Journal homepage
Volume 10 (2016), Issue 2, pp. 18-24

h

Mining of Mineral Deposits

ISSN 2415-3443 (Online) | ISSN 2415-3435 (Print)

t

tp://mining.in.ua

UDC 622.016

http://dx.doi.org/10.15407/mining10.02.013

MATHEMATICAL MODELING OF HYDRAULIC MINING
FROM PLACER DEPOSITS OF MINERALS

Z. Malanchuk', Ye. Malanchukz*, A. Khrystiuk2

! Department of Development of Deposits and Mining, National University of Water Management and Nature Resources Use, Rivne, Ukraine
’Department of Automation, Electrical Engineering and Computer-integrated Technologies, National University of Water Manage-

ment and Nature Resources Use, Rivne, Ukraine

*Corresponding author: e-mail malanchykEZ@mail.ru, tel. +38096440255

MATEMATHUYHE MOJAEJIIOBAHHS ITPOLECY I'IPOBUAOBYTKY
KOPUCHUX KOITAJIUH 3 PO3CUITHUX POJOBUII]

3. Mananuyk', €. Mamanuyk® , A. XpHCTIOK

] . . .
Kageopa po3pobru pooosuwy ma eudobysanns kopuchux konanun, Hayionanenuil ynisepcumem 00H020 20cnooapcmea ma npupo-

Odokopucmyeanns, Pisne, Yxpaina

2 , , . . Lo
Rad)edpa asmomamusayll, e1eKmpomexHIivHux ma Komn ’}omepno-mmezposanux mexnoJjociu, HalﬂOHafleMM YHIeepcumem B800HO20

eocnooapcmea ma npupodoxopucmyeanns, Pisne, Yxpaina

*Bionosioanvhuil asmop: e-mail malanchvkEZ(@mail.ru, men. +380964402556

ABSTRACT

Purpose. To analyze the process of hydraulic borehole mining of minerals. To define the main problems of hydraulic
borehole mining. To create a mathematical model that will describe the process of hydraulic borehole mining of minerals.

Methods. The process of hydraulic borehole mining of minerals as the object of automation was analyzed. The
mathematical dependences describing the stages of minerals jetting process and lifting them to the surface are obtained.

Findings. The main problems of hydraulic borehole mining and its basic processes are defined. The mathematical
algorithm for the simulation of hydraulic borehole mining was identified. The basic indicators of jetting jetting were
defined. The mathematical dependences describing the process of hydraulic borehole mining of minerals are obtained.

Originality. Scientific novelty consists in analyzing the process of hydraulic borehole mining, defining the main
problems of hydraulic borehole mining and developing a mathematical model describing its process.

Practical implications. Creation of the mathematical model that allows to calculate and select equipment for imple-

mentation of hydraulic borehole mining.

Keywords: hydraulic borehole mining, modeling, hydraulic giant, stope, hydraulic fluid

1. INTRODUCTION

At the present stage of development of hydraulic
borehole mining (HBM) technology the necessity of
selecting qualitative bore samples comes on top while
testing friable fields. The main problems are ineffective-
ness of rock delivery to the surface by technological
channels of hydraulic tool and changes of slurry compo-
sition directly in the mining chamber on testing fields,
which affects the samples’ composition. This happens
due to incomplete or selective rock jetting, ineffective
flushing of the rock mass, the processes of rocks sorting
in mining chamber, different rate of various types of
particles moving in the slurry pipelines.

The purpose of the present article is to analyze hydrau-
lic borehole mining as the object of modeling and to de-
velop a mathematical model of HBM of alluvial minerals.
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2. THE BASIC ANALYSIS AND MODELING

Hydraulic borehole mining was most widely used in
exploration works to perform the following tasks:

— large-scale testing of fields;

—research and methodological works on hydraulic
borehole mining.

The main feature of many researches into using hy-
draulic borehole in mining industry is originality in the
formulation and solution of problems of the jetting, hy-
draulic lifting, control of rock pressure, the process of
slurry thickening and concentration. However, the slurry
preparation technology was not considered in numerous
studies of hydraulic borehole mining, although the de-
velopment of effective technologies of slurry composi-
tion allows to significantly improve technical and eco-
nomic parameters of hydraulic borehole mining of allu-
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vial fields. At the same time, because of considerable
differences in conditions, objectives and tasks of works,
calculation methods from other fields (mining, pro-
cessing and chemical industries, hydraulic pipeline and
hydrogeology) are unsuitable for description of the pro-
cesses occurring in mining chambers.

