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Abstract. The current state of the coal industry was analyzed, and it is determined that one of the obstacles to implement
mining and utilization of coal beneficiation waste is a high ash content, which reaches almost 90%. Today, different technolo-
gies for combusting coal with such ash content in the form of structured suspensions are developed, for example, combustion
in fluidized bed boilers, while no technologies are available for transporting structured suspensions with high ash content. At
the same time, the results of a number of studies indicate a significant dependence of the rheological characteristics of struc-
tured suspensions, especially dynamic sedimentation stability. Therefore, a pressing task is to study the dynamic sedimenta-
tion stability of structured suspensions made of high-ash coal of a polydisperse granulometric composition with the addition of
mineral particles of different nature. This task is solved by comparing the gravity and repulsion forces, having an ion-
electrostatic and Van der Waals nature, with the forces arising when the fluid flows around two particles of different density and
size with taking into account the turbulent component and velocity deficits proportional to hydraulic sizes of interacting particles.

Based on the research results, it is for the first time, when the dependence was obtained between the average flow veloci-
ty, at which the aggregative stability of structured suspensions is disturbed, and parameters of the energy interaction between
particles, size and density of the solid phase particles, geometric dimensions of the pipe, and rheological characteristics of the
structured suspensions. It is established that the main factors determining the aggregative stability of structured suspensions
transported through the main pipeline are the particle size and nature of solid material, its mineral inclusions, potential of their
surfaces, as well as the rheological characteristics of suspensions. It is determined that an increase in the initial tangential
stress decreases rate of velocity, as well an increase in the effective viscosity of the structured suspension. However, as the
pipe radius increases, this velocity increases.

Keywords: structured suspensions, dynamic sedimentation stability, hydraulic particle size, density of the solid phase
particles, aggregative stability.

Introduction. According to data of various studies [1-9], at least 500 million tons of
coal beneficiation wastes with various ash content are concentrated in Ukraine. Min-
ing and disposal of these coal sludge is inevitable and is only a matter of time, since,
on the one hand, their processing will increase the production of thermal and electri-
cal energy, and, on the other hand, it will improve the ecological situation in the re-
gion allowing the return to the agrarian fund of lands currently occupied by coal ben-
eficiation waste storage facilities. One of the obstacles to the implementation of this
is the high ash content of almost 90% of coal sludge. Different technologies for com-
busting coal with such ash content in the form of structured suspensions (SS) are de-
veloped, for example, combustion in fluidized bed boilers [2], while no technologies
are available for transporting the SS from coals with such ash content. At the same
time, the results of a number of studies indicate that the SS rheological characteris-
tics, especially their dynamic sedimentation stability, depend significantly on this fac-
tor.

It is known that the specialists of the Italian company Snamprogetti, using the Re-
ocarb technology, prepared and successfully transported SS from coals with an ash
content on a dry weight basis of 15.32%, 12.68%, 10.06%, 7.43% and 4.79% [1, 3, 5,
10]. An analysis of the research results prove that the SS sedimentation stability in-
creases with an increase in the ash content of the initial coal. In this case, there is a
clear dependence of the SS rheological characteristics on the ash content: with a de-
crease in ash content in the studied range at a velocity gradient £=11c ", the viscosity
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decreases from 10.21 Pa-s to 5.40 Pa-s. Under the same conditions, the deviation rate
of the SS behavior from the Newtonian fluid varies from 0.54 to 1.15. With ash con-
tent from 0% to 15%, the SS behaves like a dilatant fluid [11]. In this case, the SS
dynamic sedimentation stability decreases with an increase in the ash content, and the
time required for completing the degradation process almost doubles when the ash
content decreases from 16% to 5% [1, 3, 5, 10]. The research results of domestic spe-
cialists are known [3, 5, 10-14], which confirm the possibility of preparing SS based
on coal with a relatively high ash content. Thus, the specialists of CHEMEK LTD
prepared SS based on anthracite sludge with an ash content of 34.5% with a mass
concentration of 62.8% and an effective viscosity of 0.82 Pa-s. With these parame-
ters, at a velocity gradient 9 ¢, the SS remains in a stable state for 15 days. The
same specialists prepared SS from gas coal sludge with an ash content of 42.86%
with a mass concentration of 63.1% and an effective viscosity of 1.1 Pa-s, while sed-
imentation is stable at a velocity gradient of 9 ¢ * for 10 days [10 — 14]. Studies of the
influence of the coal mineral part individual components on the SS rheological char-
acteristics are also known [13, 15]. In the work [15], the influence on the SS rheolog-
ical properties of two natural relatively pure components of a mineral part, such as
rocks of aluminosilicate clay and quartzite, which are always associated with coal and
can get into the beneficiation waste, was studied. The experimental results show that
the content of aluminosilicate clay in the mineral part of coal contributes to a de-
crease in viscosity, while quartzite increases it. At the same time, the influence of
rocks, aluminosilicate clay and quartzite on the dynamic or static SS sedimentation
stability was not studied.

