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The article examines the role of the feed-mixing process within the technological chain of feed
preparation and its significance in ensuring the stable quality of feed mixtures and improving the energy
efficiency of agricultural machinery. The purpose of the study is to provide a systematic generalization of the
factors, methods, and criteria for evaluating the efficiency of the mixing process and to identify scientific and
methodological gaps that limit further development of mixer designs and operating regimes. The research
methodology combines system analysis, mechano-technological modeling, and a comparative-analytical
approach to process evaluation. A comprehensive review of scientific and patent-technical sources was
conducted, and current solutions in vertical mixer design and efficiency assessment methods were analyzed. A
structural-logical model of the mixing process was developed, comprising three interrelated subsystems:
material, energy, and informational. Within this model, three interaction levels were distinguished: input
parameters (material properties), control influences (machine design and operating parameters), and process
outcomes (quality and energy indicators). A classification of factors determining mixing efficiency was
generalized into three groups — material, technological, and constructive — with indication of key parameters
and influence criteria.

Methods for assessing mixing efficiency were analyzed, including physico-chemical, physico-
mechanical, energetic, and digital (intelligent-modeling) approaches. Generalized quality and energy
efficiency criteria were proposed. It was established that existing methods remain fragmented and fail to
comprehensively account for the interaction within the “machine—material-process”’ system. The need for the
development of mechano-technological models of mixing that consider the rheological properties of feed
materials, parameters of working elements, and operational modes was substantiated. The potential of CFD
and DEM numerical modeling, combined with Smart Feeding sensor systems, was emphasized as a tool for
adaptive real-time process control.

The obtained results form the theoretical and methodological basis for further research aimed at
optimizing mixer designs, reducing specific energy consumption, and improving the stability of feed mixture
quality under industrial conditions.

Key words: feed mixer; feed mixing; quality and energy indicators; influencing factors; mechano-
technological system; structural-logical model; system model; process evaluation criteria.

Eq. 2. Fig. 2. Table 4. Ref. 20.

1. Problem formulation

Rational feeding of farm animals is a key factor in the efficiency of livestock production, as it directly
determines the level of nutrient utilization, productivity, and overall economic performance of the industry [1].

In the context of industrialization and automation of livestock enterprises, the formation of total mixed
rations (TMR) acquires system-forming importance, ensuring the stability of feed composition and the
balanced supply of nutrients. This, in turn, increases the efficiency of nutrient conversion into livestock
products and reduces the risk of differential consumption of feed components [2].

In modern technological feed preparation lines, the mixing process is a key operation that implements
these requirements at the technological level — it ensures the homogenization of components with different
physico-mechanical properties (roughage, succulent, concentrated, and liquid feeds) and determines the final
quality parameters of the feed mixture.
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Despite the high level of mechanization of feed preparation processes, further improvement of mixer
designs and operating modes remains an urgent task, since the heterogeneity of the physico-mechanical
properties of feed materials significantly affects the mixing quality and energy efficiency of the process.

2. Analysis of recent research and publications

Studies show that reducing the batch volume in the same mixer from 100% (10 t) to 50% (5 t) of
loading decreases the coefficient of variation (CV) from 34.6% to 2.6%, while optimizing the kinematic
parameters of the mixing tool at a medium loading level (= 75%) further reduces it from 12.0% to 4.6% [3].
Results of other experimental studies indicate that feed mixtures with increased bulk density reach a coefficient
of variation (CV) below 10% after only 60 s of mixing [4]. This demonstrates that the physico-mechanical
properties of feed materials significantly influence the kinetics of the mixing process: materials with higher
bulk density achieve a technologically acceptable degree of homogeneity more quickly, creating prerequisites
for reducing time and energy consumption and for implementing adaptive control of mixing modes. In
industrial practice, a CV level below 10% is considered excellent, while values within 10-15% are regarded
as a satisfactory indicator of mixture uniformity [5]. An insufficient degree of mixing leads to higher
composition variability between individual portions, indicating decreased stability and reproducibility of the
technological process [6].

The technological role of the mixing process lies not only in achieving homogeneity but also in
ensuring coordination between the preceding stages (grinding, dosing) and the subsequent ones (transporting,
distribution), since the efficiency of the entire feed-preparation system depends on this integrative link of the
production cycle. Therefore, the main process parameters (duration, intensity, kinematic regimes of the
working tools, hopper filling degree, etc.) must be optimized considering the physico-mechanical properties
of feed materials (bulk density, moisture, angle of repose, viscosity, etc.).

Despite the considerable number of studies aimed at improving the design elements of mixers (in
particular augers, blades, and mixing chambers), a systemic investigation of the mixing process as a
technological phenomenon remains insufficiently developed. There is a particular lack of generalized models
describing the relationship between geometric and Kinematic parameters, mixing quality, and energy
efficiency. Under current trends toward intelligent management of production processes, there is an increasing
need to reinterpret mixing within the «Smart Feeding» concept — using sensors, optimization algorithms, and
adaptive real-time parameter control [7].

Given the above, further scientific research on the mixing of feed materials should be directed toward
forming a holistic understanding of this process as a key technological link in the livestock feeding system.
Considering the multifactorial nature of the phenomenon and its impact on the efficiency of feed-preparation
lines, it is necessary to generalize existing theoretical and applied approaches, refine the underlying
regularities, and determine the directions for further process optimization.

3. The purpose of the article

The aim of the study is to generalize the scientific and technological foundations of the feed mixing
process within the livestock feeding system, with an emphasis on its role in ensuring the efficiency, energy
saving, and technological reliability of modern feed-preparation systems.

