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Abstract

Purpose. The research purpose is to develop a mathematical model of a pressureless flow in a channel with the occurrence
in some areas of overflow layer through the wall. Using this model, it is possible to calculate the overflow layer height and
length, as well as the change in flow rate in the channel due to the withdrawal of part of the fluid as a result of the overflow.

Methods. The research uses a comprehensive multi-stage analytical approach. Firstly, in order to develop a mathematical
model for a pressureless flow in the channel with the occurrence in some areas of overflow layer through the wall, this research
analytically determines the dependence of the flow rate through the channel wall based on formulas for calculating the weir
discharge coefficient. At the second stage, a mathematical model of a hydraulic mixture pressureless flow in a rectangular
channel with an overflow through the wall is developed to determine the parameters and flow regimes of the stream.

Findings. The dependences of the dimensionless height of the overflow through the channel wall and the effective critical
flow depth on the dimensionless current channel length have been obtained for various values of the acting force parameters
and the process parameter of the fluid overflow through the channel wall. This made it possible to study the dynamics of
changes in these values along the channel for various values of the specified parameters, and to assess the degree of influence
of the relevant factors on the characteristics of the pressureless flow along the channel and the process of fluid overflow
through wall.

Originality. For the first time, the model of the pressureless flow in the channel is generalized for the case of occurrence in
some areas of overflow layer through the wall, when the length and height of the overflow layer are not determined by a hole
in the side surface, but are controlled by a decrease in the corresponding flow rate. For the first time, this model makes it pos-
sible to calculate the height and length of the overflow layer and the change in the flow rate in the channel due to the with-
drawal of part of the fluid as a result of the overflow in cases of overflowing condition of the channel with the stream under
unstable and non-calculated flow regimes.

Practical implications. The mathematical model and the calculation results can be used to ensure the environmental safety
of the logistics systems of mining enterprises, as well as to assess the volume of the environmental pollution in case of over-
flowing through the wall of the channels of pressureless hydraulic transportation of waste from mineral processing and metal-
lurgical plants.
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1. Introduction the nomenclature of minerals (120 types). It is represented by

Ukraine is in a state of war. To maintain the country’s de-  fuel (coal, oil, gas, oil shale, peat), metallic (iron, manganese,
fense capability and provide the economy and industry with nickel, titanium, uranium, chromium, gold) and non-metglllc
its own raw materials, it is necessary to reduce the techno-  (rock salt, kaolin, refractory clays, cement raw materials,
genic burden and increase environmental safety in accord-  fluxing limestones, etc.) minerals. This volume is sufficient
ance with the requirements. Significant reserves of minerals  for the development of domestic industry, focused on the use
are concentrated in Ukraine, the global demand for some of ~ Of its own raw materials [4]-[6]. _ _
them is met by less than a third, and for some of them our At the beginning of the 21 century, Ukraine and Australia
country is a monopolist in Europe and is among the top ten  fanked first in terms of explored iron ore reserves. According
supplier countries in the world [1]-[3]. The mineral and raw 0 data from the Kryvyi Rih Technical University, in 2000,
material base of Ukraine is one of the richest in the world in ~ the total explored iron ore reserves in Ukraine amounted to
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32.597 billion tons, including industrial reserves — 28.124 bil-
lion tons. Of these, 68.5% of ores are concentrated in the
Kryvyi Rih Iron-ore Basin, in the Kremenchuk iron-ore re-
gion the industrial iron ore reserves amounted to 4.65 billion
tons, and in Bilozersk — 0.543 billion tons. The Pryazovskyi
iron ore region is a reserve base, in which about 3.0 billion
tons of explored ore reserves are concentrated, of which
0.9 hillion tons are easily enriched high-quality magnetite
quartzites [7], [8].

Today, predicted reserves of iron ore raw materials in
Ukraine are estimated at approximately 32 billion tons, of
which over 70% are concentrated in the Kryvyi Rih Iron-ore
Basin. The total availability of balance reserves is over
100 years [9], [10].

