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Abstract. Compressed air as a type of safe technological energy carrier is widely used in many industries. In
economically developed countries energy costs for the production and distribution of compressed air reach 10 %
of the total energy costs. The analysis of compressed air production and distribution systems in the industrial
sector shows that the efficiency of the systems is at a relatively low level. This is due to the fact that insufficient
attention is paid to these systems since the compressed air systems energy monitoring has certain difficulties —
the presence of complex and branched air pipeline networks with unique characteristics; low sensitivity of the
equipment which consumes compressed air; the complexity of auditing pneumatic equipment that is in constant
operation. The article analyzes the options for reducing the cost of production and compressed air distribution.
One of the promising ways to reduce the compressed air distribution cost is timely detection and elimination of
leaks that occur in the external air supply network of the enterprise. The task is solved by hardware-software
monitoring of compressed air pressure at key points in the network. The proposed method allows real-time de-
tecting of emerging air leaks in the air duct network and sending commands to maintenance personnel for their
timely localization. This technique was tested in the industrial conditions of ALROSA enterprises on the air
pipeline network of the Mir mine of the Mirninsky Mining and Processing Plant and showed satisfactory conver-
gence of the calculated leakage values with the actual ones. The practical significance of the obtained results is
that the developed method for monitoring air leaks in the air duct network is simple, it requires an uncomplicated
software implementation and allows to localize leaks in a timely manner, thereby reducing unproductive energy
costs at the enterprises.

Keywords: compressed air; compressor; energy management; energy efficiency; distribution air ducts; air leaks;
monitoring
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Introduction. Because of its versatile properties, compressed air is one of the main energy carriers
used in many processes in various industries [1, 2]. In the industrial sector, compressed air
production and distribution systems are one of the main consumers of energy, accounting for an
average of 10 % of the total energy costs consumed in the European Union and China [3].
However, despite its wide spread, the efficiency of using compressed air is about 19 %, and about 75 %
is the cost of electricity for the drive of compressor units [4]. Thus, only 10-30 % of the electricity
consumed by compressor units is used by the end user. The efficiency of energy use in the produc-
tion and distribution of compressed air for the mining industry in Russia is shown in the diagram
(Fig.1). In general, the share of energy consumed by the compressor station, which is converted
into useful work, is about 3 %. This is due to the fact that mining enterprises have a system of
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100 % | branched mine workings and,
accordingly, have branched
air duct networks, in which
about 37 % of energy losses of
compressed air are concen-
trated [5, 6].

This level of energy loss
in compressed air systems
should now be considered un-
acceptable due to the signifi-
cant impact on the production

Energy consumed by the compressor station

50 %

Air flow energy entering the network

13%

Energy flow
at the
consumer

3%

Fig.1. Energy diagram of production, distribution and consumption of compressed air of a competitive product. Im-
at mining enterprises in Russia proving the energy efficiency
1 —energy losses at the compressor station; 2 — energy losses in the air duct network; 3 — energy .
losses in pneumatic consumers; 4 — useful work of teChHOIOglcal process of
production and distribution of
compressed air is based on modernization, technological development and the transition to the
rational use of energy resources [7-10].

Opportunities to reduce energy costs for the production of compressed air are associated with a
reduction in energy costs for driving compressors, transporting air through pipeline systems, and con-
trolling pneumatic systems [11]. In papers [12, 13] it was noted that the introduction of the necessary
measures for energy saving in the systems of production and transportation of compressed air has the
potential to reduce energy consumption from 56 to 66 %.

The solution of the problem is carried out by complex methods. The main directions for increas-
ing the efficiency of compressed air systems are aimed at using an electric drive with high efficiency
[14], frequency-controlled drives implementation [15, 16], automatic control systems modernization
[17, 18], use of modern designs of dehumidifiers and air filters [3, 19]. Consideration should be given
to the external part of compressed air systems, which includes the air distribution network with shut-
off and control equipment, and the process equipment itself, which have a significant impact on en-
ergy efficiency. It should be noted that some methods of compressor stations efficiency improving
can lead to a deterioration in other technical indicators of the enterprise, for example, the introduction
of a frequency-controlled drive negatively affects the level of power quality in terms of non-sinusoi-
dal voltage and current [20].

