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The article investigates the influence of kinematic parameters on the velocity of grain material
movement along the working surface of the rotor in a vibro-centrifugal separator. The relevance of the study
is determined by the need to increase the efficiency of cleaning and sorting processes of grain mixtures through
the use of centrifugal and vibration fields, which enhance the differences between particles in terms of specific
mass and aerodynamic properties. The paper examines the mechanics of motion of an individual grain particle
on the surface of a conical rotor performing simultaneous rotational and vibrational motion. The main forces
acting on the particle during its movement are determined, including the centrifugal inertial force, the inertial
force caused by vibrational motion, the gravitational force, the reaction force of the rotor surface, and the
friction force between the particle and the working surface.

Based on the analysis of the conditions for continuous contact motion of a particle along the rotor
surface, a differential equation describing its motion was obtained, and relationships for determining the
displacement and velocity of grain particles depending on the vibration phase were derived. The conditions
ensuring stable particle motion in the direction of expansion of the conical rotor with periodic stops were
established. An analytical expression for determining the average velocity of grain material movement was
obtained, taking into account the vibration amplitude and frequency, the angular velocity of rotor rotation,
the cone angle of the working body, and the coefficient of friction between the material and the rotor surface.

The theoretical studies were supplemented by experimental investigations carried out on laboratory
and pilot experimental installations, where the influence of rotor rotational speed, grain feed rate, and air
flow parameters on the separation efficiency was analyzed. It was established that an increase in the vibration
amplitude and frequency, as well as in the angular velocity of the rotor, leads to an increase in the average
velocity of grain particle movement along the working surface. The obtained results can be used to substantiate
the design and operating parameters of vibro-centrifugal separators and to develop high-performance grain
cleaning machines.

Keywords: grain material, vibro-centrifugal separator, kinematic parameters, particle motion,
vibration, centrifugal force, grain separation, grain cleaning.

Eq. 11. Fig. 2. Ref. 10.

1. Problem formulation

Modern food industry enterprises require efficient technological equipment capable of ensuring stable
product quality while reducing energy consumption during production processes. One of the key operations in
the production of curd masses is the mechanical mixing of viscous and viscoplastic liquid media in reactor-
type apparatuses. Curd masses are produced using a mixing-based technological process and consist of mashed
full-fat or semi-fat fresh cheese, sugar or powdered refined sugar, softened butter, liquid fractions, and various
additives. The characteristics and quality parameters of the final product depend on the proportions of the
initial ingredients, as well as on the temperature conditions and duration of the technological process.
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Therefore, the efficiency of mechanical mixing significantly affects the homogeneity, rheological properties,
and overall quality characteristics of the resulting product.

At the same time, the mixing of non-Newtonian media is accompanied by complex hydrodynamic
processes, variations in viscosity during processing, and uneven distribution of flow velocities within the
reactor volume. These factors lead to increased power consumption and reduced efficiency of conventional
mixing systems. In addition, the mechanisms of hydrodynamic interaction and energy transfer during the
production of curd masses remain insufficiently studied. Therefore, the development of approaches for
modeling the mechanical mixing process and determining rational operating parameters of mixing equipment
is an important scientific and practical task aimed at improving energy efficiency and intensifying
technological processes in the food industry

2. Analysis of recent research and publications

A significant number of works by domestic and foreign scientists have been devoted to the study of
the processes of hydrodynamics, heat and mass transfer during mixing of viscous and viscoplastic media in
the food industry. The fundamental foundations of the rheology of food masses and the theory of mechanical
mixing are laid down in classical works (Machikhin Yu.A., Gorbatyuk V.I., Steffe J., etc.).

Modern research (in particular, the works of Burdo O.G., Cherevko O.l., Gavrish A.V., as well as
foreign authors such as Cullen P.J., Ein-Mozaffari F.) is mainly focused on optimizing the geometry of low-
speed mixing devices (ribbon, screw, anchor, planetary mixers) used to work with non-Newtonian fluids. It
has been proven that during the processing of such media, the effective viscosity depends exponentially on the
shear rate, which leads to the formation of local zones of intense shear near the mixer blades and the emergence
of large stagnant (dead) zones on the periphery of the apparatus [1-4].

