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METHOD OF NUMERICAL ANALYSIS OF THE PROBLEM
OF STATIONARY FLOW PAST BODIES OF REVOLUTION BY VISCOUS
FLUID

Context. The nonlinear stationary problem of flow past a body of revolution by a viscous incompressible fluid is examined in this article.

Objective. The purpose of this work is to develop a new method of numerical analysis of stationary problems of flow around bodies of
revolution by viscous incompressible fluid.

Method. The mathematical model of the process under consideration is a nonlinear boundary value problem for the stream function
obtained by the transition from the system of Navier-Stokes equations to one nonlinear equation of the fourth order. A special feature of the
formulation the task of the flow past body is that the boundary value problem is considered in an infinite region and both boundary conditions
on the boundary of the streamlined body and the condition at infinity are imposed for the stream function. Using the structural method (the
R-functions method), the task solution structure, that exactly satisfies all the boundary conditions of the task, and also guarantees the
necessary behavior of the stream function at infinity, is constructed. Two approaches are proposed to approximate the uncertain components
of the structure. The first approach is based on the use of the successive approximations method, which makes it possible to reduce the solution
of the initial nonlinear task to the solution of a sequence of linear boundary value problems. These linear tasks are solved by the Bubnov-
Galerkin method at each step of the iteration process. The second approach for approximating the uncertain components of the structure is
based on the usage of the nonlinear Galerkin method and it is proposed to use it in the case of divergence of successive approximations. In this
case, the solution of the initial nonlinear task reduces to solving a system of nonlinear algebraic equations.

Results. A computational experiment was carried out for the task of flow past a sphere, an ellipsoid of rotation and two articulated
ellipsoids for various Reynolds numbers.

Conclusions. The conducted experiments have confirmed the efficiency of the proposed method of numerical analysis of stationary
problems of flow around bodies of revolution by viscous incompressible fluid. The prospects for further research may consist in using the
method developed for the implementation of semi-discrete and projection methods for solving non-stationary problems.

Keywords: flow past bodies, stationary flow, viscous fluid, stream function, R-functions method, successive approximations method,
Galerkin method.

NOMENCLATURE
0Q — boundary of a streamlined body;

U, — unperturbed fluid velocity at infinity;
v =Re~! — viscosity factor;
E — Stokes operator in a spherical coordinate system;
F — class of functions which have generalized
derivatives up to the second order inclusive and are

{9 (7,0)} — a complete system of particular solutions

of the equation g2, —( with respect to the exterior of a

quadratically summable together with the derivatives with

respect to y; on the boundary 9Q they meet to the
homogeneous boundary conditions of the corresponding
task;

J,(£) — Gegenbauer functions of the first kind;
n — outer normal to 9Q ;
r, 6, ¢ — variables of the spherical coordinate system;

Re — Reynolds number;
u — solution of the auxiliary task with homogeneous

boundary conditions;
uflo), , u’(j‘),... — sequence of approximations to the

generalized solution of the task for u , which is considered
in the finite domain;

u: — generalized solution of the task for u , which is

considered in the finite domain;
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sphere of finite radius;

{t,;(r,8)} — a complete system of particular solutions
of the equation g2, _¢ relative to the domain
{o(r,0) <M},

{0;(,0)} — sequence of functions that is complete
concerning whole plane;

®,, ®, — undefined components of the solution
structure;

y =y(r,0) — stream function;

o — a sufficiently smooth function, built with the help
of a constructive apparatus of the R-functions theory;

® =0 — normalized equation of 9Q);

Q - flow domain;

Q, — bounded domain {0<w(r,0)<M,};

€, — any finite part of Q.
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INTRODUCTION

The phenomena, which are observed in the atmosphere
and the hydrosphere, the problems of hydrodynamics,
aerodynamics, heat power engineering, chemical kinetics,
and biomedicine, can be often researched within the
framework of an incompressible viscous fluid model. The
tasks, which represent the practical interest, as a rule, are
described by the nonlinear Navier-Stokes equations. In the
case, when the task possesses symmetry properties and
can be reduced to a two-dimensional one, it is convenient
to enter the stream function instead of components of the
fluid velocity. Methods for solving the external tasks
(problems of flow past bodies) for equations with respect to
the stream function have not been developed sufficiently,
which is due to the high order and nonlinearity of the
equations, as well as the limitlessness of the domain in which
the equations are considered. The structural R-functions
method, which has been used in this work, allows to
construct the so-called structures of the solution of
boundary value problems are bundles of functions which
exactly satisfy all the boundary conditions of the task. The
geometry of the area is taken into account exactly.
Approximating further the undefined components of the
solution structure by some projection method, we obtain an
approximate solution in an analytical form, which facilitates
its further usage for finding various flow characteristics.
Thus, the development of new, as well as the improvement
of existing methods of mathematical modeling of stationary
problems of flow past bodies by viscous incompressible
fluid using the R-function method, is a scientific issue of
current interest.

