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NUMERICAL STUDY OF MICROWAVE IMPACT ON GAS HYDRATE PLUGS IN
A PIPELINE

Purpose. Development of a technique for the numerical study on the decomposition of gas hydrate plugs in deep-water pipe-
lines under microwave radiation using a coaxial source. Theoretical efficiency evaluation of using such an impact to unblock the
pipelines.

Methodology. Mathematical modeling and computational experiment.

Findings. An original mathematical model is proposed to describe heat transfer processes during the decomposition of gas
hydrates in a pipeline under the action of heat sources distributed over the volume. The non-stationary problem of heat transfer
was considered in a one-dimensional formulation. An algorithm for numerical computation is proposed. A mathematical expres-
sion is obtained for distributed heat sources generated by the microwave radiation from a coaxially located SHF antenna. Paramet-
ric numerical studies on temperature fields and decomposition dynamics of a gas hydrate plug are performed for specified param-
eters of pipe and microwave radiation power. The boundaries of the decomposition area and the dynamics of change in this area
are determined. The decomposition time of a gas hydrate plug with a diameter of 0.3 m was determined using a 300 W microwave
source. The complete decomposition took approximately 40 hours.

Originality. The task of thermal decomposition of a cylindrical gas hydrate plug in a pipeline due to microwave heating using a
coaxial microwave power source has been considered for the first time. The process is viewed as a sequence of several stages: heat-
ing, heating and decomposition, decomposition after complete heating of the gas hydrate layer. To model the volumetric dissocia-
tion of gas hydrate, it was proposed to use special functions that characterize the amount of decomposed gas hydrate. The intro-
duction of such functions makes it possible to construct an efficient computational algorithm taking into account the action of
volumetric sources in the decomposition area. The known models mainly consider only surface thermal effect or microwave im-
pact on gas hydrate in porous mediums. The presented model allows describing the decomposition during volumetric heating of a
solid hydrate adequately.

Practical value. Blocking plugs may occur due to hydrate formation when transporting gas through deep-water pipelines or
through pipelines in cold environments. The elimination of such complications is a complex technical task. In particular, a special
source of microwave radiation, which was proposed by the authors in previous works, can be used to unblock the pipeline. The
device that makes the microwave radiation is located along the pipe axis. The results of this work allow us to evaluate the effective-
ness of the microwave method for eliminating the gas hydrate plug. The mathematical model and computational method can be

used in the development of appropriate technologies using a coaxial microwave heating source.
Keywords: gas hydrates, pipeline blockage, microwave radiation, mathematical modeling, heat transfer

Introduction. Currently, there is a growing interest in the
development of natural deposits of gas hydrates, which repre-
sent significant energy reserves, all over the world [1]. Promis-
ing offshore deposits of gas hydrates are located, for example,
in the waters of the Black Sea [2] and The South China Sea
[3]. The development of such natural gas reserves is usually
carried out by dissociating the hydrate into gas and water, fol-
lowed by transportation of the gas through pipelines. It is
known [4] that at great depths the thermodynamic conditions
are rather complicated. One of the common complications
during gas transportation through underwater pipelines is the
reverse phase transition of gas into a hydrate form, resulting in
a plug and channel blockage [5]. In winter similar problems
arise in main pipelines located in regions with a cold climate
[6], as well as in deep-water gas wells [7], which creates risks
for operational safety.

To solve this problem, various technologies are used: the
use of chemical inhibitors [8], pressure reduction in the pipe-
line [9], thermal and mechanical impact [10], the usage of
acoustic, and radiation fields [11], and other physical fields
[12]. The authors of [13] propose electric heating of hydrate-

© Dreus A.Yu., Gubin O.1., Bondarenko V.I., Baochang Liu, Batu-
ta V. 1., 2022

bearing deposits using direct currents or a high-voltage pulse
discharge. Similar technologies are used in the oil and gas in-
dustry to reduce the viscosity of heavy oil and increase the ef-
ficiency of its transportation through pipelines [14]. Chemical
inhibitors are the most used to remove gas hydrate plugs [15].

