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ANNOTATION 

 

Bakun V. A. <Test fire stand of high-altitude liquid rocket engines of low thrust= 

3 Qualification scientific work in the form of a manuscript. 

Dissertation for the degree of Doctor of Philosophy in specialty 134 <Aviation 

and rocket and space technology= (013 3 Mechanical engineering). - National 

Technical University of Ukraine <Igor Sikorsky Kyiv Polytechnic Institute=, Kyiv, 

2025. 

The dissertation research was carried out at the Department of Space 

Engineering of the National Technical University of Ukraine <Igor Sikorsky Kyiv 

Polytechnic Institute= of the Ministry of Education and Science of Ukraine. 

The dissertation work is devoted to ensuring the testing of a high-altitude liquid 

rocket engine of low thrust in conditions simulating space vacuum. 

The research topic is related to the development of liquid rocket engines and the 

development of related equipment, which is a complex, multi-stage process that 

includes various stages: design, production, testing and serial production (if necessary). 

One of the most important stages is precisely the tests that confirm whether the product 

meets the declared technical and functional characteristics. Testing is a crucial stage, 

since it is at this stage that the performance of liquid rocket engines in various 

conditions is assessed, as well as their reliability and safety. Among the large number 

of studies that need to be conducted, from the tests of engine units or individual 

elements to the a full-fledged rocket engine, fire tests, which are carried out both in 

atmospheric conditions and with simulation of the most realistic space operating 

conditions of the engine, play a key role. Imitation of space conditions, vacuum in 

particular, allows to check the operation of a rocket engine in an environment that 

significantly differs from the parameters of the atmosphere on the Earth's surface. This 

ensures the identification of potential design flaws at the development stage, which 

reduces the risk of failure during actual use. In addition, tests contribute to the 

improvement of technological processes, optimization of design solutions and 

increasing the overall efficiency of the engine. Thus, fire tests are a fundamental stage 
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in the process of creating a liquid rocket engine, which helps to ensure the achievement 

of product quality and reliability standards. 

The purpose of the dissertation is to develop a fire test stand to confirm the 

operability of high-altitude liquid rocket engines in approximate operating conditions 

and to substantiate established design parameters. 

To achieve this goal, it is necessary to solve a number of scientific and technical 

problems: 

̶  conduct an analysis of the implementation and use of existing designs and 

methods of operation of test stands for liquid rocket engines, methods of creating an 

environment that simulates vacuum, as well as an analysis of the use of additive 

technologies in the rocket and space industry; 

̶ develop a mathematical model for modeling the thermo-gasodynamic 

processes of the joint operation of a liquid rocket engine and a gas ejector installation 

during fire tests; 

̶ develop a structural pneumohydraulic diagram of a fire test stand and a cycle 

diagram of its operation; 

̶ design system elements of the fire test stand, including using additive 

manufacturing technology; 

̶ investigate the vibration load created as a result of the operation of a liquid 

rocket engine and a gas ejector installation; 

̶ develop practical recommendations for protecting elements of the stand 

equipment, as well as the engine under test, from vibrations and acoustic noise arising 

during tests. 

The object of the study is the process of fire tests of low-thrust high-altitude 

liquid rocket engines. 

The subject of the study is an experimental stand for testing high-altitude low-

thrust liquid rocket engines with simulated vacuum conditions. 

The introduction provides a justification for the choice of the topic of the 

dissertation research, emphasizing its relevance in the context of the modern 

development of rocket and space technology. The main goal of the work is determined, 
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the tasks that need to be solved to achieve the set goals are formulated. The connection 

of the research with current scientific and practical programs is outlined, in particular 

in the field of space technologies. The scientific novelty of the results is noted, which 

includes the development of new approaches to the creation and testing of liquid rocket 

engines, and the practical significance of the obtained data for improving existing 

designs and technologies is also outlined. Special attention is paid to the author's 

contribution, which consisted in the direct implementation of experimental research, 

the development of models and the analysis of the results obtained. 

The first section considers the design features of liquid rocket engines, 

including the classification of their main elements and principles of operation. Various 

types of test stands, their design features and functional capabilities are described. 

Special attention is paid to the analysis of test stands used for fire tests of liquid rocket 

engines. It is noted that the implementation of such stands is a complex technological 

process that requires significant resources, precise compliance with technical 

requirements and a high level of training. Various types of test stands, their design 

features and functional capabilities are described. Along with this, systems that ensure 

the creation of conditions that simulate vacuum, including gas-ejector installations, 

vacuum pumps and gas-dynamic tubes, are studied. An analysis of their effectiveness 

and impact on the accuracy of the results obtained is presented. 

Special attention is paid to additive technologies, which are actively 

implemented in the rocket and space industry. Their application is considered not only 

in the production of parts for liquid rocket engines, but also in the manufacture of test 

stand elements. The advantages of additive technologies are analyzed, including the 

possibility of rapid prototyping, reducing material costs, increasing product accuracy 

and simplifying the technological process. Examples of the successful use of additive 

methods in the creation of test bench elements are highlighted, which significantly 

reduces the time for preparing for experiments and ensures high reliability and 

accuracy of measurements. 

The second section of the dissertation study analyzes in detail the process of 

mathematical modeling of thermogasodynamic phenomena accompanying the testing 
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of a low-thrust liquid rocket engine on a test fire stand, with conditions simulating 

vacuum. In this context, the technical characteristics of the tested engine are given, 

including key parameters such as: thrust, specific impulse and operating temperature 

regimes. The physical and mathematical models used to formalize the problem are 

described, as well as the initial and boundary conditions that took into account the 

specifics of the test environment. 

Considerable attention is paid to the verification of the mathematical model, in 

particular by comparing the results of calculations with experimental data obtained 

during the tests of the liquid engine and the gas-ejector installation. It is shown that 

modeling allows to predict with high accuracy the main processes, such as: the 

distribution of temperature, pressure and velocity of gas and liquid flows in the test 

facility. This confirms the correctness of the chosen modeling method and its suitability 

for optimizing test parameters. 

The third section of the dissertation describes the process of creating a vacuum 

stand for testing low-thrust liquid rocket engines in conditions as close as possible to 

space vacuum. Attention is paid to the phased development and manufacture of the test 

stand, which includes design, production and testing. A pneumohydraulic scheme of 

the stand is developed and presented. The main parameters of measurements carried 

out during the experiments are considered, including monitoring the operating 

characteristics of the stand and the liquid rocket engine. The stand operation cycle is 

presented, which describes the command execution algorithm, the sequence of start-

up, shutdown, and interaction between the stand systems. Attention is paid to the 

development of the main fuel component supply systems, their design features, and 

implementation methods that ensure stable and efficient engine operation during 

testing. 

The fourth section describes the process of experimental development and 

manufacturing of a gas-ejector installation, which is a key component for creating 

conditions that simulate vacuum. The design methodology is described, which was 

based on the integration of modern engineering approaches, in particular, the use of 

numerical modeling to optimize the design. The main technical characteristics of the 
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gas-ejector installation are presented. The section also describes the plant operation 

cycle diagrams, which reflect the sequence of its start-up, operation, and completion of 

tests. 

Special emphasis is placed on the use of additive technologies in the process of 

manufacturing individual product elements. In particular, the use of 3D printing has 

significantly reduced manufacturing time, reduced production costs and ensured high 

accuracy of parts with complex geometry. 

In the fifth section, an analysis of vibration loads arising during the operation 

of the test complex is performed. The nature and mechanisms of vibration generation 

as a result of thermo-gasodynamic processes in the combustion chamber of a liquid 

rocket engine, as well as in the gas-ejector installation of the stand simulating a 

vacuum, are considered. The data obtained from axial and transverse vibration 

acceleration sensors installed on key elements of the system are analyzed. The intensity 

and frequency spectrum of vibration effects that can cause damage to structural 

elements of a liquid rocket engine and stand are determined. The paper provides 

examples of damage caused by vibration loads, which confirms the need to develop 

effective vibration protection systems. Recommended methods for reducing the impact 

of vibrations were proposed, which include the use of damping materials, design 

optimization and integration of vibration protection systems into the test complex. 

The scientific novelty of the work consists in the following: 

̶ the methodological approach to the design of a test fire stand for low-thrust 

liquid rocket engines has been improved by combining solid-state modeling methods 

to obtain input data for the process, and conducting thermo-gasodynamic calculations 

using numerical Navier-Stokes solutions, with boundary conditions that correspond to 

the operating limitations of high-altitude engines and gas-ejector installations; 

̶ the traditional approach to the implementation of elements of test fire stands 

for high-altitude liquid rocket engines has been improved by introducing additive 

manufacturing technologies, which allows the formation of elements of the gas-air tract 

and fuel systems of the stand that are unattainable for traditional manufacturing 

methods, while simultaneously reducing production time, cost and weight; 
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̶ for the first time, a fire test stand was developed for high-altitude liquid rocket 

engines with thrust from 180 N to 220 N, which is based on the joint operation of the 

gas ejector installation and the engine, which ensures the rarefaction of the working 

medium at the engine nozzle section at a level of up to 3.5 mm Hg. 

The practical significance of the results obtained is as follows: 

̶ practical recommendations have been developed for the engineering creation 

of a facility that creates an environment that simulates vacuum, including elements 

manufactured by additive methods; 

̶ a mathematical model of the joint operation of a high-altitude liquid rocket 

engine and a gas ejector installation has been developed; 

̶ the structure and composition of a test stand for conducting fire tests of low-

thrust liquid rocket engines has been developed; 

̶ the design of the gas ejector installation of the test stand has been developed 

and experimentally tested; 

̶ measuring systems for monitoring technical parameters during fire tests have 

been developed and practically implemented; 

̶ a recommended method for vibration protection of a liquid rocket engine and 

a gas ejector installation has been developed. 

The main scientific results of the dissertation work were published in 7 scientific 

works, in particular in 4 scientific articles, of which 1 article was published in a journal 

included in the list of scientific professional journals of Ukraine with the assignment 

of category "A", and 3 articles were published in professional journals included in the 

list of scientific professional publications of Ukraine with the assignment of category 

"B", and in 3 materials of scientific conferences. 

Keywords: liquid rocket engine, fire stand, dynamic bench, gas dynamic tube, 

additive technologies, additive synthesis, structural materials, part resource, damage, 

simulation model, dynamic model, dynamic mathematical model, analytical solution, 

vibration protection.  
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>15@B0NG8Aь, AB2>@NNBь 7>=8 =87ь:>3> B0 28A>:>3> B8A:C 2A5@548=V ?@8AB@>N. 

�>=8 70157?5GCNBь AB01V;ь=89 20:CC< V 70728G09 28:>@8AB>2CNBьAO 4;O 

?>?5@54=ь>3> 7=865==O B8A:C 2 :0<5@V ?5@54 70AB>AC20==O< V=H8E B8?V2 =0A>AV2. 

!CVD4?ьAV A4EBE< ?@0FNNBь 7024O:8 42>< A?V@0;O<, I> >15@B0NBьAO >4=0 

2V4=>A=> >4=>W, ?>ABC?>2> 28BVA=ONG8 307 7 :0<5@8. �>=8 2V4@V7=ONBьAO 28A>:>N 

5=5@3>5D5:B82=VABN, =87ь:8< @V2=5< HC<C 9 =04V9=VABN, 0;5 =5 740B=V 4>AO30B8 

28A>:>3> 20:CC<C. 

 5E0=VG=V =0A>A8 <0NBь :V;ь:0 ACBBє28E ?5@5203, A5@54 O:8E =04V9=VABь, 

?@>AB>B0 :>=AB@C:FVW B0 ;53:VABь >1A;C3>2C20==O. �@V< B>3>, WE H8@>:5 

28:>@8AB0==O >1C<>2;5=> 2V4=>A=> =528A>:>N 20@BVABN 28@>1=8FB20. �>4=>G0A 

2>=8 <0NBь V =54>;V:8, 7>:@5<0 A:;04=VABь @50;V70FVW :>=AB@C:FV9 4;O 25;8:8E 

@>1>G8E >1'є<V2 B0 >1<565==O 2 4>AO3=5==V 28A>:8E @V2=V2 20:CC<C.  
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"4=8< V7 =091V;ьH @>7?>2AN465=8E B0 5D5:B82=8E @VH5=ь 4;O AB2>@5==O 

?>?5@54=ь>3> @>7@V465==O @>1>G>3> A5@54>28I0 є 28:>@8AB0==O 2>4>:V;ьF528E 

=0A>AV2. *V ?@8AB@>W H8@>:> 70AB>A>2CNBьAO =0 28?@>1C20;ь=8E AB5=40E 4;O 

@V48==8E @0:5B=8E 4283C=V2, >A>1;82> C 28?04:0E, :>;8 =5>1EV4=> ?V43>BC20B8 

>1'є< 20:CC<-:0<5@8 4;O ?>40;ьH>3> 7=865==O B8A:C 4> =5>1EV4=>3> @V2=O. 

#@8=F8? @>1>B8 2>4>:V;ьF528E =0A>AV2 ґ@C=BCєBьAO =0 >15@B0==V 

F5=B@0;ь=>3> @>B>@0 2A5@548=V :>@?CAC, G0AB:>2> 70?>2=5=>3> @V48=>N, 

70728G09 2>4>N. #V4 G0A >15@B0==O @>B>@ CB2>@Nє :V;ьF5 @V48=8, O:5 D>@<Cє 

7<V==V >1'є<8 :0<5@ <V6 9>3> ;>?0BO<8. *59 ?@>F5A 70157?5GCє 70E>?;5==O 307C 

=0 2E>4V =0A>A0, 9>3> B@0=A?>@BC20==O 2 >1<565=><C ?@>AB>@V 4> 28EV4=>3> 

>B2>@C, 45 2V41C20єBьAO ?>ABC?>25 28BVA=5==O 307C 7 A8AB5<8 [22]. 

�024O:8 Fь><C <5E0=V7<C 2>4>:V;ьF52V =0A>A8 740B=V AB2>@N20B8 20:CC<, 

4>AB0B=V9 4;O 28:>=0==O ?>?5@54=ь>3> 5B0?C @>7@V465==O. �>=8 

E0@0:B5@87CNBьAO =04V9=VABN, ?@>AB>B>N :>=AB@C:FVW B0 2V4=>A=> =87ь:>N 

?>B@51>N 2 >1A;C3>2C20==V. "4=0: @V25=ь 20:CC<C, O:89 <>6=0 4>AO3B8 70 

4>?><>3>N 2>4>:V;ьF528E =0A>AV2, >1<565=89 WE=ь>N :>=AB@C:FVєN, B><C 4;O 

70157?5G5==O 3;81H>3> 20:CC<C 28:>@8AB>2CNBь 4>40B:>2V A8AB5<8.  

�;O AB2>@5==O 28A>:>3> 20:CC<C G0AB> 28:>@8AB>2CNBь 3V1@84=V A8AB5<8, 

45 <5E0=VG=V =0A>A8 ?@0FNNBь C ?>є4=0==V 7 V=H8<8 CAB0=>2:0<8. 

"A=>2=8<8 @>1>G8<8 ?@8=F8?0<8 C AB2>@5==V A8AB5< 20:CC<C20==O є 

?>є4=0==O @V7=8E B8?V2 CAB0B:C20==O, O:5 @50;V7Cє 5D5:B A0<>565:FVW. *5 

>1C<>2;5=> B8<, I> 70AB>AC20==O ;8H5 >4=>3> <5B>4C 4;O 70157?5G5==O 

=5>1EV4=>3> @V2=O @>7@V465==O A5@54>28I0 G0AB> є =54>AB0B=V<.  

&0:8< G8=><, >3;O4 @>1VB [6-11, 14-19] 28A2VB;Nє >A=>2=V =54>;V:8 

28?@>1C20;ь=8E 2>3=528E AB5=4V2 @V48==8E @0:5B=8E 4283C=V2, I> ?>28==V 1CB8 

28@VH5=V 01> 24>A:>=0;5=V, 0 A0<5: 

�<EB>4 64DFVEFь EF6BD9AAO F4 9>EC?G4F4JVW. �0:CC<=V 2>3=52V AB5=48 

?>B@51CNBь A:;04=8E V=65=5@=8E @VH5=ь, 7>:@5<0 ?>BC6=8E 20:CC<=8E 

=0A>A=8E A8AB5<, :@V>35==8E CAB0=>2>: B0 70E8A=>W B5@<>V7>;OFVW. *5 @>18Bь WE 

=04728G09=> 4>@>38<8 C 1C4V2=8FB2V B0 ?>40;ьH><C >1A;C3>2C20==V. 
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�5@9:9A4 8BEFGCAVEFь. �8A>:>B5E=>;>3VG=V 20:CC<=V 28?@>1C20;ь=V 

AB5=48 є 2;0A=VABN =51030Bь>E :>A<VG=8E 035=BAB2 V 25;8:8E 05@>:>A<VG=8E 

:><?0=V9 (=0?@8:;04 NASA, ESA, SpaceX, Blue Origin, CNSA). *5 7=0G=> 

CA:;04=Nє 4>ABC? 4> B0:8E 28?@>1C20=ь 4;O <5=H8E :><?0=V9 B0 =0C:>28E 

CAB0=>2. 

�98BEF4FAO FBKAVEFь V@VF4JVW D94?ьAB7B 64>GG@G. '<>28, O:V 

AB2>@NNBьAO 2 =075<=8E 20:CC<=8E AB5=40E, =5 ?>2=VABN 2V4?>2V40NBь 20:CC<C 

2V4:@8B>3> :>A<>AC. !02VBь ?@8 4>AO3=5==V =87ь:>3> B8A:C C 28?@>1C20;ь=V9 

:0<5@V 70;8H0єBьAO 2?;82 70;8H:>2>3> 307>2>3> A5@54>28I0, B5?;>28E 5D5:BV2 

B0 3@02VB0FVW. 

�9?<>V 9A9D79F<KAV 6<FD4F<. �;O ?V4B@8<0==O =5>1EV4=>3> @V2=O 20:CC<C 

B0 2V42545==O 30@OG8E 307V2 ?>B@V1=V 7=0G=V 5=5@35B8G=V @5AC@A8. *5 7<5=HCє 

5:>=><VG=C 5D5:B82=VABь B0:8E 28?@>1C20=ь. 

�5@9:9AAO ;4 DB;@VD4@< 86<7GAV6. �V;ьHVABь ACG0A=8E 20:CC<=8E AB5=4V2 

@>7@0E>20=V =0 B5ABC20==O 4283C=V2 <0;>W B0 A5@54=ь>W BO38. �8?@>1C20==O 

?>BC6=8E <0@H>28E 4283C=V2 4;O <V6?;0=5B=8E <VAV9 є =04728G09=> A:;04=8<8 

G5@57 =5>1EV4=VABь AB2>@5==O 25;8:8E :0<5@ 7 28A>:8< ABC?5=5< 20:CC<C. 

�>B?B7VKA<= 6C?<6. �8:848 B>:A8G=8E :><?>=5=BV2 ?0;ь=>3> (35?B8;, 

07>B=0 :8A;>B0, B5B@0>:A84 4V07>BC) <>6CBь AB2>@N20B8 5:>;>3VG=V @878:8 2 

<VAFOE @>7B0HC20==O AB5=4V2. %8AB5<8 =59B@0;V70FVW B0 >G8I5==O 

2V4?@0Fь>20=8E 307V2 ACBBє2> CA:;04=NNBь 5:A?;C0B0FVN B0:8E >1'є:BV2. 

 

1.3 �=0;V7 28:>@8AB0==O 048B82=8E B5E=>;>3V9 2 @0:5B=>-:>A<VG=V9 
30;C7V 

�48B82=5 28@>1=8FB2> <>6=0 22060B8 >4=8< V7 5B0?V2 B5E=>;>3VG=>W 

@52>;NFVW, B0: O: A0<5 2>=> 4>72>;Oє 2BV;N20B8 2 68BBO 48709= 28@>1V2, O:V =5 

<>6=0 4>AO3B8 28:>@8AB>2CNG8 :;0A8G=V ?V4E>48 4> 28@>1=8FB20 [23 3 43].  

%B0=>< =0 Aь>3>4=V, 048B82=5 28@>1=8FB2> <>6=0 ?>4V;8B8 =0 25;8:C 

:V;ь:VABь <5B>4V2 B0 ?V4E>4V2. *5 ?>2’O70=> 7 B8<, I> 7@>AB0==O 30;C7V 
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2V41C20єBьAO H284H5 =V6 WW AB0=40@B870FVO B0 >?8A. !0?@8:;04, 2 

@>1>B0E [44 - 47] 02B>@8 =0<030NBьAO ?@825AB8 :;0A8DV:0FVN 30;C7V 2 70;56=>ABV 

2V4 A?>A>1C ?V42545==O B5@<VG=>W 5=5@3VW, 01> 6 :>=AB@C:B82=8<8 >A>1;82>ABO<8 

A0<8E ?@8=B5@V2. 

&0:8< G8=><, VA=Cє 1030B> V=482V4C0;ь=8E A?@>1 :;0A8DV:C20B8 <5B>48 01> 

A?>A>18 048B82=>3> 28@>1=8FB20. !5>1EV4=VABь C AB2>@5==V 2;0A=8E 

V=B5@?@5B0FVW ?>OA=NєBьAO ?>ABV9=8< @>728B:>< 30;C7V B0 28@>1=8FB20 B8E G8 

V=H8E 703>B>2>: 28@>1V2 =>28<8 <5B>40<8.  

!0O2=89 AB0=40@B ISO/ASTM 52900:2015 [48] 287=0G0є >A=>2=V ?@8=F8?8, 

107>2V ?>;>65==O B0 B5@<V=>;>3VN <5B>4V2 048B82=>3> 28@>1=8FB20. *59 

=>@<0B82=89 4>:C<5=B @>7@V7=Oє 420 >A=>2=8E ?V4E>48 4> ?@>F5AV2 

283>B>2;5==O: >4=>:@>:>2V B0 1030B>:@>:>2V. 

"4=>:@>:>289 ?@>F5A ?5@5410G0є 283>B>2;5==O 45B0;59 70 >4=C >?5@0FVN, 

?@>BO3>< O:>W >4=>G0A=> 4>AO30NBьAO =5>1EV4=V <5E0=VG=V 2;0AB82>ABV <0B5@V0;C 

B0 >AB0B>G=0 D>@<0 703>B>2:8. &0:89 ?V4EV4 є >A>1;82> 5D5:B82=8< 4;O 

7=865==O 28B@0B G0AC B0 5=5@35B8G=8E @5AC@AV2. !0 @8AC=:C 1.6 =02545=0 

AB@C:BC@=0 AE5<0 >4=>:@>:>2>3> <5B0;52>3> 048B82=>3> 28@>1=8FB20. 

 

$8AC=>: 1.6 3 %B@C:BC@0 AE5<0 >4=>:@>:>2>3> 28@>1=8FB20 [5] 
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"4=>:@>:>2V ?@>F5A8 2 048B82=><C <5B0;52><C 28@>1=8FB2V <0NBь 

@>728=5=C AB@C:BC@C V ?>4V;ONBьAO =0 B@8 >A=>2=V :0B53>@VW: 

Directed Energy Deposition (DED) 3 <5B>4, 70 O:>3> 465@5;> 5=5@3VW 

=0?@02;OєBьAO =0 7>=C >A0465==O <0B5@V0;C, >4=>G0A=> ?;02;OG8 9>3> 9 

CB2>@NNG8 H0@8 703>B>2:8 [49]. /: <0B5@V0;8 70AB>A>2CNBьAO <5B0;5289 

?>@>H>: 01> 4@VB, O:V 281V@:>2> ?>40NBьAO 2 7>=C ?;02;5==O, 4>72>;ONG8 

AB2>@N20B8 45B0;V A:;04=>W 35><5B@VW 01> 2V4=>2;N20B8 ?>H:>465=V 

:><?>=5=B8. #;02;5==O 74V9A=NєBьAO 70 4>?><>3>N 5;5:B@>==>3> 01> ;075@=>3> 

?@><5=N. �;5:B@>==>-?@><5=52V CAB0=>2:8 70157?5GCNBь 28A>:C B>G=VABь V 

?@0FNNBь C 20:CC<V, B>4V O: ;075@=V A8AB5<8 є 1V;ьH C=V25@A0;ь=8<8 B0 <>6CBь 

DC=:FV>=C20B8 2 @V7=><0=VB=8E C<>20E. �024O:8 A2>W9 3=CG:>ABV B0 5D5:B82=>ABV, 

DED 7=0E>48Bь 70AB>AC20==O 2 02V0FV9=V9, :>A<VG=V9 B0 V=H8E 

28A>:>B5E=>;>3VG=8E 30;C7OE. !0 @8AC=:C 1.7 =02545=89 ?@>F5A 283>B>2;5==O 

45B0;V @V48==>3> @0:5B=>3> 4283C=0 <5B>4>< DED B5E=>;>3VW.  

 

$8AC=>: 1.7 - NASA HR-1 Liner [23] 

Sheet Lamination (SHL) 3 ?@>F5A, I> ?5@5410G0є ?>H0@>25 7'є4=0==O 

;8AB>28E <0B5@V0;V2 H;OE>< <5E0=VG=>3> 01> B5?;>2>3> 2?;82C, 70157?5GCNG8 

=5>1EV4=C D>@<C 28@>1C [50]. �'є4=0==O ;8ABV2 74V9A=NєBьAO 70 4>?><>3>N 
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<5E0=VG=>3> ?@5AC20==O, B5@<VG=>3> 2?;82C 01> :><1V=0FVW >1>E <5B>4V2, I> 

70157?5GCє 28A>:C B>G=VABь V <VF=VABь 3>B>2>3> 28@>1C. *O B5E=>;>3VO 4>72>;Oє 

28:>@8AB>2C20B8 H8@>:89 A?5:B@ <0B5@V0;V2, 2:;NG0NG8 <5B0;8, ?>;V<5@8 B0 

:><?>78B8, I> @>18Bь WW 5D5:B82=>N 4;O 283>B>2;5==O ?@>B>B8?V2, 

45:>@0B82=8E 5;5<5=BV2 V DC=:FV>=0;ь=8E 45B0;59. SHL B0:>6 2V4@V7=OєBьAO 

<V=V<0;ь=8<8 2V4E>40<8 <0B5@V0;C, I> A?@8Oє 5:>=><VG=>ABV ?@>F5AC, B0 

<>6;82VABN V=B53@0FVW @V7=>@V4=8E <0B5@V0;V2 4;O AB2>@5==O 

1030B>DC=:FV>=0;ь=8E :>=AB@C:FV9. 

