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ANALYTICAL STUDIES ON CONSTRAINED PARTICLE SETTLING VELOCITY
IN A WATER SUSPENSION OF FLY ASH FROM THERMAL POWER PLANTS

Purpose. To establish analytical dependences for calculating the characteristics of the ash suspension and the velocity of con-
strained settling of coal and quartz depending on the particle size and density of the medium, which is necessary for calculating the
design and determining the operating modes of hydraulic devices for extracting coal from water mineral suspension of fly ash from
thermal power plants.

Methodology. The research was carried out on the basis of a cellular suspension model and classical concepts of constrained
particle motion in laminar and turbulent flow. For analytical evaluation of the characteristics of the suspension, the defining cor-
relations and the Wend formula for viscosity were used. The Ergun equation and correlation analysis methods were used to calcu-
late and analyze the speed of constrained movement of ash suspension particles.

Findings. Approximating nonlinear functions are obtained for determining the speed of constrained movement of coal and
quartz particle size up to 4 mm in an ash suspension with a density of 1.3—1.8 g/cm?. It is shown that, for both settling and ascend-
ing of coal, there is a direct relationship between the velocity and particle size, in both cases it is nonlinear. For any coal size, the
speed of ascent depending on the suspension density is of extreme nature; the rational density range is 1.55—1.8 g/cm?® with a
maximum of 1.65 g/cm?. The established dependencies allow us to determine the size of coal and quartz particles, taking into ac-
count the counter-flow of the liquid phase, as well as the boundary size.

Originality. For the regime of weak-turbulence flows there were established dependences and approximation equations of the
constrained movement speed of coal and quartz particles — the main components of the water suspension of fly ash from the Novo-
Kramatorska TPP, depending on the size and density of the ash suspensions with changes in the characteristics of the medium
depending on density. The frames of the Stokes description of processes are established. It is shown that the movement of the
liquid phase in a counter-flow with precipitating particles is effective for surfacing of thin coal classes.

Practical value. The described approach can be used for analytical evaluation of the characteristics and velocity of constrained
movement in various water suspensions of discrete solid particles in weak-turbulence flows. The advantage is a wider coverage of
hydraulic equipment operating modes. The results obtained are necessary for designing and determining the technological modes
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of operation of various hydraulic devices in the technology of complex processing of fly ash from TPPs.
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Introduction. The problem of utilization and processing of
fly ash from coal-fired thermal power plants (TTPs) has long
attracted the attention of scientists, since the relatively high
content of carbon, as well as iron, aluminum, and titanium ox-
ides allows us to consider this raw material promising for com-
plex processing [1]. Ash dumps occupy large land areas, and
the cost of their construction, reconstruction, and mainte-
nance increases annually [2]. Without the utilization of indus-
trial waste from TPPs, environmental problems are sharply
increasing, which leads, in particular, to an increase in tax
costs [3].

A review of scientific information shows that the main
trend in creating and improving the technology for processing
fly ash is the use of relatively cheap gravity enrichment [4—6].
Development of equipment for hydraulic separation of fine-
disperse mixtures of fly ash with water is an urgent task. Such
work is performed in IGTM NAS of Ukraine.
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The design of new hydraulic devices and the determination
of rational modes for operating equipment are based on the
calculations of constrained particle settling velocity. However,
the problem of determining the speed of constrained move-
ment of grains in the mineral water suspension of fly ash from
TPPs has not been studied sufficiently.

Analyzing the process of fly ash particle settling in a water
suspension, we will consider only coal and quartz particles.
Firstly, this is because the feedstock has a high content of car-
bon and quartz (Tables 1, 2).

Secondly, it has been repeatedly noted in the literature that
TPP ash can serve as a raw material for the production of alu-
minum, iron, and rare metals [2, 4, 7]. For example, in [6], a
complex technology for the enrichment of ash and slag to pro-
duce aluminum and vanadium is proposed. From Table 2 it
can be seen that the fly ash has a high content of Al,O5. These
data show that it is possible to obtain a concentrate with a con-
ditioned content of aluminum oxide of 25—28 %. However, in
order for such a concentrate to be suitable for the production
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Table 1
Analysis of fly ash from the Novo-Kramatorska TPP
Size, mm Class output, % Content of C, %

+0.25, max 4-5 26.0 11.33
-0.25+0.1 10.8 34.43
-0.1+0.05 18.17 31.96
-0.05 45.03 14.53
Total 100 19.01

Table 2

Components of fly ash (to determine the weighted average
density of solid particles)

Components | Output, % | Density, g/cm?3 d%isg;;ﬁﬁg
C 19.01 1.5 0.284
SiO, 40.45 2.65 1.072
Al 04 19.45 3.7 0.720
Fe,0; 13.37 5.0 0.669
CaO 2.59 3.34 0.087
MgO 1.22 3.58 0.044
K,0 2.51 2.32 0.058
Na,O 0.89 2.27 0.020
TiO, 0.57 4.23 0.024
Total 100.0 - 2.98

of aluminum, it must have the lowest possible silica SiO, con-
tent. For the optimal removal of silica, it is necessary to study
the issue of constrained settling of quartz.

