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Abstract. The subject of the research is the methods of calculating the parameters and flow regimes of structured
suspensions, which have significant potential for substantial reduction in energy consumption and specific water
consumption of all hydromechanization technologies used in mining enterprises. The main topic of the research is the
stability of the suspension structure and uniform distribution of particles of its solid phase throughout the volume during
pressure flow through the pipeline. The aim of the work is to establish dependencies on the relative radius that defines
the flow area where the suspension structure is not destroyed, not only on the rheological characteristics of the
suspension and hydraulic flow parameters but also on the gravitational and repulsive forces between the particles of the
solid phase of the suspension, which have an ion-electrostatic and Van der Waals nature. It is established that forces
having ion-electrostatic and Van der Waals nature lead to a decrease in the maximum value of the relative radius, at
which the suspension structure is still preserved during its flow in the pipeline, since the addition that takes into account
their influence is always positive and subtracted from the addition that takes into account the relationship between the
initial tangential stress and the hydraulic frictional stress on the inner surface of the pipe. The range of existence of the
addition that takes into account the influence of forces having ion-electrostatic and Van der Waals nature and the range
of variation of its values at different values of the parameter of the energy interaction of particles of the solid phase of the
structured suspension are investigated. It is established that the dependence of this addition on the distance between
particles of the solid phase of the suspension is maximum. The magnitude and coordinates of the maximum depend on
the parameter of the energy interaction of the solid phase particles. It is established that with an increase in the value of
the parameter of the energy particles interaction of the suspension solid phase, the maximum value of the addition
decreases, and the coordinate of this maximum increases.

Keywords: structured suspension, radius of undeformed flow core, ion-electrostatic forces, pressure flow, pipeline.

1. Introduction

Since the beginning of the 21st century, an increasing number of specialists
consider the use of structured suspensions (SS) as the most promising option for
modernizing the technology of processing minerals [1-7]. The implementation of
technology using the SS is particularly relevant for the Dnipropetrovsk region, where
the main mining and beneficiation enterprises of the country are located, and water
consumption, before the destruction of the Kakhovka hydroelectric power plant,
exceeded the corresponding indicator of local sewage resources by 55 thousand times
per year per capita. [8—10]. The areas of implementation of such modernizations at
mining and metallurgical enterprises touch upon almost all technological chains
where pipeline transport is used. In the future, the transition to high-concentration
hydraulic mixtures will significantly reduce the energy intensity and specific water
consumption of all hydromechanization technologies, starting from pulp forming
means, including the transportation of spills from the extraction site to the processing
site, and ending with the disposal and storage of beneficiation wastes. That is, it is a
prospect to reduce the consumption of technical water by the Central, Southern, and
Northern mining and beneficiation enterprises, as well as by the Vilnohirsk mining
and metallurgical plant. In addition, advanced approaches to the storage of
beneficiation wastes at mining and beneficiation enterprises, which envisage their
reprocessing and utilization, are already being designed based on the use of the SS
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[8—11].

Results of the analysis of methods for calculating parameters and flow regimes of
the SS, conducted based on scientific publications in domestic [1-18] and foreign
[19-29] sources, indicate that known calculation methods were developed somewhat
for different conditions than hydromechanization technologies in mining enterprises,
thus requiring refinement and scientific justification.

Traditionally, methods of the SS hydromechanics were considered for flows of
polymer solutions of various concentrations in chemical technologies [13, 14] or clay
solutions in drilling and well cementing technologies [30-32]. A separate direction of
the SS hydromechanics, which has been most intensively developed during the 20th
century, is considered to be technologies for the production and transportation of wa-
ter-coal fuel [1-7, 18, 33, 34]. Only at the turn of the 20th and 21st centuries did the
first technologies of pressure hydrotransport of processing waste in the form of SS
appear [8, 9, 15], and later technologies for the development of technogenic deposits
and deposits formed in artificial reservoirs began to be developed [6, 35, 36].

