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Ɏɢɝɭɪɢ 

 

Ɏɢɝ.1 Ɋɚɡɥɢɱɧɢ ɤɨɧɫɬɪɭɤɰɢɢ ɧɚ ɛɚɪɛɨɬɚɠɧɢ ɤɨɥɨɧɢ[1]
. 

Ɏɢɝ.2 Ɋɚɡɥɢɱɧɢ ɤɨɧɫɬɪɭɤɰɢɢ ɧɚ ɫɦɟɫɢɬɟɥɢ (spargers)
[1]

. 

Ɏɢɝ.3 Ɋɟɠɢɦ ɧɚ ɩɨɬɨɰɢɬɟ ɜɴɜ ɜɟɪɬɢɤɚɥɧɚ ɛɚɪɛɨɬɚɠɧɚ ɤɨɥɨɧɚ ɫɩɨɪɟɞ (J. S. Groen, 2004). 

Ɏɢɝ.4 ɂɡɢɫɤɜɚɧɢɹ ɡɚ ɪɚɡɦɟɪɚ ɧɚ ɦɪɟɠɚɬɚ ɜ ɡɚɜɢɫɢɦɨɫɬ ɨɬ ɬɭɪɛɭɥɟɧɬɧɢɹ ɦɨɞɟɥ. 

Ɏɢɝ.5 Ɋɚɡɥɢɱɧɢ ɫɢɥɢ ɧɚ ɜɡɚɢɦɨɞɟɣɫɬɜɢɟ ɦɟɠɞɭ ɞɢɫɩɟɪɫɧɚɬɚ ɢ ɧɟɩɪɟɤɴɫɧɚɬɚɬɚ ɮɚɡɚ. 

Ɏɢɝ.6 ɋɯɟɦɚɬɢɱɧɨ ɩɪɟɞɫɬɚɜɹɧɟ ɧɚ ɪɚɡɞɟɥɹɧɟ ɧɚ ɤɨɦɩɨɧɟɧɬɢ ɱɪɟɡ ɦɟɦɛɪɚɧɟɧ ɩɪɨɰɟɫ 
(ɥɹɜɨ); ɑɚɫɬɢɱɧɨ ɪɚɡɞɟɥɹɧɟ ɧɚ ɤɨɦɩɨɧɟɧɬɢ ɱɪɟɡ ɦɟɦɛɪɚɧɚ (ɞɹɫɧɨ). 

Ɏɢɝ.7 Ɂɚɩɭɲɜɚɧɟ ɧɚ ɦɟɦɛɪɚɧɧɢ ɩɨɪɢ ɫ ɭɬɚɟɧɢ ɱɚɫɬɢɰɢ (ɥɹɜɨ), ɤɨɥɨɢɞɧɢ ɜɟɳɟɫɬɜɚ, 
ɚɛɫɨɪɛɢɪɚɧɢ ɜ ɩɨɪɢɬɟ ɧɚ ɫɬɟɧɢɬɟ (ɰɟɧɬɴɪ), ɫɥɨɣ ɨɬ „ɞɢɧɚɦɢɱɧɚ“ ɭɬɚɣɤɚ, ɤɨɣɬɨ ɩɨɡɜɨɥɹɜɚ 
ɩɪɟɦɢɧɚɜɚɧɟɬɨ ɫɚɦɨ ɧɚ ɩɨ-ɦɚɥɤɢ ɱɚɫɬɢɰɢ (ɞɹɫɧɨ) [8]

 . 

 Ɏɢɝ.8 ɋɯɟɦɚ ɧɚ ɪɟɠɢɦ ɧɚ ɩɨɬɨɩɟɧɨ ɮɢɥɬɪɭɪɚɧɟ. 

Ɏɢɝ.9 ɉɚɧɟɥɢ ɫ ɩɥɨɫɤɚ ɦɟɦɛɪɚɧɚ (ɥɹɜɨ), ɤɭɯɨ-ɜɥɚɤɧɟɫɬɚ ɦɟɦɛɪɚɧɚ (ɞɹɫɧɨ)[15] 
. 

Ɏɢɝ.10 Ƚɟɨɦɟɬɪɢɱɟɧ ɦɨɞɟɥ ɧɚ ɛɚɪɛɨɬɚɠɧɚ ɤɨɥɨɧɚ ɫ ɩɨɬɨɩɟɧ ɦɟɦɛɪɚɧɟɧ ɦɨɞɭɥ. 

Ɏɢɝ.11 Ɉɩɢɫɚɧɢɟ ɧɚ ɮɭɧɤɰɢɢ ɡɚ ɫɴɡɞɚɜɚɧɟ ɧɚ 3D ɦɨɞɟɥ. 
 

Ɏɢɝ.12 ɂɡɫɥɟɞɜɚɧ ɫɟɤɬɨɪ ɨɬ ɛɚɪɛɨɬɚɠɧɚɬɚ ɤɨɥɨɧɚ ɫ ɩɨɬɨɩɟɧ ɦɟɦɛɪɚɧɟɧ ɦɨɞɭɥ. 

Ɏɢɝ.13 Ⱥɜɬɨɦɚɬɢɱɧɨ ɝɟɧɟɪɢɪɚɧɚ ɦɪɟɠɚ ɨɬ ɤɨɦɩɸɬɴɪɧɚɬɚ ɫɢɫɬɟɦɚ. 

Ɏɢɝ.14 ɋɝɴɫɬɹɜɚɧɟ ɧɚ ɦɪɟɠɚ ɧɚ ɢɡɫɥɟɞɜɚɧ ɨɛɟɤɬ. 

Ɏɢɝ.15 Ɉɩɢɫɚɧɢɟ ɧɚ ɡɨɧɢɬɟ ɧɚ ɦɟɦɛɪɚɧɚɬɚ. 

Ɏɢɝ.16 Ɋɚɡɩɪɟɞɟɥɟɧɢɟ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ ɜɴɬɪɟɲɧɚɬɚ ɦɟɦɛɪɚɧɚ ɩɪɢ ɪɚɡɫɬɨɹɧɢɟ 
ɩɨ ɜɢɫɨɱɢɧɚ H=0.1m ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ. 

Ɏɢɝ.17 Ɋɚɡɩɪɟɞɟɥɟɧɢɟ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ ɜɴɬɪɟɲɧɚɬɚ ɦɟɦɛɪɚɧɚ ɩɪɢ ɪɚɡɫɬɨɹɧɢɟ 
ɩɨ ɜɢɫɨɱɢɧɚ H=0.2m ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ. 

Ɏɢɝ.18 Ɋɚɡɩɪɟɞɟɥɟɧɢɟ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ ɜɴɬɪɟɲɧɚɬɚ ɦɟɦɛɪɚɧɚ ɩɪɢ ɪɚɡɫɬɨɹɧɢɟ 
ɩɨ ɜɢɫɨɱɢɧɚ H=0.3m ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ. 

Ɏɢɝ.19 Ɋɚɡɩɪɟɞɟɥɟɧɢɟ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ ɜɴɧɲɧɚɬɚ ɦɟɦɛɪɚɧɚ ɩɪɢ ɪɚɡɫɬɨɹɧɢɟ ɩɨ 
ɜɢɫɨɱɢɧɚ H=0.1m ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ. 

Ɏɢɝ.20 Ɋɚɡɩɪɟɞɟɥɟɧɢɟ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ ɜɴɧɲɧɚɬɚ ɦɟɦɛɪɚɧɚ ɩɪɢ ɪɚɡɫɬɨɹɧɢɟ ɩɨ 
ɜɢɫɨɱɢɧɚ H=0.2m ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ. 
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Ɏɢɝ.21 Ɋɚɡɩɪɟɞɟɥɟɧɢɟ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ ɜɴɧɲɧɚɬɚ ɦɟɦɛɪɚɧɚ ɩɪɢ ɪɚɡɫɬɨɹɧɢɟ ɩɨ 
ɜɢɫɨɱɢɧɚ H=0.3m ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ. 

Ɏɢɝ.22 Ɋɚɡɩɪɟɞɟɥɟɧɢɟ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ ɜɴɬɪɟɲɧɚɬɚ ɦɟɦɛɪɚɧɚ ɜ ɡɨɧɚ 2 
(ɚɤɬɢɜɧɚɬɚ ɡɨɧɚ) ɩɨ ɜɢɫɨɱɢɧɚ H=0.1m ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ. 

Ɏɢɝ.23 Ɋɚɡɩɪɟɞɟɥɟɧɢɟ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ ɜɴɬɪɟɲɧɚɬɚ ɦɟɦɛɪɚɧɚ ɜ ɡɨɧɚ 2 
(ɚɤɬɢɜɧɚɬɚ ɡɨɧɚ) ɩɨ ɜɢɫɨɱɢɧɚ H=0.2m ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ. 

Ɏɢɝ.24 Ɋɚɡɩɪɟɞɟɥɟɧɢɟ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ ɜɴɬɪɟɲɧɚɬɚ ɦɟɦɛɪɚɧɚ ɜ ɡɨɧɚ 2 
(ɚɤɬɢɜɧɚɬɚ ɡɨɧɚ) ɩɨ ɜɢɫɨɱɢɧɚ H=0.3m ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ. 

Ɏɢɝ.25 Ɋɚɡɩɪɟɞɟɥɟɧɢɟ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ ɜɴɧɲɧɚɬɚ ɦɟɦɛɪɚɧɚ ɜ ɡɨɧɚ 2 (ɚɤɬɢɜɧɚɬɚ 
ɡɨɧɚ) ɩɨ ɜɢɫɨɱɢɧɚ H=0.1m ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ. 

Ɏɢɝ.26 Ɋɚɡɩɪɟɞɟɥɟɧɢɟ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ ɜɴɧɲɧɚɬɚ ɦɟɦɛɪɚɧɚ ɜ ɡɨɧɚ 2 (ɚɤɬɢɜɧɚɬɚ 
ɡɨɧɚ) ɩɨ ɜɢɫɨɱɢɧɚ H=0.2m ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ. 

Ɏɢɝ.27 Ɋɚɡɩɪɟɞɟɥɟɧɢɟ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ ɜɴɧɲɧɚɬɚ ɦɟɦɛɪɚɧɚ ɜ ɡɨɧɚ 2 (ɚɤɬɢɜɧɚɬɚ 
ɡɨɧɚ) ɩɨ ɜɢɫɨɱɢɧɚ H=0.3m ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ. 

Ɏɢɝ.28 ȼɥɢɹɧɢɟ ɧɚ ɞɢɚɦɟɬɴɪɚ ɧɚ ɦɟɯɭɪɢɬɟ ɧɚ ɝɚɡɨɜɚ ɮɚɡɚ ɩɨ ɞɴɥɠɢɧɚ ɧɚ ɜɴɬɪɟɲɧɚɬɚ 
ɦɟɦɛɪɚɧɚ  ɩɪɢ ɪɚɡɫɬɨɹɧɢɟ ɩɨ ɜɢɫɨɱɢɧɚ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ H=0.1m ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ. 

Ɏɢɝ.29 ȼɥɢɹɧɢɟ ɧɚ ɞɢɚɦɟɬɴɪɚ ɧɚ ɦɟɯɭɪɢɬɟ ɧɚ ɝɚɡɨɜɚ ɮɚɡɚ ɩɨ ɞɴɥɠɢɧɚ ɧɚ ɜɴɬɪɟɲɧɚɬɚ 
ɦɟɦɛɪɚɧɚ  ɩɪɢ ɪɚɡɫɬɨɹɧɢɟ ɩɨ ɜɢɫɨɱɢɧɚ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ H=0.2m ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ. 

Ɏɢɝ.30 ȼɥɢɹɧɢɟ ɧɚ ɞɢɚɦɟɬɴɪɚ ɧɚ ɦɟɯɭɪɢɬɟ ɧɚ ɝɚɡɨɜɚ ɮɚɡɚ ɩɨ ɞɴɥɠɢɧɚ ɧɚ ɜɴɬɪɟɲɧɚɬɚ 
ɦɟɦɛɪɚɧɚ  ɩɪɢ ɪɚɡɫɬɨɹɧɢɟ ɩɨ ɜɢɫɨɱɢɧɚ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ H=0.3m ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ. 

Ɏɢɝ.31 ȼɥɢɹɧɢɟ ɧɚ ɞɢɚɦɟɬɴɪɚ ɧɚ ɦɟɯɭɪɢɬɟ ɧɚ ɝɚɡɨɜɚ ɮɚɡɚ ɩɨ ɞɴɥɠɢɧɚ ɧɚ ɜɴɧɲɧɚɬɚ 
ɦɟɦɛɪɚɧɚ  ɩɪɢ ɪɚɡɫɬɨɹɧɢɟ ɩɨ ɜɢɫɨɱɢɧɚ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ H=0.1m ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ. 

Ɏɢɝ.32 ȼɥɢɹɧɢɟ ɧɚ ɞɢɚɦɟɬɴɪɚ ɧɚ ɦɟɯɭɪɢɬɟ ɧɚ ɝɚɡɨɜɚ ɮɚɡɚ ɩɨ ɞɴɥɠɢɧɚ ɧɚ ɜɴɧɲɧɚɬɚ 
ɦɟɦɛɪɚɧɚ  ɩɪɢ ɪɚɡɫɬɨɹɧɢɟ ɩɨ ɜɢɫɨɱɢɧɚ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ H=0.2m ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ. 

Ɏɢɝ.33 ȼɥɢɹɧɢɟ ɧɚ ɞɢɚɦɟɬɴɪɚ ɧɚ ɦɟɯɭɪɢɬɟ ɧɚ ɝɚɡɨɜɚ ɮɚɡɚ ɩɨ ɞɴɥɠɢɧɚ ɧɚ ɜɴɧɲɧɚ 
ɦɟɦɛɪɚɧɚ  ɩɪɢ ɪɚɡɫɬɨɹɧɢɟ ɩɨ ɜɢɫɨɱɢɧɚ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ H=0.3m ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ. 

Ɏɢɝ.34 Ɋɟɡɭɥɬɚɬɢ ɡɚ ɜɥɢɹɧɢɟ ɧɚ ɩɪɢɜɟɞɟɧɚɬɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ ɜɴɪɯɭ ɚɟɪɚɰɢɹɬɚ ɜ 
ɛɚɪɛɨɬɚɠɧɚɬɚ ɤɨɥɨɧɚ ɩɪɢ ɜɢɫɨɱɢɧɚ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ H=0.1m ɢ ɞɢɚɦɟɬɴɪ ɧɚ ɦɟɯɭɪɢɬɟ 
ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ-3mm. 

Ɏɢɝ.35 Ɋɟɡɭɥɬɚɬɢ ɡɚ ɜɥɢɹɧɢɟ ɧɚ ɩɪɢɜɟɞɟɧɚɬɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ ɜɴɪɯɭ ɚɟɪɚɰɢɹɬɚ ɜ 
ɛɚɪɛɨɬɚɠɧɚɬɚ ɤɨɥɨɧɚ ɩɪɢ ɜɢɫɨɱɢɧɚ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ H=0.1m ɢ ɞɢɚɦɟɬɴɪ ɧɚ ɦɟɯɭɪɢɬɟ 
ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ-6mm. 
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Ɏɢɝ.36 Ɋɟɡɭɥɬɚɬɢ ɡɚ ɜɥɢɹɧɢɟ ɧɚ ɩɪɢɜɟɞɟɧɚɬɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ ɜɴɪɯɭ ɚɟɪɚɰɢɹɬɚ ɜ 
ɛɚɪɛɨɬɚɠɧɚɬɚ ɤɨɥɨɧɚ ɩɪɢ ɜɢɫɨɱɢɧɚ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ H=0.1m ɢ ɞɢɚɦɟɬɴɪ ɧɚ ɦɟɯɭɪɢɬɟ 
ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ-9mm.  

Ɏɢɝ.37 Ɋɟɡɭɥɬɚɬɢ ɡɚ ɜɥɢɹɧɢɟ ɧɚ ɩɪɢɜɟɞɟɧɚɬɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ ɜɴɪɯɭ ɚɟɪɚɰɢɹɬɚ ɜ 
ɛɚɪɛɨɬɚɠɧɚɬɚ ɤɨɥɨɧɚ ɩɪɢ ɜɢɫɨɱɢɧɚ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ H=0.2m ɢ ɞɢɚɦɟɬɴɪ ɧɚ ɦɟɯɭɪɢɬɟ 
ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ-3mm. 

Ɏɢɝ.38 Ɋɟɡɭɥɬɚɬɢ ɡɚ ɜɥɢɹɧɢɟ ɧɚ ɩɪɢɜɟɞɟɧɚɬɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ ɜɴɪɯɭ ɚɟɪɚɰɢɹɬɚ ɜ 
ɛɚɪɛɨɬɚɠɧɚɬɚ ɤɨɥɨɧɚ ɩɪɢ ɜɢɫɨɱɢɧɚ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ H=0.2m ɢ ɞɢɚɦɟɬɴɪ ɧɚ ɦɟɯɭɪɢɬɟ 
ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ-6mm. 

Ɏɢɝ.39 Ɋɟɡɭɥɬɚɬɢ ɡɚ ɜɥɢɹɧɢɟ ɧɚ ɩɪɢɜɟɞɟɧɚɬɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ ɜɴɪɯɭ ɚɟɪɚɰɢɹɬɚ ɜ 
ɛɚɪɛɨɬɚɠɧɚɬɚ ɤɨɥɨɧɚ ɩɪɢ ɜɢɫɨɱɢɧɚ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ H=0.2m ɢ ɞɢɚɦɟɬɴɪ ɧɚ ɦɟɯɭɪɢɬɟ 
ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ-9mm. 

Ɏɢɝ.40 Ɋɟɡɭɥɬɚɬɢ ɡɚ ɜɥɢɹɧɢɟ ɧɚ ɩɪɢɜɟɞɟɧɚɬɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ ɜɴɪɯɭ ɚɟɪɚɰɢɹɬɚ ɜ 
ɛɚɪɛɨɬɚɠɧɚɬɚ ɤɨɥɨɧɚ ɩɪɢ ɜɢɫɨɱɢɧɚ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ H=0.3m ɢ ɞɢɚɦɟɬɴɪ ɧɚ ɦɟɯɭɪɢɬɟ 
ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ-3mm. 

Ɏɢɝ.41 Ɋɟɡɭɥɬɚɬɢ ɡɚ ɜɥɢɹɧɢɟ ɧɚ ɩɪɢɜɟɞɟɧɚɬɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ ɜɴɪɯɭ ɚɟɪɚɰɢɹɬɚ ɜ 
ɛɚɪɛɨɬɚɠɧɚɬɚ ɤɨɥɨɧɚ ɩɪɢ ɜɢɫɨɱɢɧɚ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ H=0.3 ɢ ɞɢɚɦɟɬɴɪ ɧɚ ɦɟɯɭɪɢɬɟ 
ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ-6mm. 

Ɏɢɝ.42 Ɋɟɡɭɥɬɚɬɢ ɡɚ ɜɥɢɹɧɢɟ ɧɚ ɩɪɢɜɟɞɟɧɚɬɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ ɜɴɪɯɭ ɚɟɪɚɰɢɹɬɚ ɜ 
ɛɚɪɛɨɬɚɠɧɚɬɚ ɤɨɥɨɧɚ ɩɪɢ ɜɢɫɨɱɢɧɚ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ H=0.3m ɢ ɞɢɚɦɟɬɴɪ ɧɚ ɦɟɯɭɪɢɬɟ 
ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ-9mm. 

Ɏɢɝ.43 ɋɪɚɜɧɟɧɢɟ ɧɚ ɫɬɨɣɧɨɫɬɢɬɟ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ ɜɴɬɪɟɲɧɚɬɚ ɦɟɦɛɪɚɧɚ ɩɪɢ 
ɪɚɡɥɢɱɧɚ ɩɪɢɜɟɞɟɧɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ  ɢ ɟɞɧɚɤɜɨ ɪɚɡɫɬɨɹɧɢɟ ɩɨ ɜɢɫɨɱɢɧɚ ɧɚ ɜɴɬɪɟɲɧɚɬɚ 
ɦɟɦɛɪɚɧɚ H=0.1m  ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ ɡɚ ɟɞɧɚɤɴɜ ɞɢɚɦɟɬɴɪ ɧɚ ɦɟɯɭɪɢɬɟ ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ – 

3ɦɦ. 

Ɏɢɝ.44 ɋɪɚɜɧɟɧɢɟ ɧɚ ɫɬɨɣɧɨɫɬɢɬɟ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ ɜɴɧɲɧɚɬɚ ɦɟɦɛɪɚɧɚ ɩɪɢ 
ɪɚɡɥɢɱɧɚ ɩɪɢɜɟɞɟɧɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ  ɢ ɟɞɧɚɤɜɨ ɪɚɡɫɬɨɹɧɢɟ ɩɨ ɜɢɫɨɱɢɧɚ ɧɚ ɜɴɧɲɧɚɬɚ 
ɦɟɦɛɪɚɧɚ H=0.1m  ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ ɡɚ ɟɞɧɚɤɴɜ ɞɢɚɦɟɬɴɪ ɧɚ ɦɟɯɭɪɢɬɟ ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ – 

3ɦɦ. 

Ɏɢɝ.47  ȼɥɢɹɧɢɟ ɧɚ ɞɢɚɦɟɬɴɪɚ ɧɚ ɦɟɯɭɪɚ ɜɴɪɯɭ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ ɜɴɬɪɟɲɧɚɬɚ 
ɦɟɦɛɪɚɧɚ ɩɪɢ ɪɚɡɥɢɱɧɚ ɩɪɢɜɟɞɟɧɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ. 

Ɏɢɝ.48  ȼɥɢɹɧɢɟ ɧɚ ɞɢɚɦɟɬɴɪɚ ɧɚ ɦɟɯɭɪɚ ɜɴɪɯɭ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ ɜɴɧɲɧɚɬɚ 
ɦɟɦɛɪɚɧɚ ɩɪɢ ɪɚɡɥɢɱɧɚ ɩɪɢɜɟɞɟɧɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ.  
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Ɍɚɛɥɢɰɢ 

Ɍɚɛɥɢɰɚ 1. Ʉɥɚɫɢɮɢɤɚɰɢɹ ɧɚ ɦɟɦɛɪɚɧɧɢɬɟ ɩɪɨɰɟɫɢ. 

Ɍɚɛɥɢɰɚ 2. ɉɪɟɞɢɦɫɬɜɚ ɢ ɧɟɞɨɫɬɚɬɴɰɢ ɧɚ ɩɚɧɟɥ ɫ ɩɥɨɫɤɚ ɦɟɦɛɪɚɧɚ ɢ ɤɭɯɨ-ɜɥɚɤɧɟɫɬɚ 
ɦɟɦɛɪɚɧɚ. 
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Ɉɡɧɚɱɟɧɢя ɧɚ ɢɡɩɨɥɡɜɚɧɢɬɟ ɮɢɡɢɱɧɢ ɜɟɥɢɱɢɧɢ 

 

εG  - ɝɚɡɨɫɴɞɴɪɠɚɧɢɟ, -  

VG  - ɨɛɟɦ ɧɚ ɝɚɡɨɜɚ ɮɚɡɚ, m
3
 

VL - ɨɛɟɦ ɧɚ ɬɟɱɧɚ ɮɚɡɚ, m
3
 

τ  - ɜɪɟɦɟ, s  

Ⱥ- ɫɟɱɟɧɢɟ ɧɚ ɜɴɡɯɨɞɹɳɚɬɚ ɬɪɴɛɚ ɧɚ ɪɟɚɤɬɨɪɚ, m 

H- ɜɢɫɨɱɢɧɚ ɧɚ ɪɟɚɤɬɨɪɚ, m 𝝆 – ɩɥɴɬɧɨɫɬ, kg/m3 𝝉̿ - ɬɟɧɡɨɪ ɧɚ ɧɚɩɪɟɠɟɧɢɹ ࣆ - ɞɢɧɚɦɢɱɟɧ ɜɢɫɤɨɡɢɬɟɬ, Ɋɚ.s 

p - ɧɚɥɹɝɚɧɟ, Pa ࣇ – ɫɤɨɪɨɫɬ, m/s  

 -  ɬɭɪɛɭɥɟɧɬɟɧ ɜɢɫɤɨɡɢɬɟɬ, Pa.s 

 

 

 

 

 t
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ɂɡɩɨɥɡɜɚɧɢ ɫɴɤɪɚɳɟɧɢя 

 

ȻɊɉɆ - ɛɚɪɛɨɬɚɠɟɧ ɪɟɚɤɬɨɪ ɫ ɩɨɬɨɩɟɧɚ ɦɟɦɛɪɚɧɚ  

ɋFD - ɢɡɱɢɫɥɢɬɟɥɧɚɬɚ ɞɢɧɚɦɢɤɚ ɧɚ ɮɥɭɢɞɢɬɟ   

Ƚɍ- ɝɪɚɧɢɱɧɨ ɭɫɥɨɜɢɟ 

RANS - Reynolds averaged Navier-Stokes 

PSD (Particle Size Distribution) – ɪɚɡɩɪɟɞɟɥɟɧɢɟ ɧɚ ɱɚɫɬɢɰɢɬɟ ɩɨ ɝɨɥɟɦɢɧɚ  

PBE (Population Balance Equation) – ɦɚɫɨɜɢ ɛɚɥɚɧɫɨɜɢ ɭɪɚɜɧɟɧɢɹ 

MF- ɦɢɤɪɨɮɢɥɬɪɚɰɢɨɧɧɢ ɦɟɦɛɪɚɧɢ 

UF - ɭɥɬɪɚɮɢɥɬɪɚɰɢɨɧɧɢ ɦɟɦɛɪɚɧɢ  

NF - ɧɚɧɨɮɢɥɬɪɚɰɢɨɧɧɢ ɦɟɦɛɪɚɧɢ   

RO - ɦɟɦɛɪɚɧɢ ɡɚ ɨɛɪɚɬɧɚ ɨɫɦɨɡɚ   

ɌɆɊ - ɬɪɚɧɫ-ɦɟɦɛɪɚɧɧɨ ɧɚɥɹɝɚɧɟ  

NOM - ɟɫɬɟɫɬɜɟɧɢɬɟ ɨɪɝɚɧɢɱɧɢ ɜɟɳɟɫɬɜɚ  
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ɍɜɨɞ, ɰɟɥɢ ɢ ɡɚɞɚɱɢ 
  

   Ȼɚɪɛɨɬɚɠɧɢɬɟ ɪɟɚɤɬɨɪɢ ɫ ɩɨɬɨɩɟɧɚ ɦɟɦɛɪɚɧɚ (ȻɊɉМ) ɫɬɚɜɚɬ ɜɫɟ ɩɨ-ɩɨɞɯɨɞɹɳɚ 
ɚɥɬɟɪɧɚɬɢɜɚ ɡɚ ɤɨɧɜɟɧɰɢɨɧɚɥɧɨ ɩɪɟɱɢɫɬɜɚɧɟ ɧɚ ɨɬɩɚɞɴɱɧɢ ɜɨɞɢ. ȻɊɉɆ ɫɚ ɭɫɩɟɲɧɨ 
ɢɡɩɨɥɡɜɚɧɢ ɡɚ ɚɟɪɨɛɧo ɛɢɨɥɨɝɢɱɧo ɩɪɟɱɢɫɬɜɚɧɟ ɧɚ ɨɬɩɚɞɴɱɧɢ ɜɨɞɢ, ɤɨɟɬɨ ɜɨɞɢ  ɞɨ ɬɪɚɣɧɨ 
ɪɟɲɚɜɚɧɟ ɧɚ ɩɪɨɛɥɟɦa ɡɚ ɟɮɟɤɬɢɜɧɨɬɨ ɪɚɡɞɟɥɹɧɟ ɧɚ ɬɜɴɪɞɢ ɱɚɫɬɢɰɢ ɨɬ ɬɟɱɧɨɫɬɢ. 
Ɉɩɬɢɦɢɡɢɪɚɧɟɬɨ ɧɚ ȻɊɉɆ ɢɡɢɫɤɜɚ ɡɚɞɴɥɛɨɱɟɧɢ ɩɨɡɧɚɧɢɹ ɡɚ ɫɦɟɫɜɚɧɟɬɨ, ɛɢɨɤɢɧɟɬɢɤɚɬɚ, 
ɤɚɤɬɨ ɢ ɡɚ  ɩɪɢɱɢɧɢɬɟ ɜɨɞɟɳɢ ɞɨ ɡɚɦɴɪɫɹɜɚɧɟ ɢ ɡɚɩɭɲɜɚɧɟ ɧɚ ɦɟɦɛɪɚɧɚɬɚ. 
   Ⱥɤɬɭɚɥɧɨɫɬɬɚ ɧɚ ɩɪɟɞɫɬɚɜɟɧɚɬɚ ɞɢɩɥɨɦɧɚ ɪɚɛɨɬɚ ɫɟ ɫɴɫɬɨɣ ɜ ɬɨɜɚ, ɱɟ ɜ ɞɚɞɟɧɢɹ ɦɨɦɟɧɬ  
ɫɚɦɨ ɬɟɯɧɨɥɨɝɢɹɬɚ ɫ ɢɡɩɨɥɡɜɚɧɟ ɧɚ ɦɟɦɛɪɚɧɧɢ ɪɟɚɤɬɨɪɢ ɩɨɡɜɨɥɹɜɚ ɪɚɞɢɤɚɥɧɨ ɞɚ ɫɟ 
ɭɫɴɜɴɪɲɟɧɫɬɜɚɬ ɬɟɯɧɢɤɨɢɤɨɧɨɦɢɱɟɫɤɢɬɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɧɚ ɩɪɨɰɟɫɚ ɧɚ ɛɢɨɥɨɝɢɱɟɫɤɨ 
ɩɪɟɱɢɫɬɜɚɧɟ ɧɚ ɨɬɩɚɞɴɱɧɢ ɜɨɞɢ ɢ ɟɞɧɨɜɪɟɦɟɧɧɨ ɫɟ ɹɜɹɜɚ ɢ ɪɟɲɟɧɢɟ ɧɚ ɩɪɨɛɥɟɦɚ ɧɚ 
ɞɨɩɴɥɧɢɬɟɥɧɨɬɨ ɞɨɨɱɢɫɬɜɚɧɟ. 
   ɉɪɨɟɤɬɢɪɚɧɟɬɨ ɧɚ ȻɊɉɆ ɫɬɚɜɚ ɝɥɚɜɧɨ ɧɚ ɛɚɡɚɬɚ ɧɚ ɩɨɡɧɚɜɚɧɟ ɧɚ ɛɢɨɤɢɧɟɬɢɤɚɬɚ ɢ ɧɚ 
ɭɫɥɨɜɢɹɬɚ, ɩɪɢ ɤɨɢɬɨ ɧɚɫɬɴɩɜɚ ɡɚɩɭɲɜɚɧɟɬɨ ɧɚ ɦɟɦɛɪɚɧɚɬɚ, ɜɴɩɪɟɤɢ ɱɟ ɯɢɞɪɨɞɢɧɚɦɢɤɚɬɚ 
ɜ ȻɊɉɆ ɟ ɨɬ ɪɟɲɚɜɚɳɨ ɡɧɚɱɟɧɢɟ ɡɚ ɪɚɛɨɬɚɬɚ ɧɚ ɬɟɡɢ ɪɟɚɤɬɨɪɢ. ɋɥɟɞɨɜɚɬɟɥɧɨ ɜɥɢɹɧɢɟɬɨ ɧɚ 
ɪɟɠɢɦɚ ɧɚ ɩɨɬɨɤɚ ɜ ɩɪɨɰɟɫɚ ɧɚ ɩɪɨɟɤɬɢɪɚɧɟ ɢ ɪɚɛɨɬɚ ɧɚ ȻɊɉɆ ɧɟ ɟ ɞɨɫɬɚɬɴɱɧɨ ɢɡɭɱɟɧ ɢ 
ɚɧɚɥɢɡɢɪɚɧ. ɇɚɫɬɨɹɳɢɬɟ ɦɟɬɨɞɢ ɧɚ ɩɪɨɟɤɬɢɪɚɧɟ ɧɚ ɠɟɥɚɧɢɹ ɪɚɛɨɬɟɧ ɪɟɠɢɦ ɧɚ ɩɨɬɨɤɚ ɜ 
ɪɚɦɤɢɬɟ ɧɚ ȻɊɉɆ ɞɨ ɝɨɥɹɦɚ ɫɬɟɩɟɧ ɫɟ ɨɫɧɨɜɚɜɚɬ ɧɚ ɟɦɩɢɪɢɱɧɢ ɬɟɯɧɢɤɢ (ɧɚɩɪɢɦɟɪ: ɧɚ 
ɫɩɟɰɢɮɢɱɧɚɬɚ ɟɧɟɪɝɢя ɧɚ ɫɦɟɫɜɚɧɟ). Ɍɪɭɞɧɨ ɟ ɞɚ ɫɟ ɩɪɟɞɫɤɚɠɟ ɤɚɤ ɦɚɳɚɛɢɪɚɧɟɬɨ ɧɚ 
ɚɩɚɪɚɬɚ ɢ ɩɪɨɟɤɬɢɪɚɧɟɬɨ ɧɚ ɩɪɨɦɢɲɥɟɧɢ ɢɧɫɬɚɥɚɰɢɢ (ɧɚɩɪɢɦɟɪ: ɪɚɡɦɟɪ ɢ ɩɨɥɨɠɟɧɢɟ ɧɚ 
ɜɯɨɞɨɜɟ, ɩɪɟɝɪɚɞɢ ɢɥɢ ɦɟɦɛɪɚɧɧɚ ɨɪɢɟɧɬɚɰɢя) ɳɟ ɩɨɜɥɢɹɹɬ ɧɚ ɯɢɞɪɨɞɢɧɚɦɢɤɚɬɚ ɢ 
ɫɥɟɞɨɜɚɬɟɥɧɨ ɧɚ ɰɹɥɨɫɬɧɨ ɢɡɩɴɥɧɟɧɢɟ ɧɚ ɛɚɪɛɨɬɚɠɧɢɹ ɪɟɚɤɬɨɪ ɫ ɩɨɬɨɩɟɧɚ ɦɟɦɛɪɚɧɚ. 

   ɇɚɩɨɫɥɟɞɴɤ ɜɫɟ ɩɨɜɟɱɟ ɢ ɩɨɜɟɱɟ ɩɪɨɭɱɜɚɧɢɹ ɢɡɩɨɥɡɜɚɬ CFD (ɢɡɱɢɫɥɢɬɟɥɧɚ ɞɢɧɚɦɢɤɚ ɧɚ 
ɮɥɭɢɞɢɬɟ) ɬɟɯɧɢɤɢ ɡɚ ɢɡɫɥɟɞɜɚɧɟ ɢ ɦɨɞɟɥɢɪɚɧɟ ɧɚ ɩɨɬɨɤɚ ɧɚ ɬɟɱɧɨɫɬɬɚ ɩɪɟɡ ɦɟɦɛɪɚɧɟɧ 
ɦɨɞɭɥ ɢ ɡɚ ɢɡɫɥɟɞɜɚɧɟ ɧɚ ɮɚɤɬɨɪɢɬɟ, ɤɨɢɬɨ ɩɪɟɞɢɡɜɢɤɜɚɬ ɡɚɦɴɪɫɹɜɚɧɟɬɨ ɧɚ ɦɟɦɛɪɚɧɚɬɚ. 
CFD ɟ ɲɢɪɨɤɨ ɢɡɩɨɥɡɜɚɧ ɢɧɫɬɪɭɦɟɧɬ ɡɚ ɢɡɫɥɟɞɜɚɧɟ ɧɚ ɡɚɦɴɪɫɹɜɚɧɟɬɨ ɧɚ ɦɟɦɛɪɚɧɬɚ ɢ ɡɚ 
ɩɪɨɭɱɜɚɧɟ ɦɟɯɚɧɢɡɦɢɬɟ ɢ ɮɚɤɬɨɪɢɬɟ, ɤɨɢɬɨ ɜɥɢɚɹɬ ɧɚ ɬɨɡɢ ɩɪɨɰɟɫ. ɂɡɱɢɫɥɢɬɟɥɧɚɬɚ 
ɞɢɧɚɦɢɤɚ ɧɚ ɮɥɭɢɞɢɬɟ ɞɚɜɚ ɜɴɡɦɨɠɧɨɫɬ ɡɚ ɩɪɟɞɫɤɚɡɜɚɧɟ ɧɚ ɬɨɜɚ ɤɚɤ ɝɟɨɦɟɬɪɢɱɧɢɬɟ 
ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɢ ɪɚɛɨɬɧɢɬɟ ɩɚɪɚɦɟɬɪɢ ɧɚ ɛɚɪɛɨɬɚɠɧɢɹ ɪɟɚɤɬɨɪ ɫ ɩɨɬɨɩɟɧɚ ɦɟɦɛɪɚɧɚ ɳɟ 
ɩɨɜɥɢɹɹɬ ɧɚ ɯɢɞɪɨɞɢɧɚɦɢɤɚɬɚ ɢ ɧɚ ɢɡɛɨɪɚ ɧɚ ɨɩɬɢɦɚɥɧɚɬɚ ɤɨɧɫɬɪɭɤɰɢɹ ɢ ɫɥɟɞɨɜɚɬɟɥɧɨ ɢ 
ɩɪɨɢɡɜɨɞɢɬɟɥɧɨɫɬ ɧɚ ȻɊɉɆ.  

   ɐɟɥɬɚ ɧɚ ɧɚɫɬɨɹɳɚɬɚ ɞɢɩɥɨɦɧɚ ɪɚɛɨɬɚ ɟ ɞɚ ɫɟ ɪɚɡɪɚɛɨɬɢ CFD ɦɨɞɟɥ ɧɚ ɞɜɭɮɚɡɟɧ  ɩɨɬɨɤ 
ɨɤɨɥɨ ɩɨɬɨɩɟɧɢɹ ɦɟɦɛɪɚɧɟɧ ɦɨɞɭɥ, ɜ ɤɨɣɬɨ ɞɚ ɫɟ ɨɬɱɢɬɚ ɦɟɦɛɪɚɧɧɚɬɚ ɤɨɧɮɢɝɭɪɚɰɢɹ ɢ 
ɭɫɥɨɜɢɹɬɚ ɧɚ ɚɟɪɚɰɢɹ. Ʉɚɤɬɨ ɢ ɞɚ ɫɟ ɪɚɡɤɪɢɹɬ ɧɹɤɨɢ ɤɥɸɱɨɜɢ ɯɢɞɪɨɞɢɧɚɦɢɱɧɢ ɮɚɤɬɨɪɢ, 
ɜɨɞɟɳɢ ɞɨ ɫɟɪɢɨɡɧɨ ɡɚɦɴɪɫɹɜɚɧɟ ɧɚ ɦɟɦɛɪɚɧɚɬɚ ɱɪɟɡ ɢɡɫɥɟɞɜɚɧɟ ɧɚ ɟɮɟɤɬɚ ɧɚ ɚɟɪɢɪɚɳɚɬɚ 
ɫɢɫɬɟɦɚ ɜɴɪɯɭ ɫɤɨɪɨɫɬɬɚ ɧɚ ɩɨɬɨɰɢɬɟ, ɜɴɪɯɭ ɪɚɡɩɪɟɞɟɥɟɧɢɟɬɨ ɧɚ ɧɚɩɪɟɠɟɧɢɹɬɚ ɧɚ 
ɩɨɜɴɪɯɧɨɫɬɬɚ ɧɚ ɦɟɦɛɪɚɧɚɬɚ ɢ ɨɩɬɢɦɢɡɢɪɚɧɟ ɧɚ ȻɊɉɆ.  
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   ɇɚɥɢɱɢɟɬɨ ɧɚ ɝɚɡ ɢ ɫɛɥɴɫɴɤɴɬ ɧɚ ɝɚɡɨɜɢɬɟ ɦɟɯɭɪɱɟɬɚ ɫ ɩɨɜɴɪɯɧɨɫɬɬɚ ɧɚ ɦɟɦɛɪɚɧɚɬɚ ɢɦɚɬ 
ɩɨɥɨɠɢɬɟɥɟɧ ɟɮɟɤɬ ɜɴɪɯɭ ɧɚɦɚɥɹɜɚɧɟ ɧɚ ɡaɦɴɪɫяɜɚɧɟɬɨ (fouling), ɤɨɟɬɨ ɜ ɝɨɥɹɦɚ ɫɬɟɩɟɧ 
ɡɚɜɢɫɢ ɨɬ ɭɫɥɨɜɢɹɬɚ ɧɚ ɪɚɛɨɬɚ ɢ ɨɬ ɪɚɡɦɟɪɚ ɧɚ ɦɟɯɭɪɢɬɟ. 
   Ɂɚ ɢɡɫɥɟɞɜɚɧɟ ɧɚ ɬɨɡɢ ɟɮɟɤɬ ɫɟ ɩɪɨɜɟɠɞɚɬ  ɤɨɦɩɸɬɴɪɧɢ ɫɢɦɭɥɚɰɢɢ ɡɚ ɚɧɚɥɢɡɢɪɚɧɟ ɧɚ 
ɫɬɪɭɤɬɭɪɚɬɚ ɧɚ ɮɥɭɢɞɧɢɹ ɩɨɬɨɤ ɨɤɨɥɨ ɩɨɜɴɪɯɧɨɫɬɬɚ ɧɚ ɦɟɦɛɪɚɧɚɬɚ ɩɪɢ ɪɚɡɥɢɱɧɚ 
ɥɨɤɚɥɢɡɚɰɢɹ ɧɚ ɦɟɦɛɪɚɧɚɬɚ ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ. 
   ɇɚɫɬɨɹɳɚɬɚ ɞɢɩɥɨɦɧɚ ɪɚɛɨɬɚ ɫɟ ɮɨɤɭɫɢɪɚ ɜɴɪɯɭ ɭɫɥɨɜɢɹɬɚ ɧɚ ɪɚɛɨɬɚ, ɪɚɡɦɟɪɢɬɟ ɧɚ 
ɦɟɯɭɪɱɟɬɚɬɚ ɢ ɝɟɨɦɟɬɪɢɹɬɚ ɧɚ ɦɟɦɛɪɚɧɧɢɬɟ ɦɨɞɟɥɢ, ɤɚɤɬɨ ɢ ɬɹɯɧɨɬɨ ɜɥɢɹɧɢɟ ɜɴɪɯɭ 
ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ. 
 

