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Abstract

The results of the study of the functioning of the developed thickening equipment as part of the stowing complex
for the formation of a flow of high-concentration hydromixture are presented. To explain the operation of the hy-
drotransport system of the stowing complex, equipped with a thickener of the developed design, its basic diagram
is presented. A mathematical model has been created that describes the mechanism of inertial sedimentation of a
solid component of a hydraulic mixture in a working chamber equipped with hydrodynamic profiles. Interaction
with the profile leads to flow stratification due to a change in the trajectory of movement and a decrease in speed.
The interval of rational velocity of primary pulp entering the input of the working chamber of the inertial thickener
is substantiated. The synthesis of solutions of the thickening process model is performed in the COMSOL Mul-
tiphysics and Ansys Fluent programs. This made it possible to eliminate physical contradictions in the operation of
the equipment and justify the overall dimensions of its main elements, ensuring the implementation of the mecha-
nism of inertial sedimentation of the slurry. It was found that the concentration of the thickened flow at the outlet
branch pipe of the thickener working chamber is determined by the level of the primary hydraulic fluid velocity, the
characteristic length of the section of interaction with the deflecting profile, and the ratio of the flow and attack
angles. A nomogram of the dynamics of the change in the hydraulic fluid concentration in the section of the outlet
branch pipe depending on the ratios of the overall dimensions of the deflecting profile of the working chamber was
compiled. The results of the study allowed formulating recommendations for selecting the dimensions of the thickener's
deflecting hydrodynamic profile to form a flow of hydraulic mixture with a concentration of about 50 % by weight.
The developed equipment can be used in a stowage complex and will increase the range of supply of the stowage
mixture. This is due to the fact that a flow of primary slurry with a low concentration, due to lower pressure losses,
can be moved in a pipeline system over a greater distance than a flow with a high filler content. The use of a
thickener at the final stage of transportation is intended to increase the concentration of the hydraulic mixture im-
mediately before production.
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Introduction

The objectives of mining production and technologies related to hydraulic transport of mineral
processing products include reducing energy costs, decreasing the energy intensity of technological
processes and using waste-free technologies [1-3]. This is achieved by using underground mining
systems with backfilling of mined-out spaces and using production waste [4, 5]. Filling the mined-out
space is intended to ensure its geomechanical stability [6, 7].

Most mining enterprises use both dry and hydraulic mixtures for backfilling with the use of
enrichment waste. In the last 20-25 years, the use of hydraulic mixtures in backfilling operations
has reached 85 %, while dry backfilling is used in only 15 % of cases [8, 9]. Backfilling operations
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with dry mixtures are carried out mechanically [10]. The material is transported by drift belt con-
veyors, and then delivered to the mined-out space by self-propelled cars [11]. Hydraulic mixtures
are delivered to the mined-out space through a system of backfill pipelines under natural pressure,
determined by the ratio of the lengths of the vertical and horizontal sections [12]. Pressure losses
due to overcoming local resistance and linear pressure losses significantly limit the distance of
transportation of hydraulic mixtures. To increase the supply range, mixtures with a high content of
the carrier medium are used, pipes with low specific roughness are used, which reduce the contact
friction of the flow on the working surfaces [13, 14]. Additionally, auxiliary equipment is required,
for example, vibration activators, slurry pumps [15, 16].

In the preparation of the hardening backfill, only inorganic binders are used [17]. In the mining
industry, many of the known binders are used: cements, lime, gypsum, anhydrite, ground granulated
slags, boiler ash, pyrrhotite-containing tailings of processing plants, etc. [18-20]. Complex binders
are used more often — various cements, the main component of which are silicates and calcium
aluminates formed during high-temperature processing of raw materials, for example, at the Verkh-
nekamsk deposit, Tashtagol mine, Taimyr mine, etc. One of the most effective types of raw mate-
rials for the production of local binders for the hardening backfill is blast furnace granulated slag.
They are silicate and aluminosilicate melts obtained during the smelting of iron.