Unsolved aspects of the problem. When separated in hy-
draulic devices, the water suspension of fly ash can have a den-
sity from 1.3 up to 1.8 g/cm?. In most cases, the settling of
particles in the working area of hydraulic devices is constrained
and it is not appropriate to use the laminar flow model and
Stokes’ law. The flow should be considered weak-turbulent
and both laminar and turbulent speed components should be
taken into account. The scientific literature has not found so-
lutions to the problem of constrained settling of fly ash parti-
cles taking into account the turbulent velocity component. For
this task, first, we need to determine the most appropriate
equation for calculating the speed. Secondly, since any known
equation for speed includes the characteristics of the suspen-
sion (viscosity, porosity, and so on), it is necessary to deter-
mine the formulas for calculating the characteristics, taking
into account the fact that they change with the change in the
operating mode of the hydraulic apparatus. Based on this, it
will be possible to analyze the processes of constrained settling
and ascent of ash suspension particles and obtain correlations
for estimating the speed of constrained particle motion that
are suitable for design and engineering calculations.

Literature review. Many dependencies have been proposed
for calculating the speed of constrained settle (sedimentation),
but almost all of them are applicable only for relatively narrow
ranges of flow modes that need to be determined beforehand.

The most developed model is the laminar, Stokes flow
model for the flow around particles without interrupting the
flow. It was used to calculate the speed of settling in early
works: R.T.Hancock (1937), Gaudin (1946), D.M. Mints
(1955) and others. When studying hydrodynamic processes in
coal pulps, this model was developed in the works by A. D. Po-
lulyakh [5], and was reflected in the dissertations by E. 1. Na-
zimko (1997), V.D.Melnichuk (1997), A.P.Levandovich

(1996), and others. However, when coal pulp is enriched, the
laminar mode is rarely implemented.

For the laminar-turbulent transition zone, complex mod-
els are used, for example, the model of a non-equilibrium
phase transition whose mechanism is a diffuse bundle [8].
However, this is a narrow zone of the current transition re-
gime, and it is more of academic interest.

In [9], the choice of equations was carried out that most
likely describe the processes of settling and floating of solid
particles in a turbulent flow. However, this mode is rarely used
for particle separation. More often, hydraulic devices imple-
ment a weakly-turbulent mode, since the movement of parti-
cles occurs in a constrained medium. To describe such a re-
gime, along with the experimental interpolation formulas giv-
en, forexample, in the monograph by J. Happel and G. Brenner
(1976), the equation of Ergun (1952) is known, which is the
most theoretically justified.

Also known are the formulas of M. E. Aerov (1955), 0. M. To-
des (1968), A.N. Planovsky (1967), and a number of others that
relate to the region of particle motion in a dense granular layer.
Such a layer has a regular packing of particles, usually cubic or
rhombohedral, where the porosity (lumen) of the medium is a
constant. Such formulas are not suitable for dilute suspensions
where the dense packing of particles is disturbed. For example,
calculations show that with a decrease in the suspension density,
the formula of V.D.Goroshko, R.B.Rosenbaum, and
0. M. Todes (1958), better known as the Todes-Rosenbaum for-
mula, gives a discrepancy with the Ergun formula of up to 30 %.

Thus, the analysis of literature sources has shown that for
weakly-turbulent flows that are implemented in hydraulic de-
vices, it is advisable to use the S. Ergun formula, which covers
the widest range of flow modes. It is obtained on the basis of a
formal unification of the laws of linear (Darcy) and nonlinear
(A. A. Krasnopolsky, Darcy-Weisbach) filtration and in the fi-
nal expression has the form

—g)- .2 -
50~co-(1 €) v+1.75 o =g~s3~p" pS,
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d? d P,

)]

where o is velocity; d is particle size (equivalent diameter); p,,
is particle density; p, is medium density; v is kinematic viscos-
ity; € is porosity (clearness) of the suspension; g = 981 cm/s>.

In the works by V. G. Ainstein (1967), it is noted that in the
formula (1), the Kozeni-Karman formula is used to determine
the filtration coefficients, as well as the Y. Kozeni (1927) hy-
pothesis for the transition from a cellular model to a capillary
model, numerical values are obtained by analyzing many ex-
perimental data.

The first summand of the left part of equation (1) reflects
the influence of viscosity forces (laminar component), the sec-
ond — inertia forces (turbulent). The Ergun equation shows
that as the diameter decreases, both summands grow, but the
first one grows faster, that is the viscosity forces and the lami-
nar component prevail. When the speed decreases, both sum-
mands decrease, but the first one decreases more slowly, and
the laminar component also prevails. That is, when o and d
decrease, and hence the Reynolds numbers Re, the flow goes
into a laminar mode. Accordingly, with increasing » and d, it
becomes turbulent.

These processes for particles of water suspension of fly ash
from TPPs have not been studied previously. The task was to
determine the auxiliary values included in the Ergun equation
and, based on it, to analyze the hindered settling of fly ash par-
ticles in water mineral suspensions of different densities.

Purpose. To establish analytical dependences for calculat-
ing the characteristics of the ash suspension and the speed of
constrained settling of coal and quartz depending on the par-
ticle size and density of the medium, what is necessary for cal-
culating the design and determining the operating modes of
hydraulic devices for extracting coal from water mineral sus-
pension of fly ash from thermal power plants.
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Methods. To solve the quadratic equation (1) with respect
to m or d, we need to determine the auxiliary values: the poros-
ity € and the viscosity v. As shown in [10, 11] associated values
involve a number of other characteristics of the slurry. As the
density of solid particles p,,, we will take the weighted average
value of the density of the components included in the fly ash
(by the sulfate-free mass). From Table 2 it can be seen that it
was p,, = 2.98 g/cm?. The density of the medium p; is the vol-
ume density determined by weighing the suspension sample in
a container of a known volume. Along with the volume density
of the p,, the weight density or percentage of solid 0 is used in
practice. It is the ratio of the weight of the dry residue to the
weight of the wet sample.

