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ПАМЯТИ ЖОРЕСА ИВАНОВИЧА АЛФЁРОВА 
(1930–2019) 

1 ̃˷̇̉˷ 2019 ˺̅˻˷ ̊̏˼̂ ˿˾ ˽˿˾̄˿ ̂˷̊̇˼˷̉ ˤ̅˸˼-
̂˼˹̈́̅̀ ̆̇˼̃˿˿ ̆̅ ̋˿˾˿́˼, ˷́˷˻˼̃˿́ ˧Аˤ ˝̅̇˼̈ 

˟˹˷̄̅˹˿̎ А̂̋ё̇̅˹. 

˝̅̇˼̈ ˟˹˷̄̅˹˿̎ А̂̋ё̇̅˹ ̇̅˻˿̖̂̈ 15 ̃˷̇̉˷ 1930 

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

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

̈̉˿̉̊̉˷ ˿ ˹ 1952 ˺̅˻̊ ̄˷̎˷̂ ̄˷̊̎̄̊̕ ́˷̇̓˼̇̊.  
В 1953 ˺̅˻̊ ˝.˟. А̂̋ё̇̅˹ ̈̉˷̂ ̇˷˸̅̉˷̉̓ ˹ ˫˿-

˾˿́̅-̉˼̌̄˿̎˼̈́̅̃ ˿̄̈̉˿̉̊̉˼ ˿̃˼̄˿ А.˫. ˟̅̋̋˼ 

А́˷˻˼̃˿˿ ̄˷̊́ ˨˨˨˧. В 1972 ˺̅˻̊ ˝̅̇˼̈ ˟˹˷̄̅-

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

˥̉˻˼̂˼̄˿̕ ̅˸̐˼̀ ̋˿˾˿́˿ ˿ ˷̈̉̇̅̄̅̃˿˿ (̋˿˾˿́˷), 

˷ ˹ 1979 ˺̅˻̊ – ˷́˷˻˼̃˿́̅̃ ̆̅ ̉̅̃̊ ˽˼ ˥̉˻˼̂˼̄˿̕ 

(̋˿˾˿́˷ ˿ ˷̈̉̇̅̄̅̃˿̖). В ̆˼̇˿̅˻ ̈ 1991-˺̅ ̆̅ 2017 

˺̅˻ ˝̅̇˼̈ ˟˹˷̄̅˹˿̎ ˸̒̂ ˹˿̍˼-̆̇˼˾˿˻˼̄̉̅̃ ˧Аˤ; 

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

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

˧Аˤ.  

˨ 1988 ˺̅˻˷ ̄˷̊̎̄̅-̆˼˻˷˺̅˺˿̎˼̈́˷̖ ˻˼̖̉˼̂̓̄̅̈̉̓ 
˷́˷˻˼̃˿́˷ ˝.˟. А̂̋ё̇̅˹˷ ̈˹̖˾˷̄˷ ̈ ˦̅̂˿̉˼̌̄˿̎˼-
̈́˿̃ ̊̄˿˹˼̇̈˿̉˼̉̅̃. ˥̄ ˸̒̂ ˻˼́˷̄̅̃ ̋˿˾˿́̅-

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

̋˿˾˿́˿ ˿ ̉˼̌̄̅̂̅˺˿˿ ̄˷̄̅̈̉̇̊́̉̊̇. В 2000 ˺̅˻̊ 
˝̅̇˼̈˷ ˟˹˷̄̅˹˿̎˷ ˿˾˸̇˷̂˿ ̆̅̎˼̉̄̒̃ ˻̅́̉̅̇̅̃ ˦̅-

̂˿̉˼̌̄˿̎˼̈́̅˺̅ ̊̄˿˹˼̇̈˿̉˼̉˷. В 2014–2018 ˺̅˻˷̌ 
˝.˟. А̂̋ё̇̅˹ ˹̌̅˻˿̂ ˹ ̈̅̈̉˷˹ ̄˷˸̂̕˻˷̉˼̂̓̄̅˺̅ ̈̅-

˹˼̉˷ ˨˦˸˦˪ ˦˼̉̇˷ В˼̂˿́̅˺̅, ˸̒̂ ̉˷́˽˼ ̆̇̅̋˼̈̈̅-

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

̄˷̄̅̉˼̌̄̅̂̅˺˿̀ ˿ ̉˼̂˼́̅̃̃̊̄˿́˷̍˿̀ ̄˷̏˼˺̅ ˪̄˿-

˹˼̇̈˿̉˼̉˷. ˝.˟. А̂̋ё̇̅˹ – ̈̅˾˻˷̉˼̂̓ ˿ ̃̄̅˺̅̂˼̉̄˿̀ 

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

̈́̅̀ ˷́˷˻˼̃˿˿ ̄˷̊́, ˷ ̉˷́˽˼ ̅̈̄̅˹˷̉˼̂̓ ̂˿̍˼̖ «˫˿-

˾˿́̅-̉˼̌̄˿̎˼̈́˷̖ ̏́̅̂˷» ̆̇˿ ̔̉̅̃ ̊̄˿˹˼̇̈˿̉˼̉˼.  
˝̅̇˼̈ ˟˹˷̄̅˹˿̎ А̂̋ё̇̅˹ ˸̒̂ ̆̅˿̈̉˿̄˼ ̆̅˻˹˿˽-

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

˿̄˿̍˿˷̉˿˹̒ ˿ ̈˹˼̇̏˼̄˿̖ ̉̇̊˻̄̅ ̆˼̇˼̅̍˼̄˿̉̓. В 2002 

˺̅˻̊ ˝.˟. А̂̋˼̇̅˹ ˹̅˾˺̂˷˹˿̂ ˹ ́˷̎˼̈̉˹˼ ̆̇˼˻̈˼˻˷̉˼̖̂ 

ˤ˷̊̎̄̅-̃˼̉̅˻˿̎˼̈́˿̀ ̈̅˹˼̉ (ˤˣ˨) ̆̅ ̋˿˾˿́˼ ̆̇˿ 

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

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

ˤˣ˨ ̆̅ ̋˿˾˿́˼ ˝.˟. А̂̋ё̇̅˹̊ ̊˻˷̂̅̈̓ ̅˸̑˼˻˿̄˿̉̓ 
˹˼˻̊̐˿˼ ˹̊˾̒ ̈̉̇˷̄̒ ̈ ̍˼̂̓̕ ̈̅̌̇˷̄˼̄˿̖ ˿ ̇˷˾˹˿̉˿̖ 

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

˝.˟. А̂̋ё̇̅˹ – ˷˹̉̅̇ ˸̅̂˼˼ 500 ̄˷̊̎̄̒̌ ̇˷˸̅̉ ˿ 

˸̅̂˼˼ 50 ˿˾̅˸̇˼̉˼̄˿̀. ˞˷̈̂̊˺˿ ˷́˷˻˼̃˿́˷ ˝.˟. А̂̋ё-
̇̅˹˷ ̆˼̇˼˻ ̇̅̈̈˿̀̈́̅̀ ˿ ̃˿̇̅˹̅̀ ̄˷̊́̅̀ ̅̉̃˼̎˼̄̒ 

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

̄˿̌ ˺̂˷˹̄˷̖ ̃˼˽˻̊̄˷̇̅˻̄˷̖ ̄˷˺̇˷˻˷ – ̔̉̅ ˤ̅˸˼̂˼˹-

̈́˷̖ ̆̇˼̃˿̖ ̆̅ ̋˿˾˿́˼ 2000 ˺̅˻˷ «˞˷ ̅̈̄̅˹̅̆̅̂˷-

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

́̅̃̃̊̄˿́˷̍˿̅̄̄̒̌ ̉˼̌̄̅̂̅˺˿̀», ˹ ̎˷̈̉̄̅̈̉˿ «˞˷ 

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

˹̒̈̅́̅̈́̅̇̅̈̉̄̅̀ ˿ ̅̆̉̅̔̂˼́̉̇̅̄˿́˿». 

ǒǧǦǢǬǸǪǰǯǯыǫ ǳǰǤǧǴ Ǫ ǲǧǦǢǬǸǪǰǯǯǢȁ ǬǰǭǭǧǥǪȁ 

ǨǵǲǯǢǭǢ «НǢǵǹǯǰ-ǴǧǷǯǪǹǧǳǬǪǧ ǤǧǦǰǮǰǳǴǪ ǓǑǣГǑУ. 

ǇǳǴǧǳǴǤǧǯǯыǧ Ǫ ǪǯǨǧǯǧǲǯыǧ ǯǢǵǬǪ» ǥǭǵǣǰǬǰ ǳǬǰǲǣȁǴ 

Ǳǰ ǱǰǤǰǦǵ ǬǰǯǹǪǯы ǹǭǧǯǢ ǲǧǦǢǬǸǪǰǯǯǰǥǰ ǳǰǤǧǴǢ ǢǬǢǦǧ-
ǮǪǬǢ ǈǰǲǧǳǢ ИǤǢǯǰǤǪǹǢ АǭǶёǲǰǤǢ Ǫ ǤыǲǢǨǢȀǴ Ǫǳ-
ǬǲǧǯǯǪǧ ǳǰǣǰǭǧǩǯǰǤǢǯǪȁ ǲǰǦǯыǮ Ǫ ǣǭǪǩǬǪǮ ǿǴǰǥǰ ǤыǦǢ-

Ȁщǧǥǰǳȁ Уǹǧǯǰǥǰ, ǑǧǦǢǥǰǥǢ Ǫ ǰǣщǧǳǴǤǧǯǯǰǥǰ ǦǧȁǴǧǭȁ
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УДК 536.24:620.9:621.165 

Ю.К. Петреня 

ПАО «Силовые машины», Санкт-Петербург, Россия 

О ПРОГРАММЕ РАЗРАБОТКИ  
РОССИЙСКИХ ГАЗОТУРБИННЫХ ЭНЕРГОТЕХНОЛОГИЙ* 

˚˷˾̊ ̅̉˹˼˻˼̄˷ ˹˷˽̄˼̀̏˷̖ ̇̅̂̓ ˹ ̉˼́̊̐˼̃ ˿ ̆˼̇̈̆˼́̉˿˹̄̅̃ ̉̅̆̂˿˹̄̅̃ ̔̄˼̇˺˼̉˿̎˼̈́̅̃ ˸˷̂˷̄̈˼ 
˧̅̈̈˿˿ ˿ ̃̄̅˺˿̌ ̈̉̇˷̄, ˹́̂̎̕˷̖ ˨˯А ˿ ˜˹̇̅̆̊. ˦̇˿̃˼̄˼̄˿˼ ˺˷˾̅̉̊̇˸˿̄̄̒̌ ̔̄˼̇˺˼̉˿̎˼̈́˿̌ 

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

̈̉˿ ˿ ́̅̄́̊̇˼̄̉̅̈̆̅̈̅˸̄̅̈̉˿ ̇̅̈̈˿̀̈́̅̀ ̔̄˼̇˺˼̉˿́˿. ˦˼̇̈̆˼́̉˿˹̄̒̀ ̇̒̄̅́ ̔̉˿̌ ̉˼̌̄̅̂̅˺˿̀ 

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

˼ё ̔́̈̆̅̇̉̄̅˺̅ ̆̅̉˼̄̍˿˷̂˷. В ˧̅̈̈˿˿ ˼̈̉̓ ̅̆̒̉ ̇˷˾̇˷˸̅̉́˿ ˿ ̅̈˹̅˼̄˿̖ ˺˷˾̅˹̒̌ ̔̄˼̇˺˼̉˿̎˼̈́˿̌ 

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

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

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

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

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

̈̉̓̕ ̆̇˼˻̂̅˽˼̄̅ ̆̇̅˹̅˻˿̉̓ ̆̅˻ ̄˷̊̎̄̅-̃˼̉̅˻˿̎˼̈́˿̃ ̇̊́̅˹̅˻̈̉˹̅̃ ˧Аˤ (˥˴ˣˣ˦˪ ˧Аˤ). 

ǪȋȞȗȅвțȅ ȑȋȎва: ˺˷˾̅˹̒˼ ̔̄˼̇˺˼̉˿̎˼̈́˿˼ ̉̊̇˸˿̄̒, ̈̅˹̇˼̃˼̄̄˷̖ ˿ ̆˼̇̈̆˼́̉˿˹̄˷̖ ̔̄˼̇˺˼̉˿́˷, ̔̄˼̇-

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

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

СȑțȋȊа ȏȐȈ ȖȈȒȈȐȎваȍȈȈ:  

˵.К. ˦˼̉̇˼̖̄. ˥ ̆̇̅˺̇˷̃̃˼ ̇˷˾̇˷˸̅̉́˿ ̇̅̈̈˿̀̈́˿̌ ˺˷˾̅̉̊̇˸˿̄̄̒̌ ̔̄˼̇˺̅̉˼̌̄̅̂̅˺˿̀ // ˤ˷̊̎̄̅-

̉˼̌̄˿̎˼̈́˿˼ ˹˼˻̅̃̅̈̉˿ ˨˦˸˦˪. ˜̈̉˼̈̉˹˼̄̄̒˼ ˿ ˿̄˽˼̄˼̇̄̒˼ ̄˷̊́˿. 2019. ˩. 25. № 1. ˨. 8–18. 

DOI: 10.18721/JEST.25101. 

Yu.K. Petrenya 

PJSC «Power machines», St. Petersburg, Russia 

DEVELOPMENT PROGRAM  
OF RUSSIAN GAS TURBINE POWER TECHNOLOGIES 

Gas plays a crucial role in the current and future fuel energy balance of Russia and many countries, including 

the United States and Europe. Energy efficiency is enhanced by using highly advanced technologies for gas 

turbine energy. Ensuring the competitiveness of the Russian energy sector involves using gas turbines and com-

                                                      

* ˦̅ ̃˷̉˼̇˿˷̂˷̃ ˻̅́̂˷˻˷ «˧˷˾˹˿̉˿˼ ˺˷˾̅̉̊̇˸˿̄̄̒̌ ̔̄˼̇˺˼̉˿̎˼̈́˿̌ ̉˼̌̄̅̂̅˺˿̀ ˹ ˧̅̈̈˿˿» ̄˷ ˥˸̐˼̃ 

̈̅˸̇˷̄˿˿ ˧Аˤ 13 ˻˼́˷˸̖̇ 2018 ˺̅˻˷. 
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bined-cycle plants. The promising market for these technologies is of great interest to the Russian industry, 

particularly, for increasing its export potential. Russia has experience in development and integration of gas en-

ergy turbines, a large scientific and industrial potential for devising new, globally competitive gas energy tech-

nologies.  It was proposed to implement a comprehensive science and technology investment program (nation-

al project) in this area. It is noted that developing domestic gas-turbine power technologies is one of the most 

important priorities in ensuring energy security and scientific and technological development of the Russian 

Federation. It was proposed to coordinate the implementation of the project that is multidisciplinary from a 

scientific and applied standpoint and cooperation of academic, sectoral and university science with industry 

under the scientific and methodological guidance of the Russian Academy of Sciences (OEMMP RAS). 

Keywords: gas energy turbines, modern and future energy, energy efficiency, energy security, basic research, 

a comprehensive investment research program (national project). 

Citation:  

Yu.K. Petrenya, Development program of Russian gas turbine power technologies, St. Petersburg polytechnic 

university journal of engineering science and technology, 25(01)(2019) 8–18, DOI: 10.18721/JEST.25101. 

ǅǢǩоǤǢȁ ǿǭǧǬǴǲоǥǧǯǧǲǢǸǪȁ, ǿǯǧǲǥобǧǩоǱǢǳǯоǳǴǾ, 
ǱǧǲǳǱǧǬǴǪǤǯǽǫ ǲǽǯоǬ 

˚˷˾̅̉̊̇˸˿̄̄̒˼ ̔̄˼̇˺˼̉˿̎˼̈́˿˼ ̉˼̌̄̅̂̅˺˿˿ – 

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

˿ ̆˼̇̈̆˼́̉˿˹̄̅̀ ̔̄˼̇˺˼̉˿́˿. ˴̉̅ ̅̆̇˼˻˼̖̂˼̖̉̈ 

̇̅̂̓̕, ́̅̉̅̇̊̕ ˿˺̇˷˼̉ ˺˷˾ ˹ ̉̅̆̂˿˹̄̅̃ ̔̄˼̇˺˼-
̉˿̎˼̈́̅̃ ˸˷̂˷̄̈˼ ́˷́ ˧̅̈̈˿˿, ̉˷́ ˿ ˹˼˻̊̐˿̌ 
̈̉̇˷̄ ˜˹̇̅̆̒ ˿ ˨˯А: ˹ ˧̅̈̈˿˿ ˻̖̅̂ ˺˷˾˷ ̈̅̈̉˷˹-
̖̂˼̉ ̖̆̅̇˻́˷ 50 %, ˹ ˨˯А ˿ ˜˹̇̅̆˼ – ̈̅̅̉˹˼̉-
̈̉˹˼̄̄̅ ˸̅̂˼˼ 40 ˿ 20 %. ˩˷́˿̃ ̅˸̇˷˾̅̃, ̔̋̋˼́-

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

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

̄˷ ˸˷˾˼ ̔̄˼̇˺˼̉˿̎˼̈́˿̌ ˺˷˾̅˹̒̌ ̉̊̇˸˿̄ [1–6]**.  

ˢ˿̄˼̀̄̒̀ ̆̇̅˺̄̅˾ ̄˷ 35 ̂˼̉ ̄˷ ˸˷˾˼ ˻̅̈̉̅-

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

                                                      
** ˨̃. ̉˷́˽˼:  
˴̄˼̇˺˼̉˿̎˼̈́˷̖ ̈̉̇˷̉˼˺˿̖ ˧̅̈̈˿˿ ˻̅ 2035 ˺̅˻˷. 

(˧˷˾̇˷˸̅̉˷̄˷ ˹̅ ˿̈̆̅̂̄˼̄˿˼ ̆̅̇̊̎˼̄˿̖ ˦̇˼˾˿˻˼̄̉˷ 
˧̅̈̈˿̀̈́̅̀ ˫˼˻˼̇˷̍˿˿ ̅̉ 6 ˿̖̂̕ 2013 ˺. № ˦̇-1471 

̅ ́̅̇̇˼́̉˿̇̅˹́˼ ˴̄˼̇˺˼̉˿̎˼̈́̅̀ ̈̉̇˷̉˼˺˿˿ ˧̅̈̈˿˿ 

̄˷ ̆˼̇˿̅˻ ˻̅ 2030 ˺̅˻˷, ̊̉˹˼̇˽˻˼̄̄̅̀ ̇˷̖̈̆̅̇˽˼̄˿-

˼̃ ˦̇˷˹˿̉˼̂̓̈̉˹˷ ˧̅̈̈˿̀̈́̅̀ ˫˼˻˼̇˷̍˿˿ ̅̉ 13 ̄̅-

̖˸̖̇ 2009 ˺. № 1715-̇ ˿ ̆̇˼˻̊̈̃˷̉̇˿˹˷̐̕˼̀ ̅˸̄̅˹-

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

̆˼̇˿̅˻˷ ˻̅ 2035 ˺̅˻˷ ˹̒̆̅̂̄˼̄̅ ˹ ̈̅̅̉˹˼̉̈̉˹˿˿ ̈ 
̆̅̇̊̎˼̄˿˼̃ ˦̇˷˹˿̉˼̂̓̈̉˹˷ ˧̅̈̈˿̀̈́̅̀ ˫˼˻˼̇˷̍˿˿ 

(̆̇̅̉̅́̅̂ ˾˷̈˼˻˷̄˿̖ ˦̇˷˹˿̉˼̂̓̈̉˹˷ ˧˫);  

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

˧̅̈̈˿˿ ˻̅ 2035 ˺̅˻˷. ˪̉˹˼̇˽˻˼̄˷ ˪́˷˾̅̃ ˦̇˼˾˿˻˼̄̉˷ 
˧˫ ̅̉ 01.12.2016 ˺̅˻˷ № 642. 

˻̅̂˽˿̉˼̂̓̄̅̈̉̓̕ 70 ̂˼̉ (̈ 1965 ˺̅˻˷) ̆̅́˷˾̒-

˹˷˼̉, ̎̉̅ ˻̖̅̂ ˺˷˾˷ ˹ ̃˿̇̅˹̅̃ ̉̅̆̂˿˹̄̅̃ ˸˷-
̂˷̄̈˼ ́ 2070 ˺̅˻̊ ˻̅̈̉˿˺̄˼̉ ˹˼̂˿̎˿̄̒ ̖̆̅̇˻́˷ 
30 % ̆̇˿ ̅˻̄̅˹̇˼̃˼̄̄̅̃ ̇̅̈̉˼ ̄̅˹̒̌ ˺˼̄˼̇˿-

̇̊̐̕˿̌ ̃̅̐̄̅̈̉˼̀ (̇˿̈. 1, ̉˷˸̂. 1). ˨̊̃̃˷̇-

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

̇˼ ́ 2035 ˿ 2070 ˺̅˻˷̃ ˹̒̇˷̈̉˼̉ ̈̅̅̉˹˼̉̈̉˹˼̄-

̄̅ ̆̇˿̃˼̇̄̅ ˹ 2 ˿ 4 ̇˷˾˷, ̎̉̅ ̊́˷˾̒˹˷˼̉ ̄˷ 
˸̅̂̓̏̅̀ ̈˼˺̃˼̄̉ ̆˼̇̈̆˼́̉˿˹̄̅˺̅ ̇̒̄́˷ ˻̖̂ 

̔̄˼̇˺˼̉˿̎˼̈́̅˺̅ ̃˷̏˿̄̅̈̉̇̅˼̄˿̖. ˛̖̂ ̆̅̂̊-

̎˼̄˿̖ ̈˹̅˼̀ ˻̅̂˿ ̄˷ ̔̉̅̃ ̇̒̄́˼ ̇̅̈̈˿̀̈́˷̖ 

̆̇̅̃̒̏̂˼̄̄̅̈̉̓ ˻̅̂˽̄˷ ̆̇˼˻̂˷˺˷̉̓ ́̅̄́̊-

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

˜̈̂˿ ˹ 1965 ˺̅˻̊ ̅˸̐˷̖ ̃̅̐̄̅̈̉̓ ˺˷˾̅˹̅̀ ˺˼-
̄˼̇˷̍˿˿ ˹ ̃˿̇˼ ˸̒̂˷ 0,11 ˩В̉, ˷ ˹ 2015 ˺̅˻̊ – 

1,29 ˩В̉, ̉̅ ˹ 2035 ˿ ˹ 2070 ˺̅˻˷̌ ̅̄˷ ̈̅̈̉˷˹˿̉ 
̈̅̅̉˹˼̉̈̉˹˼̄̄̅ 2,49 ˿ 4,38 ˩В̉, ̉̅ ˼̈̉̓ ˹ ̃˿̇˼ 
̅˸̇˷˾̊˼̖̉̈ ˸̅̂̓̏̅̀ ̆˼̇̈̆˼́̉˿˹̄̒̀ ̇̒̄̅́ ˻̖̂ 

˺˷˾̅̉̊̇˸˿̄̄̒  ̌̔ ̄˼̇˺˼̉˿̎˼̈́˿  ̌̉ ˼̌̄̅̂̅˺˿  ̀[1–3, 7].  

˦̅̈̂˼ ̅̈̊̐˼̈̉˹̂˼̄˿̖ ̆̇̅˺̇˷̃̃̒ ˛˦ˣ ́ 

̄˷̖̈̉̅̐˼̃̊ ˹̇˼̃˼̄˿ 12 % ̔̄˼̇˺˼̉˿́˿ ˧̅̈̈˿˿ 

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

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

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

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

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

˹̒̌ ̉̊̇˸˿̄ ˹ К̇̒̃ [8]. 
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˧˿̈. 1. ˛̖̅̂ ˺˷˾˷ ˹ ̃˿̇̅˹̅̃ ̉̅̆̂˿˹̄̅̃ ̔̄˼̇˺˼̉˿̎˼̈́̅̃ ˸˷̂˷̄̈˼ 
Fig. 1. Share of gas in global fuel energy balance 

 
˩ ˷ ˸ ̂ ˿ ̍ ˷  1  

ǆоǭȁ ǥǢǩǢ Ǥ мǪǲоǤом ǴоǱǭǪǤǯом ǿǯǧǲǥǧǴǪǹǧǳǬом  

бǢǭǢǯǳǧ Ǫ моǻǯоǳǴǾ ǥǧǯǧǲǢǸǪǪ Ǳо ǥоǦǢм 

T a b l e  1  

Gas share in world fuel energy balance  

and generation capacity by years 

˚̅˻ 

˛̖̅̂ ˺˷˾˷  
˹ ̉̅̆̂˿˹̄̅̃ 

˸˷̂˷̄̈˼, % 

ˣ̅̐̄̅̈̉̓  

˺˷˾̅˹̅̀  

˺˼̄˼̇˷̍˿˿, ˩В̉ 

˥˸̐˷̖ 

̃̅̐̄̅̈̉̓, 

˩В̉ 

1965 15 0,11 0,73 

2015 23 1,29 5,6 

2035* 26 2,49 9,6 

2070** 30 4,38 14,6 

  

* ˦̇̅˺̄̅˾ IEA, BP. 
** ˢ˿̄˼̀̄̒̀ ̆̇̅˺̄̅˾. 

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

̅̆˷̈̄̅̈̉˿ ˧̅̈̈˿˿ – ̉˼̌̄̅̂̅˺˿̎˼̈́˷̖ ̃̅̄̅̆̅-

̂˿˾˷̍˿̖ ̇̒̄́˷ ̃̅̐̄̒̌ ˺˷˾̅˹̒̌ ̉̊̇˸˿̄. ˥̇˿-

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

̖̂̃˿ ̃̅̐̄̒̌ ˺˷˾̅̉̊̇˸˿̄̄̒̌ ̊̈̉˷̄̅˹̅́ (˸̅̂˼˼ 
300 ˣВ̉) ̖˹̖̖̂̉̈̕ ̋˷́̉˿̎˼̈́˿ ̉̅̂̓́̅ ̉̇˿ 

́̅̃̆˷̄˿˿ – General Electric (Alstom ̈̉˷̂ ̎˷-
̈̉̓̕ General Electric), Siemens ˿ Mitsubishi 

Heavy Industries [9–11].  

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

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

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

̆̇̅˿˾̅̀˻ё̉ ̆˼̇˼̌̅˻ ̅̉ ̃̅̄̅̍˼̂˼˹̒̌ ̃̅̄̅-

̉̅̆̂˿˹̄̒̌ ̔̂˼́̉̇̅̈̉˷̄̍˿̀ ́ ̃̄̅˺̅̍˼̂˼˹̒̃ 

̃̄̅˺̅̉̅̆̂˿˹̄̒̃ ̔̄˼̇˺̅̌˿̃˿̎˼̈́˿̃ ́̅̃-

̆̂˼́̈˷̃. К̂̎̕˼˹̒̃ ̔̂˼̃˼̄̉̅̃ ̉˷́˿̌ ̔̄˼̇˺̅-

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

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

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

˸˿̄̊.  

˧̅̈̈˿̀̈́˿˼ ̔̄˼̇˺̅̃˷̏˿̄̅̈̉̇̅˼̄˿˼ ˿ ̔̄˼̇-

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

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

̊̈̉˷̄̅˹́˷̃˿, ́̅̉̅̇̒˼ ̆̅˾˹̖̅̂̉ ̇˼̏˿̉̓ ̆̇̅-

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

˺˼̉˿̎˼̈́˿̀ ̇̒̄̅́. 
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˧˿̈. 2. ˚˷˾̅˹˷̖ ̔̄˼̇˺˼̉˿̎˼̈́˷̖ ̉̊̇˸˿̄˷ ˚˩˴-65 (а) ˿ ̆̇̅˼́̉ ˺˷˾̅˹̅̀ ̉̊̇˸˿̄̒ ˚˩˴-300  

˦А˥ «˨˿̂̅˹̒˼ ̃˷̏˿̄̒» (ȁ) 

Fig. 2. Gas turbine GTE-65 by Power Machines OJSC (a) and project of gas turbine GTE-300  

by Power Machines OJSC (ȁ). 
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˧˿̈. 3. ˚˷˾̅˹˷̖ ̔̄˼̇˺˼̉˿̎˼̈́˷̖ ̉̊̇˸˿̄˷ ˚˩˴-180 (̈̅˹̃˼̈̉̄̒̀ ̆̇̅˼́̉ ˢˣ˞ ˿ ˥А˥ «А˹˿˷˻˹˿˺˷̉˼̂̓») 

Fig. 3. Gas turbine GTE-180 (joint project of LMZ and Aviadvigatel OJSC) 
 

ǅǢǩоǴǵǲбǪǯǯǽǧ ǿǯǧǲǥоǴǧǷǯоǭоǥǪǪ 

В ˧̅̈̈˿˿ ˼̈̉̓ ̅̆̒̉ ̇˷˾̇˷˸̅̉́˿ ˿ ̅̈˹̅˼̄˿̖ 

̃̅̐̄̒  ̌˺˷˾̅˹̒  ̌̉̊̇˸˿ .̄ В 60–70-  ˼˺̅˻  ̒̆̇̅̏̂̅˺  ̅

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

̃̅̐̄̅̈̉˿ – 100 ˣВ̉ – ˺˷˾̅˹˷̖ ̉̊̇˸˿̄˷ ˚˩-100 

ˢˣ˞. В ̆̅̈̂˼˻̄˿˼ ˻˼̖̈̉˿̂˼̉˿̖ ˸̒̂ ̆̅̂̊̎˼̄ ̅̆̒̉ 
̆̇̅˿˾˹̅˻̈̉˹  ˷̂˿̍˼̄˾˿̅̄̄̒  ̌˺˷˾̅˹̒  ̌̉̊̇˸˿  ̄˜-́̂˷̈-
̈˷ ̃̅̐̄̅̈̉̓̕ 160 ˣВ̉, ̇˷˾̇˷˸̅̉˷̄˷ ˿ ˿̈̆̒̉˷̄˷ 
˹ ̊̈̂̅˹˿̖̌ ̈̉˷̄̍˿˿ ˺˷˾̅˹˷̖ ̉̊̇˸˿̄˷ ˚˩-65, ˹̒-

̆̅̂̄˼̄̒ ̆̇̅˼́̉̒ ̉̊̇˸˿̄ ̃̅̐̄̅̈̉̓̕ 180 ˣВ̉ 
(ˢˣ˞-˥А˥ «А˹˿˷˻˹˿˺˷̉˼̂̓») ˿ 170, 300 ˣВ̉ 
(˦А˥ «˨˿̂̅˹̒˼ ̃˷̏˿̄̒») (̇˿̈. 2, 3) [12–15]. 

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

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

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

̇̅̈̂˷ ̈̅ 100 ˻̅ ˸̅̂˼˼ 500 ˣВ̉, ́̅̔̋̋˿̍˿-

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

˹̅́ ̄˷ ˿̌ ˸˷˾˼ ˻̅̈̉˿˺ 62 %. К̂˷̈̈̒ ˺˷˾̅̉̊̇-

˸˿̄̄̒̌ ̔̄˼̇˺̅̉˼̌̄̅̂̅˺˿̀ ˿ ̉˼̃̆˼̇˷̉̊̇̒ 

̄˷ ˹̌̅˻˼ ˹ ˺˷˾̅˹̊̕ ̉̊̇˸˿̄̊ ˿ ̄˷ ˹̒̌̂̅̆˼  
˺˷˾̅˹̅̀ ̉̊̇˸˿̄̒ ̆̇˿˹˼˻˼̄̒ ˹ ̉˷˸̂. 1. ˛̖̂  

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

˺˼̉˿̎˼̈́̊̕ ̉̊̇˸˿̄̊ ̃̅˽˼̉ ˻̅̈̉˿˺˷̉̓ 1700 ˨ 

(̉˷˸̂. 2). 

а) 

ȁ)
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˩ ˷ ˸ ̂ ˿ ̍ ˷  2  

КǭǢǳǳǽ ǥǢǩоǴǵǲбǪǯǯǽǷ ǿǯǧǲǥоǴǧǷǯоǭоǥǪǫ 

T a b l e  2  

Classes of gas turbine power technologies 

К̂˷̈̈  
˺˷˾̅̉̊̇˸˿̄̄̅̀ 

̉˼̌̄̅̂̅˺˿˿ 

˩˼̃̆˼̇˷̉̊̇˷ ̄˷ ˹̌̅˻˼ 
˹ ˺˷˾̅˹̊̕ ̉̊̇˸˿̄̊, °˨ 

˩˼̃̆˼̇˷̉̊̇˷ ̄˷ ˹̒̌̂̅̆˼ 
˺˷˾̅˹̅̀ ̉̊̇˸˿̄̒, °˨ 

К̂˷̈̈ ̆˷̇˷̃˼̉̇̅˹ К˪, 

̆˷̇̅˹̅̀ ̉̊̇˸˿̄̒ ˹ ̈̅̈̉˷˹˼ ˦˚˪ 

E ≤ 1150 500–540 SC (SuperCritical) 

F 1150–1300 600 USC (UltraSuperCritical) 

H 1300–1500 640 A-USC (Advanced UltraSuperCritical) 

J 1500–1700 680 A-USC (Advanced UltraSuperCritical) 

 

˚˷˾̅˹̒˼ ̉̊̇˸˿̄̒ ̆̅ ̈̅˹̅́̊̆̄̅̈̉˿ ̇˼̏˼-
̄˿̀, ̅˸̑˼˻˿̄ё̄̄̒̌ ˹ ̈˿̈̉˼̃̊, – ̅˻˿̄ ˿˾ ̈˷-
̃̒̌ ̈̂̅˽̄̒̌ ̉˼̌̄˿̎˼̈́˿̌ ̅˸̑˼́̉̅˹, ́̅̉̅̇̒˼ 
̈̅˾˻˷̂̅ ̎˼̂̅˹˼̎˼̈̉˹̅. В̌̅˻̄̅̀ ˸˷̇̓˼̇ ˹ ˺˷-
˾̅̉̊̇˸˿̄̄̒˼ ̉˼̌̄̅̂̅˺˿˿ ˻̅̈̉˷̉̅̎̄̅ ˹̒̈̅́, 

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

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

̏́̅̂˷ ̆̇̅˼́̉˿̇̅˹˷̄˿̖ ˹̒̈̅́̅˺̅ ̊̇̅˹̖̄, ́̅̄-

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

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

КомǱǭǧǬǳǯǢȁ ǪǯǤǧǳǴǪǸǪоǯǯǢȁ  

ǯǢǵǹǯо-ǪǳǳǭǧǦоǤǢǴǧǭǾǳǬǢȁ ǱǲоǥǲǢммǢ   

(ǯǢǸǪоǯǢǭǾǯǽǫ ǱǲоǧǬǴ) 

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

̄̒̌ ̃̅̐̄̒̌ ˺˷˾̅˹̒̌ ̉̊̇˸˿̄ ̄˼̅˻̄̅́̇˷̉̄̅ 

̈̉˷˹˿̖̂̈ ˧̅̈̈˿̀̈́̅̀ ˷́˷˻˼̃˿˼̀ ̄˷̊́. 

В 2014 ˺̅˻̊ ̅˸̇˷̐˼̄˿˼ ̄˷ ̔̉̊ ̉˼̃̊ ˷́˷˻˼̃˿́˷ 
В.˜. ˫̅̇̉̅˹˷, ̃˿̄˿̈̉̇˷ ̔̄˼̇˺˼̉˿́˿ А.В. ˤ̅-

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

˛.В. ˣ˷̄̉̊̇̅˹˷ ˸̒̂̅ ̄˷̆̇˷˹̂˼̄̅ ˦̇˼˾˿˻˼̄̉̊ 
˧˫ В.В. ˦̊̉˿̄̊, ́̅̉̅̇̒̀ ̆̅˻˻˼̇˽˷̂ ˻˷̄̄̊̕ 

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

˧˫ ˿ ˹˼˻̅̃̈̉˹˷ ̈ ̇˷˾̖̑̈̄˼̄˿˼̃ ˹˷˽̄̅̈̉˿ ˻̖̂ 

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

̄˷̆̇˷˹̂˼̄̒ ˷́˷˻˼̃˿́̅̃ ˥.ˤ. ˫˷˹̅̇̈́˿̃. ˨̅-

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

̄̒ К̅̃˿̈̈˿˼̀ ̆̅ ˺˷˾̅˹̒̃ ̉̊̇˸˿̄˷̃ ˧Аˤ, ́̅-

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

˚.˚. ˥̂̓̌̅˹̈́˿̀. ˤ˼̅˸̌̅˻˿̃̅ ̉˷́˽˼ ̅̉̃˼̉˿̉̓ 

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

̔̄˼̇˺˼̉˿̎˼̈́˿̌ ̉̊̇˸˿̄ ˨̅˹˼̉˷ ˧Аˤ ̆̅ ̆̇˿̅-

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

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

«˦˼̇˼̌̅˻ ́ ̔́̅̂̅˺˿̎˼̈́˿ ̎˿̈̉̅̀ ̔̄˼̇˺˼̉˿́˼, 
̆̅˹̒̏˼̄˿˼ ̔̋̋˼́̉˿˹̄̅̈̉˿ ˻̅˸̒̎˿ ˿ ˺̂̊˸̅-

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

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

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

̆̇˼˻̈˼˻˷̉˼̂̓̈̉˹̅̃ ˷́˷˻˼̃˿́˷ В.˜. ˫̅̇̉̅˹˷. 
В ˧Аˤ ˸̒̂˿ ̇˷˾̇˷˸̅̉˷̄̒ ̆̇˼˻̂̅˽˼̄˿̖ ̆̅ ̃̅-

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

̉̅̃ ̎˿̈̂˼ ̆̅ ̆̇˿̃˼̄˼̄˿̕ ˺˷˾̅̉̊̇˸˿̄̄̅̀ 

̄˷˻̈̉̇̅̀́˿ ̈ ̆˷̇̅̉̊̇˸˿̄̄̒̃ ˸̂̅́̅̃ ̆̅˹̒-

̏˼̄̄̅̀ ̔̋̋˼́̉˿˹̄̅̈̉˿ ̉˼̆̂̅˹̅̀ ̔̂˼́̉̇̅-

̈̉˷̄̍˿˿ (̆˷̉˼̄̉ ̄˷ ˿˾̅˸̇˼̉˼̄˿˼ ˷́˷˻˼̃˿́˷ 
˥.ˤ. ˫˷˹̅̇̈́̅˺̅, ̎̂˼̄˷-́̅̇̇˼̈̆̅̄˻˼̄̉˷ ˧Аˤ 

˵.К. ˦˼̉̇˼̄˿ ˿ ˻̇.).  

˪̎˿̉̒˹˷̖ ̄˼̈̅̃̄˼̄̄̊̕ ˷́̉̊˷̂̓̄̅̈̉̓ ˿ 

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

̈̉̇˷̄̒ ̄˷̂˿̎˿̖ ́̅̃̆˼̉˼̄̍˿̀ ̆̅ ̃̅̐̄̒̃ 

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

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

̉˼̌̄˿̎˼̈́̊̕ ˿̄˹˼̈̉˿̍˿̅̄̄̊̕ ̆̇̅˺̇˷̃̃̊ 

(̄˷̍˿̅̄˷̂̓̄̒̀ ̆̇̅˼́̉) ̆̅ ̇˷˾̇˷˸̅̉́˼ ˿ ̅̈˹̅-

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

̉˿̎˼̈́˿̌ ̉˼̌̄̅̂̅˺˿̀. 
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˧˿̈. 4. ˨̌˼̃˷ ˻̅̈̉˿˽˼̄˿̖ ̆˼̇̈̆˼́̉˿˹̄̅˺̅ ̃˿̇̅˹̅˺̅ ̊̇̅˹̖̄ ˺˷˾̅̉̊̇˸˿̄̄̒̌ ̔̄˼̇˺˼̉˿̎˼̈́˿̌  

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

Fig. 4. Scheme for gas-turbine power technologies based on advanced fundamental  

and applied research to become globally competitive 
 

В ̅̈̄̅˹˼ ̔̉̅˺̅ ̆̇̅˼́̉˷ ˻̅̂˽̄̒ ̂˼˽˷̉̓ 

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

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

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

˺˿̀ (̇˿̈. 4). ˥̈̄̅˹̄̒̃˿ ̅˸̂˷̖̈̉̃˿ ̄˼̅˸̌̅˻˿-

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

˷̔̇̅˻˿̄˷̃˿́˷ ̇˷˾̂˿̎̄̒̌ ̊˾̂̅˹ ˺˷˾̅˹̅̀ 

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

˹˷̄̄̒̌ ́̅˻̅˹ ˿ ̆̇̅˺̇˷̃̃̄̒̌ ́̅̃̆̂˼́̈̅˹ 

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

̉̊̇˸˿̄˼, ˹ ̈˿̈̉˼̃˷̌ ̅̌̂˷˽˻˼̄˿̖; 

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

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

˸̇˷̄̄̒̌ ̉˼̌̄̅̂̅˺˿̀; 

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

̋̊̄́̍˿̅̄˷̂̓̄̒̌ ̆̅́̇̒̉˿̀ ˻̖̂ ̔̂˼̃˼̄̉̅˹ ˺̅-

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

˻̅ 1700 °˨, ˹ ̉̅̃ ̎˿̈̂˼ ́˼̇˷̃˿̎˼̈́˿̌ ̃˷̉˼̇˿˷-
̂̅˹ ˿ ˷˻˻˿̉˿˹̄̒̌ ̉˼̌̄̅̂̅˺˿̀; 

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

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

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

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

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

˷́˷˻˼̃˿̎˼̈́̅̀ ˿ ˹̊˾̅˹̈́̅̀ ̄˷̊́˿.  

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

˾˿́˿ ˨˥ ˧Аˤ) [16–19]. 

АǿǲоǦǪǯǢмǪǬǢ ǱǲоǴоǹǯоǥо ǴǲǢǬǴǢ, обǴǧǬǢǯǪǧ 
ǬомǱǲǧǳǳоǲǯǽǷ Ǫ ǴǵǲбǪǯǯǽǷ ǭоǱǢǴоǬ, ˹́̂̎̕˷̖ 

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

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

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

˹˿̀ (˿ ̊̈̉̇˷̄˼̄˿˼) ˹̅˾̄˿́̄̅˹˼̄˿̖ ̅̉̇̒˹˷ ̆̅-

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

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

́̊ ˹̌̅˻̄̅˺̅ ˷̆̆˷̇˷̉˷ (˹ ̉̅̃ ̎˿̈̂˼ ̆̇̅˸̂˼̃˷ 
̅˸̂˼˻˼̄˼̄˿̖); ̇˷˾̇˷˸̅̉́˷ ˿ ˹̄˼˻̇˼̄˿˼ ̃˼̉̅˻̅˹ 

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

КПД ПГУ (%) 
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̉̅́˷ ̄˷ ̅̈̄̅˹˼ ˷˻˷̆̉˿˹̄̅˺̅ ̂̅́˷̂̓̄̅˺̅ ˹̅˾-
˻˼̀̈̉˹˿̖ ˿ ̅˸̇˷̉̄̅̀ ̈˹̖˾˿ ̈ ˿̈̆̅̂̓˾̅˹˷̄˿˼̃ 

̃˼̉̅˻̅˹ ̃˷̏˿̄̄̅˺̅ ̅˸̊̎˼̄˿̖.  

ǓǪǳǴǧмǽ оǷǭǢǨǦǧǯǪȁ, ˹ ̉̅̃ ̎˿̈̂˼ ̅̆̉˿̃˿-

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

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

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

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

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

Ǒǲобǭǧмǽ Ǥ ǬǢмǧǲǢǷ ǳǥоǲǢǯǪȁ (ǢǿǲоǦǪǯǢмǪ-

ǬǢ, ǶǪǩǪǬо-ǷǪмǪǹǧǳǬǪǧ ǱǲоǸǧǳǳǽ, Ǥǳǧ ǴǧǱǭоǶǪ-

ǩǪǹǧǳǬǪǧ ǢǳǱǧǬǴǽ, ǿǬоǭоǥǪȁ, ǿǶǶǧǬǴǪǤǯоǳǴǾ):  
̆̇̅̇˷˸̅̉́˷ ̃˼̇̅̆̇˿̖̉˿̀ ̆̅ ̈̄˿˽˼̄˿̕ 

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

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

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

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

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

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

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

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

˹˷̄˿˼̃ ̃˼̃˸̇˷̄̄̒̌ ̉˼̌̄̅̂̅˺˿̀; 

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

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

̉̇˼̌̃˼̇̄̅̈̉˿ ˿ ̄˼̈̉˷̍˿̅̄˷̇̄̅̈̉˿. ˧˷˾̇˷˸̅̉́˷ 

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

̅̇˺˷̄˿˾˷̍˿̖ ˺̅̇˼̄˿̖ ̆̇˿ ˾̄˷̎˿̉˼̂̓̄̅̃ 

̅˸˼˻̄˼̄˿˿ ̈̃˼̈˼̀ (Dry Lean Premixed Prevapo-

ized) – ̈̄˿˽˼̄˿˼ ̆˿́̅˹̒̌ ̉˼̃̆˼̇˷̉̊̇; ˷̄˷̂˿˾ 
̊̈̂̅˹˿̀ ˹̅˾̄˿́̄̅˹˼̄˿̖ ˹˿˸̇̅˺̅̇˼̄˿̖ ˿ ̈̇̒-

˹˷; ˻˼˽̊̇̄̅˼ ̆̂˷̖̃ ˿ ˺̅̇˼̄˿˼ ̈ ˿˾˸̒̉́̅̃ ˹̅˾-
˻̊̌˷ ˹ ̅̈̄̅˹̄̅̃ ́˷̄˷̂˼ (́̅̄̍˼̆̍˿̖ TAPS I, II, 

III); ̆̇̅̇˷˸̅̉́˷ ̊̆̇˷˹̂˼̄˿̖ ̄˼̈̉˷̍˿̅̄˷̇̄̒̃˿ 

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

˻̅˹ ̅̇˺˷̄˿˾˷̍˿˿ ˺̅̇˼̄˿̖ (Lean direct injection 

˿ ˻̇. Low-swirl burner) – ̈̄˿˽˼̄˿˼ ˹̇˼̃˼̄˿ 

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

̈̃˼̈˼̀ (̇˿̈. 5); 

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

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

 

 
 

˧˿̈. 5. ˧˷̈̆̇˼˻˼̂˼̄˿˼ ̅˸̑ё̃̄̅̀ ˻̅̂˿ ˨˥ (а) ˿ ˤ2 (ȁ) ˹ ̋˷́˼̂˼ (˻˷̄̄̒˼ ˟̄̈̉˿̉̊̉˷  
̉˼̆̂̅̋˿˾˿́˿ ˨˥ ˧Аˤ, ̆̅̂̊̎˼̄̄̒˼ ˹ ̇˷̃́˷̌ ̆̇̅˺̇˷̃̃ ̋̊̄˻˷̃˼̄̉˷̂̓̄̒̌ ˿̈̈̂˼˻̅˹˷̄˿̀  

˺̅̈̊˻˷̇̈̉˹˼̄̄̒̌ ˷́˷˻˼̃˿̀ ̄˷̊́, ˦̇˼˾˿˻˿̊̃˷ ˧Аˤ, ˧˫˫˟, ˧ˤВ, ˫˭˦) 

Fig. 5. Distribution of volume fractions of CO (a) and H2 (ȁ) in the flare (data  

from Institute of Thermophysics of Siberian Branch of Russian Academy of Sciences, obtained  

within the framework of basic research programs of state academies of sciences of Presidium  

of Russian Academy of Sciences, RFBR, RSF, FTP) 
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̇˷˾̇˷˸̅̉́˷ ˿ ˹̄˼˻̇˼̄˿˼ ̃˼̉̅˻̅˹ ̔̋̋˼́-

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

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

̃˷̏˿̄̄̅˺̅ ̅˸̊̎˼̄˿̖. 

ǑǧǲǳǱǧǬǴǪǤǯǽǧ мǢǴǧǲǪǢǭǽ Ǧǭȁ ǥоǲȁǹǧǥо 

ǴǲǢǬǴǢ, ǬǧǲǢмǪǬǢ, ǢǦǦǪǴǪǤǯǽǧ ǴǧǷǯоǭоǥǪǪ: 

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

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

̈̉̇̊́̍˿̅̄̄̒̌ ̃˷̉˼̇˿˷̂̅˹ ̆̇˿ ˹̒̈̅́˿̌ ̉˼̃-

̆˼̇˷̉̊̇˷̌; 

˷̄˷̂˿˾ ̔̋̋˼́̉˿˹̄̅̈̉˿ ˿̈̆̅̂̓˾̅˹˷̄˿̖ 

̋̊̄́̍˿̅̄˷̂̓̄̒̌ (̉˼̆̂̅˾˷̐˿̉̄̒̌) ̆̅́̇̒̉˿̀; 

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

̅̇˺˷̄˿̎˼̈́˿̌ ̈̅˼˻˿̄˼̄˿̀ (̈̅˹̃˼̈̉̄̅ ̈ ˟ˤˬ 

˨˥ ˧Аˤ). 

ǓǬǤоǩǯоǧ ǳǵǱǧǲǬомǱǾȀǴǧǲǯоǧ моǦǧǭǪǲоǤǢǯǪǧ 
ǥǢǩоǤоǫ ǴǵǲбǪǯǽ ǳ ǸǧǭǾȀ ǵмǧǯǾǺǧǯǪȁ ǶǪǯǢǯǳо-

ǤǽǷ Ǫ ǤǲǧмǧǯǯǽǷ ǩǢǴǲǢǴ ǯǢ ǱǲоǧǬǴǪǲоǤǢǯǪǧ: 
̇˷˾̇˷˸̅̉́˷ ˿ ˹̄˼˻̇˼̄˿˼ ˹˼̇˿̋˿̍˿̇̅˹˷̄̄̒̌ 

˹̒̎˿̈̂˿̉˼̂̓̄̒̌ ́̅˻̅˹ ˿ ̆̇̅˺̇˷̃̃̄̒̌ ́̅̃-

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

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

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

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

˸˿̄˿̇̅˹˷̄̄̒̌ ̍˿́̂̅˹ (˹̆̇̒̈́ ̆˷̇˷ ˿ ˻̇.) – 

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

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

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

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

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

̅̈˹̅˼̄̄̒̌ ˹ ˨˥ ˧Аˤ, ˹ ˟̄̈̉˿̉̊̉˼ ̉˼̆̂̅̋˿-

˾˿́˿ ˧Аˤ (˹ ́˷̎˼̈̉˹˼ ̆̇˿̃˼̇˷ ̃̅˽̄̅ ̖̊̆̅̃-

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

̇̅̈̉̄̅̀ ̇˼˺˿̈̉̇˷̍˿˿ (˹ ̉̅̃ ̎˿̈̂˼ ˹ ˟К ˿ ˪˫ 

˻˿˷̆˷˾̅̄˷̌), ̈˿̈̉˼̃̒ ̃˷̏˿̄̄̅˺̅ ˾̇˼̄˿̖ (2D 

˿ 3D ̈ ˹̒̈̅́˿̃ ˹̇˼̃˼̄̄̒̃ ̇˷˾̇˼̏˼̄˿˼̃), 

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

̆̅̉̅́̅˹ ˿ ̆̇̅̍˼̈̈̅˹ ˺̅̇˼̄˿̖ (ˢ˟˫, КА˧˨ ˿ 

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

˾˷˻˷̎ ˷̔̇̅˺˿˻̇̅˻˿̄˷̃˿́˿ ˿ ˻̇̊˺˿˼ ̃˼̉̅˻̒). 

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

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

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

̉̊̉̒, ́˷́ ˟В˩Аˤ, ˟̄̈̉˿̉̊̉ ̉˼̆̂̅̋˿˾˿́˿ ˿ 

̖̇˻ ˻̇̊˺˿̌ ˿̄̈̉˿̉̊̉̅˹ ˨˥ ˧Аˤ, ˟ˣ˷̏ ˧Аˤ, 

˟ˤ˴˟ ˧Аˤ, ˭˟Аˣ, ˨˦˸˦˪, ˣ˴˟, ˣВ˩˪, 

˪˚А˩˪ (˪̋˿̃̈́˿̀ ˷˹˿˷̍˿̅̄̄̒̀ ̉˼̌̄˿̎˼̈́˿̀ 

̊̄˿˹˼̇̈˿̉˼̉), ˨˚А˪ (˨˷̃˷̇̈́˿̀ ˷˹˿˷́̅̈̃˿̎˼-
̈́˿̀ ̊̄˿˹˼̇̈˿̉˼̉), В˩˟, ˤ˦˥ ˭К˩˟ ˿̃˼̄˿ 

˟.˟. ˦̅̂˾̊̄̅˹˷, В˟Аˣ, ˤ˦˥ ˭ˤ˟˟˩ˣ˷̏, 

˭ˤ˟˟ Кˣ «˦̇̅̃˼̉˼̀» ˿ ˻̇.  

ˤ˼̅˸̌̅˻˿̃̅̈̉̓ ̆̇̅˹˼˻˼̄˿̖ ˸̅̂̓̏̅˺̅ ̅˸̑-

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

̅̆̒̉̄̅-́̅̄̈̉̇̊́̉̅̇̈́˿̌ ̇˷˸̅̉ ˿ ̈̉˼̄˻̅˹̒̌ 

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

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

̉˼̌̄̅̂̅˺˿̎̄̒̌ ́̅̃̆˷̄˿̀ ̔̄˼̇˺̅̃˷̏˿̄̅̈̉̇̅-

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

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

˺˷̄˿˾˷̍˿̖̌ ˥˛К (˥˸̑˼˻˿̄ё̄̄̅̀ ˻˹˿˺˷̉˼̂˼-
̈̉̇̅˿̉˼̂̓̄̅̀ ́̅̇̆̅̇˷̍˿˿), ˭˟Аˣ, ˥А˥ 

«˨А˩˪˧ˤ», ˥А˥ «А˹˿˷˻˹˿˺˷̉˼̂̓», «˧˴˦-̌̅̂-

˻˿̄˺», В˩˟, ˤ˦˥ ˭К˩˟ ˿̃˼̄˿ ˟.˟. ˦̅̂˾̊-

̄̅˹˷, ˦А˥ «˨˿̂̅˹̒˼ ̃˷̏˿̄̒» ˿ ˻̇. (̇˿̈. 6).  

˥̈̅˸˼̄̄̅̈̉˿ ̇˼˽˿̃̅˹ ̔́̈̆̂̊˷̉˷̍˿˿ ̃̅̐-

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

̈̉˿ ̉̊̇˸˿̄ ˻̅̂˽̄̒ ˸̒̉̓ ̊̎̉˼̄̒ ˿ ̅˸˼̈̆˼̎˼̄̒ 

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

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

˺̇˷̃̃̄̅˺̅ ̅˸˼̈̆˼̎˼̄˿̖.  

˥˸˼̈̆˼̎˼̄˿˼ ˿˾˺̅̉̅˹̂˼̄˿̖ ˺˷˾̅˹̒̌ ̉̊̇˸˿̄ 

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

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

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

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

̂̊̇˺˿̎˼̈́˿̃˿ ́̅̃̆˷̄˿̖̃˿ [20, 21]. ˛˷̄̄̅˼
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˧˿̈. 6. ˴́̈̆˼̇˿̃˼̄̉˷̂̓̄̒˼ ̈̉˼̄˻̒ ˻̖̂ ̅˺̄˼˹̒̌ ˿̈̆̒̉˷̄˿̀ ́˷̃˼̇ ̈˺̅̇˷̄˿̖ (˦А˥ «˨˿̂̅˹̒˼ ̃˷̏˿̄̒») (а) 

˿ ́̅̃̆̇˼̈̈̅̇̅˹ (ˤ˦˥ ˭К˩˟ ˿̃. ˟.˟. ˦̅̂˾̊̄̅˹˷) (ȁ) 

Fig. 6. Experimental stands for fire tests of combustion chambers of Power Machines OJSC (a) and compressors 

of I.I. Polzunov Scientific and Development Association on Research and Design of Power Equipment (ȁ) 
 

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

̈̉˿̉̊̉̅˹, ̉˷́ ˿ ̆̇̅̃̒̏̂˼̄̄̒̌ ́̅̃̆˷̄˿̀. ˴̉̅, 

˹ ̆˼̇˹̊̕ ̅̎˼̇˼˻̓, В˟Аˣ, ˤ˦˥ ˭ˤ˟˟˩ˣ˷̏, 

˭ˤ˟˟ Кˣ «˦̇̅̃˼̉˼̀», В˟ˢ˨, ˥ˣ˞-˨̆˼̍-

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

˛̇̊˺˿˼ ˹˷˽̄̒˼ ̄˷̊̎̄̒˼ ̄˷̆̇˷˹̂˼̄˿̖ ̆̇˿ 

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

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

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

̉˷. ˪̈̆˼̏̄̅˼ ̇˼̏˼̄˿˼ ̔̉˿̌ ̆̇̅˸̂˼̃ ̉˷́˽˼ 
̉̇˼˸̊˼̉ ̏˿̇̅́̅̀ ́̅̅̆˼̇˷̍˿˿ ̄˷̊̎̄̒̌, ̆̇̅-

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

˾˷̍˿̀.  

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

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

˸̒̉̓ ̈̂˼˻̊̐̕˿˼: 
1-̀ ̔̉˷̆ – ˹̅̈̈̉˷̄̅˹̂˼̄˿˼ ́̅̃̆˼̉˼̄̍˿̀ ˹ 

˜-́̂˷̈̈˼ ˹ ̉˼̎˼̄˿˼ 5-̉˿ ̂˼̉ (́ 2022–2023 ˺˺.), 

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

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

˸̅̂̓̏̅̀ ̃̅̐̄̅̈̉˿ ˻̖̂ ̅˸˼̈̆˼̎˼̄˿̖ ̆̇̅˺̇˷̃-

̃̒ ˛˦ˣ-̏̉̇˿̌. ˦̇˼˻̆̅̂˷˺˷˼̖̉̈ ̋˿̄˷̄̈˿̇̅-

˹˷̄˿˼ ̔̉̅˺̅ ̔̉˷̆˷ ̆̇̅˼́̉˷ ˿˾ ̈̇˼˻̈̉˹ ˸̕˻˽˼̉˷ 
˿ ˿˾ ̈̅˸̈̉˹˼̄̄̒̌ ̈̇˼˻̈̉˹ ˦А˥ «˨˿̂̅˹̒˼ ̃˷-
̏˿̄̒»; 

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

̉̊̇˸˿̄ F/H-́̂˷̈̈˷ ˹ ̉˼̎˼̄˿˼ 10-̉˿ ̂˼̉ (́ 2028 

˺̅˻̊); 

3-̀ ̔̉˷̆ – ̇˷˾̇˷˸̅̉́˷ ˿ ̅̈˹̅˼̄˿˼ ˺˷˾̅˹̒̌ 
̉̊̇˸˿̄ J-́̂˷̈̈˷ ˹ ̉˼̎˼̄˿˼ 15-̉˿ ̂˼̉ (́ 2033 ˺̅˻̊) 

ǉǢǬǭȀǹǧǯǪǧ 

К̅̃̆̂˼́̈̄˷̖ ̄˷̊̎̄̅-̉˼̌̄̅̂̅˺˿̎˼̈́˷̖ ˿̄-

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

˼́̉) ̆̅ ̇˷˾̇˷˸̅̉́˼ ̆˼̇̈̆˼́̉˿˹̄̒̌ ˺˷˾̅˹̒̌ 
̉̊̇˸˿̄ ̅̉˹˼̎˷˼̉ ˿̄̉˼̇˼̈˷̃ ˧̅̈̈˿̀̈́̅̀ ˫˼˻˼-
̇˷̍˿˿. ˥̄˷ ̄˼̅˸̌̅˻˿̃˷ ˻̖̂ ̅˸˼̈̆˼̎˼̄˿̖ ́̅̄-

́̊̇˼̄̉̅̈̆̅̈̅˸̄̅̈̉˿ ˿ ̔́̈̆̅̇̉̄̅˺̅ ̆̅̉˼̄̍˿˷-
̂˷ ̆̇̅̃̒̏̂˼̄̄̅̈̉˿, ̇˼̏˼̄˿̖ ̉˼́̊̐˿̌ ˿ ̆˼̇-

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

˪̇̅˹˼̄̓ ˿ ˾̄˷̎˼̄˿˼ ̔̉̅˺̅ ˦̇̅˼́̉˷ ˻̖̂ 

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

̈̉˹̅̃ ˧˫, ˷́̉˿˹̄̅˺̅ ̊̎˷̈̉˿̖ ̆̇̅̋˿̂̓̄̒̌ ̃˿-

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

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

̄̅̃ ˿ ̆̇˿́̂˷˻̄̅̃ ̆̂˷̄˼ ˦̇̅˼́̉˷, ́̅̅̇˻˿̄˷̍˿̕ 

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

˿ ˹̊˾̅˹̈́̅̀ ̄˷̊́˿ ̈ ̆̇̅̃̒̏̂˼̄̄̅̈̉̓̕ ̄˼̅˸̌̅-

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

̇̊́̅˹̅˻̈̉˹̅̃ ˧Аˤ (˥˴ˣˣ˦˪ ˧Аˤ).  

˧˷˾˹˿̉˿˼ ̅̉˼̎˼̈̉˹˼̄̄̒̌ ˺˷˾̅̉̊̇˸˿̄̄̒̌ 

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

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

˧̅̈̈˿̀̈́̅̀ ˫˼˻˼̇˷̍˿˿. 

ɚ) ɛ) 
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КОМПЬЮТЕРНОЕ МОДЕЛИРОВАНИЕ РЕЖИМОВ РАБОТЫ  
СИСТЕМ ЭЛЕКТРОСНАБЖЕНИЯ С НЕЛИНЕЙНОЙ НАГРУЗКОЙ 

В ̆̇̅˺̇˷̃̃̄̅̃ ́̅̃̆̂˼́̈˼ Multisim ˹̒̆̅̂̄˼̄̅ ˿̈̈̂˼˻̅˹˷̄˿˼ ̇˼˽˿̃̅˹ ̇˷˸̅̉̒ ̈˿̈̉˼̃̒ ̔̂˼́̉̇̅-

̈̄˷˸˽˼̄˿̖ 6–10/0,4 ́В, ˹́̂̎̕˷̐̕˼̀ ̂˿̄˼̀̄̊̕ ˿ ̄˼̂˿̄˼̀̄̊̕ (˹̖̒̆̇̃˿̉˼̂̓) ̄˷˺̇̊˾́˿ ˿ ́̅̄˻˼̄-

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

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

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

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

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

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

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

ǪȋȞȗȅвțȅ ȑȋȎва: ˹̒̈̏˿˼ ˺˷̇̃̅̄˿́˿, ́̅̄˻˼̄̈˷̉̅̇̄̒˼ ˸˷̉˷̇˼˿, ́̅̃̆̓̉̕˼̇̄̅˼ ̃̅˻˼̂˿̇̅˹˷̄˿˼, ́̅̃-

̆˼̄̈˷̍˿̖ ̇˼˷́̉˿˹̄̅̀ ̃̅̐̄̅̈̉˿, ̇˼˾̅̄˷̄̈̄̒˼ ̇˼˽˿̃̒. 
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Study on the operating modes of a power supply system: 6-10/0.4 kV, with linear and non-linear (rectifier) 

loads and a capacitor battery on the low-voltage side, was performed in the Multisim software package. We 

have found the dependences of the current’s higher harmonics, generated by a nonlinear load, on the level 

of compensation of reactive power and the power ratio of linear and nonlinear loads. The magnitude of the 
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by the diodes, and the magnitudes of the current harmonics generated by the rectifier are significantly re-

duced compared to the absence of resonance modes. It is shown that the quality of the voltage does not cor-

respond to the norms in resonance and near-resonance modes. A comparison of simulation results has been 

made between three-phase and simplified single-phase models. 
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ВǤǧǦǧǯǪǧ 
˴̂˼́̉̇̅̃˷˺̄˿̉̄˷̖ ̈̅˹̃˼̈̉˿̃̅̈̉̓ ˿ ́˷̎˼-

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

˽˼̄˿̖ – ˹˷˽̄˷̖ ̆̇̅˸̂˼̃˷ ̈̅˹̇˼̃˼̄̄̅̀ ̔̂˼́-

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

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

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

̈̄˷˸˽˼̄˿̖ ̆̅̉̇˼˸˿̉˼̂˼̀. 

˦̇˷́̉˿́˷ ̇˷˸̅̉̒ ̆̇̅̃̒̏̂˼̄̄̒̌ ̆̇˼˻̆̇˿̖-

̉˿̀ [3, 13, 15, 16], ˷ ˹ ̄˷̖̈̉̅̐˼˼ ˹̇˼̖̃ ˿ ́̇̊̆̄̒̌ 
˷˻̃˿̄˿̈̉̇˷̉˿˹̄̒̌ ˾˻˷̄˿̀, ̅̋˿̈̅˹ ˿ ˸˿˾̄˼̈-
̍˼̄̉̇̅˹ [11, 12, 20] ̆̅́˷˾̒˹˷˼̉, ̎̉̅ ̈˼̉˿ ̔̂˼́̉̇̅-

̈̄˷˸˽˼̄˿̖ ̄˷̖̆̇˽˼̄˿˼̃ 0,4 ́В ̄˷̈̒̐˼̄̒ ˹̒̈-
̏˿̃˿ ˺˷̇̃̅̄˿́˷̃˿ ˹̈̂˼˻̈̉˹˿˼ ̏˿̇̅́̅˺̅ ˿̈-
̆̅̂̓˾̅˹˷̄˿̖ ˹ ̆̇̅̃̒̏̂˼̄̄̅̈̉˿ ˿ ˺̅̇̅˻̈́˿̌ 
̔̂˼́̉̇˿̎˼̈́˿̌ ̈˼̖̉̌ ̄˿˾́̅˺̅ ̄˷̖̆̇˽˼̄˿̖ ̆̅̂̊-
̆̇̅˹̅˻̄˿́̅˹̒̌ ̆̇˼̅˸̇˷˾̅˹˷̉˼̂˼̀, ˿̈́˷˽˷̐̕˿̌ 
̉̅́ ˿ ̄˷̖̆̇˽˼̄˿˼ ˹ ̈˼̉˿ ˿ ̄˼˺˷̉˿˹̄̅ ˹̂˿̖̐̕˿̌ 
̄˷ ̇˷˸̅̉̊ ˹̈˼˺̅ ̔̂˼́̉̇̅̅˸̅̇̊˻̅˹˷̄˿̖ ̈˿̈̉˼̃̒ 

̔̂˼́̉̇̅̈̄˷˸˽˼̄˿̖, ̅̈̅˸˼̄̄̅ ̄˷ ́̅̄˻˼̄̈˷̉̅̇̒.  

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

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

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

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

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

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

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

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

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

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

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

̄˿́̅̃ ̉̅́˷ ˸˼̈́̅̄˼̎̄̅̀ ̃̅̐̄̅̈̉˿, ̉. ˼. 
̄˼˿˾̃˼̄̄̅̀ ˹˼̂˿̎˿̄̅̀ [2, 6–8, 10]. В ̇˷˸̅̉˷̌ 
[4, 5, 9, 13] ̇˷̈̈̃˷̉̇˿˹˷̖̉̈̕ ̉̇˼̌̋˷˾̄̒˼ ̈̌˼-
̃̒, ̅˻̄˷́̅ ˿ ˹ ̄˿̌ ́˷˽˻˷̖ ˺˷̇̃̅̄˿́˷ ̃̅˻˼̂˿-

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

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

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

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

̈̄˷˸˽˼̄˿̖ ̈ ˹˼̄̉˿̂̓̄̒̃ ̆̇˼̅˸̇˷˾̅˹˷̉˼̂˼̃ – 

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

ǘǧǭǾ ǱǲǧǦǳǴǢǤǭȁǧмоǫ ǲǢбоǴǽ – ̆̅̂̊̎˼̄˿˼ 
̅̈̄̅˹̄̒̌ ́̅̂˿̎˼̈̉˹˼̄̄̒̌ ̈̅̅̉̄̅̏˼̄˿̀ ˻̖̂ 

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

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

̉̇̅̈̄˷˸˽˼̄˿̖ ̈ ̂˿̄˼̀̄̅̀ ˿ ̄˼̂˿̄˼̀̄̅̀ (˹̒-

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

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

̖̄̉̅ ́̅̃̆̓̉̕˼̇̄̅˼ ̃̅˻˼̂˿̇̅˹˷̄˿˼ ̆̇̅̍˼̈̈̅˹ 

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

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

ǒǢǳǹǧǴǯǽǧ ǳǷǧмǽ 

˧˷̈̈̃̅̉̇˼̄˷ ̈̌˼̃˷ ̔̂˼́̉̇̅̈̄˷˸˽˼̄˿̖, 

˹́̂̎̕˷̐̕˷̖ ̉̇˷̄̈̋̅̇̃˷̉̅̇ 6–10/0,4 ́В, ̇˷-
˸̅̉˷̐̕˿̀ ̄˷ ̂˿̄˼̀̄̊̕ ˿ ̄˼̂˿̄˼̀̄̊̕ ̄˷˺̇̊˾-
́˿ ˿ ́̅̄˻˼̄̈˷̉̅̇̄̊̕ ˸˷̉˷̇˼̕ ˻̖̂ ́̅̃̆˼̄̈˷-
̍˿˿ ̇˼˷́̉˿˹̄̅̀ ̃̅̐̄̅̈̉˿ ̂˿̄˼̀̄̅̀ ̄˷˺̇̊˾-
́˿. ˟̈̈̂˼˻̅˹˷̄˿˼ ̇˼˽˿̃˷ ̇˷˸̅̉̒ ̇˷̈̈̃˷̉̇˿-

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

̂̅̈̓ ˹ ̆̇̅˺̇˷̃̃̄̅̃ ́̅̃̆̂˼́̈˼ ̆̇̅̃̒̏̂˼̄-

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

̉˼̇˷́̉˿˹̄̅̀ ̈̌˼̃̅̉˼̌̄˿̎˼̈́̅̀ ̈̇˼˻̅̀ ˻̖̂ 

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

̉˿˹̄̅ ̖̆̅̄̉̄̒̃ ˿̄̉˼̇̋˼̀̈̅̃.  

˧˷̈̎˼̉̄̒˼ ̈̌˼̃̒ ˹ ̉̇˼̌̋˷˾̄̅̃ ˿ ̅˻̄̅̋˷˾-
̄̅̃ ˿̈̆̅̂̄˼̄˿˿ ̆̇˿˹˼˻˼̄̒ ̄˷ ̇˿̈. 1. В ̈̌˼̃˼ 
̇˿̈. 1, а ̉̇˷̄̈̋̅̇̃˷̉̅̇ ̃̅˻˼̂˿̇̅˹˷̖̂̈ ̉̇˼̖̃ 

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

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

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

˻˿̅˻̄̒̃ ˹̖̒̆̇̃˿̉˼̂˼̃ D1–D6 c ̈̅̆̇̅̉˿˹̂˼-
̄˿˼̃ ̄˷˺̇̊˾́˿ Rd ˿ ̈˺̂˷˽˿˹˷̐̕˿̃ ˻̇̅̈̈˼̂˼̃ 

Ld, ́̅̄˻˼̄̈˷̉̅̇̄˷̖ ˸˷̉˷̇˼̖ – ˼̖̃́̅̈̉̃˿ С́. 
В ̅˻̄̅̋˷˾̄̅̀ ̈̌˼̃˼ [2, 6–8, 10] ˾˷˻˷˹˷̂˿̈̓ 

˹˼̂˿̎˿̄˷ ̉̅́˷ n-̀ ˺˷̇̃̅̄˿́˿ In, ̈̅̆̇̅̉˿˹̂˼-
̄˿̖ ̋˷˾̒ ̉̇˷̄̈̋̅̇̃˷̉̅̇˷ L̉R̉ ˿ ̂˿̄˼̀̄̅̀ 

̄˷˺̇̊˾́˿ L̄R̄, ˼̃́̅̈̉̓ ̋˷˾̒ ́̅̄˻˼̄̈˷̉̅̇̄̅̀ 

˸˷̉˷̇˼˿ С́. 
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˧˿̈. 1. ˩̇˼̌̋˷˾̄˷̖ (а) ˿ ̅˻̄̅̋˷˾̄˷̖ (ȁ) ̃̅˻˼̂˿ ̈̌˼̃̒ ̔̂˼́̉̇̅̈̄˷˸˽˼̄˿̖ ˹ Multisim  

Fig. 1. Three-phase (a) and single-phase (ȁ) power supply circuit models in Multisim  

 

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

̖̇˻˷ ̃̅̐̄̅̈̉˼̀ ̉̇˷̄̈̋̅̇̃˷̉̅̇̅˹ 6–10/0,4 ́В: 

250, 400, … 2500 ́ВА. ˛̖̂ ̇˷˾̄̒̌ ̉̇˷̄̈̋̅̇̃˷-
̉̅̇̅˹ ̇˼˾̊̂̓̉˷̉̒ ̃̅˻˼̂˿̇̅˹˷̄˿̖ ́˷̎˼̈̉˹˼̄̄̅ 

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

̅̉ 4,5 ˻̅ 6 % ̆̇˿ ̊˹˼̂˿̎˼̄˿˿ ̄̅̃˿̄˷̂̓̄̅̀ 

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

̄˿̖ ˻̖̂ ̉̇˷̄̈̋̅̇̃˷̉̅̇˷ ̄̅̃˿̄˷̂̓̄̅̀ ̃̅̐̄̅-

̈̉˿ S̉ ̄̅̃ = 1000 ́ВА (U = 230 В, L̉ = 28 ̃́˚̄, 

R̉ = 2 ̃˥̃). ˛̖̂ ̅˸̅˸̐˼̄̄̅̈̉˿ ̇˼˾̊̂̓̉˷̉̅˹ 

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

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

̅̉̄̅̏˼̄˿̕ ́ ̄̅̃˿̄˷̂̓̄̅̀ ̃̅̐̄̅̈̉˿ ̉̇˷̄̈-
̋̅̇̃˷̉̅̇˷: ̃̅̐̄̅̈̉̓ ̄˼̂˿̄˼̀̄̅̀ ̄˷˺̇̊˾́˿ 

P*
d = Pd / S̉ ̄̅̃; ̃̅̐̄̅̈̉̓ ̂˿̄˼̀̄̅̀ ̄˷˺̇̊˾́˿ 

S*
̄ = S̄ / S̉ ̄̅̃; ̃̅̐̄̅̈̉̓ ́̅̄˻˼̄̈˷̉̅̇̄̅̀ ˸˷-

̉˷̇˼˿ Q́
*

 = Q́ / S̉ ̄̅̃. 

ǅǢǲмоǯǪǬǪ ǴоǬǢ, ǥǧǯǧǲǪǲǵǧмǽǧ ǤǽǱǲȁмǪǴǧǭǧм 

˥̈̄̅˹̊ ˹˼̄̉˿̂̓̄̒̌ ̆̇˼̅˸̇˷˾̅˹˷̉˼̂˼̀ (˹̒-

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

̃˿ ̔̂˼̃˼̄̉˷̃˿. ˦˼̇˼́̂̎̕˼̄˿̖ (́̅̃̃̊̉˷̍˿˿) 

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

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

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

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

˽˼̄˿̖ ̈˼̉˿ [17, 19]. 

˦̇˿ ˿˻˼˷̂̓̄̅ ̈˺̂˷˽˼̄̄̅̃ ˹̖̒̆̇̃̂˼̄̄̅̃ 

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

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

˿̄̉˼̇˹˷̂̅̃ ̆̇̅˹̅˻˿̃̅̈̉˿ 120 ˹ ̉˼̎˼̄˿˼ ̅˻-

̄̅˺̅ ̆̅̂̊̆˼̇˿̅˻˷ ̆̇̅̃̒̏̂˼̄̄̅̀ ̎˷̈̉̅̉̒. 

˧˷˾̂̅˽˼̄˿˼ ̉˷́̅̀ ˾˷˹˿̈˿̃̅̈̉˿ ˹ ̖̇˻ ˫̊̇̓˼ 
˻˷˼̉ ˹̒̇˷˽˼̄˿˼ 

 

       

     

2 3 1 1
cos cos 5 cos 7

5 7

1 1
cos 11 cos 13 ... ,

11 13

dI
i t t t

t t

 (1) 

˿˾ ́̅̉̅̇̅˺̅ ˹˿˻̄̅, ̎̉̅, ́̇̅̃˼ ̅̈̄̅˹̄̅̀ (̆˼̇-

˹̅̀) ˺˷̇̃̅̄˿́˿ ̈ ̎˷̈̉̅̉̅̀ ̆˿̉˷̐̕˼̀ ̈˼̉˿ , 

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

̖̇˻́˷ n = 6k + 1, ˺˻˼ k = 1, 2, … ˩˷́˿˼ ˺˷̇̃̅-

̄˿́˿ ̄˷˾̒˹˷̖̉̈̕ ́˷̄̅̄˿̎˼̈́˿̃˿. 

˛̖̂ ˿̄˽˼̄˼̇̄̒̌ ̇˷̈̎˼̉̅˹, ̄˷̆̇˿̃˼̇ ̆̅ 

̈̌˼̃˼ ̇˿̈. 1, ȁ, ˷̃̆̂˿̉̊˻˷ n-̀ ˺˷̇̃̅̄˿́˿ ˹ ̈̅-

̅̉˹˼̉̈̉˹˿˿ ̈ ˹̒̇˷˽˼̄˿˼̃ (1) ̃̅˽˼̉, ́˷́ ̔̉̅ 
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̆̇˿̖̄̉̅ ˹ [2, 3, 10] ˾˷˻˷˹˷̖̉̓̈ ˹˼̂˿̎˿̄̅̀  

In = I1 /n, ˺˻˼ I1 – ˷̃̆̂˿̉̊˻˷ ̆˼̇˹̅̀ ˺˷̇̃̅̄˿́˿. 

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

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

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

̆̂˿̉̊˻̒ ˹̒̈̏˿̌ ˺˷̇̃̅̄˿́ ̉̅́˷ ̃˼̖̖̄̉̈̕ ̆̅ 

˹˼̂˿̎˿̄˼. 
˟̈̈̂˼˻̅˹˷̄˿˼ ˹̂˿̖̄˿̖ ˻̂˿̉˼̂̓̄̅̈̉˿  ˿̄-

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

˺˷̇̃̅̄˿́ ˹̒̆̅̂̄˼̄̅ ˹ [3], ˺˻˼ ̄˷ ̅̈̄̅˹˷̄˿˿ 

˻̅̈̉˷̉̅̎̄̅ ̈̂̅˽̄̒̌ ̋̅̇̃̊̂ ̆̅̈̉̇̅˼̄̒ ˾˷˹˿-

̈˿̃̅̈̉˿ In = f().  

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

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

̈̌˼̃˼ ̇˿̈. 1, а ˹̒̆̅̂̄˼̄̅ ˿̈̈̂˼˻̅˹˷̄˿˼ ˾˷˹˿-

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

˦̇˿ ˿˾̃˼̄˼̄˿˿ ̄˷˺̇̊˾̅́ P*
d ˿ S*

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

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

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

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

̄˼̀̄̅̀ ̄˷˺̇̊˾́˿ ̉̇˷̄̈̋̅̇̃˷̉̅̇˷ P*
d ̅̉ 0 ˻̅ 1 

̅̉̄̅̈˿̉˼̂̓̄̒˼ ˷̃̆̂˿̉̊˻̒ ˺˷̇̃̅̄˿́ I*
n = In

 / I1 

̆̇˷́̉˿̎˼̈́˿ ̂˿̄˼̀̄̅ ̊̃˼̄̓̏˷̖̉̈̕:  

5-̖ ˺˷̇̃̅̄˿́˷ ̄˷ 10% (̅̉ 0,2 ˻̅ 0,18);  

7-̖ ˺˷̇̃̅̄˿́˷ ̄˷ 15 % (̅̉ 0,14 ˻̅ 0,12); 

11-̖ ˺˷̇̃̅̄˿́˷ ̄˷ 40 % (̅̉ 0,09 ˻̅ 0,06); 

13-̖ ˺˷̇̃̅̄˿́˷ ̄˷ 50% (̅̉ 0,077 ˻̅ 0,034).  

В ̊́˷˾˷̄̄̅̃ ˻˿˷̆˷˾̅̄˼ ˿˾̃˼̄˼̄˿̖ ̄˼̂˿-

̄˼̀̄̅̀ ̄˷˺̇̊˾́˿ ̆̅˻́̂̎̕˼̄˿˼ ̂˿̄˼̀̄̅̀ 

̄˷˺̇̊˾́˿ S*
̄ ̆̇˷́̉˿̎˼̈́˿ ̄˼ ˿˾̃˼̖̄̂̅ ˹˼̂˿̎˿-

̄̒ ˹̒̈̏˿̌ ˺˷̇̃̅̄˿́. ˤ˼˾̄˷̎˿̉˼̂̓̄̅˼ ̅̉̂˿-

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

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

̆̅˻́̂̎̕˼̄˿˿ ̂˿̄˼̀̄̅̀ ̄˷˺̇̊˾́˿.  

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

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

̈̌˼̃˼ ̇˿̈. 1, ȁ ̈̂˼˻̊˼̉ ̊̎˿̉̒˹˷̉̓ ˾˷˹˿̈˿̃̅̈̉̓ 

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

˹̖̒̆̇̃˿̉˼̖̂. 

ВǭǪȁǯǪǧ ǤǽǱǲȁмǪǴǧǭȁ ǯǢ ǬǢǹǧǳǴǤо ǯǢǱǲȁǨǧǯǪȁ 

ǱǪǴǢȀǻǧǫ ǳǧǴǪ 

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

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

̖̄̂˷̈̓ ̆̅ ̉̇˼̌̋˷˾̄̅̀ ̈̌˼̃˼ (̇˿̈. 1, а) ̆̇˿ ̅̉-
́̂̎̕˼̄̄̅̀ ́̅̄˻˼̄̈˷̉̅̇̄̅̀ ˸˷̉˷̇˼˼ С́. ˟˾̃˼-
̖̄̂˿̈̓ ̃̅̐̄̅̈̉˿ ̄˼̂˿̄˼̀̄̅̀ ̄˷˺̇̊˾́˿ (̈̅-

̆̇̅̉˿˹̂˼̄˿˼ Rd) ˿ ̂˿̄˼̀̄̅̀ ̄˷˺̇̊˾́˿ (̆˷̇˷-
̃˼̉̇̒ L̄R̄). ˥̍˼̄˿˹˷̖̂̈ ̈̊̃̃˷̇̄̒̀ ́̅̔̋̋˿-

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

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

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

̄˷̖̆̇˽˼̄˿̖ ̄˷ ˹̒̌̅˻˼ ̉̇˷̄̈̋̅̇̃˷̉̅̇˷.  
В ̈̅̅̉˹˼̉̈̉˹˿˿ ̈ ˚˥˨˩ 32144-2013 ˾̄˷̎˼-

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

10 ̃˿̄., ̄˼ ˻̅̂˽̄̒ ̆̇˼˹̒̏˷̉̓ 8 % ˹ ̉˼̎˼̄˿˼ 
95 % ˹̇˼̃˼̄˿ ˾˷ ̅˻̄̊ ̄˼˻˼̂̕ ˿ 12 % ˹ ̉˼̎˼̄˿˼ 
100 % ˹̇˼̃˼̄˿ ̉˷́˽˼ ˾˷ ̅˻̄̊ ̄˼˻˼̂̕. 

˧˼˾̊̂̓̉˷̉̒ ̃̅˻˼̂˿̇̅˹˷̄˿̖ ̈˹˼˻˼̄̒ ˹ 

̉˷˸̂. 1. 

˩ ˷ ˸ ̂ ˿ ̍ ˷  1   

ВǭǪȁǯǪǧ ǯǧǭǪǯǧǫǯоǫ ǯǢǥǲǵǩǬǪ P*
d ǯǢ ǬоǿǶǶǪǸǪǧǯǴ KU 

ǥǢǲмоǯǪǹǧǳǬǪǷ ǪǳǬǢǨǧǯǪǫ ǯǢǱǲȁǨǧǯǪȁ  

ǯǢ ǤǽǷоǦǧ ǴǲǢǯǳǶоǲмǢǴоǲǢ 

T a b l e  1  

Influence of non-linear loads P*
d at the value higher  

harmonic KU of the low-voltage side of transformation 

P*
d 

˦̇˿ ̅̉̈̊̉̈̉˹˿˿ 

̂˿̄˼̀̄̅̀ 

̄˷˺̇̊˾́˿ (S̄ = 0)

˦̇˿ ̆̅̂̄̅̀ ˾˷˺̇̊˾́˼ 
̉̇˷̄̈̋̅̇̃˷̉̅̇˷ ̄˼̂˿̄˼̀-

̄̅̀ ˿ ̂˿̄˼̀̄̅̀ ̄˷˺̇̊˾́˷̃˿

ǪU, % 
S*
̄, ̅.˼. 

(̆̇˿ cos ̄ = 0,85) 
KU, %

1 10,25 0 10,25

0,75 9,1 0,25 9,2 

0,66 7,15 0,33 7,65 

0,5 6,3 0,5 6,75 

0,25 3,6 0,75 3,95 

 

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

̆̇˿ ˾˷˺̇̊˾́˼ ̆̇˿̃˼̇̄̅ ˻̅ 70 %. 
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˩ ˷ ˸ ̂ ˿ ̍ ˷  2  

ǎоǻǯоǳǴǪ QǬ ǬоǯǦǧǯǳǢǴоǲǯǽǷ бǢǴǢǲǧǫ, ǤǽǩǽǤǢȀǻǪǧ ǲǧǩоǯǢǯǳ ǯǢ ǥǢǲмоǯǪǬǢǷ n 

T a b l e  2  

Capacitor QǬ batteries power causing resonance for harmonics n 

S̉ ̄̅̃, ́ВА Ú, % 
Q*

́, ̅.˼. 

n = 5 n = 7 n = 11 n = 13 n = 17 n = 19 

250 ˿ 400 4,5 0,89 0,45 0,18 0,13 0,08 0,06 

630 ˿ 1000 5,5 0,73 0,37 0,15 0,11 0,06 0,05 

1600 ˿ 2500 6,0 0,67 0,34 0,14 0,10 0,06 0,05 

 

˨̅̅̉̄̅̏˼̄˿˼ ̄˼̂˿̄˼̀̄̅̀ ˿ ̂˿̄˼̀̄̅̀ 

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

̔̋̋˿̍˿˼̄̉˷ ǪU ̆̇˿ ˹˹˼˻˼̄˿˿ ̂˿̄˼̀̄̅̀ 

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

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

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

̐˼̀ 70 %. 

ǑǧǲǧǥǲǵǩǬǪ ǬоǯǦǧǯǳǢǴоǲоǤ оǴ ǤǽǳǺǪǷ ǥǢǲмоǯǪǬ 

˟˾˹˼̈̉̄̅, ̎̉̅ ́̅̃̆˼̄̈˷̍˿̖ ̇˼˷́̉˿˹̄̅̀ 

̃̅̐̄̅̈̉˿ ̆̅˾˹̖̅̂˼̉ ̈̄˿˾˿̉̓ ̆̅̉˼̇˿ ̄˷̖̆̇-

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

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

[1, 18, 20]: ˿̈́˷˽˼̄˿˼ ̋̅̇̃̒ ̆˿̉˷̐̕˼˺̅ 

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

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

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

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

̃˷̏˿̄ ˿ ˻̇. 

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

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

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

˦̅ ˹̒̇˷˽˼̄˿̕ 

 *

2
́

100

[%]
Q

U n



 (2) 

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

̈̉˿ ́̅̄˻˼̄̈˷̉̅̇̄̒̌ ˸˷̉˷̇˼̀, ̆̇˿ ́̅̉̅̇̒̌ ˹̅˾-
̄˿́˷˼̉ ̇˼˾̅̄˷̄̈̄̒̀ ̇˼˽˿̃ ˻̖̂ ́˷̄̅̄˿̎˼̈́˿̌ 
˺˷̇̃̅̄˿́ n = 6k + 1. ˟̄˻̊́̉˿˹̄̅̈̉˿ ̈˿̈̉˼̃̒, 

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

̄˷̖̆̇˽˼̄˿˼̃ 0,4 ́В ̄˼ ̊̎˿̉̒˹˷̂˿̈̓. ˧˼˾̊̂̓̉˷-
̉̒ ̇˷̈̎˼̉˷ ̆̇˼˻̈̉˷˹̂˼̄̒ ˹ ̉˷˸̂. 2.  

˧˷˾̂˿̎˿˼ ˾̄˷̎˼̄˿̀ Q́
* ˻̖̂ ̆̇˿˹˼˻˼̄̄̅̀ 

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

̈̉̓̕ ˾̄˷̎˼̄˿̖̃˿ ̄˷̖̆̇˽˼̄˿̖ ́̅̇̅̉́̅˺̅ ˾˷-
̃̒́˷̄˿̖ Ú.  

˥̎˼˹˿˻̄̅, ̎̉̅ ́̅̄˻˼̄̈˷̉̅̇̄̒˼ ˸˷̉˷̇˼˿, 

˸̂˿˾́˿˼ ̆̅ ̃̅̐̄̅̈̉˿ ́ Q́, ̊́˷˾˷̄̄̒̃ ˹ ̉˷˸̂. 2, 

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

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

̆̅ ̃̅̐̄̅̈̉˿ ́ ̊́˷˾˷̄̄̒̃ ˹ ̉˷˸̂. 2 Q́, ̈̂˼˻̊˼̉ 
˿̈̆̅̂̓˾̅˹˷̉̓ ́̅̄˻˼̄̈˷̉̅̇̄̒˼ ̊̈̉˷̄̅˹́˿ ̈ ˾˷-
̐˿̉̄̒̃˿ ˷̄̉˿̇˼˾̅̄˷̄̈̄̒̃˿ ˻̇̅̈̈˼̖̂̃˿ [14]. 

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

̈̌˼̃˼ ̔̂˼́̉̇̅̈̄˷˸˽˼̄˿̖ ˹ ̈̅̅̉˹˼̉̈̉˹˿˿ ̈ 
̉˷˸̂. 2 ̇˼˾̅̄˷̄̈̄̒˼ ̖˹̂˼̄˿̖ ̄˷ 5-̀ ˺˷̇̃̅̄˿́˼ 
̆̇˷́̉˿̎˼̈́˿ ̄˼˹̅˾̃̅˽̄̒, ̆̅̈́̅̂̓́̊ ̃̅̐-

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

̄˼ ̆̇˿̄˿̃˷˼̖̉̈ ̇˷˹̄̅̀ 67 % ˿ ˸̅̂˼˼ ̅̉ ̄̅̃˿-

̄˷̂̓̄̅̀ ̃̅̐̄̅̈̉˿ ̉̇˷̄̈̋̅̇̃˷̉̅̇˷. ˧˼˾̅̄˷̄̈ 

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

«̅̆˷̈̄˷̖» ̃̅̐̄̅̈̉̓ ˸˷̉˷̇˼˿ ̈̅̈̉˷˹̖̂˼̉ ̅̉ 34 
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˻̅ 45 % ̃̅̐̄̅̈̉˿ ̉̇˷̄̈̋̅̇̃˷̉̅̇˷. А ˹̅̉ ̆̅-

̖˹̂˼̄˿˼ ̇˼˾̅̄˷̄̈˷ ̄˷ 11-̀ ˿ ˸̅̂˼˼ ˹̒̈̅́˿̌ 

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

̈́̅̂̓́̊ «̅̆˷̈̄˷̖» ̃̅̐̄̅̈̉̓ ˸˷̉˷̇˼˿ ˾˻˼̈̓ ̄˼ 
̆̇˼˹̒̏˷˼̉ 20 % ̃̅̐̄̅̈̉˿ ̉̇˷̄̈̋̅̇̃˷̉̅̇˷. 

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

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

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

(́̅̔̋̋˿̍˿˼̄̉ ̆˼̇˼˺̇̊˾́˿ K̆˼̇ > 2), ˷ ˷̃̆̂˿̉̊-

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

В ́˷̎˼̈̉˹˼ ̆̇˿̃˼̇˷ ̄˷ ̇˿̈. 2 ̆̇˿˹˼˻˼̄̒ ̅̈-
̍˿̂̂̅˺̇˷̃̃˷ ̉̅́˷ ̎˼̇˼  ˾́̅̄˻˼̄̈˷̉̅̇̒ ̆̇˿ ̇˼˾̅-

̄˷̄̈˼ ̄˷ 11-̀ ˺˷̇̃̅̄˿́˼ (P*
d = 0,25; S*

̄ = 0,25; 

cos = 0,85; Q́
* = 0,15) ˿ ˻˿˷˺̇˷̃̃˷ ̇˷˾̂̅˽˼̄˿̖ 

˹ ̖̇˻ ˫̊̇̓˼ ̉̅́˷ ˹ ́̅̄˻˼̄̈˷̉̅̇̄̅̀ ˸˷̉˷̇˼˼. 
В˿˻̄̅, ̎̉̅ ˷̃̆̂˿̉̊˻˷ ̉̅́˷ 11-̀ ˺˷̇̃̅̄˿́˿ 

˸̅̂˼˼ ̎˼̃ ˹ 1,5 ̇˷˾˷ ̆̇˼˹̒̏˷˼̉ ˷̃̆̂˿̉̊˻̊ ̉̅́˷ 
̅̈̄̅˹̄̅̀ ˺˷̇̃̅̄˿́˿. 

В ̉˷˸̂. 3 ̆̇˿˹˼˻˼̄̒ ̇˼˾̊̂̓̉˷̉̒ ̃̅˻˼̂˿̇̅˹˷-
̄˿̖ ˺˷̇̃̅̄˿́ ̉̅́˷, ˺˼̄˼̇˿̇̊˼̃̒̌ ˹̖̒̆̇̃˿̉˼-
̂˼̃ ˿ ̆̇̅̉˼́˷̐̕˿̌ ̎˼̇˼˾ ́̅̄˻˼̄̈˷̉̅̇̄̊̕ ˸˷̉˷-
̇˼̕ ̆̇˿ ̇˼˾̅̄˷̄̈˼ ̄˷ 13-̀ ˺˷̇̃̅̄˿́˼ (P*

d = 0,4; 

S*
̄ = 0,3; cos = 0,85; Q́

* = 0,11). В˿˻̄̅, ̎̉̅ 

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

̆̇˿ ˾̄˷̎˼̄˿̖̌ Q́
* < 0,1 ̆̇˷́̉˿̎˼̈́˿ ̄˼ ̊˻˷˼̖̉̈ 

̊̀̉˿ ̅̉ ̇˼˾̅̄˷̄̈̄̒̌ ̖˹̂˼̄˿̀ ̄˷ ̎˷̈̉̅̉˷̌ 13-̀ 

˺˷̇̃̅̄˿́˿ ˿ ˹̒̏˼. ˩˷́˷̖ ̈˿̉̊˷̍˿̖ ̃̅˽˼̉ ̈̂̅-

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

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

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

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

̇˼˾̅̄˷̄̊ ̄˷ 13-̀ ˿ ˸̅̂˼˼ ˹̒̈̅́˿̌ ˺˷̇̃̅̄˿́˷̌. 
К˷́ ̆̅́˷˾˷̂˿ ̇˼˾̊̂̓̉˷̉̒ ̃̅˻˼̂˿̇̅˹˷̄˿̖, ̆̇˿ 

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

* = 0,025–0,05 ̈̊̃̃˷̇̄̒̀ ̉̅́ ̎˼̇˼˾ 
́̅̄˻˼̄̈˷̉̅̇̒ ̃̅˽˼̉ ˹ ̉̇˿ ˿ ˸̅̂˼˼ ̇˷˾ ̆̇˼˹̒-

̏˷̉̓ ˿̌ ̄̅̃˿̄˷̂̓̄̒̀ ̉̅́ (K̆˼̇ > 3). ˥̎˼˹˿˻̄̅, 

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

˻̇̅̈̈˼̖̂̃˿ [14]. 

ВǭǪȁǯǪǧ ǲǧǩоǯǢǯǳǢ ǯǢ ǱǲоǸǧǳǳ ǬоммǵǴǢǸǪǪ ǴоǬǢ, 

ǤǧǭǪǹǪǯǽ ǥǢǲмоǯǪǬ ǤǽǱǲȁмǪǴǧǭȁ  

Ǫ ǬǢǹǧǳǴǤо ǯǢǱǲȁǨǧǯǪȁ 

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

̃̅˻˼̂˿ ̆̅́˷˾˷̂˿, ̎̉̅ ˹ ̇˼˾̅̄˷̄̈̄̒̌ ˿ ˸̂˿˾́˿̌ 
́ ̄˿̃ ̇˼˽˿̃˷̌ ̅̉̄̅̈˿̉˼̂̓̄̒˼ ˷̃̆̂˿̉̊˻̒ ˹̒̈-
̏˿̌ ˺˷̇̃̅̄˿́ ̉̅́˷, ˺˼̄˼̇˿̇̊˼̃̒̌ ˹̖̒̆̇̃˿̉˼-
̂˼̃ (̈̃. ̉˷˸̂. 3), ˾˷̃˼̉̄̅ ̃˼̄̓̏˼ ˹˼̂˿̎˿̄ 

In
* = In / I1, ̆̅̂̊̎˷˼̃̒̌ ̆̅ ˹̒̇˷˽˼̄˿̕ (1), ́̅̉̅-

̇̒˼ ̅˸̒̎̄̅ ̆̇˿̄˿̃˷̉̕ ˹ ̉˼̌̄˿̎˼̈́̅̀ ̂˿̉˼̇˷̉̊-
̇˼ ̆̇˿ ̇˷̈̎˼̉˷̌ ˺˷̇̃̅̄˿́ ̉̅́˷ ˹ ́̅̄˻˼̄̈˷̉̅̇˷̌ 
̆̅ ̅˻̄̅̋˷˾̄̅̀ ̈̌˼̃˼ [2, 3, 10]. ˩˷́̅˼ ̊̃˼̄̓̏˼-
̄˿˼ ̄˼̂̓˾̖ ̅˸̖̑̈̄˿̉̓ ̈̄˿˽˼̄˿˼̃ ˷̃̆̂˿̉̊˻̒ 

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

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

ɚ)     ɛ) 
 

 
 

˧˿̈. 2. ˩̅́ ̎˼̇˼˾ ́̅̄˻˼̄̈˷̉̅̇̒ ̆̇˿ ̇˼˾̅̄˷̄̈˼ ̄˷ 11-̀ ˺˷̇̃̅̄˿́˼ (а) ˿ ˼˺̅ ˺˷̇̃̅̄˿̎˼̈́˿̀ ̈̅̈̉˷˹ (ȁ)  

Fig. 2. Current through capacitors at resonance at the 11th harmonic (a) and its harmonic composition (ȁ) 
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˩ ˷ ˸ ̂ ˿ ̍ ˷  3  

ǅǢǲмоǯǪǬǪ ǴоǬǢ ǤǽǱǲȁмǪǴǧǭȁ Ǫ ǴоǬǢ  

ǬоǯǦǧǯǳǢǴоǲǯоǫ бǢǴǢǲǧǪ, моǻǯоǳǴǾ ǬоǴоǲоǫ  

ǤǽǩǽǤǢǧǴ ǲǧǩоǯǢǯǳ ǯǢ 13-ǫ ǥǢǲмоǯǪǬǧ* 

T a b l e  3  

The currents harmonics of the rectifier  

and capacitor battery, whose power cauce resonance  

at the 13th harmonic 

n 

А̃̆̂˿̉̊˻̒ 

˺˷̇̃̅̄˿́ ̉̅́˷ 
˹̖̒̆̇̃˿̉˼̖̂ 

А̃̆̂˿̉̊˻̒ ˺˷̇̃̅-

̄˿́ ̉̅́˷ ́̅̄˻˼̄̈˷-
̉̅̇̄̅̀ ˸˷̉˷̇˼˿ 

Í, 

А
K̆˼̇, 

̅.˼.
А ̅. ˼.** А ̅. ˼.** 

1 840 1 210 1 

341 2,18

5 135 0,16 23 0,11 

7 76 0,09 30 0,14 

11 29 0,034 60 0,27 

13 25 0,03 400 1,9 

* Í ̄̅̃ = 156 А 

** ˞˷ 1 ̅.˼. ̆̇˿̖̄̉˷ ˹˼̂˿̎˿̄˷ 1-̀ ˺˷̇̃̅̄˿́˿ 

 

˛̖̂ ̅̍˼̄́˿ ˹̂˿̖̄˿̖ ̇˼˾̅̄˷̄̈˷ ̄˷ ˹˼̂˿-

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

̃˿̉˼̂˼̃, ̆̅ ̇˼˾̊̂̓̉˷̉˷̃ ́̅̃̆̓̉̕˼̇̄̅˺̅ ̃̅-

˻˼̂˿̇̅˹˷̄˿̖ (̈̌˼̃˷ ̇˿̈. 1, а) ˸̒̂˿ ̆̅̈̉̇̅˼-

̄̒ ˾˷˹˿̈˿̃̅̈̉˿ In / I1 = f(Q́
*). ˤ˷ ̇˿̈. 3 ̉˷́˷̖ 

˾˷˹˿̈˿̃̅̈̉̓ ̆̇˿˹˼˻˼̄˷ ˻̖̂ P*
d = 0,3 ˹ ̅̉̈̊̉-

̈̉˹˿˼ ̂˿̄˼̀̄̅̀ ̄˷˺̇̊˾́˿ (S̄ = 0). В˿˻̄̅, ̎̉̅ 

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

̄˷˸̂̕˻˷˼̖̉̈ «̆̇̅˹˷̂» ˹̈˼̌ ˺˷̇̃̅̄˿́. К˷́ 

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

̄˷̖ ̄˷˺̇̊˾́˷ (S̄  0) ̄˼˾̄˷̎˿̉˼̂̓̄̅ ̊̃˼̄̓̏˷-

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

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

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

̉̅̇˷ ˿ ̂˿̄˼̀̄̅̀ ̄˷˺̇̊˾́˿. 

˪̃˼̄̓̏˼̄˿˼ ˹˼̂˿̎˿̄ ˹̒̈̏˿̌ ˺˷̇̃̅̄˿́ 

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

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

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

̍˿˿ ̆̇˿ ̆˼̇˼́̂̎̕˼̄˿˿ ˹˼̄̉˿̂˼̀ ˹̖̒̆̇̃˿̉˼-
̖̂. ˤ˷ ̇˿̈. 4 ̆̇˿˹˼˻˼̄̒ ̅̈̍˿̂̂̅˺̇˷̃̃̒ ̆˼-

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

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

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

̆̇˿̂̅˽˼̄̄̅˺̅ ́ ̄˼̃̊ ̄˷̖̆̇˽˼̄˿̖ (̎˼̇̄̒˼ 
̂̊̎˿ ̅̈̍˿̂̂̅˺̇˷̃̃̒ а ˿ ˹˼̇̌̄˿̌ ̅̈̍˿̂̂̅-

˺̇˷̃̃ ȁ ˿ в). 
 

 
 

˧˿̈. 3. ˞˷˹˿̈˿̃̅̈̉˿ ˷̃̆̂˿̉̊˻ ˺˷̇̃̅̄˿́ ̉̅́˷ ̅̉ ̃̅̐̄̅̈̉˿ ˸˷̉˷̇˼˿ ́̅̄˻˼̄̈˷̉̅̇̅˹ Q́
* 

Fig. 3. Dependencies of current harmonic amplitudes on batteries power 
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ɚ) 

ɛ) ɜ)

 
 

˧˿̈. 4. В̂˿̖̄˿˼ ̃̅̐̄̅̈̉˿ ́̅̄˻˼̄̈˷̉̅̇̄̅̀ ˸˷̉˷̇˼˿ ̄˷ ̆̇̅̍˼̈̈ ́̅̃̃̊̉˷̍˿˿ ̉̅́˷:  
а – Q́

* = 0;   0,5 ̃̈; ȁ – Q́
* = 0,25;   0 ̃́̈; в – Q́

* = 0,15;   1 ̃̈ (̇˼˾̅̄˷̄̈ ̄˷ 11-̀ ˺˷̇̃̅̄˿́˼)  

Fig. 4. The effect of capacitor bank power on the current switching process:  

а – Q́
* = 0;   0,5 ̃̈; ȁ – Q́

* = 0,25;   0 ̃́̈; в – Q́
* = 0,15;   1 ̃̈ (resonance on the 11th harmonic) 

 

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

̋̅̇̃˷ ̉̅́˷ ˸̂˿˾́˷ ́ ̉̇˷̆˼̍˿˿ (̅̈̍˿̂̂̅˺̇˷̃̃˷ 
а). ˟̄̉˼̇˹˷̂ ́̅̃̃̊̉˷̍˿˿ ̉̅́˷ Id ˹˼̄̉˿̖̂̃˿ ˹̒-

̖̆̇̃˿̉˼̖̂ –   0,5 ̃̈. ˛̂˿̉˼̂̓̄̅̈̉̓ ̔̉̅˺̅ ˿̄-

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

̎˿̄̅̀ ˿̄˻̊́̉˿˹̄̅̈̉˿ L̉ ̉̇˷̄̈̋̅̇̃˷̉̅̇˷ [3]: 

 
2 L

cos 1 ,
6

Ȓ dI
γ

U


   (3)  

˺˻˼  = 2f = 314; U – ̋˷˾̄̅˼ ̄˷̖̆̇˽˼̄˿˼ 
̉̇˷̄̈̋̅̇̃˷̉̅̇˷.  

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

̇˼˾̅̄˷̄̈˷ ˿̄̉˼̇˹˷̂ ́̅̃̃̊̉˷̍˿˿  ̊̃˼̄̓̏˷˼̉-
̖̈ ̆̇˷́̉˿̎˼̈́˿ ˻̅ ̄̊̂˼˹̅˺̅ ˾̄˷̎˼̄˿̖ (̈̃. 

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

̄̒̀ ̂̊̎ – ̄˷̖̆̇˽˼̄˿̕ ̄˷ ̔̉̅̀ ̋˷˾˼. В˿˻̄̅, 

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

̂˿̏̓ ̖̆̅̈̉̅̄̄̅̀ ˹̇˼̃˼̄˿ ̍˼̆˿ ́̅̄˻˼̄̈˷̉̅̇-

̄̅̀ ˸˷̉˷̇˼˿. 

˦̇˿ ̇˼˾̅̄˷̄̈˼ ˿ ˸̂˿˾́˿̌ ́ ̄˼̃̊ ̇˼˽˿̃˷̌ 
̆̇̅̍˼̈̈ ́̅̃̃̊̉˷̍˿˿ ˾˷̖̉˺˿˹˷˼̖̉̈ ˻̅   1 ̃̈ 
˿˾-˾˷ ́̅̂˼˸˷̄˿̖ ̇˼˾̅̄˿̇̊̐̕˼̀ ˺˷̇̃̅̄˿́˿ (̈̃. 

̅̈̍˿̂̂̅˺̇˷̃̃̒ в), ̉̅́ ˾˷̄˿̃˷˼̉ ˸̅̂̓̏̊̕, ̎˼̃ 

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

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

̄˼̄˿̕ ̈ ̆̇˼˻̒˻̊̐˿̃˿ ̈̂̊̎˷̖̃˿. 

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

̋˷˾̄̅˺̅ ̉̅́˷ ̄˷ ˹̌̅˻˼ ˹̖̒̆̇̃˿̉˼̖̂. 

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

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

P*
d = 0,4; S*

̄ = 0,3; cos = 0,85 ˿ ̇˼˾̅̄˷̄̈˷̌ ̄˷ 
13-̀, 11-̀, 7-̀ ˿ 5-̀ ˺˷̇̃̅̄˿́˷̌ ̉̅́˷ ́̅̔̋-

̋˿̍˿˼̄̉ ̄˼̈˿̄̊̈̅˿˻˷̂̓̄̅̈̉˿ ̄˷̖̆̇˽˼̄˿̖ KU 

̄˷ ˹̒̌̅˻˼ ̉̇˷̄̈̋̅̇̃˷̉̅̇˷ ˻̅̈̉˿˺˷˼̉ ̈̅̅̉˹˼̉-
̈̉˹˼̄̄̅ 15, 18, 20 ˿ 25 %. ˨̂˼˻̅˹˷̉˼̂̓̄̅, ˹ ̇˼-
˾̅̄˷̄̈̄̒̌ ˿ ˸̂˿˾́˿̌ ́ ̄˿̃ ̇˼˽˿̃˷̌ ̉̇˼˸̅˹˷-
̄˿̖ ˚˥˨˩ ́ ́˷̎˼̈̉˹̊ ̄˷̖̆̇˽˼̄˿̖ ̄˼ ˹̒̆̅̂-

̖̖̄̉̈̕. 

ǓǲǢǤǯǧǯǪǧ ǴǲǧǷǶǢǩǯоǫ Ǫ оǦǯоǶǢǩǯоǫ ǳǷǧм 

˦̇˿ ̈̅̆̅̈̉˷˹̂˼̄˿˿ ̇˼˾̊̂̓̉˷̉̅˹ ́̅̃̆̓̕-

̉˼̇̄̅˺̅ ̃̅˻˼̂˿̇̅˹˷̄˿̖ ̆̇̅̍˼̈̈̅˹ ˹ ̉̇˼̌̋˷˾-
̄̅̀ ˿ ̅˻̄̅̋˷˾̄̅̀ ̈̌˼̃˷̌ (̇˿̈. 1) ̅̈̄̅˹̄̅˼ 
˹̄˿̃˷̄˿˼ ˸̒̂̅ ̊˻˼̂˼̄̅ ˹˼̂˿̎˿̄˷̃ ̉̅́̅˹, 

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

˿ ˹ ̇˼˾̅̄˷̄̈̄̒̌ ̇˼˽˿̃˷̌. 

˥̎˼˹˿˻̄̒̃ ̆̇˼˿̃̊̐˼̈̉˹̅̃ ̃̅˻˼̂˿̇̅˹˷-

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

˼̖̉̈ ˹̅˾̃̅˽̄̅̈̉̓ ̅̍˼̄́˿ ̈̊̃̃˷̇̄̅˺̅ ̉̅́˷ Í, 

̆̇̅̉˼́˷̐̕˼˺̅ ̎˼̇˼˾ ́̅̄˻˼̄̈˷̉̅̇̄̊̕ ˸˷̉˷̇˼̕, 

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

˷˹̉̅̃˷̉˿̎˼̈́̅̃̊ ̇˷˾̂̅˽˼̄˿̕ ̋̅̇̃̒ ̔̉̅˺̅ 

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

̖̆̅̂̄˼̖̉̈ ˻̖̂ ̅̉˻˼̂̓̄̅̀ ˹̒̈̏˼̀ ˺˷̇̃̅̄˿́˿ 

̉̅́˷ (n = 5, 7, 11, 13 …) ˿̂˿ ˿̌ ̈̊̃̃̒ ̆̇˿ ̆˷-
̇˷̂̂˼̂̓̄̅̃ ˹́̂̎̕˼̄˿˿ ˿̈̉̅̎̄˿́̅˹ ̉̅́˷ In ˹ 

̈̌˼̃˼ ̇˿̈. 1, ȁ. ˥˻̄˷́̅ ̈̊̃̃˷̇̄̒̀ ̉̅́ ̎˼̇˼˾ 
́̅̄˻˼̄̈˷̉̅̇̒ Í ˾˻˼̈̓ ̄˼ ̅̆̇˼˻˼̂˿̉̓ ˹˹˿˻̊ 

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

В ̇˼˽˿̃˷̌ ̃˼˽˻̊ ̇˼˾̅̄˷̄̈˷̃˿ – ̆̇˿  

QǬ
*  0,55 ˿ QǬ

*  0,25 (̈̃. ̇˿̈. 3) – ̅˻̄̅̋˷˾̄˷̖ 

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

̉̅́˷ In = I1 / n ˿ ̉̇˼̌̋˷˾̄˷̖ ̈̌˼̃˷ ̆̅ ̔̉̅̀ ˽˼ 
˺˷̇̃̅̄˿́˼ ˻˷̉̕ ̌̅̇̅̏˼˼ ̈̅˹̆˷˻˼̄˿˼ ̇˼˾̊̂̓̉˷-
̉̅˹ ̃̅˻˼̂˿̇̅˹˷̄˿̖. 

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

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

˿̈̉̅̎̄˿́̅̃ ̉̅́˷ In = I1 / n ˻˷˼̉ ̇˼˾̊̂̓̉˷̉, ˹ 

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

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

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

̄˷̄̈˷ ˿ ˸̂˿˾́˿̌ ́ ̄˿̃. В ̎˷̈̉̄̅̈̉˿, ˻̖̂ ̈̂̊-

̎˷̖ ̇˿̈. 4, в ̃̅˻˼̂˿̇̅˹˷̄˿˼ ̆̇̅̍˼̈̈̅˹ ˹ ̅˻̄̅-

̋˷˾̄̅̀ ̈̌˼̃˼ ̈ ˾˷˻˷̄˿˼̃ 11-̀ ˺˷̇̃̅̄˿́˿ ˿̈-
̉̅̎̄˿́̅̃ ̉̅́˷ I11 = I1 / 11 ˿ ˹ ̉̇˼̌̋˷˾̄̅̀ ̈̌˼-
̃˼ ˻˷̂̅ ̉̇˼̌́̇˷̉̄̅˼ ̇˷˾̂˿̎˿˼ ˹˼̂˿̎˿̄ ̉̅́˷ 
̎˼̇˼˾ ́̅̄˻˼̄̈˷̉̅̇̄̊̕ ˸˷̉˷̇˼̕. 

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

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

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

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

̄̅̋˷˾̄̅̀ ̈̌˼̃˼ ̆̅ ̅̉̄̅̏˼̄˿̕ ́ ̔̉̅̀ ˺˷̇̃̅-

̄˿́˼, ˺˼̄˼̇˿̇̊˼̃̅̀ ˹̖̒̆̇̃˿̉˼̂˼̃ ˹ ̉̇˼̌-

̋˷˾̄̅̀ ̈̌˼̃˼.  

ǉǢǬǭȀǹǧǯǪǧ 

ˤ˷ ̅̈̄̅˹˼ ́̅̃̆̓̉̕˼̇̄̅˺̅ ̃̅˻˼̂˿̇̅˹˷-

̄˿̖ ˹ ̆̇̅˺̇˷̃̃̄̅̃ ́̅̃̆̂˼́̈˼ Multisim ̆̅̂̊-

̎˼̄̒ ̅̈̄̅˹̄̒˼ ́̅̂˿̎˼̈̉˹˼̄̄̒˼ ̈̅̅̉̄̅̏˼̄˿̖ 

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

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

˿ ̄˼̂˿̄˼̀̄̅̀ (̉̇˼̌̋˷˾̄̒̀ ̃̅̈̉̅˹̅̀ ˹̖̒̆̇-

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

̇˼˼̀.  

В ̇˼˾̅̄˷̄̈̄̒̌ ˿ ˸̂˿˾́˿̌ ́ ̄˿̃ ̇˼˽˿̃˷̌: 

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

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

̐˼̀ ̈˼̉˿ ̄˼ ̈̅̅̉˹˼̉̈̉˹̊˼̉ ̉̇˼˸̅˹˷̄˿̖̃ ˚˥˨˩; 

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

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

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

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

̄˷˺̇̊˾́̅̀, ̈̊̐˼̈̉˹˼̄̄̅ ̊̃˼̄̓̏˷̖̉̈̕ ̆̅ 

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

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

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

̇˷̖, ̆̅-˹˿˻˿̃̅̃̊, ˸̅̂˼˼ ˻̅̈̉̅˹˼̇̄̅ ̅̉̇˷˽˷˼̉ 
̇˼˷̂̓̄̊̕ ̈̌˼̃̊.  
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ЭНЕРГЕТИЧЕСКИЕ ХАРАКТЕРИСТИКИ  
МОЛЕКУЛЯРНО-ВЯЗКОСТНЫХ ВАКУУМНЫХ НАСОСОВ 

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

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

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

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

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

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

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

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

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

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

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

ǪȋȞȗȅвțȅ ȑȋȎва: ̃̅̂˼̖́̊̂̇̄̅-˹̖˾́̅̈̉̄̒̀ ˹˷́̊̊̃̄̒̀ ̄˷̈̅̈, ̔̄˼̇˺˼̉˿̎˼̈́˷̖ ̌˷̇˷́̉˼̇˿̈̉˿́˷, ̃̅̐-

̄̅̈̉̓, ̇˼˺̊̂˿̇̅˹˷̄˿˼ ̈́̅̇̅̈̉˿ ˻˹˿˺˷̉˼̖̂. 
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ENERGY CHARACTERISTICS  
OF MOLECULAR-VISCOUS VACUUM PUMPS 

The paper discusses the components of energy costs for high-vacuum pumps, which also include molecular-

viscous vacuum pumps, which are a new modern development. The principle of operation of molecular-

viscous pumps allows them to operate in a wide pressure range, i.e., from high vacuum through to low. Due 

to changes in the range of operating pressures generated by the pump, there is a significant increase in the 

power of the pump motor (typically with an increase in pressure). At the moment there is no data about the 

energy consumption of these pumps. Analysis of the working conditions of the molecular-viscous vacuum 

pump in various ranges of pressures helped to identify the main factors influencing the change in the power 

and measures for decreasing it, for example, by redistribution of loads in the stages of multistage pumps, 

change of  step lengths, rotation speeds of pump rotors. Reducing the energy costs of the pump will reduce 

the power consumption and cost of pumps, improving their operational efficiency. 
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АǬǴǵǢǭǾǯоǳǴǾ ǳоǤǧǲǺǧǯǳǴǤоǤǢǯǪȁ ǳǵǻǧǳǴǤǵȀǻǪǷ 

Ǫ ǳоǩǦǢǯǪȁ ǯоǤǽǷ ǳǲǧǦǳǴǤ оǴǬǢǹǬǪ 

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

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

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

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

˻˷̄̄̅̃̊ ̊̈̂̅˹˿̕. ˦̅̔̉̅̃̊ ̖̆̅̈̉̅̄̄̅ ̈̅˹˼̇-

̏˼̄̈̉˹̖̊̉̈̕ ̈̊̐˼̈̉˹̊̐̕˿˼ ˹˷́̊̊̃̄̒˼ ̄˷̈̅-

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

̆̅˻̏˿̆̄˿́̅˹̒˼ ̊˾̂̒ ̉̊̇˸̅̃̅̂˼̖́̊̂̇̄̒̌ 
̄˷̈̅̈̅˹ (˩ˣˤ), ˹ ́̅̉̅̇̒̌ ˿̈̆̅̂̓˾̅˹˷̂˿̈̓ 
̆̅˻̏˿̆̄˿́˿ ́˷̎˼̄˿̖, ̇˷˸̅̉˷̐̕˿˼ ̈ ˽˿˻́̅̀ 

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

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

̃˷˺̄˿̉̄̒˼ ̅̆̅̇̒. ˩˷́̅˼ ̇˼̏˼̄˿˼ ̆̅˾˹̖̅̂˼̉ 
̊̂̊̎̏˷̉̓ ́̅̄̈̉̇̊́̉˿˹̄̒˼ ̆˷̇˷̃˼̉̇̒ ̈̅˹̇˼-
̃˼̄̄̒̌ ̉̊̇˸̅̃̅̂˼̖́̊̂̇̄̒̌ ̄˷̈̅̈̅˹ [1–5]. ˦˷-
̇˷̂̂˼̂̓̄̅ ̈ ̈̅˹˼̇̏˼̄̈̉˹̅˹˷̄˿˼̃ ́̅̄̈̉̇̊́̍˿̀ 

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

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

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

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

́˷́ ̆̇˷˹˿̂̅, ̃̅̂˼̖́̊̂̇̄̒˼, ˹˿̌̇˼˹̒˼ ˿ ̃̅̂˼-
̖́̊̂̇̄̅-˹̖˾́̅̈̉̄̒˼ ̆̇̅̉̅̎̄̒˼ ̎˷̈̉˿ [6–13]. В 

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

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

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

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

̉̅̇̒˼ ̃̅˺̊̉ ̇˷˸̅̉˷̉̓ ̄˼ ̉̅̂̓́̅ ˹ ̃̅̂˼̖́̊̂̇-

̄̅̃, ̄̅ ˿ ˹ ̃̅̂˼̖́̊̂̇̄̅-˹̖˾́̅̈̉̄̅̃ ̇˼˽˿̃˷̌ 
̉˼̎˼̄˿̖ ˺˷˾˷ [3–5, 6–13].  

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

́ ́̅̉̅̇̒̃ ̃̅˽̄̅ ̅̉̄˼̈̉˿ ˿ ̃̅̂˼̖́̊̂̇̄̅-

˹̖˾́̅̈̉̄̒˼ ˹˷́̊̊̃̄̒˼ ̄˷̈̅̈̒ (ˣВВˤ) [7], ̈̅-

̖̈̉̅̐˿˼ ˿˾ ̃̅̂˼̖́̊̂̇̄̅-˹̖˾́̅̈̉̄̒̌ ̆̇̅̉̅̎-

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

˹˷̄̄̒̌ ˩ˣˤ ̄˷ ˸˷˾˼ ̃̅̂˼̖́̊̂̇̄̅-˹̖˾́̅̈̉̄̒̌ 
̆̇̅̉̅̎̄̒̌ ̎˷̈̉˼̀ ̆̅˾˹̅̂˿̂̅ ̊˹˼̂˿̎˿̉̓ ˸̒̈̉-
̇̅̉̊ ˻˼̀̈̉˹˿̖ ̄˼ ̃˼̄˼˼ ̎˼̃ ˹ ˻˹˷ ̇˷˾˷ ˾˷ ̈̎˼̉ 
̄˷̂˿̎˿̖ ́˷̄˷̂̅˹ ̄˷ ̇̅̉̅̇˼ ˿ ̈̉˷̉̅̇˼, ˷ ̉˷́˽˼ 
̊˹˼̂˿̎˿̉̓ ̃˷́̈˿̃˷̂̓̄̅˼ ̅̉̄̅̏˼̄˿˼ ˻˷˹̂˼̄˿̀ ˹ 

̃̅̂˼̖́̊̂̇̄̅-˹̖˾́̅̈̉̄̅̃ ̇˼˽˿̃˼. ˦̇˿ ˿̈-

̆̅̂̓˾̅˹˷̄˿˿ ̃̅̂˼̖́̊̂̇̄̅-˹̖˾́̅̈̉̄̒̌ ̆̇̅-

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

̊˹˼̂˿̎˼̄˷ ˻̅ 0,15·10–3 ̃ ˻̖̂ ̇̅̉̅̇˷ ˻˿˷̃˼̉-
̇̅̃ 60·10–3 ̃ [1, 3] ˸˼˾ ˿˾̃˼̄˼̄˿̖ ̅̉́˷̎̄̒̌ 

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

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

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

̅̉́˷̎́˿, ̊̆̇̅̐˷̉̓ ̊̈̂̅˹˿̖ ̔́̈̆̂̊˷̉˷̍˿˿ ˿ 

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

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

̈̉̇̊́̍˿̀ ̄˷̈̅̈̅˹ ˿ ̈̅˾˻˷̄˿̖ ̄̅˹̒̌ ̄˷̈̅̈̅˹ 

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

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

ǟǯǧǲǥǧǴǪǹǧǳǬǪǧ ǷǢǲǢǬǴǧǲǪǳǴǪǬǪ 

 ǤǢǬǵǵмǯǽǷ ǯǢǳоǳоǤ 

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

̈̉˿́˷ [14], ̅̆̇˼˻˼̖̂̐̕˷̖ ˿˾̃˼̄˼̄˿˼ ̃̅̐̄̅̈̉˿ 

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

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

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

̄̅˺̅ ̄˷̈̅̈˷ ̆̅˾˹̖̅̂˼̉ ̆̅̄˿˾˿̉̓ ̃̅̐̄̅̈̉̓, 

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

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

̄˼ ̉̅̂̓́̅ ̊̃˼̄̓̏˿̉̓ ̈̉̅˿̃̅̈̉̓ ̈˿̈̉˼̃̒, ̄̅ ˿ 

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

̉̇˼˸̂˼̄˿̖ (̄˷̆̇˿̃˼̇ ˹ ́̅̈̃˿̎˼̈́˿̌ ˷̆̆˷̇˷̉˷̌).  

˧˷˸̅̉˷ ˣВВˤ ˹ ˻˿˷̆˷˾̅̄˼ ˻˷˹̂˼̄˿̀ ̅̉ 10 

˻̅ 105 ˦˷ ̆̇˿ ̅́̇̊˽̄̅̀ ̈́̅̇̅̈̉˿ ̄˷ ̇̅̉̅̇˼ 
150–180 ̃/̈ ̆̇˿˹̅˻˿̉ ́ ̎̇˼˾˹̒̎˷̀̄̅ ˸̅̂̓̏˿̃ 

˾˷̉̇˷̉˷̃ ̃̅̐̄̅̈̉˿ (̇˿̈. 1).  
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˧˿̈. 1. ˞˷˹˿̈˿̃̅̈̉̓ ̃̅̐̄̅̈̉˿, ̆̅̉̇˼˸̖̂˼̃̅̀ ̈̉̊̆˼̄̓̕ ˣВВˤ,  

̅̉ ̅́̇̊˽̄̅̀ ̈́̅̇̅̈̉˿ ˻˹˿˽˼̄˿̖ ̇̅̉̅̇˷ ̆̇˿ ˻˷˹̂˼̄˿˿ ˹ ̈̉̊̆˼̄˿ 105 (1), 104 (2) ˿ 103 (3) ˦˷ 

Fig. 1. The dependence of the power consumed by the stage MWN on the circumferential speed  

of the rotor at a pressure of 105 (1), 104 (2) ˿ 103 (3) 

 
˛̖̂ ̊̃˼̄̓̏˼̄˿̖ ̆̅̉̇˼˸̖̂˼̃̅̀ ̃̅̐̄̅̈̉˿ 

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

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

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

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

̈̂˼˻̄˿˼ ̈̉̊̆˼̄˿ ̆̇˿ ˻˷˹̂˼̄˿˿ 104 ˦˷. ˦̅̔̉̅-

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

̈́̅̇̅̈̉̓ ˻˹˿˽˼̄˿̖ ̆̅˹˼̇̌̄̅̈̉˿ ̇̅̉̅̇˷ ̆̅-

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

К ̉̅̃̊ ˽˼, ̈̅˺̂˷̈̄̅ ˻˷̄̄̒̃ ̇˷˸̅̉̒ [15] ̄˷ 

˿˾̃˼̄˼̄˿˼ ̆̅̉̇˼˸̖̂˼̃̅̀ ̃̅̐̄̅̈̉˿ ˹̂˿̖˼̉ 
˻̂˿̄˷ ̈̉̊̆˼̄˿. ˦̅ ̇˿̈. 2 ˹˿˻̄̅, ̎̉̅ ̅̉̄̅̏˼-
̄˿˼ ˻˷˹̂˼̄˿̀ ˾˷˹˿̈˿̉ ̅̉ ˻̂˿̄̒ ̆̇̅̉̅̎̄̅̀ ̎˷-
̈̉˿ ̄˷̈̅̈˷ ˿ ˻˿˷̃˼̉̇˷ ̇̅̉̅̇˷, ̉.́. ˹˼̂˿̎˿̄˷ 
˻˿˷̃˼̉̇˷ ̅̆̇˼˻˼̖̂˼̉ ̅́̇̊˽̄̊̕ ̈́̅̇̅̈̉̓ ̇̅̉̅-

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

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

В ̇˷˸̅̉˼ [14] ̅̉̃˼̎˷˼̖̉̈ ̄˼̅˸̌̅˻˿̃̅̈̉̓ 

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

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

̄̒̌ ̄˷̈̅̈̅˹ ˹ ̈˹̖˾˿ ̈ ̇̅̈̉̅̃ ̈̉̅˿̃̅̈̉˿ ̔̄˼̇-

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

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

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

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

̄˷̈̅̈˷̃, ̄˼ ̆̊˸̂˿́̊̉̕ ̆̅̂̄̒˼ ˻˷̄̄̒˼ ̆̅ 

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

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

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

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

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

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

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

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

˺˼̉˿̎˼̈́˿̌ ̌˷̇˷́̉˼̇˿̈̉˿́. 
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˧˿̈. 2. ˚̇˷̋˿́ ˾˷˹˿̈˿̃̅̈̉˼̀ ̆̅̉̇˼˸̖̂˼̃̅̀ ̃̅̐̄̅̈̉˿ ˣВВˤ ̅̉ ̅̉̄̅̏˼̄˿̖ l2/l3  

̆̇˿ ̇˷˾̄̒̌ ˻̂˿̄˷̌ ̆˼̇˹̅̀ ̈̉̊̆˼̄˿: 1 – l1 = 50 ̃̃; 2 – l1 = 100 ̃̃; 3 – l1 = 200 ̃̃ 

Fig. 2. Chart of dependency of power consumption MWN from the relationship l2/l3  

at different lengths of the first stage: 1 – l1 = 50 mm; 2 – l1 = 100 mm; 3 – l1 = 200 mm 

 
˥̈̄̅˹̄˷̖ ̍˼̂̓ ̄˷̏˼̀ ̇˷˸̅̉̒ ̈̅̈̉̅˿̉ ˹ 

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

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

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

̉̇˼˸̊˼̃̅̀ ˻̖̂ ̇˷˸̅̉̒ ̄˷̈̅̈˷. 

ǐǱǪǳǢǯǪǧ ǿǬǳǱǧǲǪмǧǯǴǢǭǾǯоǥо ǳǴǧǯǦǢ  

Ǧǭȁ оǱǲǧǦǧǭǧǯǪȁ ǿǯǧǲǥǧǴǪǹǧǳǬǪǷ ǷǢǲǢǬǴǧǲǪǳǴǪǬ 

ǎВВǏ 

˛̖̂ ˿̈̈̂˼˻̅˹˷̄˿̖ ̅̉́˷̎̄̒̌ ̆˷̇˷̃˼̉̇̅˹ 

̃̅̂˼̖́̊̂̇̄̅-˹̖˾́̅̈̉̄̒̌ ˹˷́̊̊̃̄̒̌ ̄˷̈̅̈̅˹ ̈ 

̇˷˾̂˿̎̄̒̃˿ ̆̇̅̉̅̎̄̒̃˿ ̎˷̖̈̉̃˿ ˹ ̏˿̇̅́̅̃ 

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

̉˷̂̓̄̒̀ ̈̉˼̄˻ [1], ̈̌˼̃˷ ́̅̉̅̇̅˺̅ ̆̇˼˻̈̉˷˹̂˼-
̄˷ ̄˷ ̇˿̈. 3. 

В˷́̊̊̃̄˷̖ ̊̈̉˷̄̅˹́˷ ̈̅̈̉̅˿̉ ˿˾ ̄˷̆̊̈́-

̄̅̀ ́˷̃˼̇̒ CV1 ˿ ˿˾̃˼̇˿̉˼̂̓̄̅̀ ́˷̃˼̇̒ 

CV2, ˿˾˺̅̉̅˹̂˼̄̄̒̌ ˿˾ ̄˼̇˽˷˹˼̐̕˼̀ ̈̉˷̂˿ ̈ 

̆̅̂˿̇̅˹˷̄̄̒̃˿ ˹̄̊̉̇˼̄̄˿̃˿ ̆̅˹˼̖̇̌̄̅̈̉-

̃˿. ˣ˼˽˻̊ ̄˿̃˿ ̊̈̉˷̄̅˹̂˼̄˷ ˻˿˷̋̇˷˺̃˷ D 

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

˸̒̈̉̇̅̉̒ ˻˼̀̈̉˹˿̖ ˣВВˤ.  

В ́˷̎˼̈̉˹˼ ̂̅́˷̂˿˾̅˹˷̄̄̅˺̅ ˿̈̉̅̎- 

̄˿́˷ ̄˷̆̊̈́˷ ˺˷˾˷ ˹ ́˷̃˼̇̊ CV1 ̈̂̊˽˿̉ 
˿˺̅̂̓̎˷̉̒̀ ̄˷̉˼́˷̉˼̂̓ VF, ̆̅˾˹̖̅̂̐̕˿̀ ̇˼-
˺̊̂˿̇̅˹˷̉̓ ˺˷˾̅˹̒˼ ̆̅̉̅́˿. ˧˷˹̄̅̃˼̇̄̅˼ 
̇˷̈̆̇˼˻˼̂˼̄˿˼ ̄˷̆̊̈́˷˼̃̅˺̅ ̆̅̉̅́˷ ̆̅ ˹̌̅˻-

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

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

˹˷̄̄̅̀ ̄˷ ́˷̋˼˻̇˼ «В˷́̊̊̃̄˷̖ ˿ ́̅̃̆̇˼̈-

̈̅̇̄˷̖ ̉˼̌̄˿́˷» ˣ˚˩˪ ˿̃˼̄˿ ˤ.˴. ˘˷̊̃˷̄˷, 

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

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

˹̇˼̃˼̄̄̅ ˹ ̄˼̈́̅̂̓́˿̌ ̉̅̎́˷̌ ̆̅̆˼̇˼̎̄̅˺̅ 

̈˼̎˼̄˿̖ ˹˷́̊̊̃̄̅̀ ́˷̃˼̇̒, ̆̇˿ ̔̉̅̃ ̆̅̉̅́˿ 

̇˷˹̄̅̃˼̇̄̅ ̇˷̈̆̇˼˻˼̂˼̄̒ ̆̅ ̆̅̆˼̇˼̎̄̅̃̊ 

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

˧˧˚-12. 
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˧˿̈. 3. ˦̇˿̄̍˿̆˿˷̂̓̄˷̖ ̈̌˼̃˷ ̔́̈̆˼̇˿̃˼̄̉˷̂̓̄̅˺̅ ̈̉˼̄˻˷ 

Fig. 3. Schematic diagram of the experimental stand 

 

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

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

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

̇˷ U1 ˹ ̄˷̖̆̇˽˼̄˿˼ ̇̅̉̅̇˷ U2, ̎˷̈̉̅̉̒ ̆˿̉˷̄˿̖ 

f1 ˹ ̎˷̈̉̅̉̊ ̉̅́˷ ̇̅̉̅̇˷ f2, ̔̂˼́̉̇˿̎˼̈́̅̀ ̃̅̐-

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

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

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

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

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

̉̒; ̅̈̉˷̂̓̄˷̖, ̈̊̐˼̈̉˹˼̄̄̅ ̃˼̄̓̏˷̖ ̎˷̈̉̓ 

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

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

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

̉̅́˷ ̇̅̉̅̇˷, ́̅̉̅̇̒̀ ̊̎˷̈̉˹̊˼̉ ˹ ̋̅̇̃˿̇̅˹˷-

̄˿˿ ̃̅̃˼̄̉˷, ̇˷˾˹˿˹˷˼̃̅˺̅ ˻˹˿˺˷̉˼̂˼̃. ˤ˷ 
̇˿̈. 4 ˿˾̅˸̇˷˽˼̄˷ ̔̄˼̇˺˼̉˿̎˼̈́˷̖ ˻˿˷˺̇˷̃̃˷ 
˷̈˿̄̌̇̅̄̄̅˺̅ ˻˹˿˺˷̉˼̖̂. 

˦̇˿ ̆̅˻́̂̎̕˼̄˿˿ ̅˸̃̅̉́˿ ̈̉˷̉̅̇˷ ˷̈˿̄-

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

̉̅́˷ ˹̅˾̄˿́˷˼̉ ˹̇˷̐˷̐̕˼˼̖̈ ̃˷˺̄˿̉̄̅˼ ̆̅̂˼, 
̊˺̂̅˹˷̖ ̈́̅̇̅̈̉̓ ω0 ́̅̉̅̇̅˺̅, ̄˷˾̒˹˷˼̃˷̖ 

̈˿̄̌̇̅̄̄̅̀, ̄˷̌̅˻˿̖̉̈ ̆̅ ̋̅̇̃̊̂˼  

 


  1
0

2
,

ȏ

f

p
 (1) 

˺˻˼ f1 – ̎˷̈̉̅̉˷ ̆˼̇˼̃˼̄̄̅˺̅ ̉̅́˷ ̆̇̅̃̒̏-

̂˼̄̄̅̀ ̎˷̈̉̅̉̒, ˚̍; Ȑn – ̎˿̈̂̅ ̆˷̇ ̆̅̂̈̅̕˹ 

˻˹˿˺˷̉˼̖̂, ̅̆̇˼˻˼̖̖̂̉̈̕ ̆̅ ̆˷̈̆̅̇̉̄̒̃  

˻˷̄̄̒̃.  

˨˿̄̌̇̅̄̄̊̕ ̊˺̂̅˹̊̕ ̈́̅̇̅̈̉̓ ˹ ̄˷̊̎̄̅-

̉˼̌̄˿̎˼̈́̅̀ ̂˿̉˼̇˷̉̊̇˼ ̉˷́˽˼ ̅˸̅˾̄˷̎˷̉̕ ́˷́ 

ω1. ˧˷˾̄̅̈̉̓ ̃˼˽˻̊ ̄˼̀ ˿ ̉˼́̊̐˿̃ ˾̄˷̎˼̄˿˼̃ 

̊˺̂̅˹̅̀ ̈́̅̇̅̈̉˿ ̇̅̉̅̇˷ ω, ̅̉̄˼̈˼̄̄˷̖ ́ ̈́̅-

̇̅̈̉˿ ω (ω1), ̄˷˾̒˹˷˼̖̉̈ ̈́̅̂̓˽˼̄˿˼̃  

 
    

 
 
0 1

0 1

.s  (2) 

˛̖̂ ˻˹˿˺˷̉˼̂̓̄̅˺̅ ̇˼˽˿̃˷ s = 1–0, ˷ ̃̅̐-

̄̅̈̉̓ ̄˷ ˹˷̂̊ ˻˹˿˺˷̉˼̖̂ ̈̅̈̉˷˹̖̂˼̉  

   ̃˼̌ ̔̃(1 ).N M N s  (3) 
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˧˿̈. 4. ˴̄˼̇˺˼̉˿̎˼̈́˷̖ ˻˿˷˺̇˷̃̃˷ ˷̈˿̄̌̇̅̄̄̅˺̅ ˻˹˿˺˷̉˼̖̂ 

Fig. 4. The energy diagram of the induction motor 

 

ˣ̅̐̄̅̈̉̓ ̔̂˼́̉̇̅̃˷˺̄˿̉̄̅˺̅ ̖̆̅̂: 

  ̔̃ 0.N M  (4) 

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

̇̅̉̅̇: 

  0 .SN M s  (5) 

˧˷˾̄̅̈̉̓ 

  ̔̃ ̃˼̌ ̔̃N N N s  (6) 

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

̄̅˼ ˾̄˷̎˼̄˿˼ К˦˛ ̆̇˿ ̔̉̅̃ ̈̅̈̉˷˹˿̉ 

 


    ̃˼̌ ̔̃

̔̃ ̔̃

(1 )
1 .

N N s
s

N N
 (7) 

ǐǱǲǧǦǧǭǧǯǪǧ моǻǯоǳǴǪ моǭǧǬǵǭȁǲǯо-

ǤȁǩǬоǳǴǯоǥо ǤǢǬǵǵмǯоǥо ǯǢǳоǳǢ 

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

̇̅̈̉˿ ̇̅̉̅̇˷, ̇˷˸̅̎˷̖ ̎˷̈̉̅̉˷ ̇̅̉̅̇˷ ˣВВˤ 

̅̆̇˼˻˼̖̂˼̖̉̈ ̉̇˼˸̊˼̃̒̃˿ ̅̉́˷̎̄̒̃˿ ̆˷̇˷-
̃˼̉̇˷̃˿ ̄˷̈̅̈˷. ˦̇˿ ˻˿˷̃˼̉̇˼ ̇̅̉̅̇˷ 58·10–3 ̃ 

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

̈́̅̇̅̈̉˿ ̇̅̉̅̇˷ ̅̉ 80 ̃/̈ (̎˷̈̉̅̉˷ ˹̇˷̐˼̄˿̖ 

̇̅̉̅̇˷ 26340 ̅˸/̃˿̄) ˻̅ 274 ̃/̈ (̎˷̈̉̅̉˷ ˹̇˷-
̐˼̄˿̖ ̇̅̉̅̇˷ 90000 ̅˸/̃˿̄) [8].  

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

̈̇˼˻˼ (̅̈̅˸˼̄̄̅ ̆̇˿ ̆̊̈́˼ ̄˷̈̅̈˷), ̄˼̅˸̌̅˻˿-

̃̅ ̊˹˼̂˿̎˿̉̓ ˼˺̅ ̃̅̐̄̅̈̉̓ ̄˷ 10–15 % ˻̖̂ 

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

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

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

̃̅̐̄̅̈̉̓ ̃̅̂˼̖́̊̂̇̄̅-˹̖˾́̅̈̉̄̅˺̅ ˹˷́̊̊̃-

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

      ̈˽ ˺ ̉̇ ̆ ˿̄ ˹ ̅1,1 В̉,N N N N N N  (8) 

˺˻˼ ̈̅̈̉˷˹̖̂̐̕˿˼ ̃̅̐̄̅̈̉˿, ˾˷̉̇˷̎˿˹˷̖̉̈̕ ̄˷ 
̈˽˷̉˿˼ ˺˷˾˷ ˹ ̆̇̅̉̅̎̄̅̀ ̎˷̈̉˿ ̄˷̈̅̈˷ (N̈˽), ̄˷ 
˺˷˾̅˻˿̄˷̃˿̎˼̈́̅˼ ̉̇˼̄˿˼ (N˺ ̉̇), ̄˷ ̆̇˼̅˻̅̂˼-
̄˿˼ ̉̇˼̄˿̖ ˹ ̆̅˻̏˿̆̄˿́̅˹̅̃ ̊˾̂˼ (N̆), ̄˷ ̆̇˼-
̅˻̅̂˼̄˿˼ ̈˿̂ ˿̄˼̇̍˿˿ (N˿̄) ˿ ˻̖̂ ̆˿̉˷̄˿̖ 

˹̈̆̅̃̅˺˷̉˼̂̓̄̅˺̅ ̅˸̅̇̊˻̅˹˷̄˿̖ (N˹ ̅). 

ˣ̅̐̄̅̈̉̓ N̈˽ ̅̆̇˼˻˼̖̂˼̖̉̈ ˾˷˹˿̈˿̃̅̈̉̓̕  

 
 

   
 

̄
̈˽ ˿˾ ̄ ˹̈

˹̈
2,3 lg ,

p
N L G s p

p
 (9) 

˺˻˼ G – ̃˷̈̈̅˹̒̀ ̇˷̈̌̅˻ ˺˷˾˷, ́˺/̈; L˿˾ – ˿˾̅-

̉˼̇̃˿̎˼̈́˷̖ ̇˷˸̅̉˷, ˛˽/́˺; s̄ – ˸̒̈̉̇̅̉˷ ˻˼̀-

̈̉˹˿̖ ̄˷̈̅̈˷, ̃3/̈; p˹̈ – ̃˿̄˿̃˷̂̓̄̅˼ ̇˷˸̅̎˼˼ 
˻˷˹̂˼̄˿˼ ˹̈˷̈̒˹˷̄˿̖, ˦˷; R – ˺˷˾̅˹˷̖ ̆̅̈̉̅-

̖̄̄˷̖, ˛˽/(́˺·K); ǲ – ̉˼̃̆˼̇˷̉̊̇˷ ˺˷˾˷, K; p̄ – 

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

N̈˽ ̊˹˼̂˿̎˿˹˷˼̖̉̈ (̇˿̈. 5) ̆̅ ̅̉̄̅̏˼̄˿̕ ́ 

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

̈̅̅̉˹˼̉̈̉˹̊˼̉ 1 ˦˷. ˩˷́ ́˷́ ˣВВˤ ̇˷˸̅̉˷˼̉ ˹ 

̅̈̄̅˹̄̅̃ ˹ ˻˿˷̆˷˾̅̄˼ ˻˷˹̂˼̄˿̀ ̅̉ 1 ˻̅ 105 ˦˷, 
̄˼̅˸̌̅˻˿̃̅ ̊̎˿̉̒˹˷̉̓ ̊˹˼̂˿̎˼̄˿˼ ̃̅̐̄̅̈̉˿ 

N̈˽ ˿ N˺ ̉ ̇ ˾˷ ̈̎˼̉ ̊˹˼̂˿̎˼̄˿̖ ́̅̄̍˼̄̉̇˷̍˿˿ ˺˷˾˷ 
(̈̆̂̅̏̄˷̖ ̈̇˼˻˷) ˿ ˹̂˿̖̄˿̖ ̉̇˼̄˿̖ ˺˷˾˷ ̅ ̆̅-

˹˼̇̌̄̅̈̉˿ ́˷̄˷̂̅˹ ̆̇̅̉̅̎̄̅̀ ̎˷̈̉˿ ̄˷̈̅̈˷. 
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˧˿̈. 5. ˞˷˹˿̈˿̃̅̈̉̓ ˿˾̅̉˼̇̃˿̎˼̈́̅̀ ̇˷˸̅̉̒ ̅̉ ˻˷˹̂˼̄˿̖ ˹̈˷̈̒˹˷̄˿̖  

̆̇˿ ˹˼̂˿̎˿̄˷̌ ˻˷˹̂˼̄˿̖ ̄˷˺̄˼̉˷̄˿̖ 105 (1) ˿ 104 (2) ˦˷ 

Fig. 5. The dependence of the isothermal operation of the suction pressure  

at values of the discharge pressure 105 (1) and 104 (2) Pa 

 

В ˾˷˹˿̈˿̃̅̈̉˿ ̅̉ ̉˿̆˷ ̆̅˻̏˿̆̄˿́̅˹̅˺̅ 

̊˾̂˷ ̃̅̐̄̅̈̉̓, ˾˷̉̇˷̎˿˹˷˼̃˷̖ ̄˷ ̆̇˼̅˻̅̂˼̄˿˼ 
̉̇˼̄˿̖ ˹ ̄˼̃ [16], ̈̅̈̉˷˹̖̂˼̉ ̅̉ 50 ˻̅ 150 В̉. 
ˣ̅̐̄̅̈̉̓, ˾˷̉̇˷̎˿˹˷˼̃˷̖ ̄˷ ̆̇˼̅˻̅̂˼̄˿˼ 
̉̇˼̄˿̖ ˹ ̆̅˻̏˿̆̄˿́̅˹̅̃ ̊˾̂˼, ˹̒̇˷˽˷˼̖̉̈ 

˾˷˹˿̈˿̃̅̈̉̓̕ 
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̆
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9550

M n
N  (10) 

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

̈̂˼˻̊̐̕˼̀ ̋̅̇̃̊̂˼: 

   
2

7 3
3

o ̈̇ ̆10 .M n f D  (11) 

˞˻˼̈̓ ν – ́˿̄˼̃˷̉˿̎˼̈́˷̖ ˹̖˾́̅̈̉̓ ̈̃˷˾̅̎̄̅˺̅ 

̃˷̉˼̇˿˷̂˷ ̆̅˻̏˿̆̄˿́˷, ̃̃2/̈; fo – ́̅̔̋̋˿-

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

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

̏˿̆̄˿́˷, ̃. 

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

 





2

˿̄
̃˼̌

,
1800

In
N

t
 (12) 

˺˻˼ I – ̃̅̃˼̄̉ ˿̄˼̇̍˿˿ ̇̅̉̅̇˷ ̅̉̄̅̈˿̉˼̂̓̄̅ 

̅̈˿ ˹̇˷̐˼̄˿̖, ́˺·̃2; n – ̎˷̈̉̅̉˷ ˹̇˷̐˼̄˿̖ ̇̅-

̉̅̇˷, ̅˸/̃˿̄; t – ˹̇˼̖̃ ̇˷˾˺̅̄˷ ̇̅̉̅̇˷ ˻̅ ̇˷-
˸̅̎˿̌ ̎˿̈̂˼ ̅˸̅̇̅̉̅˹, ̈; η̃˼̌ – ̃˼̌˷̄˿̎˼̈́˿̀ 

К˦˛. 

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

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

̖̖̂̉̓̈ ̆̊̉˼̃ ˹˷̇̓˿̇̅˹˷̄˿̖ ˸̅̂̓̏˼˺̅ ̎˿̈̂˷ 
̆˷̇˷̃˼̉̇̅˹ (̇˿̈. 6). 

˩˷́ ́˷́ ˹ ́˷̎˼̈̉˹˼ ̔̂˼́̉̇̅̆̇˿˹̅˻˷ ˣВВˤ 

˿̈̆̅̂̓˾̊˼̖̉̈ ˷̈˿̄̌̇̅̄̄̒̀ ˹̒̈̅́̅̎˷̈̉̅̉̄̒̀ 

̔̂˼́̉̇̅˻˹˿˺˷̉˼̂̓ ̈ ́̅̇̅̉́̅˾˷̃́̄̊̉̒̃ ̇̅̉̅-

̇̅̃, ˼˺̅ ̆̅˻́̂̎̕˼̄˿˼ ́ ̄˷̈̅̈̊ ̅̈̊̐˼̈̉˹̖̂˼̉-
̖̈ ̎˼̇˼˾ ̃̊̋̉̊. ˦̇˿ ̔̉̅̃ ̇˼˺̊̂˿̇̅˹˷̄˿˼ ̆˷̇˷-
̃˼̉̇̅˹ ˻˹˿˺˷̉˼̖̂ ˹̖̒̆̅̂̄˼̖̉̈ ̆̇˼̅˸̇˷˾̅˹˷̉˼-
̂˼̃ ̎˷̈̉̅̉̒ (̇˿̈. 7). ˦̇˿ ̔́̈̆˼̇˿̃˼̄̉˷̂̓̄̅̃ 

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

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

̎˼̈́̅̀ ̃̅̐̄̅̈̉˿. 
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Ɋɟɝɭɥɢɪɨɜɚɧɢɟ ɫɤɨɪɨɫɬɢ  
ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɫɬɚɬɨɪɚ

ɉɟɪɟɤɥɸɱɟɧɢɟ 
ɱɢɫɥɚ ɪ  

ɩɚɪ ɩɨɥɸɫɨɜ 

 
 

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

Fig. 6. Methods of asynchronous motor speed control 
 

ɋ
ɟɬ
ɶ 

n

 

˧˿̈. 7. ˨̌˼̃˷ ̆̅˻́̂̎̕˼̄˿̖ ̔̂˼́̉̇̅˻˹˿˺˷̉˼̖̂ ́ ˣВВˤ 

Fig. 7. Wiring diagram of motor to MVVN  

 

ǉǢǬǭȀǹǧǯǪǧ 
В ̆̇̅˹˼˻˼̄̄̅̃ ˿̈̈̂˼˻̅˹˷̄˿˿ ̅̆̇˼˻˼̂˼̄̒ 

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

̃̅̐̄̅̈̉˿ ̄˷̈̅̈˷ ˿ ̈̅̈̉˷˹̖̂̐̕˿˼ ̈̊̃̃˷̇̄̅̀ 

̃̅̐̄̅̈̉˿. 

˪̈̉˷̄̅˹̂˼̄̅, ̎̉̅ ̎˷̈̉̓ ̇˷̈̌̅˻̊˼̃̅̀ ̃̅̐-

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

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

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

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

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

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

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

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

˹ ̃̅̂˼̖́̊̂̇̄̅-˹̖˾́̅̈̉̄̅̃ ˿ ˹̖˾́̅̈̉̄̅̃ ̇˼-

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

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

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

˥̈̄̅˹̄̅˼ ̄˷̆̇˷˹̂˼̄˿˼ ˿̈̈̂˼˻̅˹˷̄˿̀ ̆̅ 

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

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

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

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

̇̅̈̉˼̀ ˹̇˷̐˼̄˿̖ ̇̅̉̅̇̅˹ ̄˷̈̅̈˷. 
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ЭКСПЕРТНЫЕ ОЦЕНКИ ГЛАВНЫХ ПРОБЛЕМ РАЗВИТИЯ  
ЭЛЕКТРОЭНЕРГЕТИКИ КАЗАХСТАНА 

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

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

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

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

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

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

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

̔̄˼̇˺˼̉˿́˿ ̈ ̍˼̖̂̃˿ ̅̉̇˷̈̂˿ ˿ ̈̉̇˷̄̒. ˴̉̅ ̄˼̅˸̌̅˻˿̃̅ ˻̖̂ ˹̒˸̅̇˷ ̆̊̉˿ ̊̈̉̇˷̄˼̄˿̖ ̆̇̅˸̂˼̃̒. 
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EXPERT EVALUATIONS OF MAIN PROBLEMS IN DEVELOPMENT  
OF ELECTRIC ENERGY IN KAZAKHSTAN 

The article reviews the problems associated with development of the electric power industry in Kazakhstan. We 

have devised a methodological approach to identifying the main problems of the industry’s development, a three-

stage scheme for solving problems and multidimensional ranging procedures, allowing to establish the priorities for 

the development of the industry in conjunction with the key goals of the country. The proposed methodological ap-

proach to choosing the main problems of the branch, that is, the electric power industry, should perhaps make it 

possible to use ideas and some parts of this approach in other areas or complex sectors of the economy. A new ele-

ment, which is taking into account the main interests of the region during significant changes in energy enterprises, 

was added to the supplementary elements of the planning scheme for the development strategy of energy companies 

that we previously proposed (consideration of the country’s main problems; optimization of financial and organiza-

tional forms of enterprises in the industry). A method for such accounting has been developed, based on construc-

tion of cognitive maps. The standard of living of the region’s population is taken as the main final parameter of the 

region. An algorithm is proposed for confirming the presence or absence of links between the politicians and the 

goals of the industry and the country. The task of the algorithm is to determine whether the given problem is associ-

ated with the above indicators. The solution for this task determines the method chosen for solving problem in the 

algorithm for identifying the main problems of the industry. In this study we have reviewed the development of 

branches of electronics in Kazakhstan.  The goal of the study is in developing the theoretical and methodological 
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guidelines and practical recommendations for identifying priority problems in the power industry for formulating 

strategic plans for development of the power industry in the country. The following tasks were set and solved to 

achieve the goal:  1. to develop a methodology for identifying the main economic problems of the power industry in 

terms of competitiveness;  2. to investigate the existing methodological approaches and propose an original ap-

proach to identifying the main problems in the development of the country's electric power industry;  3. to propose 

a methodology for ranking the priority problems of the industry, based on taking into account the connections of 

organizational and financial form of enterprises with the growth of innovation, the scale of investment and the level 

of competitiveness;  4. to develop a toolkit for assessing the impact of the industry’s priority problems on the security 

level of a country and the life of the population. 

Keywords: problems of industry; ranking problems; objectives of country; objectives of industry; index of 

competitiveness. 
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В ̇˷˸̅̉˷̌ [1–4] ˷˹̉̅̇̅˹ ̆̇˼˻̂̅˽˼̄ ̃˼̉̅-

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

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

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

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

̆̇̅˸̂˼̃ ̅̉̇˷̈̂˿ ̅̈̄̅˹̒˹˷˼̖̉̈ ˿̈́̂̎̕˿̉˼̂̓̄̅ 

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

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

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

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

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

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

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

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

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

˺̅̎˿̈̂˼̄̄̅̈̉̓̕ ̆̇̅˸̂˼̃ ̅̉̇˷̈̂˿ ̄˷ ˻˷̄̄̅̃ 

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

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

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

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

̈̎˼̉ ̃̅˻˼̇̄˿˾˷̍˿˿ ̃̅̐̄̅̈̉˼̀; 

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

˸̅̂̓̏̅̀ ˿˾̄̅̈ ̔̄˼̇˺˼̉˿̎˼̈́˿̌ ̃̅̐̄̅̈̉˼̀;  

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

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

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

̔̄˼̇˺̅̈̄˷˸˽˼̄˿̖; 

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

̅̉̈̊̉̈̉˹˿˼ ̈̉˿̃̊̂̅˹ ̊ ̔̄˼̇˺̅̆̇̅˿˾˹̅˻˿̉˼-
̂˼̀ ́ ̄̅˹̅˹˹˼˻˼̄˿̖̃; 

̊˹˼̂˿̎˼̄˿˼ ˿ ̊̈̂̅˽̄˼̄˿˼ ̔̄˼̇˺̅̆̅̉̅́̅˹; 

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

́̅̉˼̌̄̅̂̅˺˿̎̄̒̌ ̇˼̏˼̄˿̀ ˹ ̅̉̇˷̈̂˿; 

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

«̔́̅̂̅˺˿̎˼̈́̅̀ ̎˿̈̉̅̉˼» ̆̇̅˿˾˹̅˻̈̉˹˷; 
̈̅́̇˷̐˼̄˿˼ ́̅̄́̊̇˼̄̉̄̅̀ ̈̇˼˻̒ ̈̇˼˻˿ ̔̄˼̇-

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

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

50 % ̆̅̈̉˷˹̅́ ̔̂˼́̉̇˿̎˼̈́̅̀ ̔̄˼̇˺˿˿ К˷˾˷̌̈̉˷̄˷ 
̈̅̈̇˼˻̅̉̅̎˼̄  ̅̈˼̀̎˷  ̈̄˷ ̉̇˼̌ ̔̂˼́̉̇̅̈̉˷̄̍˿̖̌); 

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

̉˿̀ ́ ˹̄˼˻̇˼̄˿̕ ̄̅˹̅̀ ̉˼̌̄˿́˿; 

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

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

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

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

̔̉̅˺̅ ̉̇˼˸̊̉̕ ̇˷̈̎˼̉̒, ̉˷̇˿̋̅˹ ˻̖̂ ̆̇̅̃̒̏-

̂˼̄̄̒̌ ̆̅̉̇˼˸˿̉˼̂˼̀). 

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

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

˹̒̃˿ ̆̇˿̄̍˿̆˷̃˿, ̉̇˼̌̈̉̊̆˼̄̎˷̉̅̀ ̈̌˼̃̅̀ 

̅̉˸̅̇˷ ̆̇̅˸̂˼̃ ˿ ̆̇̅̍˼˻̊̇̅̀ ˿̌ ̃̄̅˺̅̃˼̇̄̅-

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

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

̎˼˹̒̃˿ ̍˼̖̂̃˿ ̈̉̇˷̄̒. 

А̄˷̂˿˾ ̔́̈̆˼̇̉̄̒̌ ̅̍˼̄̅́ ˹̖̒˹̂˼̄˿̖ 

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

̈̂˼˻̊̐̕˿̃ ̇˼˾̊̂̓̉˷̉˷̃. 

АǭǥоǲǪǴм ǱоǦǴǤǧǲǨǦǧǯǪȁ ǯǢǭǪǹǪȁ  

ǪǭǪ оǴǳǵǴǳǴǤǪȁ ǳǤȁǩǧǫ ǬǢǨǦоǫ Ǳǲобǭǧмǽ  

ǿǭǧǬǴǲоǿǯǧǲǥǧǴǪǬǪ ǳ ǸǧǭȁмǪ оǴǲǢǳǭǪ Ǫ ǳǴǲǢǯǽ  

˴́̅̄̅̃˿̎˼̈́˷̖ ̉˼̅̇˿̖ [5–10] ̆̅˻̈́˷˾̒˹˷-

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

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

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

̋˷́̉̅̇ S), ́̅̄́̊̇˼̄̉̅̈̆̅̈̅˸̄̅̈̉̓ ̆̇˼˻̆̇˿̖-

̉˿̀ ̅̉̇˷̈̂˿ (К), ˿̄̄̅˹˷̉˿˹̄̅̈̉̓ ̅̉̇˷̈̂˿, ̉. ˼. 
̄˷̆̇˷˹̂˼̄̄̅̈̉̓ ̅̉̇˷̈̂˿ ˹ ̍˼̂̅̃ ̄˷ ˿̄̄̅˹˷̍˿-

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

˺˿̎˼̈́˷̖ ˺̅̉̅˹̄̅̈̉̓» (H), ̃˷̈̏̉˷˸̄̅̈̉̓ ˿̄˹˼-
̈̉˿̍˿̀ (И). А ̈̊̆˼̇-̍˼̖̂̃˿ ̈̉̇˷̄̒ ̖˹̖̖̂̉̈̕ 

̅˸˼̈̆˼̎˼̄˿˼ ˸˼˾̅̆˷̈̄̅̈̉˿ ̈̉̇˷̄̒ (ǃ) ˿ ̅˸˼̈̆˼-
̎˼̄˿˼ ̇̅̈̉˷ ˽˿˾̄˼̄̄̅˺̅ ̊̇̅˹̖̄ ̄˷̈˼̂˼̄˿̖ (ǈ). 

