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

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

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

20–25 ˣ˦˷. ˦̇˿ ̆̇̅˼́̉˿̇̅˹˷̄˿˿ ̉˷́̅˺̅ ̅˸̅̇̊˻̅˹˷̄˿̖ ̈̉̅˿̉ ˾˷˻˷̎˷ ̅̆̇˼˻˼̂˼̄˿̖ ̇˼˷̂̓̄̒̌ ̈˹̅̀̈̉˹ 

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

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

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

ǪȋȞȗȅвțȅ ȑȋȎва: ̆̅̇̏̄˼˹̅̀ ́̅̃̆̇˼̈̈̅̇, ̇˼˷̂̓̄̒̀ ˺˷˾, ̃˼̉˷̄, ̃˷̉˼̃˷̉˿̎˼̈́˷̖ ̃̅˻˼̂̓, ́̂˷̆˷̄. 
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MATHEMATICAL ANALYSIS  
OF OPERATION OF A TWO-STAGE PRESSURIZED COMPRESSOR 

DESIGNED TO COMPRESS METHANE 

Ensuring efficient and reliable operation of reciprocating compressors in a wide range of operating parameters is 

one of the most important problems in design, manufacture and operation of compressor equipment. Reciprocat-

ing compressors, working as part of mobile automotive gas refuellers, are intended for compressing natural gas to a 

final pressure of 20–25 MPa. The task in designing such equipment is to determine the real properties of the com-

pressible medium. We have carried out a theoretical study on the influence of initial gas parameters on the opera-

tion of the compressor. We have given the results for operation of the compressor both for compression of an ideal 

gas and for a real gas. The developed mathematical model and the method for determining the thermodynamic 

properties of methane have been briefly described, with the results of comparison of calculated and tabulated data 

given. The results of testing the mathematical model for adequacy have been presented. 
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ВǤǧǦǧǯǪǧ 

˦˼̇˼˻˹˿˽̄̅̀ ˷˹̉̅̃̅˸˿̂̓̄̒̀ ˺˷˾̅˹̒̀ ˾˷-
̆̇˷˹̐˿́ (˦А˚˞) ̆̇˼˻̄˷˾̄˷̎˼̄ ˻̖̂ ˾˷̆̇˷˹́˿ 

̉̇˷̄̈̆̅̇̉̄̒̌ ̈̇˼˻̈̉˹ ́̅̃̆̇˿̃˿̇̅˹˷̄̄̒̃ 

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

̆̇˼̈̈̅̇̅˹ ˻̖̂ ˦А˚˞ ̄˼̅˸̌̅˻˿̃̅ ̇˼̏˼̄˿˼ ̈̂˼-
˻̊̐̕˿̌ ˾˷˻˷̎: ̅˸˼̈̆˼̎˼̄˿˼ ̇˷˸̅̉̅̈̆̅̈̅˸̄̅̈̉˿ 

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

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

̂˼̄˿˼ ˿ ̉˼̃̆˼̇˷̉̊̇˷); ̅˸˼̈̆˼̎˼̄˿˼ ̆̇̅̎̄̅̈̉˿ ˿ 

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

˥˻̄˿̃ ˿˾ ̆̊̉˼̀ ̆̅˹̒̏˼̄˿̖ ̉˼̌̄˿̎˼̈́̅˺̅ 

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

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

̄˷ ̄˷̊̎̄̅ ̅˸̅̈̄̅˹˷̄̄̒̌ ˿ ̔́̈̆˼̇˿̃˼̄̉˷̂̓̄̅ 

̆̇̅˹˼̇˼̄̄̒̌ ̃˷̉˼̃˷̉˿̎˼̈́˿̌ ̃̅˻˼̖̂̌ (ˣˣ) 

̅˸̑˼́̉̅˹ [1]. 

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

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

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

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

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

̖̈̉̅̐̊̕ ˾˷˻˷̎̊). 

˦̇˿̃˼̄˼̄˿˼ ̌̅̇̅̏̅ ̅˸̅̈̄̅˹˷̄̄̒̌ ˣˣ 

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

́˿ ˹̒̆̅̂̄˼̄˿̖ ̆̇̅˼́̉̄̒̌ ˿ ̔́̈̆˼̇˿̃˼̄̉˷̂̓-

̄̒̌ ̇˷˸̅̉, ̆̅˻̖̄̉̓ ̔̄˼̇˺̅̔̋̋˼́̉˿˹̄̅̈̉̓ ˹̒-

̆̊̈́˷˼̃̅̀ ̆̇̅˻̊́̍˿˿, ̊̈́̅̇˿̉̓ ̆̇̅̍˼̈̈ ̆̅-

˹̒̏˼̄˿̖ ˼˼ ́̅̄́̊̇˼̄̉̅̈̆̅̈̅˸̄̅̈̉˿ [1, 2]. 

