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Bapabanuni smimyeaui moxcymv 3abesnenumu 3adanuil pisemd
pieHoMipHOCMI 3MIMYBAHHS, 8 MOMY UUCII KOMNOHEHMIE KOPMOGUX
dobasox. O0HaK NUMAHHA MeEOPEMUUIH020 MA eKCNEPUMEHMATILHOZ0
00TpYHMYBANNA KOHCMPYKUIHO-KiHeMamuuHUX napamempis 6apa-
oannux 3mimyeauie Hedocmamuvo Hayxoeo 0docaidxcene. Memoro
pobomu € nidsuuenns epexmuenocmi 6UPOOGHUUMBA KOPMOBUX CYMi-
wel WAAXOM 3a0e3neUenns ONMmMuUMaIvbHoi Kymoeoi weudxocmi odep-
manns 6apabannozo smimyeaya.

Jlna eusnauenmns padianvuoi weuoKocmi pyxy wacmku no Jonamui
bapabana 6ye euxopucmanuii po3e’a30x 001opionozo oudepenuyiiirno-
20 pienanns. Busnauenns uucnosozo 3navenns xkymoeoi weuoxocmi
peanizosano memoodom Komn’romeprnozo mooenrosanns. Illposedenns
eKCNepuUMEeHMANbHUX 00CTI0NHCEHb PIGHOMIPHOCMI nepepo3noodiay
KOpMOBUX KOMNOHEHMI8 Y CYyMiwi KoMOiKopmy 30ilcHIO8ANOCA 3a
00n0M02010 PO3POONEHO20 eKCnepuMeHmanviozo dapabaniozo 3mi-
wyeana. 3miumyeau CKAadascs 3 Kamepu, nNPAMOKYMHOL pamxu, onop-
Hoi pamu ma npusody. Kamepa 3mimyeanns mana 3aéanmaxcyeaiv-
HO-po36anmanicyeanvhe 6ikHO 3aKpume Kpuwkoro. Bcepeouni xamepu
no 6ciil ii 006xcuUMi i PIBHOMIPHO NO nepuMempy OYaU 6CMAHOBAEHOT
padianvii ronamxu.

Hocaiou npogoounucs i3 euxopucmanHam dapadaninozo 3miuy-
eaua i3 padiycom Gapabana 0,17 m, axuii mae padianvii nonam-
Ku wupunoro 25 Mm ma npu xoegiuyienmi 3anosnenns xamepu 0,5.
Bcmanosaeno, wo dapabannuii 3smiumyeay 3abde3nenye maxcumaivie
PO3CII08AHHA MACMOUOK MAMeEPiany no noeepxHi podo1ozo ceemenmy
npu kymosii weuoxocmi odepmanns 6apadany 9,69 pad/c.

Y pesynvmami excnepumenmanvhux 00CaioIHceHb 6CMAHOBIEHO,
wo npu wacmomi obepmanns 6apadana naéopamopnoi ycmanoexu
9,42 pad/c pienomipnicmv cymimxu cmanosumo 92,5-93 %, wo 6io-
nogidae iCHYOUUM 300MEXHIMHUM BUMO2AM O]l 6CIX 6UDI8 KOMOIKOp-
Mie. ITpu ybomy Mmaxcumanvre i0XULEHHS MEOPEMUHUX MA eKCne-
PUMEHMATLHUX 0aHUX CMano8uo 6ias 9 %. Ompumani pe3yromamu
datomv 3M02Yy CMBEPOIHCYEAMU NPO MONCUGICMb BUSHAMEHHS HUCTLO-
6020 3HAUEHHA KYMOBOT WEUOKOCME 6APAdAHHUX 3MIUWYBAYIE 3anPONo-
HOBAHUM MEMOOOM KOMN IOMEPHO20 MOOENI08AHHS

Kmouosi caosa: nonamxa, padianvia weudxicmo, xoediuicnm
3aN06HEHHS, HAC IMIUYBANHIA, KOPMOBI 000a8KU, KOHMPOTLHUUL KOM-

nonenm, cymiw, paoiyc 6apadana
a o

1. Introduction

Among animal feed, a leading role belongs to mixed fod-
der, which is a concentrated source of nutrients and a means
to balance rations in accordance with standards of animal
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nutrition. Over recent time, production of mixed fodder is
moved from specialized mixed fodder factories directly to ag-
ricultural manufacturing. Engineers designed and produced
asignificant number of mixed fodder units whose operation is
based on using own grain raw materials and the commercially




available protein-mineral-vitamin mixtures. In this case,
the cost of mixed fodder manufactured directly at farms is
15-25 % lower than that from specialized enterprises [1].

