
 

 

 

 

87 

Машиностроение 

DOI: 10.18721/JEST.25207 

УДК 621.515 

А.И. Боровков
1
, И.Б. Войнов

1
, А.Ф. Рекстин

1
, Б.В. Бакаев

2
 

1 – Санкт-Петербургский политехнический университет Петра Великого,  

Санкт-Петербург, Россия 

2 – ООО «Балттурбоком», Санкт-Петербург, Россия 

МОДЕЛИРОВАНИЕ ХАРАКТЕРИСТИК ДВУХСТУПЕНЧАТОГО 

ЦЕНТРОБЕЖНОГО КОМПРЕССОРА ГАЗОПЕРЕКАЧИВАЮЩЕГО 

АГРЕГАТА 

В ̇˷˸̅̉˼ ̆̇˼˻̈̉˷˹̂˼̄̒ ̇˼˾̊̂̓̉˷̉̒ CFD-̇˷̈̎˼̉̅˹ ̃̅˻˼̂˿ ˻˹̊̌̈̉̊̆˼̄̎˷̉̅̀ ̈̃˼̄̄̅̀ ̆̇̅̉̅̎̄̅̀ ̎˷-
̈̉˿ ́̅̃̆̇˼̈̈̅̇˷ ˺˷˾̅̆˼̇˼́˷̎˿˹˷̐̕˼˺̅ ˷˺̇˼˺˷̉˷ ̃̅̐̄̅̈̉̓̕ 16 ˣВ̉. ˧˷̈̈̎˿̉˷̄̄̒˼ ̌˷̇˷́̉˼̇˿̈̉˿-

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

˹ ̊̆̇̅̐˼̄̄̅̀ ̆̅̈̉˷̄̅˹́˼, ́̅˺˻˷ ̄˼ ̃̅˻˼̂˿̇̅˹˷̂̅̈̓ ̉˼̎˼̄˿˼ ˹ ˾˷˾̅̇˷̌ «̇˷˸̅̎˼˼ ́̅̂˼̈̅ – ́̅̇̆̊̈», 

̉˷́ ˿ ̈ ̊̎˼̉̅̃ ̉˼̎˼̄˿̖ ˹ ˾˷˾̅̇˷̌. В ̆˼̇˹̅̃ ̈̂̊̎˷˼ ̄˼ ̊̎˿̉̒˹˷̖̉̈̕ ̆̅̉˼̇˿ ̉̇˼̄˿̖ ̄˷̇̊˽̄̒̌ ̆̅-

˹˼̇̌̄̅̈̉˼̀ ˻˿̈́̅˹ ́̅̂˼̈˷ ˿ ̆̇̅̉˼̎́˿ ˹ ̂˷˸˿̇˿̄̉̄̒̌ ̊̆̂̅̉̄˼̄˿̖̌. Ӣ̉˼̇̋˼̀̈ ̖̈̅̆̇˽˼̄˿̖ ̆˷̇˷-
̃˼̉̇̅˹ ̆̅̉̅́˷ ˹̅ ˹̇˷̐˷̐̕˿̖̌̈ ̇˷˸̅̎˿̌ ́̅̂˼̈˷̌ ˿ ˸˼˾̂̅̆˷̉̅̎̄̒̌ ˻˿̋̋̊˾̅̇˷̌ ̉˿̆˷ «STAGE», ̆̇˿ 

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

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

˸̅̂̓̏˿̌ ̇˷̈̌̅˻̅˹, ̅̉̂˿̎˷̖̉̈̕ ̆̅ ˹˼̂˿̎˿̄˼ К˦˛ ˿ ̅̉̄̅̏˼̄˿̖ ˻˷˹̂˼̄˿̀ ˹ ̆̇˼˻˼̂˷̌, ̄˼̆̇˿˼̃̂˼-
̃̒̌ ˻̖̂ ̆̇˿̃˼̄˼̄˿̖ CFD – ̇˷̈̎˼̉̅˹ ˹˾˷̃˼̄ ̈̉˼̄˻̅˹̒̌ ˿̈̆̒̉˷̄˿̀. 
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The study presents the results of CFD calculations of for a flow part of a two-stage 16 MW pipeline 

compressor. The calculated characteristics of the pressure ratio, efficiency and work coefficient are 

compared with the characteristics measured at the manufacturer's air test rig. The calculations are 
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performed in two ways, without and with modeling the flow in the "impeller – stator" gaps. In the first case, 

friction losses of the outer surfaces of the impeller and leakage in labyrinth seals are not taken into account. 

The «STAGE» interface connects parameters of the flow at the impeller exit and vaneless diffuser inlet. This 

approach excludes the mixing of high-and low-energy flow zones in the diffusers from the calculation. The 

calculated characteristics are close in form to the experimental ones, but they are shifted to the area of 

higher flow rates, differ in efficiency and pressure ratios within the limits unacceptable for using CFD 

calculations instead of tests. 
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ВǤǧǦǧǯǪǧ. ˩̇˷˻˿̍˿̅̄̄̒̀ ̆̅˻̌̅˻ ́ CFD-

̇˷̈̎˼̉̊ ̉˼̎˼̄˿̀ ˸̒̂ ˾˷̂̅˽˼̄ ˹ ́̅̄̍˼ XIX ˹˼́˷ 
˹ ̇˷˸̅̉˷̌ ˧˼̀̄̅̂̓˻̈˷, ́̅̉̅̇̒̀ ̆̇˼˻̂̅˽˿̂ ̌˷-
̇˷́̉˼̇˿˾̅˹˷̉̓ ̆̊̂̓̈˿̇̊̐̕˿˼ ˺˿˻̇̅˻˿̄˷̃˿̎˼-
̈́˿˼ ˹˼̂˿̎˿̄̒ ˿̌ ̈̇˼˻̄˿̃˿ ˾̄˷̎˼̄˿̖̃˿. В̅ 

̃̄̅˺˿̌ ̅˸̂˷̖̈̉̌ CFD – ̇˷̈̎˼̉̒ ̊̈̆˼̏̄̅ ̆̇˿-

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

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

̆̇˼̈̈̅̇̅˹ ˸̅̂̓̏̅̀ ̃̅̐̄̅̈̉˿ ̖̈̉̅̉ ˻̅̇̅˺̅ ˿ 

˾˷̄˿̃˷̉̕ ˹̇˼̖̃. CFD-̇˷̈̎˼̉̒ ̍˼̄̉̇̅˸˼˽̄̒̌ 
́̅̃̆̇˼̈̈̅̇̅˹ ̈ ̇˷˾̂˿̎̄̅̀ ̈̉˼̆˼̄̓̕ ̊̈̆˼̏̄̅-

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

˾˷̇̊˸˼˽̄̒̃˿ ̈̆˼̍˿˷̂˿̈̉˷̃˿ [1–15]. ˤ˷˻˼˽-

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

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

̄̅̀ – ˻˹̊̌ ́̅̄̉̇̅̂̓̄̒̌ ̉̅̎́˷̌. ˜̐˼ ˸̅̂̓̏˼˼ 
˾̄˷̎˼̄˿˼ ˹̅˾̃̅˽̄̅̈̉̓ ́̅̇̇˼́̉̄̅˺̅ CFD – 

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

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

В˼̇˿̋˿́˷̍˿˿ CFD-̇˷̈̎˼̉̅˹ ̆̅̈˹̖̐˼̄ ̖̇˻ 

˾˷̇̊˸˼˽̄̒̀ ̇˷˸̅̉. В ̇˷˸̅̉˼ [16] ̆̅́˷˾˷̄ ̇˷̈-
̎˼̉ ̃˷̂̅̇˷̈̌̅˻̄̅̀ ˻˹̊˾˹˼̄̄̅̀ ́̅̃̆̇˼̈̈̅̇̄̅̀ 

̈̉̊̆˼̄˿. ˧˷̈̎˼̉ ̆̇̅˿˾˹̅˻˿̖̂̈ ˹ ̆̇̅˺̇˷̃̃˼ 
ANSYS CFX, ̇˷̈̎˼̉̄˷̖ ̅˸̂˷̈̉̓ ̖̈̅̈̉̅̂˷ ˿˾ 
˹̌̅˻̄̅˺̅ ̆˷̉̇̊˸́˷ ̈ ВˤА, ̇˷˸̅̎˼˺̅ ́̅̂˼̈˷ 
(˧К) ˿ ˸˼˾̂̅̆˷̉̅̎̄̅˺̅ ˻˿̋̋̊˾̅̇˷ (˘ˢ˛). ˧˷̈-
̈̎˿̉˷̄̄̒̀ К˦˛ ̆̇˼˹̒̏˷˼̉ ˿˾̃˼̇˼̄̄̒̀ ̆̅-

̖̇˻́˷ ̄˷ 11 % ̆̇˷́̉˿̎˼̈́˿ ̄˷ ˹̈˼̌ ̇˼˽˿̃˷̌ 

̇˷˸̅̉̒ ̈̉̊̆˼̄˿. И˾̃˼̇˼̄̄̒̀ ́̅̔̋̋˿̍˿˼̄̉ 

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

̄˷ 8–14 %. 

˦̇̅˻̅̂˽˼̄˿˼̃ ̇˷̈̎˼̉̅˹ ˹ ̇˷˸̅̉˼ [16] 

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

[17]. ˧˷̈̈̎˿̉˷̄̄̒˼ ̌˷̇˷́̉˼̇˿̈̉˿́˷ К˦˛ ̈̃˼-
̐˼̄˷ ˹̆̇˷˹̅ ˹ ̈̉̅̇̅̄̊ ˸̅̂̓̏˿̌ ̇˷̈̌̅˻̅˹, ̆̇˿ 

̔̉̅̃ ˾̄˷̎˼̄˿̖ ̃˷́̈˿̃˷̂̓̄̅˺̅ К˦˛ ̖̆̅̇˻́˷ 
75 % ˻̅̈̉˷̉̅̎̄̅ ̉̅̎̄̅ ̈̅˹̆˷˻˷̉̕ ́˷́ ̆̅ ̇˷̈-
̎˼̉̊, ̉˷́ ˿ ̆̅ ̔́̈̆˼̇˿̃˼̄̉̊. ˧˷̈̈̎˿̉˷̄̄˷̖ ̌˷-
̇˷́̉˼̇˿̈̉˿́˷ ̅̉̄̅̏˼̄˿̖ ˻˷˹̂˼̄˿̀ ̂˼˽˿̉ ̆̇˷-
˹˼˼ ˿ ̄˿˽˼ ˿˾̃˼̇˼̄̄̅̀.  