Powder Bed Fusion (PBF) 3 B5E=>;>3VO, O:0 107CєBьAO =0 28:>@8AB0==V 

;075@=>3> 01> 5;5:B@>==>3> ?@><5=N 4;O ?;02;5==O V A?V:0==O ?>@>H:>28E 

<0B5@V0;V2 C 287=0G5=8E B>G:0E 703>B>2:8. #@>F5A ?>1C4>28 45B0;V 28:>=CєBьAO 

H0@ 70 H0@><, I> 70157?5GCє <>6;82VABь 283>B>2;5==O :><?>=5=BV2 V7 

<V=V<0;ь=>N B>2I8=>N ABV=>: V A:;04=>N 2=CB@VH=ь>N AB@C:BC@>N. 

'4>A:>=0;5==O F8E B5E=>;>3V9 4>72>;Oє 4>AO3B8 28A>:>W H284:>ABV 

28@>1=8FB20, 7=0G=>W 3=CG:>ABV ?@>F5AC B0 5D5:B82=>3> 28:>@8AB0==O 

<0B5@V0;V2. &5E=>;>3VW ?>@>H:>2>3> A?V:0==O ?>4V;ONBьAO 70 A?>A>1>< 

?V42545==O 5=5@3VW 4;O A?;02;5==O ?>@>H:C: Laser Powder Bed Fusion (L-PBF) 4 

28:>@8AB0==O ;075@=>3> ?@><5=N 4;O ?;02;5==O ?>@>H:>28E <0B5@V0;V2. 

Electron Beam Powder Bed Fusion (EB-PBF) 4 70AB>AC20==O ?CG:0 5;5:B@>=V2 4;O 

4>AO3=5==O 0=0;>3VG=>3> @57C;ьB0BC. 

*V <5B>48 H8@>:> 28:>@8AB>2CNBьAO 2 02V0FVW, :>A<VG=V9 30;C7V, <548F8=V 

B0 V=H8E 28A>:>B5E=>;>3VG=8E AD5@0E. "A>1;8289 V=B5@5A 28:;8:0є L-PBF 

7024O:8 9>3> ?@840B=>ABV 4;O 28@>1=8FB20 :><?>=5=BV2 @V48==8E @0:5B=8E 

4283C=V2. �0AB>AC20==O B5E=>;>3V9 ?>@>H:>2>3> A?V:0==O A?@8Oє AB2>@5==N 

28A>:>B>G=8E V =04V9=8E :><?>=5=BV2 V7 <V=V<0;ь=8<8 28B@0B0<8 <0B5@V0;C. 

#>H8@5=89 ?V4284 G8 ?V4:0B53>@VO       L-PBF B5E=>;>3VW є Selective Laser Melting 

(SLM). �0=0 =0720 є 1V;ьH 728G=>N 4;O A?5FV0;VABV2 B0 G0ABVH5 28:>@8AB>2CєBьAO 

C 30;C7V. !0 @8AC=:C 1.8 7>1@065=89 >A=>2=89 ?@8=F8? @>1>B8 3D-?@8=B5@0. 
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$8AC=>: 1.8 3 %E5<0B8G=5 7>1@065==O @>1>B8 3D-?@8=B5@0 70 B5E=>;>3VєN SLM 

28@>1=8FB20 [51] 

#><VB=>, I> VA=Cє 25;8:0 :V;ь:VABь :0B53>@V9 ?@>F5AV2 «<5B0;52>3>» 

048B82=>3> 28@>1=8FB20, O:V <0NBь 7=0G=V 2V4<V==>ABV. �2060NG8 =0 B5, I> 

=0?@O< 3D-4@C:C ?>ABV9=> @>72820єBьAO, =0 40=89 <><5=B 4>A8Bь A:;04=> 

?@>25AB8 9>3> >AB0B>G=C AB0=40@B870FVN, I> 2 A2>N G5@3C CA:;04=Nє 

2?@>20465==O FVєW B5E=>;>3VW C 28@>1=8G89 F8:; $$�. �0 >A=>2C >?8AC 048B82=>W 

B5E=>;>3VW 28:>@8AB>2CєBьAO VA=CNG89 AB0=40@B ISO/ASTM 52900:2015. 

 5B>4 048B82=8E B5E=>;>3V9, 7>:@5<0 L-PBF, =040є 157;VG <>6;82>AB59 

4;O 28@>1=8FB20 :><?>=5=BV2, O:V 28:>@8AB>2CNBьAO 2 @V7=8E 30;C7OE, 

2:;NG0NG8 05@>:>A<VG=C V=4CAB@VN. �06;82>N >A>1;82VABN Fь>3> <5B>4C є 

?>ABV9=5 @>7H8@5==O 0A>@B8<5=BC ?>@>H:>28E <0B5@V0;V2, I> @>18Bь 9>3> 2A5 

1V;ьH ?@8201;828< 4;O 70AB>AC20==O C 283>B>2;5==V 28A>:>B5E=>;>3VG=8E 

5;5<5=BV2, 7>:@5<0 4;O @V48==8E @0:5B=8E 4283C=V2. �@0E>2CNG8 7@>AB0NG89 

V=B5@5A 4> 048B82=>3> 28@>1=8FB20, 7>:@5<0 2 :>=B5:ABV $$�, 4>FV;ь=> 

@>73;O=CB8 >A=>2=V ?5@52038 B0 =54>;V:8 B5E=>;>3VW L-PBF. 

#5@52038 FVєW B5E=>;>3VW G8A;5==V. "4=VєN 7 >A=>2=8E є <>6;82VABь 

283>B>2;5==O A:;04=8E 2=CB@VH=VE :>=AB@C:FV9, B0:8E O: >E>;>46C20;ь=V 

B@0:B8 G8 ?>@>6=V A8;>2V >1>;>=:8, I> є 206;828<8 4;O :><?>=C20==O 

5;5<5=BV2 @V48==8E @0:5B=8E 4283C=V2. &5E=>;>3VO B0:>6 4>72>;Oє >1'є4=0B8 

:V;ь:0 A:;040;ь=8E >48=8Fь 2 >4=C 45B0;ь [52], I> ?V428ICє B>G=VABь V 7<5=HCє 
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28B@0B8 =0 A:;040;ь=V ?@>F5A8. �8A>:0 @>74V;ь=0 740B=VABь 4@C:C, 7 <>6;82VABN 

4>AO3=5==O B>2I8=8 H0@C 2V4 20 4> 100 <:<, 40є 7<>3C AB2>@N20B8 45B0;V 7 

<0:A8<0;ь=>N B>G=VABN, I> є =5>1EV4=8< 4;O 28A>:>=020=B065=8E 5;5<5=BV2 

4283C=V2. 

�=0G=>N ?5@5203>N B5E=>;>3VW L-PBF є <>6;82VABь 1C4C20B8 

A0<>?V4B@8<CNGV ?>25@E=V 4> 45°, I> 4>72>;Oє AB2>@N20B8 :>=AB@C:FVW 157 

=5>1EV4=>ABV 4>40B:>2>W ?V4B@8<:8, 7<5=HCNG8 B8< A0<8< 28B@0B8 <0B5@V0;C 9 

A?@>ICNG8 28@>1=8FB2>. �2VA=>, <>6=0 1C4C20B8 A0<>?V4B@8<CNGV ?>25@E=V V 7 

1V;ьH8< :CB>< =0E8;C, ?@>B5 O:VABь F8E ?>25@E>=ь, >A>1;82> H>@AB:VABь, <>65 

A8;ь=> 2?;820B8 =0 05@>48=0<VG=V G8 3V4@02;VG=V E0@0:B5@8AB8:8 28@>1C. !0 

@8AC=:C 1.9 7>1@065=0 O:VABь A0<>?V4B@8<CNG>W ?>25@E=V 2 70;56=>ABV 2V4 :CB0 

=0E8;C. 

 

$8AC=>: 1.9 3 #@8:;04 >E>;>46CNG8E B@0:BV2 283>B>2;5=8E <5B>4>< 

048B82=8E B5E=>;>3V9 [53] 
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� @>1>BV [53] >?8ACєBьAO ?@>F5A 283>B>2;5==O B@0:BC >E>;>465==O :0<5@8 

73>@O==O @V48==>3> @0:5B=>3> 4283C=0 70 4>?><>3>N 3D-4@C:C. ,8@>:89 281V@ 

<0B5@V0;V2 4;O L-PBF, 2:;NG0NG8 A?5FV0;ь=V AB0;V B0 A?;028, 40є <>6;82VABь 

@>7@>1;OB8 V==>20FV9=V @VH5==O 4;O A:;04=8E :><?>=5=BV2, I> ?@0FNNBь 2 

5:AB@5<0;ь=8E C<>20E. &0:>6 20@B> 2V47=0G8B8, I> 1030B> <0B5@V0;V2, 

28:>@8AB>2C20=8E C Fь><C ?@>F5AV, =5 ?>B@51CNBь 4>40B:>2>W B5@<VG=>W >1@>1:8 

4;O 7=OBBO 2=CB@VH=VE =0?@C65=ь, I> 7=0G=> ?@8A:>@Nє 28@>1=8FB2>. 

�>40B:>2>N ?5@5203>N є <>6;82VABь >?B8<V70FVW <0A8 5;5<5=BV2 

:>=AB@C:FV9 $$� 2 =0A;V4>: 28:>@8AB0==O <5B>4V2 B>?>;>3VG=>W >?B8<V70FVW. *5 

4>72>;Oє AB2>@N20B8 ;53HV V 1V;ьH 5D5:B82=V :><?>=5=B8 157 2B@0B8 WE 

<5E0=VG=>W <VF=>ABV. �030B> ?@8:;04V2 70AB>AC20==O 9 28:>@8AB0==O 

B>?>;>3VG=>W >?B8<V70FVW >?8A0=> 2 @>1>B0E [54-58]. �0AB>AC20==O L-PBF B0:>6 

7=0G=> A:>@>GCє G0A 28@>1=8FB20, 7<5=HCє B@C4>28B@0B8 V 4>72>;Oє 2V4<>28B8AO 

2V4 4>@>38E >A=0AB>:, =5>1EV4=8E 4;O B@048FV9=8E <5B>4V2 28@>1=8FB20. �024O:8 

Fь><C, B5E=>;>3VO 4>72>;Oє 7=86C20B8 28B@0B8 B0 G0A =0 28@>1=8FB2> 5;5<5=BV2 

:>=AB@C:FV9 @V48==8E @0:5B=8E 4283C=V2 V ?V428ICє 5D5:B82=VABь C FV;><C. !0 

@8AC=:C 1.10 ?@82>48BьAO ?@8:;04 ?>@V2=O==O G0AC B0 :>HBV2 70B@0G5=8E =0 

28@>1=8FB2> :0<5@8 73>@O==O $$� 2 ?>@V2=O==V 7 B@048FV9=8<8 <5B>40<8 

28@>1=8FB20. %?>AB5@V30єBьAO 7=0G=5 A:>@>G5==O 28B@0B V G0AC =0 28@>1=8FB2>. 

 

$8AC=>: 1.10 3 #>@V2=O==O 28:>@8AB0==O 048B82=>3> 28@>1=8FB20 7 

B@048FV9=8<8 ?V4E>40<8 [23] 

!0 @8AC=:C 1.11 7>1@06CєBьAO >48= V B>9 A0<89 AB@C:BC@=89 5;5<5=B 

@V48==>3> @0:5B=>3> 4283C=0, ?@>B5 283>B>2;5=89 B5E=>;>3VO<8 L-PBF B0 DED. 
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#@82545=0 @V7=8FO C G0AV 28@>1=8FB20, 0 B0:>6 ?><VB=>, I> ?VA;O DED 

B5E=>;>3VW, =5<0є ?V4B@8<CNG8E 5;5<5=BV2, I> A?@>ICє ?>40;ьHC >1@>1:C. 

 

$8AC=>: 1.11 3 #>@V2=O==O 28:>@8AB0==O B5E=>;>3V L-PBF B0 DED 

28@>1=8FB20 [23] 

"4=0:, =572060NG8 =0 G8A;5==V ?5@52038, 70AB>AC20==O L-PBF <0є V A2>W 

=54>;V:8. "4=8< 7 3>;>2=8E >1<565=ь є 2V4ACB=VABь 5D5:B82=>W A8AB5<8 

:>=B@>;N O:>ABV 4;O 283>B>2;5=>W ?@>4C:FVW. &5E=>;>3VG=V 45D5:B8 <>6CBь 

28=8:0B8 G5@57 25;8:89 2?;82 @V7=><0=VB=8E G8==8:V2, B0:8E O: ?0@0<5B@8 

=0;0HBC20==O 3D ?@8=B5@0, I> <>65 ?@8725AB8 4> ?>O28 2=CB@VH=VE 45D5:BV2 2 

<0B5@V0;0E. �> F8E D0:B>@V2 B0:>6 <>6=0 2V4=5AB8 O:VABь >1;04=0==O B0 

?>@>H:C, =02VBь 2>;>3VABь 2 ?@8<VI5==V, 45 2V41C20єBьAO 4@C:, <>65 2?;820B8 =0 

O:VABь 3>B>2>3> 28@>1C. *5 >A>1;82> :@8B8G=> 4;O 5;5<5=BV2, O:V ?@0FNNBь ?V4 

28A>:8<8 =020=B065==O<8, B0:8E O: 45B0;V @V48==>3> @0:5B=>3> 4283C=0. 

�>A;V465==O =02545=V 2 @>1>BV [59] ?V4:@5A;NNBь, I> ?@8 28:>@8AB0==V L-PBF 

B5E=>;>3VW 4;O 283>B>2;5==O :><?>=5=BV2 @V48==8E @0:5B=8E 4283C=V2. &0:>6 4> 

F8E D0:B>@V2 <>6=0 2V4=5AB8 O:VABь >1;04=0==O B0 ?>@>H:C, =02VBь 2>;>3VABь 2 

?@8<VI5==V, 45 2V41C20єBьAO 4@C:, <>65 2?;820B8 =0 <V:@>AB@C:BC@C <0B5@V0;C V 

2 :V=F52><C ?V4AC<:C 4 =0 9>3> <5E0=VG=V E0@0:B5@8AB8:8, B0:V O: B25@4VABь V 

ABV9:VABь 4> 28A>:8E B5<?5@0BC@.  

-5 >4=8< ACBBє28< =54>;V:>< є ?>@V2=O=> 28A>:0 20@BVABь A5@V9=>3> 

28@>1=8FB20 70 4>?><>3>N 3D ?@8=B5@V2. �>=8 <0NBь >1<565=C 740B=VABь 4> 

283>B>2;5==O 25;8:8E 28@>1V2, I> <>65 7=0G=> 71V;ьH8B8 28B@0B8 =0 

28@>1=8FB2> 25;8:8E ?0@BV9. �@V< B>3>, 4;O 283>B>2;5==O 25;8:8E A5@V9 45B0;59 
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=5>1EV4=> 71V;ьHC20B8 :V;ь:VABь CAB0=>2>:, I> <>65 1CB8 5:>=><VG=> 

=55D5:B82=8<. �030B> :>A<VG=8E :><?0=V9 V >@30=V70FV9 0:B82=> 

5:A?5@8<5=BCNBь 7 2?@>20465==O< L-PBF =0 5B0?0E, I> 2:;NG0NBь 

283>B>2;5==O ?@>B>B8?V2 B0 4@V1=>A5@V9=5 28@>1=8FB2> :><?>=5=BV2. *5 

4>72>;Oє ?@8A:>@8B8 ?@>F5A8 B5ABC20==O B0 ?5@52V@:8 =>28E :>=AB@C:B82=8E 

@VH5=ь 157 7=0G=8E 28B@0B =0 AB2>@5==O A?5FV0;ь=8E >A=0AB>: V V=AB@C<5=BV2. 

&0:>6 =54>;V:>< є 1V;ьH 3@C10 O:VABь ?>25@E>=ь 28@>1V2, I> >B@8<CNBьAO 

70 4>?><>3>N 048B82=>3> 28@>1=8FB20 (72VA=> BV;ь:8 B>4V, :>;8 H>@AB:VABь 

?>25@E=V є 206;82>N 4;O DC=:FV>=0;C 45B0;V). *5 є =0A;V4:>< A?5F8DV:8 

B5E=>;>3VW, V B0:V ?>25@E=V ?>B@51CNBь 4>40B:>2>W >1@>1:8 4;O 4>AO3=5==O 

=5>1EV4=8E E0@0:B5@8AB8:. � >1<565=><C ?5@5;V:C <0B5@V0;V2 4;O L-PBF B0:>6 

<>6=0 ?>10G8B8 ?52=V ?@>1;5<8. � >4=>3> 1>:C, :V;ь:VABь 4>ABC?=8E <0B5@V0;V2 

?>ABV9=> 7@>AB0є, 0;5 ?@8 ?>@V2=O==V 7 B@048FV9=8<8 <5B>40<8 28@>1=8FB20, 

?>@>H:>2V 0=0;>38 <>6CBь 1CB8 7=0G=> 4>@>6G8<8. ' 45O:8E 28?04:0E, :>;8 =5 

VA=Cє ?@O<8E 0=0;>3V2 B@048FV9=8E <0B5@V0;V2, =5>1EV4=> HC:0B8 0;ьB5@=0B828, 

I> <>65 CA:;04=8B8 ?@>F5A 01> ?@8725AB8 4> 2V4<>28 2V4 28:>@8AB0==O 

B5E=>;>3VW 2 45O:8E 28?04:0E. 

#VA;O 22545==O 048B82=8E B5E=>;>3V9 C 28@>1=8FB2> 5;5<5=BV2 @V48==8E 

@0:5B=8E 4283C=V2, 25;8:5 7=0G5==O <0NBь 4>A;V465==O, O:V ?V4B25@46CNBь 

5D5:B82=VABь V ?>B5=FV0; B5E=>;>3VW L-PBF. !0?@8:;04, 2 @>1>BV [60] ?>:070=>, 

I> 70AB>AC20==O B5E=>;>3VW L-PBF 4>72>;Oє 4>AO3B8 28I>W B>G=>ABV V <5E0=VG=8E 

2;0AB82>AB59 C ?>@V2=O==V 7 B@048FV9=8<8 <5B>40<8 283>B>2;5==O, >A>1;82> 2 

0A?5:BV B5<?5@0BC@=8E V <5E0=VG=8E =020=B065=ь =0 <0B5@V0;8. 

�030;><, <>6=0 22060B8, I> =0?@O<>: 048B82=8E B5E=>;>3V9 2V4:@820є 

FV;89 @O4 =>28E <>6;82>AB59 4;O @>7@>1=8:0. �8:>@8AB0==O 3D-4@C:C =5 

>1<565=5 AD5@>N G8 =0?@O<:><, 0 є C=V25@A0;ь=8<. �>=> <>65 

28:>@8AB>2C20B8Aь O: C A:;04=8E B5E=>;>3VG=8E A8AB5<0E @V48==8E @0:5B=8E 

4283C=V2, B0: V 2 ?@>ABVH8E, 4;O ?@8:;04C AB5=4>28E A8AB5<0E. 
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1.4 �8A=>2:8 4> $>74V;C 1 

#8B><89 V<?C;ьA є >4=8< V7 =09206;82VH8E ?0@0<5B@V2, I> 287=0G0є 

5D5:B82=VABь @0:5B=>3> 4283C=0. �V= E0@0:B5@87Cє :V;ь:VABь BO38, O:C 4283C= 

<>65 AB2>@8B8 =0 >48=8FN 28B@0G5=>3> ?0;ь=>3>, V 28<V@NєBьAO 2 A5:C=40E. ' 

20:CC<=8E C<>20E ?8B><89 V<?C;ьA 7=0G=> 28I89, =V6 2 0B<>AD5@V, >A:V;ь:8 

2V4ACB=V9 7>2=VH=V9 B8A:, O:89 702060є ?>2=><C @>7H8@5==N 307V2 C A>?;V. %0<5 

B><C 28?@>1C20==O @V48==8E @0:5B=8E 4283C=V2 C 20:CC<=8E :0<5@0E =5>1EV4=V 

4;O B>G=>3> 287=0G5==O WE=ь>W 5D5:B82=>ABV C 2V4:@8B><C :>A<>AV 

�8?@>1C20==O @V48==8E @0:5B=8E 4283C=V2 C 20:CC<V ?@>2>4OBь 4;O B>3>, 

I>1 <0:A8<0;ь=> B>G=> 2V4B2>@8B8 C<>28 WE=ь>W @>1>B8 2 :>A<VG=><C ?@>AB>@V. 

� 0B<>AD5@V �5<;V 7>2=VH=V9 B8A: 2?;820є =0 @>7H8@5==O 307V2 C A>?;V, I> 

7<V=Nє E0@0:B5@8AB8:8 BO38 B0 5D5:B82=VABь 4283C=0. ' 20:CC<V FV D0:B>@8 

2V4ACB=V, B><C 28?@>1C20==O 2 A?5FV0;ь=8E 20:CC<=8E :0<5@0E 4>72>;ONBь 

>B@8<0B8 4>AB>2V@=V 40=V ?@> @>1>BC 4283C=0 C 2V4:@8B><C :>A<>AV, 45 =5<0є 

0B<>AD5@=>3> >?>@C B0 7<V==8E C<>2 B8A:C. $>7H8@5==O 28?@>1C20;ь=8E 

?>BC6=>AB59 4>72>;Oє 74V9A=N20B8 1V;ьH B>G=V 9 V=D>@<0B82=V B5AB8, I> є 

70?>@C:>N CA?VH=>3> @>728B:C O: 45@602=8E, B0: V ?@820B=8E :><?0=V9 C 30;C7V. 

�06;828< 0A?5:B>< 2 Fь><C ?@>F5AV є H8@>:5 2?@>20465==O 048B82=8E 

B5E=>;>3V9 C 28@>1=8FB2> :><?>=5=BV2 4;O @0:5B=>W B5E=V:8. &5E=>;>3VO 

048B82=>3> 28@>1=8FB20 40є <>6;82VABь 283>B>2;OB8 45B0;V, O:V @0=VH5 1C;8 

206:> 4>AO6=V 01> =5<>6;82V 4;O AB2>@5==O B@048FV9=8<8 <5B>40<8, 7>:@5<0 

7024O:8 <>6;82>ABV 283>B>2;5==O A:;04=8E 2=CB@VH=VE AB@C:BC@ 01> 35><5B@VW, 

I> >?B8<V7CNBь O: DC=:FV>=0;ь=VABь, B0: V 203C 5;5<5=BV2. 

&><C ?@>2545==O 28?@>1C20=ь B0 28:>@8AB0==O 048B82=8E B5E=>;>3V9 

G0AB> ?>2’O70=V <V6 A>1>N, =5 ;8H5 >1’є:B>< 28?@>1C20=ь, =0?@8:;04 @V48==8< 

@0:5B=8< 4283C=><, 0 V 283>B>2;5==O< AB5=4>28E 5;5<5=BV2 3D - 4@C:><. 
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2. $"���� 2. $"�$"���  �&� �&�+!"�  "���� �"�!���) 

��#$"�'��!Ь ��%"&!"�" $���!!"�" $���&!"�" ����'!�  

' 4@C3><C @>74V;V 48A5@B0FV9=>W @>1>B8 @>73;O=CB> @>7@>1:C 

<0B5<0B8G=>W <>45;V 5:A?5@8<5=BC, 0 A0<5, <>45;N20==O B5@<>-307>48=0<VG=8E 

?@>F5AV2 @>1>B8 307>-565:B>@=>W CAB0=>2:8 B0 @0:5B=>3> 4283C=0, I> 28=8:0NBь 

2 ?@>BVG=><C, @>1>G><C >1’є<V 307>48=0<VG=>W G0AB8=8 AB5=4C ?V4 G0A 

?@>2545==O 28?@>1C20=ь, 7 V<VB0FVєN 20:CC<=8E C<>2. 

' ?V4@>74V;V 2.1 =02545=V >A=>2=V E0@0:B5@8AB8:8 @0:5B=>3> 4283C=0, I> 

28?@>1>2CєBьAO. 

' ?V4@>74V;V 2.2 >?8A0=> ?@>F5A @50;V70FVW @>7@0EC=:>2>W 3D-<>45;V 

307>48=0<VG=>W G0AB8=8 28?@>1C20;ь=>3> AB5=4C 2 ?@>3@0<=><C A5@54>28IV 

ANSYS. 

' ?V4@>74V;V 2.3 >?8A0=> <0B5<0B8G=C <>45;ь B5@<>-307>48=0<VG=8E 

?@>F5AV2 @>1>B8 307>-565:B>@=>W CAB0=>2:8 B0 @V48==>3> @0:5B=>3> 4283C=0. 

' ?V4@>74V;V 2.4 ?@82>4OBьAO @57C;ьB0B8 @>7@0EC=:V2 7<>45;ь>20=8E 

?@>F5AV2. 

' ?V4@>74V;V 2.5 ?@82545=> ?>@V2=O;ь=89 0=0;V7 >B@8<0=8E 

5:A?5@8<5=B0;ь=8E 40=8E 7 40=8<8, I> 1C;8 >B@8<0=V ?V4 G0A <>45;N20==O. 

  

2.1 "?8A >A=>2=8E E0@0:B5@8AB8: 4283C=0, I> 28?@>1>2CєBьAO 

� @0<:0E @>1VB ?@>2545=8E 2 40=V9 48A5@B0FV9=V9 @>1>BV, 1C;> 4>A;V465=> 

B0 28?@>1C20=> 28A>B=89 @V48==89 @0:5B=89 4283C=0 <0;>W BO38 =0 2>3=52><C 

28?@>1C20;ь=><C AB5=4V 2 C<>20E, I> V<VBCNBь 20:CC<. �283C=, I> 

28?@>1>2C202AO <02 =0ABC?=V E0@0:B5@8AB8:8 [61]: 

̶ BO30 3 200 !; 

̶ :><?>=5=B8 ?0;820 3 �7>B=89 B5B@>:A84 (�&) + !5A8<5B@8G=89 

48<5B8;3V4@078= (!� �); 

̶ A?V22V4=>H5==O :><?>=5=BV2 1.85. 
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�030;ь=89 283;O4 4>A;V4=>W :>=AB@C:FVW 28A>B=>3> @V48==>3> @0:5B=>3> 

4283C=0, I> 28?@>1>2CєBьAO =0 2>3=O=><C AB5=4V ?>:070=89 =0 @8AC=:C 2.1. 

