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Abstract. To obtain high values of the current gas production and the final coefficient of gas extraction from deposits
under the water-pressure regime, it is necessary to ensure complete and continuous removal of liquid from the bottom
hole to the surface. An effective method of intensifying the operation of watered gas wells and extending the period of
their natural flow is the use of a plunger lift. The purpose of the study was to substantiate the area of effective use of a
plunger lift to intensify the removal of fluid from watered gas wells using the reservoir gas’s own energy depending on
the value of the water factor. The tasks were solved by conducting research on a hypothetical (model) watered gas well
using mathematical modelling methods. The proposed mathematical model of the plunger lift operation has been tested
for the conditions of a hypothetical gas well at different values of the water factor from 0 to 125 L/thousand m3. For the
well under consideration, the area of effective application of the plunger lift is limited to the values of the water factor of
12-41 L/thousand m3. According to the research results, the maximum value of the width of the gap between the plunger
body and the wall of the tubing, which should not exceed 0.0025 m, is substantiated. The developed mathematical model
of the plunger lift operation in a watered gas well, which includes the choice of the area of its effective application and
the maximum value of the gap width between the plunger body and the tubing wall, makes it possible to ensure stable
operation of watered gas wells with increased gas production due to the use of reservoir gas’s own energy and to extend
the wells’ flowing period. As a result, in practice, the current gas production and the final coefficient of gas extraction
from the field are increased

Keywords: productivity; water factor; mechanised operation; minimum required gas flow rate; effective application
area; gap width

Introduction

When gas fields are operated under water pressure, there  water from the well and maintain productivity, including
is an increase in well water cut, which negatively affects  physical, chemical and mechanical methods. The use of a
gas production. As the water factor increases and reservoir ~ plunger lift is highly efficient because of its simple design
energy decreases, fields use a variety of methods to remove  and maintenance. The use of a plunger lift increases the
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time of active gushing of wells, which are characterised by a
significant amount of liquid in the extracted products, and
in the case of periodic gas lifts, it helps to reduce the need
for additional gas to lift the liquid from the bottom hole to
the surface. Therefore, further research into the operation
of a watered gas well with a plunger lift deserves attention.

As noted by such scientists as J.J. Marques De Jesus
& G. Simonelli (2018) and S. Rajvanshi et al. (2023), in gas
wells, tubing of a smaller diameter is installed to maintain
the inflow of reservoir fluids, or a gas lift method of opera-
tion is used. However, neither reducing the diameter of the
tubing nor using a gas lift is a permanent solution to the
problem of operating watered wells, as the gas velocity first
increases to carry the fluid out of the bottom hole, and then
at some point the gas velocity decreases again to an insuffi-
cient level, and the fluid will not be carried out of the well.

The plunger lift is one of the most common and effec-
tive methods of removing fluid from the well under certain
conditions, which is also described by T. Nguyen (2020) and
Z. Nurkas (2020). The experience of operating plunger lifts
and their availability is a big challenge for the Ukrainian in-
dustry. In Pakistan, pilot projects are being effectively im-
plemented to help build experience and competence in the
general application of plunger lifts in the industry. They are
used in wells with a high water factor value, in wells with-
out a packer, and in wells with a packer. Since packer wells
cannot use annular gas as a source of energy, the plunger
lift depends solely on the energy of the formation gas com-
ing from the bottom of the plunger. Packer wells require
special approaches for effective production management.

The use of a plunger lift for watered gas wells is an
intermediate option between the traditional fountain
method and the gas lift (pump) method of operation, as
described by M. Burns (2018). The use of a plunger lift
in combination with a gas lift allows for increased pro-
duction, reduced operating costs and more efficient use
of reservoir energy in fields. The combination of gas-lift
and plunger technologies provides oil and gas operators
with opportunities to optimise production from the initial
stage of development, which is characterised by high ini-
tial fluid flow rates, to the completion of fields for deple-
tion, according to B. Cope & D. Gilmore (2023).