Feed additives are added to the grain components of the
ration. Introducing them makes it possible to balance feed ra-
tions in terms of nutrients that are necessary for animals, the
need for which is low compared to the basic types of feeds.
That creates certain difficulties when distributing them
evenly in feed mass. The quality of a feed mixture depends on
the uniformity of distribution of feed additives in a mixture.
The better the feed components are mixed, the greater the
probability that all animals receive the required amount of
nutrients and stimulating substances. The lack of equipment
for mixing feed additives under conditions of farms prevents
obtaining high-quality mixed fodder.

The concentration of protein-vitamin supplements and
micro-components that are included in the composition of
mixed fodder may differ from the content of the basic compo-
nent by one or two orders of magnitude. Given the difference
in the ratio of components in mixed fodder, there is a need to
apply mixing in stages, starting with components that have
the least concentration with a transition at the subsequent
stage to mixing the components with the greatest concentra-
tion. Based on these conditions, the farm-based mixed fodder
plants must be supplemented with stirrers that would make it
possible to ensure the mixing of components in stages. In this
regard, it is required to improve the mechanized technology
for stagewise mixing of components in mixed fodder and to
substantiate the structural-technological parameters for mi-
xers, which could make it possible to produce mixed fodder
with a high uniformity in component distribution.

2. Literature review and problem statement

The drum mixers that are used for mixed fodder pro-
duction are also applied in food, cosmetic, pharmaceutical,
chemical, flour milling, and other industries. Drum mixers
are designed for mixing solid, granular, powdery, granulated
substances with different specific weight. Drum mixers are
used to prepare powder mixtures, as well as to mix granular,
abrasive, explosive materials in cases where it is necessary
to provide for a high uniformity of the resulting mixture.
Drum mixers demonstrate high performance by preparing
a high-quality homogenous mixture over a short time and at
low maintenance costs. Their advantages include: the preser-
vation of the materials properties, minimal energy consump-
tion, simple installation and maintenance, a low noise level
during operation and the absence of «dead» zones at stirring.

In addition to mixing, drum mixers are also applied for
carrying out the process of granulation, emulsifying, drying,
roasting, saturation with liquid components [2, 3].

The principle of operation of drum mixers implies stirring
a starting material by the drum rotation and the action of
blades mounted inside it. In this case, by using the blades
a product rises at drum rotation for a specific height rela-
tive to the bottom of the drum, and then it falls down upon
reaching a certain angle; the effect of stirring occurs. The
shaft around which a drum rotates may coincide with the
axis of symmetry of the drum or with its diagonal. The drum
itself may be of a different shape depending on the purpose
and character of the mixed loose product.

Blades of various shapes are often installed inside a drum,
which greatly improves the uniformity of a mixture [4]. The

blades provide for a better distribution of a material within the
free space of the drum, thereby making it possible to improve
the uniformity of distribution of a mixture’s components.

It is rather difficult to describe the process of mixing inside
a drum mixer because it consists of a sequence of individual
processes that stir a material in the chamber. To simplify the
task, it is advisable to divide the cycle of rotation into separate
phases and to consider the state of mixing at critical points.

Addressing the issue about the description of work of the
drum-type machines employs both traditional and new theo-
retical and experimental research methods. There have been
many attempts to solve numerically the problem on deter-
mining the operational parameters for a rotary chamber. This
often involves a discrete element method (DEM). DEM-based
modeling implies assigning a specific position and initial speed
to all particles. Next, the forces influencing each particle are
calculated based on the source data and relevant physical laws.

In [5], authors analyzed the results from applying the
methods of DEM analysis to simulate the motion of par-
ticles of a non-spherical shape. It was established that the
non-spherical particles typically demonstrate a lower loosen-
ing ability or stronger bonds than the sphere. One of the most
important visualizations of this effect is a significant increase
in the angle of inclination of non-spherical particles in a drum
mixer. The methods reported by the authors make it possible
to model the behavior of a multi-component environment
based on analysis of the characteristics of geometric shapes
and indicators for a contact interaction between components.
The proposed methods allow the simulation of the effect of
displacement, vibration, rotation on the internal processes in
a multi-component mixture, but do not make it possible to
define the optimal modes of operation and the structural pa-
rameters for mixing equipment.

