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Abstract: Drives in belt conveyors are critical components of the conveyor system, susceptible to
various factors that can cause disruptions and energy losses. In underground mining conditions,
the risk of drive fires is particularly hazardous. Therefore, it is necessary to develop highly effective
fire suppression systems. However, there are no guidelines for designing such systems. This study
presents a methodology for selecting and verifying the fire suppression systems for belt conveyor
drives. The proposed AMIGA system for extinguishing fires on underground coal mine conveyor
belts, incorporating spraying and water mist installations, is supported by a theoretical calculation
methodology. This enables determining the number of required nozzles and flow rate for complete
fire suppression. The development of a methodology for the selection and verification of the sprinkler
system components utilized guidelines provided in the standard VdS 2109:2002-03 and the PN-EN
12845+A2 standard from 2010, while a novel approach is proposed for water mist parameters that
has not been previously applied anywhere else, and is based on assessing the fire’s intensity and the
persistent disruption of the energy balance of the combusted coal. The theoretical calculations for
potential fire power facilitate the determination of the appropriate water flow rate for the spraying
system to protect the upper belt drive. For the proposed AMIGA system, the potential fire power
was calculated to be 10.33 MJ/min. Based on this, the water flow rate for the spraying installation to
protect the upper drive belt of the conveyor was established to be a minimum 37.5 dm3/min, and
21.4 dm3/min for the mist installation used to protect the space below the conveyor drive. In order
to verify the developed methodology for parameter selection, on-site tests were conducted to verify
the results. Tests were conducted on an AMIGA prototype suppression system integrated into a
conveyor drive. The results demonstrate that the developed system is effective in extinguishing fires
on the belt using the spraying installation, as well as under the conveyor belt drive using the water
mist installation, within the entire supply pressure range (0.4 MPa to 1.6 MPa).

Keywords: fire; conveyor drive; suppression system; water mist

1. Introduction

Belt conveyors are one of the most crucial ways of transporting bulk materials in the
mining industry [1]. Despite having the best energy efficiency among all transportation
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devices [2,3], the electrical energy consumption associated with transportation accounts
for over 20% of the total energy consumption in the mining sector [4]. This phenomenon
can be attributed to the fundamental role played by the electric motor, which serves as the
cornerstone of every conveyor drive system [5]. As the drive system itself represents a criti-
cal component within the overall structure, it requires the implementation of a specialized
and highly efficient monitoring system [6]. Only by adopting such an approach can unin-
terrupted production be ensured, and damages to the drives and power supply networks
can be eliminated. To meet the demands of the market, the energy and mining sectors
are progressively introducing new technical solutions [7], with a significant emphasis on
ensuring adequate safety and stability within mining facilities [8,9].

Fire poses one of the primary hazards to conveyor belts, encompassing not only the
drives but also the entire structures [10,11]. The probability of conveyor fires is height-
ened by the expansive nature of conveyor systems [12], complex routing, and demand-
ing working conditions arising from substantial mechanical loads and aggressive work
environments [13]. The electric drives of conveyors undergo continuous exposure to sub-
stantial forces and torques, resulting in mechanical overloads [14], vibrations [15], material
wear [16], and, notably, overheating [17]. Another notable threat arises from the possibility
of damaging the power supply network or encountering temporary disruptions in the
quality of the supplied electrical energy [18]. The existence of moisture, dust, extreme tem-
peratures, and exposure to chemical substances presents additional challenges associated
with potential corrosion and water condensation. These factors pose a hazard to the sealing
elements and bearing systems of the drive units, thereby increasing the risk of fire that
may arise from their malfunction or failure [19]. A conveyor fire can arise not only due to
the failure of drive unit components but also as a result of problems in other subsystems.
Excessive friction in idler bearings [20], the contact between the belt and idlers, or the
interaction between the belt and the side structure of the conveyor route can be particularly
dangerous [21]. While regular maintenance and continuous monitoring of operations serve
as the most effective and common preventive measures, it is. However, these measures
cannot fully eliminate the risk [22,23].

