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Abstract

This article examines the effect of the mixing degree of feed mixture components on its homogeneity,
mixing quality, and the uniform distribution of microcomponents and vitamins within the volume of
the mixture. Additionally, the study evaluates the suitability of the mixture for the molding and press-
ing processes involved in the production of salt lick bricks (SLB). The research is conducted using a
novel energy-efficient combined mixer. The study presents an analysis of the impact of mixing inten-
sity on the quality of SLB under prolonged storage in various environmental conditions. The kinetics
of the mixing process for salt premix components is investigated. A mechanical-mathematical model
describing the mixing behavior of components in a combined mixer is developed. Based on experi-
mental data, correlations are established between the physical characteristics of the final salt lick pre-
mixes — including shape, composition, and hardness — and the homogeneity of the initial mixture.
Furthermore, the study assesses the stability of SLB premixes under adverse environmental conditions,
including exposure to humidity and temperature fluctuations. A methodology for determining the op-
timal rotor rotation frequency in the combined mixer is developed, and its influence on mixture ho-
mogeneity is quantified.

The findings of experimental studies on a prototype combined mixer confirm the theoretical predic-
tions. The results substantiate the efficiency and feasibility of thorough and intensive mixing of com-
ponents in SLB production, which contributes to a reduction in material consumption for manufactur-
ing equipment and a decrease in overall energy costs.

DOI: 10.30657/pea.2026.32.1

1. Introduction

tion throughout the SLB volume a rather complex task. In ad-
dition to the already used mixture components, it is necessary

The quality and homogeneity of any mixture depend on the
degree of mixing and the design of the mixing machines. Food
and animal feed products are no exception, as the mixing of
ingredients, for instance, before pressing a loose salt mixture
and turning it into a premix lick, significantly influences the
structure and preservation of the salt lick brick (SLB). It
should be noted that the fractional and phase composition of
the SLB ingredients before mixing in the mixer varies signifi-
cantly for certain components, making their uniform distribu-

@ © 2026 Author(s). This is an open access article licensed
under the Creative Commons Attribution (CC BY)

License (https://creativecommons.org/licenses/by/ 4.0/).

to ensure the uniform distribution of dried and ground frag-
ments of Siberian fir needles, which contain a high concentra-
tion of vitamins and are practically cost-free for SLB produc-
tion.

Agricultural mechanization is constantly evolving, and new
mixer designs frequently enter the market, according to many
websites.

High mixing quality is ensured by horizontal shaft mixers
from the American company "Hayes & Stolz," which quickly
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and thoroughly mix the components throughout the mixing
chamber while maintaining high productivity. Mixers also
consume relatively little energy, remaining high-performance
yet economical machines. These requirements - low energy
consumption and short mixing time - were part of the initial
design concept of these mixers. The requirements are interde-
pendent, and reducing mixing time decreases energy con-
sumption for each volume of the mixture (Hayes & Stolz,
2025).

The ready mixture is unloaded through a throw-away bottom
or side doors as per the customer request (Apalihina, 2016;
Apalihina, 2017).

The design and operation of the plowshare mixer, produced
by the German company "Lodige," are also noteworthy (L6-
dige, 2025).

Mixers produced by the Swiss company "Biihler" operate on
a similar principle, with the difference that "Biihler" mixers
operate cyclically and are unloaded by forced pneumatic flow,
ensuring the required homogeneity of the mixed components
(Buehler, 2025).

In the English "Simon-Barron" horizontal shaft mixer, ingre-
dients of feed briquette licks are mixed, loaded into the hopper
after preliminary batch weighing (120L Simon Barron Condi-
tioning Mixer, 2025).

The component mixing is complex, performed by the simul-
taneous rotation of the external spiral mixer and the screw lo-
cated inside it. Components of the mixture adhered to the
walls of the mixing chamber are scraped off by rotating special
blades. The combined action of the spiral, screw, and blades
during their rotation generates counter-flows of material com-
ponents, quickly and effectively mixing them with sufficient
homogeneity.

The mixer-extruder installation, patented in the Russian Fed-
eration No. 2347606 and No. 117698, has proven effective,
where the mixed material streams move towards each other,
allowing more complete mixing. However, such mixing re-
quired a bulky design with three sequential mixing chambers,
each with different mixing devices, resulting in the final prod-
uct as an extrudate. It is clear that salt mixtures cannot be
mixed in such a mixer due to the final product form (Shevtsov
et al., 2009; Apalihina, 2017).

The mixer body is made with three chambers, featuring load-
ing nozzles and pipes through which the loose ingredients of
the future mixture are loaded.