Paper [6] used DEM to determine the influence of cham-
ber rotation speed, the degree of filling a chamber with wet
particles, and their adhesion, on a material’s motion modes.
It was noted that mixing over time, which is characterized
by a Lacey index, can be described by an error function. The
authors have also devised a theoretical model for predicting
the efficiency of mixing. The results that the authors obtained
are suitable for the simulation of mixing in a cylinder with
a smooth inner surface, as well as components that are in the
same proportion and possess similar properties and shapes.

Study [7] examined the influence of a shape of non-spheri-
cal particles on the distribution of a material’s motion velocities
in a rotating chamber with smooth walls. It was established
that the transition from a regime of rolling to the cascade mode
depends not only on a Froude number, the degree of filling
and the size of particles, but on the shape of particles as well.
The results obtained are based on the physical phenomenon of
increased centrifugal forces resulting from an increase in the
speed of chamber rotation. Consequently, there is an increase
in rolling angle that leads to the cascading mode of a mixture’s
movement. The reported results make it possible to model the
optimal rotation mode of drum mixers with a smooth surface,
depending on the properties of materials in order to provide for
the optimum circulation of a mixture in a mixer.

To study the influence of a particle’s shape and the rough-
ness of face walls in short chambers, paper [8] also applied
DEM. It was found that for short drum mixers the area of
contact between end walls relative to the side walls has
a greater impact on mixing. Contact interaction between the
components and end side surfaces counteracts the motion of
particles, which, consequently, worsens the distribution of



components in low-mobility regions. An extended mixing
chamber weakens the effect of friction against the end walls.
The authors paid attention to finding the optimal ratio for the
dimensions of components that are mixed and the rotation
speed of a drum mixer, but they failed to establish the optimal
ration of end surfaces to the length of the drum.

Study [9] examined the mode under which a material
pours over while a rotary chamber is filled with ellip-
soid-shaped particles by using the advanced variant of DEM.
At high rotation speed the ellipsoid-shaped particles, whose
shape is closer to spherical, demonstrate a higher quality
of mixing. The degree of mixing the elongated ellipsoidal
particles is slightly higher than that for flattened ellipsoidal
particles. It was also found that the high speed of drum rota-
tion inhibits the axial dispersion, and the ratio of sides has no
apparent influence on the axial dispersion. The data that the
authors obtained from theoretical and experimental studies
show a rather high convergence. However, they investiga-
ted and reported results only for mixing particles of similar
shape that have the same proportion in a mixture. Typically,
in the manufacture of mixed fodder, the basic component is
supplemented with components whose concentrations in the
mixture are significantly lower compared with the content
of the basic component. In addition, a basic component in
mixed fodder may significantly differ in shape and properties
from the components that are added to the basic component.

To study the distribution of polygonal particles in a rotating
chamber, work [10] applied DEM and the model of embedded
deformed solid spherical particles. The process of mixing, the
quality, speed, as well as kinetic energy, were defined by using
an index of mixing and entropy. The authors established a sig-
nificant increase in the mixing index of a material for particles
of square, hexagonal, and triangular shape at rotation speed
®=7.85 rad/s. The results were obtained for mixtures of spe-
cific density approximately 2,000 kg/m? and when mixing such
components of a mixture whose volume was identical, which
almost never happens in the production of mixed fodder.

DEM-based modeling that employed graphic processors
was used to determine the influence of particles size on the
distribution of motion velocities of particles in a slowly
rotating chamber [11]. It was established that at a constant
Froude number the ratio of particles size to the dimensions
of a drum plays a dominant role in determining the distri-
bution of velocity fields of materials at mixing. In addition,
the authors observed that the Young modulus and a friction
coefficient exert a greater impact on velocity fields than
other properties of materials. The results obtained are cha-
racteristic of the mixers that mix the materials under a mode
of materials rolling. The presence of regions with a rather low
speed under a given mixing mode testifies to the significant
time costs to obtain a homogeneous mixture.