In [11], it is proposed to determine the characteristics 0
(%), v (cm?/s), ¢ (item) as functions of only one argument —
the suspension density p,; the following equations are also
given

0=——=Pr_—.100; p, 1 ,
Vi P VP, Lot
1000 p,, )
. Q2
8:1—&-7; \):Voexpw7
p,, 100 1-0.609-B

where V,,, V;and p,,, p,are volume and density of solid and
liquid phases, respectively; p,is the density of suspension; p,, is
the density of solid particles; p = 1 — &; vy=0.01 cm?/s — kine-
matic viscosity of water at 20°.

In contrast to [11], we will slightly change the method for
calculating the characteristics of the suspension, and also pro-
vide a more convenient formula for calculating 6. To calculate
the kinematic viscosity, as in [11], we use the Wend formula
(1948).

The method for determining auxiliary values is that for a
given density of solid particles p,,, we will set and variate the
value of the suspension density p.. For each value of p,, first,
we determine 0, then ¢ and B = 1 — ¢, and then v using the fol-
lowing formulas

9:4100'% (p, =D 100; e=1-Po i;
PP —D) ; p 100
2.5-B+0.67-p2
1-0.609-B
Let us define the features of using the Ergun formula (1).
Denote respectively for coal and quartz

3)

V=Vv,exp

Aczip"_ps and Aq:prs.

Py Ps

Then the velocity of constrained settling of quartz particles
is
cog d, +o, -85.71~(1—e)~v—560.57-dq2 g3 A, =0, (4

In equation (4), the value A, is always positive, since the
density of the suspension p; is less than the density of quartz
particles p,=2.65 g/cm?. So, for the most dense thombohedral
packing of particles, when the porosity is minimal ¢ = 0.259,
for an ash suspension (at p,,= 2.98 g/cm?), we get p,= p,,(1 — €)
and p, = 2.47 g/cm’. This value is less than the density of
quartz. For a cellular model, a higher density of ash suspen-
sion is not feasible.

The speed of constrained movement of coal particles is de-
termined by the equation

0*d, +o,-85.71-(1-¢)-v—560.57-d*>-&}|A,|=0.  (5)

A special feature of the formula (5) is that the value of the
A, can be either positive or negative, that is, both settling and
lifting of coal are realized. The density of coal is 1.5 g/cm’. If

the suspension density is less than 1.5 g/cm?, then A, > 0, coal

is settling. This situation is similar to the deposition of quartz
according to equation (4).

But if the density of the suspension is higher than the den-
sity of coal, p,> p,, then the value of A, is negative. This is
accompanied by the ascent of coal in practice. However, for
A, < 0, the quadratic equation (5) has two roots and both of
them are negative, which does not reflect the physics of the
process.

Given this, in formula (5) we will use the modulus of the A,
value, and calculate the velocity as follows. We calculate the A,
and fix (remember) the sign at the A.. Next, take A, module
and calculate the velocity o by the formula (5). If the sign in
the module body was negative, then the calculation result will
be the ascent speed, if positive, then the settling (sedimenta-
tion) velocity.

Note that equations (4, 5) describe the process of gravita-
tional settling of particles, which is observed during simple
sedimentation of the suspension. In hydraulic devices, it is
very common to artificially create an additional movement of
the liquid phase in a direct or counter-flow with precipitating
particles. Consideration of the speed of such an additional flow
will be considered below after the analysis of gravitational set-
tling. Calculations were performed in the Mc. Excel program,
which is freely available.

Results. The constrained settling of quartz. The task was to
construct the dependences of o, =f(d,) and d, = f(®,) for dif-
ferent densities of the ash suspension p, using formulas (3, 4)
and obtain their approximating functions. Dimension of val-
ues: d, — mm, w, — mm/s.

It is found that the dependences o, = f(d,) are poorly ap-
proximated by even high-degree polynomials. Therefore, each
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Fig. 1. Constrained settling speed of fine (a) and coarse (b)
quartz at different suspension densities:

ps,g/em® 1 —1.3;2—1.4,3—154—16;,5—17,6—18
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of them was divided into two parts — separately for small and
large classes, up to 4 mm inclusive (Fig. 1).

The range of splitting of each dependence w, =f(d,) by size
was refined in the process of checking the accuracy of the ap-
proximating equations (Table 3).

According to Table 3, it can be seen that for small classes,
the equations have the form of Stokes law:  ~ k - 2. However,
the k coefficients for constrained and free settling differ sig-
nificantly. According to Stokes law, the free settling speed is
defined as © = 54.481 - v™' - ((p, — p,)/p;) - d*, where d is cm, @
is cm/s. Calculations show that for fine quartz in a medium
with the same characteristics v and ¢ at p, = 1.3; 1.4; 1.5; 1.6;
1.7 g/cm? the velocity of constrained settling is less than that of
free settling by 20.8; 33.2; 50.7; 75.6; 110.8 times, respectively.
The ratio of these velocities increases with increasing density
of the medium according to the law of the quadratic parabola.