Working in underground coal mines presents challenging conditions, including limited
ventilation [24], high concentrations of explosive coal dust [25], and hazardous gases [26].
In such circumstances, fires can spread rapidly and hinder firefighting efforts. Additionally,
the dynamics of a fire in the confined space of an underground mine further complicate the
situation [27]. As a result, stringent requirements are imposed on the effectiveness of fire
suppression systems. All components of conveyor drives operating in explosion-prone and
fire-prone areas of underground coal mines are subject to rigorous ATEX regulations [28].
Despite this, there is a need for fire protection systems on conveyor belts, which are legally
regulated through laws and regulations specific to each country [29–32]. The provisions
outlined in these documents concerning conveyor belts operating in underground coal mine
workings specify the design and location of each element of the fire suppression system.
This includes the precise placement of temperature detection sensors and the arrangement
of the suppression system. However, due to references to outdated fire suppression systems
indicating specific placement conditions for sensors or extinguishing type (water-based),
they impede the implementation of newer and more effective solutions, such as water mist
systems, which are increasingly being used in other industrial sectors [33–35]. Additionally,
despite numerous guidelines, these regulations do not provide any specific standards and
power supply parameters that should be adopted for their development.

In underground mines, water-based fire suppression systems are commonly used,
which can include spraying installations [36], water mist systems [37], or water spraying
devices. The choice of an appropriate fire suppression system in mines depends on var-
ious factors such as the type of combustible materials, environmental conditions, local
regulations, and safety standards, and the specific characteristics of the workplace [38]. In
each case, proper analysis and risk assessments are necessary to tailor the fire suppression
system to the mining conditions [39]. Water-based systems are popular due to their high
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effectiveness in extinguishing fires, reliability, easy access to the extinguishing medium,
and low costs [40]. Water, as the extinguishing medium, is also safe for personnel, which is
important in underground coal mines. Compared to the typical water-based firefighting
system, the water mist systems offer additional advantages. Water mist has the ability to
suppress fires more rapidly [41]. The fine water droplets in the mist have a larger contact
surface area with the fire, accelerating the extinguishing process [42]. The mist is quickly
dispersed and spreads around the fire [43]. The finely dispersed water droplets minimize
the risk of damage to electrical and electronic equipment from water exposure [44], making
water mist systems suitable for areas near conveyor drive operations.

The article presents and discusses a fire suppression system called AMIGA, designed to
protect the drive and transfer points of a conveyor belt. The developed solution involves a
new approach to fire suppression using water spraying and water mist installations, which
is a novelty in the context of underground mining in Poland, particularly with regard to
prevailing regulations. During the research on the system, a new methodology for selecting
and verifying water flow rates was developed, based on VdS 2109:2002-03 standards [29] and
PN-EN 12845+A2 standard from 2010 [30] for the spraying component. Additionally, the
authors’ calculations for selecting the mist nozzle dimensions were developed based on the
sustained disruption of the fire’s energy balance, a method not previously employed. As a
result of testing, the system was successfully verified using the specially designed testing setup,
allowing for the simulation of fire in an environment closely recreating the real conditions
of underground coal conveyor systems. The presented results address gaps in the current
regulations regarding the use of water mist installations for the analyzed mine conditions.

2. Materials and Methods
2.1. Construction of the AMIGA Fire Suppression System

The fire suppression system for belt conveyors AMIGA is designed to rapidly detect
the source of fire using a detection line located at potential fire locations. It consists of
two main components aimed at the fastest possible fire suppression. The first component
is a set of spraying nozzles installed externally at the drive or the conveyor transferring
point. The second component is a set of nozzles located inside the drive station or return
end of the conveyor. The structure of the system is shown in Figure 1.

(a) (b)

Figure 1. The AMIGA fire suppression system is designed to protect: (a) the belt conveyor drive, and
(b) the belt conveyor return end.

