Herald of Advanced Information Technology 2020; Vol.3 No.1: 428-439
Simulation and Diagnostics of Complex Systems and Processes

UDK 004.9:681.51:51-74

Olena S. Nazarova!, Candidate of Technical Sciences, Associate Professor of Electric Drive and
Automation of Industrial Plants Department, E-mail: nazaroval6@gmail.com, Scopus ID: 56826084800,
ORCID: http://orcid.org/ 0000-0002-0784-7621

Irina A. Meleshko', PhD Student of Electric Drive and Automation of Industrial Plants Department
E-mail:iameleshko@gmail.com, ORCID: http://orcid.org/ 0000-0003-2473-5434

"National University “Zaporizhzhia Polytechnic”, Zhukovskogo Street, 64, Zaporizhzhia, Ukraine, 69063

EXPERIMENTAL RESEARCH AND COMPUTER MODELING OF THE
OBSTRUCTION OCCURRENCE IN THE PNEUMATIC CONVEYING SYSTEMS
PECULIARITIES

Annotation. At designing new and modernizing existing pneumatic transport systems it is necessary to take into account
changes in the electromechanical parameters of the equipment during start-up or other transient conditions that are most dangerous
from the point of view of the occurrence of a blockage in the pneumatic system. Given the high cost of electricity and large volumes
of production during the transportation of bulk materials, the urgent task is to reduce the specific consumption of compressed air
during transportation, taking into account the development of automatic control systems for the main factors, namely, pressure loss
at the outlet of the pneumatic system, affecting the occurrence of blockages of pneumatic conveying systems. The aim of the work is
to conduct experimental studies and computer modeling of the features of blockage in pneumatic conveying systems during transpor-
tation of bulk materials associated with pressure loss at the outlet of the pneumatic transport systems. This goal is achieved by con-
ducting experiments, on the basis of which an analytical expression is obtained to determine the speed of the mixture, which provides
the minimum admissible pressure at the outlet of the air bag by the technological process. An analytical dependence of the occur-
rence of a possible clogging point on the pressure drop at the outlet of the air duct is obtained, which determines the minimum step
of the impact on the transported two-phase flow in order to prevent the occurrence of blockages, and also, if necessary, indicates the
place of occurrence of the blockage. It was established that with increasing pressure difference at the inlet and outlet of the pipeline,
the point of possible blockage shifts towards the chamber feeder. Stabilization of the humidity of the compressed air supplied to the
pneumatic line through the use of more sensitive and faster measuring equipment and automated control means will reduce the pos-
sibility of blockage, save energy, and therefore increase the efficiency of the pneumatic conveying system. Mathematical and comput-
er models of the electric drive of the pneumatic transport system have been developed; graphs of electromechanical processes have
been obtained, confirming its adequacy with an accuracy of ten-twelve percent for steady regime. Using these models will save time
and money on conducting preliminary experiments in the development of new and modernization of existing pneumatic transport
systems.

Keywords: computer modeling; pneumatic conveying system; pneumatic transport system; bulk materials; compressed air;
energy efficiency

Introduction. The pneumatic method of The reasons of blockages include an unstable
transporting bulk materials is also widely spread at Mode of transportation, a decrease in pressure at the
enterprises in the metallurgical, mining, energy, outlet of the pneumatic transport system. The process

chemical, pharmaceutical industries, in the agricul-  Of the appearance of gallows is explained by a de-
tural sector and in construction [1-2]. Pipeline Crease in the distance between particles with an in-

transport accounts for 30% of all industrial transport ~ Créase in the concentration of the solid phase [5-6].
systems, which determines the relevance of the sub-  AAS a result, these particles fall into the hydrodynamic
ject under consideration. The development of tech- tral_l of the particles flying in fro_nt, while the frontal
nologies for the transportation of bulk materials is ~resistance decreases, the speed increases, and, as a
aimed at reducing the unit cost of transporting one ~ consequence, the particles fall out of the flow [7-8].

ton of bulk material by reducing the consumption of ~AAmong the methods to prevent the formation of
electric energy during transportation: works with the ~ Plockages in pneumatic conveying systems, the fol-
minimum allowable pressure in the air duct, allow- 10Wing are known: constant control of pressure
ing you to choose an electric motor of lower power, throughout the pneumatic conveying line [9]; increase

which with such production volumes gives a signifi- in pressure in the pneumatic route, which entails an
cant economic effect [3]. increase in electricity consumption [10-11]. To pre-

