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Flow Behavior of Complex-Shaped Particle Mixtures in Rotary Drums: A DEM Study

Metal matrix composites hold great potential as functional materials for energy conservation applications.
These composites are manufactured using powder metallurgy, which involves the incorporation of fine
particles with diverse shapes. Understanding the flowability of particle mixtures with varying shapes is
crucial for optimizing industrial processes. This study focuses on analyzing the flowability and flow behavior
of mixtures composed of alumina and aluminum alloy particles using the discrete element method. The
particle shapes are modeled to closely resemble actual particles, and their flow behavior in a rotating drum is
simulated. The upper and lower dynamic angles of repose, outlines of particle bed surface, particle
displacements, and particle velocity distributions were analyzed to understand the flow characteristics of
complex-shaped particles. The results reveal the influence of particle shape on the flow behavior of powder
mixtures, providing valuable insights for process optimization and design.

Keywords: Complex shaped particles, powder mixtures, metal matrix composites, rotary drum, discrete
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Introduction

Granular materials have a wide range of applications in various industrial processes, such as additive
manufacturing, powder metallurgy, pharmaceuticals, agriculture, and food engineering. Advanced functional
materials, such as metal matrix composites, are commonly manufactured using powder metallurgy
techniques [1]. Ceramic-reinforced metal matrix composites, in particular, hold great promise for energy
applications owing to their lightweight nature and high strength [2]. The raw powder comes in different
shapes, from simple spherical particles to complex elongated, bulky, and flaky particles. The shape of
particles significantly affects various aspects of powder behavior, including powder flow dynamics [3],
mixing rate [4], flow patterns [5], and particle breakage [6].

Flowability is a crucial property of bulk materials that can greatly impact both the production process
and the functionality of various products. Powder flowability depends on several factors, such as particle
shape and size distribution, the composition of the powder mixture, and environmental conditions. Various
experimental techniques exist for measuring powder flowability, and their choice depends on the specific
application. One effective method involves using a drum filled with powder that continuously rotates at low
speeds, such as 4 rpm [7], 0-65 rpm [8], 5-20 rpm [9], and 6, 9, and 12 rpm [10], to measure the dynamic
angle of repose of the powder.

The Discrete Element Method (DEM) has recently gained extensive use in studying the flow behavior
of granular materials. However, many researchers rely on simplified models of particle shapes, such as
spherical or ellipsoidal particles [11]. Unfortunately, these models may not accurately represent the shape of
actual particles. Simulating the motion of irregular-shaped particles is computationally expensive and
requires significant computational resources. Despite these challenges, a few studies have focused on
complex-shaped particles. For example, Norouzi et al. [10] conducted research on the flow behavior of oval,
oblong, and biconvex-shaped particles using a rotary drum. Their investigation revealed that the transition
from a rolling to a cascading flow regime depends not only on the size and filling level of the particles but
also on their shape.

Despite the significance of understanding the flow behavior of particle mixtures in rotary drums, there
remains a gap in research concerning the analysis of mixtures consisting of particles of varying shapes.
Therefore, the present study aims to analyze the flowability and flow behavior of mixtures of two materials
with varying particle shapes using DEM. The shape of particles is modeled to closely resemble the actual
particles.We investigated the flowability of alumina and aluminum alloy particle mixtures. The upper and
lower dynamic angles of repose were measured using a rotary drum. Furthermore, we analyzed the impact of
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the composition of complex-shaped particle mixtures on the particle bed surface, particle displacements, and
particle velocities.

Materials and Methods

Materials

The AISilOMg alloy powder was procured from Avimetal, China, while the aluminum oxide was
obtained from Sigma-Aldrich, Switzerland. For this study, we utilized mixtures of alumina and alloy
powders containing alumina weight percentages of 2 %, 6 % and 10 %.

Particle size distribution

The size distributions of alumina and aluminum alloy powders were measured using the laser
diffraction particle analyzer, Mastersizer 3000 by Malvern Panalytical. The analyzer was used in
combination with the Aero S dry disperser. The disperser was operated under a pressure of 0.5 bar and 1 bar
for alumina and aluminum alloy, respectively. The volume-based size distributions of alumina and aluminum
alloy powders are illustrated in Figure 1. The characteristic diameters and span of size distributions are listed
in Table 1. The diameters d10, d50, and d90 represent the particle sizes at which 10 %, 50 %, and 90 % of
the cumulative undersize distribution are achieved. The span value is calculated as follows:

Span = ﬂ. (D
dSD

The alumina powder has a significantly larger size than the aluminum alloy powder, although its size
distribution is slightly narrower.

