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Abstract. The article investigates the influence of structured suspensions of ion-electrostatic and Van der Waals
nature forces characteristics and parameters of the solid and liquid phases on the maximum achievable concentration of
structured suspensions. Based on the analysis of lattice structure options formed by particles of solid phase of
suspension, an assessment of possible scenarios for the disruption of the stable suspension structure has been
conducted. It is shown that the least likely disruption of the stable suspension structure is the penetration of neighboring
particles onto the edges of the lattice structure. The most probable disruption of the stable suspension structure is due to
the penetration of particles from the nodes of neighboring lattice cells onto the diagonals lying in the planes of the faces
of the considered cube, or onto the diagonals lying in the planes of the faces of this cube. This leads to a reduction in the
distance between neighboring particles to values that induce irreversible and reversible coagulation processes.

A method for assessing the concentration of the equilibrium state is proposed, that is, the volumetric fraction of the
solid phase in a structured suspension at which the distance between two neighboring particles corresponds to a state of
stable equilibrium, depending on the value of the parameter of energy interaction between particles at different values of
their effective dimensionless diameter. An estimate of the corrective coefficient of the maximum achievable
concentration of suspensions was obtained, which allows determining the concentration of the suspension at which
fluidity and stability are maintained, depending on the parameters of ion-electrostatic and Van der Waals forces, as well
as the maximum possible volumetric concentration of the suspension. Using the formulas proposed in the work, methods
for controlling the processes of preparing a structured suspension can be justified, ensuring its aggregate stability, static
and dynamic sedimentation stability, by choosing the particle size and concentration of the solid phase, taking into
account the parameters of ion-electrostatic and Van der Waals nature. Further development of mathematical models for
controlling the stable structure of suspensions was obtained, which for the first time allows determining possible
scenarios of irreversible and reversible coagulation for a given concentration and particle size of the solid phase.
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1. Introduction

The mining and coal industries of Ukraine offer favorable conditions for the
implementation of technologies based on the stability of structured suspensions (SS)
[1-7]. At mining and enrichment plants, the height of embankment dams is limited by
the ability of settling ponds to clarify process water from clayey, dusty, and chalky
fractions [1-3]. Coal preparation plants have the prospect of developing waste
storage areas from coal enrichment as man-made deposits, with subsequent utilization
as water-coal fuel (WCF), which requires ensuring aggregate stability and static
sedimentation stability of these SS [4—7]. All such technologies imply a reduction in
energy consumption and specific water consumption by achieving high
concentrations of SS [1-3]. Therefore, to implement them, it is necessary to forecast
the values of the maximum achievable concentration of suspensions (MCS), which
provide aggregate stability, static and dynamic sedimentation stability of the
suspension. It is very important to determine the MCS both for calculating the
parameters of processes of their flow through pipelines or channels and for
calculating the rheological characteristics of suspensions. In the case of WCEF, it is
also important for justifying the thermophysical parameters of the combustion
process. Until the end of the 20th century, hydrotransport complexes and systems of
mining and coal enterprises, as well as energy facilities, transported suspensions with
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a concentration three or four times lower than the MCS [8]. Only in the late 20th
century industrial installations of pipeline transport appeared transporting enrichment
waste in the form of pastes [1, 3, 6, 9]. From the middle of the last century, issues of
using WCF and backfilling mined-out space in coal mines were widely studied, in
which pipeline transport of high concentration hydro-mixtures was also assumed [1,
2, 10]. Therefore, one of the first analytical estimates of the MCS, namely 52.33% by
volume, was obtained for high-concentration hydro-mixtures for the technology of
backfilling mined-out space in coal mines [8]

T
Cy =% (1)

where C), — MCS, calculated from the condition of a cubic shape of the structural
cell of the suspension, fractions of a unit.

Specialists of the Institute of Mining Technologies of the National Academy of
Sciences of Ukraine obtained similar values of MCS for a cubic shape of the
structural cell, as well as a value of MCS equal to 52.36 % by volume, for a
tetrahedral-shaped structural cell [8]. Subsequently, these results were generalized in
the form of a dependence of MCS on the angle between segments connecting the
centers of two neighboring particles in the structural cell [11]

Cy
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where 0 — the angle between the segments connecting the centers of two neighboring
particles in the structural cell, degrees.