The disadvantage of pneumatic conveying sys- vent such undesirable phenomena, it is necessary to

tems (PTS) is the probability of delay in the reaction @Ke @ survey of the electromechanical processes of
of the automatic control system (ACS) to pressure pneumatic conveying of bulk materials, pay attention
changes and, as a result, blockages of the pipeline to the selection of the most advantageous of them and
with bulk material, which causes the process to stop investigate the stability of their condition, which is an
simple equipment and significant material losses [4]. ~ Urgent task in the design and operation of pneumatic
conveying installations [13-14], taking into account
© Nazarova, O. S., Meleshko, 1. A., 2020 the dependence on the length of the air duct [15], on
the selected operating speed of the transporting
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stream [16]. A significant disadvantage of pneumatic
transport is also its vulnerability of sudden power
outage [17]. In such a situation, the transported bulk
material lies in the air duct, while blockages and
plugs are possible, which seriously complicates the
restoration of the operational state of the route. The
energy intensity of the transportation process with
the pneumatic method of moving bulk materials, the
design features of pipelines [18-19] and the accesso-
ry equipment, technical parameters of pneumatic
conveying systems largely depend on the modes of
movement of bulk materials, the possibility of auto-
mating the processes of their transportation [20].
The specific energy consumption and wear of the
pipeline determines its effectiveness and depends on
the mode of transportation used. Optimization of the
electromechanical processes of moving bulk materi-
als, as well as the creation of energy-saving methods
of pneumatic transport operating in its unstable
modes, is an urgent task.

The aim of the work is to conduct experi-
mental studies and computer simulations of the oc-
currence of blockages in pneumatic conveying sys-
tems during transportation of bulk materials, accom-
panied by pressure loss at the outlet of the PTS, in-
creasing the humidity of the compressed air supplied
to the system and obtaining an analytical depend-
ence of the probable point blockages in the pipeline.

Methods, results and discuss

Determination of the operating modes of pneu-
matic transport installations, in which the transfer of
1 ton of alumina with a minimum air flow rate and a
minimum probability of occurrence of blockage sig-
nificantly increases their efficiency.

Table 1 shows the results of an experimental
study of the formation of walls at different costs of
compressed air, the pressure dynamics in the PTS
certain information and the of the mixture density
are determined for the transfer of 1 ton of Al,O;
[21].

During the experiment, measuring instruments
were used: Honeywell STG700 pressure sensor,
providing accuracy within the range of 0,05 % of the
measurement range; pressure sensor Sapphire 22 DD
2430 for measuring air flow with an accuracy class
of 0,5%; weight alumina in front of the chamber
feeder was determined by VKD-3T-DA scales, accu-
racy class Ill is average. The experiment was to
move 1 ton of Al,O; alumina from the chamber
feeder to the collection hopper at a distance of
370 m. Initially, 90 m* of compressed air was used to
transfer 1 ton of Al,Os, while the pressure P; at the
inlet of the test section was 6.76 - 10° Pa. and at the

output, P, = 6.12 - 10° Pa. In this case, there is prac-
tically no pressure drop and the density of the trans-
ported mixture is 38.1 kg / m°. As the air volume for
transportation decreases, an increase in the pressure
drop at the end point of the air duct and an increase
in the density of the transported medium are ob-
served. With an air volume of 35 m°, the experiment
was terminated due to the lack of movement of the
mixture. This volume is not enough to aerate alumi-
na to a density of movement. It was experimentally
established that the optimal displacement volume is
a value of 60 + 5 v°.

Table 1 Dependence of compressed air con-
sumption (V, m3), line pressures (P; and P, 10°, Pa)
and the density of the mixture being transported
(p sum, kg / m®) at transfer of 1 ton Al,O,

vV, m’ | P, 10°, Pa | P,,, 10°, Pa | p sum., kg/m’
90 6.76 6.12 38.1
85 6.43 5.76 44 .45
80 6.14 5.38 50.8
75 5.79 4.98 57.15
70 5.52 4.56 63.5
65 5.24 4.15 69.85
60 491 3.74 76.2
55 459 3.32 82.55
50 4,28 2.99 95.25
45 4.03 2.56 101.6
40 3.64 2.03 107.95
35 1.97 0 0

30 0 0 0

At the same time, the operation of the pneumat-
ic transport system is relatively stable and the cost of
compressed air for transportation is most effective

Thus, a decrease in pressure at the outlet of
pneumatic conveying systems reduces the energy
efficiency of the system as a whole, and can also
lead to blockages.