The object of the investigation is the stationary
hydrodynamic process of flow past bodies by a viscous
incompressible fluid, described by a nonlinear equation with
respect to the stream function.

The subject of the study is a mathematical model of the
stationary problem of flow past a body by viscous
incompressible fluid and the method of its numerical analysis.

The purpose of the work is to develop a new method of
mathematical simulation of stationary flow past bodies of
revolution by viscous incompressible fluid on the basis of
the R-function method.

1 PROBLEM STATEMENT

We consider the nonlinear steady-state problem of flow
past body of rotation by viscous incompressible fluid in a
spherical coordinate system [1, 2]:
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2 REVIEW OF THE LITERATURE

In general, the methods of finite differences and finite
elements are used for numerical analysis of hydrodynamic
problems. The main advantage of these methods is the
relative simplicity of implementation, however, when moving
to a new domain (especially complex geometry), it is
necessary to generate again and adjust the calculated grid
under the task. Furthermore, the demolition of the conditions
on infinity on a certain contour, which is located at a finite
distance from the streamlined body, gives the additional
errors in the approximate solution. Using the R functions
method [3, 4] of V. L. Rvachev, the Academician of Ukrainian
National Academy of Sciences, it is possible to take precisely
into account the geometric and analytical information
included in the statement of the problem.

The R-functions method in hydrodynamics problems was
used in [5-10], but the tasks for calculating steady flows of
an ideal fluid, stationary and nonstationary flows of a viscous
fluid in limited domains or viscous liquids in the presence of
helical symmetry were considered. The tasks of flow past
bodies of rotation by a stationary flow of a viscous fluid
using the R-function method were solved in [11-16]. The
task of calculating the external slow flow past bodies by a
viscous incompressible fluid (Stokes linearization) is solved
in [11-13]. Usage of R-functions method, successive
approximations and Galerkin-Petrov method to calculate
axisymmetric stationary flows of a viscous incompressible
fluid was proposed in works [14, 15]. The task of mass
transfer of a body of rotation with a uniform translational
flow was considered in [16].

In this work the R-functions method, successive
approximations and Galerkin method are proposed to apply
for mathematical modeling of nonlinear stationary task of
flow past body of revolution by a viscous incompressible
fluid.

3 MATERIALS AND METHODS

For solving the task (1)—(3), we introduce the function
B

M
l—exp—x, 0<x<M;
Su (x) = x—-M
1, x>M (M =const>0),

which meets the following conditions:

1) g >0 in Q;2) mM|aQ:0;

3) 90| L1 4y ey =1,if ey, =M.

LUNFYe)

In the task (1)-(3) we will make a replacement y = ug +u ,

where wuy is solution of the linear task (Stokes
approximation):

E*uy=0in Q, @
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Method for solving the task (4)—(6) was developed in
the works [11-13].

For function u# we obtain a boundary value problem
with homogeneous boundary conditions

vEy = 1 (6‘(140 +u) OE(ug +u)
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We use the method of successive approximations to

solve task (7)—(9). If the initial approximation is given u,ﬂo)
and f approximation ugk) is built, then the new (k+1)

approximation ”r(zkH) will be found as a solution of the linear

problem
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continued by zero outside Q,, .

A theorem on the convergence of successive
approximations (10)—(11) at small Reynolds numbers for each
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n in the energy norm to a unique generalized solution
u: e F of the task (7)—(9), which is examined in a bounded
domain Q,, was formulated and proved in work [15].

According to the Bubnov-Galerkin method, at each
iteration in the domain ,, we will seek the approximate
solution of task (10)—(11) in the form

(k+1) Z (k+1) (12)

(k+1)
n,j

of linear algebraic equations

Numbers ¢ , j=L..,N, are solution of the system
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We construct a system of coordinate functions {¢;}.
For this we use a complete system of particular solutions of

the equation E*u=0 [17] and the structure method of
R-functions [3, 4].
In work [13] it was proved that the function of the form

(13)

is the structure of the solution of the boundary value task
(7)-(9), i.e. for any choice of sufficiently smooth functions

®; and @, (d)l-r_2
the boundary conditions (8) and the condition at infinity (9).