To achieve this goal, the following tasks must be addressed:

- to identify and analyze the main scientific and technical directions in the study of feed material
mixing processes within livestock feed-preparation systems, in particular to determine key approaches to
evaluating mixing efficiency;

- to develop a structural and logical scheme of the mixing process in the feed-preparation system that
reflects its interconnections with preceding and subsequent technological operations;

- to design a conceptual system model of the feed mixing process within the technological chain of
feed preparation, which reflects the main interrelations between system elements and can be used for further
formalized description of mechanico-technological regularities;

- to summarize the factors determining the quality of the mixing process and to classify them according
to their nature of influence (material properties, technological parameters, design features of the machines);

- to analyze the methods and criteria for evaluating the efficiency of the mixing process, determining
their informativeness and applicability under production conditions;

- to identify scientific and methodological gaps in the study of feed material mixing processes that
require further elaboration in the context of analyzing the design and operating modes of feed mixers.
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4. Results and discussion

The methodological basis of the study is founded on systemic and structural-functional approaches, which
imply the consideration of the mixing process as an integrated element of the technological system for feed preparation
and distribution in livestock production. This approach makes it possible to study the process not in isolation, but in
connection with the preceding and subsequent operations of the feed-preparation cycle, thereby providing a
comprehensive understanding of its influence on the overall efficiency of the feeding system. Within this framework,
the mixing process was regarded as a multifactorial phenomenon simultaneously influenced by the physico-
mechanical properties of materials, the design parameters of machines, and their operating modes.

The study has an analytical and review character and is based on the generalization of scientific, technical,
and regulatory sources. The information base consisted of publications in international and domestic journals, current
international and national standards, analytical reports, as well as materials from patent databases (EPO, USPTO,
CNIPA, and Ukrpatent). Source selection was carried out according to criteria of scientific significance, novelty
(mainly publications from the last 10-15 years), thematic relevance (feed mixing, TMR technologies, process
parameters), and the presence of quantitative characteristics or model descriptions.

To achieve the research goal, a set of analytical and comparative methods was applied, ensuring a
comprehensive study of the problem. The analytical method was used to systematize and generalize literature and
patent sources; the comparative-analytical method — to compare approaches of different scientific schools and
technological systems; the classification method — to group the factors affecting mixing quality; and the graph-
analytical method — to construct generalized schemes and structural-logical diagrams of the process.

The research logic was based on a step-by-step systemic analysis of the feed material mixing process within
the technological chain of feed preparation. At the first stage, a review of scientific, technical, and patent sources was
conducted, which made it possible to determine modern trends in mixer design development and to identify the main
factors affecting process efficiency. At the second stage, these factors were systematized according to the nature of
their influence (material, technological, and structural), and a structural-logical model of the process was developed,
reflecting the interrelations between the material, energy, and information subsystems. The third stage involved the
analysis of existing methods and criteria for assessing mixing quality and energy efficiency, including the coefficient
of variation, standard deviation of concentration, and specific energy consumption, with an assessment of their
informativeness and applicability under production conditions. At the final stage, scientific and methodological gaps
in the study of the mixing process were identified, and the need for further research was substantiated — particularly in
analyzing mixer designs, operating modes, and the development of mechanico-technological models of the process.

The research methodology has a theoretical and analytical orientation and does not involve experimental
measurements. Its outcome is the formation of a generalized scientific and technological model of the feed material
mixing process, which reflects the relationships between component properties, machine parameters, and mixture
quality indicators. The obtained generalizations form a foundation for future applied studies aimed at improving mixer
designs, determining optimal operating modes, and developing adaptive real-time control systems for the mixing
process.

The process of mixing feed materials in modern livestock production is a complex multifactorial phenomenon
that combines mechanical, technological, and rheological aspects of interaction among components of different nature.
The study of the regularities of this process has evolved along several scientific and technical directions, which have
formed the theoretical and methodological basis for developing highly efficient mixing machines and technological
feed-preparation systems.

The most common direction is the mechanical-technological approach, which is based on analyzing the
geometry of mixer working tools, kinematic regimes, and the influence of design parameters on mixture quality. Its core
assumption is that the degree of homogenization of the material depends on the intensity of particle movement within the
working volume and on the amount of energy transferred from the working tool to the feed mass. The development of
this approach is associated with the works [3] and [6], which investigated the influence of hopper filling level, auger
shape, blade inclination angle, and rotational speed on the coefficient of variation (CV) of the mixture. Experimental
studies have established that maintaining an optimal ratio of loading height to auger diameter (b/D ~ 1.0-1.2) ensures
intensive circulation of the feed mass and reduces the coefficient of variation nearly twofold compared to non-optimal
filling regimes, while the specific energy consumption for mixing decreases on average by 15-20%.

Researchers have also paid particular attention to vertical auger mixers, which provide intensive material
circulation along the height of the hopper. Their performance efficiency depends on the configuration of auger flights,
the inclination angle of knives, and the geometry of the hopper bottom. Several studies [4, 5] have demonstrated that
intensifying the vertical flow while limiting radial displacement helps reduce stagnant zones and ensures stable mixture
quality regardless of feed type.

33



“&)\? Ne 3 (130) / 2025 TexHika, eHepreTuka,
% TpaHcnopt AIIK
% E & Vol. 130, Ne 3 / 2025

The application of energy analysis within the mechanical-technological approach has made it possible to
guantitatively assess the specific energy consumption per unit mass of the feed mixture and to identify the patterns of
its variation depending on the filling level and kinematic parameters of the mixer. The obtained results formed the
basis for establishing energy-saving operating regimes for the machines [6]. Thus, the mechanical-technological
research direction is primarily focused on improving equipment design and optimizing its functional parameters.

The stochastic approach considers mixing as a random process of particle movement in space that follows the
laws of statistical equilibrium. This approach is mainly applied in food and powder engineering but is increasingly
used in feed-preparation systems as well. Classical mixing models —the diffusion, kinetic, and discrete element (DEM)
models — describe the dynamics of the process through changes in the coefficient of variation over time [8, 9].

