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Abstract. Keeping mining waste in the mine and using it to backfill the mined-out space can solve environmental
problems and mining engineering tasks, primarily rock pressure control. One way to solve these problems is to use a
pneumatic backfilling method, which makes it possible to achieve a high density of the filling massif. The subject of the
research is the physical processes in pipeline pneumatic transport systems with ascending sections. The topic of the
work is to evaluate the resistance of transport pipeline elements with ascending sections to the movement of air mixture
and the influence of the angle of inclination on the characteristics of the air mixture flow at the outlet of the pneumatic
transport system. The purpose of the work is to obtain a determining equation that describes the movement of the air
mixture through a pipeline of constant diameter, taking into account the local hydraulic resistances in certain sections of
the pipeline that change the direction of the air mixture. The determining equation contents the angle of inclination of the
transport pipeline axis to the horizon @ > 0°, so this equation can be adapted to the conditions of transportation in a
horizontal (e = 0°) or vertical (@ = 90°) direction. The methodology of the work consists in applying a phenomenological
approach to determining the resistance forces of the two-phase flow of “gas — solid particles” in a cylindrical pipeline. The
influence of the resistance characteristics of straight and curved pipeline elements on the technological and design pa-
rameters of the pneumatic transport system is taken into account by the additivity of these parameters for each individual
element. The scope of application of the results is the development of the scientific foundations of the theory of two-
phase “gas - solid particles” flow in pipeline systems for pneumatic transport of dispersed materials in a dense phase.
The implementation of the research results in engineering methods for calculating existing and new pneumatic transport
systems will increase their efficiency in technological processes for moving dispersed materials at mining and metallurgi-
cal enterprises and in other industries.
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1. Introduction

In mining operations, waste from the extraction of minerals is in most cases de-
posited on the surface. The volume of this waste increases as thick coal seams are
depleted and the number of shallow coal and thin ore seams increases. As thick coal
seams are depleted and the number of shallow coal and low-power ore deposits in-
creases, the volume of the waste is growing. The waste from mineral processing also
causes significant damage to the environment. The existence of huge accumulations
of man-made residues from the extraction and processing of minerals makes the
problem of their disposal extremely acute [1-3].

One of the ways to solve the problem of environmental protection during under-
ground mining of minerals in both the mining and coal industries is the pneumatic
backfilling of the mined-out space in mines. This technology for the disposal of min-
ing waste can be used when extracting deposits using various mining systems, regard-
less of the thickness and dip angles of the seams. The main element of this mining
technology is pneumatic pipeline transport, which is widely used in many technologi-
cal processes for moving various types of dispersed materials [4—6].

Today, there are several technologies for extracting minerals with complete back-
filling of the mined-out space. All these technologies have one significant draw-
back—they do not allow filling more than 70-80% of the volume of the mined rock
mass. To increase the efficiency of the technology for backfilling the mined-out space
of mines, the IGTM of the National Academy of Sciences of Ukraine has developed a
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standard range of vibration-pneumatic machines (VPM) with an annular ejector. This
equipment belongs to the class of sectional pneumatic transport and allows, when
performing backfilling works, to increase the percentage of filling of the mined-out
space to 90% and even more. The use of a complex effect of vibration and aerody-
namics on dispersed material in the VPM makes it possible to transport various types
of bulk materials (including sticky and wet rocks). The VPM can be used both inde-
pendently and as part of backfilling complexes in various technological processes of
mining, primarily in technologies for the disposal of mining waste and the processing
of minerals in the mined-out space [7, 8].

There are numerous studies that examine one of the most important parameters of
pneumatic transport of bulk materials, which directly affects the energy efficiency of
pneumatic transport systems (PTS). This parameter is the drop in compressed air
pressure, which depends primarily on:

— the flow rate of the air and dispersed phases of the air mixture;

— the geometric and design characteristics of the transport pipeline;

— the physical and mechanical properties of the dispersed phase of the air mixture.

Research on pneumatic transportation of bulk food products with pulsed com-
pressed air supply in a vertical pipeline was conducted in [5], where, as a result of
analyzing a mathematical model based on differential equations of movement of in-
dividual particles in an air flow, the components of total air pressure losses in the
pipeline were established. In addition, the work notes that the direct solution of the
differential equations is quite problematic, and the use of empirical methods does not
provide a complete calculation of the parameters of a two-phase flow.

