiTHOCHO HACTiAKiB TepMiuHOi Ta MexaHiuHOi Aii. ToMy 3aCTOCYBaHHS
MEeTOMiB CYUIiHHS 3 BiGpOpO3pimKeHMM IIapoM MPOAYKIii, IO [O3BOJSE MiHiMi3yBaTU
MeXaHiYHMil Ta TepMiuHMIi BIUIMB HAa POCAMHHY MPOAYKIIil0, He BTpPayalOTh aKTYyaJbHOCTI.
MeTo10 JaHO1 HayKOBOi pOOOTM CTaIo MigBUIEHHS PYIIiHOI 1M Ta BiANOBiLHO edeKTUBHOCTI
Mpoliecy 3HEBOJOXKeHHSI TepMosabiibHOI pPOCIMHHOI CMPOBUMHM 3a DPAXYHOK 3aCTOCYBaHHS
Bi6poMexaHiuHOI aKkTMBallii pyXy HACiHHEBOIO MaTepiajy, MiJBUILEHHS eJIeKTPOOCMOTUYHOTO
TUCKY IJIs1 TIOJIIMIIEeHHsT YMOB Audysii Bosoru, peasisallis me3iH(eKTMBHOTO BILIMBY Y IpoIleci
06po6KM. MeTomoIorisl JOCTiIKeHHST BK/IIOUaNa eKClepyuMeHTalbHi JOCTiIKeHHS B YCTAHOBIII 3
BibpaliifHMM IapoM i 030HO-TIOBITPSIHMM CYLIMJIBHMM areHTOM. JIoCTiaKyBaau BIUIUB YaCTOTU
Bib6paIliif, KOHIIEHTpaIlii 030Hy Ta TEMITEPATYPHOrO PEXMMY Ha KiHETMKY CYIIiHHS, IIBUIKICTh
TeIIoMacoo6bMiHy, piBeHb me3iHdekIlii Ta eHeproedeKTUBHICTb. 32 pe3yabTaTaMU IOCITiAKEHHS
po3pob6seHa cxemMa KOHBEKTMBHOTO CYIIiHHS 3€pHOBOTO Ta 3€pPHO-KPYIT'SHOTO MarepiamiB
3 BibpaliffHMMMu Ta O30HyIOUMMM 3acobamMu JFioro iHTeHcudbikamii. 3ampomoHOBaHa cxema
J03BO/IM/IA 3a6e3MeunTy HeoOXimHy me3iHdeKilito MpoayKIii, MOMIMIINTY YMOBY TeIionepenadi;
3a6e3MeunTy OJHAKOBMIA TiipaBIiuHMIt OMip B3JOBX BCiei Kamepy po3pimskeHHS, PiBHOMIPHiCTh
CYIIiHHSI; 3MeHIIeHHs eHepreTMUHMX BUTpPAT Ha IIpoliec, 36iJbIlIeHHs 40r0 AOBrOBiUHOCTI,
HaJiifHOCTi Ta MPOAYKTUBHOCTi; BUK/IIOUEHHS TIEPETPIBY BUCYIIYBAHOTO MaTepiasy, 0 3po6uiio
MOX/IMBUM 3Ii/CHIOBATM TMPOIEC CYLUIiHHA TepMoaabiiibHOl mponykiii. 3a pesynabraTamu
IOC/iIKEeHb MOBEIEHO, 0 (iNbTpalliliHe CyIIiHHS 3 BI6pO030HYBaHHSIM CKOPOUYYBaJIO Yac 06po6Ku
HaciHHs rap6y3a B 1,67 pasa, 3MeHIIIyIouy eHeproputpatu B 1,71 pas3a MOpiBHSIHO 3 TpaguLIiitHUM
KOHBEKTMBHMM MeTomoM. HaiiBuia MIBUIKICTh CYIIiHHS Oysa JOCSTHyTa Npu QinbTpaiiiinomy
Bi6paliifHOMY CyIIiHHi, sTKe BUSBMUIOCS eDeKTUBHIIIMM 32 KOHBEKTHBHE B 1,68 pasza. [IpakTuuHa
IiHHICTh POOOTYU MOJSITaE€ y PO3pO6Ii KOHCTPYKII CYMIMILHOTO OONMamHAaHHS, MO 3abe3reuye
PiBHOMIpHICTb CYUIiHHSI, 3HUXYE PU3UK IeperpiBy, MiJBUIILY€E JOBTOBIUHICTh i MPOMYKTUBHICTH
npouiecy. OTpMMaHi pe3ylbTaT MOXYTb OYTM BIPOBAAKEHi Y BUPOOHUIITBO [isI eheKTUBHOL
06pOo6KYM TepMOJIabiIbHOI CiTbCHKOTOCTIONAPCHKOT MPOAYKIIil
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