The 1initial studies already revealed that the most significant difference in the flow
of the SS compared to the flow of low-concentration hydraulic mixtures, in which
viscoplastic effects are not manifested, is the absence of a critical flow regime. Most
SS, unlike other types of hydraulic mixtures, can exist in a stable state without the
destruction of the structure with a uniform distribution of solid phase particles
throughout the volume for several days. Historically, two approaches have emerged
in studies of the SS stability and flow regimes. The first, oriented towards pressure
flows of the SS, uses the relationship between the initial tangential stress and the hy-
draulic frictional stress on the inner surface of the pipe to determine the radius of the
undeformed flow core. The second approach considers the coagulation of solid phase
particles of the SS under the action of gravitational and repulsive forces having an
ion-electrostatic and Van der Waals nature, the so-called stability theory of lyophobic
colloids by Derjaguin — Landau — Verwey — Overbeek (DLVO). The second approach
was initially developed for the stationary SS, such as water-coal fuel, which can be
transported in tanks or other containers. Subsequently, it was used to model the pro-
cess of SS deposition in pipelines during emergency shutdowns. Later, it began to be
used to assess the stability of the suspension structure during its flow.

Both of these approaches have certain advantages and disadvantages. The first
approach allows determining the boundary between areas in the cross-section of the
pipeline where the suspension structure is preserved and destroyed. However, this
approach takes into account only the pressure drop, geometric parameters of the pipe,
and initial tangential stress, ignoring the influence of viscosity, particle size, and
density, as well as their ion-electrostatic properties. The second approach takes into
account the influence of ion-electrostatic and Van der Waals forces on the stability of
the suspension structure and allows determining the concentration of the solid phase
that disrupts the stability of the suspension structure. However, it does not take into
account the rheological characteristics of SS and hydraulic parameters of the process
and, in general, does not allow determining the boundaries of structure destruction
during flow in the pipeline.
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Experimental studies of pressure flow of SS in pipelines indicate that the valuesof
the radius of the undeformed flow core obtained within the framework of the first
approach cannot be applied at very small values and values close to unity [13, 14,
23]. The methods limit these intervals, considering that in the first case, the turbulent
regime has already been realized, and in the second case, the laminar regime has
already begun.

Thus, the purpose of the study is to establish dependencies on the relative radius
defining the flow area where the suspension structure 1s not destroyed,
simultaneously from the relationship between the initial tangential stress and the
hydraulic frictional stress on the inner surface of the pipe and from the gravitational
and repulsive forces between the solid phase particles of the SS, having an ion-
electrostatic and Van der Waals nature.

2. Research Methods

According to the results obtained within the DLFO theory, the destruction of sus-
pension structure, accompanied by the uneven distribution of solid phase particles
throughout the suspension volume, occurs when the following condition is met [1, 12,

15-17]:
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where y is the inverse Debye radius, typically 1107 m in most cases; E is the pa-
rameter of energy interaction of solid phase particles in SS; &, is the absolute dielec-
tric permeability of the liquid phase of SS, 7.26:1071° F/m; r is the radius of solid
phase particles in SS, m; @s is the potential of a diffusing particle of the double elec-
tric layer on the surface of solid phase particles in SS, V; & is the distance between
solid phase particles in the SS, m; p; is the generalized density of solid phase parti-
cles in the SS, kg/m?; R is the radius of the pipeline, m; y is the dimensionless dis-
tance between solid phase particles in SS, m; 77 is the relative distance between solid
phase particles in SS; rr is the current value of the radius, m; s is the relative current
radius; 4 is the Hamaker constant, J; AU 1s the difference in velocities of motion of
two particles under consideration relative to each other, m/s; U is the velocity of any
solid phase particle in SS, m/s.

While investigating the inequality (1), scientists have used various approaches to
calculate the difference in velocities of motion of two particles relative to each other
[1-36]. Analyzing the results of their research published in scientific journals, the
following methodologies can be generalized.

The first group of methods assumes that the distribution of the SS velocity across
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the flow is described by the logarithmic law, corresponding to developed turbulent
flow, thus there exists a sliding velocity of solid phase particles relative to the liquid,
which 1s proportional to the hydraulic size of these particles. In the second group of
methods, the distribution of the SS velocity across the flow is described by the
logarithmic law corresponding to developed turbulent flow, but the existence of the
sliding velocity of solid phase particles relative to the liquid is not taken into account.
In the methods belonging to the third group, it is postulated that the solid phase
particles in the SS collide with the liquid phase, leading to the emergence of
aerodynamic resistance forces on each of them, which are determined by methods of
experimental aerohydrodynamics or hydrodynamics at low Reynolds numbers.

However, none of the methods listed above takes into account the features of the SS
flow in the layer between the inner surface of the pipeline and the undeformed flow core.
The first two methods consider the conditions of non-rod flow regime, when flow cores
no longer exist. Meanwhile, a laminar regime is observed in the flow with a flow core in
the annular layer. The third method is more adapted to the flow through a bulk mass of
solid particles, where the probability of structure destruction is very low.