   Ɂɚ ɢɡɪɚɛɨɬɜɚɧɟɬɨ ɧɚ ɧɚɫɬɨяɳɚɬɚ  ɞɢɩɥɨɦɧɚɬɚ ɪɚɛɨɬɚ ɛяɯɚ ɩɨɫɬɚɜɟɧɢ 
ɫɥɟɞɧɢɬɟ ɡɚɞɚɱɢ: 

1. Ɋɚɡɪɚɛɨɬɜɚɧɟ ɧɚ ɞɢɧɚɦɢɱɟɧ ɦɚɬɟɦɚɬɢɱɟɧ ɦɨɞɟɥ ɱɪɟɡ ɤɨɦɛɢɧɢɪɚɧɟ ɧɚ ɭɪɚɜɧɟɧɢɟɬɨ 
ɧɚ Navier-Stokes ɢ  ɭɪɚɜɧɟɧɢɟɬɨ ɧɚ Darcy's  ɡɚ ɬɟɱɟɧɢɟ ɜ ɩɨɪьɨɡɧɚ ɫɪɟɞɚ ɫ ɩɨɦɨɳɬɚ 
ɧɚ ANSYS CFX, Student Edition 19.0. 

 

2. Ʉɨɦɩɸɬɴɪɧɢ ɫɢɦɭɥɚɰɢɢ ɧɚ ɯɢɞɪɨɞɢɧɚɦɢɱɧɨɬɨ ɩɨɜɟɞɟɧɢɟ ɨɤɨɥɨ ɦɟɦɛɪɚɧɚɬɚ 
ɩɨɜɴɪɯɧɨɫɬ ɩɪɢ ɪɚɡɥɢɱɧɚ ɥɨɤɚɥɢɡɚɰɢɹ ɧɚ ɦɟɦɛɪɚɧɚɬɚ ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ.                                           
 

3. Ɉɰɟɧɤɚ ɧɚ ɨɪɢɟɧɬɚɰɢɹɬɚ ɧɚ ɦɟɦɛɪɚɧɚɬɚ ɢ ɧɚ ɪɚɡɫɬɨɹɧɢɟɬɨ ɨɬ ɛɚɪɛɨɬьɨɪɚ ɞɨ 
ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ ɬ.ɟ. ɜɢɫɨɱɢɧɚɬɚ ɧɚ ɫɦɟɫɜɚɧɟ ɧɚ ɝɚɡɴɬ ɢ ɬɟɱɧɨɫɬɬɚ ɢ ɧɚ ɧɟɣɧɨɬɨ 
ɜɥɢɹɧɢɟ ɜɴɪɯɭ ɪɚɡɩɪɟɞɟɥɟɧɢɟɬɨ ɧɚ ɫɤɨɪɨɫɬɬɚ ɨɤɨɥɨ ɦɟɦɛɪɚɧɧɚɬɚ ɩɨɜɴɪɯɧɨɫɬ. 
 

4. Ɉɰɟɧɤɚ ɧɚ ɨɪɢɟɧɬɚɰɢɹɬɚ ɧɚ ɦɟɦɛɪɚɧɚɬɚ ɢ ɧɚ ɪɚɡɫɬɨɹɧɢɟɬɨ ɨɬ ɛɚɪɛɨɬьɨɪɚ ɞɨ 
ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ, ɬ.ɟ. ɜɢɫɨɱɢɧɚɬɚ ɧɚ ɫɦɟɫɜɚɧɟ ɧɚ ɝɚɡɴɬ ɢ ɬɟɱɧɨɫɬɬɚ ɢ ɧɚ ɧɟɣɧɨɬɨ 
ɜɥɢɹɧɢɟ ɜɴɪɯɭ ɪɚɡɩɪɟɞɟɥɟɧɢɟɬɨ ɧɚ ɫɤɨɪɨɫɬɬɚ ɨɤɨɥɨ ɦɟɦɛɪɚɧɧɚɬɚ ɩɨɜɴɪɯɧɨɫɬ. 
 

5. Ɉɬɱɢɬɚɧɟ ɧɚ ɜɥɢɹɧɢɟɬɨ ɧɚ ɝɚɡɨɜɢɬɟ ɦɟɯɭɪɱɟɬɚ ɜɴɪɯɭ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ 

ɩɨɜɴɪɯɧɨɫɬɬɚ ɧɚ ɦɟɦɛɪɚɧɚɬɚ ɢ ɧɚ ɩɨɥɨɠɢɬɟɥɧɢɹ ɟɮɟɤɬ ɧɚ ɚɟɪɢɪɚɧɟɬɨ ɡɚ ɧɚɦɚɥɹɜɚɧɟ 
ɧɚ ɡɚɦɴɪɫɹɜɚɧɟɬɨ ɧɚ ɦɟɦɛɪɚɧɚɬɚ. 
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Ɍɟɨɪɟɬɢɱɧɚ ɱɚɫɬ 

 

1. Ȼɚɪɛɨɬɚɠɧɢ ɤɨɥɨɧɧɢ ɪɟɚɤɬɨɪɢ 

   Ȼɚɪɛɨɬɚɠɧɢɬɟ ɤɨɥɨɧɧɢ ɪɟɚɤɬɨɪɢ ɢɥɢ ɫɚɦɨ ɛɚɪɛɨɬɚɠɧɢ ɤɨɥɨɧɢ (bubble columns) ɫɚ 
ɚɩɚɪɚɬɢ, ɜ ɤɨɢɬɨ ɝɚɡ ɩɨɞ ɮɨɪɦɚɬɚ ɧɚ ɦɟɯɭɪɱɟɬɚ ɜɥɢɡɚ ɜ ɤɨɧɬɚɤɬ ɫ ɧɟɩɪɟɤɴɫɧɚɬɚ ɬɟɱɧɚ ɮɚɡɚ. 
ɐɟɥɬɚ ɧɚ ɬɨɡɢ ɤɨɧɬɚɤɬ ɦɨɠɟ ɞɚ ɛɴɞɟ ɫɚɦɨ ɪɚɡɛɴɪɤɜɚɧɟ ɧɚ ɬɟɱɧɚɬɚ ɮɚɡɚ, ɧɨ ɫɴɳɨ ɬɚɤɚ ɦɨɠɟ 
ɞɚ ɢɦɚ ɢ ɦɚɫɨɩɪɟɧɨɫ ɧɚ ɜɟɳɟɫɬɜɚ ɨɬ ɟɞɧɚɬɚ ɜ ɞɪɭɝɚɬɚ ɮɚɡɚ. ɉɨɫɥɟɞɧɨɬɨ ɟ ɦɧɨɝɨ ɱɟɫɬɨ 
ɢɡɩɨɥɡɜɚɧɨ ɩɪɢ ɯɢɦɢɱɧɢɬɟ ɪɟɚɤɰɢɢ ɩɪɨɬɢɱɚɳɢ ɜ ɬɟɱɧɚ ɮɚɡɚ. Ɍɟɱɧɚɬɚ ɮɚɡɚ ɟ ɜɴɡɦɨɠɧɨ ɞɚ 
ɫɴɞɴɪɠɚ ɬɜɴɪɞɢ ɢɧɟɪɬɧɢ ɱɚɫɬɢɰɢ, ɤɚɬɚɥɢɬɢɱɧɨ ɚɤɬɢɜɧɢ ɬɟɱɧɢ ɢ ɬɜɴɪɞɢ ɜɟɳɟɫɬɜɚ, ɤɚɤɬɨ ɢ 
ɪɟɚɝɟɧɬɢ. ɇɚɣ-ɱɟɫɬɢɬɟ ɪɟɚɤɰɢɢ ɢ ɩɪɨɢɡɜɨɞɫɬɜɚ ɜ ɛɚɪɛɨɬɚɠɧɢ ɤɨɥɨɧɢ ɫɚ ɨɤɫɢɞɚɰɢɹ, 
ɯɢɞɪɨɝɟɧɢɪɚɧɟ, ɯɚɥɨɝɟɧɢɪɚɧɟ, ɚɥɤɢɥɢɪɚɧɟ, ɪɚɡɥɢɱɧɢ ɛɢɨɯɢɦɢɱɧɢ ɢ ɛɢɨɬɟɯɧɨɥɨɝɢɱɧɢ 
ɩɪɨɰɟɫɢ, ɨɡɨɧɢɪɚɧɟ, ɮɟɪɦɟɧɬɚɰɢɨɧɧɢ ɩɪɨɰɟɫɢ, ɨɛɪɚɛɨɬɜɚɧɟ ɧɚ ɨɬɩɚɞɧɢ ɜɨɞɢ, 
ɯɢɞɪɨɦɟɬɚɥɭɪɝɢɱɧɢ ɩɪɨɰɟɫɢ, ɪɚɡɛɴɪɤɜɚɧɟ ɧɚ ɬɟɱɧɢ ɫɬɨɦɚɧɢ ɢ ɩɪ. [1,2]

 

 

 

ɚ) ɨɛɢɤɧɨɜɟɧɚ ɤɨɧɫɬɪɭɤɰɢɹ; ɛ) ɫ ɪɟɲɟɬɴɱɧɢ ɬɚɪɟɥɤɢ; ɜ) ɫ ɩɴɥɧɟɠ; ɝ) ɟɴɪɥɢɮɬ ɪɟɚɤɬɨɪ ɫ 
ɜɴɬɪɟɲɧɚ ɰɢɪɤɭɥɚɰɢɹ; ɞ) ɟɴɪɥɢɮɬ ɪɟɚɤɬɨɪ ɫ ɢɡɧɟɫɟɧɚ ɰɢɪɤɭɥɚɰɢɨɧɧɚ ɬɪɴɛɚ. 

Ɏɢɝ.1 Ɋɚɡɥɢɱɧɢ ɤɨɧɫɬɪɭɤɰɢɢ ɧɚ ɛɚɪɛɨɬɚɠɧɢ ɤɨɥɨɧɢ 
[1]

. 

 

1.1 Ʉɨɧɫɬɪɭɤɬɢɜɧɢ ɨɫɨɛɟɧɨɫɬɢ ɧɚ ɛɚɪɛɨɬɚɠɧɢɬɟ ɤɨɥɨɧɢ 

   Ɇɚɳɚɛɢɬɟ ɧɚ ɬɟɡɢ ɚɩɚɪɚɬɢ ɜɚɪɢɪɚɬ ɨɬ 100 – 300 m
3
 ɩɪɢ ɜɢɫɨɤɨɬɨɧɚɠɧɢɬɟ ɩɪɨɢɡɜɨɞɫɬɜa 

ɞɨ ɧɚɣ-ɝɨɥɟɦɢɬɟ ɚɩɚɪɚɬɢ ɡɚ ɩɪɟɱɢɫɬɜɚɧɟɬɨ ɧɚ ɨɬɩɚɞɧɢ ɜɨɞɢ ɫ ɨɛɟɦɢ ɞɨ 20 000 m3
. 

ɋɴɳɟɫɬɜɭɜɚɬ ɦɧɨɝɨ ɪɚɡɥɢɱɧɢ ɪɟɲɟɧɢɹ ɜ ɨɮɨɪɦɥɟɧɢɟɬɨ ɧɚ ɛɚɪɛɨɬɚɠɧɢɬɟ ɤɨɥɨɧɢ.                                              
ɇɚɣ-ɩɪɨɫɬɢɬɟ (Ɏɢɝ. 1ɚ) ɫɚ ɫ ɩɨɞɚɜɚɧɟ ɧɚ ɝɚɡɚ ɜ ɞɴɧɨɬɨ ɧɚ ɤɨɥɨɧɚɬɚ ɫ ɩɨɫɥɟɞɜɚɳɨ 
ɢɡɩɥɭɜɚɧɟ ɧɚɝɨɪɟ ɩɨ ɜɢɫɨɱɢɧɚɬɚ ɤɴɦ ɫɜɨɛɨɞɧɚɬɚ ɩɨɜɴɪɯɧɨɫɬ. Ɍɟɱɧɨɫɬɬɚ ɦɨɠɟ ɞɚ ɫɟ ɞɜɢɠɢ, 
ɤɚɤɬɨ ɜ ɩɪɚɜɨɬɨɤ, ɬɚɤɚ ɢ ɜ ɩɪɨɬɢɜɨɬɨɤ ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ.  
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   ȼ ɛɢɨɬɟɯɧɨɥɨɝɢɱɧɢɬɟ ɩɪɨɢɡɜɨɞɫɬɜɚ ɫɟ ɢɡɩɨɥɡɜɚɬ ɲɢɪɨɤɨ ɤɨɥɨɧɢ ɫ ɩɟɪɢɨɞɢɱɧɨ ɞɟɣɫɬɜɢɟ, 
ɩɪɢ ɤɨɢɬɨ ɬɟɱɧɚɬɚ ɮɚɡɚ ɧɟ ɩɪɨɬɢɱɚ ɩɪɟɡ ɚɩɚɪɚɬɚ ɩɨɫɬɨɹɧɧɨ, ɚ ɫɚɦɨ ɫɟ ɩɨɞɦɟɧɹ ɩɪɟɡ 
ɨɩɪɟɞɟɥɟɧ ɩɟɪɢɨɞ ɨɬ ɜɪɟɦɟ. Ƚɚɡɴɬ ɩɨɞɚɜɚɧ ɜ ɤɨɥɨɧɚɬɚ ɩɪɟɞɫɬɚɜɥɹɜɚ ɫɦɟɫ ɨɬ ɱɢɫɬ ɢ 
ɪɟɰɢɪɤɭɥɢɪɚɧ ɝɚɡ. Ɍɨɡɢ ɩɪɨɫɬ ɬɢɩ ɤɨɧɫɬɪɭɤɰɢɹ ɫɟ ɢɡɩɨɥɡɜɚ ɫɪɚɜɧɢɬɟɥɧo ɪɹɞɤɨ ɜ 
ɩɪɚɤɬɢɤɚɬɚ. ɇɚɣ-ɢɡɩɨɥɡɜɚɧɢɬɟ ɜ ɩɪɚɤɬɢɤɚɬɚ ɤɨɥɨɧɢ ɫɚ ɬɟɡɢ ɫ ɬɚɪɟɥɤɢ (Ɏɢɝ.1 ɛ)) ɢ ɩɴɥɧɟɠ 
(Ɏɢɝ.1 ɜ)). Ɋɚɡɛɢɪɚ ɫɟ ɫɴɳɟɫɬɜɭɜɚɬ ɢ ɨɳɟ ɩɨ-ɫɥɨɠɧɢ ɤɨɧɫɬɪɭɤɰɢɢ, ɧɨ ɬɟ ɫɟ ɢɡɩɨɥɡɜɚɬ ɜ 
ɫɩɟɰɢɚɥɧɢ ɫɥɭɱɚɢ.                                                                                                                                                             

   Ɉɬɞɟɥɟɧ ɤɥɚɫ ɛɚɪɛɨɬɚɠɧɢ ɤɨɥɨɧɢ ɫɚ ɚɩɚɪɚɬɢɬɟ, ɜ ɤɨɢɬɨ ɟ ɨɛɨɫɨɛɟɧɚ ɡɨɧɚ ɡɚ ɰɢɪɤɭɥɚɰɢɹ 
ɧɚ ɬɟɱɧɨɫɬɬɚ. Ɍɟɡɢ ɚɩɚɪɚɬɢ ɫɟ ɧɚɪɢɱɚɬ eɴɪɥɢɮɬ ɪɟɚɤɬɨɪɢ (air-lift loop reactors). ɉɪɢ ɬɹɯ ɟ 
ɜɴɡɦɨɠɧɨ ɞɚ ɢɦɚ, ɤɚɤɬɨ ɜɴɬɪɟɲɧɚ ɰɢɪɤɭɥɚɰɢɹ ɧɚ ɬɟɱɧɨɫɬɬɚ (Ɏɢɝ. 1 ɝ)), ɬɚɤɚ ɢ ɞɚ ɛɴɞɚɬ ɫ 
ɢɡɧɟɫɟɧɚ ɰɢɪɤɭɥɚɰɢɨɧɧɚ ɬɪɴɛɚ (Ɏɢɝ. 1 ɞ)). ɇɚɣ-ɱɟɫɬɨ ɬɨɡɢ ɬɢɩ ɚɩɚɪɚɬɢ ɧɚɦɢɪɚɬ 
ɩɪɢɥɨɠɟɧɢɟ ɩɪɢ ɛɢɨɥɨɝɢɱɧɨɬɨ ɬɪɟɬɢɪɚɧɟ ɧɚ ɨɬɩɚɞɧɢ ɜɨɞɢ. 

   Ɉɛɢɱɚɣɧɨ, ɝɚɡɴɬ ɫɟ ɞɢɫɩɟɪɝɢɪɚ ɩɪɢ ɜɴɜɟɠɞɚɧɟɬɨ ɫɢ ɜ ɤɨɥɨɧɚɬɚ, ɤɚɬɨ ɰɟɥɬɚ ɟ ɞɚ ɫɟ 
ɫɴɡɞɚɞɚɬ ɦɚɥɤɢ ɝɚɡɨɜɢ ɦɟɯɭɪɱɟɬɚ, ɤɨɢɬɨ ɫɚ ɪɚɜɧɨɦɟɪɧɨ ɪɚɡɩɪɟɞɟɥɟɧɢ ɩɨ ɧɚɩɪɟɱɧɨɬɨ 
ɫɟɱɟɧɢɟ ɧɚ ɚɩɚɪɚɬɚ, ɤɚɬɨ ɩɨ ɬɨɡɢ ɧɚɱɢɧ ɫɟ ɩɨɫɬɢɝɚ ɩɨ-ɞɨɛɪɨ ɪɚɡɛɴɪɤɜɚɧɟ ɧɚ ɬɟɱɧɨɫɬɬɚ ɢ ɫɟ 
ɢɧɬɟɡɢɮɢɰɢɪɚ ɦɚɫɨɨɛɦɟɧɚ. Ɇɟɯɭɪɱɟɬɚɬɚ ɫɟ ɩɨɥɭɱɚɜɚɬ ɱɪɟɡ ɩɪɨɩɭɫɤɚɧɟɬɨ ɧɚ ɝɚɡɚ ɩɪɟɡ 
ɨɬɜɨɪɢ ɢɥɢ ɩɨɪьɨɡɧɚ ɫɪɟɞɚ ɢɥɢ ɱɪɟɡ ɫɦɟɫɜɚɧɟɬɨ ɧɚ ɝɚɡɚ ɫ ɛɴɪɡɚ ɫɬɪɭɹ ɬɟɱɧɨɫɬ. 
ɍɫɬɪɨɣɫɬɜɚɬɚ ɢɡɩɨɥɡɜɚɧɢ ɜ ɩɴɪɜɢɬɟ ɞɜɚ ɫɥɭɱɚɹ ɫɟ ɧɚɪɢɱɚɬ ɫɬɚɬɢɱɧɢ ɫɦɟɫɢɬɟɥɢ (static 

spargers) ɢ ɫɚ ɩɨɤɚɡɚɧɢ ɧɚ Ɏɢɝ. 2 ɚ)-ɝ). ɉɪɢ ɬɹɯ ɨɛɪɚɡɭɜɚɧɟɬɨ ɧɚ ɦɟɯɭɪɱɟɬɚɬɚ ɫɬɚɜɚ ɛɟɡ ɞɚ 
ɫɟ ɜɧɚɫɹ ɧɹɤɚɤɜɚ ɞɨɩɴɥɧɢɬɟɥɧɚ ɟɧɟɪɝɢɹ ɨɬɜɴɧ. ɇɚɣ-ɢɡɩɨɥɡɜɚɧɢɬɟ ɤɨɧɫɬɪɭɤɰɢɢ ɫɚ ɬɟɡɢ ɫ 
ɩɟɪɮɨɪɢɪɚɧɚɬɚ ɬɚɪɟɥɤɚ ɢ ɩɟɪɮɨɪɢɪɚɧɚɬɚ ɬɪɴɛɚ. Ⱥɤɨ ɟ ɠɟɥɚɬɟɥɧɨ ɞɚ ɫɟ ɩɨɥɭɱɚɬ ɦɧɨɝɨ 
ɦɚɥɤɢ ɦɟɯɭɪɱɟɬɚ, ɬɨɝɚɜɚ ɫɟ ɢɡɩɨɥɡɜɚɬ ɢ ɩɨɪьɨɡɧɢ ɩɥɨɫɤɨɫɬɢ. Ⱦɪɭɝɢɹɬ ɬɢɩ ɭɫɬɪɨɣɫɬɜɚ ɫɟ 
ɧɚɪɢɱɚɬ ɞɢɧɚɦɢɱɧɢ ɫɦɟɫɢɬɟɥɢ (dynamic spargers) ɢ ɩɪɢ ɬɹɯ ɫɟ ɢɡɩɨɥɡɜɚ ɟɧɟɪɝɢɹɬɚ ɧɚ 
ɬɟɱɧɚɬɚ ɫɬɪɭɹ ɡɚ ɞɢɫɩɟɪɝɢɪɚɧɟɬɨ ɧɚ ɝɚɡɚ. ɇɚɣ-ɢɡɩɨɥɡɜɚɧɢɬɟ ɤɨɧɫɬɪɭɤɰɢɢ ɨɬ ɬɨɡɢ ɬɢɩ ɫɚ 
ɬ.ɧɚɪ. ɞɜɭɮɚɡɧɚ ɫɬɪɭɣɧɚ ɞɸɡɚ ɢ ɟɠɟɤɬɨɪɢɬɟ ɢ ɫɚ ɩɨɤɚɡɚɧɢ ɧɚ Ɏɢɝ. 2 ɞ) ɢ 2 ɟ). 

 

            ɚ)                       ɛ)                      ɜ)                          ɝ)                        ɞ)                  ɟ) 

Ɉɬ ɚ) ɞɨ ɝ) – ɫɬɚɬɢɱɧɢ; ɞ) ɢ ɟ) ɞɢɧɚɦɢɱɧɢ. ɚ) ɬɪɴɛɚ; ɛ) ɩɟɪɮɨɪɢɪɚɧɚ ɬɚɪɟɥɤɚ; ɜ) 
ɩɟɪɮɨɪɢɪɚɧɚ ɬɪɴɛɚ; ɝ) ɩɨɪьɨɡɧɚ ɩɥɨɱɚ; ɞ) ɞɜɭɮɚɡɧɚ ɫɬɪɭɣɧɚ ɞɸɡɚ; ɟ) ɟɠɟɤɬɨɪ. 

Ɏɢɝ.2 Ɋɚɡɥɢɱɧɢ ɤɨɧɫɬɪɭɤɰɢɢ ɧɚ ɫɦɟɫɢɬɟɥɢ (spargers)
[1]

. 
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1.2 ɉɪɟɞɢɦɫɬɜɚ ɢ ɧɟɞɨɫɬɚɬɴɰɢ ɧɚ ɛɚɪɛɨɬɚɠɧɢɬɟ ɪɟɚɤɬɨɪɢ 

   Ɋɟɚɤɰɢɨɧɧɢɬɟ ɚɩɚɪɚɬɢ ɨɬ ɛɚɪɛɨɬɚɠɟɧ ɬɢɩ ɢɦɚɬ ɫɪɚɜɧɢɬɟɥɧɨ ɨɩɪɨɫɬɟɧɚ ɤɨɧɫɬɪɭɤɰɢɹ ɢ ɫɚ 
ɬɜɴɪɞɟ ɪɚɡɩɪɨɫɬɪɚɧɟɧɢ ɚɩɚɪɚɬɢ, ɪɟɚɥɢɡɢɪɚɳɢ ɝɚɡɨɬɟɱɧɢ ɪɟɚɤɰɢɢ. ɉɪɢ ɬɹɯ ɝɚɡɴɬ 
ɩɨɫɪɟɞɫɬɜɨɦ ɦɟɯɭɪɱɟɬɚ ɩɪɟɦɢɧɚɜɚ ɩɪɟɡ ɫɥɨɹ ɬɟɱɧɨɫɬ. ȼ ɩɨɜɟɱɟɬɨ ɫɥɭɱɚɢ ɬɟɡɢ ɪɟɚɤɬɨɪɢ 
ɩɪɟɞɫɬɚɜɥɹɜɚɬ ɜɟɪɬɢɤɚɥɧɢ ɰɢɥɢɧɞɪɢɱɧɢ ɫɴɞɨɜɟ ɢɥɢ ɤɨɥɨɧɢ, ɡɚɩɴɥɧɟɧɢ ɫ ɬɟɱɧɨɫɬ 
ɫɴɨɪɴɠɟɧɢ ɫ ɛɚɪɛɨɬɢɪɚɳɨ ɭɫɬɪɨɣɫɬɜɨ ɜ ɞɨɥɧɚɬɚ ɱɚɫɬ. Ƚɚɡɴɬ ɫɟ ɩɨɞɚɜɚ ɩɪɟɡ ɛɚɪɛɨɬьɨɪɚ ɜɴɜ 
ɜɢɞ ɧɚ ɦɟɯɭɪɱɟɬɚ ɩɪɟɦɢɧɚɜɚɳɢ ɩɪɟɡ ɫɥɨɹ ɬɟɱɧɨɫɬ. ȼ ɩɪɨɫɬɪɚɧɫɬɜɨɬɨ ɧɚɞ ɩɨɜɴɪɯɧɨɫɬɬɚ ɧɚ 
ɬɟɱɧɨɫɬɬɚ (ɨɬɫɬɨɣɧɚɬɚ ɤɚɦɟɪɚ), ɝɚɡɴɬ ɫɟ ɨɫɜɨɛɨɠɞɚɜɚ ɨɬ ɤɚɩɤɢɬɟ ɩɪɟɞɢ ɧɚɩɭɫɤɚɧɟ ɧɚ 
ɚɩɚɪɚɬɚ. Ɂɚ ɩɴɥɧɨɬɨ ɨɬɞɟɥɹɧɟ ɧɚ ɝɚɡɚ ɨɬ ɬɟɱɧɨɫɬɬɚ ɱɟɫɬɨ ɫɟ ɦɨɧɬɢɪɚ ɞɨɩɴɥɧɢɬɟɥɧɚ ɤɚɦɟɪɚ 
ɢɥɢ ɞɨɩɴɥɧɢɬɟɥɧɨ ɭɫɬɪɨɣɫɬɜɨ. Ɂɚ ɩɨɞɞɴɪɠɚɧɟ ɧɚ ɨɩɪɟɞɟɥɟɧɚ ɬɟɦɩɟɪɚɬɭɪɚ ɜ ɩɨɜɟɱɟɬɨ 
ɫɥɭɱɚɢ ɚɩɚɪɚɬɴɬ ɟ ɫɧɚɛɞɟɧ ɫ ɪɢɡɚ ɢɥɢ ɫɟ ɢɡɩɨɥɡɜɚɬ ɢɡɧɟɫɟɧɢ ɬɨɩɥɨɨɛɦɟɧɧɢɰɢ. Ɍɚɤɴɜ ɬɢɩ 
ɪɟɚɤɰɢɨɧɧɢ ɚɩɚɪɚɬɢ ɫɚ ɨɫɨɛɟɧɨ ɩɨɞɯɨɞɹɳɢ ɡɚ ɩɪɨɜɟɠɞɚɧɟ ɧɚ ɛɚɜɧɢ ɪɟɚɤɰɢɢ, ɩɪɨɬɢɱɚɳɢ ɜ 
ɤɢɧɟɬɢɱɧɚɬɚ ɨɛɥɚɫɬ. Ɍɚɤɢɜɚ ɫɚ ɛɨɥɲɢɧɫɬɜɨɬɨ ɨɬ ɪɟɚɤɰɢɢɬɟ ɜ ɨɪɝɚɧɢɱɧɢɹ ɫɢɧɬɟɡ. ȼ ɬɟɡɢ 
ɚɩɚɪɚɬɢ ɫɟ ɨɫɢɝɭɪɹɜɚ ɞɨɛɴɪ ɤɨɧɬɚɤɬ ɧɚ ɮɚɡɢɬɟ ɢ ɞɨɫɬɚɬɴɱɧɨ ɫɦɟɫɜɚɧɟ, ɧɟɨɛɯɨɞɢɦɨ ɡɚ 
ɪɚɜɧɨɦɟɪɧɨ ɩɪɨɬɢɱɚɧɟ ɧɚ ɪɟɚɤɰɢɢɬɟ ɜ ɰɟɥɢɹ ɨɛɟɦ. Ɍɟɯɧɢɹɬ ɧɟɞɨɫɬɚɬɴɤ ɟ ɝɨɥɹɦɨɬɨ 
ɯɢɞɪɚɜɥɢɱɧɨ ɫɴɩɪɨɬɢɜɥɟɧɢɟ ɢ ɧɟɨɛɯɨɞɢɦɨɫɬɬɚ ɨɬ ɧɚɝɪɹɜɚɧɟ ɧɚ ɝɨɥɟɦɢ ɬɟɱɧɨɫɬɧɢ ɦɚɫɢ 
ɩɪɢ ɧɚɩɭɫɤɚɧɟ ɧɚ ɚɩɚɪɚɬɚ [3]

. 

 

       1.3 ɏɢɞɪɨɞɢɧɚɦɢɤɚ ɧɚ ɛɚɪɛɨɬɚɠɟɧ ɪɟɚɤɬɨɪ  

   Ɋɟɠɢɦ ɧɚ ɞɜɭɮɚɡɧɢ ɩɨɬɨɰɢ- ɯɢɞɪɨɞɢɧɚɦɢɤɚɬɚ, ɫɦɟɫɜɚɧɟɬɨ ɧɚ ɮɚɡɢɬɟ ɢ ɦɚɫɨɩɪɟɧɨɫɧɢɬɟ 
ɩɚɪɚɦɟɬɪɢ ɜ ɝɚɡɨɬɟɱɧɢɬɟ ɪɟɚɤɬɨɪɢ ɫɢɥɧɨ ɡɚɜɢɫɹɬ ɨɬ ɩɪɟɨɛɥɚɞɚɜɚɳɢɹ ɪɟɠɢɦ ɧɚ ɬɟɱɟɧɢɟ ɧɚ 
ɞɜɭɮɚɡɧɢɹ ɩɨɬɨɤ. Ɇɧɨɝɨ ɢɡɫɥɟɞɨɜɚɬɟɥɢ (Zahradník et ɚl, 1997; Letzel et. ɚl., 1997; Vial et. ɚl, 
2000; Ruzicka et. ɚl, 2001; Olmos et. ɚl, 2003; Groen, 2004, Ruthiya et. ɚl, 2005) ɢɡɭɱɚɜɚɬ 
ɯɚɪɚɤɬɟɪɚ ɧɚ ɞɜɢɠɟɧɢɟ ɧɚ ɩɨɬɨɰɢɬɟ, ɤɨɢɬɨ ɩɪɟɨɛɥɚɞɚɜɚɬ ɜ ɬɟɡɢ ɪɟɚɤɬɨɪɢ. ɋɩɨɪɟɞ (Groen, 
2004 Camarasa et ɚl, 1999 ɢ Vial et al., 2001) ɜ ɛɚɪɛɨɬɚɠɧɢɬɟ ɪɟɚɤɬɨɪɢ ɫɴɳɟɫɬɜɭɜɚɬ 
ɫɥɟɞɧɢɬɟ ɪɟɠɢɦɢ  ɩɪɟɞɫɬɚɜɟɧɢ ɧɚ ɮɢɝ.3: 

    ɏɨɦɨɝɟɧɟɧ (ɛɚɪɛɨɬɚɠɟɧ, ɦɟɯɭɪɟɫɬ) ɩɨɬɨɤ – ɩɪɢ ɧɟɝɨ ɝɚɡɨɜɚɬɚ ɮɚɡɚ ɫɟ ɫɴɫɬɨɢ ɨɬ 
ɦɚɥɤɢ ɦɟɯɭɪɢ ɫ ɩɪɢɛɥɢɡɢɬɟɥɧɨ ɟɞɧɚɤɜɢ ɪɚɡɦɟɪɢ, ɜɫɟɤɢ ɨɬ ɤɨɢɬɨ ɫɟ ɞɜɢɠɢ 
ɫɚɦɨɫɬɨɹɬɟɥɧɨ ɢ ɩɨɜɟɱɟɬɨ ɨɬ ɬɹɯ ɜɴɜ ɜɟɪɬɢɤɚɥɧɚ ɢ ɜ ɦɧɨɝɨ ɦɚɥɤɚ ɫɬɟɩɟɧ ɜ 
ɯɨɪɢɡɨɧɬɚɥɧɚ ɩɨɫɨɤɚ ɛɟɡ ɞɚ ɫɢ ɩɪɟɱɚɬ ɜɡɚɢɦɧɨ. ɋɤɨɪɨɫɬɬɚ ɧɚ ɝɚɡɚ, ɨɛɢɤɧɨɜɟɧɨ ɟ ɩɨ-

ɦɚɥɤɚ ɨɬ 0,5 m/s ɢ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹɬɚ ɦɟɠɞɭ ɦɟɯɭɪɢɬɟ ɫɚ ɫɥɚɛɢ.  
ɉɪɢ ɬɟɡɢ ɭɫɥɨɜɢɹ, ɝɚɡɨɜɢɬɟ ɦɟɯɭɪɱɟɬɚ ɧɟ ɨɤɚɡɜɚɬ ɜɥɢɹɧɢɟ ɧɚ ɞɜɢɠɟɧɢɟɬɨ ɧɚ ɬɟɱɧɚɬɚ 
ɮɚɡɚ ɢ ɬɹ ɫɟ ɪɚɡɛɴɪɤɜɚ ɫɥɚɛɨ. Ʉɨɚɥɟɫɰɟɧɰɢɹɬɚ ɢ ɞɪɨɛɟɧɟɬɨ ɧɚ ɝɚɡɨɜɢɬɟ ɦɟɯɭɪɢ ɜ 
ɨɛɟɦɚ ɟ ɧɟɡɧɚɱɢɬɟɥɧɨ ɢ ɫɥɟɞɨɜɚɬɟɥɧɨ ɪɚɡɦɟɪɴɬ ɢɦ ɫɟ ɨɩɪɟɞɟɥɹ ɨɬ ɬɢɩɚ ɢ 
ɭɫɬɪɨɣɫɬɜɨɬɨ ɧɚ ɝɚɡɨɪɚɡɩɪɟɞɟɥɢɬɟɥɹ ɢ ɮɢɡɢɱɧɢɬɟ ɫɜɨɣɫɬɜɚ ɧɚ ɫɢɫɬɟɦɚɬɚ ɝɚɡ-

ɬɟɱɧɨɫɬ. ȼ ɪɟɚɤɬɨɪɚ ɧɹɦɚ ɢɧɬɟɧɡɢɜɧɚ ɰɢɪɤɭɥɚɰɢɹ. 
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    Ɍɭɪɛɭɥɟɧɬɟɧ ɩɨɬɨɤ – ɧɚɫɬɴɩɜɚ ɬɨɝɚɜɚ, ɤɨɝɚɬɨ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹɬɚ ɦɟɠɞɭ 
ɢɡɞɢɝɚɳɢɬɟ ɫɟ ɦɟɯɭɪɢ ɡɚɩɨɱɜɚɬ ɞɚ ɫɬɚɜɚɬ ɡɧɚɱɢɬɟɥɧɢ. ɏɨɦɨɝɟɧɧɢɹɬ ɫɥɨɣ ɨɬ ɦɟɯɭɪɢ 
ɫɬɚɜɚ ɧɟɫɬɚɛɢɥɟɧ, ɩɨɹɜɹɜɚɬ ɫɟ ɦɧɨɝɨ ɧɚ ɛɪɨɣ ɫɬɪɭɩɜɚɧɢɹ ɧɚ ɦɟɯɭɪɢ, ɤɨɢɬɨ 
ɫɴɳɟɫɬɜɭɜɚɬ ɡɚ ɤɪɚɬɤɨ ɜɪɟɦɟ. Ɍɟɱɧɚɬɚ ɮɚɡɚ ɫɟ ɢɡɞɢɝɚ ɩɨɫɪɟɞɫɬɜɨɦ ɝɨɥɟɦɢɹ ɛɪɨɣ 
ɫɬɪɭɩɜɚɧɢɹ ɧɚ ɦɟɯɭɪɢ ɢ ɡɚɩɨɱɜɚ ɞɚ ɰɢɪɤɭɥɢɪɚ – ɞɚ ɫɟ ɢɡɤɚɱɜɚ ɧɚɝɨɪɟ ɨɬ ɰɟɧɬɴɪɚ ɧɚ 
ɤɨɥɨɧɚɬɚ ɢ ɞɚ ɫɟ ɫɩɭɫɤɚ ɧɚɞɨɥɭ ɜ ɨɛɥɚɫɬɬɚ ɨɤɨɥɨ ɫɬɟɧɚɬɚ. 
 

    ɏɟɬɟɪɨɝɟɧɟɧ ɪɟɠɢɦ – ɧɚɛɥɸɞɚɜɚ ɫɟ ɬɨɝɚɜɚ ɤɨɝɚɬɨ ɝɨɥɹɦɚ ɱɚɫɬ ɨɬ ɩɨɬɨɤɚ ɨɬ 
ɢɡɞɢɝɚɳɢ ɫɟ ɦɟɯɭɪɢ ɫɟ ɞɴɥɠɢ ɧɚ ɤɨɚɥɟɫɰɟɧɰɢɹɬɚ ɦɟɠɞɭ ɬɹɯ. Ɇɟɯɭɪɢɬɟ ɫ ɝɨɥɟɦɢ 
ɪɚɡɦɟɪɢ ɩɪɟɨɛɥɚɞɚɜɚɬ ɤɚɬɨ ɝɨɥɹɦɚ ɱɚɫɬ ɨɬ ɬɹɯ ɫɚ ɦɧɨɝɨ ɞɟɮɨɪɦɢɪɚɧɢ. Ⱦɢɫɩɟɪɫɢɹɬɚ 
ɢ ɨɛɪɚɬɧɨɬɨ ɫɦɟɫɜɚɧɟ ɩɪɢ ɬɨɡɢ ɪɟɠɢɦ ɫɚ ɨɩɪɟɞɟɥɹɳɢ. 
 