It should also be noted that today the sustainable deve-
lopment of the Ukrainian economy is impossible without the
mining-beneficiation industry. The Kryvyi Rih Iron-ore Ba-
sin is the largest in Ukraine, where more than 80% of iron
ore raw materials are mined and more than 20% of metallur-
gical products are produced. The Kryvyi Rih Iron-ore Basin
is one of the largest basins in Ukraine, represented by iron
ore deposits, the main mining center of the country, located
in the Dnipropetrovsk region [11], [12].

The enterprises of the mining-metallurgical industry are
the basis of the country’s export potential, forming the condi-
tions for the sustainable development of many regions in the
country and providing essential revenues to the budget [13]-
[16]. At the same time, Ukrainian enterprises pose a potential
environmental threat to the regions in which they are loca-
ted [17]. This threat is very diverse: there is a possibility of
pollution of air, aqueous medium, soil, representatives of the
flora and fauna existing in this region may suffer losses. One
of the threats are the objects of large-scale hydrotechnical
construction, which were built in the last century during the
greatest development of mining-beneficiation and mining-
metallurgical plants. These include: dams, beneficiation
waste storage facilities, technical and mine water reservoirs,
extensive networks of pipelines and channels for pressureless
hydraulic transportation [18]-[20].

The specificity of the technology for processing mineral
raw materials at the studied enterprises promotes the use of
hydraulic modes of transport, and the location of waste stor-
age facilities in natural lowlands, ravines and gullies creates
promising conditions for the use of pressureless hydraulic
transport in flumes and channels [21]-[23]. Therefore, on the
territory of the country there is not a single mining-
beneficiation or mining-metallurgical plant, where channels
for pressureless flow of fluid or hydraulic mixture are not
used. At some plants, these hydrotechnical structures, which
according to the latest scientific trends, are considered as
elements of the logistics systems of mining enterprises [24],
[25], have a length of more than one kilometer with a depth
of up to two meters with a cross-section of three meters wide.
The most common cross-sectional shape of such objects is a
rectangle, which is conditioned by their construction tech-
nologies using standardized reinforced concrete products.
Given the terms of use of these structures, which were de-
signed and built almost a century ago, their operation poses
an environmental threat. This threat arises as a result of the
fluid leakage through fractures in the bottom and walls of the
channels, the fluid leakage through the butt seams as a result
of their depressurization, the fluid overflow through the
channel wall as a result of stream overflowing condition
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under unstable and non-calculated flow regimes [26]-[29]. In
the first two cases, the methodologies for calculating the flow
rate and volumes of the lost fluid are known and well-tested
in engineering practice [7], [8], [11], while the last case has
not been studied scientifically, although it often occurs in
practice [30]-[33].

Thus, theoretical and experimental studies of the depend-
ences of the weir discharge coefficient on the dimensionless
high-speed head are known, which can be applied at the
mining enterprises [28]. But they concern only cases when
the overflow layer is bounded by solid surfaces on both
sides, while the fluid overflow through the channel wall as a
result of stream overflowing condition under unstable and
non-calculated flow regimes occurs without such a restriction
on the sides. There are known comparisons of experimental
data on the operating modes of outlet and overflow chan-
nels [29], [30] which provide data on critical heads for such
streams. However, the authors do not study the cases where
the stream in the critical mode goes beyond the solid channel
boundaries, which makes it difficult to use them in the stud-
ied case. A theoretical study of the influence of lateral weirs
on the process of transporting bottom sediments [32] makes
it possible to predict a change in the flow rate along the
channel, but does not take into account the peculiarities of
the height formation of the overflow layer through the chan-
nel wall in the studied case. That is, modern domestic and
foreign experts have studied certain elements of mathematical
models of processes close to the process of pressureless flow
in a channel with an overflow through the wall, which make it
possible to construct a mathematical model of this phenome-
non, but the model itself has not been developed and tested.