A typical plunger lift model consists of tubing with
shock absorbers at both ends and a plunger between them.
The plunger is available in two versions: with a gap be-
tween its body and the inner surface of the tubing or with
a sealing plug. During well operation, the plunger cycles
through the tubing string, moving up and down, lifting flu-
id from the well with each upward movement. Many types
of plungers have been proposed, which differ in the design
of the plunger body and valve assembly; in particular, the
study by Z. Nurkas & K. Khabibuyev (2020), which exam-
ined the latest innovations in Kazakhstan.

The scope of effective use of plunger lifts for water re-
moval from watered gas wells is limited by the water factor
(water flow rate). At low water factors, when water is car-
ried out of the bottom hole by the formation gas flow, there
is no need to equip the well with a plunger lift. With high

water factors, the reservoir gas energy is insufficient for
both well flow and plunger lift operation. There is no data
in the technical literature on the selection of the area of
effective use of the plunger lift for the operation of watered
gas wells depending on the water factor, which served as the
basis for additional research. The purpose of the study was
to substantiate the methodology for selecting the scope of
effective use of a plunger lift for the operation of watered
gas wells depending on the value of the water factor.

Materials and Methods

A study to substantiate the method of choosing the scope
of effective use of a plunger lift for the operation of wa-
tered gas wells, depending on the value of the water fac-
tor, was performed for the conditions of a hypothetical
(model) gas well for the following data: the depth of the
production well (the depth of lowering of tubing pipes) is
2,300 m; the inner diameter of the production column is
0.146 m; the inner diameter of the tubing is 0.062 m; res-
ervoir pressure is 6.2 MPa; well pressure is 4.4 MPa; the
relative density of the gas is 0.6; reservoir water density
is 1,028 kg/m?®; coefficients of filtration resistances of the
bottom-hole zone of the formation: A=0.25 (MPa? x day/
thousand m?; B=19 x 10 (MPa x day/thousand m?®)?; the
width of the gap between the plunger body and the tubing
is 0.002 m. The parameters of well operation when only
gas enters the face, determined from the joint solution of
the binomial formula for gas inflow to the bottom of the
well and the formula for gas flow to the tubing using the
work dependencies for constant well pressure (4.4 MPa),
are: gas flow rate — 30.1 thousand m3/day, downhole pres-
sure — 5.4 MPa. In the studies, gas enters the well from a
gas-bearing formation, and water enters from a watered
formation. The study was performed at a constant value of
the wellhead pressure (4.4 MPa) and under conditions of
changes in the water factor indicators (10, 20, 30, 40, 50,
60, 70, 80, 90, 100, 125 L/thousand m3).

To determine the lower limit of the water factor, from
which it is economically feasible to use a plunger lift in wa-
tered gas wells, the gas flow rate from the formation was
calculated for different values of the water factor, and the
minimum required gas flow rate was established to ensure
the removal of fluid from the bottom hole. The calculation
of reservoir gas flow rate was carried out on the basis of
solving a combined problem, which includes a binomial
formula for gas inflow to the well and a formula that takes
into account additional pressure losses in the tubing when
moving a two-phase flow according to a certain method
(Lea & Nickens, 2004; Matkivskyi & Khaidarova, 2021).
The minimum required gas flow rate is determined by the
formula given (Kondrat & Matiishyn, 2022). This relation-
ship was derived from statistical analysis of data obtained
during the operation of watered wells in a particular field:

— 1.94 0.22 _ Panxp1
Qmr = 2,213 X di;7* X q“° % /ﬁgxzdndeh’ (1)

where ¢, - minimum required gas flow rate, thou-
sand m*/day; q, - the flow rate of liquid (water), which was
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determined as the product of the water factor and the flow
rate of reservoir gas for this factor, m%day; P,, — downhole
pressure, MPa; T, — downhole temperature, K; d, - inner
diameter of tubing, m; p, - liquid density by P, and T,,kg/
m?®; p, - relative gas density; Z,, - gas Compre551b111ty coef-
ficientby P, and T . To lift the plunger, a certain amount of
gas is required, which includes the volume of gas to create
the required pressure in the tubing below the plunger, as
well as the volume of gas passing through the gap between
the plunger and the inner surface of the tubing:

+ Qios WL ) (2)

