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Abstract
The purpose of this paper is to substantiate the arrangement of workings that supply cooled air to the faces based on an 
assessment of changes in the energy state of the rock mass under the influence of mining operations. The theoretical 
studies were carried out based on a systematic analysis of the fundamental equations of the classical theory of thermo-
dynamics, taking into account experimental data on rock physics and geomechanical processes occurring during mining 
operations. This purpose was achieved by comparing the energy state (enthalpy) of rocks in the mass intact by mining 
operations and the mass formed in these rocks after coal seam extraction. The authors proposed the idea of transporting 
refrigerant in the form of cooled air through the workings arranged in the displaced rocks behind the longwall, which are 
relieved of rock pressure, degassed and cooled. This makes it possible to significantly reduce cold losses on the way to the 
miners’ workplaces. The results of theoretical preliminary calculations confirm that the enthalpy of displaced rocks in 
the mined-out longwall space remains virtually unchanged regardless of the depth of mining. This confirms the validity 
of the idea of choosing the arrangement of the workings to save cold. The linear nature of the increase in the ratio of rock 
enthalpy in intact and cooled rock masses during the deepening of mining operations has been established, which 
proves the efficiency and prospects of the proposed method for large depths. A variant of coal seam preparation and min-
ing is proposed to ensure the saving of the cold resource by arranging workings in displaced and cooled rocks.
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mine workings; ventilation; energy state of rocks; thermodynamic factors

1. Introduction

The extraction of coal seams is associated with an in-
evitable increase in the depth of the workings. At the 
beginning of the XXI century, mine workings in Ukrain-
ian coal deposits reached depths of 1,200 to 1,500 me-
tres. In such conditions, the temperature of the rock mass 
reaches 40 to 50˚С. In the future, the development of 
strata over 2,000 m where the temperature exceeds 70˚С 
is planned.

The length of the ventilation routes from the surface 
to the workings is often several kilometres, and when 
fresh air moves through them, it warms up to a tempera-
ture close to that of the rock mass. This significantly 
complicates the work of the Ukrainian miners at the 

workplaces where the permitted air temperature should 
not exceed 26˚С. The installation and use of various 
types of cooling equipment involves multimillion ex-
penditures, and the money spent on air conditioning in-
creases the cost of coal production and reduces the com-
petitiveness of coal mining companies. The challenges 
of ensuring safe and comfortable working conditions at 
the miners’ workplaces remain acute in the development 
of deep strata.

With mining operations moving to depths of more 
than 1,000 metres, the underground environment has be-
come more extreme, as the temperature and humidity 
levels have increased due to high heat generation from 
the rock mass and from the mine electrical and diesel 
equipment. Furthermore, the increased depth resulted in 
additional heat being transferred to the ventilation air by 
air autocompression, coal self-heating and other heating 
sources (Greth et al., 2017; Kuyuk et al., 2020).
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Abnormal microclimatic conditions not only directly 
affect the health of the miners underground, but also 
cause a decrease in perception, concentration, attention, 
and performance (Nehrii et al., 2022; Cheberiachko et 
al., 2018). This negative impact of temperature and hu-
midity on the human body is called climatic hazard 
(Szlązak et al., 2018).

Studies have shown that the temperature of under-
ground air has become the main factor affecting the safe-
ty of the miners, with humidity and air velocity being 
added to it. The recommended air velocity is 2 m/s, and 
the maximum wet-bulb temperature is 28˚С for a 6-hour 
work shift and 26˚С for an 8-hour work shift. It is diffi-
cult to ensure such conditions; a survey conducted in six 
Polish coal mines showed that, despite the introduction 
of group and central air conditioning systems, the per-
missible air temperature of 28˚С was exceeded (Qiao-
yun et al., 2023). Similar data were obtained in Chinese 
mines (Han et al., 2023).

In practice, many different systems and schemes are 
used to provide the miners’ workplaces with cooled air. 
Each ventilation system has its own important elements, 
such as different branches of the system, ventilation reg-
ulators and fans. There is a study (Zeqiri et al., 2022), in 
which, based on a professional approach to the analysis 
of aeration systems, a comparison of reliable results was 
made, which indicates the real state of the microclimate 
in underground mines, which affects the increase in the 
prospects for the development of the mining industry.

Other studies focus on the possibility of using air con-
ditioning and ensuring the safety and health of the min-
ers. The result of the work suggests that portable air con-
ditioners should be used during preparatory work. The 
study is aimed at ensuring the highest possible safety 
and health during the miners’ operations, especially the 
proper dilution of mine gases, achieving optimal tem-
perature and dust content (Vrtalova et al., 2023). When 
cooling premises of limited volume, it is recommended 
to use cryogenic systems (Yan et al., 2020) or to limit 
the number of personnel (Jin et al., 2024).

In general, there are two common underground cool-
ing strategies. The first is the use of mine ventilation and 
the cooling effect of airflow, and the second is the use of 
refrigeration to provide workplaces with a low-tempera-
ture environment (Kamyar et al., 2016).