 

$8AC=>: 2.1 3 �030;ь=89 283;O4 @0:5B=>3> 4283C=0 

�283C= ?@87=0G5=89 4;O AB2>@5==O <0=52@>28E @CEV2 :>A<VG=>3> <>4C;O 

G8 0?0@0BC. �V;ьH5 ?@8:;04V2 2AB0=>2;5==O =0 28?@>1C20;ь=><C AB5=4V ?>:070=> 

2 $>74V;V 3 40=>W @>1>B8.  

�030;ь=0 :>=AB@C:FVO 5;5<5=BV2 B0 28?@>1C20;ь=>3> AB5=4C, 0 B0:>6 

?=52<>3V4@02;VG=0 AE5<0, ?>:070=0 2 $>74V;0E 3 B0 $>74V;0E 4 40=>W @>1>B8. 
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2.2 $50;V70FVO @>7@0EC=:>2>W 3D-<>45;V 2 ?@>3@0<=><C A5@54>28IV 

Computational Fluid Dynamics (CFD) <>45;N20==O =0 >A=>2V 28@VH5==O 

@V2=O=ь !02’є-%B>:A0 є ACG0A=8< <5B>4>< ?>?5@54=ь>W >FV=:8 ?@0F5740B=>ABV 

B8E G8 V=H8E B5E=VG=8E ?@8AB@>W2 =0 5B0?V ?@>5:BC20==O. &0:>6, G8A5;ь=5 

<>45;N20==O 4>?><030є 287=0G8B8 206;82V >A>1;82>ABV B5GVW 307V2 V @V48= B0 

287=0G8B8 E0@0:B5@=V @568<8 @>1>B8 ?@8AB@>W2, I> @>7@>1;ONBьAO, 7 <5B>N 

?V43>B>2:8 ?@>2545==O 5:A?5@8<5=B0;ь=8E 28?@>1C20=ь. $V2=O==O !02’є-%B>:A0 

>?8ACNBь B5GVN 2’O7:8E @V48= B0 307V2, 0;5 =5 <0NBь 0=0;VB8G=>3> @VH5==O C 

7030;ь=><C 283;O4V. !091V;ьH @>728=5=8< B0 ?>H8@5=8< 70A>1>< 4;O 

@>72’O70==O @V2=O=ь !02’є-%B>:A0 2 ?@0:B8G=8E 7040G0E <5E0=V:8 @V48=8 B0 307C 

є <5B>4 :>=B@>;ь=8E >1’є<V2 (Finite Volume Method C 0=3;><>2=V9 ;VB5@0BC@V). 

�0=89 <5B>4 28:>@8AB>2CєBьAO B0:8<8 2V4><8<8 :><5@FV9=8<8 CFD ?0:5B0<8, 

O: ANSYS CFX, ANSYS Fluent Siemens Star-CCM+ B0 V=H8<8, 0 B0:>6 2V4:@8B8< 

?0:5B>< OpenFoam. #>4V1=V ?0:5B8 4>72>;ONBь 28@VHC20B8 H8@>:5 :>;> 7040G 

48=0<V:8 @V48=8 B0 AB8A;828E 307V2 7 C@0EC20==O< A:;04=>W 35><5B@VW, I> 

4>A;V46CєBьAO. 

+8A5;ь=5 <>45;N20==O @>1>B8 4283C=0 7 20:CC<=8< AB5=4>< 2V41C20;>AO 

C 420 5B0?8. 

!0 ?5@H><C 5B0?V 28:>=0=> <>45;N20==O @>1>B8 AB5=4C 7 @>1>B>N 307>-

565:B>@=>W CAB0=>2:8 (��') 157 70?CA:C 4283C=0, I> 28?@>1>2CєBьAO. � <5B>N 

AB01V;V70FVW @>1>B8 CAB0=>2:8, ?>40202AO 07>B, 7 28B@0B>N 204 3/A V 

B5<?5@0BC@>N 293 �. 

!0 4@C3><C 5B0?V 28:>=0=> <>45;N20==O @>1>B8 28?@>1C20;ь=>3> AB5=4C 

7 4283C=><, I> ?@0FNє =0 =><V=0;ь=><C @568<V. !0 Fь><C 5B0?V 07>B =5 

?>40202AO. 

�030;ь=0 3D-<>45;ь AB5=4C 4;O 28?@>1C20==O 4283C=V2 <0;>W BO38 2 

C<>20E, I> V<VBCNBь 20:CC<, ?>:070=0 =0 @8AC=:C 2.2 (157 2@0EC20==O ��' B0 

307>48=0<VG=>W B@C18 2 (��&2), 2AB0=>2;5==O 4283C=0 <0;>W BO38 C 20:CC<-

:0<5@V, ?>:070=> =0 @8AC=:C 2.3.  
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$8AC=>: 2.2 3 �030;ь=89 283;O4 A5@548==>3> ?5@5@V7C 20:CC<=>3> AB5=4C (��' 

B0 ��&2 =5 ?>:070=0) 

�;O ?@8A:>@5==O <>45;N20==O B5GVW 307V2 2 ?@>B>G=V9 G0AB8=V AB5=4C, 

@>1>G89 >1'є< <>45;59 1C2 A?@>I5=89 3 ?@81@0=V ?0B@C1:8 B0 @5HB0 

B@C1>?@>2>4V2, =5 @>7@0EC=:>2V >1’є<8, A?@>I5=0 ?>40G0 07>BC (70<VABь 

:>;5:B>@0, 07>B ?>40202AO G5@57 D;0=5Fь AB5=4C), 0 A0<0 35><5B@VO @>74V;5=0 

=02?V; ?;>I8=>N A8<5B@VW. $>7@0EC=>: ?@>2>482AO 4;O >4=VєW ?>;>28=8 7 

3@0=8G=8< C<>2>N A8<5B@VW =0 <56V 7@V7C. 
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$8AC=>: 2.3 3 !01;865=89 284 A5@548==>3> ?5@5@V7C 4283C=0, I> 

28?@>1>2CєBьAO, O:89 2AB0=>2;5=89 C 20:CC<-:0<5@V 

!0 @8AC=:0E 2.4 3 2.8 ?@54AB02;5=0 @>7@0EC=:>20 ?@>B>G=0 G0AB8=0 AB5=4C 

7 ?>74>26=V< >Aь>28< 7@V7><. � ?@>B>G=V9 G0AB8=V 70 4>?><>3>N Fluent Meshing 

1C;0 ?>1C4>20=0 @>7@0EC=:>20 AVB:0 B8?C poly-hexacore (?>;V54@8G=V AVB:8 7 

35:A054@8G=8< O4@><).  

 

$8AC=>: 2.4 3 �030;ь=89 283;O4 @>7@0EC=:>2>W ?@>B>G=>W G0AB8=8 20:CC<=>3> 

AB5=4C 
1 3 20:CC<-:0<5@0, 2 3 ��&20, 3 3 ��&1, 4 3 ��', 5 3 ��&2, 6 3 0B<>AD5@=5 A5@54>28I5 
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$8AC=>: 2.5 3 �030;ь=89 284 @>7@0EC=:>2>W ?@>B>G=>W G0AB8=8 20:CC<=>3> 

AB5=4C 7 ?>74>26=V< >Aь>28< ?5@5@V7><

 

$8AC=>: 2.6 3 !01;865=89 284 @>7@0EC=:>2>W ?@>B>G=>W G0AB8=8 20:CC<=>3> 

AB5=4C 7 ?>74>26=V< >Aь>28< ?5@5@V7>< ?>1;87C :0<5@8 ��' 

 

$8AC=>: 2.7 3 !01;865=89 284 @>7@0EC=:>2>W ?@>B>G=>W G0AB8=8 2>3=52>3> 

AB5=4C 7 ?>74>26=V< >Aь>28< @>7@V7>< ?>1;87C 20:CC<-:0<5@8 
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$8AC=>: 2.8 3 #>25@E=O ��&1, I> 28:>@8AB>2CєBьAO 4;O ?>40GV 07>BC 

&0:>6, 4;O A?@>I5==O @>7@0EC=:C =5 2@0E>2C20;8AO ?@>F5A8 7<VHC20==O 

B0 3>@V==O :><?>=5=BV2 ?0;820 2 :0<5@0E 73>@O==O ��' B0 4283C=0, I> 

28?@>1>2CєBьAO. �0<5@8 73>@O==O 1C;8 A?@>I5=V, 0 =0 2E>40E ?>4020;0AO AC<VH 

?@>4C:BV2 73>@O==O @0:5B=>3> 4283C=0, I> 28?@>1>2CєBьAO.  

�> A:;04C AC<VHV 307V2 2E>48;8 B0:V 3078: N2, NO, CO, CO2, H2O, OH, H2, H, 

O2, O. $>7@0EC=>: <0A>28E :>=F5=B@0FV9 A:;04C ?@>4C:BV2 73>@O==O 2 :0<5@0E 

4283C=0 ��' B0 4283C=0, I> 28?@>1>2CєBьAO, ?@>2>482AO C ?@>3@0<V 3 NASA 

CEA (Chemical Equilibrium with Applications). �0=0 ?@>3@0<0 @>7@0E>2Cє 

EV<VG=89 @V2=>206=89 A:;04 V B5@<>48=0<VG=V 2;0AB82>ABV A:;04=8E AC<VH59 7 

1C4ь-O:>3> =01>@C @5035=BV2. -V;ь=VABь AC<VHV 307V2 @>7@0E>2C20;0AO 70 

4>?><>3>N @V2=O==O AB0=C V450;ь=>3> 307C, 45 ?>:07=8: 04V010B8 k 70;5602 2V4 

?8B><>W B5?;>є<=>ABV ?@8 ?>ABV9=><C B8A:C !D, O:0 704020;0AO 70;56=VABN 2V4 

B5<?5@0BC@8.  

ГDаA<чAV G@B6<. !0 28E>4V 7 :0<5@8 73>@O==O 565:B>@0 ��' 7040202AO B8A: 

30;ь<C20==O 74 10@, B5<?5@0BC@0 30;ь<C20==O 1300 � B0 A:;04 ?@>4C:BV2 

73>@O==O (@>7@0EC=>: <0A>28E :>=F5=B@0FV9 A:;04C ?@>4C:BV2 73>@O==O 4;O 

=><V=0;ь=>3> @568<C @>1>B8 565:B>@0 ?@>2>482AO C ?@>3@0<V NASA CEA). ' 

:0<5@V 73>@O==O 4283C=0, I> 28?@>1>2CєBьAO, 7040202AO =><V=0;ь=89 B8A: 

30;ь<C20==O, =><V=0;ь=0 B5<?5@0BC@0 30;ь<C20==O B0 A:;04 ?@>4C:BV2 73>@O==O, 
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@>7@0E>20=89 C ?@>3@0<V NASA CEA. !0 2AVE ?>25@E=OE ABV=>: 704020;8AO C<>28 

?@8;8?0==O. 

/: B5?;>20 3@0=8G=0 C<>20 =0 2AVE ?>25@E=OE AB5=4C 704020;0AO ?>ABV9=0 

B5<?5@0BC@0, I> 4>@V2=Nє 500�. �;O 28?@>1C20=>3> 4283C=0 B5<?5@0BC@0 

G0AB8=8 A>?;0, I> =5 >E>;>46CєBьAO :><?>=5=B0<8 ?0;820, @>7@0E>2C20;0AO 

28E>4OG8 7 C<>28 B5?;>2>3> @04V0FV9=>3> 28?@><V=N20==O =0 7>2=VH=V9 ABV=FV 

A>?;0. 

�0 28EV4=8< 7@V7>< ��& AB5=4C 1C;0 284V;5=0 >1;0ABь =02:>;8H=ь>3> 

A5@54>28I0, 0 =0 28EV4=V9 3@0=8FV FVєW >1;0ABV 7040202AO 0B<>AD5@=89 B8A: B0 

B5<?5@0BC@0. 

�;O G8A5;ь=>3> <>45;N20==O 28:>@8AB0=> CFD ?0:5B ANSYS Fluent 7 

=0;0HBC20==O<8 @>1>B8 =0 >A=>2V >A5@54=5=8E 70 $59=>;ь4A>< @V2=O=ь !02'є-

%B>:A0 7 28:>@8AB0==O< <>45;V BC@1C;5=B=>ABV k-ω SST. 

 

2.3  >45;N20==O B5@<>-307>48=0<VG=8E ?@>F5AV2 @>1>B8 @V48==>3> 
4283C=0 B0 307>-565:B>@=>W CAB0=>2:8 

�;O CFD <>45;N20==O ANSYS Fluent 28:>@8AB>2Cє =5AB0FV>=0@=V 

B@828<V@=V @V2=O==O !02'є-%B>:A0 [62]. 

%8AB5<0 28EV4=8E @V2=O=ь A:;040єBьAO V7 @V2=O==O =5@>7@82=>ABV, @V2=O==O 

715@565==O :V;ь:>ABV @CEC, @V2=O==O 715@565==O 5=5@3VW, @V2=O=ь <>45;V 

BC@1C;5=B=>ABV, @V2=O==O ?5@5=5A5==O :>=F5=B@0FVW 307V2, I> 28:>@8AB>2Cє 

<>45;ь <Species transport= (< >45;ь ?5@5=>AC :><?>=5=BV2 AC<VHV= 01> < >45;ь 

?5@5=>AC EV<VG=8E @5G>28==). 

 

2.3.1 "A=>2=V @V2=O==O 28EV4=>W A8AB5<8 @V2=O=ь 

$V2=O==O 715@565==O <0A8, 01> @V2=O==O =5@>7@82=>ABV, <>6=0 70?8A0B8 

=0ABC?=8< G8=><: 
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ĀÿĀý + ∇ ∙ (ÿÿ⃗) = þă, (2.1) 

45  þă 4 F5 <0A0, 4>40=0 4> 157?5@5@2=>W D078 7 48A?5@A=>W 4@C3>W D078 

(=0?@8:;04, G5@57 28?0@>2C20==O :@0?5;ь @V48=8) V 1C4ь-O:8E 287=0G5=8E 

:>@8ABC20G5< 465@5;. $V2=O==O (2.1) є 7030;ь=>N D>@<>N @V2=O==O 715@565==O 

<0A8 V A?@0254;825 O: 4;O =5AB8A;828E, B0: V 4;O AB8A;8E B5GV9.. 

�15@565==O :V;ь:>ABV @CEC (V<?C;ьAC) 2 V=5@FV0;ь=V9 (157 ?@8A:>@5==O) 

A8AB5<V 2V4;V:C >?8ACєBьAO =0ABC?=8< 28@07>< [62] ĀĀý (ÿÿ⃗) + ∇ ∙ (ÿÿ⃗ÿ⃗) = 2∇p + ∇ ∙ (�̿) + ÿý⃗ + ý⃗, (2.2) 

45 p 3 AB0B8G=89 B8A:; �̿ 3 B5=7>@ =0?@C65=ь; ÿý⃗ V ý⃗3 2V4?>2V4=> A8;0 
BO6V==O B0 7>2=VH=V A8;8 BV;0 (=0?@8:;04, O:V 28=8:0NBь C @57C;ьB0BV 270є<>4VW 7 

48A?5@A=>N D07>N). ý⃗ B0:>6 <VAB8Bь V=HV 70;56=V 2V4 <>45;V 465@5;ь=V G;5=8, 
B0:V O: ?>@8AB5 A5@54>28I5 B0 287=0G5=V :>@8ABC20G5< 465@5;0. 

&5=7>@ =0?@C65=ь �̿ 287=0G0єBьAO O: �̿ =  ā [(∇ÿ⃗ + ∇ÿ⃗�) 2 23 ∇ ∙ ÿ⃗ý], (2.3) 

45 ā 3 <>;5:C;O@=0 2’O7:VABь; ý 3 >48=8G=89 B5=7>@, 0 4@C389 G;5= C ?@02V9 

G0AB8=V 3 5D5:B @>7H8@5==O >1’є<C. 

%B8A;82V ?>B>:8 307C 70728G09 E0@0:B5@87CNBьAO ?>2=8< B8A:>< �0 V 

?>2=>N B5<?5@0BC@>N ?>B>:C ÿ0 (V=H8<8 A;>20<8 3 B8A: B0 B5<?5@0BC@0 

30;ь<C20==O). �;O V450;ь=>3> 307C FV 25;8G8=8 <>6=0 ?>2’O70B8 7V AB0B8G=8< 

B8A:>< V B5<?5@0BC@>N =0ABC?=8< G8=>< �0� = ÿý� (∫ ÿþÿ�0� þÿý ).  

(2.4) 

#@>3@0<=5 70157?5G5==O @>72’O7Cє @V2=O==O 5=5@3VW 2 =0ABC?=V9 D>@<V ĀĀý (ÿ (ÿ + Ă22 )) + ∇ ∙ (ÿÿ⃗ (/ + Ă22 )) = 
 

(2.5) 
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= ∇ ∙ (āÿĀĀ∇T 2 ∑ /ĀĀ þÿ⃗⃗⃗ + �ÿĀĀ̇ ∙ ÿ⃗) + þ/ , 
45 āÿĀĀ 3 5D5:B82=0 B5?;>?@>2V4=VABь (ā + ā�, 45 ā� 3 BC@1C;5=B=0 

B5?;>?@>2V4=VABь, 287=0G5=0 2V4?>2V4=> 4> <>45;V BC@1C;5=B=>ABV, I> 

28:>@8AB>2CєBьAO); þÿ⃗⃗⃗ 3 48DC7V9=89 ?>BV: EV<VG=8E @5G>28=. 

#5@HV B@8 4>40=:8 2 ?@02V9 G0AB8=V @V2=O==O 2.5 ?@54AB02;ONBь ?5@540GC 

5=5@3VW 2=0A;V4>: B5?;>?@>2V4=>ABV, 48DC7VW EV<VG=8E @5G>28= V 2’O7:>W 48A8?0FVW 

2V4?>2V4=>. þ/ 2:;NG0є >1’є<=V 465@5;0 B5?;0, O:V 287=0G0NBьAO :>@8ABC20G5< 
70740;53V4ь V H284:VABь CB2>@5==O B5?;0 2 @57C;ьB0BV EV<VG=8E @50:FV9. "4=0: F5 

465@5;> @50:FVW =5 70AB>A>2CєBьAO 4> @V2=O==O ?>2=>W 5=B0;ь?VW. 

' @V2=O==V (2.5) 5=B0;ь?VO 287=0G0єBьAO 4;O V450;ь=8E 307V2 O:: / = ∑ �Ā/ĀĀ , (2.6) 

45 �Ā3 <0A>20 G0AB:0 EV<VG=8E @5G>28= Ā, 0 2V4GCB=0 B5?;>B0 EV<VG=8E 
@5G>28= /Ā  3 F5 G0AB8=0 5=B0;ь?VW, O:0 2:;NG0є ;8H5 7<V=8 5=B0;ь?VW G5@57 
?8B><C B5?;>є<=VABь. /Ā = ∫ ÿþ,Āþÿ�

��ÿĀ . (2.7) 

�=0G5==O ÿ�ÿĀ, O:5 28:>@8AB>2CєBьAO 4;O >1G8A;5==O 2V4GCB=>W 5=B0;ь?VW, 
70;568Bь 2V4 @>72’O7C20G0 B0 <>45;59, I> 28:>@8AB>2CNBьAO. �;O ?@>3@0<8, O:0 

@>72’O7Cє 40=V @V2=O==O =0 >A=>2V B8A:C ÿ�ÿĀ AB0=>28Bь 298.15 �. �;O ?@>3@0<8-

@>72’O7C20G0 =0 >A=>2V IV;ь=>ABV, 7=0G5==O ÿ�ÿĀ AB0=>28Bь 0 �, 70 28=OB:>< 

<>45;N20==O ?5@5=>AC V7 @50:FVO<8, C Fь><C 28?04:C F5 7=0G5==O 22548BьAO 

:>@8ABC20G5< 4;O :>6=>W @5G>28=8. 

�=CB@VH=O 5=5@3VO 287=0G0єBьAO @V2=><V@=> 4;O AB8A;8E V =5AB8A;828E 

<0B5@V0;V2 O: ÿ = / 2 �ýþ + �ÿ , (2.8) 

45 � 3 <0=><5B@8G=8< B8A:><; �ýþ є >?>@=8< B8A:><. 
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�;O <>45;N20==O AC<VHV ?@>4C:BV2 73>@O==O 28:>@8AB>2C20;0AO <>45;ь 

< >45;ь ?5@5=>AC :><?>=5=BV2 AC<VHV= (Species transport model) 157 C@0EC20==O 

EV<VG=8E @50:FV9 <V6 :><?>=5=B0<8. �;O @>72’O70==O @V2=O==O 715@565==O 

EV<VG=8E @5G>28= (:><?>=5=BV2 AC<VHV), ANSYS Fluent @>7@0E>2Cє ;>:0;ь=C 

<0A>2C G0AB:C :>6=>3> :><?>=5=BC �ÿ, G5@57 @VH5==O @V2=O==O :>=25:FVW-48DC7VW 
4;O i-3> :><?>=5=BC AC<VHV. *5 @V2=O==O 715@565==O <0є =0ABC?=89 7030;ь=89 

283;O4 [63] ĀĀý (ÿ�ÿ) + ∇ ∙ (ÿÿ⃗�ÿ) = 2∇ ∙ þÿ⃗⃗⃗ + ýÿ + þÿ , (2.9) 

45 ýÿ G8AB0 H284:VABь CB2>@5==O i-E :><?>=5=BV2 AC<VHV C @57C;ьB0BV 
EV<VG=>W @50:FVW, 0 þÿ F5 H284:VABь AB2>@5==O :><?>=5=BV2 H;OE>< 4>4020==O 7 
48A?5@A=>W D078 ?;NA 1C4ь-O:V 287=0G5=V :>@8ABC20G5< 465@5;0. $V2=O==O B0:>W 

D>@<8 1C45 @>72’O70=> 4;O N-1 284V2, 45 N 3 7030;ь=0 :V;ь:VABь EV<VG=8E @5G>28= 

C @V4:V9 D07V, ?@8ACB=V 2 A8AB5<V. "A:V;ь:8 <0A>20 G0AB:0 :><?>=5=BV2 AC<VHV 

?>28==0 C AC<V 4020B8 >48=8FN, <0A>20 G0AB:0 N-3> :><?>=5=B0 287=0G0єBьAO O: 

>48=8FO <V=CA AC<0 @>7@0E>20=8E <0A>28E G0AB>: N-1 :><?>=5=BV2. ->1 

<V=V<V7C20B8 G8A;>2C ?>E81:C, N-9 :><?>=5=B A;V4 2818@0B8 O: @5G>28=C V7 

7030;ь=>N =091V;ьH>N <0A>2>N G0AB:>N, =0?@8:;04 N2, :>;8 >:8A=N20G5< є 

:8A5=ь ?>2VB@O. 

 

2.3.2  >45;N20==O BC@1C;5=B=>ABV 

�;O <>45;N20==O BC@1C;5=B=>ABV ?0:5B ANSYS Fluent <0є H8@>:89 

?5@5;V: <>45;59 B0:8E O: LES, DES, 01> 3@C?8 RANS (Reynolds Averaged Navier-

Stokes equations 3 >A5@54=5=V 70 $59=>;ь4A>< @V2=O==O !02'є-%B>:A0) <>45;59 

BC@1C;5=B=>ABV, B0:8E O: Spalart-Allmaras, k-ε, k-ω.  

' 7040G0E >1G8A;N20;ь=>W 3V4@>307>48=0<V:8, AE>68E =0 70240==O, I> 

@>73;O40єBьAO 2 @>1>BV, =091V;ьH 283V4=8<8 A B>G:8 7>@C 71V3C 7 

5:A?5@8<5=B0;ь=8<8 40=8<8 B0 H284:>ABV @>7@0EC=:C є 42>?0@0<5B@8G=V <>45;V 

BC@1C;5=B=>ABV 3@C?8 k-ω, >4=VєN 7 =09@>728=5=VH8E B0 B>G=8E є <>45;ь k-ω 

SST, I> є @>728B:>< 107>2>W <>45;V k-ω (BSL k-ω Model). #@0:B8G=89 4>A2V4 
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28:>@8AB0==O FVєW <>45;V BC@1C;5=B=>ABV ?>:0702 28A>:C 71V6=VABь @57C;ьB0BV2 

<>45;N20==O 7 @57C;ьB0B0<8 5:A?5@8<5=BV2, B><C 2 40=V9 @>1>BV 

28:>@8AB>2C20;0AO A0<5 <>45;ь BC@1C;5=B=>ABV k-ω SST. 

RANS <>45;V BC@1C;5=B=>ABV >A=>20=V =0 70<V=V <8BBє28E H284:>AB59 B0 

=0?@C65=ь >A5@54=5=8<8 70 G0A><, 0 D;C:BC0FV9=V 70;8H:8 284V;ONBьAO 2 >:@5<V 

=5AB0FV>=0@=V G;5=8 @V2=O=ь, O:V =07820NBьAO =0?@C65==O<8 $59=>;ь4A0. *V 

4>40B:>2V G;5=8 >?8ACNBь 2?;82 BC@1C;5=B=8E D;C:BC0FV9 =0 A5@54=V ?>B>:8 V 

?>B@51CNBь <>45;N20==O, >A:V;ь:8 2>=8 =5 <>6CBь 1CB8 >1G8A;5=V 

157?>A5@54=ь> 7 >A5@54=5=8E @V2=O=ь. �;O Fь>3> 28:>@8AB>2CNBьAO @V7=V <>45;V 

BC@1C;5=B=>ABV, B0:V O: <>45;V k-ε, k-ω, Spalart-Allmaras B0 V=HV, O:V 4>?><030NBь 

70:@8B8 A8AB5<C @V2=O=ь B0 >1G8A;8B8 BC@1C;5=B=C 2'O7:VABь. &0:8< G8=><, 

RANS <>45;V 4>72>;ONBь >1G8A;N20B8 A5@54=V E0@0:B5@8AB8:8 BC@1C;5=B=8E 

?>B>:V2, 715@V30NG8 ?@8 Fь><C @>7C<=89 10;0=A <V6 B>G=VABN B0 

>1G8A;N20;ь=8<8 70B@0B0<8. 

 

2.3.3 $V2=O==O ?5@5=>AC 4;O 107>2>W <>45;V k-ω (BSL k-ω Model) 

"A=>2=V @V2=O==O ?5@5=>AC 4;O 107>2>W <>45;V BC@1C;5=B=>ABV ā 2 ÿ <0NBь 

=0ABC?=89 283;O4 ĀĀý (ÿā) + ĀĀýÿ (ÿāþÿ) = ĀĀýĀ (Гā ĀāĀýĀ) + þā 2 �ā + þā + þÿ 
(2.10) 

B0 ĀĀý (ÿÿ) + ĀĀýÿ (ÿÿþÿ) =
= ĀĀýĀ (Г� ĀÿĀýĀ) + þ� 2 �� + Ā� + þ� + þ�ÿ . 