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

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

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

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

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

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

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

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

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

˩ ˷ ˸ ̂ ˿ ̍ ˷  1  

ǒǧǩǵǭǾǴǢǴǽ оǱǲоǳǢ ǺǧǳǴǪ ǿǬǳǱǧǲǴоǤ Ǳо Ǳǲобǭǧмǧ № 1, 

ǲǢǳǹǧǴǽ Ǫ ǤǽǤоǦǽ 

T a b l e  1  

Results of a survey of six experts on the issue number 1, 

calculations and conclusions 

˴́̈̆˼̇̉̒ 
˦̅́˷˾˷̉˼̂˿-̍˼̂˿ 

K S Н И ǃ ǈ

A 1 1 0,5 0,5 1 0,5

˘ 0 0 0,5 1 0,5 0,5

В 0,5 0,5 1 1 1 1 

˚ 1 0 1 0 1 1 

˛ 1 1 0,5 1 1 1 

˜ 1 1 0,5 1 1 1 

˨̊̃̃˷ ̅̍˼̄̅́ 

̆̅ ̈̉̅̂˸̍̊ 

4,5 3,5 4 4,5 5,5 5 

˨̊̃̃̒ ̅̍˼̄̅́ 

˹ ̄̅̇̃˿̇̅˹˷̄̄̅̀ 

̏́˷̂˼ (0 – 1) 

0,751 0,584 0,667 0,751 0,918 0,834

˟̉̅˺̅˹˷̖ 

В˼̇˸˷̂̓̄˷  ̖̅ ̍˼̄́˷
˻˷ ̄˼̉ ̄˼̉ ˻˷ ˻˷ ˻˷ 

˞̄˷́ ˹ ̉˷˸̂˿̍˼ + – – + + + 

 

˥̈̄̅˹̄̒˼ ˿˻˼˿ ˷̂˺̅̇˿̉̃˷:  
1) ̆̅ ́˷˽˻̅̃̊ ̆̅́˷˾˷̉˼̂̕-̍˼̂˿ ̔́̈̆˼̇̉ 

̃̅˽˼̉ ˻˷̉̓ ̅˻̄̊ ˿˾ ̉̇˼̌ ̅̍˼̄̅́ – 0 (̄˼̉ ̈˹̖-

˾˿), 1 (̆̅ ˼˺̅ ̃̄˼̄˿̕, ˼̈̉̓ ̈˹̖˾̓), 0,5 (̄˼̅̆̇˼-
˻˼̂˼̄̄̅˼ ̃̄˼̄˿˼); ̉˷́˿̃ ̅˸̇˷˾̅̃, ̆̇˿ ̏˼̈̉˿ 

̔́̈̆˼̇̉˷̌ ˿̃˼˼̃ ˹̅˾̃̅˽̄̊̕ ̈̊̃̃̊ ̅̍˼̄̅́ ̆̅ 

́˷˽˻̅̃̊ ̆̅́˷˾˷̉˼̂̕-̍˼̂˿ ̅̉ 0 ˻̅ 6;  

2) ̆̇˿ ̆˼̇˼̌̅˻˼ ́ ̄̅̇̃˿̇̅˹˷̄̄̅̀ ̏́˷̂˼ 
˿̃˼˼̃ ˹̅˾̃̅˽̄̊̕ ̈̊̃̃̊ ̅̍˼̄̅́ ̆̅ ́˷˽˻̅̃̊ 

̆̅́˷˾˷̉˼̂̕-̍˼̂˿ ̅̉ 0 ˻̅ 1; 

3) ˹ ̉˼̅̇˿˿ ́̅̇̇˼̖̂̍˿˿ ̆̇˿̖̄̉̅ ˿ ˻̅́˷˾˷-

̄̅, ̎̉̅ ˾̄˷̎˿̃˷̖ ̈˹̖˾̓ ˹ ̄̅̇̃˿̇̅˹˷̄̄̅̀ 

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

̆˷̇̄̅̀ ́̅̇̇˼̖̂̍˿˿ ̆̇˿̃˼̇̄̅ ̅̉ 0,7 ˿ ˹̒̏˼ ˹ 

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

̈̂̊̎˷˼ – ˹ ˾˷˹˿̈˿̃̅̈̉˿ ̅̉ ̎˿̈̂˷ ̔́̈̆˼̇̉̅˹). 

˥̉̈̕˻˷ ̆̅̂̊̎˷˼̃ ˺̇˷̄˿̍̊ ˾̄˷̎˿̃̅̈̉˿ ̅̍˼-
̄̅́: ~ 0,7 (̉̅̎̄˼˼ – ̅̉ 0,668 ˻̅ 0,751; ̈̃. 

̉˷˸̂. 2).  
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˩ ˷ ˸ ̂ ˿ ̍ ˷  2  

ǚǬǢǭǽ ǳǵммǢǲǯǽǷ ǿǬǳǱǧǲǴǯǽǷ оǸǧǯоǬ  

Ǫ ǥǲǢǯǪǸǢ ǩǯǢǹǪмоǳǴǪ 

T a b l e  2  

Scales of total expert assessments and significance limit 

В̅˾̃̅˽̄˷̖ 

̈̊̃̃˷ ̅̍˼̄̅́ 

̆̅ ̈̉̅̂˸̍̊ 

˩̅ ˽˼  
˹ ̄̅̇̃˿̇̅˹˷̄̄̅̀ 

̏́˷̂˼ (0–1) 

˞̄˷̎˿̃̅̈̉̓ 

̈˹̖˾˿ 

0 0 

«ˤ˼̉» 

(̄˼˾̄˷̎˿̃˷̖ 

̈˹̖˾̓) 

1 0,167 

2 0,334 

3 0,5 

4 0,667 

4,5 0,751 «˛˷»  

(˾̄˷̎˿̃˷̖ 

̈˹̖˾̓) 

5 0,834 

6 1 

 

˦̇˼˻̆̅̂˷˺˷˼̃̒˼ ̔̋̋˼́̉̒ ̅̉ ̆̇˿̃˼̄˼̄˿̖ 

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

̂˼̄̒ ̈̂˼˻̊̐̕˿̃: 

1) ̊˹̖˾́̅̀ ̅̆˼̇˷̍˿˿ ̇˷̄˽˿̇̅˹˷̄˿̖ ̆̇̅-

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

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

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

̆̇̅̍˼˻̊̇˷ ̉˼̖̇˼̉ ˹̅ ̃̄̅˺̅̃ ̅˸̅̈̄̅˹˷̄̄̅̈̉̓, 

̄̅̈˿̉ ˹ ̄˼́̅̉̅̇̅̃ ̈̃̒̈̂˼ ̈̂̊̎˷̀̄̒̀ ̌˷̇˷́-

̉˼̇ ˿ ̃̅˽˼̉ ̄˼ ̉̅̂̓́̅ ̄˼ ̊̂̊̎̏˿̉̓ ̍˼̂˿ ˹˼̇̌-
̄˼˺̅ ̆̅ ̅̉̄̅̏˼̄˿̕ ́ ̅̉̇˷̈̂˿ ̊̇̅˹̖̄ ̊̆̇˷˹̂˼-
̄˿̖ (̈̉̇˷̄̅̀), ̄̅ ˿ ̅̉˻˷̂˿̉̓ ˻̅̈̉˿˽˼̄˿˼ ̔̉˿̌ 
̍˼̂˼̀. ˦̅̈́̅̂̓́̊ ˹ ̆̇˼˻̂̅˽˼̄̄̅̃ ̃˼̉̅˻̅̂̅-

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

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

̊̎˼̉ ̍˼̂˼̀ ̈̉̇˷̄̒, ̔̉̅ ̃̅˽˼̉ ̆̅̈̂̊˽˿̉̓ ̅˸̑-

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

̄˷˾̒˹˷˼̃̅̀ «˷́̉̊˷̂˿˾˷̍˿˿») ̇˼˺˿̅̄˷̂̓̄̒̌ 

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

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

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

2) ̅˸̑˼́̉˿˹̄̒̃ ˹̒˸̅̇̅̃ ˺̂˷˹̄̒̌ ̆̇̅˸̂˼̃ 

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

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

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

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

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

3) ̆̅̈́̅̂̓́̊ ̅˻̄˷ ˿˾ ̍˼̂˼̀ ̈̉̇˷̄̒ – ̇̅̈̉ 
˼˼ ́̅̄́̊̇˼̄̉̅̈̆̅̈̅˸̄̅̈̉˿, ́̅̉̅̇˷̖, ̆̅̃˿̃̅ 

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

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

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

̉˷, ̊̂̊̎̏˼̄˿̕ ˻̇̊˺˿̌ ̍˼̂˼̀ ̈̉̇˷̄̒ ˿ ̉. ̆.; 

4) ̇˷˾̇˷˸̅̉˷̄̄̒˼ ˻˼̉˷̂̓̄̒˼ ˿ ̎˼̉́̅ ̈̉̇̊́-

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

̆̇̅̃˼˽̊̉̅̎̄̒̌ ˿ ̅́̅̄̎˷̉˼̂̓̄̒̌ ̇˼̏˼̄˿̀ ̆̅ 

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

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

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

̉˿̄̄̅̀ ̎˷̈̉˿ ̇˷˸̅̉̒, ̈˻˼̂˷̉̓ ̔̉̅̉ ̆̇̅̍˼̈̈ 
̃˼̄˼˼ ˹̇˼̖̃˼̃́˿̃; 

5) ̃˼̉̅˻̅̂̅˺˿̎˼̈́˿̀ ̆̅˻̌̅˻ ̆̇˼˻̆̅̂˷˺˷˼̉ 
˹ ́˷̎˼̈̉˹˼ ̆˼̇˹̅˺̅ ̏˷˺˷ ̈̅̈̉˷˹̂˼̄˿˼ ̆̅   

˹̅˾̃̅˽̄̅̈̉˿ ̃˷́̈˿̃˷̂̓̄̅ ̆̅̂̄̅˺̅ ̆˼̇˼̖̎̄ 

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

̃˷̂̓̄̅ ̆̅̂̄̅˺̅ ̈̆˿̈́˷ ˿̄̋̅̇̃˷̍˿̅̄̄̒̌ ˿̈-
̉̅̎̄˿́̅˹, ̎̉̅ ̆̅˾˹̅̂˿̉ ˿˾˸˼˽˷̉̓ «̆̇̅̆̊̈́̅˹» 

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

6) ˿̈̆̅̂̓˾̅˹˷̄˿˼ IT-̉˼̌̄̅̂̅˺˿˿ ̆̇˿ ̇˷˾-
̇˷˸̅̉́˼ ̈̉̇˷̉˼˺˿̎˼̈́˿̌ ̆̇̅˺̇˷̃̃ ̅̉̇˷̈̂˿ 

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

̇˼̏˼̄˿̀; 

7) ̆̇˼˻̂̅˽˼̄̄̒̀ ̃˼̉̅˻̅̂̅˺˿̎˼̈́˿̀ ̆̅˻-

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

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

˺˿̌ ̈̂̅˽̄̒̌ ˿̂˿ ́̅̃̆̂˼́̈̄̒̌ ̈˼́̉̅̇˷̌ ̔́̅-

̄̅̃˿́˿. 

˟̈̉̅̎̄˿́˿ ˹̅˾̄˿́̄̅˹˼̄˿̖ ̆̇̅˸̂˼̃ ̔̂˼́-

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

́̂˷̈̈̅˹. 
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ǯȅȐвțȉ Ȋȋаȑȑ – «̖̆̅̈̉̅̄̄̅ ˻˼̀̈̉˹̊̐̕˿˼ 
˿̈̉̅̎̄˿́˿» ̆̇̅˸̂˼̃ ̅̉̇˷̈̂˿ (̔̂˼́̉̇̅̔̄˼̇˺˼-
̉˿́˷), ́̅̉̅̇̒˼ ̈˹̖˾˷̄̒ ̈ ̆̇˿̈̊̐˿̃˿ ˿̃˼̄̄̅ 

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

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

̃̅˽̄̅ ̅̉̄˼̈̉˿ ̈̂˼˻̊̐̕˿˼:  
а) ˹̒̈̅́̅̉˼̌̄̅̂̅˺˿̎̄̅̈̉̓. ˴̂˼́̉̇̅̔̄˼̇˺˼-

̉˿́˷ ̆̇̅˻̅̂˽˷˼̉ ̅̉̄̅̈˿̖̉̓̈ ́ ̈̂̅˽̄̒̃ ˿ ˹̒-

̈̅́̅̉˼̌̄̅̂̅˺˿̎˼̈́˿̃ ̅̉̇˷̖̈̂̃, ˺˻˼ ̖̆̅̈̉̅̄̄̅ 

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

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

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

̆̅̉̇˼˸̂˼̄˿˿. В ̔̂˼́̉̇̅̔̄˼̇˺˼̉˿́˼ ̊˽˼ ̃̄̅˺˿̌ 

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

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

˺˿˿ ˿ ˹̅˾̅˸̄̅˹̖̂˼̃̒̌ ˿̈̉̅̎̄˿́̅˹;  

ȁ) ̈̂̅˽̄̅̈̉̓, ˹̈˼̅˸̐̄̅̈̉̓ ˿ ̖̆̅̈̉̅̄̈̉˹̅ 

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

˾̖̀̈̉˹˷ ̈̉̇˷̄̒ ̅̉ ̔̂˼́̉̇̅̔̄˼̇˺˼̉˿́˿; 

в) ́̅̃˸˿̄˿̇̅˹˷̄̄̅̈̉̓ ̆̇̅˿˾˹̅˻̈̉˹˷. ˴̉̅ 

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

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

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

̔̂˼́̉̇̅̔̄˼̇˺˿̖, ̄̅ ˿ ̉˼̆̂̅̔̄˼̇˺˿̖ ˿ ˼̐˼ ̅˻˿̄ 

̆̇̅˻̊́̉ – ̌˿̃̅̎˿̐˼̄̄˷̖ ˹̅˻˷. 
ВȒȎȐȎȉ Ȋȋаȑȑ ˿̈̉̅̎̄˿́̅˹ ̆̇̅˸̂˼̃ – «˹̇ȅ-

̃˼̄̄̒˼, ̉. ˼. ̆̇˼̌̅˻̖̐˿˼ ˿̈̉̅̎̄˿́˿ ̆̇̅-

˸̂˼̃». К ̄˿̃ ̃̅˽̄̅ ̅̉̄˼̈̉˿:  

а) ̈̂̅˽̄̅̈̉˿ ̈̅˾˻˷̄˿̖ ́̅̄́̊̇˼̄̉̄̅̀ ̈̇˼-
˻̒ ˹ ̅̉̇˷̈̂˿;  

ȁ) ̉̇̊˻̄̅̈̉˿ ̆̅˹̒̏˼̄˿̖ ́̅̄́̊̇˼̄̉̅̈̆̅-

̈̅˸̄̅̈̉˿ ̔̄˼̇˺̅˺˼̄˼̇˿̇̊̐̕˿̌ ˿ ̔̄˼̇˺̅̈˼̉˼-
˹̒̌ ̆̇˼˻̆̇˿̖̉˿̀;  

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

̇˼̄˿̖ ̄̅˹̅̀ ̉˼̌̄˿́˿, ́˷́ ̆̇˷˹˿̂̅, ˿˾-˾˷ ̃˷̈-
̏̉˷˸̄̅̈̉˿ ˿ ˿̄˹˼̈̉˿̍˿̅̄̄̅˼̃́̅̈̉˿ ̉̇˼˸̊˼-
̃̅˺̅ ˻̖̂ ̔́̈̆˼̇˿̃˼̄̉̅˹ ̅˸̅̇̊˻̅˹˷̄˿̖. 
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МОДЕЛИРОВАНИЕ САЖЕОБРАЗОВАНИЯ В ЦИЛИНДРЕ ДИЗЕЛЯ 

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

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

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

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

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

˻˼̇˽˷̄˿̕ ̈˷˽˿, ̈̊̃̃˷̇̄˷̖ ̃˷̈̈˷ ̎˷̈̉˿̍ ̈˷˽˿ ˹ ̍˿̂˿̄˻̇˼ ˿ ̈̊̃̃˷̇̄̅˼ ̈˷˽˼˹̒˻˼̂˼̄˿˼. ˦̇̅˹˼˻˼-
̄̒ ̂˷˸̅̇˷̉̅̇̄̅-̈̉˼̄˻̅˹̒˼ ˿̈̈̂˼˻̅˹˷̄˿̖ ˻˿˾˼̖̂ 2ˮ 10,5/12,0 ̈ ̅̆̇˼˻˼̂˼̄˿˼̃ ˿̄˻˿́˷̉̅̇̄̅˺̅ ˻˷˹-

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

̈˿̎̄̅̈̉˿ ˿ ˻̒̃̄̅̈̉˿ ̅̉̇˷˸̅̉˷˹̏˿̌ ˺˷˾̅˹. ˧˼˾̊̂̓̉˷̉̒ ̃̅˻˼̂˿̇̅˹˷̄˿̖ ˻̒̃̄̅̈̉˿ ̅̉̇˷˸̅̉˷˹̏˿̌ ˺˷-
˾̅˹ ˻˿˾˼̖̂ ̆̅˻̉˹˼̇˽˻˼̄̒ ̔́̈̆˼̇˿̃˼̄̉˷̂̓̄̒̃˿ ˿˾̃˼̇˼̄˿̖̃˿ ̄˷ ̇˷˾̂˿̎̄̒̌ ̇˼˽˿̃˷̌ ̇˷˸̅̉̒. 
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posed. The current content of the gas mixture components in the reaction zone, depending on the angle of 
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ВǤǧǦǧǯǪǧ 
˛˿˾˼̂̓ – ̏˿̇̅́̅ ˿̈̆̅̂̓˾̊˼̃̒̀ ˻˹˿˺˷-

̉˼̂̓, ̆̅̈́̅̂̓́̊ ˿̃˼˼̉ ˹̒̈̅́̊̕ ̔̋̋˼́̉˿˹-

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

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

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

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

̈̉̇˷̄˷̃˿. ˨ ̇˷˾˹˿̉˿˼̃ ˷˹̉̅̃̅˸˿̂˿˾˷̍˿˿ ̅̄˿ 

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

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

̄̒̌ ̄˷ ̆̅˹̒̏˼̄˿˼ ̔̋̋˼́̉˿˹̄̅̈̉˿ ̇˷˸̅̉̒ 

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

˹̇˼˻̄̒̌ ˹̒˸̇̅̈̅˹ [1, 2]. 

˨˷˽˷ – ˺̂˷˹̄˷̖ ̈̅̈̉˷˹̖̂̐̕˷̖ ̉˹˼̇˻̒̌ ̎˷-

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

(˥˚) ˻˿˾˼̂˼̀; ̅̄˷ ̅˸̇˷˾̊˼̖̉̈ ˿˾ ̆̇̅˻̊́̉̅˹ 

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

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

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

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

̈̉˿̍̒ ̈̅˾˻˷̉̕ ̏˿̇̅́˿̀ ̈̆˼́̉̇ ̆˷˺̊˸̄̒̌ ̆̅-

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

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

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

̂˼˹˷̄˿̖ [3]. 

ˬ̖̅̉ ̉̇˷̄̈̆̅̇̉ – ́̂̎̕˼˹̅˼ ˾˹˼̄̅ ˹ ̃˿̇̅-

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

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

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

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

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

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

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

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

̔̉˿̌ ̆̇̅̍˼̈̈˷̌ [4, 5]. 

ǎǧǴоǦǪǬǢ Ǫ ǲǢǳǹǧǴǯǽǧ ǪǳǳǭǧǦоǤǢǯǪȁ 

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

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

˹̒˼ ˿̈̈̂˼˻̅˹˷̄˿̖ ˻˿˾˼̖̂ 2ˮ 10,5/12,0. 

˥̈̄̅˹̄̒˼ ̌˷̇˷́̉˼̇˿̈̉˿́˿ ˿ ̆˷̇˷̃˼̉̇̒ 

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

˩˿̆ ˻˿˾˼̖̂  ..................................  ˨ ˹̅˾˻̊̏̄̒̃  

 ̅̌̂˷˽˻˼̄˿˼̃  

 ˿ ̆̅̂̊̈̋˼̇˿̎˼̈́̅̀  

 ́˷̃˼̇̅̀ ̈˺̅̇˷̄˿̖ 

ˮ˿̈̂̅ ̍˿̂˿̄˻̇̅˹  ....................................  2 

˧˷˸̅̎˿̀ ̅˸̑˼̃  ....................................  2080 ̈̃3 

ˤ̅̃˿̄˷̂̓̄˷̖ ̎˷̈̉̅̉˷  
˹̇˷̐˼̄˿̖ ́̅̂˼̄̎˷̉̅˺̅ ˹˷̂˷  ...............1800 ̃˿̄–1 

˛˿˷̃˼̉̇ ̖̆̅̇̏̄  ..................................  10,5 ̈̃ 

ˬ̅˻ ̖̆̅̇̏̄  ..........................................  12,0 ̈̃ 

˨̉˼̆˼̄̓ ̈˽˷̉˿̖  ......................................  16,5 

˪̈̉˷̄̅˹̅̎̄̒̀ ̊˺̅̂ ̅̆˼̇˼˽˼̄˿̖  

˹̆̇̒̈́˷ ̉̅̆̂˿˹˷ ...........................  30 ˺̇˷˻. ˻̅ Вˣ˩ 

ˤ̅̃˿̄˷̂̓̄˷̖ ̃̅̐̄̅̈̉̓  .....................  18,4 ́В̉ 
˨̇˼˻̄˼˼ ̔̋̋˼́̉˿˹̄̅˼ ˻˷˹̂˼̄˿˼ ..........0,588 ˣ˦˷ 

˪˻˼̂̓̄̒̀ ̔̋̋˼́̉˿˹̄̒̀ ̇˷̈̌̅˻  

̉̅̆̂˿˹˷  ...........................................  241,8 ˺/́В̉̎ 

˴̋̋˼́̉˿˹̄̒̀ К˦˛  ..............................  0,351 

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

̅˸̅̇̊˻̅˹˷̄ ˻˷̉̎˿́˷̃˿ ˻˷˹̂˼̄˿̖ PS-01 ˹ ̍˿-

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

˹˼̇̌̄˼̀ ̃˼̇̉˹̅̀ ̉̅̎́˿ (Вˣ˩). ˨˿˺̄˷̂ ̈ ˻˷̉-
̎˿́̅˹ ̎˼̇˼˾ ̊̈˿̂˿̉˼̂̓ ˿ ˷̄˷̂̅˺̅˹̅-̍˿̋̇̅˹̅̀ 

̆̇˼̅˸̇˷˾̅˹˷̉˼̂̓ La-2USB12 ̆̅̈̉̊̆˷̂ ̄˷ ̆˼̇-

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

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

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

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

̅̉̃˼̉́˷̃ Вˣ˩) ˹ ̃̄̅˺̅̍˿́̂̅˹̊̕ ̃˷̉̇˿̍̊ [6].  

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

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

̉̇̅̄̄̒̃ ̍˿̋̇̅˹̒̃ ̉˷̌̅̃˼̉̇̅̃ ˩˭-1 ˹̅ ˹̇˼-
̖̃ ̈̉˼̄˻̅˹̒̌ ˿̈̆̒̉˷̄˿̀. ˨ ̆̅̃̅̐̓̕ ̆̇̅-

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

˾̄˷̎˼̄˿˼ ̋̊̄́̍˿˿ ˻˷˹̂˼̄˿̖ ˹ ̍˿̂˿̄˻̇˼ 
(̇˿̈. 1) ˿ ˼˺̅ ̆̅̂̅˽˼̄˿˼ ̅̉̄̅̈˿̉˼̂̓̄̅ Вˣ˩. 
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˧˿̈. 1. ˟̄˻˿́˷̉̅̇̄̅˼ ˻˷˹̂˼̄˿˼ ˹ ̍˿̂˿̄˻̇˼ ˻˿˾˼̖̂ 2ˮ10,5/12,0 ̄˷ ̄̅̃˿̄˷̂̓̄̅̃ ̇˼˽˿̃˼  
˹ ˾˷˹˿̈˿̃̅̈̉˿ ̅̉ ̊˺̂˷ ̆̅˹̅̇̅̉˷ ́̅̂˼̄̎˷̉̅˺̅ ˹˷̂˷ (˦КВ) 

Fig. 1. Indicator pressure in the diesel cylinder 2F 10.5/12.0 at nominal mode depending  

on the angle of rotation of the crankshaft (RCS) 

 

 а) Ɍɟɩɥɨɜɵɞɟɥɟɧɢɟ ȁ) ɋɤɨɪɨɫɬɶ ɬɟɩɥɨɜɵɞɟɥɟɧɢɹ

 
 

˧˿̈. 2. ˟̄̉˼˺̇˷̂̓̄˷̖ ̌˷̇˷́̉˼̇˿̈̉˿́˷ ˷́̉˿˹̄̅˺̅ (1) ˿ ̆̅̂̄̅˺̅ (2) ̉˼̆̂̅˹̒˻˼̂˼̄˿̖ (а) 

 ˿ ˻˿̋̋˼̇˼̄̍˿˷̂̓̄˷̖ ̌˷̇˷́̉˼̇˿̈̉˿́˷ ̉˼̆̂̅˹̒˻˼̂˼̄˿̖ ˹ ̍˿̂˿̄˻̇˼ ˻˿˾˼̖̂ (ȁ) 

Fig. 2. An integral characteristic of active (1) and complete (2) heat dissipation (а)  

and differential characteristics of heat generation in the cylinder of a diesel engine (ȁ) 

 

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

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

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

̐̓̕ ̈̎˼̉̎˿́˷ ˧˚-250, ̊̈̉˷̄̅˹̂˼̄̄̅˺̅ ̆˼̇˼˻ 

˹̆̊̈́̄̒̃ ́̅̂̂˼́̉̅̇̅̃ ˻˿˾˼̖̂, ˿ ̔̂˼́̉̇̅̄̄̅-

˺̅ ̍˿̋̇̅˹̅˺̅ ̉˷̌̅̃˼̉̇˷ ˩˴ˣ˦-4. ˧˷̈̌̅˻ ̉̅̆-

̂˿˹˷ ˿˾̃˼̖̖̇̂̈ ̔̂˼́̉̇̅̄̄̒̃ ̇˷̈̌̅˻̅̃˼̇̅̃ 

̉̅̆̂˿˹˷ А˟˧-50 [7]. 

В̒̎˿̈̂˼̄˿˼ ˿̄̉˼˺̇˷̂̓̄̅̀ ˿ ˻˿̋̋˼̇˼̄̍˿-

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

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

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

Индикато̬ное давление 

Тео̬етиче̭кая линия 

̭жатия 

ϭ Ϯ 



 

50 

Научно-технические ведомости CПбПУ. Естественные и инженерные науки. Том 25, №1, 2019

В ̉̅̎́˷̌ ̆˼̇˼̈˼̎˼̄˿̖ ˻˿̋̋˼̇˼̄̍˿˷̂̓̄̅̀ 

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

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

̉˷̉˷̃ ̇˷̈̎˼̉˷ ́̅̄˼̎̄̅˼ ̆̅̂̄̅˼ ̉˼̆̂̅˹̒˻˼-
̂˼̄˿˼ ̈̅̈̉˷˹˿̂̅ X = 0,98; ˷́̉˿˹̄̅˼ ̉˼̆̂̅˹̒-

˻˼̂˼̄˿˼ ˹ ̃̅̃˼̄̉ ̅̉́̇̒̉˿̖ ˹̒̆̊̈́̄̅˺̅ 

́̂˷̆˷̄˷ – Xa = 0,91. ˪˺̅̂ ̄˷̎˷̂˷ ̈˺̅̇˷̄˿̖ 

̈̅̈̉˷˹˿̂ 9,4 ˺̇˷˻̊̈˷ ˦КВ, ˷ ̆̇̅˻̅̂˽˿-

̉˼̂̓̄̅̈̉̓ ̈˺̅̇˷̄˿̖ – 84 ˺̇˷˻̊̈˷ ˦КВ. ˦˼̇˿̅˻ 

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

̄̅˺̅ ̊˺̂˷ ̄˷̎˷̂˷ ̆̅˻˷̎˿ ̉̅̆̂˿˹˷ (30 ˺̇˷˻̊̈̅˹ 

˦КВ ˻̅ Вˣ˩) ̈̅̈̉˷˹˿̂ 20,6 ˺̇˷˻̊̈˷. ˨́̅̇̅̈̉̓ 
̉˼̆̂̅˹̒˻˼̂˼̄˿̖ ˿̃˼˼̉ ˻˹˷ ˹̒̇˷˽˼̄̄̒̌ ̃˷́̈˿-

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

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

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

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

̅˸̇˷˾̅˹˷̄˿̖ ̈˷˽˿ (˺̂̊˸̅́˿̀ ̆˿̇̅̂˿˾ ̉̅̆̂˿˹˷) 

˿ ˹̒˺̅̇˷̄˿̖. ˚˼̅̃˼̉̇˿̎˼̈́˿ ˾̅̄˷ ˹̒˺̅̇˷̄˿̖ 

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

̉˼̃̆˼̇˷̉̊̇̄̒̌ ̆̇˼˻̆̂˷̃˼̄̄̒̌ ̊̎˷̈̉́˷̌ ̈ 
̂̅́˷̂̓̄̒̃ ́̅̔̋̋˿̍˿˼̄̉̅̃ ˿˾˸̒̉́˷ ˹̅˾˻̊̌˷ 
̃˼̄˼˼ 0,7 (̇˿̈. 3) [8]. 

 

 
 

˧˿̈. 3. ˣ̅˻˼̂̓ ̉̅̆̂˿˹̄̅̀ ̈̉̇̊˿: 1 – ˻˿̋̋̊˾˿̅̄̄̅˼ 
̆̂˷̖̃; 2 – ˽˿˻́̅˼ ̉̅̆̂˿˹̅; 3 – ̆˷̇̒ ̉̅̆̂˿˹˷ 

̈ ́˷̖̆̂̃˿ [9] 

Fig. 3. Fuel jet model: 1 – diffusion flame; 2 – liquid fuel; 

3 – fuel vapors with droplets [9] 

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

̎˷̈̉˿̍. В ˾̅̄˼ ˺̅̇˼̄˿̖ ˿˻̊̉ ̆̇̅̍˼̈̈̒ 

́̅˷˺̖̊̂̍˿˿ ˿ ˺˷˾˿̋˿́˷̍˿˿ ̎˷̈̉˿̍ ̈˷˽˿. ˛̖̂ 

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

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

˟˾̄˷̎˷̂̓̄̅ ̆̇˿̖̄̉̅, ̎̉̅ ˹ ˾̅̄˼ ̆˿̇̅̂˿˾˷ 
̉̅̆̂˿˹˷ ̈̅˻˼̇˽˿̖̉̈ ̄˼́̅̉̅̇̅˼ ́̅̂˿̎˼̈̉˹̅ ̅̈̉˷-
̉̅̎̄̒̌ ˺˷˾̅˹, ˿̈̆˷̇˼̄̄̅˼ ̉̅̆̂˿˹̅ ˿ ˹̅˾˻̊̌, 
̖̈̅̈̉̅̐˿̀ ˿˾ ́˿̈̂̅̇̅˻˷, ˷˾̅̉˷, ̊˺̂˼́˿̈̂̅˺̅ ˺˷˾˷ 
˿ ̆˷̇̅˹ ˹̅˻̒. ˨̅̈̉˷˹ ˺˷˾̅˹ ˹ ˾̅̄˼ ˺̅̇˼̄˿̖ ̅̆̇˼-
˻˼̖̖̂̂̈ ̆̅ ̆̅̂̊̔̃̆˿̇˿̎˼̈́̅̀ ̃̅˻˼̂˿ ˤ.˫. ˧˷˾-
̂˼̀̍˼˹˷ [10]. ˩˼́̊̐˼˼ ˾̄˷̎˼̄˿˼ ̉˼̃̆˼̇˷̉̊̇̒ ǲ˹ 
˹̅˾˻̊̌˷, ̄˼ ̊̎˷̈̉˹̊̐̕˼˺̅ ˹ ̈˺̅̇˷̄˿˿ ̉̅̆̂˿˹˷, 
̇˷̈̈̎˿̉̒˹̂̅̈̓ ̆̅ ̊̇˷˹̄˼̄˿̕ ˷˻˿˷˸˷̉̒. ˩˼̃̆˼-
̇˷̉̊̇˷ ̆̇̅˻̊́̉̅˹ ̈˺̅̇˷̄˿̖ ǲ̆̈ ̅̆̇˼˻˼̖̂̂˷̈̓ ˻̖̂ 

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

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

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

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

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

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

̉˼ ̈́̅̇̅̈̉˿ ˺˼̉˼̇̅˺˼̄̄̅˺̅ ̆̇̅̍˼̈̈˷ ̆̅˹˼̇̌̄̅̈̉-
̄̅˺̅ ̇̅̈̉˷ ̎˷̈̉˿̍ ̈˷˽˿ ̆̇˿ ̂˿̄˼̀̄̅̃ ̆̇̅̋˿̂˼ 
̉˼̃̆˼̇˷̉̊̇ ̆̅ ̋̇̅̄̉̊ ̆̂˷̃˼̄˿ (̇˿̈. 4). 

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

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

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

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

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

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

(˹˷̇˿˷̄̉̅˹) ̆̇̅̍˼̈̈˷ ˺˼̉˼̇̅˺˼̄̄̅˺̅ ̇̅̈̉˷ ̃˷̈-
̈̒ ˻˿̈̆˼̇̈̄̅˺̅ ̊˺̂˼̇̅˻˷. ˤ˷˿˸̅̂̓̏˼˼ ̇˷̈̆̇̅-

̈̉̇˷̄˼̄˿˼ ̆̅̂̊̎˿̂ ̃˼̌˷̄˿˾̃ ˤА˨А (Hydro-

genAbstractionCarbonAddition), ̖̌̅̉ ˹ ̂˿̉˼̇˷̉̊-
̇˼ ˸̒̂˿ ̆̇˼˻̂̅˽˼̄̒ ˿ ˻̇̊˺˿˼ ̆̊̉˿, ̉˷́˿˼,́˷́ 

̃˼̌˷̄˿˾̃ ˹˿̄˿̂˻̅˸˷˹̂˼̄˿̖ ˹̅˻̅̇̅˻˷ (HAVA), 

̃˼̌˷̄˿˾̃ ̇̅̈̉˷ ̎˼̇˼˾ ́̅̄̑̕˺˿̇̅˹˷̄̄̒˼ ̆̅̂˿˼-
̄̅˹̒˼ ̇˷˻˿́˷̂̒, ̋˼̄˿̂̓̄̒̀ ̃˼̌˷̄˿˾̃ ˿ ˻̇.
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Ɉɩɪɟɞɟɥɹɸщɢɟ  
ɬɟɦɩɟɪɚɬɭɪɵ ɩɪɨɰɟɫɫɚ 
ɫɚɠɟɜɵɞɟɥɟɧɢɹ, K 

ɍɝɨɥ ɝɪɚɞ. ɉКȼ

Ɍɟɦɩɟɪɚɬɭɪɚ ɜ ɡɨɧɟ ɜɵɝɨɪɚɧɢɹ ɫɚɠɢ 

Ɍɟɦɩɟɪɚɬɭɪɚ ɜ ɡɨɧɟ ɨɛɪɚɡɨɜɚɧɢɹ ɫɚɠɢ 

Иɧɞɢɤɚɬɨɪɧɚɹ ɬɟɦɩɟɪɚɬɭɪɚ ɝɚɡɨɜ 

Ɍɟɦɩɟɪɚɬɭɪɚ ɜ ɡɨɧɟ ɱɢɫɬɨɝɨ ɜɨɡɞɭɯɚ 

 
 

˧˿̈. 4. ˥̆̇˼˻˼̖̂̐̕˿˼ ̉˼̃̆˼̇˷̉̊̇̒ ̆̇̅̍˼̈̈˷ ̈˷˽˼˹̒˻˼̂˼̄˿̖ 

Fig. 4. Determining the temperature of the process of soot 
 

ˣ˷̇̏̇̊̉ ̃˼̌˷̄˿˾̃˷ ˤА˨А ̄˷˿˸̅̂˼˼ ̏˿̇̅́̅ 

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

̈˷˽˿. К̂̎̕˼˹̊̕ ̇̅̂̓ ˹ ́˿̄˼̉˿̎˼̈́̅̃ ̃˼̌˷̄˿˾̃˼ 
˿˺̇˷˼̉ ̅˺̇˷̄˿̎˼̄̄̅˼ ̎˿̈̂̅ ́̅̃̆̅̄˼̄̉̅˹ (ˤ, ˥2, 

˨2ˤ2, ˦А˪). ˪̈̉˷̄̅˹̂˼̄̅, ̎̉̅ ˿̃˼̄̄̅ ˷̍˼̉˿̂˼-
̄̅˹̒˼ ˿ ̆̇̅̆˷̇˺˿̂̅˹̒˼ ̈̅˼˻˿̄˼̄˿̖ ̅́˷˾̒˹˷̉̕ 
˸̅̂̓̏˼˼ ˹̂˿̖̄˿˼ ̄˷ ́̅̄˼̎̄̒̀ ˹̒̌̅˻ ̈˷˽˿, ̆̅-

̔̉̅̃̊ ˸̅̂̓̏˿̄̈̉˹̅ ˿̈̈̂˼˻̅˹˷̉˼̂˼̀ ˿̈̆̅̂̓˾̊̉̕ 
˷̍˼̉˿̂˼̄ ˹ ́˷̎˼̈̉˹˼ ̅̈̄̅˹̄̅˺̅ ̆̇˼˻̏˼̈̉˹˼̄̄˿́˷ 
̈˷˽˿. В ̇˷˸̅̉˼ [8] ̆̇˼˻̂̅˽˼̄ ́˿̄˼̉˿̎˼̈́˿̀ ̃˼-
̌˷̄˿˾̃ ̅˸̇˷˾̅˹˷̄˿̖ ̈˷˽˿ ˹ ̍˿̂˿̄˻̇˼ ˻˿˾˼̖̂, 

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

 

ǎǧǷǢǯǪǩм обǲǢǩоǤǢǯǪȁ ǳǢǨǪ Ǥ ǦǪǩǧǭȁǷ ǱǲǪ ǲǢбоǴǧ ǯǢ ǦǪǩǧǭǾǯом ǴоǱǭǪǤǧ [8] 

The mechanism of soot formation in diesel engines when working on diesel fuel [8] 

ˤ̅̃˼̇ 

̇˼˷́̍˿˿ 
˧˼˷́̍˿̖ lgA B E 

ǲȅȐȌȈȗȅȑȊȈȉ ȊȐȅȊȈȍȃ ȓȃȋȅвȎȄȎȐȎȄȎв ȒȎȏȋȈва
1 (˨14ˤ30)̆ →2˨3ˤ6+3,5˨2ˤ4+˨ˤ4 14 0 272

2  (˨14ˤ30)̄ →(˨14ˤ30)̆ 14 0  272 

3  (C6H4CH3CH3)А → ˨6ˤ5˨ˤ3+0,5˨2ˤ2+0,5ˤ2 13,5 0  255 

4  ˨3ˤ6→ ˨2ˤ4+0,5˨2ˤ2+0,5ˤ2 13 0  304 

5  ˨2ˤ4→ ˨2ˤ2+ˤ2 11,5 0  265 

6  ˨ˤ4 → 0,5˨2ˤ4+ˤ2 13,5 0  398 

7  ˨6ˤ5˨ˤ3→ 0,5˨2ˤ4+0,5ˤ2+ ˨6ˤ5 13,5 0  362 

8  ˨6ˤ5→ ˨6ˤ3+ˤ2 13,5 0  190 

ǬȅȕаȍȈȇȌ ȍаȗаȋȜȍȎȉ ȑȒаȄȈȈ ȎȁȐаȇȎваȍȈȟ ȑаȆȈ
9  ˨2ˤ2→ ˨2ˤ+ˤ  13,5 0  473 

10  ˨2ˤ2+ ˨2ˤ2→ ˨4ˤ3+ˤ  13 0  190 

11  ˨2ˤ2+ ˤ → ˨2ˤ+ˤ2 14,18 0  79,6 

12  ˨2ˤ + ˤ+ˣ → ˨2ˤ2+ˣ  16,86 0,573  -81,5 
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˦ ̇ ̅ ˻ ̅ ̂ ˽ ˼ ̄ ˿ ˼  ̉ ˷ ˸ ̂ ˿ ̍ ̒  

ˤ̅̃˼̇ 

̇˼˷́̍˿˿ 
˧˼˷́̍˿̖ lgA B E 

13  ˨2ˤ2+ ˨2ˤ → ˨4ˤ2+ˤ  13,6 0  0 

48  ˤ + ˤ+ˣ → ˤ2+ˣ  16,99 –0,6  0 

14  ˨4ˤ3→ ˨4ˤ2+ˤ  11,07 0  190 

15  ˨4ˤ2+ ˣ → ˨4ˤ+ˤ +ˣ  17,54 0  335 

16  ˨4ˤ + ˨2ˤ2→ ˨6ˤ3 11,81 0  27,2 

17  ˨6ˤ3→ ˨6ˤ2+ˤ  13,5 0  190 

18  ˨4ˤ + ˨2ˤ2→ ˨6ˤ2+ˤ  13,6 0  0 

19  ˨6ˤ2+ ˣ → ˨6ˤ+ˤ +ˣ  16,7 0  335 

20  ˨6ˤ + ˨2ˤ2→ ˨8ˤ3 11,81 0  27,2 

21  ˨8ˤ3→ ˨8ˤ2+ˤ  13,5 0  190 

22  ˨6ˤ + ˨2ˤ2→ ˨8ˤ2+ˤ  12,78 0  27,2 

23  ˨8ˤ2+ ˣ → ˨8ˤ+ˤ +ˣ  16,7 0  335 

24  ˨8ˤ + ˨2ˤ2→ ˨10ˤ3 11,81 0  27,2 

25  ˨10ˤ3→ ˨10ˤ2+ˤ  13,5 0  190 

26  ˨8ˤ + ˨2ˤ2→ ˨10ˤ2+ˤ  12,78 0  27,2 

27  ˨10ˤ2+ ˣ → ˨10ˤ+ˤ +ˣ  16,7 0  335 

ОȁȐаȇȎваȍȈȅ ȇаȐȎȄțȘȅȉ
28  ˨10ˤ2 + ˨2ˤ → ˨12ˤ2+ˤ  12 0  0 

29  ˨10ˤ + ˨2ˤ2 → ˨12ˤ2+ˤ  12,78 0  27,2 

ǣȅȒȅȐȎȃȅȍȍțȅ ȐȅаȊȖȈȈ ȍа ȏȎвȅȐȕȍȎȑȒȈ ȗаȑȒȈȖ
30  ˨12ˤ2 + ˨2ˤ2 → ˨12ˤ2+ˤ2+˨2 13,2 0  131 

31  ˨12ˤ2 + ˨2ˤ → ˨12ˤ2+ˤ+˨2 11,56 0,5  0 

32  ˨12ˤ2 + ˨4ˤ2 → ˨12ˤ2+ˤ2+2˨2 11,41 0,5  0 

33  ˨12ˤ2 + ˨4ˤ → ˨12ˤ2+ˤ+2˨2 11,41 0,5  0 

34  ˨12ˤ2 + ˨6ˤ2 → ˨12ˤ2+ˤ2+3 ˨2 11,33 0,5  0 

35  ˨12ˤ2 + ˨6ˤ → ˨12ˤ2+ˤ+3 ˨2 11,33 0,5  0 

36  ˨12ˤ2 + ˨8ˤ2 → ˨12ˤ2+ˤ2+4 ˨2 11,27 0,5  0 

37  ˨12ˤ2 + ˨8ˤ → ˨12ˤ2+ˤ+4 ˨2 11,27 0,5  0 

38  ˨12ˤ2 + ˨10ˤ2 → ˨12ˤ2+ˤ2+5 ˨2 11,22 0,5  0 

39  ˨12ˤ2 + ˨10ˤ → ˨12ˤ2+ˤ+5 ˨2 11,22 0,5  0 

ǣȈȁȅȋȜ ȇаȐȎȄțȘȅȉ ȍа ȗаȑȒȈȖаȕ ȑаȆȈ
40  ˨12ˤ2 + ˨12ˤ2 → ˨12ˤ2+ˤ2+6 ˨2 11,19 0,5  0 

ǪȎаȃȓȋȟȖȈȟ ȗаȑȒȈȖ ȑаȆȈ
52  ˨12ˤ2 + ˨12ˤ2 → ˨12ˤ2 12,92 0,5  0 

ОȊȈȑȋȅȍȈȅ Ȉ ȃаȇȈȔȈȊаȖȈȟ ȗаȑȒȈȖ ȑаȆȈ
41  (˨12ˤ2+0,5 ˨2)+ ˥2→ ˨˥2+˨12ˤ2 3,463 0  0 

42  (˨12ˤ2+0,5 ˨2)+ 0,5˥2→ ˨˥+˨12ˤ2 3,463 0  0 

43  (˨12ˤ2+0,5 ˨2)+ ˨˥2→ 2 ˨˥+˨12ˤ2 3,463 0  0 

44  (˨12ˤ2+0,5 ˨2)+ ˤ2˥→ ˨˥+ˤ2 +˨12ˤ2 3,463 0  0 

ОȊȈȑȋȅȍȈȅ ȓȃȋȅвȎȄȎȐȎȄȎв Ȉ ȐȅаȊȖȈȈ ȐавȍȎвȅȑȈȟ
45  ˨2ˤ2 + ˥2 → 2˨˥+ˤ2 9,221 1  163,2 

49  2˨˥ + ˤ2 → ˨2ˤ2+˥2 – –  –

46  ˤ2+0,5 ˥2→ ˤ2˥  14,56 0  28,7 
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˥ ́ ̅ ̄ ̎ ˷ ̄ ˿ ˼  ̉ ˷ ˸ ̂ ˿ ̍ ̒  

ˤ̅̃˼̇ 

̇˼˷́̍˿˿ 
˧˼˷́̍˿̖ lgA B E 

50  ˤ2˥→ ˤ2+ 0,5 ˥2 – –  –

47  ˨˥+0,5 ˥2→ ˨˥2 10,212 –  118,4 

51  ˨˥2 → ˨˥+0,5 ˥2 – –  –

53  ˨˥+ ˤ2˥→ ˨˥2+ˤ2 13,5 0  0 

54  ˨˥2 + ˤ2 → ˨˥+ ˤ2˥  – –  –

55  ˨ˤ4 + ˨˥2 → 2˨˥+2ˤ2 13,5 0  0 

56  2˨˥+2ˤ2 →˨ˤ4 + ˨˥2 – –  –

57  ˨ˤ4 + ˨ˤ4 → ˨2ˤ2+3ˤ2 13,5 0  0 

58  ˨2ˤ2+3ˤ2 →˨ˤ4 + ˨ˤ4 – –  –

 

В ˻˷̄̄̅̀ ̃̅˻˼̂˿ ́̅̃̆̅̄˼̄̉ ˨12ˤ2 ̆̇˼˻-

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

˼̖̉̈ ˹ ́˷̎˼̈̉˹˼ «́̇̊̆̄̅̀ ̃̅̂˼́̊̂̒». 

˛̖̂ ̅̆̇˼˻˼̂˼̄˿̖ ́̅̄̍˼̄̉̇˷̍˿˿ ́̅̃̆̅-

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

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

̌˿̃˿̎˼̈́̅̀ ́˿̄˼̉˿́˿. ˨́̅̇̅̈̉̓ ˿˾̃˼̄˼̄˿̖ 

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

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

 ,i i i i

k

dM dM dM dM

d d d d 

     
               

 (1) 

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

˺̇˷˻. ˦КВ; dǬi/dʫ – ̈̊̃̃˷̇̄˷̖ ̈́̅̇̅̈̉̓ ˿˾-
̃˼̄˼̄˿̖ ́̅̄̍˼̄̉̇˷̍˿˿ i-˺̅ ́̅̃̆̅̄˼̄̉˷ ˺˷˾̅-

˹̅̀ ̈̃˼̈˿; (dǬi/dʫ)σ – ̈́̅̇̅̈̉̓ ˿˾̃˼̄˼̄˿̖ 

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

̆̅˻˹̅˻̅̃ ˿̈̆˷̇˼̄̄̅˺̅ ̉̅̆̂˿˹˷; (dǬi/dʫ)k – 

̈́̅̇̅̈̉̓ ˿˾̃˼̄˼̄˿̖ ́̅̄̍˼̄̉̇˷̍˿˿ i-˺̅ ́̅̃-

̆̅̄˼̄̉˷ ˹̈̂˼˻̈̉˹˿˼ ̆̇˼˻̆̂˷̃˼̄̄̒̌ ̌˿̃˿̎˼-
̈́˿̌ ̆̇˼˹̇˷̐˼̄˿̀ ̉̅̆̂˿˹˷; (dǬi/dʫ)ʬ – ̈́̅-

̇̅̈̉̓ ˿˾̃˼̄˼̄˿̖ ́̅̄̍˼̄̉̇˷̍˿˿ i-˺̅ ́̅̃̆̅-

̄˼̄̉˷ ˹ ̆̇̅̍˼̈̈˼ ̅̈̄̅˹̄̅˺̅ ˺̅̇˼̄˿̖. 

К̅̂˿̎˼̈̉˹̅ dMi ̃̅̂˼̀ i-˺̅ ˹˼̐˼̈̉˹˷, ˹̒˹̅-

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

˼̃̄̅̀ ́̅̄̍˼̄̉̇˷̍˿˿ ˿ ̆̇̅̆̅̇̍˿̅̄˷̂̓̄̅ ˻̅̂˼ 
˹̒˺̅̇˷̐̕˼˺̅ ̉̅̆̂˿˹˷, ̃̅̂̓/˺̇˷˻ ˦КВ: 

 
/

,i
i i

Ȉ

dM dx d
M M B

d x


 

  
 

˺˻˼ x – ˿̄̉˼˺̇˷̂̓̄˷̖ ̋̊̄́̍˿̖ ̉˼̆̂̅˹̒˻˼̂˼-
̄˿̖; σ˿ – ˿̄̉˼˺̇˷̂̓̄̒̀ ˾˷́̅̄ ˿̈̆˷̇˼̄˿̖ ̉̅̆-

̂˿˹˷ ˹ ́˷̃˼̇˼ ̈˺̅̇˷̄˿̖. 

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

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

 p ,i
j

jk

dM
V W

d

 
  
  

˺˻  ˼Vp – ̅˸̑˼  ̃̇˼˷́̍˿̅̄̄̅  ̀˾̅̄̒; Wj – ̈́̅̇̅̈̉  ̓j-  ̀

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

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

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

̇˷̈̎˼̉˷ ̈̊̃̃˷̇̄̅˺̅ ̎˿̈̂˷ ̃̅̂˼̀: 

 p

1
83,14 ,i iV RT

P
   

˺˻˼ Ri – ́̅̂˿̎˼̈̉˹̅ ̃̅̂˼̀ i-˺̅ ́̅̃̆̅̄˼̄̉˷ ˺˷˾˷ ˹ 

̇˷̈̎˼̉˼ ̄˷ ́˺ ˛˩; Ti – ̉˼̃̆˼̇˷̉̊̇˷ ˹ ̇˼˷́-

̍˿̅̄̄̅̀ ˾̅̄˼; P – ̉˼́̊̐˼˼ ˻˷˹̂˼̄˿˼ ˹ ̍˿̂˿̄˻̇˼. 
˛̖̂ ̅̆̇˼˻˼̂˼̄˿̖ ̃˷̈̈̒ ̈˷˽˿ ˹ ̍˿̂˿̄˻̇˼ 

̄˼̅˸̌̅˻˿̃̅ ̇˼̏˿̉̓ ̊̇˷˹̄˼̄˿˼ (1) ̅̉̄̅̈˿̉˼̂̓̄̅ 

̎˷̈̉˿̍ С2. ˪̎˿̉̒˹˷̖ ̇˼˷́̍˿̀ 30–44 ̉˷˸̂˿̍̒ 

̊̇˷˹̄˼̄˿˼ (1) ̃̅˽˼̉ ˸̒̉̓ ̆̇˼˻̈̉˷˹̂˼̄̅ ˹ ˹˿˻˼ 

 

  


   
  
  
  

    
 

2

2

2

˨
˨ H 30 2 2

p

31 2 32 4 2 33 4

34 6 2 35 6

36 8 2 37 8

38 10 2 39 10

40 12 2 41 42 43

44 ˨

1
[ [C H ]

6

[C H] 2( [C H ] [C H])

3( [C H ] [C H])

4( [C H ] [C H])

5( [C H ] [C H])

6 [C H ] 0,5(

)] ,

dM
M A K

d nV

K K K

K K

K K

K K

K K K K

K M B

 (2) 

˺˻˼ Ǭ˨2 – ́̅̂˿̎˼̈̉˹̅ ̎˷̈̉˿̍ ˨2 ̄˷ ̆̅˹˼̇̌̄̅̈̉˿ 

̎˷̈̉˿̍, ̃̅̂̓/́˺; Ǭ˨2ˤ – ̄˷̎˷̂̓̄̅˼ ̈̅˻˼̇˽˷̄˿˼ 
˨2; n – ̎˷̈̉̅̉˷ ˹̇˷̐˼̄˿̖ ́̅̂˼̄̎˷̉̅˺̅ ˹˷̂˷ ˻˿-

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

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

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

́̅̂˿̎˼̈̉˹  ̅̈˷˽  ˿̊̃̄̅˽˿̉  ̓̄˷ ̖̃̅̂̇̄̊̕ ̃˷̈̈̊ ˨2: 

 
2̅˸̇ ˨24 .N M  

ˮ˿̈̂̅ Nc ˷̉̅̃̅˹ ̊˺̂˼̇̅˻˷ ˹ ̎˷̈̉˿̍˼ ̈˷˽˿ ̈ 

˼ё ˻˿˷̃˼̉̇̅̃ ̈˹̖˾˷̄̅ ̈̅̅̉̄̅̏˼̄˿˼̃ 

   9 30,2715 10 .C cD N  

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

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

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

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

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

˹̒˺̅̇˷̄˿̖ ̈˷˽˿ ̅̆̇˼˻˼̖̂˼̖̉̈ ̆̅ ̊̇˷˹̄˼̄˿̕ [9] 

 
c y CC˚ ,
4 6

N F JdN

d n
 

 
 (5) 

˺˻˼ J˨ – ̈̊̃̃˷̇̄̒̀ ̆̅̉̅́ ̊˺̂˼̇̅˻˷,  

˺/(̃2 ̈); Fy – ̊˻˼̂̓̄˷̖ ̆̅˹˼̇̌̄̅̈̉̓ ̎˷̈̉˿̍ 

̈˷˽˿, ˺/̃2. 

В˼̂˿̎˿̄˷ JC ̇˷̈̈̎˿̉̒˹˷˼̖̉̈ ̆̅ ˹̒̇˷-

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

˸̅˻̄̒̃, ̅̈̉˷˹̏˿̖̃̈ ̅̉ ̈˺̅̇˷̄˿̖ ̉̅̆̂˿˹˷ 

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

̇˷̃˿ ˹̅˻̒ ̎˷̈̉˿̍ ̈˷˽˿. ˨̅̈̉˷˹ ̆̇̅˻̊́-

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

̈̎˿̉̒˹˷̖̉̈̕ ̆̅ ̅̉˻˼̂̓̄̒̃ ̆̅˻̆̇̅˺̇˷̃̃˷̃ 

(̇˿̈. 5).  

˨ ̄˷̎˷̂̅̃ ˷́̉˿˹̄̅˺̅ ̉˼̆̂̅˹̒˻˼̂˼̄˿̖ 

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

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

̃˷̂̓̄̒̌ ˾̄˷̎˼̄˿̀ ̆̅̈̂˼ ˹̉̅̇̅˺̅ ̃˷́̈˿̃̊̃˷ 

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

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

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

̄˷ ̅́˿̈̂˼̄˿˼ ̈˷˽˿ [11, 12].  
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˧˿̈. 5. ˨̅̈̉˷˹ ˺˷˾̅˹ ˹ ˾̅̄˼ ˹̒˺̅̇˷̄˿̖ ̎˷̈̉˿̍̒ ̈˷˽˿ 

Fig. 5. Composition of gases in the burn-up zone of soot particles 
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˧˿̈. 6. ˨̅˻˼̇˽˷̄˿˼, ̃̅̂̓/́˺, ́̅̃̆̅̄˼̄̉̅˹ ˺˷˾̅˹̅̀ ̈̃˼̈˿ ˹ ̆̇˼˻̆̂˷̃˼̄̄̅̀ ˾̅̄˼ 
Fig. 6. The content, mol/kg, of components of the gas mixture in predpremerny area  

 

ǒǧǩǵǭǾǴǢǴǽ Ǫ обǳǵǨǦǧǯǪǧ 
В ̇˼˾̊̂̓̉˷̉˼ ̎˿̈̂˼̄̄̅˺̅ ̇˼̏˼̄˿̖ ̈˿̈̉˼̃̒ 

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

˾̅̄˼ (̇˿̈. 6). 

К̅̄̍˼̄̉̇˷̍˿̖ ́˿̈̂̅̇̅˻˷, ̆̅̈̉̊̆˷̐̕˼˺̅ 

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

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

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

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

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

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



 

56 

Научно-технические ведомости CПбПУ. Естественные и инженерные науки. Том 25, №1, 2019

 

   

 

а) ȁ)

в) ȃ)

Ⱦɢɚɦɟɬɪ ɱɚɫɬɢɰ, ɧɦ Кɨɥɢɱɟɫɬɜɨ ɱɚɫɬɢɰ ɫɚɠɢ, 105

Ɇɚɫɫɚ ɫɚɠɢ, ɦɝ Кɨɧɰɟɧɬɪɚɰɢɹ ɫɚɠɢ

 
 

˧˿̈. 7. ˦̅́˷˾˷̉˼̂˿ ̈˷˽˼̈̅˻˼̇˽˷̄˿̖ ˹ ̍˿̂˿̄˻̇˼ ˻˿˾˼̖̂ ˹ ˾˷˹˿̈˿̃̅̈̉˿ ̅̉ ̊˺̂˷ ˦КВ 

Fig. 7. Indicators of soot content in the diesel cylinder depending on the angle of the RCS 

 

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

̍˼̄̉̇˷̍˿̖ ́˹˷˾˿̈̉˷̍˿̅̄˷̇̄˷. ˪̈́̅̇˼̄̄̒̀ 

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

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

̖̇̓», ˹ ̉̅̃ ̎˿̈̂˼ ̃̅̂˼́̊̂ ˷̍˼̉˿̂˼̄˷. ˦˷˻˼̄˿˼ 
̃˷̈̈̒ ̈˷˽˿, ˹̒̇˷˽˼̄̄̅˼ ˹ ̖̃̅̂̌ ̎˷̈̉˿̍ ˨2, 

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

̄̅̀ ˾̅̄̒ [13]. 

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

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

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

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

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

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

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

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

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

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

˪̃˼̄̓̏˼̄˿˼ ́̅̂˿̎˼̈̉˹˷ ̎˷̈̉˿̍ ˹ ˾̅̄˼ ̅˸̇˷˾̅-

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

˻̅̃ ̎˷̈̉˿̍ ˿˾ ˾̅̄̒ ̇˼˷́̍˿˿ [14].  

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

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

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

̎˷̈̉˿̍ ˹ ̍˿̂˿̄˻̇˼ ̈̅̈̉˷˹̖̂˼̉ 0,8 ̄̃ ̆̇˿ ̊˺̂˼ 
3,3 ˺̇˷˻. ˦КВ ˻̅ Вˣ˩. ˣ˷́̈˿̃˷̂̓̄̅˼ ́̅̂˿̎˼-
̈̉˹̅ ̎˷̈̉˿̍ ̈̅̈̉˷˹˿̂̅ 2·1015 ̆̇˿ 0,5 ˺̇˷˻̊̈̅˹ 
˦КВ. ˣ˷́̈˿̃˷̂̓̄˷̖ ̃˷̈̈˷ ̈˷˽˿ ˹ ̍˿̂˿̄˻̇˼ 
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̆̇˼˹̒̈˿̂˷ 0,82 ̃˺. ˪˺̅̂, ̈̅̅̉˹˼̉̈̉˹̊̐̕˿̀ ̃˷́-

̈˿̃˷̂̓̄̅̃̊ ̈̅˻˼̇˽˷̄˿̕ ̈˷˽˿, – 19,2 ˺̇˷˻. ˦КВ. 

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

̃˷̈̈˷ ˻˿̈̆˼̇̈̄̅˺̅ ̊˺̂˼̇̅˻˷ ̄˷̎˷̂˷ ̈̄˿˽˷̖̉̓̈. 

В̃˼̈̉˼ ̈ ̉˼̃ ̆˷˻˷̂˷ ̉˼̃̆˼̇˷̉̊̇˷ ̆̇̅̍˼̈̈˷ ˹̒˺̅-

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

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

˹ ̍˿̂˿̄˻̇˼ ̊̆˷̂˷ ˻̅ 0,279 ̃˺ ̆̇˿ ̅̉́̇̒̉˿˿ ˹̒-

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

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

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

̃̅˽̄̅ ̆̇˿̖̄̉̓ ̃˷̈̈̊ ̈˷˽˿ ̆̇˿ ̅̉́̇̒̉˿˿ ˹̒-

̆̊̈́̄̅˺̅ ́̂˷̆˷̄˷ ̇˷˹̄̅̀ ̃˷̈̈˼ ̈˷˽˿ ̆̇˿ ˿˾̃˼-
̇˼̄˿˿ ˹ ˥˚ ˻˿˾˼̖̂. ˦̇˿ ̔̉̅̃ ́̅̄̍˼̄̉̇˷̍˿̖ ̈˷-
˽˿ ˹ ˥˚ ˿˾̃˼̖̄˼̖̉̈, ̆̅̈́̅̂̓́̊ ˿˾̃˼̖̖̄̉̈̕ ̆˷-
̇˷̃˼̉̇̒ ̖̈̅̈̉̅̄˿̖ ˺˷˾˷ [15]. 

ˣ˷́̈˿̃˷̂̓̄˷̖ ̇˷̈̎˼̉̄˷̖ ́̅̄̍˼̄̉̇˷̍˿̖ ̈˷-
˽˿ ˹ ̍˿̂˿̄˻̇˼ ˻̅̈̉˿˺˷˼̖̉̈ ̆̇˿ 15 ˺̇˷˻. ˦КВ 

̆̅̈̂˼ Вˣ˩ ˿ ̈̅̈̉˷˹̖̂˼̉ 8,7 ˺/̃3. В ˥˚ ́̅̄̍˼̄-

̉̇˷̍˿̖ ̆˷˻˷˼̉ ˻̅ 0,348 ˺/̃3, ̎̉̅ ̈̅̅̉˹˼̉̈̉˹̊˼̉ 
4,8 ˼˻. ̆̅ ̏́˷̂˼ Bosch. ˨̇˼˻̄˿̀ ̇˷̈̎˼̉̄̒̀ 

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

́̂˷̆˷̄˷ ̈̅̈̉˷˹̖̂˼̉ 30,5 ̄̃. ˧˷̈̎˼̉̄̅˼ ́̅̂˿̎˼-
̈̉˹̅ ̎˷̈̉˿̍ ̈˷˽˿ ̈̇˼˻̄˿̃ ˻˿˷̃˼̉̇̅̃ 30,5 ̄̃ ˿ 

̆̂̅̉̄̅̈̉̓̕ 1,9 ˺/̈̃3 ̆̇˿ ̅̉́̇̒̉˿˿ ˹̒̆̊̈́̄̅˺̅ 

́̂˷̆˷̄˷ ̈̅̈̉˷˹̖̂˼̉ 9,84·1012 ̏̉. 

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

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

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

̃̅̈̉˿ ̅̉ ̊˺̂˷ ̆̅˹̅̇̅̉˷ ́̅̂˼̄̎˷̉̅˺̅ ˹˷̂˷ 

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

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

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

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

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

̈˷˽˿ ˹ ̍˿̂˿̄˻̇˼ ˿ ̈̊̃̃˷̇̄̅˼ ̈˷˽˼˹̒˻˼-

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

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

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

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

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

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

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

˻̖̂ ̆̇̅˺̄̅˾˿̇̅˹˷̄˿̖ ˻̒̃̄̅̈̉˿ ˥˚ ˻˿˾˼̂˼̀ 

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

А˹̉̅̇̒ ˹̒̇˷˽˷̉̕ ˺̂̊˸̅́̊̕ ˸̂˷˺̅˻˷̇̄̅̈̉̓ ˾˷ 

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

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

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

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

̊̄˿˹˼̇̈˿̉˼̉˷ ˦˼̉̇˷ В˼̂˿́̅˺̅ ǠǲǪȀ ǓǧǲǥǧǧǤǪǹǵ 
ВǢǳǪǭǾǧǤǵ. 
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УСТОЙЧИВОСТЬ СВЕРХДАЛЬНИХ ЛИНИЙ ЭЛЕКТРОПЕРЕДАЧИ 
С УПРАВЛЯЕМОЙ ПОПЕРЕЧНОЙ КОМПЕНСАЦИЕЙ 

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

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

̌̇̅̄̄̒̌ ́̅̃̆˼̄̈˷̉̅̇̅˹ ̄˼˸̅̂̓̏̅̀ ̃̅̐̄̅̈̉˿ ˻̖̂ ̆̅˹̒̏˼̄˿̖ ̈̉˷̉˿̎˼̈́̅̀ ̊̈̉̅̀̎˿˹̅̈̉˿. ˧˷̈-
̈̃̅̉̇˼̄̒ ̇˼˽˿̃̒ ̇˷˸̅̉̒ ̂˿̄˿˿ ˻̂˿̄̅̀ 4000 ́̃. ˦̇̅˷̄˷̂˿˾˿̇̅˹˷̄̅ ˹̂˿̖̄˿˼ ̃˼̈̉ ̊̈̉˷̄̅˹́˿ ˿ 

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

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

ǪȋȞȗȅвțȅ ȑȋȎва: ̈˹˼̇̌˻˷̂̓̄˿˼ ̂˿̄˿˿ ̔̂˼́̉̇̅̆˼̇˼˻˷̎˿, ̈̉˷̉˿̎˼̈́˷̖ ̊̈̉̅̀̎˿˹̅̈̉̓, ̊̈̉˷̄̅˹˿˹̏˿˼̖̈ 

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

́̅̃̆˼̄̈˷̉̅̇. 
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STABILITY OF ULTRA-LONG TRANSMISSION LINES  
WITH CONTROLLED SHUNT COMPENSATION 

The paper is dedicated to investigation of ultra-high voltage long-distance transmission lines with con-

trolled shunt reactors installed to compensate for line parameters and with synchronous condensers to 

increase small signal stability. The operating conditions of a 4000 km line are considered. The effect of 

installation sites and capacity of synchronous condensers on transmission limits is analyzed. It is shown 

that using coordinated control of means of shunt compensation on ultra-long transmission lines allows to 

significantly increase not only the limit of transmission power, but also the level of small signal stability 

for these lines. 
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ВǤǧǦǧǯǪǧ 

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

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

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

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

̄˷̖̆̇˽˼̄˿  ̖  ˹̆̇̅̃˼˽̊̉̅̎̄̒̌ ̉̅̎́˷̌ ̂˿̄˿  ˿[1, 2]. 

В К˿̉˷˼ ̅̈̉̇̅ ˹̈̉˷̂ ˹̅̆̇̅̈ ̅ ̇˷̈̏˿̇˼̄˿˿ 

˺˼̄˼̇˷̍˿˿ ̔̂˼́̉̇˿̎˼̈́̅̀ ̔̄˼̇˺˿˿. К 2020 ˺̅˻̊ 
̆̂˷̄˿̇̊˼̖̉̈ ̊˹˼̂˿̎˿̉̓ ̊̈̉˷̄̅˹̂˼̄̄̊̕ ̃̅̐-

̄̅̈̉̓ c 1000 ˻̅ 1900 ˚В̉, ˿˾ ́̅̉̅̇̒̌ 160 ˚В̉ 
˸̊˻̊̉ ˹̒̇˷˸˷̉̒˹˷̖̉̓̈ ˹˼̖̉̇̄̒̃˿ ˿ 30 ˚В̉ ̈̅̂-

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

̊˺̅̂̓̄̒̌ ̈̉˷̄̍˿̀ ̅̈̉˷̄˼̖̉̈ ˹̒̈̅́˿̃ [3]. ˦̇˿ 

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

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

˹˻̅̂̓ ̆̅˸˼̇˼˽̖̓ (̇˿̈. 1). ˦̅̔̉̅̃̊ ˹ ̇˷˹̄̅̀ ̈̉˼-
̆˼̄˿ ̇˷̈̈̃˷̉̇˿˹˷̖̉̈̕ ˹˷̇˿˷̄̉̒ ̈̉̇̅˿̉˼̂̓̈̉˹˷ 
̂˿̄˿̀ ̖̆̅̈̉̅̄̄̅˺̅ (±800 ˿ 1100 ́В) ˿ ̆˼̇˼̃˼̄-

̄̅˺̅ (1000 ˿ 1200 ́В) ̉̅́˷ [4]. 

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

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

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

̉̅́˷ ˹ ̖̆̅̈̉̅̄̄̒̀ ˿ ̅˸̇˷̉̄̅ ̈ ̅˸˼˿̌ ̈̉̅̇̅̄ 

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

̄̅̀ ̃̅̐̄̅̈̉˿ [5]. К̇̅̃˼ ̉̅˺̅, ˾˷̉̇˷̉̒ ̄˷ ̊̈̉˷-
̄̅˹́̊ ˿ ̅˸̈̂̊˽˿˹˷̄˿˼ ̆̇˼̅˸̇˷˾̅˹˷̉˼̂̓̄̒̌ 
̊̈̉̇̅̀̈̉˹ ̅́˷˾̒˹˷̖̉̈̕ ̈̇˷˹̄˿̃̒̃˿ ̈ ˾˷̉̇˷̉˷-
̃˿ ̄˷ ̈̅̅̇̊˽˼̄˿˼ ̂˿̄˿̀. ˦̅̈̉˼̆˼̄̄̅˼ ̇˷˾˹˿-

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

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

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

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

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

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

̃̅̐̄̅̈̉˿ ˿ ̊̂̊̎̏˼̄˿̖ ̊̈̂̅˹˿̀ ̈̉˷̉˿̎˼̈́̅̀ 

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

̈˿̄̌̇̅̄̄̒˼ ́̅̃̆˼̄̈˷̉̅̇̒ (˨К) ̄˼˸̅̂̓̏̅̀ 

̃̅̐̄̅̈̉˿ ˹ ˻̅̆̅̂̄˼̄˿˼ ́ ̊̆̇˷˹̖̂˼̃̒̃ ̏̊̄-

̉˿̇̊̐̕˿̃ ̇˼˷́̉̅̇˷̃ (˪˯˧). ˨˿̄̌̇̅̄̄̒̀ 

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

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

̄̅̃˿̄˷̂̓̄̅̀ ̃̅̐̄̅̈̉˿ ̈̅̈̉˷˹̖̂˼̉ ̖̆̅̇˻́˷ 
3–5 % ̅̉ ̃̅̐̄̅̈̉˿ ˺˼̄˼̇˷̉̅̇˷ [6].  

˨̅˹̃˼̈̉̄̅˼ ̆̇˿̃˼̄˼̄˿  ˼̈˿̄̌̇̅̄̄̒̌ ́̅̃̆˼̄-

̈˷̉̅̇̅  ˹ ̅˺̇˷̄˿̎˼̄̄̅  ̀ ̃̅̐̄̅̈̉  ˿  ˿ ̃̅̐̄̒  ̌

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

̆˼̇˼̃˼̄̄̅˺  ̅ ̉̅́˷. ˨̉̅˿  ̉̅̉̃˼̉˿̉̓, ̎̉  ̅˹̒̆̅̂̄˼-
̄˿  ˼̈̌˼̃  ̒  ̈̆˷̇˷̂̂˼̂̓̄̅  ̀̇˷˸̅̉̅  ̀˻˹̊̌ ̊̆̇˷˹̖̂˼-
̃̒  ̌́̅̃̆˼̄̈˿̇̊̐̕˿̌ ̊̈̉̇̅̀̈̉  ˹– ˨К  ˿˪˯  ˧– 

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

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

̃˷̂̅  ̀ ̈̉̅˿̃̅̈̉  ˿ ̊̈̉˷̄̅˹́  ˿  ˿ ̄˼˸̅̂̓̏̅  ̀ ̄̅̃˿-

̄˷̂̓̄̅  ̀ ̃̅̐̄̅̈̉  ˿ ˨К,  ˷ ˿  ̌ ̈̅˹̃˼̈̉̄˷  ̖ ̇˷˸̅̉  ˷

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

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

̃˷̃  ˿˺ ˿˸́˿  ̃[7, 8]. 

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

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

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

̊̈̉̅̀̎˿˹̅̈̉˿ ̈˹˼̇̌˻˷̂̓̄˿̌ ̂˿̄˿̀ ̔̂˼́̉̇̅̆˼̇˼-
˻˷̎˿ ̆˼̇˼̃˼̄̄̅˺̅ ̉̅́˷ ˻̂˿̄̅̀ ˻̅ 4000 ́̃. 

˦̇˿ ̔̉̅̃ ̇˼̏˷̖̉̈̕ ̈̂˼˻̊̐̕˿˼ ˾˷˻˷̎˿: 

1) ˷̄˷̂˿˾ ̊̈̉˷̄̅˹˿˹̏˿̖̌̈ ̇˼˽˿̃̅˹ ̂˿̄˿˿ 

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

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

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

̖̂˼̃̅̀ ̆̅̆˼̇˼̎̄̅̀ ́̅̃̆˼̄̈˷̍˿˿;  

2) ˿̈̈̂˼˻̅˹˷̄˿˼ ̈̉˷̉˿̎˼̈́̅̀ ̊̈̉̅̀̎˿˹̅̈̉˿ 

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

̇˷˸̅̉̒ ̈̉˷̉˿̎˼̈́˿̌ ̉˿̇˿̈̉̅̇̄̒̌ ˿ ̈˿̄̌̇̅̄-

̄̒̌ ́̅̃̆˼̄̈˷̉̅̇̅˹ (˨˩К/˨К) ˹ ̈̅̈̉˷˹˼ ̇˷˾-
̂˿̎̄̒̌ ̈̌˼̃ ́̅̃̆˼̄̈˷̍˿˿ ̆˷̇˷̃˼̉̇̅˹ ̂˿̄˿̀; 
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˧˿̈. 1. ˦̂˷̄ ̇˷˾˹˿̉˿̖ ̈˼̉˼̀ ̈˹˼̇̌˹̒̈̅́̅˺̅ ̄˷̖̆̇˽˼̄˿̖ ˹ К˿̉˷˼ ̄˷ 2020 ˺̅˻ 

Fig. 1. Development of ultra-high voltage networks in China to 2020 

 
1 2 3 4G

R1 R2 R5

SC5

R3 R4

5 6 7 8 9

R6 R7 R8

 
 

˧˿̈. 2. ˪̆̇̅̐˼̄̄˷̖ ̈̌˼̃˷ ̔̂˼́̉̇̅̆˼̇˼˻˷̎˿ ̈ ̅˻̄˿̃ ̈˿̄̌̇̅̄̄̒̃ ́̅̃̆˼̄̈˷̉̅̇̅̃ 

Fig. 2. Simplified diagram of transmission system with one synchronous condenser 

 
3) ̅̆̇˼˻˼̂˼̄˿˼ ̉̇˼˸̅˹˷̄˿̀ ́ ̈̉̇̊́̉̊̇˼ ˷˹-

̉̅̃˷̉˿̎˼̈́˿̌ ̇˼˺̖̊̂̉̅̇̅˹ ̊̈̉̇̅̀̈̉˹ ̆̅-

̆˼̇˼̎̄̅̀ ́̅̃̆˼̄̈˷̍˿˿, ̊̈̉˷̄̅˹̂˼̄̄̒̌ ˹ 

̆̇̅̃˼˽̊̉̅̎̄̒̌ ̉̅̎́˷̌ ̔̂˼́̉̇̅̆˼̇˼˻˷̎˿, 

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

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

АǯǢǭǪǩ ǲǧǨǪмоǤ Ǫ ǵǳǴоǫǹǪǤоǳǴǪ ǭǪǯǪǪ  

ǿǭǧǬǴǲоǱǧǲǧǦǢǹǪ ǦǭǪǯоǫ 4000 Ǭм  

ǳ оǦǯǪм ǳǪǯǷǲоǯǯǽм ǬомǱǧǯǳǢǴоǲом 

˧˷̈̈̃̅̉̇˿̃ ̂˿̄˿̕ ˻̂˿̄̅̀ 4000 ́̃, ̇˷˾˸˿-

̉̊̕ ̄˷ ˹̅̈˼̃̓ ̊̎˷̈̉́̅˹ ̆̅ 500 ́̃ ́˷˽˻̒̀ 

(̇˿̈. 2). ˧˷̈̎˼̉̄˷̖ ̈̌˼̃˷ ̆̇˼˻̈̉˷˹̖̂˼̉ ̈̅˸̅̀ 

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

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

̇˼˻˷̎˿ ̆˼̇˼̃˼̄̄̅˺̅ ̉̅́˷ ́̂˷̈̈˷ 1150 ́В,  

̃̅˻˼̂˿̇̊˼̃̊̕ ̍˼̆̅̎̄̅̀ ̈̌˼̃̅̀. ˤ˷̉̊̇˷̂̓-

̄˷̖ ̃̅̐̄̅̈̉̓ ̉˷́̅̀ ̂˿̄˿˿ ̆̇˿ ˿̈̆̅̂̓˾̅˹˷-

̄˿˿ ́̅̃̆˷́̉̄̅̀ ́̅̄̈̉̇̊́̍˿˿ ̈̅̈̉˷˹̖̂˼̉ 
7340 ˣВА. К˷˽˻̒̀ ̊̎˷̈̉̅́ ̍˼̆̅̎̄̅̀ ̈̌˼̃̒ 

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

˾˷̃˼̐˼̄˿̖. В ̊˾̂˷̌ 1–8 ̇˷̈̆̅̂̅˽˼̄̒ ̊̆̇˷˹-

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

̃̅̐̄̅̈̉˿ (˪˯˧ ˿̂˿ ˨˩К; R1–R8), ̈̆̅̈̅˸-

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

̄̊̕ ̃̅̐̄̅̈̉̓ ˹ ̈˼̉̓. В ̊˾̂˼ 5 ̉˷́˽˼ ̄˷̌̅˻˿̉-
̖̈ ̈˿̄̌̇̅̄̄̒̀ ́̅̃̆˼̄̈˷̉̅̇ ̄˼˸̅̂̓̏̅̀ 

̃̅̐̄̅̈̉˿ (SC5), ̆̇˼˻̄˷˾̄˷̎˼̄̄̒̀ ˻̖̂ 

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

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

̇˷˹̄˷ ̄̊̂̕. 

˨˿̄̌̇̅̄̄̒˼ ̃˷̏˿̄̒ ̃̅˻˼̂˿̖̇̊̉̈̕ ̆̅̂-

̄̒̃˿ ̊̇˷˹̄˼̄˿̖̃˿ ˦˷̇́˷–˚̅̇˼˹˷ ˸˼˾ ̊̎˼̉˷ 
˸̒̈̉̇̅̆˼̇˼̌̅˻̄̒̌ ̆̇̅̍˼̈̈̅˹ ˹ ̈̉˷̉̅̇̄̒̌ 

́̅̄̉̊̇˷̌. ˨̉˷̉˿̎˼̈́˿˼ ̊̈̉̇̅̀̈̉˹˷ ́̅̃̆˼̄̈˷-

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

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

̈̅˹ ˹ ̈̉˷̂˿. ˚˼̄˼̇˷̉̅̇ ˿ ̈˿̄̌̇̅̄̄̒̀ ́̅̃-

̆˼̄̈˷̉̅̇ ̅̈̄˷̐˼̄̒ ̈˿̈̉˼̃̅̀ А˧В ̈˿̂̓̄̅˺̅ 

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

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

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

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

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

̄˷̈̉̇˷˿˹˷˼̃̒̌ ̆˷̇˷̃˼̉̇̅˹ ̇˷˹̄̅ 32 (̆̅ ̎˼-

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

̌̇̅̄̄̅̃ ́̅̃̆˼̄̈˷̉̅̇˼ ˿ ̆̅ ̉̇˿ ˹ ́˷˽˻̅̃ ˿˾ 
˹̅̈̓̃˿ ˨˩К [9]). 

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

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

́̅̉̅̇̅̀ ̈ ̆̅̃̅̐̓̕ ̊˺̂̅˹̒̌ ̌˷̇˷́̉˼̇˿̈̉˿́ 

̅̆̇˼˻˼̖̖̂̉̈̕ ̆̅̉̅́˿ ̇˼˷́̉˿˹̄̅̀ ̃̅̐̄̅̈̉˿ 

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

̄̅̈̉˿ ̄˷̌̅˻̖̖̉̈ ̆̇̅˹̅˻˿̃̅̈̉˿ ˨˩К ˹ ̊˾̂˷̌ 1–

8 ̈̌˼̃̒. ˛˷̂˼˼ ˾˷˻˷̖̉̈̕ ˺̇˷̄˿̍̒ ˿˾̃˼̄˼̄˿̖ 

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

̅˸˼̈̆˼̎˿˹˷̐̕˿˼ ̉̇˼˸̊˼̃̒˼ ̄˷̖̆̇˽˼̄˿̖. 

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

̆̅̂̄̊̕ ˻˿̄˷̃˿̎˼̈́̊̕ ̃̅˻˼̂̓ ̔̂˼́̉̇̅̆˼̇˼˻˷-
̎˿, ̈ ̆̅̃̅̐̓̕ ́̅̉̅̇̅̀ ̇˷̈̈̎˿̉̒˹˷̖̉̈̕ ̆˼̇˼-
̌̅˻̄̒˼ ̆̇̅̍˼̈̈̒ ˿ ̅̆̇˼˻˼̖̖̂̉̈̕ ̈̅˸̈̉˹˼̄̄̒˼ 
˾̄˷̎˼̄˿̖ ̃˷̉̇˿̍̒ ̆˼̇˼̃˼̄̄̒̌ ̖̈̅̈̉̅̄˿̖. ˛˷-
̂˼˼ ̈ ̆̅̃̅̐̓̕ ȌȅȒȎȄа ȑȄвȈȃа ȑȎȁȑȒвȅȍȍțȕ ȇȍа-

ȗȅȍȈȉ [6, 10] ̆̇̅˹̅˻˿̖̉̈ ̅̆̉˿̃˿˾˷̍˿̖ ̄˷̈̉̇̅˼́ 

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

̆˼̇˼˻˷̎˿ (˺˼̄˼̇˷̉̅̇, ˹̅̈˼̃̓ ˨˩К ˿ ̈˿̄̌̇̅̄-

̄̒̀ ́̅̃̆˼̄̈˷̉̅̇) ̆̇˿ ˽˼̂˷˼̃̅̀ ̈̉˼̆˼̄˿ ˾˷̉̊-
̌˷̄˿̖ 0, ́̅̉̅̇˷̖ ̆̅ ̊̃̅̂̎˷̄˿̕ ̆̇˿̖̄̉˷ ̇˷˹-

̄̅̀ –3 ̈–1. 

˨ ̆̅̃̅̐̓̕ ̇˷̈̈̃˷̉̇˿˹˷˼̃̅˺̅ ̃˼̉̅˻˷ ̅̆-

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

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

˹̅̀. В ̉˷˸̂. 1 ̆̇˼˻̈̉˷˹̂˼̄̒ ̇˼˾̊̂̓̉˷̉̒: i – 

̄̅̃˼̇ ̊˾̂˷ (̈̃. ̇˿̈. 1); Ui – ̄˷̖̆̇˽˼̄˿̖ ˹ ̊˾-
̂˷̌ 1–9; Bi – ̆̇̅˹̅˻˿̃̅̈̉˿ ˨˩К ˹ ̊˾̂˷̌ 1–8. 

В ̇˼˽˿̃˼ ̆˼̇˼˻˷̎˿ ̃̅̐̄̅̈̉˿ ǰ = 1,02 ̅.˼. 
̈̊̃̃˷̇̄̒̀ ̊˺̅̂ ̄˷ ̆˼̇˼˻˷̎˼ ̇˷˹˼̄ 231,69.  
˛̅̃˿̄˿̇̊̐̕˿˼ ́̅̇̄˿ ̌˷̇˷́̉˼̇˿̈̉˿̎˼̈́̅˺̅ 

̆̅̂˿̄̅̃˷ ˹ ̔̉̅̃ ̇˼˽˿̃˼:  

 –4,4953 ± j19,898;  –3,3387;  –3,0775 ± j1,902;  

  –3,0456 ± j0,0469;  –2,9805 ± j0,1936;   

 –1;  –0,8397;  –0,1198.  

˥̈̄̅˹̄˷̖ ̎˷̈̉̓ ́̅̇̄˼̀, ̅̆̇˼˻˼̖̂̐̕˿̌ ́̅-

̂˼˸˷̉˼̂̓̄̊̕ ̊̈̉̅̀̎˿˹̅̈̉̓, ˿̃˼˼̉ ̈̉˼̆˼̄̓ ˾˷-
̉̊̌˷̄˿̖ 0 = –3 ̈–1, ̎̉̅ ̅˾̄˷̎˷˼̉ ˾˷̉̊̌˷̄˿˼ ̆˼-
̇˼̌̅˻̄̅˺̅ ̆̇̅̍˼̈̈˷ ̆̇˿̃˼̇̄̅ ˾˷ 1 ̈˼́̊̄˻̊. 

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

̄˿˿ (2600 ˣВ˷̇/̊̎˷̈̉̅́); ˹̒˸˼̇˼̃ ˼˼ ˾˷ ̄̅-

̃˿̄˷̂̓̄̊̕ ̃̅̐̄̅̈̉̓ ˨˩К. В ̇˼˽˿̃˼ ̆˼̇˼˻˷-
̎˿ ̃̅̐̄̅̈̉˿ ˹̒̏˼ ̄˷̉̊̇˷̂̓̄̅̀ ˹̒˻˷˹˷˼̃˷̖ 

˨˩К ̇˼˷́̉˿˹̄˷̖ ̃̅̐̄̅̈̉̓ ̄˼ ˻̅̂˽̄˷ ˸̒̉̓ 

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

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

̊̈̉̅̀̎˿˹̅̈̉˿ ̄˼ ̃˼̄̓̏˼ 20 %. В̅ ˹̈˼̌ ̆̇˼˻-

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

̉̅̎̄̒̌ ̆̅˻̈̉˷̄̍˿̖̌ ̆̇˿̖̄̉̒ ̇˷˹̄̒̃˿ ̄̅̃˿-

̄˷̂̓̄̅̃̊. 
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˩ ˷ ˸ ̂ ˿ ̍ ˷  1  

ǐǱǴǪмǢǭǾǯǢȁ ǯǢǳǴǲоǫǬǢ ǲǧǥǵǭȁǴоǲоǤ ǯǢ ǱǲǧǦǧǭǾǯǵȀ ǱǧǲǧǦǢǤǢǧмǵȀ моǻǯоǳǴǾ P = 1,02 о.ǧ. 
T a b l e  1  

Optimal settings of control systems for power transmission limit P = 1.02 p.u. 

ˤ̅̃˼̇ 

̊˾̂˷ i Ui, ̅.˼. Bi, ̅.˼. 

ˤ˷̈̉̇̅̀́˿ ́̅̔̋̋˿̍˿˼̄̉̅˹ ̇˼˺̊̂˿̇̅˹˷̄˿̖ ˨˩Кi (KRi), ˺˼̄˼̇˷̉̅̇˷ (KG) 

˿ ̈˿̄̌̇̅̄̄̅˺̅ ́̅̃̆̇˼̈̈̅̇˷ (KSC) 

̆̅ ́˷̄˷̂̊ ̅̉́̂̅-

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

̆̅ ́˷̄˷̂̊ ̅̉́̂̅-

̄˼̄˿̖ ̎˷̈̉̅̉̒ 

̆̅ ́˷̄˷̂̊ ̆̇̅˿˾-
˹̅˻̄̅̀ ̅̉ ̎˷̈̉̅̉̒

1 1,001 –0,0194 
KG_0u = –6,658 KG_1u = –9,281 KG_0 = 0,019 KG_1 = –0,131

KR1_0u = –99,766 – KR1_0 = 4,05 KR1_1 = –1,379

2 1 0,0236 KR2_0u = –99,701 – KR2_0 = 3,267 KR2_1 = 1,816

3 1,001 0,0223 KR3_0u = –99,811 – KR3_0 = 3,365 KR3_1 = 1,883

4 1 0,0012 KR4_0u = –72,344 – KR4_0 = 3,174 KR4_1 = 0,999

5 1,001 –0,0018 
KR5_0u = –10,199 – KR5_0 = 2,074 KR5_1 = 0,328

KSC_0u = –5,314 KSC_1u = –0,1 KSC_0 = –0,019 KSC_1 = 1,408

6 1,001 –0,0018 KR6_0u = –46,925 – KR6_0 = 2,212 KR6_1 = –1,353

7 1 –0,0258 KR7_0u = –84,797 – KR7_0 = 3,042 KR7_1 = –1,246

8 1 –0,032 KR6_0u = –46,034 – KR6_0 = 2,214 KR6_1 = –1,643

9 1 – – – – –
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˧˿̈. 3. ˟˾̃˼̄˼̄˿˼ ̈̉˼̆˼̄˿ ˾˷̉̊̌˷̄˿̖ ˻̅̃˿̄˿̇̊̐̕˼˺̅ ̖́̅̇̄ ̆̇˿ ̄˷̈̉̇̅̀́˼  
̄˷ ̆˼̇˼˻˷̎̊ ̆̅ ̂˿̄˿˿ ̃̅̐̄̅̈̉˿ P = 1.02 ̅.˼ (1) ˿ ̄˷̈̉̇̅̀́˼ ̄˷ ˻˹˷ ̇˼˽˿̃˷ 0,1 ˿ 1,0 ̅.˼. (2) 

Fig. 3. Change in damping degree for dominant eigenvalue when tuning for power transmission  

of P = 1.02 p.u. (1) and for two operations of 0.1 and 1.0 p.u. (2) 
 

˦̅́˷˽˼̃, ̎̉̅ ˻˷̄̄˷̖ ̄˷̈̉̇̅̀́˷ ̖˹̖̂˼̖̉̈ 

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

̃̅̐̄̅̈̉˿ ̄˿˽˼ ̃˷́̈˿̃˷̂̓̄̅̀. ˟˾̃˼̄˼̄˿˼ 
̈̉˼̆˼̄˿ ˾˷̉̊̌˷̄˿̖ ˻̅̃˿̄˿̇̊̐̕˼˺̅ ̖́̅̇̄ ̆̅-

́˷˾˷̄̅ ̄˷ ̇˿̈. 3 (́̇˿˹˷̖ 1). 

˦̇˿̃˼̄˼̄˿˼ ̋̊̄́̍˿˿ ̅̆̉˿̃˿˾˷̍˿˿ fmincon 

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

̄˷ ˹˼̂˿̎˿̄̊ ˿̈́̅̃̒̌ ̆˷̇˷̃˼̉̇̅˹. В ̎˷̈̉̄̅̈̉˿, 

́̅̔̋̋˿̍˿˼̄̉̒ ̆̅ ̅̉́̂̅̄˼̄˿̕ ̄˷̖̆̇˽˼̄˿̖ 

˨˩К KR_0u ˹ ̆̇˼˻̒˻̊̐˿̌ ̇˷̈̎˼̉˷̌ ˹˷̇̓˿̇̅˹˷-
̂˿̈̓ ˹ ˻˿˷̆˷˾̅̄˼ ̅̉ –100 ˻̅ –5. ˟˾ ̉˷˸̂. 1 

˹˿˻̄̅, ̎̉̅ ̄˷ ̄˼̈́̅̂̓́˿̌ ˨˩К ˹˼̂˿̎˿̄̒ ̔̉˿̌ 

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

1

2
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˨ ̊̎˼̉̅̃ ̇˷̈̏˿̇˼̄˿̖ ˻˿˷̆˷˾̅̄˷ ˿˾-
̃˼̄˼̄˿̖ ̄˷̈̉̇̅˼̎̄̒̌ ̆˷̇˷̃˼̉̇̅˹ ̆̇̅˹˼˻˼̃ 

̅̆̉˿̃˿˾˷̍˿̕ ̆̅ ˻˹̊̃ ̇˼˽˿̃˷̃ – ̃˷̂̅̀ 

̄˷˺̇̊˾́˿ (0,1 ̅.˼.) ˿ ̄˷̉̊̇˷̂̓̄̅̀ ̃̅̐̄̅̈̉˿ 

(1 ̅.˼.). ˧˼˾̊̂̓̉˷̉̒ ̆̇˼˻̈̉˷˹̂˼̄̒ ̄˷ ̇˿̈. 3 

(́̇˿˹˷̖ 2). К̅̇̄˿ ̌˷̇˷́̉˼̇˿̈̉˿̎˼̈́̅˺̅ ̆̅-

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

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

̈̂˼˻̊̐̕˿˼: 

̆̇˿ ǰ = 0 ̅.˼. 

 –4,2436 ± j19,804;  –4,0551;   

 –2,9528 ± j0,0672;  –2,8616; –1;  

 –0,84043; –0,6084; –0,381 ± j2,8152; 

̆̇˿ ǰ = 0,1 ̅.˼. 

 –4,2082 ± j19,808; –3,4521;  

 –2,9613 ± j2,2418;  –2,927 ± j0,7448;  

 –2,9044 ± j1,6285; –2,8619;  

 –1; –0,8405; –0,4932; 

̆̇˿ ǰ = 1,0 ̅.˼. 

 –4,4663; –3,0185 ± j20,798;  

 –3,0131 ± j1,4325; –2,9786 ± j1,094;  

 –2,8631; –1; –0,84063; –0,17988. 

К̅̇̄˿ 1–3 ̄˷ ̇˿̈. 4 ̅̉˹˼̎˷̉̕ ˾˷ ́̅̂˼˸˷-
̉˼̂̓̄̊̕ ̊̈̉̅̀̎˿˹̅̈̉̓, ́̅̇˼̄̓ 4 – ˾˷ ˷̆˼̇˿̅-

˻˿̎˼̈́̊̕. К˷́ ˹˿˻̄̅ (̈̃. ̇˿̈. 3), ̊̈̉̅̀̎˿-

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

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

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

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

˹̅˾˻˼̀̈̉˹˿̀ ̃˼˽˻̊ А˧В ˨˚/˨К ˿ ̈˿̈̉˼̃ ̇˼˺̊-
̂˿̇̅˹˷̄˿̖ ˨˩К ̆̇˿˹˼̂̅ ́ ̉̅̃̊, ̎̉̅ ˹̈˼ ́̅̔̋-

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

̂˼̃̅̃ ˻˿˷̆˷˾̅̄˼ ˾̄˷̎˼̄˿̀.  

ǑоǤǽǺǧǯǪǧ ǱǲǧǦǧǭǢ ǱǧǲǧǦǢǤǢǧмоǫ моǻǯоǳǴǪ  

ǩǢ ǳǹǧǴ ǵǤǧǭǪǹǧǯǪȁ ǹǪǳǭǢ  

Ǫ моǻǯоǳǴǪ ǳǪǯǷǲоǯǯǽǷ ǬомǱǧǯǳǢǴоǲоǤ 

˪˹˼̂˿̎˿̃ ́̅̂˿̎˼̈̉˹̅ ̈˿̄̌̇̅̄̄̒̌ ́̅̃-

̆˼̄̈˷̉̅̇̅˹ ˻̅ ̉̇˼̌, ̊̈̉˷̄̅˹˿˹ ˿̌ ˹ ̉̅̎́˷̌ 3, 5 

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

̈̂̊̎˷˼ ̇˷˹̄̅ 40) ˿ ̄˷̀˻˼̃ ̆̇˼˻˼̂̓̄̒̀ ̇˼˽˿̃. 

˧˼˾̊̂̓̉˷̉̒ ̆̇˼˻̈̉˷˹̂˼̄̒ ˹ ̉˷˸̂. 2. ˦̇˼˻˼̂ ̆˼-
̇˼˻˷˹˷˼̃̅̀ ̃̅̐̄̅̈̉˿ ̆̅˹̒̈˿̖̂̈ ˻̅ 1,08 ̅.˼., 
̉. ˼. ̆̇˿̇̅̈̉ ̈̅̈̉˷˹˿̂ ̎̊̉̓ ˸̅̂˼˼ 5 %. ˤ˷ ̇˿̈. 5 

̆̇˼˻̈̉˷˹̂˼̄ ̆˼̇˼̌̅˻̄̒̀ ̆̇̅̍˼̈̈ ̆̇˿ ̃˷̂̅̃ 

̄˷˸̇̅̈˼ ̃̅̐̄̅̈̉˿ (0,005 ̅.˼.), ̆̇˿ ́̅̉̅̇̅̃ 

̊̈̉̅̀̎˿˹̅̈̉̓ ̈̅̌̇˷̖̄˼̖̉̈. 

В ̇˼˽˿̃˼ ̆˼̇˼˻˷̎˿ ̃̅̐̄̅̈̉˿ ǰ = 1,08 ̅.˼. 
̊˺̅̂ ̆̅ ̔̂˼́̉̇̅̆˼̇˼˻˷̎˼ ̇˷˹˼̄  = 243,3, ˷ 

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

̆̅̂˿̄̅̃˷ ̈̂˼˻̊̐̕˿˼: 

 –3,8037 ± j18,782;  –3,3619;  –3,015 ± j0,4241;  

 –2,9933 ± j0,9625;  –2,9919 ± j0,7659;  –2,8624;  

 –1;  –0,8432;  –0,2299. 

 

 

1 

2 

3 

3 

 
 

˧˿̈. 4. ˟˾̃˼̄˼̄˿˼ ˻̅̃˿̄˿̇̊̐̕˿̌ ́̅̇̄˼̀ ̆̇˿ ̄˷̈̉̇̅̀́˼  
̄˷ ˻˹˷ ̇˼˽˿̃˷ ̆̅ ̆˼̇˼˻˷˹˷˼̃̅̀ ̃̅̐̄̅̈̉˿ 

Fig. 4. Change of dominant eigenvalues when tuning for two operations 
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˩ ˷ ˸ ̂ ˿ ̍ ˷  2  

ǐǱǴǪмǢǭǾǯǢȁ ǯǢǳǴǲоǫǬǢ ǲǧǥǵǭȁǴоǲоǤ ǯǢ ǱǲǧǦǧǭǾǯǵȀ ǱǧǲǧǦǢǤǢǧмǵȀ моǻǯоǳǴǾ P = 1,08 о.ǧ.  
ǳ Ǵǲǧмȁ ǳǪǯǷǲоǯǯǽмǪ ǬомǱǧǯǳǢǴоǲǢмǪ  

T a b l e  2  

Optimal settings of control systems to power transmission limit P=1.08 p.u. with three synchronous condensers 

ˤ̅̃˼̇ 

̊˾̂˷ i 
Ui, ̅.˼. Bi, ̅.˼.

ˤ˷̈̉̇̅̀́˿ ̇˼˺̖̊̂̉̅̇̅˹ ̉̇˼̌ ̈˿̄̌̇̅̄̄̒̌ ́̅̃̆˼̄̈˷̉̅̇̅˹ 

̆̅ ́˷̄˷̂̊ ̅̉́̂̅̄˼-
̄˿̖ ̄˷̖̆̇˽˼̄˿̖ 

̆̅ ́˷̄˷̂̊ ̆̇̅˿˾-
˹̅˻̄̅̀ ̄˷̖̆̇˽˼̄˿̖

̆̅ ́˷̄˷̂̊  
̅̉́̂̅̄˼̄˿̖ ̎˷̈̉̅̉̒ 

̆̅ ́˷̄˷̂̊ ̆̇̅˿˾-
˹̅˻̄̅̀ ̅̉ ̎˷̈̉̅̉̒

1 1,001 0 – – – – 

2 1,001 0,075 – – – – 

3 1,001 0,062 KSC3_0u = –6,439 KSC3_1u = –8,727 KSC3_0 = 1,695 KSC3_1 = –1,661 

4 1,001 0,0488 – – – – 

5 1,001 0,0364 KSC5_0u = –14,556 KSC5_1u = –0,636 KSC5_0 = 4,709 KSC5_1 = 1,545 

6 1,001 0,0247 – – – – 

7 1,001 0,0152 KSC7_0u = –6,877 KSC7_1u = –4,125 KSC7_0 = 4,167 KSC7_1 = –0,418 

8 1 0 – – – – 

9 1,001 0 – – – – 

 

 0 1 2 3 4
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˧˿̈. 5. ˦˼̇˼̌̅˻̄̒̀ ̆̇̅̍˼̈̈ ̆̇˿ ̄˷˸̇̅̈˼ ̃̅̐̄̅̈̉˿ 0,005 ̅.˼. ˿˾ ̇˼˽˿̃˷ ̆˼̇˼˻˷̎˿ 1,08 ̅.˼. 
Fig. 5. Angle fluctuations under small disturbance (power step 0,005 p.u.) on maximum power transmission 1,08 p.u. 

 

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

̆̇˿ ̃˷̂̅̃ ̄˷˸̇̅̈˼ ̃̅̐̄̅̈̉˿ (0,005 ̅.˼.), ̆̇˿ 

́̅̉̅̇̅̃ ̊̈̉̅̀̎˿˹̅̈̉̓ ̈̅̌̇˷̖̄˼̖̉̈. 

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

́̅̃̆˼̄̈˷̉̅̇̅˹ ˹ ̇˷˾̂˿̎̄̒̌ ̉̅̎́˷̌ ̂˿̄˿˿ 

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

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

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

̎˼̄˿˿ ̊̈̉˷̄̅˹̂˼̄̄̅̀ ̃̅̐̄̅̈̉˿ ˨К ˹˻˹̅˼. 
˧˼˾̊̂̓̉˷̉̒ ̆̇˼˻̈̉˷˹̂˼̄̒ ˹ ̉˷˸̂. 3. ˟˾ ̄˼˼ 

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

̈̉˿ ̈ ̅˻̄˿̃ ˨К ̆̇˿ ̊˹˼̂˿̎˼̄˿˿ ˼˺̅ ̃̅̐̄̅̈̉˿ 
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˹ ˻˹˷ ̇˷˾˷ ̊˹˼̂˿̎˿˹˷˼̖̉̈ ˻̅ 1,06 ̅.˼. В ̉̅ ˹̇˼̖̃ 

́˷́ ̊̈̉˷̄̅˹́˷ ˻˹̊̌ ˨К ˿̈̌̅˻̄̅̀ ̃̅̐̄̅̈̉˿ ˹ 

̉̅̎́˷̌ 4 ˿ 7 ˻˷˼̉ ̊˹˼̂˿̎˼̄˿˼ ̂˿̏̓ ˻̅ 1,04 ̅.˼., 
˷ ̊̈̉˷̄̅˹́˷ ̉̇˼̌ ˨К – ˻̅ 1,08 ̅.˼. ˪˹˼̂˿̎˼̄˿˼ 
̃̅̐̄̅̈̉˿ ˨К ˹ ˻˹˷ ̇˷˾˷ ˻̖̂ ̈̂̊̎˷̖ ̊̈̉˷̄̅˹́˿ 

̉̇˼̌ ˨К ̆̅˾˹̖̅̂˼̉ ˻̅˸˿̖̉̓̈ ̆˼̇˼˻˷˹˷˼̃̅̀ 

̃̅̐̄̅̈̉˿ 1,21 ̅.˼. ˩˷́˿̃ ̅˸̇˷˾̅̃, ̆̇˿ ˻˷̄-

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

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

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

̌̅˻˷ ˻̅ ̄˷̉̊̇˷̂̓̄̅̀ ̃̅̐̄̅̈̉˿. 
 

˩ ˷ ˸ ̂ ˿ ̍ ˷  3  

ǑǲǧǦǧǭǾǯǢȁ моǻǯоǳǴǾ ǭǪǯǪǪ ǱǲǪ ǲǢǩǭǪǹǯǽǷ мǧǳǴǢǷ 

Ǫ моǻǯоǳǴȁǷ ǵǳǴǢǯоǤǬǪ ǓК 

T a b l e  3  

Power transmission limits at various locations  

and capacities of SC installation 

˪˾̂̒  

̊̈̉˷̄̅˹́˿ 

˨К 

˦̇˼˻˼̂̓̄˷̖ ̆˼̇˼˻˷˹˷˼̃˷̖ ̃̅̐̄̅̈̉̓ 

ǰ, ̅.˼., ̆̇˿ ̇˷˾̄̒̌ ̖̃̅̐̄̅̈̉̌ ˨К 

S˨К = 360 ˣВА S˨К = 720 ˣВА 

5 1,02 1,06 

4 ˿ 7 1,04 1,11 

3, 5 ˿ 7 1,08 1,21 
 

ВǭǪȁǯǪǧ ǱоǳǴоȁǯǯǽǷ ǤǲǧмǧǯǪ ǓǔК ǯǢ ǳǴǢǴǪǹǧǳǬǵȀ 

ǵǳǴоǫǹǪǤоǳǴǾ ǦǢǭǾǯǧǫ ǿǭǧǬǴǲоǱǧǲǧǦǢǹǪ 

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

̆̇̅˹̅˻˿̂˷̈̓ ̆̇˿ ̄˼˿˾̃˼̄̄̅̀ ̖̆̅̈̉̅̄̄̅̀ 

˹̇˼̃˼̄˿ ˨˩К, ̇˷˹̄̅̀ 1 ̈˼́̊̄˻˼. ˧˷̈̈̃̅̉̇˿̃ 

̉˼̆˼̇̓ ˹̂˿̖̄˿˼ ̔̉̅̀ ̖̆̅̈̉̅̄̄̅̀ ˹̇˼̃˼̄˿ ̄˷ 
̈̉˷̉˿̎˼̈́̊̕ ̊̈̉̅̀̎˿˹̅̈̉̓ [11, 12]. А̄˷̂˿˾ ˸̊-

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

̂˼̄̄̅̀ ̄˷ ̇˿̈. 2, ̈ ̉̇˼̖̃ ˨К ̃̅̐̄̅̈̉̓̕ 

360 ˣВА ́˷˽˻̒̀ ˿ ̄˷̈̉̇̅˼̄̄̅̀ ̄˷ ̆˼̇˼˻˷˹˷-
˼̃̊̕ ̃̅̐̄̅̈̉̓ 1,08 ̅.˼. (̈̃. ̉˷˸̂. 3). ˪̈̉˷̄̅-

˹˿̃ ̄̅˹̊̕ ˽˼̂˷˼̃̊̕ ̈̉˼̆˼̄̓ ̊̈̉̅̀̎˿˹̅̈̉˿ 0, 

̇˷˹̄̊̕ –4 ̈–1. ˚̇˷̄˿̍̒ ˿˾̃˼̄˼̄˿̖ ̖̆̅̈̉̅̄-

̄̅̀ ˹̇˼̃˼̄˿ – ̅̉ 0,3 ˻̅ 3 ̈. ˣ˷́̈˿̃˷̂̓̄̒̀ 

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

˺˼̄˼̇˷̉̅̇˷, ̆̇˿ ́̅̉̅̇̅̃ ̈˿̈̉˼̃˷ ̈̅̌̇˷̖̄˼̉ 
̊̈̉̅̀̎˿˹̅̈̉̓, ̇˷˹˼̄ 0,005 ̅.˼. 

˧˼˾̊̂̓̉˷̉̒ ̅̆̉˿̃˿˾˷̍˿˿ ̉̅̂̓́̅ ̆̅̈̉̅-

̖̄̄̒̌ ˹̇˼̃˼̄˿ ˨˩К ̆̅́˷˾̒˹˷̉̕, ̎̉̅ ˹ ̉̅̎-

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

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

̈́˿̌ ̊̈̉̇̅̀̈̉˹ ̃̅˽˼̉ ˸̒̉̓ ̈̇˷˹̄˿̉˼̂̓̄̅ 

̄˿˾́˿̃. ˤ˷ ̔̉˿̌ ̆̅˻̈̉˷̄̍˿̖̌ ˨˩К ˸̊˻̊̉ ̅̉-
˹˼̎˷̉̓ ̉̅̂̓́̅ ˾˷ ̆̅˻˻˼̇˽˷̄˿˼ ̉̇˼˸̊˼̃̒̌ ̆˷-

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

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

̃̅̐̄̅̈̉˿. 

˥̆̉˿̃˿˾˷̍˿̖ ̖̆̅̈̉̅̄̄̒̌ ˹̇˼̃˼̄˿ ˨˩К 

̆̅˾˹̅̂˿̂˷ ̊̂̊̎̏˿̉̓ ̈̉˼̆˼̄̓ ˾˷̉̊̌˷̄˿̖  

˻̅̃˿̄˿̇̊̐̕˿̌ ́̅̇̄˼̀, ̅˻̄˷́̅ ̊˹˼̂˿̎˼-

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

̃˿˾˷̍˿̕ ́̅̔̋̋˿̍˿˼̄̉̅˹ ̈˿̈̉˼̃ ̇˼˺̊̂˿-

̇̅˹˷̄˿̖ ˿ ̖̆̅̈̉̅̄̄̒̌ ˹̇˼̃˼̄˿ ˨˩К (48 ̆˷-

̇˷̃˼̉̇̅˹). ˧˼˾̊̂̓̉˷̉̒ ̆̇˼˻̈̉˷˹̂˼̄̒ ˹ ̉˷˸̂. 4, 

˾˷˹˿̈˿̃̅̈̉˿ ̇˼˷́̉˿˹̄̒̌ ̃̅̐̄̅̈̉˼̀ ̉̇˼̌  

˨К ̅̉ ˹̇˼̃˼̄˿ ˹ ̆˼̇˼̌̅˻̄̒̌ ̆̇̅̍˼̈̈˷̌ –  

̄˷ ̇˿̈. 6. 

 

˩ ˷ ˸ ̂ ˿ ̍ ˷  4  

ǐǱǴǪмǢǭǾǯǢȁ ǯǢǳǴǲоǫǬǢ ǲǧǥǵǭȁǴоǲоǤ  
ǯǢ ǱǲǧǦǧǭǾǯǵȀ ǱǧǲǧǦǢǤǢǧмǵȀ моǻǯоǳǴǾ P = 1,1 о.ǧ. 

ǱǲǪ ǲǢǩǭǪǹǯǽǷ ǱоǳǴоȁǯǯǽǷ ǤǲǧмǧǯǪ ǓǔК 

T a b l e  4  

Optimal settings of control systems  

to power transmission limit P = 1,1 p.u.  

with different SVC time response 

ˤ̅̃˼̇ 

̊˾̂˷ i 
Ui, ̅.˼. Bi, ̅.˼. 

˦̖̅̈̉̅̄̄̒˼ ˹̇˼̃˼̄˿ 

˨˩К ǲ̅́̇ i 

1 1,001 0,0074 0,818 

2 1,001 0,0918 0,499 

3 1,001 0,0774 0,604 

4 1,001 0,0637 0,357 

5 1,001 0,0506 0,429 

6 1,001 0,0382 0,303 

7 1,001 0,0292 1,353 

8 1 0,0107 0,523 

9 1,001 – – 
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˧˿̈. 6. ˟˾̃˼̄˼̄˿˼ ̇˼˷́̉˿˹̄̅̀ ̃̅̐̄̅̈̉˿ ̈˿̄̌̇̅̄̄̒̌ ́̅̃̆˼̄̈˷̉̅̇̅˹ ̆̇˿ ̃˷̂̅̃ ˹̅˾̃̊̐˼̄˿˿ ̄˷ ̔̂˼́̉̇̅̆˼̇˼˻˷̎˼ 
(  –SC3;   – SC5;   – SC7) 

Fig. 6. Fluctuations of synchronous condenser reactive power under small disturbance on power transmission 

(  –SC3;   – SC5;   – SC7) 
 

К˷́ ˹˿˻̄̅ ˿˾ ̉˷˸̂˿̍̒, ̆˼̇˼˻˷˹˷˼̃˷̖ ̃̅̐-

̄̅̈̉̓ ̊˹˼̂˿̎˿̂˷̈̓ ̄˷ 0.02 ̅.˼., ̅˻̄˷́̅ ̈̉˼̆˼̄̓ 
˾˷̉̊̌˷̄˿̖ ˻̅̃˿̄˿̇̊̐̕˿̌ ́̅̇̄˼̀ ̆̅ ̈̇˷˹̄˼̄˿̕ 

̈ ̆̇˿˹˼˻˼̄̄̒̃˿ ˹ ̉˷˸̂. 3 ˾̄˷̎˿̉˼̂̓̄̅ ̊̂̊̎̏˿-

̂˷̈̓. ˦̅ ˻˷̄̄̅̀ ̄˷̈̉̇̅̀́˼ ̇˼˺̖̊̂̉̅̇̅˹ ̊˺̅̂ ̆˼-
̇˼˻˷̎˿ ̆̇˿ ǰ = 1,1 ̅.˼. ̈̅̈̉˷˹̖̂˼̉  = 245,9, ˷ 
˻̅̃˿̄˿̇̊̐̕˿˼ ́̅̇̄˿ ̌˷̇˷́̉˼̇˿̈̉˿̎˼̈́̅˺̅ ̆̅-

̂˿̄̅̃˷ ̈̂˼˻̊̐̕˿˼: 

 –4,5361 ± j20,731; –3,9746 ± j20,584;  

 –3,9675 ± j2,5001; –3,9581 ± j7,9451;  

 –3,9157 ± j2,1186; –3,9116; –3,8882 ± j1,0876;  

 –3,8311 ± j0,5267; –3,769; –2,8975; –1;   

 –0,8608; –0,3199 

˩˷́˽˼ ̃̅˽̄̅ ̅̉̃˼̉˿̉̓, ̎̉̅ ˾̄˷̎˿̉˼̂̓̄̅ 

̊̃˼̄̓̏˿̂˿̈̓ ̆̅ ̃̅˻̊̂̕ ́̅̔̋̋˿̍˿˼̄̉̒ ̇˼˺̊-
̂˿̇̅˹˷̄˿̖ ̆̅ ̅̉́̂̅̄˼̄˿̕ ̄˷̖̆̇˽˼̄˿̖. ˤ˷ ̇˿̈. 
6 ̆̅́˷˾˷̄̒ ̇˼˷́̉˿˹̄̒˼ ̃̅̐̄̅̈̉˿ ̉̇˼̌ ˨К, ́̅-

̉̅̇̒˼ ̄˼ ˹̅˾˹̇˷̐˷̖̉̈̕ ˹ ̄̊̂˼˹̅˼ ˾̄˷̎˼̄˿˼ ̆̅-

̈̂˼ ˹̅˾̃̊̐˼̄˿̖. ˨ ̔̉˿̃ ̈˹̖˾˷̄˷ ̄˼̅˸̌̅˻˿̃̅̈̉̓ 
˻˷̂̓̄˼̀̏˼˺̅ ̈̅˹˼̇̏˼̄̈̉˹̅˹˷̄˿̖ ̈˿̈̉˼̃ ̇˼˺̊-
̂˿̇̅˹˷̄˿̖ ̊̈̉̇̅̀̈̉˹ ́̅̃̆˼̄̈˷̍˿˿. 

ВǽǤоǦǽ Ǳо ǲǢбоǴǧ 

˦̇̅˹˼˻˼̄̅ ˿̈̈̂˼˻̅˹˷̄˿˼ ̇˼˽˿̃̅˹ ˿ 

̊̈̉̅̀̎˿˹̅̈̉˿ ˻˷̂̓̄˼̀ ̂˿̄˿˿ ̔̂˼́̉̇̅̆˼̇˼˻˷-

̎˿ ̆˼̇˼̃˼̄̄̅˺̅ ̉̅́˷ ̃˷́̈˿̃˷̂̓̄̅̀ ˻̂˿̄̅̀ 

4000 ́̃ ̈ ̊̆̇˷˹̖̂˼̃̅̀ ̆̅̆˼̇˼̎̄̅̀ ́̅̃̆˼̄-

̈˷̍˿˼̀. 

˦̅́˷˾˷̄̅, ̎̉̅ ̆˷̇˷̂̂˼̂̓̄˷̖ ̇˷˸̅̉˷ 

˨˩К/˪˯˧ ˿ ˨К ̃˷̂̅̀ ̃̅̐̄̅̈̉˿ ˹ ́˷̎˼̈̉˹˼ 

́̅̃̆˼̄̈˿̇̊̐̕˿̌ ̊̈̉̇̅̀̈̉˹ ˹ ̅˻̄̅̃ ˿˾ ̊˾̂̅˹ 

̆̅˾˹̖̅̂˼̉ ̇˼˷̂˿˾̅˹̒˹˷̉̓ ̇˼˽˿̃̒ ̆˼̇˼˻˷̎˿ 

̃̅̐̄̅̈̉˼̀ ˸̅̂̓̏˼ ̄˷̉̊̇˷̂̓̄̅̀ ̄˷ 10–20 %. 

˨ ˿̈̆̅̂̓˾̅˹˷̄˿˼̃ ̃˼̉̅˻˷ ̈˻˹˿˺˷ ̈̅˸̈̉-
˹˼̄̄̒̌ ˾̄˷̎˼̄˿̀ ̃˷̉̇˿̍̒ ̆˼̇˼̃˼̄̄̒̌  

̖̈̅̈̉̅̄˿̖ ˹̒̆̅̂̄˼̄˷ ̈̅˹̃˼̈̉̄˷̖ ́̅̅̇-

˻˿̄˷̍˿̖ ̄˷̈̉̇̅˼́ ̇˼˺̖̊̂̉̅̇̅˹ ˪˯˧/˨˩К, 

А˧В ˨˚ ˿ ˨К. 

В̖̒˹̂˼̄̅, ̎̉̅ ˿̈̆̅̂̓˾̅˹˷̄˿˼ ̅˻˿̄˷́̅˹̒̌ 
́̅̔̋̋˿̍˿˼̄̉̅˹ ̈˿̈̉˼̃ ̇˼˺̊̂˿̇̅˹˷̄˿̖ ̄˷ ˹̈˼̌ 
˨˩К ˹˼˻˼̉ ́ ˾̄˷̎˿̉˼̂̓̄̅̃̊ ̊̌̊˻̏˼̄˿̕ ̈̉˷̉˿̎˼-
̈́̅̀ ̊̈̉̅̀̎˿˹̅̈̉˿ ˿ ̖˹̖̂˼̖̉̈ ̄˼̔̋̋˼́̉˿˹̄̒̃. 

˦̅́˷˾˷̄̅, ̎̉̅ ̅˻̄̅˹̇˼̃˼̄̄˷̖ ̅̆̉˿̃˿˾˷̍˿̖ 

́̅̔̋̋˿̍˿˼̄̉̅˹ ̈˿̈̉˼̃ ̊̆̇˷˹̂˼̄˿̖ ˿ ̖̆̅̈̉̅̄-

̄̒̌ ˹̇˼̃˼̄˿ ˨˩К ̆̅˾˹̖̅̂˼̉ ̊˹˼̂˿̎˿̉̓ ̆̇˼˻˼̂ 

̆˼̇˼˻˷˹˷˼̃̅̀ ̃̅̐̄̅̈̉˿ ˻̅ 1,1 ̅.˼. ˿ ˻̅˸˿̖̉̓̈ 

̊̂̊̎̏˼̄˿̖ ̊̇̅˹̖̄ ̈̉˷̉˿̎˼̈́̅̀ ̊̈̉̅̀̎˿˹̅̈̉˿. 

˪˹˼̂˿̎˼̄˿˼̃ ̃̅̐̄̅̈̉˿ ˨К ˹ ̊˾̂˼ ˹ ˻˹˷ ̇˷˾˷ 
˻̅̈̉˿˺̄̊̉̅ ̆̅˹̒̏˼̄˿˼ ̆̇˼˻˼̂̓̄̅̀ ̆˼̇˼˻˷˹˷˼-
̃̅̀ ̃̅̐̄̅̈̉˿ ˻̅ 1,21 ̅.˼. 
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О НЕОБХОДИМОСТИ КОРРЕКТИРОВКИ  
МЕТОДА РАСЧЕТА ЭЛЕКТРИЧЕСКИХ НАГРУЗОК  

ДЛЯ ПРЕДПРИЯТИЙ МИНЕРАЛЬНО-СЫРЬЕВОГО КОМПЛЕКСА 

˧˷̈̎˼̉ ̔̂˼́̉̇˿̎˼̈́˿̌ ̄˷˺̇̊˾̅́ – ̆˼̇˹̅̈̉˼̆˼̄̄˷̖ ˾˷˻˷̎˷ ̆̇˿ ̆̇̅˼́̉˿̇̅˹˷̄˿˿ ̂̕˸̅̀ ̈˿̈̉˼̃̒ ̔̂˼́-

̉̇̅̈̄˷˸˽˼̄˿̖, ˷ ˻̅̈̉̅˹˼̇̄̅̈̉̓ ̆̅̂̊̎˷˼̃̒̌ ˾̄˷̎˼̄˿̀ ̄˷˺̇̊˾̅́ ̖̆̇̃̒̃ ̅˸̇˷˾̅̃ ˹̂˿̖˼̉ ̄˷ ̉˼̌̄˿́̅-

̔́̅̄̅̃˿̎˼̈́˿˼ ̆̅́˷˾˷̉˼̂˿ ˹̈˼˺̅ ̆̇˼˻̆̇˿̖̉˿̖. В ̈̉˷̉̓˼ ̇˷̈̈̃˷̉̇˿˹˷̖̉̈̕ ̔̉˷̆̒ ̇˷˾˹˿̉˿̖ ̃˼̉̅˻̅˹ ˿ 

̆̅˻̌̅˻̅˹ ̆̅ ̅̆̇˼˻˼̂˼̄˿̕ ̇˷̈̎˼̉̄̒̌ ˾̄˷̎˼̄˿̀ ̔̂˼́̉̇˿̎˼̈́˿̌ ̄˷˺̇̊˾̅́ – ̅̉ ̅̆̒̉̄̅˺̅ ̆̇˼˻̈̉˷˹̂˼̄˿̖ 

20-̌ ˺̅˻̅˹ ˬˬ ˹˼́˷ ˻̅ ̈̅˹̇˼̃˼̄̄̒̌ ̃˼̉̅˻̅˹. ˦̅˻̇̅˸̄̅ ̇˷̈̈̃˷̉̇˿˹˷˼̖̉̈ ̊̉˹˼̇˽˻˼̄̄̒̀ ̃˼̉̅˻ ̇˷̈̎˼̉˷ 
̄˷˺̇̊˾̅́ ˿ ̆̇̅˹̅˻˿̖̉̈ ˼˺̅ ̆̇̅˹˼̇́˷ ̆̊̉˼̃ ̈̇˷˹̄˼̄˿̖ ˻̅̈̉̅˹˼̇̄̅̈̉˿ ̈̆̇˷˹̅̎̄̒̌ ˻˷̄̄̒̌ ˿ ̋˷́̉˿̎˼-
̈́˿̌ ˾̄˷̎˼̄˿̀ ́̅̔̋̋˿̍˿˼̄̉˷ ˿̈̆̅̂̓˾̅˹˷̄˿̖, ̆̅̂̊̎˼̄̄̒̌ ˹ ̇˼˾̊̂̓̉˷̉˼ ̔́̈̆˼̇˿̃˼̄̉˷̂̓̄̒̌ ˿̈̈̂˼˻̅-

˹˷̄˿̀ ̄˷ ̅˸̑˼́̉˼ ˺̅̇̄̅-̅˸̅˺˷̉˿̉˼̂̓̄̅˺̅ ̆̇̅˿˾˹̅˻̈̉˹˷. ˦̅́˷˾˷̄̅, ̎̉̅ ̆̇̅˹̅˻˿̃̒˼ ̃˼̇̅̆̇˿̖̉˿̖ ̆̅ 

̆̅˹̒̏˼̄˿̕ ̔̄˼̇˺˼̉˿̎˼̈́̅̀ ̔̋̋˼́̉˿˹̄̅̈̉˿ ̆̇˼˻̆̇˿̖̉˿̖ ̆̇˿˹̅˻̖̉ ́ ̄˼̅˸̌̅˻˿̃̅̈̉˿ ́̅̇̇˼́̉˿̇̅˹́˿ 

́̅̔̋̋˿̍˿˼̄̉̅˹, ˿̈̆̅̂̓˾̊˼̃̒̌ ˹ ̈̊̐˼̈̉˹̊̐̕˼̃ ̃˼̉̅˻˼ ̇˷̈̎˼̉˷ ̔̂˼́̉̇˿̎˼̈́˿̌ ̄˷˺̇̊˾̅́. 

ǪȋȞȗȅвțȅ ȑȋȎва: ̇˷̈̎˼̉ ̔̂˼́̉̇˿̎˼̈́˿̌ ̄˷˺̇̊˾̅́, ́̅̔̋̋˿̍˿˼̄̉ ˿̈̆̅̂̓˾̅˹˷̄˿̖, ́̅̔̋̋˿̍˿˼̄̉ ̇˷̈-

̎˼̉̄̅̀ ̄˷˺̇̊˾́˿, ̃˼̇̅̆̇˿̖̉˿̖ ̆̅ ̔̄˼̇˺̅̈˸˼̇˼˽˼̄˿̕, ́̅̇̇˼̖̂̍˿̅̄̄˷̖ ̈˹̖˾̓. 
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OF MINERAL RESOURCES INDUSTRY 

Calculation of electrical loads is the primary task in design of each power supply system, and the reliability 

of the values obtained from such calculations directly affects the technical and economic indicators of the 

entire enterprise. This article discusses all stages of development of methods and approaches for determining 

the calculated values of electrical loads from experimental representation in the 1920s to modern methods. 

The approved method for calculation of loads is considered in detail and tested for reliability of the refer-

ence data and the actual values of the utilization coefficient obtained as a result of the studies carried out for 

the object of mining and processing production. We have confirmed the influence of the measures to im-

prove energy efficiency and, as a consequence, the need to adjust the existing method for calculation of 
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ВǤǧǦǧǯǪǧ 
В̒̈̅́˿˼ ̉˼̃̆̒, ̈ ́̅̉̅̇̒̃˿ ̇˷˾˹˿˹˷˼̖̉̈ 

̔̄˼̇˺˼̉˿́˷, ̉̇˼˸̊̉̕ ̆̅˹̒̏˼̄˿̖ ̔̋̋˼́̉˿˹̄̅̈̉˿ 

́˷̆˿̉˷̂̅˹̂̅˽˼̄˿̀ ˿ ̃˷̉˼̇˿˷̂̓̄̒̌ ˾˷̉̇˷̉. ˨˼-
˺̅˻̖̄ ̖̆̅̇˻́˷ ˻˹̊̌ ̉̇˼̉˼̀ ̅̉ ̆̅̉̇˼˸̖̂˼̃̅̀ 

̔̂˼́̉̇̅̔̄˼̇˺˿˿ ̆̇˿̌̅˻˿̖̉̈ ̄˷ ̆̇̅̃̒̏̂˼̄̄̒˼ 
̆̇˼˻̆̇˿̖̉˿̖. ˦̅̔̉̅̃̊ ˼̐˼ ̄˷ ̔̉˷̆˼ ̆̇̅˼́̉˿̇̅-

˹˷̄˿̖ ̄˼̅˸̌̅˻˿̃̅ ̆̇˿̃˼̖̄̉̓ ̃˼̇̒ ̆̅ ̆̅˹̒̏˼-
̄˿̕ ˿̌ ̉˼̌̄˿́̅-̔́̅̄̅̃˿̎˼̈́˿̌ ̆̅́˷˾˷̉˼̂˼̀. 

˥˻̄˷ ˿˾ ̆˼̇˹̅̅̎˼̇˼˻̄̒̌ ˾˷˻˷̎ ̆̇˿ ̆̇̅˼́̉˿̇̅-

˹˷̄˿˿ ̆̇̅̃̒̏̂˼̄̄̒̌ ̆̇˼˻̆̇˿̖̉˿̀ – ̅̆̇˼˻˼-
̂˼̄˿˼ ̔̂˼́̉̇˿̎˼̈́˿̌ ̄˷˺̇̊˾̅́; ˻̅̈̉̅˹˼̇̄̅̈̉̓ 
̆̅̂̊̎˷˼̃̒̌ ̆̇˿ ̉˷́˿̌ ̇˷̈̎˼̉˷̌ ˾̄˷̎˼̄˿̀ ̖̆̇-

̃̒̃ ̅˸̇˷˾̅̃ ˹̂˿̖˼̉ ̄˷ ̉˼̌̄˿́̅-̔́̅̄̅̃˿̎˼̈́˿˼ 
̆̅́˷˾˷̉˼̂˿ ˹̈˼˺̅ ̆̇˼˻̆̇˿̖̉˿̖. ˧˷̈̎˼̉̄̒˼ ̔̂˼́-

̉̇˿̎˼̈́˿˼ ̄˷˺̇̊˾́˿ ˿̈̆̅̂̓˾̖̊̉̈̕ ̆̇˿ ˹̒˸̅̇˼ 
̔̂˼̃˼̄̉̅˹ ̈˿̈̉˼̃̒ ̔̂˼́̉̇̅̈̄˷˸˽˼̄˿̖. ˞˷̄˿˽˼-
̄˿˼ ˿̂˿ ˾˷˹̒̏˼̄˿˼ ̇˷̈̎˼̉̄̒̌ ˾̄˷̎˼̄˿̀ ̆̇˿˹̅-

˻˿̉ ́ ˸̅̂̓̏˿̃ ̆̅̉˼̖̇̃ ˿ ̊˹˼̂˿̎˼̄˿̕ ́˷̆˿̉˷̂̓-
̄̒̌ ˾˷̉̇˷̉ [2, 3]. ˛̅̈̉̅˹˼̇̄̅̈̉̓ ˽˼ ˾̄˷̎˼̄˿̀ 

˾˷˹˿̈˿̉ ̅̉ ̃˼̉̅˻̅˹, ̆̇˿̃˼̖̄˼̃̒̌ ˻̖̂ ̇˷̈̎˼̉˷ 
̔̂˼́̉̇˿̎˼̈́˿̌ ̄˷˺̇̊˾̅́. ˭˼̂̓ ˻˷̄̄̅̀ ̈̉˷̉̓˿ – 

́̅̇̇˼́̉˿̇̅˹́˷ ˿ ̆̅˹̒̏˼̄˿˼ ̉̅̎̄̅̈̉˿ ̃˼̉̅˻˷ 
̅̆̇˼˻˼̂˼̄˿̖ ̇˷̈̎˼̉̄̒̌ ̄˷˺̇̊˾̅́.  

ǎǧǴоǦǽ ǲǢǳǹǧǴǢ ǿǭǧǬǴǲǪǹǧǳǬǪǷ ǯǢǥǲǵǩоǬ 

ˣ˼̉̅˻̒ ̇˷̈̎˼̉˷ ˾̄˷̎˿̃̅ ˿˾̃˼̖̄̂˿̈̓: ̅̉ 
̅̆̒̉̄̒̌ ˿˾̃˼̇˼̄˿̀ 20-̌ ˺̅˻̅˹ XX ˹˼́˷ ˻̅ ̈̅-

˹̇˼̃˼̄̄̒̌ ̃˼̉̅˻̅˹, ˿̈̆̅̂̓˾̊̐̕˿̌ ̃˷̉˼̃˷̉˿-

̎˼̈́˿̀ ˷̆̆˷̇˷̉ ̉˼̅̇˿˿ ˹˼̖̇̅̉̄̅̈̉˼̀ ˿ ̈̂̊-

̎˷̀̄̒̌ ̆̇̅̍˼̈̈̅˹.  

˟̈̈̂˼˻̅˹˷̄˿̖ ˹ ̅˸̂˷̈̉˿ ̔̂˼́̉̇˿̎˼̈́˿̌ 
̄˷˺̇̊˾̅́ ̄˷̎˷̂˿̈̓ ̈ 30-̌ ˺̅˻̅˹ ̆̇̅̏̂̅˺̅ ̈̉̅̂˼-
̉˿̖. ˤ̅ ̄˼˻̅̈̉˷̉̅̎̄̅̈̉̓ ̉˼̅̇˼̉˿̎˼̈́˿̌ ˿ ̔́̈̆˼-
̇˿̃˼̄̉˷̂̓̄̒̌ ˻˷̄̄̒̌ ̄˼ ̆̅˾˹̖̅̂̂˿ ̈ ̆̇˿˼̃̂˼-
̃̅̀ ˻̅̈̉̅˹˼̇̄̅̈̉̓̕ ˿̈̆̅̂̓˾̅˹˷̉̓ ˿̌ ̇˼˾̊̂̓̉˷̉̒. 

В̉̅̇̒̃ ̆˼̇˿̅˻̅̃ ˹ ̇˷˾˹˿̉˿˿ ̉˼̅̇˿˿ ̔̂˼́-

̉̇˿̎˼̈́˿̌ ̄˷˺̇̊˾̅́ ̆̅ ̆̇˷˹̊ ̈̎˿̉˷̖̉̈̕ 50-˼ 
˺̅˻̒ ˬˬ ˹˼́˷. ˘̒̂˷ ̈̅˾˻˷̄˷ ˿̄̋̅̇̃˷̍˿̅̄̄˷̖ 

˸˷˾˷ ˾˷ ̈̎˼̉ ̆̇̅˹˼˻˼̄˿̖ ̄˷ ̆̇̅̃̒̏̂˼̄̄̒̌ 
̆̇˼˻̆̇˿̖̉˿̖̌ ˸̅̂̓̏̅˺̅ ́̅̂˿̎˼̈̉˹˷ ̔́̈̆˼̇˿-

̃˼̄̉˷̂̓̄̒̌ ˿̈̈̂˼˻̅˹˷̄˿̀ ˿ ̇˷˾̇˷˸̅̉˷̄̒ ̃˼-
̉̅˻̒ ̃˷̉˼̃˷̉˿̎˼̈́̅̀ ̈̉˷̉˿̈̉˿́˿, ̆̅˾˹̅̂˿˹-

̏˿˼ ̈̅˾˻˷̉̓ ̃˷̉˼̃˷̉˿̎˼̈́˿˼ ̃̅˻˼̂˿, ̅̆˿̇˷̖̈̓ 

̄˷ ̉˼̅̇˿̕ ̈̂̊̎˷̀̄̒̌ ˹˼̂˿̎˿̄. К˷́ ̇˼˾̊̂̓̉˷̉ ˹ 

1968 ˺̅˻̊ ˹̒̏̂˿ «˪́˷˾˷̄˿̖ ̆̅ ̅̆̇˼˻˼̂˼̄˿̕ 

̔̂˼́̉̇˿̎˼̈́˿̌ ̄˷˺̇̊˾̅́ ̆̇̅̃̒̏̂˼̄̄̒̌ ̊̈̉˷-
̄̅˹̅́», ˹ ̅̈̄̅˹̊ ́̅̉̅̇̒̌ ̂˼˺ ̃˼̉̅˻ ̖̊̆̅̇˻̅-

̎˼̄̄̒̌ ˻˿˷˺̇˷̃̃ (ˣ˪˛) [1]. В ̈̅̅̉˹˼̉̈̉˹˿˿ ̈ 
ˣ˪˛ ̇˷̈̎˼̉̄̅˼ ˾̄˷̎˼̄˿˼ ́̅̔̋̋˿̍˿˼̄̉˷ ˿̈-
̆̅̂̓˾̅˹˷̄˿̖ ̅̆̇˼˻˼̖̂˼̖̉̈ ˹̒̇˷˽˼̄˿˼̃  
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˺˻˼ ˿ ̈̇k  – ̃˷̉˼̃˷̉˿̎˼̈́̅˼ ̅˽˿˻˷̄˿˼ ́̅̔̋̋˿̍˿-

˼̄̉  ˷˿̈̆̅̂̓˾̅˹˷̄˿  ̖̌˷̇˷́̉˼̇̄̅̀ ́˷̉˼˺̅̇˿  ˿̔̂˼́-

̉̇̅̆̇˿˼̃̄˿́̅˹; k˿ – ̈̇˼˻̄˼́˹˷˻̇̅̉˿̎˼̈́̅˼ ̅̉-
́̂̅̄˼̄˿  ˼́̅̔̋̋˿̍˿˼̄̉  ˷˿̈̆̅̂̓˾̅˹˷̄˿  ̖ k˿, ̆̇˿-

˹˼˻˼̄̄̅˼  ́ ̅˻̄̅̃̊ ̔̂˼́̉̇̅̆̇˿˼̃̄˿́̊; f  ́˿  – ́̅-

̔̋̋˿̍˿˼̄̉ ̋̅̇̃  ̒ ̖̊̆̅̇˻̅̎˼̄̄̅  ̀ ˻˿˷˺̇˷̃̃̒ 

́̅̔̋̋˿̍˿˼̄̉̅  ˹ ˿̈̆̅̂̓˾̅˹˷̄˿̖; n̔ – ̔̋̋˼́̉˿˹-
̄̅˼ ̎˿̈̂  ̅̔̂˼́̉̇̅̆̇˿˼̃̄˿́̅˹. ˥˻̄˷́  ̅̅̉̈̊̉̈̉˹˿˼ 
˿̄̋̅̇̃˷̍˿̅̄̄̅-̈̆̇˷˹̅̎̄̒  ̌ ˻˷̄̄̒̌ ̆  ̅ ˿̈̇k   ˿

f  ́˿  ˻̖̂ ̌˷̇˷́̉˼̇̄̒̌ ́˷̉˼˺̅̇˿  ̀ ̔̂˼́̉̇̅̆̇˿˼̃̄˿-

́̅  ˹̄˼ ̆̅˾˹̖̅̂˼̉ ̈̎˿̉˷̉  ̓̇˼˾̊̂̓̉˷̉̒, ̆̅̂̊̎˷˼̃̒˼ 
˻˷̄̄̒  ̃̃˼̉̅˻̅̃, ̆̅̂̄̅̈̉̓  ̕ ˻̅̈̉̅˹˼̇̄̒̃˿: ̆̅-

́˷˾˷̉˼̂  ˿ ̔̂˼́̉̇̅̆̅̉̇˼˸̂˼̄˿  ̖̆̅ ̇˼˾̊̂̓̉˷̉˷  ̃̅˸-

̈̂˼˻̅˹˷̄˿̖ ˻˼̀̈̉˹̊̐̕˿̌ ̆̇˼˻̆̇˿̖̉˿  ̀̈˹˿˻˼̉˼̂̓-
̈̉˹̊˼̉  ̅ ˾˷˹̒̏˼̄˿  ˿ ̆̅̂̊̎˼̄̄̅  ̀ ̉˷́˿  ̃̃˼̉̅˻̅̃ 

̇˷̈̎˼̉̄̅  ̀̃˷́̈˿̃˷̂̓̄̅  ̀̄˷˺̇̊˾́˿ ̍˼̌̅  ˹̄˷  ˻̋˷́-

̉˿̎˼̈́˿  ̃˾̄˷̎˼̄˿˼  ̃  ˹1,5–2,5 ̇˷˾˷.  
ˤ˷ ̈̃˼̄̊ ̊́˷˾˷̄˿̖̃ 1968 ˺̅˻˷ ̆̇˿̏̂˿ 

̅˸̄̅˹̂˼̄̄̒˼ ̊́˷˾˷̄˿̖ ̆̅ ̇˷̈̎˼̉̊ ̔̂˼́̉̇˿̎˼-
̈́˿̌ ̄˷˺̇̊˾̅́ ˧˩ˣ 36.18.32.4-92, ˻˼̀̈̉˹̊̕-

̐˿˼ ̈ 01.01.1993 ˺̅˻˷ ̆̅ ̈˼˺̅˻̖̄̏̄˿̀ ˻˼̄̓. 

ˤ̅˹̒˼ ̊́˷˾˷̄˿̖ ˸̒̂˿ ̇˷˾̇˷˸̅̉˷̄̒ Вˤ˟˦˟ 

«˩̖˽̆̇̅̃̔̂˼́̉̇̅̆̇̅˼́̉», ̅˺̇̅̃̄̒̀ ˹́̂˷˻ ˹ 

̔̉̊ ̇˷˸̅̉̊ ˹̄˼̈̂˿ ̉˷́˿˼ ̊̎˼̄̒˼, ́˷́ ˘.˛. ˝̅-

̌̅˹, ˢ.˘. ˚̅˻˺˼̂̓̋. ˞˷ ̅̈̄̅˹̊ ˹ ̄˿̌ ̆̇˿̖̄̉ 
̃̅˻˿̋˿̍˿̇̅˹˷̄̄̒̀ ̈̉˷̉˿̈̉˿̎˼̈́˿̀ ̃˼̉̅˻ 

(ˣ˨ˣ). В ̈̅̅̉˹˼̉̈̉˹˿˿ ̈ ˣ˨ˣ ̇˷̈̎˼̉̄̅˼ 

˾̄˷̎˼̄˿˼ ́̅̔̋̋˿̍˿˼̄̉˷ ̈̆̇̅̈˷ ̅̆̇˼˻˼̖̂˼̖̉̈ 

˹̒̇˷˽˼̄˿˼̃ 
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˺˻˼ ǲ0 = 10 ̃˿̄ – ̖̆̅̈̉̅̄̄˷̖ ˹̇˼̃˼̄˿ ̄˷˺̇˼˹˷ 
̆̇̅˹̅˻̄˿́̅˹ ̃˷̂̅˺̅ ˿ ̈̇˼˻̄˼˺̅ ̈˼̎˼̄˿̀; ǲ – 
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̋˷́̉˿̎˼̈́˷̖ ̖̆̅̈̉̅̄̄˷̖ ˹̇˼̃˼̄˿ ̄˷˺̇˼˹˷ ̔̂˼-
̃˼̄̉̅˹ ̈˿̈̉˼̃̒ ̔̂˼́̉̇̅̈̄˷˸˽˼̄˿̖; k˿ – ̈̇˼˻̄˼-
˹˾˹˼̏˼̄̄̅˼ ̈̆̇˷˹̅̎̄̅˼ ˾̄˷̎˼̄˿˼ ́̅̔̋̋˿̍˿˼̄-

̉̅˹ ˿̈̆̅̂̓˾̅˹˷̄˿̖ ˻̖̂ ̌˷̇˷́̉˼̇̄̒̌ ́˷̉˼˺̅̇˿̀ 

̔̂˼́̉̇̅̆̇˿˼̃̄˿́̅˹; ˿̈̇k  – ̃˷̉˼̃˷̉˿̎˼̈́̅˼ ̅˽˿-

˻˷̄˿˼ ́̅̔̋̋˿̍˿˼̄̉˷ ˿̈̆̅̂̓˾̅˹˷̄˿̖ ˺̇̊̆̆̒ 

̔̂˼́̉̇̅̆̇˿˼̃̄˿́̅˹. ˣ˨ˣ ̅̈̄̅˹˷̄ ̄˷ ˿̈̆̅̂̓-
˾̅˹˷̄˿˿ ̊̇˷˹̄˼̄˿̖ ̇˼˺̇˼̈̈˿˿, ́̅̉̅̇̅˼ ̌˷̇˷́̉˼-
̇˿˾̊˼̉ ́̅̇̇˼̖̂̍˿̅̄̄̊̕ ̈˹̖˾̓ ̃˼˽˻̊ ˹˼̂˿̎˿̄˷̃˿ 

˿̈̇k ˿ k˿; ̔̉˿ ˾˷˹˿̈˿̃̅̈̉˿ ̆̅́˷˾˷̄̒ ̄˷ ̇˿̈. 1 [1].  

К̅̇̇˼̖̂̍˿̅̄̄̒̀ ˷̄˷̂˿˾ ̈̅˹̅́̊̆̄̅̈̉˿ ̆˷̇-

̄̒̌ ˾̄˷̎˼̄˿̀ k˿ ˿ ˿̈̇k  ̆̅˾˹̅̂˿̂ ̊̈̉˷̄̅˹˿̉̓, ̎̉̅ 

̄˷˿˸̅̂˼˼ ̉˼̈̄˷̖ ̈˹̖˾̓ ̃˼˽˻̊ ̔̉˿̃˿ ̆˷̇˷̃˼̉̇˷̃˿ 

˿̃˼˼̉ ̃˼̈̉̅ ̆̇˿ ̇˷˾˸˿˼̄˿˿ ̈̅˹̅́̊̆̄̅̈̉˿ ̄˷ ˻˹˷ 
˻˿˷̆˷˾̅̄˷ (k˿ < 0,5 ˿  k˿  0,5) ̆̇˿ ̎˿̈̂˼ ̉̅̎˼́ ˹ 
́˷˽˻̅̃ ˻˿˷̆˷˾̅̄˼  N̉ > 50, ̎̉̅ ̈˹˿˻˼̉˼̂̓̈̉˹̊˼̉ ̅ 

˻̅̈̉˷̉̅̎̄̅  ̀˾̄˷̎˿̃̅̈̉  ˿˿̈̈̂˼˻̊˼̃̅  ̀˾˷˹˿̈˿̃̅̈̉  ˿

[11, 12]. ˨ ˿̈̆̅̂̓˾̅˹˷̄˿˼̃ ̃˼̉̅˻˷ ̄˷˿̃˼̄̓̏˿̌ 
́˹˷˻̇˷̉̅˹ ̆̅̂̊̎˼̄̒ ̊̇˷˹̄˼̄˿̖ ̂˿̄˿̀ ̇˼˺̇˼̈̈˿˿ 

˻̖̂ ̆˼̇˹̅˺̅ ˿ ˹̉̅̇̅˺̅ ˻˿˷̆˷˾̅̄̅˹ k˿: 

 ˿ ̈̇ ˿ ˿   0,58 0,05  ̆̇˿   0,5;k k k    (4) 

 ˿ ̈̇ ˿ ˿   0,7 0,12  ̆̇˿  0,5.k k k    (5) 

˞̄˷̎˼̄˿̖ ˿ ̈̇,k  ̆̅̂̊̎˼̄̄̒˼ ̆̅ ̊̇˷˹̄˼̄˿̖̃ 

(4) ˿ (5), ̖˹̖̖̂̉̈̕ ̊̈̇˼˻̄˼̄̄̒̃˿ ̎˷̈̉̄̒̃˿ 

(˹̒˸̅̇̅̎̄̒̃˿) ˾̄˷̎˼̄˿̖̃˿ ́̅̔̋̋˿̍˿˼̄̉̅˹ 

˿̈̆̅̂̓˾̅˹˷̄˿̖ ˺̇̊̆̆ ̔̂˼́̉̇̅̆̇˿˼̃̄˿́̅˹, ̌˷-
̇˷́̉˼̇˿˾̊̐̕˿̃˿ ̃˷̉˼̃˷̉˿̎˼̈́̅˼ ̅˽˿˻˷̄˿˼ 
̆̇˿ ˿˾˹˼̈̉̄̅̃ ̈̇˼˻̄˼˹˾˹˼̏˼̄̄̅̃ ̈̆̇˷˹̅̎̄̅̃ 

˾̄˷̎˼̄˿˿ k˿ [4, 9]. 

˨̅˺̂˷̈̄̅ ˣ˨ˣ ̆̇˿ ̅̆̇˼˻˼̂˼̄˿˿ ̃˷́̈˿-

̃˷̂̓̄̅̀ ̆̅ ˻̅̆̊̈̉˿̃̅̃̊ ̄˷˺̇˼˹̊ ̄˷˺̇̊˾́˿ ˻̖̂ 

̅˻̄̅̀ ̉̇˷̄̈̋̅̇̃˷̉̅̇̄̅̀ ̆̅˻̈̉˷̄̍˿̀ (˩˦) 

̈̇˼˻̖̖̄ ˼˼ ́̅̃̆̅̄˼̄̉˷ ˻̅̂˽̄˷ ˹̒̎˿̖̖̈̂̉̓̈ ̄˼ 
̆̅ ̃˷̉˼̃˷̉˿̎˼̈́̅̃̊ ̅˽˿˻˷̄˿̕, ˷ ̆̅ ˹˼̇̌̄˼̀ 

˺̇˷̄˿̍˼ ˻̅˹˼̇˿̉˼̂̓̄̒̌ ˿̄̉˼̇˹˷̂̅˹ k˿ ̈̇ (˺) 

̄̅̇̃˷̂̓̄̅˺̅ ˾˷́̅̄˷ ̇˷̈̆̇˼˻˼̂˼̄˿̖ ̎˷̈̉̄̒̌ 
˾̄˷̎˼̄˿̀ ˿̈̇k  ˻̖̂ ̆˼̇˹̅˺̅ ˿ ˹̉̅̇̅˺̅ ˻˿˷̆˷˾̅-

̄̅˹, ́̅̉̅̇̒˼ ̃̅˺̊̉ ˸̒̉̓ ̆̇˼˹̒̏˼̄̒ ̈ ˹˼̖̇̅̉-
̄̅̈̉̓̕ ̄˼ ˸̅̂˼˼ 0,05: 

   ˿ ˿˿ ̈̇ ˺  0,6   ̆̇˿   0,5;k k k   (6) 

   ˿ ˿˿ ̈̇ ˺  0,8   ̆̇˿  0,5.k k k   (7)
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˧˿̈. 1. К̅̇̇˼̖̂̍˿̅̄̄̒̀ ˷̄˷̂˿˾ ̈̅˹̅́̊̆̄̅̈̉˿ ̆˷̇̄̒̌ ˾̄˷̎˼̄˿̀ k˿ ˿ ˿ ̈̇k   

Fig. 1. Correlation analysis of the set of paired values of kȈ and ˿ ̈̇k  (av) 
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˫̅̇̃̊̂˷ ˻̖̂ ̇˷̈̎˼̉˷ ˷́̉˿˹̄̅̀ ̃̅̐̄̅̈̉˿: 

 ̇ ̇ ˿ ̄̅̃, ǰ k k P  (8) 

˺˻˼ kp – ́̅̔̋̋˿̍˿˼̄̉ ̇˷̈̎˼̉̄̅̀ ˷́̉˿˹̄̅̀ 

̄˷˺̇̊˾́˿, ̇˷˹̄̒̀ ̅̉̄̅̏˼̄˿̕ ́̅̔̋̋˿̍˿˼̄̉˷ 
̈̆̇̅̈˷ ˺̇̊̆̆̒ ̔̂˼́̉̇̅̆̇˿˼̃̄˿́̅˹ ́ ̈̇˼˻̄˼-
˹˾˹˼̏˼̄̄̅̃̊ ̈̆̇˷˹̅̎̄̅̃̊ ˾̄˷̎˼̄˿̕ k˿, ̅̆̇˼-
˻˼̂˼̄̄̅̃̊ ́˷́ ˻˼̉˼̇̃˿̄˿̇̅˹˷̄̄˷̖ ˹˼̂˿̎˿̄˷, 
̌˷̇˷́̉˼̇˿˾̊̐̕˷̖ ˹˼̇̌̄̕̕ ˺̇˷̄˿̍̊ ˹̅˾̃̅˽-

̄̒̌ ˾̄˷̎˼̄˿̀ ́̅̔̋̋˿̍˿˼̄̉̅˹ ˿̈̆̅̂̓˾̅˹˷̄˿̖ 

̔̂˼́̉̇̅̆̇˿˼̃̄˿́̅˹: 

 ̇ ̈ ˿./k k k  (9) 

˩˷́˿̃ ̅˸̇˷˾̅̃, ˣ˨ˣ ̆̅˾˹̅̂˿̂ ̈̄˿˾˿̉̓ 

̆̅˺̇˼̏̄̅̈̉̓ ̅̆̇˼˻˼̂˼̄˿̖ ̔̂˼́̉̇˿̎˼̈́˿̌ 

̄˷˺̇̊˾̅́, ̈̅̌̇˷̄˿˹ ̆̇˿ ̔̉̅̃ ˹̅˾̃̅˽̄̅̈̉̓ ˿̈-
̆̅̂̓˾̅˹˷̄˿̖ ̈̊̐˼̈̉˹̊̐̕˼̀ ̈̆̇˷˹̅̎̄̅-˿̄̋̅̇-

̃˷̍˿̅̄̄̅̀ ˸˷˾̒ ˾̄˷̎˼̄˿̀ ݇и [10]. 

ǐбоǳǯоǤǢǯǪǧ ǬоǲǲǧǬǴǪǲоǤǬǪ  

ǵǴǤǧǲǨǦǧǯǯоǥо мǧǴоǦǢ 

˦̅̈̂˼ ˹̈̉̊̆̂˼̄˿̖ ˹ ̈˿̂̊ ̋˼˻˼̇˷̂̓̄̅˺̅ ˾˷-
́̅̄˷ № 261-˫˞ «˥˸ ̔̄˼̇˺̅̈˸˼̇˼˽˼̄˿˿ ˿ ̅ ̆̅-

˹̒̏˼̄˿˿ ̔̄˼̇˺˼̉˿̎˼̈́̅̀ ̔̋̋˼́̉˿˹̄̅̈̉˿…» 

˹̅˾̄˿́̂˷ ̄˼̅˸̌̅˻˿̃̅̈̉̓ ̆̇̅˹˼˻˼̄˿̖ ̉˼̌̄˿̎˼-
̈́̅˺̅ ̆˼̇˼˹̅̅̇̊˽˼̄˿̖ ˹̈˼̌ ̆̇̅̃̒̏̂˼̄̄̒̌ 

̅˸̑˼́̉̅˹, ˹ ̉̅̃ ̎˿̈̂˼ ̆̇˼˻̆̇˿̖̉˿̀ ̃˿̄˼̇˷̂̓-

̄̅-̈̒̇̓˼˹̅˺̅ ́̅̃̆̂˼́̈˷, ́˷́ ̅˻̄˿̌ ˿˾ ̈˷̃̒̌ 
̔̄˼̇˺̅˼̃́˿̌ ̅˸̑˼́̉̅˹ [5, 7]. ˥̈̄̅˹̄˷̖ ̍˼̂̓ 
̆̇̅˹˼˻˼̄˿̖ ̃˼̇̅̆̇˿̖̉˿̀ ̆̅ ̔̄˼̇˺̅̈˸˼̇˼˽˼-
̄˿̕ – ̈̄˿˾˿̉̓ ̆̅̉̇˼˸̂˼̄˿˼ ̔̂˼́̉̇̅̔̄˼̇˺˿˿. 

ˮ˷̈̉̄̒̃ ̈̂̊̎˷˼̃ ̉˷́˿̌ ̃˼̇̅̆̇˿̖̉˿̀ ̖˹̖̂˼̖̉̈ 

̆̇˿̃˼̄˼̄˿˼ ̄˷ ̉˼̌̄̅̂̅˺˿̎˼̈́˿̌ ̊̈̉˷̄̅˹́˷̌ 

̇˼˺̊̂˿̇̊˼̃̒̌ ̔̂˼́̉̇̅̆̇˿˹̅˻̅˹, ˿̃˼̐̕˿̌ ˹ 

̈˹̅˼̃ ̈̅̈̉˷˹˼ ̆̇˼̅˸̇˷˾̅˹˷̉˼̂˿ ̎˷̈̉̅̉̒ (˦ˮ), 

˷ ̉˷́˽˼ ˻̇̊˺̅˺̅ ̔̄˼̇˺̅̔̋̋˼́̉˿˹̄̅˺̅ ̔̂˼́̉̇̅-

̅˸̅̇̊˻̅˹˷̄˿̖ [6]. ˣ˼˽˻̊ ̉˼̃ ̈̊̐˼̈̉˹̊̐̕˿˼ 
̃˼̉̅˻̒ ̅̆̇˼˻˼̂˼̄˿̖ ̇˷̈̎˼̉̄̒̌ ̄˷˺̇̊˾̅́ ˿ 

˿̄̋̅̇̃˷̍˿̅̄̄̒˼ ˸˷˾̒ ̄˼ ̊̎˿̉̒˹˷̉̕ ˿˾̃˼̄˼-
̄˿̖, ̆̇̅˿˾̅̏˼˻̏˿˼ ˹ ̔̄˼̇˺̅̈˿̈̉˼̃˷̌ ˾˷ ̆̅-

̈̂˼˻̄˿˼ ˺̅˻̒. ˦̅̔̉̅̃̊ ̄˼̅˸̌̅˻˿̃̅ ̆̇̅˹˼˻˼-
̄˿˼ ˿̈̈̂˼˻̅˹˷̄˿̀ ̆̅ ˹̖̒˹̂˼̄˿̕ ˾˷˹˿̈˿̃̅̈̉˿ 

̆̅̉̇˼˸̂˼̄˿̖ ̃̅̐̄̅̈̉˿ ̅̉ ̆̇˿̃˼̄˼̄˿̖ ̈̅˹̇˼-
̃˼̄̄̅˺̅ ̅˸̅̇̊˻̅˹˷̄˿̖ ˿ ̆̇̅˹̅˻˿̃̒̌ ̃˼̇̅-

̆̇˿̖̉˿̀ ̆̅ ̔̄˼̇˺̅̈˸˼̇˼˽˼̄˿̕. ˟ ˹ ̃˼̉̅˻˷̌ 
̇˷̈̎˼̉˷ ̄˷˺̇̊˾̅́ ̄˼̅˸̌̅˻˿̃̅ ̊̎˿̉̒˹˷̉̓ ˿̄˻˿-

˹˿˻̊˷̂̓̄̒˼ ̅̈̅˸˼̄̄̅̈̉˿ ̈̅˹̇˼̃˼̄̄̒̌ ̉˼̌̄̅-

̂̅˺˿̎˼̈́˿̌ ̆̇̅̍˼̈̈̅˹, ̆̇˿ ̄˼̅˸̌̅˻˿̃̅̈̉˿ 

̅̈̊̐˼̈̉˹̖̖̂ ́̅̇̇˼́̉˿̇̅˹́˿ ́̅̔̋̋˿̍˿˼̄̉̅˹, 

˿̈̆̅̂̓˾̊˼̃̒̌ ˹ ̇˷̈̎˼̉˷̌ [8, 13, 16]. В ̎˷̈̉̄̅-

̈̉˿ ̈ ̔̉̅̀ ̍˼̂̓̕ ̄˷ ̅˸̑˼́̉˼ ˺̅̇̄̅-̅˸̅˺˷̉˿-

̉˼̂̓̄̅˺̅ ̆̇̅˿˾˹̅˻̈̉˹˷ ˸̒̂˿ ̆̇̅˹˼˻˼̄̒ ˿̈̈̂˼-
˻̅˹˷̄˿̖ ˾˷˹˿̈˿̃̅̈̉˿ ̆̅̉̇˼˸̂˼̄˿̖ ̃̅̐̄̅̈̉˿ 

̔̂˼́̉̇̅̆̇˿˹̅˻̅̃ ́̅̄˹˼̀˼̇˷ 2ˢ-120 ̅̉ ̈́̅̇̅-

̈̉˿ ́̅̄˹˼̀˼̇̄̅̀ ̂˼̄̉̒ ˿ ̌˷̇˷́̉˼̇˷ ˾˷˺̇̊˾́˿ 

́̅̄˹˼̀˼̇˷ ̇̊˻̄̅̀ ̃˷̈̈̅̀.  

ǟǬǳǱǧǲǪмǧǯǴǢǭǾǯǽǧ ǪǳǳǭǧǦоǤǢǯǪȁ 

˦̇˿˹̅˻ ́̅̄˹˼̀˼̇˷ ˹́̂̎̕˷˼̉ ̈̂˼˻̊̐̕˿˼ 
́̅̃̆̅̄˼̄̉̒: ̆̇˿˹̅˻̄̒˼ ̉̇˼̌̋˷˾̄̒˼ ˷̈˿̄-

̌̇̅̄̄̒˼ ̔̂˼́̉̇̅˻˹˿˺˷̉˼̂˿ 660 В, 250 ́В̉ 
(2 ̏̉.); ̉̇˼̌̋˷˾̄̒˼ ̆̇˼̅˸̇˷˾̅˹˷̉˼̂˿ ̎˷̈̉̅-

̉̒ 660 В, 250 ́В̉ (2 ̏̉.); ˹˼̄̉˿̖̂̉̅̇̒  

̆̇˿̄̊˻˿̉˼̂̓̄̅˺̅ ̅̌̂˷˽˻˼̄˿̖ ̆̇˿˹̅˻̄̒̌ 

̔̂˼́̉̇̅˻˹˿˺˷̉˼̂˼̀ 660 В (2 ̏̉.); ̊̈̉˷̄̅˹́˷ 

˹̅˻̖̄̅˺̅ ̅̌̂˷˽˻˼̄˿̖ ̆̇˼̅˸̇˷˾̅˹˷̉˼̂˼̀ ̎˷-

̈̉̅̉̒ (1 ̏̉.). 

