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Abstract. The issue of the influence of the concentration of the solid phase on the reduction of energy costs and specific
energy consumption during pulp transportation is considered. The procedure for preparing slurry from the current
enrichment tailings is shown. A scheme is given and the operation of a hydroficated unit for thickening and hydraulic
transport of backfill mixtures is described. A diagram of the movement of solid particles in one of the units
of the complex — a lamellar thickener is shown. The summary table shows the main design parameters and charac-
teristics of the lamellar thickener. A general view of the laboratory setup used for experimental studies with slurry
at various concentrations is given. An example of calculating productivity, density and specific load is presented.
The dependence of the shear stress on the velocity gradient was determined for various pulp concentrations. Experi-
mental studies of the process of thickening the production of slurry from the current enrichment tailings have been
carried out. It was found that the geometric dimensions of the thickener depend on the concentration of the solid phase
in the transported mixture. It is concluded that the flow rate of the slurry and the head loss are functions of the
rheological characteristics of the viscoplastic slurry and can be calculated from the derived calculated dependencies.

Keywords: mine workings; filling mixtures; thin layer thickener; pump; slurry concentration; enrichment tailings;
rheological properties
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Introduction. The main tasks of mining and technologies related to the hydraulic transport
of mineral processing products are further reduction of energy costs, reduction of specific energy
intensity of technological processes and development of waste-free process technologies [1-3].
The defining and effective direction of solving the problems of non-waste technologies
is the use of underground mining systems with backfilling of mined-out space [4-6]. This process
should include the use of production wastes (tailings) [7-9]. This will affect the more intensive
development of deposits, will allow solving the issues of subsoil and environmental protection
[10, 11].

Currently, ore mining by systems with backfilling of mine workings in Russia is no
more than 24 % of the total mining by underground mining. Most non-ferrous metallurgy
mining enterprises have processing plants. Increasing volumes of stowing operations determine
the need to create and use new stowing mixtures that provide high physical and mechanical
properties of the stowing mass with a minimum consumption of binder material (cement)
[12-14]. With an increase in the fineness of the grinding of the solid phase due to the depletion
of the ore, the yield of fine grades of fineness — the current enrichment tailings — increases
significantly [15-17]. It is the current tailings that can be the main material for filling
mixtures [18-20].
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Preparation of the mixture based on the current enrichment tailings involves several technologi-
cal operations [21-23]: thickening of the tailing pulp in thickening devices to a high concentration of
the solid phase; hydraulic transportation of the condensed mixture with the help of pumping equip-
ment to the backfilling complexes of the mine into supply tanks [24-26]; dosing of condensed slurry
in special activator devices and mixing the mixture with a binder material; delivery and placement of
the prepared backfill mixture into the mine working [27-29].

The initial and main technological operation of preparing the filling mixture is the thickening of
the slurry coming after the technological process of ore beneficiation [30-32]. In the practice of mining,
various thickeners are used, differing in design and mode of action: radial, hydrocyclones, centri-
fuges, etc. [33, 34]. In recent years, plate thickeners have been used [35-37]. A distinctive feature of
plate-type thickeners from traditional radial thickeners is their smaller overall dimensions with equal
specific load per unit area of sedimentation.

Despite the significant and practically confirmed advantages of lamellar thickeners, equipment
of this type have not yet found wide application in hydrotransport technologies in tailings pulp
thickening schemes to obtain high-concentration slurries. The problem lies in the insufficient theo-
retical and experimental substantiation of the process of sedimentation of solid particles in interplate
channels and the mechanism of formation of the structure of a thickened sediment. This does not
allow creating an effective design of a lamellar thickener for obtaining highly concentrated slurries
for preparing filling mixtures [38-40].

The purpose of the work is to identify the parameters under which the equipment will operate
with lower energy and operating costs. The paper considers in aggregate the processes of thickening
(dehydration) of fine tailings, hydraulic transportation of highly concentrated slurry as an inert filling
mixture filler, and the dependence of the energy characteristics of soil pumps on the rheological
properties of pumped backfill mixtures.