 

(2.11) 

' F8E @V2=O==OE B5@<V= þā ?@54AB02;Oє CB2>@5==O :V=5B8G=>W 5=5@3VW 

BC@1C;5=B=>ABV B0 287=0G0єBьAO B0:8< 65 G8=><, O: C AB0=40@B=V9 <>45;V     k-ω. þ� ?@54AB02;Oє CB2>@5==O ω, O:5 @>7@0E>2CєBьAO, O: >?8A0=> 2 =0ABC?=><C 

@>74V;V. Гā B0 Г� ?@54AB02;ONBь 5D5:B82=C 48DC782=VABь k B0 ω 2V4?>2V4=>. �ā B0 �� ?@54AB02;ONBь 48A8?0FVN k B0 ω G5@57 BC@1C;5=B=VABь. Ā� ?@54AB02;Oє 
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?5@5E@5A=89 48DC7V9=89 G;5=, O:89 @>7@0E>2CєBьAO, O: >?8A0=> 2 =0ABC?=><C 

@>74V;V. þā B0 þ� є 465@5;ь=8<8 G;5=0<8, 287=0G5=8<8 :>@8ABC20G5<. þÿ B0 þ�ÿ 

2@0E>2CNBь B5@<V=8 ?;02CG>ABV. 

 >45;N20==O 5D5:B82=>W 48DC782=>ABV. �D5:B82=V 48DC782=>ABV 4;O 

<>45;V BSL k-ω 7040NBьAO =0ABC?=8< G8=>< Гā = ā + ā�ÿā , (2.12) 

Г� = ā + ā�ÿ� , (2.13) 

45 ÿā B0 ÿ� є BC@1C;5=B=8<8 G8A;0<8 #@0=4B;O 4;O k B0 ω 2V4?>2V4=>. 

&C@1C;5=B=0 2'O7:VABь, Ā�+, >1G8A;NєBьAO =0ABC?=8< G8=>< ÿā = 1ý1 ÿā,1⁄ + (1 2 ý1) 7 ÿā2, (2.14) 

ÿ� = 1ý1 ÿ�,1⁄ + (1 2 ý1) 7 ÿ�2. (2.15) 

(C=:FVO 7<VHC20==O ý1 7040єBьAO =0ABC?=8< G8=>< ý1 = tanh(Φ14), (2.16) Φ1 = ÿÿĀ [ÿ�ý ( :ā0.09ÿþ , 500āÿþ2ÿ) , 4ÿāÿ�2Ā�+þ2], (2.17) 

Ā�+ = ÿ�ý [2ÿ 1ÿ�2 1ÿ ĀāĀýĀ ĀÿĀýĀ , 10210], (2.18) 

45 y 4 F5 2V4AB0=ь 4> =091;86G>W ?>25@E=V; 0 Ā�+ 4 F5 4>40B=0 G0AB8=0 

?5@5E@5A=>3> 48DC7V9=>3> G;5=0. þā ?@54AB02;Oє CB2>@5==O :V=5B8G=>W 5=5@3VW BC@1C;5=B=>ABV þā = 2ÿþÿ′þĀ′ ĀþĀĀýÿ . (2.19) 

þ� ?@54AB02;Oє CB2>@5==O ω V 7040єBьAO =0ABC?=8< G8=>< þ� = ÿÿ∗ÿ� þā, (2.20) 

ÿ∞ = ý1ÿ∞,1 + (1 2 ý1)ÿ∞,2, (2.21) 

45 
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ÿ∞,1 = ĀĂ,1Ā∞∗ 2 ÿ2ÿ�,1√Ā∞∗ , (2.22) 

ÿ∞,2 = ĀĂ,2Ā∞∗ 2 ÿ2ÿ�,2√Ā∞∗ , (2.23) 

45 ÿ 4>@V2=Nє 0.41. �ā ?@54AB02;Oє 48A8?0FVN :V=5B8G=>W 5=5@3VW BC@1C;5=B=>ABV �ā = ÿĀ∗āÿ. (2.24) �� ?@54AB02;Oє 48A8?0FVN ω V 7040єBьAO =0ABC?=8< G8=>< �� = ÿĀÿ2, (2.25) Āÿ = ý1Āÿ,1 + (1 2 ý1)Āÿ,2, (2.26) 

45 ý1 @>7@0E>2CєBьAO 7 @V2=O==O 2.16. 

 >45;ь BSL k-ω 107CєBьAO O: =0 AB0=40@B=V9 <>45;V k-ω, B0: V =0 

AB0=40@B=V9 <>45;V k-ε. ->1 ?>є4=0B8 FV 42V <>45;V, AB0=40@B=0 <>45;ь k-ω 1C;0 

?5@5B2>@5=0 =0 @V2=O==O, >A=>20=V =0 k B0 ω, I> ?@872>48Bь 4> 22545==O 

?5@5E@5A=>3> 48DC7V9=>3> G;5=0 (Ā�, C @V2=O==V 2.11). Ā� 287=0G0єBьAO 

=0ABC?=8< G8=><: Ā� = 2(1 2 ý1)ÿ 1ÿÿ�,2 ĀāĀýĀ ĀÿĀýĀ . (2.24) 

 

2.3.4  >45;ь k-ω SST 

 >45;ь SST 2:;NG0є 2AV 24>A:>=0;5==O <>45;V BSL V, :@V< B>3>, 2@0E>2Cє 

?5@5=5A5==O BC@1C;5=B=8E =0?@C65=ь 7AC2C C 287=0G5==V BC@1C;5=B=>W 2'O7:>ABV. 

*V >A>1;82>ABV @>1;OBь <>45;ь SST [64] 1V;ьH B>G=>N B0 =04V9=>N 4;O H8@H>3> 

:;0AC B5GV9 (=0?@8:;04, B5GV9 7 =5A?@8OB;828<8 3@04Vє=B0<8 B8A:C, 

05@>48=0<VG=8E ?@>DV;V2, B@0=A72C:>28E C40@=8E E28;ь), =V6 AB0=40@B=V B0 BSL 

<>45;V. 

 >45;ь BSL ?>є4=Cє ?5@52038 <>45;59 'V;:>:A0 B0 k-ε, 0;5 2A5 I5 =5 <>65 

:>@5:B=> ?5@5410G8B8 ?>G0B>: V >1AO3 2V4@82C ?>B>:C 2V4 3;04:8E ?>25@E>=ь. 

�>;>2=0 ?@8G8=0 ?>;O30є 2 B><C, I> >1842V <>45;V =5 2@0E>2CNBь ?5@5=5A5==O 
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BC@1C;5=B=8E =0?@C65=ь 7AC2C. *5 ?@872>48Bь 4> ?5@51V;ьH5==O 7=0G5==O 

BC@1C;5=B=>W 2'O7:>ABV. �>@5:B=C ?>254V=:C ?5@5=>AC <>6=0 >B@8<0B8 70 

4>?><>3>N >1<56C20G0 C D>@<C;N20==V BC@1C;5=B=>W 2'O7:>ABV ā� = ÿāÿ 1ÿ�ý [ 1ÿ∗  , þý2ÿ1ÿ], (2.25) 

45 þ 4 F5 25;8G8=0 H284:>ABV 45D>@<0FVW, 0 ÿ∗ 287=0G0єBьAO =0ABC?=8< 

G8=>< ÿ∗ = ÿ∞∗ (ÿ0∗ + ýÿ�/ýā1 + ýÿ�/ýā ), (2.26) 

45 ýÿ� = ÿāāÿ, (2.27) 

ÿ0∗ = Āÿ3 . (2.28) 

 

F2 7040єBьAO =0ABC?=8< G8=>< ý2 = tanh(Φ22), (2.29) Φ2 = ÿ�ý [2 :ā0.09ÿþ , 500āÿþ2ÿ], (2.30) 

45 þ 3 F5 2V4AB0=ь 4> =091;86G>W ?>25@E=V. 

%B0=40@B=V ?>ABV9=V <>45;V k-ω SST ÿā,1 = 1.176, ÿ�,1 = 2.0, ÿā,2 = 1.0, ÿ�,2 = 1.168 ÿ1 = 0.31, Āÿ,1 = 0.075, Āÿ,2 = 0.0828,     �∗ = 1.5 ÿ∞∗ = 1, ÿ∞ = 0.52, ÿ0 = 19,     Ā∞∗ = 0.09,       Āÿ = 0.072 ý� = 8, ýā = 6, ý� = 2.95,     Ā�0 = 0.25 

 

2.3.5 +8A5;ь=0 <5B>48:0 @>72’O70==O @V2=O=ь 

#@8 @>72’O70==V A8AB5<8 28EV4=8E @V2=O=ь ANSYS Fluent 28:>@8AB>2Cє 

<5B>4 :>=B@>;ь=8E >1’є<V2 [65, 66]. ' @>7@0EC=:0E 28:>@8AB>2C20;8AO G8A5;ь=V 



70 

<5B>48, I> <0NBь 4@C389 ?>@O4>: 0?@>:A8<0FVW 70 ?@>AB>@>28< 7<V==8<8. 

 5B>48 G8A5;ь=>3> @>7@0EC=:C, O:V 28:>@8AB>2C20;8Aь ?V4 G0A <>45;N20==O, 

?>:070=V =0 @8AC=:C 2.9. 

 

$8AC=>: 2.9 3  5B>48 G8A5;ь=>3> @>7@0EC=:C 

 

2.4 $57C;ьB0B8 @>7@0EC=:V2 <0B5<0B8G=>3> <>45;N20==O 

#VA;O ?@>2545==O =0;0HBC20==O B0 ?5@5B2>@5==O 3�-<>45;V 

28?@>1C20;ь=>3> AB5=4C 2 @>7@0EC=:>2C @>1>G>3> 307>48=0<VG=>3> ?@>F5AC, 

?@>2545=> <>45;N20==O ?@>F5AV2. !0 @8AC=:0E 2.10 3 2.12 ?@54AB02;5=V 

@57C;ьB0B8 ?5@H>3> 5B0?C <>45;N20==O @>1>B8 ��' 157 28?@>1C20=>3> 4283C=0. 

":@5<5 <>45;N20==O @>1>B8  4283C=0, I> 28?@>1>2CєBьAO B0 307>48=0<VG=>W 

B@C18 ?>:070=> 2 @>1>B0E [67-68]. 

 

$8AC=>: 2.10 3 $>7?>4V; G8A5;  0E0 C ?@>B>G=V9 G0AB8=V AB5=4C ?>1;87C ��' 
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$8AC=>: 2.11 3 $>7?>4V; AB0B8G=>3> B8A:C C ?@>B>G=V9 G0AB8=V AB5=4C 

(;>30@8D<VG=0 H:0;0) ?>1;87C ��' 

 

$8AC=>: 2.12 3 $>7?>4V; ?>2=>3> B8A:C C ?@>B>G=V9 G0AB8=V AB5=4C 

(;>30@8D<VG=0 H:0;0) ?>1;87C ��' 

#@8 Fь><C B8A: @>7@V465==O ?5@54 565:B>@>< AB0=>282 6292.8 #0 

(47.2 <<.@B.AB.). $57C;ьB0B8 <0B5<0B8G=>3> <>45;N20==O ?>:07CNBь, I> 307>-

565:B>@=0 CAB0=>2:0 ?@0FNє AB01V;ь=> B0 @V2=><V@=>. �V41C20єBьAO 4>AO3=5==O 

=5>1EV4=>3> @>7@V465==O @>1>G>3> A5@54>28I0. 

!0 4@C3><C 5B0?V <>45;N20;0AO @>1>B0 AB5=4C 7 ?@0FNNG8< 4283C=>< V 

157 ?>40GV 07>BC. �0 @57C;ьB0B0<8 @>7@0EC=:V2 4283C=, I> 28?@>1>2CєBьAO, 7 

��&20 ?@0FN20;8 HB0B=> (AB@81>: CIV;ь=5==O 289H>2 V7 A>?;0 4283C=0, 0 B5GVO 

?>2=VABN 1572V4@82=0). %5@54=V9 B8A: C 20:CC<-:0<5@V AB0=>282 297 #0 

(2.2 <<. @B. AB.), 0 B8A: C ��&1 20:CC<=>3> AB5=4C (?5@54 ��') AB0=>282 6100 #0 

(45.8 <<. @B. AB.). �V47=0G0єBьAO =5A8<5B@8G=VABь ?>B>:C ?@>4C:BV2, I> 28E>48Bь 

7 307>-565:B>@=>W CAB0=>2:8 B0 2V4>1@060NBьAO O: AB@81:8 CIV;ь=5==O 2 ��&2. 

$57C;ьB0B8 @>7@0EC=:C ?@54AB02;5=V =0 @8AC=:0E 2.13 3 2.21. 

 

$8AC=>: 2.13 3 �030;ь=89 284 @>7?>4V;C G8A5;  0E0 
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$8AC=>: 2.14 3 �84 @>7?>4V;C G8A5;  0E0 ?>1;87C ��&20 

 

$8AC=>: 2.15 3 $>7?>4V; AB0B8G=>3> B8A:C (;V=V9=0 H:0;0, >1<565=0 B8A:0<8 

2V4 86 #0 4> 10000 #0) 

 

$8AC=>: 2.16 3 $>7?>4V;C AB0B8G=>3> B8A:C ?>1;87C ��&20 (;>30@8D<VG=0 

H:0;0, >1<565=0 B8A:0<8 2V4 86 #0 4> 10000 #0) 

 

$8AC=>: 2.17 3 $>7?>4V;C ?>2=>3> B8A:C (;>30@8D<VG=0 H:0;0) 
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$8AC=>: 2.18 3 $>7?>4V;C ?>2=>3> B8A:C ?>1;87C ��&20 (;>30@8D<VG=0 H:0;0) 

 

$8AC=>: 2.19 3 �030;ь=89 283;O4 ?@>AB>@>28E ;V=V9 B5GV9 C ?@>B>G=V9 

G0AB8=V AB5=4C 

 

$8AC=>: 2.20 3 $>7?>4V; ?@>AB>@>28E ;V=V9 B5GV9 ?>1;87C ��&20 B0 

4283C=0, I> 28?@>1>2CєBьAO 
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$8AC=>: 2.21 3 !01;865=89 284 @>7?>4V;C ?@>AB>@>28E ;V=V9 AB@C<C ?>1;87C 

307>-565:B>@=>W CAB0=>2:8 

2.5 #@>2545==O 5:A?5@8<5=B0;ь=8E 28?@>1C20=ь @V48==>3> @0:5B=>3> 
4283C=0  

� <5B>N ?@>2545==O :20;VDV:0FV9=8E 28?@>1C20=ь @V48==>3> @0:5B=>3> 

4283C=0, 0 B0:>6 ?V4B25@465==O ?@028;ь=>ABV 281>@C <5B>48:8 <>45;N20==O, 

28:>=0=V 2>3=52V 28?@>1C20==O =0 A?5FV0;V7>20=><C 28?@>1C20;ь=><C AB5=4V. � 

@0<:0E 5:A?5@8<5=BC 74V9A=N202AO :>=B@>;ь >A=>2=8E ?0@0<5B@V2 @>1>B8 

4283C=0, 7>:@5<0 B8A:C 2 :0<5@V 73>@O==O, ?>40GV :><?>=5=BV2 ?0;820, 

B5<?5@0BC@=8E @568<V2 B0 AB01V;ь=>ABV @>1>B8 A8AB5<8. �0=V, >B@8<0=V 70 

4>?><>3>N 28A>:>B>G=8E 40BG8:V2 B8A:C, 1C;> 70DV:A>20=> B0 ?@54AB02;5=V C 

283;O4V 3@0DVG=8E 70;56=>AB59. !0 @8AC=:C 2.22 B0 2.23 =02545=89 7030;ь=89 

3@0DV: @>7?>4V;C B8A:C 2 @>1>G><C >1’є<V 28?@>1C20;ь=>3> AB5=4C ?> 

@57C;ьB0B0< 40BG8:V2 B8A:C, I> DV:ACNBь @>7@V465==O 2 307>48=0<VG=V9 G0AB8=V 

(DOS1n V DOS2n) B0 =0 7@V7V A>?;>2>3> =0A04:0 (DS1n, DS2, DS3). 

"B@8<0=V 40=V 28:>@8AB0=V 4;O CB>G=5==O <>45;V, 0 B0:>6 >?B8<V70FVW 

:>=AB@C:B82=8E ?0@0<5B@V2 4283C=0 7 <5B>N ?V428I5==O 9>3> =04V9=>ABV B0 

5D5:B82=>ABV. 
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$8AC=>: 2.22 - �@0DV: @>7?>4V;C B8A:C ?V4 G0A ?@>2545==O 28?@>1C20=ь 
DOS1n, DOS2n 3 B8A: A5@54>28I0 C 20:CC< :0<5@V 

 

$8AC=>: 2.23 - �@0DV: @>7?>4V;C B8A:C ?V4 G0A ?@>2545==O 28?@>1C20=ь 
DS1n, DS2n, DS3n 3 B8A: =0 7@V7V A>?;0 4283C=0. 

!0 @8AC=:C 2.22 284=> ?52=V @>71V6=>ABV <V6 3@0DV:0<8, 73V4=> 7 

40BG8:0<8 DOS1n B0 DOS2n, B0 <0965 157 2V4<V==>AB59 =0 @8AC=:C 2.23. *5 

?>OA=NєBьAO B8<, I> 40BG8:8 DOS1n B0 DOS2n @>7B0H>20=V 2 @V7=8E <VAFOE 

307>48=0<VG=>3> B@0:BC, I> >1C<>2;Nє @V7=C @50:FVN =0 ;>:0;ь=V 7<V=8 B8A:C. 

�>4=>G0A 40BG8:8 DS1n, DS2n, DS3n @>7B0H>20=V =0 >4=><C @V2=V B0 2 >4=V9 
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?;>I8=V, @V2=>2V440;5=> >48= 2V4 >4=>3>, I> 70157?5GCє 1V;ьH >4=>@V4=V 

28<V@N20==O.  

 0B5<0B8G=5 <>45;N20==O ?@>2>48;>AO C 420 5B0?8, I> 7C<>28;> 

0=0;>3VG=89 ?>4V; 2>3=528E 28?@>1C20=ь. !0 ?5@H><C 5B0?V 40BG8:0<8 1C;> 

70DV:A>20=> ?>?5@54=є 7<5=H5==O 0B<>AD5@=>3> B8A:C 4> ?@81;87=> 5332.9 #0 

(40 <<. @B. AB.), I> 0?@>:A8<>20=> =0 >A=>2V 3@0DV:C B8A:C (@8A. 2.24). *5 

7<5=H5==O AB2>@N20;>AO 70 @0EC=>: @>1>B8 307>-565:B>@=>W CAB0=>2:8, O:0 

70157?5GC20;0 ?>G0B:>289 @V25=ь @>7@V465==O 2 A8AB5<V. �>AO3=CB89 @V25=ь 

@>7@V465==O 28O282AO 1;87ь:8< 4> @>7@0EC=:>2>3> 7=0G5==O 45.8 <<. @B. AB., I> 

?V4B25@46Cє 2V4?>2V4=VABь 5:A?5@8<5=B0;ь=8E 40=8E B5>@5B8G=8< @>7@0EC=:0<, 

=02545=8< C ?>?5@54=ь><C ?V4@>74V;V. 

 

$8AC=>: 2.24 3 �@0DV: @>7?>4V;C B8A:C AB2>@5=>3> 307>-565:B>@=>N 

CAB0=>2:>N 

!0 4@C3><C 5B0?V 20:CC<C20==O 2V41C20;>AO ?@8 A?V;ь=V9 @>1>BV @V48==>3> 

@0:5B=>3> 4283C=0 V 307>48=0<VG=>W B@C18, 45 AB2>@5==O A0<>565:FVW 4>72>;8;> 

4>AO3B8 A5@54=ь>3> B8A:C 2 @>7@V465=><C A5@54>28IV 20:CC<-:0<5@8, O:89 

AB0=>282 ?@81;87=> 466 #0 (3.5 <<. @B. AB.) (0?@>:A8<>20=> 70 3@0DV:>< B8A:C) 

(@8A. 2.24). �>4=>G0A, 2V4?>2V4=> 4> <>45;N20==O, A5@54=V9 B8A: C 20:CC<-:0<5@V 

<02 AB0=>28B8 297 #0 (2.2 <<. @B. AB.). 
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2.6 �8A=>2:8 4> $>74V;C 2 

�8:>@8AB0=> G8A5;ь=5 <>45;N20==O 70 4>?><>3>N Computational Fluid 

Dynamics (CFD), I> 107CєBьAO =0 @V2=O==OE !02'є-%B>:A0 28:>@8AB0=> 4;O 

?@>2545==O <>45;N20==O B5@<>-307>48=0<VG=8E ?@>F5AV2 2 A5@548=V @>1>G>3> 

>1'є<C 28?@>1C20;ь=>3> AB5=4C.  5B>4 :>=B@>;ь=8E >1'є<V2 ?5@5410G0є @>718BBO 

@>7@0EC=:>2>W >1;0ABV =0 >:@5<V >1’є<8, 2 <560E O:8E 74V9A=NєBьAO G8A5;ь=89 

@>72'O7>: @V2=O=ь. &0:89 ?V4EV4 70157?5GCє 28A>:C B>G=VABь V AB01V;ь=VABь 

@57C;ьB0BV2, I> @>18Bь 9>3> >A>1;82> 5D5:B82=8< C A:;04=8E 7040G0E, 

?>2'O70=8E V7 <>45;N20==O< BC@1C;5=B=8E B5GV9, B5?;>>1<V=C, 0 B0:>6 

1030B>D07=8E V EV<VG=> 0:B82=8E ?>B>:V2.  

�8:>@8AB0=5 <>45;N20==O 2 ?@>3@0<=><C A5@54>28IV ANSYS 4>72>;Oє 

V<VBC20B8 >A=>2=V @>1>GV B5@<>-307>48=0<VG=V ?@>F5A8 @V48==>3> @0:5B=>3> 

4283C=0 <0;>W BO38, 0 B0:>6 307>-565:B>@=>W CAB0=>2:8. ' $>74V;V 2 =02545=V 

>A=>2=V <0B5<0B8G=V 70;56=>ABV B0 E0@0:B5@8AB8:8. "B@8<0=V @57C;ьB0B8 

<0B5<0B8G=>3> <>45;N20==O ?>@V2=O=V 7 5:A?5@8<5=B0;ь=8<8. �3V4=> 

<>45;N20==O >A=>2=5 @>7@V465==O ?@>BVG=>3> @>1>G>3> A5@54>28I0 ?>28==> 

1C;> 1CB8 2 @09>=V 297 #0 (2.2 <<. @B. AB.), ?@>B5 @50;ь=89 >B@8<0=89 70<V@ 

289H>2 3 466 #0 (3.5 <<. @B. AB.). "B@8<0=0 @V7=8FO ?>OA=NєBьAO 1030Bь<0 

D0:B>@0<8 - B5<?5@0BC@>N =02:>;8H=ь>3> A5@54>28I0, B5<?5@0BC@>N 

:><?>=5=BV2 ?0;820, =5B>G=>ABV 283>B>2;5==O B0 A:;040==O >A=>2=8E 

:><?>=5=BV2 AB5=4C, =5AB01V;ь=>ABO<8 3>@V==O A0<>3> ?0;820, B>I>. "B@8<0=89 

@57C;ьB0B @>7@V465==O 28?@>1C20;ь=>3> AB5=4C ?>2=VABN 704>2>;ь=Oє 28<>38 

B5E=VG=>3> 70240==O =0 ?@>2545==O :20;VDV:0FV9=8E 28?@>1C20=ь 28A>B=>3> 

4283C=0. 

 



78 

3. $"���� 3. $"�$"��� ��%#�$� �!&��Ь!"�" ���'' !"�" 

%&�!�' ��/ ��#$"�'��!Ь $���!!�) $���&!�) ����'!�� 

' B@5Bь><C @>74V;V 48A5@B0FV9=>W @>1>B8 ?>5B0?=> @>73;O=CB> ?@>F5A 

5:A?5@8<5=B0;ь=>W @>7@>1:8 B0 283>B>2;5==O 20:CC<=>3> AB5=4C 4;O ?@>2545==O 

28?@>1C20=ь @V48==8E @0:5B=8E 4283C=V2 <0;>W BO38 2 C<>20E, I> V<VBCNBь 

:>A<VG=89 20:CC<. 

' ?V4@>74V;V 3.1 45B0;ь=> >?8A0=0 ?=52<>3V4@02;VG=0 AE5<0 20:CC<=>3> 

AB5=4C. "?8A0=V >A=>2=V A8AB5<8, I> 2E>4OBь 4> 307>48=0<VG=>W G0AB8=8 AB5=4C. 

"?8A0=V >A=>2=V B5E=VG=V 28<>38, I> AB028;8Aь =0 5B0?V ?@>5:BC20==O. 

' ?V4@>74V;V 3.2 >?8A0=0 F8:;>3@0<0 @>1>B8 28?@>1C20;ь=>3> AB5=4C @07>< 

V7 ?>A;V4>2=VABN @50;V7>20=8E :><0=4. 

' ?V4@>74V;V 3.3 >?8A0=V >A=>2=V A8AB5<8 28?@>1C20;ь=>3> AB5=4C 7 

V<VB0FVєN C<>2 20:CC<C. 

' ?V4@>74V;V 3.4 >?8A0=V A8AB5<8 ?>40GV :><?>=5=BV2 ?0;820 B0 <5B>48 WE 

?@0:B8G=>W @50;V70FVW. 

 

3.1 #=52<>3V4@02;VG=0 AE5<0 20:CC<=>3> AB5=4C 

�0:CC<=89 AB5=4 є A:;04=8< V=65=5@=8< :><?;5:A><, ?@87=0G5=8< 4;O 

?@>2545==O 5:A?5@8<5=B0;ь=8E 4>A;V465=ь B0 28?@>1C20=ь @V48==8E @0:5B=8E 

4283C=V2 7 C@0EC20==O< 28A>B=8E C<>2 @>1>B8. "A=>2=>N <5B>N AB2>@5==O 

B0:>3> AB5=4C є 70157?5G5==O 2V4?@0FN20==O 4283C=0 B0 >B@8<0==O @50;ь=8E, 

5:A?5@8<5=B0;ь=8E 40=8E 9>3> @>1>B8, 2 C<>20E, I> 2V4>1@060NBь @50;ь=V 

C<>28 @>1>B8 4283C=V2 C @>7@O465=V9 0B<>AD5@V. 