Formulas (1) and (2) were derived for homogeneous particles of solid phase of
the suspension and do not take into account the interaction between particles
themselves, as well as the physical parameters of their material.

Experimental results on the critical flow regimes of hydro-mixtures made of
different materials with polydisperse particles of the solid phase were obtained by
specialists of the Institute of Mining Technologies of the National Academy of
Sciences of Ukraine [8]. In the critical flow regime of suspension through a pipeline,
the liquid phase is unable to support the suspension of solid phase particles, resulting
in the suspension stratifying into two layers across the cross-section. The upper layer
consists of water with a low content of particles with sizes smaller than 100 pum,
while the lower layer, a highly concentrated layer, 1s formed by particles of the solid
phase that have settled on the bottom of the pipeline. As experimental studies have
shown, this lower layer is characterized by maximum possible saturation with solid
particles, and its volumetric concentration depends on the content of particles with
sizes smaller than 100 um [8]:
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where C; — the maximum possible volume concentration of the hydro-mixture,
corresponding to densely packed solid particle, fractions of a unit; Py ; — the mass

fraction of particles with diameters smaller than 0.1 mm, fractions of a unit.

If the dependencies (1)—(3) were obtained for a suspension at rest, then for
technologies involving WCF, both static and dynamic sedimentation stability of the
suspension are of interest. Specialists from PRJSC SIC HYMEC (HYMEC) based on
experimental data on the mobility, flowability, and aggregate stability of water-coal
suspensions from coals of various grades [4—7] propose multiplying the MCS value
obtained from theoretical formulas by a coefficient that depends on the volatiles
content:

Ce=CiK (o, 4)
C;:(I-FAI")CM, (5)
1+ AI"CM
1
Ke= , (6)
C 1,044 +0.0052p %
Ay = Ps — Po , (7)

Po

where C. — the limiting mass concentration of SS, ensuring its mobility, fluidity,

static and dynamic sedimentation stability, as well as aggregate stability, fractions of
a unit; Ci — MCS by mass, fractions of a unit; K. — empirical correcting coefficient

of MCS; V% _ yield of volatile substances on the dry coal mass, fractions of a unit;
Ar — Archimedes parameter; p, — the average weighted density of solid phase

particles, kg/m®; p, — the density of the liquid phase, kg/m’.

Formula (4), taking into account expression (3) as well as the relationship
between the density of coals and their yield of volatile substances and ash content,
was refined by specialists of the Institute of Mining Technologies of the National
Academy of Sciences of Ukraine as follows [6]

Ci = : (8)
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where 4? — ash content of coal, %.

Polish specialists, during experimental studies of turbulent flow of water-
limestone hydro-mixtures with solid phase particles of 45.5 um, managed to achieve
a maximum volumetric concentration of 50% [12]. The use of flocculants allowed for
a reduction in hydraulic resistance in the pipeline, but did not allow to increase the
MCS. Indonesian researchers, while studying the flow of slurry with different particle
sizes and densities through pipelines of various diameters, achieved a maximum
volumetric concentration of 40% [13]. In a study [14], the physical, chemical, and
rheological properties of water-coal slurry with coal particle sizes ranging from 90 to
300 um were investigated, and a maximum mass concentration of 60% was achieved.
The impact of the concentration of mixtures of differently sized slurry particles of ash
residue and fly ash mixtures on the flow characteristics of a centrifugal slurry pump
has been studied in [15]. It is noted that the maximum mass concentration of the
suspension did not exceed 50%.

Existing studies of SS flow processes and technologies for the use of two-phase
flows in energy, mining, and industries do not consider the influence of ion-
electrostatic and Van der Waals forces on the MCS, even though these forces and
factors are considered crucial by some researchers for the examined particle sizes and
concentrations [4, 5, 7, 16-20].

Thus, an important task is to investigate the impact of ion-electrostatic and Van
der Waals forces characteristics, as well as the parameters of the solid and liquid
phases, on the MCS of SS.