Another area of research into the pneumatic transport of bulk materials, which has
a long history, 1s the determination of energy costs to overcome the resistance forces
of the air mixture. For example, the results of experimental studies on the influence
of the structure of the solid phase resistance components of an air mixture, in which
sawdust was used, on its mass flow rate and air pressure in the PTS are presented in [9].

In most pneumatic transport processes for bulk materials, a common problem is
determining the effect of the total resistance of the pipe network, which may include
horizontal pipes, vertical pipes, and elbows or other sections connecting network el-
ements. The theoretical equations of movement in the pneumatic transport system of
a mixture of air and fibrous waste in the ascending section of the pipeline and the re-
lationship between the angle of expansion of the pipe and local resistances are given
in [10]. The results of experimental studies of the effect of the orientation of the el-
bow (horizontal and vertical) of the transport pipeline on the total pressure drop at the
elbow are given in [11].

The results of experimental studies of the friction coefficient of a fully suspended
dilute flow of granular solid particles (granulated semolina, fly ash, and alumina) dur-
ing their transportation through a pipeline with angles of inclination to the horizontal
plane in the range from 0° to 30° are presented in [12].

Based on the concentration of the air mixture flow and its transport speed, the
flow modes during transport are divided into zones:
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— dilute phase (granulated particles or finely fractionated bulk material and pow-
ders);

— dense phase (coarse-grained bulk material with a fraction size greater than
5 mm) of the air mixture.

An analysis of recent PTS studies shows that pneumatic transport of diluted phase
air mixtures is most widely used in all industries, despite the different transport pipe-
line network configurations. The disposal of waste from the extraction and processing
of minerals in the mined-out space of mines using the PTS involves the pneumatic
transport of dense phase air mixtures. Given the technological schemes of mining op-
erations with pneumatic backfilling of the mined-out space, the PTS transport pipe-
line has to have a complex configuration with one or more ascending sections. At the
same time, mine air supply networks have limited capabilities to increase the air pres-
sure required for backfilling operations. One option for solving this problem is, for
example, the use of mobile mine air blowers in combination with VPM, where air
flow is more important than air pressure [7]. However, the issue of the transport dis-
tance of the backfill material, which, along with the density of the backfill mass, is
one of the main technological characteristics, requires a more detailed study of the
losses of pneumatic energy to overcome the resistance forces of the air mixture.

In backfilling operations, the process of pneumatic transportation through a pipe-
line of an air mixture consisting of rock particles and air is characterized by the fact
that mechanical work is expended to overcome the resistance force of the air and dis-
persed phases of the air mixture. The magnitude of this integral force is estimated
through the integral (generalized) coefficient of resistance to the movement of the air
mixture in the transport pipeline, which in general is determined as a combination of
the following factors:

— friction resistance of the air and dispersed phases of the air mixture against the
walls of the pipeline;

— aerodynamic drag of the air environment;

— friction between particles of the dispersed phase of the air mixture.

When considering this complex interaction mechanism, a combination of various
analytical and experimental research methods is used. As a result of such research by
various authors, as mentioned above, dependencies have been obtained for the
transport of the diluted phase of the air mixture, which are empirical due to the com-
plexity of the interaction of the mixture components with each other and with the
walls of the transport pipeline. Along with studying the friction mechanism, friction
resistance is also evaluated based on the main parameters of the air mixture flow:

— volume or mass concentration;

— velocity;

— pipeline diameter;

— physical and mechanical properties of the transported material.

As a results of experimental studies of pneumatic transport of dense phase air
mixtures, conducted by many foreign and domestic scientists (in particular,
A.E. Smoldyriev, .M. Razumov, and L.S. Kliachko), the dependence of the friction
coefficient on the Reynolds number for different conditions and modes of transporta-
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tion was obtained. According to the results of research by A.E. Smoldyriev, who is
one of the pioneers in the development of pneumatic transportation systems for en-
terprises in the mining and metallurgical industry, the possibility of additional losses
of pneumatic energy has been established, caused by the following:

— an increase in the concentration of the solid phase of the air mixture in the bot-
tom part of the pipeline with a decrease in the speed of pneumatic transportation,
which is especially characteristic of a change in the direction of movement of the air
mixture;

— an increase in the possibility of collision between particles of the dispersed
phase of the air mixture due to an increase in their concentration.

