
 
 

Ⱥɗɜɘəɧ ɀŮŰůɧɓɘɞ ɄɞɚɡŰŮɢɜŮɑɞ 

ɇɛɐɛŬ ɀɖɢŬɜɞɚɧɔɤɜ ɀɖɢŬɜɘəɩɜ 

 

 

 

ȹɘŭŬəŰɞɟɘəɐ ȹɘŬŰɟɘɓɐ  

 

 

 

 

ɆŬɟəɑɟɖɠ ɄŬɜŬɔɘɩŰɖɠ 

 

 

óȾŬŰŬůəŮɡɐ əŬɘ ɢŬɟŬəŰɖɟɘůɛɧɠ ɡˊŮɟɡŭɟɧűɞɓɤɜ 

ŮˊɘűŬɜŮɘɩɜ ůŮ ɛɏŰŬɚɚŬ əŬɘ ˊɞɚɡɛŮɟɐ  

ɔɘŬ ŮɜŮɟɔŮɘŬəɏɠ ŮűŬɟɛɞɔɏɠô 

 

 

 

 

 

ȷɗɐɜŬ, 

Ɂɞɏɛɓɟɘɞɠ 2023  
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[III ] 

 

 

 

   

Ⱥɗɜɘəɧ ɀŮŰůɧɓɘɞ ɄɞɚɡŰŮɢɜŮɑɞ 

ɇɛɐɛŬ ɀɖɢŬɜɞɚɧɔɤɜ ɀɖɢŬɜɘəɩɜ 

 

 

ȹɘŭŬəŰɞɟɘəɐ ȹɘŬŰɟɘɓɐ  

 

ɆŬɟəɑɟɖɠ ɄŬɜŬɔɘɩŰɖɠ 

 

 

óȾŬŰŬůəŮɡɐ əŬɘ ɢŬɟŬəŰɖɟɘůɛɧɠ ɡˊŮɟɡŭɟɧűɞɓɤɜ ŮˊɘűŬɜŮɘɩɜ ůŮ ɛɏŰŬɚɚŬ 

əŬɘ ˊɞɚɡɛŮɟɐ  

ɔɘŬ ŮɜŮɟɔŮɘŬəɏɠ ŮűŬɟɛɞɔɏɠô 

 

 

ȷɗɐɜŬ,  

24 ɁɞŮɛɓɟɑɞɡ 2023 

 

 

 

ȼ ɡɚɞˊɞɑɖůɖ Űɖɠ ŭɘŭŬəŰɞɟɘəɐɠ ŭɘŬŰɟɘɓɐɠ ůɡɔɢɟɖɛŬŰɞŭɞŰɐɗɖəŮ Ŭˊɧ Űɖɜ ȺɚɚɎŭŬ əŬɘ Űɖɜ 

ȺɡɟɤˊŬɥəɐ Ȱɜɤůɖ (ȺɡɟɤˊŬɥəɧ Ⱦɞɘɜɤɜɘəɧ ɇŬɛŮɑɞ) ɛɏůɤ Űɞɡ ȺˊɘɢŮɘɟɖůɘŬəɞɨ 

ɄɟɞɔɟɎɛɛŬŰɞɠ çȷɜɎˊŰɡɝɖ ȷɜɗɟɩˊɘɜɞɡ ȹɡɜŬɛɘəɞɨ, ȺəˊŬɑŭŮɡůɖ əŬɘ ȹɘŬ ȸɑɞɡ ɀɎɗɖůɖè, 

2014-2020, ůŰɞ ˊɚŬɑůɘɞ Űɖɠ ɄɟɎɝɖɠ çȺɜɑůɢɡůɖ Űɞɡ Ŭɜɗɟɩˊɘɜɞɡ ŭɡɜŬɛɘəɞɨ ɛɏůɤ Űɖɠ 

ɡɚɞˊɞɑɖůɖɠ ŭɘŭŬəŰɞɟɘəɐɠ ɏɟŮɡɜŬɠ ɈˊɞŭɟɎůɖ 2: ɄɟɧɔɟŬɛɛŬ ɢɞɟɐɔɖůɖɠ ɡˊɞŰɟɞűɘɩɜ ȽȾɈ 

ůŮ ɡˊɞɣɖűɑɞɡɠ ŭɘŭɎəŰɞɟŮɠ Űɤɜ ȷȺȽ Űɖɠ ȺɚɚɎŭŬɠ. 

 

  



[IV] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



[V] 

 

ȹɘŭŬəŰɞɟɘəɐ ȹɘŬŰɟɘɓɐ  

 

óȾŬŰŬůəŮɡɐ əŬɘ ɢŬɟŬəŰɖɟɘůɛɧɠ ɡˊŮɟɡŭɟɧűɞɓɤɜ ŮˊɘűŬɜŮɘɩɜ ůŮ ɛɏŰŬɚɚŬ əŬɘ 

ˊɞɚɡɛŮɟɐ  

ɔɘŬ ŮɜŮɟɔŮɘŬəɏɠ ŮűŬɟɛɞɔɏɠô 

 

Ɉˊɞɣɐűɘɞɠ ȹɘŭɎəŰɞɟŬɠ 

ɆŬɟəɑɟɖɠ ɄŬɜŬɔɘɩŰɖɠ 

 

ɇɟɘɛŮɚɐɠ ŮˊɘŰɟɞˊɐ: 

ȽɤɎɜɜɖɠ ȷɜŬɔɜɤůŰɧˊɞɡɚɞɠ, ȾŬɗɖɔɖŰɐɠ ɀɖɢŬɜɞɚɧɔɤɜ ɀɖɢŬɜɘəɩɜ, Ⱥɗɜɘəɧ 

ɀŮŰůɧɓɘɞ ɄɞɚɡŰŮɢɜŮɑɞ 

ȺɡɎɔɔŮɚɞɠ ũɞɔɔɞɚɑŭɖɠ, ȺɟŮɡɜɖŰɐɠ ȷô, ȽɜůŰɘŰɞɨŰɞ ɁŬɜɞŰŮɢɜɞɚɞɔɑŬɠ əŬɘ 

ɁŬɜɞŮˊɘůŰɐɛɖɠ, ȺȾȺūȺ óȹɖɛɧəɟɘŰɞɠô  

ȷɔɔŮɚɘəɐ ɇůŮɟɏˊɖ, ȺɟŮɡɜɐŰɟɘŬ ȷô, ȽɜůŰɘŰɞɨŰɞ ɁŬɜɞŰŮɢɜɞɚɞɔɑŬɠ əŬɘ ɁŬɜɞŮˊɘůŰɐɛɖɠ, 

ȺȾȺūȺ óȹɖɛɧəɟɘŰɞɠô 

 

ȺˊŰŬɛŮɚɐɠ ŮɝŮŰŬůŰɘəɐ ŮˊɘŰɟɞˊɐ: 

1. ȽɤɎɜɜɖɠ ȷɜŬɔɜɤůŰɧˊɞɡɚɞɠ: ȾŬɗɖɔɖŰɐɠ Űɞɡ ɇɛɐɛŬŰɞɠ ɀɖɢŬɜɞɚɧɔɤɜ 

ɀɖɢŬɜɘəɩɜ ȺɀɄ. 

2. ȺɡɎɔɔŮɚɞɠ ũɞɔɔɞɚɑŭɖɠ: ȺɟŮɡɜɖŰɐɠ ȷô ůŰɞ ȽɜůŰɘŰɞɨŰɞ ɁŬɜɞŮˊɘůŰɐɛɖɠ əŬɘ 

ɁŬɜɞŰŮɢɜɞɚɞɔɑŬɠ Űɞɡ ȺȾȺūȺ óȹɖɛɧəɟɘŰɞɠô. 

3. ȷɔɔŮɚɘəɐ ɇůŮɟɏˊɖ: ȺɟŮɡɜɐŰɟɘŬ ȷô ůŰɞ ȽɜůŰɘŰɞɨŰɞ ɁŬɜɞŮˊɘůŰɐɛɖɠ əŬɘ 

ɁŬɜɞŰŮɢɜɞɚɞɔɑŬɠ Űɞɡ ȺȾȺūȺ óȹɖɛɧəɟɘŰɞɠô. 

4. ȾɞůɛɎɠ ȰɚɚɖɜŬɠ: Ⱥˊɑəɞɡɟɞɠ ȾŬɗɖɔɖŰɐɠ ůŰɖ Ɇɢɞɚɐ ɄŮɟɘɓɎɚɚɞɜŰɞɠ Űɞɡ 

ɄŬɜŮˊɘůŰɖɛɑɞɡ ȷɘɔŬɑɞɡ 

5. ũŮɩɟɔɘɞɠ Ⱦɧəəɞɟɖɠ: ȷɜŬˊɚɖɟɤŰɐɠ ȾŬɗɖɔɖŰɐɠ Űɞɡ ɇɛɐɛŬŰɞɠ ɉɖɛɘəɩɜ 

ɀɖɢŬɜɘəɩɜ ȺɀɄ. 

6. ȸŬůɑɚŮɘɞɠ ȾɤɜůŰŬɜŰɞɨŭɖɠ: ȺɟŮɡɜɖŰɐɠ ȸô ůŰɞ ȽɜůŰɘŰɞɨŰɞ ɁŬɜɞŮˊɘůŰɐɛɖɠ əŬɘ 

ɁŬɜɞŰŮɢɜɞɚɞɔɑŬɠ Űɞɡ ȺȾȺūȺ óȹɖɛɧəɟɘŰɞɠô. 

7. ɉɟɐůŰɞɠ ɀŬɜɧˊɞɡɚɞɠ: Ⱥˊɑəɞɡɟɞɠ ȾŬɗɖɔɖŰɐɠ Űɞɡ ɇɛɐɛŬŰɞɠ ɀɖɢŬɜɞɚɧɔɤɜ 

ɀɖɢŬɜɘəɩɜ ȺɀɄ. 
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[VII ] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ééééééééé 

ɄŬɜŬɔɘɩŰɖɠ ɆŬɟəɑɟɖɠ  

É (2023) Ⱥɗɜɘəɧ ɀŮŰůɧɓɘɞ ɄɞɚɡŰŮɢɜŮɑɞ. All rights Reserved. ȷˊŬɔɞɟŮɨŮŰŬɘ ɖ ŬɜŰɘɔɟŬűɐ, 

ŬˊɞɗɐəŮɡůɖ əŬɘ ŭɘŬɜɞɛɐ Űɖɠ ˊŬɟɞɨůŬɠ ŮɟɔŬůɑŬɠ, Ůɝ ɞɚɞəɚɐɟɞɡ ɐ ŰɛɐɛŬŰɞɠ ŬɡŰɐɠ, ɔɘŬ 

Ůɛˊɞɟɘəɧ ůəɞˊɧ. ȺˊɘŰɟɏˊŮŰŬɘ ɖ ŬɜŬŰɨˊɤůɖ, ŬˊɞɗɐəŮɡůɖ əŬɘ ŭɘŬɜɞɛɐ ɔɘŬ ůəɞˊɧ ɛɖ 

əŮɟŭɞůəɞˊɘəɧ, ŮəˊŬɘŭŮɡŰɘəɐɠ ɐ ŮɟŮɡɜɖŰɘəɐɠ űɨůɖɠ, ɡˊɧ Űɖɜ ˊɟɞɦˊɧɗŮůɖ ɜŬ ŬɜŬűɏɟŮŰŬɘ ɖ 

ˊɖɔɐ ˊɟɞɏɚŮɡůɖɠ əŬɘ ɜŬ ŭɘŬŰɖɟŮɑŰŬɘ Űɞ ˊŬɟɧɜ ɛɐɜɡɛŬ. ȺɟɤŰɐɛŬŰŬ ˊɞɡ Ŭűɞɟɞɨɜ Űɖ ɢɟɐůɖ Űɖɠ 

ŮɟɔŬůɑŬɠ ɔɘŬ əŮɟŭɞůəɞˊɘəɧ ůəɞˊɧ ˊɟɏˊŮɘ ɜŬ ŬˊŮɡɗɨɜɞɜŰŬɘ ˊɟɞɠ Űɞ ůɡɔɔɟŬűɏŬ. Ƀɘ ŬˊɧɣŮɘɠ əŬɘ 

ŰŬ ůɡɛˊŮɟɎůɛŬŰŬ ˊɞɡ ˊŮɟɘɏɢɞɜŰŬɘ ůôŬɡŰɧ Űɞ ɏɔɔɟŬűɞ ŮəűɟɎɕɞɡɜ Űɞ ůɡɔɔɟŬűɏŬ əŬɘ ŭŮɜ ˊɟɏˊŮɘ 

ɜŬ ŮɟɛɖɜŮɡŰŮɑ ɧŰɘ ŬɜŰɘˊɟɞůɤˊŮɨɞɡɜ Űɘɠ ŮˊɑůɖɛŮɠ ɗɏůŮɘɠ Űɞɡ Ⱥɗɜɘəɞɨ ɀŮŰůɧɓɘɞɡ 

ɄɞɚɡŰŮɢɜŮɑɞɡ. 

  



[VIII ] 

 

Ƚ. ȺɡɢŬɟɘůŰɑŮɠ 

ȼ ůɡɔɔɟŬűɐ Űɖɠ ˊŬɟɞɨůŬɠ ȹɘŭŬəŰɞɟɘəɐɠ ȹɘŬŰɟɘɓɐɠ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ůŰŬ ˊɚŬɑůɘŬ Űɤɜ 

ŭɘŭŬəŰɞɟɘəɩɜ ɛɞɡ ůˊɞɡŭɩɜ ɤɠ űɞɘŰɖŰɐɠ Űɞɡ ɇɛɐɛŬŰɞɠ ɀɖɢŬɜɞɚɧɔɤɜ ɀɖɢŬɜɘəɩɜ Űɞɡ 

Ⱥɗɜɘəɞɨ ɀŮŰůɧɓɘɞɡ ɄɞɚɡŰŮɢɜŮɑɞɡ, Ůɜɩ ɞɘ ˊŮɘɟŬɛŬŰɘəɏɠ ŭɘŬŭɘəŬůɑŮɠ ˊɞɡ ŬəɞɚɞɡɗɐɗɖəŬɜ, 

ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ Ůɝɞɚɞəɚɐɟɞɡ ůŰɘɠ ŮɔəŬŰŬůŰɎůŮɘɠ Űɞɡ ȽɜůŰɘŰɞɨŰɞɡ ɁŬɜɞŮˊɘůŰɐɛɖɠ əŬɘ 

ɁŬɜɞŰŮɢɜɞɚɞɔɑŬɠ Űɞɡ Ⱥɗɜɘəɞɨ ȾɏɜŰɟɞɡ ȰɟŮɡɜŬɠ ūɡůɘəɩɜ ȺˊɘůŰɖɛɩɜ óȹɖɛɧəɟɘŰɞɠô, əŬŰɎ Űɞ 

ɢɟɞɜɘəɧ ŭɘɎůŰɖɛŬ 2019-2023, ɡˊɧ Űɖɜ ŮˊɑɓɚŮɣɖ Űɞɡ ȺɟŮɡɜɖŰɐ ȷô, ȺɡɎɔɔŮɚɞɡ ũɞɔɔɞɚɑŭɖ.   

ȷɟɢɘəɎ, ɗŬ ɐɗŮɚŬ ɜŬ ŮəűɟɎůɤ Űɘɠ ɗŮɟɛɏɠ ɛɞɡ ŮɡɢŬɟɘůŰɑŮɠ ˊɟɞɠ Űɞɜ əɨɟɘɞ ŮˊɘɓɚɏˊɞɜŰŬ Űɖɠ 

ŭɘŬŰɟɘɓɐɠ, ȺɡɎɔɔŮɚɞ ũɞɔɔɞɚɑŭɖ, ɔɘŬ Űɖ ŭɡɜŬŰɧŰɖŰŬ ˊɞɡ ɛɞɡ ˊɟɞůɏűŮɟŮ ɜŬ Ŭůɢɞɚɖɗɩ ɛŮ ɏɜŬ 

Űɧůɞ ŮɜŭɘŬűɏɟɞɜ ɗɏɛŬ əŬɘ ɜŬ ŬˊɞŰŮɚɏůɤ ɛɏɚɞɠ Űɞɡ Plasma Group, ɔɘŬ Űɖɜ ŮˊɘůŰɖɛɞɜɘəɐ 

əŬɗɞŭɐɔɖůɐ Űɞɡ ɧɚŬ ŬɡŰɎ ŰŬ ɢɟɧɜɘŬ, ɔɘŬ Űɖɜ ŬŭɘɎɚɖˊŰɖ ŮɝŬůűɎɚɘůɖ ɢɟɖɛŬŰɞŭɧŰɖůɖɠ əŬɗɧɚɖ 

Űɖ ŭɘɎɟəŮɘŬ Űɤɜ ŭɘŭŬəŰɞɟɘəɩɜ ɛɞɡ ůˊɞɡŭɩɜ, əŬɗɩɠ əŬɘ ɔɘŬ Űɖɜ ŬɛɏɟɘůŰɖ ůɡɛˊŬɟɎůŰŬůɖ Űɞɡ 

ůŰɘɠ ŭɨůəɞɚŮɠ ˊŮɟɘɧŭɞɡɠ Űɤɜ ŰŮɚŮɡŰŬɑɤɜ ɢɟɧɜɤɜ. 

Ⱥˊɘˊɚɏɞɜ, ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ Űɖɜ ȺɟŮɡɜɐŰɟɘŬ ȷɔɔŮɚɘəɐ ɇůŮɟɏˊɖ əŬɘ Űɞɜ ȾŬɗɖɔɖŰɐ 

ȽɤɎɜɜɖ ȷɜŬɔɜɤůŰɧˊɞɡɚɞ, ɔɘŬ Űɖ ɓɞɐɗŮɘɎ Űɞɡɠ ůŮ ɧɚɖ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ŭɘŬŰɟɘɓɐɠ, ŬɚɚɎ əŬɘ ɔɘŬ 

Űɖ ˊɟɧɗɡɛɖ ůɡɛɛŮŰɞɢɐ Űɞɡɠ ůŰɖɜ ŰɟɘɛŮɚɐ ůɡɛɓɞɡɚŮɡŰɘəɐ ŮˊɘŰɟɞˊɐ Űɞɡ ŭɘŭŬəŰɞɟɘəɞɨ. 

Ⱥˊɑůɖɠ, ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ ɗŮɟɛɎ Űɞɜ ȹɟ. ȾɞůɛɎ ȰɚɚɖɜŬ ɔɘŬ Űɖɜ ɞɡůɘŬůŰɘəɐ ɓɞɐɗŮɘɎ 

Űɞɡ ůŮ ɧɚɞɡɠ Űɞɡɠ ŰɞɛŮɑɠ Űɞɡ ŭɘŭŬəŰɞɟɘəɞɨ, ŬɚɚɎ əŬɘ ɔɘŬ Űɖ ɔŮɜɘəɧŰŮɟɖ əŬɗɞŭɐɔɖůɖ əŬɘ 

ůɡɛˊŬɟɎůŰŬůɐ Űɞɡ ɧɚŬ ŰŬ ɢɟɧɜɘŬ Űɤɜ ŭɘŭŬəŰɞɟɘəɩɜ əŬɘ ɛŮŰŬˊŰɡɢɘŬəɩɜ ɛɞɡ ůˊɞɡŭɩɜ. 

ȽŭɘŬɑŰŮɟŮɠ ŮɡɢŬɟɘůŰɑŮɠ ɗŬ ɐɗŮɚŬ ɜŬ ŭɩůɤ Ůˊɑůɖɠ ůŰɞɜ ȺɟŮɡɜɖŰɐ ȸŬůɑɚŮɘɞ ȾɤɜůŰŬɜŰɞɨŭɖ ɔɘŬ 

Űɖɜ ˊɞɚɨŰɘɛɖ ɓɞɐɗŮɘɎ əŬɘ əŬɗɞŭɐɔɖůɐ Űɞɡ ůŰŬ ɗɏɛŬŰŬ ɛŮŰɟɞɚɞɔɑŬɠ əŬɘ ˊɟɞůɞɛɞɑɤůɖɠ, ŬɚɚɎ 

əŬɘ ɔɘŬ Űɖ ɔŮɜɘəɧŰŮɟɖ ůɡɛɓɞɚɐ Űɞɡ ůŰɖ ůɡɚɚɞɔɘůŰɘəɐ Űɖɠ ɏɟŮɡɜŬɠ ˊɞɡ ŭɘŮɝɐɢɗɖ.  

ɇɘɠ ɗŮɟɛɏɠ ɛɞɡ ŮɡɢŬɟɘůŰɑŮɠ ɗŬ ɐɗŮɚŬ Ůˊɑůɖɠ ɜŬ ɛŮŰŬűɏɟɤ ůŰɞɡɠ űɑɚɞɡɠ ɛɞɡ əŬɘ ŭɘŭŬəŰɞɟɘəɞɨɠ 

űɞɘŰɖŰɏɠ, ȹɖɛɐŰɟɖ ɁɘɩɟŬ, ɄŬɜŬɔɘɩŰɖ ɆəŬɚŰůɞɨɜɖ, ȹɖɛɞůɗɏɜɖ ȽɤɎɜɜɞɡ, ȰɚŮɜŬ ɆŰɎɖ, 

ȷɚɏɝŬɜŭɟɞ ȾɧɜŰɖ, ɧˊɤɠ Ůˊɑůɖɠ əŬɘ ůŰɖ ȹɟ. ȹɘɞɜɡůɑŬ ȾŮűŬɚɖɜɞɨ əŬɘ ůŰɞɜ ȿŮɡŰɏɟɖ ɀŬɜɞɡɟɎ, 

ɔɘŬ Űɖ ɓɞɐɗŮɘŬ əŬɘ Űɖ ůɡɛˊŬɟɎůŰŬůɐ Űɞɡɠ, ŬɚɚɎ əŬɘ ɔɘŬ Űɞ ŮɡɢɎɟɘůŰɞ əɚɑɛŬ ˊɞɡ ŮˊɘəɟŬŰɞɨůŮ 

ůŰɖɜ ɞɛɎŭŬ ɧɚŬ ŬɡŰɎ ŰŬ ɢɟɧɜɘŬ, Űɞ ɞˊɞɑɞ ɛŮŰɏŰɟŮɣŮ Űɞ ŭɘŭŬəŰɞɟɘəɧ ůŮ ɛɘŬ ˊɞɚɨ ŮɡɢɎɟɘůŰɖ 

ŮɛˊŮɘɟɑŬ.  

ȷəɧɛɖ ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ ɧɚŬ ŰŬ ɛɏɚɖ Űɞɡ Plasma Group, Űɞɜ ȹɟ. ȯɔɔŮɚɞ Ȼɏɜɘɞɡ, Űɞɜ 

ȹɟ. ũŮɩɟɔɘɞ Ⱦɧəəɞɟɖ, Űɖ ɀŬɟɑŬ ȾŬɚˊɞɨɕɞɡ, Űɖ ȹɟ. ȷɗɖɜɎ ȾŬůŰŬɜɘɎ, əŬɗɩɠ əŬɘ Űɞɡɠ 

ůɡɜŮɟɔɎŰŮɠ Ŭˊɧ Űɞ ɄŬɜŮˊɘůŰɐɛɘɞ ETH Űɖɠ Ȼɡɟɑɢɖɠ, ȹɟ. ȷɗŬɜɎůɘɞ ɀɖɚɘɩɜɖ, ȹɟ. Cheuk Wing 

Edmond Lam əŬɘ Űɞɜ ȾŬɗɖɔɖŰɐ ȹɐɛɞ ɄɞɡɚɘəɎəɞ, ɔɘŬ Űɖ ɓɞɐɗŮɘɎ Űɞɡɠ ůŰɘɠ ɛŮŰɟɐůŮɘɠ 

ɛŮŰɎŭɞůɖɠ ɗŮɟɛɧŰɖŰŬɠ əŬɘ Űɘɠ ůɡɛɓɞɡɚɏɠ ˊɞɡ ɛŬɠ ˊŬɟŮɑɢŬɜ. 

ɇɏɚɞɠ, ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ ɗŮɟɛɎ Űɖ ȹɐɛɖŰɟŬ ȾɞɨɟŰɖ, ɧɚɞɡɠ Űɞɡɠ űɑɚɞɡɠ ɛɞɡ Ŭˊɧ Űɞ 

ȷɘɔɎɚŮɤ əŬɘ Űɖɜ ȾɞɕɎɜɖ, əŬɗɩɠ əŬɘ Űɖɜ ɞɘəɞɔɏɜŮɘɎ ɛɞɡ ɔɘŬ Űɖ ůɡɛˊŬɟɎůŰŬůɖ Űɞɡɠ əŬŰɎ Űɖ 

ŭɘɎɟəŮɘŬ Űɤɜ ŭɘŭŬəŰɞɟɘəɩɜ ɛɞɡ ůˊɞɡŭɩɜ. 

