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Abstract. The article scientifically substantiates the existing problems in the cooling systems of compressor units of
mining machines used in the mining industry, theoretical and experimental methods for their solution. The effectiveness
of the proposed method was analyzed using the existing traditional system of air cooling of the compressor unit and the
proposed cooling method using the liquid spraying method by the author using comparative methods using theoretical
and mathematical models.

INTRODUCTION

Today, the main machines and mechanisms used in mining enterprises are mining machines operating on
hydraulic fuel and electricity. One of the main high-power and important functional mechanisms of compression
machines is the compressor unit. Compressor units are devices that compress air at a certain pressure and deliver it
to the desired object, currently used in mining, chemical, oil and gas processing facilities, and industrial enterprises.
In excavators used in the mining industry for extracting and loading minerals into vehicles, the compressor unit is
used to cool the hydraulic systems of the machine. In mineral deposits with high rock hardness, drilling rigs are used
for drilling and blasting rock fragmentation. In drilling rigs, in addition to cooling the hydraulic system, the
compressor unit is used in the drilling process to remove fine particles of the rock being crushed by the drill bit from
the drilling well under high pressure, clean the well, and cool the drill bit.

Currently, Rotary Drilling Rig with Roller Bits and Percussion-Rotary Drilling types of drilling rigs are widely
used in mineral deposits located in the territory of the Republic of Uzbekistan due to their resistance to object
hardness, high productivity, and significantly higher energy efficiency compared to other drilling rigs.

The main function of compressor units is to continuously supply the object to which the unit is applied with
compressed air at the required pressure. Continuous operation of the compressor unit is considered effective for the
enterprise. Most mining machines used in the mining industry operate in continuous mode, therefore, if the
operating modes of the compressors in these machines or the equipment itself stop for a short time, there is a risk of
significant damage to the productivity of the entire mining, loading, and transportation system of the enterprise.
Ensuring the uninterrupted operation of compressor units at mining, production, and industrial enterprises, reducing
the repair time in the event of an accidental shutdown of the unit and extending the operating period until the next
repair, as well as modernizing the outdated systems of existing compressor stations and diagnosing the condition of
the unit, in addition, improving the cooling systems of the unit are among the most pressing problems existing today
at mining and industrial enterprises [1-12].
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EXPERIMENTAL RESEARCH

The operating conditions of mining machines used in mining industry enterprises, mainly in open-pit mining
enterprises - quarries, are very difficult, that is, in winter the external temperature is very cold, and in summer the
temperature is very hot. In the hydraulic systems of mining machines, special hydraulic fluids - hydraulic oils - are
used to set the machine mechanisms in motion under high pressure using various operating modes. The temperature
of oil in the hydraulic parts of mining machines increases due to high pressure and loads. In summer, a sharp
increase in the temperature of the external environment leads to a further increase in the temperature of the oil
moving in the special hoses of the hydraulic system [1-12].

Today, the hydraulic systems of mining machines, as well as special electrical and mechanical parts, are cooled
by airflow using special air fans. These traditional cooling systems have been used for many years, and in recent
years, due to a sharp increase in the temperature of the external environment at mining enterprises, the cooling
capacity of hydraulic systems with conventional fans is decreasing [3, 4].

Analysis of scientific and practical research and literature conducted in the mining industry today shows that the
issues of increasing the efficiency of air-ventilated cooling systems of machines used in quarry conditions, in
particular, compressor units of drilling rigs, are one of the most pressing problems today [5, 6-34].

Figure 1 below shows the most commonly used, inexpensive, and efficient cooling system in the cooling systems
of compressor units of mining machines, i.e., the cooling system of compressors of mining machines using air fans:

a) drilling machine compressor and  b) proposed fan rear cooling system for ¢) side view of the proposed fan for

existing fan cooling system the drilling machine compressor cooling the drilling machine compressor
Figure 1. View of the fan used and proposed in the cooling system of the compressor unit

Cooling with a conventional airflow through a fan leads to insufficient cooling efficiency in high-temperature
mining conditions. The limitations of this system are explained physically by the low heat capacity of the air and a
decrease in the aerodynamic conductivity of the radiator in a dusty environment.

