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ABSTRACT 

 

 Babayev A. I. Influence of the steam distribution on effectiveness of the 

high-power turbines operation. – Manuscript. 

 

 Thesis for the scientific degree of the Candidate of Technical Sciences 

(Doctor of Philosophy) by specialty 05.05.16 – Turbomachines and turbines 

(142 – Power Machines Building) – A. Podgorny Institute of Mechanical 

Engineering Problems of the National Academy of Sciences of Ukraine, 

Kharkiv, 2018. 

 
 The work is devoted to gas-dynamic processes investigation in the flow 

path of high-power steam turbines, in particular, stop valves and control valves 

flow path, and as well to develop the design of device meant to reduce turbine 

flow path abrasive wear. 

 As the main investigation method of the gas-dynamic processes in the 

steam distribution flow path was used the numerical method of mathematical 

modeling of three-dimensional stationary and no stationary flow of viscous 

superheated steam and air based on the use of Reynolds-Averaged Navier-

Stokes equations in combination with the semi-empirical turbulence model -  

SST and the numerical method based on the control volume. 

 The credibility of the obtained results is confirmed by verification of 

numerical method results with the experimental data. The verification results of 

mathematical model and numerical method for working fluid motion the 

modelling of in the flow path in control valve of turbine K-300-240 high 

pressure cylinder and the combined stop-control valve at turbine unit K-1000-

60/1500 high pressure cylinder produced by «Turboatom» in a wide range of 

real operating conditions showed satisfactory coincidence with the results of 

experimental data, both in values of the reduced flow rate and the distribution of 

pressure along the circumference of the seat and the valve plug. 
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 The maximum relative error in flow coefficient  determination for the 

model of control valve for turbine K-300-240 does not exceed 10,2 % and 

corresponds to the mode of relative plug lift, when the plug lifting ratio to the 

size of the landing diameter is equal to 0,1342, with the pressure ratio at the 

valve outlet section to the inlet pressure is 0,9. The relative error in the pressure 

distribution along the circumference of seat and valve plug for investigated 

modes does not exceed 5,0 %. 

 The maximum relative error in the flow coefficient determination for the 

stop-control valve at turbine K-1000-60/1500 does not exceed 10,7 %. However, 

when determining the flow parameters in discharge path of valve, a high level of 

discrepancy was obtained with the results of experiment. The maximum error in 

determining the relative drop of static pressure in the path from the inlet of 

steam chest to the cavity of valve discharge was 73,4 %.  

 To determine the effect of flow pattern formed in the flow path of control 

valve on the efficiency of subsequent elements of steam turbine flow path, the 

numerical investigation of gas-dynamic processes in the inlet path of steam 

turbine K-200-130, consisting of control valve, inlet duct and nozzle apparatus 

of turbine first stage was carried out. 

 In the result of numerical investigation it was determined that the total 

energy losses of working fluid in the joint operation of these elements exceed 

the losses in their isolated work. The main influence for the increase in energy 

losses, which for the nozzle apparatus can reach on 25 %, is the presence of 

uneven parameters of the input flow formed in the previous valve. 

 To improve the effective operation of stop and control valves, the 

numerical investigation was carried out on the effect of main design elements on 

the gas-dynamic efficiency of valve. 

 In the result of numerical investigation of non-stationary gas-dynamic 

processes in isolated valve channel models that differ in the profile of working 

surface of main valve plug, no significant level of fluctuations in the parameters 
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of steam flow was found, which could lead to an unacceptable level of dynamic 

loads on the valve moving elements. 

 Consideration of the real design of stop and control valves, such as one-

way sided inlet into the valve chest, discharge path, diffuser part of seat, leads to 

the significant change in results obtained, compared to the investigations 

conducted separately for each design element. 

 In the result of numerical investigation of non-stationary gas-dynamic 

processes, it is found that with the large lift of valve (the area of minimum cross-

section between the seat and the plug is equal to or greater than the area of seat 

throat), the design of locking plug of the profiled type (Venturi) is most 

effective. The design of valve with locking cup of this type has a high 

throughput and the lower level of fluctuations in steam flow parameters. 

 With the small lift of plug, the valve design with a deep cut-off plug is 

more stable. The presence of flow separation fixed point leads to the formation 

of an axisymmetric flow, which, under conditions of continuous operation of 

valve under these conditions, negates the absence of an aerodynamically perfect 

channel. 

 The presence of one sided inlet of steam into the valve chest leads to an 

uneven distribution of flow parameters before entering the valve channel formed 

by the seat and plug, causing axial symmetry of flow distribution, unstable flow 

around the plug occurs and the consequent increase in the energy loss of 

working fluid when it moves in the valve. 

 To determine the influence of geometric parameters correlation of the 

inlet compartment of valve flow path, in particular the size of seat throat, valve 

chest and inlet pipe, a mathematical modeling of the stationary flow of working 

fluid in the models of valve flow path was performed in the mode in which the 

minimum passage area between the seat and the locking plug is equal to the area 

of seat's throat, and the pressure ratio is equal to 0,98. 

 As a result of investigation was determined that for the fixed throat 

diameter of seat, an increase in the diameter of inlet pipe leads to an increase in 
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the flow capacity of valve. At the same time, the optimal size of valve chest 

decreases with decreasing geometric diameter of inlet pipe. Displacement of the 

inlet pipe towards the distance from the valve seat reduces the unevenness of 

flow parameters before the gap between plug and seat for the certain range of 

the ratio of diameter of steam chest to the diameter of seat throat. 

 With the limited overall dimensions of steam chest, the more effective for 

decreasing the energy loss level of working fluid is the increasing of cross-

section of inlet pipe than displacement of pipe having a smaller through-section 

away from the upper edge of the seat. 

 To reduce the energy loss in the flow path of stop and control valves of 

the corner type with one-sided lateral supply of the flow to the valve chest, the 

design of valve guide glass with a screen having an impenetrable sector facing 

to the inlet pipe has been developed. 

 In the result of numerical investigation of gas-dynamic processes in the 

model of control valve with this design of guide glass, it is determined that its 

incorporation leads to an increase of the gas dynamic efficiency of the valve. 

The coefficient of total energy loss in the diffuser section of valve and the 

necessary pressure drop was reduced by 50 %. 

 The additional investigation have shown that the use of the guide glass 

with screen and the design of perforated plug for stop and control valves, the 

valve channel of which can provide flow without detaching flow in the 

determining operating modes of valve, leads to an increase in the initial level of 

energy loss and, as a consequence, reduces the flow capacity of the valve. 

 Based on the numerical investigations were further developed method of 

stop valves and control valves design, which includes the effect of geometric 

correlations of valve input compartment of flow path for their performance and 

reliability. 

 Approbation of the methodical recommendations on the design of flow 

path of valve on the example of modernization of the flow path of control valve 

 2 of turbine K-200-130 and the control valve of turbine K-325-23,5 showed 
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that the new flow path design is more efficient due to reduction of energy losses 

by 50 % compared with the original design in the mode of maximum and low 

lift of plug. 

 Additional power generation due to the improvement of control valve  2 

of K-200-130 turbine at the maximum and partial lift can be 176,7 kW and 

2565,9 kW respectively. Additional power generation due to the improvement of 

control valve  3 of K-325-23,5 turbine unit at the maximum and partial lifts 

can reach 224,9 kW and 367,6 kW respectively. 

 To maintain the efficiency of steam turbine during the period of operation, 

the original design of device for the elements of flow path protection from 

abrasive wear is proposed. The development is patent protected. 

 Work principle of the proposed device is to separate the solid particles of 

erodent from the steam flow by using the inertial forces acting on the particle in 

the flow with the changes in flow direction. 

 The gas dynamic investigation of the design of device developed for the 

high pressure part at K-200-130 steam-turbine unit showed that the flow path of 

device provides a low level of energy loss of the main stream. At the design inlet 

flow velocity of 50 m/s, the total pressure loss is 13,5 kPa. 

 The results of thesis were used by «Turboatom» in the implementation of 

modernization projects of stop and control valves of the high and medium 

pressure part at K-200-130 and K-800-240 steam turbine units manufactured by 

the «Leningrad Metal Plant». 

 

 Keywords: control valve, stop valve, steam distribution, steam turbine, 

steam inlet, regulation system, abrasive wear. 

  



15 

LIST OF PUBLICATIONS OF THE APPLICANT 

 

 1. Babayev, A and Goloshchapov, V. (2015), “Application of the 

Combined Program to Control Turbine Plants of a High Power with the Jet 

Regulation”, Bulletin of NTU "KhPI". Series: Power and Heat Engineering 

Processes and Equipment, no. 17 (1126), pp. 75–80. – in Russian. 

2. Babayev, A and Goloshchapov, V. (2016), “Verification of the Data of 

Numerical Investigations of the Flow Motion in the Control Valve Channel of 

Steam Turbine”, Bulletin of NTU "KhPI". Series: Power and Heat Engineering 

Processes and Equipment, no. 8 (1180), pp. 88–93. – in Russian. 

3. Babayev, A. and Goloshchapov, V. (2017), “Investigation of the Flow 

Pattern in the Inlet Part of Turbine Using Method of Mathematic Modelling”, 

Bulletin of NTU "KhPI". Series: Power and Heat Engineering Processes and 

Equipment, no. 9 (1231), pp. 17–23. – in Russian. 

4. Babayev, A. and Goloshchapov, V. (2016), “Application of 

Impermeable Screens to Stabilize the Flow in the Angle Control Valve”, Journal 

Problems of Mechanical Engineering, no. 4, pp. 19-24. – in Russian. 

5. Babayev, A. (2017), “Analysis of Modern Designs Combined Stop-

Control Valves of Steam Turbines”, Journal Problems of Mechanical 

Engineering, no. 1, pp. 11-16. – in Russian. 

6. Babayev, I, Kolodyazhnaya, L, Goloshchapov, V. and Babayev, A 

(2017) “Low-cost modernization of the control valve of turbine K-200-130 

during the interrepair period of operation”, ompressor and power engineering, 

no. 3, pp. 6–9. – in Russian. 

7. Babayev, A., Goloshchapov, V. and Kolodyazhnaya, L. (2018), 

Numerical Investigation of the Flow Pattern in the Input Section of Turbine 

Valve , Bulletin of NTU "KhPI". Series: Power and Heat Engineering Processes 

and Equipment, no. 12 (1231), pp. 57–61. – in Russian. 



16 

8. Babayev, A, Goloshchapov, V and Kotulska,O (2018), Device for 

separating steam from foreign inclusions. Patent UA, no 201612128, 2018. – in 

Russian. 

9. Goloshchapov, V. and Babayev, A. (2015), "Numerical investigation of 

the influence of control valve unloading on its flow characteristic" // Perfection 

of turbo-units by methods of mathematical and physical modeling: materials XV 

International. scientific-techn. Conferences – Kharkiv: IPMash, 2015. – 9 p. – 1 

electron. opt. disk (CD-R). – in Russian. 

10. Babayev, A. and Goloshchapov, V. (2017) "Effect of the plug cutting 

on the effective operation of the steam turbine control valve" // Perfection of 

turbo-units by methods of mathematical and physical modeling: materials XV 

International. scientific-techn. Conferences – Kharkiv: IPMash,. – 2 p. – 1 

electron. opt. disk (CD-R). – in Russian. 

11. Babayev, A., (2015) " Numerical investigation of the flow structure in 

the control valve chests" // Conference of Young scientists and Specialists, 

Kharkov: A. Podgorny Institute of the NAS of Ukraine, 2015. P. 21. – in 

Russian. 

12. Babayev, A., (2016) " The use of impermeable screens to stabilize the 

flow in a control valve with one-sided side entry " // Conference of Young 

Scientists and Specialists, Kharkov: A. Podgorny Institute of the NAS of 

Ukraine, 2015. P. 38. – in Russian. 

 

  



17 

 
 

            19 
               21 

 

 1      
            26 

1.1          
             26 

1.2              29 
1.3          36 
1.4           45 
1.5        

             49 
 1.6    1           56 
 

 2      
     

           59 
2.1           59 
2.2       

             61 
2.3              63 
2.4             64 
2.5            65 
2.6              67 
2.7           71 
2.8       

     -300-240      76 
2.8.1      

   -300-240     76 
2.8.2           79 
2.8.3            84

2.9         
  -    

 -1000-60/1500            88 
2.10    2           93 

  



18 

 3      
           95 

3.1   ,    , 
            95 

3.2        
             102 

3.3         
          112 

3.4       
             120 

3.5    3         126 
 

 4     
         .128 

4.1        
          

            128 
4.2         

           137 
4.3         
             143 

4.4      2  
    -200-130        151 

4.5       
 -325-23,5           156 

4.6    4         160 
 

5          162 
5.1        
             162 
5.2       
             166 
5.3    5         169 
 

            170 
          172 

 .           183 
 .          185 
 .         186 
 .    -1000-60/1500 

 2   -2015                                   187 



19 

   

 

 –  ; 

 –  ; 

 –  ; 

 –  ; 

  – -   ; 

 –  ; 

 –  ; 

 –  ; 

 –  ; 

 – -  ; 

 –   ; 

 –   ; 

 –   ; 

 –   ; 

 –  ; 

« » – ; 

« » –   ; 

« » –   ; 

«GE» – General Electric; 

 – « -  '     

   . . . »; 

 –   ; 

ENTSO-E – European Network of Transmission System Operators for 

Electricity (      

); 

i – ; 

P – ; 

 – ; 



20 

V –  ' ; 

k –  ; 

G –    ; 

 – ; 

N –  ; 

F – ; 

D –  ; 

H –  ; 

M –  ; 

q –   ; 

dhh  –   ,    

         

  ; 

 *
02 PP  –  ,      

          

   ; 

 –   ( ) ; 

 –      ; 

–      ; 

*P
–    .  



21 

 

 

        

  .   [1]  

   52 %    2015  2040 .,   

       

  . 

   «      2035 » [2] 

     2015 .  163,7 . ·  

     2035 .    19,1 %  

 195 . · .      

  : 

 –      

      ,  

  ; 

 –       

     ; 

 –    '    

       

    ENTSO-E.  

  .    , 

            [1-3],  

       

. 

           

         5,0 % 

    ,       

,    .     

        



22 

       

    . 

         

    . 

        

       

      2-3 ,   

   ,       

   5    0,4 % [4]. 

 ,      

   ,    

      . 

 '    , , .  

        

     . . . 

      -   

   « ,    

   '       

     » (   

0115U001091), «       

       

 » (   0116U005113),      

. 

    .     

        

        

,      . 

        : 

 1.        

      . 



23 

 2.       

         

     : 

 –  ,       

      ; 

 –          

  ; 

 –       

          

 . 

 3.  ,     

   ,       

. 

 4.        

      .  

 '   –      

 . 

   –     

      

 . 

   –    

    ’     . 

    : 

 –            

      ( )    ( ) 

   ; 

 –        

          

           

      ; 



24 

 –         

         

        

         ; 

 –        

    ,     

        

   . 

    .   

         

        

      

,    ,      

  . 

        

  -200-130  -800-240 « » ( . , 

,   -01-653). 