Energy audit of enterprises allows to identify technical problems of compressed air systems and
its distribution [21-23]. The studies note that despite the high cost of this energy carrier, the enter-
prises do not take into account the efficiency of the system until the pressure loss in the system reaches
a critical level and begins to affect the normal course of the technological process and the normal
operation of the equipment [14]. This feature of the systems leads to a temporary delay in the implemen-
tation of the necessary control actions aimed at improving the energy efticiency of production [24].

The recently promoted concept of the development of monitoring and control systems for intel-
ligent technical complexes [7, 25] requires the development of automated systems at the enterprises
of the mining industry, which would take into account the necessary factors of the life cycle of the
considered technological schemes.

Methodology. A promising direction for improving energy efficiency at industrial enterprises is
the introduction of high-quality energy management, which will play a significant role in maintaining
the minimum electricity costs at the required level. This is achieved during the energy audit process
and allows to maintain reduced energy consumption in production with savings of up to 20 % [26].
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Despite the high efficiency, the implementation of energy management is constrained by the sup-
port of other priority areas by enterprises: improving the technical skills of management personnel
and low motivation of employees who make the necessary decisions [27, 28].

Existing technologies make it possible to monitor the parameters of various systems of industrial
facilities and visualize them on a mnemonic diagram displayed on the operator's screen. More and
more mining industry enterprises are beginning to introduce modern telecommunication solutions
and technologies, which can significantly reduce the likelihood of production errors and optimize the
course of production processes. However, there are no available approaches for real-time monitoring
of the energy performance of compressed air production and distribution systems. In many cases, the
only indicator of technical or operational problems that characterize compressed air systems is the
increased power consumption of the compressor station. The increase in energy consumption is in-
fluenced not only by productivity improvement of compressor installations and technical problems,
but also by uncontrolled air leaks [2, 29]. Thus, it is necessary to use a system that includes real-time
monitoring of key technical parameters, procedures for identifying wasted compressed air and a rapid
alert system to manage the elimination of wasted air consumption cause.

Consider the technical side of improving the energy efficiency of compressed air production and
distribution systems. It is customary to divide compressed air systems into two parts: production and
distribution of compressed air. The first part includes the compressor units themselves, air filters, air
collectors, dehumidifiers, etc. The second part includes control valves, distribution air ducts with
fittings and technological equipment operating on compressed air. The second part as a whole repre-
sents the external network of the compressor unit.

Energy losses in the external network occur mainly due to air leaks, which account for up to 20-50 %
of losses [3, 11]. These losses are caused by non-tightness of detachable connections, malfunction of
couplings, fittings, destruction of air ducts, rupture of hoses, etc. [11].

A review of the operating experience of compressed air systems and the available opportunities
to reduce energy costs in these systems allows to conclude that most technological processes have
the ability to significantly reduce operating costs by reducing volumetric air leaks in external air
supply networks. Repair of these systems requires minimal investment and allows to quick recoup
the costs.

The key to estimating potential energy and cost savings is the amount of air flow due to leaks.
Existing leak quantification methods evaluate either the total flow rate of the system or the air flow
rate from individual leaks [30]. Four main methods are used to estimate total losses in a compressed
air supply system, which include pressure drop testing, compressor power measurement, using a port-
able ultrasonic flow meter, and installing an inline flow meter. All of these methods require the inter-
ruption of production processes, since leak detection technology involves the measurement of air
quantities due only to leaks in the system. Measurement of individual leaks can be performed during
production. Each of the above methods has disadvantages that create a significant error in measuring
air flow [31].

Another option for measuring leaks is the use of ultrasonic clamp-on flow meters, which use
ultrasonic waves to estimate the speed of air flowing inside a compressed air pipeline. They directly
measure the velocity in the pipe and need a known value of the pressure in the system. This method
requires many settings, calibration, and also the value determination of some difficult-to-define pa-
rameters [32]. In addition, stringent requirements are imposed on the location of the flowmeter and
its proper fastening to the pipe. Thus, the presence of a large number of adjustable parameters prede-
termines significant errors in the measurement of leakage flow.
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Another method for indirectly detecting leaks is based on measuring the electrical parameters
(voltage and current) supplied to the compressor motor terminals, which makes it possible to calculate
the power consumed to compress air [3]. The difference between the measured and calculated com-
pressor power makes it possible to calculate the air flow due to leaks in the system. This method is
widely used in the energy audit of enterprises, but requires certification, calibration of electrical
equipment and a significant investment of time to find and isolate the required electrical lines. In
addition, the method is designed to estimate only the total air flow in the system and does not allow
differentiating losses in individual sections of the pipeline.