The investigation of hydrodynamic processes in min-
ing chambers will develop a more advanced methodolo-
gy of HBM for producing large-sized samples by im-
proving their quality, which will allow to replace expen-
sive technologies by HBM.

To achieve this goal it is necessary to solve the fol-
lowing principal tasks of borehole hydraulic mining:

—to study basic technological schemes and patterns
of solid particles transfer during hydrotransportation;

—to develop an engineering method of calculating
hydraulic parameters in the stope, ensuring a rational

level of losses and depletion of ore materials and increase
in the efficiency of mining alluvial fields by HBM.

Analysis of hydraulic mining schemes shows that
HBM tool is a complex hydraulic system that performs
the following operations:

— injection of operating agents into the tool;

— transportation of operating agents in pipelines;

—rock destruction and its washing out into the state
of slurry;

— transportation of slurry to the suction port of the tool;

— slurry suction;

— slurry lifting to the surface;

— filtration of the received mixture.

It is also advisable to organize a closed cycle of
providing the process with fluid (a model of slurry set-
tling, filtering the resulting liquid and returning it to the
water intake reservoir for the hydraulic monitor) (Fig. 1).

Ensuring parameters ||  Destruction || Forming the stope
of the hydraulic fluid of rock

Preparing ] N
the hydraulic fluid ~ |¢| Sty separation 47 Slurry lifting <=

Figure 1. The structure of BHM mathematical model

At present time, due to wide use of computer systems
in industry and science, it is reasonable to work out
more universal design approaches for BHM, methods of
solving BHM problems and to develop software for this
purpose (Li, 2014).

Large-scale sampling in fields exploration is intend-
ed for taking samples of minerals to explore their tech-
nological properties. It is feasible to implement BHM
technology for the wholesale fields testing, which is
necessary to determine reserves in the fields with nonu-
niform distribution of minerals (alluvial deposits of
precious metals and stones). As the researches have
shown (Arens, 2001; Haldar, 2013), most large-scale
testing is done on loose alluvial deposits, sometimes
other types of sedimentary deposits.

Research and methodological studies of BHM are
conducted when further exploitation of deposits is con-
nected with the use of borehole hydraulic mining that is
applied in complex mining and technical conditions,
when the deposit development is impossible for
€conomic reasons.

In the case of BHM sampling, the problem of roof
fall can be solved by reducing the stope size and produc-
tion time. A more serious problem is associated with the
separation of mineral samples and precipitation of heavy
(usually ore) components of the slurry at the bottom of
the cleaning chamber.

Borehole hydraulic mining is a technically complex
and expensive process, regardless of its purposes (explo-
ration, research and industrial works, commercial mining
of minerals).
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Industrial experience in BHM implementation has
shown that the technology is complicated by many fac-
tors that influence the performance of the extraction tools
(Arens, 2001). High effectiveness of BHM can only be
achieved by strict coordination of all technological pro-
cesses. In this regard mathematical modeling of the sys-
tem involving design and operation of hydraulic tool
becomes relevant. Mathematical modeling at the design
stage allows to estimate the cost-effectiveness, choose
rational parameters of BHM and compare different tech-
nological schemes of production in order to select the
optimal one.

Mathematical modeling of borehole hydraulic mining
and further analysis of the obtained models will help to
identify the most appropriate technical means and condi-
tions of equipment operation to ensure the best possible
technical and economic performance and quality of
selected samples.

To start, it is necessary to formulate goals and objec-
tives that will determine the accuracy and the necessary
research methods for performing mathematical modeling
of hydraulic mining. The next step is to develop techno-
logical schemes that will allow to visualize BHM pro-
cess. The detailed schematic diagram of hydraulic min-
ing tool (HMT) allows to visualize the modeled system,
define its parameters and their interrelation. According to
the proposed scheme, each HMT can be analysed accord-
ing to 3 groups of data:

—static factors (c¢;) (mining and technical infor-

mation, constants, strict technical specifications of the
equipment);
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— adjustable (regime, x; ) parameters;
— output parameters (performance, energy consump-
tion, volume of one borehole production etc, y;).