Thus, to ensure the environmental safety of the logistics
systems at mining enterprises, it is necessary to develop a
mathematical model for pressureless flow in a channel with
an overflow through the wall, which would allow calculating
the height of the overflow layer, the lifetime of the overflow
layer and the change in flow rate in the channel due to the
withdrawal of part of the fluid from the channel as a result of
the overflowing layer.

The research purpose is to develop a mathematical mod-
el of a pressureless flow in a channel with the occurrence in
some areas of overflow layer through the wall, which would
allow calculating the height and length of the overflow
layer, as well as the change in flow rate in the channel due
to the withdrawal of part of the fluid as a result of the over-
flowing condition.

2. Methods

Achieving the purpose set in the introduction requires
considering the well-known mathematical models for pres-
sureless flow in a channel, providing for the fluid flow rate
along the length of the flow through the side surface in the
direction perpendicular to it. It is necessary to adapt the de-
pendences for determining the flow rate through the channel
wall, taking into account the dependences of the flow rate
coefficient when fluid overflows through weirs, as well as to
modernize the corresponding terms of the model equations.
The research purpose is also to develop an algorithm for
solving the system of equations obtained in the development
of a mathematical model for pressureless flow in a channel
with the occurrence in some areas of overflow layer through
the wall, and to obtain the dependences of the height, length
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of the overflow layer, as well as the flow rate in the channel
due to the withdrawal of part of the fluid as a result of the
overflowing condition.

When constructing a model for the homogeneous fluid
flow in a channel, the following assumptions are used [24],
[26], [33]-[35] (Figs. 1-3):

— the fluid is ideal and heavy;

—the fluid velocity does not change through the layer
thickness;

—the fluid is considered homogeneous, which corresponds
to the case of flowing water or a low-concentration hydraulic
mixture with solid particles less than 0.1 mm in diameter;

— the channel has a rectangular cross-section, the geomet-
ric parameters of which are unchanged along the length;

—the occurrence of a friction force between the fluid and
the solid surfaces of the channel is taken into account using
Pavlovsky’s formula;

— the vertical component in the overflow layer velocity is
neglected; for the flow in the channel and in the overflow
layer, the provisions of the “not deep water” theory are valid;

— the flow is symmetrical with respect to the longitudinal
axis of the channel,

— it is assumed that there is no influence of wind and so-
lar radiation on the free flow surface; there is an instant in-
crease in the flow height in the cross-section where the over-
flow layer occurs.

Figure 1. Longitudinal channel section with normal pressureless
flow: h —stream depth, m; hp — geometric channel depth;
0 — the angle of the channel inclination to the horizon

Figure 2. Longitudinal channel section with pressureless flow in the
channel with overflow through the wall: Ip — the length of
the channel on which the fluid flows over the wall

Overflowing stream

Channel wall

)

;1[7

!

Figure 3. A view of pressureless flow in a channel with an over-
flow through the wall

The scientific research results, published in peer-
reviewed publications by domestic and foreign specialists in
hydraulics [28]-[32] make it possible, taking into account the
above assumptions, to propose a well-known model of pres-
sureless flow with fluid removal through the bottom for the
description of the flow through an open channel when an
overflow occurs through its wall [24], [33]-[35]:
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where:

h — stream depth, m;

s — current channel length;

6 — the angle of the channel inclination to the horizon;

i — hydraulic inclination of the stream;

ax — Coriolis coefficient (from 1.10 to 1.15);

Q — volume flow rate of fluid through the current cross-
section of the stream;

@(Q, h) —a function that takes into account the removal
or inflow of fluid volumes through the stream bottom;

b — channel width, m;

S —the relative area of the holes in the channel bottom;

u'—a coefficient of the flow rate through holes in the bottom;

ps — pressure above the free surface of the stream, Pa;

ps — pressure under the channel bottom, Pa;

p — fluid density;

d —the characteristic geometric size of the holes in the
channel bottom;

Ct—the coefficient of hydraulic friction of the stream
against the channel bottom;

§ — coefficient that takes into account the direction of

mass transfer at the channel bottom when adding fluid to the
stream @ = -1, when the fluid is withdrawn — g =1;

sign — sign function.