 

ɆŬɟəɑɟɖɠ ɄŬɜŬɔɘɩŰɖɠ 
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ȽȽ. ɄŮɟɑɚɖɣɖ  

ȺɘůŬɔɤɔɐ əŬɘ ůŰɧɢɞɠ Űɖɠ ŭɘŬŰɟɘɓɐɠ 

ɀɑŬ ŮˊɘűɎɜŮɘŬ ɢŬɟŬəŰɖɟɑɕŮŰŬɘ ɤɠ ɡˊŮɟɡŭɟɧűɞɓɖ ɧŰŬɜ ɖ ɔɤɜɑŬ ŮˊŬűɐɠ Űɖɠ ɛŮ ɛɑŬ ůŰŬɔɧɜŬ 

ɜŮɟɞɨ ŮɑɜŬɘ Ɏɜɤ Űɤɜ 150Á əŬɘ ɖ ɔɤɜɑŬ ɡůŰɏɟɖůɐɠ Űɖɠ ŮɑɜŬɘ ɛɘəɟɧŰŮɟɖ Űɤɜ 10Á.  ȼ ɔɤɜɑŬ ŮˊŬűɐɠ 

ŮəűɟɎɕŮɘ Űɖɜ ŮˊɑŭɟŬůɖ Űɖɠ ŮˊɘűŬɜŮɘŬəɐɠ ŰɎůɖɠ Ůɜɧɠ ɡɔɟɞɨ ɤɠ ˊɟɞɠ Űɘɠ ŭɡɜɎɛŮɘɠ ˊɟɧůŭŮůɖɠ 

Űɖɠ ůŰŬɔɧɜŬɠ ɛŮ Űɖɜ ŮˊɘűɎɜŮɘŬ, Ůɜɩ ɖ ɔɤɜɑŬ ɡůŰɏɟɖůɖɠ ŬɜŰɘˊɟɞůɤˊŮɨŮɘ Űɘɠ ŭɡɜɎɛŮɘɠ 

ůɡɜɎűŮɘŬɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ɛŮ Űɖ ůŰŬɔɧɜŬ. ũɘŬ Űɖɜ ŮˊɑŰŮɡɝɖ ɡˊŮɟɡŭɟɞűɞɓɘəɧŰɖŰŬɠ ŮɑɜŬɘ 

ŬˊŬɟŬɑŰɖŰɖ ɖ ɨˊŬɟɝɖ əŬŰɎɚɚɖɚɖɠ ŰɞˊɞɔɟŬűɑŬɠ, ɩůŰŮ ɜŬ ŮɚŬɢɘůŰɞˊɞɘɖɗŮɑ ɖ ŮˊŬűɐ Űɖɠ 

ŮˊɘűɎɜŮɘŬɠ ɛŮ Űɖ ůŰŬɔɧɜŬ, ŬɚɚɎ əŬɘ ɖ ɢŬɛɖɚɐ ŮˊɘűŬɜŮɘŬəɐ ŮɜɏɟɔŮɘŬ Űɖɠ ŮˊɘűɎɜŮɘŬɠ, ɩůŰŮ ɜŬ 

ɛŮɘɤɗɞɨɜ ɞɘ ŭɡɜɎɛŮɘɠ ˊɟɧůŭŮůɖɠ ŬɡŰɐɠ ɛŮ Űɞ ɡɔɟɧ.  

ȼ ɡˊŮɟɡŭɟɞűɞɓɞˊɞɑɖůɖ ŮˊɘűŬɜŮɘɩɜ ɏɢŮɘ ŰɟŬɓɐɝŮɘ ŰŬ ŰŮɚŮɡŰŬɑŬ ɢɟɧɜɘŬ, Űɖɜ ˊɟɞůɞɢɐ Űɖɠ 

ŮˊɘůŰɖɛɞɜɘəɐɠ əɞɘɜɧŰɖŰŬɠ ŮɝŬɘŰɑŬɠ Űɖɠ ŭɡɜŬŰɧŰɖŰŬɠ ŮűŬɟɛɞɔɐɠ Űɤɜ ɡˊŮɟɡŭɟɧűɞɓɤɜ 

ŮˊɘűŬɜŮɘɩɜ ůŮ ˊɞɚɚɞɨɠ ɓɘɞɛɖɢŬɜɘəɞɨɠ əŬɘ ŰŮɢɜɞɚɞɔɘəɞɨɠ ŰɞɛŮɑɠ, əŬɘ ɘŭɘŬɘŰɏɟɤɠ ɚɧɔɤ Űɤɜ 

ŭɡɜŬŰɞŰɐŰɤɜ ˊɞɡ ˊɟɞůűɏɟɞɡɜ ɤɠ ˊɟɞɠ Űɖɜ Ůɝɞɘəɞɜɧɛɖůɖ ŮɜɏɟɔŮɘŬɠ əŬɘ Űɖ ɓŮɚŰɘůŰɞˊɞɑɖůɖ 

ɡˊŬɟɢɞɡůɩɜ ŭɘŮɟɔŬůɘɩɜ. ɆɡɔəŮəɟɘɛɏɜŬ, ɞɘ ɘŭɘɧŰɖŰŮɠ Ŭˊɞűɡɔɐɠ ˊɟɞůəɧɚɚɖůɖɠ ˊɎɔɞɡ ˊɞɡ 

ˊɟɞůűɏɟŮɘ ɖ ɡˊŮɟɡŭɟɞűɞɓɞˊɞɑɖůɖ Űɤɜ ˊŰŮɟɡɔɑɤɜ ŬɜŮɛɞɔŮɜɜɖŰɟɘɩɜ əŬɘ ŬŮɟɞůəŬűɩɜ ɏɢŮɘ ɤɠ 

ůɡɜɏˊŮɘŬ Űɖ ɛŮɑɤůɖ Űɤɜ ŬůɨɛɛŮŰɟɤɜ əŬŰŬˊɞɜɐůŮɤɜ, əŬɘ Ůˊɞɛɏɜɤɠ Űɤɜ ŬˊŬɘŰɐůŮɤɜ 

ůɡɜŰɐɟɖůɖɠ Űɞɡɠ, Ůɜɩ ˊŬɟɎɚɚɖɚŬ ŬɡɝɎɜŮɘ Űɘɠ ɢɟɞɜɘəɏɠ ˊŮɟɘɧŭɞɡɠ ɚŮɘŰɞɡɟɔɑŬɠ Űɞɡɠ. Ⱥˊɑůɖɠ ɖ 

ɡˊŮɟɡŭɟɞűɞɓɞˊɞɑɖůɖ Űɞɡ əɨŰɞɡɠ Űɤɜ ˊɚɞɑɤɜ ůɡɛɓɎɚŮɘ ůŮ ɛŮɑɤůɖ Űɖɠ ŬɜŰɑůŰŬůɖɠ əŬŰɎ Űɖɜ 

ˊɚŮɨůɖ əŬɘ Ŭˊɞűɡɔɐ ˊɟɞůəɧɚɚɖůɖɠ Ɏɚɔɖɠ, əɎŰɘ Űɞ ɞˊɞɑɞ ůɡɜŮˊɎɔŮŰŬɘ ɛŮɑɤůɖ Űɤɜ ŬɜŬɔəɩɜ 

ŭŮɝŬɛŮɜɘůɛɞɨ əŬɘ ŰŬɡŰɧɢɟɞɜɖ Ůɝɞɘəɞɜɧɛɖůɖ əŬɡůɑɛɞɡ. Ⱥˊɘˊɚɏɞɜ, ɖ ɡˊŮɟɡŭɟɞűɞɓɞˊɞɑɖůɖ 

Ŭɔɤɔɩɜ ɛŮŰŬűɞɟɎɠ ɡɔɟɩɜ ɏɢŮɘ ɤɠ ŬˊɞŰɏɚŮůɛŬ Űɖɜ ŮɚɎŰŰɤůɖ Űɖɠ Űɟɘɓɐɠ ˊɞɡ ŬɜŬˊŰɨůůŮŰŬɘ 

ɛŮŰŬɝɨ Űɞɡ ɡɔɟɞɨ əŬɘ Űɞɡ Ŭɔɤɔɞɨ, ɞˊɧŰŮ əŬɘ Űɖɜ ŮɚŬɢɘůŰɞˊɞɑɖůɖ Űɖɠ ŮɜɏɟɔŮɘŬɠ ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ 

ɔɘŬ Űɖ ɛŮŰŬűɞɟɎ Űɞɡɠ. ɇɏɚɞɠ, ɖ ůɖɛŬɜŰɘəɧŰŮɟɖ ůɡɜŮɘůűɞɟɎ Űɖɠ ɡˊŮɟɡŭɟɞűɞɓɘəɧŰɖŰŬɠ ůŰɖɜ 

ˊŬɔəɧůɛɘŬ Ůɝɞɘəɞɜɧɛɖůɖ ŮɜɏɟɔŮɘŬɠ əŬɘ ˊɟɞůŰŬůɑŬɠ Űɞɡ ˊŮɟɘɓɎɚɚɞɜŰɞɠ, ɏɔəŮɘŰŬɘ ůŰɖ ɓŮɚŰɑɤůɖ 

Űɖɠ ɛŮŰŬűɞɟɎɠ ɗŮɟɛɧŰɖŰŬɠ ůŰɞɡɠ ůɡɛˊɡəɜɤŰɏɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŮ ŮɟɔɞůŰɎůɘŬ 

ˊŬɟŬɔɤɔɐɠ ŮɜɏɟɔŮɘŬɠ. ȼ ˊŬɟŬɔɤɔɐ ɖɚŮəŰɟɘəɐɠ ŮɜɏɟɔŮɘŬɠ ŬˊɞŰŮɚŮɑ Űɖ ŭɟŬůŰɖɟɘɧŰɖŰŬ ˊɞɡ 

ŬˊŬɘŰŮɑ Űɖ  ɛŮɔŬɚɨŰŮɟɖ əŬŰŬɜɎɚɤůɖ əŬɡůɑɛɤɜ, ɞɟɡəŰɩɜ ɐ ˊɡɟɖɜɘəɩɜ, ˊŮɟɘůůɧŰŮɟɞ Ŭˊɧ əɎɗŮ 

Ɏɚɚɖ Ŭɜɗɟɩˊɘɜɖ ŭɟŬůŰɖɟɘɧŰɖŰŬ, əŬɗɘůŰɩɜŰŬɠ Űɖɜ Űɞɜ ɛŮɔŬɚɨŰŮɟɞ ˊŬɟŬɔɤɔɧ ŬŮɟɑɤɜ Űɞɡ 

ɗŮɟɛɞəɖˊɑɞɡ. ȺɝŬɘŰɑŬɠ Űɤɜ ŰŮɟɎůŰɘɤɜ ˊɞůɞŰɐŰɤɜ əŬɡůɑɛɞɡ ˊɞɡ əŬŰŬɜŬɚɩɜɞɜŰŬɘ ɔɘŬ Űɖɜ 

ˊŬɟŬɔɤɔɐ ŮɜɏɟɔŮɘŬɠ, əŬɘ ɚɧɔɤ Űɖɠ ɢŬɛɖɚɐɠ Ŭ́ ɧŭɞůɖɠ Űɤɜ ŮɔəŬŰŬůŰɎůŮɤɜ, ŬəɧɛŬ əŬɘ ɛɑŬ 

ɛɘəɟɐ ɓŮɚŰɑɤůɖ Űɖɠ ŬˊɞŭɞŰɘəɧŰɖŰŬɠ Űɞɡ ɗŮɟɛɞŭɡɜŬɛɘəɞɨ əɨəɚɞɡ ˊŬɟŬɔɤɔɐɠ ɘůɢɨɞɠ (əɨəɚɞɠ 

Rankine) ɏɢŮɘ ŰŮɟɎůŰɘŮɠ ůɡɜɏˊŮɘŮɠ ůŰɖɜ Ůɝɞɘəɞɜɧɛɖůɖ əŬɡůɑɛɞɡ, əŬɘ Ůˊɞɛɏɜɤɠ ůŰɖ ɛŮɑɤůɖ 

Űɤɜ Ůəˊɞɛˊɩɜ ŬŮɟɑɤɜ Űɞɡ ɗŮɟɛɞəɖˊɑɞɡ. ȺɜŭŮɘəŰɘəɎ ŬɜŬűɏɟŮŰŬɘ ɧŰɘ ɖ ɓŮɚŰɘůŰɞˊɞɑɖůɖ Űɖɠ 

ŬˊɞŭɞŰɘəɧŰɖŰŬɠ Űɖɠ ˊŬɟŬɔɤɔɐɠ ɘůɢɨɞɠ Ůɜɧɠ ɚɘɔɜɘŰɘəɞɨ ůŰŬɗɛɞɨ Űɤɜ 900 MW Ŭˊɧ 40% ůŮ 

40.1% ɏɢŮɘ ůŬɜ ŬˊɞŰɏɚŮůɛŬ Űɖ ɛŮɑɤůɖ ˊɎɜɤ Ŭˊɧ 19.000 Űɧɜɤɜ ůŰɖɜ ŮŰɐůɘŬ əŬŰŬɜɎɚɤůɖ 

ɎɜɗɟŬəŬ, əɎŰɘ Űɞ ɞˊɞɑɞ ɛŮŰŬűɟɎɕŮŰŬɘ ůŮ ŰŮɟɎůŰɘɞ ˊŮɟɘɓŬɚɚɞɜŰɘəɧ ɧűŮɚɞɠ. ȼ ɓŮɚŰɘůŰɞˊɞɑɖůɖ 

Űɤɜ ŮɔəŬŰŬůŰɎůŮɤɜ ˊŬɟŬɔɤɔɐɠ ŮɜɏɟɔŮɘŬɠ ɛŮ Űɖ ɢɟɐůɖ ɡˊŮɟɡŭɟɧűɞɓɤɜ ŮˊɘűŬɜŮɘɩɜ ɔɑɜŮŰŬɘ 

ɛɏůɤ Űɖɠ ůɡɛˊɨəɜɤůɖɠ Űɞɡ ŮəŰɞɜɤɛɏɜɞɡ ŬŰɛɞɨ Ŭˊɧ Űɞɜ ůŰɟɧɓɘɚɞ, ɡˊɧ Űɖ ɛɞɟűɐ ŭɘŬəɟɘŰɩɜ 

ůŰŬɔɧɜɤɜ ˊɎɜɤ ůŰɖ ɛŮŰŬɚɚɘəɐ ŮˊɘűɎɜŮɘŬ Űɞɡ ŮɜŬɚɚɎəŰɖ ɗŮɟɛɧŰɖŰŬɠ, ɞ ɞˊɞɑɞɠ ɏɢŮɘ Űɞɜ ɟɧɚɞ 

Űɞɡ ůɡɛˊɡəɜɤŰɐ ůŰɞɜ əɨəɚɞ Rankine. ȼ Űɡˊɘəɐ ůɡɛˊɨəɜɤůɖ Űɞɡ ŬŰɛɞɨ ˊɎɜɤ ůŮ ɛŮŰŬɚɚɘəɏɠ 

ŮˊɘűɎɜŮɘŮɠ ůɡɛɓŬɑɜŮɘ ɡˊɧ Űɖ ɛɞɟűɐ űɘɚɛ ɜŮɟɞɨ Űɞ ɞˊɞɑɞ ŭŮůɛŮɨŮɘ Űɖɜ ŮˊɘűɎɜŮɘŬ əŬɘ ˊɟɞůɗɏŰŮɘ 

Ůˊɘˊɚɏɞɜ ɗŮɟɛɘəɏɠ ŬɜŰɘůŰɎůŮɘɠ əŬŰɎ Űɖ ɛŮŰŬűɞɟɎ Űɖɠ ɗŮɟɛɧŰɖŰŬɠ ˊɞɡ ŮəɚɨŮŰŬɘ əŬŰɎ Űɖ 

ůɡɛˊɨəɜɤůɖ. ȷɜŰɑɗŮŰŬ, ɖ ɛɞɟűɐ Űɖɠ ůɡɛˊɨəɜɤůɖɠ ɤɠ ŭɘŬəɟɘŰɏɠ ůŰŬɔɧɜŮɠ ɡɣɖɚɐɠ 

əɘɜɖŰɘəɧŰɖŰŬɠ ŬɡɝɎɜŮɘ Űɖ ŭɘŬɗŮůɘɛɧŰɖŰŬ Űɞɡ ŮɜŬɚɚɎəŰɖ ɔɘŬ ˊŮɟŬɘŰɏɟɤ ůɡɛˊɨəɜɤůɖ əŬɘ 
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ɛŮɘɩɜŮɘ Űɘɠ ɗŮɟɛɘəɏɠ ŬɜŰɘůŰɎůŮɘɠ ˊɞɡ ɗɏŰŮɘ ɖ ŭɖɛɘɞɡɟɔɑŬ űɘɚɛ ɜŮɟɞɨ ůŰɞɡɠ ɣɡɢɟɞɨɠ ůɤɚɐɜŮɠ 

Űɤɜ ŮɜŬɚɚŬəŰɩɜ. ũɘŬ Űɖɜ ŮˊɑŰŮɡɝɖ ůɡɛˊɨəɜɤůɖɠ ɡˊɧ Űɖ ɛɞɟűɐ ŭɘŬəɟɘŰɩɜ ůŰŬɔɧɜɤɜ ˊɟɏˊŮɘ ŰŬ 

ɡˊɞůŰɟɩɛŬŰŬ ůŰŬ ɞˊɞɑŬ ɔɑɜŮŰŬɘ ůɡɛˊɨəɜɤůɖ ɜŬ ɏɢɞɡɜ ɢŬɛɖɚɐ ŮˊɘűŬɜŮɘŬəɐ ŮɜɏɟɔŮɘŬ əŬɘ 

ɛɘəɟɐ ŮˊɘűɎɜŮɘŬ ŮˊŬűɐɠ ɛŮ Űɞ ɜŮɟɧ. ȼ ɢŬɛɖɚɐ ŮˊɘűŬɜŮɘŬəɐ ŮɜɏɟɔŮɘŬ ŮɝŬɜŬɔəɎɕŮɘ Űɞ ůɢɐɛŬ 

Űɖɠ ůŰŬɔɧɜŬ ɜŬ ˊɟɞůŮɔɔɑůŮɘ Űɞ ůűŬɘɟɘəɧ, ɚɧɔɤ Űɞɡ ɧŰɘ ɞɘ ŭɘŬɛɞɟɘŬəɏɠ ŭɡɜɎɛŮɘɠ ŮůɤŰŮɟɘəɎ Űɖɠ 

ůŰŬɔɧɜŬɠ ɡˊŮɟɜɘəɞɨɜ Űɘɠ ŭɡɜɎɛŮɘɠ ˊɞɡ ŬɜŬˊŰɨůůɞɜŰŬɘ ɛŮŰŬɝɨ ŬɡŰɐɠ əŬɘ Űɖɠ ŮˊɘűɎɜŮɘŬɠ, Ůɜɩ 

ɖ ŮɚŬɢɘůŰɞˊɞɑɖůɖ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ŮˊŬűɐɠ ŬɡɝɎɜŮɘ Űɖɜ əɘɜɖŰɘəɧŰɖŰɎ Űɤɜ ůŰŬɔɧɜɤɜ əŬɘ 

Ůˊɞɛɏɜɤɠ Űɖ ůɡɢɜɧŰɖŰŬ Ŭˊɞɢɩɟɖůɐɠ Űɞɡɠ Ŭˊɧ Űɖɜ ŮˊɘűɎɜŮɘŬ. 

 

ɆɢɐɛŬ Ƚ. ȺɜŮɟɔŮɘŬəɏɠ ŮűŬɟɛɞɔɏɠ ůŰɘɠ ɞˊɞɑŮɠ ɛˊɞɟɞɨɜ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ɞɘ ɡˊŮɟɡŭɟɧűɞɓŮɠ 

ŮˊɘűɎɜŮɘŮɠ. 

ɆŰɖɜ əŬŰŮɨɗɡɜůɖ ŬɡŰɐ, ůŰɖɜ ˊŬɟɞɨůŬ ȹɘŭŬəŰɞɟɘəɐ ȹɘŬŰɟɘɓɐ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɖ əŬŰŬůəŮɡɐ 

əŬɘ ɞ ɢŬɟŬəŰɖɟɘůɛɧɠ ɡˊŮɟɡŭɟɧűɞɓɤɜ ŮˊɘűŬɜŮɘɩɜ ůŮ ɛŮŰŬɚɚɘəɎ ɡˊɞůŰɟɩɛŬŰŬ ɔɘŬ Űɖ ɢɟɐůɖ 

Űɞɡɠ ůŮ ŮɜŬɚɚɎəŰŮɠ ɗŮɟɛɧŰɖŰŬɠ. ɆɡɔəŮəɟɘɛɏɜŬ, ɞ ůŰɧɢɞɠ Űɖɠ ŮɟɔŬůɑŬɠ ŮɑɜŬɘ: 

Ŭ) ɖ əŬŰŬůəŮɡɐ ŬɜɗŮəŰɘəɩɜ ůŮ ɗŮɟɛɘəɐ ɐ / əŬɘ ɡŭɟɞɚɡŰɘəɐ əŬŰŬˊɧɜɖůɖ ɡˊŮɟɡŭɟɧűɞɓɤɜ 

ŮˊɘűŬɜŮɘɩɜ ůŮ ɛŮŰŬɚɚɘəɎ ɡˊɞůŰɟɩɛŬŰŬ əŬɘ ˊɞɚɡɛŮɟɘəɎ ɡɛɏɜɘŬ.  

ɓ) ɖ ŮˊɑŰŮɡɝɖ ůɡɛˊɨəɜɤůɖɠ ŬŰɛɞɨ ɡˊɧ Űɖ ɛɞɟűɐ ŭɘŬəɟɘŰɩɜ ůŰŬɔɧɜɤɜ ˊɎɜɤ ůŮ ɛŮŰŬɚɚɘəɏɠ 

ɡˊŮɟɡŭɟɧűɞɓŮɠ ŮˊɘűɎɜŮɘŮɠ, ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ɓŮɚŰɘɤɗŮɑ ɖ Ŭˊɧŭɞůɖ Űɖɠ ɛŮŰŬűɞɟɎɠ ɗŮɟɛɧŰɖŰŬɠ 

əŬŰɎ Űɖɜ ŬɚɚŬɔɐ űɎůɖɠ Űɞɡ ŬŰɛɞɨ.  

ũɘŬ Űɖɜ əŬŰŬůəŮɡɐ Űɤɜ ɡˊŮɟɡŭɟɧűɞɓɤɜ ŮˊɘűŬɜŮɘɩɜ ŬəɞɚɞɡɗɐɗɖəŬɜ ŭɨɞ ŭɘŬűɞɟŮŰɘəɏɠ 

ˊɟɞůŮɔɔɑůŮɘɠ, ɞɘ ɞˊɞɑŮɠ ɓŬůɑɕɞɜŰŬɘ ůŰŬ ŬˊŬɟŬɑŰɖŰŬ əɟɘŰɐɟɘŬ ŮˊɑŰŮɡɝɖɠ ɡˊŮɟɡŭɟɞűɞɓɘəɧŰɖŰŬɠ. 

ȼ ˊɟɩŰɖ ˊɟɞůɏɔɔɘůɖ ˊŮɟɘɚŬɛɓɎɜŮɘ Űɖ ŭɖɛɘɞɡɟɔɑŬ ɘŮɟŬɟɢɘəɐɠ ŭɧɛɖůɖɠ ůŮ ɛŮŰŬɚɚɘəɎ 

ɡˊɞůŰɟɩɛŬŰŬ, əŬɘ Űɖ ɛŮŰɏˊŮɘŰŬ ɛŮɑɤůɖ Űɖɠ ŮˊɘűŬɜŮɘŬəɐɠ Űɞɡɠ ŮɜɏɟɔŮɘŬɠ, Ůɜɩ ɖ ŭŮɨŰŮɟɖ ŬűɞɟɎ 
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Űɖɜ ŮˊɑůŰɟɤůɖ Ůɜɧɠ ɡŭɟɧűɞɓɞɡ ɡɛŮɜɑɞɡ ɛŮɔɎɚɞɡ ˊɎɢɞɡɠ əŬɘ Űɖ ɛŮŰɏˊŮɘŰŬ ŭɖɛɘɞɡɟɔɑŬ 

əŬŰɎɚɚɖɚɖɠ ŰɞˊɞɔɟŬűɑŬɠ ˊɎɜɤ ůŮ ŬɡŰɧ. 

ȹɞɛɐ Űɖɠ ŭɘŬŰɟɘɓɐɠ 

ɆŰɞ ȾŮűɎɚŬɘɞ 1 ˊŮɟɘɔɟɎűɞɜŰŬɘ ɞɘ ɓŬůɘəɏɠ ɏɜɜɞɘŮɠ Űɖɠ ŭɘŬɓɟɞɢɐɠ əŬɗɩɠ əŬɘ ɖ ɢɟɖůɘɛɧŰɖŰŬ 

Űɤɜ ɡˊŮɟɡŭɟɧűɞɓɤɜ ŮˊɘűŬɜŮɘɩɜ ůŮ ŭɘɎűɞɟŮɠ ɓɘɞɛɖɢŬɜɘəɏɠ əŬɘ ŰŮɢɜɞɚɞɔɘəɏɠ ŮűŬɟɛɞɔɏɠ. 