В ̇˷˸̅̉˼ [18] ̆̇˼˻̈̉˷˹̂˼̄̅ ̈̇˷˹̄˼̄˿˼ ̇˷̈-
̎˼̉̄̒̌ ˿ ̔́̈̆˼̇˿̃˼̄̉˷̂̓̄̒̌ ˻˷̄̄̒̌ ˻̖̂ ˻˹̊̌ 
̃̅˻˼̂̓̄̒̌ ̈̉̊̆˼̄˼̀. ˦̇̅˹̅˻˿̖̂̈ ˷̄˷̂˿˾ ̉̅̎-

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

˺̅ ̇˷˾̃˼̇˷. А˹̉̅̇̒ ˿̈̆̅̂̓˾̅˹˷̂˿ ̆̇̅˺̇˷̃̃̊ 

ANSYS CFX, ̃̅˻˼̂̓ ̉̊̇˸̊̂˼̄̉̄̅̈̉˿ SST, ̇˷̈-
̎˼̉̄˷̖ ̈˼̉́˷ ̖̈̅̈̉̅̂˷ ˿˾ 2,45 ̃̂̄ ̖̎˼˼́. 

˛̖̂ ˹̈˼̌ ̅˸̑˼́̉̅˹ ̌̅̇̅̏̅ ̃̅˻˼̂˿̇̊˼̖̉̈ 

̃˷́̈˿̃˷̂̓̄̒̀ К˦˛, ̇˷̈̈̎˿̉˷̄̄̒˼ ̌˷̇˷́̉˼-
̇˿̈̉˿́˿ ̄˼˾̄˷̎˿̉˼̂̓̄̅ ̈̃˼̐˼̄̒ ˹ ̈̉̅̇̅̄̊ 

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

̄̒̃˿, ˺̇˷̄˿̍˷ ̆̅̃̆˷˽˷ ̆̅ ̇˷̈̎˼̉̊ ̄˼̈́̅̂̓́̅ 

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

̔́̈̆˼̇˿̃˼̄̉̅̃. 

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

̄˷̆̅̇˷ ̖̆̅̇˻́˷ 1,5 % ˻̖̂ ̃˷̂̅̇˷̈̌̅˻̄̅̀ ̈̉̊-

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

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

̍˼̄̉̇̅˸˼˽̄̅̀ ́̅̃̆̇˼̈̈̅̇̄̅̀ ̈̉̊̆˼̄˿ ˹ ̆̇̅-

˺̇˷̃̃˷̌ ANSYS CFX ˿ NUMECA Fine/Turbo 

̆̇˼˻̈̉˷˹̂˼̄̅ ˹ ̇˷˸̅̉˼ [19]. ˥˸̑˼́̉˷̃˿ ˿̈̈̂˼-
˻̅˹˷̄˿̖ ̖˹̖̂̂˿̈̓ ̃̅˻˼̂̓̄̒˼ ̈̉̊̆˼̄˿ ̋˿̇̃̒ 

Howden CKD Compressors s.r.o [20]. ˘̒̂˿ ̆̇̅-

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

̊̆̂̅̉̄˼̄˿̀, ̉˷́ ˿ ˸˼˾ ̄˿̌. ˤ˷˿̂̊̎̏˿˼ ̇˼˾̊̂̓-

̉˷̉̒ ˻˷̂˿ ̇˷̈̎˼̉̒ ˹ ̆̇̅˺̇˷̃̃˼ NUMECA 

Fine/Turbo ̈ ̊̎˼̉̅̃ ˾˷˾̅̇̅˹ ̆̇˿ ˿̈̆̅̂̓˾̅˹˷-
̄˿˿ ̃̅˻˼̂˿ ̉̊̇˸̊̂˼̄̉̄̅̈̉˿ EARSM, ̉̅̎̄̅̈̉̓ 

̃̅˻˼̂˿̇̅˹˷̄˿̖ ̃˷́̈˿̃˷̂̓̄̅˺̅ К˦˛ ̖̆̅̇˻́˷ 

1 %, ˾̅̄˷ ̇˷˸̅̉̒ ̈̉̊̆˼̄˿ ̉˷́ ˽˼ ̃̅˻˼̂˿̇̊˼̖̉̈ 

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

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

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

К˦˛ ̈ ̆̅˺̇˼̏̄̅̈̉̓̕ ̖̆̅̇˻́˷ 5 %. ˧˷̈̎˼̉̒ 

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

̇˷˾̂˿̎˿̖ ̖̆̅̇˻́˷ 2 % ˻̖̂ ̇˷̈̎˼̉̄̅˺̅ ̇˼˽˿̃˷ 

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

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

̈˼̉́˿ ̄˷ 20 % ̆̇˿˹˼̂̅ ́ ˸̅̂˼˼ ̉̅̎̄̅̃̊ ̇˷̈̎˼̉̊ 

К˦˛. 

˧˷˸̅̉̒ [21, 22] ̆̇̅˻̅̂˽˷˼̉ ̈̅̆̅̈̉˷˹̂˼̄˿˼ 
CFD-̇˷̈̎˼̉̅˹ ˿ ̔́̈̆˼̇˿̃˼̄̉̅˹ ̃̅˻˼̂̓̄̒̌ 

̈̉̊̆˼̄˼̀ ̋˿̇̃̒ Howden CKD Compressors 

s.r.o [20] ˻̖̂ ̈̉̊̆˼̄˿ ̈ ̅̈˼̇˷˻˿˷̂̓̄̒̃ ̇˷˸̅-

̎˿̃ ́̅̂˼̈̅̃ (˥˧К) ̆̇˿ ̆̅̃̅̐˿ ̆̇̅˺̇˷̃̃̒ 

NUMECA Fine/Turbo. В̖̒˹̂˼̄̅ ̈̊̐˼̈̉˹˼̄-

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

̈̉̅̇̅̄̊ ˸̅̂̓̏˿̌ ̇˷̈̌̅˻̅˹ (̖̆̅̇˻́˷ ̄˷ 10 %), 

̆̇˿ ̔̉̅̃ ̇˷̈̎˼̉̒ ̈ ̃̅˻˼̂̓̕ k-w ̆̅́˷˾̒˹˷̉̕ 
̆̂̅̌̅˼ ̆̇̅˺̄̅˾˿̇̅˹˷̄˿˼ ̇˼˽˿̃˷ ̆̅̃̆˷˽˷. В˼-
̂˿̎˿̄˷ ̃˷́̈˿̃˷̂̓̄̅˺̅ К˦˛ ̆̅ ̇˷̈̎˼̉̊ ˿ ̔́̈-
̆˼̇˿̃˼̄̉̊ ̆̇˷́̉˿̎˼̈́˿ ̈̅˹̆˷˻˷˼̉. ˤ˷˿̂̊̎̏˿˼ 
̇˼˾̊̂̓̉˷̉̒ ̆̅́˷˾˷̂˷ ̃̅˻˼̂̓ ̉̊̇˸̊̂˼̄̉̄̅̈̉˿ 

EARSM. 

В ̇˷˸̅̉˼ [23] ̆̇˼˻̈̉˷˹̂˼̄̒ ̇˼˾̊̂̓̉˷̉̒ 

̆̇̅˹˼˻˼̄˿̖ CFD-̇˷̈̎˼̉̅˹ ̍˼̄̉̇̅˸˼˽̄̒̌ 

́̅̃̆̇˼̈̈̅̇̄̒̌ ̈̉̊̆˼̄˼̀ ̆̇˿ ̆̅̃̅̐˿ ̆̇̅-

˺̇˷̃̃̄̅˺̅ ́̅̃̆̂˼́̈˷ ̋˿̇̃̒ General Electric. 

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

̅˻̄˷́̅ ̆̇̅˺̇˷̃̃˷ ̄˼ ˻̅̈̉̊̆̄˷ ̏˿̇̅́̅̃̊ ́̇̊-

˺̊ ̆̅̂̓˾̅˹˷̉˼̂˼̀. 

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

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

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

ǘǧǭǾ ǲǢбоǴǽ – ̆̇̅˹˼̇˿̉̓ ̈̅̅̉˹˼̉̈̉˹˿˼ ̇˷̈-
̈̎˿̉˷̄̄̒̌ CFD – ̃˼̉̅˻̅̃ ˺˷˾̅˻˿̄˷̃˿̎˼̈́˿̌ 

̌˷̇˷́̉˼̇˿̈̉˿́ ˻˹̊̌̈̉̊̆˼̄̎˷̉̅̀ ̈̃˼̄̄̅̀ ̆̇̅-

̉̅̎̄̅̀ ̎˷̈̉˿ (˨˦ˮ) ́̅̃̆̇˼̈̈̅̇˷ ̃̅̐̄̅̈̉̓̕ 

16 ˣВ̉, ̌˷̇˷́̉˼̇˿̈̉˿́˷̃, ˿˾̃˼̇˼̄̄̒̃ ̆̇˿ 

˾˷˹̅˻̈́˿̌ ˿̈̆̒̉˷̄˿̖̌. ˦̅ ̇˼˾̊̂̓̉˷̉˷̃ ̆̇̅˹˼-
˻˼̄̄̅˺̅ ˿̈̈̂˼˻̅˹˷̄˿̖ ˹̒̇˷˸̅̉˷̉̓ ̇˼́̅̃˼̄˻˷-
̍˿˿ ̆̅ ̆̅̈̉˷̄̅˹́˼ CFD-̇˷̈̎˼̉̅˹. 