Undoubtedly, a significant advantage of the developed solution is the continuous
monitoring line and the use of two types of fire suppression systems (water spraying and
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water mist), which enhances the likelihood of promptly detecting and extinguishing the
fires. Unfortunately, the solution also has its limitations, such as the need for a continuous
water supply to the system from the fire water pipeline, the requirement to adapt the
solution to the design of a given conveyor system, and a more complicated maintenance
process compared to the previously employed methods.

The developed fire suppression system is equipped with a set of nozzles, whose task
is to provide additional protection for the drive and to transfer points of the conveyor
belt where the spraying installation may not reach (e.g., under the conveyor belt). The
mist installation also secures the material transfer points (discharge of the conveyor belt
together with the receiving conveyor end). Flat stream nozzles with a 90° spray angle were
used to protect these areas, ensuring the optimal use of the spraying stream at potential
fire initiation points according to the design assumptions. The second type of nozzle used
to protect the drive, discharge, and the lower part of the conveyor end (where flammable
material may accumulate) is water nozzles with a cone spray pattern and a 30° spray angle.
The arrangement of the mist nozzles is shown in Figure 2.

Figure 2. The placement of mist nozzles in the space between the loading point of the conveyor and
the return station of the receiving conveyor.

There are many types of water spraying and water mist nozzles that can be used
in fire protection: for extinguishing and suppressing fires, cooling structures, preventing
re-ignition, and cleaning the air from combustion products. The decision to use specific
nozzles for firefighting is influenced by the following factors: spraying intensity or flow
rate, the angle of the spraying cone, the distribution uniformity of spraying intensity, low
sensitivity to pressure changes, repeatability of water flow parameters, spraying spectrum,
reliability of operation, and cost-effectiveness. The selected water nozzles (spiral) for the
fire suppression system have certain limitations, such as the limited axial range of the
stream throw due to energy loss caused by the stream hitting the deflector. On the other
hand, mist nozzles, in which drops breakup starts inside a few millimeters opening of
the nozzle, work most efficiently at higher pressures [45]. Therefore, it was important to
develop a methodology for their selection and subsequently verify it in a testing rig.

2.2. Methodology for Determining the Parameters of Extinguishing Nozzles

For the system where such a solution has not been previously implemented, theo-
retical calculations were performed to determine the water flow rate and the required
number of nozzles to achieve its full effectiveness in suppressing the potential fire. The
calculations were conducted separately for the sprinkler part and the mist nozzle part. The
methodology for selecting the water parameters for the spraying part was based on the
standards [29,30]. For the water mist part, a completely new methodology for determining
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and selecting the water parameters was developed. The spraying part of the system was
constructed with an extinguishing pack of spiral nozzles with a 90° water spray angle. The
spraying nozzles were positioned at a height of 1000 mm from the top edge of the conveyor
drive. That means that the spraying coverage area of such a nozzle was 3.14 m2, which
is smaller than the maximum area of 12 m2 for this type of nozzle. Hence, the spraying
intensity was nearly four times greater. The outline of the transfer station in a top view was
3000 mm × 2500 mm, and the four nozzles used were spaced at distances of 2 m from each
other. The design of the system is illustrated in Figure 3.

Spray range at a height of 1 m

2000

20
00

2500

25
00

3000

Outline of the conveyor drive

Extinguishing area

Figure 3. The arrangement of the analyzed nozzles of the spraying pack above the conveyor drive.

For the proposed nozzle arrangement, the actual extinguishing area (Freal) for one
nozzle was determined. The protected surface area (Pp) covered by four nozzles can be
calculated to the following formula below:

Pp = a · b = 2.5 · 3.0 = 7.5 m2 (1)

where a, b are the dimensions of the sides of the drive [m].
For a given area, the following actual extinguishing area covered by a single nozzle

was determined:

Freal =
Pp

nn
=

7.5
4

= 1.875 m2 (2)

where nn is the number of extinguishing nozzles.
The determined area is smaller than the maximum area for a single sprinkler, which is