ɆŰɞ ˊɟɩŰɞ ɛɘůɧ Űɞɡ ȾŮűŬɚŬɑɞɡ 2 ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɓɘɓɚɘɞɔɟŬűɘəɐ Ůˊɘůəɧˊɖůɖ Űɤɜ ɛŮɗɧŭɤɜ 

əŬŰŬůəŮɡɐɠ ɡˊŮɟɡŭɟɧűɞɓɤɜ ŮˊɘűŬɜŮɘɩɜ ůŮ ɛŮŰŬɚɚɘəɎ ɡˊɞůŰɟɩɛŬŰŬ ɛŮ ɓɎůɖ Űɘɠ ŭɨɞ 

ˊɟɞůŮɔɔɑůŮɘɠ ˊɞɡ ŬɜŬűɏɟɗɖəŬɜ ˊŬɟŬˊɎɜɤ. ɇɞ ŭŮɨŰŮɟɞ ɛɘůɧ Űɞɡ əŮűŬɚŬɑɞɡ ŮˊɘəŮɜŰɟɩɜŮŰŬɘ 

ůŰɘɠ ɓŬůɘəɏɠ ɏɜɜɞɘŮɠ Űɖɠ ůɡɛˊɨəɜɤůɖɠ, ɧˊɤɠ ˊɡɟɖɜɞˊɞɑɖůɖ, ůɡɛˊɨəɜɤůɖ ɡˊɧ Űɖ ɛɞɟűɐ űɘɚɛ, 

ůɡɛˊɨəɜɤůɖ ɡˊɧ Űɖ ɛɞɟűɐ ŭɘŬəɟɘŰɩɜ ůŰŬɔɧɜɤɜ, ŬɚɚɎ əŬɘ ůŰŬ ɛɞɜŰɏɚŬ ɛŮŰɎŭɞůɖɠ ɗŮɟɛɧŰɖŰŬɠ 

ˊɞɡ ɏɢɞɡɜ ŬɜŬˊŰɡɢɗŮɑ ɔɘŬ Űɘɠ ŭɨɞ ɛɞɟűɏɠ Űɖɠ ůɡɛˊɨəɜɤůɖɠ. ɆŰɖ ůɡɜɏɢŮɘŬ ŬɜŬɚɨɞɜŰŬɘ 

ŭɘɎűɞɟŮɠ ŰŮɢɜɘəɏɠ ˊɞɡ ɏɢɞɡɜ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɔɘŬ Űɖɜ Ůɜɑůɢɡůɖ Űɖɠ ůɡɛˊɨəɜɤůɖɠ əŬɘ Űɖɠ 

ɛŮŰŬűɞɟɎɠ ɗŮɟɛɧŰɖŰŬɠ əŬŰɎ Űɖɜ ŬɚɚŬɔɐ űɎůɖɠ, əŬɗɩɠ əŬɘ əŬɜɧɜŮɠ ůɢŮŭɘŬůɛɞɨ ŮˊɘűŬɜŮɘɩɜ 

ŬɚɚɎ əŬɘ ˊŬɟɎɔɞɜŰŮɠ ˊɞɡ ɛˊɞɟɞɨɜ ɜŬ ɛŮɘɩůɞɡɜ Űɖɜ Ŭˊɧŭɞůɖ Űɖɠ ɛŮŰŬűɞɟɎɠ ɗŮɟɛɧŰɖŰŬɠ. ɆŰɞ 

Űɏɚɞɠ Űɞɡ əŮűŬɚŬɑɞɡ ɔɑɜŮŰŬɘ ɛɑŬ ŮəŰŮŰŬɛɏɜɖ ůɨɜɞɣɖ ɧɚɤɜ Űɤɜ ˊŬɟŬˊɎɜɤ, ɧˊɤɠ Ůˊɑůɖɠ əŬɘ 

Űɤɜ ɛŮɗɞŭɞɚɞɔɘɩɜ ˊɞɡ ɏɢɞɡɜ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ůŮ ŭɘɎűɞɟŮɠ ŮɟɔŬůɑŮɠ Ŭˊɧ Űɞ 1930 ɏɤɠ əŬɘ 

ůɐɛŮɟŬ. 

ɆŰɞ ȾŮűɎɚŬɘɞ 3 ˊŮɟɘɔɟɎűɞɜŰŬɘ ɞɘ ˊŮɘɟŬɛŬŰɘəɏɠ ŭɘŬŰɎɝŮɘɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɔɘŬ Űɖɜ 

əŬŰŬůəŮɡɐ əŬɘ Űɞɜ ɢŬɟŬəŰɖɟɘůɛɧ Űɤɜ ŮˊɘűŬɜŮɘɩɜ, əŬɗɩɠ əŬɘ ŭɘŬŰɎɝŮɘɠ ɔɘŬ Űɞɜ ɏɚŮɔɢɞ Űɖɠ 

ůɡɛˊɨəɜɤůɖɠ əŬɘ Űɖɠ ɛŮŰɎŭɞůɖɠ ɗŮɟɛɧŰɖŰŬɠ əŬŰɎ Űɖɜ ŬɚɚŬɔɐ űɎůɖɠ. ɆŰɞ ɑŭɘɞ əŮűɎɚŬɘɞ 

ŭɑɜɞɜŰŬɘ ɞɘ ɓŬůɘəɏɠ ɏɜɜɞɘŮɠ Űɖɠ ɛŮŰɟɞɚɞɔɑŬɠ ŮˊɘűŬɜŮɘɩɜ ɛŮ ŰɟŬɢɨŰɖŰŬ əŬɘ ˊŮɟɘɔɟɎűŮŰŬɘ ɖ 

ɛɏɗɞŭɞɠ Űɖɠ ˊɟɞůɞɛɞɑɤůɖɠ Monte Carlo. 

ɇɞ ȾŮűɎɚŬɘɞ 4 ŬűɞɟɎ Űɖɜ ˊŮɘɟŬɛŬŰɘəɐ ŭɘŬŭɘəŬůɑŬ ˊɞɡ ŬəɞɚɞɡɗɐɗɖəŮ ɔɘŬ Űɖɜ əŬŰŬůəŮɡɐ 

ɡˊŮɟɡŭɟɧűɞɓɤɜ ŮˊɘűŬɜŮɘɩɜ ɛɏůɤ Űɖɠ ˊɟɩŰɖɠ ˊɟɞůɏɔɔɘůɖɠ, ŭɖɚŬŭɐ Űɖɠ ŭɖɛɘɞɡɟɔɑŬɠ 

ŰɟŬɢɨŰɖŰŬɠ ůŮ ɛŮŰŬɚɚɘəɧ ɡˊɧůŰɟɤɛŬ əŬɘ Űɖ ɛŮŰɏˊŮɘŰŬ ɛŮɑɤůɖ Űɖɠ ŮˊɘűŬɜŮɘŬəɐɠ Űɞɡ ŮɜɏɟɔŮɘŬɠ. 

ȳůɞɜ ŬűɞɟɎ Űɖɜ ˊɟɞůɏɔɔɘůɖ ŬɡŰɐ, ɖ ɛɘəɟɞŭɧɛɖůɖ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ Ŭɚɞɡɛɘɜɑɞɡ 

ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɛɏůɤ ɢɖɛɘəɐɠ ŮɔɢɎɟŬɝɖɠ, Ůɜɩ ɖ ɜŬɜɞŭɧɛɖůɖ, ɛɏůɤ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ Űɖɠ 

ɓɞɖɛɘŰɞˊɞɑɖůɖɠ. ɇɖ ŭɖɛɘɞɡɟɔɑŬ ŰɞˊɞɔɟŬűɑŬɠ ŬəɞɚɞɡɗŮɑ ɞ ɢŬɟŬəŰɖɟɘůɛɧɠ Űɤɜ ŮˊɘűŬɜŮɘɩɜ, 

ɛɏůɤ ˊŬɟŬŰɐɟɖůɖɠ ɛŮ ɛɘəɟɞůəɞˊɑŬ ɖɚŮəŰɟɞɜɘəɐɠ ůɎɟɤůɖɠ, ɛŮŰɟɞɚɞɔɘəɐɠ ŬɜɎɚɡůɖɠ Űɤɜ 

Ůɘəɧɜɤɜ SEM Űɤɜ ŮˊɘűŬɜŮɘɩɜ, əŬɗɩɠ əŬɘ ɛɏůɤ ŬɜɎˊŰɡɝɖɠ əɩŭɘəŬ ˊɞɡ ŬɜŬˊŬɟɘůŰɎ Űɖ 

ŰɞˊɞɔɟŬűɑŬ. ɆŰɖ ůɡɜɏɢŮɘŬ, ɖ ŮˊɘűŬɜŮɘŬəɐ ŮɜɏɟɔŮɘŬ Űɤɜ ŮˊɘűŬɜŮɘɩɜ ɛŮɘɩɜŮŰŬɘ ɛɏůɤ Űɖɠ 

ŮˊɑůŰɟɤůɖɠ ɡŭɟɧűɞɓɤɜ ɡɛŮɜɑɤɜ, ɛŮ Űɘɠ ŰŮɢɜɘəɏɠ Űɖɠ ŮɜŬˊɧɗŮůɖɠ ɛɏůɤ ˊɚɎůɛŬŰɞɠ, 

ŮɜŬˊɧɗŮůɖɠ Ůə ˊŮɟɘůŰɟɞűɐɠ əŬɘ ŮɜůŰɎɚŬɝɖɠ ŭɘŬɚɡɛɎŰɤɜ PTFE, əŬɗɩɠ əŬɘ ŮɜŬˊɞɗɏůŮɤɜ 

ŬɏɟɘŬɠ űɎůɖɠ.  

ɆŰɞ ȾŮűɎɚŬɘɞ 5 ˊŮɟɘɔɟɎűŮŰŬɘ ɖ ůɡɛˊɨəɜɤůɖ ɗŮɟɛɞɨ ŬŰɛɞɨ ůŰɘɠ ŮˊɘűɎɜŮɘŮɠ ˊɞɡ 

əŬŰŬůəŮɡɎůŰɖəŬɜ ɛŮ ɓɎůɖ Űɖɜ ˊɟɩŰɖ ˊɟɞůɏɔɔɘůɖ, ɧˊɞɡ ɏɔɘɜŮ ɏɚŮɔɢɞɠ Űɖɠ ŬɜŰɞɢɐɠ Űɞɡɠ, 

ɛɏŰɟɖůɖ Űɤɜ ŭɘŬɛɏŰɟɤɜ Ŭˊɞɢɩɟɖůɖɠ Űɤɜ ůŰŬɔɧɜɤɜ Ŭˊɧ Űɘɠ ŮˊɘűɎɜŮɘŮɠ, əŬɘ ˊŬɟŬŰɐɟɖůɖ Űɞɡ 

űŬɘɜɞɛɏɜɞɡ əŬɘ Űɖɠ ɛɞɟűɐɠ Űɖɠ ůɡɛˊɨəɜɤůɖɠ. ȷɜɎɚɞɔŬ ɛŮ Űɖ ůɡɛˊŮɟɘűɞɟɎ Űɤɜ ŮˊɘűŬɜŮɘɩɜ 

ůŰɖ ůɡɛˊɨəɜɤůɖ, ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɖ ́ŮɟŬɘŰɏɟɤ ɓŮɚŰɘůŰɞˊɞɑɖůɖ Űɞɡɠ ɤɠ ˊɟɞɠ Űɖɜ 

ŰɞˊɞɔɟŬűɑŬ Űɞɡɠ əŬɘ Űɘɠ ŰŮɢɜɘəɏɠ ɛŮɑɤůɖɠ Űɖɠ ŮˊɘűŬɜŮɘŬəɐɠ Űɞɡɠ ŮɜɏɟɔŮɘŬɠ. ɆŰɞ ɡˊɞəŮűɎɚŬɘɞ 

5.3 ŬɜŬɚɨŮŰŬɘ ɖ ŮˊɑŭɟŬůɖ Űɖɠ ŰɞˊɞɔɟŬűɑŬɠ ůŰɖ ůɡɛˊɨəɜɤůɖ ɛɏůɤ Űɞɡ ůɡɜŭɡŬůɛɞɨ 

ˊŬɟŬŰɐɟɖůɖɠ Űɞɡ űŬɘɜɞɛɏɜɞɡ əŬɘ Űɖɠ ɛŮŰɟɞɚɞɔɘəɐɠ ŬɜɎɚɡůɖɠ Űɤɜ ŰɞˊɞɔɟŬűɘɩɜ. ɆŰɞ 

əŮűɎɚŬɘɞ ŬɡŰɧ ŮɘůɎɔŮŰŬɘ ɏɜŬɠ əɟɑůɘɛɞɠ ɚɧɔɞɠ Űɖɠ ŬˊɧůŰŬůɖɠ Űɤɜ ɛɘəɟɞŭɞɛɩɜ ˊɟɞɠ Űɖɜ 

ŬˊɧůŰŬůɖ Űɤɜ ɜŬɜɞŭɞɛɩɜ ɔɘŬ Űɖɜ ŮˊɑŰŮɡɝɖ ůɡɛˊɨəɜɤůɖɠ əŬŰɎ ůŰŬɔɧɜŮɠ ůŮ ɘŮɟŬɟɢɘəɎ 
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ŭɞɛɖɛɏɜŮɠ ŮˊɘűɎɜŮɘŮɠ. ɆŰɞ Űɏɚɞɠ Űɞɡ ȾŮűŬɚŬɑɞɡ 5 ŭɑɜɞɜŰŬɘ ɞɘ ɛŮŰɟɐůŮɘɠ ɛŮŰɎŭɞůɖɠ 

ɗŮɟɛɧŰɖŰŬɠ ůŰɘɠ ŬɜɗŮəŰɘəɧŰŮɟŮɠ ŮˊɘűɎɜŮɘŮɠ Űɖɠ ˊɟɩŰɖɠ ˊɟɞůɏɔɔɘůɖɠ, ůŰɘɠ ɞˊɞɑŮɠ ɞ ŬŰɛɧɠ 

ůɡɛˊɡəɜɩɜŮŰŬɘ ɡˊɧ Űɖ ɛɞɟűɐ ůŰŬɔɧɜɤɜ.  

ɆŰɞ ȾŮűŬɚŬɑɞ 6 ˊŮɟɘɔɟɎűŮŰŬɘ ɖ əŬŰŬůəŮɡɐ ɡˊŮɟɡŭɟɧűɞɓɤɜ ŮˊɘűŬɜŮɘɩɜ ůɨɛűɤɜŬ ɛŮ Űɖ 

ŭŮɨŰŮɟɖ ˊɟɞůɏɔɔɘůɖ, ŭɖɚŬŭɐ Űɖɜ ŮˊɑůŰɟɤůɖ Ůɜɧɠ ɡŭɟɧűɞɓɞɡ ɡɛŮɜɑɞɡ ɛŮɔɎɚɞɡ ˊɎɢɞɡɠ əŬɘ Űɖ 

ɛŮŰɏˊŮɘŰŬ ŭɖɛɘɞɡɟɔɑŬ əŬŰɎɚɚɖɚɖɠ ŰɞˊɞɔɟŬűɑŬɠ ˊɎɜɤ ůŮ ŬɡŰɧ. ȷɟɢɘəɎ ˊŮɟɘɔɟɎűŮŰŬɘ ɖ 

ŭɖɛɘɞɡɟɔɑŬ ŰɞˊɞɔɟŬűɑŬɠ ůŰɞ ɡɛɏɜɘɞ ɛɏůɤ ŮɔɢɎɟŬɝɖɠ ɛŮ ˊɚɎůɛŬ ɞɝɡɔɧɜɞɡ, əŬɗɩɠ əŬɘ 

ŭɘɎűɞɟŮɠ ɛɏɗɞŭɞɘ ˊɞɡ ŭɞəɘɛɎůŰɖəŬɜ ɔɘŬ Űɖɜ Ůɜɑůɢɡůɖ əŬɘ ŮˊŬɜŬűɞɟɎ Űɖɠ 

ɡˊŮɟɡŭɟɞűɞɓɘəɧŰɖŰŬɠ ɛŮŰɎ Űɖɜ ŮɔɢɎɟŬɝɖ. ɆŰɖ ůɡɜɏɢŮɘŬ Űɞɡ əŮűŬɚŬɑɞɡ, ˊŮɟɘɔɟɎűŮŰŬɘ ɖ 

ŭɖɛɘɞɡɟɔɑŬ ŰɞˊɞɔɟŬűɑŬɠ ɛɏůɤ Űɖɠ ŰŮɢɜɘəɐɠ Űɖɠ ɗŮɟɛɘəɐɠ ɜŬɜɞŬˊɞŰɨˊɤůɖɠ, ɖ ɞˊɞɑŬ 

ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ůŮ ŭɘɎűɞɟŬ ɡŭɟɧűɞɓŬ ɡɚɘəɎ.  

ɆŰɞ ȾŮűɎɚŬɘɞ 7 ˊŮɟɘɔɟɎűŮŰŬɘ əŬɘ ŬɜŬɚɨŮŰŬɘ ɖ ůɡɛˊɨəɜɤůɖ ɗŮɟɛɞɨ ŬŰɛɞɨ ˊɎɜɤ ůŰɘɠ 

ŮˊɘűɎɜŮɘŮɠ Űɖɠ ŭŮɨŰŮɟɖɠ ˊɟɞůɏɔɔɘůɖɠ ɧˊɞɡ ɏɔɘɜŮ ɏɚŮɔɢɞɠ Űɖɠ ŬɜŰɞɢɐɠ Űɞɡɠ, ɛɏŰɟɖůɖ Űɤɜ 

ŭɘŬɛɏŰɟɤɜ Ŭˊɞɢɩɟɖůɖɠ Űɤɜ ůŰŬɔɧɜɤɜ Ŭˊɧ Űɘɠ ŮˊɘűɎɜŮɘŮɠ, əŬɘ ˊŬɟŬŰɐɟɖůɖ Űɞɡ űŬɘɜɞɛɏɜɞɡ 

əŬɘ Űɖɠ ɛɞɟűɐɠ Űɖɠ ůɡɛˊɨəɜɤůɖɠ. ɆŰɖ ůɡɜɏɢŮɘŬ Űɞɡ əŮűŬɚŬɑɞɡ ŬɡŰɞɨ, ŬɜŬɚɨɞɜŰŬɘ ŰŬ 

ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ɛŮŰɎŭɞůɖɠ ɗŮɟɛɧŰɖŰŬɠ əŬŰɎ Űɖɜ ŬɚɚŬɔɐ űɎůɖɠ ůŰɘɠ ŬɜɗŮəŰɘəɧŰŮɟŮɠ 

ŮˊɘűɎɜŮɘŮɠ ŬɡŰɐɠ Űɖɠ ˊɟɞůɏɔɔɘůɖɠ. 

ɇɏɚɞɠ, ůŰɞ ȾŮűɎɚŬɘɞ 8 ŭɑɜɞɜŰŬɘ ŰŬ ůɡɛˊŮɟɎůɛŬŰŬ əŬɘ ɞɘ əŬɘɜɞŰɞɛɑŮɠ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘŬŰɟɘɓɐɠ, 

əŬɗɩɠ əŬɘ ˊɟɞŰɎůŮɘɠ ɔɘŬ ɛŮɚɚɞɜŰɘəɐ ɏɟŮɡɜŬ.  
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ȽȽȽ. Abstract 

A surface is characterized as superhydrophobic when the contact angle it forms with a water 

droplet is above 150Á and its hysteresis angle is less than 10Á. The contact angle represents the 

effect of the surface tension of a liquid in relation to the adhesive forces of the droplet with the 

surface, while the hysteresis angle represents the uniformity of the surface. To achieve 

superhydrophobicity, it is necessary to have an appropriate topography, which will minimize 

the contact of the surface with the droplet, and a low surface energy of the surface, which will 

reduce the adhesive forces with the droplet. 

In recent years, superhydrophobization of surfaces has drawn the attention of the scientific 

community due to its potential for application in many industrial and technological sectors, and 

particularly because of the possibilities it offers in terms of energy saving and optimization of 

existing processes. Specifically, the ice-phobic properties that superhydrophobization provides 

to wind turbine or aircraft blades result in the reduction of asymmetric stresses and, therefore, 

maintenance requirements, while simultaneously increasing their operational intervals. 

Additionally, the superhydrophobization of ship hulls contributes to the reduction of resistance 

during sailing, avoidance of algae adhesion, and consequently, reduction in the need for dry 

docking and simultaneous fuel savings. The superhydrophobization of liquid transport pipes 

results in the reduction of friction developed between the liquid and the pipe, thus minimizing 

the energy required for their transport. Finally, the most significant contribution of 

superhydrophobicity to global energy savings and environmental protection lies in the 

improvement of heat transfer in exchangers and condensers used in power generation plants. 

The production of electrical energy contributes more than any other activity to the consumption 

of fossil or nuclear fuels, making even a small improvement in the efficiency of the power 

generation thermodynamic cycleðspecifically the Rankine cycleðhave tremendous 

implications for fuel savings. As an example, it is mentioned that optimizing the power 

generation efficiency of a 900 MW lignite station from 40% to 40.1% results in a reduction of 

over 19,000 tons annually in coal consumption, which translates into a significant 

environmental benefit. The optimization of energy production facilities through 

superhydrophobic surfaces is achieved through the condensation of steam coming from the 

turbine as discrete droplets on the surfaces of the heat exchanger, which serves as a condenser 

in the Rankine cycle. The typical steam condensation on metallic surfaces occurs in the form 

of a water film which binds the surface and adds additional thermal resistances during the heat 

transfer released during condensation. In contrast, the form of condensation as discrete, highly 

mobile droplets increases the availability of the exchanger for further condensation and reduces 

the thermal resistances posed by the creation of a water film on the cold pipes of the exchangers. 

To achieve condensation in the form of discrete droplets, the substrates on which condensation 

occurs must have low surface energy and a small contact area with water. The low surface 

energy forces the shape of the droplet to approach spherical, because the intermolecular forces 

within the droplet overcome the forces that develop between it and the surface. Minimizing the 

contact area increases the mobility of the droplets and, therefore, the frequency of their 

departure from the surface. 

In this direction, the current Doctoral Thesis involves the construction and characterization of 

superhydrophobic surfaces on metallic substrates for their use in heat exchangers. Specifically, 

the objectives of the work are: 

a) the construction of superhydrophobic surfaces on metallic and polymeric substrates that are 

resistant to thermal and/or hydrolytic stress, 
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b) the achievement of steam condensation in the form of discrete droplets on metallic 

superhydrophobic surfaces, in order to improve the performance of heat transfer during the 

phase change of steam. 

For the construction of the superhydrophobic surfaces, two different approaches were followed, 

which are based on the necessary criteria for achieving superhydrophobicity. The first approach 

includes the creation of hierarchical structuring on metallic substrates and the subsequent 

reduction of their surface energy, while the second involves the coating of a thick hydrophobic 

film and the subsequent creation of an appropriate topography on it. 

Structure of the Dissertation 

Chapter 1 describes the basic concepts of wetting as well as the usefulness of superhydrophobic 

surfaces in various industrial and technological applications. 

In the first half of Chapter 2, a literature review is conducted on the methods of fabricating 

superhydrophobic surfaces on metallic substrates, based on the two approaches mentioned 

above. The second half of the chapter focuses on the fundamental concepts of condensation, 

such as nucleation, film-wise condensation, the development of discrete droplets, and heat 

transfer models. It then analyzes various techniques that have been used to enhance 

condensation and heat transfer during phase change, as well as design rules for surfaces and 

factors that can reduce the efficiency of condensation. 

Chapter 3 describes the experimental setups used for the construction and characterization of 

surfaces, as well as arrangements for the control of condensation and heat transfer during phase 

change. The same chapter presents the basic concepts of surface metrology with roughness and 

describes the Monte Carlo simulation method. 

Chapter 4 deals with the experimental procedure that was followed for the construction of 

superhydrophobic surfaces through the first approach, namely the creation of roughness on a 

metallic substrate and the subsequent reduction of its surface energy. Regarding this approach, 

microstructuring on the aluminum surface is carried out through chemical etching, while 

nanostructuring through the boehmitage process. Following the creation of topography, the 

characterization of the surfaces was performed through observation with scanning electron 

microscopy, metrological analysis of the SEM images of the surfaces, and through the 

development of code that represents the topography. Subsequently, the surface energy of the 

surfaces was reduced through the coating with hydrophobic films, using techniques such as 

plasma deposition, spin coating, impregnation of PTFE solutions, as well as gas phase 

deposition. 

In Chapter 5, the condensation of hot steam on surfaces constructed based on the first approach 

was performed, where their resistance was tested, the diameters of droplet departure from the 

surfaces were measured, and the phenomenon and the form of condensation were observed. 

Depending on the behavior of the surfaces during condensation, further optimization was 

carried out with respect to their topography and the techniques for reducing surface energy. 

Subsection 5.3 analyzes the impact of the topography of condensation through the combination 

of observing the phenomenon and metrological analysis of the topographies. In this chapter, a 

critical ratio of the distance of the microstructures to the distance of the nanostructures is 

introduced for achieving dropwise condensation on hierarchically structured surfaces. At the 

end of Chapter 5, the heat transfer measurements on the more durable surfaces of the first 

approach are presented, on which steam condenses in the form of droplets. 
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Chapter 6 describes the construction of superhydrophobic surfaces according to the second 

approach, namely the coating of a thick hydrophobic film and the subsequent creation of 

suitable topography on it. Initially, the creation of topography on the film through plasma 

etching with oxygen is described, as well as various methods that were tested to enhance and 

restore superhydrophobicity after etching. Later in the chapter, the creation of topography 

through the technique of thermal nanoimprinting, which was carried out on various 

hydrophobic materials, is described. 

In Chapter 7, the condensation of hot steam on the surfaces of the second approach is described 

and analyzed, where their resistance was checked, the diameters of droplet departure from the 

surfaces were measured, and the phenomenon and the form of condensation were observed. 

Subsequently, in this chapter, the results of the heat transfer during the phase change on the 

more durable surfaces of this approach are analyzed. 