Therefore, a proposal and a project for the use of fine-particle spraying of water on the radiator surface have
been developed.

With the implementation of the proposed modern cooling system, it is possible to reduce the air temperature of
the compressor units of mining machines by a minimum of 8-15°C, increase the heat transfer coefficient by an
average of 2-3 times, and reliably protect the engines and hydraulic systems of mining machines from overheating
[7, 8].

The proposed technology is an effective solution that significantly increases the reliability of mining machines
used in open-pit mining conditions. The proposed design, shown in Fig. 1, creates a combined cooling system for
the radiator of mining machines, using forced airflow and spraying water particles from above. The main task of this
system is the rapid and efficient removal of heat from the radiator surface in high-temperature conditions, preventing
engine overheating. The main air flow source of the fan is a fan with a diameter located in the front part of Figure 1,
which creates an airflow directed towards the radiator. This flow passes to the radiator surface and carries the heat
from there with the flow of water sprayed into the external environment [9, 10-34].



Water is supplied through a bottom-up pipe. The water pressure is supplied by a pump and directed parallel to
the airflow to the injection zone. The nozzle is installed above the fan and sprays water into microdrops. This
prevents water from flowing in large droplets and ensures its complete decomposition in the airflow supplied by the
fan. The sprayed water, located in the front part of the fan, collides with the radiator of the compressor unit with a
stream of hot air and cools through a physical process with the stream of water and air. There is a need for
theoretical analysis of this physical process between the fan and radiator [1-11, 12-34].

RESEARCH RESULTS

Below, the proposed solutions for improving the cooling systems of the compressor unit of mining machines are
proven using special laws and mathematical expressions. Considering that the productivity of the proposed water
sprayer is the same parameter, we accept the condition (1<n) for water spraying.

If Q=const.
Q= % = % =S-v (1)
here; S-surface of the nozzle opening (mm?), v - velocity of the liquid exiting the slit (m/s), t- time (seconds),
Q-liquid capacity (m?/s), V- liquid volume (m?).

Figure 2 below shows the physical parameters between the fan and radiator.
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Figure 2. The state of arrangement of physical parameters in the proposed scheme

The velocity and direction of the water exiting the opening depend on the angle of the opening. Let's assume the
flow rate of the liquid and the direction of the blade's rotation as follows.

Figure 3. Direction of the liquid velocity exiting the intake installed on the fan

The speed of the blade is geometrically related to the point of impact of water. This is expressed by the following
formula. rotational speed of the blade.



v, = w(r —x) 2)
Here; v,- rotational speed of the blade (m/s), w-parrakning burchak tezligi (rad/s). r-blade radius (m), x- distance
from the blade center to the point of impact of the liquid (m) [20-34].
Let's determine the absolute velocity of the liquid after hitting the blade. We will represent it in Figure 4,
inserting the coordinate axis as follows.
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Figure 4. Direction of fluid velocities

We determine the absolute velocity of the liquid after hitting the blade. By projecting onto the abscissa and
ordinate axes, we construct the following system [13].
Ve = Vg + v, - COSQ
{vyz—vs+vnsin<p G)
From the above system 3, we solve the following expression.

Vaps = |VE+VE = \/(vk + v, cos 9)? + (—vg + v, sinp)? =

=\[v,§ + 2, - v cos @ + V2 cos? ¢ + vZ + v sin? ¢ — 2vg - v, sing =

= \[v,% + vZ + v2 — 2v, (v cos ¢ — v, sin @)
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Here; v, - propulsion velocity of the blade (m/s), v,-liquid velocity (m/s), v,,-elative velocity of the blade (m/s).
At the moment when the energy of the liquid is absorbed by the blade, it has internal and external energy. Due to
the fact that fluid motion occurs in space, differential equations based on Euler's D'Alembert principle exist [14-34].

dvy _ dp

at - 7 pax

dﬁ =Y — _an_ (5)
dt p-dy

dvy _ dp

; -4 p-dz

Considering the randomness of fluid movement and the variability of its density, the initial velocity of its
movement in all states depends on the angle of rotation in the fan.