         

  .   . 

   .    

   .  ,   

,      : 

 –        

,        [38, 

71]; 

 –   [72, 75, 85, 87]    , 

   '  ,    

  ; 

 –   [80, 81]       

 ,     ,  



25 

  '  ,     

 ; 

 –   [89]       

 . 

  [7, 86, 88]  . 

   .    

     : V  VI 

 -   «  

     » 

(2015  2017 ., . ,  - ,  .), XI, XII  

XIII  -   «   

   » (2015, 2016  2017 ., . ); 

     «   

»    (2015  2016 ., . ). 

 .      12 

 ,   5      

,         

  Ulrich's Periodicals Directory, 1  , 2   

  , 4  –  . 

    .    , 

 ,    5 , ,  

   89   4 .   

 187   ,   – 127 , 

 84   17 . 



26 

 1 

     

   

 

1.1          

    

 

      

         , 

       . 

        

       [3, 5]: 

–    ; 

–    - ; 

–     . 

           

         

          . , 

 ,        

   , : , ,     . 

          

        

       [5, 6] 

 

00 )05,002,0( PP ,    (1.1) 

 

  0P  –   . 

            

 ,      

          



'

 

 

 

 

 

 

 

 

, 

 

'   

 zP  – 

 

 

 

. 1.1 – 

  

 

  

 

 

 

 

 

0Hh

  

. 1.2  

 

 

 

 

 

 

 

 

. 

 

h , 

 

 

0 k

k

z PP

, k  – 

. 1.3 

  

 

 

 

 

 

 

  (

 

 

  

 

 

 

 
 

, 

  

  

1

1
k

P

 

 

(  

  

 

 0H   

 

Hh

 

 

  

 

 

 

1

00

1

k

k

PP

 

 

 

 

). 

,  

 

 

01H  (

 

 

0H 01H . 

 

  

 

818 

 

 

 

,  

11

. 

 

  

 

   

  

 

. 1.1)  

 

  

 

 

  

 

 

 

 [6]. 

  

 

1

0 k

k

z PP

 [6]. 

27

 

 

 

 

 

(1.2)

)545( C  ,

 

 ,

1

, (1.3) 

 

 

7 

 

 

 

 

 

 

 

 
 

 

 

 

, 

 

 

 

, 

 

 

 



 

15 

 

1,1 

130

 

 

 0P

 Pz

/ . 

 

. 1.2

 

 
, 

5,0 % 

%,  

0, -300-

 

 

 

.  

 

00 PP

1,00P

 

  

 – 
 

 
 

 

 2,0 % 

 -

-240, -2

   

 

%0,5

3,0  

 

 

 
  

  
  

 

300-240 –

250-240 

  

 

 

, 

 

 

 

 

 

 

 

 
 

 

  

– 1,02 %. 

 

 80

 

  

 

 

,  

 

 

 

 , 

. 1.

 

  

  

00-1700 

. 

 

 

 

 

 

 1,6-3,

3 – 
 

  

  

 

 

 

  

 

 

 

 

  

 

  

,6 %. 

 
 

 
  

 

-200-130

 

 

 

 

 

28

 

 12-

, 

 

 
  

 

0 

 -200-

 

 

8 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

1.2 

 

 

 

– 

– 

– 

– 

 

. 

. 1.4

 -

 

  

 

  

 '

 

 

 

 

 

 

 

 

 

 

4 –  

-800-240-5

 

 

  

  

 [6-8]: 

  

 

 

 , 

 

  

 

 

5 « » 

 

 

 

,  

 

  

'  

  

. 

   

  

 

 

 

  

 

 

 

. 

 

   

; 

   

  

 

 

 

 

 . 

, 

 

 

 

 

   

 

 ; 

. 

 300-120

 

 

 

  

 

 

 

 

 

( . 3) 

.  

, 

 

 

  

 

 

  

00  

 . 1.4

 

  

 

. 

  

 

 

 

 

 

  

 

 

 

  

29

  

  

 

; 

 « »

4 [8-10]. 

 

( . 1),

 ( . 2)

. 

 

 

 

 

 

9 

 

 

 

» 

 

, 

) 

 

 

 

 

 

 

 

 

 

 

 

 

 



30 

  .       

  ,      

          

     [8]. 

        

  [8, 9] ,         

 .        

     3,5 %    

 . 

       

   300-800   « » 

( . 1.5) [11]. 

          

( . 1),     ( . 2). 

        

     . ,     

     . 

 . 1.6      

  « »,      [7, 12]. 

     ( . 8)   ( . 7)  

 ,     .    

       ( . 5).  – 

 .       

     ( . 4).   

( . 3),        , 

  . 

          

          

      ( . 6),   

    .     



 

 

 

  

 

 

. 1.5 –

 -

 

 

 

. 

: 

  

 

 

 

 

 

. 

 

 

 

 

–  

-300-240 «

 

 

 (

 

 ,

 

  

 

 

 

   

 -

  

 

  

.

  

« » 

 ( . 2), 

. 1). 

 

 

  

 

 

 

  

 

 

 

  

  

  

 

 

 

 

 

 

 

 

 

. 1

 -

 

  

 

; 

 

 

  

 

 , 

 

 

1.6 – 

-1100-60/

 

 

 

 

 

 

  

 

  

  

 

 . 

 

. 

 

  

/1500 «

  

 

 

 

 

 

 .

 

 

31

 

 

 

» 

  

  

 

 

 

. 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 



(

 

 

 

 

, 

 

 (

 

  

 

. 

 

 

 

 

. 1.6, 

 

 

 12

 

 

 

. 1.7 

  

  

  

, 

 (

 

.  1), 

 

 

 

 , 

 

,  

, 

,

 

  

 

. 1.7) 

  

 

2° 

  

 [6]

 

.  

 

 

 [11, 1

 

. 2). 

 

 

 ( . 3) 

 . 

 

 

, 

,  

. 

 

 

 

  

  

 

]. 

 

 

13]. 

 

 

 

 

 

 

  

  

 

 

  

  

 

 , 

 

 

 

  

« » 

, 

.  

 

 

 

 

 

 

 

 

. 

 

 

. 

 

  

 

 

. 

 

 

  

 

 

 

 

 

 

 

 

 

 « » 

 

1.7. – 

  «

 

 

 

 

 

 

 

 

.  

 

  

 

  

  «

32

« », 

 

 

 

 « »

 

 

 

 

  

»

2 

 

 

 

 

 

 

 

 

» 

 

 

 

 

 

 

 



 

 «

.

 

 

Alstom» [

 

. 1.6),  

  (

 

 

,  

 

 

 

, 

 

 

– 

 

 

,  

; 

– 

 

, 

. 

. 1.8 

[6]. 

 

 (  1) 

  2). 

. 

 

. 

 

  

,  

 

 

 

 

 

  

 

 

 

 

  

 

 

 

 

 

 

  

 

 

 

  

,  

 

  

 

  

  

  

 

 

 . 1.6  

  

 (

 

 

 

 

  . 

  

 

 

  

  

, 

 

 

  

 

 . 1.7, 

  

 

 

 

 

 

 

 

 

 

 

 

  

  

 

 

 . 

 

 

 

  

 

 

 «G

 

 

 

 

 

 

  

 

 

 

. 

 

. 

 

. 

  

  

 

 

 

. 

 

GE» [14]

 

: 

 

 

  

,  

  (

 

. 1.8 – 

33

. 

 «ABB»

 

 

. 1.8) 

 

 «GE» 

3 

 

» 

 

 

 

 

 

 

 

 



18

(

 

 

 

360 «ABB

  

 

 

  

 

  

 

. 5),  

 

– 

 

 

 

 

 

 

 

 

– 

 

  

  

. 1.9 

B Zamech

 

  (

 

, 

c

 

 

 

  

 

 

 

,  

 

 

   

 

. 

 . 

 

h», 

 

. 3). 

 

 

  

 

 

 

 

 

 

 ( . 

. 

 

 

  

,  

 

 

 «

. 1.8, 

  

 

. 

  

 

 

 

: 

  

 

 

 4), 

 

  

 

 

 

 ; 

 

 

 

 

 

» 

 [6, 15

   

  

 

 

 

. 1

 

. 

 

  

  

5] 

 

 

 

 

. 

  

 

.9 –  

« »

 

 

 [6, 7, 

 

 

  

  

  

 

  

 18 -3

»-  

34

 

15]. 

 

 

 

 

360 

4 

 

 

 

 

 

 

 

 

 

 



 

60 

«

 

 

 

).

 

 

  

 

 

 

– 2,5-

/ ); 

– 

– 

 

» [10],

 

. 1

 

 

(

.  

, 

, 

 

 

 

 [6]: 

 

 

 

. 1.10 

,   

 .

 

  

.10 – 

  

  1

. 

 

 

 

 

 

 

  

 

  

  

  

 

  «

 

 

1/3  

  

 

 35

  (

, 

  

 

 

  

 

 

» 

 

 

 

 

5-40 % 

( . 2) 

 

  

 

 

; 

 ( . 

 

 

  

 

 

 

 

  

  

 

 

 

 

 

 

 

 

6)   

  

 

 

 

 

 

 

 

 

 

.  

 

) 

  

 

 

 ( . 1)

 

 (  1

( . 3). 

 -1000

 

. 

 

 

  

 

  

. 

 

. 

  

  

35

 (

 

 

. 

. 

60 /  

0-60/3000

 ( . 1)

 

 

 ( . 2)

 

5 

 

 

 

 

 

 

 

 

 

0 

) 

 

 

 

 

 

 

) 

 

 

 

 



36 

     ,  

        

    ( )       

   .       

   ,      , 

         ,   

        

       . 

         

 ,        

      . 

 

1.3        
 

 

        

          

. 1.11 [6, 16]. 

       , 

 ,     , -

    . 

          

      [6, 16]:  

– , '          

   1-1  - ; 

–         - , -   - ; 

–      -   - , 

–       -   2-2.  

 



0 , 

[6,1

 
 

0C   

 

 

 

 

 

 

 

  

7].  

  

 

 

. 1.11 – 

 

, 

 

 1,2-1,

 

, 

. 

  

 

 – 

  

 

 

 

 0,8-1,

8 /  

  

  

 

 

 

 

 [1

 

  

  

 

  

 

0,  

[6]. 

  

 

 n

 

 

5, 17-20].

 

;  

 4

  

,  

 

 

 

 

max FFn

, 

 

 

 

 

 

– 

0-60 /  

 

, 

  

. 

 

  

minF ,  

 

 

  

 

 

 

. 

, 

 

 

 

 

  

 
 

 

37

 0P ,

 

 

 1,6-1,8

 

 : 

7 

, 

 

 

 

 

 

 

 

8 

 

 

 

 



 

 

1–

 

  

  

 

 

  

 

 

 

,  

 

 

. 

 

. 1.1

–  
  

 [18] 

 

  

 

.

, 

, 

 

 . 

 

 

 

 

 [19] 

 

 

  . 

12 – 

 ; 2
  

 

 

 

 

  

  –

 

 

 

  

 

, 

  

1.12. 

 

2 – 
; 1

 

 

 

 

– 

, 

  

 

 

 

 

 
 

  
1,2,3,4 – D

,  

 

 

 

 

  

 

 

 

  

 

 

 

 
 

 
1DD

, 

 

 

  

 

 

  

 

 

 . 

  

  

 

 

  
: 

; 3 – 
05, ; 5,6,7 

  

 

 

, 

 , 

  

  

 

 

  

 

 

 

 

  
– DD

38

 

 

. 

 

 

 

 

 

.  

 

  

; 4 – 
85,1  

8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



39 

    ,    

      ,  '     

    .  ,  

     (  1)     (  3)  

,   .    

  '         

        `  

 . 

       

  [6, 15]       

   ,        

   ,       

        .   

   ,     . 

        . 

         

   .        

   . 

      

     c  

 [20].     . 1.13. 

        

 .       

  

         

      ,    

         , 

  . 

        

 ,        . 



 

 02

 

. 
 

 

  

.  

 

 

, 

 

 

. 1.13 – 

  

0

2
P

P  – 

 

 

,  

 

 

, 

, 

  

 

 

   

*

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

, 

 

 

. 

  

*1

 

 

  

 

 

 

  

  

 

 

 

 

  

, 

 

,  

 

 [6, 16

 

 

  

 

 

02

1
1

n

 

 ; 

 [16] 

 

  

 

 

 

  

 

 

 

 

 

6]. 

,  

 

 

 

  

2
,  

  

*  – 

 

 

 

 

   

 

 [21]. 

 

 

  

 

 

 

, 

 

  

; n

 

 

 

  

 

 

. 

 

 

 

: 

40

 ,

 

 

, 

 

 

 [16] 

(1.4)

min

2
F

F  –

 

. 

 

 ,

0 

, 

 

 

 

 

 

 

 

 

 

 

 

) 

 

– 

 

 

 

 

 

 

 

, 



41 

I  –        ; 

II  –         ; 

III   –       

  . 

         

   ,     . 

         

  ,      .   

    I  , II   

  .        

        

,     .  ,  

     ,    

       . 

        

        

     . 

      [6-9, 15-17, 22] 

       

   .     

    ,     

 .      

2-4 %           

 4-8 %     [22]. 

   [6, 22-25]     

  ,     , 

        

  .    ,  

       [22]. 

        , 



  

 

 

 

 

 1d – 

 . 

 

 

  

. 1.14 

 

 

. 1.14 

 

 

 

mm

 

  

, 

 

–  

 

. 

 

 [22]. 

 

 0Rk

2

2
1d

 

  

 

 

 

 

 

15,0 d .  

 

cos

cos

,  – 

 

. 1.15. 

 

 

 

 

 

 

 

 

 

cos

co2

   

 

 

 

 

 

 

 

 

 

. 

 

 

 

 

 

. 

 

 

co

s
2

 , 

 

 

 

  

 

 

 

 

 

 

 faea

os

1
,  

  

 

 

 0,2-0,4. 

42

 

 

 

 

 

f  

 

 mm

(1.5)

 

 ,

 

2 

 

 

 

 

 

 

 

 

 

 

 

 

 

) 

 
 

 

, 

 



 

2 –

 

 

 

 

 

 

 

 

 

 

 

 

 

 

. 1.15 

 

1 – 

– 35,0h

 

 

 

 

 

 

,  

  

 

 

 

 

 

–  

   

5 ; 3 – h

  

 

 

 

.   

 

 

 

 

 

 

 . 

 

)

 

  

4,0 ; 4– h

 

 

 

  

 

, 

 

 

 

,  

 

   

 : 

3,0h ;  

5,0h  5 –

 5,0h  

  

 

,  

 F

 

(

 

  

 

 

 

 [6, 17,

  

– 

 [2

 

 

65,0F

 

 

 

 

 

 

 

 D

 

. 1.16). 

 

  

 

 

, 

. 

 

 24-26] 

 

23].  

