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Abstract: This article presents a proposal for a wireless diagnostic system for checking the air
tightness of the ventilation network. The solution is designed to increase crew safety in underground
mining plants and increase the energy efficiency of the ventube ventilation system. The system is
based on sensors measuring the pressure inside the ventilation duct in relation to the barometric
pressure in the immediate vicinity of the duct. The flow of diagnostic data is based on a cascade
transfer. The data from the first sensor are transferred successively to the last one. Based on the
prior calibration of alarm thresholds in each device, the leakage or factor influencing the increase
of air flow resistance is located. The article presents the genesis of the creation and discusses the
principle and purpose of the system. In the following chapters, the progress of work related to testing
the system in laboratory, industrial, and underground conditions at the Velenje Premogovnik mine
(Slovenia) is presented. The authors analyze the test results and indicate the directions of possible
further work on improving the system. The proposed leak detection system is based on a network of
pressure sensors that communicate with each other to clearly pinpoint the leak location. The system
has been designed for operation in underground mining plants with limited space.
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1. Introduction

Within the years 2017-2020, KOMAG (Institute of Mining Technology) realized the
project under the Coal and Steel Research Fund (RFCS) with the acronym INESI—Increase
Efficiency and Safety Improvement—in underground mining transportation routes [1]. The
main assumption of the project was to improve material logistics and increase safety by
developing an effective system for locating the mining equipment and crew and extending
the effective working time of miners by reducing the time of crew transport to significantly
distant workings.

As part of the project, threats related to the increased speed of the auxiliary diesel
mining transport were identified. Apart from the natural hazards [2], the expected in-
creased emission of harmful gases, resulting from the greater load to the engine driving
the suspension monorail was one of other identified threats [3]. The increase in gaseous
pollutants negatively affects the quality of the air inhaled by employees, as well as the en-
ergy consumption of the entire ventilation system designed for specific working conditions
in conditions of dust and/or methane explosion hazard. Ventilation in mines is designed
for specific conditions for a given mining area [4]. In the event of increasing the speed of
suspended monorails (Figure 1) and thus increasing the emission of harmful substances
to the environment, the INESI project objective was to adapt the ventilation system of
transport routes to the increased load and to equip it with a wireless leak detection system.
The main assumption of the new solution was to increase the efficiency of the system while
reducing the energy consumption of the process [5].
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Figure 1. Suspended monorail transport system for mining [6].

Detailed requirements for ventilation with the use of ducts (ventubes), auxiliary
ventilation devices, or by diffusion are specified in the Regulation of the Minister of Energy
of 23 November 2016 on detailed requirements for the operation in underground mining
plants (Journal of Laws 2017.118) [7]. The auxiliary ventilation system is designed to force
the air flow in mine workings [8,9]. The basic system includes a duct fan and duct tube,
which is constructed from the sections [10]. The regulation specifies the required minimum
speed of the air flowing in the working ventilated with the use of a ventube:

e  0.15 m/s—in non-methane fields or in methane fields of I category of the methane
explosion hazard,
e  0.30 m/s—in methane fields II-IV of the methane explosion hazard category.

Figure 2 presents a diagram showing the cooperation of the fan with the duct in
the auxiliary ventilation network [11,12]. In the case of a properly selected and operated
auxiliary ventilation system [13,14], the curve of the ventilation network resistance (black
dotted line) crosses the curve of pressure build-up generated by the fan (red solid line)
at the point whose intersection corresponds to the highest efficiency of the device (solid
blue line). This point is called the fan’s optimal operating point (green star). Operation
close to this point allows for the most effective use of electricity, which directly affects the
operating costs of the system.

