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АНАЛИЗ МОДЕЛЕЙ УНОСА И ОСАЖДЕНИЯ КАПЕЛЬ  
В ДИСПЕРСНО-КОЛЬЦЕВОМ РЕЖИМЕ ТЕЧЕНИЯ  

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

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

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

̆̅̉̅́˷ ̈ ˿˾˹˼̈̉̄̒̃˿ ̂˿̉˼̇˷̉̊̇̄̒̃˿ ˻˷̄̄̒̃˿: ˹ ˻˿˷̆˷˾̅̄˼ ˻˷˹̂˼̄˿̀ 0,98–11,77 ˣ˦˷, ̇˷̈̌̅˻̅˹ 

̈̃˼̈˿ 500–3000 ́˺/(̃2̈) ˿ ̃˷̈̈̅˹̒̌ ̇˷̈̌̅˻̄̒̌ ̆˷̇̅̈̅˻˼̇˽˷̄˿̀ 0,08–0,95 ˻̖̂ ˹˼̇̉˿́˷̂̓̄̒̌ ˷˻˿˷-
˸˷̉˿̎˼̈́˿̌ ́˷̄˷̂̅˹ ˿ ˻˷˹̂˼̄˿̀ 2,94–10 ˣ˦˷, ̇˷̈̌̅˻̅˹ ̈̃˼̈˿ 500–3000 ́˺/(̃2̈) ˿ ̃˷̈̈̅˹̒̌ ̇˷̈-

̌̅˻̄̒̌ ̆˷̇̅̈̅˻˼̇˽˷̄˿̀ 0,2–0,65 ˻̖̂ ˹˼̇̉˿́˷̂̓̄̒̌ ̅˸̅˺̇˼˹˷˼̃̒̌ ́˷̄˷̂̅˹. ˦̅ ̇˼˾̊̂̓̉˷̉˷̃ ˷̄˷̂˿-

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

̄˷˿̂̊̎̏˿̃ ̅˸̇˷˾̅̃. 

КȋȞȗевțе ȑȋȎва: ˻˹̊̌̋˷˾̄̅˼ ̆˷̇̅˹̅˻̖̄̅˼ ̉˼̎˼̄˿˼, ˻˿̈̆˼̇̈̄̅-́̅̂̓̍˼˹̅̀ ̇˼˽˿̃, ̉̇˼̌˽˿˻́̅̈̉̄˷̖ 

̃̅˻˼̂̓, ̊̄̅̈ ˿ ̅̈˷˽˻˼̄˿˼ ́˷̆˼̂̓, ̎˿̈̂˼̄̄̅˼ ̃̅˻˼̂˿̇̅˹˼̄˿˼ 
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ANALYSIS OF ENTRAINMENT AND DEPOSITION MODELS  
IN ANNULAR DISPERSED FLOW REGIME 

A comparative analysis of entrainment and deposition models was carried out using a steady-state one-

dimensional three-fluid model with equal pressure in the phases. The predictive ability of the models that 

take into account both purely hydrodynamic entrainment of droplets and bubble entrainment associated 

with film boiling in heated channels is analyzed. The calculated hydraulic characteristics of two-phase 

steam-water flow are compared with known literature data: in the pressure range of 0,98–11,77 MPa, 

mixture flow rates of 500–3000 kg /(m2s), and vapor quality of 0,08–0,95 for vertical adiabatic channels 

and in the pressure range of 2,94–10 MPa, mixture flow rates of 500–3000 kg/(m2s) and vapor quality of 
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ВǤǧǦǧǯǪǧ. ˦˷̇̅˹̅˻̖̄̒˼ ̈̇˼˻̒ ˹̈̉̇˼̎˷̖̉̈̕ 

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

̊̈̉˷̄̅˹́˷̌, ̆̇˿̃˼̖̄̐̕˿̖̌̈ ̄˷ ˷̉̅̃̄̒̌ ̔̂˼́-

̉̇̅̈̉˷̄̍˿̖̌, ˸˼˾̅̆˷̈̄̅̈̉̓ ́̅̉̅̇̒̌ ˿̈́̂̎̕˿-

̉˼̂̓̄̅ ˹˷˽̄˷. ˦̅̔̉̅̃̊ ̈̅˹˼̇̏˼̄̈̉˹̅˹˷̄˿˼ 
̃˼̉̅˻˿́ ̇˷̈̎˼̉̅˹ ̆˼̇˼̌̅˻̄̒̌ ˿ ˷˹˷̇˿̀̄̒̌ 
̇˼˽˿̃̅˹ ̇˷˸̅̉̒ А˴˨ ̖˹̖̂˼̖̉̈ ˷́̉̊˷̂̓̄̅̀ 

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

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

̇˷˹̂˿̎˼̈́˿˼ ̇˷̈̎˼̉̄̒˼ ́̅˻̒: К˥˧˨А˧, ˘А-

˚И˧А (˧̅̈̈˿̖), TRAC, RELAP (˨˯А), 

CATHARE (˫̇˷̄̍˿̖), ATHLET (˚˼̇̃˷̄˿̖), 

SPACE (К̅̇˼̖) ˿ ˻̇.  

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

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

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

˹˾˷˿̃̅̆̇̅̄˿́˷̐̕˿̌ ́̅̄̉˿̄̊̊̃̅˹ ̈ ̅˸̐˿̃ 

˻˷˹̂˼̄˿˼̃ ̋˷˾. В ̊́˷˾˷̄̄̅̃ ̆̅˻̌̅˻˼ ́˷˽˻˷̖ ˿˾ 
̋˷˾ («˽˿˻́̅̈̉˼̀»), ˹ ̉̅̃ ̎˿̈̂˼ ˿ ˻˿̈́̇˼̉̄˷̖, 

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

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

˿̈̉˿̄̄̊̕ ̅˸̑˼̃̄̊̕ ˻̅̂̕. ˦̇˿ ̔̉̅̃ ̇˷˾̂˿̎˷̉̕ 
˻˹˷ ̆̅˻̌̅˻˷ ́ ̃̅˻˼̂˿̇̅˹˷̄˿̕ ́̅̂˿̎˼̈̉˹˷ ̇˷̈-
̈̃˷̉̇˿˹˷˼̃̒̌ «˽˿˻́̅̈̉˼̀»: ˻˹̊̌˽˿˻́̅̈̉̄̅˼ ˿ 

̉̇˼̌˽˿˻́̅̈̉̄̅˼ ̆̇˿˸̂˿˽˼̄˿̖. 

˛˹̊̌˽˿˻́̅̈̉̄̅˼ ̆̇˿˸̂˿˽˼̄˿˼ ˸̒̂̅ ̌̇̅-

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

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

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

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

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

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

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

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

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

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

̄̅, ̎˷̈̉̅ ˹̈̉̇˼̎˷̐̕˼̖̃̈ ˹ ̂˿̉˼̇˷̉̊̇˼ [1–9], 

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

 ˬ̖̅̉ ̈̊̐˼̈̉˹̊̉̕ ̃̅˻˿̋˿́˷̍˿˿ ˻˹̊̌˽˿˻-

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

[10] ̅̆˿̈˷̄ ̆̅˻̌̅˻, ˺˻˼ ̆̇˿ ̆̅̃̅̐˿ ˷̂˺˼˸̇˷˿-

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

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

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

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

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

˿ ̈ ̄˷̇̊̏˼̄˿˼̃ ̎˿̈̂˼̄̄̅̀ ̊̈̉̅̀̎˿˹̅̈̉˿. 