$>7@>1;5=> @>1>G5 <VAF5 4;O 5:A?5@8<5=B0;ь=>3> 2V4?@0FN20==O 

@V48==>3> @0:5B=>3> 4283C=0 <0;>W BO38, I> ?@0FNє =0 A0<>709<8AB8E 

:><?>=5=B0E ?0;820, 2 C<>20E, I> V<VBCNBь 20:CC<. $>1>G5 <VAF5 @>7@>1;O;>Aь 

7 C@0EC20==O< =0O2=8E ?@>AB>@>28E V B5E=VG=8E >1<565=ь. � A2>N G5@3C F5 

AB2>@8;> ?52=89 =54>;V: C 283;O4V ?>E8;>3> @>1>G>3> <VAFO 4;O 307>-565:B>@=>W 



79 

CAB0=>2:8. � <5B>N, A?@>I5==O <>=B06=8E B0 <V6?CA:>28E @>1VB, @>1>G5 <VAF5 

28@V2=O=> C 3>@87>=B0;ь=C ?;>I8=C. 

�> A:;04C 20:CC<=>3> AB5=4C 2E>48Bь 307>48=0<VG=0 G0AB8=0, A8AB5<8 

?>40GV :><?>=5=BV2 ?0;820 (�&, !� �, 5B0=>;C 01> 30AC), A8AB5<8 ?>40GV 307V2 

(?>2VB@O, 07>B, 35;V9) B0 2>48, AB5=4>20 A8AB5<0 28<V@N20==O B0 A8AB5<0 

C?@02;V==O. 

�> 307>48=0<VG=>W G0AB8=8 2E>4OBь: 

̶ 307>48=0<VG=V B@C18 (��&1 B0 ��&2); 

̶ 307>-565:B>@=0 CAB0=>2:0; 

̶ <5=H0 307>48=0<VG=0 B@C10 (��&20); 

̶ 20:CC<-:0<5@0; 

̶ 45B0;V B0 A:;040;ь=V >48=8FV, I> 70157?5GCNBь A:;040==O B0 7'є4=0==O 

5;5<5=BV2 20:CC<=>3> AB5=4C. 

' A8AB5<C ?>40GV :><?>=5=BV2 ?0;820 2E>4OBь: 

̶ <5@560 AB5=4>28E <03VAB@0;59, I> 70157?5GCNBь ?>40GC :><?>=5=BV2 

?0;820 B0 307V2 4> >1'є:B0 28?@>1C20=ь; 

̶ H0@>10;>=8 >:8A=8:0 B0 ?0;ь=>3> 4;O 682;5==O 70?0;ь=>3> 

?@8AB@>N ��'; 

̶ 10;>==0 10B0@5O 4;O ?>2VB@O; 

̶ 10;>=8 4;O >:8A=8:0 B0 ?0;ь=>3>; 

̶ 10: 4;O 5B0=>;C/30AC. 

' AB5=4>2C A8AB5<C 28<V@N20==O B0 C?@02;V==O 2E>4OBь: 

̶ 70A>18 28<V@N20=ь 7 :015;ь=>N <5@565N; 

̶ H0D0 02B><0B8:8 A8AB5<8 28<V@N20==O B0 @5єAB@0FVW; 

̶ ?@>3@0<=5 70157?5G5==O; 

̶ @>1>G5 <VAF5 >?5@0B>@0 2 ?C;ьB>2V9; 

̶ A8AB5<0 2V45>A?>AB5@565==O 70 28?@>1C20==O<8. 

#@8=F8?>20 ?=52<>3V4@02;VG=0 AE5<0 20:CC<=>3> AB5=4C (482. �>40B>: �) 

2V4>1@060є 270є<>4VN >A=>2=8E :><?>=5=BV2, I> 70157?5GCNBь AB2>@5==O B0 

?V4B@8<0==O 20:CC<C, 0 B0:>6 ?>40GC :><?>=5=BV2 ?0;820 9 >E>;>46CNG8E 



80 

@5G>28=. "A=>2=8< 5;5<5=B>< є 20:CC<=0 :0<5@0, O:0 4>72>;Oє V<VBC20B8 

@>7@O465=C 0B<>AD5@C. �07>-565:B>@=0 CAB0=>2:0 2 ?0@V 7 307>48=0<VG=>N 

B@C1>N 4283C=0, I> 28?@>1>2CєBьAO (��&20), 70157?5GCє 4>AO3=5==O 

=5>1EV4=>3> @V2=O 20:CC<C, AB01V;ь=VABь O:>3> ?V4B@8<CєBьAO ?@>BO3>< CAь>3> 

28?@>1C20==O. 

!0 5B0?V ?@>5:BC20==O B0 ?;0=C20==O @>1VB, 4> 28?@>1C20;ь=>3> AB5=4C 

28AC20;8Aь =0ABC?=V >A=>2=V 28<>38: 

- B8A: =0 7@V7V A>?;0 2 <><5=B 70?CA:C 4283C=0 V ?V4 G0A @>1>B8 =0 

@568<V =5 1V;ьH5 0.08 :3A/A<2 (59 <<. @B. AB.); 

- 2V;ь=5 AB8:C20==O AB5=4>28E ?0;82=8E V 28<V@N20;ь=8E <03VAB@0;59 

7 5;5<5=B0<8 4283C=0; 

- 2V4ACB=VABь 307>28E «?>4CH>:» 2 AB5=4>28E <03VAB@0;OE, I> 

?V42>4OBь :><?>=5=B8 ?0;820; 

- A?>AB5@565==O 70 ?5@51V3>< 28?@>1C20=ь 70 4>?><>3>N 

B5;52V7V9=>3> ?@8AB@>N (G5@57 >3;O4>2V 2V:=0) 7 <>6;82VABN 2V45>70?8AC ?@>F5AC 

28?@>1C20=ь 2 @568<V «>=;09=»; 

- :><?5=A0FVN 7CA8;ь, I> 28=8:0NBь 2V4 ?5@5<VI5=ь 4283C=0 ?V4 G0A 

@>1>B8; 

- 35@<5B8G=VABь 7'є4=0=ь 4283C=0 B0 AB5=4>28E <03VAB@0;59; 

- ?@>4C20==O AB5=4>28E ?0;82=8E <03VAB@0;59 B0 B8E, I> 2E>4OBь 2 

A:;04 4283C=0 (>:8A=8:0 - ?>2VB@O<; ?0;ь=>3> - 07>B><) ?@8 B@820;8E ?0C70E V 

?VA;O 28<:=5==O; 

- 20:CC<C20==O AB5=4>28E <03VAB@0;59 4> 01A>;NB=>3> B8A:C =5 

1V;ьH5 0.6 :3A/A<2 (441 <<. @B. AB.) =0 4V;O=FV <V6 AB5=4>28<8 :;0?0=0<8 B0 

5;5:B@>:;0?0=0<8 4283C=0; 

- AB01V;ь=C ?>40GC :><?>=5=BV2 ?0;820 =0 2E>48 2 4283C=; 

- ?>40GC =0 :;5<8 �� =0?@C38 (28±4�) ?>ABV9=>3> AB@C<C. 

#>BC6=VABь, I> A?>6820єBьAO >4=8< �� 4283C=0, =5 1V;ьH5 40 �B; 



81 

- ?>40GC :><0=4 =0 C?@02;V==O �� 4283C=0 2V4?>2V4=> 4> 

F8:;>3@0<0<8, =02545=8<8 =0 @8AC=:0E 3.1 V 3.2, V @5єAB@0FVN A?@0FN20==O 

5;5:B@><03=VBV2 �� 7 ?@>E>465==O AB@C<C (=0?@C38) G5@57 WE >1<>B:8; 

- 01A>;NB=V B8A:8 :><?>=5=BV2 ?0;820 =0 2E>40E C 4283C= C <><5=B 

?>40GV :><0=48 =0 70?CA: 2V4?>2V4=> 4> F8:;>3@0<, =02545=8E =0 @8AC=:0E 3.1 

B0 3.2; 

- @V7=8FN 25;8G8= B8A:V2 >:8A=8:0 V ?0;ь=>3> =0 2E>40E C 4283C= C 

<><5=B ?>40GV :><0=48 =0 70?CA: V ?@8 @>1>BV =0 @568<V =5 1V;ьH5 ±0.2 :3A/A<2; 

- <>6;82VABь :5@C20==O 28B@0B>N :><?>=5=BV2 ?0;820 G5@57 4283C= 

AB5=4>28<8 4@>A5;O<8 2V4?>2V4=> 4> F8:;>3@0<8, =02545=>W =0 @8AC=:C 3.2; 

- AC<0@=89 G0A @>1>B8 4283C=0 ?@8 :>=B@>;ь=>-B5E=VG=8E 

28?@>1C20==OE (�&�) 3 =5 <5=H5 93 A; 

- 420 2:;NG5==O 4283C=0, 157 WE=ь>3> ?>A;V4>2=>3> 45<>=B06C 7V 

AB5=40; 

- 2V42545==O B0 4>?0;N20==O ?@>4C:BV2 73>@O==O V7 A>?;0 :0<5@8 

4283C=0; 

- 28<8:0==O 4283C=0 2 @CG=><C B0 02B><0B8G=><C @568<0E ?@8 

020@V9=8E A8BC0FVOE, C B><C G8A;V 70 4>?><>3>N AB5=4>28E :;0?0=V2 C 6828;ь=8E 

<03VAB@0;OE >:8A=8:0 B0 ?0;ь=>3>; 

- 7;82 :><?>=5=BV2 ?0;820 7V AB5=4>28E 6828;ь=8E <03VAB@0;59 ?VA;O 

70:V=G5==O 28?@>1C20=ь V C @07V 020@V9=>3> 28<:=5==O 4283C=0 (���); 

- 28<V@N20==O BO38 4283C=0 BO3>28<V@N20;ь=8< ?@8AB@>є<; 

- 28<V@N20==O, @5єAB@0FVN, 45H8D@C20==O B0 0=0;V7 28<V@N20=8E 

?0@0<5B@V2 4283C=0 V AB5=4C. 

'=V:0;ь=VABь :>=AB@C:FVW AB5=4C ?>;O30є C <>4C;ь=><C ?V4E>4V 4> 

?@>є:BC20==O. *5 4>72>;Oє ;53:> 040?BC20B8 9>3> 4> @V7=8E B8?V2 28?@>1C20=ь, 

H284:> 70<V=N20B8 :><?>=5=B8 01> <>45@=V7C20B8 A8AB5<C 2V4?>2V4=> 4> 7<V= C 

28<>30E 28?@>1C20=ь. 



82 

3.2 *8:;>3@0<0 @>1>B8 20:CC<=>3> AB5=4C 

 � E>4V ?@>2545==O @>1VB B0 @>7@>1:8 28?@>1C20;ь=>3> AB5=4C, @>7@>1;5=0 

F8:;>3@0<0 ?@>2545==O 28?@>1C20=ь ?@8 ?@>2545=V :20;VDV:0FV9=> B5E=VG=8E 

28?@>1C20=ь. *8:;>3@0<0 =02545=0 =0 @8AC=:C 3.1, 0 F8:;>3@0<0 @>1>B8 

4283C=0 - @8AC=>: 3.2.  

 

$8AC=>: 3.1 3 *8:;>3@0<0 ?@>2545==O 28?@>1C20=ь 7 ?5@5;V:>< :><0=4 

 

$8AC=>: 3.2 3 *8:;>3@0<0 70?CA:C 4283C=0 

#V4 G0A ?@>2545==O 28?@>1C20=ь 70AB>A>2CєBьAO =0ABC?=89 ?5@5;V: 

:><0=4: 

1) 3 :>=B@>;ь A?@0Fь>2C20==O :;0?0=V2, ?>?5@54=ь> 70157?5G8B8 =044C2 

10:V2 B0 @5A825@V2 >:8A=8:0 B0 ?0;ь=>3>, 10:C 5B0=>;C. �>=B@>;ь A?@0Fь>2C20==O 

:;0?0=V2 ?>40GV 2>48 (?>402H8 2 <03VAB@0;ь 2>4C), :;0?0=V2 ?>40GV ?>2VB@O 

(?>402H8 2 <03VAB@0;V ?>2VB@O), :;0?0=0 ?>40GV 07>BC (?>402H8 2 <03VAB@0;ь 



83 

07>B). $>1>B8 ?@>2>48B8 4> 70?>2=5==O <03VAB@0;59 :><?>=5=B0<8 ?0;820 =5 

1V;ьH5 =V6 70 24 3>48=8, 0;5 =5 <5=H O: 70 3 3>48=8; 

2) 3 ?5@52V@:0 =0 35@<5B8G=VABь AB5=4>28E <03VAB@0;59 =0 4V;O=FV 2V4 

?V410:>28E :;0?0=V2 >:8A=8:0 B0 ?0;ь=>3>  4> 7'є4=0=ь AB5=4>28E <03VAB@0;59 7 

:@8H:>N 307>48=0<VG=>W B@C18 <5B>4>< A?04C B8A:C, 7 28B@8<:>N, =5 <5=H5 10 

E28;8=. %?04 B8A:C =5 4>?CA:0єBьAO; 

3) 3 20:CC<C20==O AB5=4>28E <03VAB@0;59 ?>40GV >:8A=8:0 B0 ?0;ь=>3> C 

4283C=; 

4) 3 70?>2=5==O AB5=4>28E <03VAB@0;59 :><?>=5=B0<8 ?0;820, ?@>;82:0 

AB5=4>28E <03VAB@0;59, ?5@52V@:0 ?@0F5740B=>ABV 40BG8:V2 28B@0B8. #@>;820==O 

AB5=4>2>W <03VAB@0;V >:8A=8:0 28:>=C20B8<5 G5@57 :;0?0= �&, AB5=4>2>W 

<03VAB@0;V ?0;ь=>3> 3 G5@57 :;0?0= !� �. #@>;820==O ?@>2>48B8 4> 2840;5==O 

?>2VB@O=8E «1C;ь10H>:». $>1>B8 28:>=C20B8 2V4?>2V4=> 4> B5E=>;>3VW 

28?@>1C20;ь=>3> ?V4@>74V;C; 

5) 3 =044C2 AB5=4>28E 10;>=V2 B0 @5A825@V2 >:8A=8:0 B0 ?0;ь=>3>. &8A: 

=044C2C 2 10;>=0E V @5A825@0E ?>28=5= 70157?5GC20B8 B8A: :><?>=5=BV2 ?0;820 

=0 2E>40E C 4283C=; 

6) - 70?CA: 307>-565:B>@=>W CAB0=>2:8; 

7) 3 ?5@H5 2:;NG5==O 4283C=0. #>40GC :><?>=5=BV2 ?0;820 2 4283C= 

74V9A=N20B8 2V4 @5A825@V2 >:8A=8:0 B0 ?0;ь=>3>; 

8) 3 ?@8?8=5==O ?>40GV 07>BC =0 =0BV:0==O (>4=>G0A=> 7 ?>40G5N 4@C3>W 

:><0=48 =0 70?CA: 4283C=0 (?>40G0 =0?@C38 =0 5;5:B@>:;0?0= «#»)), 70:@8B8 

:;0?0= ?>40GV 07>BC 2 @>1>G89 >1’є< AB5=4C; 

9) 3 ?>40G0 07>BC =0 =0BV:0==O (70 1.5 A5:C=4 4> ?>40GV :><0=48 =0 7C?8=:C 

4283C=0), 2V4:@8B8 :;0?0= ?>40GV 07>BC 2 @>1>G89 >1’є< AB5=4C; 

10) 3 7C?8=:0 4283C=0. �C?8=:C 4283C=0 74V9A=N20B8 ?@8 682;5==V 2V4 

@5A825@V2; 

11) 3 2V4:@8BBO ?V410:>28E :;0?0=V2 >:8A=8:0 B0 ?0;ь=>3>; 



84 

12) 3 4@C35 2:;NG5==O 4283C=0. #>40GC :><?>=5=BV2 ?0;820 2 4283C= 

74V9A=N20B8 2V4 10;>=V2 B0 @5A825@V2 >:8A=8:0 B0 ?0;ь=>3> 7 ?>40;ьH8< 

?5@5E>4>< =0 682;5==O 2V4 10;>=V2; 

13) 3 ?@8?8=5==O ?>40GV 07>BC =0 =0BV:0==O (>4=>G0A=> 7 ?>40G5N 4@C3>W 

:><0=48 =0 70?CA: 4283C=0 (?>40G0 =0?@C38 =0 5;5:B@>:;0?0= «#»)), 70:@8B8 

:;0?0= ?>40GV 07>BC 2 @>1>G89 >1’є< AB5=4C; 

14) 3 70:@8BBO ?V4@5A825@=8E :;0?0=V2 >:8A=8:0 B0 ?0;ь=>3>; 

15) 3 2V4:@8BBO ?V4@5A825@=8E :;0?0=V2 >:8A=8:0 B0 ?0;ь=>3>; 

16) 3 ?>40G0 07>BC =0 =0BV:0==O (70 1.5 A5:C=4 4> ?>40GV :><0=48 =0 7C?8=:C 

4283C=0), 2V4:@8B8 :;0?0= ?>40GV 07>BC 2 @>1>G89 >1’є< AB5=4C; 

17) 3 70:@8BBO ?V410:>28E :;0?0=V2 >:8A=8:0 B0 ?0;ь=>3>; 

18) - 7C?8=:0 4283C=0. �C?8=:C 4283C=0 74V9A=N20B8 ?@8 682;5==V 2V4 

@5A825@V2; 

19) 3 ?VA;O?CA:>20 >1@>1:0 4283C=0; 

20) - 70:V=G5==O ?VA;O?CA:>2>W >1@>1:8 4283C=0; 

21) - 7C?8=:0 307>-565:B>@=>W CAB0=>2:8; 

22) - 70:V=G5==O :>=B@>;ь=> B5E=VG=8E 28?@>1C20=ь. 

 

3.3 %8AB5<8 20:CC<=>3> AB5=4C 

3.3.1 �07>-565:B>@=0 CAB0=>2:0 

�07>-565:B>@=0 CAB0=>2:0 2E>48Bь 4> A:;04C 307>48=0<VG=>W G0AB8=8 

20:CC<=>3> AB5=4C V є 307>28< 565:B>@><, ?@87=0G5=8< 4;O AB2>@5==O 

=5>1EV4=>3> ?>?5@54=ь>3> @>7@V465==O =02:>;8H=ь>3> A5@54>28I0 2 @>1>G><C 

>1’є<V AB5=4C =0 7@V7V :0<5@8 4283C=0 ?@8 2>3=528E 28?@>1C20==OE. 

 >45;N20==O @>1>B8 307>-565:B>@=>W CAB0=>2:8 1C;> ?@54AB02;5=> 2 

$>74V;V 2, 0 45B0;ь=0 :>=AB@C:FVO ?>:070=0 2 $>74V;V 4 40=>W @>1>B8. 

 

 



85 

3.3.2 �07>48=0<VG=0 G0AB8=0 AB5=4C 

�07>48=0<VG=0 G0AB8=0 F5 >A=>2=89 @>1>G89 >1’є< 28?@>1C20;ь=>3> 

AB5=4C :@V7ь O:89 ?@>BV:0NBь ?@>4C:B8 73>@O==O 307>-565:B>@=>W CAB0=>2:8 B0 

4283C=0, I> 28?@>1>2CєBьAO. � @57C;ьB0BV ?@>2545=8E @>1VB, A?@>є:B>20=>, 

283>B>2;5=>, 7<>=B>20=> B0 28?@>1C20=> 28?@>1C20;ь=89 AB5=4 7>1@065=89 =0 

@8AC=:C 3.3. �030;ь=89 284 307>48=0<VG=>W G0AB8=8 20:CC<=>3> AB5=4C =02545=> 

=0 @8AC=:0E 3.4 3 3.5, 0 :>=AB@C:FVW  =0 @8AC=:C 3.6. 

 

$8AC=>: 3.3 3 �030;ь=89 283;O4 28?@>1C20;ь=>3> AB5=4C 

 

$8AC=>: 3.4 3 �030;ь=89 283;O4 28?@>1C20;ь=>3> AB5=4C B0 307>48=0<VG=>W 

G0AB8=8 



86 

 

$8AC=>: 3.5 3 �030;ь=89 284 307>48=0<VG=>W G0AB8=8 20:CC<=>3> AB5=4C  

�07>48=0<VG=0 G0AB8=0 28?@>1C20;ь=>3> AB5=4C 4;O @V48==8E @0:5B=8E 

4283C=V2 є F5=B@0;ь=8< 5;5<5=B><, O:89 70157?5GCє 2V42545==O ?@>4C:BV2 

73>@O==O, D>@<C20==O =5>1EV4=8E C<>2 ?>B>:C B0 V<VB0FVN 28A>B=>3> 

A5@54>28I0. �W DC=:FV>=C20==O 107CєBьAO =0 ?@8=F8?0E C?@02;V==O ?>B>:>< 

307V2 70 4>?><>3>N 307>48=0<VG=8E B@C1, 307>-565:B>@=>W CAB0=>2:8 B0 

20:CC<=>W :0<5@8. 

�07>48=0<VG=V B@C18 28:>=CNBь @>;ь :0=0;V2 4;O 2V42545==O ?@>4C:BV2 

73>@O==O B0 7'є4=0==O 5;5<5=BV2 A8AB5<8 <V6 A>1>N. �E=O 35><5B@VO ?@>є:BCєBьAO 

B0:8< G8=><, I>1 70157?5G8B8 <V=V<0;ь=V 2B@0B8 B8A:C B0 B5<?5@0BC@8, 0 B0:>6 

70?>1V3B8 28=8:=5==N 72>@>B=8E B5GV9, O:V <>6CBь 2?;820B8 =0 AB01V;ь=VABь 

@>1>B8 4283C=0. 



87 

 

$8AC=>: 3.6 3 �>=AB@C:FVO 307>48=0<VG=>W G0AB8=8 20:CC<=>3> AB5=4C 

1 3 �>65<5=B ��&1; 2 3 ��&1; 3 3 "A=>20 20:CC<=>3> AB5=4C; 4 3 ��'; 5 3 �>65<5=B ��&2; 
6 3 ��&2; 7 3 (;0=5Fь; 8 3 #>2>@>B=5 :>;V=>; 9 3 ��&20; 10 3 �0:CC<-:0<5@0; 11 3 %B5=4>20 

(>?>@=0) 10;:0. 

�07>48=0<VG=0 G0AB8=0 20:CC<=>3> AB5=40 :>=AB@C:B82=> є 28@>1><, I> 

A:;040єBьAO 7 42>E >4=0:>28E 307>48=0<VG=8E B@C1 (��&1 B0 ��&2), <V6 O:8<8 

2AB0=>2;5=0 307>-565:B>@=0 CAB0=>2:0. �07>48=0<VG=0 B@C10 7 307>-565:B>@=>N 

CAB0=>2:>N 7'є4=CNBьAO 70 4>?><>3>N D;0=F528E 7'є4=0=ь, ?@8 Fь><C :>6=0 

��& :@V?8BьAO 4> >A=>28 20:CC<=>3> AB5=40 ;>65<5=B0<8 1 V 5. �030;ь=89 284 

��&1 B0 ��&2 =0 @8AC=:C 3.7. 



88 

 

$8AC=>: 3.7 3 �030;ь=89 284 ��&1 B0 ��&2 

!0 2EV4 ��&2 2AB0=>2;5=> D;0=5Fь V7 3=CG:8< A8;ьD>==8< 5;5<5=B><, 

?@87=0G5=89 4;O 6>@AB:>3> 72'O7:C ��&2 V7 ��&20, 0 B0:>6 :><?5=A0FVW 

2V4E8;5=ь, I> 28=8:0NBь ?@8 718@0==V :>=AB@C:FVW B0 28@>1=8FB2V. �030;ь=89 

283;O4 D;0=FO ?>:070=> =0 @8AC=:C 3.8. �>=AB@C:FVO A8;ьD>=0 ?5@5410G0є 

2AB0=>2;5==O 2=CB@VH=ь>3> B5?;>2>3> 5:@0=0 4;O 70?>1V30==O ?5@53@V2C B0 

?@>30@C 3>D@. 

 

$8AC=>: 3.8 3 �030;ь=89 283;O4 D;0=FO 

� <5B>N 70157?5G5==O 1572V4@82=>3> 70:V=G5==O 307>2>3> ?>B>:C V7 

A>?;>2>3> =0A04:0 :0<5@8 4283C=0, 0 B0:>6 AB2>@5==O @>7@V465=>3> A5@54>28I0, 

I> V<VBCє 28A>B=V C<>28, 28:>@8AB>2CєBьAO 307>48=0<VG=0 B@C10 ��&20. ��&20 

2AB0=>2;NєBьAO <V6 ?>2>@>B=8< :>;V=>< B0 20:CC<-:0<5@>N. �>=AB@C:B82=> 

28@>18 A:;040NBьAO 7 :>=DC7>@0 B0 48DC7>@0 7 D;0=FO<8, 283>B>2;5=8<8 

<5B>4>< 048B82=8E B5E=>;>3V9 7 ?>@>H:C AB0;ь 316L, <V6 O:8<8 @>7<VI5=V 



89 

3;04:>ABV==V B@C18. � <5B>N >E>;>465==O ��&20 C 9>3> :>=AB@C:FVW 

?5@5410G5=89 >E>;>46CNG89 :>=BC@. "E>;>465==O ?@>2>48BьAO 2>4>N, I> 

?>40єBьAO 2V4 28?@>1C20;ь=>3> AB5=4C. &0:>6 C :>=AB@C:FVW 307>48=0<VG=>W 

B@C18 ?5@5410G5=V B@C1>?@>2>48 4;O 28<V@N20==O B8A:C =0 7@V7V A>?;>2>3> 

=0A04:0 :0<5@8 4283C=0, I> 28?@>1>2CєBьAO, 70 4>?><>3>N 40BG8:V2, O:V =5 

?@87=0G5=V 4;O @>1>B8 2 C<>20E 20:CC<C. "A=>2=V @>7<V@8 ��&20, 0 B0:>6 

7030;ь=89 283;O4 28@>1C ?>:070=> =0 @8AC=:0E 3.9 B0 3.10 2V4?>2V4=>. 