2. Methods of Research

According to the theory of stability of lyophobic colloids by Derjaguin — Landau —
Verwey — Overbeek (DLVO), the aggregate stability and static sedimentation stability
of suspensions (SS) are determined by a balance between attractive and repulsive
forces of ion-electrostatic and Van der Waals nature [2—4, 21-23]. The sum of these
forces, as a function of the distance between two neighboring solid phase particles in
SS, is characterized by two extrema and two equilibrium points, where the function's
graph intersects the x-axis. The abscissas of these extrema determine the distances
between particles at which irreversible and reversible coagulation processes begin,
while the equilibrium points correspond to stable and unstable states of structural
equilibrium in the suspension. In this context, the equilibrium point lying between the
extrema determines the distance between particles that ensures a stable state of
structural equilibrium, while the point lying between the origin and the nearest
extremum represents an unstable equilibrium state.

Therefore, the aggregate stability, static sedimentation stability, and dynamic
sedimentation stability of SS are determined by the distance between interacting
particles of the solid phase. At the same volumetric concentration of the suspension,
this value depends on the size of the solid particles, as well as the parameters of the
attractive and repulsive forces of ion-electrostatic and Van der Waals nature.
Consequently, to maintain the structure of the suspension, its concentration, the
particle size of the solid phase, and the value of their energy interaction parameter
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should provide a distance between them that is close to the equilibrium point
enclosed between the mentioned extrema [21-23]:

v -2amg 412) o
E
y” — Xh”, (10)
E _Ax (11)

- 247rgn(p§ ’

where »" — dimensionless coordinate of the stable equilibrium point; 4" — coordinate of
the stable equilibrium point, m; E — parameter of particle energy interaction; &, —
absolute dielectric permittivity of water, F/m; ¢5 — potential of the diffuse layer of double
electric charge on the surface of solid particles, V; y — reciprocal Debye radius, m™; 4 —

Hamaker constant, J.

Taking into account the traditional postulates of DLVO theory of lyophobic
colloids, the following assumptions are made (Figure 1):

— solid particles are elastic spheres of the same diameter;

— solid particles are uniformly distributed throughout the volume of the
suspension;

— distances between adjacent particles are the same in all three directions
(Figure 1).

~

h — distance between the surfaces of two neighboring particles, m; /2 — distance between the nodes
of the structural lattice, m; d — diameter of solid phase particles, m

Figure 1 — Structural lattice cell with solid phase particles SS in the nodes
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Under these assumptions, solid phase particles will be positioned at the nodes of a
certain structural lattice with a cell equal to the distance between particles (Figure 1),
and the concentration of SS will be characterized by the relationship between the
following values:

h=h-d, (12)

where & — distance between the surfaces of two neighboring particles, m; & —
distance between the nodes of the structural lattice, m; d — distance between the
nodes of the structural lattice, m.

The difference between / and h is smaller the smaller the diameter of solid
particles. Therefore, in the DLVO stability theory, which deals with ultrafine
particles, this difference is neglected [4, 21-23]. However, this assumption's validity
is not proven for SS used in technologies for hydro-mechanization of mining
production, WCF and storage of mineral processing wastes as their concentrations
greatly exceed those for which the DLVO theory was developed [2, 3, 24].

Since the entire volume occupied by SS is divided into elementary cells, the
suspension's volumetric concentration is the same in the entire volume and in a cell.
Thus, by determining the ratio of phase volumes in the cell, the volumetric
concentration of SS can be found. From Figure 1, it can be seen that the volume of
the solid phase in the considered cell is equal to the volume of a single particle, i.e.,
the volume of a sphere with a diameter d, the volume of both phases corresponds to
the volume of the cell, i.e., the volume of a cube with a side length /4. The ratio of
these two quantities determines the volumetric concentration of SS:

c=™ (13)
62> d
the value of which can also be expressed through h
C=—="—., z=l (14)
6(Z +1) d

where C — volumetric fraction of the solid phase in SS (0 < C <£0.5); z — step of the
structural cell, expressed in diameters of solid phase particles; Z — distance between solid
phase particles, expressed in their diameters.