A method of discrete elements that was devised for systems
with an arbitrary geometry by using graphic processors was
described in [12]. Tt was demonstrated that the graphic pro-
cessing devices, designed in that work based on DEM, make it
possible to simulate actual industrial processes. The work re-
ported modeling of the influence of components’ surface shape
on the effective indicators for mixing, however, the authors did
not fully consider the mass and ratio of components.

The movement of a material in rotary chambers was also
investigated by using other methods, alternative to DEM, ap-
plying numerical algorithms. To study the parameters of work
of drum mixers, [13] used a molecular dynamics algorithm,
which also confirmed the presence of regions with a low speed

of movement, even despite the existence of a cascade motion
of components. A serious disadvantage of the proposed ma-
thematical model is that it failed to take into consideration the
geometry of components that significantly affect the contact
interaction. To obtain the distribution of motion velocities for
drum mixers, [14] applied a finite element method in the Euler
statement with an elastic model by Mohr-Coulomb, while [15]
employed a method for the hydrodynamic construction of
the Euler multiphase model. The obtained models make it
possible to estimate the distribution of velocity and motion
trajectory of similar elements; in practice, the components of
a mixture have different physical and geometrical parameters
and significantly differ in concentration. Paper [16], in order
to describe work of a drum mixer, used a plastic rheological
model of a granular medium. They derived dependences of
ashear layer’s velocity profile on the kinematic, geometric, and
rheological parameters of the system. The obtained solutions
make it possible to model mixing at tangential (shear) motion
of components. Mixing by spreading a mixture of components
on the surface of the mixture itself was not studied.

To determine the geometric and operational characteris-
tics for the movement of a material in the cross-section of
a drum, [17] used a method of visual analysis applying video
recording [17]. The research that employed a given method is
not sufficient to build regression dependences that would satis-
fy the existing diversity of technical solutions for drum mixers.

Our analysis has revealed the presence of theoretical
models whose application makes it possible to model the
parameters of work of a drum mixer with a smooth inner
surface. In this case, the mixing occurs due to displacement
at shear movement and the cascade mode of stirring. The
main issue when mixing components under such modes of
movement is that there are regions with a low velocity of
components in the mixture, which greatly increases time
costs for obtaining a homogeneous mixture.

One of the ways to improve the efficiency of mixing is the
application of a cataracting mode [18]. A given mode of com-
ponents mixing requires an increase in the angular velocity of
rotation. An increase in angular velocity decreases the speed
of the mutual movement of a mixture’s components. However,
such a motion mode results in the detachment of a mixture’s
components in the upper part of a material’s distribution border
followed by redistribution of the components in a free flight.

One of the techniques for ensuring an improvement in
mixing efficiency and for obtaining a cataracting mode at
asmaller angular velocity is to mount blades at the inner surface
of a smooth drum. Our analysis of the scientific literature has
revealed a lack of theoretical dependences suitable to model the
mixing mode of a drum mixer with blades mounted inside it.

Thus, the theoretical and experimental substantiation
of the kinematic parameters for the drum-type mixers with
blades mounted inside them has not been up to now inves-
tigated scientifically well enough and thus has remained an
unresolved issue.

3. The aim and objectives of the study

The aim of this study is to determine the optimal angular
rotation velocity of a drum mixer to enhance the uniformity
of mixing the components of mixed fodder.

To accomplish the aim, the following tasks have been set:

—to determine the relationship among the basic struc-
tural-technological parameters for a drum mixer with blades



inside that would make it possible to achieve the maximum
distribution of a material’s particles of material at the surface
of a mixture’s segment;

— to experimentally investigate the influence of a drum’s
angular velocity on the uniformity of mixing feed additives,
the concentration of a control component, and the duration
of mixing.

4. Materials and methods to study the parameters
of a drum mixer for feed additives

To determine the optimal angular velocity, we have built
a system of equations. This system combines the equation of
a falling trajectory of a material’s particles, the equation of the
line that describes the upper border of a material in the drum,
and the equation of circle that describes the inner cross-sec-
tion of a drum. To determine the radial motion velocity of a
particle along the blade of the drum, we have used a solution
to the homogeneous differential equation. The numerical
value for angular velocity was determined using computer
simulation.

To conduct an experimental study into the uniformity
of redistribution of components in a mixture of mixed fod-
der, we designed and manufactured an experimental mixer
of the drum type (Fig. 1). The mixer included a chamber,
a rectangular frame, a reference frame, and a drive. The mi-
xing chamber had a loading/unloading window with a closed
lid. Radial blades were mounted inside the chamber through-
out its length and evenly along the perimeter.