The sequential mixing of the mixture components by cone-
shaped blades during their rotation is performed in all cham-
bers, with additional mixing by swirling air flows generated
on the outer edges of the blades. The design is highly produc-
tive but complex to manufacture, bulky, and overburdened
with its own parts.

Drum horizontal mixers manufactured by the German com-
pany Amandus Kahl, featuring a three-minute vortex mixing
process that ensures uniform distribution of mixture compo-
nents, operate exclusively with homogeneous materials. How-
ever, when combining dry components, liquids, and salt
within the mixture, achieving uniform ingredient distribution
is not feasible (Dabrowska et al., 2022; Bostanov et al., 2019).
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An analysis of the presented data highlights the necessity for
developing advanced technologies for the production of salt
lick bricks (SLB) and efficient mixers capable of intensifying
all stages of the production process while ensuring the rational
use of energy potential and maintaining high quality and ho-
mogeneity of the final mixture. High-quality salt lick bricks
should combine resistance to adverse weather conditions with
sufficient plasticity (Asangaliev et al., 2021; Vavilov et al.,
2020).

The primary objective of this study is to develop the design
and scientifically substantiate the operational parameters of an
energy-efficient component mixer and the production method
for salt lick bricks, ensuring the uniform distribution of all
mixture ingredients within the final product.

2. Development of a mixer with a combined
working unit

Various mixers produced by well-known manufacturers are
widely used in industry. Based on the analysis of experimental
and theoretical data, this study proposes an original mixer de-
sign and investigates the operational process of a novel mixer
equipped with a unique combined working unit for mixing
various components, including highly viscous ones.

The process of mixing bulk materials is a complex mechan-
ical phenomenon whose operational mechanism primarily de-
pends on the mixer design. This process consists of the fol-
lowing fundamental mixing mechanisms: a) convective
mixing — in which groups of adjacent particles are displaced
from one location in the mixture to another through embed-
ding, indentation, or layer sliding; b) diffusive mixing — where
particles of different components gradually redistribute
throughout the mixture via the newly formed interface bound-
ary; c) segregation — where gravitational or inertial forces
cause the concentration of mixture components with identical
mass in specific zones of the mixer.

Figure 1 presents the structural schematic of the mixer, fea-
turing two mixing shafts and a screw conveyor for discharging
the final mixture.

1 — housing; 2 — radial rods; 3 — shafts; 4 — stirrer blades; 5 — screw

conveyor for discharging the final mixture; 6 — stirrer shaft rotation

mechanism; 7 — gear motor for the stirrer shaft drive; 8 — gear motor
for the screw conveyor drive

Fig. 1. Design Diagram of the Mixer: a) left-side view of the de-
sign; b) main view of the design

In the oval-shaped housing (1), two mixing shafts (3) are lo-
cated in its central part. Gears are installed at each end of the
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shaft, which engage with a gear fixed on the shaft of the mo-
tor-reducer (7). With such a drive 6, the rotation from the mo-
tor-reducer is transmitted so that the mixing shafts 3 rotate in
opposite directions relative to each other at the same speed.

Along the entire length of shaft (3), there are special holes
for installing radial rods (2), at the ends of which mixer blades
(4) are mounted on elastic elements. Variants of mounting
mixer blades (4) on the elastic elements of rods (2) are shown
in Figure 4.

In Figure 2a, as an elastic element, the installation of the
mixer blade (2) on a torsion bar (4) is shown, and in Figure
2b, the installation of the mixer blade (2) using a spring (7) is
shown. The elastic elements allow the mixer blade (2) to be
set at the optimal angle of entry into the mixed feed mixture
by pre-twisting. The position of the mixer blades after instal-
lation is fixed.

The elastically movable stirrer blades prevent the formation
of stagnant zones and, through convective and diffusive mix-
ing, ensure uniform distribution of the components within the
mixture, reducing ingredient segregation and enhancing mix-
ture homogeneity.

For unloading the finished mixture, a screw (5) is installed
in the lower part of housing (1) (see Figure 1), driven by the
motor-reducer for driving the screw 8.

1 —radial rod; 2 — blade; 3 — bushing; 4 — torsion shaft;
5 —pin; 6 — seal; 7 — spring; 8 — finger; 9 — retaining ring

Fig. 2. Schematic diagram of the stirrer attachment mecha-
nism in the mixer: a) Stirrer blade with a torsion shaft; b) Stirrer
blade with a spring

The mixer operates as follows. Before starting, rods 2 with
blades 4 are installed into the holes of shafts 3 so that the rods
with the blades mounted on them do not touch each other with
their working surfaces during shaft rotation. Then, by rotating
around the rods 2, the final position of the blades 4 is adjusted,
and the blade is fixed in this position.