Formulas (13) and (14) allow obtaining expressions for calculating the value of
the step of the structural cell and the distance between solid phase particles depending
on the concentration of SS:

z=JJl, Z:#JL—L (15)
6C 6C
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At maximum suspension saturation with solid particles, the distance between particle
surfaces located at the nodes of the structural lattice will be zero, and the distance
between nodes of the structural lattice will be equal to the diameter of these particles. In
this case, the volumetric concentration of SS will be determined by formula (1) and
correspond to the concentration filling the edge of the structural cell.

When the distance between particle surfaces located at the nodes of the structural
lattice is less than the diameter of these particles, i.e., when the distance between
nodes of the structural lattice i1s less than two diameters, the transition from a stable
state of structural equilibrium in the suspension to an unstable one can only occur due
to the displacement of particles from the nodes of the same cell of the structural
lattice. For example, due to turbulent pulsations, oscillations of the liquid phase of the
suspension, or changes in flow cross-section. Meanwhile, when the distance between
particle surfaces located at the nodes of the structural lattice is equal to the diameter
of these particles, i.e., when the distance between nodes of the structural lattice is
equal to two diameters, another particle can fit on the edge between nodes of the
structural lattice. In this case, the volumetric concentration of SS is given by:

Cr == (16)

where C; — concentration filling the edge of the structural cell, which is 6.5%.
At SS concentrations less than C; another particle that left the node of a

neighboring cell under the influence of turbulent pulsations or other external factors
can fit on the edge of the structural cell. Since the structural cell has a cubic shape,
there are two more dimensions that are uniquely determined by the cell step and
allow placing additional solid particles (Figure 2): the diagonal lying in the planes of
the cube faces (Figure 2a), and the diagonal passing through the center of the cube
(Figure 2b).

The lengths of these diagonals can be easily obtained using the Pythagorean
theorem for the corresponding triangles of which they are the hypotenuses:

W=y2h, h'=+3h, h=3‘/%d, (17)

where &' — length of the diagonal lying in the planes of the cube faces (Figure 2a);
h" —length of the diagonal passing through the center of the cube (Figure 2b).

For these diagonals, the structural cell step expressed in the diameters of solid
phase particles is proportional to the value calculated by formula (15), and will be
determined by the following formulas:

=42z, z"=43z, (18)
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where z' — structural cell step for the diagonal lying in the planes of the cube faces; z" —
structural cell step for the diagonal passing through the center of the cube.

a) at nodes and on edges; b) at nodes and in the center of the cell

Figure 2 — Structural lattice cell with different placement of solid phase particles in SS

The corresponding values of z' and z" distance between solid phase particles,
expressed in their diameters, will be determined by the following formulas:

R LI S C B (19)
2VeC 2 2 YeCc 2
and similar to value (16), the concentration values by the following expressions:
_m2 & (20)

2 C = 2
=g m=7h

where Z' — dimensionless distance between solid phase particles for the diagonal lying in
the planes of the cube faces; Z" — dimensionless distance between solid phase particles
for the diagonal passing through the center of the cube; C;; — concentration filling the

diagonal lying in the planes of the cube faces, which is approximately 5.5%; C;; —

concentration filling the diagonal passing through the center of the cube, which is
approximately 10%.
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From formulas (16) and (18)—(20) it follows that particles from the nodes of
neighboring cells of the structural lattice can fit onto the diagonal lying in the planes
of the considered cube faces or onto the diagonal lying in the planes of the cube faces
much earlier than they can fit onto its edges. Formulas (15) and (18) can be
generalized with the following relationship (Table. 1)

¥ =Kz, 21)

where Z — generalized step of the structural cell; K — dimensionless diagonal parameter
(Table 1).

