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

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

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

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

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

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

˹̒̈̅́̅˹˷́̊̊̃̄̅̀ ̈˿̈̉˼̃̒, ˹ ́̅̉̅̇̅̀ ̅̄˿ ̊̈̉˷̄̅˹̂˼̄̒. 
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OF A MOLECULAR VISCOUS STAGE OF A VACUUM PUMP 

We have experimentally investigated the evacuating characteristics of a molecular viscous stage of a 

combined turbomolecular pump. This study has been conducted for a stage with trapezoidal channels 

operating in viscous or transient regimes of gas flow. The paper describes the experimental stand used to 

obtain the experimental data, namely, measured speed of the pump in a wide range of pressures. The 

obtained experimental data have been used to analyze the influence of the velocity parameters of the pump 

stage on its operational speed. The ways of increasing the operational speed of the pump have been 

determined without changing the overall dimensions of the pump as a whole. The obtained results allow to 
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ВǤǧǦǧǯǪǧ 

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

˹˷̐̕˿̌ ̇˷˾̄̒˼ ̊̇̅˹̄˿ ˹˷́̊̊̃˷ ˹ ̅̉́˷̎˿˹˷˼-
̃̅̃ ̅˸̑˼́̉˼, – ̆˼̇̈̆˼́̉˿˹̄̅˼ ̄˷̆̇˷˹̂˼̄˿˼ 
̇˷˾˹˿̉˿̖ ̄˷̊́˿ ˿ ̉˼̌̄˿́˿. В ̄˷̖̈̉̅̐˿̀ ̃̅-

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

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

̃̄̅˺̅̈̉̊̆˼̄̎˷̉̅̈̉̓ ̆̇˿ ̆̇̅˼́̉˿̇̅˹˷̄˿˿ ˿ 

̆̅̈̉̇̅˼̄˿˿ ˹̒̈̅́̅˹˷́̊̊̃̄̒̌ ̈˿̈̉˼̃ ̅̉́˷̎́˿ 

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

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

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

̆̅̉˼̄̍˿˷̂̓̄̒̃ ˿̈̉̅̎̄˿́̅̃ ̄˼˺˼̇̃˼̉˿̎̄̅̈̉˿ 

˿ ˿̈̉̅̎̄˿́̅̃ ˺˷˾̅˹̒˻˼̂˼̄˿̀. 

˯˿̇̅́̅˼ ̆̇˿̃˼̄˼̄˿˼ ˹ ˹̒̈̅́̅˹˷́̊̊̃̄̒̌ 

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

́˿̄˼̉˿̎˼̈́̅˺̅ ˻˼̀̈̉˹˿̖, ˷ ˿̃˼̄̄̅ ̉̊̇˸̅̃̅̂˼-
̖́̊̂̇̄̒˼ [1–3], ̃̅̂˼̖́̊̂̇̄̒˼ [4–13] ˿ ̃̅̂˼-
̖́̊̂̇̄̅-˹̖˾́̅̈̉̄̒˼ (ˣВВˤ) ̄˷̈̅̈̒ [3]. ˥˻̄˷ 
˿˾ ̇˷˾̄̅˹˿˻̄̅̈̉˼̀ ̉̊̇˸̅̃̅̂˼̖́̊̂̇̄̒̌ ̃˷̏˿̄ 

– ́̅̃˸˿̄˿̇̅˹˷̄̄̒˼ ̉̊̇˸̅̃̅̂˼̖́̊̂̇̄̒˼ ̄˷-
̈̅̈̒ [1–3], ˹ ́̅̉̅̇̒̌ ̊̈̉˷̄˷˹̂˿˹˷̉̕ ̇˷˾̂˿̎-

̄̒˼ ̆̅ ̆̇˿̄̍˿̆̊ ˻˼̀̈̉˹˿̖ ̃̅̂˼̖́̊̂̇̄̒˼ ̈̉̊-
̆˼̄˿, ̇˷˸̅̉˷̐̕˿˼ ˹ ˻˿˷̆˷˾̅̄˼ ˻˷˹̂˼̄˿̀ ̅̉ 1 