In the studied case, unlike the model (1)-(4), the fluid
withdrawal does not lead to a change in the friction condi-
tions and the solid surface, since the overflow occurs through
the top, and the flow rate of the fluid leaving the channel is
determined according to the well-known formulas of hydrau-
lics, which are used to calculate the overflow layer parame-
ters [28], [35]-[37]. Taking into account this and the assump-
tions made, the Formulas of the model (1)-(4), after approp-
riate transformations, take the following form:

@=sign(pg—pa). (4

sin6—i —4“/25%‘<Q(h—hb)3’2
i ] - ®)
ds 2, Q? '
=23
gb“h
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where:

u — a coefficient of the flow rate through the channel wall;

hy — geometric channel depth;

Qo — volume flow rate of fluid through the channel wall;

I, —the channel length on which the fluid overflow
through the wall occurs (Figs. 2, 3).

Summing up the basis for the expression for calculating
the hydraulic inclination of the stream to Equations (5)-(8)
and performing the appropriate transformations with the
successive introduction of dimensionless variables, the math-
ematical model can be written in the following form:

= , 9
i - ©)
dp _ Au 32
ap _ Pu 2. 10
il 5 Y (10)

312
WL ) (th L ossing. Q%
= y = — y = y k: ;
hy hy hy gb?

C; (0.5+m 2./8

_ 1 ( . ). A, = \/_akﬂm; m_h—b,

oy sin@ sin@ b
where:

y — the dimensionless height of the overflow through the
channel wall;

p — effective dimensionless critical flow depth;

| — dimensionless current channel length;

A —the parameter of acting forces, the ratio of the hydraulic
friction force and the force that ensures the fluid stream flow;

A, — a parameter that takes into account the occurrence of
fluid overflow through the channel wall;

m — geometric channel parameter.

The initial conditions for the system of Equations (9) and
(20) will be:

y(I=0)=vyo:

where:

yo — the initial value of the dimensionless height of the
overflow through the channel wall;

po — the initial value of the effective dimensionless criti-
cal flow depth.

Model (9) and (10) with conditions (11) is studied when
the initial values for corresponding parameters are changed
in the following intervals 0.1 <y, < 0.9 and 0.125 < pp < 0.354
for typical ranges of changes in values (Table 1).

p(1=0)=py, (11)

3. Results and discussion

The system of Equations (9) and (10) under the initial
Conditions (11) cannot be solved by an analytical method.
Therefore, numerous methods are used to obtain a solution,
namely, the solution of the system of differential equations
by the Euler method.
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Table 1. Limits of an interval of parameter changes in model (9)-(11)

Parameter Interval limits

Name Designation Lower Upper
Flow rate coefficient
through the channel wall # 0.475 0.645
Angle of the channel o o
inclination to the horizon 0 0 30
Coriolis coefficient oK 0.980 2.300
Hydrgu_llc friction C 0030 0300
coefficient
Geometric channel pa-
rameter m 0.500 2.000

Calculations using Formulas (9)-(11) make it possible to
obtain the dependences of the dimensionless height of the
overflow through the channel wall and the effective critical
flow depth on the dimensionless current channel length for
various values of the acting forces parameter and the pro-
cess parameter of the fluid overflow through the channel
wall (Figs. 4, 5).
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Figure 4. Dependence of the dimensionless height of the overflow
through the channel wall (y) on the dimensionless
length (1) at different values of the acting forces (A) pa-
rameter, when the parameter that takes into account the
occurrence of fluid overflow through the channel wall
is: (&) Au=3; (b) Au=13; (c) Au=143
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This makes it possible to study the dynamics of changes
in the values of y and p along the channel for various values
of the parameters A and A,.
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Figure 5. Dependence of the effective dimensionless critical flow
depth (p) on the dimensionless length (1) at various va-
lues of the acting forces (A) parameter, when the pa-
rameter that takes into account the occurrence of fluid
overflow through the channel wall is: (a) Ax=3;
(b) Au =13; (c) Au =143