As shown in [16], one of the promising methods for influ-
encing gas hydrates in order to decompose them is electromag-
netic impact. SHF waves are a highly efficient source of ther-
mal energy that ensures a stable dissociation process. The work
[17] considers the use of microwave radiation for the develop-
ment of natural deposits of gas hydrates. Numerical modeling
is used as a tool for studying physical processes.

The possibility of using SHF waves to eliminate gas hy-
drate plugs in wells is considered in [18]. Moreover, casing
pipes can be used as a waveguide. A similar approach can be
applied to gas pipelines. However, in some cases, it is advisable
to use an internal source of electromagnetic radiation to re-
move the resulting gas hydrate deposits. For example, in [19],
a design of a microwave radiator was proposed for combating
gas hydrate plugs in pipelines that transport gas. The proposed
design uses a microwave radiator, which is coaxially located on
the pipe axis. A review of the literature shows that usage of a
coaxial radiation antenna for the decomposition of gas hy-
drates in pipelines is a new challenge. However, such devices
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are widely used in related areas, for example, to remove gas
condensate [20]. Determining the effective parameters of the
decomposition method of gas hydrates in pipelines requires
the study on temperature fields, which are determined by the
distribution of heat sources. This task can be solved with the
help of mathematical modeling methods.

The purpose of this work is to develop a mathematical
model for the decomposition of gas hydrate plugs under mi-
crowave radiation using a coaxial radiator and to theoretically
evaluate the effectiveness of this method for unblocking. To
achieve the purpose, the following tasks are formulated:

- to analyze modern computational approaches to model-
ing the processes of thermal decomposition of gas hydrates
and justify the choice of a mathematical model for research;

- to develop a mathematical model for determining the
power of volumetric heat release during microwave radiation
using a coaxial energy source;

- to develop a mathematical model of thermal decomposi-
tion of gas hydrate in a pipe under the microwave radiation;

- to perform parametric numerical studies on temperature
fields and temporal characteristics of the decomposition of the
gas hydrate plug for specified geometric parameters of the
pipeline and the power of the radiator.

Problem overview. The blocking of channels due to the for-
mation of gas hydrates is the subject of a fairly large number of
studies. The current state of the issue of such studies is given in
[21]. Numerical methods are an effective tool for the theoreti-
cal study on heat and mass transfer processes during the dis-
sociation of gas hydrates [22]. Currently, there are a large num-
ber of developed mathematical models that describe the pro-
cesses of formation and decomposition of gas hydrates, from
simple analytical solutions [23] to complex numerical multi-
phase models [24], for the implementation of which commer-
cial CFD (Computer Fluid Dynamic) programs are used.

Simulation of electromagnetic impact on gas hydrates is
characterized by a more complex problem statement than in
case of traditional surface heating. The complexity of the state-
ment is connected, first of all, with the need to solve the elec-
tromagnetic problem together with the problem of heat and
mass transfer in a multiphase medium. In this regard, most of
these formulations use a number of physical assumptions that
allow us to simplify the physical and mathematical models.
The main works in this direction are devoted to the problems
of electromagnetic impact on porous hydrate-bearing rocks in
order to extract gas.

CFD modeling of electromagnetic impact on porous hy-
drate-bearing rocks around the well was performed in [25]. In
this model, the pipe is used as a cylindrical waveguide to pro-
vide electromagnetic radiation. When high-frequency electro-
magnetic radiation interacts with the gas hydrate medium,
part of the microwave energy is converted into heat. Thus,
there are thermal sources distributed over the volume, which
can initiate the decomposition of the gas hydrate. The issues of
modeling a volumetric source of heat release are considered.