This twin-shaft blade mixer implements the mixing process
using mechanical fluidization of the blended components. The
initial ingredients are loaded from the top into the housing (1),
while the shafts (3) are already rotating, the stirrers are pre-
set, and the screw conveyor (5) remains stationary or rotates
in the opposite direction to discharge. Due to the counter-ro-
tating movement of the stirrers, the feed mixture ingredients
mix in the center of the housing, partially dispersing sideways,
then falling downward, where they are picked up by the stirrer
blades. This process of feeding and mixing ingredients repeats
cyclically. Once the required homogeneity of the feed mixture

is achieved, the screw conveyor (5) begins to rotate in the op-
posite direction, gradually discharging the prepared feed mix-
ture from the mixer.

The qualitative composition of SLB is verified by analyzing
the content of essential ingredients in randomly selected bri-
quettes from the produced batch. This analysis assesses both
the presence of all components and their quantitative devia-
tions from the original formulation. The same verification pro-
cedure is used to evaluate the efficiency and uniformity of
component mixing in the mixer.

The allowable deviation in the content of SLB components
must not exceed 4.5% of the formulation value; otherwise, the
entire batch is deemed non-compliant with the recipe, and the
mixer is considered ineffective.

A selective check of the uniform distribution of components
in the SLB batch is conducted using a standard procedure,
which includes spot sampling, combining samples into a com-
posite sample, and deriving the actual test sample by mixing,
reducing, and dividing the composite sample (Lytkina et al.,
2016).

Potential variations in non-uniform mixing and component
distribution may arise from random errors in quantitative
chemical analysis methodologies for active ingredients within
the blended mixture, as well as random errors in mass assess-
ments of active substances during dosing into the mixer.

A theoretical assessment of the permissible deviation limits
for uniform distribution and component content in the SLB
batch, relative to the formulation data, can be conducted using
established methods of mathematical statistics and probability
theory (Kafarov et al., 2023).

3. Study of the Kinetics of the mixing process of
premix licks components

It is necessary to determine the influence of the rotation fre-
quency of the combined mixer shafts on the homogeneity of
the mixture. One of the important factors affecting the inten-
sity of the mixing process is the speed of the mixer blades. The
magnitude of this speed determines the intensity of particle
movement, the nature of their motion, which ultimately affects
the time required for the uniform distribution of components
throughout the volume of the mixture (Doudkin et al., 2019a;
Doudkin et al., 2019b; Doudkin et al., 2019¢; Doudkin et al.,
2019d).

To select the most rational mixing mode, experiments were
conducted to study the effect of mixing duration on the mixing
process at different rotation frequencies of the mixer blades.
The main component (filler) used was crushed salt, and the
indicator component was a metallic-magnetic impurity. The
loading order into the mixer was first the main component,
then the indicator component (Doudkin et al., 2019a; Doudkin
et al., 2019b; Doudkin et al., 2019¢; Doudkin et al., 2019d;
Aduov et al., 2020; Doudkin et al., 2020; Doudkin et al.,
2021a; Doudkin et al., 2021b; Doudkin et al., 2021c¢).

The change in mixture non-uniformity over time at different
rotation frequencies of the mixer working bodies is shown in
Fig. 3a. The analysis of the obtained dependencies shows that
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the kinetics of the process is uneven: at all investigated fre-
quencies, the mixing process initially proceeds quickly, then
slows down, and finally, upon reaching equilibrium, the oper-
ation of the mixer does not affect the distribution of control
components (Bostanov et al., 2019; Issabek et al., 2021; Kom-
bayev et al., 2019; Kombayev et al., 2022; Doudkin et al.,
2021b; Sakimov et al., 2018; Doudkin et al., 2020; Saveliev et
al., 2019; Doudkin et al., 2022).

As a result of the conducted experiments, a dependency was
identified: with an increase in the rotation frequency and con-
sequently, the circumferential velocity of the mixer stirrers
within the range of 12 to 13 s, the mixing time required to
reach the equilibrium state of the mixture, where the processes
of mixing and segregation balance each other, is reduced. This
phenomenon can be explained by the increased number of in-
teractions between the mixer's working elements (stirrers) and
the mixed components per unit of time, leading to more in-
tense movement of the product particles relative to each other
and the mixer housing (Temirbekov et al., 2019; Giel et al.,
2021a; Giel et al., 2021b; Giel et al., 2022; Giel et al., 2023;
Doudkin et al., 2021a; Doudkin et al., 2021b).

