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Index, a new edition of Web of Science. Content in this index is under consideration by Clarivate
Analytics to be accepted in the Science Citation Index Expanded, the Social Sciences Citation
Index, and the Arts & Humanities Citation Index. The quality and depth of content Web of
Science offers to researchers, authors, publishers, and institutions sets it apart from other
research databases. The inclusion of News of NAS RK. Series of geology and technical
sciences in the Emerging Sources Citation Index demonstrates our dedication to providing the
most relevant and influential content of geology and engineering sciences to our community.

KaszakcmaH Pecniybnukacel ¥immbiK fbliibiM akademusicbl "KP ¥FA Xabapnapbi. [eonozausi xoHe
MmexHUKarbIK FbiribiMOap cepusicbl” fbinbIMU XKypHanbiHbiH Web of Science-miH xaHanaHfFaH Hyckachl
Emerging Sources Citation Index-me uHOekcmernyze KabbindaHraHblH xabapsaldel. byn uHdekcmerny
b6apbiceiHOa Clarivate Analytics komnaHusicel XypHandel odaH opi the Science Citation Index Expanded,
the Social Sciences Citation Index xeHe the Arts & Humanities Citation Index-ke kabbinday maceneciH
Kapacmbipyda. Webof Science sepmmeywinep, aesmopnap, 6acnawhbinap MeH MekeMmesriepee KOHmMeHm
mepeHdiei MeH canacbiH ycbiHalbl. KP YFA Xabapnapbi. [eonoeusi XeHe MeXHUKasbIK fblibiMOap
cepusicbl Emerging Sources Citation Index-ke eryi 6i30iH KoramOacmbiK YWiH eH e3ekmi xoHe 6edesnodi
2e0/102Us1 XKoHe mexHUKarbIK FbliibiMOap 6olbiHWa KoHmeHmke adanobifbiMbi30bi 6indipedi.

HAH PK coobuwaem, 4mo HayuyHbll xypHan «Mseecmuss HAH PK. Cepusi 2eonoauu U mexHu4eckux
Hayk» 6bin npuHsam 0ns uHlekcuposaHusi 8 Emerging Sources Citation Index, o6HoeneHHol eepcuu Web
of Science. CodepxaHue 8 amom UHOeKcuposaHUU Haxodumcsi 8 cmaduu pacCMOMmpeHUs: KoMmrnaHuel
Clarivate Analytics Ons OanbHelweao npuHsmus xypHana e the Science Citation Index Expanded, the
Social Sciences Citation Index u the Arts & Humanities Citation Index. Web of Science npednazaem
Kadyecmeo u eanybuHy KoHmeHma Ons uccriedosamesiel, asmopos, u3damesiell U y4pexoeHudl.
BkriroueHue Uzsecmusi HAH PK. Cepusi eeonozuu u mexHudeckux Hayk 8 Emerging Sources Citation
Index demoHCmMpupyem Hawy rnpueepXxeHHoCcMb K Hauboriee akmyarnbHOMY U 8/IUSIMEsIbHOMY KOHMeHmy
10 2e0/102UU U MeXHU4YeCKUM Haykam Oris Hauleeo coobwecmsa.
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THERMAL REGIMES OF SPONTANEOUS FIRING
COAL WASHING WASTE SITES

Abstract. Spontaneous firing is a typical phenomenon at coal washing waste dumps containing argillites,
siltstones, sandstones, and coal. The study of the spatial and temporal variability of the heat temperature field on the
sites of spontaneous firing a topical issue for further modeling and forecasting.

At the area of the rocky dump spontaneous firingof the coal washing plant "Chervonogradska" of the JSC "Lviv
Coal Company" (Ukraine), temperature measurements were performed at depths 0.5 m, 1.0 m, 1.5 m, 2.0 m, and
2.5 m along three profiles distanced 8 m, 15 m and 28 m from the edge of the dump. The measurements were taken
twice at two-week intervals. The temperature measurements were carried out directly at the measuring points by a
thermometer with a thermocouple and remotely in the infrared range using a FLUKE TiS40 thermal imager and a
partial pyrometer "Smotrych - 4PM1".The temperature measurements were used to construct horizon maps and
sections. The regularities of temperature variations in the vertical and horizontal directions were explained. The tem-
perature gradients were calculated, and they reach 14.5 °C/m. The dependences of the temperature gradients
variation on the depth and the absolute temperature values in the thickness of the heap were validated statistically.
The harmfulness of water supply into the thickness of burning rock dumps leading to the intense spread of heating
along the laterals was justified theoretically and confirmed experimentally.

Keywords: coal washing waste dumps, spontaneous firing, thermal field, thermal gradient.