In the mathematical model (the mathematical func-
tion of HMT, f), the first data group will be presented

by constants, the second group — by function arguments,
the third — by variables from the function range. Thus, in
general form the mathematical model of the HMT can be
presented as:

(1

Parameter values and function arguments are defined
in detailed consideration of the hydraulic mining tool.

The next stage in the development of mathematical
model is drafting a system of equations and its solution.
The mathematical model includes all identified function-
al dependencies between processes.

It should be noted that the mathematical description
of the processes in the hydraulic mining tool is one of
the most difficult and ambiguous problems of mathe-
matical modeling.

Modern computer systems, software, CAD software
allow to considerably simplify the process of modeling.
Solving a complex system of equations is easier to con-
duct by numerical methods. It will reduce the probability
of errors and simplify the process of solution.

Before proceeding to finding the solution it is neces-
sary to define allowable variation interval of function
arguments and the confidence interval for the solution
of the system (in order to exclude areas of obviously
faulty data).

It is obvious that the development of mathematical
models of BHM for each case is different, and the pro-
cess depends on the goals and tasks of modeling; initial
data, factors and the accuracy of the simulation. Thus, it
is impossible to offer specific methods of mathematical
modeling, but we can determine the general sequence of
actions in the form of mathematical modeling algorithm:

—analysis of geological conditions of the deposit,
work experience, and technical units of hydraulic mining;

— identification of objectives and tasks of mathemati-
cal modeling;

—development of a technological scheme of the
hydraulic mining tool;

— mathematical description of all processes of bore-
hole hydraulic mining;

— developing a system of mathematical equations;

— getting solution to the system of equations and
analysis of the results;

— choosing the optimal technology.

In the process of developing a system of equations
and finding its solution it is advisable:

—to use interpolation methods to replace the mathe-
matical functions with the simple ones (for more general
points in the confidence area) and to provide functional
description of discrete reference data;

—to present graphically data and functions, to per-
form visual analysis;

—to use numerical methods for solving equations,
finding extremes, maximum and minimum values;

Vv = S xxy,).
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—to use discrete representation of the data to reduce
the volume of calculations;

—to limit and simplify the goals of mathematical
modeling;

— to consider static ( in time) modes of HMT opera-
tion to avoid bringing integral and differential dependen-
cies into the system;

—to use available software for dealing with mathe-
matical problems.

To test alluvial deposits by BHM through lone bore-
holes and groups of conventionally unrelated boreholes it
is necessary to solve specific tasks, such as:

—to choose the optimal borehole diameter (in terms
of technological capabilities of equipment);

—to determine the conditions of various technical
means application for lifting slurry to the surface and the
conditions of their rational exploitation;

—to choose technical means of destruction and slurry
preparation;

—to conduct a comprehensive analysis of the selected
geotechnological equipment.

The last task is the most difficult and important, be-
cause the complex methodology of calculation and mod-
eling of BHM process has not been proposed yet.

Research of hydraulic mining tools and determination
of their efficiency is closely related to the criteria which
evaluate BHM effectiveness. We propose to use the fol-
lowing criteria of BHM effectiveness (Rehbinder, 1977):

— energy efficiency (or specific energy consumption);

— maximum production rate of borehole;

— productivity of mining;

— efficiency of mining;

— specific consumption of working agents;

— quality of the extracted material;

— cost of extracting rock mass;

— capital intensity of the technology.

In studying BHM applied to shallow alluvial deposits,
we should operate not only with analytical dependencies
and technological process but also with specific data.
Analyzing the experience of BHM, conditions of depos-
its occurrence in loose rocks, we can derive the following
averaged conditions (Malanchuk, 2002):

— depth of formation 50 — 100 m;

— power of seams 1 — 10 m;

— grain size 0 — 20 mm not less than 95%;

— particle hydraulic size to 1 m/sec;

— coefficient of productive area filtration 0 — 10 m/day;

— static water level of productive seam to the surface;

— energy consumption of soil washing-out not more
than 2 — 5 kWit

Comprehensive analysis of BHM technology and
technical means allows us to set the following limits of
modeling (group of technical factors):

—one borehole system of extraction by independent
boreholes;

— borehole diameter within 100 — 400 mm;

— technical device for slurry lifting: airlift;

— working pressure of the liquid 5 — 10 MPa; air pres-
sure 0.6 — 0.8 MPa;

— the maximum allowable density of slurry in the lift-
ing column 1100 kg/m’.
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For further modeling we will single out the principal
flow schematic of hydraulic mining tools with soil deliv-
ery to the surface via airlift, which is most relevant to the
state-of the-art BHM technology and equipment applied
for the development of shallow loose deposits and un-
consolidated ores (Haimson & Cornet, 2003).