The results of numerical calculations (Fig. 4) indicate that
the stream depth decreases along the channel length at all
parameter values of occurrence of fluid overflow through the
channel wall (A,) from 13 to 43, regardless of the value of
the acting forces parameter (A). At the same time, when the
parameter value of occurrence of fluid overflow through the
channel wall is less than 13, then the value of the stream
depth along the channel length first decreases, and after
reaching a certain distance, it begins to increase. This ten-
dency takes place for all values of the acting forces parame-
ter. It should be noted that for smaller values of this parame-
ter, the decrease in flow rate at the beginning of the channel
is less noticeable than for larger parameter values. This effect
can be explained by a change in the fluid flow rate due to the
fluid overflow through the channel wall, which affects both
the fluid volume in the channel and the hydraulic stream
resistance. The results of numerical calculations (Fig. 5)
indicate that, regardless of the value of the acting force pa-
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rameters and the parameter of occurrence of fluid overflow
through the channel wall, the fluid flow rate along the chan-
nel decreases. This nature of the change in parameters is
fully consistent with the logic of the studied process, which
proves the correspondence of the developed model to the
studied phenomenon. It should be noted that the velocity of a
decrease in the flow rate along the channel length remains
constant for all the studied cases, but is variable depending
on the value of the parameter that takes into account the
occurrence of fluid overflow through the channel wall. It
follows from Figure 4 that with an increase in this parameter
value, the velocity of a decrease in the fluid flow rate along
the channel length increases, while the influence of the acting
forces parameter on this value can be neglected within the
limits of calculations with engineering accuracy.

Having the results of numerical calculations (Figs. 4, 5),
and taking into account Expression (7), the parameters of
the pressureless flow in the channel, namely the height and
flow rate of the flow in the channel, as well as the fluid
flow rate through the channel wall, can be calculated by the
following Formulas:

_ 6. gbhy

n=(Ley()h: Q= p(1),f . (12)
_ HhpBIY

Qo = <ino (j)y (1dr; IO_hb sing, (13)

where:

lo—the channel length on which the fluid overflow
through the wall occurs.

Equations (9), (10) and (13), together with the initial
conditions (11), represent a mathematical model of a pres-
sureless flow in the channel with the occurrence in some
areas of an overflow layer through the wall. Expressions (12)
indicate that this model makes it possible to calculate the
height and length of the overflow layer and the change in the
flow rate in the channel due to the removal of part of the
fluid as a result of the overflow. The results of calculations
performed using this mathematical model make it possible to
study the dependence of the flow depth and the fluid flow
rate along the channel for various values of the acting forces
parameter and the parameter of fluid overflow through the
channel wall.

Thus, the mathematical model, which is proposed and
studied in the paper, can be used to ensure the environmental
safety of the logistics systems of mining enterprises, in
which there are pressureless flows in channels with an over-
flow through the wall. Such use involves calculating the
overflow layer height and the lifetime of the overflow layer,
which determines the volume of environmental pollution,
and assessing the change in flow rate in the channel due to
the removal of part of the fluid from the channel as a result
of the overflow layer, which determines the level of change
in technological production performance. To do this, as can
be seen from Formulas (12) and (13), it is necessary to de-
termine analytically the dependences of the dimensionless
height of the overflow through the channel wall and the ef-
fective dimensionless critical flow depth on the dimension-
less length for various values of the acting forces parameter
and the process parameter of the fluid overflow through the
channel wall. The presence of such analytical dependences
will simplify the study of the dependence of process parame-
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ters on a variety of criteria and determination of optimal
parameters by methods of mathematical analysis without the
use of numerical mathematics algorithms. It is also interest-
ing to determine the maximum value of the process parame-
ter of the fluid overflow through the channel wall, at which
the influence of the acting forces parameter on the depend-
ence of the dimensionless height of the overflow through the
channel wall on the dimensionless length can be neglected.