ǒǢǳǹǧǴǯоǧ ǪǳǳǭǧǦоǤǢǯǪǧ. ǐбǼǧǬǴ ǪǳǳǭǧǦоǤǢǯǪȁ 

Ӥ̈̂˼˻̊˼̃˷̖ ˨˦ˮ ˻̖̂ ́̅̃̆̇˼̈̈̅̇˷ ̂˿-

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

̄̅̈̉̓̕ 16 000 ́В̉ ˿̃˼˼̉ 2 ̈̉̊̆˼̄˿ ̈ ̇˷˸̅̎˿̃˿ 

́̅̂˼̈˷̃˿ ˻˿˷̃˼̉̇̅̃ 800 ̃̃ ˿ ˸˼˾̂̅̆˷̉̅̎̄̒˼ 
˻˿̋̋̊˾̅̇̒, ̇˷̈̎˼̉̄̅˼ ̅̉̄̅̏˼̄˿˼ ˻˷˹̂˼̄˿̀ ̄˷ 

˺˷˾˼ 1,35. ˧˿̈. 1 ˻˷˼̉ ̆̇˼˻̈̉˷˹̂˼̄˿˼ ̅ ̆̇̅̉̅̎-

̄̅̀ ̎˷̈̉˿, ́̅̉̅̇˷̖ ˹́̂̎̕˷˼̉ ˹̌̅˻̄̅̀ ̆˷̉̇̊-

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

̌̅˻̄̊̕ ̈˸̅̇̄̊̕ ́˷̃˼̇̊.  

ǟǬǳǱǧǲǪмǧǯǴǢǭǾǯǽǧ ǷǢǲǢǬǴǧǲǪǳǴǪǬǪ  

˛̖̂ ̅̍˼̄́˿ ̇˼˾̊̂̓̉˷̉̅˹ ˹˿̇̉̊˷̂̓̄̅˺̅ 

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

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

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

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

˹̒̌ ˿̈̆̒̉˷̄˿̀ (̇˿̈. 2). И˾̃˼̇˼̄̄̒˼ ̌˷̇˷́-

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

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

̍˿˼̄̉̅˹ ̅̉ ̃˷̈̈̅˹̅˺̅ ̇˷̈̌̅˻˷  iη, ψ , π = .f m  

˞˻˼̈̓: 

̅̉̄̅̏˼̄˿˼ ˻˷˹̂˼̄˿̀: 
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̄
;

p

p
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˧˿̈. 1. ˨̂˼˹˷ – ̃˼̇˿˻˿̅̄˷̂̓̄̅˼ ̈˼̎˼̄˿˼ ̆̇̅̉̅̎̄̅̀ ̎˷̈̉˿ ˨˦ˮ ˤ˭-16/76-1.35, ˹ ̍˼̄̉̇˼ –  

̉˹˼̇˻̅̉˼̂̓̄˷̖ ̃̅˻˼̂̓ ˹̌̅˻̄̅˺̅ ̆˷̉̇̊˸́˷, ̈̆̇˷˹˷ – ̉˹˼̇˻̅̉˼̂̓̄˷̖ ̃̅˻˼̂̓ ˹̒̌̅˻̄̅̀ ̈˸̅̇̄̅̀ ́˷̃˼̇̒ 

Fig. 1. On the left – meridional cross section of the pipeline compressor flow part CC-16/76-1.35,  

in the center – solid model of the inlet nozzle, right-solid model of the exit nozzle 

 

̆̅̂˿̉̇̅̆̄̒̀ К˦˛ ̆̅ ̈̉˷̉˿̎˼̈́˿̃ ̆˷̇˷-
̃˼̉̇˷̃: 
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́̅̔̋̋˿̍˿˼̄̉ ˹̄̊̉̇˼̄̄˼˺̅ ̄˷̆̅̇˷: 
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ˤ˷ ̇˿̈. 2 ̇˼˾̊̂̓̉˷̉̒ ˿̈̆̒̉˷̄˿̖ ̆̇˼˻̈̉˷˹-

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

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

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

˷̂̓̄̅˺̅ ˿̈̈̂˼˻̅˹˷̄˿̖ ̌˷̇˷́̉˼̇˿̈̉˿́: 

  π =
20,015 0,1053 1,2893;f m m m     (4) 

  =
20,0188 0,214 0,2401;f m m m      (5) 

  iψ = 1,9651 0,1642 .f m m   (6) 

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

˼̖̉̈ ̆̅ ̋̅̇̃̊̂˼ (1) ˿ ˿˾̃˼̖̇˼̖̉̈ ̈ ̄˼˸̅̂̓̏˿̃ 

̇˷˾˸̇̅̈̅̃ ˾̄˷̎˼̄˿̀. В ̇˷˸̅̉˼ [24–26] ̆̇˿˹˼˻˼̄̒ 

̃̄̅˺̅̎˿̈̂˼̄̄̒˼ ̇˼˾̊̂̓̉˷̉̒ ˾˷˹̅˻̈́˿̌ ˿̈̆̒̉˷-
̄˿̀, ́̅̉̅̇̒˼ ̔̉̅ ̆̅˻̉˹˼̇˽˻˷̉̕. ˥˻̄˷́̅ ̉˷̃ ˼̈̉̓ 
˻˷̄̄̒˼ ˻˹̊̌ ˿̈̆̒̉˷̄˿̀ ̈̅ ˾̄˷̎˿̉˼̂̓̄̒̃ ̇˷˾-
˸̇̅̈̅̃ ˾̄˷̎˼̄˿̀ ̅̉̄̅̏˼̄˿̖ ˻˷˹̂˼̄˿̀. ˤ˷ ̇˿̈. 2 

˾̄˷̎˿̉˼̂̓̄̒̀ ̇˷˾˸̇̅̈ ̉̅̎˼́ ˼̈̉̓ ̆̇˿ ̇˷̈̌̅˻˼ 
˸̅̂̓̏˼ 6,5 ́˺/̈. ˞̄˷̎˿̉˼̂̓̄̅ ̅̉̂˿̎˷̖̉̈̕ ̅̉̄̅-

̏˼̄˿̖ ˻˷˹̂˼̄˿̀ ˿̈̆̒̉˷̄˿̀ № 1 ˿ 3. ˧˼˾̊̂̓̉˷̉̒ 

˿̈̆̒̉˷̄˿̀ № 2 ˿ 3 ˻̅̈̉˷̉̅̎̄̅ ̌̅̇̅̏̅ ̈̅̅̉˹˼̉-
̈̉˹̊̉̕ ˷̆̆̇̅́̈˿̃˿̇̊̐̕˼̀ ˾˷˹˿̈˿̃̅̈̉˿. 

И˾̃˼̇˼̄˿˼ ́̅̔̋̋˿̍˿˼̄̉˷ ˹̄̊̉̇˼̄̄˼˺̅ 

̄˷̆̅̇˷ ̆̅ ̆̅˹̒̏˼̄˿̕ ̉˼̃̆˼̇˷̉̊̇̒ ˺˷˾˷ ̎˷̐˼ 
˿̃˼˼̉ ˾̄˷̎˿̉˼̂̓̄̊̕ ̈̂̊̎˷̀̄̊̕ ̆̅˺̇˼̏̄̅̈̉̓. 
ˢ˿̄˼̀̄̅̀ ˷̆̆̇̅́̈˿̃˿̇̊̐̕˼̀ ˾˷˹˿̈˿̃̅̈̉˿ 

̂̊̎̏˼ ˹̈˼˺̅ ̈̅̅̉˹˼̉̈̉˹̊̉̕ ̇˼˾̊̂̓̉˷̉̒ ˿̈̆̒̉˷-
̄˿̖ №2.  

˦̇˿ ˹̈˼̌ ̎˼̉̒̇˼̌ ˿̈̆̒̉˷̄˿̖̌ ̇˷˾˸̇̅̈ ˾̄˷-

̎˼̄˿̀ К˦˛ ˸̅̂̓̏̅̀, ̄̅ ˷̆̆̇̅́̈˿̃˿̇̊̐̕˼̀ 

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

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

̃˼, ̈̅̅̉˹˼̉̈̉˹̊̐̕˼̃ ̇˷̈̌̅˻̊ ̃˼̄˼˼ 3,5 ́˺/̈. ˤ˷ 
̔̉̅̃ ̇˼˽˿̃˼ ˻̅̈̉˿˺˷˼̖̉̈ ̃˷́̈˿̃˷̂̓̄̅˼ ̅̉̄̅-

̏˼̄˿˼ ˻˷˹̂˼̄˿̀ – ̔̉̅ ˺̇˷̄˿̍˷ ̆̅̃̆˷˽˷.  
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˧˿̈. 2. Ӑ̆̇̅́̈˿̃˷̍˿̖ ̇˼˾̊̂̓̉˷̉̅˹ ̔́̈̆˼̇˿̃˼̄̉˷̂̓̄̒̌ ˿̈̈̂˼˻̅˹˷̄˿̀ 

Fig. 2. Approximation of experimental results 
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ǎǧǴоǦǪǬǢ CFD -ǲǢǳǹǧǴǢ 

А˹̉̅̇˷̃˿ ̇˷˸̅̉̒ ˸̒̂˿ ̆̇̅˹˼˻˼̄̒ CFD–

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

˺˷˾̅˻˿̄˷̃˿̎˼̈́˿̃˿ ̌˷̇˷́̉˼̇˿̈̉˿́˷̃˿. ˴̉̅ ˸̒̂˷ 
̃̅˻˼̂̓̄˷̖ ̈̉̊̆˼̄̓ ̈ ̆̅̂̊̅̉́̇̒̉̒̃ ̅̈˼̇˷˻˿˷̂̓-
̄̒̃ ̇˷˸̅̎˿̃ ́̅̂˼̈̅̃, ˿ ̃̅˻˼̂̓ ˹ ̃˷̈̏̉˷˸˼ 1:2 