Table 1
Characteristic diameters and span of particle size distributions

Property Al;Os AlSi10Mg
d1o(pum) 64.4 27
dso(pm) 99.1 44
doo(pm) 149 70.1
Span 0.854 0.980
15
Alumina
AlSi1L0Mg
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Figure 1. Size distribution of aluminum alloy and alumina particles

Particle morphology

The morphology of aluminum alloy and alumina particles was observed using a scanning electron
microscope (SEM) provided by Zeiss Crossbeam 540, Switzerland. First, the samples were coated with
carbon to protect the surface. Afterward, aluminum alloy particles were sputter coated with gold in a
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Quorum Q150T ES to decrease charging during imaging. The SEM images of particles are illustrated in
Figure 2.

) ) ; .

Figure 2. SEM images indicting outlined particle types of a) aluminum alloy and b) alumina particles

DEM contact model

The particle flow within the rotating drum was simulated numerically using DEM, initially proposed by
Cundall and Strack [12]. DEM tracks the displacement and rotation of individual particles based on Newton's
second law. Particle movement is described through translational and rotational motions as follows:

o
miﬁ =¥F,;+m;g, (2)

=+ =R(ZM,,). (3)

Here, m;denotes the mass of the particle, Fc, i stands for the contact force 1; specifies the translational
velocities, g is the acceleration of gravity, I; is the moment of inertia, w; is the angular velocity vector, R; is
the torque acting on the body, and M_; is the contact torque associated with rolling friction. The Hertz-

Mindlin contact model, along with the elastic-plastic spring dashpot (EPSD2) rolling friction model, was
employed to simulate particle-particle and particle-wall contacts. The elastic-plastic spring-dashpot (EPSD)
rolling friction model has been formulated to consider additional torque contribution to the motion of
particles. In this study, we used the EPSD2 model [13], which excludes the viscous damping torque
component and considers only the mechanical spring torque, in contrast to the original EPSD model [14].

Particle model

A number of methods have been described in the literature for generating non-spherical particles for
DEM simulation. Among these, the multi-sphere method [15, 16], which involves creating non-spherical
particles by using clamps made of overlapping spheres with fixed local positions, and the superquadrics
method [17-19], which generates particles of varying shapes by adjusting the parameters of superquadrics,
are the most frequently employed. In the current study, the multi-sphere approach was utilized to generate
particles of complex shapes. To enhance the accuracy of the obtained results, particle shapes for numerical
simulation were generated based on SEM images and size distribution analysis of aluminum alloy and
alumina particles.The aim was to simulate the shapes and sizes of particles as closely as possible to the actual
particles. Two types of particle shapes were used for the aluminum alloy (Fig. 2a): spherical particles with a
radius of 0.5 mm and elongated particles represented by five overlapping spheres, each with a constant
radius of 0.4 mm (Fig. 3). Furthermore, to account for the bulky shapes and sharp edges of alumina particles,
three types of complex-shaped particles were selected from the SEM image, as depicted in Figure 2b. Then,
multi-sphere particles with shapes resembling the selected actual particles were generated using six, eight,
and fifteen overlapping spheres, as illustrated in Figure 4.
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(a) (b)

Figure 3. 3D model of generated aluminum alloy particles: a) sphere, b) elongated particle made of five overlapping
spheres.

<

a) b) c)

Figure 4. 3D model of generated alumina particles consisiting: a) six overalapping spheres, b) eight overalapping
spheres, c) fifteen overalapping spheres.

Particle insertion

The Aspherix software (DCS-Computing, Austria) was used to simulate the five cases. The first case
involved aluminum alloy particles, the second case included alumina particles, and the other three cases
represented mixtures of alumina and aluminum alloy particles, with 2 %, 6 %, and 10 % weight percentages
of alumina powder.

The SEM images show that the aluminum alloy powder is composed mostly of spherical and elongated
particles. For the DEM simulation runs 200,000 AISilOMg particles were randomly inserted into the
simulation domain under normal gravity. Of all the particles, 60 % were spherical, while the remaining 40 %
were elongated. In the case of pure alumina, 10,000 particles were inserted, with 50 % of them being multi-
spherical particles consisting of eight overlapping spheres. The remaining two types of particles, with six and
fifteen spheres, were evenly divided by 25 %.

