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˙ ̇˷˸̅̉˼ ̆̇˼˻̈̉˷˹̂˼̄̒ ̇˼˾̊̂̓̉˷̉̒ CFD-̇˷̈̎˼̉̅˹ ̃̅˻˼̂˿ ̅˻̄̅̈̉̊̆˼̄̎˷̉̅˺̅ ́̅̃̆̇˼̈̈̅̇˷ ˺˷˾̅̆˼̇˼-
́˷̎˿˹˷̐̕˼˺̅ ˷˺̇˼˺˷̉˷ ̃̅̐̄̅̈̉̓̕ 32 ˣ˙̉. ˧˷̈̈̎˿̉˷̄̄̒˼ ̌˷̇˷́̉˼̇˿̈̉˿́˿ К˦˛ ˿ ́̅̔̋̋˿̍˿˼̄̉˷ 

̄˷̆̅̇˷ ̈̅̆̅̈̉˷˹̂˼̄̒ ̈ ̌˷̇˷́̉˼̇˿̈̉˿́˷̃˿, ˿˾̃˼̇˼̄̄̒̃˿ ̄˷ ̈̉˼̄˻˼ ˾˷́˷˾̎˿́˷ ̆̇̅˼́̉˷. ˨̇˷˹̄˿-

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

̇˷˸̅̎˼̃ ́̅̂˼̈˼ ˿ ̄˼̆̅˻˹˿˽̄̅̃ ˻˿̋̋̊˾̅̇˼. ˛˹˷ ˿˾ ̔̉˿̌ ˿̄̉˼̇̋˼̀̈̅˹ ̉̇˷́̉̊̉̕ ̉˼̎˼̄˿˼ ́˷́ ̈̉˷-
̍˿̅̄˷̇̄̅˼. ˩̇˼̉˿̀ ˿̄̉˼̇̋˼̀̈ ̆̇˼˻̈̉˷˹̖̂˼̉ ̌˷̇˷́̉˼̇˿̈̉˿́˿ ̈ ̊̎˼̉̅̃ ̆˼̇˿̅˻˿̎˼̈́̅̀ ̄˼̈̉˷̍˿̅-

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

˻˼̂˼̀ ̈ ̅̉̂˿̎˷̐̕˿̖̃̈ ˹˻˹̅˼ ́̅̂˿̎˼̈̉˹̅̃ ̖̎˼˼́. ˙ ̅˻̄̅̃ ˿˾ ˹˷̇˿˷̄̉̅˹ ̇˷̈̎˼̉˷ ˹ ˺˼̅̃˼̉̇˿̎˼̈́̊̕ 

̃̅˻˼̂̓ ˹́̂̎̕˼̄ ˾˷˾̅̇ ̃˼˽˻̊ ́̅̇̆̊̈̅̃ ˿ ̆̅́̇̒˹˷̐̕˿̃ ˻˿̈́̅̃ ̇˷˸̅̎˼˺̅ ́̅̂˼̈˷. ˪̎˼̉ ̄˼̈̉˷̍˿̅-

̄˷̇̄̅̈̉˿ ˿ ̉˼̎˼̄˿̖ ˹ ˾˷˾̅̇˼ ̆̇˿˸̂˿˽˷˼̉ ̇˷̈̈̎˿̉˷̄̄̒˼ ̌˷̇˷́̉˼̇˿̈̉˿́˿ ́ ˿˾̃˼̇˼̄̄̒̃. 
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PERFORMANCE MODELING  

FOR A SINGLE-STAGE PIPELINE CENTRIFUGAL COMPRESSOR 

The object of CFD calculations is a 1:2 model of a 32 MW single-stage pipeline compressor. The calculated 

efficiency and pressure coefficient characteristics are compared with the characteristics measured at the test 

rig of the design’s ordering customer. Comparative calculations are made for three interfaces coupling the 

flow parameters of the rotating impeller to those of the stationary diffuser. Two of the interfaces treat the 

flow as steady. The third interface represents the performance characteristics taking into account the 

periodic unsteadiness. Four turbulence models are compared. The calculations of geometric models with 

the number of cells differing by two times are compared. The geometric model in one of the calculation 

variants includes a gap between the body and the shroud of the impeller. The calculation with the unsteady 

state and flow in the gap between the body and the gap taken into account leads to better agreement between 

the calculated and measured characteristics. The results of modeling are not satisfactory anyway 
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ǘǧǭǾ ǲǢбоǴǽ 

˙˷˽̄̅̈̉̓ ́̅̇̇˼́̉̄̅˺̅ ̎˿̈̂˼̄̄̅˺̅ ̃̅˻˼-
̂˿̇̅˹˷̄˿̖ ̌˷̇˷́̉˼̇˿̈̉˿́ ̍˼̄̉̇̅˸˼˽̄̒̌ ́̅̃-

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

̄˷̃˿́˿ ̅̎˼˹˿˻̄˷, ̆̅̈́̅̂̓́̊ ̅́̅̄̎˷̉˼̂̓̄̊̕ 

˻̅˹̅˻́̊ ̆̇̅̉̅̎̄̅̀ ̎˷̈̉˿ ̆̇̅˼́̉˿̇̊˼̃̅˺̅ 

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

̄̅. CFD-̇˷̈̎˼̉̒ ̏˿̇̅́̅ ̆̇˿̃˼̖̖̄̉̈̕ ́˷́ ˹ 

̅̉˼̎˼̈̉˹˼̄̄̅̀, ̉˷́ ˿ ˹ ˾˷̇̊˸˼˽̄̅̀ ̆̇˷́̉˿́˼ 
[1–10]. Ц˼̂̓ ̆̇˼˻̈̉˷˹̖̂˼̃̅̀ ̇˷˸̅̉̒ ˾˷́̂̎̕˷-
˼̖̉̈ ˹ ̆̅˿̈́˼ ̃˼̉̅˻˿́˿ CFD, ̅˸˼̈̆˼̎˿˹˷̕-

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

̈̉˿́ ̍˼̄̉̇̅˸˼˽̄̅˺̅ ́̅̃̆̇˼̈̈̅̇˷. 

ǐбǼǧǬǴ ǪǳǳǭǧǦоǤǢǯǪȁ 

˙ ˨˦˸˦˪ ˦˼̉̇˷ ˙˼̂˿́̅˺̅ ̄˷̊̎̄̅̀ ˺̇̊̆-

̆̅̀ ̆̇̅̋˼̈̈̅̇˷ ˵.˘. ˚˷̂˼̇́˿̄˷ ̆̅ ˾˷˻˷̄˿̕ 

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

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

̃̅̐̄̅̈̉̓̕ 32 ˣ˙̉ [15–17]. Э̉̅ ̄˷˿˸̅̂̓̏˷̖ 

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

̄˷˾˼̃̄̒̌ ˺˷˾̅̆̇̅˹̅˻̅˹.  

˥̉̄̅̏˼̄˿˼ ˻˷˹̂˼̄˿̀ ́̅̃̆̇˼̈̈̅̇̅˹ ˚˦˗ 

̄˼˸̅̂̓̏̅˼, ̅˸̒̎̄̅ 1,3–1,45. ˤ̅ ˿˾-˾˷ ̄˼˻̅-

̈̉˷̉̅̎̄̅˺̅ ̎˿̈̂˷ ̅˸̅̇̅̉̅˹ ̆̇˿˹̅˻̄̒̌ ˺˷˾̅˹̒̌ 

̉̊̇˸˿̄ ̅˸̒̎̄̅ ́̅̃̆̇˼̈̈̅̇̒ ˿̃˼̉̕ ˻˹˼ ̆̅̈̂˼-
˻̅˹˷̉˼̂̓̄̒̌ ̈̉̊̆˼̄˿ ̈˽˷̉˿̖. ˦̇̅˼́̉ ́̅̃-

̆̇˼̈̈̅̇˷ 32 ˣ˙̉ ˹̒̆̅̂̄˼̄ ˻̖̂ ̇˷˸̅̉̒ ̈ ̄˷˿-

˸̅̂˼˼ ̈̅˹̇˼̃˼̄̄̅̀ ˹̒̈̅́̅̅˸̅̇̅̉̄̅̀ ˺˷˾̅˹̅̀ 

̉̊̇˸˿̄̅̀, ̎̉̅ ̆̅˾˹̅̂˿̂̅ ̆̇˿̃˼̄˿̉̓ ̅˻̄̊ ̈̉̊-

̆˼̄̓. ˧˿̈. 1 ˻˷˼̉ ̆̇˼˻̈̉˷˹̂˼̄˿˼ ̅ ́̅̃̆̇˼̈̈̅̇˼ 
̆̅ ̅˸̒̎̄̅̀ ̈̌˼̃˼ ˿ ̅ ́̅̃̆̇˼̈̈̅̇˼, ̖˹̖̂̕-

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

̇˷˸̅̉̒.  

˦̅ ̆̇̅˼́̉˷̃ ̄˷̊̎̄̅̀ ˺̇̊̆̆̒ ̆̇̅̋˼̈̈̅̇˷ 

˵.˘. ˚˷̂˼̇́˿̄˷, ˹̒̆̅̂̄˼̄̄̒̃ ˣ˼̉̅˻̅̃ 

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

˷̂̓̄̒˼ ̆˷̇̉̄˼̇̒, ́˷́ ̆̇˷˹˿̂̅, ̖̈̉̇̅̉ ́̅̃-

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

́̅̉̅̇˷̖ ˸̒̂˷ ̅˸̖˾˷̉˼̂̓̄˷ ˹ ̆̇̅̏̂̅̃. ˩˷́ ̈ 

̈˼̇˼˻˿̄̒ 1990-̌ ˺̅˻̅˹ ̆̅ ̄˼̈́̅̂̓́˿̃ ˻˼̖̈̉-
́˷̃ ̆̇̅˼́̉̅˹ ̆̅̈̉̇̅˼̄̅ ˿ ̊̈̆˼̏̄̅ ̇˷˸̅̉˷̉̕ 
˸̅̂˼˼ 400 ́̅̃̆̇˼̈̈̅̇̅˹ ̈ ˼˻˿̄˿̎̄̅̀ ̃̅̐̄̅-

̈̉̓̕ ˻̅ 25 ˣ˙̉, ˿̌ ̅˸̐˷̖ ̊̈̉˷̄̅˹̂˼̄̄˷̖ 

̃̅̐̄̅̈̉̓ – ̖̆̅̇˻́˷ 5 000 000 ́˙̉. ˤ̅ ̆̇̅˼́̉ 
́̅̃̆̇˼̈̈̅̇˷ 32 ˣ˙̉ ̄˷̈̉̅̂̓́̅ ̅̉˹˼̉̈̉˹˼̄˼̄ 

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

̆˷̇̉̄˼̇ ̈̆˼̍˿˷̂̓̄̅ ̆̅̈̉̇̅˿̂ ˿ ˿̈̆̒̉˷̂ ̃̅-

˻˼̂̓ ̔̉̅˺̅ ́̅̃̆̇˼̈̈̅̇˷ [15]. ˬ˷̇˷́̉˼̇˿̈̉˿́˿ 

̃̅˻˼̂˿ ́̅̃̆̇˼̈̈̅̇˷, ̇˷̈̈̎˿̉˷̄̄̒˼ CFD-

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

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

̉˿̃ ˹̄˿̃˷̄˿˼ ̄˷ ̅˺̇̅̃̄̊̕ ̔̄˼̇˺̅˼̃́̅̈̉̓ 

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

˺̅ ̇˷˸̅̎˼˺̅ ́̅̂˼̈˷ ˻˿˷̃˼̉̇̅̃ 1,065 ̃ ̉̇˼˸̊-

˼̖̉̈ ̃̅̐̄̅̈̉̓ 32 000 ́˙̉.  
 