The purpose of this work is to obtain a defining equation for the patterns of air
mixture movement through a pipeline of constant diameter in order to determine the
main technological parameters of pneumatic transportation of rock. In accordance
with the purpose, the research task is to take into account local hydraulic resistances
that are present in certain sections of the pipeline and change the direction of air mix-
ture movement. In addition, the work considers the influence of the angles of con-
necting elements of straight sections of the pipeline on the distance of rock transpor-
tation, which requires additional losses of compressed air pressure.

2. Methods

The research methods are: generalization of the results of theoretical and experi-
mental studies of the movement of air mixture through the PTS pipeline with re-
sistance of the individual sections; fundamental principles of two-phase flow me-
chanics “gas — solid particles”; modeling the movement of air mixture through a pipe-
line of constant diameter, taking into account its resistance, as well as obtaining ap-
proximate functions for determining the equivalent length of the PTS pipeline and the
coefficient of local hydraulic resistance to the movement of air mixture depending on
the angle of inclination of the pipeline section.

3. Theoretical part

The kinematics of transporting dispersed material through the PTS pipeline [13] is
much more complex than the movement of an air mixture in space between two par-
allel walls. However, the basic nature of the movement of two-phase “gas — solid par-
ticles” flow along and across the pipeline axis is well described within the framework
of a plane problem [4, 14, 15]. Regardless of the solved tasks, in the PTS transport
pipeline, the energy of the air flow (pressure) is spent on moving the dispersed phase
of the air mixture and overcoming various types of resistance. In general, the move-
ment of bulk material particles in these systems occurs under the action of forces:
aerodynamic (head) drag, gravity, Magnus-Zhukovskyi, interphase viscous friction in
the air mixture (determined by Stokes' law), Saffman, and Archimedes.

For the movement of dispersed phase particles in an air mixture in air flow, the
following forces can be disregarded [7, 15, 16]:

— Magnus-Zhukovskyi force, which depends on the angular velocity of rotation of
the solid phase particles in the air mixture;
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— Saffman, which manifests itself only for very fine particles (neglecting the force
of interphase friction);

— Archimedes, the magnitude of which depends on the difference in density be-
tween the solid and air phases of the air mixture.

The following assumptions are made:

— the dispersed phase of the air mixture is a lumpy medium consisting of homo-
geneous solid particles with a density of p;

— a pipeline with a length L, has a constant diameter D,,, and an angle of inclina-
tion of 1ts axis to the horizon @;

— the air mixture moves in accordance with the isothermal law with a constant
temperature 7.

Taking into account the above, let us consider for a flat problem the movement of
an air mixture through the PTS pipeline in accordance with the calculation scheme, a
general view of which is shown in Fig. 1, where:

— P, and P, are the static air pressure at the beginning and end of the pipeline, Pa;

— pur1 and pg,» — air density at the beginning and end of the pipeline, kg/m?;

—u; and u, — air velocity at the beginning and end of the pipeline, m/s;

— vy and v, are the velocity of the dispersed phase particles of the air mixture at
the beginning and end of the pipeline, m/s.

Figure 1 — Calculation diagram of air mixture movement in the ascending section of the pipeline

Ignoring the force of interphase viscous friction and taking into account the ac-
cepted assumptions, according to the calculation scheme (Fig. 1), the distribution of
pressure losses AP in the ascending section of the PTS pipeline is as follows:
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AP=AF,  +AP,  +APF, , + APg,S + APg’a , (1)

where AP, — loss of air pressure to overcome the aerodynamic drag force of the air
mixture, Pa; AP, and AP,,,— air pressure losses due to overcoming the friction force
on the surface of the pipeline of the dispersed and air phases of the air mixture, re-
spectively, Pa; AP, and AP, ,— air pressure loss to overcome the gravitational force
of the dispersed (Fy) and air (Fg,) phases of the air mixture, respectively, Pa.

The loss of air pressure (AP,,), to overcome the acrodynamic drag force of the air
mixture in a cross-section of the pipeline 0 < x < L,;, is determined by the equation

A(Pas), = 2] P (=0, | @)

where c,; — dimensionless drag coefficient; p,,. — density of the air phase of the air
mixture in the selected section of the pipeline, kg/™; u, and v, — velocity of the air
and dispersed phases of the air mixture in the selected section of the pipeline, m/s.

