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The results of the study on determining the rational operating parameters of drying walnuts of the Chandler
variety in a convective-vibratory dryer are considered. The feasibility of using vibration effects to increase the intensity
of heat and mass transfer and reduce specific energy consumption is substantiated. The material of the study was fully
ripe nuts, which were dried to standard humidity. An analytical regression equation was established that describes the
dependence of specific energy consumption on the temperature of the drying agent, air flow velocity and vibration
acceleration of the drying chamber. The response surfaces were analyzed and the relationships between the main
process factors were determined.

According to the results of mathematical modeling, rational parameters were established: temperature
38 °C, speed 22.5 m/s, vibration acceleration 65.6 m/s? at an amplitude of oscillations of 6.5 mm. Verification of
the model showed that the discrepancy between theoretical and experimental data does not exceed 11%, which
confirms its adequacy.

It is noted that the use of vibration effects contributes to the formation of a fluidized bed, reducing
aerodynamic resistance and increasing the heat transfer coefficient. The results obtained can be used to optimize the
operating parameters of laboratory and industrial dryers, develop energy-saving technologies and ensure stable
quality of finished products. Prospects for further research related to modeling of drying agent turbulization and
scaling processes in industrial conditions are outlined.

The proposed approach creates prerequisites for scaling the convective-vibratory drying technology to
industrial conditions while maintaining product quality and significantly reducing overall energy consumption.

Key words: convective-vibrational dryer, walnuts, heat transfer, vibration acceleration, energy efficiency,
fluidized state, operating parameters, drying intensification, mathematical modeling, specific energy consumption.

Eq. 4. Fig. 4. Table. 1. Ref. 15.

1. Problem formulation

Modern walnut production requires the introduction of efficient and energy-saving drying technologies
that ensure stable product quality and compliance with agrotechnical standards. In traditional convective
dryers, the drying process is characterized by high energy consumption and insufficient heat and mass transfer
intensity due to the uneven distribution of nuts in the layer and the formation of local areas of aerodynamic
resistance [1-5]. The use of convective-vibration dryers allows to increase the efficiency of the process by
creating pseudoplastic state of the nut layer, reduction of aerodynamic drag, and intensification of heat and
mass transfer [6, 7].

However, for the practical implementation of this approach, it is critically important to determine the
rational operating parameters of drying — the temperature and speed of the drying agent, the amplitude and
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frequency of vibrations, as well as vibration acceleration. Optimization of these parameters ensures minimal
energy consumption for the drying process, which includes the costs of air heating, fan operation, and
vibration. A scientifically based choice of operating modes for a convective-vibration dryer allows for
increased energy efficiency and quality of the final product, which makes this research particularly relevant
for the agro-industrial complex and the food industry

2. Analysis of recent research and publications

3. The purpose of the article

The purpose of the study is to determine the rational operating parameters for drying walnuts in a
convective-vibration dryer in order to ensure minimum energy consumption and obtain a high-quality product.

To achieve this goal, the following tasks were set: to investigate the influence of temperature and speed
of the drying agent on the efficiency of the process; to determine the role of vibration in reducing the
aerodynamic resistance of the nut layer and increasing the intensity of heat and mass transfer; to conduct a
multifactorial experiment and build a mathematical model of the process; to verify the adequacy of the model
with experimental data and formulate recommendations for optimal drying modes.

4. Results and discussion

The material for the study was fully ripe Chandler walnuts with an initial moisture content of 28%,
which were dried to a final moisture content of 10%, which meets regulatory requirements [8]. For
experimental studies, a convective-vibration laboratory dryer was used, in which the key operating parameters
of the drying process were varied [9, 10]: the temperature and speed of the drying agent, the amplitude and
frequency of vibration oscillations, and the vibration acceleration. A fixed vibration amplitude of 6.5 mm was
selected, while the vibration acceleration varied from 25 to 105 m/s? depending on the experiment mode. The
levels of the factors and the intervals of their variation are given in Table 1. The temperature of the drying
agent varied in the range of 30-40 °C, and the air flow velocity varied from 20 to 26 m/s. The experimental
data were processed using Mathematica 12.0 software, which ensured high-precision analysis of the results
obtained and their statistical processing.