If the operation of the auxiliary ventilation system is not proper, the network resistance
curve (black dashed line) crosses the fan pressure build-up curve (solid red line) at a point
(blue star) that is outside the recommended fan performance characteristics (area between
points AB). The operation of the fan outside the A-B work area is not recommended due to
low energy efficiency [15]. In addition, an operation on the left side of the fan curve (before
point B in the diagram) may cause unstable fan operation (stall). A stall is undesirable
due to air streams breaking off from the surface of the fan impeller blade, causing strong
vibrations of the assembly and increasing the intensity of the generated noise. In extreme
cases, the stall can lead to a destruction of the fan. The main factors that may affect the
incorrect cooperation of the fan with the duct are the following [16]:

e Incorrectly selected fan to the resistance curve of the planned auxiliary ventilation
installation,
Incorrectly calculated resistance curve of the planned auxiliary ventilation system,
Incorrectly implemented auxiliary ventilation installation,
Leakage along the duct.
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For the first three factors, the problem lies in the design and commissioning phase of
the auxiliary ventilation system [17,18]. In the day-to-day operation of the system, main-
tenance is limited to routine checks to determine the overall efficiency of the system [19].
With the subsequent months of operation of the ventilation system along the duct, leaks
that are difficult to identify may appear, which are caused by unsealing of the system e.g.,
by tearing off the material or by the system unsealing of at the connection point of the duct
sections [20].

100
90
80
70
3
60 =
2
o
o.
50 =
ﬁ
y
40 <
Q2
S
30 @
3 20
& " \‘N
o1 | b\*—‘"———-_.
10
0

250 270 290 310 330 350 370 390 410 430 450

Air flow (m?/s)

Figure 2. Cooperation of the fan with the duct in the auxiliary ventilation network.

As it can be seen in the diagram, the pressure demand of the network increases with
appearance of leaks, while the volume of flowing air decreases. The point of co-operation
of the duct with the fan, which is marked with a green star, shifted to the left side of the
characteristic to a new point (blue star), exceeding the lower limit of the recommended fan
operation point (point B) and leading to the stall operation of the device.

Currently, in the case of underground mining workings, longer and longer auxiliary
ventilation systems are used, with the length of up to 7000 m [21]. Three types of ventilation
systems can be distinguished, depending on the type of pressure inside the duct, where
the following apply:

e  Fresh air (overpressure) is forced through the duct to the face of the working,

e  Used air (negative pressure) is sucked from the face of the workings through the air
duct, and the negative pressure in the working causes the effect of drawing fresh air
through the entire cross-section of the working toward its face,
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e At the same time, fresh and used air are pumped and sucked by two separate ducts.

Leaks, caused by prolonged or improper use of the ventilation system, are often the
reason for the decrease in its efficiency. Various monitoring systems have been imple-
mented; however, they focus mainly on monitoring the effectiveness of ventilation. The
authors in [22] tried to identify research problems related to ventilation systems, focusing
on air flow monitoring, simulation, and control of the ventilation network using IoT, but
monitoring the air tightness was not mentioned. Leak detection itself is discussed in the
literature [23,24]. Despite the fact that these solutions relate strictly to water and gases, the
interesting solutions using neural networks are presented.

Control of the air separation process in mines according to energy-efficiency criteria is
an important aspect in the ventilation systems [25,26]. The authors discuss examples of
the implementation of automatic control systems for coal mining in Russia and around
the world, with an overview of the main strategies of the ventilation management. The
minimization of energy consumption is achieved thanks to the most effective selection
of the fan rotational speed and the speed of opening the ventilation doors, as well as
by controlling the air distribution and introducing partial air recirculation systems. The
tightness of the duct and thus the lack of air and electricity losses is the basis for the proper
operation of this type of control systems.

The solution, proposed in the INESI project, is to monitor the air pressure inside the
duct and inform about the possible leak and its location using the light messages. The
solution eliminates the need to use the oversized power of the auxiliary ventilation system
and has a positive effect on the energy consumption of the ventilation system.