According to the model proposed by D. Muzzio [10], the mixing process in screw-type devices follows an exponential
law of decreasing non-uniformity:

CV, = CVye™*, (1)

where K is the kinetic mixing coefficient that characterizes the rate of homogeneity attainment and depends

on the geometry of the working chamber, the shear rate, and the design of the mixing elements. For feed mixtures,

experimental studies have shown that the k parameter ranges between 0.03-0.12 s™, which allows determining the
mixing duration required to reach a technological level of CV <10 % [6, 9].

Stochastic models of the mixing process make it possible to predict the degree of homogenization under
varying physico-mechanical properties of the material (bulk density, moisture content, etc.), providing the basis for
implementing adaptive algorithms to control process duration in Smart Feeding intelligent systems.

For the mixing of materials with increased moisture content (silage, beet pulp) and semi-liquid or liquid
components (distiller’s grains, molasses, syrup, water, liquid additives), the rheological approach becomes relevant, as
it accounts for the viscous properties of the mass and the hydrodynamics of internal flows. In the studies by Zhang et
al. [11] and Wang et al. [12], it was established that high-moisture feed materials exhibit Bingham or pseudoplastic
rheological behavior: below a certain yield stress threshold, the material behaves as an elastic-plastic medium, and
once this threshold is exceeded, its viscosity decreases with increasing shear rate. This necessitates consideration of
rheological parameters when designing mixing tools, especially in combined screw-blade mixers.

The use of Computational Fluid Dynamics (CFD) modeling has enabled researchers to determine velocity
distribution and turbulence zones in mixers of different geometries, significantly deepening the understanding of the
process. In particular, Li et al. [13] demonstrated that optimizing the blade inclination angle by 15-20° improves
mixture homogeneity by 12-18 % while simultaneously reducing specific energy consumption. Thus, the rheological
approach is both promising and justified, as it integrates classical continuum mechanics with applied objectives of
energy saving and digital flow modeling.

A modern integrated approach within the Smart Feeding concept combines sensor systems, digital models,
and optimal control algorithms. According to this approach, the main process parameters (moisture, temperature, load,
duration, coefficient of variation) are monitored in real time using Internet-of-Things (loT) platforms. The obtained
data are analyzed through digital models and machine learning algorithms, enabling system-state prediction and
adaptive control of mixing regimes [7, 14]. Studies by Bach et al. [7] showed that using sensor-based control of mass
and moisture during feed dosing and mixing increases mixture uniformity by 8-12 % and reduces energy consumption
by 10-15 %. In industrial TMR systems of leading manufacturers such as Trioliet and Jay-Lor [15, 16], similar
principles have already been implemented, confirming the practical effectiveness and technological maturity of the
Smart Feeding concept, which should be regarded as a modern paradigm of mixing process management—integrating
mechanical-technological and informational approaches to achieve maximum productivity and process stability.

Thus, the evolution of scientific and technical approaches to the study of feed mixing processes has progressed
from empirical and mechanical models to stochastic, CFD, and digital control systems. Today, the most effective are
combined approaches that integrate mechanical, energetic, and informational aspects of the process. Their
implementation forms the foundation for developing adaptive real-time mixing control systems that meet the current
requirements of energy-efficient and intelligent livestock production.

A synthesis of scientific and technical approaches to the study of feed preparation and mixing processes
indicates that further development of feed-preparation technologies requires a systemic representation of the
technological chain as a single controllable system (Fig. 1), in which each operation simultaneously completes the
previous one and initiates the next. Each technological stage generates a set of output parameters (physico-mechanical,
structural-mechanical, energetic, qualitative, etc.) that serve as input conditions for the subsequent operation and
directly determine its efficiency, energy consumption, and process stability.

For instance, preparatory operations and mechanical processing form the basic material properties (p, W, o,
d, etc.) that influence dosing accuracy; in turn, dosing establishes mass and volumetric ratios (m, Vi, C;, etc.) that
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determine the initial homogeneity of mixing. The mixing operation forms a set of qualitative and structural indicators
(CV, Sy, H), determining mixture stability during transport and storage, which, in turn, defines the consistency of the
final mixture structure and sets the delivery parameters (Es, S:, Q;) that affect the uniformity and efficiency of the final
feed distribution process (CV'eed, L).

Preparatory operations
(Drying, dehydration, cleaning,
washing, etc.)

I
: |
I
|
|
|
|
| |
| A set of physico-mechanical and chemical
! |—> characteristics of the feed components is
! | formed (p, W, d, L, ¢ ...etc.)
I
|
I
|
|
|
|
|
1
|

Mechanical processing
(Grinding, granulation, filtration,
etc.)
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homogeneity (m, V, C...etc.)
A set of quality characteristics of the feed | Mixi
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v

Transportation / Storage

A set of physicochemical, biological, and
structural-mechanical characteristics of the feed
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Indicators of the efficiency of the feed- l
preparation technological chain are < Distribution
formed (CVess Espr Qs Ly---etC.)

Fig. 1. Structural and logical model of parameter formation and transmission in the technological chain of feed
mixture preparation and distribution

Thus, the structural-logical scheme of the processes of feed preparation, mixing, and distribution reflects the
sequential formation and transfer of parameter complexes between technological operations, which are interconnected
by cause-and-effect relationships. These interconnections determine the mixture quality, energy efficiency, and
operational reliability of the entire feed-preparation system. Among these operations, the mixing process plays a key
role — it defines the uniform distribution of nutrients and the stability of the physico-mechanical characteristics of the
feed mass. Therefore, the mixing process should be considered from a systemic perspective (Fig. 2), which involves
analyzing the interaction among the material, energy, and information subsystems [3, 5, 6].

