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Abstract. The subject of the study is the patterns and parameters of the process of achieving a state of dynamic
equilibrium between the liquid and solid phases of a technogenic coal deposit under the influence of climatic and production
factors in the presence of biotechnogenic impact on the coast and on the free surface of storage facilities. The aim of the study
is to establish the dependencies of the processes of dehydration of man-made coal deposits using bioremediation technology,
which will ensure their environmentally safe and efficient extraction and utilization. A mathematical model describing the state
and parameters of man-made coal deposits during their preparation for development using bioremediation methods has been
modemized. It uses the fundamental laws of mass conservation for the liquid and solid phases of deposits, taking into account
the inflow of liquid from atmospheric precipitation and coal enrichment waste, and its losses during evaporation under the
influence of the sun and transpiration by green spaces, as well as possible mass transfer during the extraction of carbon-
containing raw materials in the form of a high-concentration hydro mixture. Taking into account the influence of the absorption
capacity of green spaces existing in the environment of a man-made coal deposit is based on the equations of a flat filtration
process of an ideal heavy liquid, taking into account Darcy's law and a non-homogeneous continuity equation, considering the
existence of liquid flows in the form of a biological crop transpiration coefficient. At the same time, the characteristics of the
profile of the banks of the coal enrichment waste storage facility significantly affect only the time it takes to establish this state,
but not the liquid level in the storage facility or the value of the plant transpiration coefficient that ensures this equilibrium. It has
been shown that the time it takes for the coal enrichment waste layer to reach a state of dynamic equilibrium in a storage
facility whose shores are planted with biological crops is directly proportional to the cube root of the product of the Darcy
coefficient and the square of the storage facility radius, and inversely proportional to the cube root of the product of the specific
fluid consumption per unit length of the coal enrichment waste storage perimeter and the magnitude of the biotechnogenic
impact. The scientific novelty of this conclusion lies in the fact that, for the first time, the dependence of the thickness of the
liquid layer above technogenic coal deposits, corresponding to the state of dynamic equilibrium, on the specific liquid flow rate,
the Darcy coefficient, and the magnitude of biotechnogenic impact has been scientifically substantiated.
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1. Introduction

The history of the coal industry in Ukraine spans more than 120 years. Coal was
mined at 276 mines and enriched at 61 coal enrichment plants (CEPs) during the most
successful period of coal mining. All these industrial enterprises had a technogenic im-
pact on the environment, which will not disappear even after their inevitable closure [1—
4]. The most significant such impact is that of coal enrichment waste storage facilities
(CEWF) and mine water ponds (MWP), without which the coal industry cannot operate.
As global experience with the closure of coal enterprises shows, it is necessary to begin
dealing with the negative consequences of this impact while the coal preparation waste
storage facilities and mine water ponds are still in operation [5—7]. For example, the pro-
cess of closing coal mines in the UK began in 1985 and ended in 2020 with the closure
of the last coal mine in County Durham. Throughout these 35 years, the country's leader-
ship has made great efforts to revive and develop former coal regions, but most of them
are still considered depressed and have no prospects in the near future. In addition, the

disposal of man-made coal deposits (MCD) is complicated by their location under a lay-
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er of liquid containing certain chemical and organic contaminants, which makes it im-
possible to remove and use them for agro-industrial needs. Given this, a number of ex-
perts consider the use of bioremediation technology (BT) to be the most effective and
environmentally safe method of dewatering MCDs when preparing them for extraction
and disposal [8—14]. Due to the ability of biological culture (BC) to ensure transpiration
processes, it becomes possible to increase the flow rate of liquids for production needs,
accelerate the dewatering of man-made reservoirs to depths that will allow the extraction
of MCD by hydromechanization in the form of a high-concentration hydro mixture. This
ability of BC is known to energy wood growers [15—17], but these studies do not exam-
ine the process of dewatering reservoirs on the coast where BC are planted. At the same
time, in order to apply this approach in domestic conditions, it is necessary to study the
peculiarities of bioremediation processes during the dewatering of MCD, justify the
methods of their implementation, and establish the characteristics of the processes that
affect the parameters of technological schemes for preparing these deposits for devel-
opment.