Finally, Chapter 8 presents the conclusions of this dissertation and suggestions for future 

research. 

  



[XVI ] 

 

IV. ɄŮɟɘŮɢɧɛŮɜŬ 

Ƚ. ȺɡɢŬɟɘůŰɑŮɠ ........................................................................................................................ VIII  

ȽȽ. ɄŮɟɑɚɖɣɖ ............................................................................................................................ IX  

ȽȽȽ. Abstract ........................................................................................................................... XIII  

IV. ɄŮɟɘŮɢɧɛŮɜŬ ................................................................................................................... XVI  

ȾŮűɎɚŬɘɞ 1. ȺɘůŬɔɤɔɐ əŬɘ ůəɞˊɧɠ Űɖɠ ŮɟɔŬůɑŬɠ ..................................................................... 1 

1.1. ȺɘůŬɔɤɔɐ ........................................................................................................................ 1 

1.2. Ɇəɞˊɧɠ Űɖɠ ŮɟɔŬůɑŬɠ .................................................................................................... 13 

ȾŮűɎɚŬɘɞ 2. ȸɘɓɚɘɞɔɟŬűɘəɐ Ůˊɘůəɧˊɖůɖ ................................................................................ 14 

2.1. ȾŬŰŬůəŮɡɐ ɡˊŮɟɡŭɟɧűɞɓɤɜ ɛŮŰɎɚɚɤɜ ....................................................................... 14 

2.1.1. ɈˊŮɟɡŭɟɞűɞɓɘəɧŰɖŰŬ ɛŮŰɎɚɚɤɜ ɛɏůɤ ŭɖɛɘɞɡɟɔɑŬɠ ɘŮɟŬɟɢɘəɐɠ ɛɞɟűɞɚɞɔɑŬɠ ..... 15 

2.1.1.1. Ɉɔɟɏɠ ɛɏɗɞŭɞɘ ................................................................................................ 15 

a) Ɉɔɟɐ ŮɔɢɎɟŬɝɖ .................................................................................................... 15 

b) ɀɏɗɞŭɞɘ ɡɔɟɐɠ ůɨɜɗŮůɖɠ .................................................................................... 20 

c) ɆɡɜŭɡŬůɛɧɠ ɛŮɗɧŭɤɜ ɡɔɟɐɠ ŮɔɢɎɟŬɝɖɠ əŬɘ ůɨɜɗŮůɖɠ ....................................... 21 

2.1.1.2. ȷɜɞŭɘəɐ ɞɝŮɑŭɤůɖ .......................................................................................... 23 

2.1.1.3. ɃɝŮɑŭɤůɖ ........................................................................................................ 24 

2.1.1.4. ɃɝŮɑŭɤůɖ ɛɏůɤ ˊɚɎůɛŬŰɞɠ ............................................................................ 26 

2.1.1.5. ȺɔɢɎɟŬɝɖ ɛŮ ɚɏɘɕŮɟ ........................................................................................ 29 

2.1.2. ɈˊŮɟɡŭɟɞűɞɓɘəɧŰɖŰŬ ɛɏůɤ ŮɜŬˊɧɗŮůɖɠ ˊɞɚɡɛŮɟɘəɞɨ ɐ ůɨɜɗŮŰɞɡ ɡɛŮɜɑɞɡ ůŮ 

ɛŮŰŬɚɚɘəɧ ɡˊɧůŰɟɤɛŬ ..................................................................................................... 31 

2.1.2.1. ȺɜŬˊɧɗŮůɖ ɡɛŮɜɑɤɜ ɛɏůɤ ˊɞɚɡɛŮɟɘůɛɞɨ ˊɚɎůɛŬŰɞɠ .................................... 31 

2.1.2.2. ɈɛɏɜɘŬ ɛɏůɤ ŮɜŬˊɧɗŮůɖɠ ɛŮ ůˊɟɏɘ ................................................................ 35 

2.1.2.3. ȼɚŮəŰɟɞŮɜŬˊɧɗŮůɖ......................................................................................... 38 

2.1.2.4. ȼɚŮəŰɟɞůŰŬŰɘəɐ ɘɜɞˊɞɑɖůɖ ............................................................................ 39 

2.1.2.5. ɇŮɢɜɘəɐ Sol-gel ............................................................................................... 41 

2.1.2.6. ȺɜŬˊɧɗŮůɖ ɆŰɟɩɛŬ-ɆŰɟɩɛŬ .......................................................................... 43 

2.2. Ɇɡɛˊɨəɜɤůɖ ................................................................................................................. 45 

2.2.1. Ʉɡɟɖɜɞˊɞɑɖůɖ ....................................................................................................... 46 

2.2.1.1. ɃɛɞɔŮɜɐɠ ˊɡɟɖɜɞˊɞɑɖůɖ ................................................................................ 49 

2.2.1.2. ȺŰŮɟɞɔŮɜɐɠ Ʉɡɟɖɜɞˊɞɑɖůɖ ............................................................................ 52 

2.2.2. Ɇɡɛˊɨəɜɤůɖ ɡˊɧ Űɖ ɛɞɟűɐ űɘɚɛ (FWC) .............................................................. 55 

2.2.3. Ɇɡɛˊɨəɜɤůɖ əŬŰɎ ůŰŬɔɧɜŮɠ (Dropwise Condensation-DWC) ............................. 57 

2.2.3.1. ȷˊɞɢɩɟɖůɖ ůŰŬɔɧɜɤɜ .................................................................................... 58 

2.2.3.2. ɀɞɜŰɏɚŬ ɛŮŰɎŭɞůɖɠ ɗŮɟɛɧŰɖŰŬɠ əŬŰɎ Űɖ ůɡɛˊɨəɜɤůɖ ɡˊɧ ůŰŬɔɧɜŮɠ (DWC)

 ..................................................................................................................................... 64 

2.2.4. ȷɨɝɖůɖ Űɖɠ Ŭˊɧŭɞůɖɠ əŬŰɎ Űɞ DWC ................................................................... 77 



[XVII ] 

 

2.2.4.1. ȷɨɝɖůɖ Űɖɠ Ŭˊɧŭɞůɖɠ Űɞɡ DWC ůŮ ŮˊɑˊŮŭŮɠ ŮˊɘűɎɜŮɘŮɠ .............................. 79 

2.2.4.2. Ⱥɜɑůɢɡůɖ Űɞɡ DWC ůŮ ŭɞɛɖɛɏɜŮɠ ŮˊɘűɎɜŮɘŮɠ ............................................... 81 

a) ɁŬɜɞŭɞɛɖɛɏɜŮɠ ɡˊŮɟɡŭɟɧűɞɓŮɠ ŮˊɘűɎɜŮɘŮɠ ....................................................... 82 

b) ȽŮɟŬɟɢɘəɎ ŭɞɛɖɛɏɜŮɠ ɡˊŮɟɡŭɟɧűɞɓŮɠ ŮˊɘűɎɜŮɘŮɠ ............................................... 85 

c) ȾɟɘŰɐɟɘŬ ŮˊɑŰŮɡɝɖɠ DWC ůŮ ŭɞɛɖɛɏɜŮɠ ŮˊɘűɎɜŮɘŮɠ ........................................... 90 

2.2.4.3. ȺˊɘűɎɜŮɘŮɠ ɛŮ ɏɔɢɡůɖ ɚɘˊŬɜŰɘəɞɨ................................................................... 94 

2.2.5. ɀɖ ůɡɛˊɡəɜɩůɘɛŬ ŬɏɟɘŬ (NCG) .......................................................................... 98 

2.2.6. Ɇɨɜɞɣɖ ................................................................................................................ 104 

ȾŮűɎɚŬɘɞ 3. ɄŮɘɟŬɛŬŰɘəɏɠ ŭɘŬŰɎɝŮɘɠ, ɛŮŰɟɞɚɞɔɘəɏɠ ɛɏɗɞŭɞɘ ŬɜɎɚɡůɖɠ əŬɘ ˊɟɞůɞɛɞɑɤůɖ 

ŰɞˊɞɔɟŬűɑŬɠ .......................................................................................................................... 112 

3.1. óȳɟɔŬɜŬ əŬɘ ˊŮɘɟŬɛŬŰɘəɏɠ ŭɘŬŰɎɝŮɘɠ .......................................................................... 112 

3.1.1. ȷɜŰɘŭɟŬůŰɐɟŮɠ ˊɚɎůɛŬŰɞɠ .................................................................................. 112 

3.1.2. ɆɨůŰɖɛŬ ɢŬɟŬəŰɖɟɘůɛɞɨ ŭɘŬɓɟɞɢɐɠ Űɤɜ ŮˊɘűŬɜŮɘɩɜ ......................................... 116 

3.1.3. ȺɚɚŮɘɣɧɛŮŰɟɞ ...................................................................................................... 117 

3.1.4. ȼɚŮəŰɟɞɜɘəɧ ɀɘəɟɞůəɧˊɘɞ ɆɎɟɤůɖɠ (SEM)...................................................... 117 

3.1.5. ȹɘŬŰɎɝŮɘɠ ůɡɛˊɨəɜɤůɖɠ ...................................................................................... 119 

3.1.6. ȹɘɎŰŬɝɖ ɛɏŰɟɖůɖɠ ɛŮŰɎŭɞůɖɠ ɗŮɟɛɧŰɖŰŬɠ .......................................................... 121 

3.2. ɀŮŰɟɞɚɞɔɘəɐ ŬɜɎɚɡůɖ ............................................................................................... 128 

3.3. Ʉɟɞůɞɛɞɑɤůɖ Monte-Carlo ....................................................................................... 137 

ȾŮűɎɚŬɘɞ 4. ȾŬŰŬůəŮɡɐ ɡˊŮɟɡŭɟɧűɞɓɤɜ ŮˊɘűŬɜŮɘɩɜ ůŮ Ŭɚɞɡɛɑɜɘɞ ɛɏůɤ ŭɖɛɘɞɡɟɔɑŬɠ 

ŰɞˊɞɔɟŬűɑŬɠ ɛŮ ŮɔɢɎɟŬɝɖ əŬɘ ɛŮŰɏˊŮɘŰŬ ŮɜŬˊɧɗŮůɖ ɡŭɟɧűɞɓɞɡ ɡɛŮɜɑɞɡ ............................ 138 

4.1. ɁŬɜɞŭɧɛɖůɖ ŮˊɘűŬɜŮɘɩɜ Ŭɚɞɡɛɘɜɑɞɡ ......................................................................... 139 

4.1.1. ȸŮɚŰɘůŰɞˊɞɑɖůɖ ŬɜɎˊŰɡɝɖɠ ɜŬɜɞŭɞɛɩɜ .............................................................. 143 

4.1.2. ɀŮŰɟɞɚɞɔɘəɐ ŬɜɎɚɡůɖ ɜŬɜɞŭɞɛɖɛɏɜɤɜ ŮˊɘűŬɜŮɘɩɜ .......................................... 147 

4.2. ɀɘəɟɞ-ɜŬɜɞ ŭɧɛɖůɖ ................................................................................................... 150 

4.2.1. ɀɘəɟɞŭɧɛɖůɖ ɛŮ FeCl3 ....................................................................................... 150 

4.2.2. ɀɘəɟɞŭɧɛɖůɖ ɛŮ HCl .......................................................................................... 154 

4.2.3. ɀŮŰɟɞɚɞɔɘəɐ ŬɜɎɚɡůɖ ɛɘəɟɞŭɞɛɩɜ .................................................................... 158 

4.3. ɉŬɟŬəŰɖɟɘůɛɧɠ əŬɘ ˊɟɞůɞɛɞɑɤůɖ ŮˊɘűŬɜŮɘɩɜ .......................................................... 163 

4.3.1. ȷɜɎˊŰɡɝɖ ɛɞɜŰɏɚɞɡ Monte-Carlo ....................................................................... 164 

4.4. Ɉŭɟɞűɞɓɞˊɞɑɖůɖ ....................................................................................................... 171 

4.4.1. ȺɜŬˊɧɗŮůɖ ɛɏůɤ ˊɚɎůɛŬŰɞɠ ............................................................................... 171 

4.4.2. ȺɜŬˊɧɗŮůɖ ɡɔɟɩɜ ɡɛŮɜɑɤɜ .................................................................................. 174 

4.4.3. ȯɚɚŮɠ ɛɏɗɞŭɞɘ ɡŭɟɞűɞɓɞˊɞɑɖůɖɠ ....................................................................... 178 

ȾŮűɎɚŬɘɞ 5. Ɇɡɛˊɨəɜɤůɖ ůŰɘɠ ŮəŰɟŬɢɡɛɏɜŮɠ ɡˊŮɟɡŭɟɧűɞɓŮɠ ŮˊɘűɎɜŮɘŮɠ Ŭɚɞɡɛɘɜɑɞɡ ....... 181 

5.1. ɈŭɟɞɚɡŰɘəɐ əŬŰŬˊɧɜɖůɖ ůŮ ŬŰɛɧ .............................................................................. 182 

5.1.1. ɈˊŮɟɡŭɟɧűɞɓŮɠ ŮˊɘűɎɜŮɘŮɠ ɛɏůɤ ŮɜŬˊɧɗŮůɖɠ ˊɚɎůɛŬŰɞɠ ................................. 182 

5.1.2. ɈˊŮɟɡŭɟɧűɞɓŮɠ ŮˊɘűɎɜŮɘŮɠ ɛɏůɤ ɡɔɟɩɜ ŮˊɘůŰɟɩůŮɤɜ ...................................... 183 



[XVIII ] 

 

5.2. Ʉɟɞůŭɘɞɟɘůɛɧɠ əŬɘ ɛŮɚɏŰɖ Űɖɠ ůɡɛˊɨəɜɤůɖ ůŰɘɠ ŮˊɘűɎɜŮɘŮɠ ................................... 186 

5.3. ȺˊɑŭɟŬůɖ Űɖɠ ŰɞˊɞɔɟŬűɑŬɠ ůŰɖ ůɡɛˊɨəɜɤůɖ ............................................................ 191 

5.4. ɀŮŰɟɐůŮɘɠ ɛŮŰɎŭɞůɖɠ ɗŮɟɛɧŰɖŰŬɠ ............................................................................. 211 

5.5. Ɇɨɜɞɣɖ Űɖɠ ˊɟɩŰɖɠ əŬŰŬůəŮɡŬůŰɘəɐɠ ˊɟɞůɏɔɔɘůɖɠ .................................................. 218 

ȾŮűɎɚŬɘɞ 6. ȾŬŰŬůəŮɡɐ ɡˊŮɟɡŭɟɧűɞɓɤɜ ŮˊɘűŬɜŮɘɩɜ ɛɏůɤ ŮˊɑůŰɟɤůɖɠ ˊɞɚɡɛŮɟɘəɞɨ 

ɡɛŮɜɑɞɡ əŬɘ ŭɖɛɘɞɡɟɔɑŬɠ ŭɞɛɩɜ ˊɎɜɤ ůŮ ŬɡŰɧ ..................................................................... 220 

6.1. ȹɖɛɘɞɡɟɔɑŬ ŰɞˊɞɔɟŬűɑŬɠ ɛɏůɤ ŮɔɢɎɟŬɝɖɠ ɛŮ ˊɚɎůɛŬ .............................................. 220 

6.1.1. ȹɖɛɘɞɡɟɔɑŬ ŰɞˊɞɔɟŬűɑŬɠ ɛɏůɤ ŮɔɢɎɟŬɝɖɠ ɛŮ ˊɚɎůɛŬ ůŮ ŬɜŰɘŭɟŬůŰɐɟŬ ICP .... 221 

6.1.1.1. ȺˊŬɜŬűɞɟɎ Űɖɠ ɡŭɟɞűɞɓɘəɧŰɖŰŬɠ ɛŮ ɔɐɟŬɜůɖ ůŮ ɗŮɟɛɞəɟŬůɑŬ 

ˊŮɟɘɓɎɚɚɞɜŰɞɠ ........................................................................................................... 223 

6.1.1.2. ŪŮɟɛɘəɐ ŬɜɧˊŰɖůɖ ɔɘŬ ŮˊɘŰŬɢɡɛɏɜɖ ŬɜɎəŰɖůɖ ɡŭɟɞűɞɓɘəɧŰɖŰŬɠ .............. 224 

6.1.1.3. ȷɚɚŬɔɐ ůŮ ˊɚɎůɛŬ SF6 ɔɘŬ ɛŮɑɤůɖ Űɖɠ ŮˊɘűŬɜŮɘŬəɐɠ ŮɜɏɟɔŮɘŬɠ ................. 226 

6.1.1.4. ȺɜŬˊɧɗŮůɖ ɛɞɜɞůŰɟɩɛŬŰɞɠ ɛɏůɤ ŬɏɟɘŬɠ űɎůɖɠ pFOTS ............................ 227 

6.1.1.5. Ɉŭɟɞűɞɓɞˊɞɑɖůɖ ɛɏůɤ ŮɜŬˊɞɗɏůŮɤɜ ˊɚɎůɛŬŰɞɠ ....................................... 228 

a) ȺɜŬˊɧɗŮůɖ ɛɏůɤ ˊɚɎůɛŬŰɞɠ C4F8 .................................................................... 228 

b) ȺɜŬˊɧɗŮůɖ ɛɏůɤ ˊɚɎůɛŬŰɞɠ CHF3 .................................................................. 229 

6.1.2. ȺɔɢɎɟŬɝɖ ɛŮ ˊɚɎůɛŬ ɞɝɡɔɧɜɞɡ ůŮ ŬɜŰɘŭɟŬůŰɐɟŬ Űɨˊɞɡ RIE ............................ 230 

6.2. ȹɖɛɘɞɡɟɔɑŬ ŰɞˊɞɔɟŬűɑŬɠ ɛɏůɤ ɜŬɜɞŬˊɞŰɨˊɤůɖɠ ..................................................... 231 

6.2.1. ɁŬɜɞŬˊɞŰɨˊɤůɖ ůŮ PTFE ................................................................................... 232 

6.2.2. ɁŬɜɞŬˊɞŰɨˊɤůɖ ůŮ ɄɞɚɡŬɘɗɡɚɏɜɘɞ (PE) ........................................................... 234 

6.2.3. ɁŬɜɞŬˊɞŰɨˊɤůɖ ůŮ ˊɞɚɡɛŮɟɏɠ əɡəɚɞ-ɞɚŮűɑɜɖɠ (COP) ..................................... 236 

ȾŮűɎɚŬɘɞ 7. Ɇɡɛˊɨəɜɤůɖ ˊɎɜɤ ůŰɘɠ ŮˊɘűɎɜŮɘŮɠ ŮəŰɟŬɢɡɛɏɜɞɡ ɡɛŮɜɑɞɡ ˊɞɚɡɛŮɟɞɨɠ ........ 238 

7.1. ɈŭɟɞɚɡŰɘəɐ əŬŰŬˊɧɜɖůɖ ůŮ ŬŰɛɧ .............................................................................. 238 

7.2. Ʉɟɞůŭɘɞɟɘůɛɧɠ əŬɘ ɛŮɚɏŰɖ ůɡɛˊɨəɜɤůɖɠ ŬŰɛɞɨ ůŰɘɠ ŮˊɘűɎɜŮɘŮɠ ............................. 240 

7.3. ɀŮŰɟɐůŮɘɠ ɛŮŰɎŭɞůɖɠ ɗŮɟɛɧŰɖŰŬɠ ............................................................................. 245 

7.4. Ɇɨɜɞɣɖ Űɖɠ ŭŮɨŰŮɟɖɠ əŬŰŬůəŮɡŬůŰɘəɐɠ ˊɟɞůɏɔɔɘůɖɠ ............................................... 246 

ȾŮűɎɚŬɘɞ 8. ɆɡɛˊŮɟɎůɛŬŰŬ əŬɘ ɛŮɚɚɞɜŰɘəɏɠ ˊɟɞɞˊŰɘəɏɠ .................................................... 248 

V. ɄŬɟɎɟŰɖɛŬ ....................................................................................................................... 252 

VI. ȸɘɓɚɘɞɔɟŬűɑŬ ................................................................................................................... 255 

 

  



[1] 

 

ȾŮűɎɚŬɘɞ 1. ȺɘůŬɔɤɔɐ əŬɘ ůəɞˊɧɠ Űɖɠ ŮɟɔŬůɑŬɠ 

1.1. ȺɘůŬɔɤɔɐ 

ȹɘŬɓɟɞɢɐ 

ɋɠ ŭɘŬɓɟɞɢɐ ɞɟɑɕŮŰŬɘ ɖ ɘəŬɜɧŰɖŰŬ Ůɜɧɠ ɡɔɟɞɨ ɜŬ ŭɘŬŰɖɟŮɑ ŮˊŬűɐ ɛŮ ɛɘŬ ůŰŮɟŮɐ ŮˊɘűɎɜŮɘŬ, əŬɘ 

ŬˊɞŰŮɚŮɑ ɛɑŬ ɘŭɘɧŰɖŰŬ ɖ ɞˊɞɑŬ ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɘɠ ŭɘŬɛɞɟɘŬəɏɠ ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ ɛŮŰŬɝɨ Űɤɜ ŭɨɞ 

ŬɡŰɩɜ ůɤɛɎŰɤɜ ɧŰŬɜ ɓɟɑůəɞɜŰŬɘ ůŮ ˊɞɚɨ ɛɘəɟɏɠ ŬˊɞůŰɎůŮɘɠ ɛŮŰŬɝɨ Űɞɡɠ. Ƀ ɓŬɗɛɧɠ Űɖɠ 

ŭɘŬɓɟɞɢɐɠ əŬɗɞɟɑɕŮŰŬɘ Ŭˊɧ Űɖɜ ɘůɞɟɟɞˊɑŬ ɛŮŰŬɝɨ Űɤɜ ŭɡɜɎɛŮɤɜ ůɡɜɞɢɐɠ əŬɘ ůɡɜɎűŮɘŬɠ: Ƀɘ 

ŭɡɜɎɛŮɘɠ ůɡɜɎűŮɘŬɠ, ɛŮŰŬɝɨ Ůɜɧɠ ɡɔɟɞɨ əŬɘ Ůɜɧɠ ůŰŮɟŮɞɨ, ŰŮɑɜɞɡɜ ɜŬ Ŭˊɚɩůɞɡɜ Űɖ ůŰŬɔɧɜŬ 

ˊɎɜɤ ůŰɖ ůŰŮɟŮɐ ŮˊɘűɎɜŮɘŬ, Ůɜɩ ŬɜŰɑɗŮŰŬ ɞɘ ŭɡɜɎɛŮɘɠ ůɡɜɞɢɐɠ ŰŮɑɜɞɡɜ ɜŬ ŭɖɛɘɞɡɟɔɐůɞɡɜ 

ůűŬɘɟɘəɧ ůɢɐɛŬ ůŰɖ ůŰŬɔɧɜŬ ŬˊɞŰɟɏˊɞɜŰŬɠ Űɖɜ ŮˊŬűɐ Űɖɠ ɛŮ Űɖɜ ŮˊɘűɎɜŮɘŬ.  

ȼ ŭɘŬɓɟɞɢɐ ɛɘŬɠ ŮˊɘűɎɜŮɘŬɠ ˊɞůɞŰɘəɞˊɞɘŮɑŰŬɘ ɛɏůɤ Űɖɠ ɔɤɜɑŬɠ ŮˊŬűɐɠ əŬɘ Űɖɠ ɔɤɜɑŬɠ 

ɡůŰɏɟɖůɖɠ ɛŮŰŬɝɨ ůŰŬɔɧɜŬɠ əŬɘ ŮˊɘűɎɜŮɘŬɠ. ȳŰŬɜ ɖ ůŰŬɔɧɜŬ ɓɟɑůəŮŰŬɘ ůŮ ŮˊŬűɐ ɛŮ ɛɘŬ 

ůŰŮɟŮɐ ŮˊɘűɎɜŮɘŬ, ɖ ɔɤɜɑŬ ˊɞɡ ůɢɖɛŬŰɑɕŮŰŬɘ ɛŮŰŬɝɨ Űɖɠ ŮűŬˊŰɞɛɏɜɖɠ ůŰɞ ŰɟɘűŬůɘəɧ ůɖɛŮɑɞ 

ůŰŮɟŮɞɨ-ɡɔɟɞɨ-ŬŮɟɑɞɡ, ɛŮ Űɖ ŭɘŮˊɘűɎɜŮɘŬ Űɖɠ ɡɔɟɐɠ əŬɘ ŬɏɟɘŬɠ űɎůɖɠ, əŬɗɞɟɑɕŮɘ Űɖ ɔɤɜɑŬ 

ŮˊŬűɐɠ Űɖɠ ɛŮ Űɖɜ ŮˊɘűɎɜŮɘŬ. ȼ ůŰŬŰɘəɐ ɔɤɜɑŬ ŮˊŬűɐɠ (SCA, —) ɛɘŬɠ ůŰŬɔɧɜŬɠ ɛŮ Űɖɜ 

ŮˊɘűɎɜŮɘŬ ůŰɖɜ ɞˊɞɑŬ ɓɟɑůəŮŰŬɘ, ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɖɜ ɘůɞɟɟɞˊɑŬ Űɤɜ ŮˊɘűŬɜŮɘŬəɩɜ ŰɎůŮɤɜ, 

ɧˊɤɠ ˊŮɟɘɔɟɎűŮŰŬɘ Ŭˊɧ Űɖɜ Ůɝɑůɤůɖ Űɞɡ Young: 

 ‎ ‎ ‎ ẗÃÏÓ —   (1.1)  

ɧˊɞɡ ‎ , ‎ , ‎  ɞɘ ŮˊɘűŬɜŮɘŬəɏɠ ŰɎůŮɘɠ Űɤɜ ŭɘŮˊɘűŬɜŮɘɩɜ ɛŮŰŬɝɨ ůŰŮɟŮɞɨ-ɡɔɟɞɨ, ůŰŮɟŮɞɨ-

ŬɏɟŬ əŬɘ ɡɔɟɞɨ-ŬɏɟŬ ŬɜŰɑůŰɞɘɢŬ. 