    ɉɪɴɫɬɟɧɨɜɢɞɟɧ ɩɨɬɨɤ – ɞɴɥɠɢ ɫɟ ɧɚ ɦɧɨɝɨ ɜɢɫɨɤɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ. 
Ƚɚɡɨɜɢɹɬ ɩɨɬɨɤ ɩɪɟɦɢɧɚɜɚ ɩɪɟɡ ɰɟɧɬɪɚɥɧɚɬɚ ɱɚɫɬ ɧɚ ɤɨɥɨɧɚɬɚ, ɚ ɬɟɱɧɢɹɬ, ɩɨɞ 
ɮɨɪɦɚɬɚ ɧɚ ɬɴɧɴɤ ɫɥɨɣ – ɩɨɤɪɚɣ ɫɬɟɧɚɬɚ. 

 

ɚ – ɯɨɦɨɝɟɧɟɧ ɩɨɬɨɤ; b – ɬɭɪɛɭɥɟɧɬɟɧ ɩɨɬɨɤ; c – ɫɦɟɫɟɧ ɩɨɬɨɤ; d – ɬɚɦɩɨɧɟɧ ɩɨɬɨɤ;             
ɟ – ɩɪɴɫɬɟɧɨɜɢɞɟɧ ɩɨɬɨɤ. 

Ɏɢɝ.3 Ɋɟɠɢɦ ɧɚ ɩɨɬɨɰɢɬɟ ɜɴɜ ɜɟɪɬɢɤɚɥɧɚ ɛɚɪɛɨɬɚɠɧɚ ɤɨɥɨɧɚ ɫɩɨɪɟɞ (J. S. Groen, 2004). 

 

   ɉɨ-ɜɚɠɧɢɬɟ ɩɚɪɚɦɟɬɪɢ ɩɪɢ ɩɪɨɟɤɬɢɪɚɧɟɬɨ ɢ ɟɤɫɩɥɨɚɬɚɰɢɹɬɚ ɧɚ ɛɚɪɛɨɬɚɠɧɢɬɟ ɤɨɥɨɧɢ ɫɚ:  
 ɪɚɡɦɟɪ ɧɚ ɦɟɯɭɪɱɟɬɚɬɚ;  
 ɫɤɨɪɨɫɬ ɧɚ ɢɡɤɚɱɜɚɧɟ ɧɚ ɦɟɯɭɪɱɟɬɚɬɚ;  
 ɩɪɨɰɟɧɬɧɨ ɫɴɞɴɪɠɚɧɢɟ ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ (gas holdup);  

 ɫɩɟɰɢɮɢɱɧɚ ɦɟɠɞɭɮɚɡɧɚ ɩɨɜɴɪɯɧɨɫɬ;  
 ɤɨɟɮɢɰɢɟɧɬɢ ɧɚ ɦɚɫɨɩɪɟɧɨɫ.  
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2. Ƚɚɡɨɫɴɞɴɪɠɚɧɢɟ – ɨɫɧɨɜɧɢ ɡɚɜɢɫɢɦɨɫɬɢ ɢ ɦɟɬɨɞɢ ɡɚ ɨɩɪɟɞɟɥяɧɟ   
 

   Ƚɚɡɨɫɴɞɴɪɠɚɧɢɟɬɨ ɟ ɟɞɢɧ ɨɬ ɧɚɣ-ɜɚɠɧɢɬɟ ɩɚɪɚɦɟɬɪɢ, ɤɨɢɬɨ ɫɟ ɢɡɩɨɥɡɜɚɬ ɡɚ ɨɩɢɫɚɧɢɟ ɧɚ 
ɝɚɡɨɬɟɱɧɢɬɟ ɫɢɫɬɟɦɢ. Ƚɚɡɨɫɴɞɴɪɠɚɧɢɟɬɨ εG ɫe ɞɟɮɢɧɢɪɚ ɤɚɬɨ ɨɛɟɦɚ ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ VG, 

ɨɬɧɟɫɟɧ ɤɴɦ ɰɟɥɢɹ ɨɛɟɦ ɧɚ ɞɜɭɮɚɡɧɚɬɚ ɫɦɟɫ (VG + VL)  ɢ ɫɟ ɞɚɜɚ ɫɴɫ ɫɥɟɞɧɚɬɚ ɮɨɪɦɭɥɚ: 
 

                         , 2.4G
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ɬ.ɟ. ɝɚɡɨɫɴɞɴɪɠɚɧɢɟɬɨ ɟ ɨɛɟɦɧɚɬɚ ɮɪɚɤɰɢɹ ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ ɜ ɝɚɡɨɬɟɱɧɚɬɚ ɫɢɫɬɟɦɚ ɢ ɦɨɠɟ 
ɞɚ ɫɟ ɩɪɢɟɦɟ ɡɚ ɩɨɫɬɨɹɧɧɨ ɜɴɜ ɜɫɹɤɚ ɬɨɱɤɚ ɨɬ ɝɚɡɨɬɟɱɧɚɬɚ ɫɦɟɫ, ɤɚɬɨ ɢɡɤɥɸɱɟɧɢɟ ɩɪɚɜɢ 
ɫɚɦɨ ɝɨɪɧɢɹɬ ɫɥɨɣ, ɫɴɫɬɨɹɳ ɫɟ ɨɬ ɭɫɬɨɣɱɢɜɚ ɩɹɧɚ. 
 

   ɇɹɤɨɢ ɚɜɬɨɪɢ (Groen, 2004) ɪɚɡɝɥɟɠɞɚɬ εG ɤɚɬɨ ɜɟɪɨɹɬɧɨɫɬ ɦɟɯɭɪɴɬ ɞɚ ɫɴɳɟɫɬɜɭɜɚ ɧɚ 
ɨɩɪɟɞɟɥɟɧɨ ɦɹɫɬɨ ɢ ɜ ɨɩɪɟɞɟɥɟɧ ɦɨɦɟɧɬ ɨɬ ɜɪɟɦɟ. Ƚɚɡɨɫɴɞɴɪɠɚɧɢɟɬɨ ɨɩɪɟɞɟɥɹ ɨɳɟ 
ɜɪɟɦɟɩɪɟɫɬɨɹ ɧɚ ɝɚɡɚ ɜ ɬɟɱɧɨɫɬɬɚ ɢ ɦɨɠɟ ɞɚ ɫɟ ɨɩɪɟɞɟɥɢ ɨɬ ɜɪɟɦɟɩɪɟɫɬɨɹ ɧɚ ɝɚɡɚ ɜ 
ɤɨɥɨɧɚɬɚ ɢɥɢ ɫ ɞɪɭɝɢ ɞɭɦɢ, ɦɟɯɭɪɢɬɟ ɫɟ ɧɭɠɞɚɹɬ ɨɬ ɨɩɪɟɞɟɥɟɧɨ ɜɪɟɦɟ τ, ɡɚ ɞɚ ɩɪɟɦɢɧɚɬ ɨɬ 
ɪɚɡɩɪɟɞɟɥɢɬɟɥɹ ɞɨ ɜɴɪɯɚ ɧɚ ɤɨɥɨɧɚɬɚ: 
 

   2.5
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2.1 Ɂɧɚɱɟɧɢɟ ɧɚ ɝɚɡɨɫɴɞɴɪɠɚɧɢɟ 

 

   Ƚɚɡɨɫɴɞɴɪɠɚɧɢɟɬɨ ɟ ɜɚɠɟɧ ɩɚɪɚɦɟɬɴɪ ɩɪɢ ɞɢɡɚɣɧɚ ɢ ɦɚɳɚɛɢɪɚɧɟɬɨ ɧɚ ɝɚɡɨɬɟɱɧɨɫɬɧɢɬɟ 

ɪɟɚɤɬɨɪɢ (Nicolella et al., 1998; Jin et al., 1999, 2001), ɬɴɣ ɤɚɬɨ: 

 ɋɬɨɣɧɨɫɬɬɚ ɦɭ ɞɚɜɚ ɢɧɞɢɤɚɰɢɹ ɡɚ ɩɨɬɟɧɰɢɚɥɚ ɧɚ ɦɚɫɨɩɪɟɧɨɫɚ, ɬɴɣ ɤɚɬɨ ɡɚ ɞɚɞɟɧɚ 

ɫɢɫɬɟɦɚ ɩɨ-ɝɨɥɹɦɨɬɨ ɝɚɡɨɫɴɞɴɪɠɚɧɢɟ ɨɡɧɚɱɚɜɚ ɩɨ-ɝɨɥɹɦɚ ɦɟɠɞɭɮɚɡɧɚ ɩɨɜɴɪɯɧɨɫɬ; 

 Ʉɨɥɤɨɬɨ ɩɨ-ɝɨɥɹɦɚ ɟ ɫɬɨɣɧɨɫɬɬɚ ɧɚ εG, ɬɨɥɤɨɜɚ ɩɨɜɟɱɟ ɟ ɜɪɟɦɟɩɪɟɛɢɜɚɜɚɧɟɬɨ ɧɚ 

ɝɚɡɚ ɜ ɪɟɚɤɬɨɪɚ, ɪɟɫɩ. ɜɪɟɦɟɬɨ ɡɚ ɤɨɧɬɚɤɬ ɦɟɠɞɭ ɝɚɡɚ ɢ ɬɟɱɧɨɫɬɬɚ ɜ ɪɟɚɤɬɨɪɚ. 
 

2.2 Ɏɚɤɬɨɪɢ, ɤɨɢɬɨ ɜɥɢяяɬ ɧɚ ɝɚɡɨɫɴɞɴɪɠɚɧɢɟ 

 

ɋɬɨɣɧɨɫɬɬɚ ɧɚ ɝɚɡɨɫɴɞɴɪɠɚɧɢɟɬɨ ɫɟ ɨɩɪɟɞɟɥɹ ɨɬ ɦɧɨɝɨ ɢ ɪɚɡɥɢɱɧɢ ɮɚɤɬɨɪɢ, ɤɚɬɨ: 

 ɞɢɡɚɣɧɚ ɧɚ ɛɚɪɛɨɬьɨɪɚ; 

(1) 

(2) 
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 ɪɚɛɨɬɧɢɬɟ ɩɪɨɦɟɧɥɢɜɢ - ɧɚɥɹɝɚɧɟ, ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ, ɬɟɦɩɟɪɚɬɭɪɚ, ɤɚɤɬɨ ɢ ɮɢɡɢɱɧɢɬɟ 

ɫɜɨɣɫɬɜɚ ɧɚ ɝɚɡɨɜɚɬɚ ɢ ɬɟɱɧɚɬɚ ɮɚɡɚ; 

 ɫɤɨɪɨɫɬɬɚ ɧɚ ɚɟɪɢɪɚɧɟ ɢ ɜɴɜɟɞɟɧɚɬɚ ɦɨɳɧɨɫɬ ɩɪɢ ɪɟɚɤɬɨɪɢɬɟ ɫ ɛɴɪɤɚɱɤɚ 
[4]

. 

 

 

3. CFD Ɇɨɞɟɥɢɪɚɧɟ  

   Ɉɫɧɨɜɧɢɹɬ ɩɨɞɯɨɞ ɩɪɢ CFD ɦɨɞɟɥɢɪɚɧɟɬɨ ɟ ɞɚ ɫɟ ɢɡɩɨɥɡɜɚɬ ɛɚɥɚɧɫɨɜɢɬɟ ɭɪɚɜɧɟɧɢɹ ɡɚ 
ɦɚɫɚ, ɢɦɩɭɥɫ ɢ ɬɨɩɥɢɧɧɚ. Ɂɚ ɬɟɡɢ ɰɟɥ ɫɟ ɩɪɢɟɦɚ, ɱɟ ɢɡɦɟɧɟɧɢɟɬɨ ɧɚ ɜɟɥɢɱɢɧɢɬɟ ɜɴɜ ɜɫɹɤɚ 
ɨɬ ɢɡɫɥɟɞɜɚɧɢɬɟ ɮɚɡɢ ɟ ɧɟɩɪɟɤɴɫɧɚɬɨ, ɬ.ɟ. ɩɪɟɧɟɛɪɟɝɜɚ ɫɟ ɞɢɫɤɪɟɬɧɢɹ ɯɚɪɚɤɬɟɪ ɧɚ 
ɦɚɬɟɪɢɹɬɚ ɢ ɟɧɟɪɝɢɹɬɚ. 

   ɍɪɚɜɧɟɧɢɟ ɧɚ ɧɟɩɪɟɤɴɫɧɚɬɨɫɬɬɚ. Ɉɫɧɨɜɟɧ ɮɢɡɢɱɟɧ ɡɚɤɨɧ ɟ ɬɨɡɢ ɡɚ ɫɴɯɪɚɧɟɧɢɟ ɧɚ 
ɦɚɫɚɬɚ, ɨɬ ɧɟɝɨ ɫɟ ɩɨɥɭɱɚɜɚ ɢ ɬ.ɧɚɪ, ɭɪɚɜɧɟɧɢɟ ɧɚ ɧɟɩɪɟɤɴɫɧɚɬɨɫɬɬɚ: 𝜕𝜌𝜕𝑡 = −∇ሺ𝜌⃗ߥሻ     (3) 

ɤɴɞɟɬɨ ɩɥɴɬɧɨɫɬɬɚ 𝝆 ɟ ɬɪɚɧɫɩɨɪɬɧɚɬɚ ɜɟɥɢɱɢɧɚ. 

 

   ɍɪɚɜɧɟɧɢɟ ɧɚ ɞɜɢɠɟɧɢɟɬɨ (ɇɚɜɢɟ-ɋɬɨɤɫ). ɋɤɨɪɨɫɬɬɚ ɧɚ ɮɥɭɢɞɧɨɬɨ ɬɟɱɟɧɢɟ ɟ ɨɫɧɨɜɧɚ 

ɜɟɥɢɱɢɧɚ ɜ CFD ɢ ɬɹ ɫɟ ɨɩɪɟɞɟɥɹ ɨɬ ɭɪɚɜɧɟɧɢɟɬɨ ɧɚ ɞɜɢɠɟɧɢɟɬɨ ɩɨɩɭɥɹɪɧɨ ɨɳɟ, ɤɚɬɨ 
ɭɪɚɜɧɟɧɢɟ ɧɚ ɇɚɜɢɟ-ɋɬɨɤɫ: 𝜕ሺ𝜌𝜈⃗⃗⃗ሻ𝜕𝑡 = −∇ሺ𝜌⃗ߥ⃗ߥሻ − ∇𝜏̿ − ∇p + ρ𝑔⃑     (4) 

 

   Ɍɭɤ ɫɤɨɪɨɫɬɬɚ ɫɚɦɚ ɩɨ ɫɟɛɟ ɫɢ ɧɟ ɟ ɬɪɚɧɫɩɨɪɬɧɚɬɚ ɜɟɥɢɱɢɧɚ – ɬɚɤɚɜɚ ɜɟɥɢɱɢɧɚ ɟ ɢɦɩɭɥɫɚ 𝝆⃗⃗⃗ࣇ. Ɍɟɧɡɨɪɴɬ ɧɚ ɧɚɩɪɟɠɟɧɢɹɬɚ  𝜏̿  ɢɝɪɚɟ ɪɨɥɹɬɚ ɧɚ ɞɢɮɭɡɢɨɧɧɢɹ ɱɥɟɧ ɢ ɟ ɮɭɧɤɰɢɹ ɨɬ 
ɝɪɚɞɢɟɧɬɚ ɧɚ ɫɤɨɪɨɫɬɬɚ.  

Ɂɚ ɇɸɬɨɧɨɜ ɮɥɭɢɞ 𝝉̿   ɢɦɚ ɜɢɞɚ: 𝜏̿ = ߥ⃗∇]ߤ + ሺ∇⃗ߥሻ𝑇] + ቀ𝑘 − ଶଷ ቁߤ ሺ∇.  (5)           ߜሻߥ⃗

ɤɴɞɟɬɨ ࣆ ɟ ɞɢɧɚɦɢɱɧɢɹ ɜɢɫɤɨɡɢɬɟɬ ɧɚ ɮɥɭɢɞɚ, ɤɨɣɬɨ ɧɟɡɚɜɢɫɢ ɨɬ ɬɚɧɝɟɧɰɢɚɥɧɨɬɨ 
ɧɚɩɪɟɠɟɧɢɟ τ  ɢ ɜɪɟɦɟɬɨ t ɡɚ ɇɸɬɨɧɨɜɢ ɮɥɭɢɞɢ. ɉɨɫɥɟɞɧɢɬɟ ɞɜɚ ɱɥɟɧɚ ɜ ɍɪɚɜ. (4) ɫɚ 
ɝɪɚɞɢɟɧɬɚ ɧɚ ɧɚɥɹɝɚɧɟɬɨ ɪ ɢ ɫɢɥɚɬɚ ɧɚ ɝɪɚɜɢɬɚɰɢɹɬɚ 𝒑𝒈⃑⃗⃗. ȼ ɧɹɤɨɢ ɫɩɟɰɢɚɥɧɢ ɫɥɭɱɚɢ ɦɨɝɚɬ 
ɞɚ ɩɪɢɫɴɫɬɜɚɬ ɢ ɞɪɭɝɢ ɫɢɥɢ ɞɟɣɫɬɜɚɳɢ ɜɴɪɯɭ ɮɥɭɢɞɚ, ɤɚɬɨ ɟɥɟɤɬɪɨɦɚɝɧɢɬɧɢ ɢɥɢ 
ɰɟɧɬɪɨɛɟɠɧɢ ɫɢɥɢ ɢ ɩɪ. Ⱦɜɟ ɧɟɳɚ ɡɚɬɪɭɞɧɹɜɚɬ ɱɢɫɥɟɧɚɬɚ ɩɪɨɰɟɞɭɪɚ ɫ ɬɨɜɚ ɭɪɚɜɧɟɧɢɟ – 
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ɟɞɧɨɬɨ ɟ ɧɟɥɢɧɟɣɧɚɬɚ ɫɬɪɭɤɬɭɪɚ ɧɚ ɤɨɧɜɟɤɬɢɜɧɢɹ ɱɥɟɧ, ɚ ɞɪɭɝɨɬɨ ɟ ɧɚɥɹɝɚɧɟɬɨ. ɇɚɥɹɝɚɧɟɬɨ 
ɧɹɦɚ ɫɜɨɟ ɛɚɥɚɧɫɨɜɨ ɭɪɚɜɧɟɧɢɟ ɢ ɡɚ ɫɜɢɜɚɟɦɢ ɮɥɭɢɞɢ ɫɟ ɢɡɩɨɥɡɜɚ ɞɨɩɴɥɧɢɬɟɥɧɨ 
ɭɪɚɜɧɟɧɢɟɬɨ ɧɚ ɫɴɫɬɨɹɧɢɟɬɨ (ρ = p/(RT)), ɱɪɟɡ ɤɨɟɬɨ ɫɟ ɢɡɱɢɫɥɹɜɚ ɧɚɥɹɝɚɧɟɬɨ, ɬɴɣ ɤɚɬɨ 
ɩɥɴɬɧɨɫɬɬɚ ɫɟ ɩɨɥɭɱɚɜɚ ɨɬ ɭɪɚɜɧɟɧɢɟɬɨ ɧɚ ɧɟɩɪɟɤɴɫɧɚɬɨɫɬɬɚ. ɋɴɜɦɟɫɬɧɨɬɨ ɪɟɲɚɜɚɧɟ ɧɚ 
ɬɟɡɢ ɬɪɢ ɭɪɚɜɧɟɧɢɹ (ɬɨɜɚ ɧɚ ɧɟɩɪɟɤɴɫɧɚɬɨɫɬɬɚ, ɧɚ ɫɴɫɬɨɹɧɢɟɬɨ ɢ ɬɨɜɚ ɧɚ ɇɚɜɢɟ-ɋɬɨɤɫ) ɞɚɜɚ 
ɩɨɥɟɬɚɬɚ ɧɚ ɩɥɴɬɧɨɫɬɬɚ, ɧɚɥɹɝɚɧɟɬɨ ɢ ɫɤɨɪɨɫɬɬɚ.  

Ɂɚ ɧɟɫɜɢɜɚɟɦɢ ɮɥɭɢɞɢ ɩɥɴɬɧɨɫɬɬɚ ɟ ɩɨɫɬɨɹɧɧɚ ɜɟɥɢɱɢɧɚ ɢ ɭɪɚɜɧɟɧɢɟɬɨ ɧɚ ɫɴɫɬɨɹɧɢɟɬɨ ɧɟ 

ɦɨɠɟ ɞɚ ɫɟ ɢɡɩɨɥɡɜɚ ɡɚ ɨɩɪɟɞɟɥɹɧɟɬɨ ɧɚ ɧɚɥɹɝɚɧɟɬɨ.  

   ɇɚɥɹɝɚɧɟɬɨ ɜ ɬɨɡɢ ɫɥɭɱɚɣ ɫɟ ɩɨɥɭɱɚɜɚ ɨɬ ɫɴɜɦɟɫɬɧɨɬɨ ɪɟɲɚɜɚɧɟ ɧɚ ɭɪɚɜɧɟɧɢɹɬɚ ɧɚ 
ɧɟɩɪɟɤɴɫɧɚɬɨɫɬɬɚ ɢ ɧɚ ɞɜɢɠɟɧɢɟɬɨ, ɤɚɬɨ ɫɟ ɢɡɢɫɤɜɚ ɫɬɨɣɧɨɫɬɢɬɟ ɧɚ ɧɚɥɹɝɚɧɟɬɨ ɢ ɧɚ 
ɫɤɨɪɨɫɬɬɚ ɞɚ ɭɞɨɜɥɟɬɜɨɪɹɜɚɬ ɟɞɧɨɜɪɟɦɟɧɧɨ ɢ ɞɜɟɬɟ ɭɪɚɜɧɟɧɢɹ. Ɍɨɜɚ ɨɛɢɤɧɨɜɟɧɨ ɫɟ 
ɩɨɥɭɱɚɜɚ ɱɪɟɡ ɢɡɩɨɥɡɜɚɧɟɬɨ ɧɚ ɞɜɭɟɬɚɩɧɚ ɩɪɨɰɟɞɭɪɚ – ɩɴɪɜɨ ɫɟ ɩɪɢɟɦɚ ɧɹɤɚɤɜɚ ɫɬɨɣɧɨɫɬ 
ɡɚ ɝɪɚɞɢɟɧɬɚ ɧɚ ɧɚɥɹɝɚɧɟɬɨ ɢ ɫ ɬɚɡɢ ɫɬɨɣɧɨɫɬ ɫɟ ɢɡɱɢɫɥɹɜɚ ɫɤɨɪɨɫɬɬɚ, ɚ ɫɥɟɞ ɬɨɜɚ ɫɟ ɩɪɚɜɢ 
ɤɨɪɟɤɰɢɹ ɧɚ ɧɚɥɹɝɚɧɟɬɨ ɢ ɬɚɤɚ ɢɬɟɪɚɬɢɜɧɨ ɫɟ ɩɨɥɭɱɚɜɚɬ ɪ ɢ ⃗⃗⃗ࣇ  (ɬɨɜɚ ɟ ɬ.ɧɚɪ predictor-

corrector ɚɥɝɨɪɢɬɴɦ).  

 

3.1 ȼɢɞɨɜɟ ɝɪɚɧɢɱɧɢ ɭɫɥɨɜɢя  

 ɜɯɨɞ (inlet) – ɡɚɞɚɜɚɬ ɫɟ ɫɬɨɣɧɨɫɬɢɬɟ ɧɚ ɜɫɢɱɤɢɬɟ ɬɪɚɧɫɩɨɪɬɧɢ ɜɟɥɢɱɢɧɢ ɧɚ ɜɯɨɞɚ ɧɚ 
ɢɡɱɢɫɥɢɬɟɥɧɚɬɚ ɨɛɥɚɫɬ. Ɋɚɡɛɢɪɚ ɫɟ ɦɨɝɚɬ ɞɚ ɫɟ ɡɚɞɚɜɚɬ ɢ ɮɭɧɤɰɢɨɧɚɥɧɢ 
ɡɚɜɢɫɢɦɨɫɬɢ, ɬɚɤɚ ɧɚɩɪɢɦɟɪ ɦɨɠɟ ɞɚ ɫɟ ɡɚɞɚɞɟ ɯɚɪɚɤɬɟɪɧɢɹ ɩɚɪɚɛɨɥɢɱɟɧ ɩɪɨɮɢɥ 
ɩɪɢ ɥɚɦɢɧɚɪɧɨ ɬɟɱɟɧɢɟ; 

 ɢɡɯɨɞ (outlet) – ɡɚ ɬɨɡɢ ɬɢɩ ɝɪɚɧɢɱɧɨ ɭɫɥɨɜɢɟ ɨɛɢɤɧɨɜɟɧɨ ɫɟ ɡɚɞɚɜɚ ɧɚɥɹɝɚɧɟɬɨ, ɚ 
ɫɤɨɪɨɫɬɬɚ ɫɟ ɢɡɱɢɫɥɹɜɚ; 
 

 ɫɬɟɧɚ (wall) – ɩɨɜɟɱɟɬɨ ɦɨɞɟɥɢɪɚɧɢ ɫɢɫɬɟɦɢ ɫɚ ɨɛɝɪɚɞɟɧɢ ɨɬ ɬɜɴɪɞɚ ɫɬɟɧɚ, ɤɨɹɬɨ 
ɦɨɠɟ ɞɚ ɛɴɞɟ ɤɚɤɬɨ ɧɟɩɨɞɜɢɠɧɚ, ɬɚɤɚ ɢ ɩɨɞɜɢɠɧɚ. Ɂɚ ɫɬɟɧɢɬɟ ɫɟ ɩɪɢɟɦɚ, ɱɟ ɩɪɟɡ ɬɹɯ 
ɧɹɦɚ ɩɪɟɧɨɫ ɧɚ ɦɚɫɚ, ɬ.ɟ. ɬɟ ɫɚ ɧɟɩɪɨɩɭɫɤɥɢɜɢ, ɧɨ ɦɨɝɚɬ ɞɨ ɩɪɨɜɟɠɞɚɬ ɬɨɩɥɢɧɚ. 
 

 Ɂɚ ɰɟɥɬɚ ɤɨɦɩɨɧɟɧɬɚɬɚ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɨɪɦɚɥɧɚ ɤɴɦ ɩɨɜɴɪɯɧɨɫɬɬɚ ɧɚ ɫɬɟɧɚɬɚ ɟ ɪɚɜɧɚ 
ɧɚ ɧɭɥɚ ɩɪɢ ɧɟɩɨɞɜɢɠɧɢ ɫɬɟɧɢ ɢ ɪɚɜɧɚ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɬɟɧɚɬɚ ɩɪɢ ɩɨɞɜɢɠɧɚ 
ɫɬɟɧɚ.  
 

 Ɉɫɜɟɧ ɬɨɜɚ ɧɚɣ-ɱɟɫɬɨ ɫɟ ɩɪɢɟɦɚ ɱɟ ɬɚɧɝɟɧɰɢɚɥɧɚɬɚ ɤɨɦɩɨɧɟɧɬɚ ɧɚ ɫɤɨɪɨɫɬɬɚ ɟ ɧɭɥɚ 
(ɬɨɜɚ ɟ ɬ.ɧɚɪ. no-slip BC). Ʉɨɝɚɬɨ ɫɟ ɪɟɲɚɜɚ ɬ.ɧɚɪ. ɫɩɪɟɝɧɚɬɚ ɬɨɩɥɨɨɛɦɟɧɚ ɡɚɞɚɱɚ ɫɟ 
ɧɚɥɚɝɚ ɞɚ ɫɟ ɨɤɚɠɚɬ ɢ ɬɟɦɩɟɪɚɬɭɪɧɢɬɟ ɝɪɚɧɢɱɧɢ ɭɫɥɨɜɢɹ ɧɚ ɫɬɟɧɚɬɚ, ɧɚɩɪɢɦɟɪ 
ɚɞɢɚɛɚɬɧɚ ɫɬɟɧɚ ɢɥɢ ɫɬɟɧɚ ɤɨɹɬɨ ɬɨɩɥɨɨɛɦɟɧɹ ɫ ɨɤɨɥɧɚɬɚ ɫɪɟɞɚ; 
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 ɝɪɚɧɢɱɧɨ ɭɫɥɨɜɢɟ ɡɚ ɫɢɦɟɬɪɢя (symmetry) – ɩɪɢ ɧɹɤɨɢ ɡɚɞɚɱɢ ɢɦɚɦɟ ɫɢɦɟɬɪɢɹ 
ɨɤɨɥɨ ɧɹɤɨɹ ɩɨɜɴɪɯɧɢɧɚ, ɩɪɢ ɬɨɜɚ ɩɨɥɨɠɟɧɢɟ ɦɨɠɟ ɞɚ ɫɟ ɪɚɡɝɥɟɠɞɚ ɫɚɦɨ ɟɞɧɚɬɚ 
ɨɛɥɚɫɬ ɨɤɨɥɨ ɬɚɡɢ ɩɨɜɴɪɯɧɢɧɚ, ɤɨɟɬɨ ɫɩɨɦɚɝɚ ɡɚ ɩɨ-ɛɴɪɡɨɬɨ ɪɟɲɚɜɚɧɟ ɧɚ ɡɚɞɚɱɚɬɚ. 
Ɂɚ ɞɚ ɢɦɚɦɟ ɝɪɚɧɢɱɧɨ ɭɫɥɨɜɢɟ (Гɍ) ɡɚ ɫɢɦɟɬɪɢɹ ɟ ɧɟɨɛɯɨɞɢɦɨ ɞɚ ɫɴɳɟɫɬɜɭɜɚ ɧɟ 
ɫɚɦɨ ɝɟɨɦɟɬɪɢɱɧɚ ɫɢɦɟɬɪɢɹ, ɧɨ ɢ ɮɢɡɢɱɧɚ ɬɚɤɚɜɚ ɩɨ ɨɬɧɨɲɟɧɢɟ ɧɚ ɜɫɢɱɤɢɬɟ 
ɬɪɚɧɫɩɨɪɬɧɢ ɜɟɥɢɱɢɧɢ.  

   

        3.2 ɉɪɟɞɢɦɫɬɜɚ ɢ ɧɟɞɨɫɬɚɬɴɰɢ ɧɚ  CFD ɦɨɞɟɥɢɪɚɧɟ 

   ȼɫɟ ɩɨ-ɝɨɥɹɦ ɛɪɨɣ ɪɚɡɪɚɛɨɬɤɢ ɢ ɩɭɛɥɢɤɚɰɢɢ ɫɟ ɡɚɧɢɦɚɜɚɬ ɫ ɩɪɢɥɨɠɟɧɢɟɬɨ ɧɚ CFD ɡɚ 
ɛɚɪɛɨɬɚɠɧɢ ɞɜɭɮɚɡɧɢ ɩɨɬɨɰɢ 

[5] [6]
. Wild ɟt al. 

[5]
 ɰɢɬɢɪɚɬ ɧɚɣ-ɜɚɠɧɢɬɟ ɩɪɢɱɢɧɢ ɡɚ ɬɨɡɢ 

ɧɚɪɚɫɬɜɚɳ ɢɧɬɟɪɟɫ: 

 ɍɫɴɜɴɪɲɟɧɫɬɜɚɧɟ ɧɚ ɢɡɦɟɪɜɚɬɟɥɧɚɬɚ ɬɟɯɧɢɤɚ-ɩɪɢɥɚɝɚɧɢɬɟ ɤɴɦ ɥɨɤɚɥɧɚɬɚ 

ɯɢɞɪɨɞɢɧɚɦɢɤɚɬɚ ɜ ɛɚɪɛɨɬɚɠɧɢɬɟ ɤɨɥɨɧɢ ɢɡɦɟɪɜɚɬɟɥɧɢ ɦɟɬɨɞɢ ɩɪɟɬɴɪɩɹɯɚ ɝɨɥɹɦ 
ɧɚɩɪɟɞɴɤ, ɬɚɤɚ ɱɟ ɩɨ-ɧɚɞɟɠɞɧɢ ɯɢɞɪɨɞɢɧɚɦɢɱɧɢ ɢɡɦɟɪɜɚɧɢɹ ɜɟɱɟ ɫɚ ɧɚ 
ɪɚɡɩɨɥɨɠɟɧɢɟ, ɡɚ ɞɚ ɫɟ ɩɪɨɜɟɪɢ ɚɞɟɤɜɚɬɧɨɫɬɬɚ ɧɚ ɱɢɫɥɟɧɢɬɟ ɪɟɡɭɥɬɚɬɢ ɩɨɥɭɱɟɧɢ ɨɬ 
CFD ɫɢɦɭɥɚɰɢɢɬɟ. 

 ɍɜɟɥɢɱɚɜɚɧɟ ɧɚ ɤɨɦɩɸɬɴɪɧɢɹ ɤɚɩɚɰɢɬɟɬ. 

 ɉɨɞɨɛɪɟɧɨ ɤɚɱɟɫɬɜɨɬɨ ɧɚ ɪɚɡɥɢɱɧɢ CFD ɩɪɨɝɪɚɦɧɢ ɫɢɫɬɟɦɢ: ɩɨ-ɞɨɛɪɢ ɱɢɫɥɟɧɢ 
ɦɟɬɨɞɢ, ɩɨ-ɪɟɚɥɢɫɬɢɱɧɢ ɡɚɬɜɚɪɹɳɢ ɝɪɚɧɢɱɧɢ ɭɫɥɨɜɢя (closure laws). 

 ɇɟɢɡɹɫɧɟɧɚɬɚ, ɫɥɨɠɧɚ ɯɢɞɪɨɞɢɧɚɦɢɤɚ ɧɚ ɪɟɠɢɦɢɬɟ ɧɚ ɩɨɬɨɤɚ, ɧɚ ɩɪɨɦɟɧɹɳɚɬɚ ɫɟ 
ɝɚɡɨɬɟɱɧɚ ɦɟɠɞɭɮɚɡɧɚ ɩɨɜɴɪɯɧɨɫɬ ɢ ɥɢɩɫɚɬɚ ɧɚ ɡɧɚɧɢɹ ɡɚ ɡɚɬɜɚɪɹɳɢɬɟ ɭɫɥɨɜɢɹ 
(ɬɭɪɛɭɥɟɧɬɧɨɫɬ, ɫɛɥɴɫɴɤ ɦɟɠɞɭ ɦɟɯɭɪɢɬɟ ) ɩɪɟɜɪɴɳɚ ɢɡɫɥɟɞɜɚɧɟɬɨ ɢ ɢɡɭɱɚɜɚɧɟɬɨ 
ɧɚ ɛɚɪɛɨɬɚɠɧɢɬɟ ɤɨɥɨɧɢ ɜ ɟɬɚɥɨɧ  ɡɚ ɜɫɢɱɤɢ ɝɚɡɨɬɟɱɧɨɫɬɧɢ ɞɢɫɩɟɪɫɧɢ ɩɨɬɨɰɢ.  

 

3.3  Ɇɨɞɟɥɢ ɡɚ ɨɩɢɫɚɧɢɟ ɧɚ ɬɭɪɛɭɥɟɧɬɧɢ ɬɟɱɟɧɢя 

 

   Ɍɭɪɛɭɥɟɧɬɧɢ ɬɟɱɟɧɢя. Ɍɭɪɛɭɥɟɧɬɧɢɹɬ ɩɨɬɨɤ, ɢɦɚ ɜɢɯɪɨɜɚ ɫɬɪɭɤɬɭɪɚ, ɩɪɢ ɤɨɟɬɨ ɫɟ 
ɪɚɡɥɢɱɚɜɚɬ ɟɞɪɨɦɚɳɚɛɧɢ ɢ ɞɪɟɦɧɨɦɚɳɚɛɧɢ ɜɢɯɪɢ. ɉɪɢ ɩɪɟɧɨɫɚ ɧɚ ɢɦɩɭɥɫ ɭɱɚɫɬɜɚɬ 
ɜɫɢɱɤɢ ɜɢɞɨɜɟ ɜɢɯɪɢ. ɇɚɣ-ɝɨɥɟɦɢɬɟ ɜɢɯɪɢ ɢɦɚɬ ɦɚɳɚɛ ɨɬ ɩɨɪɹɞɴɤɚ ɧɚ ɨɫɧɨɜɧɨɬɨ ɬɟɱɟɧɢɟ. 
ȼ ɩɪɨɰɟɫɚ ɧɚ ɬɭɪɛɭɥɟɧɬɟɧ ɩɪɟɧɨɫ ɬɟ ɫɟ ɪɚɡɩɚɞɚɬ ɧɚ ɩɨ-ɦɚɥɤɢ ɜɢɯɪɢ, ɤɨɢɬɨ ɨɬ ɫɜɨɹ ɫɬɪɚɧɚ 
ɫɟ ɪɚɡɩɚɞɚɬ ɧɚ ɨɳɟ ɩɨ-ɦɚɥɤɢ, ɞɨɤɚɬɨ ɫɟ ɫɬɢɝɧɟ ɞɨ ɜɢɯɪɢ ɫ ɬɚɤɴɜ ɦɚɥɴɤ ɦɚɳɚɛ, ɱɟ ɜɴɪɯɭ ɬɹɯ 
ɡɚɩɨɱɜɚ ɞɚ ɜɥɢɹɟ ɜɢɫɤɨɡɢɬɟɬɚ ɢ ɤɢɧɟɬɢɱɧɚɬɚ ɢɦ ɟɧɟɪɝɢɹ, ɱɪɟɡ ɜɢɫɤɨɡɧɨɬɨ ɬɪɢɟɧɟ ɫɟ 
ɩɪɟɜɪɴɳɚ  ɜ ɬɨɩɥɢɧɧɚ. Ɍɨɡɢ ɩɪɨɰɟɫ ɫɟ ɧɚɪɢɱɚ ɜɢɫɤɨɡɧɚ ɞɢɫɢɩɚɰɢɹ ɧɚ ɦɟɯɚɧɢɱɧɚɬɚ 
ɟɧɟɪɝɢɹ. ɋɴɳɟɫɬɜɭɜɚ, ɫɥɟɞɨɜɚɬɟɥɧɨ, ɰɹɥɚ ɤɚɫɤɚɞɚ ɧɚ ɩɪɟɧɨɫ ɜ ɬɭɪɛɭɥɟɧɬɧɢɬɟ ɩɨɬɨɰɢ.    

ɉɪɟɞɥɨɠɟɧɨɬɨ ɨɬ Ɋɟɣɧɨɥɞɫ ɪɚɡɞɟɥɹɧɟ ɧɚ ɬɭɪɛɭɥɟɧɬɧɨɬɨ ɬɟɱɟɧɢɟ ɧɚ ɨɫɪɟɞɧɟɧɨ, 
“ɩɫɟɜɞɨɥɚɦɢɧɚɪɧɨ” ɢ ɩɭɥɫɚɰɢɨɧɧɨ ɢɦɚ ɨɩɪɟɞɟɥɟɧ ɮɢɡɢɱɟɧ ɫɦɢɫɴɥ, ɤɨɣɬɨ ɝɨ ɨɬɥɢɱɚɜɚ ɨɬ 
ɥɚɦɢɧɚɪɧɨɬɨ ɬɟɱɟɧɢɟ. Ɍɚɤɚ ɧɚɩɪɢɦɟɪ, ɧɢɟ ɦɨɠɟɦ ɞɚ ɜɴɜɟɞɟɦ ɡɚ ɨɫɪɟɞɧɟɧɨɬɨ ɬɟɱɟɧɢɟ 
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ɥɢɧɢɢ ɧɚ ɬɨɤɚ ɭɫɩɨɪɟɞɧɢ ɧɚ ɫɬɟɧɢɬɟ ɢ ɞɚ ɝɨ ɪɚɡɝɥɟɠɞɚɦɟ ɤɚɬɨ ɫɥɨɟɫɬɨ, ɧɨ ɧɟ ɬɪɹɛɜɚ ɞɚ 
ɡɚɛɪɚɜɹɦɟ, ɱɟ ɬɟɡɢ ɫɥɨɟɜɟ ɫɚ ɩɪɨɧɢɰɚɟɦɢ ɡɚ ɩɭɥɫɚɰɢɨɧɧɢɬɟ ɫɴɫɬɚɜɤɢ, ɤɨɢɬɨ ɩɪɟɧɚɫɹɬ ɨɬ 
ɟɞɧɨ ɦɹɫɬɨ ɧɚ ɞɪɭɝɨ ɤɪɚɣɧɢ ɨɛɟɦɢ ɨɬ ɬɟɱɧɨɫɬ ɧɚɪɟɱɟɧɢ “ɦɨɥɢ” ɫɴɫ ɫɴɨɬɜɟɬɧɢɬɟ ɢɦ 
ɤɨɥɢɱɟɫɬɜɨ ɞɜɢɠɟɧɢɟ, ɟɧɟɪɝɢɹ ɢ ɦɚɫɚ. 
 