ˤ˷ ̇˿̈. 2 ̆̇˼˻̈̉˷˹̂˼̄̒ ˾˷˹˿̈˿̃̅̈̉˿ ˿˾̃˼-
̄˼̄˿̖ ˷́̉˿˹̄̅̀ ˿ ̇˼˷́̉˿˹̄̅̀ ̃̅̐̄̅̈̉˼̀, ̆̅-

̉̇˼˸̖̂˼̃̒̌ ̆̇˿˹̅˻̅̃ ́̅̄˹˼̀˼̇˷, ̅̉ ̈́̅̇̅̈̉˿ 

́̅̄˹˼̀˼̇̄̅̀ ̂˼̄̉̒ ́˷́ ˸˼˾ ̇˼˺̊̂˿̇̅˹˷̄˿̖, ̉˷́ 

˿ ̈ ˷˹̉̅̃˷̉˿̎˼̈́˿̃ ̇˼˺̊̂˿̇̅˹˷̄˿˼̃ ̔̉̅̀ ̈́̅-

̇̅̈̉˿. 

˘̒̂˿ ̆̅̂̊̎˼̄̒ ̉˷́˽˼ ˺̇˷̋˿́˿ ˿˾̃˼̄˼̄˿̖ 

˹̅ ˹̇˼̃˼̄˿ ˷́̉˿˹̄̅̀ ̃̅̐̄̅̈̉˿ ́̅̄˹˼̀˼̇̄̅̀ 

̊̈̉˷̄̅˹́˿ ̈ ̄˼̇˼˺̊̂˿̇̊˼̃̒̃ (̇˿̈. 3) ˿ ̇˼˺̊̂˿-

̇̊˼̃̒̃ ̔̂˼́̉̇̅̆̇˿˹̅˻̅̃ (̇˿̈. 4). ˦̅ ̇˼˾̊̂̓-

̉˷̉˷̃ ˿̈̈̂˼˻̅˹˷̄˿̖ ˸̒̂̅ ˹̖̒˹̂˼̄̅ ̄˼̈̅̅̉˹˼̉-
̈̉˹˿˼ ̆̅̂̊̎˼̄̄̒̌ ˿ ̈̆̇˷˹̅̎̄̒̌ ˾̄˷̎˼̄˿̀ ݇и 

˿̄˻˿˹˿˻̊˷̂̓̄̒̌ ̆̅̉̇˼˸˿̉˼̂˼̀ ́˷́ ̆̇˿ ̇˼˺̊-

̂˿̇̊˼̃̅̀ ̈́̅̇̅̈̉˿ ́̅̄˹˼̀˼̇̄̅̀ ̂˼̄̉̒, ̉˷́ ˿ 

˸˼˾ ̇˼˺̊̂˿̇̅˹˷̄˿̖. 

˛˷̄̄̒˼, ̆̅̂̊̎˼̄̄̒˼ ˹ ̇˼˾̊̂̓̉˷̉˼ ̆̇̅˹˼˻˼-
̄˿̖ ˿̈̆̒̉˷̄˿̀ ́̅̄˹˼̀˼̇˷, ̈˹˼˻˼̄̒ ˹ ̉˷˸̂. 1. 

˟̈̆̒̉˷̄˿̖ ̆̇̅˹̅˻˿̂˿̈̓ ˹ ˻˹̊̌ ̇˼˽˿̃˷̌: ̈ ̆̅-

̖̈̉̅̄̄̅̀ ̈́̅̇̅̈̉̓̕ 3,15 ̃/̈ ˿ ˹ ̇˼˽˿̃˼ ˷˹̉̅-

̃˷̉˿̎˼̈́̅˺̅ ̇˼˺̊̂˿̇̅˹˷̄˿̖ ̈́̅̇̅̈̉˿ ́̅̄˹˼̀-

˼̇̄̅̀ ̂˼̄̉̒ 
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˧˿̈. 2. ˞˷˹˿̈˿̃̅̈̉̓ ˿˾̃˼̄˼̄˿̖ ˷́̉˿˹̄̅̀ ˿ ̇˼˷́̉˿˹̄̅̀ ̃̅̐̄̅̈̉˿, ̆̅̉̇˼˸̖̂˼̃̅̀ ̆̇˿˹̅˻̅̃ ́̅̄˹˼̀˼̇˷,  
̅̉ ̈́̅̇̅̈̉˿ ́̅̄˹˼̀˼̇̄̅̀ ̂˼̄̉̒ ˸˼˾ ̇˼˺̊̂˿̇̅˹˷̄˿̖ ̈́̅̇̅̈̉˿ ˿ ̈ ˷˹̉̅̃˷̉˿̎˼̈́˿̃ ̇˼˺̊̂˿̇̅˹˷̄˿˼̃ 

Fig. 2. The dependence of the change in true and reactive power consumed by the conveyor drive on the speed  

of the conveyor belt without speed control and with automatic control 
 

 Р, ɤȼɬ 

Р, ɤȼɬ

t 
 

 

˧˿̈. 3. ˦̅̉̇˼˸̂˼̄˿˼ ˷́̉˿˹̄̅̀ ̃̅̐̄̅̈̉˿ ˸˼˾ ̇˼˺̊̂˿̇̅˹˷̄˿̖ ̈́̅̇̅̈̉˿ ́̅̄˹˼̀˼̇̄̅̀ ̂˼̄̉̒ 

Fig. 3. Active power consumption without speed control of the conveyor belt 
 

 Р, ɤȼɬ 

Р, ɤȼɬ
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˧˿̈. 4. ˦̅̉̇˼˸̂˼̄˿˼ ˷́̉˿˹̄̅̀ ̃̅̐̄̅̈̉˿ ̈ ̇˼˺̊̂˿̇̊˼̃̅̀ ̈́̅̇̅̈̉̓̕ ́̅̄˹˼̀˼̇̄̅̀ ̂˼̄̉̒ 

Fig. 4. True power consumption with speed control of the conveyor belt 
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˩ ˷ ˸ ̂ ˿ ̍ ˷  1  

ǑǢǲǢмǧǴǲǽ ǲǢбоǴǽ ǬоǯǤǧǫǧǲǢ 

T a b l e  1  

Pipeline operation parameters 

˦˷̇˷̃˼̉̇̒, ̌˷̇˷́̉˼̇˿˾̊̐̕˿˼ ̇˷˸̅̉̊ ́̅̄˹˼̀˼̇˷ ˾˷ ̆˼̇˿̅˻ ˿̈̆̒̉˷̄˿̀ 
˞̄˷̎˼̄˿˼ ̆˷̇˷̃˼̉̇̅˹

˸˼˾ ˦ˮ ̈ ˦ˮ 

˨̇˼˻̄˼˼ ˾̄˷̎˼̄˿˼ ̆̅̉̇˼˸̖̂˼̃̅̀ ˷́̉˿˹̄̅̀ ̃̅̐̄̅̈̉˿ ǰ̈̇, ́В̉ 174.85 138,99 

˨̇˼˻̄˼˼ ˾̄˷̎˼̄˿˼ ̆̅̉̇˼˸̖̂˼̃̅̀ ̇˼˷́̉˿˹̄̅̀ ̃̅̐̄̅̈̉˿ Qcp, ́ВА̇ 88.01 73,48 

˪˻˼̂̓̄̅˼ ˾̄˷̎˼̄˿˼ ̆̅̉̇˼˸̖̂˼̃̅̀ ˷́̉˿˹̄̅̀ ̔̄˼̇˺˿˿ ̄˷ ̉̅̄̄̊ ̇̊˻̒, ́В̉̎˷̈/̉ 0,441 0,206 

˪˻˼̂̓̄̅˼ ˾̄˷̎˼̄˿˼ ̆̅̉̇˼˸̖̂˼̃̅̀ ̇˼˷́̉˿˹̄̅̀ ̔̄˼̇˺˿˿ ̄˷ ̉̅̄̄̊ ̇̊˻̒, ́ВА̇̎˷̈/̉ 0,222 0,109 

 

˨̅̆̅̈̉˷˹̂˼̄˿˼ ̋˷́̉˿̎˼̈́˿̌ ˿ ̇˷̈̎˼̉̄̒̌ 

˾̄˷̎˼̄˿̀ k˿ ̔̂˼́̉̇̅̆̇˿˼̃̄˿́˷ ˹̖̒˹˿̂̅ ̄˼̈̅-

̅̉˹˼̉̈̉˹˿˼ ̈̆̇˷˹̅̎̄̒̌ ˻˷̄̄̒̌, ̆̇˿˹˼˻˼̄̄̒̌ 

˹ ˣ788-1069/Вˤ˟˦˟ «˩̖˽̆̇̅̃̔̂˼́̉̇̅̆̇̅-

˼́̉», ̋˷́̉˿̎˼̈́˿̃ ˾̄˷̎˼̄˿̖̃, ̆̅̂̊̎˼̄̄̒̃ 

̆̇˿ ̆̇̅˹˼˻˼̄˿˿ ˿̈̈̂˼˻̅˹˷̄˿̀: 

̈̇˼˻̖̖̄ ˹˼̂˿̎˿̄˷ – k˿ = 0,75; 

̋˷́̉˿̎˼̈́˷̖ ˹˼̂˿̎˿̄˷ ˸˼˾ ˦ˮ – k˿ = 0,7; 

̋˷́̉˿̎˼̈́˷̖ ˹˼̂˿̎˿̄˷ ̈ ˦ˮ – k˿ = 0,5. 

А̄˷̂˿˾˿̖̇̊ ̔̉˿ ˾̄˷̎˼̄˿̖ ˾̄˷̎˼̄˿̖, ̃̅˽̄̅ 

̈˻˼̂˷̉̓ ˹̒˹̅˻, ̎̉̅ ̋˷́̉˿̎˼̈́˷̖ ˹˼̂˿̎˿̄˷ ́̅-

̔̋̋˿̍˿˼̄̉˷ ˿̈̆̅̂̓˾̅˹˷̄˿̖ ̄˿˽˼ ̈̆̇˷˹̅̎̄̅̀ 

̄˷ 5 %, ˷ ̆̇˿ ˿̈̆̅̂̓˾̅˹˷̄˿˿ ˦ˮ – ̄˿˽˼ ̄˷ 
25 %. ˦̅̂̊̎˼̄̄̒˼ ˻˷̄̄̒˼ ˻̅́˷˾̒˹˷̉̕ ̄˼̅˸-

̌̅˻˿̃̅̈̉̓ ́̅̇̇˼́̉˿̇̅˹́˿ ̊̉˹˼̇˽˻˼̄̄̅˺̅ ̃˼-
̉̅˻˷ ̇˷̈̎˼̉˷ ̄˷˺̇̊˾̅́. 

˟̈̈̂˼˻̅˹˷̄˿̖, ̆̇̅˹˼˻˼̄̄̒˼ ̄˷ ˻̇̊˺˿̌ ̉˼̌-

̄̅̂̅˺˿̎˼̈́˿̌ ̅˸̑˼́̉˷̌, ˹ ̎˷̈̉̄̅̈̉˿ ̄˷ ̄˷̈̅-

̈˷̌, ˹˼̄̉˿̖̂̉̅̇˷̌, ́̇˷̄˷̌, ˿ ˻̇., ̉˷́˽˼ ̆̅́˷˾˷-
̂˿ ˸̅̂̓̏̅̀ ̔̄˼̇˺˼̉˿̎˼̈́˿̀ ̔̋̋˼́̉ ̅̉ ˿̈-
̆̅̂̓˾̅˹˷̄˿̖ ̆̇˼̅˸̇˷˾̅˹˷̉˼̂˼̀ ̎˷̈̉̅̉̒; ˹ 

̆̇̅̍˼̄̉̄̅̃ ̈̅̅̉̄̅̏˼̄˿˿ ̅̄ ̃̅˽˼̉ ˻̅̈̉˿˺˷̉̓ 

̖̆̅̇˻́˷ 70 % ˹ ̈̇˷˹̄˼̄˿˿ ̈ ̇˼˽˿̃̅̃ ̇˷˸̅̉̒ 

˸˼˾ ̇˼˺̊̂˿̇̅˹˷̄˿̖ ̈́̅̇̅̈̉˿ ˹̇˷̐˼̄˿̖ ̉˼̌̄̅-

̂̅˺˿̎˼̈́̅˺̅ ˷˺̇˼˺˷̉˷ [14, 15]. 

ВǽǤоǦǽ  

В ̈̉˷̉̓˼ ̆̇˿˹˼˻˼̄̅ ̅˸̅̈̄̅˹˷̄˿˼ ̄˼̅˸̌̅-

˻˿̃̅̈̉˿ ́̅̇̇˼́̉˿̇̅˹́˿ ̊̉˹˼̇˽˻˼̄̄̅˺̅ ̃˼-

̉̅˻˷ ̆̅ ̇˷̈̎˼̉̊ ̔̂˼́̉̇˿̎˼̈́˿̌ ̄˷˺̇̊˾̅́ ̈ ̍˼-
̂̓̕ ̆̅˹̒̏˼̄˿̖ ̉̅̎̄̅̈̉˿, ˿˸̅ ̔̉˿ ˾̄˷̎˼̄˿̖ 

̅́˷˾̒˹˷̉̕ ˹̂˿̖̄˿˼ ̄˷ ̉˼̌̄˿́̅-̔́̅̄̅̃˿-

̎˼̈́˿˼ ̆̅́˷˾˷̉˼̂˿ ˹̈˼˺̅ ̆̇˼˻̆̇˿̖̉˿̖. ˛̖̂ 

̈̄˿˽˼̄˿̖ ̆̅˺̇˼̏̄̅̈̉˿ ̅̆̇˼˻˼̂˼̄˿̖ ̔̂˼́-

̉̇˿̎˼̈́˿̌ ̄˷˺̇̊˾̅́ ˻̅ ̆̇˿˼̃̂˼̃̒̌ ˹ ˿̄˽˼-
̄˼̇̄̒̌ ̇˷̈̎˼̉˷̌ ˾̄˷̎˼̄˿̀ ̄˼̅˸̌̅˻˿̃̅ ̊̎˿-

̉̒˹˷̉̓ ˹̂˿̖̄˿˼ ̄˷ ́˷˽˻̒̀ ̔̂˼́̉̇̅̆̇˿˼̃̄˿́ 

˹ ̅̉˻˼̂̓̄̅̈̉˿ ̆̇̅˹̅˻˿̃̒̌ ̃˼̇̅̆̇˿̖̉˿̀ ̆̅ 

̔̄˼̇˺̅̈˸˼̇˼˽˼̄˿̕, ˹ ̎˷̈̉̄̅̈̉˿ ̊̈̉˷̄̅˹́˿ 

̆̇˼̅˸̇˷˾̅˹˷̉˼̂˼̀ ̎˷̈̉̅̉̒. ˦̇̅˹˼˻˼̄̄̒˼ ˿̈-

̈̂˼˻̅˹˷̄˿̖ ̆̅˻̉˹˼̇˽˻˷̂˿ ̄˼̅˸̌̅˻˿̃̅̈̉̓ ̆̇˿ 

̆̇̅˹˼˻˼̄˿˿ ̇˷̈̎˼̉̅˹ ̆̅ ̈̊̐˼̈̉˹̊̐̕˼̃̊ ̃˼-

̉̅˻̊ ́̅̇̇˼́̉˿̇̅˹˷̉̓ ˿̈̆̅̂̓˾̊˼̃̒˼ ́̅̔̋̋˿-

̍˿˼̄̉̒.  
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АНАЛИЗ ДИАГРАММ СКОРОСТЕЙ РАБОЧИХ КОЛЕС  
ЦЕНТРОБЕЖНЫХ КОМПРЕССОРНЫХ СТУПЕНЕЙ  

ПОСЛЕ ПЕРВИЧНОГО ПРОЕКТИРОВАНИЯ 

˧˷˾̇˷˸̅̉́˷ ̍˼̄̉̇̅˸˼˽̄̒̌ ́̅̃̆̇˼̈̈̅̇̅˹ ̈̅̈̉̅˿̉ ˿˾ ̄˼̈́̅̂̓́˿̌ ̔̉˷̆̅˹, ˹˷˽̄̒̃ ˿˾ ́̅̉̅̇̒̌ ̖˹̖̂-

˼̖̉̈ ̆˼̇˹˿̎̄̅˼ ̆̇̅˼́̉˿̇̅˹˷̄˿˼. ˛̖̂ ̇˼̏˼̄˿̖ ̔̉̅̀ ˾˷˻˷̎˿ ̆̇˿̃˼̖̖̄̉̈̕ ̇˷˾̂˿̎̄̒˼ ̃˼̉̅˻˿́˿. ˥˻-

̄˷ ˿˾ ̉˷́˿̌ ̃˼̉̅˻˿́ ˸̒̂˷ ̇˷˾̇˷˸̅̉˷̄̄˷̖ ˵.˘. ˚˷̂˼̇́˿̄̒̃ ˿ А.˫. ˧˼́̈̉˿̄̒̃. ˥̄˷ ̅̈̉˷˹˿̂˷ ̅̉-
́̇̒̉̒̃˿ ̄˼̈́̅̂̓́̅ ˹̅̆̇̅̈̅˹ ˿ ̄˼ ˸̒̂˷ ̆̇̅˹˼̇˼̄˷ ̆̇˷́̉˿́̅̀ ̆̇˿̃˼̄˼̄˿̖. В ˻̅̆̅̂̄˼̄˿˼ ́ ̔̉̅̀ 

̃˼̉̅˻˿́˼ ˷˹̉̅̇̒ ̈̉˷̉̓˿ ̆̇˼˻̂̅˽˿̂˿ ̈̆̅̈̅˸ ́̅̇̇˼́̉˿̇̅˹́˿ ̅̉̄̅̈˿̉˼̂̓̄̅̀ ˹̒̈̅̉̒ ̂̅̆˷̉̅́ ̇˷˸̅-

̎˼˺̅ ́̅̂˼̈˷ ̈ ̊̎˼̉̅̃ ̎˿̈˼̂ ˣ˷̌˷ ˿ ̆̅́˷˾˷̉˼̖̂ ˿˾̅̔̄̉̇̅̆̒. ˘̒̂ ̆̇˼˻̂̅˽˼̄ ̆̅˻̌̅˻ ́ ̅̆̇˼˻˼̂˼̄˿̕ 

̔̃̆˿̇˿̎˼̈́̅˺̅ ́̅̔̋̋˿̍˿˼̄̉˷ ˻̖̂ ̇˷̈̎˼̉˷ ̄˷̆̅̇̄̅̀ ̌˷̇˷́̉˼̇˿̈̉˿́˿ ̇˷˸̅̎˼˺̅ ́̅̂˼̈˷ ̆̇˿ ̇˼̏˼̄˿˿ 

̖̆̇̃̅̀ ˾˷˻˷̎˿ – ̇˷̈̎˼̉˷ ̌˷̇˷́̉˼̇˿̈̉˿́ ̈̉̊̆˼̄˿ ̈ ̇˷˾̃˼̇˷̃˿, ̅̆̇˼˻˼̂˼̄̄̒̃˿ ̆˼̇˹˿̎̄̒̃ ̆̇̅˼́-

̉˿̇̅˹˷̄˿˼̃. ˦̇˼˻̈̉˷˹̂˼̄̄̒˼ ˿˾̃˼̄˼̄˿̖ ˸̒̂˿ ̇˼˷̂˿˾̅˹˷̄̒ ˹ ̆̇̅˺̇˷̃̃˼ ̆˼̇˹˿̎̄̅˺̅ ̆̇̅˼́̉˿̇̅-

˹˷̄˿̖ ̍˼̄̉̇̅˸˼˽̄̒̌ ́̅̃̆̇˼̈̈̅̇̄̒̌ ̈̉̊̆˼̄˼̀. ˦̇̅˹˼̇́˷ ̔̋̋˼́̉˿˹̄̅̈̉˿ ̆˼̇˹˿̎̄̅˺̅ ̆̇̅˼́̉˿̇̅-

˹˷̄˿̖ ˸̒̂˷ ̆̇̅˿˾˹˼˻˼̄˷ ̆̇˿ ̆̅̃̅̐˿ ̆̇̅˺̇˷̃̃̒ ̄˼˹̖˾́̅˺̅ ́˹˷˾˿̉̇˼̌̃˼̇̄̅˺̅ ̇˷̈̎˼̉˷ ̆̊̉˼̃ ˹˼̇˿-

̋˿́˷̍˿˿ ̋̅̇̃̒ ̂̅̆˷̉̅̎̄̒̌ ˷̆̆˷̇˷̉̅˹ ̇˷˸̅̎˿̌ ́̅̂˼̈; ̈̆̇̅˼́̉˿̇̅˹˷̄̒ ̉̇˿ ̈̉̊̆˼̄˿ ̄˷ ̇˷˾̂˿̎̄̒˼ 
̆˷̇˷̃˼̉̇̒ ̆̇̅˼́̉˿̇̅˹˷̄˿̖ – ́̅̔̋̋˿̍˿˼̄̉̒ ̄˷̆̅̇˷ ˿ ̇˷̈̌̅˻˷. А̄˷̂˿˾ ˻˿˷˺̇˷̃̃ ̈́̅̇̅̈̉˼̀ ̆̇˿ 

̅˸̉˼́˷̄˿˿ ̂̅̆˷̉̅́ ̇˷˸̅̎˿̌ ́̅̂˼̈ ̆̅́˷˾˷̂ ̈̅̅̉˹˼̉̈̉˹˿˼ ̋̅̇̃̒ ̂̅̆˷̉̅́ ˾˷˻˷̄̄̒̃ ̆˷̇˷̃˼̉̇˷̃ ̆̇̅-

˼́̉˿̇̅˹˷̄˿̖. 

ǪȋȞȗȅвțȅ ȑȋȎва: ̍˼̄̉̇̅˸˼˽̄˷̖ ́̅̃̆̇˼̈̈̅̇̄˷̖ ̈̉̊̆˼̄̓, ̆̇̅̉̅̎̄˷̖ ̎˷̈̉̓, ̆˼̇˹˿̎̄̅˼ ̆̇̅˼́̉˿̇̅˹˷-
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VELOCITY DIAGRAMS  
OF IMPELLERS OF CENTRIFUGAL COMPRESSOR STAGES:  

ANALYSIS AFTER PRELIMINARY DESIGN 

Development of centrifugal compressors consists of several steps, the most important of them being pre-

liminary design. A variety of methods are applied for solving this problem. One of these methods was de-

veloped by Galerkin and Rekstin. However, this method did not fully resolve all issues and was not tested 

by practice. In addition to this method, we have proposed a technique for adjusting the relative height of 

impeller blades, taking into account Mach numbers and the isentropic coefficient. We have formulated 

an approach to determining the empirical coefficient for calculating the pressure characteristics of the 

impeller when solving for the direct problem that is calculating the characteristics of the stage with the 
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dimensions determined by preliminary design. The presented changes were implemented in the program 

for preliminary design of centrifugal compressor stages. The effectiveness of primary design was tested 

with a program for inviscid quasi-three-dimensional calculation by verifying the shape of impeller blades. 

Three stages have been designed with different values of design parameters (loading factor and flow rate). 

Analysis of the velocity diagrams on impellers blades showed that they were designed according to the 

specified design parameters. 

Keywords: centrifugal compressor stage, flow part, preliminary design, 3D-impeller, 2D-impeller. 
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ВǤǧǦǧǯǪǧ 

˭˼̄̉̇̅˸˼˽̄̒˼ ́̅̃̆̇˼̈̈̅̇̒ ̆̇˿̃˼̖̖̄̉̈̕ 

˹ ̇˷˾̂˿̎̄̒̌ ̅̉̇˷̖̈̂̌ ̆̇̅̃̒̏̂˼̄̄̅̈̉˿, ̉˷́˿̌, 
́˷́ ̎˼̇̄˷̖ ˿ ̍˹˼̉̄˷̖ ̃˼̉˷̂̂̊̇˺˿̖, ̄˼̋̉˼̌˿̃˿-

̎˼̈́̅˼ ̆̇̅˿˾˹̅˻̈̉˹̅, ̆̇̅˿˾˹̅˻̈̉˹̅ ̆̂˷̈̉̃˷̈̈ ˿ 

̉. ˻. В ˧̅̈̈˿˿ ̄˷˿˸̅̂˼˼ ̏˿̇̅́̅ ̍˼̄̉̇̅˸˼˽̄̒˼ 
́̅̃̆̇˼̈̈̅̇̒ ̆̇˿̃˼̖̖̄̉̈̕ ̆̇˿ ˻̅˸̒̎˼ ˿ 

̉̇˷̄̈̆̅̇̉˿̇̅˹́˼ ̆̇˿̇̅˻̄̅˺̅ ˺˷˾˷. ˥̈̄̅˹̄̊̕ 

˻̅̂̕ ˹ ́̅̃̆̇˼̈̈̅̇̄̅̃ ̆˷̇́˼ ˺˷˾̅˹̅̀ ̆̇̅̃̒̏-

̂˼̄̄̅̈̉˿ ̈̅̈̉˷˹̖̂̉̕ ̍˼̄̉̇̅˸˼˽̄̒˼ ́̅̃̆̇˼̈-
̈̅̇̒, ̆̇˿̃˼̖̄˼̃̒˼ ˻̖̂ ̉̇˷̄̈̆̅̇̉˿̇̅˹́˿ ˺˷˾˷ 
̆̅ ̉̇̊˸̅̆̇̅˹̅˻˷̃ ˿ ˾˷́˷̎́˿ ˼˺̅ ˹ ̆̅˻˾˼̃̄̒˼ 
̌̇˷̄˿̂˿̐˷. А́̉˿˹̄˷̖ ̇˷˾̇˷˸̅̉́˷ ̄̅˹̒̌ ˺˷˾̅˹̒̌ 
̃˼̈̉̅̇̅˽˻˼̄˿̀, ̇˷˾˹˿̉˿˼ ˺˷˾̅̉̇˷̄̈̆̅̇̉̄̅̀ ̈˿-

̈̉˼̃̒ ̈̉̇˷̄̒ ̆̅̇̅˽˻˷̉̕ ̖̆̅̈̉̅̄̄̒̀ ̈̆̇̅̈ ̄˷ 
̍˼̄̉̇̅˸˼˽̄̒˼ ́̅̃̆̇˼̈̈̅̇̒. ˣ̄̅˺˿˼ ˿̈̆̅̂̓˾̊-
˼̃̒˼ ˹ ̄˷̖̈̉̅̐˼˼ ˹̇˼̖̃ ́̅̃̆̇˼̈̈̅̇̒ ̃̅̇˷̂̓̄̅ 

˿ ̋˿˾˿̎˼̈́˿ ̊̈̉˷̇˼̂˿. ˴̉̅ ̆̇˿˹̅˻˿̉ ́ ̄˼̅˸̌̅-

˻˿̃̅̈̉˿ ˾˷̃˼̄̒ ˺˷˾̅̆˼̇˼́˷̎˿˹˷̐̕˿̌ ˷˺̇˼˺˷̉̅˹ 

̍˼̂˿́̅̃ ˿̂˿, ̎̉̅ ˸̅̂˼˼ ̔̋̋˼́̉˿˹̄̅, ˾˷̃˼̄˼ 
̆̇̅̉̅̎̄̅̀ ̎˷̈̉˿ ˹ ̈̊̐˼̈̉˹̊̐̕˼̃ ́̅̇̆̊̈˼. 

ˤ˷ ̆̇˿˹̅˻ ́̅̃̆̇˼̈̈̅̇̅˹ ˾˷̉̇˷̎˿˹˷˼̖̉̈ 

˸̅̂̓̏̅˼ ́̅̂˿̎˼̈̉˹ ̔̄˼̇˺˿˿, ̆̅̔̉̅̃̊ ̄˼̅˸̌̅-

˻˿̃̅ ̈̅˾˻˷˹˷̉̓ ̆̇̅̉̅̎̄̒˼ ̎˷̈̉˿ ̈ ̃˷́̈˿̃˷̂̓-
̄̅̀ ̔̄˼̇˺˼̉˿̎˼̈́̅̀ ̔̋̋˼́̉˿˹̄̅̈̉̓̕ (̄˷˿˹̒̈-
̏˿̃ К˦˛), ̆̇˿ ̔̉̅̃ ̅˸˼̈̆˼̎˿˹˷̖ ̈̅́̇˷̐˼̄˿˼ 
̈̇̅́̅˹ ̆̇̅˼́̉˿̇̅˹˷̄˿̖ ̍˼̄̉̇̅˸˼˽̄̒̌ ́̅̃-

̆̇˼̈̈̅̇̅˹, ˷ ̉˷́˽˼ ̊̃˼̄̓̏˷̖ ̈̉̅˿̃̅̈̉̓ ̆̇̅˼́-

̉˿̇̅˹˷̄˿̖. ˦̅̔̉̅̃̊ ˺˷˾̅˻˿̄˷̃˿̎˼̈́̅˼ ̆̇̅˼́-

̉˿̇̅˹˷̄˿˼ ̍˼̄̉̇̅˸˼˽̄̒̌ ́̅̃̆̇˼̈̈̅̇̅˹ [1–8, 

23–26] ̆̅-̆̇˼˽̄˼̃̊ ̖˹̖̂˼̖̉̈ ˹˷˽̄̅̀ ˿ ˷́̉̊-
˷̂̓̄̅̀ ˾˷˻˷̎˼̀. 

˦̇̅˼́̉˿̇̅˹˷̄˿˼ ̄̅˹̒̌ ́̅̃̆̇˼̈̈̅̇̅˹ ̅̈-

̄̅˹̒˹˷˼̖̉̈ ̄˷ ̆̇˿̃˼̄˼̄˿˿ ̅̉̇˷˸̅̉˷̄̄̒̌ ˿ 

˿̈̆̒̉˷̄̄̒̌ ̇˷̄˼˼ ̃̅˻˼̂̓̄̒̌ ̈̉̊̆˼̄˼̀, ˷ 
̉˷́˽˼ ̄˷ ˿̈̆̅̂̓˾̅˹˷̄˿˿ ̈̆˼̍˿˷̂˿˾˿̇̅˹˷̄̄̒̌ 

˿̄˽˼̄˼̇̄̒̌ ̃˼̉̅˻˿́. ˧˷˾̇˷˸̅̉́̅̀ ̃˷̉˼̃˷̉˿-

̎˼̈́˿̌ ̃̅˻˼̂˼̀, ̂˼˽˷̐˿̌ ˹ ̅̈̄̅˹˼ ̔̉˿̌ ̃˼̉̅-

˻˿́, ˾˷̄˿̃˷̖̉̈̕ ̈̆˼̍˿˷̂˿̈̉̒ ̊̄˿˹˼̇̈˿̉˼̉̅˹ 

˿ ̆̇̅̋˿̂̓̄̒̌ ̆̇˼˻̆̇˿̖̉˿̀ [9–22].  

В ˨˦˸˦˪ ̄˷ ̖̆̇̅̉˽˼̄˿˿ ˻˼̖̈̉˿̂˼̉˿̀ ̆̇̅-

˹̅˻˿̂˿̈̓ ˿̈̈̂˼˻̅˹˷̄˿̖ ́̅̃̆̇˼̈̈̅̇̅˹ ˻˿̄˷̃˿-

̎˼̈́̅˺̅ ˻˼̀̈̉˹˿̖. ˦̅̂̊̎˼̄̄̒˼ ̇˼˾̊̂̓̉˷̉̒ ̆̅˾-
˹̅̂˿̂˿ ̈̅˾˻˷̉̓ ̃˼̉̅˻ ˺˷˾̅˻˿̄˷̃˿̎˼̈́̅˺̅ ̇˷̈̎˼-
̉˷ ̍˼̄̉̇̅˸˼˽̄̒̌ ́̅̃̆̇˼̈̈̅̇̅˹ ˿ ̈̅̅̉˹˼̉̈̉˹̊-
̐̊̕̕ ̃˷̉˼̃˷̉˿̎˼̈́̊̕ ̃̅˻˼̂̓, ˷ ̄˷ ̔̉̅̀ ̅̈̄̅-

˹˼ – ̆˷́˼̉ ̆̇̅˺̇˷̃̃, ̆̅̂̊̎˿˹̏˿̀ ̄˷˾˹˷̄˿˼ 
ˣ˼̉̅˻ ̊̄˿˹˼̇̈˷̂̓̄̅˺̅ ̃̅˻˼̂˿̇̅˹˷̄˿̖. 

В ̆˼̇˹̒̌ ˹˼̇̈˿̖̌ ˣ˼̉̅˻˷ ̊̄˿˹˼̇̈˷̂̓̄̅˺̅ 

̃̅˻˼̂˿̇̅˹˷̄˿̖ [27–39] ̆˼̇˹˿̎̄̅˼ ̆̇̅˼́̉˿̇̅-

˹˷̄˿˼ ̅̈̄̅˹˷̄̅ ̄˷ ̇˼́̅̃˼̄˻˷̍˿̖̌ ́˷̎˼̈̉˹˼̄-

̄̅˺̅ ̌˷̇˷́̉˼̇˷ ˿˾ ́̂˷̈̈˿̎˼̈́˿̌ ̅̉˼̎˼̈̉˹˼̄̄̒̌ 
̃̅̄̅˺̇˷̋˿̀ ˿ ̄˷ ̇˼˾̊̂̓̉˷̉˷̌ ̈̅˸̈̉˹˼̄̄̒̌ ˿̈-
̈̂˼˻̅˹˷̄˿̀ [34–38]. 

А˹̉̅̃˷̉˿̎˼̈́˿̃ ̆˼̇˼˸̅̇̅̃ ̅̈̄̅˹̄̒̌ ̇˷˾-
̃˼̇̅˹ ̆̇̅˺̇˷̃̃˷ «˥̆̉˿̃˷̂̓̄̅˼ ̆̇̅˼́̉˿̇̅˹˷-
̄˿˼ ̍˼̄̉̇̅˸˼˽̄̅̀ ́̅̃̆̇˼̈̈̅̇̄̅̀ ̈̉̊̆˼̄˿» 

ˣ˼̉̅˻˷ ̊̄˿˹˼̇̈˷̂̓̄̅˺̅ ̃̅˻˼̂˿̇̅˹˷̄˿̖ ̅̆̇˼-
˻˼̖̂˼̉ ˿̌ ̈̅̎˼̉˷̄˿˼, ̆̇˿ ́̅̉̅̇̅̃ ˻̅̈̉˿˺˷˼̖̉̈ 

˸˼˾̊˻˷̇̄̅˼ ̅˸̉˼́˷̄˿˼ ̆̇˿ ˾˷˻˷̄̄̅̃ ˻̖̂ ̈̉̊̆˼̄˿ 

́̅̔̋̋˿̍˿˼̄̉˼ ̇˷̈̌̅˻˷ ˫̇˷̈̎, ̅˸˼̈̆˼̎˿˹˷˼̖̉̈ ˾˷-
˻˷̄̄̒̀ ́̅̔̋̋˿̍˿˼̄̉ ̄˷̆̅̇˷ ̉ ̇˷̈̎ ̆̇˿ ̃˷́̈˿-

̃˷̂̓̄̅ ˹̅˾̃̅˽̄̅̃ К˦˛. ˨̂˼˻̊̐̕˷̖ ̆̇̅˺̇˷̃-

̃˷ ˣ˼̉̅˻˷ ̊̄˿˹˼̇̈˷̂̓̄̅˺̅ ̃̅˻˼̂˿̇̅˹˷̄˿̖ – 
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«˧˷̈̎˼̉ ̈˼̃˼̀̈̉˹˷ ̌˷̇˷́̉˼̇˿̈̉˿́ ̍˼̄̉̇̅˸˼˽-

̄̅̀ ́̅̃̆̇˼̈̈̅̇̄̅̀ ̈̉̊̆˼̄˿» – ˻˼̂˷˼̉ ̔̉̅ ˻̖̂ 

̅̆̉˿̃˿˾˿̇̅˹˷̄̄̅˺̅ ˹˷̇˿˷̄̉˷ ̆̇̅̉̅̎̄̅̀ ̎˷̈̉˿. 

ˤ̅, ̆̅̈́̅̂̓́̊ ̅̈̄̅˹˷̄̄̒˼ ̄˷ ̔̃̆˿̇˿̎˼̈́˿̌ 
́̅̔̋̋˿̍˿˼̄̉˷̌ ̃˷̉˼̃˷̉˿̎˼̈́˿˼ ̃̅˻˼̂˿ ̄˼ ̃̅-

˺̊̉ ˺˷̇˷̄̉˿̇̅˹˷̉̓ ˷˸̈̅̂̉̄̅̀̕ ˻̅̈̉̅˹˼̇̄̅̈̉˿ 

̇˷̈̈̎˿̉˷̄̄̒̌ ̌˷̇˷́̉˼̇˿̈̉˿́, ̆̅̂̓˾̅˹˷̉˼̂̕ 

̆̇̅˺̇˷̃̃̒ ̈̂˼˻̊˼̉ ̆̇̅˷̄˷̂˿˾˿̇̅˹˷̉̓ ́̅̇̇˼́̉-
̄̅̈̉̓ ̅̆̉˿̃˿˾˿̇̅˹˷̄̄̒̌ ̇˷˾̃˼̇̅˹ ˿̈̌̅˻̖ ˿˾ 
̅̆̒̉˷ ̆̇̅˼́̉˿̇̅˹˷̄˿̖ ˿ ̇˼˾̊̂̓̉˷̉̅˹ ˿̈̆̒̉˷-
̄˿̖ ̈̉̊̆˼̄˼̀ ˿ ́̅̃̆̇˼̈̈̅̇̅˹. ˟˾̂̅˽˼̄̄̒̀ 

̆̅˻̌̅˻ ̉̇˼˸̊˼̉ ̅̉ ̆̅̂̓˾̅˹˷̉˼̖̂ ˸̅̂̓̏̅˺̅ ̂˿̎-

̄̅˺̅ ̅̆̒̉˷ ̆̇̅˼́̉̄̅̀ ˿ ˿̈̈̂˼˻̅˹˷̉˼̂̓̈́̅̀ ̇˷-
˸̅̉̒ ˿ ̄˷́̂˷˻̒˹˷˼̉ ̅˺̇˷̄˿̎˼̄˿̖ ̄˷ ̔̋̋˼́̉˿˹-

̄̅̈̉̓ ̆̇˿̃˼̄˼̄˿̖ ˿̄˽˼̄˼̇̄̅˺̅ ̃˼̉̅˻˷ ̆̇̅˼́-

̉˿̇̅˹˷̄˿̖ ́̅̃̆̇˼̈̈̅̇̅˹.  

˨̂˼˻̊̐̕˿̀ ̔̉˷̆ ̇˷˾˹˿̉˿̖ ˣ˼̉̅˻˷ ̊̄˿˹˼̇-

̈˷̂̓̄̅˺̅ ̃̅˻˼̂˿̇̅˹˷̄˿̖ ˿ ̂˼˽˷̐˼̀ ˹ ˼˺̅ ̅̈̄̅-

˹˼ ̃˷̉˼̃˷̉˿̎˼̈́̅̀ ̃̅˻˼̂˿ – ́̅̇̇˼́̉˿̇̅˹́˷ 
̖̆̅̇˻́˷ ̆̇̅˼́̉˿̇̅˹˷̄˿̖, ̎̉̅˸̒ ̄˷˻˼˽̄̅˼ 
̅˸˼̈̆˼̎˼̄˿˼ ˾˷˻˷̄̄̅˺̅ ̇˷̈̌̅˻˷ ˿ ̄˷̆̅̇˷ ́̅̃-

̆̇˼̈̈̅̇˷ ˻˷˹˷̂̅ ˸̒ ̆̇̅˼́̉, ̄˼ ̄̊˽˻˷̐̕˿̖̀̈ ˹ 

̆̅̈̂˼˻̊̐̕˼̀ ̔́̈̆˼̇̉̄̅̀ ́̅̇̇˼́̉˿̇̅˹́˼ ˿ 

˷̄˷̂˿˾˼. В̒˸̇˷̄̄̒̀ ̈̅̉̇̊˻̄˿́˷̃˿ ˤ˟ˢ «˚˷-
˾̅˹˷̖ ˻˿̄˷̃˿́˷ ̉̊̇˸̅̃˷̏˿̄» ̆̅˻ ̇̊́̅˹̅˻-

̈̉˹̅̃ ˵.˘. ˚˷̂˼̇́˿̄˷ ̆̊̉̓ ̇˼̏˼̄˿̖ ˹̅̆̇̅̈˷ – 

̔̉̅ ̆˼̇˼̌̅˻ ̅̉ ̆˼̇˹˿̎̄̅˺̅ ̆̇̅˼́̉˿̇̅˹˷̄˿̖ ̄˷ 
̅̈̄̅˹˷̄˿˿ ́˷̎˼̈̉˹˼̄̄̒̌ ̇˼́̅̃˼̄˻˷̍˿̀ ́ 

̆̇̅˼́̉˿̇̅˹˷̄˿̕ ̄˷ ˸˷˾˼ ̈̆˼̍˿˷̂̓̄̅ ̆̇̅˹˼-

˻˼̄̄̒̌ ˿̈̈̂˼˻̅˹˷̄˿̀ ˿ ˷̆̆̇̅́̈˿̃˿̇̊̐̕˿̌ 

̊̇˷˹̄˼̄˿̀, ˻˷̐̕˿̌ ́̅̄́̇˼̉̄̒˼ ˾̄˷̎˼̄˿̖ 

́˷˽˻̅˺̅ ˿˾ ̇˷˾̃˼̇̅˹ ̆̇̅̉̅̎̄̅̀ ̎˷̈̉˿. В ̇˷-

˸̅̉˼ [39] ̉˷́˿˼ ̊̇˷˹̄˼̄˿̖ ̆̇˼˻̂̅˽˼̄̒ ̆̅ ̇˼-

˾̊̂̓̉˷̉˷̃ ̆̇̅˼́̉˿̇̅˹˷̄˿̖ ˻˹̊̌ ̈˼̇˿̀ ̃̅˻˼̂̓-
̄̒̌ ̈̉̊̆˼̄˼̀ ˹ ˻˿˷̆˷˾̅̄˼ ́̅̔̋̋˿̍˿˼̄̉̅˹ ̇˷̈-
̌̅˻˷ ˫̇˷̈̎ = 0,015–0,15. ˦̇̅˸̄˷̖ ̔́̈̆̂̊˷̉˷̍˿̖ 

̇˷˾̇˷˸̅̉˷̄̄̅̀ ̆̇̅˺̇˷̃̃̒ ̆̇̅˼́̉˿̇̅˹˷̄˿̖ ̆̅-

́˷˾˷̂˷ ̇˷̍˿̅̄˷̂̓̄̅̈̉̓ ̆̅˻̌̅˻˷, ̄̅ ˹ ̅̉̄̅̏˼-
̄˿˿ ˹̒˸̅̇˷ ̇˷˾̃˼̇̅˹, ̅˸˼̈̆˼̎˿˹˷̐̕˿̌ ̉̇˼˸̊-
˼̃̒˼ ˾̄˷̎˼̄˿̖ ˫̇˷̈̎ ˿ ̉ ̇˷̈̎, ̆̇̅˸̂˼̃˷ ̄˼ ˸̒̂˷ 
̇˼̏˼̄˷. В ̇˷˸̅̉˼ [40] ˹̅̆̇̅̈ ˿̈̈̂˼˻̅˹˷̄ ̆̇˿-

̃˼̄˿̉˼̂̓̄̅ ́ ̃˷̂̅̇˷̈̌̅˻̄̒̃ ̈̉̊̆˼̖̄̃. В ̃̅-

̄̅˺̇˷̋˿̖̌ [34, 35] ̆̅́˷˾˷̄̅, ̎̉̅ ̇˷̈̎˼̉ ˻˿˷-
˺̇˷̃̃ ̆̅ ̆̇̅˺̇˷̃̃˼ 3˛ˣ.023, ˿̈̆̅̂̓˾̊̐̕˼̀ 

̈̅̎˼̉˷̄˿˼ ̃˼̉̅˻˷ ́˹˷˾˿̅̇̉̅˺̅̄˷̂˼̀ ˿ ˿̄̉˼-
˺̇˷̂̓̄̒̌ ̊̇˷˹̄˼̄˿̀, ˻˷˼̉ ̄˷˻˼˽̄̒˼ ̇˼˾̊̂̓̉˷̉̒ 

˻̖̂ ̄˷̌̅˽˻˼̄˿̖ ́̅̔̋̋˿̍˿˼̄̉˷ ̄˷̆̅̇˷ ̇˼˷̂̓-
̄̅˺̅ ̇˷˸̅̎˼˺̅ ́̅̂˼̈˷ ˿ ̇˼˽˿̃˷ ˸˼˾̊˻˷̇̄̅˺̅ ̅˸-

̉˼́˷̄˿̖, ̉. ˼. ˻̖̂ ̅̆̇˼˻˼̂˼̄˿̖ ̇˷̈̎˼̉̄̅˺̅ ̇˼-
˽˿̃˷ ̇˷˸̅̎˼˺̅ ́̅̂˼̈˷.  

˨ ˿̈̆̅̂̓˾̅˹˷̄˿˼̃ ˷̄˷̂˿˾˷ ˻˿˷˺̇˷̃̃ ̈́̅-

̇̅̈̉˼̀ А. ˧˼́̈̉˿̄ ˿ ˵. ˚˷̂˼̇́˿̄ ̈̆̇̅˼́̉˿̇̅-

˹˷̂˿ 124 ̇˷˸̅̎˿̌ ́̅̂˼̈˷ ˹ ˻˿˷̆˷˾̅̄˼ ˺˷˾̅˻˿-

̄˷̃˿̎˼̈́˿̌ ̆˷̇˷̃˼̉̇̅˹ ˫̇˷̈̎ = 0,015–0,15, 

̉ ̇˷̈̎ = 0,40–0,70 ̈ ˹̉̊̂̅̎̄̒̃˿ ̅̉̄̅̏˼̄˿̖̃˿ 

˹ ˻˿˷̆˷˾̅̄˼ ˹̉D  = 0,25–0,40.  

ˤ˷ ̇˿̈. 1 ̆̅́˷˾˷̄̒ ̈̌˼̃̒ ̆̇̅̉̅̎̄̅̀ ̎˷̈̉˿ 

̅̈˼̇˷˻˿˷̂̓̄̅˺̅ ˿ ̇˷˻˿˷̂̓̄̅˺̅ ̇˷˸̅̎˿̌ ́̅̂˼̈ ˿ 

̅˸̅˾̄˷̎˼̄̒ ̇˷˾̃˼̇̒ ̆̇̅̉̅̎̄̒̌ ̎˷̈̉˼̀. 

˧˷˾̃˼̇̒ ̂̅̆˷̉̅̎̄̅̀ ̇˼̏˼̉́˿ ̅̆̇˼˻˼̖̂̉̕-
̖̈ ́̅̂˿̎˼̈̉˹̅̃ ̂̅̆˷̉̅́, ˿̌ ̅̉̄̅̈˿̉˼̂̓̄̅̀ 

̉̅̂̐˿̄̅̀, ̊˺̂˷̃˿ ˹̌̅˻˷ ˿ ˹̒̌̅˻˷. ˫̅̇̃˷ ̂̅-

̆˷̉̅́ ̅̆̇˼˻˼̖̂˼̖̉̈ ˾˷˹˿̈˿̃̅̈̉̓̕ ̊˺̂˷ ̂̅̆˷-
̉̅́ (̄˷ ̈̇˼˻̄˼̀ ̆̅˹˼̇̌̄̅̈̉˿) ̅̉ ́̅̅̇˻˿̄˷̉̒ ˹ 

̃˼̇˿˻˿̅̄˷̂̓̄̅̀ ̆̂̅̈́̅̈̉˿: ̂ ( ).mf l   В ̆̇̅-

˺̇˷̃̃˼ 3˛ˣ.023 ̋̊̄́̍˿̖ ̂ ( )mf l   ˾˷˻˷˼̖̉̈ 

́˹˷˻̇˷̉˿̎̄̒̃˿ ˷̂˺˼˸̇˷˿̎˼̈́˿̃˿ ̊̇˷˹̄˼̄˿̖-

̃˿. В˿˻ ̔̉̅̀ ̋̊̄́̍˿˿ ̅̆̇˼˻˼̖̂˼̉ ˹̒˸̅̇ ˻˹̊̌ 

́̅̔̋̋˿̍˿˼̄̉̅˹ – «А» ˿ «В». ˪ ˧˧К ̆̅˹˼̇̌-
̄̅̈̉̓ ̂̅̆˷̉̅́ ̄˼̆̇̅̈̉̇˷̄̈̉˹˼̄̄˷̖, ̍˿̂˿̄˻̇˿-

̎˼̈́˷̖. ˫̅̇̃̊ ̂̅̆˷̉̅́ ˧˧К ̅̆̇˼˻˼̖̂˼̉ ̅˻̄̅ 

̊̇˷˹̄˼̄˿˼: ̂ ( ).f r   ˛̖̂ ˥˧К ̈̇˼˻̖̖̄ ̂˿̄˿̖ 

˾˷˻˷˼̖̉̈ ˻˹̖̊̃ ̊̇˷˹̄˼̄˿̖̃˿ ̂ ( )mf l   – ̄˷ 
̆˼̇˿̋˼̇˿̀̄̅̀ ˿ ˹̉̊̂̅̎̄̅̀ ̆̅˹˼̖̇̌̄̅̈̉̌ ̂̅-

̆˷̉́˿.  

˛̖̂ ̇˷̈̎˼̉˷ ̇˷˾̃˼̇̅˹ ̆̇̅̉̅̎̄̅̀ ̎˷̈̉˿ 

̆̇˼˻̂̅˽˼̄̒ ̋̅̇̃̊̂̒, ˷̆̆̇̅́̈˿̃˿̇̊̐̕˿˼ 
˺˼̅̃˼̉̇˿̎˼̈́˿˼ ̇˷˾̃˼̇̒ ̖̊̆̅̃̄̊̉̒̌ ˹̒̏˼ 
124 ̇˷˸̅̎˿̌ ́̅̂˼̈.  

ǘǧǭǾ ǱǲǧǦǳǴǢǤǭȁǧмоǫ ǲǢбоǴǽ – ̇˼˷̂˿˾̅˹˷̉̓ 

̆̇˼˻̂̅˽˼̄̄̒̀ А.˫. ˧˼́̈̉˿̄̒̃ ˿ ˵.˘. ˚˷̂˼̇-

́˿̄̒̃ ˷̂˺̅̇˿̉̃ ˹ ˹˿˻˼ ́̅̃̆̓̉̕˼̇̄̅̀ ̆̇̅-

˺̇˷̃̃̒ ̆˼̇˹˿̎̄̅˺̅ ̆̇̅˼́̉˿̇̅˹˷̄˿̖ ˿ ˹˼̇˿-

̋˿̍˿̇̅˹˷̉̓ ̆̇̅˺̇˷̃̃̊ ˹ ̆̇˼˻˼̂˷̌ ˿˾̊̎˼̄̄̒̌ 
̆˷̇˷̃˼̉̇̅˹ ̆̇̅˼́̉˿̇̅˹˷̄˿̖: ˫̇˷̈̎ = 0,015–0,15;  

̉ ̇˷̈̎ = 0,40 – 0,70; ɜɬD = 0,25–0,40. 
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а) ȁ)

 
˧˿̈. 1. ˨̌˼̃̒ ˿ ̇˷˾̃˼̇̒ ̇˷˸̅̎˿̌ ́̅̂˼̈ ˹ ̃˼̇˿˻˿̅̄˷̂̓̄̅̀ ̆̂̅̈́̅̈̉˿:  

а – ̅̈˼̇˷˻˿˷̂̓̄̅˼ ̇˷˸̅̎˼˼ ́̅̂˼̈̅ (˥˧К); ȁ – ̇˷˻˿˷̂̓̄̅˼ ̇˷˸̅̎˼˼ ́̅̂˼̈̅ (˧˧К) 

Fig. 1. Scheme and dimensions of the impeller in the meridional plane: а– 3D impeller; ȁ – 2D impeller 
 

˦̇˼˻̂̅˽˼̄̄̒̀ ˷̂˺̅̇˿̉  ̃ ̈̂˼˻̊˼̉ ˻̅̆̅̂̄˿̉̓ 
˹̒˸̅̇̅̃ ̅̉̄̅̈˿̉˼̂̓̄̅̀ ˹̒̈̅̉̒ ̂̅̆˷̉̅́. ˧˼́̅-

̃˼̄˻̅˹˷̄̄̒˼ А. ˧˼́̈̉˿̄̒̃ ˿ ˵. ˚˷̂˼̇́˿̄̒  ̃

̋̅̇̃̊̂̒ ˻˷̉̕ ˾̄˷̎˼̄˿  ̖ ̅̉̄̅̈˿̉˼̂̓̄̅̀ ˹̒̈̅̉̒ 

̂̅̆˷̉̅́ 2 ɪɚɫɱ= ( ),b f   ́̅̉̅̇̒˼ ̅˸˼̈̆˼̎˿˹˷̉̕ 

˾˷˻˷̄̄̒̀ ́̅̔̋̋˿̍˿˼̄̉ ̄˷̆̅̇˷ ̆̇˿ ́̇˿̉˼̇˿̖̌ 
̆̅˻̅˸˿̖ ˣu = 0,70, k = 1,4. ˦̇˿ ˸̅̂̓̏˼̃ ̊˹˼̂˿-

̎˼̄˿˿ ̆̂̅̉̄̅̈̉˿ ̄˷ ˹̒̌̅˻˼ ˿˾ ˧К ̅̉̄̅̈˿̉˼̂̓̄̊̕ 

˹̒̈̅̉̊ ̂̅̆˷̉̅́ ̄˷˻̅ ̊̃˼̄̓̏˿̉̓, ˿ ̄˷̅˸̅̇̅̉: 

 2 2ψ =1 ctgβ̉ ;  (1) 
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



 (2) 

ˮ˷̈̉̄˷̖ ̍˼̂̓ ̇˷˸̅̉̒ – ̈̅˾˻˷̄˿˼ ̃˼̉̅˻˿́˿ 

̇˷̈̎˼̉˷ ̅̉̄̅̈˿̉˼̂̓̄̅̀ ˹̒̈̅̉̒ ̂̅̆˷̉̅́, ́̅̉̅-

̇˷̖ ̅˸˼̈̆˼̎˿˹˷˼̉ ˾˷˻˷̄̄̒̀ ́̅̔̋̋˿̍˿˼̄̉ ̉˼̅-

̇˼̉˿̎˼̈́̅˺̅ ̄˷̆̅̇˷ ̉ ̇˷̈̎ ̆̇˿ ˣu  0,70, k  1,4. 

ǒǢǩǲǢбоǴǬǢ мǧǴоǦǪǬǪ ǲǢǳǹǧǴǢ оǴǯоǳǪǴǧǭǾǯоǫ 

ǤǽǳоǴǽ ǭоǱǢǴоǬ ǯǢ ǤǽǷоǦǧ ǱǲǪ ǱǲоǪǩǤоǭǾǯǽǷ 

ǩǯǢǹǧǯǪȁǷ ǬǲǪǴǧǲǪǧǤ ǳǨǪмǢǧмоǳǴǪ 

˛̖̂ ̇˷̈̎˼̉˷ ˹̒̈̅̉̒ ̂̅̆˷̉̅́ 2b  ̄˷ ˹̒̌̅˻˼ 
˿˾ ̇˷˸̅̎˼˺̅ ́̅̂˼̈˷, ̅˸˼̈̆˼̎˿˹˷̐̕˿̌ ̄˼̅˸̌̅-

˻˿̃̅˼ ˾̄˷̎˼̄˿˼ ̉ ̇˷̈̎ ̆̇˿ ˣu  0,7 ˿ k  1,4, 

̆̇˿̃˼̖̖̄̉̈̕ ̃˷̉˼̃˷̉˿̎˼̈́˿˼ ̃̅˻˼̂˿ ˣ˼̉̅˻˷ 
̊̄˿˹˼̇̈˷̂̓̄̅˺̅ ̃̅˻˼̂˿̇̅˹˷̄˿̖. 

ˤ˷ ̆˼̇˹̅̃ ̔̉˷̆˼ ̆˼̇˹˿̎̄̅˺̅ ̆̇̅˼́̉˿̇̅˹˷̄˿̖ 

̆̅ ̋̅̇̃̊̂˷̃ А.˫. ˧˼́̈̉˿̄˷ ˿ ˵.˘. ˚˷̂˼̇́˿̄˷ 
̇˷̈̈̎˿̉̒˹˷˼̖̉̈ ˾̄˷̎˼̄˿˼ 2b , ́̅̉̅̇̅˼ ̅˸˼̈̆˼̎˿-

˹˷˼̉ ̆̅̂̊̎˼̄˿˼ ˾˷˻˷̄̄̅˺  ̅  ̉̇ ˷̈̎ ̆̇˿ ̎˿̈̂˼ ˣ˷̌˷ 
ˣu = 0,7 ˿ ̆̅́˷˾˷̉˼̂˼ ˿˾̅̔̄̉̇̅̆̒ k = 1,4.  

А.˫. ˧˼́̈̉˿̄ ˿ ˵.˘. ˚˷̂˼̇́˿̄ ˻̖̂ ̇˷̈̎˼-

̉˷ ̉ ̇˷̈̎
 
˿̈̆̅̂̓˾̅˹˷̂˿ ́̅̔̋̋˿̍˿˼̄̉ ̄˷̆̅̇˷ 

̆̇˿ ̄˼˹̖˾́̅̃ ̅˸̉˼́˷̄˿˿ ̈ ̆̅̆̇˷˹̅̎̄̒̃ ̔̃-

̆˿̇˿̎˼̈́˿̃ ́̅̔̋̋˿̍˿˼̄̉̅̃. ˦̇̅˺̇˷̃̃˷ 

̆˼̇˹˿̎̄̅˺̅ ̆̇̅˼́̉˿̇̅˹˷̄˿̖ ˹́̂̎̕˷˼̉ ̃̅˻˼̂̓ 

̄˷̆̅̇˷, ̅̈̄̅˹˷̄̄̊̕ ̄˷ ̆̇˼˻̂̅˽˼̄̄̅̀ 

˵.˘. ˚˷̂˼̇́˿̄̒̃ ̋̅̇̃̊̂˼ [35] ̈ ̔̃̆˿̇˿̎˼-

̈́˿̃ ́̅̔̋̋˿̍˿˼̄̉̅̃ K, ̊̎˿̉̒˹˷̐̕˿̃ ˹̂˿-

̖̄˿˼ ˹̖˾́̅̈̉˿ [34]: 
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 (3) 

˛̖̂ ̈̉̊̆˼̄˿, ̇˷˾̇˷˸˷̉̒˹˷˼̃̅̀ ̆̅ ̋̅̇̃̊-

̂˷̃ ̆˼̇˹˿̎̄̅˺̅ ̆̇̅˼́̉˿̇̅˹˷̄˿̖, ̄˼̅˸̌̅˻˿̃̅ 

̆̇̅˿˾˹˼̈̉˿ ̆̅˿̈́ ˾̄˷̎˼̄˿̖ K, ̅˸˼̈̆˼̎˿˹˷-

̐̕˼˺̅ ˾˷˻˷̄̄̅˼ ̉ ̇˷̈̎. ˛̖̂ ̔̉̅˺̅ ˹˼˻˼̖̉̈ ̆̅-
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˿̈́ ˿̈́̅̃̅˺̅ ˾̄˷̎˼̄˿̖ K ̃˼̉̅˻̅̃ ˻̇̅˸̄̒̌ 

̏˷˺̅˹ ˹ ˸̅̂̓̏̊̕ ˿̂˿ ̃˼̄̓̏̊̕ ̈̉̅̇̅̄̊ ̅̉ 
̉˼́̊̐˼˺̅. В ́̅̄̍˼ ̈̉˷̉̓˿ ̆̇˿˹˼˻˼̄̒ ̆̇˿̃˼̇̒ 

̆˼̇˹˿̎̄̅˺̅ ̆̇̅˼́̉˿̇̅˹˷̄˿̖ ̈̉̊̆˼̄˼̀ ̆̇˿  

ˣu  0,70, k  1,4. ˞˷˻˷̄̄̒˼ ˾̄˷̎˼̄˿̖ ̉ ̇˷̈̎ 
̅˸˼̈̆˼̎˼̄̒ ˾˷ ̈̎˼̉ ̆̅˻̅˸˷̐̕˼˺̅ ˹̒˸̅̇˷ ̅̉-
̄̅̈˿̉˼̂̓̄̅̀ ˹̒̈̅̉̒ ̂̅̆˷̉̅́.  

ǑǲоǥǲǢммǢ ǱǧǲǤǪǹǯоǥо ǱǲоǧǬǴǪǲоǤǢǯǪȁ 

˦̅ ̇˷˾̇˷˸̅̉˷̄̄̅̃̊ ̃˼̉̅˻̊ ̈˻˼̂˷̄˷ ̆̇̅-

˺̇˷̃̃˷ ̆˼̇˹˿̎̄̅˺̅ ̆̇̅˼́̉˿̇̅˹˷̄˿̖ «˦˼̇-

˹˿̎̄̅˼ ̆̇̅˼́̉˿̇̅˹˷̄˿˼ ˿ ̇˷̈̎˼̉ ̈˼̃˼̀̈̉˹˷ 

̌˷̇˷́̉˼̇˿̈̉˿́ ̍˼̄̉̇̅˸˼˽̄̒̌ ́̅̃̆̇˼̈̈̅̇̄̒̌ 

̈̉̊̆˼̄˼̀» ̄˷ ˸˷˾˼ 6-̀ ˹˼̇̈˿˿ ̆̇̅˺̇˷̃̃̒ 

«˧˷̈̎˼̉ ̈˼̃˼̀̈̉˹˷ ̌˷̇˷́̉˼̇˿̈̉˿́ ̍˼̄̉̇̅˸˼˽-

̄̒̌ ́̅̃̆̇˼̈̈̅̇̄̒̌ ̈̉̊̆˼̄˼̀» (7-̖ ˹˼̇̈˿̖ 

ˣ˼̉̅˻˷ ̊̄˿˹˼̇̈˷̂̓̄̅˺̅ ̃̅˻˼̂˿̇̅˹˷̄˿̖ ̅̇˿-

˼̄̉˿̇̅˹˷̄˷ ̄˷ ̆̇̅˼́̉˿̇̅˹˷̄˿˼ ̉̇˷̄̈- ˿ 

̈˹˼̇̌˾˹̊́̅˹̒̌ ́̅̃̆̇˼̈̈̅̇̅˹ [41–43]). ˦̇̅-

˺̇˷̃̃˷ ̆˼̇˹˿̎̄̅˺̅ ̆̇̅˼́̉˿̇̅˹˷̄˿̖ ̈̅̌̇˷̄˿-

̂˷ ̋̊̄́̍˿˿ ̆̇˼˻̏˼̈̉˹˼̄̄˿̍̒ ˿ ˿̃˼˼̉ ̉̇˿ 

̇˼˽˿̃˷ ̇˷˸̅̉̒: 

̇˷̈̎˼̉ ̌˷̇˷́̉˼̇˿̈̉˿́ ̈̉̊̆˼̄˿ ̈ ̇˷˾̃˼̇˷̃˿, 

˹˹˼˻˼̄̄̒̃˿ ̆̅̂̓˾̅˹˷̉˼̂˼̃; 

̇˷̈̎˼̉ ̌˷̇˷́̉˼̇˿̈̉˿́ ̈̉̊̆˼̄˿ ̈ ̇˷˾̃˼̇˷̃˿, 

̆̅̂̊̎˼̄̄̒̃˿ ˹ ̆̇̅˺̇˷̃̃˼ ̅̆̉˿̃˷̂̓̄̅˺̅ ̆̇̅-

˼́̉˿̇̅˹˷̄˿̖ ̄˷ ˸˷˾˼ ̃˷̉˼̃˷̉˿̎˼̈́˿̌ ̃̅˻˼̂˼̀. 

˧˷˾̃˼̇̒ ˿ ̆˷̇˷̃˼̉̇̒ ̅̆̉˿̃˷̂̓̄̅˺̅ ˹˷̇˿˷̄̉˷ 
˷˹̉̅̃˷̉˿̎˼̈́˿ ̆˼̇˼˻˷̖̉̈̕ ˹ ̆̇̅˺̇˷̃̃̊ ̇˷̈̎˼-
̉˷ ̈˼̃˼̀̈̉˹˷ ̌˷̇˷́̉˼̇˿̈̉˿́; 

̆̇̅˿˾˹̅˻˿̃̒̀ ̇˷̈̎˼̉ ̇˷˾̃˼̇̅˹ ˿ ̋̅̇̃̒ 

̆̇̅̉̅̎̄̅̀ ̎˷̈̉˿ ̆̅ ̊́˷˾˷̄˿̕ ̆̅̂̓˾̅˹˷̉˼̖̂ ˹̒-

̖̆̅̂̄˼̖̉̈ ̆̅ ̇˷˾̇˷˸̅̉˷̄̄̅̃̊ ̃˼̉̅˻̊ ̆˼̇˹˿̎̄̅-

˺̅ ̆̇̅˼́̉˿̇̅˹˷̄˿̖, ̅˸̅˸̐˷̐̕˼̃̊ ̇˼˾̊̂̓̉˷̉̒ 

˿˾̊̎˼̄˿̖ ̆˷̇˷̃˼̉̇̅˹ 124 ̅̆̉˿̃˿˾˿̇̅˹˷̄̄̒̌ 
̇˷˸̅̎˿̌ ́̅̂˼̈. ˤ˼̆̅˻˹˿˽̄̒˼ ̔̂˼̃˼̄̉̒ ̇˷̈̈̎˿-

̉̒˹˷̖̉̈̕ ̆̅ ̃˼̉̅˻˿́˼ ˿˾ ̇˷˸̅̉̒ [39]. 

ˤ˷ ̇˿̈. 2 ̈̂˼˹˷ ̆̅́˷˾˷̄̅ ̃˼̄̕ ˹˹̅˻˷ ̆˷̇˷-
̃˼̉̇̅˹ ˻̖̂ ̇˷̈̎˼̉˷ ˺˷˾̅˻˿̄˷̃˿̎˼̈́˿̌ ̌˷̇˷́̉˼-
̇˿̈̉˿́. 

 

 
 

˧˿̈. 2. ˦̇̅˺̇˷̃̃˷ «˦˼̇˹˿̎̄̅˼ ̆̇̅˼́̉˿̇̅˹˷̄˿˼ ˿ ̇˷̈̎˼̉ ̈˼̃˼̀̈̉˹˷ ̌˷̇˷́̉˼̇˿̈̉˿́ ̍˼̄̉̇̅˸˼˽̄̒̌  

́̅̃̆̇˼̈̈̅̇̄̒̌ ̈̉̊̆˼̄˼̀»: ̃˼̄̕ ˹˹̅˻˷ ̆˷̇˷̃˼̉̇̅˹ ̈̉̊̆˼̄˿ ˻̖̂ ̇˷̈̎˼̉˷ ˺˷˾̅˻˿̄˷̃˿̎˼̈́˿̌  

̌˷̇˷́̉˼̇˿̈̉˿́ (̈̂˼˹˷) ˿ ˹˹̅˻˷ ̆˷̇˷̃˼̉̇̅˹ ̈̉̊̆˼̄˿ ˻̖̂ ̆˼̇˹˿̎̄̅˺̅ ̆̇̅˼́̉˿̇̅˹˷̄˿̖ (̈̆̇˷˹˷) 

Fig. 2. Program «Primary design and calculation of the centrifugal compressor stage characteristics»: Input menu  

of stage parameters for gas-dynamic characteristics calculation (left) and menu of stage parameters  

for primary design (right) 
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В˼̖̖̇̌̄ ̂˿̄˼̀́˷ ̅́̅̄ ̆̅˾˹̖̅̂˼̉ ˹̒˸̇˷̉̓ 
̉˿̆̒ ̇˷˸̅̎˼˺̅ ́̅̂˼̈˷, ˻˿̋̋̊˾̅̇˷, ˹̒̌̅˻̄̅˺̅ 

̊̈̉̇̅̀̈̉˹˷. ˦̅̃˿̃̅ ˹˹̅˻˷ ́̇˿̉˼̇˿˼˹ ̆̅˻̅˸˿̖ ˿ 

̇˷˾̃˼̇̅˹, ˼̈̉̓ ̖̇˻ ́̄̅̆̅́ ˻̖̂ ˾˷̆̊̈́˷ ̅̆̍˿̀, 

̅˸̂˼˺̎˷̐̕˿̌ ̇˷̈̎˼̉ ˿ ̆̅˾˹̖̅̂̐̕˿̌ ˹̒˸̇˷̉̓ 
˹˷̇˿˷̄̉̒ ̃˷̉˼̃˷̉˿̎˼̈́˿̌ ̃̅˻˼̂˼̀ К˦˛ ˿ ̄˷̆̅-

̇˷ ˹ ˾˷˹˿̈˿̃̅̈̉˿ ̅̉ ̅̈̅˸˼̄̄̅̈̉˼̀ ̇˼̏˷˼̃̅̀ ˾˷-
˻˷̎˿. ˤ˷ ̇˿̈. 2, ̈̆̇˷˹˷ ̆̅́˷˾˷̄̅ ̅́̄̅ ˹˹̅˻˷ ̆˷-
̇˷̃˼̉̇̅˹ ˻̖̂ ̆˼̇˹˿̎̄̅˺̅ ̆̇̅˼́̉˿̇̅˹˷̄˿̖. 

˧˷̈̈̎˿̉˷̄̄̒˼ ̇˷˾̃˼̇̒ ̆˼̇˹˿̎̄̅˺̅ ̆̇̅˼́-

̉˿̇̅˹˷̄˿̖ ̈̉̊̆˼̄˿ ̅̉̇˷˽˷̖̉̈̕ ˹ ̅́̄˼ (̇˿̈. 2, 

̈̂˼˹˷). ˦̇˿ ̄˷˽˷̉˿˿ ́̄̅̆́˿ «˞˷̆˿̈̓ ̇˷˾̃˼̇̅˹ 

˻̖̂ 3˛ˣ» ̋̅̇̃˿̖̇̊̉̈̕ tmp-̋˷̀̂̒, ̆̅ ́̅̉̅-

̇̒̃ ̆̇̅˺̇˷̃̃˷ 3˛ˣ.023 ̇˷̈̈̎˿̉̒˹˷˼̉ ˻˿˷-
˺̇˷̃̃̒ ̈́̅̇̅̈̉˼̀ ̇˷˸̅̎˿̌ ́̅̂˼̈.  

ВǧǲǪǶǪǬǢǸǪȁ мǧǴоǦǢ ǱǧǲǤǪǹǯоǥо  

ǱǲоǧǬǴǪǲоǤǢǯǪȁ ǒК 

В̒˸̅̇ ̇˷˾̃˼̇̅˹ ̆̇˿ ̆˼̇˹˿̎̄̅̃ ̆̇̅˼́̉˿-

̇̅˹˷̄˿˿ ̅̈̄̅˹˷̄ ̄˷ ̅˸̅˸̐˼̄˿˿ ̆˷̇˷̃˼̉̇̅˹ 

124 ̇˷˸̅̎˿̌ ́̅̂˼̈, ̇˷̈̈̃̅̉̇˼̄̄̒̌ ̇˷̄˼˼. ˴̉˿ 

́̅̂˼̈˷ ˿̃˼̉̕ ˻˿̈́̇˼̉̄̒˼ ˾̄˷̎˼̄˿̖ ̆˷̇˷̃˼̉-
̇̅˹ ̆̇̅˼́̉˿̇̅˹˷̄˿̖: 

˫̇˷̈̎ = 0,015; 0,028; 0,0346; 0,0526; 0,080; 

0,0936; 0,1095; 0,128; 0,15; 

̉ ̇˷̈̎ = 0,40; 0,482; 0,581; 0,70; 

ɜɬD = 0,25; 0,30; 0,35; 0,40 (˧˧К); 0,25; 0,30; 

0,35 (˥˧К). 

˧˷̈̎˼̉̒ ̔̉˿̌ ˧К ˹̖̒̆̅̂̄̂˿̈̓ ̆̇˿ ́̇˿̉˼-
̇˿̖̌ ̆̅˻̅˸˿̖ Mu = 0,70, k = 1,4 ˿ ̉̅̂̐˿̄˼ ̂̅-

̆˷̉̅́ ɥ 0,12.   ˜̈̂˿ ̆̇˿ ̆̇̅̃˼˽̊̉̅̎̄̒̌ ˾̄˷-

̎˼̄˿̖̌ ˫̇˷̈̎, ̉ ̇˷̈̎, ɜɬD  ˿ ̅̉̂˿̎̄̒̌ ̅̉ ̆̇˿˹˼-

˻˼̄̄̒̌ ˹̒̏˼ ˾̄˷̎˼̄˿̖̌ ˣu, k ˿ ɥ  ̆˼̇˹˿̎̄̒̀ 

̆̇̅˼́̉ ̊˻̅˹̂˼̉˹̖̅̇˼̉ ̉̇˼˸̅˹˷̄˿̖̃, ˹˼̇˿̋˿-

́˷̍˿̖ ̃˼̉̅˻˷ ̊̈̆˼̏̄˷. 

ǑǲǪмǧǲ ǱǧǲǤǪǹǯоǥо ǱǲоǧǬǴǪǲоǤǢǯǪȁ  

мǢǭоǲǢǳǷоǦǯоǥо ǒǒК 

˦˷̇˷̃˼̉̇  ̒ ̃˷̂̅̇˷̈̌̅˻̄̅˺  ̅ ˧˧К 0,022-0,52-

029 ̅̎˼˹˿˻̄̒ ˿˾ ˼˺̅ ̄˷˾˹˷̄˿̖. ˦̇̅˼́̉ ˹̒̆̅̂̄˼̄ 

̆̇  ˿Mu
 = 0,56, k = 1,32  ˿̉̅̂̐˿̄  ˼̂̅̆˷̉̅́ ɥ = 0,012. 

В̈˼ ̆˷̇˷̃˼̉̇̒ ̆̇̅˼́̉˿̇̅˹˷̄˿̖ ̅̉̂˿̎̄̒ ̅̉ ̂˿-

̄˼̀́˿ ̆˷̇˷̃˼̉̇̅˹ 124 ̇˷̈̈̃̅̉̇˼̄̄̒̌ ́̅̂˼̈.  

ˤ˷̎˷̂̓̄̒˼ ̆˷̇˷̃˼̉̇̒ ˿ ̇˷˾̃˼̇̒ ˧˧К 

0,022-0,52-029 ̆˼̇˼˻˷̖̉̈̕ ˹ ̆̇̅˺̇˷̃̃̊ ̇˷̈̎˼-
̉˷ ˻˿˷˺̇˷̃̃ ̈́̅̇̅̈̉˼̀ ̄˼˹̖˾́̅˺̅ ́˹˷˾˿̉̇˼̌-

̃˼̇̄̅˺̅ ̆̅̉̅́˷ – 3˛ˣ.023; ̆̇̅˿˾˹̅˻˿̖̉̈ ̇˷-
̈̎˼̉. ˧˿̈. 3 ˻˼̃̅̄̈̉̇˿̇̊˼̉ ̇˼˾̊̂̓̉˷̉ ̇˷̈̎˼̉̅˹ 

˹ ̆̇̅˺̇˷̃̃˼ 3˛ˣ.023. 

˛˿˷˺̇˷̃̃̒ ̈́̅̇̅̈̉˼̀ ˻˼̃̅̄̈̉̇˿̇̊̉̕ ́˷-
̎˼̈̉˹̅ ̆˼̇˹˿̎̄̅˺̅ ̆̇̅˼́̉˿̇̅˹˷̄˿̖: 

̈̇˼˻̖̖̄ ̄˷˺̇̊˾́˷ ̂̅̆˷̉̅́ – ˹ ̆̇˼˻˼̂˷̌ ̇˼-
́̅̃˼̄˻˷̍˿̀; 

˹˻̅̂̓ ˾˷˻̄˼̀ ̆̅˹˼̇̌̄̅̈̉˿ ̈́̅̇̅̈̉̓ ̆̇˷́-

̉˿̎˼̈́˿ ̖̆̅̈̉̅̄̄˷, ̎̉̅ ̅˸˼̐˷˼̉ ̅̉̈̊̉̈̉˹˿˼ 
̅̉̇̒˹˷ ̆̅̉̅́˷; 

˹̌̅˻ ̄˷ ̆˼̇˿̋˼̇˿˿, ̄˷ ̈̇˼˻̄˼̀ ̆̅˹˼̇̌̄̅-

̈̉˿ ˿ ̊ ˹̉̊̂́˿ ̆̇˷́̉˿̎˼̈́˿ ˸˼˾̊˻˷̇̄̒̀. 

˦̇˿ ̆̇̅˼́̉˿̇̅˹˷̄˿˿ 124 ̖̊̆̅̃̄̊̉̒̌  
˹̒̏˼ ˧К ̅˸˼̈̆˼̎˼̄˿˼ ˾˷˻˷̄̄̅˺̅ ˾̄˷̎˼̄˿̖ 

̉ ̇˷̈̎
 
̆̇̅˹˼̖̇̂̅̈̓ ̆̅ ˹˼̂˿̎˿̄˼ ́̅̔̋̋˿̍˿˼̄̉˷ 

̄˷̆̅̇˷ ̆̇˿ ̄˼˹̖˾́̅̃ ̉˼̎˼̄˿˿ ̉ ˿˻. ˜˺̅ ̅˸̅-

˾̄˷̎˼̄˿˼ ̄˷ ̇˿̈. 3 – «PSTid». ˦̅ ̇˼˾̊̂̓̉˷̉˷̃ 

˷̄˷̂˿˾˷ ̌˷̇˷́̉˼̇˿̈̉˿́ ̃̅˻˼̂̓̄̒̌ ̈̉̊̆˼̄˼̀ 

̈˼̃˼̀̈̉˹˷ 20˨˜ [44] ˸̒̂̅ ̆̇˿̖̄̉̅ ̔̃̆˿̇˿̎˼-
̈́̅˼ ̈̅̅̉̄̅̏˼̄˿˼ ̉ ̇˷̈̎ / ̉ ˿˻

 
= 0,93. ˛̖̂ ˧˧К 

0,022-0,52–029 ˾̄˷̎˼̄˿˼ ̉ ˿˻ ˻̅̂˽̄̅ ˸̒̉̓ 

̇˷˹̄̅ 0,559. ˥̄̅ ̆̅̂̊̎˿̂̅̈̓ ̇˷˹̄̒̃ 0,55. ˩̅ 

˼̈̉̓ ̆̅ ̆˼̇˹˿̎̄̅̃̊ ̆̇̅˼́̉̊ ̄˼˻̅˸̅̇ ́̅̔̋̋˿-

̍˿˼̄̉˷ ̉˼̅̇˼̉˿̎˼̈́̅˺̅ ̄˷̆̅̇˷ ̈̅̈̉˷˹̖̂˼̉ ̄˼-
˸̅̂̓̏̊̕ ˹˼̂˿̎˿̄̊ – 1,6 %. ˴̉̅ ̃̅˽˼̉ ˸̒̉̓ 

́̅̃̆˼̄̈˿̇̅˹˷̄̅ ̆̇˿ ̅́̅̄̎˷̉˼̂̓̄̅̀ ̅̆̉˿̃˿-

˾˷̍˿˿ ̆̇̅̉̅̎̄̅̀ ̎˷̈̉˿. 

ǑǲǪмǧǲ ǱǧǲǤǪǹǯоǥо ǱǲоǧǬǴǪǲоǤǢǯǪȁ ǳǲǧǦǯǧǲǢǳ-
ǷоǦǯоǥо ǒǒК 

˦˷̇˷̃˼̉̇̒ ̈̇˼˻̄˼̇˷̈̌̅˻̄̅˺̅ ˧˧К 0,077-

0,63-038 ̅̎˼˹˿˻̄̒ ˿˾ ˼˺̅ ̄˷˾˹˷̄˿̖. ˦̇̅˼́̉ 
˹̒̆̅̂̄˼̄ ̆̇˿ Mu = 0,83, k = 1,55 ˿ ̉̅̂̐˿̄˼ 
̂̅̆˷̉̅́ ɥ = 0,010. В̈˼ ̆˷̇˷̃˼̉̇̒ ̆̇̅˼́̉˿̇̅-

˹˷̄˿̖ ̅̉̂˿̎̄̒ ̅̉ ̂˿̄˼̀́˿ ̆˷̇˷̃˼̉̇̅˹ 124 

̇˷̈̈̃̅̉̇˼̄̄̒̌ ̇˷̄˼˼ ́̅̂˼̈.  
ˤ˷ ̇˿̈. 4 ̆̇˼˻̈̉˷˹̂˼̄̒ ̄˷̎˷̂̓̄̒˼ ̆˷̇˷-

̃˼̉̇̒, ̇˷˾̃˼̇̒ ˧˧К 0,077-0,63-038, ̈̌˼̃˷ 
̆̇̅̉̅̎̄̅̀ ̎˷̈̉˿, ˹˿˻ ̂̅̆˷̉̅̎̄̅̀ ̇˼̏˼̉́˿ ˿ 

˻˿˷˺̇˷̃̃̒ ̈́̅̇̅̈̉˼̀ ̄˷ ̉̇˼̌ ̆̅˹˼̖̇̌̄̅̈̉̌ 

̉̅́˷ – ˻˷̄̄̒˼ ˿˾ ̆̇̅˺̇˷̃̃̒ 3˛ˣ.023. 
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˧˿̈. 3. ˦̇̅˺̇˷̃̃˷ 3˛ˣ.023. ˤ˷̎˷̂̓̄̒˼ ̆˷̇˷̃˼̉̇̒, ̇˷˾̃˼̇̒ ˧˧К 0,022-0,52-029, ̈̌˼̃˷ ̆̇̅̉̅̎̄̅̀ ̎˷̈̉˿, 

˹˿˻ ̂̅̆˷̉̅̎̄̅̀ ̇˼̏˼̉́˿ (а) ˿ ˻˿˷˺̇˷̃̃̒ ̈́̅̇̅̈̉˼̀ ̄˷ ̉̇˼̌ ̆̅˹˼̖̇̌̄̅̈̉̌ ̉̅́˷ (ȁ) 

Fig. 3. 3DM.023 program. The initial parameters and size of the 2D impeller 0,022-0,52-029,  

flow path scheme (а), a blade row and velocity diagram on three stream line surfaces (ȁ) 

 

    
 

˧˿̈. 4. ˦̇̅˺̇˷̃̃˷ 3˛ˣ.023. ˤ˷̎˷̂̓̄̒˼ ̆˷̇˷̃˼̉̇̒, ̇˷˾̃˼̇̒ ˧˧К 0,077-0,63-038, ̈̌˼̃˷ ̆̇̅̉̅̎̄̅̀  

̎˷̈̉˿ (а), ˹˿˻ ̂̅̆˷̉̅̎̄̅̀ ̇˼̏˼̉́˿ ˿ ˻˿˷˺̇˷̃̃̒ ̈́̅̇̅̈̉˼̀ ̄˷ ̉̇˼̌ ̆̅˹˼̖̇̌̄̅̈̉̌ ̉̅́˷ (ȁ) 

Fig. 4. 3DM.023 program. The initial parameters and size of the 2D impeller 0,077-0,63-038,  

flow path scheme (а), a blade row and velocity diagram on three stream line surfaces (ȁ) 

 

˪ ̇˷˸̅̎˼˺̅ ́̅̂˼̈˷ ̈ ˻̅̈̉˷̉̅̎̄̅ ˸̅̂̓-

̏˿̃ ́̅̔̋̋˿̍˿˼̄̉̅̃ ̄˷̆̅̇˷ ˾˷̃˼˻̂˼̄˿˼ ̆̅-

̉̅́˷ ̄˷ ˾˷˻̄˼̀ ̆̅˹˼̇̌̄̅̈̉˿ ̄˼˿˾˸˼˽̄̅. ˤ̅ 

˹ ̍˼̂̅̃ ˻˿˷˺̇˷̃̃̒ ̈́̅̇̅̈̉˼̀ ˸̂˷˺̅̆̇˿̖̉-
̄̒˼. ˤ˼˸̅̂̓̏̅̀ ̆̅̂̅˽˿̉˼̂̓̄̒̀ ̊˺̅̂ ˷̉˷-

́˿ ̄˷ ˹̈˼̌ ̉̇˼̌ ̅̈˼̈˿̃̃˼̉̇˿̎̄̒̌ ̆̅˹˼̇̌-

̖̄̅̈̉̌ ̆̇˿˼̃̂˼̃. ˥̉̄̅̏˼̄˿˼ ̉ ̇˷̈̎ / ̉ ˿˻ =  

= 0,63/0,678 = 0,929 ̆̇˷́̉˿̎˼̈́˿ ̇˷˹̄̅ ˾̄˷-

̎˼̄˿̕ 0,93, ̆̇˿̖̄̉̅̃̊ ˻̖̂ ̆˼̇˹˿̎̄̅˺̅ ̆̇̅-

˼́̉˿̇̅˹˷̄˿̖. 

а) ȁ)

а) ȁ) 
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˧˿̈. 5. ˦̇̅˺̇˷̃̃˷ 3˛ˣ.023. ˛˿˷˺̇˷̃̃̒ ̈́̅̇̅̈̉˼̀ ˥˧К 0132-0,545-0265: ̈̂˼˹˷ –  

̆̅ ̇˼˾̊̂̓̉˷̉˷̃ ̆˼̇˹˿̎̄̅˺̅ ̆̇̅˼́̉˿̇̅˹˷̄˿̖, ̈̆̇˷˹˷ – ̆̅̈̂˼ ̄˼˾̄˷̎˿̉˼̂̓̄̅̀ ́̅̇̇˼́̉˿̇̅˹́˿ 

Fig. 5. 3DM.023 program. 3D impeller 0132-0,545-0265 velocity diagram: by results  

of primary design – on the left, after minor adjustment – on the right 

 

ǑǲǪмǧǲ ǱǧǲǤǪǹǯоǥо ǱǲоǧǬǴǪǲоǤǢǯǪȁ  

ǤǽǳоǬоǲǢǳǷоǦǯоǥо ǐǒК 

˧˷˸̅̎˼˼ ́̅̂˼̈̅ ˥˧К 0132-0,545-0265 ̈̆̇̅-

˼́̉˿̇̅˹˷̄̅ ̆̇˿ Mu = 0,90, k = 1,60.  

ˤ˷ ̇˿̈. 5 ̈̂˼˹˷ ̆̅́˷˾˷̄̒ ˻˿˷˺̇˷̃̃̒ ̈́̅-

̇̅̈̉˼̀ ˥˧К 0132-0,545-0265 ̆̅ ̇˼˾̊̂̓̉˷̉˷̃ 

̆˼̇˹˿̎̄̅˺̅ ̆̇̅˼́̉˿̇̅˹˷̄˿̖. ˨̆̇˷˹˷ – ˻˿˷-
˺̇˷̃̃̒ ̈́̅̇̅̈̉˼̀ ̆̅̈̂˼ ̄˼˾̄˷̎˿̉˼̂̓̄̅̀ ́̅̇-

̇˼́̉˿̇̅˹́˿. 

В˿˻ ˻˿˷˺̇˷̃̃ ̈́̅̇̅̈̉˼̀ ̈̅̅̉˹˼̉̈̉˹̊˼̉ 
̆̇˿̄̍˿̆˷̃ ̆̇̅˼́̉˿̇̅˹˷̄˿̖, ̄̅ ̅̉̄̅̏˼̄˿˼ 
̉ ̇˷̈̎ / ̉ ˿˻ = 0,545/0,596 = 0,914 ̊́˷˾̒˹˷˼̉ ̄˷ 
̄˼˸̅̂̓̏̅˼ ̆̇˼˹̒̏˼̄˿˼ ́̅̔̋̋˿̍˿˼̄̉˷ ̉˼̅̇˼-
̉˿̎˼̈́̅˺̅ ̄˷̆̅̇˷. ˤ˼˸̅̂̓̏̅̀ ̅̉̇˿̍˷̉˼̂̓̄̒̀ 

̊˺̅̂ ˷̉˷́˿ ̄˷ ̆˼̇˿̋˼̇˿˿ ̃̅˽̄̅ ̊̃˼̄̓̏˿̉̓. 

˛̖̂ ́̅̇̇˼́̉˿̇̅˹́˿ ̅́˷˾˷̂̅̈̓ ˻̅̈̉˷̉̅̎̄̒̃ 

̊̃˼̄̓̏˿̉̓ ̄˷ 1 ̏̉. ̎˿̈̂̅ ̂̅̆˷̉̅́ ˿ ̊˹˼̂˿̎˿̉̓ 
̄˷ ̅˻˿̄ ˺̇˷˻̊̈ ˹̌̅˻̄̅̀ ̊˺̅̂ ̂̅̆˷̉̅́. ˥̉̄̅-

̏˼̄˿˼ ̉ ̇˷̈̎ / ̉ ˿˻ = 0,545/0,589 = 0,925 ̄˼˾̄˷-
̎˿̉˼̂̓̄̅ ̅̉̂˿̎˷˼̖̉̈ ̅̉ ˾̄˷̎˼̄˿̖ 0,93, ̆̇˿̖̄-

̉̅˺̅ ̆̇˿ ̅̆̉˿̃˷̂̓̄̅̃ ̆̇̅˼́̉˿̇̅˹˷̄˿˿. 

ǐбǳǵǨǦǧǯǪǧ ǲǧǩǵǭǾǴǢǴоǤ 

˦̇˼˻̂̅˽˼̄̄˷̖ ̃˼̉̅˻˿́˷ ̆˼̇˹˿̎̄̅˺̅ ̆̇̅˼́-

̉˿̇̅˹˷̄˿̖ ̍˼̄̉̇̅˸˼˽̄̒̌ ́̅̃̆̇˼̈̈̅̇̄̒̌ ̈̉̊-

̆˼̄˼̀ ˸̒̂˷ ˷̆̇̅˸˿̇̅˹˷̄˷: ̇˼˾̊̂̓̉˷̉̒ ̆̇̅˼́̉˿-

̇̅˹˷̄˿̖ ̈̇˷˹̄˿˹˷̂˿̈̓ ̈ ̇˷̈̎˼̉˷̃˿ ̆̅ ̆̇̅˺̇˷̃-

̃˼ ̄˼˹̖˾́̅˺̅ ́˹˷˾˿̉̇˼̌̃˼̇̄̅˺̅ ̇˷̈̎˼̉˷. А̄˷̂˿˾ 
˻˿˷˺̇˷̃̃ ̇˷̈̆̇˼˻˼̂˼̄˿̖ ̈́̅̇̅̈̉˼̀ ̆̅ ̆̅˹˼̇̌-
̖̄̅̈̉̃ ̂̅̆˷̉̅́ ̆̅́˷˾˷̂, ̎̉̅ ̇˷˾̃˼̇̒ ˿ ̋̅̇̃˷ 
̆̇̅̉̅̎̄̅̀ ̎˷̈̉˿ ̇˷˸̅̎˼˺̅ ́̅̂˼̈˷, ̆̅̂̊̎˷˼̃˷̖ ˹ 

̇˼˾̊̂̓̉˷̉˼ ̆̇̅˼́̉˿̇̅˹˷̄˿̖, ̅˸˼̈̆˼̎˿˹˷˼̉ ˼˺̅ 

̔̋̋˼́̉˿˹̄̊̕ ̇˷˸̅̉̊. ˧˷̈̈̎˿̉̒˹˷̂˿̈̓ ̈̉̊̆˼̄˿ 

́˷́ ̇˷˻˿˷̂̓̄̒̌, ̉˷́ ˿ ̅̈˼̇˷˻˿˷̂̓̄̒̌ ̇˷˸̅̎˿̌ 
́̅̂˼̈ ̈ ̇˷˾̂˿̎̄̒̃˿ ̇˷̈̎˼̉̄̒̃˿ ́̅̔̋̋˿̍˿˼̄-

̉˷̃˿ ̇˷̈̌̅˻˷ ˿ ̄˷̆̅̇˷. ˴̉̅ ̅˸˼̈̆˼̎˿̂̅ ̔̋̋˼́-

̉˿˹̄̊̕ ̆̇̅˹˼̇́̊ ̇˼˷̂˿˾̅˹˷̄̄̒̌ ˿˾̃˼̄˼̄˿̀ ˹ 

̃˷̉˼̃˷̉˿̎˼̈́̅̀ ̃̅˻˼̂˿. 

В̄˼̈˼̄̄̒˼ ˿˾̃˼̄˼̄˿̖ ˹ ˿̄˽˼̄˼̇̄̅̀ ̆̇̅-

˺̇˷̃̃˼ ̆̇̅˼́̉˿̇̅˹˷̄˿̖ ̍˼̄̉̇̅˸˼˽̄̒̌ ́̅̃-

̆̇˼̈̈̅̇̅˹ ˣ˼̉̅˻˷ ̊̄˿˹˼̇̈˷̂̓̄̅˺̅ ̃̅˻˼̂˿̇̅-

˹˷̄˿̖ ̅́˷˾˷̂˿̈̓ ̔̋̋˼́̉˿˹̄̒̃˿ ˿ ̃̅˺̊̉ ̄˷̀̉˿ 

̆̇˷́̉˿̎˼̈́̅˼ ̆̇˿̃˼̄˼̄˿˼ ̆̇˿ ̇˼˷̂˿˾˷̍˿˿ ̄̅-

˹̒̌ ̆̇̅˼́̉̅˹ ̍˼̄̉̇̅˸˼˽̄̒̌ ́̅̃̆̇˼̈̈̅̇̅˹. 

ǉǢǬǭȀǹǧǯǪǧ 

˦̇˼˻̂̅˽˼̄̄̒̀ А. ˧˼́̈̉˿̄̒̃ ˿ ˵. ˚˷̂˼̇-

́˿̄̒̃ ̃˼̉̅˻ ̆˼̇˹˿̎̄̅˺̅ ̆̇̅˼́̉˿̇̅˹˷̄˿̖ ˻̅-

̆̅̂̄˼̄ ̃˼̉̅˻̅̃ ̇˷̈̎˼̉˷ ̅̉̄̅̈˿̉˼̂̓̄̅̀ ˹̒̈̅-

̉̒ ̂̅̆˷̉̅́ ̄˷ ˹̒̌̅˻˼ ˿˾ ̇˷˸̅̎˿̌ ́̅̂˼̈, ̅˸˼̈-
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̆˼̎˿˹˷̐̕˿̃ ˾˷˻˷̄̄̒̀ ́̅̔̋̋˿̍˿˼̄̉ ̉˼̅̇˼̉˿-

̎˼̈́̅˺̅ ̄˷̆̅̇˷ ˹ ̏˿̇̅́̅̃ ˻˿˷̆˷˾̅̄˼ ́̇˿̉˼-
̇˿˼˹ ̈˽˿̃˷˼̃̅̈̉˿. ˨̅˾˻˷̄̄˷̖ ̄˷ ̅̈̄̅˹˼ ̔̉˿̌ 

̃˼̉̅˻˿́ ˿ ˣ˼̉̅˻˷ ̊̄˿˹˼̇̈˷̂̓̄̅˺̅ ̃̅˻˼̂˿̇̅-

˹˷̄˿̖ ̆̇̅˺̇˷̃̃˷ «˦˼̇˹˿̎̄̅˼ ̆̇̅˼́̉˿̇̅˹˷̄˿˼ 
˿ ̇˷̈̎˼̉ ̈˼̃˼̀̈̉˹˷ ̌˷̇˷́̉˼̇˿̈̉˿́ ̍˼̄̉̇̅˸˼˽-

̄̒̌ ́̅̃̆̇˼̈̈̅̇̄̒̌ ̈̉̊̆˼̄˼̀» ̆̅́˷˾˷̂˷ ̈˼˸̖ 

̄˷˻˼˽̄̒̃ ˿ ̊˻̅˸̄̒̃ ˿̄̈̉̇̊̃˼̄̉̅̃ ˺˷˾̅˻˿-

̄˷̃˿̎˼̈́̅˺̅ ̆̇̅˼́̉˿̇̅˹˷̄˿̖.  

ǑǲǪǭоǨǧǯǪǧ 
ǳȑȋȎвȍțȅ ȎȁȎȇȍаȗȅȍȈȟ: 

1b  – ˹̒̈̅̉˷ ̂̅̆˷̉̅́ ̄˷ ˹̌̅˻˼; 2b  – ˹̒̈̅̉˷ ̂̅̆˷-
̉̅́ ̄˷ ˹̒̌̅˻˼; D2 – ̄˷̇̊˽̄̒̀ ˻˿˷̃˼̉̇ ̇˷˸̅̎˼˺̅ ́̅-

̂˼̈˷; D  – ̅̉̄̅̈˿̉˼̂̓̄̒̀ ˻˿˷̃˼̉̇; ˹̉D  – ˹̉̊̂̅̎̄̅˼ 
̅̉̄̅̏˼̄˿˼; k – ̆̅́˷˾˷̉˼̂̓ ˿˾̅̔̄̉̇̅̆̒; K̍˻ – ́̅̔̋-

̋˿̍˿˼̄̉ ̆̅̂̅˽˼̄˿̖ ̍˼̄̉̇˷ ˻˷˹̂˼̄˿̖ ˻˿˷˺̇˷̃̃̒ 

̈́̅̇̅̈̉˼̀; rsL  – ̆̅̂̅˽˼̄˿˼ ˹̌̅˻̄̅̀ ́̇̅̃́˿ ̅̈˼̇˷-

˻˿˷̂̓̄̅˺̅ ̇˷˸̅̎˼˺̅ ́̅̂˼̈˷ ̄˷ ̆˼̇˿̋˼̇˿˿; rhL  – ̆̅-

̂̅˽˼̄˿˼ ˹̌̅˻̄̅̀ ́̇̅̃́˿ ̅̈˼̇˷˻˿˷̂̓̄̅˺̅ ̇˷˸̅̎˼˺̅ 

́̅̂˼̈˷ ̄˷ ˹̉̊̂́˼; mL  – ̅̈˼˹˷̖ ˻̂˿̄˷; ˣu – ̊̈̂̅˹̄̅˼ 

̎˿̈̂̅ ˣ˷̌˷; SR  – ̅̉̄̅̈˿̉˼̂̓̄̒̀ ̇˷˻˿̊̈ ˾˷́̇̊˺̂˼-

̄˿̖ ̆̅́̇̒˹˷̐̕˼˺̅ ˻˿̈́˷; hR  – ̅̉̄̅̈˿̉˼̂̓̄̒̀ ̇˷-
˻˿̊̈ ˾˷́̇̊˺̂˼̄˿̖ ̅̈̄̅˹̄̅˺̅ ˻˿̈́˷; z˧К – ̎˿̈̂̅ ̂̅̆˷-
̉̅́ ̇˷˸̅̎˼˺̅ ́̅̂˼̈˷; ˫̇˷̈̎ – ̇˷̈̎˼̉̄̒̀ ̊̈̂̅˹̄̒̀ 

́̅̔̋̋˿̍˿˼̄̉ ̇˷̈̌̅˻˷; ̉ ̇˷̈̎ – ̇˷̈̎˼̉̄̒̀ ́̅̔̋̋˿-

̍˿˼̄̉ ̉˼̅̇˼̉˿̎˼̈́̅˺̅ ̄˷̆̅̇˷; ̉ ˿˻ – ́̅̔̋̋˿̍˿˼̄̉˷ 
̉˼̅̇˼̉˿̎˼̈́̅˺̅ ̄˷̆̅̇˷ ̆̇˿ ̄˼˹̖˾́̅̃ ̉˼̎˼̄˿˿;  – 

̊˺̅̂ ̄˷́̂̅̄˷ ˹̌̅˻̄̅̀ ́̇̅̃́˿ ̂̅̆˷̉́˿; 2 – ̊˺̅̂ 

̄˷́̂̅̄˷ ̆̅́̇̒˹˷̐̕˼˺̅ ˻˿̈́˷;  – ̊˺̅̂ ̃˼˽˻̊ ̅̉̄̅-

̈˿̉˼̂̓̄̅̀ ̈́̅̇̅̈̉̓̕ ˿ ̅˸̇˷̉̄̒̃ ̅́̇̊˽̄̒̃ 

̄˷̆̇˷˹̂˼̄˿˼̃; ̂ – ̊˺̅̂ ̂̅̆˷̉́˿; ̂  – ̅̉̄̅̈˿̉˼̂̓-
̄˷̖ ̉̅̂̐˿̄˷ ̂̅̆˷̉́˿;  – ̆̂̅̉̄̅̈̉̓ ˺˷˾˷. 

ǯȎȄȑȒȐȎȗȍțȅ ȈȍȄȅȊȑț: 

0, 1, 2 – ˿̄˻˼́̈̒ ́̅̄̉̇̅̂̓̄̒̌ ̈˼̎˼̄˿̀; ̇˷̈̎ –

̖̅̉̄̅̈̐˿̖̀̈ ́ ̇˷̈̎˼̉̄̅̃̊ ̇˼˽˿̃̊ (̆̅ ̇˷̈̌̅˻̊). 

ǭаȄȑȒȐȎȗȍțȅ ȈȍȄȅȊȑț: 
* – ̅̉̄̅̈˿̖̉̈ ́ ̆̅̂̄̒̃ ̆˷̇˷̃˼̉̇˷̃ (̆˷̇˷̃˼̉̇̒ 

̉̅̇̃̅˽˼̄˿̖). 

ǃǭǢǥоǦǢǲǯоǳǴǾ 

˧˷˸̅̉˷ ˹̒̆̅̂̄˼̄˷ ˹ ̂˷˸̅̇˷̉̅̇˿˿ «˚˷˾̅˹˷̖  

˻˿̄˷̃˿́˷ ̉̊̇˸̅̃˷̏˿̄» ˥ˤ˩˟ ˨˦˸˦˪ ˦˼̉̇˷ В˼-
̂˿́̅˺̅, ́̅̉̅̇̊̕ ˹̅˾˺̂˷˹̖̂˼̉ ̆̇̅̋˼̈̈̅̇ ˻̅́̉̅̇ 

̉˼̌̄˿̎˼̈́˿̌ ̄˷̊́ ˵.˘. ˚˷̂ё̇́˿̄. А˹̉̅̇̒ ˹̒̇˷-

˽˷̉̕ ˼̃̊ ̆̇˿˾̄˷̉˼̂̓̄̅̈̉̓ ˾˷ ̆̅̈̉˷̄̅˹́̊ ˾˷˻˷̎˿ 

˿̈̈̂˼˻̅˹˷̄˿̖ ˿ ́̅̄̈̊̂̓̉˷̍˿˿ ̆̇˿ ˹̒̆̅̂̄˼̄˿˿ 

̇˷˸̅̉̒. 

˟̈̈̂˼˻̅˹˷̄˿˼ ˹̒̆̅̂̄˼̄̅ ˾˷ ̈̎˼̉ ˺̇˷̄̉˷ ˧̅̈-
̈˿̀̈́̅˺̅ ̄˷̊̎̄̅˺̅ ̋̅̄˻˷ (̆̇̅˼́̉ № 18-79-10165) 
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ИССЛЕДОВАНИЕ ТОКСИЧНОСТИ БИОДИЗЕЛЬНОГО ДВИГАТЕЛЯ, 
РАБОТАЮЩЕГО НА СПИРТЕ 

В ̇˷˸̅̉˼ ̅˸̅̈̄̅˹˷̄˷ ̄˼̅˸̌̅˻˿̃̅̈̉̓ ˿̈̆̅̂̓˾̅˹˷̄˿̖ ˸˿̅̉̅̆̂˿˹ ̄˷ ̅̈̄̅˹˼ ̈̆˿̇̉˷ ˹ ˻˿˾˼̂̓̄̒̌ ˻˹˿-

˺˷̉˼̖̂̌. ˟̈̈̂˼˻̅˹˷̄̒ ̉˷́˿˼ ˹̅˾̅˸̄̅˹̖̂˼̃̒˼ ̔́̅̂̅˺˿̎˼̈́˿˼ ˿̈̉̅̎̄˿́˿ ̔̄˼̇˺˿˿, ́˷́ ̃˼̉˿̂̅˹̒̀ ˿ 

̔̉˿̂̅˹̒̀ ̈̆˿̇̉̒. ˨ ̍˼̂̓̕ ̇˷˾̇˷˸̅̉́˿ ˿ ̅̆̉˿̃˿˾˷̍˿˿ ̈̅̈̉˷˹˷ ̈̆˿̇̉̅-̉̅̆̂˿˹̄̒̌ ̔̃̊̂̓̈˿̀ ˻̖̂ 

̆̇˿̃˼̄˼̄˿̖ ˹ ˻˿˾˼̂˼ ̆̇̅˹˼˻˼̄̒ ˼˺̅ ˿̈̈̂˼˻̅˹˷̄˿̖ ̆̇˿ ̇˷˸̅̉˼ ̄˷ ˻˿˾˼̂̓̄̅̃ ̉̅̆̂˿˹˼, ̃˼̉˷̄̅̂̅- ˿ 

̔̉˷̄̅̂̅-̉̅̆̂˿˹̄̒̌ ̔̃̊̂̓̈˿̖̌. ˦̇˼˻̂̅˽˼̄̅ ̆˼̇̈̆˼́̉˿˹̄̅˼ ̇˼̏˼̄˿˼ ̆̅ ̊̂̊̎̏˼̄˿̕ ̔́̅̂̅˺˿̎˼̈́˿̌ 

̆̅́˷˾˷̉˼̂˼̀ ˻˿˾˼̖̂ ̆̊̉˼̃ ̆̇˿̃˼̄˼̄˿̖ ̈̆˿̇̉̅-̉̅̆̂˿˹̄̒̌ ̔̃̊̂̓̈˿̀, ̎̉̅ ̆̅˾˹̖̅̂˼̉ ̈̄˿˾˿̉̓ ˹ ̅̉̇˷-
˸̅̉˷˹̏˿̌ ˺˷˾˷̌ ̆̇˿ ̇˷˸̅̉˼ ̄˷ ̃˼̉˷̄̅̂̅-̉̅̆̂˿˹̄̅̀ ̔̃̊̂̓̈˿˿ ̈̅˻˼̇˽˷̄˿˼ ̅́̈˿˻̅˹ ˷˾̅̉˷ – ̄˷ 
41,3 %, ̈˷˽˿ – ˹ 6,9 ̇˷˾˷, ˻˿̅́̈˿˻˷ ̊˺̂˼̇̅˻˷ – ̄˷ 6,7 %, ̅́̈˿˻˷ ̊˺̂˼̇̅˻˷ – ̄˷ 45,0 %; ̆̇˿ ̇˷˸̅̉˼ ̄˷ 
̔̉˷̄̅̂̅-̉̅̆̂˿˹̄̅̀ ̔̃̊̂̓̈˿˿: ̅́̈˿˻̅˹ ˷˾̅̉˷ – ̄˷ 50,2 %, ̈˷˽˿ – ˹ 5,2 ̇˷˾˷, ˻˿̅́̈˿˻˷ ̊˺̂˼̇̅˻˷ – ̄˷ 
23,8 %, ̅́̈˿˻˷ ̊˺̂˼̇̅˻˷ – ̄˷ 25,0 %. 
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STUDY ON TOXICITY OF BIODIESEL ENGINE  
RUNNING ON ALCOHOL 

The paper substantiates the need for using biofuels based on alcohol in diesel engines. Such renewable 

environmental energy sources as methyl and ethyl alcohols were investigated. In order to develop, deter-

mine and optimize the composition of alcohol-fuel emulsions for use in diesel, studies were carried out 

for engines running on diesel fuel, methanol and ethanol fuel emulsions. We have found a promising so-

lution to improve the environmental performance of diesel through using alcohol fuel emulsions, allow-

ing to reduce the content of exhaust gases for engines running on methanol fuel emulsion: nitrogen ox-

ides by 41.3 %, soot by 6.9 times, carbon dioxide by 6.7 %, carbon monoxide by 45.0 %; for engines run-

ning on ethanol fuel emulsion: nitrogen oxides by 50.2 %, soot by 5.2 times, carbon dioxide by 23.8 %, 

carbon monoxide by 25.0 %. 

Keywords: diesel engine, methanol, ethanol, emulsion, biofuel, toxicity. 

Citation:  

V.A. Likhanov, O.P. Lopatin, Study on toxicity of biodiesel engine running on alcohol, St. Petersburg 

polytechnic university journal of engineering science and technology, 25(01)(2019) 92–100, DOI: 

10.18721/JEST.25109. 



 

 

93 

Энергетика и электротехника

ВǤǧǦǧǯǪǧ 
ˬ̅̇̅̏̅ ˿˾˹˼̈̉̄̅, ̎̉̅ ˻̖̂ ˻˿˾˼̂̓̄̒̌ ˻˹˿˺˷-

̉˼̂˼̀ ̖̆̅̈̉̅̄̄̅ ̇˷˾̇˷˸˷̉̒˹˷̖̉̈̕ ˿ ̈̅˹˼̇̏˼̄-

̈̉˹̖̊̉̈̕ ̄̅̇̃̒ ˹̒˸̇̅̈̅˹ ˹̇˼˻̄̒̌ ˹˼̐˼̈̉˹ ̄˼ 
̉̅̂̓́̅ ˹ ̃˷̈̏̉˷˸˷̌ ́̅̄́̇˼̉̄̅˺̅ ̇˼˺˿̅̄˷, ̈̉̇˷-
̄̒, ̄̅ ˿ ˹ ̇˷̃́˷̌ ̃˼˽˻̊̄˷̇̅˻̄̒̌ ̆̇̅˺̇˷̃̃ 

˜˴К ˥˥ˤ. В ̄˷̖̈̉̅̐˼˼ ˹̇˼̖̃ ̔́̅̂̅˺˿̎˼̈́˿˼ 
̉̇˼˸̅˹˷̄˿̖ ́ ˻˿˾˼̖̂̃ ̄˷˿˸̅̂˼˼ ̆̇˿̅̇˿̉˼̉̄̒, 

̆̇˿ ̔̉̅̃ ̆˷̇˷̃˼̉̇̒, ̌˷̇˷́̉˼̇˿˾̊̐̕˿˼ ̔́̅̂̅-

˺˿̎̄̅̈̉̓ ̅̉̇˷˸̅̉˷˹̏˿̌ ˺˷˾̅˹ (˥˚), ̆̇̅˿˾˹̅˻˿-

̉˼̂˿ ˻˿˾˼̂˼̀ ˾˷́̂˷˻̒˹˷̉̕ ˹ ˿̌ ́̅̄̈̉̇̊́̍˿̕ 

̊˽˼ ̄˷ ̈̉˷˻˿˿ ̆̇̅˼́̉˿̇̅˹˷̄˿̖, ̆̇˿̎˼̃ ̅̄˿ ̄˼ 
˻̅̂˽̄̒ ̊̌̊˻̏˷̖̉̓̈ ˹ ̆̇̅̍˼̈̈˼ ̔́̈̆̂̊˷̉˷̍˿˿. 

˘̊˻̊̐˼˼ ˾˷ ̔́̅̂̅˺˿̎˼̈́˿ ̎˿̈̉̒̃˿ ̉˼̆̂̅˹̒̃˿ 

˻˹˿˺˷̉˼̖̂̃˿, ̇˷˸̅̉˷̐̕˿̃˿ ̄˷ ˷̂̓̉˼̇̄˷̉˿˹̄̒̌ 
̄˼̖̋̉̄̅̃̊ ˹˿˻˷̌ ̉̅̆̂˿˹˷. В̈ё ˸̅̂˼˼ ̏˿̇̅́̅˼ 
̇˷̈̆̇̅̈̉̇˷̄˼̄˿˼ ̆̅̂̊̎˷̉̕ ˷̂̓̉˼̇̄˷̉˿˹̄̒˼ ˹˿-

˻̒ ˸˿̅̉̅̆̂˿˹˷ ̄˷ ̅̈̄̅˹˼ ̈̆˿̇̉̅˹ ˿ ̇˷̈̉˿̉˼̂̓-
̄̒̌ ̃˷̈˼̂ (̇˷̆̈̅˹̅˼, ̆̅˻̈̅̂̄˼̎̄̅˼, ̈̅˼˹̅˼, 
˷̇˷̌˿̈̅˹̅˼, ̆˷̂̓̃̅˹̅˼), ˷ ̉˷́˽˼ ˿̌ ̆̇̅˿˾˹̅˻-

̄̒̌. ˟̄̉˼̄̈˿˹̄̒˼ ̇˷˸̅̉̒ ̆̅ ̆˼̇˼˹̅˻̊ ˻˿˾˼̂˼̀ 

̄˷ ˸˿̅̉̅̆̂˿˹̅ ˹˼˻̖̊̉̈ ́˷́ ˹ ̈̉̇˷̄˷̌ ̈ ̅˺̇˷̄˿-

̎˼̄̄̒̃ ̔̄˼̇˺˼̉˿̎˼̈́˿̃ ̆̅̉˼̄̍˿˷̂̅̃, ̉˷́ ˿ ˹ 

̈̉̇˷̄˷̌ ̈ ˸̅̂̓̏˿̃˿ ˾˷̆˷̈˷̃˿ ̄˼̋̉˿, ˷ ̉˷́˽˼ ˹ 

˹̒̈̅́̅̇˷˾˹˿̉̒̌ ̈̉̇˷̄˷̌, ˿̃˼̐̕˿̌ ̋˿̄˷̄̈̅-

˹̊̕ ˹̅˾̃̅˽̄̅̈̉̓ ̆̇˿̅˸̇˼̉˼̄˿̖ ̇˷˾̂˿̎̄̒̌ ˷̂̓-
̉˼̇̄˷̉˿˹̄̒̌ ˹˿˻̅˹ ̉̅̆̂˿˹˷ [1, 2]. 

ˤ˷˿˸̅̂˼˼ ˿̈̈̂˼˻̅˹˷̄̄̒̃˿ ˿ ̆˼̇̈̆˼́̉˿˹-

̄̒̃˿ ̄˷ ̈˼˺̅˻̖̄̏̄˿̀ ˻˼̄̓ ˻̖̂ ̆̇˿̃˼̄˼̄˿̖ ˹ 

˻˿˾˼̖̂̌ ̖˹̖̖̂̉̈̕ ̈̆˿̇̉̒, ̉˷́˿˼, ́˷́ ̃˼̉˷̄̅̂ 

(˨ˤ3˥ˤ) ˿ ̔̉˷̄̅̂ (˨2ˤ5˥ˤ). ˨̇˼˻˿ ̆̅̂̅˽˿-

̉˼̂̓̄̒̌ ̈˹̅̀̈̉˹ ̃˼̉˷̄̅̂˷ ˻̖̂ ̆̇˿̃˼̄˼̄˿̖ ˹ 

˻˿˾˼̖̂̌ ̃̅˽̄̅ ̅̉̃˼̉˿̉̓ ̄˷̂˿̎˿˼ ˹ ˼˺̅ ̃̅̂˼-
́̊̂˼ ˷̉̅̃˷ ́˿̈̂̅̇̅˻˷, ̎̉̅ ˻˷ё̉ ˹̅˾̃̅˽̄̅̈̉̓ 

˿̈̆̅̂̓˾̅˹˷̉̓ ̃˼̉˷̄̅̂ ˹ ́˷̎˼̈̉˹˼ ̅́̈˿˺˼̄˷̉̅˹ 

(́˿̈̂̅̇̅˻̈̅˻˼̇˽˷̐˿̌ ́̅̃̆̅̄˼̄̉̅˹), ̈̆̅̈̅˸-

̈̉˹̊̐̕˿̌ ̈̄˿˽˼̄˿̕ ˹̇˼˻̄̒̌ ˹̒˸̇̅̈̅˹ ̈˷˽˿ 

˿ ˨˥ ˹ ̆̇̅˻̊́̉˷̌ ˼˺̅ ̈˺̅̇˷̄˿̖. ˴̉˷̄̅̂ ̏˿̇̅-

́̅ ˿̈̆̅̂̓˾̊˼̖̉̈ ˹ ̆˿̐˼˹̅̀ ̆̇̅̃̒̏̂˼̄̄̅̈̉˿, 

̆˷̇̋̃̕˼̇˿˿, ̃˼˻˿̍˿̄˼, ̌˿̃˿̎˼̈́̅̀ ̆̇̅-

̃̒̏̂˼̄̄̅̈̉˿, ́̅˽˼˹˼̄̄̅̀ ̆̇̅̃̒̏̂˼̄̄̅̈̉˿, 

̇˷˻˿̅̔̂˼́̉̇̅̄˿́˼, ̄˷ ˸̒̉̅˹̒˼ ̄̊˽˻̒ ˿, ́̅-

̄˼̎̄̅ ˽˼, ˹ ̉̅̆̂˿˹̄̅̀ ̆̇̅̃̒̏̂˼̄̄̅̈̉˿. ˣ˼-
̉˷̄̅̂ ̄˷̏ё̂ ˸̅̂̓̏̅˼ ̆̇˿̃˼̄˼̄˿˼ ˹ ̌˿̃˿̎˼-

̈́̅̀ ̆̇̅̃̒̏̂˼̄̄̅̈̉˿, ˿ ̄˼̃˷̂̒˼ ˼˺̅ ̅˸̑ё̃̒ 

̆̇˿̃˼̖̖̄̉̈̕ ˹ ̆̇̅˿˾˹̅˻̈̉˹˼ ̉̅̆̂˿˹ ˻̖̂ ̉˼̆-

̂̅˹̒̌ ˻˹˿˺˷̉˼̂˼̀. ˦̇˿̃˼̄˼̄˿˼ ̔̉˿̌ ̈̆˿̇̉̅˹ ˹ 

́˷̎˼̈̉˹˼ ˷̂̓̉˼̇̄˷̉˿˹̄̅˺̅ ˸˿̅̉̅̆̂˿˹˷ ˻̖̂ ˻˿-

˾˼̂˼̀ ̈̉˷̂̅ ˹̅˾̃̅˽̄̒̃ ˹ ̇˼˾̊̂̓̉˷̉˼ ˿̌ ̆̅̂̊̎˼-
̄˿̖ ˻̅̈̉̊̆̄̒̃ ̈̆̅̈̅˸̅̃ ˿˾ ̈˼̂̓̈́̅̌̅˾̖̀-

̈̉˹˼̄̄̒̌ ˿ ̆˿̐˼˹̒̌ ̅̉̌̅˻̅˹, ˿˾ ˺˷˾̅̅˸̇˷˾̄̅˺̅ 

̉̅̆̂˿˹˷. ˤ̅ ˸̅̂˼˼ ˹˷˽̄˷̖ ̆̇˿̎˿̄˷ ˹ ̆̇˿̃˼̄˼-
̄˿˿ ̃˼̉˷̄̅̂˷ ˿ ̔̉˷̄̅̂˷ – ̔̉̅ ̈̄˿˽˼̄˿˼ ˹̒-

˸̇̅̈̅˹ ̉̅́̈˿̎̄̒̌ ́̅̃̆̅̄˼̄̉̅˹ ˥˚ (̇˿̈. 1) [3]. 

˦̇˿ ˿̈̆̅̂̓˾̅˹˷̄˿˿ ̈̆˿̇̉̅˹ ́˷́ ̉̅̆̂˿˹˷ 

˻̖̂ ˻˿˾˼̂˼̀ ̃̅˽̄̅ ˾̄˷̎˿̉˼̂̓̄̅ ̈̄˿˾˿̉̓ ˹̒-

˸̇̅̈̒ ̈˷˽˼˹̒̌ ̎˷̈̉˿̍ ˿ ̅́̈˿˻̅˹ ˷˾̅̉˷. ˴̉̅ 

̆̇̅˿̈̌̅˻˿̉ ˹̈̂˼˻̈̉˹˿˼ ̉̅˺̅, ̎̉̅ ̆̇˿ ˺̅̇˼̄˿˿ 

̈̆˿̇̉˷ ˹ ́˷̃˼̇˼ ̈˺̅̇˷̄˿̖ ˻˿˾˼̖̂ ̅˸̇˷˾̊˼̖̉̈ 

̃˼̄̓̏˼ (̎˼̃ ̊ ˻˿˾˼̂̓̄̅˺̅ ̉̅̆̂˿˹˷) ̆̇̅̃˼˽̊-

̉̅̎̄̒̌ ̆̇̅˻̊́̉̅˹, ̈̆̅̈̅˸̈̉˹̊̐̕˿̌ ˾˷̇̅˽˻˼-
̄˿̕ ˷̍˼̉˿̂˼̄̅˹̒̌ ˿ ˷̇̅̃˷̉˿̎˼̈́˿̌ ̊˺̂˼˹̅˻̅-

̇̅˻̅˹, ́̅̉̅̇̒˼ ˿ ̆̇˿˹̅˻̖̉ ́ ̅˸̇˷˾̅˹˷̄˿̕ ̈˷-
˽˿. К̇̅̃˼ ̉̅˺̅, ˹ ˥˚ ̆̇˿ ̈˺̅̇˷̄˿˿ ̃˼̉˷̄̅̂˷ ˿ 

̔̉˷̄̅̂˷ ˾̄˷̎˿̉˼̂̓̄̅ ̃˼̄̓̏˼ ̇˷˾̂˿̎̄̒̌ ̈̅-

˼˻˿̄˼̄˿̀ ̈˼̇̒. ˨̆˿̇̉ ̈̅ ̈˹̅˼̀ ˸̅̂˼˼ ̆̇̅̈̉̅̀ 

̈̉̇̊́̉̊̇̅̀ ˿ ̄˼˾̄˷̎˿̉˼̂̓̄̒̃˿ ̇˷˾̃˼̇˷̃˿ ̃̅-

̂˼́̊̂ ̈̂̊˽˿̉ ̅˻̄˿̃ ˿˾ ̅̆̇˼˻˼̖̂̐̕˿̌ ̋˷́̉̅-

̇̅˹ ˸̅̂˼˼ «̎˿̈̉̅˺̅ ̈˺̅̇˷̄˿̖» ̉̅̆̂˿˹˷ [4]. 

˦̅ ̈̇˷˹̄˼̄˿̕ ̈ ˻̇̊˺˿̃˿ ˷̂̓̉˼̇̄˷̉˿˹̄̒̃˿ 

˹˿˻˷̃˿ ̉̅̆̂˿˹˷ ̈̉̅˿̃̅̈̉̓ ̃˼̉˷̄̅̂˷ ̄˼˹̒̈̅́˷, 
̄̅ ̅˻˿̄ ˿˾ ˼˺̅ ̄˼˻̅̈̉˷̉́̅˹ – ̔̉̅ ˸̅̂̓̏˷̖ ̉˼̆-

̂̅̉˷ ˿̈̆˷̇˼̄˿̖ ̆̇˿ ̄˿˾́̅̀ ̉˼̃̆˼̇˷̉̊̇˼ ́˿̆˼-
̄˿̖ (1104 ́˛˽/́˺ ̆̇̅̉˿˹ 250 ́˛˽/́˺ ̊ ̏̉˷̉̄̅-

˺̅ ˻˿˾˼̂̓̄̅˺̅ ̉̅̆̂˿˹˷). ˴̉̅ ̆̇˿˹̅˻˿̉ ́ ̅̌̂˷-
˽˻˼̄˿̕ ˹̅˾˻̊̏̄̅˺̅ ˾˷̖̇˻˷ ˹̈̂˼˻̈̉˹˿˼ ˿̈̆˷̇˼-
̄˿̖ ̈̆˿̇̉˷ ̆̇˿ ̄˿˾́˿̌ ̍˼̉˷̄̅˹̒̌ ̎˿̈̂˷̌ ˿ ˹̒-

̈̅́˿̌ ̉˼̃̆˼̇˷̉̊̇˷̌ ̈˷̃̅˹̅̈̆̂˷̃˼̄˼̄˿̖, ̎̉̅ ˹ 

˿̉̅˺˼ ̖˹̖̂˼̖̉̈ ̆̇˿̎˿̄̅̀ ̆̂̅̌̅˺̅ ˹̅̈̆̂˷̃˼̄˼-
̄˿̖ ˹ ́˷̃˼̇˼ ̈˺̅̇˷̄˿̖ ˻˿˾˼̖̂. В̅̈̆̂˷̃˼̄˼̄˿˼ 
̃˼̉˷̄̅̂˷ ˹ ̉˷́˿̌ ̊̈̂̅˹˿̖̌ ˹̅˾̃̅˽̄̅ ̈ ̆̅̃̅-

̐̓̕ ˻̅̆̅̂̄˿̉˼̂̓̄̅ ̊̈̉˷̄̅˹̂˼̄̄̒̌ ˿̈̉̅̎̄˿-

́̅˹ ˹̅̈̆̂˷̃˼̄˼̄˿̖, ̆̅˻˷̎˿ ̃˼̉˷̄̅̂˷ ̄˷ ˹̆̊̈́˼ 
˿̂˿ ˿̈̆̅̂̓˾̅˹˷̄˿̖ ̇˷˾̂˿̎̄̒̌ ́˷̉˷̂˿˾˷̉̅̇̅˹, 

́̅̉̅̇̒˼ ̈̆̅̈̅˸̈̉˹̊̉̕ ̈̄˿˽˼̄˿̕ ̉˼̃̆˼̇˷̉̊̇̒ 

˹̅̈̆̂˷̃˼̄˼̄˿̖, ˷ ̉˷́˽˼ ̖̊̈́̅̇̉̕ ̇˼˷́̍˿˿ ˺̅-

̇˼̄˿̖. ˜̐ё ̅˻˿̄ ̔̋̋˼́̉˿˹̄̒̀ ̈̆̅̈̅˸ ˹̅̈̆̂˷-
̃˼̄˼̄˿̖ ̃˼̉˷̄̅̂˷ ˹ ́˷̃˼̇˼ ̈˺̅̇˷̄˿̖ ˻˿˾˼̖̂ –
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˧˿̈. 1. ˥̉̄̅̈˿̉˼̂̓̄̅˼ ̈̅˻˼̇˽˷̄˿˼ ˹̇˼˻̄̒̌ ˹˼̐˼̈̉˹ ˹ ˥˚ ˻˿˾˼̂̓̄̒̌  

˻˹˿˺˷̉˼̂˼̀, ̇˷˸̅̉˷̐̕˿̌ ̄˷ ˻˿˾˼̂̓̄̅̃ ̉̅̆̂˿˹˼ ˿ ̈̆˿̇̉˷̌, %  

(˾˷ 100 % ̆̇˿̖̄̉̅ ̈̅˻˼̇˽˷̄˿˼ ̈˷˽˿ ˻̖̂ ˻˿˾˼̂̓̄̅˺̅ ̉̅̆̂˿˹˷) 

Fig. 1. The relative content of harmful substances in the EG  

of diesel engines running on diesel fuel and alcohols, %  

(for 100 % diesel fuel on soot is accepted) 

 

̆̅˻˷̎˷ ˾˷̆˷̂̓̄̅̀ ̆̅̇̍˿˿ ̏̉˷̉̄̅˺̅ ˻˿˾˼̂̓̄̅˺̅ 

̉̅̆̂˿˹˷ ˹ ́˷̃˼̇̊ ̈˺̅̇˷̄˿̖. ˨ ̍˼̂̓̕ ̊̂̊̎̏˼̄˿̖ 

˹̅̈̆̂˷̃˼̄˼̄˿̖ ̈̆˿̇̉̅˹ ˿̈̆̅̂̓˾̊̉̕ ˻˹̅̀̄̒˼ 
̈˿̈̉˼̃̒ ̉̅̆̂˿˹̅̆̅˻˷̎˿, ́̅̉̅̇̒˼ ̅˻̄̅˹̇˼̃˼̄-

̄̅ ̈ ̆̅˻˷̎˼̀ ̈̆˿̇̉˷ (̅̈̄̅˹̄̅˼ ˸˿̅̉̅̆̂˿˹̅) 

̅̈̊̐˼̈̉˹̖̂̉̕ ˿ ̆̅˻˷̎̊ ˾˷̆˷̂̓̄̅̀ ̆̅̇̍˿˿ ˻˿-

˾˼̂̓̄̅˺̅ ̉̅̆̂˿˹˷ [5]. 

˩̇˼˸̊˼̃̒˼ ̋˿˾˿́̅-̌˿̃˿̎˼̈́˿˼ ̈˹̅̀̈̉˹˷ 

˷̂̓̉˼̇̄˷̉˿˹̄̅˺̅ ˸˿̅̉̅̆̂˿˹˷ ̅˸̊̈̂̅˹̂˿˹˷̉̕ 
̆̇˿̃˼̄˼̄˿˼ ̈̅̅̉˹˼̉̈̉˹̊̐̕˿̌ ̉˼̌̄̅̂̅˺˿̀, 

̈̆̅̈̅˸̄̒̌ ̅˸˼̈̆˼̎˿̉̓ ̔́̈̆̂̊˷̉˷̍˿̅̄̄̒˼, 
̔́̅̄̅̃˿̎˼̈́˿˼ ˿ ̔́̅̂̅˺˿̎˼̈́˿˼ ̆̅́˷˾˷̉˼̂˿. 

˦̇˿ ̆̇̅˿˾˹̅˻̈̉˹˼ ˸˿̅̉̅̆̂˿˹˷ ̆̇˿̃˼̖̄̉̕ 
̇˷˾̂˿̎̄̒˼ ˹˿˻̒ ̇˷̈̉˿̉˼̂̓̄̒̌ ̃˷̈˼̂: ̇˷̆̈̅-

˹̅˼, ̖̂̓̄̄̅˼, ̆̅˻̈̅̂̄˼̎̄̅˼, ̆˷̂̓̃̅˹̅˼ ˿ ˻̇. 

˦̇˿ ̔̉̅̃ ̆̅̂̊̎˼̄̄̅˼ ˸˿̅̉̅̆̂˿˹̅ ˿˾ ̇˷˾̄̒̌ 
̇˷̈̉˿̉˼̂̓̄̒̌ ̃˷̈˼̂ ˿̃˼˼̉ ̖̇˻ ̅̉̂˿̎˿̉˼̂̓̄̒̌ 
̋˿˾˿́̅-̌˿̃˿̎˼̈́˿̌ ̆̇˿˾̄˷́̅˹. К ̉˷́˿̃ ̆̇˿-

˾̄˷́˷̃ ̖̖̅̉̄̅̈̉̈: ̄˿˾̏˷̖ ̉˼̆̂̅̉˷ ̈˺̅̇˷̄˿̖, 

˹̖˾́̅̈̉̓, ̆̂̅̉̄̅̈̉̓, ̋˿̂̓̉̇̊˼̃̅̈̉̓, ̉˼̃̆˼̇˷-
̉̊̇˷ ˾˷̈̉̒˹˷̄˿̖, ́̅́̈̊˼̃̅̈̉̓, ̍˼̉˷̄̅˹̅˼ ̎˿̈-
̂̅ ˿ ˻̇. (̉˷˸̂. 1) [6].  

˛˷̄̄̒˼ ̉˷˸̂. 1 ̄˷˺̖̂˻̄̅ ˻˼̃̅̄̈̉̇˿̇̊̉̕ 
̈̌̅˽˼̈̉̓ ̆˷̇˷̃˼̉̇̅˹ ˸˿̅̉̅̆̂˿˹˷ ̈ ˻˿˾˼̂̓̄̒̃ 

̉̅̆̂˿˹̅̃ ̆̅ ̆̂̅̉̄̅̈̉˿ ˿ ̇˷̈̌̅˽˻˼̄˿˼ ̆̅ ́˿-

̄˼̃˷̉˿̎˼̈́̅̀ ˹̖˾́̅̈̉˿, ̄˿˾̏˼̀ ̉˼̆̂̅̉˼ ̈˺̅-

̇˷̄˿̖ ˿ ̍˼̉˷̄̅˹̅̃̊ ̎˿̈̂̊. ˜̈̉˼̈̉˹˼̄̄̅, ˹̈˼ 
̔̉̅ ˺̅˹̅̇˿̉ ̅ ̉̅̃, ̎̉̅ ˹ ̎˿̈̉̅̃ ˹˿˻˼ ̅˻˿̄ ˹˿˻ 

˸˿̅̉̅̆̂˿˹˷ ̈̂̅˽̄̅ ̆̇˿̃˼̄˿̃ ˹ ˻˿˾˼̂˼. ˦̅-

̔̉̅̃̊ ˸̒̂̅ ̆̇˿̖̄̉̅ ̇˼̏˼̄˿˼ ̅ ̆̇˿̃˼̄˼̄˿˿ 

˸˿̅̉̅̆̂˿˹˷ ˹ ̋̅̇̃˼ ̔̃̊̂̓̈˿̀ ˹ ̈̅̎˼̉˷̄˿˿ ̈̅ 

̈̆˿̇̉̅̃, ̎̉̅ ̆̅˾˹̖̅̂˼̉ ̆̇˿˸̂˿˾˿̉̓ ˾̄˷̎˼̄˿̖ 

̋˿˾˿́̅-̌˿̃˿̎˼̈́˿̌ ̈˹̅̀̈̉˹ ˸˿̅̉̅̆̂˿˹˷ ́ 

̏̉˷̉̄̅̃̊ ˻˿˾˼̂̓̄̅̃̊ ̉̅̆̂˿˹̊ [7]. 

ǘǧǭǾ ǦǢǯǯоǫ ǲǢбоǴǽ – ̆̇˿̃˼̄˼̄˿˼ ̔́̅̂̅-

˺˿̎̄̒̌ ˹˿˻̅˹ ˸˿̅̉̅̆̂˿˹˷ ˹ ˻˿˾˼̖̂̌ ˻̖̂ ̊̂̊̎-

̏˼̄˿̖ ˿̌ ̔́̅̂̅˺˿̎˼̈́˿̌ ̆̅́˷˾˷̉˼̂˼̀ ˿ ̔́̅-

̄̅̃˿˿ ̄˼̖̋̉̄̅˺̅ ̃̅̉̅̇̄̅˺̅ ̉̅̆̂˿˹˷. 
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ǖǪǩǪǬо-ǷǪмǪǹǧǳǬǪǧ ǷǢǲǢǬǴǧǲǪǳǴǪǬǪ бǪоǴоǱǭǪǤǢ Ǫ ǦǪǩǧǭǾǯоǥо ǴоǱǭǪǤǢ 

T a b l e  1  

Physical and chemical characteristics of biofuels and diesel fuel 

˩̅̆̂˿˹̅  

ˬ˷̇˷́̉˼̇˿̈̉˿́˿ ̉̅̆̂˿˹˷ 

˦̂̅̉̄̅̈̉̓ ̆̇˿ 20 ˨, 

́˺/̃3 

К˿̄˼̃˷̉˿̎˼̈́˷̖ ˹̖˾́̅̈̉̓ 

̆̇˿ 20 ˨, ̃̃2/̈ 
ˤ˿˾̏˷̖ ̉˼̆̂̅̉˷ 

 ̈˺̅̇˷̄˿̖, ˣ˛˽/̃3 

˭˼̉˷̄̅˹̅˼ 
̎˿̈̂̅ 

ˣ˼̉˷̄̅̂ 795 0,55 20,0 3 

˴̉˷̄̅̂ 790 1,20 27,4 8 

˧˷̆̈̅˹̅˼ ̃˷̈̂̅ 877 80 36,7 44 

ˣ˴˧ˣ 860–900 12 37,2 51 

˛˿˾˼̂̓̄̅˼ ̉̅̆̂˿˹̅ 863 3,0–6,0 42,5 45 

 

ǎǧǴоǦǪǬǢ ǪǳǳǭǧǦоǤǢǯǪǫ 

˛̖̂ ̆̇̅˹˼˻˼̄˿̖ ˿̈̈̂˼˻̅˹˷̄˿̀ ̈̅˾˻˷̄˷ 

̔́̈̆˼̇˿̃˼̄̉˷̂̓̄˷̖ ˸˷˾˷ ˹ ̄˷̊̎̄̅-˿̈̈̂˼-
˻̅˹˷̉˼̂̓̈́̅̀ ̂˷˸̅̇˷̉̅̇˿˿ ˿̈̆̒̉˷̄˿̖ ˻˿˾˼̂˼̀ 

́˷̋˼˻̇̒ ̉˼̆̂̅˹̒̌ ˻˹˿˺˷̉˼̂˼̀, ˷˹̉̅̃̅˸˿̂˼̀ ˿ 

̉̇˷́̉̅̇̅˹ В̖̉̈́̅̀ ˺̅̈̊˻˷̇̈̉˹˼̄̄̅̀ ̈˼̂̓̈́̅-

̌̅˾̖̀̈̉˹˼̄̄̅̀ ˷́˷˻˼̃˿˿. ˴́̈̆˼̇˿̃˼̄̉˷̂̓̄˷̖ 

˸˷˾˷ ˹́̂̎̕˷˼̉ ̔̂˼́̉̇̅̉̅̇̃̅˾̄̅̀ ̈̉˼̄˻ SAK-

N670 ̈ ˸˷̂˷̄̈˿̇̄̒̃ ̃˷̖̉̄˿́̅˹̒̃ ̃˼̌˷̄˿˾-
̃̅̃, ̊̈̉˷̄˷˹̂˿˹˷˼̃̒˼ ̄˷ ̄˼˺̅ ˻˿˾˼̂˿, ˿˾̃˼-
̇˿̉˼̂̓̄̊̕ ˷̆̆˷̇˷̉̊̇̊. ˦̇˿˺̅̉̅˹̂˼̄˿˼ ̔̃̊̂̓-

̈˿̀ ̅̈̊̐˼̈̉˹̖̂̂̅̈̓ ˺̅̃̅˺˼̄˿˾˷̉̅̇̅̃ MPW-

302 ̆̇˿ ̎˷̈̉̅̉˼ ˹̇˷̐˼̄˿̖ ˹˷̂˷ 2000 ̃˿̄–1. ˥̉-
˸̅̇ ̆̇̅˸ ˥˚ ̆̇̅˿˾˹̅˻˿̖̂̈ ˺˷˾̅˾˷˸̅̇̄˿́˷̃˿ 

˷˹̉̅̃˷̉˿̎˼̈́̅̀ ̈˿̈̉˼̃̒ ˺˷˾̅˹̅˺̅ ˷̄˷̂˿˾˷ 

(А˨˚А-˩), ̊̈̉˷̄̅˹̂˼̄̄̒̃˿ ˹ ˹̒̆̊̈́̄̅̃ ̉̇̊-

˸̅̆̇̅˹̅˻˼ ˻˿˾˼̖̂. ˛̒̃̄̅̈̉̓ ̅̉̇˷˸̅̉˷˹̏˿̌ 

˺˷˾̅˹ ˿˾̃˼̖̇̂˷̈̓ ̈ ̆̅̃̅̐̓̕ ˻̒̃̅̃˼̇˷ 
«BOSCH-EFAW-68A» [8, 9]. 

˦̇˿ ˿̈̆̒̉˷̄˿̖̌ ˻˿˾˼̖̂, ̇˷˸̅̉˷̐̕˼˺̅ ̄˷ 
̈̆˿̇̉̅˹̅̀ ̔̃̊̂̓̈˿˿, ˿̈̆̅̂̓˾̅˹˷̖̂̈ ̈̂˼˻̊̕-

̐˿̀ ̈̅̈̉˷˹, %: ̈̆˿̇̉ – 25, ̃̅̐̕˼-˻˿̈̆˼̇-

˺˿̇̊̐̕˷̖ ̆̇˿̈˷˻́˷ ̈̊́̍˿̄˿̃˿˻ ˨-5А – 0,5, 

˹̅˻˷ – 7, ˻˿˾˼̂̓̄̅˼ ̉̅̆̂˿˹̅ – 67,5 [10]. 

ǒǧǩǵǭǾǴǢǴǽ Ǫ обǳǵǨǦǧǯǪǧ 

ˤ˷ ̇˿̈. 2 ˿ 3 ̆̇˼˻̈̉˷˹̂˼̄̒ ̔́̅̂̅˺˿̎˼̈́˿˼ 
̆̅́˷˾˷̉˼̂˿ ˻˿˾˼̖̂, ̇˷˸̅̉˷̐̕˼˺̅ ̄˷ ̃˼̉˷̄̅̂̅-

̉̅̆̂˿˹̄̅̀ ̔̃̊̂̓̈˿˿ (ˣ˩˴) ˿ ̔̉˷̄̅̂̅-

̉̅̆̂˿˹̄̅̀ ̔̃̊̂̓̈˿˿ (˴˩˴) ˹ ˾˷˹˿̈˿̃̅̈̉˿ ̅̉ 

̊̈̉˷̄̅˹̅̎̄̅˺̅ ̊˺̂˷ ̅̆˼̇˼˽˼̄˿̖ ˹̆̇̒̈́˿˹˷̄˿̖ 

̉̅̆̂˿˹˷ (Θ˹̆̇). 

А̄˷̂˿˾ ́̇˿˹̒̌ ̉̅́̈˿̎̄̅̈̉˿ ˥˚ ˻˿˾˼̖̂, ̇˷-
˸̅̉˷̐̕˼˺̅ ̆̅ ˻˿˾˼̂̓̄̅̃̊ ̆̇̅̍˼̈̈̊, ̆̅́˷˾̒˹˷˼̉, 
̎̉̅ ̈ ̊˹˼̂˿̎˼̄˿˼̃ ̊̈̉˷̄̅˹̅̎̄̅˺̅ ̊˺̂˷ ̅̆˼̇˼˽˼-
̄˿̖ ˹̆̇̒̈́˿˹˷̄˿̖ ̉̅̆̂˿˹˷ Θ˹̆̇ ̆̇̅˿̈̌̅˻˿̉ ̇̅̈̉ 
̅́̈˿˻̅˹ ˷˾̅̉˷ NOx ˿ ̈̊̃̃˷̇̄̒̌ ̊˺̂˼˹̅˻̅̇̅˻̅˹ 

CHx. ˨̅˻˼̇˽˷̄˿˼ ̅́̈˿˻˷ ̊˺̂˼̇̅˻˷ ˨˥ ˿ ˻˿̅́̈˿-

˻˷ ˨˥2 ̈ ̊˹˼̂˿̎˼̄˿˼̃ Θ˹̆̇ ̈̄˿˽˷˼̖̉̈ [11]. 

˥˸̈̊˽˻˷̖ ̇˼˾̊̂̓̉˷̉̒ ˿̈̈̂˼˻̅˹˷̄˿̀ ̔́̅̂̅˺˿-

̎˼̈́˿̌ ̆̅́˷˾˷̉˼̂˼̀ ̇˷˸̅̉̒ ˻˿˾˼̖̂ ˹ ˾˷˹˿̈˿̃̅-

̈̉˿ ̅̉ ˿˾̃˼̄˼̄˿̖ Θ˹̆̇, ̈̂˼˻̊˼̉ ̅̉̃˼̉˿̉̓, ̎̉̅ 

̄˼́̅̉̅̇̒˼ ˾˷˹˿̈˿̃̅̈̉˿ ̈̅˻˼̇˽˷̄˿̖ ̉̅́̈˿̎-

̄̒̌ ́̅̃̆̅̄˼̄̉̅˹ ˹ ̅̉̇˷˸̅̉˷˹̏˿̌ ˺˷˾˷̌ ̆̇˿ 

̇˷˸̅̉˼ ̄˷ ̈̆˿̇̉̅-̉̅̆̂˿˹̄̅̀ ̔̃̊̂̓̈˿˿ ̅̉̂˿-

̎˷̖̉̈̕ ̅̉ ˷̄˷̂̅˺˿̎̄̒̌ ́̇˿˹̒̌ ˻̖̂ ˻˿˾˼̂̓̄̅˺̅ 

̆̇̅̍˼̈̈˷. А̄˷̂˿˾ ̆̅́˷˾˷̂, ̎̉̅ ̅̉̂˿̎˷̐̕˿̖̀̈ 

̅̉ ˻˿˾˼̂̓̄̅˺̅ ̆̇̅̍˼̈̈˷ ̌˷̇˷́̉˼̇ ˾˷˹˿̈˿̃̅̈̉˼̀ 

˿̃˼̉̕ ̉̅̂̓́̅ ̉̅́̈˿̎̄̒˼ ́̅̃̆̅̄˼̄̉̒, ̆̅̂̊-

̎˷̐̕˿˼̖̈ ˹ ̇˼˾̊̂̓̉˷̉˼ ̄˼̆̅̂̄̅̉̒ ̈˺̅̇˷̄˿̖ 

̉̅̆̂˿˹˷. ˨́̅̇˼˼ ˹̈˼˺̅, ̔̉̅ ̅˸̖̖̑̈̄˼̖̉̈ ̉˼̃, 

̎̉̅ ̊ ̆̇˿̃˼̖̄˼̃̒̌ ̈̆˿̇̉̅˹ ̃˼̄̓̏˿˼ ̆̅ ̅̉-
̄̅̏˼̄˿̕ ́ ˻˿˾˼̂̓̄̅̃̊ ̉̅̆̂˿˹̊ ̉˼̆̂̅̉˹̅̇̄˷̖ 

̈̆̅̈̅˸̄̅̈̉̓ ˿ ˾̄˷̎˼̄˿̖ ̍˼̉˷̄̅˹̒̌ ̎˿̈˼̂, ̎̉̅ 

̆̇˿˹̅˻˿̉ ́ ̊˹˼̂˿̎˼̄˿̕ ̆˼̇˿̅˻˷ ˾˷˻˼̇˽́˿ 

˹̅̈̆̂˷̃˼̄˼̄˿̖ ˿ ̇̅̈̉̊ ̆̇̅˻̊́̉̅˹ ̄˼̆̅̂̄̅˺̅ 

̈˺̅̇˷̄˿̖ ̉̅̆̂˿˹˷ – CHx, ˨˥ ˿ ̈˷˽˿. ˦̇˿̃˼-
̄˼̄˿˼ ˽˼ ̈̆˿̇̉̅-̉̅̆̂˿˹̄̒̌ ̔̃̊̂̓̈˿̀ ̈̄˿˽˷-
˼̉ ̈̅˻˼̇˽˷̄˿˼ ˹ ˥˚ ̅́̈˿˻̅˹ ˷˾̅̉˷, ̅́̈˿˻˷ ˿ 

˻˿̅́̈˿˻˷ ̊˺̂˼̇̅˻˷ ˿ ̈˷˽˿ [12, 13]. 
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а) ȁ)

 

 ɝɪɚɞ.  ɝɪɚɞ. 

NOx, ppm NOx, ppm

 
 

˧˿̈. 2. ˞˷˹˿̈˿̃̅̈̉̓ ̔́̅̂̅˺˿̎˼̈́˿̌ ̆̅́˷˾˷̉˼̂˼̀ ̇˷˸̅̉̒ ˻˿˾˼̖̂ 4ˮ 11,0/12,5  

̅̉ ˿˾̃˼̄˼̄˿̖ Θ˹̆̇: а – n=2200 ̃˿̄–1; ȁ – n=1700 ̃˿̄–1; 

 – ˻˿˾˼̂̓̄̅˼ ̉̅̆̂˿˹̅;  – ˣ˩˴ 

Fig. 2. The dependence of the environmental performance of diesel engine 4F 11.0/12.5  

from changesΘinj: a – n=2200 min–1; ȁ – n=1700 min–1; 

- Diesel fuel;  – MFE 

 

     

а) ȁ) 

 

 ɝɪɚɞ.  ɝɪɚɞ. 

NOx, ppmNOx, ppm 

 
 

˧˿̈. 3. ˞˷˹˿̈˿̃̅̈̉̓ ̔́̅̂̅˺˿̎˼̈́˿̌ ̆̅́˷˾˷̉˼̂˼̀ ̇˷˸̅̉̒ ˻˿˾˼̖̂ 4ˮ 11,0/12,5  

̅̉ ˿˾̃˼̄˼̄˿̖ Θ˹̆̇: а – n=2200 ̃˿̄–1; ȁ – n=1700 ̃˿̄–1; 

 – ˻˿˾˼̂̓̄̅˼ ̉̅̆̂˿˹̅;  – ˴˩˴ 

Fig. 3. The dependence of the environmental performance of diesel engine 4F 11.0/12.5  

from changesΘinj: a – n=2200 min–1; ȁ – n=1700 min–1; 

 – Diesel fuel;  – EFE 
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˧˿̈. 4. ˞˷˹˿̈˿̃̅̈̉̓ ̔́̅̂̅˺˿̎˼̈́˿̌ ̆̅́˷˾˷̉˼̂˼̀  

̇˷˸̅̉̒ ˻˿˾˼̖̂ 4ˮ 11,0/12,5 ̅̉ ˿˾̃˼̄˼̄˿̖  

̄˷˺̇̊˾́˿ ̆̇˿ n = 2200 ̃˿̄–1: 

 – ˻˿˾˼̂̓̄̅˼ ̉̅̆̂˿˹̅;  – ˣ˩˴ 

Fig. 4. The dependence of the environmental  

performance of the diesel 4F 11.0/12.5  

from the load changes at n = 2200 min–1: 

- Diesel fuel;  – MFE

 

˧˿̈. 5. ˞˷˹˿̈˿̃̅̈̉̓ ̔́̅̂̅˺˿̎˼̈́˿̌ ̆̅́˷˾˷̉˼̂˼̀ 

 ̇˷˸̅̉̒ ˻˿˾˼̖̂ 4ˮ 11,0/12,5 ̅̉ ˿˾̃˼̄˼̄˿̖  

̄˷˺̇̊˾́˿ ̆̇˿ n = 2200 ̃˿̄–1: 

 – ˻˿˾˼̂̓̄̅˼ ̉̅̆̂˿˹̅;  – ˴˩˴ 

Fig. 5. The dependence of the environmental  

performance of the diesel 4F 11.0/12.5  

from the load changes at n = 2200 min–1: 

– Diesel fuel;  – EFE
 

˩ ˷ ˸ ̂ ˿ ̍ ˷  2  

ǒǧǩǵǭǾǴǢǴǽ ǪǳǳǭǧǦоǤǢǯǪǫ ǱоǬǢǩǢǴǧǭǧǫ ǴоǬǳǪǹǯоǳǴǪ Ǫ ǦǽмǯоǳǴǪ ǐǅ ǦǪǩǧǭȁ 4Ч 11,0/12,5  

ǱǲǪ оǱǴǪмǢǭǾǯǽǷ ǩǯǢǹǧǯǪȁǷ ΘǤǱǲ Ǫ ǯомǪǯǢǭǾǯом ǲǧǨǪмǧ (n = 2200 мǪǯ–1, Pе = 0,64 ǎǑǢ) 

T a b l e  2  

The results of studies of the toxicity and opacity of the EG of diesel 4F 11.0/12.5  

at optimal values of Θinj and nominal mode (n = 2200 min–1, Pе = 0.64 MPa) 

˩̅̆̂˿˹̅ 

˦̅́˷˾˷̉˼̂˿
˥́̈˿˻̒ ˷˾̅̉˷ NOx, 

ppm 

˨˷˽˷ ˨, ˼˻˿̄˿̍̒ 

̆̅ ̏́˷̂˼ Bosch
CO2, % CO, % 

˛˿˾˼̂̓̄̅˼ 1320 6,2 10,5 0,20

ˣ˼̉˷̄̅̂̅-̉̅̆̂˿˹̄˷̖ 

̔̃̊̂̓̈˿̖ 

775 (̈̄˿˽˼̄˿˼ 
̄˷ 41,3 %) 

0,9 (̈̄˿˽˼̄˿˼ 
˹ 6,9 ̇˷˾˷)

9,8 (̈̄˿˽˼̄˿˼  
̄˷ 6,7 %)

0,11 (̈̄˿˽˼̄˿˼ 
̄˷ 45,0 %)

˴̉˷̄̅̂̅-̉̅̆̂˿˹̄˷̖ 

̔̃̊̂̓̈˿̖ 

657 (̈̄˿˽˼̄˿˼ 
̄˷ 50,2 %) 

1,2 (̈̄˿˽˼̄˿˼ 
˹ 5,2 ̇˷˾˷)

8,0 (̈̄˿˽˼̄˿˼  
̄˷ 23,8 %) 

0,15 (̈̄˿˽˼̄˿˼ 
̄˷ 25,0 %)

 

ˤ˷ ̇˿̈. 4 ˿ 5 ̆̇˼˻̈̉˷˹̂˼̄̒ ˾˷˹˿̈˿̃̅̈̉˿ 

̔́̅̂̅˺˿̎˼̈́˿̌ ̆̅́˷˾˷̉˼̂˼̀ ̇˷˸̅̉̒ ˻˿˾˼̖̂ 

4ˮ 11,0/12,5 ̅̉ ̄˷˺̇̊˾́˿ ̆̇˿ ̄̅̃˿̄˷̂̓̄̅̃ 

̈́̅̇̅̈̉̄̅̃ ̇˼˽˿̃˼. 
А̄˷̂˿˾ ˺̇˷̋˿́̅˹ ̉̅́̈˿̎̄̅̈̉˿ ˿ ˻̒̃̄̅̈̉˿ 

˥˚ ˻˿˾˼̖̂ ̆̇˿ ̇˷˸̅̉˼ ̄˷ ̈̆˿̇̉̅-̉̅̆̂˿˹̄̒̌ 

̔̃̊̂̓̈˿̖̌ ̆̅́˷˾̒˹˷˼̉, ̎̉̅ ˹̅ ˹̈˼̃ ˿̈̈̂˼˻̊˼̃̅̃ 

˻˿˷̆˷˾̅̄˼ ̄˷˺̇̊˾́˿ ̆̇̅˿̈̌̅˻˿̉ ̈̄˿˽˼̄˿˼ ̈̅-

˻˼̇˽˷̄˿̖ ̅́̈˿˻̅˹ ˷˾̅̉˷ NOx, ̈˷˽˿ ˨, ˻˿̅́̈˿˻˷ 
̊˺̂˼̇̅˻˷ CO2 ˿ ̅́̈˿˻˷ ̊˺̂˼̇̅˻˷ ˨˥ ̆̇˿ ̃˷́̈˿-

̃˷̂̓̄̒̌ ˾̄˷̎˼̄˿̖̌ ǰȅ, ̆̇˿ ̔̉̅̃ ̅̉̃˼̎˼̄ ̇̅̈̉ 
̈̊̃̃˷̇̄̒̌ ̊˺̂˼˹̅˻̅̇̅˻̅˹ ˨ˤx [14]. 

NOx, ppm NOx, ppm
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˧˼˾̊̂̓̉˷̉̒ ˿̈̈̂˼˻̅˹˷̄˿̀ ̆̅́˷˾˷̉˼̂˼̀ ̉̅́-

̈˿̎̄̅̈̉˿ ˿ ˻̒̃̄̅̈̉˿ ̅̉̇˷˸̅̉˷˹̏˿̌ ˺˷˾̅˹ ˻˿-

˾˼̖̂ ̆̇˼˻̈̉˷˹̂˼̄̒ ˹ ̉˷˸̂. 2 [15]. 

ǉǢǬǭȀǹǧǯǪǧ 

ˤ˷ ̅̈̄̅˹˷̄˿˿ ̆̅̂̊̎˼̄̄̒̌ ̇˼˾̊̂̓̉˷̉̅˹ 

̆̇˼˻̂̅˽˼̄̅ ̆̅˻˻˼̇˽˿˹˷̉̓ ̈̂˼˻̊̐̕˿˼ ̈̅̅̉̄̅-

̏˼̄˿̖ ̈̆˿̇̉̅-̉̅̆̂˿˹̄̒̌ ̔̃̊̂̓̈˿̀: ̈̆˿̇̉ (̃˼-
̉˷̄̅̂ ˿̂˿ ̔̉˷̄̅̂) – 25 %, ̃̅̐̕˼-
˻˿̈̆˼̇˺˿̇̊̐̕˷̖ ̆̇˿̈˷˻́˷ ̈̊́̍˿̄˿̃˿˻ ˨-5А – 

0,5 %, ˹̅˻˷ – 7 %, ˻˿˾˼̂̓̄̅˼ ̉̅̆̂˿˹̅ – 67,5 %. 

˦̇˿ ̇˷˸̅̉˼ ˻˿˾˼̖̂ 4ˮ 11,0/12 ̄˷ ̈̆˿̇̉̅-

̉̅̆̂˿˹̄̅̀ ̔̃̊̂̓̈˿˿ ̊́˷˾˷̄̄̅˺̅ ̈̅̈̉˷˹˷ ̅̆̇˼-
˻˼̂˼̄̅ ˾̄˷̎˼̄˿˼ ̅̆̉˿̃˷̂̓̄̅˺̅ ̊̈̉˷̄̅˹̅̎̄̅˺̅ 

̊˺̂˷ ̅̆˼̇˼˽˼̄˿̖ ˹̆̇̒̈́˿˹˷̄˿̖ ̉̅̆̂˿˹˷ – 23. 
˴̉̅ ˽˼ ˾̄˷̎˼̄˿˼ ̇˼́̅̃˼̄˻̅˹˷̄̅ ˿ ˻̖̂ ˻˿˾˼̂̓-

̄̅˺̅ ̆̇̅̍˼̈̈˷. 

˛˷̄̅ ̆˼̇̈̆˼́̉˿˹̄̅˼ ̇˼̏˼̄˿˼ ̊̂̊̎̏˼̄˿̖ 

̔́̅̂̅˺˿̎˼̈́˿̌ ̆̅́˷˾˷̉˼̂˼̀ ˻˿˾˼̖̂ ̆̊̉˼̃ ̆̇˿-

̃˼̄˼̄˿̖ ̈̆˿̇̉̅-̉̅̆̂˿˹̄̒̌ ̔̃̊̂̓̈˿̀, ̆̅˾˹̅-

̖̂̐̕˼˼ ̈̄˿˾˿̉̓ ̈̅˻˼̇˽˷̄˿˼ ˹ ˥˚: ̆̇˿ ̇˷˸̅̉˼ 
̄˷ ̃˼̉˷̄̅̂̅-̉̅̆̂˿˹̄̅̀ ̔̃̊̂̓̈˿˿ – ̅́̈˿˻̅˹ 

˷˾̅̉˷ ̄˷ 41,3 %, ̈˷˽˿ ˹ 6,9 ̇˷˾˷, ˻˿̅́̈˿˻˷ ̊˺̂˼-
̇̅˻˷ ̄˷ 6,7 %, ̅́̈˿˻˷ ̊˺̂˼̇̅˻˷ ̄˷ 45,0 %; ̆̇˿ 

̇˷˸̅̉˼ ̄˷ ̔̉˷̄̅̂̅-̉̅̆̂˿˹̄̅̀ ̔̃̊̂̓̈˿˿ – ̅́-

̈˿˻̅˹ ˷˾̅̉˷ ̄˷ 50,2 %, ̈˷˽˿ ˹ 5,2 ̇˷˾˷, ˻˿̅́̈˿-

˻˷ ̊˺̂˼̇̅˻˷ ̄˷ 23,8 %, ̅́̈˿˻˷ ̊˺̂˼̇̅˻˷ ̄˷ 
25,0 %. 

А˹̉̅̇̒ ˹̒̇˷˽˷̉̕ ˸̂˷˺̅˻˷̇̄̅̈̉̓ ˾˷ ̆̅̃̅̐̓ ˹ 

˷̄˷̂˿˾˼ ̆̅̂̊̎˼̄̄̒̌ ̇˼˾̊̂̓̉˷̉̅˹ ̆̇˿ ̆̅˻˺̅̉̅˹́˼ 
̇̊́̅̆˿̈˿ ́ ̆˼̎˷̉˿, ˷́˷˻˼̃˿́̊ ˧Аˤ, ̄˷̊̎̄̅̃̊ ̇̊-

́̅˹̅˻˿̉˼̂̕ ˨˷̄́̉-˦˼̉˼̇˸̊̇˺̈́̅˺̅ ̆̅̂˿̉˼̌̄˿̎˼-
̈́̅˺̅ ̊̄˿˹˼̇̈˿̉˼̉˷ ˦˼̉̇˷ В˼̂˿́̅˺̅ ǠǲǪȀ Ǔǧǲǥǧǧ-
ǤǪǹǵ ВǢǳǪǭǾǧǤǵ. 
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ПОВЫШЕНИЕ ЭФФЕКТИВНОСТИ РОТОРНЫХ КОМПРЕССОРОВ 

В ̈̉˷̉̓˼ ̇˷̈̈̃̅̉̇˼̄̒ ˹̅̆̇̅̈̒ ̍˿̋̇̅˹̅˺̅ ̆̇̅˼́̉˿̇̅˹˷̄˿̖ ̇̅̉̅̇̄̒̌ ˺˷˾̅˹̒̌ ́̅̃̆̇˼̈̈̅̇̅˹. 