Table 1 — Values of the dimensionless diagonal parameter

Parameter for Value .Of Relative deviation 2oz
calculation Z the coefficient K z
z 1 0.00
z' 2 0.41
z" NE) 0.73

The suspension state will be stable if the generalized step of the structural cell,
calculated using formulas (18) and (21), coincides with the coordinate of the stable
equilibrium point determined by the DLFO theory, formulas (9)—(11), which is
related to the diameter of the solid phase particle and the inverse Debye radius [21—
23]:

2= (22)

Considering formulas (22) and (9)—(11), together, after corresponding
transformations, we obtain the following expression for calculating the volumetric
fraction of the solid phase in SS, ensuring the placement of solid particles at the
coordinates of the stable equilibrium points:

3
C” = —q 5 q = —KZd )
3(4.162j 3.07
g7 ——
E

(23)

where C” — volumetric fraction of the solid phase in SS, ensuring the placement of
solid particles at the coordinates of the stable equilibrium points, fractions of a unit;
q — effective dimensionless diameter of SS solid phase particles.

Using expression (23), the volumetric concentration of MCS can be determined,
and to obtain the corresponding value of mass concentration, the following
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expression (5) should be used:

~, (1 + Ar)q3

B 4.162 3
13 + Ar
(12 )i ar

: (24)

where C' — mass concentration of the solid phase in SS, ensuring the placement of
solid particles at the coordinates of the stable equilibrium points, fractions of a unit.

Using formulas (4), (5), and (24), by equating the values of Ci=C', we get an
expression to determine the correcting coefficient through the parameters of ion-
electrostatic and Van der Waals forces:

Kc = L q. (25)

In expression (25), instead of the value C;, determined by formula (3), the
value Cj,, determined by formulas (1) or (2) can be used.

3. Results and Discussion

Calculations were performed using expressions (15), (18), (21) and (23) for cases
where the values of the quantities included in these expressions vary within rationally
justified limits (Table 2). The results of calculations for the step of the structural lattice
expressed in the diameters of particles as a function of SS concentration for various
values of the dimensionless diagonal parameter (Figure 3) indicate that the disruption of
the suspension structure is least likely to occur along the edges of the structural lattice.
This is because particles from the nodes of neighboring cells of the structural lattice can
fit onto the diagonal lying in the planes of the considered cube faces or onto the diagonal
lying in the planes of the cube faces much earlier than they can fit onto its edges.

Table 2 — Rationally justified limits of variation for quantities

Parameter Range of variation

from to
Volumetric suspension concentration 0.000 0.500
Effective dimensionless particle diameter 0.631 6.310
Particle interaction energy parameter 0.000 0.100
Dimensionless diagonal parameter 0.000 0.730
Archimedes parameter 0.140 0.280




ISSN 1607-4556 (Print), ISSN 2309-6004 (Online) Geo-Technical Mechanics. 2023. Ne 166 25

1‘7 1 1 1 1

1.5 1

0.0 0.2 0.4 0.6 0.8 1.0

Figure 3 — Dependence of structural lattice steps expressed in particle diameters on SS
concentration

The dependence of the so-called equilibrium concentration, that is, the volume
fraction of the solid phase in the SS, at which the distance between two adjacent particles
corresponds to a state of stable equilibrium, was investigated based on the value of the
particle energy interaction parameter at different values of the effective dimensionless
diameter of solid particles (Figure 4). Analysis of the graphs shows that as the value of
the particle energy interaction parameter increases, the values of the equilibrium
concentration increase, and larger values of the effective dimensionless diameter of solid
particles correspond to larger values of concentration.

In the entire range of variation of the parameters (Table 2), the dependence of the
equilibrium concentration on the value of the particle energy interaction parameter is
characterized by convex curves that do not have extrema (Figure 4).

For the convenience of constructing graphical dependence of the correcting
coefficient MCS on the parameters of ion-electrostatic and Van der Waals forces,
let’s present formula (25) in the following form (Figure 5):

KC:L, hele— oy lg3(4'162), (26)
1+x ArCy Arg® E

where x — parameter of equilibrium concentration; & — Parameter of the maximum
possible volume concentration of SS.