˻̅ 103 ˦˷. ˟̈̈̂˼˻̅˹˷̄˿̕ ̇˷˸̅̎˿̌ ̆̇̅̍˼̈̈̅˹ ˹ 

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

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

˻˷̄̄̒̌. ˨̇˼˻˿ ̔́̈̆˼̇˿̃˼̄̉˷̂̓̄̒̌ ̇˷˸̅̉ 
̃̅˽̄̅ ˹̒˻˼̂˿̉̓ ̆̊˸̂˿́˷̍˿˿ [3, 7, 11], ˹ ́̅̉̅-

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

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

̉̒, ̆̅̈˹̖̐˼̄̄̒˼ ˿˾̊̎˼̄˿̕ ̃̅̂˼̖́̊̂̇̄̅-

˹̖˾́̅̈̉̄̒̌ ̈̉̊̆˼̄˼̀ ́̅̃˸˿̄˿̇̅˹˷̄̄̒̌ ̉̊̇-

˸̅̃̅̂˼̖́̊̂̇̄̒̌ ̄˷̈̅̈̅˹. В ̈̇˷˹̄˼̄˿˿ ̈ ̃̅̂˼-

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

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

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

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

˜̐˼ ̅˻̄˿̃ ̆̇˼˿̃̊̐˼̈̉˹̅̃ ̃̅̂˼̖́̊̂̇̄̅-

˹̖˾́̅̈̉̄̒̌ ̈̉̊̆˼̄˼̀ ̖˹̖̂˼̖̉̈ ˹̅˾̃̅˽̄̅̈̉̓ ˿̌ 

̇˷˸̅̉̒ ˹ ˻˿˷̆˷˾̅̄˼ ˻˷˹̂˼̄˿̀ ̅̉ 10–3 ˻̅ 105 ˦˷, 
̈̅̅̉˹˼̉̈̉˹̊̐̕˼˺̅ ˹̈˼̃ ̇˼˽˿̃˷̃ ̉˼̎˼̄˿̖ ˺˷˾˷, 
˹ ̉̅ ˹̇˼̖̃ ́˷́ ̃̅̂˼̖́̊̂̇̄̒˼ ̈̉̊̆˼̄˿ ̔̋̋˼́-

̉˿˹̄̒ ̂˿̏̓ ˹ ̅˸̂˷̈̉˿ ˻˷˹̂˼̄˿̀ ̅̉ 1 ˻̅ 103 ˦˷ 
˿ ̆̅̂̄̅̈̉̓̕ ̆̇˼́̇˷̐˷̉̕ ̇˷˸̅̉̊ ̆̇˿ ˻˷˹̂˼̄˿˿ 

˹̒̏˼ 103 ˦˷.  
˭˼̂̓̕ ̄˷̏˼̀ ̇˷˸̅̉̒ ˸̒̂̅ ̔́̈̆˼̇˿̃˼̄-

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

̃̅̂˼̖́̊̂̇̄̅-˹̖˾́̅̈̉̄̒̌ ̈̉̊̆˼̄˼̀, ̇˷˸̅̉˷̕-

̐˿̌ ̆̇˿ ˻˷˹̂˼̄˿˿ ̅̉ 103 ˻̅ 105 ˦˷. 

ǐǱǪǳǢǯǪǧ ǿǬǳǱǧǲǪмǧǯǴǢǭǾǯоǥо ǳǴǧǯǦǢ  

Ǧǭя оǱǲǧǦǧǭǧǯǪя хǢǲǢǬǴǧǲǪǳǴǪǬ  

моǭǧǬǵǭяǲǯо-ǤяǩǬоǳǴǯоǫ ǳǴǵǱǧǯǪ 

ˣ̅̂˼̖́̊̂̇̄̅-˹̖˾́̅̈̉̄˷̖ ̈̉̊̆˼̄̓, ̆̇˼˻-

̈̉˷˹̂˼̄̄˷̖ ̄˷ ̇˿̈. 1, ̅˸̇˷˾̅˹˷̄˷ ́˷̄˷̂˷̃˿ ̄˷ 
̈̅˹̃˼̈̉̄̒̌ ̆̅˹˼̖̇̌̄̅̈̉̌ ̄˼̆̅˻˹˿˽̄̅˺̅ ˿ 

̆̅˻˹˿˽̄̅˺̅ ̍˿̂˿̄˻̇̅˹.  
 