V=107 XL X fp X Py
where V- volume amount of gas for lifting the plunger,
md; L - tubmg length from the mouth to the lower shock
absorber, m; f, - cross-sectional area of the plunger lift, m?;
P - gas pressure under the plunger, which is necessary to
lift the plunger with a column of liquid above it, Pa; q, -
gas losses from under the plunger through the gap between
the plunger and the tubing wall, m*s; W, - plunger lifting
speed, m/s. The rate of rise of the plunger is determined by

the formula:
W,; =50 Yot 3
pl x hixp;’ ©)

where h, — height of the liquid column above the lower
shock absorber, m; p, - liquid density, kg/m?; S - width of
the gap between the plunger and the tubing wall, m. The
height of the liquid column above the lower shock absorber
is determined by the formula:

Pll
hy=-r “4)
where P_ - pressure of the gas-liquid mixture in the tubing
at the level of the lower shock absorber, Pa. The pressure
of the gas-liquid mixture in the tubing at the level of the
lower shock absorber is determined by the formula:

P=P,-hpg, (5)

where h, the distance from the elevator shoe to the low-
er shock absorber (taken equal to 25-50 m). It was taken
that h, = 25 m in the calculations. Gas loss from under the
plunger through the gap between the plunger and the tub-
ing wall is determined by the formula:

Qros = 271.96 X d;,, X S X \/Fg, (6)

The gas pressure under the plunger, which is required
to lift the plunger with a column of liquid above it, is calcu-
lated using the formula:

hy plpl

—hlplg+/1 +Pwh+Pfr+P (7)
where 1 — coefficient of hydraulic resistance (0.025 was taken
in the calculations); P, — pressure at the wellhead, Pa; P, -
pressure expended to overcome the friction of the plunger,
Pa; P - pressure expended to overcome the weight of the
plunger, Pa. The pressure expended to overcome the friction
of the plunger was calculated to be equal to P, = 10* Pa; the

pressure expended to overcome the weight of the plunger —
P _=2x10"Pa. The amount of gas flowing from the formation
during the plunger lift (V) is determined by the formula:

V,=q,(0xt, ®)

where - gas production rate, m3/s; t — plunger lifting time,
s. The lifting rise time is determined by the formula:
— Hzhe
=

©)

where H - well depth, m. The amount of gas entering the

tubing (V , ) is calculated using the formula:
glos f
Vgtos = Vgp : , (10)

where f, - cross-sectional area of the production column, m?*.

Results and Discussion

Studies on the operation of a watered gas well with a
plunger lift have shown its high efficiency. The research
results are shown in Figure 1 as dependences (obtained by
formula (1) of the reservoir gas flow rate g, (curve 1) and the
minimum required gas flow rate g, _(curve 2) from the wa-
ter factor F,. According to the research results, with an in-
crease in the water factor, the flow rate of reservoir gas de-
creases (curve 1) from 30.1 thousand m3/day in the absence
of water in reservoir products up to 18.8 thousand m?/day
for water factor 125 L/thousand m? (water flow rate 2.35 m3/
day), and the minimum required gas flow rate increases
(curve 2) and reaches a value of 47.2 thousand m3/day for
water factor 125 L/thousand m3. If the water factor does
not exceed 12 L/thousand m® (which corresponds to a water
flow rate of up to 0.31 m%/day), the well operates efficiently,
using the energy of the extracted gas to remove water. With
higher water factors, additional measures must be taken to
effectively remove water from the well. The value of the
water factor of 12 L/thousand m® can be considered as the
minimum indicator for using a plunger lift. It should also
be noted that in Figure 1, the right part of the gas flow rate
curve is “conditional”, because with water factors above
12 L/thousand m?, the well is usually not operated.

50 §,, Gmr, thousand m3/day
45 1

40 |
35 |
30 |
25 |
20 -
15
10 1 1

5 F,, L/thousand m?3

00 10 2030 40 50 60 70 80 90 100 110 120 130

Figure 1. Reservoir gas flow rate dependencies g, (1)
and the minimum required gas flow rate g, (2)
from the water factor F,
Source: created by the authors

To determine the maximum possible use of a plung-
er lift in a particular well, it is necessary to calculate how
much gas is required to lift the plunger, taking into account
different water factor values (or water flow rates). The
volume of gas that naturally escapes from the formation
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during the time it takes to lift the plunger must also be tak-
en into account. For a plunger lift unit to operate without
surface gas, the amount of gas flowing from the formation
into the tubing during the plunger lift must be greater
than the amount of gas required to lift the plunger. Fig-
ure 2 shows the dependence of the required amount of gas
for lifting the plunger V_ (curve 1) and the actual amount
of gas coming out of the reservoir during the lifting of the
plunger V_ (curve 2) from the water factor F, .