The analysis of the graphs in Figure 5 shows that, across the entire range of variations
in the parameters (Table 2), with the increase of the equilibrium concentration parameter,
there is a decrease in the correcting coefticient MCS. Moreover, for larger values of the
parameter of the maximum possible volume concentration of SS, the graphical curves are
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Figure 4 — Dependence of the volume fraction of the solid phase in SS, at which the distance between two
adjacent particles corresponds to a state of stable equilibrium, on the value of the particle energy
interaction parameter at different values of the effective dimensionless diameter of solid particles
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Figure 5 — Dependence of the correcting coefficient MCS on the value of the equilibrium
concentration parameter at different values of the parameter of the maximum possible volume
concentration of SS

positioned further away from the ordinate axis. In all cases, the dependence is decreasing,
characterized by concave graphical curves without extrema. In the case where the value of
the equilibrium concentration parameter, as per formula (23), becomes equal to the
parameter of the maximum possible volume concentration of SS, formula (3), the value of
the correcting coefficient MCS reaches its maximum value, which is one.

The obtained results indicate the necessity of further detailed study of the
dependence of MCS of SS on the characteristics of ion-electrostatic and Van der
Waals forces, parameters of the solid and liquid phases, as well as the rheological
properties of the suspension.

4. Conclusions

This article investigated the influence of the characteristics of ion-electrostatic
and van der Waals forces, as well as parameters of the solid and liquid phases, on the
MCS of SS. Based on the analysis of structural lattice options formed by solid phase
particles in SS, an assessment of possible scenarios of disruption of the stable
suspension structure was conducted. It was demonstrated that a violation of the stable
suspension structure least likely occurs through the particles entering the edges of the
structural lattice. The most likely disruption of the stable suspension structure results
from the particles from the nodes of adjacent structural lattice cells entering the
diagonals lying in the planes of the faces of the considered cube or on the diagonals
lying in the planes of the faces of this cube. This leads to a reduction in the distance
between adjacent particles to values that trigger irreversible and reversible
coagulation processes. A method for assessing the equilibrium concentration, i.e., the
volume fraction of the solid phase in SS at which the distance between two adjacent
particles corresponds to a state of stable equilibrium, depending on the value of the
particle energy interation parameter at different values of their effective
dimensionless diameter, was proposed. An estimation of the correcting coefficient
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MCS was obtained, allowing the determination of the concentration value of SS, at
which fluidity and stability are maintained, depending on the parameters of ion-
electrostatic and Van der Waals forces, as well as the parameter of the maximum
possible volume concentration of the suspension.

Thus, by using formulas (1) — (26), possible methods for controlling the processes
of preparing of SS can be justified, ensuring its aggregate stability, static and
dynamic sedimentation stability, by selecting the particle size and concentration of
the solid phase particles, taking into account the parameters of ion-electrostatic and
Van der Waals forces. Further development of mathematical models for controlling
the stable structure of suspensions has been achieved, which, for the first time, allows
the determination of possible scenarios of irreversible and reversible coagulation for a
given concentration and particle size of the solid phase.
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BW3HAYEHHSA MPAHUYHOI KOHLEEHTPALIl CTPYKTYPOBAHOI CYCMEH3Ii 3A TEOPIEIO CTIMKOCTI
NIO®OBHUX KONOWIB

djis b jeSs LA, FjHojH 90 L L, vjfd0 u.r., FjHWakdS 1.5., mods'dey L.