In order to study the change in pressure in the
pneumatic transmission line, a passive physical ex-
periment (under the normal functioning of the facili-
ty) was conducted at JSC: “Zaporizhzhya Production
Aluminum Combine”, where the object of the study
was a part of the pneumatic circulation (Fig. 1) from
the chamber feeder (CF) to the receiving hopper
(RH) of the electrolysis workshop.

Figure 1 shows the loading of alumina from the
refrigerator of a calcination furnace (RCF) through
an opening in a chamber feeder (CF). By turning the
compressed air supply valve from the central mani-
fold, the flow of material into the transport line is
regulated, controlled by this is the pressure on the
manometer (P1), the discharge pressure from the
compressed air manifold (CA) and the flow rate of
alumina (Al,O3). The damper (Z) controls the flow
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of the mixture into the pneumatic transport line. The
compressed air supply is controlled by a drive motor
(CTO-1600-2YXJ14), a multistage centrifugal com-
pressor (K-250-61-2).

AlzOs ( )

RCF |

CA 7

L5
- >

Fig. 1. Structural scheme of PTS experimental site

During the experiment, 42 measurements (n,
pcs.) of pressure were made at the inlet and outlet of
the pneumatic conveying system (P-10°, Pa) near the
chamber feeder with the P; gauge and at the pneu-
matic outlet near the receiving hopper with the P,
gauge.

On Fig. 2 shows the results of measurements,
according to which it was found that the difference
in pressure loss reaches 2.45-10° Pa. The automatic
control system must timely compensate for the loss
of pressure in the pneumatic conveying lines, in or-
der to avoid blockage, stopping the process of trans-
porting bulk materials and clogging of pneumatic
conveying systems [22]. According to the technolog-
ical process, the pressure at the outlet of the system
should be at least 2-10°Pa.

:m«w\w
TN NN A A,

2

W s

P-10°, Pa

1357 9111531517192123252729313335373941

Fig. 2. Experimental data: pressure at the inlet (1)
and outlet (2) of the PTS

To ensure this condition, the necessary speed of
the mixture of air with alumina at the outlet of the
pneumatic duct V, m/s was determined according to
equation (1) [23]

V=a.y+p8-L2 (1)
where: o = 10 — coefficient taking into account the
geometric dimensions of alumina particles;

B = 0.00005 — coefficient taking into account chang-
es in the specific gravity of air in the pneumatic
transport line; y = 3.5 ton/m®, specific gravity of
alumina particles; L,— equivalent length of pneu-
matic conveyor.

Le=Lg+L, +L, (2)

where: Ly — the total length of the horizontal sec-

tions of the pneumatic conveyor (3); L,— the total

length of the vertical sections of the pneumatic con-
veyor (4); L,— total length of the rotations of the

pneumatic conveyor (5).

where: Ly =37wm; Ly =259 M; Ly =24 M

L =L + Ly, (4)

where: L, =95m; Ly =59 M
Ly =Ngg - Kgo, (5)

where: ng, = 4 —number of turns under the condi-
tion that the radius of turns is 5,1 m; kgg =8 m —
length of one turn. Then Ly = 320m; L, =154 m;
L, =32m; L, =367.4m

In the calculations, the equivalent length of the
pneumatic race is taken L, =370 m.

As a result of the studies, the speed of the mix-
ture of air with alumina was calculated V =
25,553 m/s, which is necessary to ensure the mini-
mum allowable pressure at the outlet of the air duct.

It was found that reducing the pressure at the
outlet of the PTS reduces the energy efficiency of
the system as a whole, and can also lead to clogging
of the conveying pipeline with bulk material. An
unstable transportation process is characterized by a
decrease in the distance between particles and an
increase in the concentration of the solid phase [24-
25]. To study the nature of blockage occurrence, the
equation of transient gas filtration is used [26]. We
select in the gas stream an elementary volume in the
form of a parallelepiped with faces dx, dy, dz parallel
to the corresponding coordinates and apply the law
of conservation of mass to this expression (Fig. 3). If
the velocity in the center of the parallelepiped at
point A is equal to U and density p, we denote the
projection of the velocity on the axis ox, oy, 0z by

430

Information technologies in energy
engineering and manufacturing

ISSN 2663-0176 (Print)
ISSN 2663-7731 (Online)



Herald of Advanced Information Technology

2020; Vol.3 No.1: 428-439

Simulation and Diagnostics of Complex Systems and Processes

Ux, Uy, Uz. Then the mass flow rate (mass of gas
flowing through the face abcd of the parallelepiped
per unit time) [20; 27]:

dMlz[pUX—%%dx}dydz (6)