Most natural deposits of gas hydrates are porous media.
The study [26] simulated the processes of microwave impact
on gas hydrates in a porous medium. The authors show that
when decomposing gas hydrates in a porous body, it is neces-
sary to use models with three characteristic zones: two ho-
mogeneous zones of a completely decomposed and com-
pletely integral gas hydrate, and a zone of phase transforma-
tion. This statement is due to the fact that during the develop-
ment of productive formations there are long heating time
periods. In this case, the width of the phase transition zone
becomes much larger than the characteristic length of the
electromagnetic radiation absorption region. At the same
time, when considering the decomposition processes of gas
hydrates in pipelines, the time scales are much less than when
heating the formations.

In case of surface heating of gas hydrates, the assumption
that the phase transformation happens on a surface of zero

thickness is used more often. Mathematical models of such
processes are based on the classical Stefan problem [27] and
special numerical methods for its solution [28]. In particular,
such a mathematical approach was applied to the problem of
the formation of gas hydrates in [29]. However, the electro-
magnetic effect on gas hydrates is manifested as the action of
volumetric heat sources. In this case, the usage of the Stefan
model is not always justified. Thus, there is a need to model
the distributed volumetric heat release and the laws of motion
of the phase transition boundaries. This paper presents an ap-
proach to modeling the decomposition of a gas hydrate plug in
a pipeline using a coaxial source of microwave radiation.

Problem statement. Let us consider the problem of micro-
wave heating of a cylindrical plug of gas hydrate in a pipeline
with radius R, when the radiation source is located coaxially
on the pipe axis. Let us assume that thermodynamic condi-
tions contribute to forming a hydrate plug at a certain section
of the gas pipeline. To remove the plug, a microwave radiator
is supplied, as shown in Fig. 1.

We will consider the problem under constant pressure. It is
assumed that there is a zone free from gas hydrate on the pipe
axis at the initial moment of time, where the radiation source
is located. We will neglect the change in the electromagnetic
and thermal characteristics of the gas hydrate. Thus, the mod-
el is limited only to electromagnetic and heat exchange pro-
cesses. When the dissociation temperature is reached at some
point, a region, in which the decomposition takes place di-
rectly, is beginning to form in the gas hydrate layer. The di-
mensions of this region change throughout the process.

The design scheme is presented in Fig. 2.

The thickness of the gas hydrate layer is 4. From an elec-
trodynamic point of view, a gas hydrate is a non-magnetic
lossy dielectric characterized by a complex permittivity. The
electrical properties of gas hydrates are well studied [30]. The
power of internal heat sources arising in an undecomposed hy-

Drilling fluid
Hydrate outlet

Hydrate formation

Hydlrate plug
Microwave
antenna

Fig. 1. Problem statement scheme

Fig. 2. Mathematical model scheme:

1 — pipe; 2 — gas hydrate layer; 3 — zone of homogeneous fully
decomposed hydrate; 4 — microwave antenna
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drate due to the action of microwave waves is determined in
accordance with the following expression [17]

E‘ztan& (1)
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where fis the frequency; g, is the electrical constant; €’ is the
relative permittivity of the gas hydrate; tand is the dielectric
loss tangent; E is the complex amplitude of the radial compo-
nent of the electric field intensity. Thus, to determine the heat
release power, it is necessary to solve the problem of EM wave
propagation in a multilayer dielectric medium. In the general
case, such a task of the propagation of an EM wave in an inho-
mogeneous medium is rather complicated. In the case, when
the EM field depends only on one radial coordinate, the prob-
lem can be simplified. Then, for a monochromatic plane wave,
the wave equation has the form of
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where k =2nf,/g,l, isthe propagation coefficient of electro-
magnetic (EM) waves in vacuum; p, is the magnetic constant.
Equation (2) with the corresponding boundary conditions that
determine the radiation conditions, as well as for various op-
tions for a multilayer structure, is considered in detail in
(Nasyrov N. M., Nizaeva I. G., Sayakhov F. L., 1997). Let us
write expression (1) taking into account the solution of (2) ob-
tained in the work mentioned above
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where 0L=5k\/; tand is the attenuation coefficient of EM