ǘǧǭǪ ǲǢбоǴǽ – ̆̅˹̒̏˼̄˿˼ ̔̋̋˼́̉˿˹̄̅̈̉˿ 

́̅̃̆̇˼̈̈̅̇̄̒̌ ̊̈̉˷̄̅˹̅́, ̇˷˸̅̉˷̐̕˿̌ ˹ ̈̅-

̈̉˷˹˼ ˦А˚˞, ̊̂̊̎̏˼̄˿˼ ́˷̎˼̈̉˹˷ ˿̌ ̆̇̅˼́̉˿-

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

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

̍˿̋̇̅˹̅˺̅ ̆̇̅˼́̉˿̇̅˹˷̄˿̖. 

ǐбǼǧǬǴом ǪǳǳǭǧǦоǤǢǯǪя ̖˹̖̂˼̖̉̈ ˻˹̊̌̈̉̊-

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

̆̇˿̇̅˻̄̅˺̅ ˺˷˾˷ ˿˾ ˼̃́̅̈̉˿-˷̖́́̊̃̊̂̉̅̇˷ 
˦А˚˞˷. ˦̇˿˹˼˻˼̃ ̄˼́̅̉̅̇̒˼ ˻˷̄̄̒˼ ̆̅ ́̅̃-

̆̇˼̈̈̅̇̊: 
 

ˮ˿̈̂̅ ̈̉̊̆˼̄˼̀ ................................ 2 

ˤ˷̎˷̂̓̄̅˼ ˻˷˹̂˼̄˿˼ ......................... 2–12 ˣ˦˷ 

К̅̄˼̎̄̅˼ ˻˷˹̂˼̄˿˼ .......................... 20–25 ˣ˦˷ 

ˤ˷̎˷̂̓̄˷̖ ̉˼̃̆˼̇˷̉̊̇˷ ˺˷˾˷ ............ (–30)–(+30) ˨ 

˨́̅̇̅̈̉̓ ˹̇˷̐˼̄˿̖ ˹˷̂˷  ................. 900 ̅˸/̃˿̄ 

ˣ̅̐̄̅̈̉̓, ̆̅̉̇˼˸̖̂˼̃˷̖ ̄˷ ˹˷̂̊  

́̅̃̆̇˼̈̈̅̇˷ ..................................... ̄ ˼ ˸̅̂˼˼ 16,5 ́В̉ 
˥˸̑˼̃̄˷̖ ̆̇̅˿˾˹̅˻˿̉˼̂̓̄̅̈̉̓  ...... 0,05 ̃3/̃˿̄ 

ˬ̅˻ ̖̆̅̇̏̄  ..................................... 100 ̃̃ 

˛˿˷̃˼̉  ̇̆ ̅̇̏̄  ̖̈ ̉̊̆˼̄̓1/̈̉̊̆˼̄̓2 ... 32/24 ̃̃ 

˥̉̄̅̈˿̉˼̂̓̄̅  ˼̃ ˼̇̉˹̅  ˼̆ ̇̅̈̉̇˷̄̈̉˹  ̅.. 24/33,5 % 

К̂˷̆˷̄̒ ........................................... ̉˷̇˼̂̓̎˷̉̒˼ 
 

˥̈̅˸˼̄̄̅̈̉̓ ̔̉̅˺̅ ́̅̃̆̇˼̈̈̅̇˷ ˹ ̉̅̃, ̎̉̅ 

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

̂˼̄˿̖̌ ˹̈˷̈̒˹˷̄˿̖ ˿ ̄˷˺̄˼̉˷̄˿̖. ˛˷˹̂˼̄˿˼ 
˹̈˷̈̒˹˷̄˿̖ ˿˾̃˼̖̄˼̖̉̈ ˹ ̆̇˼˻˼̂˷̌ ̅̉ 2 ˻̅ 

12 ˣ˦˷, ˷ ˻˷˹̂˼̄˿˼ ̄˷˺̄˼̉˷̄˿̖ – ̅̉ 20 ˻̅ 

25 ˣ˦˷. 