3. The purpose of the article

The purpose of the study is to develop a generalized concept for modeling the process of mechanical
mixing of viscous liquid media to increase equipment efficiency, reduce specific energy consumption, and
ensure consistently high product quality.

4. Results and discussion

The proposed approach is based on a comprehensive consideration of the laws of fluid hydrodynamics,
energy characteristics of mixing equipment and continuous changes in the rheological properties of the
medium during the processing process.

The primary apparatus used in curd mass production is the reactor - an agitated vessel in which the
mixing of liquid media is carried out. The reactor accounts for the main share of energy consumption associated
with the mixing process. During production, the reactor performs mixing at various operational stages, where
the composition and temperature of the liquid medium change, leading to temporal variations in the density
and viscosity of the medium, which in turn affect the power consumed by the mixing device [2]. Therefore,
reducing the power consumption of the reactor remains an important and relevant task.

The production of curd masses involves the following main stages: loading the components according
to the formulation proportions, heating to pasteurization temperature, pasteurization, cooling to the inoculation
temperature, inoculation, and subsequent cooling [3, 4].

The technological process is carried out in a stainless steel reactor equipped with a jacket for heating and
cooling, as well as an impeller for mixing the batch. The reactor is additionally provided with a cooling coil.
Through the loading hatch, the calculated amount of formulation components, not exceeding 100 kg, is added to
the reactor. With the impeller operating and at a temperature of 20 - 30 °C, the filler is introduced through a
funnel. The components are dissolved at 20 - 30°C over 20 - 30 minutes under continuous mixing [5].

To assemble the mixture, liquid products (milk, cream, water) are added first, followed by concentrated
dairy products, and finally dry ingredients (dry milk products, dry egg powder, sugar, stabilizers). It is
recommended that dry ingredients be pre-mixed with sugar and a small amount of milk or water. The raw
materials for the mixture should be combined at 3540 °C to ensure the most complete and rapid dissolution
of all components. The mixture is then filtered to remove any undissolved particles.

The mixture undergoes pasteurization, secondary filtration, homogenization, and cooling to the lowest
possible positive temperatures. Pasteurization is performed at 85 °C with a holding time of 50-60 seconds, or
at 92-95 °C without holding.
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The pasteurized mixture is cooled to 2—4 °C using the cooling coil to initiate the maturation process,
which lasts 4-48 hours. During storage, the mixture matures: the liquid fat solidifies, and the water-holding
capacity of proteins and stabilizers increases. Maturation is an essential operation, and its duration depends on
the hydrophilic properties of the stabilizer. When gelatin is added, the maturation process lasts at least 4 hours.

Upon completion, the curd mass is cooled to 25-40 °C by circulating chilled water through the reactor
jacket. Finally, the curd mass is discharged into a drainage tank [6].

From the description of curd mass production, it follows that during all stages of the product
preparation in the reactor, energy is consumed for mixing the liquid medium. Specifically, the total useful
power, Ngen is expended, which represents the sum of the power contributions of individual operations during
mixing:

n
Noen = ) Til; ®
i=1

where 7; is the duration of an individual operation, N; is the useful power consumed for mixing during
that specific operation, n is the total number of operations, and i is the index of the individual operation (i=1,
2,3, ...,n).

The useful power of an individual operation N; is determined by the following equation:

N; = Ky,pcniDyy, )
where KNi is the power number representing the power consumed during the technological operation,

P, Is the density of the medium during the given operation, n; is the impeller rotational speed, and D, is the

impeller diameter.

The value of N; is necessary to obtain results that allow for informed decision-making in reactor design.
To achieve this, it is proposed to perform physical modeling of the mixing process under laboratory conditions,
taking into account the characteristics of the actual reactor, followed by the transfer of technological properties
from the model to the real system based on the theory of similarity.

For modeling the mechanical mixing of liquid curd masses, an aqueous starch suspension with a mass
fraction of 6 % was used. This allows the rheological properties of the mixture to be reproduced, approximating
those of real curd systems, including their pseudoplastic behavior and the dependence of viscosity on shear rate [7].

To determine the density of the liquid medium pc it is sufficient to use a model medium at a fixed
temperature, namely the aqueous suspension, the density of which can be calculated using the following equation:

Pc Pty pp

where py is the density of the solid starch particles, p, is the density of water, and x is the mass fraction
of starch in the suspension.