, 

 

 

75,0 , 

 

 

  

 

  

 

2 4,0(D

 

 

  

 

 

 

, 

  

 

43

 

-  

 

, 

, 

 

1)5,0 D

 

 

 (

3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

  

 

 

, 

 

 , 

 

 

  

 

, 

.1.16 – 

 

 

  

  

 

 

  

 

 

 

  

  

 

 

 

  

 

 

 

 

  

 

 

  

 

  

 

 

 

 

 

 

 

 

 

 

, 

,  

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 [27

 

 

 

[29-32], 

 

U/Cf, 

 

. 

  

 

, 

  

 

,  

 

  

  

 

 

 

 

 

 

7, 28] 

 

 

 

 

 

 

 

 

  

 

7-8 

 

, 

 

 

, 

 

 

. 

 

  

. 

 

 

 . 

  

 

 

 

 

 

 

 

 

44

. 

 

 

 

 

,  

 

 

  ,

 .

 

, 

  

 

 

. 

4 

 

 

 

 

 

 

 

 

 

 

 

 

 

, 

. 

 

 

 

 

 

 

 



45 

1.4       

 

       

    ,    , 

'     . 

        , 

      ,    

          

     . 

         [33, 34]: 

1)  –         

  . 

2)  –       

 . 

         , 

,  , ,     .  

        

 . 

         ,  

  ,       

      .  

      : 

–     ; 

–      ; 

–    ; 

–      . 

       

      .    

      ,  

         



46 

   40-50 %    

   80-100 %.    

      30-40 % 

 . [35]. 

          ,   

         .  

        

       . 

         

    1,2-2,1 %   

  ,        . 

,        

      ( )     ,  

        

   . 

         

      . 

  . 1.17     ,    

         

           

. 

  . 1.1      

    . 

         

        [31, 32].  

       

          

     . 

  



 

-16

-20

-32

-54

-80

-22

-50

-10

-10

. 1.17 –

60-130 (

00-130 (

25-23,5 (

40-23,5 (

00-240 (

20-44 (

00-65/3000 

000-60/1500

000-60/3000

0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1,0

0,0

 

– 

 1.1. 

 

  .

 

  

(  

0 (

0 (

0,1

  

  

 

  .8

 .6) 

.5) 

  .2)

 .7) 

.1) 

 .1) 

  

  

0,2

  

  
 

 

8) 

) 

.2) 

.1) 

0,3

  

  

 

0,2

0,1

0,2

0,3

0,3

0,2

0,4

0,2

0,3

0,4

h  

 

  

  

1 2

267 0,26

192 0,22

289 0,28

315 0,28

393 0,39

208 0,20

403 0,40

228 0,22

365 0,36

160_

160_

160_

200_

200_

200_

200_

325_

325_

325_

540_

540_

540_

540_

540_

540_

800_

800_

800_

K500A

K1000A

 

 

 

  

2 3 

67 0,305

27 0,180

89 0,288

81 0,315

93 0,393

08 0,194

03 0,403

28 0,228

65 0,365

1, 2

3

4

1

2

3

4

1, 2

3

4

1, 2

3, 4

5

6

7

8

1, 2, 3,

5, 6

7, 8

AES_ 1, 2,

AES_ 1, 2

47

 

 

4 

5 0,170 

0 0,080 

8 0,128 

5 0,281 

3 0,107 

4 0,194 

3 0,403 

8 0,228 

5 0,365 

4

3, 4

, 3, 4

7 



48 

         

    .  

     -440  -1000  

    20-30 %   

        [33-36]. 

           

   80-100 %      0,90-

0,98. 

         

      [35, 37, 

38].          

     ,    

 ,       , 

  « » . 

      ,  , , 

     ,     

        

        .    – 

          

 . 

      

  ,    

       -

 . [38]. 

 . 1.17 ,       , 

 ,        

 ,      0,1-0,4  

  0,7-1,0.

  ,  1,2,3  ,  ,  , 

    ,     



49 

h =(0,2-0,3)    0,95-0,98.  4,  

     ,    

      h = 0,1    0,7-

0,98. 

 ,      ,    

    ,   

        . 

           

   ,      

       .   

       

        , 

         

   .   

    ,        

 ,        

 . 

 

1.5        

    

 

       

    ,  ,    

 [38-47]. 

   -    

        

      . 

 . 1.18      

   . 



 

 

, 

 

 

 

 

 

 

 

 

 

 

. 1.18 – 

  

 

 

 

 

 

 

,  

 

– 

 

   

. 

 

  

 

 

  

  (

. 1.19 

 

 

 

 

 , 

 

,   

 

 

. .1

 

–  

;  – 

 

 

 

  

  

 

 

 ,

 

 

 [39]. 

 

  

.  

 

 

 

 

1.19).  

 

 

 

 

 

 

 

), 

,  

 

 

 

,  

 

 

,  

 

 

 

 

; 

 

 

  

 

 

 

 

 

  

 

, 

 

: 

 – 

50

 

 (

 ,

 

 

 

 

 

 

0 

 

 

 

 

 

 

, 

 

 

 

 

 

 

 

 

 

 



 

 

1,0 

600 

 

 

 

 

  

 

 

 [43]

 

 5 

  

 

 

 

. 

 

 

. 1.20 – 

 

 

 

 

 

 

: 

 

 

 

. 

 

  0,4

 

 

 

 

. 

 

 

 

700-750 

 

 

 

 

 

 -2

 

4 % ( . 

 

 

 

 

, 

  

  

 

. 

HV [43

  

 

 

 

 

50/300-24

 [37] 

1.20). 

  

  

 3-3,5 

 

 

 

 15

 

],  

 

 

 

 

 

40  

  

 

 [4

,  

 

 

 

50 . 

 

 

 2-3 

  

. 

 

  1-3 

 

 

-

 

 

 

 

4].  

 

 

  

. [4]

 

  

 

 

 

  

 [38]

 

 

  

 

 1,0 

,  

 

 

 

 

]. 

 

51

 

 

.  

 

 

 

 

-

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

-

 

 

 

 



 

 

-

 

 

 

 

140 

 

 

  

. 

 

 «

, 

, 

  

 

,

. 

 

 

 

. 

. 1.21 – 

 80-100

. .,

 2

 

 

 

 

 

« » 

 

 

 

 

, 

 

  

 

0 . 

, 

2-  

  

 

 

, 

 

  

 

  

 

 

  

 (  

 

 

 

. 

  

 (

 

 

 

. 

  

 

. 

 

 

 

  ) 

 

 

 

 2-  

, 

 

 

 

 

 

  

  

 

 

 

- , 

 

 

 

[38-46]. 

 

 

 3-   

 

, 

 

 

 

 

 

  

 

 

 

  

  

 .  1

  

 

 

4-  

  

 ,  

 

 

 

 

  

 

 

 

 

1.21 

 

 

  

 – 

,  

 

52

,

, 

.

 

 

,

  

 

  

 120-

, 

2 

 

, 

 

 

 

. 

 

 

 

 

 

, 

 

 

 

 

-

 

 



53 

 )        

 ,   [42]. 

  ,       

    . 

          

     :   . 

         

      . 

         

  ,       

      ,   [4,38-46]: 

–  ; 

–  ; 

–   . 

    ,     

       , 

  . 

     [40],      

 - ,     

     , ,     

  ( . . 1.22). 

        

 0,5 .    ,   

    69-90 %     

. 

        

       , 

    [40]. 

  . 1.23      -

.         2003 . 



 

 

 

 

 

 

 

 

 

 

. 1.

 

–  

 

–  

 « »  «

 

, 

 

 

 

 

 

 . 

 

.22 – 

 

, 

 

 . 

 2,15  3

 . 

» 10  16 

 

 

 

 

 

 

 

 5, 6 

  

 

 

  

 

: 

 5  10

3,2  

 6  300

 

  

 

 

. 

  

  

 

 

  

0  

 

00  

 

  

 

 

 

 

 

 

 

 

 

. 1.23

 

  

 

 

 

 

 

. 

 

   

 

 [4

 

   

 

. 

–

  

 ,

; 

 

 [44]

 

 

 

 

44].  

 

-300-240

 

  

 300 

, 

  «

  

]. 

 

  

 

 ,

,  

. 1.24 

 

54

0 « ».

, 

 

 

  

 

 

« »  « »

  

 

,  

 

 

 

4 

. 

 

 

» 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

(

 

 

. 1.

 

 

 

 

 

 

 

 

 

 

  

  

 

.24 – 

 

  

 

  

 

 

  

 

 (

  

  

. 

2,5 )

,  

  

 

 

 

 

 

 

 

 

  

. 1.25. 

 2,

 

 ,

), 

 

 

 

 

 

 

 

 

 

, 

  

 

 

 

5 ). 

 

,  

,  

 

 

 

  

, 

 

 

. 

 

 

 

 

 

 

 

  

 

 

 

 

 

, 

  

 

  

 

 

  

 

,  

  

  

 

 

 

, 

 

 

 

  

 

 

 

  

 

 

-

 

 

 

 

 

 

 

 

  

 

  

. 

 

55

, 

 

 

,

,

 

 

, 

  

5 

 

 

 

 

, 

 

 

 

 

, 

 

 

 

 

 

 

 



 

 

 

 

 

1,0 %

  

 

.

1.6 

 

 

 

 

%  

 

 

 

 

. 1.25 – 

 

 

 

 

 

 

 

 

 

  

   

 

 

 

 

 

 

  

  

 

,

   

 

  

  

 

 .  

 

 

 1 

 

  

  

. 

,  

 . 

  

 

 

  

-250/300

 

 

 

 . 

 

 

 

 

. [7

 

-240: 

 

 

 

   

 

 

 

7] 

,  

 

   

 

 

 

 

. 

  

56

 

  

,  

 

 

 

6 

 

 

 

 

 

 

 

 

 

 



57 

      

,      , '    

     ,  

      . 

       

  ,     ,   

          

. 

    ,    

        [38]. 

 ,        

     , ,   

        

         

  . 

    ,     

        

        

,      .  

        : 

 1)        

      . 

 2)       

         

     : 

 –  ,       

      ; 

 –          

  ; 



58 

 –       

          

 . 

 3)  ,     

   ,       

. 

 4)        

      .  



59 

 2 

     

    

     

 

 2.1     

 

        

    .    

  ,    

       

 .  

       

[47]: 

–     ,   

   ; 

–        

      ; 

–          . 

,    ,  

  ,    

      . 

      

        

 .      

  '   ,  CFD 

(Computation Fluid Dynamics),    , 

         

.        

         



60 

 ,      , 

      . 

        

  .       

    (DNS)    

  (LES).       

        

   ,     

    ' -  (RANS)    

    [48-51]. 

 ,     ,   

    ’     

   . ,    

 ’ ,       

      . 

      , 

         

’    .    

        

’   ,     . 

       

     : 

 1)      ; 

 2)       ’ ; 

 3)      ; 

 4)       

. 

           

        

     .   



61 

        

,       , 

       . 

        

 [6, 9, 10, 14, 16-22, 24, 27, 28, 52-57, 69, 70],     

         

        5-10 %. 

  ,       

         

      

     10 %      

.  

 

2.2      

    

 

   '   

     ' - .  

      

  - .   (RANS),  

  [59] 

 

,
x

qqV

x

VpE

t

E

;
xx

pVV

t

V

0;
x

V

t

j

T
jijiji

j

j

j

ijij

j

ijjij

j

j

j

   (2.1) 

 

  – ; V  – ; p  – ; E  –   

 ’ ; ij  –  ’  ; ij  –   



62 

; jq  –    ; T
jq  –  

   . 

    ( , , 

)      .  

'   ,    zyxjV j ,,,    

         

  

 

jjj VVV ,     (2.2) 

ccc .      (2.3) 

 
         

   T 

 
T

j
T

j dttV
T

V
0

1
lim .     (2.4) 

 

   ,       

.        

SRANS (Steady RANS).     

 ,      . 

    URANS (Unsteady RANS) 

 

T

jj tdtV
T

tV
0

1
.    (2.5) 

 

  ,   URANS    

  ,         

 . 



63 

         

  ,      

     . 

      '    

 ,        

  (    ).   

       

'       [48-51]. 

 

2.3    

 

       

  ,    

        . 

        

:  –    ;   –  

  . 

       

 .      . 

        

[66] 

 

4
5

3
4

2
321 TaTaTaTaa

R
p

,   (2.6) 

 

  R  –    ( R 04,287 ); ia  –  

   ( 27149,31a ; 4
2 1085475444,6a ; 03a ; 04a ; 

05a ). 



64 

   '       

   

 

2

3

0

0
0 T

T

CT

CT
,    (2.7) 

 

  0T  –   (273 ); 0  –   

   (1,78·105 · ); C  –    

(122 ); T  –  . 

       , 

        IAPWS-95 

[67].  

 
2.4   

 

         

 [49].  '        

          

 [48, 49].         

'        

       '  .  

    ,       

        ( -  

Shear Stress Transport,  SST) [47-51]. 

SST     -   -   [58]. 

        

  -  SST     [59] 
 



65 

,12

;

21
ii

P
i

T
i

i

kDkP
ik

T
i

j

xx

k
fDP

x
V

xt

DP
x

k
kV

xt

k
kk (2.8) 

 

 ijijk SP  –  ; 
T

kPk
P  – 

   ; kDk
*  –  

; 2D  –    ; 

1f  –   ; 
12 /,1max afS

k
aT  –  

 ' . 

 

2.5    

 

       '  

      '  ( ) [61-65]. 

         

    '  .   

(2.1)     ' .    

        

     [61] 

 

,

,

0,

00

00

0

Sn
x

nV
t

Sn
x

V

x

V
npnVV

t

VV

nV
t

ip ip

j
iip

ipjj

ip ip ip
V

ip

j
j

i

i

j
ipiipjij

ij

ipip
jj

i

 (2.9) 



66 

   –  ' ; S  –  ,   

 ' ; jdn  –     

   ; t  –   ; jn  –  

      ;  «ip» 

–          

   ' ;  «0» -   

  . 

 ,   ,    

 ' .       

   (  )  

' . 

     '    

  

n

i
iiN

1

,       (2.10) 

 

  iN  –   ; i  -    ; 

n  -   . 

      .   

     

 

,1
1

n

i
iN       (2.11) 

.,0

;,1

ji

ji
N j      (2.12) 

 

       ,     

      ,    

  -    '  , ,   

 . 



67 

         

 '       – 

, ,   . . 

          

      .   

         

 ' ,        

    . 

       «Octree» [63]. 

      ,  « »   

    ,       

,      ,    

 ,    , ,    

  ,  « »    . 

 

 2.6   

 

       

 ,       

     .   

   ip     . , 

   ,     

[62, 63] 

 

rupip ,    (2.13) 

 

  –  , 10 ; up  –    , 

  ; r  –   ,  

 ,   . 



68 

        

      . 

       =1. 

        

  1,    .   

      ' , 

    .     

,         

. 

      

,        

 ,        p    

 V .       

,  ,       

  -  

 

.1111 AVAVAVAV kkkkkkk
  (2.14) 

 

 1k   k     ,   

    . 

 ,        

  ,    , 

       [65] 

 

inb
i

nb
i

nb
i ba ,     (2.15) 

 

  –  ’ ; a  –   ; b  – 

 ; i  – ,       



69 

'   ,   ; nb  – ,    

   ' ,    . 