а) ȁ)

 
 

˧˿̈. 1. ˥˸̒̎̄̒̀ ˻˹̊̌̈̉̊̆˼̄̎˷̉̒̀ ́̅̃̆̇˼̈̈̅̇ ˚˦˗ (а) ˿ ̃̅˻˼̂̓ 1:2  

̅˻̄̅̈̉̊̆˼̄̎˷̉̅˺̅ ́̅̃̆̇˼̈̈̅̇˷ ˚˦˗ ̃̅̐̄̅̈̉̓̕ 32 ˣ˙̉ (ȁ) 

Fig. 1. Typical two-stage pipeline compressor (а) and the 1:2 model of the 32 MW  

single-stage pipeline compressor (ȁ) 
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˥˻̄̅̈̉̊̆˼̄̎˷̉˷̖ ̈̌˼̃˷ ́̅̃̆̇˼̈̈̅̇˷ 32 ˣ˙̉ 
˿̃˼˼̉ ̈̂˼˻̊̐̕˿˼ ̆̇˼˿̃̊̐˼̈̉˹˷ ˹ ̅̇˺˷̄˿˾˷-
̍˿˿ ̇˷˸̅̎˼˺̅ ̆̇̅̍˼̈̈˷: 

˹ ́̅̄̈̅̂̓̄̅ ̇˷̈̆̅̂̅˽˼̄̄̅˼ ̇˷˸̅̎˼˼ ́̅̂˼̈̅ 

̃̅˽̄̅ ̆̅˻˹˼̈̉˿ ˺˷˾ ˹ ̅̈˼˹̅̃ ̄˷̆̇˷˹̂˼̄˿˿. ˥̈˼-
˹̅̀ ˹̌̅˻̄̅̀ ̆˷̉̇̊˸̅́ ˿̃˼˼̉ ̃˿̄˿̃˷̂̓̄̅˼ ̈̅-

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

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

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

̂˼̈̅ ̄˼ ̄̊˽̄̅ ̆̇̅̆̊̈́˷̉̓ ˹˷̂. ˦̅̔̉̅̃̊ ˻˿˷-

̃˼̉̇ ̄˷̎˷̂˷ ̂̅̆˷̉̅́ ̃˼̄̓̏˼ ̅˸̒̎̄̅˺̅. 

ˣ˼̄̓̏˼ ̅́̇̊˽̄˷̖ ̈́̅̇̅̈̉̓ ˹̇˷̐˼̄˿̖ ̂̅̆˷̉̅́ 

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

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

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

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

̃˿ CFD-̇˷̈̎˼̉̅˹ [18]. ˙ ̎˷̈̉̄̅̈̉˿, ˹̒̌̅˻̄̅˼ 
̊̈̉̇̅̀̈̉˹̅ ́̅̃̆̇˼̈̈̅̇˷ – ̉˷́ ̄˷˾̒˹˷˼̃˷̖ 

̊̂˿̉́˷ – ̄˼ ̅̈˼̈˿̃̃˼̉̇˿̎̄̒̀ ̔̂˼̃˼̄̉ ̆̇̅-

̉̅̎̄̅̀ ̎˷̈̉˿. ˩˷́̅̀ ̅˸̑˼́̉ ̈̂˼˻̊˼̉ ̃̅˻˼̂˿̇̅-

˹˷̉̓ ̍˼̂˿́̅̃. ˧˷̈̎˼̉ ̈˼́̉̅̇˷ ̈ ̅˻̄˿̃ ˿̂˿ ̄˼-
̈́̅̂̓́˿̃˿ ̂̅̆˷̉̅̎̄̒̃˿ ́˷̄˷̂˷̃˿, ́˷́ ̔̉̅ 

̎˷̈̉̅ ˻˼̂˷˼̖̉̈, ̄˼ ˿̃˼˼̉ ̈̃̒̈̂˷.  
Ӣ˻̊̈̉̇˿˷̂̓̄̒̀ ̆˷̇̉̄˼̇ ̉̇˿˽˻̒ ˿̈̆̒̉˷̂ 

̃̅˻˼̂̓̄̊̕ ̈̉̊̆˼̄̓ ́̅̃̆̇˼̈̈̅̇˷ 32 ˣ˙̉ ̆̇˿ 

̆̇˷́̉˿̎˼̈́˿ ̅˻˿̄˷́̅˹̅̃ ̊̈̂̅˹̄̅̃ ̎˿̈̂˼ ˣ˷̌˷ 
*

2 н= / 0,71.uM u kRT  * ˩̇˿ ˿̈̆̒̉˷̄˿̖ ˸̒̂˿ 

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

̉˷. И˾̃˼̇˼̄̄̒˼ ̆˷̇˷̃˼̉̇̒ ̆̇˼˻̈̉˷˹̂˼̄̒ ˹ ˸˼˾-
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˘˼˾̇˷˾̃˼̇̄̒˼ ̌˷̇˷́̉˼̇˿̈̉˿́˿ ̆̇˼˻̈̉˷˹̂˼-
̄̒ ˹ ̉˷˸̂˿̍˼. 

˙ ̉˷˸̂˿̍˼ ˽˿̇̄̒̃ ́̊̇̈˿˹̅̃ ˹̒˻˼̂˼̄̒ 

̉̅̎́˿ ̈ ˹̒̆˷˻˷̐̕˿̃˿ ˾̄˷̎˼̄˿̖̃˿ К˦˛ – ˸̅-

̂˼˼ 90 %, ˷ ̉˷́˽˼ ̈̅̅̉˹˼̉̈̉˹̊̐̕˿˼ ˾̄˷̎˼̄˿̖ 

́̅̔̋̋˿̍˿˼̄̉˷ ˹̄̊̉̇˼̄̄˼˺̅ ̄˷̆̅̇˷. ˥̏˿˸́˷ ˹ 

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

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

˹̒̏˼̄˿̖ ̆̅̂̄̅̀ ̉˼̃̆˼̇˷̉̊̇̒. ˙˿˻˿̃̅, ˹ ̆˼̇-

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

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

˸̅̂̓̏˿̄̈̉˹̅ ˹̒̆˷˻˷̐̕˿̌ ̉̅̎˼́. 
 

ǃǧǩǲǢǩмǧǲǯǽǧ ǷǢǲǢǬǴǧǲǪǳǴǪǬǪ моǦǧǭǪ ǬомǱǲǧǳǳоǲǢ 

32 ǎВǴ Ǳо ǦǢǯǯǽм ǴǲǧǷ ǪǳǱǽǴǢǯǪǫ 

Dimensionless characteristics of the 32 MW  

compressor model according to three tests 

Ǭu 

ˤ̅̃˼̇ 

̉̅̎́˿ 
˫ *

p  * i 

0,71 1 0,0781 0,3208 0,7782 0,412

2 0,0748 0,3622 0,8007 0,452

3 0,0649 0,4506 0,8853 0,509

4 0,0564 0,4991 0,9189 0,543

5 0,0562 0,5030 0,9242 0,544

6 0,0533 0,5076 0,9238 0,549

7 0,0476 0,5309 0,9014 0,589

8 0,0426 0,5463 0,8875 0,615

0,70 1 0,0779 0,3202 0,7740 0,414

2 0,0715 0,3938 0,8369 0,470

3 0,0628 0,4738 0,9157 0,517

4 0,0548 0,5038 0,9002 0,560

5 0,0454 0,5388 0,8950 0,602

6 0,0353 0,5693 0,8743 0,651

7 0,0247 0,5640 0,7928 0,711

0,705 1 0,0781 0,3201 0,7534 0,425

2 0,0636 0,4613 0,8912 0,518

3 0,0532 0,5121 0,9003 0,569

4 0,0385 0,5574 0,8804 0,633
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˧˿̈. 2. ˦̇̅˼́̉̄̒˼ (̆˼̇˼̈̎˿̉˷̄̒ ̄˷ ̊̈̂̅˹˿˼ ˿̈̆̒̉˷̄˿̀ ̃̅˻˼̂˿)  

˿ ˿˾̃˼̇˼̄̄̒˼ ˸˼˾̇˷˾̃˼̇̄̒˼ ̌˷̇˷́̉˼̇˿̈̉˿́˿ ̃̅˻˼̂˿ ́̅̃̆̇˼̈̈̅̇˷ 32 ˣ˙̉ 
Э́̈̆˼̇˿̃˼̄̉: ( ) – ̆̇̅˼́̉̄˷̖ ̌˷̇˷́̉˼̇˿̈̉˿́˷; ( ) – 28–29.04.2014 Mu2 = 0,71 (8700 ̅˸/̃˿̄);  

( ) – 30.04.2014 Mu2 = 0,70 (8580 ̅˸/̃˿̄); ( ) – 27.08.2014 Mu2 = 0,705 (8650 ̅˸/̃˿̄);  

( ) – Ansys_D2 = 532,5 ̃̃ – ˹̅˾˻̊̌ 

Fig. 2. The project (recalculated for the test condition of the model)  

and the measured dimensionless characteristics of the 32 MW compressor model 

 

˦̇˿ ̈̅˾˻˷̄˿˿ ̆̇̅˼́̉˷ ˿̄˻̊̈̉̇˿˷̂̓̄̒̀ 

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

̈̌˼̃̊ ˿ ̃˿̄˿̃̊̃ ́̅̄̈̉̇̊́̉˿˹̄̒̌ ̅˺̇˷̄˿̎˼-
̄˿̀, ̆̅̉̇˼˸̅˹˷˹ ˻̅˸˿̖̉̓̈ ̄˷˿˹̒̈̏˼˺̅ К˦˛. 

˗˹̉̅̇̒ ̆̇˿̃˼̄˿̂˿ ̈˷̃̊̕ ̈̅˹̇˼̃˼̄̄̊̕ ̄˷ ̉̅̉ 
̆˼̇˿̅˻ – 5-̕ ˹˼̇̈˿̕ ̆˷́˼̉˷ ̆̇̅˺̇˷̃̃ ˣ˼̉̅˻˷ 

̊̄˿˹˼̇̈˷̂̓̄̅˺̅ ̃̅˻˼̂˿̇̅˹˷̄˿̖ ̄˷ ˸˷˾˼ ̃˷̉˼-
̃˷̉˿̎˼̈́̅̀ ̃̅˻˼̂˿, ̆̇˼˻̂̅˽˼̄̄̅̀ К.˙. ˨̅̂-

˻˷̉̅˹̅̀ [19–22]. ˤ˷ ̇˿̈. 2 ̈̅̆̅̈̉˷˹̂˼̄̒ ̆̇̅-

˼́̉̄̒˼ (̆˼̇˼̈̎˿̉˷̄̒ ̄˷ ̊̈̂̅˹˿˼ ˿̈̆̒̉˷̄˿̀ 

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

́̅̃̆̇˼̈̈̅̇˷ 32 ˣ˙̉.  
ˤ˼̅˸̒̎̄̅˼ ̇˷˸̅̎˼˼ ́̅̂˼̈̅ ́̅̃̆̇˼̈̈̅̇˷ – 

˸˼˾ ˹̉̊̂́˿ ˿ ̈ ̅̎˼̄̓ ̃˷̂˼̄̓́˿̃ ̄˷̎˷̂̓̄̒̃ 

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

К̇̅̃˼ ̉̅˺̅, ˹ ̆̇̅˼́̉˼ ̆̇˿̃˼̄˼̄˷ ̊̂˿̉́˷ ̈̆˼-

̍˿˷̂̓̄̅ ̇˷˾̇˷˸̅̉˷̄̄̅̀ ́̅̄̈̉̇̊́̍˿˿, ̇˷̄˼˼ 

̄˼ ̆̇˿̃˼̖̄˹̏˼̖̀̈ ˿ ̄˼ ˿̈̆̒̉˷̄̄̅̀. ˩˼̃ ̄˼ 
̃˼̄˼˼ ̈̅̅̉˹˼̉̈̉˹˿˼ ̌˷̇˷́̉˼̇˿̈̉˿́ ̆̇̅˼́̉̊ 

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

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

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

̇˼˷̂˿˾̅˹˷̄̄̅˺̅ ˹ 5-̀ ˹˼̇̈˿˿ ̆˷́˼̉˷ ̆̇̅˺̇˷̃̃ 

[19–22].  

ˤ˷ ̇˿̈. 3 ̇˼˾̊̂̓̉˷̉̒ ̔́̈̆˼̇˿̃˼̄̉̅˹ ̆̇˼˻-

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

̃̅̈̉˼̀.  