To estimate the filling level of the drum, the volume of each particle in Table 2 was initially simulated
by an analytical method using the Avro code developed by Busa et al. [20]. The results of these simulations
are summarized in Table 2. Subsequently, the filling level of the drum was computed for each simulation
case by utilizing the particle volume, the known number of particles of each type, and the volume of the
drum used in the DEM simulations, as presented in Table 3. The filling level affects the flow behavior of
particles in the drum and particle bed surface [8].

Table 2
Parameters of multi-sphere model for particle generation
Particle Number of overlapping Volume (mm?3) Mass (g)
type spheres

AISi10M particles

1 1 0.523 0.00116

0.66 0.00147
Alumina particles

3 6 7.49 0.0280

4 8 13.12 0.0498

5 15 32.94 0.125
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Table 3
Drum filling level of five simulation cases

Composite Filling level (%)
Al,O3 38.8

AISil0Mg 29.5

2 % Al,O3 28.3

6 % Al,O3 27.9

10 % Al,04 27.4

Table 4 lists the material properties of the aluminum alloy and alumina particles, as well as the rotary
drum. Stainless steel was chosen as the wall material for the drum to prevent electrostatic effects on the
particles. The properties used in DEM simulations were selected to closely reflect real material properties,
with one exception. Young's modulus (G) for the aluminum alloy was decreased from 7 x 107Pa to 7 x 10°
Pa to reduce computational time. This adjustment does not affect the results obtained, as noted by Chen [9].

Table 4
Material properties for particles and wall

Material property AlSi;oMg Alumina Rotary drum
Density, g (kg/md) 2230 3800 7500
Young's modulus, & (Pa) 7x10° 3.2x107 1.8x107
Poisson’s ration, ¥ 0.3 0.23 0.3
Coefficient of restitution, 0.75 0.4 0.7
Coefficient of friction, u 0.3 0.6 0.3
Coefficient of rolling friction, u. 0.001 0.005 0.005

The rotary drum has a diameter of 200 mm and a thickness of 25 mm. To conduct the DEM
simulations, particles were initially randomly distributed inside the drum and allowed to settle for 1 second
to attain a stable position. Subsequently, the drum was rotated about y-axis at a constant speed of 20 rpm for
3 seconds. Finally, the dynamic angle of repose, which is the angle formed between the surface of a particle
bed and the horizontal plane, was measured using the open-source software ImageJ.

To measure the upper and lower angles of repose in this study, the method proposed by Marigo and
Stitt [21] and previously used by Jadidi et al. [22] was employed. The upper angle (a) was determined by
drawing a line from the leftmost side to the center of the powder bed in the rotary drum, while the lower
angle (B) was measured from the drum's center to the rightmost side. Figure 5 (a) shows a schematic
representation of the drum in a stable position, while Figure 5 (b) depicts the drum during rotation about y-
axis.

Figure 5. Schematic representation of a) drum in stable position b) drum during rotation about y-axis
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Results and Discussion

Although the concept of a rotary drum is simple, the particle flow inside the drum is highly complex.
Several studies [23, 24] have identified four distinct particle flow regimes: slipping, rolling, cascading, and
cataracting. These regimes depend on various factors such as drum size, rotational speed, filling level,
particle size distribution, and particle shape. To differentiate between these flow regimes in the rotary drum,
the Froude number (Fr) is often used. The Froude number, given by Fr = w?-R/g, characterizes the
balance between gravitational and centrifugal forces. Here, w represents the angular velocity in radians per
second, and R denotes the radius of the rotating drum in meters. In our case, the Fr value is equal to
1.1 % 1073, The Froude number, along with the high filling level exceeding 10 % (as indicated in Table 3),
suggests that the particle flow in the drumis in the cascading regime. This type of motion generates an S-
curve particle bed surface, which is further supported by the DEM simulation results illustrated in Figure 6.

c)

Figure 6. Progressive visualization of cascading particle motion dynamics in rotating drum: a) particle insertion b)
intermediate phase c) established cascading regime