When detecting individual leaks, the most common method is ultrasonic leak detection [33]. This
method allowing the determination of the leaks that occur during point depressurization of pipelines,
has a high error and the complexity of determining the total air flow due to the presence of many
points.

Thermodynamic method using heating elements and thermocouples should be considered as a
new one [31]. Leakage measurement is carried out with the process stopped, so that only the flow due
to leaks circulates in the compressed air line. The compressor continues running run to maintain sys-
tem pressure. The outside part of the pipe is heated by thermal heaters and the resulting temperature
profile is measured using thermocouples or other similar temperature meters. When heat is supplied
to a pipe, the resulting temperature profile will change depending on the air flow in the pipe. A change
in air flow leads to a change in the heat transfer coefficient inside the pipe, which affects the change
in temperature relative to the initial value. The method has sufficient accuracy, but requires special
equipment and its appropriate calibration. The complexity and high cost of this method limits its wide
application.

Discussion. The branching of the air duct network and the presence of a large number of con-
sumers of compressed air require strict consideration of the losses that occur during the transportation
of the energy carrier. Existing technical means make it possible to control the main parameters of the
energy carrier at all stages of its movement. However, their widespread use is constrained by their
high cost and the need for additional maintenance costs. In some cases, specialized software is re-
quired, which is used within the framework of the necessary functional tasks [34, 35]. In our opinion,
under these conditions, the methods based on monitoring the main parameters of the energy car-
rier with a differentiated account of factors that make it possible to track leaks in real time become
more appropriate. Timely localization of the detected leaks can significantly reduce harmful
losses and unproductive costs in compressed air systems.

The design of compressor stations and the calculation of air duct networks for stationary com-
pressed design operation modes of the compressed air consumers does not present great difficulties
and is described in sufficient detail [36, 34]. The main task of the compressor unit is to supply air to
the end consumer with the appropriate technological parameters, which include pressure, flow and air
quality. Important parameters of the external network of the compressor unit are the length, diameters
of pipelines, roughness, and the presence of local resistances. Appropriate calculation and subsequent
selection of these parameters allows minimizing losses and using compressor machines with the lowest
energy consumption.

When designing air duct networks, taking into account regulatory documents in relation to air ducts
and the quality of supplied air, leakage accounting is taken declaratively from 0.3 to 0.5 m*/min per
1 km of the pipeline. The values of these design leaks are taken depending on the operating experience
of compressor stations for enterprises of certain industries. This approach determines the average
leakage rate without taking into account many external factors, which is rather inappropriate. Some
factors can create leakage losses up to 40 % of the consumer's nominal flow [38, 39].
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To ensure on time monitoring of the leakage level and its localization in the main compressed
air pipelines for the purpose of subsequent management for making decisions to reduce unproductive
costs, a method is proposed for indirectly determining leaks in the air pipeline network. This method
consists in using the values of the air flow of consumers connected to certain areas in accordance with
the scheme of the air duct network. By monitoring the pressure drop in these areas, the air flow due
to leaks is determined. The method is applicable to long and branched compressed air networks,
which is typical for mining and chemical industries. In such compressed air supply systems, linear
pressure losses are predominant compared to local losses. Thus, using the Darcy — Weisbach equation
[37], recorded for the i-th section of the air duct network, the calculated pressure drop Ap; is
determined in the corresponding section, which is due to the consumption of compressed air by the
consumers of this section and the leaks,

= B0 ()
where d; — pipe diameter; A — hydraulic friction coefficient; /; — reduced length of the air duct i-th
section; d; — diameter of air duct i-th section; Qavi — the average value of the volumetric air flow in
the i-th section; pavi — average density value of the transported compressed air.

The volumetric flow rate of compressed air in the air duct section is the sum of the flow rate of
the consumer or the subsequent section and the resulting leaks, which are due to leaks in the connec-
tions and violation of the continuity of the pipeline. The average value of the volume flow can be
determined from the expression

Qavi :Qui +0'5Q1i ’ (2)

where Qu — useful volumetric flow in the i-th section, due to the consumption of end consumers;
Qi — volume loss of compressed air in the i-th section.