Approximations of the indeterminate components @
and @, of structure (13) will be sought in the form

2 2
u :qu)l +(1)M(1—0)M)q)2-
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where

{0k (r,0)} = (rF T (cos ), k =2,3,...;

r3_k.]k (cos0), k=4,,...},

{1;(r,0)} ={rJ(cos0), J3(cosH),

erj(cosf)), rj+2Jj(cose), j=23..}.

Then, the complete sequence of functions concerning
whole plane has the form:

{0;(r,0)} = {0}y (,0)0; (1,0),

@iy (1, 0)(1 -0y (,0)7;(7,0)}

In case of divergence of successive approximations we
will use nonlinear Galerkin method. An approximate solution
uy n of the task (7)—(9) which is considered in the finite
domain Q, is sought in the form (12). As a result, we obtain
a system of nonlinear equations, each of which is a quadratic
function with respect to Cp ;. As the initial approximation,
we choose a set €y, j, which corresponding to the solution
of the linear task (Stokes approximation), or, for large
Reynolds numbers, to the solution which obtained for smaller
Reynolds numbers.

4 EXPERIMENTS

A computational experiment was carried out for the tasks
of flow past a sphere, ellipsoids of rotation with different
semi-axes, and two articulated ellipsoids. The double
integrals in the systems for the determination ¢, ; were

L3}

calculated approximately by the Gauss’ formula with 50 nodes
for each variable. For the method of successive

approximations, calculations were ceased at € = 107 It was
experimentally established that for Re >10 the successive
approximations diverge. In this case, the nonlinear Galerkin
method was used to obtain the approximate solution.
Calculations for the tasks of flow past a sphere

x2+y2+zz =1 at Uoo =1, M:lo, my =10, my =14,
2 2

%+z2 =1

1,5

at U, =1, M =10, m; =10, m, =14, Re =10; 30; 50,

two articulated ellipsoids, limited by surfaces

Re =10; 20; 25, ellipsoid of revolution

2 2 2 2
-D7+
u+22 =1, M.FZZ =lLat U, =1,

22 22
M =10, my =6, my=10, Re=35;10;20, were
performed.
5 RESULTS

Fig. 1 shows the streamlined contours of the obtained
approximate solution for the task of flow past a sphere. The
detailed pictures of streamlined contours and vector velocity
field behind the sphere are shown in Fig. 2.

Fig. 3 shows the streamlined contours of the obtained
approximate solution for the task of flow past an ellipsoid of
rotation. The detailed pictures of streamlined contours and
vector velocity field behind the ellipsoid are shown in Fig. 4.

Fig. 5 shows the streamlined contours of the obtained
approximate solution for the task of flow past two articulated
ellipsoids. The detailed pictures of streamlined contours
and vector velocity field behind ellipsoids and in the hollow
between them are shown in Fig. 6.
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Figure 1 — Streamlined contours of obtained approximate solution for flow past a sphere:

a— Re=10,b- Re=20,c— Re=25

53



MATEMATUYHE TA KOMIT'FOTEPHE MOJEJIFOBAHH S

a
Figure 2 — Detailed pictures of streamlined contours and vector velocity field behind the sphere:

a— Re=10,b- Re=20,c— Re=25
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Figure 3 — Streamlined contours of obtained approximate solution for flow past an ellipsoid of rotation:

a— Re=10,b- Re=30,c— Re=50
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Figure 4 — Detailed pictures of streamlined contours and vector velocity field behind the ellipsoid:
a— Re=10,b- Re=30,c- Re=50
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Figure 5 — Streamlined contours of obtained approximate solution for flow past two articulated ellipsoids:

a— Re=5,b-Re=10,c— Re=20
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Figure 6 — Detailed pictures of streamlined contours and vector velocity field behind ellipsoids and in the hollow between them:

a— Re=5,b- Re=10,c- Re=20

6 DISCUSSION

For small Reynolds numbers, the flow is symmetrical,
without the formation of a detachment zone in the aft domain
of the body. With an increase in the Reynolds number the
flow pattern changes: the secondary vortices appear behind
the body and their size and intensity increase.

