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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 аt 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. 
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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 initial 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 is 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 χ is the inverse Debye radius, typically 1·10–8 m in most cases; Е  is the pa-
rameter of energy interaction of solid phase particles in SS; εn is the absolute dielec-
tric permeability of the liquid phase of SS, 7.26·10–10 F/m; r  is the radius of solid 
phase particles in SS, m; ϕδ  is the potential of a diffusing particle of the double elec-
tric layer on the surface of solid phase particles in SS, V; h  is the distance between 
solid phase particles in the SS, m; ρs  is the generalized density of solid phase parti-
cles in the SS, kg/m3; R  is the radius of the pipeline, m; у  is the dimensionless dis-
tance between solid phase particles in SS, m; η  is the relative distance between solid 
phase particles in SS; rT  is the current value of the radius, m; s  is the relative current 
radius; А  is the Hamaker constant, J; ∆U  is 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 is 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 ∆U 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]: 
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where τw  is the tangential stress of hydraulic friction on the inner surface of the pipe, 
Pa; µ  is the dynamic viscosity coefficient of the liquid phase of SS, kg/m/s; а  is the 
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relative radius of the undeformed flow core; τ0  is the initial tangential stress of SS, 
Pa; ∆р  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: 
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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: 

 
*ss < ,      (4) 

 

( )
s

пy

w ry
E

R
as

ρ
ϕε

τη
µ δ

2

2

*
36e1ln −+−= − ,   (5) 

 
where s∗  is 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 s∗, 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: 

 
( )∆−= 1* as ,     (6) 

 



ISSN 1607-4556 (Print), ISSN 2309-6004 (Online) Geo-Technical Mechanics. 2023. № 167 

 

134 

( ) 0Exδ=∆ , xx x
E

−













+=δ

−
e1ln , 

y
Ex = , 

s

n
rA

E
ρ
ε

τ
µϕδ

2

3

0

3

0 452= , (7) 

 
where ∆ 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; δ is 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; х 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] 
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where у∗ – is 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] 
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where у″ 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] 
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where у∗∗ is dimensionless distance, corresponding to the minimum interaction force 
between particles. 
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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] 

 
Ey 575.1'= ,  635.0=′x ,    (11) 

 
where у′ 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 δ, that ensure the exist-
ence of the following condition: 

 
1≤∆ , 

 
which limits the parameter dependent on the distance between solid particles 
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where δ∗ 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 х, 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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26477.04128.02181.0 EEW −−= , 25662.62426.10329.0 EEY ++= , (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; Y is the dimensionless distance between 
solid phase particles corresponding to the extremum of the function (12). 

 

 
 

Figure 1 – Dependence of the parameter δ on the value of x for various values of the parameter of 
energy interaction of solid phase particles of the SS 2 

 

 
 

Figure 2 – Dependence of the maximum value of the parameter W 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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yW 1827.02129.0 −= , 
 

where у  is the dimensionless distance between solid phase particles SS, corresponding 
to the interval of variation of the parameter х. 

 

 
 

Figure 3 – Dependence of the relative distance between solid phase particles of the SS, correspond-
ing to the maximum value of the parameter δ , on the value of the parameter of energy interaction 

 

 
 

Figure 4 – Dependence of the maximum value of the parameter δ  on the relative distance between 
solid phase particles of SS 

 
Obviously, if the value of δ∗ 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): 

 
EE ≤* , 
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where Е∗  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). 

 

 
 

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 
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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 is 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 is 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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ВИЗНАЧЕННЯ ПАРАМЕТРІВ НАПІРНОЇ ТЕЧІЇ СТРУКТУРОВАНОЇ СУСПЕНЗІЇ 
Семененко Є.В., Слободянникова І.Л., Тепла Т.Д., Татарко Л.Г. 
 

Анотація. Предметом дослідження є методи розрахунку параметрів та режимів течії структурованих суспен-
зій, що мають значну перспективу використання для суттєвого зменшення енергоємності та питомого водоспожи-
вання всіх технологій гідромеханізації, що застосовуються на гірничих підприємствах. Основною темою дослі-
дження є питання стійкості структури суспензії та рівномірного розподілу частинок її твердої фази по об’єму при 
напірній течії по трубопроводу. Мета роботи полягає у встановлені залежності відносного радіусу, що окреслює 
область течії, де структура суспензії не буде зруйнована, не тільки від реологічних характеристик суспензії та 
гідравлічних параметрів течії, а й від сил тяжіння та відштовхування між частинками твердої фази суспензії, що 
мають іонно-електростатичну та Ван-дер-Ваальсовську природу. Встановлено залежність відносного радіусу, при 
перевищенні якого течія структурованої суспензії відбувається з руйнуванням її структури, а сама суспензія за 
реологічними характеристиками буде відповідати звичайній в’язкій рідині. На відміну від відомих формул, залеж-
ність, що отримана, складається з двох доданків: перший доданок це відомий в теорії гідродинаміці неньютонів-
ської рідини відносний радіус недеформованого ядра потоку, що враховує співвідношення початкового дотичного 
напруження та дотичного напруження гідравлічного тертя на внутрішній поверхні труби, а другий доданок – вра-
ховує вплив електростатичних сил тяжіння та відштовхування між частинками твердої фази структурованої су-
спензії. Доведено, що сили, які мають іонно-електростатичну та Ван-дер-Ваальсовську природу, призводять до 
зменшення максимального значення відносного радіуса, при якому ще зберігається структура суспензії при її 
течії в трубопроводі, оскільки доданок, який враховує їх вплив завжди додатний, та віднімається від доданка, що 
враховує співвідношення початкового дотичного напруження та дотичного напруження гідравлічного тертя на 
внутрішній поверхні труби. Досліджено область існування доданку, що враховує вплив сил, які мають іонно-
електростатичну та Ван-дер-Ваальсовську природу та інтервал змінення його значень при різних величинах па-
раметру енергетичної взаємодії частинок твердої фази структурованої суспензії. Встановлено, що залежність 
цього доданку від відстані між частинками твердої фази суспензії має максимум. Величина та координати макси-
муму залежать від параметру енергетичної взаємодії частинок твердої фази. Встановлено, що із зростанням 
значення параметру енергетичної взаємодії частинок твердої фази суспензії значення максимальне значення 
доданку знижується, а координата цього максимуму – зростає. 

Ключові слова: структурована суспензія, радіус недеформованого ядра потоку, іонно-електростатичні сили, 
напірна течія, трубопровід.  
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