12 m2. Therefore, the minimum flow rate intensity qt for a single nozzle is equal to:

qt = I · Freal = 5.0 · 1.875 = 9.375
dm3

min
(3)

where I is the fire extinguishing intensity according to the standard [29] [mm/min].
The flow rate result from a single nozzle is 9.375 dm3/min, so it is necessary to check

if the selected nozzle meets this requirement and at what water pressure. Due to the fact
that the manufacturer does not provide the constant flow rate K for the selected nozzle, it
needs to be determined using the following formula:

K =
Q
√

p
=

10.3√
3

= 5.94
dm3 · bar

min
(4)

where Q is the nozzle flow rate [dm3/min], p—pressure [bar].
The minimum required pressure at the nozzle to achieve the minimum flow rate of a

single nozzle is calculated using the following formula:
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pt =
( qt

K

)2
=

(
9.375
5.94

)2
= 2.49 bar. (5)

Due to the fact that the minimum flow rate of the nozzle is achieved at a pressure of
0.249 MPa, it can be concluded that pressures lower than 0.4 MPa (the minimum pressure
required by regulations in the fire protection pipeline in Polish coal mines [31]) and higher
than 0.15 MPa (the pressure required by the design standard [30] for nozzles) are met.
Therefore, it can be considered that the selected nozzles installed above the drive meet the
design requirements according to the VdS guidelines [29].

Determining the operating parameters for the used mist nozzles proved to be more
challenging, as there are no specific guidelines for designing fire suppression systems with
such nozzles. According to the National Fire Protection Association [46], water mist is
defined as a dispersed water stream with droplet sizes that are 90% or 99% (depending on
the convention) of its total mass smaller than 1000 µm. However, as indicated by literature
analysis [47,48], and our own experiments, an effectively sustained mist in the air consists
of droplets within the range of up to 100 µm. Water, due to its properties, is an excellent
extinguishing agent, characterized by a high specific heat value (4.18 kJ·kg−1·K−1) and
heat of vaporization (2240 kJ·kg−1). During the phase transition from liquid to vapor, it
expands 1620 times in volume, displacing air from the fire area. It is assumed that when
using water stream-generating nozzles, approximately 50% of the total amount of water
consumed directly participates in extinguishing the fire, mainly by absorbing heat through
the phase transition process.

To extinguish a fire, it is sufficient to permanently disrupt its energy balance. Because it
is difficult to measure the amount of energy flowing into the liquid surface, it is considered
that such a disruption of the heat transfer balance occurs when the amount of energy
generated in the fire environment is less than the amount of energy absorbed by the cooling
agent. The process of coal combustion can be simplified as follows:

C + O2 → CO2 (6)

To burn 1 mole of carbon, 1 mole of oxygen is required. Considering that 1 mole of
carbon (C) is equal to 12 g and the heat of combustion of carbon is Qs(C) = 393.5 kJ/mol,
the heat of combustion of 1 kg of carbon is given by Qs(C) = 393.5 ·

(
1000
12

)
= 32, 790 kJ/kg.

The volume of air required to burn 1 mole of coal (under normal conditions) can be

described as V = 1 mol (O2)·22.4 dm3/mol
0.21 = 106.6 dm3 = 0.107 Nm3. Assuming that the

heat required to warm up water from 20 °C to 100 °C is Qw = 2600 kJ/kg = 2.6 MJ/kg
and that water fully participates in the extinguishing process, we can calculate that the
zero balance condition is met when supplying 1 kg of coal with water in the amount of
32,790
2600 = 12.6 kg. Simultaneously, to burn 1 kg of coal, air needs to be supplied in the

amount of
(

1000
12

)
· 0.107 = 8.92 Nm3 is required.

According to the calculations, water (12.6 kg) needs to be suspended in the form of
mist in (8.92 m3) of air, which means that the optimal water concentration in the mist is
1.41 kg/m3 for the combustion of pure coal. This implies that even an air stream containing
water mist with a weight ratio of water to air of approximately 1:1.2 exhibits extinguishing
properties. Depending on the fire’s power, water should be supplied in an amount corre-
sponding to the generated heat. Figure 4 presents the graph of water volume (extinguishing
agent), air volume, and mass of burned coal as a function of the fire’s power.