Thus, it is a pressing task to study the dynamic sedimentation stability of SS of
high-ash coals with polydisperse granulometric composition and with mineral particle
additives of different nature.

Research methods. The task set is solved by comparing the gravity and repulsion
forces, having ion-electrostatic and Van der Waals nature, with the forces arising
when the fluid flows around two particles of different density and size with taking in-
to account the turbulent component and velocity deficits proportional to hydraulic
sizes of interacting particles.

Theoretical part. The SS dynamic sedimentation stability is the ability to main-
tain the structure and uniform distribution of the solid phase particles over the sus-
pension volume when it flows through the pipeline [16 — 22]. This model is based on
the use of the research results of the stationary SS sedimentation stability from the
standpoint of the stability theory of the Derjaguin — Landau, Verwey — Overbeek
(DLVO theory) lyophobic colloids. According to this theory, the interaction between
the solid phase particles of the SS is assessed from the point of view of the force in-
teraction extrema stability with taking into account the gravity and repulsion forces
having ion-electrostatic and VVan der Waals nature. The sum extrema abscissas of the
considered forces determine the distances between the particles at which irreversible
and reversible coagulation processes begin [22]. In this case, the first of the extrema,
the maximum, lying closer to the origin of coordinates, determines the beginning of
coagulation leading to a disturbance of the SS homogeneity. The second extremum,
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the minimum, lying farther from the origin of coordinates, determines the beginning
of coagulation, which specifies the manifestations of the SS thixotropic properties.
The function graph curve intersection point with the abscissa axis, which corresponds
to a stable structural suspension state, is located between the studied extrema. Anoth-
er equilibrium point is located between the function maximum and the origin of coor-
dinates, but this point is not stable, since small deviations from it lead to a disturb-
ance of the SS homogeneity [22].

When studying the SS dynamic sedimentation stability from the standpoint of the
DLVO stability theory of lyophobic colloids, in addition to the gravity and repulsion
forces having ion-electrostatic and Van der Waals nature, it is necessary to take into
account the fluid flow energy, which tends to increase or reduce the distance between
the two considered particles [9, 16 — 18, 22, 23]. According to the research results pre-
sented in [22], the value of this energy is determined by the velocity difference of the
suspension liquid phase at the distance of particles and the difference in the hydraulic
sizes of the considered particles in cramped conditions [1, 22, 24 — 26]. However, since
the case of particles of the same size and density was studied in [22], the influence of
the second component on the SS dynamic sedimentation stability was not taken into
account. Thus, the results of this work are only applicable for the SS solid phase, which
Is represented by a material that is homogeneous in size and mineral composition. The
fractions, the particles of which determine the suspension solid phase ash content, dif-
fer from the coal fractions primarily in particle density and size, and the influence of
these factors in most practical cases cannot be neglected. Thus, in order to construct a
mathematical model for assessing the dynamic and static SS sedimentation stability, it
IS necessary to perform the same transformations as in [22], but for the case when the
particle size and density of the interacting particles are different.