 
 

˧˿̈. 1. ˣ̅̂˼̖́̊̂̇̄̅-˹̖˾́̅̈̉̄˷̖ ̈̉̊̆˼̄̓  

Fig. 1. Molecular viscosity stage 
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˧˿̈. 2. ˦̇˿̄̍˿̆˿˷̂̓̄˷̖ ̈̌˼̃˷ ̔́̈̆˼̇˿̃˼̄̉˷̂̓̄̅˺̅ ̈̉˼̄˻˷ 

Fig. 2. Schematic diagram of the experimental stand 

 

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

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

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

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

˹˼˻˼̄˷ ̄˷ ̇˿̈. 2. 

Э́̈̆˼̇˿̃˼̄̉˷̂̓̄̒̀ ̈̉˼̄˻ ̈̅̈̉̅˿̉ ˿˾ ˿˾-
̃˼̇˿̉˼̂̓̄̅̀ ˹˷́̊̊̃̄̅̀ ́˷̃˼̇̒ CV2 ˿ ̄˷̆̊̈́-

̄̅̀ ˹˷́̊̊̃̄̅̀ ́˷̃˼̇̒ CV1. В̄̊̉̇˼̄̄˿˼ ̆̅-

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

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

̏˷˼̉ ˹̅˾̃̅˽̄̊̕ ̆̅̇˿̈̉̅̈̉̓ ̆̅˹˼̇̌̄̅̈̉˿ ́˷-

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

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

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

̅˸˼̈̆˼̎˿˹˷˼̖̉̈ ́̂˷̆˷̄̅̃ VF. ˛̅̆̅̂̄˿̉˼̂̓̄̅ 

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

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

̇˷˾̇˷˸̅̉˷̄̄˷̖ ˿ ˿̈̈̂˼˻̅˹˷̄̄˷̖ ̄˷ ́˷̋˼˻̇˼ 
«В˷́̊̊̃̄˷̖ ˿ ́̅̃̆̇˼̈̈̅̇̄˷̖ ̉˼̌̄˿́˷» 

ˣ˚˪ ˿̃˼̄˿ ˤ.Э. ˘˷̊̃˷̄˷. ˩˷́˷̖ ̈˿̈̉˼̃˷ 

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

˹̇˼̃˼̄̄̅ ˹ ̄˼̈́̅̂̓́˿̌ ̉̅̎́˷̌ ̆̅̆˼̇˼̎̄̅˺̅ 

̈˼̎˼̄˿̖ ́˷̃˼̇̒. ˦̅̉̅́˿ ̄˷̆̊̈́˷˼̃̅˺̅ ˺˷˾˷ 

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

̇˼˺̖̊̂̉̅̇̅̃ ̇˷̈̌̅˻˷ ˺˷˾˷.  

В ̔́̈̆˼̇˿̃˼̄̉˷̂̓̄̅̃ ̈̉˼̄˻˼ ˿̈̆̅̂̓˾̖̊̉̈̕ 

̆̇˼̅˸̇˷˾̅˹˷̉˼̂˿ ˻˷˹̂˼̄˿̖, ˿˾̃˼̖̄̐̕˿˼ ˻˷˹̂˼-
̄˿˼ ̈ ̉̅̎̄̅̈̉̓̕ ˹ ̆̇˼˻˼̂˷̌ 5 %. К̅̂˿̎˼̈̉˹̅ 

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

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

̃̅̂˼̖́̊̂̇̄̅-˹̖˾́̅̈̉̄̒̌ ̈̉̊̆˼̄˼̀ ̆̇˿ ̇˷˾̂˿̎-

̄̒̌ ̊̇̅˹̖̄̌ ˹˷́̊̊̃˷. 