The known surface air-cooling systems, underground 
air-cooling systems with a surface refrigeration unit, and 
underground air-cooling systems with an underground re-
frigeration unit are widely used mine air-cooling systems.

The concepts of underground air-cooling systems with 
chilled water transported through insulated pipework to 
the boreholes, the use of ice slurry instead of chilled wa-
ter to reduce pumping consumption and cost, vortex 
tubes that use compressed air to cool sensitive machine 
components, and mobile spot coolers are all considered. 
The role of air monitoring and control systems for the 
efficient operation of the miners is discussed (Sridharan 

et al., 2019). European mines often use central air condi-
tioning in mines with cooling stations on the surface and 
transportation of cooling energy to underground heat ex-
changers (Szlązak et al., 2009). Cooling of mine air by 
horizontal volumetric air conditioners with direct spray 
cooling systems is considered to be quite effective due to 
their high performance. This type of installation can be 
converted into a natural cooling/heating process by re-
emerging warm sprayed water from the underground air 
cooler to the heaters to heat the mine air on the surface 
and re-immersing the cooled water into underground 
mass air coolers (Szlązak et al., 2018).

Underground air cooling is used by spraying chilled 
water on the shearer and other sources of high tempera-
ture. Mobile medium-sized air coolers, spot coolers, un-
derground air cooling and the use of chilled water are 
widely used to increase the positional efficiency of the 
cooling plant. The introduction of ‘group’ and ‘central’ 
air conditioning systems is economically feasible when 
significant cooling capacities are required in different ar-
eas of the mine, and it is not possible to transfer conden-
sation heat to local return air flows. The main reasons for 
the low cooling parameters are the impossibility of in-
stalling air coolers in places where the air temperature is 
the highest and the unsatisfactory properties of the sup-
plied water (low flow rate and excessive temperature) 
(Belle and Biffi, 2018).

Water is usually used as a refrigerant in mine air con-
ditioners, as it has a significant heat capacity. Water is 
used in horizontal volumetric air conditioners with di-
rect spray cooling systems due to their high perfor-
mance. In a 1,118-metre-deep gold mine, low-tempera-
ture water stored at a depth of 640 m was used as a cool-
ing source. The effective air flow rate in the workings 
was 3.0 m3/s, the temperature at the workplaces was re-
duced by 5 to 6˚С and amounted to 27.6˚С, and the rela-
tive humidity was reduced to 76% (Guo et al., 2013). It 
was advisable to use the return air of the deep mine as a 
refrigerant for the cooling system (Nie et al., 2018).

The capacity of mine air conditioning units is consid-
erable, which leads to high financial costs. When design-
ing a central method of air conditioning in mines with 
cooling stations on the ground surface and transporting 
cooling energy to underground heat exchangers, the heat 
load is more than 4 MW (Szlązak et al., 2009).

Cooling by medium-sized mobile air coolers, spot 
coolers, underground air cooling, and the use of chilled 
water to increase the positional efficiency of the cooling 
plant assumes an integrated capacity of these systems in 
the range of 6 to 10 MW of cooling capacity (Belle and 
Biffi, 2018).

The surge in electricity prices is forcing companies to 
look for energy management strategies to correct the in-
efficiencies of current cooling systems or reduce exces-
sive electricity consumption.

The situation can be improved by introducing new 
monitoring systems. Implementing management strate-
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gies to generate cooling by recovering thermal energy 
from available resources and improving the performance 
of current cooling are the main ways to achieve savings 
(Guo et al., 2013). There is a well-known example 
when, by monitoring the amount of water, water tem-
perature in the cooling system, and air temperature, ther-
modynamic equilibrium parameters were achieved in 
the analysis of cooling energy production and cold dis-
tribution, which resulted in a reduction in the tempera-
ture and humidity at the workplaces by 8 to 12˚С and 8 
to 15%, respectively (Nie et al., 2018).

The generalisation of information on the thermal situ-
ation in deep workings at different types of deposits has 
confirmed the increase in climatic hazard in all mining 
regions. The main way to overcome thermal hazards at 
the workplaces is to use various types of local air condi-
tioning systems. Promising ways to improve the effi-
ciency of air conditioning are to increase the efficiency 
of the units and improve ventilation networks. The use 
of all technical solutions for mine air conditioning is as-
sociated with the complexity of mining operations and 
the high cost of the process of artificial cooling of the 
refrigerant. Supplying refrigerants over long distances 
causes significant cold losses, which leads to a huge in-
crease in air conditioning costs. The above causes the 
need to find a qualitatively different way to ensure the 
standard air temperature at the miners’ workplaces.

The authors put forward a working hypothesis about 
the need to justify the possibility of reducing the cost of 
air conditioning of the mine atmosphere by limiting its 
heating on the way to the workings by arranging work-
ings with fresh air in previously cooled parts of the mine 
rock space.