3
Vg, Vgpym

47 F,, L/thousand m3

0 102030 405060 708090100 110 120 130

Figure 2. Dependences of the required amount of gas for
lifting the plunger V_ (1) and the actual amount of gas
coming from the reservoir V,, (2) from the water factor F

Source: created by the authors

According to the results of research, with an increase in
the water factor, the required amount of gas for lifting the
plunger increases from 55.3 m3 (with a water factor of 10 L/
thousand m®) up to 60.4 m® (with a water factor of 125 L/
thousand m®) and the amount of gas coming from the res-
ervoir decreases from 59.5 m® up to 47 m®. The plunger lift
operates without gas supplied from the surface to the water
factor value of 41 L/thousand m? (accounts receivable 0.9 m3/
day). At higher water factors, the use of a plunger lift is not
feasible, as less gas flows from the reservoir than is required
to lift the plunger. Thus, for the conditions of the well under
study, the range of effective use of the plunger lift is within
the range of changes in the water factor of 12-41 L/thou-
sand m?>. For the water factor value of 41 L/thousand m?, the
effect on the required amount of gas for lifting the plunger
is studied V and the actual amount of gas coming from the
reservoir V_, the width of the gap between the plunger body
and the tubing wall, which varied in the range of 0.001-
0.005 m. The relevant dependencies are shown in Figure 3.

65 Vg, Vgp, M3
60 j,_@i——ﬁ
55 S
50
S, m
45 2 |
0 0001 0002 0003 0004 0.005

Figure 3. Dependences of the required amount of gas for
lifting the plunger V_ (1) and the actual amount of gas
coming from the reservoir V., @) from the width of the

gap between the plunger body and the tubing wall S

Source: created by the authors

The proposed methodology for selecting the scope of
effective use of a plunger lift for water removal from wa-
tered gas wells depends on the current and forecast values
of the water factor. The minimum value (lower limit) of the
water factor, starting from which it is advisable to use a
plunger lift, is determined by the parameters of the inter-
section point of the graphical dependencies of the reser-
voir gas flow rate and the minimum required gas flow rate
for water removal from the well on the water factor. The
maximum value (upper limit) of the water factor, above
which the reservoir gas energy is insufficient for the plung-
er lift to operate, is determined by the parameters of the
intersection point of the graphical dependencies of the re-
quired amount of gas to lift the plunger with the water col-
umn above it and the actual amount of gas coming from the
reservoir during the plunger lift on the water factor. For the
conditions of the considered hypothetical (model) well, the
scope of effective use of the plunger lift is limited to the val-
ues of the water factor of 12-41 L/thousand m?. For a maxi-
mum water factor of 41 L/thousand m?, the width of the gap
between the plunger body and the tubing wall should not
exceed 0.0025 m. At larger gap widths, the amount of gas
coming from the formation is less than the required amount
of gas to lift the plunger, and the well will not operate.

The mechanised operation of gas and gas conden-
sate wells is effective in water-flooded conditions. Us-
ing Schlumberger’s PipeSim software, S. Matkivskyi et
al. (2021) and S. Matkivskyi & L. Khaidarova (2021) per-
formed the studies to optimise the operating conditions of
a watered well under conditions of active reservoir water
supply to gas-saturated productive horizons. Based on the
results obtained, the optimal depth of gas-lift valves from
the wellhead was determined, which is 55-58% of the depth
of the tubing run. R. Kondrat et al. (2017) and R. Kondrat
& L. Matiishyn (2022), based on the results of statistical
analysis of the calculated data, determined the optimal
values of gas lift gas flow rate for different values of the
water factor, which ensure maximum well productivity and
minimum values of bottomhole pressure.