The mass of gas flowing through the opposite
side a, bl, Cq, dq:

Z\ “/rf‘*’
cA | 7 d
C y 'd, az
. a
e o
gy & =
3 y

Fig. 3. The conditional elementary volume of the
transported material in the gas stream

1a(pU,)

dM,, =| pU, +=—"—24dx |dydz 7

x1 |:,0 X 2 ox y ( )

In the direction of the axis ox per unit time, the

inflow and outflow of the mass of gas in an elemen-
tary volume:

dMX—delz—dedydz (8)
OX
At a constant temperature T, we obtain the

equation for transient laminar gas filtration through a
porous medium [24]:

cof( Op) Op
R N e 9
gax(paxj ot ®)

where: ¢ — is the filtration coefficient characterizing
the filtration properties of the porous rock and the
physical properties of the filtering fluid; € — is the
porosity coefficient of the medium.

With the formation of a block at the end of the
cork, we select an element Ax . Pressure is applied to
the cork:

2
p=" P
4 0oX
where: D — is the diameter of the pipeline, m.

The force of friction that holds him in equi-

librium:

(10)

R =aDAX
where: t — is the allowable shear stress for clinker

D(oP
T=—|—1
4(ax)

To satisfy the equilibrium condition in the pis-
ton, the tangential stress must not exceed the permis-
sible t at which the piston ruptures.

The condition of stability of the piston [26]:

P & (11)
ox D
Based on the Darcy law and the continuity
equation, an expression is obtained for finding the
analytical dependence of the place of occurrence
(L,) of the possible blockage point on the pressure
drop (AP) at the output of the pneumatic route:

L PP, +P, D |
8Pyt
where: Py, P; — pressure at the input and output of
the PTS, respectively, Pa.

The section of the air duct with a low probabil-
ity of occurrence of blockage L,=Le-L;; L; — site
drain involved in the repair work in the event of a
blockage; L, — a site located after the place of occur-
rence of the blockage and not requiring repair. The
larger the L, section, the more reliable the TCP op-
eration. To reduce the L, area, a large consumption
of compressed air is required, which reduces the en-
ergy efficiency of the TCP.

100

(12)

1 4 7 101316192225 28 31 34 37 40

Fig. 4. Estimated cork lengths with a drop in
pressure at the outlet of the PTS

Table 2 shows the results of a numerical calcu-
lation of the plug length for 42 measurements, with a
section diameter D = 0.143 m; t = 20.09 kg/mz; the
pressure values at the inlet and outlet of the TCP are
shown in Table 2.

Table 2. Inlet and outlet pressure values routes and
the corresponding ratios of the lengths of sections of
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the pneumatic track with the place of the probable
occurrence of block

No. | Py, 10°Pa [Py, 10°Pa | L, m [ L,m
1 [402 3.405 101.04 | 265.95
2 |4.023 3.444 9559 | 217.4
3 [ 4704 3.336 159.01 | 207.98
4 4213 3.44 1249 | 242.09
5 |4.758 3.131 127.74 | 239.26
6 | 4532 2.89 127.79 | 239.2
7 | 4.031 2.533 150.02 | 216.98
8 | 4615 2.52 78.89 | 288.11
9 | 4504 3.29 180.13 | 186.87
10 | 4.793 3.427 158.61 | 208.39
11 | 4.071 3.384 255.09 | 111.91
12 | 4.779 3.024 112.11 | 254.89
13 | 4.94 2.89 77.86 | 289.14
14 | 4814 2.524 56.49 | 310.5
15 | 4.26 2.97 172.75 | 194.25
16 | 4.243 3.188 202.64 | 164.36
17 | 4.947 2.945 82.9 | 284.1
18 | 4.253 3.274 212.88 | 154.12
19 | 4.06 2.64 158.56 | 208.44
20 | 4575 2.568 88.26 | 278.74
21 | 4.485 3.179 168.48 | 198.51
22 | 4528 2.985 139.26 | 227.74
23 | 4567 3.082 145.76 | 221.24
24 | 4.923 2.941 85.37 | 281.63
25 | 4.655 3.095 135.97 | 231.03
26 | 4.456 2.748 121.37 | 245.63
27 | 4.503 2.794 120.65 | 246.35
28 | 4.147 3.429 250.32 | 116.68
29 | 4.982 2.6 4454 | 322.46
30 |4.223 3.124 196.92 | 170.08
31 | 4.621 2.559 82.01 | 284.99
32 | 4.961 2.671 53.63 | 313.37
33 | 4.506 3.276 178.04 | 188.96
34 | 4.456 2.716 117.88 | 249.12
35 | 4.835 2.636 64.75 | 302.25
36 | 4.953 2.658 53.29 | 313.7
37 | 4.386 2.89 146.24 | 220.76
38 | 4.131 3.045 117.81 | 249.19
39 |4.117 3.337 241.38 | 125.62
40 | 4.798 3.211 131.36 | 235.64
41 | 4.361 2.862 146.15 | 220.85
42 | 4.478 2.65 108.17 | 258.83