 

$8AC=>: 3.9 3 �>=AB@C:FVO ��&20 

 

$8AC=>: 3.10 3 �030;ь=89 283;O4 ��&20 

' ?@>F5AV ?@>є:BC20==O 307>48=0<VG=>W B@C18 ��&20 1C;> 28:>=0=> 

:><?;5:A=89 @>7@0EC=>: =0 <VF=VABь V ABV9:VABь :>=AB@C:FVW, I> 4>72>;8;> 

>FV=8B8 WW ?@0F5740B=VABь 2 5:A?;C0B0FV9=8E C<>20E. �>40B:>2> ?@>2545=> 

B5?;>B5E=VG=89 0=0;V7 B5?;>?5@540GV 2 5;5<5=B0E 307>48=0<VG=>W B@C18 ?V4 G0A 

28?@>1C20==O 4283C=0 ML20. $>7@0EC=>: B5?;>28E ?>B>:V2 107C202AO =0 

@57C;ьB0B0E CFD-<>45;N20==O, 7 ?>40;ьH>N :>@5:FVєN ?0@0<5B@V2 2V4?>2V4=> 

4> >B@8<0=8E B5<?5@0BC@=8E 7=0G5=ь ABV=>: :>=AB@C:FVW. 

#V4 G0A @>7@0EC=:C =0 <VF=VABь :>=AB@C:FVW ��&20 28:>@8AB>2C20;8AO B0:V 

2EV4=V ?0@0<5B@8: @>73;O40;0AO 1/26 G0AB8=0 :>=AB@C:FVW (A5:B>@ 13.8°), I> 



90 

4>72>;8;> 7=878B8 >1G8A;N20;ь=V 28B@0B8 157 2B@0B8 B>G=>ABV @>7@0EC=:V2. /: 

:>=AB@C:FV9=89 <0B5@V0; 1C;0 >1@0=0 :>@>7V9=>ABV9:0 0CAB5=VB=0 AB0;ь 

12)18!10&, O:0 E0@0:B5@87CєBьAO 3@0=8F5N <VF=>ABV 540  #0 B0 3@0=8F5N 

B5:CG>ABV 200  #0. �>=AB@C:FVO ?V44020;0AO =020=B065==N 2=CB@VH=V< B8A:>< 

0.5  #0 C B@0:BV >E>;>465==O, I> 4>72>;8;> >FV=8B8 @V25=ь =0?@C65=ь B0 

<>6;82V 45D>@<0FVW ?@8 =><V=0;ь=8E C<>20E 5:A?;C0B0FVW. &5<?5@0BC@0 

:>=AB@C:FVW, ?@89=OB0 4;O @>7@0EC=:C, AB0=>28;0 20 °%. %E5<0 =020=B065==O 

?@54AB02;5=0 =0 @8AC=:C 3.11. 

 

$8AC=>: 3.11 3 %E5<0 =020=B065==O <>45;V ��&20 

$57C;ьB0B8 ?@>2545=>3> 0=0;V7C =02545=V =0 @8AC=:C 3.12. "B@8<0=V 40=V 

<>6CBь 1CB8 28:>@8AB0=V 4;O ?>40;ьH>W >?B8<V70FVW :>=AB@C:FVW ��&20, 

?V428I5==O WW 5:A?;C0B0FV9=>W =04V9=>ABV B0 040?B0FVW 4> 7<V==8E B5?;>28E V 

<5E0=VG=8E =020=B065=ь. #@8 @>7@0EC=:0E =0 <VF=VABь @>73;O=CB> ?>2=C <>45;ь 

307>48=0<VG=>W B@C18. �>=AB@C:FVO =020=B065=0 B8A:>< C B@0:BV >E>;>465==O. 

 5B0 @>7@0EC=:C 3 287=0G8B8, 70 O:>3> B8A:C 2 B@0:BV >E>;>465==O :>=AB@C:FVO 

2B@0B8Bь AB0B8G=C ABV9:VABь. $57C;ьB0B8 @>7@0EC=:C =02545=> =0 @8AC=:C 3.13. 

 

$8AC=>: 3.12 - $>7?>4V; =0?@C65=ь C :>=AB@C:FVW ��&20 



91 

 

$8AC=>: 3.13 3 �B@0B0 AB0B8G=>W ABV9:>ABV ��&20 

$57C;ьB0B8 @>7@0EC=:C ?>:070;8, I> =0?@C65==O 2 :>=AB@C:FVW =5 

?5@528ICNBь 25;8G8=8 50  #0, I> 2V4?>2V40є :>5DVFVє=B0< 70?0AC 70 3@0=8F5N 

<VF=>ABV B0 3@0=8F5N ?;8==>ABV - 10.8 B0 4 2V4?>2V4=>. $57C;ьB0B8 @>7@0EC=:C =0 

AB0B8G=C ABV9:VABь ?>:070;8, I> ��&20 2B@0G0є ABV9:VABь ?@8 B8A:C 2 B@0:BV 

>E>;>465==O 1.1  #0 (11 10@). 

#@8 @>7@0EC=:C B5?;>?5@540GV 307>48=0<VG=>W B@C18 4;O 28?@>1C20==O 

4283C=0, <0;>W BO38, 1C;8 28:>@8AB0=V B5?;>2V ?>B>:8, O:V 1C;8 >B@8<0=8<8 2 

@57C;ьB0BV CFD <>45;N20==O 4283C=0. *V 40=V, 2 ?>40;ьH><C, 

28:>@8AB>2C20;8Aь 4;O B5?;>2>3> >1@0EC=:C ��&20 B0 @5HB8 5;5<5=BV2 

307>48=0<VG=>3> B@0:BC AB5=4C. &0:>6, 4;O B5?;>2>3> >1@0EC=:C, 1C;8 

28:>@8AB0=V 2EV4=V 40=V =02545=V 2 B01;8FV 3.1. 

&01;8F0 3.1 - �EV4=V 40=V 4;O B5?;>2>3> @>7@0EC=:C 

!09<5=C20==O ?0@0<5B@0 �5;8G8=0 

&5<?5@0BC@0 2>48 =0 2E>4V 2 B@0:B >E>;>465==O, K (℃) 293 (20) 

&8A: =0 2E>4V 2 B@0:B >E>;>465==O, 10@ 2 

�@0=8G=> 4>?CAB8<0 B5<?5@0BC@0 <0B5@V0;C ABV=:8, K (℃) 1013 (740) 

 

#@>F5A B5?;>>1<V=C 2 307>48=0<VG=V9 B@C1V A:;040єBьAO 7 45:V;ь:>E 5B0?V2, 

O:V 70157?5GCNBь 2V42545==O B5?;0 2V4 ?@>4C:BV2 73>@O==O 4> >E>;>46C20;ь=>W 

@V48=8. #5@H89 5B0? ?>;O30є C :>=25:B82=><C B5?;>>1<V=V <V6 30@OG8<8 3070<8 



92 

B0 2=CB@VH=ь>N ?>25@E=5N ABV=:8 B@C18. �0;V B5?;> ?5@540єBьAO G5@57 B>2IC 

ABV=:8 B@C18 4> WW 7>2=VH=ь>W ?>25@E=V, O:0 :>=B0:BCє 7 >E>;>46C20;ь=>N 

@V48=>N. �025@H0;ь=8< 5B0?>< є :>=25:B82=0 B5?;>?5@540G0 2V4 7>2=VH=ь>W 

?>25@E=V ABV=:8 4> >E>;>46C20;ь=>W @V48=8, O:0 ?>3;8=0є B5?;> V 70157?5GCє 

>E>;>465==O :>=AB@C:FVW. 

$>7@0EC=>: B5?;>2V42545==O ?@>2>482AO 70 4>?><>3>N ?>4V;C B@C18 =0 

4V;O=:8 7 287=0G5=8< :@>:><, I> 4>72>;Oє 2@0E>2C20B8 ;>:0;ь=V >A>1;82>ABV 

35><5B@VW B0 B5?;>>1<V=C. �@>: @>718BBO >18@02AO 2V4?>2V4=> 4> =5>1EV4=>3> 

@V2=O B>G=>ABV: 4;O F8;V=4@8G=>W G0AB8=8 B@C18 70AB>A>2C20;>AO 1V;ьH89 :@>:, 

>A:V;ь:8 B5?;>>1<V= BCB 1V;ьH @V2=><V@=89, 0 4;O :>=DC7>@0 B0 48DC7>@0, 45 

E0@0:B5@ B5GVW 7<V=NєBьAO, 28:>@8AB>2C20;8 4@V1=VH5 @>718BBO 4;O B>G=VH>3> 

0=0;V7C. 

�>5DVFVє=B B5?;>?5@540GV 2V4 ABV=:8 4> >E>;>46C20;ь=>W @V48=8 

287=0G02AO 70 4>?><>3>N :@8B5@V0;ь=>3> @V2=O==O  VEєє20 [69], O:5 2@0E>2Cє 

>A=>2=V ?0@0<5B@8 B5?;>>1<V=C, B0:V O: H284:VABь B5GVW, B5<?5@0BC@=V 3@04Vє=B8 

B0 DV78G=V 2;0AB82>ABV >E>;>46C20;ь=>W @V48=8. �;O 70157?5G5==O 4>AB>2V@=>ABV 

@>7@0EC=:V2 28:>@8AB>2C20;8AO B01;8G=V 7=0G5==O :@8B5@VW2 !CAA5;ьB0, 

$59=>;ь4A0 B0 #@0=4B;O, I> 4>72>;8;> :>@5:B=> >?8A0B8 ?@>F5A B5?;>?5@540GV 

2 @V7=8E C<>20E 5:A?;C0B0FVW. 

�>40B:>2> 1C;> 2@0E>20=> 2?;82 <0B5@V0;C ABV=:8 B@C18, WW B>2I8=8 B0 

B5?;>?@>2V4=>ABV, >A:V;ь:8 FV ?0@0<5B@8 ACBBє2> 2?;820NBь =0 5D5:B82=VABь 

B5?;>2V42545==O. �;O ?V428I5==O =04V9=>ABV :>=AB@C:FVW B0 >?B8<V70FVW 

B5?;>>1<V=C @>73;O40;8AO 0;ьB5@=0B82=V <0B5@V0;8, I> <0NBь 28IV :>5DVFVє=B8 

B5?;>?@>2V4=>ABV, B0:V O: <V4ь B0 0;N<V=Vє2V A?;028, O:V 70157?5GCNBь 7=865==O 

B5@<VG=>3> >?>@C 9 ?>:@0I5==O 7030;ь=>W 5D5:B82=>ABV A8AB5<8. 

�@V< B>3>, 2@0E>2C202AO 2?;82 3V4@>48=0<VG=>3> @568<C B5GVW 

>E>;>46C20;ь=>W @V48=8. �C;> ?@>0=0;V7>20=> @568<8 ;0<V=0@=>3>, ?5@5EV4=>3> 

B0 BC@1C;5=B=>3> ?>B>:V2, >A:V;ь:8 :>65= 7 =8E ?>-@V7=><C 2?;820є =0 25;8G8=C 

B5?;>2V440GV. �>:@5<0, C BC@1C;5=B=><C @568<V 2V41C20єBьAO V=B5=A8DV:0FVO 



93 

B5?;>>1<V=C 70 @0EC=>: 71V;ьH5==O :>5DVFVє=B0 B5?;>2V440GV, I> ?>2’O70=> 7 

V=B5=A82=8< ?5@5<VHC20==O< @V48=8 C ?@8ABV=:>2><C H0@V. 

�;O 1V;ьH B>G=>W >FV=:8 ?@>F5AV2 B5?;>?5@540GV 70AB>A>2C20;8AO G8A5;ь=V 

<5B>48 <>45;N20==O, 7>:@5<0 <5B>48 A:V=G5==8E 5;5<5=BV2 B0 A:V=G5==8E 

@V7=8Fь, I> 4>72>;8;> >B@8<0B8 1V;ьH 45B0;ь=89 @>7?>4V; B5<?5@0BC@=8E ?>;V2 

C ABV=FV B@C18 B0 >E>;>46C20;ь=><C A5@54>28IV. �@0E>2CNG8 @57C;ьB0B8 

<>45;N20==O, 1C;> 287=0G5=> :@8B8G=V 7>=8 ?5@53@V2C, I> 4>72>;Oє @>7@>18B8 

70E>48 4;O WE CAC=5==O, =0?@8:;04, H;OE>< 7<V=8 :>=DV3C@0FVW B5?;>>1<V==>W 

?>25@E=V 01> 70AB>AC20==O 4>40B:>28E BC@1C;V70B>@V2 ?>B>:C. ÿDþеĀD = 0,021 · ýÿ0,8��0.43 · Ā, (4.1) 

45 α@ 3 :>5DVFVє=B B5?;>2V440GV 2V4 ABV=:8 4> @V48=8; 

d5 3 5:2V20;5=B=89 3V4@02;VG=89 4V0<5B@; 

λ@ 3 :>5DVFVє=B B5?;>?@>2V4=>ABV B5?;>=>AVO; 

Re 3 G8A;> $59=>;ь4A0; 

Pr 3 G8A;> #@0=4B;O; 

β 3 2V4=>H5==O G8A5; #@0=4B;O B5?;>=>AVO, 27OB8E 70  A5@54=ь><0A>2>W 

B5<?5@0BC@8 @V48=8 V 70 B5<?5@0BC@8 ABV=:8. 

�5;8G8=0 B5?;>2>3> ?>B>:C 2V4 307C 4> ABV=:8 :0<5@8 287=0G0;0AO O: AC<0 

?@><5=8AB>3> B5?;>2>3> ?>B>:C V :>=25:B82=>3>. �;O 287=0G5==O ?@><5=8AB>3> 

B5?;>2>3> ?>B>:C 28:>@8AB>2C20;8AO :>5DVFVє=B8 28?@><V=N20==O ABV=:8 B0 

307C, 0 B0:>6 B5<?5@0BC@=V 3@04Vє=B8 <V6 ABV=:>N V ?@>4C:B0<8 73>@O==O. 

$>7@0EC=>: :>=25:B82=>3> B5?;>2>3> ?>B>:C ?@>2>482AO 70 70;56=>ABV, O:0 

2@0E>2Cє ?0@0<5B@8 307>2>3> ?>B>:C, B0:V O:: B5<?5@0BC@0, H284:VABь V DV78G=V 

2;0AB82>ABV @>1>G>3> A5@54>28I0: ÿ7þкĀ7 = 0,0162 $е0,82 (ÿ��ÿ7.EF)0,35, (4.2) 

45 3 ÿ7 :>5DVFVє=B B5?;>2V440GV 2V4 307C 4> ABV=:8 :0<5@8; þк 3 4V0<5B@ :0<5@8; Ā7 3 :>5DVFVє=B B5?;>?@>2V4=>ABV 307C; 



94 

$е 3 G8A;> #5:;5; ÿ��  3 B5<?5@0BC@0 7030;ь<>20=>3> ?>B>:C; 

г.EFT  3 B5<?5@0BC@0 307>2>W ABV=:8. 

� @57C;ьB0BV @>7@0EC=:C 287=0G5=> <V=V<0;ь=C =5>1EV4=C 28B@0BC 2>48 =0 

>E>;>465==O. $57C;ьB0B8 @>7@0EC=:C ?@54AB02;5=V =0 @8AC=:0E 3.14 - 3.16 B0 C 

B01;8FV 3.2. 

$8AC=>: 3.14 - &5<?5@0BC@0 2>3=52>W ABV=:8 

 

$8AC=>: 3.15 - &5<?5@0BC@0 2>48 C B@0:BV >E>;>465==O 



95 

 

$8AC=>: 3.16 - #8B><89 B5?;>289 ?>BV: 

&01;8F0 3.2 - $57C;ьB0B8 @>7@0EC=:C >E>;>465==O 

!09<5=C20==O ?0@0<5B@0 �5;8G8=0 

 0:A8<0;ь=0 B5<?5@0BC@0 2>3=52>W ABV=:8, K (℃) 480 (207) 

 0:A8<0;ь=0 B5<?5@0BC@0 @V48==>W ABV=:8, K (℃) 460 (187) 

�8B@0B0 2>48 2 B@0:B >E>;>465==O, :3/A 0.5 

&5<?5@0BC@0 2>48 =0 28E>4V V7 B@0:BC, � (℃) 328 (55) 

�B@0B8 B8A:C =0 B5@BO C B@0:BV >E>;>465==O, 10@ 0.3 

�0 @57C;ьB0B0<8 ?@>2545=8E @>7@0EC=:V2 2AB0=>2;5=>, I> B5<?5@0BC@0 

2>3=52>W ABV=:8 =5 ?5@528ICє 4>?CAB8<8E 7=0G5=ь, I> 30@0=BCє WW ?@0F5740B=VABь 

C 7040=8E C<>20E 5:A?;C0B0FVW. �=0;V7 B5<?5@0BC@=>3> ?>;O ?>:0702, I>, E>G0 

B5<?5@0BC@0 2=CB@VH=ь>W ?>25@E=V ABV=:8 7 1>:C >E>;>46C20;ь=>W @V48=8 

?5@528ICє B5<?5@0BC@C :8?V==O 2>48, 3CAB8=0 B5?;>2>3> ?>B>:C 70;8H0єBьAO 

7=0G=> =86G>N 70 :@8B8G=5 7=0G5==O. *5 A2V4G8Bь ?@> B5, I> 2 

>E>;>46C20;ь=><C B@0:BV =5 2V41C45BьAO D07>2>3> ?5@5E>4C 4> ?;V2:>2>3> 

:8?V==O, O:5 <>3;> 1 ACBBє2> 7=878B8 5D5:B82=VABь B5?;>2V440GV B0 A?@8G8=8B8 

;>:0;ь=5 ?5@53@V20==O :>=AB@C:FVW. 

� <5B>N 70157?5G5==O 7’є4=0==O 307>48=0<VG=>W G0AB8=8 7 307>48=0<VG=>N 

B@C1>N ?V4 :CB>< 45° 1C;0 @>7@>1;5=0 A?5FV0;ь=0 :>=AB@C:FVO 4 ?>2>@>B=5 



96 

:>;V=>. "A=>2=>N DC=:FVєN Fь>3> 5;5<5=B0 є ?;02=5 ?5@5=0?@02;5==O 307>2>3> 

?>B>:C, <V=V<V70FVO 05@>48=0<VG=8E 2B@0B V 70157?5G5==O AB01V;ь=>W @>1>B8 

A8AB5<8 70 28A>:>B5<?5@0BC@=8E C<>2. 

�>=AB@C:B82=> ?>2>@>B=5 :>;V=> A:;040єBьAO 7 42>E D;0=FV2, 

283>B>2;5=8E <5B>4>< 048B82=>3> 28@>1=8FB20 V7 28:>@8AB0==O< ?>@>H:C AB0;V 

316L, I> 70157?5GCє 28A>:C :>@>7V9=C ABV9:VABь V B5@<VG=C AB01V;ь=VABь.  V6 

D;0=FO<8 @>7B0H>20=V B>=:>ABV==V B@C1>?@>2V4=V 5;5<5=B8, O:V 28:>=CNBь @>;ь 

:0=0;C 4;O B@0=A?>@BC20==O ?>B>:C. �0AB>AC20==O 048B82=8E B5E=>;>3V9 

4>72>;8;> @50;V7C20B8 A:;04=C 35><5B@VN 45B0;V 7 28A>:>N B>G=VABN, 

<V=V<V7C20B8 :V;ь:VABь 720@=8E 7’є4=0=ь, I> ?>78B82=> 2?;8=C;> =0 <VF=VABь V 

5:A?;C0B0FV9=C =04V9=VABь :>=AB@C:FVW. 

"A=>2=V ?0@0<5B@8 ?>2>@>B=>3> :>;V=0, 45B0;V 9>3> :>=AB@C:FVW, 0 B0:>6 

7030;ь=89 283;O4 28@>1C ?@54AB02;5=V =0 @8AC=:0E 3.17 B0 3.18. "B@8<0=V 

@57C;ьB0B8 <>6CBь 1CB8 28:>@8AB0=V 4;O ?>40;ьH>W >?B8<V70FVW D>@<8 ?>B>:C B0 

?V428I5==O 5D5:B82=>ABV @>1>B8 307>48=0<VG=>W A8AB5<8. 

 

$8AC=>: 3.17 3 �>=AB@C:FVO ?>2>@>B=>3> :>;V=0 



97 

�;O ?V4B@8<0==O >?B8<0;ь=>3> B5?;>2>3> @568<C ?>2>@>B=>3> :>;V=0 

1C;> @50;V7>20=> 5D5:B82=C A8AB5<C >E>;>465==O, O:0 70157?5GCє AB01V;ь=C 

@>1>BC :>=AB@C:FVW 70 C<>2 7=0G=>3> B5?;>2>3> =020=B065==O. 

"E>;>46C20;ь=89 :>=BC@, V=B53@>20=89 157?>A5@54=ь> 2 :>=AB@C:FVN 28@>1C, 

28:>@8AB>2Cє ?>40GC >E>;>46C20;ь=>W @V48=8 2V4 28?@>1C20;ь=>3> AB5=4C, I> 

4>72>;Oє 5D5:B82=> 2V42>48B8 B5?;> B0 ?V4B@8<C20B8 B5<?5@0BC@C 5;5<5=BV2 C 

4>?CAB8<8E <560E. 

*8@:C;OFVO >E>;>46C20;ь=>W @V48=8 74V9A=NєBьAO G5@57 A?5FV0;ь=> 

A?@>є:B>20=V :0=0;8, @>7B0H>20=V C 2=CB@VH=V9 AB@C:BC@V :>;V=0, I> A?@8Oє 

@V2=><V@=><C @>7?>4V;C B5<?5@0BC@=>3> 3@04Vє=B0 B0 <V=V<V7Cє @878: ;>:0;ь=>3> 

?5@53@V20==O. �81V@ 2>4O=>3> >E>;>465==O >1C<>2;5=89 9>3> 28A>:>N 

B5?;>є<=VABN B0 5D5:B82=VABN C 2V42545==V B5?;0 ?@8 2V4=>A=> =87ь:><C 

3V4@02;VG=><C >?>@V A8AB5<8. 

�;O 70157?5G5==O =04V9=>ABV @>1>B8 >E>;>46C20;ь=>3> :>=BC@C 1C;0 

?@>2545=0 9>3> >?B8<V70FVO 7 C@0EC20==O< @>7@0EC=:>28E 3V4@>48=0<VG=8E 

E0@0:B5@8AB8:. �>:@5<0, 287=0G5=> >?B8<0;ь=V ?0@0<5B@8 28B@0B8 @V48=8, 

H284:>ABV ?>B>:C B0 B5?;>?5@540GV, I> 4>72>;Oє 70?>1V3B8 28=8:=5==N 7>= 

70AB>N B0 ?>B5=FV9=>3> ?5@5E>4C 4> ?;V2:>2>3> :8?V==O. 

 

$8AC=>: 3.18 3 �030;ь=89 283;O4 ?>2>@>B=>3> :>;V=0 



98 

 5B>48:0 @>7@0EC=:C B5?;>28E ?@>F5AV2 C ?>2>@>B=><C :>;V=V 1C;0 

0=0;>3VG=>N 4> <5B>48:8, 70AB>A>20=>W 4;O 0=0;V7C 307>48=0<VG=>W B@C18 ��&20. 

":@5<C C203C ?@84V;5=> 35><5B@8G=V9 >?B8<V70FVW, O:0 4>72>;8;0 4>AO3B8 

5D5:B82=>3> >E>;>465==O B0 @V2=><V@=>3> @>7?>4V;C =020=B065=ь C <VAFOE 

7'є4=0==O. 

 

3.3.1 �0:CC<-:0<5@0  

�0:CC<-:0<5@0 ?@87=0G5=0 4;O 70157?5G5==O 28A>B=8E C<>2 @>1>B8 

4283C=0 <0;>W BO38 ?V4 G0A ?@>2545==O 28?@>1C20=ь. �030;ь=89 283;O4 20:CC<-

:0<5@8 ?@54AB02;5=> @8AC=:C 3.19. 

 

$8AC=>: 3.19 3 �030;ь=89 283;O4 20:CC<-:0<5@8 

�>=AB@C:B82=> 20:CC<-:0<5@0 є A:;040;ь=>N >48=8F5N [70], I> 

A:;040єBьAO 7 42>E >A=>2=8E 5;5<5=BV2 - =86=ь>W ?;8B8 B0 :>2?0:0. �A5@548=V 

20:CC<-:0<5@8 2AB0=>2;NNBьAO 5;5<5=B8 :@V?;5==O, B@C1>?@>2>48 ?>40GV 

:><?>=5=BV2 ?0;820 B0 307V2, BO3>28<V@N20;ь=89 ?@8AB@V9, @0<0 4;O :@V?;5==O 



99 

4283C=0 B0 A0< 4283C= ML20. �AV 5;5<5=B8 20:CC<-:0<5@8 283>B>2;5=V 7 

=5@602VNG>W AB0;V 12)18!10&. "1>;>=:0 :>2?0:0 20:CC<-:0<5@8 283>B>2;5=0 7 

;8AB0, B>2I8=>N 5 <<., 20;ьFь>20=>W B0 720@5=>W 2 F8;V=4@, 4V0<5B@>< 1150 <<. 

B0 28A>B>N 800 <<. ' F8;V=4@V ?5@5410G5=V G>B8@8 >3;O4>2V 2V:=0, O:V ?@87=0G5=V 

4;O >A2VB;5==O B0 2V45>A?>AB5@565==O 70 4283C=>< ?@8 ?@>2545==V 

:20;VDV:0FV9=8E 28?@>1C20=ь.  

�> =86=ь>W G0AB8=8 F8;V=4@0 ?@820@5=89 AB8:C20;ь=89 D;0=5Fь, 7 <5B>N 

70157?5G5==O DV:A0FVW 9>3> 4> AB>;C 20:CC<-:0<5@8, 0 B0:>6 70157?5G5==O 

35@<5B870FVW. (V:A0FVO 74V9A=NєBьAO 70 4>?><>3>N 2V4:84=8E @8<-1>;BV2. � 

<5B>N 70157?5G5==O ABV9:>ABV :>=AB@C:FVW :@8H:8 2V4 2?;82C ?5@5?04C B8A:C, C 

:>=AB@C:FVW ?@8ACB=V @51@0 6>@AB:>ABV. �030;ь=89 283;O4 :>2?0:0 ?>:070=> =0 

@8AC=:C 3.20. 