In the task of flow past a sphere, it is found that the
secondary vortices behind the body appear with an increase
in the Reynolds number up to ~20—25. For the task of
flow past an ellipsoid of rotation with the ratio of the semi-

axes of an ellipsoid %2 2, the secondary vortices behind

the body do not appear independently of the Reynolds
number, but appear with a decrease in the ratio of the semi-
axes. For two articulated ellipsoids, a computational
experiment showed that as the Reynolds number increases
up to =10, vortices appear behind the body and in the
hollow at the junction of the ellipsoids.

The obtained results correlate with the known results of
physical experiments [18] and the results obtained by other
authors [19, 20], which indicates the effectiveness of the
developed numerical method.

CONCLUSIONS

A new numerical method for the calculating the external
flows of viscous incompressible fluid is proposed. The
proposed method is based on the joint application of the R-
functions method, successive approximations and Galerkin
method. The algorithm of the method does not change when
the geometry of the domain is changed, and the structure of
the solution accurately takes into account both the
boundary conditions on the boundary of the streamlined
body and the condition at infinity. It is experimentally
established that the iterative process begins to diverge at
Reynolds numbers Re > 10. In this case, to approximate the
undetermined components of the structure of the solution
of the nonlinear stationary problem of flow past a body of
revolution by a viscous incompressible fluid in a spherical
coordinate system the nonlinear Galerkin method was
applied. For various Reynolds numbers, the stationary
problem of flow past a body of rotation in a spherical

coordinate system for a sphere, ellipsoid, and two articulated
ellipsoids has been solved numerically. For each body
Reynolds numbers, at which secondary vortices arise behind
the body, are defined.
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M. bekeroBa, XapkiB, YkpaiHa

’Kauz. ¢i3.-Mar. HayK, JOLEHT, TOLEHT Kadeapu IpHKIIa HOl MaTeMaTHKy XapKiBCbKOTO Hal[iOHAILHOIO YHIBEPCHTETY PaJii0eieKTPOHIKY,
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SKaup. men. Hayk, TOUEHT KadeIpu BHINOI MaTeMaTHKH XapKiBCHKOrO HANliOHAJIBHOTO YHIBEPCUTETY MICBKOTO TOCIOAapCTBa iMeHi
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METO/ YACEJIbHOI'O AHAJI3Y 3AJIAYI OBTIKAHHS TLJI OBEPTAHHS CTALIIOHAPHUM IOTOKOM B’S3KOi
PIAUHU

AKTyaJbHIiCTb. Y CTaTTI pO3IIANAETHCS HEMiHINHA CTalliOHapHA 3aja4a OOTIKaHHS Tia 00epTaHHs B’SI3KOI0 HECTUCIUBOIO PiIHHOIO.

Meta po6oTn — po3poOka HOBOTO METOIY YHCEIBHOIO aHali3y CTalliOHAPHMX 3ajad OOTIKAHHS TN 0OEpPTaHHS B’SI3KOI0 HECTUCIHMBOIO
pinuHOIO.

MeToa. MaTeMaTHYHOIO MOJIEJLIIO PO3IVIsAYBAaHOTO IIPOLECY CITYKUTh HeNliHiliHA KpalioBa 3anaua [ GyHKLUIT Teuii, oTpuMaHa rnepexogoM
Biz cucremu piBHAHb Hap’e-CToKca 10 OIHOIO HEJHIHHOro piBHAHHS 4eTBepTOro nopsaxy. OcoOMMBICTIO MOCTAHOBKY 3a]ia4i OOTIKaHHS € Te,
110 KpaioBa 3aJja4a po3IIAAa€ThCsl B HECKIHUEHHIH o0nacTi 1 1t pyHKUil Teuii cTaBIsThCS SIK KpaioBi yMOBH Ha MEXi Tina, 1110 O0TIKA€ThCS, TAK
i yMOBa Ha HECKIHYCHHOCTI. 3a JOMOMOTOI CTPYKTYpHOro merony (Merony R-dyHKIii) Oymayerbes cTpyKTypa po3B’si3Ky 3a1adi, sika TOYHO
3aJJOBOJIbHSIE BCi KPaliOBI YMOBH 3ajadi, B TOMY YHCII rapaHTye MOTPiOHY MOBeMiHKYy (YHKII Tedil Ha HecKiHdeHHOCTi. J{ist anpokcumarii
HEBU3HAYCHUX KOMIIOHEHT CTPYKTYPH MPONOHYETHCS ABa Mifxoau. [lepumii miaxix 3acHOBaHUN HAa BUKOPUCTAHHI METOY NOCIiTOBHUX HAOIH-
JKEHb, KUl J103BOJISIE 3BECTU PO3B’sI3yBaHHS BHXIAHOI HENMHIHHOI 3a1adi 10 PO3B’sI3yBaHHs MOCIIZOBHOCTI JiHIHUX KpaifoBux 3amad. Ha
KO)KHOMY KpOIIi ITepaIiiifHoOro mpoiecy i JiHiiHI 3a1a4i po3B’si3yroThCst MeTooM byOHoBa-lI'anmbopkina. Jpyruii miaxig 10 ampoKcHMaril
HEBU3HAYCHUX KOMIIOHEHT CTPYKTYPHU 3aCHOBAaHHI Ha 3aCTOCYBaHHI HeliHiiiHOro Merony I'anbopkiHa i HOro MpornoHyeThCsk BUKOPHCTOBYBATH
B pa3i po30DKHOCTI MOCIIIOBHUX HAOIKEeHb. Y I[bOMY BUIAIKy PO3B’SI3yBaHHS BHXITHOI HENHINHOI 3a1a4i 3BOAUTHCS 0 PO3B’SI3yBaHHS
CHCTEMH HENHIHHUX anreOpalyHuX piBHSIHB.