К̇˷̈̄̒̃ ˹̒˻˼̂˼̄̒ ̄˼˻̅̈̉̅˹˼̇̄̒˼ ̇˼-
˾̊̂̓̉˷̉̒ ˿˾̃˼̇˼̄˿̖. Э̉˿ ˾̄˷̎˼̄˿̖ ̄˼ ̊̎˷̈̉-
˹̊̉̕ ˹ ˷̆̆̇̅́̈˿̃˷̍˿˿. ˛˷̂˼˼ ˷̆̆̇̅́̈˿̃˿-

̇̊̐̕˿˼ ˾˷˹˿̈˿̃̅̈̉˿ ̈̅̆̅̈̉˷˹̂˼̄̒ ̈ CFD-

̇˷̈̎˼̉˷̃˿. 
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ǓоǱоǳǴǢǤǭǧǯǪǧ ǲǢǩǯǽǷ ǳǱоǳобоǤ моǦǧǭǪǲоǤǢǯǪȁ  

ǷǢǲǢǬǴǧǲǪǳǴǪǬ моǦǧǭǾǯоǫ ǳǴǵǱǧǯǪ  

ǬомǱǲǧǳǳоǲǢ 32 ǎВǴ 

ǅǧомǧǴǲǪǹǧǳǬǪǧ моǦǧǭǪ. ˦̅ ̇˷˾̃˼̇˷̃ ̆̇̅-

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

̆̇̅̉̅̎̄̅̀ ̈̉̊̆˼̄˿: ˹̌̅˻̄̅˺̅ ̊̎˷̈̉́˷, ̇˷˸̅̎˼-
˺̅ ́̅̂˼̈˷, ˘ˢ˛ ˿ ̊̂˿̉́˿ ̈ ˹̒̌̅˻̄̒̃ ˻˿̋̋̊-

˾̅̇̅̃. ˚˼̅̃˼̉̇˿̎˼̈́˷̖ ̃̅˻˼̂̓ ́̅̃̆̇˼̈̈̅̇˷ ˹ 

̃˼̇˿˻˿̅̄˷̂̓̄̅̀ ̆̂̅̈́̅̈̉˿ ̆̅́˷˾˷̄˷ ̄˷ ̇˿̈. 4. 

˞˼̂˼̄˷̖, ́̇˷̈̄˷̖ ˿ ̅̇˷̄˽˼˹˷̖ ̅˸̂˷̈̉˿ – ̄˼-
̆̅˻˹˿˽̄̒˼ ̔̂˼̃˼̄̉̒ ̆̇̅̉̅̎̄̅̀ ̎˷̈̉˿, ˺̅̂̊-

˸˷̖ ̅˸̂˷̈̉̓ – ˹̇˷̐˷̐̕˼˼̖̈ ̇˷˸̅̎˼˼ ́̅̂˼̈̅.  

ˤ˷ ̇˿̈. 5 ̆̇˼˻̈̉˷˹̂˼̄̒ ̉̇˿ ̆̇̅˼́̍˿˿ ˺˼̅-

̃˼̉̇˿̎˼̈́̅̀ ̃̅˻˼̂˿.  

˛̖̂ ̇˷̈̎˼̉˷ ˺˷˾̅˻˿̄˷̃˿̎˼̈́˿̌ ̌˷̇˷́̉˼̇˿̈̉˿́ 

˿̈̆̅̂̓˾̅˹˷̖̂̈ ́̅˻ ̅˸̐˼˺̅ ̄˷˾̄˷̎˼̄˿̖ ˻̖̂ ̇˼̏˼-
̄˿̖ ˾˷˻˷̎ ˺˿˻̇̅˺˷˾̅˻˿̄˷̃˿́˿ ANSYS/CFX. ˧˷-

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

̅˸̂˷̈̉̓. ˨˼̉̅̎̄˷̖ ̃̅˻˼̂̓ ̆̇̅̉̅̎̄̅̀ ̎˷̈̉˿ ̃̅-

˻˼̂̓̄̅̀ ̈̉̊̆˼̄˿ ̆̇˿˹˼˻˼̄˷ ̄˷ ̇˿̈. 6. 

˦̇˿ ̆̅̈̉̇̅˼̄˿˿ ̈˼̉̅̎̄̅̀ ̃̅˻˼̂˿ ˿̈̆̅̂̓-

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

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

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

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

̆̇˿̈̉˼̄̅̎̄̒̃ ̋̊̄́̍˿̖̃. ˧˷˾̃˼̇ ̆˼̇˹̅̀ ̆̇˿-

̈̉˼̄̅̎̄̅̀ ̖̎˼̀́˿ ˹˷̇̓˿̇̊˼̖̉̈ ˹ ˻˿˷̆˷˾̅̄˼ 
10–50 ̃́̃. К̅̔̋̋˿̍˿˼̄̉ ̊˹˼̂˿̎˼̄˿̖ ̇˷˾̃˼̇˷ 

1,2–1,5. ˥˸̐˼˼ ́̅̂˿̎˼̈̉˹̅ ̇˷̈̎˼̉̄̒̌ ̖̎˼˼́ 

̈̅̈̉˷˹˿̂̅ 10 177 900.  
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˧˿̈. 3. ˧˼˾̊̂̓̉˷̉̒ ˿̈̆̒̉˷̄˿̖ ̃̅˻˼̂˿ ́̅̃̆̇˼̈̈̅̇˷ 32 ˣ˙̉ ˿ ˷̆̆̇̅́̈˿̃˿̇̊̐̕˿˼ ˾˷˹˿̈˿̃̅̈̉˿ 

Fig. 3. The results of testing of the 32 MW compressor model and approximating dependencies 
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˧˿̈. 4. ˚˼̅̃˼̉̇˿̎˼̈́˷̖ ̃̅˻˼̂̓ ́̅̃̆̇˼̈̈̅̇˷ 32 ˣ˙̉ ˹ ̃˼̇˿˻˿̅̄˷̂̓̄̅̀ ̆̂̅̈́̅̈̉˿ 

Fig. 4. Geometric model of the 32 MW compressor in the meridional plane 

 

а) 

ȁ) 

в)

 
 

˧˿̈. 5. ˩̇˿ ̆̇̅˼́̍˿˿ ˺˼̅̃˼̉̇˿̎˼̈́̅̀ ̃̅˻˼̂˿ ̆̅̉̅̎̄̅̀ ̎˷̈̉˿ ́̅̃̆̇˼̈̈̅̇˷ 32 ˣ˙̉ 
Fig. 5. Three projections of the 32 MW compressor geometric model 
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˧˿̈. 6. ˨˼̉̅̎̄˷̖ ̃̅˻˼̂̓ ̆̇̅̉̅̎̄̅̀ ̎˷̈̉˿ ́̅̃̆̇˼̈̈̅̇˷ 32 ˣ˙̉ 

Fig. 6. Grid model of 32 MW compressor flow part 
 

˧˷̈̎˼̉̒ ˹̒̆̅̂̄˼̄̒ ̆̇˿ ̆̅̂̄̅̀ ̉˼̃̆˼̇˷-
̉̊̇˼ ̄˷ ˹̌̅˻˼ 288,15 K ˿ ̆̅̂̄̅̃ ˻˷˹̂˼̄˿˿ 

101325 ˦˷. ˮ˿̈̂̅ ̅˸̅̇̅̉̅˹ ̈̅̅̉˹˼̉̈̉˹̊˼̉  
̊̈̂̅˹̄̅̃̊ ̎˿̈̂̊ ˣ˷̌˷ 0,71. ˨̅̅̉˹˼̉̈̉˹̊̐̕˷̖ 

̅́̇̊˽̄˷̖ ̈́̅̇̅̈̉̓ u2 = 242,6 ̃/̈. ˦̇˿ ˻˿˷-
̃˼̉̇˼ D2 = 532,5 ̃̃ ̔̉̅ ̈̅̅̉˹˼̉̈̉˹̊˼̉ ̎˿̈̂̊ 
̅˸̅̇̅̉̅˹ ̃̅˻˼̂̓̄̅˺̅ ́̅̂˼̈˷ 8700 ̅˸/̃˿̄. 

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

̇˷̈̎˼̉̄̒̌ ̈̂̊̎˷˼˹ ̄˷ ˹̌̅˻̄̅̃ ̆˷̉̇̊˸́˼ ˾˷˻˷̉̕ 
̆̅̂̄̅˼ ˻˷˹̂˼̄˿˼ ˿ ̉˼̃̆˼̇˷̉̊̇̊. ˤ˷ ˺̇˷̄˿̍˼ 
˹̒̌̅˻˷ ̊̈̉˷̄˷˹̂˿˹˷̉̕ ̃˷̈̈̅˹̒̀ ̇˷̈̌̅˻. ˨̉˼̄-

́˿ ̈̎˿̉˷̖̉̈̕ ˷˻˿˷˸˷̉˿̎˼̈́˿̃˿.  

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

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

̋˼̀̈˷ ̉˿̆˷ «Stage» ˿ «Frozen Rotor». ˦˼̇˹̅˼ ˿˾ 
̄˿̌ ̆̇˼˻̆̅̂˷˺˷˼̉ ̅̈̇˼˻̄˼̄˿˼ ̆˷̇˷̃˼̉̇̅˹ ̆̅-

̉̅́˷ ̆̅ ̅́̇̊˽̄̅̃̊ ̄˷̆̇˷˹̂˼̄˿̕ ̄˷ ˺̇˷̄˿̍˼ ̈ 
̅˸̂˷̈̉̓̕ ˹̒̏˼ ̆̅ ̆̅̉̅́̊. ˙̉̅̇̅̀ ˹˷̇˿˷̄̉ 
̆̅˻̇˷˾̊̃˼˹˷˼̉ ̆˼̇˼̈̎˼̉ ̆˷̇˷̃˼̉̇̅˹ ̄˷ ˺̇˷̄˿̍˼ 
̆˼̇˼̌̅˻˷ ˿˾ ˹̇˷̐˷̐̕˼̖̀̈ ̈˿̈̉˼̃̒ ́̅̅̇˻˿̄˷̉ 
˹ ̄˼̆̅˻˹˿˽̄̊̕ ˿ ̄˷̅˸̅̇̅̉.  

ˤ˿˽˼ ̇˷̈̈̃̅̉̇˼̄̅ ˹̂˿̖̄˿˼ ̖̇˻˷ ̆˷̇˷̃˼̉-
̇̅˹ ̃˷̉˼̃˷̉˿̎˼̈́̅̀ ̃̅˻˼̂˿ ̄˷ ̆̅̂̊̎˷˼̃̒˼ 
̇˼˾̊̂̓̉˷̉̒, ˷ ˿̃˼̄̄̅: 

̃̅˻˼̂˿ ˿̄̉˼̇̋˼̀̈˷; 
̃̅˻˼̂˿ ̉̊̇˸̊̂˼̄̉̄̅̈̉˿; 

̇˷˾̃˼̇̄̅̈̉˿ ̇˷̈̎˼̉̄̅̀ ̈˼̉̅̎̄̅̀ ̃̅˻˼̂˿; 

̔̋̋˼́̉˷ ̄˼̈̉˷̍˿̅̄˷̇̄̅̈̉˿ ̉˼̎˼̄˿̖; 

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

˹˷̐̕˿̃ ˻˿̈́̅̃ ˿ ́̅̇̆̊̈̅̃. 

ǎоǦǧǭǾ ǪǯǴǧǲǶǧǫǳǢ. ˨̅̆̅̈̉˷˹̂˼̄̒ ̇˷̈̎˼̉̒ 

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

˹̇˷̐˷̐̕˿̖̌̈ ˿ ̄˼̆̅˻˹˿˽̄̒̌ ̎˷̈̉˼̀ ̃̅˻˼-
̂˿ – «Stage» ˿ «Frozen Rotor». ˙ ̅˸̅˿̌ ̇˷̈̎˼̉˷̌ 
˿̈̆̅̂̓˾̅˹˷̂˷̈̓ ̃̅˻˼̂̓ ̉̊̇˸̊̂˼̄̉̄̅̈̉˿ SST. 

ˤ˷ ̇˿̈. 7–9 ̆̇˼˻̈̉˷˹̂˼̄˷ ˿̄̋̅̇̃˷̍˿̖ ̅ 

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

˧˼˽˿̃ ̇˷˸̅̉̒ – ˸̂˿˾́˿̀ ́ ̇˷̈̎˼̉̄̅̃̊, ́̅̔̋-

̋˿̍˿˼̄̉ ̇˷̈̌̅˻˷ – ˫ = 0,0564 (˫̇˷̈̎ = 0,0588). 