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

̆˼̇˼́˷̎˿˹˷̐̕˼˺̅ ˷˺̇˼˺˷̉˷ (˚˦А) ̃̅̐̄̅̈̉̓̕ 

32 000 ́В̉. ˘̒̂˿ ˿̈̆̒̉˷̄̒ ˿̄̉˼̇̋˼̀̈̒ ̉˿̆˷ 
«STAGE», «Frozen Rotor», ̎˼̉̒̇˼ ̃̅˻˼̂˿ ̉̊̇˸̊-
̂˼̄̉̄̅̈̉˿, ̈˼̉́˿ ̈ ̇˷˾̄̒̃ ̎˿̈̂̅̃ ̔̂˼̃˼̄̉̅˹. В 

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

̎˼̄ ˾˷˾̅̇ «́̅̇̆̊̈ – ̆̅́̇̒˹˷̐̕˿̀ ˻˿̈́» (̉. ˼. 
˸̒̂˿ ̊̎̉˼̄̒ ̆̅̉˼̇˿ ̉̇˼̄˿̖ ̔̉̅˺̅ ˻˿̈́˷ ˿ ̆̇̅-

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

̅̄˷̇̄̅̈̉˿. ˘̅̂˼˼ ̆̅̂̄̅˼ ̅̆˿̈˷̄˿˼ ̆̇̅̉̅̎̄̅̀ 

̎˷̈̉˿ ˿ ̇˷˸̅̎˼˺̅ ̆̇̅̍˼̈̈˷ ˹˼˻˼̉ ́ ˸̅̂˼˼ ́˷̎˼-
̈̉˹˼̄̄̅̃̊ ̇˼˾̊̂̓̉˷̉̊ ̃̅˻˼̂˿̇̅˹˷̄˿̖. ˤ̅ ˹̅ ˹̈˼̌ 
̈̂̊̎˷̖̌ ̄˷˸̂̕˻˷̂̅̈̓ ˾̄˷̎˿̉˼̂̓̄̅˼ ̆̇˼˹̒̏˼̄˿˼ 
̇˷̈̈̎˿̉˷̄̄̅˺̅ ̉˼̅̇˼̉˿̎˼̈́̅˺̅ ̄˷̆̅̇˷ ˿ ̆̅̂˿̉-
̇̅̆̄̅˺̅ ̄˷̆̅̇˷ ˹̈̂˼˻̈̉˹˿˼ ̔̉̅˺̅. ˦̇˿ ̇˷̈̎˼̉˼ 
˸˼˾ ̊̎˼̉˷ ̄˼̈̉˷̍˿̅̄˷̇̄̅̈̉˿ ̌˷̇˷́̉˼̇˿̈̉˿́˿ 

̈̃˼̐˷̂˿̈̓ ˹ ̈̉̅̇̅̄̊ ˸̅̂̓̏˼˺̅ ̇˷̈̌̅˻˷. ˩˷́˿˼ 
̇˼˾̊̂̓̉˷̉̒ ̃̅˻˼̂˿̇̅˹˷̄˿̖ ̄˼ ̆̅˾˹̖̅̂̉̕ ̆̇˿̃˼-
̖̄̉̓ CFD–̇˷̈̎˼̉̒ ̈̉̊̆˼̄˼̀ ˿ ́̅̃̆̇˼̈̈̅̇̅˹ ˻̖̂ 

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

˥˸̑˼́̉ ̄˷̖̈̉̅̐˼˺̅ ˿̈̈̂˼˻̅˹˷̄˿̖ – ˻˹̊̌-
̈̉̊̆˼̄̎˷̉̒̀ ́̅̃̆̇˼̈̈̅̇ – ̇˷̄˼˼ ˷˹̉̅̇˷̃˿ ̄˼ 
̃̅˻˼̂˿̇̅˹˷̖̂̈. ˜˺̅ ̆̇̅̉̅̎̄˷̖ ̎˷̈̉̓ ˸̅̂˼˼ 
̈̂̅˽̄̒̀ ̅˸̑˼́̉ ˻̖̂ ̆̅̈̉̇̅˼̄˿̖ ̉˹˼̇˻̅̉˼̂̓̄̅̀ 

̃̅˻˼̂˿. ˘̒̂̅ ̆̇˿̖̄̉̅ ̇˼̏˼̄˿˼ ̄˷ ˻˷̄̄̅̃ ̔̉˷-
̆˼ ̆̇̅˹˼̈̉˿ ̇˷̈̎˼̉ ˹ ̈̉˷̍˿̅̄˷̇̄̅̀ ̆̅̈̉˷̄̅˹́˼ 
˿ ̆̇˿̃˼̄˿̉̓ ̆̇̅̈̉˼̀̏˿̀ ˿̄̉˼̇̋˼̀̈ «STAGE», 

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

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

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

̈̉˿. ˧˷̈̎˼̉̒ ˹̒̆̅̂̄˼̄̒ ̈ ̆̅̃̅̐̓̕ ̆̇̅˺̇˷̃-

̃̒ ANSYS/CFX. В ̇˷̈̎˼̉˼ ̊̎˷̈̉˹̊˼̉ ̆̅̂̄˷̖ 

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

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

˦̇˿ ˿̈̆̅̂̓˾̅˹˷̄˿˿ CFD-̇˷̈̎˼̉̅˹ ˹ ˿̈̈̂˼-
˻̅˹˷̉˼̂̓̈́˿̌ ̍˼̖̂̌ ̎˷̈̉̅ ̄˼ ̃̅˻˼̂˿̇̊˼̖̉̈ ̉˼-
̎˼̄˿˼ ˹ ˾˷˾̅̇˷̌ «̇˷˸̅̎˼˼ ́̅̂˼̈̅ – ́̅̇̆̊̈». ˦̇˿ 

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

˻˿̈́̅˹ ˻̅̆̅̂̄˿̉˼̂̓̄̅ ̆˼̇˼˻˷˼̉ ˺˷˾̊ ̃˼̌˷̄˿̎˼-
̈́̊̕ ̔̄˼̇˺˿̕ ˻˹˿˺˷̉˼̖̂. ˮ˼̇˼˾ ̂˷˸˿̇˿̄̉̄̒˼ 
̊̆̂̅̉̄˼̄˿̖ ̆̅́̇̒˹˷̐̕˼˺̅ ˻˿̈́˷ ˿ ˹˷̂˷ ̆˼̇˼-
̉˼́˷˼̉ ̄˼́̅̉̅̇̅˼ ́̅̂˿̎˼̈̉˹̅ ˺˷˾˷. ˦̇̅̉˼̎́˿ 

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

̈̄˿˽˷˼̉ К˦˛. ˩˼̃ ̄˼ ̃˼̄˼˼, ˹ ̇˷˸̅̉˷̌ [27–31] 

̆̅́˷˾˷̄̅, ̎̉̅ ̇˷̈̎˼̉̒ ˹ ̊̆̇̅̐˼̄̄̅̀ ̆̅̈̉˷̄̅˹-

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

̃˷̂̓̄̅˺̅ К˦˛ ̍˼̄̉̇̅˸˼˽̄̒̌ ̈̉̊̆˼̄˼̀. ˴̉̅ 

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

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

̉̅̇ ̇˷˸̅̉̒ [23] ̄˷̈̉˷˿˹˷˼̉, ̎̉̅ ˻̖̂ ́̅̇̇˼́̉̄̅˺̅ 

̃̅˻˼̂˿̇̅˹˷̄˿̖ ̌˷̇˷́̉˼̇˿̈̉˿́ ˹ ̍˼̂̅̃ ̈̂˼˻̊˼̉ 
̇˷̈̈̎˿̉̒˹˷̉̓ ̉˼̎˼̄˿˼ ˹ ˾˷˾̅̇˷̌. ˛̖̂ ̖̆̇̅̈̄˼-
̄˿̖ ˹̅̆̇̅̈˷ ̌˷̇˷́̉˼̇˿̈̉˿́˿ ˨˦ˮ ̇˷̈̈̎˿̉˷̄̒ ̈ 
̊̎˼̉̅̃ ˿ ˸˼˾ ̊̎˼̉˷ ̉˼̎˼̄˿̖ ˹ ˾˷˾̅̇˷̌.  

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

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

̋̊˾̅̇˷ ˿ ̅˸̇˷̉̄̅-̄˷̆̇˷˹̖̂̐̕˼˺̅ ˷̆̆˷̇˷̉˷ 
(˥ˤА) ˿ ̄˼̈̉̇̊́̉̊̇˿̇̅˹˷̄̄˷̖ ˺˿˸̇˿˻̄˷̖ ̈˼̉́˷ 
˻̖̂ ˹̌̅˻̄̅˺̅ ˿ ˹̒̌̅˻̄̅˺̅ ̊̈̉̇̅̀̈̉˹. ˛̖̂ ̊̎˼̉˷ 
̆̅˺̇˷̄˿̎̄̅˺̅ ̖̈̂̅ ́ ˺̇˷̄˿̍˷̃, ̅̆̇˼˻˼̖̂̐̕˿̃ 

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

̃̅˻˼̂˼̀ ̉̊̇˸̊̂˼̄̉̄̅̈̉˿ ˿ ̆̇˿̈̉˼̄̅̎̄̒̃ ̋̊̄́-

̍˿̖̃. ˧˷˾̃˼̇ ̆˼̇˹̅̀ ̆̇˿̈̉˼̄̅̎̄̅̀ ̖̎˼̀́˿ ˹˷-
̇̓˿̇̊˼̖̉̈ ˹ ˻˿˷̆˷˾̅̄˼ 10–50 ̃́̃. К̅̔̋̋˿̍˿˼̄̉ 
̊˹˼̂˿̎˼̄˿̖ ̇˷˾̃˼̇˷ 1.2–1.5. ˥˸̐˼˼ ́̅̂˿̎˼̈̉˹̅ 

̇˷̈̎˼̉̄̒̌ ̖̎˼˼́ ̈̅̈̉˷˹˿̂̅ 39 200 000. ˧˷˾̇˷˸̅-

̉˷̄̄˷̖ ̈˼̉̅̎̄˷̖ ̃̅˻˼̂̓ ̆̇̅̉̅̎̄̅̀ ̎˷̈̉˿ ́̅̃-

̆̇˼̈̈̅̇˷ ̆̇˼˻̈̉˷˹̂˼̄˷ ̄˷ ̇˿̈. 3. 
 