В̖̒˹̂˼̄̒ ̅̈˹̅˼̄̄̒˼ ̇̅̈̈˿̀̈́˿̃˿ ˿ ˾˷̇̊˸˼˽̄̒̃˿ ̆̇˼˻̆̇˿̖̉˿̖̃˿ ˹ ̇˷˾̂˿̎̄̒̌ ̅̉̇˷̖̈̂̌ ̆̇̅-

̃̒̏̂˼̄̄̅̈̉˿ (˹ ̉̅̃ ̎˿̈̂˼ ˹ ˷˹˿˷̇˷́˼̉̅̈̉̇̅˼̄˿˿ ˿ ̔̄˼̇˺˼̉˿́˼) ˷˻˻˿̉˿˹̄̒˼ ̉˼̌̄̅̂̅˺˿˿ ˿˾˺̅̉̅˹-

̂˼̄˿̖ ˻˼̉˷̂˼̀ ˿ ̈˸̅̇̅̎̄̒̌ ˼˻˿̄˿̍ ̈ ̆̅̃̅̐̓̕ 3D-̆˼̎˷̉˿ ̃˼̉˷̂̂˿̎˼̈́˿̃˿ ˿ ̄˼̃˼̉˷̂̂˿̎˼̈́˿̃˿ 

̃˷̉˼̇˿˷̂˷̃˿, ̆̇̅˷̄˷̂˿˾˿̇̅˹˷̄̒ ̄˷˿˸̅̂˼˼ ̆˼̇̈̆˼́̉˿˹̄̒˼ ̃˷̉˼̇˿˷̂̒, ˻̅̈̉˿˽˼̄˿̖ ˿ ̉˼̄˻˼̄̍˿˿ 

̇˷˾˹˿̉˿̖. ˦̇̅˷̄˷̂˿˾˿̇̅˹˷̄ ̅̆̒̉ ̆̇˿̃˼̄˼̄˿̖ ˹̅˾˻̊̏̄̒̌ ˿ ˺˷˾̅˹̒̌ ̇̅̉̅̇̄̒̌ ́̅̃̆̇˼̈̈̅̇̅˹, 

˿̈̈̂˼˻̅˹˷̄̒ ̃˼̉˷̂̂˿̎˼̈́˿˼ ˿ ̄˼̃˼̉˷̂̂˿̎˼̈́˿˼ ̃˷̉˼̇˿˷̂̒, ̆̇˿̃˼̖̄˼̃̒˼ ˻̖̂ ˿̌ ˿˾˺̅̉̅˹̂˼̄˿̖. 

В̖̒˹̂˼̄̒ ̅̈̄̅˹̄̒˼ ̋˷́̉̅̇̒, ̅̆̇˼˻˼̖̂̐̕˿˼ ̈̉̅˿̃̅̈̉̄̒˼ ̆̅́˷˾˷̉˼̂˿ ˿ ̔̋̋˼́̉˿˹̄̅̈̉̓ ̇̅̉̅̇-

̄̒̌ ́̅̃̆̇˼̈̈̅̇̅˹. ˥̆̇˼˻˼̂˼̄̒ ̅̆̉˿̃˷̂̓̄̒˼ ̆˷̇˷̃˼̉̇̒ ˺˷˾̅˹̒̌ ́̅̃̆̇˼̈̈̅̇̅˹ ˻̖̂ ̔̋̋˼́̉˿˹-

̄̅˺̅ ̇˼̏˼̄˿̖ ̆̇̅̃̒̏̂˼̄̄̒̌ ˾˷˻˷̎. ˦̇˼˻̂̅˽˼̄̒ ̃˼̉̅˻̒ ̆̇̅˼́̉˿̇̅˹˷̄˿̖ ˿ ̈̆̅̈̅˸̒ ˿˾˺̅̉̅˹-

̂˼̄˿̖, ̅˸˼̈̆˼̎˿˹˷̐̕˿˼ ̈̄˿˽˼̄˿˼ ̃˷̉˼̇˿˷̂̅˼̃́̅̈̉˿ ˿ ̊˹˼̂˿̎˼̄˿˼ ̆̇̅̎̄̅̈̉˿ ˻˼̉˷̂˼̀ ˿ ̊˾̂̅˹ 

́̅̃̆̇˼̈̈̅̇̅˹. 

ǪȋȞȗȅвțȅ ȑȋȎва: ́̅̃̆̇˼̈̈̅̇, ̇̅̉̅̇̄̒̀, ̔̋̋˼́̉˿˹̄̅̈̉̓, ˷˻˻˿̉˿˹̄̅̈̉̓, 3D-̆˼̎˷̉̓. 

СȑțȋȊа ȏȐȈ ȖȈȒȈȐȎваȍȈȈ:  

ˢ.˚. К̊˾̄˼̍̅˹, ˵.ˢ. К̊˾̄˼̍̅˹, А.В. ˘̊̇˷́̅˹, ˤ.А. К̊˻̂˷. ˦̅˹̒̏˼̄˿˼ ̔̋̋˼́̉˿˹̄̅̈̉˿ ̇̅̉̅̇̄̒̌ 

́̅̃̆̇˼̈̈̅̇̅˹ // ˤ˷̊̎̄̅-̉˼̌̄˿̎˼̈́˿˼ ˹˼˻̅̃̅̈̉˿ ˨˦˸˦˪. ˜̈̉˼̈̉˹˼̄̄̒˼ ˿ ˿̄˽˼̄˼̇̄̒˼ ̄˷̊́˿. 

2019. ˩. 25. № 1. ˨. 101–110. DOI: 10.18721/JEST.25110. 

L.G. Kuznetsov
1
, Yu.L. Kuznetsov

1
, A.V. Burakov

1
, N.А. Kudla

2
 

1 – JSC «Compressor», St. Petersburg, Russia 

2 – JSC SPA «Compressor», St. Petersburg, Russia 

EFFICIENCY IMPROVEMENT OF ROTARY COMPRESSORS 

The article discusses the issues of digital design of rotary gas compressors, identifies additive technologies for 

manufacturing parts and assembly units mastered by industrial enterprises abroad and in Russia using 3D 

printing with metal and non-metallic materials in various industries (including aircraft manufacturing and 

power engineering). We have analyzed the most promising materials, achievements and development 

trends, analyzed the experience of using air and gas rotary compressors, investigated metallic and non-

metallic materials used for manufacturing rotary compressors. We have identified the main factors deter-

mining low cost indicators and efficiency of rotary compressors, determined the optimal parameters of gas 

compressors to effectively solve industrial problems, proposed design methods and manufacturing tech-

niques reducing material consumption and increasing the strength of parts and components of compressors. 

Keywords: compressor, rotary, efficiency, additivity, 3D printing. 

Citation:  

L.G. Kuznetsov, Yu.L. Kuznetsov, A.V. Burakov, N.А. Kudla, Efficiency improvement of rotary compres-

sors, St. Petersburg polytechnic university journal of engineering science and technology, 25(01)(2019) 101–110, 

DOI: 10.18721/JEST.25110. 



 

102 

Научно-технические ведомости CПбПУ. Естественные и инженерные науки. Том 25, №1, 2019

ВǤǧǦǧǯǪǧ 
В ̆̇̅̃̒̏̂˼̄̄̅̈̉˿ ̔́̈̆̂̊˷̉˿̇̊˼̖̉̈ ˸̅̂̓-

̏̅˼ ́̅̂˿̎˼̈̉˹̅ ́̅̃̆̇˼̈̈̅̇̄̅˺̅ ̅˸̅̇̊˻̅˹˷-
̄˿˿ ˻̖̂ ̆̅̂̊̎˼̄˿̖ ̈˽˷̉̅˺̅ ˹̅˾˻̊̌˷, ˾̄˷̎˿-

̉˼̂̓̄˷̖ ̎˷̈̉̓ ́̅̉̅̇̅˺̅ ̅̉̄̅̈˿̖̉̈ ́ ̇̅̉̅̇̄̒̃ 

(˹˿̄̉̅˹̒̃) ́̅̃̆̇˼̈̈̅̇˷̃.  

В ̇˷˾̂˿̎̄̒̌ ̉˼̌̄˿̎˼̈́˿̌ ̅˸̂˷̖̈̉̌ ˹ 

̄˷̖̈̉̅̐˼˼ ˹̇˼̖̃ ˻̖̂ ̈̄˿˽˼̄˿̖ ̈̉̅˿̃̅̈̉˿ ˿˾-
˺̅̉̅˹̂˼̄˿̖ ̉˼̌̄̅̂̅˺˿̎˼̈́˿ ̈̂̅˽̄̒̌ ˻˼̉˷̂˼̀ ˿ 

̊̃˼̄̓̏˼̄˿̖ ́̅̂˿̎˼̈̉˹˷ ̈˸̅̇̅̎̄̒̌ ˼˻˿̄˿̍ 

˷́̉˿˹̄̅ ˹̄˼˻̖̇˼̖̉̈ ̉˼̌̄̅̂̅˺˿˿ 3D ̆˼̎˷̉˿.  

˦̇˿̃˼̄˼̄˿˼ ̉˼̌̄̅̂̅˺˿˿˿ 3D ̆˼̎˷̉˿ ̆̅˻̇˷-
˾̊̃˼˹˷˼̉ ˿̈̆̅̂̓˾̅˹˷̄˿˼ ̄˼̆̅̈̇˼˻̈̉˹˼̄̄̅ 3D 

̃̅˻˼̂˼̀, ̇˷˾̇˷˸̅̉˷̄̄̒̌ ̃˼̉̅˻˷̃˿ ̍˿̋̇̅˹̅˺̅ 

̆̇̅˼́̉˿̇̅˹˷̄˿̖, ̃˿̖̄̊ ̈̉˷˻˿̕ ̇˷˾̇˷˸̅̉́˿ 

˸̅̂̓̏̅˺̅ ̅˸̑˼̃˷ ́̂˷̈̈˿̎˼̈́̅̀ ́̅̄̈̉̇̊́̉̅̇-

̈́̅̀ ˿ ̉˼̌̄̅̂̅˺˿̎˼̈́̅̀ ˻̅́̊̃˼̄̉˷̍˿˿ ̆̅ ˜˨К˛ 

˿ ˜˨˩˛, ̎̉̅ ̃̅˽˼̉ ̈̅́̇˷̉˿̉̓ ̈̇̅́˿ ˿ ̈̉̅˿̃̅̈̉̓ 
̇˷˾̇˷˸̅̉́˿, ˿˾˺̅̉̅˹̂˼̄˿̖ ˿ ˿̈̆̒̉˷̄˿̖ ˿˾˻˼̂˿̀. 

˥˻̄˷́̅ ̆̇˿ ̔̉̅̃ ˹ ̌̅˻˼ ̍˿̋̇̅˹̅˺̅ ̆̇̅˼́̉˿̇̅-

˹˷̄˿̖ ́˷˽˻̅̀ ˻˼̉˷̂˿ ˿ ˿˾˻˼̂˿̖ ˹ ̍˼̂̅̃ ̄˼̅˸̌̅-

˻˿̃̅ ̄˷ ̈̉˷˻˿˿ ˹̒̆̊̈́˷ ˿̌ 3D ̃̅˻˼̂˼̀ ̆̇̅˹̅-

˻˿̉̓ ̃̄̅˺̅̆˷̇˷̃˼̉̇˿̎˼̈́̊̕ ˹˼̇˿̋˿́˷̍˿̕ ˿ 

̅̆̉˿̃˿˾˷̍˿̕ ́˷́ ̈ ̆̅˾˿̍˿̀ ̃˷̈̈̅˺˷˸˷̇˿̉̄̒̌ 
̌˷̇˷́̉˼̇˿̈̉˿́, ̈̅̅̉˹˼̉̈̉˹˿̖ ̉˼̌̄˿̎˼̈́˿̃ ̆˷̇˷-
̃˼̉̇˷̃, ̆̇̅̎̄̅̈̉˿, ˻̅̂˺̅˹˼̎̄̅̈̉˿, ̈̉̅̀́̅̈̉˿ ́ 

˹̄˼̏̄˿̃ ˹̅˾˻˼̀̈̉˹˿̖̃, ̉˷́ ˿ ̈ ̉̅̎́˿ ˾̇˼̄˿̖ 

˷˻˻˿̉˿˹̄̅̈̉˿ ̉˼̌̄̅̂̅˺˿˿ 3D ̆˼̎˷̉˿. 

ǑоǳǴǢǯоǤǬǢ ǩǢǦǢǹǪ Ǫ мǧǴоǦǽ ǪǳǳǭǧǦоǤǢǯǪȁ  

˞˷˻˷̎˷̃˿ ̄˷̏˼˺̅ ˿̈̈̂˼˻̅˹˷̄˿̖ ̖˹̖̖̂̉̈̕ ̆̅-

˹̒̏˼̄˿˼ ̔̋̋˼́̉˿˹̄̅̈̉˿ ́̅̃̆̇˼̈̈̅̇̅˹, ̈̄˿˽˼-
̄˿˼ ́˷̆˿̉˷̂̓̄̒̌ ˿ ̔́̈̆̂̊˷̉˷̍˿̅̄̄̒̌ ̇˷̈̌̅˻̅˹. 

˛̖̂ ̆̅˹̒̏˼̄˿̖ ̔̋̋˼́̉˿˹̄̅̈̉˿ ̆̇˿̃˼̖̄˼-
̃̅˺̅ ̆˷̇́˷ ́̅̃̆̇˼̈̈̅̇̄̅˺̅ ̅˸̅̇̊˻̅˹˷̄˿̖ ̄˼̅˸-

̌̅˻˿̃̅ ̉̐˷̉˼̂̓̄̅ ˿̈̈̂˼˻̅˹˷̉̓ ˿ ˹̄˼˻̖̇̉̓ ˹̅ ˹̈˼ 
̔̂˼̃˼̄̉̒ ́̅̃̆̇˼̈̈̅̇̄̅̀ ̈˿̈̉˼̃̒ ́̅̄̈̉̇̊́-

̉˿˹̄̒˼ ̃˼̇̅̆̇˿̖̉˿̖, ̅˸˼̈̆˼̎˿˹˷̐̕˿˼ ̈̄˿˽˼-
̄˿˼ ́˷̆˿̉˷̂̓̄̒̌ ˿ ̔́̈̆̂̊˷̉˷̍˿̅̄̄̒̌ ̇˷̈̌̅˻̅˹. 

К ̈̆̅̈̅˸˷̃ ̈̄˿˽˼̄˿̖ ́˷̆˿̉˷̂̓̄̒̌ ˾˷̉̇˷̉, 
̆̅̃˿̃̅ ̆̅˹̒̏˼̄˿̖ ̔̋̋˼́̉˿˹̄̅̈̉˿ ̆̇˿˹̅˻̅˹ 

(̔̂˼́̉̇˿̎˼̈́̅˺̅, ˺˷˾̅̉̊̇˸˿̄̄̅˺̅, ˻˿˾˼̂̓̄̅˺̅ 

˿ ̉. ̆.), ̅̉̄̅̈˿̖̉̈ ̈̄˿˽˼̄˿˼ ̈̉̅˿̃̅̈̉˿ ˿˾˺̅-

̉̅˹̂˼̄˿̖ ˿ ̆̇˿̃˼̖̄˼̃̒̌ ̃˷̉˼̇˿˷̂̅˹ ˸˼˾ 

̊̌̊˻̏˼̄˿̖ ̔́̈̆̂̊˷̉˷̍˿̅̄̄̒̌ ̌˷̇˷́̉˼̇˿̈̉˿́ 

̅˸̅̇̊˻̅˹˷̄˿̖.  

˛̖̂ ̈̄˿˽˼̄˿̖ ̈̉̅˿̃̅̈̉˿ ˿˾˻˼̂˿̀ ˹̅ ̃̄̅-

˺˿̌ ̅̉̇˷̖̈̂̌ ̆̇̅̃̒̏̂˼̄̄̅̈̉˿ ˹̃˼̈̉̅ ˻˼̉˷̂˼̀ 

˿˾ ̃˼̉˷̂̂̅˹ ̃̅˺̊̉ ̆̇˿̃˼̖̖̄̉̓̈ ˻˼̉˷̂˿ ˿˾ ̆̅-

̂˿̃˼̇̄̒̌ ˿ ́̅̃̆̅˾˿̍˿̅̄̄̒̌ ̃˷̉˼̇˿˷̂̅˹, ́̅-

̉̅̇̒˼ ̅˸̂˷˻˷̉̕ ˻̅̈̉˷̉̅̎̄̒̃˿ ̃˼̌˷̄˿̎˼̈́˿̃˿ 

̈˹̅̀̈̉˹˷̃˿, ̄˼ ̆̅˻˹˼̇˽˼̄̒ ́̅̇̇̅˾˿˿, ˿̃˼̉̕ 
̃˼̄̓̏̊̕ ̃˷̈̈̊ ˿ ̄˿˾́̊̕ ̈˼˸˼̈̉̅˿̃̅̈̉̓.  

˟̈̈̂˼˻̅˹˷̄˿˼ ˹˼˻˼̖̉̈ ̈ ̆̅̃̅̐̓̕ ̎˿̈̂˼̄-

̄̅˺̅ ̃˼̉̅˻˷ ˿ ̆˷̇˷̃˼̉̇˿̎˼̈́̅˺̅ ˷̄˷̂˿˾˷. 
В ̃˿̇̅˹̅̃ ̅̆̒̉˼ ̉̊̇˸̅́̅̃̆̇˼̈̈̅̇̅̈̉̇̅˼-

̄˿̖ ̃̅˽̄̅ ̅̉̃˼̉˿̉̓ ˹̄˼˻̇˼̄˿˼ ˿ ˿̈̆̅̂̓˾̅˹˷̄˿˼ 
̃˼̉̅˻˷ 3D ̆˼̎˷̉˿ ̆̇˿̃˼̄˿̉˼̂̓̄̅ ́˷́ ́ ̅̉˻˼̂̓-
̄̒̃ ̎˷̖̈̉̃, ̉˷́ ˿ ́ ́̅̃̆̇˼̈̈̅̇̊ ̍˼̂˿́̅̃. 

ˤ˷̆̇˿̃˼̇, ˹ 2015 ˺̅˻̊ ́̅̃̆˷̄˿̖ GE Avia-

tion ˹̄˼˻̇˿̂˷ ˹ ˷˹˿˷̍˿̅̄̄̒˼ ˻˹˿˺˷̉˼̂˿ ̉˷́˿˼ 
˻˼̉˷̂˿, ̈̅˾˻˷̄̄̒˼ ̃˼̉̅˻̅̃ 3D ̆˼̎˷̉˿, ́˷́ 

́̅̇̆̊̈ ̉˼̃̆˼̇˷̉̊̇̄̅˺̅ ˻˷̉̎˿́˷ ̄˷ ˹̌̅˻˼ ˹ 

́̅̃̆̇˼̈̈̅̇ ˿ ̉̅̆̂˿˹̄̊̕ ̋̅̇̈̊̄́̊. ˦̇˿ ̅˻˿-

̄˷́̅˹̅̀ ̆̇̅̎̄̅̈̉˿ ̅̇˿˺˿̄˷̂˷ ˿ ̃̅˻˼̂˿, ˹̒-

̆̅̂̄˼̄̄̅̀ ̄˷ 3D ̆̇˿̄̉˼̇˼, ̆̅̈̂˼˻̖̖̄ ̅́˷˾˷-
̂˷̈̓ ̄˷ 25 % ̂˼˺̎˼ [1]. 

В ̉̅̃ ˽˼ ˺̅˻̊ ˹ А˹̈̉̇˷̂˿˿ ̄˷ 3D ̆̇˿̄̉˼̇˼ 
˸̒̂ ̄˷̆˼̎˷̉˷̄ ̆˼̇˹̒̀ ˹ ̃˿̇˼ ˻˼̀̈̉˹̊̐̕˿̀ 

̇˼˷́̉˿˹̄̒̀ ˻˹˿˺˷̉˼̂̓ [2].  

ˤ˼̃̄̅˺˿̃ ̆̅˾˽˼ ̃˿̄˿˷̉̇̄̒̀̕ ̉̊̇˸̅̇˼-
˷́̉˿˹̄̒̀ ˻˹˿˺˷̉˼̂̓ ˸̒̂ ̄˷̆˼̎˷̉˷̄ ́̅̃̆˷̄˿˼̀ 

GE Aviation ˿ ̆̇˼˻̈̉˷˹̖̂˼̉ ̈̅˸̅̀ ̃̅˻˿̋˿̍˿-

̇̅˹˷̄̄̊̕ ˹˼̇̈˿̕ ̈˿̂̅˹̅˺̅ ˷˺̇˼˺˷̉˷, ́̅̉̅̇̒̀ 

˿̈̆̅̂̓˾̊˼̖̉̈ ˹ ̇˷˻˿̅̊̆̇˷˹̖̂˼̃̒̌ ̃̅˻˼̖̂̌ ̈˷-
̃̅̂˼̉̅˹ [3]. 

В 2017 ˺̅˻̊ ́̅̃̆˷̄˿̖ GE Aviation ̈̅˾˻˷̂˷ 

̆˼̇˹̒̀ ˹ ˿̈̉̅̇˿˿ ́̅̃̃˼̇̎˼̈́˿̀ ˷˹˿˷̍˿̅̄-

̄̒̀ ˻˹˿˺˷̉˼̂̓, ́̅̉̅̇̒̀ ˸̅̂˼˼ ̎˼̃ ̄˷ ̉̇˼̉̓ ̈̅-

̈̉̅˿̉ ˿˾ ́̅̃̆̅̄˼̄̉̅˹, ̄˷̆˼̎˷̉˷̄̄̒̌ ̄˷ 
3D ̆̇˿̄̉˼̇˼. ˟̄˽˼̄˼̇˷̃ ̊˻˷̂̅̈̓ ̈̄˿˾˿̉̓ ́̅-

̂˿̎˼̈̉˹̅ ̅̉˻˼̂̓̄̒̌ ˻˼̉˷̂˼̀ ̈ 855 ˻̅ 12 ̏̉̊́. 

˛˷̄̄̒̀ ˻˹˿˺˷̉˼̂̓ ˸̒̂ ̇˷˾̇˷˸̅̉˷̄ ̈̆˼̍˿˷̂̓̄̅ 

˻̖̂ ̆˷̈̈˷˽˿̇̈́̅˺̅ ̅˻̄̅̃̅̉̅̇̄̅˺̅ ̈˷̃̅̂˼̉˷ 
˸˿˾̄˼̈-́̂˷̈̈˷. ˟̈̆̅̂̓˾̅˹˷̄˿˼ ̉˷́̅˺̅ ˻˹˿˺˷̉˼-
̖̂ ̊̃˼̄̓̏˷˼̉ ˹˼̈ ̈˷̃̅̂˼̉˷ ̄˷ 5 %, ̎̉̅, ˹ ̈˹̅̕ 

̅̎˼̇˼˻̓, ̊̃˼̄̓̏˷˼̉ ̇˷̈̌̅˻ ̉̅̆̂˿˹˷ ̆̇˿ ̈̅̌̇˷-
̄˼̄˿˿ ̉̅̀ ˽˼ ̈́̅̇̅̈̉˿ [4]. 
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˧˿̈. 1. ˦̇˿̃˼̇ ˹̒̆̅̂̄˼̄˿̖ ̄˷ 3D ̆̇˿̄̉˼̇˼  
̇˷˸̅̎˼˺̅ ́̅̂˼̈˷ ̍˼̄̉̇̅˸˼˽̄̅˺̅ ́̅̃̆̇˼̈̈̅̇˷ 

Fig. 1. A sample run on a 3D printer  

impeller centrifugal compressor 

 

ˤ˷ ̅̉˼̎˼̈̉˹˼̄̄̒̌ ̆̇˼˻̆̇˿̖̉˿̖̌ ˷˹˿˷̇˷́˼-
̉̅̈̉̇̅˼̄˿̖ ˿˾̊̎˷̖̉̈̕ ˹̅̆̇̅̈̒ ˷˻˻˿̉˿˹̄̒̌ 
̉˼̌̄̅̂̅˺˿̀ ˿˾˺̅̉̅˹̂˼̄˿̖ ̅̉˹˼̉̈̉˹˼̄̄̒̌ ̉˼̌-

̄̅̂̅˺˿̎˼̈́˿ ̈̂̅˽̄̒̌ ˻˼̉˷̂˼̀ (̇˷˸̅̎˿˼ ́̅̂˼̈˷ 

̉̊̇˸̅̄˷̈̅̈̄̒̌ ˷˺̇˼˺˷̉̅˹, ́˷̃˼̇̒ ̈˺̅̇˷̄˿̖ [5], 

˻˼̉˷̂˿ ˺˷˾̅̉̊̇˸˿̄̄̅˺̅ ˻˹˿˺˷̉˼̖̂ [6, 7]); ˹ ́˷-
̎˼̈̉˹˼ ̃˷̉˼̇˿˷̂̅˹ ˿̈̆̅̂̓˾̖̊̉̈̕ ́˷́ ̄˼̇˽˷˹˼-
̐̕˷̖ ˿ ˽˷̇̅̈̉̅̀́˷̖ ̈̉˷̂̓, ̉˷́ ˿ ̉˿̉˷̄. 

˩˷́˿̃ ̅˸̇˷˾̅̃, ̃̅˽̄̅ ̅̉̃˼̉˿̉̓ ̊̈̆˼̏̄̅˼ 
˿̈̆̅̂̓˾̅˹˷̄˿˼ 3D ̆˼̎˷̉˿ ̅̉˻˼̂̓̄̒̌ ˻˼̉˷̂˼̀ ˿ 

̊˾̂̅˹ ˹ ˷˹˿˷̍˿˿ ˿ ̉̊̇˸̅̈̉̇̅˼̄˿˿. ˦̅˻̅˸̄̊̕ 

̉˼̌̄̅̂̅˺˿̕ ̍˼̂˼̈̅̅˸̇˷˾̄̅ ˹̄˼˻̖̇̉̓ ˹ ̉˷́̅̀ 

̅˸̏˿̇̄̅̀ ̅̉̇˷̈̂˿, ́˷́ ́̅̃̆̇˼̈̈̅̇̅̈̉̇̅˼̄˿˼. 
А˥ «К̅̃̆̇˼̈̈̅̇», ̂˿˻˼̇ ̅̉˼̎˼̈̉˹˼̄̄̅˺̅ 

́̅̃̆̇˼̈̈̅̇̅̈̉̇̅˼̄˿̖, ̆̇̅˼́̉˿̇̊˼̉ ˿ ̆̇̅˿˾˹̅-

˻˿̉ ˸̅̂̓̏̊̕ ̄̅̃˼̄́̂˷̉̊̇̊ ˸̂̅̎̄̅˺̅ ́̅̃̆̇˼̈-
̈̅̇̄̅˺̅ ˿ ˺˷˾̅˹̅˺̅ ̅˸̅̇̊˻̅˹˷̄˿̖, ̆̅̇̏̄˼˹̒˼ ˿ 

˹˿̄̉̅˹̒˼ ́̅̃̆̇˼̈̈̅̇̒, ̊̈̉˷̄̅˹́˿ ̆̅˻˺̅̉̅˹́˿ 

̉̅̆̂˿˹̄̅˺̅, ̆̊̈́̅˹̅˺̅ ˿ ˿̃̆̊̂̓̈̄̅˺̅ ˺˷˾˷. 
˥˸̅̇̊˻̅˹˷̄˿˼ ̊̈̉˷̄̅˹̂˼̄̅ ˿ ̄˷˻˼˽̄̅ ̇˷˸̅̉˷˼̉ 
̄˷ ˹̈˼̌ ̄˷˻˹̅˻̄̒̌ ́̅̇˷˸̖̂̌ ˿ ̆̅˻˹̅˻̄̒̌ ̂̅˻-

́˷̌ Вˣ˫, ˷ ̉˷́˽˼ ́̅̃̆̇˼̈̈̅̇̄̒̌ ̈̉˷̄̍˿̖̌ ̃˷-
˺˿̈̉̇˷̂̓̄̒̌ ˺˷˾̅̆̇̅˹̅˻̅˹ «˪̌̉˷ – ˩̅̇˽̅́», 

˨ˣ˚ «˘̅˹˷̄˼̄́̅˹̅ – ˪̌̉˷», ˨˼˹˼̇̅-˜˹̇̅-

̆˼̀̈́̅˺̅ ˺˷˾̅̆̇̅˹̅˻˷, ˵˽̄̅˺̅ ̆̅̉̅́˷. 

˦̇˼˻̆̇˿̖̉˿˼ ˹̒̆̊̈́˷˼̉ ̏˿̇̅́˿̀ ˷̈̈̅̇-

̉˿̃˼̄̉ ̈˼̇˿̀̄̅̀ ̆̇̅˻̊́̍˿˿: 

́̅̃̆̇˼̈̈̅̇̒ (̇̅̉̅̇̄̒˼, ̆̅̇̏̄˼˹̒˼, ̃˼̃-

˸̇˷̄̄̒˼) ˿ ́̅̃̆̇˼̈̈̅̇̄̒˼ ̈̉˷̄̍˿˿ ̈ ́̅̄˼̎-

̄̒̃ ˻˷˹̂˼̄˿˼̃ ̅̉ 0,2 ˻̅ 42,0 ˣ˦˷ ˻̖̂ ̈˽˷̉˿̖ 

̇˷˾̂˿̎̄̒̌ ˺˷˾̅˹ (˹̅˾˻̊̌, ˷˾̅̉, ́˿̈̂̅̇̅˻, ˹̅˻̅-

̇̅˻, C˥2, ˷̇˺̅̄, ̆̇˿̇̅˻̄̒̀ ˺˷˾ ˿ ̉. ˻.); 

˸̂̅̎̄̒˼ ˻̅˽˿̃̄̒˼ ́̅̃̆̇˼̈̈̅̇̄̒˼ ̈̉˷̄̍˿˿; 

˸̂̅̎̄̒˼ ˹̅˾˻̊̏̄̒˼ ́̅̃̆̇˼̈̈̅̇̄̒˼ ̈̉˷̄-

̍˿˿; 

̌̅̂̅˻˿̂̓̄̒˼ ̊̈̉˷̄̅˹́˿ ˿ ́̅̃̆̇˼̈̈̅̇̒. 

˥˻̄˷ ˿˾ ˷́̉̊˷̂̓̄̒̌ ̅˸̂˷̈̉˼̀ ̆̇˿̃˼̄˼̄˿̖ 

̃˷̏˿̄ ̅˸̑˼̃̄̅˺̅ ˹̒̉˼̈̄˼̄˿̖ ̈ ˹̇˷̐˷̐̕˿-

̃˿̖̈ ̇˷˸̅̎˿̃˿ ̅̇˺˷̄˷̃˿, ˹ ̎˷̈̉̄̅̈̉˿ ̇̅̉̅̇-

̄̒̌ ̄˷˺̄˼̉˷̉˼̂˼̀, – ̆̅̂̊̎˼̄˿˼ ̈˽˷̉̅˺̅ ˺˷˾˷ 
̄˿˾́̅˺̅ ˻˷˹̂˼̄˿̖ ˿ ̆˼̇˼́˷̎́˷ ̇˷˾̂˿̎̄̒̌ ˺˷˾̅˹ 

˹ ̆˿̐˼˹̅̀, ̃˼̉˷̂̂̊̇˺˿̎˼̈́̅̀, ˷̉̅̃̄̅̀ ˿ ̌˿-

̃˿̎˼̈́̅̀ ̆̇̅̃̒̏̂˼̖̄̄̅̈̉̌, ̄˷ ̆̄˼˹̃˷̉˿̎˼-
̈́̅̃ ̉̇˷̄̈̆̅̇̉˼, ̆̇˿ ̄˷˺̄˼̉˷̄˿˿ ˹̅˾˻̊̌˷ ˹ 

̆˼̎˿ ˿ ˻̖̂ ̃̄̅˺˿̌ ˻̇̊˺˿̌ ̍˼̂˼̀ [8]. 

ǎоǦǧǭǾ ǪǳǳǭǧǦоǤǢǯǪȁ 

˨̋˼̇˷ ̆̇˿̃˼̄˼̄˿̖ ̄˷˺̄˼̉˷̉˼̂˼̀ – ̉˷̃,  

˺˻˼ ̉̇˼˸̊˼̖̉̈ ̄˿˾́̅˼ ˹̒̌̅˻̄̅˼ ˻˷˹̂˼̄˿˼ ˿ 

˸̅̂̓̏˷̖ ̆̇̅˿˾˹̅˻˿̉˼̂̓̄̅̈̉̓. ˤ˷˿˸̅̂˼˼ ̇˷̈-
̆̇̅̈̉̇˷̄˼̄̄̒̀ ˿˾ ̈̊̐˼̈̉˹̊̐̕˿̌ ̉˿̆ ̄˷˺̄˼-
̉˷̉˼̖̂ ̄˿˾́̅˺̅ ˻˷˹̂˼̄˿̖ – ̄˷˺̄˼̉˷̉˼̂̓ ̉˿̆˷ 
˧̊̉̈ (Roots). 

В ̎˷̈̉̄̅̈̉˿, ̇̅̉̅̇̄̒̀ ̄˷˺̄˼̉˷̉˼̂̓ ˧̊̉̈ 

(Roots) ˿̈̆̅̂̓˾̊˼̖̉̈ ˻̖̂ ̆̅˻˷̎˿ ˸˼˾̃˷̖̈̂̄̅˺̅ 

˹̅˾˻̊̌˷ ˹ ˷̉̅̃̄̅̀, ̔̂˼́̉̇̅̄̄̅̀ ˿ ̆˿̐˼˹̅̀ 

̆̇̅̃̒̏̂˼̄̄̅̈̉˿. 

˦̇˿̄̍˿̆ ˻˼̀̈̉˹˿̖ ̄˷˺̄˼̉˷̉˼̖̂ ̉˿̆˷ ˧̊̉̈: 
˻˹˷ ˿˻˼̄̉˿̎̄̒̌ ̇̅̉̅̇˷, ̈̄˷˸˽˼̄̄̒̌, ́˷́ ̆̇˷-
˹˿̂̅, ˻˹̖̊̃ ˿̂˿ ̉̇˼̖̃ ˾̊˸̖̓̃˿, ˿̃˼̐̕˿̃˿ 

̈̆˼̍˿˷̂̓̄̒̀ ̆̇̅̋˿̂̓, ̈˿̄̌̇̅̄̄̅ ˹̇˷̐˷̖̉̈̕ 

˹ ̄˷˺̄˼̉˷̉˼̂̓̄̅̀ ̆̅̂̅̈̉˿; ̆̇˿ ˹̇˷̐˼̄˿˿ ̅̄˿ 

˾˷̌˹˷̉̒˹˷̉̕ ˹̌̅˻̖̐˿̀ ̆̅̉̅́ ˺˷˾˷ ˿˾ ˹̈˷̈̒˹˷-
̐̕˼˺̅ ̆˷̉̇̊˸́˷, ̆̅̈̉˼̆˼̄̄̅ ˿˾̅̂˿̇̊̉̕ ˼˺̅ ˹ 

̖̆̅̂̅̈̉̌ ̃˼˽˻̊ ˾̊˸̖̓̃˿, ̈˽˿̃˷̉̕ ˿ ̆˼̇˼̃˼-
̐˷̉̕ ́ ̄˷˺̄˼̉˷̉˼̂̓̄̅̃̊ ̆˷̉̇̊˸́̊, ˷ ˾˷̉˼̃ ˹̒-

̉˷̂́˿˹˷̉̕ ̎˼̇˼˾ ˹̒̌̅˻̄̅˼ ̅̉˹˼̇̈̉˿˼. 
˥̈˿ ˹̇˷̐˼̄˿̖ ̇̅̉̅̇̅˹ ̆˷̇˷̂̂˼̂̓̄̒, ˷ ˿̌ 

˻˹˿˽˼̄˿˼ ̈˹̖˾˷̄̅ ̆̅̈̇˼˻̈̉˹̅̃ ̈˿̄̌̇̅̄˿˾̅-
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˹˷̄̄̅̀ ˾̊˸̎˷̉̅̀ ̆˼̇˼˻˷̎˿ ̈ ̅˻˿̄˷́̅˹̒̃ ́̅-

̂˿̎˼̈̉˹̅̃ ˾̊˸̓˼˹ ̅˸˼˿̌ ́̅̂˼̈. ˨˿̄̌̇̅̄˿˾̅-

˹˷̄̄˷̖ ˾̊˸̎˷̉˷̖ ̆˼̇˼˻˷̎˷ ̅˸˼̈̆˼̎˿˹˷˼̉ ˸˼̈-
́̅̄̉˷́̉̄̅˼ ̊̆̇˷˹̂˼̄˿˼ ̇̅̉̅̇˷̃˿, ̇̅̉̅̇̒ 

˹̇˷̐˷̖̉̈̕ ˻̇̊˺ ̆̇̅̉˿˹ ˻̇̊˺˷, ̆̇˿ ̔̉̅̃ ̅̄˿ ̄˼ 
̈̅̆̇˿́˷̈˷̖̉̈̕ ̄˿ ̃˼˽˻̊ ̈̅˸̅̀, ̄˿ ̈ ́̅̇̆̊-

̈̅̃, ̎̉̅ ̅˸˼̈̆˼̎˿˹˷˼̉ ̅̉̈̊̉̈̉˹˿˼ ̄˼̅˸̌̅˻˿̃̅-

̈̉˿ ˹ ̈̃˷˾́˼ ˹̄˼̏̄˿̌ ̆̅˹˼̇̌̄̅̈̉˼̀ ˾̊˸̓˼˹ ̈˷-
̃˿̌ ̇̅̉̅̇̅˹. ˨̃˷˾̒˹˷̖̉̈̕ ̉̅̂̓́̅ ̏˼̈̉˼̇̄˿ ˿ 

̆̅˻̏˿̆̄˿́˿, ̄˷̌̅˻̖̐˿˼̖̈ ˹ ̅̉˻˼̂̓̄̅̃ ̈̃˷-
˾̅̎̄̅̃ ˸̂̅́˼. 

˛̖̂ ̇̅̉̅̇̄̒̌ ̄˷˺̄˼̉˷̉˼̂˼̀ ̄˼̅˸̌̅˻˿̃̅ 

˿̃˼̉̓ ˾˷˾̅̇̒ ̃˼˽˻̊ ˾̊˸̖̓̃˿ ̇̅̉̅̇̅˹ ̆̇˿ ̇˷-
˸̅̉˼ ̆̅ ˹̅˾̃̅˽̄̅̈̉˿ ̃˿̄˿̃˷̂̓̄̒̃˿, ̎̉̅˸̒ 

̊̉˼̎́˷ ˹̅˾˻̊̌˷ ̎˼̇˼˾ ̄˿̌ ˸̒̂˷ ̄˷˿̃˼̄̓̏˼̀. 

˛̖̂ ̆̅̂̊̎˼̄˿̖ ̄˷˿̃˼̄̓̏˼˺̅ ̔́̈̆̂̊˷̉˷̍˿̅̄-

̄̅˺̅ ˾˷˾̅̇˷ ̃˼˽˻̊ ̇˷̈̉̅̎́̅̀ ́̅̇̆̊̈˷ ˿ ̇̅̉̅-

̇˷̃˿ ̆̇˿̃˼̖̄̉̕ ˾˷̂˿˹́̊ ˹˼̇̏˿̄ ˾̊˸̓˼˹ ̖̃˺-
́˿̃ ̂˼˺́̅˿̈̉˿̇˷̐̕˿̖̃̈ ̃˼̉˷̂̂̅̃ [9]. В ̉̅ ˽˼ 
˹̇˼̖̃ ˻̅̂˽̄̅ ˸̒̉̓ ̅˸˼̈̆˼̎˼̄̅ ̅̉̈̊̉̈̉˹˿˼ ̈̅-

̆̇˿́̅̈̄̅˹˼̄˿̖ ˾̊˸̓˼˹ ̇̅̉̅̇̅˹ ˻̇̊˺ ̈ ˻̇̊˺̅̃. 

˫˷́̉̅̇˷̃˿, ́̅̉̅̇̒˼ ̆̇˿ ̇˷˸̅̉˼ ̄˷˺̄˼̉˷̉˼̖̂ 

˹̂˿̖̉̕ ̄˷ ˹˼̂˿̎˿̄̊ ˾˷˾̅̇̅˹ ̃˼˽˻̊ ̇̅̉̅̇˷̃˿, 

̖˹̖̖̂̉̈̕: 

̉˼̆̂̅˹̅˼ ̇˷̈̏˿̇˼̄˿˼ ̇̅̉̅̇̅˹; 

˾˷˾̅̇̒ ̃˼˽˻̊ ˾̊˸̖̓̃˿ ̏˼̈̉˼̇˼̄ ̈˹̖˾˿, 

˹̅˾̇˷̈̉˷̐̕˿˼ ̆̅ ̃˼̇˼ ˿˾̄̅̈˷ ̆̅̈̂˼˻̄˿̌; 

˻˼̋̅̇̃˷̍˿̖ ˾̊˸̓˼˹ ̇̅̉̅̇̅˹ ̅̉ ˹̅˾˻˼̀̈̉˹˿̖ 

̍˼̄̉̇̅˸˼˽̄̒̌ ̈˿̂ ˿ ˻˷˹̂˼̄˿̖ ̄˷˺̄˼̉˷˼̃̅˺̅ 

˹̅˾˻̊̌˷; 
̆̇̅˺˿˸̒ ˹˷̂̅˹; 

˾˷́̇̊̎˿˹˷̄˿˼ ˹˷̂̅˹. 

˩˼̃̆˼̇˷̉̊̇̄̅˼ ̇˷̈̏˿̇˼̄˿˼ ˾̊˸̓˼˹ ̇̅̉̅̇̅˹ 

̈̊̐˼̈̉˹˼̄̄̅ ˻̖̂ ̔̋̋˼́̉˿˹̄̅̀ ̇˷˸̅̉̒ ̄˷˺̄˼-
̉˷̉˼̖̂, ̉˷́ ́˷́ ˹ ̈̂̊̎˷˼ ˿̈̆̅̂̓˾̅˹˷̄˿̖ ˻̖̂ ˿˾-
˺̅̉̅˹̂˼̄˿̖ ́̅̇̆̊̈˷ ˿ ̇̅̉̅̇̅˹ ̃˷̉˼̇˿˷̂̅˹, 

˿̃˼̐̕˿̌ ̇˷˾̂˿̎̄̒˼ ́̅̔̋̋˿̍˿˼̄̉̒ ̂˿̄˼̀̄̅-

˺̅ ̇˷̈̏˿̇˼̄˿̖ [11], ˷ ̉˷́˽˼ ̆̇˿ ̅̌̂˷˽˻˼̄˿˿ 

́̅̇̆̊̈˷ (̄˷̆̇˿̃˼̇, ̆̇˿ ˿˾˺̅̉̅˹̂˼̄˿˿ ̇̅̉̅̇̅˹ 

˿˾ ˷̂̃̕˿̄˿̖, ˷ ́̅̇̆̊̈˷ ˿˾ ̎̊˺̊̄˷ ˹ ̇˼˾̊̂̓̉˷̉˼ 
̅̌̂˷˽˻˼̄˿̖ ́̅̇̆̊̈˷ ̅́̇̊˽˷̐̕˿̃ ˹̅˾˻̊̌̅̃) 

̃̅˽˼̉ ̆̇̅˿˾̅̀̉˿ ˾˷́̂˿̄˿˹˷̄˿˼ [12]. 

˟˾˹˼̈̉˼̄ ̉˷́˽˼ ˻˹̊̌̇̅̉̅̇̄̒̀ ́̅̃̆̇˼̈̈̅̇, 

̈̅˻˼̇˽˷̐˿̀ ˷̂̃̕˿̄˿˼˹̒̀ ́̅̇̆̊̈ ̈ ́̇̒̏́˷-

̃˿ ̆̅˻̏˿̆̄˿́̅˹, ˹̄̊̉̇˿ ́̅̉̅̇̅˺̅ ̇˷̈̆̅̂̅-

˽˼̄̒ ˷̂̃̕˿̄˿˼˹̒˼ ̇̅̉̅̇̒. ˤ˼˻̅̈̉˷̉́˿ ̉˷́̅̀ 

́̅̄̈̉̇̊́̍˿˿ – ˹̒̈̅́˷̖ ̈̉̅˿̃̅̈̉̓ ˿˾˺̅̉̅˹̂˼-
̄˿̖ ˿ ̄˼˹̒̈̅́˷̖ ̆̇̅̎̄̅̈̉̓*. 

˟˾˹˼̈̉̄̒ ̇˷˾̂˿̎̄̒˼ ̈̆̅̈̅˸̒ ˿˾˺̅̉̅˹̂˼-
̄˿̖ ̇˷˸̅̎˿̌ ́̅̂˼̈ ̄˷˺̄˼̉˷̉˼̂˼̀ ̉˿̆˷ «˧̊̉̈», 

̄̅ ˹̈˼ ̅̄˿ ˻̅̈̉˷̉̅̎̄̅ ̈̂̅˽̄̒ ˿ ̉̇̊˻̅˼̃́˿, ˷ 

̆̅̂̊̎˷˼̃̒˼ ̉˷́˿̃˿ ̈̆̅̈̅˸˷̃˿ ̇˷˸̅̎˿˼ ́̅̂˼̈˷ 

˿̃˼̉̕ ˸̅̂̓̏̊̕ ̃˼̉˷̂̂̅˼̃́̅̈̉̓ ˿ ̃˷̈̈̊ [13]. 

˥˻̄˿̃ ˿˾ ̈̅˹̇˼̃˼̄̄̒̌ ̈̆̅̈̅˸̅˹ ̋̅̇̃̅-

̅˸̇˷˾̅˹˷̄˿̖ ̅˸̑˼̃̄̒̌ ́̅̄̈̉̇̊́̍˿̀, ̆̅˾˹̅-

̖̂̐̕˿̃ ̈̄˿˾˿̉̓ ˾˷̉̇˷̉̒ ̄˷ ̃˷̉˼̇˿˷̂̒, 

̊̃˼̄̓̏˿̉̓ ̈̉̅˿̃̅̈̉̓ ̈ ̈̅̌̇˷̄˼̄˿˼̃ ̃˼̌˷̄˿-

̎˼̈́˿̌ ̈˹̅̀̈̉˹, ̖˹̖̂˼̖̉̈ ˿̈̆̅̂̓˾̅˹˷̄˿˼ ˹ 

́̅̄̈̉̇̊́̍˿˿ ̔̂˼̃˼̄̉̅˹, ˹̒̆̅̂̄˼̄̄̒̌ ̃˼̉̅-

˻̅̃ 3D ̆˼̎˷̉˿.  

ǎǧǴоǦǪǬǢ ǪǳǳǭǧǦоǤǢǯǪȁ 

В 2018 ˺̅˻̊ А˥ «К̅̃̆̇˼̈̈̅̇» ̇˷˾̇˷˸̅̉˷̂̅ 

˿ ˿˾˺̅̉̅˹˿̂̅ ̇̅̉˷̍˿̅̄̄̒̀ ́̅̃̆̇˼̈̈̅̇ 

˧К105/60 ̈ ˾̊˸̎˷̉̒̃˿ ̇̅̉̅̇˷̃˿, ˹̒̆̅̂̄˼̄-

̄̒̃˿ ̄˷ 3D ̆̇˿̄̉˼̇˼. ˤ˷ ˻˷̄̄̅˼ ˿˾̅˸̇˼̉˼̄˿˼ 
˸̒̂ ̆̅̂̊̎˼̄ ̆˷̉˼̄̉**. 

˧̅̉̅̇̒ ˹̒̆̅̂̄˼̄̒ ̈ ˹̄̊̉̇˼̄̄˿̃˿ ̖̆̅̂̅̈̉-

̃˿, ̅˸̇˷˾̅˹˷̄̄̒̃˿ ˹˾˷˿̃̅̆˼̇˼̈˼́˷̐̕˿̃˿̖̈ 

̆̇̅˻̅̂̓̄̒̃˿ ˿ ̆̅̆˼̇˼̎̄̒̃˿ ̇˼˸̇˷̃˿, ̆̇˿̎˼̃ 

̆̅̆˼̇˼̎̄̒˼ ̇˼˸̇˷ ̇˷̈̆̅̂̅˽˼̄̒ ̆˼̇̆˼̄˻˿́̊-
̖̂̇̄̅ ́ ̅̈˿ ̇̅̉̅̇˷ ˿̂˿ ̆̅˻ ̊˺̂̅̃ ́ ̄˼̀ ˿ ̈ ̏˷-
˺̅̃ ̄˼ ̃˼̄˼˼ ̖̆̉˿ ̉̅̂̐˿̄ ̇˼˸˼̇, ˷ ˹̄̊̉̇˼̄̄˿˼ 
̆̅̂̅̈̉˿, ̅˸̇˷˾̅˹˷̄̄̒˼ ̆̇̅˻̅̂̓̄̒̃˿ ̇˼˸̇˷̃˿, 

˿̃˼̉̕ ̋̅̇̃̊ ̈˼́̉̅̇˷ ̍˿̂˿̄˻̇˷ ̂˿˸̅ ̋̅̇̃̊ ̉̇˼-
̊˺̅̂̓̄̅̀ ˿̂˿ ̏˼̈̉˿˺̇˷̄̄̅̀ ̆̇˿˾̃̒. 

˧˼˸̇˷ ˿ ̄˷̇̊˽̄̒˼ ̈̉˼̄́˿ ˾̊˸̎˷̉̒̌ ̇̅̉̅̇̅˹ 

˹̒̆̅̂̄˼̄̒ ̉̅̂̐˿̄̅̀ ̄˼ ̃˼̄˼˼ 0,5 ̃̃. 

                                                      
* ˦˷̉. ̄˷ ˿˾̅˸̇˼̉˼̄˿˼ ˧˫ № 2 307 262 ˣ˦К F04C 

18/08, ˛˹̊̌̇̅̉̅̇̄̒̀ ́̅̃̆̇˼̈̈̅̇ / К̅̄˻̇̅˹ А.˵., 

К˿̈̉˼̄˼˹ ˚.В., ˢ˼̇̄˼̇ ˜.˟. ˤ̅̃˼̇ ˾˷̖˹́˿ 

2006113726/06. ˛˷̉˷ ̆̅˻˷̎˿ ˾˷̖˹́˿: 21.04.2006. 

˥̆̊˸̂˿́̅˹˷̄̅: 27.09.2007. ˘̂̕. № 27. 
** ˦˷̉. ̄˷ ˿˾̅˸̇˼̉˼̄˿˼ ˧˫ № 2 660 701 ˣ˦К 

F04C 18/12, ˧̅̉̅̇̄̒̀ ̄˷˺̄˼̉˷̉˼̂̓ / К̊˾̄˼̍̅˹ ˢ.˚.,     

К̊˾̄˼̍̅˹ ˵.ˢ., ˘̊̇˷́̅˹ А.В. ˤ̅̃˼̇ ˾˷̖˹́˿ 

2017135119. ˛˷̉˷ ̆̅˻˷̎˿ ˾˷̖˹́˿: 04.10.2017. ˥̆̊˸-

̂˿́̅˹˷̄̅: 09.07.2018. ˘̂̕. № 19. 
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˧˿̈. 2. ˨̌˼̃˷ ̇̅̉̅̇̄̅˺̅ ̄˷˺̄˼̉˷̉˼̖̂ ́̅̃̆̇˼̈̈̅̇˷ ˧К105/60 

Fig. 2. Rotary blower 

 
˧̅̉̅̇̄̒̀ ̄˷˺̄˼̉˷̉˼̂̓ (̇˿̈. 2) ̈̅˻˼̇˽˿̉ 

́̅̇̆̊̈ 1 ̈ ˹̌̅˻̄̒̃ ̆˷̉̇̊˸́̅̃ 2 ˿ ˹̒̌̅˻̄̒̃ 

̆˷̉̇̊˸́̅̃ 3. В ́̅̇̆̊̈˼ 1 ̇˷˾̃˼̐˼̄̒ ˹˼˻̊̐˿̀ 

̇̅̉̅̇ ̈ ̉̇˼̖̃ ˾̊˸̖̓̃˿ 4 ˿ ˹˼˻̅̃̒̀ ̇̅̉̅̇ ̈ 
̉̇˼̖̃ ˾̊˸̖̓̃˿ 5. ˤ˷ ̇̅̉̅̇˷̌ 4 ˿ 5 ̊̈̉˷̄̅˹̂˼̄̒ 

̈˿̄̌̇̅̄˿˾˿̇̊̐̕˿˼ ˾̊˸̎˷̉̒˼ ̏˼̈̉˼̇̄˿ 6, ˷ 
̈˷̃˿ ̇̅̉̅̇̒ 4 ˿ 5 ̊̈̉˷̄̅˹̂˼̄̒ ˹ ̆̅˻̏˿̆̄˿́˷̌ 

7. ˨˿̄̌̇̅̄˿˾˿̇̊̐̕˿˼ ˾̊˸̎˷̉̒˼ ̏˼̈̉˼̇̄˿ 6 ˿ 

̆̅˻̏˿̆̄˿́˿ 7 ˿˾̅̂˿̇̅˹˷̄̒ ̅̉ ̆̅̂̅̈̉˿ ̈˽˷-
̉˿̖ ˺˷˾˷ ˿ ̈̃˷˾̒˹˷̖̉̈̕ ̃˷̈̂̅̃. ˧̅̉̅̇̒ 4 ˿ 5 

˿̃˼̉̕ ˺˷̇˷̄̉˿̇̅˹˷̄̄̒̀ ˾˷˾̅̇, ̄˼ ̈̅̆̇˿́˷̈˷-
̖̉̈̕ ̄˿ ˻̇̊˺ ̈ ˻̇̊˺̅̃, ̄˿ ̈ ́̅̇̆̊̈̅̃, ̎̉̅ 

̅˸˼̈̆˼̎˿˹˷˼̉ ̅̉̈̊̉̈̉˹˿˼ ̄˼̅˸̌̅˻˿̃̅̈̉˿ ˹ 

̈̃˷˾́˼ ˹̄˼̏̄˿̌ ̆̅˹˼̇̌̄̅̈̉˼̀ ˾̊˸̓˼˹ ̇̅̉̅̇̅˹. 

˧̅̉̅̇̒ 4, 5 ˹̒̆̅̂̄˼̄̒ ̈ ˹̄̊̉̇˼̄̄˿̃˿ ̆̅-

̖̂̅̈̉̃˿ 8, ̅˸̇˷˾̅˹˷̄̄̒̃˿ ̆̅ ˹̈˼̀ ˻̂˿̄˼ ̇̅-

̉̅̇̅˹ ˹˾˷˿̃̅̆˼̇˼̈˼́˷̐̕˿̃˿̖̈ ̆̇̅˻̅̂̓̄̒̃˿ 

9 ˿ ̆̅̆˼̇˼̎̄̒̃˿ 10 ̇˼˸̇˷̃˿ ˿ ̄˷̇̊˽̄̒̃˿ 

̈̉˼̄́˷̃˿ 11. ˧̅̉̅̇̒ 4, 5 ˿˾˺̅̉̅˹̂˼̄̒ ̃˼̉̅˻̅̃ 

̉̇˼̌̃˼̇̄̅̀ ̆˼̎˷̉˿ ̄˷ 3D ̆̇˿̄̉˼̇˼. 
В̄̊̉̇˼̄̄˿˼ ̆̅̂̅̈̉˿ 8 (̇˿̈. 3), ̅˸̇˷˾̅˹˷̄-

̄̒˼ ̆̇̅˻̅̂̓̄̒̃˿ ̇˼˸̇˷̃˿ 9 (̇˿̈. 4), ˿̃˼̉̕ 

̋̅̇̃̊ ̈˼́̉̅̇˷ ̍˿̂˿̄˻̇˷ ˿̂˿ ̋̅̇̃̊ ̉̇˼̊˺̅̂̓-

̄̅̀ ̆̇˿˾̃̒. 

В ˻̇̊˺̅̃ ˹˷̇˿˷̄̉˼ ˿̈̆̅̂̄˼̄˿̖ ˹̄̊̉̇˼̄̄˿˼ 
̆̅̂̅̈̉˿ 8 (̇˿̈. 5), ̅˸̇˷˾̅˹˷̄̄̒˼ ̆̇̅˻̅̂̓̄̒-

̃˿ ̇˼˸̇˷̃˿ 9, ˿̃˼̉̕ ̋̅̇̃̊ ̏˼̈̉˿˺̇˷̄̄̅̀ 

̆̇˿˾̃̒ (˿̄˷̎˼ ˺̅˹̖̅̇, ̋̅̇̃̊ ̈̅̉). 

В˾˷˿̃̅̆˼̇˼̈˼́˷̐̕˿˼̖̈ ̆̇̅˻̅̂̓̄̒˼ ˿ ̆̅-

̆˼̇˼̎̄̒˼ ̇˼˸̇˷ ̅˸˼̈̆˼̎˿˹˷̉̕ ̆̇̅̎̄̅̈̉̓ ̇̅-

̉̅̇˷ ̈ ˾̊˸̖̓̃˿ ̆̇˿ ˹̅˾˻˼̀̈̉˹˿˿ ˿˾˺˿˸˷̐̕˿̌ 

̄˷˺̇̊˾̅́, ̈́̇̊̎˿˹˷̐̕˿̌ ̄˷˺̇̊˾̅́, ˹̄˼̏̄˼˺̅ 

˻˷˹̂˼̄˿̖. ˩̅̂̐˿̄˷ ̇˼˸˼̇ ˿ ˹̄˼̏̄˼̀ ̈̉˼̄́˿ 

̇̅̉̅̇˷ ˹̒˸˿̇˷˼̖̉̈ ˿̈̌̅˻̖ ˿˾ ̈̅̅˸̇˷˽˼̄˿̀ 

̉˼̌̄̅̂̅˺˿̎̄̅̈̉˿ ˿ ̆̇˼˻̅̉˹̇˷̐˼̄˿̖ ̆̅̉˼̇˿ 

̊̈̉̅̀̎˿˹̅̈̉˿. 

˧˼˸̇˷ 9, 10 ˿ ˹̄˼̏̄˿˼ ̈̉˼̄́˿ 11 ̇̅̉̅̇̅˹ 

˹̒̆̅̂̄˼̄̒ ̉̅̂̐˿̄̅̀ ̄˼ ̃˼̄˼˼ 0,5 ̃̃. 

˦̅̆˼̇˼̎̄̒˼ ̇˼˸̇˷ ˹̒̆̅̂̄˼̄̒ ̆˼̇̆˼̄˻˿-

̖́̊̂̇̄̅ ́ ̅̈˿ ̇̅̉̅̇˷ ˿̂˿ ̆̅˻ ̊˺̂̅̃ ́ ̄˼̀ ˿ ̈ 
̏˷˺̅̃ ̄˼ ̃˼̄˼˼ ̖̆̉˿ ̉̅̂̐˿̄ ̇˼˸˼̇. ˤ˷̆̇˿-

̃˼̇, ̄˷ ̇˿̈. 5 ̆̅́˷˾˷̄̒ ˹̄̊̉̇˼̄̄˿˼ ̆̅̆˼̇˼̎-

̄̒˼ ̇˼˸̇˷ 10 ̇̅̉̅̇˷, ̇˷̈̆̅̂̅˽˼̄̄̒˼ ̈ ̏˷˺̅̃, 

̇˷˹̄̒̃ ˻˼̖̈̉˿ ̉̅̂̐˿̄˷̃ ̇˼˸̇˷. 
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˧˿̈. 3. В̄̊̉̇˼̄̄˿˼ ̆̅̂̅̈̉˿ ̇̅̉̅̇˷ ˹ ̋̅̇̃˼ ̈˼́̉̅̇˷ ̍˿̂˿̄˻̇˷ 

Fig. 3. Internal cavities of a rotor in the form of a sector a cylinder 
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˧˿̈. 4. ˦̇̅˻̅̂̓̄̒˼ ̇˼˸̇˷ 

Fig. 4. Longitudinal ribs 
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˧˿̈. 5. В̄̊̉̇˼̄̄˿˼ ̆̅̂̅̈̉˿ ̇̅̉̅̇˷ ˹ ̋̅̇̃˼ ̈̅̉ 
Fig. 5. Internal cavities of a rotor in the form of honeycombs 
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˧˿̈. 6. ˧̅̉̅̇̒, ˹̒̆̅̂̄˼̄̄̒˼ ̄˷ 3D ̆̇˿̄̉˼̇˼ (̈̂˼˹˷ ̄˷̆̇˷˹̅: ̆̅̂˿˷̃˿˻, ̃˼̉˷̂̂, А˘˨-̆̂˷̈̉˿́) 

Fig. 6. Rotors made on a 3D printer (from left to right: polyamide, metal, ABS- plastic) 
 

ˤ˷˺̄˼̉˷̉˼̂̓ ̇˷˸̅̉˷˼̉ ̈̂˼˻̊̐̕˿̃ ̅˸̇˷˾̅̃. 

ˤ˷˺̄˼̉˷̉˼̂̓ (̈̃. ̇˿̈. 2) ̆̇˿˹̅˻˿̖̉̈ ˹ ˻˼̀̈̉˹˿˼ 
˹̇˷̐˼̄˿˼̃ ́̅̄̍˷ ˹˷̂˷ ˹˼˻̊̐˼˺̅ ̇̅̉̅̇˷ 4, 

̄˷̆̇˿̃˼̇ ̅̉ ̔̂˼́̉̇̅˻˹˿˺˷̉˼̖̂ (̄˼ ̆̅́˷˾˷̄). В˼-
˻̊̐˿̀ ̇̅̉̅̇ ̈ ˾̊˸̖̓̃˿ 4 ˹̇˷̐˷˼̖̉̈ ˿ ̎˼̇˼˾ ̈˿̄-

̌̇̅̄˿˾˿̇̊̐̕˿˼ ̏˼̈̉˼̇̄˿ 6, ̄˷̈˷˽˼̄̄̒˼ ̄˷ ̇̅-

̉̅̇̒ 4 ˿ 5, ̆˼̇˼˻˷˼̉ ˹̇˷̐˼̄˿˼ ˹˼˻̅̃̅̃̊ ̇̅̉̅̇̊ 
5. ˧̅̉̅̇̒ 4 ˿ 5 ̈˿̄̌̇̅̄̄̅ ˹̇˷̐˷̖̉̈̕. ˧̅̉̅̇̒ 4 

˿ 5 ̈̄˷˸˽˼̄̒ ˿˻˼̄̉˿̎̄̒̃˿ ˾̊˸̖̓̃˿, ˿̃˼̐̕˿-

̃˿ ̈̆˼̍˿˷̂̓̄̒̀ ̆̇̅̋˿̂̓, ˺˷̇˷̄̉˿̇̊̐̕˿̀ ̃˿-

̄˿̃˷̂̓̄̒̀ ˾˷˾̅̇ ̃˼˽˻̊ ̇̅̉̅̇˷̃˿ ˿ ́̅̇̆̊̈̅̃ 1. 

ˮ˷̈̉̅̉˷ ˹̇˷̐˼̄˿̖ ̇̅̉̅̇̅˹ ̃̅˽˼̉ ̈̅̈̉˷˹̖̂̉̓ ̅̉ 
500 ˻̅ 6000 ̅˸/̃˿̄. ˚˷˾ ̆̅̈̉̊̆˷˼̉ ̄˷ ˹̌̅˻ ˹ ́̅̇-

̆̊̈ ̄˷˺̄˼̉˷̉˼̖̂ ̎˼̇˼˾ ̆˷̉̇̊˸̅́ 2. ˦̇˿ ˹̇˷̐˼̄˿˿ 

̇̅̉̅̇̒ 4 ˿ 5 ˾˷̌˹˷̉̒˹˷̉̕ ˹̌̅˻̖̐˿̀ ̆̅̉̅́ ˺˷˾˷ 
˿˾ ˹̈˷̈̒˹˷̐̕˼˺̅ ̆˷̉̇̊˸́˷ 2, ̆̅̈̉˼̆˼̄̄̅ ˿˾̅̂˿-

̇̊̉̕ ˼˺̅ ˹ ̖̆̅̂̅̈̉̌ ̃˼˽˻̊ ˾̊˸̖̓̃˿, ̈˽˿̃˷̉̕, 
̆˼̇˼̃˼̐˷̉̕ ˿ ˹̒̉˷̂́˿˹˷̉̕ ́ ̄˷˺̄˼̉˷̉˼̂̓̄̅̃̊ 
̆˷̉̇̊˸́̊ 3. ˛˼̀̈̉˹̊̐̕˿˼ ̄˷ ̇̅̉̅̇ ̈ ˾̊˸̖̓̃˿ 

̆̇˿ ̇˷˸̅̉˼ ̄˷˺̄˼̉˷̉˼̖̂ ˿˾˺˿˸˷̐̕˿˼ ̈˿̂̒ ˹̅̈-
̆̇˿̄˿̃˷̖̉̈̕ ̆̇̅˻̅̂̓̄̒̃˿ ̇˼˸̇˷̃˿, ̈́̇̊̎˿-

˹˷̐̕˿˼ ̈˿̂̒ ˹̅̈̆̇˿̄˿̃˷̖̉̈̕ ̆̅̆˼̇˼̎̄̒̃˿ 

̇˼˸̇˷̃˿, ̈˿̂̒ ̅̉ ˹̄˼̏̄˼˺̅ ˻˷˹̂˼̄˿̖ ˺˷˾˷ ˹̅̈-

̆̇˿̄˿̃˷̖̉̈̕ ̈̉˼̄́̅̀ ̈ ̇˷˾˹˿̉̒̃ ˹̄̊̉̇˼̄̄˿̃ 

̅̇˼˸̇˼̄˿˼̃. ˩̅̂̐˿̄˷ ̇˼˸˼̇, ˿̌ ́̅̂˿̎˼̈̉˹̅ ˿ 

̈̌˼̃˷ ̇˷̈̆̅̂̅˽˼̄˿̖ ̇˷̈̈̎˿̉˷̄̒ ˿̈̌̅˻̖ ˿˾ ̉̇˼-
˸̊˼̃̒̌ ̆˷̇˷̃˼̉̇̅˹ ̄˷˺̄˼̉˷̉˼̖̂. 

˞˷ ̈̎˼̉ ̆̇̅˿˾˹̅˻̈̉˹˷ ˾̊˸̎˷̉̒̌ ̇̅̉̅̇̅˹ ̃˼-
̉̅˻̅̃ ̉̇˼̌̃˼̇̄̅̀ ̆˼̎˷̉˿ ̄˷ 3D ̆̇˿̄̉˼̇˷̌ ˻̅-

̈̉˿˺˷˼̖̉̈ ̊̆̇̅̐˼̄˿˼ ̉˼̌̄̅̂̅˺˿˿ ˿˾˺̅̉̅˹̂˼̄˿̖. 

ˣ̅˺̊̉ ˸̒̉̓ ˿̈̆̅̂̓˾̅˹˷̄̒ ̈̂˼˻̊̐̕˿˼ ̉˼̌-

̄̅̂̅˺˿˿ ̉̇˼̌̃˼̇̄̅̀ ̆˼̎˷̉˿: 

̃̅˻˼̂˿̇̅˹˷̄˿˼ ̃˼̉̅˻̅̃ ̄˷̆̂˷˹̂˼̄˿̖; 

̂˷˾˼̇̄˷̖ ̈̉˼̇˼̅̂˿̉̅˺̇˷̋˿̖; 

̈˼̂˼́̉˿˹̄̅˼ ̂˷˾˼̇̄̅˼ ̈̆˼́˷̄˿˼; 
̔̂˼́̉̇̅̄̄̅-̂̊̎˼˹˷̖ ̆̂˷˹́˷. 
˦̇˿ ˹̒˸̅̇˼ ̃˷̉˼̇˿˷̂˷ ̇̅̉̅̇̅˹ ˿̃˼̉̕ ˹ 

˹˿˻̊ ̈̂˼˻̊̐̕˿˼ ̈̅̅˸̇˷˽˼̄˿̖: ̅˸˼̈̆˼̎˼̄˿˼ 
̄˷˻˼˽̄̅̀ ̇˷˸̅̉̒; ̄˷˿̃˼̄̓̏̊̕ ̈̉̅˿̃̅̈̉̓ ̃˷-
̉˼̇˿˷̂˷; ̄˷˿̂̊̎̏˿˼ ̊̈̂̅˹˿̖ ̅˸̇˷˸̅̉́˿; ̋˿˾˿-

̎˼̈́˿˼ ̈˹̅̀̈̉˹˷ ̈˽˿̃˷˼̃̅̀ ̈̇˼˻̒. 

˞̊˸̎˷̉̒˼ ̇̅̉̅̇̒ ̄˷˺̄˼̉˷̉˼̖̂ ̃̅˺̊̉ ˸̒̉̓ 

̈̅˾˻˷̄̒ ˿˾ ̆̂˷̈̉˿́˷, ̃˼̉˷̂̂˷ ˿̂˿ ˿̄̅˺̅ ̃˷̉˼-
̇˿˷̂˷, ̆̇˿˺̅˻̄̅˺̅ ˻̖̂ ̉̇˼̌̃˼̇̄̅̀ ̆˼̎˷̉˿ (̈̃. 

̇˿̈. 6). ˥̈̄̅˹̄̒̃ ˽˼ ̃˷̉˼̇˿˷̂̅̃ ˻̖̂ ˿˾˺̅̉̅˹-

̂˼̄˿̖ ̇̅̉̅̇̅˹ ˹˿̄̉̅˹̒̌ ́̅̃̆̇˼̈̈̅̇̅˹ ̈̂̊˽˷̉ 
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˧˿̈. 7. ˫̅̉̅ ̇˷˾̇˼˾˷ ̇̅̉̅̇˷, ˹̒̆̅̂̄˼̄̄̒̀ ̄˷ 3D ̆̇˿̄̉˼̇˼ 
Fig. 7. Photo of the rotor section made on a 3D printer 

 

̇˷˾̂˿̎̄̒˼ ̃˷̇́˿ ̈̉˷̂˿. ˦̇˿̃˼̖̖̄̉̈̕, ́̇̅̃˼ 
̉̅˺̅, ̎̊˺̊̄ ˿ ̆̂˷̈̉̃˷̈̈̒, ˷ ̉˷́˽˼ ̈̆˼̍˿˷̂̓̄̒˼ 
̃˷̇́˿ ˺̇˷̋˿̉̅˹ ˻̖̂ ̇̅̉̅̇̅˹, ̇˷˸̅̉˷̐̕˿̌ ˹ 

̅˸̂˷̈̉˿ ˹̒̈̅́˿̌ ̉˼̃̆˼̇˷̉̊̇. ˦̇˿ ̔̉̅̃, ˻˷˽˼ 
˼̈̂˿ ˿̈̆̅̂̓˾̊˼̃̒̀ ̃˷̉˼̇˿˷̂ ̆˼̎˷̉˿ ˿̃˼˼̉ 
̄˿˾́˿˼ ̃˼̌˷̄˿̎˼̈́˿˼ ̈˹̅̀̈̉˹˷ (́˷́, ̄˷̆̇˿-

̃˼̇, ̊ ̆̂˷̈̉˿́˷), ̆̅ ̇˷̈̎˼̉̊ ̆̅˻˸˿̇˷̉̕ ̄˼̅˸-

̌̅˻˿̃̒̀ ̇˷˾̃˼̇, ́̅̂˿̎˼̈̉˹̅ ˿ ́̅̄̋˿˺̊̇˷̍˿̕ 

˹̄̊̉̇˼̄̄˿̌ ̇˼˸˼̇. ˟˾ ˹̈˼̌ ̆̅̂˿̃˼̇̅˹ ̄˷˿˸̅-

̂˼˼ ̆̅˻̌̅˻˿̉ ̆̅ ̋˿˾˿̎˼̈́˿̃ ̈˹̅̀̈̉˹˷̃ ̆̅̂˿-

˷̃˿˻ ˦-66, ́̅̉̅̇̒̀ ˿̃˼˼̉ ̄˷˿˸̅̂˼˼ ˹̒̈̅́̊̕ 

̉˼̃̆˼̇˷̉̊̇̊ ̆̂˷˹̂˼̄˿̖ [14], ̎̉̅ ̆̅˾˹̖̅̂˼̉ ˿̈-
̆̅̂̓˾̅˹˷̉̓ ˼˺̅ ˻̖̂ ˿˾˺̅̉̅˹̂˼̄˿̖ ˻˼̉˷̂˼̀, 

̊̈̉̅̀̎˿˹̒̌ ́ ˹̒̈̅́˿̃ ̉˼̃̆˼̇˷̉̊̇˷̃. ˧˷˾̇˷˸̅-

̉˷̄˷ ̉˷́˽˼ ́̅̄̈̉̇̊́̍˿̖ ̇̅̉̅̇˷ ̈ ̆̂˷̈̉˿́̅˹̒̃ 

̆̅́̇̒̉˿˼̃ [15].  

ǐǳǯоǤǯǽǧ ǲǧǩǵǭǾǴǢǴǽ 

˦̇˼˻̂̅˽˼̄̄̅˼ ̉˼̌̄˿̎˼̈́̅˼ ̇˼̏˼̄˿˼ ̆̅˾-
˹̖̅̂˼̉ ̅˸˼̈̆˼̎˿̉̓ ̉̇˼˸̊˼̃̒˼ ̇˷˸̅̎˿˼ ̆˷̇˷-
̃˼̉̇̒ ̄˷˺̄˼̉˷̉˼̖̂ ̆̇˿ ̈̄˿˽˼̄˿˿ ̃˷̈̈̒ ˼˺̅ 

˾̊˸̎˷̉̒̌ ̇̅̉̅̇̅˹, ̄˿˾́̊̕ ̈̉̅˿̃̅̈̉̓ ˿˾˺̅̉̅˹-

̂˼̄˿̖, ˿˾˸˷˹˿̖̉̓̈ ̅̉ ̆̅˻˺̅̄́˿ ˾̊˸̎˷̉̒̌ ̇̅̉̅-

̇̅˹ ˻̇̊˺ ́ ˻̇̊˺̊, ˺˷̇˷̄̉˿̇̅˹˷̉̓ ̈̉˷˸˿̂̓̄̅̈̉̓ 

̇˷˾̃˼̇̅˹ ˿ ̆˷̇˷̃˼̉̇̅˹ ˾̊˸̎˷̉̒̌ ̇̅̉̅̇̅˹ ˿ ˿̌ 

̆̅̂̄̊̕ ˹˾˷˿̃̅˾˷̃˼̖̄˼̃̅̈̉̓. 
˞˷ ̈̎˼̉ ˿̈̆̅̂̓˾̅˹˷̄˿̖ ̔̋̋˼́̉˿˹̄̅˺̅ ˹̄̊̉-

̇˼̄̄˼˺̅ ̅̇˼˸̇˼̄˿̖ ˹˾˷˿̃̅̆˼̇˼̈˼́˷̐̕˿̃˿̖̈ 

̆̇̅˻̅̂̓̄̒̃˿ ˿ ̆̅̆˼̇˼̎̄̒̃˿ ̇˼˸̇˷̃˿ ̅˸˼̈̆˼-
̎˿˹˷˼̖̉̈ ̆̇̅̎̄̅̈̉̓ ˾̊˸̎˷̉̒̌ ̇̅̉̅̇̅˹ ̆̇˿ ˹̅˾-
˻˼̀̈̉˹˿˿ ˿˾˺˿˸˷̐̕˿̌ ̄˷˺̇̊˾̅́, ̈́̇̊̎˿˹˷̐̕˿̌ 
̄˷˺̇̊˾̅́, ˹̄˼̏̄˼˺̅ ˻˷˹̂˼̄˿̖, ˷ ̉˷́˽˼ ̆̅˾˹̖̅̂-

˼̉ ˿̈́̂̎̕˿̉̓ ˹̅˾̃̅˽̄̅̈̉̓ ˾˷́̂˿̄˿˹˷̄˿̖ ̇̅̉̅-

̇̅˹ ˹ ́̅̇̆̊̈˼ ˸̂˷˺̅˻˷̖̇ ̉̅̎̄̅̈̉˿ ̆̇˼˻̂˷˺˷˼̃̅-

˺̅ ̃˼̉̅˻˷ ˿˾˺̅̉̅˹̂˼̄˿̖ ̇̅̉̅̇̅˹ ̈ ˾˷˻˷̄̄̒̃˿ 

̇˷˾̃˼̇˷̃˿ ˿ ˺˷̇˷̄̉˿̇̅˹˷̄̄̒̃ ˾˷˾̅̇̅̃. 

ǉǢǬǭȀǹǧǯǪǧ 

˛̖̂ ˿˾˺̅̉̅˹̂˼̄˿̖ ˾̊˸̎˷̉̒̌ ̇̅̉̅̇̅˹ ̃̅˺̊̉ 
̆̇˿̃˼̖̖̄̉̓̈ ̆̅̂˿̃˼̇̄̒˼ ˿ ́̅̃̆̅˾˿̍˿̅̄̄̒˼ 
̃˷̉˼̇˿˷̂̒ ̈ ̈˷̃̅̈̃˷˾̒˹˷̐̕˿̃˿̖̈ ̈˹̅̀̈̉˹˷-
̃˿, ̉˷́ ́˷́ ̆̇˿ ̊̃˼̄̓̏˼̄˿˿ ˾˷˾̅̇˷, ̄˷̆̇˿̃˼̇ 

̆̇˿ ̆̅˹̒̏˼̄˿˿ ̉˼̃̆˼̇˷̉̊̇̒ ˿ ̂˿̄˼̀̄̅̃ 

̇˷̈̏˿̇˼̄˿˿ ˻˼̉˷̂˼̀, ̆̇̅˿̈̌̅˻˿̉ ̆̇˿̇˷˸̅̉́˷ 
̆̅̂˿̃˼̇̄̒̌ ˻˼̉˷̂˼̀ ˸˼˾ ˾˷́̂˿̄˿˹˷̄˿̖.  

˦̅̃˿̃̅ ̔̉̅˺̅, ̃˷̈̈˷ ̇̅̉̅̇̅˹ ̃̅˽˼̉ ˸̒̉̓ 

̈̄˿˽˼̄˷ ˹ 4–6 ̇˷˾, ̎̉̅ ̊̃˼̄̓̏˿̉ ̃˷̈̈̊ ˹̈˼˺̅ 

́̅̃̆̇˼̈̈̅̇˷ ̄˷ 5–15 %. 

˩˷́˿̃ ̅˸̇˷˾̅̃, ̆̇˼˻̂̅˽˼̄̄̅˼ ̔̋̋˼́̉˿˹-

̄̅˼ ˿̈̆̅̂̓˾̅˹˷̄˿˼ 3D ̆˼̎˷̉˿ ˻̖̂ ˿˾˺̅̉̅˹̂˼-
̄˿̖ ˻˼̉˷̂˼̀ ̃̅˽˼̉ ̆̇˿̃˼̖̖̄̉̓̈ ̄˼ ̉̅̂̓́̅ ˹ 

̇̅̉̅̇̄̒̌ ̄˷˺̄˼̉˷̉˼̖̂̌ ̄˿˾́̅˺̅ ˻˷˹̂˼̄˿̖, ̄̅ ˿ 

̆̇˿ ˿˾˺̅̉̅˹̂˼̄˿˿ ˻̇̊˺˿̌, ˸̅̂˼˼ ̈̂̅˽̄̒̌ ̔̂˼-
̃˼̄̉̅˹ ́̅̃̆̇˼̈̈̅̇̄̅˺̅ ̅˸̅̇̊˻̅˹˷̄˿̖, ̎̉̅ 

̆̅˾˹̅̂˿̉ ̊̃˼̄̓̏˿̉̓ ̔́̈̆̂̊˷̉˷̍˿̅̄̄̒˼ ˾˷̉̇˷-
̉̒ ˿ ̈̄˿˾˿̉̓ ̈̉̅˿̃̅̈̉̓ ́̅̃̆̇˼̈̈̅̇̅˹.  
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ПРИМЕНЕНИЕ ПНЕВМАТИЧЕСКИХ ЦИЛИНДРОВ  
С ВОЗВРАТНЫМИ ПРУЖИНАМИ  

В МЕХАТРОННЫХ РЕКУПЕРАТИВНЫХ ПРИВОДАХ  

˧˷̈̈̃̅̉̇˼̄̒ ˹̅̆̇̅̈̒ ˿̈̆̅̂̓˾̅˹˷̄˿̖ ̆̄˼˹̃˷̉˿̎˼̈́˿̌ ˻˹˿˺˷̉˼̂˼̀ ˹ ̆̇̊˽˿̄̄̒̌ ̆̇˿˹̅˻˷̌ ˻̖̂ ́̅̃-

̆˼̄̈˷̍˿˿ ˻˿̈̈˿̆˷̉˿˹̄̒̌ ̆̅̉˼̇̓ ˿ ̋˿́̈˷̍˿˿ ̆̇˿˹̅˻˷ ˹ ́̇˷̀̄˿̌ ̆̅̂̅˽˼̄˿̖̌ ̆̇̊˽˿̄̄̒̌ ˷́́̊̃̊-

̖̂̉̅̇̅˹. В̒˻˼̂˼̄ ́̂˷̈̈ ˾˷˻˷̎, ˻̖̂ ́̅̉̅̇̒̌ ̆̇˿ ̈̅˾˻˷̄˿˿ ̆̇̊˽˿̄̄̒̌ ̇˼́̊̆˼̇˷̉˿˹̄̒̌ ̆̇˿˹̅˻̅˹ 

˿̈̆̅̂̓˾̖̊̉̈̕ ̉̅̂̓́̅ ̆̄˼˹̃˷̉˿̎˼̈́˿˼ ̍˿̂˿̄˻̇̒ ̈ ˹̅˾˹̇˷̉̄̒̃˿ ̆̇̊˽˿̄˷̃˿. ˧˷̈̈̃̅̉̇˼̄̒ ̆̇˿̃˼-
̇̒ ˿̈̆̅̂̓˾̅˹˷̄˿̖ ̉˷́˿̌ ̆̇˿˹̅˻̅˹ ˹ ̋˷̈̅˹̅̎̄̅-̊̆˷́̅˹̅̎̄̅̃ ̅˸̅̇̊˻̅˹˷̄˿˿. ˦̇˼˻̂̅˽˼̄̅ ̆̇˿̃˼-
̖̄̉̓ ̆̄˼˹̃˷̉˿̎˼̈́˿˼ ̆̇˿˹̅˻̒ ̈ ˹̅˾˹̇˷̉̄̒̃˿ ̆̇̊˽˿̄˷̃˿ ˹ ̃˼̌˷̉̇̅̄̄̒̌ ̆̇˿˹̅˻˷̌, ̆̅̈̉̇̅˼̄̄̒̌ 

̄˷ ˸˷˾˼ ̂˿̄˼̀̄̒̌ ̆̇̊˽˿̄̄̒̌ ˷̖́́̊̃̊̂̉̅̇̅˹ ̈ ˻˹̖̊̃ ̆̇̊˽˿̄˷̃˿. ˧˷̈̈̃̅̉̇˼̄̒ ˷̂˺̅̇˿̉̃̒ ́̅̃-

̆˼̄̈˷̍˿˿ ˻˿̈̈˿̆˷̉˿˹̄̒̌ ̆̅̉˼̇̓ ˹ ̃˼̌˷̉̇̅̄̄̒̌ ̆̇˿˹̅˻˷̌. ˛̖̂ ́˷˽˻̅˺̅ ̉˿̆̅̇˷˾̃˼̇˷ ̆̄˼˹̃˷̉˿̎˼-
̈́̅˺̅ ̍˿̂˿̄˻̇˷ ̅̆̇˼˻˼̂˼̄̒ ̃˷́̈˿̃˷̂̓̄̒˼ ˾̄˷̎˼̄˿̖ ̃˷̈̈, ́̅̉̅̇̒˼ ̃̅˺̊̉ ˸̒̉̓ ̆˼̇˼̃˼̐˼̄̒ ̉˷́˿-

̃˿ ̃˼̌˷̉̇̅̄̄̒̃˿ ̆̇˿˹̅˻˷̃˿. ˛˷̄̅ ̅̆˿̈˷̄˿˼ ̈̌˼̃̒ ˻̅˾˷̉̅̇˷ ̈̒̆̊̎˿̌ ̆̇̅˻̊́̉̅˹, ̊ ́̅̉̅̇̅˺̅ 

̅˸˼̈̆˼̎˼̄˷ ̆̇̅̈̉̅̉˷ ˼˺̅ ̇˷˾˸̅̇́˿ ˿ ̈˸̅̇́˿ ˻̖̂ ̈˷̄˿̉˷̇̄̅-˺˿˺˿˼̄˿̎˼̈́̅̀ ̅˸̇˷˸̅̉́˿. ˦̇˼˻̂̅˽˼̄̅ 

˿̈̆̅̂̓˾̅˹˷̉̓ ̆̄˼˹̃˷̉˿̎˼̈́˿˼ ̍˿̂˿̄˻̇̒ ̈ ˹̅˾˹̇˷̉̄̒̃˿ ̆̇̊˽˿̄˷̃˿ ˹ ̃˼̌˷̉̇̅̄̄̒̌ ̆̇˿˹̅˻˷̌ ̈ ̇˼-
́̊̆˼̇˷̍˿˼̀ ̔̄˼̇˺˿˿ ̄˷ ˸˷˾˼ ̄˼̂˿̄˼̀̄̒̌ ̆̇̊˽˿̄̄̒̌ ˷̖́́̊̃̊̂̉̅̇̅˹. ˦̇˿˹˼˻˼̄̒ ˾˷˹˿̈˿̃̅̈̉˿ ˻̖̂ 

̅̆̇˼˻˼̂˼̄˿̖ ˻˿̈̈˿̆˷̉˿˹̄̒̌ ̆̅̉˼̇̓. 

ǪȋȞȗȅвțȅ ȑȋȎва: ̆̇̊˽˿̄̄̒̀ ̆̇˿˹̅˻, ˻˿̈̈˿̆˷̉˿˹̄̒˼ ̆̅̉˼̇˿, ̇˼́̊̆˼̇˷̍˿̖ ̔̄˼̇˺˿˿, ̆̄˼˹̃˷̉˿̎˼-
̈́˿˼ ̍˿̂˿̄˻̇̒, ˻̅˾˷̉̅̇̒, ̊̆˷́̅˹̅̎̄̒˼ ̃˷̉˼̇˿˷̂̒. 
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APPLICATION OF PNEUMATIC SPRING-RETURN CYLINDERS 
IN MECHATRONIC DRIVES WITH ENERGY RECOVERY 

We have considered the questions of using pneumatic motors in spring drives for compensating for dissi-

pative losses, fixing the drive in extreme positions of spring batteries. A class of problems has been identi-

fied in which spring drives with energy recovery are created using only pneumatic cylinders with return 
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springs. Examples of using such drives in filling and packaging equipment have been considered. We have 

proposed to make pneumatic actuators with return springs in mechatronic drives constructed on the basis 

of linear spring accumulators with two springs. We have considered algorithms for compensation of dissi-

pative losses in mechatronic drives. The maximum values of the mass which can be mixed by such mech-

atronic drives for each size of pneumatic cylinder have been determined. We have described a scheme for 

a dispenser of bulk products which is easy to disassemble and assemble for sanitary and hygienic pro-

cessing. It is proposed to use pneumatic cylinders with return springs in mechatronic drives with energy 

recovery based on nonlinear spring batteries. Dependences for determining dissipative losses have been 

given. 

Keywords: spring drive, dissipative losses, energy recovery, pneumatic cylinders, dispensers, packaging ma-

terials. 
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ВǤǧǦǧǯǪǧ 
В ˾˷˻˷̎˷̌ ˹̅˾˹̇˷̉̄̅-̆̅̈̉̊̆˷̉˼̂̓̄̅˺̅ ̆˼̇˼-

̃˼̐˼̄˿̖ ̅˸̑˼́̉̅˹ ̈ ̊̆̇˷˹̖̂˼̃̒̃ ˹̒̈̉̅˼̃ ˹ 

́̇˷̀̄˿̌ ̆̅̂̅˽˼̄˿̖̌ ̊̃˼̄̓̏˼̄˿˼ ˾˷̉̇˷̉ ̔̄˼̇-

˺˿˿ ˻̅̈̉˿˺˷˼̖̉̈ ˾˷ ̈̎˼̉ ˿̈̆̅̂̓˾̅˹˷̄˿̖ ̃˼-
̌˷̉̇̅̄̄̒̌ ̆̇̊˽˿̄̄̒̌ ̆̇˿˹̅˻̅˹ ̈ ̇˼́̊̆˼̇˷̍˿-

˼̀ ̔̄˼̇˺˿˿ [1–3]. ˞˷̉̇˷̉̒ ̔̄˼̇˺˿˿ ̃̅˺̊̉ ˸̒̉̓ 
̈̄˿˽˼̄̒ ˹ ̄˼̈́̅̂̓́̅ ̇˷˾ [4, 5]. ˩̇˷˻˿̍˿̅̄̄̅ 

̆̇̊˽˿̄̄̒̀ ̆̇˿˹̅˻ ̈̅˻˼̇˽˿̉ ̂˿̄˼̀̄̒̀ ˿̂˿ 

̄˼̂˿̄˼̀̄̒̀ ̆̇̊˽˿̄̄̒̀ ˷̖́́̊̃̊̂̉̅̇, ̈˿̈̉˼̃̊ 
̊̆̇˷˹̂˼̄˿̖, ̊̆̇˷˹̖̂˼̃̒˼ ̋˿́̈˷̉̅̇̒ ˿ ˻˹˿˺˷-
̉˼̂̓ ˻̖̂ ́̅̃̆˼̄̈˷̍˿˿ ˻˿̈̈˿̆˷̉˿˹̄̒̌ ̆̅̉˼̇̓ 
[6, 7]. В ˺˿˻̇˷˹̂˿̎˼̈́˿̌ ̆̇˿˹̅˻˷̌ ̅̉̆˷˻˷˼̉ 
̄˼̅˸̌̅˻˿̃̅̈̉̓ ˿̈̆̅̂̓˾̅˹˷̄˿̖ ̊̆̇˷˹̖̂˼̃̒̌ 
̋˿́̈˷̉̅̇̅˹, ̄̅ ̉˷́˿˼ ̆̇˿˹̅˻̒ ̍˼̂˼̈̅̅˸̇˷˾̄̅ 

̆̇˿̃˼̖̄̉̓ ˻̖̂ ̆˼̇˼̃˼̐˼̄˿̖ ˿˾˻˼̂˿̀ ̈ ̃˷̈̈˷̃˿ 

˸̅̂˼˼ 1000 ́˺ ̆̇˿ ̄˼˹̒̈̅́̅̃ ˸̒̈̉̇̅˻˼̀̈̉˹˿˿. 

˟̈̆̅̂̓˾̅˹˷̄˿˼ ̔̂˼́̉̇̅˻˹˿˺˷̉˼̂˼̀ ˻̖̂ ́̅̃̆˼̄-

̈˷̍˿˿ ˻˿̈̈˿̆˷̉˿˹̄̒̌ ̆̅̉˼̇̓ ̄˷ ˹̈˼̃ ̖̆̇̅̉˽˼-
̄˿˿ ̆˼̇˼̃˼̐˼̄˿̖ ̅˺̇˷̄˿̎˿˹˷˼̖̉̈ ˸̒̈̉̇̅˻˼̀-

̈̉˹˿˼̃, ̉˷́ ́˷́ ̆̇˿ ˹̒̈̅́̅̃ ˸̒̈̉̇̅˻˼̀̈̉˹˿˿ 

˹̅˾̇˷̈̉˷˼̉ ̃̅̐̄̅̈̉̓ ˻˹˿˺˷̉˼̖̂ ˿ ̉̇˼˸̖̊̉̈̕ ̆˼-
̇˼˻˷̎˿ ̈ ˸̅̂̓̏˿̃ ̆˼̇˼˻˷̉̅̎̄̒̃ ̎˿̈̂̅̃ [1]. 

˦̇˿ ˹̒̈̅́̅̃ ˸̒̈̉̇̅˻˼̀̈̉˹˿˿ ̆̇˼˻̆̅̎̉˿̉˼̂̓-
̄̅ ̆̇˿̃˼̖̄̉̓ ̆̄˼˹̃˷̉˿̎˼̈́˿˼ ̍˿̂˿̄˻̇̒, 

̅˸˼̈̆˼̎˿˹˷̐̕˿˼ ́̅̃̆˼̄̈˷̍˿̕ ˻˿̈̈˿̆˷̉˿˹̄̒̌ 
̆̅̉˼̇̓, ̋˿́̈˷̍˿̕ ˹̒̌̅˻̄̅˺̅ ˾˹˼̄˷ ˹ ́̇˷̀̄˿̌ 
̆̅̂̅˽˼̄˿̖̌ ˿ ̇˷˸̅̉̊ ̆̇˿ ̉˼̌̄̅̂̅˺˿̎˼̈́˿̌ 
̄˷˺̇̊˾́˷̌ [4].  

˭˼̂̓ ̄˷̏˼̀ ̇˷˸̅̉̒ – ˿̈̈̂˼˻̅˹˷̄˿˼ ̆̄˼˹-

̃˷̉˿̎˼̈́˿̌ ˻˹˿˺˷̉˼̂˼̀ ˹ ̆̇̊˽˿̄̄̒̌ ̆̇˿˹̅˻˷̌ 

˻̖̂ ́̅̃̆˼̄̈˷̍˿˿ ˻˿̈̈˿̆˷̉˿˹̄̒̌ ̆̅̉˼̇̓ ˿ 

̋˿́̈˷̍˿˿ ̆̇˿˹̅˻˷ ˹ ́̇˷̀̄˿̌ ̆̅̂̅˽˼̄˿̖̌ 

̆̇̊˽˿̄̄̒̌ ˷̖́́̊̃̊̂̉̅̇̅˹. 

В ̇˷˸̅̉˼ ̇˷̈̈̃˷̉̇˿˹˷̖̉̈̕ ̃˼̌˷̉̇̅̄̄̒˼ 
̆̇˿˹̅˻̒ ̈ ̇˼́̊̆˼̇˷̍˿˼̀ ̔̄˼̇˺˿˿, ̆̅̈̉̇̅˼̄-

̄̒˼ ̄˷ ˸˷˾˼ ̆̄˼˹̃˷̉˿̎˼̈́˿̌ ̍˿̂˿̄˻̇̅˹ ̈ ˹̅˾-
˹̇˷̉̄̒̃˿ ̆̇̊˽˿̄˷̃˿ [13–15]. ˥˸̒̎̄̅ ̉˷́˿˼ 
̍˿̂˿̄˻̇̒ ˿̈̆̅̂̓˾̖̊̉̈̕ ˹ ̆̇˿˹̅˻˷̌ ̈ ̅˻̄̅-

̈̉̅̇̅̄̄˼̀ ̄˷˺̇̊˾́̅̀. 

В ̉˷˸̂. 1 ̆̇˼˻̈̉˷˹̂˼̄̒ ̌˷̇˷́̉˼̇˿̈̉˿́˿ 

̆̄˼˹̃˷̉˿̎˼̈́˿̌ ̍˿̂˿̄˻̇̅˹ ̈ ˹̅˾˹̇˷̉̄̒̃˿ 

̆̇̊˽˿̄˷̃˿ ˿̉˷̖̂̓̄̈́̅̀ ̋˿̇̃̒ Pnevmax. 

ǎǧǴоǦǽ ǪǳǳǭǧǦоǤǢǯǪȁ 

˥˸̑˼́̉̅̃ ˿̈̈̂˼˻̅˹˷̄˿̖ ̖˹̖̖̂̉̈̕ ̆̄˼˹̃˷-
̉˿̎˼̈́˿˼ ̍˿̂˿̄˻̇̒ ̈ ˹̅˾˹̇˷̉̄̒̃˿ ̆̇̊˽˿̄˷̃˿, 

̆̇˿̃˼̖̄˼̃̒˼ ˹ ̆̇˿˹̅˻˷̌ ̈ ̅˻̄̅̈̉̅̇̅̄̄˼̀ 

̄˷˺̇̊˾́̅̀, ˺˻˼ ˹̅˾˹̇˷̉̄̒˼ ̆̇̊˽˿̄̒ ̅˸˼̈̆˼̎˿-

˹˷̉̕ ̆˼̇˼̃˼̐˼̄˿˼ ̇˷˸̅̎˼˺̅ ̅̇˺˷̄˷ ˹ ˿̈̌̅˻̄̅˼ 
̆̅̂̅˽˼̄˿˼. ˦̅̈́̅̂̓́̊ ˹ ̔̉˿̌ ̆̄˼˹̃˷̉˿̎˼̈́˿̌ 
̍˿̂˿̄˻̇˷̌ ̆̇˿̈̊̉̈̉˹̊̉̕ ̔̂˼̃˼̄̉̒, ̄˼̅˸̌̅˻˿-

̃̒˼ ˿ ˻̅̈̉˷̉̅̎̄̒˼ ˻̖̂ ̇˼˷̂˿˾˷̍˿˿ ̃˼̌˷̉̇̅̄̄̒̌ 
̆̇̊˽˿̄̄̒̌ ̆̇˿˹̅˻̅˹ ̈ ̇˼́̊̆˼̇˷̍˿˼̀ ̔̄˼̇˺˿˿, 

̉̅ ̆̅̈̉˷˹̂˼̄˷ ˾˷˻˷̎˷: ˹̒̆̅̂̄˿̉̓ ˷̄˷̂˿˾ ̌˷̇˷́-

̉˼̇˿̈̉˿́ ̆̄˼˹̃˷̉˿̎˼̈́˿̌ ̍˿̂˿̄˻̇̅˹ ˿ ̈˿̄̉˼˾ 
̃˼̌˷̉̇̅̄̄̒̌ ̆̇̊˽˿̄̄̒̌ ̆̇˿˹̅˻̅˹ ̈ ̍˼̂̓̕ 

̊̆̇̅̈̉˿̉̓ ˿̌ ́̅̄̈̉̇̊́̍˿˿, ̆̅˹̒̈˿̉̓ ̄˷˻˼˽-

̄̅̈̉̓ ˿ ̈̄˿˾˿̉̓ ˾˷̉̇˷̉̒ ̄˷ ̆̇̅˼́̉˿̇̅˹˷̄˿˼. 
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˩ ˷ ˸ ̂ ˿ ̍ ˷  1  

ХǢǲǢǬǴǧǲǪǳǴǪǬǪ ǱǯǧǤмǢǴǪǹǧǳǬǪǷ ǸǪǭǪǯǦǲоǤ  

ǳ ǤоǩǤǲǢǴǯǽмǪ ǱǲǵǨǪǯǢмǪ  

ǪǴǢǭǾȁǯǳǬоǫ ǶǪǲмǽ Pnevmax 

T a b l e  1  

Characteristics of pneumatic cylinders with return springs 

of the Italian company Pnevmax 

˛˿˷̃˼̉̇ 

̖̆̅̇̏̄, ̃̃ 

ˬ˷̇˷́̉˼̇˿̈̉˿́˿ ̍˿˿̄˻̇̅˹
F̄, ˤ FК, ˤ c, ˤ/̃

ǬȈȊȐȎȖȈȋȈȍȄȐț ȑȅȐȈȈ ISO 6431-1260 (ȕȎȄ 0–40 ȌȌ)

ø 12 9,9 26,5 415

ø 16 10,8 22,6 295

ø 20 10,8 22,6 295

ø 25 7,9 49,1 1030

ø 32 19,7 53,0 832,5

ø 40 39,3 106,0 1667,5

ø 50 39,3 106,0 1667,5

ǬȈȊȐȎȖȈȋȈȍȄȐț ȑȅȐȈȈ ISO 6431-1280 «MIR»  

(ȕȎȄ 0–50 ȌȌ) 

ø 8 2,2 4,2 40

ø 10 2,2 4,2 40

ø 12 4,0 8,7 94

ø 16 7,5 21,0 270

ø 20 11,0 22,0 220

ø 25 16,5 30,7 284

ø 32 23,0 52,5 590

ǶȈȋȈȍȄȐț ȑȅȐȈȈ ISO 15552-1319-20-21  

(ȕȎȄ 0–50 ȌȌ) 

ø 32 17,2 41,7 490

ø 40 24,6 83,4 1176

ø 50 51,0 114,8 1276

ø 63 51,0 114,8 1276

ø 80 98,1 194,2 1922

ø 100 98,1 194,2 1922

ǪȎȌȏаȊȒȍțȅ ȖȈȋȈȍȄȐț «ЕвȐȎȏа» (ȕȎȄ 0–25 ȌȌ) 

ø 12 3,9 9,3 216

ø 16 4,4 17,7 532

ø 20 4,9 18,1 528

ø 25 9,8 25,5 628

ø 32 12,3 34,3 880

ø 40 16,7 44,1 1096

ø 50 27,5 51,0 940

ø 63 37,3 63,8 1060

ø 80 59,4 99,4 1600

ø 100 101,3 141,9 1624

˦ ̇ ˿ ̃ ˼ ̎ ˷ ̄ ˿ ˼ : F̄ – ̄˷̎˷̂̓̄̅˼ ̊̈˿̂˿˼, ̆̇˿ ˹̖̒̉-

̄̊̉̅̃ ̏̉̅́˼; F́ – ̃˷́̈˿̃˷̂̓̄̅˼ ̊̈˿̂˿˼, ̆̇˿ ˹̖̉̄̊̉̅̃ 

̏̉̅́˼ ̆̇̊˽˿̄˼; c – ˽˼̈̉́̅̈̉̓ ̆̇̊˽˿̄̒.  

˦̅̈̉̇̅˼̄˿˼ ̆̇̊˽˿̄̄̒̌ ̆̇˿˹̅˻̅˹ ̈ ̇˼́̊-

̆˼̇˷̍˿˼̀ ̔̄˼̇˺˿˿ ˹̅˾̃̅˽̄̅ ̄˷ ̅̈̄̅˹˼ ̂˿-

̄˼̀̄̅˺̅ ̆̇̊˽˿̄̄̅˺̅ ˷̖́́̊̃̊̂̉̅̇˷ ̈ ˻˹̖̊̃ 

̆̇̊˽˿̄˷̃˿, ̈̌˼̃˷ ́̅̉̅̇̅˺̅ ̆̇˼˻̈̉˷˹̂˼̄˷ ̄˷ 

̇˿̈. 1. 

˘˼˾ ̊̎˼̉˷ ˻˿̈̈˿̆˷̉˿˹̄̒̌ ̆̅̉˼̇̓ ̇˷̈-

̈̃˷̉̇˿˹˷˼̃̒̀ ̆̇̊˽˿̄̄̒̀ ̆̇˿˹̅˻ ̆̇˼˻-

̈̉˷˹̖̂˼̉ ̈̅˸̅̀ ́̅̄̈˼̇˹˷̉˿˹̄̒̀ ̂˿̄˼̀̄̒̀ 

̅̈̍˿̖̂̂̉̅̇ ̈ ̎˷̈̉̅̉̅̀ ́̅̂˼˸˷̄˿̖, ̄˼ ˾˷˹˿̖̈-

̐˼̀ ̅̉ ˷̃̆̂˿̉̊˻̒, ̆̅̔̉̅̃̊ ́ ̄˼̃̊ ̆̇˿̃˼̄˿-

̃̒ ˹̈˼ ˾˷˹˿̈˿̃̅̈̉˿, ˿̈̆̅̂̓˾̊˼̃̒˼ ˻̖̂ ̂˿-

̄˼̀̄̒̌ ̅̈̍˿̖̂̂̉̅̇̅˹ [5, 7]. ˩˷́˷̖ ́̅̄̋˿˺̊-

̇˷̍˿̖ ̆̇˿˹̅˻˷ ̆̅˾˹̖̅̂˼̉ ̆̇̅˺̇˷̃̃̄̒̃ ̈̆̅-

̈̅˸̅̃ ̅̇˺˷̄˿˾̅˹˷̉̓ ˹ ̈̅̅̉˹˼̉̈̉˹˿˿ ̈ ̉˼̅-

̇˼̃̅̀ ˴̇˿ ̂̕˸̅̀ ˹̅˾̃̅˽̄̒̀ ˹˷̇˿˷̄̉ ˹́̂̕-

̎˼̄˿̖ ̆̄˼˹̃˷̉˿̎˼̈́˿̌ ̍˿̂˿̄˻̇̅˹ ˹ ̇˷˸̅̉̊ 

˻̖̂ ́̅̃̆˼̄̈˷̍˿˿ ˻˿̈̈˿̆˷̉˿˹̄̒̌ ̆̅̉˼̇̓, 

˷  ˿̃˼̄̄̅: 

˹ ̄˷̎˷̂˼ ̌̅˻˷; 
̄˷ ˹̈˼̃ ̆˼̇˼̃˼̐˼̄˿˿ ̇˷˸̅̎˼˺̅ ̅̇˺˷̄˷; 
˹ ̄˷̎˷̂˼ ˿ ˹ ́̅̄̍˼ ̌̅˻˷ (˹ ̈˼̇˼˻˿̄˼ ˽˼ ̌̅˻˷ 

̆̅̂̅̈̉˿ ̍˿̂˿̄˻̇̅˹ ̈̅˼˻˿̖̖̄̉̈̕ ̈ ˷̉̃̅̈̋˼-
̇̅̀); 

˹́̂̎̕˼̄˿˼ ̈̅̅̉˹˼̉̈̉˹̊̐̕˼˺̅ ̆̄˼˹̃˷̉˿̎˼-
̈́̅˺̅ ̍˿̂˿̄˻̇˷ ̉̅̂̓́̅ ˹ ́̅̄̍˼ ̌̅˻˷. 

ˤ˷ ̇˿̈. 2 ̆̇˼˻̈̉˷˹̂˼̄̅ ˺̇˷̋˿̎˼̈́̅˼ ˿˾̅˸-

̇˷˽˼̄˿˼ ̉˼̅̇˼̃̒ ˴̇˿. 

˩˷́ ́˷́ ̉˼̅̇˼̃˷ ˸̒̂˷ ̈̋̅̇̃̊̂˿̇̅˹˷̄˷ 

˺̅̂̂˷̄˻̈́˿̃ ̃˷̉˼̃˷̉˿́̅̃ ˴̇˿ ̆̇˿ ˿̈̈̂˼˻̅-

˹˷̄˿˿ ̎˷̈̅˹̒̌ ̃˼̌˷̄˿˾̃̅˹, ̉̅ ˹ ̔̆̅̌̊ ̎˿̈̉̅̀ 

̃˼̌˷̄˿́˿ ́̅̄̈̉̇̊́̉˿˹̄̅ ̆̇̅̐˼ ˸̒̂̅ ̆̅˻˷-

˹˷̉̓ ́̅̃̆˼̄̈˷̍˿̅̄̄̅˼ ˹̅˾˻˼̀̈̉˹˿˼ ̆̇˿ ̆̇̅-

̌̅˽˻˼̄˿˿ ̈̇˼˻̄˼˺̅ ̆̅̂̅˽˼̄˿̖, ˹ ̄˷̎˷̂˼ ˿̂˿ 

́̅̄̍˼ ̌̅˻˷. В ̈̂̊̎˷˼ ́̅̄̈̉̇̊́̉˿˹̄̒̌ ̇˼̏˼-
̄˿̀ ̈ ̄˼̂˿̄˼̀̄̒̃˿ ̆̇̊˽˿̄̄̒̃˿ ˷̖́́̊̃̊̂-

̉̅̇˷̃˿ ̆̅˻˷̎˷ ́̅̃̆˼̄̈˷̍˿̅̄̄̅˺̅ ˿̃̆̊̂̓̈˷ ˹ 

̈̇˼˻̄˼̃ ̆̅̂̅˽˼̄˿˿ ˹̒̌̅˻̄̅˺̅ ˾˹˼̄˷ ̄˼˹̅˾-
̃̅˽̄˷. ˥˻̄˷́̅ ̃˼̌˷̉̇̅̄̄̒˼ ̆̇˿̄̍˿̆̒ ̆̇̅-

˼́̉˿̇̅˹˷̄˿̖ ̆̅˾˹̖̅̂̉̕ ˹̒̆̅̂̄˿̉̓ ́̅̃̆˼̄-

̈˷̍˿̕ ˻˿̈̈˿̆˷̉˿˹̄̒̌ ̆̅̉˼̇̓ ̆̅ ̂̕˸̅̃̊ ˾˷-

́̅̄̊, ˼̈̂˿ ̔̉̅ ̄˼ ̆̇̅̉˿˹̅̇˼̎˿̉ ˹̅˾̃̅˽̄̒̃ 

́̅̄̈̉̇̊́̉˿˹̄̒̃ ̅˺̇˷̄˿̎˼̄˿̖̃, ̄˷̆̇˿̃˼̇ 

̆̇˿ ˿̈̆̅̂̓˾̅˹˷̄˿˿ ̄˼̂˿̄˼̀̄̒̌ ̆̇̊˽˿̄̄̒̌ 

˷̖́́̊̃̊̂̉̅̇̅˹ [4]. 
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˧˿̈. 1. ˨̌˼̃˷ ̂˿̄˼̀̄̅˺̅ ̆̇̊˽˿̄̄̅˺̅ ˷̖́́̊̃̊̂̉̅̇˷ ̈ ˻˹̖̊̃ ̆̇̊˽˿̄˷̃˿ ̈˽˷̉˿̖ 

Fig. 1. Diagram of a linear spring battery with two compression springs 

 

 
 

˧˿̈. 2. ˚̇˷̋˿̎˼̈́̅˼ ˿˾̅˸̇˷˽˼̄˿˼ ̉˼̅̇˼̃̒ ˴̇˿ 

Fig. 2. Graphic representation of the Erie theorem 
 

˥̆̇˼˻˼̂˿̃ ̅˸̂˷̈̉̓ ̆̇˿̃˼̄˼̄˿̖ ̆̇˼˻̈̉˷˹-

̂˼̄̄̒̌ ˹ ̉˷˸̂. 1 ̆̄˼˹̃˷̉˿̎˼̈́˿̌ ̍˿̂˿̄˻̇̅˹ ̈ 

˹̅˾˹̇˷̉̄̒̃˿ ̆̇̊˽˿̄˷̃˿ ˹ ̃˼̌˷̉̇̅̄̄̒̌ ̇˼́̊-

̆˼̇˷̉˿˹̄̒̌ ̆̇˿˹̅˻˷̌, ̆̅̈̉̇̅˼̄̄̒̌ ̈ ˿̈̆̅̂̓-

˾̅˹˷̄˿˼̃ ̈̌˼̃̒ ̂˿̄˼̀̄̅˺̅ ̆̇̊˽˿̄̄̅˺̅ ˷́́̊-

̖̃̊̂̉̅̇˷ ̈ ˻˹̖̊̃ ̆̇̊˽˿̄˷̃˿. 

˛̖̂ ̂˿̄˼̀̄̅˺̅ ̆̇̊˽˿̄̄̅˺̅ ˷̖́́̊̃̊̂̉̅̇˷ 

̈ ˻˹̖̊̃ ̆̇̊˽˿̄˷̃˿ ˸˼˾ ̊̎˼̉˷ ˻˿̈̈˿̆˷̉˿˹̄̒̌ 
̆̅̉˼̇̓ ˹̇˼̖̃ ̆˼̇˼̃˼̐˼̄˿̖ ̇˷˸̅̎˼˺̅ ̅̇˺˷̄˷ ˿˾ 
̅˻̄̅˺̅ ́̇˷̀̄˼˺̅ ̆̅̂̅˽˼̄˿̖ ˹ ˻̇̊˺̅˼ ̅̆̇˼˻˼-
̖̂˼̖̉̈ ˹̒̇˷˽˼̄˿˼̃ 

 π / 2 .t m c  (1) 

˛̖̂ ̆̇̊˽˿̄̄̅˺̅ ˷̖́́̊̃̊̂̉̅̇˷ ̆̇˿ ˿̈-
̆̅̂̓˾̅˹˷̄˿˿ ̆̄˼˹̃˷̉˿̎˼̈́˿̌ ̍˿̂˿̄˻̇̅˹ ̈ 

˹̅˾˹̇˷̉̄̒̃˿ ̆̇̊˽˿̄˷̃˿ ˹˼̂˿̎˿̄˷ ̆̇˼˻˹˷̇˿-

̉˼̂̓̄̅˺̅ ̈˽˷̉˿̖ ̅̆̇˼˻˼̖̂˼̖̉̈ ̈̂˼˻̊̐̕˿̃ ˹̒-

̇˷˽˼̄˿˼̃: 

 
min ̄ ./L F c h 

 

(2)

 ˩̅˺˻˷ ̃˿̄˿̃˷̂̓̄˷̖ ̆̅̉˼̄̍˿˷̂̓̄˷̖ ̔̄˼̇-

˺˿̖ ̆̇̊˽˿̄̒ ̇˷˹̄˷ 

 

2
min ̄˦ 0,5 / .F c

 

(3)

 ˣ˷́̈˿̃˷̂̓̄˷̖ ̆̅̉˼̄̍˿˷̂̓̄˷̖ ̔̄˼̇˺˿̖ 

̆̇̊˽˿̄̒ ̇˷˹̄˷ 

  2

max min0, .5ǯ c S L   (4)

 В˹˼˻˼̃ ̖̆̅̄̉˿˼ ̔̋̋˼́̉˿˹̄̅̀ ̆̅̉˼̄̍˿˷̂̓-
̄̅̀ ̔̄˼̇˺˿˿ ˦̔̋, ̇˷˹̄̅̀ ̇˷˾̄̅̈̉˿ ̃˷́̈˿̃˷̂̓-
̄̅̀ ˿ ̃˿̄˿̃˷̂̓̄̅̀ ̆̅̉˼̄̍˿˷̂̓̄̒̌ ̔̄˼̇˺˿̀: 

 
2

̔̋ max min min0,5c .( S )ǯ ǯ ǯ S L     (5)

 

S

S

S

S

t 

t 

t = T/2 

t = T/2 
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˧˿̈. 3. ˚̇˷̋˿́˿ ˿˾̃˼̄˼̄˿̖ ̃˷́̈˿̃˷̂̓̄̅̀ ̃˷̈̈̒ ̆˼̇˼̃˼̐˷˼̃̅̀ ̄˷˺̇̊˾́˿ m  

̅̉ ˾˷˻˷̄̄̅˺̅ ˹̇˼̃˼̄˿ ̆˼̇˼̃˼̐˼̄˿̖ t ˻̖̂ ̆̄˼˹̃̅̍˿̂˿̄˻̇̅˹ ̇˷˾̄̒̌ ̈˼̇˿̀ 

Fig. 3. Graphs of changes in the mass of the load m from a given time of movement t  

 

˥̄˷ ̆̅˾˹̖̅̂˼̉ ̅̆̇˼˻˼̂˿̉̓ ̃˷́̈˿̃˷̂̓̄̊̕ ̈́̅-

̇̅̈̉̓ ́˷̇˼̉́˿ ˹ ̈̇˼˻̄˼̃ ̆̅̂̅˽˼̄˿˿: 

 max ̔̋2 ./x ǯ m&  (6)

 

˟˾ ̊̇˷˹̄˼̄˿̖ (1) ̃̅˽̄̅ ̅̆̇˼˻˼̂˿̉̓ ̃˷́-

̈˿̃˷̂̓̄̊̕ ̃˷̈̈̊, ˹ ˾˷˹˿̈˿̃̅̈̉˿ ̅̉ ˾˷˻˷̄̄̅˺̅ 

˹̇˼̃˼̄˿ ̆˼̇˼̃˼̐˼̄˿̖ t.

 

ˤ˷ ̇˿̈. 3 ̆̇˼˻̈̉˷˹̂˼̄̒ ˾˷˹˿̈˿̃̅̈̉˿ ̃˷́̈˿-

̃˷̂̓̄̅̀ ̃˷̈̈̒ m ̄˷˺̇̊˾́˿, ́̅̉̅̇̊̕ ̃̅˽̄̅ ̆˼-
̇˼̃˼̈̉˿̉̓ ̅̉ ˾˷˻˷̄̄̅˺̅ ˹̇˼̃˼̄˿ ̆˼̇˼̃˼̐˼̄˿̖ t. 

ˣ˼̌˷̉̇̅̄̄̒̀ ̆̇˿˹̅˻ ̈ ̇˼́̊̆˼̇˷̍˿˼̀ ̔̄˼̇-

˺˿˿, ̇˷˾̇˷˸̅̉˷̄̄̒̀ ̄˷ ́˷̋˼˻̇˼ ˷˹̉̅̃˷̉̅˹ 

˨˷̄́̉-˦˼̉˼̇˸̊̇˺̈́̅˺̅ ̆̅̂˿̉˼̌̄˿̎˼̈́̅˺̅ ̊̄˿-

˹˼̇̈˿̉˼̉˷ ˦˼̉̇˷ В˼̂˿́̅˺̅, ̆̅̈̉̇̅˼̄̄̒̀ ̈ ̆̇˿-

̃˼̄˼̄˿˼̃ ̉˷́˿̌ ̍˿̂˿̄˻̇̅˹ ˿ ̇˼˷̂˿˾̅˹˷̄̄̒̀ 

̆̅ ̈̌˼̃˼ ̂˿̄˼̀̄̅˺̅ ̆̇̊˽˿̄̄̅˺̅ ˷̖́́̊̃̊̂̉̅̇˷ 
c ˻˹̖̊̃ ̆̇̊˽˿̄˷̃˿ (̈̃. ̇˿̈. 1), ̇˷̈̈̃˷̉̇˿˹˷˼̉-
̖̈ ̄˷ ̆̇˿̃˼̇˼ ̆̇˿˹̅˻˷ ̏˿˸˼̇̄̅˺̅ ˻̅˾˷̉̅̇˷. 
˨̌˼̃˷ ̆̅̈̂˼˻̄˼˺̅ ̆̇˼˻̈̉˷˹̂˼̄˷ ̄˷ ̇˿̈. 4. 

˟˾ ̈̅̅˸̇˷˽˼̄˿̀ ̊˻̅˸̈̉˹˷ ˼˽˼˻̄˼˹̄̅̀ ̈˷̄˿-

̉˷̇̄̅-˺˿˺˿˼̄˿̎˼̈́̅̀ ̅˸̇˷˸̅̉́˿ ˻̅˾˷̉̅̇˷ ̆̇˿-

̃˼̄˼̄̒ ˻˹˷ ̆̄˼˹̃˷̉˿̎˼̈́˿̌ ̍˿̂˿̄˻̇˷ ̈ ˹̅˾-
˹̇˷̉̄̒̃˿ ̆̇̊˽˿̄˷̃˿. ˯˿˸˼̇ ̇˷̈̆̅̂̅˽˼̄ ̃˼˽-

˻̊ ̏̉̅́˷̃˿ ̍˿̂˿̄˻̇̅˹, ˿ ̄˼ ̉̇˼˸̊˼̖̉̈ ̈̅˼˻˿̄˿-

̉˼̂̓̄̒̌ ̔̂˼̃˼̄̉̅˹ ̃˼˽˻̊ ̏̉̅́˷̃˿ ˿ ̏˿˸˼̇̅̃. 

˛̖̂ ̆̅˻́̂̎̕˼̄˿̖ ˸˼̈̏̉̅́̅˹̒̌ ̆̅̂̅̈̉˼̀ ́ ˿̈-
̉̅̎̄˿́̊ ̈˽˷̉̅˺̅ ˹̅˾˻̊̌˷ ̈ ̍˼̂̓̕ ́̅̃̆˼̄̈˷̍˿˿ 

˻˿̈̈˿̆˷̉˿˹̄̒̌ ̆̅̉˼̇̓ ˿̂˿ ̋˿́̈˷̍˿˿ ̇˷˸̅̎˼˺̅ 

̅̇˺˷̄˷ ˹ ́̇˷̀̄˿̌ ̆̅̂̅˽˼̄˿̖̌ ˿̈̆̅̂̓˾̊˼̖̉̈ ̇˷̈-
̆̇˼˻˼̂˿̉˼̂̓ 5/3, ̊ ́̅̉̅̇̅˺̅ ˹ ̄˼̀̉̇˷̂̓̄̅̃ ̆̅-

̂̅˽˼̄˿˿ ̆̅̂̅̈̉˿ ̆̄˼˹̃˷̉˿̎˼̈́˿̌ ̍˿̂˿̄˻̇̅˹ 

̈̅˼˻˿̄˼̄̒ ̈ ˷̉̃̅̈̋˼̇̅̀. В ˻̅˾˷̉̅̇˼ ˿̈̆̅̂̓˾̅-

˹˷̄̒ ̆̄˼˹̃˷̉˿̎˼̈́˿˼ ̍˿̂˿̄˻̇̒ ̋˿̇̃̒ 

˦̄˼˹̃˷́̈ (˟̉˷̂˿̖) ̈ ˻˿˷̃˼̉̇̅̃ ̖̆̅̇̏̄ 16 ̃̃, 

̌̅˻̅̃ ̏̉̅́˷ 25 ̃̃ ˿ ˽˼̈̉́̅̈̉̓̕ ̆̇̊˽˿̄̒ 

295 ˤ/̃ (̈̃. ̉˷˸̂. 1). ˦̇˿ ̃˷̈̈˼ ̏˿˸˼̇˷ 0,7 ́˺ 
˹̇˼̖̃ ̆˼̇˼̃˼̐˼̄˿̖ t ˿˾ ̅˻̄̅˺̅ ́̇˷̀̄˼˺̅ ̆̅-

̂̅˽˼̄˿̖ ˹ ˻̇̊˺̅˼ ̇˷˹̄̅ 0,11 ̈. ˦̇˿ ˿̈̆̅̂̓˾̅-

˹˷̄˿˿ ́̅̃̆˷́̉̄̅˺̅ ̍˿̂˿̄˻̇˷ «˜˹̇̅̆˷» ̈ ̉˷-
́˿̃ ˽˼ ˻˿˷̃˼̉̇̅̃ ̖̆̅̇̏̄ ˿ ̈ ˽˼̈̉́̅̈̉̓̕
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˧˿̈. 4. ˣ˼̌˷̉̇̅̄̄̒̀ ̆̇˿˹̅˻ ̏˿˸˼̇̄̅˺̅ ˻̅˾˷̉̅̇˷: 
1 – ̆̄˼˹̃˷̉˿̎˼̈́˿˼ ̍˿̂˿̄˻̇̒ ̈ ˹̅˾˹̇˷̉̄̒̃˿ ̆̇̊˽˿̄˷̃˿; 2 – ́̅̇̆̊̈ ˻̅˾˷̉̅̇˷;  

3 – ̆̄˼˹̃˷̉˿̎˼̈́˿̀ ̇˷̈̆̇˼˻˼̂˿̉˼̂̓ 5/3; 4 – ˸̂̅́ ̆̅˻˺̅̉̅˹́˿ ˹̅˾˻̊̌˷; 5 – ̇˼˺̊̂˿̇̊˼̃̒˼  
˻̇̅̈̈˼̂˿; 6 – ˻˷̉̎˿́˿ ̆̅̂̅˽˼̄˿̖; 7 – ́̂˷̆˷̄ ˸̒̈̉̇̅˺̅ ˹̒̌̂̅̆˷; 8 – ˺̂̊̏˿̉˼̂̓; 9 – ̏˿˸˼̇ 

Fig. 4. Mechatronic drive of the gate dosing^ 

1 – pneumatic cylinders with return springs; 2 – body of dosing; 3 – pneumatic distributor 5/3;  

4 – air preparation unit; 5 – adjustable throttles; 6 –position sensors; 7 – quick exhaust valve;  

8 – silencer; 9 – gate 

 

̆̇̊˽˿̄̒ 532 ˤ/̃ (̈̃. ̉˷˸̂. 1) ˹̇˼̖̃ t c̅̈̉˷˹˿̉ 
0,09 ̈. ˥̈̅˸˼̄̄̅̈̉̓̕ ̇˷˾̇˷˸̅̉˷̄̄̅˺̅ ̆̇˿˹̅˻˷ 

̖˹̖̂˼̖̉̈ ̇˼˽˿̃ ̇˷˸̅̉̒ ̈ ̄̊̂˼˹̅̀ ̈́̅̇̅̈̉̓̕ 

̆̇˿ ̆̅˾˿̍˿̅̄˿̇̅˹˷̄˿˿ ˹ ́̇˷̀̄˿̌ ̆̅̂̅˽˼̄˿-

̖̌. ˥˻̄˷́̅ ̈̂˼˻̊˼̉ ̅̉̃˼̉˿̉̓ ̊˹˼̂˿̎˼̄̄̒̀ ˺˷-
˸˷̇˿̉ ̆̇˿˹̅˻˷ ˹˻̅̂̓ ̇˷˸̅̎˿̌ ˻˹˿˽˼̄˿̀ ̏˿˸˼-
̇˷, ́̅̉̅̇̒̀ ˾˷˹˿̈˿̉ ̅̉ ̂˿̄˼̀̄̒̌ ̇˷˾̃˼̇̅˹ 

̏˿˸˼̇˷, ˿̈̆̅̂̓˾̅˹˷̄˿̖ ˻˹̊̌ ̍˿̂˿̄˻̇̅˹ ˿ ̅˸̊-

̈̂̅˹̂˼̄ ̄˼̅˸̌̅˻˿̃̅̈̉̓̕ ̆˼̇˿̅˻˿̎˼̈́̅̀ ̈˷-
̄˿̉˷̇̄̅-˺˿˺˿˼̄˿̎˼̈́̅̀ ̅˸̇˷˸̅̉́˿ ˻̅˾˷̉̅̇˷.  

˧˷̈̈̃̅̉̇˿̃ ˹̅˾̃̅˽̄̅̈̉̓ ̆̇˿̃˼̄˼̄˿̖ 

̆̄˼˹̃˷̉˿̎˼̈́˿̌ ̍˿̂˿̄˻̇̅˹ ̈ ˹̅˾˹̇˷̉̄̒̃˿ 

̆̇̊˽˿̄˷̃˿ ˹ ̃˼̌˷̉̇̅̄̄̒̌ ̆̇̊˽˿̄̄̒̌ ̇˼́̊-

̆˼̇˷̉˿˹̄̒̌ ̆̇˿˹̅˻˷̌, ̆̅̈̉̇̅˼̄̄̒̌ ̄˷ ˸˷˾˼ 
̄˼̂˿̄˼̀̄̅˺̅ ̆̇̊˽˿̄̄̅˺̅ ˷̖́́̊̃̊̂̉̅̇˷ [5]. 

˨̌˼̃˷ ̄˼̂˿̄˼̀̄̅˺̅ ̆̇̊˽˿̄̄̅˺̅ ˷̖́́̊̃̊̂-

̉̅̇˷ ̆̇˿˹˼˻˼̄˷ ̄˷ ̇˿̈. 5.  

В ̇˷˸̅̉˼ [5] ̆̅́˷˾˷̄̅, ̎̉̅ ̆̇̊˽˿̄̄̒̀ ˷́-

̖́̊̃̊̂̉̅̇ ̆̇˼˹̇˷̐˷˼̖̉̈ ˹ ̂˿̄˼̀̄̒̀ ˺˷̇̃̅-

̄˿̎˼̈́˿̀ ̅̈̍˿̖̂̂̉̅̇ ˿ ˹̇˼̖̃ ˻˹˿˽˼̄˿̖ ˿˾ 
̅˻̄̅˺̅ ́̇˷̀̄˼˺̅ ̆̅̂̅˽˼̄˿̖ ˹ ˻̇̊˺̅˼ ̅̆̇˼˻˼-

̖̂˼̖̉̈ ̊̇˷˹̄˼̄˿˼̃ (1), ˼̈̂˿ ˹̖̒̆̅̂̄˼̖̉̈ ̈̂˼-
˻̊̐̕˼˼ ̈̅̅̉̄̅̏˼̄˿˼ ̃˼˽˻̊ ̌˷̇˷́̉˼̇˿̈̉˿́˷-
̃˿ ̆̇̊˽˿̄̄̅˺̅ ˷̖́́̊̃̊̂̉̅̇˷: 

 ̄ / ,/h mg c F c   (7) 

˺˻˼ h – ́̅̄̈̉̇̊́̉˿˹̄̒̀ ̇˷˾̃˼̇, ̇˷˹̄̒̀ ̃˿̄˿-

̃˷̂̓̄̅̃̊ ̇˷̖̈̈̉̅̄˿̕ ̃˼˽˻̊ ̖̅̈̃˿ ̏˷̇̄˿̇̄̒̌ 
̈̅˼˻˿̄˼̄˿̀ ̆̇̊˽˿̄̄̅˺̅ ˷̖́́̊̃̊̂̉̅̇˷. 

ˣ˷̈̈˷ ̆̅̂˾̊̄˷ ˹ ̔̉̅̃ ̈̂̊̎˷˼ ˻̅̂˽̄˷ ˸̒̉̓ 

̇˷˹̄˷ 
 m = Fh/g.  (8) 

В̇˼̖̃ ̆˼̇˼̃˼̐˼̄˿̖ ̇˷˹̄̅ [5] 

 .t h  (9) 

ˣ˷́̈˿̃˷̂̓̄̅˼ ̅̉́̂̅̄˼̄˿˼ ́˷̇˼̉́˿ ̅̉ 
̈̇˼˻̄˼˺̅ ̆̅̂̅˽˼̄˿̖ ȕmax ̅̆̇˼˻˼̖̂˼̖̉̈ ̈̂˼˻̊-

̐̕˿̃ ˹̒̇˷˽˼̄˿˼̃: 

 2
max ,2x s hs   (10) 

˺˻˼ s – ̌̅˻ ̍˿̂˿̄˻̇˷. 
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˧˿̈. 5. ˤ˼̂˿̄˼̀̄̒̀ ̆̇̊˽˿̄̄̒̀ ˷̖́́̊̃̊̂̉̅̇ ̈ ̆̅̈̉̊̆˷̉˼̂̓̄̅̀ ̆˷̇̅̀  

̄˷ ˸˷˾˼ ̆̇̊˽˿̄̒ ̈˽˷̉˿̖: 

1 – ̄˷̆̇˷˹̖̂̐̕˷̖; 2 – ́˷̇˼̉́˷ (̆̅̂˾̊̄); 3 – ̆̇̊˽˿̄˷; 4 – ˸̅́̅˹̒˼ ̏˷̇̄˿̇̒ 

Fig. 5. Non-linear spring battery with a forward pair on the base  

of the compression spring: 

1 – guideway; 2 – carriage (slider); 3 – spring; 4 – side hinges 

 

˦̇˿ ̉˷́˿̌ ̌˷̇˷́̉˼̇˿̈̉˿́˷̌ ̆̇˿˹̅˻˷ ̄˷ ˹̈˼̃ 

̖̆̇̅̉˽˼̄˿˿ ̆˼̇˼̃˼̐˼̄˿̖ ́˷̇˼̉́˿ ̈̊̃̃˷̇̄˷̖ 

̄˷˺̇̊˾́˷ ̄˷ ̄˷̆̇˷˹̖̂̐̊̕̕ ̇˷˹̄˷ ̄̊̂̕. 

В ̉˷˸̂. 2 ̆̇˼˻̈̉˷˹̂˼̄̒ ̆˷̇˷̃˼̉̇̒ ̆̇̊-

˽˿̄̄̅˺̅ ̆̇˿˹̅˻˷ ̈ ̇˷˾˺̇̊˾́̅̀ ̄˷̆̇˷˹̖̂̐̕˿̌ 

̅̉ ̃˷̈̈̒ ́˷̇˼̉́˿,  

˦̇˿ ˿̈̆̅̂̓˾̅˹˷̄˿˿ ̈̉˷̄˻˷̇̉̄̒̌ ̆̇˿̈̅-

˼˻˿̄˿̉˼̂̓̄̒̌ ̔̂˼̃˼̄̉̅˹ ̆̅̂̊̎˷˼̃̒˼ ̇˷˾̃˼̇̒ 

h ̅̉̂˿̎˷̖̉̈̕ ̅̉ ˾̄˷̎˼̄˿̀, ̆̇˼˻̈̉˷˹̂˼̄̄̒̌ ˹ 

̉˷˸̂. 2, ˿ ̆̇˿˹˼˻˼̄̒ ˹ ̉˷˸̂. 3 ˻̖̂ ̆̄˼˹̃˷̉˿̎˼-
̈́˿̌ ̍˿̂˿̄˻̇̅˹ ̈ ˻˿˷̃˼̉̇˷̃˿ ̖̆̅̇̏̄ ̅̉ 8 ˻̅ 

100 ̃̃. 

В ̔̉̅̃ ̈̂̊̎˷˼ ˹̇˼̖̃ t ̃̅˽̄̅ ̆̅̂̊̎˿̉̓ ˹ 

̈̅̅̉˹˼̉̈̉˹˿˿ ̈ ̇˷˸̅̉̅̀ [9] ˿˾ ̇˼̏˼̄˿̖ ̈̂˼˻̊-

̐̕˼˺̅ ̊̇˷˹̄˼̄˿̖ 

 
m˷̌

m˷̌ m˷̌ ̉

/ 2 ,
˦

x

x

dx
t m

ǯ


  (11) 

˺˻˼ Пт  – ̉˼́̊̐˼˼ ˾̄˷̎˼̄˿˼ ̆̅̉˼̄̍˿˷̂̓̄̅̀ 

̔̄˼̇˺˿˿, ̅̆̇˼˻˼̖̂˼̃̅̀ ́̅̅̇˻˿̄˷̉̅̀ ȕ. 

˦̅̈̂˼ ̆̇˼̅˸̇˷˾̅˹˷̄˿̀ ̊̇˷˹̄˼̄˿˼ (11) 

̆̇˿̄˿̃˷˼̉ ̈̂˼˻̊̐̕˿̀ ˹˿˻: 

 / .tht m cK  (12) 

˞˻˼̈̓ Kth	– ˸˼˾̇˷˾̃˼̇̄̒̀ ́̅̔̋̋˿̍˿˼̄̉, ̆̅-

̂̊̎˷˼̃̒̀ ̆̇˿ ̇˼̏˼̄˿˿ ˿̄̉˼˺̇˷̂̓̄̅˺̅ ̊̇˷˹-

̄˼̄˿̖ 

   
1

2 2
1 2 2 2

/ ,

1

th

dx
K m c

h h x h h



    
  (13) 

˺˻˼ max/ ,h h x  max/ .x x x  

В ̉˷˸̂. 4 ̆̇˿˹˼˻˼̄̒ ̎˿̈̂˼̄̄̒˼ ˾̄˷̎˼̄˿̖ 

́̅̔̋̋˿̍˿˼̄̉˷ kth ˹ ˾˷˹˿̈˿̃̅̈̉˿ ̅̉ .h  

В̉̅̇̅̀ ̆̇˿̃˼̇ ˿̈̆̅̂̓˾̅˹˷̄˿̖ ̇˷̈̈̃˷̉̇˿˹˷-
˼̃̒̌ ̆̄˼˹̃˷̉˿̎˼̈́˿̌ ̍˿̂˿̄˻̇̅˹ ̈ ˹̅˾˹̇˷̉̄̒̃˿ 

̆̇̊˽˿̄˷̃˿ – ̆̇˿˹̅˻ ̖̆̇̅̉˺˿˹˷̄˿̖ ̊̆˷́̅˹̅̎̄̅-

˺̅ ̃˷̉˼̇˿˷̂˷ ˹ ̋˷̈̅˹̅̎̄̅-̊̆˷́̅˹̅̎̄̒̌ ˷˹̉̅̃˷-
̉˷̌, ̆̇˼˻̈̉˷˹̂˼̄̄̒̀ ̄˷ ̇˿̈. 6. 
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˩ ˷ ˸ ̂ ˿ ̍ ˷  2  

ǑǢǲǢмǧǴǲǽ ǱǲǵǨǪǯǯоǥо ǱǲǪǤоǦǢ ǳ ǲǢǩǥǲǵǩǬоǫ  

ǯǢǱǲǢǤǭȁȀǻǪǷ ǱǲǪ мǢǬǳǪмǢǭǾǯоǫ мǢǳǳǧ ǬǢǲǧǴǬǪ 

T a b l e  2  

Parameters of the spring drive with unloading  

guideways with the maximum mass of the carriage 

˛˿˷̃˼̉̇ 

̖̆̅̇̏̄, ̃̃ 
h, ̃ t, ̈ 2xmax, ̃̃ 

ǬȈȊȐȎȖȈȋȈȍȄȐț ȑȅȐȈȈ ISO 6431-1260 (ȕȎȄ 0–40 ȌȌ)

12 0,024 0,154 118 

16 0,037 0,191 135 

20 0,037 0,191 135 

25 0,008 0,088 94 

32 0,024 0,154 118 

40 0,024 0,154 118 

50 0,024 0,154 118 

ǬȈȊȐȎȖȈȋȈȍȄȐț ȑȅȐȈȈ ISO 6431-1280 «MIR»  

(ȕȎȄ 0–50 ȌȌ) 

8 0,055 0,235 179 

10 0,055 0,235 179 

12 0,043 0,206 164 

16 0,028 0,167 145 

20 0,050 0,224 173 

25 0,058 0,241 182 

32 0,039 0,197 160 

ǶȈȋȈȍȄȐț ȑȅȐȈȈ ISO 15552-1319-20-21 (ȕȎȄ 0–50 ȌȌ)

32 0,035 0,187 155 

40 0,021 0,145 136 

50 0,040 0,200 161 

63 0,040 0,200 161 

80 0,051 0,226 174 

100 0,051 0,226 174 

ǪȎȌȏаȊȒȍțȅ ȖȈȋȈȍȄȐț «ЕвȐȎȏа» (ȕȎȄ 0–25 ȌȌ) 

12 0,018 0,134 78 

16 0,008 0,091 64 

20 0,009 0,096 66 

25 0,016 0,125 75 

32 0,014 0,118 73 

40 0,015 0,123 74 

50 0,029 0,171 91 

63 0,035 0,188 98 

80 0,037 0,193 100 

100 0,062 0,250 122 

˩ ˷ ˸ ̂ ˿ ̍ ˷  3  

ǉǯǢǹǧǯǪǧ h ǱǲǪ ǳǴǢǯǦǢǲǴǯǽǷ ǱǲǪǳоǧǦǪǯǪǴǧǭǾǯǽǷ  

ǿǭǧмǧǯǴǢǷ 

T a b l e  3  

h value with standard connections 

˛˿˷̃˼̉̇ 

̖̆̅̇̏̄, ̃̃
hmin, ̃ 2xmax, ̃̃ Kth 

8 46 145 5,024 

10 46 145 5,024 

12 51 150 5,215 

16 51 150 5,215 

20 60 160 5,215 

25 64 164 5,293 

32 109 232 6,276 

40 125 245 6,447 

50 150 265 3,443 

 

˦̇̊˽˿̄̄̒̀ ̆̇˿˹̅˻ ̈̅̈̉̅˿̉ ˿˾ ̆̄˼˹̃˷̉˿̎˼-
̈́̅˺̅ ̍˿̂˿̄˻̇˷ 1, ̈̄˷˸˽˼̄̄̅˺̅ ̆̇̊˽˿̄̅̀ ̈˽˷-
̉˿̖ 2, ́̅̉̅̇˷̖ ̊̈̉˷̄̅˹̂˼̄˷ ˹ ̏̉̅́̅˹̅̀ ̆̅̂̅̈̉˿ 

̍˿̂˿̄˻̇˷ 1. ˨ ̆̅̃̅̐̓̕ ˸̅́̅˹̒̌ ̏˷̇̄˿̇̅˹ 3 

̍˿̂˿̄˻̇ ˾˷́̇˼̆̂˼̄ ̄˷ ́̅̇̆̊̈˼ ̆̇˿˹̅˻˷. ˯̉̅́ 

̍˿̂˿̄˻̇˷ 1 ̏˷̇̄˿̇̄̅ ̈̅˼˻˿̄˼̄ ̈ ̄˷̆̇˷˹̖̂̐̕˼̀ 

4. ˦̇˿˹̅˻ ̈̄˷˸˽˼̄ ̆̄˼˹̃˷̉˿̎˼̈́˿̃ ̇˷̈̆̇˼˻˼̂˿-

̉˼̂˼̃ 5/3 (̆̅˾˿̍˿̖ 5). ˤ˷ ̆̄˼˹̃˷̉˿̎˼̈́̅̃ ̍˿-

̂˿̄˻̇˼ 1 ̊̈̉˷̄̅˹̂˼̄̒ ˻˷̉̎˿́˿ ̆̅̂̅˽˼̄˿̖ – ˺˼̇-

́̅̄̒ 6. ˦̇˿ ˻˹˿˽˼̄˿˿ ̆̅̂˾̊̄˷ ˹ ̂̕˸̅˼ ˿˾ ́̇˷̀-

̄˿̌ ̆̅̂̅˽˼̄˿̀ ̆̇̊˽˿̄˷ 2 ̈˽˿̃˷˼̖̉̈.  

˧˷˸̅̉˷ ̆̇̅˿̈̌̅˻˿̉ ̈̂˼˻̊̐̕˿̃ ̅˸̇˷˾̅̃. 

˨˿˺̄˷̂ ̈ ́̅̄̉̇̅̂̂˼̇˷ ̆̅̈̉̊̆˷˼̉ ˹ ̇˷̈̆̇˼˻˼̂˿-

̉˼̂̓ 5, ́̅̉̅̇̒̀ ̆˼̇˼̌̅˻˿̉ ˹ ́̇˷̀̄˼˼ ̂˼˹̅˼ ̆̅-

̂̅˽˼̄˿˼. В̅˾˻̊̌ ̈ ̇˷̈̆̇˼˻˼̂˿̉˼̖̂ ̆̅˻˷˼̖̉̈ ˹ 

̆̄˼˹̃˷̉˿̎˼̈́˿̀ ̍˿̂˿̄˻̇ 1, ˿ ̄˷̎˿̄˷˼̖̉̈ 

˻˹˿˽˼̄˿˼ ̆̅˻ ˻˼̀̈̉˹˿˼̃ ̊̈˿̂˿̖ ̆̇̊˽˿̄̒ ˿ 

̊̈˿̂˿̖, ˻˼̀̈̉˹̊̐̕˼˺̅ ̄˷ ̆̅̇̏˼̄̓ ̍˿̂˿̄˻̇˷. 
˦̇˿ ̆̇̅̌̅˽˻˼̄˿˿ ̖̆̅̇̏̄ ̍˿̂˿̄˻̇˷ ̃˿̃̅ 

˻˷̉̎˿́˷ 6, ˹ ́̅̄̉̇̅̂̂˼̇ 7 ̆̅̈̉̊̆˷˼̉ ̈˿˺̄˷̂, ˹ 

̈˹̅̕ ̅̎˼̇˼˻̓ ̆̅˻˷̐̕˿̀ ̄˷̖̆̇˽˼̄˿˼ ̄˷ ̔̂˼́-

̉̇̅̃˷˺̄˿̉̄̒̀ ˹̌̅˻ ̇˷̈̆̇˼˻˼̂˿̉˼̖̂ 5, ́̅̉̅̇̒̀ 

̆˼̇˼̌̅˻˿̉ ˹ ̄˼̀̉̇˷̂̓̄̅˼ ̆̅̂̅˽˼̄˿˼, ˿ ̆̅̂̅-

̈̉˿ ̆̄˼˹̃˷̉˿̎˼̈́̅˺̅ ̍˿̂˿̄˻̇˷ ̈̅˼˻˿̖̖̄̉̈̕ ̈ 
˷̉̃̅̈̋˼̇̅̀. ˛˷̂̓̄˼̀̏˼˼ ˻˹˿˽˼̄˿˼ ́˷̇˼̉́˿ 

̆̇̅˿̈̌̅˻˿̉ ̉̅̂̓́̅ ̆̅˻ ˻˼̀̈̉˹˿˼̃ ̊̈˿̂˿̖ ̆̇̊-
˽˿̄̒ 2. ˩˷́ ̆̇̅˻̅̂˽˷˼̖̉̈ ˻̅ ̉˼̌ ̆̅̇, ̆̅́˷



 

 

119 

Машиностроение

˩ ˷ ˸ ̂ ˿ ̍ ˷  4  

ЧǪǳǭǧǯǯǽǧ ǩǯǢǹǧǯǪȁ ǬоǿǶǶǪǸǪǧǯǴǢ kth Ǥ ǩǢǤǪǳǪмоǳǴǪ оǴ h  

T a b l e  4   

Numerical values of the coefficient kth depending on h  

h  Kth 

0 3,142 

0,01 3,162 

0,02 3,182 

0,03 3,203 

0,04 3,225 

0,05 3,246 

0,06 3,268 

0,07 3,291 

0,08 3,314 

0,09 3,337 

0,10 3,360 

0,11 3,384 

0,12 3,408 

0,13 3,433 

0,14 3,457 

0,15 3,483 

0,16 3,508 

0,17 3,534 

0,18 3,560 

0,19 3,586 

h  Kth 

0,20 3,613 

0,21 3,640 

0,22 3,668 

0,23 3,695 

0,24 3,723 

0,25 3,752 

0,26 3,780 

0,27 3,809 

0,28 3,838 

0,29 3,868 

0,30 3,897 

0,31 3,928 

0,32 3,958 

0,33 3,989 

0,34 4,019 

0,35 4,051 

0,36 4,082 

0,37 4,114 

0,38 4,146 

0,39 4,178 

h  Kth 

0,40 4,211 

0,41 4,243 

0,42 4,276 

0,43 4,310 

0,44 4,343 

0,45 4,377 

0,46 4,411 

0,47 4,445 

0,48 4,480 

0,49 4,514 

0,50 4,549 

0,51 4,585 

0,52 4,620 

0,53 4,656 

0,54 4,692 

0,55 4,728 

0,56 4,764 

0,57 4,800 

0,58 4,837 

0,59 4,874 

h  Kth 

0,60 4,911 

0,61 4,948 

0,62 4,986 

0,63 5,024 

0,64 5,062 

0,65 5,100 

0,66 5,138 

0,67 5,176 

0,68 5,215 

0,69 5,254 

0,70 5,293 

0,71 5,332 

0,72 5,371 

0,73 5,411 

0,74 5,451 

0,75 5,490 

0,76 5,530 

0,77 5,571 

0,78 5,611 

0,79 5,651 

h  Kth 

0,80 5,692 

0,81 5,733 

0,82 5,774 

0,83 5,815 

0,84 5,856 

0,85 5,897 

0,86 5,939 

0,87 5,981 

0,88 6,022 

0,89 6,064 

0,90 6,106 

0,91 6,148 

0,92 6,191 

0,93 6,233 

0,94 6,276 

0,95 6,318 

0,96 6,361 

0,97 6,404 

0,98 6,447 

0,99 6,490 

 

1

2 3 

5

7 4 

6 

 
 

˧˿̈. 6. ˦̇̊˽˿̄̄̒̀ ̆̇˿˹̅˻ ̃˼̌˷̄˿˾̃˷ ̖̆̇̅̉˺˿˹˷̄˿̖ ̊̆˷́̅˹̅̎̄̅˺̅ ̃˷̉˼̇˿˷̂˷: 

1 – ̆̄˼˹̃˷̉˿̎˼̈́˿̀ ̍˿̂˿̄˻̇ ̈ ̆̇̊˽˿̄̅̀ ̈˽˷̉˿̖; 2 – ̆̇̊˽˿̄˷ ̈˽˷̉˿̖; 3 – ˸̅́̅˹̒˼ ̏˷̇̄˿̇̒;  

4 – ̄˷̆̇˷˹̖̂̐̕˷̖; 5 – ̆̄˼˹̃˷̉˿̎˼̈́˿̀ ̇˷̈̆̇˼˻˼̂˿̉˼̂̓ 5/3; 6 – ˺˼̇́̅̄̒; 7 – ̈˿̈̉˼̃˷ ̊̆̇˷˽̄˼̄˿̖ 

Fig. 6. Spring drive mechanism for pulling packaging material: 

1 – pneumatic cylinder with compression spring; 2 – compression spring; 3 – side hinges; 4 – directing;  

5 – pneumatic distributor 5/3; 6 – reed switches; 7 – exercise system 
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̄˼ ˹̅˾̄˿́̄˼̉ ́̅̄̋˿˺̊̇˷̍˿̖, ́̅˺˻˷ ̆̄˼˹̃˷̉˿̎˼-
̈́˿̀ ̍˿̂˿̄˻̇ ˾˷̀̃˼̉ ˹˼̇̉˿́˷̂̓̄̅˼ ̆̅̂̅˽˼̄˿˼; 
˻˷̂̓̄˼̀̏˼˼ ˻˹˿˽˼̄˿˼ ̆̇̅˿̈̌̅˻˿̉ ̆̅˻ ˻˼̀̈̉˹˿˼̃ 

̈˿̂ ˿̄˼̇̍˿˿, ̆̇˿ ̔̉̅̃ ̄˷̎˿̄˷˼̉ ̄˷́˷̆̂˿˹˷̖̉̓̈ 

̆̅̉˼̄̍˿˷̂̓̄˷̖ ̔̄˼̇˺˿̖ ˹ ̆̇̊˽˿̄˼ 2. К̅˺˻˷ ́˷-
̇˼̉́˷ ̆̇˿˸̂˿˽˷˼̖̉̈ ́ ́̇˷̀̄˼̃̊ ̆̇˷˹̅̃̊ ̆̅̂̅-

˽˼̄˿̕, ̈̇˷˸˷̉̒˹˷˼̉ ˻˷̉̎˿́ ̆̅̂̅˽˼̄˿̖ 6 ˿ ̇˷̈-
̆̇˼˻˼̂˿̉˼̂̓ ̆˼̇˼́̂̎̕˷˼̖̉̈ ˹ ́̇˷̀̄˼˼ ̆̇˷˹̅˼ ̆̅-

̂̅˽˼̄˿˼; ̉̅˺˻˷ ˹ ˸˼̈̏̉̅́̅˹̊̕ ̆̅̂̅̈̉̓ ̍˿̂˿̄˻̇˷ 
̆̅˻˷˼̖̉̈ ˹̅˾˻̊̌ ˿ ̆̇̅˿̈̌̅˻˿̉ ̋˿́̈˷̍˿̖ ́˷̇˼̉́˿ 

˹ ́̇˷̀̄˼̃ ̆̇˷˹̅̃ ̆̅̂̅˽˼̄˿˿. ˛˷̂˼˼ ̄˷̎˿̄˷˼̖̉̈ 

˻˹˿˽˼̄˿˼ ˹ ̅˸̇˷̉̄̊̕ ̈̉̅̇̅̄̊. ˤ˷̂˿̎˿˼ ̆̄˼˹̃˷-
̉˿̎˼̈́̅˺̅ ̇˷̈̆̇˼˻˼̂˿̉˼̖̂ 5 ̆̅˾˹̖̅̂˼̉ ˹́̂̎̕˷̉̓ 
˿ ˹̒́̂̎̕˷̉̓ ̆̅˻˷̎̊ ̈˽˷̉̅˺̅ ˹̅˾˻̊̌˷ ˹ ̆̅̂̅̈̉˿ 

̆̄˼˹̃˷̉˿̎˼̈́̅˺̅ ̍˿̂˿̄˻̇˷ 1 ̆̇˿ ̇˷˾̂˿̎̄̒̌ 
́̅̄̋˿˺̊̇˷̍˿̖̌ ̆̇˿˹̅˻˷, ̅˸˼̈̆˼̎˿˹˷̖ ̉̇˼˸̊˼̃̒˼ 
˾˷́̅̄̒ ˻˹˿˽˼̄˿̖ ˹̒̌̅˻̄̅˺̅ ˾˹˼̄˷. ˫˿́̈˷̍˿̖ 

́˷̇˼̉́˿ ˹ ́̇˷̀̄˿̌ ̆̅̂̅˽˼̄˿̖̌ ̅˸˼̈̆˼̎˿˹˷˼̖̉̈ 

̉˼̃, ̎̉̅ ̊̈˿̂˿˼ ̆̇̊˽˿̄̒ ˹ ́̇˷̀̄˿̌ ̆̅̂̅˽˼̄˿̖̌ 
˹̒̌̅˻̄̅˺  ̅˾˹˼̄˷ ̃˼̄̓̏˼ ̊̈˿̂˿̖ ̆̄˼˹̃˷̉˿̎˼̈́̅-

˺̅ ̍˿̂˿̄˻̇˷. ˦̇̊˽˿̄̄̒̀ ˷̖́́̊̃̊̂̉̅̇ 2 ̖˹̖̂˼̉-
̖̈ ̄˼̂˿̄˼̀̄̅̀ ́̅̂˼˸˷̉˼̂̓̄̅̀ ̈˿̈̉˼̃̅̀ ̈ ̆̅-

˻˹˿˽̄̅̀ ̃˷̈̈̅̀ ˿ ̈ ˾˷˻˷̄̄̅̀ ˷̃̆̂˿̉̊˻̅̀ ́̅̂˼-
˸˷̄˿̀, ˹ ́̅̉̅̇̅̀ ˹̇˼̖̃ ̆˼̇˼̃˼̐˼̄˿̖ ˿˾ ̅˻̄̅˺̅ 

́̇˷̀̄˼˺̅ ̆̅̂̅˽˼̄˿̖ ˹ ˻̇̊˺̅˼ ˾˷˹˿̈˿̉ ̅̉ ˽˼̈̉́̅-

̈̉˿ ̆̇̊˽˿̄̒ ˿ ́̅̄̈̉̇̊́̉˿˹̄̒̌ ̆˷̇˷̃˼̉̇̅˹.  
˞˷̉̇˷̉̒ ̔̄˼̇˺˿˿ ̅̆̇˼˻˼̖̖̂̉̈̕ ̉̅̂̓́̅ ̆̅-

̉˼̖̇̃˿ ̄˷ ˹̄̊̉̇˼̄̄˼˼ ̉̇˼̄˿˼ ˹ ̆̇̊˽˿̄˼, ̄˷ 
̉̇˼̄˿˼ ˹ ˾˷̍˼̆˷̌ ˿ ̄˷̆̇˷˹̖̂̐̕˿̌, ˷ ̉˷́˽˼ ̈˿-

̂˷̃˿ ̉̇˼̄˿̖ ˹ ̆̄˼˹̃˷̉˿̎˼̈́̅̃ ̍˿̂˿̄˻̇˼. 
˞̄˷̄˿˼ ̈̊̃̃˷̇̄̒̌ ˻˿̈̈˿̆˷̉˿˹̄̒̌ ̆̅̉˼̇̓ 

̄˼̅˸̌̅˻˿̃̅ ˻̖̂ ̅̆̇˼˻˼̂˼̄˿̖ ́̅̃̆˼̄̈˷̍˿̅̄-

̄̒̌ ̈˿̂̅˹̒̌ ˿̃̆̊̂̓̈̅˹ ˹ ˾˷˹˿̈˿̃̅̈̉˿ ̅̉ ̆̇˿-

̖̄̉̅˺̅ ˷̂˺̅̇˿̉̃˷ ̆̅˻˷̎˿ ˻˷˹̂˼̄˿̖ ˹ ̆̅̂̅̈̉˿ 

̆̄˼˹̃˷̉˿̎˼̈́̅˺̅ ̍˿̂˿̄˻̇˷.  
˦̅̉˼̇˿ ̔̄˼̇˺˿˿ ̄˷ ̆̇˼̅˻̅̂˼̄˿˼ ̈˿̂̒ ̈̅-

̆̇̅̉˿˹̂˼̄˿̖, ̅̆̇˼˻˼̖̂˼̃̅̀ ˹̄̊̉̇˼̄̄˿̃ ̉̇˼-
̄˿˼̃ ˹ ̆̇̊˽˿̄˼, ̇˷˹̄̒ [4] 

 1 ̔̋.˦A   (15) 

К̅̔̋̋˿̍˿˼̄̉ ̇˷̈̈˼˿˹˷̄˿̖  ̃̅˽̄̅ ̆̇˿-

̄˿̃˷̉̓ ̇˷˹̄̒̃ 0,1.  

В̄˼ ˾˷˹˿̈˿̃̅̈̉˿ ̅̉ ́̅̄̈̉̇̊́̉˿˹̄̅˺̅ ˿̈-
̆̅̂̄˼̄˿̖ ̆̇˿˹̅˻˷ 

  
max

min

2 ̉p̆p ,

x

x

A F x dx



   (16) 

˺˻˼ F̉̇ ̆̇ – ̈˿̂˷ ̉̇˼̄˿̖ ˹ ̏˷̇̄˿̇̄̒̌ ̈̅˼˻˿̄˼-
̄˿̖̌ ˤ˦А, ̆̇˿˹˼˻˼̄̄˷̖ ́ ̆̅̂˾̊̄̊. 

˥̆̇˼˻˼̂˿̃ F̉̇ ̆̇; ˻̖̂ ̔̉̅˺̅ ˾˷̆˿̏˼̃ ̊̇˷˹-

̄˼̄˿˼ ̃˺̄̅˹˼̄̄̒̌ ̃̅̐̄̅̈̉˼̀ ̈˿̈̉˼̃̒: 

 N1 = N2, (17) 

˺˻˼ N1 – ̃˺̄̅˹˼̄̄˷̖ ̃̅̐̄̅̈̉̓ ̆̇˿˹˼˻˼̄̄̅̀ ́ 

̆̅̂˾̊̄̊ ̈˿̂̒ ̉̇˼̄˿̖ ˹ ̏˷̇̄˿̇̄̒̌ ̈̅˼˻˿̄˼̄˿-

̖̌ ̆̇̊˽˿̄̒; N2 – ̃˺̄̅˹˼̄̄˷̖ ̃̅̐̄̅̈̉̓ ̈˿̂ 

̉̇˼̄˿̖ ˹ ̏˷̇̄˿̇̄̒̌ ̈̅˼˻˿̄˼̄˿̖̌ ̆̇̊˽˿̄̒. 

ˣ˺̄̅˹˼̄̄˷̖ ̃̅̐̄̅̈̉̓ ̈˿̂̒ F̉̇ ̆̇ ̉̇˼̄˿̖ 

̆̇̊˽˿̄̒, ̆̇˿˹˼˻˼̄̄̅̀ ́ ̆̅̂˾̊̄̊, ̅̆̇˼˻˼̖̂-

˼̖̉̈ ˿˾ ˹̒̇˷˽˼̄˿̖ 

 1 ̉p ̆p .N F x &  (18) 

В ̈̅̅̉˹˼̉̈̉˹˿˿ ̈ ̇˷˸̅̉̅̀ [4] ̃˺̄̅˹˼̄̄˷̖ 

̃̅̐̄̅̈̉̓ ̈˿̂ ̉̇˼̄˿̖ ˹ ̏˷̇̄˿̇̄̒̌ ̈̅˼˻˿̄˼-
̄˿̖̌ ̆̇̊˽˿̄̒ ̅̆̇˼˻˼̖̂˼̖̉̈ ˿˾ ˹̒̇˷˽˼̄˿̖ 

 2 ̆p 2 ,2 /N F fd q &  (19) 

˺˻˼ F̆̇ – ̉˼́̊̐˼˼ ̊̈˿̂˿˼ ̆̇̊˽˿̄̒; f – ́̅̔̋-

̋˿̍˿˼̄̉ ̉̇˼̄˿̖ ˹ ̏˷̇̄˿̇̄̒̌ ̈̅˼˻˿̄˼̄˿̖̌ 
̆̇̊˽˿̄̒; d – ˻˿˷̃˼̉̇ ̅̈˿ ̏˷̇̄˿̇̄̅˺̅ ̈̅˼˻˿-

̄˼̄˿̖; q& – ̊˺̂̅˹˷̖ ̈́̅̇̅̈̉̓ ̆̅˹̅̇̅̉˷ ̆̇̊˽˿-

̄̒ ̅̉̄̅̈˿̉˼̂̓̄̅ ̆̅̂˾̊̄˷. 
˦̇˿˹˼˻˼̄̄̊̕ ́ ̆̅̂˾̊̄̊ ̈˿̂̊ ̉̇˼̄˿̖ ˹ 

̏˷̇̄˿̇̄̒̌ ̈̅˼˻˿̄˼̄˿̖̌ ̆̅̂̊̎˿̃ ˿˾ ̈̅˹̃˼̈̉-
̄̅˺̅ ̇˼̏˼̄˿̖ ̈˿̈̉˼̃̒ ̊̇˷˹̄˼̄˿̀ (18) ˿ (19): 

 ̉p ̆p ̆p / .F F fdq x & &  (20) 

ˤ˷̀˻˼̃ ̅̉̄̅̏˼̄˿˼ ./q x& &  В ̈̅̅̉˹˼̉̈̉˹˿˿ ̈ 

̇˿̈. 5 ˿̃˼˼̃ 

 tg q = h / x.  (21) 

В˾̖˹ ̆̇̅˿˾˹̅˻̄̒˼ ̅̉ ̂˼˹̅̀ ˿ ̆̇˷˹̅̀ ̎˷-
̈̉˼̀ ̊̇˷˹̄˼̄˿̖ (11), ̆̅̂̊̎˿̃ 

 2 2(1/ cos ) ( / ) ,q q h x x& &  (22) 

˿̂˿ 

 

2 2

2 2 2 2 2 2

)

)

/ ( / cos

( / / (( .)) / ( )

q x h x q

h x x x h h x h

 

   

& &
 (23) 

˩˼́̊̐˼˼ ̊̈˿̂˿˼ ̆̇̊˽˿̄̒ F̆̇ ̅̆̇˼˻˼̖̂˼̖̉̈ 

˿˾ ̊̇˷˹̄˼̄˿̖ 

 2 2
̆̇ ( ( ) ).F c x h h   (24) 
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˦̇˿˹˼˻˼̄̄˷̖ ́ ́˷̇˼̉́˼ ̈˿̂˷ ̉̇˼̄˿̖ ˹ ̏˷̇-

̄˿̇̄̒̌ ̈̅˼˻˿̄˼̄˿̖̌ ̆̇̊˽˿̄̒ ̅̆̇˼˻˼̖̂˼̖̉̈ 

̆̅ ̋̅̇̃̊̂˼ [4] 

 

 2 2
̉̇ ̆̇ 2 2

2 22 2

1
.

h
F cfd x h h

x h

h
cfdh

x hx h

   


 
    

 (25) 

В˹˼˻˼̃ ˸˼˾̇˷˾̃˼̇̄̒˼ ̆˷̇˷̃˼̉̇̒ max/h h x  

˿ max ./x x x  ˩̅˺˻˷ ̊̇˷˹̄˼̄˿˼ (25) ̆̇˿̃˼̉ ˹˿˻ 

 ̉̇ ̆̇ 2 22 2
.