Thus, having considered the ratio of the gravity and repulsion forces, having ion-
electrostatic and Van der Waals nature, with the forces of gravity and repulsion
caused by the SS flow through the pipeline, after conversion, taking into account the
assumptions introduced in [22] and dimensionless variables, the following condition
for the SS destruction during its flow through the pipeline can be obtained:
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where y —dimensionless distance between particles, m; y — inverse Debye radius,

m™; g, — absolute dielectric water permeability, F/m; r — radius of the first type solid

particles, m; r' —radius of the second type solid particles, m; @5 — potential of the dif-

fuse of the double electric layer (DEL) particles on the surface of solid particles, V;
h — distance between particles; A — the Hamaker constant, J; w — parameter that
takes into account the difference in density and size of interacting particles; n — ex-
ponent [1, 22, 24-26]; rr — current radius value; k., k,, — approximation parameters

for the solution of the Buckingham equation [5, 22]; V - the average SS velocity for
section; u — the dimensionless average SS velocity for section; v — kinematic viscosity
coefficient of the SS liquid phase; z, — initial tangential SS stress; 7 — effective SS vis-

cosity; Ar — the Archimedes parameter of the first type of particles; it is assumed that
Ar >1; Ar' —the Archimedes parameter of the second type of particles; g — accelera-

tion of gravity; p; — the SS liquid phase density; R — pipeline radius; = — a constant

equal to 3.14; S —the SS volume concentration.

Considering inequality (1) at the maximum of the resultant force and performing
actions similar to those described in [22], after all the transformations, the following
dependence is obtained for the average suspension velocity, which ensures the de-
struction of paired coagulation bonds between adjacent particles of different size and
density:
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where U — the dimensionless average suspension velocity, which ensures the destruc-
tion of paired coagulation bonds between adjacent particles of different size and den-
sity; @ — parameter that takes into account the heterogeneity influence of the proper-
ties of interacting particles; ® — rheological parameter.

For the case of homogeneous particles in formula (3) it is necessary to take that
@ =1, which leads to the following expression
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: (4)

where U’ — the dimensionless average suspension velocity, which ensures the destruc-
tion of paired coagulation bonds between adjacent particles of the same size and den-
sity.

Using formulas (3) and (4), it is possible to assess the relative change in the value
U due to the difference in the density and size of interacting particles according to
the following expression:
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where W — relative change in value U due to the difference in the density and size of
interacting particles.

Results and discussion. It is seen from formula (3) that the following restrictions
are valid for the parameters o and O

O<w, 061,
which imposes the following condition on the value w:
W< (W),

1-6

(w) =1+ ,
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(6)

where <W> — the maximum possible value of the parameter that takes into account the

difference in the density and size of interacting particles.

It is easy to show that the heterogeneity influence of the properties of interacting
particles can be neglected if w ~ 1, that is, when the following inequality is valid:

[w]<w,
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where [w] — the minimum significant value of the difference between the hydraulic
sizes of interacting particles.
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Based on formulas (6) and (7), it is possible to determine the range of parameter
change that takes into account the difference in density and size of interacting parti-
cles, as well as the width of this range:

- no’l <w<1+ 1n_® ,
@'(1-S) ArvAr-1 @'(1-S)' ArJAr-1

1

11-0
O'1-S) ArJAr-1’

AW =

where Aw — the width of value w range of changes.

According to formulas (2) — (5), taking into account restrictions (6) and (7), calcu-
lations were performed, the results of which are presented in Figs. 1 and 2. A de-
pendence of a wide range of changes in the absolute value (Fig. 1) of the dimension-
less average suspension velocity, which ensures the destruction of paired coagulation
bonds between adjacent particles of different size and density, and its relative change
(Fig. 2) on the rheological parameter at various values of the parameter, which takes
into account the heterogeneity influence of the properties of interacting particles, is
indicated.