PesyabraTu. OOUKCITIOBANIBHIN EKCIIEPUMEHT MIPOBEACHUH JUTs 3a1a4i 00TiKaHHs cepH, erincoina 00epTaHHs i JBOX 3’ €HAHKX EIIICOI/IIB
JUTSL pi3HUX Yncen PeliHomb/ca.

BucHoBku. [IpoBeneHi ekcriepuMeHTH HiATBEpIUIN NPalLe3JaTHICTh 3aPOIIOHOBAHOI0 METOY YHMCENIBHOTO aHaNli3y CTAal[iOHApHUX 3a/1ad
00TIKaHHS TiJ1 00EPTaHHS B S3KOI0 HECTHCIMBOIO PiMHOIO. [lepCcreKTuBH MoAaIbIINX JOCITIKEHb MOXKYTh TTOJISATaTH Y BAKOPHCTAHHI pO3po0ite-
HOTO METONy TIPH peali3alii HoMyAiCKpEeTHHX 1 MPOSKLUIHHMX METOIB PO3B’sI3aHHS HECTAIlIOHAPHUX 3a/1ad.

Kuarouosi cioBa: 3aaua 00TiKaHHS, CTalliOHApHA Tedis, B’s13Ka pinuHa, GyHKIisA Tedii, MeTon R-(yHKIIii, METO/] MOCIi JOBHUX HAOIMKEHb,
Merox [anbpopkiHa.

JlamrioroBa C. H.!, Cunopos M. B.2, Cutnukosa 10. B.3

'Kanz. ¢u3.-Mar. HayK, acCHCTEHT Kad)eIpbl BHICHICH MaTeMaTHKH XapbKOBCKOIO HAIMOHAJIBHOIO YHHBEPCHTETA TOPOICKOrO XO3SHCTBA
nmernn A. H. bekeroBa, XappkoB, YkpanHa

*Kanz. ¢pus.-MaT. HayK, JOLEHT, JOLEHT KadeApbl IPUKIATHON MATEMATHKH XapbKOBCKOTO HAIIMOHAILHOTO YHHBEPCHTETA PaJHOICKTPOHH-
KM, XapbKoB, YKpanHa

’KaHz. mex. Hayk, JOLEHT KadeIpbl BBICIICH MaTeMaTHKH XapbKOBCKOTO HAIIMOHAIBHOTO YHHBEPCHUTETa TOPOICKOTO XO3SMCTBA MMEHH
A. H. bekeroBa, XapbkoB, Ykpanna

METO/ YUCJIEHHOI'O AHAJIA3A 3AJIAYY OBTEKAHHUSI TEJI BPAIIIEHUSI CTALIMOHAPHBIM IIOTOKOM BSI3KOM
KUIKOCTHU

AKTYya/IbHOCTBb. B cTathe paccmarpuBaeTcs HENMMHEHHAs CTalMOHApHAA 3a7ja4a 0OTEKaHHs Tela BPAIIEHHs BI3KOH HEC)KNMAEMOH XKUAKO-
CTBIO.

Leab paboThl — pa3paboTKa HOBOTO METOIa YUCIECHHOTO aHAIIM3a CTAIMOHAPHBIX 3a/1a4 OOTEKaHHs Tl BPAIICHUS BSI3KON HEC)KMMaeMOn
KUAKOCTBIO.