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

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

˥̆˿̈˷̄˿˼ ̇˷˸̅̎˼˺̅ ̆̇̅̍˼̈̈˷ ̆̇˿ ˿̄̉˼̇-

̋˼̀̈˼ «Stage» ̆̇˼˻̈̉˷˹̖̂˼̖̉̈ ˾̄˷̎˿̉˼̂̓̄̒̃ 

̊̆̇̅̐˼̄˿˼̃. ˨̆˼̍˿̋˿́̅̀ ̍˼̄̉̇̅˸˼˽̄̅˺̅ ́̅-

̂˼̈˷ ̖˹̖̂˼̖̉̈ ̉˼̎˼̄˿˼ ̉˿̆˷ «̈̂˼˻ – ̖̈̉̇̊» ̄˷ 
˹̒̌̅˻˼ [23]. ˙̒̌̅˻̖̐˿˼ ˿˾ ́̅̂˼̈˷ ˾̅̄̒ ̈ ̇˷˾-
̄̅̀ ̅̉̄̅̈˿̉˼̂̓̄̅̀ ̈́̅̇̅̈̉̓̕ ̆˼̇˼̃˼̏˿˹˷̉̕-
̖̈ ˹ ˻˿̋̋̊˾̅̇˼, ̎̉̅ ̖˹̖̂˼̖̉̈ ̅˻̄˿̃ ˿˾ ˿̈̉̅̎-

̄˿́̅˹ ̆̅̉˼̇̓ ̃˼̌˷̄˿̎˼̈́̅̀ ̔̄˼̇˺˿˿ ˺˷˾˷ (̄˷-
̆̅̇˷). ˥̈̇˼˻̄˼̄˿˼ ̆˷̇˷̃˼̉̇̅˹ ̆̅ ̅́̇̊˽̄̅̈̉˿ 

˿̄̉˼̇̋˼̀̈̅̃ «Stage» ˿̈́̂̎̕˷˼̉ ̆̇̅̍˼̈̈ ̈̃˼-
̏˼̄˿̖ ̆̅̉̅́˷ ̄˷ ˹̒̌̅˻˼ ˿˾ ̇˷˸̅̎˼˺̅ ̆̇̅̍˼̈̈˷, 
̎̉̅ ̄˼́̅̇̇˼́̉̄̅. 
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а) ȁ)

 
 

˧˿̈. 7. ˗˸̈̅̂̉̄̕˷̖ ̈́̅̇̅̈̉̓: a) Frozen Rotor; ȁ) Stage 

Fig. 7. Absolute flow velocity: a) Frozen Rotor; ȁ) Stage 

 

а) ȁ)

 
 

˧˿̈. 8. ˦̅̂̄̅˼ ˻˷˹̂˼̄˿˼: a) Frozen Rotor; ȁ) Stage 

Fig. 8. Total pressure: a) Frozen Rotor; ȁ) Stage 

 

а) ȁ)

 
 

˧˿̈. 9. ˦̅̂̄˷̖ ̉˼̃̆˼̇˷̉̊̇˷: a) Frozen Rotor; ȁ) Stage 

Fig. 9. Total temperature: a) Frozen Rotor; ȁ) Stage 
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˧˿̈. 10. ˧˷˸̅̎˼˼ ́̅̂˼̈̅ ́̅̃̆̇˼̈̈̅̇˷ 32 ˣ˙̉. ˛˿˷˺̇˷̃̃̒ ̈́̅̇̅̈̉˼̀ ̄˼˹̖˾́̅˺̅ ̆̅̉̅́˷  
̄˷ ̉̇˼̌ ̅̈˼̈˿̃̃˼̉̇˿̎̄̒̌ ̆̅˹˼̖̇̌̄̅̈̉̌ ̉̅́˷ (̇˷̈̎˼̉̄̒̀ ̇˼˽˿̃). ˨̂˼˹˷ – ̊ ̅̈̄̅˹̄̅˺̅ ˻˿̈́˷,  

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

Fig. 10. The impeller of 32 MW compressor. Non-viscid velocity diagrams  

on three blade-to-blade surfaces (design flow rate). On the left – at the hub,  

in the center – at the middle surface of the blade height, on the right – at the shroud 
 

К˷̇̉˿̄˷ ̉˼̎˼̄˿̖ ̆̇˿ ˿̄̉˼̇̋˼̀̈˼ «Frozen 

Rotor» ̈̅̅̉˹˼̉̈̉˹̊˼̉ ̈̊̉˿ ̇˷˸̅̎˼˺̅ ̆̇̅̍˼̈̈˷. 
˛˹̊̌˾̅̄̄̒̀ ̌˷̇˷́̉˼̇ ̉˼̎˼̄˿̖ ˹ ˸˼˾̂̅̆˷̉̅̎̄̅̃ 

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

́˷̇̉˿̄˼ ̉˼̎˼̄˿̖. ˤ̅ ̆̇˿̃˼̎˷̉˼̂̓̄̅, ̎̉̅ ̈̂˼˻ – 

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

́˷ ˹ ̄˼̆̅˻˹˿˽̄̅̃ ˻˿̋̋̊˾̅̇˼ – ̅˸̇˷˾̊˼̖̉̈ ˿̈-
́̂̎̕˿̉˼̂̓̄̅ ̄˷ ˾˷˻̄˼̀ ̆̅˹˼̇̌̄̅̈̉˿ ̂̅̆˷̉̅́. ˤ˷ 
̇˿̈. 7 ̆̅́˷˾˷̄̒ ˷˸̈̅̂̉̄̒̕˼ ̈́̅̇̅̈̉˿ – ˿ ˹ ̇˷-
˸̅̎˼̃ ́̅̂˼̈˼, ˿ ˹ ˻˿̋̋̊˾̅̇˼. ˘̅̂̓̏˷̖ ˷˸̈̅̂̉̕-
̄˷̖ ̈́̅̇̅̈̉̓ ˹ ̇˷˸̅̎˼̃ ́̅̂˼̈˼ 2 2 2c w u 

  
 – ̔̉̅ 

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

̇̅̈̉˿, ̄̅ ̆̅̄˿˽˼̄̄̅̀ ̅̉̄̅̈˿̉˼̂̓̄̅̀ ̈́̅̇̅-

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

˙̅˾̃̅˽̄̅˼ ̅˸̖̑̈̄˼̄˿˼ ̔̉̅˺̅ – ̋̅̇̃˷ ̂̅̆˷-
̉̅̎̄̅˺̅ ˷̆̆˷̇˷̉˷ ̇˷˸̅̎˼˺̅ ́̅̂˼̈˷, ˹̒˸̇˷̄̄˷̖ 

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

̉˼̂̓̄̒̌ ˻˿˷˺̇˷̃̃ ̈́̅̇̅̈̉˼̀ (̇˿̈. 10). 

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

ˣ˼̉̅˻˼ ̊̄˿˹˼̇̈˷̂̓̄̅˺̅ ̃̅˻˼̂˿̇̅˹˷̄˿̖ [24], 

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

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

̎˼̈́̅̀ ̋̅̇̃̒. ˞˷̃˼˻̂˼̄˿˼ ˹˻̅̂̓ ˾˷˻̄˼̀ ̆̅-

˹˼̇̌̄̅̈̉˿ ̄˼˾̄˷̎˿̉˼̂̓̄̅˼. ˩̅̂̓́̅ ̊ ̈˷̃̅̀ ˹̒-

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

ˤ˷ ̇˿̈. 7 ̃̅˽̄̅ ˾˷̃˼̉˿̉̓ ̅̎˼̄̓ ̃˷̂˼̄̓́̊̕ ˾̅-

̄̊ ˹̒̈̅́̅̀ ̈́̅̇̅̈̉˿ ˹ ̈˷̃̅̃ ́̅̄̍˼ ˾˷˻̄˼̀ ̆̅-

˹˼̇̌̄̅̈̉˿. ˞̅̄˷ ˸̅̂̓̏̅̀ ˷˸̈̅̂̉̄̅̀̕ ̈́̅̇̅̈̉˿ 

̄˷ ̆˼̇˼˻̄˼̀ ̈̉̅̇̅̄˼ ̂̅̆˷̉̅́ ̄˷ ̇˿̈. 7, ˹˼̖̇̅̉-
̄̅, ̈˹̖˾˷̄˷ ̈ ̊̉̅̂̐˼̄˿˼̃ ̆̅˺̇˷̄˿̎̄̅˺̅ ̖̈̂̅ ˹ 

˾̅̄˼ ̆̅̄˿˽˼̄̄̅̀ ̅̉̄̅̈˿̉˼̂̓̄̅̀ ̈́̅̇̅̈̉˿ ̄˷ 
̆˼̇˼˻̄˼̀ ̆̅˹˼̇̌̄̅̈̉˿. ˣ̅˽̄̅ ˾˷̃˼̉˿̉̓, ̎̉̅ 

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

̃˼̇̄̒ ̆̅ ̅́̇̊˽̄̅̈̉˿. ˙ ̔̉̅̃ ̖̆̇̅˹̖̂˼̖̉̈ 

˹̂˿̖̄˿˼ ̄˼̅̈˼̈˿̃̃˼̉̇˿̎̄̅̀ ̊̂˿̉́˿, ˹ ́̅̉̅̇̊̕ 

̆̅̉̅́ ̆̅̈̉̊̆˷˼̉ ˿˾ ˻˿̋̋̊˾̅̇˷.  
˚˷˾̅˻˿̄˷̃˿̎˼̈́˿˼ ̌˷̇˷́̉˼̇˿̈̉˿́˿ ̉˷́˽˼ 

˾˷̃˼̉̄̅ ̇˷˾̂˿̎˷̖̉̈̕ ̆̇˿ ̇˷˾̄̒̌ ˿̄̉˼̇̋˼̀̈˷̌ 
̖̈̅̆̇˽˼̄˿̖ (̇˿̈. 11). 
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˧˿̈. 11. ˧˷̈̈̎˿̉˷̄̄̒˼ ˿ ˿˾̃˼̇˼̄̄̒˼ ̌˷̇˷́̉˼̇˿̈̉˿́˿ ̃̅˻˼̂˿ ́̅̃̆̇˼̈̈̅̇˷ 32 ˣ˙̉. ˙̂˿̖̄˿˼ ˿̄̉˼̇̋˼̀̈̅˹ 

Fig. 11. Calculated and measured characteristics of the 32 MW compressor model. Influence of interfaces 
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Машиностроение

ˤ̅ ̄˿ ̅˻˿̄ ˿˾ ̇˼˾̊̂̓̉˷̉̅˹ ̄˼ ̈̅̅̉˹˼̉̈̉˹̊˼̉ 
̔́̈̆˼̇˿̃˼̄̉̊. К˷́ ˿ ˹ ̖̇˻˼ ˻̇̊˺˿̌ ̈̂̊̎˷˼˹ 

[25–28], ̇˷̈̈̎˿̉˷̄̄̒˼ ̌˷̇˷́̉˼̇˿̈̉˿́˿ К˦˛ 

̈̃˼̐˼̄̒ ˹ ̅˸̂˷̈̉̓ ˸о̂̓̏˿̌ ̇˷̈̌̅˻̅˹. ˨̌̅˻˿-

̃̅̈̉̓ ̇˼̏˼̄˿̖ ̆̇˼́̇˷̐˷˼̖̉̈ ̆̇˿ ˫  0,045, ˹ 

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

̆̅̃̆˷˽ ̆̇˿ ˫  0,0247. ˣ˷́̈˿̃˷̂̓̄̒̀ К˦˛ 

̆̅ ̇˷̈̎˼̉̊ ̆̇˿ ˫̅̆̉  0,066 ˸̂˿˾̅́ ́ ˿˾̃˼̇˼̄-

̄̅̃̊ ̃˷́̈˿̃˷̂̓̄̅̃̊ К˦˛ ̆̇˿ ̃˼̄̓̏˼̃ ́̅-

̔̋̋˿̍˿˼̄̉˼ ̇˷̈̌̅˻˷ – ˫̅̆̉  0,055.  

˨̇˷˹̄˼̄˿˼ ˻˹̊̌ ˿̄̉˼̇̋˼̀̈̅˹ ̊́˷˾̒˹˷˼̉ ̄˷ 
̆̇̅̉˿˹̅̇˼̎˿˹̅̈̉̓ ̇˼˾̊̂̓̉˷̉̅˹. К˷̇̉˿̄˷ ̉˼̎˼-
̄˿̖ ̆̇˿ «Frozen Rotor» ˸̅̂˼˼ ́̅̇̇˼́̉̄˷, ̄̅ 

̄˷̆̅̇̄˷̖ ̌˷̇˷́̉˼̇˿̈̉˿́˷ ̆̇˿ ˿̄̉˼̇̋˼̀̈˼ 
«Stage» ̈̅˹̆˷˻˷˼̉ ̈ ̔́̈̆˼̇˿̃˼̄̉˷̂̓̄̅̀ ̌˷̇˷́-

̉˼̇˿̈̉˿́̅̀ ̆̅ ̊˺̂̊ ̄˷́̂̅̄˷ ˿ ̃˼̄̓̏˼ ̅̉̂˿̎˷-
˼̖̉̈ ̆̅ ˹˼̂˿̎˿̄˼ ́̅̔̋̋˿̍˿˼̄̉˷ ̄˷̆̅̇˷. ˦̅ 

̅̉̄̅̏˼̄˿̕ ́ ̔́̈̆˼̇˿̃˼̄̉̊ ̌˷̇˷́̉˼̇˿̈̉˿́˷ 
К˦˛ ̆̇˿ ˿̄̉˼̇̋˼̀̈˼ «Frozen Rotor» ̈̃˼̐˼̄˷ 
̎̊̉̓ ̃˼̄̓̏˼, ̎˼̃ ̆̇˿ ˿̄̉˼̇̋˼̀̈˼ «Stage».  