ȼ Ůɝɑůɤůɖ Űɞɡ Young ˊɟɞəɨˊŰŮɘ Ŭˊɧ Ŭˊɚɞˊɞɑɖůɖ Űɞɡ ɘůɞɕɡɔɑɞɡ ŭɡɜɎɛŮɤɜ ɔɘŬ ŮˊɑˊŮŭɖ 

ŮˊɘűɎɜŮɘŬ. ɆɨɛűɤɜŬ ɛŮ Űɖɜ Ůɝɑůɤůɖ ŬɡŰɐ, ɖ ɔɤɜɑŬ ŮˊŬűɐɠ ŮɑɜŬɘ ɛɘŬ əŬɗɞɟɘůɛɏɜɖ ɛŮ ůŬűɐɜŮɘŬ 

ɘŭɘɧŰɖŰŬ ˊɞɡ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞɡɠ ůɡɜŰŮɚŮůŰɏɠ Űɖɠ ŮˊɘűŬɜŮɘŬəɐɠ ŰɎůɖɠ Űɞɡ ůŰŮɟŮɞɨ, Űɞɡ ɡɔɟɞɨ 

əŬɘ Űɞɡ ŬŮɟɑɞɡ. 

 

ɆɢɐɛŬ 1.1 ȷˊŮɘəɧɜɘůɖ Űɤɜ ŭɡɜɎɛŮɤɜ ůɡɜɞɢɐɠ əŬɘ ůɡɜɎűŮɘŬɠ ɛɘŬɠ ůŰŬɔɧɜŬɠ ɛŮ Űɖɜ ŮˊɘűɎɜŮɘŬ 

ůŰɖɜ ɞˊɞɑŬ ɓɟɑůəŮŰŬɘ. ɆŰɞ ɑŭɘɞ ůɢɐɛŬ űŬɑɜɞɜŰŬɘ ɖ ɔɤɜɑŬ ŮˊŬűɐɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ɛŮ Űɖ ůŰŬɔɧɜŬ 

ɜŮɟɞɨ, əŬɗɩɠ əŬɘ ŰŬ ŭɘŬɜɨůɛŬŰŬ Űɤɜ ŭɘŮˊɘűŬɜŮɘŬəɩɜ ŰɎůŮɤɜ Űɖɠ Ůɝɑůɤůɖɠ Young. 

ũɘŬ Űɖ ɔɤɜɑŬ ŮˊŬűɐɠ ˊɞɡ ŭɑɜŮŰŬɘ ůŰɖɜ Ůɝɑůɤůɖ (1.1), ɖ ɡˊɞəŮɑɛŮɜɖ ɡˊɧɗŮůɖ ŮɑɜŬɘ ɧŰɘ ɖ 

ŮˊɘűɎɜŮɘŬ ůŰɖɜ ɞˊɞɑŬ ɓɟɑůəŮŰŬɘ ɖ ůŰŬɔɧɜŬ ŮɑɜŬɘ ɘŭŬɜɘəɐ. ɀɘŬ ɘŭŬɜɘəɐ ŮˊɘűɎɜŮɘŬ ŮɑɜŬɘ ɢɖɛɘəɎ 

ɞɛɞɘɞɔŮɜɐɠ, ŬˊɧɚɡŰŬ ɚŮɑŬ, ŮˊɑˊŮŭɖ əŬɘ ŭŮɜ ŭɘŬŰŬɟɎůůŮŰŬɘ Ŭˊɧ əŬɛɑŬ ɢɖɛɘəɐ ŬɚɚɖɚŮˊɑŭɟŬůɖ 
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ɐ ˊɟɞůɟɧűɖůɖ ɡɔɟɞɨ ɐ ŬŮɟɑɞɡ. Ƀɘ ˊɟŬɔɛŬŰɘəɏɠ ŮˊɘűɎɜŮɘŮɠ ɧɛɤɠ, Ŭˊɞəɚɑɜɞɡɜ ˊɞɚɨ Ŭˊɧ Űɖɜ 

ɘŭŬɜɘəɐ ůɡɛˊŮɟɘűɞɟɎ. ũɘŬ Űɞɜ ɚɧɔɞ ŬɡŰɧ, ɖ ɔɤɜɑŬ ŮˊŬűɐɠ ŭŮɜ ŮɑɜŬɘ ŬɜŰɘˊɟɞůɤˊŮɡŰɘəɐ ɔɘŬ 

ˊɟŬɔɛŬŰɘəɏɠ ŮˊɘűɎɜŮɘŮɠ əŬɘ ɛˊɞɟŮɑ ɜŬ əɡɛŬɜɗŮɑ ɛŮŰŬɝɨ ɛɑŬɠ ɛɏɔɘůŰɖɠ Űɘɛɐɠ — əŬɘ ɛɘŬɠ 

ŮɚɎɢɘůŰɖɠ —. ȼ ɔɤɜɑŬ — ŮɑɜŬɘ ɔɜɤůŰɐ əŬɘ ɤɠ ɔɤɜɑŬɠ ˊɟɞɩɗɖůɖɠ (Advancing Contact Angle) 

Ůɜɩ ɖ ɔɤɜɑŬ — ɤɠ ɔɤɜɑŬɠ ɡˊɞɢɩɟɖůɖɠ  (Receding Contact Angle).  ȼ ɔɤɜɑŬ ɡůŰɏɟɖůɖɠ 

ŬˊɞŰŮɚŮɑ Űɖ ŭɘŬűɞɟɎ Űɤɜ ŭɨɞ ŬɡŰɩɜ ɔɤɜɘɩɜ  —  —. 

ȳŰŬɜ ɖ ŮˊɘűɎɜŮɘŬ ɓɟɑůəŮŰŬɘ ɡˊɧ əɚɑůɖ • ɛŮ Űɞ ɞɟɘɕɧɜŰɘɞ ŮˊɑˊŮŭɞ, ɞɘ ɔɤɜɑŮɠ ŮˊŬűɐɠ ˊɞɡ 

ůɢɖɛŬŰɑɕŮɘ Űɞ ɛˊɟɞůŰɘɜɧ əŬɘ ˊɑůɤ ɛɏɟɞɠ Űɖɠ ůŰŬɔɧɜŬɠ əŬŰɎ Űɖɜ əɑɜɖůɐ Űɖɠ ˊɎɜɤ ůŰɖɜ 

ŮˊɘűɎɜŮɘŬ ŬˊɞŰŮɚɞɨɜ Űɘɠ ɔɤɜɑŮɠ ˊɟɞɩɗɖůɖɠ əŬɘ ɡˊɞɢɩɟɖůɖɠ, ŬɜŰɑůŰɞɘɢŬ. ȺɜŬɚɚŬəŰɘəɎ, ŮɎɜ 

ˊɟɞůŰŮɗŮɑ ɡɔɟɧ ůŰɖ ůŰŬɔɧɜŬ, o ɧɔəɞɠ əŬɘ ɖ ɔɤɜɑŬ ŮˊŬűɐɠ Űɖɠ ŬɡɝɎɜɞɜŰŬɘ, Ůɜɩ ɖ ŮˊɘűɎɜŮɘŬ 

ŮˊŬűɐɠ Űɖɠ ˊŬɟŬɛɏɜŮɘ ůŰŬɗŮɟɐ ɛɏɢɟɘ ɜŬ Ŭɟɢɑůɞɡɜ ɜŬ əɘɜɞɨɜŰŬɘ ŰŬ ɧɟɘɎ Űɖɠ. ȼ əɑɜɖůɖ ŬɡŰɐ 

Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ ɡɔɟɞɨ-ŬɏɟŬ ɔɑɜŮŰŬɘ ɡˊɧ ůŰŬɗŮɟɐ ɔɤɜɑŬ ŮˊŬűɐɠ, ɖ ɞˊɞɑŬ ŬˊɞŰŮɚŮɑ Űɖ ɔɤɜɑŬ 

ˊɟɞɩɗɖůɖɠ. ȷɜŰɑůŰɞɘɢŬ, ɖ ŬűŬɑɟŮůɖ ɡɔɟɞɨ Ŭˊɧ Űɖ ůŰŬɔɧɜŬ ɏɢŮɘ ůŬɜ ŬˊɞŰɏɚŮůɛŬ Űɖ ɛŮɑɤůɖ 

Űɞɡ ɧɔəɞɡ əŬɘ Űɖɠ ɔɤɜɑŬɠ ŮˊŬűɐɠ Űɖɠ, Ůɜɩ ɖ ŮˊɘűɎɜŮɘŬ ŮˊŬűɐɠ Űɖɠ ůŰŬɔɧɜŬɠ ɛŮ Űɞ ɡˊɧůŰɟɤɛŬ 

ˊŬɟŬɛɏɜŮɘ ůŰŬɗŮɟɐ ɛɏɢɟɘ ɜŬ ŬɟɢɑůŮɘ ɜŬ əɘɜŮɑŰŬɘ ɖ ŭɘŮˊɘűɎɜŮɘŬ. ȼ ɡˊɞɢɤɟɖŰɘəɐ ŬɡŰɐ əɑɜɖůɖ 

Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ ɔɑɜŮŰŬɘ ɡˊɧ ůŰŬɗŮɟɐ ɔɤɜɑŬ, ˊɞɡ ŮɑɜŬɘ ɔɜɤůŰɐ əŬɘ ɤɠ ɔɤɜɑŬ ɡˊɞɢɩɟɖůɖɠ. 

 

ɆɢɐɛŬ 1.2. (A) Ⱦɑɜɖůɖ ůŰŬɔɧɜŬɠ ůŮ ŮˊɘűɎɜŮɘŬ ɡˊɧ əɚɑůɖ •. ɆŰɞ ůɢɐɛŬ ŮɑɜŬɘ ŮɛűŬɜŮɑɠ ɞɘ ɔɤɜɑŮɠ 

ˊɟɞɩɗɖůɖɠ əŬɘ ɡˊɞɢɩɟɖůɖɠ ůŰɞ Ůɛˊɟɧɠ əŬɘ ˊɑůɤ ɛɏɟɞɠ Űɖɠ ůŰŬɔɧɜŬɠ, ŬɜŰɑůŰɞɘɢŬ. (B) ȺɛűɎɜɘůɖ 

Űɖɠ ɔɤɜɑŬɠ ˊɟɞɩɗɖůɖɠ — əŬŰɎ Űɖɜ Ŭɨɝɖůɖ Űɞɡ ɧɔəɞɡ Űɖɠ ůŰŬɔɧɜŬɠ ɛɏůɤ ˊɟɞůɗɐəɖɠ ɡɔɟɞɨ. (C) 

ȺɛűɎɜɘůɖ Űɖɠ ɔɤɜɑŬɠ ɡˊɞɢɩɟɖůɖɠ — əŬŰɎ Űɖ ɛŮɑɤůɖ Űɞɡ ɧɔəɞɡ Űɖɠ ůŰŬɔɧɜŬɠ ɛɏůɤ ŬűŬɑɟŮůɖɠ 

ɡɔɟɞɨ. 

ɇɞ ɗŮɛŮɚɘɩŭŮɠ űŬɘɜɧɛŮɜɞ ˊɑůɤ Ŭˊɧ Űɖ ɔɤɜɑŬ ɡůŰɏɟɖůɖɠ ŮɑɜŬɘ ɖ ˊɟɞůəɧɚɚɖůɖ (ɐ Ŭɚɚɘɩɠ 

óəŬɟűɑŰůɤɛŬô) Űɖɠ ŰɟɘűŬůɘəɐɠ ɔɟŬɛɛɐɠ ɚɧɔɤ Űɤɜ ŭɘŬɛɞɟɘŬəɩɜ ŭɡɜɎɛŮɤɜ ɛŮŰŬɝɨ Űɖɠ 

ůŰŬɔɧɜŬɠ əŬɘ Űɖɠ ŮˊɘűɎɜŮɘŬɠ, Űɖɠ ŰɟŬɢɨŰɖŰŬɠ Űɖɠ ůŮ ɛɞɟɘŬəɧ ŮˊɑˊŮŭɞ, Űɖɠ ŰɞˊɞɔɟŬűɑŬɠ Űɖɠ 

ŮˊɘűɎɜŮɘŬɠ, Űɞɡ ˊɞɟɩŭɞɡɠ Űɖɠ əŬɘ Űɖɠ ɢɖɛɘəɐɠ Űɖɠ ŮŰŮɟɞɔɏɜŮɘŬɠ. Ɉɣɖɚɧɠ ɓŬɗɛɧɠ 

ˊɟɞůəɧɚɚɖůɖɠ ůɖɛŬɑɜŮɘ ɡɣɖɚɐ ɡůŰɏɟɖůɖ, əŬɘ ŬɜŰɑůŰɟɞűŬ. ũɘŬ Űɞɜ ɢŬɟŬəŰɖɟɘůɛɧ Űɖɠ 

ŭɘŬɓɟɞɢɐɠ, əŬɘ əɡɟɑɤɠ Űɖɠ əɘɜɖŰɘəɧŰɖŰŬɠ ɛɘŬɠ ůŰŬɔɧɜŬɠ, ŬˊŬɘŰŮɑŰŬɘ ɞ ˊɟɞůŭɘɞɟɘůɛɧɠ, ɧɢɘ ɛɧɜɞ 

Űɖɠ ɔɤɜɑŬɠ ŮˊŬűɐɠ Űɖɠ ɛŮ Űɖɜ ŮˊɘűɎɜŮɘŬ, ŬɚɚɎ əŬɘ Űɖɠ ɔɤɜɑŬɠ ɡůŰɏɟɖůɐɠ Űɖɠ. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ 

ůŰŬɔɧɜŬɠ ɜŮɟɞɨ ɛŮ ɡɣɖɚɐ ɔɤɜɑŬ ŮˊŬűɐɠ əŬɘ ɛŮɔɎɚɖ ɔɤɜɑŬ ɡůŰɏɟɖůɖɠ, ɖ əŬŰɎůŰŬůɖ ˊɞɡ 

ŮˊɘəɟŬŰŮɑ ŬɜŬűɏɟŮŰŬɘ ɤɠ ɣŮɡŭɞ-ɡˊŮɟɡŭɟɞűɞɓɘəɧŰɖŰŬ, əŬɗɩɠ ˊŬɟɧɚɞ ˊɞɡ ɖ ůŰŬɔɧɜŬ ŭŮ 

ŭɘŬɓɟɏɢŮɘ Űɖɜ ŮˊɘűɎɜŮɘŬ, ɏɢŮɘ ɛŮɘɤɛɏɜɖ əɘɜɖŰɘəɧŰɖŰŬ ˊɎɜɤ ůŮ ŬɡŰɐ. 



[3] 

 

ȰŰůɘ, ŬɜɎɚɞɔŬ ɛŮ Űɖ ŭɘŬɓɟɞɢɐ Űɞɡɠ, ɞɘ ŮˊɘűɎɜŮɘŮɠ əŬŰɖɔɞɟɘɞˊɞɘɞɨɜŰŬɘ ůŮ ɡˊŮɟɡŭɟɧűɘɚŮɠ, 

ɡŭɟɧűɘɚŮɠ, ɡŭɟɧűɞɓŮɠ əŬɘ ɡˊŮɟɡŭɟɧűɞɓŮɠ. ȾŬŰɎ ůɡɜɏˊŮɘŬ, ɧŰŬɜ ɏɢɞɡɛŮ ˊɚɐɟɖ ŭɘŬɓɟɞɢɐ ɖ 

ɔɤɜɑŬ ŮˊŬűɐɠ ŮɑɜŬɘ ˊɟŬəŰɘəɎ ɛɖŭɏɜ, Ůɜɩ ɔɘŬ ɔɤɜɑŮɠ ŮˊŬűɐɠ Ɏɜɤ Űɤɜ 0Á əŬɘ ɛɘəɟɧŰŮɟŮɠ Űɤɜ 

90Á, ɛɘŬ ŮˊɘűɎɜŮɘŬ ɢŬɟŬəŰɖɟɑɕŮŰŬɘ ɤɠ ɡŭɟɧűɘɚɖ. ũɤɜɑŮɠ ŮˊŬűɐɠ ɛŮɔŬɚɨŰŮɟŮɠ Űɤɜ 90Á, 

ɢŬɟŬəŰɖɟɑɕɞɡɜ ɛɘŬ ŮˊɘűɎɜŮɘŬ ɤɠ ɡŭɟɧűɞɓɖ. ɇɏɚɞɠ, ɡˊŮɟɡŭɟɧűɞɓɖ ɞɟɑɕŮŰŬɘ ɖ ŮˊɘűɎɜŮɘŬ ˊɞɡ 

ɏɢŮɘ ɔɤɜɑŬ ŮˊŬűɐɠ ɛŮ Űɞ ɜŮɟɧ ɛŮɔŬɚɨŰŮɟɖ Ŭˊɧ 150ɞ əŬɘ ɔɤɜɑŬ ɡůŰɏɟɖůɖɠ ɛɘəɟɧŰŮɟɖ Ŭˊɧ 10ɞ.  

 

ɆɢɐɛŬ 1.3. ȾŬŰŬůŰɎůŮɘɠ ŭɘŬɓɟɞɢɐɠ ŮˊɘűŬɜŮɘɩɜ əŬɘ ɞɘ ɔɤɜɑŮɠ ŮˊŬűɐɠ Űɞɡɠ ůŮ əɎɗŮ ˊŮɟɑˊŰɤůɖ 

ȳˊɤɠ ŬɜŬűɏɟɗɖəŮ ˊŬɟŬˊɎɜɤ, ɖ Ůɝɑůɤůɖ Űɞɡ Young ɘůɢɨŮɘ ɛɧɜɞ ɔɘŬ ŮˊɑˊŮŭɖ ŮˊɘűɎɜŮɘŬ 

əŬɘ ɛŮɟɘəɐ ŭɘŬɓɟɞɢɐ. ɆŮ ŬɜŰɑɗŮůɖ ɧɛɤɠ ɛŮ Űɘɠ ɘŭŬɜɘəɏɠ ŮˊɘűɎɜŮɘŮɠ, ɞɘ ˊɟŬɔɛŬŰɘəɏɠ ŭŮɜ 

ˊŬɟɞɡůɘɎɕɞɡɜ ŰɏɚŮɘŬ ŮˊɘˊŮŭɧŰɖŰŬ, ɞɛŬɚɧŰɖŰŬ əŬɘ ɢɖɛɘəɐ ɞɛɞɘɞɔɏɜŮɘŬ, ɔŮɔɞɜɧɠ ˊɞɡ ɞŭɖɔŮɑ 

ůŮ ŬˊɞəɚɑůŮɘɠ Ŭˊɧ Űɖɜ ɘŭŬɜɘəɐ ůɡɛˊŮɟɘűɞɟɎ. ȼ ŰɟŬɢɨŰɖŰŬ Űɤɜ ˊɟŬɔɛŬŰɘəɩɜ ŮˊɘűŬɜŮɘɩɜ 

ŬˊɞŰŮɚŮɑ Űɖɜ ˊɘɞ ůɡɢɜɐ Ŭˊɧəɚɘůɖ Ŭˊɧ Űɖɜ ɘŭŬɜɘəɐ əŬŰɎůŰŬůɖ əŬɘ ŭɘŬűɞɟɞˊɞɘŮɑ Űɖ ŭɘŬɓɟɞɢɐ 

ůŮ ůɢɏůɖ ɛŮ Űɘɠ ŮˊɑˊŮŭŮɠ ŮˊɘűɎɜŮɘŮɠ. ȼ ŭɘŬɓɟɞɢɐ ůŮ ɛɘŬ ŮˊɘűɎɜŮɘŬ ɛŮ ŰɟŬɢɨŰɖŰŬ ɛˊɞɟŮɑ ɜŬ 

ŮɑɜŬɘ ŮɑŰŮ ɞɛɞɔŮɜɐɠ ŮɑŰŮ ŮŰŮɟɞɔŮɜɐɠ. ɃɛɞɔŮɜɐɠ ɗŮɤɟŮɑŰŬɘ ɖ ŭɘŬɓɟɞɢɐ əŬŰɎ Űɖɜ ɞˊɞɑŬ ɖ ůŰŬɔɧɜŬ 

Ůɜɧɠ ɡɔɟɞɨ ɛŮ Űɞ ɞˊɞɑɞ ɏɟɢŮŰŬɘ ůŮ ŮˊŬűɐ, əŬɚɨˊŰŮɘ Űɖɜ ŰɟŬɢɨŰɖŰŬ, Ůɜɩ ŮŰŮɟɞɔŮɜɐɠ ɧŰŬɜ ɖ 

ůŰŬɔɧɜŬ ůŰɏəŮŰŬɘ ˊɎɜɤ ůŰɖɜ ŰɟŬɢɨŰɖŰŬ ŭɖɛɘɞɡɟɔɩɜŰŬɠ ɏŰůɘ ɛɘŬ ŮˊɘűɎɜŮɘŬ ŮˊŬűɐɠ Ŭˊɧ ŬɏɟŬ 

əŬɘ ůŰŮɟŮɧ. ɇŬ ɛɞɜŰɏɚŬ ˊɞɡ ˊŮɟɘɔɟɎűɞɡɜ Űɖɜ ɞɛɞɔŮɜɐ əŬɘ ŮŰŮɟɞɔŮɜɐ ŭɘŬɓɟɞɢɐ ŮˊɘűŬɜŮɘɩɜ ɛŮ 

ŰɟŬɢɨŰɖŰŬ ŮɑɜŬɘ ŬɡŰɎ Űɤɜ Wenzel 1 əŬɘ Cassie-Baxter 2, ŬɜŰɑůŰɞɘɢŬ. ɀŮ ɓɎůɖ Űɞ ɛɞɜŰɏɚɞ Űɞɡ 

Wenzel, ɛɘŬ ɡŭɟɧűɘɚɖ ŮˊɘűɎɜŮɘŬ ɧŰŬɜ ŮəŰɟŬɢɡɜɗŮɑ ɔɑɜŮŰŬɘ ˊŮɟɘůůɧŰŮɟɞ ɡŭɟɧűɘɚɖ Ŭűɞɨ Űɞ 

ɜŮɟɧ ˊŬɔɘŭŮɨŮŰŬɘ əŬɘ ŬˊɚɩɜŮŰŬɘ ůŰɖɜ ŰɟŬɢɨŰɖŰŬ. ɀŮ ɓɎůɖ Űɞ ɛɞɜŰɏɚɞ Űɤɜ Cassie-Baxter, ɛɘŬ 

ɡŭɟɧűɞɓɖ ŮˊɘűɎɜŮɘŬ ɔɑɜŮŰŬɘ Ŭəɧɛɖ ˊɘɞ ɡŭɟɧűɞɓɖ ůŮ ůɖɛŮɑɞ ˊɞɡ Űɞ ɜŮɟɧ ɜŬ ɛɖɜ ɛˊɞɟŮɑ ɜŬ Űɖ 

ŭɘŬɓɟɏɝŮɘ əŬɗɧɚɞɡ (ɡˊŮɟɡŭɟɧűɞɓɖ).  

ɀɞɜŰɏɚɞ Wenzel 

ɆɨɛűɤɜŬ ɛŮ Űɞ ɛɞɜŰɏɚɞ Űɞɡ Wenzel (Robert N. Wenzel, 1936),1 Űɞ ɡɔɟɧ ŮɘůɢɤɟŮɑ ɛɏůŬ ůŰɖɜ 

ŰɞˊɞɔɟŬűɑŬ Űɖɠ ŮˊɘűɎɜŮɘŬɠ əŬɘ ˊŮɟɘɔɟɎűŮɘ Űɖɜ əŬŰɎůŰŬůɖ ɞɛɞɔŮɜɞɨɠ ŭɘŬɓɟɞɢɐɠ. ɇɞ ɛɞɜŰɏɚɞ 

ŬɡŰɧ ɞɟɑɕŮŰŬɘ Ŭˊɧ Űɖɜ Ůɝɑůɤůɖ 

  ὧέί— ὶὧέί—     (1.2)  

ɔɘŬ Űɖ ɔɤɜɑŬ ŮˊŬűɐɠ ůŮ ɛɘŬ ŰɟŬɢɘɎ ŮˊɘűɎɜŮɘŬ. ɆŰɖɜ ˊŬɟŬˊɎɜɤ Ůɝɑůɤůɖ Űɞ —  ŮɑɜŬɘ ɖ 

űŬɘɜɧɛŮɜɖ ɔɤɜɑŬ ŮˊŬűɐɠ ˊɞɡ ŬɜŰɘˊɟɞůɤˊŮɨŮɘ Űɖɜ əŬŰɎůŰŬůɖ ɘůɞɟɟɞˊɑŬɠ ɔɘŬ Űɖɜ ˊŮɟɑˊŰɤůɖ  

Űɞɡ ɛɞɜŰɏɚɞɡ Wenzel, əŬɘ ὶ ɞ ɚɧɔɞɠ Űɖɠ ˊɟŬɔɛŬŰɘəɐɠ ˊɟɞɠ Űɖ űŬɘɜɧɛŮɜɖ ŮˊɘűɎɜŮɘŬ. ɇɞ — 

ŬˊɞŰŮɚŮɑ Űɖ ɔɤɜɑŬ ŮˊŬűɐɠ Űɖɠ ůŰŬɔɧɜŬɠ ɛŮ Űɖɜ ŮˊɑˊŮŭɖ ŮˊɘűɎɜŮɘŬ. 