1 h
F cfdh

x hx h

 
    

 (26) 

˧˷˸̅̉˷, ̉̇˼˸̊˼̃˷̖ ̄˷ ̆̇˼̅˻̅̂˼̄˿˼ ̈˿̂ ̉̇˼-
̄˿̖ ˹ ̏˷̇̄˿̇̄̒̌ ̈̅˼˻˿̄˼̄˿̖̌, ̅̆̇˼˻˼̖̂˼̖̉̈ 

̈̂˼˻̊̐̕˿̃ ˹̒̇˷˽˼̄˿˼̃: 

 
1 1

2 2 22 2
1 1

1
.

h
A cfdh dx dx

x hx h 

 
    

   (27) 

˟ ̆̅̈̂˼ ̆̇˼̅˸̇˷˾̅˹˷̄˿̀ ̆̅̂̊̎˿̃ 

  2
2

1
2 ln 1 1 arctg .lnA cfdh h h h

h

      
 

 (28) 

˨˿̂˷ ̉̇˼̄˿̖ ˹ ̄˷̆̇˷˹̖̂̐̕˿̌ ̅̆̇˼˻˼̖̂˼̉-
̖̈ ̈̊̃̃˷̇̄̅̀ ̃˷̈̈̅̀ ̆̅̂˾̊̄˷ ˿ ̇˷˸̅̎˼˺̅ ̅̇˺˷-
̄˷ ˿ ̄˷˺̇̊˾́̅̀ ̄˷ ̄˷̆̇˷˹̖̂̐̕˿˼ ̅̉ ˹˼̇̉˿-

́˷̂̓̄̅̀ ̈̅̈̉˷˹̖̂̐̕˼̀ ̊̈˿̂˿̖ ̆̇̊˽˿̄̒. 

В ̅˸̐˼̃ ˹˿˻˼ ̅̄˷ ̇˷˹̄˷ 

 ̉̇ ̆p s .inF mgf F q   (29) 

˜̈̂˿ ̆˷̇˷̃˼̉̇̒ ̆̇˿˹̅˻˷ ̅˸˼̈̆˼̎˿˹˷̉̕ 
˹̒̆̅̂̄˼̄˿˼ ̈̅̅̉̄̅̏˼̄˿̖ (7), ̉̅ ̆̅̉˼̇˿ ̄˷ 
̉̇˼̄˿˼ ˹ ̄˷̆̇˷˹̖̂̐̕˿̌ ̇˷˹̄̒ ̄̊̂̕. 

ǒǧǩǵǭǾǴǢǴǽ ǪǳǳǭǧǦоǤǢǯǪȁ 

˥̆̇˼˻˼̂˼̄̒ ̌˷̇˷́̉˼̇˿̈̉˿́˿ ̇˷˸̅̎˿̌ ̅̆˼-
̇˷̍˿̀, ́̅̉̅̇̒˼ ̃̅˺̊̉ ˸̒̉̓ ̆̅̂̊̎˼̄̒ ̆̇˿ ̈̅-

˾˻˷̄˿˿ ̃˼̌˷̉̇̅̄̄̒̌ ̆̇̊˽˿̄̄̒̌ ̆̇˿˹̅˻̅˹ ̈ 

̇˼́̊̆˼̇˷̍˿˼̀ ̔̄˼̇˺˿˿, ̅˸˼̈̆˼̎˿˹˷̐̕˿̌ ˸̂˷-
˺̅̆̇˿̖̉̄̒˼ ˻˿̄˷̃˿̎˼̈́˿˼ ̇˼˽˿̃̒ ˿ ̈̄˿˽˷-
̐̕˿̌ ˹ ̄˼̈́̅̂̓́̅ ̇˷˾ ̔̄˼̇˺˼̉˿̎˼̈́˿˼ ˾˷̉̇˷̉̒. 

˧˷˾̇˷˸̅̉˷̄̒ ̇˼́̅̃˼̄˻˷̍˿˿ ̆̅ ̆̇˿̃˼̄˼̄˿̕ 

̆̄˼˹̃˷̉˿̎˼̈́˿̌ ̍˿̂˿̄˻̇̅˹ ̈ ˹̅˾˹̇˷̉̄̒̃˿ 

̆̇̊˽˿̄˷̃˿ ˹ ̃˼̌˷̉̇̅̄̄̒̌ ̆̇̊˽˿̄̄̒̌ ̆̇˿˹̅-

˻˷̌, ˿̈̆̅̂̓˾̊̐̕˿̌ ̄˼̂˿̄˼̀̄̒˼ ̆̇̊˽˿̄̄̒˼ 
˷̖́́̊̃̊̂̉̅̇̒; ̔̉̅ ̆̅˾˹̖̅̂˼̉ ̊̃˼̄̓̏˿̉̓ ̇˷˾-
̃˼̇̒ ̆̇˿˹̅˻˷ ˹ ̄˷̆̇˷˹̂˼̄˿˿ ˻˹˿˽˼̄˿̖ ̇˷˸̅-

̎˼˺̅ ̅̇˺˷̄˷ ˿ ̈̄˿˾˿̉̓ ̄˷˺̇̊˾́˿ ̄˷ ̄˷̆̇˷˹̖̂-

̐̕˿˼. ˛˷̄̒ ̇˷̈̎˼̉̄̒˼ ̋̅̇̃̊̂̒ ˻̖̂ ̅̆̇˼˻˼-
̂˼̄˿̖ ˻˿̈̈˿̆˷̉˿˹̄̒̌ ̆̅̉˼̇̓. ˦̅́˷˾˷̄̅, ̎̉̅ 

̆̇˿ ˹˼̂˿̎˿̄˼ ̌̅˻˷ ̏̉̅́˷ 40–50 ̃̃ ˹̒̌̅˻̄̅˼ 
˾˹˼̄̅ ̃̅˽˼̉ ̆˼̇˼̃˼̐˷̖̉̓̈ ̄˷ ̇˷̖̈̈̉̅̄˿̖ ˸̅-

̂˼˼ ̎˼̃ ˹ 2 ̇˷˾˷ ˿ ˸̅̂˼˼ ˹˼̂˿̎˿̄̒ ̌̅˻˷  
˧˷̈̈̎˿̉˷̄̒ ̃˷́̈˿̃˷̂̓̄̒˼ ˾̄˷̎˼̄˿̖ ̃˷̈̈ 

˿˾˻˼̂˿̀, ́̅̉̅̇̒˼ ̃̅˺̊̉ ̆˼̇˼̃˼̐˷̖̉̓̈ ̉̅̂̓́̅ 

˾˷ ̈̎˼̉ ̆̇̊˽˿̄ ˹ ̇˷̈̈̃˷̉̇˿˹˷˼̃̒̌ ̆̄˼˹̃˷̉˿-

̎˼̈́˿̌ ̍˿̂˿̄˻̇˷̌ ̆̇˿ ˹̇˼̃˼̄˿ ̆˼̇˼̃˼̐˼̄˿̖ ˹ 

1 ̈. ˛̖̂ ̍˿̂˿̄˻̇̅˹ ̈˼̇˿̀ ISO 6431-1260 ˿ ISO 

15552-1319-20-21 ̃˷́̈˿̃˷̂̓̄˷̖ ̃˷̈̈˷ ̃̅˽˼̉ 
˻̅̈̉˿˺˷̉̓ 400 ́˺, ˷ ˻̖̂ ̍˿̂˿̄˻̇̅˹ ̈˼̇˿̀ ISO 

6431-1280 ˿ «˜˹̇̅̆˷» ̃˷́̈˿̃˷̂̓̄˷̖ ̆˼̇˼̃˼-
̐˷˼̃˷̖ ̃˷̈̈˷ ̃̅˽˼̉ ˻̅̈̉˿˺˷̉̓ 200 ́˺. 

˧˷˾̇˷˸̅̉˷̄̄̒̀ ̆̇˿˹̅˻ ̖̆̇̅̉˺˿˹˷̄˿̖ ̊̆˷-
́̅˹̅̎̄̅̀ ̂˼̄̉̒, ˿̈̆̅̂̓˾̊̐̕˿̀ ̆̄˼˹̃˷̉˿̎˼-
̈́˿̀ ̍˿̂˿̄˻̇ ̈ ˹̅˾˹̇˷̉̄̅̀ ̆̇̊˽˿̄̅̀, ̊̃˼̄̓-

̏˷˼̉ ˾˷̉̇˷̉̒ ̔̄˼̇˺˿˿ ˿ ̅˸˼̈̆˼̎˿˹˷˼̉ ˸̂˷˺̅-

̆̇˿̖̉̄̒˼ ˻˿̄˷̃˿̎˼̈́˿˼ ̇˼˽˿̃̒ ̇˷˸̅̉̒. 

˦̅̂̊̎˼̄̄̒˼ ̇˼˾̊̂̓̉˷̉̒ ˿̈̆̅̂̓˾̅˹˷̄̒ ̆̇˿ 

̇˷˾̇˷˸̅̉́˼ ̃˼̌˷̉̇̅̄̄̅̀ ̆̄˼˹̃˷̉˿̎˼̈́̅̀ ̈˿-

̈̉˼̃̒ ̆̇˿˹̅˻̅˹ ̋˷̈̅˹̅̎̄̅-̊̆˷́̅˹̅̎̄̅˺̅ ˷˹-

̉̅̃˷̉˷ ˻̖̂ ̈̒̆̊̎˿̌ ̆̇̅˻̊́̉̅˹ ˹ ˻˿˷̆˷˾̅̄˼ 
̄˷˺̇̊˾̅́ ̅̉ 0,5 ˻̅ 5 ˺. ˧˼˾̊̂̓̉˷̉˷̃˿ ̃̅˺̊̉ ˹̅̈-
̆̅̂̓˾̅˹˷̖̉̓̈ ̇˷˾̇˷˸̅̉̎˿́˿ ̔̄˼̇˺̅̈˸˼̇˼˺˷̕-

̐˼˺̅ ̉˼̌̄̅̂̅˺˿̎˼̈́̅˺̅ ̅˸̅̇̊˻̅˹˷̄˿̖.  
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ВЛИЯНИЕ ДЕФОРМАЦИИ ВОДИЛА НА РАСПРЕДЕЛЕНИЕ НАГРУЗКИ  
ПО ШИРИНЕ ЗУБЧАТЫХ ВЕНЦОВ ПЛАНЕТАРНОГО РЕДУКТОРА 

В ̈̉˷̉̓˼ ˿̈̈̂˼˻̅˹˷̄̅ ˹̂˿̖̄˿˼ ˻˼̋̅̇̃˷̉˿˹̄̅̈̉˿ ˹̅˻˿̂˷ ̄˷ ˾̄˷̎˼̄˿˼ ̊˺̂̅˹ ̆˼̇˼́̅̈˷ ̅̈˿ ̈˷̉˼̂̂˿̉˷. 
В ̅̈̄̅˹˼ ̇˷̈̎˼̉˷ ˻˼̋̅̇̃˷̍˿˿ ˹̅˻˿̂˷ ̂˼˽˿̉ ̎˿̈̂˼̄̄̒̀ ̃˼̉̅˻. ˥̉˻˼̂̓̄̅ ̆̇˿˹˼˻˼̄̒ ̋̅̇̃̊̂̒ ˻̖̂ 

̄˷̌̅˽˻˼̄˿̖ ̊˺̂̅˹ ̆˼̇˼́̅̈˷ ˻̖̂ ́˷˽˻̅˺̅ ̈˷̉˼̂̂˿̉˷. ˛˷̄ ̆̇˿̃˼̇ ̇˷̈̎˼̉˷ ̆˼̇˼́̅̈˷ ̅̈˿ ̈˷̉˼̂̂˿̉˷, ˷ 
̉˷́˽˼ ˼˺̅ ̅̉́̂̅̄˼̄˿̖ ̅̉ ̆˷̇˷̂̂˼̂̓̄̅̈̉˿ ˹ ̇˼˾̊̂̓̉˷̉˼ ˻˼̋̅̇̃˷̍˿˿ ˹̅˻˿̂˷. ˥̉́̂̅̄˼̄˿̖ ̊̎̉˼̄̒ ˹ 

̋̅̇̃̊̂˷̌, ̅̆˿̈̒˹˷̐̕˿̌ ̇˷̈̆̇˼˻˼̂˼̄˿˼ ̄˷˺̇̊˾́˿ ̆̅ ̏˿̇˿̄˼ ˾̊˸̎˷̉̒̌ ˹˼̄̍̅˹. ˧˷˾̇˷˸̅̉˷̄˷ ̊̉̅̎-

̄˼̄̄˷̖ ̃˼̉̅˻˿́˷ ̇˷̈̎˼̉˷ ́̅̔̋̋˿̍˿˼̄̉˷ ̄˼̇˷˹̄̅̃˼̇̄̅̈̉˿ ̇˷̈̆̇˼˻˼̂˼̄˿̖ ̄˷˺̇̊˾́˿ ̆̅ ˻̂˿̄˼ ́̅̄-

̉˷́̉̄̒̌ ̂˿̄˿̀ ̈ ̊̎˼̉̅̃ ˻˼̀̈̉˹̊̐̕˿̌ ̄˷˺̇̊˾̅́ ̄˷ ̅̈˿ ̈˷̉˼̂̂˿̉̅˹, ˷ ̉˷́˽˼ ́̅̄̈̉̇̊́̉˿˹̄̒̌ ̅̈̅-

˸˼̄̄̅̈̉˼̀ ˹̅˻˿̂˷. ˦̅́˷˾˷̄˷ ˾˷˹˿̈˿̃̅̈̉̓ ́̅̔̋̋˿̍˿˼̄̉˷ ̄˼̇˷˹̄̅̃˼̇̄̅̈̉˿ ̇˷̈̆̇˼˻˼̂˼̄˿̖ ̄˷˺̇̊˾-
́˿ ̆̅ ˻̂˿̄˼ ́̅̄̉˷́̉̄̒̌ ̂˿̄˿̀ ̅̉ ˻˼̋̅̇̃˷̉˿˹̄̅̈̉˿ ˹̅˻˿̂˷. 

ǪȋȞȗȅвțȅ ȑȋȎва: ̆̂˷̄˼̉˷̇̄˷̖ ̆˼̇˼˻˷̎˷, ˹̅˻˿̂̅, ˻˼̋̅̇̃˷̍˿̖, ́̅̔̋̋˿̍˿˼̄̉ ̄˼̇˷˹̄̅̃˼̇̄̅̈̉˿, ̇˷̈-

̆̇˼˻˼̂˼̄˿˼ ̄˷˺̇̊˾́˿, ̏˿̇˿̄˷ ˹˼̄̍˷. 
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EFFECT OF CARRIER DEFORMATION ON LOAD DISTRIBUTION  
ALONG THE FACE WIDTH OF PLANETARY GEARBOX 

We have studied the deformability of a planetary carrier from the standpoint of its effect on misalignment 

angles of the satellite axis. The formulae for calculating the values of these angles for each satellite engage-

ment are shown separately. Carrier deformation has been calculated based on the numerical method. Ex-

amples of calculation of satellite axis misalignment and its parallel misalignment as a result of carrier defor-

mation have been given. These deviations are included in the formulae for calculation of the face load fac-

tor. We have developed a refined method for calculating the face load factor as a result of carrier defor-

mation. The method takes into account the loads on satellite axis and construction characteristics of the 

planetary carrier. The dependence of the face width factor on the deformability of the planetary carrier has 

been shown in the article. 

Keywords: planetary gear, carrier, deformation, face load factor, load distribution, face width. 
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ВǤǧǦǧǯǪǧ 
В̅̆̇̅̈̊ ̈̄˿˽˼̄˿̖ ̃˷̉˼̇˿˷̂̅˼̃́̅̈̉˿ ̆̇̅-

˻̊́̍˿˿ ˹̈˼˺˻˷ ̊˻˼̖̂˼̖̉̈ ̅̈̅˸̅˼ ˹̄˿̃˷̄˿˼. 
˦̂˷̄˼̉˷̇̄̒˼ ̆˼̇˼˻˷̎˿ ́˷́ ̅˻˿̄ ˿˾ ˹˿˻̅˹ ̃˼-
̌˷̄˿̎˼̈́˿̌ ̆˼̇˼˻˷̎ ̄˷˿̂̊̎̏˿̃ ̅˸̇˷˾̅̃ ̅̉˹˼-
̎˷̉̕ ̔̉̅̃̊ ̉̇˼˸̅˹˷̄˿̕ ˾˷ ̈̎˼̉ ̃̄̅˺̅̆̅̉̅̎̄̅-

̈̉˿ [1, 2] ˿ ̄˷̌̅˻̖̉ ̄˷˿˸̅̂˼˼ ̏˿̇̅́̅˼ ̆̇˿̃˼-
̄˼̄˿˼ ˹ ̉˷́˿̌ ̅̉̇˷̖̈̂̌ ̃˷̏˿̄̅̈̉̇̅˼̄˿̖, ˹ 

́̅̉̅̇̒̌ ˾˷˻˷̎˷ ̅̆̉˿̃˿˾˷̍˿˿ ̃˷̈̈̅-

˺˷˸˷̇˿̉̄̒̌ ̌˷̇˷́̉˼̇˿̈̉˿́ ˿˾˻˼̂˿̖ ̖˹̖̂˼̖̉̈ 

̆˼̇˹̅̈̉˼̆˼̄̄̅̀. ˟˾ ˹̈˼˺̅ ̃̄̅˺̅̅˸̇˷˾˿̖ ̆̂˷-
̄˼̉˷̇̄̒̌ ̆˼̇˼˻˷̎ ̄˷˿˸̅̂̓̏˼˼ ̇˷̈̆̇̅̈̉̇˷̄˼-
̄˿˼ ̆̅̂̊̎˿̂˿ ̆˼̇˼˻˷̎˿, ̆̇̅˼́̉˿̇̊˼̃̒˼ ̄˷ ˸˷-
˾˼ ̃˼̌˷̄˿˾̃˷ А [3]. В ̉̅̃ ̎˿̈̂˼ ̉˷́˿˼ ̇˼˻̊́̉̅-

̇̒ ̃̅˺̊̉ ˸̒̉̓ ˹̒̆̅̂̄˼̄̒ ̆̅ ˻˿̋̋˼̇˼̄̍˿˷̂̓-
̄̅-˾˷̃́̄̊̉̅̀ ̈̌˼̃˼. ˥˻̄˷́̅ ˿̌ ̈˹̅̀̈̉˹˷ ˿ ̋˷́-

̉̅̇̒, ˹̂˿̖̐̕˿˼ ̄˷ ˿̌ ̄˼̈̊̐̊̕ ̈̆̅̈̅˸̄̅̈̉̓, 
˻̅ ̈˿̌ ̆̅̇ ̖˹̖̖̂̉̈̕ ̅˸̑˼́̉˷̃˿ ˿̈̈̂˼˻̅˹˷̄˿̖ 

[4–6]. К ̉˷́˿̃ ̋˷́̉̅̇˷̃ ̖̖̅̉̄̅̈̉̈: ̆̅˺̇˼̏̄̅-

̈̉˿ ˿˾˺̅̉̅˹̂˼̄˿̖ ˿ ̈˸̅̇́˿ ˾˹˼̄̓˼˹ ̃˼̌˷̄˿˾̃˷; 
˻˼̋̅̇̃˷̉˿˹̄̅̈̉̓ ˿ ̆̅˻˷̉̂˿˹̅̈̉̓ ˻˼̉˷̂˼̀; ̇˷̈-
̆̇˼˻˼̂˼̄˿˼ ̄˷˺̇̊˾́˿ ̃˼˽˻̊ ̄˼̈̊̐˿̃˿ ̔̂˼̃˼̄-

̉˷̃˿ ̆̂˷̄˼̉˷̇̄̅̀ ̆˼̇˼˻˷̎˿. ˜̈̂˿ ˺̅˹̅̇˿̉̓ ̅˸ 

̅̉́̂̅̄˼̄˿̖̌ ̇˷˾̃˼̇̅˹ ̆̇˿ ˿˾˺̅̉̅˹̂˼̄˿˿ ̆̂˷-
̄˼̉˷̇̄̒̌ ̆˼̇˼˻˷̎, ̉̅ ̔̉˿ ˹̅̆̇̅̈̒ ˻̅˹̅̂̓̄̅ ̆̅-

˻̇̅˸̄̅ ̇˷̈̈̃̅̉̇˼̄̒ ˹ [7]. В̂˿̖̄˿˼ ˻˼̋̅̇̃˷-
̉˿˹̄̅̈̉˿ (̆̅˻˷̉̂˿˹̅̈̉̓) ̅˸̅˻̓˼˹ ̍˼̄̉̇˷̂̓̄̒̌ 
́̅̂˼̈ ˿ ̈˷̉˼̂̂˿̉̅˹, ˷ ̉˷́˽˼ ̄˼̇˷˹̄̅̃˼̇̄̅˺̅ 

̇˷̈̆̇˼˻˼̂˼̄˿̖ ̄˷˺̇̊˾́˿ ̃˼˽˻̊ ̄˼̈̊̐˿̃˿ ̔̂˼-
̃˼̄̉˷̃˿ ̆˼̇˼˻˷̎˿ ̄˷ ̇˷˸̅̉̅̈̆̅̈̅˸̄̅̈̉̓ ̆̇˿-

˹̅˻˷ ̇˷̈̈̃̅̉̇˼̄̅ ˹ [3, 8–11]. ˥ ̆̅̂̅˽˿̉˼̂̓̄̅̃ 

̔̋̋˼́̉˼ ̆̅˻˷̉̂˿˹̅̈̉˿ ˾˹˼̄˷, ̄˷̆̇˿̃˼̇ ˹̅˻˿̂˷, 
˺̅˹̅̇˿̖̉̈ ˹ ̇˷˸̅̉˼ [12]. 

В̂˿̖̄˿̕ ˻˼̋̅̇̃˷̉˿˹̄̅̈̉˿ ˹̅˻˿̂˷ ̆̂˷̄˼-
̉˷̇̄̅̀ ̆˼̇˼˻˷̎˿ ̄˷ ̇˷̈̆̇˼˻˼̂˼̄˿˼ ̄˷˺̇̊˾́˿ 

̆̅ ̏˿̇˿̄˼ ˾̊˸̎˷̉̒̌ ˹˼̄̍̅˹ ̊˻˼̂˼̄̅ ˾̄˷̎˿-

̉˼̂̓̄̅˼ ˹̄˿̃˷̄˿˼ ˹ ̇˷˸̅̉˷̌ [3, 13, 14]. В [3] 

̆̇˿˹˼˻˼̄˷ ̃˼̉̅˻˿́˷ ̇˷̈̎˼̉˷ ˻˼̋̅̇̃˷̍˿˿ ˹̅-

˻˿̂˷, ́̅̉̅̇˷̖ ̅̈̄̅˹˷̄˷ ̄˷ ̔́̈̆˼̇˿̃˼̄̉˷̂̓̄̅̃ 

˿̈̈̂˼˻̅˹˷̄˿˿ ˺̇̊̆̆̒ ˷˹̉̅̇̅˹ [13]. ˛˷̄̄˷̖ ̃˼-
̉̅˻˿́˷ ̆̅˾˹̖̅̂˼̉ ̆̅̂̊̎˿̉̓ ˾̄˷̎˼̄˿˼ ˻˼̋̅̇̃˷-
̍˿˿ (̆˼̇˼̃˼̐˼̄˿̖) ˹̅˻˿̂˷ ˹ ̍˼̂̅̃ – ˸˼˾ ̆̇˿-

˹̖˾́˿ ́ ́̅̄́̇˼̉̄̅̃̊ ˾˷̍˼̆̂˼̄˿̕ ̈˷̉˼̂̂˿̉˷ ̈ 
̍˼̄̉̇˷̂̓̄̒̃˿ ́̅̂˼̈˷̃˿. ˛̖̂ ̅̆̇˼˻˼̂˼̄˿̖ 

˻˼̋̅̇̃˷̍˿˿ ˹̅˻˿̂˷ ˿ ̊˺̂̅˹ ̆˼̇˼́̅̈˷ ̅̈˿ ́˷˽-

˻̅˺̅ ̈˷̉˼̂̂˿̉˷ ̈ ̍˼̄̉̇˷̂̓̄̒̃˿ ́̅̂˼̈˷̃˿ ̍˼-
̂˼̈̅̅˸̇˷˾̄̅ ̆̇˿̃˼̖̄̉̓ ̎˿̈̂˼̄̄̒̀ ̃˼̉̅˻, ̈ 

̆̅̃̅̐̓̕ ́̅̉̅̇̅˺̅ ̃̅˽̄̅ ̇˷̈̈̎˿̉̒˹˷̉̓ ̆˼̇˼-
̃˼̐˼̄˿˼ ̂̕˸̅̀ ̉̅̎́˿ ˻˼̉˷̂˿, ˿̄̉˼̇˼̈̊̐̕˼̀ 

˿̈̈̂˼˻̅˹˷̉˼̖̂, ˷ ̉˷́˽˼ ˻˼̋̅̇̃˷̍˿̕ ˻˼̉˷̂˿ ˹ 

̇˼˾̊̂̓̉˷̉˼ ̈̂̅˽̄̅˺̅, ̈̅˹̅́̊̆̄̅˺̅ ̄˷˺̇̊˽˼-
̄˿̖. ˤ˷̆̇˿̃˼̇, ́ ̊̈˿̂˿̖̃ ̅̉ ˾˷̍˼̆̂˼̄˿̀ ̈˷-
̉˼̂̂˿̉̅˹ ̈ ̍˼̄̉̇˷̂̓̄̒̃˿ ́̅̂˼̈˷̃˿ ̃̅˽̄̅ ˻̅-

˸˷˹˿̉̓ ̇˼˷́̍˿̕ ̅̉ ̆̅˻̏˿̆̄˿́̅˹ ˹ ̅̆̅̇˷̌, 

̊̈̉˷̄̅˹̂˼̄̄̒̌ ̄˷ ˹̅˻˿̂˼. 
ǘǧǭǾ ǲǢбоǴǽ – ̊̈̉˷̄̅˹˿̉̓ ˹̂˿̖̄˿˼ ˻˼̋̅̇-

̃˷̉˿˹̄̅̈̉˿ ˹̅˻˿̂˷ ̄˷ ˾̄˷̎˼̄˿˼ ̊˺̂˷ ̆˼̇˼́̅̈˷ 
̅˸̇˷˾̊̐̕˿̌ ˾̊˸̓˼˹ ˹ ̆̂̅̈́̅̈̉˿ ˾˷̍˼̆̂˼̄˿̖ 

̈˷̉˼̂̂˿̉̅˹ ̈ ̍˼̄̉̇˷̂̓̄̒̃˿ ́̅̂˼̈˷̃˿ ˿ ˹̒̇˷-
˾˿̉̓ ̔̉̅ ˹̂˿̖̄˿˼ ̎˼̇˼˾ ˾̄˷̎˼̄˿˼ ́̅̔̋̋˿̍˿˼̄-

̉˷ ̄˼̇˷˹̄̅̃˼̇̄̅̈̉˿ ̇˷̈̆̇˼˻˼̂˼̄˿̖ ̄˷˺̇̊˾́˿ 

̆̅ ˻̂˿̄˼ ́̅̄̉˷́̉̄̒̌ ̂˿̄˿̀. 

ǒǢǳǹǧǴǯоǧ ǪǳǳǭǧǦоǤǢǯǪǧ 

˧˷̈̈̃̅̉̇˿̃ ˹̅˻˿̂̅ ̉˿̌̅̌̅˻̄̅˺̅ ̆̂˷̄˼̉˷̇-

̄̅˺̅ ̖̇˻˷ ̇˼˻̊́̉̅̇˷, ˹̈̉̇̅˼̄̄̅˺̅ ˹ ˸˷̇˷˸˷̄ 

˺̇̊˾̅˹̅̀ ̅˻̄̅́˷̄˷̉̄̅̀ ̂˼˸˼˻́˿ (̇˿̈.1). К̅̄-

̈̉̇̊́̍˿̖ ̇˷̈̈̃˷̉̇˿˹˷˼̃̅˺̅ ˿˾˻˼̂˿̖ ̆̅́˷˾˷̄˷ 
̄˷ ̇˿̈. 2. В̅˻˿̂̅ ̄˼ ˹̇˷̐˷˼̖̉̈ ˿ ́̇˼̆˿̖̉̈ 

˸̅̂̉˷̃˿ ˣ24 ́ ̅̆̅̇̄̅̀ ̈̉̅̀́˼ ̇˷̃̒ ̂˼˸˼˻́˿. 

ˤ˷ ̍˿̂˿̄˻̇˿̎˼̈́̊̕ ̆̅˹˼̇̌̄̅̈̉̓ Ø320 ̊̈̉˷-
̄̅˹̂˼̄ ̏˷̇˿́̅̆̅˻̏˿̆̄˿́. ˬ˷̇˷́̉˼̇ ˿˾̃˼̄˼-
̄˿̖ ̄˷˺̇̊˾́˿ ̄˷ ̆̅˻̏˿̆̄˿́ ̇˷̈̈̃̅̉̇˼̄ ˹ [15]. 

ˤ˷ ́˷˽˻̊̕ ̅̈̓ ̈˷̉˼̂̂˿̉˷ ˻˼̀̈̉˹̊˼̉ ̈˿̂˷ 

F = 2Ftw ˹ ̄˷̆̇˷˹̂˼̄˿˿, ̊́˷˾˷̄̄̅̃ ̄˷ ̇˿̈. 2. 

˦̇˿̖̄̉̅ ̈̎˿̉˷̉̓, ̎̉̅ ̅́̇̊˽̄̒˼ ̈˿̂̒ Ftw ˹̅ 

˹̈˼̌ ˾˷̍˼̆̂˼̄˿̖̌ ̍˼̄̉̇˷̂̓̄̒̌ ́̅̂˼̈ ̈ ̈˷̉˼̂-

̂˿̉˷̃˿ ̅˻˿̄˷́̅˹̒ ˿ ̈̅̈̉˷˹̖̂̉̕ Ftw = 98845 ˤ. 

˧˷̈̎˼̉ ˻˼̋̅̇̃˷̍˿˿ ˹̅˻˿̂˷ ˹̒̆̅̂̄˼̄ ̈ ̆̅-

̃̅̐̓̕ ̆̇˿́̂˷˻̄̅̀ ̆̇̅˺̇˷̃̃̒ «T-FlexCAD», 

˹ ́̅̉̅̇̊̕ ˿̄̉˼˺̇˿̇̅˹˷̄˷ ̈̇˼˻˷ ́̅̄˼̎̄̅-

̔̂˼̃˼̄̉̄̒̌ ̇˷̈̎˼̉̅˹ «T-Flex А̄˷̂˿˾», ̅˸˼̈̆˼-
̎˿˹˷̐̕˷̖ ˷˹̉̅̃˷̉˿̎˼̈́̅˼ ̆̅̈̉̇̅˼̄˿˼ ̉˼̉̇˷-
̔˻̇˷̂̓̄̒̌ ́̅̄˼̎̄̅-̔̂˼̃˼̄̉̄̒̌ ̈˼̉̅́. 

В ́˷̎˼̈̉˹˼ ̅̈̅˸˼̄̄̅̈̉˿ ̉˷́̅˺̅ ̃˼̉̅˻˷ ̈̂˼˻̊-
˼̉ ˹̒˻˼̂˿̉̓ ˹̅˾̃̅˽̄̅̈̉̓ ̅̆̇˼˻˼̂˼̄˿̖ ˻˼̋̅̇-

̃˷̍˿̀, ̆˼̇˼̃˼̐˼̄˿̀, ̄˷̖̆̇˽˼̄˿̀ ˿ ́̅̔̋̋˿-

̍˿˼̄̉̅˹ ˾˷̆˷̈˷ ˹ ̄̊˽̄̅̀ ̇˷̈̎˼̉̎˿́̊ ̉̅̎́˼. 
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˧˿̈. 1. ˣ̅˻˼̂̓ ́̅̄̈̉̇̊́̍˿˿ ̂˼˸˼˻́˿ ̈̅ ˹̈̉̇̅˼̄̄̒̃ ̆̂˷̄˼̉˷̇̄̒̃ ̇˼˻̊́̉̅̇̅̃ 

Fig. 1. Model of winch construction with integrated planetary gearbox 
 

˛̖̂ ̇˷̈̎˼̉˷ ̈̃˼̐˼̄˿̖ ̅˻̄̅̀ ̐˼́˿ ˹̅˻˿̂˷ 

̅̉̄̅̈˿̉˼̂̓̄̅ ˻̇̊˺̅̀ ̃˼̉̅˻̅̃ ́̅̄˼̎̄̒̌ ̔̂˼-
̃˼̄̉̅˹ ̄˼̅˸̌̅˻˿̃̅ ˿̃˼̉̓ 3D ̃̅˻˼̂̓ ˿̈̈̂˼˻̊-

˼̃̅˺̅ ̅˸̑˼́̉˷ (̇˿̈. 3, а), ˷ ˾˷̉˼̃ ̆̇̅˿˾˹˼̈̉˿ 

˾˷̃˼̄̊ ˿̈̌̅˻̄̅̀ ̃̅˻˼̂˿ ̄˷ ˻˿̈́̇˼̉̄̊̕ ̃˷̉˼-
̃˷̉˿̎˼̈́̊̕, ́̅̉̅̇˷̖ ̅̉̇˷˽˷˼̉ ˹̈˼ ̋˿˾˿̎˼̈́˿˼ 
̈˹̅̀̈̉˹˷ ˿˾˻˼̂˿̖ (̇˿̈. 3, ȁ). 

К̅̄̈̉̇̊́̍˿̖ ˹̅˻˿̂˷ ˹ ̃˷̉˼̃˷̉˿̎˼̈́̅̀ ̃̅-

˻˼̂˿ – ̔̉̅ ̈̅˹̅́̊̆̄̅̈̉̓ ́̅̄˼̎̄̒̌ ̔̂˼̃˼̄̉̅˹, 

˷̆̆̇̅́̈˿̃˿̇̊̐̕˿̌ ˿̈̌̅˻̄̊̕ ̋̅̇̃̊ ˿˾˻˼̂˿̖ 

˿ ̈˹̖˾˷̄̄̒̌ ̃˼˽˻̊ ̈̅˸̅̀ ˹ ˺̇˷̄˿̎̄̒̌ ̉̅̎́˷̌-

̊˾̂˷̌. В̄˼̏̄˿˼ ̄˷˺̇̊˾́˿, ˻˼̀̈̉˹̊̐̕˿˼ ̄˷ ˹̅-

˻˿̂̅, ̆̇˿˹˼˻˼̄̒ ́ ̔́˹˿˹˷̂˼̄̉̄̒̃, ́̅̉̅̇̒˼ 
̆̇˿̂̅˽˼̄̒ ́ ̊˾̂˷̃ ́̅̄˼̎̄̒̌ ̔̂˼̃˼̄̉̅˹. 

˥˺̇˷̄˿̎˼̄˿̖ (˾˷́̇˼̆̂˼̄˿̖) ̆˼̇˼̃˼̐˼̄˿̀ 

̄˷̂̅˽˼̄̒ ˷̄˷̂̅˺˿̎̄̒̃ ̅˸̇˷˾̅̃.  

В ́˷̎˼̈̉˹˼ ˺˼̅̃˼̉̇˿̎˼̈́̅̀ ̋̅̇̃̒ ́̅̄˼̎-

̄̒̌ ̔̂˼̃˼̄̉̅˹, ˺˼̄˼̇˿̇̊̐̕˿̌ ̇˷̈̎˼̉̄̊̕ 

̈˼̉́̊, ˹̒˸̇˷̄ 10-̊˾̂̅˹̅̀ ̉˼̉̇˷̔˻̇. ˩˷́̅̀ ́̅-

̄˼̎̄̒̀ ̔̂˼̃˼̄̉ ̊˻̅˸˼̄ ̉˼̃, ̎̉̅ ̆̅˾˹̖̅̂˼̉ 
̄˷˿˸̅̂˼˼ ̉̅̎̄̅ ̆̅˹̉̅̇˿̉̓ ̋̅̇̃̊ ˿˾˻˼̂˿̖ ̈˷-

̃̅̀ ̈̂̅˽̄̅̀ ̋̅̇̃̒, ́˷́̅˹̒̃ ̖˹̖̂˼̖̉̈ ˹̅-

˻˿̂̅. 

˥˻̄˿̃ ˿˾ ˹˷˽̄˼̀̏˿̌ ̆˷̇˷̃˼̉̇̅˹ ˺˼̄˼̇˿-

̇̊˼̃̅̀ ̈˼̉́˿ ̖˹̖̂˼̖̉̈ ˼˼ ̇˷˾̃˼̇ – ̎˼̃ ̅̄ 

̃˼̄̓̏˼, ̉˼̃ ˸̅̂˼˼ ̉̅̎̄˷ ˷̆̆̇̅́̈˿̃˷̍˿̖ ̃̅-

˻˼̂˿. ˦̇˿̖̄̉̅ ˾̄˷̎˼̄˿˼ ̅̉̄̅̈˿̉˼̂̓̄̅˺̅ ̇˷˾-
̃˼̇˷ ̈˼̉́˿ 0,015, ́̅̉̅̇̅˼ ̈̂˼˻̊˼̉ ̆̅̄˿̃˷̉̓ 
́˷́ ˻̅̂̕ ̈˷̃̅˺̅ ˸̅̂̓̏̅˺̅ ̇˼˸̇˷ ̖̆̇̃̅̊˺̅̂̓-

̄˿́˷, ̅̌˹˷̉̒˹˷̐̕˼˺̅ ˹̈̕ ̃̅˻˼̂̓. ˨˺˼̄˼̇˿̇̅-

˹˷̄̄˷̖ ̃̅˻˼̂̓ ̈̅̈̉̅˿̉ ˿˾ 232080 ̔̂˼̃˼̄̉̅˹ 

˿ 367561 ̊˾̂˷. 
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˧˿̈. 2. К̅̄̈̉̇̊́̍˿̖ ˹̅˻˿̂˷ 
Fig. 2. Carrier construction 

 

а) ȁ) 

 

˧˿̈. 3. 3D ̃̅˻˼̂̓ ̇˷̈̈̎˿̉̒˹˷˼̃̅˺̅ ˹̅˻˿̂˷ (а) ˿ ˷̆̆̇̅́̈˿̃˿̇̅˹˷̄̄˷̖ ̃˷̉˼̃˷̉˿̎˼̈́˷̖ ̃̅˻˼̂̓ ˹̅˻˿̂˷ (ȁ) 

Fig. 3. 3D model of calculated carrier (а) and approximated mathematical carrier model (ȁ) 
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˧˿̈. 4. ˛˼̋̅̇̃˿̇̅˹˷̄̄̅˼ ̖̈̅̈̉̅̄˿˼ ˹̅˻˿̂˷ 
Fig. 4. Deformed carrier condition 

 

˩ ˷ ˸ ̂ ˿ ̍ ˷  1   

ǉǯǢǹǧǯǪȁ ǱǧǲǧмǧǻǧǯǪǫ Ǥ ǬоǯǴǲоǭǾǯǽǷ ǴоǹǬǢǷ  

T a b l e  1  

Value of displacements in control points 

ˤ̅̃˼̇ К˩ νi, ° Δyi, ̃̃ Δzi, ̃̃ Vi, ̃̃ Ui, ̃̃ 

1 90 –0,0260 0,0002 0,026 –0,00015 

2 180 0,00015 –0,02660 0,0266 0,00015 

3 270 0,0260 0,0001 0,026 0,0001 

4 360 0,0013 0,0260 0,026 –0,0013 

5 90 –0,01130 –0,00013 0,0113 0,00013 

6 180 0,0002 –0,0108 0,0108 0,0002 

7 270 0,010 –0,00014 0,01 –0,00014 

8 360 0,0006 0,010 0,01 –0,0006 

 

ˤ˷ ̇˿̈. 4 ̃̅˽̄̅ ̊˹˿˻˼̉̓ ˻˼̋̅̇̃˿̇̅˹˷̄̄̅˼ 
̖̈̅̈̉̅̄˿˼ ˹̅˻˿̂˷ ˹ ̇˼˾̊̂̓̉˷̉˼ ̆̇˿̂̅˽˼̄˿̖ 

̄˷˺̇̊˾́˿ ̄˷ ̅̈˿ ̈˷̉˼̂̂˿̉̅˹. 

В ˿̉̅˺˼ ˹̒̆̅̂̄˼̄˿̖ ̇˷̈̎˼̉̅˹, ̇˼˾̊̂̓̉˷̉̒ 

́̅̉̅̇̒̌ ̆̇˿˹˼˻˼̄̒ ˹ ̉˷˸̂. 1, ̅̆̇˼˻˼̂˼̄̒ ˻˼-
̋̅̇̃˷̍˿̅̄̄̒˼ ̆˼̇˼̃˼̐˼̄˿̖ ˹ ́̅̄̉̇̅̂̓̄̒̌ 

̉̅̎́˷̌ (К˩), ̇˷̈̆̅̂̅˽˼̄̄̒̌ ̄˷ ̉̅̇̍˷̌ ̅̈˼̀ 

̈˷̉˼̂̂˿̉̅˹. В ̃˼̈̉˷̌ ̇˷̈̆̅̂̅˽˼̄˿̖ К˩ (̈̃. 

̇˿̈. 2) ˹ ̃̅˻˼̂˿ ̊̈̉˷̄̅˹̂˼̄̒ ˹˿̇̉̊˷̂̓̄̒˼ 
˻˷̉̎˿́˿, ̆̅˾˹̖̅̂̐̕˿˼ ̈̎˿̉̒˹˷̉̓ ˿̄̋̅̇̃˷-
̍˿̕ ˹ ̄̊˽̄̅̀ ̉̅̎́˼ К˩. ˥̄˿ ̇˷̈̆̅̂̅˽˼̄̒ ̄˷ 
̉̅̇̍˷̌ ̅̈˼̀ ̈̅ ̈̉̅̇̅̄̒ ̐˼́˿ 2 ˿ ˿̃˼̉̕ ̄̅̃˼-
̇˷ ̅̉ 1 ˻̅ 4 ˹ ̈̅̅̉˹˼̉̈̉˹˿˿ ̈ ̄̊̃˼̇˷̍˿˼̀ ̅̈˼̀ 

(i = 1, 2, 3, 4), ̆̅́˷˾˷̄̄̅̀ ̄˷ ̇˿̈. 2. К˩, ̇˷̈-
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̆̅̂̅˽˼̄̄̒˼ ̄˷ ̉̅̇̍˷̌ ̅̈˼̀ ̈̅ ̈̉̅̇̅̄̒ ̐˼́˿ 

1, ˿̃˼̉̕ ̄̅̃˼̇˷ ̅̉ 5 ˻̅ 8. ˛˼̋̅̇̃˷̍˿̅̄̄̒˼ 
̆˼̇˼̃˼̐˼̄˿̖ ̇˷̈̈̎˿̉̒˹˷̖̉̈̕ ˹ ̈˿̈̉˼̃˼ ́̅̅̇-

˻˿̄˷̉ XhYhZh, ́̅̉̅̇˷̖ ̈˹̖˾˷̄˷ ̈ ˹̅˻˿̂̅̃. 

˧˷̈̎˼̉ ̈ ̆̅̃̅̐̓̕ ˣК˴ ˹ ̈̇˼˻˼ «T-Flex А̄˷-
̂˿˾» ̆̅˾˹̖̅̂˼̉ ̃̅˻˼̂˿̇̅˹˷̉̓ ˾˷˻˷̎̊ ̃˷́̈˿̃˷̂̓-
̄̅ ˸̂˿˾́̅ ́ ̇˼˷̂̓̄̒̃ ̊̈̂̅˹˿̖̃ ̇˷˸̅̉̒ ˿˾˻˼̂˿̖. 

˟̈̌̅˻̖ ˿˾ ̔̉̅̀ ˹̅˾̃̅˽̄̅̈̉˿ ̍˼̂˼̈̅̅˸̇˷˾̄̅ ˿˾-
̃˼̄˿̉̓ ̄˼́̅̉̅̇̒˼ ̃̅̃˼̄̉̒ ̇˷̈̎˼̉̄̅̀ ̃̅˻˼̂˿. В 

̎˷̈̉̄̅̈̉˿ ̅˺̇˷̄˿̎˼̄˿˼ (˾˷́̇˼̆̂˼̄˿˼) ̃̅˻˼̂˿ 

˸̒̂̅ ̆̇˿̖̄̉̅ ̆̇̅˿˾˹̅˻˿̉̓ ˸˼˾ ́˷́˿̌-̂˿˸̅ ˻̅-

̆̊̐˼̄˿̀. ˛̖̂ ̔̉̅˺̅ ̉˼̂̅ ˹̅˻˿̂˷ ˽˼̈̉́̅ ˾˷̋˿́-

̈˿̇̅˹˷̄̅ ̆̅ ̅̉˹˼̇̈̉˿̖̃ ˣ24 ̐˼́˿ 1 (̈̃. ̇˿̈. 2). 

˴̉̅ ̅˾̄˷̎˷˼̉, ̎̉̅ ˾̄˷̎˼̄˿̖ ̆˼̇˼̃˼̐˼̄˿̀ ˹ К˩, 

̇˷̈̆̅̂̅˽˼̄̄̒̌ ̈̅ ̈̉̅̇̅̄̒ ̐˼́˿ 1, ˸̊˻̊̉ ̅̉̂˿̎-

̄̒̃˿ ̅̉ ̖̄̊̂. ˞̄˷̎˼̄˿̖ ̆˼̇˼̃˼̐˼̄˿̀ Δ ˹˻̅̂̓ 
̅̈˼̀ OYh ˿ OZh ˹ ̈˼̌ К˩ ̆̇˿˹˼˻˼̄̒ ˹ ̉˷˸̂. 1. 

˟˾ ˻˷̄̄̒̌ ̉˷˸̂. 1 ̈̂˼˻̊˼̉, ̎̉̅ ˹ ̇˼˾̊̂̓̉˷̉˼ 
˻˼̋̅̇̃˷̍˿˿ ˹̅˻˿̂˷ ̆̅˻ ˻˼̀̈̉˹˿˼̃ ̈˿̂ ˹ ˾˷̍˼̆-

̂˼̄˿̖̌ ̈˷̉˼̂̂˿̉̅˹ ̈ ̍˼̄̉̇˷̂̓̄̒̃˿ ́̅̂˼̈˷̃˿ 

̆̇̅˿̈̌̅˻˿̉ ̈̃˼̐˼̄˿˼ ̐˼́˿ 2 ̅̉̄̅̈˿̉˼̂̓̄̅ ̐˼-
́˿ 1, ́̅˺˻˷ ̆̅̈̂˼˻̖̖̄ ˽˼̈̉́̅ ˾˷́̇˼̆̂˼̄˷. 

˦̇˿ ̇˷̈̎˼̉˼ ̄˷ ̆̇̅̎̄̅̈̉̓ ˾˷̍˼̆̂˼̄˿̀ a–g 

˿ b– g ˿̈̆̅̂̓˾̊˼̖̉̈ ̃˼̈̉̄˷̖ ̈˿̈̉˼̃˷ ́̅̅̇˻˿-

̄˷̉ XiYiZi, ́̅̉̅̇˷̖ ̈˹̖˾˷̄˷ ̈ ̅̈̓̕ i-˺̅ ̈˷̉˼̂̂˿-

̉˷. В ̔̉̅̀ ̈˿̈̉˼̃˼ ́̅̅̇˻˿̄˷̉ ̄˼̅˸̌̅˻˿̃̅ 

̅̆̇˼˻˼̂˿̉̓ ̊˺̅̂ ̅̉́̂̅̄˼̄˿̖ ̅̈˿ ̈˷̉˼̂̂˿̉˷ ̅̉ 
̆̂̅̈́̅̈̉˿ ZiOiXi, ˹ ́̅̉̅̇̅̀ ̄̅̃˿̄˷̂̓̄̅ ̇˷̈-
̆̅̂˷˺˷̖̉̈̕ ̅̈˿ ̈˷̉˼̂̂˿̉˷ ˿ ˹̅˻˿̂˷ (̆˼̇˼́̅̈ 

̅̈˼̀ ʙhz), ˷ ̉˷́˽˼ ˹̒̎˿̈̂˿̉̓ ̊˺̅̂ ̅̉́̂̅̄˼̄˿̖ 

̅̈˿ ̈˷̉˼̂̂˿̉˷ ̅̉ ̆˷̇˷̂̂˼̂̓̄̅̈̉˿ ̅̉̄̅̈˿̉˼̂̓̄̅ 

̄̅̃˿̄˷̂̓̄̅˺̅ ̆̅̂̅˽˼̄˿̖ ̅̈˿ ˹̅˻˿̂˷ (̅̉́̂̅-

̄˼̄˿˼ ̅̉ ̆˷̇˷̂̂˼̂̓̄̅̈̉˿ ʙhy). ˛̖̂ ̅̆̇˼˻˼̂˼̄˿̖ 

̔̉˿̌ ̊˺̂̅˹ ˸̒̂˿ ˹̒̎˿̈̂˼̄̒ ̆˼̇˼̃˼̐˼̄˿̖ К˩ 

˹ ̅́̇̊˽̄̅̃ ˿ ̇˷˻˿˷̂̓̄̅̃ ̄˷̆̇˷˹̂˼̄˿̖̌: 

 sin cos ;i yi i zi iV       (1) 

 cos sin ,i yi i zi iU       (2) 

˺˻˼ Δyi, Δzi – ˻˼̋̅̇̃˷̍˿̅̄̄̒˼ ̆˼̇˼̃˼̐˼̄˿̖ 

К˩ ˹ ̄˷̆̇˷˹̂˼̄˿˿ ̅̈˼̀ OYh ˿ OZh; νi – ̊˺̅̂, 

́̅̅̇˻˿̄˿̇̊̐̕˿̀ ̆̅̂̅˽˼̄˿˼ ̅̈˿ ̈˷̉˼̂̂˿̉˷ ˿ 

̈̅̅̉˹˼̉̈̉˹̊̐̕˿̌ К˩ ̅̉̄̅̈˿̉˼̂̓̄̅ ̅̈˿ OYh. 

˛̖̂ ̅˸̑˼́̉˿˹̄̅̀ ̅̍˼̄́˿ ˹̂˿̖̄˿̖ ̆˼̇˼̃˼-
̐˼̄˿̖ К˩ ˹ ̇˼˾̊̂̓̉˷̉˼ ˻˼̋̅̇̃˷̍˿˿ ˹̅˻˿̂˷ ̄˷ 

̄˷˺̇̊˾̅̎̄̊̕ ̈̆̅̈̅˸̄̅̈̉̓ ̆̂˷̄˼̉˷̇̄̅˺̅ ̇˼˻̊́-

̉̅̇˷ ̈̂˼˻̊˼̉ ̅̆̇˼˻˼̂˿̉̓ ̆˼̇˼́̅̈̒ ̅̈˼̀ ̈˷̉˼̂-

̂˿̉̅˹ ˿ ̈̉˼̆˼̄̓ ˿˾̃˼̄˼̄˿̖ KHʘ. 

˦˼̇˼́̅̈ ̅̈˿ ̈˷̉˼̂̂˿̉˷ ̆̇˼˻̈̉˷˹̖̂˼̉ ̈̅˸̅̀ 

̇˷˾̄̅̈̉̓ ̅́̇̊˽̄̒̌ ̆˼̇˼̃˼̐˼̄˿̀, ̅̉̄˼̈˼̄̄̊̕ 

́ ̇˷̖̈̈̉̅̄˿̕ L ̃˼˽˻̊ К˩, ̇˷̈̆̅̂̅˽˼̄̄̒̃˿ 

̄˷ ̆̇̅̉˿˹̅̆̅̂̅˽̄̒̌ ̉̅̇̍˷̌ ̅̈˼̀ ̈˷̉˼̂̂˿̉̅˹ 

(L = 217 ̃̃): 

 ( )[ ]/ .hzi i n iV V L    (3) 

˥̉́̂̅̄˼̄˿˼ ̅̉ ̆˷̇˷̂̂˼̂̓̄̅̈̉˿ ̆̇˼˻̈̉˷˹-

̖̂˼̉ ̈̅˸̅̀ ̇˷˾̄̅̈̉̓ ̇˷˻˿˷̂̓̄̒̌ ̆˼̇˼̃˼̐˼-
̄˿̀, ̅̉̄˼̈˼̄̄̊̕ ́ ̇˷̖̈̈̉̅̄˿̕ L ̃˼˽˻̊ К˩: 

 ( )[ ]/ .hyi n i iU U L    (4) 

˧˷̈̎˼̉̄˷̖ ̈̌˼̃˷ ́ ̅̆̇˼˻˼̂˼̄˿̕ ̆˼̇˼́̅̈˷ 

̅̈˼̀ ˿ ̅̉́̂̅̄˼̄˿̖ ̅̉ ̆˷̇˷̂̂˼̂̓̄̅̈̉˿ ̆̇˼˻-

̈̉˷˹̂˼̄˷ ̄˷ ̇˿̈. 5. 

˛˷̂˼˼ ̆˼̇˼́̅̈ ˿ ̅̉́̂̅̄˼̄˿˼ ̅̉ ̆˷̇˷̂̂˼̂̓-

̄̅̈̉˿ ̇˷̈̈̃˷̉̇˿˹˷̖̉̈̕ ́˷́ ˹˼́̉̅̇̒, ̅̆̇˼˻˼-
̖̂˼̃̒˼ ̆̅ ̆̇˷˹˿̂̊ ̆̇˷˹̅˺̅ ˹˿̄̉˷. ˜̈̂˿ ʙhzi > 0, 

̉̅ ̆̇˿ ʙhyi = 0 ̊˻˼̂̓̄˷̖ ̄˷˺̇̊˾́˷ ́̅̄̍˼̄̉̇˿̇̊-
˼̖̉̈ ̊ ̂˼˹̅˺̅ ̉̅̇̍̅˹̅˺̅ ̈˼̎˼̄˿̖ ˾̊˸̎˷̉̅˺̅ 

˹˼̄̍˷. ˜̈̂˿ ʙhyi > 0, ̉̅ ̆̇˿ ʙhzi = 0 ̊˻˼̂̓̄˷̖ 

̄˷˺̇̊˾́˷ ́̅̄̍˼̄̉̇˿̇̊˼̖̉̈ ̊ ̂˼˹̅˺̅ ̉̅̇̍̅˹̅˺̅ 

̈˼̎˼̄˿̖ ˾̊˸̎˷̉̅˺̅ ˹˼̄̍˷ ˹ ˾˷̍˼̆̂˼̄˿˿ a–g ˿ ̊ 
̆̇˷˹̅˺̅ ̉̅̇̍̅˹̅˺̅ ̈˼̎˼̄˿̖ ˹ ˾˷̍˼̆̂˼̄˿˿ b–g. 

˨̅˹̃˼̈̉̄̅˼ ˹̂˿̖̄˿˼ ̊˺̂̅˹ ʙhzi ˿ ʙhyi ̄˷ ́̅̄-

̍˼̄̉̇˷̍˿̕ ̊˻˼̂̓̄̅̀ ̄˷˺̇̊˾́˿ ̅̍˼̄˿˹˷˼̖̉̈ 

̎˷̈̉̄̒̃ ̊˺̂̅̃ ̆˼̇˼́̅̈˷ ̅˸̇˷˾̊̐̕˿̌ ˾̊˸̓˼˹ ˹ 

̆̂̅̈́̅̈̉˿ ˾˷̍˼̆̂˼̄˿̖. ˴̉̅̉ ̊˺̅̂, ̊̎˿̉̒˹˷̐̕˿̀ 

˹̂˿̖̄˿˼ ˻˼̋̅̇̃˷̍˿˿ ˹̅˻˿̂˷ ̄˷ ̄˼̇˷˹̄̅̃˼̇-

̄̅̈̉̓ ̇˷̈̆̇˼˻˼̂˼̄˿̖ ̄˷˺̇̊˾́˿ ̆̅ ̏˿̇˿̄˼ ˾̊˸̎˷-
̉̒̌ ˹˼̄̍̅˹, ̇˷̈̈̎˿̉̒˹˷˼̖̉̈ ̆̅ ̋̅̇̃̊̂˷̃ (5) ˿ 

(6) ˻̖̂ ˾˷̍˼̆̂˼̄˿̀ a–g Ȉ b–g ̈̅̅̉˹˼̉̈̉˹˼̄̄̅: 

 cos sin ;tai hzi tw hyi tw
        (5) 

 cos si ,ntbi hzi tw hyi tw
        (6) 

˺˻˼ ʗtw – ̊˺̅̂ ˾˷̍˼̆̂˼̄˿̖. ˞˻˼̈̓ ˿ ˻˷̂˼˼ ̇˷˾̄̅-

̈̉̓̕ ̊˺̂̅˹ ˾˷̍˼̆̂˼̄˿̖ ˹ ˾̊˸̎˷̉̒̌ ̆˷̇˷̌ a–g ˿ 

b–g ̆̇˼̄˼˸̇˼˺˷˼̃ ˿ ˹ ̇˷̈̎˼̉˼ ̊̎˿̉̒˹˷˼̃ ̈̇˼˻-

̄˼˼ ˾̄˷̎˼̄˿˼ ( ) ( )( ) / 2,tw tw a tw b     ˺˻˼ ( )tw a  

˿ ( )tw b  – ̊˺̂̒ ˾˷̍˼̆̂˼̄˿̖ ˻̖̂ ˾̊˸̎˷̉̒̌ ̆˷̇ 

a–g ˿ b–g. 
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˧˿̈. 5. К ̅̆̇˼˻˼̂˼̄˿̕ ̆˼̇˼́̅̈˷ ˿ ̅̉́̂̅̄˼̄˿̖ ̅̉ ̆˷̇˷̂̂˼̂̓̄̅̈̉˿ 

Fig. 5. For axis misalignment and parallel misalignment determination 

 

˦̅̂̅˽˿̉˼̂̓̄̒˼ ˹˼̂˿̎˿̄̒ ̊˺̂̅˹ Δʙtai' ˿ Δʙtbi' 

̈̅̅̉˹˼̉̈̉˹̊̉̕ ́̅̄̍˼̄̉̇˷̍˿˿ ̊˻˼̂̓̄̅̀ ̄˷˺̇̊˾-
́˿ ̊ ̂˼˹̅˺̅ ̉̅̇̍̅˹̅˺̅ ̈˼̎˼̄˿̖ (x = bw/2). К˷́ 

˹˿˻̄̅, ˹ ˾˷̍˼̆̂˼̄˿̖̌ ̈˷̉˼̂̂˿̉˷ ̈ ̄̅̃˼̇˷̃˿  

i = 1 ˿ i = 3 ̆̇˿ ˻˼̋̅̇̃˷̍˿˿ ˹̅˻˿̂˷ ̊˻˼̂̓̄˷̖ 

̄˷˺̇̊˾́˷ ˹ ˾˷̍˼̆̂˼̄˿̖̌ a–g ˿ b–g ́̅̄̍˼̄̉̇˿̇̊-
˼̖̉̈ ́ ̅˻̄̅̃̊ ˿ ̉̅̃̊ ˽˼ ̉̅̇̍̅˹̅̃̊ ̈˼̎˼̄˿̕. 

В ˾˷̍˼̆̂˼̄˿̖̌ ̈˷̉˼̂̂˿̉˷ ̈ ̄̅̃˼̇˷̃˿ i = 2 ˿ i = 4 

̆̇˿ ˻˼̋̅̇̃˷̍˿˿ ˹̅˻˿̂˷ ̊˻˼̂̓̄˷̖ ̄˷˺̇̊˾́˷ ˹ 

˾˷̍˼̆̂˼̄˿̖̌ a–g ˿ b–g ́̅̄̍˼̄̉̇˿̇̊˼̖̉̈ ́ ̆̇̅-

̉˿˹̅̆̅̂̅˽̄̒̃ ̉̅̇̍̅˹̒̃ ̈˼̎˼̄˿̖̃. 

ˮ˷̈̉̄̅˼ ˹̂˿̖̄˿˼ ˻˼̋̅̇̃˷̍˿˿ ˹̅˻˿̂˷ ̄˷ 
̄˼̇˷˹̄̅̃˼̇̄̅̈̉̓ ̇˷̈̆̇˼˻˼̂˼̄˿̖ ̄˷˺̇̊˾́˿ ̆̅ 

̏˿̇˿̄˼ ˾̊˸̎˷̉̒̌ ˹˼̄̍̅˹ ˹ ˾˷̍˼̆̂˼̄˿̖̌ a–g ˿ 

b–g ̃̅˽̄̅ ̅̍˼̄˿˹˷̉̓ ̆̅ ̊˺̂̊ ̆˼̇˼́̅̈˷ ̅̈˼̀ 

̈˷̉˼̂̂˿̉̅˹ ̈̅˺̂˷̈̄̅ ̈̂˼˻̊̐̕˼̀ ˾˷˹˿̈˿̃̅̈̉˿: 

 
20,4 s ),co / (w ky tw t A HVK b f c F K K K Z      (7) 

˺˻˼ ̋˷́̉˿̎˼̈́̅˼ ̅̉́̂̅̄˼̄˿˼ ̆̅̂̅˽˼̄˿̖ ́̅̄-

̉˷́̉̄̒̌ ̂˿̄˿̀ ˹ ̄˷̎˷̂̓̄̒̀ ̆˼̇˿̅˻ ̇˷˸̅̉̒ 

̆˼̇˼˻˷̎˿ .ky wf b    

˫̅̇̃̊̂˷ (7) ̆̇˿̃˼̄˿̉˼̂̓̄̅ ́ ˾˷̍˼̆̂˼̄˿-

̖̃ a–g Ȉ b–g ̆̇˿̄˿̃˷˼̉ ̈̂˼˻̊̐̕˿̀ ˹˿˻: 

 ;a a taiK k     (8) 

 .b b tbiK k     (9) 

˞˻˼̈̓ ˸˼˾̇˷˾̃˼̇̄̒˼ ́̅̔̋̋˿̍˿˼̄̉̒ ̆̇̅̆̅̇-

̍˿̅̄˷̂̓̄̅̈̉˿ ̅̆̇˼˻˼̂˼̄̒ ˹ ˾˷˹˿̈˿̃̅̈̉˿ ̅̉ 
˺˼̅̃˼̉̇˿̎˼̈́˿̌ ˿ ̄˷˺̇̊˾̅̎̄̒̌ ̆˷̇˷̃˼̉̇̅˹ ˾˷-
̍˼̆̂˼̄˿̀: 

 2 20,4 cos / ( );a w tw t A HV ak b c F K K K Z    (10) 

 2 20,4 cos / ( ).b w tw t A HV bk b c F K K K Z    (11) 

В ̉˷˸̂. 2 ̆̅́˷˾˷̄̒ ˾̄˷̎˼̄˿̖ ̎˷̈̉̄̒̌ ́̅-

̔̋̋˿̍˿˼̄̉̅˹, ̈˹̖˾˷̄̄̒˼ ̈ ˻˼̋̅̇̃˷̍˿˼̀ ˹̅-

˻˿̂˷. ˴̉˿ ˾̄˷̎˼̄˿̖ ̆̅̂̊̎˼̄̒ ̈ ̊̎˼̉̅̃ ˾˷˹˿-

̈˿̃̅̈̉˼̀ (1)–(11) ˿ ˻˷̄̄̒̌ ̉˷˸̂. 1. В ̇˷̈̎˼-
̉˷̌ ̆̇˿̖̄̉̅ ̇˷˹̄̅̃˼̇̄̅˼ ̇˷̈̆̇˼˻˼̂˼̄˿˼ 
̄˷˺̇̊˾́˿ ̃˼˽˻̊ ̈˷̉˼̂̂˿̉˷̃˿. 
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ЧǢǳǴǯǽǧ ǵǥǭǽ ǱǧǲǧǬоǳǢ обǲǢǩǵȀǻǪǷ ǩǵбǾǧǤ  
Ǥ ǱǭоǳǬоǳǴǪ ǩǢǸǧǱǭǧǯǪȁ Ǫ ǹǢǳǴǯǽǧ ǬоǿǶǶǪǸǪǧǯǴǽ, 

ǵǹǪǴǽǤǢȀǻǪǧ ǤǭǪȁǯǪǧ ǱǧǲǧǬоǳǢ ǯǢ ǯǧǲǢǤǯомǧǲǯоǳǴǾ 
ǲǢǳǱǲǧǦǧǭǧǯǪȁ ǯǢǥǲǵǩǬǪ Ǳо ǺǪǲǪǯǧ ǩǵбǹǢǴоǥо ǤǧǯǸǢ 

T a b l e  2  

Special case of misalignment angles of teeth generatrix 

in plane of action and special case of coefficients  

which take into consideration influence of misalignment 

on unevenness of load distribution on the face width 

№  Δʙtai', ̇˷˻ Δʙtbi', ̇˷˻ ΔKa ΔKb 

1 6,97E-05 6,88E-05 0,0516477 0,0522192

2 6,85E-05 6,83E-05 0,0507585 0,0518397

3 6,89E-05 6,96E-05 0,0510549 0,0528264

4 7,04E-05 6,82E-05 0,0521664 0,0517638

 

˟̈̌̅˻̄̒˼ ˺˼̅̃˼̉̇˿̎˼̈́˿˼ ˻˷̄̄̒˼ ˻̖̂ 

̇˷̈̎˼̉˷ ̎˷̈̉̄̒̌ ̊˺̂̅˹ ̆˼̇˼́̅̈˷ ̅˸̇˷˾̊̐̕˿̌ 

˾̊˸̓˼˹ ˹ ̆̂̅̈́̅̈̉˿ ˾˷̍˼̆̂˼̄˿̖ ˿ ́̅̔̋̋˿̍˿-

˼̄̉̅˹, ̊̎˿̉̒˹˷̐̕˿̌ ˹̂˿̖̄˿˼ ̆˼̇˼́̅̈˷ ̄˷ ̄˼-
̇˷˹̄̅̃˼̇̄̅̈̉̓ ̇˷̈̆̇˼˻˼̂˼̄˿̖ ̄˷˺̇̊˾́˿ ̆̅ 

̏˿̇˿̄˼ ˾̊˸̎˷̉̒̌ ˹˼̄̍̅˹, ̆̇˿˹˼˻˼̄̒ ̄˷ ̇˿̈. 

1. ˛̖̂ ̊̆̇̅̐˼̄˿̖ ̇˷̈̎˼̉̅˹ ˹ ̄˷̖̈̉̅̐˼̀ ̇˷˸̅-

̉˼ ̄˼ ̊̎˿̉̒˹˷̂˷̈̓ ̇˼˷́̍˿̖ ̅̉ ̆̅˻̏˿̆̄˿́˷, 

̊̈̉˷̄̅˹̂˼̄̄̅˺̅ ̄˷ ̍˿̂˿̄˻̇˿̎˼̈́̊̕ ̆̅˹˼̇̌-

̄̅̈̉̓ Ø320 ̃̃. 

В ̊̉̅̎̄˼̄̄̒̌ ̇˷̈̎˼̉˷̌ ̄˼̅˸̌̅˻˿̃̅ ̊̎˿̉̒-

˹˷̉̓ ˹̈˼ ˻˼̀̈̉˹̊̐̕˿˼ ̄˷ ˹̅˻˿̂̅ ̄˷˺̇̊˾́˿ ˿ 

̆̇˿́̂˷˻̒˹˷̉̓ ˿̌ ́ ̃̅˻˼̂˿. ˞˷˹˿̈˿̃̅̈̉˿ (1)–

(11) ˷́̉̊˷̂̓̄̒ ˻̖̂ ́̅̇̇˼́̉̄̅˺̅ ̆̅̂̊̎˼̄˿̖ ̇˼-
˾̊̂̓̉˷̉̅˹ ̆˼̇˼̃˼̐˼̄˿̀ К˩ ˿ ̄˼ ˾˷˹˿̖̈̉ ̅̉ 
̎˿̈̂˷ ̈˷̉˼̂̂˿̉̅˹. ˥̉̃˼̉˿̃, ̎̉̅ ˹ ̈̂̊̎˷˼, ́̅˺˻˷ 
˹̅˻˿̂̅ ˻̅̂˽̄̅ ˹̇˷̐˷̖̉̓̈ ̆̇˿ ̇˷˸̅̉˼ ̇˼˻̊́̉̅-

̇˷, ̈̂˼˻̊˼̉ ˾˷˻˷̖̉̓̈ ̊̈̂̅˹˿˼̃ ˼˺̅ ̄˼̆̅˻˹˿˽̄̅-

̈̉˿ ̆̇˿ ̆̇̅˹˼˻˼̄˿˿ ̇˷̈̎˼̉̅˹. 

ǉǢǬǭȀǹǧǯǪǧ 

˪̈̉˷̄̅˹̂˼̄̅ ˹̂˿̖̄˿˼ ˻˼̋̅̇̃˷̍˿˿ ˹̅˻˿̂˷ ̄˷ 
˾̄˷̎˼̄˿˼ ̊˺̂̅˹ ̆˼̇˼́̅̈˷ ̅˸̇˷˾̊̐̕˿̌ ˾̊˸̓˼˹ ˹ 

̆̂̅̈́̅̈̉˿ ˾˷̍˼̆̂˼̄˿̖ ̈˷̉˼̂̂˿̉̅˹ ̈ ̍˼̄̉̇˷̂̓-
̄̒̃˿ ́̅̂˼̈˷̃˿. ˦̇˿ ̆̇˿̖̄̉̒̌ ˻̅̆̊̐˼̄˿̖̌ ˿ 

˿̈̌̅˻̄̒̌ ˻˷̄̄̒̌ ˹ ̇˼˾̊̂̓̉˷̉˼ ˻˼̋̅̇̃˷̍˿˿ ˹̅-

˻˿̂˷ ˾̄˷̎˼̄˿˼ ́̅̔̋̋˿̍˿˼̄̉˷ ̄˼̇˷˹̄̅̃˼̇̄̅̈̉˿ 

̇˷̈̆̇˼˻˼̂˼̄˿̖ ̄˷˺̇̊˾́˿ ̆̅ ˻̂˿̄˼ ́̅̄̉˷́̉̄̒̌ 
̂˿̄˿̀ ̊˹˼̂˿̎˿̖̉̈ ̇˷˹̄̅̃˼̇̄̅ ̄˷ 5 % ˹ ́˷˽˻̅̃ 

˾˷̍˼̆̂˼̄˿˿ ̈˷̉˼̂̂˿̉̅˹ ̈ ̍˼̄̉̇˷̂̓̄̒̃˿ ́̅̂˼̈˷-
̃˿. В ̆̇̅˹˼˻˼̄̄̒̌ ̇˷̈̎˼̉˷̌ ˸̒̂̅ ̆̇˿̖̄̉̅, ̎̉̅ 

̄˷˺̇̊˾́˷ ̃˼˽˻̊ ̈˷̉˼̂̂˿̉˷̃˿ ̇˷̈̆̇˼˻˼̂˼̄˷ ̇˷˹-

̄̅̃˼̇̄̅. В ̇˼˷̂̓̄̒̌ ̇˷̈̎˼̉˷̌ ̄˼̅˸̌̅˻˿̃̅ ̊̎˿-

̉̒˹˷̉̓ ̋˷́̉̅̇ ̄˼̇˷˹̄̅̃˼̇̄̅̈̉˿, ˹ ̉̅̃ ̎˿̈̂˼ 
̆̇˿ ̈˿̖̃̊̂̍˿˿ ̄˷˺̇̊˾̅́ ̄˷ ̃̅˻˼̂̓. 

˪˺̂̒ ̆˼̇˼́̅̈˷ ˹̒̎˿̈̂˼̄̒ ˻̖̂ ́˷˽˻̅˺̅ ̈˷-

̉˼̂̂˿̉˷ ̅̉˻˼̂̓̄̅. ˣ˼̉̅˻˿́˷ ̇˷̈̎˼̉˷ ̆̇˼˻-

̈̉˷˹̂˼̄˷. 

˦̇˼˻̂̅˽˼̄̄̒̀ ̃˼̉̅˻ ̅̍˼̄́˿ ̉˷́˽˼ ̔̋-

̋˼́̉˿˹˼̄ ˻̖̂ ̇˷̈̎˼̉˷ ˻˼̋̅̇̃˷̍˿˿ ˹̅˻˿̂˷ ̆̇˿ 

˻˼̀̈̉˹˿˿ ̈̅˹̃˼̈̉̄̒̌ ̈˿̂. ˩˷́̅̀ ̆̅˻̌̅˻ ́ ̇˷-

̈̎˼̉̊ ̄˼̈̊̐˼̀ ̈̆̅̈̅˸̄̅̈̉˿ ̆˼̇˼˻˷̎ ̆̂˷̄˼̉˷̇-

̄̅˺̅ ̆̇˿˹̅˻˷, ˹̈̉̇̅˼̄̄̅˺̅ ˹ ˸˷̇˷˸˷̄ ˺̇̊˾̅˹̅̀ 

̂˼˸˼˻́˿, ˹ ̈̅˹̅́̊̆̄̅̈̉˿ ̈ ˷̄˷̂˿˾̅̃, ̆̇̅˹˼-
˻˼̄̄̒̃ ˹ ̇˷˸̅̉˼ [15], ̆̅˾˹̅̂˿̂ ̇˷˾̃˼̈̉˿̉̓ 
˹̉̅̇̊̕ ̅̆̅̇̊ ˸˷̇˷˸˷̄˷ ˹̄̊̉̇˿ ̇˼˻̊́̉̅̇˷ ˿ ̈̅-

́̇˷̉˿̉̓ ̅̈˼˹̅̀ ̇˷˾̃˼̇ ́̅̄̈̉̇̊́̍˿˿.  

ǃǭǢǥоǦǢǲǯоǳǴǾ 

А˹̉̅̇ ˹̈˼̃˼̇̄̅ ˸̂˷˺̅˻˷̇˼̄ ˻̅́̉̅̇̊ ̉˼̌̄˿̎˼̈́˿̌ 
̄˷̊́, ̆̇̅̋˼̈̈̅̇̊ А.ˢ. ˫˿̂˿̆˼̄́̅˹̊ ˾˷ ̍˼̄̄̒˼ ̈̅˹˼-
̉̒ ˿ ̈̅˹̃˼̈̉̄̊̕ ̇˷˸̅̉̊. 
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НАУЧНО-МЕТОДИЧЕСКИЕ АСПЕКТЫ В МЕХАТРОНИКЕ 

˧˷̈̈̃˷̉̇˿˹˷̖̉̈̕ ˹̅̆̇̅̈̒ ̆̅˻˺̅̉̅˹́˿ ̈̆˼̍˿˷̂˿̈̉̅˹ ˹ ̅˸̂˷̈̉˿ ̃˼̌˷̉̇̅̄˿́˿ ˿ ̇̅˸̅̉̅̉˼̌̄˿́˿. А̄˷-
̂˿˾˿̖̇̊̉̈̕ ̆̇̅˸̂˼̃̒, ˹̅˾̄˿́˷̐̕˿˼ ̆̇˿ ˿˾̂̅˽˼̄˿˿ ˻˿̈̍˿̆̂˿̄ ˻̖̂ ̈̉̊˻˼̄̉̅˹-̃˷̏˿̄̅̈̉̇̅˿̉˼̂˼̀. 

˫̅̇̃̊̂˿̖̇̊̉̈̕ ̉̇˼˸̅˹˷̄˿̖ ́ ˿˾̂̅˽˼̄˿̕ ̃˷̉˼̇˿˷̂̅˹ ̄˷ ˸˷˾˼ ̈˿̈̉˼̃̄̅˺̅ ̆̅˻̌̅˻˷ ́ ̆̇̅˼́̉˿̇̅˹˷̄˿̕ 

̉˼̌̄̅̂̅˺˿̎˼̈́̅˺̅ ̅˸̅̇̊˻̅˹˷̄˿̖ ˹ ̃˷̏˿̄̅̈̉̇̅˼̄˿˿. ˦̅˻̎˼̇́˿˹˷˼̖̉̈, ̎̉̅ ̈̅˾˻˷̄˿˼ ̆̇̅˼́̉˷ ˹̒̈̅́̅-

̔̋̋˼́̉˿˹̄̅˺̅ ̈̂̅˽̄̅˺̅ ̉˼̌̄˿̎˼̈́̅˺̅ ˿˾˻˼̂˿̖ ˸˷˾˿̇̊˼̖̉̈ ̄˷ ̈˿̈̉˼̃̄̅̃ ˷̄˷̂˿˾˼, ̃˷̉˼̃˷̉˿̎˼̈́̅̃ 

̃̅˻˼̂˿̇̅˹˷̄˿˿ ˿ ̅̆̉˿̃˿˾˷̍˿˿. ˩˼̌̄˿̎˼̈́˷̖ ̈˿̈̉˼̃˷ ́˷́ ̅˻̄˷ ˿˾ ̇˷˾̄̅˹˿˻̄̅̈̉˼̀ ˿̈́̊̈̈̉˹˼̄̄̅̀ ̈˿-

̈̉˼̃̒ ̌˷̇˷́̉˼̇˿˾̊˼̖̉̈ ̆̇˼̅˸̇˷˾̅˹˷̄˿˼̃ ̃˷̈̈̒, ̔̄˼̇˺˿˿ ˿ ˿̄̋̅̇̃˷̍˿˿. ˣ˼̌˷̉̇̅̄˿́˷ ̇˷̈̈̃˷̉̇˿˹˷-
˼̖̉̈ ́˷́ ̄˷̊̎̄̅-̉˼̌̄˿̎˼̈́̅˼ ̄˷̆̇˷˹̂˼̄˿˼, ˸˷˾˿̇̊̐̕˼˼̖̈ ̄˷ ̅̈̄̅˹̄̒̌ ˼̈̉˼̈̉˹˼̄̄̅̄˷̊̎̄̒̌ ˿ ̉˼̌̄˿-

̎˼̈́˿̌ ˻˿̈̍˿̆̂˿̄˷̌. ˪̉˹˼̇˽˻˷˼̖̉̈, ̎̉̅ ̈̂˼˻̊̐̕˿̀ ̔̉˷̆ ̇˷˾˹˿̉˿̖ ̃˼̌˷̉̇̅̄˿́˿ – ˸˿̅̃˼̌˷̉̇̅̄˿́˷, ˹ 

́̅̉̅̇̅̀ ˹˼˻̊̐̊̕ ̇̅̂̓ ˸̊˻̊̉ ˿˺̇˷̉̓ ̄˷̄̅̉˼̌̄̅̂̅˺˿˿ ˹ ̅˸̂˷̈̉˿ ˸˿̅̂̅˺˿˿ ˿ ˿̈́̊̈̈̉˹˼̄̄̅˺̅ ˿̄̉˼̂̂˼́-

̉˷. ˧˷̈̈̃˷̉̇˿˹˷̖̉̈̕ ̈̉̇̊́̉̊̇̄̅-̃̅̇̋̅̂̅˺˿̎˼̈́˿˼ ̆̇˿˾̄˷́˿ ˿ ̋̊̄́̍˿̅̄˷̂̓̄̒˼ ̈˹̅̀̈̉˹˷ ̃˼̌˷̉̇̅̄-

̄̒̌ ̈˿̈̉˼̃. ˥̈˹˼̐˷˼̖̉̈ ̇̅̂̓ ̉˼̌̄˿́̅-̔́̅̄̅̃˿̎˼̈́˿̌ ̆̅́˷˾˷̉˼̂˼̀ ̆̇˿ ̆̇̅˼́̉˿̇̅˹˷̄˿˿ ̃˼̌˷̉̇̅̄-

̄̒̌ ̆̇̅˿˾˹̅˻̈̉˹˼̄̄̒̌ ̈˿̈̉˼̃, ̆̅̈̂˼˻̅˹˷̉˼̂̓̄̅̈̉̓ ̔̉˷̆̅˹ ̆̇̅˼́̉˿̇̅˹˷̄˿̖. 

ǪȋȞȗȅвțȅ ȑȋȎва: ̃˼̌˷̉̇̅̄̄˷̖ ̈˿̈̉˼̃˷, ̈̉̇̊́̉̊̇̄̅-̃̅̇̋̅̂̅˺˿̎˼̈́˿˼ ̆̇˿˾̄˷́˿, ̋̊̄́̍˿̅̄˷̂̓̄̒˼ 
̈˹̅̀̈̉˹˷, ̈˿̄˼̇˺˼̉˿́˷, ̆̅̈̂˼˻̅˹˷̉˼̂̓̄̅̈̉̓ ̆̇̅˼́̉˿̇̅˹˷̄˿̖, ̆̅˻˺̅̉̅˹́˷ ̈̆˼̍˿˷̂˿̈̉̅˹. 
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The issues of training specialists in the field of mechatronics and robotics are considered. The problems arising 

from teaching this set of disciplines to engineering students are analyzed. We have formulated requirements for 

presenting materials based on a systematic approach to design of technological equipment in mechanical engi-

neering. It is emphasized that creating a project for a highly efficient complex technical product is based on 

system analysis, mathematical modeling and optimization. The technical system as one of the varieties of the 

artificial system is characterized by transformation of mass, energy and information. Mechatronics is consid-

ered as a scientific and technical direction based on the main disciplines of science and technology. It is argued 

that the next stage in development of mechatronics is biomechatronics, where nanotechnologies in the field of 
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ВǤǧǦǧǯǪǧ 

В̅ ̃̄̅˺˿̌ ̉˼̌̄˿̎˼̈́˿̌ ˹̊˾˷̌ ̖̆̅˹̖̖̂̉̈̕ 

̈̆˼̍˿˷̂̓̄̅̈̉˿ ̆̅ ̃˼̌˷̉̇̅̄˿́˼. ˥̄˿ ˹ ̅̈̄̅˹̄̅̃ 

̅̇˺˷̄˿˾̖̊̉̈̕ ̄˷ ̋˷́̊̂̓̉˼̉˷̌, ˺˻˼ ˺̅̉̅˹̖̉ ̂˿˸̅ 

̃˼̌˷̄˿́̅˹, ̂˿˸̅ ̔̂˼́̉̇̅̃˼̌˷̄˿́̅˹. ˤ˷ ̃˷̏˿̄̅-

̈̉̇̅˿̉˼̂̓̄̒̌ ̋˷́̊̂̓̉˼̉˷̌ (˿̄̈̉˿̉̊̉˷̌) ˻̖̂ ̆̅˻-

˺̅̉̅˹́˿ ˸˷́˷̂˷˹̇̅˹ ˿ ̃˷˺˿̈̉̇̅˹ ̆̅ ̃˼̌˷̉̇̅̄˿́˼ 
˿ ̇̅˸̅̉̅̉˼̌̄˿́˼ ̄˼̅˸̌̅˻˿̃̅ ̆̅˹̒̏˷̉̓ ̊̇̅˹˼̄̓ 
̆̅˻˺̅̉̅˹́˿ ̆̅ ˻˿̈̍˿̆̂˿̄˷̃, ̈˹̖˾˷̄̄̒̃ ̈ ̔̂˼́-

̉̇̅̄˿́̅̀, ̆̇̅˺̇˷̃̃˿̇̅˹˷̄˿˼̃ ˿ ˿̈́̊̈̈̉˹˼̄̄̒̃ 

˿̄̉˼̂̂˼́̉̅̃ [1–3]. К ̈̅˽˷̂˼̄˿̕, ̈˿̂̓̄̒˼ ˷˸˿-

̉̊̇˿˼̄̉̒, ̊˹̂˼́˷̐̕˿˼̖̈ ̔̉˿̃˿ ̆̇˼˻̃˼̉˷̃˿, 

˿˻̊̉ ̄˷ ̆̇̅̋˿̂̓̄̒˼ ̈̆˼̍˿˷̂̓̄̅̈̉˿ ̉˷́˿̌ ̋˷-
́̊̂̓̉˼̉̅˹, ́˷́ ̋˷́̊̂̓̉˼̉ ̉˼̌̄˿̎˼̈́̅̀ ́˿˸˼̇̄˼-
̉˿́˿ ˿̂˿ ˻̇̊˺˿˼ ˷̄˷̂̅˺˿̎̄̒˼. ˦̅ ̔̉̅̀ ̆̇˿̎˿̄˼ 
˹˷˽̄̅ ̄˷̀̉˿ ̃˼̉̅˻˿́˿, ̆̅˾˹̖̅̂̐̕˿˼ «̆̅˻̖̉˺˿-

˹˷̉̓» ̊̇̅˹˼̄̓ ˾̄˷̄˿̀ ̃˼̌˷̄˿́̅˹ ˻̖̂ ̊̈˹̅˼̄˿̖ 

˿̃˿ ̊́˷˾˷̄̄̒̌ ˻˿̈̍˿̆̂˿̄.  

ǘǧǭǾ ǯǢǺǧǫ ǲǢбоǴǽ – ̅̆̇˼˻˼̂˼̄˿˼ ̄˷̊̎̄̅-

̃˼̉̅˻˿̎˼̈́˿̌ ̅̈̄̅˹ ˻˿̈̍˿̆̂˿̄ ̆̅ ̃˼̌˷̉̇̅̄˿-

́˼. ˥˻˿̄ ˿˾ ̃˼̉̅˻̅˹, ̆̅˾˹̖̅̂̐̕˿̌ ̆̅˹̒̈˿̉̓ 
̊̇̅˹˼̄̓ ̅˸̊̎˼̄˿̖, – ̔̉̅ ́̅˺˻˷ ̈̉̊˻˼̄̉˷̃ ˹ ˻̅-

̈̉̊̆̄̅̀ ˿ ̄˼̈́̅̂̓́̅ ̊̆̇̅̐˼̄̄̅̀ ̋̅̇̃˼ ̆̅-

́˷˾̒˹˷˼̖̉̈ ̈˿̈̉˼̃̄̒̀ ̌˷̇˷́̉˼̇ ̃˼̌˷̉̇̅̄˿́˿ 

[4, 5], ̎̉̅, ̄˷ ̄˷̏ ˹˾˺̖̂˻, ̄˷˿˸̅̂˼˼ ̔̋̋˼́̉˿˹-

̄̅ ̃̅˽̄̅ ̈˻˼̂˷̉̓ ̄˷ ˾˷̖̄̉˿̖̌ ̆̅ ̅̈̄̅˹˷̃ ̃˼-
̌˷̉̇̅̄˿́˿ ˿ ̇̅˸̅̉̅̉˼̌̄˿́˿.  

ǎǧǴоǦǪǹǧǳǬǪǧ ǢǳǱǧǬǴǽ обǵǹǧǯǪȁ оǳǯоǤǢм  

мǧǷǢǴǲоǯǪǬǪ. ǓǪǳǴǧмǯǽǫ ǱоǦǷоǦ Ǥ мǧǷǢǴǲоǯǪǬǧ 

˛˿̈̍˿̆̂˿̄˷ «˥̈̄̅˹̒ ̃˼̌˷̉̇̅̄˿́˿ ˿ ̇̅˸̅-

̉̅̉˼̌̄˿́˿» ̅̉̄̅̈˿̖̉̈ ́ ˻˿̈̍˿̆̂˿̄˷̃, ˹̌̅˻̖-

̐˿̃ ˹ ̋˼˻˼̇˷̂̓̄̒̀ ́̅̃̆̅̄˼̄̉. ˥˸̖˾˷̉˼̂̓̄̒̀ 

̃˿̄˿̃̊̃ ̈̅˻˼̇˽˷̄˿̖ ˻˿̈̍˿̆̂˿̄̒ ˹ ̅˸̂˷̈̉˿ 

̃˼̌˷̉̇̅̄˿́˿ ˹́̂̎̕˷˼̉ ̈̂˼˻̊̐̕˿˼ ̇˷˾˻˼̂̒: 

̆̇˼˻̆̅̈̒̂́˿ ̇˷˾˹˿̉˿̖ ̃˼̌˷̉̇̅̄˿́˿ ˿ ̅˸-

̂˷̈̉˿ ̆̇˿̃˼̄˼̄˿̖ ̃˼̌˷̉̇̅̄̄̒̌ ̈˿̈̉˼̃;  

́̅̄̍˼̆̍˿̖ ̆̅̈̉̇̅˼̄˿̖ ̃˼̌˷̉̇̅̄̄̒̌ ̈˿̈̉˼̃;  

̅̆̇˼˻˼̂˼̄˿̖ ˿ ̉˼̇̃˿̄̅̂̅˺˿̖ ̃˼̌˷̉̇̅̄˿́˿;  

̈̉̇̊́̉̊̇˷ ˿ ̆̇˿̄̍˿̆̒ ˿̄̉˼˺̇˷̍˿˿ ̃˼-
̌˷̉̇̅̄̄̒̌ ̈˿̈̉˼̃;  

̃˼̌˷̉̇̅̄̄̒˼ ̃̅˻̊̂˿ ˻˹˿˽˼̄˿̖;  

̈̅˹̇˼̃˼̄̄̒˼ ̃˼̌˷̉̇̅̄̄̒˼ ̈˿̈̉˼̃̒;  

̆̇̅˸̂˼̃˷̉˿́˷ ˿ ̈̅˹̇˼̃˼̄̄̒˼ ̃˼̉̅˻̒ ̊̆̇˷˹-
̂˼̄˿̖ ̃˼̌˷̉̇̅̄̄̒̃˿ ̃̅˻̖̊̂̃˿ ˿ ̈˿̈̉˼̃˷̃˿. 

В ̅˻̄̅̃ ˿˾ ̈˷̃̒̌ ˿˾˹˼̈̉̄̒̌ ̊̎˼˸̄̒̌ ̆̅̈̅-

˸˿̀ ̆̅ ̅̈̄̅˹˷̃ ̃˼̌˷̉̇̅̄˿́˿ [6], ̄˷̆˿̈˷̄̄̅̃ 

˵.В. ˦̅˻̊̇˷˼˹̒̃, ̔̉˿̃ ̇˷˾˻˼̂˷  ̃ ̊˻˼̖̂˼̖̉̈ 

˸̅̂̓̏̅˼ ˹̄˿̃˷̄˿˼, ˹̅ ̃̄̅˺˿̌ ̇˷˾˻˼̂˷̌ ̋˿˺̊̇˿-

̇̊̉̕ ̉˷́˿˼ ̖̆̅̄̉˿̖, ́˷́ ̃˼̌˷̉̇̅̄̄˷̖ ̈˿̈̉˼̃˷, 
˷̄˷̂˿˾ ̃˼̌˷̉̇̅̄̄̒̌ ̈˿̈̉˼̃, ̈˿̄˼̇˺˼̉˿́˷ ˿ ̉. ˻. 

˥˻̄˷́̅ ˻̖̂ ̊̈˹̅˼̄˿̖ ́̅̄̍˼̆̍˿  ˿̆̅̈̉̇̅˼̄˿̖ ̃˼-
̌˷̉̇̅̄̄̒̌ ̈˿̈̉˼̃  ˿ ̆̇˿̄̍˿̆̅˹ ˿̄̉˼˺̇˷̍˿  ˿ ̊ 
̈̉̊˻˼̄̉̅˹-̃˼̌˷̄˿́̅˹ ̖˹̄̅ ̅̉̈̊̉̈̉˹̊̉̕ ˾̄˷̄˿̖ ̆̅ 

̉˼̅̇˿˿ ̈˿̈̉˼̃ ˿ ̈˿̈̉˼̃̄̅̃̊ ˷̄˷̂˿˾̊. ˦̅ ̔̉̅̀ 

̆̇˿̎˿̄˼ ̄˷ ̅˻̄̅̀ ˿˾ ̆˼̇˹̒̌ ̂˼́̍˿̀ ˽˼̂˷̉˼̂̓̄̅ 

˻˷˹˷̉̓ ̔̂˼̃˼̄̉̒ ̔̉̅̀ ̉˼̅̇˿˿. ˨̇˼˻˿ ̈˼̇̓˼˾̄̒̌ 
̇˷˸̅̉ ̆̅ ̔̉̅̃̊ ̆̇˼˻̃˼̉  ̊̃̅˽̄̅ ̊́˷˾˷̉̓ ̄˷ ́̄˿˺˿ 

[7, 8]. К ̈̅˽˷̂˼̄˿̕, ̃̅̐̄̒̀ ̂̅˺˿̎˼̈́˿̀ ˿ ̃˷̉˼-
̃˷̉˿̎˼̈́˿̀ ˷̆̆˷̇˷̉ ̉˼̅̇˿˿ ̈˿̈̉˼̃ ̄˼˹̅˾̃̅˽̄̅ ˹ 
̆̅̂̄̅̃ ̅˸̑˼̃˼ ˻˷̉̓ ̄˷̏˿̃ ̈̉̊˻˼̄̉˷̃. В˷˽̄̅ 

̆̅˻̎˼̇́̄̊̉̓, ̎̉̅ ˾̄˷̄˿̖ ̆̅ ̈˿̈̉˼̃̄̅̃̊ ˷̄˷̂˿˾̊ 
̆̇˿˺̅˻̖̖̉̈ ̈̉̊˻˼̄̉˷̃ ̆̇  ˿̇˷˸̅̉˼ ̄˷˻ ˻˿̆̂̅̃̄̒̃ 

̆̇̅˼́̉̅̃, ̉. ́. ̅˸̒̎̄̅ ˹ ˾˷˻˷̄˿˿ ̄˷ ˹̒̆̊̈́̄̊̕ 

́˹˷̂˿̋˿́˷̍˿̅̄̄̊̕ ̇˷˸̅̉̊ ̄˼̅˸̌̅˻˿̃̅ ̇˷˾̇˷˸̅-

̉˷̉̓ ́˷́̊̕-̂˿˸̅ ̈̂̅˽̄̊̕ ̉˼̌̄˿̎˼̈́̊̕ ̈˿̈̉˼̃̊, 
˻˷̉̓ ˼˼ ˷̄˷̂˿˾, ̆̇˿̃˼̄˿˹ ̃˼̉̅˻ ˻˼́̅̃̆̅˾˿̍˿˿.  

˛̖̂ ̂̕˸̅˺  ̅ ̈̂̅˽̄̅˺̅ ˿˾˻˼̂˿̖ ̆̇˿̃˼̄˿̃̅ 

̖̆̅̄̉˿˼ ȑȈȑȒȅȌț. ˦̅˻ ̈˿̈̉˼̃̅̀ ̆̅̄˿̃˷̉̕ ̅̆̇˼-
˻˼̂˼̄̄̅˼ ˹̅ ˹̇˼̃˼̄˿ ˿ ̆̇̅̈̉̇˷̄̈̉˹˼ ̃̄̅˽˼̈̉˹̅ 

̔̂˼̃˼̄̉̅˹ ̈ ˿˾˹˼̈̉̄̒̃˿ ̈˹̅̀̈̉˹˷̃˿ ˿ ̖̊̆̅̇˻̅-

̎˼̄̄̒̃˿ ̈˹̖˾̖̃˿ ̃˼˽˻̊ ̔̂˼̃˼̄̉˷̃˿ [9]. ˨˿̈̉˼-
̃˷ ̋̊̄́̍˿̅̄˿̇̊˼̉, ˹˾˷˿̃̅˻˼̀̈̉˹̖̊ ̈ ˻̇̊˺˿̃˿ 

̅˸̑˼́̉˷̃˿, ̅˸̑˼˻˿̄˼̄̄̒̃˿ ̖̆̅̄̉˿˼̃ «вȍȅȘȍȟȟ 

ȑȐȅȄа». ˩˼̌̄˿̎˼̈́˷̖ ̈˿̈̉˼̃˷ ́˷́ ̅˻̄˷ ˿˾ ̇˷˾̄̅-

˹˿˻̄̅̈̉˼̀ ˿̈́̊̈̈̉˹˼̄̄̅̀ (̉. ˼. ̈̅˾˻˷̄̄̅̀ ̎˼̂̅-

˹˼́̅̃) ̈˿̈̉˼̃̒ ̌˷̇˷́̉˼̇˿˾̊˼̖̉̈ ̆̇˼̅˸̇˷˾̅˹˷̄˿-

˼̃ ̃˷̈̈̒, ̔̄˼̇˺˿˿ ˿ ˿̄̋̅̇̃˷̍˿˿ (̇˿̈. 1). ˥̈-
̄̅˹̄̒̃ ˻˼̀̈̉˹˿˼̃ ̉˼̌̄˿̎˼̈́̅̀ ̈˿̈̉˼̃̒ ̖˹̖̂˼̉-
̖̈ ̆̇˼̅˸̇˷˾̅˹˷̄˿˼ ̉̅˺̅ ˿̂˿ ˿̄̅˺̅ ̅˸̑˼́̉˷ ˿̂˿ 

̈˹̅̀̈̉˹˷. К̅̄̍˼̆̍˿̖ ̈˿̈̉˼̃̄̅˺̅ ̆̅˻̌̅˻˷ ́ ̆̇̅-

˼́̉˿̇̅˹˷̄˿̕ ˾˷́̂̎̕˷˼̖̉̈ ˹ ̉̅̃, ̎̉̅ ̈˿̈̉˼̃˷ ̄˼ 
˻̅̂˽̄˷ ̇˷̈̈̃˷̉̇˿˹˷̖̉̓̈ ́˷́ ̆̇̅̈̉˷̖ ̈̊̃̃˷ ̔̂˼-
̃˼̄̉̅˹ ˿̂˿ ̆̅˻̈˿̈̉˼̃. ˨̅˾˻˷̄˿˼ ̆̇̅˼́̉˷ ˹̒̈̅-

́̅̔̋̋˼́̉˿˹̄̅˺̅ ̈̂̅˽̄̅˺̅ ̉˼̌̄˿̎˼̈́̅˺̅ ˿˾˻˼̂˿̖ 

(́̅̈̃˿̎˼̈́˿̀ ́̅̇˷˸̂̓, ˷˹̉̅̃̅˸˿̂̓, ̉˼̌̄̅̂̅˺˿-

̎˼̈́˿̀ ˷˹̉̅̃˷̉ ˿ ̉. ˻.) ˿̃˼˼̉ ˹ ̅̈̄̅˹˼ [10]: 

̈˿̈̉˼̃̄̒̀ ˷̄˷̂˿˾; 
̃˷̉˼̃˷̉˿̎˼̈́̅˼ ̃̅˻˼̂˿̇̅˹˷̄˿˼; 
̅̆̉˿̃˿˾˷̍˿̕. 
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˧˿̈. 1. ˦̅̉̅́˿ ˹ ̉˼̌̄̅̂̅˺˿̎˼̈́̅̀ ̈˿̈̉˼̃˼ 
Fig. 1. Flow in the process systeme 

 

˦̅̈̂˼ ̊̈˹̅˼̄˿̖ ̔̉̅˺̅ ̃˷̉˼̇˿˷̂˷ ̃̅˽̄̅ 

̂˼˺́̅ ̆˼̇˼̀̉˿ ́ ̖̆̅̄̉˿̖̃ «ȌȅȕаȒȐȎȍȍаȟ ȑȈȑȒȅ-

Ȍа», «ȑȈȍȅȐȃȅȒȈȗȅȑȊȎȅ ȎȁȚȅȄȈȍȅȍȈȅ» ˿ ˻̇. 

ˤ˷̆̇˿̃˼̇, ́˷́ ̆̇˿˹˼˻˼̄̅ ˹ [11], ̃˼̌˷̉̇̅̄̄̒̃ 

̅˸̑˼́̉˷̃ ̌˷̇˷́̉˼̇̄̅ ˿˼̇˷̇̌˿̎˼̈́̅˼ ̆̅̈̉̇̅˼-
̄˿˼. В̈˼ ̃˼̌˷̉̇̅̄̄̒˼ ̅˸̑˼́̉̒ ̃̅˽̄̅ ̇˷˾˻˼-
̂˿̉̓ ̄˷ ̈̂˼˻̊̐̕˿˼: ̃˼̌˷̉̇̅̄̄̒˼ ̊˾̂̒, ̃˼-
̌˷̉̇̅̄̄̒˼ ̃̅˻̊̂˿, ̃˼̌˷̉̇̅̄̄̒˼ ˷˺̇˼˺˷̉̒, ̃˼-
̌˷̉̇̅̄̄̒˼ ̈˿̈̉˼̃̒. ǬȅȕаȒȐȎȍȍțȉ ȌȎȄȓȋȜ – ̅̈-
̄̅˹̄˷̖ ˼˻˿̄˿̍˷ ̃˼̌˷̉̇̅̄̄̅̀ ̈˿̈̉˼̃̒; ̔̉̅ 

̊̄˿̋˿̍˿̇̅˹˷̄̄̒̀ ̃˼̌˷̉̇̅̄̄̒̀ ̅˸̑˼́̉, ̈̂̊-
˽˷̐˿̀ ˻̖̂ ̇˼˷̂˿˾˷̍˿˿ ̅˻̄̅̀ ˿˾ ̋̊̄́̍˿̀ ̈̅-

˾˻˷˹˷˼̃̅̀ ̈˿̈̉˼̃̒ (̄˷̆̇˿̃˼̇, ̃˼̌˷̉̇̅̄̄̒̀ 

̃̅˻̊̂̓ ̆̅˻˷̎˿ ˿̄̈̉̇̊̃˼̄̉˷, ̃̅̉̅̇-̏̆˿̄˻˼̂̓). 

ˢ̕˸˷̖ ̈˿̈̉˼̃˷ ̌˷̇˷́̉˼̇˿˾̊˼̖̉̈ ˹̌̅˻̅̃ ˿ 

˹̒̌̅˻̅̃. ˪ ̃˼̌˷̉̇̅̄̄̒̌ ̅˸̑˼́̉̅˹ ̄˷ ˹̌̅˻˼ – 

˿̄̋̅̇̃˷̍˿̅̄̄̅˼ ˾˷˻˷̄˿˼, ̄˷ ˹̒̌̅˻˼ – ̆̅̂˼˾-
̄̅˼ ȌȅȕаȍȈȗȅȑȊȎȅ ˹̅˾˻˼̀̈̉˹˿˼ ̄˷ ˹̄˼̏̄̕̕ 

̈̇˼˻̊ (́ ̉˷́˿̃ ˹̅˾˻˼̀̈̉˹˿̖̃ ̃̅˽̄̅ ̅̉̄˼̈̉˿ 

̄˼ ̉̅̂̓́̅ ̈˿̂̒ ˿ ̃̅̃˼̄̉̒, ̆˼̇˼̃˼̐˼̄˿̖, ̄̅ ˿ 

˻˷˹̂˼̄˿˼ ˺˷˾˷ ˿ ˽˿˻́̅̈̉˿, ˻̅˾̒ ˹˼̐˼̈̉˹ ˿ 

̉. ˻.). ˛̖̂ ̆̅̄˿̃˷̄˿̖ ̔̉˿̌ ̉˼̇̃˿̄̅˹ ̃̅˽̄̅ 

̆̇˿˹˼̈̉˿ ̈̂˼˻̊̐̕˿̀ ̆̇˿̃˼̇. В ̂̕˸̅̃ ́̅̃-

̆̓̉̕˼̇˼ ˹˿̄̎˼̈̉˼̇ – ̔̉̅ ̉˿̆˿̎̄̒̀ ̃˼̌˷̉̇̅̄-

̄̒̀ ̃̅˻̊̂̓. В̈̉˷˼̉ ˹̅̆̇̅̈: ̖˹̖̂˼̖̉̈ ̂˿ ́̅̃-

̆̓̉̕˼̇ ̃˼̌˷̉̇̅̄̄̅̀ ̈˿̈̉˼̃̅̀? ˥̎˼˹˿˻̄̅, ̎̉̅ 

́̅̃̆̓̉̕˼̇ ̄˼̂̓˾̖ ̈̎˿̉˷̉̓ ̃˼̌˷̉̇̅̄̄̅̀ ̈˿-

̈̉˼̃̅̀, ̉˷́ ́˷́ ˹ ̄˼̃ ̆̅̂˼˾̄̒̃ ˹̒̌̅˻̄̒̃ 

˹̅˾˻˼̀̈̉˹˿˼̃ ̄˷ ˹̄˼̏̄̕̕ ̈̇˼˻̊ ̖˹̖̂˼̖̉̈ ˿̄-

̋̅̇̃˷̍˿̖, ˷ ̄˼ ̃˼̌˷̄˿̎˼̈́̅˼ ˹̅˾˻˼̀̈̉˹˿˼. 
˛˷̄̄̊̕ ́̂˷̈̈˿̋˿́˷̍˿̕ ̃̅˽̄̅ ˻̅̆̅̂̄˿̉̓ 

̉˼̇̃˿̄˷̃˿, ̆̇˿̃˼̖̄˼̃̒̃˿ ˹ ̆̇˿˸̅̇̅̈̉̇̅˼̄˿˿. 

ǬȅȕаȒȐȎȍȍțȉ аȏȏаȐаȒ – ̔̉̅ ̃˼̌˷̉̇̅̄̄̒̀ ̅˸̑-

˼́̉, ́̅̉̅̇̒̀ ̅̈̊̐˼̈̉˹̖̂˼̉ ̋˿˾˿̎˼̈́̅˼ (̃˼̌˷̄˿-

̎˼̈́̅˼) ˹̅˾˻˼̀̈̉˹˿˼ ̄˷ ˹̄˼̏̄̕̕ ̈̇˼˻̊ (̄˷̆̇˿-

̃˼̇, ˷̆̆˷̇˷̉ ˿̈́̊̈̈̉˹˼̄̄̅˺̅ ́̇̅˹̅̅˸̇˷̐˼̄˿̖, 

̇˼̄̉˺˼̄̅˹̈́˿̀ ̉̅̃̅˺̇˷̋, ˺˻˼ ̄˼̅˸̌̅˻˿̃̒ ̈̂̅˽-

̄̒˼ ̈̅˺̂˷̈̅˹˷̄̄̒˼ ˻˹˿˽˼̄˿̖ ˿˾̂̊̎˷̐̕˼̀ ˺̅-

̂̅˹́˿). ǬȅȕаȒȐȎȍȍțȉ ȏȐȈȁȎȐ – ̔̉̅ ̃˼̌˷̉̇̅̄̄̒̀ 

̅˸̑˼́̉, ̅̈̊̐˼̈̉˹̖̂̐̕˿̀ ˿˾̃˼̇˼̄˿˼ ̃˼̌˷̄˿̎˼-
̈́˿̌ ̆˷̇˷̃˼̉̇̅˹ ˹̄˼̏̄˼̀ ̈̇˼˻̒. 

˦̅ ̆̅˹̅˻̊ ̉˼̇̃˿̄˷ «̈˿̄˼̇˺˼̉˿́˷», ́̅̉̅̇̅˼ 
̆̇˿̏̂̅ ˿˾ ̃˼˻˿̍˿̄̒, ̃̅˽̄̅ ̈̎˿̉˷̉̓ ̈̂˼˻̊̕-

̐˼˼. СȈȍȅȐȃȅȒȈȊа (̅̉ ˺̇˼̎˼̈́̅˺̅ «synergos» – 

«˹̃˼̈̉˼ ˻˼̀̈̉˹̊̐̕˿̀») – ̈̅˹̃˼̈̉̄̅˼ ˿ ̅˻̄̅-

̇̅˻̄̅˼ ̋̊̄́̍˿̅̄˿̇̅˹˷̄˿˼ ̔̂˼̃˼̄̉̅˹ ˿ ̈˿-

̈̉˼̃, ̆̇˿ ́̅̃˸˿̄˿̇̅˹˷̄̄̅̃ ˻˼̀̈̉˹˿˿ ́̅̉̅̇̒̌ 
̔̋̋˼́̉ ̆̇˼˹̒̏˷˼̉ ̈̊̃̃̊ ˻˼̀̈̉˹˿̀ ˹̈˼̌ 
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˹ ̅̉˻˼̂̓̄̅̈̉˿. ˤ˷̆̇˿̃˼̇, ˿˾˹˼̈̉̄̒˼ ̂˼́˷̇̈̉˹˷ 
̉˼̉̇˷̍˿́̂˿̄ ˿ ̄˿̈̉˷̉˿̄ ˻˷̉̕ ̌̅̇̅̏˿̀ ̔̋-

̋˼́̉ ̆̇˿ ̂˼̎˼̄˿˿ ̉̅̂̓́̅ ̆̇˿ ̅˻̄̅˹̇˼̃˼̄̄̅̃ 

̆̇˿̃˼̄˼̄˿˿, ̊̈̉̇˷̖̖̄ ̄˼˽˼̂˷̉˼̂̓̄̒˼ ̔̋̋˼́-

̉̒. ˟̄̒̃˿ ̈̂̅˹˷̃˿, ̈̅˼˻˿̄˼̄˿˼ ˹ ˼˻˿̄̊̕ ̈˿-

̈̉˼̃̊ ̔̂˼̃˼̄̉̅˹ ˻˷˼̉ ̔̋̋˼́̉ ˸̅̂̓̏˿̀, ̎˼̃ 

˿̈̆̅̂̓˾̅˹˷̄˿˿ ˹̈˼̌ ̔̉˿̌ ̔̂˼̃˼̄̉̅˹ ̆̅ ̅˻˿-

̄̅̎́˼. В ́˷̎˼̈̉˹˼ ̉˼̌̄˿̎˼̈́̅˺̅ ̆̇˿̃˼̇˷ ̃̅˽-

̄̅ ̆̇˿˹˼̈̉˿ ̈̂˼˻̊̐̕˼˼. ˮ̉̅ ̄̅˹̅˺̅ ˻˷˼̉ ̈̅˹-

̃˼̐˼̄˿˼ ˹ ˼˻˿̄̊̕ ̈˿̈̉˼̃̊ ˷˹̉̅̃˷̏˿̄̒, 

̆̇˼˻̄˷˾̄˷̎˼̄̄̅̀ ˻̖̂ ̆˼̇˼˹̅˾́˿ ̖̉˽˼̂̒̌ ˺̇̊-

˾̅˹, ˿ ̆̅˻̑˼̃̄̅˺̅ ́̇˷̄˷ ˻̖̂ ̆̅˻̑˼̃˷ ̖̉˽˼̂̒̌ 

˺̇̊˾̅˹? А˹̉̅́̇˷̄ ˿̃˼˼̉ ̄̅˹̅˼ ́˷̎˼̈̉˹̅ – ̃̅-

˸˿̂̓̄̅̈̉̓ ̆̇̅˿˾˹̅˻̈̉˹˷ ̆̅˻̑˼̃̄̅-̉̇˷̄̈-
̆̅̇̉̄̒̌ ̇˷˸̅̉. ˩˷́˽˼ ̆̅ ˷̄˷̂̅˺˿˿ ̃˼̌˷̉̇̅̄-

̄̒˼ ̈˿̈̉˼̃̒ ˻̅̂˽̄̒ ˻˷˹˷̉̓ ̄̅˹̅˼ ́˷̎˼̈̉˹̅. 

В «˥̈̄̅˹˷̌ ̃˼̌˷̉̇̅̄˿́˿ ˿ ̇̅˸̅̉̅̉˼̌̄˿́˿» 

˹˷˽̄̅ ̆̅́˷˾˷̉̓, ̎̉̅ ̃˼̌˷̉̇̅̄˿́˷ ́˷́ ̄˷̊̎̄̅-

̉˼̌̄˿̎˼̈́̅˼ ̄˷̆̇˷˹̂˼̄˿˼ ˸˷˾˿̇̊˼̖̉̈ ̄˷ ̅̈-
̄̅˹̄̒̌ ˼̈̉˼̈̉˹˼̄̄̅̄˷̊̎̄̒̌ ˿ ̉˼̌̄˿̎˼̈́˿̌ 

˻˿̈̍˿̆̂˿̄˷̌ (̇˿̈. 2). ˥̎˼˹˿˻̄̅, ̎̉̅ ˹ XXI ˹˼-
́˼ ̈̂˼˻̊̐̕˿̃ ̔̉˷̆̅̃ ̇˷˾˹˿̉˿̖ ̃˼̌˷̉̇̅̄˿́˿ 

̈̉˷̄˼̉ ˸˿̅̃˼̌˷̉̇̅̄˿́˷, ˹ ́̅̉̅̇̅̀ ̅˺̇̅̃̄̊̕ 

̇̅̂̓ ˸̊˻̊̉ ˿˺̇˷̉̓ ̄˷̄̅̉˼̌̄̅̂̅˺˿˿ ˹ ̅˸̂˷̈̉˿ 

˸˿̅̂̅˺˿˿ ˿ ˿̈́̊̈̈̉˹˼̄̄̅˺̅ ˿̄̉˼̂̂˼́̉˷. 
˨ ̃˼̉̅˻˿̎˼̈́̅̀ ̉̅̎́˿ ˾̇˼̄˿̖ ̈̊̐˼̈̉˹˼̄̄̅ 

̆̅̄˿̃˷̄˿˼ ̅̈̄̅˹̄̒̌ ̆̇˿˾̄˷́̅˹ ˿ ̈˹̅̀̈̉˹ ̃˼-
̌˷̉̇̅̄̄̒̌ ̅˸̑˼́̉̅˹. ˦̅̔̉̅̃̊ ̄˼̅˸̌̅˻˿̃̅ ̆̅́˷-
˾˷̉̓ ̇˷˾̂˿̎˿̖ ̃˼˽˻̊ ̄˿̃˿. ˛̖̂ ̂̕˸̒̌ ̈̂̅˽̄̒̌ 
̈˿̈̉˼̃ ̆̇˿˾̄˷́˿ ˿ ̈˹̅̀̈̉˹˷ ̖˹̖̖̂̉̈̕ ˹˷˽̄˼̀-

̏˿̃˿ ˿̄̋̅̇̃˷̍˿̅̄̄̒̃˿ ˸̂̅́˷̃˿, ̌˷̇˷́̉˼̇˿-

˾̊̐̕˿̃˿ ̈˿̈̉˼̃̊. ǯȐȈȇȍаȊ – ̔̉̅ ́˷̎˼̈̉˹̅, ˹̄˼̏-

̄˼˼ ̖̆̇̅˹̂˼̄˿˼, ̆̅ ́̅̉̅̇̅̃̊ ̃̅˽̄̅ ̅̉̂˿̎˿̉̓ 
̅˸̑˼́̉ ̅̉ ˻̇̊˺˿̌. ˨̅˹̅́̊̆̄̅̈̉̓ ̆̇˿˾̄˷́̅˹ ̆̅˾˹̅-

̖̂˼  ̉˿˻˼̄̉˿̋˿̍˿̇̅˹˷̉ ,̓ ˹̒˻˼̂˿̉  ̓˻˷̄̄̒  ̀̅˸̑˼́̉, 
̈˿̈̉˼̃̊ ̈̇˼˻˿ ˻̇̊˺˿̌ ̅˸̑˼́̉̅˹, ˿̃˼̐̕˿̌ ̃̄̅˽˼-
̈̉˹̅ ́˷̎˼̈̉˹. СвȎȉȑȒвȎ – ̔̉̅ ́˷̎˼̈̉˹̅, ̆̇˿̈̊̐˼˼ 
˻˷̄̄̅̃̊ ̅˸̑˼́̉̊, ̈˿̈̉˼̃˼. ˨˹̅̀̈̉˹˷ ̈˿̈̉˼̃̒ 

̃̅˽̄̅ ́̅̂˿̎˼̈̉˹˼̄̄̅ ̅̆˿̈˷̉̓ ̆˷̇˷̃˼̉̇˷̃˿  ˿

̌˷̇˷́̉˼̇˿̈̉˿́˷̃˿ ̅˸̑˼́̉˷, ̈˿̈̉˼̃̒. ǯаȐаȌȅȒ-

Ȑț – ̔̉̅ ˹˼̂˿̎˿̄̒, ̌˷̇˷́̉˼̇˿˾̊̐̕˿˼ ̆̇˿˾̄˷́˿ ˿ 

̈˹̅̀̈̉˹˷ ̅˸̑˼́̉˷, ̈˿̈̉˼̃̒. ǵаȐаȊȒȅȐȈȑȒȈȊȈ – 

̔̉̅ ˹ ̅˸̐˼̃ ̈̃̒̈̂˼ ̅̆˿̈˷̄˿˼ ̈˹̅̀̈̉˹ ̅˸̑˼́̉˷; 
˻̖̂ ̅̆˿̈˷̄˿̖ ̉˼̌̄˿̎˼̈́˿̌ ̌˷̇˷́̉˼̇˿̈̉˿́ ̅˸̑˼́̉˷ 
˿̈̆̅̂̓˾̊̉̕ ˾˷˹˿̈˿̃̅̈̉˿ (˿̂˿ ̋̊̄́̍˿˿) ̅˻̄˿̌ 
̆˷̇˷̃˼̉̇̅˹ ̅˸̑˼́̉˷ (̈˿̈̉˼̃̒) ̅̉ ˻̇̊˺˿̌.  
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˦̇̅̐˼ ˹̈˼˺̅ ̖̆̅̄̉˿̖ ̆̇˿˾̄˷́˷ ˿ ̈˹̅̀̈̉˹ 

̋̅̇̃˿̇̊˼̖̉̈ ˹ ̃˼˻˿̍˿̄˼. ˩˷́, ̆̇˿˾̄˷́˷̃˿ 

̄˷̎˿̄˷̐̕˼˺̖̅̈ ˺̇˿̆̆˷ ̈̂̊˽˷̉ ˺̅̂̅˹̄˷̖ ˸̅̂̓, 

̈̂˷˸̅̈̉̓, ̅˾̄̅˸, ̆̅˹̒̏˼̄̄˷̖ ̉˼̃̆˼̇˷̉̊̇˷, 
̅̐̊̐˼̄˿˼ ̈̊̌̅̈̉˿ ˹ ̄̅̈̊ ˿ ̉. ˻. ˥˸̑˼́̉˿˹̄̒-

̃˿ ̆˷̇˷̃˼̉̇˷̃˿ ̆̇˿˾̄˷́̅˹ ̖˹̖̖̂̉̈̕ ̉˼̃̆˼̇˷-
̉̊̇˷, ̆̅˹̒̏˼̄̄˷̖ ̈́̅̇̅̈̉̓ ̅̈˼˻˷̄˿̖ ̔̇˿̉̇̅-

̍˿̉̅˹. ˞˻˼̈̓ ˹˷˽̄̅ ̅̉̃˼̉˿̉̓, ̎̉̅ ˻̖̂ ̉˷́̅̀ 

̈̂̅˽̄̅̀ ̈˿̈̉˼̃̒, ́˷́ ̎˼̂̅˹˼́, ̔̉˿ ̆̇˿˾̄˷́˿ 

̃̅˺̊̉ ˸̒̉̓ ˹ ̄˷̂˿̎˿˿ ̄˼ ˹̈˼ ̅˻̄̅˹̇˼̃˼̄̄̅, ˷ 
̉̅̂̓́̅ ̄˼́̅̉̅̇̒˼ ˿˾ ̄˿̌. К ̈˹̅̀̈̉˹˷̃ ˺̇˿̆̆˷ 
̃̅˽̄̅ ̅̉̄˼̈̉˿ ˾˷̇˷˾̄̅̈̉̓, ˹̅˾̃̅˽̄̒˼ ̅̈̂̅˽-

̄˼̄˿̖. ˬ˷̇˷́̉˼̇˿̈̉˿́̅̀ ̆̇̅̉˼́˷̄˿̖ ˸̅̂˼˾̄˿ 

̖˹̖̂˼̖̉̈ ˺̇˷̋˿́ ˾˷˹˿̈˿̃̅̈̉˿ ̉˼̃̆˼̇˷̉̊̇̒ ̆˷-
̍˿˼̄̉˷ ̅̉ ˹̇˼̃˼̄˿, ̆˷̇˷̃˼̉̇̅̃ – ̆˼̇˿̅˻ ˹̇˼-
̃˼̄˿, ́̅˺˻˷ ˸̅̂̓̄̅̀ ˾˷̇˷˾˼̄.  

ǑǲǪǩǯǢǬǪ Ǫ ǶǵǯǬǸǪоǯǢǭǾǯǽǧ ǳǤоǫǳǴǤǢ  

мǧǷǢǴǲоǯǯǽǷ ǳǪǳǴǧм 

А̄˷̂˿˾ ̆̇˿˾̄˷́̅˹ ̃˼̌˷̉̇̅̄̄̅̀ ̈˿̈̉˼̃̒ 

̂̊̎̏˼ ˹̈˼˺̅ ̄˷̎˿̄˷̉̓ ̈̅ ȑȒȐȓȊȒȓȐȍȎ-ȌȎȐȔȎ-

ȋȎȃȈȗȅȑȊȈȕ ȏȐȈȇȍаȊȎв, ̉. ˼. ̆̇˿˾̄˷́̅˹, ̅̉̂˿̎˷-
̐̕˿̌ ̈̉̇̊́̉̊̇̊ ˿ ̈̉̇̅˼̄˿˼ ̔̂˼̃˼̄̉̅˹ ̃˼-
̌˷̉̇̅̄̄̅̀ ̈˿̈̉˼̃̒ ̅̉ ˻̇̊˺̅̀ ̉˼̌̄˿̎˼̈́̅̀ ̈˿-

̈̉˼̃̒, ̆̅̈̉̇̅˼̄̄̅̀ ̆̅ ˻̇̊˺˿̃ ̆̇˿̄̍˿̆˷̃ 

[12]. ˛̖̂ ̔̉˿̌ ̈˿̈̉˼̃ ̌˷̇˷́̉˼̇̄̅ ̈̂˼˻̊̐̕˼˼: 
1. ˚̂˷˹̄̒̀ ̆̇˿˾̄˷́ – ˿̄̉˼˺̇˷̍˿̖ (̈̉̇̊́-

̉̊̇̄̅-̋̊̄́̍˿̅̄˷̂̓̄˷̖ ˿ ̈̉̇̊́̉̊̇̄̅-́̅̃̆̅-

̄̅˹̅̎̄˷̖) ̆̅˻̈˿̈̉˼̃: ̃˼̌˷̄˿̎˼̈́̅̀, ̔̂˼́̉̇̅-

̃˼̌˷̄˿̎˼̈́̅̀, ̃˿́̇̅̆̇̅̍˼̈̈̅̇̄̅̀ ˿ ˿̄̋̅̇-

̃˷̍˿̅̄̄̅-˿˾̃˼̇˿̉˼̂̓̄̅̀ ̆̇˿ ̆̇̅˺̇˷̃̃̄̅̃ 

̅˸˼̈̆˼̎˼̄˿˿ ˿ ̊̆̇˷˹̂˼̄˿˿ ˹̈˼̀ ̈˿̈̉˼̃̒. 

2. К˷́ ̆̇˷˹˿̂̅, ˿̃˼˼̉ ̃˼̈̉̅ ˸̅̂̓̏̅˼ ́̅-

̂˿̎˼̈̉˹̅ ̔̂˼̃˼̄̉̅˹ ˿ ̅˸̇˷̉̄̒̌ ̈˹̖˾˼̀ ˹ ̈˿-

̈̉˼̃˼ ̊̆̇˷˹̂˼̄˿̖, ̉. ˼. ̄˷̂˿̎˿˼ ˸̅̂̓̏̅˺̅ ̎˿̈-
̂˷ ˻˷̉̎˿́̅˹, ˻˷̐̕˿̌ ˿̄̋̅̇̃˷̍˿̕ ̅ ̇˷˾̄̅̅˸-

̇˷˾̄̒̌ ̆˷̇˷̃˼̉̇˷̌ ̖̈̅̈̉̅̄˿̖ ̈˿̈̉˼̃̒. 

3. ˟˼̇˷̇̌˿̎˼̈́˷̖ ̈̉̇̊́̉̊̇˷ ̈˿̈̉˼̃̒ 

̊̆̇˷˹̂˼̄˿̖, ˹́̂̎̕˷̖ ˹̅˾̃̅˽̄̅̈̉̓ ˹̄˼̏̄˼˺̅ 

̊̆̇˷˹̂˼̄˿̖ ̎˼̇˼˾ ̇˷˾̂˿̎̄̒˼ ̈̇˼˻̈̉˹˷ ̔̂˼́-

̉̇̅̄̄̅̀ ̈˹̖˾˿ (˹ ̉̅̃ ̎˿̈̂˼ ̎˼̇˼˾ ˿̄̉˼̇̄˼̉). 

4. ˣ̅˻̊̂̓̄̅̈̉̓ ˹̈˼̌ ̔̂˼̃˼̄̉̅˹ ̈˿̈̉˼̃̒ ˿ 

˹̒̈̅́˷̖ ̈̉˼̆˼̄̓ ̊̄˿̋˿́˷̍˿˿ (˹ ̉̅̃ ̎˿̈̂˼ ˹̅˾-
̃̅˽̄̅̈̉̓ ̄˷̇˷̐˿˹˷̄˿̖ ̆̇̅˺̇˷̃̃̄̒̌ ̃̅˻̊̂˼̀). 

5. ˪́̅̇̅̎˼̄̄̒˼ ˿ ̊̆̇̅̐˼̄̄̒˼ ́˿̄˼̃˷̉˿-

̎˼̈́˿˼ ̍˼̆˿ ̃˼̌˷̄˿̎˼̈́̅̀ ˿ ̔̂˼́̉̇̅̃˼̌˷̄˿-

̎˼̈́̅̀ ̆̅˻̈˿̈̉˼̃, ˷ ̉˷́˽˼ ˿̈̆̅̂̓˾̅˹˷̄˿˼ ̆˷-
̇˷̂̂˼̂̓̄̒̌ ́˿̄˼̃˷̉˿̎˼̈́˿̌ ̍˼̆˼̀. 

6. ˟̈̆̅̂̓˾̅˹˷̄˿˼ ˹̒̈̅́̅̉̅̎̄̒̌ ̃˼̌˷̄˿-

̎˼̈́˿̌ ̆˼̇˼˻˷̎ ˹ ̃˼̌˷̄˿̎˼̈́̅̀ ̆̅˻̈˿̈̉˼̃˼. 
7. ˦̇˿̃˼̄˼̄˿˼ ̇˷˾̄̅̅˸̇˷˾̄̒̌ ˹˿˻̅˹ ̆̇˼-

̅˸̇˷˾̅˹˷̉˼̂˼̀ ̔̄˼̇˺˿˿, ̅̈̄̅˹˷̄̄̒̌ ̄˷ ̇˷˾-
̂˿̎̄̒̌ ̋˿˾˿̎˼̈́˿̌ ̔̋̋˼́̉˷̌. 

8. ˟̈̆̅̂̓˾̅˹˷̄˿˼ ̄̅˹̒̌ ̃˷̉˼̇˿˷̂̅˹ ̈ ̆̅-

˹̒̏˼̄̄̒̃˿ ̃˼̌˷̄˿̎˼̈́˿̃˿ ˿ ̔̂˼́̉̇̅̃˼̌˷-
̄˿̎˼̈́˿̃˿ ̌˷̇˷́̉˼̇˿̈̉˿́˷̃˿. 

9. ˮ˷̈̉̅ ̎˿̈̂̅ ̈̉˼̆˼̄˼̀ ̆̅˻˹˿˽̄̅̈̉˿ ˹ ̈˿-

̈̉˼̃˼ ̆̇˼˹̒̏˷˼̉ ̄˼̅˸̌̅˻˿̃̅˼, ̅̆̇˼˻˼̖̂˼̃̅˼ 
̄˷̂˿̎˿˼̃ ˻̅̆̅̂̄˿̉˼̂̓̄̒̌ ̆̇˿˹̅˻̅˹. 

10. ˟̈̆̅̂̓˾̅˹˷̄˿˼ ̔̂˼́̉̇̅̄̄̒̌ ̃˿̄˿˷̉̇̕-

̄̒̌ ́̅̃̆̅̄˼̄̉̅˹ ̈̅ ̈˹˼̇̌̆̂̅̉̄̒̃ ̃̅̄̉˷˽̅̃. 

11. ˤ˷̂˿̎˿˼ ˹̒̈̅́̅˿̄̋̅̇̃˷̍˿̅̄̄̅˺̅ ˿̄-

̉˼̇̋˼̀̈˷ «̎˼̂̅˹˼́–̃˷̏˿̄˷». 

12. ˟̈̆̅̂̓˾̅˹˷̄˿˼ ˸˿̅̄˿̎˼̈́˿̌ ̆̇˿̄̍˿-

̆̅˹ ̆̅̈̉̇̅˼̄˿̖ ̈˿̈̉˼̃̒. 

˨˹̅̀̈̉˹˷ ̃˼̌˷̉̇̅̄̄̒̌ ̈˿̈̉˼̃ ̈˿̂̓̄̅ ˾˷-
˹˿̖̈̉ ̅̉ ˿̌ ̄˷˾̄˷̎˼̄˿̖, ̅˻̄˷́̅ ̃̅˽̄̅ ̄˷̀̉˿ ˿ 

̅˸̐˿˼ ̈˹̅̀̈̉˹˷. ǴȓȍȊȖȈȎȍаȋȜȍțȅ ȑвȎȉȑȒва 

̈̂˼˻̊̐̕˿˼: 
̆̅˹̒̏˼̄˿˼ ˻̅̂˿ ̋̊̄́̍˿̀ ̈˿̈̉˼̃̒, ̅̉̄̅-

̖̈̐˿̖̌̈ ́ ̈˿̈̉˼̃˼ ̊̆̇˷˹̂˼̄˿̖, ˿ ̊̃˼̄̓̏˼̄˿˼ 
˻̅̂˿ ̋̊̄́̍˿̀, ̆̇˿̌̅˻̖̐˿̖̌̈ ̄˷ ̃˼̌˷̄˿̎˼-
̈́̊̕ ̆̅˻̈˿̈̉˼̃̊; 

̊˹˼̂˿̎˼̄˿˼ ˹˷̇˿˷̉˿˹̄̅̈̉˿ ̋̊̄́̍˿̀, ˹̒-

̖̆̅̂̄˼̃̒̌ ̈˿̈̉˼̃̅̀ ˾˷ ̈̎˼̉ ̆̇̅˺̇˷̃̃̄̅˺̅ 

̅˸˼̈̆˼̎˼̄˿̖; 

˷˹̉̅̃˷̉˿˾˷̍˿̖ ̆˼̇˼̄˷̂˷˻́˿ ̈˿̈̉˼̃̒; 

˷˹̉̅̃˷̉˿˾˷̍˿̖ ̉˼̌̄˿̎˼̈́̅̀ ˻˿˷˺̄̅̈̉˿́˿ ˿ 

̃̅̄˿̉̅̇˿̄˺ ̇˷˸̅̉̅̈̆̅̈̅˸̄̅̈̉˿ ˹̈˼̌ ̆̅˻̈˿̈̉˼̃; 

̆̅˹̒̏˼̄˿˼ ˿̄̉˼̂̂˼́̉̊˷̂̓̄̅̈̉˿ ̆̇̅˺̇˷̃-

̃̄̅˺̅ ̅˸˼̈̆˼̎˼̄˿̖, ˹̄˼˻̇˼̄˿˼ ˿̈́̊̈̈̉˹˼̄̄̅˺̅ 

˿̄̉˼̂̂˼́̉˷. 
К ̈˹̅̀̈̉˹˷̃ ȍаȄȅȆȍȎȑȒȈ Ȉ ȊаȗȅȑȒва ̃˼-

̌˷̉̇̅̄̄̒̌ ̈˿̈̉˼̃ ̃̅˽̄̅ ̅̉̄˼̈̉˿ ̈̂˼˻̊̐̕˿˼: 
1. В̒̈̅́̅˼ ́˷̎˼̈̉˹̅ ˿̈̆̅̂̄˼̄˿̖ ̈̂̅˽̄̒̌ 

˿ ̉̅̎̄̒̌ ˻˹˿˽˼̄˿̀ ˸̂˷˺̅˻˷̖̇ ̆̇˿̃˼̄˼̄˿̕ 

̃˼̉̅˻̅˹ ˷˻˷̆̉˿˹̄̅˺̅ ˿ ˿̄̉˼̂̂˼́̉̊˷̂̓̄̅˺̅ 

̊̆̇˷˹̂˼̄˿̖. 
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˧˿̈. 3. ˦̅̈̂˼˻̅˹˷̉˼̂̓̄̅̈̉̓ ̆̇̅˼́̉˿̇̅˹˷̄˿̖ ̃˼̌˷̉̇̅̄̄̅˺̅ ̉˼̌̄̅̂̅˺˿̎˼̈́̅˺̅ ̅˸̅̇̊˻̅˹˷̄˿̖ 

Fig. 3. The sequence of the design of mechatronic process equipment 

 

2. В̒̈̅́˷̖ ̆̅̃˼̌̅˾˷̐˿̐˼̄̄̅̈̉̓ ˾˷ ̈̎˼̉ 
̃̅˻̊̂̓̄̅̈̉˿ ̆̅˻̈˿̈̉˼̃. 

3. К̅̃̆˷́̉̄̅̈̉̓ ̃˼̌˷̉̇̅̄̄̒̌ ̃̅˻̊̂˼̀ 

˹̈̂˼˻̈̉˹˿˼ ̃˿̄˿˷̉̇̕˿˾˷̍˿˿ ˿ ̊́̅̇̅̎˼̄˿̖ 

́˿̄˼̃˷̉˿̎˼̈́˿̌ ̍˼̆˼̀. 

4. ˦̅˹̒̏˼̄˿˼ ̊˻˼̂̓̄̅̀ ̃̅̐̄̅̈̉˿ ˿ ̊̂̊̎-

̏˼̄˿˼ ˻˿̄˷̃˿̎˼̈́˿̌ ̌˷̇˷́̉˼̇˿̈̉˿́ ̃˷̏˿̄ 

˸̂˷˺̅˻˷̖̇ ̊́̅̇̅̎˼̄˿̕ ́˿̄˼̃˷̉˿̎˼̈́˿̌ ̍˼̆˼̀ 

˿ ˿̈́̂̎̕˼̄˿̕ ̃̄̅˺̅̈̉̊̆˼̄̎˷̉̅˺̅ ̆̇˼̅˸̇˷˾̅-

˹˷̄˿̖ ̔̄˼̇˺˿˿ ˿ ˿̄̋̅̇̃˷̍˿˿. 

5. В̅˾̃̅˽̄̅̈̉̓ ˸̒̈̉̇̅˺̅ ́̅̃̆̂˼́̉̅˹˷̄˿̖ 

̋̊̄́̍˿̅̄˷̂̓̄̒̃˿ ̃̅˻̖̊̂̃˿ ̃˼̌˷̉̇̅̄̄̒̌ ̈˿-

̈̉˼̃, ˻̅̆̊̈́˷̐̕˿̌ ̆̇̅̈̉̊̕ ̇˼́̅̄̋˿˺̊̇˷̍˿̕ ˹ 

˾˷˹˿̈˿̃̅̈̉˿ ̅̉ ̉˼̌̄˿̎˼̈́˿̌ ̉̇˼˸̅˹˷̄˿̀. 

6. ˦̅˹̒̏˼̄˿˼ ̄˷˻˼˽̄̅̈̉˿ ̈˿̈̉˼̃̒ ˹ ̍˼-
̂̅̃ ˾˷ ̈̎˼̉ ̈̅́̇˷̐˼̄˿̖ ˻̅̂˿ ̃˼̌˷̄˿̎˼̈́˿̌ 
̆̅˻̈˿̈̉˼̃ ˿ ˿˾̃˼̄˼̄˿̖ ̆̇̅˺̇˷̃̃̄̒̃ ̆̊̉˼̃ 

̋̊̄́̍˿̀ ̃˼̌˷̄˿̎˼̈́̅̀ ˿ ̔̂˼́̉̇̅̃˼̌˷̄˿̎˼-
̈́̅̀ ̆̅˻̈˿̈̉˼̃, ˷ ̉˷́˽˼ ˾˷ ̈̎˼̉ ̃̅̄˿̉̅̇˿̄˺˷ 
̖̈̅̈̉̅̄˿̖ ˹̈˼̌ ̔̂˼̃˼̄̉̅˹ ̈˿̈̉˼̃̒. 

7. ˥ ̉̄̅̈˿̉˼̂̓̄  ̅̄˿˾́˷  ̖ ̈̉̅˿̃̅̈̉  ̓  ˹ ̈˿̂  ̊ ˹̒-

̈̅́̅  ̀̈̉˼̆˼̄  ˿˿̄̉˼˺̇˷̍˿˿, ̊̄˿̋˿́˷̍˿  ˿  ˿̈̉˷̄˻˷̇-

̉˿˾˷̍˿  ˿˹ ̈˼  ̌́ ̅̃̆̅̄˼̄̉̅  ˹̃ ˼̌˷̉̇̅̄̄̒  ̌̈ ˿̈̉˼ .̃ 

ǑоǳǭǧǦоǤǢǴǧǭǾǯоǳǴǾ ǱǲоǧǬǴǪǲоǤǢǯǪȁ 

 Ǫ ǿǶǶǧǬǴǪǤǯоǳǴǾ мǧǷǢǴǲоǯǯǽǷ ǳǪǳǴǧм 

В ́̊̇̈˼ ̂˼́̍˿̀ ̆̅ ̃˼̌˷̉̇̅̄˿́˼ ˿ ̇̅˸̅̉̅-

̉˼̌̄˿́˼ ̄˼̅˸̌̅˻˿̃̅ ̆̅˻̎˼̇́̄̊̉̓, ̎̉̅ ˻̖̂ ̇˷˾-
̇˷˸̅̉́˿ ̃˼̌˷̉̇̅̄̄̒̌ ̈˿̈̉˼̃ ̈ ̊́˷˾˷̄̄̒̃˿ ́˷-
̎˼̈̉˹˷̃˿ ˹˷˽̄̅ ̆̇˷˹˿̂̓̄̅ ˹̒˸̇˷̉̓ ̆̅̈̂˼˻̅˹˷-
̉˼̂̓̄̅̈̉̓ ˻˼̀̈̉˹˿̀ (̇˿̈. 3). ˛̖̂ ̆̇̅˿˾˹̅˻-

̈̉˹˼̄̄̒̌ ̃˷̏˿̄ ̄˷ ̆˼̇˹̅̃ ̔̉˷̆˼ ˾˷˻˷̖̉̈̕ ̉˼̌-
̄̅̂̅˺˿̎˼̈́˿˼ ˾˷˻˷̎˿ ˿ ̅̆̇˼˻˼̖̖̂̉̈̕ ̍˼̂˿ ̆̇̅-

˼́̉˿̇̅˹˷̄˿̖. ˤ˷ ˹̉̅̇̅̃ ̔̉˷̆˼ ̇˷˾̇˷˸˷̉̒˹˷˼̖̉̈ 

̉˼̌̄̅̂̅˺˿̎˼̈́˿̀ ̆̇̅̍˼̈̈. ˤ˷ ̉̇˼̉̓˼̃ ̔̉˷̆˼ 
̆̇̅˿˾˹̅˻˿̖̉̈ ̃̅˻˼̂˿̇̅˹˷̄˿˼ ̆̇̅̍˼̈̈˷, ̅̆̇˼-
˻˼̂˼̄˿˼ ˼˺̅ ̎˿̈̂˼̄̄̒̌ ̌˷̇˷́̉˼̇˿̈̉˿́ ˿ ˻̅̆̊-
̈̉˿̃̒̌ ̆̇˼˻˼̂̓̄̒̌ ̅̉́̂̅̄˼̄˿̀, ̆̅˿̈́ ˿ ˹̒˸̅̇ 

̅̈̅˸̒̌ ˿̂˿ ́̇˿̉˿̎˼̈́˿̌ ̉̅̎˼́. ˤ˷ ̎˼̉˹˼̇̉̅̃ 

̔̉˷̆˼ ̇˷˾̇˷˸˷̉̒˹˷̖̉̈̕ ̉̇˼˸̅˹˷̄˿̖ ́ ̈˿̈̉˼̃˷̃: 

˿˾̃˼̇˿̉˼̂̓̄̅-˿̄̋̅̇̃˷̍˿̅̄̄̅̀ (˟˟˨), ̆̇˿-

˹̅˻̅˹ (˨˦), ̊̆̇˷˹̂˼̄˿̖ (˨˪) ˿ ́ ̆̇̅˺̇˷̃̃̄̅-

̃̊ ̅˸˼̈̆˼̎˼̄˿̕ (˦˥). ˦̖̉̒̀ ̔̉˷̆ ̈˹̖˾˷̄ ̈ 
̇˷˾̇˷˸̅̉́̅̀ ̆˼̇˼̎˿̈̂˼̄̄̒̌ ˹̒̏˼ ̈˿̈̉˼̃ ˿ 

̆̇̅˺̇˷̃̃̄̅˺̅ ̅˸˼̈̆˼̎˼̄˿̖. К̇̅̃˼ ̉̅˺̅, ̄˷ 
̔̉̅̃ ̔̉˷̆˼ ̇˷˾̇˷˸˷̉̒˹˷̖̉̈̕ ˿ ̅̉˻˼̂̓̄̒˼ ̈̆˼-
̍˿˷̂̓̄̒˼ ̃̅˻̊̂˿, ˹ ̉̅̃ ̎˿̈̂˼ ˿ ̃˼̌˷̉̇̅̄̄̒˼

˩̇˼˸̅˹˷̄˿̖  

́ ˟˟˨ 

˩̇˼˸̅˹˷̄˿̖ 

́ ˨˪ 

˩̇˼˸̅˹˷̄˿̖  

́ ̈˿̈̉˼̃˼  
̆̇˿˹̅˻̅˹ (˨˦) 

˧˷˾̇˷˸̅̉́˷ 
˟˟˨ 

˧˷˾̇˷˸̅̉́˷ 
˨˪ 

˧˷˾̇˷˸̅̉́˷ 
˦˥ 

˧˷˾̇˷˸̅̉́˷ 
˨˦ 

˧˷˾̇˷˸̅̉́˷ 
̈̆˼̍. ̃̅˻. 

К̅̄̈̉̇̊́̉˿˹̄̅˼ ̅̋̅̇̃̂˼̄˿˼ ˿˾˻˼̂˿̖ 

˞˷˻˷̎˿ ˿ ̍˼̂˿ ̆̇̅˼́̉˿̇̅˹˷̄˿̖ I ̔̉˷̆ 

˧˷˾̇˷˸̅̉́˷  
̉˼̌̄̅̂̅˺˿̎˼̈́̅˺̅ ̆̇̅̍˼̈̈˷ II ̔̉˷̆ 

ˣ˷̉˼̃˷̉˿̎˼̈́̅˼  
˿ ̔́̈̆˼̇˿̃˼̄̉˷̂̓̄̅˼ ̃̅˻˼̂˿̇̅˹˷̄˿˼ 

А̄˷̂˿˾ ́̇˿̉˿̎˼̈́˿̌ ̉̅̎˼́ 
III ̔̉˷̆ 

IV ̔̉˷̆ 

V ̔̉˷̆ 

VI ̔̉˷̆ 
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˧˿̈. 4. ˥˸̂˷̈̉̓ ̔̋̋˼́̉˿˹̄̅˺̅ ̆̇˿̃˼̄˼̄˿̖ ̃˼̌˷̉̇̅̄̄̒̌ ̈˿̈̉˼̃ 

Fig. 4. Scope of effective application of mechatronic systems 

 

̆̇˼˻̄˷˾̄˷̎˼̄̄̒˼ ̉̅̂̓́̅ ˻̖̂ ˻˷̄̄̅˺̅ ́̅̄́̇˼̉-
̄̅˺̅ ̅˸̅̇̊˻̅˹˷̄˿̖. ˤ˷ ̆̅̈̂˼˻̄˼̃ ̔̉˷̆˼ ̆̇̅˿˾-
˹̅˻˿̖̉̈ ́̅̄̈̉̇̊́̉˿˹̄̅˼ ̅̋̅̇̃̂˼̄˿˼ ˿˾˻˼̂˿̖ ˹ 

̈̅̅̉˹˼̉̈̉˹˿˿ ̈̅ ̈̉˷̄˻˷̇̉̄̒̃˿ ̄̅̇̃˷̃˿ [13]. 

В «˥̈̄̅˹˷̌ ̃˼̌˷̉̇̅̄˿́˿» ˽˼̂˷̉˼̂̓̄̅ ̅̈˹˼-
̉˿̉̓ ̔́̅̄̅̃˿̎˼̈́˿˼ ˷̈̆˼́̉̒ ˿̈̆̅̂̓˾̅˹˷̄˿̖ 

̃˼̌˷̉̇̅̄̄̒̌ ̅˸̑˼́̉̅˹. ˛̖̂ ̂̕˸̒̌ ̅̉̇˷̈̂˼̀ ̌̅-

˾̖̀̈̉˹˷ ˹̈̉˷˼̉ ˹̅̆̇̅̈ ̅˸ ȝȊȎȍȎȌȈȗȅȑȊȎȉ ȖȅȋȅȑȎ-

ȎȁȐаȇȍȎȑȒȈ ̇˷˾̇˷˸̅̉́˿ ˿ ˿̈̆̅̂̓˾̅˹˷̄˿̖ ̃˼-
̌˷̉̇̅̄̄̒̌ ̈˿̈̉˼̃. ˛̖̂ ̇˷˾̇˷˸̅̉́˿ ̄̅˹̒̌ ̉˼̌-
̄˿̎˼̈́˿̌ ̈˿̈̉˼̃, ˹ ̉̅̃ ̎˿̈̂˼ ̃˼̌˷̉̇̅̄̄̒̌, 
̄˼̅˸̌̅˻˿̃̅ ˿̃˼̉̓ ̆̅̉̇˼˸̄̅̈̉̓ ˹ ̄˿̌, ̉. ˼. 
˻̅̂˽̄˷ ˸̒̉̓ ̔́̅̄̅̃˿̎˼̈́˷̖ ̍˼̂˼̈̅̅˸̇˷˾̄̅̈̉̓ 
˿̌ ̈̅˾˻˷̄˿̖ ˿ ̆̇̅˿˾˹̅˻̈̉˹˷ [14, 15]. ˥̄˷ ˹ 

̆˼̇˹̊̕ ̅̎˼̇˼˻̓ ˾˷˹˿̈˿̉ ̅̉ ̈̉˼̆˼̄˿ ˿̈̆̅̂̓˾̅˹˷-
̄˿̖ ̋̊̄́̍˿̅̄˷̂̓̄̒̌ ˹̅˾̃̅˽̄̅̈̉˼̀ ̅˸̑˼́̉̅˹, 

̉. ˼. ̅̉ ̉̅˺̅, ̄˷̈́̅̂̓́̅ ̇˷̍˿̅̄˷̂̓̄̅ ˹̒˸̇˷̄˷ ̉˷ 
˿̂˿ ˿̄˷̖ ́̅̄̍˼̆̍˿̖ ˷˹̉̅̃˷̉˿̎˼̈́̅̀ ̈˿̈̉˼̃̒. 

А̄˷̂˿˾ ̔́̅̄̅̃˿̎˼̈́˿̌ ̆̅́˷˾˷̉˼̂˼̀ ̆̇˿ ̈̅˾˻˷-
̄˿˿ ̄̅˹̒̌ ̉˼̌̄˿̎˼̈́˿̌ ̅˸̑˼́̉̅˹ ˻˷˼̉ ̈̂˼˻̊̕-

̐̊̕ ́˷̎˼̈̉˹˼̄̄̊̕ ˾˷˹˿̈˿̃̅̈̉̓ ̈̉̅˿̃̅̈̉˿ ̅˸̑-

˼́̉˷ ̅̉ ˼˺̅ ̉˼̌̄˿̎˼̈́˿̌ ˹̅˾̃̅˽̄̅̈̉˼̀ (̇˿̈. 4). 

˦̇˼˻˼̂ ̉˼̌̄˿̎˼̈́˿̌ ˹̅˾̃̅˽̄̅̈̉˼̀ ̅̆̇˼˻˼-
̖̂˼̖̉̈ ˹̅˾̃̅˽̖̄̅̈̉̃˿ ˿̈́̊̈̈̉˹˼̄̄̅˺̅ ˿̄̉˼̂-

̂˼́̉˷. ˣ˼̌˷̉̇̅̄̄̒˼ ̈˿̈̉˼̃̒ ̈̉˷̄̅˹̖̖̉̈ ˸̅̂˼˼ 
̔̋̋˼́̉˿˹̄̒̃˿ ̆̅ ̈̇˷˹̄˼̄˿̕ ̈ ̉̇˷˻˿̍˿̅̄-

̄̒̃˿ ˷˹̉̅̃˷̉˿̎˼̈́˿̃˿ ̈˿̈̉˼̃˷̃˿ ̉̅̂̓́̅ ̆̇˿ 

˹̒̈̅́˿̌ ̋̊̄́̍˿̅̄˷̂̓̄̒̌ ˿ ̉˼̌̄˿̎˼̈́˿̌ ̉̇˼-
˸̅˹˷̄˿̖̌ ́ ̄˿̃. ˢ̅˺˿̎˼̈́˿̀ ˹̒˹̅˻: ̈̅˹̇˼̃˼̄-

̄̅̃ ̔̉˷̆˼ ̔́̅̄̅̃˿̎˼̈́˿ ˹̒˺̅˻̄̅ ˿̈̆̅̂̓˾̅-

˹˷̉̓ ̆̇˿̄̍˿̆̒ ̃˼̌˷̉̇̅̄˿́˿ ˻̖̂ ̉˼̌̄˿̎˼̈́˿̌ 
̈˿̈̉˼̃, ˹̖̒̆̅̂̄̐̕˿̌ ̈̂̅˽̄̒˼ ˾˷˻˷̎˿, ˹ ̆̇̅-

̈̉̒̌ ˽˼ ̈̂̊̎˷̖̌ ˹̄˼˻̖̇̉̓ ˿̄̉˼˺̇˿̇̅˹˷̄̄̒˼ 
̈˿̈̉˼̃̒ ̄˼ ˹̈˼˺˻˷ ̍˼̂˼̈̅̅˸̇˷˾̄̅.  

ǉǢǬǭȀǹǧǯǪǧ 

˟˾̂̅˽˼̄̄̒˼ ˷̈̆˼́̉̒ ̃˼̉̅˻˿́˿ ̆̅˾˹̖̅̂̉̕, 
̄˷ ̄˷̏ ˹˾˺̖̂˻, ̊̂̊̎̏˿̉̓ ̆̅̄˿̃˷̄˿˼ ̆̇˿̄̍˿-

̆̅˹ ̆̅̈̉̇̅˼̄˿̖ ̃˼̌˷̉̇̅̄̄̒̌ ̈˿̈̉˼̃. ˤ˼̅˸̌̅-

˻˿̃̅ ̎˼̉́̅ ̈̉̇̊́̉̊̇˿̇̅˹˷̉̓ ̅̈̄̅˹̄̒˼ ̖̆̅̄̉˿̖ 

̃˼̌˷̉̇̅̄˿́˿, ̆̇˿˾̄˷́˿ ˿ ̈˹̅̀̈̉˹˷ ̃˼̌˷̉̇̅̄-

̄̒̌ ̈˿̈̉˼̃. А̄˷̂˿˾ ˸˷˾˿̈̄̒̌ ̄˷̊́, ̄˷ ́̅̉̅̇̒˼ 
̅̆˿̇˷˼̖̉̈ ̃˼̌˷̉̇̅̄˿́˷, ˻˷˼̉ ˹̅˾̃̅˽̄̅̈̉̓ ̈̅-

̈̉˷˹˿̉̓ ̅˸̑˼́̉˿˹̄̊̕ ́˷̇̉˿̄̊ ̇˷˾˹˿̉˿̖ ̃˼-
̌˷̉̇̅̄˿́˿ ́˷́ ̄˷̊̎̄̅-̉˼̌̄˿̎˼̈́̅˺̅ ̄˷̆̇˷˹̂˼-
̄˿̖ ˹ ̍˼̂̅̃, ̆̇˼˻̈́˷˾˷̉̓ ̄˷˿˸̅̂˼˼ ̆˼̇̈̆˼́̉˿˹-

̄̒˼ ̉˼̌̄˿̎˼̈́˿˼ ̇˼̏˼̄˿̖. В˷˽̄̒̃ ̋˷́̉̅̇̅̃ 

̔̋̋˼́̉˿˹̄̅̈̉˿ ̆̇˿̃˼̄˼̄˿̖ ̃˼̌˷̉̇̅̄̄̒̌ ̈˿-

̈̉˼̃ ̈̂̊˽˿̉ ̅̍˼̄́˷ ̔́̅̄̅̃˿̎˼̈́̅̀ ̍˼̂˼̈̅̅˸-

̇˷˾̄̅̈̉˿ ̆̇˿̃˼̄˼̄˿̖ ̃˼̌˷̉̇̅̄̄̒̌ ̈˿̈̉˼̃. ˧˷-
̍˿̅̄˷̂̓̄˷̖ ̆̅̈̂˼˻̅˹˷̉˼̂̓̄̅̈̉̓ ˿̌ ̆̇̅˼́̉˿̇̅-

˹˷̄˿̖ ̆̅˾˹̖̅̂˼̉ ˺̇˷̃̅̉̄̅ ˿̈̆̅̂̓˾̅˹˷̉̓ ̇˼̈̊̇-

̈̒ ˷˹̉̅̃˷̉˿˾˷̍˿˿ ̃˷̏˿̄̅̈̉̇̅˼̄˿̖ ˿ ̊̈́̅̇˿̉̓ 
̆̇̅̍˼̈̈ ̇˷˾̇˷˸̅̉́˿. 

ɉɪɟɞɟɥ ɜɨɡɦɨɠɧɨɫɬɟɣ 

ɢɫɤɭɫɫɬɜɟɧɧɨɝɨ  

ɢɧɬɟɥɥɟɤɬɚ 

Мɟɯɚɬɪɨɧɧɵɟ 
ɫɢɫɬɟɦɵ 

Ɍɪɚɞɢɰɢɨɧɧɵɟ  
ɚɜɬɨɦɚɬɢɱɟɫɤɢɟ ɫɢɫɬɟɦɵ 

Эɮɮɟɤɬɢɜɧɚя ɨɛɥɚɫɬɶ 

ɦɟɯɚɬɪɨɧɢɤɢ 

ɋɬɨɢɦɨɫɬɶ  
ɚɜɬɨɦɚɬɢɡɢɪɨɜɚɧɧɨɝɨ 

ɨɛɴɟɤɬɚ 
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̄̅̀ ̔́̈̋̅̂˿˷̍˿˿ ˿ ̆̇̅˹˼̇́˷ ̔̋̋˼́̉˿˹̄̅̈̉˿ ̃̅˻˿̋˿̍˿̇̅˹˷̄˿̖ ˸˼̉̅̄˷ ˺̇˷̋˼̄̅˹̒̃˿ ̈̉̇̊́̉̊̇˷-
̃˿, ̆̅̂̊̎˼̄̄̒̃˿ ̃˼̌˷̄˿̎˼̈́˿̃ ̈̆̅̈̅˸̅̃. ˦̇̅̍˼̈̈ ̔́̈̋̅̂˿˷̍˿˿ ̆̇̅˹̅˻˿̂˿ ̄˷ ̈̉˷̉̅̇-̇̅̉̅̇ ˷̆-

̆˷̇˷̉˼ ̆̇˿ ̈́̅̂̓˽˼̄˿˿ ̂̅̆˷̈̉˼̀ ̆̅ ˹̄̊̉̇˼̄̄˼̀ ̆̅˹˼̇̌̄̅̈̉˿ ̇̅̉̅̇˷. В ̆̇̅̍˼̈̈˼ ̔́̈̆˼̇˿̃˼̄̉̅˹ 

˿˾̃˼̖̄̂˿ ˿̈̌̅˻̄̊̕ ́̅̄̍˼̄̉̇˷̍˿̕ ˺̇˷̋˿̉˷ ˹ ˹̅˻̄̅̀ ̈̊̈̆˼̄˾˿˿ ˿ ̈́̅̇̅̈̉̓ ˹̇˷̐˼̄˿̖ ̇̅̉̅̇˷. ˟˾̊-

̎˷̂̅̈̓ ˹̂˿̖̄˿˼ ̊́˷˾˷̄̄̒̌ ̆˷̇˷̃˼̉̇̅˹ ̄˷ ˹̇˼̖̃ ̅˸̇˷˸̅̉́˿ ˿ ́̅̄̍˼̄̉̇˷̍˿̕ ̃˷̂̅̈̂̅̀̄̒̌ ˺̇˷̋˼-
̄̅˹̒̌ ̈̉̇̊́̉̊̇, ̅˸̇˷˾̅˹˷̄̄̒̌ ˹ ̇˼˾̊̂̓̉˷̉˼ ̔́̈̋̅̂˿˷̍˿˿. ˚̅̉̅˹̊̕ ̈̊̈̆˼̄˾˿̕ ˿̈̆̅̂̓˾̅˹˷̂˿ ̆̇˿ 

˿˾˺̅̉̅˹̂˼̄˿˿ ˸˼̉̅̄̄̒̌ ̅˸̇˷˾̍̅˹ ˻̖̂ ̆̇̅˹˼˻˼̄˿̖ ˿̈̆̒̉˷̄˿̀ ̄˷ ̈˽˷̉˿˼ ˿ ˿˾˺˿˸. ˪̈̉˷̄̅˹̂˼̄̅, ̎̉̅ 

̆̇˿ ̈̅˻˼̇˽˷̄˿˿ ˺̇˷̋˼̄̅˹̒̌ ̈̉̇̊́̉̊̇ 1 ̃˺/̃̂ ˹ ˹̅˻˼, ́̅̉̅̇˷̖ ˿̈̆̅̂̓˾̊˼̖̉̈ ̆̇˿ ̆̇˿˺̅̉̅˹̂˼̄˿˿ ˸˼-
̉̅̄˷, ˼˺̅ ̆̇̅̎̄̅̈̉̓ ̄˷ ̈˽˷̉˿˼ ̆̅˹̒̏˷˼̖̉̈ ˹ 1,7–2,5 ̇˷˾˷, ˷ ̄˷ ˿˾˺˿˸ – ˹ 1,2–1,5 ̇˷˾˷. ˣ˷́̈˿̃˷̂̓-

̄˷̖ ́̅̄̍˼̄̉̇˷̍˿̖ (1,7 ̃˺/̃̂) ˺̇˷̋˼̄̅˹̒̌ ̈̉̇̊́̉̊̇ ˹ ̈̊̈̆˼̄˾˿˿ ˻̅̈̉˿˺˷˼̖̉̈ ˾˷ ̃˿̄˿̃˷̂̓̄̅˼ ˹̇˼̖̃ 

̆̇˿ ˿̈̌̅˻̄̅̀ ́̅̄̍˼̄̉̇˷̍˿˿ ˺̇˷̋˿̉˷ 50 ̃˺/̃̂ ˿ ̈́̅̇̅̈̉˿ ˹̇˷̐˼̄˿̖ ̇̅̉̅̇˷ 10000 ̅˸ /̃˿̄. 