Some BHM issues are currently considered in scien-
tific literature, but in general the whole process of BHM
has not been summarized yet. In order to comprehensive-
ly study BHM as a single mechanism, we need to com-
bine mathematical models of the processes to synthesize
a complex mathematical model. Let us consider some
mathematical descriptions of BHM processes.

The process of hydraulic jetting. The main indicators
of hydraulic jetting (by immersed jets) are: jetting per-
formance I, m’/h; range of jetting R, m; power of jet
from hydraulic giant  , m*/sec; a dynamic pressure of jet
P;, MPa or dynamic thrust of jet H,, m; fluid flow

through hydraulic giant O , m’/sec; nozzle diameter d,, m
and differential pressure on the nozzle H, , m.

The most important task in the calculation of soil jet-
ting is to determine the working radius of jetting and
jetting performance. To find these parameters we must
perform a series of calculations using the formulas be-
low. We will determine the rate along the axis of the
immersed water jet by the Konovalov formula generally
accepted for the description of immersed jets’ work of
medium pressure hydraulic giant (Turton, 1991):

Ve _0.145 @)
Vo a aR’
0.145+—
0
where:

v, —jet rate at the outlet of the nozzle, m/sec;
v, —average jet rate along the axis, m/sec at a

distance /, m;

a —coefficient of turbulent structure, for curved
cylindrical nozzles 0.066 — 0.050.

According to Abramovich solution we determine the
maximum jet rate along the axis using the ratio:

v=25.3v,. 3)
Dynamic pressure of jet can be expressed via its rate:

29 4)

We will express the value v, in (2) by differential
pressure on the nozzle:

2
HH:V?O:>V0:1[2gHH .

Taking into account the coefficient of resistance of
hydraulic giant nozzles, u#=0.93-0.95, the formula

©)

takes the form:

Vo =+2UgH §y .

(6)
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The diameter of hydraulic giant is related to the con-
sumption of liquid by the following equation:

40y
v '

g
Ou =1

=d (7)

In order to evaluate the destructive capacity of the
hydraulic giant at some distance R, it is necessary to
determine the dynamic pressure in the jet axis. We can
obtain the values of dynamic pressure from the expres-
sions (2) — (7):

2
0.145 1
T+ 2ugH
O.l45+aR\/'LQIgH
H

Expression (8) allows to relate external factors of
BHM hydraulic system to the dynamic pressure of the jet
at a distance R, which makes it possible to evaluate the
potential of equipment for jetting rock mass. It is neces-
sary to define only the rock thickness in the area of jet-
ting and correlate it with the dynamic pressure applied
along the axis. The critical (jetting) pressure for the rock
is defined by the formula (Babichev, 1985):

Pyp=(Cpp—Cpp)+py-g H-tgp-(1-KgKp), (9)
where:

P — density of rocks that form the mass, kg/m’;

H — depth of the seam under jetting, m;
¢ — internal friction angle of the rock under jetting;

K, — coefficient of strain concentration in the mass;
K, — coefficient of lateral pressure.
Soil jetting is possible if:

Hy 210° Pp. (10)

We can get the maximum radius of soil jetting from
expressions (8), (9) and (10):

R= [L V’LLHH_()‘M‘SJL 4Q—H )
N o\ my2ugH 1

We will use expression (11) while modeling hydraulic
jetting of rock mass for determining the size of the stope.

The productivity of hydraulic giant jetting is defined
by the hydraulic power spent on the process W , kW:

(12)

Then the productivity /7 t/h can be expressed by the
formula:

(11

-V _10H0y

A A (13)

where:
A —energy intensity of water jetting, maximum
5 kW-h/t, taking into account works in a flooded mine.
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Since for the purpose of further calculations it is more
convenient to use the productivity value expressed in
m/s, we will transform the expression (13):

_028HyO0p
Apy

bid (14)

This formula is based on the assumption that the
working energy of the jet slightly decreases at a distance
of 1 —2 m, so big radii of jetting are not considered in
the modeling.