˙ ̅̉̄̅̏˼̄˿˿ ̄˷̆̅̇̄̅̀ ̌˷̇˷́̉˼̇˿̈̉˿́˿ 

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

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

̇˼˾̊̂̓̉˷̉˷. ˪ ̇˼˷̂̓̄̅˺̅ ́̅̃̆̇˼̈̈̅̇˷ ̃˼̌˷̄˿-

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

̈̉˿ ˻˷˹̂˼̄˿̀ ̄˷ ̂̅̆˷̉́˷̌. Э̉̊ ̎˷̈̉̓ ̆̅˻˹˼˻˼̄-

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

̄˿̍˼ ̃˷̈̈̒ ˺˷˾˷, ̆̇˿̖̄̉̅ ̄˷˾̒˹˷̉̓ «̉˼̅̇˼̉˿-

̎˼̈́˿̃ ̄˷̆̅̇̅̃» (˛˽/́˺). ˨̅̅̉˹˼̉̈̉˹̊̐̕˿̀ 

́̅̔̋̋˿̍˿˼̄̉ ̉˼̅̇˼̉˿̎˼̈́̅˺̅ ̄˷̆̅̇˷ ̃̅˽˼̉ 
˸̒̉̓ ̇˷̈̈̎˿̉˷̄ ̆̅ ̅̈̄̅˹̄̅̃̊ ̊̇˷˹̄˼̄˿̕ ̉̊̇-

˸̅̃˷̏˿̄ – ̋̅̇̃̊̂˼ Э̀̂˼̇˷ 
 т 2 2ψ = / .uc u  (5) 

˞˷ ̈̎˼̉ ̉̇˼̄˿̖ ̅ ̄˷̇̊˽̄̒˼ ̆̅˹˼̇̌̄̅̈̉˿ 

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

̉˷́˽˼ ̆̅˻˹̅˻˿̖̉̈ ̃˼̌˷̄˿̎˼̈́˷̖ ̔̄˼̇˺˿̖. Е̐˼ 
̅˻̄˷ ˻̅˸˷˹́˷ – ˿˾-˾˷ ̆̇̅̉˼̎́˿ ˺˷˾˷ ˹ ̂˷˸˿-

̇˿̄̉̄̅̃ ̊̆̂̅̉̄˼̄˿˿ ̆̅́̇̒˹˷̐̕˼˺̅ ˻˿̈́˷. 
˨̊̃̃˷̇̄˷̖ ˹˼̂˿̎˿̄˷ – ˹̄̊̉̇˼̄̄˿̀ ̄˷̆̅̇. 

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

̉˼̃̆˼̇˷̉̊̇ (̈̃. ̋̅̇̃̊̂̊ (2)). ˦̇˿ ˺˷˾̅˻˿̄˷-
̃˿̎˼̈́˿̌ ̇˷̈̎˼̉˷̌ ́̅̔̋̋˿̍˿˼̄̉ ˹̄̊̉̇˼̄̄˼˺̅ 

̄˷̆̅̇˷ ̇˷̈̈̎˿̉̒˹˷˼̖̉̈ ̆̅ ̋̅̇̃̊̂˼  

  т тр ɩр= ψ 1+ + .i    (6) 

К̅̔̋̋˿̍˿˼̄̉̒ ˻̅̆̅̂̄˿̉˼̂̓̄̅˺̅ ̆̅˻˹̅˻˷ 

̔̄˼̇˺˿˿ ̉̇ + ̆̇ ˻̖̂ ̇˷˸̅̎˼˺̅ ́̅̂˼̈˷ ́̅̃̆̇˼̈-
̈̅̇˷ 32 ˣ˙̉ ˹ ̈̊̃̃˼ ˿̃˼̉̕ ̖̆̅̇˻̅́ 1,5 %. 

˩̇˼̄˿˼ ˻˿̈́̅˹ ˿ ̆̇̅̉˼̎́˿ ˿̃˼̉̕ ̃˼̈̉̅ ˹ ˾˷˾̅-

̇˷̌ ̃˼˽˻̊ ̇˷˸̅̎˿̃ ́̅̂˼̈̅̃ ˿ ́̅̇̆̊̈̅̃, ́̅̉̅-

̇̒˼ ˹˿˻̄̒ ̄˷ ̇˿̈. 1. ˧˷˻˿ ̊̆̇̅̐˼̄˿̖ ̃̅˻˼̂˿-

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

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

˦̅̔̉̅̃̊ ˿˾̃˼̇˼̄˷ ̌˷̇˷́̉˼̇˿̈̉˿́˷ ˹̄̊̉̇˼̄̄˼-
˺̅ ̄˷̆̅̇˷, ˷ ̇˷̈̈̎˿̉˷̄˷ ̌˷̇˷́̉˼̇˿̈̉˿́˷ ̉˼̅̇˼-
̉˿̎˼̈́̅˺̅ ̄˷̆̅̇˷. ˤ˷ ̇˿̈. 11 ̆̇˼˻̈̉˷˹̂˼̄̒ 

̇˷̈̈̎˿̉˷̄̄̒˼ ̌˷̇˷́̉˼̇˿̈̉˿́˿ ́̅̔̋̋˿̍˿˼̄̉˷ 
̉˼̅̇˼̉˿̎˼̈́̅˺̅ ̄˷̆̅̇˷ ˿ ̈̅̆̅̈̉˷˹̂˼̄̒ ̈ ˿˾̃˼-
̇˼̄̄̅̀ ̌˷̇˷́̉˼̇˿̈̉˿́̅̀ ˹̄̊̉̇˼̄̄˼˺̅ ̄˷̆̅̇˷. 
˩̅ ˼̈̉̓, ̅̉̂˿̎˿˼ ̇˷̈̈̎˿̉˷̄̄̒̌ ̌˷̇˷́̉˼̇˿̈̉˿́ 

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

̄̅̈̉˿ ˸̅̂̓̏˼, ̎˼̃ ̄˷ ˺̇˷̋˿́˷̌. 

˧˷̈̈̎˿̉˷̄̄̒˼ ̄˷̆̅̇̄̒˼ ̌˷̇˷́̉˼̇˿̈̉˿́˿ – 

̂˿̄˼̀̄̒, ́˷́ ˿ ̔́̈̆˼̇˿̃˼̄̉˷̂̓̄̒˼, ̄̅ ̂˼˽˷̉ 
˾̄˷̎˿̉˼̂̓̄̅ ˹̒̏˼ ˿ ̅̉̂˿̎˷̖̉̈̕ ̆̅ ˹˼̂˿̎˿̄˼ 
˿ ̊˺̂̊ ̄˷́̂̅̄˷. ˙̅˾̄˿́˷˼̉ ˹̅̆̇̅̈: ̖˹̖̂˼̖̉̈ ̂˿ 

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

˼̃ ̇˷˾̄̒̌ ̊̈̂̅˹˿̀ ̉˼̎˼̄˿̖ ˹ ̇˷˸̅̎˼̃ ́̅̂˼̈˼ 
̆̇˿ ̇˷̈̎˼̉˷̌ ̈ ̇˷˾̄̒̃˿ ˿̄̉˼̇̋˼̀̈˷̃˿ ˿̂˿ ̔̉̅ 

̖̆̇̅˹̂˼̄˿˼ ̄˼́̅̉̅̇̅̀ ̄˼́̅̇̇˼́̉̄̅̈̉˿ ̎˿̈-
̂˼̄̄̅˺̅ ̇˼̏˼̄˿̖? ˨ ̍˼̂̓̕ ˹̖̒̈̄˿̉̓ ˹̅̆̇̅̈ 

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

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

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

̏˷˼̉ ̔̄̉˷̂̓̆˿̕ ̉̅̇̃̅˽˼̄˿̖. ˛̖̂ ̈̅˹˼̇̏˼̄-

̄̅˺̅ ˺˷˾˷ ̆̇˿ ȑȐ = const 

  * *
2 1= .i pN c T T m  (7) 

ˤ˷ ̔̉̅̀ ˾˷́̅̄̅̃˼̇̄̅̈̉˿ ̅̈̄̅˹˷̄ «̄˼̖̆̇-

̃̅̀» ̇˷̈̎˼̉ ́̅̔̋̋˿̍˿˼̄̉˷ ̉˼̅̇˼̉˿̎˼̈́̅˺̅ 

̄˷̆̅̇˷ ̆̅ ̊̇˷˹̄˼̄˿̕ (2). ˤ̅ ̆̅ ̈̊̉˿ ̇˷˸̅̎˼˺̅ 

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

˾̒˹˷̐̕˼˺̅ ̆˼̇˼˻˷˹˷˼̃̊̕ ̃̅̐̄̅̈̉̓ ̈ ̃̅̃˼̄-

̉̅̃ ̅̉ ˷̔̇̅˻˿̄˷̃˿̎˼̈́̅̀ ̈˿̂̒ ̄˷ ̆̅˹˼̇̌̄̅-

̈̉˿ ̂̅̆˷̉̅́: 

  рк

2

т ɩ з ɥ ɥ
1

= = sin .N M z p p r dF
 

    
  
  (8) 
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˦̅ ˹˼̂˿̎˿̄˼ ̆˼̇˼˻˷˹˷˼̃̅̀ ̃̅̐̄̅̈̉˿ ́̅-

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

˼̖̉̈ ̉˷́: 

 т
т 2

2

= .
N

mu
  (9) 

˧˷̈̎˼̉ ̌˷̇˷́̉˼̇˿̈̉˿́ ̉˼̅̇˼̉˿̎˼̈́̅˺̅ ̄˷-
̆̅̇˷ ̆̅ ̋̅̇̃̊̂˷̃ (8), (9) ˻̖̂ ̅˸̅˿̌ ̉˿̆̅˹ ˿̄-

̉˼̇̋˼̀̈˷ ̆̅́˷˾˷̂ ̆̅̂̄̅˼ ̈̅˹̆˷˻˼̄˿˼ ̈ ̇˷̈̎˼-
̉̅̃ ̆̅ ̇˷˾̄̅̈̉˿ ̉˼̃̆˼̇˷̉̊̇ (̋̅̇̃̊̂˷ (2)). Э̉̅ 

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

ВǭǪȁǯǪǧ моǦǧǭǧǫ ǴǵǲбǵǭǧǯǴǯоǳǴǪ. ˨̇˷˹̄˿-

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

˻˹̊̌̆˷̇˷̃˼̉̇˿̎˼̈́˿̌ ̃̅˻˼̂˼̀ k–, k–ω ˿ SST 

˿ ̅˸̅˿̌ ˹˷̇˿˷̄̉̅˹ ˿̄̉˼̇̋˼̀̈˷ («Stage» ˿ 

«Frozen Rotor»). ˨˻˼̂˷̄ ̉˷́˽˼ ̇˷̈̎˼̉ ̈ ̅˻̄̅̆˷-
̇˷̃˼̉̇˿̎˼̈́̅̀ ̃̅˻˼̂̓̕ ˨̆˷̂˷̇̉˷–˗̂̂̃˷̇˷̈˷ 
˿ ˿̄̉˼̇̋˼̀̈̅̃ «Stage».  

ˤ˷ ̇˿̈. 12 ̆̅́˷˾˷̄̅ ˹̂˿̖̄˿˼ ̃̅˻˼̂˿ ̉̊̇-

˸̊̂˼̄̉̄̅̈̉˿ ̆̇˿ ˿̈̆̅̂̓˾̅˹˷̄˿˿ ˿̄̉˼̇̋˼̀̈˷ 

«Frozen Rotor». 