Thus, the aim of the work is to establish the patterns of change in the heights of
the liquid and solid phases of man-made coal deposits and the duration of this pro-
cess, taking into account climatic and production factors when applying bioremedia-
tion technologies on the coast, to improve the efficiency and environmental safety of
the development of man-made coal deposits, which is a relevant scientific task that is
of great importance for the mining industry.

2. Methods

To determine the fluid flow through the side surface of the CEWF, we use fluid
filtration equations that take into account fluid loss during transpiration by green
spaces that exist in the CEWF environment. We consider the filtration process in two
zones into which the soil mass is divided (Figure 1) [17-19]. The first zone is located
below the bottom of the CEWF, where there are no drains simulating the influence of
plants, and the second zone is located above the bottom of the CEWF in the volume
of the soil mass and is characterized by evenly distributed drains of equal intensity
that remove liquid. Taking into account the conditions of creation and operation of
the CEWF when developing a mathematical model of the process of liquid filtration
from the reservoir in the presence of biotechnogenic load around the perimeter, we
make the following assumptions: the liquid filtered from the reservoir is ideal and
incompressible [18—-20]; the filtration process obeys Darcy's law [18-25]; the reser-
voir has a circular shape in plan; the banks of the reservoir are vertical in depth; the
bottom of the reservoir is impermeable; liquid filtration occurs only through the side
surface of the banks; the impermeable horizon is located in the soil mass below the
bottom; the radius of the pond is significantly greater than its depth; the surface of the
banks around the pond is horizontal; the biotechnogenic load around the perimeter of
the pond is evenly distributed over the volume of the soil mass to a depth not exceed-
ing the depth of the pond; we neglect the influence of the process of evaporation of
liquid from the surface; the soil mass around the pond is not deformed; filtration
characteristics and pore parameters do not change over time and are the same for the
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entire soil mass [17 — 19].
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Figure 1 — Formalization of the process of filtering liquid from a storage facility in the presence of bio-
technogenic load around the perimeter

3. Theoretical part

Usually, calculations of the liquid level in the CEWF are performed taking into
account the inflow of liquid from atmospheric precipitation, the inflow of liquid from
coal enrichment waste (CEW) and mine water, and liquid losses due to evaporation
under the influence of the sun, using the following equation [5 — 7,26 —29]:

dH
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where Hy — CEWF filling level; g4 — specific fluid consumption per unit area of the
CEWF free surface; k — Darcy coefficient; 0 — transpiration coefficient characterizing the
volumetric consumption of fluid by plants within the limits of their root systems; ¢ —
surface tension coefficient of the liquid; p — liquid density; g — acceleration of free fall; rp
— effective pore radius of the soil mass; 4p — height of liquid rise in the pores of the soil
mass; C'y — volume concentration of the hydro mixture coming from the CEP; Qor — flow
rate of water entering the reservoir; ¢ — time; R — radius of the water intake; gos —
precipitation rate for this region; 2, — sum of air temperature norms for the months of the

min

warm period of the year (Table 1); Ksy — water inflow coefficient (Table 2); Osy —
minimum monthly mine water discharge during the year.

Thus, we consider a visesymmetric problem of filtering an ideal incompressible fluid
in a porous homogeneous array that does not deform through the side surface of a cylin-
der, whose upper base coincides with the surface of the soil array, and the lower base is
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located in the soil mass above the water-impermeable horizon (Figure 1) [17-19]. The soil
mass is divided into two zones-above and below the bottom of the cylinder. Above the
bottom of the cylinder, drains of equal intensity are evenly distributed throughout the soil
mass, removing liquid. Below the bottom of the cylinder, there are no such drains. It is
assumed that at the boundary between the two areas, the velocity and pressure in both are-
as are equal, and at the outer boundary of the second area, the pressure is equal to atmos-
pheric pressure.