Due to the significant ventilation duct lengths, it was decided to use wireless sensors.
The downside of this type of sensor is the limited battery life and the high cost of battery
replacement. A solution to this problem may be to collect the energy available in a given
environment and convert it into electricity. Self-powered sensors are becoming increasingly
popular in systems for monitoring technical parameters. Depending on the generator
design, self-powered sensors can be powered by light, heat, gas flow, rotational motion,
electromagnetic field, mechanical vibrations, etc. [27,28]. The solution presented in this
paper is based on the use of a wind generator, converting the energy of a flowing air stream
into electrical energy. Similar solutions have already been presented in the literature [29,30],
where the authors designed and tested an autonomous self-powered sensor, drawing
energy from the flowing air. In mining, energy recovery is a difficult issue due to ATEX
directive restrictions [31]. There are solutions of self-powered sensors dedicated to mining,
but they mainly use a small amount of energy, coming from vibrations, by means of
piezoelectric transducers [32,33]. In the hardware model of the solder leakage sensor,
proprietary protections have been applied, allowing to meet the requirements of the
ATEX directive.

2. Materials and Methods

The developed leak detection system is based on a measuring cascade (Figure 3)
consisting of pressure sensors (measuring static pressure, total pressure, and the resulting
dynamic pressure in relation to the barometric pressure in the working) communicating
wirelessly with each other. The distance between sensors (L) should be selected optimally,
taking into account several factors, such as the resolution of measuring sections (leak
location accuracy), the cost of implementing the monitoring system, and the wireless
communication range.

Based on the knowledge of the pressures measured with the Prandtl probe (Figure 4,
point 6), total and static pressure, it is possible to determine the dynamic pressure, which is
the difference between the total and static pressure.

P, = P, + P; (Pa) 1)

P, =P. — Ps (Pa) ()
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where

P —static air pressure in the duct,
P.—total air pressure in the duct,
P; —dynamic air pressure in the duct.

D 5 ~._ External

—_— communication
Communication

Sensors  Duct Signal receiver
between sensors

Figure 3. The concept of a ventilation leak detection system.

Air in the duct

2 4 TP SP AP

S

Figure 4. Simplified diagram of the measuring module: 1—inner channel of the Prandtl tube, 2—the
opening of the outer Prandtl tube, 3—turbine with a power generator, 4—measuring transducer
with a trans receiver module, 5—cable wall, 6—Prandtl measuring tube, 7—electric wire, TP—total
pressure, SP—static pressure, AP—atmospheric pressure.

The fluid in the duct is characterized by static pressure and dynamic pressure related
to the flow velocity. According to the literature, due to the flow resistance, along the air
transportation duct, there is a constant, linear pressure drop in the duct, and in the case
of non-linear elements of the duct, such as e.g., bends, there is also a local pressure drop
(local flow resistance). Such pressure variability characterizes the proper operation of the
duct and the transport of fluid inside it. Any deviation from this characteristic, consisting
in a sudden drop in pressure, may indicate leakage. Additionally, the loss of the fluid flow
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will cause a decrease in the mass flow, and thus also the flow velocity in further sections of
the duct.

Based on theoretical calculations, knowing the basic data such as the diameter of the
duct, the distance between the sensors, obstacles along the duct, unit resistance of the duct,
and using some simplifications assuming the same air density and the same depth of probe
anchorage inside the duct, it is possible to estimate the expected pressure drop Ap inside
the straight section of the duct.

2,
ap =15 P (Pa) ©)

where

A—dimensionless, empirical coefficient of friction,
L—cable length (m),

D—wire diameter (m),

w—average flow velocity (m/s),

p—air density (kg/m?).

Knowing the pressure drop between successive sensors theoretically allows deter-
mining the threshold, the exceeding of which is an indication of leakage from the duct or
increase of local resistance to air flow e.g., by accidental bending of the duct. For prac-
tical reasons, each module has a programmable alarm threshold, which is determined
individually during the device calibration.

