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СТРУКТУРА ТЕЧЕНИЯ ГАЗА В ТУРБИННЫХ СТУПЕНЯХ 

С ОТРИЦАТЕЛЬНЫМ ГРАДИЕНТОМ СТЕПЕНИ РЕАКТИВНОСТИ 

В ̈̉˷̉̓˼ ˿̈̈̂˼˻̅˹˷̄̅ ̉˼̎˼̄˿˼ ˺˷˾˷ ˹ ̉̊̇˸˿̄̄̒̌ ̈̉̊̆˼̖̄̌ c ̅̉̇˿̍˷̉˼̂̓̄̒̃ ˺̇˷˻˿˼̄̉̅̃ ̈̉˼̆˼̄˿ ̇˼-
˷́̉˿˹̄̅̈̉˿, ̆̅̂̊̎˼̄̄̒̃ ˾˷ ̈̎ё̉ ̆̇˿̃˼̄˼̄˿̖ ̉˷̄˺˼̄̍˿˷̂̓̄̅˺̅ ̄˷́̂̅̄˷ ̄˷̆̇˷˹̖̂̐̕˿̌ ̂̅̆˷̉̅́. 

˥˸̑˼́̉̒ ˿̈̈̂˼˻̅˹˷̄˿̖: ˻˹˼ ̉̊̇˸˿̄̄̒˼ ̈̉̊̆˼̄˿. ˦˼̇˹˷̖: ̈̉̊̆˼̄̓ ̈ ̉˷̄˺˼̄̍˿˷̂̓̄̒̃ ̄˷́̂̅̄̅̃ 

̄˷̆̇˷˹̖̂̐̕˿̌ ̂̅̆˷̉̅́, ̂˿̄˿˿ ̍˼̄̉̇̅˹ ̈́̇̊˺̂˼̄˿̖ ̇˷˻˿̊̈̅˹ ˹̒̌̅˻̄̒̌ ́̇̅̃̅́ ̆̇̅̋˿̂˼̀ ́̅̉̅̇̒̌ 

̖̆̇̃̅̂˿̄˼̀̄̒, ̂˼˽˷̉ ˹ ̆̂̅̈́̅̈̉˿ r-u ̍˿̂˿̄˻̇˿̎˼̈́̅̀ ̈˿̈̉˼̃̒ ́̅̅̇˻˿̄˷̉ ˿ ̅̉́̂̅̄˼̄̒ ̅̉ 
̄˷̆̇˷˹̂˼̄˿̖ r ̄˷ ̈̇˼˻̄˼̃ ̇˷˻˿̊̈˼ ̄˷ 23 ˺̇˷˻̊̈˷ ˹ ̈̉̅̇̅̄̊ ˹̇˷̐˼̄˿̖ ̇̅̉̅̇˷. В̉̅̇˷̖ ̈̉̊̆˼̄̓ ̈̅˾˻˷-
̄˷ ̄˷ ˸˷˾˼ ̆˼̇˹̅̀ ̈̉̊̆˼̄˿. ˛˹˼ ̈̉̊̆˼̄˿ ̅̉̂˿̎˷̖̉̈̕ ̉˼̃, ̎̉̅ ˹̅ ˹̉̅̇̅̀ ̈̉̊̆˼̄˿ ̂˿̄˿˿ ̍˼̄̉̇̅˹ 

̈́̇̊˺̂˼̄˿̖ ̇˷˻˿̊̈̅˹ ˹̒̌̅˻̄̒̌ ́̇̅̃̅́ ̆̇̅̋˿̂˼̀ ˹ ̈̇˼˻˿̄̄̅̀ ̎˷̈̉˿ ̄˷̆̇˷˹̖̂̐̕˿̌ ̂̅̆˷̉̅́ ̉˷́˽˼ 
̖̆̇̃̅̂˿̄˼̀̄̒ ˿ ̄˷́̂̅̄˼̄̒ ̄˷ 23 ˺̇˷˻̊̈˷ ̄˷ ̈̇˼˻̄˼̃ ̇˷˻˿̊̈˼, ̄̅ ˾˷̉˼̃ ̊ ̖́̅̇̄ ˿ ̊ ̆˼̇˿̋˼̇˿˿ 

̆̂˷˹̄̅ ˹̒˹˼˻˼̄̒ ̄˷ ̄˷̆̇˷˹̂˼̄˿˼ ̇˷˻˿̊̈˷ r. ˦̅̈̉̇̅˼̄̒ ̇˷̈̎˼̉̄̒˼ ̃̅˻˼̂˿ ˻˹̊̌ ̉̊̇˸˿̄̄̒̌ ̈̉̊̆˼-
̄˼̀ ̈ ̆̅̃̅̐̓̕ ̆̇̅˺̇˷̃̃, ˹̌̅˻̖̐˿̌ ˹ ́̅̃̆̂˼́̈ ANSYS Workbench: Geometry, Turbogrid. 3D ̆̇̅-

˹˼̇̅̎̄̒˼ ˺˷˾̅˻˿̄˷̃˿̎˼̈́˿˼ ̇˷̈̎˼̉̒ ˹̒̆̅̂̄˼̄̒ ̈ ̆̅̃̅̐̓̕ ̆̇̅˺̇˷̃̃̒ ANSYS CFX. ˤ˷ ̄̅̃˿-

̄˷̂̓̄̅̃ ̇˼˽˿̃˼ ˻̖̂ ˻˹̊̌ ̉̊̇˸˿̄̄̒̌ ̈̉̊̆˼̄˼̀ ̆̇̅˷̄˷̂˿˾˿̇̅˹˷̄̒: ́˷̇̉˿̄˷ ̉˼̎˼̄˿̖ ˺˷˾˷ ˹ ̃˼̇˿-

˻˿˷̄̄̒̌ ̅˸˹̅˻˷̌ ̆̇̅̉̅̎̄̅̀ ̎˷̈̉˿ ˿ ́̅̄̋˿˺̊̇˷̍˿̖ ̂˿̄˿̀ ̉̅́˷, ˹̒̌̅˻̖̐˿̌ ˿˾ ̄˷̆̇˷˹̖̂̐̕˼˺̅ ˷̆-

̆˷̇˷̉˷ ̄˷ ́̅̇̄˼˹̅̃, ̈̇˼˻̄˼̃ ˿ ̆˼̇˿̋˼̇˿̀̄̅̃ ̇˷˻˿̊̈˷̌. ˦̅̈̉̇̅˼̄̒ ˺̇˷̋˿́˿ ̈̊̃̃˷̇̄̒̌ ̌˷̇˷́̉˼-
̇˿̈̉˿́ ̉̊̇˸˿̄̄̒̌ ̈̉̊̆˼̄˼̀ (̅́̇̊˽̄̅̀ К˦˛ ˿ ̈̉˼̆˼̄˿ ̇˼˷́̉˿˹̄̅̈̉˿ ̊ ̖́̅̇̄ ˿ ̊ ̆˼̇˿̋˼̇˿˿) ̄˷ 
̇˷˾̄̒̌ ̇˼˽˿̃˷̌ ̆̇˿ ˿˾̃˼̄˼̄˿˿ ̎˷̈̉̅̉̒ ˹̇˷̐˼̄˿̖ ̇̅̉̅̇˷, ˹̒̆̅̂̄˼̄̒ ̉̇˷˹˼̇̈˿̇̅˹˷̄˿̖ ̆˷̇˷̃˼̉-
̇̅˹ ̆̅̉̅́˷ ̆̅ ˹̒̈̅̉˼ ̂̅̆˷̉́˿ ̄˷ ̄̅̃˿̄˷̂̓̄̒̌ ̇˼˽˿̃˷̌. ˛˷̄̅ ˾˷́̂̎̕˼̄˿˼ ̅ ̇˷̍˿̅̄˷̂̓̄̅̃ ̆̇̅˼́-

̉˿̇̅˹˷̄˿˿ ̉̊̇˸˿̄̄̒̌ ̈̉̊̆˼̄˼̀ c ̅̉̇˿̍˷̉˼̂̓̄̒̃ ˺̇˷˻˿˼̄̉̅̃ ̈̉˼̆˼̄˿ ̇˼˷́̉˿˹̄̅̈̉˿. 

КȋȞȗевțе ȑȋȎва: ̅̈˼˹̒˼ ̉̊̇˸˿̄̄̒˼ ̈̉̊̆˼̄˿, ̉˷̄˺˼̄̍˿˷̂̓̄̒̀ ̄˷́̂̅̄, ̄˷̆̇˷˹̖̂̐̕˿˼ ̂̅̆˷̉́˿, ̆̅-
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STRUCTURE OF GAS FLOWS IN TURBINE STAGE  

WITH NEGATIVE GRADIENT OF REACTIVITY DEGREE 

The study has explored the flow in turbine stages with a negative gradient of degree of reactivity. Stages of 

this type were created using the tangential inclination of guide blades. The objects of research were two 

turbine stages. The first stage was a turbine stage with tangential inclination of guide blades. The lines of 

rounding centers of the radii of output edges of guide blades were rectilinear, lying in the r-u plane of the 

cylindrical coordinate system and inclined by 23 degrees in the direction of rotation of the rotor at the mean 

radius. The second turbine stage was created on the basis of the first stage. ˩he two turbine stages differed in 
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that the lines of rounding centers of radii of output edges in the middle part of guide blades were also 

rectilinear and inclined by 23 degrees at the mean radius in the second turbine stage, but they were smoothly 

directed to the radius direction r at the root and the periphery. The calculation models of turbine stages were 

constructed in the Geometry and TurboGrid programs included in ANSYS Workbench. 3D testing gas-

dynamic calculations were performed in ANSYS CFX. The pattern of gas flow in the meridian contours of 

the flow section and the configuration of the current lines on the root, middle and peripheral radiuses were 

analyzed in nominal mode for the two turbine stages. The graphs of summary characteristics of turbine 

stages (the efficiency index and the degree of reactivity at the root and periphery) in different modes were 

presented. The distribution of flow parameters in nominal modes was given by the height of the blade. The 

conclusion about the rational design of turbine stages with tangential inclination of guide blades were given. 