ˣ̅˻˼̂̓ ̉̊̇˸̊̂˼̄̉̄̅̈̉˿ ˹̂˿̖˼̉ ̄˷ ̌˷̇˷́̉˼-
̇˿̈̉˿́̊ К˦˛. ˤ˷˻̅ ̆̇˿̄˿̃˷̉̓ ˹̅ ˹̄˿̃˷̄˿˼ 
̅˸̐̊̕ ̆̇̅˸̂˼̃̊ CFD-̃̅˻˼̂˿̇̅˹˷̄˿̖: ̌˷̇˷́̉˼-
̇˿̈̉˿́˿ ̈̃˼̐˼̄̒ ˹ ̅˸̂˷̈̉̓ ˸̅̂̓̏˼˺̅ ̇˷̈̌̅˻˷, 
˾̅̄˷ ̃˷̂̒̌ ̇˷̈̌̅˻̅˹ ̄˼ ̃̅˻˼̂˿̇̊˼̖̉̈. ˨ ̔̉˿̌ 
̆̅˾˿̍˿̀ ˸̅̂˼˼ ̆˼̇̈̆˼́̉˿˹̄˷ ̃̅˻˼̂̓ k–. ˦̇˿ 

̔̉̅̀ ̃̅˻˼̂˿ ̇˷̈̈̎˿̉˷̄̄˷̖ ̌˷̇˷́̉˼̇˿̈̉˿́˷ К˦˛ 

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

˙̂˿̖̄˿˼ ̃̅˻˼̂˼̀ ̉̊̇˸̊̂˼̄̉̄̅̈̉˿ ̄˷ ̌˷-

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

̄˷̆̅̇˷ ̈̂˷˸̅˼. ˩˼̃ ̄˼ ̃˼̄˼˼ ̃̅˻˼̂̓ SST ́˷-

˽˼̖̉̈ ̆̇˼˻̆̅̎̉˿̉˼̂̓̄˼˼. ˦̅ ˷˸̈̅̂̉̄̅̀̕ ˹˼-

̂˿̎˿̄˼ ̅̄˷ ˸̂˿˽˼ ́ ̔́̈̆˼̇˿̃˼̄̉̊ (̆̇˿̃˼̇̄̅ 

̄˷ 1 % ̄˷ ̇˷̈̎˼̉̄̅̃ ̇˼˽˿̃˼) ˿ ̂˿̄˼̀̄˷̖, ˷ 

̌˷̇˷́̉˼̇˿̈̉˿́˿ ̆̅ ̃̅˻˼̖̂̃ k–, k–ω ̆̅́˷-

˾̒˹˷̉̕ ̈̄˿˽˼̄˿˼ ́̅̔̋̋˿̍˿˼̄̉˷ ̄˷ ̃˿̄˿-

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

̉˿́˿. 

˧˼˾̊̂̓̉˷̉̒ ̇˷̈̎˼̉̅˹ ˻̖̂ ˿̄̉˼̇̋˼̀̈˷ 

«Stage» ̆̇˿˹˼˻˼̄̒ ̄˷ ̇˿̈. 13. 

˦̇˿ ˿̄̉˼̇̋˼̀̈˼ «Stage» ̄˷̆̅̇̄̒˼ ̌˷̇˷́-

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

˻˼̂˼̀ k–, k–ω, SST. ˣ̅˻˼̂̓ «SA» ̎̊̉̓ ˸̅̂̓-

̏˼ ˾˷˹̒̏˷˼̉ ̄˷̆̅̇. Э̉˷ ˽˼ ̃̅˻˼̂̓ ̈˿̂̓̄̅ 

˾˷̄˿˽˷˼̉ К˦˛. ˣ̅˻˼̂̓ «SST» ˿ ̆̇˿ «Frozen 

Rotor» ˿ ̆̇˿ ˿̄̉˼̇̋˼̀̈˼ «Stage» ̆̂̅̌̅ ̇˷˸̅-

̉˷˼̉ ˹̂˼˹̅ ̅̉ ̅̆̉˿̃˷̂̓̄̅˺̅ ̇˼˽˿̃˷. ˤ˷˿˸̅-

̂˼˼ ̆̅̂̅˺˷̖ ̌˷̇˷́̉˼̇˿̈̉˿́˷ К˦˛ – ̆̇˿ ̃̅˻˼-
̂˿ k–. Э̉̅ ̆̇˿˸̂˿˽˷˼̉ ̇˷̈̈̎˿̉˷̄̄̒̀ К˦˛ ́ 

˿˾̃˼̇˼̄̄̅̃̊ ̆̇˿ ̃˷̂̒̌ ̇˷̈̌̅˻˷̌ ˿ ̅̉˻˷̖̂˼̉ 
– ̆̇˿ ˸̅̂̓̏˿̌. 

ǒǢǩмǧǲǯоǳǴǾ ǲǢǳǹǧǴǯоǫ ǳǧǴоǹǯоǫ моǦǧǭǪ. 

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

̃˼̉̇˿̎˼̈́̅̀ ̃̅˻˼̂˿ ̈ 10 177 900 ̖̎˼̀́˷̃˿. 

˛̖̂ ̆̇̅˹˼̇́˿ ˸̒̂˷ ̈˻˼̂˷̄˷ ˺˼̅̃˼̉̇˿̎˼̈́˷̖ 

̃̅˻˼̂̓ ̈ ̎˿̈̂̅̃ ̖̎˼˼́ 21 790 000. ˧˷̈̎˼̉̒ ̆̅ 

̃̅˻˼̂˿ ̉̊̇˸̊̂˼̄̉̄̅̈̉˿ SST ˿ ̈ ˿̄̉˼̇̋˼̀̈˷̃˿ 

̖̈̅̆̇˽˼̄˿̖ «Stage» ˿ «Frozen Rotor» ̆̇̅˻˼-
̃̅̄̈̉̇˿̇̅˹˷̂˿ ̅̉̈̊̉̈̉˹˿˼ ˹̂˿̖̄˿̖ ̎˿̈̂˷ ̖̎˼-
˼́, ̎̉̅ ˺̅˹̅̇˿̉ ̅ ̉̅̃, ̎̉̅ ˹̒˸̇˷̄̄˷̖ ̄˷ ̆˼̇-

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

ǕǹǧǴ ǯǧǳǴǢǸǪоǯǢǲǯоǳǴǪ ǴǧǹǧǯǪȁ. И˾-˾˷ ́̅-

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

̄̅̈̉̓ ̆̅̉̅́˷ ̄˷ ˹̒̌̅˻˼ ˿˾ ̇˷˸̅̎˼˺̅ ́̅̂˼̈˷ 
̈̅˾˻˷˼̉ ̆˼̇˿̅˻˿̎˼̈́̅˼ ̈ ̎˷̈̉̅̉̅̀ nz ˿˾̃˼̄˼-
̄˿˼ ̆˷̇˷̃˼̉̇̅˹ ̆̅̉̅́˷ ˹ ̄˼̆̅˻˹˿˽̄̒̌ ̔̂˼-
̃˼̄̉˷̌. Е̐˼ ̅˻̄˷ ̆̇˿̎˿̄˷ ̆˼̇˿̅˻˿̎˼̈́̅̀ ̄˼-
̈̉˷̍˿̅̄˷̇̄̅̈̉˿ – ̄˼̅̈˼̈˿̃̃˼̉̇˿̎̄̅̈̉̓ ̆̇̅-

̉̅̎̄̅̀ ̎˷̈̉˿. ˩˷́˿̃ ̔̂˼̃˼̄̉̅̃ ̖˹̖̂˼̖̉̈ 

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

̈̉˿. ˦̅̔̉̅̃̊ ˹̅ ˹̇˷̐˷̐̕˼̖̃̈ ́̅̂˼̈˼ ̆˷̇˷-
̃˼̉̇̒ ̆̅̉̅́˷ ̃˼̖̖̄̉̈̕ ̈ ̎˷̈̉̅̉̅̀ ˹̇˷̐˼̄˿̖ 

̇̅̉̅̇˷. К˷˽˻̒̀ ˿˾ ̃˼˽̂̅̆˷̉̅̎̄̒̌ ́˷̄˷̂̅˹ 

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

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

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

˼̖̉̈ ̊˺̅̂ ˷̉˷́˿. ˩˷́˽˼ ̃˼̖̄˼̖̉̈ ̍˿̖̇́̊̂̍˿̖ 

̆̅̉̅́˷ ̄˷ ̂̅̆˷̉́˷̌. ˨̌̅˻̖̐˿˼ ̈ ̆̇̅̋˿̖̂ ̂̅-

̆˷̉́˿ ̇˷˾˺̅̄̄̒˼ ˿ ̅̈̉˷̄̅˹̅̎̄̒˼ ˹˿̌̇˿ ̆̇˼-
̅˸̇˷˾̊̉̕ ˹ ̉˼̆̂̅ ̃˼̌˷̄˿̎˼̈́̊̕ ̔̄˼̇˺˿̕ ˺˷˾˷, 
̈̄˿˽˷̖ К˦˛. ˪̎˼̉ ̄˼̈̉˷̍˿̅̄˷̇̄̅̈̉˿ ̉˼̎˼̄˿̖ 

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

̇˼˷̂̓̄̒̃ ̊̈̂̅˹˿̖̃ ̉˼̎˼̄˿̖. 
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Машиностроение
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˧˿̈. 12. ˧˷̈̈̎˿̉˷̄̄̒˼ ˿ ˿˾̃˼̇˼̄̄̒˼ ̌˷̇˷́̉˼̇˿̈̉˿́˿ ̃̅˻˼̂˿ ́̅̃̆̇˼̈̈̅̇˷ 32 ˣ˙̉.  
Ӣ̉˼̇̋˼̀̈ «Frozen Rotor». ˨̇˷˹̄˼̄˿˼ ̃̅˻˼̂˼̀ ̉̊̇˸̊̂˼̄̉̄̅̈̉˿  

Fig. 12. Calculated and measured characteristics of the 32 MW compressor model.  

The interface is «Frozen Rotor». Comparison of turbulence models. 
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˧˿̈. 13. ˧˷̈̈̎˿̉˷̄̄̒˼ ˿ ˿˾̃˼̇˼̄̄̒˼ ̌˷̇˷́̉˼̇˿̈̉˿́˿ ̃̅˻˼̂˿ ́̅̃̆̇˼̈̈̅̇˷ 32 ˣ˙̉. 
 Ӣ̉˼̇̋˼̀̈ «Stage». ˙̂˿̖̄˿˼ ̃̅˻˼̂˼̀ ̉̊̇˸̊̂˼̄̉̄̅̈̉˿ 

Fig. 13. Calculated and measured characteristics of the 32 MW compressor model.  

The interface is «Stage». The influence of turbulence models 
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а) ȁ)

 
 

˧˿̈. 14. ˦̅̂˼ ˷˸̈̅̂̉̄̅̀̕ ̈́̅̇̅̈̉˿: а) «Frozen Rotor»; ȁ) «Transient Rotor-Stator»  

(̇˷̈̎˼̉ ̄˼̈̉˷̍˿̅̄˷̇̄̅˺̅ ̉˼̎˼̄˿̖) 

Fig. 14. Fields of absolute flow velocity: а) «Frozen Rotor»; ȁ) «Transient Rotor-Stator»   

(calculation of unsteady flow) 

 

˧˷̈̎˼̉ ̉˼̎˼̄˿̖ ˿ ̌˷̇˷́̉˼̇˿̈̉˿́ ̃̅˻˼̂˿ 

́̅̃̆̇˼̈̈̅̇˷ 32 ˣ˙̉ ˹̒̆̅̂̄˼̄ ̈ ̖̆̇̃̒̃ ̃̅˻˼-
̂˿̇̅˹˷̄˿˼̃ ̉˼̎˼̄˿̖ ˹ ̆̅˻˹˿˽̄̒̌ ˿ ̄˼̆̅˻˹˿˽-

̄̒̌ ̔̂˼̃˼̄̉˷̌ – ̆̇˿ ˿̄̉˼̇̋˼̀̈˼ «Transient 

Rotor Stator». ˧˷̈̎˼̉ ˻̖̂ ̈˼̉́˿ ̈ 10 177 900 

̖̎˼̀́˷̃˿, ̃̅˻˼̂̓ ̉̊̇˸̊̂˼̄̉̄̅̈̉˿ SST.  

˦̇˿ ˿̄̉˼̇̋˼̀̈˼ «Stage» ̆̅̉̅́ ̅̈̇˼˻̖̄˼̖̉̈ 

̆̅ ̅́̇̊˽̄̅̈̉˿, ̎̉̅ ˿̈́̂̎̕˷˼̉ ̊̎˼̉ ˹̂˿̖̄˿̖ 

̄˼̈̉˷̍˿̅̄˷̇̄̅̈̉˿ ˿ ˿̈́̂̎̕˷˼̉ ̆̇̅̍˼̈̈ ̈̃˼-
̏˼̄˿̖ «̈̂˼˻ – ̖̈̉̇̊». ˦̇˿ ˿̄̉˼̇̋˼̀̈˷̌ 
«Frozen Rotor» ˿ «Transient Rotor Stator» ̉˼̎˼-
̄˿˼ ̆̅ ̈̌˼̃˼ «̈̂˼˻ – ̖̈̉̇̊» ̇˷̈̈̎˿̉̒˹˷˼̖̉̈, 

̄̅ ̉˼̎˼̄˿˼ ˹̒˺̖̂˻˿̉ ̆̅-̇˷˾̄̅̃̊ (̇˿̈. 14).  