AHoTauifi. Y cTatTi JOCNiMKEHO BNMMB HA MaKCUMaribHO MOXITMBY KOHLIEHTPALit0 CYCMEH3il CTPYKTYPOBaHMX
CYCMEH3IN XapaKTepUCTUK CIN IOHHO-eNEeKTPOCTaTYHOI Ta BaH-aep-BaanbCiBCbKol Npupoau, a Takox napameTpis
TBEPLOI Ta piakol ¢as. Ha oCHOBI aHanisy BapiaHTIB CTPYKTYPHUX PELLITOK, YTBOPEHUX YacTUHKaMK TBEPAOI (hasm
CyCreH3ii, MPOBEAEHO OL|HKY MOXIIMBIX CLiEHapIiB NOPYLLEHHS CTIMKOI CTPYKTYPY CyCrieHsil. [okasaHo, Lo HaiMeHLL
VIMOBIPHUM € NOPYLLEHHS CTIKOI CTPYKTYPM CYCEHSii LLNSXOM MOTPANIsHHA CYCIaHIX YaCTUHOK Ha pebpa CTpyKTyp-
HUX peLUiToK. HanBinbLy MMOBIPHAM € MOPYLLEHHS CTIKOI CTPYKTYpW CYCMEHsil BHACMIZOK NOTPansHHS YaCTUHOK 3
BY3IiB CyCiHiX 0CepeLKiB CTPYKTYPHOI PELLiTKW Ha AjaroHari, LLO NEXWTb Y NoLMHaX rpaHen kyba, Lo po3rnsaaeTs-
cs1, abo Ha AiaroHarni, sika NexuTb Y NOLLMHAX rpaHei Lboro Kyba. Lie npr3BoauTb 4O CKOPOUEHHS BiACTaHi MiX CyCi-
AHIMW YaCTUHKaMK 10 BEMUYMH, L0 BUKITMKAKOTb NPOLLECH HE3BOPOTHOI Ta 0B0POTHOI Koarysyi.

3anponoHoBaHO MeTOZ OLjiHKM KOHLIEHTpaLii PIBHOBAXXHOMO CTaHy, TOBTO 06'eMHOI YacTkm TBEPAOI hasu CTpyK-
TyPOBaHOI CyCreHaii, NPy Ak BiACTaHb MiX 4BOMA CyCiaHIMM YacTuHKammy Bye BignosigaTy CTaHy CTilKol piBHOBarM,
3arnexHo Bif BEMMYMHM NapamMeTpa eHEPreTUYHOI B3aEMOZT YaCTUHOK MPK PI3HNX 3HAYEHHSX iX edhekTBHOro Be3po-
3mipHoro giameTpa. OTpUMaHO OLjHKY KOpUryBaribHOro KoedillieHTa MakcuMarnbHO MOXIMBOI KOHLIEHTpaLi CycreH-
3iA, O AO3BONNTD BU3HAYMTI BEMUYMHY KOHLEHTpALYi CyCrieHsil, Mpu sikin 36epiracTbCs MANHHICTb i CTIMKICTb, 3amnex-
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HO Bif, NapameTpiB CU IOHHO-eNEKTPOCTaTUYHOI Ta Bar-aep-BaanbCiBCbkol MpMpoau, a Takox rpaHudHO MOXIMBOI
00'eMHOI KOHLIEHTpALLii CycneH3il. 3 BUKopucTaHHAM hopMyri, 3anponoHOBaHKX Y poboTi, MOXyTb ByTi 0BIpYHTOBAH
METOAM YNPaBAiHHS NPOLecaM1 NPUroTyBaHHS CTPYKTYPOBAHOI CycreHsil, Lo 3abe3nevytoT ii arperaTeHy CTINKICTb,
CTaTU4YHy Ta AUHaMIYHY CeaMMeEHTaUiiHy CTabinbHICTb, 3a paxyHOK BUGOPY KPYMHOCTI Ta KOHLEHTpaLli YacTUHOK
TBEPLOI (hasu, 3 ypaxyBaHHSM napaMeTpiB CuI iOHHO-ENEKTPOCTaTYHOI Ta Ban-gep -Baankcisebkoi npupoau. Ha-
Bynn noganbLLoro Po3BMUTKY MaTeMaT4Hi MOAENi YNpaBriiHHS CTINKOK CTPYKTYPOHD CYCMEH3ii, ki BnepLue [03BONs-
l0Tb BU3HAYATV MOXIMBI NS 3aaHOI KOHLEHTpALii Ta KpyMHOCTI YaCTUHOK TBEpAOI dhasu CLeHapii He3BOPOTHOI Ta
0BopOTHOI KoarynsLji.

Knto4oBi cnoBa: CTpyKTypoBaHa CycneHsisi, KOHUEeHTpaLis, Tpybonposia, 3BOpOTHIN AebaeBcbkuin pagiyc,
KoHCTaHTa [[amakepa.
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