Given the above, the article proposes the following research methodology. When
investigating inequality (1), consider that the flow of the Bingham-Shvedov medium
occurs around a circular pipeline in the rod regime. Calculate the difference in
velocities of motion of two solid phase particles relative to each other using known
dependencies under the condition that the distance between particles is determined by
the action of forces with ion-electrostatic and Van der Waals nature, and the sliding
velocity of solid phase particles relative to the liquid is absent. Substitute the obtained
dependency for the difference in velocity of two solid phase particles into inequality
(1) and rewrite it in the form of constraints for the relative current radius.

3. Theoretical or experimental part

As mentioned above, in determining AU previous researchers used a logarithmic
velocity profile, which does not correspond to the conditions in the layer between the
inner surface of the pipeline and the undeformed flow core. A number of experts who
studied the peculiarities of non-Newtonian fluid flow in pipelines note that if we
consider the destruction of suspension structure during the SS flow in the pipeline, then
the velocity distribution in the layer near the pipeline surface will correspond to the
following dependency [1, 13, 14]:

Uls)= R;;W (1 — -1 S)a), )

TO - _ApR
w = o~
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where 7, is the tangential stress of hydraulic friction on the inner surface of the pipe,
Pa; 1 is the dynamic viscosity coefficient of the liquid phase of SS, kg/m/s; a is the



ISSN 1607-4556 (Print), ISSN 2309-6004 (Online) Geo-Technical Mechanics. 2023. Ne 167 133

relative radius of the undeformed flow core; 7 is the initial tangential stress of SS,
Pa; Ap is the pressure difference at the beginning and end of the pipeline, Pa; L is the
length of the pipeline, m.

Using equation (2), the difference in velocities of motion of two solid phase
particles, after neglecting the square of the relative distance between solid phase
particles, can be calculated by the following formula:

AU =R _NRTy 3)
uooop

Considering jointly equations (1) and (3), after corresponding transformations, we
obtain a condition under which the destruction of suspension structure occurs during
the SS flow in the pipeline:

5< S, (4)

2
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where s« 1s the maximum value of the relative radius at which the suspension struc-
ture is still preserved during the SS flow in the pipeline.

Condition (4) indicates that when the values of the relative radius exceed sx, the
SS flow occurs with the destruction of its structure, and the suspension itself, accord-
ing to rheological characteristics, corresponds to ordinary viscous fluid. As seen from
formula (5), the maximum value of the relative radius at which the suspension struc-
ture is still preserved during SS flow in the pipeline consists of two additions: the first
addition is the known in the theory of hydrodynamics of non-Newtonian fluids rela-
tive radius of the undeformed flow core, which takes into account the relationship be-
tween the initial tangential stress and the hydraulic frictional stress on the inner sur-
face of the pipe, and the second addition takes into account the influence of gravita-
tional and repulsive forces between solid phase particles, which have ion-electrostatic
and Van der Waals nature.

Considering that the second addition of formula (5) contains two square root ex-
pressions and one positive multiplier, it can be concluded that the forces having ion-
electrostatic and Van der Waals nature lead to a reduction in the maximum value of
the relative radius at which the suspension structure is still preserved during SS flow
in the pipeline. To assess the impact of this factor, let's rewrite the formula in the fol-
lowing form:

S = H(I—A), (6)
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where A is the relative decrease in the maximum value of the relative radius at which
the suspension structure is still preserved during SS flow in the pipeline, under the
action of forces with ion-electrostatic and Van der Waals nature; d1s the parameter of
the influence of the distance between particles on the maximum value of the relative
radius at which the suspension structure is still preserved during the SS flow in the
pipeline; x is the effective dimensionless distance between solid phase particles of SS.

Researchers in the field of the DLFO, when studying the dynamic sedimentation
stability of the SS, use equation (4) to assess the possibility of suspension structure
breakdown, considering it for the respective distances between two solid phase parti-
cles [1, 12—14, 16, 17]. Thus, the dependence of the interaction force between two
particles on the distance between them has two extrema and two equilibrium points.
The smallest in absolute value is the distance at which the maximum force interaction
is realized, determining the onset of the coagulation process leading to the disruption
of SS homogeneity [12, 16, 17]

y*=1.721E%9 x*=0.581E%47, (8)

where y* —1s dimensionless distance, corresponding to the maximum interaction
force between particles.