It follows that the calculation of hydraulic processes taking
into account only the laminar regime and the Stokes law is
limited. The more dilute the suspension, the smaller the par-
ticle size, the movement of which obeys the Stokes law and the
smaller the range of size that it covers. For example, at medi-
um density of 1.3, 1.4 g/cm?, for quartz particles this range is
only 0—0.2 mm (Table 3). For larger particles — the accuracy
of the speed approximation by the Stokes law is significantly
reduced, and the turbulent component must be taken into ac-
count. In this case, outside the range of 0—0.2 mm, these
equations have the form of third-order polynomials.

Consider the dependencies d, = f(w,). Table 3 shows that
for small classes they have the form d, ~ f(mq)“. For large
classes the equations are obtained by constructing the inverse
dependencies shown in Fig. 1, b. Approximating functions of
the dependencies d, = f(w,) for small and large classes are
shown in Table 4.

The equations in Tables 3 and 4 have a high accuracy of
approximation, which is estimated by the square of the corre-
lation coefficient R%. In comparison with the solution of qua-
dratic equations of the form (4), they are convenient to use
when solving problems of designing equipment for hydraulic
separation of ash suspensions.

Constrained ascent and settling of coal. When calculating,
we take the density of the coal particle 1.5 g/cm?. Using equa-
tions (5, 3), the dependences of the velocity of constrained as-
cent (Fig. 2, a) and settling (Fig. 2, b) of coal with a size of 1.5;
1.0 and 0.5 mm on the density of the medium are obtained.

Fig. 2, a shows that the larger the coal particle is, the faster
it floats to the surface, and when the medium density is less

Table 3

Approximating functions of the dependency
of the constrained settling velocity of quartz from the size (Fig.1)

Po | <02 02<d<4.0
g/cm
13 |0,=176-d? | o,=1.4573d> - 14.0584%+ 62.26d + 0.0858,
R*=0.9997
14 | 0,=79.8-d*| o,= 125464 - 12.47d* + 56.319d - 8.595,
R?=0.9998
d<0.5 0.5<d<4.0
15 | w,=37.1-d | w,=0.7047d° - 8.054d>+ 43.745d ~11.67,
R?=0.9999
16 |w,=173-d% | 0,=-2.2425d% + 26.91d - 9.8744,
R2=0.9998
d<1.0 1.0<d<4.0
17 |0,=8-d* | o,=-11717d*+ 19.023d - 10.666,
R?=0.9999
18 | wg=3.7-d> | w,=0.0081d%+9.6935d - 6.6314,
R?=0.9993

Table 4

Approximating functions of dependences of quartz particle
size on the constrained settling velocity

O d<02 02<d<4.0
g/cm’
13 | d,=(0/176)"% | d,=0.00030>+0.0020 +0.2353,
R%=0.9997
14 | d,=(0/79.8)"° | d,=0.00030+0.0073w +0.2725,
R?=0.9993
d<0.5 0.5<d<4.0
15 | d,=(0/37.1)5 | d,=0.00040+0.0118 + 0.4212,
R2=0.9996
d<1.0 1L0<d<4.0
16 | dy=(0/17.3)"5 | d,=0.00060>+0.01940 + 0.6216,
R%=0.9999
17 | d,=(0/8)" d,=0.00050* + 0.04750 + 0.6505,
R*=0.9997
18 | d,=(0/3.7)" | d,=0.10270 + 0.6871,
R?=0.9993

than the density of coal (Fig. 2, b), the faster it is settling. It is
characteristically that for any size, the dependence of the ve-
locity of coal ascent on the density of the medium is of extreme
nature. The optimal range of suspension density for coal ascent
(Fig. 2, a) is 1.55—1.8 g/cm? with a maximum of 1.65 g/cm®.
The analysis of the speed of coal particles is performed
similarly to the previous one for quartz. Fig. 3 shows the results
of calculating the functions o, = f(d,) and d, = f(®,) for the
coal size of 0.001—4.0 mm using equations (3, 5).
Dependences 7 and 2 of Fig. 3 relate to the sedimentation
of coal, p, < 1.5 g/cm®. They show that the settling velocity
increases with increasing size. At p, >1.5 g/cm?®, coal ascends
(these dependences are not indicated), and the larger the par-

@, 4.0
mm/s 35 A\

3.0 | \‘\3
2.5 \’
2.0 I 5 \)
15

1.0 I

P N
0.5 e
0 —

pS’
15 16 17 18 19 20 21 gsm’
a
®;, 60
mny/s
50
40
30 |
20
10
0 Ps>
10 11 12 13 14 15 glem’

Fig. 2. The velocity of constrained movement of coal particles
depends on the density of the medium:

a — ascent; b — settling; 1 — 0.5mm; 2— 1.0mm; 3 — 1.5 mm
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Fig. 3. Dependences of the constrained movement of coal with a
size of 0 + 4 mm at different medium densities:
a— o.=f(d); b—d.=f(0,); settling, p;: 1 — 1.3 g/em’; 2 —
1.4 g/cm?; ascend (is not indicated) p,= 1.6; 1.7; 1.8 (g/cm?)

ticle is, the higher the ascend speed. A special feature is that for
dense suspensions of 1.6—1.8 g/cm?, the difference in ascend
velocities is small. For example, for coal with a size of 1.5 mm
at p, = 1.6; 1.7; 1.8 g/cm’, the ascend velocity is 3.5; 3.66;
2.83 mm/s, respectively.