Fig. 1. General view of experimental drum mixer

The used filler to the mixture was composed of shredded
grain of barley, wheat, corn, oats, in equal shares, as well as
mineral substances (salt, chalk).

A control component used was composed of millet grains
painted in red paint with a particle size from 0.5 to 1 mm,
which corresponds to the interval of size in the particles of
additives to mixed fodder.

Samples from the obtained mixture were selected by
a tubular sample-taker directly from the chamber when set-
ting it to the vertical position with the lid removed. The fre-
quency of shaft rotation of the moving frame with the drum
was controlled by the electronic tachometer UT372 (China)
and registered the duration of each experiment using the
stopwatch SOP PR-2A-3-000 «Agat> (Russian Federation).
The selected samples were weighted at the laboratory scale
AXIS ANJ-100 (Ukraine).

The results obtained from experimental study were trea-
ted using the software suit Microsoft Excel 2003.

3. Results of studying the parameters of a drum mixer

At drum rotation, a material inside a drum mixer moves
with the drum, then it rolls down the surface of the rising ma-
terial. The material that is captured by a blade when it exits
a filled chamber is freely coming off the blade. Mixing takes
place within the entire confined space of a chamber, but, de-
pending on the location of a separate particle of a material at
a certain time, it has different motion trajectories.

To increase the surface flows in a free space of the cham-
ber it is advisable to set such a width of the blade that would
provide for the removal of a material. When a material is not
removed completely, it returns to the common flow rather
than spreads in a free space of the chamber, which negatively
affects the redistribution of components.

At proper operation of a drum mixer, the particles that
move radially along the blade and leave it should be evenly
distributed at the surface of the mixture. In this case, the
final particles that come off the blade should reach the line
describing the upper border of a material in the drum at the
bottom point of contact with the drum shell (Fig. 2). This
condition is defined by the speed of a material coming off the
blades, and, respectively, by the drum’s angular velocity.

Fig. 2. Example of the optimal distribution of particles that
come off the blade in a drum mixer

It is common knowledge that the trajectory of particles’
position during fall can be represented by the equation of
parabola:

x=(R-1I)cosd—V,tcosy,;
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y

where x, y are the coordinates of a particle’s position during
motion along the trajectory, m; / is the width of a blade, m;
R is the radius of a drum, m; ¢ is the angle between a blade
and the horizontal axis, rad.; Vj is the initial absolute velocity
of a particle coming off the blade, m/s; yy is the initial inclina-
tion angle of a particle’s velocity vector to the horizon, rad.;
g is the free fall acceleration, m/s% ¢ is the current time of
a particle’s flight, s.

The line that describes the upper border of a material
in the drum is rather accurately accepted as a chord of the
segment with a sectoral angle of 28. In this case [19], one can
write the equation of the line in the following form:

y=axtga- RO, @
COSOL



where a is the inclination angle of the line that limits the up-
per border of a material in the drum, rad.; 8 is half the sectoral
angle of the segment of a material, rad.

Thus, the condition for the full dispersion of particles
along the surface of a material is the solution to the following
system of equations:

The coordinates for the contact points of the drum’s cross
section and the line that describes the upper border of a ma-
terial in the drum can be obtained from a combined solution
to the second and third equations of the system, namely:

2
R*-R* <% 5 _ X+ x’tg’o - 2xtgoR cosd
cos’ o coso.
or
2
x2(1+tg20c)—2xtg0cRC058—R2(1—C()526)=0
coso. cos’ o
hence:
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x, = Rsino.cosd+ Reosasin§ = Rsin (o +3),
x,=Rsinacosd—Rcososind =
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Accordingly:
yi=R>—x} =R2[1—Sin2((x+5)]= R’ cos’ (a+39),
Y, =R -x; :Rzl:i—sinz(oc—fi)]:R2 cos”(0.—38)
hence:

y, =Rcos(o+38),
Y, =Rcos(a—8)=—Rcos(8—a).

In a given case, of importance is the coordinate for the
contact point of the drum’s cross section and the line that
describes the upper border of a material in the drum, namely
point B (Fig. 2). These coordinates accept values:

{xz =—Rsin(d—-a); 4

Yy, =—Rcos(d—o).

