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The processes of mixing and separation of multiphase mechanical systems occupy a key 
position in modern technologies of agro-industrial production, mechanical engineering, and the food 
and processing industries, since they largely determine the quality of the final product, the energy 
efficiency of technological lines, and the stability of equipment operation [1, 2]. Multiphase 
mechanical systems represent complex assemblies of solid, liquid, or gaseous components that 
interact with one another under the action of external forces, fields, and boundary constraints [3, 4]. 
The scientific and methodological foundations for studying such systems are based on an 
interdisciplinary approach that integrates principles of continuum mechanics, the theory of dispersed 
systems, rheology, statistical physics, probability theory, systems analysis, and engineering 
experimental methodology. 

The essence of mixing processes lies in creating the most homogeneous possible distribution 
of components within a given volume by redistributing particles or phase elements under mechanical 
action. The homogeneity of a mixture is determined by the spatial distribution of concentrations, 
particle-size characteristics, density, and other physical and mechanical parameters of the 
components. In multiphase systems, mixing is accompanied by complex phenomena of momentum, 
mass, and energy transfer occurring simultaneously at macro- and micro-levels. At the macro-level, 
mixing is considered as the movement of significant volumes of material, whereas at the micro-level 
it is viewed as the mutual penetration of particles of different phases resulting from local contacts, 
friction, collisions, and turbulent fluctuations [5, 6]. 

The scientific and methodological principles for studying mixing processes involve considering 
the system as a hierarchical structure in which the properties of individual particles determine the 
collective behavior of the entire medium. Particular attention is paid to particle shape, size, surface 
roughness, moisture content, and elastic and plastic properties, since these factors govern the nature 
of contact interactions and the tendency toward aggregation or segregation. Under mechanical action, 
not only mixing but also possible stratification of components may occur due to differences in mass, 
aerodynamic characteristics, or friction coefficients, which complicates the achievement of mixture 
homogeneity. 

The methodology for investigating mixing of multiphase systems combines theoretical analysis, 
mathematical modeling, and experimental studies. Theoretical approaches are based on concepts of 
the random nature of particle motion and the statistical character of component distribution within a 
mixture. Experimental methods include the use of tracers, digital image processing, spectral analysis, 
and sampling techniques to assess the degree of homogeneity. Modern research increasingly relies 
on computer modeling, which makes it possible to reproduce the behavior of multi-particle systems 
under various loading regimes and to optimize equipment parameters already at the design stage. 

The processes of separation of multiphase mechanical systems are inverse to mixing and consist 
in the purposeful separation of components according to specific criteria. Separation is based on 
differences in physical characteristics of the system components, such as size, density, shape, 
elasticity, magnetic properties, aerodynamic parameters, or surface wettability. Separation is a 
necessary stage in many technological processes where it is important to ensure product cleaning, 
fraction classification, or removal of undesirable impurities. 

The scientific and methodological foundations of separation are based on understanding the 
mechanisms of particle motion in force fields and media with different rheological characteristics. 
Component separation can be carried out under the action of gravitational, inertial, centrifugal, 
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vibrational, or aerodynamic forces, as well as as a result of the combined influence of several factors. 
The efficiency of separation is determined by the system’s ability to ensure a sufficient difference in 
the trajectories of particles of different types, which is achieved by optimizing the geometry of 
working elements, motion regimes, and environmental parameters. 

A characteristic feature of multiphase mechanical systems is their tendency toward self-
organization and structure formation during dynamic interaction. In mixing processes, this may 
manifest itself in the formation of local zones with increased concentrations of certain components, 
whereas in separation processes it may appear as the emergence of stable particle streams with similar 
characteristics. Understanding these phenomena makes it possible to develop effective methods for 
controlling technological processes, reducing energy consumption, and increasing equipment 
productivity. 

The methodological approach to studying mixing and separation involves systems analysis, 
within which the technological process is considered as a set of interconnected subsystems. This 
approach allows one to take into account the influence of equipment design parameters, operating 
modes, and material properties on the final result. An important element is the development of criteria 
for evaluating process efficiency, reflecting the degree of mixture homogeneity, separation quality, 
energy consumption, and stability of the technological regime. 