1. Introduction. Coal mining is associated with the excavation of large volumes of rocks, water, and
gas onto the surface. As a result, large areas of fertile soils are occupied by rock dumps. Each thousand
tons of mining generates 110-150 m® of rock wastes, and 100-120 m® are produced at the enrichment of a
thousand ton of coal [1].

The waste dumps often contain hazardous substances, and storage of the rock wastes causes a
formation of the specific man-induced geochemical systems: "waste dump — soil — underground water
(mining water) — surface water — soil" in the shallow horizon of the lithosphere.

Even greater amounts of pollutants are released into the environment in case of spontaneous firing of
coal and coal washing stones. The issue of coal fires is typical of many countries of the world, including
China, India, the USA, South Africa, Australia, France, Russia, Poland, and Ukraine [2-5].

The study of the process of coal mine dumps spontaneous firing is an actual issue of our time. The
spontaneous firing of waste dumps causes environmental pollution due to the evaporation of toxic gases,
formation of chemicals polluting aquifers, burnout of rock, and downwarping formation. As a result of this
process, oxides of sulfur, chlorine, ammonium, hydrogen sulfide, phenols, and mercury are emitted [6, 7].
A significant proportion of these gases can cause a greenhouse effect. It is estimated that [8] coal
combustion in China generates about 0.1% anthropogenic greenhouse gases.

Many scientists studied changes in the migration of chemical elements and compounds [4, 7, 9, 10],
temperature conditions and kinetics of spontaneous firing of coal in laboratory conditions[11, 12],
mineralogens [3, 13, 14], and relief formation [2, 4] in burning waste dumps, and their recultivation [15].
The studies of temperature features are rare; the majority were the remote measurements in the visible
firing zones on the surface [8]. The authors did not find any scientific works dealing with the detailed
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analysis of the structure and dynamics of the fire thermal field of the waste dumps of coal washing
factories. This article aims to contribute to the understanding of space and time temperatures distribution
within the burning sections of the rock dumps of coal mining factories.

The researchaimis to establish the spatial and temporal variability of the temperature field of the
rock dump #4 of JSC “Lviv Coal Company” as a scientific basis for the dump thermal state monitoring.

Control of the rock dumps thermal state is carried out for:

a) the timely detection of spontaneous heating zones on the existing dumps and taking measures to
prevent spontaneous firing;

b) assessing the effectiveness of measures aimed at reducing the intensity of burning rock dumps;

¢) obtaining initial data for the development of projects for rock dumps extinguishing or picking.

The study of the spontaneous firing processes was carried out within the dump of the coal washing
factory of JSC “Lviv Coal Company."

2. Area description. In Ukraine, coal extraction is concentrated in three basins: Donetsk, Lviv-
Volynsky Coal Basins, and Dnieper Brown Coal Basin. The Lviv-Volynsky Coal Basin (LVB) is located
in the western part of Ukraine near the Poland-Ukraine border. Coal of the basin is mined by the under-
ground method and enriched at the Chervonogradska enrichment plant of JSC “Lviv Coal Company”.

2.1. Geological structure. The geological environment of the investigated territory is considered to be
a part of the Volyn-Podolsk Plate of the Western European Platform, where the Paleo-Mesozoic-Cenozoic
complex of terrigenous-carbonate and fluvio-glacial deposits of the Lviv-Volynskyi Coal Basin underlay.
Coal layers are located in the rock mass of the coal formation lying in the secondary synclinal folds
formed as a result of the Carpathians formation and the subduction of the East European platform for the
Western European one. Coal formation of the Tournaisian, Visean, Serpukhovian stages of the Lower
Carboniferous is carbonous one. The Serpukhov Stage is characterized by the primary productive carbo-
nous stratum. Quaternary deposits are composed mainly of loessial (5-6 m),fluvio-glacial and alluvial
rock complexes with a total thickness of 0.5 to 36 m.

The terrain in the region is mild, with the difference in elevation of 15-20 m per km in all directions.

2.2. Hydrogeology. In hydrogeological terms, the Chervonogradskyi geological and industrial area is
the part of the Volyn-Podilskyi artesian basin. Here, the following parts are distinguished: a non-pressure
aquifer in Quaternary deposits, and pressure, namely the Senonian aquifer complex, which serves as the
main source of drinking water supply, the aquifer of the Jurassic and Carboniferous sediments, and the
aquiferous complex of the Devonian deposits.

2.3. Hydrology. The research area is located within the Western Bug river basin, which flows into the
river Vistula. The river flow rate is 0.2-0.6 m/s. As a result of prolonged coal mining, a significant part of
the research area has suffered subsidence, resulting in frequent flooding and swamping terrain. The rivers
of the study area are contaminated with organic substances, nitrogen compounds, and heavy metals [16].