The internal structure of the measuring system is presented in Figure 5. The sensors
are powered by the electricity generator (Figure 4, point 3), which converts a part of the
mechanical energy of the flux flowing in the duct into electricity, and by an energy storage
component, which can supply power when a turbine of the generator fails. Electricity
parameters are monitored by a microcontroller using the voltage and current converters.
Pressure in the accumulating tubes is measured by two pressure transducers, from which
the information is sent to the microcontroller, and then via the wireless communication
module to the other sensors and the external system of visualization and archiving the
measurement data. The prototype of the device is shown in Figure 6.
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Figure 5. Block diagram of the measuring system.

The electronic circuits were designed in compliance with the intrinsically safe prin-
ciples [34,35]. Due to the limitations related to this, the battery charging circuit of the
measuring device uses a charger in the form of an integrated circuit, which enables the
Li-Ion battery to be charged with a current of up to 400 mA and at 4.2 V. The measuring
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device uses batteries Li-lon with a capacity of 3450 mAh. In normal, continuous operation
(without alarm states), the measuring module draws the current of 315-420 mA (depending
on the battery charge (3.3-4.2 V). At these parameters, the battery can work for up to 11 h.
The use of a turbine enables continuous recharging of the battery.

Figure 6. Measuring device prototype: (a) inside view, (b) front view.

3. Tests

As a part of the project, the system was tested to verify its correct operation in various
conditions: laboratory, industrial, and mining. The tests, carried out at the beginning of the
project, show that the used brushless motor, equipped with a printed propeller, is able to
supply electricity of power depending on the air flow rate, i.e.,

1Watl13m/s,
2Wat15m/s,
28Wat17m/s,
3.6 Wat20m/s.

After positive tests regarding battery charging and communication range, the entire
system was tested on a test stand under industrial conditions. The stand was built of 5 m
and 10 m sections of reinforced flexible ventilation ducts connected to the WLE 1013B axial
fan with the power of 37 kW. Measurement modules were installed along the duct. The
first measuring module was installed in the connector (Figure 7), 10 m behind the fan (after
stabilize the air stream). Successive measurement modules (2-5) were mounted at equal
distances—20 m from the previous module. Unsealing points (I-IV) were located in the
remaining connectors at equal distances between the measuring modules. The duct outlet
was located 5 m after the last measuring module (Figure 8).

Figure 7. Measuring device installed in the connector: (a) view of the test model, (b) 3D model view (1—supplying module,

2—Prandtl probe, 3—measuring module), (c) view of measuring devices.

The tests were carried out according to two programs. The first one consisted of
the periodic unsealing and sealing of subsequent connectors along the entire length of
the duct. During the other testing program, successive connectors were unsealed on the
duct (simulating increasing leaks), and then, subsequent connectors were sealed in the
reverse order. The proposed testing programs were intended to illustrate the impact of
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unsealing the duct on the indications of each measurement module. During the tests,
the data were recorded on an ongoing basis, with the preview of pressure diagrams in a
specially prepared recording application.

Fan WLE 1013B
ventube ventube
INLET Outlet
10m | 20 m | 20 m | 20 m | 20 m | 5m
I 1 T T T

10m‘ 10m| 10m‘ IOm‘

o O o

Figure 8. Arrangement of connectors on the station—stage 2.

The underground lignite mine (Valenje Pregomovnik—Slovenia) was the last place
of tests. Figure 9 shows a fragment of the mining map covering the test stand. The tests
were designed to verify the operation correctness of the air leak detection system in real
conditions. On the section of about 500 m of the duct D = 600 mm (marked in blue in the
figure), six connectors were installed, four of which were intended for the installation of
measuring devices and two were blinded ones enabling a leakage simulation by opening
the inspection windows.

Figure 9. An overview drawing of the test stand at Premogovnik Velenje (coalmine).