The next point is the point of stable equilibrium, at which the interaction force be-
tween particles equals zero, corresponding to the stable state of the SS [12, 16, 17]

4162 0.404E
"= 473.1¢ 2102 v 0403E 9
d g( £ J x (4.162}’ ©)
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where y” is dimensionless distance, corresponding to the point of stable equilibrium.

Following is the minimum of the interaction force between two particles,
corresponding to the beginning of the coagulation process due to the manifestation of
thixotropic properties [12, 16, 17]

, wn o 0008 10
x 1(21.041) (10)
8 g

where y** is dimensionless distance, corresponding to the minimum interaction force
between particles.

y**:1.162-1n(21'041) 0.374E
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At greater distances, there is a point of unstable equilibrium, near which any
deviation causes the disruption of the SS homogeneity [12, 16, 17]

y'=1.575E, x'=0.635, (11)

where )’ is dimensionless distance, corresponding to the point of unstable balance.

For each of these special points of formula (8)—(11), conditions (4) can be consid-
ered or the values of quantities can be computed using formulas (5)—(7).

4. Results and discussion
The analysis of the formulas presented above allows us to draw the following
conclusions. Obviously, physically realistic are the values of &, that ensure the exist-

ence of the following condition:
A<l

>

which limits the parameter dependent on the distance between solid particles
0 < O+, (12)

6* =ZE, (13)

5= Tol" &
6 11105\ €,

where d- is the assumed value of the parameter influencing the distance between par-
ticles on the maximum value of the relative radius at which the suspension structure
is still preserved during SS flow in the pipeline; z is the parameter taking into ac-
count the influence of rheological characteristics of SS.

Taking into account the requirements of satisfying inequality (12), it is necessary
to investigate the first of the dependencies (7) in the interval of the argument's varia-
tion (Figure 1) and compare this interval with the values calculated by formulas (8)—
(11).

Comparing the interval of variation of the parameter x, depicted in Figure 1, with
the maximum value of the interaction force between two solid phase particles among
themselves from the special points of the force interaction (11), we can conclude that
they coincide well. From the graphs presented in Figure 1, it is also evident that the
dependence of the parameter influencing the distance between particles on the maxi-
mum value of the relative radius at which the suspension structure is still preserved
during SS flow in the pipeline has an extremum on the interval of variation, the mag-
nitude and coordinate of which depend on the value of the parameter of energy inter-
action of solid phase particles (Figures 2, 3):
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W =02181—0.4128E — 0.6477E%, Y =0.0329 +1.2426E + 6.5662E>, (14)

where W is the maximum value of the parameter influencing the distance between parti-
cles on the maximum value of the relative radius at which the suspension structure is still
preserved during the SS flow in the pipeline; Yis the dimensionless distance between
solid phase particles corresponding to the extremum of the function (12).

%
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.15 1
0.10 -

0.05 1

Figure 1 — Dependence of the parameter o on the value of x for various values of the parameter of
energy interaction of solid phase particles of the SS 2
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Figure 2 — Dependence of the maximum value of the parameter /¥ on the value of the parameter of
energy interaction of solid phase particles of the SS

From Figure 2 and Figure 3, it can be concluded that the curve passing through
the extrema of the function (7), with precision typical of engineering calculations, is
approximated by a linear function (Figure 4):
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W =0.2129-0.1827y,

where y is the dimensionless distance between solid phase particles SS, corresponding
to the interval of variation of the parameter x.
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Figure 3 — Dependence of the relative distance between solid phase particles of the SS, correspond-
ing to the maximum value of the parameter O , on the value of the parameter of energy interaction
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Figure 4 — Dependence of the maximum value of the parameter ¢ on the relative distance between
solid phase particles of SS

Obviously, if the value of 6« does not exceed the value of W, then condition (12)
is satisfied throughout the interval of variation of the parameter of energy interaction
of solid phase particles of SS. That is, in this case, the flow region with a disrupted
suspension structure will exist and will not occupy the entire cross-sectional area.
Therefore, considering simultaneously formulas (12)—(14), after appropriate
transformations, we obtain the following constraint on the value of E, compliance
with which ensures condition (12) (Figure 5):

E«<FE,
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Ex= 0.663(\/1 +1.123z+1.3552% —0.481 —1.1642),

where E: is the minimum possible value of the parameter of energy interaction of solid
phase particles of the SS, which ensures the presence of a flow region with a disrupted
suspension structure, with an area smaller than the area of the pipeline (Figure 5).
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Figure 5 — Dependence of the minimum possible value of the parameter of energy interaction of
solid phase particles of the SS on the parameter taking into account the influence of the rheological
characteristics of the SS

According to formula (6), the influence of forces with ion-electrostatic and Van
der Waals nature on the relative radius at which the suspension structure is still
preserved during its flow in the pipeline can be neglected if

E

10x [In|14+e * |- x< ZE. (15)

Inequality (15) is substantially nonlinear, making it impossible to obtain a
solution in analytical form, and it is also parametric, which significantly complicates
its investigation by numerical methods.