To improve the accuracy of the approximation, each of the
dependencies in Fig. 3 was divided into two parts - separately
for small and large classes, the corresponding equations are
given in Tables 5 and 6.

Table 5

Dependence of the speed of the constrained movement of
coal on the size (Fig. 3, a)

The speed of coal settling

Ps 1 4<02 02<d<4.0
g/cm
1.3 | ©,=26.2-d?|w,=0.4965d> - 5.2027d* + 25.157d —5.5446,
R?=0.9999
d<0.5 0.5<d<4.0
L4 |w,=64-d*> |w=-0.0579d°-0.39194+9.5218d — 3.4223,
R?=0.9997
The velocity of coal ascent
Po 1 g<1.0 1.0<d<4.0
g/cm
1.6 |0,=167-d*|w.=0.014d?+4.385d — 2.9651,
R?=10.9995
17 | o.=1.69-d% |, =0.154d2 + 439594, — 3.1573,
R?=0.9992
1.8 |w.=129-d% | w,=0.387d%+2.7295d - 2.0421,
R?=10.9993

Table 6

Dependence of coal size on the speed of constrained
movement (Fig. 3. b)

The speed of coal settling

Py d<0.2 02<d<4.0
g/cm
13 | d,=(0./26.2)"° | d.=0.001602 +0.0137e + 0.4139,
R2=0.9997
d<0.5 0.5<d<4.0
14 | d.=(0./6.4)" d,=0.00250% + 0.0801w + 0.445,
R2=0.9992

The speed of coal ascent

P | d<10 1.0<d<4.0
g/cm

16 | d.=(w./1.67)5 |d.=022310+0.69,
R2=0.9995

17 | d.=(0./1.69" | d.=0.19120+0.8,
R?=0.9994

18 | d.=(0./1.29)° | d.=0.20850 +0.9447,
R>=0.9967

Analysis of the data in Tables 5 and 6 shows that the pat-
terns obtained earlier for quartz are confirmed for coal. Thus,
Table 5 shows that for small coal particles, the equation for
velocity has the form of Stokes law. However, the proportion-
ality coefficient for ¢ is much less when the movement is con-
strained than when it is free: for p, = 1.3; 1.4; 1.6; 1.7 g/cm?,
respectively, 20.7; 33.1; 74.6; 110.4 times.

This suggests that, in contrast to Stokes settling, the Ergun
velocity calculation takes into account the tightness in the me-
dium and the energy dissipation for particle collisions, which
is relevant for weak-turbulent flows.

In the entire range of coal size, both for settling and for
ascent, there is a direct relationship between the velocity and
size, which is nonlinear in both cases. The more diluted the
suspension, the smaller the size range described by Stokes’
law. For example, when the medium density is 1.3 g/cm? for
coal particles, this range is up to 0.2 mm (Table 5).

With an increase in size, in this case above 0.2 mm, the
movement pattern differs significantly from the Stokes one. As
can be seen from Table 5, it can be described by polynomials of
the 2" and 3 degree. Moreover, if for liquid suspensions 1.3,
1.4 g/cm?® approximation is performed by third-degree polyno-
mials, then for dense suspensions 1.6—1.8 g/cm?® by second-
degree polynomials.

It follows that taking into account the turbulent compo-
nent, when calculating the velocity has the form of Stokes law
of constrained movement, leads to the fact that with increas-
ing size and (or) density of the medium, the nature of move-
ment changes. Newtonian flow around particles with separa-
tion of the flow begins to prevail. In the limit, for Reynolds
numbers above 3000, the motion passes into a turbulent re-
gion, where it will obey the Newton-Rittinger law with a rela-
tively weak power-law relationship between speed and size m ~
dO‘S.

The established dependences in Figs. 1-3 and the ob-
tained equations in Tables 3—6 describe the process of gravita-
tional settling of particles during simple sedimentation of the
suspension. However, this process is not often used in hydrau-
lic devices. Settling is much more widely used when the liquid
phase moves simultaneously in a direct- flow or counter- flow
with the settling particles.

In counter-flow, the vertical speed component is addition-
ally superimposed with the upstream velocity V. It is deter-
mined by the operating mode and design of the hydraulic ap-
paratus. The particle size at ® = V'is a boundary value. At this
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size, the particle is suspended in a suspension, the larger ones
settle, the smaller ones ascend.

The results obtained above allow us to determine the
boundary particle size from a given upstream velocity and vice
versa. Here is an example of such a calculation for the vertical
velocity component.

In a suspension with a density of 1.4 g/cm?, all coal particles
will be settled (deposited) because coal density of 1.5 g/cm?. For
example, a 0.1 mm coal particle will be deposited at a speed of
0.064 mm/s.

If in the device creates an upward flow at a velocity of V' =
=10 mmy/s, then the velocity of a particle with a size of 0.1 mm
will be |o, — V] =0.064 — 10| = 9.94 mm/s. Since the sign in
the module body is negative, this will be the ascent velocity.