˙ ̈̂̊̎˷˼ ˿̈̆̅̂̓˾̅˹˷̄˿̖ ˿̄̉˼̇̋˼̀̈˷ 
«Frozen Rotor» ̆̇˿ ̆˼̇˼̈̎˼̉˼ ̆˷̇˷̃˼̉̇̅˹ ̄˷ 
˺̇˷̄˿̍˼ ˿˾ ˹̇˷̐˷̐̕˼̖̀̈ ̈˿̈̉˼̃̒ ́̅̅̇˻˿̄˷̉ ˹ 

̄˼̆̅˻˹˿˽̄̊̕ ˹̒̌̅˻̖̐˿˼ ˿˾ ́̅̂˼̈˷ «̈̉̇̊˿ – 

̈̂˼˻̒» ̅̈̉˷̄˷˹̂˿˹˷̖̉̈̕. ˩˼̎˼̄˿˼ ˹ ˻˿̋̋̊˾̅-

̇˼ – ̈̉˷̍˿̅̄˷̇̄̅˼. ˤ˷ ̈˷̃̅̃ ˻˼̂˼ ̈̉̇̊˿ ˿ ̈̂˼-
˻̒ ˹̇˷̐˷̖̉̈̕ ˹̃˼̈̉˼ ̈ ́̅̂˼̈̅̃, ̎̉̅ ̆̇˷˹˿̂̓̄̅ 

̃̅˻˼̂˿̇̊˼̖̉̈ ̆̇˿ ˿̄̉˼̇̋˼̀̈˼ «Transient Rotor-

Stator». ˦̇˿ ̇˷̈̎˼̉˼ ̄˼̈̉˷̍˿̅̄˷̇̄̅˺̅ ̉˼̎˼̄˿̖ 

̆̇̅̍˼̈̈ ̈̃˼̏˼̄˿̖ ̆̇̅˿̈̌̅˻˿̉ ˸̒̈̉̇˼˼. Э̉̅ 

˸̂˿˽˼ ́ ̇˼˾̊̂̓̉˷̉˷̃ ̔́̈̆˼̇˿̃˼̄̉̅˹ [23]. 

˚˷˾̅˻˿̄˷̃˿̎˼̈́˿˼ ̌˷̇˷́̉˼̇˿̈̉˿́˿ ̆̅́˷-
˾˷̄̒ ̄˷ ̇˿̈. 15. 

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

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

́̅̉̅̇̅̃ ̋˷́̉˿̎˼̈́˿ ̇˷˸̅̉˷˼̉ ́̅̃̆̇˼̈̈̅̇. Э̉̅ 

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

ˣ̅˻˼̂˿̇̅˹˷̄˿˼ ̌˷̇˷́̉˼̇˿̈̉˿́˿ К˦˛ ̆̇˿ ̄˼-
̈̉˷̍˿̅̄˷̇̄̅̃ ̇˷̈̎˼̉˼ ̃̅˽̄̅ ̆̇˿˾̄˷̉̓ ̊˻̅˹-

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

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

̌̊˽˼, ̎˼̃ ̆̇˿ ̄˷˿˸̅̂˼˼ ̊̆̇̅̐˼̄̄̅̃ ̃̅˻˼̂˿-

̇̅˹˷̄˿˿ ̈ ˿̄̉˼̇̋˼̀̈̅̃ «Stage». 

ǕǹǧǴ ǦǤǪǨǧǯǪȁ ǥǢǩǢ Ǥ ǩǢǩоǲǧ мǧǨǦǵ ǱоǬǲǽ-

ǤǢȀǻǪм ǦǪǳǬом Ǫ ǬоǲǱǵǳом. ˩̇˼̄˿˼ ̆̅˹˼̇̌̄̅-

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

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

̇˿̄̉̄̅˺̅ ̊̆̂̅̉̄˼̄˿̖, ̆̇˿˹̅˻̖̉ ́ ̈̄˿˽˼̄˿̕ 

К˦˛. ˦̅˻̇̅˸̄̅˼ CFD-˿̈̈̂˼˻̅˹˷̄˿˼ ̈ ˷̄˷̂˿-

˾̅̃ ̈̆˼̍˿̋˿́˿ ̉˼̎˼̄˿̖ ˿ ̇˷̈̎˼̉̅̃ ̆̅̉˼̇̓ ̄˷-
̆̅̇˷ (̐˼̂˼˹̒˼ ̆̅̉˼̇˿) ˹ ̔̉̅̃ ̔̂˼̃˼̄̉˼ ̈̉̊̆˼-
̄˿ ̆̇˼˻̆̇˿̖̄̉̅ ˷˹̉̅̇̅̃ ̇˷˸̅̉̒ [29].  

˛̖̂ ̅̍˼̄́˿ ˹̂˿̖̄˿̖ ˾˷˾̅̇˷ ˿ ̍˼̂˼̈̅̅˸̇˷˾-
̄̅̈̉˿ ˼˺̅ ̊̎˼̉˷ ̆̇˿ ̇˷̈̎˼̉˷̌ ˺˷˾̅˻˿̄˷̃˿̎˼̈́˿̌ 
̌˷̇˷́̉˼̇˿̈̉˿́ ˺˼̅̃˼̉̇˿̎˼̈́˷̖ ̃̅˻˼̂̓ ˻̅̆̅̂̄˼-
̄˷ ̊̎˷̈̉́̅̃, ̅̆˿̈̒˹˷̐̕˿̃ ˾˷˾̅̇. ˧˷˾̃˼̇̒ ̇˷-
˸̅̎˼˺̅ ́̅̂˼̈˷ ˿ ˾˷˾̅̇˷ ̆̅́˷˾˷̄̒ ̄˷ ̇˿̈. 16. 

˧˷̈̎˼̉̄˷̖ ̈˼̉́˷ ˾˷˾̅̇˷ ˿ ̊̆̂̅̉̄˼̄˿̖ ̈̅̈̉̅˿̉ 
˿˾ ~ 7600 000 ̖̎˼˼́. ˧˷̈̎˼̉̒ ̆̇̅˹̅˻˿̂̅̈̓ ̈ ˿̄-

̉˼̇̋˼̀̈̅̃ «Stage», ̃̅˻˼̂̓ ̉̊̇˸̊̂˼̄̉̄̅̈̉˿ – 

SST, ̉˼̎˼̄˿˼ ̈̉˷̍˿̅̄˷̇̄̅˼. ˚˷˾̅˻˿̄˷̃˿̎˼̈́˿˼ 
̌˷̇˷́̉˼̇˿̈̉˿́˿ ̆̇˼˻̈̉˷˹̂˼̄̒ ̄˷ ̇˿̈. 17.  
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˧˿̈. 15. ˨̇˷˹̄˼̄˿˼ ̌˷̇˷́̉˼̇˿̈̉˿́ ̃̅˻˼̂˿ ́̅̃̆̇˼̈̈̅̇˷ 32 ˣ˙̉  
̆̇˿ ̇˷̈̎˼̉˼ ̈̉˷̍˿̅̄˷̇̄̅˺̅ ˿ ̄˼̈̉˷̍˿̅̄˷̇̄̅˺̅ ̉˼̎˼̄˿̖ 

Fig. 15. Comparison of the characteristics of the 32 MW compressor model, calculated  

for the steady and unsteady flow 



 

 

169 

Машиностроение

 
 

˧˿̈. 16. ˧˷˾̃˼̇̒ ̇˷˸̅̎˼˺̅ ́̅̂˼̈˷ ˿ ˾˷˾̅̇˷ ̃˼˽˻̊ ̆̅́̇̒˹˷̐̕˿̃ ˻˿̈́̅̃  

˿ ́̅̇̆̊̈̅̃ ̃̅˻˼̂˿ ́̅̃̆̇˼̈̈̅̇˷ 32 ˣ˙̉ 
Fig. 16. Dimensions of the impeller and gap between the body and the shroud  

of the impeller of the 32 MW compressor model 

 

CFD-̇˷̈̎˼̉ ̆̇̅˻˼̃̅̄̈̉̇˿̇̅˹˷̂ ˾˷́̅̄̅-

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

̔̋̋˿̍˿˼̄̉˷ ̉˼̅̇˼̉˿̎˼̈́̅˺̅ ̄˷̆̅̇˷ ̆̇˿ ̇˷̈̎˼-
̉˼ ˸˼˾ ̊̎˼̉˷ ˾˷˾̅̇˷ (̈̃. ̋̅̇̃̊̂̊ (6)); ̇˷˾̄˿̍˷ 
˸̅̂̓̏˼ ̆̇˿ ̃˷̂̒̌ ̇˷̈̌̅˻˷̌, ́˷́ ˿ ˻̅̂˽̄̅ 

˸̒̉̓. ˞˷̃˼̉̄̅ ̄˼˸̅̂̓̏̅˼ ̄˼˺˷̉˿˹̄̅˼ ˹̂˿̖̄˿˼ 
̄˷ ́̅̔̋̋˿̍˿˼̄̉ ̆̅̂˿̉̇̅̆̄̅˺̅ ̄˷̆̅̇˷. ˨̄˿-

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

̏˼, ̎˼̃ ̊˹˼̂˿̎˼̄˿˼ ˹̄̊̉̇˼̄̄˼˺̅ ̄˷̆̅̇˷. Э̉̅ 

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

̆̅̉̅́˷ ̆̇̅̉˼̎˼́ ˹ ̂˷˸˿̇˿̄̉̄̅̃ ̊̆̂̅̉̄˼̄˿˿ 

̄˷ ̅̈̄̅˹̄̅̀ ̆̅̉̅́.  

˨̄˿˽˼̄˿˼ К˦˛ ˾˷̃˼̉̄˼˼ ̆̇˿ ˸̅̂̓̏˿̌ ̇˷̈-
̌̅˻˷̌. ˦̅ ̅˻̄̅̃˼̇̄̅̀ ̉˼̅̇˿˿ ˻̅̂˽̄̅ ˸̒̉̓ ̄˷-
̅˸̅̇̅̉. ˩˷́ ́˷́ ́̅̔̋̋˿̍˿˼̄̉̒ ̐˼̂˼˹̒̌ ̆̅̉˼̇̓ 
̉̇ ˿ ̆̇ ̅˸̇˷̉̄̅ ̆̇̅̆̅̇̍˿̅̄˷̂̓̄̒ ˫, ̉̅ ̆̅ 

̊̇˷˹̄˼̄˿̕ (6) ̇˷˾̂˿̎˿˼ ˹ К˦˛ ˻̅̂˽̄̅ ̊˹˼̂˿̎˿-

˹˷̖̉̓̈. Ё̉̓ ˼̐˼ ̅˻̄̅ ̖˹̂˼̄˿˼, ́̅̉̅̇̅˼ ̃̅˽˼̉ 
˹̂˿̖̉̓ ̄˷ ̆̅̉˼̇˿ ̄˷̆̅̇˷. ˤ˷ ̇˿̈. 16 ̈̉̇˼̂́̅̀ 

̆̅́˷˾˷̄̅, ́˷́ ˹̒̉˼́˷̐̕˿̀ ˿˾ ̊̆̂̅̉̄˼̄˿̖ ˺˷˾ 
˹̅˾˹̇˷̐˷˼̖̉̈ ̄˷ ˹̈˷̈̒˹˷̄˿˼ ̇˷˸̅̎˼˺̅ ́̅̂˼̈˷. 
˨̃˼̏˼̄˿˼ ̈ ̅̈̄̅˹̄̒̃ ̆̅̉̅́̅̃ ̃̅˽˼̉ ˹̒˾̒˹˷̉̓ 
̄˼́̅̉̅̇̒˼ ˻̅̆̅̂̄˿̉˼̂̓̄̒˼ ̆̅̉˼̇˿. ˤ̅ ̃˷̂̅˹˼-

̖̇̅̉̄̅, ̎̉̅ ̔̉˿ ̆̅̉˼̇˿ ̇˷̈̉̊̉ ̈ ̊˹˼̂˿̎˼̄˿˼̃ 

̇˷̈̌̅˻˷. ˨̂˼˻̊˼̉ ̊̎˼̈̉̓ ̇̅̈̉ ̉˼̃̆˼̇˷̉̊̇̒ ˺˷˾˷ ̄˷ 
˹̌̅˻˼ ˹ ̇˷˸̅̎˼˼ ́̅̂˼̈̅ ˿˾-˾˷ ˹̒̈̅́̅̀ ̉˼̃̆˼̇˷̉̊-
̇̒ ̆̅̉̅́˷ ̆̇̅̉˼̎˼́. Э̉̅ ̊̃˼̄̓̏˷˼̉ ̆̅˹̒̏˼̄˿˼ 
˻˷˹̂˼̄˿̖ ˿ ̈̄˿˽˷˼̉ ̆̅̂˿̉̇̅̆̄̒̀ ̄˷̆̅̇. 