   ɉɴɪɜɚɬɚ ɩɨɥɭɟɦɩɢɪɢɱɧɚ ɬɟɨɪɢɹ ɡɚ ɬɭɪɛɭɥɟɧɬɧɢɹ ɩɪɟɧɨɫ ɟ ɬɟɨɪɢɹɬɚ ɧɚ Ȼɭɫɢɧɟɫɤ 
(Boussinesq). ɉɨ ɚɧɚɥɨɝɢɹ ɫ ɥɚɦɢɧɚɪɧɢɬɟ ɬɟɱɟɧɢɹ ɬɨɣ ɜɴɜɟɠɞɚ ɬ.ɧ. ɬɭɪɛɭɥеɧɬеɧ 
ɜɢɫɤɨɡɢɬеɬ: 

          (6) 

   Ƚɨɥɹɦɚɬɚ ɬɪɭɞɧɨɫɬ ɩɪɢ ɪɟɲɚɜɚɧɟɬɨ ɧɚ ɡɚɞɚɱɢ ɫ ɬɭɪɛɭɥɟɧɬɧɨɫɬ ɟ, ɱɟ ɡɚ ɞɚ ɫɟ „ɨɛɯɜɚɧɚɬ“ 

ɬɟɡɢ ɜɢɫɨɤɨɱɟɫɬɨɬɧɢ ɮɥɭɤɬɭɚɰɢɢ ɟ ɧɟɨɛɯɨɞɢɦɨ ɞɚ ɫɟ ɢɡɩɨɥɡɜɚɬ ɦɪɟɠɢ ɫ ɦɧɨɝɨ ɦɚɥɤɢ 
ɪɚɡɦɟɪɢ ɢ ɦɧɨɝɨ ɦɚɥɤɢ ɫɬɴɩɤɢ ɜɴɜ ɜɪɟɦɟɬɨ. Ȼɪɨɹɬ ɧɚ ɤɥɟɬɤɢɬɟ N ɧɟɨɛɯɨɞɢɦɢ ɡɚ ɩɴɥɧɚ 
ɬɪɢɦɟɪɧɚ ɬɭɪɛɭɥɟɧɬɧɚ ɫɢɦɭɥɚɰɢɹ ɟ ɪɚɜɟɧ ɧɚ 
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                (7) 

 

ɤɴɞɟɬɨ Re ɟ ɤɪɢɬɟɪɢɹ ɧɚ Ɋɟɣɧɨɥɞɫ ɡɚ ɫɴɨɬɜɟɬɧɨɬɨ ɬɟɱɟɧɢɟ. 

ɉɴɪɜɨɧɚɱɚɥɧɨ ɫɬɨɣɧɨɫɬɬɚ ɧɚ  ɟ ɫɱɢɬɚɧɚ ɡɚ ɩɨɫɬɨɹɧɧɚ, ɤɨɟɬɨ ɟ ɬɜɴɪɞɟ ɞɚɥɟɱ ɨɬ ɪɟɚɥɧɚɬɚ 
ɮɢɡɢɱɟɫɤɚ ɤɚɪɬɢɧɚ ɧɚ ɩɪɨɰɟɫɚ 

 

   ɋɟɪɢɨɡɟɧ ɧɚɩɪɟɞɴɤ ɜ ɪɚɡɜɢɬɢɟɬɨ ɧɚ ɬɟɨɪɢɹɬɚ ɧɚ ɬɭɪɛɭɥɟɧɬɧɨɫɬɬɚ ɟ ɧɚɩɪɚɜɟɧɨ ɫ 
ɯɢɩɨɬɟɡɚɬɚ ɧɚ ɉɪɚɧɞɬɥ ɡɚ ɩɴɬɹ ɧɚ ɫɦɟɫɜɚɧɟ. ɉɪɚɧɞɬɥ ɢɡɯɨɠɞɚ ɨɬ ɚɧɚɥɨɝɢɹɬɚ ɦɟɠɞɭ 
ɩɪɟɧɨɫɚ ɜ ɥɚɦɢɧɚɪɧɢɹ ɩɨɬɨɤ, ɤɨɣɬɨ ɫɟ ɢɡɜɴɪɲɜɚ ɱɪɟɡ ɯɚɨɬɢɱɧɨ ɞɜɢɠɟɧɢɟ ɧɚ ɦɨɥɟɤɭɥɢɬɟ, ɢ 
ɬɭɪɛɭɥɟɧɬɧɢɹ ɩɪɟɧɨɫ, ɤɨɣɬɨ ɫɟ ɢɡɜɴɪɲɜɚ ɱɪɟɡ ɯɚɨɬɢɱɧɨ ɞɜɢɠɟɧɢɟ ɧɚ ɤɪɚɣɧɢ ɩɨ ɨɛɟɦ 
“ɦɨɥɢ”. Ɂɚ ɪɚɡɥɢɤɚ ɨɬ ɦɨɥɟɤɭɥɢɬɟ, ɦɨɥɢɬɟ ɫɚ ɜɪɟɦɟɧɧɢ ɨɛɪɚɡɨɜɚɧɢɹ. Ɍɟ ɜɴɡɧɢɤɜɚɬ, 
ɫɴɳɟɫɬɜɭɜɚɬ ɨɩɪɟɞɟɥɟɧɨ ɜɪɟɦɟ, ɩɪɢ ɤɨɟɬɨ ɫɟ ɞɜɢɠɚɬ ɯɚɨɬɢɱɧɨ, ɩɪɟɫɢɱɚɣɤɢ ɨɬɞɟɥɧɢɬɟ 
“ɫɥɨɟɜɟ” ɧɚ ɨɫɪɟɞɧɟɧɨɬɨ ɩɫɟɜɞɨɥɚɦɢɧɚɪɧɨ ɬɟɱɟɧɢɟ ɢ ɫɟ ɪɚɡɪɭɲɚɜɚɬ. ɉɪɟɡ ɜɪɟɦɟ ɧɚ ɫɜɨɟɬɨ 
ɫɴɳɟɫɬɜɭɜɚɧɟ ɦɨɥɴɬ ɧɟ ɜɡɚɢɦɨɞɟɣɫɬɜɭɜɚ ɫ ɨɤɨɥɧɚɬɚ ɬɟɱɧɨɫɬ. ɉɪɢ ɧɟɝɨɜɨɬɨ ɪɚɡɩɚɞɚɧɟ 
ɧɟɢɡɛɟɠɧɨ ɜɴɡɧɢɤɜɚ ɩɭɥɫɚɰɢɹ. Ɋɟɲɟɧɢɟɬɨ ɧɚ ɬɭɪɛɭɥɟɧɬɧɢɬɟ ɩɪɨɛɥɟɦɢ ɫɟ ɫɜɟɠɞɚ ɞɨ 
ɨɩɪɟɞɟɥɹɧɟ ɧɚ ɬɭɪɛɭɥɟɧɬɧɢɬɟ ɜɢɫɤɨɡɢɬɟɬ.  
Ɂɚ ɰɟɥɬɚ ɫɚ ɫɴɫɬɚɜɟɧɢ ɦɨɞɟɥɢ ɡɚ ɬɭɪɛɭɥɟɧɬɧɨɫɬ, ɛɚɡɢɪɚɳɢ ɫɟ ɧɚ ɩɪɢɛɥɢɡɢɬɟɥɧɢ ɟɦɩɢɪɢɱɧɢ 
ɭɪɚɜɧɟɧɢɹ. ɉɨɬɪɟɛɢɬɟɥɹɬ ɬɪɹɛɜɚ ɞɚ ɢɡɛɟɪɟ ɟɞɢɧ ɨɬ ɦɨɞɟɥɢɬɟ ɧɚ ɬɭɪɛɭɥɟɧɬɧɨɫɬ.  
 

   ɉɨ-ɞɨɥɭ ɫɚ ɩɨɤɚɡɚ ɧɚɣ-ɱɟɫɬɨ ɢɡɩɨɥɡɜɚɧɢɬɟ ɦɨɞɟɥɢ ɡɚ ɨɩɢɫɚɧɢɟ ɧɚ ɬɭɪɛɭɥɟɧɬɧɢɬɟ 
ɬɟɱɟɧɢɹ: 
 

 Zero Equation Model -  Ⱥɥɝɟɛɪɢɱɟɧ ɦɨɞɟɥ - ɛɟɡ ɞɢɮɟɪɟɧɰɢɚɥɧɢ ɭɪɚɜɧɟɧɢя 

ɉɪɟɞɢɦɫɬɜɚ ɧɚ ɦɨɞɟɥɚ - ɩɪɨɫɬ ɡɚ ɩɪɟɫɦɹɬɚɧɟ 
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ɇɟɞɨɫɬɚɬɴɰɢ ɧɚ ɦɨɞɟɥɚ- ɧɟ ɞɚɜɚ ɞɨɛɪɢ ɪɟɡɭɥɬɚɬɢ ɩɪɢ ɧɚɥɢɱɢɟ ɧɚ ɰɢɪɤɭɥɚɰɢɨɧɧɢ ɡɨɧɢ ɢ 
ɪɚɛɨɬɢ ɩɪɢ ɩɨ-ɩɪɨɫɬɚ ɝɟɨɦɟɬɪɢɹ. 

 One equation model: k- ɦɨɞɟɥ, μ- ɦɨɞɟɥ 

 Two equation models k-ε ɦɨɞɟɥɢ, k-ω 

    ɋɴɝɥɚɫɧɨ k-ε ɦɨɞɟɥa ɫɟ ɩɪɢɟɦɚ, ɱɟ ɬɟɱɟɧɢɟɬɨ ɟ ɧɚɩɴɥɧɨ ɪɚɡɜɢɬɨ ɬɭɪɛɭɥɟɧɬɧɨ, ɤɚɬɨ ɧɚɪɟɞ 
ɫ ɬɨɜɚ ɟɮɟɤɬɢɬɟ ɧɚ ɦɨɥɟɤɭɥɹɪɧɢɹ ɜɢɫɤɨɡɢɬɟɬ ɫɚ ɩɪɟɧɟɛɪɟɠɢɦɢ. ɉɨɪɚɞɢ ɬɚɡɢ  
ɩɪɢɱɢɧɚ ɬɨɣ ɫɟ ɩɪɢɥɚɝɚ ɭɫɩɟɲɧɨ ɜ ɩɪɚɤɬɢɤɚɬɚ ɡɚ ɧɚɩɴɥɧɨ ɪɚɡɜɢɬɢ ɬɭɪɛɭɥɟɧɬɧɢ ɬɟɱɟɧɢɹ [7]

. 

ɉɪɟɞɢɦɫɬɜɚ ɧɚ k-ε ɦɨɞɟɥɚ- ɞɚɜɚ ɪɟɚɥɢɫɬɢɱɧɚ ɤɚɪɬɢɧɚ, ɨɫɨɛɟɧɨ ɩɪɢ ɬɭɪɛɭɥɟɧɬɧɢ ɬɟɱɟɧɢɹ ɜ 
ɬɪɴɛɢ ɢ ɤɚɧɚɥɢ. 
ɇɟɞɨɫɬɚɬɴɰɢ ɧɚ k-ε ɦɨɞɟɥɚ - ɂɡɩɨɥɡɜɚɧɟɬɨ ɦɭ ɜ ɧɹɤɨɢ ɫɥɭɱɚɢ ɜɨɞɢ ɞɨ “ɩɪɟɭɜɟɥɢɱɟɧɢɟ” ɧɚ 
ɬɭɪɛɭɥɟɧɬɧɨɫɬɬɚ ɧɚ ɩɨɬɨɤɚ. 

 

 Reynolds stress models ɧɚɪɟɱɟɧ RANS (Reynolds Ⱥveraged Navier Stokes). 

   ɉɪɢ RANS ɦɨɞɟɥɚ ɜɫɢɱɤɢɬɟ ɬɪɚɧɫɩɨɪɬɧɢ ɜɟɥɢɱɢɧɢ ɫɟ ɨɫɪɟɞɧɹɜɚɬ ɡɚ ɜɫɢɱɤɢɬɟ 
ɬɭɪɛɭɥɟɧɬɧɢ ɮɥɭɤɬɭɚɰɢɢ ɜɴɜ ɜɪɟɦɟɬɨ, ɤɨɟɬɨ ɩɨɡɜɨɥɹɜɚ ɢɡɩɨɥɡɜɚɧɟɬɨ ɧɚ ɨɬɧɨɫɢɬɟɥɧɨ 
ɝɪɭɛɢ ɦɪɟɠɢ ɡɚ ɝɨɥɹɦ ɛɪɨɣ ɫɢɫɬɟɦɢ, ɩɪɢ ɬɨɜɚ ɧɟ ɫɚ ɧɟɨɛɯɨɞɢɦɢ ɝɨɥɟɦɢ ɢɡɱɢɫɥɢɬɟɥɧɢ 
ɪɟɫɭɪɫɢ. ȼɥɢɹɧɢɟɬɨ ɧɚ ɬɭɪɛɭɥɟɧɬɧɨɫɬɬɚ ɫɟ ɨɬɪɚɡɹɜɚ ɫ ɞɨɩɴɥɧɢɬɟɥɧɢ ɭɪɚɜɧɟɧɢɹ ɜ ɦɨɞɟɥɚ. 
Ɉɫɪɟɞɧɹɜɚɧɟɬɨ ɩɪɢ RANS ɫɟ ɨɫɧɨɜɚɜɚ ɧɚ ɮɚɤɬɚ, ɱɟ ɝɨɥɟɦɢɧɢɬɟ ɧɚ ɬɭɪɛɭɥɟɧɬɧɢɬɟ 

ɮɥɭɤɬɭɚɰɢɢ ɢ ɨɫɬɚɧɚɥɢɹ ɩɨɬɨɤ ɫɟ ɪɚɡɥɢɱɚɜɚɬ ɡɧɚɱɢɬɟɥɧɨ.  ɉɨɪɚɞɢ ɬɨɜɚ Ɋɟɣɧɨɥɞɫ ɟ 
ɩɪɟɞɥɨɠɢɥ ɩɚɪɚɦɟɬɪɢɬɟ ɧɚ ɬɟɱɟɧɢɟɬɨ ɞɚ ɫɟ ɪɚɡɝɥɟɠɞɚɬ ɤɚɬɨ ɫɭɦɚ ɨɬ ɞɜɟ ɫɴɫɬɚɜɹɳɢ: 

ɨɫɪɟɞɧɟɧɚ ɜɴɜ ɜɪɟɦɟɬɨ ɫɴɫɬɚɜяɳɚ ɢ ɩɭɥɫɚɰɢɨɧɧɚ ɫɴɫɬɚɜяɳɚ. 
 

    Ƚɨɪɧɢɬɟ ɬɭɪɛɭɥɟɧɬɧɢ ɦɨɞɟɥɢ ɧɚ ɬɭɪɛɭɥɟɧɬɧɨɫɬ, ɫ ɢɡɤɥɸɱɟɧɢɟ ɧɚ Zero Equation Model, ɜ 
ɝɪɚɧɢɱɧɢɬɟ ɫɥɨɟɜɟ ɮɥɭɢɞ/ɫɬɟɧɚ ɫɟ ɤɨɦɛɢɧɢɪɚɬ ɫ ɦɨɞɟɥɢ ɡɚ ɝɪɚɧɢɱɧɢɹ ɫɥɨɣ. 

 

    Ʉ-ε ɦɨɞɟɥɴɬ ɧɚ ɬɭɪɛɭɥɟɧɬɧɨɫɬ ɧɟ ɟ ɜɚɥɢɞɟɧ ɞɢɪɟɤɬɧɨ ɡɚ ɝɪɚɧɢɱɧɢɹ ɫɥɨɣ. Ɂɚ ɤɪɚɣɧɢɬɟ 
ɟɥɟɦɟɧɬɢ ɜ ɛɥɢɡɨɫɬ ɞɨ ɫɬɟɧɚɬɚ ɜ ANSYS ɫɟ ɢɡɩɨɥɡɜɚɬ ɧɹɤɨɥɤɨ ɦɨɞɟɥɢ ɡɚ ɬɭɪɛɭɥɟɧɬɧɢɬɟ 
ɝɪɚɧɢɱɧɢ ɫɥɨɟɜɟ. 

 

4. Ɇɧɨɝɨɮɚɡɧɢ ɫɢɫɬɟɦɢ 
 

   Ɇɟɬɨɞɢɬɟ ɡɚ ɦɨɞɟɥɢɪɚɧɟ ɧɚ ɦɧɨɝɨɮɚɡɧɢ ɞɢɫɩɟɪɫɧɢ ɫɢɫɬɟɦɢ ɜ CFD ɫɚ ɞɜɚ – ɦɟɬɨɞ Ɉɣɥɟɪ- 

Ɉɣɥɟɪ ɢ ɦɟɬɨɞ Ɉɣɥɟɪ-Ʌɚɝɪɚɧɠ. 
 

4.1 Ɇɟɬɨɞ Ɉɣɥɟɪ-Ɉɣɥɟɪ 

   Ɇɟɬɨɞɴɬ Ɉɣɥɟɪ-Ɉɣɥɟɪ ɟ ɩɪɟɞɩɨɱɢɬɚɧɢɹ ɦɟɬɨɞ ɡɚ ɦɨɞɟɥɢɪɚɧɟ ɧɚ ɫɢɫɬɟɦɢ ɫ ɨɬɧɨɫɢɬɟɥɧɨ 
ɝɨɥɟɦɢ ɫɬɨɣɧɨɫɬɢ ɧɚ ɨɛɟɦɧɢɬɟ ɱɚɫɬɢ ɧɚ ɞɢɫɩɟɪɫɧɢɬɟ ɮɚɡɢ, ɚ ɫɴɳɨ ɬɚɤɚ ɢ ɡɚ ɫɢɫɬɟɦɢ ɫ 
ɨɬɧɨɫɢɬɟɥɧɨ ɝɨɥɟɦɢ ɩɨ ɪɚɡɦɟɪɢ ɱɚɫɬɢɰɢ ɧɚ ɞɢɫɩɟɪɫɧɢɬɟ ɮɚɡɢ. Ɍɪɹɛɜɚ ɞɚ ɫɟ ɨɬɛɟɥɟɠɢ, ɱɟ 
ɩɪɨɦɟɧɢɬɟ ɜ ɬɭɪɛɭɥɟɧɬɧɨɫɬɬɚ ɜɫɥɟɞɫɬɜɢɟ ɜɡɚɢɦɨɞɟɣɫɬɜɢɟɬɨ ɧɚ ɮɚɡɢɬɟ ɧɟ ɫɚ ɜɫɟ ɨɳɟ ɞɨɛɪɟ 
ɪɚɡɜɢɬɢ. Ɋɚɡɩɪɟɞɟɥɟɧɢɟɬɨ ɧɚ ɱɚɫɬɢɰɢɬɟ (PSD)  ɦɨɠɟ ɞɚ ɛɴɞɟ ɨɩɢɫɚɧɨ ɫɚɦɨ ɫ ɝɨɥɟɦɢ 
ɢɡɱɢɫɥɢɬɟɥɧɢ ɭɫɢɥɢɹ, ɡɚɳɨɬɨ ɩɨɜɟɱɟɬɨ ɫɢɥɢ ɧɚ ɦɟɠɞɭɮɚɡɨɜɨ ɜɡɚɢɦɨɞɟɣɫɬɜɢɟ ɫɚ ɮɭɧɤɰɢɹ 
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ɧɚ PSD, ɩɨɪɚɞɢ ɤɨɟɬɨ ɱɚɫɬɢɰɢɬɟ ɫ ɪɚɡɥɢɱɧɢ ɪɚɡɦɟɪɢ ɫɟ ɨɛɨɫɨɛɹɜɚɬ ɜ ɨɬɞɟɥɧɢ ɤɥɚɫɨɜɟ (size 

classes) ɢ ɜɫɟɤɢ ɬɚɤɴɜ ɤɥɚɫ ɫɟ ɬɪɟɬɢɪɚ ɤɚɬɨ ɨɬɞɟɥɧɚ ɮɚɡɚ. Ɍɪɚɧɫɩɨɪɬɧɢɬɟ ɭɪɚɜɧɟɧɢɹ ɩɪɢ 
ɬɨɡɢ ɦɟɬɨɞ ɫɚ ɫɴɳɢɬɟ ɤɚɤɬɨ ɡɚ ɟɞɧɨɮɚɡɧɢɬɟ ɫɢɫɬɟɦɢ, ɧɨ ɫɚ ɭɦɧɨɠɟɧɢ ɫ ɨɛɟɦɧɢɬɟ ɱɚɫɬɢ ɧɚ 
ɫɴɨɬɜɟɬɧɚɬɚ ɮɚɡɚ ɢ ɫɚ ɞɨɛɚɜɟɧɢ ɧɹɤɨɢ ɢɡɬɨɱɧɢɤɨɜɢ ɱɥɟɧɨɜɟ, ɤɨɢɬɨ ɞɚ ɨɬɪɚɡɹɬ 
ɦɟɠɞɭɮɚɡɨɜɢɬɟ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ. Ɂɚ ɭɪɚɜɧɟɧɢɟɬɨ ɧɚ ɞɜɢɠɟɧɢɟɬɨ ɬɚɤɢɜɚ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɫɚ 
ɫɢɥɢ. Ɂɚ ɜɫɢɱɤɢɬɟ ɫɢɫɬɟɦɢ, ɩɪɢ ɤɨɢɬɨ ɢɦɚ ɨɬɧɨɫɢɬɟɥɧɚ ɫɤɨɪɨɫɬ ɦɟɠɞɭ ɨɬɞɟɥɧɢɬɟ ɮɚɡɢ 
ɫɢɥɚɬɚ ɧɚ ɫɴɩɪɨɬɢɜɥɟɧɢɟɬɨ (drag force) ɟ ɨɬ ɧɚɣ-ɝɨɥɹɦɨ ɡɧɚɱɟɧɢɟ. Ɍɨɜɚ ɟ ɨɫɧɨɜɧɚɬɚ ɫɢɥɚ, 
ɤɨɹɬɨ ɩɪɟɞɨɬɜɪɚɬɹɜɚ ɧɟɩɪɟɤɴɫɧɚɬɨɬɨ ɭɜɟɥɢɱɚɜɚɧɟ ɧɚ ɨɬɧɨɫɢɬɟɥɧɚɬɚ ɫɤɨɪɨɫɬ ɦɟɠɞɭ ɮɚɡɢɬɟ. 
Ⱦɪɭɝɢ ɫɢɥɢ, ɤɨɢɬɨ ɫɟ ɜɡɟɦɚɬ ɩɪɟɞɜɢɞ ɜ ɡɚɜɢɫɢɦɨɫɬ ɨɬ ɫɜɨɣɫɬɜɚɬɚ ɧɚ ɨɬɞɟɥɧɢɬɟ ɮɚɡɢ ɫɚ: 
ɫɢɥɚɬɚ ɜɴɡɧɢɤɜɚɳɚ ɩɪɢ ɨɬɧɨɫɢɬɟɥɧɨɬɨ ɭɫɤɨɪɟɧɢɟ ɦɟɠɞɭ ɮɚɡɢɬɟ, ɬ.ɧɚɪ. ɜɢɪɬɭɚɥɧɚ 
(ɩɪɢɞɚɞɟɧɚ) ɦɚɫɨɜɚ ɫɢɥɚ (virtual mass ɢɥɢ added mass force); ɫɢɥɚ ɧɚ Ȼɚɫɟɬ; ɩɨɞɟɦɧɚɬɚ 
ɫɢɥɚ (lift force), ɤɚɤɬɨ ɢ ɞɪɭɝɢ ɫɢɥɢ ɜɴɡɧɢɤɜɚɳɢ ɜ ɪɚɡɥɢɱɧɢ ɬɨɱɤɢ ɧɚ ɱɚɫɬɢɰɢɬɟ ɩɨɪɚɞɢ 
ɪɚɡɥɢɱɧɢɬɟ ɫɤɨɪɨɫɬɢ ɧɚ ɮɚɡɢɬɟ (ɧɚɩɪɢɦɟɪ, ɫɢɥɚ ɧɚ ɋɚɮɦɚɧ, ɫɢɥɚ ɧɚ Ɇɚɝɧɭɫ ɢ ɩɪ.) (Ɏɢɝ. 5). 

Ɂɚ ɫɢɫɬɟɦɢ, ɩɪɢ ɤɨɢɬɨ ɢɦɚ ɡɧɚɱɢɬɟɥɟɧ ɦɚɫɨɨɛɦɟɧ ɩɪɟɡ ɦɟɠɞɭɮɚɡɨɜɚɬɚ ɩɨɜɴɪɯɧɨɫɬ ɬɪɹɛɜɚ 
ɞɚ ɫɟ ɨɬɱɟɬɟ, ɱɟ ɢɦɚ ɫɴɳɨ ɢ ɩɪɟɧɨɫ ɧɚ ɢɦɩɭɥɫ ɢ ɬɨɩɥɢɧɚ. Ɍɨɜɚ ɫɬɚɜɚ ɱɪɟɡ ɞɨɩɴɥɧɢɬɟɥɧɢ 
ɱɥɟɧɨɜɟ ɜ ɭɪɚɜɧɟɧɢɹɬɚ ɧɚ ɧɟɩɪɟɤɴɫɧɚɬɨɫɬɬɚ, ɞɜɢɠɟɧɢɟɬɨ ɢ ɟɧɟɪɝɢɣɧɨɬɨ ɭɪɚɜɧɟɧɢɟ. 
 

 
Ɏɢɝ.5 Ɋɚɡɥɢɱɧɢ ɫɢɥɢ ɧɚ ɜɡɚɢɦɨɞɟɣɫɬɜɢɟ ɦɟɠɞɭ ɞɢɫɩɟɪɫɧɚɬɚ ɢ ɧɟɩɪɟɤɴɫɧɚɬɚɬɚ ɮɚɡɚ. 

4.2 Ɇɟɬɨɞ Ɉɣɥɟɪ-Ʌɚɝɪɚɧɠ 

   ɉɪɢ ɬɨɡɢ ɩɨɞɯɨɞ ɡɚ ɦɨɞɟɥɢɪɚɧɟ ɧɚ ɞɢɫɩɟɪɫɧɢ ɦɧɨɝɨɮɚɡɧɢ ɫɢɫɬɟɦɢ ɧɟɩɪɟɤɴɫɧɚɬɚɬɚ ɮɚɡɚ 
ɫɟ ɦɨɞɟɥɢɪɚ ɫ ɩɨɡɧɚɬɢɬɟ ɭɪɚɜɧɟɧɢɹ ɡɚ ɟɞɧɨɮɚɡɧɚ ɫɢɫɬɟɦɚ ɫ ɞɨɛɚɜɟɧɢ ɱɥɟɧɨɜɟ ɨɬɪɚɡɹɜɚɳɢ 
ɜɡɚɢɦɨɞɟɣɫɬɜɢɹɬɚ ɦɟɠɞɭ ɮɚɡɢɬɟ. Ⱦɨɤɚɬɨ ɞɢɫɩɟɪɫɧɚɬɚ ɮɚɡɚ ɫɟ ɦɨɞɟɥɢɪɚ ɩɨ ɪɚɡɥɢɱɟɧ 
ɧɚɱɢɧ. ɑɚɫɬɢɰɢɬɟ ɫɟ ɪɚɡɞɟɥɹɬ ɧɚ ɨɬɞɟɥɧɢ ɝɪɭɩɢ, ɤɨɢɬɨ ɫɟ ɪɚɡɩɪɟɞɟɥɹɬ ɩɨ ɬɚɤɴɜ ɧɚɱɢɧ ɜ 
ɢɡɫɥɟɞɜɚɧɚɬɚ ɨɛɥɚɫɬ, ɱɟ ɞɚ ɞɚɜɚɬ ɩɪɟɞɫɬɚɜɚ ɡɚ ɨɛɟɦɧɢɬɟ ɱɚɫɬɢ ɢ ɫɜɨɣɫɬɜɚ ɧɚ ɞɢɫɩɟɪɫɧɚɬɚ 
ɮɚɡɚ. ɉɪɟɧɨɫɴɬ ɧɚ ɦɚɫɚ ɢ ɟɧɟɪɝɢɹ ɫɴɳɨ ɬɪɹɛɜɚɬ ɞɚ ɛɴɞɚɬ ɨɬɱɟɬɟɧɢ. Ɉɛɟɦɴɬ ɧɚ ɨɬɞɟɥɧɢɬɟ 
ɝɪɭɩɢ ɫ ɱɚɫɬɢɰɢ ɧɟ ɦɨɠɟ ɞɚ ɛɴɞɟ ɩɨ-ɝɨɥɹɦ ɨɬ ɪɚɡɦɟɪɚ ɧɚ ɧɚɣ-ɦɚɥɤɚɬɚ ɤɥɟɬɤɚ ɧɚ ɦɪɟɠɚɬɚ. 
ɉɪɢ ɩɨ- ɝɨɥɟɦɢ ɨɛɟɦɧɢ ɱɚɫɬɢ ɧɚ ɞɢɫɩɟɪɫɧɚɬɚ ɮɚɡɚ ɟ ɜɴɡɦɨɠɧɨ ɞɚ ɢɦɚ ɩɨɜɟɱɟ ɨɬ ɟɞɧɚ 
ɝɪɭɩɚ ɫ ɱɚɫɬɢɰɢ ɜ ɟɞɧɚ ɤɥɟɬɤɚ ɜɴɜ ɜɫɟɤɢ ɟɞɢɧ ɦɨɦɟɧɬ ɨɬ ɜɪɟɦɟ, ɩɨɪɚɞɢ ɬɨɜɚ ɬɨɡɢ ɦɟɬɨɞ ɫɟ 
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ɢɡɩɨɥɡɜɚ ɡɚ ɦɚɥɤɢ ɫɭɦɚɪɧɢ ɨɛɟɦɧɢ ɱɚɫɬɢ ɧɚ ɜɫɢɱɤɢɬɟ ɞɢɫɩɟɪɫɧɢ ɮɚɡɢ – ɞɨ ɨɤɨɥɨ 1-2 %, ɢ 
ɢɡɤɥɸɱɢɬɟɥɧɨ ɪɹɞɤɨ ɜ ɧɹɤɨɢ ɫɥɭɱɚɢ ɞɨ 5 %. Ɉɫɜɟɧ ɬɨɜɚ ɢɡɱɢɫɥɢɬɟɥɧɢɬɟ ɭɫɢɥɢɹ ɫɟ 
ɩɨɜɢɲɚɜɚɬ ɦɧɨɝɨ ɫ ɭɜɟɥɢɱɚɜɚɧɟɬɨ ɨɛɟɦɧɢɬɟ ɱɚɫɬɢ ɧɚ ɞɢɫɩɟɪɫɧɢɬɟ ɮɚɡɢ, ɡɚɳɨɬɨ ɟ 
ɧɟɨɛɯɨɞɢɦɨ ɞɚ ɫɟ ɭɜɟɥɢɱɢ ɢ ɛɪɨɹ ɧɚ ɝɪɭɩɢɬɟ ɫ ɱɚɫɬɢɰɢ, ɩɨɪɚɞɢ ɬɟɡɢ ɩɪɢɱɢɧɢ ɬɨɡɢ ɦɟɬɨɞ 
ɫɟ ɢɡɩɨɥɡɜɚ ɩɨ-ɪɹɞɤɨ ɜ ɩɪɚɤɬɢɤɚɬɚ ɜ ɫɪɚɜɧɟɧɢɟ ɫ ɦɟɬɨɞɚ Ɉɣɥɟɪ-Ɉɣɥɟɪ. ɇɨ ɨɬ ɞɪɭɝɚ ɫɬɪɚɧɚ 
ɬɨɡɢ ɦɟɬɨɞ ɩɪɟɞɨɫɬɚɜɹ ɩɨ-ɞɨɛɪɢ ɦɨɞɟɥɢ ɡɚ ɜɥɢɹɧɢɟɬɨ ɧɚ ɱɚɫɬɢɰɢɬɟ ɜɴɪɯɭ 
ɬɭɪɛɭɥɟɧɬɧɨɫɬɬɚ. Ɉɫɜɟɧ ɬɨɜɚ ɱɪɟɡ ɞɟɮɢɧɢɪɚɧɟɬɨ ɧɚ ɝɪɭɩɢ ɫ ɪɚɡɥɢɱɧɢ ɫɜɨɣɫɬɜɚ ɞɚɜɚ 
ɜɴɡɦɨɠɧɨɫɬ ɞɚ ɫɟ ɦɨɞɟɥɢɪɚ PSD ɫ ɦɧɨɝɨ ɦɚɥɤɨ ɞɨɩɴɥɧɢɬɟɥɧɢ ɭɫɢɥɢɹ. ɂɞɟɚɥɧɢɹɬ ɜɚɪɢɚɧɬ 
ɛɢ ɛɢɥ ɞɚ ɫɟ ɢɡɜɴɪɲɜɚɬ ɫɢɦɭɥɚɰɢɢ ɧɚ ɟɞɧɚ ɢ ɫɴɳɚ ɫɢɫɬɟɦɚ ɢ ɫ ɟɞɧɚ ɢ ɫɴɳɚ ɦɪɟɠɚ ɢ ɩɨ 
ɞɜɚɬɚ ɦɟɬɨɞɚ ɡɚ ɦɨɞɟɥɢɪɚɧɟ ɧɚ ɞɢɫɩɟɪɫɧɢ ɦɧɨɝɨɮɚɡɧɢ ɫɢɫɬɟɦɢ. 

     

5. Ɇɟɦɛɪɚɧɧɢ ɩɪɨɰɟɫɢ  

 
5.1 Ɇɟɦɛɪɚɧɧɚ ɮɢɥɬɪɚɰɢя 

   ȿɞɧɚ ɦɟɦɛɪɚɧɚ ɩɪɟɞɫɬɚɜɥɹɜɚ ɩɟɪɦɭɫ-ɫɟɥɟɤɬɢɜɟɧ ɫɥɨɣ, ɤɨɣɬɨ ɦɨɠɟ ɞɚ ɫɟ ɢɡɩɨɥɡɜɚ ɡɚ 
ɨɬɞɟɥɹɧɟ ɧɚ ɱɚɫɬɢɰɢ ɨɬ ɬɟɱɧɨɫɬ (ɮɢɥɬɪɭɜɚɧɟ), ɤɨɝɚɬɨ ɫɟ ɩɪɢɥɚɝɚ ɚɞɟɤɜɚɬɧɨ ɧɚɥɹɝɚɧɟ ɜɴɪɯɭ 
ɧɟɝɨɜɚɬɚ ɩɨɜɴɪɯɧɨɫɬ. Ʉɚɤɬɨ ɟ ɩɨɤɚɡɚɧɨ ɧɚ ɮɢɝɭɪɚ 4, ɩɨ ɜɪɟɦɟ ɧɚ ɩɪɨɰɟɫɚ ɧɚ ɪɚɡɞɟɥɹɧɟ ɧɚ 
ɡɚɯɪɚɧɜɚɳɢя ɩɨɬɨɤ- ɜɨɞɚ (feed), ɬɹ ɫɟ ɢɡɩɨɦɩɜɚ ɩɪɟɡ ɦɟɦɛɪɚɧɚɬɚ, ɤɨɟɬɨ ɩɨɡɜɨɥɹɜɚ ɧɚ 
ɧɹɤɨɢ ɫɴɫɬɚɜɧɢ ɤɨɦɩɨɧɟɧɬɢ ɞɚ ɩɪɟɦɢɧɚɬ ɩɪɟɡ ɦɟɦɛɪɚɧɚɬɚ, ɞɨɤɚɬɨ ɞɪɭɝɢ  ɜɫɟ ɨɳɟ ɨɫɬɚɜɚɬ ɜ 
ɩɨɬɨɤɚ, ɤɨɣɬɨ ɟ ɢɡɜɟɫɬɟɧ ɤɚɬɨ ɨɬɩɚɞɴɱɟɧ ɩɨɬɨɤ (waste steam), ɤɨɧɰɟɧɬɪɢɪɚɧ ɢɥɢ 

ɡɚɞɴɪɠɚɳ ɧɟɠɟɥɚɧɢɬɟ ɤɨɦɩɨɧɟɧɬɢ ɩɨɬɨɤ (concentrate or retentate). ɉɨɬɨɤɴɬ, ɤɨɣɬɨ 
ɫɴɞɴɪɠɚ ɩɪɨɩɭɫɤɥɢɜɢɬɟ (ɠɟɥɚɧɢ) ɤɨɦɩɨɧɟɧɬɢ, ɟ ɢɡɜɟɫɬɟɧ ɤɚɬɨ ɩɪɨɞɭɤɬɨɜ ɩɨɬɨɤ (product 

stream) ɢɥɢ ɧɚɪɢɱɚɧ ɨɳɟ ɩɟɪɦɟɚɬ (permeate), ɤɨɣɬɨ ɟ ɨɬɧɨɫɢɬɟɥɧɨ ɱɢɫɬ ɢ ɧɟɫɴɞɴɪɠɚɳ 
ɧɟɠɟɥɚɧɢ ɤɨɦɩɨɧɟɧɬɢ. 

 
Ɏɢɝ.6 ɋɯɟɦɚɬɢɱɧɨ ɩɪɟɞɫɬɚɜɹɧɟ ɧɚ ɪɚɡɞɟɥɹɧɟ ɧɚ ɤɨɦɩɨɧɟɧɬɢ ɱɪɟɡ ɦɟɦɛɪɚɧɟɧ ɩɪɨɰɟɫ 

(ɥɹɜɨ); ɑɚɫɬɢɱɧɨ ɪɚɡɞɟɥɹɧɟ ɧɚ ɤɨɦɩɨɧɟɧɬɢ ɱɪɟɡ ɦɟɦɛɪɚɧɚ (ɞɹɫɧɨ). 

 

5.2 ɉɪɢɥɨɠɟɧɢɟ ɧɚ ɦɟɦɛɪɚɧɧɚɬɚ ɮɢɥɬɪɚɰɢя 
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Ɇɟɦɛɪɚɧɧɚɬɚ ɮɢɥɬɪɚɰɢɹ ɢɦɚ ɦɧɨɝɨ ɲɢɪɨɤɨ ɪɚɡɩɪɨɫɬɪɚɧɟɧɢɟ ɜ ɨɛɥɚɫɬɬɚ ɧɚ ɟɤɨɥɨɝɢɱɧɚɬɚ 
ɢ ɢɧɞɭɫɬɪɢɚɥɧɚɬɚ ɨɛɪɚɛɨɬɤɚ, ɜɤɥɸɱɢɬɟɥɧɨ: 

ɚ) Ɉɛɟɡɫɨɥɹɜɚɧɟ ɧɚ ɦɨɪɫɤɚ ɜɨɞɚ ɡɚ ɩɪɨɢɡɜɨɞɫɬɜɨ ɧɚ ɩɢɬɟɣɧɚ ɜɨɞɚ; 

ɛ) Ɋɟɝɟɧɟɪɢɪɚɧɟ ɧɚ ɜɨɞɚ ɡɚ ɩɨɜɬɨɪɧɚ ɭɩɨɬɪɟɛɚ ɡɚ ɩɪɨɢɡɜɨɞɫɬɜɨ ɧɚ ɩɢɬɟɣɧɚ ɜɨɞɚ; 

ɜ) ɉɪɟɱɢɫɬɜɚɧɟ ɧɚ ɩɢɬɟɣɧɚɬɚ ɜɨɞɚ ɱɪɟɡ ɨɬɫɬɪɚɧɹɜɚɧɟ ɧɚ ɩɚɬɨɝɟɧɢ ɢ ɡɚɦɴɪɫɢɬɟɥɢ; 

ɝ) Ɉɛɪɚɛɨɬɤɚ ɧɚ ɛɢɬɨɜɢ ɨɬɩɚɞɧɢ ɜɨɞɢ ɢ ɩɪɨɦɢɲɥɟɧɢ ɨɬɩɚɞɧɢ ɜɨɞɢ; 

ɞ) ɉɨɜɬɨɪɧɚ ɭɩɨɬɪɟɛɚ ɧɚ ɨɬɩɚɞɴɱɧɢ ɜɨɞɢ ɡɚ ɞɪɭɝɢ ɨɬɪɚɫɥɢ; 

ɟ) ȼɴɡɫɬɚɧɨɜɹɜɚɧɟ ɧɚ ɰɟɧɧɢ ɦɚɬɟɪɢɚɥɢ ɨɬ ɩɪɨɦɢɲɥɟɧɢ ɨɬɩɚɞɴɱɧɢ ɜɨɞɢ. 