Keywords: axial turbine stages, tangential inclination, guide blades, kinetic energy losses, ANSYS CFX. 
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АǬǴǵǢǭǾǯоǳǴǾ ǲǢбоǴǽ. ˩˷̄˺˼̄̍˿˷̂̓̄̒̀ 

̄˷́̂̅̄ ̄˷̆̇˷˹̖̂̐̕˿̌ ̂̅̆˷̉̅́ (˩ˤˤˢ) ̆̇˿-

̃˼̖̄˼̖̉̈ ̈ ̍˼̂̓̕ ̆̅˹̒̏˼̄˿̖ К˦˛ ̉̊̇˸˿̄̄̅̀ 

̈̉̊̆˼̄˿ ˾˷ ̈̎˼̉ ̈̄˿˽˼̄˿̖ ˺̇˷˻˿˼̄̉˷ ̈̉˼̆˼̄˿ 

̇˼˷́̉˿˹̄̅̈̉˿ [1–13, 15–18]. ˩˷́̅̀ ̆̅˾˿̉˿˹-

̄̒̀ ̇˼˾̊̂̓̉˷̉ ̆̅ ̈̇˷˹̄˼̄˿̕ ̈̅ ̈̉̊̆˼̖̄̃˿ 

̅˸̒̎̄̅˺̅ ̉˿̆˷ (ȑur = const, 1 = const) ̃̅˽˼̉ 
˸̒̉̓ ̆̅̂̊̎˼̄ ˺̂˷˹̄̒̃ ̅˸̇˷˾̅̃ ˹̈̂˼˻̈̉˹˿˼ 
̊̃˼̄̓̏˼̄˿̖ ̆̇̅̉˼̎˼́ ̆̅˻ ˻˿˷̋̇˷˺̃̅̀ ˿ ̄˷˻ 

˸˷̄˻˷˽̅̃ ̇˷˸̅̎˿̌ ̂̅̆˷̉̅́ (˧ˢ), ˷ ˻̖̂ ˹̒̈̅-

́̅̄˷˺̇̊˽˼̄̄̒̌ ̈̉̊̆˼̄˼̀ – ̉˷́˽˼ ˿˾-˾˷ 
̊̃˼̄̓̏˼̄˿̖ ̎˿̈˼̂ ˣ˷̌˷ ˹ ˷˸̈̅̂̉̄̅̃̕ ˻˹˿˽˼-
̄˿˿ ˹ ́̅̇̄˼˹̅̀ ˾̅̄˼ ˾˷ ̄˷̆̇˷˹̖̂̐̕˿̃˿ ̂̅-

̆˷̉́˷̃˿ (ˤˢ) ˿ ˹ ̅̉̄̅̈˿̉˼̂̓̄̅̃ ˻˹˿˽˼̄˿˿ ̊ 

̆˼̇˿̋˼̇˿˿ ˾˷ ˧ˢ [1, 2, 4, 10]. ˦̇˿ ̔̉̅̃, ̅˻̄˷-
́̅, ˹ ̈̉̊̆˼̄˿ ̊˹˼̂˿̎˿˹˷̖̉̈̕ ̆̅̉˼̇˿ ́˿̄˼̉˿̎˼-
̈́̅̀ ̔̄˼̇˺˿˿ ̈ ˹̒̌̅˻̄̅̀ ̈́̅̇̅̈̉̓̕, ̆̅̔̉̅̃̊ 

˻̖̂ ́˷˽˻̅˺̅ ́̅̄́̇˼̉̄̅˺̅ ̈̂̊̎˷̖ ̈̂˼˻̊˼̉ ˿̈-
́˷̉̓ ̅̆̉˿̃˷̂̓̄̅˼ ̇˼̏˼̄˿˼ ̃˼̉̅˻˷̃˿ ́̅̃̆̓̕-

̉˼̇̄̅̀ ̅̆̉˿̃˿˾˷̍˿˿ [11]. 

˞˷ ̈̎ё̉ ̆̇˿̃˼̄˼̄˿̖ ̉̇˷˻˿̍˿̅̄̄̅˺̅ 

˩ˤˤˢ, ́̅˺˻˷ ̄˷̖́̂̅̄˼̖̉̈ ̆̅ ̅̉̄̅̏˼̄˿̕ ́ 

̇˷˻˿̊̈̊ ̂̅̆˷̉́˷ ˹ ̍˼̂̅̃, ̃̅˽˼̉ ˸̒̉̓ ̈̅˾˻˷̄˷ 

̉̊̇˸˿̄̄˷̖ ̈̉̊̆˼̄̓ ˻˷˽˼ ̈ ̅̉̇˿̍˷̉˼̂̓̄̒̃ 

˺̇˷˻˿˼̄̉̅̃ ̈̉˼̆˼̄˿ ̇˼˷́̉˿˹̄̅̈̉˿. ˥̉̇˿̍˷-

̉˼̂̓̄̒̀ ˺̇˷˻˿˼̄̉ ̈̉˼̆˼̄˿ ̇˼˷́̉˿˹̄̅̈̉˿ ̅̉-
́̇̒˹˷˼̉ ˻̅̆̅̂̄˿̉˼̂̓̄̒˼ ˹̅˾̃̅˽̄̅̈̉˿ ˹̅˾-
˻˼̀̈̉˹˿̖ ̄˷ ̈̊̃̃˷̇̄̅˼ ̅̈˼˹̅˼ ̊̈˿̂˿˼, ˻˼̀-

̈̉˹̊̐̕˼˼ ̄˷ ̇̅̉̅̇ ̉̊̇˸̅̊̈̉˷̄̅˹́˿ ˿, ˹ ̄˼́̅-

̉̅̇̒̌ ̈̂̊̎˷̖̌, ̆̅˾˹̖̅̂˼̉ ̆̇˿̃˼̄˿̉̓ ̄˼˾˷́̇̊-

̎˼̄̄̒˼ ̇˷˸̅̎˿˼ ̂̅̆˷̉́˿, ̆̅̂̊̎˿˹ ˹̈˼ ̈˹̖˾˷̄-

̄̒˼ ̈ ̔̉˿̃ ̉˼̌̄̅̂̅˺˿̎˼̈́˿˼ ̆̇˼˿̃̊̐˼̈̉˹˷. 

˩˷́˷̖ «̔́˾̅̉˿̎˼̈́˷̖» ̉̊̇˸˿̄̄˷̖ ̈̉̊̆˼̄̓ ˸̒-

̂˷ ˹̆˼̇˹̒˼ ̆̇˼˻̂̅˽˼̄˷ ˹ ˢ˦И (ˢ˼̄˿̄˺̇˷˻-

̈́˿̀ ̆̅̂˿̉˼̌̄˿̎˼̈́˿̀ ˿̄̈̉˿̉̊̉, ̄̒̄˼ 

˨˷̄́̉-˦˼̉˼̇˸̊̇˺̈́˿̀ ̆̅̂˿̉˼̌̄˿̎˼̈́˿̀ ̊̄˿-

˹˼̇̈˿̉˼̉ ˦˼̉̇˷ В˼̂˿́̅˺̅)1,. ˴́̈̆˼̇˿̃˼̄̉˷̂̓-

̄̒˼ ˿̈̈̂˼˻̅˹˷̄˿̖ ̉˷́̅̀ ̈̉̊̆˼̄˿ ˸̒̂˿ ˹̒-

̆̅̂̄˼̄̒ ̄˷ ˹̅˾˻̊̏̄̅̀ ̉̊̇˸˿̄˼ ˹ ̂˷˸̅̇˷̉̅-

̇˿˿ ̉̊̇˸˿̄̅̈̉̇̅˼̄˿̖ ˢ˦И. 3D ̆̇̅˹˼̇̅̎̄̒˼ 
˺˷˾̅˻˿̄˷̃˿̎˼̈́˿˼ ̇˷̈̎˼̉̒ ̔̉̅̀ ̈̉̊̆˼̄˿ ̆̇̅-

˹˼˻˼̄̒ ̉˷́˽˼ ̆˷́˼̉̅̃ ANSYS CFX [12].  

˩̇˷˻˿̍˿̅̄̄̒̀ ˩ˤˤˢ, ́˷́ ̆̅́˷˾˷̂˿ ̔́̈̆˼-
̇˿̃˼̄̉̒ [1], ̋̅̇̃˿̇̊˼̉ ̄˼˸̂˷˺̅̆̇˿̖̉̄̒˼ ̉˼̎˼-
̄˿̖ ˹ ́̅̇̄˼˹̅̀, ˿, ̅̈̅˸˼̄̄̅, ˹ ̆˼̇˿̋˼̇˿̀̄̅̀ 

˾̅̄˼ ˤˢ, ˹ ̃˼̈̉˷̌ ̈̉̒́˷ ̂̅̆˷̉̅́ ̈ ̃˼̇˿˻˿˷̄̄̒-

̃˿ ̅˸˹̅˻˷̃˿ ̆̇̅̉̅̎̄̅̀ ̎˷̈̉˿. В ̈̉˷̖̉̓̌ [3–7, 

15–18] ˻˼̉˷̂̓̄̅ ̇˷̈̈̃̅̉̇˼̄̒ ̃˼̉̅˻̒ ̆̇̅˼́̉˿-

̇̅˹˷̄˿̖ ̉̊̇˸˿̄̄̒̌ ̈̉̊̆˼̄˼̀ ̈ ˩ˤˤˢ, ˹ ̉̅̃ 

̎˿̈̂˼ ˿ ̈ «̈˷˸̂˼˹˿˻̄̒̃˿» ̂̅̆˷̉́˿. ˛̖̂ ̆̅̈̂˼˻-

̄˿̌ ˿ ̆̇˼˻̆̅̈̂˼˻̄˿̌ ˻̂˿̄̄̒̌ ̈̉̊̆˼̄˼̀ ̆˷̇̅˹̒̌ 
̉̊̇˸˿̄ ˹ ˨˷̄́̉-˦˼̉˼̇˸̊̇˺̈́̅̃ ̆̅̂˿̉˼̌̄˿̎˼-

                                                      

1 ˢ˷̆̏˿̄ К.ˢ. К ̇˷̈̎˼̉̊ ̉̊̇˸˿̄̄̒̌ ̈̉̊̆˼̄˼̀ ̈ 

̄˷˹˷̂̅̃ ̄˷̆̇˷˹̖̂̐̕˿̌ ̂̅̆˷̉̅́ // И˾˹˼̈̉˿̖ ˹̊˾̅˹. 

˴̄˼̇˺˼̉˿́˷. 1969. № 3. ˨. 116–119; ˢ˷̆̏˿̄ К.ˢ. 

Ӥ̈̂˼˻̅˹˷̄˿˼ ̉̊̇˸˿̄̄̒̌ ̈̉̊̆˼̄˼̀ ̈̅ ̈̄˿˽˼̄̄̒̃ 

˺̇˷˻˿˼̄̉̅̃ ̈̉˼̆˼̄˿ ̇˼˷́̉˿˹̄̅̈̉˿: ˻˿̈. … ́˷̄˻. 

