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Abstract. The objective of this research is to study the influence of ion-electrostatic and Van der Waals forces on
the radius of the non-deformable core in the flow of structured suspensions with an inhomogeneous solid phase inside a
pipeline. The study considers parameters such as the solid and liquid phase properties, the average flow velocity of the
suspension, and its rheological properties. The article analyzes the results of dynamic sedimentation stability studies of
structured suspensions, where the solid phase consists of particles of different sizes and densities, flowing in rod flow
mode through the pipeline based on the stability theory of lyophobic colloids by Derjaguin — Landau - Verwey -
Overbeek.

It is demonstrated that there is a boundary dividing the cross-section of the flow into two parts. In the central part of
the flow, inside this boundary, pairwise coagulation bonds between adjacent particles remain intact, and the suspension
structure remains undisturbed. This part is suggested to be considered as the non-deformable core of the flow in the rod
regime of the suspension with pseudoplastic properties. Outside this boundary, the pairwise coagulation bonds between
adjacent particles are disrupted, creating conditions for shear flow in this part of the cross-section of the pipeline. Unlike
conventional methods for calculating the non-deformable core of structured suspensions, the proposed method does not
take into account the acting pressure drop but considers the influence of the average flow velocity of the suspension, as
well as the impact of not only the initial shear stress but also the effective viscosity of the suspension, the viscosity and
density of its liquid phase, the concentration, density, and size of the solid phase, as well as the ion-electrostatic and
Van der Waals forces.

It is established that the dimensionless radius of the non-deformable core of structured suspensions has a
maximum possible value, which depends solely on the parameters of the ion-electrostatic and Van der Waals forces and
the rheological characteristics of the structured suspensions, and is independent of the average flow velocity.

Keywords: non-deformable core of flow, rheological characteristics, structured suspension, lyophobic colloids,
pipeline.

1. Introduction

In the mining industry of Ukraine, favorable conditions have emerged for the
implementation of technologies based on the flow of structured suspensions (SS)
through pipelines [1-7]. Mining and beneficiation plants are witnessing a global trend
towards the disposal of enrichment waste in the form of paste or high-concentration
hydro-mixtures exhibiting plastic properties [1-3]. Coal enrichment plants also
envision developing waste repositories as technogenic deposits, followed by
utilization in the form of coal-water fuel, which, according to numerous researchers,
exhibits rheological properties similar to Bingham plastic [4—7]. These technologies
involve the pressure transportation of SS through pipelines, and the costs associated
with overcoming the hydraulic resistance of the mainline comprise the main portion
of consumed energy. A peculiar feature of SS flow through pipelines is the existence
of an non-deformable core in the central part, which moves as a solid body, while
shear flow occurs in the near-wall part. The diameter of this non-deformable core
significantly influences the hydrodynamic characteristics of the entire flow, as well as
the flow in the near-wall layer, and to a large extent determines the hydraulic
resistance of the mainline.
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Initially, the radius of the SS flow core was determined proportional to the
pipeline's radius, with the proportionality coefficient being the ratio of the product of
the initial shear stress and the pipeline length in calibers to the acting pressure drop
[8—10]. This calculation method was used for clayey and silty hydro mixtures, as well
as for feed mixtures, cellulose, and paper masses with a concentration of more than
10%. Later studies on the hydrodynamics of wastewater sediment flows, which
constitute an inhomogeneous dispersed system in composition and structure, with the
liquid phase containing impurities of weak electrolytes, indicated a dependence of the
core radius on the magnitude of the equivalent shear rate as well [11]. In the work
[12], the relationship between the rheological and physicochemical properties of
wastewater sediments was investigated, confirming the hypothesis that the non-
Newtonian behavior of these suspensions is related to the surface charge of the
flakes. It has been proven that surface radicals of solid phase particles and the
presence of metal ions in the liquid phase have the most significant influence on the
rheological properties of such suspensions. The research results [13] showed that the
rheological properties of SS (wastewater sediments) and the dynamics of the
flocculation process are significantly influenced by the pH of the liquid phase. Thus,
the structure of secondary sludge flakes and their surface properties strongly depend
on pH. The sludge particles form larger flakes at higher alkalinity compared to a
more acidic sludge environment. Also, an increase in the pH of SS leads to an
increase in its yield stress, as well as viscosity and initial shear stress. In the works
[14-16], the influence of certain reagents added to the liquid phase, such as
biopolymers with high molecular weight or non-ionic surfactants, on the rheological
characteristics of SS was demonstrated. However, all these studies were focused on
examining the impact of various factors on the rheological properties of SS, one of
which is the initial shear stress, which may characterize the influence of these factors
on the diameter of the non-deformable core of the flow. Hence, at present, there are
only indirect pieces of evidence regarding the dependence of the non-deformable core
diameter of the SS flow in the pipeline on the characteristics of forces of ion-
electrostatic and Van der Waals nature, solid and liquid phase parameters, and the
average flow velocity and rheological properties of the suspension. Partly, this
situation can be explained by the fact that the non-deformable core diameter of the
flow is used in calculating the hydraulic parameters of the SS flow process in the
pipeline, while the forces of ion-electrostatic and Van der Waals nature are subjects
of consideration in the theory of stability of lyophobic colloids known as the
Derjaguin — Landau — Verwey — Overbeek theory (DLVO). However, the non-
deformable core diameter of the flow significantly influences flow parameters and
ultimately the energy consumption of the process. Therefore, justifying methods to
control this parameter, being an alternative way to reduce hydraulic resistance in
pipelines, is an important scientific and practical task.