Regarding the type and diameter of the impeller, the same type of impeller was selected, while the
diameter of the laboratory-scale impeller d, was reduced by a factor k relative to the industrial impeller
diameter D,, as follows:

k = Dy /dy. 4)

It is essential to maintain constant the following parameters: the ratio of the vessel diameter to the
impeller diameter, the ratio of the impeller blade width to the vessel diameter, as well as the number of blades,
the blade pitch angle relative to the horizontal, and the number and width of installed baffles.

The impeller rotational speed n; remains unchanged.

The power number Kyi, consumed during a given operation, for the subsequent use of the experimental
mixing data, is recommended to be calculated using the following formula [8]:

KNi = CRe}hni, (5)

where C and m are constant coefficients. Taking the logarithm of this relationship provides a linear form that
is convenient for practical calculations [8]:

lgKy, =1g C + mlgRey, (6)

where ReR“,Ii is the known value of the modified Reynolds number for the given operation.
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To verify the aforementioned assumption and to enable its application in physical modeling of mixing
processes during curd mass production, detailed investigations of the mixing process were conducted using a
laboratory-scale experimental setup.

The experimental setup (Fig. 1) included an impeller system consisting of a tank (1), in which a
vertically mounted motor-reducer (2) was installed, and a vessel (3) equipped with a mechanical frame impeller
(4). The axis of the electric motor (2) was coaxial with the axis of the mechanical impeller (4).

A frequency converter connected to the motor allowed smooth adjustment of the impeller rotational
speed. The rotational speed was measured using an electronic sensor (6). The power consumed for mechanical
mixing was determined based on voltmeter and ammeter readings. The temperature of the liquid was recorded
using a thermometer (5).
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Fig. 1. Schematic of the laboratory experimental setup (a — schematic diagram, b — general view):
1 —tank; 2 —motor-reducer; 3 —vessel; 4 — mechanical impeller; 5 — temperature sensor; 6 — control panel

At the initial stage of the study, it was necessary to prepare an aqueous suspension of the required
concentration and pour it into the vessel. A starch—water suspension was selected as the model medium for
investigating mechanical mixing. Starch with a purity of not less than 99% of - (CsH.00s), - was used; it was
preliminarily ground using a pestle and mortar to an average particle size of 1.5-2.5um, as determined by
microscopy. The polymer - (CsH100s), - exhibits low solubility, does not form crystalline hydrates, and does
not chemically interact with water.

The starch had a specific surface area of 2000 m?/kg and a density of p, = 1500 kg/m3. The aqueous
suspension was prepared at a water temperature of 20 °C by adding starch in an amount of 6 wt.% (x = 0.02).
As a result, the total volume of the suspension was adjusted to 5 L and subsequently poured into a mixaing
vessel with a diameter of D = 160 mm, which established a liquid level of H = 150 mm.

The calculated density of the aqueous starch suspension was p, = 1110.05 kg/m3.

The dynamic viscosity coefficient p, of the aqueous suspension, which depends on the concentration
of solid particles, was determined using the following equation:

e = Up(1 + 2,5¢), (7)

where ¢ — the volumetric fraction of solid particles in the suspension, calculated using the following
equation:

0= x/x+ %(1 —x) = 0,102, (8)

14
The dynamic viscosity coefficient of the aqueous suspension was finally determined to be
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us = 1.250 x 10°¢ Pa-s. A frame-type impeller was investigated, with a diameter of d,, = 400 mm. By design,
the frame impeller consisted of two mutually perpendicular blades arranged horizontally, mounted in three
tiers along the height, with each blade having a width of 60 mm. The vessel was equipped with baffles (Fig.1).

The experimental procedure was as follows. Prior to the experiment, the handle of the autotransformer
was set to zero. The experimental setup was then connected to the power supply. By gradually rotating the
autotransformer handle, the voltage was set to 50 V, as indicated by the voltmeter. After reaching a steady
operating regime of the impeller, the readings of the voltmeter (U, V), ammeter (I, A), and electronic tachometer
(n, rpm) were recorded. The same procedure was repeated for voltmeter readings of 60 V, 70 V, 80 V and 90
V. The experiment was conducted three times, and the instrument readings were documented. Upon completion
of the experiment, the autotransformer handle was smoothly returned to zero, and the setup was disconnected
from the power supply. The temperature of the aqueous suspension, t, was measured before and after the
experiment with the impeller turned off.