ǎǢǴǧмǢǴǪǹǧǳǬǢя моǦǧǭǾ 

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

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

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

̎˷˼̉ ̈̂˼˻̊̐̕˿˼ ̊̇˷˹̄˼̄˿̖: ̆˼̇˹̅˺̅ ̄˷̎˷̂˷ 
̉˼̇̃̅˻˿̄˷̃˿́˿ ˹ ˻˿̋̋˼̇˼̄̍˿˷̂̓̄̅̀ ̋̅̇̃˼ 
[3, 4]; ̃˷̈̈̅˹̒̌ ̇˷̈̌̅˻̅˹ [1, 5]; ̖̈̅̈̉̅̄˿̖; ́˷-
̂̅̇˿̎˼̈́˿˼; ˻˿̄˷̃˿́˿ ̃˼̌˷̄˿˾̃˷ ˻˹˿˽˼̄˿̖ ˿ 

˻˿̄˷̃˿́˿ ́̂˷̆˷̄˷ [6–8].  

ǳȐавȍȅȍȈȟ ȒȅȐȌȎȄȈȍаȌȈȊȈ Ȓȅȋа ȏȅȐȅȌȅȍȍȎȉ 

Ȍаȑȑț ˾˷̆˿̈̒˹˷̖̉̈̕ ˹ ̔̄˼̇˺˼̉˿̎˼̈́̅̀ ̋̅̇̃˼, 
̉. ˼. ˹ ́˷̎˼̈̉˹˼ ̅̈̄̅˹̄̅˺̅ ˹̒˸̇˷̄̅ ̊̇˷˹̄˼̄˿˼ 
˿˾̃˼̄˼̄˿̖ ˹̄̊̉̇˼̄̄˼̀ ̔̄˼̇˺˿˿, ˷ ˾̄˷̎˼̄˿̖ 

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

˺̖̂˻˿̉ ̈̂˼˻̊̐̕˿̃ ̅˸̇˷˾̅̃ [1, 9]: 

 ;j j k k
j k

dU dQ dV
p i m i m

dt dt dt
      

 ; / ; / ;j k
j k

dM
m m M V u U M

dt
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Ȅȋȟ ȈȄȅаȋȜȍȎȃȎ ȃаȇа 

 ( 1) / ; ; / ( 1) ;T k u R p RT i k k RT      

Ȅȋȟ ȐȅаȋȜȍȎȃȎ ȃаȇа 

 ( , ); ( , ); ; / .T f u z f T p z RT i u p          

˞˻˼̈̓ U – ˹̄̊̉̇˼̖̖̄̄ ̔̄˼̇˺˿̖ ˺˷˾˷ ˹ ̇˷̈̈̃˷̉̇˿-

˹˷˼̃̅̀ ˼̃́̅̈̉˿; dQ/dt – ̆̅̉̅́ ̉˼̆̂˷ ̎˼̇˼˾ ̆̅-

˹˼̇̌̄̅̈̉̓ ˼̃́̅̈̉˿; p – ˻˷˹̂˼̄˿˼; V – ̅˸̑˼̃ ˼̃-

́̅̈̉˿; i – ̊˻˼̂̓̄˷̖ ̔̄̉˷̂̓̆˿̖; ,j km m  – ̃˷̈̈̅-

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

̈̉˿˼ ˿ ̊̉˼́˷̐̕˼˺̅ ̎˼̇˼˾ k-˼ ̅̉˹˼̇̈̉˿˼; t – ˹̇˼-
̖̃; M – ̃˷̈̈˷ ˺˷˾˷ ˹ ˼̃́̅̈̉˿; ρ – ̆̂̅̉̄̅̈̉̓ ˺˷˾˷; 
u ‒ ̊˻˼̂̓̄˷̖ ˹̄̊̉̇˼̖̖̄̄ ̔̄˼̇˺˿̖; T ‒ ̉˼̃̆˼̇˷-
̉̊̇˷ ˺˷˾˷; k – ̆̅́˷˾˷̉˼̂̓ ˷˻˿˷˸˷̉̒; R – ˺˷˾̅˹˷̖ 

̖̆̅̈̉̅̄̄˷̖; z – ́̅̔̋̋˿̍˿˼̄̉ ̈˽˿̃˷˼̃̅̈̉˿. 

ǳȐавȍȅȍȈȅ ȄвȈȆȅȍȈȟ ȇаȏȎȐȍȎȃȎ ȎȐȃаȍа Ȋȋа-

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

̐˿̀ ˹˿˻ [10–13]: 

 
2

̆̇ ̈ 0 ̆̇2
( os ,) cp

d h dh
m F P c h h m g

dtdt
         

˺˻˼ m̆̇ – ̆̇˿˹˼˻˼̄̄˷̖ ̃˷̈̈˷ ̆̅˻˹˿˽̄̒̌ ̔̂˼-
̃˼̄̉̅˹ ́̂˷̆˷̄˷; h – ̆˼̇˼̃˼̐˼̄˿˼ ˾˷̆̅̇̄̅˺̅ 