The purpose of the paper is to substantiate the arrange-
ment of workings that supply cooled air to the faces based 
on an assessment of changes in the energy state of the 
rock mass under the influence of mining operations.

2. Methods

The theoretical studies were carried out based on a sys-
tematic analysis of the fundamental equations of the clas-
sical theory of thermodynamics, taking into account ex-
perimental data on rock physics and geomechanical pro-
cesses occurring during mining operations. This purpose 
was achieved by comparing the energy state (enthalpy) of 
rocks in the intact mass by mining operations and the 
mass formed in these rocks after coal seam extraction.

Objective.
•	 To estimate the energy state of rocks in the intact 

mass;
•	 To present the changes in the main thermodynamic 

factors of rocks in the process of coal seam extraction;
•	 To evaluate the energy state of the rock mass as a 

result of extraction;
•	 To justify the rational arrangement of mine work-

ings for fresh air supply.

3. Results and discussion

This study was motivated by the results of research on 
the stability of mine workings behind the face in the col-
lapsed rocks of the coal seam roof, known since the mid-
twentieth century (Zborshchyk, 1978). The researchers 
focused on reducing the stress-strain state of such rocks 
in terms of conducting and maintaining development 
workings. Thermal assessments of such working ar-
rangements were not an issue at that time because the 
mining depths in Donbas were only approaching the 
1,000 m mark.

This method of protecting preparatory workings from 
mining pressure is considered by modern researchers as 
promising for various conditions of the development of 
layered rocks (Nehrii et al., 2018; Wang et al., 2020; 
Nehrii et al., 2020).

As a typical example, we should cite the ventilation 
drift of the 15th western panel at the Abakumov mine in 
the city of Donetsk, Ukraine, which was carried out at 
the level of the immediate sole of the formation by blast-
ing at a depth of 720 m (Nazimko, 2024). The thickness 
of such removed layer was 1.6 m, the method of manag-
ing the roof was complete collapse. The stretch had a 
cross-sectional area of 11 m2 and was secured by steel 
arches with an installation step of 0.8 m. The distance 
between the ventilation drift and the boundary of the cre-
ated space was from 7 to 34 m (see Figure 1).

In this paper, we consider the energy states of an arbi-
trary virtual fragment (Vm) of a rock mass as an open 
thermodynamic system, which was initially in its pri-
mary (intact) state, and then in the situation after the 
seam was extracted.

3.1. Initial energy state of rocks

A rock mass found at a certain depth is considered as 
a set of solid porous substance compressed by the all-
round pressure, which contains fluids, primarily meth-
ane and water. No movement occurs in such a mass, so 
there is no kinetic energy in such an environment. In-
stead, the rock pressure is a manifestation of potential 
energy, and the temperature is a manifestation of internal 
energy.

At a depth of H, (m), such a system, due to the action 
of rock pressure, is in a compressed state and occupies a 
volume of Vm (m3). Compression is determined by gravi-
tational forces, its value is:

	 Рm=ρm·g·H, (Pa)� (1)

where ρm is the density of the mass, kg/m3; g is the ac-
celeration of free fall, m/s2.

The temperature of rocks in the entire volume Vm is 
equal to that inherent in this depth Tm, (K). Methane 
plays the main role among the fluids contained in the 
sedimentary rock mass. Sedimentary rocks contain vari-
ous fluids in a liquid or gaseous state. Their presence or 
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absence has a significant impact on the mechanical and 
thermodynamic properties of the rock. For example, the 
striking difference in fragility, thermal conductivity, 
density and other indicators of dry and wet clay. Chang-
es in the properties of sedimentary rocks are influenced 
not only by the size of fluid molecules, but also by sorp-
tion, electrical, and other parameters. For each type of 
rock, an individual evaluation of the interaction with flu-
ids is necessary.

The most common type of fluids in the Donetsk coal 
basin is methane, therefore, this article considers its in-
fluence on the main types of rocks that make up the 
mountain range. The gas is found in a compressed state 
in voids, in a sorbed form on the walls of solid particles 
and cavities, and as a component of organic macromol-
ecules of coal and rocks. The layers of gas sorbed on the 
surfaces of the solid medium act as a lubricant, reducing 
friction between sedimentary rock particles and contrib-
uting to their all-round compression. This confirms the 
validity of the hypothesis about the close-to-hydrostatic 
nature of mining pressure in gas-bearing masses (An-
toshchenko et al., 2013).

It is difficult to estimate the amount of gas sorbed on the 
surface of solid rock particles due to the lack of data on the 
indicators that characterise sorption processes in com-

pressed rocks. There is also no way to reliably estimate the 
amount of methane dissolved or chemically bound to the 
organic components of the rock mass. We can rely on the 
indicators of total gas emission from coal and rocks ob-
tained during geological analyses during field exploration 
qg, (m3/m3). For sedimentary rocks such as shales and 
sandstones for coal deposits, this figure is qg=0…15, m3/
m3, sometimes more. The temperature of methane is equal 
to the temperature of rocks at a given depth Tm, (K).