 

5.3 Ʉɥɚɫɢɮɢɤɚɰɢя ɧɚ ɦɟɦɛɪɚɧɢɬɟ ɫɩɨɪɟɞ ɪɚɡɦɟɪɚ ɧɚ ɩɨɪɢɬɟ ɢɦ ɢ ɪɚɛɨɬɧɨɬɨ 
ɧɚɥяɝɚɧɟ  

   ɑɟɬɢɪɢ ɬɢɩɚ ɦɟɦɛɪɚɧɢ ɫɟ ɢɡɩɨɥɡɜɚɬ ɨɫɧɨɜɧɨ ɡɚ ɩɪɟɱɢɫɬɜɚɧɟ ɧɚ ɜɨɞɢ ɢ ɨɬɩɚɞɴɱɧɢ ɜɨɞɢ:  
ɦɢɤɪɨɮɢɥɬɪɚɰɢɨɧɧɢ ɦɟɦɛɪɚɧɢ (MF), ɭɥɬɪɚɮɢɥɬɪɚɰɢɨɧɧɢ ɦɟɦɛɪɚɧɢ (UF), 

ɧɚɧɨɮɢɥɬɪɚɰɢɨɧɧɢ ɦɟɦɛɪɚɧɢ  (NF) ɢ ɦɟɦɛɪɚɧɢ ɡɚ ɨɛɪɚɬɧɚ ɨɫɦɨɡɚ (RO). Ɍɚɡɢ 
ɤɥɚɫɢɮɢɤɚɰɢɹ ɫɟ ɨɫɧɨɜɚɜɚ ɝɥɚɜɧɨ ɧɚ ɪɚɡɦɟɪɚ ɧɚ ɩɨɪɢɬɟ ɧɚ ɦɟɦɛɪɚɧɚɬɚ. ɋɴɳɟɫɬɜɭɜɚɬ 
ɦɧɨɝɨ ɤɪɢɬɟɪɢɢ ɡɚ ɤɥɚɫɢɮɢɤɚɰɢɹ ɧɚ ɦɟɦɛɪɚɧɢɬɟ.  

   ɋɩɨɪɟɞ ɪɚɡɥɢɱɧɢ ɪɚɛɨɬɧɢ ɧɚɥɹɝɚɧɢɹ, ɦɟɦɛɪɚɧɢɬɟ ɦɨɝɚɬ ɞɚ ɛɴɞɚɬ ɪɚɡɞɟɥɟɧɢ ɧɚ ɦɟɦɛɪɚɧɢ 
ɡɚ ɧɢɫɤɨ ɧɚɥɹɝɚɧɟ ɢ ɦɟɦɛɪɚɧɢ ɡɚ ɜɢɫɨɤɨ ɧɚɥɹɝɚɧɟ. Ⱦɨɤɚɬɨ NF ɢ RO ɫɚ ɦɟɦɛɪɚɧɢ ɫ ɜɢɫɨɤɨ 
ɧɚɥɹɝɚɧɟ, MF ɢ UF ɫɚ ɦɟɦɛɪɚɧɢ ɫ ɧɢɫɤɨ ɪɚɛɨɬɧɨ ɧɚɥɹɝɚɧɟ  ɩɨɞ 5 ɛɚɪɚ.  

Ɍɚɛɥɢɰɚ 1 ɩɨɤɚɡɜɚ ɨɛɳ ɩɪɟɝɥɟɞ ɧɚ ɪɚɡɥɢɱɧɢɬɟ ɬɢɩɨɜɟ ɦɟɦɛɪɚɧɢ ɢ ɬɟɯɧɢɬɟ ɨɫɨɛɟɧɨɫɬɢ ɢ 
ɩɪɢɥɨɠɟɧɢɹ. 

 

ȼɢɞ 
ɦɟɦɛɪɚɧɚ 

Ɋɚɛɨɬɧɨ 
ɧɚɥяɝɚɧɟ 

[bar] 

Ɋɚɡɦɟɪ ɧɚ 
ɩɨɪɢɬɟ  

Ɏɢɥɬɪɢɪɚ
ɳ 

ɦɟɯɚɧɢɡɴɦ 

Ɇɟɯɚɧɢɡɴɦ 
ɡɚ 

ɬɪɚɧɫɩɨɪɬɢɪ
ɚɧɟ 

ɉɪɟɦɚɯɜɚ 
ɤɨɦɩɨɧɟɧɬɢ 

MF 

 

1-2 

 
0.05-10 µm ɉɪɟɫɹɜɚɧɟ Ʉɨɧɜɟɤɰɢɹ ɑɚɫɬɢɰɢ, 

ɭɬɚɣɤɢ, 
ɜɨɞɨɪɚɫɥɢ, 
ɛɚɤɬɟɪɢɢ 

UF 

 
2-5 0.001-0.05 µm ɉɪɟɫɹɜɚɧɟ Ʉɨɧɜɟɤɰɢɹ Ɇɚɥɤɢ 

ɤɨɥɨɢɞɧɢ 
ɱɚɫɬɢɰɢ, 

ɜɢɪɭɫɢ 

NF 

 
5-15 ˂ 2.0 nm Ⱦɢɮɭɡɢɹ Ⱦɢɮɭɡɢɹ Ɋɚɡɬɜɨɪɟɧɚ 

ɨɪɝɚɧɢɱɧɚ 
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ɦɚɬɟɪɢɹ, 
ɞɜɭɜɚɥɟɧɬɧɢ 

ɣɨɧɢ 

(Ca
2+

,Mg
2+

 ) 

RO 

 
15-100 ̴  0.6 nm Ⱦɢɮɭɡɢɹ Ⱦɢɮɭɡɢɹ ȿɞɧɨɜɚɥɟɧɬɧɢ 

ɣɨɧɢ 

(Na
+
, Cl 

-
) 

Ɍɚɛɥɢɰɚ 1. Ʉɥɚɫɢɮɢɤɚɰɢɹ ɧɚ ɦɟɦɛɪɚɧɧɢɬɟ ɩɪɨɰɟɫɢ. 

 

 

5.4 ɏɚɪɚɤɬɟɪɢɫɬɢɤɢ ɧɚ ɦɟɦɛɪɚɧɚ 

 

   Ʉɚɤɬɨ ɢ ɞɪɭɝɢɬɟ ɮɢɥɬɪɚɰɢɨɧɧɢ ɩɪɨɰɟɫɢ MF ɢ UF ɨɬɞɟɥɹɬ ɱɚɫɬɢɰɢ ɨɬ ɬɟɱɧɚɬɚ ɮɚɡɚ, ɤɨɢɬɨ 
ɦɨɝɚɬ ɞɚ ɩɪɟɦɢɧɚɬ ɩɪɟɡ ɩɨɪɟɫɬɚ ɫɪɟɞɚ. ɉɨɞɨɛɧɨ ɧɚ ɤɨɧɜɟɧɰɢɨɧɚɥɧɨɬɨ ɮɢɥɬɪɭɜɚɧɟ, ɜɴɪɯɭ 
ɩɨɜɴɪɯɧɨɫɬɬɚ ɧɚ ɦɟɦɛɪɚɧɚɬɚ ɦɨɠɟ ɞɚ ɫɟ ɨɛɪɚɡɭɜɚ ɭɬɚɣɤɚ ɨɬ ɬɜɴɪɞɢ ɱɚɫɬɢɰɢ ɩɨɪɚɞɢ 
ɩɪɟɬɨɜɚɪɜɚɧɟ ɩɨ ɜɪɟɦɟ ɧɚ ɮɢɥɬɪɚɰɢɹɬɚ, ɤɚɤɬɨ ɟ ɩɨɤɚɡɚɧɨ ɧɚ ɮɢɝɭɪɚ 7. Ɍɨɡɢ ɫɥɨɣ ɨɬ ɭɬɚɣɤɚ 

ɦɨɠɟ ɞɚ ɫɟ ɪɚɡɝɥɟɠɞɚ ɤɚɬɨ "ɞɢɧɚɦɢɱɧɚ" ɦɟɦɛɪɚɧɚ, ɤɨɹɬɨ ɩɨɡɜɨɥɹɜɚ ɫɚɦɨ ɩɨ-ɦɚɥɤɢ 
ɱɚɫɬɢɰɢ ɞɚ ɩɪɟɦɢɧɚɜɚɬ ɩɪɟɡ ɧɟɝɨ, ɤɨɟɬɨ ɜɨɞɢ ɞɨ ɧɚɦɚɥɹɜɚɳ ɩɨɬɨɤ ɢɥɢ ɭɜɟɥɢɱɚɜɚɧɟ ɧɚ 
ɬɪɚɧɫ-ɦɟɦɛɪɚɧɧɨɬɨ ɧɚɥяɝɚɧɟ (ɌМɊ). 

 

 

Ɏɢɝ.7 Ɂɚɩɭɲɜɚɧɟ ɧɚ ɦɟɦɛɪɚɧɧɢ ɩɨɪɢ ɫ ɭɬɚɟɧɢ ɱɚɫɬɢɰɢ (ɥɹɜɨ), ɤɨɥɨɢɞɧɢ ɜɟɳɟɫɬɜɚ, 
ɚɛɫɨɪɛɢɪɚɧɢ ɜ ɩɨɪɢɬɟ ɧɚ ɫɬɟɧɢɬɟ (ɰɟɧɬɴɪ), ɫɥɨɣ ɨɬ „ɞɢɧɚɦɢɱɧɚ“ ɭɬɚɣɤɚ, ɤɨɣɬɨ ɩɨɡɜɨɥɹɜɚ 

ɩɪɟɦɢɧɚɜɚɧɟɬɨ ɫɚɦɨ ɧɚ ɩɨ-ɦɚɥɤɢ ɱɚɫɬɢɰɢ (ɞɹɫɧɨ) [8]
. 

   ɇɹɤɨɢ ɱɚɫɬɢɰɢ, ɧɚɩɪ. ɟɫɬɟɫɬɜɟɧɢɬɟ ɨɪɝɚɧɢɱɧɢ ɜɟɳɟɫɬɜɚ (NOM) ɧɟ ɫɚɦɨ ɫɟ ɧɚɬɪɭɩɜɚɬ 
ɩɨ ɩɨɜɴɪɯɧɨɫɬɬɚ ɧɚ ɦɟɦɛɪɚɧɚɬɚ, ɧɨ ɬɟ ɦɨɝɚɬ ɞɚ ɨɬɢɞɚɬ ɢ ɩɨ-ɞɴɥɛɨɤɨ ɜ ɦɟɦɛɪɚɧɚɬɚ ɢ ɫɥɟɞ 
ɬɨɜɚ ɞɚ ɫɟ ɚɞɫɨɪɛɢɪɚɬ ɞɨ ɫɬɟɧɢɬɟ ɧɚ ɩɨɪɢɬɟ, ɤɚɤɬɨ ɟ ɩɨɤɚɡɚɧɨ ɜ ɫɪɟɞɚɬɚ ɧɚ Ɏɢɝɭɪɚ 7. Ɍɨɡɢ 
ɩɪɨɰɟɫ ɟ ɢɡɜɟɫɬɟɧ ɤɚɬɨ ɡɚɦɴɪɫɹɜɚɧɟ, ɤɨɟɬɨ ɫɴɳɨ ɦɨɠɟ ɞɚ ɛɴɞɟ ɩɪɢɱɢɧɟɧɨ ɨɬ ɛɥɨɤɢɪɚɧɟ ɧɚ 
ɩɨɪɢɬɟ ɢ ɨɛɪɚɡɭɜɚɧɟ ɧɚ ɭɬɚɣɤɚ. Ɍɴɣ ɤɚɬɨ ɱɚɫɬɢ ɨɬ ɩɨɪɟɫɬɚɬɚ ɨɛɥɚɫɬ ɫɚ ɛɥɨɤɢɪɚɧɢ ɢ ɧɹɤɨɢ 
ɩɨɪɢ ɫɬɚɜɚɬ ɩɨ-ɦɚɥɤɢ ɩɨɪɚɞɢ ɚɞɫɨɪɛɰɢɹɬɚ, ɯɢɞɪɚɜɥɢɱɧɨɬɨ ɫɴɩɪɨɬɢɜɥɟɧɢɟ, ɤɨɟɬɨ ɟ ɨɛɪɚɬɧɨ 
ɩɪɨɩɨɪɰɢɨɧɚɥɧɨ ɫ ɟɮɟɤɬɢɜɧɢɬɟ ɩɨɪɢ, ɫɟ ɭɜɟɥɢɱɚɜɚ ɡɧɚɱɢɬɟɥɧɨ. ɋ ɞɪɭɝɢ ɞɭɦɢ, ɞɜɢɠɟɳɨɬɨ 
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ɧɚɥɹɝɚɧɟ, ɤɨɟɬɨ ɩɪɢɧɭɠɞɚɜɚ ɬɟɱɧɨɫɬɬɚ ɞɚ ɩɪɟɦɢɧɚɜɚ ɩɪɟɡ ɦɟɦɛɪɚɧɚɬɚ ɬɪɹɛɜɚ ɞɚ ɫɟ 
ɭɜɟɥɢɱɢ ɢɥɢ ɩɨɬɨɤɴɬ ɩɪɟɡ ɦɟɦɛɪɚɧɚɬɚ ɞɚ ɫɟ ɨɬɤɥɨɧɢ. 

   Ƚɨɥɹɦ ɛɪɨɣ ɩɪɨɭɱɜɚɧɢɹ 
[9-12]

 ɩɨɤɚɡɜɚɬ, ɱɟ ɫɪɹɡɜɚɳɨɬɨ ɧɚɩɪɟɠɟɧɢɟ ɧɚ ɫɬɟɧɬɚ ɟ ɦɧɨɝɨ 
ɜɚɠɟɧ ɩɚɪɚɦɟɬɴɪ, ɤɨɣɬɨ ɦɨɠɟ ɞɚ ɫɟ ɢɡɩɨɥɡɜɚ ɡɚ ɢɧɞɢɤɚɰɢɹ ɧɚ ɟɮɟɤɬɢɜɧɨɫɬɬɚ ɧɚ 
ɦɟɦɛɪɚɧɚɬɚ. ɂɡɜɟɫɬɧɨ ɟ, ɱɟ ɱɚɫɬɢɰɢɬɟ, ɧɚɬɪɭɩɚɧɢ ɩɨ ɩɨɜɴɪɯɧɨɫɬɬɚ ɧɚ ɦɟɦɛɪɚɧɚɬɚ, ɳɟ 
ɛɴɞɚɬ ɨɬɦɢɬɢ, ɤɨɝɚɬɨ ɧɚɩɪɟɠɟɧɢɟɬɨ ɧɚ ɫɪɹɡɜɚɧɟ ɫɟ ɭɜɟɥɢɱɢ, ɬɴɣ ɤɚɬɨ ɦɨɠɟ ɞɚ ɭɜɟɥɢɱɢ 
ɨɛɪɚɬɧɢɹ ɬɪɚɧɫɩɨɪɬ ɧɚ ɱɚɫɬɢɰɢɬɟ ɞɚɥɟɱ ɨɬ ɦɟɦɛɪɚɧɚɬɚ.  ɉɨ-ɪɚɧɧɨ ɢɡɫɥɟɞɜɚɧɟ ɧɚ ɜɪɴɡɤɚɬɚ 
ɦɟɠɞɭ ɡɚɦɴɪɫɹɜɚɧɟɬɨ ɧɚ ɦɟɦɛɪɚɧɚɬɚ ɢ ɫɴɨɬɧɨɲɟɧɢɟɬɨ ɦɟɠɞɭ ɩɨɬɨɤɚ ɧɚ ɩɟɪɦɟɚɬɚ ɢ 
ɧɚɩɪɟɠɟɧɢɟɬɨ ɩɪɢ ɫɪɹɡɜɚɧɟ ɧɚ ɫɬɟɧɬɚ ɟ ɢɡɫɥɟɞɜɚɧɨ ɨɬ LeBerre ɢ Daufin ɩɪɟɡ 1996 ɝ. [9]. Ɍɨ 
ɩɨɤɚɡɜɚ, ɱɟ ɫɴɨɬɧɨɲɟɧɢɟɬɨ ɦɟɠɞɭ ɩɨɬɨɤɚ ɧɚ ɩɟɪɦɟɚɬɚ ɢ ɧɚɩɪɟɠɟɧɢɟɬɨ ɩɪɢ ɫɪɹɡɜɚɧɟ ɧɚ 
ɫɬɟɧɚɬɚ ɦɨɠɟ ɞɚ ɛɴɞɟ ɩɨɥɟɡɟɧ ɩɚɪɚɦɟɬɴɪ ɡɚ ɩɪɨɝɧɨɡɢɪɚɧɟ ɧɚ ɩɪɨɢɡɜɨɞɢɬɟɥɧɨɫɬɬɚ ɧɚ 
ɦɟɦɛɪɚɧɚɬɚ ɩɪɢ ɪɚɡɥɢɱɧɢ ɪɚɛɨɬɧɢ ɭɫɥɨɜɢɹ.  

   ȼ ɩɨ-ɤɴɫɧɢ ɩɪɨɭɱɜɚɧɢɹ 
[10-14], ɟɮɟɤɬɴɬ ɧɚ ɫɪɹɡɜɚɳɨɬɨ ɧɚɩɪɟɠɟɧɢɟ ɧɚ ɫɬɟɧɚɬɚ ɜɴɪɯɭ 

ɡɚɦɴɪɫɹɜɚɧɟɬɨ ɧɚ ɦɟɦɛɪɚɧɚɬɚ ɩɨ ɜɪɟɦɟ ɧɚ ɦɟɦɛɪɚɧɧɨɬɨ ɮɢɥɬɪɭɜɚɧɟ ɫɟ ɢɡɫɥɟɞɜɚ ɱɪɟɡ 
ɰɢɮɪɨɜɚ ɫɢɦɭɥɚɰɢɹ, ɤɚɬɨ ɫɟ ɢɡɩɨɥɡɜɚ CFD[10-13]

 ɢɥɢ ɫɟ ɢɡɫɥɟɞɜɚ ɟɤɫɩɟɪɢɦɟɧɬɚɥɧɨ[14]
. 

ȼɫɢɱɤɢ ɬɟɡɢ ɢɡɫɥɟɞɜɚɧɢɹ ɩɨɤɚɡɜɚɬ, ɱɟ ɩɨɜɴɪɯɧɨɫɬɧɨɬɨ ɧɚɩɪɟɠɟɧɢɟ ɧɚ ɫɪɹɡɜɚɧɟ ɦɨɠɟ ɞɚ ɫɟ 
ɢɡɩɨɥɡɜɚ ɤɚɬɨ ɩɨɥɟɡɟɧ ɩɚɪɚɦɟɬɴɪ ɡɚ ɢɧɞɢɤɚɰɢɹ ɧɚ ɟɮɟɤɬɢɜɧɨɫɬɬɚ ɧɚ ɦɟɦɛɪɚɧɚɬɚ. 

 

5.5 Ɋɟɠɢɦɢ ɧɚ ɪɚɛɨɬɚ ɧɚ ɦɟɦɛɪɚɧɚ 

   Ɉɫɧɨɜɟɧ ɩɪɨɛɥɟɦ, ɤɨɣɬɨ ɨɝɪɚɧɢɱɚɜɚ ɩɪɢɥɨɠɟɧɢɟɬɨ ɧɚ ɦɟɦɛɪɚɧɚɬɚ, ɟ ɟɮɟɤɬɴɬ ɨɬ 
ɡɚɦɴɪɫɹɜɚɧɟ ɧɚ ɦɟɦɛɪɚɧɚɬɚ ɢ ɨɛɪɚɡɭɜɚɧɟ ɧɚ ɭɬɚɣɤɚ. Ɂɚ ɞɚ ɫɟ ɫɜɟɞɟ ɞɨ ɦɢɧɢɦɭɦ ɬɨɡɢ 
ɧɟɝɚɬɢɜɟɧ ɟɮɟɤɬ, ɬɪɹɛɜɚ ɞɚ ɫɟ ɢɡɛɟɪɟ ɩɨɞɯɨɞɹɳ ɪɟɠɢɦ ɧɚ ɪɚɛɨɬɚ.  

   Ɍɪɢ ɪɟɠɢɦɚ ɧɚ ɪɚɛɨɬɚ ɧɚ ɦɟɦɛɪɚɧɚɬɚ ɫɟ ɢɡɩɨɥɡɜɚɬ ɝɥɚɜɧɨ ɩɪɢ ɩɪɟɱɢɫɬɜɚɧɟɬɨ ɧɚ ɜɨɞɚ ɢ 
ɩɪɟɱɢɫɬɜɚɧɟ ɧɚ ɨɬɩɚɞɴɱɧɢ ɜɨɞɢ: ɪɟɠɢɦ ɧɚ ɧɟɩɪɟɤɴɫɧɚɬɨ ɮɢɥɬɪɭɜɚɧɟ "Dead-End-

Filtration", ɪɟɠɢɦ ɮɢɥɬɪɢɪɚɧɟ ɧɚ ɤɪɴɫɬɨɫɚɧ ɩɨɬɨɤ "Cross-Flow-Filtration" ɢ ɪɟɠɢɦ ɧɚ 
ɩɨɬɨɩɟɧɨ ɮɢɥɬɪɢɪɚɧɟ "Submerged-Filtration mode". 

   Ɋɟɠɢɦɴɬ ɧɚ ɧɟɩɪɟɤɴɫɧɚɬɨ ɮɢɥɬɪɭɜɚɧɟ ɟ ɧɚɣ-ɮɭɧɞɚɦɟɧɬɚɥɧɢɹɬ ɧɚɱɢɧ, ɩɪɢ ɤɨɣɬɨ ɩɨɬɨɤɴɬ 
ɧɚ ɡɚɯɪɚɧɜɚɧɟ ɟ ɧɨɪɦɚɥɟɧ ɡɚ ɦɟɦɛɪɚɧɚɬɚ, ɤɨɟɬɨ ɜɨɞɢ ɞɨ ɝɨɥɹɦ ɛɪɨɣ ɫɴɫɬɚɜɤɢ, ɧɚɬɪɭɩɜɚɳɢ 
ɫɟ ɧɚ ɩɨɜɴɪɯɧɨɫɬɬɚ ɧɚ ɦɟɦɛɪɚɧɚɬɚ ɢ ɝɟɧɟɪɢɪɚɣɤɢ ɫɥɨɣ ɨɬ ɬɜɴɪɞɢ ɜɟɳɟɫɬɜɚ, ɢɡɜɟɫɬɟɧ ɤɚɬɨ 
ɮɢɥɬɴɪɧɚ ɭɬɚɣɤɚ. Ɍɚɡɢ ɮɢɥɬɴɪɧɚ ɭɬɚɣɤɚ ɦɨɠɟ ɞɚ ɞɟɣɫɬɜɚ ɢ ɤɚɬɨ ɮɢɥɬɴɪɧɚ ɫɪɟɞɚ, ɧɨ ɫɴɳɨ 

ɬɚɤɚ  ɡɧɚɱɢɬɟɥɧɨ ɭɜɟɥɢɱɚɜɚ ɌМɊ. 

   ɉɪɢ ɪɟɠɢɦɚ ɧɚ ɮɢɥɬɪɭɜɚɧɟ ɧɚ ɤɪɴɫɬɨɫɚɧ ɩɨɬɨɤ ɫɟ ɫɴɡɞɚɜɚ ɤɪɴɫɬɨɫɚɧ (ɬɚɧɝɟɧɰɢɚɥɟɧ) 

ɩɨɬɨɤ, ɤɨɣɬɨ ɧɟ ɩɨɡɜɨɥɹɜɚ ɨɛɪɚɡɭɜɚɧɟ ɧɚ ɮɢɥɬɴɪɧɚ ɭɬɚɣɤɚ ɜɴɪɯɭ ɦɟɦɛɪɚɧɚɬɚ. Ɂɚ ɬɚɡɢ ɰɟɥ ɟ 
ɧɟɨɛɯɨɞɢɦɚ ɝɨɥɹɦɚ ɫɤɨɪɨɫɬ ɡɚ ɫɴɡɞɚɜɚɧɟ ɧɚ ɬɭɪɛɭɥɟɧɰɢɹ, ɤɨɟɬɨ ɨɡɧɚɱɚɜɚ, ɱɟ ɤɨɧɫɭɦɚɰɢɹɬɚ 
ɧɚ ɟɧɟɪɝɢɹ ɩɪɢ ɤɪɴɫɬɨɫɚɧɨ ɮɢɥɬɪɭɜɚɧɟ ɟ ɦɧɨɝɨ ɩɨ-ɝɨɥɹɦɚ, ɨɬɤɨɥɤɨɬɨ ɤɨɧɫɭɦɚɰɢɹɬɚ ɩɪɢ 
ɧɟɩɪɟɤɴɫɧɚɬɨɬɨ ɮɢɥɬɪɭɜɚɧɟ. 
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   ɉɪɢ ɪɟɠɢɦɚ ɧɚ ɩɨɬɨɩɟɧɨ ɮɢɥɬɪɢɪɚɧɟ ɦɟɦɛɪɚɧɚ (membrane) ɟ ɞɢɪɟɤɬɧɨ ɦɨɧɬɢɪɚɧɚ ɜ 
ɪɟɡɟɪɜɨɚɪɚ ɫɴɫ ɡɚɯɪɚɧɜɚɳɚɬɚ ɫɦɟɫ (feed steam). ȼɚɤɭɭɦ (vacuum) ɫɟ ɩɪɢɥɚɝɚ ɤɚɬɨ 
ɞɜɢɠɟɳɚ ɫɢɥɚ ɜɴɪɯɭ ɜɴɬɪɟɲɧɚɬɚ ɫɬɪɚɧɚ ɧɚ ɦɟɦɛɪɚɧɚɬɚ, ɤɨɹɬɨ ɩɪɢɞɜɢɠɜɚ ɩɪɨɞɭɤɬɨɜɢя 
ɩɨɬɨɤ (permeate), ɡɚ ɞɚ ɩɪɟɦɢɧɟ ɩɪɟɡ ɮɢɥɬɴɪɧɚɬɚ ɫɪɟɞɚ ɧɚ ɦɟɦɛɪɚɧɚɬɚ. Ɍɨɡɢ ɩɪɨɰɟɫ ɧɚ 
ɮɢɥɬɪɭɜɚɧɟ ɟ ɢɥɸɫɬɪɢɪɚɧ ɧɚ ɮɢɝɭɪɚ 8. ɉɨɪɚɞɢ ɜɚɤɭɭɦɚ ɞɜɢɠɟɳɚɬɚ ɫɢɥɚ ɟ ɨɝɪɚɧɢɱɟɧɚ ɢ ɟ 
ɩɨ-ɧɢɫɤɚ ɨɬ ɬɚɡɢ ɜ ɞɪɭɝɢɬɟ ɪɟɠɢɦɢ ɧɚ ɮɢɥɬɪɢɪɚɧɟ. ȼ ɪɟɡɭɥɬɚɬ ɧɚ ɨɝɪɚɧɢɱɟɧɚɬɚ ɞɜɢɠɟɳɚ 
ɫɢɥɚ ɫɟ ɧɚɥɚɝɚɬ ɨɝɪɚɧɢɱɟɧɢɹ ɡɚ ɩɪɨɞɭɤɬɨɜɢɹ ɩɨɬɨɤ ɢ ɬɪɚɧɫɦɟɦɛɪɚɧɧɨɬɨ ɧɚɥяɝɚɧɟ (ɌМɊ). 

Ɇɚɤɫɢɦɚɥɧɨɬɨ ɌМɊ ɜ ɩɨɬɨɩɟɧɚɬɚ ɦɟɦɛɪɚɧɧɚ ɫɢɫɬɟɦɚ ɟ ɨɤɨɥɨ 0.5 ɛɚɪɚ 
[10], ɚ ɬɢɩɢɱɧɨɬɨ 

ɌɆɊ ɧɚ ɮɢɥɬɪɭɜɚɧɟ ɫ ɦɟɦɛɪɚɧɟɧ ɩɨɬɨɤ ɟ 0.2 ɛɚɪɚ[10]
. Ɉɫɜɟɧ ɬɨɜɚ, ɪɚɡɩɪɴɫɤɜɚɧɟɬɨ ɧɚ ɝɚɡɚ 

ɫɟ ɩɪɢɥɚɝɚ ɩɨ ɩɪɨɬɟɠɟɧɢɟ ɧɚ ɩɨɜɴɪɯɧɨɫɬɬɚ ɧɚ ɦɟɦɛɪɚɧɚɬɚ, ɡɚ ɞɚ ɫɟ ɫɬɢɦɭɥɢɪɚ 
ɬɭɪɛɭɥɟɧɬɧɨɫɬɬɚ ɧɚ ɩɨɬɨɤɚ, ɤɨɹɬɨ ɤɨɧɬɪɨɥɢɪɚ ɢ ɨɝɪɚɧɢɱɚɜɚ ɪɚɫɬɟɠɚ ɧɚ ɮɢɥɬɴɪɧɚɬɚ ɭɬɚɣɤɚ. 
Ɍɪɹɛɜɚ ɞɚ ɫɟ ɨɬɛɟɥɟɠɢ, ɱɟ ɩɨɬɨɩɟɧɚɬɚ ɮɢɥɬɪɚɰɢɹ ɱɟɫɬɨ ɫɟ ɨɬɧɚɫɹ ɞɨ ɤɪɴɫɬɨɫɚɧɨ-ɩɨɬɨɱɧɨɬɨ 

ɮɢɥɬɪɭɪɚɧɟ, ɬɴɣ ɤɚɬɨ ɩɨɬɨɤɴɬ ɧɚ ɩɨɞɚɜɚɧɟ ɜ ɛɥɢɡɨɫɬ ɞɨ ɩɨɜɴɪɯɧɨɫɬɬɚ ɧɚ ɦɟɦɛɪɚɧɚɬɚ ɦɨɠɟ 
ɞɚ ɫɟ ɪɚɡɝɥɟɠɞɚ ɤɚɬɨ ɬɚɧɝɟɧɰɢɚɥɟɧ ɩɨɬɨɤ, ɩɪɟɞɢɡɜɢɤɚɧ ɨɬ ɦɟɯɭɪɱɟɬɚɬɚ (bubbles) ɧɚ ɝɚɡɚ. 

  

 

Ɏɢɝ.8 ɋɯɟɦɚ ɧɚ ɪɟɠɢɦ ɧɚ ɩɨɬɨɩɟɧɨ ɮɢɥɬɪɭɪɚɧɟ. 

 

5.6 Ɇɟɦɛɪɚɧɢ ɦɨɞɭɥɢ 

 

   Ʉɚɤɬɨ ɢ ɞɪɭɝɢɬɟ ɮɢɥɬɪɚɰɢɨɧɧɢ ɩɪɨɰɟɫɢ MF ɢ UF ɨɬɞɟɥɹɬ ɱɚɫɬɢɰɢ ɨɬ ɬɟɱɧɚɬɚ ɮɚɡɚ, ɤɨɢɬɨ 
ɦɨɝɚɬ ɞɚ ɩɪɟɦɢɧɚɬ ɩɪɟɡ ɩɨɪɟɫɬɚ ɫɪɟɞɚ. ɉɨɞɨɛɧɨ ɧɚ ɤɨɧɜɟɧɰɢɨɧɚɥɧɨɬɨ ɮɢɥɬɪɢɪɚɧɟ, ɜɴɪɯɭ 
ɩɨɜɴɪɯɧɨɫɬɬɚ ɧɚ ɤɭɯɨ-ɜɥɚɤɧɟɫɬɚ ɦɟɦɛɪɚɧɚ (Hollow-Fiber membrane) ɦɨɠɟ ɞɚ ɫɟ ɨɛɪɚɡɭɜɚ 
ɭɬɚɣɤɚ ɨɬ ɬɜɴɪɞɢ ɱɚɫɬɢɰɢ ɩɨɪɚɞɢ ɧɚɬɨɜɚɪɜɚɧɟ ɩɨ ɜɪɟɦɟ ɧɚ ɮɢɥɬɪɚɰɢɹɬɚ, ɤɚɤɬɨ ɟ ɩɨɤɚɡɚɧɨ 
ɧɚ ɮɢɝɭɪɚ 9 ɞɹɫɧɚ ɫɬɪɚɧɚ. Ɍɨɡɢ ɫɥɨɣ ɨɬ ɭɬɚɣɤɚ ɦɨɠɟ ɞɚ ɫɟ ɪɚɡɝɥɟɠɞɚ ɤɚɬɨ "ɞɢɧɚɦɢɱɧɚ" 
ɦɟɦɛɪɚɧɚ, ɤɨɹɬɨ ɩɨɡɜɨɥɹɜɚ ɫɚɦɨ ɩɨ-ɦɚɥɤɢ ɱɚɫɬɢɰɢ ɞɚ ɩɪɟɦɢɧɚɜɚɬ ɩɪɟɡ ɧɟɝɨ, ɤɨɟɬɨ ɜɨɞɢ ɞɨ 
ɧɚɦɚɥɹɜɚɳ ɩɨɬɨɤ ɢɥɢ ɭɜɟɥɢɱɚɜɚɧɟ ɧɚ ɬɪɚɧɫ-ɦɟɦɛɪɚɧɧɨɬɨ ɧɚɥяɝɚɧɟ (ɌМɊ). 
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   ɍɫɬɪɨɣɫɬɜɨɬɨ ɧɚ ɩɚɧɟɥ ɫ ɩɥɨɫɤɚ ɦɟɦɛɪɚɧɚ (membrane plate panel), ɤɚɤɬɨ ɟ ɩɨɤɚɡɚɧɨ ɨɬ 
ɥɹɜɚɬɚ ɫɬɪɚɧɚ ɧɚ ɮɢɝɭɪɚ 9, ɫɟ ɫɴɫɬɨɢ ɨɬ ɩɥɨɫɤɢ ɩɚɧɟɥɢ ɫ ɞɢɚɦɟɬɴɪ, ɜɚɪɢɪɚɳ ɨɬ 0.5-5 mm 
[15]

 ɢ ɜɢɫɨɤɚ ɩɥɴɬɧɨɫɬ ɧɚ ɩɚɤɟɬɢɪɚɧɟ. ɉɚɧɟɥɢɬɟ ɧɟ ɫɚ ɮɢɤɫɢɪɚɧɢ ɧɚ ɨɩɪɟɞɟɥɟɧɚ ɩɨɡɢɰɢɹ, ɚ 
ɫɚ ɩɨɞɜɢɠɧɢ ɜ ɞɨɥɧɢɹ ɫɢ ɤɪɚɣ, ɤɨɟɬɨ ɩɨɡɜɨɥɹɜɚ ɞɚ ɛɴɞɚɬ ɭɜɥɟɱɟɧɢ ɨɬ ɡɚɯɜɚɧɜɚɳɢɹ ɩɨɬɨɤ, 

ɤɨɣɬɨ ɩɪɟɦɢɧɚɜɚ ɩɪɟɡ ɩɨɪɢɬɟ ɧɚ ɦɟɦɛɪɚɧɚɬɚ, ɚ ɱɪɟɡ ɜɚɤɭɭɦɧɨ ɡɚɫɦɭɤɜɚɧɟ ɫɟ ɨɬɞɟɥɹ 
ɩɪɨɞɭɤɬɨɜɢя ɩɨɬɨɤ (permeate) ɜ ɝɨɪɧɢɹ ɤɪɚɣ ɧɚ ɪɟɚɤɬɨɪɚ. 

        

 

Ɏɢɝ.9 ɉɚɧɟɥɢ ɫ ɩɥɨɫɤɚ ɦɟɦɛɪɚɧɚ (ɥɹɜɨ), ɤɭɯɨ-ɜɥɚɤɧɟɫɬɚ ɦɟɦɛɪɚɧɚ (ɞɹɫɧɨ)[15]
. 

ɉɪɟɞɢɦɫɬɜɚɬɚ ɢ ɧɟɞɨɫɬɚɬɴɰɢɬɟ ɧɚ ɞɜɚɬɚ ɜɢɞɚ ɦɟɦɛɪɚɧɧɢ ɦɨɞɭɥɢ ɫɚ ɢɡɛɪɨɟɧɢ ɜ Ɍɚɛɥɢɰɚ 2. 

ȼɢɞ 
ɦɟɦɛɪɚɧɚ 

ɉɪɟɞɢɦɫɬɜɚ ɇɟɞɨɫɬɚɬɴɰɢ 

 

Ʉɭɯɨ-

ɜɥɚɤɧɟɫɬ
ɚ 

ɦɟɦɛɪɚɧɚ 

 

 ȼɢɫɨɤɚ ɫɩɨɫɨɛɧɨɫɬ ɧɚ 
ɩɚɤɟɬɢɪɚɧɟ (750-1700 ɦ2

/ 

ɦ3
) 

 Ⱦɨɛɪɚ ɰɟɧɚ 

 ȼɴɡɦɨɠɧɨɫɬ ɡɚ 

ɩɨ-ɜɢɫɨɤɚ ɦɟɦɛɪɚɧɚ 

 Ʌɟɫɧɚ ɡɚ ɩɨɱɢɫɬɜɚɧɟ 

 

 Ʌɟɫɧɨ ɡɚɞɪɴɫɬɜɚɧɟ ɫ 
ɮɢɥɬɴɪɧɚ ɭɬɚɣɤɚ 

 ɇɟɨɛɯɨɞɢɦɨɫɬ ɨɬ ɱɟɫɬɨ 
ɩɨɱɢɫɬɜɚɧɟ 

 Ʌɨɲɚ ɰɢɪɤɭɥɚɰɢɹ ɧɚ 
ɡɚɯɪɚɧɜɚɳ ɩɨɬɨɤ, 
ɩɨɪɚɞɢ ɥɚɦɢɧɚɪɧɢɹ ɪ-ɦ 
ɧɚ ɩɨɬɨɤɚ 

 ɉɪɢɥɨɠɢɦɚ ɩɪɢ ɩɨ-

ɧɢɫɤɢ ɤɨɧɰɟɧɬɪɚɰɢɢ  
 

 

ɉɚɧɟɥ ɫ 
ɩɥɨɫɤɚ 

ɦɟɦɛɪɚɧɚ 

 ȼɴɡɦɨɠɧɨɫɬ ɡɚ ɫɦɹɧɚ ɧɚ 
ɜɫɟɤɢ ɩɚɧɟɥ ɨɬɞɟɥɧɨ 

 ɉɨ-ɞɨɛɪɚ ɰɢɪɤɭɥɚɰɢɹ ɧɚ 
ɡɚɯɪɚɧɜɚɳɢɹ ɩɨɬɨɤ, 
ɩɨɪɚɞɢ ɬɭɪɛɨɥɟɧɬɧɨɫɬ ɧɚ 
ɩɨɬɨɤɚ 

 ɉɨ-ɞɴɥɝɨ ɜɪɟɦɟ ɧɚ ɪɚɛɨɬɚ 

 ɇɢɫɤɚ ɫɩɨɫɨɛɧɨɫɬ ɡɚ 
ɩɚɤɟɬɢɪɚɧɟ (>400ɦ2/ ɦ3 

) 

 ɉɨ-ɝɨɥɹɦ ɩɚɞ ɧɚ 
ɧɚɥɹɝɚɧɟɬɨ 
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ɛɟɡ ɧɭɠɞɚ ɨɬ ɩɨɱɢɫɬɜɚɧɟ 

Ɍɚɛɥɢɰɚ 2. ɉɪɟɞɢɦɫɬɜɚ ɢ ɧɟɞɨɫɬɚɬɴɰɢ ɧɚ ɩɚɧɟɥɢ ɫ ɩɥɨɫɤɚ ɦɟɦɛɪɚɧɚ ɢ ɤɭɯɨ-ɜɥɚɤɧɟɫɬɚ 
ɦɟɦɛɪɚɧɚ.      