 
 

˧˿̈. 3. ˧˷˾̇˼˾ ̈˼̉̅̎̄̅̀ ̇˷̈̎˼̉̄̅̀ ̃̅˻˼̂˿ ̃̅˻˼̂̓̄̅˺̅ 

́̅̃̆̇˼̈̈̅̇˷ ̈ ̊̎˼̉̅̃ ̂˷˸˿̇˿̄̉̄̒̌ ̊̆̂̅̉̄˼̄˿̀ 

Fig. 3. Computational grid of the inlet nozzle and exit nozzle 
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˧˿̈. 4. ˦̅̂˼ ̈́̅̇̅̈̉˼̀ (̈̂˼˹˷) ˿ ̈̉˷̉˿̎˼̈́˿̌ ˻˷˹̂˼̄˿̀ (̈̆̇˷˹˷) ˹̅ ˹̌̅˻̄̅̃ ̆˷̉̇̊˸́˼ 
Fig. 4. Velocity field (left) and static pressure field (right) in inlet nozzle 

 

˦̇˿ ̃̅˻˼̂˿̇̅˹˷̄˿˿ ̉˼̎˼̄˿̖ ˹ ˾˷˾̅̇˷̌ 
«˧К – ́̅̇̆̊̈» ˹ ̇˷̈̎˼̉̄̊̕ ̈˼̉́̊ ˻̅˸˷˹̖̂̂˿̈̓ 
̔̂˼̃˼̄̉̒, ̅̆̇˼˻˼̖̂̐̕˿̌ ̂˷˸˿̇˿̄̉̄̒˼ ̊̆̂̅̉-
̄˼̄˿̖ (̆̅́˷˾˷̄̒ ̄˷ ̇˿̈. 3 ́̇˷̈̄̒̃). К̅̂˿̎˼-
̈̉˹̅ ̇˷̈̎˼̉̄̒̌ ̖̎˼˼́ ˹ ̃̅˻˼̂˿ ̆̇˿ ̔̉̅̃ ̊˹˼̂˿-

̎˿̂̅̈̓ ̄˷ 15 ̃̂̄.  

ǐǳобǧǯǯоǳǴǪ ǳǴǲǵǬǴǵǲǽ ǴǧǹǧǯǪȁ 

ˤ˷˿˸̅̂˼˼ ˿̄̉˼̇˼̈̄̒˼ ̅̈̅˸˼̄̄̅̈̉˿ ̉˼̎˼-
̄˿̖ ̈˹̖˾˷̄̒ ̈ ̄˼̅̈˼̈˿̃̃˼̉̇˿̎̄̅̈̉̓̕ ̆̇̅̉̅̎-

̄̅̀ ̎˷̈̉˿. Ӣ̋̅̇̃˷̍˿̖ ̅ ̈̉̇̊́̉̊̇˼ ̉˼̎˼̄˿̖ 

̆̇˼˻̈̉˷˹̂˼̄˷ ˻̖̂ ̇˼˽˿̃˷ ̃˷́̈˿̃˷̂̓̄̅˺̅ К˦˛ 

̈ ̇˷̈̌̅˻̅̃ 5,35 ́˺/̈ ̄˷ ̈̇˼˻̄˿̌ ̆̅ ˹̒̈̅̉˼ ́˷-
̄˷̂̅˹ ̈˼̎˼̄˿̖̌ ̆̇̅̉̅̎̄̅̀ ̎˷̈̉˿.  

˦̅̂˼ ̈́̅̇̅̈̉˼̀ ̆̅̉̅́˷ ˹̅ ˹̌̅˻̄̅̃ ̆˷̉̇̊˸́˼ 
˻˼̃̅̄̈̉̇˿̇̊˼̉ ̇˿̈. 4. ˞˷̈̉̅̀̄˷̖ ˾̅̄˷ (̈˿̄˿̀ 

̍˹˼̉) ̆̅́˷˾̒˹˷˼̉ ̇˷˾˹˿̉˿˼ ̅̉̇̒˹˷ ̆̅̉̅́˷ ̄˷ ̆˼-
̇˼̌̅˻˼ ˿˾ ̇˷˻˿˷̂̓̄̅̀ ̉̇̊˸̒ ˹ ̈̆˿̇˷̂̓̄̊̕ ́˷̃˼-
̇̊. ˢ̅́˷̂̓̄̒˼ ˽˼̂̉̒˼ ˾̅̄̒ ̊́˷˾̒˹˷̉̕ ̄˷ ̊˻˷̇-

̄̅˼ ̅˸̉˼́˷̄˿˼ ̄˷̆̇˷˹̖̂̐̕˿̌ ̂̅̆˷̉̅́. В̃˼̈̉˼ ̈ 
̉˼̃, ̅́̇̊˽̄˷̖ ̄˼̇˷˹̄̅̃˼̇̄̅̈̉̓ ̖̆̅̂ ̈́̅̇̅̈̉˼̀ 

̄˷ ˹̒̌̅˻˼ ˿˾ ˹̌̅˻̄̅˺̅ ̆˷̉̇̊˸́˷ – ̄˷ ˹̌̅˻˼ ˹ ̇˷-
˸̅̎˼˼ ́̅̂˼̈̅ 1-̀ ̈̉̊̆˼̄˿ – ̄˼˸̅̂̓̏˷̖. ˤ̅ ̈̉˷-
̉˿̎˼̈́̅˼ ˻˷˹̂˼̄˿˼ ˾˷̃˼̉̄̅ ̃˼̄̓̏˼ ˹ ̅˸̂˷̈̉˿, 

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

̇˷̂̓̄̅̀ ̎˷̈̉˿ ˹̌̅˻̄̅˺̅ ̆˷̉̇̊˸́˷. 
˧˿̈. 5 ˻˼̃̅̄̈̉̇˿̇̊˼̉ ̈̉̇̊́̉̊̇̊ ̆̅̉̅́˷ ˹ 

˹̒̌̅˻̄̅̀ ̈˸̅̇̄̅̀ ́˷̃˼̇˼. 

В̒̌̅˻̄̅˼ ̊̈̉̇̅̀̈̉˹̅ ̍˼̄̉̇̅˸˼˽̄̅˺̅ ́̅̃-

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

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

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

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

̄˷̆̇˷˹̂˼̄˿˿. И˾˹˼̈̉̄̒ ̈̂̊̎˷˿ ̆̅̂̅̃̅́. ˮ˷-
̈̉̅ ̆̇˿̃˼̖̄̐̕˿˼̖̈ ˹ ́̅̃̆̇˼̈̈̅̇˷̌ ˻̖̂ ˺˷˾̅-

˹̅̀ ̆̇̅̃̒̏̂˼̄̄̅̈̉˿ ̃˷˺̄˿̉̄̒˼ ̆̅˻̏˿̆̄˿-

́˿ ̄˼ ˹̒˻˼̇˽˿˹˷̉̕ ˸̅̂̓̏̊̕ ̇˷˻˿˷̂̓̄̊̕ 

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

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

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

̄̊̕ ̄˷˺̇̊˾́̊ ̄˷ ̄˼̇˷̈̎˼̉̄̒̌ ̇˼˽˿̃˷̌ ̆̅ 

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

̏˼̄̄̅̀ ̊̂˿̉́̅̀ ˿ ̆̅̔̉̅̃̊ ̄˷̌̅˻˿̉ ̆̇˿̃˼̄˼-
̄˿˼ [32].  

˩˼̎˼̄˿˼ ˹ ̅̈˼̈˿̃̃˼̉̇˿̎̄̒̌ ̔̂˼̃˼̄̉˷̌ ̆̇̅-

̉̅̎̄̅̀ ̎˷̈̉˿ ̉˷́˽˼ ˾˷̈̂̊˽˿˹˷˼̉ ˹̄˿̃˷̄˿̖. ˤ˷ 
̇˿̈. 6 ̆̅́˷˾˷̄̅ ̆̅̂˼ ̈́̅̇̅̈̉˼̀ ˿ ˻˷˹̂˼̄˿̀ ˹ 

̂̅̆˷̉̅̎̄̒̌ ́˷̄˷̂˷̌ ̅˸̇˷̉̄̅ ̄˷̆̇˷˹̖̂̐̕˼˺̅ 

˷̆̆˷̇˷̉˷.  
В [33] ̇˼́̅̃˼̄˻̅˹˷̄̅ ˹̖̒̆̅̂̄̉̓ ̂̅̆˷̉́˿ 

˥ˤА ̈ ̆̅̂̅˽˿̉˼̂̓̄̒̃ ̊˺̂̅̃ ˷̉˷́˿ +(4–5) ˺̇˷-
˻̊̈̅˹ ̄˷ ̇˷̈̎˼̉̄̅̃ ̇˼˽˿̃˼. ˥˸̉˼́˷̄˿˼ ̂̅̆˷̉̅́ 

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

˹˷̉̕ ˾̅̄̒ ̅̉̇̒˹˷ – ̈˿̄˿̀ ̍˹˼̉ ̄˷ ̇˿̈. 6 ̈̂˼˹˷. 
ˤ˼ ̖̈̄˷ ̆̇˿̎˿̄˷ ̇˷˾̄̅˺̅ ̌˷̇˷́̉˼̇˷ ̅˸̉˼-

́˷̄˿̖ ̂̅̆˷̉̅́ ̇˷˸̅̎˿̌ ́̅̂˼̈ 1-̀ ˿ 2-̀ ̈̉̊̆˼-
̄˼̀ – ̇˿̈. 7.  
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˧˿̈. 5. ˦̅̂˼ ̈́̅̇̅̈̉˼̀ (̈̂˼˹˷) ˿ ̈̉˷̉˿̎˼̈́˿̌ ˻˷˹̂˼̄˿̀ (̈̆̇˷˹˷) ˹ ˹̒̌̅˻̄̅̀ ̈˸̅̇̄̅̀ ́˷̃˼̇˼ 

Fig. 5. Velocity field (left) and static pressures (right) in the exit nozzle 
 

    
 

˧˿̈. 6. ˦̅̂˼ ̈́̅̇̅̈̉˼̀ (̈̂˼˹˷) ˿ ̈̉˷̉˿̎˼̈́˿̌ ˻˷˹̂˼̄˿̀ (̈̆̇˷˹˷) ˹ ˥ˤА 

Fig. 6. Velocity field (left) and static pressures (right) in return channel 
 

    
 

˧˿̈. 7. ˦̅̂˼ ˷˸̈̅̂̉̄̒̌̕ ̈́̅̇̅̈̉˼̀ ˹ ̂̅̆˷̉̅̎̄̒̌ ˷̆̆˷̇˷̉˷̌. 