Substituting the values obtained in the equation of pa-
rabola, we obtain:
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It is advisable to accept the following as constants
(Fig. 3): the width of a blade /, the radius of a drum R,
3) half the sectoral angle of the segment of a material §,
the angle of inclination of the line describing the upper
border of a material in the drum a. This makes it pos-
sible to determine the angle between the horizontal
axis and a blade ¢=6,+ wt,, the original inclination
angle of a particle’s flight velocity vector to the horizon:

_ o(R-1)
Y, =0t, —arctg———
R

and the initial speed of a particle coming off a blade:
V, =y’ (R-1) + V2.
The result is:
—Rcos(8—a)=(R-1)sin(6, +or )-
(R—1I)cos(6,+wt )+Rsin(d—o) "
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where 0 is the initial angle of the blade exiting a material, rad.,;
o is the angular velocity of a drum, rad/s; ¢p is the time of
a drum’s rotation from a blade exiting the material until its
complete unloading, s.

The obtained dependences confirm that the angular ve-
locity of a drum defines the uniform dispersion of particles
when they come off a blade.

Fig. 3. Cross-section of a drum showing a pattern
of the trajectory of a material’s particles coming off a blade



To determine the radial velocity of a particle’s motion
along the blade of a drum, we shall use a solution to differen-
tial equation [20], which takes the form:
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where A4, A are the roots of a characteristic equation, s*;
ki is the coefficient of proportionality at laminar flow of air
around a particle, s7'; fis the friction coefficient of a particle
against a material of the blade, relative units.

The coordinates for a particle’s position at a time point
when it comes off the blade, according to equation (6), are
defined by its radial motion velocity along the blade of a drum
at a time point it comes off the blade Vi (R-1). This allows one
to determine the absolute velocity of particle V, and the initial
inclination angle of a particle’s flight absolute velocity vector to
the horizon vy. Fig. 4 shows a graphical solution to the equations
in a system of equations that includes equations (6) and (7).

0.100
0.080 - ~
0.060 // \
0.040

/
0.020
0.000
-0.020

-0.040

-0.060
-0.080 S —

Height, m

-0.100
-0.10-0.08-0.06-0.04-0.02 0.00 0.02 0.04 0.06 0.08 0.10
Distance, m
= = 3 material's motion trajectory
= =the line of the batch border
e contour of a drum

Fig. 4. lllustration of a joint graphic solution to equations (6)
and (7) that ensures that a material’s particles that come off
a blade travel to the extreme left point at a batch border

This solution was derived from computer simulation for
the following conditions: the coefficient of filling a chamber
with a radial arrangement of blades is 0.5, the radius of the
drum is 0.17 m.

It was established that a drum mixer with blades with
a width of 25 mm ensures the scattering a material’s particles
at the surface of a working segment at the drum’s angular
velocity 9.69 rad/s. In this case, the angle of a blade’s turn
from the horizontal axis to exiting a mixture was 30°.

6. Results of experimental study into the operational
parameters of a drum mixer

To confirm the results from theoretical calculations, we
have experimentally investigated the effect of angular velo-
city on the uniformity of mixing in a drum mixer.

To establish the magnitude of acting factors, we per-
formed preliminary clarifying experiments. The process of
distribution of each component in the overall mass of a ma-
terial at mixing takes place in the function of time, which
is why prolonging the duration of the process leads to the
increased uniformity of a mixture. The dependence of uni-
formity on mixing duration in the time interval from 60 s to
420 s is shown in Fig. 5.
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Fig. 5. Influence of mixing duration on the coefficient
of variation of the distribution of a control component
in a mixture at the chamber’s fill factor k=0.5, rotation
frequency n=90 rev/min and the dose of a control
component a=3 %

As shown by a given dependence, after spending 60 s in
the chamber, the uniformity was 91.7 %, and over subsequent
60 s increased to 92.8 %, that is, it approached the lower limit
of zootechnical requirements.

Next, there is an improvement in the uniformity indica-
tor. Thus, when the period lasted for 180 s the uniformity
increased to 94.1 %. The shape of the curve indicates a de-
terioration in the quality of mixing with an increase of time,
due to the phenomenon of segregation (separation of small
and heavy particles).

Thus, the duration of mixing that meets zootechnical re-
quirements in terms of quality of the obtained feed additives
for the uniformity of components distribution throughout
the total mass of a material ranges from 180 to 240 s. This
magnitude was adopted for the further research into the
process of mixing.