2.4. Administrative affiliation of the territory. The Chervonogradska enrichment plant is located in
the Lviv region in Western Ukraine, 60 km north of Lviv and 65 km east of Tomaszow Lubelski in the
Lublin Voivodeship of eastern Poland.

2.5. Characteristics of the rock dump of the coal washing plant. The area of the industrial estate of
the coal washing plant is 36.0 hectares. The waste dump in the area of 73.7 hectares was put into operation
in 1979. The height of the central part of the dump is 60 m, the area of the base is 650 thousand m?; peri-
meter on the bottom layer is 3300 m. The volume of deposited rocks is 30 million m®; hoisting slopes are
about 31°.

Solid waste of coal washing is transported by cars and poured into the rock dump, distanced by
0.2 km from the company's industrial site.

Waste coal is a mixture of mudstones, siltstones, sandstones, marl, and coal. In the waste compo-
sition, pyrite is present. The specific weight of waste is 2.6 g/cm’.

The object of the research is the temperature field of fire banks of coal washing plants.

3. Materials and methods. Temperature measurements were carried out by remotely in the infrared
range with a thermal imager, with a pyrometer, and directly in the place of contact with the rock with a
special thermometer.

3.1. Remote sensing methods. The reconnaissance temperature survey of the dump surface was
carried out remotely at a distance of 1.5-20 m from the surface in the infrared range of 7.5 - 14 um using
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the FLUKE TiS40 thermal imager. The thermal imager has a spatial expansion of 3.9 mrad, a detector
expansion of 160x120, a thermal sensitivity (NETD) < 0.09 ° C at a target temperature of 30° C, a
temperature range -20°C — 350°C with a maximum error of + 2.0°C.

The temperature within the open fires was measured using a partial-measurement laser pyrometer
Smotrych - 4PM1, which is characterized by a range of measured temperatures -30 — 1200°C with a
maximum error of = 1.5°C and thermal sensitivity (NETD) of < 0.1°C.

At the reconnaissance stage, a survey of the surface of the working places with probes was also
carried out to identify cracks, cavities, etc. Remote temperature measurements were carried out on an area
of 46,600 m”.

3.2. Contact method. On the territory of Ukraine, to control the thermal state of the rock dump, the
regulatory organization [NPAOP 10.0-5.21-04] determining the general methodology and the limit values
of a rock dump thermal state. According to this instruction, the temperature limit in rock dumps at a depth
of 0.5 m should not exceed 45°C, but it can reach 80°C at 1.0m depth.

Temperature measurements were carried out on the leveled surface of the first tier of the dump by a
stepwise temperature survey in rocks along three profiles (AA|, CC!, DD') located parallel to the edge of
the dump. Temperature measurements were carried out in 2 stages: in mid-September and early October
2016 with a two-week interval. AA' profile laid at a distance of 7-8 m from the edge of the blade. CC!
profile laid at a distance of 15 m and DD' the profile laid at a distance of 28 m from the edge of the dump.
The distance between the temperature measurement points along the profiles AA and CC' was 20 m, the
distance between the temperature measurement points along the profile DD was 60 m. Additionally,
between the main points, the temperatures in the firing source were measured. Along the profiles AA! and
CC!, temperature measurements were carried out in at least 57 points.

Along the AAland CClprofiles, the temperature measurements were carried out at depths of 0.5, 1.0,
1.5, 2.0, 2.5 m, and along the profile DD' the measurements were made at depths of 0.5 and 2.5 m. The
temperature was measured at 173 points. At each point at both stages of the survey, the measurements
were made three times and the average value was entered into the database.

Temperature measurements were carried out by equipment with a thermocouple (from now on
thermocouple). The range of measured temperatures is from 30 to 1200°C with a maximum error of
+ 2.0°C. The device is equipped with steel rods 0.5, 1.0, 1.5, 2.0, 2.5 m long. During the measurements of
the temperature of the dump rocks, the air temperature varied between 19.1 and 21.5°C. In places with no
obvious signs of burning, the temperature of the rocks on the surface of the dump, ranged from 22.7 to
29.0°C. The direct temperature measurements by thermocouple were made on a flat surface area of
33,300 m’.

The primary data were merged into a database for further statistical processing. For each profile and
interval of studies, the mean, median, mode, and standard quadratic deviation were calculated. All the
samples that were used in the correlation analysis passed the test of the normal distribution. The signi-
ficance of the Pearson’s correlation coefficients was estimated using 2-tailed test of significance.

Since the number of measurement points in the profiles was different, the parameters of the tem-
perature variation between the profiles and in time were calculated not by comparing the average
temperature values, but by comparing the primary temperature values along those lines perpendicular to
the edge of the dump, in which, at each stage of the study, measurements were made along three parallel
edges of the profile bank.