The potential energy concentrated in the solid compo-
nent of the fragment is due to gravitational forces acting 
in the volume:

	 Еmp=Vm·ρm·g·H, (J)� (2)

The internal energy of the system in the intact mass 
Emk consists of the internal energy of the solid part Emm 
together with the gas chemically bound to organic mat-
ter and sorbed on the pore surfaces, as well as the energy 
of the gas compressed in the voids Ems. The relative in-
ternal energy of the solid part of the system can be cal-
culated based on its temperature:

	 Еmm= ρm·Vm·сm·Тm, (J)� (3)

where: cm is the heat capacity of the mass rocks, J/(kg·K); 
Tm is the temperature of the rocks, K.

Figure 1: Monitoring the stability of the ventilation shaft in the Abakumov mine in the city of Donetsk, Ukraine  
(Nazimko, 2024): a – mine map fragment; b – convergence of roof and sole; c – before the development  

of the 16th western panel; d – after the development.
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Let’s assume that the pressure of methane compressed 
in pores does not exceed the mechanical component of 
the rock pressure Рms=Рm. The volume of compressed 
gas is equal to the volume of pores Vmr=кpm

.Vm,, where: 
кpm is the porosity coefficient.

Based on thermodynamics, for multi-atomic gases, 
namely CH4, the value of the internal energy of the com-
pressed gas in the system will be

	 Еms=3·РmsVmr =3·Vm
.кpm·g·H·ρm, (J)� (4)

Thus, the enthalpy of a fragment of the intact mass 
can be estimated:

	 Еmk = Еmp + Еmm + Еms =

	 = Vm·ρm·g·H + ρm·Vm·сm·Тm + 3·Vm · кpm · g · H · ρm =

	 = ρm Vm [(g · H + сm · Тm) + 3 · кpm · g · H]� (5)

The enthalpy component related to potential energy 
(Emp) characterises the stability of mine workings carried 
out in such a mass, and the thermodynamic component 
(Emm+Ems) characterises the heat exchange between the 
mass and the air moving in these workings.

3.2. �Change in the main thermodynamic 
parameters of rocks after coal seam extraction

As it is known from the modern concepts of geome-
chanical processes that occur during coal seam extrac-
tion, a part of the rocks of the immediate and main roof 
of the seam is separated from the rest of the mass and 
forms the so-called vault of completely displaced rocks 
(see Figure 2). The vault of completely displaced rocks 
is composed of collapsed layers of the immediate roof of 
the coal seam, as well as settled rocks of the main roof. 
The main driving force forming the vault is gravity, 
which is counteracted by the stiffness of the rock layers.

The size of the collapse step of the immediate roof is 
determined not only by the physical and mechanical 
properties and strength of its layer, but also by the mag-
nitude and mode of loading and unloading and the mag-
nitude of the fastening resistance in the extractive mine. 
This affects the structural characteristics of the crushed 
layer that is formed on the immediate sole after the exca-
vation of the formation.

In the conditions of mining gently sloping formations 
of Donbas, the shape of the vault is similar to a trape-
zoid, its height h, (m) is approximately equal to the 
length of the working face l, (m) and is much less than 
the depth H (Zborshchyk, 1978). The depth of extrac-
tion H and the height of the vault h are in the ratio h/
H=кr, hence h=Н.кr. The base of the trapezoid is a frac-
tured rock environment with a thickness of 6 to 12 times 
the thickness of the spent seam. These rocks are almost 
completely degassed and cooled to a temperature close 
to the temperature of the ventilation air (Antoshchenko 
et al., 2013). A small part of the rocks at the bottom of 
the seam is also degassed and cooled.

Deformation mainly occurs through the mutual move-
ment of particles that form sedimentary rocks, an in-
crease in the size of natural fractures and pores, the 
emergence of fresh fractures caused by mining pressure, 
and increased stratification of rock layers. Among the 
types of deformation that have occurred, quasi-elastic 
and brittle (fracture) deformations prevail, while others 
are of a much smaller scale and can be neglected at the 
first stage of analysis. As a result of fracture formation, 
the conditions for diffuse and filtration fluid movements 
are improved many times over. This releases the gas 
trapped in the pores, desorbs methane from surfaces that 
change the shape and size, and breaks chemical bonds in 
organic macromolecules with the release of methane, 
hydrogen and other gases. In the areas of rock close to 
the faces and development workings, there is close to 
complete degassing (qg≈0) and gradual replacement of 
compressed methane with air at atmospheric pressure in 
open voids. A significant proportion of methane enters 
mine workings where it is diluted with air to a safe level 
and released to the surface with the outgoing ventilation 
stream, and part of the methane is removed using degas-
sing systems.