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

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

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

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

˦̇̅˸̂˼̃˷ ̎˿̈̂˼̄̄̅̀ ̄˼̊̈̉̅̀̎˿˹̅̈̉˿ ̆̇˿ 

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

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

̖̂˼̉ ̆̅̈̉̇̅˿̉̓ ˸̅̂˼˼ ̆̅̂̄̊̕ ̋˿˾˿̎˼̈́̊̕ ̃̅-

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

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

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

̈̉˷˹̂˼̄˿˼ ˻˹̊̌̋˷˾̄̅˺̅ ̆̅̉̅́˷, ˷ ̆̅̉̅̃̊ ˾˷̎˷-
̈̉̊̕ ˿̈̆̅̂̓˾̊˼̖̉̈ ˹ ̇˼˷̂̓̄̅̀ ̆̇˷́̉˿́˼ [11–18]. 

˩˼̃ ̄˼ ̃˼̄˼˼ ̆̇˿ ̅̆˿̈˷̄˿˿ ˻˿̈̆˼̇̈̄̅-

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

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

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

˾˷̃̒́˷̐̕˿̌ ̈̅̅̉̄̅̏˼̄˿̀, ́̅̉̅̇̒˼ ̅̆˿̈̒-

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

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

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

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

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

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

˥˻̄˷́̅ ˷̄˷̂̅˺˿̎̄̅̀ ̆̅̂̄̅̀ ̆̇˼˼̃̈̉˹˼̄-

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

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

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

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

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

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

˭˼̂̓ ̇˷˸̅̉̒ – ̆̇̅˹˼˻˼̄˿˼ ̈̇˷˹̄˿̉˼̂̓̄̅˺̅ 

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

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

́˿ ̈ ̆̅̃̅̐̓̕ ̉̇˼̌˽˿˻́̅̈̉̄̅˺̅ ́̅˻˷ ̈ ̍˼̂̓̕ 

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

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

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

ǎǧǴоǦǽ Ǫ ǱоǦǷоǦǽ 

ǒǧǺǢǧмǢȁ ǳǪǳǴǧмǢ ǵǲǢǤǯǧǯǪǫ 

˛̖̂ ̅̍˼̄́˿ ̆̇˿˺̅˻̄̅̈̉˿ ˿̃˼̐̕˿̖̌̈ ˹ ̂˿-

̉˼̇˷̉̊̇˼ ́̅̇̇˼̖̂̍˿̅̄̄̒̌ ˾˷˹˿̈˿̃̅̈̉˼̀ ̆̅ 

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

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

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

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

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

̃˷̈̈̒ (1)–(3), ˿̃̆̊̂̓̈˷ (4)–(6) ˿ ̔̄˼̇˺˿˿ 

(7)–(9) ˻̖̂ ́˷˽˻̅̀ ˿˾ ̉̇˼̌ ˽˿˻́̅̈̉˼̀: 
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˺˻˼ А – ̆̂̅̐˷˻̓ ̆̅̆˼̇˼̎̄̅˺̅ ̈˼̎˼̄˿̖ ́˷̄˷̂˷, 
̃2; p – ˿̈̉˿̄̄˷̖ ̅˸̑˼̃̄˷̖ ˻̖̅̂; ρp –

 ̆̂̅̉̄̅̈̉̓, ́˺/̃3; Wp – ̈́̅̇̅̈̉̓, ̃/̈; hp, Hp, –

 ̊˻˼̂̓̄˷̖ ̔̄̉˷̂̓̆˿̖ ˿ ̆̅̂̄˷̖ ̊˻˼̂̓̄˷̖ ̔̄̉˷̂̓-
̆˿˿, ˛˽/́˺; Tp – ̉˼̃̆˼̇˷̉̊̇˷ p-̅̀ ˽˿˻́̅̈̉˿, 

К; Ts – ̉˼̃̆˼̇˷̉̊̇˷ ̄˷̈̒̐˼̄˿̖, К; Πip –

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

˽˿˻́̅̈̉˿ (p = d,f), ̃; Se, Sd – ̈́̅̇̅̈̉˿ ̊̄̅̈˷ ˿ 

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

́˿, ́˺/(̃2̈); αpv, αvp – ́̅̔̋̋˿̍˿˼̄̉ ̉˼̆̂̅̅̉˻˷-
̎˿ ̅̉ ˽˿˻́̅̈̉˿ ́ ̃˼˽̋˷˾̄̅̀ ̆̅˹˼̇̌̄̅̈̉˿ ˿ ̅̉ 
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̆˷̇˷ ́ ̃˼˽̋˷˾̄̅̀ ̆̅˹˼̇̌̄̅̈̉˿, В̉/(̃2К); 

mdv, mfv – ˿̈̉̅̎̄˿́˿ ̃˷̈̈̒, ̅̆˿̈̒˹˷̐̕˿˼ ̋˷-
˾̅˹̒̀ ̆˼̇˼̌̅˻, ́˺/(̃̈); q*

wf, q*
wfi – ̉˼̆̂̅˹̅̀ ̆̅-

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

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

̆˷̇˷, В̉/̃2; Wpi – ̈́̅̇̅̈̉̓ ̃˼˽̋˷˾̄̅̀ ̆̅˹˼̇̌-
̄̅̈̉˿ ˻̖̂ p-̅̀ ˽˿˻́̅̈̉˿, ̃/̈.  

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

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

˚˷̊̈̈˷. В ̆̇˼˻̏˼̈̉˹̊̐̕˼̀ ̇˷˸̅̉˼ [19] ˸̒̂̅ 

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

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

˻̇̅˸̄̅̈̉˿ ̎˿̈̂˼̄̄̅̀ ̈̌˼̃̒. 

ǉǢмǽǬǢȀǻǪǧ ǳооǴǯоǺǧǯǪȁ  

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

̇˷̈̎˼̉˷ ˿̈̉̅̎̄˿́̅˹ ̃˷̈̈̒ ̋˷˾̅˹̅˺̅ ̆˼̇˼̌̅˻˷ 
̄˼ ˿˾̃˼̖̄̂˿̈̓ ˿ ̈̎˿̉˷̂˿̈̓ ̈̅˺̂˷̈̄̅ [19]. 