Methods. Hydroficated unit (Fig.1) for preparation and transportation of backfill mixtures consists
of sequentially mounted blocks: I — consumption (reception) of the incoming slurry; Il — dehydration;
IIT — supply of the condensed mixture to the pump; IV — hydrotransport; V — drain removal.

i From technology
J enrichment

“Into the re-
cycled water
system
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Fig.1. A hydroficated unit for thickening and hydraulic transport of filling mixtures
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The thickened slurry (current tailings of ore dressing) comes from the dressing technology to the
hopper of the initial pulp 7 with an impeller 10 (to prevent the settling of solid particles). Further, the
slurry through the supply pipeline 8 fills the surge tank 5 and the volume of the thickener is loaded through
the pipeline 9 (bunker storage 4, block of inclined plates 2 and drain tray 3). The slurry flows between
the plates of the thickener 1 with a baffle cap 6, where precipitation (sedimentation) of solid parti-
cles occurs along the entire length of the channel. The sediment of solid particles formed on the
lower plates, under the action of its own weight, moves from top to bottom and is deposited in the
lower part of the storage hopper 4, where a thickened slurry is formed. Recycled water overtflows
through the upper edges of the plates into the drain tray 3, installed around the entire perimeter of the
block of plates, and is removed using a pump 15 to the tailings.

The slurry condensed to the required concentration with the help of a slurry pump 14 is fed
through a pipeline with a valve 13 into the condensed slurry bin 16, then it enters the hydrotransport
pipeline with the help of a soil pump 17 and is transported to the stowing complex, where the hardening
stowing mixture is prepared. The volume of the mixture and the pressure of this system is measured
by flow meters 11 and 12 and pressure gauge 18.

A distinctive feature of the hydroficated complex under consideration is that all technological
operations for preparing the filling mixture and hydraulic transportation are combined in one unit. In
this configuration, the processes of regulation and control of the technological process of thickening
and hydraulic transport of the thickened filling mixture are simplified. Studies of the hydroficated
complex according to the scheme shown in Fig.1 were carried out in the laboratory of the Mining
University on a prototype plate thickener. Tailings of copper ore enrichment of the Dzhezkazgan
Mining and Metallurgical Plant were used as experimental slurries.

The main elements of the thickening and hydraulic conveying unit are the plate thickener and
the soil pump. A feature of the working process of lamellar (thin-layer) thickeners is that due to the
special design of the thickening unit 2, solid particles of tailings of small classes, up to 0.038 mm, are
captured and sent to the thickened product. The principle of operation of plate thickeners is counter-
current. The thickened flow containing particles of a given granulometric composition moves from
bottom to top, and the dehydrated sediment of solid particles moves along the lower plates in the
opposite direction — from top to bottom and accumulates in storage bin 4. The operating mode of the
hydrotransport unit is controlled by a set of instruments: density meters VIP-2MR; induction flow-
meters EMIS-MAG 270 at the outlet of the storage hopper and at the discharge pipe of the pump.

The main design parameter of lamellar thickeners is the
length of the solid particles settling zone — the plates and
the channel formed by the lower and upper plates. Figure 2
shows the scheme of solid particles settling in the space
between the lower (1) and upper (2) plates. In Fig.2:
L is the total length of the plates; H is the distance between
the lower and upper plates; a is plate inclination angle,
deg; w", w, is maximum and minimum sedimentation

velocity of solid particles, m/s; x*, x, is distance of solid

material deposit formation on the lower plates; vA(y) is
the velocity of the slurry inlet flow averaged over the
cross-sectional area of the channel, m/s; I u II are areas of W)

complete turbidity (all particles of the granulometric com-

position of the slurry are present) and gradual clarification Fig.2. Motion diagram of solid particles

. in the interlamellar channel of the lamellar
of the inlet stream of the slurry. thickener
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A stationary flow of slurry in the channel between the plates is provided with a limited value of
the Reynolds and Froude numbers. For a stationary flow regime, the assumption about the gravita-
tional drift of solid particles of particle size distribution from the streamlines of the slurry is valid.
Preliminary experiments have shown that Re. number for providing a laminar and stationary regime
does not exceed 400, i.e.

H
Re, =1

cr

=400<10°,
A%

where H; — channel height, m; v. — average slurry speed, m/s; v — kinematic viscosity of slurry, m?/s.

For the stationary regime of the slurry flow, the values of the main design and geometric param-
eters of the plate thickener (Table 1) were obtained, the totality of which constitutes a mathematical
model of the working process of the plate thickener.