ɀɞɜŰɏɚɞ Cassie-Baxter  

ɆɨɛűɤɜŬ ɛŮ Űɞ ɛɞɜŰɏɚɞ Űɤɜ Cassie-Baxter, ɖ ůŰŬɔɧɜŬ əɎɗŮŰŬɘ ůŰɖɜ əɞɟɡűɐ Űɖɠ ŮˊɘűŬɜŮɘŬəɐɠ 

ɨűŬɜůɖɠ əŬɘ ŬɚɚɖɚŮˊɘŭɟɎ ɛɧɜɞ ɛŮ ŬɡŰɐ əŬɘ ɧɢɘ ɛŮ ɧɚɖ Űɖɜ ŮˊɘűɎɜŮɘŬ. ɇɞ ɛɞɜŰɏɚɞ ŬɡŰɧ 
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ˊŮɟɘɔɟɎűŮɘ ɞɡůɘŬůŰɘəɎ Űɖɜ əŬŰɎůŰŬůɖ ŮŰŮɟɞɔŮɜɞɨɠ ŭɘŬɓɟɞɢɐɠ əŬɘ ŮəűɟɎɕŮŰŬɘ Ŭˊɧ Űɖɜ 

Ůɝɑůɤůɖ Cassie-Baxter: 

 ÃÏÓ— ὪÃÏÓ— ὪÃÏÓ—   (1.3)  

    

ɐ Ŭɚɚɘɩɠ ÃÏÓ— ρ Ὢρ ÃÏÓ—    (1.4)  

əŬɗɩɠ, Ὢ Ὢ ρ   (1.5)  

ɆŰɘɠ ˊŬɟŬˊɎɜɤ ŮɝɘůɩůŮɘɠ, —  ŮɑɜŬɘ ɖ űŬɘɜɧɛŮɜɖ ɔɤɜɑŬ ɔɘŬ Űɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ ŮŰŮɟɞɔŮɜɞɨɠ 

ŭɘŬɓɟɞɢɐɠ, Ὢ ŮɑɜŬɘ Űɞ ˊɞůɞůŰɧ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ˊɞɡ ɏɟɢŮŰŬɘ ůŮ ŮˊŬűɐ ɛŮ Űɖ ůŰŬɔɧɜŬ əŬɘ Ὢ Űɞ 

ˊɞůɞůŰɧ Űɖɠ ůŰŬɔɧɜŬɠ ˊɞɡ ɏɟɢŮŰŬɘ ůŮ ŮˊŬűɐ ɛŮ Űɞɜ ŬɏɟŬ ˊɞɡ ŮɑɜŬɘ Ůɔəɚɤɓɘůɛɏɜɞɠ ɛŮŰŬɝɨ 

Űɤɜ ŭɞɛɩɜ. Ⱥˊɘˊɚɏɞɜ, — əŬɘ — ŮɑɜŬɘ ɞɘ ɔɤɜɑŮɠ ŮˊŬűɐɠ Űɖɠ ůŰŬɔɧɜŬɠ ɛŮ Űɖɜ ŮˊɑˊŮŭɖ ŮˊɘűɎɜŮɘŬ 

əŬɘ ɛŮ Űɞɜ ˊŮɟɘɓɎɚɚɞɜŰŬ ŬɏɟŬ, ŬɜŰɑůŰɞɘɢŬ.  

ȳˊɤɠ ŬɜŬűɏɟŬɛŮ əŬɘ ˊɟɞɖɔɞɡɛɏɜɤɠ, ɖ ɔɤɜɑŬ ŮˊŬűɐɠ Űɖɠ ůŰŬɔɧɜŬɠ ɛŮ Űɖɜ ŮˊɑˊŮŭɖ ŮˊɘűɎɜŮɘŬ 

ɗŬ əŬɗɞɟɑůŮɘ ˊɘɞ ɛɞɜŰɏɚɞ ɗŬ ŮˊɘəɟŬŰɐůŮɘ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ ŭɘŬɓɟɞɢɐɠ ŮˊɘűŬɜŮɘɩɜ ɛŮ 

ŰɞˊɞɔɟŬűɑŬ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, ůŰɖɜ ŬəɟŬɑŬ ˊŮɟɑˊŰɤůɖ ɧˊɞɡ ɖ ŰɟŬɢɨŰɖŰŬ ὶ ŮɑɜŬɘ ŮɝŬɘɟŮŰɘəɎ 

ɛŮɔɎɚɖ əŬɘ ɖ ɔɤɜɑŬ ŮˊŬűɐɠ Űɖɠ ůŰŬɔɧɜŬɠ ɛŮ Űɖɜ ŮˊɑˊŮŭɖ ŮˊɘűɎɜŮɘŬ ŮɑɜŬɘ əŬɘ ŬɡŰɐ ˊɞɚɨ ɡɣɖɚɐ, 

ŰɧŰŮ, ɛŮ ɓɎůɖ Űɞ ɛɞɜŰɏɚɞ Wenzel ɗŬ ŮɑɜŬɘ — ρψπЈ, əɎŰɘ ˊɞɡ ŭŮɜ ŮɑɜŬɘ ŮűɘəŰɧ əŬɗɩɠ ɖ 

ůŰŬɔɧɜŬ ɗŬ ˊɟɏˊŮɘ ɜŬ ɏɢŮɘ ŮˊŬűɐ ɛŮ Űɖɜ ŮˊɘűɎɜŮɘŬ, Ůɜɩ ŬɡŰɧ ˊɞɡ ˊɟɞəɨˊŰŮɘ ŮɑɜŬɘ əŬŰɎůŰŬůɖ 

ˊɚɐɟɞɡɠ ɛɖ ŭɘŬɓɟɞɢɐɠ. ȰŰůɘ, Űɞ ɛɞɜŰɏɚɞ Cassie-Baxter ɗŬ ŬɜŬˊŬɟŬůŰɐůŮɘ əŬɚɨŰŮɟŬ ɛɑŬ 

ŰɏŰɞɘŬ ŮˊɘűɎɜŮɘŬ. ȷˊɧ Űɖɜ Ɏɚɚɖ, ɔɘŬ ɛɘŬ ɡŭɟɧűɞɓɖ ŮˊɘűɎɜŮɘŬ ɛŮ ɔɤɜɑŬ ŮˊŬűɐɠ ɛŮ Űɖɜ ŮˊɑˊŮŭɖ 

ɚɑɔɞ ˊɎɜɤ Ŭˊɧ Űɘɠ 90Á, ɖ ŭɘŮˊɘűɎɜŮɘŬ ɛŮŰŬɝɨ ɡɔɟɞɨ-ŬɏɟŬ ŭŮ ɗŬ ˊɟɏˊŮɘ ɜŬ ɚɖűɗŮɑ ɡˊɧɣɖ əŬɘ Űɞ 

ɛɞɜŰɏɚɞ Wenzel ɗŬ ŬɜŬˊŬɟɘůŰɎ əŬɚɨŰŮɟŬ Űɖɜ ˊŮɟɑˊŰɤůɖ ŬɡŰɐ. ȺɎɜ ɗŮɤɟɐůɞɡɛŮ Űɖɜ 

ˊŮɟɑˊŰɤůɖ ɧˊɞɡ — — , ŰɧŰŮ ɖ Űɘɛɐ Űɖɠ ɔɤɜɑŬɠ ŮˊŬűɐɠ ɔɘŬ ŮˊɑˊŮŭɖ ŮˊɘűɎɜŮɘŬ  

 ὧέί—
ὪὛ

ὪὛ
   (1.6)  

ŬˊɞŰŮɚŮɑ Űɖɜ əɟɑůɘɛɖ ɔɤɜɑŬ ŮˊŬűɐɠ. ȼ ůɖɛŬůɑŬ Űɖɠ əɟɑůɘɛɖɠ ɔɤɜɑŬɠ ɏɔəŮɘŰŬɘ ůŰɞ ɧŰɘ, ɔɘŬ 

ɔɤɜɑŮɠ ŮˊŬűɐɠ Ɏɜɤ Űɖɠ Űɘɛɐɠ Űɖɠ, Űɞ ɛɞɜŰɏɚɞ Cassie-Baxter ɗŬ ˊɟɏˊŮɘ ɜŬ ŮɑɜŬɘ ŬɡŰɧ ˊɞɡ ɗŬ 

ŬɜŬˊŬɟɘůŰɎ Űɖ ŭɘŬɓɟɞɢɐ, Ůɜɩ ɔɘŬ ɔɤɜɑŮɠ ŮˊŬűɐɠ əɎŰɤ Űɖɠ əɟɑůɘɛɖɠ ŬɡŰɐɠ Űɘɛɐɠ, Űɞ ɛɞɜŰɏɚɞ 

Wenzel ŮɑɜŬɘ ˊɟɞŰɘɛɩɛŮɜɞ.  

 

ɆɢɐɛŬ 1.4. ȷɜŬˊŬɟɎůŰŬůɖ Űɤɜ ɛɞɜŰɏɚɤɜ Wenzel əŬɘ Cassie-Baxter. 
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ɇŮɢɜɞɚɞɔɘəɏɠ ŮűŬɟɛɞɔɏɠ ɡˊŮɟɡŭɟɧűɞɓɤɜ ŮˊɘűŬɜŮɘɩɜ 

Ƀɘ ɡˊŮɟɡŭɟɧűɞɓŮɠ ŮˊɘűɎɜŮɘŮɠ ɏɢɞɡɜ ˊɟɞůŮɚəɨůŮɘ ŰŬ ŰŮɚŮɡŰŬɑŬ ɢɟɧɜɘŬ Űɞ ŮɜŭɘŬűɏɟɞɜ, ɧɢɘ ɛɧɜɞ 

Űɖɠ ŮˊɘůŰɖɛɞɜɘəɐɠ əɞɘɜɧŰɖŰŬɠ, ŬɚɚɎ əŬɘ Űɖɠ ɓɘɞɛɖɢŬɜɑŬɠ ŮɝŬɘŰɑŬɠ Űɖɠ ˊɚɖɗɩɟŬɠ ɘŭɘɞŰɐŰɤɜ ˊɞɡ 

ˊŬɟɞɡůɘɎɕɞɡɜ əŬɘ Űɤɜ ŮűŬɟɛɞɔɩɜ ůŰɘɠ ɞˊɞɑŮɠ ɛˊɞɟɞɨɜ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ. ɉŬɟŬəŰɖɟɘůŰɘəɧ 

ˊŬɟɎŭŮɘɔɛŬ ŬˊɞŰŮɚŮɑ ɖ ɢɟɐůɖ Űɞɡɠ ůŮ ŭɑəŰɡŬ ɛŮŰŬűɞɟɎɠ ɡɔɟɩɜ. ȼ ɛŮɑɤůɖ Űɖɠ Űɟɘɓɐɠ Űɞɡ 

ɡɔɟɞɨ ɛŮ Űɖɜ ŮˊɘűɎɜŮɘŬ, ˊɞɡ ˊɟɞůűɏɟŮɘ ɖ ɢɟɐůɖ ɡˊŮɟɡŭɟɧűɞɓɤɜ ŮˊɘűŬɜŮɘɩɜ, ɏɢŮɘ ɤɠ 

ŬˊɞŰɏɚŮůɛŬ ůɖɛŬɜŰɘəɐ Ůɝɞɘəɞɜɧɛɖůɖ ŮɜɏɟɔŮɘŬɠ, əŬɗɘůŰɩɜŰŬɠ Űɘɠ ŭɘŬŭɘəŬůɑŮɠ ɛŮŰŬűɞɟɎɠ 

ɡɔɟɩɜ ɛɏůɤ ůɤɚɖɜɩůŮɤɜ ˊɞɚɨ ˊɘɞ ɞɘəɞɜɞɛɘəɏɠ. Ⱥˊɑůɖɠ, ɖ ɛŮŰŬŰɟɞˊɐ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ 

əɨŰɞɡɠ Űɤɜ ˊɚɞɑɤɜ ůŮ ɡˊŮɟɡŭɟɧűɞɓɖ ɏɢŮɘ ůŬɜ ŬˊɞŰɏɚŮůɛŬ Űɖ ɛŮɑɤůɖ Űɖɠ ˊɟɞůəɧɚɚɖůɖɠ 

Ɏɚɔɖɠ ůŰɞ ŰɛɐɛŬ Űɞɡ ˊɚɞɑɞɡ ˊɞɡ ŮɑɜŬɘ ɓɡɗɘůɛɏɜɞ ůŰɞ ɜŮɟɧ, ŬɡɝɎɜɞɜŰŬɠ ɏŰůɘ ŰŬ ɢɟɞɜɘəɎ 

ŭɘŬůŰɐɛŬŰŬ ˊɞɡ ŬˊŬɘŰɞɨɜŰŬɘ ɔɘŬ Űɖ ůɡɜŰɐɟɖůɖ Űɞɡ əɨŰɞɡɠ, əŬɘ ŮɝɞɘəɞɜɞɛɩɜŰŬɠ ŰŬɡŰɧɢɟɞɜŬ 

ŮɜɏɟɔŮɘŬ ɚɧɔɤ Űɖɠ ɛŮɑɤůɖɠ Űɖɠ ŬɜŰɑůŰŬůɖɠ ůŰɖɜ əɑɜɖůɖ Űɞɡ. ɀɑŬ Ɏɚɚɖ ůɖɛŬɜŰɘəɐ ɓɘɞɛɖɢŬɜɘəɐ 

ɢɟɐůɖ Űɤɜ ɡˊŮɟɡŭɟɧűɞɓɤɜ ŮˊɘűŬɜŮɘɩɜ ŮɑɜŬɘ ɖ ˊɟɞůŰŬůɑŬ ˊɞɡ ˊɟɞůűɏɟɞɡɜ ɏɜŬɜŰɘ 

ˊŬɟŬɔɧɜŰɤɜ ŭɘɎɓɟɤůɖɠ. ȼ ɡˊŮɟɡŭɟɞűɞɓɞˊɞɑɖůɖ Űɤɜ ɛŮŰɎɚɚɤɜ ɏɢŮɘ ůŬɜ ŬˊɞŰɏɚŮůɛŬ Űɖ 

ɛŮɘɤɛɏɜɖ ŮˊŬűɐ Űɞɡɠ ɛŮ ŭɘŬɓɟɤŰɘəɞɨɠ ˊŬɟɎɔɞɜŰŮɠ, ɧˊɤɠ ɞɝɏŬ əŬɘ ɓɎůŮɘɠ, ɚɧɔɤ Űɖɠ ɨˊŬɟɝɖɠ 

ɗɡɚɎəɤɜ ŬɏɟŬ ɛŮŰŬɝɨ Űɞɡ ɡɔɟɞɨ əŬɘ Űɖɠ ŮˊɘűɎɜŮɘŬɠ. Ƀɘ ɗɨɚŬəŮɠ ŬɡŰɞɑ ˊɟɞůŰŬŰŮɨɞɡɜ Űɖ 

ɛŮŰŬɚɚɘəɐ ŮˊɘűɎɜŮɘŬ Ŭˊɧ Űɖ ŭɘɎɓɟɤůɖ ŬɡɝɎɜɞɜŰŬɠ Űɖɜ ŬɜɗŮəŰɘəɧŰɖŰɎ Űɖɠ əŬɘ ɛŮɘɩɜɞɜŰŬɠ Űɘɠ 

ŬɜɎɔəŮɠ ůɡɜŰɐɟɖůɖɠ Űɖɠ. Ⱥˊɘˊɚɏɞɜ, ɖ ɡˊŮɟɡŭɟɞűɞɓɘəɧŰɖŰŬ ˊɟɞůűɏɟŮɘ ɘŭɘɧŰɖŰŮɠ 

ŬɡŰɞəŬɗŬɟɘůɛɞɨ ůŰɘɠ ŮˊɘűɎɜŮɘŮɠ, ɛɑŬ ɘŭɘɧŰɖŰŬ ɖ ɞˊɞɑŬ ɛˊɞɟŮɑ ɜŬ ŬɝɘɞˊɞɘɖɗŮɑ ůŮ űɤŰɞɓɞɚŰŬɥəɎ 

əŬɘ ɖɚɘŬəɎ ˊɎɜŮɚ ɔɘŬ Ŭɨɝɖůɖ Űɖɠ ŬˊɞŭɞŰɘəɧŰɖŰɎɠ Űɞɡɠ. ɄŬɟŬˊɚɐůɘŬ ɛŮ Űɖɜ ɘŭɘɧŰɖŰŬ Űɞɡ 

ŬɡŰɞəŬɗŬɟɘůɛɞɨ, ŮɑɜŬɘ ɖ ɘŭɘɧŰɖŰŬ Űɖɠ ŬˊɞŰɟɞˊɐɠ Űɞɡ ˊŬɔɩɛŬŰɞɠ Űɤɜ ŮˊɘűŬɜŮɘɩɜ ˊɞɡ 

ˊɟɞůűɏɟŮɘ, Ůˊɑůɖɠ, ɖ ɡˊŮɟɡŭɟɞűɞɓɘəɧŰɖŰŬ. ɇɞ Ŭɡɝɖɛɏɜɞ ŮɜŮɟɔŮɘŬəɧ űɟɎɔɛŬ Űɖɠ ŭɖɛɘɞɡɟɔɑŬɠ 

ˊɎɔɞɡ Űɤɜ ɡˊŮɟɡŭɟɧűɞɓɤɜ ŮˊɘűŬɜŮɘɩɜ ŬɚɚɎ əŬɘ ɖ ɛŮɘɤɛɏɜɖ Űɟɘɓɐ Űɞɡɠ ɛŮ Űɞ ɜŮɟɧ, ɏɢɞɡɜ ůŬɜ 

ŬˊɞŰɏɚŮůɛŬ Űɖ ŭɡůəɞɚɑŬ ůɢɖɛŬŰɘůɛɞɨ ˊɎɔɞɡ ůŰɘɠ ŮˊɘűɎɜŮɘŮɠ, ŬɚɚɎ əŬɘ Űɖɜ Ůɨəɞɚɖ 

Ŭˊɞɢɩɟɖůɐ Űɞɡ ɧŰŬɜ ŬɡŰɧɠ ŭɖɛɘɞɡɟɔɖɗŮɑ. ȼ ɘŭɘɧŰɖŰŬ ŬɡŰɐ ˊɟɞůűɏɟŮɘ ůɖɛŬɜŰɘəɎ ŮɜŮɟɔŮɘŬəɎ 

əŬɘ ɚŮɘŰɞɡɟɔɘəɎ ˊɚŮɞɜŮəŰɐɛŬŰŬ ůŰɖ ůɡɜŰɐɟɖůɖ Űɖɠ űŰŮɟɤŰɐɠ ŬɜŮɛɞɔŮɜɜɖŰɟɘɩɜ əŬɘ 

ŬŮɟɞůəŬűɩɜ.   

ȼ ɢɟɐůɖ ɡˊŮɟɡŭɟɧűɞɓɤɜ ŮˊɘűŬɜŮɘɩɜ ˊɟɞůűɏɟŮɘ Ůˊɑůɖɠ ˊɞɚɚɏɠ ŭɡɜŬŰɧŰɖŰŮɠ ůŰɖɜ 

ˊŮŰɟŮɚŬɘɞɓɘɞɛɖɢŬɜɑŬ ɛɏůɤ Űɖɠ ɢɟɐůɖɠ Űɞɡɠ ɔɘŬ ŬɜɎəŰɖůɖ ˊŮŰɟŮɚŬɑɞɡ Ŭˊɧ Űɘɠ ɡˊɎɟɢɞɡůŮɠ 

ŭŮɝŬɛŮɜɏɠ ŬɚɚɎ əŬɘ ɔɘŬ Űɞɜ ŭɘŬɢɤɟɘůɛɧ Űɞɡ ɜŮɟɞɨ Ŭˊɧ Űɞ ˊŮŰɟɏɚŬɘɞ ɛŮ Űɖ ɢɟɐůɖ 

ɡˊŮɟɡŭɟɧűɞɓɤɜ ɛŮɛɓɟŬɜɩɜ. ɇɏɚɞɠ, ɞɘ ɡˊŮɟɡŭɟɧűɞɓŮɠ ŮˊɘűɎɜŮɘŮɠ ɛˊɞɟɞɨɜ ɜŬ 

ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ůŮ ɛɑŬ ˊɞɚɨ ɛŮɔɎɚɖ əŬŰɖɔɞɟɑŬ ŮűŬɟɛɞɔɩɜ ɞɘ ɞˊɞɑŮɠ ˊŮɟɘɚŬɛɓɎɜɞɡɜ Űɖɜ 

ŬɚɚŬɔɐ űɎůɖɠ Űɞɡ ɜŮɟɞɨ, ɧˊɤɠ ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ Ŭɨɝɖůɖ Űɖɠ ŬˊɞŭɞŰɘəɧŰɖŰŬɠ Űɖɠ ůɡɛˊɨəɜɤůɖɠ 

ůŮ ŮɜŬɚɚɎəŰŮɠ ɗŮɟɛɧŰɖŰŬɠ, ůɡɚɚɞɔɐ ɜŮɟɞɨ Ŭˊɧ Űɖɜ ŬŰɛɧůűŬɘɟŬ, ŬűŬɚɎŰɤůɖ, ɣɨɝɖ 

ɖɚŮəŰɟɞɜɘəɩɜ ɛɏůɤ Űɖɠ ɢɟɐůɖɠ Ŭɔɤɔɩɜ ɗŮɟɛɧŰɖŰŬɠ, əŬɘ Ŭɨɝɖůɖ Űɖɠ ŬˊɞŭɞŰɘəɧŰɖŰŬɠ ůŰɖɚɩɜ 

ˊŮŰɟɞɢɖɛɘəɐɠ ŬˊɧůŰŬɝɖɠ.   

ɆŰɘɠ ˊŬɟŬəɎŰɤ ŮɜɧŰɖŰŮɠ ɗŬ ŮɝɖɔɖɗŮɑ ŬɜŬɚɡŰɘəɧŰŮɟŬ ɖ ɢɟɐůɖ əŬɘ ɖ ůɖɛŬůɑŬ Űɤɜ 

ɡˊŮɟɡŭɟɧűɞɓɤɜ ŮˊɘűŬɜŮɘɩɜ ůŰɞɡɠ ŰɞɛŮɑɠ ˊɞɡ ŬɜŬűɏɟɗɖəŬɜ. 