Table 1 — Climatic characteristics of the Dnipro region [17-21]

Month of the year Average temperature, °C Precipitation, mm
January -4.5 43
February -3.8 35
March +0.6 33
April +9.2 37
May +16.2 44
June +20.3 59
July +22.3 53
August +21.5 38
September +15.8 37
October +9.3 33
November +2.9 42
December -1.4 46

Table 2 — Dependence of Ky on periods of the year for the Dnipro region [17-21]

Period of the year Coefficient value Ksw
September — February 1.0
June — August 1.5
March — May 4.5

In [17-19], we obtain a dependence for determining the fluid flow through the side
surface of the CEWF:

3
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When using formula (3), provided that [17—-19]
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and taking into account the latter dependence from (2), it follows that the fluid flow
through the side surface of the CEWF can be represented as:
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where g — coefficient that takes into account the surface properties of the liquid and the
characteristics of the pore space of the soil mass.

4. Results and discussion

Thus, from formula (5), it follows that the fluid flow through the side surface of the
CEWF at the planted banks of the BC is directly proportional to the square root of the
product of the biotechnogenic impact and the cube of the free surface level, and inverse-
ly proportional to the product of the CEWF radius and the square root of the Darcy coef-
ficient. In this case, when the area of the reservoir does not depend on its depth, the solu-
tion of the differential equation (5) can be obtained in quadratures. Otherwise, as well as
when requirement (4) is violated, the possibility of obtaining the solution of this differ-
ential equation in quadratures depends on the type of the reservoir bank profile. When
the requirements for the geometric dimensions of the reservoir [17—19] are met, equation
(1), taking into account (5), is a first-order differential equation with separated variables,
the solution of which with inhomogeneous initial conditions [17 — 19]

Hy (t=0)=Hyy, (6)

where Hyy— initial value of the CEWF fill level.

The results of the analytical study of differential equation (1) indicate the existence
of a dynamic equilibrium for this process, when BCs transpire excess fluid between the
volumes entering and leaving the storage facility [17-19]:

2
' ’ i q 2
Hyy=Hyy—h,, HWA_(jA)Sa (7)

where Hy, — thickness of the BB layer in the storage facility corresponding to the state
of dynamic equilibrium; H'p4 — thickness of the CEW layer in the storage facility
corresponding to the state of dynamic equilibrium without taking into account the
influence of the surface properties of the liquid.

Taking into account formulas (1) and (5), dependence (7) can be rewritten as fol-

lows:
k / 2
Hyy=3—q4(1-q), 94=94—> 8)
og R

where ¢4 —specific fluid consumption per unit length of the CEWF perimeter.
In a state of dynamic equilibrium, the fluid level in the CEWF remains un-
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changed. Solving equation (1) taking into account (5) after converting to dimension-
less quantities, replacing variables, namely, transition to the radical with the relative
thickness of the CEW layer, and decomposition of the subintegral expression into
simple fractions, reduces to tabulated indefinite integrals, which, after satisfying the
initial conditions and corresponding transformations, allow determining the time of
reaching a state of dynamic equilibrium using the formulas [17 — 19]:

T4
y=—7—, )
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where ¢, — process duration; p'— relative initial depth of filling of the CEWF.

Dependencies (9) — (11), taking into account formulas (2) and characteristic values
of the quantities included in them, allow determining the time of reaching a state of dy-
namic equilibrium. For this purpose, assuming p = 1, we can write
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where T4 — time to reach dynamic equilibrium; @— dimensionless duration of the liquid
filtration process from the storage facility, taking into account the initial liquid level.

5. Conclusions

The conditions for the formation of MCD were analyzed and the factors influencing
the water balance in the “reservoir - groundwater - atmosphere” system were identified.
An equation of the water balance was formulated for a pond with a clay bottom and lig-
uid filtering through its side surface, assuming evaporation from the free surface and uni-
form distribution of runoff over the surrounding area.

A mathematical model has been developed that describes the water level in the
CEWEF, taking into account the suction capacity of the BC existing in its environment,
the possible consumption of liquid coming from atmospheric precipitation, from the
CEW, as well as the loss of liquid in the process of evaporation under the action of the
sun. It has been proven that in cases where the area of the CEWF does not depend on its
depth, the model allows the dependence of the water level in the CEWF on the above
factors to be obtained in analytical form.
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A methodology has been developed for determining the parameters of MCD and the
feasibility of applying BT methods and means of hydromechanization, which allow cal-
culating the level of the liquid mirror in the CEWF and the thickness of the layer of
highly concentrated solid waste formed at the bottom of the storage facility at the end of
a certain period of operation. It has been established that when using BC for MCD de-
watering, there is a state of dynamic equilibrium depending on the value of the transpira-
tion coefficient. Due to the fact that BC transpire excess liquid between the volumes en-
tering and leaving the storage facility, the liquid level in the CEWF remains unchanged.
At the same time, the characteristics of the CEWF shore profile significantly affect only
the time it takes to establish this state, but not the liquid level in the reservoir or the value
of the plant transpiration coefficient that ensures this equilibrium.