Initially, the connectors were installed at 20 m intervals. Due to the long communi-
cation range between the modules, which was verified during the first day of testing, the
location of the section connectors was changed prior to the measurement tests so that a
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distance of 150 m was achieved between the first and last connector. The configuration of
the connectors was as follows:

First connector—point “0”,
Second connector—10 m,
Third connector—20 m,
Fourth connector—70 m,
Fifth connector—150 m.

Measuring devices were installed in the switches 1, 4, and 5, and the fan was started
to check the correctness of pressure sensors indications and alarm threshold settings. After
arranging the devices, the tests of the leak monitoring system were started, introducing
cyclic unsealing and sealing of the duct between the selected sections. The second connector
(10 m behind the “0” point) was unsealed. As expected, when the leak was simulated, the
pressure inside the duct dropped. However, it was noticed that the pressure also dropped
on the first measuring device, which was manifested by a slight change in the pressure
difference between the measuring modules. Accordingly, the location of the leak point was
changed to the third connector, which was located closer to the second measuring device.
As expected, the impact of unsealing on the pressure indications on the first measuring
device decreased.

In the next steps, the threshold of minimum pressure difference between the modules
was set. When it is exceeded, the leakage of the duct was signaled. Then, a series of tests
were carried out, during which the ventilation duct was repaired and resealed, checking
the system response.

4. Results

Figure 10 presents the waveforms of static pressure from five measuring devices,
which were recorded during the tests carried out in industrial conditions. The diagram
shows two test series that were carried out in one fan operation cycle. Program I started
after approximately 400 s of testing. Successive points between the measuring modules
were unsealed and then sealed. The measurement according to program I was completed
within about 1200 s of the test. The next measurement (according to program II) was taken
from 1300 to 2200 s of the test. During the tests, the sequence of unsealing was changed,
starting the process from the point between the 4th and 5th measuring device. Sealing also
took place from the end point toward the beginning of the duct.

1200 [__,_,-.W w el
1000

W T o WA RV Hng
goo [ w
600 J

400

Pressure (Pa)

200 e e e ﬂl—\:l

0
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600

Time (s)
== Pressure T1 (Pa) e Pressure T2 (Pa) Pressure T3 (Pa)
== Pressure T4 (Pa) == Pressure T5 (Pa)

Figure 10. Measured static pressures during the first and second tests.

Figure 11 shows the dynamic pressure waveforms from all the five measuring devices.
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Figure 11. Measured dynamic pressures during the first and second tests.

Table 1 shows data collected by the measuring devices during the tests. The data are
divided into columns depending on the leak location. The markers (according to connector
numbering in Figure 8 from T1 to T5 (static pressures) mark successive measuring devices
and the results of pressure measurements before and after unsealing.

Table 1. Static pressure and static pressure differences noted during unsealing and sealing of the system (I test).

Test I
Leak between T1-T2 Leak between T2-T3 Leak between T3-T4 Leak between T4-T5

Before  After A Before  After A Before  After A Before After A
Ti(Pa) 1215 1180 |WWGSMM 1226 1198 | 28 1218 1194 | 24 1218 1208 10
T2(Pa) 917 894 23 933 g7 |WNSSMN 920 889 | 31 923 905 18
T3(Pa) 671 658 16 672 650 22 676 638 |MNGRMN 676 645 [NSEN
T4(Pa) 541 57 14 545 52 | 23 | 541 57 14 540 523 17
5 (Pa) - - - - - - 179 179 0 176 177 1

Sealing between T1-T2 Sealing between T2-T3 Sealing between T3-T4 Sealing between T4-T5

Before  After A Before  After A Before  After A Before After A
TI(Pa) 1179 1213 [DNGHNN 1185 1224 | 39 1199 1225 | 26 1214 1225 11
T2(Pa) 890 916 | 26 880 929 [N 807 919 | 22 903 o1 SN
T3(Pa) 654 674 20 | 654 673 19 637 669 |G 653 670 17
T4(Pa) 525 540 15 52 545 23 521 545 24 | 520 535 14
5 (Pa) - - - - - - 176 185 9 178 180 2