The extraction of a coal seam consumes electrical en-
ergy, mainly due to the supply to the mining site and 
further conversion into mechanical energy, and the min-
ers’ muscular energy. Furthermore, the thermal energy 
of the ventilation air flow is supplied to the faces, and the 
air flow heated from the rocks with the addition of meth-
ane is removed. These types of energy are used to break 
coal and rocks, move solid, liquid and gaseous compo-
nents in the system under consideration and beyond. 
Thus, the ventilation stream heats up when it interacts 
with hot rocks and a significant proportion of thermal 
energy is carried outside the system in the form of a 
heated mixture of air and methane, while a part of the 
rock mass cools down to a level close to the air tempera-
ture in the face Тv, (K). It is important to note that the 
cooled part of the rock environment (see Figure 1) can 

Figure 2: Scheme of the formation of a vault of completely 
displaced rocks (from Zborshchyk, 1978) and areas  

of degassed and cooled rocks: 1 – coal seam; 2, 6 – coal 
headings; 3 – vault of displaced rocks; 4 – rock mass; 5 – area 

of cooled and degassed rocks; H – depth to the surface;  
h – height of the vault; l – length of the working face.
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be considered suitable for the arrangement of workings 
intended for air supply to the working faces. In this case, 
the heat exchange of fresh air supplied to the drifting and 
mining faces with the walls of the workings will be neg-
ligible, and, accordingly, the loss of cold potential will 
be significantly lower.

The removal of fluids from the rocks and depressuri-
sation lead to certain irreversible changes in the physical 
parameters that characterise the resulting rock environ-
ment. The value of the established indicators is deter-
mined in laboratory conditions when testing depressur-
ised, degassed and cooled rock samples. The following 
physical and mechanical indicators are assessed in labo-
ratories: elastic modulus (Eo, Pa), transverse strain coef-
ficient (μo), density (ρo, kg/m3), porosity coefficient (кpo), 
as well as thermal indicators: linear thermal increase co-
efficient (αo, 1/K), heat capacity (co, J/(kg·K)), associated 
thermal conductivity (λo, m2/s), etc.

Thanks to the knowledge accumulated in modern 
rock physics, it is possible to estimate similar indicators 
for the intact mass in an indirect way. This is difficult for 
the subsoil in which fluids are concentrated, but it is pos-
sible to determine a qualitative trend and sometimes an 
approximate numerical estimate of changes relative to 
laboratory data.

The density of degassed rocks is determined mainly 
by the loss of methane, so depressurised rocks or sam-
ples of them with pores filled with air (ρo) are tested in 
laboratories. Based on this, the initial density of the mass 
rocks can be determined:

	 ρm = ρo+ ρсн4·qg, (kg/m3)� (6)

where:
ρo	 = �2,500 is the density of sedimentary rocks estab-

lished in laboratory conditions, kg/m3;
ρсн4 	= �0.714 is the methane density under normal con-

ditions, kg/m3;
qg 	 = �(0…15), m3/m3 is the gas emission from sedi-

mentary rocks, established during the field ex-
ploration, m3/m3.

This research examines the process of the degassing 
of sedimentary rocks that make up the coal-bearing stra-
tum. The methane content in the rocks is an order of 
magnitude lower than in the coal seam, which is due to 
the significantly lower content of the organic component 
in the mudstones, siltstones, and sandstones that make 
up the coal-bearing layer in the Donetsk coal basin. Dur-
ing the degassing of sedimentary rocks, their shrinkage 
was not registered.

Calculations have shown that degassing leads to a de-
crease in rock density of no more than 1 to 1.5% and can 
be neglected, hereinafter we denote the density as ρ.

In the process of depressurising rocks under the influ-
ence of loosening mechanical stresses, the internal bonds 
between rock particles decrease. Friction, grain adhe-
sion, and rock strength are significantly reduced, elastic-

ity and brittleness parameters are reduced, and rock 
crushability is increased. In the study of solid samples, 
the porosity of depressurised and degassed rocks is 
measured, e.g. for sandstones, this indicator, according 
to literature reports, is кpo = 0.67…6.7%.

Compaction occurs under the influence of hydrostatic 
pressure, resulting in deformations in rocks, which lead 
to a decrease in porosity; depending on the nature of the 
rock compaction pressure, it is the closure of pores and 
an increase in the contact area of grains. With compac-
tion, the cross-sectional areas through which pressure 
and energy are transferred increase, and therefore the 
strength, elastic properties, thermal conductivity, etc. 
also increase. The decrease in porosity in the mass de-
pends on the pressure, so it is approximately:

	 кpm = кpo
.h/Н= кpo

.кr� (7)

Due to the decrease in the level of rock pressure in the 
vault from Pm=H·g·ρo to Pa=h·g·ρo=H·кr·g·ρo, the rocks 
are depressurised, which leads to an increase in volume 
from Vm to Vo. In the case of the volumetric stress state of 
the rock, the relationship between the depressurising of 
Pm-Po and the relative change in volume DV is expressed 
through the modulus of all-round compression Km, which 
can be calculated by the formula (Zhdanova et al., 
2012).
	 Km= Еm/[3(1-2μm)]� (8)

where Em, μm are the elastic modulus and transverse 
strain coefficient of the rock in the intact mass, respec-
tively.