waves, N, is the radiation power. It follows from the form of
expression (3), that the heat source power exponentially re-
duces when the distance from the pipe axis is increasing.
From the point of view of heat transfer, the period of micro-
wave radiation can be divided into several stages. We will as-
sume that the decomposition products formed in the process
are immediately removed from the surface. The first stage cor-
responds to the microwave heating of the gas hydrate up to the
phase transition temperature 7. The mathematical model for
this stage is the heat-transfer equation and boundary conditions
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where time #* is determined by the condition T(R,, ') = Ty, Tjis
the initial temperature; c is the heat capacity; p is the density; A
is the thermal conductivity of the gas hydrate solid phase.

Boundary conditions (5) for (4) assume that the pipe is
thermally insulated and we neglect heat exchange with the en-
vironment on the free surface of the gas hydrate.

After reaching the temperature of the phase transforma-
tion value T}, the second stage begins, during which the de-
composition of the hydrate into gas and water begins. At the
same time, a zone where the gas hydrate continues to warm up
to the temperature 7}, and a zone where the heated gas hydrate
dissociates are formed. To model the decomposition, we in-
troduce the function 0 < y < 1, which characterizes a part of
the dissociated gas hydrate, and is determined by the equation

0
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where z,(7), 2,() are functions that describe the position of the
zone boundary in which the dissociation of the gas hydrate oc-
curs, the moment of time #* is determined from the equation
T(R,, ') = T;. Thus, there are relations
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z(#) = max,, _r; (10)
zz(t):maXT:T[ r. (11)

Heat transfer in the zone where the gas hydrate has not yet
reached the dissociation temperature is described by the fol-
lowing model
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At the final stage, the layer of incompletely decomposed
gas hydrate is completely heated to the dissociation tempera-
ture and the decomposition occurs throughout the whole vol-
ume. This stage continues until the complete decomposition
of the hydrate. The mathematical model describing the pro-
cess of thermal decomposition takes the following form

pLE g2 (14)

T=T, w()<r<Ry; " <t<f™ (15)
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zy(f) = max,, _r, (17)

ke

where the moment of time ¢
Y(Ry, 7)) = 1.

Thus, the process of decomposition of a gas hydrate plug
under electromagnetic radiation in a one-dimensional formu-
lation is described by the system (1—17). The solution of the
task is a sequential numerical solution of problems (4—6), then
(7—11) and (12—13), then (14—17).

Results and discussion. Mathematical modeling of the de-
composition of a gas hydrate plug in a pipeline under micro-
wave radiation using a coaxially located antenna was per-
formed on the basis of the model presented above for the ini-
tial values given in Table.

The power of the microwave source was taken in accor-
dance with the data of [12]. Numerical integration of the sys-
tem (4—17) was performed by the finite volume method.

As a result of numerical simulation, the dependences of
temperature and functions v, z;, 7, on time were obtained at
each stage of the process. Fig. 3 shows the results of the com-
putations at the first stage: heating the gas hydrate before the
start of the decomposition. The change in temperature from
the initial value 7, to the temperature corresponding to the be-
ginning of the gas hydrate dissociation under given conditions
is shown.

As can be seen from Fig. 3, the process of gas hydrate de-
composition begins at the point where the influence of volu-
metric sources is maximal. The initial stage of heating is quite
short compared to the subsequent stage of decomposition and
is about 3.5 min after the start of microwave exposure. Fig. 4
shows further temperature change in the gas hydrate until
complete heating to the dissociation temperature.

The data in Fig. 4 show that the complete heating of the
gas hydrate to the dissociation temperature under the action of

is determined from the equation
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Table
Initial data

Parameter Value Unit
Ny 300 w
€ 4.17 -
€ 8.85-107" F-m!
Ho 1.26-10°¢ N-A"
tand 0.1 —
f 2.45 GHh
Ry, 0.018 m
R, 0.15 m
L 1-10° J/kg
p 900 kg/m?
A 2.11 W/(m - K)
c 2,500 J/(kg - K)
T; 279 K
T, 274 K
280 -
279
278
277 4
X
= 276
275
274 4
273 ; : T T T

T T
000 002 004 006 008 010 012 014

r,m

Fig. 3. Temperature field during the initial microwave heating of
the gas hydrate plug:
1—t=0min; 2—t=1min; 3—t=2min; 4— 3.4 min

279

278

2774

T,K

2764
275 !