Determining an optimal magnitude for the introduced
dose of a control component (Fig. 6) points to the complexity
of distribution of small doses throughout the total mass of
a material, which confirms the need for a stagewise mixing
of components in the manufacture of feed mixtures.
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Fig. 6. Influence of the concentration of a control
component of mixing on the variation coefficient of
the distribution of a control component in a mixture

at the chamber’s fill factor k=0.5, rotation frequency
n=90 rpm, and mixing duration t=180 s

Increasing the concentration of a control component to
a=5% leads to a certain growth in the mixing uniformity
indicator.

In the course of an experimental research into the in-
fluence of angular velocity on the uniformity of mixing in
a drum mixer other acting factors were registered for the
following magnitudes: mixing duration t=180 s; the cham-
ber’s fill factor £=0.5. Measurements were carried out with
an amount of the introduced control component of a=5 % of
the total mass of a material in a chamber.

Over the interval of drum rotation frequency from w=
=418 rad/s (n=40 rpm) to ®=12.6 rad /s (n=120 rpm) there
is a change in the variation coefficient of the obtained mix-
ture, whose functional dependence is shown in Fig. 7.
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Fig. 7. Influence of drum rotation on the variance
coefficient of the distribution of a control component in
a mixture at the chamber’s fill factor k=0.5, mixing duration
t=180 s and a dose of control component a=5 %

The above diagram shows that an increase in rotation fre-
quency leads to a more uniform distribution of a control com-
ponent throughout the total mass of the material. Variance
coefficient decreases at an increase in the drum rotation to
90 rpm (9.42 rad/s). Given such a rotation frequency, it is
possible to achieve the uniformity of the resulting mixture at
the level of 92-93 %.

Next, the dependence demonstrates growth, showing
a rapid deterioration in the quality of mixing. A given cha-
racter of the dependence is explained by the increasing cen-
trifugal force that presses a material to the walls of the drum
and leads to a decrease in active flows in the surface regions
of the chamber (Fig. 8).

Thus, the recommended rotation frequency of the drum
in a mixer was 85-90 rpm, which corresponds to the drum’s
angular velocity from 8.89 to 9.42 rad /s.

Fig. 8. Motion modes of a mass of mixed fodder in a drum
mixer: @ — motion with a fall; b — circulating motion;
¢ — closed motion mode

The maximum discrepancy between the theoretical and
experimental data is about 9 %. The obtained results make
it possible to argue about the possibility of applying depen-
dence (6) for the implementation of theoretical modelling of
operational parameters for drum mixers.

7. Discussion of results of studying the parameters
of a drum mixer for feed additives

Application of drum mixers makes it possible to ob-
tain feed mixtures of high uniformity, thus eliminating the
phenomenon of segregation and formation of «dead» zones.
The presence of radial blades inside the chamber distributes
a mixing body and increases the surface flows, thereby impro-
ving the redistribution of a material and the quality of mixing,

The operational process of a drum mixer is divided into
several separate and, at the same time, simultaneous elemen-
tary processes. First, it is the stirring of separate adjacent
volumes of a material by contact mixing when the layers of
a material slide. Second, this is the redistribution of partic-
les between the adjacent amounts of a material though the
penetration of particles (diffusion) via the border section of
the volumes of a material. An integral part of the operational
process of a drum mixer is the concentration (segregation) of
particles of equal mass under the action of gravity forces. It
is obvious that the contact mixing and diffusion penetration
of particles contribute to the distribution of an added com-
ponent throughout the total mass of the material. In turn, the
concentration of particles of the same mass downgrades uni-
formity. However, for drum mixers, the impact of segregation
is mostly neutralized owing to the return of heavy and small



particles from the added components from the lower to the
upper layers of a mixed material due to rotation.

By analyzing the movement of a material’s flows in a drum
mixer, which was additionally equipped with radial blades, we
have substantiated, based on the laws of mechanics, conditions
for the uniform distribution of added components in a mixture
(Fig. 2). Achieving a uniform distribution of the material that
comes off a drum’s blade over the entire width of the batch
makes it possible to maximally implement the benefits of a cata-
racting mode at smaller angular velocity. A system of equations
has been built (3), solving which makes it possible to determine
the angular velocity of drum rotation, to ensure the distribu-
tion of the material carried over by the blades over the width
of the batch of the dynamic angle of material at rest (Fig. 3).
Solving a system of equations (3) makes it possible to simulate
the optimal operation mode for mixers based on its structural
parameters and the properties of a mixture’s materials.