The relative increase in volume after complete (close to 
zero) depressurising can be estimated by taking into ac-
count the volumetric modulus of elasticity of rocks Km:

	 DV = Рm/Km = 3·Н·g·ρ (1-2·μm)/Еm� (9)

Thus, for an extreme depth of H=3,000 m, and the 
sandstone elastic modulus Em=1010 Pa and μm=0.45, the 
volume increase is only DV=0.002205. Based on this, 
assuming as a first approximation that the volume of the 
intact medium is close to a perfectly elastic body, it is 
possible to calculate the ratio of volumes before Vm and 
after Vo depressurising:

	 Vo= Vm+ Vm .DV= Vm(1+DV)� (10)

It is customary to accept based on the results of the 
calculation: Vm ≈Vo, further – V.

Depressurising and degassing contribute to an in-
crease in the cavity component of the rock volume. The 
value of Vro can be determined by taking into account the 
porosity of the rock in the кpo sample studied in the labo-
ratory (Suyarka, 2019). It should be noted that the po-
rosity measured in the laboratory for depressurised and 
degassed rock samples is significantly higher than that 
established in the subsurface. Linear deformations of 
sedimentary rock-forming minerals are relatively small, 
and a significant part of the increase in volume is due to 
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the increase in fractures between pieces of fractured 
rock rather than empty space. It should be noted that a 
significant proportion of fractures appear under the in-
fluence of mining operations, so they are automatically 
excluded in laboratory tests of solid samples, which al-
lows us to assume:
	 Vrm ≈ Vro

.кpm� (11)

The removal of the main fluids present in the mass 
(methane and water) leads to an increase in the cavity 
and changes in the physical and mechanical properties 
of rocks, such as the linear (E) and volumetric (K) elastic 
moduli and the transverse strain coefficient (μ) (Yalan-
skyi et al., 2014). The degassing and drying of rocks is 
the reverse process of their saturation with fluids, which 
allows us to analyse the nature of the transformations of 
rocks that were under the influence of mining.

It is known that when sandstones are saturated with 
water, the compressive strength decreases almost twice, 
the elastic modulus decreases four times, and the trans-
verse strain coefficient increases 2.3 times (Liashok et 
al., 2020); when the rock is dried, the reverse process is 
observed. In the future, we choose an increase in the 
transverse strain coefficient in the middle of the speci-
fied interval:
	 μm=1.5 μo.� (12)

Since the closure of pores and the accompanying in-
crease in the number and area of grain contacts during 
compression are mainly completed at a pressure of 50 to 
100 MPa, the most significant increase (up to three 
times) in the elastic modulus of most rocks is observed 
up to these pressure levels, i.e.:

	 Еm=(1.5…3) Еo� (13)

In the vault of complete displacement, the processes 
inverse to the saturation of the rock with fluids occur, 
and a number of related thermodynamic parameters 
change along with physical and mechanical ones: heat 
capacity (c), thermal conductivity (λ), thermal conduc-
tivity (a), etc. It is known that the moistening of porous 
rocks leads to an increase in their thermal conductivity. 
Thus, the thermal conductivity of clay saturated with 
water is 6 to 8 times higher than that of dry clay (Mala 
hirnycha entsyklopediya, 2013). The specific heat ca-
pacity increases with decreasing rock density and in-
creases with increasing temperature and humidity within 
0.4 to 2, kJ/(kg·K), thus we accept:

	 co= сm/кr� (14)

The rocks are cooled by the ventilation flow, and the 
rock temperature approaches the air temperature in the 
face Tv.

3.3. �Energy state of rocks after the coal seam 
extraction

Let’s consider the energy processes that occur in the 
rock mass under the influence of mining operations. 

They are influenced by many factors that cannot be reli-
ably taken into account, so the assessment of energy 
changes is carried out tentatively to establish the main 
patterns or trends in order to use them to achieve the 
purpose.

In the mass underworked by mining operations at the 
depth of the bottom of the vault of complete displace-
ments h, (m), the value of geostatic compression is:

	 Рo = ρ ·g· h, (Pa)� (15)

where: ρ is the density of the substance in the degassed 
underworked mass, kg/m3; g is the acceleration of free 
fall, m/s2.

The system under consideration is in the depressur-
ised state and occupies a volume of V, (m3).

The potential energy concentrated in the depressur-
ised and degassed solid is due to the gravitational forces 
acting in the volume:

	 Еpo= ρ· V·g· h, (J)� (16)

The relative internal energy of the degassed and 
cooled solid component of the system can be calculated 
based on its temperature:

	 Еto= ρ·V·сo·Тv� (17)

where: co is the heat capacity of the degassed and cooled 
mass, J/(kg·K), Tv is the temperature of rocks in such a 
mass, close to the temperature of the air supplied to the 
face, K.