ɀŮŰŬűɞɟɎ ɡɔɟɩɜ ɛɏůɤ ůɤɚɖɜɩůŮɤɜ əŬɘ ɛŮɑɤůɖ Űɟɘɓɐɠ 

ɆŰɘɠ ɓɘɞɛɖɢŬɜɑŮɠ ˊŮŰɟŮɚŬɑɞɡ, ɞɘ ŰŮɢɜɘəɏɠ ɛŮɑɤůɖɠ Űɖɠ ŬɜŰɑůŰŬůɖɠ ůŮ Ŭɔɤɔɞɨɠ ɛŮŰŬűɞɟɎɠ 

ɛŮɔɎɚɤɜ ŬˊɞůŰɎůŮɤɜ ŬˊɞŰŮɚɞɨɜ ŮɟŮɡɜɖŰɘəɧ ɗɏɛŬ ɡɣɖɚɞɨ ŮɜŭɘŬűɏɟɞɜŰɞɠ. ȼ ɛŮŰŬűɞɟɎ ɛŮ 

Ŭɔɤɔɞɨɠ ůɡɜŮˊɎɔŮŰŬɘ ůɖɛŬɜŰɘəɐ əŬŰŬɜɎɚɤůɖ ŮɜɏɟɔŮɘŬɠ ɚɧɔɤ Űɖɠ ˊŬɟɞɡůɑŬɠ ŬɜŰɑůŰŬůɖɠ 

Űɟɘɓɐɠ əŬŰɎ Űɖ ɟɞɐ Űɞɡ ɟŮɡůŰɞɨ. ȼ ɢɟɐůɖ ɡˊŮɟɡŭɟɧűɞɓɤɜ ŮˊɘůŰɟɩůŮɤɜ ůŰɞ ŮůɤŰŮɟɘəɧ Űɤɜ 

Ŭɔɤɔɩɜ ɛŮɘɩɜŮɘ Űɖɜ ŬɜŰɑůŰŬůɖ Űɞɡ ɡɔɟɞɨ əŬŰɎ Űɖɜ əɑɜɖůɐ Űɞɡ, ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɖ ůɡɜɞɚɘəɐ 

ɛŮɑɤůɖ Űɖɠ əŬŰŬɜɎɚɤůɖɠ ŮɜɏɟɔŮɘŬɠ. ȰɢŮɘ ɓɟŮɗŮɑ ɧŰɘ ɞɘ ɡˊŮɟɡŭɟɧűɞɓŮɠ ŮˊɘůŰɟɩůŮɘɠ ɛŮɘɩɜɞɡɜ 
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Űɖɜ ŬɜŰɑůŰŬůɖ ůŰɖ ɟɞɐ əŬŰɎ 14 %.3 ȼ ɛŮɘɤɛɏɜɖ ŬɜŰɑůŰŬůɖ ŮɑɜŬɘ ŮɝŬɘɟŮŰɘəɐɠ ůɖɛŬůɑŬɠ ɔɘŬ Űɘɠ 

ɔŮɤŰɟɐůŮɘɠ əŬɘ Űɖ ůɡɜŰɐɟɖůɖ ŮɔəŬŰŬůŰɎůŮɤɜ ɎɜŰɚɖůɖɠ ˊŮŰɟŮɚŬɑɞɡ əŬɗɩɠ ůɡɜŮˊɎɔŮŰŬɘ ůŮ 

ɎɛŮůŬ ɞɘəɞɜɞɛɘəɎ ɞűɏɚɖ. ũɘŬ Űɞɜ ɚɧɔɞ ŬɡŰɧ, Ůŭɩ əŬɘ ˊɞɚɚɎ ɢɟɧɜɘŬ ŭɘŮɝɎɔɞɜŰŬɘ ɛŮɚɏŰŮɠ Ŭˊɧ 

Űɘɠ ˊŮŰɟŮɚŬɘɞɓɘɞɛɖɢŬɜɑŮɠ ɔɘŬ Űɖɜ ŮɨɟŮůɖ ɓŮɚŰɘɤŰɘəɩɜ ɟɞɐɠ əŬɘ ˊŬɟŬɔɧɜŰɤɜ ɛŮɑɤůɖɠ Űɖɠ 

ɡŭɟɞŭɡɜŬɛɘəɐɠ ŬɜŰɑůŰŬůɖɠ. ȼ ɢɟɐůɖ ɡŭɟɧűɞɓɤɜ əŬɘ ɡˊŮɟɡŭɟɧűɞɓɤɜ ŮˊɘűŬɜŮɘɩɜ ŬˊɞŰŮɚŮɑ 

ɛɑŬ ɞɘəɞɜɞɛɘəɐ ɚɨůɖ ůŰɞ ɗɏɛŬ Űɖɠ ɛŮɑɤůɖɠ Űɖɠ Űɟɘɓɐɠ, əŬɗɩɠ ɛɑŬ ɛɘəɟɐ ˊɞůɧŰɖŰŬ ɡŭɟɧűɞɓɞɡ 

ˊɞɚɡɛŮɟɞɨɠ ɡɣɖɚɞɨ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ ɛˊɞɟŮɑ ɜŬ ɞŭɖɔɐůŮɘ ůŰɖɜ Ůɝɞɘəɞɜɧɛɖůɖ ŮɜɏɟɔŮɘŬɠ əŬŰɎ 

Űɖ ɛŮŰŬűɞɟɎ ˊŮŰɟŮɚŬɑɞɡ. Ⱥˊɑůɖɠ, ůŰɞɜ ŰɞɛɏŬ Űɖɠ ɡˊɞɗŬɚɎůůɘŬɠ ˊŬɟŬɔɤɔɐɠ, ɞɘ ůɤɚɖɜɩůŮɘɠ 

ůɡɜɐɗɤɠ ˊŬɟɞɡůɘɎɕɞɡɜ ůɖɛŬɜŰɘəɧ ˊɟɧɓɚɖɛŬ ɚɧɔɤ Űɞɡ ɡɣɖɚɞɨ əɧůŰɞɡɠ Űɤɜ ɡˊɞɗŬɚɎůůɘɤɜ 

ŮɔəŬŰŬůŰɎůŮɤɜ.4  

ȼ ɛŮɑɤůɖ Űɖɠ ɡŭɟɞŭɡɜŬɛɘəɐɠ ŭɨɜŬɛɖɠ ɞˊɘůɗɏɚəɞɡůŬɠ ˊɞɡ ŭɖɛɘɞɡɟɔŮɑŰŬɘ ɚɧɔɤ Űɟɘɓɐɠ ɛŮŰŬɝɨ 

Űɞɡ ɜŮɟɞɨ əŬɘ ɛɘŬɠ əɘɜɞɨɛŮɜɖɠ ůŰŮɟŮɐɠ ŮˊɘűɎɜŮɘŬɠ ɛˊɞɟŮɑ ɜŬ ɞŭɖɔɐůŮɘ ůŮ ůɖɛŬɜŰɘəɐ 

Ůɝɞɘəɞɜɧɛɖůɖ ŮɜɏɟɔŮɘŬɠ. ȺɟŮɡɜɖŰɏɠ, ŮɛˊɜŮɡůɛɏɜɞɘ Ŭˊɧ Űɞ ŭɏɟɛŬ Űɞɡ əŬɟɢŬɟɑŬ, 

əŬŰŬůəŮɨŬůŬɜ ɡˊŮɟɡŭɟɧűɞɓŮɠ ŮˊɘűɎɜŮɘŮɠ ˊɞɡ ŮˊɘŭŮɘəɜɨɞɡɜ ɛŮɘɤɛɏɜɖ ŬɜŰɑůŰŬůɖ əŬŰɎ Űɖ 

əɑɜɖůɖ ůŰŮɟŮɩɜ ůŮ ɡɔɟɎ. Ƀɘ ɗɨɚŬəŮɠ ŬɏɟŬ, Űɤɜ ɡˊŮɟɡŭɟɧűɞɓɤɜ ŮˊɘűŬɜŮɘɩɜ, ɛŮɘɩɜɞɡɜ Űɖɜ 

ŮˊŬűɐ Űɞɡ ɡɔɟɞɨ ɛŮ Űɖ ůŰŮɟŮɐ ŮˊɘűɎɜŮɘŬ, ůɡɛɓɎɚɚɞɜŰŬɠ ɏŰůɘ ůŰɖ ɛŮɑɤůɖ Űɖɠ Űɟɘɓɐɠ. ȼ ɛŮɑɤůɖ 

Űɖɠ Űɟɘɓɐɠ əŬŰɎ Űɖɜ əɑɜɖůɖ ůŮ ɡɔɟɎ ɏɢŮɘ ŬˊɞŭŮɘɢɗŮɑ Ŭˊɧ ˊɚɖɗɩɟŬ ɛŮɚŮŰɩɜ. ɆŮ ˊɟɧůűŬŰɖ 

ŮɟɔŬůɑŬ, əŬŰŬůəŮɡɎůŰɖəŬɜ ɡŭɟɧűɞɓŮɠ ŮˊɘůŰɟɩůŮɘɠ ůŮ ɛŮɔɎɚŮɠ əŬɘ əŬɛˊɨɚŮɠ ŮˊɘűɎɜŮɘŮɠ ůŮ 

ɛɞɜŰɏɚɞ ˊɚɞɑɞɡ, ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ɛŮɘɤɗŮɑ ɖ ŬɜŰɑůŰŬůɖ ůŰɖ ɟɞɐ əŬŰɎ 38.5% ŮɝŬɘŰɑŬɠ Űɖɠ 

ŭɖɛɘɞɡɟɔɑŬɠ ůŰɟɩɛŬŰɞɠ ŬɏɟŬ ɛŮŰŬɝɨ Űɞɡ əɨŰɞɡɠ Űɞɡ ˊɚɞɑɞɡ əŬɘ Űɞɡ ɜŮɟɞɨ (ˊɚɎůŰɟɞɜ).5 ɆŮ 

Ɏɚɚɖ ɛŮɚɏŰɖ ŮˊɘŰŮɨɢɗɖəŮ ɛŮɑɤůɖ Űɖɠ Űɟɘɓɐɠ əŬŰɎ 92-96% ɛɏůɤ ŮɜŮɟɔɞɨ ůŰɟɩɛŬŰɞɠ ˊɚɎůŰɟɞɜ 

əŬɘ ŮɚŮɔɢɧɛŮɜɖɠ ˊɑŮůɖɠ.6 

ɄɟɞůŰŬůɑŬ Ŭˊɧ Űɖ ŭɘɎɓɟɤůɖ  

ȼ ŭɘɎɓɟɤůɖ ŮɑɜŬɘ ɏɜŬ ůɖɛŬɜŰɘəɧ ɕɐŰɖɛŬ ˊɞɡ ŮˊɖɟŮɎɕŮɘ ˊɞɚɚɞɨɠ ŰŮɢɜɞɚɞɔɘəɞɨɠ ŰɞɛŮɑɠ əŬɘ 

ŮɘŭɘəɧŰŮɟŬ Űɖɜ ˊŬɟɞɢɐ ˊŮŰɟŮɚŬɑɞɡ əŬɘ űɡůɘəɞɨ ŬŮɟɑɞɡ ɛɏůɤ Ŭɔɤɔɩɜ.7 ȼ Ŭɨɝɖůɖ Űɖɠ ŬɜŰɞɢɐɠ 

ůŰɖ ŭɘɎɓɟɤůɖ ɐŰŬɜ ɏɜŬɠ Ŭˊɧ Űɞɡɠ ˊɘɞ ůɖɛŬɜŰɘəɞɨɠ ůŰɧɢɞɡɠ ůŰɖ ɓɘɞɛɖɢŬɜɑŬ Ůŭɩ əŬɘ ˊɞɚɨ 

əŬɘɟɧ, əŬɗɩɠ ɏɢŮɘ ůɖɛŬɜŰɘəɏɠ ɞɘəɞɜɞɛɘəɏɠ ůɡɜɏˊŮɘŮɠ. ɄɟŬəŰɘəɎ, ɖ űɗɞɟɎ ɚɧɔɤ Űɖɠ ŭɘɎɓɟɤůɖɠ 

ŭŮɜ ɛˊɞɟŮɑ ɜŬ ŬˊɞűŮɡɢɗŮɑ ˊɚɐɟɤɠ, ŬɚɚɎ ɡˊɎɟɢɞɡɜ ŬɟəŮŰɏɠ ŰŮɢɜɘəɏɠ ɔɘŬ Űɖɜ ŮˊɘɓɟɎŭɡɜůɐ Űɖɠ. 

ɄŬɟŬŭŮɑɔɛŬŰŬ ŮɑɜŬɘ ɖ əŬɗɞŭɘəɐ əŬɘ ɖ Ŭɜɞŭɘəɐ ˊɟɞůŰŬůɑŬ əŬɘ ɖ ɢɟɐůɖ ˊɟɞůŰŬŰŮɡŰɘəɩɜ 

ŮˊɘůŰɟɩůŮɤɜ ɔɘŬ Űɖɜ ŮˊɘɓɟɎŭɡɜůɖ Űɞɡ ɟɡɗɛɞɨ Űɖɠ. ɆŰɘɠ ɡˊŮɟɡŭɟɧűɞɓŮɠ ŮˊɘűɎɜŮɘŮɠ, 

ŬɜŬɛɏɜŮŰŬɘ ɧŰɘ ɖ ŬɚɚɖɚŮˊɑŭɟŬůɖ ɛŮŰŬɝɨ Űɤɜ ŭɘŬɓɟɤŰɘəɩɜ ɘɧɜŰɤɜ əŬɘ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ 

ŬˊɞŰɟɏˊŮŰŬɘ Ŭˊɧ Űɞ ůŰɟɩɛŬ ŬɏɟŬ ˊɞɡ ɡˊɎɟɢŮɘ ɛŮŰŬɝɨ Űɖɠ ŮˊɘűɎɜŮɘŬɠ əŬɘ Űɞɡ ŭɘŬɓɟɤŰɘəɞɨ 

ˊŮɟɘɓɎɚɚɞɜŰɞɠ,8 əŬɗɩɠ əŬɘ Űɞɡ ɔŮɔɞɜɧŰɞɠ ɧŰɘ ɖ ˊɟŬɔɛŬŰɘəɐ ŮˊɘűɎɜŮɘŬ ˊɞɡ ŮəŰɑɗŮŰŬɘ ůŰɞɜ 

ŭɘŬɓɟɤŰɘəɧ ɖɚŮəŰɟɞɚɨŰɖ ŮɑɜŬɘ ɛɘəɟɐ. Ƀɘ ɡˊŮɟɡŭɟɧűɞɓŮɠ ŮˊɘůŰɟɩůŮɘɠ ůŮ ɛŮŰŬɚɚɘəɎ 

ɡˊɞůŰɟɩɛŬŰŬ ŰŬ ́ ɟɞůŰŬŰŮɨɞɡɜ Ŭˊɧ Űɖɜ ŮɝɤŰŮɟɘəɐ ɡɔɟŬůɑŬ əŬɘ Űɘɠ ɖɚŮəŰɟɞɢɖɛɘəɏɠ ŭɘŮɟɔŬůɑŮɠ 

ŮɜɘůɢɨɞɜŰŬɠ Űɖɜ ŬɜŰɑůŰŬůɖ ůŰɖ ŭɘɎɓɟɤůɐ Űɞɡɠ ɧŰŬɜ ŮəŰɑɗŮɜŰŬɘ ůŮ ˊɞɚɨ ŭɘŬɓɟɤŰɘəɎ 

ˊŮɟɘɓɎɚɚɞɜŰŬ.  

ȷˊɞŰɟɞˊɐ ŬɜɎˊŰɡɝɖɠ ˊɎɔɞɡ 

ȷˊɧ Űɖ ŭŮəŬŮŰɑŬ Űɞɡ 1970 ůɖɛŮɘɩɗɖəŮ ŬɚɛŬŰɩŭɖɠ Ŭɨɝɖůɖ Űɖɠ ɡˊŮɟɎəŰɘŬɠ ŮɝŮɟŮɨɜɖůɖɠ əŬɘ 

ˊŬɟŬɔɤɔɐɠ ˊŮŰɟŮɚŬɑɞɡ ůŮ ˊŮɟɘɞɢɏɠ ɛŮ ˊɞɚɨ ɢŬɛɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ ɧˊɤɠ ɖ ȸɧɟŮɘŬ ŪɎɚŬůůŬ,  

ɖ ɉɘɛˊɏɟɜɘŬ, ɖ ɁɞɟɓɖɔɑŬ əŬɘ ɖ ȷɚɎůəŬ.  ȼ ŬɜɎˊŰɡɝɖ ˊɎɔɞɡ ˊɎɜɤ ůŰɘɠ ŭɞɛɏɠ əŬɘ Űɘɠ 

ŮɔəŬŰŬůŰɎůŮɘɠ ŭɡůɢŮɟŬɑɜŮɘ Űɖ ɚŮɘŰɞɡɟɔɑŬ Űɞɡɠ əŬɘ ɞŭɖɔŮɑ ůŮ ɓɚɎɓŮɠ əŬɘ Ŭɡɝɖɛɏɜɖ ŬɜɎɔəɖ ɔɘŬ 

ůɡɜŰɐɟɖůɖ. ɆɨɛűɤɜŬ ɛŮ Űɞɜ ȹɘŮɗɜɐ ɃɟɔŬɜɘůɛɧ ȺɜɏɟɔŮɘŬɠ, ɞɘ ŬɡɝɖɛɏɜŮɠ ɡˊŮɟɎəŰɘŮɠ 

ŭɟŬůŰɖɟɘɧŰɖŰŮɠ ŮəɗɏŰɞɡɜ ŰŬ ˊɚɞɑŬ, Űɘɠ ŮɝɏŭɟŮɠ əŬɘ Űɞɡɠ ŮɟɔŬɕɧɛŮɜɞɡɠ ůŰɞɡɠ əɘɜŭɨɜɞɡɠ ˊɞɡ 

ůɡɜŰɟɏɢɞɡɜ ɛŮ Űɖɜ ŬɜɎˊŰɡɝɖ ˊɎɔɞɡ ůŰɘɠ ŮɔəŬŰŬůŰɎůŮɘɠ. ȿɧɔɤ Űɖɠ ɡˊŮɟɗɏɟɛŬɜůɖɠ Űɞɡ 
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ˊɚŬɜɐŰɖ, ŬɜŬɛɏɜɞɜŰŬɘ ɛŮɔŬɚɨŰŮɟŮɠ ˊŮɟɑɞŭɞɘ ɢɤɟɑɠ ˊɎɔɞ, ɞɘ ɞˊɞɑŮɠ ɗŬ ůɡɜɞŭŮɨɞɜŰŬɘ Ŭˊɧ 

ɘůɢɡɟɧŰŮɟɞɡɠ ˊŬɔŮŰɩɜŮɠ ˊɞɡ ŮɜŭŮɢɞɛɏɜɤɠ ɜŬ ůɡɛɓŬɑɜɞɡɜ ůŮ ɓɞɟŮɘɧŰŮɟŮɠ ˊŮɟɘɞɢɏɠ Ŭˊɧ ɧŰɘ 

ůɐɛŮɟŬ. 9 

Ƀɘ ŭɡɜŬŰɞɑ əŬɘ ˊŬɟŬŰŮŰŬɛɏɜɞɘ ɎɜŮɛɞɘ ɞŭɖɔɞɨɜ ůŮ ɣɖɚɎ əɨɛŬŰŬ ˊɞɡ ɣŮəɎɕɞɡɜ ɛŮ ɗŬɚŬůůɘɜɧ 

ɜŮɟɧ Űɘɠ ɡˊŮɟɎəŰɘŮɠ əŬŰŬůəŮɡɏɠ ˊɟɞəŬɚɩɜŰŬɠ Űɞɜ ůɢɖɛŬŰɘůɛɧ ˊɎɔɞɡ ůŰɘɠ ɡˊɞŭɞɛɏɠ.  ɇŬ 

əŬŰŬůŰɟɩɛŬŰŬ, ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ, ŮɑɜŬɘ ɘŭɘŬɑŰŮɟŬ ŮɡɎɚɤŰŬ ůŰɞ ůɢɖɛŬŰɘůɛɧ ˊɎɔɞɡ ɚɧɔɤ Űɞɡ 

ɞɟɘɕɧɜŰɘɞɡ ˊɟɞůŬɜŬŰɞɚɘůɛɞɨ Űɞɡɠ (ɆɢɐɛŬ 1.5), Ůɜɩ ɞɘ əŬŰŬəɧɟɡűŮɠ ŮˊɘűɎɜŮɘŮɠ ɧˊɤɠ ŰŬ 

ŭɘŬűɟɎɔɛŬŰŬ, ɛˊɞɟɞɨɜ ɜŬ ŮˊɘəŬɚɡűɗɞɨɜ ɛŮ ˊɎɔɞ ɧŰŬɜ ɓɟŬɢɞɨɜ. ȹɘɎűɞɟŮɠ ɛɞɟűɏɠ 

ˊŬɔɞˊɞɑɖůɖɠ, ůɡɛˊŮɟɘɚŬɛɓŬɜɞɛɏɜɞɡ Űɞɡ ɢɘɞɜɘɞɨ əŬɘ Űɞɡ ɗŬɚɎůůɘɞɡ ɣŮəŬůɛɞɨ, ɛˊɞɟɞɨɜ ɜŬ 

ůɡɛɓɞɨɜ ŰŬɡŰɧɢɟɞɜŬ, ŮɘŭɘəɎ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ ɢŮɘɛŮɟɘɜɩɜ əŬŰŬɘɔɑŭɤɜ. ɇŬ űɞɟŰɑŬ ˊɎɔɞɡ ˊɟɏˊŮɘ 

ɜŬ ŬűŬɘɟɞɨɜŰŬɘ ɛŮŰɎ Ŭˊɧ əɎɗŮ ůɡɛɓɎɜ əŬɗɩɠ ɖ ˊŬɟŬɛɞɜɐ Űɞɡɠ ɏɢŮɘ ŬɗɟɞɘůŰɘəɐ ŮˊɑŭɟŬůɖ ůŰɖ 

ůŰŬɗŮɟɧŰɖŰŬ Űɤɜ ɡˊɞŭɞɛɩɜ. ɆɨɛűɤɜŬ ɛŮ ŬɜŬűɞɟɏɠ, ɖ ůɡɜŭɡŬůɛɏɜɖ ŮˊɑŭɟŬůɖ Űɞɡ ɢɘɞɜɘɞɨ əŬɘ 

Űɞɡ ɗŬɚɎůůɘɞɡ ɣŮəŬůɛɞɨ ŭɖɛɘɞɨɟɔɖůŮ ůɞɓŬɟɎ ˊɟɞɓɚɐɛŬŰŬ ůŰŬ ŬɜɞɘɢŰɎ Űɖɠ ȾŬɜŬŭɘəɐɠ 

ȷɜŬŰɞɚɘəɐɠ ȷəŰɐɠ ůŮ ɡˊŮɟɎəŰɘŮɠ ŮɔəŬŰŬůŰɎůŮɘɠ ˊŬɟŬɔɤɔɐɠ ŮɜɏɟɔŮɘŬɠ, ɏɜŬ Ŭˊɧ ŰŬ ɔŮɔɞɜɧŰŬ  

ˊɞɡ ŭŮɑɢɜɞɡɜ Űɖɜ ŮˊɘŰŬəŰɘəɐ ŬɜɎɔəɖ ˊŮɟŬɘŰɏɟɤ ŭɘŮɟŮɨɜɖůɖɠ Űɞɡ ɕɖŰɐɛŬŰɞɠ Űɖɠ ůɡůůɩɟŮɡůɖɠ 

ˊɎɔɞɡ.10 

Ƀɘ ůɡɛɓŬŰɘəɏɠ ˊɟɞůŮɔɔɑůŮɘɠ ɔɘŬ Űɖɜ Ŭˊɞűɡɔɐ ŬɜɎˊŰɡɝɖɠ ˊɎɔɞɡ ɓŬůɑɕɞɜŰŬɘ ůŮ ɛŮɗɧŭɞɡɠ Űɐɝɖɠ 

Űɞɡ, ɞɘ ɞˊɞɑŮɠ ŬˊŬɘŰɞɨɜ ɡɣɖɚɎ ˊɞůɎ ŮɜɏɟɔŮɘŬɠ əŬɘ ŭŮɜ ŮɑɜŬɘ ŬˊɞɚɨŰɤɠ ŬˊɞŰŮɚŮůɛŬŰɘəɏɠ. ɀɑŬ 

ɜɏŬ ŬˊɞŰŮɚŮůɛŬŰɘəɐ ɚɨůɖ ŬˊɞŰŮɚŮɑ ɖ ɢɟɐůɖ ɡˊŮɟɡŭɟɧűɞɓɤɜ ɡɛŮɜɑɤɜ ɔɘŬ Űɖɜ ŬˊɞŰɟɞˊɐ Űɞɡ 

ůɢɖɛŬŰɘůɛɞɨ ŬɚɚɎ əŬɘ Űɖɜ ŮɡəɞɚɧŰŮɟɖ Ŭˊɞɢɩɟɖůɖ Űɞɡ ˊɎɔɞɡ ůŮ ˊŮɟɑˊŰɤůɖ ˊɞɡ ŬɡŰɧɠ 

ůɢɖɛŬŰɘůŰŮɑ. ȼ ɨˊŬɟɝɖ Űɤɜ ɗɡɚɎəɤɜ ŬɏɟŬ ůŰɘɠ ɡˊŮɟɡŭɟɧűɞɓŮɠ ŮˊɘűɎɜŮɘŮɠ, əɎɜŮɘ Űɘɠ ůŰŬɔɧɜŮɠ 

ɜŬ əɡɚɎɜŮ ŮɨəɞɚŬ Ŭˊɧ ŬɡŰɏɠ, ɛŮɘɩɜɞɜŰŬɠ Űɞɜ ɢɟɧɜɞ ˊŬɟŬɛɞɜɐɠ Űɞɡɠ ˊɎɜɤ ůŰɖɜ ŮˊɘűɎɜŮɘŬ, ɛŮ 

ŬˊɞŰɏɚŮůɛŬ ɜŬ ɛɖɜ ˊɟɞɚŬɓŬɑɜɞɡɜ ɜŬ ˊŬɔɩůɞɡɜ. ɇŬ ɡˊŮɟɡŭɟɧűɞɓŬ ɡɛɏɜɘŬ ɛˊɞɟɞɨɜ, Ůˊɑůɖɠ, 

ɜŬ ˊɟɞůŰŬŰŮɨůɞɡɜ ŮɡŬɑůɗɖŰɞ ɖɚŮəŰɟɞɜɘəɧ Ůɝɞˊɚɘůɛɧ əŬɘ ŬŮɟɞŭɘŬůŰɖɛɘəɏɠ ŮɔəŬŰŬůŰɎůŮɘɠ Ŭˊɧ 

ůɡɜɗɐəŮɠ ɏɜŰɞɜɖɠ ɡɔɟŬůɑŬɠ əŬɘ ůɢɖɛŬŰɘůɛɞɨ ˊɎɔɞɡ. ȰɢŮɘ ɓɟŮɗŮɑ ˊŮɘɟŬɛŬŰɘəɎ ɧŰɘ ɖ ɢɟɐůɖ 

ɡˊŮɟɡŭɟɧűɞɓɤɜ ɡɛŮɜɑɤɜ ɛˊɞɟŮɑ ɜŬ ˊɟɞůŰŬŰɏɣŮɘ Ůɝɞˊɚɘůɛɧ Ŭˊɧ Űɞɜ ůɢɖɛŬŰɘůɛɧ ˊɎɔɞɡ ɛɏɢɟɘ 

əŬɘ Űɞɡɠ -5ÁC əŬɘ ˊŮɟɘɓɎɚɚɞɜ əɞɟŮůɛɏɜɖɠ ɡɔɟŬůɑŬɠ, Ůɜɩ ŰŬɡŰɧɢɟɞɜŬ ɖ ˊɟɞůəɧɚɚɖůɖ Űɞɡ 