Studies showed that most mining objects were devel-
oped by jets of medium pressure (3 — 10 MPa) with the
flow rate of 50 —300 m’/h, with stopes radii 0.5 —3 m
(Babichev, 1985). For the purpose of modeling, we will
limit the range of pressure and flow of fluid values
between these limits.

Dimensions of stope. In the case of relatively stable
roof and walls of the borehole, the stope formed by BHM
has a certain configuration. Otherwise the slurry flows
under the force of gravity until the access to minerals is
blocked by the roof. The stope has a difficult geometry
and is formed in several stages. If we assume the form of
the stope to be equal to subspherical idealized shape, its
volume can be expressed as:

h

3 2
VzZﬂj(\/Rz—zz +RJ dz .
0

It is more rational to equate the volume of this figure
to the volume of the ellipsoid of equal size:

(15)

V:%h(thZR)z. (16)

Density of the slurry. During excavation by the hydrau-
lic jet with the capacity /7 and subsequent absorption of
the produced slurry, with absorption capacity Q,, density

of the resulting slurry can be calculated as follows:

_ H(PV—PB)+
&)

Operation of the jet pump. We use the formula below
to describe the jet pump work (with the central working
nozzle):

P2 PB- (17)

B=0.14a"%*. (18)

This formula was obtained by mathematical pro-
cessing of practical data received by N.G. Malukhin
(Malanchuk, 2002) to describe the pump eductor working
on slurry suction for the modes of its maximum efficiency.

In formula (18):

H,-H
p=—% (19)
17442
where:

H, —pressure in the eductor nozzle, m;
H, —pressure of the pumped media m;

H, —pressure of eductor pumping, m.
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_ 9,

o s
05Y%

(20)

where:
0, —feeding of hydraulic fluid, m’/s;
0O, —productivity of the slurry suction, m’/s;
p, — density of the hydraulic fluid, kg/m;
p, — density of the slurry, kg/m.

It is convenient to combine expressions (14), (15)
and (16) to solve the problems of modeling.

j0.64

While calculating a hydraulic lift, the diameter of the
mixing chamber will be the benchmark sufficient for all
slurry factions in terms of granulometric distribution.

We can use the following equation for the mixing
chamber:

Hy-H, 0191

2
mx

O3 =V (22)

2
\ps 4
Whence the diameter of the mixer can be expressed:
d,,. = 49
7 \2gH

The density of the slurry at the outlet of the hydraulic
lift is defined by the formula:

P

. 23)
Py

_O(p-py)
0

Pressure loss of hydraulic fluid. We use Darcy-

Weisbach equation to calculate the specific pressure loss
in the discharge line:

p3 Py (24)

2
i =AM ’ (25)
P d 2g
where:
vy = flow rate of water column;

A — coefficient of resistances which is calculated by
Altshul formula, considering the liquid movement in
columns to be turbulent:

l=0.ll[i+§j,
d

Re (26)

where:
A4, —roughness of the columns, which is taken

approximately equal to 0.2 mm;
d — diameter of pipes;
Re — Reynolds number, equal to:

Re:dv_ﬂ’

/4

@7
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where:

y —viscosity of water, approximately equal to
10 m%sec (at 20°C). The rate of the fluid in the column
is determined by the formula:

_ 49

V—ﬂd2 .

(28)

Combining expressions (25) and (26) in one formula,
we get:

Q2

>

i=0.018(£+
d

177[}0’} (29)

Calculating pressure loss in the discharge line is nec-
essary to define the working pressure of the nozzle and
eductor of hydraulic giant. Taking into account the hy-
drostatic pressure, we can determine the absolute pres-
sure in units of the hydraulic giant:

Hy=Hy+H-12i,l, (30)
where:

| —length of the discharge line,

H, —injection pressure based on characteristics of
pump equipment.

Pressure loss in the slurry lifting column. If the un-
structured slurry moves in the vertical and steeply in-
clined pipelines, pressure loss can be determined the way
it is done for the clean fluid, taking into account the fol-
lowing: the minimum movement rate through pipelines
should be not lower than critical; the mode of mixture
motion should always be turbulent.