Comparison of expressions (1) and (2) makes it possible to obtain the dependence of the pressure
drop in the area under consideration on the resulting volumetric leaks in the same area:

=) Pau il Py (Qm +050,)". (3)

Transformation of expression (3) makes it possible to calculate the volume leakage of compressed
air in the i-th section:

0.5
0, =0.707d>| 2| a0 . (4)
Xlipavi

The resulting expression (4) includes pavi — the average value of the density of the transported
compressed air. This parameter depends on the thermodynamic state of the transported medium.
When compressed air moves from the starting point at which it has pressure parameters pi, tem-
perature 77 and density pi, there is a change in its thermodynamic parameters to the values p»,
T> and p2. Let us take into account that the movement of compressed air through steel pipelines
i1s accompanied by both its cooling due to heat transfer through the pipeline walls, and a certain
increase in temperature due to air friction against the pipeline walls, which has a significant
roughness. As a first approximation, it is assumed that the decrease in air temperature in the
considered section of the pipeline occurs according to the adiabatic law. Then the average value
of the density of the transported compressed air is calculated from the expression
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0.71
o, =0.5| oo | AP , (5)
begi p begi

where pyegi — absolute pressure of compressed air at the beginning of the i-th section of the pipeline;
R — air gas constant; Tyee; — absolute thermodynamic air temperature at the beginning of the i-th
section of the air duct.

Monitoring of compressed air parameters is carried out at key points of the air pipeline network:
at the outlet of the compressor station, at the branching points of the air pipeline network, near com-
pressed air receivers. The main prevailing parameter of compressed air for given conditions is the
excess pressure at the points of the pipeline, which is recorded by digital pressure gauges and any
deviation is monitored by the energy service of the enterprise. At some key points in the air supply
network, digital thermometers are additionally installed, which record the temperature of the supplied
compressed air. In those points of the network where there are no thermometers, the temperature
is calculated by linear interpolation, from the data of the nearest points of the air duct network.
According to the design scheme, pressure gauges register air pressure at the beginning p1 and at the
end p> of the sections of the observed pipeline, which allows taking into account the difference in
their readings, which is equal to the total pressure drop in this section of the pipeline:

D= Pr=Ap;. (6)

Since the volumetric performance of industrial compressors Veom and compressed air con-
sumers Veon is measured in [m?/min], then moving from the dimension [m%/s] to the dimension
[m*/min] and taking into account the factors not taken into account in the adopted model, we
obtain the final expression for monitoring air leaks in the i-th section of the pipeline:

0.5
Vli = km 42.47‘562’1-2'5 (ij _2Vconi > (7)
xlipavi

where V1; — estimated volumetric flow rate of leaks in the i-th section, m*>/min; km — matching factor
that takes into account the additional pressure drop associated with the configuration of the section
of the air duct network (presence of valves, branches, turns, etc.); Veoni — estimated volumetric con-
sumption of consumers in the i-th section, m*/min, determined according to the passport data of the
equipment or the results of the last audit of the company's compressed air facilities.

For the successful implementation of this technique, it is necessary to set the value of the
matching coefficient km. Since quite a lot of random factors influence its value, the establishment
of the matching coefficient value dependence on
the configuration and pipeline parameters can be
built on the experiment basis using empirical
formulas. Experimental studies were carried out
on the air duct network of the Mir mine of the
Mirninsky Mining and Processing Plant of
the ALROSA company. The existing mine dis-
patching system allows real-time monitoring of
pressure readings at the control points of the
compressed air pipeline and the operation of pneu-
matic installations. The operator of the control

, , o , panel sees on the control monitor a mining plan with
Fig.2. Approx1m§te scheme for monitoring the air duct the location of equipment and instrument rea dings at
network of the Mir underground mine of the Mirninsky

Mining and Processing Plant control points. The functional diagram of the moni-
CS — compressor station; P1 — PS — pneumatic receivers; toring of the air pipeline network of the mine is

- s Tt t s : .
e P control panel shown in Fig.2. Pressure sensors are located at

CP

P1 P2
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nodal points connecting individual sec- SVHa, T p
tions of the air duct network, or at the m/g_](l)n il e i g i
locations of pneumatic receivers. 50