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

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

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

̋˿̍˿˼̄̉̒ ̉˼̆̂̅̅̉˻˷̎˿ ̈̅ ̈̉̅̇̅̄̒ ̆˷̇˷ ́ 

˽˿˻̖́̅̈̉̃ ˾˷̆˿̈̒˹˷̖̉̈̕ [20]: 

  0.5 0.332 0,6Re Pr ,v
vd vd v

dD


    (10) 

 
   0.8 0.4max 4; 0,023Re Pr ,

2
v

vf vf v
D


 

 
 (11) 

˺˻˼Re ;
v v d d

vd
v

W W D 



 2

Re .
v v f

vf
v

W W D   



 

К̅̔̋̋˿̍˿˼̄̉̒ ̉˼̆̂̅̅̉˻˷̎˿ ̈̅ ̈̉̅̇̅̄̒ 

˽˿˻́˿̌ ̋˷˾ (́˷̆˼̂̓ ˿ ˽˿˻́̅̀ ̆̂˼̄́˿) [10, 20]: 

  0.5 0.332 0,6Re Pr ,v
dv dv d

dD


    (12) 

  0.8 0.4max 4;0.023Re Pr ,
2

,v
fv fv f


 


 (13) 

˺˻˼ Re ;
d v d d

dv
d

W W D 



 

2
Re .

f v f

fv
f

W W  



 

ǎоǦǧǭǪ ǥǪǦǲоǦǪǯǢмǪǹǧǳǬоǥо ǵǯоǳǢ Ǫ оǳǢǨǦǧǯǪȁ 

˘̒̂˿ ̆̇̅˷̄˷̂˿˾˿̇̅˹˷̄̒ 13 ̃̅˻˼̂˼̀ –

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

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

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

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

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

̇˼̖̂̍˿˿: ˻̖̂ ̈́̅̇̅̈̉˿ ̊̄̅̈˷ ˿ ̈́̅̇̅̈̉˿ ̅̈˷˽˻˼-
̄˿̖. В ˻̇̊˺̅̀ ̎˷̈̉˿ ˿̈̆̅̂̓˾̊˼̃̒̌ ̇˷˸̅̉ ̆̇˼˻-

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

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

̈̉̇̅˼̄˿̖ ˾˷˹˼̇̏˼̄̄̅̀ ̃̅˻˼̂˿.  

˨̆˿̈̅́ ̆̅̂̊̎˼̄̄̒̌ ̃̅˻˼̂˼̀ ̆̇˼˻̈̉˷˹̂˼̄ 

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

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

̊̄̅̈˷ (Se, ́˺/(̃2̈)) ˿ ̅̈˷˽˻˼̄˿̖ (Sd, ́˺/(̃2̈)). 

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

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

̆˼̂̓ ,d d

v d

C
 


 

 ́˺/̃3.  

1) ˣ̅˻˼̂̓ ˨̊˺̅˹˷̇̒ [21]: 

 

0.5

3 0.2 2/39 10 Re ,d v v v
v

CS W Sc C


   

    
 (14) 

˺˻˼ Re .v v v
v

v

W D 



 ˮ˿̈̂̅ ˯̃˿˻̉˷ ˹̒̈̎˿̉̒-

˹˷˼̖̉̈ ˿˾ ̈̅̅̉̄̅̏˼̄˿̖ ˢ̓̕˿̈˷: 1
P

.
r

ScLe     

 

 

0.4

2

5

5

1,07

, Re 10
,

2,136 lg Re 9,68 , Re 10

v f fv f

e
v

s v

s v

W
S

k

k

   
     

 
    

 (15) 

˺˻˼ 3 2 6 30,57 21,73 10 38,3 10 55,68sk         
 

9 410 ;    – ̈̇˼˻̖̖̄ ̉̅̂̐˿̄˷ ˽˿˻́̅̀ ̆̂˼̄́˿. 
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2) ˣ̅˻˼̂̓ ˚̅˹˷̄˷–ˬ̓̕˿̉˷ [22]: 

 

0.5

0.5 0.65

0,18153 ; 0,3,

0,083 ; 0,3,

v v

d

v

v v

CC
D

S

CC
D C

       
 
             

 (16) 

 

      

   

   

2
5

0,316

2

5,75 10

,

0; ,

crit

crit

v f fcrit

f
e

f f
v

f f

W W W

DS
W W

W W

       

       
   


 (17) 

˺˻˼   exp 5,8504 0,4249
f fv

fcrit
f v

W
D

  
   
  
 

–

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

˺̅ ̈̊̐˼̈̉˹̊˼̉ ˺˿˻̇̅˻˿̄˷̃˿̎˼̈́˿̀ ̊̄̅̈; 
  v v vv

W W    – ̇˷̈̌̅˻ ̆˷̇˷;   f f ff
W W    –

 ̇˷̈̌̅˻ ̆̂˼̄́˿. 

3) ˣ̅˻˿̋˿́˷̍˿̖ ̃̅˻˼̂˿ ˨̊˺̅˹˷̇̒ ˹ ̇˷˸̅-

̉˼ ˦˼̄˺˷ [23]: 

 

 

0.4

2

5

5

1,07

, Re 10
,

2,136 lg Re 9
,

,68 , Re 10

v f fv f

e
v

s v

s v

W
S

k

k

   
     

 
    

 (18) 

˺˻˼ 3 2 6 30,57 21,73 10 38,3 10 55,68sk            

9 410 ;  Re .v v v
v

v

W D 



 

  

0.20.5

3

0.2 2/3
5 10 .

Re Pr

fv
d

v vv

W CS C


     

             
 (19) 

4) ˥̈˷˽˻˼̄˿˼ ˿˾ ̇˷˸̅̉̒ ˦˷̂˼˼˹˷ [24], ̊̄̅̈ 

˿˾ ̃̅˻˼̂˿ ˨̊˺̅˹˷̇̒ (15): 

 

0,26

0,250.022 .Red v v
v

CS W C


  

   
 (20) 

5) ˥̈˷˽˻˼̄˿˼ ˬ̓̕˿̉˷ [25], ̊̄̅̈ ̆̅ ̃̅˻˼̂˿ 

˨̊˺̅˹˷̇̒ (15) 

 

0,50,5 2

87 .
fv f

d
f

S
C D

   
        

 (21) 

6) ˪̄̅̈ ˨̉˼˹˷̄̅˹˿̎˷ [26], ˥̈˷˽˻˼̄˿˼ ̆̅ 

̃̅˻˼̂˿ ˚̅˹˷̄˷–ˬ̓̕˿̉˷ (17) 

 4 2,251.1 1 .0e fS      (22) 

7) ˪̄̅̈ ˿ ̅̈˷˽˻˼̄˿˼, ̆̇˼˻̈̉˷˹̂˼̄̄̒˼ ˹ ̇˷-
˸̅̉˼ ˤ˿˺̃˷̉̊̂˿̄˷ [27] 

 

0,5

0,16 0,12
; 1

0,1 Re ,
; 1

d d v

F F
S

F F

 
   


 (23) 

˺˻˼ 
0,5 0,26

;0,16 v v

v v f f

F
W

                
 Re .v v

v
v

W D



 

*

0,5

*

0;

,
91 ;

Re

vf vf

f f f

e vf f

vf vf
f v

We We
A W

S WeD We We

 
          

 (24) 