A variation in the calculated value of the tube
length is shown in Fig. 4 the arithmetic average of
the length of the block for 42 measurements of the
pressure drop at the outlet of the PTS is 131.07 m.

Thus, the obtained value of L, is about a third
of the entire length of the pipe wire and is the mini-
mum step of influence on the transported two-phase
flow in order to prevent the occurrence of bends.

In the course of the experiment (Table 2), it was
determined that with the growth of the pressure dif-

ference, the probability of blockages is shifted to-
wards the chamber feeder. The decrease in the pres-
sure difference shifts the point of the probable oc-
currence of blockage towards the receiving hopper.

The values on the graph (Fig. 5), obtained in a
practical way, reflect the linear nature of the de-
pendence of the point of the probable occurrence of
blockage (L) on the pressure difference at the inlet
and outlet of the air duct (AP), which allows one to
establish the place of the probable occurrence of the
blockage and conduct its local elimination.

300

250 \.
200 .\
£ .
150 .
I " * .\\,
00 e’
. <
50 = L
0
0 1 2 3
AP, 10° Pa

Fig. 5. The dependence of the points of
probability of rebirth

It should be noted that in preparing air for
pneumatic transportation of all materials, the air
temperature and dew point temperature increase due
to air compression. Subsequent cooling of the com-
pressed air leads to its saturation, as well as to the
formation of condensate. The condensate is partially
trapped by special systems, but air with a humidity
close to 100 % is supplied to the system for trans-
portation. Thus, hygroscopic materials absorb mois-
ture, stick together and begin to adhere to the inter-
nal surfaces of the PTS. Thus, there are problems
with patency, as a result of which equipment stops.
Air requirements in pneumatic transport systems
depend on the characteristics of the transported ma-
terial and are individual for each case under consid-
eration [28]. The optimum relative humidity is in the
range of 20-40 %.

One of the features to reduce the likelihood of
blockages is the development of self-propelled guns
taking into account the humidity control of com-
pressed air supplied to the PTS and the humidity
control of the alumina itself in order to reduce air
humidity in pneumatic conveying systems.
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Fig. 6. The structural diagram of the drainage site

The structural diagram of the drainage area is
shown on Fig. 6,
where: CA is the compressed air supplied for trans-
portation; SS — stream splitter; AD — air dryer; P3 —
moisture measure; ACS — automatic control system.

Compressed air is supplied by the compressor to
the system; periodic instrumental measurement of the
humidity of compressed air is carried out using the
IVG-1 K-P moisture meter. The value of moisture
measurements is supplied to the automatic control
system, where they are compared with the permissible
ones. If these values of compressed air humidity are
exceeded, the ACS generates a control signal to
switch the compressed air flow separator to the desic-
cant. When the parameters of compressed air are
normalized, the SS switches to the pneumatic convey-
ing system.

When developing new and modernizing existing
self-propelled guns, it is advisable to use mathemati-
cal and computer models of these systems, which will
save time and money on preliminary experiments [29-
32]. A simplified functional diagram of the electric
drive of the pneumatic-transport system is shown in
Fig. 7,
where: ACS is an automatic control system; D — drive
synchronous motor (SM) (CTI-1600-2YXJ14); C —
compressor (K-250-61-2 — multi-stage centrifugal
compressor); Z — controlled valve; P1, P2 -— pressure
sensors at the input and output of the TCP, respective-
ly; PTS — pneumatic conveying system, taking into
account the trajectory and geometric dimensions; RH
— receiving hopper.