MeToa. MaremaTrn4eckoif MOZIENIbIO PACCMAaTPHBAEMOTO IIpOLiecca CIY)KUT HEJIMHEHHas KpaeBas 3ajada Uil (YHKIMU TOKa, MOTydeHHas
IIEpEeXo/IoM OT cucTeMbl ypaBHeHHiI HaBbe-CToKca K OHOMY HENMHEHHOMY ypaBHEHMIO 4ETBEPTOro mnopsaka. OCOOCHHOCThIO MOCTAHOBKU
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3a7aul OOTEKaHUs ABJIETCS TO, YTO KpaeBas 3aJauya paccMaTpHBaeTcs B OECKOHEUHOH o0nacTH U Ais (QyHKIMU TOKA CTaBSTCA KaK KpaeBble
YCIIOBHS Ha TPpaHMIe 00TEKaeMOro Tena, Tak U yclIoBue Ha 6eckoHeyHocTH. C IOMOLIBIO CTPYKTYPHOro Meroza (Merona R-(yHKIMIT) CTpouTcs
CTPYKTypa peLIeHus 3a]1a41, KOTopasi TOYHO yIOBJIETBOPSIET BCEM KPAeBbIM YCIOBUSM 3a/1auH, B TOM YHCIIE TAPAHTUPYET HY>KHOE I1OBEJICHHE
(yHKIMHU TOKa HA OECKOHEYHOCTH. JIJIsl allpOKCMMALMK HEOIIPEIeIeHHBIX KOMIIOHEHT CTPYKTYpBI IIpearaercs ABa noaxozaa. Ilepsslii monxoxn
OCHOBAaH Ha MCIIOJIb30BAHUM METOJIa II0CIIEI0BATENbHBIX MPUOIIKEHUI, KOTOPBIH 1103BOJISET CBECTH PELIEHUE UCXOAHOH HEIMHEHHON 3a1auu K
PELIEHHUIO OCIIeI0BATEIbHOCTY JIMHEHHBIX KpaeBbIX 3a7a4. Ha ka1oM IL1are UTepallMoOHHOIO IpOLecca 3TH JMHEHHbIE 3a7auu pelaTcs
MmeronoM byOnosa-I'anepkuna. Bropoit mogxon K annpoKCHMalMy HEONPEIENEHHbIX KOMIOHEHT CTPYKTYpbl OCHOBAH Ha IPUMEHEHHMHU HENH-
HelfHoro mMeroza I'anepkuHa U ero npearaercst UCHONIb30BaTh B CIIy4ae PACXOAUMOCTH IMOCIENOBATENbHBIX NPUOIMKeHuid. B aToM ciyuae
pellieHne UCXOHON HeMMHENHOM! 3aJauy CBOAUTCS K PELICHUIO CUCTEMbI HEJIMHEHHBIX anreOpanueckux ypaBHEHuUI.

Pe3ynbTaThl. BeruuciutenbHbli 3KCIEPUMEHT NPOBEIEH I 3a1aud oOTekaHHs cepbl, HIUIMICOMA BPAIIEHUS U JIBYX COUIEHEHHBIX
3JUIMIICOUJIOB IS Pa3/IUUHbIX uncen PefiHombaca.

BriBoabl. [IpoBeneHHbIE SKCIIEPUMEHTBI MOATBEPANIH PAOOTOCIOCOOHOCTh IPEIOKEHHOIO METO/1a YMCIEHHOTO aHa/IN3a CTallHOHAPHBIX
3a1a4 00TEKaHUs TeN BPaLleHUs BSA3KOH HEC)KMMAEMOMN XKUIKOCTbI0. IIepcrieKTHBbI JaibHEHIINX HCCIeIOBAaHUI MOTYT 3aKJII0YaThCsl B UCIONB30-
BaHMH pa3pabOTaHHOIO METO/A NPH PEAH3aLUU MONYUCKPETHBIX U MPOEKIMOHHBIX METOJOB PELICHNUs HECTALIMOHAPHBIX 3a/1a4.

KioueBble cii0Ba: 3aj1a4a 00TEKaHUs, CTALIMOHAPHOE TEUEHHE, BS3Kasl )KMAKOCTb, (DYHKIHS TOKa, MeTo, R-DyHKIMI, METO] MOCIe10Ba-

TeJbHbIX NPUOIMKeHNH, MeTox ["anepkuHa.
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