The enthalpy (total internal energy) of the depressur-
ised and degassed mass is:

	 Еmo = Еpo + Еto = ρ·V·g·h+ρ·V·сo·Тv =

	 ρ·V(g·Н·кr+сo·Тv)� (18)

Guided by the above data on the ratio of physical 
characteristics of rocks in the mass and in samples, we 
transform the terms of the equation of the total enthalpy 
of the system in the intact mass into derivatives from the 
results of laboratory tests of rock samples:

	 Еm = ρ·V [(g·H+сm·Тm)+3·кpm·g·H] = 

	 = ρ·V[(g·H+сm·Тm)+3·кpm·g·H] =

	 = ρ·V [(g·H+ Тm·сo/кr)+3 g· Н·кr·кpo]� (19)

Considering the geological and technological condi-
tions inherent in the Donetsk coal basin, the ratio of en-
thalpies (Em/Emo) of the rock in intact and underworked 
rock masses was estimated. The calculations were per-
formed for a depth range of 1,000 to 3,000 m, the height 
of the vault of total displacements is h=200 m; the rock 
elastic modulus Eo=10.109 Pa; transverse strain coeffi-
cient μo=0.3; porosity coefficient кpo=2.0%; heat capaci-
ty co=0.8.103 J/(kg-K); fresh air temperature Tv=295 K, 
and the temperature of the rock mass is proportional to 
the depth, from 310 to 365 K. The results of the com-
parison are shown in Table 1 and Figure 3.
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As can be seen from Table 1, an increase in the depth 
of deposit development leads to an increase in the en-
thalpy of the rock mass in which mining operations are 
carried out. With the deepening of the workings from 1 
to 3 km, the Em/ρV, J/kg increases by more than 3.5 times 
both under the influence of mining pressure and with an 
increase in the temperature of the rock mass.

On the contrary, due to depressurising, degassing and 
cooling of rocks in the vault, the level of relative en-
thalpy Emo/ρ V, J/kg remains practically unchanged over 
the entire depth range from 1 to 3 km.

The plot of the enthalpy ratio Em/Emo with increasing 
depth H has a linear form (see Figure 2). This illustrates 
the possibility of a significant reduction in the consump-
tion of resources for cooling the air transported through 
the workings to the faces.

valid for other types of refrigerants, such as liquid and 
solid (e.g. ice).

A weakness in the studies is the insufficiently sub-
stantiated and inaccurate data on changes in rock proper-
ties at deep strata. The trend is predicted correctly, and 
the theoretical calculations are qualitatively correct, but 
the numerical values require further study and refine-
ment. Furthermore, it is advisable to consider the peculi-
arities of geomechanical processes occurring in the un-
derworked rock mass during the development of extrac-
tion operations within the mine seam in the future 
(Nazimko et al., 2021).

The conducted research made it possible to scientifi-
cally substantiate the parameters of the location of the 
mine workings for supplying fresh cooled air to the min-
ing face. It has been established theoretically and partly 
practically that degassed rocks at the level of the spent 
coal seam have low heat capacity and thermal conduc-
tivity. In addition, as a result of the preliminary excava-
tion of the formation, these rocks are cooled to the state 
of the temperature of the ventilation flow. Figure 3 
shows a version of the improved scheme of preparation 
and system of reservoir development at great depths. It 
differs in that the preparatory mine workings, which are 
intended for supplying air to the mining face, are located 
within the cooled rocks in the vault of the completely 
shifted roof massif. This makes it possible to reduce the 
heat exchange between the cooled mountain massif and 
the ventilation flow and bring air with a reduced tem-
perature to the mining faces. A promising variant of the 
system for the preparation and development of reservoir 
mineral deposits is shown in Figure 4. The seam was 

Table 1: Effect of depth on the change in the relative 
enthalpy of the intact and depressurised and cooled  

rock mass

Depth
H, m

Еm/(ρ V),
J/kg

Еmo/(ρ V),
J/kg

1,000 1,250.976 237.960
1,500 1,954.308 237.911
2,000 2,740.776 237.960
2,500 4,268.100 237.960
3,000 4,424.242 237.940

Figure 3: Dependence of the ratio of rock enthalpy in intact 
(Em) and depressurised, degassed and cooled (Emo) rock 
masses on the depth (H, m) of coal seam development.