4. Conclusions

An analysis of the obtained calculation results indicated in
the paper makes it possible to draw the following conclusions:

1. With an increase in the dimensionless flow length, in
the entire range of changing values, the effective dimension-
less critical flow depth, that is, the fluid flow rate in the
channel, decreases. The nature of this dependence is close to
linear, and also has no extrema and intersection points. The
influence of the acting forces parameter on the nature of this
dependence and the value of the effective dimensionless
critical depth is almost unnoticeable, and further research is
needed to determine the influence of the process parameter
of the fluid overflow through the channel wall.

2. The nature of the dependence of the dimensionless
height of the overflow through the channel wall on the dimen-
sionless current length significantly depends on the process
parameter of the fluid overflow through the channel wall. At
lower values of the process parameter of the fluid overflow
through the channel wall, this dependence is extremal, as
evidenced by the minimum of curves at values of the dimen-
sionless current length close to 0.1. In this case, the height of
the overflow layer along the channel increases. With an in-
crease in the values of this parameter, the dependence of the
dimensionless height of the overflow through the channel
wall on the dimensionless current length loses its extreme
character, and the height of the overflow layer along the
channel decreases. The influence of the acting forces parame-
ter on the nature of this dependence remains throughout the
entire range of changing values, but with an increase in the
value of the process parameter of the fluid overflow through
the channel wall, the influence of the value of the acting forc-
es parameter on the value of the dimensionless height of the
overflow through the channel wall significantly decreases.

3. The velocity of a decrease in the flow rate along the
channel length remains constant for all the studied cases, but
is variable depending on the value of the parameter that takes
into account the occurrence of fluid overflow through the
channel wall. It has been determined that as this parameter
value increases, the velocity of a decrease in the fluid flow
rate along the channel length increases, while the influence
of the acting forces parameter on this value can be neglected
within the limits of calculations with engineering accuracy.
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HocaixxenHs 0e3HanipHol Tevii B ripoTeXHIYHNX cHcTeMAaX FIPHUYNX MiANPHEMCTB
€. Cemenenxko, O. Mensenesa, B. Mensnuk, b. baroce, O. Xaminiu

Meta. MeToro OCTI/DKCHHS € CTBOPCHHS MAaTEeMAaTHYHOI MOJIeNi Oe3HamipHOi Teuil B KaHaui 3 ICHYBaHHSIM Ha JESIKUX NUISHKAX IIapy
nepeirBy 4epe3 OOpT, sika O J03BOJIsIA PO3PaxOBYBAaTH BUCOTY H JOBXKHHY IIapy IEpeNUBY Ta 3MIHEHHS BHUTPATH B KaHAJl 3a paxyHOK
BUJIAJICHHSI YaCTUHHU PiIUHYU Yepe3 NepeuB.

Metoauka. [Ipu mpoBeeHHI AOCTIIKEHHS B pOOOTI BUKOPHCTAaHO KOMIUIEKCHHH OaraToeTamHuid aHamTHYHKHN miaxia. CrodaTky 3 me-
TOIO CTBOPEHHS MaTeMaTW4HOi MoJelli Oe3HamipHOi Tedii B KaHaNi 3 iCHyBaHHSIM Ha JEAKHX AUISHKAX [Iapy MEpenuBy depe3 OopT B Iii
pOOOTI aHANITHYHO BU3HAUEHO 3aICKHICTh BUTPATH Yepe3 OOPT KaHay Ha OCHOBI (YOPMYII IS PO3paxyHKY KOe(ilieHTy BUTPATH BOJO3IIH-
BiB. Ha mpyromy erami po3po6ieH0 MaTeMaTHYHY MOJIENb Oe3HAIIpHOI Tedil TiApocyMilli B MPSMOKYTHOMY KaHal 3 EPEIuBOM depe3 OopT
JUISl BU3HAYEHHS TapaMeTpiB Ta PeXKUMIB Tedil MOTOKY.