Thus, the purpose of this article is to establish the influence of the characteristics
of forces of i1on-electrostatic and Van der Waals nature, solid and liquid phase
parameters, the average flow velocity, and the rheological properties of the
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suspension on the radius of the non-deformable core of the flow during the SS flow in
the pipeline.

2. Methods of research

The solution to the stated problem is based on comparing the attractive and
repulsive forces with ion-electrostatic and Van der Waals nature to the forces arising
when the liquid flow surrounds two particles of different density and size, taking into
account the turbulent component and velocity deficits proportional to the hydraulic
sizes of interacting particles.

3. The theoretical part

The DLVO theory considers the interaction between solid phase particles in SS
from the perspective of stability of extremums of force interaction, considering the
attractive and repulsive forces with ion-electrostatic and Van der Waals nature. Thus,
this theory has not been used to determine the geometric dimensions of the non-
deformable core of the flow during SS flow in the pipeline [7, 17-19]. Typically, the
results of this theory are used to assess the stationary sedimentation stability of SS,
1.e., when the liquid is at rest [7, 17-19]. The implementation of water-coal fuel
technologies and paste thickening technologies required solving the problem of
hydraulic calculation of pipeline systems transporting SS. Therefore, there was a need
to evaluate the dynamic sedimentation stability of SS, which characterizes the
suspension's ability to maintain its structure and uniform distribution of solid phase
particles throughout the volume during flow in the pipeline [17, 20]. In this case, in
addition to the attractive and repulsive forces with ion-electrostatic and Van der
Waals nature, it is necessary to consider the fluid flow energy, which tends to
increase or decrease the distance between the two particles under consideration [7,
17, 20]. Several researchers [17] have indicated that the magnitude of this energy is
determined by the difference in the suspension's liquid phase velocities at the location
of the particles and the difference in hydraulic sizes of the interacting particles under
constrained conditions [4-7, 17, 20]. Studies on the dynamic sedimentation stability
of SS are available both for cases when the particles are of the same size and density
[17, 18] and when the interacting particles have different sizes and densities [19].

Although these studies were not directly aimed at evaluating the dimensions of
the non-deformable core of the flow, the results obtained during their execution can
be used to address the objective of this article. In works [17—19], based on the
analysis of the balance between attractive and repulsive forces with ion-electrostatic
and Van der Waals nature and forces caused by the SS flow in the pipeline, the
following restriction was derived for the mean suspension velocity, adherence to
which ensures the breakdown of paired coagulation bonds between adjacent particles
with different sizes and densities:

U>0e %% —1, (1)
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where y — inverse Debeye radius, m'; &, — absolute dielectric constant of water,