From a structural and logical standpoint, the mixing process should be considered as an integrated system
composed of three interacting subsystems — material, energy, and information. Their coordinated operation determines
the trajectory of matter and energy flows, as well as real-time control of operating modes [7, 14-16, 17-20].

The material subsystem describes the spatio-temporal dynamics of particle movement and interaction within
the working volume. Its state is determined not only by the physical-mechanical and rheological properties of the
components (p, W, d, @, etc.), but also by control inputs associated with the design parameters of the working elements
(auger geometry, pitch of the spiral, configuration of knife elements) and the technological operating modes of the
machine (o, t, V, etc.). Due to the presence of feedback loops, the material subsystem represents an open system in
which variations in energy load or control signals from the information subsystem directly transform velocity fields,
shear deformation intensity, and the rate of mixture homogenization [11, 12].

The energy subsystem reflects the process of transmission and conversion of drive energy into mechanical
work of shear and transportation of feed particles within the mixer’s working volume. Its primary function is to ensure
the required energy potential for the realization of the motion patterns of the material subsystem and stabilization of
the technological mixing regime. The main parameters of the energy subsystem that determine the energy balance of
the system and the limits of energy efficiency are drive power (N), kinematic mode of the working element (® or n),
torque (T), and integral energy indicators of the process (Esp, nE, Ncp, Ps:, €tc.). The configuration of the working
elements (type and geometry of the auger, blade inclination angle, shape of the bunker bottom, etc.) and the loading
mode determine the nature of energy distribution in the material medium — that is, the intensity of shear stresses,
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turbulence, and uniformity of velocity fields. Accordingly, variations in energy parameters directly affect the rate of
homogenization, flow stability, and mixture structure [3, 6].

Physical and mechanical properties Machine design
of materials characteristics
P D, p, W....) (type, volume, layout...)
geing l influence

The nature of the

Material subsystem
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- |
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' I I
| Brocess mamfzemem Process optimization
| | - |
A | System model of the mixing process 1 -
|
' I
|

SRR |
—————— >
influence Tethnological modes influence
(0, 1, O...)

Fig. 2. System model of the feed material mixing process within the feed preparation technological chain

In the system interaction, the energy subsystem receives control signals from the information subsystem,
which are implemented through automatic regulation of power parameters (N), angular velocity (w), and torque (T)
depending on the load, mixture homogeneity level (CV), or other monitored indicators. In the reverse direction, it
transmits data on current energy consumption, energy efficiency, and mechanical overloads to the information
subsystem, providing feedback on the basis of which digital monitoring and adaptive real-time control of the process
are implemented.

Within system analysis, the interaction of the material, energy, and information subsystems is considered
through the prism of three hierarchical levels of organization of the mixing process, which reflect the sequence of
converting input influences into the resulting system characteristics.

The first level (input data) is determined by the physical-mechanical, structural-rheological, and chemical-
technological properties of feed materials (density (p), moisture (W), particle size distribution (d), angle of repose (¢),
friction coefficient (), viscosity (1), yield stress (1), etc.), which form the initial conditions of particle interaction
within the working volume, determine the flow behavior of the mixture (pseudoplastic, dilatant, Bingham-type, etc.)
[11, 12], influence the structure of the material subsystem, and define the parameters of the energy interaction between
the working elements and the medium.

The second level (control influences) includes technological modes (angular velocity (©), mixing duration (t),
degree of fill (y), etc.) and design parameters of the machines (type, diameter, pitch and profile of the auger, knife
arrangement, body shape, blade geometry, etc.). At this level, the influence of the energy and information subsystems
is implemented, ensuring the transmission of drive energy to the working elements, load monitoring, and automated
real-time adjustment of operating modes [15-17]. Optimization of control parameters is performed with consideration
of mixture properties, ensuring the required intensity of circulation flows, minimization of dead zones, and reduction
of specific energy consumption [6, 17].

The third level (process results) reflects the output characteristics of the mixing system, which are divided into
qualitative indicators (coefficient of variation (CV), component distribution dispersion (cD), structural stability
(AS/At), preservation of biological activity, etc.) and energy indicators (specific energy consumption (Esp), energy
utilization efficiency (ne), average drive load power (N), etc.) [6, 18]. The relationship between these indicators
determines the efficiency of the technological mixing cycle, characterizing the degree to which the required
technological functions are achieved with minimal energy expenditure.

Integrating the three levels allows the mixing process to be interpreted not as an isolated mechanical
operation, but as a holistic cyber-physical system in which material, energy, and information flows interact.
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The information subsystem — based on sensor monitoring, digital twins, and 10T platforms — provides feedback
between levels, enabling real-time adjustment of technological regimes [14, 19, 20]. This creates prerequisites
for adaptive control of the mixing process, improved energy efficiency, and stabilization of mixture quality
indicators. The system-based modeling approach makes it possible to formalize cause-and-effect relationships
of the type:

Y = f(Xp, Xe, P), )
where Y is the resulting process indicators (CV, Esp, AS/At, etc.), Xwm represents material properties
(physical-mechanical, structural-rheological, chemical-technological, etc.), X represents the design and
technological parameters of the machines, and P; denotes the informational—control influences of the system.
The constructed structural-logical model of the feed material mixing process makes it possible to move
from a qualitative description of the phenomenon to a quantitative assessment of the influence of individual
parameters. On its basis, the factors determining the quality and energy efficiency of the process have been
systematized. It has been established that the level of homogenization, specific energy consumption, and
structural stability of the mixture depend on the coordinated action of three groups of factors — material,
technological, and design [5-7, 11-13, 17, 18].
Material factors (Table 1) characterize the physical-mechanical, chemical-technological, and
rheological properties of feed components that determine their flowability, mobility, cohesion, and behavior
under shear stress.