According to the study [11], an artificial massif formed from a hydraulic mixture based on en-
richment waste is subject to less deformation compared to an artificial massif formed from dry backfill
material. This helps to minimize the subsidence of the artificial massif and subsequent disturbances of
the workings [21, 22]. One of the main requirements for hydraulic backfill is to ensure the strength
of the formed backfill massif, achieved by it during the hardening process, simultaneously with the
separation of the carrier liquid and a decrease in humidity [23-25].

A typical roof management passport contains information on the sequence of work, as well as
data on the brands of backfill mixtures used to form the bottom layer of the backfill in each of the
backfill sections. The mixture is often supplied to the backfill workings through backfill wells and
concrete pipelines. Water released from the backfill mixture is discharged by pumps and rubber hoses
into a water-bypass well. High-quality installation of a concrete pipeline, an insulating bulkhead, and
constant monitoring along the backfill mixture supply route prevent the backfill mixture from getting
into active mine workings.

Methods

The rheological properties of the hardening mixtures must ensure stable, stratification-free trans-
portation along the filling pipeline route, uniform, stratification-free spreading throughout the cham-
ber, and the required depth of penetration into the rock when using a combined chamber filling
method. The strength and compression properties of the constructed artificial massif must comply
with the accepted standard indicators.

Mixtures with a high content of dispersed fraction allow to significantly reduce water infiltra-
tion, reducing flooding of workings and the risk of their subsequent violations. To reduce shear
stress during movement of the backfill mixture, the content of the solid phase of about 45 um in
size should be no more than 15 %. Hydraulic mixtures of dispersed substances are dilatants. Due
to the internal structure and intermolecular interaction, during which the dispersed phase is struc-
tured in a specific volume, a power-law dependence of the change in shear stress on the velocity
gradient is observed. The flow movement obeys the Ostwald — de Waale rheological law [26]:

(3]
dy

where K — coefficient of viscosity of a liquid; n — a nonlinearity index that characterizes the degree
to which the behavior of a fluid deviates from Newtonian behavior.
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The change in the exponent of the power dependence affects the form of the rheological curve.
Atn <1, the liquid “liquefies” under shear, which corresponds to Bingham bodies and viscous-plastic
liquids (Shvedov bodies). This can be traced, for example, in paraffinic oils or petroleum products at
temperatures close to the freezing point. At n > 1, on the contrary, an increase in the resistance of the
substance under shear is observed (suspensions of enrichment tailings, pastes) [5, 27]. This statement
IS consistent with what is observed with an increase in the content of the dispersed phase, leading to
an increase in the value of n, an increase in the linear losses of the flow pressure. This is a consequence
of the fact that in structured substances an increase in concentration and a decrease in size lead to the
appearance of additional contact friction between the particles of the flow [28]. To take into account
the total stress required to initiate fluid motion (overcoming the yield point), it is permissible to use
a modified power law — the Herschel — Bulkley model [29, 30].

The interaction of solid particles in a slurry flow depends on their size, shape, and concentration
in the slurry. Small particles form dense mixtures, and their effect on the liquid phase is determined
by the concentration in the flow. Larger particles form mixtures with a high concentration in the core
of the flow [19]. In this case, significant differentiation by the size of the dispersed medium leads to
a violation of the homogeneity of the flow and a change in its rheological characteristics. To ensure
the stability of the granulometric composition, fine grinding mills and disintegrators are used [31].
The positive effect of using such equipment is due to the fact that crushing of solid materials by a
highly loaded impact occurs in places of fusion, structural defects and stress concentrators in the
fraction of dispersed material. This allows for a more uniform form of the fraction, as well as mini-
mizing its secondary destruction during transportation.

When the speed of the hydraulic mixture changes, the thickness of the bottom moving layer with
a high concentration of the solid phase changes. The moving layer affects the flow of the hydraulic
mixture similarly to the walls of a pipe with a high roughness of the working surface. The thickness,
density and speed of movement of this layer depend on the average speed of the flow of the hydraulic
mixture and the size of the solid phase. As the speed of the flow decreases, the concentration of solid
particles in a suspended state decreases, while the thickness of the layer formed by them increases,
turning into sediment [32].