˨̂˼˹˷ – ˧К 1-̀ ̈̉̊̆˼̄˿. ˨̆̇˷˹˷ – ˧К 2-̀ ̈̉̊̆˼̄˿ 

Fig. 7. The field of absolute velocities in the blade rows. 

On the left – 1-st stage impeller. On the right –2-nd stage impeller 
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И˾˹˼̈̉̄̅, ̎̉̅ ̇˷˸̅̎˿˼ ́̅̂˼̈˷ ˨˦ˮ ˤ˭-

16/76-1,35 ̈̆̇̅˼́̉˿̇̅˹˷̄̒ ˣ˼̉̅˻̅̃ ̊̄˿˹˼̇-

̈˷̂̓̄̅˺̅ ̃̅˻˼̂˿̇̅˹˷̄˿̖ [34] ̈ ́̅̄̉̇̅̂˼̃ ˾˷-
̃˼˻̂˼̄˿̖ ̆̅̉̅́˷ ̄˷ ˾˷˻̄˼̀ ̆̅˹˼̇̌̄̅̈̉˿ ̂̅̆˷-
̉̅́ ˻̖̂ ̆̇˼˻̅̉˹̇˷̐˼̄˿̖ ˿̂˿ ̃˿̄˿̃˿˾˷̍˿˿ ̅̉-
̇̒˹˷ ̆̅̉̅́˷. ˪ ̄˿˾́̅̄˷̆̅̇̄̒̌ ˧К, ́˷́ ̊ ˨˦ˮ 

ˤ˭-16/76-1,35, ̄˷ ̇˷̈̎˼̉̄̅̃ ̇˼˽˿̃˼ ̅̉̇̒˹˷ 
̃̅˽̄̅ ˿˾˸˼˽˷̉̓ [32]. ˨̉̇̊́̉̊̇˷ ̆̅̉̅́˷ ˹ ˧К 1-

̀ ̈̉̊̆˼̄˿ ̇˷˹̄̅̃˼̇̄˷̖. ˥̎˼˹˿˻̄̅, ̉˷̃ ̅̉̇̒˹˷ 
̄˼̉. ˢ̅̆˷̉̅̎̄̒̀ ˷̆̆˷̇˷̉ ˧К 2-̀ ̈̉̊̆˼̄˿ ˷̄˷-
̂̅˺˿̎˼̄ ˷̆̆˷̇˷̉̊ ˧К 1-̀ ̈̉̊̆˼̄˿. В ̄˼̃ ̄˷ 
˾˷˻̄˼̀ ̆̅˹˼̇̌̄̅̈̉˿ ̖̆̅˹̖̖̂̉̈̕ ˿ ̇˷˾˹˿˹˷̖̉̈̕ 

́ ˹̒̌̅˻̊ ˿˾ ́̅̂˼̈˷ ˾̅̄̒ ˹̒̈̅́˿̌ ˷˸̈̅̂̉̄̒̌̕ 
̈́̅̇̅̈̉˼̀. ˴̉̅ ˾̅̄̒ ̅̉̇̒˹˷ ̅̉̄̅̈˿̉˼̂̓̄̅̀ 

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

˸̅̂̓̏̅̀ ̈́̅̇̅̈̉˿. ˥̈̉˷̄̅˹˿˹̏˿̖̀̈ ˹ ̅̉̄̅̈˿-

̉˼̂̓̄̅̃ ˻˹˿˽˼̄˿˿ ̆̅̉̅́ ˹ ˷˸̈̅̂̉̄̅̀̕ ̈˿̈̉˼̃˼ 
́̅̅̇˻˿̄˷̉ ˿̃˼˼̉ ̈́̅̇̅̈̉̓ ˹̇˷̐˼̄˿̖ ́̅̂˼̈˷. 
˦̇˿̎˿̄˷ ̖̆̅˹̂˼̄˿̖ ̅̉̇̒˹˷ ˹ ˧К 2-̀ ̈̉̊̆˼̄˿ 

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

ǒǧǩǵǭǾǴǢǴǽ моǦǧǭǪǲоǤǢǯǪȁ ǥǢǩоǦǪǯǢмǪǹǧǳǬǪǷ 

ǷǢǲǢǬǴǧǲǪǳǴǪǬ. ǓоǱоǳǴǢǤǭǧǯǪǧ ǦǤǵǷ ǳǱоǳобоǤ 
моǦǧǭǪǲоǤǢǯǪȁ 

˦̇˿ ˿̄˽˼̄˼̇̄̒̌ ̇˷̈̎˼̉˷̌ ̍˼̄̉̇̅˸˼˽̄̒̌ 

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

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

̄̅̀ ̎˷̈̉˿ ˿ ˹ ˾˷˾̅̇˷̌ «̇˷˸̅̎˼˼ ́̅̂˼̈̅ – ́̅̇-

̆̊̈». В ̆̇̅̉̅̎̄̅̀ ̎˷̈̉˿ ̃˼̌˷̄˿̎˼̈́˷̖ ̔̄˼̇-

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

̈˷. ˜˼ ̊˻˼̂̓̄˷̖ ˹˼̂˿̎˿̄˷ – ̃˼̌˷̄˿̎˼̈́˷̖ 

̔̄˼̇˺˿̖, ̅̉̄˼̈˼̄̄˷̖ ́ ˼˻˿̄˿̍˼ ̃˷̈̈̒ ˺˷˾˷ – 

̄˷˾̒˹˷˼̖̉̈ ̉˼̅̇˼̉˿̎˼̈́˿̃ ̄˷̆̅̇̅̃ h̉. ˨̅-

˺̂˷̈̄̅ ̅̈̄̅˹̄̅̃̊ ̊̇˷˹̄˼̄˿̕ ̉̊̇˸̅̃˷̏˿̄ 

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

̈́̅̇̅̈̉̓̕ ˿ ̈ ̅́̇̊˽̄̅̀ ̆̇̅˼́̍˿˼̀ ˷˸̈̅̂̉̕-
̄̅̀ ̈́̅̇̅̈̉˿: 

 2

ɬ 2 2 T ɬ 2 2 2= Ч , ψ = / / .u uh c u h u c u  (7) 

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

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

́̇̒˹˷̐̕˼˺̅ ˻˿̈́˷. ˨̊̃̃˷̇̄˷̖ ̇˷˸̅̉˷ – ˹̄̊̉-
̇˼̄̄˿̀ ̄˷̆̅̇. К̅̔̋̋˿̍˿˼̄̉ ˹̄̊̉̇˼̄̄˼˺̅ 

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

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

˼̄̉̒ ˻˿̈́̅˹̅˺̅ ̉̇˼̄˿̖ ˿ ̆̇̅̉˼̎˼́ [35]: 

  ɬɪ ɩɪ= ψ 1+ +̉ .i    (8) 

В ˿̄˽˼̄˼̇̄̒̌ ̇˷̈̎˼̉˷̌ ˿̈̆̅̂̓˾̊˼̖̉̈ ̉˷́ 

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

́̅̇̆̊̈». ˥̄ ̈˹̖˾˷̄ ̈ ̆̅̂˿̉̇̅̆̄̒̃ К˦˛ ̎˼̇˼˾ 
́̅̔̋̋˿̍˿˼̄̉̒ ˻˿̈́̅˹̅˺̅ ̉̇˼̄˿̖ ˿ ̆̇̅̉˼̎˼́:  

  ɝ ɬɪ ɩɪ= / 1+ + .     (9) 

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

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

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

̇˼˾̊̂̓̉˷̉̅˹ ̇˷̈̎˼̉̅˹.  

ˤ˷ ̇˿̈. 8–10 ̈̅̆̅̈̉˷˹̂˼̄̒ ̇˷̈̈̎˿̉˷̄̄̒˼ 
˺˷˾̅˻˿̄˷̃˿̎˼̈́˿˼ ̌˷̇˷́̉˼̇˿̈̉˿́˿ ̈ ̊̎˼̉̅̃ ˿ 

˸˼˾ ̊̎˼̉˷ ̉˼̎˼̄˿̖ ˹ ˾˷˾̅̇˷̌.  

В̒̆˷˻˼̄˿˼ ̉̅̎˼́ ̆̇˿ CFD-̇˷̈̎˼̉˼ ̃̅˽˼̉ 
˸̒̉̓ ̈˹̖˾˷̄̅ ̈ ̆̅˺̇˼̏̄̅̈̉̓̕ ˿̉˼̇˷̍˿̅̄̄̅˺̅ 

̆̇̅̍˼̈̈˷. ˤ˼̖̈̄̅, ̈̂̊̎˷̀̄̅ ˿̂˿ ̄˼̉, ̄̅ ˹ ̆̇˼-
˻˼̂˷̌ ̇˷̈̌̅˻˷ 5,2–7,6 ́˺/̈ ̆̇˿ ̅˸̅˿̌ ̇˷̈̎˼̉˷̌ 
̉̅̎́˿ ˹̒̆˷˻˷̉̕ ˹ ̅˻˿̄˷́̅˹̅̃ ̄˷̆̇˷˹̂˼̄˿˿. 