0 0,2 0.4 0,6 0,8 @10

Figure 1 — Dependence of the dimensionless average suspension velocity, which ensures the de-
struction of paired coagulation bonds between adjacent particles of different size and density, on the
rheological parameter at various values of the parameter, which takes into account the heterogeneity

influence of the properties of interacting particles
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Figure 2 — Dependence of the relative change in value U due to the difference in the density and
size of the interacting particles on the rheological parameter at different values of the parameter,
which takes into account the heterogeneity influence of the properties of interacting particles

The calculation results necessitate a detailed research of influence of differences in
the size and density of interacting particles on the SS dynamic sedimentation stability.

Conclusions. Thus, the hypothesis of the mechanism of the SS aggregative stabil-
ity in dynamics is developed and specified with taking into account the heterogeneity
of the properties of the solid phase particles. This made it possible, based on a com-
parison of the binding energy of the solid material heterogeneous particles in their
coagulation structure and the external energy of the fluid flow directed at breaking
this bond, to determine the value of the average flow velocity in a circular tube, at
which the SS aggregative stability is disturbed.

It is revealed that the main factors determining the aggregative stability of structured
suspensions transported through the main pipeline are the particle size and nature of sol-
id material, its mineral inclusions, potential of their surfaces, as well as the SS rheologi-
cal characteristics.

It is for the first time, when the dependence of the average flow velocity, at which
the SS aggregative stability is disturbed, on the parameters of the energy interaction
between particles, the size and density of the solid phase particles, the geometric di-
mensions of the pipe, and the SS rheological characteristics, was obtained. It is de-
termined that an increase in the initial tangential stress decreases the velocity value,
as well an increase in the SS effective viscosity. However, as the pipe radius increas-
es, this velocity increases.

The obtained formulas made it possible to study the influence of the SS rheologi-
cal characteristics and the pipeline radius on the flow velocity, at which its aggrega-
tive stability is disturbed for the case when the solid phase is represented by particles
of different density and size. It is established that, compared with the case of the solid
phase homogeneous particles, the flow velocity at which its aggregative stability is
disturbed increases in proportion to the square of the difference between the hydrau-
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lic sizes of heterogeneous particles.

For the case of the SS pressure flow from heterogeneous materials in pipelines,
the minimum difference value between the hydraulic particle sizes of the solid phase
was assessed, according to which the influence of the heterogeneity of the properties
of solid particles on the velocity of the suspension aggregative stability loss can be
neglected. It is determined that such a difference value between the hydraulic sizes of
the solid phase particles is directly proportional to the potential of the diffuse of the
double electric layer particles on the surface of these solid particles and the square
root of the absolute dielectric permeability of the SS liquid phase, and also inversely
proportional to the particle size and the square root of their density.
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OL|IHKA OUHAMIYHOI CEﬂMMEH‘[ALlIVIHO'I' CTIMKOCTI CTPYKTYPOBAHUX CYCIMEH3IA 3 MONIAICMEPCHOIO
MATEPIANY 3 ®PAKLIAMU PI3HOI LLIJTBHOCTI
CemeHeHKo €.B., Terina T.[., MeosiHuk B.FO., PomaH C.I"., KoxxaHmos A. Y.