To improve the quality of the filling mixture, the most common methods are the use of binders,
as well as the use of thickening equipment.

Binding agents and plasticizers in backfill mixtures, such as cement, anhydrite or slag, accelerate
the hydration process, increase the rate of strength gain and reduce liquefaction of the hydraulic mixture.
However, the use of a large volume of binding components can lead to adhesion to the walls of pipelines
and their subsequent clogging, and when the binder is activated; it leads to accelerated corrosion of the
working surfaces of the equipment. The use of plasticizers increases the fluidity and density of the
backfill mixture, reducing the required amount of the binding component [31, 33]. But all this leads to
an additional significant increase in costs for the preparation of the filling mixture and filling operations.

The maximum range of gravity transport of hydraulic mixtures reaches about 1000 m. To intensify
this process and further increase the range of mixture delivery, gravity-pneumatic and vibration-gravity
flow activation methods are used [34]. Delivery of a mixture of increased concentration over a distance
of more than 400-500 m can lead to an extreme decrease in specific pressure, causing flow stratification
and subsequent backfilling of the pipeline.

The backfilling of the mined-out space is carried out in three stages with different volumes of
hydraulic mixture: formation of the base of the massif with a mixture of increased concentration;
formation of the main body of the massif with a mixture of lower concentration; supply of a mixture
of increased concentration to fill the working under the roof with minimal formation of voids. It is
especially important to carry out backfilling work with a strengthening layer when developing work-
ings in a retreating order.

Modernization of the filling mixture preparation unit. The ratio of the vertical and horizontal
components of the sections of the backfill pipelines determines the value of the geodetic pressure of
the flow of the backfill mixture, determining the maximum transportation distance. When moving on
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a horizontal section of the pipeline, a drop in pressure is observed, the mixture tends to stratify due
to a decrease in the flow rate below critical values. This leads to an inevitable change in the rheological
characteristics [32, 35]. When preparing the stowage mixture, the content of the solid component is
determined by the distance of the stowage section at the stage of mixing the components. The mobility
of the hydraulic mixture ensured by reducing the content of the dispersed phase, causes an increase
in the time it takes for the formed massif to achieve its standard strength. In addition, this leads to the
need for work on removing excess liquid and its subsequent disposal. To minimize the listed compli-
cations, the authors propose upgrading the technological chain of the stowage complex equipment by
integrating the developed inertial thickener into the pipeline system (Fig.1). Thickening of the hy-
draulic mixture at the final stages of backfilling operations will increase the range of supply of low-
concentration backfilling mixtures and reduce the water content of workings due to the implementa-
tion of a circulating water supply system [36]. The use of traditional thickeners is limited by their
bulkiness and low operating speed, which will require significant changes in the filling process [37].
At the final stage, immediately before entering the mined-out space, the hydraulic mixture with
a high content of the carrier phase enters the inertial thickener. Its design is a working chamber 1, in
which two hydrodynamic profiles are installed. The hydraulic mixture enters the working chamber
through the inlet pipe 3, where it accumulates and settles. When entering the working chamber, the
solid particles of the hydraulic mixture collide with the deflecting hydrodynamic profile 2 and settle
to the bottom under the action of inertial and gravitational forces. The solid particles remaining in the
suspended state in the hydraulic mixture settle after interacting with the cylindrical hydrodynamic
profile 4. A layer of thickened mixture is formed in the lower part of the chamber, which moves into
the drain pipe, from where it enters the pump unit for further delivery to the space being filled. The
liquid phase is sent to the drain or to the circulating water supply system of the mining enterprise.
The use of the inertial thickening principle is due to the need to implement a continuous
technology for feeding the backfill material, as well as the compactness of the equipment dimensions.
The equipment does not require connection to the power supply system and, using the original hydraulic
mixture, allows it to be thickened to a concentration of about 50 %. The thickener design provides for
the removal of the clarified flow of the carrier medium through a separate channel for subsequent use
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Fig.1. Technological scheme of hydraulic transport of stowage mixtures with thickening at the final stage of work

1 — working chamber; 2 — main deflecting hydrodynamic profile; 3 — inlet branch pipe;
4 — cylindrical hydrodynamic profile; 5 — outlet branch pipe of clarified water;
6 — outlet branch pipe of thickened mixture; | — longitudinal length of profile; k — transverse length of profile
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in production needs. If it is not possible to implement a recycling water supply system, the clarified
water removed can be fed into drainage ditches.