Thus, it follows from formula (12) that the time it takes for the CEW layer to reach a
state of dynamic equilibrium in a reservoir whose shores are planted with BC is directly
proportional to the cube root of the product of the Darcy coefficient and the square of the
reservoir radius, and inversely proportional to the cube root of the product of the specific
fluid flow per unit length of the CEWF perimeter and the magnitude of the biotechno-
genic impact.

Using formula (12), we can calculate the time it takes for the CEWF to reach a state
of dynamic equilibrium and estimate the probability of it being achieved within a given
time frame. The results of additional analytical studies indicate that the characteristics of
the CEWF shore profile will significantly affect only the time required to establish such
a state, but not the liquid level in the reservoir or the value of the plant transpiration coef-
ficient that ensures this equilibrium.

It has been established that formula (8) allows us to assert that the thickness of the
liquid layer above the man-made coal deposits, which corresponds to the state of dynam-
ic equilibrium, is directly proportional to the cube root of the product of the square of the
specific liquid flow rate and the ratio of the Darcy coefficient to the magnitude of the
biotechnogenic impact. The scientific novelty of this conclusion lies in the fact that, for
the first time, the dependence of the thickness of the liquid layer above man-made coal
deposits, corresponding to the state of dynamic equilibrium, on the specific liquid flow
rate, the Darcy coefficient, and the magnitude of biotechnogenic impact has been scien-
tifically substantiated.
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BU3HAYEHHA TPUBANOCTI NIArOTOBKWU [0 PO3POBKW TEXHOIEHHUX BYT IIbHUX MOKIAAIB MPU

3ACTOCYBAHHI ANA X 3HEBOOHEHHSA METOLIB EIOPEMEHIALI,I'I'
CemeHeHKo €., Medsedesa O., Ternna T., anbyeHko 3., MeosiHuk B., Mondabaes C.