The result of simulation based on the structural parameters
of an existing drum mixer with installed blades is the derived
optimal value for the angular velocity of drum rotation, which
meets zootechnical requirements for mixing materials. The
performed experimental study on determining the influence of
angular velocity of a drum mixer’s rotation on the quality of mi-
xing components has shown a rather good correlation between
the calculated and experimentally defined angular velocity.

Application of the constructed mathematical model makes
it possible to determine an optimal angular rotation velocity
of the mixer when changing the structural and technological
parameters of the mixer. However, the resulting discrepancy
between the estimated and theoretical angular velocities in-
dicates the need for introducing to the mathematical model

the parameters that would describe a geometric shape and
the properties of a mixture’s components. The results obtai-
ned will make it possible to more accurately determine the
operation modes of a mixer depending on the properties of
mixed materials. In addition, an important field for the further
research is the construction of a mathematical model for the
distribution of longitudinal movements of a material caused
by the inclination angle of the rotation axis of a drum mixer.

8. Conclusions

1. We have built a system of equations that describe opera-
tion of a drum mixer with installed blades while providing for
the effective mixing of a mixture’s components. The derived
theoretical dependences have made it possible to model the
scattering of particles of a material depending on the angular
velocity and structural parameters of a drum mixer. It was es-
tablished based on the structural parameters of an actual drum
mixer that the best distribution of a mixture’s components
could be achieved at the drum’s angular velocity 9.69 rad/s.

2. Our experimental study has shown that it is possible to
obtain the best uniformity in the distribution of a material in
the mixture when the mixing duration is close to 180 s and at
the concentration of a control component of 5 %. The drum’s
rotation angular velocity from 8.89 to 9.42 rad/s makes it
possible to obtain the uniformity of a mixture of 92.5-93 %,
thereby meeting acting zootechnical requirements for all
types of mixed fodder. The maximum deviation of the theo-
retically defined angular velocity of the drum mixer’s rota-
tion from that determined experimentally was about 9 %.
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mop — MawuHa — 308HIWHE Cepedosues> CYXONYMHUX MPAHCROPM -
HUX 3aC0016 3 GUKOPUCMANHAM PO3PO6Ietol mamemamuunoi mooeJi.
Bcmanosneno cymmesuii 6naue cmpyxmypu i napamempie 36°a3-

Ki6 esleMeHmi6 KOHCMPYKUIl HA 6UKOHAHHS 6UMOZ2 eP2ZOHOMIKU ma D ET E R M I N I N G T H E
Oe3nexu wo0o exinasicia.

Zosedeno 3a pesynomamamu 4uceabHo20 excnepumenmy neoo-
Xi0Hicmob KOMNIEKCHO20 Ni0X00Y HA emani npoexmyséanns (mooep- PA RA M ETE Rs FO R
Hizauil) npu eusnauenni napamempie 06’ckma 00cCiOYcenns (K

npuxaad posensnymo 00’ckm 3 napamempamu, OIUSLKUMU napa- CO N N ECTI 0 N s

mempamu BTP-60...5TP-80).

Ocobnusicmv KOMRAEKCHOCHI NONA2AE 8 00HOUACHOMY BUKOHAH- A M O N G T H E

Hi 6UMO2 3 NO3UUTLL epeOHOMIKU ma euMmoe Oe3nexu. 3 no3uuiii epzo-

HOMIKU Pe2ilaMenmosani napamempu niasHocmi xo0y, po3miuieHns E L E M E N T s

onepamopa (nanpuxaad, 600is) w000 0P2aHié YnPaeIiHHI MaAUWLU-
HO10 i, 6 ULIOMY, 8 Medncax 6i00ileHH YNPABNIHHA 3 YPAXYBAHHAM
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1. Introduction ments for safety of crew members (troops). According to the

requirements for ergonomics, the parameters for fluctuations

At present, construction (modernization) of wheeled and vibrations, resulting from the interaction with a bearing
and tracked vehicles, especially for military purposes, faces  surface, on the one hand, and the implementation of working
a contradiction in the requirements for ergonomics, require-  operations of an engine and the transmission, on the other