B =arctg() (6)

The number of blades is determined by the following diameter.
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Figure 5. Location and distance of physical parameters between the fan and radiator

Considering that the liquid changes the temperature of the radiator, we introduce two main parameters between
the fan and radiator as functions in the following steps 8 and 9.
AL = f,(Z,B,Q,m,n,AT) (8)
AT = fz(Q,T1;T2,C) (9)
From the parameters in Figure 5, we express the relationship between the distance between the fan and radiator
as follows.
IfiL-cosB=AL=>1,—1,=0x=>AL2+Ax?>=1>=>(L-cosB)?+ (1, —n)> = 1* =>
=>L= \/(L -cosB)? + (r, — )2 (10)
The energy of the liquid exiting the fan represents the kinetic energy and heat capacity. In the radiator, there is
heat capacity and fluid loss at the intermediate distance.
We write the kinetic energy of the liquid as follows.

2
Ej, = ~-abs (11)
We construct the initial and subsequent amounts of heat in expressions 12 and 13.
Ql = CmAtl (12)
Q2 = CmAtz (13)

Expressing the work done in the system as follows, we derive the change in distance.

2 2 —
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Mathematical model that determines the temperature supplied from the fan to the radiator depending on the
distance.

2:C Vabs T

here; C — heat capacity of the radiator (kgi.c), AT-temperature change (°C) g — acceleration due to gravity (m/s?),

AL — distance (m), v, — relative velocity of the blade (m/s), 1, - radius of the radiator contact surface (m), f — angle
of inclination of the blade (°C), Z — number of blades (pcs), S — blade surface area (m?). n-sprayer number (pcs).
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Figure 6. Liquid and dry air cooling

From the difference in the obtained graphs of air and liquid cooling systems of compressor units of mining
machines, it was proven that cooling through a conventional air fan is insufficiently effective for a machine
compressor. By installing an additional water injection nozzle on the fan, the cooling intensity is significantly
increased. Therefore, the use of a combined air + liquid cooling system in compressor and industrial installations
with high heat generation is technically and energetically feasible.

Regular air cooling (blue, dashed line) where the temperature gradually increases over time. By 60-70 minutes,
the temperature remains relatively low (around 25-30°C).

This situation shows that creating airflow only with the help of a fan is not capable of removing heat sufficiently.
Due to low air density and low heat capacity, heat exchange occurs slowly.

Liquid (water) cooling - with a nozzle (orange line) An additional nozzle is installed on the fan, and water is
sprayed in small droplets. The graph shows a rather rapid and high temperature increase (=60-70 °C in 40-50
minutes). This may seem paradoxical, but it actually means that the intensity of heat extraction from the compressor
has increased [15-34].

When water is sprayed, a process of evaporation occurs and a large amount of heat is absorbed, as a result of
which heat exchange is sharply activated. Air has low thermal conductivity, therefore cooling with a conventional
fan has limited efficiency. The heat capacity of water is several times greater than that of air, therefore spraying
through a nozzle intensifies the cooling process. Conversely, during drip spraying, convective and spatial heat
exchange occurs simultaneously due to surface moisture and evaporation. From the mathematical model of the
temperature change depending on the distance of cooling depending on the number of springs in expression 9, we
construct a graph in Fig. 7.
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Figure 7. Difference in temperature and distance when the number of sprayers is different



Analysis of the graph above shows that the temperature difference in one nozzle remains at relatively low values
compared to others. The cooling zone is narrow and uneven, and water droplets are not evenly distributed across the
surface. Significant cooling is observed only in the central part of the compressor surface, while efficiency sharply
decreases in peripheral areas. If there was a double nozzle, the temperature difference increased significantly. The
cooling area expands, and the water droplets begin to spread more evenly relative to the surface. The intensity of
heat removal is significantly improved compared to 1 injector, but the maximum value is still limited. In the case of
a triple nozzle, the highest temperature difference on the graph is observed in the case of a triple nozzle. The cooling
zone is wide and stable, and high efficiency is maintained almost throughout the entire distance. Due to the fine and
uniform spraying of water droplets: the evaporation process intensifies and the heat exchange surface increases, and
of course, heat is intensively removed from the compressor surface. In general, when increasing and decreasing the
number of constraints, from the point of view of a mathematical model, when finding the most optimal value of the
intermediate distance with a change in temperature, in addition to these three parameters, we include all constant
physical and geometric quantities in the condition and construct the graph shown in Figure 8 below in the Mathcad
program.
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Figure 8. Temperature vs. distance graph

On the graph, on the horizontal axis, the distance is given in centimeters, and on the vertical axis, the
temperature difference is given in degrees Celsius.