̅̇˺˷̄˷ ́̂˷̆˷̄˷; ʣp – ́̅̔̋̋˿̍˿˼̄̉ ˻˷˹̂˼̄˿̖; 

F̈ – ̆̂̅̐˷˻̓ ̆̇̅̌̅˻̄̅˺̅ ̈˼̎˼̄˿̖ ˹ ̈˼˻̂˼ ́̂˷̆˷-
̄˷; ΔP – ̆˼̇˼̆˷˻ ˻˷˹̂˼̄˿̖ ̄˷ ́̂˷̆˷̄˼; ȑ – ˽˼̈̉-
́̅̈̉̓ ̊̆̇̊˺˿̌ ̔̂˼̃˼̄̉̅˹ ́̂˷̆˷̄˷; h – ̆̇˼˻˹˷̇˿-

̉˼̂̓̄̅˼ ̆̅˻˽˷̉˿˼ ̊̆̇̊˺˿̌ ̔̂˼̃˼̄̉̅˹ ́̂˷̆˷̄˷; ʝ 

– ́̅̔̋̋˿̍˿˼̄̉ ˻˼̃̆̋˿̇̅˹˷̄˿̖ [14]; g – ̊̈́̅-

̇˼̄˿˼ ̈˹̅˸̅˻̄̅˺̅ ̆˷˻˼̄˿̖; ʘ – ̊˺̅̂ ̃˼˽˻̊ ̅̈̓̕ 

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

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

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

˼̃́̅̈̉˿ ́˷́ ̖̆̅̈̉̅̄̄̅˺̅, ̉˷́ ˿ ̆˼̇˼̃˼̄̄̅˺̅ 

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

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

̆̅ ̃˼̉̅˻˿́˼, ˿˾̂̅˽˼̄̄̅̀ ˹ [15]. ˩˼̇̃̅˻˿̄˷-
̃˿̎˼̈́˿˼ ̈˹̅̀̈̉˹˷ ˹˼̐˼̈̉˹˷ ̇˷̈̈̎˿̉̒˹˷̖̉̈̕ 

̆̅ ̊̈̇˼˻̄˼̄̄̅̃̊ ȓȐавȍȅȍȈȞ ȑȎȑȒȎȟȍȈȟ 

 
1 1́̇

1 ,
iS ir

ij j
i j

b
z  

  
     

  

˺˻˼ ʥ = p/ṕ̇ – ̆̇˿˹˼˻˼̄̄̅˼ ˻˷˹̂˼̄˿˼;   – 

̈̇˼˻̄˼˼ ˾̄˷̎˼̄˿˼ ̆̂̅̉̄̅̈̉˿; ʩ = T/T́̇ – ̆̇˿-

˹˼˻˼̄̄˷̖ ̉˼̃̆˼̇˷̉̊̇˷; bij – ́̅̔̋̋˿̍˿˼̄̉̒ 

̊̇˷˹̄˼̄˿̖ (˾̄˷̎˼̄˿̖ ́̅̔̋̋˿̍˿˼̄̉̅˹ ̆̇˿˹˼-
˻˼̄̒ ˹ [15]); «́̇» – ̆˷̇˷̃˼̉̇̒ ˺˷˾˷ ˹ ́̇˿̉˿-

̎˼̈́̅̀ ̉̅̎́˼. 

ˤ˷ ̇˿̈. 1 ̆̇˿˹˼˻˼̄̒ ˺̇˷̋˿́˿ ˿˾̃˼̄˼̄˿̖ 

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

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

˹ ̆̇˼˻˼̂˷̌ ̇˷˸̅̎˼̀ ˾̅̄̒ ́̅̃̆̇˼̈̈̅̇˷. ˛̖̂ 

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

̈˹̅̀̈̉˹˷̃ ̃˼̉˷̄˷, ˹˾̖̉̒˼ ˿˾ [15]. ˨̇˷˹̄˼̄˿˼ 
̆̅́˷˾̒˹˷˼̉ ́̅̇̇˼́̉̄̅̈̉̓ ̇˷̈̈̎˿̉˷̄̄̒̌ ˾˷˹˿-

̈˿̃̅̈̉˼̀. 

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

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

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

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

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

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

̉˷́ ˿ ̅̉ ˻˷˹̂˼̄˿̖ ̄˷˺̄˼̉˷̄˿̖. ˨̅˹̃˼̐˼̄̄̒˼ 
̌˷̇˷́̉˼̇˿̈̉˿́˿ (̇˿̈. 2) ̅˸˼˿̌ ̈̉̊̆˼̄˼̀ ̈̉̇̅-

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

˻˷˹̂˼̄˿˼». 