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

̈̎˿̉˷̖̉̈̕ ̈̅̅̉˹˼̉̈̉˹˼̄̄̅: 
2

;v v
vf

W
We

 



 

0.5 3 0.2

*

5

2,5 10 Re ;Re 300
;

2,8 10 Re ;Re 300

f ff v
vf

v f f f

We





               
 

Re .
f f

f
f

W 



 

8) ˪̄̅̈ ˿˾ ̇˷˸̅̉̒ ˪˼˻̒ [28], ̅̈˷˽˻˼̄˿˼ ̆̅ 

̃̅˻˼̂˿ ˚̅˹˷̄˷–ˬ̓̕˿̉˷ (17): 

 

3 0,573,54 10 ; 120
,

0; 0
,

12
eS

     
 

 (25) 

˺˻˼ 
0,6

;
vf fW  

     
  2

21 .1
D
     

9) ˥̈˷˽˻˼̄˿˼ ˦˷̂˼˼˹ [24], ˪̄̅̈ ̆̅ ̃̅˻˼̂˿ 

˚̅˹˷̄˷–ˬ̓̕˿̉˷ (17): 

 

0,26

0,250,022 .Red v v
v

CS W C


  

   
 (26) 

10) ˣ̅˻˿̋˿̍˿̇̅˹˷̄̄˷̖ ̃̅˻˼̂̓ ˚̅˹˷̄˷–
ˬ̓̕˿̉˷ [10]: 

 

0.5

0,5 0,65

0,18153 ; 0,3

0,083 ; 0,

,

3

v v

d

v

v v

CC
D

S

CC
D C

       
 
             

(27) 



 

 

59 

Энергетика и электротехника

 

      
   

   

2
5

2

5,75 10

,

0; ,

crit

crit

crit

v f f

b

fe
f f

v

f f

W a W W

DS
W W

W W

 
       

       
   


 (28) 

˺˻˼ 0,18 0,82exp 15 ;0 v

f

a
 

    
0,316 1,25b     

0,6

,v

f

 
  

˷ ̇˷̈̌̅˻̒ ̆˷̇˷  
v

W  ˿ ̆̂˼̄́˿ 

 
f

W  ̈̎˿̉˷̖̉̈̕ ̆̅ ̋̅̇̃̊̂˷̃ ̃̅˻˼̂˿ ˚̅˹˷-

̄˷-ˬ̓̕˿̉˷.  
11) ˪̄̅̈ ˿˾ ̇˷˸̅̉̒ ˘˼̇̉̅˻˷̄̅ [29] ˿ ̅̈˷-

˽˻˼̄˿˼ ̆̅ ̃̅˻˼̂˿ ˚̅˹˷̄˷–ˬ̓̕˿̉˷ (17): 

 

7

0.26
0.925

* *

*

4,47 10

Re Re ; Re Re ,

0; Re Re ,

f f v

Dv
v

e
v

f f f f
f

f f

We
D

S


    

       
   
      
 

 (29) 

˺˻˼ 
2

v v
Dv

W D
We





 – ̎˿̈̂̅ В˼˸˼̇˷ ̆̅ ̆˷̇̊; 

*Re 80f   – ́̇˿̉˿̎˼̈́̅˼ ̎˿̈̂̅ ˧˼̀̄̅̂̓˻̈˷; 

.Re
f f f

f
f

D W 



 

12) ˪̄̅̈ ̆̅ ̃̅˻˼̂˿ ˤ˿˺̃˷̉̊̂˿̄˷ [30] ˿ 

̅̈˷˽˻˼̄˿˼ ̆̅ ̃̅˻˼̂˿ ˚̅˹˷̄˷–ˬ̓̕˿̉˷ (17): 
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̉˿̎˼̈́̅˼ ˾̄˷̎˼̄˿˼ ̈̎˿̉˷̖̉̈̕ ̈̅̅̉˹˼̉̈̉˹˼̄̄̅: 
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13) ˪̄̅̈ ˿˾ ̇˷˸̅̉̒ А̂˿̆̎˼̄́̅˹˷ [31] ˿ 

̅̈˷˽˻˼̄˿˼ ̆̅ ̃̅˻˼̂˿ ˚̅˹˷̄˷–ˬ̓̕˿̉˷ (17): 
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iWe  ˿ *
iWe  ̇˷̈̈̎˿̉̒˹˷̖̉̈̕ ̉˷́ ˽˼, ́˷́ ˿ ˹ 

̆̇˼˻̒˻̊̐˼̃ ̈̂̊̎˷˼ (38)–(39). 

ǎоǦǧǭǪ ǵǯоǳǢ Ǫ оǳǢǨǦǧǯǪȁ ǬǢǱǧǭǾ  
ǳ ǵǹǧǴом ǱǵǩǽǲǾǬоǤоǥо ǵǯоǳǢ 

К̅̄̍˼̄̉̇˷̍˿̖ ́˷̆˼̂̓ Ǳ ̇˷̈̈̎˿̉̒˹˷˼̖̉̈ 

˷̄˷̂̅˺˿̎̄̅ .d d

v d

C
 


 

 

1) К̅̄̉̇̅̂̓̄˷̖ ̃̅˻˼̂̓, ̊̎˿̉̒˹˷̐̕˷̖ 

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

̇̅˹˷̄̄˷̖ ̃̅˻˼̂̓ ˚̅˹˷̄˷-ˬ̓̕˿̉˷ (27)–(28). 

2) К̅̃˸˿̄˷̍˿̖ ̃̅˻˼̂˼̀ ˪˼˻̒ [32], ̊̎˿̉̒-

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

˹˷̄̄̅̀ ̃̅˻˼̂˿ ˚̅˹˷̄˷-ˬ̓̕˿̉˷. ˪̄̅̈ ˹̒˸˿̇˷-
˼̖̉̈ ̆̅ ̆̇˼̅˸̂˷˻˷̐̕˼̃̊ ̃˼̌˷̄˿˾̃̊, ̅̈˷˽˻˼-
̄˿˼ ̈̎˿̉˷˼̖̉̈ ̆̅ ̋̅̇̃̊̂˼ (27). 

  x , ,mae eh eqS S S  (34) 
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˺˻˼ Δhs – ̉˼̆̂̅̉˷ ̋˷˾̅˹̅˺̅ ̆˼̇˼̌̅˻˷; Seh –

 ̇˷̈̈̎˿̉̒˹˷˼̖̉̈ ̆̅ (28); Sd – ̆̅ (27). 