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

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

̃˼̇̄̅̃ ˷̄˷̂˿˾˼ ́̅̔̋̋˿̍˿˼̄̉̒ ̆̅̉˼̇̓ ̉̇ ˿ 

̆̇ ̇˷̈̈̎˿̉̒˹˷̖̉̈̕ ̆̅ ̔̃̆˿̇˿̎˼̈́˿̃ ̋̅̇̃̊-

̂˷̃. В ˣ˼̉̅˻˼ ̊̄˿˹˼̇̈˷̂̓̄̅˺̅ ̃̅˻˼̂˿̇̅˹˷̄˿̖ 

[36] ˿̈̆̅̂̓˾̖̊̉̈̕ ̌̅̇̅̏̅ ̆̇̅˹˼̇˼̄̄̒˼ ̋̅̇-

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

̔̉˿ ̋̅̇̃̊̂̒ ˹ ̊̆̇̅̐˼̄̄̅̃ ˹˿˻˼:  

 ̉̇ ̆̇
0,000

.
8

ǲ
  


 (10) 

˦̅ ̔̉̅̀ ̋̅̇̃̊̂˼ ˺˿˻̇˷˹̂˿̎˼̈́˿̀ К˦˛ 

̆̇˿ ̅̆̉˿̃˷̂̓̄̅̃ ̇˷̈̌̅˻˼ ̖̆̅̇˻́˷ 6,3 ́˺/̈ 
˻̅̂˽˼̄ ˸̒̉̓ ˸̅̂̓̏˼ ̄˷ 3 %, ˷ ̆̅ CFD-̇˷̈̎˼̉̊ 
̇˷˾̄˿̍˷ ̃˼̄˼˼ 1 %. ˦̇˿ ˸̂˿˾́̅̃ ́ ˺̇˷̄˿̍˼ 
̆̅̃̆˷˽˷ ̇˷̈̌̅˻˼ ̖̆̅̇˻́˷ 4,1 ́˺/̈ ˺˿˻̇˷˹̂˿̎˼-
̈́˿̀ К˦˛ ˻̅̂˽˼̄ ˸̒̉̓ ˸̅̂̓̏˼ ̄˷ 4 %, ̎̉̅ 

̆̇˿̃˼̇̄̅ ̈̅̅̉˹˼̉̈̉˹̊˼̉ CFD-̇˷̈̎˼̉̊.  
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˧˿̈. 8. CFD-̇˷̈̎˼̉ ̌˷̇˷́̉˼̇˿̈̉˿́˿ К˦˛ ˨˦ˮ ˤ˭-16/76-1.35 

Fig. 8. CFD-calculation of efficiency characteristics of the pipeline compressor CC-16/76-1.35 

 

 
 

˧˿̈. 9. CFD-̇˷̈̎˼̉ ̌˷̇˷́̉˼̇˿̈̉˿́ ́̅̔̋̋˿̍˿˼̄̉̅˹ ˹̄̊̉̇˼̄̄˼˺̅ ˿ ̉˼̅̇˼̉˿̎˼̈́̅˺̅ ̄˷̆̅̇̅˹  

˨˦ˮ ˤ˭-16/76-1.35 

Fig. 9. CFD-calculation of loading factor and work coefficient characteristics of the pipeline compressor  

CC-16/76-1.35 

 

ˬ˷̇˷́̉˼̇˿̈̉˿́˿ ́̅̔̋̋˿̍˿˼̄̉̅˹ ˹̄̊̉̇˼̄-

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

̄˷ ̇˿̈. 9. 

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

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

̂˿̄˼̀̄̒˼, ̎̉̅ ̈̅̅̉˹˼̉̈̉˹̊˼̉ ̔́̈̆˼̇˿̃˼̄̉˷̃ 
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[25, 35, 37, 38], ˹ ̉̅̃ ̎˿̈̂˼, ˿̈̆̒̉˷̄˿̕ ˨˦ˮ 

ˤ˭-16/76-1.35 (̄˿˽˼ ̄˷ ̇˿̈. 11). ˬ˷̇˷́̉˼̇˿-

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

́̅̔̋̋˿̍˿˼̄̉˷ ̉˼̅̇˼̉˿̎˼̈́̅˺̅ ̄˷̆̅̇˷. ˨̅-

˺̂˷̈̄̅ ̋̅̇̃̊̂˷̃ (8) ˿ (11) ̆̇˿ ̇˷̈̌̅˻˷̌ 6,3 ˿ 

4,1 ́˺/̈ ́̅̔̋̋˿̍˿˼̄̉ ̉˼̅̇˼̉˿̎˼̈́̅˺̅ ̄˷̆̅̇˷ 
˻̅̂˽˼̄ ˸̒̉̓ ̃˼̄̓̏˼ ̄˷ 3 ˿ 4 % ̈̅̅̉˹˼̉̈̉˹˼̄-

̄̅. ˦̅ CFD-̇˷̈̎˼̉̊ ̇˷˾̄˿̍˷ ̈̅̈̉˷˹̖̂˼̉ 7,5 ˿ 

10 %. ˥̎˼˹˿˻̄̅, ˹̂˿̖̄˿˼ ̉˼̎˼̄˿̖ ˹ ˾˷˾̅̇˷̌ 

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

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

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

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

̈̅̆̅̈̉˷˹̂˼̄̒ ̄˷ ̇˿̈. 10. 

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

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

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

̏˼̄˿̖ ˻˷˹̂˼̄˿̀ ̂˼˽˿̉ ̆̇˷˹˼˼ ˿ ˹̒̏˼. 

ǐбǳǵǨǦǧǯǪǧ ǲǧǩǵǭǾǴǢǴоǤ. ǓоǱоǳǴǢǤǭǧǯǪǧ  
ǪǩмǧǲǧǯǯǽǷ Ǫ ǲǢǳǳǹǪǴǢǯǯǽǷ ǷǢǲǢǬǴǧǲǪǳǴǪǬ 

ˤ˷ ̇˿̈. 11 ˿˾̃˼̇˼̄̄̒˼ ̌˷̇˷́̉˼̇˿̈̉˿́˿ ̈̅-

̆̅̈̉˷˹̂˼̄̒ ̈ ̇˼˾̊̂̓̉˷̉˷̃˿ CFD-̇˷̈̎˼̉˷. ˬ̖̅̉ 

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

К˦˛, ̉˼̅̇˼̉˿̎˼̈́˿̀ ˿ ˹̄̊̉̇˼̄̄˿̀ ́̅̔̋̋˿-

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

˦̅̂̅˽˿̉˼̂̓̄̒̀ ̇˼˾̊̂̓̉˷̉ ̆̇̅˹˼˻˼̄̄̒̌ 

̇˷̈̎˼̉̅˹ ˹ ̉̅̃, ̎̉̅ ̌˷̇˷́̉˼̇˿̈̉˿́˿ ˨˦ˮ ˤ˭-

16/76-1,35 ̇˷̈̈̎˿̉˷̄̒ ˹̅ ˹̈˼̃ ˻˿˷̆˷˾̅̄˼ ̇˷̈-
̌̅˻̅˹, ˷ ̄˼ ̉̅̂̓́̅ ̆̇˿ ˸̅̂̓̏˿̌ ̇˷̈̌̅˻˷̌, ́˷́ 

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

̆˼̄˿ ˿ ̅˻̄̅̈̉̊̆˼̄̎˷̉̅˺̅ ́̅̃̆̇˼̈̈̅̇˷. В ̅̉-
̂˿̎˿˼ ̅̉ ˨˦ˮ, ˹ ̅˸̅˿̌ ̔̉˿̌ ̈̂̊̎˷̖̌ ̆̅̉̅́ ̄˷ 
˹̌̅˻˼ ˹ ̇˷˸̅̎˿˼ ́̅̂˼̈˷ ˸̒̂ ̇˷˹̄̅̃˼̇̄̒̃. 

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

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

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

̉˼̇˿̈̉˿́̅̀. ˤ̅ ̇˷̈̈̎˿̉˷̄̄̒̀ ́̅̔̋̋˿̍˿˼̄̉ 
˹̄̊̉̇˼̄̄˼˺̅ ̄˷̆̅̇˷ ˸̅̂̓̏˼ ̆̇˿̃˼̇̄̅ ̄˷ 10 %. 

˴̉̅ ̌˷̇˷́̉˼̇̄̅ ˻̖̂ ˹̈˼̌ ̇˷̄˼˼ ˹̒̆̅̂̄˼̄̄̒̌ 

̈̅̆̅̈̉˷˹̂˼̄˿̀. 

 

 
 

˧˿̈. 10. CFD-̇˷̈̎˼̉ ̌˷̇˷́̉˼̇˿̈̉˿́ ̅̉̄̅̏˼̄˿̖ ˻˷˹̂˼̄˿̀ ˨˦ˮ ˤ˭-16/76-1.35 

Fig. 10. CFD-calculation of the pressure ratio characteristics of the pipeline compressor CC-16/76-1.35 
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˧˿̈. 11. И˾̃˼̇˼̄̄̒˼ ˿ ̇˷̈̈̎˿̉˷̄̄̒˼ ̌˷̇˷́̉˼̇˿̈̉˿́˿ ˨˦ˮ ˤ˭-16/76-1.35 

ˮ˼̇̄̒̀ – ˿˾̃˼̇˼̄̄̒˼ ̌˷̇˷́̉˼̇˿̈̉˿́˿, ́̇˷̈̄̒̀ – ̇˷̈̎˼̉ ˸˼˾ ̊̎˼̉˷ ˾˷˾̅̇̅˹, ˾˼̂˼̄̒̀ – ̇˷̈̎˼̉ ̈ ̊̎˼̉̅̃ ˾˷˾̅̇̅˹ 

Fig. 11. Measured and calculated characteristics of the pipeline compressor CC-16/76-1.35 

Black – measured characteristics, red – calculation without gaps, green – calculated with gaps 
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˧˷̈̈̎˿̉˷̄̄̒̀ ̈ ̊̎˼̉̅̃ ˾˷˾̅̇̅˹ ̃˷́̈˿-

̃˷̂̓̄̒̀ К˦˛ ̄˿˽˼ ˿˾̃˼̇˼̄̄̅˺̅ ̄˷ 2,5 %. В 

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

̅̉ ̅̆̉˿̃˷̂̓̄̅˺̅ ̇˷̈̌̅˻˷ 5,35 ́˺/̈ ˿˾̃˼̇˼̄̄̅˼ 
̅̉̄̅̏˼̄˿˼ ˻˷˹̂˼̄˿̀ ̃̄̅˺̅ ˸̅̂̓̏˼ ̇˷̈̈̎˿-

̉˷̄̄̅˺̅.  