̉˼̌̄. ̄˷̊́. ˢ.: ˢ˦И, 1969. 188 ̈. 
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̈́̅̃ ̊̄˿˹˼̇̈˿̉˼̉˼ ˦˼̉̇˷ В˼̂˿́̅˺̅ ̆̇˼˻̂̅˽˼̄̒ 

«˿̄̉˼˺̇˷̂̓̄̒˼» ̄˷̆̇˷˹̖̂̐̕˿˼ ̂̅̆˷̉́˿ ̈ ̉˷̄-

˺˼̄̍˿˷̂̓̄̒̃ ̄˷́̂̅̄̅̃2, ̎̉̅ ˻˷˼̉ ˹̅˾̃̅˽̄̅̈̉̓ 
̊̃˼̄̓̏˿̉̓ ̔̇̅˾˿̅̄̄̒̀ ˿˾̄̅̈ ̇˷˸̅̎˿̌ ̂̅̆˷̉̅́ 

˿ ̆̅˹̒̈˿̉̓ К˦˛ ̈̉̊̆˼̄˿. ˨̊̉̓ «˿̄̉˼˺̇˷̂̓̄̒̌» 

̄˷̆̇˷˹̖̂̐̕˿̌ ̂̅̆˷̉̅́ ̈̅̈̉̅˿̉ ˹ ̉̅̃, ˹ ̈̇˼˻˿̄-

̄̅̀ ̎˷̈̉˿ ̅̄˿ ˿̃˼̉̕ ̉˷̄˺˼̄̍˿˷̂̓̄̒̀ ̄˷́̂̅̄, ˷ 
̊ ̖́̅̇̄ ˿ ̆˼̇˿̋˼̇˿˿ ̆̂˷˹̄̅ ˹̒˹̅˻̖̖̉̈ ̄˷ 
̄˷̆̇˷˹̂˼̄˿˼ ̇˷˻˿̊̈˷. ˦̇˼˻̈̉˷˹̖̂˼̖̉̈ ˷́̉̊˷̂̓-
̄̒̃ ˿̈̈̂˼˻̅˹˷̉̓ ́˷̇̉˿̄̊ ̉˼̎˼̄˿̖ ̆̅̉̅́˷ ˺˷˾˷ ˿ 

̅̈̄̅˹̄̒˼ ̌˷̇˷́̉˼̇˿̈̉˿́˿ ́˷́ ˻̖̂ ̉̊̇˸˿̄̄̅̀ 

̈̉̊̆˼̄˿ ̈ ̉̇˷˻˿̍˿̅̄̄̒̃ ̉˷̄˺˼̄̍˿˷̂̓̄̒̃ 

̄˷́̂̅̄̅̃ ̄˷̆̇˷˹̖̂̐̕˿̌ ̂̅̆˷̉̅́, ̉˷́ ˿ ̈ «˿̄̉˼-
˺̇˷̂̓̄̒̃˿» ̄˷̆̇˷˹̖̂̐̕˿̃˿ ̂̅̆˷̉́˷̃˿. 

ǘǧǭǾ ǲǢбоǴǽ: ˿̈̈̂˼˻̅˹˷̄˿˼ ̋˿˾˿̎˼̈́̅̀ 

́˷̇̉˿̄̒ ̉˼̎˼̄˿̖ ̆̅̉̅́˷ ˺˷˾˷ ˿ ̅̈̄̅˹̄̒̌ ̌˷-
̇˷́̉˼̇˿̈̉˿́ ̉̊̇˸˿̄̄̒̌ ̈̉̊̆˼̄˼̀ ̈ ̅̉̇˿̍˷-
̉˼̂̓̄̒̃ ˺̇˷˻˿˼̄̉̅̃ ̈̉˼̆˼̄˿ ̇˼˷́̉˿˹̄̅̈̉˿ 

́˷́ ̈ ̉̇˷˻˿̍˿̅̄̄̒̃ ̉˷̄˺˼̄̍˿˷̂̓̄̒̃ ̄˷́̂̅-

̄̅̃ ̄˷̆̇˷˹̖̂̐̕˿̌ ̂̅̆˷̉̅́, ̉˷́ ˿ ̈ «˿̄̉˼-
˺̇˷̂̓̄̒̃˿» ̄˷̆̇˷˹̖̂̐̕˿̃˿ ̂̅̆˷̉́˷̃˿, ̈ 
̆̇˿̃˼̄˼̄˿˼̃ ˷̔̇̅˻˿̄˷̃˿̎˼̈́̅˺̅ ̆˷́˼̉˷ 
ANSYS CFX ˹ ́˷̎˼̈̉˹˼ ˹˿̇̉̊˷̂̓̄̅˺̅ ̈̉˼̄˻˷. 
˦̅ ̆̅̂̊̎˼̄̄̒̃ ̇˼˾̊̂̓̉˷̉˷̃ ˸̊˻˼̉ ˹̒̆̅̂̄˼̄̅ 

̈̇˷˹̄˼̄˿˼ ̃˼˽˻̊ ̔̉˿̃˿ ˻˹̖̊̃ ̉̊̇˸˿̄̄̒̃˿ 

̈̉̊̆˼̖̄̃˿ ˿ ˻˷̄̅ ˾˷́̂̎̕˼̄˿˼ ̅ ̇˷̍˿̅̄˷̂̓̄̅̃ 

̆̇̅˼́̉˿̇̅˹˷̄˿˿ ̉̊̇˸˿̄̄̒̌ ̈̉̊̆˼̄˼̀ c ̅̉̇˿-

̍˷̉˼̂̓̄̒̃ ˺̇˷˻˿˼̄̉̅̃ ̈̉˼̆˼̄˿ ̇˼˷́̉˿˹̄̅̈̉˿. 

ǑоǳǴǢǯоǤǬǢ ǩǢǦǢǹǪ. ˮ̉̅˸̒ ˿̈̈̂˼˻̅˹˷̉̓ ̉˼-

̎˼̄˿˼ ̆̅̉̅́˷ ˺˷˾˷ ˿ ̅̈̄̅˹̄̒˼ ̌˷̇˷́̉˼̇˿̈̉˿́˿ 

˻̖̂ ̉̊̇˸˿̄̄̒̌ ̈̉̊̆˼̄˼̀ ̈ ̅̉̇˿̍˷̉˼̂̓̄̒̃ ˺̇˷-
˻˿˼̄̉̅̃ ̈̉˼̆˼̄˿ ̇˼˷́̉˿˹̄̅̈̉˿, ̆̅̂̊̎˼̄̄̒̃ 

˾˷ ̈̎ё̉ ̉̇˷˻˿̍˿̅̄̄̅˺̅ ̉˷̄˺˼̄̍˿˷̂̓̄̅˺̅ ̄˷́-

̂̅̄˷ ̄˷̆̇˷˹̖̂̐̕˿̌ ̂̅̆˷̉̅́ ˿ «˿̄̉˼˺̇˷̂̓-

̄̒̌» ̄˷̆̇˷˹̖̂̐̕˿̌ ̂̅̆˷̉̅́, ˹̒̆̅̂̄˼̄̒ 

̔́̈̆˼̇˿̃˼̄̉˷̂̓̄̒˼ ˿̈̈̂˼˻̅˹˷̄˿̖ ˻˹̊̌ ̉̊̇-

˸˿̄̄̒̌ ̈̉̊̆˼̄˼̀ ̄˷ ˹˿̇̉̊˷̂̓̄̅̃ ̈̉˼̄˻˼ 

ANSYS CFX. ˦̇˷˹̅̃˼̇̄̅̈̉̓ ˿̈̆̅̂̓˾̅˹˷̄˿̖ 

ANSYS CFX ˹ ́˷̎˼̈̉˹˼ ˹˿̇̉̊˷̂̓̄̅˺̅ ̈̉˼̄˻˷ ˻̅-

́˷˾˷̄˷ ˹ ̈̉˷̉̓˼ [12]. 

                                                      

2 ˢ˷̆̏˿̄ К.ˢ. ˥̆̉˿̃˿˾˷̍˿̖ ̆̇̅̉̅̎̄̒̌ ̎˷̈̉˼̀ 

̆˷̇̅˹̒̌ ̉̊̇˸˿̄ ̈ ̆̇˿̃˼̄˼̄˿˼̃ «˿̄̉˼˺̇˷̂̓̄̒̌» 

̈̅̆̂̅˹̒̌ ̂̅̆˷̉̅́ // ˤ˷̊̎̄̅-̉˼̌̄˿̎˼̈́˿˼ ˹˼˻̅-

̃̅̈̉˿ ˨˦˸˚˦˪. 2013. № 1. ˨. 61–66. 

ǱȒȓȏеȍȜ I. ˥̇˿˺˿̄˷̂̓̄˷̖ ̉̊̇˸˿̄̄̅̀ ̈̉̊-
̆˼̄̓ ̈ ̅̉̇˿̍˷̉˼̂̓̄̒̃ ˺̇˷˻˿˼̄̉̅̃ ̈̉˼̆˼̄˿ ̇˼-
˷́̉˿˹̄̅̈̉˿, ˿̃˼̐̕˷̖ ̈̇˼˻̄̕̕ ˹˼˼̇̄̅̈̉̓ 

2

2

6,3 ,4cd

l

 
 

 
 ̈̆̇̅˼́̉˿̇̅˹˷̄˷ ̆̇˿ ̊̈̂̅˹˿˿ 1 = 

const ˿ 1 = const [1]. ˤ˷̆̇˷˹̖̂̐̕˿˼ ̂̅̆˷̉́˿ 

˿̃˼̉̕ ̊˺̅̂ ̄˷́̂̅̄˷ ̖̆̇̃̅̂˿̄˼̀̄̅̀ ̂˿̄˿˿ 

̍˼̄̉̇̅˹ ̇˷˻˿̊̈̅˹ ̈́̇̊˺̂˼̄˿̖ ˹̒̌̅˻̄̒̌ ́̇̅̃̅́ 

̆̇̅̋˿̂˼̀ ̅̉̄̅̈˿̉˼̂̓̄̅ ̅̈˿ r ̄˷ ̈̇˼˻̄˼̃ ̇˷˻˿-

̊̈˼, ̇˷˹̄̒̀ 23, ˷ ̔̋̋˼́̉˿˹̄̒̀ ̊˺̅̂ 1̔̋ ̆̅-

̖̈̉̅̄˼̄ ̆̅ ˹̒̈̅̉˼ ̂̅̆˷̉́˿ ˿ ̇˷˹˼̄ 1810'. ˧˷-
˸̅̎˿˼ ̂̅̆˷̉́˿, ˿̃˼̐̕˿˼ ̖̆̅̈̉̅̄̄̒˼ ̆̇̅̋˿̂˿ 

̆̅ ˹̒̈̅̉˼ ̂̅̆˷̉́˿, ̄˼ ˾˷́̇̊̎˼̄̒. ˢ̅̆˷̉̅̎̄̒̀ 

̊˺̅̂ 1̂ = 55, ̔̋̋˼́̉˿˹̄̒̀ ̊˺̅̂ ̄˷ ̈̇˼˻̄˼̃ 

̇˷˻˿̊̈˼ 2̔̋ = 24. ˢ˿̄˿̖ ̍˼̄̉̇̅˹ ̃˷̈̈ ̆̇̅̋˿-

̂˼̀ ̇˷˸̅̎˿̌ ̂̅̆˷̉̅́ ̅̇˿˼̄̉˿̇̅˹˷̄˷ ̆̅ ̇˷˻˿̊̈̊ 

(̈̃. ̇˿̈. 1). ˩˼̅̇˼̉˿̎˼̈́˿˼ ˿ ̔́̈̆˼̇˿̃˼̄̉˷̂̓-
̄̒˼ ˿̈̈̂˼˻̅˹˷̄˿̖ ̔̉̅̀ ̈̉̊̆˼̄˿ ̆̇˼˻̈̉˷˹̂˼̄̒ ˹ 

[1, 12, 13]. 