It should be noted that the change in the circumferential
speed of the mixer blades was carried out taking into account
not to disrupt the state of mechanical fluidization of the mixed
bulk components (Giel et al., 2022).

Influence of component ratio on mixture quality. All known
studies emphasize the significance of this factor in the distri-
bution of components within a mixture; however, the reported
effects vary across different research works. Compound feeds
and premixes consist of components present in varying pro-
portions. To determine the influence of component ratio on
mixing homogeneity, experiments were conducted using dif-
ferent concentrations of the control component (sodium chlo-
ride): 0.1%, 0.2%, 0.3%, 0.4%, 0.6%, 0.8%, and 1.0%. The
results are presented in Figure 3c. Parameters such as particle
size, moisture content, and loading sequence were kept con-
stant (Doudkin et al., 2021c).

However, to achieve a uniform distribution of a component
with a concentration below 0.1-0.2%, a two- or three-stage
mixing process is required (Asangaliev et al., 2021; Aukenova
et al., 2021; Kombayev et al., 2022).

4. Influence of moisture content on mixture
quality

The natural sources of moisture in salt lick bricks (SLB) in-
clude air, raw materials used as fillers, and technological ex-
posure to steam, water, and the surrounding environment.
Moisture significantly affects not only the operation of the
mixer and the mixing process but also the physicomechanical
properties of SLB. A particularly critical issue for water-solu-
ble salts of microelements present in the mixture is hygrosco-
picity, as moisture absorption leads to a loss of flowability.
Additionally, other technological properties deteriorate.

It is well known that as moisture content increases, particle
mobility decreases, the coefficient of internal friction in-
creases, and the angle of repose becomes steeper. Conse-
quently, moisture content directly impacts mixing quality
(Apalihina, 2017).

To establish the relationship between mixture quality and the
moisture content of key components, the following control
components were used: manganese sulfate with a moisture
content of 5.28%, manganese carbonate with a moisture con-
tent of 2.82%, table salt (NaCl) with a moisture content of
0.4%.

For a more precise assessment of uniform mixing, Siberian
fir needles were introduced into the mixture along with sun-
flower meal to increase the volume of components. The mois-
ture content of the meal was varied from 7.8% to 27.0%,
which resulted in: an increase in the angle of repose from 33°
to 46°, a decrease in bulk density from 550 kg/m? to 460 kg/m?
(Table 1).

Table 1. Physical and Mechanical Properties of Sunflower Meal

Moisture Content  Bulk Density Angle of Repose

Kn. % K (%) (kg/m?) ©
0 \ [ 7.8 550 33-34
» ‘ e 10.2 520 37-38

\ — 14.5 490 42-43
& \Y 20.0 460 4445
s\ * 27.0 460 46

N\,

8 . S S i To study the effect of the moisture content of the control

a) ] component on mixture homogeneity, manganese sulfate with
0 90 180 20 T 0 02 04 06c% 0 02 04 06 08 & a moisture content ranging from 2.7% to 27.9% was used.

Fig. 3. Dependence of the Variation Coefficient on: (a) Mixing
time at different circumferential velocity values; (b) Degree of
mixer chamber filling; (c) Concentration of the key component:
1 — metallic-magnetic impurities; 2 — table salt (NaCl); 3 — manga-
nese sulfate (MnSOa).

The obtained dependency indicates that component concen-
tration affects mixture quality up to a certain threshold. Spe-
cifically, when the component concentration in the mixture
exceeds 0.1%, the mixtures exhibit greater homogeneity.

ARCHIWUM INZYNIERII PRODUKCJI

The dependence of the variation coefficient on the moisture
content of the components is graphically represented in Fig. 4.
The studies showed that with an increase in the moisture con-
tent of the main component, the distribution of table salt and
manganese sulfate slightly improves. The opposite depend-
ency was observed for manganese carbonate. The explanation
for the identified dependencies is likely due to the formation
of a liquid film on the surface of the particles as the moisture
content of the product increases.
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Fig. 4. Dependence of the variation coefficient on the moisture con-
tent of the main (1, 2, 3) and control (4) components: 1 — NaCl; 2 —
MnSOs.-5H20; 3 — MnCOs mH-0

The increased moisture content leads to the adhesion of in-
dicator components — table salt (NaCl) and manganese sulfate
(MnSOs) — and, in some cases, results in the partial dissolution
of fine dust particles. Manganese carbonate (MnCQO:s), on the
other hand, is an insoluble compound. When manganese car-
bonate is mixed with high-moisture sunflower meal (20—
27%), the liquid film does not wet it but instead promotes the
formation of particle agglomerates, ultimately deteriorating
the overall mixture quality.