The fire’s power that may occur in protected areas was calculated based on the Polish
standard [49]. The fire load density, Qd, was calculated assuming an average layer of coal
dust with a height of approximately 0.05 m on the protected surface. The bulk density of
coal dust is 900 kg/m3, and the heat of combustion is Qs(C) = 32.8 MJ/kg. Therefore, the
fire load density is Qd = 32.8 MJ/kg · 315 kg/7 m2 = 1 476 MJ/m2. By knowing the fire
load density, the relative duration of the fire was determined from the graph shown in
Figure 5, which is approximately 100 min.
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Figure 4. Parameters of coal combustion depending on the fire’s power.

Figure 5. Relative duration of fire depending on fire load density [29].

Assuming that all the coal present in the protected area will burn within 100 min, the
average burning rate can be calculated as vs =

315 kg
100 min = 3.15 kg/min. Hence, the fire power in

the protected area is given by QP = 3.15 kg/min · 32.8 MJ/kg = 103.32 MJ/min = 1.72 MJ/s.
Assuming that the water mist can absorb heat Qw to its maximum capacity, to extinguish
the fire with the determined power QP = 103.32 MJ/min, water mist needs to be supplied
with a flow rate of Qm = QP

Qw
= 103.32 MJ/min

2.6 MJ/kg = 39.74 kg/min ≈ 4 dm3/min. Assuming
that approximately 50% of the water mist actively participates in extinguishing the fire, for
a fire with an average power of QP = 10.33 MJ/min, the water mist needs to be supplied
with a minimum flow rate of Qm ≈ 8 dm3/min. Within the protected area of the drive,
the installation of 5 flat stream nozzles and 4 full cone nozzles is planned. Based on the
nozzle manufacturer’s datasheets, the flow rate of water through the nozzle at a pressure
of 0.25 MPa (minimum specified pressure) was selected. The total flow rate of water in the
mist nozzles is presented in Table 1.

The type and number of mist nozzles used in the conveyor drive satisfy the condition
of minimum water mist flow rate: Qm ≈ 8 dm3/min ≤ Qd ≈ 21.4 dm3/min. These
selected nozzles have a safety factor of over 2.5 times the required amount of water for
extinguishing the fire.
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Table 1. The total flow rate of the applied mist nozzles in the conveyor drive.

Type of Mist Nozzle Number of Nozzles Flow Rate at 2.5 bar Pressure [dm3/min] Total [dm3/min]

Cone 4 3.6 14.4
Flat 5 1.4 7.0

Total [dm3/min] 21.4

2.3. Measurement Station and Bench Tests

The stage of field testing aimed to validate the adopted assumptions regarding the
selection of nozzles, their placement, and the methodology for determining the minimum
supply parameters of the AMIGA fire suppression system. Positive results from the field
testing demonstrated that the developed methodology of the fire-suppressing system con-
firmed its proper operation in real conditions. The analyzed AMIGA system’s effectiveness
under real fire conditions was also verified. Such tests had not been conducted previously
due to the lack of guidelines in the Polish regulations and a lack of information about
the potential size of the fire. Of course, this required the development of an innovative
measuring station to test the effectiveness of the drive extinguishing system, which was
equipped with a drive model designed to faithfully replicate a real belt conveyor assembly.
The drive model was constructed with two cylinders made of metal sheets (simulating the
drive pulleys) placed between side walls. A conveyor belt with a width of 1200 mm was
wound around the pulleys, creating a closed space (Figure 6).

Figure 6. The test rig consists of a drive model equipped with an automatically activated mist-spraying
system with a pneumatic detection line for protecting the drive and transferring areas of belt conveyors.

The fire suppression system integrated into the drive model consisted of an internal
section equipped with mist nozzles and an external section equipped with water spraying
nozzles. In the front and rear sections of the model, four cone-shaped water mist nozzles
were placed, safeguarding the space beneath the drive where combustible material could
potentially catch fire. The area between the drum and the belt was protected using the
flat nozzle. The external part of the fire suppression installation mounted on the drive
model encompassed a spraying battery equipped with four spray nozzles, covering an area
3.0 m × 2.5 m of its operation.