The specific pressure loss is determined by the formula:

A V2
g =—"—. 31
in =52 22 (1)
The coefficient of resistance A is defined by:
__ 031 . (32)
(IlgRe-1)
Reynolds number is calculated by the formula:
Re= M ) (33)
/4
The rate of upward flow is determined by the formula:
40
v= : (34)
7z’iD2 -d? ’
Combining formulas (31) to (34) we obtain:
2
_ 04026 . g . (35)
lg( 0 _lj (D-d)(D+d)
D+d

We can determine the pressure required for pumping
of the slurry on the basis of the pressure loss in the slurry
lifting column and density of the rising slurry:

H3 = p3gH+l7_ll 5 (36)
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where:

[ —the length of slurry lifting column, m.

The dependences describing dynamics of phosphorite
rock destruction (Malanchuk, 2002) show a rapid de-
struction of rock in the initial moment, at a short distance
between the nozzle and the prop stay. With increasing
the distance between them, the pressure on the wall of
the pothole decreases. Destruction of rocks stops and the
distance of jetting does not change when the pressure
drops to a critical value.

So the process of jetting is a complex object, where
parameters depend on the conditions of the process
(pressure in the nozzle, physical and mechanical parame-
ters of rocks, environment of jets motion, distance from
the nozzle to the wall of the pothole, shape and size of
the nozzle etc.) and are determined by experimental data.

Such choice of the controlled parameters does not allow
to perform effective process control for several reasons:

— the slurry density measurements are carried out on
the surface, which results in a big transport delay;

— washed-out rock is delivered to the surface by air-
lift or hydraulic elevators whose efficiency decreases as
the slurry consistency changes;

— settling of the eroded rock while transporting it to
the lifting gear also affects the change of the slurry
consistency.

3. CONCLUSIONS

Considering the main operational parameters of the
jet — differential pressure at the nozzle (dynamic pressure
of the jet at the outlet of the nozzle) and fluid flow
through the nozzle of the hydraulic giant, which are in-
terrelated via diameter and initial velocity jet, we have
considered their impact on the area of jetting. After ana-
lyzing the dependencies for the working range of pres-
sures and outlet, we can conclude that increasing injec-
tion pressure and flow rate contributes to the range of
jetting. The greater the distance, the lower the intensity
of increasing jetting distance by changing the operating
parameters. According to the considered dependence,
increase in the flow rate has a greater impact on jetting
radius, compared with the increase in pressure. There-
fore, we can conclude that in the development of tasks
for BHM use one should design radii of jetting in the
vicinity of 1 m. In this case the problem of extending the
radius of jetting is better solved by increasing consump-
tion of hydraulic fluid.
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ABSTRACT (IN UKRAINIAN)

Mera. [IpoBecty aHaiti3 MpoLeCy CBEPUIOBUHHOTO TipoBUI00YTKY. BU3HAUNTH OCHOBHI MMOKa3HHUKH T'iIPOMOHITOPHOTO
po3muBy. CTBOPHTH MaTeMaTHYHy MOJIEIIb, SIKa OIIMCYBATUME IIPOLIEC CBEPIVIOBUHHOTO IiIPOBUIOOYTKY KOPHCHHX KOIAJIHH.

Mertoauka. [IpoBeneHo aHani3 mpoIecy CBEPUIOBHHHOTO TiApOBHIOOYTKY sK 00’e€kTa MomemoBaHHsI. OTpUMaHO
MaTeMaTH9HI 3aJIeKHOCTI, [0 OMUCYIOTh €TalH MPOIeCy PO3MHUBY KOPHCHOT KOTIAIIMHY Ta ITiTHIMAaHHA i Ha TOBEPXHIO.

Pe3ysabTaTu. BusHaueHO OCHOBHI 3aBJaHHA CBEPVIOBUHHOTO I'iJPOBUIO0YTKY Ta OCHOBHI IPOLECH, 1110 HOTo Xapa-
KTepU3YIOTh. BHABIICHO aNropuT™M MaTeMaTHYHOI'O MOAENIOBAHHS NPOLECY CBEPVIOBUHHOTO TiApoBHIOoO0YyTKY. BusHa-
YEHO OCHOBHI MOKa3HUKH TiJPOMOHITOPHOrO po3MuBY. OTPUMAaHO MaTeMaTH4HI 3aJIe)KHOCTI, 1[0 OMHCYIOTh IMPOLeC
CBEPAJIOBUHHOI'O TiAPOBUI00YTKY KOPHCHUX KOTAJIHH.