The points with the greatest pressure difference (DELTA T) are marked in green.
Shades of green indicate and graduate the size of the leak (the smallest leak is white; the
largest leak is dark green). The greatest pressure drops coincide with the places where the
duct was unsealed. In the case of sealing the duct, the highest pressure increase was also
noted in the places where it was sealed. In the case of leakage between points T4 and T5,
the results are disturbed. It is caused by the outlet opening at the distance of 5 m from
point T5. An increase in the outlet distance from the T5 measuring point should positively
affect the pressure reading at the last two measuring points T4 and T5.
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The second part of the tests consisted in unsealing all the sections one by one, so
that at a critical moment, all the sections were unsealed and then sealed. Unsealing of the
system was started between points T4 and T5 and before progressing to between T3 and T4.
It was unsealed at two points with an interval of several seconds; then, in 1405 s, the glands
between points T3 and T4 were sealed, which after a few seconds were unsealed again.
In the next steps, the ducts between the points T3 and T2 and T2 and T1 were unsealed.
Figures 12 and 13 shows the pressure distribution along the duct with successive unsealing
and sealing. The numbers above the graphs are the pressure values at which significant

changes occurred, which was the basis for identifying possible leaks.
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Figure 12. Gradual unsealing of the ventube.
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Figure 13. Gradual sealing of the ventube.

Table 2 shows the results of the measurements of characteristic pressures for various

measuring points T1-T4.
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Table 2. Static pressure and static pressure differences noted during unsealing and sealing of the

system (II test).
Test I—UNSEALING
Characteristic point Difference between points
I I I v \4 VI -1 I-III I-IV. IV-V V-VI

T1(Pa) 1218 1206 1193 1168 1136 1092 12 13 25 32

T2 (Pa) 918 903 889 850 814 785 15 14

T3 (Pa) 670 650 632 598 579 559 20 18 19 20

T4 (Pa) 542 517 499 476 463 442 25 18 23 13 21
Test II—SEALING

N
O

Characteristic point Difference between points
I 1I 111 v A% VI -n - n-I1v  Iv-v. v-viI
T1(Pa) 1088 1098 1107 1124 1157 1209 10 9 17

T2 (Pa) 783 797 808 839 881 910 14 11 31
T3 (Pa) 559 576 590 620 649 672 17 14 30
T4 (Pa) 448 462 483 505 518 540 14 21 22

Points I-VI (II test—unsealing) show characteristic points over the time period (the
table omits a few seconds of sealing and unsealing around 1405 s: I—duct before unsealing,
II—first leakage between T5 and T4, Ill—second leakage between T5 and T4, IV—third
leakage between T4 and T3, V—fourth unsealing between T3 and T2, VI—fifth leakage
between T2 and T1. Points I-VI (II test—sealing), similarly to the description above, present
individual stages of sealing the duct. Points I-II to V-VI show the pressure difference
between the characteristic points. The distribution of the pressure difference from the
smallest to the greatest was visualized with green tones (the smallest leak is white; the
largest leak is dark green).

During the tests in the mine (Velenje Premogovnik-Slovenia), the pressure was
recorded at three points of the duct. The chart, presented in Figure 14, shows the waveform
of the recorded trials. The waveform of the pressure from the first sensor, located about
10 m downstream of the fan, is marked in red.

1400
1200
©
(5]
v 800
=
a
o 600
a
400
200
Eaald
0 | — - e
0 420 840 1260 1680 2100 2520 2940
Time (s)
Pressure P1 (Pa) Pressure P2 (Pa) Pressure P3 (Pa)

Figure 14. Pressure waveform recorded during underground tests.