Experimental studies have also established that an increase
in the moisture content of the control component (manganese
sulfate) reduces its dispersibility within the mixer due to inef-
ficient distribution by the stirrer blades.

Thus, an increase in the moisture content of the primary
component positively affects the distribution of water-soluble
microcomponents but negatively impacts the distribution of
water-insoluble microcomponents. The presence of moisture
in microcomponents reduces the uniformity of their distribu-
tion within the mixture.

To identify the optimal range of mixing parameters, experi-
mental design methods were employed. The selection of factor
variation ranges was performed using central rotatable uni-
form planning, which enabled the derivation of regression
equations that accurately describe the real mixing process
based on 56 experiments, each conducted in triplicate (Kafa-
rov, 2023).

5. Influence of plant component content on mix-
ing quality with combined mixer shafts

It is particularly important to emphasize that, in order to
achieve optimal animal growth, reproduction, or lactation, nu-
trients must be evenly distributed in the feed, the ingredients
of which are mixed in the combined mixer developed by the
authors (Apalihina, 2017; Asangaliev et al., 2021). However,
there is a lack of empirical data confirming this assumption
(Dabrowska et al., 2022; Giel et al., 2021a; Giel et al., 2021b;
Giel et al., 2022; Giel et al., 2023; Guryanov et al., 2024). As
previously noted, during the mixing process in the mixer, both
mixing and separation of the final mixture occur simultane-

ously. Therefore, enhancing process efficiency requires mini-
mizing the separation of components (Doudkin et al., 2019c;
Doudkin et al., 2021b; Moldakhanov et al., 2023).

One perspective suggests that to reduce segregation in the
final dry mixture, it is advisable to introduce liquid additives,
including plant-based components. Among these, oil-contain-
ing Siberian fir needles have been identified as a suitable ad-
dition (Apalihina, 2017).

The following experiments were conducted to investigate
this. To test the mixer's performance with highly viscous ma-
terials, we examined the mixing of feed briquette components
and added crushed molasses as one of the components, using
crushed barley instead of salt as the main component (filler).
Control components - manganese sulfate and table salt - were
mixed with the main component, with molasses content vary-
ing from 15% to 47%.

The results showed an inverse proportional relationship be-
tween the mixture's heterogeneity coefficient and the molasses
content in the main component (Fig. 5).

V, %
8
I — 2
i '\\ _— [
NN.‘ \J\
4 =
\]_ —\-'\
2
0 | 2 3 4 5 6 7 Czh’ %

Fig. 5. Dependence of the variation coefficient of indicators
(1 = NaCl; 2 — MnSOs-5H-0) on molasses content in the main com-
ponent

The analysis of the obtained results shows that the presence
of fat improves the distribution of control components. The
presence of fat in the main component reduces the intensity of
the separation process due to particle adhesion (Lytkina et al.,
2016). Thus, the molasses content positively influences the
distribution of control components.

6. The influence of the nature of the main com-
ponent on the uniform distribution of microcom-
ponents after mixing in a mixer

It is necessary to test the operation of the mixer with a com-
bined working body again by mixing the components of feed
briquettes-licks. The following macronutrients were used as
research objects: wheat bran, meat and bone meal, fish meal,
feed yeast, crushed peas and barley, sunflower meal, dry milk,
and chalk.

The particle size of the components corresponded to passing
through a sieve with hole diameters of 1.5 mm. The moisture
content and granulometric composition of the products are
presented in Table 2. The control component was manganese
sulfate (MnSOa-5H-0).
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The results of the mixing are shown in Fig. 6, and for com-
parison, the results for a spiral counterflow mixer are pro-
vided.

Table 2. Granulometric Composition of Feed Briquette Components

Moisture Residue on sieves, %
Component C‘zﬁzsm 1.00 0.63 0.50 0.40 0.20 Bottom
Wheatbran 9.3 19.0 15.0 14.5 20.5 245 6.5
Meat and  , 514 150 80 105 28.5 40.0
bone meal
Chalk 04 2.0 22.0 280 205 7.0 205
Feed yeast 7.4 0.5 80 7.5 9.0 345 405
Crushed 100 5.0 41.5 12.0 11.5 17.0 13.0
peas
Sunflower 5 ¢ 45 480 140 120 165 5.0
meal
Fish meal 70 1.0 100 65 150 365 31.0
Dry milk 83 05 9.0 7.0 9.5 340 400
Crushed
barley 10.1

Analysis of the results shows that in the combined mixer
with the new working body (independent stirrers), the influ-
ence of the nature of the main component on the uniformity of
microcomponent distribution is significantly less than in the
spiral counterflow mixer. This is due to the progressive mix-
ing method in a state of "mechanical weightlessness" or in a
"fluidized" layer (Apalihina O.A., 2017).