The value of the aerodynamic drag coefficient c,, from equation (2), is a function
of a large number of variables and varies widely: from 0.5 for spherical particles of
bulk material to 1.4 for irregularly shaped particles [17]. Obtaining an analytical de-
pendence for this coefficient is an extremely difficult task, so empirical dependencies
are usually used in calculations. In [18], the following dependence is given for the
developed turbulence regime:

Cp = 531 — 488y, 3)

where i — dimensionless sphericity coefficient, which is accepted for pneumatic
transportation of rock 0.8 < w < 1 (= 1 corresponds to spherical rock particles
cqs = 0.43).

In the mechanics of two-phase “gas-solid particles” flow, it is accepted [7, 15]
that the velocities of the air and dispersed phases as it moves through the PTS pipe-
line are related to each other through the slip coefficient (relative velocity) of the air
mixture phases ¢, namely: ¢ = (u, — ) / uy >0, = u(1 — @). Taking this into ac-
count, equation (2) takes the form:

2
A(B), =P A(pes) @)

The relative velocity coefficient ¢ characterizes the distribution of velocities in
the air and dispersed phases in an air mixture, in which the velocity of dispersed
phases is a complex function of many variables, including:

— physical and mechanical properties of dispersed phase particles (size, shape,
density, etc.);

— characteristics of the air phase (velocity, turbulence, and viscosity);
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— influence of acting forces (drag, gravity, inertia, etc.).

Taking this into account, in most cases, the coefficient ¢ is determined experi-
mentally for each type of dispersed phase of the air mixture during its transportation
in a stable state in suspension.

The loss of air pressure to overcome the friction force on the surface of the pipe-
line of the dispersed (AP,), and air (AP, ,). phases of the air mixture in a cross-
section of the pipeline 0 < x < L,;, 1s determined as:

A(PW’S)X :%A(piju)%):MA(pmui); (5)

A(Pua), =220 (pu i), (6)

where ¢; and ¢, — dimensionless coefficients of hydraulic resistance of the dispersed
and air phases of the air mixture movement along the pipeline surface, p;, — density
of the dispersed phase of the air mixture, kg/m?.

The coefficients ¢; and £, in this mathematical model play the role of coefficients
of friction resistance of the air mixture on the pipeline surface. They depend on many
factors, such as: type of friction (sliding, rolling); transported material; pipeline sur-
face (material and surface condition). Depending on the transportation conditions, the
friction resistance coefficient, for example, of rock on metal, is determined experi-
mentally and can vary in the range from 0.2 to 0.8 and above. In particular, for sand-
stones with a density ranging from 2.65 t/m? to 2.67 t/m>, the average friction coeffi-
cient on a dry metal surface is ;= 0.65 [19].

The hydraulic resistance coefficient (friction resistance) £, of the air phase of an
air mixture in a pipe with a circular cross-section and a hydraulically smooth wall for

the region of purely turbulent stabilized flow can be calculated using the Filonenko-
Altshul formula [20]:

£,=(1.8InRe-1.64) ", (7)

where Re = u1D,;,/v — Reynolds number; v = 15.06-10° m?/s — kinematic viscosity of
air at temperature of 20 °C.
Taking into account that

up = 4Qa/(7rD]2)l-p ) ,

where Q, — the air flow rate at the beginning of the pipeline (m?/s), equation (6) looks
like:
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-2
&, [ISIn 40, 164) . (8)

VD pip
Air pressure losses due to overcoming the gravitational forces of the dispersed
and air phases of the air mixture (APg), and (AP, ). 1n a cross-section of the pipeline
0 < x <L, are determined as:

A(Pg’s)x = A(pyx) egsine; A(Pg’a) =A(pyx)(1-¢) gsin, 9)

X

where ¢ — porosity of the elementary volume of the air mixture (dimensionless coeffi-
cient of filling of the pipeline cross-section with the dispersed phase of the air mix-
ture); g —acceleration of gravity, m/s?.

When transporting an air mixture with dense packing of dispersed phase particles,
the porosity of its elementary volume is in the range 0.3 < £< 0.7 [15].

For constant values of c,s, @, ¢, {, € for an arbitrary cross-section of the PTS
pipeline along the length 0 < x < L,;,, taking into account equations (2), (4) — (6), in
differential form, equality (1) has the following form:

é/s (1_(0)

dP :Md(pax x) 5 (pS,x x) é/ad(pax x)+

2
+(egsinw)d (p, . x) + (1-£)(gsinw)d (p, .x).
Provided that the dispersed phase of the air mixture is transported in a stable state,

its density can be considered a constant value. p;, = p;, = const. In this case, the last
equation can be reduced to the form:

dP, =%(cas¢>2 +8a)d(pasiiy)+ 2P (; o) du3 +
+(gsina))[6psdx+(l—8)d(pa,xx)}. (10)

By expanding the differentials and integrating equation (10) along the length of
the pipeline (within the range 0 <x < L,;,), we obtain:

By B = (ca +8a)(az — pan) (18 o )+ S22 0=

+| &0y (Pap = Pat)(2-8) | Lpppgsine. (11)
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The air density p,; from the (11), is found using the Mendeleev - Clapeyron ideal
gas equation of state:

Pai =P /(RT), (12)

where R — gas constant, J/(kg-K); T — temperature, K.