ǒǧǩǵǭǾǴǢǴǽ ǿǬǳǱǧǲǪмǧǯǴǢǭǾǯоǥо ǪǳǳǭǧǦоǤǢǯǪя 

бǽǳǴǲоǦǧǫǳǴǤǪя моǭǧǬǵǭяǲǯо-ǤяǩǬоǳǴǯоǫ  

ǱǲоǴоǹǯоǫ ǹǢǳǴǪ 

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

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

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

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

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

    ̄

˹̈
,

p

p
   
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˺˻˼ Ȑ  ̄ – ˻˷˹̂˼̄˿˼ ̄˷˺̄˼̉˷̄˿̖ ̄˷̈̅̈˷, ˦˷; Ȑ˹̈ – 

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

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

̃̅̈̉̓̕, ̅̆˿̈˷̄̄̅̀ ˹ ̇˷˸̅̉˼ [3]: 

2 2
1 1 2

2

23 3 2 3
3 2 32 2

2 22
2

2

8 3 ln

,
8 2

tg 3 ln
3 3 23cos

ȍ вȑ
LN

p p
h

S u h u h
h

hh h h
h h

h


  



 
      

            

  

˺˻˼ L – ˻̂˿̄˷ ́˷̄˷̂˷, ̃; N – ̎˿̈̂̅ ́˷̄˷̂̅˹; ʜ1 – 

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

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

˹̖˾́̅̈̉̓ ˺˷˾˷, ˦˷·̈; u –̅́̇̊˽̄˷̖ ̈́̅̇̅̈̉̓ ˺˷˾˷ 
̄˷ ̆˼̇˿̋˼̇˿˿ ̆̅˻˹˿˽̄̅˺̅ ̍˿̂˿̄˻̇˷, ̃/̈; ʜ2 – 

́̅̔̋̋˿̍˿˼̄̉ ̈́̅̂̓˽˼̄˿̖, ̅̆̇˼˻˼̖̂̐̕˿̀ 

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

̈̉̓̕, ̃; h – ˹̒̈̅̉˷ ́˷̄˷̂˷, ̃;  – ̊˺̅̂ ̄˷́̂̅̄˷ 
˸̅́̅˹̅̀ ̆̅˹˼̇̌̄̅̈̉˿ ́˷̄˷̂˷ ́ ˼˺̅ ˹̒̈̅̉˼, ˺̇˷˻; 

 – ́̅̔̋̋˿̍˿˼̄̉ ̅̉̄̅̏˼̄˿̖ ˹̒̈̅̉̒ ́˷̄˷̂˷ 
́ ˼˺̅ ̏˿̇˿̄˼.  

˧˷̈̌̅˽˻˼̄˿˼ ̃˼˽˻̊ ̆̅̂̊̎˼̄̄̒̃˿ ̉˼̅̇˼̉˿-

̎˼̈́˿̃˿ ˿ ̔́̈̆˼̇˿̃˼̄̉˷̂̓̄̒̃˿ ˻˷̄̄̒̃˿ ̄˼ 
̆̇˼˹̒̏˷˼̉ 4 %. ˦̇˿ ̊˹˼̂˿̎˼̄˿˿ ˻˷˹̂˼̄˿̖ ̄˷-
˺̄˼̉˷̄˿̖ ̈ 104 ˻̅ 105 ˦˷ ̆̇˿ ̇˷˹̄̒̌ ˹˼̂˿̎˿̄˷̌ 
̅̉̄̅̏˼̄˿̖ ˻˷˹̂˼̄˿̀ ̄˷˸̂̕˻˷˼̖̉̈ ̈̄˿˽˼̄˿˼ 
˸̒̈̉̇̅˻˼̀̈̉˹˿̖ ̃̅̂˼̖́̊̂̇̄̅-˹̖˾́̅̈̉̄̅̀ ̈̉̊-

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

(̆̇˿ ʩ 1,5 ר). 
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˧˿̈. 3. ˥̉́˷̎̄˷̖ ̌˷̇˷́̉˼̇˿̈̉˿́˷ ˣВВˤ ̆̇˿ ̇˷˾̄̒̌ ˾̄˷̎˼̄˿̖̌ ˻˷˹̂˼̄˿̖ ̄˷˺̄˼̉˷̄˿̖: 