AHHoTaums. [poaHani3oBaHo CyvacHWUi CTaH BYriNbHOI NPOMUCIOBOCTI Ta BCTAHOBIIEHO, LLO OAHIEI 3 NEpPenoH Ha
Wwnsxy peanisauii BgobyTky Ta yTunisalii BigxodiB ByrinbHOro 3baravyeHHs € BCOKA 30TbHICTb, fka JOCArae Mamxe
90%. Akwo TexHonorii cnanBaHHA BN 3 TaKOK 30MbHICTIO Y BUMMSAI CTPYKTYPOBAHMX CyCMEH3IN BXe po3pobneHi,
HanpuKnag, CnaoBaHHSA B KOTNAX KUMMAYOro Wwapy, TO TEXHOMOr TPaHCMOPTYBaHHA CTPYKTYPOBaHUX CyCreHsii 3 BU-
COKMUM BMICTOM 30JTbHOCTi Ha CbOTOAHILLHIN AeHb BiACYTHI. Mpn LboMy pesynbTaTti psagy AOCTiMKeHb CBigYaTh Npo CyT-
TEBY 3aMNEXHICTb PEONONYHUX XapaKTEPUCTUK CTPYKTYPOBAHMX CYCMEH3iN 0COBNMBO AMHAMIYHOI CeaMMeHTaLiAHOI cTa-
BinbHOCTI. TOMy aKkTyanbHUM 3aBAAHHAM € JOCRIMKEHHS OMHaMIYHOI CeaMMEHTaLiHOT cTabinbHOCTI CTPYKTYPOBAHMX
CYCMeH3iil 3 BUCOKO 30S1bHOMO BYriNNA NOMigUCNEPCHOrO rpaHynoOMETPUYHOMO CKaay 3 A0AaBaHHAM MiHeparbHUX Yac-
TUHOK Pi3HOI Npupoaw. [oCArHeHHs NOCTaBMEHOro 3aBAaHHS 3MINCHIETLCS Ha NiACTABI NOPIBHAHHSA CUM  TSKIHHA Ta
BiJLUTOBXYBAHHS, SKi MalOTb iOHHO-eNeKTPOCTaTUYHy Ta BaH-aep-BaanbCoBCKkylo npupody, 3 cunamu, WO BUHWKAKTL
npw 0BTiKaHHI NOTOKOM PigMHM ABOX YACTMHOK PI3HOI LINMBHOCTI Ta KPYMHOCTI, 3 ypaxyBaHHSM TypOyneHTHOI CKnaaoBoi
Ta gediunTiB LUBUAKOCTEN, NPONOPLIOHANBHMX rigpaBniyH1M KPYMHOCTAM YaCTUHOK, SIKi B3aEMOZIHOT.

3a pesynbTatamut AOCHIMKEHb BrepLUE OTPUMAHO 3areXHICTb CepeaHboi LWBMAKOCTI NOTOKY, NMPY S MOPYLUYETLCS ar-
peraTBHa CTiiKICTb CTPYKTYPOBaHWX CYCMeEH3ii, Bif NapameTpiB eHepreTUYHOI B3aEMOMii MK YacTUHKaMM, KPYMHICTIO Ta
LMBHICTIO YaCTUHOK TBEpAOi (ha3u, reOMETPUYHIX PO3MIPIB TPYBW Ta PEOSONYHNX XapaKTEpPUCTUK CTPYKTYPOBAHUX CyCreH-
3in. MokasaHo, L0 OCHOBHUMM (hakTopamu, siki 06YMOBIIOIOTL arperaTuBHy CTINKICTb CTPYKTYPOBAHWUX CYCMEH3IN, WO TPaHC-
MOpTYIOTLCSA MaricTparieHuM TpyOOnpoBOAOM, € KPYMHICTIO YacTMHOK Ta Mpupoda TBEpHOro matepiany, MOro MiHepasbHi
BKITIOYEHHS, MOTEHLian iX NOBEpXOHb, & TaKOX PEOMNOrivHi XapaKTepucTUKM CycrneHsiin. BcTaHoBNEHO, WO NigBuLLEHHS novaT-
KOBOI [OTUYHOI Hanpyri 3HWKYE BEMUYMHY LUBMAKOCTI, TaK CaMO SIK MIABULLEHHS €heKTUBHOI B'A3KOCTI CTPYKTYPOBaHOI Cy-
cnexsii. OnHak 3i 3BinbLUeHHsM pagiycy TPybu LS LWBMAKICTb 30iNbLLYETLCS.

Knto4oBi cnoBa: CTpyKTypoBaHi CycneHsii, AuHamiyHa Ta cegnMeHTaLlinHa cTabinbHiCTb, rigpaenivHa KpynHicTb, Linb-
HICTb YaCTMHOK TBEPAOI (ha3n, arperaTsHa CTINKICTb.
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