˙ ̍˼̂̅̃ ̊̎˼̉ ̉˼̎˼̄˿̖ ˹ ˾˷˾̅̇˼ ˻˼̃̅̄̈̉̇˿̇̊˼̉ 
˾˷́̅̄̅̃˼̇̄̅˼ ˿˾̃˼̄˼̄˿˼ ̌˷̇˷́̉˼̇˿̈̉˿́.  

ǉǢǬǭȀǹǧǯǪǧ 

˗˹̉̅̇̒ ˿̃˼̉̕ ̆̇̅˻̅̂˽˿̉˼̂̓̄̒̀ ̅̆̒̉ 
̆̇˿̃˼̄˼̄˿̖ CFD-̇˷̈̎˼̉̅˹ ̆̇˿̃˼̄˿̉˼̂̓̄̅ ́ 

̍˼̄̉̇̅˸˼˽̄̒̃ ́̅̃̆̇˼̈̈̅̇˷̃. ˣ̅˻˼̂˿̇̅˹˷-

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

̆̇̅̉̅̎̄̅̀ ̎˷̈̉˿ ˻˷˼̉ ̆̅̂˼˾̄̒˼ ̆̇˷́̉˿̎˼̈́˿˼ 
̇˼˾̊̂̓̉˷̉̒. ˣ̅˻˼̂˿̇̅˹˷̄˿˼ ˽˼ ̌˷̇˷́̉˼̇˿̈̉˿́ 

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

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

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

̄̊ ̉˼̎˼̄˿̖, ̈̅̅̉˹˼̉̈̉˹̊̐̊̕̕ ̉˼̅̇˼̉˿̎˼̈́˿̃ 

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

̄̒̃. ˙ ̆̇̅̏̂̅̃ ˿̄̅˺˻˷ ̇˼˾̊̂̓̉˷̉̒ ̇˷̈̎˼̉̅˹ 

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

˦̇̅˺̇˼̈̈ ˸˼˾̊̈̂̅˹̄̅ ̆̇˿̈̊̉̈̉˹̊˼̉. ˛˹˷ ̄˼ 
̆̇˼̅˻̅̂˼̄̄̒̌ ̄˼˻̅̈̉˷̉́˷ ̃̅˻˼̂˿̇̅˹˷̄˿̖: 
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˧˿̈. 17. ˨̇˷˹̄˼̄˿˼ ̌˷̇˷́̉˼̇˿̈̉˿́ ̃̅˻˼̂˿ ́̅̃̆̇˼̈̈̅̇˷ 32 ˣ˙̉, ̇˷̈̈̎˿̉˷̄̄̒̌  

̈ ̊̎˼̉̅̃ ˿ ˸˼˾ ̊̎˼̉˷ ̐˼̂˼˹̒̌ ̆̅̉˼̇̓ 

Fig. 17. Comparison of the characteristics of the 32 MW compressor model,  

calculated with and without labyrinth seal leakage and friction 
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Машиностроение

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

˿˾̃˼̇˼̄̄̅̀; 

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

̅˸̂˷̈̉̓ ˸̅̂̓̏˿̌ ̇˷̈̌̅˻̅˹. 

˙̉̅̇̅̀ ̄˼˻̅̈̉˷̉̅́ ̈˹̖˾˷̄ ̈ ̆˼̇˹̒̃. ˦̅ 

̇˷̈̎˼̉̊ ̄˷˺̇̊˾́˷ ̂̅̆˷̉̅́ – ̇˷˾̄̅̈̉̓ ˻˷˹̂˼-

̄˿̀ ̄˷ ̂̅̆˷̉́˷̌ – ˸̅̂̓̏˼ ̇˼˷̂̓̄̅̀ ̄˷˺̇̊˾́˿. 

ˤ̅ ̎˼̃ ˸̅̂̓̏˼ ̄˷˺̇̊˾́˷ ̂̅̆˷̉̅́ – ̉˼̃ ˸̅̂̓-

̏˿̀ ̇˷̈̌̅˻ ̈̅̅̉˹˼̉̈̉˹̊˼̉ ̅̆̉˿̃˷̂̓̄̅̃̊ ̇˼-

˽˿̃̊ ̅˸̉˼́˷̄˿̖. Э̉̅ ˿̃˼˼̉ ̆̇̅̈̉̅˼ ̅˸̖̑̈̄˼-

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

̉˷̂̓̄̅. ˩̅ ˼̈̉̓, ˼̈̂˿ ̄˷̊̎˿̖̉̓̈ ́̅̇̇˼́̉̄̅ 

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

̌˷̇˷́̉˼̇˿̈̉˿́˷ К˦˛ ̆̇˿˸̂˿˾˿̖̉̈ ́ ˻˼̀̈̉˹˿-

̉˼̂̓̄̅̀.  

˨˻˼̂˷̄̄̅˼ ˷˹̉̅̇˷̃˿ ̈̇˷˹̄˼̄˿˼ ̇˷˾̄̒̌ 

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

˹˷̖̉̓̈ ̅̉ ̊̆̇̅̐˼̄̄̅˺̅ ̃̅˻˼̂˿̇̅˹˷̄˿̖. ˙̅˾-
̃̅˽̄̅̈̉˿ ˹̒̎˿̈̂˿̉˼̂̓̄̅̀ ̉˼̌̄˿́˿ ̇˷̈̉̊̉. 
˧˷̈̎˼̉ ̄˼̈̉˷̍˿̅̄˷̇̄̅˺̅ ̉˼̎˼̄˿̖ ̅̆̇˷˹˻˷̄ ̄˼ 
̉̅̂̓́̅ ˻̖̂ ̇˷̈̈̃̅̉̇˼̄̄̅̀ ̈̉̊̆˼̄˿ ̈ ̄˼̅̈˼-
̈˿̃̃˼̉̇˿̎̄̅̀ ̊̂˿̉́̅̀, ̄̅ ˿ ˻̖̂ ̈̉̊̆̄˼̀ ̆̇̅-

̃˼˽̊̉̅̎̄̅˺̅ ̉˿̆˷ ̈ ̅̈˼̈˿̃̃˼̉̇˿̎̄̅̀ ̆̇̅̉̅̎-

̄̅̀ ̎˷̈̉̓̕. 

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

̆̅˻˻˼̇˽́˼ ˧˫˫И ˹ ̇˷̃́˷̌ ̄˷̊̎̄̅˺̅ ̆̇̅˼́̉˷ № 

16-08-00624 ˗. 

˧˷̈̎˼̉̒ ̆̇̅˹̅˻˿̂˿̈̓ ̈ ˿̈̆̅̂̓˾̅˹˷̄˿˼̃ ̈̊-

̆˼̇́̅̃̆̓̉̕˼̇̄̅˺̅ ̍˼̄̉̇˷ «˦̅̂˿̉˼̌̄˿̎˼̈́˿̀» 

˨˦˸˦˪. 

ǑǲǪǭоǨǧǯǪǧ 

ǳȑȋȎвȍțȅ ȎȁȎȇȍаȗȅȍȈȟ: cu – ̅́̇̊˽̄˷̖ ̈̅̈̉˷˹̖̂̕-

̐˷̖ ̈́̅̇̅̈̉˿; cp – ̉˼̆̂̅˼̃́̅̈̉̓ ̆̇˿ ̖̆̅̈̉̅̄̄̅̃ 

˻˷˹̂˼̄˿˿; D – ˻˿˷̃˼̉̇; F̂ – ̆̂̅̐˷˻̓ ̂̅̆˷̉́˿; k –

 ̆̅́˷˾˷̉˼̂̓ ˿˾̅̔̄̉̇̅̆̒; Ṁ́ – ̃̅̃˼̄̉ ˷̔̇̅˻˿̄˷̃˿-

̎˼̈́˿̌ ̈˿̂ ̄˷ ̂̅̆˷̉́˷̌ ̇˷˸̅̎˼˺̅ ́̅̂˼̈˷; Ǭu – ̊̈̂̅˹-

̄̅˼ ̎˿̈̂̅ ˣ˷̌˷; m  – ̃˷̈̈̅˹̒̀ ̇˷̈̌̅˻; Ni –

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

(˹̄̊̉̇˼̖̖̄̄); p – ˻˷˹̂˼̄˿˼; R – ˺˷˾̅˹˷̖ ̖̆̅̈̉̅̄̄˷̖; 

T – ̉˼̃̆˼̇˷̉̊̇˷; u – ̅́̇̊˽̄˷̖ ̈́̅̇̅̈̉̓; z – ̎˿̈̂̅ 

̂̅̆˷̉̅́;  – ̊˺̂̅˹˷̖ ̈́̅̇̅̈̉̓ ̇̅̉̅̇˷; ̂ – ̊˺̅̂ ̃˼˽-

˻̊ ́˷̈˷̉˼̂̓̄̅̀ ́ ̈̇˼˻̄˼̀ ̂˿̄˿˿ ̂̅̆˷̉́˿ ̇˷˸̅̎˼˺̅ 

́̅̂˼̈˷ ˿ ̅˸̇˷̉̄̒̃ ̅́̇̊˽̄̒̃ ̄˷̆̇˷˹̂˼̄˿˼̃; ̆̇ –
 ́̅̔̋̋˿̍˿˼̄̉ ̆̇̅̉˼̎˼́ ˹ ̂˷˸˿̇˿̄̉̄̅̃ ̊̆̂̅̉̄˼̄˿˿; 

̉̇ – ́̅̔̋̋˿̍˿˼̄̉ ˻˿̈́̅˹̅˺̅ ̉̇˼̄˿̖; ˫ – ̊̈̂̅˹̄̒̀ 

́̅̔̋̋˿̍˿˼̄̉ ̇˷̈̌̅˻˷;  – ́̅̔̋̋˿̍˿˼̄̉ ̆̅̂˼˾̄̅˺̅ 

˻˼̀̈̉˹˿̖; ̉ – ́̅̔̋̋˿̍˿˼̄̉ ̉˼̅̇˼̉˿̎˼̈́̅˺̅ ̄˷̆̅̇˷; 
i – ́̅̔̋̋˿̍˿˼̄̉ ˹̄̊̉̇˼̄̄˼˺̅ ̄˷̆̅̇˷; p –

 ́̅̔̋̋˿̍˿˼̄̉ ̆̅̂˿̉̇̅̆̄̅˺̅ ̄˷̆̅̇˷. 
ǯȎȄȑȒȐȎȗȍțȅ ȈȍȄȅȊȑț: 0, 1, 2 – ˿̄˻˼́̈̒ ́̅̄̉̇̅̂̓-

̄̒̌ ̈˼̎˼̄˿̀; ˾ – ˾˷˻̖̖̄ ̆̅˹˼̇̌̄̅̈̉̓ ̂̅̆˷̉́˿; ́ – ́̅-

̄˼̎̄̅˼; ̄ – ̄˷̎˷̂̓̄̅˼; ̆ – ̆˼̇˼˻̖̖̄ ̆̅˹˼̇̌̄̅̈̉̓ ̂̅-

̆˷̉́˿; ̇˷̈̎ – ̖̅̉̄̅̈̐˿̖̀̈ ́ ̇˷̈̎˼̉̄̅̃̊ ̇˼˽˿̃̊ (̆̅ 

̇˷̈̌̅˻̊); ̅̆̉ – ̅̆̉˿̃˷̂̓̄̒̀; u – ̆̇̅˼́̍˿̖ ̈́̅̇̅̈̉˿ 

̄˷ ̅́̇̊˽̄̅˼ ̄˷̆̇˷˹̂˼̄˿˼; max – ̃˷́̈˿̃˷̂̓̄̒̀. 

ǭаȄȑȒȐȎȗȍțȅ ȈȍȄȅȊȑț: * – ̅̉̄̅̈˿̖̉̈ ́ ̆̅̂̄̒̃ 

̆˷̇˷̃˼̉̇˷̃ (̆˷̇˷̃˼̉̇̒ ̉̅̇̃̅˽˼̄˿̖). 
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