2
3
g=17A4rC (1 2O (1= ardAr—1(1 - w)e4'26E] ¢

F/m; r — radius of solid particles of the first type, m; »' — radius of solid particles of
the second type, m; 6 — dimensionless radius of solid particles of the first type; @5 —

potential of the diffuse double electric layer on the surface of solid particles, V; 4 —
Hamaker constant, J; w — parameter accounting for the difference in density and size
of interacting particles; n — exponent [20]; 7 — current value of the radius, m; s —

current value of the dimensionless radius; k;, k,, — approximation parameters of

Buckingham's equation [1, 6]; ¥ — mean cross-sectional velocity of SS, m/s; U —
dimensionless mean cross-sectional velocity of SS; 7, — initial shear stress of SS, Pa; 7

— effective viscosity of SS, m%s; 7+ — dimensionless initial shear stress of SS; v —
kinematic viscosity coefficient of the liquid phase of SS, m%s; v« — dimensionless

kinematic viscosity coefficient of the liquid phase of SS; Ar — Archimedes parameter of
the first type of particles, assumed that Ar >1; Ar'— Archimedes parameter of the
second type of particles, assumed that 47’ >1; g — acceleration due to gravity, m/s*; p r

— density of the liquid phase of SS, kg/m?; R — radius of the pipeline, m; 7 — constant,
equal to 3.14; C — volumetric concentration of SS, dimensionless, fractions of units; £
— DLVO parameter characterizing the influence of forces with ion-electrostatic and Van
der Waals nature; ® — interphase interaction parameter.

The condition (1), depending on the value of the dimensionless velocity and the
interphase interaction parameter, may not hold true along the entire height of the pipeline
section. The exponent in the first term of the right-hand side reaches its minimum value
at the axis of the pipeline when s =0, and its maximum value on the surface of its inner
wall when s =1. If at a certain height, inequality (1) becomes a valid equality, this point
— let's call it the boundary point — divides the cross-section into two parts:

S=0.1]7ln( O ] 2)
U+1

where S — dimensionless radius of the boundary point.
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In the part above the boundary point, which is determined by formula (2), i.e., at
smaller current radii, s < S, the right-hand side of equation (1) is greater than the left-
hand side, and thus, paired coagulation bonds between adjacent particles are
maintained. In the part below the boundary point, i.e., at larger current radii, S <s,
the right-hand side of equation (1) is smaller than the left-hand side, and in this part,
paired coagulation bonds between adjacent particles will be disrupted. At the
boundary point itself, the forces trying to break the paired coagulation bonds
between adjacent particles and the forces trying to maintain them are equal to
each other. Therefore, it is considered that in the S <s part the coagulation bonds
between solid phase particles are broken.

From expression (2), it can be observed that with an increase in the dimensionless
flow velocity, the value of the dimensionless radius of the boundary point decreases.
At the same time, the maximum possible value of this quantity and its deviation due
to the flow of SS can be calculated using the formulas:

S=8"—4s,

S '=0.117In0, As=0.117In(U +1), 3)
where §' — maximum possible dimensionless radius of the boundary point; As —
deviation of the dimensionless radius of the boundary point from its maximum value
for a given flow velocity.

Condition (1) makes sense if its left-hand side is greater than zero, which imposes
the following constraint on the value of the interphase interaction parameter:
O < o552
and allows for calculating the value of this parameter using the following formulas:

O = ke? (4)

~8.52(E+1)

2
3
+
j=13Ar5 ]+5—(1—S)"Ar«/Ar—I(l—w)e4’26E LR
Ar—1 v r 5°E?

where & — interphase interaction coefficient, £ <1.
Considering the dependency (4), formulas (1) - (3) can be written in a more

convenient form for calculations:
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S=I+0.117ln( k ] (6)
U+1

S =1+0.117Ink . (7)

From formula (6), it follows that for each value of the flow velocity of SS, the
maximum value of the dimensionless radius of the boundary point is achieved when
the interphase interaction coefficient is equal to one, k£ =1, and, taking into account
formulas (3), it is determined by the expression:

S*1—As, (8)

where §* — maximum possible dimensionless radius of the boundary point for the
given flow velocity.