Vi
i><iel P1 t» PTS |+{ P2 {+[RH

ACS# D =~ C

Fig. 7. Simplified functional diagram of the electric
actuator of the pneumatic conveying system

To describe the dynamic modes of operation of
a synchronous electric motor (SM) with any meth-
od of controlling its speed, it is convenient to refer
to the model of a generalized two-phase AC ma-
chine [33]. This model allows you to go to the con-
ditional vector description of electric machines of
alternating current. The essence of the model of a
generalized alternating current machine is that the
action of the stator windings o and [, powered by
the corresponding system of alternating voltage
(current system 1, and lIg) and creating flux link
vectors vy, and g at each specific instant of time,
can be replaced by the action of a single winding
powered by a direct current I, and rotating with a
speed o of a magnetic field. The system of equa-
tions in operator form gives a description of the SD
at a constant flow of the rotor in an orthogonal ro-
tating coordinate system (d, q) [33]

(TP +Dyyy =T\ Uy +yg +

+T11wzpl//1qv

(TP +1)l//lq Ulq —Tholoyy,, (13)
m,Z

‘]pa) - 12E1WB l//lq M C,

where: p is the differentiation operator; T;; =L, /R,
— electromagnetic time constant; Uyq, Uyq — com-

ponents of the stator voltage; w4, wy, — stator flux
linkage vector; g — rotor flux linkage vector; Z,—

the number of pairs of poles; m; — the number of

phases of the stator of the electric motor; J — is the
moment of inertia reduced to the motor shaft.

For the input control actions, the rotation fre-
guency of the magnetic field wq and the voltage U4
and U4 are taken. The main disturbing effect is the
moment Mc of resistance forces, and the output
coordinate o is the angular speed of the electric
motor rotor. The system of equations shows that
the synchronous motor is a nonlinear control object
[33]. The system of equations (13) was linearized
by expanding the main nonlinear dependences into
a Taylor power series in the vicinity of a certain
working point with such parameters: yiqo, W1q0 [33]
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(TP +Dyrge =TiUyy g +

+T11wzpl//1q0’

(TP +Dy1g = TyUyg = TH@Z 4, (14)
m,Z

Jpo = 12—PLi//B‘//1qo -M¢

The system of equations (14) makes it possible
to find the transfer functions of a synchronous elec-
tric motor from the control actions wgand U;.

o(p) _ 1

W = = . 15

o(P) @ (P)  TyTp® +Tyyp+1 ()
Tel =T117 Tml = 22JR1 .
mlzP\VB\quo

The speed of a synchronous motor in this
mode is proportional to the voltage applied to the
stator windings.

U.\, 1 |9 | ] _\'1: M, I
él'\lr’n - T p- I Ten JP

Fig. 8. Synchronous motor linearized
description structure scheme

The compressor is characterized by gas-
dynamic characteristics (pressure versus flow). If
we take any point on the static characteristic of the
supercharger, then we can trace its trajectory of
motion when the compressor rotational speed
changes [34].

Consider the mathematical model of the com-
pressor installation along the second air flow circuit
(Q). Therefore, we will stabilize the air flow at the
given stage based on the set point. The model is
presented without taking into account the gate
valves and the secondary circuit by pressure, as
well as the engine overheating, since this is imple-
mented in hardware using a thermal relay, thus, the
isothermal process [35]. The simplest theory of
compressor machines, with acceptable accuracy, is
based on the thermodynamics of an ideal gas. In
this case, the Boyle-Marriotte law is used, i.e. the
gas volume is proportional to the pressure at a con-
stant temperature

PV =const, T =const.

To implement a centrifugal compressor in sin-
gle pipelines, an aperiodic link of the second order
is used; in this system, the delay is not taken into
account. Thus, the transfer function of the compres-
sor, in which the input signal is the angular speed of
rotation of the drive motor shaft, and the output signal
is the flow rate, is as follows

W :a)O(p): K ,
<(P)="0(p) ~ Mp+D)M,p+D)

(16)

where: T;, T, — compressor time constants, K — gain

of the transfer function of the compressor.

The mathematical model of a pipeline with a lig-
uid consists of equal costs at the inlet (node i) and
output (node j) and the pressure loss equation along
the length and has the form (17) [36]. When consider-
ing pneumatic transportation of a mixture of air with
alumina, it is assumed that a mixture with a certain
average density (pseudo-liquid) can be considered as
a liquid.

Qi szv
P, =R -2 g Q|

72'2Dt?

A7)

In system (17), L, D, —the length and diame-

ter of the pipeline; p is the density of the working flu-
id; 4 is the coefficient of pressure loss along the
length of the pipeline

_[75/Re mpu Re <2300,
10,3164 Re % ypu Re > 2300,

where: Re is the Reynolds number.

4Qy|

ﬂ-'Dtr'V

Re =

where: v is the kinematic viscosityv =7/ p,
n — is the dynamic viscosity of the liquid;
n (air) = 1,8-10° Pa-c; p (alumina) — 3.5-3.9 g/sm’;
L, =L, =370m; D, =D=0,143 m.