To determine the rational operating parameters of the vibrating machine corresponding to minimum
energy consumption, a plan for a multifactorial experiment was drawn up [11, 12]. The main optimization
criterion was the total energy consumption for the drying process, which includes the energy for the fan drive,
heating the atmospheric air, and creating a vibrating effect on the material layer [3, 13, 14].

Table 1
Factor levels and ranges of variation
Levels of variati Factors
evels of variation
Xl' tC.a.yoC XZ‘VC.a., m/c XS‘ O, M/c2
Upper level (+1) 40 26 105
Basic level (0) 35 23 65
Lower level (-1) 30 20 25
Variation interval (E) 5 3 40

The temperature and speed of the drying agent, as the main factors determining the energy efficiency
of the process, varied within practically reasonable values to ensure product quality and energy efficiency of
the process. The temperature of the drying agent tc.a varied from 30 °C to 40 °C in increments of 5 °C, with
the upper level limited by product quality standards and the lower level by the technological feasibility of the
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process. The speed of the drying agent vc.a varied from 20 m/s to 26 m/s in increments of 3 m/s, which ensured
overcoming the aerodynamic resistance of the nut layer and increasing the energy efficiency of drying.

An important factor affecting the intensity of heat and mass transfer is the parameter of vibration
impact on the layer of nuts in the drying chamber. Most previous studies have used vibration acceleration a®
as an indicator of vibration intensity [6, 15]. However, vibration acceleration is the second derivative of the
amplitude of oscillations over time, and the same value can be achieved with different combinations of
amplitude and frequency of oscillations. In view of this, it is advisable to fix one of the parameters, for example,
the amplitude, at a reasonable level and vary the other parameter, the oscillation frequency, within the limits
of design and technological constraints.

In this study, the oscillation amplitude was fixed at A = 6.5 mm, which corresponds to the capabilities
of the laboratory setup, while the vibration acceleration am varied from 25 to 105 m/s2 in increments of 40 m/s2.
This approach allows studying the effect of different intensities of vibration on heat and mass transfer and the
energy efficiency of the process without violating the design limitations of the equipment.

The experiment was planned taking into account the multifactorial influence of temperature, drying
agent velocity, and vibration parameters. The experiment planning matrix and methodology are presented in
[11]. The following factors were selected: X; — drying agent temperature tsa; X, — drying agent velocity vsa;
X3 — vibration acceleration Aw?; Y — optimization criterion, energy consumption — Q.

For each combination of parameters, a series of experiments was conducted with three repetitions,
which allowed random errors to be taken into account and the statistical reliability of the results to be assessed.
As a result, analytical dependencies of the heat transfer coefficient and specific energy consumption on the
main operating parameters of the process were obtained. The studies confirmed that the use of vibration
contributes to the formation of a pseudo-fluidized state of the nut layer, a reduction in aerodynamic drag, an
increase in air flow turbulence, and an increase in the energy efficiency of the process.

Thus, the proposed method allows for an objective assessment of the efficiency of the walnut drying
process, taking into account the combined influence of temperature, drying agent speed, and vibration
parameters. The results obtained can be used to optimize the operating modes of laboratory and industrial
convective-vibration dryers, as well as to develop energy-saving technologies for drying plant products with
high quality of the final product.

After processing the experimental data, a regression equation was obtained, which is given in natural
values:

Y = 14,266 — 0,286t,, + 0,0032t%, — 0,362v,, + 0,00158t,,v., + 0,0061v2, (1)

-0,0771a,, — 0,00425¢t.,a,, — 0,0129v.,a,, + 0,071a?

The analysis of the regression equation showed that it is adequate for the experimental data at a 5%
significance level.

The response surfaces with one of the three factors fixed are shown in Figures 1-3.