In addition to gas lift operation, a plunger lift is also
successfully used for liquid removal. The plunger lift meth-
od has long been successfully implemented at wells in Eu-
rope, including in neighbouring Romania. This technology
is designed to solve the problem of waterflooding, a very
common problem in wells. The cycle time of the plunger as
it moves up and down the well depends on various factors
such as well pressure, water volume, well depth, etc. There
are different types of plungers with different prices, but
they all work on the same principle: they rise up the pipe
under the action of gas pressure, pushing the liquid out.
The main characteristics of the plunger include the time re-
quired for one cycle and the speed of its upward movement
(Rajvanshi et al., 2023). The frequency of cycles, as well as
other factors, affect the service life of the plunger, which
is typically designed to last between two and four months
before the first inspection. After this period, the equipment
should be serviced. The entire process can be monitored
remotely using sensors, the data from which is trans-
mitted to a computer via a wireless Internet connection.
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The authors, after comparing the calculated results
with the actual well loading data, identified systematic
errors of empirical models, which prompted the develop-
ment and implementation of a model that provides higher
accuracy in predicting critical flow rates based on actual
well flow rates (Rahmati et al., 2022; Olszak et al., 2022).
The advantages of implementing plunger lift technology
are the simplicity and speed of installation, efficiency and
relatively low cost of the system. At the same time, there
are limitations to the application of this technology, which
are based on the fact that the well must produce a certain
gas flow rate in order to push out the plunger and the accu-
mulated fluid. There are also limitations to the implemen-
tation of plunger lift technology in terms of depth - they
are used mainly in wells up to 3,000 m. The use of a plunger
lift made it possible to resume production at the stopped
well and reach indicators of 5 m%/day of oil production and
15 thousand m3/day gas supply. The installation of the
plunger system has reduced capital expenditure by more
than 3 times compared to traditional rod and submersible
pump systems. The installation of a plunger lift is effective
for a long period of well operation by maintaining reservoir
energy. If reservoir energy is not sufficient during the oper-
ation of watered wells, additional gas injection into the an-
nulus is necessary, according to G.M. Hashmi et al. (2016).

Any model - whether physical, empirical or AI-based -
relies entirely on a high-frequency stream of high-qual-
ity data provided by the sensors to derive a conclusion
about the current state of flow in the wellbore. External
variables such as line pressure can change dramatically
within minutes (e.g., due to compressor failure), which in
turn can cause the well to fail to lift the plunger and flu-
id load to the surface, increasing the likelihood of a fluid
influx. An automated setpoint optimisation solution that
receives high-frequency data can detect such changes in
time and take immediate corrective action to eliminate
the potential consequences of such pressure spikes in the
line. Therefore, scientists have developed algorithms that
initially used modern critical flow equations, such as the
equation by Z. Wang et al. (2017) for calculating critical
flow rates. After comparing the calculated results with ac-
tual well loading data, they found large systematic errors
in empirical models, prompting them to develop and im-
plement a data-based model that provides higher accuracy
in predicting critical flow rates based on actual flow rates
(Rahmati et al., 2022). Another example is the adaptation
of setpoint optimisation algorithms to automatically de-
termine the time of plunger fall. The drop time is usually
set based on the general drop rates provided by the plung-
er manufacturers. These fall rates do not take into account
the effects of the density and viscosity of the fluid in the
tubing string and can therefore greatly overestimate or
underestimate the actual fall time.

The continuous flow plunger lift is not limited to gas
well delimitation and is also suitable for wells with high-
er flow rates. O. Sayman et al. (2022) presented wells with
a flow rate of more than 500 thousand barrels of oil and
2 million cubic feet of gas per day with 2-7/8 inch outer
diameter tubing and two-piece plungers. Typically, higher

well flow rates are the upper operating limit for a continu-
ous flow plunger to start operating. Mechanical models of
plunger lifts for drop stage vs. multiphase flow help deter-
mine when an operator can deploy plungers in their wells
(Sayman et al., 2021). If the plunger lift cycles are aimed at
reducing wax buildup, the well can be shut-in for extend-
ed periods and the plunger can be allowed to drop to the
bottom hole spring even at higher flow rates for a limited
number of daily plunger lift cycles.