To study and predict the efficiency of the sedimentation process and the formation of a flow of
thickened hydraulic mixture, as well as to assess the influence of the operating parameters of the initial
hydraulic mixture, a multiphysical analysis model was developed in the COMSOL Multiphysics pro-
gram (license number 6464550) [38-40]. The conducted studies made it possible to identify the pattern
of influence of the design parameters of the deflection profile on the concentration of the generated
flow and to substantiate a rational range of values for performing parametric synthesis.

When a solid body is flowed around by a filled stream, due to significant inertia determined by the
specific gravity of a unit volume and the magnitude of the velocity, the particles of this stream continue
to move along curved trajectories. The efficiency of inertial sedimentation is determined by the propor-
tion of particles extracted from the stream. The initial parameters adopted in the study to form a mul-
tiphysical analysis model: the material of the thickener working chamber is St3 steel; particle shape —
spherical; density of solid particles — 2300 kg/m?®; density of hydraulic mixture — 1300 kg/m?®; average
reduced diameter of solid particles — 0.3 mm. To set the fraction size, the average value of the fractional
composition of finely dispersed hydraulic mixtures was used: sand component 4-6 mm, enrichment
tailings 0.2 mm (V.N.Pokrovskaya, 1972).

The number of particles at the thickener inlet is set to 1000 pcs/s. The particle content in the
separated flows was estimated according to the Poincaré mapping principle [41]. The solution to the
tracing problem allows one to determine the trajectories of a finite number of particles, eliminating
the possibility of their secondary emission into the calculation region after interaction with the working
surface of the deflecting hydrodynamic profile.

The calculation is based on the Euler — Lagrange method. The discrete phase model according
to this method is constructed by solving the time-averaged Navier — Stokes equations for the liquid
phase, considered as a constant medium (H.S.Fogler, 1992). The dispersed phase is described by
tracing the trajectory of a given number of particles through the calculated flow fields [42-44]. The
movement of the hydraulic mixture is specified by the modules: Turbulent flow k-w for the general
movement of the hydraulic mixture and Particle Tracing for Fluid Flow for modeling the movement
of the discrete phase in the flow. To determine the trajectory of solid particles during the movement
of the hydraulic mixture in the turbulent regime, a surface grid consisting of 115.5 thousand elements
is specified (Table 1).

Table 1
Mathematical model of the thickening process

Specified parameter Defining equations

op
Change in the mass of the mixture gh +V(PVim) =0,
where p, — density of hydraulic mixture, kg/m?; t — time, s; V — differential operator;
V. — averaged mass flow rate of hydraulic mixture, m/s.

o
Changes in particle volume fraction Kp +V(aVy) =0,

where a, — volume fraction of the dispersed phase in the flow of the hydraulic mixture

in the range from 0 to 1; V,, — average flow rate of hydraulic mixture in volume, m/s.

Sliding speed v :Ma _D (V%_V%J

o 8pfy, " Ple, o)
wherep , p,, — density of solid particles and carrier medium, kg/m?3; u— dynamic vis-
cosity coefficient of hydraulic mixture, Pa's; f, — distance traveled by a particle, m;
a, — volume fraction of the carrier medium in the flow of the hydraulic mixture in the
range from 0 to 1; D, — coefficient of turbulent diffusion of solid particles of a
hydraulic mixture.
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End of Table 1

Specified parameter Defining equations
The coefficient of turbulent diffusion of D, =KC, kz[ Y jlz
solid particles of a hydraulic mixture e (1+7, .f1+ Cue

where K — Lagrange multiplier; C,, C, — turbulence model constant k —¢; k — kinetic

energy of turbulence, m#s2; ¢ — turbulent dispersion velocity, m?/s®; vy, — shear rate,
time derivative of strain, s,