Table 1
Key material factors
)
c c
o <)
g | S5
Ne | Factorname | § | £ 5 Brief description
2 |58
= £
Bulk density _, | Characterizes the packing density of particles and determines the
1 p | kgm3|. ~ .
inertia of flows
5 Angle of o Determines the material’s flowability and influences the rate of
repose ? self-settling and circulation
3 Moisture W % Causes particle adhesion and changes in rheological properties
content
4 Mean particle d Mm Affects mixture homogeneity and the rate of diffusive mixing
- 50
size
Coefficient of Determines shear conditions and the nature of contact interactions
5 . i -
friction
Dynamic Determines resistance to movement in liquid and viscoplastic
6 ; . n Pa-s f . .
viscosity media (molasses, high-moisture beet pulp)
7 Yield shear . Pa Defines the moment when the material transitions from a state of
stress ° rest to flow
Cohesion S Determines the particle-to-particle bonding force, which affects
8 c N-m . .
the achievement of homogeneity
9 Fiber content | Xiip % Determines fiber stiffness and elasticity, influencing shear
deformation behavior and circulation of fibrous mass
10 Acidity (pH) H ) Influences the stability of organic components and interaction
of the medium | P with metal elements of the mixer (corrosive activity)

Technological factors (Table 2) characterize the operating modes of the machines, which determine
the kinematic behavior of material flows within the working volume, the mixing intensity, and the energy
distribution within the mixing system, all of which directly affect the quality and energy efficiency of the
process. Design factors (Table 3) encompass the geometric parameters and configuration of the working
elements, which determine the structure and direction of flows within the mixing chamber, the intensity of
shear deformations, and the efficiency of energy transfer from the drive to the working medium, thereby
influencing the homogeneity and energy efficiency of the mixing process.
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Table 2
Key technological factors
-
© ° g
Ne Factor name =y ‘g 5 Brief description
3 | D&
<% (<]
a S
Angular velocity Determines the intensity of shear and material circulation within
1 of the working ® st | the flow
element
5 Mixing duration ¢ s Directly affects the achievement of homogeneity but has an
inverse effect on energy efficiency
3 Hopper filling ) Determines flow stability and prevents the formation of stagnant
degree v Zones
Sequence of Influences initial stratification and final mixture homogeneity
4 component - -
loading
Component kals Determines the mass flow of material into the mixer and affects
5 feeding rate Q or | dosing uniformity, filling degree, energy consumption, and mixture
m3/s | homogeneity
Shear rate Determines the energy required to break the material’s cohesive
6 (deformation Y st | bonds
gradient)
Mechanical A generalized indicator of the influence of rheological and
7 Reynolds Re., - technological parameters that characterizes the flow regime
number (laminar, transitional, turbulent)
8 Ambient T oc Affects the viscosity and cohesion of moist feeds, especially in
temperature the presence of molasses or beet pulp
Relative height Determines the circulation depth and the intensity of axial
9 of the mixture | h/H - material exchange
layer
Linear velocity Characterizes the intensity of axial particle transport and
10 of material N m/s determines the residence time of material in the mixing zone
movement along | ™"
the mixer axis

The presented list of factors is not exhaustive, as the structure of the mixing process is multi-parametric and
may vary depending on the type of mixing equipment (auger, paddle, planetary, vibratory, etc.), operating conditions,
and the technological purpose of the process — preparation of dry, moist, liquid, or combined feed mixtures, preliminary
grinding, or component conveying.

Within the design group, not only dimensional parameters (D, s, 3, a, ¢s, i, etc.) are decisive, but also the
configurational features of the working elements — the shape of the auger flights (constant, variable, combined), blade
profile, bottom geometry (flat, conical, spherical), and the presence of additional elements such as cutting knives,
deflectors, guide plates, inserts, or baffles. Such morphological and functional differences in designs are difficult to
formalize in tabular form; therefore, analytical methods for evaluating design solutions are advisable, particularly
comparative analysis of typical configurations of working elements and mixer layouts, which allows identifying the
advantages and limitations of different engineering solutions. These features determine the spatial structure of the
flows, the intensity of shear deformations, and the local energy losses within the working volume.

Therefore, they require in-depth experimental analysis and numerical experimentation using CFD or DEM
modeling, which makes it possible to quantitatively assess their influence on process homogeneity and energy
efficiency and to use the obtained results for optimizing adaptive mixing modes in Smart Feeding technological
systems [6, 11, 17-19].

When evaluating mixing efficiency, it is advisable to consider qualitative and energy indicators as interrelated
characteristics of the "machine—material-process” system. Qualitative indicators reflect the structural and functional
state of the obtained feed mixture and represent the final outcome of the interaction among material, technological,
and design factors [6, 17, 18]. Energy indicators determine the efficiency of the mixing process and characterize the
conversion of drive energy into useful mechanical work within the machine’s working volume, reflecting the level of
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energy savings and overall system performance [11, 12, 18].

Table 3
Key design factors
S S
2|85
Ne Factor name = ‘g 54 Brief description
3 | D&
<% [<5}
- S
Diameter of the auger Determines the geometric volume of the mixing zone, the
1 or working element D M axial movement speed of the material, and the resisting
torque. Increasing D increases productivity but also raises
energy consumption.
Spiral (flight) pitch of Determines the intensity of axial material transport: a
2 the auger or blades S m | smaller s results in more intensive mixing but higher specific
energy consumption.
Inclination angle of the Determines the direction and speed of axial particle
3 flights or blades B o transport, influencing the structure of circulation flows and
relative to the shear deformations in the material mass.
horizontal
Inclination angle of the Forms the flow direction in the base zone. Optimizing o
4 | bottom or hopper cone | a ° reduces stagnant zones and ensures uniform material
discharge.
5 Bottom curvature R m Determines the recirculation conditions of the flow near
radius the lower part of the hopper.
Number and Influences the flow structure and circulation stability.
6 | arrangement of blades, | n -
flights, or ribbons
Distance between Determines the nature of material interaction with the
7 flights (clearance 5 m mixer walls and the level of hydrodynamic or rheological
between blades and the : flow resistance.
wall)
Installation angle of Defines the geometry of circulation flow direction within
8 guide blades 0s ° the mixer’s working volume.
(deflectors)
9 Length of the working I m Determines the active mixing zone front and the amount of
element K material simultaneously involved in the process.
10 Volume of the v m3 Determines the overall capacity of the mixer.
working chamber :