5. Conclusions

The article investigates the influence of forces with ion-electrostatic and Van der
Waals nature on the relative radius at which the suspension structure is still preserved
during its flow in the pipeline, taking into account the peculiarities of processes
occurring in the layer between the inner surface of the pipeline and the undeformed
flow core.

The dependence of the relative radius, beyond which the SS flow occurs with
disruption of its structure, and the suspension itself, in terms of rheological
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characteristics, corresponds to ordinary viscous fluid. Unlike known formulas, the
obtained dependence consists of two terms: the first term is a well-known relative
radius of the undeformed flow core in the theory of non-Newtonian fluid
hydrodynamics, which takes into account the relationship between the initial
tangential stress and the hydraulic frictional tangential stress on the inner surface of
the pipe, and the second term takes into account the influence of gravitational and
repulsion forces between solid phase particles of SS, which have ion-electrostatic and
Van der Waals nature.

It 1s proved that the forces of ion-electrostatic and Van der Waals nature lead to a
decrease in the maximum value of the relative radius at which the structure of the
suspension 1is still preserved during the flow of the SS in the pipeline, since the term
that takes into account their influence is always positive and subtracted from the term
that takes into account the ratio of the initial tangential stress and the tangential stress
of hydraulic friction on the inner surface of the pipe

The region of existence of the additive that takes into account the influence of
forces of ion-electrostatic and Van der Waals nature and the interval of change in its
values at different values of the parameter of energy interaction of SS solid phase
particles are investigated. It was found that the dependence of this term on the
distance between the particles of the SS solid phase has a maximum. The magnitude
and coordinates of the maximum depend on the parameter of energy interaction of SS
solid phase particles. It has been established that with an increase in the value of the
parameter of energy interaction of particles of the SS solid phase, the maximum value
of the term decreases, and the coordinate of this maximum increases.

The practical significance of the results obtained is to clarify the value of the
radius of the undeformed core of the SS flow, which allows using the Bingham
equation to obtain more realistic parameters of hydraulic transport of iron ore
beneficiation waste in the form of the Bingham-Shvedov medium, and to reduce the
consumption of technical fluid by mining and beneficiation enterprises by increasing
the concentration of transported hydraulic mixtures
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BU3HAYEHHS NAPAMETPIB HAMIPHOI TEYII CTPYKTYPOBAHOI CYCMNEH3II
CemeHeHKo €.B., CnoboodsiHHukosa I.J1., Tenna T.4., Tamapko J1.I".