4. Research results. 4.1. Remote temperature measurements. According to the results of the research
of the dumping masses by using the thermal imaging camera (in September), it was established that the
temperature field of vaporization of the steam-air mixture does not exceed 82.8°C at a distance of 2-8 m
from the edge of the slope. When examining the surface of the heap, the zones of an abnormal increase in
surface temperature up to 54.5°C were detected (figure 1). The area of the heated surface of individual
sections with a temperature of more than 50°C does not exceed 1.5 m®.

The pyrometer recorded the temperatures of visible firing sites from 160.3°C to 997.4°C, with the
average temperature 436.7 °C.

4.2. Immediate (contact) temperature measurements. Based on the results of the point measurement
of the thermocouple temperatures, at the first stage of the research (in September 2016), we measured the
rock temperatures from 35.0 °C to 98.6 °C along AA! profile at the section 7-8 m from the edge of the
slope (table 1).
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Figure 1 —The spontaneous firing sites of the coal washing waste sites (obtained by thermal imager)

Table 1 — Characteristics of the change in the average temperature of the dump rocks along the vertical and lateral

(as of September 2016)
Depth, m Min Max Mean Median Standard deviation
AA! profile
0.5 35.0 80.9 55.9 55.4 11.32
1.0 42.1 85.1 65.7 67.7 10.96
1.5 46.9 86.6 70.4 72.7 10.38
2.0 50.5 92.4 72.8 75.6 10.21
2.5 50.7 98.6 772 77.2 10.30
CC! profile
0.5 345 57.4 43.8 44.0 4.53
1.0 39.1 65.3 47.9 48.0 6.34
1.5 39.6 70.8 52.5 51.2 6.93
2.0 41.2 72.4 60.3 60.8 7.41
2.5 39.1 88.1 67.8 68.3 10.70
DD! profile
0.5 34.8 44.4 40.9 41.5 2.92
2.5 36.2 77.2 50.8 49.0 12.3

The temperature of the rocks increases on the average with depth. The temperature at a depth of 2.5
m was higher compared to the temperature at a depth 0.5 m 1.4 times.

The rock temperature below 50°C is detected at 19 points (33%) at a depth of 0.5 m. Only 5 such
points were found at a depth of 1.0 m. 2 points were detected at a depth of 1.5 m. We did not detect any
points with temperatures below 50°C at depths of 2.0-2.5 m (figure 2).

One can see the vertical structure of the temperature distribution (figure 3) on the section along the
slope of the rock refuse.
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Figure 2 — The temperature field maps in the different depths (September, 2016);
the color identifies the temperature, the arrows correspond to the temperature gradients

After calculating the temperature difference between the deeper layer and the overlying layer and
dividing it by the distance between these layers, we obtained a temperature change characteristic with a
depth similar to the geothermal gradient:

Gradt = (tl —tz)/Al,

where Grad; — thermal gradient, t; — temperature in the deep-lying horizon, t, — temperature in the over-
lying horizon, Al — distance between the layers.

The calculated thermal gradient is the averaged indicator of the temperature change on a specific
section in a certain range of studies in a given direction (vertical or horizontal). It differs in a given
direction from the traditional gradient (which is a vector directed to faster change of the temperature
field). These vectors are presented on the maps and the section (see figures 2, 3). The averaged gradient
has a different purpose, namely, characterizing the change in the temperature field deep down the rock
dump along the vertical and deep down the terrarium along the lateral with distance from its edge. In some
sections, the temperature with depth increasing or distance from the edge of the rock dump decreased, we
obtained negative gradient values that are not typical of the traditional gradient.
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Figure 3 —The cross sectional view of the temperature field along AAlprofile (September, 2016)

The value of the calculated temperature gradient with depth along the profile AAlvaries from -
3.0°C/m to 14.5°C/m with an average value of 2.7 °C/m. In 9% of the intervals, the coefficient is less than
zero, which indicates a decrease in temperature with depth. In the depth interval 0.5-1.0 m, the average
temperature change is 5.1 °C/ m, in the interval 1.0-1.5 m — 2.1 °C/m, in the interval 1.5-2.0 m — 1.4 °C/m,
in the interval 2.0-2.5 m — 2.0 °C/m. That is, with depth increasing, the intensity of temperature changes
decreases in general. In the intervals 0.5-1.0 m and 2.0-2.5 m, the temperature gradient tends to increase
with increasing absolute values. However, these trends have not been statistically confirmed.
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Along the CC' profile set at a distance of 15 m from the edge of the slope, the rock temperature at a
depth of 0.5 m is on the average 13.9 °C lower than the temperature along the profile AA|. Comparison of
standard deviation values indicates a lower variability of the actual temperature values for the section CC
in comparison with the AA! section. The rocks along the DD' and CClprofiles at a depth of 0.5 m are
characterized by the lowest temperature variability. The low value of the standard deviation indicates this
as well as the proximity of the mean and median. In most layers in both sections, the arithmetical mean is
less than the median, which indicates a significant amount of data exceeding the arithmetical mean and the
individual anomalous values of low temperatures (see table 1).