 '       ,  

     ,    

.   ,    '  

   .    ( , 

    )  nb
ia , nb

i   ib   

 ,         

  nb
ia , nb

i   ib      [65] 

 
nb

ipppwpvpu

wpwwwvwu

vpvwvvvu

upuwuvuu

nb
i

aaaa

aaaa

aaaa

aaaa

a , 

nb

i

nb
i

p

w

v

u

, 

nb

ip

w

v

u

i

b

b

b

b

b . (2.16) 

 

      , 

    (     

      ),   

 : , ,   . 

       

      ,   

   . 

  '       

(      )   .   

       

  .       

    «  », « »  

  .    ,   

   . 



70 

,      ,   

 ,        

: 

1)   –     

   ; 

2)   –      

   .  

         

        

          

  .      

       ( ), 

           

   .    

       [64] 

 

ba ,      (2.17) 
 

 a  –  ;  –  ; b  –  

  . 

      

    n ,  ,  

 ,      1n  

 
nn 1

      (2.18) 

 

  –  . 

 
nra       (2.19) 

 

     nr ,    : 



71 

nn abr       (2.20) 
 

        

. 

 

 2.7     

 

      

         

       

 

),(
*

hf
G

G
q ,     (2.21) 

 

  *G  –         

    ; G  –      

;  dhh  –   ,    

         

  ; *
02 PP  –  ,    

          

   . 

         

      

    

 

*
0

*
01

1

* 1

2

V

P

k
kFG

k

k

,   (2.22) 

 

  F  –  ,     ; k  – 

  (   4,1k ,    3,1k ); *
0V  – 



72 

 '        ,   

  . 

      

         

      . 

         

       . 

         

: 

1)      : 

 –     

 

qGG '* ;     (2.23) 
 

 –     -1000/60-1500 

 

GqGG '* ,    (2.24) 
 

  q '  –   ,    

 ;  G  –      

,       

     (     

). 

2)       

   

 

F

VG 0
0 ,      (2.25) 

 

  F  –      . 

  



73 

3)       

 

2

2
0

0h .      (2.26) 

 

4)        

 

00
*

0 hii .     (2.27) 
 

5)        

 

 

),( 0
*
0

*
0 SifP , ),( 0

*
0

*
0 SifT , ),( 000 XTfS .  (2.28) 

 

         

’          

    

 

0

1
P

P
Pp ,      (2.29) 

 

  P  –        

 ; 0P –      . 

       

    

 

 ,      (2.30) 

 

   –     ;  –     

;  –      . 



74 

           

  ( )   

 

)(5,0 2
*

20
*

0

*
2

*
0

PPPP

PP
,    (2.31) 

 

 *
0P  –       ( ); 0P  –     

  ( ); *
2P  –        (   

); 2P –        (   ) 

   (2.31)       

,          . 

          

    

 

k

k

k

k

PP

PP
1

*
01

1
*

11

1

1
1 ,     (2.32) 

 
*

0P  –      ; *
1P  –    ; P1  

–    . 

      

          

  

 

*

*
min

*
max

*

P

PP
P

,     (2.33) 

 

 *
max(min)P  –  ( )    

   ; *P  –      

   . 



 

 

 

 

 

 

 

-

 

 

  

 ih  

. 2.

 

 

  

N

 h

-  ( -

 -

 

 , 

 

– 

   

.1 – 

 

 

 

--h

-(--

- ); h

-  (

 

   

h

  

 (

 

 

  

 

h

)  – 

(--h

- ); G

 

 

H
hh i

i

 

. . 2

 

 

 

 

)-
 – 

G  – 

 

 

0H ,  

 

.1). 

 

 

 

-h

  

 

 

 

,  

 

 

 

 

 

-h

  

  

  

 

 

 

  

; 0H  –

 
 - -

 

 

G

  

  

  

75

, 

 

 

(2.34)

– 

 

*
, (2.35)

 -

 

 

5 

 

 

) 

 

 

 

 

) 

 

-

 

 



76 

 h ; *  –        

-  (  * =0,75). 

   (2.34)       

 ,        

     . 

   ,     

,            

      

 

*GhN ,    (2.36) 

 

  h  –    ; G  –   

 . 

       

         (2.36) 

,       

     ,   75,0 %.  

 

 2.8      

      

-300-240 

 2.8.1     

    -300-240 

 

       -300-240 

« »      ,    

  [11]. 



77 

          , 

,      ,        

   . 

   : 

 –   ; 

 –       ; 

 –   ,    

     ; 

 –  ,     -

  (     ). 

     :   

   – 112 ,    – 94 ,   

   – 12°,    – 1,13, 

    - 160 . 

      

  5     -300-240  

     « » ( , )  1977 

 [68]. 

         

 ,       

   ,       

 . 

        

  . 2.2.      

1,503       ( . 6),  

 ( . 11),  ( . 4)   ( . 8) 

. 

       ( . 9)    

( . 10)    .     

       



10), 

 

 

 

 

 (

. 

–  

( . 9)  

 

. 2

 

 

.2 – 

;  – 

 ( . 

 

 

 

 

 

 

11) 

 

  

;  – 

 

  

 

 

 

 

 

 ( . 8)

 

 : 

78

 ( .

) 

 

 

  

 

8 

. 

 



79 

        

  ( . 1)   0,507 ,    

       

( . 7). 

       ,    

     ( . 3) 

 0,4.      

 ( . 5).      

   ( . 2). 

 

 2.8.2     

 

 ,       

       

,      ’   

     . 

          

  .    224,0h   984,0 . 

     1.1,        

     .     

    ,       

        

. 

   ,    

  ,     ( . 2.3 ).  

      . 

   ,      

       ,  

         

  . ,      



 

 

 

 

 

 

 

 

 

 3 

  

  

 – 

  

 

  

  

 

 

 1 

 2 

  

 3

 

. 

 

,  

. 

 

  

 

 

 

 

– 

– 

 

3 – 

  

 

2.3 – 

 

 

 

 

 

 

: 

 

 

 

 

  

 

 

;  – 

 

 

 

  

 

 

,

 

 

; 

 

 

 

 

 

 

  

 

 . 

 

 

 

 

 (

  

 

  

  

, 

 

: 

  

80

 

. 2.3, )

. 

 

 

; 

 

 

0 

 

 

) 

 

 

 

 

 



81 

          

     y+ 1 [48, 

51]. ,           

,          

 ,     y+    

      4 [57, 71]. 

   ,  ,      

 ,       

  ,     

   –       

.         

15.  ( )       

        

      . 

   50       0,03-

0,01 . ,    ,    

   - -  (CFL) 

 

1
x

tu
CFL ,     (2.37) 

 

 u –    ; t –    ; x  

–    . 

          

    '    10-4   

          . 

    ,      

    0,507     298,15 , 

     0,499 .   –   

  . 



82 

        

      

 

q

q
q

'

1 ,     (2.38) 

 

  q  –   ,    

 ; q'  –   , 

   . 

  ’      

  . 2.4. 
 

 

. 2.4 –     

        : 

1 – ; 2 –    ; 

3 –       

 
 

     ,    

        

.        

-10

-5

0

5

10

15

20

25

0 1 2 3 4 5

1 2 3

610N

%

,q



 

 

3,

 

 – 

 

 

  

, 

 

 

,  

 

. 2.5

 1

 

 

 

 

 

. 

 

  

  

 , 

. 2.5 

 

 

 

5 – 

  

 

 

  

 

 

 

 

 

 

1,  

 

).  

 

 

 

,  

 

, 

 

 

 

 

1 ( q

 

   

 

 

 

  

;  

 

 (  

  

 

 

  

 

  

%7,2 ) 

 

 '

 

 

 

 

 (  

–  

 

 

 

 , 

 

  

 

, 

 

 3 ( q

 

  

. 

  

 

 (

224,0h

3  

 

 

   

 [69]. 

 

 

%61,2q

  

 

 

, 

 1 

 

4  98,0

 

 

 

 

 

  

,  

 

83

). ,

 

 

 

 

 3 

 

4 ) : 

 

 

) 

, 

 

 

3 

, 

 

 

 

 

 

 

 

 

 

 

 

 

 



84 

       , 

      . 

         

 ,      

        

     

    . 

 

2.8.3   

 

           

       ,    

        ,  

      

        .  

       

       0536,0h , 

1342,0h ,  224,0h .      

 4 ,       

 95,0;9,0;8,0;5,0 .       

  12-        

 ,     

     . 

         

  . 2.1. 

    . 1.17,     

      ,    

  . 

  



 

0h

 

 

       

       

q 

224,0  

 

 

, 

 

  

  

. 2.6 – 

 

  

   – 

   – 

 2.1 – 

0,50 

0,80 

0,90 

0,95 

. 2.6 

  

 

 

 

 

 

 
P*

0

0

0

0

 

  

 

 

 

 

  

 

: 

 

. 

  

,  

0,507 

0,507 

0,507 

0,507 

 

 

 

 

 

  

; 

 

 

 

 

T ,*  

298,15 

298,15 

298,15 

298,15 

 

 

.  

 

 

 

 

9,0

 

  

 0h

 

P ,

0,25

0,40

0,45

0,48

 

 

. 

 0h

  

 

 

 

 

. 

 

 

 

 

,  

 

0536,0 , h

 

53 

05 

56 

81 

 

 

 

 

0536,0  

.  

 

 

 10,2

 ,0h

 

 

  

 (

85

;1342,0

, 

 

2 % 

1342,

 

  

 

. 2.7).  

5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

. 

 

 

 

 

  12,7 %

 

 

    

 

. 2.7

 – 

1 – 

,

,

 

 

 

 

 

 

 

%  

. 2.8 

 

 

, 

7 – 

 

 0h

– 

– 

– 

– 

 

 

 

 

  

 

 

 

 

0536,0  

 (

 (

 (

 (

 

 

 

  

 

  

 

 

. 

 

 

  

 

 

 ;  

5,0 ; 2 

 

 

 

 

 
 

 

 [

  

 

  

 

 

 

 

– 

–  

 

  

6, 8, 15-1

 

 

 

 5,

.. 

 

 ( 0,0h

 

  

134,0h

)

 

 )

 

 

 

17]. 

 

 

  

,2 %  

 

 , 

. 

0536 ) 

 

 

42  ,0

); 

 ); 

; 

)

 

86

  

 

 

. 

 

 

 

: 

; 

9 ; 

6 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

. 2.8 – 

 

 

 . 

  

.  

 

 

1  

2  

3  

1 –
 – 

,  

 

 

 

 

 

 

 

 

 

 

– 053,0h
5,0 ;  

 

 

  

 

 

  

 

1  

2  

3  

  

36; 2 – h
– 8,0

 

 

. 

 

  

, 

 

 

 

 

1342,0 ;
;  – 0

 

 

 ,0h

  

  

 

1  

2  

3  

  

3 – 0h
9,0 ;  – 

 

1342,   

 

 

 

 

 

 

 

 -300

224,0 ; 
95,0  

87

  

 

224,0h

 

,

 .

 [6]. 

1  

 
2  

 
3  

0-240: 

7 

 

 

 

 

, 

. 

 



88 

2.9        

   -  

   -1000-60/1500 

 

       

,    ,    .  

         

  ,       

         

       ,   

       ,   ,  

   ,  ,    

 . 

    -1000-60/1500   

 1.2 ( . 1.6). 

       

    . 2.9. 

       

    -1000-60/1500 « »  .   

        ( . 2.9, 

 2). 

        

      20-35 . .  

        

,  17064       

 .       – 

10    1,2.      

   1,4. 

       , 

       . 



 

 

 

 

 

 

 

 

.

 

 

 ~ 

 

 

 

2  

. 2.9 – 

 

0,5 % 

  

  

  . 2

 

 

  

  

,  

 

 

2.2. 

 

 

 -20

  

 , 

 

 4

015  

 

 '

 

, 

 

 

4 

 

 1 (

 

 

 

 

 [16

  

 -1000

 

 

 . 

  

 

6]. 

  

89

,

0-60/1500

). 

 

 

 

 

 

9 

, 

0 

 

 

 

 



90 

  . 2.10      

,     ,  

      

  « » [70]. 

 

  2.2 –      

 h  

 

P ,*  T ,*  P ,  P ,  

0,100 5,893 547,6 4,491 5,684* 

0,109 5,896 547,6 4,756 5,684* 

0,135 5,909 547,7 5,198 5,684* 

0,162 5,912 547,8 5,394 5,684* 
*         

    . 
  

  

. 2.10 –   

  : 

. 2.11 –     

  : 

 – ;       –  – ;       –  
 

        

,     ,  

   ,     

 .  

0,24

0,26

0,28

0,30

0,32

0,34

0,1 0,12 0,14 0,16 0,18
0

5

10

15

20

0,1 0,12 0,14 0,16 0,18

,  
% 

q 

h  h  



91 

        -300-240,   

         

 1,0h   109,0h .     

     2,8 %  6,4 % .  

 10,7 %  9,8 %    135,0h   162,0h  

. 

       

         ( . 2.11). 

  1,0h   109,0h      4,2 % 

 9,3 %.   135,0h   162,0h     

26,9  73,4%.       

         

 ,       

    0,9.    

        

   . 

  . 2.12       

.   1,0h   109,0h       

     .     

    .   135,0h   

162,0h     .   135,0h  , 

  ,   ,      

      .  

162,0h       

   ,    

       . 

     ,   

        



 

 

  

 

,  

 

 

 

 

  

 

 

 

. 2.12 – 

 – 

 – 

  

 

 

 

 

 

 h

 h

 

 

 

  

  

. 

 

 

1,0 ;  –

135,0 ;  

  

 

 

  

 

 

 

  

–  h

–  

 

  

   

 

109,0h ; 

162,0h

  

 

 

 

 

 

 :

 

2  

92

 

.

 

 

 

 

2 

 

 

. 

 

 



93 

 2.10    2 
 

1.        

       

. 

2.       

,       

        

       . 

3.       

         -300-

240 « »     -1000-60/1500 « »   

         

   ,    

  ,        

   . 

       

      -300-240 « »   10,2 %  

  1342,0h  9,0 .    

      

        

 5,2 %     12,7 %   .. 

       

      -1000-60/1500   10,7 %  

  162,0h 931,0 . 

4.        

          

  .   

         

-     73,4 %.  



94 

      

 [81]. 

5.    ,   

 ,      ' - , 

  ,     -  

SST    '     '   

       

 ,      ,    

   [71]. 



95 

 3 

     

    

 

3.1   ,    

,        

 

 

    ,    

 ,        

    ,    ,  

 ( )    ( )    

. 

   '       

   -200-130 « »,    1 (  ), 

     . 

        

          

       

 :  - - ,  -     ( . 3.1). 

        

         

   .   ,    

 ,         – 064,0h , 

 – 137,0h    – 192,0h    

. 

         

   .     

     - - ,  

    ,  y+   



 

200-

 

 

 

 

 

 2/3

-130-3 «

 

 

 

. 3.1 – 

 – 

a 

  

 

3 bc. 

  

 

». 

 

 

 

  

 

 

 

- -

 

 

. 