4. Results and discussion

Calculations were performed based on formulas (1) — (8) for cases where the
dimensionless flow velocity of SS varied in the range from 0 to 150, and the value of
the interphase interaction coefficient ranged from 0 to 1. Dependencies of the
dimensionless radius of the boundary point on the interphase interaction coefficient at
different values of the dimensionless mean cross-sectional velocity of SS were
plotted (Figure 1), the maximum possible dimensionless radius of the boundary point
on the interphase interaction coefficient (Figure 2), the dependence of the deviation
of the dimensionless radius of the boundary point from its maximum value for a
given flow velocity on the value of the dimensionless mean cross-sectional velocity
of SS (Figure 3), as well as the dependence of the maximum possible dimensionless
radius of the boundary point for a given flow velocity on the value of the
dimensionless mean cross-sectional velocity of SS (Figure 4).
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Figure 1 — The dependence of the dimensionless radius of the boundary point on the value of the
interphase interaction coefficient at different values of the dimensionless mean cross-sectional
velocity of SS.
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From Figure 1, it can be observed that the dimensionless radius of the boundary
point increases with an increase in the interphase interaction coefficient and decreases
with an increase in the dimensionless flow velocity of SS. In the range of variation
U from 5 to 150, the dependence on the dimensionless flow velocity of SS, for which
the changes in the dimensionless radius of the boundary point do not exceed the
precision of engineering calculations, i.e., 13%, is described by a power function with
a fractional positive exponent (Figure 5):

k' =0.24530%2197
where k' — estimated value of the interphase interaction coefficient.
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Figure 2 — The dependence of the maximum possible dimensionless radius of the boundary point on
the value of the interphase interaction coefficient.
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Figure 3 — The dependence of the deviation of the dimensionless radius of the boundary point from
its maximum value for a given flow velocity on the value of the dimensionless mean cross-sectional
velocity of SS.
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Figure 4 — The dependence of the maximum possible dimensionless radius of the boundary point
for a given flow velocity on the value of the dimensionless mean cross-sectional velocity of SS.

Thus, from Figures 1 — 5, it can be inferred that the main changes in the
dimensionless radius of the boundary point occur at values of the interphase interaction
coefficient less than 0.4.
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Figure 5 — The dependence of the estimated value of the interphase interaction coefficient on the
value of the dimensionless mean cross-sectional velocity of SS.

The analysis of the calculation results indicates the existence of a lower limit for
the values of the dimensionless radius of the boundary point, which is different from
zero (Figure 6):

k>ky,  ky=(U+1)e7?,
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where k; —minimum possible value of the interphase interaction coefficient.

The results of numerical analysis within the range of variation U from 25 to 150
suggest that it is possible to approximate the dependence of the minimum possible
value of the interphase interaction coefficient on the dimensionless flow velocity of
SS with a linear function for calculations conducted with engineering precision
(Figure 6).
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Figure 6 — The dependence of the minimum possible value of the interphase interaction coefficient
on the value of the dimensionless mean cross-sectional velocity of SS.

The dependence of the maximum possible dimensionless radius of the boundary
point on the value of the interphase interaction coefficient is described by an increasing
convex function and significantly exceeds the values of the boundary point radius due to
the presence of SS flow (Figure 2). This maximum possible value of the dimensionless
radius of the boundary point is independent of the flow velocity of SS but takes into
account a complex set of parameters such as the ion-electrostatic and Van der Waals
forces' nature, concentration, density, and size of the solid phase of SS, viscosity, and
density of the liquid phase of SS, as well as rheological characteristics of the suspension.
The dependence of the maximum possible dimensionless radius of the boundary point
on the value of the interfacial interaction coefficient actually sets the upper limit, above
which the pairwise coagulation bonds between adjacent particles will always be broken
or extremely unstable.

The dependence of the deviation of the dimensionless radius of the boundary
point from its maximum value for a given flow velocity on the value of the
dimensionless mean cross-sectional velocity of SS (Figure 3) indicates that the
reduction in this value caused by the flow of SS exceeds 25% of its maximum value
as shown in Figure 2. Comparing the values of the dimensionless radius of the
boundary point (Figure 1) in the range of low growth intensity (Figure 5) with their
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corresponding maximum values (Figure 2), it is possible to approximate the
dependence of the relative change in the considered value in the range of variation U
from 5 to 150

from the dimensionless flow velocity of SS with the following function (Figure 7):

z=0.147U%3

where z — relative change in the dimensionless radius of the boundary point from its
maximum value.
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Figure 7 — The dependence of the relative change in the dimensionless radius of the boundary point
on the value of the dimensionless cross-sectional average velocity SS