Along the CC' profile, the temperature gradient varies from -3.5 °C/m to 11.0 °C/m with depth increa-
sing with an average value of 3.0 °C/m. In 7% of the intervals, the temperature decreases with depth
increasing. In the depth interval 0.5-1.0 m, the average temperature change is 2.0 °© C/m, in the interval
1.0-1.5 m — 2.3 °C/m, in the interval 1.5 -2.0 m — 3.9 ° C/m, in the interval 2.0-2.5 m — 3.7 °C/ m. There is
a tendency to increase the intensity of temperature changes depending on depth increasing with increasing
absolute temperatures in all intervals. This trend becomes statistically confirmed in the intervals 0.5-1.0 m
and 2.0-2.5 m. Therefore, it is possible to talk about a new direct relationship between the change in the
intensity of temperature growth with depth increasing in comparison with the absolute values of the
temperature in the indicated intervals (figure 4).
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Figure 4 ~The temperature gradient change with depth depending on the absolute temperature values along CC' profile
(the color identifies the temperature gradients, the regression line and its equations blue - at depth 0.5-1.0 m,
orange - at depth 1.0-1.5 m, green — at depth 1.5-2.0 m, purple — at depth 2.0-2.5 m)

The temperature naturally decreases from the profile AA! to profile DD' perpendicular to the edge of
the rock dump (deep down the dump) (See table 1).

The temperature gradient horizontally at a depth of 0.5 m perpendicular to the edge of the dump was
1.7 °C/m between the profiles CC' and AA' and 0.2 °C/m between the profiles DD' and CC'. That is, at the
edge of the slope (profiles AA'and CC), the temperature decreased by 1.7 °C each meter deeper down the
slope. The temperature decreased by 0.2 °C with further motion perpendicular to the slope of the heap. It
should be noted that the temperature of rocks did not always decrease deep down the heap: on some
sections (10%) with a rock temperature of up to 50 °C, an increase in temperature with the increasing of
the heap depth was observed.

In the intervals of 1.0-1.5 m, 1.5 - 2.0 m, and 2.0-2.5 m between the profiles AA! and CC' the
temperature decreased on the average by 2.6 °C/m, 2.5 °C/m, 1.8 °C/m, and 1.3 °C/m respectively. It




Uszeecmus Hayuonanvuot akademuu nayk Pecnyonuxu Kaszaxcman

means that the intensity of cooling of the dump deep down the heap in the interval 1.0-2.5 m naturally
decreases.

Between the profiles CC'and DD!the temperature in the interval 2.0-2.5 m decreased by 1.1 °C on the
average.

The slope of the dump was cooled with water after the first stage of the research. On average, 223 m’
of water per m” of the surface of the dump was supplied per day.

After 14 days, the temperature of the rocks along the profile AA'decreased by 1.5 °C on the average.
The temperature decreased by 4.9 °C at a depth of 0.5 m. At depths of 1.0-2.5 m, the temperature change
varies in the range from -1.7 to +0.5 °Cin comparison with the previous stage of research. It should be
noted that the maximum temperature increased to 102 °C, which we did not fix during the first stage of the
study (figure 5).
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Figure 5 —The cross sectional view of the temperature field of the coal washing plant"Chervonogradska"
along AA! profile (September-October, 2016)

Along the CC' profile, rock temperatures decreased by 1.5°C on the average. It increased by 2.2 °C
along the DD! profile. The increase of the average temperature by 3.2 °C at a depth of 0.5 m along the DD
is especially noticeable (table 2). The latter fact may indicate an intensification of the lateral extension of
the temperature field deep down the dump.