Trajectory of movement of solid particles f = d (mpvvp) Ft,

in a hydraulic mixture dt
where m , —mass of solid particles at a given speed, kg; V, — average particle velocity;

Ft — resultant of external forces, N.

|
T, =min| 21, — 1 log| | -—————— | |,
[ T M-V,

where T, — viscous stress tensor; t, — Lagrange response time;V, — average speed of

t
The amount of solid particles N =[=dt;
for the billing period i i

the carrier medium, m/s; I, — unit tensor.

1

The drag force per unit mass of a particle Fo=—m, (VW fvp),

Tp

where T, - particle sedimentation time, s; m, — particle mass, kg.

_ Pyl
Poagu’
where d - diameter of solid particles, m.

Lifting force F. = 6,46r7L, me Vo L_va;

L= (Vw _Vp)(v(vw _Vp))’

where r, — radius of solid particle, m; L, — lift coefficient.

Particle deposition time

To conduct the study, a numerical experiment method was chosen, which allows the most accu-
rate characterization of the distribution of particles in the cross-section and their instantaneous posi-
tion in changing velocity fields of the turbulent flow [45, 46]. The developed multiphysical model of
the thickening process allows, in addition to changing the rheological parameters of the hydraulic
mixture during its movement in the equipment, to estimate the change in the velocity of the carrier
medium and the dispersed phase in the working area of the thickener during interaction with the
profile surface. This made it possible to take into account velocity pulsations and the occurrence of
ascending flows in the working area based on the specified parameters of the kinetic energy of the
flow. The study of the movement of solid particles in the flow using the Euler — Lagrange method
was performed with a volume fraction of the dispersed phase of 10 %.

A compacted discrete phase model was used for the solution, which overcomes the limitation on
the acceptable volume fraction of solids by extending the Lagrange conservation equations, whereby
the particles can achieve close packing. The governing equations were transformed into algebraic
expressions. All working surfaces are subject to the boundary conditions of “non-slip walls”. The
turbulent flow was calculated taking into account the force of gravity, while the particle trajectory
was calculated taking into account the drag force and the force of gravity [33]. The verification of the
recommended velocity is based on the assessment of the amount of solids in the outlet pipe of clarified
water and thickened mixture using the method of cross-section mapping.
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flow, the amount of solid particles was recorded at
Fig.2. Content of solid component in the pipes of thickened 5 |avie| of 15 % of the initial one. Further studies

mixture (1) and clarified water (2) for initial velocities . . . .

of movement of hydraulic mixture showed that an increase in the velocity of the initial

mixture entering the working zone contributes to a

decrease in the number of dispersed phase particles in the branch pipe of the thickened mixture and an
insignificant increase in their content in the branch pipe of the clarified mixture (Fig.2).

The identified recommended feed rate of the initial hydraulic mixture into the thickener working
chamber is within 2.0 m/s lower than the maximum permissible flow rate of the hydraulic mixture
adopted at the plant — 2.65-2.76 m/s (depending on the productivity of the surface stowing complex).
An increase in the feed rate of the initial hydraulic mixture slightly reduces the content of the dis-
persed phase in the thickened flow — no more than 8 %, while the content of solid particles in the
clarified liquid flow remains virtually unchanged. The limiting value of the feed rate of the hydraulic
mixture into the inertial thickener, upon reaching which its use is not effective, is 0.9 m/s. In this case,
a high carryover of the dispersed phase by the ascending flow of clarified liquid is observed and the
risk of bottom sediment formation is high.

To confirm the obtained results, studies were conducted on the distribution of flow density and the
formed flow velocity fields in the working chamber of the inertial thickener.

The distribution of flow velocities during interaction with hydrodynamic profiles at a hydraulic
inlet velocity is shown in Fig.3, a, the distribution of vectors of the flow velocity fields of the hydrau-
lic mixture, performed in Ansys Fluent, in Fig.3, b.