At ©. =V, the boundary size of coal particles is 1.5 mm.
As noted above, there is a direct relationship between veloc-
ity and size. This means that all coal particles smaller than
1.5 mm, including 0.1 mm, will ascend and larger ones will
be settled.

The boundary size of quartz at o,= V' = 10 mm/s is
0.37 mm. Larger particles will settle, smaller ones will ascend.

Thus, in an ash suspension with a density of 1.4 g/cm? at an
upward flow velocity of 10 mm/s, coal particles with a size of
1.5 mm or less and quartz particles with a size of 0.37 mm or
less will ascend.

Conclusions. Millions of tons of waste are accumulated at
the existing and developed ash and slag dumps of the coal-
fired TPPs. Its processing will make it possible to obtain a
number of valuable products (coal, oxides of iron, aluminum,
titanium, and others), extend the operation period of dumps,
reduce the cost of their maintenance, and improve the envi-
ronmental situation of the areas where they are located. The
content of unburned small coal fractions in fly ash is higher
than in slags. Storage of fly ash is carried out separately from
the slag by the wet method along hydraulic lines. Taking this
into account, it is advisable to use hydraulic devices for ex-
tracting coal from a water ash suspension for primary process-
ing of ash. Calculation of the design and determination of op-
erating modes of such devices are based on determining the
speed of constrained movement of particles in fly ash water
suspension. For weak-turbulent flows in the working area of
hydraulic devices, the question of determining the specified
velocity, as well as the properties of the ash suspension, has not
been studied sufficiently.

The aim of the work was to establish analytical depen-
dences for calculating the characteristics of the ash suspen-
sion and the velocity of constrained settling of coal and
quartz depending on the particle size and density of the me-
dium, which is necessary for calculating the design and deter-
mining the operating modes of hydraulic devices for extract-
ing coal from water mineral suspension of fly ash from ther-
mal power plants.

When determining the velocity of constrained particle
movement, it is necessary to know the characteristics of the
suspension, such as viscosity, weight density, porosity or clear-
ness. These characteristics were determined for the weighted
average density of mineral particles that make up the water
suspension of fly ash from the Novo-Kramatorska TPP. Here
are the equations in which the characteristics depend on only
one variable parameter — the volume density of the medium,
which is easily measured in practice.

As a result of the analysis of literature sources, it is found
that it is advisable to use the Ergun equation to calculate the
velocity of constrained motion, since it is the most theoreti-
cally justified and covers the widest range of modes of flow
around particles during settling.

Graphical dependences and correlation equations are ob-
tained for direct and inverse functions of velocity of con-
strained motion on the size of coal and quartz particles with a
size of up to 4 mm and movement in an ash suspension with a
density of 1.3—1.8 g/cm?. It is shown that during quartz set-

tling and coal settling and ascent, there is a direct relationship
between the velocity and size, in both cases it is nonlinear. For
any size of coal, the velocity of ascent, depending on the den-
sity of the suspension, is extreme. The rational range of sus-
pension density for coal ascent is 1.55—1.8 g/cm?> with a maxi-
mum of 1.65 g/cm?.

It was found that for very small particles of coal and quartz
in an ash suspension, constrained settling is similar to Stokes,
but with a much lower coefficient of proportionality between
the velocity and the square of the equivalent diameter, approx-
imately 20—100 times at a suspension density of 1.3—1.7 g/cm?®.
At the same time, the more diluted the suspension is, the
smaller the size of the particles whose motion obeys the Stokes
law is and the smaller the range of size it covers.

The obtained dependences make it possible to determine
the size of coal and quartz, taking into account the counter-
flow of the liquid phase, as well as the boundary size. Using the
example of an ash suspension with a density of 1.4 g/cm?, it is
shown that the creation and control of the upward flow of the
liquid phase is an effective tool for extracting small fractions of
coal.

The results of determining the velocity of constrained par-
ticle motion in an ash suspension are the basis for calculations
in the design of hydro-classifiers, hydro-separators, thickeners
and other equipment.

Also, the research results are used to determine the ratio-
nal technological modes of operation of hydraulic devices in
the technology of complex processing of fly ash from thermal
power plants.

The described approach can also be used to evaluate the
characteristics of any other suspensions consisting of a liquid
and solid dispersed phase and calculate the velocity of con-
strained particle motion in such suspensions of different densi-
ties.
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Meta. BcTaHOBUTH aHAIITUYHI 3aJIEXXKHOCTI U1 po3pa-
XYHKY XapaKTepUCTUK 30JIbHOI CYCITeH3il Ta IIBUIKOCTI TyT1
OCaJI>KEHHSI BYTULISI Ta KBaplly B 3aJIe3KHOCTI Bill KPYITHOCTI
YACTUHOK i IIIJIBHOCTI cepeoBuIla, 1110 HEOOXiAHO 151 PO3-
paxyHKy KOHCTPYKIIil 1 BU3HAUEHHS PEXUMIB TipaBIiyHUX
anapartiB /Uil TOOyBaHHSI BYTLIsI 3 BOAHOI MiHEpabHOI CyC-
nensii 3ou BuHocy TEC.