Since the curves shown in Figure 1 represent the area where the paired
coagulation bonds between neighboring particles are preserved, they limit the central
part of the flow where the suspension's structure will not be disturbed. This part can
be considered as the non-deformable core of the flow in a rod regime of suspension
flow with pseudoplastic properties. In the part above these curves (Figure 1), the
paired coagulation bonds between neighboring particles will be disrupted, creating
conditions for shear flow in this part of the cross-sectional area of the pipeline.

Thus, the radius of the boundary point serves as a characteristic of the geometric
size of the non-deformable core during SS flow in a rod regime. Unlike known
methods for its calculation, the proposed parameter does not consider the existing
pressure drop and is determined considering the influence of ion-electrostatic and
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Van der Waals forces. Moreover, it takes into account the influence of the average
flow velocity of the suspension, not only the initial shear stress but also the effective
viscosity of the suspension, as well as the density, concentration, and size of its solid
phase.

The obtained results indicate the necessity of further research into the issues of
dynamic sedimentation stability of SS during flow through a pipeline in a rod regime,
aiming to improve the methods for their hydraulic calculations.

5. Conclusions

Thus, the article investigates and establishes the influence of the non-deformable
core radius on the flow of colloidal suspensions (SS) in a pipeline, considering the
characteristics of ion-electrostatic and Van der Waals forces, parameters of the solid
and liquid phases, the average flow velocity of the suspension, and its rheological
properties. This allowed proposing, for the first time, a method to estimate the non-
deformable core radius of SS flow in a pipeline under pressure, which differs from
existing calculation methods. The proposed method not only relies on the relationship
between the initial shear stress and the effective pressure drop but also takes into
account the characteristics of ion-electrostatic and Van der Waals forces, parameters
of the solid and liquid phases, the average flow velocity of the suspension, and its
rheological properties.

A dependence was obtained to estimate the non-deformable core radius of SS flow
in a pipeline depending on the average flow velocity of the suspension, its rheological
characteristics, and the parameters of ion-electrostatic and Van der Waals forces.

It was found that the non-deformable core radius increases with an increase in the
interphase interaction coefficient, with the main changes occurring at interphase
interaction coefficient values less than 0.4. Numerical analysis of the results allows
stating that the dependence of the dimensionless flow velocity on the interphase
interaction coefficient, starting from which the changes in the non-deformable core
radius will not exceed 13%, can be described by a power function with a fractional
positive exponent.

It is shown that there exists a maximum possible value for the dimensionless
radius of the non-deformable core of SS flow, which depends only on the parameters
of ion-electrostatic and Van der Waals forces and the rheological characteristics of
SS, and does not depend on the average flow velocity. This value limits all possible
values of the non-deformable core radius from above. However, as the flow velocity
of SS increases, the non-deformable core radius decreases relative to this maximum
value, and the higher the flow velocity, the greater the reduction.

The study only explicitly examines the influence of the average flow velocity on the
non-deformable core size. The impact of other factors, such as the parameters of ion-
electrostatic and Van der Waals forces, concentrations, densities, and particle size of the
solid phase of SS, as well as the viscosity and density of the liquid phase of SS, and the
rheological characteristics of the suspension are considered comprehensively. This
approach allows refining the parameters of SS flow in transitional flow regimes where
the boundaries of the non-deformable core of the flow are unstable, and hence existing
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calculation methods are not applicable. Based on the results obtained in this study,
further research is needed to investigate the influence of each of these factors
individually. This will help to develop methods to achieve the desired value of the non-
deformable core of SS flow at different flow velocities.
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BU3HAYEHHSA PALIYCY HEJE®OPMOBAHOIO 5IPA MNOTOKY MPU TEMII CTEYKTYPOBAHO'I'
CYCNEH3II NO TPYBOMNMPOBOAY 3A TEOPIEIO CTIMKOCTI NIO®OBHUX KONOIAIB
CemeneHko €.B., Tenna T.[., MedsiHuk B.FO., Ckocupee B.I"., babeup /[.B.