Equation (11) characterizes the relationship between the parameters of the linear
movment of the air mixture through a round-section pipeline in its separate sections:
horizontal (@ = 0), lifting (0 < @ < 90°), and vertical (@ = 90°).

In many technological processes that use the PTS, the pipeline must be laid by
combining different sections: horizontal, ascending, vertical, and inclined. Individual
sections of the pipeline are connected to each other by various structural elements:
elbows, bends, tees, etc. In this case, the components of hydraulic resistance in equa-
tion (11) are two groups:

— friction resistance caused by various types of unevenness and roughness on the
surface and characterized by a friction resistance coefficient {,

— local hydraulic resistances, which are present in certain sections of the pipeline,
in particular, pipe bends in ascending sections, etc., and are characterized by a local
resistance coefficient (.

Air pressure losses to overcome hydraulic resistance forces in any complex sec-
tion of a pipeline are inseparable. Despite the fact that local hydraulic resistance acts
on a fairly long length of pipeline (with the exception of the end section), this type of
resistance is usually considered to be concentrated in a single cross-section. Both co-
efficients, which are determined experimentally, are summed up as
(o = Cuyt Cag, and air pressure losses are determined as the arithmetic sum of friction
losses and local losses [21].

4. Results and discussion

Equation (11) with equations (3), (8), and (12), allows us to determine the main
parameters of the air mixture movement in a separate section of a straight pipe with a
constant diameter. An important characteristic of pneumatic backfilling equipment is
the velocity at which the air mixture leaves the pipeline. This is explained by the pos-
sibility of ensuring the highest possible density of the backfilling massif. This charac-
teristic can be obtained by solving equation (11) for the velocity u,. As an example,
let us consider the transportation of a type of rock — sandstone — along the ascending
section of the PTS pipeline with the initial parameters given in Table 1.

As a result of solving equation (11) with respect to velocity u,, we obtain a cubic
equation whose discriminant is greater than 0. Therefore, the equation has one real
root and two complex roots. Figures 2 and 3 show the graphical dependencies of the
air phase velocity of the air-fuel mixture at the outlet of the pipeline on the angle of
its inclination during the transportation of sand or bulk materials with similar physi-
cal and mechanical properties.
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For stable transportation of air mixture with ¢ = 0.4, the following changes in air
leakage velocity from the ascending section of the PTS pipeline are characteristic

(Fig. 2):

1) A decrease in 1.5 times in the porosity of the air mixture ¢ causes an increase in

the corresponding air velocity u, by approximately:
1...4% for pipeline with L,;, = 30 m (dependencies 1 and 4);
4...8% for pipeline with L,;, = 50 m (dependencies 2 and 3).

Table 1 — Parameters for calculating the air phase velocity of the air mixture at the outlet

of the PTS pipeline
Initial parameters Variable parameters
name value value

Air pressure at inlet (P1), MPa 0.3 Pipeline length (L), m 30: 50
Air temperature at the inlet (7), K 288.15 ’
Air consumption (Q,), m*/s 0.833 Porosity of the elementary vol-
Air pressure at the outlet (P2), MPa 0.101330 | ume of the air mixture (&) 0.4; 0.6
Air density at the outlet (p.2), kg/m® 1.2255
Kinematic viscosity of air (v), m*/s 15.06:10° | Angle of inclination of the
Hydraulic resistance coefficient (dry pipeline axis to the horizon from 10
friction on metal) of the dispersed 0.65 (w),° to 90
phase (&)
Pipeline diameter (Dmpip), m 0.2 Phase slip ratio () 0.01; 0,1;
Air gas constant (R), J/(kg-K) 287.14 0.3;0.4
acceleration of gravity (g), m/s 9.81
Aerodynamic drag coefficient (cqs) 0.43

U2, m/s
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Figure 2 — Dependencies of air velocity u2 at the outlet of a pipeline with length L,;, on its angle
of inclination to the horizon w for an air mixture porosity coefficient ¢= 0.4
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2) A decrease in pipeline length by a factor of ~ 1.7 causes an increase in the cor-
responding air velocity u, by approximately:

1...9% for the porosity coefficient of the air mixture £= 0.6 (dependencies 2 and 1);

1...5% for the porosity coefficient of the air mixture £= 0.4 (dependencies 3 and 4).