3) ˦̇˼˻̈̉˷˹̂˼̄̄˷̖ ˹ ̇˷˸̅̉˼ ˛˽˷̖̄̉˿ [20] 

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

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

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

̊̄̅̈ ˹ ̔̉̅̃ ̈̂̊̎˷˼ ̈̎˿̉˷˼̖̉̈ ̆̅ (28). 

  max , ,e eh eqS S S  (36) 
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а) ȁ) 

 
 

˧˿̈. 1. ˨̅̅̉̄̅̏˼̄˿˼ ̇˷̈̎˼̉̄̅̀ ˿ ̔́̈̆˼̇˿̃˼̄̉˷̂̓̄̅̀ ̇˷̈̌̅˻̄̅̀ ˻̅̂˿ ̆̂˼̄́˿ (Xf)  

˻̖̂ ˻˿˷̆˷˾̅̄˷ ˻˷˹̂˼̄˿̀ 2–10 ˣ˦˷ (а) ˿ 5–10 ˣ˦˷ (ȁ) 

Fig. 1. The ratio of the calculated and experimental film consumption ratio (Xf)  

for a pressure range of 2–10 MPa (a) and 5–10 MPa (ȁ) 
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   max ;0 ,d d qS C k k    (38) 
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ǒǧǩǵǭǾǴǢǴǽ ǲǢǳǹǧǴоǤ Ǫ ǪǷ обǳǵǨǦǧǯǪǧ 
ǒǢǳǹǧǴǽ ǴǧǹǧǯǪȁ Ǥ ǢǦǪǢбǢǴǪǹǧǳǬом ǬǢǯǢǭǧ 

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

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

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

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

˿˾ ̇˷˸̅̉ ˧˷̎́̅˹˷ ˿ В̇̉̍̕˷. В ̇˷˸̅̉˼ ˧˷̎́̅˹˷1 

̇˷̈̈̃˷̉̇˿˹˷̂̅̈̓ ̉˼̎˼̄˿˼ ˹ ́̇̊˺̂̅̀ ̉̇̊˸˼ ˻˿˷-
̃˼̉̇̅̃ 13,3 ̃̃ ˿ ˻̂˿̄̅̀ 3 ̃, ˹ ˻˿˷̆˷˾̅̄˼ ˻˷˹-

̂˼̄˿̀ 0,98–11,77 ˣ˦˷, ̇˷̈̌̅˻̅˹ ̈̃˼̈˿ 500–

2000 ́˺/(̃2̈), ̃˷̈̈̅˹̒̌ ̇˷̈̌̅˻̄̒̌ ̆˷̇̅̈̅˻˼̇-

˽˷̄˿̀ 0,25–0,95. В ̔́̈̆˼̇˿̃˼̄̉˷̌ В̇̉̍̕˷ [33] 

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

̄̅˺̅ ̆̅̉̅́˷ ˹ ́̇̊˺̂̅̀ ̉̇̊˸˼ ˻˿˷̃˼̉̇̅̃ 10 ̃̃, 

˻̂˿̄̄̅̀ 9 ̃, ˹ ˻˿˷̆˷˾̅̄˼ ˻˷˹̂˼̄˿̀ 3–9 ˣ˦˷, 
̇˷̈̌̅˻̅˹ ̈̃˼̈˿ 500–3000 ́˺/(̃2̈), ̃˷̈̈̅˹̒̌ 
̇˷̈̌̅˻̄̒̌ ̆˷̇̅̈̅˻˼̇˽˷̄˿̀ 0,08–0,7. 

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

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

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

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

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

                                                      

1 ˧˷̎́̅˹ В.И. ˴́̈̆˼̇˿̃˼̄̉˷̂̓̄̅˼ ˿̈̈̂˼˻̅˹˷̄˿˼ 
̆̇̅̍˼̈̈̅˹ ˹̂˷˺̅̅˸̃˼̄˷ ̆̇˿ ̉˼̎˼̄˿˿ ̆˷̇̅˹̅˻̖̄̒̌ 

˻˿̈̆˼̇̈̄̅-́̅̂̓̍˼˹̒̌ ̆̅̉̅́̅˹: ˻˿̈. … ́˷̄˻. ̉˼̌̄. 

̄˷̊́, 1978. 
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˩ ˷ ˸ ̂ ˿ ̍ ˷  1  

ǐǳǲǧǦǯǧǯǯǽǧ Ǳо Ǥǳǧм ǿǬǳǱǧǲǪмǧǯǴǢм моǦǵǭǪ оǴǯоǳǪǴǧǭǾǯǽǷ оǴǬǭоǯǧǯǪǫ Xf, % 

Averaged over all experiments, the modules of the relative deviations of Xf, % 

˧, ˣ˦˷ 
ˤ̅̃˼̇ ̃̅˻˼̂˿ ˺˿˻̇̅˻˿̄˷̃˿̎˼̈́̅˺̅ ̊̄̅̈˷ ˿ ̅̈˷˽˻˼̄˿̖ 

1 2 3 4 5 6 7 8 9 10 11 12 13

1–10 32,8 33,4 31,5 22,8 53,6 121 42,1 33,8 33,7 21,5 39,1 33,9 29,6

5–10 37,7 34,7 37,9 24,5 63,7 118 39,2 36,2 34,8 21,6 45,6 41,1 26,7
 

˩ ˷ ˸ ̂ ˿ ̍ ˷  2  

ǐǳǲǧǦǯǧǯǯǽǧ Ǳо Ǥǳǧм ǿǬǳǱǧǲǪмǧǯǴǢм моǦǵǭǪ оǴǯоǳǪǴǧǭǾǯǽǷ оǴǬǭоǯǧǯǪǫ мǢǳǳоǤоǫ ǲǢǳǷоǦǯоǫ ǦоǭǪ ǱǭǧǯǬǪ 

Ǥ ǩǢǤǪǳǪмоǳǴǪ оǴ ǵǦǢǭǧǯǪȁ оǴ ǯǢǹǢǭǢ ǬǢǯǢǭǢ Ǧǭȁ ǲǢǩǭǪǹǯǽǷ моǦǧǭǧǫ ǵǯоǳǢ / оǳǢǨǦǧǯǪȁ ǬǢǱǧǭǾ 

Averaged over all experiments, the modules of the relative deviations of the mass expenditure share of the film,  

depending on the distance from the beginning of the channel for various models of entrainment / deposition of droplets 

№ ̃̅˻˼̂˿ 
К̅̅̇˻˿̄˷̉˷ ̅̉˸̅̇˷ ̆̂˼̄́˿, ̃̃

90 155 255 385 515 605 1665 2320

1 10,9 15,1 20,7 25,9 28,8 27,5 32,3 29,6

2 3,4 6,3 9,8 13,7 16,9 19,8 32,0 33,4

3 10,8 14,9 20,4 25,2 27,6 25,9 29,8 28,4

4 10,7 14,7 19,9 24,4 26,6 24,6 25,4 25,4

5 11,3 16,0 22,6 29,3 33,8 34,4 55,6 60,2

6 12,2 20,8 31,6 44,7 58,7 76,2 174,1 236,6

7 8,4 13,0 19,2 25,9 30,4 34,5 55,1 61,9

8 7,0 10,9 16,0 21,6 25,4 28,8 45,9 51,6

9 3,0 5,7 9,6 14,1 18,1 20,6 38,6 42,2

10 4,8 7,5 10,3 12,7 13,8 15,5 19,7 20,5

11 5,4 9,6 13,7 17,1 20,9 25,9 39,8 45,4

12 3,8 7,3 10,6 13,7 17,8 25,4 41,3 52,7

13 13,1 16,6 20,6 24,6 26,8 26,0 29,0 28,1
 

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

˻˿˷̆˷˾̅̄˷ ˻˷˹̂˼̄˿̀ 5–10 ˣ˦˷, ̖˹̖̂̐̕˼˺̖̅̈ 

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

А˴˨. ˛̖̂ ̎˿̈̂˼̄̄̅̀ ̅̍˼̄́˿ ́˷̎˼̈̉˹˷ ̆̇̅˺̄̅-

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

̐˿̌ ̈̅̅̉̄̅̏˼̄˿̀ ˻̖̂ ̊̄̅̈˷ ˿ ̅̈˷˽˻˼̄˿̖ ́˷-
̆˼̂̓ ̈ ̆̅˹˼̇̌̄̅̈̉˿ ˽˿˻́̅̀ ̆̂˼̄́˿ ˹ ̉˷˸̂. 1 