 

$8AC=>: 3.20 3 �030;ь=89 283;O4 :>2?0:0 20:CC<-:0<5@8 

�@C389 5;5<5=B 20:CC<-:0<5@8 3 ABV;, 283>B>2;5=89 V7 ?;8B8 7 

=5@602VNG>W AB0;V B>2I8=>N 30 <<. B0 4V0<5B@>< 1300 <<. ' :>=AB@C:FVW 

?5@5410G5=V G>B8@8 35@<>D;0=FV B0 >48= >B2V@ 4;O ��&20. �5@<>D;0=FV 

70157?5GCNBь ?V42545==O :><?>=5=BV2 ?0;820 4283C=0 C 20:CC<- :0<5@C, 0 B0:>6 

70157?5G5==O ?V42545==O @5HB8 B5E=VG=8E 5;5<5=BV2 3 :015;V2, 40BG8:V2 70<V@V2 

B8A:C, B>I>. �030;ь=89 283;O4 @>1>G>3> AB>;C, ?>:070=89 =0 @8AC=:C 3.21. 



100 

 

$8AC=>: 3.21 3 %BV; 20:CC<-:0<5@8 

#@8:;04 CAB0=>2:8 4283C=0 <0;>W BO38, I> 28?@>1>2CєBьAO, B0 @5HB8 

AC<V6=8E 5;5<5=BV2 ?>:070=89 =0 @8AC=:C 3.22. 

 

$8AC=>: 3.22 3 �030;ь=89 283;O4 @>1>G>3> <VAFO 4;O 28?@>1C20==O 4283C=0 

<0;>W BO38 

'AB0B:C20==O @>1>G>3> <VAFO, 4>72>;Oє 7@CG=> >?5@C20B8 B0 <>=BC20B8 

@V7=V AB@C:BC@=V 5;5<5=B8, <03VAB@0;V ?V42>4C B0 40BG8:8 70<V@C ?0@0<5B@V2. 

#5@5410G5=V 35@<>-D;0=FV є C=V25@A0;ь=8<8, I> 40є 7<>3C H284:> 2=>A8B8 

:>@5:B828 C ?@>2545==O 28?@>1C20=ь. 



101 

3.3.2 &O3>28<V@N20;ь=89 ?@8AB@V9 

&O3>28<V@N20;ь=89 ?@8AB@V9 3 F5 A?5FV0;V7>20=5 >1;04=0==O, ?@87=0G5=5 

4;O 28<V@N20==O A8;8 BO38, I> @>72820єBьAO @V48==8<8 @0:5B=8<8 4283C=0<8 

?V4 G0A ?@>2545==O 28?@>1C20=ь. Є 206;828< 5;5<5=B>< 28?@>1C20;ь=>3> 

:><?;5:AC, >A:V;ь:8 70157?5GCє <>6;82VABь >B@8<0==O 40=8E ?@> BO3>2V 

E0@0:B5@8AB8:8 4283C=0, I> =5>1EV4=V 4;O >FV=:8 9>3> 5D5:B82=>ABV B0 

?@0F5740B=>ABV. #@8AB@V9 DC=:FV>=Cє H;OE>< ?5@5B2>@5==O <5E0=VG=>3> 

=020=B065==O, AB2>@5=>3> BO3>N 4283C=0, =0 5;5:B@8G=89 A83=0;, O:89 =040;V 

0=0;V7CєBьAO B0 DV:ACєBьAO 2 A8AB5<V 71>@C 40=8E. � ?>40;ьH><C, >B@8<0=V 40=V 

BO38, 4>72>;ONBь >B@8<0B8 >4=C 7 >A=>2=8E E0@0:B5@8AB8: @V48==>3> @0:5B=>3> 

4283C=0, I> >?8ACє 5D5:B82=VABь 28@>1C 2 FV;><C 3 ?8B><89 V<?C;ьA. 

�030;ь=89 283;O4 BO3>28<V@N20;ь=>3> ?@8AB@>N =02545=> =0 

@8AC=:C 3.23, :>=AB@C:FVO 3 @8AC=>: 3.24. 

 

$8AC=>: 3.23 3 �030;ь=89 283;O4 BO3>28<V@N20;ь=>3> ?@8AB@>N 

�>=AB@C:B82=> BO3>28<V@N20;ь=89 ?@8AB@V9 A:;040єBьAO 7 =86=ь>W ?;8B8, 

=0 O:V9 2AB0=>2;5=V B@8 40BG8:8 A8;8, B0 25@E=ь>W ?;8B8, 7'є4=0=>W G5@57 H?8;ь:8 

7 GCB;828< 5;5<5=B>< 40BG8:V2. �;O 70E8ABC 40BG8:V2 A8; 2V4 2?;82C 30@OG8E 

307V2 :0<5@8 4283C=0 =0 =86=V9 ?;8BV 2AB0=>2;5=V 70E8A=V 5:@0=8. �;O >B@8<0==O 

B5;5<5B@8G=>W V=D>@<0FVW 2V4 A8;>28<V@N20;ь=8E 40BG8:V2 =0 :>65= 40BG8: 

2AB0=>2;5=> :015;ь V7 7'є4=C20G5<.  



102 

 

$8AC=>: 3.24 3 �>=AB@C:FVO BO3>28<V@N20;ь=>3> ?@8AB@>N  

1 3 ?;8B0 25@E=O; 2 3 =86=O ?;8B0; 3 3 A8;>28<V@N20;ь=89 40BG8:; 4 3 1>;B; 5 3 :V;ьF5; 6 3 
H0910; 7 3 H?8;ь:0; 8 3 H0910; 9 3 309:0 

!86=O B0 25@E=O ?;8B8 BO3>28<V@N20;ь=>3> ?@8AB@>N 283>B>2;5=V 

:;0A8G=>N <5E0=VG=>N >1@>1:>N V7 =5@602VNG>W AB0;V 12)18!10&. �>=AB@C:FVO 

?;8B 70157?5GCє <>6;82VABь :@V?;5==O BO3>28<V@N20;ь=>3> ?@8AB@>N 4> 

:@8H:8 20:CC<=>3> AB5=4C 7 >4=>3> 1>:C (1>;B0<8, I> F5=B@CєBьAO 70 

4>?><>3>N F5=B@C20;ь=>3> 1C@B0), 0 7 V=H>3> 3 4> ?5@5EV4=>W @0<8, =5>1EV4=>W 

4;O 7'є4=0==O 7 4283C=><. 

 

$8AC=>: 3.25 3 %E5<0 =020=B065==O 



103 

%E5<0 =020=B065==O BO3>28<V@N20;ь=>3> ?@8AB@>N =02545=0 =0 @8AC=:C 

3.25. ' :>=AB@C:FVW 28:>@8AB>2CNBьAO B@8 B5=7><5B@8G=V A8;>28<V@N20;ь=V 

40BG8:8 U10M (1.25 kN), O:V 70157?5GCNBь B>G=5 28<V@N20==O 7CA8;ь, I> 

28=8:0NBь ?V4 G0A @>1>B8 4283C=0 [71]. 

� <5B>N <V=V<V70FVW =5@V2=><V@=>ABV @>7?>4V;C A8;8 BO38 B0 ?V428I5==O 

B>G=>ABV 28<V@N20=ь, 40BG8:8 @>7B0H>20=V =0 >4=0:>2V9 2V4AB0=V 2V4=>A=> >48= 

>4=>3>. &0:0 :>=DV3C@0FVO 4>72>;Oє =5 ;8H5 @V2=><V@=> A?@89<0B8 7CA8;;O, 0;5 

9 70?>1V30B8 28=8:=5==N ;>:0;ь=8E ?5@520=B065=ь C :>=AB@C:FVW 

28<V@N20;ь=>3> AB5=4C. 

�@V< B>3>, 28:>@8AB0==O B@ь>E 40BG8:V2 70<VABь >4=>3> 70157?5GCє 

71V;ьH5==O 7030;ь=>W <56V 28<V@N20==O BO38, I> є :@8B8G=> 206;828< 4;O 

28?@>1C20=ь 4283C=V2 V7 H8@>:8< 4V0?07>=>< BO3>28E E0@0:B5@8AB8:. *5 B0:>6 

4>72>;Oє ?V428I8B8 ABV9:VABь A8AB5<8 4> <>6;828E ?>E81>: >:@5<8E 40BG8:V2 

B0 ?>:@0I8B8 :>@5:B=VABь >1@>1:8 >B@8<0=8E 40=8E. 

 

3.4 %8AB5<0 ?>40GV :><?>=5=BV2 ?0;820 2 @V48==89 @0:5B=89 4283C= 

�;O 70157?5G5==O ?>40GV :><?>=5=BV2 ?0;820 (�#)  2 4283C= ?@8 

?@>2545==V 2>3=528E 28?@>1C20=ь C 20:CC<=><C AB5=4V 28:>@8AB>2CNBьAO 

10;>=8 >:8A=8:0 9 ?0;ь=>3>. "1'є< 10;>=V2 3 130 ;., @>1>G89 B8A: 3 

156.9 10@ (160 :3A/A<2). �;O :>6=>3> :><?>=5=BC ?0;820 28:>@8AB>2CєBьAO ?> 

420 10;>=8.  

� <5B>N ?@8H284H5==O @>1>B8 2V4:@8BBO HB0B=8E :;0?0=V2 >:8A=8:0 B0 

?0;ь=>, 1C;8 4>40B:>2> 2AB0=>2;5=V @5A825@8 C ;V=VW ?>40GV :><?>=5=BV2 ?0;820 

2V4 AB5=4>28E 10;>=V2. �57 2AB0=>2;5==O @5A825@V2 2V4:@8BBO 5;5:B@>:;0?0=V2 

B@820є C 8 @07V2 4>2H5. )0@0:B5@8AB8:8 @5A825@0 =02545=0 C B01;8FV 3.3. 

&01;8FO 3.3 - )0@0:B5@8AB8:8 @5A825@0 

!09<5=C20==O ?0@0<5B@0 �5;8G8=0 

"1'є< ?>@>6=8=8 4;O 715@V30==O �#, ; 9.6 



104 

�DB8B6:9AAO "45?<JV 3.3 

!09<5=C20==O ?0@0<5B@0 �5;8G8=0 

$>1>G5 BV;> ?>@>6=8=8 �# �& 01> !� � 

$>1>G5 BV;> ?>@>6=8=8 B5?;>=>AVO 2>40, 07>B, 

�07 =044C2C 5B8;5=3;V:>;ь 

$>1>G89 B8A: C ?>@>6=8=V �#, 10@ (:3A/A<2) 98 (100) 

$>1>G89 B8A: C ?>@>6=8=V B5?;>=>AVO, 10@ (:3A/A<2) 36.3 (37) 

�=CB@VH=V9 4V0<5B@ ?>@>6=8=8 �#, << 98 

'<>2=89 4V0<5B@ ?@>EV4=>3> ?5@5@V7C HBCF5@V2, <<: 

3 4;O ?>40==O �#: 

 3 4;O ?>40GV 307C =044C2C: 

 3 4;O ?>40GV/2V42545==O B5?;>=>AVO: 

 3 4;O ?>40GV 35;VN (=0A8G5==O �#) 

 

20 

20 

20 

6 

 

$5A825@8 >:8A=8:0 B0 ?0;ь=>3> ?@87=0G5=V 4;O 7<5=H5==O :>;820=ь B8A:C 

:><?>=5=BV2 ?0;820, I> 28=8:0NBь C AB5=4>2V9 A8AB5<V ?V4 G0A 70?CA:C 4283C=0, 

7>:@5<0 4;O :><?5=A0FVW B8<G0A>2>3> ?@>20;C B8A:C 2 <><5=B ?CA:C. �E 

28:>@8AB0==O 4>72>;Oє 70157?5G8B8 AB01V;ь=C ?>40GC :><?>=5=BV2 C :0<5@C 

73>@O==O B0 <V=V<V7C20B8 3V4@>48=0<VG=V 71C@5==O, O:V <>6CBь =530B82=> 

2?;820B8 =0 @>1>BC 4283C=0. 

$5A825@8 @>7B0H>20=V =0 20:CC<=><C AB5=4V C 157?>A5@54=V9 1;87ь:>ABV 4> 

4283C=0, I> <V=V<V7Cє 2B@0B8 B8A:C C <03VAB@0;OE V ?V428ICє 5D5:B82=VABь 

:><?5=A0FVW ?C;ьA0FV9. �>=8 ?V4:;NG5=V 4> AB5=4>2>W ;V=VW ?>40GV :><?>=5=BV2 

?0;820 ?0@0;5;ь=>, I> 4>72>;Oє @V2=><V@=> @>7?>4V;OB8 ?>BV: B0 70157?5GC20B8 

=04V9=VABь @>1>B8 A8AB5<8 ?@8 7<V==8E @568<0E ?>40GV. 

�>=AB@C:B82=> @5A825@ O2;Oє A>1>N 35@<5B8G=C є<=VABь, I> A:;040єBьAO 7 

42>E ?>@>6=8=. "4=0 7 =8E ?@87=0G5=0 4;O 0:C<C;N20==O :><?>=5=BV2 ?0;820, 

B>4V O: V=H0 70157?5GCє F8@:C;OFVN B5?;>=>AVO, =5>1EV4=>3> 4;O 



105 

B5@<>AB0BC20==O. &0:0 :>=AB@C:FVO 4>72>;Oє ?V4B@8<C20B8 AB01V;ь=89 

B5<?5@0BC@=89 @568< :><?>=5=BV2, I> є 206;828< D0:B>@>< 4;O 70157?5G5==O 

WE DV78:>-EV<VG=8E 2;0AB82>AB59 V ?>:@0I5==O E0@0:B5@8AB8: 73>@O==O. 

"?B8<V70FVO :>=AB@C:FVW @5A825@V2 2:;NG0;0 @>7@0EC=:>289 0=0;V7 WE 

>1’є<C, <0B5@V0;V2 B0 ?0@0<5B@V2 F8@:C;OFVW B5?;>=>AVO, I> 4>72>;8;> 

70157?5G8B8 WE=N 5D5:B82=C @>1>BC ?@8 @V7=8E @568<0E =020=B065==O. 

�>=AB@C:B82=V >A>1;82>ABV @5A825@0, 9>3> >A=>2=V @>7<V@8 B0 AE5<0 @>1>B8 

=02545=V =0 @8AC=:C 3.26. 

 

$8AC=>: 3.26 3 �>=AB@C:FVO @5A825@0 

1 3 4=8I5 25@E=є; 2 3 4=8I5 =86=є; 3 3 :>6CE (7>2=VH=V9); 4 3 B@C10; 5 3 @51@>; 6 3 HBCF5@ 
?>40GV 307C =044C2C; 7, 8 3 HBCF5@ 7;82C B0 ?V42545==O B5?;>=>AVO; 9 3 HBCF5@ 7;82C B0 

?V42545==O :><?>=5=BV2 ?0;820 

�3V4=> 7 @8AC=:>< 3.26 @5A825@ A:;040єBьAO 7 4=8I0 25@E=ь>3> 1 V 

=86=ь>3> 4=8I0 2, B@C18 4 4;O 715@V30==O :><?>=5=BV2 ?0;820, :>6CE0 3, I> 
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CB2>@Nє ?>@>6=8=C 4;O B5?;>=>AVO V A:;040єBьAO 7 42>E =0?V2F8;V=4@V2, 

283>B>2;5=8E 70 4>?><>3>N 738=0==O ;8AB>2>W 703>B>2:8.  V6 B@C1>N B0 

:>6CE>< @5A825@0 2AB0=>2;5=V @51@0, I> D>@<CNBь @V2=><V@=89 707>@. 

!0A8G5==O :><?>=5=BV2 ?0;820 ?@>2>48BьAO 10@1>BC20==O< G5@57 B@C1:C, 

2AB0=>2;5=C =0 =86=ь><C 4=8IV, 2 O:V9 28:>=0=> @O4 >B2>@V2 4;O ?>40GV 35;VN. 

!0 :>6CAV 3 ?5@5410G5=V HBCF5@8 4;O ?>40GV B0 2V42545==O B5?;>=>AVO, 0 B0:>6 

:>=B@>;N B5<?5@0BC@8. 

$5A825@8 >A=0I5=V 70A>10<8 :>=B@>;N B8A:C B0 @V2=O 70?@02:8 

:><?>=5=BV2 ?0;820. �;O :>=B@>;N @V2=O 70?@02:8 @5A825@0 28:>@8AB>2CєBьAO 

420 <5B>48: 

̶ 48AB0=FV9=89, 28<V@N20==O ?5@5?04C B8A:C 48D5@5=FV0;ь=8<8 

40BG8:0<8 B8A:C BFT 210 <V6 307>2>N 9 @V48==>N ?>@>6=8=0<8 (287=0G5==O 

28A>B8 AB>2?0 @V48=8); 

̶ 2V7C0;ь=89, 70 <V@=8<8 A:;><. 

 

3.5 %8AB5<0 28<V@N20==O B0 @5єAB@0FVW ?0@0<5B@V2 

%8AB5<0 28<V@N20=ь V @5єAB@0FVW, I> 70AB>A>2CєBьAO C 28?@>1C20;ь=><C 

AB5=4V, A:;040єBьAO 7 =0ABC?=8E DC=:FV>=0;ь=8E 1;>:V2: 

̶ 70A>1V2 28<V@N20=ь (40BG8:8); 

̶ H0D8 02B><0B8:8; 

̶ ?@>3@0<=>3> 70157?5G5==O. 

�0A>18 28<V@N20=ь =5>1EV4=V 4;O 71>@C B0 @5єAB@0FVW ?0@0<5B@V2, I> 

@5єAB@CNBьAO ?@8 ?@>2545==V 2>3=528E 28?@>1C20=ь 4283C=0 01> ?5@52V@:8 

@>1>B>A?@><>6=>ABV 28?@>1C20;ь=>3> AB5=4C. &0:>6 4> A:;04C 70A>1V2 

28<V@N20=ь 2E>4OBь :015;ь=V ;V=VW 2V4 40BG8:V2 4> H0D8 C?@02;V==O, O:V A;C60Bь 

4;O 682;5==O 40BG8:V2 B0 ?5@540GV 40=8E. 

,0D0 02B><0B8:8 28:>=0=0 =0 >A=>2V :>=B@>;5@0 National Instruments A5@VW 

CompactRIO 7 4>GV@=V<8 <>4C;O<8 22>4C-282>4C 4;O ?V4:;NG5==O 40BG8:V2 B0 

28:>=02G8E <5E0=V7<V2. ,0D0 02B><0B8:8 28:>=Cє @5єAB@0FVN ?0@0<5B@V2, 
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:5@C20==O 28:>=02G8<8 <5E0=V7<0<8 (:5@C20==O 5;5:B@>?@82>40<8 4@>A5;V2 

>:8A=8:0 B0 ?0;ь=>3>) B0 72'O7>: 7 :V<=0B>N :5@C20==O G5@57 ?@>2V4=89 

V=B5@D59A Ethernet.  

 >4C;V 22545==O-282>4C, 2AB0=>2;5=V 2 H0DV 02B><0B8:8, 70157?5GCNBь 

28<V@N20==O B0 @5єAB@0FVN ?0@0<5B@V2 2V4?>2V4=> 4> ?5@5;V:C 40BG8:V 2 

B01;8FV 3.4. #5@5;V: V :V;ь:VABь ?0@0<5B@V2 <>65 <0AHB01C20B8AO ?V4 

=5>1EV4=VABь, I> 28=8:0є, ?@8 4>40B:>2V9 CAB0=>2FV 2V4?>2V4=8E <>4C;V2. 

&01;8FO 3.4 3 #5@5;V: ?0@0<5B@V2, I> @5єAB@CNBьAO A8AB5<>N 70<V@V2 

&8? 40BG8:0 �V;ь:VABь 
:0=0;V2 

+0AB>B0 
>?8BC20==O (�F) 

%B@C<>2V 40BG8:8 4-20 <�. 28 1000 

%B@C< V =0?@C30 �� 4 1000 

&5=7>40BG8:8 Full Bridge. �B212 B0 

HBM U10M 
15 1000 

&5@<>?0@8 B8? K 9 100 

#'є7>0:A5;5@><5B@8 V7 ?>2B>@N20G5< 

=0?@C38. �0BG8:8 B8?C ��%, �!% B0 

�)611 

6 40000 

$0EC=:>2V :0=0;8 24�. �0BG8:8 B8?C 

&#$/&�$ 
32 

"?8BC20==O 

:>6=>3> :0=0;C 

:>6=V 14 <:A.  

 

%8AB5<0 28<V@N20=ь B0 @5єAB@0FVW 70157?5GCє A?V;ь=C @>1>BC V7 70A>10<8 

28<V@N20=ь (40BG8:0<8) B5=7><5B@8G=>3>, ?>B5=FV><5B@8G=>3>, 

?'є7>5;5:B@8G=>3> B8?V2, AB@C<>28E ?5@5B2>@N20GV2 B8A:C, B5@<><5B@V2 >?>@C B0 

B5@<>?0@. 

%8AB5<0 28<V@N20==O B0 @5єAB@0FVW 4>72>;Oє AB2>@N20B8 2V@BC0;ь=V :0=0;8 

28<V@N20==O, =0?@8:;04, ?@>2>48BьAO @5єAB@0FVO B5;5<5B@8G=>W V=D>@<0FVW 

:>6=>3> A8;>28<V@N20;ь=>3> 40BG8:0  BO3>28<V@N20;ь=>3> ?@8AB@>N, 0 ?>BV< C 
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2V@BC0;ь=><C :0=0;V 28:>=CєBьAO ?V4AC<>2C20==O 2AVE B@ь>E A83=0;V2 4;O 

>B@8<0==O 25;8G8=8 BO38 4283C=0. 

%8AB5<0 28<V@N20==O B0 @5єAB@0FVW 4>72>;Oє ?@>2>48B8 «>1=C;5==O» 

:0=0;C @5єAB@0FVW, I> ?>;53HCє ?>40;ьHC >1@>1:C @57C;ьB0BV2 28?@>1C20=ь. *5 

28:>@8AB>2CєBьAO, =0?@8:;04, 4;O «>1=C;5==O» A83=0;C «2V@BC0;ь=>3>» :0=0;C 

BO3>28<V@N20;ь=>3> ?@8AB@>N 4;O B>3>, I>1 =5 2@0E>2C20B8 <0AC 4283C=0 V 

?>G0B:>289 2?;82 AB5=4>28E <03VAB@0;59, I> ?V42>4OBь :><?>=5=B8 ?0;820 

(?>:070==O ?0@0<5B@0 BO38 4283C=0 ?5@54 28?@>1C20==O<8 2AB0=>2;NєBьAO =0 

@V2=V =C;O), I> 4>72>;Oє ?@>2>48B8 @5єAB@0FVN G8==>3> 7=0G5==O BO38 4283C=0 

?@8 2>3=528E 28?@>1C20==OE. 

�1V@ 40=8E V7 28?@>1C20;ь=>3> AB5=4C B0 >1'є:B0 28?@>1C20=ь ?@>2>48BьAO 

>4=VєN A8AB5<>N 28<V@N20==O B0 @5єAB@0FVW 7 ?@82'O7:>N 4> A8AB5<8 @50;ь=>3> 

G0AC (RTS). �030;ь=89 283;O4 H0D8 02B><0B8:8 7 <>4C;O<8 22>4C-282>4C B0 

7'є4=C20G0<8 4;O :015;ь=>W <5@56V 40BG8:V2 =02545=> =0 @8AC=:C 3.27. 

 

$8AC=>: 3.27 3 �030;ь=89 283;O4 AB5=4>2>W H0D8 02B><0B8:8 

%8AB5<0 28<V@N20==O B0 @5єAB@0FVW <VAB8Bь 2 A2>є<C A:;04V ?V4A8AB5<C 

@53C;N20==O B0 ?V4B@8<:8 28B@0B. #V4A8AB5<0 70157?5GCє :5@C20==O 42><0 
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AB5=4>28<8 4@>A5;O<8 (>:8A=8:0 B0 ?0;ь=>3>), O:V @53C;NNBь 28B@0B8 

:><?>=5=BV2 ?0;820, I> ?>40NBьAO 2 4283C=. 

�@>A5;V :5@CNBьAO 3V1@84=8<8 :@>:>28<8 5;5:B@>4283C=0<8, O:V C A2>N 

G5@3C :5@CNBьAO ?@>3@0<=>-;>3VG=8< :>=B@>;5@>< Siemens. �>3V:0 @>1>B8 

?@>3@0<=>-;>3VG=>3> :>=B@>;5@0 ?>1C4>20=0 70 ?@8=F8?>< 2V4AB565==O 

?>B>G=8E ?>;>65=ь 4@>A5;V2 B0 ?><8;>: 5;5:B@>4283C=0 (?@>?CA:8 :@>:V2), 

D>@<C20==O (=0 ?V4AB02V >B@8<0=8E 40=8E) :5@CNG8E A83=0;V2 B0 2840GV WE =0 

5;5:B@>4283C=8. (>@<C20==O :5@CNG8E A83=0;V2 =0 5;5:B@>4283C=8 (?V4B@8<:8 

7040=>W 28B@0B8) >@30=V7>20=> 72>@>B=8< 72'O7:>< 70 28B@0B0<8 :><?>=5=BV2 

?0;820 3 V=D>@<0FVO ?@> ?>;>65==O 20;0 5;5:B@>4283C=0 (:CB ?>2>@>BC 4@>A5;O) 

B0 28B@0B8 �# (7V AB5=4>28E 40BG8:V2 28B@0B, 2AB0=>2;5=8E C ;V=VOE ?>40GV �# 2 

4283C=), =04E>48Bь C ?@>3@0<=>-;>3VG=89 :>=B@>;5@, O:89 ?>@V2=Nє 7040=C 

28B@0BC �# B0 D0:B8G=5 7=0G5==O 28B@0B8 B0 2840є :><0=4C =0 2V4:@8BBO 01> 

70:@8BBO 4@>A5;O. �2'O7>: V7 ?V4A8AB5<>N @53C;N20==O B0 ?V4B@8<:8 28B@0B 

28:>=CєBьAO 70 ?@>B>:>;>< Ethernet.  

#@>3@0<=5 70157?5G5==O 28:>=0=5 2 A5@54>28IV @>7@>1:8 LabView V 

A:;040єBьAO 7 42>E AC1<>4C;V2 3 FPGA V NI LinuxRT. %C1<>4C;ь FPGA ?@0FNє 

=0 G0AB>BV 40  �F V 28:>=Cє ?@>F5A8, C O:8E :@8B8G=0 H284:VABь 28:>=0==O. 

%C1<>4C;ь NI LinuxRT 70157?5GCє: 

̶ @5єAB@0FVN 28<V@N20=8E ?0@0<5B@V2; 

̶ 72'O7>: 7 AC1<>4C;5< FPGA; 

̶  72'O7>: ?C;ьB>289 7 H0D>N 02B><0B8:8; 

̶ A8=E@>=V70FVN @>1VB CAVE A8AB5<. 