At a distance of 0-6 cm, the temperature difference is about 3-4°C, and the cooling effect is very low. This is due
to the fact that in this area, the droplets of liquid sprayed through the nozzle are not yet sufficiently crushed, and the
evaporation process does not fully begin. As a result, heat exchange with the air flow is weak, and the cooling effect
of the compressor is insignificant.

At a distance of 6-18 cm, the temperature difference increases sharply, reaching approximately 35°C. In this
zone, the droplets become fine and intensively evaporate. During evaporation, a large amount of latent heat is
absorbed, the droplets mix well with the fan airflow, and the cooling process enters an active phase. This region is
considered a zone where the cooling effect grows rapidly.

At a distance of 18-30 cm, the temperature difference reaches its maximum value, i.e., approximately 41-42°C.
At this distance, the evaporation of liquid droplets is almost complete, heat exchange is at its highest level, and the
cooling of the compressor reaches its most effective state. Therefore, this intermediate compressor is the optimal
operating zone for the cooling system.

At a distance of 30-38 cm, the temperature difference gradually decreases and drops to approximately 32°C. This
is due to the fact that the droplets have already evaporated and the cooled air stream, mixing with the external
environment, begins to lose its low temperature. As a result, the cooling efficiency decreases slowly.

At distances of 38-46 cm and further, the temperature difference sharply decreases, remaining around 2-3°C. In
this zone, the cooling effect is practically absent, since the cooled air stream disperses and does not reach the
compressor zone. Therefore, at this distance, nozzle cooling is practically inefficient.



In general, the graph confirms the classical principles of evaporative cooling processes: the cooling effect
increases up to a certain optimal distance and then decreases. From a practical standpoint, it is most appropriate to
select a distance of approximately 25-30 cm between the nozzle and the fan. Positioning the nozzle too close or too
far leads to liquid and energy waste and reduces the cooling efficiency of the compressor.

CONCLUSIONS

The results of this study show that in high-temperature mining conditions, the cooling of compressors and other
heat-generating units by airflow alone does not provide sufficient efficiency. Low air heat capacity, partial blockage
of radiator channels in a dusty environment, and increased aerodynamic resistance significantly limit the heat
exchange process. The application of finely dispersed water spraying technology in addition to the fan takes the
cooling process to a qualitatively new level. As a result of the evaporation of water droplets, intensive absorption of
latent heat occurs, the rate of heat removal from the radiator surface increases sharply, and the overall heat transfer
coefficient increases several times.

The proposed mathematical model and graphical analysis prove that the cooling efficiency strongly depends on
the distance between the fan and radiator, the number of nozzles, and the spraying parameters. In particular, the
optimal zone is 25-30 cm, and it is at this distance that the temperature difference reaches its maximum value. An
increase in the number of nozzles ensures uniform distribution of water droplets on the surface, expands the cooling
area, and increases the intensity of heat removal. In general, the combined air-liquid cooling system is assessed as a
scientifically and practically based effective solution for increasing the reliability, long-term operational stability,
and energy efficiency of mining equipment.

In conclusion, it can be said that by applying dynamic pressure to the liquid by injecting air into the fan, the
radiator can be cooled to a certain limit. In this case, it is necessary to geometrically justify the blades of the fan,
taking into account the amount, speed, temperature of the liquid coming out of the nozzle, and the number of
nozzles, and express the dependence of the radiator temperature and distance from the fan using a formula. Due to
the uncertainty of such parameters, we can construct a mathematical model to determine the necessary values.
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