ǱȒȓȏеȍȜ II. ˤ˷̆̇˷˹̖̂̐̕˿˼ ˿ ̇˷˸̅̎˿˼ ̂̅-

̆˷̉́˿ ̉̊̇˸˿̄̄̅̀ ̈̉̊̆˼̄˿ II ̈̆̇̅˼́̉˿̇̅˹˷̄̒ ̄˷ 
˸˷˾˼ ̉̊̇˸˿̄̄̅̀ ̈̉̊̆˼̄˿ I. ˥̉̂˿̎˿˼ ̃˼˽˻̊ ˻˹̊-
̖̃ ̉̊̇˸˿̄̄̒̃˿ ̈̉̊̆˼̖̄̃˿ ̈̅̈̉̅˿̉ ˹ ̉̅̃, ̎̉̅ 

̂˿̄˿˿ ̍˼̄̉̇̅˹ ̇˷˻˿̊̈̅˹ ̈́̇̊˺̂˼̄˿̖ ˹̒̌̅˻̄̒̌ 
́̇̅̃̅́ ̆̇̅̋˿̂˼̀ ̄˷̆̇˷˹̖̂̐̕˿̌ ̂̅̆˷̉̅́ ˹̅ 

˹̉̅̇̅̀ ̈̉̊̆˼̄˿ ˹̒˹˼˻˼̄̒ ̄˷ ̄˷̆̇˷˹̂˼̄˿˼ ̇˷-
˻˿̊̈˷ ̊ ̖́̅̇̄ ˿ ̊ ̆˼̇˿̋˼̇˿˿ (̈̃. ̇˿̈. 1). 

˥̈̄̅˹̄̒˼ ˺˼̅̃˼̉̇˿̎˼̈́˿˼ ̌˷̇˷́̉˼̇˿̈̉˿́˿ 

̅̇˿˺˿̄˷̂̓̄̅̀ ̈̉̊̆˼̄˿ I ̆̇˼˻̈̉˷˹̂˼̄̒ ˹ 

̉˷˸̂. 1. 

˩ ˷ ˸ ̂ ˿ ̍ ˷  1  

ǐǳǯоǤǯǽǧ ǥǧомǧǴǲǪǹǧǳǬǪǧ ǷǢǲǢǬǴǧǲǪǳǴǪǬǪ  

оǲǪǥǪǯǢǭǾǯоǫ ǳǴǵǱǧǯǪ I 

Basic geometric characteristics of original stage I 

В˼̂˿̎˿̄̒ ˤ˷̆̇˷˹̖̂̐̕˿˼ ˧˷˸̅̎˿˼

˧˷˻˿̊̈ ́̅̇̄˼˹̅˺̅ ̈˼̎˼-
̄˿̖ R', ̃̃ 

159,1 159,1 

˛̂˿̄˷ ̂̅̆˷̉̅́ l, ̃̃ 58,2 59,5 

˯˷˺ ̂̅̆˷̉̅́ tc, ̃̃ 11,86 17,45 

ˬ̅̇˻˷ ̂̅̆˷̉̅́ bc,̃̃ 16,5 27,85 

ˮ˿̈̂̅ ̂̅̆˷̉̅́, ̏̉. 100 68 

˥̈˼˹̅̀ ˾˷˾̅̇ z1, ̃̃ 8 
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˧˿̈. 1. ˨̌˼̃˷ ˿̈̈̂˼˻̊˼̃̒̌ ̈̉̊̆˼̄˼̀ 

Fig. 1. The scheme of the investigated stages 

 

˧˷̈̎˼̉̄̒˼ ̃̅˻˼̂˿ ˿̈̈̂˼˻̊˼̃̒̌ ̉̊̇˸˿̄-

̄̒̌ ̈̉̊̆˼̄˼̀ ̆̇˼˻̈̉˷˹̖̂̉̕ ̈̅˸̅̀ ̈˼́̉̅̇̒ 

̆̇̅̉̅̎̄̅̀ ̎˷̈̉˿, ̖̈̅̈̉̅̐˿˼ ˿˾ ̉̇˼̌ ̄˷̆̇˷˹-

̖̂̐̕˿̌ ˿ ˻˹̊̌ ̇˷˸̅̎˿̌ ̂̅̆˷̉̅́. ˧˷̈̎˼̉̄̒˼ 
̈˼̉́˿ ̈̅˾˻˷̄̒ ̈ ̆̅̃̅̐̓̕ ̆̇̅˺̇˷̃̃ 

Geometry ˿ Turbogrid, ˹̌̅˻̖̐˿̌ ˹ ̆̇̅˺̇˷̃̃-

̄̒̀ ́̅̃̆̂˼́̈ ANSYS. ˦̇˿ ̈̅˾˻˷̄˿˿ ̈˼̉̅́ 

̅˸˼̈̆˼̎˼̄̅ ˿̌ ̈˺̊̐˼̄˿˼ ˹˸̂˿˾˿ ̆̅˹˼̇̌̄̅-

̈̉˼̀, ̅˸̉˼́˷˼̃̒˼ ̆̅̉̅́̅̃ ˺˷˾˷, ̎̉̅˸̒ ̅˸˼̈-
̆˼̎˿̉̓ ́̅̇̇˼́̉̄̅̈̉̓ ˺˷˾̅˻˿̄˷̃˿̎˼̈́˿̌ ̇˷̈-

̎˼̉̅˹ ̆˷̇˷̃˼̉̇̅˹ ̆̅̉̅́˷ ˹ ̆̅˺̇˷̄˿̎̄̒̌ ̈̂̅-

̖̌. ˨̉˼̆˼̄̓ ̄˼̇˷˹̄̅̃˼̇̄̅̈̉˿ ̆̅̉̅́˷ ̆˼̇˼˻ 

̇˷˸̅̎˿̃˿ ̂̅̆˷̉́˷̃˿, ˹̒̎˿̈̂˼̄̄˷̖ ̆̅ ˿˾-
˹˼̈̉̄̅̀ ̋̅̇̃̊̂˼ ˚.˵. ˨̉˼̆˷̄̅˹˷, ̄˼˹˼̂˿́˷ 

(̆̇˿̃˼̇̄̅ 3 %). ˦̅̔̉̅̃̊ ˻̖̂ ̅˸˼˿̌ ̈̉̊̆˼̄˼̀ 

̆̇˿̃˼̖̄˼̖̉̈ ̈̆̅̈̅˸ ̇˼̏˼̄˿̖ ̈̉˷̍˿̅̄˷̇̄̅̀ 

˾˷˻˷̎˿ – Stage. ˦̇˿ ̔̉̅̃ ˹̈˼ ̆˷̇˷̃˼̉̇̒ ̆̅̉̅-

́˷ ̊̈̇˼˻̖̖̄̉̈̕ ˹ ̅́̇̊˽̄̅̃ ̄˷̆̇˷˹̂˼̄˿˿ ̄˷ 

̆̅˹˼̇̌̄̅̈̉˿ ̖̈̅̆̇˽˼̄˿̖ ̃˼˽˻̊ ̇˷̈̎˼̉̄̒̃˿ 

̃̅˻˼̖̂̃˿ ̄˷̆̇˷˹̖̂̐̕˿̌ ˿ ̇˷˸̅̎˿̌ ̂̅̆˷̉̅́ 

[14]. ˚̇˷̄˿̎̄̒˼ ̊̈̂̅˹˿̖ ˻̖̂ ̇˼̏˼̄˿̖ ˾˷˻˷̎˿ 

̆̇˼˻̈̉˷˹̂˼̄̒ ˹ ̉˷˸̂. 2. 

˩ ˷ ˸ ̂ ˿ ̍ ˷  2  

ǅǲǢǯǪǹǯǽǧ ǵǳǭоǤǪȁ 

Boundary conditions 

˦̅̂̄̅˼ ˻˷˹̂˼̄˿˼ ̆̅̉̅́˷ ̄˷ 
˹̌̅˻˼ ˹ ̈̉̊̆˼̄˿ 

*
0ǰ  ˣ˦˷ 

0,137

˦̅̂̄˷̖ ̉˼̃̆˼̇˷̉̊̇˷ ̆̅̉̅́˷ 
̄˷ ˹̌̅˻˼ ˹ ̈̉̊̆˼̄˿ 

*
0,ǲ  К 

368 

˛˷˹̂˼̄˿˼ ˹ ̆̅̉̅́˼ ̄˷ ˹̒̌̅-

˻˼ ˿˾ ̈̉̊̆˼̄˼̀ P2, ˣ˦˷
0,1033

˧˷˸̅̎˼˼ ̉˼̂̅ Air Ideal Gas

ˣ̅˻˼̂̓ ̉̊̇˸̊̂˼̄̉̄̅̈̉˿ k-ʛ 
˨̆̅̈̅˸ ̇˼̏˼̄˿̖ ˾˷˻˷̎ ˨̉˷̍˿̅̄˷̇̄̒˼ – Stage

ǒǧǩǵǭǾǴǢǴǽ ǲǢǳǹǧǴоǤ 
˦̅̈̂˼ ̇˼̏˼̄˿̖ ̈̉˷̍˿̅̄˷̇̄̒̌ ̉̇˼̌̃˼̇̄̒̌ 

˾˷˻˷̎ ̇˷̈̈̃̅̉̇˼̄˷ ́˷̇̉˿̄˷ ̉˼̎˼̄˿̖ ̆̅̉̅́˷ ˺˷˾˷ 
˹ ̃˼̇˿˻˿˷̄̄̒̌ ̅˸˹̅˻˷̌ ̆̇̅̉̅̎̄̅̀ ̎˷̈̉˿ ̉̊̇-

˸˿̄̄̒̌ ̈̉̊̆˼̄˼̀ ˿ ́̅̄̋˿˺̊̇˷̍˿̖ ̂˿̄˿̀ ̉̅́˷, 
˹̒̌̅˻̖̐˿̌ ˿˾ ̄˷̆̇˷˹̖̂̐̕˿̌ ˷̆̆˷̇˷̉̅˹ ̄˷ 
́̅̇̄˼˹̅̃, ̈̇˼˻̄˼̃ ˿ ̆˼̇˿̋˼̇˿̀̄̅̃ ̇˷˻˿̊̈˷̌ 