The hybrid use of plunger and gas lift lifts is common
in shale wells in North America. The use of a plunger lift
in a well with a continuous gas lift can significantly reduce
the rate of gas injection while maintaining or improving
the production of liquid and gas from the wellbore. The
operation of a plunger lift with a continuous gas supply
is called a plunger-assisted gas lift (PAGL). A convention-
al plunger lift with well shut-in for pressure generation by
gas injection is called a gas-assisted plunger lift (GAPL).
In a PAGL operation, gas injection primarily affects the
pressure gradient, fluid retention and velocity profile of
the gas along with the tubing. Taking these effects into
account by modelling transient or steady-state multiphase
flow allows the use of mechanistic falling and rising mod-
els for a continuous flow ram. During GAPL operation, the
gas lift typically changes the pressure build-up profile and
supports the lift of the plunger. Formation inflow and gas
injection must be considered simultaneously to determine
the casing inlet pressure in traditional mechanical models
of plunger lift. D. Pan (2017) used casing, tubing and line
pressures to estimate the rate of upward movement.

Many well-known commercial multiphase flow simu-
lators can evaluate the effect of gas lift on the pressure pro-
file for both tubing and annulus. The nodal analysis capa-
bilities are supported by gas lift sensitivity, which helps in
the design and optimisation phases. O. Sayman et al. (2020)
developed mechanistic models on continuous flow plung-
ers for tested 6-inch and 9-inch two-component plungers
with steel, cobalt, and tungsten balls. The study showed
that each different plunger geometry changes the plung-
er resistance characteristics, which affect the lowering
and lifting stages of the plunger. This article discusses the
peculiarities of using a plunger lift for watered gas wells.
The main focus was on the analysis of various parameters
that affect the efficiency of plunger systems, including gas
pressure, water factor, well depth, and others. The differ-
ence between the author’s study and the above-mentioned
researchers is that a new approach to calculating the opti-
mal cycle time and plunger lifting speed was introduced.
A methodology has been developed for determining the
upper and lower limits of plunger lift use, which allows in-
creasing the efficiency and reliability of well operation.

Conclusions

The article summarises the peculiarities of operating a wa-
tered gas well with a plunger lift and presents the follow-
ing conclusions. The influence of the water factor on pres-
sure losses in tubing during the movement of a two-phase
gas-liquid flow, the gas flow rate coming from the forma-
tion and the minimum required gas flow rate for bringing
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fluid from the bottom hole to the surface were estimated. A
mathematical model has been developed to determine the
area of effective use of a plunger lift for removing fluid from
the bottomhole of watered gas wells, which depends on the
current value of the water factor. The minimum value (lower
limit) of the water factor, starting from which it is advisable
to use a plunger lift for the operation of a watered gas well,
is established. The maximum value (upper limit) of the wa-
ter factor, above which the energy of reservoir gas is insuf-
ficient for the operation of the plunger lift, is substantiated.
The model well was tested using a plunger lift at different
values of the water factor from 0 to 125 L/thousand m?.

The scope of effective application of the plunger lift
is established, which is limited to the values of the wa-
ter factor in the range from 12 L/thousand m®up to 41 L/
thousand m®. For the maximum value of the water factor,
which is 41 L/thousand m3, the width of the gap between
the plunger body and the tubing wall should not exceed
0.0025 m. With a wider gap width, the loss of gas coming