 

 

 

 . 3.2

 

 

;  – -

 

 4,  

. 

 

 

 

2. 

 

  

  

 

  

- ;  – 

 

 

 

 

 

  

. 3.2. 

 

 

: 

 

 20 

y+ 1

 

 

 

 -

 

 .

 

 

 y+ 

 

10. 

 

 

 

 

 

 

 

 

  

 

  

 

 

- -  

 

. 3.3  

96

 

 

4, 

 

 

 

 

. 

 

 

 

. 3.1 

 -

 

 

. 3.4

6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

-

 

 

 

4 



97 

         

   - -   -   ,       

( 064,0h )   ( 192,0h )   .  

 

 3.1 –       

 
 h  

0,064 0,137 0,192 

  , /  33,3 62,604 51,3 

   , /  3447,8 3447,8 3447,8 

   , % 5 5 5 

   , M a 3,643 7,992 9,896 

   ’    

 

 3.2 –     

 

   

  ,  125 

   ,  8 

        1,819 

    1,579 

   1,036 

        4,095 

     ,  14,033 

  ,  9 

   28,231 

     0,935 
 

  



 

 

. 3.2 –

. 3.3 – 

 h  

 – -

 

– 

 – h

 
 

 

= 0,064  

 

- ; 

 

h = 0,064; 

 

: 

 – -

 

  

 – h  = 0

 

 

 

  

 

 

 

  

0,137;  – 

 

 

. 3.4

 – 

- -

h  = 0,192

 
 

 – 

 h  = 0,192

 

- -

 

  

2 

 

 

2  

: 

;  – -

98

 

: 

 

  

 

-  

8 

 



99 

        

   .      

         

       .  

         

  ,       

 ,      .  

        . 

      ( . 3.3 )    

       . 

        1,94,  

     0,419.      

        

     .    

         

  ,      . 

      ,    

         

      .  

      137,0*P
.  

        -

       

( . 3.3 ).         

 .        

     ,     

           

       .  

         

044,0*P
. 



100 

      ( . . 3.4 )  

    .       

     0,45,      – 

0,972.          

,            

.          

         

         . 

       

035,0*P
. 

         

192,0h  ( . . 3.4 )      

   -     .  

       027,0*P
. 

           

      ( . 3.5  . 3.6).  

     ,    

     4,3-11,9 %. 

       - -

       –  20,7-23,2 %,  

 '         

. 

 . 3.7         

     - -   - . ,   

         -   

 ,      [29-32].  

          

    .  
 



. 3.5 

 

 

 

 

 5

 

 

 

 

 

 

 

 

 

 6,

 

  

 

 

–  
  

  
 

 

  

  

5,0 %, 

 

 

 

 

, 

 

6 % (

 

   [7

 -20

 

 
 

 (

  

  

 

 .

 

. 

 

. 

 

 

72]. 

0-130 «

 

 

. 3.6 – 
  

 

 

. 3.8) 

  

 

,  

 

 «

. 

 h

 

 

 

 6,5 %  

» 

 

 
  

 
  

 

, 

 – 49,9

  

 

   

 

«

137,0  

  

 

 

 

 

 

 

 

  

9 %. 

  

  

 

 

 » 

192,0h

 

  

 

 

 

 

. 3.7 – 
 
  
  
 

 

 h

 

 

 58

 

2  

 

  

  

 1,0h

 

 

 

101

 

 
 

 
 

 

064,0h

  

– 4,5 %.

8,9 %. 

 

 

 

 

 

 

  

192 ). 

 

 

 

 

 

. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 -

 

 
 

3.2 

 

 

 

 

 

 

 

 

 

 

  

( 137,0h

 

. 3.8 –

 

 

  

 

  

  

 

 

 

7 )  

 

– 

 

 

 

  

 

 

 

 

 

  

 

 

  

 1099

 

 
 

 

 

 

 

 

 

, 

 

 

, 

( 19,0h

9 , 116

  

 -

 

 

 

 

 

 . 

,  

   

 

 . 

   

 

92 ) 

6   2

 

-  

 

 

 

 

 

 

,  

.  

 

 ( h

 

18 . 

  

 

  

 

 

 

 

  

102

  

064,0 ),

 

  

, 

2 

 

, 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

D

 

1) 

2) 

  

 

 

 

  

 , 

. 

 

 (

. 3

 

  

D4,0

 3 

1 

 

,  

 

  

  

 

 

   

, 

 

. . 3.9

3.9 – 

 1 

  

2 

,  

 

 

 

  

  

 ;

 – 

 

 

 

 

  

 

 

  

 ,

9).  

 

 

 

 

 

2 

 

–  

 

 

 

  

 

 

 

,  

 

 

 

  

 

   

  

 

 

 

, 

, 

 

 

 

 

 

 

 «

 

  

 

3 

,  

 [6]: 

 

 

 

  

 

  

 

 

 

 

» [5,10

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

0]  «

 

 [23]. 

 

4

103

 

-

, 

  

 D5,0

. 

.

 

  

, 

» [6,73].

4 

3 

 

-

 

 

 

 

 

. 

 

 

 

 

 

. 

 

 

 



D

«

 

 

10

 

 

D95,0

» [74,7

 

 

. 

D . 

 – D

   

. 

 

  

. 3.10 

 

.  

75]. 

 

 

  

 

D 833,0

 

 

  

 

 

 

 

– 

 

 

 

 

 

 

 

 

  

D  . 

. 

 

 

 

 4-10

 

 

 

 

 

 

 h

 

  

 

 

  

  

  

 

10. 

 – 1,3. 

 

0  

 

 

 

 4 

06,0

 

 

 

 

, 

 

  

 .

 

 

 

 D

 

 

 

  

  

 

, 

D . 

 

  . 

 

 

 

 

 

 

.  

 

 

 

 

150D

 

 

 

  

  

 

  

  

 

3.10. 

 

  

. 

 

. 

 

 

 

 

 

 

, 

 

 

  

  

 

 

 

  

104

 3

 

, 

  

 

 

 

, 

 

 

.

 

4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

. 

 

 



105 

         

    

 

drdRPdRdRPQ
Rk

Rk 2

0

02

0 0

,    (3.1) 

 

  P  –      ; R –    

      ;   –  

      . 

      .    

   .  ,    

        

 –   . 

        : 

 –     ( ),   

       minF    

  F     0,98; 

 –    ,    

      minF   0,25F    

  0,8. 

  ,      

         

,          

     ( ) . 

       : 

 q  –    ,   

  ;  

 q  –      , 

    ;  



106 

 Q  –        

    ;  

 maxQ  –       

         

 ;  

 
maxQf  – ,      

       ; 

 *P
 –         

  . 

       . 3.3   

  -2  -200-130. 
 

 3.3 –     

 
 

.    

   ,  12,481 12,481 

   ,  811,15 811,15 

   , 

% 
0 0 

   , M a 12,231 9,985 

   ’    
  

         

    ,    

       

       1   2 

( . 3.4). 

     2     

     .   

          



107 

  3.   4      

    3       

        3,1 %.  

          

     2,8 %.      

         

 ( . 3.12). 

        

   ,      

         

  ( . 3.4).      

         

1,0 %. 

   3  4,    ,  

        

  ( . 3.14).     

  3       ,  

         

   *P
= 0,284-0,377. 

           

           

.    ,   

 2,       

  ( . 3.11 ),    ,   

      . ,   

        

  . 

  



 

 

q  

q  

Q ,  

maxQ , 

maxQf , 

*P
 

 
. 3

 

. 3.12 – 

 

3426
3426
3427
3427
3428
3428
3429
3429
3430
3430
343
343

Q, 
 

 3.4 – 

 

 

 

 

3.11 – 

–  

 

–  

600
650
700
750
800
850
900
950
000
050
100
150

0 0,0

1 
0,201 

0,201 

343104
0 

0 

0,028 

 

 
(

1;  – 

  (
1;  – 

05 0,1 0,1

 

2
0,2

0,2

4 343
0,

2

0,0

 

 
 Fmin/F =

 2; 

 
 Fmin/

 2; 

15 0,2 0

1 2

 (
 

2 
201 

201 

110 
,9 

4 

028 

 

 

 
1,0, =0,9
 –  

 
/F =1, =0
 –  

,25 0,3 0

3 4

 Fmin/F =
 

3 
0,193 

0,191 

342839 
156 

18 

0,028 

 

 
98): 

3;  – 

  
0,98): 

3;  – 

0,35 0,4

4

=1,0, =0,

4 
0,198

0,197

34261
1,1 

12 

0,029

 

 

 4 

 

 4 

0,45 0,5

108

,98) 

8 

7 

11 

9 

 

 

 

 

t, c 

8 

 



109 

     3     

  ( . 3.11 ).       

         

  .       

   ,        

 .       

 ,       

   , ,    

      . 

        

     (  4).  . 3.11  

,    '      

   .      

         

     ,      

 3. 

  . 3.13       

       . 

   ,      

         

    ,    . 

      ,   

      (Re> 107).  

  2, 3  4      

      .   

        

       ,  

 D8,0 . 

  

  



 

q  

q  

Q ,  

maxQ , 

maxQf , 

*P
 

 
 

. 3

 

. 3.14 – 

1 –

2

2

2

2

2

2

2

2

2
Q, 

 

 3.5 – 

 

 

 

 
3.13 – 

–  

 

–  

73000

74000

75000

76000

77000

78000

79000

80000

81000

0 0

1 
0,174 

0,174 

274279
8 

200 

0,284 

 
(

1;  – 

  (
1; 2 – 

0,01 0,02 0

 

2
0,1

0,1

 273
0,

0

0,2
 

 
 

 Fmin/F =
 2; 

 
 Fmin/F

 2; 3

0,03 0,04 0

1 2

 (
 

2 
174 

174 

969 
,1 

0 

284 

 

 
0,25, =0,
 –  

 
F =0,25, 
 –  

,05 0,06 0,

3 4

 Fmin/F =
 

3 
0,170 

0,171 

280510 
0,9 

250 

0,365 

 
 

,8): 
3;  – 

  
=0,8): 
3; 4 – 

07 0,08 0,0

4

=0,25, =0

4 
0,171

0,171

27772
1,3 

170 

0,377

 

 4 

 

 

 4 

09 0,1
t, 

110

0,8) 

1 

1 

27 

7 

 
 

 

c 

0 



111 

        3  4   

         

 .  

        1 

( . 3.14),       ,  

   ,  « »   

 . 

   ,      

   ,   

      . 

      1,4 % 

   3.      

       

   –   0,5 %. 

      ,  

         

.    ,        

      ,   

     ,    

       

. 

        

,          

          

 .      

        . 

        

      2.   

         

    . 



 

 

 

 

 

 

 

,   

 

 

 

 

 

3.3 

 

 

 

 

 

. 3.15 –
 

 

 

 

 

 

 

 

 

 

 

  

 

– 

  

 

 

 

 

 

 

, 

,  

 

 

. 3.15. 

 

 
 
 

 3 

 

 

 (

 

 

  

 

 

 

 

 

–

 

–

 

–

–

–

 

 

( . 3.12

 0,06D

 

 

 

  

 

 

 

 

– 

 

– 

 

; 

– 

 ; 

–  

  

– 

 

 

 

  

2). 

  

 

D . 

  

 

 

,  

 

  

 

 

; 

 

 

 

 

 

  

   

 

 

 

  

, 

 

 

 

  

 

 

 

 

 .

 

112

.

, 

 

 

 

, 

: 

 

 

 

  

 ; 

 

2 

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



113 

        

,     .  

       3.2  : 

–  2      DD 4,0 ; 

–  4    DD 95,0   

   Dh 06,0 . 

      

     . 3.6. 

  ,      

     ,      

 [5,15,16],        

      

        . 
 

  3.6 –     

  
  ,  150 
  ,  126 
   (  1),  240 
     (  2),  46 
  ,  330 
  ,  150 

    ,  8 
   ,  171,6 

 

    ,     

 3.2. 

        

. 3.7. 

     . 3.8  . 3.16-3.19. 

     ,    

         

 .        



114 

,      2    

     ,   

    ,   31,8 % 

  .     4   

 – 16,8 %. 
  

 3.7 –     

 

 

.  
 

 

    1,  12,481 12,481 

    1,  811,15 811,15 

    1, 

% 
5 5 

    2, * 12,38 11,233 

    2,  811,5 811,5 

    2, 

% 
5 5 

   , M a* 12,231 9,985 

   ’     
*   . 
 

  

  3.8 –   

 
 

.     

  2 4 2 4 
q  0,265 0,228 0,227 0,250 

q  0,266 0,230 0,226 0,247 

Q ,  319979 320463 263684 256895 

maxQ ,  7 29 1142 16 

maxQf ,  128 91 20 112 

*P
 0,061 0,050 0,282 0,385 

 



115 

  . 3.16       

       

 . 

       ,  

       

 ,      

         .  

   90°        

 .  ,     

      ,    

    ( . 3.20, 3.21),    

      . 

       2    

        

   ( . 3.16 ).   

        2 

 7      128  ( . 3.17).  

          

    . 

         4  

       

  ( . 3.16 )     , 

      ( . 3. 11 ). 

         

    ,    

         

.        

   80-140     92  ( . 3.17). 

  



 

Q

. 3
(

. 3.17 – 

319900

320000

320100

320200

320300

320400

320500

320600

Q, 
 

 

3.16 – 
 

 –

 

2 – 

0 0,05

 

  

  (

  

0,1 0,15

 
 

 2 ; 

 

 Fmin/

 2; 4

5 0,2 0

2

 
 

 
 

 Fmin

 –

 

/F =1, =0

 – 

,25 0,3

4

 
n/F =1,0, 
  

  

0,98): 

  

0,35 0,4

 
=0,98): 
 4 

 

 4 

0,45 0

116

 

 

 

 
 

,5

t, c 

6 



117 

  ,      4 ,  

     (29 ), ,   

  15 ,         

  .      

         

   . 

  . 3.18      

        

.        

        

,    3.2.      

2         

  ,   30,5 %   .  

   4     46,2 % 

( . 3.8). 

       2   

         

  ( . 3.18 ).      

          

       

          

 –  2,0 %    .   

    380-1270     10-20  

( . 3.19),    ,    

       .  

    ,      

        [6]. 

 



. 

. 3.19 – 

25600

25700

25800

25900

26000

26100

26200

26300

26400

26500
Q, 

 

 

3.18 – 
(  

 –

 

2 – 

00

00

00

00

00

00

00

00

00

00

0 0,01

 

  

 (
  

0,02 0,0

 
 
 2 ; 

 
 Fmin/F

 2; 4

03 0,04 0

2

 

 

 
 Fmin/F

 –

 
F =0,25, =
 – 

,05 0,06

4

 

 

 
=0,25, =
   

  
=0,8): 
  

0,07 0,08

 
=0,8): 
 4 

 

 4 

0,09 0,1

118

 

 

 

 

t, c 

8 



 –

 

 –

. 3.20 – 

–  
  

2; 

–  
  

2; 

 
 

 

 
 

 

 

 

 

 
 4

 – 

 

 
. 3.21

 
 4

 – 

 

 

 

  
;  – 

 

 

 

 – 
(

  
;  – 

 

 

  
 

 

 
 Fmin/F =

  
 

 

 

 2; 
 
  

  
0,25, =0,

 2; 
 
  

 

 

 (  

– 
  
  

 
,8): 

– 
  
  

 

 
 

 
 

 

Fmin/F =1

  
  

 4

 

 
  

  
  

 4

119

 

 

, =0,98):

  
 

4 

 

 

  
 

4 

9 

 



120 

         4 ( . 3.18 ) 

          

   ( . 3.13 ).        