The picture of particle velocity distribution in the calculation area complements the idea of the
thickener operating principle. The conducted study of the distribution of the velocity fields and the
flow density of the hydraulic mixture in the working chamber of the inertial thickener allowed us to
reveal that there are several zones in the chamber in which processes occur that determine the
efficiency of sedimentation. Zone A is the area of primary interaction of the mixture with the surface
of the main deflecting hydrodynamic profile. In the area limited by zone B, the attack area of the flowing
profile is formed in the flow. This contributes to the mixture significantly deviating from the initial
trajectory and significantly losing speed — more than twice. Fig.3, b shows the directions of movement
of the flow sections and the division of the flow into the sediment-forming zone C and the ascending
flow — zone F, in which the velocity decreases to 0.25 of the initial one. The dispersed phase, carried

a b

1 A2

5.61c + 00
5.05¢ + 00
4.49¢+00 o
15 3.93¢ + 00
3.37¢ + 00
2.81e +00
2.25¢ +00
1.68¢ + 00
0.5 1.12¢ + 00
551 + 01
0,00¢ + 00

Fig.3. Distribution of the fields of parameters of the dynamic thickening process in the working zone of the thickener:
a — solid particle velocities; b — flow velocity vectors;
L — interaction section length
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away by the ascending flow, collides with a cylindrical deflecting profile, which, cutting it, starts
the process of secondary sedimentation. The particles enveloping its surface, descending along the
inclined wall of the working chamber, form the final volume of the thickened flow — zone G, di-
rected to the branch pipe for the thickened mixture for filling operations. Zone E designates the
section for the removal of the dispersed phase particles remaining in suspension into the branch
pipe for the clarified flow.

Inertial sedimentation is realized in the case when the kinetic energy of the particle is so great
that the particle cannot follow the curved lines of flow and, colliding with an obstacle, settles in the
allocated volume [47-49]. The inertial principle of thickening in the considered design is realized due
to the force interaction of the dispersed phase with the deflecting hydrodynamic profiles. It is advi-
sable to determine the ratios of its main design parameters. In parametric synthesis of equipment, this
will ensure that the specified level of solid component concentration in the outlet pipe of the thickened
mixture is achieved.

To substantiate the geometric parameters of the deflecting hydrodynamic profile, samples of the
working chambers of the inertial thickener with different ratios of its longitudinal and transverse axes
were studied. The dimensions of the inertial thickener may vary depending on the required flow con-
centration. To assess the impact of this on the efficiency of operation, a study was performed on the
distribution of the dispersed phase in the working chamber and in the sections of the discharge pipes.
Sets of rational combinations of parameters that ensure the formation of a thickened flow with the
maximum possible content of the dispersed phase are presented in Table 2.

The obtained results made it possible to form a series of nomograms for the distribution
of the dispersed phase in the flow to determine the rational ratio of the corresponding parameters
(Fig.4).

Table 2
Distribution of the dispersed phase of the flow in the flow
Solids content, %
b, mm a, mm
1,000 1,150 1,250 1,350 1,450
400 52/32/16" 64/23/13 58/23/19 41/34/25 43/30/27
500 69/16/15 59/19/22 66/11/23 50/19/31 51/12/37
600 58/13/29 59/9/32 54/11/35 47/13/40 36/12/52
700 57/13/30 54/11/35 50/12/38 43/13/44 37/11/54
* Thickened mixture / clarified stream / sediment.
a b c d
100 100 100 100
=80 S 80 <80 S 80
5 s s s
E 60 E 60 § 60 § 60
g 4 g 40 g 40 § 40
§ 20 5§ 20 S 20 S 20
0 0 0 0
1,000 1,250 1,450 1,000 1,250 1,450 1,000 1,250 1,450 1,000 1,250 1,450
Longitudinal axis, mm Longitudinal axis, mm Longitudinal axis, mm Longitudinal axis, mm
1 m2 m3

Fig.4. Nomograms of the distribution of the dispersed phase in the inertial thickener
for different values of the transverse axis of the deflection profile:
a—400 mm; b — 500 mm; ¢ — 600 mm; d — 700 mm
1 - sediment; 2 — clarified liquid; 3 — thickened stream
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The ratio of the lengths of the longitudinal and transverse axes of the deflecting profile N = a/b
IS an invariant of geometric similarity. This value, independent of the dimensions of the natural and
model object, can correspond to a change in the concentration of the formed flow in a wide range of
values.