The need for underground and surface '
complexes of the Mir mine in compressed 40 o a4 JL
air is provided from the surface compres- 3.0 R N Sl 2
sor station. The compressor station is g (e SELEL PO SE S THF R
equipped with four ZR-750/7.5-50 com-
pressors (supply 124.4 m¥/min, pressure
(75 Pa) 7.5 kg/cm?, electric motor power 0 s 10 100 Voo, m¥/mmm
750 kW). The total design capacity of the '
working units is 373.5 m’/min. The opcera- Fig.3. Results of experimental studies of the determination
tion of the compressor station 1S provided leaks in the sections of the air duct in the crosscut (1),

in automatic mode, with the output of the in the trunk (2), in drift (3)

necessary parameters to the mine manager.

From the compressor station to the cage shaft, compressed air is supplied through a pipeline with
nominal diameters of DN400 and DN350, then through the cage shaft through the DN300 pipeline,
through the crosscuts of the working horizons through the DN200 pipelines, and through the rest
of the workings through the pipelines with DN150 diameters. Pipelines are equipped with moisture
separators and switching fittings.

Most pneumatic consumers do not have a permanent location in the mine. According to the
mining plan and production needs, pneumatic consumers are connected to the compressed air
pipeline in the branches provided by the project.

To calculate the loss of compressed air and the coefficient of matching km, the experimental
sections were divided according to nominal diameters and location in the air supply network of
the enterprise. The results of measurements of the pressure value in the studied sections of the
air duct were received at the operator's console. The measurements were carried out with a
different number of connected consumers of compressed air; therefore, the flow rate and the
magnitude of the air pressure drop at the measurement points changed. The calculation of con-
ditional leaks was carried out according to formula (4), while the value of the matching coeffi-
cient km was taken equal to 1. The results of measurements of leaks by experimental methods
in the same sections are indicated on the graph (Fig.3) by dotted lines.

As a result of the experiments, it was found that the value of the matching coefficient is in
the range from 0.93 to 0.97 (see table). At low air flow rates, the error in determining leaks by
this method is reduced, which is associated with a certain sensitivity of pressure sensors and their
error, which is 1-2 %. At costs corresponding to the main operating modes at the enterprise, this
technique gives a satisfactory result with a measurement error of 6-7 %.

Coefficient ky, value

Nominal diameter, Average value Error of calculated
Area
mm km data, %
Shaft 350 0.93 5.3
Cross-heading 200 0.97 2.5
Production sites, drifts 150 0.95 5.8

The main purpose of this technique is not to accurately determine leaks, but to detect them
in in-time manner and immediately localize them. The scheme of work is as follows. Instrument
readings are transmitted via communication lines to the dispatcher's console, where they are visualized.
The software of the automated control system for the air duct network, built taking into account the
proposed methodology, allows to issue signals when the system operation mode deviates from the
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calculated parameters. The company's management evaluates these deviations and takes measures
to localize leaks and, ultimately, to reduce the energy consumption of the company's compressor
station. This system improves the energy security of compressed air transport, eliminates the influ-
ence of the human factor and is one of the steps in the development of a highly efficient digital
enterprise [36, 40].

Conclusion. The results of the conducted research allow us to draw the following conclusions.

One of the methods of technical implementation of the effective management of compressed air
networks is the software and hardware implementation of monitoring leaks in sections of the air-wire
network, carried out in real time.

A mathematical model that takes into account the characteristics of air networks and the presence
of pressure value indicators at the network control points makes it possible to determine leakages in the
network by the calculation method. The results of experimental studies on the air pipeline network of
the Mir mine of the Mirninsky Mining and Processing Plant showed a deviation of the calculated pa-
rameters by no more than 7 % from the actual values of leaks. The introduction of this system with a
clear energy service management reduces the consumption of electrical energy of the drives of the
compressor units of the Mir mine by 4720 kWh per year.

The software implementation of this method allows real-time monitoring of the air duct network
state and identifying areas with increased energy losses. The method for detecting leaks in compressed
air networks is characterized by simplicity, simple software integration into an existing dispatching
system, and can be used to monitor the state of external networks of compressor units in industrial
enterprises with an extensive air duct networks.
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