 

 

 

5.7 ɏɢɞɪɨɞɢɧɚɦɢɱɧɢ ɨɫɨɛɟɧɨɫɬɢ ɧɚ ɪɟɚɤɬɨɪ ɫ ɩɨɬɨɩɟɧ ɦɟɦɛɪɚɧɟɧ ɦɨɞɭɥ 

   Ɇɟɦɛɪɚɧɧɢɬɟ ɪɟɚɤɬɨɪɢ ɫ ɚɟɪɚɰɢɹ ɨɬ ɬɢɩɚ ɛɚɪɛɨɬɚɠɧɢ ɢɥɢ ɟɪɥɢɮɬɧɢ ɤɨɥɨɧɢ ɫ ɜɝɪɚɞɟɧ 
ɦɟɦɛɪɚɧɟɧ ɦɨɞɭɥ (ɧɚɣ-ɱɟɫɬɨ ɫ ɤɭɯɢ ɜɥɚɤɧɚ ɢɥɢ ɩɥɨɫɤɨ-ɩɚɪɚɥɟɥɟɧ) ɢɡɩɨɥɡɜɚɬ 
ɛɥɚɝɨɩɪɢɹɬɧɨɬɨ ɜɥɢɹɧɢɟ ɧɚ ɞɜɭɮɚɡɧɢɹ ɩɨɬɨɤ ɝɚɡ-ɬɟɱɧɨɫɬ ɜɴɪɯɭ ɫɪɹɡɜɚɳɢɬɟ ɧɚɩɪɟɠɟɧɢɹ 
ɨɤɨɥɨ ɦɟɦɛɪɚɧɚɬɚ. ɂɡɞɢɝɚɳɢɬɟ ɫɟ ɝɚɡɨɜɢ ɦɟɯɭɪɱɟɬɚ ɩɪɢ ɫɪɟɳɚ ɫ ɦɟɦɛɪɚɧɧɚɬɚ ɩɨɜɴɪɯɧɨɫɬ 
ɜɥɢɹɹɬ ɜ ɩɨɫɨɤɚ ɧɚ ɧɚɦɚɥɹɜɚɧɟ ɧɚ ɤɨɧɰɟɧɬɪɚɰɢɨɧɧɚɬɚ ɩɨɥɹɪɢɡɚɰɢɹ ɢ ɪɟɫɩɟɤɬɢɜɧɨ 
ɮɨɪɦɢɪɚɧɟɬɨ ɧɚ ɫɥɨɣ ɭɬɚɣɤɚ ɜɴɪɯɭ ɧɟɹ. ȿɮɟɤɬɴɬ ɢɞɜɚ ɨɬ ɫɬɪɚɧɚ ɧɚ ɬɟɱɧɚɬɚ ɮɚɡɚ, 
ɪɟɫɩɟɤɬɢɜɧɨ ɩɨ-ɜɢɫɨɤɢ ɞɟɣɫɬɜɢɬɟɥɧɢ ɫɤɨɪɨɫɬɢ ɞɨ ɦɟɦɛɪɚɧɚɬɚ (ɫɜɴɪɡɚɧɢ ɫ ɨɛɟɦɧɚɬɚ ɱɚɫɬ 
ɧɚ ɬɟɱɧɚɬɚ ɮɚɡɚ ɜ ɪɟɚɤɬɨɪɚ, 1-ߝ𝐺) ɤɚɤɬɨ ɢ ɧɚ ɦɟɯɚɧɢɱɧɨɬɨ ɜɴɡɞɟɣɫɬɜɢɟ ɧɚ ɦɟɯɭɪɢɬɟ ɜɴɪɯɭ 
ɦɟɦɛɪɚɧɚɬɚ, ɤɨɟɬɨ ɨɬɦɢɜɚ ɫɥɨɹ ɨɬɥɚɝɚɧɢɹ. ȼ ɥɢɬɟɪɚɬɭɪɚɬɚ ɫɴɳɟɫɬɜɭɜɚɬ ɡɚɜɢɫɢɦɨɫɬɢ 
ɦɟɠɞɭ ɩɟɪɦɟɚɬɧɢɹ ɩɨɬɨɤ ɢ ɫɤɨɪɨɫɬɬɚ ɧɚ ɞɜɭɮɚɡɧɚɬɚ ɫɢɫɬɟɦɚ ɢ ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ ɤɨɧɤɪɟɬɧɨ. 
ɍɫɬɚɧɨɜɟɧɨ ɟ, ɱɟ ɨɬ ɩɴɪɜɨɫɬɟɩɟɧɧɨ ɡɧɚɱɟɧɢɟ ɡɚ ɫɪɹɡɜɚɳɢɬɟ ɧɚɩɪɟɠɟɧɢɹ ɧɚ ɦɟɦɛɪɚɧɧɚɬɚ 
ɩɨɜɴɪɯɧɨɫɬ ɟ ɪɚɡɦɟɪɴɬ ɧɚ ɝɚɡɨɜɢɬɟ ɦɟɯɭɪɱɟɬɚ.  

   ɋɴɳɟɫɬɜɭɜɚɬ ɪɚɡɪɚɛɨɬɤɢ, ɤɨɢɬɨ ɫɜɴɪɡɜɚɬ ɜɫɹɤɨ ɫɴɩɪɨɬɢɜɥɟɧɢɟ ɧɚ ɩɪɨɰɟɫɚ - ɨɬ 
ɮɨɪɦɢɪɚɧɟ ɧɚ ɫɥɨɣ ɜɴɪɯɭ ɦɟɦɛɪɚɧɚɬɚ, ɚɞɫɨɪɛɰɢɹ ɜɴɪɯɭ ɩɨɜɴɪɯɧɨɫɬɬɚ ɣ, ɛɥɨɤɢɪɚɧɟ ɧɚ 
ɩɨɪɢɬɟ - ɜ ɥɢɧɟɣɧɚ ɡɚɜɢɫɢɦɨɫɬ ɨɬ ɫɴɡɞɚɞɟɧɢɬɟ ɨɬ ɬɟɱɧɚɬɚ ɢ ɝɚɡɨɜɚɬɚ ɮɚɡɚ ɫɪɹɡɜɚɳɢ 
ɧɚɩɪɟɠɟɧɢɹ ɧɚ ɩɨɜɴɪɯɧɨɫɬɬɚ ɣ.  

   Cɴɳɟɫɬɜɟɧ ɮɚɤɬɨɪ ɡɚ ɬɨɜɚ, ɤɨɟɬɨ ɫɟ ɫɥɭɱɜɚ ɜ ɛɥɢɡɨɫɬ ɞɨ ɦɟɦɛɪɚɧɚɬɚ, ɪɟɫɩ. ɡɚ 
ɩɨɜɟɞɟɧɢɟɬɨ ɧɚ ɩɨɬɨɤɚ ɩɪɟɡ ɦɟɦɛɪɚɧɚɬɚ, ɟ ɧɚɥɢɱɢɟɬɨ ɧɚ ɬɜɴɪɞɚ ɮɚɡɚ ɜ ɪɟɚɤɬɨɪɚ. 
Ʉɨɧɰɟɧɬɪɚɰɢɹɬɚ ɧɚ ɬɜɴɪɞɚ ɮɚɡɚ ɢ ɪɚɡɩɪɟɞɟɥɟɧɢɟɬɨ ɧɚ ɱɚɫɬɢɰɢɬɟ ɩɨ ɪɚɡɦɟɪ ɢɦɚ 
ɫɴɳɟɫɬɜɟɧɨ ɜɥɢɹɧɢɟ ɜɴɪɯɭ ɩɨɥɟɬɨ ɧɚ ɫɤɨɪɨɫɬɢɬɟ ɢ ɫɪɹɡɜɚɳɢɬɟ ɧɚɩɪɟɠɟɧɢɹ ɞɨ ɦɟɦɛɪɚɧɚɬɚ, 
ɧɚɛɥɸɞɚɜɚɧɨ ɜ ɞɢɚɩɚɡɨɧ ɨɬ 1 ɞɨ 100µm ɞɢɚɦɟɬɴɪ ɧɚ ɱɚɫɬɢɰɢɬɟ. ɑɚɫɬɢɰɢ ɫ ɬɟɡɢ ɪɚɡɦɟɪɢ 
ɬɴɪɩɹɬ ɩɪɨɰɟɫɢ ɧɚ ɚɝɪɟɝɢɪɚɧɟ ɢɥɢ ɞɪɨɛɟɧɟ, ɱɢɹɬɨ ɞɢɧɚɦɢɤɚ ɟ ɜɫɟ ɨɳɟ ɧɟ ɞɨɫɬɚɬɴɱɧɨ 
ɢɡɫɥɟɞɜɚɧɚ ɨɛɥɚɫɬ 

   Ɉɩɬɢɦɚɥɧɨɬɨ ɞɟɣɫɬɜɢɟ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɪɟɚɤɬɨɪ ɟ ɫɜɴɪɡɚɧɨ ɫ: ɩɨɥɨɠɟɧɢɟɬɨ ɧɚ 
ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ ɜ ɪɟɚɤɬɨɪɚ; ɫɴɨɬɧɨɲɟɧɢɟɬɨ ɝɚɡ/ɬɟɱɧɨɫɬ; ɬɪɚɧɫɦɟɦɛɪɚɧɧɨɬɨ ɧɚɥɹɝɚɧɟ; 
ɫɴɡɞɚɜɚɧɟɬɨ ɧɚ ɞɨɫɬɚɬɴɱɧɢ ɫɪɹɡɜɚɳɢ ɧɚɩɪɟɠɟɧɢɹ, ɤɨɢɬɨ ɞɚ ɮɚɜɨɪɢɡɢɪɚɬ ɬɪɢɟɧɟɬɨ ɧɚ 
ɦɟɦɛɪɚɧɧɚɬɚ ɩɨɜɴɪɯɧɨɫɬ. ȼɪɴɡɤɚɬɚ ɧɚ ɩɨɫɥɟɞɧɨɬɨ ɫ ɧɚɦɚɥɹɜɚɧɟɬɨ ɧɚ ɫɴɩɪɨɬɢɜɥɟɧɢɟɬɨ 
ɨɤɨɥɨ ɦɟɦɛɪɚɧɚɬɚ ɢ ɩɨɜɢɲɚɜɚɧɟɬɨ ɧɚ ɩɨɬɨɤɚ ɩɟɪɦɟɚɬ ɟ ɩɨɬɜɴɪɞɟɧɨ ɤɚɱɟɫɬɜɟɧɨ. 
ɋɪɚɜɧɢɬɟɥɧɨ ɧɨɜɢ ɢ ɦɚɥɤɨ ɧɚ ɛɪɨɣ ɫɚ ɨɩɢɬɢɬɟ ɞɚ ɫɟ ɦɨɞɟɥɢɪɚ ɩɪɨɰɟɫɚ ɤɚɬɨ ɫɟ ɨɬɱɟɬɟ 
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ɞɢɧɚɦɢɤɚɬɚ ɧɚ ɜɪɴɡɤɚɬɚ ɦɟɠɞɭ ɬɪɚɧɫɦɟɦɛɪɚɧɧɨɬɨ ɧɚɥɹɝɚɧɟ, ɫɪɹɡɜɚɳɢɬɟ ɧɚɩɪɟɠɟɧɢɹ ɧɚ 
ɦɟɦɛɪɚɧɚɬɚ ɢ ɩɨɬɨɤɚ ɩɪɟɡ ɦɟɦɛɪɚɧɚɬɚ. 

5.8 ɉɪɢɥɨɠɟɧɢɟ ɢ ɩɪɟɞɢɦɫɬɜɚ ɧɚ ɩɨɬɨɩɟɧ ɦɟɦɛɪɚɧɟɧ ɦɨɞɭɥ 

 

   ɉɪɢ ɬɪɟɬɢɪɚɧɟ ɧɚ ɛɢɬɨɜɢ ɨɬɩɚɞɧɢ ɜɨɞɢ, ɤɚɤɬɨ ɢ ɩɪɢ ɚɟɪɨɛɧɢ ɩɪɨɰɟɫɢ, ɪɟɚɤɬɨɪɢɬɟ ɫ 
ɩɨɬɨɩɟɧɢ ɜɴɬɪɟ ɜ ɪɟɚɤɬɨɪɚ ɦɟɦɛɪɚɧɢ ɫɚ ɨɫɨɛɟɧɨ ɟɮɢɤɚɫɧɢ, ɫ ɢɡɪɚɡɟɧ ɟɮɟɤɬ ɧɚ ɩɟɫɬɟɧɟ ɧɚ 
ɟɧɟɪɝɢɹ ɢ ɩɪɨɫɬɪɚɧɫɬɜɨ. ɇɟɳɨ ɩɨɜɟɱɟ, ɧɚɥɢɱɢɟɬɨ ɧɚ ɝɚɡ ɢ ɫɛɥɴɫɴɫɤɴɬ ɧɚ ɝɚɡɨɜɢɬɟ 
ɦɟɯɭɪɱɟɬɚ ɫ ɩɨɜɴɪɯɧɨɫɬɬɚ ɧɚ ɦɟɦɛɪɚɧɚɬɚ ɢɦɚɬ ɩɨɥɨɠɢɬɟɥɟɧ ɟɮɟɤɬ ɜɴɪɯɭ ɧɚɦɚɥɹɜɚɧɟɬɨ ɧɚ 

ɭɬɚɣɤɚɬɚ ( fouling). Ɉɬ ɝɥɟɞɧɚ ɬɨɱɤɚ ɧɚ ɩɨɞɴɪɠɚɧɟ ɧɚ ɫɬɟɪɢɥɧɨɫɬ ɜ ɰɹɥɚɬɚ ɫɢɫɬɟɦɚ, 
ɪɟɚɤɬɨɪɢɬɟ ɫ ɩɨɬɨɩɟɧɚ ɜɴɬɪɟ ɦɟɦɛɪɚɧɚ ɢɦɚɬ ɨɩɪɟɞɟɥɟɧɢ ɩɪɟɞɢɦɫɬɜɚ. Ɇɟɦɛɪɚɧɢɬɟ, ɤɨɢɬɨ 
ɫɟ ɢɡɩɨɥɡɜɚɬ, ɫɚ ɚɫɢɦɟɬɪɢɱɟɧ ɬɢɩ, ɬ.ɟ. ɩɪɟɞɫɬɚɜɥɹɜɚɳɢ ɬɴɧɴɤ ɚɤɬɢɜɟɧ ɫɥɨɣ ɫ ɞɟɛɟɥɢɧɚ 0.1 
ɞɨ 0.5 µm ɢ ɩɨɞɞɴɪɠɚɳ ɫɥɨɣ. Ʉɨɝɚɬɨ ɦɟɦɛɪɚɧɚɬɚ ɟ ɩɨɬɨɩɟɧɚ ɜ ɪɟɚɤɬɨɪɚ, ɬɹ ɬɪɹɛɜɚ ɞɚ ɟ ɫ 
ɚɤɬɢɜɧɢɹ ɫɥɨɣ ɧɚɜɴɧ ɢ ɩɟɪɦɟɚɬɴɬ ɫɟ ɢɡɬɟɝɥɹ ɩɪɟɡ ɧɟɹ ɱɪɟɡ ɩɨɞɧɚɥɹɝɚɧɟ, ɢɥɢ (ɩɨ-ɪɹɞɤɨ) 
ɱɪɟɡ ɫɜɪɴɯɧɚɥɹɝɚɧɟ ɜ ɪɟɚɤɬɨɪɚ[16]

. 

 

II. ȿɤɫɩɟɪɢɦɟɧɬɚɥɧɚ ɱɚɫɬ 

 

1. Oɩɢɫɚɧɢɟ ɧɚ ɢɡɫɥɟɞɜɚɧɢя ɨɛɟɤɬ 

  ɂɡɫɥɟɞɜɚɧɢɹɬɚ ɜ ɧɚɫɬɨɹɳɚɬɚ ɞɢɩɥɨɦɧɚ ɪɚɛɨɬɚ ɫɚ ɩɪɨɜɟɞɟɧɢ ɜɴɪɯɭ ɛɚɪɛɨɬɚɠɧɚ ɤɨɥɨɧɚ ɫ 
ɩɨɬɨɩɟɧ ɦɟɦɛɪɚɧɟɧ ɦɨɞɭɥ ɩɨɤɚɡɚɧɚ ɧɚ ɮɢɝ.9 ɫɴɫ ɫɥɟɞɧɢɬɟ ɝɟɨɦɟɬɪɢɱɧɢ ɪɚɡɦɟɪɢ: 
ɜɟɪɬɢɤɚɥɧɚ ɰɢɥɢɧɞɪɢɱɧɚ ɤɨɥɨɧɚ ɫ ɜɢɫɨɱɢɧɚ H=3ɦ ɢ ɞɢɚɦɟɬɴɪ D=1ɦ.  

   Ȼɚɪɛɨɬьɨɪɴɬ, ɪɚɡɩɨɥɨɠɟɧ ɜ ɞɨɥɧɚɬɚ ɱɚɫɬ ɧɚ ɤɨɥɨɧɚɬɚ, ɢɦɚ ɬɨɪɨɢɞɚɥɧɚ ɮɨɪɦɚ ɫ ɪɚɞɢɭɫ ɧɚ 
ɩɪɴɫɬɟɧɚ 0.145ɦ ɢ ɬɪɴɛɟɧ ɞɢɚɦɟɬɴɪ 0.120ɦ. ɢ ɩɨɬɨɩɟɧɚ ɦɟɦɛɪɚɧɚ, ɪɚɡɩɨɥɨɠɟɧɚ ɧɚ  
ɪɚɡɫɬɨɹɧɢɟ S=0.05ɦ ɨɬ ɫɬɟɧɚɬɚ ɧɚ ɤɨɥɨɧɚɬɚ ɢ ɪɚɡɥɢɱɧɚ ɜɢɫɨɱɢɧɚ ɇ=0.1, 0.2 ɢ 0.3ɦ ɧɚ 
ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ. 
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Ɏɢɝ.10 Ƚɟɨɦɟɬɪɢɱɟɧ ɦɨɞɟɥ ɧɚ ɛɚɪɛɨɬɚɠɧɚ ɤɨɥɨɧɚ ɫ ɩɨɬɨɩɟɧ ɦɟɦɛɪɚɧɟɧ ɦɨɞɭɥ 
[17]

. 

   Ɂɚ ɰɟɥɢɬɟ ɧɚ ɟɤɫɩɟɪɢɦɟɧɬɚ ɟ ɩɪɨɜɟɞɟɧɚ ɫɢɦɭɥɚɰɢɹ ɫɴɫ ɫɨɮɬɭɟɪɟɧ ɩɚɤɟɬ „ANSYS CFX “  

ɜɟɪɫɢɹ 19.0 Student edition.  

2. Ɉɩɢɫɚɧɢɟ ɧɚ ɢɡɩɨɥɡɜɚɧɢя ɫɨɮɬɭɟɪɟɧ ɩɪɨɞɭɤɬ 

   ‘’ANSYS’’, ɨɫɧɨɜɚɧɚ ɩɪɟɡ 1970ɝ., ɫɟ ɪɚɡɜɢɜɚ ɜ ɫɜɟɬɨɜɟɧ ɦɚɳɚɛ ɧɚ ɩɚɡɚɪɚ ɧɚ ɢɧɠɟɧɟɪɧɚ 
ɫɢɦɭɥɚɰɢɹ. ɋɨɮɬɭɟɪɴɬ ɟ ɲɢɪɨɤɨ ɢɡɩɨɥɡɜɚɧ ɨɬ ɢɧɠɟɧɟɪɢ ɢ ɞɢɡɚɣɧɟɪɢ ɜ ɲɢɪɨɤ ɫɩɟɤɬɴɪ ɨɬ 
ɢɧɞɭɫɬɪɢɚɥɧɢ ɡɚɞɚɱɢ.  
   Ʉɨɦɩɚɧɢɹɬɚ ɫɟ ɮɨɤɭɫɢɪɚ ɜɴɪɯɭ ɪɚɡɜɢɬɢɟɬɨ ɧɚ ɨɬɜɨɪɟɧɢ ɢ ɝɴɜɤɚɜɢ ɪɟɲɟɧɢɹ, ɤɨɢɬɨ ɞɚɜɚɬ 
ɜɴɡɦɨɠɧɨɫɬ ɧɚ ɩɨɬɪɟɛɢɬɟɥɢɬɟ ɞɚ ɚɧɚɥɢɡɢɪɚɬ ɩɪɨɟɤɬɢ ɞɢɪɟɤɬɧɨ ɧɚ ɪɚɛɨɬɧɢɹ ɩɥɨɬ. 
’ANSYS’’ ɩɪɟɞɥɚɝɚ ɰɹɥɨɫɬɟɧ ɫɨɮɬɭɟɪɟɧ ɩɚɤɟɬ, ɤɨɣɬɨ ɨɛɯɜɚɳɚ ɝɨɥɹɦɚ ɝɚɦɚ ɨɬ ɮɢɡɢɤɚɬɚ, 
ɨɫɢɝɭɪɹɜɚɧɟ ɧɚ ɞɨɫɬɴɩ ɞɨ ɩɨɱɬɢ ɜɫɹɤɚ ɫɮɟɪɚ ɨɬ ɢɧɠɟɧɟɪɧɚɬɚ ɫɢɦɭɥɚɰɢɹ.’ANSYS’’ 
ɢɧɫɬɪɭɦɟɧɬɢɬɟ ɡɚ ɚɧɚɥɢɡ ɧɚ ɢɡɜɟɫɬɧɢɹ CFD ɜɤɥɸɱɜɚɬ ANSYS Fluent ɢ ANSYS CFX

[18]
, 

ɤɨɢɬɨ ɫɟ ɩɪɟɞɥɚɝɚɬ ɨɬɞɟɥɧɨ ɢɥɢ ɡɚɟɞɧɨ ɜ ɩɚɤɟɬɚ ANSYS CFD 
[19]

 . 

Ɉɫɧɨɜɧɢɬɟ ɟɬɚɩɢ, ɩɪɟɡ ɤɨɢɬɨ ɫɟ ɩɪɟɦɢɧɚɜɚ ɩɪɢ ɱɢɫɥɟɧɨ ɢɡɫɥɟɞɜɚɧɟ ɩɨɫɪɟɞɫɬɜɨɦ CFD ɫɚ: 
ɩɨɫɬɪɨɹɜɚɧɟɬɨ ɧɚ ɦɚɬɟɦɚɬɢɱɟɧ ɦɨɞɟɥ, ɞɢɫɤɪɟɬɢɡɚɰɢɹɬɚ ɦɭ, ɱɢɫɥɟɧɨɬɨ ɦɭ ɪɟɲɚɜɚɧɟ ɢ 
ɢɧɬɟɪɩɪɟɬɚɰɢɹ ɧɚ ɩɨɥɭɱɟɧɢɬɟ ɪɟɡɭɥɬɚɬɢ. 
   CFD ɧɚɦɢɪɚ ɜɫɟ ɩɨ-ɲɢɪɨɤɨ ɩɪɢɥɨɠɟɧɢɟ ɜ ɪɚɡɥɢɱɧɢ ɢɧɞɭɫɬɪɢɢ, ɤɚɬɨ ɚɟɪɨɤɨɫɦɢɱɟɫɤɚ, 
ɚɜɬɨɦɨɛɢɥɧɚ, ɫɬɪɨɢɬɟɥɫɬɜɨ ɧɚ ɪɚɡɥɢɱɧɢ ɫɝɪɚɞɢ ɢ ɫɴɨɪɴɠɟɧɢɹ (ɟɞɧɢ ɨɬ ɩɨɫɥɟɞɧɢɬɟ 
ɩɪɢɥɨɠɟɧɢɹ ɫɚ ɩɪɢ ɦɨɞɟɥɢɪɚɧɟɬɨ ɧɚ ɜɹɬɴɪɧɢ ɬɭɪɛɢɧɢ ɢ ɧɟɮɬɟɧɢ ɫɨɧɞɢ), ɯɢɦɢɱɟɫɤɚ, 
ɦɟɬɚɥɭɪɝɢɹ, ɦɚɲɢɧɨ- ɢ ɭɪɟɞɨɫɬɪɨɟɧɟ. 
ANSYS CFX

[20]
 ɟ ɫɨɮɬɭɟɪ ɫ ɜɢɫɨɤɚ ɩɪɨɢɡɜɨɞɢɬɟɥɧɨɫɬ. ɇɚɩɪɟɞɧɚɥɚɬɚ ɬɟɯɧɨɥɨɝɢɹ ɟ ɤɥɸɱɴɬ 

ɤɴɦ ɩɨɫɬɢɝɚɧɟɬɨ ɧɚ ɧɚɞɟɠɞɧɢ ɢ ɬɨɱɧɢ ɪɟɲɟɧɢɹ – ɛɴɪɡɨ ɢ ɟɧɟɪɝɟɬɢɱɧɨ. 
 

ʦътреш̦̌ 
̥е̥̍р̦̌̌ 

ʦъ̦ш̦̌ 
̥е̥̍р̦̌̌ 

Ме̥̍р̦̌̌ 

Ре̌ктор 

 ʥ̌р̍отьор 

H 
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   ɉɴɥɧɨɬɨ ɦɨɞɟɥɢɪɚɧɟ ɧɚ ɞɜɭɮɚɡɧɢɹ ɩɨɬɨɤ ɜ ɫɪɟɞɚɬɚ ANSYS ɛɟ ɢɡɜɴɪɲɟɧɨ ɫɴɝɥɚɫɧɨ 
ɦɟɬɨɞɨɥɨɝɢɹɬɚ ɡɚ ɩɪɨɜɟɪɤɚ ɧɚ ɝɟɨɦɟɬɪɢɹɬɚ ɧɚ ɦɨɞɟɥɚ, ɨɦɪɟɠɜɚɧɟ ɧɚ ɢɡɫɥɟɞɜɚɧɢɹ ɨɛɟɤɬ ɢ 
ɧɚɫɬɪɨɣɤɚ ɧɚ ɩɪɨɦɟɧɥɢɜɢɬɟ ɨɩɢɫɜɚɳɢ ɮɢɡɢɤɨɯɢɦɢɱɧɨɬɨ ɩɨɜɟɞɟɧɢɟ ɧɚ ɮɥɭɢɞɚ ɜ ɪɟɚɤɬɨɪɚ. 
  

  

3. ɂɡɝɪɚɠɞɚɧɟ ɧɚ ɝɟɨɦɟɬɪɢɱɟɧ ɦɨɞɟɥ ɧɚ ɛɚɪɛɨɬɚɠɧɚ ɤɨɥɨɧɚ 

 

Ɂɚ ɢɡɱɟɪɬɚɜɚɧɟ ɧɚ  ɛɚɪɛɨɬɚɠɧɚ ɤɨɥɨɧɚ ɜ ɫɪɟɞɚɬɚ ɧɚ ANSYS Workbench Design Modeler ɫɚ 
ɢɡɩɨɥɡɜɚɧɢ ɧɹɤɨɢ ɨɬ ɨɫɧɨɜɧɢɬɟ ɮɭɧɤɰɢɢ: 
 

 Line – ɡɚ ɩɨɫɬɪɨɹɜɚɧɟ ɧɚ ɥɢɧɢɢ (ɨɡɧɚɱɟɧɢ ɜ ɠɴɥɬɨ ɧɚ ɮɢɝ.11) 

 Circle – ɡɚ ɢɡɱɟɪɬɚɜɚɧɟ ɧɚ ɨɤɪɴɠɧɨɫɬ (ɨɛɥɚɫɬɢɬɟ ɦɚɪɤɢɪɚɧɢ ɜ ɱɟɪɜɟɧɨ 1,2,3 ɢ 4 ɧɚ 
ɮɢɝ.11)  

 

 

 
1) ɜɯɨɞ ɧɚ ɝɚɡɚ; 2) ɜɯɨɞ ɧɚ ɬɟɱɧɨɫɬɬɚ; 3) ɢɡɯɨɞ ɧɚ ɬɟɱɧɚɬɚ ɮɚɡɚ;             

4) ɢɡɯɨɞ ɧɚ ɝɚɡɚ; 

 

Ɏɢɝ.11 Ɉɩɢɫɚɧɢɟ ɧɚ ɮɭɧɤɰɢɢ ɡɚ ɫɴɡɞɚɜɚɧɟ ɧɚ 3D ɦɨɞɟɥ. 
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   ɉɨɫɬɪɨɹɜɚɧɟɬɨ ɧɚ 3D ɝɟɨɦɟɬɪɢɱɧɢɹ ɦɨɞɟɥ ɫɟ ɢɡɜɴɪɲɜɚ, ɤɚɬɨ ɫɟ ɢɡɩɨɥɡɜɚɬ ɜɟɱɟ 
ɫɴɡɞɚɞɟɧɚɬɚ ɫɤɢɰɚ (Sketch) ɢ ɨɫɧɨɜɧɢɬɟ ɮɭɧɤɰɢɢ ɜ ɫɪɟɞɚ ANSYS Workbench Design 

Modeler, ɨɩɢɫɚɧɢ ɩɨ-ɞɨɥɭ. 
  

 Ɏɭɧɤɰɢɹɬɚ Extrudɟ   ɟ ɢɡɩɨɥɡɜɚɧɚ ɡɚ ɢɡɱɟɪɬɚɜɚɧɟɬɨ ɧɚ ɜɴɧɲɧɚɬɚ ɢ ɜɴɬɪɟɲɧɚɬɚ 

ɬɪɴɛɚ ɢ ɛɚɪɛɨɬьɨɪɚ.  

 

 Ɏɭɧɤɰɢɹɬɚ Freeze   ɟ ɢɡɩɨɥɡɜɚɧɚ ɡɚ „ɡɚɦɪɚɡɹɜɚɧɟ“ ɧɚ ɬɟɥɚɬɚ, ɤɴɞɟɬɨ ɟ ɧɟɨɛɯɨɞɢɦɨ 

ɡɚ ɞɚ ɫɟ ɢɡɛɟɝɧɟ ɨɛɟɞɢɧɹɜɚɧɟɬɨ ɧɚ ɬɟɥɚ.  

 

   ɉɨɪɚɞɢ ɚɤɫɢɚɥɧɚɬɚ ɫɢɦɟɬɪɢɹ ɧɚ ɨɛɟɤɬɚ ɢ ɪɚɛɨɬɚɬɚ ɫ ɨɛɟɦɧɢ ɟɥɟɦɟɧɬɢ ɫɟ ɫɢɦɭɥɢɪɚ ɫɚɦɨ 
ɫɟɤɬɨɪɴɬ ɨɬ 30° ɧɚ ɤɨɥɨɧɚɬɚ, ɤɨɟɬɨ ɧɚɦɚɥɹɜɚ ɜɪɟɦɟɬɨ ɡɚ ɢɡɱɢɫɥɟɧɢɟ ɢ ɨɩɪɨɫɬɹɜɚ ɡɚɞɚɱɚɬɚ.  

 

 
Ɏɢɝ.12 ɂɡɫɥɟɞɜɚɧ ɫɟɤɬɨɪ ɨɬ ɛɚɪɛɨɬɚɠɧɚɬɚ ɤɨɥɨɧɚ ɫ ɩɨɬɨɩɟɧ ɦɟɦɛɪɚɧɟɧ ɦɨɞɭɥ. 

 

4. Ɉɦɪɟɠɜɚɧɟ ɧɚ ɢɡɫɥɟɞɜɚɧɢя ɨɛɟɤɬ 

 

   ȼ ɧɚɱɚɥɨɬɨ ɟ ɢɡɜɴɪɲɟɧɚ ɤɨɦɩɸɬɴɪɧɚ ɫɢɦɭɥɚɰɢɹ ɧɚ ɩɪɨɰɟɫɚ ɫ ɦɪɟɠɚ (Ɏɢɝ.13) ɝɟɧɟɪɢɪɚɧɚ 
ɚɜɬɨɦɚɬɢɱɧɨ ɨɬ ɤɨɦɩɸɬɴɪɧɚɬɚ ɫɢɫɬɟɦɚ. 
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Ɏɢɝ.13 Ⱥɜɬɨɦɚɬɢɱɧɨ ɝɟɧɟɪɢɪɚɧɚ ɦɪɟɠɚ ɨɬ ɤɨɦɩɸɬɴɪɧɚɬɚ ɫɢɫɬɟɦɚ. 

 

  

   Ɉɬ ɮɢɝ.13 ɫɟ ɜɢɠɞɚ, ɱɟ ɚɜɬɨɦɚɬɢɱɧɨ ɝɟɧɟɪɢɪɚɧɚɬɚ ɦɪɟɠɚ ɨɬ ɤɨɦɩɸɬɴɪɧɚɬɚ ɫɢɫɬɟɦɚ ɟ 
ɦɧɨɝɨ ɟɞɪɚ ɡɚ ɩɪɟɰɢɡɧɨ  ɩɪɟɫɦɹɬɚɧɟ ɧɚ ɫɪɟɞɧɨɬɨ ɤɜɚɞɪɚɬɢɱɧɨ ɨɬɤɥɨɧɟɧɢɟ ɦɟɠɞɭ 
ɢɧɬɟɪɚɰɢɢɬɟ ɡɚ ɧɚɥɹɝɚɧɟ ɢ ɤɨɥɢɱɟɫɬɜɨ ɧɚ ɞɜɢɠɟɧɢɟ. Ɂɚɬɨɜɚ ɟ ɢɡɜɴɪɲɟɧɚ ɞɨɩɴɥɧɢɬɟɥɧɚ 
ɧɚɫɬɪɨɣɤɚ ɡɚ ɫɝɴɫɬɹɜɚɧɟ ɧɚ  ɦɪɟɠɚɬɚ ɱɪɟɡ ɩɪɨɦɹɧɚ ɧɚ ɫɬɨɣɧɨɫɬɢɬɟ ɧɚ ɮɭɧɤɰɢɢɬɟ 
„Relevance“  0 ɧɚ 100 ɢ  „Relevance center“ ɨɬ ɪɟɠɢɦ „course“ ɧɚ ɪɟɠɢɦ „fine“. 
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Ɏɢɝ.14 ɋɝɴɫɬɹɜɚɧɟ ɧɚ ɦɪɟɠɚ ɧɚ ɢɡɫɥɟɞɜɚɧ ɨɛɟɤɬ. 

 

5. ɍɫɥɨɜɢя ɧɚ ɟɤɫɩɟɪɢɦɟɧɬɚ 

   Ɍɚɡɢ ɞɢɩɥɨɦɧɚ ɪɚɛɨɬɚ ɢɡɫɥɟɞɜɚ ɦɨɞɟɥ ɧɚ CFD, ɤɨɣɬɨ ɨɬɱɢɬɚ ɚɟɪɢɪɚɧɟɬɨ ɢ 
ɤɨɧɮɢɝɭɪɚɰɢɹɬɚ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ. 

   Ȼɚɪɛɨɬɚɠɧɢɹɬ ɪɟɚɤɬɨɪ ɫɟ ɦɨɞɢɮɢɰɢɪɚ ɜ ɩɨɬɨɩɟɧ ɦɟɦɛɪɚɧɟɧ ɛɚɪɛɨɬɚɠɟɧ ɪɟɚɤɬɨɪ, ɡɚ ɞɚ 
ɫɟ ɢɡɫɥɟɞɜɚ ɟɮɟɤɬɚ ɨɬ ɦɟɫɬɨɩɨɥɨɠɟɧɢɟɬɨ ɧɚ ɩɨɬɨɩɟɧɢɹ ɦɟɦɛɪɚɧɟɧ ɦɨɞɭɥ ɜɴɪɯɭ 
ɪɚɡɩɪɟɞɟɥɟɧɢɟɬɨ ɧɚ ɪɚɡɦɟɪɚ ɧɚ ɦɟɯɭɪɱɟɬɚɬɚ. ȼɤɥɸɱɜɚɧɟɬɨ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ 
ɭɜɟɥɢɱɚɜɚ  ɬɭɪɛɭɥɟɧɰɢɹɬɚ ɢ ɜɥɢɹɟ ɜɴɪɯɭ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ ɞɴɥɠɢɧɚ ɧɚ ɦɟɦɛɪɚɧɧɢɹ 
ɦɨɞɭɥ. ɉɪɨɰɟɫɴɬ ɧɚ ɚɟɪɢɪɚɧɟ ɢɦɚ ɬɟɧɞɟɧɰɢɹ ɞɚ ɛɴɞɟ ɫɢɥɧɨ ɬɭɪɛɭɥɟɧɬɟɧ, ɤɨɟɬɨ ɧɚɥɚɝɚ 
ɩɨɞɯɨɞɹɳ ɦɨɞɟɥ ɧɚ ɬɭɪɛɭɥɟɧɬɧɨɫɬ. Ɇɨɞɟɥɴɬ ɡɚ ɬɭɪɛɭɥɟɧɬɧɨɫɬ k-ߝ ɫɟ ɢɡɩɨɥɡɜɚ ɡɚ ɩɪɚɜɢɥɧɨ 
ɨɩɪɟɞɟɥɹɧɟ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɨɤɨɥɨ ɫɬɟɧɚɬɚ ɧɚ ɦɟɦɛɪɚɧɚɬɚ.  

   Ɍɨɡɢ ɦɨɞɟɥ ɧɚ ɬɭɪɛɭɥɟɧɬɧɨɫɬ ɨɛɢɤɧɨɜɟɧɨ ɫɟ ɢɡɩɨɥɡɜɚ ɡɚ ɦɨɞɟɥɢɪɚɧɟ ɧɚ ɛɚɪɛɨɬɚɠɧɢ 

ɤɨɥɨɧɢ, ɬɴɣ ɤɚɬɨ ɟ ɤɨɦɩɪɨɦɢɫ ɦɟɠɞɭ ɢɡɱɢɫɥɢɬɟɥɧɚɬɚ ɬɨɱɧɨɫɬ ɢ ɟɮɟɤɬɢɜɧɨɫɬɬɚ 
[17]

. 

   Ɋɚɡɩɪɟɞɟɥɹɧɟɬɨ ɧɚ ɧɚɩɪɟɠɟɧɢɟɬɨ ɧɚ ɫɪɹɡɜɚɧɟ ɜɴɪɯɭ ɦɟɦɛɪɚɧɚɬɚ ɫɴɳɨ ɫɟ ɚɧɚɥɢɡɢɪɚ ɩɪɢ 
ɪɚɡɥɢɱɧɢ ɪɚɛɨɬɧɢ ɭɫɥɨɜɢɹ, ɤɚɬɨ ɩɪɨɦɹɧɚ ɜ ɩɨɥɨɠɟɧɢɟɬɨ ɧɚ ɦɟɦɛɪɚɧɚɬɚ ɫɩɪɹɦɨ 
ɛɚɪɛɨɬьɨɪɚ ɢ ɩɪɨɦɹɧɚ ɜ ɞɢɚɦɟɬɴɪɚ ɧɚ ɦɟɯɭɪɢɬɟ. CFD ɫɢɦɭɥɚɰɢɢɬɟ ɫɚ ɜ ɫɴɫɬɨɹɧɢɟ ɞɚ 
ɨɫɢɝɭɪɹɬ ɟɮɟɤɬɚ ɨɬ ɞɢɡɚɣɧɟɪɫɤɢɬɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɜɴɪɯɭ ɯɢɞɪɨɞɢɧɚɦɢɤɚɬɚ ɧɚ 
ɮɭɧɞɚɦɟɧɬɚɥɧɨ ɧɢɜɨ, ɤɨɟɬɨ ɩɨɡɜɨɥɹɜɚ ɩɪɨɝɧɨɡɢɪɚɧɟ ɧɚ ɟɮɟɤɬɚ ɧɚ ɝɟɨɦɟɬɪɢɹɬɚ ɢ 
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ɯɢɞɪɨɞɢɧɚɦɢɤɚɬɚ ɧɚ ɫɴɞɚ ɜɴɪɯɭ ɡɚɦɴɪɫɹɜɚɧɟɬɨ ɧɚ ɦɟɦɛɪɚɧɚɬɚ, ɤɨɟɬɨ ɟ ɨɬ ɫɴɳɟɫɬɜɟɧɨ 
ɡɧɚɱɟɧɢɟ ɡɚ ɪɚɛɨɬɚɬɚ ɧɚ ɫɢɫɬɟɦɚɬɚ. 