̄˷ ̄̅̃˿̄˷̂̓̄̅̃ ̇˼˽˿̃˼ ̆̇˿ ˾̄˷̎˼̄˿˿ ̆˷̇˷-

̃˼̉̇˷ 
0 opt

.0,58u
C

 
 

 
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˧˿̈. 2. ˣ˼̇˿˻˿˷̄̄̒˼ ̂˿̄˿˿ ̉̅́˷ ˹ ̉̊̇˸˿̄̄̅̀ ̈̉̊̆˼̄˿ I 

Fig. 2. Meridional streamlines in turbine stage I 

 

 
 

˧˿̈. 3. ˣ˼̇˿˻˿˷̄̄̒˼ ̂˿̄˿˿ ̉̅́˷ ˹ ̉̊̇˸˿̄̄̅̀ ̈̉̊̆˼̄˿ II 

Fig. 3. Meridional streamlines in turbine stage II 
 

ˤ˷ ̇˿̈. 2, 3 ̆̇˼˻̈̉˷˹̂˼̄̒ ̃˼̇˿˻˿˷̄̄̒˼ ̂˿-

̄˿˿ ̉̅́˷ ˹ ̉̊̇˸˿̄̄̒̌ ̈̉̊̆˼̖̄̌. К˷́ ˿˾˹˼̈̉̄̅, ˹ 

̉̊̇˸˿̄̄̒̌ ̈̉̊̆˼̖̄̌ ̅˸̒̎̄̅˺̅ ̉˿̆˷ (ȑur = const, 

1 = const) ˹ ̍˿̂˿̄˻̇˿̎˼̈́˿̌ ̃˼̇˿˻˿˷̄̄̒̌ ̅˸-

˹̅˻˷̌ ̆̇̅̉̅̎̄̅̀ ̎˷̈̉˿ ̂˿̄˿˿ ̉̅́˷ ̆̇˷́̉˿̎˼̈́˿ 

̈̅˹̆˷˻˷̉̕ ̈ ̅˸̇˷˾̊̐̕˿̃˿ ̍˿̂˿̄˻̇˿̎˼̈́˿̌ 
̆̅˹˼̇̌̄̅̈̉˼̀, ̈̅̅̈̄̒̌ ̈ ̅̈̓̕ z ̉̊̇˸˿̄̒. А ˹ 

˿̈̈̂˼˻̊˼̃̒̌ ̉̊̇˸˿̄̄̒̌ ̈̉̊̆˼̖̄̌ c ̉˷̄˺˼̄̍˿-

˷̂̓̄̒̃ ̄˷́̂̅̄̅̃ ̄˷̆̇˷˹̖̂̐̕˿̌ ̂̅̆˷̉̅́ ˿ 

«˿̄̉˼˺̇˷̂̓̄̒̃˿» ̄˷̆̇˷˹̖̂̐̕˿̃˿ ̂̅̆˷̉́˷̃˿ 

̂˿̄˿˿ ̉̅́˷ ˹ ̅̈˼˹̅̃ ˾˷˾̅̇˼ ̃˼˽˻̊ ̄˷̆̇˷˹̖̂̕-

̐˿̃˿ ˿ ̇˷˸̅̎˿̃˿ ̂̅̆˷̉́˷̃˿ ˿̈́̇˿˹̂˼̄̒ ˹̒-

̆̊́̂̅̈̉̓̕ ́ ̅̈˿ ̉̊̇˸˿̄̒ z. ˩˷́̅˼ ˿̈́̇˿˹̂˼̄˿˼ 
̂˿̄˿̀ ̉̅́˷ ̆̅˻ ˹̂˿̖̄˿˼̃ ̍˼̄̉̇̅˸˼˽̄̒̌ ̈˿̂ 
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Машиностроение

˿̄˼̇̍˿˿ ˹̒˾̒˹˷˼̉ ̈̄˿˽˼̄˿˼ ˺̇˷˻˿˼̄̉˷ ˻˷˹̂˼-

̄˿̖ 1р
r




 ˹̆̂̅̉̓ ˻̅ ̅̉̇˿̍˷̉˼̂̓̄̅˺̅ ˹ ˾˷́̇̊̎˼̄-

̄̅̃ ̆̅̉̅́˼ ˾˷ ̄˷̆̇˷˹̖̂̐̕˿̃ ˷̆̆˷̇˷̉̅̃. И˾-

̃˼̄˼̄˿˼ ˺̇˷˻˿˼̄̉˷ ˻˷˹̂˼̄˿̖ 2р
r




 ˹ ̆̅̉̅́˼ ˾˷ 

̇˷˸̅̎˿̃ ́̅̂˼̈̅̃ ̅˸̒̎̄̅ ̄˼˹˼̂˿́̅ ̆̅ ˹̒̈̅̉˼ 
̂̅̆˷̉́˿. ˦̅ ̊́˷˾˷̄̄̒̃ ̆̇˿̎˿̄˷̃ ̈̉˼̆˼̄̓ ̇˼-
˷́̉˿˹̄̅̈̉˿ ˹ ̈̉̊̆˼̖̄̌ I ˿ II ̊ ̖́̅̇̄ ̈̉˷̄̅˹˿̖̉̈ 

˸̅̂̓̏˼, ̎˼̃ ̊ ̆˼̇˿̋˼̇˿˿.  

В ̆˼̇˿̋˼̇˿̀̄̅̀ ̅˸̂˷̈̉˿ ̆˼̇˼˻ ̇˷˸̅̎˿̃ 

́̅̂˼̈̅̃ ˹ ̉̊̇˸˿̄̄̅̀ ̈̉̊̆˼̄˿ II ˾̅̄˷ ̍˿̖̇́̊̂-

̍˿̅̄̄̅˺̅ ˹˿̖̌̇ ˿ ̈̂˼˻̊̐̕˷̖ ˾˷ ̄˼̀ ˾̅̄˷ ̅̉-
̇̒˹̄̅˺̅ ̉˼̎˼̄˿̖ ̊ ̆˼̇˿̋˼̇˿˿ ̇˷˸̅̎˿̌ ̂̅̆˷-
̉̅́ ̃˼̄̓̏˼ (̆̅ ̆̂̅̐˷˻̖̃ ˾̅̄), ̎˼̃ ̊ ̉̊̇˸˿̄-

̄̅̀ ̈̉̊̆˼̄˿ I. ˴̉̅ ̅˸̖̖̑̈̄˼̖̉̈ ̉˼̃, ̎̉̅ ˹ ̉̊̇-

˸˿̄̄̅̀ ̈̉̊̆˼̄˿ II ˹ ˾̅̄˼ ̈̉̒́˷ ˤˢ ̈ ̆˼̇˿̋˼-
̇˿̀̄̒̃ ̅˸˹̅˻̅̃ ̋̅̇̃˿̇̊˼̖̉̈ ˸̅̂˼˼ ˸̂˷˺̅-

̆̇˿̖̉̄̅˼ ̉˼̎˼̄˿˼, ̎˼̃ ˹ ̉̊̇˸˿̄̄̅̀ ̈̉̊̆˼̄˿ I. 

ˤ˷ ̇˿̈. 4, 5 ̆̇˼˻̈̉˷˹̂˼̄̒ ́̅̄̋˿˺̊̇˷̍˿˿ 

̂˿̄˿̀ ̉̅́˷ ˹ ̉̊̇˸˿̄̄̒̌ ̈̉̊̆˼̖̄̌, ́̅̉̅̇̒˼ 

̆̇˿̌̅˻̖̉ ˿˾ ́˷̄˷̂̅˹ ̃˼˽˻̊ ̄˷̆̇˷˹̖̂̐̕˿̃˿ 

̂̅̆˷̉́˷̃˿ ̄˷ ̅́̇̊˽̄̅̈̉˿ ̊ ̖́̅̇̄, ̄˷ ̈̇˼˻-

̄˼̃ ˿ ̆˼̇˿̋˼̇˿̀̄̅̃ ̇˷˻˿̊̈˷̌ ̆˼̇˼˻ ̇˷˸̅̎˿-

̃˿ ̂̅̆˷̉́˷̃˿. ˛̖̂ ̈̇˼˻̄˼˺̅ ̇˷˻˿̊̈˷ ̂˿̄˿˿ 

̉̅́˷ ˹̄̊̉̇˿ ́˷̄˷̂̅˹ ̃˼˽˻̊ ̄˷̆̇˷˹̖̂̐̕˿̃˿ 

̂̅̆˷̉́˷̃˿ ̋̅̇̃˿̇̊̉̕ ̆̅˹˼̇̌̄̅̈̉˿ ̉̅́˷, 

̆̅̎̉˿ ̆˼̇̆˼̄˻˿̖́̊̂̇̄̒˼ ̆˼̇̊ ̄˷̆̇˷˹̖̂̕-

̐˼̀ ̂̅̆˷̉́˿. ˤ˷ ́̅̇̄˼˹̅̃ ˿ ̆˼̇˿̋˼̇˿̀̄̅̃ 

̇˷˻˿̊̈˷̌ ˻̖̂ ̈̉̊̆˼̄˿ I ̉˷́˷̖ ́˷̇̉˿̄˷ ̉˼̎˼̄˿̖ 

́˷̎˼̈̉˹˼̄̄̅ ̈̅̌̇˷̖̄˼̖̉̈. ˩˷́˿̃ ̅˸̇˷˾̅̃, ̆̅˻ 

˹̂˿̖̄˿˼̃ ̉˷̄˺˼̄̍˿˷̂̓̄̅˺̅ ̄˷́̂̅̄˷ ˹̅˾̄˿́˷-

˼̉ «́̅̈̅˼» ̅˸̉˼́˷̄˿˼ ̄˷̆̇˷˹̖̂̐̕˿̌ ̂̅̆˷̉̅́, 

́̅̉̅̇̅˼ ̈̊̐˼̈̉˹˼̄̄̅ ̅̉̂˿̎˷˼̖̉̈ ̅̉ ̖̆̅̆̊̂̇-

̄̅̀ ̃̅˻˼̂˿ ̉˼̎˼̄˿̖ ̄˷ ̅̈˼̈˿̃̃˼̉̇˿̎̄̒̌ ̆̅-

˹˼̖̇̌̄̅̈̉̌ ̉̅́˷. 