Under modern conditions, digital technologies play a significant role in the study of multiphase 
systems. The use of computed tomography, machine vision, sensor systems, and big data processing 
methods opens up new possibilities for analyzing flow structures and controlling the quality of mixing 
and separation in real time. This enables a transition from empirical equipment design to scientifically 
grounded process control based on objective data. 

The scientific and methodological foundations for studying multiphase mechanical systems 
also involve accounting for scale effects, since results obtained on laboratory setups cannot always 
be directly transferred to industrial conditions. Scaling of processes requires a detailed analysis of the 
similarity of physical phenomena occurring at different levels and adjustment of equipment 
parameters to maintain the efficiency of technological operations. 

Special attention is paid to the environmental and economic aspects of mixing and separation, 
as optimization of these processes contributes to reducing raw material losses, lowering energy 
consumption, and minimizing negative environmental impacts. In this context, the development of 
resource-saving technologies that ensure rational use of material flows and waste minimization is of 
particular importance. 

In general, the scientific and methodological foundations of mixing and separation processes in 
multiphase mechanical systems form a body of knowledge encompassing theoretical principles, 
experimental methods, and engineering approaches to the design of technological equipment. The 
development of this field contributes to increasing the efficiency of production processes, creating 
innovative machines and apparatuses, improving product quality control methods, and expanding the 
possibilities of industrial automation. Integration of fundamental research with practical engineering 
solutions ensures further progress in the field of multiphase mechanics and opens new prospects for 
the development of modern technologies. 

Numerical modeling of mixing and separation processes in multiphase mechanical systems is 
a modern scientific tool that makes it possible to study the behavior of particles and media without 
conducting a large number of physical experiments. The first stage is problem formulation, where the 
research objectives, process type (mixing or separation), material characteristics, and expected results 
are defined. The second stage involves analysis of the physical and mechanical properties of the 
phases, including particle size and shape, density, surface roughness, friction coefficients, elastic 
properties, and moisture content. These parameters determine the nature of interparticle interactions 
and significantly affect system dynamics. The third stage is the selection of a modeling method. For 
granular materials, the discrete element method is widely used, allowing the motion of individual 
particles to be tracked. For gas–liquid flows, computational fluid dynamics methods are applied. In 
complex multiphase systems, a combined approach that integrates different methods is effective. The 
fourth stage is the creation of a geometric model of the equipment, reproducing the shape of the mixer 
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or separator, the configuration of working elements, and the internal space of the apparatus. The more 
accurately the geometry is described, the more reliable the modeling results will be. At the fifth stage, 
initial and boundary conditions of the process are specified, including the rotational speed of working 
elements, the degree of apparatus filling, interparticle interaction forces, and external influences, 
which determine the operating regime of the system. At the sixth stage of numerical computation, 
particle motion, collisions, interactions with equipment surfaces, and material flow formation are 
simulated. The obtained data make it possible to analyze process dynamics over time. At the seventh 
stage, after completion of the calculations, the results are processed, including analysis of velocity 
fields, concentration distributions, particle trajectories, and stagnation zones. This allows assessment 
of mixture homogeneity or separation efficiency. Process efficiency evaluation is based on the use of 
specific criteria characterizing mixing quality or separation performance. Subsequently, the modeling 
results are compared with experimental data to verify their reliability. The final, eighth stage is 
optimization of the design and operating parameters of the equipment, which makes it possible to 
increase productivity, reduce energy consumption, and improve the quality of the technological 
process. 
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The utility model relates to agricultural machinery, specifically equipment for testing the 
physical, mechanical, and rheological properties of milking rubber in dairy machines. Milking rubber 
is a critical component, whose elasticity, tension, and shape directly affect milking efficiency, animal 
productivity, and udder health. Mechanical properties of rubber change under temperature, vacuum 
cycles, and prolonged use, leading to reduced elasticity and impaired performance of milking systems 
[1–4]. 

Recent studies [5–6] demonstrate that operational characteristics of milking rubber alter under 
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