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

̃̅˻̊̂˿ ̅̉̄̅̈˿̉˼̂̓̄̒̌ ̅̉́̂̅̄˼̄˿̀ ˹ %: 

К˷́ ˹˿˻̄̅ ˿˾ ̉˷˸̂. 1, ˻̖̂ ̈̂̊̎˷̖ ˹̈˼˺  ̅˻˿˷̆˷-
˾̅̄˷ ˻˷˹̂˼̄˿̀ ̄˷˿˸̅̂˼˼ ̉̅̎̄̅ ̆̇˼˻̈́˷˾̒˹˷˼̉ 
̇˷̈̌̅˻̒ ˹ ̆̂˼̄́˼ ̃̅˻˼̂̓ ̆̅˻ ̄̅̃˼̇̅̃ 10 (̃̅˻˿-

̋˿̍˿̇̅˹˷̄̄˷̖ ̃̅˻˼̂̓ ˚̅˹˷̄˷-ˬ̓̕˿̉˷). ˦̅̎̉˿ 

̉˷́ ˽˼ ̄˷ ˹̈˼̃ ˻˿˷̆˷˾̅̄˼ ˻˷˹̂˼̄˿̀ ̆̇˼˻̈́˷˾̒˹˷-
˼̉ ̃̅˻˼̂̓ ̆̅˻ ̄̅̃˼̇̅̃ 4 (˦˷̂˼˼˹ ˿ ˨̊˺̅˹˷̇˷). 

В ̈̂̊̎˷˼ ˽˼ ̇˷˸̅̎˼˺̅ ˻˿˷̆˷˾̅̄˷ ˻˷˹̂˼̄˿̀ 5–

10 ˣ̆˷, ̂̊̎̏˼ ˹̈˼˺̅ ̆̇˼˻̈́˷˾̒˹˷˼̉ 10 – ˷̖ ̃̅-

˻˼̂̓. ˣ̅˻˼̂̓ 4 ˿̃˼˼̉ ̃˼̄̓̏̊̕ ̉̅̎̄̅̈̉̓: ˹ ̈̇˼˻-

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

̃̅˻˼̂˿ 10 ̆̇˿̃˼̇̄̅ ̄˷ 3 %. ˩̅̎̄̅̈̉̓ ̅̈̉˷̂̓̄̒̌ 
̃̅˻˼̂˼̀ ̊̄̅̈˷ ˿ ̅̈˷˽˻˼̄˿̖ (̄̅̃˼̇˷ 1, 2, 3, 5, 6, 

7, 8, 9, 11, 12 ˿ 13) ˹ ̅˸̅˿̌ ̈̂̊̎˷̖̌ ˾˷̃˼̉̄̅ ̄˿˽˼. 
˨ ̍˼̂̓̕ ̆̇̅˹˼̇́˿ ̆̇˼˻̆̅̂̅˽˼̄˿̖ ̅ ̉̅̃, 

̎̉̅ ̅̉́̂̅̄˼̄˿˼ ̇˷̈̎˼̉̄̅̀ ̃˷̈̈̅˹̅̀ ̇˷̈̌̅˻̄̅̀ 

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

˹˷˼̖̉̈ ̆̅ ˻̂˿̄˼ ́˷̄˷̂˷, ˹ ̉˷˸̂. 2 ̆̇˼˻̈̉˷˹̂˼̄̒ 

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

˻̅̂˿ ̆̂˼̄́˿: 

К˷́ ˹˿˻̄̅ ˿˾ ̉˷˸̂. 2, ˹ ̍˼̂̅̃ ̅̉̄̅̈˿̉˼̂̓-

̄̅˼ ̅̉́̂̅̄˼̄˿˼ ̇˷̈̎˼̉˷ ̅̉ ̔́̈̆˼̇˿̃˼̄̉˷ ̆̅ 

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

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

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

́̅̀ ̆̂˼̄́˿.  

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

̃̅˻˼̂˿ ̊̄̅̈˷/̅̈˷˽˻˼̄˿̖. ˮ̉̅˸̒ ˹̖̒˹˿̉̓ ˻˿˷-
̆˷˾̅̄ ̄˷̎˷̂̓̄̒̌ ̊̈̂̅˹˿̀, ˹ ́̅̉̅̇̒̌ ˻̇̊˺˿˼ 
̃̅˻˼̂˿ ̃̅˺̊̉ ˿̃˼̉̓ ̆̇˼˿̃̊̐˼̈̉˹̅ ̄˷˻ 10-̀ 

̃̅˻˼̂̓̕, ̇˷̈̈̎˿̉˷˼̃ 12 ˹̒˸̇˷̄̄̒̌ ̔́̈̆˼̇˿-

̃˼̄̉̅˹ ˧˷̎́̅˹˷ ˻̖̂ ˻˿˷̆˷˾̅̄˷ ˻˷˹̂˼̄˿̀ 2,94–

9,81 ˿ ̇˷˾̄̒̌ ̇˷̈̌̅˻̅˹ ̈̃˼̈˿ (̖̆̅̇˻́˷ 500, 

1000 ˿ 1500 ́˺/(̃2̈)).  