В ̉̊̇˸˿̄̄̅̀ ̈̉̊̆˼̄˿ II c «˿̄̉˼˺̇˷̂̓̄̒̃˿» 

̄˷̆̇˷˹̖̂̐̕˿̃˿ ̂̅̆˷̉́˷̃˿ ̄˷ ̈̇˼˻̄˼̃ 

̇˷˻˿̊̈˼, ́˷́ ˿ ˹ ̉̊̇˸˿̄̄̅̀ ̈̉̊̆˼̄˿ I, ̂˿̄˿˿ 

̉̅́˷ ˹̄̊̉̇˿ ́˷̄˷̂̅˹ ̃˼˽˻̊ ̄˷̆̇˷˹̖̂̐̕˿̃˿ 

̂̅̆˷̉́˷̃˿ ̋̅̇̃˿̇̊̉̕ ̆̅˹˼̇̌̄̅̈̉˿ ̉̅́˷, 
̆̅̎̉˿ ̆˼̇̆˼̄˻˿̖́̊̂̇̄̒˼ ̆˼̇̊ ̄˷̆̇˷˹̖̂̐̕˼̀ 

̂̅̆˷̉́˿. А ̄˷ ́̅̇̄˼˹̅̃ ˿ ̆˼̇˿̋˼̇˿̀̄̅̃ ̇˷-
˻˿̊̈˷̌ ˹ ̉̊̇˸˿̄̄̅̀ ̈̉̊̆˼̄˿ II, ́˷́ ˿ ˹ ̉̊̇-

˸˿̄̄̅̀ ̈̉̊̆˼̄˿ ̅˸̒̎̄̅˺̅ ̉˿̆˷, ̂˿̄˿˿ ̉̅́˷ 
̋̅̇̃˿̇̊̉̕ ˹̄̊̉̇˿ ́˷̄˷̂̅˹ ̆̅˹˼̇̌̄̅̈̉˿ ̉̅́˷, 
̆̅̎̉˿ ̈̅˹̆˷˻˷̐̕˿˼ ̈ ̅̈˼̈˿̃̃˼̉̇˿̎̄̒̃˿ ̆̅-

˹˼̖̇̌̄̅̈̉̃˿. ˴̉̅ ̅˸̖̖̑̈̄˼̖̉̈ ̉˼̃, ̎̉̅ ̂˿̄˿˿ 

̍˼̄̉̇̅˹ ̇˷˻˿̊̈̅˹ ̈́̇̊˺̂˼̄˿̖ ˹̒̌̅˻̄̒̌ ́̇̅-

̃̅́ ̆̇̅̋˿̂˼̀ ̄˷̆̇˷˹̖̂̐̕˿̌ ̂̅̆˷̉̅́ ̊ ̈̉̊-

̆˼̄˿ II ˹̒˹˼˻˼̄̒ ̄˷ ̄˷̆̇˷˹̂˼̄˿˼ ̇˷˻˿̊̈˷ ̊ 

̖́̅̇̄ ˿ ̄˷ ̆˼̇˿̋˼̇˿˿. 

 

 
 

˧˿̈. 4. К̇˿˹̒˼ ̂˿̄˿̀ ̉̅́˷ ˾˷ ̄˷̆̇˷˹̖̂̐̕˿̃˿ ̂̅̆˷̉́˷̃˿ ̄˷ ̉̇˼̌ ̇˷˻˿̊̈˷̌ ˹ ̉̊̇˸˿̄̄̅̀ ̈̉̊̆˼̄˿ I 

Fig. 4. Curves of streamlines behind guide blades on three radiuses in turbine stage I 
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˧˿̈. 5. К̇˿˹̒˼ ̂˿̄˿̀ ̉̅́˷ ˾˷ ̄˷̆̇˷˹̖̂̐̕˿̃˿ ̂̅̆˷̉́˷̃˿ ̄˷ ̉̇˼̌ ̇˷˻˿̊̈˷̌ ˹ ̉̊̇˸˿̄̄̅̀ ̈̉̊̆˼̄˿ II 

Fig. 5. Curves of streamlines behind guide blades on three radiuses in turbine stage II 

 

˛˷̂˼˼ (̇˿̈. 6) ̆̅̈̉̇̅˼̄̒ ̈̊̃̃˷̇̄̒˼ ̌˷-
̇˷́̉˼̇˿̈̉˿́˿ ̉̊̇˸˿̄̄̒̌ ̈̉̊̆˼̄˼̀ (̅́̇̊˽̄̅̀ 

К˦˛ ˿ ̈̉˼̆˼̄˿ ̇˼˷́̉˿˹̄̅̈̉˿ ̊ ̖́̅̇̄ ˿ ̊ ̆˼-
̇˿̋˼̇˿˿) ̄˷ ̇˷˾̄̒̌ ̇˼˽˿̃˷̌ ̆̇˿ ˿˾̃˼̄˼̄˿˿ 

̎˷̈̉̅̉̒ ˹̇˷̐˼̄˿̖ ̇̅̉̅̇˷.  
ˤ˷ ̇˿̈. 6 ˹˿˻̄̅, ̎̉̅ ̅˸˼ ̉̊̇˸˿̄̄̒˼ ̈̉̊-

̆˼̄˿ ˻̅̈̉˿˺˷̉̕ ̃˷́̈˿̃̊̃˷ К˦˛ ̆̇˿ ˾̄˷̎˼-

̄˿˿ ̆˷̇˷̃˼̉̇˷ 
0

0 .,58
opt

u
C

 
 

 
 В̅ ˹̈˼̀ ˾̅̄˼ 

˿˾̃˼̄˼̄˿̖ ˾̄˷̎˼̄˿̖ 
0

u
C

 К˦˛ ̉̊̇˸˿̄̄̅̀ 

̈̉̊̆˼̄˿ I c ̉˷̄˺˼̄̍˿˷̂̓̄̒̃ ̄˷́̂̅̄̅̃ 

̄˷̆̇˷˹̖̂̐̕˿̌ ̂̅̆˷̉̅́ ̄˿˽˼, ̎˼̃ ˹ ̉̊̇˸˿̄-

̄̅̀ ̈̉̊̆˼̄˿ II c «˿̄̉˼˺̇˷̂̓̄̒̃˿» ̄˷̆̇˷˹̖̂-

̐̕˿̃˿ ̂̅̆˷̉́˿. ˤ˷ ̅̆̉˿̃̊̃˼ К˦˛ ̈̉̊̆˼̄˿ 

II ˸̅̂̓̏˼ ̈̉̊̆˼̄˿ I ̄˷ 0,8%.  

˞˷ ̈̎˼̉ ̆̇˿̃˼̄˼̄˿̖ ˩ˤˤˢ ˹ ̅˸˼˿̌ ̈̉̊̆˼-
̖̄̌ ̈̉˼̆˼̄̓ ̇˼˷́̉˿˹̄̅̈̉˿ ̊ ̖́̅̇̄ ˸̅̂̓-

̏˼, ̎˼̃ ̊ ̆˼̇˿̋˼̇˿˿, ̉. ˼. ˺̇˷˻˿˼̄̉ ̈̉˼̆˼-

̄˿ ̇˼˷́̉˿˹̄̅̈̉˿ ˹˻̅̂̓ ̇˷˻˿̊̈˷ – ̅̉̇˿̍˷̉˼-
̂˼̄. В̃˼̈̉˼ ̈ ̉˼̃, ̇˷˾̄̅̈̉̓ ̈̉˼̆˼̄˼̀ ̇˼˷́-

̉˿˹̄̅̈̉˿ ǲ ǲ ǲ      ̄˷ ̅̆̉˿̃˷̂̓̄̅̃ ̇˼-

˽˿̃˼ ˻̖̂ ̈̉̊̆˼̄˿ I ̇˷˹̄˷ (–0,29), ˷ ˻̖̂ ̈̉̊-

̆˼̄˿ II – (–0,22), ̎̉̅ ̅˸̖̖̑̈̄˼̖̉̈ ̇˷˾̂˿̎˿˼̃ 

˹ ́̅̄̈̉̇̊́̍˿˿ ̄˷̆̇˷˹̖̂̐̕˿̌ ˷̆̆˷̇˷̉̅˹ ̔̉˿̌ 

̈̉̊̆˼̄˼̀.  

3D ̇˷̈̎ё̉̒ ̅̉́̇̒̂˿ ˹̅˾̃̅˽̄̅̈̉̓ ̆̇˼˻̈̉˷-
˹˿̉̓ ̉̇˷˹˼̇̈˿̇̅˹˷̄˿̖ ́̅̔̋̋˿̍˿˼̄̉̅˹ ̆̅̉˼̇̓ 
́˿̄˼̉˿̎˼̈́̅̀ ̔̄˼̇˺˿˿ ˾˷ ̄˷̆̇˷˹̖̂̐̕˿̃ ˷̆-

̆˷̇˷̉̅̃ ˿ ̇˷˸̅̎˿̃ ́̅̂˼̈̅̃, ̊˺̂̅˹ ̆̅̉̅́˷ ˿ 

˹̒̌̅˻̄̅̀ ̈́̅̇̅̈̉˿ ˿˾ ̉̊̇˸˿̄̄̒̌ ̈̉̊̆˼̄˼̀ ̆̅ 

˹̒̈̅̉˼ ̂̅̆˷̉́˿ (̇˿̈. 7–13). ˩̇˷˹˼̇̈˿̇̅˹˷̄˿̖ 

̆˷̇˷̃˼̉̇̅˹ ˿ ̊˺̂̅˹ ̆̅̉̅́˷ ˹ ̉̊̇˸˿̄̄̒̌ ̈̉̊̆˼-
̖̄̌ ˹̒̆̅̂̄˼̄̒ ̄˷ ̄̅̃˿̄˷̂̓̄̅̃ ̇˼˽˿̃˼ ̆̇˿ 
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˹˼̇̈˿̇̅˹˷̄˿̀ ̊̈̇˼˻̄˼̄̒ [14] ˹ ̇˷̈̎˼̉̄̒̌ ̈˼-
̎˼̄˿̖̌ 1-1 ˿ 2-2 (̇˿̈. 1). 