The ratio of characteristic parameters of the deflecting hydrodynamic profile sets the shape of
the deflecting profile and determines the area of interaction of the profile with the flow entering the
working chamber. Depending on the angle of attack of the flow, the inertial reflection of particles
also occurs at different angles, determines the change in the direction of the flow and is accompanied
by a change in the velocity of the dispersed phase (Fig.5).

The similarity criterion for inertial sedimentation is the Stokes criterion [32]:

St =4r?pVC/18p°L,

where V — flow velocity in the selected coordinate of the unsteady flow, m/s; r — radius of curvature of the
streamlined surface, m; p — density of dispersed phase, kg/m?; u— dynamic viscosity of the carrier medium,
kg/m-s; L — characteristic linear size of the interaction area of a streamlined body, m (see Fig.3, a).

The calculation of the characteristic linear size of the interaction area of the streamlined body
and the flow is performed according to the second Ramanujan formula for determining the length of
the perimeter of an ellipse [50]:

3(2)

10+\Ja-3(2)" |

where a — value of longitudinal dimension of profile, m; b — value of transverse dimension of profile,
m; Z =(a—b)/(a+b)- ratio of major and minor semi-axes.

L~n(a+b)1+

a b
x10°® 3 2 1 x1073
2000 oo - 2000 oo - -
1,000 1,000
500 500
0-- 0+
4200 L. 200
{200 100
05 05
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M 20|
t 310 L]
¢ 102 x10°
2 | 1
200 i x
05 e —
100 (p\ E’
50
0 1~ —
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>
Elo 05
-5
-1 f < Z1HA S C

Fig.5. Formation of flow interaction areas
with different ratios of transverse and longitudinal axes of the deflection profile:
a —400/1000 mm; b — 400/1450 mm; ¢ — 700/1000 mm; d — 400/1450 mm
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As a result of the study of the distribution of the contact density of the flow, patterns of the
distribution of the corresponding areas of interaction were obtained, forming the zones of flow around
the surface of the hydrodynamic profile by the suspension-carrying flow (Fig.5). The formation of
the trajectory of the flow movement is determined by the angle of attack of the flow o and the angle
of flow around the profile o, the value of which depends on the ratio of the lengths of the longitudinal
and transverse dimensions of the profile.

The influence of the profile geometry on the flow parameters and subsequent inertial settling, de-
termined by the characteristic length of the contact zone, can be estimated by the corresponding angle
of attack of the flow a. The results of the assessment of their change depending on the profile parameters
are presented in Fig.6. As follows from Fig.5, the length of the section of interaction of the flow with
the profile is characterized by the flow angle ¢. The dynamics of the increase in angle ¢ corresponds to
the change in the characteristic length of the interaction section L. An increase in the longitudinal profile
dimension has little effect on the change in the angle ¢, accompanied by an increase in L due to an
increase in the overall length of the profile. An increase in the transverse profile dimension leads to a
relative decrease in this angle due to a change in the overall shape. At the same time, the tendency to
increase the length of the interaction section L is preserved. The angles of attack and flow around the
flow are significantly reduced with an increase in the transverse profile dimension.

Analysis of the parameters of the distribution of suspension-carrying flows and the formed tra-
jectories of particle motion showed that an increase in the ratio of the lengths of the longitudinal and
transverse dimensions of the deflecting profile is accompanied by an increase in the characteristic
length of the section of interaction with the flow L (Fig.7, a). Results of a comprehensive analysis,
including an assessment of the effect of an independent change in the characteristic overall parameters
of the deflecting profile on the concentration of the formed condensed flow at the outlet of the working
chamber. In addition, the corresponding lengths of the formed flow zones were determined. A nomo-
gram has been compiled, displaying the selected area of flow concentration change and allowing to
correlate it with the corresponding dimensions of the deflecting profile (Fig.7, b). The dotted lines
mark the corresponding process of formation of areas of interaction with the flow, characterizing the
flow zones, occurring within the framework of the selected profile geometry.