AHorauis. lpeaMeToM JOCTILKEHHS € 3aKOHOMIPHOCTI Ta NapaMeTpu NpoLecy AOCATHEHHS CTaHy AUHaMIYHOI piB-
HOBarw LWapiB pigkoi Ta TBEpAOi (a3 TEXHOreHHOro BYTiNbHOMO NOKMaay Mif L€ KMiMaTUYHUX Ta BUPOBHUUMX YMHHWKIB
npW HasiBHOCTI BiOTEXHOrEHHOro BNAMBY Ha y3bepexoki Ta Ha BinbHi NOBEPXHi CXOBULL. MeTo JOCTIMKEHHS € BCTAHO-
BNEHHS 3aNeXHOCTEN NPOLECIB 3HEBOAHEHHS TEXHOrEHHUX BYTiNbHWUX NOKMaAiB Npy 3acToCcyBaHHi TexHomorii biopeme-
diauji, wo 3abesneyatb ekonorivHo 6esneyHnit Ta echekTUBHWA iX BUAOBYTOK Ta yTunisayito. byna mogepHisoBaHa ma-
TEMaTW4YHa MOZENb, WO ONUCYE CTaH i MapameTpy TEXHOrEHHUX BYriNbHUX NOKMaAiB Npy MigroTosLi iX 40 po3pobkm 3
3acTocyBaHHAM MeTogiB Biopemepialyi, ska BUKOPUCTOBYE (hyHAAMEHTANbHI 3aKOHW 30epexeHHs Macu NS pigkoi Ta
TBEpAOi (ha3 Noknagis 3 ypaxyBaHHAM HaLXOMKEHHS PianHU 3 aTMOC(EPHUMM ocadamu Ta Bigxogamu ByrnesbarayeH-
HS, Ta Tl BTpaT B NPOLLeCi BUNApOBYBaHHA MiJ JiEl0 COHLA Ta Npu TpaHCnipavil 3eNeHNMI HacamKeHHAMM, a TakoX MOX-
nMBKA MacoobMiH npu BUOOBYTKy BYrneLeBMICHOI CUPOBUHW Y BUMNAZI i4POCYMiLLi BUCOKOT KOHLEHTpaLii. BpaxyBaHHS
BNNWUBY BCMOKTYBANbHOI MOTYXHOCTi 3€NeHUX HacaKeHb, LU0 iCHYI0Tb B HABKOMULUHBOMY CepefoBULLi TEXHOrEHHOro
BYriNbHOrO noknagy, 6asyeTbecsl Ha PIBHSIHHAX MIIOCKOrO npouecy (inbTpaLii ineanbHoi BaXKOT PianHM 3 ypaxyBaHHAM
3aKkoHy [lapci Ta HeOAHOPIAHOMO PIBHAHHA HEPO3PUBHOCTI, SIKE BPaXOBYE iCHYBaHHS CTOKIB piauHK Y BUrNAAi kKoedillieHTy
TpaHcnipauii 6ionoriyHoi kynbTypu. Mpu LboMy ocobnueocTi npodinto Geperie CxoBWLA BigXodiB ByrnesbarayeHHs
3HAYHOK MIPOK BMMBAKOTL NNLLE HA Yac BCTAHOBIIEHHS Takoro CTaHy, ane He Ha piBeHb PiauHU B CXOBWLL, abo Ha
3HauYeHHs KoedilieHTy TpaHcnipauii pocnuH, sike 3abeanedye Lo piBHOBary. MokasaHo, WO Yac AOCATHEHHS LAPOM
BigxogiB ByrnesbarayeHHst CTaHy AMHAMIYHOI PIBHOBArM y CXOBWLL, y3bepexoks AKoi 3acamhxeHo 6ionoriYHuMmM KynbTy-
pamu, NPSIMONPOMOPLIMHUIA KOPEHHo KyBiuHoMy 3 1oByTKy koedvilieHTa [lapci Ta kBagpaTy paaiycy CxoBuLa, i 06epHeHO
MPOMOPLiNHUIA KOPEHHO KyBiuHOMY 3 OBYTKY NMTOMOI BUTPATM PigvHY, WO NPUNAAae Ha OAMHULE OOBXWUHW NEPUMETPY
CXOBWLLA BiAX0AiB Byrne3barayeHHs, Ta BenuumHu BioTexHOreHHoro BnnmBy. HaykoBa HOBW3HA LibOro BUCHOBKY Monsirae
B TOMY, LU0 BrepLUe HayKoBO OOPYHTOBAHO 3aneXHiCTb TOBLUMHM LWapy PianHM HaL TEXHOTEHHUMU BYTifIbHAMM NOKNa-
Aamu, LLO BiANOBIAaE CTaHy AMHAMIYHOI piBHOBAr, Big NUTOMOI BUTPATU PignHK, koedilieHTa [apci Ta BennumnnHm bioTe-
XHOTEHHOrO BNAMBY.

KntouoBi cnosa: GiopemegiaLyii, 6ionoriyHoi kynbTypu, TpaHCmipaLlisi, 3HEBOAHEHHS, TEXHOreHHI MOKNaaw, Bioxoau Byrme-
30araueHHs, CXOBMLLA BIAXOAiB.


mailto:evs_igtm@i.ua
https://orcid.org/0000-0001-5575-713X
mailto:medvedevaolga1702@gmail.com
mailto:%20tanialitan9@gmail.com
mailto:%20tanialitan9@gmail.com
mailto:zhalchenko85@gmail.com
mailto:Medianyk.v.yu@nmu.one
mailto:s.moldabayev@satbayev.university

	UDC 622.333:622.06:573.6:504.054   DOI: https://doi.org/10.15407/geotm2025.175.005
	ВИЗНАЧЕННЯ ТРИВАЛОСТІ ПІДГОТОВКИ ДО РОЗРОБКИ ТЕХНОГЕННИХ ВУГІЛЬНИХ ПОКЛАДІВ ПРИ ЗаСТОСУВАННІ ДЛЯ ЇХ ЗНЕВОДНЕННЯ МЕТОДІВ БІОРЕМЕДІАЦІЇ