Based on the mathematical description (2)-(5),
(12), (15)-(17), a computer model of the electric drive
of the pneumatic conveying system was compiled
(Fig. 9) and the electro-mechanical processes of this
system were obtained (Fig. 10) by means of Matlab-
Simulink.
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Fig. 9. Computer model of an electric drive pneumatic conveying system
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Fig. 10. Electromechanical processes pneumatic
transport system: SM transient processes, taking into
account the attached rated load Mc (a), compressor
electric drive transient processes (b), simulation re-
sults of pressure at the inlet P; and at the output P; of
the air duct (c)

Fig. 10a shows the start of the compressor drive
motor, since the synchronous motor model is simpli-
fied linearized, the features of its start are not re-

flected in the graphs. Upon reaching a steady-state
value of air flow (Fig. 10b), Al,Os is supplied from
the chamber feeder, which is modeled as an applica-
tion of the resistance moment at t=>5sec. With a
PTS length of about 370 m and a linear velocity of
the mixture V = 25.553 m/sec, the pressure at the
PTS outlet will appear in 14.48 sec, which is shown
in Fig. 10c.

The obtained graphs of the electromechanical
processes of the PTS electric drive confirm the ade-
guacy of the developed mathematical and computer
models with an error of 10-12 % for steady regime.

Conclusions. Because of experimental studies,
it was found that reducing the pressure at the outlet
of the PTS, exceeding the permissible humidity of
compressed air supplied to the PTS, reduces the en-
ergy efficiency of the system as a whole, and can
also lead to blockages.

With aim of reducing the consumption of elec-
tric energy by a pneumatic transport system, it is
proposed to transport raw materials at a speed that
ensures the minimum pressure that is permissible by
the technological process.

The average pressure at the inlet of the PTS was
4.5-10° Pa, at the outlet of the PTS — 2,98:10° Pa,
thus, the pressure drop at the outlet was about 30 %.
The calculations showed that, on average, the place
of probable blockage with these data will be re-
moved from the prefabricated bunker by L, = 131.07
m with a total length of the experimental section of
about 370 m. The obtained value of L, is about a
third of the entire length of the pipeline and It is the
minimum step of impact on the transported two-
phase flow in order to prevent the occurrence of
blockages. It has been established that with an in-
crease in the pressure difference at the inlet and out-
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let of the PTS, the place of the probable occurrence
of blockage shifts to the chamber feeder.

An analytical dependence of the place of occur-
rence of a possible clogging point on the pressure
drop at the outlet of the pneumatic flow was ob-
tained, which allows us to determine the minimum
step of the impact on the transported two-phase flow
in order to prevent the occurrence of blockages and,
if necessary, to determine the place of its occur-
rence.

Mathematical and computer models of the elec-
tric drive of the pneumatic transport system have
been developed; graphs of electromechanical pro-
cesses have been obtained, confirming its adequacy
with an error of 10-12 % for steady regime. The use
of these models will save time and money on con-
ducting preliminary experiments when developing
new and modernizing existing PTS.

For a more rational use of energy resources by
stabilizing the pressure during the development of
the automatic control system of the PTS, it is rec-
ommended to predict a change in its electromechan-
ical parameters taking into account the location of a
possible blockage of the PTS and introduce an addi-
tional pressure control signal, thereby reducing en-
ergy consumption and material costs associated with
the elimination of blockages.
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Anomauia. IIpu npoexmyeanni HOBUX | MOOepHI3aYii ICHYIOUUX NHEBMOMPAHCHOPIMHUX CUCIEM HeOOXIOHO 8paxo8yeamu 3MiHu
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IKCHEPUMEHTAJIBHOE UCCJIIEJOBAHUME U KOMIIBIOTEPHOE
MOJIEJIMPOBAHUE OCOBEHHOCTEM BOSHUKHOBEHU S 3ABAJIOB
INIHEBMOTPAHCIIOPTHBIX CUCTEM