V. %
10 L ® Mixer with a new working unit
9 P = Spiral counterflow mixer
8
7 ] p= -
6
5
4
3
2
1 Iy
0
1 2 - 6 7 8 9

Components

Fig. 6. Coefticients of heterogeneity of distribution of
MnSO4-5H20 when mixing various components: 1 — wheat bran;
2 — meat and bone meal; 3 — chalk; 4 — yeast; 5 — chopped peas; 6 —
sunflower meal; 7 — fish meal; 8 — milk powder; 9 — crushed barley

This method allows mixing components with significantly
different bulk densities and other physical and mechanical
properties. The results of studying the kinetics of the mixing
process within optimal parameter ranges open up possibilities
for modeling the mixing process based on the methodology
proposed by Professor E.A. Asangaliyev (Asangaliev et al.,
2021).
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7. Mechanics-mathematical model of component
mixing in a mixer with a combined working body

The mechanics-mathematical model of homogeneous mix-
ing of polydisperse components in premix licks in a combined
mixer considers their stepwise distribution over time spent in
the mixing chamber and its retention capacity, the volume size
and dimensional length of the components (for example, nee-
dles of Siberian fir), spontaneous distribution of components
with different thermal saturations throughout the working vol-
ume of the mixing chamber, the diversity of the physical and
chemical properties of the components, complex chemical re-
actions between them, and other stochastic features.

The mechanics-mathematical model for mixing components
for the production of briquetted premix licks in a three-shaft
combined mixer was developed using an informal approach:
transforming the mathematical representation of the mixing
technology specifically for the mixer under consideration
(Kafarov et al., 2023).

The mathematical analysis and representation of mixing bi-
nary ingredients in the combined mixer were based on the sys-
tem of differential equations developed by Academician V.V.
Kafarov:

LA = —k(cy — ma)? + kD, (1)
LB = —k(cy —mp)? + kD @

where the coefficient k = - (Nya' + N,b")/b'; c,, cg —rel-
ative concentrations of components A and B; m,, mgz — math-
ematical expectations of the concentrations of components A
and B, corresponding to the prescription value of the concen-
tration of the component in the mixture; u — proportionality
factor; N, and Nz — number of associations of particles A and
B;a' = ay,V,; b' = bygVg; a and b — the number of particles
included in associations A and B; V, and Vg — volumes of par-
ticles of grade A and B; y, and yz — material densities of par-
ticles A and B; D, and Dy — dispersions characterizing the in-
completeness of the mixing process (Kafarov et al., 2023).

Equations (1) and (2) characterize the change in concentra-
tions of components A and B within the working volume of
the mixer. However, in industrial practice, the assessment of
the mixture state is conducted based on a sample from a cer-
tain number of tests. Therefore, let us rewrite equation (1) for
a sample of n/ tests, taken from » randomly selected points
within the mixer volume, with / parallel tests at each point,
resulting in the following system of equations.

d(ci'_m) 2
ét = —k(c;j —m)" + kD.,; where

i=12,..,m j=12.,1 3)

Summing this system of equations over # points and / tests,
and then performing the corresponding transformations, we
obtain
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where o2 - sample variance of component concentration in the
mixture;

k — coefficient determining the mixing rate constant.

Figure 7 shows the kinetic dependence of the change in sat-
uration variance c’over the duration of the mixing process.
The longer the mixing duration, the more homogeneous the
mixture saturation og, at the maximum value of which dy-
namic equilibrium is reached. It is assumed that the classifica-
tion process of the mixture will correspond to a different de-
pendence, and there exists a linear relationship between the
segregation variance and the breakdown (Apalihina, 2017):

0-1-2[ -0’ = ﬂ-(O-cz - O-l-%c) (%)
where o} - initial saturation variance of the ingredient at t=0;
X - uniformity coefficient; ;2 — initial segregation variance.

The operation of the combined mixer, which mixes a multi-

component mixture, can be described by a known mathemati-
cal model:

d |g?
L R A S R 2k
Fw = kAR S [ ©

— 2
Jpl.
2

U'pi

2_ 2. :_
0{=0y;;1=1,2, ..., S.