К̅̔̋̋˿̍˿˼̄̉ ̆̅̉˼̇̓ ́˿̄˼̉˿̎˼̈́̅̀ ̔̄˼̇-

˺˿˿ 1 ˹ ̄˷̆̇˷˹̖̂̐̕˼̃ ˷̆̆˷̇˷̉˼ ̉̊̇˸˿̄̄̅̀ 

̈̉̊̆˼̄˿ II ̃˼̄̓̏˼, ̎˼̃ ˹ ̉̊̇˸˿̄̄̅̀ ̈̉̊̆˼̄˿ I, 

̅̈̅˸˼̄̄̅ ˹ ̆̇˿́̅̇̄˼˹̅̀ ˾̅̄˼ (̇˿̈. 7). ˴̉̅ ̅˸̑-

̖̖̈̄˼̖̉̈ ̉˼̃, ̎̉̅ ̂˿̄˿˿ ̍˼̄̉̇̅˹ ̃˷̈̈ ̆̇̅̋˿-

̂˼̀ ̄˷̆̇˷˹̖̂̐̕˿̌ ̂̅̆˷̉̅́ ˹ ̈̉̊̆˼̄˿ II ˹̒˹˼-
˻˼̄̒ ̄˷ ̄˷̆̇˷˹̂˼̄˿˼ ̇˷˻˿̊̈˷ ̊ ̖́̅̇̄ ˿ ̊ ̆˼̇˿-

̋˼̇˿˿. ˩˼̃ ̈˷̃̒̃ ˹ ̈̉̊̆˼̄˿ II ̊̈̉̇˷̄˼̄̒ ̄˼-
˸̂˷˺̅̆̇˿̖̉̄̒˼ ̉˼̎˼̄˿̖ ˹ ̃˼̈̉˷̌ ̈̉̒́˷ ̂̅̆˷̉̅́ 

̈ ̃˼̇˿˻˿˷̄̄̒̃˿ ̅˸˹̅˻˷̃˿ ̆̇̅̉̅̎̄̅̀ ̎˷̈̉˿.  
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˧˿̈. 6. ˨̊̃̃˷̇̄̒˼ ̌˷̇˷́̉˼̇˿̈̉˿́˿ ̉̊̇˸˿̄̄̒̌ ̈̉̊̆˼̄˼̀ 

Fig. 6. Summary characteristics of turbine stages 

 

 
 

˧˿̈. 7. К̅̔̋̋˿̍˿˼̄̉̒ ̆̅̉˼̇̓ ́˿̄˼̉˿̎˼̈́̅̀ ̔̄˼̇˺˿˿ 1 ˹ ̄˷̆̇˷˹̖̂̐̕˼̃ ˷̆̆˷̇˷̉˼ ̆̅ ˹̒̈̅̉˼ ̂̅̆˷̉́˿ 

Fig. 7. The coefficient of losses of the kinetic energy 1 for the guide vane by the height of the blade 
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˧˿̈. 8. ˪˺̂̒ ̆̅̉̅́˷ 1 ˾˷ ̄˷̆̇˷˹̖̂̐̕˿̃ ˷̆̆˷̇˷̉̅̃ ̆̅ ˹̒̈̅̉˼ ̂̅̆˷̉́˿ 

Fig. 8. The flow angle 1 behind the guide vane by the height of the blades 

 

 
 

˧˿̈. 9. ˪˺̂̒ ̆̅̉̅́˷ 1 ̆˼̇˼˻ ˧ˢ ̆̅ ˹̒̈̅̉˼ ̂̅̆˷̉́˿ 

Fig. 9. The flow angle 1 in front of rotor blades by the height of the blade 
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˧˿̈. 10. К̅̔̋̋˿̍˿˼̄̉̒ ̆̅̉˼̇̓ ́˿̄˼̉˿̎˼̈́̅̀ ̔̄˼̇˺˿˿ 2 ˹ ̇˷˸̅̎˼̃ ́̅̂˼̈˼ ̆̅ ˹̒̈̅̉˼ ̂̅̆˷̉́˿ 

Fig. 10. The coefficient of losses of the kinetic energy 2 for the impellers by the heigh of the blade 

 

 
 

˧˿̈. 11. ˪˺̂̒ ̆̅̉̅́˷ 2 ˾˷ ˧ˢ ̆̅ ˹̒̈̅̉˼ ̂̅̆˷̉́˿ 

Fig. 11. The flow angle 2 behind rotor blades by the height of the blade 
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˧˿̈.12. ˪˺̂̒ ̆̅̉̅́˷ 2 ˾˷ ˧ˢ ̆̅ ˹̒̈̅̉˼ ̂̅̆˷̉́˿ 

Fig. 12. The flow angle 2 behind rotor blades by the height of the blade 

 

 
 

˧˿̈. 13. В̒̌̅˻̄̒˼ ̈́̅̇̅̈̉˿ C2 ˿˾ ̉̊̇˸˿̄̄̒̌ ̈̉̊̆˼̄˼̀ ̆̅ ˹̒̈̅̉˼ ̂̅̆˷̉́˿ 

Fig. 13. Velocities outlet C2 from turbine stages by the height of the blade 
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˪˺̂̒ ̆̅̉̅́˷ 1 ˹ ̅˸˼˿̌ ̈̉̊̆˼̖̄̌ ̊̃˼̄̓̏˷-
̖̉̈̕ ̅̉ ̖́̅̇̄ ́ ̆˼̇˿̋˼̇˿˿ (̇˿̈. 8), ̎̉̅ ̉˿-

̆˿̎̄̅ ˻̖̂ ̈̉̊̆˼̄˼̀ ̈ ̅̉̇˿̍˷̉˼̂̓̄̒̃ ˺̇˷˻˿˼̄-

̉̅̃ ̈̉˼̆˼̄˿ ̇˼˷́̉˿˹̄̅̈̉˿, ̆̅̂̊̎˼̄̄̒̃ ˾˷ 
̈̎˼̉ ̆̇˿̃˼̄˼̄˿̖ ˩ˤˤˢ [1, 12, 13].  

К˷́ ̊˽˼ ̊̆̅̃˿̄˷̂̅̈̓, ̄˷̆̇˷˹̖̂̐̕˿˼ ̂̅-

̆˷̉́˿ ̈̉̊̆˼̄˼̀ I ˿ II ̆̇̅˼́̉˿̇̅˹˷̂˿̈̓ ̆̇˿ 

̊̈̂̅˹˿˿ ̖̆̅̈̉̅̄̈̉˹˷ ̔̋̋˼́̉˿˹̄̅˺̅ ̊˺̂˷ 1̔̋ = 

arcsin(a1/t1) = 1810' = const ̄˷ ̍˿̂˿̄˻̇˿̎˼̈́˿̌ 
̆̅˹˼̖̇̌̄̅̈̉̌ ̉̅́˷. ˜̈̂˿ ˻̅˾˹̊́̅˹̅˼ ̉˼̎˼̄˿˼ 
˺˷˾˷ ˹ ̈̉̊̆˼̄˿ ̅˸̒̎̄̅˺̅ ̉˿̆˷ ˸̂˿˾́̅ ́ ̍˿̂˿̄-

˻̇˿̎˼̈́̅̃̊, ̉̅ ˿ ̆̅̉̅̎̄̒˼ ̊˺̂̒ 1 ˸̊˻̊̉ ̆̇˿-

̃˼̇̄̅ ̈̅̅̉˹˼̉̈̉˹̅˹˷̉̓ ̊̈̂̅˹˿̕ 1 =  const [8]. 

К˷́ ̆̅́˷˾˷̄̅ ̄˷ ̇˿̈. 2–5, ̉˼̎˼̄˿˼ ˺˷˾˷ ˹ 

̄˷̆̇˷˹̖̂̐̕˿̌ ˷̆̆˷̇˷̉˷̌ (ˤА) ̈̉̊̆˼̄˼̀ I ˿ II 

˿̃˼˼̉ ̈̂̅˽̄̒̀ ̆̇̅̈̉̇˷̄̈̉˹˼̄̄̒̀ ̌˷̇˷́̉˼̇. 

˜̈̂˿ ̔̋̋˼́̉˿˹̄̒˼ ̊˺̂̒ 1̔̋ ̅̍˼̄˿˹˷̉̓ ˹˻̅̂̓ 
́̇˿˹̅̂˿̄˼̀̄̒̌ ̆̅˹˼̇̌̄̅̈̉˼̀ ̉̅́˷, ̉̅ ˹ 2/3 ̎˷-
̈̉˿ ˤА ̅̉ ̖́̅̇̄ ˺̅̇̂˷ а1 ˸̊˻̊̉ ̇˼˺˿̈̉̇˿̇̅˹˷̉̓-
̖̈ ̄˷ ˸̅̂̓̏˼̃ ̇˷˻˿̊̈˼, ̎˼̃ ̏˷˺˿ t1. ˦̅̔̉̅̃̊ ˿ 

̔̋̋˼́̉˿˹̄̒˼ 1̔̋, ˿ ̆̅̉̅̎̄̒˼ 1 ̊˺̂̒ ̊˹˼̂˿-

̎˿˹˷̖̉̈̕ ̆̅ ̈̇˷˹̄˼̄˿̕ ̈ ̆̇̅˼́̉̄̒̃˿ ˾̄˷̎˼-
̄˿̖̃˿. В 1/3 ̎˷̈̉˿ ˤА ̊ ̆˼̇˿̋˼̇˿˿ ˹ ̈̉̊̆˼̄˿ I 

˿ ̔̋̋˼́̉˿˹̄̒˼ 1̔̋, ˿ ̆̅̉̅̎̄̒˼ 1 ̊˺̂̒, 

̄˷̆̇̅̉˿˹, ̊̃˼̄̓̏˷̖̉̈̕ ̆̅ ̈̇˷˹̄˼̄˿̕ ̈ ̆̇̅-

˼́̉̄̒̃˿ ˾̄˷̎˼̄˿̖̃˿. ˦̇˼˻̆̅̂̅˽˿̉˼̂̓̄̅ ̔̉̅ 

̃̅˽̄̅ ̅˸̖̑̈̄˿̉̓ ̄˼˺˷̉˿˹̄̒̃ ˹̂˿̖̄˿˼̃ ̈̉̒́˷ 
ˤˢ ̈ ̆˼̇˿̋˼̇˿̀̄̒̃ ̅˸˹̅˻̅̃ ̆̅˻ ̉̊̆̒̃ ̊˺̂̅̃ 

˿ ̅˸̇˷̉̄̒̃ ˹̂˿̖̄˿˼̃ ˹ ˻̅˾˹̊́̅˹̅̃ ̆̅̉̅́˼ ̅̉-
̇̒˹̄̅˺̅ ̉˼̎˼̄˿̖ ̊ ̆˼̇˿̋˼̇˿˿ ˧ˢ (̇˿̈. 2). ˨̉̊-
̆˼̄̓ II ̂̊̎̏˼ ̈̅̅̉˹˼̉̈̉˹̊˼̉ ̊̈̂̅˹˿̕ 1 = const, 

̎˼̃ ̈̉̊̆˼̄̓ I (̇˿̈. 8). ˨̆̅̈̅˸ ̇˼˷̂˿˾˷̍˿˿ ̊̈̂̅-

˹˿̖ 1 = const ˹ ̈̉̊̆˼̖̄̌ ̈ ̅̉̇˿̍˷̉˼̂̓̄̒̃ ˺̇˷-
˻˿˼̄̉̅̃ ̈̉˼̆˼̄˿ ̇˼˷́̉˿˹̄̅̈̉˿ ̇˷̈̈̃̅̉̇˼̄ ˹ 

̈̉˷̉̓˼ [13]. 

˪˺̂̒ ̆̅̉̅́˷ 1 ˹ ̅˸˼˿̌ ̈̉̊̆˼̖̄̌ ̉˷́˽˼ 
̊̃˼̄̓̏˷̖̉̈̕ ̅̉ ̖́̅̇̄ ́ ̆˼̇˿̋˼̇˿˿ (̇˿̈. 9), 

̆̅̔̉̅̃̊ ̇˷˸̅̎˿˼ ̂̅̆˷̉́˿ ̅˸̉˼́˷̖̉̈̕ ̈ ̅̉̇˿-

̍˷̉˼̂̓̄̒̃˿ ̊˺̂˷̃˿ ˷̉˷́˿ ̊ ̖́̅̇̄ ˿ ̆̅̂̅˽˿-

̉˼̂̓̄̒̃˿ – ̊ ̆˼̇˿̋˼̇˿˿. 