ɇɚɱɚɥɧɢ ɭɫɥɨɜɢɹ ɧɚ ɱɢɫɥɟɧɨɬɨ ɢɡɫɥɟɞɜɚɧɟ: 

- ɰɟɥɢɹɬ ɢɡɫɥɟɞɜɚɧ ɨɛɟɦ ɫɟ ɡɚɟɦɚ ɨɬ ɬɟɱɧɚɬɚ ɫɪɟɞɚ 

- ɫɤɨɪɨɫɬɬɚ ɧɚ ɮɥɭɢɞɚ ɟ ɧɭɥɚ 

 

6. ɉɚɪɚɦɟɬɪɢ ɧɚ ɟɤɫɩɟɪɢɦɟɧɬɚ. 

ɑɢɫɥɟɧɢɬɟ ɫɢɦɭɥɚɰɢɢ ɫɚ ɢɡɜɴɪɲɟɧɢ ɫ ɩɪɨɦɹɧɚ ɧɚ ɫɬɨɣɧɨɫɬɢɬɟ ɧɚ ɫɥɟɞɧɢɬɟ ɩɚɪɚɦɟɬɪɢ: 

 Ɋɚɡɥɢɱɧɨ ɪɚɡɩɨɥɨɠɟɧɢɟ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ ɩɨ ɜɢɫɨɱɢɧɚ ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ 
(H=0.1m, 0.2m ɢ 0.3m).   

 Ɂɚ  ɩɨɜɴɪɯɧɨɫɬɧɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ 1.5 m/s ɡɚ  ɞɢɚɦɟɬɪɢ ɧɚ ɦɟɯɭɪɢɬɟ ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ 

(D=3, 6 ɢ 9mm).  
 ɋɪɚɜɧɟɧɢɟ ɦɟɠɞɭ ɞɜɚ ɫɥɭɱɚɹ ɫ ɪɚɡɥɢɱɧɚ ɩɨɜɴɪɯɧɨɫɬɧɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ 1.5 m/s ɢ 0.5 

m/s ɢ ɟɞɧɚɤɴɜ ɞɢɚɦɟɬɴɪ ɧɚ ɦɟɯɭɪɢɬɟ (D=3mm) ɢ ɨɬɫɬɨɹɧɢɟ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ 
ɩɨ ɜɢɫɨɱɢɧɚ ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ (H=0.1m). 

 

III. Ɋɟɡɭɥɬɚɬɢ ɢ ɞɢɫɤɭɫɢɹ 

 

1. ȼɥɢяɧɢɟ ɧɚ ɩɨɥɨɠɟɧɢɟɬɨ ɧɚ ɦɟɦɛɪɚɧɧɢя ɦɨɞɭɥ ɜɴɪɯɭ ɫɤɨɪɨɫɬɬɚ ɧɚ 
ɫɪяɡɜɚɧɟ. 
  

  ɉɪɨɜɟɞɟɧɢ ɫɚ ɱɢɫɥɟɧɢ ɟɤɫɩɟɪɢɦɟɧɬɢ ɩɪɢ ɪɚɡɥɢɱɧɨ ɪɚɡɫɬɨɹɧɢɟ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ ɩɨ 
ɜɢɫɨɱɢɧɚ ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ, ɡɚ ɞɚ ɫɟ ɭɫɬɚɧɨɜɢ ɜɥɢɹɧɢɟɬɨ ɦɭ ɜɴɪɯɭ ɨɫɧɨɜɧɢɬɟ 
ɯɢɞɪɨɞɢɧɚɦɢɱɧɢ ɩɚɪɚɦɟɬɪɢ ɧɚ ɞɜɭɮɚɡɧɚɬɚ ɫɢɫɬɟɦɚ ɜɨɞɚ-ɜɴɡɞɭɯ ɜ ɛɚɪɛɨɬɚɠɧɚɬɚ ɤɨɥɨɧɚ. 
ȼɢɫɨɱɢɧɚɬɚ H ɫɟ ɩɪɨɦɟɧɹ ɫɴɨɬɜɟɬɧɨ H =0.1m, 0.2m ɢ 0.3m ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ.  
 

   Ɉɬ ɩɨɥɭɱɟɧɢɬɟ ɪɟɡɭɥɬɚɬɢ ɫɟ ɢɡɤɥɸɱɜɚɬ ɞɜɚɬɚ ɩɢɤɚ ɜ ɞɜɚɬɚ ɤɪɚɹ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ 
(ɡɨɧɚ 1 ɢ ɡɨɧɚ 3) ɡɚ ɜɫɢɱɤɢ ɪɚɡɝɥɟɠɞɚɧɢ ɫɥɭɱɚɢ, ɩɨɤɚɡɚɧɢ ɧɚ ɮɢɝ. 15. Ɂɚ ɩɪɟɞɫɬɚɜɢɬɟɥɧɢ ɫɟ 
ɩɪɢɟɦɚɬ ɪɟɡɭɥɬɚɬɢɬɟ ɩɨ ɞɴɥɠɢɧɚɬɚ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ, ɢɡɨɛɪɚɡɟɧɢ ɜ ɡɨɧɚ 2 (ɚɤɬɢɜɧɚ 
ɡɨɧɚ) ɧɚ ɫɴɳɚɬɚ ɮɢɝɭɪɚ.  
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Ɏɢɝ.15 Ɉɩɢɫɚɧɢɟ ɧɚ ɡɨɧɢɬɟ ɧɚ ɦɟɦɛɪɚɧɚɬɚ. 

 

1.1 ȼɥɢɹɧɢɟ ɜɴɪɯɭ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɪɢ ɩɪɟɦɟɫɬɜɚɧɟ ɧɚ 
ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ ɩɨ ɜɢɫɨɱɢɧɚ ɫɩɪɹɦɨ ɛɚɪɛoɬьɨɪɚ: 

 
1.1.1 Ɋɟɡɭɥɬɚɬɢ ɡɚ ɜɴɬɪɟɲɧɚ ɦɟɦɛɪɚɧɚ ɩɪɢ ɚɤɫɢɚɥɧɨ ɩɪɟɦɟɫɬɜɚɧɟ ɧɚ ɦɟɦɛɪɚɧɧɢɹ 

ɦɨɞɭɥ  (H=0.1m, H=0.2m ɢ H=0.3m) ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ: 

   ɇɚ ɮɢɝɭɪɢ 16, 17 ɢ 18 ɫɚ ɩɪɟɞɫɬɚɜɟɧɢ ɪɟɡɭɥɬɚɬɢɬɟ ɡɚ ɪɚɡɩɪɟɞɟɥɟɧɢɟ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ 
ɫɪɹɡɜɚɧɟ ɜɴɜ ɜɫɢɱɤɢ ɡɨɧɢ (1,2 ɢ 3) ɩɨ ɰɹɥɚɬɚ ɞɴɥɠɢɧɚ ɧɚ ɜɴɬɪɟɲɧɚɬɚ ɦɟɦɛɪɚɧɚ ɩɪɢ 
ɩɪɟɦɟɫɬɜɚɧɟ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ ɧɚ ɪɚɡɫɬɨɹɧɢɟ ɩɨ ɜɢɫɨɱɢɧɚ  H=0.1m, H=0.2m ɢ H=0.3m 
ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ, ɡɚ ɦɟɯɭɪɢ ɫ ɪɚɡɥɢɱɟɧ ɞɢɚɦɟɬɴɪ 3ɦɦ, 6ɦɦ ɢ 9 ɦɦ.  
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Ɏɢɝ. 16 Ɋɚɡɩɪɟɞɟɥɟɧɢɟ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ ɜɴɬɪɟɲɧɚɬɚ ɦɟɦɛɪɚɧɚ ɩɪɢ 

ɪɚɡɫɬɨɹɧɢɟ ɩɨ ɜɢɫɨɱɢɧɚ H=0.1m ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ. 

 
Ɏɢɝ. 17 Ɋɚɡɩɪɟɞɟɥɟɧɢɟ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ ɜɴɬɪɟɲɧɚɬɚ ɦɟɦɛɪɚɧɚ ɩɪɢ 

ɪɚɡɫɬɨɹɧɢɟ ɩɨ ɜɢɫɨɱɢɧɚ H=0.2m ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ. 
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Ɏɢɝ. 18 Ɋɚɡɩɪɟɞɟɥɟɧɢɟ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ ɜɴɬɪɟɲɧɚɬɚ ɦɟɦɛɪɚɧɚ ɩɪɢ 

ɪɚɡɫɬɨɹɧɢɟ ɩɨ ɜɢɫɨɱɢɧɚ H=0.3m ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ. 
 

1.1.2 Ɋɟɡɭɥɬɚɬɢ ɡɚ ɜɴɧɲɧɚ ɦɟɦɛɪɚɧɚ ɩɪɢ ɪɚɡɥɢɱɧɢ ɫɬɨɣɧɨɫɬɢ ɧɚ ɩɪɟɦɟɫɬɜɚɧɟ ɩɨ 
ɜɢɫɨɱɢɧɚ  (H=0.1m, H=0.2m ɢ H=0.3m) ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ: 

   ɇɚ ɮɢɝɭɪɢ  19, 20 ɢ 21 ɫɚ ɩɪɟɞɫɬɚɜɟɧɢ ɪɟɡɭɥɬɚɬɢɬɟ ɡɚ ɪɚɡɩɪɟɞɟɥɟɧɢɟ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ 
ɫɪɹɡɜɚɧɟ ɩɨ ɰɹɥɚɬɚ ɞɴɥɠɢɧɚ ɧɚ ɜɴɧɲɧɚɬɚ ɦɟɦɛɪɚɧɚ ɩɪɢ ɩɪɟɦɟɫɬɜɚɧɟ ɧɚ ɦɟɦɛɪɚɧɚɬɚ ɩɨ 
ɜɢɫɨɱɢɧɚ ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ H=0.1m, H=0.2m ɢ H=0.3m, ɡɚ ɦɟɯɭɪɢ ɫ ɪɚɡɥɢɱɟɧ ɞɢɚɦɟɬɴɪ 3 
ɦɦ, 6 ɦɦ ɢ 9 ɦɦ. ɇɚ ɮɢɝɭɪɢɬɟ ɫɚ ɩɪɟɞɫɬɚɜɟɧɢ ɪɟɡɭɥɬɚɬɢ ɡɚ ɜɫɢɱɤɢ ɡɨɧɢ (1,2 ɢ 3) ɧɚ 
ɦɟɦɛɪɚɧɚɬɚ. 
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Ɏɢɝ. 19 Ɋɚɡɩɪɟɞɟɥɟɧɢɟ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ ɜɴɧɲɧɚ ɦɟɦɛɪɚɧɚ ɩɪɢ 

ɪɚɡɫɬɨɹɧɢɟ ɩɨ ɜɢɫɨɱɢɧɚ H=0.1m ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ.. 

 
Ɏɢɝ. 20 Ɋɚɡɩɪɟɞɟɥɟɧɢɟ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ ɜɴɧɲɧɚ ɦɟɦɛɪɚɧɚ ɩɪɢ 

ɪɚɡɫɬɨɹɧɢɟ ɩɨ ɜɢɫɨɱɢɧɚ H=0.2m ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ.. 
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Ɏɢɝ. 21 Ɋɚɡɩɪɟɞɟɥɟɧɢɟ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ ɜɴɧɲɧɚ ɦɟɦɛɪɚɧɚ ɩɪɢ 

ɪɚɡɫɬɨɹɧɢɟ ɩɨ ɜɢɫɨɱɢɧɚ H=0.3m ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ. 
 

1.1.3 Ɋɟɡɭɥɬɚɬɢ ɡɚ ɪɚɡɩɪɟɞɟɥɟɧɢɟ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɜ ɡɨɧɚ 2 (ɚɤɬɢɜɧɚ ɡɨɧɚ) 
ɩɨ ɜɴɬɪɟɲɧɚɬɚ ɦɟɦɛɪɚɧɚ ɩɪɢ ɩɪɟɦɟɫɬɜɚɧɟ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ ɧɚ ɪɚɡɥɢɱɧɚ 
ɜɢɫɨɱɢɧɚ ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ  (H=0.1m, H=0.2m ɢ H=0.3m): 

 

   ȼ ɢɡɫɥɟɞɜɚɧɚɬɚ ɨɛɥɚɫɬ 2 (ɚɤɬɢɜɧɚ ɡɨɧɚ) ɧɚ ɮɢɝɭɪɢ 22, 23 ɢ 24 ɫɟ ɜɢɠɞɚ, ɱɟ ɫɤɨɪɨɫɬɬɚ ɧɚ 
ɫɪɹɡɜɚɧɟ ɩɨ ɜɴɬɪɟɲɧɚɬɚ ɦɟɦɛɪɚɧɚ ɟ  ɧɚɣ-ɜɢɫɨɤɚ  ɩɪɢ ɜɢɫɨɱɢɧɚ H=0.1m ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ 
ɡɚ ɞɢɚɦɟɬɴɪ ɧɚ ɦɟɯɭɪɢɬɟ 3ɦɦ. Ɉɬ ɜɫɢɱɤɢ ɩɪɟɞɫɬɚɜɟɧɢ ɮɢɝɭɪɢ ɡɚ ɡɨɧɚ 2 (ɚɤɬɢɜɧɚɬɚ ɡɨɧɚ) 

ɦɨɠɟ ɞɚ ɫɟ ɡɚɤɥɸɱɢ, ɱɟ ɩɨ-ɦɚɥɤɢɹɬ ɞɢɚɦɟɬɴɪ ɧɚ ɦɟɯɭɪɢɬɟ (3ɦɦ ɢ 6ɦɦ) ɜɥɢɹɟ ɩɨɥɨɠɢɬɟɥɧɨ 
ɜɴɪɯɭ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ.  
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Ɏɢɝ.22 Ɋɚɡɩɪɟɞɟɥɟɧɢɟ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ ɜɴɬɪɟɲɧɚɬɚ ɦɟɦɛɪɚɧɚ ɜ ɡɨɧɚ 2 

(ɚɤɬɢɜɧɚɬɚ ɡɨɧɚ) ɩɨ ɜɢɫɨɱɢɧɚ H=0.1m ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ. 

 
Ɏɢɝ.23 Ɋɚɡɩɪɟɞɟɥɟɧɢɟ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ ɜɴɬɪɟɲɧɚɬɚ ɦɟɦɛɪɚɧɚ ɜ ɡɨɧɚ 2 

(ɚɤɬɢɜɧɚɬɚ ɡɨɧɚ) ɩɨ ɜɢɫɨɱɢɧɚ H=0.2m ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ. 
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Ɏɢɝ.24 Ɋɚɡɩɪɟɞɟɥɟɧɢɟ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ ɜɴɬɪɟɲɧɚɬɚ ɦɟɦɛɪɚɧɚ ɜ ɡɨɧɚ 2 

(ɚɤɬɢɜɧɚɬɚ ɡɨɧɚ) ɩɨ ɜɢɫɨɱɢɧɚ H=0.3m ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ. 
 

1.1.2 Ɋɟɡɭɥɬɚɬɢ ɡɚ ɪɚɡɩɪɟɞɟɥɟɧɢɟ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɜ ɡɨɧɚ 2 (ɚɤɬɢɜɧɚ 
ɡɨɧɚ) ɩɨ ɜɴɧɲɧɚɬɚ ɦɟɦɛɪɚɧɚ ɩɪɢ ɩɪɟɦɟɫɬɜɚɧɟ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ ɩɨ 
ɜɢɫɨɱɢɧɚ ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ (H=0.1m, H=0.2m ɢ H=0.3m): 

 

   ȼ ɢɡɫɥɟɞɜɚɧɚɬɚ ɨɛɥɚɫɬ 2 (ɚɤɬɢɜɧɚ ɡɨɧɚ) ɩɨ ɨɬɧɨɲɟɧɢɟ ɧɚ ɜɴɧɲɧɚɬɚ ɦɟɦɛɪɚɧɚ  ɧɚ ɮɢɝɭɪɢ 

25, 26 ɢ 27  ɫɟ ɜɢɠɞɚ, ɱɟ ɦɟɯɭɪɢɬɟ ɫ ɧɚɣ-ɝɨɥɹɦ ɞɢɚɦɟɬɴɪ-9ɦɦ ɢɦɚɬ ɧɚɣ-ɜɢɫɨɤɚ ɫɤɨɪɨɫɬ ɧɚ 
ɫɪɹɡɜɚɳɨ ɧɚɩɪɟɠɟɧɢɟ ɜ ɛɥɢɡɨɫɬ ɞɨ ɛɚɪɛɨɬьɨɪɚ, ɧɨ ɟɮɟɤɬɢɜɧɨɫɬɬɚ ɢɦ ɪɹɡɤɨ ɧɚɦɚɥɹɜɚ ɩɨ 
ɞɴɥɠɢɧɚɬɚ ɧɚ ɦɟɦɛɪɚɧɚɬɚ. Ɇɟɯɭɪɢɬɟ ɫ ɩɨ-ɦɚɥɤɢ ɞɢɚɦɟɬɪɢ-3ɦɦ ɢ 6ɦɦ ɫɚ ɫ ɩɨ-ɧɢɫɤɢ 
ɫɬɨɣɧɨɫɬɢ ɧɚ ɫɪɹɡɜɚɳɨɬɨ ɧɚɩɪɟɠɟɧɢɟ ɜ ɛɥɢɡɨɫɬ ɞɨ ɛɚɪɛɨɬьɨɪɚ, ɧɨ ɫɚ ɫ ɩɨ-ɜɢɫɨɤɚ 
ɟɮɟɤɬɢɜɧɨɫɬ ɩɨ  ɞɴɥɠɢɧɚɬɚ ɧɚ ɦɟɦɛɪɚɧɚɬɚ. 
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Ɏɢɝ.25 Ɋɚɡɩɪɟɞɟɥɟɧɢɟ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ ɜɴɧɲɧɚɬɚ ɦɟɦɛɪɚɧɚ ɜ ɡɨɧɚ 2 

(ɚɤɬɢɜɧɚɬɚ ɡɨɧɚ) ɩɨ ɜɢɫɨɱɢɧɚ H=0.1m ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ. 

 
Ɏɢɝ.26 Ɋɚɡɩɪɟɞɟɥɟɧɢɟ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ ɜɴɧɲɧɚɬɚ ɦɟɦɛɪɚɧɚ ɜ ɡɨɧɚ 2 

(ɚɤɬɢɜɧɚɬɚ ɡɨɧɚ) ɩɨ ɜɢɫɨɱɢɧɚ H=0.2m ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ. 
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Ɏɢɝ.27 Ɋɚɡɩɪɟɞɟɥɟɧɢɟ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ ɜɴɧɲɧɚɬɚ ɦɟɦɛɪɚɧɚ ɜ ɡɨɧɚ 2 

(ɚɤɬɢɜɧɚɬɚ ɡɨɧɚ) ɩɨ ɜɢɫɨɱɢɧɚ H=0.3m ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ. 
 

1.2 ȼɥɢɹɧɢɟ ɧɚ ɞɢɚɦɟɬɴɪɚ ɧɚ ɦɟɯɭɪɢɬɟ ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ ɜɴɪɯɭ ɫɪɹɡɜɚɳɨɬɨ 
ɧɚɩɪɟɠɟɧɢɟ ɩɨ ɞɴɥɠɢɧɚɬɚ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ 

 
1.2.1 Ɋɟɡɭɥɬɚɬɢ ɨɬ ɜɥɢɹɧɢɟɬɨ ɧɚ ɞɢɚɦɟɬɴɪɚ ɧɚ ɦɟɯɭɪɢɬɟ (D=3mm, D=6mm ɢ D=9mm) 

ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ ɜɴɪɯɭ ɫɬɨɣɧɨɫɬɬɚ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ ɞɴɥɠɢɧɚɬɚ ɧɚ 

ɜɴɬɪɟɲɧɚɬɚ ɦɟɦɛɪɚɧɚ: 

  ɉɪɟɞɫɬɚɜɟɧɢɬɟ ɪɟɡɭɥɬɚɬɢ ɧɚ ɮɢɝɭɪɢ 28,29 ɢ 30 ɡɚ ɜɥɢɹɧɢɟɬɨ ɧɚ ɞɢɚɦɟɬɴɪɚ ɧɚ 
ɦɟɯɭɪɢɬɟ ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ ɜɴɪɯɭ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɟɞɧɨɡɧɚɱɧɨ ɡɚɬɜɴɪɠɞɚɜɚɬ, ɱɟ 
ɦɟɯɭɪɢɬɟ ɫ ɩɨ-ɦɚɥɴɤ ɞɢɚɦɟɬɴɪ ɨɤɚɡɜɚɬ ɩɨɥɨɠɢɬɟɥɧɨ ɜɥɢɹɧɢɟ ɜɴɪɯɭ ɫɤɨɪɨɫɬɬɚ ɧɚ 
ɫɪɹɡɜɚɧɟ. ɇɚɣ-ɜɢɫɨɤɢ ɫɬɨɣɧɨɫɬɢ ɡɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɫɟ ɧɚɛɥɸɞɚɜɚɬ ɩɪɢ ɧɚɣ-

ɦɚɥɤɨɬɨ ɪɚɡɫɬɨɹɧɢɟ ɩɨ ɜɢɫɨɱɢɧɚ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ ɡɚ H=0.1m. 

ɋɬɨɣɧɨɫɬɢɬɟ ɧɚ ɫɪɹɡɜɚɳɨɬɨ ɧɚɩɪɟɠɟɧɢɟ ɧɚɦɚɥɹɜɚɬ ɫ ɨɬɞɚɥɟɱɚɜɚɧɟ ɧɚ ɦɟɦɛɪɚɧɧɢɹ 
ɦɨɞɭɥ ɩɨ ɜɢɫɨɱɢɧɚ ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ ɡɚ ɜɫɢɱɤɢ ɢɡɫɥɟɞɜɚɧɢ ɞɢɚɦɟɬɪɢ ɧɚ ɦɟɯɭɪɢɬɟ 

(D=3mm,6mm ɢ 9mm). 
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Ɏɢɝ.28 ȼɥɢɹɧɢɟ ɧɚ ɞɢɚɦɟɬɴɪɚ ɧɚ ɦɟɯɭɪɢɬɟ ɧɚ ɝɚɡɨɜɚ ɮɚɡɚ ɩɨ ɞɴɥɠɢɧɚ ɧɚ ɜɴɬɪɟɲɧɚɬɚ 

ɦɟɦɛɪɚɧɚ  ɩɪɢ ɪɚɡɫɬɨɹɧɢɟ ɩɨ ɜɢɫɨɱɢɧɚ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ H=0.1m ɫɩɪɹɦɨ 
ɛɚɪɛɨɬьɨɪɚ. 

 
Ɏɢɝ.29 ȼɥɢɹɧɢɟ ɧɚ ɞɢɚɦɟɬɴɪɚ ɧɚ ɦɟɯɭɪɢɬɟ ɧɚ ɝɚɡɨɜɚ ɮɚɡɚ ɩɨ ɞɴɥɠɢɧɚ ɧɚ ɜɴɬɪɟɲɧɚɬɚ 

ɦɟɦɛɪɚɧɚ  ɩɪɢ ɪɚɡɫɬɨɹɧɢɟ ɩɨ ɜɢɫɨɱɢɧɚ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ H=0.2m ɫɩɪɹɦɨ 
ɛɚɪɛɨɬьɨɪɚ. 
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Ɏɢɝ.30 ȼɥɢɹɧɢɟ ɧɚ ɞɢɚɦɟɬɴɪɚ ɧɚ ɦɟɯɭɪɢɬɟ ɧɚ ɝɚɡɨɜɚ ɮɚɡɚ ɩɨ ɞɴɥɠɢɧɚ ɧɚ ɜɴɬɪɟɲɧɚɬɚ 

ɦɟɦɛɪɚɧɚ  ɩɪɢ ɪɚɡɫɬɨɹɧɢɟ ɩɨ ɜɢɫɨɱɢɧɚ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ H=0.3m ɫɩɪɹɦɨ 
ɛɚɪɛɨɬьɨɪɚ. 

 

 
1.2.2 Ɋɟɡɭɥɬɚɬɢ ɨɬ ɜɥɢɹɧɢɟɬɨ ɧɚ ɞɢɚɦɟɬɴɪɚ ɧɚ ɦɟɯɭɪɢɬɟ (D=3mm,D=6mm ɢ D=9mm) 

ɜɴɪɯɭ ɫɬɨɣɧɨɫɬɬɚ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ  ɩɨ ɞɴɥɠɢɧɚɬɚ ɧɚ ɜɴɧɲɧɚɬɚ 
ɦɟɦɛɪɚɧɚ: 

  ɋɬɨɣɧɨɫɬɢɬɟ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ ɞɴɥɠɢɧɚɬɚ ɧɚ ɜɴɧɲɧɚɬɚ ɦɟɦɛɪɚɧɚ ɫɚ ɨɤɨɥɨ 
2 ɩɴɬɢ ɩɨ-ɧɢɫɤɢ ɫɩɪɹɦɨ ɫɬɨɣɧɨɫɬɢɬɟ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɡɚ ɜɴɬɪɟɲɧɚɬɚ 
ɦɟɦɛɪɚɧɚ. Ɋɟɡɭɥɬɚɬɢɬɟ ɡɚ ɜɴɧɲɧɚɬɚ ɦɟɦɛɪɚɧɚ ɫɚ ɫɯɨɞɧɢ ɫ ɬɟɡɢ ɡɚ ɜɴɬɪɟɲɧɚɬɚ ɩɨ 
ɨɬɧɨɲɟɧɢɟ ɧɚ ɜɥɢɹɧɢɟɬɨ ɧɚ ɞɢɚɦɟɬɴɪɚ ɧɚ ɦɟɯɭɪɢɬɟ ɜɴɪɯɭ ɝɨɥɟɦɢɧɚɬɚ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ 
ɫɪɹɡɜɚɧɟ, ɚ ɢɦɟɧɧɨ ɩɨ-ɦɚɥɤɢɹ ɞɢɚɦɟɬɴɪ ɧɚ ɦɟɯɭɪɢɬɟ ɜɥɢɹɟ ɩɨɡɢɬɢɜɧɨ ɜɴɪɯɭ ɫɤɨɪɨɫɬɬɚ 
ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ ɞɴɥɠɢɧɚɬɚ ɧɚ ɦɟɦɛɪɚɧɚɬɚ. ɂɧɬɪɟɫɧɨɬɨ ɜ ɫɥɭɱɚɹ ɟ, ɱɟ ɫɟ ɧɚɛɥɸɞɚɜɚ 

ɫɴɜɫɟɦ ɦɚɥɤɚ ɪɚɡɥɢɤɚ ɜ ɫɬɨɣɧɨɫɬɢɬɟ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɡɚ ɜɴɧɲɧɚɬɚ ɦɟɦɛɪɚɧɚ 
ɩɪɢ ɪɚɡɥɢɱɧɚ ɨɬɞɚɥɟɱɟɧɨɫɬ ɩɨ ɜɢɫɨɱɢɧɚ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ 
(ɮɢɝ.31,32 ɢ 33). 
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Ɏɢɝ.31 ȼɥɢɹɧɢɟ ɧɚ ɞɢɚɦɟɬɴɪɚ ɧɚ ɦɟɯɭɪɢɬɟ ɧɚ ɝɚɡɨɜɚ ɮɚɡɚ ɩɨ ɞɴɥɠɢɧɚ ɧɚ ɜɴɧɲɧɚɬɚ 

ɦɟɦɛɪɚɧɚ  ɩɪɢ ɪɚɡɫɬɨɹɧɢɟ ɩɨ ɜɢɫɨɱɢɧɚ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ H=0.1m ɫɩɪɹɦɨ 
ɛɚɪɛɨɬьɨɪɚ. 

 
Ɏɢɝ.32 ȼɥɢɹɧɢɟ ɧɚ ɞɢɚɦɟɬɴɪɚ ɧɚ ɦɟɯɭɪɢɬɟ ɧɚ ɝɚɡɨɜɚ ɮɚɡɚ ɩɨ ɞɴɥɠɢɧɚ ɧɚ ɜɴɧɲɧɚɬɚ 

ɦɟɦɛɪɚɧɚ  ɩɪɢ ɪɚɡɫɬɨɹɧɢɟ ɩɨ ɜɢɫɨɱɢɧɚ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ H=0.2m ɫɩɪɹɦɨ 
ɛɚɪɛɨɬьɨɪɚ. 
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Ɏɢɝ.33 ȼɥɢɹɧɢɟ ɧɚ ɞɢɚɦɟɬɴɪɚ ɧɚ ɦɟɯɭɪɢɬɟ ɧɚ ɝɚɡɨɜɚ ɮɚɡɚ ɩɨ ɞɴɥɠɢɧɚ ɧɚ ɜɴɧɲɧɚɬɚ 

ɦɟɦɛɪɚɧɚ  ɩɪɢ ɪɚɡɫɬɨɹɧɢɟ ɩɨ ɜɢɫɨɱɢɧɚ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ H=0.3m ɫɩɪɹɦɨ 
ɛɚɪɛɨɬьɨɪɚ. 

  

2. ȼɥɢяɧɢɟ ɧɚ ɩɪɢɜɟɞɟɧɚɬɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ ɜɴɪɯɭ ɚɟɪɚɰɢяɬɚ ɜ 
ɛɚɪɛɨɬɚɠɧɚ ɤɨɥɚɧɚ ɫ ɩɨɬɨɩɟɧ ɦɟɦɛɪɚɧɟɧ ɦɨɞɭɥ  

   Ⱥɟɪɚɰɢɹɬɚ ɨɤɚɡɜɚ ɝɨɥɹɦɨ ɜɥɢɹɧɢɟ ɜɴɪɯɭ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ, ɱɪɟɡ ɭɜɟɥɢɱɚɜɚɧɟ ɧɚ 
ɫɬɟɩɟɧɬɚ ɧɚ ɚɟɪɢɪɚɧɟ ɫɟ ɢɡɜɴɪɲɜɚ ɩɨ-ɢɧɬɟɧɡɢɜɧɚ ɬɭɪɛɭɥɟɧɰɢɹ ɜɴɬɪɟ ɜ ɛɚɪɛɨɬɚɠɧɚɬɚ 
ɤɨɥɨɧɚ. Ɉɫɜɟɧ ɬɨɜɚ ɚɟɪɢɪɚɧɟɬɨ ɫɩɨɦɚɝɚ ɡɚ ɩɨ-ɜɢɫɨɤɚɬɚ ɟɮɟɤɬɢɜɧɨɫɬ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ 
ɱɪɟɡ ɩɨɱɢɫɬɜɚɧɟ ɧɚ ɦɟɦɛɪɚɧɢɬɟ ɨɬ ɨɛɪɚɡɭɜɚɥɚɬɚ ɫɟ ɩɨ ɬɹɯ ɭɬɚɣɤɚ. 

 
2.1 Ɋɟɡɭɥɬɚɬɢ ɩɪɢ ɩɪɢɜɟɞɟɧɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ 1.5 m/s ɢ ɪɚɡɥɢɱɧɚ ɜɢɫɨɱɢɧɚ 

(H=0.1m,0.2m ɢ 0.3m) ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ ɩɪɢ ɦɟɯɭɪɢ ɫ 
ɪɚɡɥɢɱɟɧ ɞɢɚɦɟɬɴɪ (D=3ɦɦ,6ɦɦ ɢ 9ɦɦ): 

   ɇɚ ɮɢɝɭɪɢ 34÷42 ɫɚ ɩɪɟɞɫɬɚɜɟɧɢ ɪɟɡɭɥɬɚɬɢɬɟ ɡɚ ɢɡɦɟɧɟɧɢɟ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɝɚɡɚ ɩɨ 
ɞɴɥɠɢɧɚ ɧɚ ɛɚɪɛɨɬɚɠɧɢɹ ɪɟɚɤɬɨɪ ɫ ɩɨɬɨɩɟɧɚ ɦɟɦɛɪɚɧɚ ɩɨ ɞɜɚ ɧɚɱɢɧɚ: ɫ ɰɜɟɬɟɧ ɤɨɧɬɭɪ ɢ 
ɜɟɤɬɨɪɧɨ. ɇɚɣ-ɜɢɫɨɤɚ ɟ ɫɤɨɪɨɫɬɬɚ ɧɚ ɝɚɡɚ ɜ ɛɥɢɡɨɫɬ ɞɨ ɛɚɪɛɨɬьɨɪɚ, ɤɚɬɨ ɡɚ ɜɫɢɱɤɢ 
ɪɚɡɝɥɟɠɞɚɧɢ ɫɥɭɱɚɢ, ɬɹ ɧɚɦɚɥɹɜɚ ɩɨ ɞɴɥɠɢɧɚɬɚ ɧɚ ɪɟɚɤɬɨɪɚ. ɇɚɣ-ɜɢɫɨɤɚɬɚ ɞɨɫɬɢɝɧɚɬɚ 
ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ ɟ ɨɰɜɟɬɟɧɚ ɜ ɱɟɪɜɟɧ ɰɜɹɬ, ɚ ɧɚɣ-ɧɢɫɤɚɬɚ ɜ ɫɢɧ. 
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Ɋɟɡɭɥɬɚɬɢ ɡɚ ɜɥɢяɧɢɟɬɨ ɧɚ ɩɪɢɜɟɞɟɧɚɬɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ ɩɪɢ ɪɚɡɫɬɨяɧɢɟ ɧɚ 
ɦɟɦɛɪɚɧɧɢя ɦɨɞɭɥ H=0.1m ɢ ɞɢɚɦɟɬɴɪ ɧɚ ɦɟɯɭɪɢɬɟ ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ D=3mm 

 
 
 

 

 

 

 
ɚ) ɉɪɟɞɫɬɚɜɟɧɢ 

ɪɟɡɭɥɬɚɬɢ ɫ 
ɰɜɟɬɟɧ ɤɨɧɬɭɪ. 

 

 
ɛ) ȼɟɤɬɨɪɧɨ ɩɪɟɞɫɬɚɜɹɧɟ ɩɨ 

ɞɴɥɠɢɧɚ ɧɚ ɪɟɚɤɬɨɪɚ. 

 
ɫ) ȼɟɤɬɨɪɧɨ 

ɩɪɟɞɫɬɚɜɹɧɟ ɨɤɨɥɨ 
ɛɚɪɛɨɬьɨɪɚ. 

Ɏɢɝ.34 Ɋɟɡɭɥɬɚɬɢ ɡɚ ɜɥɢɹɧɢɟ ɧɚ ɩɪɢɜɟɞɟɧɚɬɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ ɜɴɪɯɭ ɚɟɪɚɰɢɹɬɚ ɜ 
ɛɚɪɛɨɬɚɠɧɚɬɚ ɤɨɥɨɧɚ ɩɪɢ ɜɢɫɨɱɢɧɚ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ H=0.1m ɢ ɞɢɚɦɟɬɴɪ ɧɚ 

ɦɟɯɭɪɢɬɟ ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ-3mm. 

Ɋɟɡɭɥɬɚɬɢ ɡɚ ɜɥɢяɧɢɟɬɨ ɧɚ ɩɪɢɜɟɞɟɧɚɬɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ ɩɪɢ ɪɚɡɫɬɨяɧɢɟ ɧɚ 
ɦɟɦɛɪɚɧɧɢя ɦɨɞɭɥ H=0.1m ɢ ɞɢɚɦɟɬɴɪ ɧɚ ɦɟɯɭɪɢɬɟ ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ D=6mm  
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ɚ) ɉɪɟɞɫɬɚɜɟɧɢ 

ɪɟɡɭɥɬɚɬɢ ɫ 
ɰɜɟɬɟɧ ɤɨɧɬɭɪ. 

 

 
ɛ) ȼɟɤɬɨɪɧɨ ɩɪɟɞɫɬɚɜɹɧɟ ɩɨ 

ɞɴɥɠɢɧɚ ɧɚ ɪɟɚɤɬɨɪɚ. 

 
ɫ) ȼɟɤɬɨɪɧɨ 

ɩɪɟɞɫɬɚɜɹɧɟ ɨɤɨɥɨ 
ɛɚɪɛɨɬьɨɪɚ. 

Ɏɢɝ.35 Ɋɟɡɭɥɬɚɬɢ ɡɚ ɜɥɢɹɧɢɟ ɧɚ ɩɪɢɜɟɞɟɧɚɬɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ ɜɴɪɯɭ ɚɟɪɚɰɢɹɬɚ ɜ 
ɛɚɪɛɨɬɚɠɧɚɬɚ ɤɨɥɨɧɚ ɩɪɢ ɜɢɫɨɱɢɧɚ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ H=0.1m ɢ ɞɢɚɦɟɬɴɪ ɧɚ 

ɦɟɯɭɪɢɬɟ ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ-6mm. 

Ɋɟɡɭɥɬɚɬɢ ɡɚ ɜɥɢяɧɢɟɬɨ ɧɚ ɩɪɢɜɟɞɟɧɚɬɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ ɩɪɢ ɪɚɡɫɬɨяɧɢɟ ɧɚ 
ɦɟɦɛɪɚɧɧɢя ɦɨɞɭɥ H=0.1m ɢ ɞɢɚɦɟɬɴɪ ɧɚ ɦɟɯɭɪɢɬɟ ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ D=9mm  
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ɚ) ɉɪɟɞɫɬɚɜɟɧɢ 

ɪɟɡɭɥɬɚɬɢ ɫ 
ɰɜɟɬɟɧ ɤɨɧɬɭɪ. 

 
ɛ) ȼɟɤɬɨɪɧɨ ɩɪɟɞɫɬɚɜɹɧɟ ɩɨ 

ɞɴɥɠɢɧɚ ɧɚ ɪɟɚɤɬɨɪɚ. 

 
ɫ) ȼɟɤɬɨɪɧɨ 

ɩɪɟɞɫɬɚɜɹɧɟ ɨɤɨɥɨ 
ɛɚɪɛɨɬьɨɪɚ. 

 
Ɏɢɝ.36 Ɋɟɡɭɥɬɚɬɢ ɡɚ ɜɥɢɹɧɢɟ ɧɚ ɩɪɢɜɟɞɟɧɚɬɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ ɜɴɪɯɭ ɚɟɪɚɰɢɹɬɚ ɜ 

ɛɚɪɛɨɬɚɠɧɚɬɚ ɤɨɥɨɧɚ ɩɪɢ ɜɢɫɨɱɢɧɚ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ H=0.1m ɢ ɞɢɚɦɟɬɴɪ ɧɚ 
ɦɟɯɭɪɢɬɟ ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ-9mm. 

Ɋɟɡɭɥɬɚɬɢ ɡɚ ɜɥɢяɧɢɟɬɨ ɧɚ ɩɪɢɜɟɞɟɧɚɬɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ ɩɪɢ ɪɚɡɫɬɨяɧɢɟ ɧɚ 
ɦɟɦɛɪɚɧɧɢя ɦɨɞɭɥ H=0.2m ɢ ɞɢɚɦɟɬɴɪ ɧɚ ɦɟɯɭɪɢɬɟ ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ D=3mm  
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ɚ) ɉɪɟɞɫɬɚɜɟɧɢ 

ɪɟɡɭɥɬɚɬɢ ɫ 
ɰɜɟɬɟɧ ɤɨɧɬɭɪ. 

 

 
ɛ) ȼɟɤɬɨɪɧɨ ɩɪɟɞɫɬɚɜɹɧɟ ɩɨ 

ɞɴɥɠɢɧɚ ɧɚ ɪɟɚɤɬɨɪɚ. 
 

 
ɫ) ȼɟɤɬɨɪɧɨ 

ɩɪɟɞɫɬɚɜɹɧɟ ɨɤɨɥɨ 
ɛɚɪɛɨɬьɨɪɚ. 

 

Ɏɢɝ.37 Ɋɟɡɭɥɬɚɬɢ ɡɚ ɜɥɢɹɧɢɟ ɧɚ ɩɪɢɜɟɞɟɧɚɬɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ ɜɴɪɯɭ ɚɟɪɚɰɢɹɬɚ ɜ 
ɛɚɪɛɨɬɚɠɧɚɬɚ ɤɨɥɨɧɚ ɩɪɢ ɜɢɫɨɱɢɧɚ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ H=0.2m ɢ ɞɢɚɦɟɬɴɪ ɧɚ 

ɦɟɯɭɪɢɬɟ ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ-3mm. 

Ɋɟɡɭɥɬɚɬɢ ɡɚ ɜɥɢяɧɢɟɬɨ ɧɚ ɩɪɢɜɟɞɟɧɚɬɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ ɩɪɢ ɪɚɡɫɬɨяɧɢɟ ɧɚ 
ɦɟɦɛɪɚɧɧɢя ɦɨɞɭɥ H=0.2m ɢ ɞɢɚɦɟɬɴɪ ɧɚ ɦɟɯɭɪɢɬɟ ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ D=6mm  
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ɚ) ɉɪɟɞɫɬɚɜɟɧɢ 

ɪɟɡɭɥɬɚɬɢ ɫ 
ɰɜɟɬɟɧ ɤɨɧɬɭɪ. 
 