The effectiveness of fire extinguishing was measured in two locations of a potential
fire source. The fire source was placed on a special tray with dimensions of 400 × 2000 mm,
underneath the drive model of the conveyor (Figure 7a), and on the upper belt of the
conveyor drive model (Figure 7b).
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(a) (b)

Figure 7. Locations of placing the tray with flammable material: (a) under the drive model, and
(b) on the drive model.

A mixture of coal dust/coal fines was prepared for the experiments, including the
use of an igniter with a mass of 0.315 kg, which was necessary to achieve firepower of
10.33 MJ/min. The prepared mixture was placed on a tray and exposed to the action of a
burner until it was ignited, thus reaching self-sustained combustion of the fuel material
at a given point. The effectiveness of extinguishing the burning material was determined
by the time required to extinguish the ignited material on the tray, from the moment the
firefighting system was activated until it was extinguished. A test was considered fully
effective if, after 60 s from extinguishing, start a temperature of the cooled burned fuel
bed was ≤30 ◦C and no re-ignition occurred within 10 min. The extinguishing test was
repeated four times (at an air speed of 3 m/s and at spray pressures of 0.4 MPa, 0.5 MPa,
1.0 MPa, and 1.6 MPa). Such tests were performed for the burning material on the tray,
located beneath the conveyor drive model (mist installation), as well as on the belt of the
conveyor drive model (spraying installation). The ignition stage of the fuel mixture on the
upper belt of the conveyor is shown in (Figure 8).

Figure 8. A prism of combustible material ignited by a burner.



Energies 2023, 16, 6077 10 of 18

3. Results

The tests on the effectiveness of the mist installation under the conveyor drive model
(at a water pressure of 0.4 MPa, 0.5 MPa, 1.0 MPa, and 1.6 MPa) did not exceed the set bed
temperature of 30 °C after 60 s of operation. The shortest extinguishing times (3 s) were
achieved at the highest water supply pressures (1.6 MPa) and a water flow rate of 213.2 dm3.
The results of extinguishing the combustible material using mist cone nozzles supplied with
pressures of 0.4 MPa, 0.5 MPa, 1.0 MPa, and 1.6 MPa are presented in Figure 9. The successful
extinguishing attempt of the material located under the drive model is presented in Figure 10.

Similar tests were conducted to assess the effectiveness of the spraying system on the
conveyor belt drive model (at a water pressure of 0.4 MPa, 0.5 MPa, 1.0 MPa, and 1.6 MPa). In
one out of five attempts, at a supply pressure of 0.4 MPa, the fire was not extinguished due
to the clogging of one of the spraying nozzles. In other tests, the system demonstrated 100%
effectiveness. Similar to the mist system, the shortest extinguishing time (4 s) was recorded at
the highest supply pressure (1.6 MPa) with a water flow rate of 233.3 dm3. The temperature
of the burning material bed, measured using a thermocouple 60 s after fire extinguishment,
did not exceed 30 °C in any of the tested cases. The results of extinguishing the combustible
material using spiral nozzles supplied with water pressures of 0.4 MPa, 0.5 MPa, 1.0 MPa, and
1.6 MPa are presented in Figure 11. The successful attempt to extinguish the material located
above the conveyor belt model is presented in Figure 12.

(a) (b)

(c) (d)

Figure 9. The results of extinguishing the combustible material using mist cone nozzles: (a) pressure
of extinguishing water, (b) flow rate of extinguishing water, (c) flame extinguishing time, and
(d) temperature of the prism after 60 s from flame extinguishment.
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(a) (b)

Figure 10. Successful attempt to extinguish the burning material bed located beneath the conveyor
belt drive model using mist nozzles: (a) burning bed before initiating the fire suppression, and
(b) burning bed at the system startup and end after fire extinguishment.