The pressure recorded by the sensor No. 2, which was installed about 40 m after the
first sensor, is shown in blue. The last sensor, the values of which are marked in green, was
placed 80 m behind the second sensor. The graphs clearly show the pressure drop, with an
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increase in the distance from the fan caused by the unit aerodynamic resistance (quality of
the material smoothing surface) and the mass transfer coefficient (duct leak tightness).

At the initial stage, there is a sudden increase in pressure to over 1200 Pa, which is
related to the fan starting. Then, the pressure gradually drops to about 1050 Pa, which is
related to the operating characteristics of the used duct. The tests were carried out on a
flexible duct lying freely of the floor. After filling the duct with air, the pressure stabilized.
Then, the duct was unsealed and sealed, and the pressure changes were checked. During a
short break, the settings of the measuring devices were changed, and exceedances of the
set pressure thresholds were signaled.

An additional communication test was performed at the bend of the roadway. Tests
showed that the range of radio communication on the 90° bend is much shorter than that
on the straight section of the roadway. Therefore, it should be assumed that in the target
application of the measuring devices, in the event of bends, one sensor should be placed in
front of the bend, and one sensor should be placed behind the bend. The distances should
be selected experimentally, because they depend on the angle of the bend of the roadway.
Unfortunately, it was not possible to test the range on curves of different degrees.

5. Discussion and Conclusions

The tests showed much higher efficiency and range of communication between each
measuring module than initially assumed. This was only verifiable under in situ conditions,
where the mine roadway creates an environment conducive to the propagation of radio
waves. However, it should be taken into account that in the roadway and the testing
site, there was no other equipment except for the ventilation duct. A communication test
between the modules was carried out into a straight section of a roadway. The greatest
distance at which correct communication between the modules was carried out was 160 m,
with a radio transmitter amplification of 12 dB. With standard transmitter settings 0 dB,
communication was active over a distance of 100 m. The power of the radio transmitter
has a direct impact on the discharge rate of the battery, so it should be selected depending
on the power supply conditions. An additional communication test was carried out at
the roadway bend. Tests showed that the range of radio communication on the 90° bend
is much smaller than that on a straight section of the roadway. Therefore, it should be
assumed that in the final use of measuring devices, in the case of bends, one sensor should
be placed in front the bend, and the other sensor should be placed behind the bend. The
distances should be selected experimentally as they depend on the angle of a bend.

Due to the turbulent airflow along the duct, the dynamic pressure indication was
illegible, and it was difficult to draw meaningful conclusions from it. The recorded static
pressure was stable and made it possible to determine the simulated places of unsealing
the duct. During the tests, the impact of the leakage on the pressure readings in the sensors
behind and before the leak location was found. The work focused solely on developing a
leak detection method, and in the future, the team intends to develop a method that will
also allow the leakage severity to be determined.

One of the most important technical aspects is the possibility for the sensors to be self-
powered during operation. If the air flow velocity in the duct exceeds 15 m/s, the charger
inside the measuring modules will operate at 100% efficiency. Assuming that the battery is
charged at the beginning of its operation (at 4.2 V), all electricity from the generator will
be fed into the electronic system. At air velocities above 15 m/s, the measuring device
demand for electric energy is fully covered. At lower air flow velocities in the duct (less
than 15 m/s) or when working with a discharged battery, it is possible to change the
operation mode of the device to a periodic operation. The devices turn on at a given time,
take measurements, send data, and then go to the sleep mode. Such a mode of operation is
sufficient to detect a leak in the ventilation duct.