PesyabTaTn. OTpuMaHO 3aJIe)KHOCTI 0€3p03MIpHUX BHCOTH NEPENIMBY HajJ O0OPTOM KaHAIy Ta e()eKTHBHOI KPUTHYHOI IIHOMHY Tedil Bix
6e3po3MipHOT TOTOYHOT AOBXKMHA KaHAIY JUI Pi3HUX 3Ha4YeHb NapaMeTpiB JIIIOYMX CHJI Ta MapaMeTpy IpOIecy MepeTiKaHHS PiJuHM Yepes
60pT kaHamy. Lle 703BONMMIIO DOCTIAUTH TMHAMIKY 3MIHEHHS IIMX BEJIMYMH B3JOBXK KaHAILy NPU Pi3HUX 3HAUYEHHSIX BKA3aHUX MapaMeTpiB, Ta
OILIHUTH CTYMiHb CIUIUBY BiAMOBITHUX (DaKTOPIB Ha XapaKTEPUCTHKU Oe3HAIipHOI Teuii B3MOBXK KaHAy Ta MPOILEC MEPeTiKaHHS PiIUHU
gepes Horo 6opT.

HaykoBa HoBu3Ha. Briepuie mozens Oe3HamipHOi Tewil B KaHaNI y3arajJbHEHa Ha BHIAJIOK iICHYBaHHS Ha NESIKHX TUITHKAaX [Iapy repe-
JMBY 4epe3 OOpT, KOJNH JOBXKHHA Ta BUCOTA ILIapy MEpenBYy HE BU3HAYAETHCS OTBOPOM Y GOKOBIil MOBEPXHI, a PEryJIOEThCS 3MEHILICHHAM
BiANOBiAHOI BUTpaTH. Ll Mozens Brepiie 103BOJIsIE pO3paxyBaTH PO3PaxOBYBATH BHCOTY M JOBXKUHY IIApy MEpeNuBY Ta 3MiHEHHS BUTPATH
B KaHaJIi 32 paxXyHOK BHJAJIECHHS YaCTHHU PiIMHU Yepe3 MepelliB y BUMAAKaX MepelOBHEHHS KaHATy TOTOKOM IPH HECTAaJHMX Ta HE po3paxy-
HKOBHX peXHMax Teuil.

ITpakTHYHA 3HAYMMicThb. MaTeMaTHYHa MOJIETIb Ta PEe3yJIbTaTH PO3PaXyHKIB MOXYTh OyTH BHKOPHCTaHi AJs 3a0e3MeueHHs] eKOoJIoriu-
HOT 0€3MEeYHOCTI JOTICTUYHUX CUCTEM TipHHYHX ITiAIPHEMCTB, a TAKOXK JJIS OLIHKH 0OCSTiB 3a0pyTHEHHsI HABKOJIUIIHBOTO CEPEIOBHIIIA MTPH
repenuBi yepe3 0opT KaHaiB OE€3HAIPHOTO TiPaBIiYHOTO TPAHCIIOPTY BiAXOiB 30araueHHss KOPUCHHUX KOTAIMH Ta IPOMHUCIOBUX BiIXOJIB
MeTalypriiHUX KOMOIHATIB.

Knrouosi cnosa: xanan, nepenus, meuis, 102icmuka, eKoio2is, 3a6pyoHeHHs, Oe3nexa, 2i0pocymiu

34


https://doi.org/10.3390/environments5020028
https://doi.org/10.15407/mining09.01.093
https://doi.org/10.47260/jesge/1111
https://doi.org/10.1061/(ASCE)IR.1943-4774.0001311
https://doi.org/10.1061/(ASCE)IR.1943-4774.0001011
https://doi.org/10.3997/2214-4609.2020geo101
https://doi.org/10.5897/IJWREE12.124
https://doi.org/10.1201/b19901-65
https://doi.org/10.1051/e3sconf/201910900083