For the quantitative determination of these indicators, various assessment methods are used, differing in the
nature of the measured parameters, accuracy, labor intensity, and suitability for practical application under production
conditions. Based on an analysis of modern scientific and technical practice, four main groups of methods for
obtaining, interpreting, and evaluating information on the efficiency of the mixing process can be identified [5-7, 11,
12, 14-20]:

1. Physico-chemical methods are based on determining the concentration of individual components of the
feed mixture in control samples using chemical, spectrophotometric, or electrical conductivity analysis. They provide
a direct assessment of the degree of homogeneity using statistical criteria — the coefficient of variation (CV) or the
standard deviation of concentration (o). Despite their high accuracy, these methods are labor-intensive and poorly
suited for operational control in production environments [17, 18].

2. Physico-mechanical methods are based on measuring indirect physical parameters of the mixture (density,
moisture content, electrical conductivity, magnetic susceptibility, color, etc.) that correlate with the level of
homogeneity and other qualitative indicators of the mixture. These methods are effective for operational process
control and for developing empirical or regression mixing models; however, they require individual calibration for
each type of feed material [11, 12].

3. Energy-based methods rely on measuring electrical and mechanical drive parameters (current, voltage,
torque, rotational speed), from which power, specific energy consumption (E,), and energy utilization efficiency (1)
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are calculated. These indicators reflect the relationship between mechanical load and mixing degree, enabling dynamic
evaluation of process efficiency [6, 11, 18]. The obtained data are used to select rational mixer operating modes and
design energy-efficient machine configurations.

4. Digital (intelligent-modeling) methods combine Smart Feeding sensor systems, digital twin technology,
and numerical process simulation (CFD, DEM, FEM). They provide a comprehensive assessment of qualitative and
energy indicators of the mixing process in both real and simulated environments. CFD models enable analysis of
velocity distributions, pressure fields, turbulence zones, and shear energy within the working volume, while DEM
models track particle trajectories, collision frequency, and residence time in the active mixing zone [12, 17, 19].
Integration of numerical modeling with sensor systems and machine controllers (e.g., by Trioliet, Jaylor, Siloking)
forms the basis for adaptive control of mixing modes, helping reduce energy consumption and increase stability of
mixture quality indicators [15, 16, 20].

A comprehensive evaluation of mixing efficiency is based on analyzing the relationship between qualitative
and energy indicators, which reflect mixture homogeneity, structural stability, and rational use of drive energy. For
formalized comparison of different conditions and machine types, it is advisable to use a system of generalized criteria
that encompasses the main qualitative and energy indicators of the process (Table 4).

Based on the criteria presented in Table 4, a system for the quantitative evaluation of mixing process efficiency
is formed, providing the possibility of a comprehensive analysis of feed mixture quality and the energy rationality of
their preparation. The selected indicators combine micro- and macro-level characteristics — from local component
uniformity (CV, o) to integral energy parameters of the process (Ep, 1) and the stability of the resulting structure (K).
Such an approach makes it possible to simultaneously assess the degree of homogeneity, the efficiency of energy
transfer, and the stability of the technological result over time, which is a necessary condition for optimizing mixing
modes and increasing the energy efficiency of feed-preparation systems [6, 11, 12, 17, 18].

A systematic analysis of scientific sources and patent-technical information has shown that despite the
significant number of studies in the field of feed preparation and mixing machinery, there are substantial scientific and
methodological gaps that limit the possibilities for improving the efficiency of these processes under production
conditions. Existing models mostly describe individual elements of the system —flow kinematics, energy consumption,
or partial quality indicators of the mixture — without comprehensively considering the interaction of design parameters,
operating modes, and the physical-mechanical properties of the material [6; 11; 12; 17-18].

A systematic analysis of scientific and patent-technical sources has demonstrated that, despite numerous
studies on the development and improvement of agricultural machinery for feed preparation and mixing processes,
key scientific and methodological problems related to the comprehensive evaluation of process efficiency remain
unresolved. Most known models describe only separate aspects of the system, in particular flow kinematics, energy
consumption, or mixture quality indicators, without a formalized consideration of the interdependence among design
parameters, mixer operating modes, and the physical-mechanical properties of feed materials. Existing approaches do
not provide a generalized description of the “machine—material-process” system, which limits the possibilities for
optimizing designs and developing adaptive energy-efficient mixing modes [6, 11, 12, 17-18].

Within the material subsystem, the influence of the structural-rheological properties of feed materials — yield
stress (To), effective viscosity (1)¢), cohesion (c), dry matter content (W), and particle-size characteristics (dso) — on the
mixing kinetics and the formation of the spatial flow structure within the mixer’s working volume remains
insufficiently studied. For most multicomponent feeds, a generalized rheological classification is lacking, which
complicates the parameterization of materials during CFD and DEM modeling of mixing processes [8, 9, 11, 12].

In the energy subsystem, modern research focuses mainly on studying the influence of individual geometric
parameters (flight inclination angle B, spiral pitch s, guide-blade installation angle ¢s, hopper filling coefficient y) and
kinematic characteristics (rotational speed n, process duration t) on specific energy consumption E,. At the same time,
generalized models that would systematically account for the combined action of these factors together with the
rheological properties of feed materials (yield stress 7o, effective viscosity 1., cohesion ¢) are absent. This limits the
possibility of establishing universal relationships among design parameters, operating modes, and energy efficiency
indicators (1., Kd), which is a necessary prerequisite for developing adaptive control systems for energy-efficient
mixing modes [6, 11, 12, 18].