AHorauis. [peaMeToM OCIKEHHS € METOAM PO3paxyHKY NapameTpiB Ta PEXUMIB TeYil CTPYKTYPOBAHUX CYCreH-
3il1, O MaloTb 3HAYHY NEepCneKTUBY BUKOPUCTAHHS [N CYTTEBOrO 3MEHLLEHHS eHeproeMHOCTi Ta MMTOMOrO BOLOCMOXN-
BaHHS BCIX TEXHOMOT rigpomexaHisalii, Lo 3aCTOCOBYHOTLCS Ha FipHWYMX nignpuemcTBax. OCHOBHOK TEMOK AoCHi-
[PKEHHS € NUTaHHS CTINKOCTI CTPYKTYPW CYCMeEH3ii Ta piBHOMIPHOrO po3noainy YacTUHOK ii TBepaoi dasu no o6’emy npu
HanipHin Tevii no Tpybonposogy. Meta poboTn nonsrae y BCTAHOBMEHi 3aNeXHOCTI BiZHOCHOTO pagiycy, L0 OKPECHnioe
obnacTb Teuii, A€ CTPyKTypa cycneHsii He byae 3pynHOBaHa, HE TiNbKK Bif PEOMONiYHNX XapaKTEPUCTUK CycneHsii Ta
rigpaBniyHux napameTpiB Tevil, a i Bif CUN TSXIHHA Ta BIALUTOBXYBAHHS MiX YaCTUHKaMM TBEpAOi has3u CycneHaii, Wwo
MatoTb IOHHO-eNeKTpocTaTuyHy Ta BaH-aep-BaanbCcoBebKy Npupoady. BCTaHOBNEHO 3aNeXHICTb BIZHOCHOMO pagiycy, npu
NEPEBMLLEHHI SIKOrO Teuvis CTPYKTYpOBaHOI CycneHsii BigbyBaeTbCs 3 pyiHyBaHHAM ii CTPYKTYpW, a cama CycreHsia 3a
PEeOroriYHMMM xapaktepuctukami 6yae BianosidaT 3BUYaNHIN B'A3KiA piguHi. Ha BigMiHy Big BinoMux (opmyn, 3anex-
HICTb, L0 OTPUMaHa, CKNagaeTbesa 3 ABOX AO0AAHKIB: NEpLUMA J0AaHOK Lie BiooMuUiA B Teopii riapoanHamilli HEHbIOTOHIB-
CbKOI PiAWHM BigHOCHWI pagiyc HegehOopMOBaHOro sapa NoToKY, L0 BpaxoBye CMiBBIAHOLIEHHS NOYaTKOBOro AOTUYHOMO
HanpyXeHHsl Ta AOTUYHOIO HAMpPYXeHHs riapaBIiYHOro TEPTS HA BHYTPILLHIA NOBEpXHi TpyOu, a apyruii JoOaHoK — Bpa-
XOBY€E BMMB €NEKTPOCTATUYHUX CUM TSXKIHHS Ta BIALITOBXYBAHHA MiX YaCTWHKaMW TBepHoi ¢asu CTPYKTYpOBaHOI Cy-
cneHaii. [loBeaeHo, Wo cunu, ski MatTb iOHHO-eNEKTPOCTaTUYHY Ta BaH-aep-BaanbcoBebky npupoay, Npu3BoasTb 40
3MEHLUEHHSI MaKCUManbHOrO 3Ha4eHHs! BiGHOCHOTO pagiyca, npu SkoMmy Lie 30epiraetbcs CTPYKTypa cycneHaii npu ii
Teuii B TpyOONPOBOAi, OCKINbKM A0AAHOK, SIKUIA BPAxOBYE iX BNIVB 3aBXaM LOLATHWIA, Ta BigHIMAETLCS Bif A0AAHKA, LLO
BPaxoBYe CMiBBIAHOLIEHHS MOYATKOBOMO AOTUYHOMO HanpyXeHHs Ta JOTUYHOrO HanpyXeHHs rigpaBniyHoro TepTs Ha
BHYTPILUHIA noBepxHi Tpyou. [ocnimkeHo obnactb iCHyBaHHS [OAAHKY, L0 BPaxXOBYE BMMMB CUM, SKi MaloTb iOHHO-
enekTpocTaTuyHy Ta BaH-aep-BaanbCoBCbKy npupody Ta iHTepBan 3MIHEHHS! MOro 3Ha4YeHb MPK Pi3HUX BENUYMHaX na-
paMeTpy eHepreTUYHOi B3aeMOAji YaCTMHOK TBepAoi (has3u CTPYKTYpOBaHOI CycneHsii. BCTaHOBMEHO, WO 3anexHiCTb
LibOro J0AaHKYy Bif BiACTaHi Mix YacTWHKaMu TBEPAOI dhasu cycneHsii Mae Makcumym. BenuunHa Ta koopauHaTh Makcu-
MyMy 3anexaTtb Bif mapameTpy eHepreTuyHoi B3aeMOfii YaCTUHOK TBepaoi dasn. BCTaHOBMEHO, WO i3 3pOCTaHHAM
3HAYEHHs NapameTpy eHepreTUYHOI B3aemopii YaCTUHOK TBepaol hasn CycneHsii 3HaYEHHS MaKCUMarlbHE 3HAYEHHS!
[O0JaHKY 3HUKYETBCS, @ KOOpAMHATA LbOro MakcUMyMy — 3pOCTaE.

KntoyoBi cnoBa: CTpykTypoBaHa cycneHsis, pagiyc HefehopMoBaHOro sigpa noToKy, IOHHO-eNEeKTPOCTaTUYHI cunu,
HanipHa Teuvisi, Tpybonposia.
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