1 – p̄ = 104 ˦˷; 2 – p̄ = 2,6·104 ˦˷; 3 – p̄ = 3,8·104 ˦˷; 4 – p̄ = 105 ˦˷ 
Fig. 3. Pumping characteristics of MVVN at different values of discharge pressure: 

1 – p̄ = 104 Pa; 2 – p̄ = 2,6·104 Pa; 3 – p̄ = 3,8·104 Pa; 4 – p̄ = 105 Pa 
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ВǽǤоǦ 

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

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

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

˹̅˾̃̅˽̄̅̈̉˿ ˿̈̆̅̂̓˾̅˹˷̄˿̖ ̃̅̂˼̖́̊̂̇̄̅-

˹̖˾́̅̈̉̄̒̌ ̈̉̊̆˼̄˼̀ ́̅̃˸˿̄˿̇̅˹˷̄̄̒̌ ̄˷̈̅-

̈̅˹ ̆̇˿ ̆̅˹̒̏˼̄̄̒̌ ˻˷˹̂˼̄˿̖̌ (˸̅̂˼˼ 103 ˦˷) 

̈ ̈̅̌̇˷̄˼̄˿˼̃ ̅̉́˷̎˿˹˷̐̕˼̀ ̈̆̅̈̅˸̄̅̈̉˿ 

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

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

̐˼̈̉˹̊̐̕˿̌ ̃̅̂˼̖́̊̂̇̄̒̌ ̈̉̊̆˼̄˼̀, ̅̉́˷̎˿-

˹˷̐̕˷̖ ̈̆̅̈̅˸̄̅̈̉̓ ́̅̉̅̇̒̌ ̆̇˷́̉˿̎˼̈́˿ 

̆̇˼́̇˷̐˷˼̖̉̈ ̆̇˿ ˻˷˹̂˼̄˿˿ 103 ˦˷. ˦̅̂̊̎˼̄-

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

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

́̅̃˸˿̄˿̇̅˹˷̄̄̒̌ ̉̊̇˸̅̃̅̂˼̖́̊̂̇̄̒̌ ̄˷̈̅-

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

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

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

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

̋̅̇˹˷́̊̊̃̄̒̃ ̄˷̈̅̈˷̃, ̇˷˸̅̉˷̐̕˿̃ ̈ ̉̊̇˸̅-

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

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

˹˷́̊̊̃̄̒̌ ̄˷̈̅̈̅˹, ̆̅̃˿̃̅ ̈̆˿̇˷̂̓̄̒̌ ˹˷́̊-

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

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

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

̄˷̈̅̈̅˹. 

В ̈̅̅̉˹˼̉̈̉˹˿˿ ̈ ̆̅̂̊̎˼̄̄̒̃˿ ̔́̈̆˼̇˿-

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

̈̅̌̇˷̄˼̄˿̖ ̔̋̋˼́̉˿˹̄̅̈̉˿ ̇˷˸̅̉̒ ̃̅̂˼́̊-

̖̂̇̄̅-˹̖˾́̅̈̉̄̅̀ ̈̉̊̆˼̄˿ ̄˼̅˸̌̅˻˿̃̅ ̆̅˻-

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

̍˿̂˿̄˻̇˷ ˸̅̂̓̏˼ 80 ̃/̈. Э̉̅ ̂˼˺́̅ ̇˼˷̂˿˾̊˼̉-
̖̈ ˹ ̂̕˸̅̃ ˿˾ ̉̊̇˸̅̃̅̂˼̖́̊̂̇̄̒̌ ̄˷̈̅̈̅˹, 

̅́̇̊˽̄˷̖ ̈́̅̇̅̈̉̓ ́̅̉̅̇̒̌, ́˷́ ̆̇˷˹˿̂̅, ̆̇˼-
˹̒̏˷˼̉ 200 ̃/̈.  

˪̂̊̎̏˼̄˿˼ ̅̉́˷̎̄̒̌ ̆˷̇˷̃˼̉̇̅˹ ˣВВˤ ˹ 

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

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

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

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

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