Table 2 — Characteristics of the change in the average temperatures of the dump rocks along the vertical and lateral

(as of October 2016)
Depth, m Min Max Mean Median Standard deviation
AA profile
0.5 28.0 102.0 50.7 51.1 14.5
1.0 36.2 101.3 64.2 64.8 14.7
1.5 38.7 99.8 69.6 71.3 14.5
2.0 423 99.2 73.4 75.7 12.0
2.5 51.8 100.1 76.1 76.0 10.1
CC! profile
0.5 36.2 64.3 432 43.2 5.49
2.5 394 82.7 66.1 65.8 9.83
DD profile
0.5 37.8 46.2 42.1 42.1 2.78
2.5 37.4 69.8 53.8 53.2 11.1

5. Discussion of results. 5./. Regularities of the temperature change in the body of the dump. Based
on the full-scale results of our studies, namely, on the variability of the temperature field on the laterals, it
can be argued that, despite the possibility of an aoxigenic rise in temperatures in rock dumps, the main
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factor of the rocks firing is their contact with oxygen. This is evidenced by a breakdown in temperatures
perpendicular to the edge of the dump from 1.3 to 1.7 °C/m in different horizons at an interval of 8-15 m
from the edge of the dump. At a distance of 28 m from the edge of the dump, the rock temperatures at a
depth of 2.5 m were 50.8 °C, which is 26.4 °C less than the temperatures fixed along the profile laid in 8
m from the edge of the dump. The source of high temperatures in the surface layers of the dump is the
sources of the anomalous temperatures in the depth of the heap. The results of pairwise correlation of
temperatures between different layers confirm this fact also (table 3).

Table 3 — Temperature Correlation Coefficients in Layers of Different Depths

Depths 25m 2.0m | 1.5m | 1.0m 0.5m
AA profile
25m 1 0.93 0.87 0.74 0.69
2.0m 1 0.96 0.83 0.73
1.5m 1 0.93 0.84
1.0m 1 0.89
0.5m 1
CC profile
25m 1 0.82 0.50 0.28 0.32
20m 1 0.69 0.46 0.41
1.5m 1 0.88 0.57
1.0m 1 0.76
0.5m 1

It is important to note the decrease in the correlation coefficients in the deep horizons of the profile
AA and partly in the profile CC with the temperature in the layer at a depth of 0.5 m, which indicates the
influence of atmospheric cooling factors and possibly better convection in the surface layers. At the same
time, the temperature correlation coefficient between the layers of 2.5 and 0.5 m is significant in both
profiles, indicating the dominant role of firing source in the depth in the formation of the temperature field
of the whole body of the heap. The decrease in the correlation coefficients of temperatures from the layers
along the CC profile indicates that the temperature of the overlying horizons is influenced not only by the
temperature from the lower-lying horizons, but also by the temperature that is transmitted laterally from
the horizon AA. This assumption justifies the results of pairwise correlation between the temperatures
measured at one depth in parallel profiles (table 4).

Table 4 — Temperature Correlation coefficients between Profiles

AA25m AA2.0m AA15m AA1.0m AA0.5m
CC25m 0.57 0.49 0.45 0.37 0.40
CC2.0m 0.60 0.53 0.43 0.29 0.23
CC1l5m 0.49 0.50 0.50 0.43 0.34
CC1.0m 0.33 0.37 0.41 0.42 0.32
CC0.5m 0.39 0.37 0.44 0.46 0.46

The correlation coefficients of temperatures fixed on one horizon along parallel profiles turned out to
be the highest in the deeper layers and less in the surface layers. It should be noted that close correlation
links in diagonal directions, primarily between a layer of 2.5 m along the AA profile and a layer of 2.0 m
along the CC profile. The obtained statistical regularities shed light on the issue of estimating the share of
vertical and lateral heat displacements in the body of the rock dump.

5.2. The water effect on the spread of heat in the body of the dump. The data obtained during two
stages of research experimentally confirm the harmfulness of water supply into the thickness of the firing
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rock dump, leading to the intensification of firing and intensive fire propagation along the laterals. It is
known that liquids transfer heat better than gases. The coefficient of thermal conductivity of water at a
pressure of 10° Pa and a temperature of 333 K (60°C) (the average temperature for the conditions of a
firing dump) is 653-10° W/(m-deg). Under the same conditions, the thermal conductivity of atmospheric
air is 29-10° W/(m-deg), that is, 8 times less. Under conditions of a temperature of 373 K (100 °C), the
thermal conductivity of water vapor and atmospheric air is 25-10° W/(m-deg) and 32:10° W/(m-deg),
respectively [18, 19]. High thermal conductivity of water is achieved due to the high water pressure in
comparison with the gas. When the water changes into the water vapor, the pressure decreases sharply,
and then the thermal conductivity of the water vapor decreases sharply in comparison with the liquid
water.

These processes are directly related to the processes of heat transfer in the body of the rock dump
under investigation. In our opinion, when water with a temperature of 50-80 °C is more dynamic in com-
parison with a "dry" gas, transferring heat vertically and laterally, evaporating and contributing to the
development of firing sources extension.