ǪȋȞȗȅвțȅ ȑȋȎва: ˺̇˷̋˿̉, ˺̇˷̋˼̄, ̈˻˹˿˺, ̔́̈̋̅̂˿˷̍˿̖, ˸˼̉̅̄. 

СȑțȋȊа ȏȐȈ ȖȈȒȈȐȎваȍȈȈ:  

В.˫. ˦˼̇̏˿̄, К.А. А̂̓-˯˿˸̂˷˹˿, А.А. ˘˷̇˷̄̅˹, ˩.В. ˦˷̈̓́̅. ˦̅̂̊̎˼̄˿˼ ̃˷̂̅̈̂̅̀̄̅˺̅ ˺̇˷̋˼̄˷ 
̈̆̅̈̅˸̅̃ ˽˿˻́̅̋˷˾̄̅̀ ̈˻˹˿˺̅˹̅̀ ̔́̈̋̅̂˿˷̍˿˿ // ˤ˷̊̎̄̅-̉˼̌̄˿̎˼̈́˿˼ ˹˼˻̅̃̅̈̉˿ ˨˦˸˦˪. ˜̈̉˼-
̈̉˹˼̄̄̒˼ ˿ ˿̄˽˼̄˼̇̄̒˼ ̄˷̊́˿. 2019. ˩. 25. № 1. ˨. 143–154. DOI: 10.18721/JEST.25114. 

V.F. Pershin, K.A. Al-Shiblawi, A.A Baranov, T.V. Pasko 

Tambov state technical university, Tambov, Russia 

PRODUCTION OF LOW-LAYER GRAPHENE  
BY LIQUID PHASE SHEAR EXFOLIATION 

The goal of this study is in investigating the effect of operating parameters on liquid-phase exfoliation and in 

testing the effectiveness of concrete modification with mechanically obtained graphene structures. Exfolia-

tion was carried out with a rotor-stator mixer with the blades sliding on the inner surface of the rotor. The 

initial concentration of graphite in the aqueous suspension and the rotor speed were changed during the ex-

periments. We have presented the results of the effect of these parameters on the processing time and the 

concentration of multilayer graphene structures formed through exfoliation. The finished suspension was 

used to prepare concrete samples for testing in compression and bending. It was established for the content 

of graphene structures of 1 mg/ml in water, used to prepare the concrete that its compressive strength in-

creases by 1.7–2.5 times, bending strength by 1.2–1.5 times. The maximum concentration of graphene 
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structures in the suspension is 1.7 mg/ml for the minimum time achieved at an initial graphite concentra-

tion of 50 mg/ml and a rotor speed of 10,000 rpm. 
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ВǤǧǦǧǯǪǧ 
ˣ˷̂̅̈̂̅̀̄̒̀ ˺̇˷̋˼̄ ̏˿̇̅́̅ ˿̈̆̅̂̓˾̊˼̉-

̖̈ ̆̇˿ ̈̅˾˻˷̄˿˿ ̄̅˹̒̌ ́̅̄̈̉̇̊́̍˿̅̄̄̒̌ ˿ 

̋̊̄́̍˿̅̄˷̂̓̄̒̌ ̃˷̉˼̇˿˷̂̅˹. ˨̅˹̇˼̃˼̄̄̅˼ 
̖̈̅̈̉̅̄˿˼ ˿ ̆˼̇̈̆˼́̉˿˹̒ ̃̅˻˿̋˿̍˿̇̅˹˷̄˿̖ 

̔̆̅́̈˿˻̄̒̌ ̈̃̅̂ ̄˷̄̅̃˷̉˼̇˿˷̂˷̃˿, ˹́̂̎̕˷̖ 

˺̇˷̋˼̄, ̆̇̅˷̄˷̂˿˾˿̇̅˹˷̄̒ ˹ ̇˷˸̅̉˼ [1]. В ̇˷-
˸̅̉˼ [2] ˻̅́˷˾˷̄˷ ˸о̂̓̏˷̖ ̔̋̋˼́̉˿˹̄̅̈̉̓ ̃̅-

˻˿̋˿̍˿̇̅˹˷̄˿̖ ̔̆̅́̈˿˻̄̒̌ ̈̃̅̂ ˺̇˷̋˼̄̅̃ 

̆̅ ̈̇˷˹̄˼̄˿̕ ̈ ̊˺̂˼̇̅˻̄̒̃˿ ̄˷̄̅̉̇̊˸́˷̃˿. 

К˷́ ˿˾˹˼̈̉̄̅, ˺̇˷̋˼̄ ̃̅˽̄̅ ̆̅̂̊̎˿̉̓ ̈ ̆̅-

̃̅̐̓̕ ̇˷˾̂˿̎̄̒̌ ̃˼̉̅˻̅˹ [3], ˿˾ ́̅̉̅̇̒̌ 

̄˷˿˸̅̂˼˼ ̎˷̈̉̅ ˿̈̈̂˼˻̊˼̃̒̀ ̃˷̇̏̇̊̉ ̈̂˼˻̊-

̐̕˿̀: ˺̇˷̋˿̉  ̅́̈˿˻ ˺̇˷̋˿̉˷  ˺̇˷̋˼̄ [4]. 

˴̉˷ ̉˼̌̄̅̂̅˺˿̖ ˻̅̈̉˷̉̅̎̄̅ ̂˼˺́̅ ̃˷̈̏̉˷˸˿̇̊-

˼̖̉̈, ˷ ̆̅̂̊̎˼̄̄̒̀ ̆̇̅˻̊́̉ ˿̈̆̅̂̓˾̊˼̖̉̈ ˻̖̂ 

̃̅˻˿̋˿̍˿̇̅˹˷̄˿̖ ̆̅̂˿̃˼̇̄̒̌ ̃˷̉˼̇˿˷̂̅˹. 

˧˷˾̇˷˸̅̉˷̄̒ ̇˷˾̂˿̎̄̒˼ ̃˼̉̅˻̒ ̈˿̄̉˼˾˷ ̅́̈˿-

˻˷ ˺̇˷̋˼̄˷ ˿˾ ˺̇˷̋˿̉˷ [5, 6]. ˤ̅ ̈˹̅̀̈̉˹˷ ˺̇˷-
̋˼̄˷ ˹ ˼˺̅ ̅́˿̈̂˼̄̄̅̀ ̋̅̇̃˼ ̈̊̐˼̈̉˹˼̄̄̅ 

̅̉̂˿̎˷̖̉̈̕ ̅̉ ̈˹̅̀̈̉˹ ˺̇˷̋˼̄˷. К˿̈̂̅̇̅˻̈̅-

˻˼̇˽˷̐˿˼ ˺̇̊̆̆̒ ̃̅˽̄̅ ̊˻˷̂˿̉̓ ˹̅̈̈̉˷̄̅˹-

̂˼̄˿˼̃, ̅˻̄˷́̅ ̈̉̇̊́̉̊̇˷ ˿ ̔̂˼́̉̇˿̎˼̈́˿˼ ̆̅-

́˷˾˷̉˼̂˿ ˹̅̈̈̉˷̄˷˹̂˿˹˷̖̉̈̕ ̄˼̆̅̂̄̅̈̉̓̕ [7]. 

˥˻̄˿̃ ˿˾ ̆˼̇̈̆˼́̉˿˹̄̒̌ ̆̊̉˼̀ ̅˻̄̅˹̇˼̃˼̄-

̄̅˺̅ ˻̅̈̉˿˽˼̄˿̖ ̔́̈̋̅̂˿˷̍˿˿ ˿ ˹̅̈̈̉˷̄̅˹̂˼-
̄˿̖ ̅́̈˿˻˷ ˺̇˷̋˼̄˷ ̖˹̖̂˼̖̉̈ ̃˿́̇̅˹̅̂̄̅˹̅˼ 
˹̅˾˻˼̀̈̉˹˿˼. ˚̇˷̋˼̄, ̆̅̂̊̎˼̄̄̒̀ ̃˿́̇̅˹̅̂-

̄̅˹̒̃ ˹̅˾˻˼̀̈̉˹˿˼̃, ̈̅˻˼̇˽˿̉ ̄˼́̅̉̅̇̅˼ ́̅-

̂˿̎˼̈̉˹̅ ̆̅˹˼̇̌̄̅̈̉̄̒̌ ̋̊̄́̍˿̅̄˷̂̓̄̒̌ 

˺̇̊̆̆, ̎̉̅ ̆̅̂̅˽˿̉˼̂̓̄̅ ˹̂˿̖˼̉ ̄˷ ˼˺̅ ̇˷̈-
̆̇˼˻˼̂˼̄˿˼ ˹ ̆̅̂˿̃˼̇̄̅̀ ̃˷̉̇˿̍˼ [8]. ˚̇˷-
̋˼̄, ̆̅̂̊̎˼̄̄̒̀ ̃˿́̇̅˹̅̂̄̅˹̅̀ ̔́̈̋̅̂˿˷-
̍˿˼̀ ˿ ˹̅̈̈̉˷̄̅˹̂˼̄˿˼̃ ̅́̈˿˻˷ ˺̇˷̋˼̄˷ 
(MERGO) [9], ˾˷ ̈̎˼̉ ̋̊̄́̍˿̅̄˷̂̓̄̒̌ ˺̇̊̆̆ 

̄˼ ̉̅̂̓́̅ ̌̅̇̅̏̅ ˻˿̈̆˼̇˺˿̇̊˼̖̉̈ ˹ ̆̅̂˿̃˼̇-

̄̅̀ ̃˷̉̇˿̍˼, ̄̅ ˿ ̅˸˼̈̆˼̎˿˹˷˼̉ ̅˸̇˷˾̅˹˷̄˿˼ 
˷́̉˿˹̄̒̌ ̌˿̃˿̎˼̈́˿̌ ̈˹̖˾˼̀ ̃˼˽˻̊ ̄˷̄̅̆̂˷-
̈̉˿̄́˷̃˿ ˺̇˷̋˼̄˷ ˿ ̆̅̂˿̃˼̇̄̅̀ ̃˷̉̇˿̍˼̀ 

[10]. ˤ˼̖̈̃̅̉̇ ̄˷ ˻̅̈̉̅˿̄̈̉˹˷ MERGO, ˻˷̄-

̄˷̖ ̉˼̌̄̅̂̅˺˿̖ ̆̇˿ ˿̈̆̅̂̓˾̅˹˷̄˿˿ ˼˼ ˹ ̆̇̅-

̃̒̏̂˼̄̄̒̌ ̃˷̈̏̉˷˸˷̌ ˿̃˼˼̉ ˹˼̈̓̃˷ ̈̊̐˼-
̈̉˹˼̄̒̀ ̄˼˻̅̈̉˷̉̅́ – ˾˷˺̖̇˾̄˼̄˿˼ ̅́̇̊˽˷̕-

̐˼̀ ̈̇˼˻̒. ˛˼̂̅ ˹ ̉̅̃, ̎̉̅ ˻̖̂ ̅́˿̈̂˼̄˿̖ 

˺̇˷̋˿̉˷ ̆̅ ̃˼̉̅˻̊ ˬ˷̃˼̇̈˷–˥̋̋˼̇̃˷̄˷ ˿̈-
̆̅̂̓˾̊˼̖̉̈ ̈̃˼̈̓ ̈˼̇̄̅̀ ́˿̈̂̅̉̒ H2SO4, ̄˿̉-
̇˷̉˷ ̄˷̉̇˿̖ NaNO3 ˿ ̆˼̇̃˷̄˺˷̄˷̉˷ ́˷̂˿̖ 

KMnO4, ˜̈̉˼̈̉˹˼̄̄̅, ̎̉̅ ̊̉˿̂˿˾˷̍˿̖ ̅̉̌̅˻̅˹ 

̆̇̅˿˾˹̅˻̈̉˹˷ ̈̊̐˼̈̉˹˼̄̄̅ ̆̅˹̒̏˷˼̉ ̈̉̅˿-

̃̅̈̉̓ ˺̅̉̅˹̅˺̅ ̆̇̅˻̊́̉˷.  
˥˻̄˷ ˿˾ ̄˷˿˸̅̂˼˼ ̃˷̈̏̉˷˸̄̒̌ ̅˸̂˷̈̉˼̀ 

̆̇˿̃˼̄˼̄˿̖ ̃˷̂̅̈̂̅̀̄̅˺̅ ˺̇˷̋˼̄˷ ˹ ́˷̎˼̈̉˹˼ 
̃̅˻˿̋˿́˷̉̅̇˷ – ̈̉̇̅˿̉˼̂̓̄˷̖ ˿̄˻̊̈̉̇˿̖. 

ˤ˷̄̅̃˷̉˼̇˿˷̂̒ ̄˼ ̉̅̂̓́̅ ˾̄˷̎˿̉˼̂̓̄̅ ̆̅˹̒-

̏˷̉̕ ̔́̈̆̂̊˷̉˷̍˿̅̄̄̒˼ ̌˷̇˷́̉˼̇˿̈̉˿́˿ 

̈̉̇̅˿̉˼̂̓̄̒̌ ̃˷̉˼̇˿˷̂̅˹, ̄̅ ˿ ̊̃˼̄̓̏˷̉̕ 
˾˷˺̖̇˾̄˼̄˿̖ ̅́̇̊˽˷̐̕˼̀ ̈̇˼˻̒ [11, 12]. В̄˿-

̃˷̄˿˼ ̃̄̅˺˿̌ ˿̈̈̂˼˻̅˹˷̉˼̂˼̀ [13–19] ˸̒̂̅ 

̈̅̈̇˼˻̅̉̅̎˼̄̅ ̄˷ ˿˾̊̎˼̄˿˿ ˹̂˿̖̄˿̖ ̄˷̄̅̃˷-
̉˼̇˿˷̂̅˹ ̄˷ ̌˷̇˷́̉˼̇˿̈̉˿́˿ ˸˼̉̅̄˷. ˩˷́, 

̄˷̆̇˿̃˼̇, ˿̈̆̅̂̓˾̅˹˷̄˿˼ ̊˺̂˼̇̅˻̄̒̌ ̄˷̄̅-

̉̇̊˸̅́ ̆̇˿˹˼̂̅ ́ 50 %, ˷ ̅́̈˿˻˷ ˺̇˷̋˼̄˷ ́ 

33 % ̊˹˼̂˿̎˼̄˿̖ ̆̇̅̎̄̅̈̉˿ ˸˼̉̅̄˷ ̄˷ ̈˽˷̉˿˼. 
˥̈̄̅˹̄̒̃ ̆̇˼̖̆̉̈̉˹˿˼̃ ˿̈̆̅̂̓˾̅˹˷̄˿̖ ˺̇˷-
̋˼̄˷ ̆̇˿ ̃̅˻˿̋˿̍˿̇̅˹˷̄˿˿ ˸˼̉̅̄˷ ˻̅ ̄˼˻˷˹-

̄˼˺̅ ˹̇˼̃˼̄˿ ˸̒̂˷ ˼˺̅ ˹̒̈̅́˷̖ ̈̉̅˿̃̅̈̉̓. 

˚̇̊̆̆˷ ̊̎˼̄̒̌ ˿˾ ˟̇̂˷̄˻˿˿ ˿ В˼̂˿́̅˸̇˿̉˷-
̄˿˿ [20] ̇˷˾̇˷˸̅̉˷̂˷ ̈̆̅̈̅˸ ̆̅̂̊̎˼̄˿̖ ̃˷̂̅-

̈̂̅̀̄̅˺̅ ˺̇˷̋˼̄˷ ̈̆̅̈̅˸̅̃ ˽˿˻́̅̋˷˾̄̅̀ 

̔́̈̋̅̂˿˷̍˿˼̀ ˺̇˷̋˿̉˷, ˷ ˻̇̊˺˷̖ ˺̇̊̆̆˷ ˿̈-
̆̅̂̓˾̅˹˷̂˷ ˼˺̅ ˻̖̂ ̃̅˻˿̋˿̍˿̇̅˹˷̄˿̖ ˸˼̉̅̄˷ 
[21]. ˤ˷ ̄˷̏ ˹˾˺̖̂˻, ˽˿˻́̅̋˷˾̄˷̖ ̔́̈̋̅̂˿˷-
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̍˿̖ ̖˹̖̂˼̖̉̈ ̅˻̄̅̀ ˿˾ ̆˼̇̈̆˼́̉˿˹̄̒̌ ̆̇̅-

̃̒̏̂˼̄̄̒̌ ̉˼̌̄̅̂̅˺˿̀ ̆̅̂̊̎˼̄˿̖ ̃˷̂̅̈̂̅̀-

̄̅˺̅ ˺̇˷̋˼̄˷, ̅̈̅˸˼̄̄̅ ˻̖̂ ̉˼̌ ̆̇˿̃˼̄˼̄˿̀, 

˺˻˼ ̅̄ ̃̅˽˼̉ ˸̒̉̓ ˿̈̆̅̂̓˾̅˹˷̄ ˹ ˹˿˻˼ ̈̊̈̆˼̄-

˾˿˿. ˴̋̋˼́̉˿˹̄̅̈̉̓ ˿̈̆̅̂̓˾̅˹˷̄˿̖ ̃˷̂̅-

̈̂̅̀̄̅˺̅ ˺̇˷̋˼̄˷, ̆̅̂̊̎˼̄̄̅˺̅ ̄˼̆̅̈̇˼˻-

̈̉˹˼̄̄̅ ˿˾ ˺̇˷̋˿̉˷ ̆̊̉˼̃ ˽˿˻́̅̋˷˾̄̅̀ 

̔́̈̋̅̂˿˷̍˿˿, ˸̒̂˷ ̆̇̅˹˼̇˼̄˷ ̔́̈̆˼̇˿̃˼̄-

̉˷̂̓̄̅ ̄˷ ˸˼̉̅̄̄̒̌ ˿˾˻˼̂˿̖̌ [20].  

˧˼˾̊̂̓̉˷̉̒ ˿̈̆̒̉˷̄˿̀ ̆̅́˷˾˷̂˿, ̎̉̅ ̆̇˿ 

̈̅˻˼̇˽˷̄˿˿ ˺̇˷̋˼̄˷ ˹ ˾˷̉˹̅̇̄̅̀ ˹̅˻˼ ̖̆̅̇˻́˷ 
0,8 ˺/̂ ̆̇̅̎̄̅̈̉̓ ̄˷ ̈˽˷̉˿˼ ̊˹˼̂˿̎˿̂˷̈̓ ̄˷ 
146 %, ˷ ̄˷ ˿˾˺˿˸ – 79,5 %.  

˭˼̂̓ ̇˷˸̅̉̒ – ˿̈̈̂˼˻̅˹˷̉̓ ˹̂˿̖̄˿˼ ̇˼-
˽˿̃̄̒̌ ̆˷̇˷̃˼̉̇̅˹ ̄˷ ̆̇̅̍˼̈̈ ˽˿˻́̅̋˷˾̄̅̀ 

̔́̈̋̅̂˿˷̍˿˿ ˿ ̆̇̅˹˼̇˿̉̓ ̔̋̋˼́̉˿˹̄̅̈̉̓ ̃̅-

˻˿̋˿̍˿̇̅˹˷̄˿̖ ˸˼̉̅̄˷ ˺̇˷̋˼̄̅˹̒̃˿ ̈̉̇̊́̉̊-

̇˷̃˿, ̆̅̂̊̎˼̄̄̒̃˿ ̃˼̌˷̄˿̎˼̈́˿̃ ̈̆̅̈̅˸̅̃.  

ǎǢǴǧǲǪǢǭǽ Ǫ мǧǴоǦǪǬǢ ǿǬǳǱǧǲǪмǧǯǴǢ 

ИǳǷоǦǯǽǧ мǢǴǧǲǪǢǭǽ. ˛̖̂ ̆̅̂̊̎˼̄˿̖ ̃˷-

̂̅̈̂̅̀̄̅˺̅ ˺̇˷̋˼̄˷ ˹ ˻˷̄̄̅̀ ̇˷˸̅̉˼ ˹ ́˷̎˼-

̈̉˹˼ ˿̈̌̅˻̄̅˺̅ ̃˷̉˼̇˿˷̂˷ ̃̒ ˿̈̆̅̂̓˾̅˹˷̂˿ 

˺̇˷̋˿̉ ̃˷̇́˿ ˚˨ˣ-2 ̆̅ ˚˥˨˩ 18191-78 

«˚̇˷̋˿̉ ̈̆˼̍˿˷̂̓̄̒̀ ̃˷̂̅˾̅̂̓̄̒̀. ˩˼̌̄˿-

̎˼̈́˿˼ ̊̈̂̅˹˿̖». ˦̅ ̋˿˾˿́̅-̌˿̃˿̎˼̈́˿̃ ̆̅-

́˷˾˷̉˼̖̂̃ ̅̄ ̈̅̅̉˹˼̉̈̉˹̊˼̉ ̉̇˼˸̅˹˷̄˿̖̃, ̊́˷-

˾˷̄̄̒̃ ˹ ̉˷˸̂˿̍˼. В̒˸̅̇ ̃˷̉˼̇˿˷̂˷ ̅˸̅̈̄̅-

˹˷̄ ˼˺̅ ˿̈̆̅̂̓˾̅˹˷̄˿˼̃ ̄˷ ˥˥˥ «ˤ˷̄̅˩˼̌-

˭˼̄̉̇» (˺. ˩˷̃˸̅˹) ˻̖̂ ̆̅̂̊̎˼̄˿̖ ̃˷̂̅̈̂̅̀-

̄̅˺̅ ˺̇˷̋˼̄˷ ̆̊̉˼̃ ˽˿˻́̅̋˷˾̄̅̀ ̔́̈̋̅̂˿˷-

̍˿˿ ˿ ̊̂̓̉̇˷˾˹̊́̅˹̅̀ ̅˸̇˷˸̅̉́˿ ̅́̈˿˻˷ ˺̇˷-

̋˿̉˷, ̆̅̂̊̎˼̄̄̅˺̅ ̆̅ ̃˼̉̅˻̊ ˬ˷̃˼̇̈˷–

˥̋˼̃˷̄̄˷ [5]. В ̆̇˿̄̍˿̆˼, ˹ ́˷̎˼̈̉˹˼ ˿̈̌̅˻-

̄̅˺̅ ̃˷̉˼̇˿˷̂˷ ̃̅˽˼̉ ˸̒̉̓ ˿̈̆̅̂̓˾̅˹˷̄ ́̇˿-

̈̉˷̂˿̎˼̈́˿̀ ˺̇˷̋˿̉ ̃˷̇̅́ ˚˨-1, ˚˨-2, ˚˨ˣ-1, 

˚˨ˣ-3, ˚˨ˣ-4. ˛˷̄̄̒˼ ̃˷̇́˿ ˺̇˷̋˿̉˷ ˹ ̅̈-

̄̅˹̄̅̃ ̅̉̂˿̎˷̖̉̈̕ ̉̅̂̓́̅ ˾̅̂̓̄̅̈̉̓̕, ˷ 

̈̉̇̊́̉̊̇˷ ˿̌ ̅˻˿̄˷́̅˹˷.  

˦̇˿˺̅̉˷˹̂˿˹˷̖ ̈̊̈̆˼̄˾˿̕, ˿̈̆̅̂̓˾̅˹˷̂˿ 

˹̅˻̊ ̆̅ ˚˥˨˩ 23732-2011 «В̅˻˷ ˻̖̂ ˸˼̉̅̄̅˹ ˿ 

̈̉̇̅˿̉˼̂̓̄̒̌ ̇˷̈̉˹̅̇̅˹. ˩˼̌̄˿̎˼̈́˿˼ ̊̈̂̅-

˹˿̖», ˹ ́̅̉̅̇̊̕ ˻̅˸˷˹̖̂̂˿ ̆̅˹˼̇̌̄̅̈̉̄̅-

˷́̉˿˹̄̅˼ ˹˼̐˼̈̉˹̅ ˥˦-7 ̆̅ ˚˥˨˩ 8433-81 

«В˼̐˼̈̉˹˷ ˹̈̆̅̃̅˺˷̉˼̂̓̄̒˼ ˥˦-7 ˿ ˥˦-10. 

˩˼̌̄˿̎˼̈́˿˼ ̊̈̂̅˹˿̖». К̅̄̍˼̄̉̇˷̍˿̖ ˥˦-7 

̈̅̈̉˷˹̖̂̂˷ 0,3 % ̆̅ ̅̉̄̅̏˼̄˿̕ ́ ˹̅˻˼. В ́˷-

̎˼̈̉˹˼ ̆̅˹˼̇̌̄̅̈̉̄̅-˷́̉˿˹̄̅̀ ˻̅˸˷˹́˿ ̃̅˽-

̄̅ ˿̈̆̅̂̓˾̅˹˷̉̓ ˿ ˻̇̊˺˿˼ ˹˼̐˼̈̉˹˷, ̆̇˼̖̆̉-
̈̉˹̊̐̕˿˼ ˷˺̂̅̃˼̇˷̍˿˿ ̃˷̂̅̈̂̅̀̄̅˺̅ ˺̇˷̋˼-
̄˷, ˹ ̉̅̃ ̎˿̈̂˼ ̃̅˻˿̋˿́˷̉̅̇̒ ˸˼̉̅̄˷ ̆̅ 

˚˥˨˩ ˧ 56178-2014 «ˣ̅˻˿̋˿́˷̉̅̇̒ ̅̇˺˷̄̅-

̃˿̄˼̇˷̂̓̄̒˼ ̉˿̆˷ ˣ˘ ˻̖̂ ˸˼̉̅̄̅˹, ̈̉̇̅˿-

̉˼̂̓̄̒̌ ̇˷̈̉˹̅̇̅˹ ˿ ̈̊̌˿̌ ̈̃˼̈˼̀. ˩˼̌̄˿̎˼-
̈́˿˼ ̊̈̂̅˹˿̖». 

ǟǬǳǱǧǲǪмǧǯǴǢǭǾǯǢȁ ǵǳǴǢǯоǤǬǢ. К˷́ ˿ ˹ ̇˷-
˸̅̉˷̌ [20, 21], ˽˿˻́̅̋˷˾̄̊̕ ̔́̈̋̅̂˿˷̍˿̕ ̃̒ 

̆̇̅˹̅˻˿̂˿ ̄˷ ̈̉˷̉̅̇-̇̅̉̅̇ ˷̆̆˷̇˷̉˼, ̈̌˼̃˷ 
́̅̉̅̇̅˺̅ ̆̇˼˻̈̉˷˹̂˼̄˷ ̄˷ ̇˿̈. 1. Ӑ̆˷̇˷̉ ̈̅-

̈̉̅˿̉ ˿˾ ̍˿̂˿̄˻̇˿̎˼̈́̅˺̅ ̈̉˷̉̅̇˷ 1, ̇̅̉̅̇˷ 2 

˿ ̆̇˿˹̅˻˷ ˹̇˷̐˼̄˿̖ ̇̅̉̅̇˷ 3. В̄̊̉̇˼̄̄˿̀ 

˻˿˷̃˼̉̇ ̈̉˷̉̅̇˷ – 40 ̃̃, ˹̒̈̅̉˷ – 50 ̃̃, ˷ ̇˷-
˻˿˷̂̓̄̒̀ ˾˷˾̅̇  ̃˼˽˻̊ ̈̉˷̉̅̇̅̃ ˿ ̂̅̆˷̖̈̉̃˿ 

̇̅̉̅̇˷ ̇˷˹˼̄ 0,05 ̃̃. ˨́̅̇̅̈̉̓ ˹̇˷̐˼̄˿̖ ̇̅-

̉̅̇˷ ˿˾̃˼̖̄̂˷̈̓ ̅̉ 5000 ˻̅ 15000 ̅˸/̃˿̄.  

 

ǖǪǩǪǬо-ǷǪмǪǹǧǳǬǪǧ ǱоǬǢǩǢǴǧǭǪ ǥǲǢǶǪǴǢ  

Physical and chemical indexes of graphite 

ˣ˷̇́˷ 
˺̇˷̋˿̉˷ 

ˤ̅̇̃˷ ̆̅́˷˾˷̉˼̖̂ ˿ ̃˼̉̅˻ ˿̈̆̒̉˷̄˿̖ 

˞̅̂̓̄̅̈̉̓, % 

(̄˼ ˸̅̂˼˼) 

ˣ˷̈̈̅˹˷̖ ˻̖̅̂ ˹̂˷˺˿, 

% (̄˼ ˸̅̂˼˼) 

В̒̌̅˻ ̂˼̉̊̎˿̌ ˹˼̐˼̈̉˹, ˹ ̉̅̃ ̎˿̈̂˼ 
̅̉ ̋̂̅̉̅̇˼˷˺˼̄̉̅˹, % (̄˼ ˸̅̂˼˼) 

˥̈̉˷̉̅́ ̄˷ ̈˼̉́˼ 
N02, % (̄˼ ̃˼̄˼˼) 

˚˥˨˩ 17818.4  ˚˥˨˩ 17818.1  ˚˥˨˩ 17818.3  ˚˥˨˩ 17818.2 

˚˨ˣ-1  0,1  0,2  0,2  70  

˚˨ˣ-2  0,5  0,2  0,2  ˤ˼ ̄̅̇̃˿̇̊˼̖̉̈ 
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˧˿̈. 1. ˨̌˼̃˷ ̈̉˷̉̅̇-̇̅̉̅̇ ˷̆̆˷̇˷̉˷: 
1 – ̈̉˷̉̅̇; 2 – ̇̅̉̅̇; 3 – ̆̇˿˹̅˻; 4 – ̂̅̆˷̈̉̓; 5 – ́̇̒̏́˷ 

Fig. 1. Scheme of the stator-rotor device:  

1 – stator; 2 – rotor; 3 – drive; 4 – blade; 5 – cap 
 

В ̅̉̂˿̎˿˼ ̅̉ ˷̆̆˷̇˷̉˷, ́̅̉̅̇̒̀ ˿̈̆̅̂̓˾̅˹˷-
̂˿ ˹ ̇˷˸̅̉˷̌ [20, 21], ̃̒ ̊̈̉˷̄̅˹˿̂˿ ̄˷ ̈̉˷̉̅̇ 

́̇̒̏́̊ 5, ̅̉˹˼̇̈̉˿̖ ̇˷˾̃˼̈̉˿̂˿ ̉̅̂̓́̅ ˹ ˹˼̇̌-
̄˼̀ ̎˷̈̉˿ ̍˿̂˿̄˻̇˿̎˼̈́̅̀ ̅˸̅̂̅̎́˿, ˷ ̇̅̉̅̇ 

̈̄˷˸˻˿̂˿ ̈̃˼̄̄̒̃˿ ̂̅̆˷̖̈̉̃˿ ˿˾ ̆̅̂˿̃˼̇̄̅˺̅ 

̃˷̉˼̇˿˷̂˷. ˢ̅̆˷̈̉˿ ̊̈̉˷̄˷˹̂˿˹˷̂˿̈̓ ̉˷́˿̃ ̅˸-

̇˷˾̅̃, ̎̉̅˸̒ ̈́̅̂̓˾˿̂˿ ̆̅ ˹̄̊̉̇˼̄̄˼̀ ̆̅˹˼̇̌-
̄̅̈̉˿ ̈̉˷̉̅̇˷ ̆̇˷́̉˿̎˼̈́˿ ˸˼˾ ˾˷˾̅̇˷. А˹̉̅̇̒ 

[20] ̈̎˿̉˷̉̕, ̎̉̅ ̔́̈̋̅̂˿˷̍˿̖ ̆̇̅˿̈̌̅˻˿̉, ˹ 

̅̈̄̅˹̄̅̃, ́̅˺˻˷ ̎˷̈̉˿̍̒, ̆̇̅̌̅˻̖ ̎˼̇˼˾ ̅̉˹˼̇-

̈̉˿̖ ˹ ̈̉˷̉̅̇˼, ̆̅˻˹˼̇˺˷̖̉̈̕ ˹̅˾˻˼̀̈̉˹˿̕ ̂̅̆˷-
̈̉˼̀. ˣ̒ ̆̇˼˻̆̅̂˷˺˷˼̃, ̎̉̅ ̔́̈̋̅̂˿˷̍˿̖ ̆̇̅-

˿̈̌̅˻˿̉ ˹ ˾˷˾̅̇˼ ̃˼˽˻̊ ̂̅̆˷̈̉̓̕ ˿ ˹̄̊̉̇˼̄̄˼̀ 

̆̅˹˼̇̌̄̅̈̉̓̕ ̈̉˷̉̅̇˷. К̇̒̏́˷ 5 ̅˸˼̈̆˼̎˿˹˷˼̉ 
̊̈̉̅̀̎˿˹̒̀ ̍˿̖̇́̊̂̍˿̅̄̄̒̀ ́̅̄̉̊̇ ˻˹˿˽˼̄˿̖ 

̈̊̈̆˼̄˾˿˿, ́̅̉̅̇˷̖ ̆̅̈̉̊̆˷˼̉ ˹ ˾̅̄̊ ̅˸̇˷˸̅̉́˿ 

̉̅̂̓́̅ ̎˼̇˼˾ ̄˿˽̄˿̀ ̉̅̇˼̍ ̈̉˷̉̅̇˷, ˷ ˹̒̌̅˻˿̉ 
̎˼̇˼˾ ̅̉˹˼̇̈̉˿̖. ˧˷̈̆̅̂̅˽˼̄˿˼ ̅̉˹˼̇̈̉˿̀ ˹ 

˹˼̇̌̄˼̀ ̎˷̈̉˿ ̈̉˷̉̅̇˷ ̅˸˼̈̆˼̎˿˹˷˼̉ ̃˷́̈˿̃˷̂̓-
̄̅˼ ˹̇˼̖̃ ̆̇˼˸̒˹˷̄˿̖ ̎˷̈̉˿̍ ˹ ˾̅̄˼ ́̅̄̉˷́̉˷ 
̂̅̆˷̈̉˼̀ ̈ ˹̄̊̉̇˼̄̄˼̀ ̆̅˹˼̇̌̄̅̈̉̓̕ ̈̉˷̉̅̇˷.  

ˤ˷ ˽˿˻́̅̈̉̓ ˿ ̎˷̈̉˿̍̒, ̄˷̌̅˻̖̐˿˼̖̈ ˹ ˾̅̄˼ 
̃˼˽˻̊ ̈̉˷̉̅̇̅̃, ˹̇˷̐˷̐̕˿̖̃̈ ̇̅̉̅̇̅̃ ˿ ̈̅-

̈˼˻̄˿̃˿ ̂̅̆˷̖̈̉̃˿, ˻˼̀̈̉˹̊̉̕ ̍˼̄̉̇̅˸˼˽̄̒˼ 
̈˿̂̒. ˦̅˻ ˻˼̀̈̉˹˿˼̃ ̔̉˿̌ ̈˿̂ ̎˷̈̉˿̍̒ ̆̇˿˽˿-

̃˷̖̉̈̕ ́ ˹̄̊̉̇˼̄̄˼̀ ̆̅˹˼̇̌̄̅̈̉˿ ̈̉˷̉̅̇˷, ˿ 

̅́̇̊˽̄˷̖ ̈́̅̇̅̈̉̓ ˿̌ ˻˹˿˽˼̄˿̖ ̊̃˼̄̓̏˷˼̖̉̈. 

˦̇˿ ̆̅̆˷˻˷̄˿˿ ˹ ˾̅̄̊ ̃˼˽˻̊ ̈̉˷̉̅̇̅̃ ˿ ˻˹˿˽̊-
̐˼̖̀̈ ̂̅̆˷̈̉̓̕ ̄˷ ̎˷̈̉˿̍̊ ̄˷̎˿̄˷̉̕ ˻˼̀̈̉˹̅-

˹˷̉̓ ̈˻˹˿˺˷̐̕˿˼ ̈˿̂̒, ˹ ̇˼˾̊̂̓̉˷̉˼ ˻˼̀̈̉˹˿̖ 

́̅̉̅̇̒̌ ˹̄̊̉̇˿ ̎˷̈̉˿̍̒, ́̇̅̃˼ ̄̅̇̃˷̂̓̄̒̌ 
̄˷̖̆̇˽˼̄˿̀, ˹̅˾̄˿́˷̉̕ ́˷̈˷̉˼̂̓̄̒˼ ̄˷̖̆̇˽˼-
̄˿̖, ̎̉̅ ̆̇˿˹̅˻˿̉ ́ ̈˻˹˿˺̊ ˺̇˷̋˼̄̅˹̒̌ ̈̂̅˼˹ 
̅̉̄̅̈˿̉˼̂̓̄̅ ˻̇̊˺ ˻̇̊˺˷. ˦̇˼˻̆̅̂̅˽˿̃, ̎̉̅ ̎˷-
̈̉˿̍˷ ̈̅̈̉̅˿̉ ˿˾ ̖̆̉˿ ˺̇˷̋˼̄̅˹̒̌ ̈̂̅˼˹. В ̇˼-
˾̊̂̓̉˷̉˼ ̈˻˹˿˺˷ ˿˾ ̅˻̄̅̀ ̎˷̈̉˿̍̒ ̅˸̇˷˾̖̊̉̈̕ 

˻˹˼. В ̇˷̈̈̃˷̉̇˿˹˷˼̃̅̃ ̈̂̊̎˷˼ ˹̅˾̃̅˽̄̒ ̈̂˼˻̊-
̐̕˿˼ ˹˷̇˿˷̄̉̒: 1 ̈̂̅̀ + 4 ̖̈̂̅; 2 ̖̈̂̅ + 3 ̖̈̂̅. 

˦̅ ˹̈˼̀ ˹˿˻˿̃̅̈̉˿, ˹˼̖̇̅̉̄̅̈̉˿ ́˷˽˻̅˺̅ ˿˾ 
̊́˷˾˷̄̄̒̌ ˹˷̇˿˷̄̉̅˹ ̅˻˿̄˷́̅˹̒.  

ǎǧǴоǦǪǬǢ ǱǲоǤǧǦǧǯǪȁ ǿǬǳǱǧǲǪмǧǯǴоǤ. ˟̈̈̂˼-
˻̅˹˷̄˿̖ ̆̇̅̍˼̈̈˷ ̔́̈̋̅̂˿˷̍˿˿ ̆̇̅˹̅˻˿̂˿ ̈̂˼-
˻̊̐̕˿̃ ̅˸̇˷˾̅̃. ˚̅̉̅˹˿̂˿ 5 ̂˿̉̇̅˹ ˹̅˻̄̅̀ 

̈̊̈̆˼̄˾˿˿ ́̇˿̈̉˷̂̂˿̎˼̈́̅˺̅ ˺̇˷̋˿̉˷ ˚˨-1 ̈ 
́̅̄̍˼̄̉̇˷̍˿˼̀ ̅̉ 3 ˻̅ 6 %, ˾˷̂˿˹˷̂˿ ˼˼ ˹ ̍˿̂˿̄-

˻̇˿̎˼̈́̊̕ ˼̃́̅̈̉̓, ̊̈̉˷̄˷˹̂˿˹˷̂˿ ˷̆̆˷̇˷̉ ˿ 

̄˷̎˿̄˷̂˿ ̅˸̇˷˸̅̉́̊ ̈̊̈̆˼̄˾˿˿. К˷˽˻̒˼ 10 ̃˿-

̄̊̉ ̅̈̉˷̄˷˹̂˿˹˷̂˿ ̆̇̅̍˼̈̈ ˿ ̅̉˸˿̇˷̂˿ 100 ̃̂ 

̈̊̈̆˼̄˾˿˿. ˨̊̈̆˼̄˾˿̕ ̍˼̄̉̇˿̋̊˺˿̇̅˹˷̂˿, ̊˻˷-
̖̂̂˿ ̅̈˷˻̅́ ˿ ̅̆̇˼˻˼̖̂̂˿ ́̅̄̍˼̄̉̇˷̍˿̕ ˺̇˷̋˼-
̄̅˹̒̌ ̄˷̄̅̈̉̇̊́̉̊̇ ˹ ̅̈̉˷˹̏˼̖̀̈ ̈̊̈̆˼̄˾˿˿. 

˦̅̈̂˼ ̆̇̅˹˼˻˼̄˿̖ ˷̄˷̂˿˾˷ ̆̇̅˸̊ ˹̒̂˿˹˷̂˿ ˹ 

˼̃́̅̈̉̓ ˿ ̆̇̅˻̅̂˽˷̂˿ ̆̇̅̍˼̈̈ ̔́̈̋̅̂˿˷̍˿˿. 

˦̇̅̍˼̈̈ ̆̇̅˻̅̂˽˷̂˿ ˻̅ ̉˼̌ ̆̅̇, ̆̅́˷ ́̅̄̍˼̄-

̉̇˷̍˿̖ ˺̇˷̋˼̄̅˹̒̌ ̈̉̇̊́̉̊̇ ̆̇˼́̇˷̐˷̂˷ ˹̅˾̇˷̈-
̉˷̉̓. В ̆̇̅̍˼̈̈˼ ̔́̈̆˼̇˿̃˼̄̉̅˹ ˿˾̃˼̖̄̂˿ ̈́̅-

̇̅̈̉̓ ˹̇˷̐˼̄˿̖ ̇̅̉̅̇˷: 5000, 10000, 12000, 15000 

̅˸/̃˿̄. ˦̅ ̅́̅̄̎˷̄˿˿ ̆̇̅̍˼̈̈˷ ̔́̈̋̅̂˿˷̍˿˿ 

̆̇̅˹̅˻˿̂˿ ̍˼̄̉̇˿̋̊˺˿̇̅˹˷̄˿˼ ̈̊̈̆˼̄˾˿˿ ˿ ̊˻˷-
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̖̂̂˿ ̅̈˷˻̅́. ˥̎˿̐˼̄̄̊̕ ̈̊̈̆˼̄˾˿̕ ˿̈̆̅̂̓˾̅-

˹˷̂˿ ˹ ́˷̎˼̈̉˹˼ ˾˷̉˹̅̇̄̅̀ ˹̅˻̒ ̆̇˿ ̆̇˿˺̅̉̅˹̂˼-
̄˿˿ ˸˼̉̅̄̄̒̌ ̅˸̇˷˾̍̅˹ ˻̖̂ ˿̈̆̒̉˷̄˿̀ ̄˷ ̈˽˷-
̉˿˼ ˿ ˿˾˺˿˸. ˟̈̆̒̉˷̄˿̖ ̆̇̅˹̅˻˿̂˿ ˹ ̈̅̅̉˹˼̉-
̈̉˹˿˿ ̈ ̃˼̉̅˻˿́̅̀, ̅̆˿̈˷̄̄̅̀ ˹̒̏˼.  

ǒǧǩǵǭǾǴǢǴǽ ǨǪǦǬоǶǢǩǯоǫ ǿǬǳǶоǭǪǢǸǪǪ 

˦̇˿ ́˷˽˻̅̃ ̈̅̎˼̉˷̄˿˿ ̈́̅̇̅̈̉˿ ˹̇˷̐˼̄˿̖ 

̇̅̉̅̇˷ ˿ ́̅̄̍˼̄̉̇˷̍˿˿ ˺̇˷̋˿̉˷ ˹ ˿̈̌̅˻̄̅̀ 

̈̊̈̆˼̄˾˿˿ ̆̅ ̏˼̈̉̓ ̇˷˾ ˺̅̉̅˹˿̂˿ ̈̊̈̆˼̄˾˿̕ ˿ 

́˷˽˻̒̀ ̇˷˾ ̅̆̇˼˻˼̖̂̂˿ ̆̇̅̃˼˽̊̉̅̎̄̒˼ ˾̄˷-
̎˼̄˿̖ ́̅̄̍˼̄̉̇˷̍˿˿ ˺̇˷̋˼̄̅˹̒̌ ̈̉̇̊́̉̊̇. ˤ˷ 
̇˿̈. 2 ̆̇˼˻̈̉˷˹̂˼̄̒ ̌˷̇˷́̉˼̇̄̒˼ ˾˷˹˿̈˿̃̅̈̉˿ 

́̅̄̍˼̄̉̇˷̍˿̀ ˺̇˷̋˼̄̅˹̒̌ ̈̉̇̊́̉̊̇ ̅̉ ˹̇˼̃˼-
̄˿ ̅˸̇˷˸̅̉́˿ ̆̇˿ ̇˷˾̄̒̌ ˿̈̌̅˻̄̒̌ ́̅̄̍˼̄-

̉̇˷̍˿̖̌ ˺̇˷̋˿̉˷ ˹ ̈̊̈̆˼̄˾˿˿, ˻̖̂ ̆̇˿˺̅̉̅˹̂˼-
̄˿̖ ́̅̉̅̇̅̀ ˿̈̆̅̂̓˾̅˹˷̂˿ ̈̉˷̉̅̇-̇̅̉̅̇ ̈̃˼-
̈˿̉˼̂̓ ̈ ̂̅̆˷̖̈̉̃˿, ̈́̅̂̓˾̖̐˿̃˿ ̆̅ ˹̄̊̉̇˼̄-

̄˼̀ ̆̅˹˼̇̌̄̅̈̉˿ ̈̉˷̉̅̇˷ ˸˼˾ ˾˷˾̅̇˷. А̄˷̂˿˾˿-

̖̇̊ ̇˼˾̊̂̓̉˷̉̒, ̃̅˽̄̅ ̈˻˼̂˷̉̓ ˹̒˹̅˻, ̎̉̅ ̈ 

̊˹˼̂˿̎˼̄˿˼̃ ˿̈̌̅˻̄̅̀ ́̅̄̍˼̄̉̇˷̍˿˿ ̊̃˼̄̓-

̏˷˼̖̉̈ ˹̇˼̖̃, ˾˷ ́̅̉̅̇̅˼ ́̅̄̍˼̄̉̇˷̍˿̖ ˺̇˷-

̋˼̄̅˹̒̌ ̈̉̇̊́̉̊̇ ˻̅̈̉˿˺˷˼̉ ̆̇˷́̉˿̎˼̈́˿ ̆̇˼-
˻˼̂̓̄̅̀ ˹˼̂˿̎˿̄̒ – 1,7 ̃˺/̃̂, ̅˻̄˷́̅ ̈̂˼˻̊˼̉ 
̊̎˿̉̒˹˷̉̓, ̎̉̅ ̅˻̄̅˹̇˼̃˼̄̄̅ ̊˹˼̂˿̎˿˹˷˼̖̉̈ 

́̅̂˿̎˼̈̉˹̅ ̄˼̇˷̈̐˼̆̂˼̄̄̅˺̅ ˺̇˷̋˿̉˷.  
˪̎˿̉̒˹˷̖, ̎̉̅ ̆̇˿ ̊̃˼̄̓̏˼̄˿˿ ́̅̄̍˼̄-

̉̇˷̍˿˿ ̄˷ 20 % (̈ 50 ˻̅ 40 ̃˺/̃̂) ̄˼̅˸̌̅˻˿-

̃̅˼ ˹̇˼̖̃ ̅˸̇˷˸̅̉́˿ ̊˹˼̂˿̎˿˹˷˼̖̉̈ ̄˷ 75 %, ˷ 

̆̇˿ ̊˹˼̂˿̎˼̄˿˿ ́̅̄̍˼̄̉̇˷̍˿˿ ̄˷ 20 % (̈ 50 

˻̅ 60 ̃˺/̃̂) ˹̇˼̖̃ ̊̃˼̄̓̏˷˼̖̉̈ ˹̈˼˺̅ ̄˷ 25 %, 

̆̇˿̖̄̉̅ ̇˼̏˼̄˿˼ ˹ ˻˷̂̓̄˼̀̏˿̌ ˿̈̈̂˼˻̅˹˷̄˿-

̖̌ ˿̈̆̅̂̓˾̅˹˷̉̓ ˿̈̌̅˻̄̊̕ ́̅̄̍˼̄̉̇˷̍˿̕ ˺̇˷-
̋˿̉˷ 50 ̃˺/̃̂. ˤ˷ ̇˿̈. 3 ̆̅́˷˾˷̄̒ ˾˷˹˿̈˿̃̅-

̈̉˿ ˿˾̃˼̄˼̄˿̖ ́̅̄̍˼̄̉̇˷̍˿˿ ˺̇˷̋˼̄̅˹̒̌ 
̈̉̇̊́̉̊̇ ̅̉ ˹̇˼̃˼̄˿ ̆̇˿ ̇˷˾̄̒̌ ̖̈́̅̇̅̈̉̌ 

˹̇˷̐˼̄˿̖ ̇̅̉̅̇˷. ˟˾ ̆̇˼˻̈̉˷˹̂˼̄̄̒̌ ˾˷˹˿̈˿-

̃̅̈̉˼̀ ˹˿˻̄̅, ̎̉̅ ̆̇˿ ̈́̅̇̅̈̉˿ ˹̇˷̐˼̄˿̖ ̇̅-

̉̅̇˷ 5000 ̅˸/̃˿̄ ̃˷́̈˿̃˷̂̓̄˷̖ ́̅̄̍˼̄̉̇˷̍˿̖ 

˺̇˷̋˼̄̅˹̒̌ ̈̉̇̊́̉̊̇ ˻̅̈̉˿˺˷˼̖̉̈ ˾˷ 50 ̃˿̄, ˷ 
̆̇˿ ̖̈́̅̇̅̈̉̌ 10000, 12000 ˿ 15000 ̅˸/̃˿̄ – 

˾˷ 25–30 ̃˿̄̊̉. ˨ ̊̎˼̉̅̃ ˻˷̄̄̅˺̅ ̋˷́̉˷ ˸̒̂̅ 

̆̇˿̖̄̉̅ ̇˼̏˼̄˿˼ ˺̅̉̅˹˿̉̓ ̈̊̈̆˼̄˾˿̕ ̆̇˿ 

̈́̅̇̅̈̉˿ ˹̇˷̐˼̄˿̖ ̇̅̉̅̇˷ 10000 ̅˸/̃˿̄. 
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˧˿̈. 2. ˞˷˹˿̈˿̃̅̈̉̓ ́̅̄̍˼̄̉̇˷̍˿˿ С ˺̇˷̋˼̄̅˹̒̌ ̈̉̇̊́̉̊̇ ̅̉ ˹̇˼̃˼̄˿ ̅˸̇˷˸̅̉́˿  

̆̇˿ ̇˷˾̄̒̌ ˿̈̌̅˻̄̒̌ ́̅̄̍˼̄̉̇˷̍˿̖̌ ˺̇˷̋˿̉˷, ̃˺/̃̂: 

 – 40;  – 50;  – 60 

Fig. 2. The dependence of the concentration C of graphene structures on the processing time  

at different initial concentrations of graphite, mg/ml: 

 – 40;  – 50;  – 60 
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˧˿̈. 3. ˞˷˹˿̈˿̃̅̈̉˿ ˿˾̃˼̄˼̄˿̖ ́̅̄̍˼̄̉̇˷̍˿˿ C ˺̇˷̋˼̄̅˹̒̌ ̈̉̇̊́̉̊̇ ̅̉ ˹̇˼̃˼̄˿  

̆̇˿ ̇˷˾̄̒̌ ̖̈́̅̇̅̈̉̌ ˹̇˷̐˼̄˿̖ ̇̅̉̅̇˷, ̅˸/̃˿̄: 

 – 5000;  – 10000;  – 12000;  – 15000 

Fig. 3. Dependences of graphene concentration changes C on time at different rotor revolution speed, rpm: 

 – 5000;  – 10000;  – 12000;  – 15000 

 

В ̇˷˸̅̉˼ [20] ̅̉̃˼̎˷˼̖̉̈, ̎̉̅ ̉̅̂̓́̅ ̖̆̅̇˻́˷ 
0,1 % ˿̈̌̅˻̄̅˺̅ ˺̇˷̋˿̉˷ ̊˻˷˼̖̉̈ ̆˼̇˼˹˼̈̉˿ ˹ 
˺̇˷̋˼̄̅˹̒˼ ̈̉̇̊́̉̊̇̒, ̄̅ ̈ ̆̅˹̉̅̇̄̒̃˿ ̔́̈̋̅-

̂˿˷̍˿̖̃˿ ̅̈˷˻́˷, ́̅̉̅̇̒̀ ̅˸̇˷˾̊˼̖̉̈ ˹ ̇˼˾̊̂̓-
̉˷̉˼ ̍˼̄̉̇˿̋̊˺˿̇̅˹˷̄˿̖, ̔̉̅̉ ˹̒̌̅˻ ̊˻˷˼̖̉̈ 

̆̅˻̖̄̉̓ ˻̅ 3 %. В ̇˼˾̊̂̓̉˷̉˼ ˷̄˷̂˿˾˷ ̆̅̂̊̎˼̄̄̒̌ 
̇˼˾̊̂̓̉˷̉̅˹ ̊̈̉˷̄̅˹̂˼̄̅, ̎̉̅ ˹ ̄˷̏˼̃ ̈̂̊̎˷˼ ̊˻˷-
˼̖̉̈ ̇˷̈̐˼̆˿̉̓ ̄˼ ̃˼̄˼˼ 6 % ˿̈̌̅˻̄̅˺  ̅˺̇˷̋˿̉˷.  

˘̒̂˿ ̆̇̅˹˼˻˼̄̒ ˿̈̈̂˼˻̅˹˷̄˿̖ ̈ ̃˼̄̓̏˿-

̃˿ ̅˸̑˼̃˷̃˿ ˿̈̌̅˻̄̅̀ ̈̊̈̆˼̄˾˿˿ (3 ˿ 4 ̂˿̉-
̇˷). ˪̈̉˷̄̅˹̂˼̄̅, ̎̉̅ ˹̇˼̖̃ ̅˸̇˷˸̅̉́˿ ˻̅ ˻̅-

̈̉˿˽˼̄˿̖ ̃˷́̈˿̃˷̂̓̄̅̀ ́̅̄̍˼̄̉̇˷̍˿˿ ˺̇˷-
̋˼̄̅˹̒̌ ̈̉̇̊́̉̊̇ (1,7 ̃˺/̃̂) ̖̆̇̃̅̆̇̅̆̅̇-

̍˿̅̄˷̂̓̄̅ ̅˸̑˼̃̊ ̅˸̇˷˸˷̉̒˹˷˼̃̅̀ ̈̊̈̆˼̄˾˿˿ 

˿ ̈̅̈̉˷˹̖̂˼̉ ̆̇˿̃˼̇̄̅ 5 ̃˿̄̊̉ ̄˷ ̅˻˿̄ ̂˿̉̇. 

˧˼˾̊̂̓̉˷̉̒ ̆̇̅˹˼˻˼̄̄̒̌ ˿̈̈̂˼˻̅˹˷̄˿̀ ̆̅˾˹̅-

̂˿̂˿ ̅̆̇˼˻˼̂˿̉̓ ̆˷̇˷̃˼̉̇̒ ̆̇̅̍˼̈̈˷, ̆̇˿ ́̅-

̉̅̇̒̌ ˺˷̇˷̄̉˿̇̅˹˷̄̅ ˻̅̈̉˿˺˷˼̖̉̈ ́̅̄̍˼̄̉̇˷-
̍˿̖ 1,7 ̃˺/̃̂ ˾˷ ̃˿̄˿̃˷̂̓̄̅˼ ˹̇˼̖̃: ˿̈̌̅˻̄˷̖ 

́̅̄̍˼̄̉̇˷̍˿̖ ˺̇˷̋˿̉˷ – 50 ̃˺/̃̂; ̈́̅̇̅̈̉̓ 

˹̇˷̐˼̄˿̖ ̇̅̉̅̇˷ – 10000 ̅˸ /̃˿̄. 

ˤ˷ ̇˿̈. 4 ̆̇˼˻̈̉˷˹̂˼̄̒ ̇˼˾̊̂̓̉˷̉̒ ˿˾̃˼-
̄˼̄˿̖ ́̅̄̍˼̄̉̇˷̍˿˿ ˺̇˷̋˼̄̅˹̒̌ ̈̉̇̊́̉̊̇ ̅̉ 
˹̇˼̃˼̄˿ ̅˸̇˷˸̅̉́˿ ˻̖̂ ̆̇̅̉̅̉˿̆˷ ˿ ̆̇˼˻̂˷˺˷-
˼̃̅˺̅ ˷̆̆˷̇˷̉˷. 

ˣ˷́̈˿̃˷̂̓̄˷̖ ́̅̄̍˼̄̉̇˷̍˿̖ ˺̇˷̋˼̄̅˹̒̌ 
̈̉̇̊́̉̊̇ ˹ ̈̊̈̆˼̄˾˿˿ ̆̇˿ ˿̈̆̅̂̓˾̅˹˷̄˿˿ ̆̇̅̉̅-

̉˿̆˷ ̈̅̈̉˷˹̖̂˼̉ 0,8–1,0 ̃˺/̃̂, ̎̉̅ ̌̅̇̅̏̅ ̈̅˺̂˷-
̈̊˼̖̉̈ ̈ ̇˼˾̊̂̓̉˷̉˷̃˿, ̆̅̂̊̎˼̄̄̒̃˿ ˹ ̇˷˸̅̉˼ 
[21]. ˦̅ ̇˼˾̊̂̓̉˷̉˷̃, ̆̇˼˻̈̉˷˹̂˼̄̄̒̃ ̄˷ ̇˿̈. 4, 

̃̅˽̄̅ ̈˻˼̂˷̉̓ ˹̒˹̅˻̒, ̎̉̅ ̆̇˿ ˿̈̆̅̂̓˾̅˹˷̄˿˿ 

̃̅˻˼̇̄˿˾˿̇̅˹˷̄̄̅˺̅ ̈̉˷̉̅̇-̇̅̉̅̇ ̈̃˼̈˿̉˼̖̂ 

́̅̄̍˼̄̉̇˷̍˿̖ ˺̇˷̋˼̄̅˹̒̌ ̈̉̇̊́̉̊̇ ˹ ̈̊̈̆˼̄˾˿˿ 

˹ 1,5–1,7 ̇˷˾˷ ˸̅̂̓̏˼, ̎˼̃ ̆̇˿ ˿̈̆̅̂̓˾̅˹˷̄˿˿ 

̆̇̅̉̅̉˿̆˷, ̆̇˿ ̅˻˿̄˷́̅˹̅̃ ˹̇˼̃˼̄˿ ̅˸̇˷˸̅̉́˿ 

̈̊̈̆˼̄˾˿˿. ˤ˷ ̇˿̈. 5 ̆̇˼˻̈̉˷˹̂˼̄̒ ̈̄˿̃́˿ ˺̇˷-
̋˼̄̅˹̒̌ ̈̉̇̊́̉̊̇ ˹ ˺̅̉̅˹̅̀ ̈̊̈̆˼̄˾˿˿, ̆̅̂̊̎˼̄-

̄̅̀ ̆̇˿ ̈̂˼˻̊̐̕˿̌ ̆˷̇˷̃˼̉̇˷̌: ̅˸̑˼̃ ̅˸̇˷˸˷-
̉̒˹˷˼̃̅̀ ̈̊̈̆˼̄˾˿˿ – 5 ̂˿̉̇̅˹; ˿̈̌̅˻̄˷̖ ́̅̄-

̍˼̄̉̇˷̍˿̖ ˺̇˷̋˿̉˷ – 50 ̃˺/̃̂; ̈́̅̇̅̈̉̓ ˹̇˷̐˼-
̄˿̖ ̇̅̉̅̇˷ – 10000 ̅˸/̃˿̄; ˹̇˼̖̃ ̅˸̇˷˸̅̉́˿ – 

25 ̃˿̄. К˷́ ˹˿˻̄̅ ˿˾ ˿˾̅˸̇˷˽˼̄˿̀, ˹ ̇˼˾̊̂̓̉˷̉˼
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C, ɦɝ/ɦɥ 

t, ɦɢɧ
 

 

˧˿̈. 4. ˟˾̃˼̄˼̄˿˼ ́̅̄̍˼̄̉̇˷̍˿˿ ˺̇˷̋˼̄̅˹̒̌ ̈̉̇̊́̉̊̇ ˹ ̈̊̈̆˼̄˾˿˿ ̅̉ ˹̇˼̃˼̄˿ ̅˸̇˷˸̅̉́˿ ˹ ̊̈̉˷̄̅˹́˼-̆̇̅̉̅̉˿̆˼  
( ) ˿ ˹ ̆̇˼˻̂˷˺˷˼̃̅̃ ˷̆̆˷̇˷̉˼ ( ) 

Fig. 4. Processing time effect on the graphene concentration in suspension  

 

 

 
˧˿̈. 5. ˨˴ˣ ˿ ˩˴ˣ ˿˾̅˸̇˷˽˼̄˿̖ ˺̇˷̋˼̄˷, ̆̅̂̊̎˼̄̄̅˺̅ ˽˿˻́̅̋˷˾̄̅̀ ̔́̈̋̅̂˿˷̍˿˼̀ ˺̇˷̋˿̉˷ 

Fig. 5. SEM and TEM images of graphene obtained via liquid-phase graphite exfoliation 

 

̈˻˹˿˺̅˹̅̀ ̔́̈̋̅̂˿˷̍˿˿ ̆̅̂̊̎˼̄̒ ˹̅˻̄̒˼ ̈̊̈-
̆˼̄˾˿˿, ̈̅˻˼̇˽˷̐˿˼ ̃˷̂̅̈̂̅̀̄̒̀ ˺̇˷̋˼̄, ́̅̉̅-

̇̒̀ ̆̅ ́˷̎˼̈̉˹̊ ˿ ̎˿̈̂̊ ̈̂̅˼˹ ̈̅̆̅̈̉˷˹˿̃ ̈ ̃˷-
̂̅̈̂̅̀̄̒̃ ˺̇˷̋˼̄̅̃, ̆̇̅˿˾˹̅˻˿̃̒̃ ˥˥˥ 

«ˤ˷̄̅˩˼̌˭˼̄̉̇» ̆̊̉˼̃ ̅˸̇˷˸̅̉́˿ ̊̂̓̉̇˷˾˹̊́̅̃ 

̆̇˼˻˹˷̇˿̉˼̂̓̄̅ ̅́˿̈̂˼̄̄̅˺̅ ˺̇˷̋˿̉˷ ̆̅ ̃̅˻˿-

̋˿̍˿̇̅˹˷̄̄̅̃̊ ̃˼̉̅˻̊ ˬ˷̃˼̇̈˷–˥̋˼̃˷̄˷. 

˨̂˼˻̊˼̉ ̅̈̅˸̅ ̅̉̃˼̉˿̉̓, ̎̉̅ ̈̊̈̆˼̄˾˿̖, 

̆̅̂̊̎˼̄̄˷̖ ̈˻˹˿˺̅˹̅̀ ̔́̈̋̅̂˿˷̍˿˼̀ ˺̇˷̋˿̉˷, 
̄˼̅˻̄̅̇̅˻̄˷ ˿ ̈̅˻˼̇˽˿̉ ́˷́ ̃˷̂̅̈̂̅̀̄̒̀ 

˺̇˷̋˼̄, ̉˷́ ˿ ̃̄̅˺̅̈̂̅̀̄̒̀. ˛˷̄̄̒̀ ̋˷́̉ 
̆̅˻̉˹˼̇˽˻˷˼̉ ̇˷̃˷̄̅˹̈́˿̀ ̈̆˼́̉̇ ˺̇˷̋˼̄̅˹̒̌ 

̈̉̇̊́̉̊̇, ̆̅̂̊̎˼̄̄̒̌ ˽˿˻́̅̋˷˾̄̅̀ ̔́̈̋̅̂˿-

˷̍˿˼̀ ˺̇˷̋˿̉˷ (̇˿̈. 6). 
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ȁ) 

 
 

   

Иɧɬɟɧɫɢɜɧɨɫɬь КɊ (cps) 

ɋɞɜɢɝ КɊ (ɫɦ–1)

Иɧɬɟɧɫɢɜɧɨɫɬь КɊ (cps) 

ɋɞɜɢɝ КɊ (ɫɦ–1)

 

 

˧˿̈. 6. ˧˷̃˷̄̅˹̈́˿˼ ̈̆˼́̉̇̒: а – ˺̇˷̋˿̉; ȁ – ̈̊̌̅̀ ˺̇˷̋˼̄, ̆̅̂̊̎˼̄̄̒̀ ̃˼̉̅˻̅̃ ˽˿˻́̅̋˷˾̄̅̀ ̈˻˹˿˺̅˹̅̀ 

̔́̈̋̅̂˿˷̍˿˿ 

Fig. 6. Raman spectra recorded for: a – graphite; ȁ – dry graphene obtained via liquid-phase shear exfoliation 

 

˟˾ ̈̇˷˹̄˼̄˿̖ ̈̆˼́̉̇̅˹ ̈̂˼˻̊˼̉, ̎̉̅ ˹ ̇˼˾̊̂̓-
̉˷̉˼ ˽˿˻́̅̋˷˾̄̅̀ ̔́̈̋̅̂˿˷̍˿˿ ̆̇̅˿˾̅̏̂̅ 

̈̃˼̐˼̄˿˼ ̆˿́˷ 2D ˿ ̖̆̅˹˿̂˿̈̓ ˻̅̆̅̂̄˿̉˼̂̓̄̒˼ 
̆˿́˿ 2701 ˿ 2689 ̈̃–1. ˟̃˼̄̄̅ ̔̉̅ ̈̃˼̐˼̄˿˼ 
̈˹˿˻˼̉˼̂̓̈̉˹̊˼̉ ̅˸ ̅˸̇˷˾̅˹˷̄˿˿ ˺̇˷̋˼̄̅˹̒̌ 
̄˷̄̅̈̉̇̊́̉̊̇ [22, 23]. В ̎˷̈̉̄̅̈̉˿, ˹ ̇˷˸̅̉˼ [23] 

̊́˷˾̒˹˷˼̖̉̈, ̎̉̅ ̆˿́ 2696 ̈̃–1 ̌˷̇˷́̉˼̇˼̄ ˻̖̂ 

˻˹̊̌̈̂̅̀̄̅˺̅ ˺̇˷̋˼̄˷. ˨̂˼˻̊˼̉ ̅̉̃˼̉˿̉̓, ̎̉̅ 

˻̅̈̉˷̉̅̎̄̅ ̈̂̅˽̄̅ ̆̅̂̊̎˿̉̓ ̇˼˷̂̓̄̒˼ (̄˼ ˿̈́˷-
˽˼̄̄̒˼) ̇˷̃˷̄̅˹̈́˿˼ ̈̆˼́̉̇̒ ˻̖̂ ˺̇˷̋˼̄˷, ̆̅-

̂̊̎˼̄̄̅˺̅ ˽˿˻́̅̋˷˾̄̅̀ ̔́̈̋̅̂˿˷̍˿˼̀, ̆̅-

̈́̅̂̓́̊ ̆̇˿ ̈̊̏́˼ ˺̇˷̋˼̄̅̈̅˻˼̇˽˷̐˼̀ ˹̅˻̄̅̀ 

̈̊̈̆˼̄˾˿˿ ̆̇̅˿̈̌̅˻˿̉ ˷˺̂̅̃˼̇˷̍˿̖ ̃˷̂̅̈̂̅̀-

̄̅˺̅ ˺̇˷̋˼̄˷ ˿ ˼˺̅ ̈̅˻˼̇˽˷̄˿˼ ˹ ̆̇̅˸˼ ̊̃˼̄̓-
̏˷˼̖̉̈. ˪̎˿̉̒˹˷̖ ̔̉̅, ̔̋̋˼́̉˿˹̄̅̈̉̓ ˻˷̄̄̅˺̅ 

̈̆̅̈̅˸˷ ̆̅̂̊̎˼̄˿̖ ˺̇˷̋˼̄̅˹̒̌ ̄˷̄̅̈̉̇̊́̉̊̇ 

̂̊̎̏˼ ̅̍˼̄˿˹˷̉̓ ̆̅ ˹̂˿̖̄˿̕ ̄˷ ̊̂̊̎̏˼̄˿˼ ̔́̈-
̆̂̊˷̉˷̍˿̅̄̄̒̌ ̌˷̇˷́̉˼̇˿̈̉˿́ ́̅̄́̇˼̉̄̒̌ ̃˷-
̉˼̇˿˷̂̅˹ ̆̇˿ ˿̌ ̃̅˻˿̋˿̍˿̇̅˹˷̄˿˿. 

ИǳǱǽǴǢǯǪȁ бǧǴоǯǯǽǷ обǲǢǩǸоǤ 

˚̅̉̅˹̒˼ ̈̊̈̆˼̄˾˿˿ ˿̈̆̅̂̓˾̅˹˷̂˿ ̆̇˿ ˿˾˺̅-

̉̅˹̂˼̄˿˿ ˸˼̉̅̄̄̒̌ ̅˸̇˷˾̍̅˹ ˻̖̂ ˿̈̆̒̉˷̄˿̀. 

К̅̄̍˼̄̉̇˷̍˿̕ ˺̇˷̋˼̄̅˹̒̌ ̈̉̇̊́̉̊̇ ˹ ˹̅˻˼, 
́̅̉̅̇̊̕ ˿̈̆̅̂̓˾̅˹˷̂˿ ̆̇˿ ̆̇˿˺̅̉̅˹̂˼̄˿˿ ˸˼-
̉̅̄˷, ˿˾̃˼̖̄̂˿ ̅̉ 0,4 ˻̅ 1,5 ̃˺/̃̂.  
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˟̈̆̒̉˷̄˿̖ ̆̇̅˹̅˻˿̂˿̈̓ ̄˷ ̈˽˷̉˿˼ ˿ ˿˾-
˺˿˸. ˛̖̂ ̈˽˷̉˿̖ ˺̅̉̅˹˿̂˿̈̓ ˸˼̉̅̄̄̒˼ ́̊˸˿́˿ 

100100100 ̃̃ ˿˾ ̅˸̒̎̄̅˺̅ ̆̅̇̉̂˷̄˻̍˼̃˼̄̉˷ 
̉˿̆˷ II, ̃˼̂́̅˺̅ ̈̊̌̅˺̅ ̆˼̈́˷, 10 ̃̃ ˺̇˷˹˿̖ ˹ 

̅̉̄̅̏˼̄˿˿ 1:2:3. ˨̅̅̉̄̅̏˼̄˿˼ «˹̅˻˷ : ̍˼̃˼̄̉» 

˻̖̂ ˹̈˼̌ ̆˷̇̉˿̀ ˸̒̂̅ ̅˻˿̄˷́̅˹̒̃ – 0,57. В̇˼-
̖̃ ̈̃˼̏˿˹˷̄˿̖ ˸˼̉̅̄˷ ̈̅̈̉˷˹̖̂̂̅ 10 ̃˿̄ 

˿ ̋̅̇̃̒ ̆̅˻˹˼̇˺˷̂˿ ˹˿˸̇˷̍˿˿ ˹ ̉˼̎˼̄˿˼ 
6 ̃˿̄, ˿̈̆̅̂̓˾̖̊ ̈̉˷̄˻˷̇̉̄̊̕ ˹˿˸̇˷̍˿̅̄̄̊̕ 

̃˷̏˿̄̊. К̊˸̒ ˿˾˹̂˼́˷̂˿̈̓ ˿˾ ̋̅̇̃̒ ̎˼̇˼˾ 
24 ̎˷̈˷ ̆̅̈̂˼ ̆̇˿˺̅̉̅˹̂˼̄˿̖ ˿ ̆̅̃˼̐˷̂˿̈̓ 

˹ ˹̅˻̊ ̄˷ 7, 14 ˿̂˿ 28 ̈̊̉̅́. ˩˼̈̉̒ ̆̇̅˹̅˻˿-

̂˿̈̓ ̄˷ ̈̉˷̄˻˷̇̉̄̅̃ ̆̇˼̈̈˼ ̆̇˿ ̈́̅̇̅̈̉˿ 

̄˷˺̇̊˽˼̄˿̖ ̄˷ ̅˸̇˷˾̍̒ 1000 ˤ/ ̈. 
˘˷̂̅̎́˿ ˻̂˿̄̅̀ 150 ̃̃ ˿ ̈ ̆̅̆˼̇˼̎̄̒̃˿ 

̇˷˾̃˼̇˷̃˿ 4040 ̃̃ ˺̅̉̅˹˿̂˿̈̓ ̆̅ ̉̅̀ ˽˼ ̉˼̌-
̄̅̂̅˺˿˿, ̄̅ ̈́̅̇̅̈̉̓ ̄˷˺̇̊˽˼̄˿̖ ˸̒̂˷ 100 ˤ/̈. 

В ̇˼˾̊̂̓̉˷̉˼ ˿̈̆̒̉˷̄˿̀ ̊̈̉˷̄̅˹̂˼̄̅, ̎̉̅ 

̃˷́̈˿̃˷̂̓̄̅˼ ̆̅˹̒̏˼̄˿˼ ̆̇̅̎̄̅̈̉˿ ̄˷ ̈˽˷-
̉˿˼ ˿ ˿˾˺˿˸ ̄˷˸̂̕˻˷˼̖̉̈ ̆̇˿ ́̅̄̍˼̄̉̇˷̍˿̖̌ 
1 ̃˺/̃̂. ˛˷̂̓̄˼̀̏˼˼ ̊˹˼̂˿̎˼̄˿˼ ́̅̄̍˼̄̉̇˷-
̍˿˿ ̄˼ ̆̇˿˹̅˻˿̉ ́ ̊˹˼̂˿̎˼̄˿̕ ̆̇̅̎̄̅̈̉˿. ˨ 

̊̎˼̉̅̃ ̔̉̅˺̅ ˸̒̂̅ ̆̇˿̖̄̉̅ ̇˼̏˼̄˿˼ ̇˼́̅̃˼̄-

˻̅˹˷̉̓ ˻˷̄̄̊̕ ́̅̄̍˼̄̉̇˷̍˿̕ ˻̖̂ ̃̅˻˿̋˿̍˿-

̇̅˹˷̄˿̖ ˸˼̉̅̄˷ ˺̇˷̋˼̄̅˹̒̃˿ ̈̉̇̊́̉̊̇˷̃˿, 

̆̅̂̊̎˼̄̄̒̃˿ ̆̊̉˼̃ ˽˿˻́̅̋˷˾̄̅̀ ̈˻˹˿˺̅˹̅̀ 

̔́̈̋̅̂˿˷̍˿˿ ˺̇˷̋˿̉˷. ˴́̈̆˼̇˿̃˼̄̉˷̂̓̄̅ 

̊̈̉˷̄̅˹̂˼̄̅, ̎̉̅ ̆̇˿ ́̅̄̍˼̄̉̇˷̍˿˿ ˺̇˷̋˼̄̅-

˹̒̌ ̈̉̇̊́̉̊̇ 1 ̃˺/̃̂ ̆̇̅̎̄̅̈̉̓ ̄˷ ̈˽˷̉˿˼ ̊˹˼-
̂˿̎˿˹˷˼̖̉̈ ˹ 1,7–2,5 ̇˷˾˷, ˷ ̄˷ ˿˾˺˿˸ – ˹ 1,2–

1,5 ̇˷˾˷. ˨̂˼˻̊˼̉ ̅̉̃˼̉˿̉̓, ̎̉̅ ˸о̂̓̏˿˼ ˾̄˷-
̎˼̄˿̖ ̆̅˹̒̏˼̄˿̖ ̆̇̅̎̄̅̈̉˿ ̆̅̂̊̎˼̄̒ ̆̇˿ 

̃̅˻˿̋˿̍˿̇̅˹˷̄˿˿ ˸˼̉̅̄˷ ́̂˷̈̈˷ В7,5, ˷ 
̃˼̄̓̏˿˼ – В20. 

ВǽǤоǦǽ 

˝˿˻́̅̋˷˾̄˷̖ ̈˻˹˿˺̅˹˷̖ ̔́̈̋̅̂˿˷̍˿̖ ́̇˿-

̈̉˷̂˿̎˼̈́̅˺̅ ˺̇˷̋˿̉˷ ̆̅˾˹̖̅̂˼̉ ̆̅̂̊̎˷̉̓ ˺̇˷-
̋˼̄̅̈̅˻˼̇˽˷̐˿˼ ̈̊̈̆˼̄˾˿˿, ̆̅˹̒̏˷̐̕˿˼ 
̆̇̅̎̄̅̈̉̓ ˸˼̉̅̄˷ ̄˷ ̈˽˷̉˿˼ ˿ ˿˾˺˿˸. ˦̇˿ ̈̅-

˻˼̇˽˷̄˿˿ ˺̇˷̋˼̄̅˹̒̌ ̈̉̇̊́̉̊̇ 1 ̃˺/̃̂ ˹ ˹̅˻˼, 
́̅̉̅̇˷̖ ˿̈̆̅̂̓˾̊˼̖̉̈ ̆̇˿ ̆̇˿˺̅̉̅˹̂˼̄˿˿ ˸˼-
̉̅̄˷, ˼˺̅ ̆̇̅̎̄̅̈̉̓ ̄˷ ̈˽˷̉˿˼ ̆̅˹̒̏˷˼̖̉̈ ˹ 

1,7–2,5 ̇˷˾˷, ˷ ̄˷ ˿˾˺˿˸ – ˹ 1,2 – 1,5 ̇˷˾˷. ˣ˷́-

̈˿̃˷̂̓̄˷̖ ́̅̄̍˼̄̉̇˷̍˿̖ ˺̇˷̋˼̄̅˹̒̌ ̈̉̇̊́̉̊̇ 

˹ ̈̊̈̆˼̄˾˿˿ (1,7 ̃˺/̃̂) ˻̅̈̉˿˺˷˼̖̉̈ ˾˷ ̃˿̄˿-

̃˷̂̓̄̅˼ ˹̇˼̖̃ ̆̇˿ ˿̈̌̅˻̄̅̀ ́̅̄̍˼̄̉̇˷̍˿˿ 

˺̇˷̋˿̉˷ 50 ̃˺/̃̂ ˿ ̈́̅̇̅̈̉˿ ˹̇˷̐˼̄˿̖ ̇̅̉̅̇˷ 
10000 ̅˸ /̃˿̄. 

˧˷˸̅̉˷ ˹̒̆̅̂̄˼̄˷ ˹ ̇˷̃́˷̌ ̋˼˻˼̇˷̂̓̄̅̀ ̍˼̂˼-
˹̅̀ ̆̇̅˺̇˷̃̃̒ «˟̈̈̂˼˻̅˹˷̄˿̖ ˿ ̇˷˾̇˷˸̅̉́˿ ˹ ̆̇˿-

̅̇˿̉˼̉̄̒̌ ̅˸̂˷̖̈̉̌ ̄˷̊̎̄̅-̉˼̌̄˿̎˼̈́̅˺̅ ́̅̃̆̂˼́-

̈˷ ˧̅̈̈˿˿ ̄˷ 2014–2020 ˺̅˻̒» (˚̅̈̊˻˷̇̈̉˹˼̄̄̒̀ 

˻̅˺̅˹̅̇ № 14.577.21.0253, 2017, «˪̄˿́˷̂̓̄̒̀ 

˿˻˼̄̉˿̋˿́˷̉̅̇ ̆̇˿́̂˷˻̄̒̌ ̄˷̊̎̄̒̌ ˿̈̈̂˼˻̅˹˷-
̄˿̀» RFMEFI57717X0253). 
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СИНТЕЗ ПОРОШКОВОГО ГИБРИДНОГО МАТЕРИАЛА СОСТАВА ДНА-МУНТ 
И ЕГО УСТОЙЧИВЫХ ВОДНЫХ НАНОЖИДКОСТЕЙ 

˦̅ ˹̈˼̃̊ ̃˿̇̊ ˷́̉˿˹̄̅ ̈˿̄̉˼˾˿̇̊̉̕ ˿ ˿̈̈̂˼˻̊̉̕ ˺˿˸̇˿˻̄̒˼ ̊˺̂˼̇̅˻̄̒˼ ̄˷̄̅̃˷̉˼̇˿˷̂̒ ̄˷ ˸˷˾˼ ̊˺-
̂˼̇̅˻̄̒̌ ̄˷̄̅̉̇̊˸̅́ (˪ˤ˩) ˿ ˻˼̉̅̄˷̍˿̅̄̄̒̌ ̄˷̄̅˷̂̃˷˾̅˹ (˛ˤА). ˣ̅̉˿˹˷̍˿˼̀ ̈̂̊˽˿̉ ˽˼̂˷̄˿˼ 
̈̅˹̃˼̈̉˿̉̓ ˹ ˺˿˸̇˿˻̄̅̃ ̃˷̉˼̇˿˷̂˼ ̂̊̎̏˿˼ ̈˹̅̀̈̉˹˷ ˛ˤА ˿ ˪ˤ˩. ˟̃˼̖ ̆̇˿̄̍˿̆˿˷̂̓̄̅ ̄̅˹̒˼ ̈˹̅̀-

̈̉˹˷, ˺˿˸̇˿˻̄̒˼ ̃˷̉˼̇˿˷̂̒ ̃̅˺̊̉ ̆̇˿̃˼̖̖̄̉̓̈ ˹ ̇˷˾̂˿̎̄̒̌ ̅˸̂˷̖̈̉̌ ̆̇̅̃̒̏̂˼̄̄̅̈̉˿ – ̅̉ ̃˿́̇̅-

̔̂˼́̉̇̅̄˿́˿ ˿ ˸˿̅̉˼̌̄̅̂̅˺˿˿ ˻̅ ̃˷̉˼̇˿˷̂̅˹˼˻˼̄˿̖. ˥˻̄˷́̅ ˸̅̂̓̏˿̄̈̉˹̅ ̈˿̄̉˼˾˿̇̅˹˷̄̄̒̌ ̄˷ ˻˷̄-

̄̒̀ ̃̅̃˼̄̉ ˺˿˸̇˿˻̄̒̌ ̃˷̉˼̇˿˷̂̅˹ ̈̅̈̉˷˹˷ ˛ˤА-˪ˤ˩ ̆̇˼˻̈̉˷˹̖̂̉̕ ̈̅˸̅̀ ̆̂˼̄́˿, ̎̉̅ ̄˼ ̆̅˾˹̖̅̂˼̉ 
˿̈̆̅̂̓˾̅˹˷̉̓ ˿̌ ˹̅ ̃̄̅˽˼̈̉˹˼ ̆˼̇̈̆˼́̉˿˹̄̒̌ ̆̇˿̃˼̄˼̄˿̀, ̄˷̆̇˿̃˼̇ ˹ ́˷̎˼̈̉˹˼ ̄˷̆̅̂̄˿̉˼̂˼̀ ̆̇˿ 

̈̅˾˻˷̄˿˿ ́̅̃̆̅˾˿̍˿̅̄̄̒̌ ̃˷̉˼̇˿˷̂̅˹. В ̆̇˼˻̂˷˺˷˼̃̅̀ ̇˷˸̅̉˼ ̆̅́˷˾˷̄˷ ˹̅˾̃̅˽̄̅̈̉̓ ̈˿̄̉˼˾˷ ˺̅̃̅-

˺˼̄̄̅˺̅ ˺˿˸̇˿˻̄̅˺̅ ̃˷̉˼̇˿˷̂˷ ̈̅̈̉˷˹˷ ˛ˤА-˪ˤ˩ ˹ ˹˿˻˼ ̆̅̇̅̏́˷, ̆̇˿̎˼̃ ˪ˤ˩ ˹̒̇˷̐˼̄̒ ̄˷ ̆̅-

˹˼̇̌̄̅̈̉˿ ˛ˤА ̈ ̆̅̃̅̐̓̕ CVD ̃˼̉̅˻˷ (̌˿̃˿̎˼̈́̅˼ ̅̈˷˽˻˼̄˿˼ ˿˾ ˺˷˾̅˹̅̀ ̋˷˾̒). ˣ˷̈̈̅˹˷̖ ˻̖̅̂ 

˪ˤ˩ ̈̅̈̉˷˹˿̂˷ 32 ̃˷̈̈. %. ˘̒̂̅ ̊̈̉˷̄̅˹̂˼̄̅: ˪ˤ˩ ̇˷˹̄̅̃˼̇̄̅ ̆̅́̇̒˹˷̉̕ ̆̅˹˼̇̌̄̅̈̉̓ ˷˺̂̅̃˼-

̇˷̉̅˹ ˛ˤА, ̎̉̅ ̅́˷˾̒˹˷˼̉ ̈˿̂̓̄̅˼ ˹̂˿̖̄˿˼ ̄˷ ̈˹̅̀̈̉˹˷ ˺˿˸̇˿˻̄̅˺̅ ̃˷̉˼̇˿˷̂˷. ˩˷́˽˼ ˸̒̂˷ ̆̅̂̊-
̎˼̄˷ ̊̈̉̅̀̎˿˹˷̖ ̅˸̇˷̉˿̃˷̖ ˹̅˻̄˷̖ ̈̊̈̆˼̄˾˿̖ ˺˿˸̇˿˻̄̅˺̅ ̃˷̉˼̇˿˷̂˷ ̈̅ ̈̇˼˻̄˿̃ ̇˷˾̃˼̇̅̃ ̎˷̈̉˿̍ 50–

60 ̄̃. ˧˷˾̇˷˸̅̉˷̄̄˷̖ ̃˼̉̅˻˿́˷ ̈˿̄̉˼˾˷ ˺˿˸̇˿˻̄̅˺̅ ̃˷̉˼̇˿˷̂˷ ̈̅̈̉˷˹˷ ˛ˤА–˪ˤ˩ ̆̅˾˹̅̂˿̉ ̇˷̈̏˿-

̇˿̉̓ ̅˸̂˷̈̉˿ ̆̇˿̃˼̄˼̄˿̖ ̉˷́˿̌ ̃˷̉˼̇˿˷̂̅˹, ˷ ̉˷́˽˼ ̔́̈̆˼̇˿̃˼̄̉˷̂̓̄̅ ̅̍˼̄˿̉̓ ˿̌ ̔̋̋˼́̉˿˹̄̅̈̉̓. 

ǪȋȞȗȅвțȅ ȑȋȎва: ˺˿˸̇˿˻̄̒̀ ̃˷̉˼̇˿˷̂, ˻˼̉̅̄˷̍˿̅̄̄̒˼ ̄˷̄̅˷̂̃˷˾̒, ̊˺̂˼̇̅˻̄̒˼ ̄˷̄̅̉̇̊˸́˿, ̆̅̇̅-

̏̅́, ̄˷̄̅˽˿˻́̅̈̉˿. 
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SYNTHESIS OF HYBRID POWDER NANOMATERIAL CONSISTING  
OF DETONATION NANODIAMONDS/CARBON NANOTUBES  

AND ITS STABLE REVERSIBLE WATER NANOFLUIDS 

Researchers around the world are actively synthesizing and exploring hybrid carbon nanomaterials based 

on carbon nanotubes (CNT) and detonation nanodiamonds (DND). The motivation for study of such ma-

terials is the desire to combine the best properties of DND and CNT in a hybrid material. Modern industry 
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can use hybrid materials in various areas of modern industry: from microelectronics and biomedicine to 

additives in composite materials. However, most of the currently synthesized hybrid materials of the 

DND–CNT composition are films, which makes it impossible to use them in many promising applica-

tions, for example, as additives in composite materials. This work shows the possibility of synthesizing a 

homogeneous hybrid material of the DNA–CNT composition in the form of powder by growing the 

CNT on the surface of the DNA using the CVD (chemical vapor deposition) method. Mass fraction of 

CNT was 32 wt. %. It was found that CNTs evenly cover the surface of DND agglomerates. A stable, re-

versible, aqueous suspension of a hybrid material with an average particle size of 50-60 nm was also ob-

tained. The method of synthesis of the hybrid material with the DND–CNT composition, which we pro-

posed in this work, will make it possible to expand the possible applications of such materials, as well as 

experimentally evaluate their effectiveness. 

Keywords: hybrid materials, detonation nanodiamonds, carbon nanotubes, powder, nanofluids. 

Citation:  

A.A. Vozniakovskii, T.S. Koltsova, S.V. Kidalov, O.V. Tolochko, A.P. Voznyakovskii, A.L. Kumskov, Syn-

thesis of hybrid powder nanomaterial consisting of detonation nanodiamonds/carbon nanotubes and its sta-

ble reversible water nanofluids, St. Petersburg polytechnic university journal of engineering science and technol-

ogy, 25(01)(2019) 155–162, DOI: 10.18721/JEST.25115. 

ВǤǧǦǧǯǪǧ 
˧˷˾˹˿̉˿˼ ̈̅˹̇˼̃˼̄̄̅̀ ̆̇̅̃̒̏̂˼̄̄̅̈̉˿ 

̖̆̅̈̉̅̄̄̅ ̉̇˼˸̊˼̉ ̈̅˾˻˷̄˿̖ ̄̅˹̒̌ ̃˷̉˼̇˿˷̂̅˹ 

̈̅ ˹̈˼ ˸̅̂˼˼ ˹̒̈̅́˿̃˿ ̌˷̇˷́̉˼̇˿̈̉˿́˷̃˿. ˥˻-

̄˿̃ ˿˾ ̄˷˿˸̅̂˼˼ ̆˼̇̈̆˼́̉˿˹̄̒̌ ̄˷̆̇˷˹̂˼̄˿̀ 

˹ ̇˼̏˼̄˿˿ ̔̉̅̀ ˾˷˻˷̎˿ ̖˹̖̂˼̖̉̈ ̈̅˾˻˷̄˿˼ ́̅̃-

̆̅˾˿̍˿̅̄̄̒̌ ̃˷̉˼̇˿˷̂̅˹ (Кˣ) [1]. ˨̅̎˼̉˷̖ ˹ 

Кˣ ̈˹̅̀̈̉˹˷ ˿̈̌̅˻̄̅̀ ̃˷̉̇˿̍̒ ˿ ̃̅˻˿̋˿̍˿-

̇̊̐̕˼̀ ˻̅˸˷˹́˿ (̄˷̆̅̂̄˿̉˼̂̓), ̃̅˽̄̅ ̆̅̂̊-

̎˿̉̓ ̄̅˹̒̀ ̃˷̉˼̇˿˷̂ ̈ ˹˷˽̄̒̃˿ ̔́̈̆̂̊˷̉˷̍˿-

̅̄̄̒̃˿ ̈˹̅̀̈̉˹˷̃˿. ˦̇˿ ̈̅˾˻˷̄˿˿ Кˣ ˹ ́˷-
̎˼̈̉˹˼ ̄˷̆̅̂̄˿̉˼̂˼̀ ˷́̉˿˹̄̅ ˿̈̆̅̂̓˾̖̊̉̈̕ 

̊˺̂˼̇̅˻̄̒˼ ̄˷̄̅̃˷̉˼̇˿˷̂̒, ̉˷́˿˼, ́˷́ ˻˼̉̅-

̄˷̍˿̅̄̄̒˼ ̄˷̄̅˷̂̃˷˾̒ (˛ˤА) [2–4] ˿ ̊˺̂˼-
̇̅˻̄̒˼ ̄˷̄̅̉̇̊˸́˿ (˪ˤ˩) [5, 6].  

ˤ˼ ̃˼̄˼˼ ̆˼̇̈̆˼́̉˿˹̄̒ ˹ ́˷̎˼̈̉˹˼ ̄˷̆̅̂-

̄˿̉˼̂˼̀ ˹ Кˣ ̉˷́ ̄˷˾̒˹˷˼̃̒˼ ˺˿˸̇˿˻̄̒˼ ̊˺-
̂˼̇̅˻̄̒˼ ̃˷̉˼̇˿˷̂̒, ̖̈̅̈̉̅̐˿˼ ˿˾ ˻˹̊̌ ˿̂˿ 

˸̅̂˼˼ ˹˿˻̅˹ ̄˷̄̅̊˺̂˼̇̅˻̅˹. ˩˷́˿˼ ̃˷̉˼̇˿˷̂̒ 

̃̅˺̊̉ ˻˼̃̅̄̈̉̇˿̇̅˹˷̉̓ ̈˿̄˼̇˺˼̉˿̎˼̈́˿˼ ̈˹̅̀-

̈̉˹˷, ̎̉̅ ̅̉́̇̒˹˷˼̉ ̄̅˹̒˼ ̆˼̇̈̆˼́̉˿˹̒ ˿̈-
̆̅̂̓˾̅˹˷̄˿̖ Кˣ. ˛̖̂ ̈˿̄̉˼˾˷ ˺˿˸̇˿˻̄̒̌ ̃˷-
̉˼̇˿˷̂̅˹ ˷́̉˿˹̄̅ ̆̇˿̃˼̖̄̉̕ ̃˼̉̅˻̒ PECVD 

(̆̂˷˾̃˼̄̄̅-̌˿̃˿̎˼̈́̅˼ ̅̈˷˽˻˼̄˿˼ ˿˾ ˺˷˾̅˹̅̀ 

̋˷˾̒) [7] ˿ HFCVD (˺˷˾̅̋˷˾̄̅˼ ̌˿̃˿̎˼̈́̅˼ 
̅̈˷˽˻˼̄˿˼ ̈ ˷́̉˿˹˷̍˿˼̀ ˺̖̅̇̎˼̀ ̄˿̉̓̕) [8, 9], 

́̅̉̅̇̒˼ ̆̅˾˹̖̅̂̉̕ ̆̅̂̊̎˷̉̓ ˺̅̃̅˺˼̄̄̒˼ ˺˿-

˸̇˿˻̄̒˼ ̃˷̉˼̇˿˷̂̒ ̈̅̈̉˷˹˷ ˛ˤА-˪ˤ˩. ˥˻̄˷-

́̅ ̈˿̄̉˼˾˿̇̅˹˷̄̄̒˼ ̔̉˿̃˿ ̃˼̉̅˻˷̃˿ ˹ ̊́˷-
˾˷̄̄̒̌ ̇˷˸̅̉˷̌ ˺˿˸̇˿˻̄̒˼ ̃˷̉˼̇˿˷̂̒ ̆̇˼˻-

̈̉˷˹̖̂̉̕ ̈̅˸̅̀ ̆̂˼̄̅̎̄̒˼ ̈̉̇̊́̉̊̇̒, ̎̉̅ ˻˼-
̂˷˼̉ ̄˼˹̅˾̃̅˽̄̒̃ ˿̌ ˿̈̆̅̂̓˾̅˹˷̄˿˼ ˹ ́˷̎˼-
̈̉˹˼ ̄˷̆̅̂̄˿̉˼̖̂ ̆̇˿ ̈̅˾˻˷̄˿˿ Кˣ ˹ ̋̅̇̃˼ 
̆̅̇̅̏́˷ ˿̂˿ ˹˾˹˼̈˼̀/̈̊̈̆˼̄˾˿̀.  

В ̈˹̖˾˿ ̈ ̔̉˿̃ ˻̖̂ ̆̇˿̃˼̄˼̄˿̖ ˺˿˸̇˿˻̄̒̌ 

̃˷̉˼̇˿˷̂̅˹ ˛ˤА-˪ˤ˩ ́˷́ ˹ ̄˷̊̎̄̒̌, ̉˷́ ˿ ˹ 

̆̇̅̃̒̏̂˼̄̄̒̌ ̍˼̖̂̌ ̄˼̅˸̌̅˻˿̃̅ ̇˷˾̇˷˸̅̉˷̉̓ 

̃˼̉̅˻˿́̊ ̈˿̄̉˼˾˷, ́̅̉̅̇˷̖ ̆̅˾˹̅̂˿̉ ̆̅̂̊̎˷̉̓ 
˸̅̂̓̏˿˼ ̅˸̑ё̃̒ ̃˷̉˼̇˿˷̂˷ ˹ ˹˿˻˼ ̆̅̇̅̏́˷, 
̅˸˼̈̆˼̎˿˹˷̖ ̆̇˿ ̔̉̅̃ ˼˺̅ ˹̒̈̅́̊̕ ˺̅̃̅˺˼̄-

̄̅̈̉̓, ̎̉̅ ˿ ̖˹̖̂˼̖̉̈ ̍˼̂̓̕ ˻˷̄̄̅̀ ̇˷˸̅̉̒. 

ǎǧǴоǦǪǬǢ ǳǪǯǴǧǩǢ 

˛̖̂ ̈˿̄̉˼˾˷ ˺˿˸̇˿˻̄̅˺̅ ̃˷̉˼̇˿˷̂˷ ̈̅̈̉˷˹˷ 
˛ˤА-˪ˤ˩ ̃̒ ˿̈̆̅̂̓˾̅˹˷̂˿ CVD ̃˼̉̅˻ ̆̅ ˷̄˷-
̂̅˺˿˿ ̈ ̇˷˸̅̉̅̀ [10], ˺˻˼ ̄˷ ̆̅˹˼̇̌̄̅̈̉˿ ̎˷̈̉˿̍ 

˷̂̃̕˿̄˿̖, ̆̅́̇̒̉̒̌ ̄˿́˼̂˼˹̒̃ ́˷̉˷̂˿˾˷̉̅̇̅̃, 

˸̒̂˿ ˹̒̇˷̐˼̄̒ ̊˺̂˼̇̅˻̄̒˼ ̄˷̄̅˹̅̂̅́̄˷.  
В ́˷̎˼̈̉˹˼ ˿̈̌̅˻̄̅˺̅ ̃˷̉˼̇˿˷̂˷ ˸̒̂˿ ˹˾̖-

̉̒ ˛ˤА ̃˷̇́˿ «˩Аˤ» ̆̇̅˿˾˹̅˻̈̉˹˷ ˨К˩˘ 

«˩˼̌̄̅̂̅˺» (˨˷̄́̉-˦˼̉˼̇˸̊̇˺, ˧̅̈̈˿̖). ˤ˷ 
̆˼̇˹̅̀ ̈̉˷˻˿˿ ̄˷ ̆̅˹˼̇̌̄̅̈̉̓ ˛ˤА ˿˾ ˹̅˻̄̅̀ 

̋˷˾̒ ̅̈˷˽˻˷̖̂̈ ̄˿̉̇˷̉ ́̅˸˷̂̓̉˷ (˨̅(NO3)2) ˿ 

̈̊̏˿̖̂̈ ˹ ̈̊̏˿̂̓̄̅̃ ̏́˷̋̊ ̆̇˿ ̉˼̃̆˼̇˷̉̊̇˼ 
100 ˨. ˤ˷ ˹̉̅̇̅̀ ̈̉˷˻˿˿ ˛ˤА ̈ ̅̈˷˽˻˼̄̄̒̃ 

̄˿̉̇˷̉̅̃ ́̅˸˷̂̓̉˷ ̅̉˽˿˺˷̖̂̈ ̆̇˿ ̉˼̃̆˼̇˷̉̊̇˼ 
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400 ˨ ˹ ̉˼̎˼̄˿˼ 1 ̎˷̈˷, ˻̅˸˿˹˷̖̈̓ ̇˷˾̂̅˽˼̄˿̖ 

̄˿̉̇˷̉˷ ́̅˸˷̂̓̉˷ ˻̅ ̅́̈˿˻˷ ́̅˸˷̂̓̉˷ (˨̅˥). ˤ˷ 
̉̇˼̉̓˼̀ ̈̉˷˻˿˿ ̆̅̇̅̏̅́ ˛ˤА ̅̉˽˿˺˷̖̂̈ ˹ ˷̉-
̃̅̈̋˼̇˼ ˹̅˻̅̇̅˻˷ (ˤ2) ˹ ̉˼̎˼̄˿˼ 2 ̎˷̈̅˹ ̆̇˿ 

̉˼̃̆˼̇˷̉̊̇˼ 750 ˨ ̈ ̍˼̂̓̕ ˹̅̈̈̉˷̄̅˹̂˼̄˿̖ ̅́-

̈˿˻˷ ́̅˸˷̂̓̉˷ ˻̅ ̎˿̈̉̅˺̅ ́̅˸˷̂̓̉˷ (˨̅). К̅̄-

̍˼̄̉̇˷̍˿̖ ́̅˸˷̂̓̉˷ ̈̅̈̉˷˹˿̂˷ 0,02 ̃˷̈̈. %. ˤ˷ 
̆̅̈̂˼˻̄˼̀ ̈̉˷˻˿˿ ̄˷ ̆̅˹˼̖̇̌̄̅̈̉̌ ˛ˤА, ̆̅-

́̇̒̉̒̌ ́̅˸˷̂̓̉̅̃, ́̅̉̅̇̒̀ ˹̒̈̉̊̆˷̂ ˹ ́˷̎˼-
̈̉˹˼ ̃˼̉˷̂̂˷-́˷̉˷̂˿˾˷̉̅̇˷, ˹̒̇˷̐˿˹˷̂˿̈̓ ˪ˤ˩ 

̃˼̉̅˻̅̃ CVD. В ́˷̎˼̈̉˹˼ ˿̈̉̅̎̄˿́˷ ̊˺̂˼̇̅˻˷ 
˿̈̆̅̂̓˾̅˹˷̖̂̈ ˷̍˼̉˿̂˼̄. К̅̄̍˼̄̉̇˷̍˿̖ ˪ˤ˩ 

˹ ˺˿˸̇˿˻̄̅̃ ̃˷̉˼̇˿˷̂˼ ̈̅̈̉˷˹˿̂˷ 32 ̃˷̈̈. %. 

ǎǧǴоǦǽ ǪǳǳǭǧǦоǤǢǯǪȁ 

˟̈̈̂˼˻̅˹˷̄˿˼ ̈̉̇̊́̉̊̇̒ ̅˸̇˷˾̍̅˹ ̆̇̅˹̅-

˻˿̂̅̈̓ ̄˷ ̈́˷̄˿̇̊̐̕˼̃ ̔̂˼́̉̇̅̄̄̅̃ ̃˿́̇̅-

̈́̅̆˼ (˨˴ˣ) Supra55VP-3259 (Zeiss, ˚˼̇̃˷-
̄˿̖) ˿ ̆̇̅̈˹˼̎˿˹˷̐̕˼̃ ̔̂˼́̉̇̅̄̄̅̃ ̃˿́̇̅-

̈́̅̆˼ (˦˴ˣ) Osiris (FEI, ˨˯А). ˧˼̄̉˺˼̄̅-

̈̉̇̊́̉̊̇̄̒˼ ˿̈̈̂˼˻̅˹˷̄˿̖ ̆̇̅˹̅˻˿̂˿̈̓ ̄˷ 
̆̇˿˸̅̇˼ XRD-7000 (Shimadzu, ˶̆̅̄˿̖) CuKʗ 

( = 0,154051 ̄̃). ˧˷̃˷̄̅˹̈́˿˼ ˿̈̈̂˼˻̅˹˷̄˿̖ 

̆̇̅˹̅˻˿̂˿̈̓ ̄˷ ̆̇˿˸̅̇˼ Horiba Yobin Yvon 

LabRam HR 800 (̂˷˾˼̇ 532 ̄̃) (HORIBA 

Scientific, ˶̆̅̄˿̖). ˟˾̃˼̇˼̄˿˼ ̇˷˾̃˼̇˷ ̎˷̈̉˿̍ 

̆̇̅˹̅˻˿̂˿ ̃˼̉̅˻̅̃ ˻˿̄˷̃˿̎˼̈́̅˺̅ ̇˷̈̈˼̖̄˿̖ 

̈˹˼̉˷ (DLS) ̄˷ ̆̇˿˸̅̇˼ ZetaSizer Nano ZS 

Malvern (˨˯А) ˿ ̃˼̉̅˻̅̃ ̂˷˾˼̇̄̅̀ ˻˿̋̇˷́-

̍˿˿ ̄˷ ̆̇˿˸̅̇˼ MasterSizer 2000 (˨˯А). ˟˾-
̃˼̇˼̄˿˼ ̔̂˼́̉̇̅̆̇̅˹̅˻̄̅̈̉˿ ˿ ˻˾˼̉˷-̆̅̉˼̄-

̍˿˷̂˷ ̆̇̅˹̅˻˿̂˿ ̃˼̉̅˻̅̃ DLS ̄˷ ̆̇˿˸̅̇˼ 
ZetaSizer Nano ZS Malvern (˨˯А).  

ǒǧǩǵǭǾǴǢǴǽ Ǫ обǳǵǨǦǧǯǪǧ 

˨˿̄̉˼˾˿̇̅˹˷̄̄̒̀ ̃˷̉˼̇˿˷̂ ̆̇˼˻̈̉˷˹̖̂̂ 

̈̅˸̅̀ ˹̒̈̅́̅˻˿̈̆˼̇̈̄̒̀ ̆̅̇̅̏̅́ ̎˼̇̄̅˺̅ 

̍˹˼̉˷. ˤ˼̖̈̃̅̉̇ ̄˷ ̉̅, ̎̉̅ ˹ ˹˿˻˼ ̆̅̇̅̏́˷ 

˛ˤА ̆̇˼˻̈̉˷˹̖̂̉̕ ̈̅˸̅̀ ́̇̊̆̄̒˼ ̆̅̇˿̈̉̒˼ 
˷˺̇˼˺˷̉̒ ̇˷˾̃˼̇̅̃ ˻̅ ̄˼̈́̅̂̓́˿̌ ˻˼̖̈̉́̅˹ 

̃˿́̇̅̄, ̃˼̉̅˻˿́˷ ̄˷̄˼̈˼̄˿̖ ̃˼̉˷̂̂˷-
́˷̉˷̂˿˾˷̉̅̇˷ ̎˼̇˼˾ ˹̅˻̄̊̕ ̋˷˾̊ ̆̅˾˹̅̂˿̂˷ 

̄˷̃ ̅̈˷˽˻˷̉̓ ́˷̉˷̂˿˾˷̉̅̇ ̄˷ ˹̈̕ ̆̅˹˼̇̌̄̅̈̉̓ 

̊̈̉̅̀̎˿˹̒̌ ˷˺̂̅̃˼̇˷̉̅˹ ˛ˤА ̈̅ ̈̇˼˻̄˿̃ ̇˷˾-
̃˼̇̅̃ 10–100 ̄̃, ˿˾ ́̅̉̅̇̒̌ ˿ ̖̈̅̈̉̅̉ ˷˺̇˼˺˷-
̉̒. ˧˷˹̄̅̃˼̇̄̅̈̉̓ ˽˼ ̇˷̈̆̇˼˻˼̂˼̄˿̖ ˪ˤ˩ ̆̅ 

̆̅˹˼̇̌̄̅̈̉˿ ˷˺̂̅̃˼̇˷̉̅˹ ˛ˤА ˾˷˹˿̈˿̉ ̅̉ ̅˻-

̄̅̇̅˻̄̅̈̉˿ ̇˷̈̆̇˼˻˼̂˼̄˿̖ ̃˼̉˷̂̂˷-́˷̉˷̂˿˾˷-
̉̅̇˷ ̆̅ ̆̅˹˼̇̌̄̅̈̉˿ ̎˷̈̉˿̍ ˿̈̌̅˻̄̅˺̅ ̆̅̇̅̏-

́˷, ́˷́ ̆̅́˷˾˷̄̅ ˹ [11]. 

ˤ˷ ̇˿̈. 1 ̆̇˼˻̈̉˷˹̂˼̄̒ ̃˿́̇̅̋̅̉̅˺̇˷̋˿˿ 

̈˿̄̉˼˾˿̇̅˹˷̄̄̅˺̅ ˺˿˸̇˿˻̄̅˺̅ ̃˷̉˼̇˿˷̂˷.  
 

а) ȁ)

 
 

˧˿̈. 1. ˟˾̅˸̇˷˽˼̄˿̖ ˺˿˸̇˿˻̄̅˺̅ ̃˷̉˼̇˿˷̂˷ ̈̅̈̉˷˹˷ ˛ˤА-˪ˤ˩: a – ˨˴ˣ ˿˾̅˸̇˷˽˼̄˿˼ ˺˿˸̇˿˻̄̅˺̅ ̃˷̉˼̇˿˷̂˷; 
̂˿̄˼̀̄˷̖ ̏́˷̂˷ ̇˷˹̄˷ 2 ̃́̃; ȁ – ˦˴ˣ ˿˾̅˸̇˷˽˼̄˿˼ ˺˿˸̇˿˻̄̅˺̅ ̃˷̉˼̇˿˷̂˷; ̂˿̄˼̀̄˷̖ ̏́˷̂˷ ̇˷˹̄˷ 10 ̄̃ 

Fig. 1. Images of the hybrid material of the composition of the DNA-CNT: a – SEM image of the hybrid material; 

linear scale equal to 2 microns; ȁ – TEM image of the hybrid material, the linear scale is 10 nm 



 

158 

Научно-технические ведомости CПбПУ. Естественные и инженерные науки. Том 25, №1, 2019

 

 

ɚ) ɛ) 

20, degree Raman shift, cm–1

 

Иɧɬɟɧɫɢɜɧɨɫɬɶ, ɨ.ɟ.

 
 

˧˿̈. 2. ˧˼˾̊̂̓̉˷̉̒ ̇˼̄̉˺˼̄̅̈̉̇̊́̉̊̇̄̅˺̅ ˷̄˷̂˿˾˷ (a) ˿ ̈̆˼́̉̇̅̈́̅̆˿˿ ́̅̃˸˿̄˷̍˿̅̄̄̅˺̅ ˷̄˷̂˿˾˷ (ȁ) FDND 

Fig. 2. Results of X-ray (a) and Raman (ȁ) studies of FDND  
 

ˤ˷ ̇˿̈. 1, a ̆̇˼˻̈̉˷˹̂˼̄̅ ˨˴ˣ ˿˾̅˸̇˷˽˼-
̄˿˼ ˺˿˸̇˿˻̄̅˺̅ ̃˷̉˼̇˿˷̂˷. В˿˻̄̅, ̎̉̅ ˪ˤ˩ 

̇˷˹̄̅̃˼̇̄̅ ̆̅́̇̒˹˷̉̕ ˷˺̂̅̃˼̇˷̉̒ ˛ˤА, 

̅˸˼̈̆˼̎˿˹˷̖ ˹̒̈̅́̊̕ ˺̅̃̅˺˼̄̄̅̈̉̓ ˺˿˸̇˿˻̄̅-

˺̅ ̃˷̉˼̇˿˷̂˷. В ˹˿˻˼ ̆̅̇̅̏́˷ ̔̉˿ ˷˺̂̅̃˼̇˷̉̒ 

˷˺̇˼˺˿̇̊̉̕ ˿ ̅˸̇˷˾̊̉̕ ̎˷̈̉˿̍̒ ̇˷˾̃˼̇̅̃ ̅́̅-

̂̅ 10 ̃́̃. ˤ˷ ̇˿̈. 1, ȁ ̆̇˼˻̈̉˷˹̂˼̄̅ ˦˴ˣ 

˿˾̅˸̇˷˽˼̄˿˼ ˺˿˸̇˿˻̄̅˺̅ ̃˷̉˼̇˿˷̂˷. В˿˻˼̄ 

˷˺̂̅̃˼̇˷̉ ˛ˤА, ̖̈̅̈̉̅̐˿̀ ˿˾ ̎˷̈̉˿̍ ˛ˤА 

̇˷˾̃˼̇̅̃ 4–8 ̄̃, ́ ̆̅˹˼̇̌̄̅̈̉˿ ́̅̉̅̇̅˺̅ 

̆̇˿́̇˼̆̂˼̄˷ ˸˷̃˸̊́̅˹˿˻̄˷̖ ̃̄̅˺̅̈̉˼̄̄˷̖ 

˪ˤ˩. ˦̅˻̅˸̄̒˼ ̃̄̅˺̅̈̉˼̄̄̒˼ ˪ˤ˩ ̄˷˸̂̕˻˷-
̂˿̈̓ ˹ ˿̈̈̂˼˻̅˹˷̄˿˿ [12]. ˩˷́˽˼ ̄˷ ̇˿̈. 1, ȁ 

˸˼̂̒̃˿ ̈̉̇˼̂́˷̃˿ ̅˸̅˾̄˷̎˼̄˷ ˪ˤ˩, ̅̈̓ ́̅̉̅-

̇̅̀ ̄˷̆̇˷˹̂˼̄˷ ̆˷̇˷̂̂˼̂̓̄̅ ̔̂˼́̉̇̅̄̄̅̃̊ 

̂̊̎̊, ̎̉̅ ̆̅˾˹̖̅̂˼̉ ̊˹˿˻˼̉̓ ̆̂̅̈́̅̈̉˿ ˺̇˷̋˿̉˷ 
˹ ˹˿˻˼ ́̅̄̍˼̄̉̇˿̎˼̈́˿̌ ̅́̇̊˽̄̅̈̉˼̀. ˩˷́˿̃ 

̅˸̇˷˾̅̃, ̇˿̈. 1 ̆̅́˷˾̒˹˷˼̉, ̎̉̅ ˪ˤ˩ ̆̅̂̄̅-

̈̉̓̕ ̆̅́̇̒˹˷̉̕ ̆̅˹˼̇̌̄̅̈̉̓ ˛ˤА. В ˻˷̂̓-

̄˼̀̏˼̃ ̆̅̂̊̎˼̄̄̒̀ ˺˿˸̇˿˻̄̒̀ ̃˷̉˼̇˿˷̂ ˸̊-

˻˼̉ ̅˸̅˾̄˷̎˷̖̉̓̈ ́˷́ FDND. 

˟˾̃˼̇˼̄˿˼ ̊˻˼̂̓̄̅̀ ̆̂̅̐˷˻˿ ̆̅˹˼̇̌̄̅̈̉˿ 

̆̅ ̃˼̉̅˻̊ ˘˴˩ ̆̅́˷˾˷̂̅, ̎̉̅ ̊ ˿̈̈̂˼˻̊˼̃̅˺̅ 

̅˸̇˷˾̍˷ ̅̄˷ ̈̅̈̉˷˹̖̂˼̉ 225 ̃2/˺. ˦̅̂̊̎˼̄̄̅˼ 
˾̄˷̎˼̄˿˼ ̌̅̇̅̏̅ ̈̅˺̂˷̈̊˼̖̉̈ ̈ ̅̉̄̅̈˿̉˼̂̓̄̅ 

̄˼˸̅̂̓̏˿̃ ˾̄˷̎˼̄˿˼̃ ̊˻˼̂̓̄̅̀ ̆̅˹˼̇̌̄̅̈̉˿, 

̌˷̇˷́̉˼̇̄̒̃ ˻̖̂ ̃̄̅˺̅̈̉˼̄̄̒̌ ˪ˤ˩. В [13], 

̄˷̆̇˿̃˼̇, ˸̒̂̅ ˿̈̈̂˼˻̅˹˷̄̅ 10 ̅˸̇˷˾̍̅˹ ̃̄̅-

˺̅̈̉˼̄̄̒̌ ˪ˤ˩ ˿ ̆̅́˷˾˷̄̅, ̎̉̅ ̊ ˸̅̂̓̏˿̄̈̉˹˷ 

˿˾ ̄˿̌ ̊˻˼̂̓̄˷̖ ̆̂̅̐˷˻̓ ̆̅˹˼̇̌̄̅̈̉˿ ̄˼ ̆̇˼-
˹̒̏˷˼̉ 200 ̃2/˺. ˩˷́˿˼ ̄˿˾́˿˼ ˾̄˷̎˼̄˿̖ ̊˻˼̂̓-
̄̅̀ ̆̅˹˼̇̌̄̅̈̉˿ ̃̄̅˺̅̈̉˼̄̄̒̌ ˪ˤ˩ ̅˸̊̈̂̅˹-

̂˼̄̒ ̈˿̂̓̄̅̀ ˾˷˹˿̈˿̃̅̈̉̓̕ ̔̉̅˺̅ ̆̅́˷˾˷̉˼̖̂ 

̅̉ ́̅̂˿̎˼̈̉˹˷ ̈̂̅˼˹ ˪ˤ˩. В ̇˷˸̅̉˼ [14] ̆̅́˷˾˷-
̄̅, ̎̉̅ ˪ˤ˩, ̖̈̅̈̉̅̐˿˼ ˿˾ 15 ˿ ˸̅̂˼˼ ̈̂̅˼˹, 

˿̃˼̉̕ ̊˻˼̂̓̄̊̕ ̆̅˹˼̇̌̄̅̈̉̓ ̃˼̄˼˼ 150 ̃2/˺.  
˥˸̑ё̃ ̆̅̇ ˹ ̅˸̇˷˾̍˼ FDND ˹ ˾˷˹˿̈˿̃̅̈̉˿ 

̅̉ ˿̌ ̇˷˾̃˼̇˷ ̅́˷˾˷̖̂̈ ̈̂˼˻̊̐̕˿̃: 
 

 ǲȈȏ ȏȎȐ (ȐаȇȌȅȐ ȏȎȐ) ОȁȚȅȌ в ȏȎȐаȕ, ȑȌ3/ȃ 
ˣ˿́̇̅̆̅̇̒ (̃˼̄˼˼ 2 ̄̃) ................. 0,01393 

ˣ˼˾̅̆̅̇̒ (2–50 ̄̃) ........................ 0,44737 

ˣ˷́̇̅̆̅̇̒ (˸̅̂˼˼ 50 ̄̃) ................ 0,20358 

˟̉̅˺̅................................................. 0,66488 
 

˚˿˸̇˿˻̄̒̀ ̃˷̉˼̇˿˷̂ ˸̒̂ ˿̈̈̂˼˻̅˹˷̄ ̃˼-
̉̅˻˷̃˿ ̇˼̄̉˺˼̄̅̈̉̇̊́̉̊̇̄̅˺̅ ˷̄˷̂˿˾˷ (X-

RAY) ˿ ̈̆˼́̉̇̅̈́̅̆˿˿ ́̅̃˸˿̄˷̍˿̅̄̄̅˺̅ ˷̄˷-
̂˿˾˷ (Raman).  

ˤ˷ ̇˿̈. 2, a ̎˼̉́̅ ˹˿˻̄̒ ̉̇˿ ̆˿́˷, ̈̅̅̉˹˼̉-
̈̉˹̊̐̕˿̌ ˷̂̃˷˾̊, ̎̉̅ ̈˹˿˻˼̉˼̂̓̈̉˹̊˼̉ ̅ ̄˷̂˿-

̎˿˿ ˛ˤА ˹ ˺˿˸̇˿˻̄̅̃ ̃˷̉˼̇˿˷̂˼. ˛̖̂ ̅̍˼̄́˿ 

́˷̎˼̈̉˹˷ ̈˿̄̉˼˾˿̇̅˹˷̄̄̒̌ ̃̄̅˺̅̈̉˼̄̄̒̌ ˪ˤ˩ 

˸̒̂˿ ̆̇̅˹˼˻˼̄̒ ̇˷̃˷̄̅˹̈́˿˼ ˿̈̈̂˼˻̅˹˷̄˿̖ 

̅˸̇˷˾̍̅˹ FDND. ˤ˷ ̇˿̈. 2, ȁ ̆̇˼˻̈̉˷˹̂˼̄ ̉˿-

̆˿̎̄̒̀ ̇˷̃˷̄̅˹̈́˿̀ ̈̆˼́̉̇ ̆̅̂̊̎˼̄̄̒̌ ̅˸-

̇˷˾̍̅˹. ˥̄ ˷̄˷̂̅˺˿̎˼̄ ̈̆˼́̉̇˷̃ ̄˷˸̂̕˻˷˼̃̒̌ 

˹ [15] ̃̄̅˺̅̈̉˼̄̄̒̌ ˪ˤ˩. ˨̅̅̉̄̅̏˼̄˿˼ 



 

 

159 

Металлургия и материаловедение 

    

ɚ)   ɛ) Number, % 

 

Ɋаɡɦɟɪ ɱаɫɬɢɰ, 

ɧɦ 1  2 

 
 

˧˿̈. 3. В̅˻̄̒˼ ̈̊̈̆˼̄˾˿˿ FDND: a – ̇˼˾̊̂̓̉˷̉̒ ˿̈̈̂˼˻̅˹˷̄˿̖ ̊̈̉̅̀̎˿˹̅̈̉˿ ̈̊̈̆˼̄˾˿˿ ˿̈̌̅˻̄̅˺̅ ˛ˤА (1) 

˿ FDND (2) ̈̇˷˾̊ ̆̅̈̂˼ ˪˞ ̅˸̇˷˸̅̉́˿ ˿ ̆̅̈̂˼ 72 ̎˷̈̅˹ ̅̉̈̉˷˿˹˷̄˿̖; ȁ – ̇˼˾̊̂̓̉˷̉̒ ˿̈̈̂˼˻̅˹˷̄˿̖ ̇˷˾̃˼̇̅˹ 

̎˷̈̉˿̍ ˹̅˻̄̅̀ ̈̊̈̆˼̄˾˿˿ FDND 

Fig. 3. Water suspensions of FDND: a – results of a study of the stability of the suspension of the initial DND (1) 

and FDND (2) immediately after the ultrasonic treatment and after 72 hours of settling; ȁ – the results  

of the study of the particle size of an water suspension of FDND 

 
̆˿́̅˹ D ˿ G ̈̅̈̉˷˹̖̂˼̉ ̆̇˿̃˼̇̄̅ 1:1. В ̇˷˸̅-

̉˼ [16] ˸̒̂̅ ̆̅́˷˾˷̄̅, ̎̉̅ ̆̅˻̅˸̄̅˼ ̈̅̅̉̄̅-

̏˼̄˿˼ ˿̄̉˼̄̈˿˹̄̅̈̉˼̀ ̉˿̆˿̎̄̅ ˻̖̂ ̃̄̅˺̅-

̈̉˼̄̄̒̌ ˪ˤ˩, ˹̒̇˷̐˼̄̄̒̌ ̃˼̉̅˻˷̃˿ CVD ˿ 

CCVD, ˿ ̈˹˿˻˼̉˼̂̓̈̉˹̊˼̉ ̅ ˸̅̂̓̏̅̃ ́̅̂˿̎˼-

̈̉˹˼ ̈̉̇̊́̉̊̇̄̒̌ ˻˼̋˼́̉̅˹ ˹ ̉˷́˿̌ ̃̄̅˺̅-

̈̉˼̄̄̒̌ ˪ˤ˩. 

˟˾ ̆̅̂̊̎˼̄̄̅˺̅ ̆̅̇̅̏́˷ ˸̒̂˷ ̆̇˿˺̅̉̅˹-

̂˼̄˷ ˹̅˻̄˷̖ ̈̊̈̆˼̄˾˿̖ ̆̊̉˼̃ ̊̂̓̉̇˷˾˹̊́̅˹̅˺̅ 

(˪˞) ̅˸̂̊̎˼̄˿̖. К̅̄̍˼̄̉̇˷̍˿̖ FDND ˹ ̈̊̈-
̆˼̄˾˿˿ ̈̅̈̉˷˹˿̂˷ 1 ̃˷̈̈. %. ˤ˷ ̇˿̈. 3 ̆̇˼˻-

̈̉˷˹̂˼̄̒ ̇˼˾̊̂̓̉˷̉̒ ˿̈̈̂˼˻̅˹˷̄˿̖ ̊̈̉̅̀̎˿˹̅-

̈̉˿ ˹̅˻̄̅̀ ̈̊̈̆˼̄˾˿˿ FDND ˿ ̅̆̇˼˻˼̂˼̄˿˼ 
̇˷˾̃˼̇˷ ̎˷̈̉˿̍ ̃˼̉̅˻̅̃ DLS.  

˟˾ ̇˿̈. 3, а, 2 ˹˿˻̄̅, ̎̉̅, ˹ ̅̉̂˿̎˿˼ ̅̉ ˿̈-

̌̅˻̄̅˺̅ ˛ˤА (̇˿̈. 3, а 1), ̆̅̇̅̏̅́ FDND 

̅˸̇˷˾̊˼̉ ̊̈̉̅̀̎˿˹̊̕ ˹̅˻̄̊̕ ̈̊̈̆˼̄˾˿̕. ˦̇˿ 

̔̉̅̃ ̆̇˿˾̄˷́˿ ˹̒̆˷˻˼̄˿̖ ̅̈˷˻́˷ ˹ ˹̅˻̄̅̀ 

̈̊̈̆˼̄˾˿˿ DND ̄˼ ̄˷˸̂̕˻˷̂˿̈̓ ˻˷˽˼ ̆̅̈̂˼ 
̅̉̈̉˷˿˹˷̄˿̖ ˹ ̉˼̎˼̄˿˼ 20 ˻̄˼̀. ˴̉̅̉ ̋˷́̉ ̖˹-

̖̂˼̖̉̈ ̄˼̅˽˿˻˷̄̄̒̃, ̊̎˿̉̒˹˷̖ ˺˿˻̇̅̋̅˸̄̒̀ 

̌˷̇˷́̉˼̇ ˪ˤ˩. ˩˷́˷̖ ̊̈̉̅̀̎˿˹̅̈̉̓ ̃̅˽˼̉ 
˸̒̉̓ ̅˸̖̑̈̄˼̄˷ ̉˼̃, ̎̉̅ ˹̅ ˹̇˼̖̃ ̉˼̌̄̅̂̅˺˿-

̎˼̈́̅˺̅ ̍˿́̂˷ ˹̅̈̈̉˷̄̅˹̂˼̄˿̖ ̅́̈˿˻˷ ́̅-

˸˷̂̓̉˷ ˻̅ ̎˿̈̉̅˺̅ ́̅˸˷̂̓̉˷ ˹ ˷̉̃̅̈̋˼̇˼ ˹̅˻̅-

̇̅˻˷ ̆̇̅˿̈̌̅˻˿̉ ˺˿˻̇˿̇̅˹˷̄˿˼ ̆̅˹˼̇̌̄̅̈̉˿ 

˛ˤА, ˾˷ ̈̎˼̉ ̎˼˺̅ ˺˿˸̇˿˻̄̒̀ ̃˷̉˼̇˿˷̂ ̈̉˷̄̅-

˹˿̖̉̈ ̈̉˷˸˿̂̓̄̒̃ ˹ ˹̅˻˼ ˻˷˽˼ ̆̅̈̂˼ ̈˿̄̉˼˾˷ 

˺˿˻̇̅̋̅˸̄̒̌ ̃̄̅˺̅̈̉˼̄̄̒̌ ˪ˤ˩ ̄˷ ̆̅˹˼̇̌-

̄̅̈̉˿ ˛ˤА. В̅˾̃̅˽̄̅̈̉̓ ̈̉˷˸˿̂˿˾˷̍˿˿ ̈̊̈-

̆˼̄˾˿̀ ˛ˤА ̆̊̉˼̃ ˺˿˻̇˿̇̅˹˷̄˿̖ ˼˺̅ ̆̅˹˼̇̌-

̄̅̈̉˿ ˸̒̂˷ ̆̅́˷˾˷̄˷ ˹ [17]. ˥̉̈̊̉̈̉˹˿˼ ̅̈˷˻́˷ 

˹ ̄˷̏˼̃ ̈̂̊̎˷˼ ˻̅́˷˾̒˹˷˼̉, ̎̉̅ ̃̄̅˺̅̈̉˼̄-

̄̒˼ ˪ˤ˩ ̆̇̅̎̄̅ ̈˹̖˾˷̄̒ ̈ ̆̅˹˼̇̌̄̅̈̉̓̕ 

˛ˤА ˿ ̄˼ ̅̉̇̒˹˷̖̉̈̕ ̆̅˻ ˹̅˾˻˼̀̈̉˹˿˼̃ ˪˞ 

̅˸̂̊̎˼̄˿̖.  

˪̈̉˷̄̅˹̂˼̄̅ ̉˷́˽˼, ̎̉̅ ̆̅̈̂˼ ̈̊̏́˿ ̈̊̈-
̆˼̄˾˿˿ FDND ˻̅ ̆̅̇̅̏́˷ ˹̅˾̃̅˽̄̅ ̅˸̇˷̉˿-

̃̅ ̆̅̂̊̎˷̉̓ ̊̈̉̅̀̎˿˹̊̕ ˹̅˻̄̊̕ ̈̊̈̆˼̄˾˿̕ 

FDND ̆̊̉˼̃ ̂˼˺́̅̀ ˪˞ ̅˸̇˷˸̅̉́˿. ˦̇˿ ˹̅˾-
˻˼̀̈̉˹˿˿ ˪˞ ̅˸̂̊̎˼̄˿̖ ˷˺̇˼˺˷̉̒ FDND ̃˿́-

̇̅̄̄̒̌ ̇˷˾̃˼̇̅˹, ˿̃˼̐̕˿˼̖̈ ˹ ̈̊̌̅̃ ̆̅̇̅̏-

́˼ (̈̃. ̇˿̈. 1), ˻˼˾˷˺̇˼˺˿̇̊̉̕ ˻̅ ̊̈̉̅̀̎˿˹̒̌ ˹ 

˹̅˻˼ ̎˷̈̉˿̍ ̇˷˾̃˼̇̅̃ 50–60 ̄̃, ̎̉̅ ̆̅́˷˾˷̄̅ 

̄˷ ̇˿̈. 3, ȁ. 

ǉǢǬǭȀǹǧǯǪǧ 

˧˷˾̇˷˸̅̉˷̄˷ ̃˼̉̅˻˿́˷ ̈˿̄̉˼˾˷ ˺˿˸̇˿˻̄̅˺̅ 

̃˷̉˼̇˿˷̂˷ ̈̅̈̉˷˹˷ ˛ˤА-˪ˤ˩, ̅̈̄̅˹˷̄̄˷̖ ̄˷ 
˹̒̇˷̐˿˹˷̄˿˿ ˪ˤ˩ ̄˷ ̆̅˹˼̇̌̄̅̈̉˿ ˷˺̂̅̃˼̇˷-
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̉̅˹ ˛ˤА ̃˼̉̅˻̅̃ CVD. ˛˷̄̄˷̖ ̃˼̉̅˻˿́˷ ̆̅˾-
˹̖̅̂˼̉ ̈˿̄̉˼˾˿̇̅˹˷̉̓ ˺̅̃̅˺˼̄̄̒̀ ˺˿˸̇˿˻̄̒̀ 

̃˷̉˼̇˿˷̂ ˹ ˹˿˻˼ ̆̅̇̅̏́˷, ˷ ̉˷́˽˼ ˹ ˹˿˻˼ ̈̉˷-
˸˿̂̓̄̅̀ ̅˸̇˷̉˿̃̅̀ ˹̅˻̄̅̀ ̈̊̈̆˼̄˾˿˿. ˘̂˷˺̅-

˻˷̖̇ ̃˷̈̏̉˷˸˿̇̊˼̃̅̈̉˿ ̆̇˼˻̂̅˽˼̄̄̅˺̅ ̃˼̉̅˻˷ 
̆̅̂̊̎˼̄˿̖ ˺˿˸̇˿˻̄̅˺̅ ̃˷̉˼̇˿̂˷, ̅̉́̇̒˹˷˼̖̉̈ 

̇˼˷̂̓̄˷̖ ˹̅˾̃̅˽̄̅̈̉̓ ˿̈̈̂˼˻̅˹˷̄˿̖ ˹̂˿̖̄˿̖ 

˺˿˸̇˿˻̄̅˺̅ ̃˷̉˼̇˿̂˷ ̄˷ ̈˹̅̀̈̉˹˷ Кˣ ˿ ˹̄˼˻-

̇˼̄˿̖ ˿̌ ˹ ̆̇̅̃̒̏̂˼̄̄̅̈̉̓. 

˧˷˸̅̉˷ ˹̒̆̅̂̄˼̄˷ ˹ ̇˷̃́˷̌ ˺̅̈̊˻˷̇̈̉˹˼̄̄̒̌ 

̉˼̃˷̉˿̎˼̈́˿̌ ˿̈̈̂˼˻̅˹˷̄˿̀ ˫˩˟ ˿̃. А. ˫. ˟̅̋̋˼ 
̆̅ ̉˼̃˼ № 0040-2014-0013 «˫˿˾˿́̅-̌˿̃˿̎˼̈́˿˼ 
̅̈̄̅˹̒ ̉˼̌̄̅̂̅˺˿˿ ̄̅˹̒̌ ̋̊̄́̍˿̅̄˷̂̓̄̒̌ ̃˷̉˼-
̇˿˷̂̅˹ ̄˷ ̅̈̄̅˹˼ ̊˺̂˼̇̅˻̄̒̌ ̄˷̄̅̈̉̇̊́̉̊̇». 
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ИССЛЕДОВАНИЕ СВОЙСТВ ПОЛИЭТИЛЕНОВЫХ КОМПОЗИТОВ  
НА ОСНОВЕ ФУНКЦИОНАЛИЗИРОВАННЫХ УГЛЕРОДНЫХ НАНОТРУБОК 

˦̅́˷˾˷̄˷ ̔̋̋˼́̉˿˹̄̅̈̉̓ ̆̇˿̃˼̄˼̄˿̖ ˻̅˸˷˹̅́ ̋̊̄́̍˿̅̄˷̂˿˾˿̇̅˹˷̄̄̒̌ ̈̉˼˷̇˷̉̅̃ ̉˿̉˷̄˷ ̊˺̂˼̇̅˻-

̄̒̌ ̄˷̄̅̉̇̊˸̅́ (˪ˤ˩) ˻̖̂ ̃̅˻˿̋˿̍˿̇̅˹˷̄˿̖ ̉˼̇̃̅̈̉̅̀́̅˺̅ ̆̅̂˿̔̉˿̂˼̄˷ PE-RT. ˛̖̂ ̔̉̅˺̅ ˸̒̂˿ 

̅̆̇˼˻˼̂˼̄̒ ̆̇̅̎̄̅̈̉̄̒˼ ̌˷̇˷́̉˼̇˿̈̉˿́˿, ̉˹˼̇˻̅̈̉̓ ̆̅ ˯̅̇̊, ̉˼̇̃˿̎˼̈́˷̖ ̈̉˷˸˿̂̓̄̅̈̉̓, ̉˼̆̂̅- ˿ 

̉˼̃̆˼̇˷̉̊̇̅̆̇̅˹̅˻̄̅̈̉̓ ́̅̃̆̅˾˿̉̅˹ PE-RT ̈ ̉˼̌̄˿̎˼̈́˿̃ ̊˺̂˼̇̅˻̅̃, ˿̈̌̅˻̄̒̃˿ ˿ ̋̊̄́̍˿̅̄˷̂˿-

˾˿̇̅˹˷̄̄̒̃˿ ̄˷̄̅̉̇̊˸́˷̃˿ ̆̇˿ ̇˷˾̂˿̎̄̒̌ ́̅̄̍˼̄̉̇˷̍˿̖̌ ̃̅˻˿̋˿́˷̉̅̇̅˹. ˦̅́˷˾˷̄̅ ̈̂˷˸̅˼ ˹̂˿̖-

̄˿˼ ̊˺̂˼̇̅˻̄̒̌ ̄˷̆̅̂̄˿̉˼̂˼̀ (0,01–1,5 ̃˷̈̈. %) ̄˷ ˹˼̂˿̎˿̄̒ ́̅̔̋̋˿̍˿˼̄̉̅˹ ̉˼̆̂̅- ˿ ̉˼̃̆˼̇˷̉̊-
̇̅̆̇̅˹̅˻̄̅̈̉˿. ˪̈̉˷̄̅˹̂˼̄̅, ̎̉̅ ̊̂̊̎̏˼̄˿˼ ̋˿˾˿́̅-̃˼̌˷̄˿̎˼̈́˿̌ ̆̅́˷˾˷̉˼̂˼̀ ́̅̃̆̅˾˿̉̅˹ ̄˷˸̂̕-

˻˷˼̖̉̈ ̆̇˿ ́̅̄̍˼̄̉̇˷̍˿̖̌ ˿̈̌̅˻̄̒̌ ˿ ̋̊̄́̍˿̅̄˷̂˿˾˿̇̅˹˷̄̄̒̌ ˪ˤ˩, ̇˷˹̄̒̌ ̈̅̅̉˹˼̉̈̉˹˼̄̄̅ 1–1,5 

˿ 0,01–0,1 ̃˷̈̈. %. ˦̇˿̃˼̄˼̄˿˼ ̋̊̄́̍˿̅̄˷̂˿˾˿̇̅˹˷̄̄̒̌ ̈̉˼˷̇˷̉̅̃ ̉˿̉˷̄˷ ˪ˤ˩ ̆̅˾˹̖̅̂˼̉ ̊˹˼̂˿-

̎˿̉̓ ̉˹˼̇˻̅̈̉̓ ̆̅ ˯̅̇̊ ̄˷ 7 ˼˻˿̄˿̍, ̊̈̉̅̀̎˿˹̅̈̉̓ ́ ˹˼̈̅˹̅̃̊ ˿˾̄̅̈̊ – ̄˷ 54 %, ̆̇̅̎̄̅̈̉̄̒˼ ̌˷̇˷́-

̉˼̇˿̈̉˿́˿ – ̄˷ 8–12 %, ˷ ̉˷́˽˼ ̈̄˿˾˿̉̓ ̈̊̉̅̎̄̅˼ ˹̂˷˺̅̆̅˺̂̅̐˼̄˿˼ ˻̅ ̖̄̊̂. ˩˷́˿̃ ̅˸̇˷˾̅̃, ˻˷̄̄̒̀ 

̈̆̅̈̅˸ ̋̊̄́̍˿̅̄˷̂˿˾˷̍˿˿ ̆̅˾˹̖̅̂˼̉ ̈̄˿˾˿̉̓ ̇˷̈̌̅˻̄̒˼ ̄̅̇̃̒ ˪ˤ˩ ̄˷ ̖̆̅̇˻̅́ ˿ ˸̅̂˼˼ ̆̇˿ ̊̈̉̅̀-

̎˿˹̅̃ ̆̅̂̅˽˿̉˼̂̓̄̅̃ ˹̂˿̖̄˿˿ ̄˷ ̈˹̅̀̈̉˹˷ ̆̅̂˿̔̉˿̂˼̄̒̌ ́̅̃̆̅˾˿̉̅˹. 

ǪȋȞȗȅвțȅ ȑȋȎва: ̋̊̄́̍˿̅̄˷̂˿˾˷̍˿̖, ̊˺̂˼̇̅˻̄̒˼ ̄˷̄̅̉̇̊˸́˿, ̆̅̂˿̔̉˿̂˼̄, ́̅̃̆̅˾˿̉, ̋˿˾˿́̅-

̃˼̌˷̄˿̎˼̈́˿˼ ̈˹̅̀̈̉˹˷, ̈̉˼˷̇˷̉-̉˿̉˷̄˷̉̄̒˼ ˺̇̊̆̆̒. 
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STUDY OF PROPERTIES OF POLYETHYLENE COMPOSITES  
BASED ON FUNCTIONALIZED CARBON NANOTUBES 

The efficiency of using additives of carbon nanotubes (CNTs) functionalized by titanium stearate for modification 

of heat-resistant polyethylene PE-RT is shown. For this purpose, we have determined strength characteristics, 

Shore hardness, thermal stability, thermal conductivity and thermal diffusivity of PE–RT composites with tech-

nical carbon, raw and functionalized nanotubes at different concentrations of modifiers. The influence of carbon 

fillers (0.01–1.5 mass. %) on the values of thermal conductivity coefficients and thermal diffusivity is weak. Physi-

cal and mechanical properties of composites have been observed to improve at the concentrations of raw and 

functionalized CNTs equal to 1–1.5 and 0.01–0.1 mass. % respectively. Application of CNTs functionalized by 

titanium stearate allows to increase Shore hardness by 7 units, resistance to weight wear by 54%, strength charac-

teristics by 8–12 %, as well as to reduce daily moisture absorption to zero. Thus, this method of functionalization 

reduces the consumption rate of CNTs by an order of magnitude and more with a stable positive effect on the 

properties of polyethylene composites. 

Keywords: functionalization, carbon nanotube, polyethylene, composites, physico-mechanical properties, 

stearate-titanate groups. 
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ВǤǧǦǧǯǪǧ 

К̅˹˷̂˼̄̉̄˷̖ ˿ ̄˼́̅˹˷̂˼̄̉̄˷̖ ̋̊̄́̍˿̅̄˷-
̂˿˾˷̍˿˿ ̊˺̂˼̇̅˻̄̒̌ ̄˷̄̅̉̇̊˸̅́ (˪ˤ˩) – ̅˻˿̄ 

˿˾ ̅˸̐˼̆̇˿̖̄̉̒̌ ̃˼̉̅˻̅˹ ̇˼̏˼̄˿̖ ̆̇̅˸̂˼̃̒ 

̇˷̈̆̇˼˻˼̂˼̄˿̖ ˪ˤ˩ ˹ ̆̅̂˿̃˼̇˷̌ ˿ ̇˷̈̉˹̅̇˿-

̉˼̖̂̌ [1–3]. ˤ˷̆̇˿̃˼̇, ˻̖̂ ̃̅˻˿̋˿̍˿̇̅˹˷̄˿̖ 

̔̆̅́̈˿˻̄̒̌ ̈˹̖˾̊̐̕˿̌ ̊̈̆˼̏̄̅ ˿̈̆̅̂̓˾̊̉̕-
̖̈ ˪ˤ˩ ̈ ́˿̈̂̅̇̅˻̈̅˻˼̇˽˷̐˿̃˿ [4, 5] ˿ ˷˾̅̉-
̈̅˻˼̇˽˷̐˿̃˿ [6, 7] ˺̇̊̆̆˷̃˿. ˛̖̂ ˿̈̆̅̂̓˾̅-

˹˷̄˿̖ ˹ ̈̅̈̉˷˹˼ ́̅̃̆̅˾˿̉̅˹ ̄˷ ̅̈̄̅˹˼ ̆̅̂˿-

̔̉˿̂˼̄˷ (˦˴) ̆̅˻̌̅˻̖̉ ̋̊̄́̍˿̅̄˷̂˿˾˿̇̅˹˷̄-

̄̒˼ ˪ˤ˩, ̅˸̂˷˻˷̐̕˿˼ ̈̇̅˻̈̉˹̅̃ ́ ̄˼̖̆̅̂̇-

̄̒̃ ̃˷̉̇˿̍˷̃. В ̎˷̈̉̄̅̈̉˿, ̔̋̋˼́̉˿˹̄̒̃˿ 

̃̅˻˿̋˿́˷̉̅̇˷̃˿ ˦˴ ̖˹̖̖̂̉̈̕ ˷̂́˿̂˿̇̅˹˷̄-

̄̒˼ [8], ̋̉̅̇˿̇̅˹˷̄̄̒˼ [9] ˿ ̈˿̂˷̄˿˾˿̇̅˹˷̄-

̄̒˼ [10] ˪ˤ˩. ˥˻̄˷́̅ ̇˼˷̂˿˾˷̍˿̖ ̆̇˼˻̈̉˷˹-

̂˼̄̄̒̌ ̃˼̉̅˻̅˹ ̋̊̄́̍˿̅̄˷̂˿˾˷̍˿˿ ˪ˤ˩ ̉˼̌-
̄̅̂̅˺˿̎˼̈́˿ ̈̂̅˽̄˷ ˿˾-˾˷ ˸̅̂̓̏̅˺̅ ́̅̂˿̎˼-
̈̉˹˷ ̈̉˷˻˿̀, ˿̈̆̅̂̓˾̅˹˷̄˿̖ ˻̅̇̅˺̖̅̈̉̅̐˿̌ 

˿/˿̂˿ ̉̅́̈˿̎̄̒̌ ̇˼˺˼̄̉̅˹. ˘̅̂˼˼ ̔́̅̂̅˺˿̎-

̄̒̃ ˿ ̔́̅̄̅̃˿̎̄̒̃ ̖˹̖̂˼̖̉̈ ̅̆˿̈˷̄̄̒̀ ˹ 

[11–13] ̈̆̅̈̅˸ ̋̊̄́̍˿̅̄˷̂˿˾˷̍˿˿ ̈̉˼˷̇˷̉̅̃ 

̉˿̉˷̄˷, ̈̆̅̈̅˸̈̉˹̊̐̕˿̀ ̆̅̂̊̎˼̄˿̕ ̅̂˼̅-

̋˿̂̓̄̒̌ ˪ˤ˩.  

ǘǧǭǾȀ ǯǢǳǴоȁǻǧǫ ǲǢбоǴǽ ˸̒̂̅ ˿̈̈̂˼˻̅˹˷-

̄˿˼ ̔̋̋˼́̉˿˹̄̅̈̉˿ ̆̇˿̃˼̄˼̄˿̖ ˻̅˸˷˹̅́ 

̋̊̄́̍˿̅̄˷̂˿˾˿̇̅˹˷̄̄̒̌ ̈̉˼˷̇˷̉̅̃ ̉˿̉˷̄˷ 

˪ˤ˩ ˻̖̂ ̃̅˻˿̋˿̍˿̇̅˹˷̄˿̖ ̉˼̇̃̅̈̉̅̀́̅˺̅ 

̆̅̂˿̔̉˿̂˼̄˷ PE-RT. ˛̖̂ ̔̉̅˺̅ ˸̒̂˿ ̅̆̇˼-

˻˼̂˼̄̒ ̆̇̅̎̄̅̈̉̄̒˼ ̌˷̇˷́̉˼̇˿̈̉˿́˿, ̉˹˼̇-

˻̅̈̉̓ ̆̅ ˯̅̇̊, ̉˼̇̃˿̎˼̈́˷̖ ̈̉˷˸˿̂̓̄̅̈̉̓, 

̉˼̆̂̅- ˿ ̉˼̃̆˼̇˷̉̊̇̅̆̇̅˹̅˻̄̅̈̉̓ ́̅̃̆̅˾˿-

̉̅˹ PE-RT ̈ ̉˼̌̄˿̎˼̈́˿̃ ̊˺̂˼̇̅˻̅̃, ˿̈̌̅˻-

̄̒̃˿ ˿ ̋̊̄́̍˿̅̄˷̂˿˾˿̇̅˹˷̄̄̒̃˿ ̄˷̄̅-

̉̇̊˸́˷̃˿ ̆̇˿ ̇˷˾̂˿̎̄̒̌ ́̅̄̍˼̄̉̇˷̍˿̖̌ ̃̅-

˻˿̋˿́˷̉̅̇̅˹.  

ǎǢǴǧǲǪǢǭǽ Ǫ мǧǴоǦǽ 

В ̇˷˸̅̉˼ ˿̈̆̅̂̓˾̅˹˷̄̒ ̊˺̂˼̇̅˻̄̒˼ ̃̄̅˺̅-

̈̂̅̀̄̒˼ ̍˿̂˿̄˻̇˿̎˼̈́˿˼ ̊˺̂˼̇̅˻̄̒˼ ̄˷̄̅̉̇̊˸-

́˿ «˩˷̊̄˿̉-ˣ» ̆̇̅˿˾˹̅˻̈̉˹˷ ˥˥˥ «ˤ˷̄̅̉˼̌-
̍˼̄̉̇» (˧̅̈̈˿̖, ˺. ˩˷̃˸̅˹) ˻˿˷̃˼̉̇̅̃ 10–20 ̄̃, 

˻̂˿̄̅̀ ̄˼ ̃˼̄˼˼ 2 ̃́̃, ̆̅̂̊̎˼̄̄̒˼ CVD-

̃˼̉̅˻̅̃ ̄˷ ́˷̉˷̂˿˾˷̉̅̇˼ Co-Mo/Mg-Al. ˟̌ 

̋̊̄́̍˿̅̄˷̂˿˾˷̍˿̕ ̈̉˼˷̇˷̉-̉˿̉˷̄˷̉̄̒̃˿ 

˺̇̊̆̆˷̃˿ ̅̈̊̐˼̈̉˹̖̂̂˿ ̆̅ ̃˼̉̅˻˿́˼ [11]. ˛̖̂ 

̔̉̅˺̅ ̈̄˷̎˷̂˷ 10 ˺ ˪ˤ˩ ̆̅˻˹˼̇˺˷̂˿ ̅˸̇˷˸̅̉́˼ ˹ 

500 ̃̂ ́̅̄̍˼̄̉̇˿̇̅˹˷̄̄̅̀ ˷˾̅̉̄̅̀ ́˿̈̂̅̉̒ 

(́˹˷̂˿̋˿́˷̍˿˿ «̌̎») ̆̇˿ 110 ˨ ˹ ̉˼̎˼̄˿˼ 
5 ̎˷̈̅˹, ̆̅̈̂˼ ̎˼˺̅ ̆̇̅̃̒˹˷̂˿ ̄˷ ̋˿̂̓̉̇˼ ˻˿-

̈̉˿̂̂˿̇̅˹˷̄̄̅̀ ˹̅˻̅̀ ˻̅ ̄˼̀̉̇˷̂̓̄̅˺̅ Ȑǭ. 

˦̇˿ ̔̉̅̃ ˸̒̂˷ ̆̅̂̊̎˼̄˷ 40 %-̄˷̖ (̃˷̈̈.) ˹̅˻-

̄˷̖ ̆˷̈̉˷ ́˷̇˸̅́̈˿̂˿̇̅˹˷̄̄̒̌ ˪ˤ˩ ̈ ̈̅˻˼̇-

˽˷̄˿˼̃ ˨˥˥ˤ-˺̇̊̆̆, ̇˷˹̄̒̃ (̆̅ ˻˷̄̄̒̃ 

̉˿̉̇˿̃˼̉̇˿˿) 0,6 ̃̃̅̂̓/˺. К ̄˼̀ ˸̒̂̅ ˻̅˸˷˹-

̂˼̄̅ 1,5 ˺ ̉̇˿̔̉˷̄̅̂˷̃˿̄˷ ˿ 200 ̃̂ ˻˿̈̉˿̂̂˿-

̇̅˹˷̄̄̅̀ ˹̅˻̒, ̆̅̈̂˼ ̎˼˺̅ ̈̃˼̈̓ ̃˼̌˷̄˿̎˼̈́˿ 

̆˼̇˼̃˼̏˿˹˷̂˿ ˻̅ ̅˸̇˷˾̅˹˷̄˿̖ ̅˻̄̅̇̅˻̄̅̀ 

̈̊̈̆˼̄˾˿˿, ̅˸̇˷˸˷̉̒˹˷̂˿ ̊̂̓̉̇˷˾˹̊́̅̃ ̄˷ 
̊̈̉˷̄̅˹́˼ ˟ˢ-100 ˹ ̉˼̎˼̄˿˼ 0,5 ̎˷̈˷ ˿ ̅̌̂˷-
˽˻˷̂˿. ˞˷̉˼̃ ˹ ̄˼˼ ̆̇˿ ̆˼̇˼̃˼̏˿˹˷̄˿˿ ˸̒̂̅ 

˻̅˸˷˹̂˼̄̅ 100 ̃̂ ̇˷̈̉˹̅̇˷, ̈̅˻˼̇˽˷̐˼˺̅ 7 ˺ 
̉̇˿̔̉˷̄̅̂˷̃˿̄̉˿̉˷̄˷̉˷, ˿ 150 ̃̂ ̇˷̈̉˹̅̇˷, 
̈̅˻˼̇˽˷̐˼˺̅ 11 ˺ ̈̉˼˷̇˿̄̅˹̅̀ ́˿̈̂̅̉̒ ˿ 6,5 ˺ 
̉̇˿̔̉˷̄̅̂˷̃˿̄˷. ˦̅̂̊̎˼̄̄̊̕ ̈̃˼̈̓ ̆˼̇˼̃˼-
̏˿˹˷̂˿ ˹ ̉˼̎˼̄˿˼ 2 ̎˷̈̅˹. ˥˻̄̅˹̇˼̃˼̄̄̅ ˹ ̄˼˼ 
̆̇̅̆̊̈́˷̂˿ ̊˺̂˼́˿̈̂̒̀ ˺˷˾ ̈̅ ̈́̅̇̅̈̉̓̕ 

1 ̂/̃˿̄. ˦̅ ̅́̅̄̎˷̄˿˿ ̆̇̅̍˼̈̈˷ ̆̇̅˻̊́̉ 
̆̇˼˻̈̉˷˹̖̂̂ ̈̅˸̅̀ ̅̈˷˻̅́, ́̅̉̅̇̒̀ ̆̇̅̃̒˹˷-
̂˿ ̄˷ ̋˿̂̓̉̇˼ ˻˿̈̉˿̂̂˿̇̅˹˷̄̄̅̀ ˹̅˻̅̀ ˿ ˹̒-

̈̊̏˿˹˷̂˿ ˹ ˹˷́̊̊̃̄̅̃ ̈̊̏˿̂̓̄̅̃ ̏́˷̋̊ ̆̇˿ 

80 ˨ ˻̅ ̆̇˼́̇˷̐˼̄˿̖ ̆̅̉˼̇˿ ̃˷̈̈̒. В ̇˼˾̊̂̓-
̉˷̉˼ ˸̒̂̅ ̆̅̂̊̎˼̄̅ 22,2 ˺ ̋̊̄́̍˿̅̄˷̂˿˾˿̇̅-

˹˷̄̄̒̌ ˪ˤ˩, ˹ ́̅̉̅̇̒̌ ̃˷̈̈̅˹˷̖ ˻̖̅̂ ̈̉˼˷̇˷-

̉˷ ̉˿̉˷̄˷ ̈̅̈̉˷˹˿̂˷ ̅́̅̂̅ 55 %. 

˦˴ˣ-˿˾̅˸̇˷˽˼̄˿̖ (̆̅̂̊̎˼̄̄̒˼ ̄˷ ̆̇̅-

̈˹˼̎˿˹˷̐̕˼̃ ̔̂˼́̉̇̅̄̄̅̃ ̃˿́̇̅̈́̅̆˼ Jeol 

JEM 2100) ˿̈̌̅˻̄̒̌ ˿ ̋̊̄́̍˿̅̄˷̂˿˾˿̇̅˹˷̄-

̄̒̌ ˪ˤ˩ ̆̇˼˻̈̉˷˹̂˼̄̒ ̄˷ ̇˿̈. 1. В ̆̅̈̂˼˻̄˼̃ 

̈̂̊̎˷˼ ̄˷ ̆̅˹˼̇̌̄̅̈̉˿ ̄˷̄̅̉̇̊˸̅́ ˿˻˼̄̉˿̋˿-

̍˿̇̅˹˷̄ ̃̅˻˿̋˿̍˿̇̊̐̕˿̀ ̈̂̅̀ ̈̉˼˷̇˷̉˷ ̉˿-

̉˷̄˷ ̉̅̂̐˿̄̅̀ ˻̅ 2 ̄̃.  

˪̈˿̂˼̄˿˼ ̆˿́˷ D (̆̇˿ 1300 ̈̃–1) ̅̉̄̅̈˿-

̉˼̂̓̄̅ G (̆̇˿ 1500 ̈̃–1) ̄˷ ̈̆˼́̉̇˷̌ К˧ 

(̇˿̈. 2) ̋̊̄́̍˿̅̄˷̂˿˾˿̇̅˹˷̄̄̒̌ ˪ˤ˩ ̆̅ 

̈̇˷˹̄˼̄˿̕ ̈ ˿̈̌̅˻̄̒̃˿ ̅˸̊̈̂̅˹̂˼̄̅ ̉˼̃, ̎̉̅ 

˷̂́˿̂̓̄̒˼ ˺̇̊̆̆̒ ̈̉˼˷̇˷̉˷ ̉˿̉˷̄˷ ̅˸̇˷˾̅˹˷̄̒ 

˷̉̅̃˷̃˿ ̊˺̂˼̇̅˻˷ ˹ sp3-̖̈̅̈̉̅̄˿˿.  
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˧˿̈. 1. ˦˴ˣ-˿˾̅˸̇˷˽˼̄˿̖ ˿̈̌̅˻̄̒̌ (а) ˿ ̋̊̄́̍˿̅̄˷̂˿˾˿̇̅˹˷̄̄̒̌ ̈̉˼˷̇˷̉̅̃ ̉˿̉˷̄˷ (ȁ) ˪ˤ˩ 

Fig. 1. TEM-images of the raw (a) and functionalized by titanium stearate (ȁ) SNTs 
 

 И̦те̦̭и̦̏о̭ть KP, cps 

ˁд̏и̐ Кˀ, ̭̥–1 

1

2

 
 

˧˿̈. 2. ˫̇˷˺̃˼̄̉ ̈̆˼́̉̇˷ К˧ (DXR Raman Microscope,  = 532 ̄̃)  

˿̈̌̅˻̄̒̌ (1) ˿ ̋̊̄́̍˿̅̄˷̂˿˾˿̇̅˹˷̄̄̒̌ ̈̉˼˷̇˷̉̅̃ ̉˿̉˷̄˷ (2) ˪ˤ˩ 

Fig. 2. Fragment of the spectrum KP (DXR Raman Microscope,  = 532 nm)  

of the raw (1) and functionalized by titanium stearate (2) CNTs 
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˛̖̂ ̈̇˷˹̄˼̄˿̖ ˹ ́˷̎˼̈̉˹˼ ̄˷̆̅̂̄˿̉˼̖̂ ˿̈-
̆̅̂̓˾̅˹˷̄ ̉˼̌̄˿̎˼̈́˿̀ ̊˺̂˼̇̅˻ ˦-234. 

ˣ̅˻˿̋˿̍˿̇̅˹˷̄˿̕ ̆̅˻˹˼̇˺˷̖̂̈ ̉˼̇̃̅-

̈̉̅̀́˿̀ ̆̅̂˿̔̉˿̂˼̄ ̃˷̇́˿ PE-RT SP 988 

(LG Chem, ˵˽̄˷̖ К̅̇˼̖). К̅̄̍˼̄̉̇˷̍˿̖ 

̄˷̆̅̂̄˿̉˼̖̂ (˪ˤ˩, ̋̊̄́̍˿̅̄˷̂˿˾˿̇̅˹˷̄̄̒˼ 
˪ˤ˩, ̉˼̌̄˿̎˼̈́˿̀ ̊˺̂˼̇̅˻) ̈̅̈̉˷˹̖̂̂˷ 0,01–

1,5 ̃˷̈̈. %. ˨̃˼̏˼̄˿˼ ̃̅˻˿̋˿̍˿̇̊̐̕˿̌ ˻̅-

˸˷˹̅́ ̈ ˺̇˷̄̊̂˿̇̅˹˷̄̄̒̃ ̆̅̂˿̔̉˿̂˼̄̅̃ 

̅̈̊̐˼̈̉˹̖̂̂˿ ˹ ̇˷̈̆̂˷˹˼ ˹ ̇̅̉̅̇̄̅̃ ̈̃˼̈˿-

̉˼̂˼ «˘̇˷˸˼̄˻˼̇». ˤ˼̅˸̌̅˻˿̃̒˼ ˻̖̂ ˿̈̈̂˼˻̅-

˹˷̄˿̖ ̅˸̇˷˾̍̒ ̆̅̂̊̎˷̂˿ ̃˼̉̅˻̅̃ ̂˿̖̉̓ ̆̅˻ 

˻˷˹̂˼̄˿˼̃.  

˟̈̈̂˼˻̅˹˷̄˿̖ ̉˹˼̇˻̅̈̉˿ ́̅̃̆̅˾˿̉̅˹ ̆̅ 

˯̅̇̊ (̏́˷̂˷ ˛) ̆̇̅˹̅˻˿̂˿ ̄˷ ̆̇˿˸̅̇˼ ̃̅˻˼-
̂˿ ˟˩ 5069 ˪ˬˢ 4,2 (˚˥˨˩ 23677–79). ˦̇̅̎-

̄̅̈̉̄̒˼ ̌˷̇˷́̉˼̇˿̈̉˿́˿ ̅̍˼̄˿˹˷̂˿ ̄˷ ̃˷-
̏˿̄˼ ˻̖̂ ˿̈̆̒̉˷̄˿̖ ̆̅̂˿̃˼̇̅˹ DBBMTCL-

500 kg (Testometric, В˼̂˿́̅˸̇˿̉˷̄˿̖). ˦̅-

˺̇˼̏̄̅̈̉̓ ˿˾̃˼̇˼̄˿̀ ̄˷ ̔̉̅̃ ̆̇˿˸̅̇˼ ̈̅̈̉˷˹-

̖̂˼̉ 5 %. 