Annomayus. Ilpu npoexmuposanuyu HOBbIX U MOOEPHUZAYUU CYUWECMBYIOUUX NHEEMOMPAHCHOPMHLIX CUCTEM He0OX00UMO
VUUMBIBAMb USMEHEHUS INEKMPOMEXAHULECKUX NapAMempos pabomsl 060py008aHUs NPU NYyCKe UL OPY2UX NEPEXOOHBIX PEXCUMAX,
Hauboiee ONACHBIX ¢ MOYKU 3PEHUs. 603HUKHOBEHUS 346414 NHEGMOMPACCHl. YUUmMbleas 6bICOKYIO CIMOUMOCHL INeKMpOIHepauu U
Oonvue 06veMbl NPOU3EOOCMBA NPU MPAHCHOPMUPOBKE CHINYYUX MAMEPUAN08, AKMYANbHOU 3a0aueli AGIAeMCs CHUNCEHUE YOellb-
HO20 pacxo0a cicamozo 6030yxa npu mpaHCnopmuposKe, yuem npu paspabomke cucmem agmomamuiecko2o YnpagieHus OCHOBHbIX
Gaxmopos, a umMeHHO, nomepro 0a6leHUs HA 8bIXOOE NHEBMOMPACCYL, BIUAIOWUX HA B03HUKHOBEHUS 308008 NHEBMOMPAHCHOPIIHBIX
cucmenm. Llenvio pabomol a611emcs npogedenue IKCNePUMEHMATHBIX UCCAE008AHUT U KOMNLIOMEPHO20 MOONUPOBAHUA 0CODEHHO-
cmetl 603HUKHOBEHUA 3A6841A 8 NHEBMOMPAHCNOPMHLIX CUCIEMAX NPU MPAHCNOPMUPOBKE CHINYYUX MAMEPUATLO8, CEA3AHHBIX C NO-
mepell 0asnenus Ha 8bIX00e NHEBMOMPAHCNOPMHOU cucmembl. Tlocmasnennas yenb 00CMuU2Aemcs 3a cuem npoeedeHuUs IKCnepu-
MEHMO8, HA OCHOBAHUU KOMOPBIX NOIYYEHO AHATUMUYECKOe GbIpadCeHUe OJia OnpedesieHus CKOPOCMU O8UdCeHUs cmect, obecnequ-
sarowett MUHUMATLHO OONYCIMUMOe NO MEXHON0ZUYECKOMY npoyeccy 0asieHue Ha 6bixode nHeemompaccyl. Ilonyuena ananumuye-
CKasl 3A8UCUMOCIb B03HUKHOBEHUS B03MOICHOU MOUKU 3AKYNOPKU OM NAOEHUS 0A6eHUs Ha 8bIX00e NHEGMOMPACCh, ONPedeaouas
MUHUMATBHBLL Wide B8030eliCMEUsl Hd MPAHCROPMUpYemblil 08YX@aA3HbLIL NOMOK C Yeblo NPENnAmcmeus 603HUKHOBEHUIO 3A8d108, d
maxaice npu HeoOXOOUMOCIU YKA3bIBAIOWAs, HA MECMO B03HUKHOBEHUS 3A8AAA. YCMAHOBIEHO, YMO NPU Y8eIUdeHUU PA3SHOCHU 0d 6-
JIeHUs HA 8X00¢e U 8bIX00e MpPyOOnpoe00a Mo4Ka 603MONACHOU 3AKYNOPKU CMeuaemcs 8 CMopoHy Kamepro2o numamens. Cmabunu-
3aYUA BIAHCHOCU CHCAMO20 8030YXA, NOOABAEMO20 6 NHEBMOMASUCMPATb, 3d CUem UCHONb306aHUs 6oNee YYBCMEUMENbHO20 U
ovicmpodeticmeyioujeco USMepUMenIbHo20 000py006aHUs, U CpedCms A8MOMAMUIUPOBAHHO20 YRPABIEHUS CHUSUM B03MOICHOCHb
B03HUKHOBEHUS 3A6a41A, 00ECneyUm SKOHOMUIO INEKMPOIHEPSUL, d CIe00BAMENLHO, HOBbICUM IPHEKMUSHOCHL NHEEMOMPAHCNOP M-
HOU cucmembl. Paspabomanvl mamemamuyeckas u KOMNbIOMEPHAS MOOenu 21eKmponpusood NHeeMOMpPAHCROPMHOU CUCTEMb,
NOJYUeHbl 2papuKl INEKMPOMEXAHUYECKUX NPOYECCO8, NOOMEEpIcOaujie eé adeKeamHocmb ¢ MOYHOCMbIO 0ecsAmb-06eHA0Yamy
npoyenmos. Fcnonv3oeanue HA36aHbIx MOOeell NO360NUN CIKOHOMUMb 8PEMs U CPeOCM8a HA NPOBeOeHUe NPed8aAPUMENbHBIX IKC-
nepUMEHMO8 npu paspadomKe Ho8blX U MOOEPHUAYUU CYUJECNBYIOWUX NHEBMOMPAHCHOPIMHBIX CUCTEM.
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