'?@02;V==O B5E=>;>3VG=8<8 >?5@0FVO<8, ?V43>B>2G8<8 @>1>B0<8 AB5=4C B0 

?@>2545==O< 2>3=528E 28?@>1C20=ь ?@>2>4OBьAO 7 ?C;ьB>2>W, I> <VAB8Bь @>1>G5 

<VAF5 >?5@0B>@0. $>1>G5 <VAF5 >?5@0B>@0 70157?5GCє <>6;82VABь: 

̶ :>=B@>;N20B8 ?@>F5A ?V43>B>2:8 4> 2>3=528E 28?@>1C20=ь B0 28:>=0==O 

B5E=>;>3VG=8E >?5@0FV9; 

̶ :>=B@>;N20B8 ?@>F5A ?5@52V@:8 AB5=4>28E A8AB5<; 

̶ AB568B8 70 ?5@51V3>< 2>3=528E 28?@>1C20=ь; 
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̶ 2=>A8B8 :0;V1@C20;ь=V E0@0:B5@8AB8:8 70A>1V2 28<V@N20=ь (40BG8:V2); 

̶ =0;0HB>2C20B8 F8:;>3@0<C 2>3=528E 28?@>1C20=ь; 

̶ ?@>2>48B8 71V@ 40=8E ?V4 G0A ?@>2545==O 2>3=528E 28?@>1C20=ь 01> 

B5E=>;>3VG=8E >?5@0FV9; 

̶ ?@>2>48B8 5:A?@5A 0=0;V7 @57C;ьB0BV2, >B@8<0=8E ?@8 2>3=528E 

28?@>1C20=ь; 

̶ ?@>2>48B8 ?V43>B>2:C 107 40=8E 4;O ?5@540GV 7 <5B>N ?>40;ьH>3> 

0=0;V7C. 

$>1>G5 <VAF5 >?5@0B>@0 C ?C;ьB>2V9 A:;040єBьAO 7 42>E <>=VB>@V2 B0 

=>CB1C:0 7V A?5FV0;ь=8< ?@>3@0<=8< 70157?5G5==O<. !0 <>=VB>@V «�» 

2V4>1@060єBьAO 3@0DVG=0 V=D>@<0FVO, ?>B>G=V ?>:070==O 70A>1V2 28<V@N20==O, 

AB0= DC=:FV>=0;ь=8E G0AB8= A8AB5<8 02B><0B8:8, F8:;>3@0<0 B0 AB0BCA WW 

28:>=0==O.  >=VB>@ ?V4:;NG0єBьAO 4> =>CB1C:0 G5@57 :015;ь HDMI. 

 >=VB>@ «B» 28:>@8AB>2CєBьAO 4;O 2V4>1@065==O V=D>@<0FVW 7 :0<5@8 

2V45>A?>AB5@565==O, 2AB0=>2;5=>W C 2>3=52><C 1>:AV B0:8< G8=><, I>1 AB568B8 

70 >1'є:B>< 28?@>1C20=ь ?V4 G0A 2>3=528E 28?@>1C20=ь.  

!>CB1C: 7'є4=0=89 V7 :>=B@>;5@>< National Instruments CompactRIO, 

2AB0=>2;5=8< C H0DV 02B><0B8:8, 70 ?@>B>:>;>< Ethernet. 

�;O A?>AB5@565==O 70 ?5@51V3>< 28?@>1C20=ь 4283C=0 28:>@8AB>2CєBьAO 

A8AB5<0 2V45>A?>AB5@565==O. �V45>:0<5@8 2AB0=>2;5=V C 2>3=52><C 1>:AV B0 

?5@540NBь 7>1@065==O =0 <>=VB>@ «B», 2AB0=>2;5=89 C ?C;ьB>2><C AB5=4V. 

%8AB5<0 2V45>A?>AB5@565==O <0є 2 A2>є<C A:;04V  F8D@>289 @5єAB@0B>@ 

2V45>40=8E, I> 70157?5GCє <>6;82VABь 0=0;V7C 2V45><0B5@V0;V2 C ?@>F5AV B0 ?VA;O 

?@>2545==O 2>3=528E 28?@>1C20=ь 4283C=0. 

 

3.6 �8A=>2:8 4> $>74V;C 3 

' @57C;ьB0BV ?@>2545=8E @>7@0EC=:>2>-5:A?5@8<5=B0;ь=8E @>1VB 

@>7@>1;5=> @>1>G5 <VAF5 C 283;O4V AB5=40, 4;O 28?@>1C20==O 4283C=V2 <0;>W BO38 

2 C<>20E, I> V<VBCNBь 20:CC<. 
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%B2>@5=> B0 @50;V7>20=> ?=52<>3V4@02;VG=C AE5<C 28?@>1C20;ь=>3> 

AB5=40. "?8A0=V >A=>2=V B5E=VG=V 28<>38, O:V AB02;OBьAO 4;O 28:>=0==O 70240==O. 

$>7@>1;5=0 B0 ?@0:B8G=> @50;V7>20=0 F8:;>3@0<0 @>1>B8 28?@>1C20;ь=>3> 

AB5=40, 0 B0:>6, 4283C=0, I> 28?@>1>2CєBьAO. �>40B:>2>, =02545=89 ?5@5;V: 

>A=>2=8E :><0=4 :5@C20==O 28?@>1C20;ь=8< AB5=4><, 2V4?>2V4=> 4> 

F8:;>3@0<8. 

"?8A0=V B0 5:A?5@8<5=B0;ь=> 28?@>1C20=V >A=>2=V A8AB5<8 20:CC<=>3> 

AB5=4C, A5@54 O:8E 3 307>-565:B>@=0 CAB0=>2:0, 307>48=0<VG=0 G0AB8=0 

(307>48=0<VG=V B@C18), 20:CC<-:0<5@0, BO3>28<V@N20;ь=89 ?@8AB@V9. ,B0B=0 

@>1>B0 ?V4 G0A 28?@>1C20=ь ?V4B25@48;0 ?@028;ь=VABь 70AB>A>20=8E B5E=VG=8E 

@VH5=ь V 70157?5G8;0 AB2>@5==O C<>2, <0:A8<0;ь=> =01;865=8E 4> @50;ь=8E 

C<>2 @>1>B8 4283C=V2 C :>A<VG=><C ?@>AB>@V. 

"?8A0=V B0 5:A?5@8<5=B0;ь=> 28?@>1C20=V A8AB5<8 ?>40GV :><?>=5=BV2 

?0;820 2 @V48==89 @0:5B=89 4283C=, I> 28?@>1>2CєBьAO. 

$>7@>1;5=0 B0 ?@0:B8G=> @50;V7>20=0 A8AB5<0 @5єAB@0FVW ?0@0<5B@V2 ?V4 G0A 

28?@>1C20==O.  

 



112 

4. $"���� 4. $"�$"��� ��%#�$� �!&��Ь!"� ���"-

����&"$!"� '%&�!"��� ��/ %&�"$�!!/ ' "�, Щ" � �&'.&Ь 
���''  

' G5B25@B><C @>74V;V 48A5@B0FV9=>W @>1>B8 ?>5B0?=> @>73;O=CB> ?@>F5A 

5:A?5@8<5=B0;ь=>W @>7@>1:8 B0 283>B>2;5==O 307>-565:B>@=>W CAB0=>2:8 4;O 

@>7@V465==O @>1>G>3> >1’є<C 307>48=0<VG=>W G0AB8=8 28?@>1C20;ь=>3> AB5=4C.  

' ?V4@>74V;V 4.1 >?8A0=V >A=>2=V :>=F5?BC0;ь=V B0 V=65=5@=V ?V4E>48, O:V 

1C;8 28:>@8AB0=V ?V4 G0A ?@>є:BC20==O 307>-565:B>@=>W CAB0=>2:8.  

' ?V4@>74V;V 4.2 =02>4OBьAO >A=>2=V E0@0:B5@8AB8:8 307>-565:B>@=>W 

CAB0=>2:8. !02545=V F8:;>3@0<8 @>1>B8 40=>W CAB0=>2:8. 

' ?V4@>74V;V 4.3 >?8ACєBьAO ?@>F5A ?@>є:BC20==O B0 283>B>2;5==O 307>-

565:B>@=>W CAB0=>2:8. !02545=> ?@8:;048 2?@>20465==O 048B82=8E B5E=>;>3V9 

2 :>=AB@C:FVN 28@>1C. "?8ACNBьAO >A=>2=V :>=AB@C:B82=V 5;5<5=B8 307>-

565:B>@=>W CAB0=>2:8. 

 

4.1 "A=>2=V :>=F5?FVW, I> 1C;8 70:;045=V ?V4 G0A ?@>є:BC20==O 307>-
565:B>@=>W CAB0=>2:8. 

�07>-565:B>@=0 CAB0=>2:0 3 F5 G0AB8=0 20:CC<=>3> AB5=4C, =5>1EV4=>3> 

4;O V<VB0FVW 28A>B=8E C<>2 ?V4 G0A ?@>2545==O 2>3=528E 28?@>1C20=ь 28@>1C. 

��' є 307>28< 565:B>@><, I> 2AB0=>2;NєBьAO <V6 42><0 307>48=0<VG=8<8 

B@C10<8 B0 ?@87=0G5=0 4;O AB2>@5==O =5>1EV4=>3> B8A:C =02:>;8H=ь>3> 

A5@54>28I0 (@>7@V465==O) C 20:CC<-:0<5@V. #@8:;04 2AB0=>2;5==O 307>-

565:B>@=>W CAB0=>2:8 C 20:CC<=><C AB5=4V =02545=89 2 $>74V;V 3 40=>W @>1>B8. 

�07>-565:B>@=0 CAB0=>2:0 є >4=8< V7 :>=AB@C:B82=8E <5B>4V2 AB2>@5==O 

A5@54>28I0, I> V<VBCє 20:CC<. $5HBC VA=CNG8E <5B>4V2, I> 28:>@8AB>2CNBьAO 
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>A=>2=>3> ?@C6=>3> 5;5<5=B0 V ?>?5@54=ь> 45D>@<>20=V. #@8G><C 2 Fь><C 

28?04:C 6>@AB:VABь >A=>2=>3> ?@C6=>3> 5;5<5=B0 <>65 1CB8 28A>:>N, 0 =5ACG0 

740B=VABь �%�� 70;568Bь ;8H5 2V4 6>@AB:>ABV >A=>2=>3> ?@C6=>3> 5;5<5=B0 V 

9>3> ?>?5@54=ь>W 45D>@<0FVW. "B65 B0:8< G8=>< 70157?5GCNBьAO =57=0G=V 

3010@8B8 V ABV9:VABь. � 3>;>2=5, 70 B0:>3> ?V4E>4C, CAC20єBьAO >A=>2=89 =54>;V: 

;V=V9=8E 2V1@>70E8AB=8E A8AB5< 3 25;8:V 3010@8B8 V =5>1EV4=VABь 

:>=AB@C:B82=>3> ?V4:@V?;5==O ?@C6=8E 5;5<5=BV2 2 45O:8E B8?0E 

2V1@>70E8AB=8E A8AB5<. 

#@C6=V E0@0:B5@8AB8:8 >A=>2=>3> V :>@83CNG8E 5;5<5=BV2 2818@0NBьAO 

B0:, I> 2 7040=><C 4V0?07>=V 0<?;VBC4 AC<0@=0 A8;0 ?@8:;045=0 4> >1’є:B0 , 

?@0:B8G=> 4>@V2=Nє =C;N (@8AC=>: 5.9) [92].  
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$8AC=>: 5.9 - %8;>20 E0@0:B5@8AB8:0 �%�� 

�450;ь=0 2V1@>70E8A=0 A8AB5<0 <0;0 18 <0B8 =C;ь>2C 6>@AB:VABь, 0;5 B>4V, 

2 @07V ?5@528I5==O 4>?CAB8<8E 7040=8E ?5@5<VI5=ь, ?5@54020;8Aь 18 C40@8 =0 

>1’є:B 70E8ABC. &5E=VG=> >?B8<0;ь=0 A8AB5<0 <0є <0B8 6>@AB:VABь 1;87ь:C 4> 

=C;ь>2>W 2 7040=><C 4V0?07>=V G0AB>B 7>2=VH=ь>3> =020=B065==O V 0<?;VBC4 

?5@5<VI5=ь, 0;5 ?@8 =01;865==V 4> 3@0=8G=>W 0<?;VBC48 ?5@5<VI5=ь 6>@AB:VABь 

<CA8Bь H284:> 7@>AB0B8.  "B65 A8AB5<0 <0є 1CB8 ACBBє2> =5;V=V9=>N =0 3@0=8FV 

4>?CAB8<8E 0<?;VBC4 :>;820=ь, 0 2 A5@548=V Fь>3> 4V0?07>=C 6>@AB:VABь <0є 1CB8 

1;87ь:>N 4> =C;ь>2>W V 7<V=N20B8AO 70 ;V=V9=8< 70:>=><.   

�3V4=> :;0A8DV:0FVW 70?@>?>=>20=>W #. . �;01C6528< :>@5:B>@8 

6>@AB:>ABV, V 2V4?>2V4=> �%��, ?>4V;ONBьAO =0 B@8 B8?8 (@8AC=>: 5.10). 

  

 

 

$8AC=>: 5.10 - #@8:;048 :>=AB@C:B82=8E AE5< :>@5:B>@V2 6>@AB:>ABV B@ь>E 

B8?V2 

0) �>@5:B>@ 6>@AB:>ABV B8?C �; 1) �>@5:B>@ 6>@AB:>ABV B8?C �; 2) �>@5:B>@ 6>@AB:>ABV 
B8?C % 
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!0 2AVE =02545=8E AE5<0E 25@B8:0;ь=> @>7B0H>20=89 =5ACG89 ?@C6=89 

5;5<5=B A?@89<0є AB0B8G=5 =020=B065==O, >1C<>2;5=5 4VєN >1’є:B0, I> ?V4;O30є 

70E8ABC. #@C6=V 5;5<5=B8 :>@5:B>@0 6>@AB:>ABV 2 ?>;>65==V AB0B8G=>W 

@V2=>2038 @>7B0H>20=V 25@B8:0;ь=>, 0 4;O :>@5:B>@0 B8?C % F5 2V4?>2V40є 

?>;>65==N, :>;8 F5=B@8 ?@>DV;NNG>W ?>25@E=V V :>B:0 :>@5:B>@0 ;560Bь =0 

>4=V9 ;V=VW. 

%8;>20 B0 6>@AB:VA=0 E0@0:B5@8AB8:0 :>@5:B>@0 B8?C � >?8ACNBьAO 

DC=:FVO<8 [93]: ýā = ý2ý 2 ý2ÿ0ý:ý2 + �2, (5.1) 

ýā = ý2 (1 2 �2ÿ0√(ý2 + �2)3), (5.2) 

45 ý2 3 6>@AB:VABь ?@C6=>3> 5;5<5=B0 :>@5:B>@0, ÿ0 3 4>268=0 ?@C6=>3> 

5;5<5=B0 :>@5:B>@0 2 =545D>@<>20=><C AB0=V, � 3 =09:>@>BH0 2V4AB0=ь <V6 

H0@=V@0<8 ?@C68=8 :>@5:B>@0. 

�>@AB:VA=V B0 A8;>2V E0@0:B5@8AB8:8 �%�� B8?C � 287=0G0NBьAO 70 

D>@<C;0<8: ý = Āý2 (1 2 (�0 + �) ∗ �2√(�2 + ý2)3 ) + ý1, (5.3) 

ý = Āý2ý (1 2 �0 + �:�2 + ý2) + ý1ý + ý1Ā0, (5.4) 

45 n 3 :V;ь:VABь >4=0:>28E ?@C6=8E 5;5<5=BV2, O:V 28:>@8AB>2CNBьAO O: 

:>@5:B>@8 6>@AB:>ABV, λ0 3 F5 ?>G0B:>20 45D>@<0FVO >A=>2=>W =5ACG>W ?@C68=8 

?V4 203>N >1’є:B0 2V1@>V7>;OFVW 2 AB0=V AB0B8G=>W @V2=>2038. 

%V<59AB2> 3@0DV:V2 A8;>28E  E0@0:B5@8AB8: �%�� B8?C �  V E0@0:B5@8AB8: 

6>@AB:>ABV =02545=> =0 @8AC=:0E 5.11 V 5.12. 
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$8AC=>: 5.11 - %8;>2V E0@0:B5@8AB8:8 �%�� B8?C � 70;56=> 2V4 ý2Ā .  
�@82V 1-7 ?>1C4>20=V 4;O c2c = 0; 0.25; 0.5; 0.75, 1.0; 1.5;  2.0 2V4?>2V4=> 

 

$8AC=>: 5.12 - %8;>2V E0@0:B5@8AB8:8 �%�� B8?C � 70;56=> 2V4 �Ā .  
�@82V 1-7 ?>1C4>20=V 4;O δc = 0; 0.25; 0.5, 0.75; 1.0; 1.5; 2.0 2V4?>2V4=> 

!02545=V 40=V 4>2>4OBь, I> 70?@>?>=>20=V 2V1@>70E8A=V A8AB5<8 

A?@><>6=V 70157?5G8B8 5D5:B82=89 70E8AB 2 H8@>:><C A?5:B@V G0AB>B, 

2:;NG0NG8 C;ьB@0=87ь:V. 

!0 F59 G0A @>7@>1;5=> 4>A8Bь 25;8:0 :V;ь:VABь �%�� O: C=V25@A0;ь=>3> 

28:>@8AB0==O, B0: V «21C4>20=8E» 2 ?52=V :>=AB@C:FVW 3 2V1@>C40@=V <5E0=V7<8, 
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@C:>OB:8 2V1@0B>@V2 B>I>. � @>1>B0E [94-95] =02545=V <>6;82V A?>A>18 @50;V70FVW 

2V1@>70E8A=8E A8AB5<. &0:V G0AB>B8 G0AB> 2V4?>2V40NBь :>;820==O< ?0=5;ь=8E 

:>=AB@C:FV9, 0 >B65 <>6CBь 1CB8 28:>@8AB0=V =5 ;8H5 4;O 2V1@>70E8ABC, 0 V 4;O 

7<5=H5==O 0:CAB8G=8E =020=B065=ь H;OE>< 2V1@>V7>;OFVW 465@5;0 2V1@0FVW. 

 

5.3 �8A=>2>: 4> @>74V;C 5 

� =0A;V4>: B5@<>-307>48=0<VG=8E ?@>F5AV2 3>@V==O :><?>=5=BV2 ?0;820 2 

:0<5@V 73>@O==O @V48==>3> @0:5B=>3> 4283C=0 B0 307>-565:B>@=>W CAB0=>2:8 

28=8:0NBь 2V1@0FV9=V =020=B065==O, I> 4VNBь =5 ;8H5 =0 :>=AB@C:FVN :0<5@8, 

0 9 =0 @5HBC AB@C:BC@=8E 5;5<5=BV2, =02VBь =0 5;5<5=B8 28?@>1C20;ь=>3> 

>1;04=0==O. � @>74V;V 5 =02545=V ?@8:;048 40=8E ?>H:>465=ь. 

!0 107V >B@8<0=8E 5:A?5@8<5=B0;ь=8E 40=8E ?@>2545=89 0=0;V7 

0<?;VBC4=>3> A?5:B@C :>;820=ь 7 40BG8:V2 2V1@0FV9=>3> ?5@520=B065==O, 

@>7B0H>20=8E 2 >Aь>2><C B0 ?>?5@5G=><C =0?@O<:C, 2V4=>A=> >AV :0<5@8 

73>@O==O @V48==>3> 4283C=0 B0 307>-565:B>@=>W CAB0=>2:8. 

$>7@>1;5=> ?@0:B8G=V @5:><5=40FVW 2V1@0FV9=>3> 70E8ABC 5;5<5=BV2. 
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��%!"��� 

� 48A5@B0FV9=V9 @>1>BV 28@VH5=> 0:BC0;ь=5 =0C:>25 ?8B0==O, I> ?>;O30є C 

5:A?5@8<5=B0;ь=V9 @>7@>1FV 28?@>1C20;ь=>3> 2>3=O=>3> AB5=4C, I> 4>72>;Oє 

V<VBC20B8 @>7@V465==O @>1>G>3> A5@54>28I0 B0 ?V4B25@46C20B8 >A=>2=V 

@>7@0EC=:>2V ?0@0<5B@8 28A>B=8E @V48==8E @0:5B=8E 4283C=V2 <0;>W BO38, 

H;OE>< =0BC@=8E 28?@>1C20=ь. 

�>40B:>2V 4>A;V465==O A?@O<>20=V =0 24>A:>=0;5==O :>=AB@C:B82=8E 

5;5<5=BV2 V >?B8<V70FVN ?@>F5AV2, ?>2’O70=8E V7 28:>@8AB0==O< ACG0A=8E 

<0B5@V0;V2 V =>2VB=VE B5E=>;>3V9. *5, C A2>N G5@3C, A?@8Oє @>7H8@5==N 

5:A?;C0B0FV9=8E <>6;82>AB59 V ?V428I5==N B5E=>;>3VG=>W 

:>=:C@5=B>A?@><>6=>ABV @V48==8E @0:5B=8E 4283C=V2.  

$57C;ьB0B @>1>B8 02B>@0 є 2=5A:>< C @>728B>: @0:5B=>-:>A<VG=>3> 

=0?@O<:C ':@0W=8 B0 A2VBC. 

"A=>2=V =0C:>2V B0 ?@0:B8G=V @57C;ьB0B8 @>1>B8: 

1. 2?5@H5 @>7@>1;5=> 28?@>1C20;ь=89 2>3=O=89 AB5=4 4;O 28A>B=8E 

@V48==8E @0:5B=8E 4283C=V2 BO3>N 2V4 180 ! 4> 220 !, 2 >A=>2V O:>3> 70:;045=0 

A?V;ь=0 @>1>B0 307>-565:B>@=>W CAB0=>2:8 B0 4283C=0, I> 70157?5GCє 

@>7@V465==O @>1>G>3> A5@54>28I0 =0 7@V7V A>?;0 4283C=0 =0 @V2=V 

4> 3.5 <<. @B. AB.; 

2. C4>A:>=0;5=> <5B>4>;>3VG=89 ?V4EV4 4> ?@>є:BC20==O 

28?@>1C20;ь=>3> 2>3=O=>3> AB5=4C 28A>B=8E @V48==8E @0:5B=8E 4283C=V2 <0;>W 

BO38, H;OE>< ?>є4=0==O <5B>4V2 B25@4>BV;ь=>3> <>45;N20==O, 4;O >B@8<0==O 

2EV4=8E 40=8E ?@>F5AC B0 ?@>2545==O B5@<>-307>48=0<VG=8E @>7@0EC=:V2 7 

28:>@8AB0==O< G8A5;ь=8E @VH5=ь @V2=O=ь !02’є-%B>:A0 7 3@0=8G=8<8 C<>20<8, 

I> 2V4?>2V40NBь >1<565==O< @>1>B8 28A>B=>3> 4283C=0 B0 307>-565:B>@=>W 

CAB0=>2:8; 

3. C4>A:>=0;5=> B@048FV9=89 ?V4EV4 4> @50;V70FVW 5;5<5=BV2 

28?@>1C20;ь=8E 2>3=O=8E AB5=4V2 28A>B=8E @V48==8E @0:5B=8E 4283C=V2, 70 

@0EC=>: 2?@>20465==O 048B82=8E B5E=>;>3V9 28@>1=8FB20, I> 4>72>;Oє 

D>@<C20B8 5;5<5=B8 307>?>2VB@O=>3> B@0:BC B0 ?0;82=8E A8AB5< AB5=4C, O:V є 
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=54>AO6=8<8 4;O B@048FV9=8E <5B>4V2 283>B>2;5==O, 7 >4=>G0A=8< 7<5=H5==O< 

G0AC 28@>1=8FB20, 20@B>ABV B0 2038; 

4. @>7@>1;5=> B0 2?@>20465=> :>=AB@C:FVN 307>-565:B>@=>W CAB0=>2:8 

V >:@5<8E 5;5<5=BV2 307>48=0<VG=>W G0AB8=8 AB5=4C =0 >A=>2V 048B82=8E 

B5E=>;>3V9  283>B>2;5==O; 

5. @>7@>1;5=> F8:;>3@0<8 @>1>B8 28A>B=>3> @V48==>3> @0:5B=>3> 

4283C=0 <0;>W BO38, 307>-565:B>@=>W CAB0=>2:8 B0 WE AC<V6=>W @>1>B8; 

6. @>7@>1;5=> V 2?@>20465=> A8AB5<8 4;O 28<V@N20==O A8;>28E, 

B5?;>28E V 2V1@0FV9=8E E0@0:B5@8AB8: 5;5<5=BV2 :>=AB@C:FVW 2>3=O=>3> AB5=40 B0 

28A>B=>3> @V48==>3> @0:5B=>3> 4283C=0; 

7. 4>A;V465=> 2V1@0FV9=5 ?>;5 307>-565:B>@=>W CAB0=>2:8 B0 28A>B=>3> 

@V48==>3> @0:5B=>3> 4283C=0, ?>1C4>20=V 0<?;VBC4=>-G0AB>B=V E0@0:B5@8AB8:8; 

8. @>7@>1;5=> <5B>48:C <V=V<V70FVW 2V1@0FV9=>3> =020=B065==O =0 

:>=AB@C:B82=V 5;5<5=B8 307>-565:B>@=>W CAB0=>2:8 B0 28A>B=>3> @V48==>3> 

@0:5B=>3> 4283C=0 2 =87ь:>G0AB>B=><C A?5:B@V. 

#>40;ьH89 @>728B>: B5<0B8:8 4>A;V465==O <>65 1CB8 A?@O<>20=89 2 

=0?@O<:C ?>:@0I5==O A8AB5<, 71V;ьH5==O WE B>G=>ABV B0 @50;V70FVW 1V;ьH>3> 

@>7@V465==O @>1>G>3> A5@54>28I0. &0:>6, <>6;825 2?@>20465==O 

B5@<>48=0<VG=8E A8AB5<, 7 <5B>N V<VB0FVW =87ь:8E B5<?5@0BC@ :>A<>AC, B0 7 

?>40;ьH8< 282G5==O< 9>3> 2?;82C =0 ?@>F5A8 @>1>B8 @V48==>3> @0:5B=>3> 

4283C=0. 

#@0:B8G=V @57C;ьB0B8 ?@>9H;8 0?@>10FVN =0 ?V4?@8є<AB2V &"� «(;09B 

�>=B@>;», ?@> I> A:;045=89 2V4?>2V4=89 �:B @50;V70FVW (482. �>40B>: �). 
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