According to the obtained nomogram, an increase in the longitudinal dimension of the profile is
accompanied by a decrease in the concentration of the thickened flow of the hydraulic mixture. An
increase in the transverse dimension of the profile within the specified limits does not lead to a decrease
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Fig.6. Change in the characteristic length of the interaction section L from the characteristic angles of interaction
with the deflecting profile: a — longitudinal dimension 1000 mm, transverse dimension 400 mm;
b — longitudinal dimension 1,450 mm, cross dimension 700 mm

1 - flow angle, deg; 2 — angle of attack, deg; 3— L, m
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Fig.7. Dynamics of change of characteristic parameters of thickening depending
on the ratios of characteristic overall parameters of the deflection profile:
a — change of characteristic length of the interaction section
(1 — transverse dimension 400 mm; 2 — 500 mm; 3 — 600 mm; 4 — 700 mm);
b — nomogram of change of concentration of thickened flow
(1-60-70 %; 2 — 50-60 %; 3 — 40-50 %; 4 — 30-40 %)

in the concentration of the formed flow. In some cases, this allows for the conditions for achieving the
content of the dispersed phase within 70 % by weight. An increase in the length of the flow zone leads
to a decrease in concentration due to a decrease in the inertial effect on the flow, determined by the
angle of attack of the flow, accompanied by a change in the trajectory of dispersed particles.

Conclusion

As a result of the research carried out, a number of conclusions were made that have scientific
and practical significance:

1. The supply of backfill mixtures over long distances is significantly limited by the reduction in
specific hydrodynamic pressure, determined by the ratio of the vertical and horizontal components of
the backfill pipeline, as well as the complex resistance of the channel, which forces the use of flowing
mixtures with a low solid phase content in the technological process.

2. Hydraulic mixtures for backfilling work containing inorganic binders are dilatant substances
which, due to the internal interaction of the particles of the dispersed phase, are structured in the volume.
This corresponds to the observed power dependence of the change in shear stress on the velocity gra-
dient during flow movement, known as the Ostwald — de Waale rheological law, and corresponding to
the generalized Herschel — Bulkley model.

3. The determining factors in the use of thickening equipment are the productivity of the stowage
pipeline, the degree of thickening and the granulometric composition of the mixture. The type of thickener
must correspond to the features of the stowage complex. The use of the inertial principle of thickening
is due to the need to implement a continuous technology for feeding the stowage material, as well as
the compactness of the equipment dimensions.

4. Thickening of the hydraulic mixture used during stowage operations is recommended to be
carried out at the final stage of transportation of the stowage material. This allows the use of the initial
hydraulic mixture with a low content of the dispersed phase in the technological process and to
implement reverse water drainage.

5. A mathematical model for determining the trajectories of the dispersed phase using the Euler —
Lagrange method, constructed by solving the time-averaged Navier — Stokes equations for the liquid
phase, considered as a constant medium. This made it possible to analyze the efficiency of the process
of particle deposition and the formation of a condensed flow, as well as to evaluate the influence of
the parameters of the initial hydraulic mixture. The trajectories of a limited number of particles
through the calculated flow fields are considered as a discrete dynamic system, and Poincare sections
are used for their analysis.

6. The content of the dispersed phase in the thickened flow depends on the trajectories of the parti-
cles, determined by the value of the characteristic length of the interaction section L, varied by changing
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the ratio of the longitudinal and transverse dimensions of the deflecting hydrodynamic profile of the
working chamber of the inertial thickener, the angles of attack and flow around the flow.

7. An increase in the transverse dimension of the deflecting profile is accompanied by a decrease
in the angle of attack of the flow, significantly changing the trajectory of the flow of dispersed parti-
cles, and contributes to the effective implementation of the inertial thickening mechanism.
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