Table 1

Structural, geometric parameters and characteristics of the plate thickener

Parameter Obtained values
Average slurry velocity, m/s v, = i/ig-S -10™-400-1.017-10"° = 0.008
-6
Channel height, m H, = M =0.05
0.008
0.008-0.05  0.517

Section of plates with laminar flow, m Jam

77410 (p, —1) Pyl
For p; = 2.4 t/m’ (density of solid) L, , = 0.369

Total length of plates, m L=1.137/(p, - 1); forp, = 2.4vm’ L= 0.82
L 55 1 2
Angle of inclination of plates, deg o= > + Earccos gcos 55=62
Channel area, m? -2 _sp
0.008
Drain area, m? S, = % =141.60
7 sin62
) L 1.137sin62  1.04
Height of the inclined part, m h = o = ﬁ ;
s N

H, = 0.742 with p, = 2400 kg/m’

-0.08 .
Capacity of the lower part, m? w, = Q’—-0.95 1200 =91 .2g
cV cV
Productivity for solid material, t/h q, =3.60,-0.08p,-0.95=0.2740p
] 5
Structural and geometric parameters of the 6 7
thickener: 1 — discharge channel; 2 — storage H .
hopper; 3 — loading pipeline; 4 — block of
plates; 5 — surge tank; 6 — sedimentation 4 8
channel; 7 — drain tray; 8 — drain channel; 3 T 9
9 — inclined plates i
N
2
1
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From the above calculations, it can be seen that the 6
geometric and design characteristics of the working process 12
of the plate thickener are determined by the slurry flow NGS5
regime in the interplate channels Re, the hydraulic size
of the solid particles of particle size distribution P(d;), and the /
capacity at the inlet to the thickener Q,. '

Results. Experiments were carried out to check the
adequacy of the obtained mathematical model. Studies of
thickening processes were carried out on a specially designed I
laboratory sample of a thin-layer lamellar thickener (Fig.3). |

The studied slurry with a given concentration and parti- |
cle size distribution of solid particles was loaded into a sup- ,%
ply tank and pumped through the experimental circuit. Upon 7% 7770777700777
reaching the steady state operation of the bench (after 5-10 min), Fig.3. A laboratory plate thickener
samples were taken at the thickener outlet (from pipe 13) and | 5 _ pumping units; 3 — removal of condensed slurry:
in its unloading (3). The samples were analyzed for density, 4 supply tank; 5 - loading pipe; 6 — input capacitance;

. . . . . 7 — soothing container; 8 — transition; 9, 15 — storage
the concentration of solid particles was determined. During hopper: 10 — inclined module; 11 — transition to
the experiments, the height of the thickened layer was the drain pipeline; 12, 13 — drain pipe; 14 - glass
measured in the lower part of the thickener through a sert @30 mm
transparent insert. According to the nature of the change in the height of the thickened layer, the
stability of the thickener operation mode was determined. Overflow and discharge solids data
were used to determine the effective thickening area from feed, thickened and overflow products.
Based on the results of work at several concentrations of the solid phase, taking into account the
specific parameters of the thickener, the most efficient mode was chosen in terms of the maximum
concentration in the condensed product and the lower solid content in the pulp overflow. The experi-
mental results in terms of specific parameters were recalculated for the operation of industrial models
of gravity thickeners.

When performing experimental studies on a laboratory lamellar thickener, measurements of the
initial flow of the pulp prepared from the tailings of copper ore enrichment were made. The content
of the solid phase at the inlet to the thickener was about 5 % by volume of the mixture cisc. The
performance of the loading pump (2 in Fig.3) was about 5 I/min. The capacity of the system for solid
material was about 0.25-107° m*/min (0.675 kg/min). During the experiments, the time of settling of
the solid phase in the lower part of the thickener was measured up to a given height of the storage
hopper, which was used to determine the rate of constrained settling of solid particles. The height of
the layer of settled particles was observed through a glass insert. Changing the flow rate of the thickened
slurry at the outlet of the thickener using a plug valve on the outlet pipe changed the concentration of
solids in the thickened slurry. The consumption of clarified water and the content of solid particles in
it were measured. To measure the distribution of the concentration of solid particles along the height
of the thickener (along the height of the vertical part), holes 10 mm in diameter were drilled in the
casing, through which pulp samples were taken into special calibrated containers [30]. After sam-
pling, the holes were plugged with plastic plugs. The flow rate was determined by the filling time of
the measuring container. The concentration of solid particles in the samples was determined by
weighing on a balance beam with weights. Main measured quantities: sampling time ¢, s; measure-
ment of the volume of the selected sample Wy, m*; sample weighing Gy, g; height of the compacted
sediment layer 4, mm; cross-sectional area of pulp passage Ser, mm?; amount of solid phase in the
slurry gsol, t; concentration of the solid phase cso1, %.

The values of these parameters were used to calculate:

» performance of the thickener in the unloading of the apparatus

/4

0, = t‘” ;

co
N

1

14

/
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* thickened slurry density

Pum = On ;
Wi
» specific load per effective thickening area
ng 4ng .
A‘p - Sef - TCD2 (ShlI'I'Y),

4 : i
. 4q.,; _ OigCootPsol (solid material),

P Scf TED2
where D — diameter of laboratory thickener, D = 50 mm; psoi — density of copper ore tailings,
Psol = 2700 kg/m3
Experimental data on the thickening of the slurry of copper ore tailings in a laboratory lamellar
thickener are given in Table 2.