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

̂˼̄˿̖ ˿ ̇˷̈̌̅˻̅˹. В ̉˷˸̂. 3 ̆̇˼˻̈̉˷˹̂˼̄̒ ̇˼-
˾̊̂̓̉˷̉̒ ̇˷̈̎˼̉̅˹, ˺˻˼ ˹ ̖̎˼̀́˷̌ ̉˷˸̂˿̍̒ ̆̇˿ 

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

 

˩ ˷ ˸ ̂ ˿ ̍ ˷  3  

Ǐомǧǲ моǦǧǭǪ ǵǯоǳǢ/оǳǢǨǦǧǯǪȁ ǳ ǯǢǪмǧǯǾǺǪм  

оǴǬǭоǯǧǯǪǧм 

Model number of entrainment / precipitation  

with the smallest deviation 

˧˷̈̌̅˻ ̈̃˼̈˿, 

́˺/(̃2̈) 

˛˷˹̂˼̄˿˼, ˣ˦˷ 

2,94 4,9 6,87 9,81 

500 2 4 2 10 

1000 7 10 9 9 

1500 10 7 10 11 

 

К˷́ ˹˿˻̄̅ ˿˾ ̉˷˸̂. 3, ̈˿̈̉˼̃˷̉˿̎˼̈́̅˺̅ 

̆̇˼˿̃̊̐˼̈̉˹˷ ̉̅̀ ˿̂˿ ˿̄̅̀ ̃̅˻˼̂˿ ̊̄̅-

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

ǒǢǳǹǧǴǽ ǴǧǹǧǯǪȁ Ǥ обоǥǲǧǤǢǧмом ǬǢǯǢǭǧ 

˛̖̂ ̆̇̅˹˼̇́˿ ˾˷̃̒́˷̐̕˿̌ ̈̅̅̉̄̅̏˼̄˿̀, 

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

˿̈̉̅̎̄˿́̅˹. ˦˼̇˹̒̀ – ˻˿̈̈˼̇̉˷̍˿̖ ˧˷̎́̅˹˷, ˹ 

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

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

˹̄̊̉̇˼̄̄˿̃ ˻˿˷̃˼̉̇̅̃ 13,1 ̃̃, ˻̂˿̄̄̅̀ 1,5 ̃ 

˿ ˻̂˿̄̄̅̀ ̅˸̅˺̇˼˹˷˼̃̅˺̅ ̊̎˷̈̉́˷ 0,66 ̃. ˛˿˷-
̆˷˾̅̄ ˻˷˹̂˼̄˿̀ 2,94–9,81 ˣ˦˷, ̇˷̈̌̅˻̅˹ ̈̃˼-
̈˿ 500–2000 ́˺/(̃2̈) ˿ ̃˷̈̈̅˹̒̌ ̇˷̈̌̅˻̄̒̌ 

̆˷̇̅̈̅˻˼̇˽˷̄˿̀ 0,2–0,65. В̉̅̇̅̀ – ̈̉˷̖̉̓ 

ˣ˿̂˷̏˼̄́̅ [34], ˹ ́̅̉̅̇̅̀ ̇˷̈̈̃˷̉̇˿˹˷̖̉̈̕ 

̉˼̎˼̄˿̖ ˻˿̈̆˼̇̈̄̅-́̅̂̓̍˼˹̅˺̅ ̆̅̉̅́˷ ˹ ́̇̊˺-
̂̅̀ ̅˸̅˺̇˼˹˷˼̃̅̀ ̉̇̊˸˼ ˻˿˷̃˼̉̇̅̃ 13,1 ̃̃, ̈ 
˻̂˿̄̄̅̀ ̇˷˸̅̎˼˺̅ ̊̎˷̈̉́˷ 1,033 ˿ 0,18 ̃ ˿ ̅˸̅-

˺̇˼˹˷˼̃̅̀ ˻̂˿̄̄̅̀, ̈̅̅̉˹˼̉̈̉˹˼̄̄̅, 1 ˿ 0,15 

̃. ˛˿˷̆˷˾̅̄ ˻˷˹̂˼̄˿̀ 7–10 ˣ˦˷, ̇˷̈̌̅˻̅˹ 

̈̃˼̈˿ 1500–3000 ́˺/(̃2̈) ˿ ̃˷̈̈̅˹̒̌ ̇˷̈̌̅˻-

̄̒̌ ̆˷̇̅̈̅˻˼̇˽˷̄˿̀ 0,23–0,33. В ̅˸˼˿̌ ̈˼̇˿-

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

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

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

˞˷˹˿̈˿̃̅̈̉̓ ̇˷̈̈̎˿̉˷̄̄̒̌ ̃˷̈̈̅˹̒̌ ̇˷̈̌̅˻-

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

˹̈˼̌ ̔́̈̆˼̇˿̃˼̄̉˷̂̓̄̒̌ ̉̅̎˼́ ̆̅ ̉̅̀ ̆̇˿-

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

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

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

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

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

̄̅̀ ́̅̅̇˻˿̄˷̉˼ zpred, ˹ ́̅̉̅̇̅̀ ̇˷̈̌̅˻ ̆̂˼̄́˿ 

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

́̅̄̍˼ ́˷̄˷̂˷ ˹ ̔́̈̆˼̇˿̃˼̄̉˼. ˞̄˷̖ ˻̂˿̄̊ ́˷-
̄˷̂˷ ˹ ̔́̈̆˼̇˿̃˼̄̉˼ zexp ̃̅˽̄̅ ˹̒˹˼̈̉˿ ̇˷˾-
̄˿̍̊ ́̅̅̇˻˿̄˷̉ exp,pred predz z z    ́̅̉̅̇˷̖ 

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

̆̇˼˻̈́˷˾̒˹˷̄˿̖ ̊̄̅̈˷, ̉̅ ̇˷̈̎˼̉̄˷̖ ˻̂˿̄˷ ́˷-
̄˷̂˷ ˸̒̂˷ ̊˹˼̂˿̎˼̄˷ 5 ̃. ˤ˷ ̇˿̈. 2 ̆̇˼˻̈̉˷˹-

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

̈˿̃̅̈̉˼̀ predz
 
̅̉ ̔́̈̆˼̇˿̃˼̄̉˷̂̓̄̅˺̅ ̃˷̈-

̈̅˹̅˺̅ ̇˷̈̌̅˻̄̅˺̅ ̈̅˻˼̇˽˷̄˿̖ ̆̂˼̄́˿ ˹ ́̅̄̍˼ 
́˷̄˷̂˷ (Measured Xf). ˤ̅̃˼̇ ̉̅̎́˿ ˹ ̂˼˺˼̄˻˼ 
̈̅̅̉˹˼̉̈̉˹̊˼̉ ̄̅̃˼̇̊ ̃̅˻˼̂˿ ˹ ̈̆˿̈́˼ ̃̅˻˼-
̂˼̀, ̊̎˿̉̒˹˷̐̕˿̌ ̆̊˾̒̇̓́̅˹̒̀ ̊̄̅̈. 