It should be noted that at rotational speeds exceeding 130 rpm, a vortex formed in the mixing vessel,
indicating a probable decrease in mixing intensity and efficiency.

Knowing the impeller diameter d,,, the modified Reynolds number was calculated. Subsequently,
based on the experimental values of U and I, the power consumed by the impeller for mechanical mixing was
determined:

N = Ul cos angy, 9)

where U is the voltage (V); I is the current (A); cos a is the power factor; and 1 is the efficiency of the
electric motor. In the calculations, # = 0.8 and cos « = 0.85 were assumed.
The experimental power number was determined using the following equation:

Ky, = N/pn’d}, (10)

The principal parameter to be considered in mixing processes is the power consumed by the mixing
device, which depends on numerous factors. Therefore, the objective of this experimental study was to
investigate the mixing process, specifically to determine the influence of geometric and technological
parameters on the power consumption of the impeller, as well as to establish a mathematical relationship
between the power number and the modified Reynolds number.

Based on the experimental results, a graphical dependence of IgRe,, versus /gK, was obtained using
Microsoft Excel, which appeared as a straight line with a coefficient of determination R? = 0.9918. The
resulting relationship can be expressed as follows:

Ky, = 4,7311- 106 - Re,, %2113 (11)

The graphical relationship between the logarithm of the impeller power number, /gK,, and the

logarithm of the modified Reynolds number, IgRe., is presented in Fig. 2.
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Fig. 2. Graph of the dependence of the logarithm of the impeller power number, IgK,, on the logarithm
of the modified Reynolds number, IgRe,,
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5. Conclusion

Based on the results of the conducted studies on physical modeling of the mechanical mixing process
of liquid media in a reactor for the production of cheese masses, the following conclusions can be drawn:

The total useful power consumed by the reactor during the mixing of cheese masses is determined by
the cumulative number of technological operations, the duration of each individual operation, and the
magnitude of useful power expended at each stage of the process.

A generalized concept for modeling the process of mechanical mixing of liquid media in a reactor for
the production of cheese masses has been proposed.

A methodology for processing experimental data obtained from a laboratory experimental setup
simulating the mechanical mixing process has been developed.

An empirical relationship for calculating the mixing power number as a function of the modified
Reynolds number has been established, which makes it possible, within the scope of the conducted
experiments, to predict power consumption for the mixing process
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IrmsaPOAUHAMIYHI 3AKOHOMIPHOCTI ITPOLHECY MEXAHIYHOI'O HEPEMIITYBAHHSA
B’SI3KUX PIIKUX MAC

Llupoke BUKOPUCMAHHA CUPHUX MAC AK CKIAO0080I V DI3HUX HANPAMAX MONOYHOI NPOMUCIO80CHLE
3YyMOGIeHe 8iOHOCHOI NPOCMOMOK MEXHON02I] iIX OMPUMAHHS, OOCMYNHICIMIO CUPOSUHU MA MOICTUBICHIIO
SHYUKO20 Ppe2YN0BAHHS CMPYKMYPHO-MEXAHIYHUX —8IACMUBOCHEl 20mo8o2o0 npodykmy. Kuouosum
elleMeHmoM MeXHONO2IYHOI AIHII € peakmop — anapam 3 MIWAIKOW, 8 SKOMY peani3yeEmbCs npoyec
IHMEHCUBHO20 MEXAHIUHO20 NEPEMIULY8anHs 8 piOKOMY abo & s3konracmudunomy cepedosuwi. Came yetl 8y301
sU3HA4Ac eexmusHicmy 2iOPOOUHAMIYHUX NPOYECi8, PIGHOMIPHICIL pPO3N00iny 0a2amoKOMNOHEHMHUX
cymiwet, WeUOKIiCmb Mensio- ma MacooOMiny, a maxoxtc popmyeants Kinyesoi cmpykmypu cuprnoi macu. I1io
4ac MexaHiuHoi 06poOKU CUPHI Macu NpoAIAIOMb ACKPABO BUPANXCEH] HEHbIOMOHIBCHKI (Nce80on1acmuyHi)
61ACMUBOCII, 30KpeMA AHOMATII0 8'A3Kocmi ma HasAeHicmb epanuynoi Hanpyau 3cyey. Lle cymmego
VCKAAOHIOE NPOSHO3YEAHHSL NOJIE WEUOKOCIEl Y poOouoMy 00'emi anapama, OCKiIbKU ehekmusHa 's13Kicmo
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cepedosuiya 0e3nepepeHO 3MIHIOEMbCA 3ANeHCHO 8i0 2padienma WeUOKoCmi 3Cy8y ma MmMpusaiocmi
nepemiuly8anHs.