Figure 7 illustrates the outlines of the particle bed surfaces formed in the rotating drum at various times.
The bed surface outline was reconstructed from the DEM output files by detecting the maximum height of
the particle bed in each bin along the x-axis direction. The higher and steeper surface outlines are detected
for powder beds containing alumina particles (case 1). This can be attributed to the hardness and
abrasiveness of alumina particles, which can increase inter-particle friction [25] and affect the behavior of
the particle bed surface in the rotary drum. Moreover, the irregular shapes of alumina particles increase their
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tendency to form clusters and aggregates within the powder bed, resulting in an uneven surface with steeper
upper and lower angles of repose. This can be observed in the S-curve profile of the bed surface. On the
other hand, aluminum alloy particles (case 2) have smoother surfaces, which can reduce the tendency for
clustering and aggregation, resulting in a more uniform bed surface with less steep angles. This smoother bed
surface may be observed as a more gradual change in slope and a more linear profile in comparison to the S-
curve profile observed for alumina particles. The outlines of the bed surface for the mixtures of aluminum
alloy and alumina particles (cases 3, 4, and 5) follow the trend of the aluminum alloy, displaying smooth bed
surfaces. This can be attributed to the small amount of alumina added to the alloy, which is less than 10 %,
as well as to the different filling levels of the drum.
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Figure 7. Particle bed surface profiles of AISi10Mg, alumina, and their mixtures in drums after rotation for
a) 1sand b) 3s

Table 5 summarizes the upper and lower dynamic angles of repose for aluminum alloy, alumina, and
their mixtures, which were measured using ImageJ image analysis software on snapshots of DEM simulation
results. The upper angles of repose exhibited a tendency to increase with simulation time in all cases.
However, the lower angles of alumina particles decreased over time. The rotation of the drum'’s wall lifts the
particles upward, but due to the high flow resistance, the particles encounter difficulties in freely flowing
down. Consequently, the particles tend to accumulate and form a steeper pile in the upper region of the drum,
while the lower region displays a flatter distribution of particles. Regarding the mixture of 10 % alumina
particles in AISi1l0Mg (case 5), we observed an initial increase in the lower angle of repose, which can be
attributed to the addition of alumina particles. However, as time progressed, the lower angle of repose
decreased, reaching a value lower than it was at 1 second. On the other hand, the upper and lower angles of
repose for the other two powder mixtures (cases 3 and 4) increased with time, following the trend observed
for the aluminum alloy particles. However, it should be noted that the angles of repose of the powder
mixtures in both the upper and lower regions were smaller than those of the aluminum alloy particles.
Despite the presence of alumina particles in the mixtures, the particle bed surfaces appeared flatter. This
phenomenon can be attributed to the filling level of particles in the drum. A slight decrease in the filling
level (refer to Table 3) could impact the flow of mixtures, resulting in increased angles of repose in the upper
regions.

Table 5
Upper («) and lower () dynamic angles of repose of aluminum alloy, alumina and their mixtures
AlSiloMg | Alumina | 2% | 6 % | 10 %
Time, s Dynamic angle of repose:
a S a S o b a B a p
1 40.07 13.53 45.34 33.3 37.11 14.49 37.8 15.35 33.59 17.61
2 41.53 14.4 47.04 30.18 39.2 17.07 38.9 16.25 355 17.96
3 41.73 14.46 48.68 29.37 40.08 17.79 39.85 16.92 35.65 16.83
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Additionally, the movement of particles during drum rotation was analyzed for each case. The maps of
particle displacement magnitudes are shown in Figure 8 for cases 1 and 2. The magnitude of particle
displacement is calculated using the Euclidian formula as follows:

d=(x— %)%+ (y2— 1) + (22 — 21)% )
where (x4,%,21) and (x4, ¥2,22) denotes the particle positions at time t and t + Az, respectively. The
analysis of the displacement of alumina and aluminum alloy particles in the rotary drum suggests that there is
a variation in mobility among particles located in different regions. Specifically, the results indicate that
alumina particles in the drum's upper side exhibit greater mobility than those in the lower side. Moreover, the
displacement of aluminum alloy particles is greater for particles positioned on the lower side of the drum
compared to the alumina particles located in the same positions.
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Figure 8. Maps of particle displacement magnitudes along the diameter and length of rotary drum for a) aluminum alloy
and b) alumina particles

The particle velocity is an important parameter for predicting the flow behavior of particles. Figure 9
shows the maps of particle velocity magnitudes for aluminum alloy and alumina powders. Based on these
magnitudes, the particle bed in the rotary drum can be divided into two layers: active and passive. The
boundary between these layers is indicated by dark blue color, representing particles with velocities close to
zero. Particles within the active layer flow downward due to gravitational force, while particles in the passive
layer possess a tangent velocity equal to the velocity of the drum wall. This is a result of the no-slip