Table 2
Experimental data on the study of slurry thickening of copper ore tailings
. Mixture . . . . . .
Time. s Volume Weight densit Concentration, | Specific load for pulp, | Specific load for solid material, | Sediment
> Y, :
samples, ml | samples, g ke/m> % m?/(h-m?) t/(h-m?) height, m
15 312.5 413.43 1323 20.0 38.21 18.34 0.318
20 277 413.40 1492 29.0 25.40 20.57 0.212
25 260 429.50 1652 38.4 19.10 20.68 0.159
30 250 453.06 1812 47.8 16.30 22.00 0.127

The results of experiments and experimental data indicate the dependence of the geometric pa-
rameters of the thickener on the value of the concentration in the unloading apparatus. When the
concentration changed, the height of the sediment layer in the discharge part of the thickener and the
specific load on the effective thickening area changed. With a change in concentration in the unloading
of the thickener from 0.2 to 0.5 %, the height of the compacted layer varied from 318 to 127 mm.
In this case, the specific load varied from 38.21 m*/(h-m?) for slurry and 18.34 t/(h-m?) for solid
material up to 16.29 m*/(h-m?) and 22 t/(h-m?). Moreover, the specific load on the pulp decreased
with an increase in the concentration of the condensed slurry, and the load on the solid phase of the
flow increased.

During the experiments, samples were taken from the inclined module in three of its sections: at
the inlet, in the middle, and at the outlet (thickener drain). The granulometric composition of solid
particles in the selected samples was determined by sieve analysis. To do this, the samples were
filtered, dried and dispersed through a set of sieves. The determination of the amount of material by
size classes was carried out by weighing individual classes. The accuracy of sieve analysis was about
5 %. Based on the sieve analysis, the weighted average diameter of solid particles was calculated.

As a preliminary conclusion based on the results of experiments on a laboratory thickener with
a thin-layer module, we note that the main part of fine particles is deposited in an inclined channel,
and the geometric dimensions of the thickener determine the concentration of the solid phase in the
thickened product. With a change in the flow rate in the unloading of the thickener and a constant
flow rate at its inlet, the height of the compacted sediment and the concentration of solids in the
thickened slurry change. The capacity of the thickener for solid material and the flow rate at the inlet
remained constant in all experiments.

Hydraulic transport of condensed slurry to the stowing complex. An analysis of the experimental
results shows that a highly concentrated viscoplastic slurry, the flow of which is described by the
Shvedov — Bingham formula [41], forms the slurry in the thickener discharge:
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dv
T=T0+|,L E .

where 1 — shear stress; o — static stress; 1L — dynamic viscosity coefficient; i—V =y — velocity gradient
n

(shear rate).
This preliminary conclusion about the nature of the thickened slurry is confirmed by experi-

mental data obtained using a rotational viscometer. In the Shvedov — Bingham formula, the defining
parameter is viscosity, which varies depending on the concentration of solid particles from the
minimum (viscosity of recycled water) to the maximum values characteristic of pasty slurries.
The experiments were carried out on an automatic universal rotational viscometer Rheotest
RN 4.1. During the experiments, the dependence of the shear stress on the shear rate gradient for
various concentrations of solid particles ¢, in the volume of the studied slurry was determined
(Table 3).

Table 3
The values of the measured parameters according to the Shvedov — Bingham model
Shear rate, Shear stresses (Pa) at various volume concentrations of solid material
st ¢,=0.233 c,=04 c,=0.498 ¢, =0.525 c,=0.562
32.52 3.18 6.88 17.06 33.58 82.93
33.25 3.20 7.00 17.20 33.92 83.33
34.67 3.48 7.23 17.48 34.31 84.11
35.71 3.55 7.42 17.68 34.60 84.68
35.89 3.65 7.44 17.71 34.65 84.80
37.06 3.78 7.63 17.94 34.98 85.37
41.11 4.02 8.29 18.74 35.98 87.37
41.33 4.08 8.32 18.78 36.04 87.47
41.78 4.12 8.40 18.87 36.14 87.70
41.70 4.11 8.38 18.85 36.10 87.65
42.15 4.15 8.48 18.94 36.26 87.87
42.66 4.18 8.57 19.08 36.44 88.12
44.33 4.20 8.86 19.45 37.10 88.94
44.87 4.24 8.95 19.56 37.29 89.20
46.22 4.41 9.19 19.84 37.77 89.39
46.61 4.46 9.25 19.92 37.91 90.10
48.11 4.65 9.54 20.23 38.45 90.80
48.21 4.67 9.55 20.25 38.48 90.84
50.24 4.92 9.87 20.68 39.22 91.78
52.58 5.22 10.24 21.20 39.83 92.87
53.00 5.27 10.30 21.26 39.94 93.06
54.53 5.30 10.50 21.50 40.34 93.77
54.80 5.32 10.60 21.54 40.41 93.89
54.89 5.33 10.61 21.55 40.43 93.93