274

T
000 002 004 006 008 010 012 0,14

r,m

Fig. 4. Temperature field during the initial microwave heating of
the gas hydrate plug:
1—t=34min; 2—t=10min; 3 —t=20 min; 4 — 36 min

a microwave source of a given power is performed in 36 min.
After this time, the dissociation of the gas hydrate in the entire
volume begins, and the size of the plug decreases. Fig. 5 shows
the change in the temperature field in the initial period of
heating in the form of a distribution diagram of isotherms in
coordinate system (7, 7).

0,14
0,12
0,10
£ 0,081

123 4

0,06
0,04
0,02

5
T T T T T T T
0,0 01 0,2 03 0,4 05 0,6
t, hr

Fig. 5. Dynamics of the temperature field in the initial period of
microwave heating: isotherms:

1-274.6K 2-276K;3—-277K; 4—-278K; 5— 279K

The dynamics of the decomposition of the gas hydrate can
be carried out on the basis of the analysis of the change in the
function v, Fig. 6.

Thus, as follows from the data in Fig. 6, the process of
complete decomposition of the gas hydrate plug with the given
geometry and parameters of microwave exposure will take ap-
proximately 40 hours. The duration of the dissociation stage
compared to heating is explained by the high value of the heat
of phase transformation and the exponential weakening of the
effect of volumetric heat sources as the phase transition
boundary moves away from the radiation source. The change
in the region where the gas hydrate dissociation occurs under
the action of volumetric heat sources is described by functions
z1(8), zo(f). Fig. 7 shows graphs of these functions, where the
time axis is shown in a log-log plot for convenience.

As can be seen from Fig. 7, function z,, which describes the
advancement of the temperature front 7, changes rapidly in
the initial period (about 36 minutes). After that, the dissocia-
tion of the hydrate begins in the entire volume. Function z;
determines the boundary position of the decomposed gas hy-
drate and makes it possible to estimate the change in the size of
the hydrate plug.

For a visual representation of the dynamics of changes in
the gas hydrate area over time, Fig. 8 shows a diagram of
change in the function of dissociated gas hydrate. The areas in
Fig. 8 correspond to the following: y = 0 is the area of unde-
composed gas hydrate, 0 < y < 1 is the area in which the de-
composition of gas hydrate takes place, and y = 1 is the area of
completely decomposed gas hydrate.

The diagram in Fig. 8 clearly demonstrates how the area in
which the gas hydrate decomposes in the pipe changes with
time under microwave exposure.

1,04

0,8

0,6

0,41

0,2

T
000 002 004 006 008 010 012 014

r,m

Fig. 6. Change in the function \y along the radius r at different
time moments:
1—t=34min; 2—t=1hr; 3—t=5hrs; 4— 10 hrs; 5— 20 hrs;
6 — 30 hrs; 7— 40 hrs
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0,16 4

0,14
0,12
0,10
~ 0,08
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0,00 T T T
0,1 1 10 40
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Fig. 7. Change in functions z,(t), 2,(f) with time t.
1—2y(1); 2—2y(0)

t, hr

Fig. 8. Diagram of the change in the area of decomposed gas
hydrate (function ) with time

Conclusions. A review of the known works shows that to
date, the problem of thermal decomposition of a gas hydrate
plug in pipes due to microwave radiation has not been stud-
ied enough. In particular, there are no mathematical models
for the volumetric decomposition of gas hydrate in a pipe
under the action of a coaxial radiator. In this work, a math-
ematical model is proposed for computing the process of
volumetric heat release in a cylindrical layer of gas hydrate
under the influence of electromagnetic energy from a coaxi-
al source.