For stable transportation of air mixture through a pipeline L,;, = 30 m with a coef-
ficient £ = 0.6, the following changes in air leakage velocity from the ascending sec-
tion of the PTS pipeline are characteristic (Fig. 3):

— an increase in the phase slip coefficient in the range 0.02 < ¢ < 0.1 causes, de-
pending on the angle of inclination of the pipeline section, a decrease in the corre-
sponding air velocity u, by approximately 1% (dependencies 1 and 2);

—an increase in the phase slip coefficient in the range 0.1 < ¢ < 0.3 causes a de-
crease in the corresponding air velocity u, by approximately 2...4% (dependencies 2
and 3), depending on the angle of inclination of the pipeline section.

Uy, m/s
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\‘\\ 1
N \\
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24.8 \\/
24.6 AN
24.4 \

~
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~—

——

0 10 20 30 40 50 60 70 80 o°
1- dependence for ¢ = 0.02; 2 — dependence for ¢ = 0.1; 3 — dependence for ¢ = 0.3

Figure 3 — Dependencies of air velocity u» at the outlet of a pipeline with length L,;, = 30 m on
its angle of inclination to the horizon , taking into account the phase slip coefficient ¢ for the air
mixture porosity coefficient £= 0.6

From the dependencies shown in Fig. 2 and Fig. 3, it follows that the decrease in
the velocity of the air phase of the air mixture in the ascending section of the PTS
pipeline increases with an increase in the following coefficients:

—coefficient of porosity of the elementary volume of the air mixture ¢ (filling of
the pipe cross-section), which can be reduced by shortening the pipe length L,;,

(Fig.2);
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— coefficient of phase slip of the air mixture, which generally needs to be deter-
mined separately for each type of dispersed phase of the air mixture (Fig. 3)

For combined sections of the PTS route, when different types of elbows are re-
quired to connect the ascending section of the pipeline to its horizontal part, the pres-
ence of pipeline inclination angles is taken into account in equation (11) by adding to
the total value of the length of the transport pipeline its equivalent length L.,; and by
adding to the total value of the hydraulic resistance the local hydraulic resistances ;.

In most cases, the values of L., and {,,; are obtained experimentally and reference
data are used. Fig. 4 shows the graphical dependencies of the equivalent pipeline
length L., and the local resistance coefficient {,; on the angle of inclination of the
pipeline ascending section axis to the horizon for transporting air mixture, which are
constructed based on the data presented in the works [14, 22].

Leq LIS Caj

P
pZ

- /

1:0 // / |
3 1 /

0.6 \‘/ Zd d

// A

02 //A

0.0 A

0 10 20 30 40 50 60 70 80 @°

0.8

1 — dependence of the equivalent length of the pipeline Le; on the angle w;
2 — dependence of the coefficient {,; on the angle w; 3,4— trend lines

Figure 4 — Dependencies of the equivalent length of the pipeline L., and the coefficient .
on the angle of inclination of the pipeline elbow @°

According to Fig. 4, the functional dependencies L., = f{w) and ., = v(w) have
polynomial characteristics, the approximation of which with confidence R? —1
shows that

Loy =—2-10" 0" +0.02190+0.2149; (13)

(a1 =-310%0"+7-10°0° 410 0* +0.0130-0.0611.  (14)
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Taking into account these dependencies, the components of equation (11) accord-
ing to the law of additivity during transportation of the air mixture through a pipeline
with combined sections have the following form:

W

X
Lpip - ZLPZPJ + ZLeq,i; (15)
=1 i=1

W

X
Ca=2(Gar ), + 2 (Ga); (16)
j=1 :

i=1

where L,;,; — length of a separate straight section of pipeline with a constant diame-
ter, m; y — number of straight sections of pipeline; L.,; — equivalent length of the
connecting elbow of the pipeline, m; @ — number of connecting elbows; ({,); — fric-
tion resistance coefficient of a separate straight section of a pipeline; ({,,); — local
hydraulic resistance coefficient of a single elbow.