     .  

    4      

 2  10,1 %.      4    

 16    112  ( . 3.19). 

        

      .   

        4    

    . 

          

     ,     

   .       

 '       

 ,        ,  

   ,    

 . ,       

     . 

        

       ,  

       . 

            

.  

 

 3.4       

        

 

   ,       

          



inF  

 

 

  

  

  

  

 –

 

 

 

, 

  

  

 

 

 

 

 

  ( . 3

 – 

 – 

 – 

 – 

– 

. 3.22 – 

.  

 

 

 

 

 

 

 F , 

, 

  

 

 

 

  

3.22): 

 

 

 L  

  

 

 
 

 

 

 

 

. 

 

 

  

 

 

  

 

 

 D ; 

 

 

 
 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

, 

 16-

 

   

 

  

 

 

 

 

 

 

, 

 D

 

  

 D

 

 

 

 

 

 

  

,  

 

 

 

 

 

,  

 

D ; 

 

D . 

 

 

  

 

 

 

 

 

  

 

 

 

  

 

  

 D ; 

 

 

 

  

 

 

 

 

121

,  

, 

 

 

 F ,

 

 

. 

 ; 

, 

 

  

 

 

 

 

 

 

, 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

. 

  

 

 

 

 

 

  

 

 

 

 

 

 L . 

  

 -2

 R  – 

3.23 – 

  

 

  

  

  

 

. 3.23. 

 

 

 

 

 D

 

200-130 «

 

 

 

 

 

 

 

 

 

 

 2, 

 

D , 

  

  

». 

D

 

 

 

 

 

 

 

  

  

 

 

 

 

 

 

 

 

 

D – 1

 

 

 

 

 

 

 

  

  

 

. 

 

  

 

.  

 

 

 

 

 

,2  

 

  1

  

 

 

L 4,1

 

 

  

 

 

 

 3

,  

 

 D

 

 

  

1,7.  

.  

 

  

 

 

D45

  

. 

 

 

 

 

 

 

.2.  

 

 

  

 

 

 

 

 

 

R ,  

 

122

 

 

. 

 ,

 

 D

 

 

150 . 

,

 

 

 

 

(3.2)

.  

2 

 

 

 

, 

 

 

 

 

 

 

 

 

 

 

, 

 

 

 

 

) 



 

 

 

 

 

 

 

0,16

0,16

0,17

0,17

0,18

0,18

0,19

0,19

q 

  

 

 

 D ·

 

 

 3.2 (

. 

 

 

 

 

 

 

. 3.24 – 

0

5

0

5

0

5

0

5

2,0 2,4

 

  

 

 

1,45+R. 

 

. 3.3)

  

 

 

  

 

  

 
 

2,8

 

 

 

 

 

).  

 

 

 

 

 D

 

 

 

 
  

3,2 3,6

 

 

 

 

 

 

 

 

 

 

 

  

  

, 

 

, 

 

  

 

 .

  . 3

 

 

 (

 

. 3.25

0,15

0,20

0,25

0,30

0,35

0,40

0,45

2,0

 

 

 

 

 

 

. 

3.24-3.26. 

, 

 

 

. 3.24)  

. 

5 –  
  

2,4 2,8

 

  [84]

  

 

 

 

 

  

 

 ( . 

 

 

3,2 3

123

 

, 

],  

 

 

 

 D

3.25) 

 

 

 
 

 

3,6

3 

 

 

 

 

 

 

 

 

 

 

 

 



124 

         

 . 

       D  

    D     

   D .      

          

   ,  : 

–           

     ; 

– ,       

    . 

 ,      D , 

    D     

 , ,  ,   .   

         , 

        ’  

         

  . 

       

       

 DD       

      DD  

         .  

    ’      

,       .   

       . 

        

        

    .      



125 

       ,    

      ( . 3.26 ). 

     ,   

      

  ,      

 [85]: 

–     

 DD = 2,8-3,2 –  DD =1,7, 

 DD = 2,0-2,4 –  DD =1,2; 

–    

 DD = 2,4-3,0 –  DD =1,7, 

  DD =2,2-2,0 –  DD =1,2. 

    16    

  ,     

           

          

         

  ,       

   ( . 3.26). ,  L     

  ,   ,   

RD45,1 ,        

.         

        , 

    . 

   ,      

        

          

    ,      

    . 



. 

 – 

3

 

 

 

 2

 

 

3.26 –

 – D

DD =

3.5 

1. 

, 

 

 

 

 

2.  

 

D =1,7 

=1,2  kD

  

 

  

  

 

 

 

 

 

 

 

 

 

 

 
  

 k DD

k D =2,6

 3 

 

 

 

  

 

 

  [7

 

 

  

=2,0;  –

6;  – D

 

 

 , 

 

, 

 

 

72]. 

 

 

  

 

 

– DD =

D =1,2 

) 

 

 

  

  

 

, 

 

, 

 

  

=1,2  D

 k DD

  

, 

 ,

 

  

 

 

  

 

 

 

 
 

k DD =2,0

=2,6 (

 

, 

 

,  

. 

  

 

 

126

: 

0; 

 

 

  .

 

 

 ,

6 

 

 

 

. 

 

 

 

 

 

, 

 

 



127 

   ,      

       

. 

 3. ,      (   

            

)           

 ( ).          

        [75, 80]. 

           

 ,     .    

        ,   

        ,  

   . ,   

          

 [75, 80]. 

4.       D   

   D      

 .     D   

     D [85, 86]. 

5)       

   ,    

   [85]: 

–     

DD = 2,8-3,2 –  DD =1,7, 

DD = 2,0-2,4 –  DD =1,2; 

–   

DD = 2,4-3,0 –  DD =1,7, 

DD =2,2-2,0 –  DD =1,2. 

 



128 

 4 

    

  

 

4.1       

          

 

 

       

         

          

        ,   

        

 

 

.     (4.1) 

 

        

        

  [5, 7]. ,   ,   

 3.4,      L =D ·1,45+R   

        

        .  

,        

. 

      

       

   .   ,   

         

 .      ,   



 

 

 

 

 

 

 

 

  

 

 

 

 

 

,  

  

. 

 

  

. 4.

 

 

  

 

 

 

  

 

 

, 

 

 

  

 

 

 

 

 

 

1 – 

 

 

, 

 

 

 

 

 [76-79] 

 

 ( .

 

 

, 

 

. 

 

,   

 

,  

  

 

   

  

  

  

 

  

   

 

 

,  

. 4.1). 

 

 

 

 

 

 

 

 

  

 [79] 

 

  

  

. 

 

 

 

 

 

, 

 

,  

 

 

,  

 

. 

 

 

 

  

 

 

 

  

 

 

,  

 

 

 

 

 

 

. 

 

. 

 

  

 

 

 

 

  

 

 

 

 

 

   

 

 

129

 

  

 

 

 

 

, 

 

 

 

 

. 

 

  

,

,

 

9 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

, 

, 

 



200-

 

 

 

 

 

[83]

 

'

-130 «

– 

 ; 

– 

 

 ( . 2);

– 

 

 

 12°; 

– 

 

 

,  

 

 

. 

 

 

 

» ( . 4.2

 

 

 

 

; 

 (

 

  

 

 

 

  

 2 

 

 – 

. 

 

 

 

2). 

 

 

( . 3)

-

. 1) 

 

 

 

 

 . 4

 1, 

  

 

 

 

 

 

 

 

 

) 

 

-

 

 

 (

 

 

4.3. 

, 

 

 

 

. 

 

  

. 4.

 

. 4), 

. 

,  

 

 

 

 

 

   

 

.2 – 

  

: 

 

 

  

 

 

  

 

 

 

 

 

2  

 

 

 

 

 

 

, 

 

 

 

. 

130

  -

, 

, 

.

 

 

 

 

 

 

0 

-

 

 

 

 

. 

 

 

 

 

 

 

 



 

(Gma

 

  

 

: 

ax), 

 

 

 

 

 

 

 

 

 

  

 

 

 

  

  

 (Gh). 

  

 

 

. 

 

 

 

 

  

. 4.3 – 

. 

 

  – 1

 4, 

  

 

 (Gnom), 

  

 

 

 

 

 

 

  

 

15. 

1,2. 

  

 

 

 

 

 

 

 

,  

. 

 

 

   

 

 

 

 +  

 CFL 1

  

 

  3

  

 

 

 

,  

 

 

 

 

1. 

 

 

3  

. 4.1. 

 

 

 

 

 

 

,   

 

 

  

  1

 

 

 

 

 

  

 

  (

,  

  

 

131

 

 

0. 

-2, 

 

 

. 4.3), 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



132 

  =30–60°,    

  . 

 

 4.1 –        

   

 
  

Gh Gmax Gnom 

   ,  12,481 12,481 12,481 

   ,  811,15 811,15 811,15 

   , % 5 5 5 

   , /  69,1 85,6 41,1 

    0,06 0,137 0,227 

   '    

 

  G         

 2,24,   – 1,23-0,47 ( . 4.4).   

          

  . 

 . 4.5       

    .   G   

      0,841,    

     0,411-0,487.   

     ,     

 30°   G       

. 

         

  ,   ,      

 .       

  . 



 

 

1

. 

 

  

 

  

 

 

 

. 4.4

1 – 

 

 

   

 

 

 

 

 

4 –  

 G ; 2 –

3 – 

 

  

 

  

 

 : 

–  G

 hG  

   

 

  

 

  

 

 

 

 

G ; 

, 

 

 

 

 

 

 

 

.  

 

 

 . 

 

 

  

,  

G . 

 

  

   

 

 

 

 

 

 

 

 

 

 ( . 4

  

, 

 

  

 4.6 

  

  

 

 

  =

 

 

 

 

. 

  

 

 (

 

, 

  

 

  

4.5  ). 

 

 (  

 (

133

 

= 40° 

 

. 4.6 ).

 

 

 ,

  

 

), 

. 4.5 ). 

3 

 

 

 

 

 

 

 

 

 

 

 

 

 

. 

 

 

 

 

, 

 

 

 

 

 

 



 

 

 

 

  

 

 

 

,

 

 

  

, 

 

 

. 4.5 – 

1 – 

,  

 

 

 

  

 

 

 

 

 

 G

3 – 

 

, 

 

 

 

, 

 

 

 

 .

 

 

; 2 – 

 hG  

   

  

 

. 

 

 

 

, 

 

 

  

 

  

 

 G

 

 

 

,

 

  

 

  

  

 

 

; 

, 
 

 

 

. 

 

  

 

 

, 

 

 

 

 

  

  

 (

 

 

 

  

 

 

 

 

 

 

 

 . 4.6

 

 

 

 

.  

 

 

 

, 

  

 

 

 

 

. 4.7 ). 

 

 

 

 

 

134

,

6  ,

 

  

 

 

, 

 

 

, 

 

. 

 

 

 

 

. 

 

 

 

4 

 

 

 

, 

 

 

, 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 – 

 

  

 

 

 

. 4.6 – 

 

  

  

,  

 

 

  

 

 

, 

, 

 

 

 

  

 

 

 

 

 

. 

, 

  

 

 40 

  

 

, 

 

 

 

 

 

 ; 

 

 

 

 

 

  

 ( . 4.7

  

 – 

 

 

 

 

7 ). 

 

 

 

 

 

  

 

  

135

 

 

 

 Gnom: 

  

, 

 

5 

 

 

 

 

 

 



 – 

40 

 

. 4.7 – 

 

;

 

 

 

 

 

  

 

 
 

  

 

 

  – 

  

 

 

 

 

 

  

 

 

 

 

 

 

  

 

  

  

 

 

 

  

 

 

 

  

 

. 

 

 

  

 

 

 

 

 

 

 

 =4

 

,  

  

;  – 

 

  

 

 30-60

 

 

40°.  

, 

 

  

 

 40 

 

 

°,  

 

 

  50 %

 

  

 

 
  

 

 

   

 

 

, 

  

 

. 

 

%. 

  

 

 

136

 

 

 Gnom: 

 

 ;  – 

 

, 

 

 

 

6 

 

 

 

 

 

 

 

 



137 

 4.2        

        

  

 

        

 ,      ,    

       

(   ) ,     

         

     ,    

    . 

 ,         

 ,       

      ,  

        ,  

,    . 

          

        

   . 

  1 –  . 

          

    2       

 ,       3.2. 

         

        

( . 3.16 ). 

  2 –         

  . 

        

    . 



138 

  3 –       

      ,      

. 

      1,    ’  

,  ,      

40 ,  7-   .     

 ,   10     

  – 5 . 

  4 –       

       . 

      1    

 .        

        

 ,         

      .    

       

       .  

      0,347D    

       120°. 

     : 

 –  4 ; 

 –      ,    

        – 10 ; 

 –   1-   2-    – 15 ; 

 –   – 32. 

         

   3.2. 

       . 3.3   

  . 



139 

     ,   

          2 

      

     ( . 4.8 ).   

  (  2)  3,4 %     1  

      ,    

     ( . 4.9 , 4.10  ),    

          

 .     

  ,    ,   

 3.3,     ( DD =1,9  DD

=2,6). 

   , 

  

,     

  (  3)  

  ,  

  

   

 , 

   

       1  16,2 %  

        

  ( . 4.2).      

    ( . 4.8 )   

      1.    

        

       ,   

   1 ( . 4.9 , . 4.10 ),     

,       .  

 

 4.2–    

  
 

q  q , % 

 1 0,266 0 

 2 0,275 3,4 

 3 0,223 -16,2 

 4 0,234 -12,0 

 



 

 

1,3 %

 

  

  

. 

 

 

 

%), 

 

 

 3 

4.8 – 

 – 

 

 

 

 

  

 

 

 1  12,0

 

 

 

 1;  –

 

,  

 

. 

  

 

0 %. 

  

 2; 

, 

 

 

 

 

 

 

 – 

  

, 

 (  

 

 

 

 

 

 3;  –

 

  

 

 

 

 

 

 

 

 

 4 

 

 

  

 

  

140

 

 

: 

 

 

0 

 

 

 

 

 

 

 



141 

( . 4.9 )   ( . 4.10 )     

,    4       

     . 

           

,     ,    

      ( . 4.8 ). 

  ,        

    ,   

    ,  .   

      

           

       , 

     . 

 ,       

       ,   

         

 ,         

       . 

        

,           

,           

   ,    

      ,  ,  

  .      

    ,      

        

  .   ,   

   ,     

         

   . 