The obtained theoretical results are of great practical 
importance. They substantiate the possibility of increas-
ing the efficiency of air conditioning in deep mines due 
to a qualitatively new approach, namely, the arrange-
ment of such air supply workings behind the longwall in 
the cooled and degassed displaced rocks of the immedi-
ate roof and the bottom of the seam. The refrigerant, in 
the form of cooled air, can be transported through such 
lines with minimal cold losses. These conclusions are 

Figure 4: Scheme of preparation and seam development 
system at great depths: 1, 2 – air supply and ventilation 

shafts, respectively; 3 – mined-out space of the bedrock;  
4, 5 – ventilation and main drifts, respectively;  

6, 7 – bedrock and sectional working faces, respectively;  
8, 9 – air supply and ventilation passages, respectively; 

arrows: blue – cold, red – warm air; workings:  
solid – at the seam level, dashed – field.
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opened by means of shafts 1 and 2 with cross-drifts. The 
first of them is designed to supply fresh air, the other is a 
ventilation shaft. The shaft supplying air is equipped 
with an air-cooling unit, which is not shown in Figure 3 
for clarity. In the initial period, coal is extracted in the 
so-called ‘bedrock’ using air cooling equipment. Given 
the small size of the mine workings, the capacity of the 
cooling unit is relatively moderate. As the face of the 
bedrock moves away from the face entry, working space 
3 is formed, in which a degassed, depressurised and 
cooled area is formed (see Figure 2). It is suitable for the 
arrangement of main ventilation drift 4 and air supply 
drift 5. They supply air to the faces of bedrock 6 and, 
subsequently, to sectional longwalls 7. It is also advisa-
ble to arrange sectional air supply 8 and ventilation 9 
workings in the cooled area in the mined-out space, 
which provides additional conditioning effect.

In this way, the purpose of the work is achieved, 
namely: based on theoretical studies, an estimate of the 
decrease in the energy state of the rock space in the mine 
heading affected by the mining was obtained. This made 
it possible to justify the arrangement of rational, from 
the point of view of conditioning, flushing of workings 
that supply refrigerants to the faces.

4. Conclusions

Further deepening of underground operations is associ-
ated with an increase in the temperature of the rock mass 
and the threat of a climatic catastrophe for the miners.

The known modern developments in the field of mine 
air conditioning are mainly aimed at improving the 
means of cooling air at the workplaces and rational dis-
tribution of cold resources through the workings. Such 
an approach implies a huge increase in air conditioning 
costs in the future due to significant cold losses during 
the transportation of refrigerants to deep workings.

The idea of transporting refrigerant in the form of 
cooled air through the workings arranged in the dis-
placed rocks behind the longwall, which are relieved of 
rock pressure, degassed and cooled, is proposed. This 
makes it possible to significantly reduce cold losses on 
the way to the miners’ workplaces.

The results of theoretical preliminary calculations 
confirm that the enthalpy of displaced rocks in the 
mined-out longwall space remains virtually unchanged 
regardless of the depth of mining. This confirms the va-
lidity of the idea of choosing the arrangement of the 
workings to save cold resources.

Theoretically, a linear nature of the increase in the ra-
tio of rock enthalpy in intact and cooled rock masses 
with deepening of mining operations has been estab-
lished, which illustrates the efficiency and prospects of 
the proposed method for large depths.

A promising variant of coal seam preparation and 
mining is proposed to ensure the saving of the cold re-

source by arranging workings in displaced and cooled 
rocks. It is distinguished by the fact that the preparatory 
workings, which supply air to the mining face, are lo-
cated within the cooled rocks in the vault of the com-
pletely displaced massif of the roof.
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SADRŽAJ

Metoda za ograničavanje zagrijavanja zraka  
koji se dovodi na duboka radilišta rudnika ugljena

Članak obrazlaže raspored radova koji omogućava najbolje dovođenje ohlađenoga zraka na čelo radilišta na temelju 
procjene promjene energijskoga stanja stijenske mase tijekom rudarskih radova. Teorijska istraživanja provedena su na 
temelju sustavne analize osnovnih jednadžbi klasične teorije termodinamike te uzimajući u obzir eksperimentalne 
podatke o fizici stijena i geomehaničkim procesima koji se odvijaju tijekom rudarskih radova. To je postignuto uspored-
bom energijskoga stanja (entalpije) u intaktnoj stijenskoj masi i stijenske mase nastale nakon vađenja ugljenoga sloja. 
Autori predlažu ideju transporta rashladnoga sredstva (ohlađenoga zraka) kroz radove postavljene u stijenama iza širo-
koga čela, koji su oslobođeni stijenskoga pritiska te su otplinjeni i ohlađeni. Time se može znatno smanjiti gubitak hlad-
noće na putu do radilišta. Rezultati teoretskih preliminarnih proračuna potvrđuju da entalpija stijena u otkopanome 
dugom prostoru ostaje gotovo nepromijenjena bez obzira na dubinu rudarenja. Tako je provedena provjera valjanosti 
ideje odabira rasporeda radova za uštedu na hlađenju. Utvrđena je linearna priroda porasta omjera entalpije stijena u 
netaknutim i ohlađenim stijenskim masama tijekom produbljivanja rudarskih radova, što dokazuje učinkovitost i per-
spektivnost predložene metode za velike dubine. Predlaže se ovakva varijanta pripreme ugljenoga sloja i otkopavanja 
kako bi se osigurala ušteda hladnoga resursa postavljanjem radova u ohlađenim stijenama sa sekundarnim stanjem 
naprezanja.
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rudarski radovi, ventilacija, energijsko stanje stijena, termodinamički čimbenici
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