˟̈̈̂˼˻̅˹˷̄˿˼ ̉̇˿˸̅̉˼̌̄˿̎˼̈́˿̌ ̌˷̇˷́̉˼-
̇˿̈̉˿́ ̆̇̅˹̅˻˿̂˿ ̄˷ ̃˷̏˿̄˼ ̉̇˼̄˿̖ ̅̆̇˼˻˼-
̂˼̄˿˼̃ ˹˼̈̅˹̅˺̅ ˿˾̄̅̈˷ [15]. ˥˸̇˷˾̍̒ ̍˿̂˿̄-

˻̇˿̎˼̈́̅̀ ̋̅̇̃̒, ˻˿˷̃˼̉̇̅̃ 35 ̃̃, ˹̒̈̅̉̅̀ 

6,5 ̃̃ ˾˷́̇˼̖̆̂̂˿̈̓ ˹˿̄̉̅̃ ˹ ̍˼̄̉̇˼ ̄˷ ̈̉̅̂˼ 
̃˷̏˿̄̒ ̉̇˼̄˿̖. В ́˷̎˼̈̉˹˼ ́̅̄̉̇̉˼̂˷ ˿̈̆̅̂̓-

˾̅˹˷̂˷̈̓ ̈˼̉́˷ ˷˸̇˷˾˿˹̄˷̖ ˧150 (75–106 ̃́̃), 

˻˿˷̃˼̉̇ ̇˷˸̅̎˼̀ ˾̅̄̒ ́̅̄̉̇̉˼̂˷ ̈̅̈̉˷˹̖̂̂ 120 

̃̃. В˼̈̅˹̅̀ ˿˾̄̅̈ ̅̆̇˼˻˼̖̂̂˿ ̆̅ ̇˷˾̄˿̍˼ 
̃˷̈̈̒ ̅˸̇˷˾̍˷ ˻̅ ˿ ̆̅̈̂˼ ˿̈̆̒̉˷̄˿̖. В̇˼̖̃ 

̆̇̅˹˼˻˼̄˿̖ ̔́̈̆˼̇˿̃˼̄̉˷ ̈̅̈̉˷˹̖̂̂̅ 20 ̃˿-

̄̊̉, ̄˷˺̇̊˾́̊ ̄˷ ̅˸̇˷˾˼̍ ˾˷˻˷˹˷̂˿ ̊̈˿̂˿˼̃ 0,5 

́˺ ̈ ̆̂˼̎̅̃ 200 ̃̃ ̅̉ ̅̈˿ ̃˼̌˷̄˿˾̃˷ ̅̆̊̈́˷-
̄˿̖ ̆˷̉̇̅̄˷ ˿ ́̅̄̉̇̅̂˿̇̅˹˷̂˿ ̆̇̊˽˿̄̄̒̃˿ 

˹˼̈˷̃˿ ̄˷ ̖̆̇̅̉˽˼̄˿˿ ˹̈˼˺̅ ˹̇˼̃˼̄˿ ̔́̈̆˼-
̇˿̃˼̄̉˷. ˮ˷̈̉̅̉˷ ˹̇˷̐˼̄˿̖ ́̅̄̉̇̉˼̂˷ ̈̅̈̉˷˹-

̖̂̂˷ 12,5 ̅˸/̃˿̄. 

˨̊̉̅̎̄̅˼ ˹̅˻̅̆̅˺̂̅̐˼̄˿˼ ́̅̃̆̅˾˿̉̅˹ 

̅̍˼̄˿˹˷̂˿ ̆̅ ˚˥˨˩ 4650–2014. 

˟̈̈̂˼˻̅˹˷̄˿˼ ̉˼̆̂̅- ˿ ̉˼̃̆˼̇˷̉̊̇̅̆̇̅-

˹̅˻̄̅̈̉˿ ̆̇̅˹̅˻˿̂˿ ̈ ̆̅̃̅̐̓̕ ˿̄̋̅̇̃˷̍˿-

̅̄̄̅-˿˾̃˼̇˿̉˼̂̓̄̅̀ ̈˿̈̉˼̃̒ ̉˼̆̂̅̋˿˾˿̎˼-
̈́˿̌ ̈˹̅̀̈̉˹ ̉˹˼̇˻̒̌ ̃˷̉˼̇˿˷̂̅˹ (˟˟˨ ˤК 

˩˫˨ˣ) [14], ́̅̉̅̇˷̖ ̆̇˼˻˹˷̇˿̉˼̂̓̄̅ ́˷̂˿˸-

̇̅˹˷̂˷̈̓ ̄˷ ̔̉˷̂̅̄̄̒̌ ̃˷̉˼̇˿˷̂˷̌ (̆̅̂˿̃˼-
̉˿̂̃˼̉˷́̇˿̂˷̉ ˿ ̇˿̆̅̇). ˭˿̂˿̄˻̇˿̎˼̈́˿̀ 

̅˸̇˷˾˼̍ ˻˿˷̃˼̉̇̅̃ 35 ̃̃ ̆̅̃˼̐˷̂˿ ̄˷ ̂˷˸̅-

̇˷̉̅̇̄̒̀ ̈̉̅̂, ̈˹˼̇̌̊ ̊̈̉˷̄˷˹̂˿˹˷̂˿ ˿˾̃˼̇˿-

̉˼̂̓̄̒̀ ˾̅̄˻. ˦̅̈̂˼ 10 ̃˿̄̊̉ ̉˼̇̃̅̈̉˷̉˿̇̅-

˹˷̄˿̖ ̆̇̅˿˾˹̅˻˿̂˿ ˿˾̃˼̇˼̄˿˼ ̉˼̆̂̅̆̇̅˹̅˻-

̄̅̈̉˿. В̇˼̖̃ ̃˼˽˻̊ ̔́̈̆˼̇˿̃˼̄̉˷̃˿ ̈̅̈̉˷˹-

̖̂̂̅ 15 ̃˿̄̊̉.  
˩˼̇̃˿̎˼̈́̊̕ ̈̉˷˸˿̂̓̄̅̈̉̓ ́̅̃̆̅˾˿̉̅˹ 

̅̍˼̄˿˹˷̂˿ ̄˷ ̅̈̄̅˹˷̄˿˿ ˷̄˷̂˿˾˷ ˩˚/˛˨К-

́̇˿˹̒̌, ̆̅̂̊̎˼̄̄̒̌ ̄˷ ̆̇˿˸̅̇˼ ̈˿̄̌̇̅̄̄̅˺̅ 

̉˼̇̃˿̎˼̈́̅˺̅ ˷̄˷̂˿˾˷ STA 449 F3 Jupiter 

(Netzsch). В̅ ˹̇˼̖̃ ˿˾̃˼̇˼̄˿̀ ̆˼̎̓ ˾˷̖̆̅̂̄̂˿ 

˹̅˾˻̊̌̅̃ ̈ ̇˷̈̌̅˻̅̃ 30 ̃̂/̃˿̄. ˩˼̃̆˼̇˷̉̊̇-

̄˷̖ ̆̇̅˺̇˷̃̃˷ ˹́̂̎̕˷̂˷ ˹̒˻˼̇˽́̊ ̆̇˿ ̉˼̃̆˼-
̇˷̉̊̇˼ 30˨ ˹ ̉˼̎˼̄˿˼ 10 ̃˿̄̊̉, ̄˷˺̇˼˹ ̅̉ 30 ˻̅ 

900 ˨ ̈̅ ̈́̅̇̅̈̉̓̕ 10 ˨/̃˿̄ ˿ ̅̌̂˷˽˻˼̄˿˼ 
̅˸̇˷˾̍̅˹ ˻̅ ́̅̃̄˷̉̄̅̀ ̉˼̃̆˼̇˷̉̊̇̒ ̈̅ ̈́̅̇̅-

̈̉̓̕ 15 ˨/̃˿̄. 

ǟǬǳǱǧǲǪмǧǯǴǢǭǾǯоǧ ǪǳǳǭǧǦоǤǢǯǪǧ 

˧˼˾̊̂̓̉˷̉̒ ̃˼̌˷̄˿̎˼̈́˿̌ ˿̈̆̒̉˷̄˿̀ ̆̅-

̂˿̔̉˿̂˼̄̅˹̒̌ ́̅̃̆̅˾˿̉̅˹ ̈ ̇˷˾̂˿̎̄̒̃˿ ̉˿-

̆˷̃˿ ̊˺̂˼̇̅˻̄̒̌ ̃̅˻˿̋˿́˷̉̅̇̅˹ (̉˼̌̄˿̎˼-

̈́˿̀ ̊˺̂˼̇̅˻ ˦-234, ˿̈̌̅˻̄̒˼ ˿ ̋̊̄́̍˿̅̄˷-

̂˿˾˿̇̅˹˷̄̄̒˼ ˪ˤ˩) ̆̇˼˻̈̉˷˹̂˼̄̒ ˹ ̉˷˸̂˿̍˼. 

ˤ˼̅˸̌̅˻˿̃̅ ̅̉̃˼̉˿̉̓, ̎̉̅ ˹˹˼˻˼̄˿˼ ́˷́ 

̉˼̌̄˿̎˼̈́̅˺̅ ̊˺̂˼̇̅˻˷, ̉˷́ ˿ ˪ˤ˩, ́˷́ ̆̇˷˹˿-

̂̅, ̈̆̅̈̅˸̈̉˹̊˼̉ ̊̂̊̎̏˼̄˿̕ ̋˿˾˿́̅-̃˼̌˷̄˿-

̎˼̈́˿̌ ̆̅́˷˾˷̉˼̂˼̀ ̆̅̂˿̔̉˿̂˼̄˷.  
˪˹˼̂˿̎˼̄˿˼ ̉˹˼̇˻̅̈̉˿ ̆̅ ˯̅̇̊ ̃̅˽˼̉ ˻̅-

̈̉˿˺˷̉̓ 3,5 ˿ 7 ˼˻˿̄˿̍ ˹ ̆̇˿̈̊̉̈̉˹˿˿ ̈̅̅̉˹˼̉-
̈̉˹˼̄̄̅ ˦-234 ˿ ̊˺̂˼̇̅˻̄̒̌ ̄˷̄̅̉̇̊˸̅́. ˥˻-

̄˷́̅ ̄˼̅˸̌̅˻˿̃̅ ̅̉̃˼̉˿̉̓, ̎̉̅ ˻˷̄̄̒̀ ̆̅́˷-
˾˷̉˼̂̓ ̄˷˸̂̕˻˷˼̖̉̈ ̆̇˿ ́̅̄̍˼̄̉̇˷̍˿˿ ˿̈̌̅˻-

̄̒̌ ˪ˤ˩ ˹ ́̅̃̆̅˾˿̉˼, ̇˷˹̄̅̀ 1,5 ̃˷̈̈. %. 

˫̊̄́̍˿̅̄˷̂˿˾˿̇̅˹˷̄̄̒̌ ˪ˤ˩ ˻̖̂ ˻̅̈̉˿˽˼-
̄˿̖ ˷̄˷̂̅˺˿̎̄̅˺̅ ̔̋̋˼́̉˷ ̉̇˼˸̊˼̖̉̈ ˹̈˼˺̅ 

0,1 ̃˷̈̈. %, ̉. ˼. ˹ 15 ̇˷˾ ̃˼̄̓̏˼. ˣ˷́̈˿̃˷̂̓-

̄̒̀ ̈́˷̎̅́ ̉˹˼̇˻̅̈̉˿ ̄˷˸̂̕˻˷˼̖̉̈ ̆̇˿ ̄˷˿˸̅-

̂˼˼ ̄˿˾́̅̃ ̈̅˻˼̇˽˷̄˿˿ ̃̅˻˿̋˿́˷̉̅̇˷, ˾˷̉˼̃ 

̆̇̅˿̈̌̅˻˿̉ ˼˼ ̆̂˷˹̄̅˼ ̈̄˿˽˼̄˿˼, ̊˹˼̂˿̎˼̄˿˼ 
˿̂˿ ̈̉˷˸˿̂˿˾˷̍˿̖. 
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ǖǪǩǪǬо-мǧǷǢǯǪǹǧǳǬǪǧ ǳǤоǫǳǴǤǢ ǱоǭǪǿǴǪǭǧǯоǤǽǷ ǬомǱоǩǪǴоǤ 

Physico-mecanical properties of the polyethylene composites 

ˣ̅˻˿̋˿́˷̉̅̇ ˣ˷̈̈. ˻̖̅̂, % 
˩˹˼̇˻̅̈̉̓ 

̆̅ ˯̅̇̊ 
В˼̈̅˹̅̀ ˿˾̄̅̈, ˺

ˣ˷́̈˿̃˷̂̓̄̅˼ ̄˷̖̆̇˽˼̄˿˼, ˤ/̃̃2

̆̇˿ ̈̇˼˾˼ ̆̇˿ ˿˾˺˿˸˼ 

˥̉̈̊̉̈̉˹̊˼̉  
(˿̈̌̅˻̄̅˼ ̖̈̅̈̉̅̄˿˼) 

– 56 0,0409 17,1 37,9 

˦-234 0,01 58 0,0356 17,2 38,9 

0,1 57,5 0,0321 16,6 41,5 

0,5 57,5 0,0289 17,1 37,1 

1,0 59,5 0,0336 18,2 42,5 

1,5 59,5 0,0347 17,1 42,2 

˪ˤ˩ 0,01 60 0,0293 17,2 38,4 

0,1 61 0,0261 17,2 37,7 

0,5 61 0,0241 17,5 38 

1,0 62 0,0238 17,5 37,5 

1,5 63 0,0248 17,5 38 

˫̊̄́̍˿̅̄˷̂˿-

˾˿̇̅˹˷̄̄̒˼ ˪ˤ˩ 

0,01 62,5 0,0187 18,5 38,9 

0,1 63 0,0191 17,3 41,5 

0,5 62,5 0,0219 17,5 37,1 

1,0 62 0,0227 16,5 42,5 

1,5 62 0,0223 17,5 42,2 

 

˪̈̉̅̀̎˿˹̅̈̉̓ ́ ˹˼̈̅˹̅̃̊ ˿˾̄̅̈̊ ̉˷́˽˼ ˾˷-
̃˼̉̄̅ ̆̅˹̒̏˷˼̖̉̈ ˹ ̆̇˿̈̊̉̈̉˹˿˿ ̊˽˼ 0,01 

̃˷̈̈. % ̊˺̂˼̇̅˻̄̒̌ ̃˷̉˼̇˿˷̂̅˹. ˦̇˿̎˼̃ ̈˷-
̃̒̃˿ ̔̋̋˼́̉˿˹̄̒̃˿ ̅́˷˾̒˹˷̖̉̈̕ ̋̊̄́̍˿̅-

̄˷̂˿˾˿̇̅˹˷̄̄̒˼ ˪ˤ˩ ̆̇˿ ̈˷̃̅̀ ̄˿˾́̅̀ ́̅̄-

̍˼̄̉̇˷̍˿˿. ˥̄˿ ̆̅˾˹̖̅̂̉̕ ̈̄˿˾˿̉̓ ˹˼̈̅˹̅̀ 

˿˾̄̅̈ ́̅̃̆̅˾˿̉˷ ̄˷ 54 %. 

˦̅́˷˾˷̉˼̂˿ ̃˷́̈˿̃˷̂̓̄̅˺̅ ̄˷̖̆̇˽˼̄˿̖ 

̆̅̂˿̔̉˿̂˼̄˷ ̄˷ ˿˾˺˿˸ ˿ ̈̇˼˾ ̆̅˻ ˻˼̀̈̉˹˿˼̃ 

̊˺̂˼̇̅˻̄̒̌ ̃̅˻˿̋˿́˷̉̅̇̅˹ ̃˼̖̖̄̉̈̕ ̄˼ ̈̉̅̂̓ 
̅˻̄̅˾̄˷̎̄̅. ˦̇˿ ̄˼́̅̉̅̇̒̌ ́̅̄̍˼̄̉̇˷̍˿̖̌ 

˦-234, ˿̈̌̅˻̄̒̌ ˿ ̋̊̄́̍˿̅̄˷̂˿˾˿̇̅˹˷̄̄̒̌ 

˪ˤ˩ ˹̅˾̃̅˽̄̅ ̊̌̊˻̏˼̄˿˼ ˻˷̄̄̒̌ ̈˹̅̀̈̉˹. 

В ̂̊̎̏˼̃ ̈̂̊̎˷˼ ̃̅˽̄̅ ˻̅̈̉˿̎̓ ̆̇˿̇̅̈̉˷ 
̃˷́̈˿̃˷̂̓̄̅˺̅ ̄˷̖̆̇˽˼̄˿̖ ˹ ̊̈̂̅˹˿̖̌ ̈̇˼˾˷ 
̄˷ 8,2 % ˹ ̆̇˿̈̊̉̈̉˹˿˿ 0,01 ̃˷̈̈. % ̋̊̄́̍˿̅-

̄˷̂˿˾˿̇̅˹˷̄̄̒̌ ˪ˤ˩, ˷ ˹ ̊̈̂̅˹˿̖̌ ̈˺˿˸˷ – ̄˷ 
12,1 % ˹ ̆̇˿̈̊̉̈̉˹˿˿ 1 ̃˷̈̈. % ˦-234 ˿̂˿ 

̋̊̄́̍˿̅̄˷̂˿˾˿̇̅˹˷̄̄̒̌ ˪ˤ˩. 

˞˷˹˿̈˿̃̅̈̉̓ ̈̊̉̅̎̄̅˺̅ ˹̅˻̅̆̅˺̂̅̐˼̄˿̖ ̆̅-

̂˿̔̉˿̂˼̄̅˹̅˺̅ ́̅̃̆̅˾˿̉˷ ̅̉ ́̅̄̍˼̄̉̇˷̍˿˿ ̊˺̂˼-
̇̅˻̄̅˺̅ ̃̅˻˿̋˿́˷̉̅̇˷ ̆̇˼˻̈̉˷˹̂˼̄˷ ̄˷ ̇˿̈. 3. 

В˹˼˻˼̄˿˼ ˦-234 ˿ ˪ˤ˩ ̈̆̅̈̅˸̈̉˹̊˼̉ ˺˿˻̇̅̋̅˸˿-

˾˷̍˿˿ ̃˷̉˼̇˿˷̂˷. ˦̇˿̎˼̃ ˾˷˹˿̈˿̃̅̈̉̓ ̆̅́˷˾˷̉˼-
̖̂ ˹̅˻̅̆̅˺̂̅̐˼̄˿̖ ́̅̃̆̅˾˿̉˷ ̅̉ ́̅̄̍˼̄̉̇˷̍˿˿ 

̄˷̆̅̂̄˿̉˼̖̂ ̃̅˽˼̉ ˸̒̉̓ ̇˷˾̂˿̎̄̅̀. В ̆̇˿̈̊̉-
̈̉˹˿˿ ˦-234 ̅̄˷ ˿̃˼˼̉ ̃˿̄˿̃̊̃ ̆̇˿ 0,1 ̃˷̈̈. %. 

˦̇˿ ˻̅˸˷˹̂˼̄˿˿ ̄˼̋̊̄́̍˿̅̄˷̂˿˾˿̇̅˹˷̄̄̒̌ 
˪ˤ˩ ̃˿̄˿̃˷̂̓̄̅˼ ˹̅˻̅̆̅˺̂̅̐˼̄˿˼ ́̅̃̆̅˾˿̉˷ 
̄˷˸̂̕˻˷˼̖̉̈ ̆̇˿ 0,1 ̃˷̈̈. %. ˞˷˹˿̈˿̃̅̈̉̓ ˻˷̄-

̄̅˺̅ ̆̅́˷˾˷̉˼̖̂ ̅̉ ́̅̄̍˼̄̉̇˷̍˿˿ ̋̊̄́̍˿̅̄˷-
̂˿˾˿̇̅˹˷̄̄̒̌ ˪ˤ˩ ̄̅̈˿̉ ˿˾̃˼̄̎˿˹̒̀ ̌˷̇˷́-

̉˼̇. ˦˼̇˹̒̀ ̃˿̄˿̃̊̃ ˹̅˻̅̆̅˺̂̅̐˼̄˿̖ (0 %) 

̄˷˸̂̕˻˷˼̖̉̈ ̆̇˿ 0,01 %-̄̅̃ ̈̅˻˼̇˽˷̄˿˿ ̃̅-

˻˿̋˿́˷̉̅̇˷, ˾˷̉˼̃ ̆̇̅˿̈̌̅˻˿̉ ̄˼˾̄˷̎˿̉˼̂̓̄̅˼ 
̊˹˼̂˿̎˼̄˿˼ ˻̅ 0,06 %, ˷ ̆̇˿ 1 ˿ 1,5 %-̄̅̃ ̈̅-

˻˼̇˽˷̄˿˿ ̋̊̄́̍˿̅̄˷̂˿˾˿̇̅˹˷̄̄̒̌ ˪ˤ˩ ̈̄̅˹˷ 
̄˷˸̂̕˻˷˼̖̉̈ ̄̊̂˼˹̅̀ ̆̅́˷˾˷̉˼̂̓. 
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˧˿̈. 3. В̂˿̖̄˿˼ ́̅̄̍˼̄̉̇˷̍˿˿ ̉˼̌̄˿̎˼̈́̅˺̅ ̊˺̂˼̇̅˻˷ ˦-234 (1), ˿̈̌̅˻̄̒̌ (2) 

 ˿ ̋̊̄́̍˿̅̄˷̂˿˾˿̇̅˹˷̄̄̒̌ (3) ˪ˤ˩ ̄˷ ̈̊̉̅̎̄̅˼ ˹̅˻̅̆̅˺̂̅̐˼̄˿˼ ̆̅̂˿̔̉˿̂˼̄̅˹̒̌ ́̅̃̆̅˾˿̉̅˹ 

Fig. 3. Influence of concentrations of technical carbon ˦-234 (1), raw (2) and functionalized (3) CNTs  

on the daily moisture absorption of polyethylene composite 

 

˨̅˺̂˷̈̄̅ ˻˷̄̄̒̃, ̆̇˼˻̈̉˷˹̂˼̄̄̒̃ ̄˷ 

̇˿̈. 4, ̉˼̆̂̅̋˿˾˿̎˼̈́˿˼ ̌˷̇˷́̉˼̇˿̈̉˿́˿ ̆̅-

̂˿̔̉˿̂˼̄˷ ̆̇˿ ̃̅˻˿̋˿̍˿̇̅˹˷̄˿˿ ́˷́ ̉˼̌̄˿-

̎˼̈́˿̃ ̊˺̂˼̇̅˻̅̃, ̉˷́ ˿ ̋̊̄́̍˿̅̄˷̂˿˾˿̇̅-

˹˷̄̄̒̃˿ ̄˷̄̅̉̇̊˸́˷̃˿ ˿˾̃˼̖̖̄̉̈̕ ̄˼˾̄˷̎˿-

̉˼̂̓̄̅ (̄˼ ̄˷ ̖̆̅̇˻́˿). В̃˼̈̉̅ ̅˽˿˻˷˼̃̅˺̅ 

̆̅˹̒̏˼̄˿̖ ́̅̔̋̋˿̍˿˼̄̉˷ ̉˼̆̂̅̆̇̅˹̅˻̄̅̈̉˿ 

 ˹ ˸̅̂̓̏˿̄̈̉˹˼ ̈̂̊̎˷˼˹ ̆̇˿ ˹˹˼˻˼̄˿˿ ˦-234 ˿ 

˪ˤ˩ ̆̇̅˿̈̌̅˻˿̉ ˼˺̅ ̄˼́̅̉̅̇̅˼ ̈̄˿˽˼̄˿˼. 
˩˼̃̆˼̇˷̉̊̇̅̆̇̅˹̅˻̄̅̈̉̓  ̃˷̉˼̇˿˷̂˷ ˹̅˾̇˷̈-
̉˷˼̉ ̆̇˿̃˼̇̄̅ ̄˷ 34 % ˹ ̆̇˿̈̊̉̈̉˹˿˿ 1 ̃˷̈̈. % 

̋̊̄́̍˿̅̄˷̂˿˾˿̇̅˹˷̄̄̒̌ ̄˷̄̅̉̇̊˸̅́.  

А̄˷̂˿˾ ˩˚/˛˨К-́̇˿˹̒̌ (̇˿̈. 5) ́̅̃̆̅˾˿-

̉̅˹ «̆̅̂˿̔̉˿̂˼̄ – ̋̊̄́̍˿̅̄˷̂˿˾˿̇̅˹˷̄̄̒˼ 
˪ˤ˩» ̆̅́˷˾̒˹˷˼̉ ˿̌ ˹̒̈̅́̊̕ ̉˼̇̃̅̈̉˷˸˿̂̓-

̄̅̈̉̓. ˦̂˷˹̂˼̄˿˼ ̃˷̉˼̇˿˷̂˷ ̆̇̅˿̈̌̅˻˿̉ ̆̇˿ 

140–150 ˨. ˴̉̅ ˾˷̃˼̉̄̅ ̆̇˼˹̅̈̌̅˻˿̉ ̉˼̃̆˼̇˷-
̉̊̇̄̒̀ ˿̄̉˼̇˹˷̂ ̔́̈̆̂̊˷̉˷̍˿˿ ˿˾˻˼̂˿̀ ˿˾ ̆̅-

̂˿̔̉˿̂˼̄˷ PE-RT SP 988. ˥̈̉˷̂̓̄̒˼ ̆̇˿̈̊̉-
̈̉˹̊̐̕˿˼ ̄˷ ́̇˿˹̒̌ ̇˿̈. 5 ̆˿́˿ ˿ ̌˷̇˷́̉˼̇-

̄̒˼ ̊̎˷̈̉́˿ ̆̇˿ ˸̅̂˼˼ ˹̒̈̅́˿̌ ̉˼̃̆˼̇˷̉̊̇˷̌ 
̌˷̇˷́̉˼̇˿˾̊̉̕ ̉˼̇̃̅̅́˿̈̂˿̉˼̂̓̄̊̕ ˻˼̈̉̇̊́-

̍˿̕ ̇˷˾̂˿̎̄̒̌ ̋̇˷́̍˿̀ ̆̅̂˿̔̉˿̂˼̄˷.  

ǐбǳǵǨǦǧǯǪǧ ǲǧǩǵǭǾǴǢǴоǤ 

˩˷́˿̃ ̅˸̇˷˾̅̃, ̊˺̂˼̇̅˻̄̒˼ ̃˷̉˼̇˿˷̂̒ 

̈̆̅̈̅˸̈̉˹̊̉̕ ̊̂̊̎̏˼̄˿̕ ̖̇˻˷ ̋˿˾˿́̅-

̃˼̌˷̄˿̎˼̈́˿̌ ̆˷̇˷̃˼̉̇̅˹ ̆̅̂˿̔̉˿̂˼̄˷. ˥˻̄˷-
́̅ ̆̅́˷˾˷̉˼̂˿ ̔̋̋˼́̉˿˹̄̅̈̉˿ ˾˷˹˿̖̈̉ ̅̉ ̉˿̆˷ 
̆̇˿̃˼̖̄˼̃̅˺̅ ̊˺̂˼̇̅˻̄̅˺̅ ̃̅˻˿̋˿́˷̉̅̇˷, ˼˺̅ 

́̅̄̍˼̄̉̇˷̍˿˿ ˿ ̆̇˼˻˹˷̇˿̉˼̂̓̄̅̀ ̌˿̃˿̎˼̈́̅̀ 

̅˸̇˷˸̅̉́˿ (̋̊̄́̍˿̅̄˷̂˿˾˷̍˿˿).  

˨ ̆̅˾˿̍˿̀ ̊̂̊̎̏˼̄˿̖ ̃˼̌˷̄˿̎˼̈́˿̌ 

̈˹̅̀̈̉˹ ˸̅̂˼˼ ˹̒̈̅́˷̖ ̔̋̋˼́̉˿˹̄̅̈̉̓ ˪ˤ˩ ̆̅ 

̈̇˷˹̄˼̄˿̕ ̈ ̉˼̌̄˿̎˼̈́˿̃ ̊˺̂˼̇̅˻̅̃ ˦-234 

̅˸̊̈̂̅˹̂˼̄˷ ˿̌ ̈̉̇̊́̉̊̇̅̀ ˿ ̊̄˿́˷̂̓̄̒̃˿ 

̈˹̅̀̈̉˹˷̃˿ [16]. ˫̊̄́̍˿̅̄˷̂˿˾˿̇̅˹˷̄̄̒˼ 
˪ˤ˩ ̅˸̂˷˻˷̉̕ ̆̅˹̒̏˼̄̄̒̃ ̌˿̃˿̎˼̈́˿̃ 

̈̇̅˻̈̉˹̅̃ ́ ̃̅˻˿̋˿̍˿̇̊˼̃̅̀ ̃˷̉̇˿̍˼, ˸̂˷˺̅-

˻˷̖̇ ̎˼̃̊ ˻̖̂ ˻̅̈̉˿˽˼̄˿̖ ̄˼̅˸̌̅˻˿̃̒̌ ̆̅́˷-
˾˷̉˼̂˼̀ ́̅̃̆̅˾˿̉̅˹ ̉̇˼˸̊˼̖̉̈ ˿̌ ̇˷̈̌̅˻, ̄˷ 
̖̆̅̇˻̅́ ˿ ˸̅̂˼˼ ̈̄˿˽˼̄̄̒̀ ̆̅ ̈̇˷˹̄˼̄˿̕ ̈ 
˿̈̌̅˻̄̒̃˿ ˪ˤ˩. ˤ˼̅˸̌̅˻˿̃̅ ̅̉̃˼̉˿̉̓, ̎̉̅ ˹ 

̇˷̄˼˼ ̅̆̊˸̂˿́̅˹˷̄̄̒̌ ̇˷˸̅̉˷̌ [17] ˻̖̂ ̆̅˹̒-

̏˼̄˿̖ ̉˹˼̇˻̅̈̉˿ ˿ ̊̈̉̅̀̎˿˹̅̈̉˿ ́ ˿˾̄̅̈̊ ˹ 

́̅̃̆̅˾˿̉̒ ̄˷ ̅̈̄̅˹˼ ̆̅̂˿̔̉˿̂˼̄˷ ˹˹̅˻˿̂̅̈̓ 

˻̅ 5–10 ̃˷̈̈. % ̊˺̂˼̇̅˻̄̒̌ ̄˷̄̅̉̇̊˸̅́.  
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˧˿̈. 4. ˟˾̃˼̄˼̄˿˼ ́̅̔̋̋˿̍˿˼̄̉̅˹ ̉˼̆̂̅̆̇̅˹̅˻̄̅̈̉˿  (а) ˿ ̉˼̃̆˼̇˷̉̊̇̅̆̇̅˹̅˻̄̅̈̉˿  (ȁ) ̆̅̂˿̔̉˿̂˼̄˷ 
˹ ̆̇˿̈̊̉̈̉˹˿˿ ̉˼̌̄˿̎˼̈́̅˺̅ ̊˺̂˼̇̅˻˷ ˦-234 (1) ˿ ̋̊̄́̍˿̅̄˷̂˿˾˿̇̅˹˷̄̄̒̌ ˪ˤ˩ (2) 

Fig. 4. Change in values of the coefficients of thermal conductivity  (a) and thermal properties  (ȁ) of polyethylene 

technical carbon ˦-234 (1) and functionalized CNTs (2) 
 

˛̇̊˺˿̃ ̆̅̂̅˽˿̉˼̂̓̄̒̃ ̃̅̃˼̄̉̅̃ ̆̇˿ 

̆̇˿̃˼̄˼̄˿˿ ̋̊̄́̍˿̅̄˷̂˿˾˿̇̅˹˷̄̄̒̌ ˪ˤ˩ ˹ 

̈̅̈̉˷˹˼ ̆̅̂˿̔̉˿̂˼̄̅˹̒̌ ́̅̃̆̅˾˿̉̅˹ ̖˹̖̂˼̖̉̈ 

˹̅˾̃̅˽̄̅̈̉̓ ̆̅˹̒̏˼̄˿̖ ̊̈̉̅̀̎˿˹̅̈̉˿ ́ ˹̅˾-
˻˼̀̈̉˹˿̕ ˹̂˷˺˿. ˪˽˼ ̆̇˿ ̃˿̄˿̃˷̂̓̄̅̃ ̈̅˻˼̇-

˽˷̄˿˿ (0,01 ̃˷̈̈. %) ̊˺̂˼̇̅˻̄̒̌ ̄˷̄̅̉̇̊˸̅́ ̈ 
̉˿̉˷̄-̈̉˼˷̇˷̉̄̒̃˿ ˺̇̊̆̆˷̃˿ ̈̊̉̅̎̄̅˼ ˹̂˷˺̅-

̆̅˺̂̅̐˼̄˿˼ ̃̅˽˼̉ ̈̄˿˽˷̖̉̓̈ ˻̅ ̖̄̊̂. ˴̉̅ ̃̅-

˽˼̉ ˸̒̉̓ ̅˸̊̈̂̅˹̂˼̄̅ ́˷́ ˸̅̂˼˼ ̇˷˹̄̅̃˼̇̄̒̃ 

˻˿̈̆˼̇˺˿̇̅˹˷̄˿˼̃ ̋̊̄́̍˿̅̄˷̂˿˾˿̇̅˹˷̄̄̒̌ 
˪ˤ˩ ˹ ̆̅̂˿̃˼̇̄̅̀ ̃˷̉̇˿̍˼, ̉˷́ ˿ ˿̌ ˸̅̂˼˼ ˹̒-

̈̅́˿̃˿ ˺˿˻̇̅̋̅˸̄̒̃˿ ̈˹̅̀̈̉˹˷̃˿. ˛̖̂ ̈̇˷˹-

̄˼̄˿̖ ˹ [18] ˻̖̂ ̆̇˿˻˷̄˿̖ ̆̅̂˿̔̉˿̂˼̄̊ ̊̈̉̅̀-

̎˿˹̅̈̉˿ ́ ˹̂˷˺˼ ˹ ̄˼˺̅ ˹˹̅˻̖̉ 1,5 ̃˷̈̈. % ˪ˤ˩.  

˨̂˷˸̅˼ ˹̂˿̖̄˿˼ ˿̈̆̅̂̓˾̅˹˷̄̄̒̌ ˹ ̇˷˸̅̉˼ 
̊˺̂˼̇̅˻̄̒̌ ̃̅˻˿̋˿́˷̉̅̇̅˹ ̄˷ ̉˼̆̂̅̋˿˾˿̎˼-
̈́˿˼ ̌˷̇˷́̉˼̇˿̈̉˿́˿ ́̅̃̆̅˾˿̉̅˹ ̃̅˽̄̅ ̅˸̑-

̖̈̄˿̉̓ ˻˹̖̊̃ ̆̇˿̎˿̄˷̃˿. В̅-̆˼̇˹̒̌, ̔̉̅ ˹̒-

̈̅́˷̖ ˷˺̂̅̃˼̇˷̍˿̖ ˿ ̄˼˻̅̈̉˿˽˼̄˿˼ ̆̅̇̅˺˷ 
̆˼̖̇́̅̂̍˿˿ ˻̖̂ ˦-234 ˿ ˿̈̌̅˻̄̒̌ ˪ˤ˩. 

В ̈̂̊̎˷˼ ˿̈̆̅̂̓˾̅˹˷̄˿̖ ̋̊̄́̍˿̅̄˷̂˿˾˿̇̅˹˷̄-

̄̒̌ ˪ˤ˩ ˹ ˻̅̆̅̂̄˼̄˿˼ ́ ̔̉̅̀ ̆̇˿̎˿̄˼ ˹̂˿̖̄˿˼ 
̃̅˽˼̉ ̅́˷˾̒˹˷̉̓ ̊̈˿̂˼̄̄̅˼ ˹˾˷˿̃̅˻˼̀̈̉˹˿˼ ̈ 
̃˷̉̇˿̍˼̀, ˹ ̇˼˾̊̂̓̉˷̉˼ ̎˼˺̅ ˪ˤ˩ ̆˼̇˼̈̉˷̉̕ 
́̅̄̉˷́̉˿̇̅˹˷̉̓ ˻̇̊˺ ̈ ˻̇̊˺̅̃, ˸̊˻̊̎˿ ̇˷˾˻˼̂˼-
̄̒ ̆̇̅̈̂̅̀́˷̃˿ ˿˾ ̃˼̄˼˼ ̆̇̅˹̅˻̖̐˼˺̅ ̆̅̂˿-

̃˼̇˷. ˥˻̄˷́̅ ˾˷̃˼̉˿̃: ̊̎˿̉̒˹˷̖, ̎̉̅ ̈̂˿̏́̅̃ 

˹̒̈̅́˷̖ ̉˼̆̂̅̆̇̅˹̅˻̄̅̈̉̓ ̃˷̉˼̇˿˷̂˷ ̃̅˽˼̉  
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ɌȽ, % ȾɋК, ɦɤȼ/ɦɝ

Ɍɟɦɩɟɪɚɬɭɪɚ, ɋ  
 

˧˿̈. 5. ˩˚/˛˨К-́̇˿˹̒˼ ́̅̃̆̅˾˿̉˷ «̆̅̂˿̔̉˿̂˼̄ – 0,01 ̃˷̈̈. % ̋̊̄́̍˿̅̄˷̂˿˾˿̇̅˹˷̄̄̒̌ ˪ˤ˩» 

Fig. 5. T˚/˛˨-curve of composite «polyethylene – 0,01 mass. % functionalized CNTs» 

 

̈̆̅̈̅˸̈̉˹̅˹˷̉̓ ̆̅̉˼̖̇̃ ̉˼̆̂˷ ˹ ̅́̇̊˽˷̐̊̕̕ 

̈̇˼˻̊, ̆̇˿ ̆̇˿̃˼̄˼̄˿˿ ̆̅̂˿̔̉˿̂˼̄˷, ̄˷̆̇˿-

̃˼̇ ˻̖̂ ˿˾˺̅̉̅˹̂˼̄˿̖ ̉̇̊˸ ˺̖̅̇̎˼˺̅ ˹̅˻̅̈̄˷˸-

˽˼̄˿̖, ̄˿˾́˷̖ ̉˼̆̂̅̆̇̅˹̅˻̄̅̈̉̓ ̖˹̖̂˼̖̉̈ 

̈́̅̇˼˼ ̆̇˼˿̃̊̐˼̈̉˹̅̃, ̎˼̃ ̄˼˻̅̈̉˷̉́̅̃.  

ВǽǤоǦǽ 

˫̊̄́̍˿̅̄˷̂˿˾˷̍˿̖ ̊˺̂˼̇̅˻̄̒̌ ̄˷̄̅̉̇̊˸̅́ 

̉˿̉˷̄˷̉-̈̉˼˷̇˷̉̄̒̃˿ ˺̇̊̆̆˷̃˿ ̈̆̅̈̅˸̈̉˹̊˼̉ ˿̌ 
˷˻˷̆̉˷̍˿˿ ́ ̆̅̂˿̃˼̇̄̅̀ ̃˷̉̇˿̍˼ ̄˷ ̅̈̄̅˹˼ 
̆̅̂˿̔̉˿̂˼̄˷ ˿ ̔̋̋˼́̉˿˹̄̅̃̊ ̆̇˿̃˼̄˼̄˿̕ ˹ 

̈̅̈̉˷˹˼ ́̅̃̆̅˾˿̉̅˹, ̅˸̂˷˻˷̐̕˿̌ ̆̅˹̒̏˼̄̄̅̀ 

̉˹˼̇˻̅̈̉̓̕, ̊̈̉̅̀̎˿˹̅̈̉̓̕ ́ ˿˾̄̅̈̊ ˿ ˹̅˾˻˼̀-

̈̉˹˿̕ ˹̂˷˺˿. ˛˷̄̄̒˼ ̔̋̋˼́̉̒ ˻̅̈̉˷̉̅̎̄̅ ˹̒-

̇˷˽˼̄̒ ̆̇˿ ́̅̄̍˼̄̉̇˷̍˿̖̌ ̋̊̄́̍˿̅̄˷̂˿˾˿̇̅-

˹˷̄̄̒̌ ̄˷̄̅̉̇̊˸̅́, ̇˷˹̄̒̌ 0,01–0,1 ̃˷̈̈. %. 

А̄˷̂̅˺˿̎̄̒̌ ̇˼˾̊̂̓̉˷̉̅˹ ̈ ˿̈̌̅˻̄̒̃˿ (̄˼-
̋̊̄́̍˿̅̄˷̂˿˾˿̇̅˹˷̄̄̒̃˿) ˪ˤ˩ ̊˻˷˼̖̉̈ ˻̅-

̈̉˿̎̓ ̆̇˿ ́̅̄̍˼̄̉̇˷̍˿̖̌ ̄˷ ̖̆̅̇˻̅́ ˿ ˸̅̂˼˼ 
˹̒̈̅́˿̌, ̎˼̃ ̊́˷˾˷̄̄̒˼.  

˩˷́˿̃ ̅˸̇˷˾̅̃, ˿̈̆̅̂̓˾̅˹˷̄˿˼ ̋̊̄́̍˿̅-

̄˷̂˿˾˿̇̅˹˷̄̄̒̌ ˪ˤ˩ ˻̖̂ ̃̅˻˿̋˿̍˿̇̅˹˷̄˿̖ 

̉˼̇̃̅̈̉̅̀́̅˺̅ ̆̅̂˿̔̉˿̂˼̄˷ PE-RT SP 988 

̍˼̂˼̈̅̅˸̇˷˾̄̅ ˿ ̈̆̅̈̅˸̈̉˹̊˼̉ ̊̂̊̎̏˼̄˿̕ 

̔́̈̆̂̊˷̉˷̍˿̅̄̄̒̌ ̌˷̇˷́̉˼̇˿̈̉˿́ ˿˾˻˼̂˿̀ 

̄˷ ˼˺̅ ̅̈̄̅˹˼, ̄˷̆̇˿̃˼̇ ̉̇̊˸ ˬВ˨, ˚В˨ 

˿ ̅̉̅̆̂˼̄˿̖. 

˧˷˸̅̉˷ ˹̒̆̅̂̄˼̄˷ ̆̇˿ ̋˿̄˷̄̈̅˹̅̀ ̆̅˻˻˼̇˽́˼ 
˺̇˷̄̉˷ ˦̇˼˾˿˻˼̄̉˷ ˧̅̈̈˿̀̈́̅̀ ˫˼˻˼̇˷̍˿˿ ˻̖̂ ˺̅̈-
̊˻˷̇̈̉˹˼̄̄̅̀ ̆̅˻˻˼̇˽́˿ ̃̅̂̅˻̒̌ ̇̅̈̈˿̀̈́˿̌ ̊̎˼-
̄̒̌ (2018–2019 ˺˺.). 
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ТЕРМОДИНАМИКА ВОССТАНОВЛЕНИЯ ЖЕЛЕЗА  
ИЗ ОКСИДОВ МОНООКСИДОМ УГЛЕРОДА  

В СМЕСИ С ДИОКСИДОМ УГЛЕРОДА  
ПРИ ПОСТОЯННОМ СОДЕРЖАНИИ КИСЛОРОДА В СИСТЕМЕ 

А̄˷̂˿˾ ̄˷̊̎̄̅̀ ̂˿̉˼̇˷̉̊̇̒ ̆̅ ̉˼̇̃̅˻˿̄˷̃˿́˼ ̆̇̅̍˼̈̈̅˹ ̅́˿̈̂˼̄˿̖ ̃˼̉˷̂̂̅˹ ˿ ˹̅̈̈̉˷̄̅˹̂˼̄˿̖ 

˿̌ ̅́̈˿˻̅˹ ̈˹˿˻˼̉˼̂̓̈̉˹̊˼̉ ̅ ̉̅̃, ̎̉̅ ̇˼˾̊̂̓̉˷̉̒ ̉˼̇̃̅˻˿̄˷̃˿̎˼̈́˿̌ ̇˷̈̎ё̉̅˹ ˾˷˹˿̖̈̉ ̅̉ ˾˷̆˿̈˿ 

̊̇˷˹̄˼̄˿̀ ̌˿̃˿̎˼̈́˿̌ ̇˼˷́̍˿̀. ˤ˷˿˸̅̂˼˼ ̎˷̈̉̅ ˹̈̉̇˼̎˷˼̖̉̈ ˾˷̆˿̈̓ ̇˼˷́̍˿̀ ̄˷ ̃̅̂̓ ́˿̈̂̅̇̅˻˷ 
˿̂˿ ̄˷ ̃̅̂̓ ˻˿̅́̈˿˻˷ ̊˺̂˼̇̅˻˷; ̆̇˿ ̔̉̅̃ ̇˷̈̈̎˿̉̒˹˷̉̕ ́̅̄̈̉˷̄̉̊ ̇˷˹̄̅˹˼̈˿̖ ˿ ̅̆̇˼˻˼̖̂̉̕ ̇˷˹-

̄̅˹˼̈̄̒̀ ̈̅̈̉˷˹ ˺˷˾̅˹̅̀ ̋˷˾̒. ˧˷̈̈̎˿̉˷̄̄̒˼ ˹˼̂˿̎˿̄̒ ̈̉˷̄˻˷̇̉̄̒̌ ̔̄˼̇˺˿̀ ˚˿˸˸̈˷ ˿̃˼̉̕ ˹ ̔̉̅̃ 

̈̂̊̎˷˼ ˹̈̆̅̃̅˺˷̉˼̂̓̄̅˼ ˾̄˷̎˼̄˿˼. ˤ˷̃˿ ̇˷̄˼˼ ˸̒̂̅ ̆̅́˷˾˷̄̅, ̎̉̅ ̇˷̈̎ё̉ ˿ ̈̇˷˹̄˼̄˿˼ ˿˾̃˼̄˼̄˿̖ 

̈̉˷̄˻˷̇̉̄̅̀ ̔̄˼̇˺˿˿ ˚˿˸˸̈˷ ̇˷˾̂˿̎̄̒̌ ̇˼˷́̍˿̀ ˹̅˾̃̅˽˼̄ ̉̅̂̓́̅ ̉̅˺˻˷, ́̅˺˻˷ ̇˼˷́̍˿˿ ˾˷̆˿̈˷̄̒ 

̄˷ ̃̅̂̓ ˷̉̅̃̅˹ ˿̈̌̅˻̄̒̌ ˹˼̐˼̈̉˹ (̄˷ ̃̅̂̓ ̈˿̈̉˼̃̒). ˩̅̂̓́̅ ˹ ̔̉̅̃ ̈̂̊̎˷˼ ˹̅˾̃̅˽̄̅ ̅˸̅̈̄̅˹˷̄-

̄̅˼ ̆̇˼˻̆̅̎̉˼̄˿˼ ́˷́̅̀-̂˿˸̅ ̇˼˷́̍˿˿. В ̇˷˸̅̉˼ ̄˷ ̆̇˿̃˼̇˼ ̇˼˷́̍˿̀ ˹̅̈̈̉˷̄̅˹̂˼̄˿̖ ˽˼̂˼˾˷ ˿˾ 
̅́̈˿˻̅˹ ̃̅̄̅̅́̈˿˻̅̃ ̊˺̂˼̇̅˻˷ ˹ ̈̃˼̈˿ ̈ ˻˿̅́̈˿˻̅̃ ̊˺̂˼̇̅˻˷ ̆̇˿ ̖̆̅̈̉̅̄̄̅̃ ̈̅˻˼̇˽˷̄˿˿ ́˿̈̂̅-

̇̅˻˷ ˹ ̈˿̈̉˼̃˼ ̆̅́˷˾˷̄˷ ̍˼̂˼̈̅̅˸̇˷˾̄̅̈̉̓ ˿̈̆̅̂̓˾̅˹˷̄˿̖ ̆̇˼˻̂˷˺˷˼̃̅˺̅ ̃˼̉̅˻˷ ̇˷̈̎ё̉˷. ˧˷̈̈̃˷̉-
̇˿˹˷˼̃̒˼ ̇˼˷́̍˿˿ ˿̃˼̉̕ ˹˷˽̄̅˼ ̆̇˷́̉˿̎˼̈́̅˼ ˾̄˷̎˼̄˿˼ ˻̖̂ ̃˼̉˷̂̂̊̇˺˿̎˼̈́̅̀ ̆̇̅̃̒̏̂˼̄̄̅̈̉˿. 
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ВǤǧǦǧǯǪǧ 
˥̆̇˼˻˼̂˼̄˿˼ ̇˷˹̄̅˹˼̈̄̅˺̅ ̈̅̈̉˷˹˷ ˺˷˾̅˹̅̀ 

̋˷˾̒ ̆̇˿ ˹̅̈̈̉˷̄̅˹̂˼̄˿˿ ˽˼̂˼˾˷ ˿˾ ̅́̈˿˻̅˹ 

̃̅̄̅̅́̈˿˻̅̃ ̊˺̂˼̇̅˻˷ – ̆̇˼˻̃˼̉ ̃̄̅˺̅̎˿̈-
̂˼̄̄̒̌ ̉˼̅̇˼̉˿̎˼̈́˿̌ ˿ ̔́̈̆˼̇˿̃˼̄̉˷̂̓̄̒̌ 

˿̈̈̂˼˻̅˹˷̄˿̀ [1–8]. 

В ̇˷˸̅̉˷̌ [9, 10] ̃̒ ̆̇˿˹˼̂˿ ̇˷̈̎˼̉ ˿˾̃˼-
̄˼̄˿̀ ̈̉˷̄˻˷̇̉̄̅̀ ̔̄˼̇˺˿˿ ˚˿˸˸̈˷ ̇˼˷́̍˿̀ 

˹̅̈̈̉˷̄̅˹̂˼̄˿̖ ˽˼̂˼˾˷ ˿˾ ̅́̈˿˻̅˹ ˺̇˷̋˿̉̅̃ ˿ ̈ 
˹̅˻̅̇̅˻̅̃ ˹ ˿̄̉˼̇˹˷̂˼ ̉˼̃̆˼̇˷̉̊̇ 900–1600 K, 

̖̊̎̉ ˿˾̃˼̄˼̄˿˼ ̈ ̉˼̃̆˼̇˷̉̊̇̅̀ ̈̅̈̉˷˹˷ ˹̈̉̕˿-

̉˷ ̆̇˿ ̖̆̅̈̉̅̄̄̅̃ ̅̉̄̅̏˼̄˿˿ ˽˼̂˼˾˷ ́ ́˿̈-
̂̅̇̅˻̊. 

˥̆̇˼˻˼̂˼̄̄̒̀ ˿̄̉˼̇˼̈ ̆̇˼˻̈̉˷˹̖̂˼̉ ̇˷-
̈̎ё̉ ˿˾̃˼̄˼̄˿̖ ̈̉˷̄˻˷̇̉̄̅̀ ̔̄˼̇˺˿˿ ˚˿˸˸̈˷ 

̇˼˷́̍˿̀ ˹˾˷˿̃̅˻˼̀̈̉˹˿̖ ̅́̈˿˻̅˹ ˽˼̂˼˾˷ ̈ ̃̅-

̄̅̅́̈˿˻̅̃ ̊˺̂˼̇̅˻˷, ̄˷̌̅˻̖̐˿̖̃̈ ˹ ̈̃˼̈˿ ̈ 

˻˿̅́̈˿˻̅̃ ̊˺̂˼̇̅˻˷, ̆̇˿ ̖̆̅̈̉̅̄̄̅̃ ̈̅˻˼̇-

˽˷̄˿˿ ́˿̈̂̅̇̅˻˷ ˹ ̈˿̈̉˼̃˼. 

ǎǧǴоǦǪǬǢ ǲǢǳǹǧǴǢ 

А̄˷̂̅˺˿̎̄̅ ̉̅̃̊, ́˷́ ̔̉̅ ˸̒̂̅ ̈˻˼̂˷̄̅ ˹ 

̇˷˸̅̉˷̌ [9, 10], ˿˾̊̎˼̄̄̒˼ ̈̅̈̉˷˹̒ ̅̉̃˼̎˼̄̒ 

̉̅̎́˷̃˿ ̄˷ ̆̅̂˼ ́̅̄̍˼̄̉̇˷̍˿̅̄̄̅˺̅ ̉̇˼̊˺̅̂̓-
̄˿́˷ ˚˿˸˸̈˷ — ˧̅˾˼̄˸̅̃˷ ˻̖̂ ̉̇˼̌́̅̃̆̅̄˼̄̉-
̄̅̀ ̈˿̈̉˼̃̒ Fe–O–C (̈̃. ̇˿̈̊̄̅́). ˨̅̈̉˷˹̒ 

̈˿̈̉˼̃̒ Fe–O–C, ̅̉˹˼̎˷̐̕˿˼ ̆̇˿˹˼˻˼̄̄̒̃ 

˻˷̂˼˼ ̇˼˷́̍˿̖̃ (1)–(10), ̊́˷˾˷̄̒ ˹ ̉˷˸̂. 1.  

˩˼̇̃̅˻˿̄˷̃˿̎˼̈́˿̀ ̇˷̈̎ё̉ ̇˼˷́̍˿̀ ˹̅̈-

̈̉˷̄̅˹̂˼̄˿̖ ̃̅̄̅̅́̈˿˻̅̃ ̊˺̂˼̇̅˻˷ ˽˼̂˼˾˷ ˿˾ 
̅́̈˿˻̅˹ ̆̇̅˹̅˻˿̂˿ ̆̇˿ ˿˾̃˼̄˼̄˿˿ ̈̅̈̉˷˹̅˹ 

̆̅ ̈˼̎˼̄˿̖̃ ́̅̄̍˼̄̉̇˷̍˿̅̄̄̅˺̅ ̉̇˼̊˺̅̂̓̄˿-

́˷: ̅̉ ̈̅̈̉˷˹̅˹, ̈̅̅̉˹˼̉̈̉˹̊̐̕˿̌ ̅́̈˿˻˷̃ ˽˼-
̂˼˾˷, ˻̅ ̈̅̈̉˷˹̅˹ ̄˷ ̈̉̅̇̅̄˼ C–O; ̆̇˿ ̔̉̅̃ ˹ 

́˷˽˻̅̃ ̈˼̎˼̄˿˿ ̈̅˻˼̇˽˷̄˿˼ ́˿̈̂̅̇̅˻˷ ̅̈̉˷-
˹˷̂̅̈̓ ̖̆̅̈̉̅̄̄̒̃. 

˧˷̈̎ё̉ ˿˾̃˼̄˼̄˿̖ ̈̉˷̄˻˷̇̉̄̅̀ ̔̄˼̇˺˿˿ 

˚˿˸˸̈˷ ̇˼˷́̍˿̀ ̆̇̅˹̅˻˿̂˿ ̄˷ 1 ̃̅̂̓ ˷̉̅̃̅˹ 

˿̈̌̅˻̄̒̌ ˹˼̐˼̈̉˹, ́˷́ ̔̉̅ ˸̒̂̅ ˹̒̆̅̂̄˼̄̅ ˹ 

̇˷˸̅̉˷̌ [11, 12]. 

˟̈̌̅˻̄̒˼ ˻˷̄̄̒˼ ˻̖̂ ̇˷̈̎ё̉̅˹ ˹˾̖̉̒ ˿˾ 
̈̆̇˷˹̅̎̄˿́̅˹ [13, 14]. ˞̄˷̎˼̄˿̖ ̋̊̄́̍˿˿ G ˻̖̂ 

˹̈̉̕˿̉˷, ̄˷̌̅˻̖̐˼˺̖̅̈ ˹ ̇˷˹̄̅˹˼̈˿˿ ̈ ̃˷˺̄˼̉˿-

̉̅̃ (FeO(1+x)) ˿̂˿ ̈ ˽˼̂˼˾̅̃ (FeO(1+x)), c ̊̎˼-
̉̅̃ ˿˾̃˼̖̄̐̕˼˺̖̅̈ ̈ ̉˼̃̆˼̇˷̉̊̇̅̀ ̈̅̈̉˷˹˷ 
˹̈̉̕˿̉˷ ˹˾̖̉̒ ˿˾ ̇˷˸̅̉ [9, 10, 15]. 

 

   4  7         3  2      1

   9   10          6  5          8

 
 

˧˿̈. К̅̄̍˼̄̉̇˷̍˿̅̄̄̒̀ ̉̇˼̊˺̅̂̓̄˿́ Fe–O–C ̈ ̈̅̈̉˷˹˷̃˿, ̅̉˹˼̎˷̐̕˿̃˿ ̇˼˷́̍˿̖̃ (1)–(10) 

Fig. Fe–O–C concentration triangle with compositions corresponding to reactions (1)–(10) 
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˩ ˷ ˸ ̂ ˿ ̍ ˷  1  

ǓоǳǴǢǤǽ ǳǪǳǴǧмǽ, оǴǤǧǹǢȀǻǪǧ ǲǧǢǬǸǪȁм (1)–(10), ǯǢ ǬоǯǸǧǯǴǲǢǸǪоǯǯом ǴǲǧǵǥоǭǾǯǪǬǧ Fe–O–C 

T a b l e  1  

Compositions of the system corresponding to reactions (1)–(10) on the Fe–O–C concentration triangle 

ˤ˷˿̃˼̄̅˹˷̄˿˼ 
̔̂˼̃˼̄̉˷ 

˨̅˻˼̇˽˷̄˿˼ ̔̂˼̃˼̄̉˷, %, ˹ ˻˼̖̈̉˿ ̇˷˾̄̒̌ ̇˼˷́̍˿̖̌ 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 

T = 900 K 

O 

Fe 

C 

60,00 

30,00 

10,00 

60,00 

21,68 

18,32 

60,00 

21,15 

18,85 

60,00 

10,00 

30,00 

57,14 

30,98 

11,88 

57,14 

30,21 

12,65 

57,14 

14,29 

28,57 

51,87 

46,93 

1,20 

51,87 

22,20 

25,93 

51,32 

23,02 

25,66 

T = 1000 K 

O 

Fe 

C 

60,00 

30,00 

10,00 

60,00 

22,22 

17,78 

60,00 

21,06 

18,94 

60,00 

10,00 

30,00 

57,14 

31,75 

11,11 

57,14 

30,09 

12,77 

57,14 

14,29 

28,57 

52,38 

45,13 

2,49 

52,38 

21,43 

26,19 

51,23 

23,16 

25,61 

T = 1100 K 

O 

Fe 

C 

60,00 

30,00 

10,00 

60,00 

22,63 

17,37 

60,00 

21,03 

18,97 

60,00 

10,00 

30,00 

57,14 

32,34 

10,52 

57,14 

30,04 

12,82 

57,14 

14,29 

28,57 

52,75 

43,89 

3,36 

52,75 

20,88 

26,37 

51,19 

23,21 

25,60 

T = 1200 K 

O 

Fe 

C 

60,00 

30,00 

10,00 

60,00 

23,00 

17,00 

60,00 

21,02 

18,98 

60,00 

10,00 

30,00 

57,14 

32,85 

10,01 

57,14 

30,02 

12,84 

57,14 

14,29 

28,57 

53,06 

42,90 

4,04 

53,06 

20,41 

26,53 

51,18 

23,23 

25,59 

T = 1300 K 

O 

Fe 

C 

60,00 

30,00 

10,00 

60,00 

23,34 

16,66 

60,00 

21,02 

18,98 

60,00 

10,00 

30,00 

57,14 

33,34 

9,51 

57,14 

30,02 

12,84 

57,14 

14,29 

28,57 

53,34 

42,01 

4,65 

53,34 

19,99 

26,67 

51,18 

23,23 

25,59 

T = 1400 K 

O 

Fe 

C 

60,00 

30,00 

10,00 

60,00 

23,67 

16,33 

60,00 

21,02 

18,98 

60,00 

10,00 

30,00 

57,14 

33,82 

9,04 

57,14 

30,02 

12,84 

57,14 

14,29 

28,57 

53,60 

41,19 

5,21 

53,60 

19,60 

26,80 

51,18 

23,23 

25,59 

T = 1500 K 

O 

Fe 

C 

60,00 

30,00 

10,00 

60,00 

24,04 

15,96 

60,00 

21,03 

18,97 

60,00 

10,00 

30,00 

57,14 

34,35 

8,51 

57,14 

30,05 

12,81 

57,14 

14,29 

28,57 

53,88 

40,35 

5,77 

53,88 

19,18 

26,94 

51,20 

23,20 

25,60 

T = 1600 K 

O 

Fe 

C 

60,00 

30,00 

10,00 

60,00 

24,51 

15,49 

60,00 

21,07 

18,93 

60,00 

10,00 

30,00 

57,14 

35,01 

7,85 

57,14 

30,11 

12,75 

57,14 

14,29 

28,57 

54,21 

39,37 

6,42 

54,21 

18,68 

27,11 

51,24 

23,14 

25,62 
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ǒǢǳǹǧǴǯǽǧ ǲǧǩǵǭǾǴǢǴǽ 

˪̇˷˹̄˼̄˿̖ ̇˼˷́̍˿̀ ˹̅̈̈̉˷̄̅˹̂˼̄˿̖ ̅́̈˿-

˻˷ ˽˼̂˼˾˷ (III) ̃̅̄̅̅́̈˿˻̅̃ ̊˺̂˼̇̅˻˷ ˹ ̈̃˼̈˿ ̈ 
˻˿̅́̈˿˻̅̃ ̊˺̂˼̇̅˻˷ ̃̅˺̊̉ ˸̒̉̓ ˾˷̆˿̈˷̄̒ ̈̂˼-
˻̊̐̕˿̃ ̅˸̇˷˾̅̃: 

 (3Fe2O3 + (CO + CO2))/20 =  

 = (2Fe3O4 + 2CO2)/20;  (1) 

 (Fe2O3 + (1–2x)(CO + CO2))/(10–10x) =  

 = (2FeO(1+x) + (2–4x)CO2)/(10–10x);  (2) 

 (Fe2O3 + (1–2x)(CO + CO2))/(10–10x) =  

 = (2FeO(1+x) + (2–4x)CO2/(10–10x); (3) 

 (Fe2O3 + 3(CO + CO2))/20 = (2Fe + 6CO2)/20. (4) 

˛̖̂ ̇˼˷́̍˿̀ (1)–(4) ̈̅˻˼̇˽˷̄˿˼ ́˿̈̂̅̇̅˻˷ 

˹ ̈˿̈̉˼̃˼ ̈̅̈̉˷˹̖̂˼̉ 60 %. ˦̇˿ ̇˷̈̎ё̉˷̌ ̄˼ 
̊̎˿̉̒˹˷̂˿ ˹́̂˷˻ ˹ ˹˼̂˿̎˿̄̊ ˿˾̃˼̄˼̄˿̖ ̈̉˷̄-

˻˷̇̉̄̅̀ ̔̄˼̇˺˿˿ ˚˿˸˸̈˷ ̉˼̌ ˿˾̃˼̄˼̄˿̀, ́̅̉̅-

̇̒˼ ̈˹̖˾˷̄̒ ̈ ̅˸̇˷˾̅˹˷̄˿˼̃ ˿˻˼˷̂̓̄̅̀ ˺˷˾̅-

˹̅̀ ̈̃˼̈˿ ̃̅̄̅̅́̈˿˻˷ ̊˺̂˼̇̅˻˷ ̈ ˻˿̅́̈˿˻̅̃ 

̊˺̂˼̇̅˻˷, ̉˷́ ́˷́ ̔̉̅̉ ˹́̂˷˻ ̆̇˿ ̉˼̃̆˼̇˷̉̊̇˷̌ 
900–1600 K ̄˼˹˼̂˿́ [15]. 

К˷́ ˹˿˻̄̅ ˿˾ ̉˷˸̂. 2, ˹ ̊́˷˾˷̄̄̅̃ ˿̄̉˼̇˹˷-
̂˼ ̉˼̃̆˼̇˷̉̊̇ ˿˾̃˼̄˼̄˿̖ ̈̉˷̄˻˷̇̉̄̅̀ ̔̄˼̇˺˿˿ 

˚˿˸˸̈˷ ̇˼˷́̍˿̀ (1)–(4) ̅̉̇˿̍˷̉˼̂̓̄̒, ̈̂˼˻̅-

˹˷̉˼̂̓̄̅, ̇˷˹̄̅˹˼̈˿˼ ̇˼˷́̍˿̀ ̈˻˹˿̄̊̉̅ ˹ ̈̉̅-

̇̅̄̊ ̅˸̇˷˾̅˹˷̄˿̖ ̆̇̅˻̊́̉̅˹ ̇˼˷́̍˿̀. ˟˾̃˼-
̄˼̄˿̖ ̈̉˷̄˻˷̇̉̄̅̀ ̔̄˼̇˺˿˿ ˚˿˸˸̈˷ ̇˼˷́̍˿˿ 

(2) ̈̉˷̄̅˹̖̖̉̈ ˸̅̂˼˼ ̅̉̇˿̍˷̉˼̂̓̄̒̃˿ ̆̅ ̈̇˷˹-

̄˼̄˿̕ ̈ ̇˼˷́̍˿˼̀ (1) ̆̇˿ ̉˼̃̆˼̇˷̉̊̇˷̌ ˹̒̏˼ 
1500 K. ˟˾̃˼̄˼̄˿̖ ̈̉˷̄˻˷̇̉̄̅̀ ̔̄˼̇˺˿˿ ˚˿˸-

˸̈˷ ̇˼˷́̍˿˿ (3) ̈̉˷̄̅˹̖̖̉̈ ˸̅̂˼˼ ̅̉̇˿̍˷̉˼̂̓-

̄̒̃˿ ̆̇˿ ̊˹˼̂˿̎˼̄˿˿ ̉˼̃̆˼̇˷̉̊̇̒ ̅̉ 900 ˻̅ 

1600 K, ˷ ̊ ̇˼˷́̍˿˿ (4) ̊̃˼̄̓̏˷̖̉̈̕ ̆̅ ˷˸̈̅-

̂̉̄̅̃̊̕ ˾̄˷̎˼̄˿̕ ̆̇˿ ̆̅˹̒̏˼̄˿˿ ̉˼̃̆˼̇˷-
̉̊̇̒. ˧˷̈̎ё̉̒ ̆̅́˷˾̒˹˷̉̕, ̎̉̅ ̆̇˿ ̅̆̇˼˻˼-
̂ё̄̄̅̃ ̈̅̅̉̄̅̏˼̄˿˿ ̅́̈˿˻˷ ˽˼̂˼˾˷ (III) ˿ 

̈̃˼̈˿ ̃̅̄̅̅́̈˿˻˷ ̊˺̂˼̇̅˻˷ ˿ ˻˿̅́̈˿˻˷ ̊˺̂˼-
̇̅˻˷ ˹̅˾̃̅˽̄̅ ˹̅̈̈̉˷̄̅˹̂˼̄˿˼ ̅́̈˿˻˷ ˽˼̂˼˾˷ 
(III) ˻̅ ˽˼̂˼˾˷. 

˪̇˷˹̄˼̄˿̖ ̇˼˷́̍˿̀ ˹̅̈̈̉˷̄̅˹̂˼̄˿̖ ̅́̈˿-

˻˷ ˽˼̂˼˾˷ (III, II) ̃̅̄̅̅́̈˿˻̅̃ ̊˺̂˼̇̅˻˷ ˹ 

̈̃˼̈˿ ̈ ˻˿̅́̈˿˻̅̃ ̊˺̂˼̇̅˻˷ ̆̇˿˹˼˻˼̄̒ ̄˿˽˼: 

 (2Fe3O4 + (1–3x)(2CO + CO2))/ (21–21x) =  

 = (6FeO(1+x) + (3–9x)CO2)/(21–21x);  (5) 

 (2Fe3O4 + (1–3x)(2CO + CO2))/(21–21x) =  

 = (6FeO(1+x) + (3–9x)CO2)/(21–21x);  (6) 

(Fe3O4 + 2(2CO + CO2))/21 = (3Fe + 6CO2)/21.  (7) 

˦̇˿ ̇˷˹̄̅˹˼̈˿˿ ̇˼˷́̍˿̀ (5)–(7) ̈̅˻˼̇˽˷-

̄˿˼ ́˿̈̂̅̇̅˻˷ ̈̅̈̉˷˹̖̂˼̉ 57,14 %. 

 
˩ ˷ ˸ ̂ ˿ ̍ ˷  2  

ИǩмǧǯǧǯǪȁ ǳǴǢǯǦǢǲǴǯоǫ ǿǯǧǲǥǪǪ ǅǪббǳǢ Ǧǭȁ ǲǧǢǬǸǪǫ (1)–(4) Ǥ ǪǯǴǧǲǤǢǭǧ ǴǧмǱǧǲǢǴǵǲ 900–1600 K 

T a b l e  2  

Standard Gibbs free energy changes of reactions (1)–(4) in the temperature range 900–1600 K 

T, K 1 + x 1 + x ΔG°(1), ́˛˽/̃̅̂̓ ΔG°(2), ́˛˽/̃̅̂̓ ΔG°(3), ́˛˽/̃̅̂̓ ΔG°(4), ́˛˽/̃̅̂̓

900 

1000 

1100 

1200 

1300 

1400 

1500 

1600 

1,0542 

1,0504 

1,0488 

1,0483 

1,0483 

1,0483 

1,0492 

1,0509 

1,0777 

1,1000 

1,1164 

1,1303 

1,1431 

1,1551 

1,1682 

1,1839 

–4,29 

–4,55 

–4,78 

–5,00 

–5,23 

–5,46 

–5,68 

–5,91 

–3,24 

–3,66 

–4,08 

–4,43 

–4,86 

–5,25 

–5,64 

–6,02 

–3,04 

–3,38 

–3,71 

–4,11 

–4,44 

–4,75 

–5,06 

–5,37 

–1,32 

–1,24 

–1,17 

–1,11 

–1,05 

–0,99 

–0,93 

–0,87 
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˩ ˷ ˸ ̂ ˿ ̍ ˷  3  

ИǩмǧǯǧǯǪȁ ǳǴǢǯǦǢǲǴǯоǫ ǿǯǧǲǥǪǪ ǅǪббǳǢ Ǧǭȁ ǲǧǢǬǸǪǫ (5)–(10) Ǥ ǪǯǴǧǲǤǢǭǧ ǴǧмǱǧǲǢǴǵǲ 900–1600 K 

T a b l e  3  

Standard Gibbs free energy changes of reactions (5)–(10) in the temperature range 900–1600 K 

T, K 
ΔG°(5), 

́˛˽/̃̅̂̓ 

ΔG°(6), 

́˛˽/̃̅̂̓ 

ΔG°(7), 

́˛˽/̃̅̂̓ 

ΔG°(8), 

́˛˽/̃̅̂̓ 

ΔG°(9), 

́˛˽/̃̅̂̓ 

ΔG°(10), 

́˛˽/̃̅̂̓ 

900 

1000 

1100 

1200 

1300 

1400 

1500 

1600 

–0,20 

–0,42 

–0,68 

–0,85 

–1,13 

–1,34 

–1,55 

–1,71 

–0,02 

–0,27 

–0,51 

–0,86 

–1,10 

–1,32 

–1,54 

–1,75 

0,16 

0,39 

0,61 

0,80 

0,99 

1,18 

1,37 

1,57 

0,27 

0,19 

0,18 

–0,12 

–0,11 

–0,18 

–0,25 

–0,36 

0,39 

0,87 

1,33 

1,67 

2,06 

2,40 

2,71 

2,97 

0,27 

0,85 

1,38 

1,97 

2,46 

2,95 

3,42 

3,88 

 

К˷́ ˹˿˻̄̅ ˿˾ ̉˷˸̂. 3, ˹ ̊́˷˾˷̄̄̅̃ ˿̄̉˼̇˹˷-
̂˼ ̉˼̃̆˼̇˷̉̊̇ ˿˾̃˼̄˼̄˿̖ ̈̉˷̄˻˷̇̉̄̅̀ ̔̄˼̇˺˿˿ 

˚˿˸˸̈˷ ̇˼˷́̍˿̀ (5) ˿ (6) ̅̉̇˿̍˷̉˼̂̓̄̒, ̈̂˼˻̅-

˹˷̉˼̂̓̄̅, ̇˷˹̄̅˹˼̈˿˼ ̇˼˷́̍˿˿ ̈˻˹˿̄̊̉̅ ˹ ̈̉̅-

̇̅̄̊ ̅˸̇˷˾̅˹˷̄˿̖ ̆̇̅˻̊́̉̅˹ ̇˼˷́̍˿̀. ˞̄˷̎˼-
̄˿̖ ˿˾̃˼̄˼̄˿̖ ̈̉˷̄˻˷̇̉̄̅̀ ̔̄˼̇˺˿˿ ˚˿˸˸̈˷ 
̇˼˷́̍˿˿ (6) ̈̉˷̄̅˹̖̖̉̈ ˸̅̂˼˼ ̅̉̇˿̍˷̉˼̂̓̄̒-

̃˿, ̎˼̃ ˻̖̂ ̇˼˷́̍˿˿ (5) ̆̇˿ ̉˼̃̆˼̇˷̉̊̇˷̌ ˹̒-

̏˼ 1500 K. ˟˾̃˼̄˼̄˿̖ ̈̉˷̄˻˷̇̉̄̅̀ ̔̄˼̇˺˿˿ 

˚˿˸˸̈˷ ̇˼˷́̍˿˿ (7) ˹ ̊́˷˾˷̄̄̅̃ ˿̄̉˼̇˹˷̂˼ 
̉˼̃̆˼̇˷̉̊̇ ̆̅̂̅˽˿̉˼̂̓̄̒, ̈̂˼˻̅˹˷̉˼̂̓̄̅, 

̇˷˹̄̅˹˼̈˿˼ ̇˼˷́̍˿˿ ̈˻˹˿̄̊̉̅ ˹ ̈̉̅̇̅̄̊ ˿̈-
̌̅˻̄̒̌ ˹˼̐˼̈̉˹. ˥́̈˿˻ ˽˼̂˼˾˷ (III, II) ˹ ̊́˷-
˾˷̄̄̅̃ ˿̄̉˼̇˹˷̂˼ ̉˼̃̆˼̇˷̉̊̇ ̄˼ ̃̅˽˼̉ ˸̒̉̓ 
˹̅̈̈̉˷̄̅˹̂˼̄ ˻̅ ˽˼̂˼˾˷ ̈̃˼̈̓̕ ̃̅̄̅̅́̈˿˻˷ 

̊˺̂˼̇̅˻˷ ̈ ˻˿̅́̈˿˻̅̃ ̊˺̂˼̇̅˻˷ ̆̇˿ ̖̆̅̈̉̅̄-

̄̅̃ ̈̅˻˼̇˽˷̄˿˿ ́˿̈̂̅̇̅˻˷ ˹ ̈˿̈̉˼̃˼. 
˪̇˷˹̄˼̄˿̖ ̇˼˷́̍˿̀ ˹̅̈̈̉˷̄̅˹̂˼̄˿̖ 

˹̈̉̕˿̉˷ ̄˷ ˺̇˷̄˿̍˼ ̈ ̅́̈˿˻̅̃ ˽˼̂˼˾˷ (III, II) 

(FeO1+x'') ˿ ˹̈̉̕˿̉˷ ̄˷ ˺̇˷̄˿̍˼ ̈ ˽˼̂˼˾̅̃ 

(FeO1+x') ̃̅̄̅̅́̈˿˻̅̃ ̊˺̂˼̇̅˻˷ ˹ ̈̃˼̈˿ ̈ ˻˿-

̅́̈˿˻̅̃ ̊˺̂˼̇̅˻˷ ̈̂˼˻̊̐̕˿˼: 


                

1+ 2

(1 )(2 )
FeO + ((1 )CO + CO ) / =

1 (1 )
x

x x x x
x x

x x
 

 
               

1+ 2

(1 )(2 )
FeO + CO / ;

1 (1 )
x

x x x x

x x
 (8) 

 

1+ 2

2

1 4 2
FeO +   ((1 )CO + CO ) / =

1 1

1 4 2
 Fe + CO / ;

1 1

x

x x
x x

x x

x x

x x


              

             

 (9) 

 

1+ ' 2

2

1 4 2
FeO + ((1 )CO + CO ) / = 

1 1

1 4 2
Fe + CO / .

1 1

x

x x
x x

x x

x x

x x

              

             

 (10) 

В ̊̇˷˹̄˼̄˿̖̌ ̇˼˷́̍˿̀ (8)–(10) ̈̅˻˼̇˽˷̄˿˼ 
́˿̈̂̅̇̅˻˷ ̄˼˾̄˷̎˿̉˼̂̓̄̅ ˿˾̃˼̖̄˼̖̉̈ ̈ ̊˹˼̂˿-

̎˼̄˿˼̃ ̉˼̃̆˼̇˷̉̊̇̒ (̉˷˸̂. 2). К˷́ ˹˿˻̄̅ ˿˾ 
̉˷˸̂. 3, ̇˷˹̄̅˹˼̈˿˼ ̇˼˷́̍˿˿ (8) ˹̅̈̈̉˷̄̅˹̂˼-
̄˿̖ ˹̈̉̕˿̉˷ (FeO1+x'') ̈˻˹˿˺˷˼̖̉̈ ˹ ̈̉̅̇̅̄̊ ̅˸-

̇˷˾̅˹˷̄˿̖ ̆̇̅˻̊́̉̅˹ ̇˼˷́̍˿˿ ̆̇˿ ̉˼̃̆˼̇˷̉̊-

̇˷̌ ˹̒̏˼ 1100 K. ˟˾̃˼̄˼̄˿̖ ̈̉˷̄˻˷̇̉̄̅̀ 

̔̄˼̇˺˿˿ ˚˿˸˸̈˷ ̇˼˷́̍˿̀ (9) ˿ (10) ˹ ̊́˷˾˷̄̄̅̃ 

˿̄̉˼̇˹˷̂˼ ̉˼̃̆˼̇˷̉̊̇ ̆̅̂̅˽˿̉˼̂̓̄̒ ˿ ̊˹˼̂˿-

̎˿˹˷̖̉̈̕ ̈ ̆̅˹̒̏˼̄˿˼̃ ̉˼̃̆˼̇˷̉̊̇̒, ̈̂˼˻̅-

˹˷̉˼̂̓̄̅, ̇˷˹̄̅˹˼̈˿˼ ̇˼˷́̍˿̀ ̈˻˹˿˺˷˼̖̉̈ ˹ 

̈̉̅̇̅̄̊ ˿̈̌̅˻̄̒̌ ˹˼̐˼̈̉˹. ˩˷́˿̃ ̅˸̇˷˾̅̃, 

̇˼˾̊̂̓̉˷̉̒ ̇˷̈̎ё̉̅˹ ̈˹˿˻˼̉˼̂̓̈̉˹̊̉̕ ̅ ̉̅̃, 

̎̉̅ ˹̈̉̕˿̉ ̄˼̂̓˾̖ ˹̅̈̈̉˷̄̅˹˿̉̓ ̈̃˼̈̓̕ ̃̅̄̅-

̅́̈˿˻˷ ̊˺̂˼̇̅˻˷ ˿ ˻˿̅́̈˿˻˷ ̊˺̂˼̇̅˻˷ ˻̅ ̃˼̉˷̂-

̂˷ ̆̇˿ ̖̆̅̈̉̅̄̄̅̃ ̈̅˻˼̇˽˷̄˿˿ ́˿̈̂̅̇̅˻˷ ˹ 

̈˿̈̉˼̃˼. 
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ВǽǤоǦǽ 

˩˼̇̃̅˻˿̄˷̃˿̎˼̈́˿̀ ˷̄˷̂˿˾ ̇˼˷́̍˿̀ ˹̅̈-

̈̉˷̄̅˹̂˼̄˿̖ ˽˼̂˼˾˷ ˿˾ ̅́̈˿˻̅˹ ˽˼̂˼˾˷ ̃̅̄̅-

̅́̈˿˻̅̃ ̊˺̂˼̇̅˻˷ ˹ ̈̃˼̈˿ ̈ ˻˿̅́̈˿˻̅̃ ̊˺̂˼-

̇̅˻˷ ̆̇˿ ̖̆̅̈̉̅̄̄̅̃ ̈̅˻˼̇˽˷̄˿˿ ́˿̈̂̅̇̅˻˷ 

˹ ̈˿̈̉˼̃˼ ̆̅́˷˾˷̂, ̎̉̅ ˹ ̔̉˿̌ ̊̈̂̅˹˿̖̌ ˹̅˾-
̃̅˽̄̅ ̉̅̂̓́̅ ˹̅̈̈̉˷̄̅˹̂˼̄˿˼ ˽˼̂˼˾˷ ˿˾ ̅́-

̈˿˻˷ ˽˼̂˼˾˷ (III), ˹ ̉̅ ˹̇˼̖̃ ́˷́ ̅́̈˿˻ ˽˼̂˼˾˷ 

(III, II) ˿ ˹̈̉̕˿̉ ̄˼̂̓˾̖ ˹̅̈̈̉˷̄̅˹˿̉̓ ˻̅ ̃˼-
̉˷̂̂˷. 
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ФЕНОМЕНОЛОГИЯ ВИБРАЦИОННОЙ КЛАССИФИКАЦИИ 
И УСРЕДНЕНИЯ ПО КРУПНОСТИ ГРАНУЛЯРНЫХ МАТЕРИАЛОВ 

В̒̆̅̂̄˼̄̅ ̅˸̅˸̐˷̐̕˼˼ – ̈ ̉˼̇̃̅˻˿̄˷̃˿̎˼̈́˿̌ ̆̅˾˿̍˿̀ – ̅̆˿̈˷̄˿˼ ̆̇̅̍˼̈̈̅˹ ˹˿˸̇˷̍˿̅̄̄̅̀ 

́̂˷̈̈˿̋˿́˷̍˿˿ (̇˷˾˻˼̂˼̄˿̖) ˿ ̊̈̇˼˻̄˼̄˿̖ ̆̅ ́̇̊̆̄̅̈̉˿ ˺̇˷̖̄̊̂̇̄̒̌ ̃˷̉˼̇˿˷̂̅˹. ˧˷˾̇˷˸̅̉˷̄̒ 

̃˼̉̅˻̒ ̇˷̈̎˼̉˷ ̅˸̐˼̀ ̔̄˼̇˺˿˿, ̔̄̉˷̂̓̆˿˿ ˿ ̔̄̉̇̅̆˿̀̄̅˺̅ ˿̄́̇˼̃˼̄̉˷ ̆̇̅̍˼̈̈̅˹ ́̂˷̈̈˿̋˿́˷̍˿˿ 

(̇˷˾˻˼̂˼̄˿̖) ˿ ̊̈̇˼˻̄˼̄˿̖. ˧˷̈̎˼̉̒ ˸˷˾˿̖̇̊̉̈̕ ̄˷ ˿˾̃˼̖̇˼̃̒̌ ̆̅́˷˾˷̉˼̖̂̌ ̆̇̅̍˼̈̈˷ ˿ ̋̊̄˻˷̃˼̄-

̉˷̂̓̄̒̌ ̈˹̅̀̈̉˹˷̌ ̈̊̌˿̌ ˺̇˷̖̄̊̂̇̄̒̌ ̈̇˼˻. ˪̈̉˷̄̅˹̂˼̄̅, ̎̉̅ ˹ ̈˿̈̉˼̃˼ «̇˷˾˻˼̂˿̉˼̂̓̄̒̀ ˿̂˿ 

̊̈̇˼˻̖̄̐̕˿̀ ˷˺̇˼˺˷̉ – ̆̅̂˿˻˿̈̆˼̇̈̄̅˼ ̈̒̇̓˼ ˹ ˺̇˷˹˿̉˷̍˿̅̄̄̅̃ ̆̅̂˼» ̆̇̅˿̈̌̅˻˿̉ ̄˼˻˿̈̈˿̆˷-
̉˿˹̄˷̖ ̔̄˼̇˺˼̉˿̎˼̈́˷̖ ̆̅̉˼̖̇, ˿̂˿ ̅˸̇˷˾̅˹˷̄˿˼ ̔̄̉̇̅̆˿˿, ̄˼ ̆̇̅̉˿˹̅̇˼̎˷̐˿˼ ˹̉̅̇̅̃̊ ̄˷̎˷̂̊ 
̉˼̇̃̅˻˿̄˷̃˿́˿. ˦̇˿˹˼˻˼̄̄̒˼ ˹̒́̂˷˻́˿ ̈̆̇˷˹˼˻̂˿˹̒ ˻̖̂ ̆̇̅̍˼̈̈̅˹ ̇˷˾˻˼̂˼̄˿̖ ˿̂˿ ̊̈̇˼˻̄˼̄˿̖ 

́˷́ ˺˿˻̇̅̋˿̂̓̄̒̌, ̉˷́ ˿ ˺˿˻̇̅̋̅˸̄̒̌ ˺̇˷̖̄̊̂̇̄̒̌ ̃˷̉˼̇˿˷̂̅˹. ˧˷˾̇˷˸̅̉˷̄̄̒̀ ˿̄̈̉̇̊̃˼̄̉˷̇˿̀ 

̃̅˽˼̉ ˸̒̉̓ ˿̈̆̅̂̓˾̅˹˷̄ ̆̇˿ ́̅̄̈̉̇̊˿̇̅˹˷̄˿˿ ̇˷˾̄̅̅˸̇˷˾̄̒̌ ̆̇̅̈˼˿˹˷̐̕˿̌ ̆̅˹˼̇̌̄̅̈̉˼̀. 

ǪȋȞȗȅвțȅ ȑȋȎва: ˹˿˸̇˷̍˿̅̄̄˷̖ ́̂˷̈̈˿̋˿́˷̍˿̖, ˹˿˸̇˷̍˿̅̄̄̅˼ ̊̈̇˼˻̄˼̄˿˼, ˺̇˷̖̄̊̂̇̄̒̀ ̃˷̉˼̇˿˷̂, 

̉˼̇̃̅˻˿̄˷̃˿́˷, ̔̄̉˷̂̓̆˿̖, ̔̄̉̇̅̆˿̖. 
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PHENOMENOLOGY FOR VIBRATION-INDUCED SIZE SEGREGATION  
AND MIXING OF GRANULAR MATERIALS 

We have presented a generalized description for the processes of vibration-induced size segregation and 

mixing of granular materials from a thermodynamic standpoint. We have developed methods for calculating 

the total energy, enthalpy and entropy increment for the segregation and mixing processes. The calculations 

are based on the measured indicators of the process and on the fundamental properties of dry granular me-

dia. We have established that non-dissipative energy loss or entropy generation occur, without contradicting 

the second law of thermodynamics, in a system comprising a separator (averaging unit) and a polydisperse 

raw material in a gravitational field. We have confirmed that the above calculations are valid for the process-

es of segregation and mixing of both hydrophilic and hydrophobic granular materials. The tools developed 

can be used in designing different screening surfaces 
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˥˸̅˺˷̐˼̄˿˼ ̆̅̂˼˾̄̒̌ ˿̈́̅̆˷˼̃̒̌ – ̈˷-
̃˷̖ ˸̅̂̓̏˷̖ ̅˸̂˷̈̉̓ ̉˼̌̄̅̂̅˺˿̎˼̈́̅̀ ˻˼̖-

̉˼̂̓̄̅̈̉˿ ̎˼̂̅˹˼̎˼̈̉˹˷, ˺˻˼ ̆˼̇˼̇˷˸˷̉̒˹˷˼̖̉̈ 

̆̇˿̃˼̇̄̅ 4 ̃̂̇˻ ̉̅̄̄ ̃˿̄˼̇˷̂̓̄̅˺̅ ̖̈̒̇̓ ˹ 

˺̅˻. В ̉˼̌̄̅̂̅˺˿˿ ̅˸̅˺˷̐˼̄˿̖ ̃˿̄˼̇˷̂̓̄̅˺̅ 

̖̈̒̇̓ ̄˷˿˸̅̂˼˼ ̇˷̈̆̇̅̈̉̇˷̄˼̄̄̒̀ ̆̇̅̍˼̈̈ – 

̔̉̅ ́̂˷̈̈˿̋˿́˷̍˿̖ (̇˷˾˻˼̂˼̄˿˼, ̈˼̆˷̇˷̍˿̖) ̆̅ 

́̇̊̆̄̅̈̉˿ ̈̒̆̊̎˼˺̅ (˺̇˷̖̄̊̂̇̄̅˺̅) ̃˷̉˼̇˿˷̂˷, 
̅̈̊̐˼̈̉˹̖̂˼̃˷̖ ̃˼̉̅˻˷̃˿ ˹˿˸̇˷̍˿̅̄̄̅̀ ̈˿̉̅-

˹̅̀ ́̂˷̈̈˿̋˿́˷̍˿˿. ˴̋̋˼́̉˿˹̄̅̈̉̓ ̇˷˾˻˼̂˼-
̄˿̖ ̇̊˻̄̅˺̅ ˺̇˷̖̄̊̂̇̄̅˺̅ ̃˷̉˼̇˿˷̂˷ ̆̅ ́̇̊̆-

̄̅̈̉˿ ̅̆̇˼˻˼̖̂˼̉ ̔̄˼̇˺˼̉˿̎˼̈́˿˼ ˾˷̉̇˷̉̒ ̄˷ 
̈˹̖˾˷̄̄̒˼ ̈ ̔̉˿̃ ̆̇̅̍˼̈̈̒ ˻˼˾˿̄̉˼˺̇˷̍˿˿ ̈̒-

̖̇̓, ˷ ̉˷́˽˼ ˹ ̖̇˻˼ ̈̂̊̎˷˼˹ ̄˷̖̆̇̃̊̕ ˹̂˿̖˼̉ ̄˷ 
̉̅˹˷̇̄̅˼ ́˷̎˼̈̉˹̅ ̉˷́˿̌ ̆̇̅˻̊́̉̅˹ ˺̅̇̄̅̀ ˿ 

̌˿̃˿̎˼̈́̅̀ ˿̄˻̊̈̉̇˿˿, ́˷́ ̈̉̇̅˿̉˼̂̓̄̒̀ ̐˼-
˸˼̄̓ ˿̂˿ ̈˿̄̉˼̉˿̎˼̈́˿˼ ˷˸̇˷˾˿˹̄̒˼ ̃˷̉˼̇˿˷-
̂̒. ˞˼̇́˷̂̓̄̅ ̅˸̇˷̉̄̒̀ ̆̅ ̅̉̄̅̏˼̄˿̕ ́ ̇˷˾-
˻˼̂˼̄˿̕ ̆̅ ́̇̊̆̄̅̈̉˿ – ̆̇̅̍˼̈̈ ̊̈̇˼˻̄˼̄˿̖ 

̈˼˺̇˼˺˿̇̅˹˷̄̄̅˺̅ ˺̇˷̖̄̊̂̇̄̅˺̅ ̃˷̉˼̇˿˷̂˷, ́̅-

̉̅̇̒̀ ̉˷́˽˼ ̏˿̇̅́̅ ˿̈̆̅̂̓˾̊˼̖̉̈ ˹ ˺̅̇̄̅-

̆˼̇˼̇˷˸˷̉̒˹˷̐̕˼̀ ̆̇̅̃̒̏̂˼̄̄̅̈̉˿ ˻̖̂ ̈̉˷-
˸˿̂˿˾˷̍˿˿ ́˷̎˼̈̉˹˷ ̇̊˻̄̒̌ ̆̅̉̅́̅˹ ˹ ̅̆˼̇˷-
̍˿̖̌ ˻̇̅˸̂˼̄˿̖, ˿˾̃˼̂̓̎˼̄˿̖ ˿ ̈˼̆˷̇˷̍˿˿ 

̇˷˾̂˿̎̄̒̃˿ ̋˿˾˿̎˼̈́˿̃˿ ˿ ̋˿˾˿́̅-̌˿̃˿-

̎˼̈́˿̃˿ ̃˼̉̅˻˷̃˿. 

˞˷ ̆̅̈̂˼˻̄˿˼ ˺̅˻̒ ˸̒̂˿ ˹̒̆̅̂̄˼̄̒ ˿ ̅̆̊˸-

̂˿́̅˹˷̄̒ ̇˼˾̊̂̓̉˷̉̒ ̖̇˻˷ ̋̊̄˻˷̃˼̄̉˷̂̓̄̒̌ ˿ 

̆̇˿́̂˷˻̄̒̌ ˿̈̈̂˼˻̅˹˷̄˿̀ ˹ ̅˸̂˷̈̉˿ ̄˼̂˿̄˼̀-

̄̅̀ ̃˼̌˷̄˿́˿ ̈̒̆̊̎˿̌ ̈̇˼˻, ˹ ̆˼̇˹̊̕ ̅̎˼̇˼˻̓ 
̃˿̄˼̇˷̂̓̄̅˺̅ ̖̈̒̇̓, ̆̇̅̍˼̈̈̅˹ ˿̌ ˹˿˸̇˷̍˿̅̄-

̄̅̀ ̈˼˺̇˼˺˷̍˿˿ ˿ ̇˷˾˻˼̂˼̄˿̖ ̆̅ ́̇̊̆̄̅̈̉˿. 

˪́˷˾˷̄̄̒˼ ̆̇̅̍˼̈̈̒ ˸̒̂˿ ˹̈˼̈̉̅̇̅̄̄˼ ̅̆˿̈˷-
̄̒ ̄˷ ̊̇̅˹̄˼ ˻˿̄˷̃˿́˿ ˿ ́˿̄˼̉˿́˿ ˹˾˷˿̃̅˻˼̀-

̈̉˹˿̖ ̅̉˻˼̂̓̄̒̌ ̎˷̈̉˿̍ ˿ ˿̌ ̃˷̈̈˿˹˷ [1–4]. 

ǑоǳǴǢǯоǤǬǢ ǩǢǦǢǹǪ 

В ̄˷̏˼̀ ̇˷˸̅̉˼ ̈˻˼̂˷̄˷ ̆̅̆̒̉́˷ ̅˸̅˸̐˷-
̐̕˼˺̅ ̋˼̄̅̃˼̄̅̂̅˺˿̎˼̈́̅˺̅ – ̈ ̉˼̇̃̅˻˿̄˷-
̃˿̎˼̈́˿̌ ̆̅˾˿̍˿̀ – ̅̆˿̈˷̄˿̖ ̆̇̅̍˼̈̈̅˹ ˹˿˸-

̇˷̍˿̅̄̄̅̀ ́̂˷̈̈˿̋˿́˷̍˿˿ ˿ ̊̈̇˼˻̄˼̄˿̖ ̆̅ 

́̇̊̆̄̅̈̉˿ ˺̇˷̖̄̊̂̇̄̒̌ ̈̇˼˻. 

˛̖̂ ˻˿̈́̇˼̉̄̅̀ ̈̇˼˻̒ ̆̇˿ ̖̆̅̈̉̅̄̄̅̀ 

̉˼̃̆˼̇˷̉̊̇˼ ̈˿̈̉˼̃̒, ̄˷̆̇˿̃˼̇ ˻̖̂ ˺˷˾˷, ̈̊-

̐˼̈̉˹̊˼̉ ́̂˷̈̈˿̎˼̈́̅˼ ˹̒̇˷˽˼̄˿˼, ̄˷˾̒˹˷˼-
̃̅˼ ̆̅̉˼̄̍˿˷̂̅̃ ˚˿˸˸̈˷ (̔̄˼̇˺˿̖ ˚˿˸˸̈˷, 
̉˼̇̃̅˻˿̄˷̃˿̎˼̈́˿̀ ̆̅̉˼̄̍˿˷̂, ˿̂˿ ̆̇̅̈̉̅ –

̈˹̅˸̅˻̄˷̖ ̔̄˼̇˺˿̖) G: 

 G = H – TS,  (1) 

˺˻˼ H – ̔̄̉˷̂̓̆˿̖, ̆̇˿̇˷̐˼̄˿˼ ́̅̉̅̇̅̀ ˹ 

́˹˷˾˿̈̉˷̉˿̎˼̈́̅̃ ˿˾̅˸˷̇̄̅-˿˾̅̉˼̇̃˿̎˼̈́̅̃ 

̆̇̅̍˼̈̈˼ ̇˷˹̄̅ ́̅̂˿̎˼̈̉˹̊ ̉˼̆̂̅̉̒, ̆̅̂̊-

̎˼̄̄̅̃̊ (̅̉˻˷̄̄̅̃̊) ̈˿̈̉˼̃̅̀, ˷ ̔̄̉̇̅̆˿̀-

̄̒̀ ˿̄́̇˼̃˼̄̉ TS – ̔̉̅ ̆̇̅˿˾˹˼˻˼̄˿˼ ˷˸̈̅-

̂̉̄̅̀̕ ̉˼̃̆˼̇˷̉̊̇̒ ̈˿̈̉˼̃̒ ˹ ˺̇˷˻̊̈˷̌ 

К˼̂̓˹˿̄˷ ̄˷ ˹˼̂˿̎˿̄̊ ̔̄̉̇̅̆˿˿. ˦̇˿˹˼˻˼̄-

̄̅˼ ˹̒̇˷˽˼̄˿˼ (1) ̆̅̉˼̄̍˿˷̂˷ ˚˿˸˸̈˷ ̖˹̖̂˼̉-
̖̈ ̊̇˷˹̄˼̄˿˼̃ ˸˷̂˷̄̈˷ ̉˼̇̃̅˻˿̄˷̃˿̎˼̈́˿̌ 

̋̊̄́̍˿̀ ̃˼̌˷̄˿̎˼̈́̅̀ ̈˿̈̉˼̃̒. ˦̇˿̃˼̄˿-

̃̅̈̉̓ ̖̆̅̄̉˿̖ ̆̅̉˼̄̍˿˷̂˷ ˚˿˸˸̈˷ ˻̖̂ ̅̆˿̈˷-

̄˿̖ ˺̇˷̖̄̊̂̇̄̒̌ ̈̇˼˻, ̈ ̄˷̏˼̀ ̉̅̎́˿ ˾̇˼̄˿̖, 

̅̆̇˷˹˻˷̄˷ ́˷́ ̈̉˷̉˿̈̉˿̎˼̈́˿ ˸̅̂̓̏˿̃ ́̅̂˿-

̎˼̈̉˹̅̃ ̎˷̈̉˿̍ ̈̒̆̊̎˼˺̅ ̃˷̉˼̇˿˷̂˷, ̉˷́ ˿ 

̆̇˿̖̄̉̒̃ ˹ ̆̅̈̂˼˻̄˼˼ ˹̇˼̖̃ ˹ ̈̅˹̇˼̃˼̄̄̅̀ 

̋˿˾˿́˼ ̈̒̆̊̎˿̌ ̈̇˼˻ ̆̇˼˻̈̉˷˹̂˼̄˿˼̃ ̅ ̃˷̈̈˼ 

̈̒̆̊̎˼˺̅ ̃˷̉˼̇˿˷̂˷ ́˷́ ̅ ̈˹̅˼̅˸̇˷˾̄̅̃ ˺̇˷-

̖̄̊̂̇̄̅̃ ˺˷˾˼ [5–8]. 

«˪̎˷̈̉̄˿́˷̃˿» ̆̇̅̍˼̈̈˷ ˹˿˸̇˷̍˿̅̄̄̅̀ ̈˼-
̆˷̇˷̍˿˿ ̆̅ ́̇̊̆̄̅̈̉˿ (˺̇̅̌̅̎˼̄˿˼) ̖˹̖̖̂̉̈̕ 

́̂˷̈̈˿̋˿̍˿̇̊̐̕˿̀ ˷̆̆˷̇˷̉, ̇˷˾˻˼̖̂˼̃̅˼ ̈̒-

̇̓˼, ˺̇˷˹˿̉˷̍˿̅̄̄̅˼ ̆̅̂˼ ˿, ˹ ̄˼˾̄˷̎˿̉˼̂̓̄̅̀ 

̈̉˼̆˼̄˿, ˹̅˾˻̊̌ ˷̉̃̅̈̋˼̇̒. «˪̎˷̈̉̄˿́˿» ̆̇̅-

̍˼̈̈˷ ̊̈̇˼˻̄˼̄˿̖ ̆̅ ́̇̊̆̄̅̈̉˿ – ̔̉̅ ̊̈̇˼˻̖̄-

̐̕˿̀ ˷̆̆˷̇˷̉ ˿ ̉˷́˽˼ ̈̒̇̓˼ (̊̈̇˼˻̖̄˼̃̅˼), 

˺̇˷˹˿̉˷̍˿̅̄̄̅˼ ̆̅̂˼ ˿ ˹̅˾˻̊̌ ˷̉̃̅̈̋˼̇̒. 

˦̇˿˹˼˻˼̄̄̒˼ ˻˷̂˼˼ ˹̒́̂˷˻́˿ ̖̖̅̉̄̅̈̉̈ ́ 

̇˷˾˻˼̂˼̄˿̕ ˿̂˿ ̊̈̇˼˻̄˼̄˿̕ ̈̊̌˿̌, ̅˻̄̅̇̅˻-

̄̒̌ ̆̅ ˹˼̐˼̈̉˹˼̄̄̅̃̊ ̈̅̈̉˷˹̊ ̈̒̆̊̎˿̌ ̃˷̉˼-
̇˿˷̂̅˹, ˹ ́̅̉̅̇̒̌ ̈̊̌̅˼ ̉̇˼̄˿˼ – ̅̈̄̅˹̄̅̀ 

̆˷̇˷̃˼̉̇, ̅̉̇˷˽˷̐̕˿̀ ̋̊̄˻˷̃˼̄̉˷̂̓̄̅˼ 
̈˹̅̀̈̉˹̅ ̉˷́˿̌ ̈̃˼̈˼̀, ̄˷̖̇˻̊ ̈ ˿̈̉˿̄̄̅̀ 

̆̂̅̉̄̅̈̉̓̕ ˿ ̄˷̈̒̆̄̅̀ ̆̂̅̉̄̅̈̉̓̕ ̆˼̇˼̇˷˸˷-
̉̒˹˷˼̃̅˺̅ ̖̈̒̇̓. ˴̉̅̉ ̆˼̇˼̎˼̄̓ ̋̊̄˻˷̃˼̄-

̉˷̂̓̄̒̌ ̈˹̅̀̈̉˹ ̃̅˽̄̅ ̈̎˿̉˷̉̓ ˿̈̎˼̇̆̒˹˷̕-

̐˿̃. В̈˼ ̉̇˿ ̊́˷˾˷̄̄̒̌ ̆˷̇˷̃˼̉̇˷ ˿˾̃˼̖̇˼̃̒ 

˿ ́̅̂˿̎˼̈̉˹˼̄̄̅ ̊̎˿̉̒˹˷̖̉̈̕ ˹ ̆̇˼˻̂˷˺˷˼̃̅̃ 

̆̅˻̌̅˻˼. В ̇˷̈̈̃˷̉̇˿˹˷˼̃̅̀ ̈˿̈̉˼̃˼, ˹́̂̎̕˷-
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̐̕˼̀ ́̂˷̈̈˿̋˿̍˿̇̊̐̕˿̀ (̈˼̆˷̇˿̇̊̐̕˿̀) 

˿̂˿ ̊̈̇˼˻̖̄̐̕˿̀ ˷̆̆˷̇˷̉, ̇˷˾˻˼̖̂˼̃̅˼/̊̈̇˼˻-

̖̄˼̃̅˼ ̈̒̇̓˼, ˺̇˷˹˿̉˷̍˿̅̄̄̅˼ ̆̅̂˼ ˿ ˷̉̃̅-

̈̋˼̇̊, ̄˼˿˾̃˼̄̄̒ ̃˷̈̈˷ ̃˷̉˼̇˿˷̂˷, ̃˷̈̈˷ ̃˷-
̏˿̄̒, ̖̆̅̈̉̅̄̄˷̖ ˤ̓̉̅̄̕˷, ̄˷̎˷̂̓̄˷̖ ˿ ́̅-

̄˼̎̄˷̖ ̉˼̃̆˼̇˷̉̊̇˷ ˿ ̊̆̇̊˺˿˼ ̈˹̅̀̈̉˹˷ ̎˷̈̉˿-

̎˼́ ̇˷˾˻˼̖̂˼̃̅˺̅ ̃˷̉˼̇˿˷̂˷.  

ǟǬǳǱǧǲǪмǧǯǴǢǭǾǯǢȁ ǹǢǳǴǾ 

˧˷̄˼˼ ˹ ̇˷˸̅̉˷̌ ˤ˦К «ˣ˼̌˷̄̅˸̇-˩˼̌̄˿́˷» 

˸̒̂̅ ̆̅́˷˾˷̄̅, ̎̉̅ ̈˿̈̉˼̃˷ «́̂˷̈̈˿̋˿́˷̉̅̇ 

(̇˷˾˻˼̂˿̉˼̂̓, ̈˼̆˷̇˷̉̅̇)) – ̈̒̇̓˼ ˹ ˺̇˷˹˿̉˷-
̍˿̅̄̄̅̃ ̆̅̂˼» ˹́̂̎̕˷˼̉ ̆̅̉˼̇˿ ̔̄˼̇˺˿˿ ˹ ́̅-

̄˼̎̄̅̃ ˹˿˻˼ ˹ ̋̅̇̃˼ ̉˼̆̂˷ ˿ ̄˼́˿˼ ˿˾̃˼̄˼̄˿̖ 

̔̄̉̇̅̆˿˿ ̈˿̈̉˼̃̒, ̆̇̅˿̈̌̅˻̖̐˿˼ ˹ ̇˼˾̊̂̓̉˷̉˼ 
˿˾̃˼̄˼̄˿̖ ̈̅̈̉˷˹˷ (̖̊̆̅̇˻̅̎˼̄̄̅̈̉˿) ̆̇̅˻̊́-

̉̅˹ ̇˷˾˻˼̂˼̄˿̖ ̆̅ ́̇̊̆̄̅̈̉˿ (̈̃.: ˥˸̅˺˷̐˼̄˿˼ 
̇̊˻. 2018. № 1(373). ˨. 12–16). ˟̄̉˼˺̇˷̂̓̄̅ 

̆̇̅̍˼̈̈ ˿˾̃˼̄˼̄˿̖ ̔̄˼̇˺˿˿ ̈˿̈̉˼̃̒ ̆̇˿ ˹˿˸-

̇˷̍˿̅̄̄̅̀ ́̂˷̈̈˿̋˿́˷̍˿˿ ˿̂˿ ˹˿˸̇˷̍˿̅̄̄̅̃ 

̊̈̇˼˻̄˼̄˿˿ ˿̃˼˼̉ ˻˹˼ ˺̇̊̆̆̒ ˿̈̉̅̎̄˿́̅˹. 

˦˼̇˹˷̖ ˺̇̊̆̆˷ ̈˹̖˾˷̄˷ ̈ ̇˷˸̅̉̅̀ Wm ̈̅˸̈̉˹˼̄-

̄̅ ˹˿˸̇˷̍˿̅̄̄̅̀ ̃˷̏˿̄̒, ˹̉̅̇˷̖ ˺̇̊̆̆˷ – 

̄˼̆̅̈̇˼˻̈̉˹˼̄̄̅ ̈ ̇˷˸̅̉̅̀ Ws ́̂˷̈̈˿̋˿́˷̍˿˿ 

(̈˼̆˷̇˷̍˿˿) ̈̒̆̊̎˼˺̅ ̃˷̉˼̇˿˷̂˷ ̆̅ ́̇̊̆̄̅-

̈̉˿, ́̅̉̅̇̊̕ ̃̅˽̄̅ ̊̈̂̅˹̄̅ ̄˷˾˹˷̉̓ «̆̅̂˼˾-
̄̅̀» ̇˷˸̅̉̅̀. 

В ̅˸̐˼̃ ̔̄˼̇˺˼̉˿̎˼̈́̅̃ ˸˷̂˷̄̈˼, ̄˷ ̄˷̏ 

˹˾˺̖̂˻, ̃̅˽̄̅ ̆̇˼̄˼˸̇˼̎̓ ̊̈́̅̇˼̄˿˼̃ ̃˷̉˼-

̇˿˷̂˷ ̆̇˿ ˼˺̅ ̇˷˾˺̇̊˾́˼, ̉˷́ ́˷́ ̅̄̅ ́̅̃̆˼̄-

̈˿̇̊˼̖̉̈ ̊̈́̅̇˼̄˿˼̃ ̃˷̉˼̇˿˷̂˷ ̆̇˿ ˼˺̅ ̆̅˻˷-

̎˼ ̄˷ ̈˿̉̅˹̊̕ ̆̅˹˼̇̌̄̅̈̉̓ ˹ ̇˼˽˿̃˼ ̄˼̆̇˼-

̇̒˹̄̅˺̅ ̆̇̅̍˼̈̈˷ ́̂˷̈̈˿̋˿́˷̍˿˿ (̈˼̆˷̇˷-

̍˿˿). В ̇˼˽˿̃˼ ̆˼̇˿̅˻˿̎˼̈́̅̀ ̈˼̆˷̇˷̍˿˿ ̆̅ 

́̇̊̆̄̅̈̉˿ ˹ ˾˷́̇̒̉̅̃ ̊̈̉̇̅̀̈̉˹˼, ̄˷̆̇˿̃˼̇ 

̆̇˿ ̈˿̉̅˹̅̃ ˷̄˷̂˿˾˼, ̔̉̅̉ ̋˷́̉̅̇ ˹̅̅˸̐˼ ̅̉-
̈̊̉̈̉˹̊˼̉. ˩˷́˽˼ ̃̅˽̄̅ ̆̇˼̄˼˸̇˼̎̓ ˹̅˾̃̅˽-

̄̒̃ ˿̈́̇˿˹̂˼̄˿˼̃ ̆̇̅̈̉̇˷̄̈̉˹˷ ̆̇˿ ̆˼̇˼-
̃˼̐˼̄˿˿ ̃˷̉˼̇˿˷̂˷ [9] ˹˹˿˻̊ ̅̉̄̅̈˿̉˼̂̓̄̅ 

̃˷̂̅˺̅ ˼˺̅ ́̅̂˿̎˼̈̉˹˷. 

˩˷́˿̃ ̅˸̇˷˾̅̃, ˿˾̃˼̄˼̄˿˼ ̈˹̅˸̅˻̄̅̀ 

̔̄˼̇˺˿˿ ̈˿̈̉˼̃̒ «˺̇̅̌̅̉ – ̈̒̇̓˼» ̃̅˽̄̅ 

̆̇˼˻̈̉˷˹˿̉̓ ́˷́ ̈̊̃̃̊ ̆˷̇˷̃˼̉̇̅˹ Wm ˿ Ws : 

 ΔG = Wm + Ws, (2) 

˿̂˿ ̆̇˿ ̖̆̅̈̉̅̄̄̅̀ ̉˼̃̆˼̇˷̉̊̇˼ ˹ ̄˷̎˷̂˼ ˿ 

́̅̄̍˼ ̆̇̅̍˼̈̈˷ ́̂˷̈̈˿̋˿́˷̍˿˿/̊̈̇˼˻̄˼̄˿̖ 

 ΔG =Wm +Ws = ΔH – T ΔS,  (3) 

˺˻˼ ǲ – ̇˷˹̄̅˹˼̈̄˷̖ ̉˼̃̆˼̇˷̉̊̇˷ ̈˿̈̉˼̃̒ ˹ 

˺̇˷˻̊̈˷̌ К˼̂̓˹˿̄˷.  
˦̇˿ ̇˷̈̈̃̅̉̇˼̄˿˿ ˹̒̇˷˽˼̄˿̖ (3) ̖̆̅̄̉̄̅, 

̎̉̅ ̉̅̂̓́̅ ̋̊̄́̍˿̕ ΔH (˿˾̃˼̄˼̄˿˼ ̔̄̉˷̂̓-

̆˿˿ ̈˿̈̉˼̃̒) ˾˷̉̇̊˻̄˿̉˼̂̓̄̅ ̅̆̇˼˻˼̂˿̉̓ ̔́̈-
̆˼̇˿̃˼̄̉˷̂̓̄̅, ̄̅ ̅̄˷ ̃̅˽˼̉ ˸̒̉̓ ̆̅̂̊̎˼̄˷ 
̇˷̈̎˼̉̄̒̃ ̆̊̉˼̃ ̆̅̈̂˼ ̆̇˼̅˸̇˷˾̅˹˷̄˿̖ ˹̒̇˷-
˽˼̄˿̖ (3): 

 ΔH = Wm +Ws + T ΔS.  (4) 

˦̇˿ ̄˼̅˸̌̅˻˿̃̅̈̉˿ Wm ̃̅˽̄̅ ̅̆̇˼˻˼̂˿̉̓ 

̆̅ ˹˼̂˿̎˿̄˼ ̌̅̂̅̈̉̅̀ ̇˷˸̅̉̒ ˷˺̇˼˺˷̉˷, ˷ Ws 

̇˷˹̄̅ ̇˷˾̄˿̍˼ ̃˼˽˻̊ ̅˸̐˼̀ ̇˷˸̅̉̅̀ ̄˷˺̇̊-

˽˼̄̄̅˺̅ ˷˺̇˼˺˷̉˷ ΔG ˿ ˹˼̂˿̎˿̄̅̀ Wm.  

˥̉˻˼̂̓̄̅˺̅ ̅˸̈̊˽˻˼̄˿̖ ̉̇˼˸̊˼̉ ̔́̈̆˼̇˿-

̃˼̄̉˷̂̓̄̅˼ ̅̆̇˼˻˼̂˼̄˿˼ ˿˾̃˼̄˼̄˿̖ ̔̄̉̇̅̆˿˿ 

̈˿̈̉˼̃̒ ΔS. 

˟˾ ̅̆̇˼˻˼̂˼̄˿̀ ̆̅̉˼̄̍˿˷̂˷ ˚˿˸˸̈˷ ̈̂˼˻̊-

˼̉, ̎̉̅ ˿˾̃˼̄˼̄˿˼ ̔̄̉̇̅̆˿̀̄̅˺̅ ˹́̂˷˻˷ (˿̄-

́̇˼̃˼̄̉˷) ̉̅˽˻˼̈̉˹˼̄̄̅ ˿˾̃˼̄˼̄˿̕ ̆̅̉˼̄̍˿-

˷̂̓̄̅̀ ̔̄˼̇˺˿˿ ̈˿̈̉˼̃̒, ̉̅ ˼̈̉̓ ΔEV  ≡ T ΔS.  

˨ ˻̇̊˺̅̀ ̈̉̅̇̅̄̒, ́˷́ ˿˾˹˼̈̉̄̅, ̅˻̄˷ ˿˾ ́̂˷̈-
̈˿̎˼̈́˿̌ ̌˷̇˷́̉˼̇˿̈̉˿́ ̔̄̉̇̅̆˿˿ – ̔̉̅ ̃˼̇˷ 
̖̊̆̅̇˻̅̎˼̄̄̅̈̉˿ ̈˿̈̉˼̃̒. ˛̅̆̊̈̉˿̃, ̎̉̅ 

̆̇̅˸̒ ˿̈̌̅˻̄̅˺̅ ̆̅̂˿˻˿̈̆˼̇̈̄̅˺̅ ˺̇˷̖̄̊̂̇-

̄̅˺̅ ̃˷̉˼̇˿˷̂˷ ˿ ̆̇̅˻̊́̉̅˹ ˼˺̅ ́̂˷̈̈˿̋˿́˷-
̍˿˿ ̆̅ ́̇̊̆̄̅̈̉˿ ˿̃˼̉̕ ̋̅̇̃̒ ̈˹̅˸̅˻̄̅˺̅ 

̆̇˷˹˿̂̓̄̅˺̅ ́̅̄̊̈˷. ˩˷́̅̀ ˽˼ ̆̅̈̉̊̂˷̉ ̃̅˽̄̅ 

̆̇˿̖̄̉̓ ˿ ̆̇˿ ˿̄˹˼̇̈̄̅̃ ̆̇̅̍˼̈̈˼: ̆̇˿ 

̊̈̇˼˻̄˼̄˿˿ ̃̒ ˿̃˼˼̃ ̅˻˿̄ ˿̂˿ ̄˼̈́̅̂̓́̅ ˿˾-
̄˷̎˷̂̓̄̒̌ ˺̇˷̖̄̊̂̇̄̒̌ ̆̇̅˻̊́̉̅˹ ˿ ̅˻˿̄ ́̅-

̄˼̎̄̒̀. ˦̇˿̄˿̃˷˼̃˷̖ ˻̖̂ ̇˷̈̎˼̉̅˹ ˺˼̅̃˼̉̇˿-

̎˼̈́˷̖ ̋̅̇̃˷ ˹ ˹˿˻˼ ̆̇˷˹˿̂̓̄̅˺̅ ́̅̄̊̈˷ ̅˸̑-

̖̖̈̄˼̖̉̈ ̉˼̃, ̎̉̅ ̔̉̅ ˼̈̉˼̈̉˹˼̄̄˷̖ ˿ ̅̈̄̅˹̄˷̖ 

̋̅̇̃˷ ̃˷̈̈˿˹˷ ̈̒̆̊̎˼˺̅ ̃˷̉˼̇˿˷̂˷ ̄˷ ̆̂̅̈́̅-

̈̉˿ ˹ ˺̇˷˹˿̉˷̍˿̅̄̄̅̃ ̆̅̂˼, ̇˷˾̊̃˼˼̖̉̈, ˾˷ ˿̈-
́̂̎̕˼̄˿˼̃ ̖̃̅̄̅̈̂̅. ˟̃˼̄̄̅ ˹ ̉˷́̅̃ ˹˿˻˼ (̈ 

̄˼́̅̉̅̇̅̀ ˻̅̂˼̀ ˿˻˼˷̂˿˾˷̍˿˿) ́̅̄̈̅̂˿˻˿̇̊-

˼̖̉̈ ̃˷̉˼̇˿˷̂ ˹ ̆˿̉˷̐̕˿̌ ˸̊̄́˼̇˷̌ ˿ ˼̃́̅-

̖̈̉̌ ̆̅̈̂˼ ̇˷̈̈˼˹˷. ˦̅̈̂˼ ̈˿̉̅˹̅̀ ́̂˷̈̈˿̋˿-

́˷̍˿˿ (̈˼̆˷̇˷̍˿˿) ˹ ̆̇̅̈̉˼̀̏˼̃ ̈̂̊̎˷˼ ̆̅̂̊-
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̎˷̖̉̈̕ ˻˹˷, ˷ ˹ ̅˸̐˼̃ ̈̂̊̎˷˼ ̄˼̈́̅̂̓́̅ ̆̇̅-

˻̊́̉̅˹ ̇˷̈̈˼˹˷, ́˷˽˻̒̀ ̈ ˸̅̂˼˼ ̊˾́˿̃, ̉. ˼. ˸̅-

̂˼˼ ̅˻̄̅̇̅˻̄̒̃ ˺̇˷̄̊̂̅̃˼̉̇˿̎˼̈́˿̃ ̈̅̈̉˷-
˹̅̃. ˟̄˷̎˼ ˺̅˹̖̅̇, ̄˷ ̖̆̅̄̉˿̀̄̅̃ ̊̇̅˹̄˼ ̔̄-

̉̇̅̆˿̖ ́̅̄˼̎̄̒̌ ̆̇̅˻̊́̉̅˹ ̅̎˼˹˿˻̄̅ ̃˼̄̓̏˼ 
̔̄̉̇̅̆˿˿ ˿̈̌̅˻̄̅˺̅ ̆̅̂˿˻˿̈̆˼̇̈̄̅˺̅ ̃˷̉˼̇˿-

˷̂˷, ˷ ̆̇˿ ̊̈̇˼˻̄˼̄˿˿ – ̄˷̅˸̅̇̅̉. ˨̅̅̉˹˼̉-
̈̉˹˼̄̄̅, ˸̅̂˼˼ ̅˻̄̅̇̅˻̄̒˼ ̆̅ ́̇̊̆̄̅̈̉˿ ̆̇̅-

˻̊́̉̒ ̇˷̈̈˼˹˷ ̅˸̂˷˻˷̉̕ ̃˼̄̓̏˼̀ ̆̂̅̉̄̅̈̉̓̕ 

̊̆˷́̅˹́˿, ̃˼̄̓̏˼̀ ̄˷̈̒̆̄̅̀ ̆̂̅̉̄̅̈̉̓̕ ˿ 

̃˼̄̓̏˿̃ ̈̊̌˿̃ ˹̄̊̉̇˼̄̄˿̃ ̉̇˼̄˿˼̃ ˹ ̃˷̈̈˿-

˹˼. ˣ˼̄̓̏˼̃̊ ̈̊̌̅̃̊ ˹̄̊̉̇˼̄̄˼̃̊ ̉̇˼̄˿̕ ˹ 

̃˷̈̈˿˹˼ ̈̅̅̉˹˼̉̈̉˹̊˼̉ ̃˼̄̓̏˿̀ ̊˺̅̂ ˼̈̉˼-
̈̉˹˼̄̄̅˺̅ ̅̉́̅̈˷. ˥̉̈̕˻˷ ˹̅˾̄˿́˷˼̉ ̆̇˼˻̆̅-

̂̅˽˼̄˿˼, ̎̉̅ ̃˼̇̅̀ ̔̄̉̇̅̆˿˿ ̈˹̅˸̅˻̄̅˺̅ ́̅-

̄̊̈˷ ̈̒̆̊̎˼˺̅ ̃˷̉˼̇˿˷̂˷ ˹ ˺̇˷˹˿̉˷̍˿̅̄̄̅̃ 

̆̅̂˼ ̃̅˽˼̉ ̈̂̊˽˿̉̓ ̊̈̂̅˹̄˷̖ ˹˼̂˿̎˿̄˷ ˼˺̅ 

̆̅̉˼̄̍˿˷̂̓̄̅̀ ̔̄˼̇˺˿˿. ˛̖̂ ̅˸̐̄̅̈̉˿ ̇˷̈-
̈̊˽˻˼̄˿̖ ̄˼ ̈̉̅̂̓ ˹˷˽̄̅, ̄˷ ́˷́̅̀ ̅̉̄̅̈˿-

̉˼̂̓̄̅̀ ˹̒̈̅̉˼ ˸̊˻̊̉ ̄˷̌̅˻˿̖̉̓̈ ́̅̄̊̈̒ ̆̇̅-

˻̊́̉̅˹ – ˿̈̌̅˻̄̒̀ ˿ ́̅̄˼̎̄̒˼ (̆̅̈̂˼ ̇˷̈̈˼-

˹˷) – ̆̇˿ ̈˼̆˷̇˷̍˿˿, ̄˷̆̇˿̃˼̇ ̄˷ ˺̅̇˿˾̅̄-

̉˷̂̓̄̅̃ ˹˿˸̇˷̍˿̅̄̄̅̃ ˺̇̅̌̅̉˼, ˹̈˼ ̆̇̅˻̊́̉̒ 

̃̅˺̊̉ ̄˷̌̅˻˿̖̉̓̈ ̄˷ ̅˻̄̅̀ ˹̒̈̅̉˼.  
В̒̈̅̉˷ ́̅̄̊̈˷ h ̇˷˹̄˷ 
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˦̅̂̊̎˼̄̄̅˼ ̆̅ ̋̅̇̃̊̂˼ (4) ˾̄˷̎˼̄˿˼ h ˿̈-
̆̅̂̓˾̊˼̃ ˻̖̂ ˹̒̎˿̈̂˼̄˿̖ ̔̄̉̇̅̆˿̀̄̅˺̅ ˹́̂˷-
˻˷, ̖̊̎̉, ̎̉̅ ̆̅̉˼̄̍˿˷̂̓̄˷̖ ̔̄˼̇˺˿̖ ǲS ̇˷˹̄˷ 
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˟˾̃˼̄˼̄˿˼ ̔̄̉̇̅̆˿̀̄̅˺̅ ˹́̂˷˻˷ ̆̇˿ ̇˷̈-
̈˼˹˼ ̅̆̇˼˻˼̖̂˼̃ ̉˷́: 
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˫̅̇̃̊̂̒ (6) ˿ (7) ̖˹̖̖̂̉̈̕ ̇˷̈̎˼̉̄̒̃˿. 

˟˾̃˼̄˼̄˿˼ ̆̅̉˼̄̍˿˷̂˷ ˚˿˸˸̈˷ ˿˾̃˼̖̇˼̖̉̈ 

̆̅ ̅˸̐˼̀ ̆̅̉̇˼˸̖̂˼̃̅̀ ˹ ̆̇̅̍˼̈̈˼ ̔́̈̆˼̇˿-

̃˼̄̉˷ ̔̂˼́̉̇̅̔̄˼̇˺˿˿. ˦˷̇˷̃˼̉̇ Ws ̅̆̇˼˻˼̖̂-

˼̖̉̈ ́˷́ ̇˷˾̄̅̈̉̓ ΔG ˿ ̔̄˼̇˺˿˿ Wm ̌̅̂̅̈̉̅˺̅ 

̌̅˻˷ ́̂˷̈̈˿̋˿́˷̉̅̇˷ (̈˼̆˷̇˷̉̅̇˷) ̈ ̆̇˿̈̅˼˻˿-

̄˼̄̄̅̀ ̈̉˷̉˿̎˼̈́̅̀ ̄˷˺̇̊˾́̅̀, ̇˷˹̄̅̀ ̃˷̈̈˼ 
̈˼̆˷̇˿̇̊˼̃̅˺̅ ̃˷̉˼̇˿˷̂˷. 

В ̊̇˷˹̄˼̄˿˿ ΔG – ΔH + TΔS = 0 ˹˼̂˿̎˿̄˷ 
ΔG ˹̈˼˺˻˷ ̅̉̇˿̍˷̉˼̂̓̄˷; ǲ ΔS ̆̇̅̍˼̈̈˷ ̇˷˾˻˼-
̂˼̄˿̖ ̆̅ ́̇̊̆̄̅̈̉˿ ˿̃˼˼̉ ̅̉̇˿̍˷̉˼̂̓̄̅˼ ˾̄˷-
̎˼̄˿˼, ˷ ̆̇˿ ̊̈̇˼˻̄˼̄˿˿ – ̆̅̂̅˽˿̉˼̂̓̄̅˼; ΔH 

̈̅̅̉˹˼̉̈̉˹̊˼̉ ˻˿̈̈˿̆˷̍˿˿ ̔̄˼̇˺˿˿ ̈˿̈̉˼̃̒, 

̅̆̇˼˻˼̖̂˼̖̉̈ ̇˷̈̎˼̉̄̒̃ ̆̊̉˼̃ ˿ ˿̃˼˼̉ ̅̉̇˿-

̍˷̉˼̂̓̄̅˼ ˾̄˷̎˼̄˿˼. ˦̇˼˻̂˷˺˷˼̃̒̀ ̆̅˻̌̅˻ ̄˼ 
˾˷˹˿̈˿̉ ̅̉ ̎˿̈̂˷ ̄˷̎˷̂̓̄̒̌ ˿ ́̅̄˼̎̄̒̌ ̆̇̅-

˻̊́̉̅˹.  

В ́˷̎˼̈̉˹˼ ̆˼̇˹̅˺̅ ̆̇˿̃˼̇˷ ̄˷̃˿ ˹˾̖̉ 
̆̇̅̍˼̈̈ ̇˷˾˻˼̂˼̄˿̖ ̆̅ ́̇̊̆̄̅̈̉˿ ̆̅̎̉˿ ˿˻˼-
˷̂̓̄̅̀ ̈˿̈̉˼̃̒ ̏˷̇˿́̅˹ ̈˹˿̄̍̅˹̅̀ ˻̇̅˸˿ 

˻˿˷̃˼̉̇̅̃ 2,25 ˿ 4,75 ̃̃ ̈ ˺̇˷̋˿̉˿˾˿̇̅˹˷̄-

̄̅̀ ̆̅˹˼̇̌̄̅̈̉̓̕. ˨˼̆˷̇˷̍˿̕ ̆̇̅˹̅˻˿̂˿ ̄˷ 

̈˿̉̅˹̅̃ ˷̄˷̂˿˾˷̉̅̇˼ ̈ ̅̇˸˿̉˷̂̓̄̒̃˿ ́̅̂˼˸˷-
̄˿̖̃˿ ̈˿̉ ˹ ˺̅̇˿˾̅̄̉˷̂̓̄̅̀ ̆̂̅̈́̅̈̉˿ ̈ ̎˷-
̈̉̅̉̅̀ 14 ˚̍. ˨˿̉̅ ˿̃˼̂̅ ́˹˷˻̇˷̉̄̒˼ ̖̎˼̀́˿ 

̈̅ ̈̉̅̇̅̄̅̀ 4 ̃̃. В̒˸̅̇ ̇˷˾˻˼̖̂˼̃̅̀ ̈˿̈̉˼̃̒ 

̅˸̖̖̑̈̄˼̖̉̈ ˺˼̅̃˼̉̇˿̎˼̈́˿ ̆̇˷˹˿̂̓̄̅̀ ̋̅̇-

̃̅̀ ̎˷̈̉˿̍ ˿ ˹˼̈̓̃˷ ̃˷̂̒̃˿ ́̅̔̋̋˿̍˿˼̄̉˷̃˿ 

̉̇˼̄˿̖ ̎˷̈̉˿̍ ̅ ̈˿̉̅ ˿ ˸̅̇̉˷ ̆̇̅̈˼˿˹˷̐̕˼˺̅ 

̊̈̉̇̅̀̈̉˹˷, ˷ ̉˷́˽˼ ̃˷̂̒̃ ́̅̔̋̋˿̍˿˼̄̉̅̃ 

̉̇˼̄˿̖ ̎˷̈̉˿̍ ̃˼˽˻̊ ̈̅˸̅̀. ˨˿̂˷̃˿ ˺˿˻̇̅-

̋̅˸̄̅˺̅ ˹˾˷˿̃̅˻˼̀̈̉˹˿̖ ˺̇˷̋˿̉˿˾˿̇̅˹˷̄̄̒̌ 

̎˷̈̉˿̍ ̃˼˽˻̊ ̈̅˸̅̀ ̃̅˽̄̅ ̆̇˼̄˼˸̇˼̎̓ ˹˹˿˻̊ 

̆̇˷́̉˿̎˼̈́˿ ̉̅̎˼̎̄̅̀ ̆̂̅̐˷˻˿ ̈̅̆̇˿́̅̈̄̅-

˹˼̄˿̖. ˧˼˾̊̂̓̉˷̉̒ ̇˷̈̎˼̉̅˹ ̉˼̇̃̅˻˿̄˷̃˿̎˼-
̈́˿̌ ̋̊̄́̍˿̀ ˿ ̆˷̇˷̃˼̉̇̅˹ ́̂˷̈̈˿̋˿́˷̍˿˿ 

̈˹˿̄̍̅˹̅̀ ˻̇̅˸˿, ˛˽/́˺, ̈̂˼˻̊̐̕˿˼: 
– ΔG = 168,0 ˛˽/́˺; 
– UM = 162,0 ˛˽/́˺; 
– US = 6,0 ˛˽/́˺; 
– ΔH = 168,036 ˛˽/́˺; 
– ǲ ΔS = 0,036 ˛˽/́˺. 
˛˷̂˼˼ ˸̒̂˿ ̆̇̅˹˼˻˼̄̒ ˹ ˷̄˷̂̅˺˿̎̄̒̌ ̊̈̂̅-

˹˿̖̌ ˿̈̈̂˼˻̅˹˷̄˿̖ ˹˿˸̇˷̍˿̅̄̄̅̀ ́̂˷̈̈˿̋˿́˷-
̍˿˿ (̇˷˾˻˼̂˼̄˿̖) ̇̊˻̄̒̌ ̅˸̑˼́̉̅˹: ˻̇̅˸̂˼̄̅̀ 

˷̆˷̉˿̉̅˹̒̀ ̇̊˻̒ ˿ ̃˼˻̄̅-̄˿́˼̂˼˹̅̀ ̇̊˻̒ 

́̇̊̆̄̅̈̉̓̕ 20 ̃̃. ˞˷ ̇˷̈̎˼̉̄̅˼ ˹̇˼̖̃ ̇˷̈̈˼˹˷ 
˹̅ ˹̈˼̌ ̔́̈̆˼̇˿̃˼̄̉˷̌ ̆̇˿̄˿̃˷̂˿ ˹̇˼̖̃ ˻̅-
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̈̉˿˽˼̄˿̖ 98-̆̇̅̍˼̄̉̄̅̀ ̔̋̋˼́̉˿˹̄̅̈̉˿ ̇˷˾-
˻˼̂˼̄˿̖ ̆̅ ˾˷˻˷̄̄̅̃̊ ́̂˷̈̈̊ 2,4 ̃̃. ˧˼˾̊̂̓̉˷-
̉̒ ˿̈̈̂˼˻̅˹˷̄˿̀ ̆̇˿˹˼˻˼̄̒ ˹ ̉˷˸̂. 1. 

˩ ˷ ˸ ̂ ˿ ̍ ˷  1  

ǔǧǲмоǦǪǯǢмǪǹǧǳǬǪǧ ǶǵǯǬǸǪǪ Ǫ ǱǢǲǢмǧǴǲǽ ǬǭǢǳǳǪǶǪ-

ǬǢǸǪǪ ǲǢǩǭǪǹǯǽǷ ǤǪǦоǤ ǳǽǲǾȁ, ǆǨ/Ǭǥ 

T a b l e  1  

Thermodynamic functions and classification param-

eters of various types of raw materials, j / kg 

–ΔG –UM –US –ΔH -ǲΔ S 

АȏаȒȈȒȎваȟ ȐȓȄа 

1560,0 1500,0 60,0 1560,12 0,12 

ǬȅȄȍȎ-ȍȈȊȅȋȅваȟ ȐȓȄа 

1680,0 1620,0 60,0 1680,14 0,14 
 

˨̂˼˻̊˼̉ ̆̅˻̎˼̇́̄̊̉̓, ̎̉̅ ̆̅̂̊̎˼̄̄̒˼ ˹˼̂˿-

̎˿̄̒ ̖̖̅̉̄̅̈̉̈ ˿̈́̂̎̕˿̉˼̂̓̄̅ ́ ̈˿̈̉˼̃˼ «́̂˷̈-
̈˿̋˿́˷̉̅̇ (̈˼̆˷̇˷̉̅̇) – ̆˼̇˼̇˷˸˷̉̒˹˷˼̃̅˼ ̈̒-

̇̓˼ ˹ ˺̇˷˹˿̉˷̍˿̅̄̄̅̃ ̆̅̂˼», ˷ ̄˼ ́ ̅̉˻˼̂̓̄̅ ˹˾̖-

̉̅̃̊ ́̂˷̈̈˿̋˿́˷̉̅̇̊, ̆̅̔̉̅̃̊ ̆̇˼˹̒̏˼̄˿˼ ˹˼-
̂˿̎˿̄̒ ̔̄̉˷̂̓̆˿˿ ̄˷˻ ˿˾̃˼̖̇˼̃̅̀ ˹˼̂˿̎˿̄̅̀ 

˾˷̉̇˷̎˼̄̄̅̀ ̔̄˼̇˺˿˿ (̇˷˸̅̉̒) ̆̇˿˹̅˻˷ ́̅̃̆˼̄-

̈˿̇̊˼̖̉̈ ̇˷˸̅̉̅̀ ̊̃˼̄̓̏˼̄˿̖ ̆̅̉˼̄̍˿˷̂̓̄̅̀ 

̔̄˼̇˺˿˿ ̖̈̒̇̓ ˹ ˺̇˷˹˿̉˷̍˿̅̄̄̅̃ ̆̅̂˼ (́˷́ ˸̒ 

˼˺̅ «̆˷˻˼̄˿˼̃»). ˥̎˼˹˿˻̄̒̃ ̅˸̇˷˾̅̃ ̆̇˿ ̔̉̅̃ 

̈̅˸̂̕˻˷˼̖̉̈ ˾˷́̅̄ ̈̅̌̇˷̄˼̄˿̖ ̔̄˼̇˺˿˿.  

˩˷́˽˼ ̄˷̈ ̄˼ ˻̅̂˽̄̒ ̈̃̊̐˷̉̓ ̆̅̂̊̎˼̄̄̒˼ 
˻˷̄̄̒˼ ̅˸ ̊̃˼̄̓̏˼̄˿˿ («̊̄˿̎̉̅˽˼̄˿˿») ̔̄-

̉̇̅̆˿˿ ˹ ̆̇̅̍˼̈̈˼ ́̂˷̈̈˿̋˿́˷̍˿˿ ̈̒̆̊̎˼˺̅ 

̃˷̉˼̇˿˷̂˷ ̆̅ ́̇̊̆̄̅̈̉˿. ˴̄̉̇̅̆˿̀̄̒̀ ˹́̂˷˻ 

ǲ ΔS – ́̇˷̀̄˼ ̃˷̂˷̖ ̄˼˻˿̈̈˿̆˷̉˿˹̄˷̖ ̈̅̈̉˷˹-

̖̂̐̕˷̖ ̆̇̅̍˼̈̈˷ ́̂˷̈̈˿̋˿́˷̍˿˿ ̆̅ ́̇̊̆̄̅-

̈̉˿, ̇˼˷̂˿˾̊˼̃˷̖ ̉̅̂̓́̅ ˹̅ ˹̄˼̏̄˼̃ ̈˿̂̅˹̅̃ 

̆̅̂˼ (˹ ̄˷̏˼̃ ̈̂̊̎˷˼ – ˹ ˺̇˷˹˿̉˷̍˿̅̄̄̅̃ ̆̅-

̂˼ ˞˼̃̂˿).  

К̂˷̈̈˿̎˼̈́˿̃ ˷̄˷̂̅˺̅̃ ̅̆˿̈̒˹˷˼̃̒̌ 

̆̇̅̍˼̈̈̅˹ ̖˹̖̂˼̖̉̈ ˿˾̃˼̄˼̄˿˼ ̔̄̉̇̅̆˿˿ ˹ 

̖́̅˸̒ ˾˷̃́̄̊̉̅̀ ̈˿̈̉˼̃˼ – ˾̄˷̃˼̄˿̉̒̀ ̆˷̇˷-
˻̅́̈, ˿˾˹˼̈̉̄̒̀ ́˷́ «˻˼̃̅̄ ˣ˷́̈˹˼̂̂˷».  

˘̅̂˼˼ ̉̅˺̅, ̉˼̇̃̅˻˿̄˷̃˿̎˼̈́˷̖ ́˷̇̉˿̄˷ 
̇˷˾˻˼̂˼̄˿̖ ̈̒̆̊̎˼˺̅ ̃˷̉˼̇˿˷̂˷ ̆̅˻ ˻˼̀̈̉˹˿˼̃ 

˹˿˸̇˷̍˿˿ ̆̇˿̄̍˿̆˿˷̂̓̄̅ ̄˼ ̃˼̖̄˼̖̉̈ ˻˷˽˼ 
̆̇˿ ̅̉̈̊̉̈̉˹˿˿ ̋˿˾˿̎˼̈́̅̀ ̇˷˾˻˼̂˿̉˼̂̓̄̅̀ 

̆˼̇˼˺̅̇̅˻́˿ ˹ ˹˿˻˼ ̈˿̉˷ (̇˿̈. 1). ˴̉̅ ̖˹̂˼̄˿˼ ˹ 

̋̅̇̃˼ ̈˼˺̇˼˺˷̍˿˿ ̆̅ ́̇̊̆̄̅̈̉˿ ̆̅̎̉˿ ˹̈˼˺˻˷ 
˿̃˼˼̉ ̃˼̈̉̅ ˹ ̄˷˻̇˼̏˼̉̄̅̀ ˾̅̄˼ ˹ ̆˼̇˹̅̀ ̅̉ 
̉̅̎́˿ ˾˷˺̇̊˾́˿ ̆̅̂̅˹˿̄˼ ̇˷˸̅̎˼̀ ˾̅̄̒ ˹˿˸̇˷-
̍˿̅̄̄̅˺̅ ́̂˷̈̈˿̋˿́˷̉̅̇˷, ́̅˺˻˷ ̃˷̉˼̇˿˷̂ ̆̅-

̈̉̊̆˷˼̉ ̄˷ ́̂˷̈̈˿̋˿́˷̉̅̇ ˿ ̆˼̇˼̃˼̐˷˼̖̉̈ 

̉̅̂̈̉̒̃ ̈̂̅˼̃. В ̖˹̂˼̄˿˿ ˹˼̇̉˿́˷̂̓̄̅̀ ˹˿˸-

̇˷̍˿̅̄̄̅̀ ̈˼˺̇˼˺˷̍˿˿ ̆̅̂˿˻˿̈̆˼̇̈̄̅˺̅ ̃˷̉˼-
̇˿˷̂˷ ̇̅̂̓ ̃̄̅˽˼̈̉˹˷ «̈˿̉» ˹̖̒̆̅̂̄̉̕ ˸̅̂˼˼ 
́̇̊̆̄̒˼ ̎˷̈̉˿̍̒, ̆̇̅̆̊̈́˷̐̕˿˼ ˹̄˿˾ ̎˷̈̉˿-

̍̒ ̃˼̄̓̏˼˺̅ ̇˷˾̃˼̇˷ [4, 10].  

 

       
 

˧˿̈. 1. ˘˼̈̈˿̉̅˹˷̖ ˹˿˸̇˷̍˿̅̄̄˷̖ ̈˼˺̇˼˺˷̍˿̖ 

Fig. 1. Unstitched vibration segregation 
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а)   ȁ) 

 
 

˧˿̈. 2. ˪̈̇˼˻̄˼̄˿˼ ˻̇̅˸˿ (а – ̎˼̇˼˾ 3 ̈, ȁ – ̎˼̇˼˾ 30 ̈) 

Fig. 2. Fraction averaging (а – 3 s; ȁ – 30 s) 

 

а)   ȁ) 

 
 

˧˿̈. 3. ˪̈̇˼˻̄˼̄˿˼ ̃˼˻̄̅-̄˿́˼̂˼˹̅̀ ̇̊˻̒ (а – 1 ̃˿̄, ȁ – 10 ̃˿̄) 

Fig. 3. Averaging of copper-nickel ore (а – 1 min; ȁ – 30 min) 

 

˩ ˷ ˸ ̂ ˿ ̍ ˷  2   

ǔǧǲмоǦǪǯǢмǪǹǧǳǬǪǧ ǱǢǲǢмǧǴǲǽ ǱǲоǸǧǳǳǢ  

ǤǪбǲǢǸǪоǯǯоǥо ǵǳǲǧǦǯǧǯǪȁ, ǆǨ/Ǭǥ 

T a b l e  2  

Thermodynamic parameters of the process  

of vibration averaging, j / kg 

˥˸̑˼́̉ 
В̇˼̖̃ ̊̈̇˼˻-

̄˼̄˿̖, ̈ 
–ΔG –ΔH ǲΔ S

˨˹˿̄̍̅˹˷̖ 

˻̇̅˸̓ 

60 1740,0 1739,96 0,036

Cu-Ni ̇̊˻˷ 600 19140,0 19139,86 0,14

 

В ̊̈̂̅˹˿̖̌, ́̅˺˻˷ ˹ ̈˿̈̉˼̃˼ ̅̉̈̊̉̈̉˹̊˼̉ ̋˿-

˾˿̎˼̈́˷̖ ̇˷˾˻˼̂˿̉˼̂̓̄˷̖ ̈˿̉̅˹˷̖ ̆̅˹˼̇̌̄̅̈̉̓, 

̆̇̅̍˼̈̈ ̈˼˺̇˼˺˷̍˿˿ ̃̅˽˼̉ ˸̒̉̓ ̅˸̇˷̉˿̃̒̃, ̉. ˼. 
̃̅˽˼̉ ˸̒̉̓ ̇˼˷̂˿˾̅˹˷̄ ̆̇̅̍˼̈̈ ̊̈̇˼˻̄˼̄˿̖ ̃˷-
̉˼̇˿˷̂˷ ̆̅ ́̇̊̆̄̅̈̉˿. ˦̇˿ ˿̄˹˼̇̈˿˿ ̆̇̅̍˼̈̈˷ 
(̆̇˿ ̊̈̇˼˻̄˼̄˿˿) ˿˾̃˼̄˼̄˿˼ ̔̄̉̇̅̆˿˿ ̈˿̈̉˼̃̒ 

̆̅̂̅˽˿̉˼̂̓̄̅, ˷ ̔̄̉˷̂̓̆˿̖ ̃˼̄̓̏˼ ˾˷̉̇˷̎˼̄̄̅̀ 

̔̄˼̇˺˿˿ ̆̇˿˹̅˻˷ (̇˿̈. 2, 3, ̉˷˸̂. 2).  

˥̉̃˼̉˿̃, ̎̉̅ ̆̇˿˹˼˻˼̄̄̒˼ ˹̒́̂˷˻́˿ ̔̄˼̇-

˺˼̉˿̎˼̈́̅̀ ̅̍˼̄́˿ ̈̅̈̉˷˹̖̂̐̕˿̌ ̆̇̅̍˼̈̈̅˹ 

˹˿˸̇˷̍˿̅̄̄̅̀ ́̂˷̈̈˿̋˿́˷̍˿˿ ˿ ̊̈̇˼˻̄˼̄˿̖ 

̆̅ ́̇̊̆̄̅̈̉˿ ̆̇˼˻̈̉˷˹̖̂̉̕ ̄˼ ̉̅̂̓́̅ ̆̅˾̄˷-
˹˷̉˼̂̓̄̒̀ ˿̄̉˼̇˼̈, ˷ ̊˽˼ ˿̈̆̅̂̓˾̖̊̉̈̕ ˹ 

ˤ˷̊̎̄̅-̆̇̅˿˾˹̅˻̈̉˹˼̄̄̅̀ ́̅̇̆̅̇˷̍˿˿ «ˣ˼-
̌˷̄̅˸̇-˩˼̌̄˿́˷», ̄˷̆̇˿̃˼̇ ̆̇˿ ́̅̄̈̉̇̊˿̇̅-

˹˷̄˿˿ ̄̅˹̒̌ ̉˿̆̅˹ ˹˿˸̇˷̍˿̅̄̄̒̌ ̃˷̏˿̄ ̈ 

̆̇̅̈˼˿˹˷̐̕˿̃˿ ̆̅˹˼̖̇̌̄̅̈̉̃˿ ̈̂̅˽̄̅̀ 

̋̅̇̃̒ (̇˿̈. 4–6). 
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˧˿̈. 4. 3D ̃̅˻˼̂̓ ̃̄̅˺̅˻˼̎̄̅˺̅ ˺̇̅̌̅̉˷ 
Fig. 4. 3D model of busy screen 

˧˿̈. 5. В˿˸̇̅˺̇̅̌̅̉ ̖̉˽˼̂̅˺̅ ̉˿̆˷ ̄˷ ̈̉˷̆˼̂˼ 
Fig. 5. Heavy type vibrating screen on the stocks 

 

 
 

˧˿̈. 6. ˣ̄̅˺̅˻˼̎̄̒̀ ˹˿˸̇̅˺̇̅̌̅̉ ˹ ̈̅̈̉˷˹˼ ˾̅̂̅̉̅˿˾˹̂˼́˷̉˼̂̓̄̅̀ ̊̈̉˷̄̅˹́˿ 

Fig. 6. Multi-chip vibrating screen as part of a gold extraction unit 

 

ВǽǤоǦǽ 

˥̆̇˼˻˼̂˼̄̒ ̔̄˼̇˺˼̉˿̎˼̈́˿˼ ̈̅̈̉˷˹̖̂̐̕˿˼ 
̆̇̅̍˼̈̈̅˹ ˹˿˸̇˷̍˿̅̄̄̅̀ ́̂˷̈̈˿̋˿́˷̍˿˿ 

(̇˷˾˻˼̂˼̄˿̖) ˿ ̊̈̇˼˻̄˼̄˿̖ ˺̇˷̖̄̊̂̇̄̅˺̅ ̃˷̉˼-
̇˿˷̂˷ ̆̅ ́̇̊̆̄̅̈̉˿. 

˦̅́˷˾˷̄̅, ̎̉̅ ˹ ̈˿̈̉˼̃˼ «́̂˷̈̈˿̋˿́˷̉̅̇ 

– ̇˷˾˻˼̖̂˼̃̅˼ ̆̅̂˿˻˿̈̆˼̇̈̄̅˼ ̈̒̇̓˼ ˹ ˺̇˷-

˹˿̉˷̍˿̅̄̄̅̃ ̆̅̂˼» ̆̇̅˿̈̌̅˻˿̉ ̄˼˻˿̈̈˿̆˷-

̉˿˹̄˷̖ ̔̄˼̇˺˼̉˿̎˼̈́˷̖ ̆̅̉˼̖̇, ˷ ̆̇˿ ̆̇˿̄̊-

˻˿̉˼̂̓̄̅̃ ̊̈̇˼˻̄˼̄˿˿ ˿̃˼˼̉ ̃˼̈̉̅ ̅˸̇˷˾̅˹˷-

̄˿˼ (̊˹˼̂˿̎˼̄˿˼) ̔̄̉̇̅̆˿˿, ̆̇˿̎˼̃ ̔̉˿ ̖˹̂˼-

̄˿̖ ̄˼ ̆̇̅̉˿˹̅̇˼̎˷̉ ˹̉̅̇̅̃̊ ̄˷̎˷̂̊ ̉˼̇̃̅-

˻˿̄˷̃˿́˿. 

˧˷˾̇˷˸̅̉˷̄̄̒̀ ̋˼̄̅̃˼̄̅̂̅˺˿̎˼̈́˿̀ ˿̄-

̈̉̇̊̃˼̄̉˷̇˿̀ ̃̅˽˼̉ ˸̒̉̓ ˿̈̆̅̂̓˾̅˹˷̄ ́˷́ 

̅̍˼̄̅̎̄̒̀ ̆̇˿ ́̅̄̈̉̇̊˿̇̅˹˷̄˿˿ ̇˷˾̄̅̅˸̇˷˾-
̄̒̌ ̆̇̅̈˼˿˹˷̐̕˿̌ ̆̅˹˼̇̌̄̅̈̉˼̀.  

А˹̉̅̇̒ ̆̇˿̖̄̅̈̉ ˸̂˷˺̅˻˷̇̄̅̈̉̓ ˩.ˤ. ˘˷̂˻˷˼-
˹̅̀ ˿ ˤ.˘. ˧˽˷̄́̅˹̅̀ ˾˷ ̆̅̃̅̐̓ ˹ ̔́̈̆˼̇˿̃˼̄-

̉˷̂̓̄̅̀ ̇˷˸̅̉˼. 

˧˷˸̅̉˷ ˹̒̆̅̂̄˼̄˷ ˾˷ ̈̎˼̉ ˺̇˷̄̉˷ ˧̅̈̈˿̀̈́̅˺̅ 

̄˷̊̎̄̅˺̅ ̋̅̄˻˷ (̆̇̅˼́̉ 17-79-30056). 
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ВАСИЛИЙ АНДРЕЕВИЧ ГЛУХИХ  
(к 90-летию со дня рождения) 

В ̈̉˷̉̓˼ ̅̆˿̈˷̄˷ ˻˼̖̉˼̂̓̄̅̈̉̓ ˿˾˹˼̈̉̄̅˺̅ ̊̎˼̄̅˺̅ В˷̈˿̂˿̖ А̄˻̇˼˼˹˿̎˷ ˚̂̊̌˿̌,  ˷́˷˻˼̃˿́˷ ˧Аˤ, 
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̃̅˹˷», ̆̇˼˾˿˻˼̄̉˷ ˺̇̊̆̆̒ ́̅̃̆˷̄˿̀ ˥˥˥ «ˤ˟˟˴˫А˴̄˼̇˺̅». 

ǪȋȞȗȅвțȅ ȑȋȎва: В.А. ˚̂̊̌˿̌, ˷́˷˻˼̃˿́ ˧Аˤ, ˥̉˻˼̂˼̄˿˼ ̔̄˼̇˺˼̉˿́˿, ˤ˟˟˴˫А, ˤ˟˟˴˫А˴̄˼̇˺̅, 

ˣ˚˛-̃˷̏˿̄̅̈̉̇̅˼̄˿˼. 

СȑțȋȊа ȏȐȈ ȖȈȒȈȐȎваȍȈȈ:  

˵.˨. В˷̈˿̂̓˼˹, ˣ.˦. ˫˼˻̅̇̅˹. В˷̈˿̂˿̀ А̄˻̇˼˼˹˿̎ ˚̂̊̌˿̌ (́ 90-̂˼̉˿̕ ̈̅ ˻̖̄ ̇̅˽˻˼̄˿̖) // ˤ˷̊̎̄̅-

̉˼̌̄˿̎˼̈́˿˼ ˹˼˻̅̃̅̈̉˿ ˨˦˸˦˪. ˜̈̉˼̈̉˹˼̄̄̒˼ ˿ ˿̄˽˼̄˼̇̄̒˼ ̄˷̊́˿. 2019. ˩. 25. № 1. ˨. 190–193. 

DOI: 10.18721/JEST.25119. 

Yu.S. Vasiliev, M.P. Fedorov 

Peter the Great St. Petersburg polytechnic university, St. Petersburg, Russia 

VASILII ANDREEVICH GLUKHIKH: 
DEDICATED TO THE 90th ANNIVERSARY OF BIRTH

The article describes the activities of the famous scientist Vasily Andreyevich Glukhikh, academician of the 

Russian Academy of Sciences, doctor of technical sciences, professor, honorary head of the «NIIEFA 

named after D.V. Efremova», president of the group of companies OOO NIIEFAEnergo. 

Keywords: V.A. Glukhikh, Academician of the Russian Academy of Sciences, Department of Energy, 

NIIEFA, NIIEFAEnergo, MHD-Mechanical Engineering. 

Citation:  

Yu.S. Vasiliev, M.P. Fedorov, Vasilii Andreevich Glukhikh: dedicated to the 90th anniversary of birth, St. 

Petersburg polytechnic university journal of engineering science and technology, 25(01)(2019) 190–193. 

DOI: 10.18721/JEST.25119. 

В.А. ˚̂̊̌˿̌ – ˷́˷˻˼-
̃˿́ ˧Аˤ, ˻̅́̉̅̇ ̉˼̌̄˿-

̎˼̈́˿̌ ̄˷̊́, ̆̇̅̋˼̈̈̅̇, 

̆̅̎˼̉̄̒̀ ̇̊́̅˹̅˻˿̉˼̂̓ 
А˥ «ˤ˟˟˴˫А ˿̃˼̄˿ 

˛.В. ˜̋̇˼̃̅˹˷», ̆̇˼-
˾˿˻˼̄̉ ˺̇̊̆̆̒ ́̅̃̆˷-
̄˿̀ ˥˥˥ «ˤ˟˟˴˫А-

˴̄˼̇˺̅». 

˧̅˻˿̖̂̈ 10 ̋˼˹̇˷̖̂ 

1929 ˺. ˹ ˻˼̇. ˘̅̂̓̏˷̖ К˷̃˼̄̄˷̖ ˦˼̉̊̌̅˹̈́̅˺̅ 

̇˷̀̅̄˷ К̊̇˺˷̄̈́̅̀ ̅˸̂˷̈̉˿. 

˨ 1953 ˺. ̆̅̈̂˼ ̅́̅̄̎˷̄˿̖ ˩̅̃̈́̅˺̅ ̆̅̂˿-

̉˼̌̄˿̎˼̈́̅˺̅ ˿̄̈̉˿̉̊̉˷ ̈̉˷̂ ̇˷˸̅̉˷̉̓ ˹ ˤ˟˟ 

̔̂˼́̉̇̅̋˿˾˿̎˼̈́̅  ̀˷̆̆˷̇˷̉̊̇  ̒˿̃˼̄  ˿ .̨В. ˜̋̇˼-

̃̅˹˷ ˿ ˾˷ ̔̉˿ ˺̅˻̒ ̆̇̅̏˼̂ ̆̊̉̓ ̅̉ ˿̄˽˼̄˼̇˷-
˿̈̈̂˼˻̅˹˷̉˼̂  ̖˻  ̅˺˼̄˼̇˷̂̓̄̅˺  ̅˻˿̇˼́̉̅̇˷.  ˨2003 ˺. 
̅̄ – ̄˷̊̎̄̒  ̀̇̊́̅˹̅˻˿̉˼̂  ̓˟̄̈̉˿̉̊̉˷,  ˷  ̈2017 .˺ – 

̆̅̎ё̉̄̒̀ ̄˷̊̎̄̒̀ ̇̊́̅˹̅˻˿̉˼̂̓ ˟̄̈̉˿̉̊̉˷.  
А́˷˻˼̃˿́ ˧Аˤ В.А. ˚̂̊̌˿̌ ˸̅̂˼˼ 40 ̂˼̉ 

˹̅˾˺̂˷˹̖̂˼̉ ˿̈̈̂˼˻̅˹˷̄˿̖ ˿ ̇˷˾̇˷˸̅̉́˿ ̆̅ ̖̇-

˻̊ ̄˷̆̇˷˹̂˼̄˿̀ ̖˻˼̇̄̅̀ ̋˿˾˿́˿ ˿ ̔̄˼̇˺˼̉˿́˿. 

˟̃ ̈̅˾˻˷̄ ̄˷̊̎̄̒̀ ̋̊̄˻˷̃˼̄̉ ˿ ̅̇˺˷̄˿˾̅˹˷-
̄̅ ̆̇̅˿˾˹̅˻̈̉˹̅, ˹̅ ̃̄̅˺̅̃ ̅˸˼̈̆˼̎˿˹̏˿˼ 
̈̉˷̄̅˹̂˼̄˿˼ ˿ ̇˷˾˹˿̉˿˼ ̆̇̅̇̒˹̄̒̌ ̆̇̅˼́̉̅˹ 

ˬˬ ˹˼́˷ ˹ ̅˸̂˷̖̈̉̌: 

̃̅̐̄̅̀ ˿̃̆̊̂̓̈̄̅̀ ̔̂˼́̉̇̅̔̄˼̇˺˼̉˿́˿, 

̔̂˼́̉̇̅̋˿˾˿́˿, 

̃̅̐̄̒̌ ˺˷˾̅̇˷˾̖̇˻̄̒̌ ̂˷˾˼̇̅˹,  

̖˻˼̇̄̅̀ ̔̄˼̇˺˼̉˿́˿, 
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̔̂˼́̉̇̅̋˿˾˿̎˼̈́̅˺̅ ˷̆̆˷̇˷̉̅̈̉̇̅˼̄˿̖, 

˿̄˽˼̄˼̇̄̅-̋˿˾˿̎˼̈́˿̌ ̅̈̄̅˹ ̉˼̖̇̃̅˻˼̇-

̄̅̀ ̔̄˼̇˺˼̉˿́˿ ˸̊˻̊̐˼˺̅. 

˛̅̈̉˿˺̄̊̉̒ ̄˷̊̎̄̒˼ ˿ ̉˼̌̄˿̎˼̈́˿˼ ̇˼˾̊̂̓-

̉˷̉̒ ̃˿̇̅˹̅˺̅ ̊̇̅˹̖̄ ˹ ̇˷˾˹˿̉˿˿ ˿̄˻̊́̉˿˹-

̄̒̌ ̃˼̉̅˻̅˹ ̄˷́̅̆̂˼̄˿̖ ˿ ̆̇˼̅˸̇˷˾̅˹˷̄˿̖ 

̔̄˼̇˺˿˿ ˻̖̂ ̃̅̐̄̒̌ ̔̂˼́̉̇̅̋˿˾˿̎˼̈́˿̌ ́̅̃-

̆̂˼́̈̅˹ ˿ ̔̄˼̇˺̅̈˸˼̇˼˺˷̐̕˿̌ ̉˼̌̄̅̂̅˺˿̀, 

̇˼̏˼̄˿˿ ̈̂̅˽̄˼̀̏˿̌ ̋˿˾˿́̅-̉˼̌̄˿̎˼̈́˿̌ 

˾˷˻˷̎ ̃˷˺̄˿̉̄̅˺̅ ˿ ˿̄˼̇̍˿˷̂̓̄̅˺̅ ̊˻˼̇˽˷̄˿̖ 

̆̂˷˾̃̒ ˹ ̉˼̖̇̃̅˻˼̇̄̒̌ ̊̈̉˷̄̅˹́˷̌, ̈̅˾˻˷̄˿˿ 

̊̄˿́˷̂̓̄̒̌ ̈˹˼̇̌̆̇̅˹̅˻̖̐˿̌ ̔̂˼́̉̇̅̃˷˺̄˿-

̉̅˹ ˻̖̂ ̋˿˾˿̎˼̈́˿̌ ˿̈̈̂˼˻̅˹˷̄˿̀ ˿ ̉. ̆. 