1
where A; = with initial conditions t=0; crl-2=1; t=00;
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Fig. 7. Kinetic dependence of the change in saturation dispersion
o2 over the duration of the mixing operation

Since the mixed mixture contains more than two ingredients,
the indicators of the mixing process itself will be represented
by separate kinetic dependencies for all the ingredients in-
cluded in the mixture. After performing a series of transfor-
mations with respect to 6%, an almost complete model of the
working process of the combined mixer is obtained:

where 6> — sample variance; O'pz — equilibrium variance corre-
sponding to maximum mixing; 7 — number of sample analysis
points; / — number of analyses in each of the n points;  — mix-
ing duration; k — mixing rate constant.

The derived mathematical model, in essence, coincides with
previously known models and (7) confirms that the binary
components of the mixture during mixing are influenced by
the interaction of the two aforementioned variables — the mix-
ing rate constant £ and the stable saturation variance of the
mixture components 6, (Apalihina, 2017).

Experimental and model-calculated kinetic curves for the
considered model mixtures, of SLB based on O'p2 and Kop , are
presented in Figure 8.

o 2
0124

(7

0,08 Experimental

0012«

= === Calculated according

004 to the model

T
360 S

)
360 s

Fig. 8. Experimental (solid lines) and model-calculated (7)
(dashed) kinetic curves for binary model mixtures obtained in the
mixer with combined working elements: 1 — metallic magnetic im-
purities and crushed barley; 2 — table salt and crushed barley;

3 — feed molasses and crushed barley

8. Analysis of the quality of the obtained feed
blocks

Forming is a crucial stage in the technological process of
producing both salt and feed lick blocks. To determine the op-
timal cooling duration during their production, the depend-
ence of the specific penetration force on the duration of treat-
ment at various temperature regimes was studied. Figure 9
presents the results of the study of the structural-mechanical
properties of feed lick blocks during the forming process.
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Fig. 9. Dependence of specific penetration force on processing
duration at various temperature regimes: 1 — 15°C; 2 —20°C; 3 —
25°C

The forming of the products was carried out in a special
chamber. The obtained dependencies indicate that the strength
of the structure of the SLB increases intensively in the initial
period, then the process slows down. The second period is
characterized by a sharp deceleration in the rate of increase in
mechanical strength, which is associated with the onset of
hardening. As a result of the analysis of the obtained data, the
time parameters of the cooling process were determined. The
required strength, corresponding to 400 N/m?, is achieved at a
temperature of 15°C in 30 minutes, at a temperature of 20°C
in 46 minutes, and at a temperature of 25°C in 57 minutes.

Effect of the degree of mixing of mixture components on
the change in quality of feed lick blocks during storage.
Storage of experimental and control batches of feed lick
blocks was carried out in floor-type warchouse conditions.
The storage conditions were characterized by the following
temperature and relative humidity indicators (Table 3).

Table 3. Storage Conditions

Month Average mon- Average mon-
thly tempera- thly relative hu-
ture,°C midity, %

January -2 64.5

February -1 63.2

March 0 65.6

April 10.3 62.3

May 14.4 59

June 20.1 61

July 19.3 60

August 19.6 63

September +19.8 63

October +5.6 76

November 0 73

December 0 64

The most labile components in the studied product were the
vitamins introduced during its production. Their preservation
determined the quality of the feed lick blocks and allowed for
the establishment of shelf life. Experiments were conducted
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under production and laboratory conditions at a temperature
0f 30°C and relative humidity of 70%. The change in moisture
content of the lick blocks during storage under production
conditions is presented in Table 4.

Table 4. Change in moisture content of feed lick blocks during stor-
age under production conditions (1 — experimental batch, 2 — control
batch)

Storage duration, months

Variant == "¢ 10" 12 14
Humidity, %

1 101 102 106 113 114 127 13.1

2 103 106 108 112 11.6 128 133

The presented data indicate that the moisture content of the
feed lick blocks during storage under production conditions
increased slightly and reached 11.1-11.3% by the end of the
14th month in both the control and experimental variants. The
moisture content of the lick blocks is greatly influenced by the
moisture of the surrounding environment. The result of the de-
velopment of vitamin activity or motility in the SLB, stored in
natural conditions and an experimental laboratory environ-
ment, is illustrated in Figure 10. For storage durations of SLB
exceeding 10 months, for example, 14 months, in the corre-
sponding warehouse led to significant degradation of vitamin
A. Losses ranged from 19.6% to 40.1% (Apalihina, 2017).