 

 

 

. 4

. 4.10 –

 

 

 

4.9 – 
 – 

 

 
– 

 – 

 
 

 

 

 

 
 

 1;  –

 

 

  

 1;  –

 

 

 

 
 2; 

 2; 

  
 – 

  

 – 

 
 

 
 

 
 

 3;  –

 

 
 

 3;  –

 
 

 

 

 

 
 4

 

 

 

 4 

142

: 

: 

2 



143 

4.3         

    

 

        

          

   ,      

,      . 

        

. 

1)      

  ,     

,      D ,     

    D .      

 ,      , 

     D ,     

       . 

       

        

    2-5 %     

 [6].          

  ,   80-100 / .   

          

 .      

 

G
D

4

,     (4.2) 

 G  –         

; –       ;  – 

       . 



 

 

 

2) 

 

 

 

, 

 

 –

 

3) 

 

 

 

 

. 4.11 – 

 

 

  

 

  

   

 

 

 

 

,

 

 

 

 

, 

 

 

 

 

D 2(

 

 

  

, 

,  

 

 

 

 

 

 

22] 

 

  

  

 

)cos2

 

 

 

 

 

 

 

 

  

  

 . 4.

 

 

 

cR 0(

 

 

 

 

  

 

D ,  

  

. 

 

 , 

. 

 

  

 

 

11. 

 

  

 

)5,04,0

 

 

  

 

35-40° [2

 

 

 

 

 

 

 

 

  

, 

D   

 cR  

 

. 

 

 

22]. 

 

  

 

 

 

144

 

 

 [16,

(4.3)

  

  

  

(4.4)

 

 

 

4 

 

 

 

 

, 

 

) 

 

 

 

 

 

 

) 

 

 

 

 

 

 



145 

       

 . 

      h   

     h     

  h  

 

hhh .     (4.5) 

 

      ( . 1.17)  

 h        D  

      

  –  0,1  0,4. 

     h   

       ,  

 . 1.17  4-12 .     

    . 

        

     7-10 % 

 

.1,007,0hhh    (4.6) 

 

  ,        

  ,     

        

     .  ,   

        , 

,  ,  .   h   

     ,   



146 

         

   . 

  ,     

     ,  

   h    .    

 h ,      , 

         

        

 . ,       

         

,     ,    

     3,0h .     

         . 

 ,          

    ,    

    ,    

   (  ).  ,    

,    2,015,0h .  

    (  )  

    ,     

          

  . ,     

         

   .   , ,   

        ,  

    .   

    ,     

 ,     1,1-1,3 [6, 17]. 

  



 

 

4) 

 

 

 

 

 

Fi

 

 iF  – 

 

, 

 

 

. 4.12 – 
 

 

 

 

 

  

, 

5,0 D

  

 D

 

  

 

 

 
 

 

 

 

 

 

 

cos

c1(R

i

  

 

,04,0(

 

 

   

  2

 

 
 

 

 

 

 

 

 

  

 

1)cos ri

 

 

 

 

 

 

 

D)5, . 

 

-3  

  

 

 

 

 

1 5,0 D

 

 

 

i  

 

, 

  

. 

 

  

  

, 

 

 

 

 

 

 

,  

 

 , 

 

1Rc

.  

 

 FFmin

 

 

 

 

 

 

  

 

 

 

 

 2-

.  

 

,  

 

 

  

 

cos i

F   

  

 1r . 

-

 

 

 

-4 %  

, 

 

147

 

1r , (4.7)

 (4.7)

 

 

 

 

 

 ,

 

7 

 

 

 

 

 

) 

 

 

 

) 

 

 

 

 

 

 

 

, 

 

 

 



148 

 .        

    ,      

         

    DD )2,0( . 

         

      

   DD )4,03,0( .      

   [23] 0,4-0,5,     

          

      . 

         

15,0h       

  DD )95,09,0(     Dh )06,005,0( . 

 5)      

    ,  

   ,       

        

,    7-8°. 

         

          

       

 [25]. 

       

      n = 2,0-3,0 [17, 22]. 

 6)     

      

    –  ,    

 ,       



149 

       

 . 

        

   . 

       . 

      

       

         

,      : 

50-80 /  –  ; 

50-70 /  –   (  );  

40-50 /  –   (  ). 

7)     

       

           

     .    

       

        

 . 

    (  3.4)   

         

      . 

       

       

DD )0,32,2(     )7,12,1(/ DD . 

         

L =D ·1,45+R        

     DD )5,22,2(    

 . )7,12,1(/ DD . 



150 

      

,      . 

 8)      

          

         

          

         

  . 

        

      

    5-10     [6,18]. 

,        , 

   ,      , 

        ,  

       

  [83]. 

         

   . ,  

     .  , 

       ,  

   ,       ,   

       . 

9)         

     ,   

      ,     

.       ,  

        ,   

           

    . 



151 

   ,   [80]  

         

    .        

      

 . 

 

 4.4      2 

     -200-130 

  

        

         

    2   -200-130 « » 

(   ). 

    : 

–   ; 

–   ; 

–   ; 

–     ; 

–        

       . 

        

       [75, 77].  

         

    ,     

  4.2,   ,    

         

         

 ,        . 

       

 ,    . 4.13. 



: 

– 
 

: 

– 

– 

– 

– 

 

– 

 

 

 

– 

 

   

 

 

 

 

 

 

 

 

 

 

; 

 

  

 

. 4.13 – 

 

 

 

 

 

 

  

 

  

 

  

;           – 

  

 

 

 

  

 

 

 

 

; 

 

; 

 

 

 

  

  

 

 

  

  

 

:

 

 

 

 

 

  

 

  

 

 

 

: 

 

; 

. 

 

; 

 

 

 

  

 

152

 

 

 

 

 

2 

 

 

 

 

 

 

 

 



153 

–         

       ; 

–    ,      

      ,    

         

 1,2.         

 (  1,4 )      . 

      

        

       , 

         

  (   -3)       

. 

        

     4.1. 

       

. 4.3. 

 

 4.3 –     

 
 

    

    0,213 0,112 

   , M a 12,421 12,485 

   ,  811,15 811,15 

   

, % 
5 5 

   , /  69,06 82,68 

   '    

  



154 

      . 4.4  

 . 4.13. 

     ,   

          

      ,  . 

         

     1,637 %    

 0,198 .  

 4.4 –   

 
    

 .  . 

    

 
1,637 0,776 13,890 7,787 

  ,  0,198 0,107 1,677 0,867 

    

   
0,391 0,391 0,569 0,569 

  

,  
- 176,7 - 2565,9 

 

        

 0,776 %     – 0,107 . 

         

     – 7,787 %  

   0,867 . 

  . 4.13  . 4.14 ,     

      . 

        

         . 

         



 

 

 

 

 

 – 
 

 

 – 

  

     

. 4.13 – 

 

    

. 4.14 – 

 

 

                

 
 (

               

 
(

 

 

             

  
 

;  – 

 

            

  
 

;  – 
 

 

 

 

): 

 

): 

 

 

 

 

 

 

 

 

 

 

. 

              

  2 

 

             

  2  

 

155

 
 

 

 

5 

 



156 

        

        

 .       

  ,      , 

   ,        

        .  

         

         

        

      . 

 

 4.5       

 -325-23,5 

 

        

         

    1-4   -325-240 « ». 

      ,  

  : 

–   ; 

–       ; 

–   ; 

–     . 

   ,      

        

 .        

    ,     

    (     )   

.        



 

 

 

. 

 

 

–
 

 

– 

– 

– 

  

 

 

,  

 

 

–  

 

 

  

 

 

 

 

 

 

 ’

  

. 4.15 – 

 

 

   

 

4.1. 

 

  

, 

 

. 4.15. 

  

 ;         

 

 

 

  

 

 

 

 

 

 – 

 

 

 

 

  

  

 

 

 

:

 

 

 

 

 .

  

 

 

 

 4

  

 

: 

 

 4.4

 

; 

; 

. 

 

  

 

157

.3, 

, 

 

. 

: 

 

7 

 

 

 

 

 

 

 



158 

    ,   

         

(   -3)        . 

      . 4.4. 
 

 4.4 –     

 
 

    

   0,213 0,110 

  , MPa 23,190 23,24 

   

,  
811,15 811,15 

    , 

% 
5 5 

   , /  73,986 83,254 

   '     

 

    . 4.5   . 4.16, 4.17. 

    ,   

          

        . 

         

       1,612 %  

   0,320 .    

     0,512 %    

 0,076 . 

        

     8,69 %     

1,534 ,    – 5,812 %    

 1,113 . 



 

.

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 4.16 – 

 – 

 4.5 – 

 

 

 ,

 

 

,  

 

 

   

  

 

 

 

 

 

 

M  

  

 

 

 

 

  

 

              

  

 

1,61

0,32

0,25

- 

 

 

 

 

 

;  – 

 

 

 

14 0

20 0

54 0

1

 

 

. 

 

 

 

 

 

  

 

. 

,512 

,076 

,254 

84,3 

  

 

 

 

 

. 

       

 (

 

 

8,690 

1,534 

0,309 

- 

 

  

 

 

 

 

            

 

 

159

  

. 

5,815 

1,113 

0,309 

367,6 

 

 

 

): 

9 

 

 

 

 

 



 

 

. 

 

 

 

. 4.17 – 

 – 

 

 

 

 

 

 

. 

 

 

 

 

 

4.6 

 

1.

  

 

 

 

. 4.15 

 

 

 

 

, 

 

  

 

 

 

             

  

 . 4

 

  

 

 

 

 

 

 

 

 

 

;  – 

4.16 

  

 

 

 

 

  

  

 

 4 

, 

 

 

 

 

 

 

,  

  

 

 

 

 

 

 

   

 

 

      

  (

 

  

 

 

 

 

 

 

 

           

 

 

 

 

 

 

 

 

 

  

 

. 

,  

 

 

160

 

): 

 

.

 

 

  

 

 

.

0 

 

. 

 

 

 

 

 

 

 

 

. 

 



161 

         .  

          

        

 50 %.        

      = 40° [87, 88]. 

2.   ,   ,  

         ,  

         

   ,    

      ,  ,  

  .      

          

        

  . 

3.        

    ,     

        

    [85]. 

4.      

          

-2   -200-130 « »     -325-23,5 « »   

       

,     ,   

        

      50 %    

         

    [75]. 

 



162 

 5 

     

 

 

 5.1        

    

 

         

,    ,     

 .        

,      ,  

  .  

    ,     

         

  ,          

. 

  ,  '       

    : 

 –    ; 

 –   ; 

 –  . 

     ,     

         , 

     : 

–  ; 

–        ; 

–     ; 

–     . 

   ,    , 

      . 



163 

         

,      ,   

. ,      

   ,     

     . 

           

  .  

         

        . 

            

    .     

,      .    

    , ,     

.       ,   

      .    

    .    

       

       

 .      

         

  ,      

   . 

          

     [84]  

  ,      

  . 

  [84]      

       ( . 5.1): 

L /D =2,5 –   ; 

=12-14° –   ; 



R  / D

D  / D

h  / D

 

 

  

 

  

 

 

 

 

 

. 5.1 –

 

=0,6-0,7

=3,0 – 

=0,24-0,

 

 

.) 

 

 

. 

  

  

 

 

  

  

 6 . 

–  

 

7 – 

 

26 – 

 (

 ,

 

 2 

  

4  

 

 

 

 

 

 

 

 

 

  

. 5.2) [8

,  

 

 

 

 

. 

  

 

  

  

 

; 

  

 

 

 

 

89]. 

 

 

 

 

  

   

  

, 

 

 

 

 

 

 

 

180°,  

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

  

 

 

 0

 

  

 

 

  

. 

 

 

 

, 

 

 

 

   

 

 

 

 5

164

; 

. 

,25-0,35. 

 

 

  

  

 

 (

 

 3. 

, 

 3 

 

 

 

5,  

 

4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



L

 

 

 

 

 

 

,

 

 

 

/D =2,5

 

  

 

. 5

 

 

 

 

  

 

 

, 

  

 

; 

 

 D /D =

 

.2 – 

  

  

  

 

 

 

 

 

:  

 

 

 R /D

 

 

=3,0; 

 

  

 

 

 

 

 

 

 

 

D =0,6-0,

 

  

 

 

 

 

 

  

 

,  

. 

 

 

 (

 

  

 

7; 

 

 

 

 

 

, 

3, 

 

  

 

 

 

 =12

 

 

 

 

  

  

 

 

  

, 

 

) 

,  

 

2-14°; 

 

  

 

 h / 

 

 

 

165

 

 

 

 

 

 

 

D =0,3;

 

 

5 

 

 

 

 

 

 

 

 

 

 

 

 

 

; 

 

 

 



166 

     h + ;      

      h /D =0,6-0,7;   

       R = /2. 

 

 5.2      

     

 

       

  ,     

        

    -200-130. 

        

       

209D  ,      14 °  

   50    : 2/R , 

DL 5,2 , c DR 7,0 , Dh 25,0 , DD 0,3 , Dh 7,0 , 

Dh 4,0 . 

         

: 

–      50  / ; 

–      811T   ; 

–      5,12P   . 

        

  . 

       

  . 



 

 

 

 

 

 

 

i  –

 

 

  

 

*

1
P  

  

 i  –

–  

 

– 

– 

– 

   

 

 

 

-  

 2; P

. 5

  

– 

  

 

, 

 1 - 

 2 - 

 3 - 

 (

, 

 

 

 

*

*
3P - 

5.3 – 

 

i

 

; i  

  

 U-

, 

 3

21

 

 

 

**

21
PP

  

 

 

 

 

2

2
ii

i

 

– 

  

  

  

 

3-5). 

3 ,

  

 

 ( . 

**

3
P , 

 

  

  

 

,   

 

  

 

 [84]: 

 (

 (

  

  

,  

. 5.4) 

 

 1; *
2P  

  3

 

  

 

 

 .

 

 11-7)

 6-1

 ,  

  

 

  

- 

3. 

 

  

 

 

); 

7); 

 

167

 

 

(5.1)

 

 

(5.2)

 ;

 

 

7 

 

 

) 

 

 

) 

 

; 

 

 

 



168 

i

i
ii F

F
CC 1

1 , (5.3) 

 

  iF  –       . 

      5.1. 

   ,     

    17,128       

   . 

 

  5.1 –     

 
    

1 2 3 

, /  50 13,9 10,4 

F, 2 0,034 0,103 0,165 

 0,32 0,5 0,03 

,  14,565 2,505 0,059 

* ,  17,128 

 

        

        

          

. 

         

   4.1. 

     . 5.4. 

     ,    

  13,5 ,    ,   

  . 

         

      .  



 

 

 

 

 

 

. 5

5.3 

1.

 

 

2.

  

 

  

3.

 

. 

 

 

     

5.4 – 

 

  

 

 

  [

 

 

  

 

 

 

 

  

 

 

 

 

 

 

[89]. 

, 

 

 

 

  

 5 

 

,  

 

 

  

 

 

 

 

. 

 

, 

 

 

 [89]. 

, 

  

  

      

 

 

 

 

  

 

 

 

 

, 

 

  

  

  

 

 

  

  

169

 

 

  

 

 

 

 

 

9 

 

 

 

 

 

 

 

 

 

 



170 

 
 

1.        

       

.      