A mathematical model of heat transfer is proposed, which
allows solving the task of the decomposition of a gas hydrate
plug in a pipeline using microwave radiation, within the
framework of heat conduction problem. The decomposition
of a gas hydrate plug under microwave radiation can be divided
into several non-equivalent stages: initial heating, joint heating
and dissociation, volumetric dissociation after complete heat-
ing. To describe the volumetric dissociation of gas hydrate, it
is proposed to use function vy, which is related to the function
of volumetric heat release. The volumetric heat release when
using a coaxial radiation source will decay exponentially with
moving away from the source. The results of the computations
show that usage of a specific coaxial microwave radiator allows
ensuring the removal of gas hydrate deposits in the pipeline,
with the considered initial parameters. The time for complete
decomposition of the gas hydrate was about 40 hours. The
model can be used for further evaluation of the pipeline un-
blocking using microwave heating.
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Meta. Po3poOka MeTOAMKU YMCEJIbHOTO JOCIiIKEHHS
MPOLIECIB PO3KIIaJaHHs ra3origpaTHUX MPOOOK Yy MIMOOKO-
BOIHHUX TPYOOIIPOBOIAX IILISIXOM MiKPOXBUJILOBOI'O BILIUBY 3
BUKOPUCTAHHSM KOaKCiaJIbHOTO JKepesia BUIPOMiHIOBAHHSI.

TeopetnuHa oliHKa e(peKTUBHOCTI BAKOPUCTAHHS TaKoi il
3a11s1 JIiKBiailii 6JJOKyBaHHSI TPYOOIIPOBO/iB.

Mertoauka. MareMaTUYHE MOIENIOBAHHSI Ta OOYMCIIO-
BaJIbHUU €KCIIEPUMEHT.

Pe3yabraTu. 3anponoHoBaHa opUriHajlbHa MaTeMaTUYHa
MOJENb ISl ONUCY TEIUIOOOMIHHMX MPOLECIB il Yac po3-
KJIaJJaHHS Ta30BUX TiapaTiB y TpyOOIPOBOIi Mij Ai€10 po3Mno-
NiJIEHUX 3a 00csiroM mxepes teruia. HectauionapHa 3agaya
TEIUIOOOMiHY po3rJsigajgacss B OZHOBUMIpPHili MOCTaHOBILI.
3amnporoHOBaHO AJTOPUTM YUCETBbHOTO po3paxyHKy. OTpu-
MaHO MaTeMaTUYHUI BUpa3 /IS PO3MOAIEHUX JIKepesa Te-
TJ1a, 110 YTBOPIOIOTHCS 32 PAXYHOK MiKPOXBUIBOBOTO BUIIPO-
MiHIOBaHHS Bill KoakciajJbHO poataiioBaHoi HBY-aHTeHu.
BukoHaHi mapamMeTpryHi YuceabHi AOCHIIKEHHS TeMmepa-
TYPHMX TMOJIiB i AMHAMiKU pO3KJalaHHs ra3oriipaTHoi Mpoo-
KM 3a 3allaHuX mapaMeTpiB Tpyou # motyxHocti HBY-
BUIIpOMiHIOBaya. BusHaueHi Mexi obaacTi po3kiagaHHs i
NMHaMiKa 3MiHU 1i€l obsacti. Bu3HaueHo yac po3kiagaHHs
MpoOKM ra3zoBoro rimpaty aiametpoM 0,3 M 3a MOTY>XHOCTI
mkepena BunpoMiHioBaHHa 300 Br. Yac moBHOro poskia-
TIaHHS CTAHOBUTD 0J1M3bKO 40 rofguH.