Content, %

llll[llﬂ
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e e s e e et e et e

6 8 10 12 14
Months

@ Experience B8 Control

Fig.10. Change in vitamin A content in feed lick blocks during
storage under production conditions

Storage of the product was carried out under production con-
ditions for 10 months, where the average air temperature did
not exceed 20.1°C, and the relative humidity was 76% (Table
5). These conditions did not lead to significant degradation of
vitamin A in the experimental variant. Its content remained at
91.5% of the initial value. In the control, losses were higher
and amounted to 19.2% after 10 months. Further storage led
to further vitamin degradation, with losses exceeding accepta-
ble values. The content of vitamins A, E, and D in the feed lick
blocks at the end of the 10th month was 90.5%, 91.4%, and
90.7%, respectively, in the experimental variant, and 81.8%,
71.4%, and 70.3%, respectively, in the control.

With an increase in storage duration to 14 months, the vita-
mins began to degrade at an accelerated rate. In the control,
the loss of activity by the end of the 14th month exceeded
40%, while in the experimental variant, it exceeded 20%.
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Table 5. Change in moisture content of feed lick blocks during stor-
age under laboratory conditions (1 — experimental batch, 2 — control
batch)

Storage duration, months

Varant ———— " ¢ ¢ 7
Humidity,%
I 100 112 118 128 136 147 15.1
2 100 116 12.6 132 135 148 153

s 7 = s

Fig. 11. SBL before measuring changes in shape (a), content (b),
and hardness (c)

High-quality SLB (Fig. 11) must maintain resistance to ad-
verse conditions. Storage at a temperature of 30°C and relative
humidity of 70% resulted in a significant reduction in vitamin
A content after 6 months. In the experimental variant, losses
were 9.5% and 34.2% in the control. After 7 months, vitamin
A losses exceeded 14.6% in the experimental variant and
39.7% in the control. It is proposed to limit the storage dura-
tion of feed lick blocks to 10 months under production condi-
tions and to 6 months under adverse conditions.

9. Conclusion

1. The developed design of the combined mixer, equipped
with independently rotating stirrers, demonstrated high
mixing efficiency. Moreover, the operation of its inde-
pendent stirrers did not have any adverse effects on the
integrity and quality of the mixed components.

2. During the study of the mixing kinetics for salt lick brick
(SLB) production, the most optimal mixing parameters
were identified, ensuring high-quality SLB formation:
mixing duration: 65-70 s; stirrer shaft rotation frequency:
12.0-13.0 s7'; control ingredient concentration in SLB: >
0.2%; mixer chamber fill ratio: 0.5-0.7; coefficient of
variation for the control ingredient in SLB: 4.4-4.9%

3. Experimental results revealed that increasing the rotation
frequency and consequently, the circumferential speed of
the mixer's working elements within the range of 12.0 to
13.0 s7! reduces the mixing time required to reach equi-
librium. This is due to a greater number of interactions
between the mixer's working elements and the mixed
products per unit of time, resulting in more intense move-
ment of particles relative to one another and the mixer
housing.

4. The developed mechanical-mathematical model of homo-
geneous mixing for polydisperse components in the com-
bined mixer takes into account: stepwise distribution of
components based on their residence time in the mixing
chamber and its retention capacity; volume and particle

size distribution, including crushed Siberian fir needles;
spontaneous distribution of mixture components with var-
ying thermal saturation across the working volume of the
mixing chamber; diversity of physicochemical properties
of the mixture components, influenced by complex chem-
ical interactions between them; other stochastic character-
istics of the mixing process.

5. An exergy analysis was performed, yielding an exergetic
efficiency of 8.2%, which is 2.5% higher than that of the
standard technology, thereby confirming the validity of
the selected design solutions.

6. The quality of the resulting SLB premixes was examined
in relation to: the mixing efficiency and uniformity of
components; the particle size and moisture content of
both individual components and final SLB products; the
plasticity of the ingredients; the presence of biologically
active components before pressing, after pressing, and af-
ter a controlled storage period of 10 and 14 months; the
optimal storage period was determined to be no more than
10 months.

Further research on crushers, mixers, and grinders will focus
on modernizing mixing devices to ensure the required particle
size distribution of mixture components; reducing energy and
time consumption for component preparation and mixing;
minimizing material consumption; eliminating exposed rotat-
ing components in the drive mechanisms of the developed ma-
chines; automating the mechanism for opening discharge port
COVers.
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