Experimental data make it possible to calculate the dynamic viscosity of slurries as the ratio of
the shear stress to the shear rate gradient at the corresponding values of the initial stress.
The experimental viscosity curve is described by a dependence

N =pee' =1.017-107 >,

where po — coefficient of dynamic viscosity of pure water, Pas.
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The formula establishes the relationship between the viscosity of the condensed slurry and
the concentration of solid particles and determines the specific head loss during the hydrotran-
sport of condensed slurries.
To establish the functional dependence of pressure losses during the flow of slurry through
the pipeline, we write the Shvedov — Bingham formula

-1, =py=1(1-0),

where ¢ =1, /1 —relative stress.

For static voltage:
T = EWY )
the total voltage will be
=
l-o

Expression for pressure loss during the flow of hydraulic mixture through the pipeline:

. 4wy
[ =——-.
(I-0)D
Pressure loss
Ap _pgh . . pgD
= P8l s T gy
;- P T ey

where ism — slurry head loss, m/m; p — mixture density, kg/m’;
PR .
™ (1-o)pgDh
If the shear rate for the laminar flow regime is equal toy =8v, /D and the Reynolds number
Re=vDp/p, then
;o 3
" (1-0)RegD
As a result, the head loss formula for a viscoplastic slurry:
i v 64 v
o TMoeD Re(l-o)2gD

In contrast to the dependence of the specific pressure loss Darcy — Wesbach for conventional
slurry, the resulting formula takes into account the relative values of shear stresses that occur during
the flow of a viscoplastic slurry. The relative shear stress varies from 0 to 1. If the relative stress is 0,
the slurry does not exhibit viscoplastic properties and is a normal Newtonian fluid. If the relative
stress is 1, then the slurry is a solid. The main parameter that determines the type of slurry (Newtonian
or viscoplastic) is the volume concentration of the solid phase.

Conclusion. As a result of a comprehensive theoretical and experimental study of a hydroficated
unit for thickening and hydrotransport of highly concentrated slurries of polymetallic ore beneficiation
products to the filling complexes of a mining enterprise, the important task of creating resource-saving
equipment and technology with the development of a scientifically based method for calculating the pro-
cesses of thickening and hydraulic transport was solved. The research found:
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* A hydraulic unit is effective for preparing backfill mixture. It includes a device for thickening
the tailing pulp to high concentrations of the solid phase and a pump for pumping the thickened
backfill mixture to the backfill complexes of the mining enterprise.

» The movement of the tail pulp in the channel between the thickener plates is accompanied by
sedimentation of solid particles along the entire length of the lower plates. The nature of the settling
of solid material depends on the speed of the constrained fall of solid particles (hydraulic fineness),
which is a function of the viscosity of the pulp. The physical model of the process of thickening
(dehydration) of tailings slurries is the hypothesis of gravitational drift of solid particles from stream-
lines, taken as the basis for developing an algorithm for calculating the design, technological and
geometric parameters of plate-type thickeners.

» The law of distribution of solid particles along the length of the settling zone, the presence
in the thickened sludge of predominantly particles of small size classes and a high degree of concen-
tration of solid particles indicate that the thickened product is characterized by non-Newtonian rheo-
logical properties.

* For the mechanism of flow of the studied hydraulic mixtures, the most acceptable theory of
deformation of non-Newtonian fluids is Shvedov — Bingham and P.I.Rebinder with an undisturbed
flow structure at, when t < 1o (laminar flow mode); with a continuously collapsing structure when
T > 10 ( transition mode flows from laminar to turbulent flow); with a destroyed structure at T >> 1o
(developed turbulent flow regime).

* Slurry flow rate and head loss are functions of the rheological characteristics of the viscoplastic
slurry and can be calculated from the derived calculated dependencies, which together determine the
mathematical model for the flow of viscoplastic slurry of ore tailings through hydrotransport pipe-
lines.

* The results of theoretical studies of the processes of thickening and hydrotransport of con-
densed slurry are confirmed by experimental data obtained during experimental studies on a prototype
of a lamellar thickener and a laboratory hydrotransport unit.
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