In the information subsystem, there is insufficient integration of Smart Feeding sensor technologies capable
of providing real-time multiparametric monitoring of technological processes — drive load, current consumption,
moisture content, temperature, density, and other characteristics of the material flow — while simultaneously reflecting
their influence on mixture quality indicators (CV, o, Ky). The absence of formalized methods for correlating these
parameters with homogeneity and energy-efficiency indicators limits the development of adaptive control systems that
account for process time dynamics, the rheological behavior of the material, and the structural-kinematic features of
mixers [15, 16, 20].
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Table 4
Main criteria for evaluating the quality and energy efficiency of the feed mixing process
s © E & Physical meaning and Informative value and
Ne Criterion name % % § interpretation applicability limits
3 3
IS
Coefficient of Characterizes the statistical non- Suitable for laboratory and
1 variation of Ccv % uniformity of component production control, but requires
concentration distribution within the mixture representative samples
Standard deviation Determines the degree of deviation Used together with CV; less
2 of concentration o % of component concentrations from sensitive to local fluctuations
the mean value
Homogeneity index Reflects the convergence of Used in DEM and CFD modeling;
3 H ) component distributions by spatial requires digital data processing
coordinates or fractional
composition
Fractional Determines the uniformity of Informative for bulk feeds but does
4 uniformity Kf - particle-size distribution not reflect chemical uniformity
coefficient
Mixture structure Indicates the preservation of Important under production
5 stability coefficient Ks ) mixture uniformity over time after conditions; requires dynamic
mixing observations or sensor-based
monitoring
Adaptive control Determines the system’s ability to Used in Smart Feeding / Digital
6 coefficient Ha - adjust mixing modes Twin systems; requires sensor
monitoring
Specific energy kW - Amount of energy consumed per Generalized characteristic of energy
7 consumption of the E, h/ unit mass of mixed material efficiency
process t
Energy utilization Ratio of useful mechanical work Used in energy analysis of
8 efficiency ) (mixing) to total consumed energy processes; determined
"le experimentally or by numerical
methods
Instantaneous drive Time-dependent power variation Enables analysis of energy
9 power P(t) kw throughout the mixing cycle consumption dynamics; used for
constructing energy graphs
Mixing energy KW - Integral indicator combining energy Informative for comparative
10 coefficient Ke = h/ and quality characteristics analysis of machines or modes;
E,/CV requires accurate measurement of
(t-%) cv
Specific power per N = Indicates the intensity of energy Applied in testing machines with
11 unit mass of the P]/n: kW /t action on the material within the different capacities
mixture working volume
Dynamic load Kd = Ratio of the root mean square Used to assess the uniformity of
12 | stability coefficient - ,/f; - deviation of instantaneous power to drive load; informative when
its mean value transitioning to automated control

From a methodological standpoint, modern approaches to the design and optimization of mixer
construction and operating modes remain predominantly empirical, with a limited level of generalization of
regularities and a low degree of formalization of mechanical-technological processes. Most existing models lack a
comprehensive description of the interrelationships among the geometric parameters of working elements,
operating modes, and the rheological characteristics of feed mixtures, which prevents accurate prediction of mixing
efficiency when changing equipment scales and types. CFD and DEM modeling methods provide deep
reproduction of local flow kinematics and particle microdynamics; however, in most studies, their comprehensive
experimental verification is lacking. Moreover, the scale effect when transitioning from laboratory to industrial
systems remains insufficiently studied, which limits the reliability of practical application of the results [17, 19].

Thus, further advancement of research on the mixing process in the context of analyzing structural
parameters and mixer operating modes constitutes an important scientific and practical task aimed at forming
generalized mechanical-technological regularities of the process. Its solution requires the integration of
experimental, numerical, and energy-based research methods capable of adequately reproducing real machine
operating conditions. Special attention should be paid to the systematic generalization of results related to the
optimization of structural-operational correlations and the formalization of relationships among geometric
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parameters, operating modes, and material properties, which will create scientific preconditions for developing

adaptive energy-efficient operating modes for next-generation mixers [6, 11, 12, 14-20].

The generalization of the results of the conducted system analysis indicates that the efficiency of the feed
mixing process is determined by the coordinated interaction of the material, energy, and information subsystems of
the technological process. It has been established that mixture quality and energy consumption levels depend on a
combination of physical-mechanical and rheological properties of the material, structural features of the working
elements, and the parameters of the technological regime. Existing approaches to evaluating process efficiency
remain fragmented, focusing mainly on individual groups of factors, whereas the development of integral criteria
that comprehensively account for the interaction within the “machine—material-process” system is a necessary
prerequisite for the further optimization of mixer designs and operating modes. The obtained generalizations form
the theoretical and methodological basis for the next stage of research, aimed at modeling the mechanical-

technological regularities of the process and developing principles of energy-efficient control of mixing regimes
under production conditions.

5. Conclusion

The conducted research made it possible to systematically substantiate the place of the mixing process
within the feed preparation technological chain and to determine its key role in ensuring stable feed mixture
quality and increasing the energy efficiency of technological systems. The developed structural-logical model of
the process, which integrates the material, energy, and information subsystems, reflects the cause-and-effect
relationships among the physical-mechanical properties of feed materials, machine design parameters, and
technological operating modes.