К̅̔̋̋˿̍˿˼̄̉ ̆̅̉˼̇̓ ́˿̄˼̉˿̎˼̈́̅̀ ̔̄˼̇˺˿˿ 

2 ˹ ̇˷˸̅̎˼̃ ́̅̂˼̈˼ ̉̊̇˸˿̄̄̅̀ ̈̉̊̆˼̄˿ II ̃˼̄̓-
̏˼, ̎˼̃ ˹ ̉̊̇˸˿̄̄̅̀ ̈̉̊̆˼̄˿ I, ̅̈̅˸˼̄̄̅ ˹ ̆˼-
̇˿̋˼̇˿̀̄̅̀ ˾̅̄˼ (̇˿̈. 10). ˴̉̅ ̅˸̖̖̑̈̄˼̖̉̈ 

̉˼̃, ̎̉̅ ˹ ̈̉̊̆˼̄˿ II ̊̈̉̇˷̄˼̄̒ ̄˼˸̂˷˺̅̆̇˿̖̉-
̄̒˼ ̉˼̎˼̄˿̖ ˹ ̃˼̈̉˼ ̈̉̒́˷ ̄˷̆̇˷˹̖̂̐̕˿̌ ̂̅̆˷-

̉̅́ ̈ ̃˼̇˿˻˿˷̄̄̒̃˿ ̅˸˹̅˻˷̃˿ ̆̇̅̉̅̎̄̅̀ ̎˷-
̈̉˿. ˩˼̃ ̈˷̃̒̃, ́˷́ ̊˽˼ ̅̉̃˼̎˷̂̅̈̓, ̊̃˼̄̓̏˷-
˼̖̉̈ ˾̅̄˷ ̅̉̇̒˹̄̒̌ ̉˼̎˼̄˿̀ ̊ ̆˼̇˿̋˼̇˿˿ ˹ ̈̉̊-
̆˼̄˿ II ̆̅ ̈̇˷˹̄˼̄˿̕ ̈̅ ̈̉̊̆˼̄̓̕ I (̇˿̈. 2, 3). 

˪˺̂̒ ̆̅̉̅́˷ 2 ˹ ̅˸˼˿̌ ̈̉̊̆˼̖̄̌ ̊̃˼̄̓-

̏˷̖̉̈̕ ̅̉ ̖́̅̇̄ ́ ̆˼̇˿̋˼̇˿˿ (̇˿̈. 11) 

˹̈̂˼˻̈̉˹˿˼ ˹˼˼̇̄̅̈̉˿, ̆̇˿̈̊̐˼̀ ̇˼̏˼̉́˼ ̇˷-

˸̅̎˿̌ ̂̅̆˷̉̅́ ̖̆̅̈̉̅̄̄̅˺̅ ̆̇̅̋˿̖̂. ˩˿̆˿̎-

̄̒̀ ˻̖̂ ̈̉̊̆˼̄˼̀ ̈ ̅̉̇˿̍˷̉˼̂̓̄̒̃ ˺̇˷˻˿˼̄-

̉̅̃ ̈̉˼̆˼̄˿ ̇˼˷́̉˿˹̄̅̈̉˿ ̆̇̅˹˷̂ ̊˺̂̅˹ 2 ̊ 

̆˼̇˿̋˼̇˿˿ ˻̖̂ ̈̉̊̆˼̄˿ II ˹̒̇˷˽˼̄ ̈̂˷˸˼˼, 
̎˼̃ ˻̖̂ ̈̉̊̆˼̄˿ I. 

˪˺̂̒ ̆̅̉̅́˷ 2 ˹ ̅˸˼˿̌ ̈̉̊̆˼̖̄̌ ̉˷́˽˼ 
̊̃˼̄̓̏˷̖̉̈̕ ̅̉ ̖́̅̇̄ ́ ̆˼̇˿̋˼̇˿˿ (̇˿̈. 12). 

В ́̅̇̄˼˹̅̀ ˾̅̄˼ ̊˺̂̒ 2 ˹ ̈̉̊̆˼̄˿ II ̃˼̄̓̏˼, ˷ 
̆˼̇˿̋˼̇˿̀̄̅̀ ˾̅̄˼ ˸̅̂̓̏˼, ̎˼̃ ˹ ̈̉̊̆˼̄˿ I. 

В̒̌̅˻̄˷  ̖̈́̅̇̅̈̉  ̓C2 (̇˿̈. 13)  ˿̈̅̅̉˹˼̉̈̉˹̊-
̐̕˿˼ ˼̀ ̊˻˼̂̓̄̒˼ ̆̅̉˼̇˿ ́˿̄˼̉˿̎˼̈́̅̀ ̔̄˼̇-

˺˿˿ 
2
2

2

C
  ˹̈̉̊̆˼̄˿ II ̃˼̄̓̏˼, ̎˼̃ ˹ ̈̉̊̆˼̄˿ I. 

˦̅ ̊́˷˾˷̄̄̒̃ ˹̒̏˼ ̆̇˿̎˿̄˷̃ К˦˛ ̉̊̇-

˸˿̄̄̅̀ ̈̉̊̆˼̄˿ II ˸̅̂̓̏˼, ̎˼̃ ˹ ̉̊̇˸˿̄̄̅̀ 

̈̉̊̆˼̄˿ I (̇˿̈. 6). 

ВǽǤоǦǽ 

˫˿˾˿̎˼̈́˷̖ ́˷̇̉˿̄˷ ̉˼̎˼̄˿̖ ˺˷˾˷ ˹ ̉̊̇˸˿̄-

̄̒̌ ̈̉̊̆˼̖̄̌ ̈ ̅̉̇˿̍˷̉˼̂̓̄̒̃ ˺̇˷˻˿˼̄̉̅̃ ̈̉˼-
̆˼̄˿ ̇˼˷́̉˿˹̄̅̈̉˿, ̆̅̂̊̎˼̄̄̒̃ ̆̅˻ ˹̂˿̖̄˿˼̃ 

̉˷̄˺˼̄̍˿˷̂̓̄̅˺̅ ̄˷́̂̅̄˷ ̄˷̆̇˷˹̖̂̐̕˿̌ ̂̅̆˷-
̉̅́, ̌˷̇˷́̉˼̇˿˾̊˼̖̉̈ ˾̄˷̎˿̉˼̂̓̄̒̃ ˿̈́̇˿˹̂˼-
̄˿˼̃ ̃˼̇˿˻˿˷̄̄̒̌ ̂˿̄˿̀ ̉̅́˷ ˹ ̅̈˼˹̅̃ ˾˷˾̅̇˼ 
̃˼˽˻̊ ̄˷̆̇˷˹̖̂̐̕˿̃˿ ˿ ̇˷˸̅̎˿̃˿ ̂̅̆˷̉́˷̃˿ 

˹̒̆̊́̂̅̈̉̓̕ ́ ̅̈˿ ̉̊̇˸˿̄̒ z. ˢ˿̄˿˿ ̉̅́˷ 
˹̄̊̉̇˿ ́˷̄˷̂̅˹ ̃˼˽˻̊ ̄˷̆̇˷˹̖̂̐̕˿̃˿ 

̂̅̆˷̉́˷̃˿ ̋̅̇̃˿̇̊̉̕ ̆̅˹˼̇̌̄̅̈̉˿ ̉̅́˷, ̆̅̎̉˿ 

̆˼̇̆˼̄˻˿̖́̊̂̇̄̒˼ ̆˼̇̊ ̄˷̆̇˷˹̖̂̐̕˼̀ ̂̅̆˷̉-
́˿. ˩̅ ˼̈̉̓ ˻̖̂ ̈̉̊̆˼̄˼̀ ̈ ˩ˤˤˢ ̌˷̇˷́̉˼̇̄̅ 

«́̅̈̅˼» ̅˸̉˼́˷̄˿˼ ̄˷̆̇˷˹̖̂̐̕˿̌ ̂̅̆˷̉̅́, ̈̊-
̐˼̈̉˹˼̄̄̅ ̅̉̂˿̎˷̐̕˼˼̖̈ ̅̉ ̉˼̎˼̄˿̖ ̄˷ ̅̈˼-
̈˿̃̃˼̉̇˿̎̄̒̌ ̆̅˹˼̖̇̌̄̅̈̉̌ ̉̅́˷. 

 ˦̅ ̈̅̅˸̇˷˽˼̄˿̖̃ ̔́̅̄̅̃˿̎̄̅̈̉˿, ˹ ̉̊̇-

˸˿̄̄̒̌ ̈̉̊̆˼̖̄̌ ̈ ̅̉̇˿̍˷̉˼̂̓̄̒̃ ˺̇˷˻˿˼̄̉̅̃ 

̈̉˼̆˼̄˿ ̇˼˷́̉˿˹̄̅̈̉˿, ̆̅̂̊̎˼̄̄̒̃ ̆̅˻ ˹̂˿̖-

̄˿˼̃ ̉˷̄˺˼̄̍˿˷̂̓̄̅˺̅ ̄˷́̂̅̄˷ ̄˷̆̇˷˹̖̂̐̕˿̌ 

̂̅̆˷̉̅́, ˹̒˺̅˻̄˼˼ ˹̃˼̈̉̅ ̉̇˷˻˿̍˿̅̄̄̒̌ ̆̇˿-

̃˼̖̄̉̓ «˿̄̉˼˺̇˷̂̓̄̒˼» ̄˷̆̇˷˹̖̂̐̕˿˼ ̂̅̆˷̉́˿. 



 

130 

Научно-технические ведомости CПбПУ. Естественные и инженерные науки. Том 25, №2, 2019

СПИСОК ЛИТЕРАТУРЫ 

[1] АǶǢǯǢǳǾǧǤǢ Ǐ.Ǐ., ǃǵǳǵǲǪǯ В.Ǐ., ǅоǥо-

ǭǧǤ И.ǅ., ǆǾȁǬоǯоǤ ǒ.И. [Ǫ Ǧǲ.]. А̔̇̅˻˿̄˷̃˿̎˼̈́˿˼ 
̌˷̇˷́̉˼̇˿̈̉˿́˿ ̈̉̊̆˼̄˼̀ ̉˼̆̂̅˹̒̌ ̉̊̇˸˿̄. ˢ.: ˣ˷-
̏˿̄̅̈̉̇̅˼̄˿˼, ˢ˼̄˿̄˺̇. ̅̉˻-̄˿˼, 1980. 263 ̈. 

[2] АǭǧǬǳǧǧǤ ǐ.Ǐ., КǪǲǪǭǭоǤ А.И., ǍǢǱǺǪǯ К.Ǎ., 
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