        

  . 

2.       

    -200-130. ,  

        

      80 %,     

    –  25 %. 

3.       

       

 ,          

          

         

( ).          

     ,     

. 

4.       

       

    ,   

      

 –     

DD = 2,8-3,2 –  DD =1,7, 

DD = 2,0-2,4 –  DD =1,2; 

 –    

DD = 2,4-3,0 –   =1,7, 

DD =2,2-2,0 –   =1,2. 



171 

5.        

       , 

   ,    ,  

          

          

      50 %. 

6.       

      ,    

   .     

     -200-130  -800-240 

 « » ( . , ,   -01-653). 

7.        

         

  (   ). 



172 

   

1.       2016 /  . . 

. , . . , . . ;  – . , 

2016. 196 . ISBN 978-5-91438-023-3. 

2.       2035  

« , , » [  

]. 2017.    :  

http://mpe.kmu.gov.ua/minugol/control/uk/doccatalog/list?currDir=50358. 

3.       

:   /  . .,  . .,  . ., 

 . . : «  », 2017. 104 c. ISBN 978-617-

7470-42-6. 

4. , .     

        

   : ... . . . .: , 2016. 

179 . 

5.  . .  .     

 : .    2 . . 1. 6-  ., . . 

. . . .: , 1993. 384 . ISBN 5-283-00197-0. 

6.  . .,  . .   -

   . ., , 2005. 360 . ISBN 5-

7046-1143-5. 

7.  . .    -

  //  . 2017. . 20,  1. 

. 11-16. ISSN 0131-2928. 

8.  . .    -

       

    : … . . . .: , 2014. 193 . 



173 

9.      

     300-800  /  . ., 

 . .,  . .,  . . //  

. 2014. 7. . 2–8. ISSN 1024-7106.  

10.  . .     

.  ,   . .: 

-   , 2011. 400 . ISBN 978-5-

91258-175-5. 

11.  -300-240  / .  .  . . . .: 

, 1982. 272 . 

12.  . .,  . .   

        // 

. 2017.  9. . 1-7. ISSN 0040-3636. 

13. . . 638739   F01 D17/14.  

-      /  . ., 

 . .,  . .,  . .,  . .  

13.04.1977; . 25.12.1978; . 47. 

14. Couchman R. S., Robbins K. E., Schofield S. GE steam turbine 

design philosophy and technology program [  ]. General 

Electric Company. 1991.    : 

https://powergen.gepower.com/content/dam/gepower-

pgdp/global/en_US/documents/technical/ger/ger-3705-ge-steam-turbine-design-

philosophy-techology-programs.pdf. 

15.  . .    -

 ,     

   / c… . . . .: 

, 2003 . 212 . 

16.  . .    

          

/ … . . . .: , 1984 . 194 . 



174 

17.  . .      

        / 

... . . . .: , 2002 . 345 . 

18.  . .        

   . //  , 1963. 47. 

. 117-127. 

19.  . .       

 // . 1959. 11, . 38-41. 

20. Pluviose M. Etude des instabilities decoulement dans les soupapes 

de raglage de turbines a vapeur. – Revue Franciase de Mecanique. 1981. 78, 

p. 13-29. 

21.  . .       

     : 

. . . . . .: , 1963. 28 . 

22.  . .    

    :  

. . . . .: , 1975. 23 . 

23.    2109143 , 8 F 01 D 17/10 

    /  . .,  . ., 

  « ». . 14.08.96; . 20.04.98. 

24.  . .     

      

       

: . . . . .: , 2002 . 392 . 

25.  . .     

     : . . 

. . . .: , 2014 . 16 . 

26.        

       /  . ., 



175 

 . .,  . .,  . .,  . . // 

. 2012. C. 27–31. ISSN 0040-3636. 

27.      

   /  . .,  . ., 

 . .  . // . 2000. 6. . 50-52. ISSN 0040-

3636. 

28.     

     -200-130 / 

 . .,  . .,  . .,  . . 

 . .: // . 2001. 11. . 28-33. ISSN 0040-3636.  

29.  . .,  . .  

     . : , 

1995. 258 . ISBN 5-85343-038-6. 

30.  . .      

      

:. . . . : 05.04.12. .: , 2009. 130 . 

31.  . .,  . .    

        

  // -   -  

  . 2013. 1(183). . 1. . 

338–344. ISSN 1994-2354. 

32.  . .,  . .  

      

       // -

  -   

 . 2016. 1(238). . 7–18. ISSN 1994-2354. 

33.  . .    . .: 

, 1986. 264 . 

34.     / . . 

. . . .: , 1978. 312 . 



176 

35.     -250  

   /  . .,  . ., 

 . .  . // . 2005.  10. . 55–60. ISSN 0040-

3636. 

36.         

  -    04.156:2009 /   

 . . 2009 . 

37.  . .      

    : . . . 

. . .: , 2005. 20 . 

38.  . .,  . .   

       

  //   « ». :  

  . :  « », 2015.  17 (1125). . 75-80. 

ISSN 2078-774X. 

39.       

 ,     /  . ., 

 . .,  . .,  . .,  . . //  

   XXI :   -

 , , 12-14  2010 .  : , 2011. 

. 47-48. 

40.       

 /  . .,  . .,  . .,  . ., 

 . .,  . . //  . 2008. 12. 

. 33-40. ISSN 0201-4564. 

41.  . .,  . .    

. .: . 1986. 178 .  

42.      -300-240   

  -     / 



177 

 . .,  . .,  . .,  . . // 

 . 2011.  9. . 8-16. ISSN 0201-4564. 

43.       -

1  250/300-240 /  . .,  . .,  . . // 

 . 2004. 4. . 14-20. ISSN 0201-4564. 

44.        

    /  . ., 

 . .,  . .,  . .,  . ., 

 . . //  . 2008. 9. . 27-33. ISSN 0201-

4564. 

45. Murphy S. R. Solid particle erosion of steam turbines components: 

Workshop. 1989. 370 p. 

46. Hamed A., Tabakoff W. C., Wenglarz R.V. Erosion and deposition 

in turbomachinery // Journal of propulsion and power. Vol. 22, No. 2 (2006), pp. 

350-360. 

47. , . .   , 

  ANSYS CFX,      

   //     

. 2013. .9,  5. . 82–85. ISSN 1729-6501. 

48.  . .,  . .   

:  . . . . - . 2001. 108 . 

49.  . .,  . .,  . .  

    :  . : -

 . - , 2012. 88 . 

50.  . .    

 .    : 

 . .: -  . - , 2009. 143 . 

51.  . .,  . .   

      



178 

: . ,  , 2008. 275 . ISBN 978-

966-02-4956-1. 

52. Hardin J., Kusher F., Koester S. Elimination of flow-induced 

instability from steam turbine control valves [  ]. 

Turbomachinery Laboratory. Texas Engineering Experiment Station. Texas 

A&M University System. 2003.    : 

http://turbolab.tamu.edu/proc/turboproc/T32/t32-12.pdf. 

53. Kim D. Experimental study on a ventury valve application for 

steam turbines / thesis master of science. Mechanical engineering. Michigan 

state university. USA. 2010. 120 p. 

54. CFD calculation and experiments of unsteady flow on control valve 

[  ] / Morita R., Inada F., Mori M. and oth. // ASME Heat 

transfer/fluids engineering summer conference. 2004.    

: http://www.wp-forum.cn/download/biaozhun/ht-fed04-56017.pdf. 

55. Haisman M., Kovandova D., Matas R. Some aspects of numerical 

simulation of control valves or steam turbines [  ] // EPJ 

Web of Conferences. 2012.    : http://www.epj-

conferences.org/articles/epjconf/pdf/2012/07/epjconf_EFM2011_01052.pdf. 

56. A two-dimensional study of transonic flow characteristics in steam 

turbine control valve for power plant / Yonezava K., Terachi Y., Nakajima T. 

and oth.]. // International journal of fluid machinery and systems. 2010. 1. 

. 58–66. 

57.  . .,  . .    

     //   

 . . 2015. 7. . 45-50. ISSN 0536-1044. 

58. Menter F. R. Two-Equation Eddy-Viscosity Turbulens Models for 

Enginnering Applications // AIAA Journal. 1994. Vol. 32, No. 8. P. 1598–1605. 

59.    

     /  . ., 

 . .,  . .,  . .,  . . /  . 



179 

. .- .   . . . .:   1, 

2013. 172 . ISBN 978-617-7017-32-4. 

60.     ANSYS 16.0 /  C. ., 

 . .,  . .,  . . :  

( ), 2015. 240 . ISBN 978-5-7795-0744-8. 

61.  .       

 : .  . .: , 1984. 152 . 

62.  . .       

    :  . , 

2013. 86 . 

63. Yerry M. A., Shephard M. S. Three-Dimensional Mesh Generation 

by Modified Octree Technique // International Journal for Numerical Methods in 

Engineering. 1984., Vol. 20. p. 1965-1990. 

64.      

 :  .  . . .: 

, 2014. 536 . 

65. Charlesworth D. J. Solution of the incompressible Navier-Stokes 

Equations on unstructured meshes / PhD, Department of mechanical 

engineering. England: London, 2003. 197 p. 

66.        

    ANSYS CFX [  

] : . .  /  . .,  . ., 

 . .,  . .,  . .  , . 

. . - . . . .. , 2011.    

:  

https:// ssau.ru/files/education/uch_posob/ %20 -

%20 .pdf 

67. IAPWS, Revised Release on the IAPWS Formulation 1995 for the 

Thermodynamic Properties of Ordinary Water Substance for General and 



180 

Scientific Use [Electronic resources]. Available from: http://www.iapws.org. 

05.05.2015. 

68.     5 

   -300-240:   

( )  3003 /  ; . . . ., . 

. . , . . . 1977. 60 . 

69.       

:       

 /  . .,  . .,  . .  . //  

 . 2000. 3. . 39–46. ISSN 0002-3310. 

70.     -500-60/1500 / 

 :   /  ; . . . ., . 

. . . 1973. 9 . 

71.  . .,  . .   

       

    //   « ». : 

     . :  « », 

2016.  8(1180). . 88-93. ISSN 0131-2928. 

72.  . .,  . .    

       // 

  « ». :      

. :  « », 2017.  9. . 17–23. ISSN 2078-774X. 

73.       

: . . . ., . . . . .   . . . . , , 2-

 .,   . : , 2010. 488 . 

ISBN 978-5-94166-078-0. 

74.      / 

 . .,  . .,  . .  .; . . . 

. . , . . . .: , 1991. 384 . ISBN 5-

283-00070-2. 



181 

75.     

 -200-130     /  . ., 

 . .,  . .,  . . //   

 . , 2017. . 49,  3. . 6-9. 

ISSN 2413-4562. 

76. Patent US005870896A F16K 47/14, F16K 47/04. Combined valve 

configuration for steam cycle units/ R. B. Clark, J. Kure-Jensen, H. Miyayashiki, 

T. Ofuji.  05.11.97; . 16.02.99. 

77. Patent US20110162735A1 F01D 25/00. Flow guided steam strainer 

for steam turbines valves / A. Chwdhury, V. Done, V. Shah.  04.01.10; 

. 07.07.11. 

78. Patent US005575618A F03  11/08. Steam turbine steam strainer / 

R. E. Brandon, D. E. Brandon.  27.11.95; . 19.11.96. 

79. Patent US005870896A F16K 47/14, F16K 47/04. Combined valve 

configuration for steam cycle units / R. B. Clark, J. Kure-Jensen, H. 

Miyayashiki, T. Ofuji.  05.11.97; . 16.02.99. 

80.  . .,  . .    

        // 

     

 :  XVI . .- . 

 – : , 2017. 2 . 1 . .  ( D-R). 

81.  . .,  . .   

       

 //    

   :  XV 

. .- .  – : , 2015. 9 . 1 

. .  ( D-R). 

82.        

   /  . .,  . ., 



182 

 . .,  . . //   , 2013. 3 

(84) . 46-51. ISSN 2225-5818. 

83.  . .      

    : . .:  

 . ., 2014. 308 . ISBN 978-966-2445-79-4. 

84.  . .     

: . . . . . 3-  ., .  . .: 

, 1992. 672 . ISBN 5-217-00393-6. 

85.  . .,  . .,  . .  

        

   //   « ». :   

   . :  « », 2018.  12. 

. 57-61. ISSN 2078-774X. 

86.  . .      

    // . . .  

  , : -    

. . .   , 2015. . 21. 

87.   . .,  . .   

        // 

 . 2016. . 19, 4. . 19-24. ISSN 0131-2928. 

88.  . .     

        

 // . . .    , : 

-    . . .   , 2016. 

. 38  

89. .   116596 , 8  01 D 45/08, B 01 D 

45/16        /  . , 

 . .,  . .;    

 . . .   .  201612128; 

. 30.11.16; . 10.04.18, . 7. 4 .  



183 

  

 

      

 

1.  . .,  . .   

       

  //   « ». :  

  . :  « », 2015.  17 (1125). . 75-80. 

ISSN 2078-774X. 

2.  . .,  . .   

       

    //   « ». : 

     . :  « », 

2016.  8(1180). . 88-93. ISSN 0131-2928. 

3.  . .,  . .   

        // 

 . 2016. . 19, 4. . 19-24. ISSN 0131-2928. 

4. , . .    -

  //  . 2017. . 20,  1. 

. 11-16. ISSN 0131-2928. 

5.  . .,  . .    

       // 

  « ». :      

. :  « », 2017.  9. . 17–23. ISSN 2078-774X. 

6.     

 -200-130     /  . ., 

 . .,  . .,  . . //   

 . , 2017. . 49,  3. . 6-9. 

ISSN 2413-4562. 



184 

7.  . .,  . .,  . .  

        

   //   « ». :   

   . :  « », 2018.  12. 

. 57-61. ISSN 2078-774X. 

8.  .   116596 , 8  01 D 45/08, B 01 D 

45/16        /  . , 

 . .,  . .;    

 . . .   .  201612128; 

. 30.11.16; . 10.04.18, . 7. 4 . 

 9.  . .,  . .   

       

 //    

   :  XV 

. .- .  – : , 2015. 9 . 1 

. .  ( D-R). 

10.  . .,  . .    

        // 

     

 :  XVI . .- . 

 – : , 2017. 2 . 1 . .  ( D-R). 

11.   . .      

    // . . .  

  , : -    

. . .   , 2015. . 21. 

12.  . .     

        

 // . . .    , : 

-    . . .   , 2016. 

. 38.  



185 

  

 

   

 

      : 

 – VI  -   «  

     », 

. ,  - ,  ., 10-14  2017 ., 

; 

 – XIII  -   «   

   », , 26-27  2017 ., 

; 

 –       «  

 »   , , 21-24  

2016 ., ; 

 – XII  -   «   

   », , 27-28  2016 ., 

; 

 –       «  

 »   , , 16-19  

2015 ., ; 

 – V  -   «  

     » 

. ,  - ,  ., 14-17  2015 ., 

; 

 – XI  -   «   

   », , 22-23  2015 ., 

. 

  



  

  

1866 

 



  

187

 

7 


	Титул
	Дис