82 BecTHuk KaparaHguHckoro yHuBepcuTeTa



Flow Behavior of Complex-Shaped...

condition at the drum wall. As particles move from the drum wall towards the center of the drum, their
velocities gradually increase and then subsequently decrease until they eventually match the velocity of the
drum wall in the lower region. The velocity maps of mixtures containing alumina and aluminum alloy
particles emphasize the dominant influence of the aluminum alloy particles. The mixtures tend to display
velocity patterns that closely resemble those observed for pure aluminum alloy particles.

v Magnitude

team v Magnitude

107

5 Ae—AI 320 5.

a) b)
Figure 9. Maps of velocity magnitudes of a) aluminum alloyand b) alumina particles in rotary drum

Conclusion

In this study, the flow behavior of mixtures of particles with different shapes in a rotating drum was
analyzed employing DEM. The simulations were conducted for mixtures containing 2 %, 6 %, and 10 %
alumina particles in aluminum alloy particles, as well as for pure alumina and pure aluminum alloy particles.
To accurately represent the particle shapes, they were digitally replicated based on SEM images of actual
particles, utilizing the multi-sphere method. Using the DEM simulation results, the upper and lower dynamic
angles of repose of the particles were measured using ImageJ software. Additionally, the outlines of the
particle bed surface, particle displacement, and particle velocity were examined to gain insights into the
particle flow phenomena.

The study's findings indicated that as the simulation time increased, the upper angles of repose
consistently showed a tendency to increase for all cases. However, the lower angles of repose behaved
differently for the alumina particles and the mixture containing 10 % alumina in aluminum alloy particles,
exhibiting an opposite trend compared to the lower angles of repose observed in the other three cases.

The s-shaped outline of the powder bed was observed for alumina particles. In the case of mixtures
containing aluminum alloy and alumina particles, the bed surfaces closely resembled the pattern of the
aluminum alloy, appearing smooth. This similarity can possibly be explained by variations in the particle
distribution within the drum due to the different filling levels. The displacement analysis of alumina and
aluminum alloy particles in a rotary drum shows that particles in different regions have varying mobility.
Alumina particles on the upper side of the drum are more mobile than those on the lower side. Additionally,
aluminum alloy particles on the lower side of the drum experience greater displacement compared to alumina
particles in the same positions. Particle velocity maps revealed the presence of two distinct layers. In the
active layer, particles were observed flowing downward under the influence of gravitational force.
Conversely, in the passive layer, particles displayed a tangent velocity that matched the velocity of the drum
wall, owing to the no-slip condition at the drum wall.
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AlinanMaJibl 0apadanaapaarbl Kypaeiai miminai oesmexTep
KOCMAJIAPBIHBIH aFbIC CHIATTAMACHI.
JIMCKpeTTiK 3J1eMeHTTep dici 00MbIHIIA 3epPTTey

Mertamn MaTpULaiblK KOMIO3UTTEP SHEPIHSHBI YHEMJEY CallachlHIA KOJJaHyFa apHalFaH (yHKIHOHAIIBI
MaTtepuaiap peTiHAe YJIKeH dyieyeTke ue. byaq KOMIO3UTTEep YHTAKThl METaJUyprust OIiCTepiMeH, SFHH
opTypii ¢gopmanapsl 6ap ycak OemmiekTepni KOJJaHa OTBIPBIN jKacalafgbl. OpTYpii HimriHzeri OemmexTep
KOCHAJapbIHBIH aFBIHIBUIBIFBIH TYCIHY ©HEpPKACINTIK IPOIECTepi OHTAiIaHABIpYy YIIH ©Te MaHBI3IbL
Makanaga IUCKpeTTI O3JEeMEHTTep ofICiH KOJIaHa OTHIPHIN, aTIOMHHUH OKCHII MeH allOMHUHHI
KOPBITIIACHIHBIH ~ OOJIIIEKTEepiHeH TYpaThlH KOCHAlTap aFbICBIHBIH OTIMIUIIII MEH CHIaTTaMajapbl
KapacThIpbUIFaH. bemekrepain minriHaepi OapbIHIIA MIBIHAWE! OeJIIeK MiNliHAepiHe YKCACTHIPHIN albIHAIbI
JKOHE OJIapAblH aifHanManel OapabaHAarbl aFbICHIHBIH OpeKeTi cuMmyssinusnaHagsl. Kypaemi mimivzi
OeIIIEKTEp/IiH aFbICHIH CHIIATTAy YIUiH O6JIIeK KaOaThIHBIH >KOFApFbI )KOHE TOMEHI1 Kedey TUHAMHUKAIBIK
OypbIuTapsl, OeiekTep KabOar OCTiHIH KOHTYpJapbl, OeJIIEKTepAiH OpBIH ayBICTHIPYBI JKOHE
JKBUIJAMJIBIKTAPBIHBIH, TapaJIbIMBl TaJIAHFaH. BelekTepiH MilliHAepi YHTaK KOCHaJIapbIHBIH aFbICHIHBIH
OpeKeTiHe ocep eTeTiHIH PacTaNTHIH Tallay HOTIDKENepl NMpoIecTepdi OHTaWIaHIbIpY JkoHe jkobanay YIIiH
naianel aKmapar oepei.