 

 
 

˧˿̈. 2. ˞˷˹˿̈˿̃̅̈̉̓ ̇˷˾̄˿̍̒ ́̅̅̇˻˿̄˷̉, ˹ ́̅̉̅̇̅̀ 

̄˷˸̂̕˻˷˼̖̉̈ ̔́̈̆˼̇˿̃˼̄̉˷̂̓̄̒̀ ̊̇̅˹˼̄̓ ̇˷̈̌̅˻˷ 
˹ ̆̂˼̄́˼ (Δzpred) ̅̉ ̔́̈̆˼̇˿̃˼̄̉˷̂̓̄̅̀ ̇˷̈̌̅˻̄̅̀ 

˻̅̂˿ ̆̂˼̄́˿ ˹ ́̅̄̍˼ ́˷̄˷̂˷ (Measured Xf) 

Fig. 2. Dependence of the difference of coordinates, 

in which the experimental flow rate in the film (Δzpred) 

is observed from the experimental film flow rate at the end 

of the channel (Measured Xf) 

 
ˮ̉̅˸̒ ̆̇̅˷̄˷̂˿˾˿̇̅˹˷̉̓ ̉̅̎̄̅̈̉̓ ̇˷̈-

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

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

̄˼̄˿̖ ˻̖̂ ˹̈˼̌ ̔́̈̆˼̇˿̃˼̄̉˷̂̓̄̒̌ ̉̅̎˼́ ˿ 

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

̉˷̂̓̄̅˼ ̇˷̈̌̅˻̄̅˼ ̈̅˻˼̇˽˷̄˿˼ ̆̂˼̄́˿ (Xf) ˹ 

́̅̄̍˼ ́˷̄˷̂˷ ̃˼̄̓̏˼ 0,05). ˧˼˾̊̂̓̉˷̉̒ ̆̇˼˻-

̈̉˷˹̂˼̄̒ ˹ ̉˷˸̂. 4: 

˩ ˷ ˸ ̂ ˿ ̍ ˷  4  

ǓǲǧǦǯǧǬǤǢǦǲǢǴǪǹǯǽǧ оǴǬǭоǯǧǯǪȁ ǲǢǳǹǧǴǯоǫ ǬооǲǦǪ-

ǯǢǴǽ zpred оǴ ǿǬǳǱǧǲǪмǧǯǴǢǭǾǯоǫ, м 

Standard deviations of the calculated coordinate 

zpred from the experimental, m 

 ˤ̅̃˼̇ ̃̅˻˼̂˿ ̊̄̅̈˷/̅̈˷˽˻˼̄˿̖

1 2 3 

В̈˼ ̔́̈̆. 0,273 0,267 0,291 

˴́̈̆. Xf < 0,05 0,244 0,243 0,231 

 

˦̅ ̆̇˼˻̈̉˷˹̂˼̄̄̒̃ ̇˼˾̊̂̓̉˷̉˷̃ (̇˿̈. 2 ˿ 

̉˷˸̂. 4) ˹˿˻̄̅, ̎̉̅ ̃̅˻˼̂˿, ̊̎˿̉̒˹˷̐̕˿˼ ˹̂˿-

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

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

̄˼ ̊̎˿̉̒˹˷̉̓ ̔̉̅̉ ̔̋̋˼́̉ (̄̅̃˼̇ 2) ˹ ̍˼̂̅̃, 

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

̂̅˹̒̌ ̆̅̉̅́̅˹, ˸̂˿˾́˿̌ ́ ́̇˿̉˿̎˼̈́˿̃.  

ǉǢǬǭȀǹǧǯǪǧ 

В ˻˷̄̄̅̀ ̇˷˸̅̉˼ ̈ ̆̅̃̅̐̓̕ ̈̉˷̍˿̅̄˷̇̄̅̀ 

̅˻̄̅̃˼̇̄̅̀ ̉̇˼̌˽˿˻́̅̈̉̄̅̀ ̃̅˻˼̂˿ ˸̒̂ ̆̇̅-

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

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

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

̅̈˷˽˻˼̄˿̖, ̉˷́ ˿ ̆̊˾̒̇̓́̅˹̅˺̅.  

Ӥ̆̅̂̓˾̊˼̃̒˼ ̂˿̉˼̇˷̉̊̇̄̒˼ ̔́̈̆˼̇˿̃˼̄-

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

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

˺̅ ̆˷̇̅˹̅˻̖̄̅˺̅ ˻˿̈̆˼̇̈̄̅-́̅̂̓̍˼˹̅˺̅ ̆̅̉̅́˷ 
˹ ˻˿˷̆˷˾̅̄˼ ˻˷˹̂˼̄˿̀ 0,98–11,77 ˣ˦˷, ̇˷̈̌̅-

˻̅˹ ̈̃˼̈˿ 500–3000 ́˺/(̃2̈) ˿ ̃˷̈̈̅˹̒̌ ̇˷̈-
̌̅˻̄̒̌ ̆˷̇̅̈̅˻˼̇˽˷̄˿̀ 0,08–0,95. ˤ˷ ˿̌ ̅̈-
̄̅˹˼ ˸̒̂̅ ̅˸̄˷̇̊˽˼̄̅, ̎̉̅ ̄˷˿̂̊̎̏˿̃ ̅˸̇˷-
˾̅̃ ̆̇˼˻̈́˷˾̒˹˷˼̉ ̇˷̈̈̃˷̉̇˿˹˷˼̃̒˼ ̂˿̉˼̇˷-
̉̊̇̄̒˼ ˻˷̄̄̒˼ ̃̅˻˼̂̓ ̆̅˻ ̄̅̃˼̇̅̃ 10 (ˣ̅-

˻˿̋˿̍˿̇̅˹˷̄̄˷̖ ̃̅˻˼̂̓ ˚̅˹˷̄˷-ˬ̓̕˿̉˷). 

˦̇˿ ̇˷̈̎˼̉˼ ̉˼̎˼̄˿̖ ˻˿̈̆˼̇̈̄̅-́̅̂̓-

̍˼˹̅˺̅ ̆̅̉̅́˷ ˹ ˹˼̇̉˿́˷̂̓̄̒̌ ̅˸̅˺̇˼˹˷˼̃̒̌ 
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́˷̄˷̂˷̌ ˿̈̆̅̂̓˾̊˼̃̒˼ ̂˿̉˼̇˷̉̊̇̄̒˼ ˻˷̄̄̒˼ 
̆̅́̇̒˹˷̉̕ ˻˿˷̆˷˾̅̄ ˻˷˹̂˼̄˿̀ 2,94–10 ˣ˦˷, 
̇˷̈̌̅˻̅˹ ̈̃˼̈˿ 500 – 3000 ́˺/(̃2̈) ˿ ̃˷̈̈̅˹̒̌ 

̇˷̈̌̅˻̄̒̌ ̆˷̇̅̈̅˻˼̇˽˷̄˿̀ 0,2–0,65. ˘̒̂̅ 

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

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

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

̌˷̄˿̖ ̄˼̃̄̅˺̅ ̂̊̎̏˼ (̊̂̊̎̏˼̄˿˼ ˻̅ 5 %) (̃̅-

˻˼̂˿ 2 (˪˼˻˷) ˿ 3 (˛˽˷̖̄̉˿)), ̎˼̃ ̃̅˻˼̂̓, ̄˼ 
̊̎˿̉̒˹˷̐̕˷̖ ̔̉̅˺̅ ̔̋̋˼́̉˷. ˦̇˿ ̔̉̅̃ ̃̅-

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

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

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

˧˷˸̅̉˷ ˹̖̒̆̅̂̄̂˷̈̓ ˹ ̇˷̃́˷̌ ̆̇̅˼́̉˷ 

3.3314.2017/4.6 ˺̅̈̊˻˷̇̈̉˹˼̄̄̅˺̅ ˾˷˻˷̄˿̖ ˣ˿̄˿-

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

2017−2019 ˺˺. 
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