HayxoBa HoBu3Ha. HaykoBa HOBHM3HA IOJISirae y MpOBEJEHH] aHaIli3y IPOLECy CBEPATIOBHHHOIO IiIPOBUIO0YTKY,
BU3HAYCHHI OCHOBHMX MMOKA3HHKIB T'IPOMOHITOPHOTO PO3MHUBY Ta y pO3p0oO0Ili MAaTEMAaTUUYHOT MOJIEIII, 1[0 OMHUCYE MPO-
IEC CBEPAJIOBUHHOTO TiPOBUIO0YTKY.

[pakTuuna 3HaunmicTs. CTBOPEHHST MaTeMaTHYHOI MOJENI, 110 JO3BOJISIE IPOBOANUTH PO3PAXyHOK Ta BUOip 0bia-
JHAHHS JJIs TIPOBEJICHHS IIPOLIECIB CBEPUIOBUHHOTO T'iIPOBHIO0YTKY.

Kntrouosi cnosa: ceeponosurnuii 2iopogudoOymox, MoOeno8anHs, iOPOMOHIMOp, OYUCHUL Npocmip, poboya piouna

ABSTRACT (IN RUSSIAN)

Hean. [Ipoananmu3upoBaTh MPOIECC CKBAKXUHHON THAPOA0ObdH. OnpeaeanTs OCHOBHbBIC MOKA3aTeNd THAPOMOHH-
TopHOTrO pa3MbiBa. CO3/1aTh MATEMAaTHYECKYIO MO/JIeIb, KOTOpasi OyIeT OMUCHIBATH MPOLECC CKBAXKMHHOMN THIPOI0OBIUN
TOJIE3HBIX HCKOTIAEMBIX.

MeTtomuka. [Ipou3sBe/ieH aHAIN3 POIECca CKBAKMHHOW THIPOI0O0BIUM Kak 00beKTa MoieipoBanus. I1omydeHsr MaTtema-
THYECKHE 3aBHCUMOCTH, OTMCHIBAIOIIINE TAIIbI IIPOIIECCa PAa3MbIBa MOJIC3HBIX HCKOIMAEMbIX U MOIHSATHE UX HA TIOBEPXHOCTb.

PesyabTaThl. Onpe/eiicHbl OCHOBHBIC 3a/laHHsI CKBOKUHHOM THAPOJOOBIYM U OCHOBHBIC MPOIECCHI, XapaKTepU3y-
rorge ee. OnpeaencH AIrOPUTM MaTeMaTHYECKOTO MOACIHPOBAHMUS MPOIlecca CKBaXHHHOW THApono0sau. PaccunTa-
HbI OCHOBHBIC IMOKA3aTeI THIPOMOHUTOPHOTO Pa3MbIBa. [10Ty4eHBI MaTeMaTHYECKUE 3aBHCHUMOCTH, OIUCHIBAIOIINE
MPOIECC CKBAXHHHOW THPOTOOBIUH ITOJIE3HBIX HCKOMACMBIX.

Hayunasi HoBu3Ha. HayuHasi HOBU3HA COCTOUT B aHAJIM3E MPOIECcCa CKBAKMHHON TUIPOA0OBIYH, OMPEACICHIH OC-
HOBHBIX MOKa3aTelieil THAPOMOHUTOPHOTO pa3MbIBa U pa3pabOTKe MATEMAaTHYECKONH MOJICIH, OMUCHIBAMOIICH Mpolece
CKB)KUHHOW THIPOA0OBIUH.

IMpakTuyeckast 3HaYUMOCTh. Pa3zpaboraHa MaremMaTHueckasi MOAEIb, TI03BOJISIONIAsT IPOU3BOIUT PACUET U BHIOOP
000pyIOBaHUsI [JIsl pean3aliK IPOLECCOB CKBAXKUHHOW THAPOAOOBIYH.

Knroueevie cnoea: cxeéasicunnas 2uopooobviya, molenuposamue, 2UOPOMOHUMOpP, OUUCHIHOE NPOCMPAHCINGO,
pabouas sHcuokocmo
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