В˿˻˿̃̅, ̇˷̈̈̎˿̉˷̄̄̒˼ ̆̅̉˼̇˿ ̄˷̆̅̇˷ 

˸̅̂̓̏˼ ̇˼˷̂̓̄̒̌. ˨̂˼˻̊˼̉ ̆̅̂˷˺˷̉̓, ̎̉̅ К˦˛ 

̈̃˼̄̄̅̀ ̆̇̅̉̅̎̄̅̀ ̎˷̈̉˿ ˿˾̃˼̇˼̄ ́̅̇̇˼́̉̄̅, 

˷ ˼˺̅ ̇˷̈̈̎˿̉˷̄̄˷̖ ˹˼̂˿̎˿̄˷ ˾˷̄˿˽˼̄˷.  
˧˷̈̈̎˿̉˷̄̄˷̖ ̈ ̊̎˼̉̅̃ ˾˷˾̅̇̅˹ «̇˷˸̅̎˼˼ 

́̅̂˼̈̅ – ́̅̇̆̊̈» ̌˷̇˷́̉˼̇˿̈̉˿́˷ ̅̉̄̅̏˼̄˿̖ 

˻˷˹̂˼̄˿̀ ̈̃˼̐˼̄˷ ˹̆̇˷˹̅. ˴̉̅ ̇˼˾̊̂̓̉˷̉ ˾˷-
˹̒̏˼̄̄̅̀ ˹˼̂˿̎˿̄̒ ́̅̔̋̋˿̍˿˼̄̉˷ ̄˷̆̅̇˷. 
˧˷̈̈̎˿̉˷̄̄˷̖ ̄˷˺̇̊˾́˷ ̂̅̆˷̉̅́ (̇˷˾̄̅̈̉̓ ˻˷˹-

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

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

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

̂̅̆˷̉̅̎̄̒̀ ˷̆̆˷̇˷̉, ̈̃˼̐˷̐̕˼̀ ̌˷̇˷́̉˼̇˿-

̈̉˿́˿ ˹ ̈̉̅̇̅̄̊ ˸̅̂̓̏˼˺̅ ̇˷̈̌̅˻˷ [32]. И˾-˾˷ 
̆̅̄˿˽˼̄̄̅˺̅ К˦˛ ̃˷́̈˿̃˷̂̓̄̅˼ ̅̉̄̅̏˼̄˿˼ 
˻˷˹̂˼̄˿̀ ̆̅ ̇˷̈̎˼̉̊ ˾˷̃˼̉̄̅ ̃˼̄̓̏˼ ˿˾̃˼-
̇˼̄̄̅˺̅ – ̄˼̖̈̃̅̉̇ ̄˷ ˸̅̂˼˼ ˹̒̈̅́˿̀ ̇˷̈̈̎˿-

̉˷̄̄̒̀ ́̅̔̋̋˿̍˿˼̄̉ ̄˷̆̅̇˷. ˴̉̅ ˻̅́˷˾˷̉˼̂̓-

̈̉˹̅ ̄˼́̅̇̇˼́̉̄̅˺̅ ̇˷̈̎˼̉˷ К˦˛. 

ˬ˷̇˷́̉˼̇˿̈̉˿́˿, ̇˷̈̈̎˿̉˷̄̄̒˼ ˸˼˾ ̊̎˼̉˷ 
˾˷˾̅̇̅˹ «̇˷˸̅̎˼˼ ́̅̂˼̈̅ – ́̅̇̆̊̈» ˸̂˿˽˼ ́ 

˿˾̃˼̇˼̄̄̒̃ ̌˷̇˷́̉˼̇˿̈̉˿́˷̃. ˤ̅ ˿̈̆̅̂̓˾̅-

˹˷̉̓ ̔̉̅ ̅˸̖̈̉̅̉˼̂̓̈̉˹̅ ́˷́ ̇˼́̅̃˼̄˻˷̍˿̕ ̆̅ 

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

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

̇˷̈̎˼̉̅˹ ˹˾˷̃˼̄ ̈̉˼̄˻̅˹̒̌ ˿̈̆̒̉˷̄˿̀. 

ǉǢǬǭȀǹǧǯǪǧ 

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

˨˦ˮ ˤ˭-16/76-1,35 ̆̅̂̊̎˼̄̅ ̈̊̐˼̈̉˹˼̄̄̅˼ 
̆̇˿˸̂˿˽˼̄˿˼ ́ ̇˼˾̊̂̓̉˷̉˷̃ ˿̈̆̒̉˷̄˿̖. ˧˷̄˼˼ 
̆̇˿ ̊̆̇̅̐˼̄̄̅̃ ̃̅˻˼̂˿̇̅˹˷̄˿˿ ̈ ̆̇˿̃˼̄˼-
̄˿˼̃ ˿̄̉˼̇̋˼̀̈˷ «STAGE» ̄˼ ̊˻˷˹˷̂̅̈̓ ̈̃̅-

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

̈˸̂˿˽˼̄̒ ̄˷̆̅̇̄̒˼ ̌˷̇˷́̉˼̇˿̈̉˿́˿. ˦̇˿ 

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

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

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

˺̇˼̈̈˷ CFD – ̃̅˻˼̂˿̇̅˹˷̄˿̖ ̍˼̄̉̇̅˸˼˽̄̒̌ 

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

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

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

̄̅̃̊ ̅̆̉˿̃˷̂̓̄̅̃̊ ̇˼˽˿̃̊. ˦̅̈̂˼ ̔̉̅˺̅ 

̃̅˽̄̅ ˸̊˻˼̉ ˸̅̂˼˼ ̅˸̅̈̄̅˹˷̄̄̅ ̇˼̏˷̉̓ ̆̇̅-

˸̂˼̃̊ ̊̉̅̎̄˼̄˿̖ ̇˷̈̎˼̉˷ ̆̅̉˼̖̇̄̄̅˺̅ ̄˷̆̅̇˷. 

˧˷̈̎˼̉̒ ̆̇̅˹̅˻˿̂˿̈̓ ̈ ˿̈̆̅̂̓˾̅˹˷̄˿˼̃ 

̈̊̆˼̇́̅̃̆̓̉̕˼̇̄̅˺̅ ̍˼̄̉̇˷ «˦̅̂˿̉˼̌̄˿̎˼-
̈́˿̀» ˨˦˸˦˪. Ӥ̈̂˼˻̅˹˷̄˿˼ ˹̒̆̅̂̄˼̄̅ ˾˷ 
̈̎˼̉ ˺̇˷̄̉˷ ˧̅̈̈˿̀̈́̅˺̅ ̄˷̊̎̄̅˺̅ ̋̅̄˻˷ (̆̇̅-

˼́̉ № 18-79-10165). 

ǑǲǪмǧǹǢǯǪǧ 

˪ ̈ ̂ ̅ ˹ ̄̒ ˼  ̅ ˸ ̅ ˾ ̄ ˷ ̎ ˼ ̄ ˿ ̖ :  

ȑu – ̅́̇̊˽̄˷̖ ̈̅̈̉˷˹̖̂̐̕˷̖ ̈́̅̇̅̈̉˿; cp –

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

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

p – ˻˷˹̂˼̄˿˼; T – ̉˼̃̆˼̇˷̉̊̇˷; u – ̅́̇̊˽̄˷̖ 

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

̇˿̄̉̄̅̃ ̊̆̂̅̉̄˼̄˿˿; ̉̇ – ́̅̔̋̋˿̍˿˼̄̉ ˻˿̈-
́̅˹̅˺̅ ̉̇˼̄˿̖; ˫ – ̊̈̂̅˹̄̒̀ ́̅̔̋̋˿̍˿˼̄̉ 
̇˷̈̌̅˻˷;  – ́̅̔̋̋˿̍˿˼̄̉ ̆̅̂˼˾̄̅˺̅ ˻˼̀̈̉˹˿̖; 

̉ – ́̅̔̋̋˿̍˿˼̄̉ ̉˼̅̇˼̉˿̎˼̈́̅˺̅ ̄˷̆̅̇˷; i –

 ́̅̔̋̋˿̍˿˼̄̉ ˹̄̊̉̇˼̄̄˼˺̅ ̄˷̆̅̇˷;  –

 ̅̉̄̅̏˼̄˿˼ ˻˷˹̂˼̄˿̀; h̉ – ̉˼̅̇˼̉˿̎˼̈́˿̀ 

̄˷̆̅̇; 

˦̅ ˻ ̈ ̉ ̇ ̅ ̎ ̄̒ ˼  ˿ ̄ ˻ ˼ ́ ̈ ̒ :  

0, 1, 2 – ˿̄˻˼́̈̒ ́̅̄̉̇̅̂̓̄̒̌ ̈˼̎˼̄˿̀; ˺ – 

˺˿˻̇˷˹̂˿̎˼̈́˿̀; ́ – ́̅̄˼̎̄̅˼; ̄ – ̄˷̎˷̂̓̄̅˼; 
u – ̆̇̅˼́̍˿̖ ̈́̅̇̅̈̉˿ ̄˷ ̅́̇̊˽̄̅˼ ̄˷̆̇˷˹̂˼-
̄˿˼. 

ˤ˷ ˻ ̈ ̉ ̇ ̅ ̎ ̄̒ ˼  ˿ ̄ ˻ ˼ ́ ̈ ̒  
* – ̅̉̄̅̈˿̖̉̈ ́ ̆̅̂̄̒̃ ̆˷̇˷̃˼̉̇˷̃ (̆˷̇˷-

̃˼̉̇̒ ̉̅̇̃̅˽˼̄˿̖). 
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