Kinm ce3dep: Kypnemi mimiHAi OeJIIeKTep, YHTaK KOCHAJdapbl, METAUI MAaTPHUIATBIK KOMIO3HUTTEP,
aiiHanManbel OapabaH, TUCKPETTI JJIEMEHTTEpP Oici, aKKBIITHIK, JHHAMHUKAJIBIK Kej0ey OYpBIIIbI, aFbiC
CUIIATTaMAaCHI.

K. bepkunona, b. ['onbman

XapaKTepuCTHKH TEYEHUA CMecell YacTHII CJI0KHOU (POPMBbI
BO Bpamawmuxcs 6apadanax.
HccienoBanne MeTo10M JUCKPETHBIX 3JIEMEHTOB

Merauiyeckue MaTpU4HBIE KOMITO3UTHI 00JIa1af0T GOJBIIMM ITOTEHIMATIOM B KauecTBe ()YHKIIMOHAIBHBIX
MaTepHaIoB Ul NPUMEHEHHs B OOJIAcTH 3HEprocOepekeHus. DTH KOMIIO3UTHI IPOU3BOMATCS METOIaMH
MOPOIIKOBOH METATypTUH, C HCIOIb30BAHMEM MEIKHX YacTHI[ C pa3audHbIMH (opmamu. IloHnmanme
TEKy4eCcTH CMeCel JacTHI[ C pa3IMIHBIMU (POPMaMHU SIBISETCS BAXKHBIM ISl ONTHMH3AIHN TIPOMBIIITIEHHBIX
nporeccoB. B cTaThe n3ydeHsl TeKy4ecTh U XapaKTePUCTUKH TEUSHHS TOTOKA CMECEH, COCTOSIINX U3 YaCTHI]
OKCHJla aTIOMHHUS ¥ aTIOMHHHEBOTO CIUIaBa, C NPHMEHEHHEM METOJa JHCKPETHBIX 311eMeHTOB. DopMbl
YaCTHUI] MOACNUPYIOTCS TaKMM 00pa3oM, YTOOBI MAKCUMAIIBHO MPUOIU3UTh UX K PEATBHBIM YacTHIAM, U MX
MOBEJICHUE NPU ABM)KEHMH TTOTOKA YacTHI] BO Bpamaroniemcs 6apabane cuMmynupyercsi. BepxHuii u HIDKHUMIA
YIJbl OTKOCA, KOHTYpPbl NMOBEPXHOCTH CJIOSI YacTHUIl, MEPEeMELICHUs YacTUI] M paclpefeieHus CKOPOCTH
YaCTHUI] MPOAHATIN3UPOBAHbI JJIsl TOHMMAHHUS XapaKTePUCTHK MOTOKA YacTHIl CIIOXKHOU (GopMbl. Pe3ynbTaTh
aHaNM3a, MOATBEPXKAAIONINE, YTO (JOPMBI YACTHI] BIUAIOT HA MOBEACHHE ITOTOKA CMECeH MOPOIIKOB, JAIOT
MOJIE3HYI0 HH(OPMAIHIO T ONTUMHU3ANNH ¥ MPOESKTHPOBAHKS IPOIIECCOB.

Kniouesvie cnoga: 4acTuIbl CIOKHON (HOPMBI, CMECH MOPOIIKOB, METANTMYECCKAE MATPUYHBIE KOMIIO3UTEHI,
Bpamjaronuiicss OapabaH, METOA IHMCKPETHBIX OJJIEMEHTOB, TEKYy4eCThb, AWHAMHUYECKHI YyTOJNl OTKOCA,
XapaKTepUCTUKA TSUSHHUSI.
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