from the formation through the gap increases, and the
amount of gas remaining becomes less than the required
amount of gas to lift the plunger and the well will not op-
erate. It has been established that the efficiency of using
a plunger lift for the operation of watered gas wells is in-
fluenced not only by the value of the water factor but also
by the width of the gap between the plunger body and the
wall of the tubing. The proposed methodology for selecting
the area of effective use of a plunger lift has been tested for
a hypothetical (model) gas well for different values of the
water factor (water flow rate). It is advisable to calculate
the parameters of the foam packer plunger and compare it
with a conventional plunger in further studies.
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AHoTauig. i1 oTpMMAaHHS BUCOKMX 3HAU€Hb MOTOYHOTO BUAOOYTKY rasy i KiHIeBoro koedilieHTa rasoBuUIyYeHHs
3 POMOBMUII 32 BOJOHAITIPHOTO PEXMMY HEOOXiJHO 3a6e31eunTy IMOBHE i 6e3mepepBHe BUHECEHHS PiIMHM 3 BUOOIO HA
noBepxHI0. EpexTnBHMM MeTomoM iHTeHcubikalii po60TH 06BOLHEHMX ra30BUX CBEPHAJOBUH i IPOLOBKEHHSI Iepiony
ix mpuponHoro GOHTaHYBaHHS € 3aCTOCYBAHHS TUTYH)XEPHOTO MigHiMaua. MeTa JOCTiIKeHHS — OOTPYHTYBaHHS 06/1acTi
e(eKTUBHOTO 3aCTOCYBaHHS TUTYH)KEPHOTO MigHiMava ajis iHTeHcudikallii BUHECeHHST pigvHM 3 0OBOJHEHUX Ta30BUX
CBePJJIOBMH i3 BUKOPUCTAHHSM BJIAaCHOI eHeprii I1acToBOro rasy 3ajexHo Bif BeuunHM BogHoro dakropa. [TlocraBieHi
3aBJaHHSI BUPINIYBAIMCS IUISXOM TIPOBEIEHHS OOCTiIKeHb Ha TilMOTeTUYHili (MOIebHili) OOBOIHEHii TIa30Biit
CBepPJJIOBMHI 3 BUKOPUCTAHHSIM METO/iB MaTeMaTUYHOTO MOZeMI0OBaHHS. 3alIpOIIOHOBAaHA MaTeMaTUYHa MOZe/Ib PO6OTH
TUTYH>KePHOTo MigHIiMaya anpoboBaHa 115l yMOB TiloTeTMYHOI ra30Boi CBep/I0BMHM 3a Pi3HUX 3HaUeHb BOLHOTO pakTopa
Big 0 mo 125 n/Tuc.m3. 1151 pO3MISIHYTOI CBepAJIOBMHM 00/1acTh edeKTUBHOTO 3aCTOCYBaHHS ITYH)KepHOTO MiJHiMaua
06MeXyeTbCsl 3HaAUeHHsIMM BopHoro daxrtopa 12-41 ji/tuc.m®. 3rifHO 3 pes3yabTaTaMM JOCIIIKeHb OOIPYHTOBAHO
MaKCMUMajbHe 3HaUeHHS MMPUHY 3a30Py MiXK Ti/IOM TUTYH)Xepa i CTiIHKOI0 HAaCOCHO-KOMITPECOPHUX TPYO, sIKa He TIOBMHHA
nepesuiryBati 0,0025 M. Po3po6ieHa MaTeMaTHUHa MOZEIb POOOTH TUTYHKEPHOTO TifgHiMaya B 0GBOJHEHil ra3osiii
CBepAJIOBMHI, SIKa BK/IIOUAaE BMOIp 06sacTi #0ro epeKTMBHOTO 3aCTOCYBAHHS i MaKCMMAaJIbHOTO 3HAUEHHS IMIMPUHU
3a30py MiX Ti/IOM IUTyHKepa i1 CTIHKOI0 HACOCHO-KOMIIPeCOPHUX TPYO, Ja€ MOXKIUBICTb 3ab6e31eunTy cTabiibHy po6oTy
06BOJIHEHMX ra30BMX CBEPIJIOBMH i3 MiABUILEHUM Je6iToOM rasy 3aBIsSKM BMKOPUCTAHHIO BIACHOI eHeprii M1acToBOro
rasy i nponoBXuTK GOHTaHHMI NIepiof ekcIuTyaTallii cBepoBMH. Y pe3yabTaTi Ha MPaKTHULi MiJBUIYEThCS TTOTOYHMIA
BUIOOYTOK rasy i KiHieBuit KoedillieHT ra30BWIYYeHHS 3 POIOBUILA

KnrouvoBi cnoBa: nponykTuBHICTh; BOGHMIT (haKTOp; MexaHi30BaHa eKCILIyaTallis; MiHiMaabHO HeoOXinHuii mebirt rasy;
o6macTb eheKTUBHOTO 3aCTOCYBAHHS ; IIMPUHA 3a30PY
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