 
ɛ) ȼɟɤɬɨɪɧɨ ɩɪɟɞɫɬɚɜɹɧɟ ɩɨ 

ɞɴɥɠɢɧɚ ɧɚ ɪɟɚɤɬɨɪɚ. 
 

 
ɫ) ȼɟɤɬɨɪɧɨ 

ɩɪɟɞɫɬɚɜɹɧɟ ɨɤɨɥɨ 
ɛɚɪɛɨɬьɨɪɚ. 

 

Ɏɢɝ.38 Ɋɟɡɭɥɬɚɬɢ ɡɚ ɜɥɢɹɧɢɟ ɧɚ ɩɪɢɜɟɞɟɧɚɬɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ ɜɴɪɯɭ ɚɟɪɚɰɢɹɬɚ ɜ 
ɛɚɪɛɨɬɚɠɧɚɬɚ ɤɨɥɨɧɚ ɩɪɢ ɜɢɫɨɱɢɧɚ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ H=0.2m ɢ ɞɢɚɦɟɬɴɪ ɧɚ 

ɦɟɯɭɪɢɬɟ ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ-6mm. 

Ɋɟɡɭɥɬɚɬɢ ɡɚ ɜɥɢяɧɢɟɬɨ ɧɚ ɩɪɢɜɟɞɟɧɚɬɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ ɩɪɢ ɪɚɡɫɬɨяɧɢɟ ɧɚ 
ɦɟɦɛɪɚɧɧɢя ɦɨɞɭɥ H=0.2m ɢ ɞɢɚɦɟɬɴɪ ɧɚ ɦɟɯɭɪɢɬɟ ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ D=9mm  
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ɚ) ɉɪɟɞɫɬɚɜɟɧɢ 
ɪɟɡɭɥɬɚɬɢ ɫ 
ɰɜɟɬɟɧ ɤɨɧɬɭɪ. 
 

 
ɛ) ȼɟɤɬɨɪɧɨ ɩɪɟɞɫɬɚɜɹɧɟ ɩɨ 

ɞɴɥɠɢɧɚ ɧɚ ɪɟɚɤɬɨɪɚ. 
 

 
ɫ) ȼɟɤɬɨɪɧɨ 

ɩɪɟɞɫɬɚɜɹɧɟ ɨɤɨɥɨ 
ɛɚɪɛɨɬьɨɪɚ. 

 

Ɏɢɝ.39 Ɋɟɡɭɥɬɚɬɢ ɡɚ ɜɥɢɹɧɢɟ ɧɚ ɩɪɢɜɟɞɟɧɚɬɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ ɜɴɪɯɭ ɚɟɪɚɰɢɹɬɚ ɜ 
ɛɚɪɛɨɬɚɠɧɚɬɚ ɤɨɥɨɧɚ ɩɪɢ ɜɢɫɨɱɢɧɚ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ H=0.2m ɢ ɞɢɚɦɟɬɴɪ ɧɚ 

ɦɟɯɭɪɢɬɟ ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ-9mm. 

Ɋɟɡɭɥɬɚɬɢ ɡɚ ɜɥɢяɧɢɟɬɨ ɧɚ ɩɪɢɜɟɞɟɧɚɬɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ ɩɪɢ ɪɚɡɫɬɨяɧɢɟ ɧɚ 
ɦɟɦɛɪɚɧɧɢя ɦɨɞɭɥ H=0.3m ɢ ɞɢɚɦɟɬɴɪ ɧɚ ɦɟɯɭɪɢɬɟ ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ D=3mm  
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ɚ) ɉɪɟɞɫɬɚɜɟɧɢ 

ɪɟɡɭɥɬɚɬɢ ɫ 
ɰɜɟɬɟɧ ɤɨɧɬɭɪ. 

 
ɛ) ȼɟɤɬɨɪɧɨ ɩɪɟɞɫɬɚɜɹɧɟ ɩɨ 

ɞɴɥɠɢɧɚ ɧɚ ɪɟɚɤɬɨɪɚ. 
 

 
ɫ) ȼɟɤɬɨɪɧɨ 

ɩɪɟɞɫɬɚɜɹɧɟ ɨɤɨɥɨ 
ɛɚɪɛɨɬьɨɪɚ. 

Ɏɢɝ.40 Ɋɟɡɭɥɬɚɬɢ ɡɚ ɜɥɢɹɧɢɟ ɧɚ ɩɪɢɜɟɞɟɧɚɬɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ ɜɴɪɯɭ ɚɟɪɚɰɢɹɬɚ ɜ 
ɛɚɪɛɨɬɚɠɧɚɬɚ ɤɨɥɨɧɚ ɩɪɢ ɜɢɫɨɱɢɧɚ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ H=0.3m ɢ ɞɢɚɦɟɬɴɪ ɧɚ 

ɦɟɯɭɪɢɬɟ ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ-3mm. 

Ɋɟɡɭɥɬɚɬɢ ɡɚ ɜɥɢяɧɢɟɬɨ ɧɚ ɩɪɢɜɟɞɟɧɚɬɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ ɩɪɢ ɪɚɡɫɬɨяɧɢɟ ɧɚ 
ɦɟɦɛɪɚɧɧɢя ɦɨɞɭɥ H=0.3m ɢ ɞɢɚɦɟɬɴɪ ɧɚ ɦɟɯɭɪɢɬɟ ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ D=6mm  
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ɚ) ɉɪɟɞɫɬɚɜɟɧɢ 

ɪɟɡɭɥɬɚɬɢ ɫ 
ɰɜɟɬɟɧ ɤɨɧɬɭɪ. 
 

 
ɛ) ȼɟɤɬɨɪɧɨ ɩɪɟɞɫɬɚɜɹɧɟ ɩɨ 

ɞɴɥɠɢɧɚ ɧɚ ɪɟɚɤɬɨɪɚ. 
 

 
ɫ) ȼɟɤɬɨɪɧɨ 

ɩɪɟɞɫɬɚɜɹɧɟ ɨɤɨɥɨ 
ɛɚɪɛɨɬьɨɪɚ. 

Ɏɢɝ.41 Ɋɟɡɭɥɬɚɬɢ ɡɚ ɜɥɢɹɧɢɟ ɧɚ ɩɪɢɜɟɞɟɧɚɬɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ ɜɴɪɯɭ ɚɟɪɚɰɢɹɬɚ ɜ 
ɛɚɪɛɨɬɚɠɧɚɬɚ ɤɨɥɨɧɚ ɩɪɢ ɜɢɫɨɱɢɧɚ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ H=0.3m ɢ ɞɢɚɦɟɬɴɪ ɧɚ 

ɦɟɯɭɪɢɬɟ ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ-6mm. 

Ɋɟɡɭɥɬɚɬɢ ɡɚ ɜɥɢяɧɢɟɬɨ ɧɚ ɩɪɢɜɟɞɟɧɚɬɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ ɩɪɢ ɪɚɡɫɬɨяɧɢɟ ɧɚ 
ɦɟɦɛɪɚɧɧɢя ɦɨɞɭɥ H=0.3m ɢ ɞɢɚɦɟɬɴɪ ɧɚ ɦɟɯɭɪɢɬɟ ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ D=9mm  
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ɚ) ɉɪɟɞɫɬɚɜɟɧɢ 

ɪɟɡɭɥɬɚɬɢ ɫ 
ɰɜɟɬɟɧ ɤɨɧɬɭɪ. 
 

 
ɛ) ȼɟɤɬɨɪɧɨ ɩɪɟɞɫɬɚɜɹɧɟ ɩɨ 

ɞɴɥɠɢɧɚ ɧɚ ɪɟɚɤɬɨɪɚ. 
 

 
ɫ) ȼɟɤɬɨɪɧɨ 

ɩɪɟɞɫɬɚɜɹɧɟ ɨɤɨɥɨ 
ɛɚɪɛɨɬьɨɪɚ. 

Ɏɢɝ.42 Ɋɟɡɭɥɬɚɬɢ ɡɚ ɜɥɢɹɧɢɟ ɧɚ ɩɪɢɜɟɞɟɧɚɬɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ ɜɴɪɯɭ ɚɟɪɚɰɢɹɬɚ ɜ 
ɛɚɪɛɨɬɚɠɧɚɬɚ ɤɨɥɨɧɚ ɩɪɢ ɜɢɫɨɱɢɧɚ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ H=0.3m ɢ ɞɢɚɦɟɬɴɪ ɧɚ 

ɦɟɯɭɪɢɬɟ ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ-9mm. 

 

 

2.2.1 ɋɪɚɜɧɟɧɢɟ ɧɚ ɪɟɡɭɥɬɚɬɢ ɡɚ ɫɬɨɣɧɨɫɬɬɚ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ ɜɴɬɪɟɲɧɚɬɚ 
ɦɟɦɛɪɚɧɚ ɩɪɢ ɩɪɢɜɟɞɟɧɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ 0.5 m/s ɢ 1.5 m/s ɧɚ ɜɯɨɞ ɧɚ ɪɟɚɤɬɨɪɚ ɡɚ 
ɟɞɧɚɤɜɨ ɨɬɦɟɫɬɜɚɧɟ ɩɨ ɜɢɫɨɱɢɧɚ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ H=0.1m ɫɩɪɹɦɨ 
ɛɚɪɛɨɬьɨɪɚ ɡɚ ɞɢɚɦɟɬɴɪ ɧɚ ɦɟɯɭɪɢɬɟ ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ 3ɦɦ.   

   ɇɚ ɮɢɝɭɪɚ 43 ɟ ɩɪɟɞɫɬɚɜɟɧɨ ɫɪɚɜɧɟɧɢɟ ɧɚ ɫɬɨɣɧɨɫɬɬɚ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ 
ɜɴɬɪɟɲɧɚɬɚ ɦɟɦɛɪɚɧɚ ɩɪɢ ɞɜɟ ɩɪɢɜɟɞɟɧɢ ɫɤɨɪɨɫɬɢ ɧɚ ɝɚɡɚ 0.5 m/s 1.5 m/s ɡɚ ɟɞɧɚɤɴɜ 
ɞɢɚɦɟɬɴɪ ɧɚ ɦɟɯɭɪɢɬɟ ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ -3ɦɦ ɢ ɟɞɧɚɤɜɚ ɜɢɫɨɱɢɧɚ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ 
ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ H=0.1m. Ɋɟɡɭɥɬɚɬɢɬɟ ɨɬ ɮɢɝ.42 ɟɞɧɨɡɧɚɱɧɨ ɩɨɤɚɡɜɚɬ, ɱɟ ɩɪɢ ɩɨ-

ɜɢɫɨɤɚ ɩɪɢɜɟɞɟɧɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ, ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ ɞɴɥɠɢɧɚ ɧɚ ɜɴɬɪɟɲɧɚɬɚ 
ɦɟɦɛɪɚɧɚ ɧɚɪɚɫɬɜɚ, ɞɨɤɚɬɨ ɩɪɢ ɩɨ-ɧɢɫɤɚ ɩɪɢɜɟɞɟɧɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ, ɫɤɨɪɨɫɬɬɚ ɧɚ 
ɫɪɹɡɜɚɧɟ ɧɚɦɚɥɹɜɚ. 
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Ɏɢɝ.43 ɋɪɚɜɧɟɧɢɟ ɧɚ ɫɬɨɣɧɨɫɬɢɬɟ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ ɜɴɬɪɟɲɧɚɬɚ ɦɟɦɛɪɚɧɚ 

ɩɪɢ ɪɚɡɥɢɱɧɚ ɩɪɢɜɟɞɟɧɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ  ɢ ɟɞɧɚɤɜɨ ɪɚɡɫɬɨɹɧɢɟ ɩɨ ɜɢɫɨɱɢɧɚ ɧɚ 
ɜɴɬɪɟɲɧɚɬɚ ɦɟɦɛɪɚɧɚ H=0.1m  ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ ɡɚ ɟɞɧɚɤɴɜ ɞɢɚɦɟɬɴɪ ɧɚ ɦɟɯɭɪɢɬɟ ɧɚ 

ɝɚɡɨɜɚɬɚ ɮɚɡɚ – 3ɦɦ ɤɨɥɨɧɚ ɩɪɢ ɜɢɫɨɱɢɧɚ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ. 
 

2.2.2 ɋɪɚɜɧɟɧɢɟ ɧɚ ɪɟɡɭɥɬɚɬɢ ɡɚ ɫɬɨɣɧɨɫɬɬɚ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ ɜɴɧɲɧɚɬɚ 
ɦɟɦɛɪɚɧɚ ɩɪɢ ɩɪɢɜɟɞɟɧɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ 0.5 m/s ɢ 1.5 m/s ɧɚ ɜɯɨɞ ɧɚ ɪɟɚɤɬɨɪɚ ɢ 

ɟɞɧɚɤɜɨ ɨɬɦɟɫɬɜɚɧɟ ɩɨ ɜɢɫɨɱɢɧɚ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ H=0.1m ɫɩɪɹɦɨ 
ɛɚɪɛɨɬьɨɪɚ ɡɚ ɞɢɚɦɟɬɴɪ ɧɚ ɦɟɯɭɪɢɬɟ ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ 3ɦɦ.   

   Ɋɟɡɭɥɬɚɬɢɬɟ ɩɨɤɚɡɚɧɢ ɧɚ ɮɢɝ.44 ɞɨɤɚɡɜɚɬ, ɱɟ ɩɪɢɜɟɞɟɧɚɬɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ ɨɤɚɡɜɚ 
ɝɨɥɹɦɨ ɜɥɢɹɧɢɟ ɜɴɪɯɭ ɫɬɨɣɧɨɫɬɬɚ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ. ɉɨɞɨɛɧɨ ɧɚ ɪɟɡɭɥɬɚɬɢɬɟ ɡɚ 
ɜɴɬɪɟɲɧɚɬɚ ɦɟɦɛɪɚɧɚ ɩɨɤɚɡɚɧɢ ɧɚ ɮɢɝ.43 ɢ ɬɭɤ ɪɟɡɭɥɬɚɬɢɬɟ ɩɪɢ ɩɨ-ɜɢɫɨɤɚ ɩɪɢɜɟɞɟɧɚ 
ɫɤɨɪɨɫɬ ɜɨɞɹɬ ɞɨ ɩɨ-ɜɢɫɨɤɚ ɫɤɨɪɨɫɬ ɧɚ ɫɪɹɡɜɚɧɟ. 
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Ɏɢɝ.44 ɋɪɚɜɧɟɧɢɟ ɧɚ ɫɬɨɣɧɨɫɬɢɬɟ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ ɜɴɧɲɧɚɬɚ ɦɟɦɛɪɚɧɚ ɩɪɢ 

ɪɚɡɥɢɱɧɚ ɩɪɢɜɟɞɟɧɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ  ɢ ɟɞɧɚɤɜɨ ɪɚɡɫɬɨɹɧɢɟ ɩɨ ɜɢɫɨɱɢɧɚ ɧɚ ɜɴɧɲɧɚɬɚ 

ɦɟɦɛɪɚɧɚ H=0.1m  ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ ɡɚ ɟɞɧɚɤɴɜ ɞɢɚɦɟɬɴɪ ɧɚ ɦɟɯɭɪɢɬɟ ɧɚ ɝɚɡɨɜɚɬɚ 
ɮɚɡɚ – 3ɦɦ.  

 

2.2.3 ɋɪɚɜɧɟɧɢɟ ɧɚ ɫɬɨɣɧɨɫɬɢɬɟ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ ɜɴɬɪɟɲɧɚɬɚ ɦɟɦɛɪɚɧɚ ɜ ɡɨɧɚ 2 
(ɚɤɬɢɜɧɚ ɡɨɧɚ) ɩɪɢ ɪɚɡɥɢɱɧɚ ɩɪɢɜɟɞɟɧɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ ɢ ɟɞɧɚɤɜɚ ɜɢɫɨɱɢɧɚ ɧɚ 
ɜɴɧɲɧɚɬɚ ɦɟɦɛɪɚɧɚ H=0.1m  ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ ɡɚ ɟɞɧɚɤɴɜ ɞɢɚɦɟɬɴɪ ɧɚ 
ɦɟɯɭɪɢɬɟ ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ – 3ɦɦ. 

   ɇɚ ɮɢɝɭɪɚ 45 ɫɚ ɩɪɟɞɫɬɚɜɟɧɢ ɪɟɡɭɥɬɚɬɢɬɟ ɡɚ ɫɬɨɣɧɨɫɬɬɚ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɜ ɡɨɧɚ 2 
(ɚɤɬɢɜɧɚɬɚ ɡɨɧɚ) ɡɚ ɜɴɬɪɟɲɧɚɬɚ ɦɟɦɛɪɚɧɚ, ɤɨɢɬɨ ɩɨɤɚɡɜɚɬ, ɱɟ ɩɨ-ɜɢɫɨɤɚɬɚ ɩɪɢɜɟɞɟɧɚ 
ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ ɛɥɚɝɨɩɪɢɹɬɫɬɜɚ ɩɨ-ɜɢɫɨɤɢ ɫɬɨɣɧɨɫɬɢ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɪɢ ɟɞɧɚɤɜɢ 
ɞɪɭɝɢ ɭɫɥɨɜɢɹ.  
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Ɏɢɝ.45 ɋɪɚɜɧɟɧɢɟ ɧɚ ɫɬɨɣɧɨɫɬɢɬɟ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ ɜɴɬɪɟɲɧɚɬɚ ɦɟɦɛɪɚɧɚ ɩɪɢ 

ɪɚɡɥɢɱɧɚ ɩɪɢɜɟɞɟɧɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ  ɢ ɟɞɧɚɤɜɨ ɪɚɡɫɬɨɹɧɢɟ ɩɨ ɜɢɫɨɱɢɧɚ ɧɚ ɜɴɬɪɟɲɧɚɬɚ 
ɦɟɦɛɪɚɧɚ H=0.1m  ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ ɢ ɟɞɧɚɤɴɜ ɞɢɚɦɟɬɴɪ ɧɚ ɦɟɯɭɪɢɬɟ ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ 

– 3ɦɦ ɤɨɥɨɧɚ ɩɪɢ ɜɢɫɨɱɢɧɚ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ. 
 

2.2.4 ɋɪɚɜɧɟɧɢɟ ɧɚ ɫɬɨɣɧɨɫɬɢɬɟ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ ɜɴɧɲɧɚɬɚ ɦɟɦɛɪɚɧɚ ɜ 
ɡɨɧɚ 2 (ɚɤɬɢɜɧɚ ɡɨɧɚ) ɩɪɢ ɪɚɡɥɢɱɧɚ ɩɪɢɜɟɞɟɧɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ ɢ ɟɞɧɚɤɜɚɩɨ 
ɜɢɫɨɱɢɧɚ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ H=0.1m  ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ ɡɚ ɟɞɧɚɤɴɜ 
ɞɢɚɦɟɬɴɪ ɧɚ ɦɟɯɭɪɢɬɟ ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ – 3ɦɦ. 

   ɇɚ ɮɢɝɭɪɚ 46 ɫɚ ɩɪɟɞɫɬɚɜɟɧɢ ɪɟɡɭɥɬɚɬɢɬɟ ɡɚ ɫɬɨɣɧɨɫɬɬɚ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɜ 
ɡɨɧɚ 2 (ɚɤɬɢɜɧɚɬɚ ɡɨɧɚ) ɡɚ ɜɴɧɲɧɚɬɚ ɦɟɦɛɪɚɧɚ, ɤɨɢɬɨ ɩɨɤɚɡɜɚɬ, ɱɟ ɩɨ ɨɬɧɨɲɟɧɢɟ ɧɚ 
ɜɴɧɲɧɚɬɚ ɦɟɦɛɪɚɧɚ ɪɚɡɥɢɱɧɚɬɚ ɩɪɢɜɟɞɟɧɚɬɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ ɧɟ ɜɨɞɢ ɞɨ ɝɨɥɹɦɨ 
ɢɡɦɟɧɟɧɢɟ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ. ɋɴɳɨ ɬɚɤɚ ɫɬɨɣɧɨɫɬɢɬɟ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ 
ɡɚ ɜɴɧɲɧɚɬɚ ɦɟɦɛɪɚɧɚ ɫɚ ɩɨ-ɧɢɫɤɢ ɫɩɪɹɦɨ ɬɟɡɢ ɨɬ ɜɴɬɪɟɲɧɚɬɚ ɦɟɦɛɪɚɧɚ. 
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Ɏɢɝ.46 ɋɪɚɜɧɟɧɢɟ ɧɚ ɫɬɨɣɧɨɫɬɢɬɟ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ ɜɴɧɲɧɚɬɚ ɦɟɦɛɪɚɧɚ ɩɪɢ 

ɪɚɡɥɢɱɧɚ ɩɪɢɜɟɞɟɧɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ  ɢ ɟɞɧɚɤɜɨ ɪɚɡɫɬɨɹɧɢɟ ɩɨ ɜɢɫɨɱɢɧɚ ɧɚ ɜɴɧɲɧɚɬɚ 
ɦɟɦɛɪɚɧɚ H=0.1m  ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ ɢ ɟɞɧɚɤɴɜ ɞɢɚɦɟɬɴɪ ɧɚ ɦɟɯɭɪɢɬɟ ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ 

– 3ɦɦ ɤɨɥɨɧɚ ɩɪɢ ɜɢɫɨɱɢɧɚ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ. 
 

2.2.5 ȼɥɢɹɧɢɟ ɧɚ ɞɢɚɦɟɬɴɪɚ ɧɚ ɦɟɯɭɪɚ ɜɴɪɯɭ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ ɜɴɬɪɟɲɧɚɬɚ 
ɦɟɦɛɪɚɧɚ ɩɪɢ ɪɚɡɥɢɱɧɚ ɩɪɢɜɟɞɟɧɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ, ɟɞɧɚɤɴɜ ɞɢɚɦɟɬɴɪ ɧɚ 
ɦɟɯɭɪɢɬɟ ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ-3ɦɦ ɢ ɨɬɫɬɨɹɧɢɟ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ ɩɨ ɜɢɫɨɱɢɧɚ 
H=0.1m. 

   ɇɚ ɮɢɝ.47 ɫɟ ɜɢɠɞɚ, ɱɟ ɩɪɢ ɟɞɧɚɤɜɢ ɞɢɚɦɟɬɪɢ ɧɚ ɦɟɯɭɪɢɬɟ ɢ ɟɞɧɚɤɜɨ ɨɬɫɬɨɹɧɢɟ ɧɚ 
ɜɴɬɪɟɲɧɚɬɚ ɦɟɦɛɪɚɧɚ ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ ɩɪɢ ɩɨ-ɜɢɫɨɤɚ ɩɪɢɜɟɞɟɧɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ 
ɢɦɚɦɟ ɩɨ-ɜɢɫɨɤɚ ɫɬɨɣɧɨɫɬ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ. 
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Ɏɢɝ.47 ȼɥɢɹɧɢɟ ɧɚ ɞɢɚɦɟɬɴɪɚ ɧɚ ɦɟɯɭɪɚ ɜɴɪɯɭ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ ɜɴɬɪɟɲɧɚɬɚ 

ɦɟɦɛɪɚɧɚ ɩɪɢ ɪɚɡɥɢɱɧɚ ɩɪɢɜɟɞɟɧɚ ɫɤɨɪɨɫɬ. 
 

2.2.6  ȼɥɢɹɧɢɟ ɧɚ ɞɢɚɦɟɬɴɪɚ ɧɚ ɦɟɯɭɪɚ ɜɴɪɯɭ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ ɜɴɧɲɧɚɬɚ 
ɦɟɦɛɪɚɧɚ ɩɪɢ ɪɚɡɥɢɱɧɚ ɩɪɢɜɟɞɟɧɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ, ɟɞɧɚɤɴɜ ɞɢɚɦɟɬɴɪ ɧɚ 
ɦɟɯɭɪɢɬɟ ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ-3ɦɦ ɢ ɨɬɫɬɨɹɧɢɟ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ ɩɨ ɜɢɫɨɱɢɧɚ 
H=0.1m. 

   ɇɚ ɮɢɝ.48 ɫɚ ɩɪɟɞɫɬɚɜɟɧɢ ɪɟɡɭɥɬɚɬɢɬɟ ɡɚ ɜɴɧɲɧɚɬɚ ɦɟɦɛɪɚɧɚ, ɨɬ ɤɨɢɬɨ ɫɟ ɜɢɠɞɚ, ɱɟ 
ɩɪɢ ɟɞɧɚɤɜɢ ɞɢɚɦɟɬɪɢ ɧɚ ɦɟɯɭɪɢɬɟ ɢ ɟɞɧɚɤɜɚ ɜɢɫɨɱɢɧɚ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ ɫɩɪɹɦɨ 
ɛɚɪɛɨɬьɨɪɚ, ɩɪɢ ɩɨ-ɝɨɥɹɦɚ ɩɪɢɜɟɞɟɧɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ ɢɦɚɦɟ ɩɨ-ɜɢɫɨɤɚ ɫɤɨɪɨɫɬ ɧɚ 
ɫɪɹɡɜɚɧɟ. ȼɴɩɪɟɤɢ ɬɨɜɚ ɫɬɨɣɧɨɫɬɢɬɟ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ ɜɴɬɪɟɲɧɚɬɚ ɦɟɦɛɪɚɧɚ 
ɨɫɬɚɜɚɬ ɩɨ-ɧɢɫɤɢ ɫɩɪɹɦɨ ɬɟɡɢ ɩɨ ɜɴɧɲɧɚɬɚ. 
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Ɏɢɝ.48  ȼɥɢɹɧɢɟ ɧɚ ɞɢɚɦɟɬɴɪɚ ɧɚ ɦɟɯɭɪɚ ɜɴɪɯɭ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɨ ɜɴɧɲɧɚɬɚ 

ɦɟɦɛɪɚɧɚ ɩɪɢ ɪɚɡɥɢɱɧɚ ɩɪɢɜɟɞɟɧɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ. 
 

 

IV. ɂɡɜɨɞɢ  

   ɋɥɟɞ ɢɡɜɴɪɲɜɚɧɟ ɧɚ ɱɢɫɥɟɧɢɬɟ ɫɢɦɭɥɚɰɢɢ ɢ ɝɪɚɮɢɱɧɨɬɨ ɢɡɨɛɪɚɡɹɜɚɧɟ ɧɚ ɩɨɥɭɱɟɧɢɬɟ 
ɪɟɡɭɥɬɚɬɢɬɢ ɦɨɝɚɬ ɞɚ ɫɟ ɧɚɩɪɚɜɹɬ ɫɥɟɞɧɢɬɟ ɢɡɜɨɞɢ: 

 

1. Ⱥɤɫɢɚɥɧɨɬɨ ɩɪɟɦɟɫɬɜɚɧɟ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ ɜɨɞɢ ɞɨ 
ɧɚɦɚɥɹɜɚɧɟ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɩɪɢ ɟɞɧɚɤɜɢ ɞɪɭɝɢ ɭɫɥɨɜɢɹ (ɩɪɢɜɟɞɟɧɚ 
ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ ɢ ɞɢɚɦɟɬɴɪ ɧɚ ɦɟɯɭɪɢɬɟ). ɇɚɣ-ɞɨɛɪɢ ɪɟɡɭɥɬɚɬɢ ɫɚ ɩɨɥɭɱɟɧɢ ɩɪɢ 
ɪɚɡɫɬɨɹɧɢɟ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ ɩɨ ɜɢɫɨɱɢɧɚ ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ H=0.1m ɢ 
ɞɢɚɦɟɬɴɪ ɧɚ ɦɟɯɭɪɢɬɟ 3mm ɢ ɩɪɢɜɟɞɟɧɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ 1.5 m/s. Ⱥɤɫɢɚɥɧɨɬɨ 
ɩɪɟɦɟɫɬɜɚɧɟ ɧɚ ɦɟɦɛɪɚɧɧɢɹ ɦɨɞɭɥ ɜɥɢɹɟ ɫ ɩɨ-ɫɴɳɟɫɬɜɟɧɨ ɜɴɪɯɭ ɫɤɨɪɨɫɬɬɚ ɧɚ 
ɫɪɹɡɜɚɧɟ ɩɨ ɜɴɬɪɟɲɧɚɬɚ ɦɟɦɛɪɚɧɚ ɢ ɧɟ ɬɨɥɤɨɜɚ ɫɴɳɟɫɬɜɟɧɨ ɜɴɪɯɭ ɜɴɧɲɧɚɬɚ. 
 

2. ɉɪɢ ɟɞɧɚɤɜɢ ɞɪɭɝɢ ɭɫɥɨɜɢɹ ɞɢɚɦɟɬɴɪɴɬ ɧɚ ɦɟɯɭɪɢɬɟ ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ ɨɤɚɡɜɚ 
ɫɴɳɟɫɬɜɟɧɨ ɜɥɢɹɧɢɟ ɜɴɪɯɭ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ. ɇɚɣ-ɜɢɫɨɤɚ ɫɤɨɪɨɫɬ ɧɚ 
ɫɪɹɡɜɚɳɨɬɨ ɧɚɩɪɟɠɟɧɢɟ ɟ ɩɨɥɭɱɟɧɚ ɩɪɢ ɞɢɚɦɟɬɴɪ ɧɚ ɦɟɯɭɪɢɬɟ 3ɦɦ. ȼɥɢɹɧɢɟɬɨ ɧɚ 
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ɞɢɚɦɟɬɴɪɚ ɧɚ ɦɟɯɭɪɚ ɜɴɪɯɭ ɫɬɨɣɧɨɫɬɢɬɟ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɟ ɩɨ-ɝɨɥɹɦɨ ɩɨ 
ɨɬɧɨɲɟɧɢɟ ɧɚ ɜɴɬɪɟɲɧɚɬɚ ɦɟɦɛɪɚɧɚ. 
 

 

3. ɉɪɢ ɪɚɡɥɢɱɧɢ ɩɪɢɜɟɞɟɧɢ ɫɤɨɪɨɫɬɢ ɧɚ ɝɚɡɨɜɚɬɚ ɮɚɡɚ (0.5 m/s ɢ 1.5 m/s)  ɢ ɟɞɧɚɤɜɢ 
ɞɪɭɝɢ ɭɫɥɨɜɢɹ (ɞɢɚɦɟɬɴɪ ɧɚ ɦɟɯɭɪɢɬɟ ɢ ɪɚɡɩɨɥɨɠɟɧɢɟ ɩɨ ɜɢɫɨɱɢɧɚ ɧɚ ɦɟɦɛɪɚɧɧɢɹ 
ɦɨɞɭɥ ɫɩɪɹɦɨ ɛɚɪɛɨɬьɨɪɚ), ɫɤɨɪɨɫɬɬɚ ɧɚ ɫɪɹɡɜɚɧɟ ɧɚɪɚɫɬɜɚ ɩɪɢ ɩɨ-ɜɢɫɨɤɚɬɚ 
ɩɪɢɜɟɞɟɧɚ ɫɤɨɪɨɫɬ ɧɚ ɝɚɡɚ. 

 

4. ɂɡɱɢɫɥɢɬɟɥɧɚɬɚ ɞɢɧɚɦɢɤɚ ɧɚ ɮɥɭɢɞɢɬɟ (CFD) ɞɚɜɚ ɜɴɡɦɨɠɧɨɫɬ ɡɚ ɩɪɟɞɫɤɚɡɜɚɧɟ ɧɚ 
ɬɨɜɚ ɤɚɤ ɝɟɨɦɟɬɪɢɱɧɢɬɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɢ ɪɚɛɨɬɧɢɬɟ ɩɚɪɚɦɟɬɪɢ ɧɚ ɦɟɦɛɪɚɧɧɢɹ 
ɪɟɚɤɬɨɪ ɤɚɬɨ ɧɚɩɪɢɦɟɪ: ɩɨɡɢɰɢɹɬɚ ɧɚ ɦɟɦɛɪɚɧɧɢɬɟ ɦɨɞɭɥɢ ɢ ɧɚ ɞɢɡɚɣɧɚ ɧɚ 
ɦɟɦɛɪɚɧɚɬɚ; ɩɨɡɢɰɢɹɬɚ ɢ ɜɢɞɚ ɧɚ ɛɚɪɛɨɬьɨɪɚ, ɤɚɤɬɨ ɢ ɧɚ ɫɤɨɪɨɫɬɬɚ ɧɚ ɚɟɪɢɪɚɧɟ 
ɛɢɯɚ ɩɨɜɥɢɹɥɢ ɧɚ ɯɢɞɪɨɞɢɧɚɦɢɤɚɬɚ ɢ ɧɚ ɢɡɛɨɪɚ ɧɚ ɨɩɬɢɦɚɥɧɚɬɚ ɤɨɧɫɬɪɭɤɰɢɹ ɢ 
ɫɥɟɞɨɜɚɬɟɥɧɨ ɢ ɧɚ ɩɪɨɢɡɜɨɞɢɬɟɥɧɨɫɬɬɚ ɧɚ ȻɊɉM. 

 

5. ɉɨɥɭɱɟɧɢɬɟ ɱɢɫɥɟɧɢ ɪɟɡɭɥɬɚɬɢ, ɞɚɜɚɬ ɜɴɡɦɨɠɧɨɫɬ ɡɚ ɨɰɟɧɤɚ ɧɚ ɮɚɤɬɨɪɢɬɟ, ɤɨɢɬɨ 
ɩɪɟɞɢɡɜɢɤɜɚɬ ɡɚɦɴɪɫɹɜɚɧɟɬɨ ɧɚ ɦɟɦɛɪɚɧɚɬɚ ɢ ɧɚ ɟɮɟɤɬɢɜɧɨɫɬɬɚ ɧɚ ɦɚɫɨɩɪɟɧɨɫɧɢɬɟ 
ɩɪɨɰɟɫɢ ɜ ɦɟɦɛɪɚɧɧɢ ɪɟɚɤɬɨɪɢ ɫ ɚɟɪɢɪɚɧɟ. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



67 

 

V.  ɂɡɩɨɥɡɜɚɧɚ ɥɢɬɟɪɚɬɭɪɚ 

 

[1]. Deen, N. G., Mudde, R. F., Kuipers, J. A. M., Zehner, P., Kraume, M., 2011, Wiley-VCH. 

Bubble Columns in Ullmann’s Encyclopedia of Industrial Chemistry. 7th edition. 

 

[2]. Zehner, P., Kraume, M., 2002, Wiley-VCH. Bubble Columns in Ullmann’s Encyclopedia of 

Industrial Chemistry. 6th edition  

 

[3].http://www.pse.ice.bas.bg/www_systems_engineerig_laboratory/Distance_learning_systmen

g/Distance_Course_15/Lekcii_Course_15/Lekcii_Course_15_PDF/11-

%D0%BA%D1%80%D0%B0%D0%B5%D0%BD%20%D0%B2%D0%B0%D1%80%D0%B8

%D0%B0%D0%BD%D1%82.pdf 

 

[4]. Ⱦ. Ɇɭɬɚɮɱɢɟɜɚ, „ɏɢɞɪɨɞɢɧɚɦɢɱɧɢ ɢ ɦɚɫɨɨɛɦɟɧɧɢ ɢɡɫɥɟɞɜɚɧɢɹ ɜ ɞɜɭɮɚɡɧɢ 

ɫɢɫɬɟɦɢ“, ɞɢɫɟɪɬɚɰɢɹ, ɏɌɆɍ, ɋɨɮɢɹ, 2014 ɝ. 
 

[5]. Wild, G., Li, H.Z., Poncin, S., & Olmos, E. (2003), “Some aspects of the hydrodynamics of 

bubble columns”, International Journal of Chemical Reactor Engineering, Vol. 1, pp. 1-36. 

[6]. Joshi, J.B., Vitankar, V.S., Kulkarni, A.A., Dhotre, M.T., & Ekambara, K. (2002), “Coherent 

flow structures in bubble column reactors”, Chemical Engineering Science, Vol. 57, pp. 3157-

3183. 

[7]. Ɇ. ɋ. Ⱥɧɝɟɥɨɜ, ɉ. Ɋ. Ɋɚɣɧɨɜ, Ⱦ. ɉ. ɋɬɨɟɜɚ, “ȼЪɁɆɈɀɇɈɋɌɂ ɁȺ ɆɈȾȿɅɇɂ 
ɂɁɋɅȿȾȼȺɇɂə ɇȺ ɈȻɆȿɇɇɂɌȿ ɉɊɈɐȿɋɂ ȼ ȾȼɍɏɈȾɈȼ ɌɈɉɅɈɈȻɆȿɇɇɂɄ”, 

ɍɏɌ,ɉɥɨɜɞɢɜ. 

[8]. Borchardt, Borchardt, J.C.C.R.R.T.D.W.H.K.J.H.G.T.J.H., MWH's Water Treatment: 

Principles and Design,  3rd ed. 2012, Hoboken, New Jersey: John Wiley & Sons, Inc.   

[9]. LeBerre, O. and G. Daufin, Skimmilk crossflow microfiltration performance versus 

permeation flux to wall shear stress ratio.Journal of Membrane Science, 1996. 117(1-2): p. 261-

270. 

[10]. Chan, C.C.V., P.R. Berube, and E.R. Hall, Relationship between types of surface shear 

stress profiles and membrane fouling.Water Research, 2011. 45(19): p. 6403-6416. 

 

[11]. Kaya, R., et al., Analysis of wall shear stress on the outside-in type hollow fiber membrane 

modules by CFD simulation.Desalination, 2014. 351: p. 109-119. 

 

[12]. Chan, C.C.V., P.R. Berube, and E.R. Hall, Shear profiles inside gas sparged submerged 

hollow fiber membrane modules.Journal of Membrane Science, 2007. 297(1-2): p. 104-120. 

 

[13]. Abdullah, S.Z., et al., Distribution of surface shear stress for a densely packed submerged 

hollow fiber membrane system.Desalination, 2015. 357: p. 117-120. 

 



68 

 

[14]. Wray, H.E., R.C. Andrews, and P.R. Berube, Surface shear stress and membrane fouling 

when considering natural water matrices.Desalination, 2013. 330: p. 22-27. 

 

[15]. Thomas Merlin, R.R., Membranverfahren: Grundlagen der Modul-und Auflagenauslegung. 

3rd ed. 2007, Heidelberg: Springer. 

 

[16]. ɐɢɛɪɚɧɫɤɚ ɂ.,Ɇɭɬɚɮɱɢɟɜɚ Ⱦ., „Ȼɢɨɪɟɚɤɬɨɪɧɚ ɬɟɯɧɢɤɚ“, ɋɨɮɢɹ 2018 

 

[17]. Moutafìeva D., Iliev V., “Influence of geometrical and operational parameters on the  

performance of bubble reactor with imersed membrane module”. 

[18]. Ruzicka, M. C.; Drahos, J.; Fialova, M.; Thomas, N. H., (2001). Effect of bubble column 

dimensions on flow regime transition. Chemical Engineering Science, 56(21-22), 6117-6124. 

[19]. Siegel, M.J., Merchuk, J.C., Schugerl, K., 1986. Airlift reactor analysis: interrelationships 

between riser, downcomer, and gas-liquid separator behaviour, including gas recirculation 

effects, AIChE Journal 32, 15. 

[20]. van Benthum, W.A.J., van der Lans, R.G.J.M., van Loosdrecht, M.C.M., Heijnen, J.J., 

(1999). Bubble recirculation regimes in an internal-loop airlift reactor. Chemical Engineering 

Science 54, 3995-4006. 

 

ɑɢɫɥɟɧɢɬɟ ɫɢɦɭɥɚɰɢɢ ɨɩɢɫɚɧɢ ɜ ɧɚɫɬɨɹɳɚɬɚ ɞɢɩɥɨɦɚ ɪɚɛɨɬɚ ɛɹɯɚ ɩɪɨɜɟɞɟɧɢ ɜ „ɐɟɧɬɴɪ ɩɨ 
ɦɚɬɟɦɚɬɢɱɧɨ ɦɨɞɟɥɢɪɚɧɟ ɢ ɤɨɦɩɸɬɴɪɧɚ ɫɢɦɭɥɚɰɢɹ“ ɧɚ ɏɌɆɍ-ɋɨɮɢɹ. 

 
 

 

  