˛˼̖̉˼̂̓̄̅̈̉̓ ̉˹̅̇̎˼̈́˿̌ ́̅̂̂˼́̉˿˹̅˹, ̇̊́̅-

˹̅˻˿̃̒̌ ˷́˷˻˼̃˿́̅̃ В.А. ˚̂̊̌˿̌, ˹̅ ̃̄̅˺̅̃ 

̅̆̇˼˻˼̖̂˼̉ ̃˿̇̅˹̅̀ ̊̇̅˹˼̄̓ ̇̅̈̈˿̀̈́˿̌ ˻̅̈̉˿-

˽˼̄˿̀, ̈̅˾˻˷˼̉ ̆̇˼˻̆̅̈̒̂́˿ ˻̖̂ ˻˷̂̓̄˼̀̏˼˺̅ 

̊̈̆˼̏̄̅˺̅ ̇˷˾˹˿̉˿̖ ̅̉˼̎˼̈̉˹˼̄̄̒̌ ̇˷˾̇˷˸̅̉̅́ ˿ 

̆̅˾˹̖̅̂˼̉ ̄˷̏˼̀ ̈̉̇˷̄˼ ̈̅̌̇˷̖̄̉̓ ˹˼˻̊̐˿˼ ̆̅-

˾˿̍˿˿ ˹ ̖̇˻˼ ̅˸̂˷̈̉˼̀ ̔̂˼́̉̇̅̔̄˼̇˺˼̉˿́˿ ˿ ˹ 

̃˼˽˻̊̄˷̇̅˻̄̅̃ ̉˼̖̇̃̅˻˼̇̄̅̃ ̈̅̅˸̐˼̈̉˹˼.  
В.А. ˚̂̊̌˿̌ ˾˷̂̅˽˿̂ ˿̄˽˼̄˼̇̄̅-̋˿˾˿̎˼-

̈́˿˼ ̅̈̄̅˹̒ ̆̇̅˼́̉˿̇̅˹˷̄˿̖ ̃˷˺̄˿̉̅˺˿˻̇̅˻˿-

̄˷̃˿̎˼̈́˿̌ ̔̂˼́̉̇˿̎˼̈́˿̌ ̃˷̏˿̄ ˿ ̈̋̅̇̃˿̇̅-

˹˷̂ ˹˼˻̊̐̊̕ ̄˷̊̎̄̊̕ ̏́̅̂̊ ˹ ̅˸̂˷̈̉˿ ˣ˚˛-

̔̂˼́̉̇̅̃˷̏˿̄̅̈̉̇̅˼̄˿̖. В̒̆̅̂̄˼̄̄̒˼ ̆̅˻ ˼˺̅ 

̇̊́̅˹̅˻̈̉˹̅̃ ˿̈̈̂˼˻̅˹˷̄˿̖ ˿ ̇˷˾̇˷˸̅̉́˿ ̆̅̂̊-
̎˿̂˿ ̃˿̇̅˹̅˼ ̆̇˿˾̄˷̄˿˼. ˥̄˿ ̄˷̏̂˿ ˹̅̆̂̅̐˼-
̄˿˼ ̆̇˿ ̅̇˺˷̄˿˾˷̍˿˿ ̈˼̇˿̀̄̅˺̅ ̆̇̅˿˾˹̅˻̈̉˹˷ 
ˣ˚˛-̄˷̈̅̈̅˹ ˿ ˻̇̅̈̈˼̂˼̀ ̈ ˽˿˻́̅̃˼̉˷̂̂˿̎˼-
̈́˿̃ ̇˷˸̅̎˿̃ ̉˼̂̅̃ ˻̖̂ ̇˼˷́̉̅̇̅˹ ̄˷ ˸̒̈̉̇̒̌ 
̄˼̀̉̇̅̄˷̌ ˿ ́̅̈̃˿̎˼̈́˿̌ ̖˻˼̇̄̅-̔̄˼̇˺˼̉˿̎˼-
̈́˿̌ ̊̈̉˷̄̅˹̅́. ˧˷˾̇˷˸̅̉˷̄̄̒̃˿ ˿ ˿˾˺̅̉̅˹̂˼̄-

̄̒̃˿ ˹ ˤ˟˟˴˫А ˹̒̈̅́̅̄˷˻ё˽̄̒̃˿ ̔̂˼́̉̇̅-

̃˷˺̄˿̉̄̒̃˿ ̄˷̈̅̈˷̃˿ ̊́̅̃̆̂˼́̉̅˹˷̄̒ ˹̈˼ 
̅̉˼̎˼̈̉˹˼̄̄̒˼ ̖˻˼̇̄̒˼ ̇˼˷́̉̅̇̒ ̄˷ ˸̒̈̉̇̒̌ 
̄˼̀̉̇̅̄˷̌. В ̅˸̐˼̀ ̈̂̅˽̄̅̈̉˿ ̈̅˾˻˷̄̅ ˸̅̂˼˼ 
100 ̉˷́˿̌ ̄˷̈̅̈̅˹ ̇˷˾̂˿̎̄̒̌ ̃̅˻˿̋˿́˷̍˿̀. В 

1985–86 ˺˺. ̇˷˾̇˷˸̅̉˷̄ ˿ ̊̈̆˼̏̄̅ ˿̈̆̒̉˷̄ ̈˷-
̃̒̀ ̃̅̐̄̒̀ ˹ ̃˿̇˼ ̄˷ ̉̅̉ ̆˼̇˿̅˻ ̔̂˼́̉̇̅̃˷˺-
̄˿̉̄̒̀ ̄˷̈̅̈ ̆̇̅˿˾˹̅˻˿̉˼̂̓̄̅̈̉̓̕ 3600 ̃3/̎˷̈ 
˻̖̂ ̆̇̅̃̒̏̂˼̄̄̅˺̅ ̖˻˼̇̄̅˺̅ ̇˼˷́̉̅̇˷. 

˩˼̌̄˿̎˼̈́˿˼ ̆˷̇˷̃˼̉̇̒, ̈̊̐˼̈̉˹˼̄̄̅ ̆̇˼-
˹̒̏˷̐̕˿˼ ̃˿̇̅˹̅̀ ̊̇̅˹˼̄̓, ̆̇̅˻˼̃̅̄̈̉̇˿̇̅-

˹˷̂˿ ̉˷́˽˼ ̔̂˼́̉̇̅̃˷˺̄˿̉̄̒˼ ̄˷̈̅̈̒ ˿ ˻̇̅̈̈˼-
̂˿ ˻̖̂ ̖˻˼̇̄̅-̔̄˼̇˺˼̉˿̎˼̈́˿̌ ̊̈̉˷̄̅˹̅́ ́̅̈̃˿-

̎˼̈́̅˺̅ ̄˷˾̄˷̎˼̄˿̖. ˨ 1975 ̆̅ 1987 ˺̅˻ ̈˹̒̏˼ 

30 ̈̆̊̉̄˿́̅˹ ̈˼̇˿˿ «К̅̈̃̅̈» ˸̒̂˿ ̊́̅̃̆̂˼́̉̅-

˹˷̄̒ ̉˷́˿̃˿ ̄˷̈̅̈˷̃˿. ˬ̅̇̅̏˿˼ ̆˼̇̈̆˼́̉˿˹̒ 

˿̃˼˼̉ ˿ ̈̅˾˻˷̄̄˷̖ ˺˷̃̃˷ ˣ˚˛-̊̈̉̇̅̀̈̉˹ ˻̖̂ 

̇˷́˼̉̄̒̌ ˿̅̄̄̅-̆̂˷˾̃˼̄̄̒̌ ˻˹˿˺˷̉˼̂˼̀. 

˦̅˻ ̄˷̊̎̄̒̃ ̇̊́̅˹̅˻̈̉˹̅̃ В.А. ˚̂̊̌˿̌ 

̈̅˾˻˷̄ ̊̄˿́˷̂̓̄̒̀ ˷˹̉̅̄̅̃̄̒̀ ˿̃̆̊̂̓̈̄̒̀ 

ˣ˚˛: ˺˼̄˼̇˷̉̅̇ ̃̅̐̄̅̈̉̓̕ 500 ˣВ̉ ̄˷ ̆̅̇̅-

̌̅˹̅̃ ̉̅̆̂˿˹˼. ˥̈̄̅˹̄̒˼ ́̅̃̆̅̄˼̄̉̒ ˺˼̄˼̇˷-
̉̅̇˷ ̈ ̔́̈̉̇˼̃˷̂̓̄̅ ˹̒̈̅́˿̃˿ ̆˷̇˷̃˼̉̇˷̃˿ – 

̈˿̈̉˼̃˷ ˹̅˾˸̊˽˻˼̄˿̖, ˿̄˻̊́̉˿˹̄̒̀ ̄˷́̅̆˿-

̉˼̂̓, ́̅̃̃̊̉˿̇̊̐̕˷̖ ˷̆̆˷̇˷̉̊̇˷ – ˻̅ ̄˷̈̉̅-

̖̐˼˺̅ ˹̇˼̃˼̄˿ ̄˼ ˿̃˼̉̕ ̃˿̇̅˹̒̌ ˷̄˷̂̅˺̅˹, ˷ 
˼˺̅ ̊˻˼̂̓̄̒˼ ̌˷̇˷́̉˼̇˿̈̉˿́˿ ˻̅ ̈˿̌ ̆̅̇ ̅̈̉˷-
̖̉̈̕ ̄˼̆̇˼˹˾̅̀˻ё̄̄̒̃˿. 

˥̈̅˸̅ ̄˼̅˸̌̅˻˿̃̅ ̆̅˻̎˼̇́̄̊̉̓ ˹̒˻˷̐̕˿̖̀̈ 

̉˹̅̇̎˼̈́˿̀ ˿ ̅̇˺˷̄˿˾˷̍˿̅̄̄̅-̉˼̌̄˿̎˼̈́˿  ̀˹́̂˷˻ 

В.А. ˚̂̊̌˿̌ ˹ ̇˼̏˼̄˿˼ ˺̂̅˸˷̂̓̄̅̀ ̔̄˼̇˺˼̉˿̎˼-
̈́̅̀ ̆̇̅˸̂˼̃̒ ̈̅˹̇˼̃˼̄̄̅̈̉˿ – ̅˹̂˷˻˼̄˿˼ 
̔̄˼̇˺˿˼̀ ̊̆̇˷˹̖̂˼̃̅˺̅ ̉˼̖̇̃̅˻˼̇̄̅˺̅ ̈˿̄̉˼˾˷. 
˨ ̈˼̇˼˻˿̄̒ 50-̌ ˺̅˻̅˹ ̆̇̅̏̂̅˺̅ ˹˼́˷ ̅̄ ̆̇˿̄˿-

̃˷˼̉ ̂˿̎̄̅˼ ̉˹̅̇̎˼̈́̅˼ ̊̎˷̈̉˿˼, ˷ ̈ 70-̌ ̄˼̆̅-

̈̇˼˻̈̉˹˼̄̄̅ ̇̊́̅˹̅˻˿̉ ˿̈̈̂˼˻̅˹˷̄˿̖̃˿ ˿ ̇˷˾̇˷-
˸̅̉́˷̃˿ ̆̅ ˿̄˽˼̄˼̇̄̅-̋˿˾˿̎˼̈́˿̃ ̆̇̅˸̂˼̃˷̃ 

̃˷˺̄˿̉̄̅- ˿ ˿̄˼̇̍˿˷̂̓̄̅̊̆̇˷˹̖̂˼̃̅˺̅ ̉˼̇̃̅-

̖˻˼̇̄̅˺  ̅̈˿̄̉˼˾˷, ̖˹̖̂˼̖̉̈ ˷˹̉̅̇̅̃ ̃̄̅˺˿̌ ́̂̕-

̎˼˹̒̌ ́̅̄̍˼̆̍˿̀ ˿ ˸˷˾̅˹̒̌ ̉˼̌̄˿̎˼̈́˿̌ ̇˼̏˼-
̄˿̀. ˥̄ ˹̅˾˺̂˷˹̖̂̂ ˺̇̊̆̆̊ ˿̄˽˼̄˼̇̅˹ ˿ ̊̎ё̄̒̌ 
ˤ˟˟˴˫А, ̇˷˾̇˷˸̅̉˷˹̏˿̌ ̆˼̇˹̊̕ ̅̉˼̎˼̈̉˹˼̄-

̄̊̕ ̉̅̇̅˿˻˷̂̓̄̊̕ ̉˼̖̇̃̅˻˼̇̄̊̕ ̊̈̉˷̄̅˹́̊ 
«А̂̓̋˷» ˿ ˹̒̆̅̂̄˿˹̏˿̌ ̄˷ ̄˼̀ ˿̈̈̂˼˻̅˹˷̄˿̖ ̆̅ 

̋˿˾˿́˼ ̆̂˷˾̃̒. В ˻˷̂̓̄˼̀̏˼̃ ̆̅˻ ˼˺̅ ̇̊́̅˹̅˻-

̈̉˹̅̃ ̈̅˾˻˷̄̒ ̊̄˿́˷̂̓̄̒˼ ̔̂˼́̉̇̅̋˿˾˿̎˼̈́˿˼ 
́̅̃̆̂˼́̈̒: ̆˼̇˹̒̀ ˹ ̃˿̇˼ ̉̅́˷̃˷́ ̈̅ ̈˹˼̇̌̆̇̅-

˹̅˻̖̐˼̀ ̅˸̃̅̉́̅̀ ̉̅̇̅˿˻˷̂̓̄̅˺̅ ̖̆̅̂ ˩-15; ̉̅-

́˷̃˷́ ̈ ˷˻˿˷˸˷̉˿̎˼̈́˿̃ ̈˽˷̉˿˼̃ ̆̂˷˾̃˼̄̄̅˺̅ 

̏̄̊̇˷ ˩˨˦, ˹ ́̅̉̅̇̅̃ ˻̖̂ ̋̅̇̃˿̇̅˹˷̄˿̖ ̃˷˺-
̄˿̉̄̅˺̅ ̖̆̅̂ ˿̈̆̅̂̓˾̅˹˷̄ ́̇̊̆̄˼̀̏˿̀ ˹ ̃˿̇˼ 
˿̄˻̊́̉˿˹̄̒̀ ̄˷́̅̆˿̉˼̂̓ ̈ ˾˷̆˷̈ё̄̄̅̀ ̔̄˼̇˺˿˼̀ 

900 ˣ˛˽; ̖̇˻ ̔́̈̆˼̇˿̃˼̄̉˷̂̓̄̒̌ ̉̅̇̅˿˻˷̂̓̄̒̌ 
̊̈̉˷̄̅˹̅́; ̔̂˼́̉̇̅̄̄̅-̆̊̎́̅˹̒̀ ́̅̃̆̂˼́̈ «А̄-

˺˷̇˷-5»; ́̇̊̆̄˼̀̏˿̀ ̅̉˼̎˼̈̉˹˼̄̄̒̀ ̂˷˾˼̇̄̒̀ 

́̅̃̆̂˼́̈ «˟̈́̇˷-5» ˿ ̊̈̉˷̄̅˹́˷ «ˢ̊̎» – ̃̅˻̊̂̓ 
̂˷˾˼̇̄̅˺  ̅́ ̅̃̆̂˼́̈  ˷̄ ̅˹̅˺  ̅̆ ̅́̅̂˼̄˿  ̖«˟̈́̇˷-6». 

˨ 1978 ˺. ˹ ̇˷̃́˷̌ ̃˼˽˻̊̄˷̇̅˻̄̅˺̅ ̆̇̅˼́̉˷ 
˟ˤ˩˥˧-˟˩˴˧ ̊̈̆˼̏̄̅ ˹˼˻̖̊̉̈ ́̇̊̆̄̅̃˷̈-
̏̉˷˸̄̒˼ ́̅̃̆̂˼́̈̄̒˼ ̔́̈̆˼̇˿̃˼̄̉˷̂̓̄̒˼ ˿̈-
̈̂˼˻̅˹˷̄˿̖, ̃˷̉˼̃˷̉˿̎˼̈́̅˼ ̃̅˻˼̂˿̇̅˹˷̄˿˼, 
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̆̇̅˼́̉̄̅-́̅̄̈̉̇̊́̉̅̇̈́˿˼ ˿˾̒̈́˷̄˿̖ ˿ ̉˼̌̄̅-

̂̅˺˿̎˼̈́˷̖ ̅̉̇˷˸̅̉́˷ ̅̈̄̅˹̄̒̌ ̈˿̈̉˼̃ ̔́̈̆˼̇˿-

̃˼̄̉˷̂̓̄̅˺̅ ̉˼̖̇̃̅˻˼̇̄̅˺̅ ̇˼˷́̉̅̇˷-̉̅́˷̃˷́˷. 
В ̇˷̃́˷̌ ̔̉̅˺̅ ˦̇̅˼́̉˷ ˤ˟˟˴˫А ̆̅˻ ̄˷̊̎̄̒̃ 

̇̊́̅˹̅˻̈̉˹̅̃ В.А. ˚̂̊̌˿̌ ˹̖̒̆̅̂̄˼̉ ̋̊̄́̍˿˿ 

˚̂˷˹̄̅˺̅ ́̅̄̈̉̇̊́̉̅̇˷. В.А. ˚̂̊̌˿̌ ̆̇˿̄˿̃˷̂ 

̉˷́˽˼ ̖̆̇̃̅˼ ̊̎˷̈̉˿˼ ˹ ̇˷˸̅̉˼ ̃˼˽˻̊̄˷̇̅˻̄̒̌ 
̅̇˺˷̄̅˹ ̊̆̇˷˹̂˼̄˿̖ ˦̇̅˼́̉̅̃. В̒̆̅̂̄˼̄̄̒˼ 
˿̈̈̂˼˻̅˹˷̄˿̖ ˿ ̇˷˾̇˷˸̅̉́˿ ̈̅˾˻˷̂˿ ̄˼̅˸̌̅˻˿̃̒˼ 
̆̇˼˻̆̅̈̒̂́˿ ˻̖̂ ̆̅˻̆˿̈˷̄˿̖ ˹ ̖̄̅˸̇˼ 2006 ˺̅˻˷ 
̃˼˽̆̇˷˹˿̉˼̂̓̈̉˹˼̄̄̅˺̅ ̈̅˺̂˷̏˼̄˿̖ ̅ ̈̉̇̅˿-

̉˼̂̓̈̉˹˼ ̇˼˷́̉̅̇˷-̉̅́˷̃˷́˷ ˟˩˴˧ – ̆̇̅̅˸̇˷˾˷ 
̉˼̖̇̃̅˻˼̇̄̒̌ ̔̂˼́̉̇̅̈̉˷̄̍˿̀ XXI ˹˼́˷. ˨̅̅̇̊-
˽˼̄˿˼ ̇˼˷́̉̅̇˷ ̄˷̎˷̂̅̈̓ ˹ 2007 ˺. ˨˼̀̎˷̈ ̔̉̅ 

́̇̊̆̄˼̀̏˿̀ ̃˼˽˻̊̄˷̇̅˻̄̒̀ ̆̇̅˼́̉ ̈ ̊̎˷̈̉˿˼̃ 

7 ̈̉̇˷̄, ˹́̂̎̕˷̖ ˜˹̇̅̈̅̕˾. ˥̄ ̈̉˷̄˼̉ ̆˼̇˹̒̃ 

̏˷˺̅̃ ̄˷ ̆̊̉˿ ́ ̊̄˿˹˼̇̈˷̂̓̄̅̃̊ ˿ ̆̇˷́̉˿̎˼̈́˿ 

̄˼˿̈̎˼̇̆˷˼̃̅̃̊ ˿̈̉̅̎̄˿́̊ ̔̄˼̇˺˿˿. 

˛̖̂ ̄˷̊̎̄̅̀ ̏́̅̂̒ ˿ ̉˹̅̇̎˼̈́˿̌ ́̅̂̂˼́̉˿-

˹̅˹, ˹̅˾˺̂˷˹̖̂˼̃̒̌ В.А. ˚̂̊̌˿̌, ̌˷̇˷́̉˼̇̄̅ ̆̅-

̖̈̉̅̄̄̅˼ ˹̄˿̃˷̄˿˼ ́ ˹̅̆̇̅̈˷̃ ̆̇˷́̉˿̎˼̈́̅˺̅ 

˿̈̆̅̂̓˾̅˹˷̄˿̖ ̇˷˾̇˷˸̅̉˷̄̄̅˺̅ ̔̂˼́̉̇̅̔̄˼̇˺˼-
̉˿̎˼̈́̅˺̅ ˿ ̔̂˼́̉̇̅̋˿˾˿̎˼̈́̅˺̅ ̅˸̅̇̊˻̅˹˷̄˿̖. 

ˤ˟˟˴˫А ̈̉˷̂ ́̇̊̆̄˼̀̏˿̃ ̅̉˼̎˼̈̉˹˼̄̄̒̃ 

̇˷˾̇˷˸̅̉̎˿́̅̃ ˿ ˿˾˺̅̉̅˹˿̉˼̂˼̃ ˺˷̃̃̒ ̊̈́̅-

̇˿̉˼̂˼̀ ̇˷˾̂˿̎̄̒̌ ̉˿̆̅˹ ˻̖̂ ̂̊̎˼˹̅̀ ̉˼̇˷̆˿˿ 

˿ ˻˿˷˺̄̅̈̉˿́˿, ̆̇̅̃̒̏̂˼̄̄̅̀ ˻˼̋˼́̉̅̈́̅-

̆˿˿, ̈̉˼̇˿̂˿˾˷̍˿˿, ̇˷˻˿˷̍˿̅̄̄̅-̌˿̃˿̎˼̈́˿̌ 

˿ ̆̇˿̇̅˻̅̅̌̇˷̄̄̒̌ ̉˼̌̄̅̂̅˺˿̀, ˷́̉˿˹˷̍˿̅̄-

̄̅˺̅ ˷̄˷̂˿˾˷, ̃̅˻˿̋˿́˷̍˿˿ ́̅̄̈̉̇̊́̍˿̅̄̄̒̌ 

̃˷̉˼̇˿˷̂̅˹. ˴̉˷ ˷̆̆˷̇˷̉̊̇˷ ˿̈̆̅̂̓˾̊˼̖̉̈ 

˹ ˧̅̈̈˿˿, ˨ˤ˚, ̈̉̇˷̄˷̌ ˻˷̂̓̄˼˺̅ ˾˷̇̊˸˼˽̖̓. ˨̅-

˾˻˷̄̒ ̄˷̊̎̄̅-̉˼̌̄˿̎˼̈́˿˼ ̆̇˼˻̆̅̈̒̂́˿ ˻̖̂ 

̆̇̅̃̒̏̂˼̄̄̅˺̅ ̅̈˹̅˼̄˿̖ ˹ ˸̂˿˽˷̀̏˼̃ ˸̊˻̊-
̐˼̃ ̂˷˾˼̇̄̒̌ ̉˼̌̄̅̂̅˺˿̀ ˿ ̅˸̅̇̊˻̅˹˷̄˿̖ ̈ 
̆̇˿̃˼̄˼̄˿˼̃ ̂˷˾˼̇̅˹ ̇˷˾̂˿̎̄̒̌ ̉˿̆̅˹. В ˿̌ 
̎˿̈̂˼: ̂˷˾˼̇̄˷̖ ̇˼˾́˷ ˿ ̈˹˷̇́˷ ̃˼̉˷̂̂̅˹, 

̄˷̆̂˷˹́˷ ̆̅̇̅̏́̅˹̒̌ ̆̅́̇̒̉˿̀, ̇˷˾˻˼̂˼̄˿˼ 
˿˾̅̉̅̆̅˹, ̆̇̅˿˾˹̅˻̈̉˹̅ ̋̊̂̂˼̇˼̄̅˹ ˿ ˻̇. 

В.А. ˚̂̊̌˿̌ – ˷˹̉̅̇ ̖̆̉˿ ̃̅̄̅˺̇˷̋˿̀, ˸̅-

̂˼˼ 160 ̄˷̊̎̄̒̌ ̆̊˸̂˿́˷̍˿̀, ˸̅̂˼˼ 20 ́̇̊̆-

̄̒̌ ˿˾̅˸̇˼̉˼̄˿̀.  

В 1987 ˺̅˻̊ ̅̄ ˿˾˸̇˷̄ ˻˼̀̈̉˹˿̉˼̂̓̄̒̃ 

̎̂˼̄̅̃ (˷́˷˻˼̃˿́̅̃) Аˤ ˨˨˨˧; ̖˹̖̂˼̖̉̈ ˷́˷-
˻˼̃˿́̅̃ ̖̇˻˷ ̅̉̇˷̈̂˼˹̒̌ ˷́˷˻˼̃˿̀: А́˷˻˼̃˿˿ 

̔̂˼́̉̇̅̉˼̌̄˿̎˼̈́˿̌ ̄˷̊́, А́˷˻˼̃˿˿ ˿̄˽˼̄˼̇-

̄̒̌ ̄˷̊́, ˣ˼˽˻̊̄˷̇̅˻̄̅̀ ˷́˷˻˼̃˿˿ ˹̒̈̏˼̀ 

̏́̅̂̒, ˣ˼˽˻̊̄˷̇̅˻̄̅̀ ̔̄˼̇˺˼̉˿̎˼̈́̅̀ ˷́˷-
˻˼̃˿˿, ˣ˼˽˻̊̄˷̇̅˻̄̅̀ ˷́˷˻˼̃˿˿ ̆̇˿́̂˷˻̄̅̀ 

̇˷˻˿̅̔̂˼́̉̇̅̄˿́˿. 

˞˷ ˹̒˻˷̐̕˿˼̖̈ ̄˷̊̎̄̒˼ ˿ ̉˼̌̄˿̎˼̈́˿˼ ˻̅-

̈̉˿˽˼̄˿̖ В.А. ˚̂̊̌˿̌ ̊˻̅̈̉̅˼̄ ˢ˼̄˿̄̈́̅̀ ̆̇˼-
̃˿˿, ˚̅̈̊˻˷̇̈̉˹˼̄̄̒̌ ̆̇˼̃˿̀ ˨˨˨˧ ˿ ˧̅̈̈˿̀-

̈́̅̀ ˫˼˻˼̇˷̍˿˿ ˹ ̅˸̂˷̈̉˿ ̄˷̊́˿ ˿ ̉˼̌̄˿́˿; ̆̇˼-
̃˿˿ ˦̇˷˹˿̉˼̂̓̈̉˹˷ ˧̅̈̈˿̀̈́̅̀ ˫˼˻˼̇˷̍˿˿ ˹ ̅˸-

̂˷̈̉˿ ̄˷̊́˿ ˿ ̉˼̌̄˿́˿, ̆̇˼̃˿˿ ˿̃˼̄˿ ˷́˷˻˼̃˿́˷ 
А.ˤ. К̇̒̂̅˹˷ ˦̇˷˹˿̉˼̂̓̈̉˹˷ ˨˷̄́̉-˦˼̉˼̇˸̊̇˺˷; 
̆̇˼̃˿˿ ˦̇˷˹˿̉˼̂̓̈̉˹˷ ˨˷̄́̉-˦˼̉˼̇˸̊̇˺˷ ˾˷ ˹̒-

˻˷̐̕˿̖̀̈ ˹́̂˷˻ ˹ ̇˷˾˹˿̉˿˼ ˹̒̈̏˼˺̅ ̆̇̅̋˼̈̈˿̅-

̄˷̂̓̄̅˺̅ ̅˸̇˷˾̅˹˷̄˿̖; ̆̇˼̃˿˿ ˦̇˷˹˿̉˼̂̓̈̉˹˷ 
˧̅̈̈˿̀̈́̅̀ ˫˼˻˼̇˷̍˿˿ ˹ ̅˸̂˷̈̉˿ ̅˸̇˷˾̅˹˷̄˿̖; 

̆̇˼̃˿˿ ˣ˼˽˻̊̄˷̇̅˻̄̅̀ ˷̈̈̅̍˿˷̍˿˿ ̈̆˼̍˿˷̂˿-

̈̉̅˹ – ̉˼̖̇̃̅˻˼̇̐˿́̅˹ (Fusion Power Associates).  

В.А. ˚̂̊̌˿̌ ̄˷˺̇˷˽˻ё̄ ̅̇˻˼̄˷̃˿ «˞̄˷́ ˦̅-

̎˼̉˷», ˩̇̊˻̅˹̅˺̅ К̇˷̈̄̅˺̅ ˞̄˷̃˼̄˿, «˞˷ ˾˷̈̂̊-
˺˿ ̆˼̇˼˻ ˥̉˼̎˼̈̉˹̅̃» III ˿ IV ̈̉˼̆˼̄˿, ˥̇˻˼̄̅̃ 

˦̅̎˼̉˷ ˿ ̃˼˻˷̖̂̃˿ ˨˨˨˧ ˿ ˧̅̈̈˿̀̈́̅̀ ˫˼˻˼-
̇˷̍˿˿, ̅̉̇˷̈̂˼˹̒̃˿ ̄˷˺̇˷˻˷̃˿, ˹ ̉̅̃ ̎˿̈̂˼ ̆̅-

̎ё̉̄̒̃˿ ˾̄˷́˷̃˿ «˞˷ ̅̈̅˸̒̀ ˹́̂˷˻ ˹ ̇˷˾˹˿̉˿˼ 
˨˷̄́̉-˦˼̉˼̇˸̊̇˺˷» ˿ «˞˷ ˾˷̈̂̊˺˿ ̆˼̇˼˻ ˨˷̄́̉-
˦˼̉˼̇˸̊̇˺̅̃»; ̊˻̅̈̉̅˼̄ ˾˹˷̄˿̖ «˦̅̎˼̉̄̒̀ ˿̄-

˽˼̄˼̇ ˨˷̄́̉-˦˼̉˼̇˸̊̇˺˷». 

В.А. ˚̂̊̌˿̌ ̊˻˼̖̂˼̉ ̖̆̅̈̉̅̄̄̅˼ ˹̄˿̃˷̄˿˼ 
̆̅˻˺̅̉̅˹́˼ ˿ ˹̅̈̆˿̉˷̄˿̕ ̄˷̊̎̄̒̌ ˿ ˿̄˽˼-
̄˼̇̄̒̌ ́˷˻̇̅˹: ˸̅̂˼˼ 10 ̂˼̉ ˹̅˾˺̂˷˹̖̂̂ ́˷̋˼˻-

̇̊ ˿̄˽˼̄˼̇̄̅̀ ̔̂˼́̉̇̅̋˿˾˿́˿ ˿ ̉˼̌̄˿́˿ ˹̒-

̈̅́˿̌ ̄˷̖̆̇˽˼̄˿̀ ˹ ˨˷̄́̉-˦˼̉˼̇˸̊̇˺̈́̅̃ ˺̅̈-
̊˻˷̇̈̉˹˼̄̄̅̃ ̆̅̂˿̉˼̌̄˿̎˼̈́̅̃ ̊̄˿˹˼̇̈˿̉˼̉˼, 
˷ ̄˷ ̔̂˼́̉̇̅̃˼̌˷̄˿̎˼̈́̅̃ ̋˷́̊̂̓̉˼̉˼ ˨˦˸˚˦˪ 

̎˿̉˷̂ ́̊̇̈ ̂˼́̍˿̀ «˪̆̇˷˹̖̂˼̃̒̀ ̉˼̖̇̃̅˻˼̇-

̄̒̀ ̈˿̄̉˼˾ (˪˩˨)». ˦̇˿˾̄˷̄˿˼̃ ˼˺̅ ˾˷̈̂̊˺ ̄˷ 
̆̅̆̇˿̐˼ ˹̒̈̏˼˺̅ ̉˼̌̄˿̎˼̈́̅˺̅ ̅˸̇˷˾̅˹˷̄˿̖ 

̈̉˷̂̅ ˼˺̅ ˿˾˸̇˷̄˿˼ ˻˼̀̈̉˹˿̉˼̂̓̄̒̃ ̎̂˼̄̅̃ 

ˣ˼˽˻̊̄˷̇̅˻̄̅̀ ˿ ˧̅̈̈˿̀̈́̅̀ ˷́˷˻˼̃˿˿ ̄˷̊́ 

В̒̈̏˼̀ ̏́̅̂̒ (ˣАˤ В˯). ˞˷ ̆̂̅˻̅̉˹̅̇̄̊̕ 

̃̄̅˺̅̂˼̉̄̕̕ ̊̎˼˸̄̅-̃˼̉̅˻˿̎˼̈́̊̕ ˻˼̖̉˼̂̓-

̄̅̈̉̓ В˷̈˿̂˿̀ А̄˻̇˼˼˹˿̎ ̇˼̏˼̄˿˼̃ ˪̎˼̄̅˺̅ 

̈̅˹˼̉˷ ̊̄˿˹˼̇̈˿̉˼̉˷ ˹ 2004 ˺. ̊˻̅̈̉̅˼̄ ˾˹˷̄˿̖ 

«˦̅̎˼̉̄̒̀ ̆̇̅̋˼̈̈̅̇ ˨˦˸˚˦˪». В ̉˼̎˼̄˿˿ 

20 ̂˼̉ ̅̄ ˸̒̂ ̆̇˼˻̈˼˻˷̉˼̂˼̃ ˻˿̈̈˼̇̉˷̍˿̅̄̄̅-

˺̅ ̈̅˹˼̉˷ ˛ 212.222.16 ˨˦˸˚˦˪, ̎̂˼̄̅̃ ˪̎ё-
̄̅˺̅ ̈̅˹˼̉˷ ̔̂˼́̉̇̅̃˼̌˷̄˿̎˼̈́̅˺̅ ̋˷́̊̂̓̉˼̉˷.  

˨̅̉̇̊˻̄˿́˿, ̈̉̊˻˼̄̉̒ ˿ ˷̈̆˿̇˷̄̉̒ ˨˦˸˚˦˪ 

̆̂̅˻̅̉˹̅̇̄̅ ̈̅̉̇̊˻̄˿̎˷̂˿ ̈ ˤ˟˟˴˫А ˿ ̆̇˿-
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̄˿̃˷̂˿ ˷́̉˿˹̄̅˼ ̊̎˷̈̉˿˼ ˹ ̇˼̏˼̄˿˿ ˿̄˽˼̄˼̇-

̄̒̌ ̆̇̅˸̂˼̃ ˪˩˨: ̈̅˾˻˷̄˿˿ ̇˷˾̄̅̅˸̇˷˾̄̒̌ 
˽˿˻́̅̃˼̉˷̂̂˿̎˼̈́˿̌ ˣ˚˛-̊̈̉̇̅̀̈̉˹ ˻̖̂ ̉˼̇̃̅-

̖˻˼̇̄̒̌ ̇˼˷́̉̅̇̅˹ (˻˿˹˼̇̉̅̇̒, ̂˿̃˿̉̉˼̇̒); ̇˷˾-
̇˷˸̅̉́˼ ˿̄˽˼́̉̅̇̅˹ ̉̅̆̂˿˹̄̒̌ ̉˷˸̂˼̉̅́; ̃̅˻˼-
̂˿̇̅˹˷̄˿˿ ˿ ˿̈̈̂˼˻̅˹˷̄˿˿ ̉˼̆̂̅˹̅˺̅ ˿ ̄˷̖̆̇-

˽ё̄̄̅˺̅ ̖̈̅̈̉̅̄˿̖ ́̅̄̈̉̇̊́̍˿̀ ̈˹˼̇̌̆̇̅˹̅-

˻̖̐˿̌ ̔̂˼́̉̇̅̃˷˺̄˿̉̄̒̌ ̈˿̈̉˼̃. ˘̅̂̓̏̅̀ 

̅˸̑˼̃ ˿̈̈̂˼˻̅˹˷̄˿̀ ˹̒̆̅̂̄˼̄ ˹ ̅˸̂˷̈̉˿ ̉˼̅̇˼-
̉˿̎˼̈́̅̀ ˿ ̆̇˿́̂˷˻̄̅̀ ̃˷˺̄˿̉̄̅̀ ˺˿˻̇̅˻˿̄˷-
̃˿́˿ ˹ ̈˹̖˾˿ ̈ ̇˷˾̇˷˸̅̉́̅̀ ̃˷˺̄˿̉̅˺˿˻̇̅˻˿̄˷-
̃˿̎˼̈́˿̌ (ˣ˚˛) ̄˷̈̅̈̅˹ ˿ ˽˿˻́̅̃˼̉˷̂̂˿̎˼̈́˿̌ 
̊̈̉̇̅̀̈̉˹ ̖˻˼̇̄̅˺̅ ˿ ̉˼̖̇̃̅˻˼̇̄̅˺̅ ̇˼˷́̉̅̇̅˹, ˷ 
̉˷́˽˼ ̃̅̐̄̒̌ ̋̅̇̃˿̇̊̐̕˿̌ ̂˿̄˿̀ ˻̖̂ ̊̈̉˷̄̅-

˹̅́ ˿̄˼̇̍˿˷̂̓̄̅˺̅ ̉˼̖̇̃̅˻˼̇̄̅˺̅ ̈˿̄̉˼˾˷.  
˧˼˾̊̂̓̉˷̉̒ ̉˼̅̇˼̉˿̎˼̈́˿̌ ˿ ̔́̈̆˼̇˿̃˼̄-

̉˷̂̓̄̒̌ ˿̈̈̂˼˻̅˹˷̄˿̀ ̄˼̅˻̄̅́̇˷̉̄̅ ̅˸̈̊˽˻˷-
̂˿̈̓ ̄˷ ˹̈˼̈̅̕˾̄̒̌ ́̅̄̋˼̇˼̄̍˿̖̌ ̆̅ ˿̄˽˼-
̄˼̇̄̒̃ ̆̇̅˸̂˼̃˷̃ ̉˼̖̇̃̅˻˼̇̄̒̌ ̇˼˷́̉̅̇̅˹. 

˦̂̅˻̅̉˹̅̇̄̅˼ ̈̅̉̇̊˻̄˿̎˼̈̉˹̅ ̃˼˽˻̊ ˨˦˸˚˦˪ 

˿ ˤ˟˟˴˫А ̆̇̅˻̅̂˽˷˼̖̉̈ ˿ ˹ ̄˷̏˿ ˻̄˿. ˞˷ 
̆̅̈̂˼˻̄˿˼ 30 ̂˼̉ ˿˾ ̈̉˼̄ ̊̄˿˹˼̇̈˿̉˼̉˷ ̄˷ ̇˷˸̅-

̉̊ ˹ ˤ˟˟˴˫А ̆̇˿̏̂̅ ˸̅̂˼˼ 600 ̃̅̂̅˻̒̌ ̈̆˼-
̍˿˷̂˿̈̉̅˹, ̅́̅̄̎˿˹̏˿̌ ̇˷˾̂˿̎̄̒˼ ̋˷́̊̂̓̉˼̉̒ 

˨˦˸˚˦˪. ˣ̄̅˺˿˼ ˿˾ ̄˿̌ ̆̇̅˻̅̂˽˷̉̕ ̊̈̆˼̏̄̅ 

̇˷˸̅̉˷̉̓, ˾˷̄˿̃˷̖ ̇̊́̅˹̅˻̖̐˿˼ ˻̅̂˽̄̅̈̉˿ ˿ 

˹̅˾˺̂˷˹̖̖̂ ˹˼˻̊̐˿˼ ̄˷̊̎̄̒˼ ̄˷̆̇˷˹̂˼̄˿̖. 

В.А. ˚̂̊̌˿̌ ˹˼˻˼̉ ˷́̉˿˹̄̊̕ ̄˷̊̎̄̅-̆˼˻˷-
˺̅˺˿̎˼̈́̊̕ ˿ ̄˷̊̎̄̅-̅˸̐˼̈̉˹˼̄̄̊̕ ˻˼̖̉˼̂̓-
̄̅̈̉̓ ́˷́ ̎̂˼̄ ˥̉˻˼̂˼̄˿̖ ̔̄˼̇˺˼̉˿́˿, ̃˷̏˿-

̄̅̈̉̇̅˼̄˿̖, ̃˼̌˷̄˿́˿ ˿ ̆̇̅̍˼̈̈̅˹ ̊̆̇˷˹̂˼̄˿̖ 

˧Аˤ, ̎̂˼̄ ˦̇˼˾˿˻˿̊̃˷ ˨˷̄́̉-˦˼̉˼̇˸̊̇˺̈́̅˺̅ 

ˤ˷̊̎̄̅˺̅ ˭˼̄̉̇˷ ˧Аˤ, ̖̆̅̈̉̅̄̄̒̀ ̎̂˼̄ 

ˤ˷̊̎̄̅-̉˼̌̄˿̎˼̈́̅˺̅ ̈̅˹˼̉˷ ̆̇˿ ˦̇˷˹˿̉˼̂̓-
̈̉˹˼ ˨˷̄́̉-˦˼̉˼̇˸̊̇˺˷, ̎̂˼̄ К̅̂̂˼˺˿˿ К̅̃˿-

̉˼̉˷ ̆̅ ̄˷̊́˼ ˿ ˹̒̈̏˼̀ ̏́̅̂˼ ˦̇˷˹˿̉˼̂̓̈̉˹˷ 
˨˷̄́̉-˦˼̉˼̇˸̊̇˺˷, ̎̂˼̄ ˦̇˼˾˿˻˿̊̃˷ ˨̅̕˾˷ 
̆̇̅̃̒̏̂˼̄̄˿́̅˹ ˿ ̆̇˼˻̆̇˿̄˿̃˷̉˼̂˼̀ ˨˷̄́̉-
˦˼̉˼̇˸̊̇˺˷. ˥̄ ˹̅˾˺̂˷˹̖̂˼̉ ˤ˷̊̎̄̒̀ ̈̅˹˼̉ ̆̅ 

̃̅̐̄̅̀ ˿̃̆̊̂̓̈̄̅̀ ̔̄˼̇˺˼̉˿́˼ ˧Аˤ, ̈˼́̍˿̕ 

«˫˿˾˿́̅-̉˼̌̄˿̎˼̈́˿˼ ̆̇̅˸̂˼̃̒ ˪˩˨» ˤ˷̊̎̄̅-

˺̅ ̈̅˹˼̉˷ ˧Аˤ ̆̅ ́̅̃̆̂˼́̈̄̅̀ ̆̇̅˸̂˼̃˼ «˫˿-

˾˿́˷ ˹̒̈̅́̅̉˼̃̆˼̇˷̉̊̇̄̅̀ ̆̂˷˾̃̒», ̈̆˼̍˿˷̂˿-

˾˿̇̅˹˷̄̄̒̀ ̄˷̊̎̄̒̀ ̈̅˹˼̉ ̆̅ ̋˿˾˿́̅-

̉˼̌̄˿̎˼̈́˿̃ ̆̇̅˸̂˼̃˷̃ ̊̆̇˷˹̖̂˼̃̅˺̅ ̉˼̇̃̅-

̖˻˼̇̄̅˺̅ ̈˿̄̉˼˾˷ ˹ ̈̅̈̉˷˹˼ ˥˸̑˼˻˿̄˼̄̄̅˺̅ 

̄˷̊̎̄̅˺̅ ̈̅˹˼̉˷ ̆̅ ̆̇̅˸̂˼̃˷̃ ̔̄˼̇˺˼̉˿́˿ ̆̇˿ 

˦̇˼˾˿˻˿̊̃˼ ˨˦˸ ˤ˭ ˧Аˤ, ˹̌̅˻˿̉ ˹ ˸̇̅̕ ˥˸̑-

˼˻˿̄˼̄̄̅˺̅ ̄˷̊̎̄̅˺̅ ̈̅˹˼̉˷ ˨˦˸ ˤ˭ ˧Аˤ ̆̅ 

̆̇̅˸̂˼̃˷̃ ̔̄˼̇˺˼̉˿́˿ ̆̇˿ ˦̇˼˾˿˻˿̊̃˼ ˨˦˸ 

ˤ˭ ˧Аˤ, ˹ ̇˼˻́̅̂̂˼˺˿˿ ˽̊̇̄˷̂̅˹ «˝̊̇̄˷̂ 

̉˼̌̄˿̎˼̈́̅̀ ̋˿˾˿́˿» ˿ «˟̄̄̅˹˷̍˿˿», ˹ ̉˼̎˼-
̄˿˼ ̃̄̅˺˿̌ ̂˼̉ ˸̒̂ ̆̇˼˻̈˼˻˷̉˼̂˼̃ ˻˿̈̈˼̇̉˷̍˿-

̅̄̄̅˺̅ ̈̅˹˼̉˷ ̆̇˿ ˤ˟˟˴˫А. 

В.В. ˚̂̊̌˿̌ ̆̇˿̄˿̃˷̂ ˷́̉˿˹̄̅˼ ̊̎˷̈̉˿˼ ˹ 

̇˷˾˹˿̉˿˿ ̆̅̈ё̂́˷ ˣ˼̉˷̂̂̅̈̉̇̅̀, ̈̉̇̅˿̉˼̂̓̈̉˹˼ 
˽˿̖̂̓, ˻˹̊̌ ̏́̅̂, ˻˼̉̈́˿̌ ̊̎̇˼˽˻˼̄˿̀, ˛̅̃˷ 
̊̎˼̄̒̌ ˤ˟˟˴˫А, ̈̆̅̇̉́̅̃̆̂˼́̈˷, ˸̅̂̓̄˿̎-

̄̅˺̅ ́̅̃̆̂˼́̈˷ (̃˼˻̈˷̄̎˷̈̉̓ ˿̃˼̄˿ ˨̅́̅̂̅˹˷), 

́̅̉̅̇̒̀ ˿ ˹ ̄˷̖̈̉̅̐˼˼ ˹̇˼̖̃ ̖˹̖̂˼̖̉̈ ̅˻̄˿̃ 

˿˾ ̈˷̃̒̌ ̈̅˹̇˼̃˼̄̄̒̌ ̂˼̎˼˸̄̒̌ ̊̎̇˼˽˻˼̄˿̀.  

В˷̈˿̂˿̀ А̄˻̇˼˼˹˿̎ ˷́̉˿˹̄̅ ̈̆̅̈̅˸̈̉˹̅˹˷̂ 

̇˼̈̉˷˹̇˷̍˿˿ ̌̇˷̃˷ А̂˼́̈˷̄˻̇˷ ˤ˼˹̈́̅˺̅ ˹ 

˪̈̉̓-˟˽̅̇˼, ̈̅̅̇̊˽˼̄˿̕ ̆˷̖̃̉̄˿́˷ А̂˼́-

̈˷̄˻̇̊ ˤ˼˹̈́̅̃̊, ˻˿̅̇˷̃̒ ˿ ̃̊˾˼̖ ˹ ̎˼̈̉̓ ̆̅-

˸˼˻̒ ̄˷˻ ̏˹˼˻˷̃˿ ˹ 1240 ˺̅˻̊. 

В.В. ˚̂̊̌˿̌ ̊̎̇˼˻˿̂ ̈˹̅̀ ˨˷̄́̉-˦˼̉˼̇-

˸̊̇˺̈́˿̀ ̇˼˺˿̅̄˷̂̓̄̒̀ ̅˸̐˼̈̉˹˼̄̄̒̀ ˸̂˷˺̅-

̉˹̅̇˿̉˼̂̓̄̒̀ ̋̅̄˻ ˹ ̆̅˻˻˼̇˽́̊ ̃̅̂̅˻˼˽̄̅˺̅ 

̄˷̊̎̄̅-̉˼̌̄˿̎˼̈́̅˺̅ ̉˹̅̇̎˼̈̉˹˷. 
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АЛЕКСАНДР АЛЕКСАНДРОВИЧ РАДЦИГ  
(к стопятидесятилетию со дня рождения) 

˨̉˷̖̉̓ ̈̅˻˼̇˽˿̉ ˸˿̅˺̇˷̋˿̎˼̈́˿˼ ˻˷̄̄̒˼ ˿ ̈˹˼˻˼̄˿̖ ̅ ̉˹̅̇̎˼̈́̅̃ ̆̊̉˿ ́̇̊̆̄̅˺̅ ̊̎˼̄̅˺̅  

˹ ̅˸̂˷̈̉˿ ̉˼̆̂̅̉˼̌̄˿́˿ ˿ ̃˼̌˷̄˿́˿. ˥̉̇˷˽˼̄̒ ˺̂˷˹̄̒˼ ̔̉˷̆̒ ̆˼˻˷˺̅˺˿̎˼̈́̅̀ ˻˼̖̉˼̂̓̄̅̈̉˿ 

А.А. ˧˷˻̍˿˺˷ ˹ К˿˼˹̈́̅̃ ˿ ˢ˼̄˿̄˺̇˷˻̈́̅̃ ̆̅̂˿̉˼̌̄˿̎˼̈́˿̌ ˿̄̈̉˿̉̊̉˷̌. ˦˼̇˼̎˿̈̂˼̄̒ ̅̈̄̅˹-

̄̒˼ ˼˺̅ ̉̇̊˻̒ ̆̅ ̉˼̇̃̅˻˿̄˷̃˿́˼, ̉˼̆̂̅˹̒̃ ˻˹˿˺˷̉˼̖̂̃, ̆̇˿́̂˷˻̄̅̀ ̃˼̌˷̄˿́˼ ˿ ˿̈̉̅̇˿˿  

̉˼̆̂̅̉˼̌̄˿́˿. ˦̅˻̎˼̇́̄̊̉˷ ̇̅̂̓ А.А. ˧˷˻̍˿˺˷ ́˷́ ̅̈̄̅˹˷̉˼̖̂ ̂˼̄˿̄˺̇˷˻̈́̅̀ ̏́̅̂̒ ̉̊̇˸̅̈̉̇̅-

˿̉˼̂˼̀. 

ǪȋȞȗȅвțȅ ȑȋȎва: ̉˼̆̂̅̉˼̌̄˿́˷, ̆̇˿́̂˷˻̄˷̖ ̃˼̌˷̄˿́˷, ˿̈̉̅̇˿̖ ̉˼̆̂̅̉˼̌̄˿́˿, ̂˼̄˿̄˺̇˷˻̈́˷̖ ̏́̅̂˷ 
̉̊̇˸̅̈̉̇̅˿̉˼̂˼̀. 

СȑțȋȊа ȏȐȈ ȖȈȒȈȐȎваȍȈȈ:  

˵.˨. В˷̈˿̂̓˼˹, А.˟. К˿̇˿̂̂̅˹. А̂˼́̈˷̄˻̇ А̂˼́̈˷̄˻̇̅˹˿̎ ˧˷˻̍˿˺ (́ ̖̈̉̅̆̉˿˻˼̖̈̉˿̂˼̉˿̕ ̈̅ ˻̖̄ 

̇̅˽˻˼̄˿̖) // ˤ˷̊̎̄̅-̉˼̌̄˿̎˼̈́˿˼ ˹˼˻̅̃̅̈̉˿ ˨˦˸˦˪. ˜̈̉˼̈̉˹˼̄̄̒˼ ˿ ˿̄˽˼̄˼̇̄̒˼ ̄˷̊́˿. 2019. 

˩. 25. № 1. ˨. 194–199. DOI: 10.18721/JEST.25120. 

Yu.S. Vasiliev, A.I. Kirillov 

Peter the Great St. Petersburg polytechnic university, St. Petersburg, Russia 

ALEXANDER RADZIG:  
DEDICATED TO THE 150TH ANNIVERSARY OF BIRTH 

The article contains biographical data and information about the creative path of a major scientist in the 

field of heat engineering and mechanics. The main stages of A.A. Radzig's pedagogical activity in Kiev and 

Leningrad Polytechnic institutes are reflected. His main works on thermodynamics, thermal engineering, 

applied mechanics and history of thermal engineering are mentioned. The role of A.A. Radzig as the found-

er of the Leningrad school of turbo-builders is emphasized. 

Keywords: thermal engineering, applied mechanics, thermal engineering history, the leningrad school of 

turbo-builders. 
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Yu.S. Vasiliev, A.I. Kirillov, Alexander Radzig: dedicated to the 150th anniversary of birth, St. Petersburg 
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Хроника

В̅̈̓̃̅˺̅ ̋˼˹̇˷̖̂ 2019 ˺̅˻˷ ˿̈̆̅̂̄˿̂̅̈̓ 

150 ̂˼̉ ̈̅ ˻̖̄ ̇̅˽˻˼̄˿̖ ́̇̊̆̄̅˺̅ ̊̎˼̄̅˺̅ 

̉˼̆̂̅̉˼̌̄˿́˷ ˿ ̃˼̌˷̄˿́˷ ˾˷̈̂̊˽˼̄̄̅˺̅ ˻˼̖̉˼-
̖̂ ̄˷̊́˿ ˿ ̉˼̌̄˿́˿ ̎̂˼̄˷-́̅̇̇˼̈̆̅̄˻˼̄̉˷ 
˧Аˤ ̆̇̅̋˼̈̈̅̇˷ А̂˼́̈˷̄˻̇˷ А̂˼́̈˷̄˻̇̅˹˿̎˷ 
˧˷˻̍˿˺˷.  

А.А. ˧˷˻̍˿˺ ̇̅˻˿̖̂̈ ˹ ˩̊̂̓̈́̅̀ ˺̊˸˼̇̄˿˿ 

˹ ̈˼̃̓˼ А̂˼́̈˷̄˻̇˷ А̄̉̅̄̅˹˿̎˷ ˧˷˻̍˿˺˷ – 

˿̄˽˼̄˼̇˷ ̆̊̉˼̀ ̈̅̅˸̐˼̄˿̖, ˿˾˹˼̈̉̄̅˺̅ ̇˷˸̅-

̉˷̃˿ ˹ ̅˸̂˷̈̉˿ ̔́̈̆̂̊˷̉˷̍˿˿ ˽˼̂˼˾̄̒̌ ˻̅̇̅˺. 
˦̅̈̂˼ ̅́̅̄̎˷̄˿̖ К̇˼̃˼̄̎̊˺̈́̅˺̅ ̇˼˷̂̓̄̅˺̅ 

̊̎˿̂˿̐˷ А̂˼́̈˷̄˻̇ А̂˼́̈˷̄˻̇̅˹˿̎ ̆̅̈̉̊̆˿̂ 

̄˷ ̃˼̌˷̄˿̎˼̈́̅˼ ̅̉˻˼̂˼̄˿˼ ˨˷̄́̉-˦˼̉˼̇˸̊̇˺-
̈́̅˺̅ ̉˼̌̄̅̂̅˺˿̎˼̈́̅˺̅ ˿̄̈̉˿̉̊̉˷, ̅˻̄̅˺̅ ˿˾ 
˹˼˻̊̐˿̌ ̍˼̄̉̇̅˹ ˿̄˽˼̄˼̇̄̅˺̅ ̅˸̇˷˾̅˹˷̄˿̖ ˹ 

˧̅̈̈˿˿ ́̅̄̍˷ XIX ˹˼́˷. В ˩˼̌̄̅̂̅˺˿̎˼̈́̅̃ 

˿̄̈̉˿̉̊̉˼ ̂˼́̍˿˿ ˹ ̉˼ ˺̅˻̒ ̎˿̉˷̂˿ ˿˾˹˼̈̉̄̒˼ 

̆̇̅̋˼̈̈̅̇˷ ˟.А. ˜˹̄˼˹˿̎ (̆̅ ̆̇˿́̂˷˻̄̅̀ 

̃˼̌˷̄˿́˼, ˺˿˻̇˷˹̂˿́˼, ˺˿˻̇˷˹̂˿̎˼̈́˿̃ ˻˹˿-

˺˷̉˼̖̂̃ ˿ ̉˼̅̇˿˿ ̊̆̇̊˺̅̈̉˿), ˦.В. К̊̉̅̇̄˿̍-

́˿̀ (̆̅ ̉˼̆̂̅˹̒̃ ˻˹˿˺˷̉˼̖̂̃), ˟.˟. ˘̅̇˺̃˷̄ 

(̆̅ ̉˼̇̃̅˻˿̄˷̃˿́˼), ̆̅˻ ˹̂˿̖̄˿˼̃ ́̅̉̅̇̒̌ 
̈̂̅˽˿̖̂̈ ́̇̊˺ ̄˷̊̎̄̒̌ ˿̄̉˼̇˼̈̅˹ А.А. ˧˷˻̍˿˺˷ 
[1]. ˘̅̂̓̏̊̕ ̇̅̂̓ ˹ ˿̄˽˼̄˼̇̄̅̃ ̅˸̇˷˾̅˹˷-

̄˿˿ А.А. ˧˷˻̍˿˺˷ ̈̒˺̇˷̂˿ ̈̅̈̉˷˹̖̂˹̏˿˼ ˹ ̉̅ 

˹̇˼̖̃ ˾̄˷̎˿̉˼̂̓̄̊̕ ˻̅̂̕ ̊̎˼˸̄̅˺̅ ̆̂˷̄˷ 

˺̇˷̋˿̎˼̈́˿˼ ̇˷˸̅̉̒. А̂˼́̈˷̄˻̇ А̂˼́̈˷̄˻̇̅-

˹˿̎ ̈̎˿̉˷̂, ̎̉̅ ̎˼̇̉˼˽̄̒˼, ˺˻˼ ˹̅ ˹̇˼̖̃ ́̊̇-

̈̅˹̅˺̅ ˿ ˻˿̆̂̅̃̄̅˺̅ ̆̇̅˼́̉˿̇̅˹˷̄˿̖ ̈̉̊˻˼̄-

̉̒ ˷́̉˿˹̄̅ ̅˸̐˷̂˿̈̓ ̃˼˽˻̊ ̈̅˸̅̀ ˿ ̈ ̆̇˼̆̅-

˻˷˹˷̉˼̖̂̃˿, ˸̒̂˿ ̅̉̂˿̎̄̅̀ ̏́̅̂̅̀, ˹ ́̅̉̅-

̇̅̀ ̋̅̇̃˿̇̅˹˷̂˿̈̓ ˺̂˷˹̄̒˼ ̉˼̌̄˿̎˼̈́˿˼ 
˾̄˷̄˿̖ ˿ ̄˷˹̒́˿ [2].  

˥́̅̄̎˿˹ ˩˼̌̄̅̂̅˺˿̎˼̈́˿̀ ˿̄̈̉˿̉̊̉ ˹ 

1891 ˺̅˻̊, А.А. ˧˷˻̍˿˺ ̈ ̍˼̂̓̕ ̊˺̂̊˸̂˼̄˿̖ 

̉˼̌̄˿̎˼̈́˿̌ ˾̄˷̄˿̀ ̆̇̅˻̅̂˽˿̂ ̅˸̇˷˾̅˹˷̄˿˼ 

̄˷ ̃˷̉˼̃˷̉˿̎˼̈́̅̃ ̅̉˻˼̂˼̄˿˿ ˘˼̇̂˿̄̈́̅˺̅ 

̊̄˿˹˼̇̈˿̉˼̉˷, ˺˻˼ ̈̂̊̏˷̂ ̂˼́̍˿˿ ̃˷̉˼̃˷̉˿-

́̅˹ К˷̇̂˷ ˫̊́̈˷, ˫˼̇˻˿̄˷̄˻˷ ˫̇̅˸˼̄˿̊̈˷, 

К˷̇̂˷ ˯˹˷̇̍˷, ̋˿˾˿́̅˹ ˚˼̇̃˷̄˷ ˚˼̂̓̃˺̅̂̓-
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̍˷ ˿ ˣ˷́̈˷ ˦̂˷̄́˷. В 1895 ˺̅˻̊ А̂˼́̈˷̄˻̇ 

А̂˼́̈˷̄˻̇̅˹˿̎ ˾˷˹˼̇̏˿̂ ̃˷̉˼̃˷̉˿̎˼̈́̅˼ ̅˸-

̇˷˾̅˹˷̄˿˼, ̆̅̂̊̎˿˹ ̈̉˼̆˼̄̓ ˻̅́̉̅̇˷ ̋˿̂̅̈̅-

̋˿˿ ̆̅̈̂˼ ̊̈̆˼̏̄̅̀ ˾˷̐˿̉̒ ˻˿̈̈˼̇̉˷̍˿˿ 

«˦̇˿̂̅˽˼̄˿˼ ̉˼̅̇˿˿ ˞˼̂̅˹˷ ́ ̈˿̃̃˼̉̇˿̎̄̒̃ 

˺̇̊̆̆˷̃».  

˦̅ ˹̅˾˹̇˷̐˼̄˿˿ ˹ ˨˷̄́̉-˦˼̉˼̇˸̊̇˺ 
А.А. ˧˷˻̍˿˺ ̇˷˸̅̉˷̂ ˹ ́˷̎˼̈̉˹˼ ̈̆˼̍˿˷̂˿̈̉˷ 

̆̅ ̆˷̇̅˹̒̃ ̃˷̏˿̄˷̃ ̄˷ В˷̇̏˷˹̈́̅̀ ˽˼̂˼˾-
̄̅̀ ˻̅̇̅˺˼, ˷ ˾˷̉˼̃ ̄˷ ˤ˼˹̈́̅̃ ̃˷̏˿̄̅̈̉̇̅-

˿̉˼̂̓̄̅̃ ˾˷˹̅˻˼. В 1896 ˺̅˻̊ ̅̄ ˸̒̂ ̆̇˿˺̂˷-

̏˼̄ ˹ ˩˼̌̄̅̂̅˺˿̎˼̈́˿̀ ˿̄̈̉˿̉̊̉ ˿ «̆̅ В̒̈̅-

̎˷̀̏˼̃̊ ̈̅˿˾˹̅̂˼̄˿̕ ˚̅̈̊˻˷̖̇ ˟̃̆˼̇˷̉̅̇˷» 

́̅̃˷̄˻˿̇̅˹˷̄ ˾˷ ˺̇˷̄˿̍̊ ˻̖̂ ̆̅˻˺̅̉̅˹́˿ ́ 

̆̇˼̆̅˻˷˹˷̉˼̂̓̈́̅̀ ˻˼̖̉˼̂̓̄̅̈̉˿, ̈̄˷̎˷̂˷ 

̈̇̅́̅̃ ̄˷ 1 ˺̅˻, ˾˷̉˼̃ ˼̐˼ ̄˷ 6 ̃˼̖̈̍˼˹; ̆̇˿ 

̔̉̅̃ ˼̃̊ ˸̒̂˷ ̆̇˼˻̅̈̉˷˹̂˼̄˷ ̈̉˿̆˼̄˻˿̖ 1440 

̇̊˸./˺̅˻. ˞˷ ˹̇˼̖̃ ́̅̃˷̄˻˿̇̅˹́˿ А̂˼́̈˷̄˻̇ 

А̂˼́̈˷̄˻̇̅˹˿̎ ̅˾̄˷́̅̃˿̖̂̈ ̈ ̈̅˻˼̇˽˷̄˿˼̃ 

̂˼́̍˿̅̄̄̒̌ ́̊̇̈̅˹ ˿ ̅̇˺˷̄˿˾˷̍˿˼̀ ̂˷˸̅̇˷-

̉̅̇̄̒̌ ˾˷̖̄̉˿̀ ˹ ̄˼̈́̅̂̓́˿̌ ̉˼̌̄˿̎˼̈́˿̌ 

̊̄˿˹˼̇̈˿̉˼̉˷̌, ˷ ̉˷́˽˼ ̆̅̈˼̉˿̂ ́̇̊̆̄̒˼ ˾˷-

˹̅˻̒ ˹ ˚˼̇̃˷̄˿˿, ˫̇˷̄̍˿˿, ˯˹˼̀̍˷̇˿˿ ˿ 

˘˼̂̓˺˿˿. ˦̅̈̂˼ ˾˷˹˼̇̏˼̄˿̖ ́̅̃˷̄˻˿̇̅˹́˿ 

А.А. ˧˷˻̍˿˺ ̄˷̎˷̂ ̇˷˸̅̉˷̉̓ ˹ ˩˼̌̄̅̂̅˺˿̎˼-
̈́̅̃ ˿̄̈̉˿̉̊̉˼ ̆̇˼̆̅˻˷˹˷̉˼̂˼̃ ̎˼̇̎˼̄˿̖.  

В˼̈̄̅̀ 1898 ˺̅˻˷ А.А. ˧˷˻̍˿˺ ̆̅̂̊̎˿̂ ̆̇˿-

˺̂˷̏˼̄˿˼ ̄˷ ́˷̋˼˻̇̊ ̉˼̇̃̅˻˿̄˷̃˿́˿ ˿ ̉˼̆̂̅-

˹̒̌ ˻˹˿˺˷̉˼̂˼̀ ˹̄̅˹̓ ̈̅˾˻˷˹˷˼̃̅˺̅ К˿˼˹̈́̅˺̅ 

̆̅̂˿̉˼̌̄˿̎˼̈́̅˺̅ ˿̄̈̉˿̉̊̉˷, ̆˼̇˹̒̃ ˻˿̇˼́-

̉̅̇̅̃ ́̅̉̅̇̅˺̅ ˸̒̂ ˹̒˻˷̐̕˿̖̀̈ ̊̎˼̄̒̀ В˿́-

̉̅̇ ˢ̓˹̅˹˿̎ К˿̇̆˿̎˼˹. ˦̅̈́̅̂̓́̊ ˿̄̈̉˿̉̊̉ 
̄˷̌̅˻˿̖̂̈ ˼̐˼ ˹ ̈̉˷˻˿˿ ̅̇˺˷̄˿˾˷̍˿˿ ˿ ˾˷̖̄̉˿̖ 

̄˷ ̈̉˷̇̏˿̌ ́̊̇̈˷̌, ˺˻˼ ̆̇˼̆̅˻˷˹˷̂˿̈̓ ̈̆˼̍˿-

˷̂̓̄̒˼ ˻˿̈̍˿̆̂˿̄̒, ˻̅̂˽̄̒ ˸̒̂˿ ̄˷̎˷̖̉̓̈ 

̂˿̏̓ ̎˼̇˼˾ ˻˹˷ ˺̅˻˷, А̂˼́̈˷̄˻̇ А̂˼́̈˷̄˻̇̅-

˹˿̎ ̅̈˼̄̓̕ 1898 ˺̅˻˷ ˸̒̂ ́̅̃˷̄˻˿̇̅˹˷̄ ̈̇̅-

́̅̃ ̄˷ 1 ˺̅˻ ˿ ̈ ̆̇˼˻̅̈̉˷˹̂˼̄˿˼̃ ̈̅˻˼̇˽˷̄˿̖ 

1800 ̇̊˸. ˾˷ ˺̇˷̄˿̍̊ ˻̖̂ ̇˷˾̇˷˸̅̉́˿ ˸̊˻̊̐˿̌ 

̂˼́̍˿̅̄̄̒̌ ́̊̇̈̅˹ ˿ ̆̅˻˺̅̉̅˹́˿ ́ ˾˹˷̄˿̕ 

̆̇̅̋˼̈̈̅̇˷. ˤ˷ ̔̉̅̉ ̇˷˾ ˼˺̅ ˹̄˿̃˷̄˿˼ ˸̒̂̅ 

̈̅̈̇˼˻̅̉̅̎˼̄̅ ˺̂˷˹̄̒̃ ̅˸̇˷˾̅̃ ̄˷ ˿˾̊̎˼̄˿˿ 

̉˼̅̇˿˿ ˿ ̆̇˷́̉˿́˿ ̈̅˾˻˷̄˿̖ ̉˼̆̂̅˹̒̌ ̃˷̏˿̄. 

˥̄ ̆̅̈˼̉˿̂ ̖̇˻ ̃˷̏˿̄̅̈̉̇̅˿̉˼̂̓̄̒̌ ˾˷˹̅˻̅˹ 

˹ А̄˺̂˿˿, ˺˻˼ ̅˾̄˷́̅̃˿̖̂̈ ̈ ́̅̄̈̉̇̊́̍˿̖̃˿ ˿ 

̉˼̌̄̅̂̅˺˿̎˼̈́˿̃ ̍˿́̂̅̃ ̆̇̅˿˾˹̅˻̈̉˹˷ ̆˷̇̅-

˹̒̌ ̃˷̏˿̄ ˿ ˻̇̊˺˿̌ ̉˼̆̂̅˹̒̌ ˻˹˿˺˷̉˼̂˼̀, 

̆̇˿̖̄̂ ̊̎˷̈̉˿˼ ˹ ́̅̄˺̇˼̈̈˼ ̆̅ ̆̇˿́̂˷˻̄̅̀ 

̃˼̌˷̄˿́˼, ̖̈̅̈̉̅˹̏˼̖̃̈ ˹ ˦˷̇˿˽˼.  
˥̈˼̄̓̕ 1900 ˺̅˻˷ А.А. ˧˷˻̍˿˺ ̄˷̎˷̂ ̆̇˼-

̆̅˻˷˹˷̉̓ ˹ К˿˼˹̈́̅̃ ̆̅̂˿̉˼̌̄˿̎˼̈́̅̃ ˿̄̈̉˿-

̉̊̉˼ ˹ ˻̅̂˽̄̅̈̉˿ ˿̖̈̆̅̂̄̐̕˼˺̅ ̅˸̖˾˷̄̄̅̈̉˿ 

̔́̈̉̇˷̅̇˻˿̄˷̇̄̅˺̅ ̆̇̅̋˼̈̈̅̇˷. ˞˷ ˻˼˹̖̉̓ ̂˼̉ 
̇˷˸̅̉̒ ˹ К˿˼˹˼ А̂˼́̈˷̄˻̇ А̂˼́̈˷̄˻̇̅˹˿̎ 

̅̆̊˸̂˿́̅˹˷̂ ̎˼̉̒̇˼ ̊̎˼˸̄˿́˷: ̆̅ ̉˼̇̃̅˻˿̄˷-
̃˿́˼, ̆˷̇̅˹̒̃ ̃˷̏˿̄˷̃, ˺˿˻̇˷˹̂˿́˼ ˿ ̆̇˿-

́̂˷˻̄̅̀ ̃˼̌˷̄˿́˼. ˜˺̅ ̄˷̊̎̄̒˼ ˿̄̉˼̇˼̈̒ ˸̒-

̂˿ ̈˹̖˾˷̄̒ ̈ ̉˼̅̇˿˼̀ ˻˹˿˺˷̉˼̂˼̀ ˹̄̊̉̇˼̄̄˼˺̅ 

̈˺̅̇˷̄˿̖ ˿ ̆˷̇̅˹̒̌ ̃˷̏˿̄. В 1904 ˺̅˻̊ 

А.А. ˧˷˻̍˿˺ ˾˷̐˿̉˿̂ ˻˿̈̈˼̇̉˷̍˿̕ «ˣ˷̉˼̃˷̉˿-

̎˼̈́˷̖ ̉˼̅̇˿̖ ̅˸̃˼̄˷ ̉˼̆̂˷ ˹ ̍˿̂˿̄˻̇˷̌ ̆˷̇̅-

˹̒̌ ̃˷̏˿̄», ˸̒̂ ̊̉˹˼̇˽˻˼̄ ̊̎˼̄̒̃ ̈̅˹˼̉̅̃ 

˿̄̈̉˿̉̊̉˷ ˹ ˾˹˷̄˿˿ ˷˻̑̄́̉̕˷ ̆̇˿́̂˷˻̄̅̀ ̃˼-
̌˷̄˿́˿ ˿ ˿˾˸̇˷̄ ˻˼́˷̄̅̃ ̃˼̌˷̄˿̎˼̈́̅˺̅ ̋˷-
́̊̂̓̉˼̉˷, ˷ ˹ 1906 ˺̅˻̊ – ̅̇˻˿̄˷̇̄̒̃ ̆̇̅̋˼̈-
̈̅̇̅̃.  

К˿˼˹̈́˿̀ ̆˼̇˿̅˻ ˸̒̂ ˿̈́̂̎̕˿̉˼̂̓̄̅ 

̆̂̅˻̅̉˹̅̇̄̒̃ ˹ ̉˹̅̇̎˼̈́̅̀ ˸˿̅˺̇˷̋˿˿ А̂˼́-

̈˷̄˻̇˷ А̂˼́̈˷̄˻̇̅˹˿̎˷. ˟̃˼̄̄̅ ˾˻˼̈̓ ˹ ̆̅̂-

̄̅̀ ̃˼̇˼ ̇˷̈́̇̒̂˿̈̓ ˼˺̅ ˸̂˼̖̈̉̐˿˼ ̈̆̅̈̅˸-

̄̅̈̉˿ ˿ ̖̆̇̅˹˿̂˿̈̓ ̆̂̅˻̒ ˺̂̊˸̅́̅˺̅ ̃˷̉˼̃˷-

̉˿̎˼̈́̅˺̅ ̅˸̇˷˾̅˹˷̄˿̖. В 1908 ˺̅˻̊ А̂˼́-

̈˷̄˻̇ А̂˼́̈˷̄˻̇̅˹˿̎ ̊̏˼̂ ˿˾ К˿˼˹̈́̅˺̅ ̆̅-

̂˿̉˼̌̄˿̎˼̈́̅˺̅ ˿̄̈̉˿̉̊̉˷, ̆̅˻˷˹ ˹ ̅̉̈̉˷˹́̊ 

˹̃˼̈̉˼ ̈ ˺̇̊̆̆̅̀ ˹˼˻̊̐˿̌ ̆̇̅̋˼̈̈̅̇̅˹ ˹ ˾̄˷́ 

̆̇̅̉˼̈̉˷ ̆̇̅̉˿˹ ˹˹˼˻˼̄˿̖ ̇˼˷́̍˿̅̄̄̒̌ 

«˦̇˷˹˿̂ ̅ ̈̉̊˻˼̄̎˼̈́˿̌ ̅̇˺˷̄˿˾˷̍˿̖̌ ˿ ̆̇̅-

˹˼˻˼̄̄˿˿ ̈̅˸̇˷̄˿̀ ˹ ̈̉˼̄˷̌ ˹̒̈̏˿̌ ̊̎˼˸̄̒̌ 

˾˷˹˼˻˼̄˿̀» [3].  

В 1909 ˺̅˻̊ А.А. ˧˷˻̍˿˺ ˸̒̂ ˿˾˸̇˷̄ ̄˷ 
˻̅̂˽̄̅̈̉̓ ̅̇˻˿̄˷̇̄̅˺̅ ̆̇̅̋˼̈̈̅̇˷ ̆̇˿́̂˷˻-

̄̅̀ ̃˼̌˷̄˿́˿ ˹ ˨˷̄́̉-˦˼̉˼̇˸̊̇˺̈́̅̃ ̆̅̂˿̉˼̌-
̄˿̎˼̈́̅̃ ˿̄̈̉˿̉̊̉˼. ˥̄ ̎˿̉˷̂ ̂˼́̍˿̅̄̄̒˼ ́̊̇-

̈̒ ̆̅ ̉˼̇̃̅˻˿̄˷̃˿́˼ ˿ ̉˼̆̂̅˹̒̃ ˻˹˿˺˷̉˼̖̂̃, 

̃˷̏˿̄̅˹˼˻˼̄˿̕ ˿ ̆̇˿́̂˷˻̄̅̀ ̃˼̌˷̄˿́˼. ˟˾˻˷̂ 

́̊̇̈̒ ̂˼́̍˿̀ ̆̅ ̆˷̇̅˹̒̃ ̃˷̏˿̄˷̃. ˥̄ ̆̊˸̂˿-

́̅˹˷̂ ̈̉˷̉̓˿ ̆̅ ̇˷̈̎˼̉̊ ̈˹˼̇̌˾˹̊́̅˹̅˺̅ ˿̈̉˼̎˼-
̄˿̖ ˿ ̆̅ ̉˼̇̃̅˻˿̄˷̃˿̎˼̈́˿̃ ̈˹̅̀̈̉˹˷̃ ˹̅˻̖-
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̄̅˺̅ ̆˷̇˷, ̆̅ ˹̅̆̇̅̈˷̃, ̈˹̖˾˷̄̄̒̃ ̈ ̔̋̋˼́-

̉˿˹̄̅̈̉̓̕ ˿ ˹˿˸̇˷̍˿˼̀ ˻˿˾˼̂̓̄̒̌ ˻˹˿˺˷̉˼̂˼̀.  

В ̉̅̃ ˽˼ 1909 ˺̅˻̊ А.А. ˧˷˻̍˿˺˷ ˿˾˸̇˷̂˿ 

˻˼́˷̄̅̃, ̅˸̖˾˷̄̄̅̈̉˿ ́̅̉̅̇̅˺̅ ̅̄ ˹̖̒̆̅̂̄̂ ˹ 

̉˼̎˼̄˿˼ ˻˼̖̈̉˿ ̂˼̉*. А̂˼́̈˷̄˻̇ А̂˼́̈˷̄˻̇̅˹˿̎ 

̅̇˺˷̄˿˾̅˹˷̂ ̄˷ ̃˼̌˷̄˿̎˼̈́̅̃ ̅̉˻˼̂˼̄˿˿ ̈̆˼-
̍˿˷̂̓̄̒˼ ˾˷̖̄̉˿̖ ˻̖̂ ̃̅̂̅˻̒̌ ̆̇˼̆̅˻˷˹˷̉˼-
̂˼̀, ˺˻˼ ̐˼˻̇̅ ˻˼̂˿̖̂̈ ̈˹̅˿̃ ̆˼˻˷˺̅˺˿̎˼̈́˿̃ 

̅̆̒̉̅̃. ˦̇˼˻̃˼̉̅̃ ̅̈̅˸̅̀ ˼˺̅ ˾˷˸̅̉̒ ˸̒̂˷ 
̂˷˸̅̇˷̉̅̇̄˷̖ ˸˷˾˷ ̅̉˻˼̂˼̄˿̖, ̉. ́. ̅̄ ̆̇˿˻˷˹˷̂ 

̂˷˸̅̇˷̉̅̇̄̒̃ ˾˷̖̄̉˿̖̃ ˸̅̂̓̏̅˼ ˾̄˷̎˼̄˿˼ ˹ 

˿̄˽˼̄˼̇̄̅̃ ̅˸̇˷˾̅˹˷̄˿˿. ˤ˷ ̂˷˸̅̇˷̉̅̇̄̒̌ 
̈̉˼̄˻˷̌, ̆̅̃˿̃̅ ̆̇̅˹˼˻˼̄˿̖ ̊̎˼˸̄̒̌ ̇˷˸̅̉, 
˹̖̒̆̅̂̄̂˿̈̓ ̉˷́˽˼ ̔́̈̆˼̇˿̃˼̄̉˷̂̓̄̒˼ ˿̈-
̈̂˼˻̅˹˷̄˿̖, ̄˼̅˸̌̅˻˿̃̒˼ ˻̖̂ ̆̅̈̉̇̅˼̄˿̖ ̄˼-
́̅̉̅̇̒̌ ̇˷˾˻˼̂̅˹ ̉˼̅̇˿˿ ̆̇˿́̂˷˻̄̒̌ ́̊̇̈̅˹, 

˿ ̄˷̊̎̄̅-˿̈̈̂˼˻̅˹˷̉˼̂̓̈́˿˼ ̇˷˸̅̉̒ ̆̅ ˾˷́˷-
˾˷̃ ̆̇̅̃̒̏̂˼̄̄̅̈̉˿.  

˧˼˾̊̂̓̉˷̉˿˹̄˷̖ ˻˼̖̉˼̂̓̄̅̈̉̓ А.А. ˧˷˻̍˿˺˷ 
˸̒̂˷ ̆̅ ˻̅̈̉̅˿̄̈̉˹̊ ̅̍˼̄˼̄˷. «В̒̈̅̎˷̀̏˿̃ 

̊́˷˾̅̃ ̆̅ ˺̇˷˽˻˷̄̈́̅̃̊ ˹˼˻̅̃̈̉˹̊» ̅̄ ˸̒̂ 

̆̇̅˿˾˹˼˻˼̄ ˹ 1897 ˺̅˻̊ ˹ ̎˿̄ ̄˷˻˹̅̇̄̅˺̅ ̈̅˹˼̉-
̄˿́˷, ˹ 1901 ˺̅˻̊ – ˹ ̎˿̄ ́̅̂̂˼˽̈́̅˺̅ ̈̅˹˼̉̄˿-

́˷, ̄˷́̅̄˼̍, ˹ 1905 ˺̅˻ – ̈̉˷̉̈́̅˺̅ ̈̅˹˼̉̄˿́˷. 
˘̅̂˼˼ ̉̅˺̅, ˹ 1902 ˺̅˻̊ «˚̅̈̊˻˷̇̓ ˟̃̆˼̇˷̉̅̇ 

˹̈˼̃˿̂̅̈̉˿˹˼̀̏˼ ̄˷˺̇˷˻˿̂» А.А, ˧˷˻̍˿˺˷ ̅̇-

˻˼̄̅̃ ˨˹. ˨̉˷̄˿̈̂˷˹˷ 3-̀ ̈̉˼̆˼̄˿; ˾˷̉˼̃, 

˹ 1908 ˺̅˻̊ – ̅̇˻˼̄̅̃ ˨˹. А̄̄̒ 3-̀ ̈̉˼̆˼̄˿; 

˹ 1912 ˺̅˻̊ – ̅̇˻˼̄̅̃ ˨˹̖̉̅˺̅ ̇˷˹̄̅˷̆̅̈̉̅̂̓-
̄̅˺̅ ̖́̄˾̖ В̂˷˻˿̃˿̇˷ 4-̀ ̈̉˼̆˼̄˿; ˹ 1913 ˺̅˻̊ – 

«̄˷˺̇˷˻̄̅̀ ̈˹˼̉̂̅-̇̅˾̅˹̅̀ ̃˼˻˷̂̓̕ ˹ ̆˷̖̃̉̓ 

300-̂˼̉˿̖ ˛̅̃˷ ˧̅̃˷̄̅˹̒̌». 

В ̈˼̖̄̉˸̇˼ 1917 ˺̅˻˷ ˨̅˹˼̉̅̃ ̆̅̂˿̉˼̌̄˿-

̎˼̈́̅˺̅ ˿̄̈̉˿̉̊̉˷ А.А. ˧˷˻̍˿˺ ˸̒̂ ˿˾˸̇˷̄ ̄˷ 
˻̅̂˽̄̅̈̉̓ ˻˿̇˼́̉̅̇˷, ́̅̉̅̇̒̀ ˹ ̉̅̃ ˽˼ ̃˼̖̈-

̍˼ ̈̉˷̂ ̄˷˾̒˹˷̖̉̓̈ ̇˼́̉̅̇̅̃ ˹ ̈˹̖˾˿ ̈ ̉˼̃, ̎̉̅ 

̅̉˻˼̂˼̄˿̖ ˿̄̈̉˿̉̊̉˷ ˸̒̂˿ ̆̇˼̅˸̇˷˾̅˹˷̄̒ ˹ 

̋˷́̊̂̓̉˼̉̒. ˧˼́̉̅̇̅̃ А̂˼́̈˷̄˻̇ А̂˼́̈˷̄˻̇̅-

˹˿̎ ˸̒̂ ̄˼˻̅̂˺̅ (˺̅˻ ˿ 2,5 ̃˼̖̈̍˷), ̄̅ ˹ ̅̎˼̄̓ 

̈̂̅˽̄̅˼ ˻̖̂ ˿̈̉̅̇˿˿ ˿̄̈̉˿̉̊̉˷ ˹̇˼̖̃. ˥̄ 

̊̈̉˷̄˷˹̂˿˹˷̂ ˻˼̂̅˹̒˼ ̅̉̄̅̏˼̄˿̖ ̈ ̈̅˹˼̉̈́̅̀ 

* В̉̅̇˿̎̄̅ А.А. ˧˷˻̍˿˺ ˸̒̂ ˿˾˸̇˷̄ ˻˼́˷̄̅̃ ̃˼-
̌˷̄˿̎˼̈́̅˺̅ ̋˷́̊̂̓̉˼̉˷ ̄˷ ̖̆̉˿̂˼̉̄˿̀ ̈̇̅́ ˹ 1925 ˺.  

˹̂˷̈̉̓̕, ̅̆˿̇˷̖̈̓ ̄˷ ̇˼̏˼̄˿̖ ˨̅˹˼̉˷ ˿̄̈̉˿-

̉̊̉˷, ̎˷̈̉̓ ̎̂˼̄̅˹ ́̅̉̅̇̅˺̅ ̄˼ ̆̇˿̖̄̂˷ ˥́-

̖̉˸̇̓̈́̊̕ ̇˼˹̅̂̍̕˿̕. ˧˼̏˷̂ ̄˼̆̇˼̇̒˹̄̅ 

˹̅˾̄˿́˷̐̕˿˼ ̆̇̅˸̂˼̃̒ ̆̅ ̅̇˺˷̄˿˾˷̍˿˿ ̊̎˼˸-

̄̅˺̅ ̆̇̅̍˼̈̈˷ ˹ ̊̈̂̅˹˿̖̌ ̅̈̉̇̅˺̅ ˻˼̋˿̍˿̉˷ 
̉̅̆̂˿˹˷ ˿ ̆̇̅˻̊́̉̅˹ ̆˿̉˷̄˿̖, ̇˼̆̇˼̈̈˿̀ ̆̇̅-

̉˿˹ ̆̇̅̋˼̈̈̅̇̅˹ ˿ ̆̇˼̆̅˻˷˹˷̉˼̂˼̀. В̄̅̈˿̂ 

̅̆˼̇˷̉˿˹̄̒˼ ́̅̇̇˼́̉˿˹̒ ˹ ̊̎˼˸̄̒˼ ̆̂˷̄̒ ˹ 

̈˹̖˾˿ ̈ ̇˼˾́˿̃ ˿˾̃˼̄˼̄˿˼̃ ̈̅̍˿˷̂̓̄̅˺̅ ̈̅-

̈̉˷˹˷ ̈̉̊˻˼̄̎˼̈́̅˺̅ ́̅̄̉˿̄˺˼̄̉˷, ̆̅̆̅̂̄˿˹-

̏˼˺̖̅̈ ˻˼̉̓̃˿ ̇˷˸̅̎˿̌ ˿ ́̇˼̖̈̉̓̄, ̄˼ ˿̃˼˹-

̏˿̃˿ ˻̅̈̉˷̉̅̎̄̅̀ ̆̅˻˺̅̉̅˹́˿. ˨̅˾˻˷˹˷̂ ̄̅-

˹̊̕ ̈̉̇̊́̉̊̇̊ ̊̆̇˷˹̂˼̄˿̖ ˿̄̈̉˿̉̊̉̅̃ ̈ ̊̎˷-
̈̉˿˼̃ ̆̇˼˻̈̉˷˹˿̉˼̂˼̀ ̈̉̊˻˼̄̉̅˹ [4].  

В 1918 ˺̅˻̊ А.А. ˧˷˻̍˿˺ ˹̅˾˺̂˷˹˿̂ ́˷̋˼˻̇̊ 

«˩˼̇̃˿̎˼̈́˿˼ ̃˷̏˿̄̒». К ̉̅̃̊ ˹̇˼̃˼̄˿ ˹ 

̔̄˼̇˺˼̉˿́˼ ˸̅̂̓̏˿̌ ̃̅̐̄̅̈̉˼̀ ˿ ˹ ́̇̊̆̄̅-

̉̅̄̄˷˽̄̅̃ ̈̊˻̅̈̉̇̅˼̄˿˿ ˹̈˼ ̎˷̐˼ ˹̃˼̈̉̅ ̆˷-
̇̅˹̅̀ ̃˷̏˿̄̒ ̈̉˷̂˿ ̆̇˿̃˼̖̄̉̓ ˿˾̅˸̇˼̉˼̄̄̊̕ 

˹ ́̅̄̍˼ XIX ˹˼́˷ ̆˷̇̅˹̊̕ ̉̊̇˸˿̄̊. ˤ̅˹̒̀ ̆˼̇-

̈̆˼́̉˿˹̄̒̀ ˻˹˿˺˷̉˼̂̓ ̈̇˷˾̊ ˽˼ ̆̇˿˹̂˼́ ˹̄˿̃˷-
̄˿˼ А̂˼́̈˷̄˻̇˷ А̂˼́̈˷̄˻̇̅˹˿̎˷. ˦̖̅˹˿̂˿̈̓ 
̆˼̇˹̒˼ ˼˺̅ ̉̇̊˻̒ ˹ ̔̉̅̀ ̅˸̂˷̈̉˿, ̆̅̈˹̖̐˼̄̄̒˼ 
̇˷̈̎˼̉̊ ́̇˿̉˿̎˼̈́̅̀ ̈́̅̇̅̈̉˿ ̉̊̇˸˿̄̄̅˺̅ ˹˷̂˷ 
(1906 ˺.) ˿ ˹̅̆̇̅̈˷̃ ˿̈̉˼̎˼̄˿̖ ̆˷̇˷ ̈̅ ̈˹˼̇̌-
˾˹̊́̅˹̒̃˿ ̖̈́̅̇̅̈̉̃˿ (1910 ˺.). ˧˷˸̅̉˷̖ ̄˷ ́˷-
̋˼˻̇˼ «˩˼̇̃˿̎˼̈́˿˼ ̃˷̏˿̄̒», А.А. ˧˷˻̍˿˺ ̇̊-
́̅˹̅˻˿̂ ̔́̈̆˼̇˿̃˼̄̉˷̂̓̄̒̃˿ ˿̈̈̂˼˻̅˹˷̄˿̖̃˿ 

̄˷ ̈̉˼̄˻˷̌, ̅˸̅̇̊˻̅˹˷̄̄̒̌ ̄̅˹˼̀̏˿̃˿ ̆˷̇̅-

˹̒̃˿ ̃˷̏˿̄˷̃˿ ˿ ̆˷̇̅˹̒̃˿ ̉̊̇˸˿̄˷̃˿, ̈̅-

˾˻˷̂ ̈˼̇˿̕ ̊̎˼˸̄̒̌ ̆̅̈̅˸˿̀ ̆̅ ̆˷̇̅̉̊̇˸˿̄-

̄̒̃ ̊̈̉˷̄̅˹́˷̃. В 1926 ˺̅˻̊ ˿̃ ˸̒̂ ̅̆̊˸̂˿́̅-

˹˷̄ ˹̒˻˼̇˽˷˹̏˿̀ ̄˼̈́̅̂̓́̅ ̆˼̇˼˿˾˻˷̄˿̀ ́̊̇̈ 
«˦˷̇̅˹̒˼ ̉̊̇˸˿̄̒», ˷ ˹ 1928 ˺̅˻̊ – ̈̆̇˷˹̅̎̄˷̖ 

́̄˿˺˷ «˫̅̇̃̊̂̒, ̉˷˸̂˿̍̒ ˿ ˻˿˷˺̇˷̃̃˷ ˹̅˻̖̄̅-

˺̅ ̆˷̇˷», ̈̅˻˼̇˽˷˹̏˷̖ ̄˷˿˸̅̂˼˼ ̉̅̎̄̒˼ ˻̖̂ 

̉̅˺̅ ˹̇˼̃˼̄˿ ˻˷̄̄̒˼ ̅ ̉˼̇̃̅˻˿̄˷̃˿̎˼̈́˿̌ 
̈˹̅̀̈̉˹˷̌ ˹̅˻̖̄̅˺̅ ̆˷̇˷. ˞˷ ́̄˿˺̊ «˦˷̇̅˹̒˼ 
̉̊̇˸˿̄̒» А̂˼́̈˷̄˻̇̊ А̂˼́̈˷̄˻̇̅˹˿̎̊ ˸̒̂˷ 
̆̇˿̈̊˽˻˼̄˷ ̆̇˼̃˿̖ ̄˷̇́̅̃˷̉˷ ̖̉˽˼̂̅̀ ̆̇̅-

̃̒̏̂˼̄̄̅̈̉˿. В ̔̉̅̉ ̆˼̇˿̅˻ ̅̄ ̇˷˸̅̉˷̂ ̉˷́˽˼ 
˹ ˦˷̂˷̉˼ ̃˼̇ ˿ ˹˼̈̅˹ ̆̅ ̈̅˹̃˼̈̉˿̉˼̂̓̈̉˹̊.  

А.А. ˧˷˻̍˿˺ ̆̇˿̖̄̂ ˷́̉˿˹̄̅˼ ̊̎˷̈̉˿˼ ˹ ̅̇˺˷-
̄˿˾˷̍˿˿ В̈˼̈̅̕˾̄̅˺̅ ́̅̉̂̅̉̊̇˸˿̄̄̅˺̅ ˿̄̈̉˿-
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̉̊̉˷ (ВК˟), ˹̒˻˼̂˿˹̏˼˺̖̅̈ ˿˾ ˦̅̂˿̉˼̌̄˿̎˼̈́̅-

˺̅ ˿̄̈̉˿̉̊̉˷ ˹ 1930 ˺. ̆̇˿ ˼˺̅ ̇˼̅̇˺˷̄˿˾˷̍˿˿. 

В ̈̅̈̉˷˹˼ ВК˟ А̂˼́̈˷̄˻̇ А̂˼́̈˷̄˻̇̅˹˿̎ ̈̅˾˻˷̂ 

̆˼̇˹̊̕ ˹ ̄˷̏˼̀ ̈̉̇˷̄˼ ́˷̋˼˻̇̊ ̆˷̇̅˹̒̌ ̉̊̇˸˿̄ 

(«˦˷̇̅˹̒˼ ̉̊̇˸˿̄̒ ˿ ̃˷̏˿̄̒»), ́̅̉̅̇˷̖ ̅́˷˾˷-
̂˷ ˸̅̂̓̏̅˼ ˹̂˿̖̄˿˼ ̄˷ ̈̉˷̄̅˹̂˼̄˿˼ ˿ ̇˷˾˹˿̉˿˼ 
̆˷̇̅̉̊̇˸̅̈̉̇̅˼̄˿̖ ˹ ˧̅̈̈˿˿. В 1934 ˺̅˻̊ ̔̉˷ ́˷-
̋˼˻̇˷ ̆̇˿ ̅̎˼̇˼˻̄̅̀ ̇˼̅̇˺˷̄˿˾˷̍˿˿ ˦̅̂˿̉˼̌-
̄˿̎˼̈́̅˺̅ ˿̄̈̉˿̉̊̉˷ ̆˼̇˼̏̂˷ ˹ ̈̅̈̉˷˹ ̔̄˼̇˺̅-

̃˷̏˿̄̅̈̉̇̅˿̉˼̂̓̄̅˺̅ ̋˷́̊̂̓̉˼̉˷, ˹ ̎˿̈̂˼ ̅̇˺˷-
̄˿˾˷̉̅̇̅˹ ́̅̉̅̇̅˺̅ ˸̒̂ А.А. ˧˷˻̍˿˺.  

˞˷˹˼˻̖̊ ́˷̋˼˻̇̅̀ «˦˷̇̅˹̒˼ ̉̊̇˸˿̄̒ ˿ ̃˷-
̏˿̄̒» ̈ ̃̅̃˼̄̉˷ ˼˼ ̅̈̄̅˹˷̄˿̖ ˿ ˻̅ ́̅̄̍˷ ̈˹̅˼̀ 

˽˿˾̄˿, А̂˼́̈˷̄˻̇ А̂˼́̈˷̄˻̇̅˹˿̎, ́˷́ ˿ ˹ ̆̇˼˽-

̄˿˼ ˺̅˻̒, ˾̄˷̎˿̉˼̂̓̄̊̕ ̎˷̈̉̓ ˹̇˼̃˼̄˿ ̊˻˼̖̂̂ 

˿˾˻˷̄˿̕ ̊̎˼˸̄˿́̅˹, ̊̎˼˸̄̒̌ ˿ ̈̆̇˷˹̅̎̄̒̌ ̆̅-

̈̅˸˿̀ ˻̖̂ ̈̉̊˻˼̄̉̅˹ ˿ ˿̄˽˼̄˼̇̅˹. ˥̄ ̉̇˿˽˻̒ 

̆˼̇˼˿˾˻˷̂ ́̊̇̈ ̆̇˿́̂˷˻̄̅̀ ̃˼̌˷̄˿́˿ (1930, 

1933 ˿ 1934 ˺˺.), ˻˹˷˽˻̒ ˹̒̆̊̈̉˿̂ ́̊̇̈ «˩˼̅̇˿̖ 

˿ ̇˷̈̎˼̉ ́̅̄˻˼̄̈˷̍˿̅̄̄̒̌ ̊̈̉˷̄̅˹̅́» (1930 ˿ 

1934 ˺˺.). ˥̄ ̆̊˸̂˿́̅˹˷̂ ̇˼˾̊̂̓̉˷̉̒ ˿̈̈̂˼˻̅˹˷-
̄˿̀ ̆̇̅̎̄̅̈̉˿ ˹̇˷̐˷̐̕˿̖̌̈ ˻˿̈́̅˹ ́̇˿˹̅̂˿-

̄˼̀̄̅˺̅ ̆̇̅̋˿̖̂. ˤ˷ ˹̒̈̅́̅̃ ̊̇̅˹̄˼ ̅̇˺˷̄˿˾̅-

˹˷̂ ́̊̇̈̅˹̅˼ ˿ ˻˿̆̂̅̃̄̅˼ ̆̇̅˼́̉˿̇̅˹˷̄˿˼, ̆̇˿-

˻˷˹˷̖ ˼̃̊ ̆˼̇˹̅̈̉˼̆˼̄̄̅˼ ˾̄˷̎˼̄˿˼ ˹ ̆̇̅̍˼̈̈˼ 
̅˸̊̎˼̄˿̖ ˸̊˻̊̐˿̌ ˿̄˽˼̄˼̇̅˹. ˧̊́̅˹̅˻˿̂ ̄˷̊̎-

̄̅̀ ̇˷˸̅̉̅̀ ˷̈̆˿̇˷̄̉̅˹ ˿ ̈̅̉̇̊˻̄˿́̅˹ ́˷̋˼˻̇̒ 

̆̅ ̇˼˺̊̂˿̇̅˹˷̄˿̕ ̉̊̇˸˿̄, ˷̔̇̅˻˿̄˷̃˿́˼ ˿̌ 
̆̇̅̉̅̎̄̅̀ ̎˷̈̉˿, ̇˷˸̅̉˼ ̄˷ ̇˼˽˿̃˷̌ ̎˷̈̉˿̎̄̒̌ 
̄˷˺̇̊˾̅́, ̆̅ ̆̇̅̎̄̅̈̉˿ ˻˼̉˷̂˼̀ ̉̊̇˸̅̃˷̏˿̄.  

К̅̄̈̊̂̓̉˿̇̅˹˷̂ ̇˷˸̅̉̄˿́̅˹ ̄˷̊̎̄̅-˿̈̈̂˼-
˻̅˹˷̉˼̂̓̈́˿̌ ̊̎̇˼˽˻˼̄˿̀, ̆̇̅̃̒̏̂˼̄̄̒̌ 
̆̇˼˻̆̇˿̖̉˿̀ ˿ ̇̊́̅˹̅˻̖̐˿̌ ̖̉˽˼̂̅̀ ̆̇̅̃̒̏-

̂˼̄̄̅̈̉̓̕ ̅̇˺˷̄˿˾˷̍˿̀. К̊̇˿̇̅˹˷̂ ˾˷̅̎̄̒˼ ̅̉-
˻˼̂˼̄˿̖ ˦̅̂˿̉˼̌̄˿̎˼̈́̅˺̅ ˿̄̈̉˿̉̊̉˷ ̄˷ ̂˼̄˿̄-

˺̇˷˻̈́˿̌ ˾˷˹̅˻˷̌. ˮ˿̉˷̂ ́̊̇̈ ̂˼́̍˿̀ ̆̅ ̉˼̇̃̅-

˻˿̄˷̃˿́˼ ˹ ˢ˼̄˿̄˺̇˷˻̈́̅̃ ̊̄˿˹˼̇̈˿̉˼̉˼. ˪̎˷̈̉-
˹̅˹˷̂ ˹ ̇˷˸̅̉˼ А́˷˻˼̃˿˿ ̄˷̊́,** ˸̊˻̊̎˿ ̆̅̎˼̉-
̄̒̃ ̆̇˼˻̈˼˻˷̉˼̂˼̃ ́̅̃˿̈̈˿˿ ̆̅ ̉˼̇̃̅˻˿̄˷̃˿-

                                                      
** В 1933 ˺. А.А. ˧˷˻̍˿˺ ˸̒̂ ˿˾˸̇˷̄ ̎̂˼̄̅̃-

́̅̇̇˼̈̆̅̄˻˼̄̉̅̃ Аˤ ˨˨˨˧, ˷ 1935 ˺. ˼̃̊ ˸̒̂̅ 

̆̇˿̈˹̅˼̄̅ ˾˹˷̄˿˼ ˾˷̈̂̊˽˼̄̄̅˺̅ ˻˼̖̉˼̖̂ ̄˷̊́˿ ˿ 

̉˼̌̄˿́˿ ˨˨˨˧. 

́˼. ˦̇˼˻̈̉˷˹̖̂̂ ˦̅̂˿̉˼̌̄˿̎˼̈́˿̀ ˿̄̈̉˿̉̊̉ ˹ 
˭˼̄̉̇˷̂̓̄̅̃ ̈̅˹˼̉˼ ̔́̈̆˼̇̉̅˹ ̆̇˿ В˨ˤˬ***.  

А.А. ˧˷˻̍˿˺ ̈̅˾˻˷̂ ̏́̅̂̊ ˿̄˽˼̄˼̇̅˹-

̉̊̇˸̅̈̉̇̅˿̉˼̂˼̀ ˿ ̄˷̊̎̄̒̌ ̇˷˸̅̉̄˿́̅˹, ˺̂̊-

˸̅́̅ ̆̅̄˿̃˷˹̏˿̌ ̋˿˾˿̎˼̈́˿˼ ̅̈̄̅˹̒ ˿ ̉˼̅-

̇˿̕ ̆̇̅̍˼̈̈̅˹ ˹ ̆˷̇̅˹̒̌ ̉̊̇˸˿̄˷̌, ̈̆̅̈̅˸-

̄̒̌ ̆̇̅˼́̉˿̇̅˹˷̉̓ ˿ ̅̇˺˷̄˿˾̅˹˷̉̓ ̆̇̅˿˾˹̅˻-

̈̉˹̅ ̄̅˹̒̌ ̆˷̇̅˹̒̌ ̉̊̇˸˿̄ ̄˷ ̊̇̅˹̄˼ ̂̊̎̏˿̌ 

̃˿̇̅˹̒̌ ̅˸̇˷˾̍̅˹. ˨̇˼˻˿ ˼˺̅ ̃̄̅˺̅̎˿̈̂˼̄̄̒̌ 

̊̎˼̄˿́̅˹ – ˿˾˹˼̈̉̄̒˼ ́̅̄̈̉̇̊́̉̅̇̒ ˿ ̊̎˼̄̒˼ 
˹ ̅˸̂˷̈̉˿ ̆˷̇̅̉̊̇˸̅̈̉̇̅˼̄˿̖: ˣ.˟. ˚̇˿̄˸˼̇˺ 
˿ А.В. ˢ˼˹˿̄ (ˢ˼̄˿̄˺̇˷˻̈́˿̀ ̃˼̉˷̂̂˿̎˼̈́˿̀ 

˾˷˹̅˻), А.ˬ. ˨̉˷̇̅̈̉˼̄́̅ (К˿̇̅˹̈́˿̀ ˾˷˹̅˻), 

В.˛. ˦˿˹˼̄̓ (˭˼̄̉̇˷̂̓̄̒̀ ́̅̉̂̅̉̊̇˸˿̄̄̒̀ 

˿̄̈̉˿̉̊̉), ˢ.А. ˯̊˸˼̄́̅-˯̊˸˿̄ (˭˼̄̉̇˷̂̓-

̄̒̀ ́̅̉̂̅̉̊̇˸˿̄̄̒̀ ˿̄̈̉˿̉̊̉, ˬ˷̇̓́̅˹̈́˿̀ 

̉̊̇˸̅˺˼̄˼̇˷̉̅̇̄̒̀ ˾˷˹̅˻), ˟.˟. К˿̇˿̂̂̅˹, 

˾˷˹˼˻̅˹˷˹̏˿̀ ́˷̋˼˻̇̅̀ «˦˷̇̅˹̒˼ ̉̊̇˸˿̄̒ ˿ 

̃˷̏˿̄̒» ˹ 1944–1951 ˿ ˹ 1961–1985 ˺̅˻˷̌, 

˨.А. К˷̄̉̅̇, ˾˷˹˼˻̅˹˷˹̏˿̀ ̉̅̀ ˽˼ ́˷̋˼˻̇̅̀ ˹ 

1951–1961 ˺̅˻˷̌, ˣ.˜. ˛˼̀̎ (ˢ˼̄˿̄˺̇˷˻̈́˿̀ 

̃˼̉˷̂̂˿̎˼̈́˿̀ ˾˷˹̅˻, ˣ̅̈́̅˹̈́˿̀ ̔̄˼̇˺˼̉˿-

̎˼̈́˿̀ ˿̄̈̉˿̉̊̉). А̂˼́̈˷̄˻̇˷ А̂˼́̈˷̄˻̇̅˹˿̎˷ 

˾˷̈̂̊˽˼̄̄̅ ̈̎˿̉˷̉̕ ̅̈̄̅˹˷̉˼̂˼̃ ̂˼̄˿̄˺̇˷˻-

̈́̅̀ ̏́̅̂̒ ̉̊̇˸̅̈̉̇̅˿̉˼̂˼̀.  

˥̈̅˸̅ ̈̂˼˻̊˼̉ ̅̉̃˼̉˿̉̓ ̇˷˸̅̉̒ А.А. ˧˷˻̍˿-

˺˷ ̆̅ ˿̈̉̅̇˿˿ ̉˼̌̄˿́˿, ̈̇˼˻˿ ̄˿̌: ̃̅̄̅˺̇˷̋˿̖ 

̅ ˛˽˼̀̃̈˼ ˪˷̉̉˼ ˿ ˿˾̅˸̇˼̉˼̄̄̅̀ ˿̃ ̆˷̇̅˹̅̀ 

̃˷̏˿̄˼, ́̄˿˺˿ «˧˷˾˹˿̉˿˼ ̆˷̇̅˹̅̀ ̃˷̏˿̄̒», 

«˟̈̉̅̇˿̖ ˻˿˾˼̂˼̈̉̇̅˼̄˿̖», «˪̈̆˼̌˿ ̉˼̆̂̅̉˼̌-

̄˿́˿ ˹ ˨˨˨˧», «˨˷˻˿ К˷̇̄̅ ˿ ˼˺̅ ̇˷˾̃̒̏̂˼-
̄˿̖ ̅ ˻˹˿˽̊̐˼̀ ̈˿̂˼ ̅˺̖̄». ˞˷˹˼̇̏˷̐̕˿̃ 

̉̇̊˻̅̃ А̂˼́̈˷̄˻̇˷ А̂˼́̈˷̄˻̇̅˹˿̎˷ ̈̉˷̂˷ «˟̈-
̉̅̇˿̖ ̉˼̆̂̅̉˼̌̄˿́˿», ˿˾˻˷̄̄˷̖ А́˷˻˼̃˿˼̀ 

̄˷̊́ ˹ 1936 ˺̅˻̊. В ̔̉̅̀ ̈˼̇˿˿ ˿̈̉̅̇˿̎˼̈́˿̌ 
̉̇̊˻̅˹ ̅̉̇˷˾˿̂˿̈̓ ˼˺̅ ˺̂̊˸̅́˿˼ ̆̇̅̋˼̈̈˿̅-

̄˷̂̓̄̒˼ ̆̅˾̄˷̄˿̖ ̄˼ ̉̅̂̓́̅ ˹ ̅˸̂˷̈̉˿ ̉˼̆̂̅-

̉˼̌̄˿́˿, ̄̅ ˿ ˹̅ ˹̈˼̅˸̐˼̀ ˿̈̉̅̇˿˿, ́̅̉̅̇̊̕ 

̅̄ ˾̄˷̂ ˹˼̂˿́̅̂˼̆̄̅, ̅˸̂˷˻˷̖ ̋˼̄̅̃˼̄˷̂̓̄̅̀ 

̆˷̖̃̉̓̕.  

                                                      
*** В˨ˤˬ – В̒̈̏˿̀ ̈̅˹˼̉ ̄˷̇̅˻̄̅˺̅ ̌̅˾̖̀̈̉˹˷, 

˾˷̄˿̃˷˹̏˿̖̀̈ ̇˼˺̊̂˿̇̅˹˷̄˿˼̃ ̔́̅̄̅̃˿̎˼̈́̅̀ 

˽˿˾̄˿ ̈̉̇˷̄̒.  
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В ̆̅̈̂˼˻̄˿˼ ˺̅˻̒ ˽˿˾̄˿ А̂˼́̈˷̄˻̇  

А̂˼́̈˷̄˻̇̅˹˿̎ ̆̅̎̉˿ ̆̅̂̄̅̈̉̓̕ ̆̅̉˼̖̇̂ 

˾̇˼̄˿˼, ̄̅ ̄˼ ̆̇˼́̇˷̐˷̂ ˷́̉˿˹̄̅ ̇˷˸̅̉˷̉̓ 

˸̂˷˺̅˻˷̖̇ ̈˷̃̅̅̉˹˼̇˽˼̄̄̅̀ ̆̅̃̅̐˿ ˽˼-

̄̒  ˿  ˹˼̇̄̅˺̅ ˻̇̊˺˷ – ˜˹˺˼̄˿˿ В˿́̉̅̇̅˹̄̒ 

(̊̇̅˽˻˼̄̄̅̀ К˿̇̆˿̎˼˹̅̀). ˪̃˼̇ А.А. ˧˷˻̍˿˺ 
30 ˻˼́˷˸̖̇ 1941 ˺̅˻̊ ˹̅ ˹̇˼̖̃ ̔˹˷́̊˷̍˿˿ 

˿˾ ̅̈˷˽˻˼̄̄̅˺̅ ˢ˼̄˿̄˺̇˷˻˷ ̆̅ ˻̅̇̅˺˼ ˹ 

˨˹˼̇˻̂̅˹̈́ ̄˷ ̈̉˷̄̍˿˿ ˘̊̀ ˹ К̅̈̉̇̅̃̈́̅̀ 

̅˸̂˷̈̉˿.  

СПИСОК ЛИТЕРАТУРЫ 

1. ǃǵǭǢǯǪǯ В.И., ǒǢǦǸǪǥ ǎ.А. А̂˼́̈˷̄˻̇ А̂˼́-

̈˷̄˻̇̅˹˿̎ ˧˷˻̍˿˺ (́ ̈̉̅̂˼̉˿̕ ̈̅ ˻̖̄ ̇̅˽˻˼̄˿̖) // 

˩̇̊˻̒ ˢ˦˟. 1969. ˨. 223–225. 

2. КǪǲǪǭǭоǤ И.И. А̂˼́̈˷̄˻̇ А̂˼́̈˷̄˻̇̅˹˿̎
˧˷˻̍˿˺ // ˩̇̊˻̒ ˢ˦˟. 1949. № 1. ˨. 120–126. 

3. ˥̋˿̍˿˷̂̓̄̒̀ ̈˷̀̉ К˿˼˹̈́̅˺̅ ̆̅̂˿̉˼̌̄˿̎˼-

̈́̅˺̅ ˿̄̈̉˿̉̊̉˷ ˿̃˼̄˿ ˟˺̖̅̇ ˨˿́̅̇̈́̅˺̅ 

https://kpi.ua/ru/node/10971 

4. ǈǵǲǢǤǭǧǤǢ И.В. ˧˷˻̍˿˺ А̂˼́̈˷̄˻̇ А̂˼́̈˷̄-

˻̇̅˹˿̎, ̇˼́̉̅̇ ˦̅̂˿̉˼̌̄˿̎˼̈́̅˺̅ ˿̄̈̉˿̉̊̉˷ 

(14.09.1817–27.11.1918) // ˤ˷̊̎̄̅-̉˼̌̄˿̎˼̈́˿˼ ˹˼-
˻̅̃̅̈̉˿ ˨˦˸˚˩˪. 1999. № 2. ˨. 131–135. 

СВЕДЕНИЯ ОБ АВТОРАХ  

ВАǓИǍǞǇВ ǠǲǪǫ ǓǧǲǥǧǧǤǪǹ – ȄȎȊȒȎȐ ȒȅȕȍȈȗȅȑȊȈȕ  ȍаȓȊ, аȊаȄȅȌȈȊ ǰАǭ, ȍаȓȗȍțȉ ȐȓȊȎвȎȄȈȒȅȋȜ 

Сǯȁǣǯǳ СаȍȊȒ-ǯȅȒȅȐȁȓȐȃȑȊȎȃȎ ȏȎȋȈȒȅȕȍȈȗȅȑȊȎȃȎ ȓȍȈвȅȐȑȈȒȅȒа ǯȅȒȐа ВȅȋȈȊȎȃȎ 

E-mail: president@spbstu.ru 

КИǒИǍǍǐВ АǭǧǬǳǢǯǦǲ ИǤǢǯоǤǪǹ – ȄȎȊȒȎȐ ȒȅȕȍȈȗȅȑȊȈȕ ȍаȓȊ вȅȄȓșȈȉ ȈȍȆȅȍȅȐ СаȍȊȒ-

ǯȅȒȅȐȁȓȐȃȑȊȎȃȎ ȏȎȋȈȒȅȕȍȈȗȅȑȊȎȃȎ ȓȍȈвȅȐȑȈȒȅȒа ǯȅȒȐа ВȅȋȈȊȎȃȎ  

E-mail: ai_kirillov@mail.ru 

Даɬа ɩɨɫɬɭɩɥɟɧиɹ ɫɬаɬьи в ɪɟɞаɤциɸ: 28.02.2019 

REFERENCES 

[1] Bulanin V.I., Radtsig M.A. Aleksandr Aleksan-

drovich Radtsig (k stoletiyu so dnya rozhdeniya). Trudy 

LPI. 1969. S. 223–225. (rus.) 

[2] Kirillov I.I. Aleksandr Aleksandrovich Radtsig. 

Trudy LPI. 1949. № 1. S. 120–126. (rus.) 

[3] Ofitsialnyy sayt Kiyevskogo politekhnicheskogo 

instituta im. Igorya Sikorskogo https://kpi.ua/ru/no 

de/10971 (rus.) 

[4] Zhuravleva I.V. Radtsig Aleksandr Aleksandro-

vich, rektor Politekhnicheskogo instituta (14.09.1817–

27.11.1918). Nauchno-tekhnicheskiye vedomosti SPbG-

TU. 1999, № 2. S. 131–135. (rus.) 

THE AUTHORS 

VASILIEV Yurii S. – Peter the Great St. Petersburg polytechnic university 

E-mail: president@spbstu.ru 

KIRILLOV Aleksandr I. – Peter the Great St. Petersburg polytechnic university 

E-mail: ai_kirillov@mail.ru 

Received: 28.02.2019 

© ˨˷̄́̉-˦˼̉˼̇˸̊̇˺̈́˿̀ ̆̅̂˿̉˼̌̄˿̎˼̈́˿̀ ̊̄˿˹˼̇̈˿̉˼̉ ˦˼̉̇˷ В˼̂˿́̅˺̅, 2019 



 

200 

Научно-технические ведомости CПбПУ. Естественные и инженерные науки. Том 25, №1, 2019

DOI: 10.18721/JEST.25121 
УДК 00:378 

ВЫСТУПЛЕНИЕ АКАДЕМИКА РАН ЛЕОНИДА АБРАМОВИЧА ВАЙСБЕРГА  
НА УЧЕНОМ СОВЕТЕ САНКТ-ПЕТЕРБУРГСКОГО  

ПОЛИТЕХНИЧЕСКОГО УНИВЕРСИТЕТА ПЕТРА ВЕЛИКОГО  
26-го ноября 2018-го года 

 
 

˦̇˿̈̊˽˻˼̄˿˼ ˹˷̏˿̃ ̊˹˷˽˷˼̃̒̃ ˨̅˹˼̉̅̃ 

˹̒̈̅́̅˺̅ ˾˹˷̄˿̖ doctor honoris causa ̖˹̖̂˼̖̉̈ 

̈˷̃̅̀ ˹̒̈̅́̅̀ ̎˼̈̉̓̕, ̈ ́̅̉̅̇̅̀ ˻̖̂ ̃˼̖̄ ̄˼ 
̃̅˽˼̉ ̈̇˷˹̄˿̖̉̓̈ ̄˿́˷́˷̖ ˻̇̊˺˷̖ ̄˷˺̇˷˻˷, ˿˸̅ 

̔̉̅ ˼̈̉̓ ̆̇˿˾̄˷̄˿˼ ́̅̂̂˼˺, ̈˷̃̅˺̅ ˹˾̒̈́˷-
̉˼̂̓̄̅˺̅ ̈̅̍˿̊̃˷, ̃̄˼̄˿˼ ́̅̉̅̇̅˺̅ ̉̅̂̓́̅ ˿ 

̃̅˽˼̉ ˸̒̉̓ ˹˷˽̄̅ ̆̇̅̋˼̈̈˿̅̄˷̂̓̄̅̃̊ ̄˷̊̎-

̄̅̃̊ ̈̅̉̇̊˻̄˿́̊. 

˴̉̅ ̉˼̃ ˸̅̂˼˼ ˻̖̂ ̃˼̖̄ ˻̅̇̅˺̅, ̎̉̅ ̆̇̅-

˿˾̅̏̂̅ ̆̅ ̆̇˿̄̍˿̆̊, ́̅̉̅̇̒̀ ˹ ˻̇˼˹̄˼̃ ˧˿̃˼ 
̋̅̇̃̊̂˿̇̅˹˷̖̂̈ ̉˷́: «Sine prece, sine pretio, 

sine poculo!», ̎̉̅ ̅˾̄˷̎˷˼̉: «˘˼˾ ̆̇̅̈̓˸̒, ˸˼˾ 
̆̅˻́̊̆˷, ˸˼˾ ̆̅̆̅̀́˿!» 

В ˻˷̄̄̅̃ ̈̂̊̎˷˼ ˹̒̈̅́̅˼ ˾˹˷̄˿˼ ˿ ˹̈˼ ̈ ̄˿̃ 

̈˹̖˾˷̄̄̅˼ ̔̃̅̍˿̅̄˷̂̓̄̅ ̅̆̇˼˻˼̖̂˼̖̉̈ ˻̖̂ ̃˼̖̄ 

̇̅̂̓̕ ˹˼̂˿́̅˺̅ ˦̅̂˿̉˼̌˷ ˹ ̇˷˾˹˿̉˿˿ ̄˼ ̉̅̂̓́̅ 

̇̅̈̈˿̀̈́̅̀, ̄̅ ˿ ̃˿̇̅˹̅̀ ̄˷̊́˿, ˹ ̃̅˼̃ ́̅̄-

́̇˼̉̄̅̃ ̈̂̊̎˷˼ – ̃˼̌˷̄˿́˿, ̃˷̏˿̄̅˹˼˻˼̄˿̖ ˿ 

̉˼̈̄̅ ̖̈̅̆̇˽˼̄̄̅˺̅ ̈ ̔̉˿̃ ̃˷̉˼̇˿˷̂̅˹˼˻˼̄˿̖. 

˟̃˼̄̄̅ ˾˻˼̈̓, ˹ ̄˷̃̅̂˼̄̄̅̃ ˹˼̂˿́˿̃˿ ˿̃˼̄˷̃˿ 

̃˼̈̉˼, ̊˽˼ ˹̉̅̇̅̀ ˹˼́ ̆̇̅˿̈̌̅˻˿̉ ̉̅, ̎̉̅ ˹̅ ̃̄̅-

˺̅̃ ̅̆̇˼˻˼̂˿̂̅ ̆̇̅̇̒˹ ̎˼̂̅˹˼̎˼̈̉˹˷ ˹ ́̅̈̃̅̈, 
̈̅˾˻˷̄˿˼ ˺̇̅˾̄̅˺̅ ̅̇̊˽˿̖ ̈˻˼̇˽˿˹˷̄˿̖, ̖̆̅˹̂˼-
̄˿˼ ̄̅˹̅̀ ̔̄˼̇˺˼̉˿́˿, ˹̅̅˸̐˼ ˹̈˼˺̅, ˸˼˾ ̎˼˺̅ 

̄˼˹̅˾̃̅˽̄̅ ̆̇˼˻̈̉˷˹˿̉̓ ̈˼˸˼ ̈̅˹̇˼̃˼̄̄̅̈̉̓ ˿ 

̄̒̄˼̏̄˿̀ ̊̇̅˹˼̄̓ ̉˼̌̄̅̂̅˺˿̀. 

К˷˽˻̒̀ ̇˷˾, ́̅˺˻˷ ˿̃˼̕ ̎˼̈̉̓ ̅́˷˾˷̖̉̓̈ ˹ 

̔̉˿̌ ̈̉˼̄˷̌, ̄˷̖˹̊ ̆̇̅̈̉̊̆˷˼̉ ̇˼˷̂̓̄˷̖ ̈˹̖˾̓ 

˹̇˼̃ё̄, ˿˸̅ ˹̅̉ ̅̄˿, ́˷˽˼̖̉̈, ̆̅˻̄˿̃˷̖̉̈̕ 

̖̇˻̅̃ ̆̅ ̂˼̈̉̄˿̍˼ ˹˼̂˿̎˷̀̏˿˼ ̊̎˼̄̒˼: А̄-

˻̇˼̀ ˚̇˿˺̅̇̓˼˹˿̎ ˚˷˺˷̇˿̄, ˟˹˷̄ В̈˼˹̅̂̅˻̅-

˹˿̎ ˣ˼̐˼̇̈́˿̀, ˜˹˺˼̄˿̀ ˢ˼̅̆̅̂̓˻̅˹˿̎ ˤ˿-

́̅̂˷˿, ˤ˿́̅̂˷̀ ˣ˿̌˷̀̂̅˹˿̎ ˘˼̖̂˼˹, ˢ˼˹ ˚˼-
̇˷̈˿̃̅˹˿̎ ˢ̖̅̀̍̄̈́˿̀, А̄˷̉̅̂˿̀ ˟̈˷˷́̅˹˿̎ 

ˢ̊̇̓˼, ̄˼˻˷˹̄̅ ̊̏˼˻̏˿̀ ˿˾ ˽˿˾̄˿ В̂˷˻˿̃˿̇ 

А̂˼́̈˷̄˻̇̅˹˿̎ ˦˷̂̓̃̅˹. 

ˤ̅ ̆˼̇˼̎˿̈̂˼̄˿˼ ˹̈˼̌ ˻̅̇̅˺˿̌ ˿ ̆˷̖̃̉̄̒̌ 
̄˷̃ ˿̃ё̄ ˾˷̖̄̂̅ ˸̒ ˺̅̇˷˾˻̅ ˸̅̂̓̏˼ ˹̇˼̃˼̄˿, 

̆̅̔̉̅̃̊, ̖̆̅̃̄ ˹̈˼̌ ̆̅˿̃˼̄̄̅, ̈́˷˽˼̃ ̆̇̅̈̉̅ – 

«В˼̂˿́˿˼ ̆̅̂˿̉˼̌̄˿́˿», ̅̄˿ ˹̈˼˺˻˷ ̅̆˼̇˼˽˷̂˿ 

̈˹̅ё ˹̇˼̖̃ ˿ ̄˷˹̈˼˺˻˷ ̅̈̉˷̂˿̈̓ ̄˼ ̉̅̂̓́̅ ˻̖̂ ̄˷̈, 
̄̅ ˿ ˻̖̂ ˸̊˻̊̐˿̌ ̆̅́̅̂˼̄˿̀, ̈̅˹̇˼̃˼̄̄˿́˷̃˿. 

˥̉˻˷̕ ̈˼˸˼ ̅̉̎ё̉, ̎̉̅ ˻˷˽˼ ̈˼̀̎˷̈, ́̅˺˻˷ 

˿˻ё̉ ˾˷̈˼˻˷̄˿˼ ˪̎˼̄̅˺̅ ̈̅˹˼̉˷, ̄˷ ̔̉̅̀ ˸̂˷˺̅-

̈̂̅˹˼̄̄̅̀ ̆̂̅̐˷˻́˼ – ̅̉ ˦̅̂˿̉˼̌̄˿̎˼̈́̅̀ 

̊̂˿̍̒ ˻̅ ˚̇˷˽˻˷̄̈́̅˺̅ ̆̇̅̈̆˼́̉˷ – ̆˼̇̃˷-
̄˼̄̉̄̅, ̄˼ ̆̇˼́̇˷̐˷̖̈̓ ̄˷ ̃˿̄̊̉̊, ˹̅ ˹̈˼̌ 

˿̄̈̉˿̉̊̉˷̌, ̄˷ ́˷̋˼˻̇˷̌, ˹ ̂˷˸̅̇˷̉̅̇˿̖̌ ˿˻̊̉ 
˿̈̈̂˼˻̅˹˷̄˿̖, ̆̇̅˻̅̂˽˷˼̖̉̈ ̆̇̅̍˼̈̈ ̆̅̂̊̎˼-
̄˿̖ ̄̅˹̅˺̅ ̄˷̊̎̄̅˺̅ ˾̄˷̄˿̖, ̄̅ ̅˻̄̅˹̇˼̃˼̄̄̅ 

˿ ̆̇̅̍˼̈̈ ̅˸̊̎˼̄˿̖, ̆˼̇˼˻˷̎˿ ̔̉˿̌ ̋̊̄˻˷̃˼̄-

̉˷̂̓̄̒̌ ˾̄˷̄˿̀ ̄̅˹̒̃ ̆̅́̅̂˼̄˿̖̃, ̆̅ ̈̊̉˿, 
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˹̅̈̆̇̅˿˾˹̅˻̈̉˹̅ ˿̄̉˼̂̂˼́̉̊˷̂̓̄̅˺̅ ́˷̆˿̉˷̂˷ 
̈̉̇˷̄̒. 

˦̅̂˿̉˼̌ ˹̈˼˺˻˷, ˻˷˽˼ ̄˷˾̒˹˷̖̈̓ ̇˷̄˼˼ ˿̄-

̈̉˿̉̊̉̅̃, ˹ ̉̅̎̄̅̈̉˿ ̈̅̅̉˹˼̉̈̉˹̅˹˷̂ ̈̅˹̇˼-
̃˼̄̄̅̀ ̊̄˿˹˼̇̈˿̉˼̉̈́̅̀ ̋̅̇̃̊̂˼, ˷ ˿̃˼̄̄̅: 

«˪̄˿˹˼̇̈˿̉˼̉ – ̔̉̅ ̃˼̈̉̅, ˺˻˼ ˹˼˻̖̊̉̈ ̄˷̊̎̄̒˼ 
˿̈̈̂˼˻̅˹˷̄˿̖, ˿ ̉̅̂̓́̅ ˹ ̈˿̂̊ ˿̌ ̇˼˾̊̂̓̉˷̉˿˹-

̄̅̈̉˿ ̆̅̂̊̎˷˼̉ ̆̇˷˹̅ ̅˸̊̎˷̉̓». 

В̃˼̈̉˼ ˿ ˹ ̄̅˺̊ ̈ ̃˿̇̅˹̅̀ ̄˷̊́̅̀ ˹̒ ˺̅̉̅-

˹˿̉˼ ̈˼˺̅˻̖̄ ̄̅˹̒̀ ̉˼̌̄̅̂̅˺˿̎˼̈́˿̀ ̆̇̅̇̒˹, 

̄̅˹̅˼ ̊̈̉̇̅̀̈̉˹̅ ̔́̅̄̅̃˿́˿ ˿ – ̈ ̅̎˼̄̓ 

˸̅̂̓̏̅̀ ˹˼̖̇̅̉̄̅̈̉̓̕ – ˿˾̃˼̄˼̄˿˼ ˽˿˾̄˼̄-

̄̅˺̅ ̊́̂˷˻˷ ̃˿̂̂˿̅̄̅˹ ˽˿̉˼̂˼̀ ̆̂˷̄˼̉̒, ́̉̅ 

˾̄˷˼̉, ̃̅˽˼̉ ˸̒̉̓, ˹̅̅˸̐˼ ˹̈˼̌. 
˩˼̌̄̅̂̅˺˿̎˼̈́˿˼ ̇˼˹̅̂̍̕˿˿ ˹ ̃˿̇̅˾˻˷̄˿˿ 

˹̈˼ ˽˼ ̄˷̎˷̂˿̈̓ ̄˼ ̈ ̆˷̇̅˹̅˺̅ ́̅̉̂˷ ˿ ˺̅̇˷˾˻̅ 

̇˷̄̓̏˼ ̉̅˺̅, ̎̉̅ ̈̉˷̂˿ ˹ ˿̈̉̅̇˿˿ ̄˷˾̒˹˷̉̓ ̆̇̅-

̃̒̏̂˼̄̄̒̃ ̆˼̇˼˹̅̇̅̉̅̃. ˢ̕˻˿ ̄˷ ̆̂˷̄˼̉˼ 
˞˼̖̃̂ ̆̇̅˽˿̂˿ ˿ ́˷̃˼̄̄̒̀ ˹˼́ (́̅̉̅̇̒̀ ̆̅ 

̉̅̎̄̅̃̊ ̅̆̇˼˻˼̂˼̄˿̕ ˾˷́̅̄̎˿̖̂̈ ̄˼ ̆̅̉̅̃̊, ̎̉̅ 

˾˷́̅̄̎˿̂˿̈̓ ́˷̃̄˿), ˿ ˸̇̅̄˾̅˹̒̀, ˿ ̆̅̈̉˼̆˼̄-

̄̅, ̊˽˼ ˺̅̇˷˾˻̅ ̆̅˾˻̄˼˼, ˽˼̂˼˾̄̒̀. В ̄̊˽̄̅˼ 
̆̇˿̇̅˻˼ ˹̇˼̖̃ ̄˷̏ ̈̅̅̉˼̎˼̈̉˹˼̄̄˿  ́˟˹˷̄ ˦̅̂-

˾̊̄̅˹ ˿ ˸̇˿̉˷̄˼̍ ˛˽˼̀̃̈ ˪˷̉̉ ̂˿̏̓ ̇˷˻˿́˷̂̓̄̅ 

̊̈́̅̇˿̂˿ ̔̉̅̉ ˸˼̈́̅̄˼̎̄̒̀ ˿ ˹˼̎̄̒̀ ̆̇̅̍˼̈̈ 
˿̄̄̅˹˷̍˿̀, ̅˸˼̈̆˼̎˿˹ ̈˹̅˿̃ ̇˷˾̊̃̅̃ ˹̅˾̃̅˽-

̄̅̈̉̓ ̆˼̇˼̌̅˻˷ ́ ̃˷̏˿̄̄̅̃̊ ̆̇̅˿˾˹̅˻̈̉˹̊, ́̅-

˺˻˷ ˹̈˼ ̄̅˹̒˼ ̃˷̏˿̄̒ ˻˼̂˷̖̉̈̕ ̃˷̏˿̄˷̃˿. ˤ˼ 
̎̉̅-̉̅ ̂˿ ̆̅̌̅˽˼˼ ̄˷̈ ̅˽˿˻˷˼̉ ̈˼̀̎˷̈ ̈̄̅˹˷? 

˘̊˻˼̃ ̆̅̃̄˿̉̓, ̎̉̅ ˹̈˼˺˻˷ ˿ ˹̅ ˹̈˼ ˹̇˼̃˼̄˷ 
̇˷˾˹˿̉˿˼ ˹˼̎̄̅˾˼̂ё̄̅˺̅ ˻˼̇˼˹˷ ̈̃˼̄̒ ̉˼̌̄̅̂̅-

˺˿̀, ̉̅, ̎̉̅ ˹ ̄̅˹̅̀ ˧̅̈̈˿˿ ̃̒ ̄˼̅˽˿˻˷̄̄̅ 

̈̉˷̂˿ ̄˷˾̒˹˷̉̓ ˿̄̄̅˹˷̍˿̖̃˿, ̄˼ ̉̅̂̓́̅ ̈ ̊˻˿-

˹˿̉˼̂̓̄̅̀, ̄̅ ˿ ̖̆̅̄̉̄̅̀ ̄˷̃ ̆˼̇˿̅˻˿̎̄̅-

̈̉̓̕ ˹̒˾̒˹˷̂̅ ́̇˿˾˿̈̒ – ̆̇̅̃̒̏̂˼̄̄̒˼, 
̋˿̄˷̄̈̅˹̒˼, ̉̇˼˸̊̐̕˿˼ ˻̖̂ ̈˹̅˼˺̅ ̆̇˼̅˻̅̂˼-
̄˿̖ ˹̈˼ ̄̅˹̒̌ ˿ ̄̅˹̒̌ ˿˻˼̀, ̄̅˹̒̌ ̄˷̊̎̄̒̌ 
̇˼˾̊̂̓̉˷̉̅˹, ́̅̉̅̇̒˼ ̎˼̂̅˹˼̎˼̈̉˹̅ ̇˷˻̅ ˸̒̂̅ 

̆˼̇̃˷̄˼̄̉̄̅ ̆̅˻˸̇˷̈̒˹˷̉̓ ˹ ˽˼̇̉˹˼̄̄̒̀, ̅̉-
̄̕˻̓ ̄˼ ̈˹̖̐˼̄̄̒̀ ̅˺̅̄̓ ̆̅̉̇˼˸̂˼̄˿̖. 

˘̅̂˼˼ ̉̅˺̅, ̄˷̊̎̄̅˼ ˾̄˷̄˿˼, ̆̇˼˹̇˷̐˼̄̄̅˼ 
˹ ̄̅˹̒˼ ̉˼̌̄̅̂̅˺˿˿, ˹̈˼˺˻˷ ˹˼̂̅ ˾˷ ̈̅˸̅̕ ˿ ˿˾-
̃˼̄˼̄˿˼ ̃˿̖̇̅̆̅̇˻́˷, ̈˻˹˿˺˷̂̅ ̖̊̈̉̅˹̏˿˼̖̈, 

́˷˾˷̂̅̈̓, ˹˼́˷̃˿ ˺˼̅˺̇˷̋˿̎˼̈́˿˼ ˺̇˷̄˿̍̒ ˺̅̈-
̊˻˷̇̈̉˹, ˷ ̄˼́̅̉̅̇̒˼ ˿˾ ̄˿̌, ̉˼, ̎̉̅ ˻˼̇˽˷̂˿ 

˾˷̖̉˽̄̒˼ ̆˷̊˾̒ ˹ ̉˼̌̄̅̂̅˺˿̎˼̈́̅̃ ̇˷˾˹˿̉˿˿, 

̈̃˼̉˷̂̅ ̈̅ ̈̉̅̂˷ ˿̈̉̅̇˿˿, ́˷́ ˿˺̇˷̂̓̄̒˼ ́˷̇̉̒. 

˜˺̅ ˹˼̂˿̎˼̈̉˹̅ ̉˼̌̄̅̂̅˺˿˿ ̃˼̖̄̂˿ ̈̅̍˿-

˷̂̓̄̅-̔́̅̄̅̃˿̎˼̈́˿˼ ̋̅̇̃˷̉̒, ̈̅˾˻˷˹˷̂˿ ̄̅-

˹̒˼ ̅˸̐˼̈̉˹˷, ˿̄̅˺˻˷, ̈́˷˽˼̃ ̈ ˺̅̇˼̎̓̕, ̄˷ 
̅˸̂̅̃́˷̌ ̈̉˷̇̒̌. 

˩̅, ̎˼̃̊ ̃̒ ̈ ˹˷̃˿ ̖˹̖̂˼̖̃̈ ̈˹˿˻˼̉˼̖̂̃˿ ̈˼-
˺̅˻̖̄ ˿ ˹ ̎˼̃ ̈˷̃̒̃ ˷́̉˿˹̄̒̃ ̅˸̇˷˾̅̃ ̊̎˷̈̉˹̊-
˼̃, ̄˼ ̅̈̉˷˹˿̉ ̃˿̇ ̆̇˼˽̄˿̃, ̄̅ ̅˸̅ ˹̈˼̃ ̅˸̑ё̃˼ 
˺̖̇˻̊̐˿̌ ˿˾̃˼̄˼̄˿̀ ̃̒ ̃̅˽˼̃ ̆̅́˷ ˼̐˼ ̉̅̂̓́̅ 

˻̅˺˷˻̒˹˷̖̉̓̈, ́̅̄̉̊̇̒ ̔̉̅˺̅ ˸̊˻̊̐˼˺̅ ̂˿̏̓ 
̆̇̅̈̉̊̆˷̉̕, ́˷́ ̆̇˿ ̆˼̎˷̉˷̄˿˿ ̋̅̉̅˺̇˷̋˿̀ ˹ 

̄˼˻˷˹̄˼̃ ̆̇̅̏̂̅̃, ́̅˺˻˷, ˻˼̇˽˷ ̋̅̉̅˸̊̃˷˺̊ ˹ 
̖̆̇̅˹˿̉˼̂˼, ̃̒ ˹˿˻˼̂˿ ̄˼̈̆˼̏̄̅, ̆̅̈̉˼̆˼̄̄̅, 

̄̅ ̄˿́˷́ ̄˼ ̈̇˷˾̊ ̖̆̇̅˹̖̖̂̐̊̈̕̕ ́˷̇̉˿̄̊. 
˨ ̊˹˼̇˼̄̄̅̈̉̓̕ ̃̅˽̄̅ ̈́˷˾˷̉̓ ̂˿̏̓, ̎̉̅ 

̎˼̂̅˹˼̎˼̈̉˹̅ ̆̇̅̐˷˼̖̉̈ ̈ ̃˿̇̅̃, ́̅̉̅̇̒̀ 

˸̒̂ ̅̎˷̇̅˹˷̄, ˷ ˾˷̉˼̃ ˿ ̆̅́̅̇ё̄ ˝̂̕˼̃ В˼̇-

̄̅̃, ˿ ̄˷̎˿̄˷˼̉ ̇˼˷̂˿˾̅˹̒˹˷̉̓ ̈̉̇˷̄˿̍̊ ˾˷ 
̈̉̇˷̄˿̍˼̀, ̏˷˺ ˾˷ ̏˷˺̅̃ ̈̍˼̄˷̇˿˿ ˨̉̇̊˺˷̍́˿̌ 

˿ А̀˾˼́˷ А˾˿̃̅˹˷. 
К˷˽˻̒̀ ˻˼̄̓ ̅̈̉̅̇̅˽̄̅ ̆̇˿̆̅˻̄˿̃˷̖ ̉̊ 

̄˼˾̇˿̃̊̕ ˾˷̄˷˹˼̈́̊, ́̅̉̅̇˷̖ ̆̅́˷ ˼̐ё ̅̉˻˼̖̂-

˼̉ ̄˷̈ ̅̉ ˸̊˻̊̐˼˺̅, ̃̒ ̆̒̉˷˼̖̃̈ ̖̆̅̄̉̓ ˿ 

̅̈̃̒̈̂˿̉̓ ̉̅, ̎̉̅ ˽˻ё̉ ̄˷̈ ˹̆˼̇˼˻˿. 

˴̉̅ ̇̅˽˻˷̐̕˿˼̖̈ ˾˻˼̈̓ ˿ ̈˼̀̎˷̈ ̋˷˸̇˿́˿ 

˸̊˻̊̐˼˺̅, ̄̅˹̅˼ ̆̅́̅̂˼̄˿˼ ̇̅˸̅̉̅˹, ́̅̉̅̇̒˼, 
˹̅˾̃̅˽̄̅, ̄˷́̅̄˼̍, ̈˷̃˿, ˸˼˾ ̄˷̈ ̊̈̂̒̏˷̉ 
˻˷˹̄̕̕, ̆˼̇˹̊̕ ̈̆˼̉̊̕ ˸̅̂˼˼ ̖̆̉˿˻˼̖̈̉˿ ̂˼̉ 
̄˷˾˷˻ ̈˹˼̖̇̌̆̅̆̊̂̇̄̅̀ (̆̅̉̅̃) ̆˼˹˿̍˼̀ ̆˼̈-
̄̕: «˧̅˸̅̉ – ̔̉̅ ˹̒˻̊̃́˷ ˹˼́˷, ̖ ̆̇̅̏̊, ̄̊ 

̆̅̆̇̅˸̊̀, ̈̉˷̄̓ ̖̅̆̉̓ ̎˼̂̅˹˼́̅̃». 

˛˷, ̔̉̅ ˿ ˹̆̇˷˹˻̊ ˸̒̂˷ ˹̒˻̊̃́˷ ˹˼́˷, ̄̅ 

˹˼́˷ ̊˽˼ ̆̇̅̏̂̅˺̅, ˿̈̆̅̂̄˿̉̓ ˽˼ ̆̇˿˾̒˹ ̆˼̈-
̄˿ – ̈̉˷̉̓ ̎˼̂̅˹˼́̅̃ – ˹ ̔̉̅̃ ˹˼́˼ ̇̅˸̅̉, ̈ 
˹̒̈̅́̅̀ ˹˼̖̇̅̉̄̅̈̉̓̕, ˸̊˻˼̉ ̆̒̉˷̖̉̓̈. 

˘̅̂˼˼ ̉̅˺̅, ˼̈̂˿ ̃̒ ̆̅ ˻̅˸̇̅̀ ˹̅̂˼ ̆̅˻˼-
̂˿̖̃̈ ̈ ̄˿̃ ˹̈˼̃ ̄˷́̅̆̂˼̄̄̒̃ ˾̄˷̄˿˼̃, ̄˼ 
̅˻̄̅˺̅ ̅̉˻˼̂̓̄̅˺̅ ̄˷̌̅˻̖̐˼˺̖̅̈ ˾˻˼̈̓ ˹ ˾˷̂˼ 
̊̎ё̄̅˺̅, ˷ ˹̈˼̃, ̎̉̅ ̃̒ ̆̅˾̄˷̂˿ ˻̅ ̈˿̌ ̆̅̇ 

́̅̂̂˼́̉˿˹̄̅, ˹̈˼ ˹̃˼̈̉˼, ̉̅ ̄˼ ̅̎˼̄̓ ̖̆̅̄̉̄̅, 

́˷́ ̃̒ ˸̊˻˼̃ ˹˾˷˿̃̅˻˼̀̈̉˹̅˹˷̉̓ ˻˷̂̓̏˼, ˸̊˻̊̉ 
̂˿ ̃˿̇ ̂̕˻˼̀ ˿ ̃˿̇ ̊̃̄̒̌ ̃˷̏˿̄ ̊˽˿˹˷̖̉̓̈ 

̂˿˸̅ ̅˻˿̄ ˿˾ ̔̉˿̌ ̃˿̇̅˹ – ̄˼̖̈̄̅ ́˷́̅̀ ˿˾ 
̄˿̌ – ˸̊˻˼̉ ̃˼˻̂˼̄̄̅ ̆̇˼˹̇˷̐˷̖̉̓̈ ˹ ˺˼̉̉̅. 

ˤ̅ ̆̇˿ ̂̕˸̅̃, ˻˷˽˼ ̈˷̃̅̃ ˸̂˷˺̅̆̇˿̖̉̄̅̃ 

˹ ̔̉̅̃ ̈̃̒̈̂˼ ̈̍˼̄˷̇˿˿, ̆̇˿ ̈̅̌̇˷̄˼̄˿˿ ˹˼̇-

̌̅˹˼̄̈̉˹˷ ˹̈˼ ˽˼ ˾˷ ̎˼̂̅˹˼́̅̃, ̅̈̉˷ё̖̉̈ ̃̄̅˺̅ 

̄˼̖̈̄̅˺̅ ˿ ̉̇˼˹̅˽̄̅˺̅. 
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˨̉˷̄˼̉ ̂˿ ̔̉̅̉ ̃˿̇ ́̅̃̋̅̇̉˼̄ ˻̖̂ ̂̕˻˼̀, 

̎̉̅ ˸̊˻˼̉ ˹̅̅˸̐˼ – ̃˿̇ ˻̖̂ ̂̕˻˼̀ ˿̂˿ ̂̕˻˿ ˻̖̂ 

̔̉̅˺̅ ̃˿̇˷? ˤ˷̈́̅̂̓́̅ ˹̈˼̅˸̑˼̃̂˼̃ ˿ ˻̅̈̉̊̆˼̄ 

˸̊˻˼̉ ̅̄ ˻̖̂ ˹̈˼̌ ˸˼˾ ˿̈́̂̎̕˼̄˿̖ ˽˿˹̊̐˿̌ ̄˷ 
̆̂˷̄˼̉˼ ̄˷̇̅˻̅˹ ˿ ̂̕˻˼̀, ̄˷̈́̅̂̓́̅ ˹̖̈́˿̀ ˿ 

́˷˽˻̒̀ ̈̃̅˽˼̉ ̆̅̂̓˾̅˹˷̖̉̓̈ ˹̈˼̃˿ ˸̂˷˺˷̃˿, ́̅-

̉̅̇̒˼ ̆̅̂̊̎˿̉ ˹ ̈˹̅ё ̇˷̖̈̆̅̇˽˼̄˿˼ ̅˸̐˼̈̉˹̅? 

˦̖̅̄̉̄̅, ̎̉̅ ̆̇˿ ̈˷̃̅̃ ̅˸̑˼̃̄̅̃ ˻̅ ̈˿̌ 

̆̅̇ ˹ ˿̈̉̅̇˿˿ ̍˿˹˿̂˿˾˷̍˿˿ ˹̒̈˹̅˸̅˽˻˼̄˿˿ 

̉̇̊˻˷ ˼̈̉̓ ˹̒̈̅́˿̀ ̇˿̈́ ̂˿̏˼̄˿̖ ̎˼̂̅˹˼̎˼-
̈̉˹˷ ̈˷̃̅˺̅ ̈̃̒̈̂˷ ̈̊̐˼̈̉˹̅˹˷̄˿̖, ˹̅ ˹̖̈́̅̃ 

̈̂̊̎˷˼ – ˻̖̂ ̅̎˼̄̓ ˸̅̂̓̏̅̀ ˼˺̅ ̎˷̈̉˿. В̅˾-
̄˿́̄̊̉ ̂˿ ̆̇˿ ̔̉̅̃ ̄̅˹̒˼ ̂̊˻˻˿̉̒ ˿ ˿̌ ̈̊˸-

́̊̂̓̉̊̇˷, ˹̅˾̄˿́̄˼̉ ̂˿ ̇˼˷̂̓̄˷̖ ̆̇̅˸̂˼̃˷ 
̂˿̏̄˿̌ ̂̕˻˼̀ ̄˷ ̆̂˷̄˼̉˼, ̇˿̈́̄ё̉ ̂˿ ́̉̅-

̄˿˸̊˻̓ ̉˷́ ̋̅̇̃̊̂˿̇̅˹˷̉̓ ˿, ̎̉̅ ˺̅̇˷˾˻̅ 

̈̉̇˷̏̄˼˼, ̄˼ ̆̅̆̒̉˷̖̉̈̕ ̂˿ ̈̋̅̇̃̊̂˿̇̅˹˷˹-

̏˿˼ ̔̉̅ ̇˼̏˷̉̓ ̆̇̅˸̂˼̃̊ ̉˷́, ́˷́ ˻˼̀̈̉˹̅˹˷̂˿ 

˹ ˨˯А ˹ ́̅̄̍˼ XIX-˺̅ ˹˼́˷ ˿ ˻̅̂˺̅˼ ˹̇˼̖̃ ˹ 

XX-̃ ˹˼́˼, ˿̈́̊̈̈̉˹˼̄̄̅ ̈̉˼̇˿̂˿˾̖̊ ˻˼̖̈̉́˿ ˿ 

˻˼̖̈̉́˿ ̖̉̒̈̎ ̂̕˻˼̀, ̅˸̖̑˹̖̖̂ ˿̌ ˸˼̈̆̅̂˼˾-
̄̒̃˿ ˿ ̂˿̏̄˿̃˿ ˻̖̂ ̅˸̐˼̈̉˹˷, ˹ ̉̅̃ ̎˿̈̂˼ ˿ 

̉̅˺˻˷, ́̅˺˻˷ ̊ ̄˿̌ ˸̒̂ ̄˼ ̈̂˿̏́̅̃ ˹̒̈̅́˿̀, ̈ 

̉̅̎́˿ ˾̇˼̄˿̖ ̆̇˿̄˿̃˷̐̕˿̌ ̇˼̏˼̄˿̖, IQ? 

˨̅˸̈̉˹˼̄̄̅, ̉˷́̅̀ ̆̅˻̌̅˻ ˸̒̂ ̆̅˻̌˹˷̎˼̄ ˿ 

̇˷˾˹˿̉ ̄˷̍˿̈̉̈́˿̃ ̇˼̀̌̅̃, ˺˻˼ ̆̇̅˸̂˼̃˷ 

̂˿̏̄˿̌ ̂̕˻˼̀ ̇˼̏˷̂˷̈̓ ̊˽˼ ˿̄˻̊̈̉̇˿˷̂̓̄̅. 

˘̅̂˼˼ ̉̅˺̅, ˹ ˿̈̉̅̇˿˿ ˾˷̋˿́̈˿̇̅˹˷̄ ˸˼̈̆̇˼-
̍˼˻˼̄̉̄̒̀ ̈̂̊̎˷̀ ̃˷̈̈̅˹̅˺̅ ̊̄˿̎̉̅˽˼̄˿̖ ̃˿̇-

̄̒̌ ˽˿̉˼̂˼̀ ̈ ̆̇˿̃˼̄˼̄˿˼̃ ̖˻˼̇̄̅˺̅ ̅̇̊˽˿̖; 

˹˿˻˿̃̅, ̅̄˿ ̉̅˽˼ ˸̒̂˿ ̈̆˿̈˷̄̒ ̆̅ ̄˷˾˹˷̄̄̅̀ 

́˷̉˼˺̅̇˿˿ – ̂˿̏̄˿˼, ̄˼̄̊˽̄̒˼, ˿̃ ˸̒̂̅ ̅̉́˷-
˾˷̄̅ ̄˼ ̉̅̂̓́̅ ˹ ̆̇˷˹˼ ̄˷ ˸̂˷˺˷ ̇˷˾˹˿˹˷̐̕˼̖̀̈ 

̍˿˹˿̂˿˾˷̍˿˿, ̄̅ ˿ ˹ ̈˷̃̅̃ ̆̇˷˹˼ ˽˿̉̓. 
˪ ̄˷̈ ˼̈̉̓ ̖̈̄˷̖ ̍˼̂̓, ̅̄˷ ̈̅̈̉̅˿̉ ˹ ̉˷́̅̃ 

̇˼̏˼̄˿˿ ̆̇˿̄̍˿̆˿˷̂̓̄̅ ̄̅˹̒̌ ̈̅̍˿̅˺̊̃˷̄˿-

̉˷̇̄̒̌ ̆̇̅˸̂˼̃, ́̅̉̅̇̒˼ ˸̒̂˿ ̈̋̅̇̃̊̂˿̇̅˹˷-
̄̒, ˹ ̉̅̃ ̎˿̈̂˼, ˹ ̔́˾˿̈̉˼̄̍˿˷̂˿̈̉̈́˿̌ ́̇̊˺˷̌, 
˸̂˿˾́˿̌ ˨˷̇̉̇̊; ̅˻˿̄ ˿˾ ˼˺̅ ˸̂˿˽˷̀̏˿̌ ̈̅̇˷̉-
̄˿́̅˹, ̋̇˷̄̍̊˾̈́˿̀ ̂˿̉˼̇˷̉̅̇-˺̊̃˷̄˿̈̉ ˫̇˼̄-

̈˿̈ ˦̅̄˽ ́˷́-̉̅ ̆̇̅˿˾̄ё̈ ̅̎˼̄̓ ̆̇˿˾̒˹̄̅˼, 
˷˻̇˼̈̅˹˷̄̄̅˼ ˿̃˼̄̄̅ ˹ ̉̅, ̅˽˿˻˷˼̃̅˼ ̄˷̃˿ ˸̊-
˻̊̐˼˼: «ˮ˼̂̅˹˼́ – ̔̉̅ ˸̊˻̊̐˼˼ ̎˼̂̅˹˼́˷!» 

ˬ̖̅̉, ˾˷̃˼̉˿̃, ̃̒̈̂˼̀ ˹ ˾˷̐˿̉̊ ̎˼̂̅˹˼́˷, 
̂˿̎̄̅̈̉˿ ˻˷˽˼ ̄˼ ̄˷˻̅ ˿̈́˷̉̓ ̉˷́ ˻˷̂˼́̅, ˻̅-

̈̉˷̉̅̎̄̅ ̆̇̅̎˼̈̉̓ ˹ ̅̈̄̅˹̅̆̅̂˷˺˷̐̕˼̃ ̈̅̎˿-

̄˼̄˿˿ – ˘˿˸̂˿˿, ̎̉̅ «...̎˼̂̅˹˼́ ̈̅˾˻˷̄ ̆̅ ̅˸-

̇˷˾̊ ˿ ̆̅˻̅˸˿̕ ˩˹̅̇̍˷». К˷́ ˽˼ ̆̇˿ ̔̉̅̃ ̅̄ 

̃̅˽˼̉ ˸̒̉̓ ˿̂˿ ̈̉˷̉̓ ̂˿̏̄˿̃?! 

˦̅˻̄˿̃˷̖ ̈˼˺̅˻̖̄ ̔̉˿ ̆̇̅˸̂˼̃̒, ̃̒ ̄˼ 
̃̅˽˼̃ ̅˸̅̀̉˿ ˹̅̆̇̅̈ ̅ ̉̅̃, ́̉̅ ˽˼ ̈̉˷̄˼̉ ̇˼-
˷̂̓̄̒̃ ˷̇̌˿̉˼́̉̅̇̅̃ ˸̊˻̊̐˼˺̅? 

˛˷, ̃̒ ̈ ˹˷̃˿ ˺̅̉̅˹˿̃ ˿ ̇˷˾̃˼̎˷˼̃ ̆̂̅-

̐˷˻́̊ ˻̖̂ ̔̉̅̀ ˺˿˺˷̄̉̈́̅̀ ̈̉̇̅̀́˿, ̄̅ ̅̄˷, 
̈̉̇̅̀́˷, ̊˽˼ ˽˻ё̉ ˻̇̊˺˿̌ ̈̉̇̅˿̉˼̂˼̀, ̈ ˻̇̊˺̅̀ 

̔̄˼̇˺˿˼̀ ̈̅˾˿˻˷̄˿̖ ˿, ̈́̅̇˼˼ ˹̈˼˺̅, ̈̅ ̈˹̅˿̃ 

˹˿˻˼̄˿˼̃ ˸̊˻̊̐˼˺̅. 

˥̄˿ ˾˻˼̈̓, ̖̇˻̅̃, ˹ ́˷˽˻̅̀ ˷̊˻˿̉̅̇˿˿, ́̊-

˻˷ ˹̒ ˼˽˼˻̄˼˹̄̅ ̆̇˿̌̅˻˿̉˼, ˺˻˼ ˹˷̏˼ ̇˷˸̅̎˼˼ 
̃˼̈̉̅. ˟̌, ́ ̈̎˷̈̉̓̕, ̃̄̅˺̅ – ̈˼̀̎˷̈ ̊ ̄˷̈ ˹ 

˧̅̈̈˿˿ ̆̇˿̃˼̇̄̅ 4 ̃˿̂̂˿̅̄˷ ̈̉̊˻˼̄̉̅˹, ́˷˽-

˻̒̀ ˺̅˻ ̅˻˿̄ ̃˿̂̂˿̅̄ ˹̒̆̊̈́˷˼̖̉̈ ˿ ̅˻˿̄ ̄̅-

˹̒̀ ̃˿̂̂˿̅̄ ̆̇˿̌̅˻˿̉ ̈̂̊̏˷̉̓ ̄˷̈ ̈ ˹˷̃˿. 

В ̔̉̅̀ ̈˹̖˾˿ ˹̈̆̅̃̄˿̃, ̎̉̅ ̅˻̄˿̃ ˿˾ ̈˷̃̒̌ 
̖̆̅̆̊̂̇̄̒̌ ̈̂̅˹ ̆̇̅̏̂̅˺̅, 2017-˺̅ ˺̅˻˷ ̆̅ ˹˼̇-

̈˿˿ ˥́̈̋̅̇˻̈́̅˺̅ ̈̂̅˹˷̖̇ ̈̉˷̂̅ ̈̂̅˹̅ 

«Youthquake», ˻̅̈̂̅˹̄̅ ̔̉̅ – «̃̅̂̅˻˼˽˼̖̉̇̈˼-
̄˿˼», ˹̒̇˷˽˷̖̈̓ ̖̆̅̄̉̄˼˼, – ˹̒˾˹˷̄̄̒˼ ̃̅̂̅-

˻ё˽̓̕ ́̊̂̓̉̊̇̄̒˼, ̆̅̂˿̉˿̎˼̈́˿˼ ˿̂˿ ̈̅̍˿˷̂̓-
̄̒˼ ̖̆̅̉̇̈˼̄˿̖. ˶˹̂˼̄˿˼, ́̅̄˼̎̄̅, ̄˼ ̄̅˹̅˼; 
˻˷˽˼ ̄˷ ˽˿˾̄˿ ̃̅˼˺̅ ̆̅́̅̂˼̄˿̖ ̅̄̅ ̄˼ ̉̅̂̓́̅ 

̄˷̆̅̃̄˿̂̅ ̅ ̈˼˸˼ ˹ 1967-̃ ˺̅˻̊, ́̅˺˻˷ ̈̉̊˻˼̄̉̒ 

˨̅̇˸̅̄̄̒, ̄˷̎˷˹ ̈ ˢ˷̉˿̄̈́̅˺̅ ́˹˷̇̉˷̂˷ ˹ ˦˷̇˿-

˽˼, ̆̅̈̉˼̆˼̄̄̅ ˹̅ ̃̄̅˺̅̃ ˻˼̋̅̇̃˿̇̅˹˷̂˿ ̆̅ 

̈˹̅˼̃̊ ˹˿˻˼̄˿̕ ˼˹̇̅̆˼̀̈́˿̀ ̊́̂˷˻ ˽˿˾̄˿, 

̄˷̆̅̃̄˿˹ ̅˸̐˼̈̉˹̊, ̎̉̅ ̔̉̅ ˿ ˿̌ ˽˿˾̄̓ ̉̅˽˼. 
ˣ̒ ˽˼ ̄˷˻˼˼̖̃̈ ̄˷ ˺˷̇̃̅̄˿̕ ˹̅ ˹˾˷˿̃̅-

̅̉̄̅̏˼̄˿̖̌ ̈ ˸̊˻̊̐˿̃˿ ̆̅́̅̂˼̄˿̖̃˿, ̃̒ 

̅˸˼̈̆˼̎˿˹˷˼̃ ˿̃ ̉̅, ̎̉̅ ̄˷˾̒˹˷˼̖̉̈ ̈̅̍˿˷̂̓-

̄̒̃ ̂˿̋̉̅̃, ̊̎˿̃, ̆˼̇˼˻˷ё̃ ˾̄˷̄˿̖ ˿ ̅̆̒̉, ˷ 
̆̅̈̉˼̆˼̄̄̅ ˿ ̆̊̂̓̉̒ ̊̆̇˷˹̂˼̄˿̖ ˹̅ ˹̈˼̌ ̈̋˼-
̇˷̌ ˽˿˾̄˿. В ̔̉̅̃ ˿ ˼̈̉̓ ̄˷̏˷ ̆̇̅̋˼̈̈̅̇̈́˷̖ 

̋̊̄́̍˿̖, ́̅̉̅̇˷̖ ˹ ̆̅̂̄̅̀ ̃˼̇˼ ̅̉̄̅̈˿̖̉̈ ˿ ́ 

̉˼̃, ́̉̅ ̆̅ ˹˷̏˼̀ ˻̅˸̇̅̀ ˹̅̂˼ ̆̅̂̊̎˿̂ ˾˹˷̄˿˼ 
«̆̅̎˼̉̄̅˺̅ ˻̅́̉̅̇˷». 

˞˷˹˼̖̇̕ ˹˷̈, ̎̉̅ ˺̅̉̅˹ ́ ̔̉̅̀ ̇˷˸̅̉˼ ̖̇˻̅̃ 

̈ ˹˷̃˿. 

˜̐˼ ̇˷˾ ˸̂˷˺̅˻˷̇̕ ˹˷̈ ˾˷ ˹̒̈̅́̊̕ ̎˼̈̉̓ ˿ 

̉̅ ˹̄˿̃˷̄˿˼, ́̅̉̅̇̅˼ ˹̒ ̃̄˼ ̊˻˼̂˿̂˿ ̖̆̇̃̅ 

̈˼̀̎˷̈! 
 

 



ˤ˷̊̎̄̅˼ ˿˾˻˷̄˿˼ 

 ǏАǕЧǏǐ-ǔǇХǏИЧǇǓКИǇ ВǇǆǐǎǐǓǔИ ǓǑбǑǕ. 

ǇǓǔǇǓǔВǇǏǏЫǇ И ИǏǈǇǏǇǒǏЫǇ ǏАǕКИ  

ǔом 25,  № 1, 2019 
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˟˾˻˷̄˿˼ ˾˷̇˼˺˿̈̉̇˿̇̅˹˷̄̅ ˫˼˻˼̇˷̂̓̄̅̀ ̈̂̊˽˸̅̀ ̆̅ ̄˷˻˾̅̇̊ ˾˷ ̈̅˸̂̕˻˼̄˿˼̃ ˾˷́̅̄̅˻˷̉˼̂̓̈̉˹˷ 

˹ ̈̋˼̇˼ ̃˷̈̈̅˹̒̌ ́̅̃̃̊̄˿́˷̍˿̀ ˿ ̅̌̇˷̄̒ ́̊̂̓̉̊̇̄̅˺̅ ̄˷̈̂˼˻˿̖  

(̈˹˿˻˼̉˼̂̓̈̉˹̅ ̅ ̇˼˺˿̈̉̇˷̍˿˿ ˨ˣ˟ ˦˟ № ˫˨77-69285 ̅̉ 06.04.2017 ˺.) 

ˤ˷̊̎̄̒̀ ̇˼˻˷́̉̅̇, ́̅̇̇˼́̉̅̇ – ́˷̄˻. ̉˼̌̄. ̄˷̊́ ǫ.В. СȏȈȐȈȄȎȍȎва 

˩˼̌̄˿̎˼̈́˿̀ ̈˼́̇˼̉˷̇̓ – О.А. ǬаȒȅȍȅв 

К̅̃̆̓̉̕˼̇̄˷̖ ˹˼̇̈̉́˷ Е.А. ǪȎȐȍȓȊȎвȎȉ 

˩˼̂˼̋̅̄ ̇˼˻˷́̍˿˿ (812) 294-22-86 

E-mail: ntv-nauka@spbstu.ru 

. 
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