Bemanosneno, wo na pobomy peaxmopa npunadae OCHOSHA YACMKA €HEPeOCNONCUBAHHS Ni0 Yac
BUPOOHUYMEBA, WO OOYMOBIIOE KPUMUYHY HeOOXIOHIcmb onmumizayii pesxcumis tioeo pooomu. Tpaduyitimi
eMnipuyHi MemooOu pPO3PAXYHKY HACMO NPU3800AmMb 00 HeBUNPABOAH020 3d8UUEHHS BCIMAHOBIEHOI
HNOMYIHCHOCMI  NpuBoodie. 3aeanbHa KOPUCHA NOMYJNHCHICMb, AKA GUMPAYAEMbCS NPU  NepeMiuly8aHHi,
3anexcums 6i0 CYKYNHOCMI MEXHOA02TUHUX Onepayitl, mpusanocmi ix BUKOHAHHA, A MAKONC NOKATbHUX
eHepeemUYHUX 8UMpAm Ha KOXCHOMY emani. Ilpu yvbomy eusHauanvhy pons idicparoms MIiHAUBI PeON02iuHi
61ACMUBOCMI  Ccepedosuya, Mun i HpoOCMOpPO8a 2eoMempis MIWalKu, uacmoma ii obepmanHa ma
6CMAHOGACHULL PeXCUM meyii (TaMIHapHUll, nepexionutl abo mypoynenmuuil).

Y pobomi npedcmasneno y3zacanvHeHy KOHYenyito MOOEN08AHHA Npoyecy MeXaHiyHo2o
nepemiuty8anHs pIiOKUX cepedosuwy y MOJOYHIU NPOMUCIO80CMI NpU BUPOOHUYMSI CcupHux mac. J{ns
PO38'83aHHs 3a40a4i GUKOPUCMAHO anapam meopii nodiOHOCMI Y NOEOHAHHT 3 PIGHAHHAMU 30ePeNCEHHS MACU
ma imnyabcy. 3anponoHoganuil nioXio 6a3yemvcs HA KOMWIEKCHOMY 6PAXYSAHHI 2i0pOOUHAMIYHUX
3aKOHOMIpHOCIeEl pYXy PIOUHU, MOOUPDIKOBAHUX KpUMEPII8 NOMYNCHOCHI Ol HEHbIOMOHIBCLKUX CUCHEM,
EeHepeemUYHUX Xapakmepucmux 0ONAOHAHHA MA e8ONoYil CMPYKMYPHUX 61ACIUBOCHEN CepedosUud 8
npoyeci 06pooKu.

Peanizayin yiei konyenyii 0ozeonse Ha cmadii npoekmyganus abo mMoleprizayii 0OIPYHMOBAHO
suUbUpamu  payioHAIbHI KOHCIMPYKMUBHO-KIHeMamuuni napamempu anapamis. Lle O0ae 3mocy cymmego
SHUBUMNU NUMOMI eHepeosUmMpamu, 3anodiemu HebaXCaHoMy pyuHy8anHio OIIK0GOI mampuyi (cunepesucy) ma
3abe3neyumu 6UCOKY 20MO2EHHICMb | CMAOIIbHY AKICMb KIHYe8020 NPOOYKY.

Knrouoei cnosa: cupmni macu, peakmop, MiluaniKa, KOPUCHA NOMYIHCHICMb, nepemiuty8anHs, Qizuune
MOOEN0B8AHHSL.
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