˦̇˿ ̖̆̅̈̉̅̄̄̅̃ ˻˷˹̂˼̄˿˿ ̄˷˺̄˼̉˷̄˿̖ 

˻̖̂ ˹̉̅̇̅̀ ̈̉̊̆˼̄˿ ˿̃˼˼̃ ̉̅̂̓́̅ ̅˻̄̊ ̌˷-

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

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

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

̈̉˼̀ ˻˷̉̕ ˿̈́̅̃̒˼ ˾̄˷̎˼̄˿̖ ̆̇̅̃˼˽̊̉̅̎̄̒̌ 

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

̈̒˹˷̄˿̖. 

ǒǧǩǵǭǾǴǢǴǽ ǲǢǳǹǧǴоǤ Ǫ Ǫх обǳǵǨǦǧǯǪǧ 

˟̈̈̂˼˻̅˹˷̄˿˼ ́̅̃̆̇˼̈̈̅̇˷ ̆̇̅˹̅˻˿̂̅̈̓ 

˹ ̄˼̈́̅̂̓́̅ ̔̉˷̆̅˹: ̄˷ ̆˼̇˹̅̃ ̔̉˷̆˼ ̄˼̅˸-

̌̅˻˿̃̅ ˸̒̂̅ ̅̍˼̄˿̉̓ ˹̂˿̖̄˿˼ ̄˷̎˷̂̓̄̒̌  

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

̈̅̇˷ ˹ ˼˺̅ ̇˷˸̅̎˼̀ ˾̅̄˼. К̇̅̃˼ ̉̅˺̅, ˸̒̂̅ 

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

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

˷̂̓̄̅˺̅. 
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а) ȁ), ɤɝ/ɦ3 

 
 

˧˿̈. 1. ˩˼̇̃̅˻˿̄˷̃˿̎˼̈́˿˼ ̈˹̅̀̈̉˹˷ ̃˼̉˷̄˷: а – ̆̂̅̉̄̅̈̉̓; ȁ – ́̅̔̋̋˿̍˿˼̄̉ ̈˽˿̃˷˼̃̅̈̉˿ 

Fig. 1. Thermodynamic properties of methane: a – density; ȁ – coefficient of compressibility 
 

V, ɇɦ3
/ɱ 

ɧ = 2 Ɇɉа 

ɧ = 5 Ɇɉа 

ɧ = 8 Ɇɉа 

ɧ = 12 Ɇɉа

ɋɬɭɩɟɧɶ 2 

 
 

˧˿̈. 2. К ̅̆̇˼˻˼̂˼̄˿̕ ̆̇̅̃˼˽̊̉̅̎̄̅˺̅ ˻˷˹̂˼̄˿̖ 

Fig. 2. Determination of intermediate pressure 
 

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

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

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

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

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

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

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

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

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

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

̆̇˼̈̈̅̇˷ ̈ ̊̎˼̉̅̃ ̇˼˷̂̓̄̒̌ ̈˹̅̀̈̉˹ ˺˷˾˷ ˿ ˸˼˾ 
̊̎˼̉˷. А̄˷̂˿˾ ˹̒̆̅̂̄˼̄ ˻̖̂ ̈̂̊̎˷̖, ́̅˺˻˷ ˾̄˷-
̎˼̄˿˼ ̄˷̎˷̂̓̄̅˺̅ ˻˷˹̂˼̄˿̖ – 2 ˣ˦˷, ˷ ˾̄˷̎˼-
̄˿˼ ̉˼̃̆˼̇˷̉̊̇̒ ̇˷˹̄̅ (–30) ˨. ˤ˷ ̇˿̈. 4 ̆̅-

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

˻̖̂ ̆˼̇˹̅̀ ˿ ˹̉̅̇̅̀ ̈̉̊̆˼̄˼̀ ́̅̃̆̇˼̈̈̅̇˷. 
В ̉˷˸̂. 1 ̆̇˿˹˼˻˼̄̒ ̄˼́̅̉̅̇̒˼ ̇˼˾̊̂̓̉˷̉̒ 

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

˺˷˾˷, ́̅̉̅̇̒˼ ̌˷̇˷́̉˼̇˿˾̊̉̕ ̇˷˸̅̉̊ ̈̉̊̆˼̄˼̀. 