The results of the long Ernst Beier experiment [17], which showed that the adsorption of oxygen by
coal increases with air humidity increase, confirm our hypothesis. Slow oxidation of coal is accompanied
by heat emission, which, of course, contributes to its spontaneous firing. Dump fire monitoring can be
done using complex multiphase foam gels [20], but not water supply.

The results of our studies indicate a high variability in the parameters of the thermal field, leading to
the need to create a system of constantly monitoring the temperature field of fiery heaps.
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7. Conclusions. In the case of the coal washing plant rock dumps firing, the temperature of the rocks
increases with depth and decreases perpendicular to the edge of the dump. On average, the temperature at
2.5 mis 1.4 times higher compared to the temperature at a depth of 0.5 m. The temperature gradient along
the profile laid in 8 m from the edge of the slope varies from -3.0 °C/m to 14.5 °C/m with an average
mean of 2.7 °C/m. Along the profile laid at a distance of 15 m from the edge of the dump, the temperature
gradient varies from -3.5 °C/m to 11.0 °C/m deep down the heap with an average mean of 3.0 °C/m.

The intensity of temperature changes is more significant in the surface layers and lower in the deeper
ones. There is a tendency to an increase in the temperature changes intensity with an increase in its
absolute values.

Perpendicular to the edge of the dump, there is a breakdown in temperatures from 1.3 to 1.7 °C/m in
different horizons at an interval of 8-15 m from the edge of the dump. This fact indicates that the main
factor in the rocks firing is their contact with oxygen.

The harmfulness of the water supply into the thickness of the firing rock dump leading to an
intensification of the fire propagation along the laterals has been experimentally confirmed.

The obtained trends and regularities of changes in the dynamics of temperature extension along the
vertical and lateral lines provide a reliable experimental basis for heat exchange processes simulation in
rock dumps of coal washing plants in the firing process.
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B. B. Kapao6bin, b. B. IllTaiin, B. B. [lonoBbiu

JIbBOB MEMIIEKETTIK TipIIIiK Kayinci3airi yHuBepcureti, JIbBoB, Ykpanuna

O3JIITTHEH )KAHYJIAH TYBIHJIAFAH KOMIPJII BAUBITY
KAJIABIKTAPBIHBIH TEPMUSAJIBIK PEXKUMIEPI

Annotanusi. KypambIHIa arpuiniuTTep, ajJeBpoluTTep, KYMIAKTap MEH KoMip OonaThiH KeMipal OalbITy Kaj-
JIBIKTApbIH JKWHAY KOIl JKaraaiiia ojap/blH ©3/IrHeH TyTaHybIHA allblll KeJeni. O3iriHeH KaHy ailMaKTapbIHIarbl
TEMIEpaTypasblK OPICIHIH KEHICTIKTIK OHE YaKBITTHIK ©3TCprilliTITiH aHBIKTay MYHIAH ypAicTepai apsl Kapai
MOJIENIBJICY MEH OOJDKAY YIIIH ©3€KTi Moceie OOJbI TaObLUTa kL.

AAK «JIpBoBckas yrompHas komnanus (Yxpauna),"UepBoHorpazickas” kemip OaibiTy (paOpHKachbIHBIH Kbl
HBICTap YHIHIICIHIH ©3/IriHCH XaHy aiiMarbpIHAa YHIH/I IeTiHeH 8 M, 15 M jkoHe 28 M KalIBIKTHIKTa OpHAIACKAH YII
npodmipaep 6oiisivex 0,5 m, 1,0 m, 1,5 M, 2,0 M, 2,5 M. TepeHaiKTepie TeMIIepaTypaiap oImeH/Ii. OmIey KYMbIC-
Tapel 2 anTa WHTEPBAJIBIMEH 2 peT XKypriziami. TemmepaTypaiapAsl eJiey TiKelIed oJmiey HYKTeNepiHAE KBLTY
cesrim AJIeMeHTi 0ap KypalIblH KOMETiMeH JXoHe KaIIbIKThIKTaH MH(pakeisul auanazoHgaFLUKE TiS40 Temmo-
BU30pBI MEH imniHapa enueiTin «Cmorpuy - 4[IM1» nasepiik nupomeTpiHiH kemeriMeH jxkacaiusl. Temmneparypa-
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Japapl HYKTETIK eJIIey HOTHXKeJepi OOWBIHIIA KapTalap MEH KHManap TYPFeBBUIABL TiK KOHE KeNJICHEH OarbiT-
Tapa TeMIepaTypalalblH ©3repy 3aHObUIBIKTaphl TYCIHmipinmi. 14,5 c/M xeTeTiH TemmepaTypaiap TpaguceHTTepi
ecenrrenni. Temmepatrypa rpaAueHTTEpIiHIHYHIHII KaOaTTaphIHBIH TEPEHAIri MEH TeMIepaTypaiapAblH aOCOIOTTi
MOH/JIEpiHE TOYENIIII CTAaTUCTUKANBIK Heri3aeni. YKaHbIn TypraH KbIHBICTHIK YiHIHII KabaTTapbiHa CybIH Oepiiyi
’KaHy/IbIH MHTEHCUBTUIITIHIH Jarepaiib OOWBIHILIA apTyblHA ceOen OOoNaThIHBI TEOPHSUIBIK HETI3IENIN, TOKPHOeIiK
TYpIe AN ISH .