Mertoauka. JlocigKeHHss BAKOHYBAJIMCS Ha MifCTaBi ya-
PYHKOBOI MOJIeJli CyCTIeH3il Ta KJIaCUYHUX YSIBJIEHDb PO 00-
MEXEHUI pyX YACTUHOK MPHU JIaMiHAPHOMY i TypOyJIeHTHO-
My oOTikaHHi. JIJ1s1 aHaJIITUYHOT OLIIHKM XapaKTePUCTUK CyC-
MeH3ii BAKOPUCTOBYBAJIMCS BU3HAYAIOYi CMiBBIIHOLICHHS Ta
bopmyna Benma s B’si3kocti. 17151 po3paxyHKy Ta aHaTi3y
IIBUAKOCTI CTUCHYTOTO PYyXy YaCTMHOK 30JIbHOI CYCIEH3ii
BUKOPUCTOBYBalocsl piBHSAHHs Eprana it meronu kopens-
LiAHOTO aHaJi3y.

Pesyabratu. OTprMaHi anmpoKCUMYyI0Ui HeliHiitHI (hyHK-
il U1 BUBHAYEHHS LIBUIKOCTI CTUCHEHOTO PyXy YaCTUHOK
BYTIJUISI Ta KBapily po3MipoM 0 4 MM Y 30JIbHIN cycrnieH3sii 3
ryctuHoto 1,3—1,8 r/CM3. IToka3zaHo, 1110, K JJIsl OCaIXKEHHS,
TakK i JUId CIUIMBAHHS BYTLJUISI MAa€ Miclie MpsiMa 3aJ1eXKHICThb
MiX IIBMIKICTIO ¥ pO3MipoM YacTMHOK, B 000X BUIIagKax
BOHa HeJliHiliHa. 151 Oyab-sIKOi KPYIMHOCTI BYTULIST LIBU-
KIiCTb CIIJIMBaHHS B 3aJIEXKHOCTI Bill TYCTUHU CyCMeH3il HOCUTh
eKCTpeMaJIbHUI XapakTep, PallioHATbHUI diarma3oH TYCTUHU
cTaHoBUTH 1,55—1,8 r/cM® mpu Makcumymi 1,65 r/cm’. Bera-
HOBJIEH] 3aJIEXKHOCTi JO3BOJISIIOTh BU3HAYATH KPYITHICTh Yac-
TUHOK BYTUJUISI Ta KBaplly 3 ypaxyBaHHSIM MPOTUTEYii piaKoi
dasu, a TaKOXK TPaHNYHY KPYITHICTb.

HaykoBa HoBu3Ha. [11s1 pexxumy ciiabKOTYpOYJIEHTHUX
Te4yill BCTAHOBJIEHI 3aJIEXXKHOCTI Ta anpoKCUMaliifHi piB-
HSIHHS IIBUIKOCTi CTUCHEHOTO PYXy YaCTMHOK BYTULIS Ta
KBaplly OCHOBHUX KOMIIOHEHTIB BOJHOI CyCHEeH3il 30Ji1
BuHocy Hoo-Kpamatopcekoi TEC, y 3anexHocTi Bix
KPYITHOCTI 1 TYCTUHM 30JIbHUX CYCIIEH3ill 3 ypaxyBaHHSIM
3MiHU XapaKTepUCTUK CepeoBUIllA B 3aJIEXKHOCTI Bill ryc-
TUHU. BcTaHOBIEHI MeXi CTOKCIBCHKOTO OIMMCY IMPOIIECiB.
TToka3zaHo, 1110 pyX pinkoi ¢a3u y mpoTUTeuil 3 ocaakyBa-
HUMU YACTUHKAMU € e(DEeKTUBHUM 151 CILTUBAHHS TOHKUX
KJIaCiB BYTi/LIS.

IIpakTiyna 3HaumMicTb. BukianeHuil miaxin MoxHa 3a-
CTOCOBYBAaTU [UJIl aHATITUYHOI OLIHKUA XapaKTEepUCTUK i
IIBUIKOCTI CTUCHEHOTO PyXy B Pi3HMX BOJHUX CYCIEH3isIX
NUCKPETHUX TBEPAUX YACTMHOK MpPHU CIaOKOTYpOYJIEHTHUX
Teuisx. [lepeBaroio € OiLIbII IIMPOKE OXOIJIEHHS PEXUMIB
pobOTH TifpaBaiyHOrO 00JagHaHHA. OTpUMaHi pe3yabTaTu
HEOOXiHI TIpU MPOEKTYBaHHI i BU3HAYEHHI TEXHOJOTTYHUX
peXUMiB poOOTH Pi3HUX TiAPaBIIYHUX allapaTiB y TEXHOJIOTIi
KOMILIEKCHOI nepepooku 301u BuHocy TEC.

KunrouoBi cioBa: minepasvua cycnemusisa, 301a 6uHocy, eyc-
muHa, weuoKicms, 0ca0HCceHHs, CNAUBAHHS
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Ileab. YcTaHOBUTH aHAJIUTUYECKHE 3aBUCUMOCTU JIJIST
pacyeTa XapaKTepUCTMK 30JIbHOM CYCNEH3MM M CKOPOCTH
CTECHEHHOTO OCaXXICHUS YISl M KBaplla B 3aBUCUMOCTU OT
KPYMHOCTU YaCTUIL U TUIOTHOCTH CPebl, YTO HEOOXOAUMO
IIJIST pacyeTa KOHCTPYKLIMU M OTIPEIeICHUS PEXKMMOB PaObOThI
TMIPABIMYECKUX alllapaToB s U3BJEYEHMS YIS U3 BO-
ITHOM MMHEpPaJIbHOM cycrieH3uH 30716 yHOca TOC.