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

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

̎˷̖̉̈̕. В ̆˼̇˹̊̕ ̅̎˼̇˼˻̓ ̔̉̅ ̈́˷˾̒˹˷˼̖̉̈ 

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

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

˹ ̆̇̅̍˼̈̈˷̌ ̈˽˷̉˿̖ ˿ ̇˷̈̏˿̇˼̄˿̖. Э̉̅  

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

̂˼̀ ̆̅̂˿̉̇̅̆̒ ̈˽˷̉˿̖ ˿ ̇˷̈̏˿̇˼̄˿̖. 

К˷́ ˹˿˻̄̅ ˿˾ ̉˷˸̂. 1, ̆̅́˷˾˷̉˼̂˿ ̆̅̂˿̉̇̅̆ 

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

̈̊̐˼̈̉˹˼̄̄̅ ̅̉̂˿̎˷̖̉̈̕ ̅̉ ̆̅́˷˾˷̉˼̖̂  

˷˻˿˷˸˷̉̒ ̃˼̉˷̄˷, ̇˷˹̄̅˺̅ 1,32. 

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

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

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

˩˷́, ˻̖̂ ̇˷̈̈̃̅̉̇˼̄̄̅˺̅ ̇˼˽˿̃˷ ̇˷˸̅̉̒ 

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

̄̅̈̉˿ ̈̅̈̉˷˹̖̂˼̉ 22,5 %; ˹ ̅̈̄̅˹̄̅̃ ̔̉̅ ́˷̈˷-
˼̖̉̈ ̈̉̊̆˼̄˼̀ ˹̒̈̅́̅˺̅ ˻˷˹̂˼̄˿̖. ˦̇˿ ̅̆̇˼-
˻˼̂˼̄˿˿ ́̅̄˼̎̄̅̀ ̉˼̃̆˼̇˷̉̊̇̒ ̅̏˿˸́˷ ˻̅̈̉˿-

˺˷˼̉ 40 %. В ̉˷˸̂˿̍˼ ̆̇˿˹˼˻˼̄̒ ˾̄˷̎˼̄˿̖ ̈́̅-

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

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

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

̇̅˹ ˹̒̈̅́̅˺̅ ˻˷˹̂˼̄˿̖, ˹ ̎˷̈̉̄̅̈̉˿ ́̅̃̆̇˼̈-
̈̅̇̅˹, ̆̇˿̃˼̖̄˼̃̒̌ ˹ ˦А˚˞. 

 

 , Ɇɉа а) ȁ) , Ɇɉа

 t = –30 °C 

 t = 0 °C 

 t = +30 °C 

 t = –30 °C 

 t = 0 °C 

 t = +30 °C 

 
 

 

˧˿̈. 3. ˞˷˹˿̈˿̃̅̈̉̓ ̆̇̅̃˼˽̊̉̅̎̄̅˺̅ ˻˷˹̂˼̄˿̖ ̅̉ ˻˷˹̂˼̄˿̖ ˹̈˷̈̒˹˷̄˿̖ ˿ ̄˷̎˷̂̓̄̅̀ ̉˼̃̆˼̇˷̉̊̇̒:  

а – ̇˼˷̂̓̄̒̀ ˺˷˾; ȁ – ˿˻˼˷̂̓̄̒̀ ˺˷˾ 
Fig. 3. Dependence of intermediate pressure on suction pressure and initial temperature:  

a – real gas; ȁ – ideal gas 
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˧˿̈. 4. ˟̄˻˿́˷̉̅̇̄̒˼ ˻˿˷˺̇˷̃̃̒ ̆˼̇˹̅̀ (а) ˿ ˹̉̅̇̅̀ (ȁ) ̈̉̊̆˼̄˼̀ 

Fig. 4. Indicator diagrams of the first (a) and second (ȁ) stages 

 

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

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

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

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

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

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

˿̄˻˿́˷̉̅̇̄̅̀ ̃̅̐̄̅̈̉˿ ́̅̃̆̇˼̈̈̅̇˷ ̅̉ ̄˷-

̎˷̂̓̄̅˺̅ ˻˷˹̂˼̄˿̖), ˷ ˹ ̉˷˸̂. 2 – ̅̈̄̅˹̄̒˼ 
̆˷̇˷̃˼̉̇̒, ̌˷̇˷́̉˼̇˿˾̊̐̕˿˼ ̇˷˸̅̉̊ ̈̉̊̆˼-
̄˼̀ ̆̇˿ ̇˷˾̂˿̎̄̒̌ ˾̄˷̎˼̄˿̖̌ ̄˷̎˷̂̓̄̅˺̅ 

˻˷˹̂˼̄˿̖. 