The values L,;,; and ({,y); are specified when calculating the PTS route at the de-
sign stage. To determine the values L.,; and ({,;); in engineering calculations, de-
pendencies (13) and (14) are used.

The developed method for calculating the parameters of air mixture transportation
for an arbitrary scheme of individual sections of the PTS pipeline allows:

— calculating the parameters of rock transportation in the PTS, which has a differ-
ent transportation scheme, including ascending sections and elbows;

— determine the rational parameters (pressure and flow rate) of compressed air re-
quired for the effective use of PTS in solving technological problems.

The scientific novelty of the research on the movement of air mixture in the PTS
with ascending sections of transport pipeline lies in obtaining:

— a determining equation for the movement of air mixture through the PTS pipe-
line with an arbitrary trajectory (including ascending sections), taking into account
the number of straight sections of the pipeline (j = 1...y), the presence and number of
ascending elements (elbows) (w;, i=1...®)

— dependencies for determining the total values of the length of the PTS transport
pipeline and the local hydraulic resistance coefficient depending on the presence and
number of ascending sections of the pipeline with angles w;, i=1...w;

— the relationship between the parameters of compressed air supplied to the PTS
(P1, T, wy), the characteristics of the dispersed and air phases of the air mixture (o,
Cas> Gs» Ca), technological (¢, ¢) and design parameters (L, D,ip, @of the PTS for sta-
ble transportation of the air mixture in a suspended state.

The use of these dependencies in engineering methods for calculating pneumatic
conveying systems of arbitrary configuration will allow determining their rational
parameters, primarily in terms of ensuring the supply of compressed air for transport-
ing bulk materials with a given productivity over the required transport distance. This
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will make it possible to expand the scope of application of the pneumatic method of
transporting bulk materials in various industries, especially in mining and metallurgi-
cal enterprises when disposing of waste from the extraction and processing of miner-
als in the mined-out space of mines.

5. Conclusions

As a result of the research, methods for calculating the mechanics of two-phase
“gas — solid particles” flows in pipeline transport systems were further developed by
taking into account the characteristics of resistance components, primarily ascending
sections, in the determining equation for calculating the parameters of air mixture
flow in transport systems. The influence of resistance components on the change in
the velocity of the air phase of the air mixture, which determines the ability to
transport the dispersed phase of the air mixture over the required distance with the
required productivity, is shown.

The presence in the transport pipeline of a single section of the horizontal part of
the pipeline ascending at a certain angle, followed by straight-line transportation of
the air mixture, causes an increase in the polynomial dependence of the local hydrau-
lic resistance coefficient of this section on the angle of inclination. For several as-
cending sections, their total hydraulic resistance coefficient is found using an additive
method, taking into account the values of similar coefficients calculated for the corre-
sponding angles of inclination.

Each ascending section of the PTS pipeline necessitates an increase in the calcu-
lated transportation distance of the air mixture by a certain equivalent length of the
same pipeline, which varies according to a polynomial dependence on the angle of
inclination. The total calculated distance of pneumatic transportation of the dispersed
phase of the air mixture (rock) through the PTS pipeline depends on the number of
ascending sections and their inclination angle and is found using the additivity
method.

The results of the research can be used in the design and improvement of the PTSs
that have ascending sections of transport pipeline. The application of these results in
engineering calculations of similar systems will allow determining the necessary pa-
rameters of compressed air for its supply to the PTS. This will enable the transporta-
tion of bulk materials (rock) with different physical and mechanical properties at a
specified rate over the required distance and with the necessary velocity of the air
mixture leaving the pipeline. These factors will increase the efficiency of PTS use in
various technological processes at mining and metallurgical enterprises, in particular,
increase the percentage of backfilling the mined-out space of mines with waste from
the extraction and processing of minerals.
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YPAXYBAHHS MIQWOMHUX OINSHOK TPYEOMPOBOMY MiA YAC PYXY MPCbKOI NOPOM
B CUCTEMAX NHEBMOTPAHCMNOPTYBAHHA
lNoHomapeHko C., Psbues O., Kabakosa /1.