HaykoBa HoBHM3HA. YTiepiiie po3IJIsTHyTa 3a1a4ya TerIoBO-
IO pO3KJIaJaHHS LIWIiHAPUYHOI ra3oriapaTHoi MpoOKHU Yy Tpy-
6onpoBozi 3a paxyHoK HBY-HarpiBaHHSI Mpu BUKOPUCTAHHI
KOaKCiaJIbHOro Jikepesia MiKpoXBUJIbOBOiI eHeprii. IIporec
pO3IJISIIAEThCS SIK TTOCHIIOBHICTh KUJIBKOX €TarliB: HarpiBy,
HarpiBy i po3kJjiajaHHs, TOBHOTO MPOrpiBaHHS 1Iapy ra3o-
BoOro rigpaty. I1st MoieatoBaHHs 06’ €MHOI AMcoIliallii ra3o-
BOTO TifipaTy 0yJI0 3alpONOHOBAHO BUKOPUCTOBYBATH CIIEIli-
abHi YHKIIII, 10 XapaKTepU3yIOTh KiJTbKiCTh PO3KIIAIEHOTO
ra3oBOro rinpaty. YBeneHHs Takux GyHKIiN Aae 3MOTy To-
OymyBaTy e(PeKTUBHMII aJrOPUTM PO3PAXYHKY 3 ypaxyBaH-
HSM Jii 06’eMHMX JIXKepesl y 30Hi po3kianaHHs. BinoMi mose-
JIi pO3IJISIAAIOTh, TOJIOBHUM YMHOM, TiJTbKY ITOBEPXHEBUH Te-
IJTOBUIA BIJIMB a00 MiKPOXBUJIBOBUIA BILJIMB Ha ra3oBi rigpa-
TH Y IopucToMy cepenoBuili. [IpencraBneHa Momesb 103BO-
JISIE aIEKBATHO OMMCYBATU MPOLEC PO3KIIAAAHHS MPU 00’ €M-
HOMY HarpiBaHHi CyLiJIbHOTO Tiapary.

IIpakTuyna 3HauumicTb. [Ipu TpaHCTIOPTYBaHHI ra3y rim-
0OKOBOOHUMM TpyOompoBoaamMu abo TpybompoBogaMHu, 110
3HAXOJSAThCS B YMOBAX XOJOJHOTO HABKOJMIITHBOTO CEPENO-
BUIIIA, MOXKJINBE BUHUKHEHHS OJIOKYIOUMX MPOOOK 3a paxy-
HOK rifpatoyTBopeHHs. JlikBimailis Takux yCKJIalHEHb
MPENCTaBMIsSIE CKIaJHE TeXHiYHEe 3aBAaHHS. 30Kpema, IJIst
YCYHEHHs OJI0OKyBaHHSI TpyOONPOBOIiB MOXHa BUKOPUCTO-
BYBATH CTIeIliaJIbHE IXKEPENI0 MiKPOXBUIHOBOTO BUTIPOMiHIO-
BaHHS, sKe OYyJIO 3alpOINIOHOBAHO aBTOpPaMU B IOINEpPEaHiX
po6otax. [TpucTpiit, 1110 peanizye BUNPOMiHIOBaHHS, IMiIBO-
IUThCS 0 TPOOKHU 1O oci TpyOou. PesynbraTtu naHoi pobotu
TIO3BOJISIIOTh BUKOHATH OLIiHKY eekTuBHOCTI HBY-MeTomy
JIKBifalii razorigpaTHoi MpoOKU. MaTeMaTuyHa Monelb i
METOJMKA PO3PaXyHKY MOXYTb OyTU BUKOPUCTAHi TIPU PO3-
poO1Ii BiMOBITHUX TEXHOJIOTili YCYHEHHS OJIOKYBaHHS TPY-
OOMNpOBO/IIB i3 BUKOPHUCTAHHSM KOAKCiaJbHOTO IXepesa
HBY-HarpiBaHHs.

KimouoBi ciioBa: eazoei eidpamu, 610KysantHs mpybonpogo-
die, MiKkpoxeunvosa 0is, mamemamu4ne MoOeAOBAHHS, MENA0-
00MiH
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