 

˩ ˷ ˸ ̂ ˿ ̍ ˷  1  

ǑǢǲǢмǧǴǲǽ ǲǢбоǴǽ ǳǴǵǱǧǯǧǫ ǬомǱǲǧǳǳоǲǢ 

T a b l e  1  

Parameters of the compressor stages 

˚˷˾ 
˨̉̊-
̆˼̄̓ 

nc ṅ 
N˿, 

́В̉ 
T́, 

°C 

c  ̈˹ ̈, 

̃/̈
c  ̈̄ ˷˺, 

̃/̈

˧˼˷̂̓̄̒̀ 

˺˷˾ 
1 1,361 1,360 2,08 32,4 1,37 1,95

2 1,610 1,603 3,24 83,3 1,71 1,99

˟ ˼˻˷ ̓̂̄ ̒  ̀

˺˷˾ 
1 1,32 1,32 2,16 46,9 1,58 2,13

2 1,32 1,32 2,51 67,2 1,94 1,95

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

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

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

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

̄̒˼ ̄˷ ̇˿̈. 6, а, ́̅̉̅̇̒˼ ̆̅̈̉̇̅˼̄̒ ̆̇˿ ̄˷-
̎˷̂̓̄̅̀ ̉˼̃̆˼̇˷̉̊̇˼ 0 °˨. К̇̅̃˼ ̔̉̅˺̅, ˹̅˾̃̅-

˽˼̄ ̉˷́̅̀ ̇˼˽˿̃, ̆̇˿ ́̅̉̅̇̅̃ ˺˷˾ ̆̅̂̄̅̈̉̓̕ 

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

˻̊˹́˿ (̈̃. ̇˿̈. 6, ȁ). ˨́̅̇̅̈̉˿ ̆̅̈˷˻́˿ ˾˷̆̅̇-

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

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

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

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

̉˷̂̓̄̅̃̊ ˿̈̈̂˼˻̅˹˷̄˿̕ ˹˾̖̉̒ ˿˾ [1]). ˧˼˾̊̂̓-

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

̉˷˸̂. 3. 
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Nɢ, ɤȼɬ  а)  ȁ) V, ɧɦ3

/ɱ

 ɧ, Ɇɉа ɧ, Ɇɉа

 

 

t = –30 C

t = 0 C 

t = +30 C

t = –30 C 

t = 0 C 

t = +30 C 

 
˧˿̈. 5. ˧˷̈̎˼̉̄̒˼ ̌˷̇˷́̉˼̇˿̈̉˿́˿ ́̅̃̆̇˼̈̈̅̇˷: ˿̄˻˿́˷̉̅̇̄˷̖ ̃̅̐̄̅̈̉̓ (а) ˿ ̅˸̑˼̃̄˷̖ ̆̇̅˿˾˹̅˻˿̉˼̂̓̄̅̈̉̓ (ȁ) 

Fig. 5. Calculation characteristics of the compressor: indicator power (a) and volumetric capacity (ȁ) 
 

˩ ˷ ˸ ̂ ˿ ̍ ˷  2  

ǒǢǳǹǧǴǯǽǧ ǱǢǲǢмǧǴǲǽ Ǳо ǳǴǵǱǧǯям 

T a b l e  2  

Calculated parameters by stages 

t, °C ˨̉̊̆˼̄̓ P̄, ˣ˦˷ N˿, ́В̉ λ t́, °˨ ȑ̈ ˹̈, ̃/̈ ȑ̈ ̄˷˺, ̃/̈
–30 1 2 2,08 0,732 32,4 1,37 1,95

5 3,62 0,871 5,0 1,83 1,89

8 6,07 0,9 4,4 1,48 1,26

12 12,18 0,923 12,2 1,14 0,92

2 2 3,24 0,422 83,3 1,71 1,99

5 6,44 0,754 40,4 1,75 1,89

8 6,82 0,924 7,3 1,54 1,66

12 1,81 0,991 -26,0 1,25 1,45

0 1 2 2,11 0,713 73,8 1,86 2,00

5 3,89 0,852 44,4 1,60 1,84

8 5,88 0,889 39,1 1,56 1,63

12 9,23 0,914 38,5 1,35 0,97

2 2 3,20 0,419 123,1 1,80 2,08

5 6,01 0,737 73,5 1,86 1,94

8 6,22 0,889 41,5 1,60 1,83

12 3,31 0,971 12,5 1,51 1,70

+30 1 2 2,16 0,705 114,9 1,37 2,23

5 4,09 0,848 82,8 1,67 1,94

8 5,86 0,881 74,5 1,83 1,63

12 8,57 0,908 71,1 1,42 0,97

2 2 3,19 0,419 163,3 1,78 2,15

5 5,83 0,733 107,9 1,96 2,03

8 5,91 0,874 74,9 1,82 1,97

12 3,46 0,962 45,5 1,66 1,85
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Nɢ, ɤȼɬ а)   ȁ) 