Metoauka. MccnenoBaHus BbIMOTHSUIMCh HA OCHOBaHUH
SYEVCTOM MOJIEN CYCTICH3UU U KJIaCCUYECKMX TTpeICTaBlie-
HUI O CTECHEHHOM ABMKEHMU YaCTHUILl MPU JAMUHAPHOM U
TypOyJICHTHOM 0O0TeKaHWU. /{7151 aHaTUTUIECKOM OIICHKHU Xa-
PaKTepUCTUK CYCIEH3UU HCMOJb30BAIUCH OMpenesiome
cooTHoIIeHus u opmyna Banma nist Bsiskoctu. st pacyera
Y aHajM3a CKOPOCTU CTECHEHHOTO JABUXKEHUS YACTUIL 30J1b-
HOIA CYCITEeH3UM UCITOJIb30BaJIOCh YpaBHEHNE DpraHa U MeTO-
IIbI KOPPEJISILIMOHHOTO aHaJIu3a.

Pesyabrarel. [1oxydeHbI anpoOKCUMUPYIOIINE HEJTUHEH -
Hble GYHKUUM I ONpeeSieHuss CKOPOCTH CTeCHEHHOTO
NIBVDKEHUS YacTMIL YIVISI M KBaplla KPYIMHOCThIO 10 4 MM B
30JIbHOI1 cycrieH3uH ¢ MIoTHocThio 1,3—1,8 r/cm?. TTokasa-
HO, 4TO, KaK JIUISI OCAaXKICHUS, TaK U JIJIST BCTIIBITHS YIJISI UME-
€T MECTO MpsiMasi 3aBUCUMOCTb MEXIY CKOPOCTBIO U KPYITHO-
CTBIO YACTUII, B 000MX CITyyasix oHa HeJInHeitHas. J1Jis 10001
KPYIHOCTU YIJISI CKOPOCTb BCIUIBITUSI B 3aBUCHUMOCTH OT
IUTOTHOCTH CYCITEH3MH HOCHUT 9KCTpEeMaIbHBIN XapakTep, pa-
LMOHAIBHBII AMaNa3oH mioTHocTH 1,55—1,8 r/cMm’ pu Max-
cumyMe 1,65 r/cm?. YcTaHOBIEHHbBIE 3aBUCUMOCTH TIO3BOJISI -
10T OMpeAeITh KPYMHOCTh YaCTUIL YIJISI M KBapla ¢ y4eTOM
MMPOTUBOTOKA XUAKOW (a3pl, a TakKKe TPaHWUUHYIO KpYII-
HOCTb.

Hayunag nosusna. [{is1 pexxuma c1aboTypOyJIeHTHbBIX Te-
YEHMI yCTaHOBJIEHbI 3aBUCMMOCTHU U alllPOKCUMALlMOHHbIE
YpaBHEHMSI CKOPOCTU CTECHEHHOTO IBVKEHUST YACTUII YIJIST K
KBaplia OCHOBHBIX KOMIIOHEHTOB BOJHOI CYCIIEH3UU 30JIbI
yHoca HoBo-KpamaTopckoit TOC, B 3aBUCUMOCTH OT KPYII-
HOCTHU U TJIOTHOCTH 30JIbHBIX CYCHIEH3UIA C YUeTOM MU3MEHe-
HUST XapaKTePUCTUK Cpedbl B 3aBUCUMOCTU OT IUIOTHOCTH.
YcTaHOBJIEHBI TpaHUIbl CTOKCOBCKOTO OINMMCAHMS TMpOLEC-
coB. [lokazaHo, YTO ABMKEHME KMUIAKOM (ha3bl B MPOTUBOTO-
K€ C OCaXIAIOIIMMUCS YacTULIAMU SIBJITeTCST (D hHEKTUBHBIM
IIJIST BCTTBITHST TOHKMX KJ1aCCOB YIISI.

IIpakTuyeckas 3HAYMMOCTb. V3JTOXKEHHBII TIOIXOI MOXK-
HO MPUMEHSITh ISl aHATUTUYECKUI OLICHKU XapaKTepUCTUK
U CKOPOCTH CTECHEHHOTO IBVIKCHUS B Pa3IMYHBIX BOTHBIX
CYCIICH3USIX TUCKPETHBIX TBEPIBIX YaCTUII TTPU CJIaOOTypOy-
JIEHTHBIX TToTOKax. [IpenMyIecTBoM siBisieTcst 6ojiee Impo-
KHWIif 0XBaT PeXKMMOB pabOTHI TUAPABINYECKOTO 000pyIOBa-
Hus. [lomydeHHBIe pe3yabTaThl HEOOXOMMMBI TIPH TTPOEKTH-
POBaHUU U OTPENeeHUHN TEXHOJIOTMUECKHX PEXMMOB pado-
Thl Pa3TMYHBIX TUAPABIMYECKUX aIIapaToB B TEXHOJOTHU
KOMIUIEKCHOM nepepadorku 30kl yHoca TEC.

KinioueBbie clioBa: munepasvhas cychen3us, 3044 YHoOcA,
NAOMHOCMb, CKOPOCMb, 0CANCOeHUe, BCRAbIMUE
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