(a) (b)

(c) (d)

Figure 11. Results of extinguishing the combustible material using spiral nozzles: (a) pressure
of extinguishing water, (b) flow rate of extinguishing water, (c) flame extinguishing time, and
(d) temperature of the prism after 60 s from the end of flame extinguishment.
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(a) (b) (c)

Figure 12. Successful attempt to extinguish the burning material bed located on the upper belt
of the conveyor drive model using spraying nozzles: (a) burning the bed before starting the fire
extinguishing, (b) burning bed immediately after startup of fire extinguishing system, and (c) burning
bed immediately after successful fire extinguishing.

4. Discussion

The tests of the developed AMIGA effectiveness proved its efficiency in extinguish-
ing fires on the belt and beneath the conveyor drive within the supply pressure range
(0.4÷ 1.6 MPa) . The fire extinguishing time, depending on the fire location and water
supply pressure of the system is presented graphically in Figure 13.

Figure 13. The averaged fire extinguishing times by the mist installation and sprinkler system,
depending on the water supply pressure.

From the presented graph, it can be observed that up to approximately 0.8 MPa of
water supply pressure, the spiral water nozzles achieve shorter fire extinguishing time. In
contrast, at higher pressures, the mist nozzles operate more effectively by generating better
water dispersion. This phenomenon is closely related to the kinetic energy of the droplet
ejection and, consequently, the size of the droplets produced by each type of nozzle. Higher
pressure supply for the mist nozzles, despite an increase in the flow rate to the nozzle,
results in the formation of smaller diameter droplets with higher kinetic energy, leading
to faster fire suppression. Confirmation of this can be found in the calculations presented
below for the energy required to generate the spray stream of each spraying installation
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used in the fire suppression system (Table 2). This energy is necessary to produce the flow
rate and water pressure required for fire suppression within a specific time frame:

EW = V̇W · pW · τ (7)

where V̇W is the water flow rate [dm3/min], pW is the water pressure [Pa], and τ is the
operating time [min].

Additionally, the calculated water energy is presented in relation to the extinguished
fire, per energy per second of system operation, and per individual nozzle.

As the results indicate, the energy required to extinguish the fire by the mist installation
is lower than the energy required by the spraying installation for comparable ranges of
water supply pressure (Figure 14). At the same time, the results of the energy per single
spraying nozzle indicate that the energy of the mist nozzles within the range of supply
pressure is lower than the energy of the spraying nozzle.

An important aspect of tests was to achieve a temperature of the burning material after
it is extinguished lower than 30 °C to eliminate fire re-ignition. The graph below presents
the temperature of the burning material bed after it is extinguished and an after additional
60 s of spraying (Figure 15).

Table 2. The results of water energy consumption required to achieve different combinations of
spray streams.

Type of
Installation

Water
Pressure pW

[MPa]

Water Flow
Rate V̇W

[dm3/min]

Extinguishing
Time [s]

Water
Energy Ew

[kJ]

Water
Energy Per 1
s Ew/s [kJ]

Energy
Used for

Extinguishing
E [kJ]

Energy Per
Spraying
Nozzle Ed

[kJ]

Mist

0.4 24 15.6 9.60 0.16 2.50 0.28
0.5 33.56 10.8 16.78 0.28 3.02 0.34
1 48.88 5.6 48.88 0.81 4.56 0.51

1.48 62.7 3.4 92.80 1.55 5.26 0.58

Spiral

0.394 40.26 9.75 15.86 0.26 2.58 0.64
0.512 42.2 8.6 21.61 0.36 3.10 0.77
0.936 47.54 6.6 44.50 0.74 4.89 1.22
1.55 50.72 4.6 78.62 1.31 6.03 1.51

Figure 14. The energy required to achieve an effective spraying stream for a single sprinkler and mist
nozzle, depending on the water supply pressure.
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Figure 15. Temperature of the extinguished material in relation to the amount of water used for fire
extinguishing and cooling for 60 s.