The analysis of the obtained regression equation to find rational operating parameters was performed
using two-dimensional intersections. The rational operating parameters of the experimental industrial model
of the vibrating machine were found by analyzing the regression equation

- g
\ A 0= =

Fig. 2. Dependence of the optimization criterion
on the temperature of the drying agent and
vibration acceleration

Fig. 1. Dependence of the optimization criterion
on the temperature and speed of the drying agent
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Fig. 3. Dependence of the optimization criterion on the speed of the drying agent and vibration acceleration

The analysis of the regression equation allowed us to determine the following rational parameters:
drying agent temperature 38 °C, drying agent velocity 22.5 m/s, drying chamber vibration acceleration 65.6
m/s2 at a fixed amplitude of its oscillations 6.5 mm.

When conducting research to determine the rational operating parameters, a series of experiments was
additionally carried out to verify the mathematical model [11]. The results of these experiments are shown in
Fig. 4.

0 5 10 15 20
7/1000 c

Fig. 4. Material temperature during drying at a coolant temperature of 35°C
and an ambient temperature of 15°C

The theoretical curve is described by equation (2), and the experimental data are approximated by
equation (3):

v, = 18,188 exp(0.113 1) 2
Vexp = 18,33 exp(0.117) (©)]
The points on the graph correspond to experimental data, and the line is described by equation (4).
g(r,s)_&:ﬁ_& 4)
S W v,

The difference between theoretical and experimental data does not exceed 11%, which gives reason to
believe that the mathematical model adequately describes the process of drying walnuts in the vibration
machine developed and manufactured by us.
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5. Conclusion

As a result of experiments conducted to determine the rational operating parameters for drying
Chandler walnuts, an analytical regression equation was obtained that reflects the dependence of specific
energy consumption on the main factors: the temperature and speed of the drying agent, as well as the vibration
acceleration of the drying chamber. The constructed response surfaces made it possible to visualize the
complex influence of these parameters on the energy efficiency of the process and to determine the
relationships between the factors.

Analysis of the regression equation confirmed the adequacy of the obtained dependencies with the
experimental data at a significance level of 5%. Based on the results of mathematical modeling and analysis
of two-dimensional cross-sections of response surfaces, rational operating parameters for the vibrating dryer
were determined: drying agent temperature 38 °C, air flow velocity 22.5 m/s, vibration acceleration of the
drying chamber 65.6 m/s? at a fixed oscillation amplitude of 6.5 mm. The use of these parameters allows for
an optimal balance between the intensity of heat and mass transfer and the minimization of energy costs for
the drying process.

To verify the mathematical model, an additional series of experimental studies was conducted, the
results of which were compared with the theoretical curve described by the approximation equations. It was
found that the discrepancy between the theoretical and experimental data does not exceed 11%, which confirms
the high level of adequacy of the developed mathematical model and its ability to accurately describe the
process of drying walnuts in a convective-vibration dryer.

The results obtained allow us to conclude that the application of vibration contributes to the formation
of a pseudo-fluidized state of the nut layer, a decrease in aerodynamic resistance, an increase in air flow
turbulence and, as a result, an increase in the heat transfer coefficient and energy efficiency of the process. In
addition, the proposed method for determining rational operating parameters, taking into account the
temperature, the speed of the drying agent, and vibration parameters can be used to optimize the operation of
laboratory and industrial convective-vibration dryers, as well as to develop energy-saving technologies for
drying plant products with high consumer and biological properties of the final product.