Tyiiin ce3nep: xeMipai GaibiTy YHiHILIEP], ©3/ITHEH jKaHy, KbUTY ©pici, TEMIIEpPaTypalbIK IPaJUeHT.

B. B. Kapao6bin, b. B. IllTaiin, B. B. [lonoBbiu
JIbBOBCKHIA TOCYAaPCTBEHHBIA YHUBEPCUTET O€30MACHOCTH KU3HECSITEIBHOCTH, JIbBOB, YKpanHa

TEPMUYECKHUE PEKUMBI OTXOAOB YI'JIEOBOT' AIIEHUSA
BBI3BBAHHBIX CAMOBO3I'OPAHUEM

AnHoTtanus. CxilaipoBaHHe OTXOJOB YIieo0OraleHus, KOTOpble COAepKaT aprHjUIUTHI, aleBPOJIMUTHI, Hec-
YaHUKU W yroJjlb B OTBaJbl YaCTO BJIECYET K UX CAMOBO3IOPAHMIO. Y CTAaHOBJIEHHE NPOCTPAHCTBEHHONW U BPEMEHHOU
HM3MEHYHMBOCTH TEMIIEpPaTypHOIO IMOJIS OTBala Ha y4acTKaxX CaMOBO3TOpaHMs SABJSETCA aKTyaJbHBIM BOIIPOCOM MJIS
JTaJIbHEHIIIero MoAeTMPOBAHUS U IPOTHO3UPOBAHUS TAKUX MPOLIECCOB.

Ha ywactke camoBo3ropaHusi MOpPOJHOTrO OTBajla yriieoboraturenbHoi (adbpuxu "YepBonorpanckas" OAO
«JIbBOBCKast yrompHas Komnauus» (YKpanHa) BBIIOJIHEHO 3aMepbl Temneparyp Ha riayomnax 0,5 m, 1,0 m, 1,5 M,
2,0 M, 2,5 M BIousb Tpex npoduiel paciojgoXeHHbIX Ha paccTosHUM 8 M, 15 M u 28 M oT kpas orBana. Mamepenus
OCYIIECTBIICHO JBa)KABl C MHTEPBAIOM 2 Hexenu. M3MepeHus TeMiiepaTryp OCYIIECTBISIIIA HEMOCPEACTBEHHO B TOY-
Kax 3aMepa N3MEpPHUTENbHBIM NMPUOOPOM C TEpMOINApol M AWCTAHIMOHHO B MH(PAKPACHOM JHAIIA30HE C MOMOILBIO
terutoBu3opa FLUKE TiS40 u nazepHoro nupomerpa dacTuaHOTo m3meperns «Cmorpud - 4IIM 1». ITo pesynsratam
TOYEYHBIX U3MEPEHHUH TEMIIEpaTyp MOCTPOEHO KapThl U pa3pe3bl. OOBACHEHB! 3aKOHOMEPHOCTH M3MEHEHHS TEMIIE-
paTyp B BEPTHKaIbHOM M TOPH30HTAIBHOM HAINPaBJICHUSIX. PacCuMTaHBl TPagUeHThl TEMIIEpaTyp, KOTOpPbIE HOCTH-
ratot 14,5 C/m. Cratuctudecku 000CHOBAaHHO 3aBHCUMOCTH M3MEHEHHs TPaJIMEHTOB TEMIIEPATyp OT IIyOUHbBI U a0-
COJIIOTHBIX 3HAUYEHHUM TeMmIepaTyp B TOJIE OTBaja. TeopeTHuecKkn 0OOCHOBAHO M AKCIEPHUMEHTAIBHO MOATBEPIK-
JIEHO BPEIHOCTH T0/1a41 BOJIbI B TOJIILY TOPSILETO MOPOAHOIO OTBajIa, KOTOpast CIIOCOOCTBYET K HOBBINICHHIO HHTEH-
CHUBHOCTH PaclpOCTPaHEHUs TOPEHHs 110 JaTepay.

Ki1roueBble cj10Ba: 0TBaJIbI yIi1eo00raleH s, CaMOBO3TOpaHus, TEIJIOBOE I10JIE, TEMIIEPaTypHBII IPaIieHT.
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