AHoTauifi. 3aBgaHHAM [OCMKEHHS € BMBYEHHS BMIMBY Ha pagiyc HeaedopMoBaHOrO sapa MmoToky npu nepebiry
CTPYKTYPOBaHIX CYCMEH3iM 3 HeOQHOPIAHOK TBepaoto (paso B TPybOMPOBOM CWM iOHHO-ENEKTPOCTaTUYHOI Ta BaH-gep-
Baanbcicbkoi npupoau, napameTpis TBEPZOI Ta pigkoi ¢has, 3HauYeHHs cepeaHboi LWBMAKOCTI nepebiry cycneHsii Ta i peonoriyHo.
Y cTaTTi npoaHarni3oBaHo pe3ynbTati AOCHIMKEeHb OMHAMIMHOI CEaMMEHTALHOI CTabinbHOCTI CTPYKTYPOBaHMX CYCrEHSil,
TBepaa pasa AKkVX NpeacTaeneHa TBEPAMMI HaCTUHKaMM Pi3HOI KPYMHOCTI Ta LUbHOCTI, mpu ix nepebiry B CTPXXHEBOMY PEXUMI
TPpY6OMPOBOLOM Ha OCHOBI TeOpii CTiMKOCTI NiodobHMX konoiaie [epsriHa — NaHgay — deipsen.

[loBeneHo iCHyBaHHS MEX, LIO MOMINsSe MonepeyHni nepepis NoToky Ha ABi obnacti. Y LeHTpanbHiil YacTvHi MOTOKY,
yCepeauHi Liboro KOpAOHY NapHi KoarynswiiHi 38's3k MK CyMDKHUMI YacTUHKaMK 30epiraloThes, | B Hill CTPYKTYpa CycrneHaii He
Oyne nopywera. Lio YacTHy nponoHyeTbCs po3rnsaati sk SAPO MOTOKY, WO He AedOPMYETLCS, MPU CTPYDKHEBOMY PEXMMI
nepebiry cycneHsii 3 NCeBAONNAaCTUYHMMM BRACTMBOCTAMW. B 06rnacTi 30BHi LibOro KOPAOHY MapHi KoarynsuiiHi 38'a3kv Mix
CYMDXHUMM YacTWHKamu ByayTb NOPYLUEHI, O CTBOPIOE YMOBM AN 3CYBY B LI YaCTWHI NOnepeyHoro nepepisy Tpybonposoay.
Ha BigMiHy Bi BiZOMMX METOZB PO3paXxyHKy HeaedopMOBaHOTO SApa NOTOKY CTPYKTYPOBAHOI CYCrEH3iT 3anponoHOBaHWI METOS
He BpaxoBye [jlOYMA nmepenag TWUCKY, MPOTe BpaxOBYE BrMB CEPenHbOI LUBMAKOCTI nepebiry CyCreHaii, BnnMB He TiMbku
MOYaTKOBOMO AOTMYHOIO HaNpyru, ane i eheKTUBHOT B'A3KOCTI CyCreHsii, BA3KICTb i LMbHICTb i piakoi dhasu, i KpynHicTb TBepaol
hasm, a TaKOX CUNM IOHHO-enexTpocTaTUIHOI Ta BaH-aep-Baanbciscbkoi mpupoaun.

BcTaHoBneHo, Lo Ans BeninHi1 6e3po3mipHOro pagiycy HeaedhopMOBaHOTO sipa NOTOKY CTPYKTYPOBaHIX CyCrEH3ii icHye
MaKCMMarbHO MOXITMBE 3HAYEHHS, LLIO 3aneXuTb TiNbKW Bi NapameTpiB Cyin iOHHO-eNeKTPoCTaTUYHOI Ta BaH-aep-BaankciBCokoi
MPVPOLV Ta PEONONYHIX XapaKTEPUCTUK CTPYKTYPOBAHIX CYCMEH3IN, | HE 3anexuTb Bif CEpeaHbOI LUBMAKOCTI TEuil.

KntoyoBi cnoBa: sapo noToky, Wo He AedhOpMYETLCS, PEONONYHI XapakTEPUCTUKK, CTPYKTYPOBaHA CyCreHsisi, Niod)obHi
koroigu, Tpybonposia.
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