The factors that determine the quality and energy efficiency of mixing have been systematized and
classified according to the nature of their influence — material, technological, and design-related. Based on an
analysis of methods and criteria for evaluating process efficiency, a system of indicators has been formed that
reflects mixture homogeneity, structural stability, and the rational use of drive energy. The identified scientific
and methodological gaps indicate the need to develop mechanical-technological models that comprehensively
account for the interactions within the “machine-material-process” system. The results of the study form a
methodological foundation for improving mixer designs, optimizing their operating modes, and implementing
energy-efficient control principles for the mixing process under production conditions.

Further research should focus on developing and verifying numerical models (CFD, DEM) of the feed
mixing process, taking into account the rheological properties of materials and the geometry of working elements.
It is also important to develop algorithms for adaptive control of technological mixing parameters based on sensor
monitoring within the Smart Feeding environment, which will enhance energy efficiency and reproducibility of
results in industrial applications.
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CUCTEMHA MOJEJIb ITPOLECY 3MIIIYBAHHS MATEPIAJIIB Y TEXHOJIOT'TYHOMY
JAHIIO3I KOPMOIIPUT'OTYBAHHSA

Y ecmammi npoananizoeano micye npoyecy 3miuty8anusa KOPMOBUX MAMEPIANIB y MEXHONIOSIYHOMY AAHYIO3]
KOPMONPUSOMYBAHHS. MA U020 POib Y 3a0e3NeHeHHi CmabilbHOI SKOCmi KOpMOSUX cymiwell | NioeuuyeHHI
eHepaoeeKmueHOCmi MUt  CilbCbKO20CN00apcbko2o npusHavenHs. Memoio  Odocniodcenns €  cucmemHe
V3aeanbHeH s, (hakmopie, Memooie i Kpumepiie OYiHIOBAHHA eeKMUBHOCHI Npoyecy 3MIULy8aHHs, A MAKONC
BUABTIEHHS HAYKOBO-MEMOOONO0IUHUX NPOSANIUH, SKI 0OMENCYIONb NOOATLUMUIL PO3GUMOK KOHCIMPYKYIN | pedcumis
pobomu Kopmomiuysayis. Y pobomi 3acmoco8ano Memooon02iio CUCHEMHO20 AHANIZY, MEXAHIKO-MEXHONI02TUHO20
MOOe08AHHS MA NOPIBHATIbHO-AHAITMUYHULL NIOXI0 00 oyiHKu ehexmusHocmi npoyecis. 1Iposedeno y3azanbHeHHs
HAYKOGUX T NAMEHMHO-MEXHIUHUX 0Xcepen, NPOAHANI306aHO CYHACHT PileHHsl Y chepi KOHCMPYKYI 6EPINUKATIbHUX
smiwysauie i memooie oyinioganHa ix eghexmusrocmi. Chopmoeano cmpyKmypHO-Io2iuHy MOOelb Npoyecy
SMIULYBAHHS, SIKA BKTIFOYAE MPU B3AEMONOS A3AHI NIOCUCIEMU: MAMEPIATbHY, eHepeemudHy ma ingopmayitny. B
Medrcax mooeii 8UOLIeHO mpu PieHi 83acMO0ii: 6XIOHI napamempu (81acmusocmi Mamepiania), KepyeaibHi Gniusu
(pedicumu ma KOHCMPYKIMUGHI NAPAMEMPU MAWUH) | Pe3yIbmamu npoyecy (AKiCHI ma eHepeemuyHi NOKA3HUKY).
V3azanvneno knacughikayiio gpaxmopis, wjo susHauarome egheKmugHicmy 3MIULYSAHHS, 3a MPbOMA SPYNAMU —
MAmMepianbHUMU, MexXHOIOSTYHUMU U KOHCIMPYKMUGHUMU, §3 3A3HAYEHHAM KIIOUO8UX NAPAMEMPIE | KPUMepIie 61IUBY.

Tpoananizoeano memoou OYiHIOBAHHS eQhEeKMUSHOCIE 3MIUYBAHHSL. (DIZUKO-XIMIUHI, DI3UKO-MEXAHTUHI,
eHepeemuyHi ma yugposi (inmenekmyanpHo-mooemosanvhi). Hasedeno yzazanvheni kpumepii oyinku skocmi Cymiuii
ma eHepeoeghekmusrnocmi npoyecy. Buasneno, wjo icnyloui nioxoou 3anuuiaromucs @pacMeHmapHumMu Ui He
8DPAX08YIOMb KOMNIEKCHO 63aeMO0il0 cucmemu «mawuna — mamepian — npoyecy. OOIpyHmMoeano HeoOXionicmb
PO3POONEHHS MEXAHIKO-MEXHONOIUHUX MOOENEU 3MIULY8AHHS 3 YDAXYBAHHAM PEONOTUHUX GIACTIUBOCTEL KOPMOBUX
Mamepianie, napamempie podoouux opeauie i pescumie pobomu mawuH. Iliokpecieno nepcnexmueHicmo
suxopucmanns uucenvhux memooie CFD ma DEM pazom i3 cencoprumu cucmemamu Smart Feeding ona peanizayii
a0anmuBHO20 KepyBanHsl NPOYECOM Y PeaibHOMY HACI.

Ompumani pesynomamu opmyioms mMeopemuKo-memooonociuny 6azy 01 noOarbUx 00CONCEHD,
CNPAMOBAHUX HA ONMUMI3AYII0 KOHCMPYKYIU KOPMOIMIULY8AUIB, 3HUNCEHHS RNUMOMUX eHepeosumpam i
nidguyen s cmabitbHOCMI AKOCMI cyMiuiell Y UPOOHUUUX YMOBAX.

Knrouosi cnosa: kopmozmiutyeay, 3mintySants. KOpMIe, SIKICHI mMa eHepeemuyti NOKASHUKU, (aKmopu 6niusy,
MEXAHIKO-MEXHONORIUHA CUCIEMA, CIPYKIMYPHO-T02IYHA MOOETb, CUCIEMHA MOOEb, KpUumepii OYiHKu npoyecy.
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