, Ɇɉа 

ɧ = 2 Ɇɉа
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Pɧ = 12 Ɇɉа
t = –30 C 

 
 

˧˿̈. 6. ˞˷˹˿̈˿̃̅̈̉̓ ˿̄˻˿́˷̉̅̇̄̅̀ ̃̅̐̄̅̈̉˿ ̆̅ ̈̉̊̆˼̖̄̃ (а) ˿ ˿̄˻˿́˷̉̅̇̄˷̖ ˻˿˷˺̇˷̃̃˷ ˹̉̅̇̅̀ ̈̉̊̆˼̄˿ 

̄˷ ̇˷˾̂˿̎̄̒̌ ̇˼˽˿̃˷̌ (ȁ) 

Fig. 6. The dependence of the indicator power on the stages (a) and the indicator diagram of the second stage  

in different modes (ȁ) 

 
˩ ˷ ˸ ̂ ˿ ̍ ˷  3  

ǟǬǳǱǧǲǪмǧǯǴǢǭǾǯǽǧ Ǫ ǲǢǳǹǧǴǯǽǧ ǱǢǲǢмǧǴǲǽ 

T a b l e  3  

Experimental and design parameters 

ˤ˷˾˹˷̄˿˼ ̆˷̇˷̃˼̉̇˷,  
˼˻. ˿˾̃˼̇˼̄˿̖ 

˞̄˷̎˼̄˿˼  
̆˷̇˷̃˼̉̇˷ 

̔́̈̆˼̇˿-

̃˼̄̉ 
̇˷̈̎˼̉

ˤ˷̎˷̂̓̄̅˼ ˻˷˹̂˼̄˿˼, ˣ˦˷ 3,1 3,1 

К̅̄˼̎̄̅˼ ˻˷˹̂˼̄˿˼, ˣ˦˷ 20,9 20,9 

ˤ˷̎˷̂̓̄˷̖ ̉˼̃̆˼̇˷̉̊̇˷, °˨ -15 -15 

К̅̄˼̎̄˷̖ ̉˼̃̆˼̇˷̉̊̇˷ ̆˼̇˹̅̀ 

̈̉̊̆˼̄˿, °˨ 

64 60 

К̅̄˼̎̄˷̖ ̉˼̃̆˼̇˷̉̊̇˷ ˹̉̅̇̅̀ 

̈̉̊̆˼̄˿, °˨ 

107 110 

˦̇̅̃˼˽̊̉̅̎̄̅˼ ˻˷˹̂˼̄˿˼, ˣ˦˷ 7,8 7,4 

˥˸̑˼̃̄˷̖ ̆̇̅˿˾˹̅˻˿̉˼̂̓̄̅̈̉̓, 
̄̃3/̎ 

0,053 0,055

ˣ̅̐̄̅̈̉̓, ̆̅̉̇˼˸̖̂˼̃˷̖ ̄˷ 

˹˷̂̊ ́̅̃̆̇˼̈̈̅̇˷, ́В̉ 
9,9 8,9 

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

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

ǉǢǬǭȀǹǧǯǪǧ 

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

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

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

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

˦А˚˞ ̔̉˿̃ ̅˸̖̈̉̅̉˼̂̓̈̉˹̅̃ ̄˼̂̓˾̖ ̆̇˼̄˼˸̇˼-
˺˷̉̓, ̉˷́ ́˷́ ˹̅˾̃̅˽̄˷ ˸̅̂̓̏˷̖ ̆̅˺̇˼̏̄̅̈̉̓ 
̆̇˿ ̇˷̈̎˼̉˼. ˛̖̂ ̇˷̈̈̃̅̉̇˼̄̄̅˺̅ ́̅̃̆̇˼̈̈̅̇˷ 
̇˷˾̄˿̍˷ ˹ ˿̄˻˿́˷̉̅̇̄̒̌ ̖̃̅̐̄̅̈̉̌, ̇˷̈̈̎˿-

̉˷̄̄̒̌ ˻̖̂ ˿˻˼˷̂̓̄̅˺̅ ˿ ̇˼˷̂̓̄̅˺̅ ˺˷˾̅˹, ̈̅̈̉˷-
˹˿̂˷ 22,5 %, ˷ ˹ ́̅̄˼̎̄̒̌ ̉˼̃̆˼̇˷̉̊̇˷̌ – 40 %. 

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

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

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

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

̄̒̌ ˺˷˾̅˹̒̌ ˾˷̆̇˷˹̐˿́̅˹. 
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