On the graph, it is noticeable that the lowest temperature was measured for the mist
nozzle, at its highest water consumption, which is a natural phenomenon. The mist nozzle
extinguished the fire faster and consumed less water during the extinguishing of the fire;
the lower temperature can result from its lower variability water flow. This is also evident
in the results of the extinguished burning material temperature. The water volume used
for fire extinguishing by each spraying system and the extinguishing time is presented in
the figure below (Figure 16).

Figure 16. Extinguishing time in relation to the amount of water used for fire suppression.

The graph shows that the extinguishing time of the fire is not only determined by
the amount of water used but also by its energy and the degree of drop atomization. The
presentation of fire suppression in both the lower and upper sections of the conveyor drive,
conducted in the testing room, is given in Figure 17.
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(a)

(b)

Figure 17. Presentation of fire suppression initiated simultaneously on the upper belt (protected
by the water spraying system) and inside the drive station (protected by the water mist system):
(a) before activating the AMIGA fire suppression system, and (b) after the activation of the AMIGA
fire suppression system.

5. Conclusions

The increase in efficiency of coal-carrying belt conveyors brings higher risk, especially
fire hazards. This requires the use of newer and more effective fire protection systems.
Unfortunately, existing guidelines for designing such systems for belt conveyors are not
updated, leading to difficulties in implementing more popular water mist fire suppression
systems. At ITG KOMAG, a methodology for selecting and verifying the water flow rates
(exemplified by the AMIGA fire suppression system) was developed based on the type
of fire suppression used (spraying water nozzles and water mist nozzles), supported by
testing and successful validation of the system on a specially designed testing facility. While
working on the methodology for selecting the water mist nozzles for the fire suppression
system, the potential fire power was determined, calculated to be 10.33 MJ/min. Following
the adopted and developed methodology for selecting the flow rates of spraying nozzles,
a water flow rate of 9.375 dm3/min was determined for the spray nozzle protecting the
upper drive belt of the conveyor, and 8 dm3/min for the water mist nozzles used to protect
the space beneath the conveyor drive.

To verify the water parameter selections for both spray and mist suppression, tests
were conducted on the prototype AMIGA system designed to protect the drive and trans-
ferring points of belt conveyors. Positive results from the field testing demonstrated that
the developed methodology of the fire-suppressing system confirmed its proper operation
in real conditions. The analyzed AMIGA system’s effectiveness under real fire conditions
was also verified. The tests were carried out on a specially designed testing setup equipped
with a drive model that closely recreated the real conveyor assembly.

Such tests had not been conducted previously due to the lack of guidelines in the
Polish regulations and a lack of information about the potential size of fire.

The test results indicate that both the spraying system (above the belt) and the mist
system (below the drive) exhibited complete efficacy in fire suppression within the entire



Energies 2023, 16, 6077 16 of 18

range of supply pressure (0.4÷ 1.6 MPa). Consequently, the tests validated the determined
water flow rates that effectively extinguish fires within the system. The tests revealed that
employing mist nozzles at supply pressures exceeding 0.8 MPa resulted in shorter fire
suppression times due to better droplet atomization, facilitating heat absorption from fire.
The analysis of water energy demonstrated that the energy required to extinguish fire using
the mist system is lower than that required by a spiral system within comparable supply
pressure ranges. At the same time, the results of the energy per single spraying nozzle
indicate that the energy of the mist nozzles within the range of supply pressure is lower
than the energy of the spraying nozzle.

In summary, the developed methodology for the determination of water flow rates
in underground mine fire extinguishing systems using the spiral and mist nozzles proves
to be highly effective and enables these systems’ implementation in alignment with fire
protection regulations. It becomes a noteworthy guide to the existing design standards of
fire extinguishing systems in underground coal mining. The future directions for improving
the solution cover an economic analysis of the proposed fire suppression system solutions,
considering an algorithm for selecting them depending on the specific working conditions.
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na Mgłę Wodną; Wydawnictwo Centrum Naukowo-Badawczego Ochrony Przeciwpożarowej im. Józefa Tuliszkowskiego
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