Thus, the study not only confirmed the effectiveness of the combined vibration-convection effect on a
layer of nuts, but also provided a scientific basis for the development of methodological recommendations for
optimizing the drying process and increasing its energy efficiency on an industrial scale.
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BU3HAYEHHSA PAINIOHAJIBHUX PEXKUMHUX TAPAMETPIB CYIIIHHSA BOJTIOCBKHUX
T'OPIXIB Y KOHBEKTUBHO-BIBPAIIMHIN CYIIAPIII

Pozenanymo pezynomamu 00CHiodCcenHs 3 GUHAYEHHA PAYIOHANbHUX DENCUMHUX Napamempis
cyuiinna  gonocekux 2opixie copmy «Chandlery y xonsexmusno-6iopayiinii cywapyi. OOIpyHMOBAHO
OOYINbHICMb GUKOPUCTNAHHSA 8iOpAYiliHO20 6NAUEY O/ NIOBUWEHHS [HIMEHCUBHOCI MenIoMAco0OMIHY ma
SHUNICEHHS NUMOMUX eHepeemuyHux sumpam. Mamepianom 0ocniodxcenHs 6ynu 2opixu NOBHOI CMuUe1oCcmi, AKI
sucywysaiu 00 HOpMAmMugHoi eonozocmi. Bcmanoseneno ananimuune pisnaAnHA peepecii, wo oOnucye
3GN€CHICMb  NUMOMUX EeHEePIeMUYHUX SUMpPAm 6i0 MeMnepamypu CYWUIbHO20 a2eHmy, WEUOKOCI
NOBIMPSAHO20 NOMOKY mMa GiOPONPUCKOPEHHs CyuunbHoi xamepu. Ilpoananizoeano noeepxmi 6i02yky ma
BUBHAYEHO 83AEMO38 SA3KU MIJHC OCHOBHUMU PAKMOPAMU NPOYecy.

3a pesynomamamu MaAmeMamuyHO20 MOOEMOBAHHSA GCMAHOGNEHO DPAYIOHANbHI NAPAMempu:
memnepamypa 38 °C, weuoxicme 22,5 m/c, gibponpuckopenns 65,6 m/c? npu amnuimyodi koaueans 6,5 mm.
Bepudgbixayis mooeni noxazana, wo po3oiscHICmb MidC MeOPEeMmUYHUMU | eKCNEPUMEHMATbHUMU OAHUMU He
nepeguwye 11 %, wo niomgepodcye it adexgamuicmo.

3asnaueno, wo 3acmocysanns 8ibpayilino2o 6NIUGY CHPUAE POPMYBANHIO NCEBOO3PIONCEHO20 WAPY,
3MEHUIEHHIO aepOOUHAMIYHO20 ONOpPY ma niosuwentio koeghiyicnma mennooominy. Ompumani pe3yrbmamu
MOdHCYymb 6ymu 6UKOpUCMAani 0t onmumizayii napamempie podomu 1a60pamopHux i RPOMUCTIOBUX CYUAPOK,
PO3poOKU  eHepeo30epiealouux MexHOA02l ma 3abe3neueHHs cmadbiibHoi SKOCMI 20mM060i NpPoOYKyil.
Oxpecneno nepcnexmugu noOanbuux O0CiOdNHCeHb, NO8 A3AHUX i3 MOOETOBAHHAM MYPOVII3aYil CYUUTBHO2O
azenmy ma Macumaby8aHHAM NPOYeCie y NPOMUCTIOBUX Y MOBAX.

3anpononosanuii nioxio cmeoproe nepedymosu 0as MAcumady8aHHs MexXHO02li KOHEEKMUBHO-
8IOpaYiliHO2O CYWIHHA 00 HPOMUCIOBUX YMO8, 30epieaioduu npu YbOMy AKICMb NpoOYKYii ma cymmego
SHUDICYIOUU 3A2a7IbHE CHOMCUBAHHS eHepeli.

Kniouosi  cnosa:  KoneekmusHo-6iOpayiiina  cyuwapka,  60J0CbKi  20pixu,  MenjiooOMiH,
8IOPONPUCKOPEHHS, eHepeoepeKmuUHICb, NCeBO03PIONCEHUN CIMAH, PEHCUMHI napamempu, iHmeHcugixayis
CYWIHHS, MAmeMamuyne MOOeT08aH S, NUMOMI GUMPAMU eHepaii.

@. 4. Puc. 4. Taén. 1. Jlim. 15.
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