AHoTauif. 3anuweHHs Bigxogais BUA0OYTKY KOPUCHMX KOMAmnMH Y WaXxTi Ta BUKOPUCTAHHS iX 4Ns 3aKnagku Bupob-
NEHOro NpPOCTOPY CNPSIMOBaHE Ha PO3B'A3aHHS K EKOMOriYHNX Npobnem, Tak i FipHUYOTEXHIYHMX 3aBAaHb, Hacamnepes,
YNpaBIiHHS ripcbkuM TUCkoM. OgHMM i3 HanpsMKIB peanisaLi BUPILLEHHS LyX 3aBOaHb € 3aCTOCYBaHHS! MHEBMATUYHOMO
cnocoby 3aknagku, skui 3abe3neyye MOXIMBICTb JOCATHEHHS BUCOKOI LUiNbHOCTI 3aknagyBanbHoro macuey. lNpeame-
TOM AOCTIZXeHb € (isnyHi npoLecy, LWo BiabysaroTbCa B TPYOONPOBIAHNX MHEBMOTPAHCNIOPTHUX CUCTEMAX MPW HAsIBHO-
CTi B HUX AiNSHOK nigiomy. Temoto poboTH € OLjiHKa PE3UCTEHTHOCTI ENEMEHTIB TPaHCNOPTHOMO TpyGONpoBOAY, L0 Mae
NIBAOMHI LiNsHKKA, O PYXy aepoCyMilli Ta BrMB KyTa MigiloMy Ha XapakTepUCTUKW MOTOKY aepoCyMilli Ha BUXOL 3 MHe-
BMOTPAHCMOPTHOI cuctemn. MeToro poboTi € OTPUMaHHS BU3HAYaNbHOrO PIBHSIHHS, WO ONUCYE pyX aepocymilli Tpy6o-
NPOBOAOM CTanoro fiaMeTpy 3 ypaxyBaHHAM HasBHOCTI MIiCLIEBWX riapaBIiiYHUX ONOpiB, SKi NPUCYTHI Ha OKPEMUX JiNsH-
kax TpybonpoBoay Ta 3MIHIOKTb HANPSIMOK PyXy aepocyMilli. HasiBHICTb y BU3HAYaNbHOMY PIBHSIHHI KyTa Haxuny oci
TpaHCNopTHOro TpybonpoBoay 40 ropU3oHTY @ > 0° [03BONSAE afanTyBaTy Lie PiBHAHHA [0 YMOB TPAHCMOPTYBAHHS B
ropusoHTansHoMy (@ = 0°) abo BepTukansHomy (@ = 90°) Hanpsamky. MeTogonoris npoBeaeHHs poboTy nonsrae B
3aCTOCYBaHHI (PEHOMEHOSIONYHOTO NiAXO4Y [0 BU3HAYEHHS CUI OMOpY PyXY ABOMA3HOrO NOTOKY «ra3 — TBepAi YaCTuH-
kn» B LUuniHgpuuHOMy Tpy6onpoBogi. BnnmB pe3ncTeHTHUX XapakTepUCTUK MPSMONIHIMHAX Ta NOBOPOTHWUX €NEMEHTIB
Tpy6ONpoBOAY Ha TEXHOMOriYHI Ta KOHCTPYKTUBHI MapameTpy NHEBMOTPAHCMOPTHOI CUCTEMU BPaXOBaHO afWTMBHICTIO
WX napameTpiB Ans KOXHOTO OKpeMoro enemeHTy. Cchepoto 3aCcTOCYBaHHS OTPUMaHWX pesynbTaTiB € PO3BUTOK HayKo-
BMX OCHOB Teopii pyxy ABOhA3HWX NOTOKIB «ra3 — TBEPAI YaCTUHKW» B TPyOONPOBIgHWUX CUCTEMAX MHEBMOTPAHCMOPTY
AUCnepcHUX Matepianis B WinbHii ¢asi. Peanisauis pesynbTaTtiB 4OCTIDKEHb B IHXKEHEPHUX METOAAX PO3paxyHKY iCHY-
tOYMX | HOBMX MHEBMOTPAHCMOPTHWUX CUCTEM OO3BOMMUTL MIABMLUMTY €PEeKTUBHICTb X BUKOPUCTAHHS B TEXHOMOMYHUX
npouecax nepemillieHHs AWUCNepCHUX MaTepianiB Ha NigNpPUMEMCTBAX MPHUYO-METanypritHoro KOMMIeKCy Ta B iHLIKX
ranyssix NPOMUCOBOCTI.

KnioyoBi cnoBa: nHEBMOTpaHCNOPTHA cuCTeMa, KOediLlieHT onopy, TPaHCMOPTHWUIA TpyBoNpoBiA, NigMoMHa AinsiH-
ka, aepoCcyMiLLl.
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