The measurements showed that the duct leakage monitoring system can function
properly, provided that it is properly configured on the target duct. It is important to
calibrate the devices properly, recording the pressures at the sealed duct. The last measuring
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point could also be kept at an appropriate distance from the outlet. The calibration should
take into account natural pressure drops in the duct depending on its design and length.
The assumptions for the tests included the measurement of the dynamic pressure difference
inside the duct. During the tests, it turned out that due to the turbulent air flow through
the flexible armored duct, it negatively affects the stability of the measurements. There
was also an increase in dynamic pressure at the point preceding the leakage. Due to the
lack of stable readings, it was decided to monitor static pressures along the duct. The
static pressure is characterized by greater pressure stability in the case of a tight, properly
assembled duct. In the case of a leak, the measuring devices record clear pressure drops in
the vicinity of the leak at a distance of +40 m. Too high a sensor density will negatively
affect the system’s response, as they will also register pressure drops caused by leaks
located near other sensors. The maximum distances between sensors are limited by the
wireless communication range and are approximately 100 m. Therefore, it is recommended
to use distances between sensors in the range of 50-100 m, depending on the expected
precision of the leak location.

Properly calibrated measuring modules inform about the place of leakage by dis-
playing a red alarm diode (Figure 15) in the device before the leak, or in two devices
between which the leak appeared. After sealing the leak, the device automatically enters
the measuring mode, turning off the red alarm LED (returning to standby mode - flashing
green LED—Figure 16). Changing the configuration of the duct (e.g., changing its length)
requires recalibration of the monitoring system.

Figure 15. Response of the measuring module for the connector unsealing (red light).

Positive tests with the leak detection system in different environmental conditions
provided a lot of important information that could improve the system operation. Initial
assumptions provided observations of the place of the leakage in the ventilation duct by
comparing the dynamic pressures. In the place where the difference in dynamic pressure
exceeds the allowable value (selected individually depending on local conditions), the sys-
tem informs about leaks by lighting the red diode. These tests in the Velenje Premogovnik
mine confirmed a correct operation of the system in the case of large unsealing and main-
taining the required distance between pressure recording points. It was found that static
pressure measurement can be a more reliable source of information than dynamic pressure
measurement, which can ultimately simplify the measuring devices by eliminating the
Prandtl probe.

The described leak detection system was designed for operation in underground
mining plants with limited space. On the basis of many years of the authors’” experience, it
can be concluded that theoretical calculations related to flow resistance (in an environment
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as dynamic as the underground mine roadway) do not reflect the actual phenomena
occurring in the pipeline. Flow resistance is influenced by many variables (change of
the duct cross-section, turns, dips, and heights), which in turn influence the measured
values. Therefore, there is the possibility of setting the alarm threshold on each sensor
based on the individual scheme of the duct line and, more importantly, on the basis of
the working crew’s experience. The suggested diagnostic system, after introducing minor
modifications, can also be used in other industries where there are mechanical ventilation
installations, e.g., in shopping centers or in industrial halls. In the event that the ventilation
system is constant (it is not undergoing constant reconstruction, as is the case of mines),
and outsiders do not have access to it, theoretical calculations enabling the system to be
fully automated are recommended. An automation system based on machine learning
using a neural network is an interesting direction of system development. Such a system
would be able to recognize a change in the efficiency of the ventilation network itself and
correct alarm thresholds based on the built-in algorithm.

Figure 16. Response of the measuring module for the connector sealing (green, flashing light).

Ventilation is one of the main factors that affects a company’s costs to the greatest
extent [36]. With the current lengths of bored workings, monitoring and preventing
leakages can significantly reduce the cost of electricity [37]. Based on the tests carried
out by Jozef Knechtel [38], who analyzed a duct with a diameter of 0.8 m, it was noted
that with a decrease in sealing (over a distance of 1000 m, the daily demand for electricity
increases by over 20% (from 338,472 kWh to 411,720 kWh). Therefore, as noted by the
author in [39,40], it is advisable to introduce a criterion related to the cost of supplying a
unit amount of air in relation to a unit distance, and on this basis to assess the duct [41-43].
The diagnostic system proposed by us is ideally suited to this task.

6. Patents

Sposob monitorowania szczelnosci przewodu i uklad do pomiaru ci$nienia ptynu w
przewodzie [zgloszenie P.432698]—Method of monitoring duct leak-tightness and system
for the fluid measurement in the duct.
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