ˊɎɔɞɡ ɛˊɞɟŮɑ ɜŬ ɛŮɘɤɗŮɑ ɛɏɢɟɘ əŬɘ 97%. 11 

 

ɆɢɐɛŬ 1.5. ɄŬɟɎŭŮɘɔɛŬ ŬŰɛɞůűŬɘɟɘəɐɠ ˊŬɔɞˊɞɑɖůɖɠ (ˊŬɔŮŰɧɠ, ɢɘɧɜɘ, ˊɎɢɜɖ) əŬɘ ˊŬɔɞˊɞɑɖůɖɠ 

Űɤɜ ɡˊɞŭɞɛɩɜ (ˊɎɔɞɠ ɛɏůɤ ɗŬɚɎůůɘɞɡ ɣŮəŬůɛɞɨ) ůŮ ˊɚŬŰűɧɟɛŬ ɔŮɩŰɟɖůɖɠ  (Erik Raude). 9 
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Ɇɡɛˊɨəɜɤůɖ 

ȼ ɓŮɚŰɘůŰɞˊɞɑɖůɖ Űɖɠ ůɡɛˊɨəɜɤůɖɠ əŬɘ ɖ ɓɏɚŰɘůŰɖ Ŭɝɘɞˊɞɑɖůɖ Űɖɠ ɚŬɜɗɎɜɞɡůŬɠ ɗŮɟɛɧŰɖŰŬɠ 

əŬŰɎ Űɖɜ ŬɚɚŬɔɐ űɎůɖɠ ŬˊɞŰŮɚŮɑ ɑůɤɠ Űɞɜ ůɖɛŬɜŰɘəɧŰŮɟɞ ŰɞɛɏŬ Ůɝɞɘəɞɜɧɛɖůɖɠ ŮɜɏɟɔŮɘŬɠ 

ůŰɞɜ ɞˊɞɑɞ ɛˊɞɟɞɨɜ ɜŬ ŮɛˊɚŬəɞɨɜ ɞɘ ɡˊŮɟɡŭɟɧűɞɓŮɠ ŮˊɘűɎɜŮɘŮɠ əŬɘ ɔŮɜɘəɧŰŮɟŬ ɞ ɏɚŮɔɢɞɠ Űɖɠ 

ŭɘŬɓɟɞɢɐɠ. Ƀɘ ŭɘŮɟɔŬůɑŮɠ ŬɚɚŬɔɐɠ űɎůɖɠ ŬˊɞŰŮɚɞɨɜ ɏɜŬ ŰŮɟɎůŰɘɞ ŰɛɐɛŬ Űɖɠ Ŭɜɗɟɩˊɘɜɖɠ 

əŬɗɖɛŮɟɘɜɧŰɖŰŬɠ əŬɗɩɠ əɡɛŬɑɜɞɜŰŬɘ Ŭˊɧ Űɖɜ ˊŬɟŬɔɤɔɐ ɖɚŮəŰɟɘəɐɠ ŮɜɏɟɔŮɘŬɠ əŬɘ Űɘɠ 

ŭɘŬŰɎɝŮɘɠ əɚɘɛŬŰɘůɛɞɨ, ɛɏɢɟɘ Űɖ ɚŮɘŰɞɡɟɔɑŬ ɣɡəŰɘəɩɜ ɛɞɜɎŭɤɜ, Űɖɜ ɣɨɝɖ ɖɚŮəŰɟɞɜɘəɩɜ, Űɖ 

ůɡɚɚɞɔɐ əŬɘ ŬűŬɚɎŰɤůɖ ɜŮɟɞɨ əŬɗɩɠ əŬɘ Űɖɜ ˊŮŰɟɞɢɖɛɘəɐ ŭɘɨɚɘůɖ. ȼ ŬˊɞŭɞŰɘəɧŰɖŰŬ Űɖɠ 

ůɡɛˊɨəɜɤůɖɠ ɛˊɞɟŮɑ ɜŬ ɓŮɚŰɘůŰɞˊɞɘɖɗŮɑ ɛɏůɤ Űɖɠ ɢɟɐůɖɠ ɡˊŮɟɡŭɟɧűɞɓɤɜ ŮˊɘűŬɜŮɘɩɜ əŬɗɩɠ 

ŬɡŰɏɠ ŮɝŬɜŬɔəɎɕɞɡɜ Űɖɜ ŬɏɟɘŬ űɎůɖ ɜŬ ůɡɛˊɡəɜɩɜŮŰŬɘ ɡˊɧ Űɖ ɛɞɟűɐ ůŰŬɔɧɜɤɜ ɞɘ ɞˊɞɑŮɠ 

Ŭˊɞɢɤɟɞɨɜ ŰŬəŰɘəɎ Ŭˊɧ Űɘɠ ŮˊɘűɎɜŮɘŮɠ. ɄŬɟŬəɎŰɤ ˊŮɟɘɔɟɎűŮŰŬɘ ŬɜŬɚɡŰɘəɎ Űɞ ˊɤɠ ɞɘ 

ɡˊŮɟɡŭɟɧűɞɓŮɠ ŮˊɘűɎɜŮɘŮɠ ŬɡɝɎɜɞɡɜ Űɖɜ ŬˊɞŭɞŰɘəɧŰɖŰŬ ŬɡŰɩɜ Űɤɜ ŮűŬɟɛɞɔɩɜ ůɡɛˊɨəɜɤůɖɠ 

ˊɞɡ ŬɜŬűɏɟɗɖəŬɜ.  

 

ɆɢɐɛŬ 1.6. ȺűŬɟɛɞɔɏɠ ůɡɛˊɨəɜɤůɖɠ.12 

ɄŬɟŬɔɤɔɐ ɘůɢɨɞɠ 

ȼ ŰɟɏɢɞɡůŬ ˊŬɔəɧůɛɘŬ ˊŬɟŬɔɤɔɐ ɖɚŮəŰɟɘəɐɠ ŮɜɏɟɔŮɘŬɠ ŬɜɏɟɢŮŰŬɘ ůŰɘɠ 23000 TWh13 ɛŮ 

ˊŮɟɑˊɞɡ 3000 TWh ɜŬ ˊŬɟɎɔɞɜŰŬɘ ůŰɖɜ Ⱥɡɟɩˊɖ.14 ɀɏɢɟɘ Űɞ 2040 ŮɑɜŬɘ ˊɘɗŬɜɧ ɖ ˊŬɟŬɔɤɔɐ ɜŬ 

ŬɡɝɖɗŮɑ ůɢŮŭɧɜ əŬŰɎ 69% Ŭˊɧ ŰŬ ůɖɛŮɟɘɜɎ ŮˊɑˊŮŭŬ.15 ɄŮɟɘůůɧŰŮɟɞ Ŭˊɧ Űɞ 80% Űɖɠ 

ˊŬɔəɧůɛɘŬɠ ˊŬɟŬɔɤɔɐɠ ɖɚŮəŰɟɘəɐɠ ŮɜɏɟɔŮɘŬɠ ɓŬůɑɕŮŰŬɘ ůŰɞɜ əɨəɚɞ ŬŰɛɞɨ (əɨəɚɞɠ Rankine, 

ůɡɜŭɡŬůŰɘəɞɑ əɨəɚɞɘ) ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑ ɞɟɡəŰɎ əŬɨůɘɛŬ əŬɘ ˊɡɟɖɜɘəɐ ůɢɎůɖ, ɛŮ ŬˊɞŰɏɚŮůɛŬ 

ɖ ˊŬɟŬɔɤɔɐ ŮɜɏɟɔŮɘŬɠ ɜŬ ɏɢŮɘ Űɖ ɛŮɔŬɚɨŰŮɟɖ ůɡɜŮɘůűɞɟɎ ůŰɖɜ Ůəˊɞɛˊɐ ŬŮɟɑɤɜ Űɞɡ 

ɗŮɟɛɞəɖˊɑɞɡ.   

ɆɢŮŭɧɜ ɧɚŮɠ ɞɘ ɛɞɜɎŭŮɠ ˊŬɟŬɔɤɔɐɠ ɖɚŮəŰɟɘəɐɠ ŮɜɏɟɔŮɘŬɠ ɛŮ ŬŰɛɧ ŭɘŬɗɏŰɞɡɜ ůɡɛˊɡəɜɤŰɐ ůŰɖ 

ɟɞɐ əŬŰɎɜŰɖ Űɞɡ ůŰɟɞɓɑɚɞɡ. Ƀɘ ůɡɛˊɡəɜɤŰɏɠ ŬɡŰɞɑ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ Űɨˊɞɡ əŮɚɨűɞɡɠ, ˊɨɟɔɞɡ 

ɣɨɝɖɠ ɐ ŬɏɟŬ (ACC). ȼ ůɡɛˊɨəɜɤůɖ ůŰɞɡɠ ɓɘɞɛɖɢŬɜɘəɞɨɠ ůɡɛˊɡəɜɤŰɏɠ ˊŮɟɘɚŬɛɓɎɜŮɘ Űɞɜ 

ůɢɖɛŬŰɘůɛɧ Ůɜɧɠ ɡɔɟɞɨ űɘɚɛ (FWC) ˊɎɜɤ ůŰɞɡɠ ɣɡɢɧɛŮɜɞɡɠ ɛŮŰŬɚɚɘəɞɨɠ ůɤɚɐɜŮɠ (ůɡɜɐɗɤɠ 

Ŭˊɧ Ŭɚɞɡɛɑɜɘɞ ɐ ɢŬɚəɧ), ɚɧɔɤ Űɖɠ ŮɔɔŮɜɞɨɠ ɡŭɟɞűɘɚɘəɧŰɖŰŬɠ Űɤɜ ɛŮŰɎɚɚɤɜ. ȼ ˊŬɟɞɡůɑŬ Űɞɡ 
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űɘɚɛ ɜŮɟɞɨ ˊɟɞůɗɏŰŮɘ ɛɑŬ Ůˊɘˊɚɏɞɜ ɗŮɟɛɘəɐ ŬɜŰɑůŰŬůɖ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ɛŮɘɩɜŮŰŬɘ ɖ Ŭˊɧŭɞůɖ 

Űɖɠ ŭɘŮɟɔŬůɑŬɠ ɛŮŰɎŭɞůɖɠ ɗŮɟɛɧŰɖŰŬɠ. ɄɞůɞŰɘəɎ ŬɡŰɧ űŬɑɜŮŰŬɘ ůŰɖ ɛŮɔɎɚɖ ɗŮɟɛɞəɟŬůɘŬəɐ 

ŭɘŬűɞɟɎ ȹὝίόὦ = Ὕὺ-Ὕί, (~10-15 K), ɛŮŰŬɝɨ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ əɞɟŮůɛɞɨ Űɞɡ ŬŰɛɞɨ Ὕὺ ůŰɖɜ 

ˊɑŮůɖ Űɞɡ ůɡɛˊɡəɜɤŰɐ əŬɘ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Ὕί, ˊɞɡ ˊɟɞəɨˊŰŮɘ əŬŰɎ Űɖ 

ɛŮŰŬűɞɟɎ Űɖɠ ɚŬɜɗɎɜɞɡůŬɠ ɗŮɟɛɧŰɖŰŬɠ əŬŰɎ Űɖ ůɡɛˊɨəɜɤůɖ Űɞɡ ŬŰɛɞɨ. ũɘŬ Űɖ 

ɛŮɔɘůŰɞˊɞɑɖůɖ Űɞɡ ɏɟɔɞɡ Űɞɡ ůŰɟɞɓɑɚɞɡ, əŬɘ Ůˊɞɛɏɜɤɠ ɧɚɞɡ Űɞɡ əɨəɚɞɡ Rankine, ˊɟɏˊŮɘ ɜŬ 

ŬɡɝɖɗŮɑ ɖ ŭɘŬűɞɟɎ ˊɑŮůɖɠ Űɞɡ ŬŰɛɞɨ ˊɟɘɜ əŬɘ ɛŮŰɎ Űɞɜ ůŰɟɧɓɘɚɞ. ȷɡŰɧ ɛˊɞɟŮɑ ɜŬ ŮˊɘŰŮɡɢɗŮɑ 

ɛɏůɤ Űɖɠ ɛŮɑɤůɖɠ Űɖɠ ˊɑŮůɖɠ ůŰɖɜ ɏɝɞŭɞ Űɞɡ ůŰɟɞɓɑɚɞɡ, ŭɖɚŬŭɐ ůŰɞɜ ůɡɛˊɡəɜɤŰɐ ˊɞɡ 

ɚŬɛɓɎɜŮɘ Űɞɜ ŮəŰɞɜɤɛɏɜɞ ŬŰɛɧ Ŭˊɧ Űɞɜ ůŰɟɧɓɘɚɞ, əŬɘ ɏɢŮɘ Űɞɜ ɟɧɚɞ Űɖɠ ɣɡɢɟɐɠ ŭŮɝŬɛŮɜɐɠ 

ůŰɞɜ ɗŮɟɛɞŭɡɜŬɛɘəɧ əɨəɚɞ.16  ȹŮŭɞɛɏɜɞɡ ɧŰɘ ɖ ɗŮɟɛɞəɟŬůɑŬ Űɞɡ ɣɡəŰɘəɞɨ ɡɔɟɞɨ Űɞɡ 

ůɡɛˊɡəɜɤŰɐ ŮɑɜŬɘ ůŰŬɗŮɟɐ Ŭˊɧ Űɖɜ ˊɖɔɐ, ˊɞɡ ŮɑɜŬɘ ůɡɜɐɗɤɠ ɜŮɟɧ Ŭˊɧ ˊɞŰɎɛɘ ɐ ɚɑɛɜɖ, Űɞ 

ɛŮɔɎɚɞ ȹὝίόὦ ɗɏŰŮɘ ɏɜŬ əŬŰɩŰŬŰɞ ɧɟɘɞ ůŰɞ Ὕὺ, əŬɘ ůɡɜŮˊɩɠ əŬɘ ůŰɖɜ ˊɑŮůɖ Űɞɡ ůɡɛˊɡəɜɤŰɐ. 

ȷɡŰɧ ˊŮɟɘɞɟɑɕŮɘ ŰŬ ɧɟɘŬ ɚŮɘŰɞɡɟɔɑŬɠ əŬɘ Űɖɜ Ŭˊɧŭɞůɖ əŬŰɎ Űɖɜ ˊŬɟŬɔɤɔɐ ɖɚŮəŰɟɘəɐɠ 

ŮɜɏɟɔŮɘŬɠ.  

 

ɆɢɐɛŬ 1.7. Ŭ) ŪŮɟɛɞŭɡɜŬɛɘəɧɠ əɨəɚɞɠ ˊŬɟŬɔɤɔɐɠ ɘůɢɨɞɠ Rankine. ɓ) ȷˊŮɘəɧɜɘůɖ Ŭɨɝɖůɖɠ Űɖɠ 

ůɡɜɞɚɘəɐɠ Ŭˊɧŭɞůɖɠ Űɞɡ əɨəɚɞɡ ɛɏůɤ Űɖɠ ˊŰɩůɖɠ ˊɑŮůɖɠ ůŰɞɜ ůɡɛˊɡəɜɤŰɐ. 

ɄɟɞəŮɘɛɏɜɞɡ ɜŬ ɛŮɘɤɗŮɑ Űɞ ȹὝίόὦ, əŬɘ ɎɟŬ ɖ ˊɑŮůɖ Űɞɡ ŬŰɛɞɨ ůŰɖɜ ɏɝɞŭɞ ůŰɟɞɓɑɚɞɡ, ɗŬ ˊɟɏˊŮɘ 

ɖ ɚŬɜɗɎɜɞɡůŬ ɗŮɟɛɧŰɖŰŬ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ůɡɛˊɨəɜɤůɖɠ ɜŬ ŬˊɞɛŬəɟɨɜŮŰŬɘ 

ŬˊɞŰŮɚŮůɛŬŰɘəɎ ɔɘŬ ŬɡŰɐ Űɖ ɛɘəɟɐ ɗŮɟɛɞəɟŬůɘŬəɐ ŭɘŬűɞɟɎ. ŪŬ ˊɟɏˊŮɘ ůɡɜŮˊɩɠ ɜŬ ŬɡɝɖɗŮɑ ɖ 

ŬˊɞŭɞŰɘəɧŰɖŰŬ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ ŬɚɚŬɔɐɠ űɎůɖɠ, ŭɖɚŬŭɐ ɜŬ ŬɡɝɖɗŮɑ ɞ ůɡɜŰŮɚŮůŰɐɠ ɛŮŰɎŭɞůɖɠ 

ɗŮɟɛɧŰɖŰŬɠ, ɔɘŬ Űɞ ɛɘəɟɧ ȹɇ ˊɞɡ ɗɏɚɞɡɛŮ ɜŬ ŮˊɘŰŮɡɢɗŮɑ. ȼ ŮŰŮɟɞɔŮɜɐɠ ůɡɛˊɨəɜɤůɖ ɛˊɞɟŮɑ 

ɜŬ ŮɜɘůɢɡɗŮɑ ɛɏůɤ Űɖɠ ůɡɛˊɨəɜɤůɖɠ Űɞɡ ŬŰɛɞɨ ɤɠ ŭɘŬəɟɘŰɏɠ ůŰŬɔɧɜŮɠ ˊɞɡ ŬˊɞɛŬəɟɨɜɞɜŰŬɘ 

ŰŬəŰɘəɎ Ŭˊɧ Űɖɜ ŮˊɘűɎɜŮɘŬ (Drop Wise Condensation-DWC), ŬɜŰɑ ɜŬ ůɢɖɛŬŰɑɕɞɡɜ ɏɜŬ ůɡɜŮɢɏɠ 

ɡɔɟɧ űɘɚɛ Űɞ ɞˊɞɑɞ ˊɟɞůɗɏŰŮɘ ɛɘŬ ůɡɜŮɢɐ ɗŮɟɛɘəɐ ŬɜŰɑůŰŬůɖ (ɆɢɐɛŬ 1.8).17 ɃɡůɘŬůŰɘəɎ, ɖ 

ŰŬəŰɘəɐ ŬˊɞɛɎəɟɡɜůɖ Űɤɜ ůŰŬɔɧɜɤɜ ůŮ ɛɘəɟɏɠ ŭɘŬɛɏŰɟɞɡɠ əŬŰɎ Űɞ DWC ůɡɜŮˊɎɔŮŰŬɘ Űɖɜ 

ˊŮɟɘɞŭɘəɐ ŭɘŬɗŮůɘɛɧŰɖŰŬ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ɔɘŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ ɜɏɤɜ ůŰŬɔɧɜɤɜ, ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɖɜ 

əŬɚɨŰŮɟɖ ŬˊŬɔɤɔɐ Űɖɠ ɚŬɜɗɎɜɞɡůŬɠ ɗŮɟɛɧŰɖŰɎɠ ůŰɞ Ŭɔɩɔɘɛɞ ɛɏŰŬɚɚɞ Űɞɡ ŮɜŬɚɚɎəŰɖ, ŬɜŰɑ 

Űɖɠ Ŭɔɤɔɐɠ Űɖɠ ŭɘŬɛɏůɞɡ Űɞɡ ɡɔɟɞɨ ɡɛŮɜɑɞɡ ɜŮɟɞɨ. ȼ ůɡɛˊɨəɜɤůɖ ůŰɞ űɘɚɛ ɜŮɟɞɨ, Űɞ ɞˊɞɑɞ 

ɢŬɟŬəŰɖɟɑɕŮŰŬɘ Ŭˊɧ ˊɞɚɨ ɛɘəɟɧŰŮɟɖ ɗŮɟɛɘəɐ ŬɔɤɔɘɛɧŰɖŰŬ (~ 400 űɞɟɏɠ ɛɘəɟɧŰŮɟɖ ůŮ ůɢɏůɖ 

ɛŮ Űɞ Ŭɚɞɡɛɑɜɘɞ),  ɗŬ ŬɡɝɐůŮɘ Űɖ ɗŮɟɛɞəɟŬůɑŬ Űɞɡ, ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ɛŮɘɤɗŮɑ Űɞ ŭɡɜŬɛɘəɧ ˊɞɡ 

ŮɝŬɜŬɔəɎɕŮɘ Űɖ ɗŮɟɛɧŰɖŰŬ ɜŬ ɛŮŰŬűŮɟɗŮɑ, ŭɖɚŬŭɐ Űɖ ŭɘŬűɞɟɎ ɗŮɟɛɞəɟŬůɑŬɠ. ȾŬŰɎ ůɡɜɏˊŮɘŬ, 

ɖ ůɡɛˊɨəɜɤůɖ ɡˊɧ Űɖ ɛɞɟűɐ ůŰŬɔɧɜɤɜ ŮˊɘŰɟɏˊŮɘ Űɖ ɛŮŰŬűɞɟɎ Űɖɠ ɚŬɜɗɎɜɞɡůŬɠ ɗŮɟɛɧŰɖŰŬɠ, 

ŭɖɚŬŭɐ Űɖɜ ˊɟŬɔɛŬŰɞˊɞɑɖůɖ ůɡɛˊɨəɜɤůɖɠ, ůŮ ɛɘəɟɏɠ ɗŮɟɛɞəɟŬůɘŬəɏɠ ŭɘŬűɞɟɏɠ ɛŮŰŬɝɨ Űɞɡ 
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ŬŰɛɞɨ əŬɘ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ ůɡɛˊɡəɜɤŰɐ, ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ɛˊɞɟŮɑ ɜŬ ɛŮɘɤɗŮɑ ɖ ˊɑŮůɖ ůŰɖɜ 

ɏɝɞŭɞ Űɞɡ ůŰɟɞɓɑɚɞɡ əŬɘ ɎɟŬ ɜŬ ŬɡɝɖɗŮɑ ɖ ůɡɜɞɚɘəɐ Ŭˊɧŭɞůɖ Űɞɡ ɗŮɟɛɞŭɡɜŬɛɘəɞɨ əɨəɚɞɡ. 

ȷɜŰɑůŰɟɞűŬ, ɢŬɛɖɚɞɑ ůɡɜŰŮɚŮůŰɏɠ ɛŮŰɎŭɞůɖɠ ɗŮɟɛɧŰɖŰŬɠ ŬˊŬɘŰɞɨɜ Űɖɜ ŬɜɎˊŰɡɝɖ ɛŮɔɎɚɖɠ 

ɗŮɟɛɞəɟŬůɘŬəɐɠ ŭɘŬűɞɟɎɠ ɩůŰŮ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ɖ ůɡɛˊɨəɜɤůɖ, əŬɘ Ůˊɞɛɏɜɤɠ ɡɣɖɚɐ 

ɗŮɟɛɞəɟŬůɑŬ ŬŰɛɞɨ əŬɘ ɎɟŬ ɡɣɖɚɐ ˊɑŮůɖ əɞɟŮůɛɞɨ Űɞɡ, əɎŰɘ Űɞ ɞˊɞɑɞ ůɡɜŮˊɎɔŮŰŬɘ ůŰɖ 

ɛŮɑɤůɖ Űɞɡ ɏɟɔɞɡ Űɞɡ ůŰɟɞɓɑɚɞɡ. ɀɘŬ Ůɝɑůɞɡ əɟɑůɘɛɖ ŬˊŬɑŰɖůɖ, ɤůŰɧůɞ, ŮɑɜŬɘ ɖ ŭɘŬŰɐɟɖůɖ 

Űɞɡ DWC ɔɘŬ ɛŮɔɎɚŮɠ ˊŮɟɘɧŭɞɡɠ ɚŮɘŰɞɡɟɔɑŬɠ, ˊ.ɢ. ɛɐɜŮɠ ɐ ɢɟɧɜɘŬ, ɡˊɧ ɟŮŬɚɘůŰɘəɏɠ ůɡɜɗɐəŮɠ 

ɚŮɘŰɞɡɟɔɑŬɠ. 

ȼ ɛɏůɖ Ŭˊɧŭɞůɖ Űɖɠ ˊŬɟŬɔɤɔɐɠ ɗŮɟɛɘəɐɠ ŮɜɏɟɔŮɘŬɠ ůŰɖɜ Ⱥɡɟɩˊɖ ŮɑɜŬɘ ˊŮɟɑˊɞɡ ůŰɞ 48%14 

əŬɘ ůŮ ůɡɜŭɡŬůɛɧ ɛŮ Űɘɠ ŰŮɟɎůŰɘŮɠ ˊɞůɧŰɖŰŮɠ əŬɡůɑɛɞɡ ˊɞɡ əŬŰŬɜŬɚɩɜɞɜŰŬɘ, Ŭəɧɛɖ əŬɘ ɛɘŬ 

ɛɘəɟɐ ɓŮɚŰɑɤůɖ Űɖɠ ŬˊɞŭɞŰɘəɧŰɖŰŬɠ Űɤɜ ŮɔəŬŰŬůŰɎůŮɤɜ, ŮɎɜ ŮűŬɟɛɧɕŮŰŬɘ ɔɘŬ ɛŮɔɎɚŮɠ 

ɢɟɞɜɘəɏɠ ˊŮɟɘɧŭɞɡɠ ɚŮɘŰɞɡɟɔɑŬɠ, ɛˊɞɟŮɑ ɜŬ ɞŭɖɔɐůŮɘ ůŮ ůɖɛŬɜŰɘəɐ ɛŮɑɤůɖ Űɖɠ əŬŰŬɜɎɚɤůɖɠ 

əŬɡůɑɛɤɜ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, ɏɜŬɠ ɗŮɟɛɞɖɚŮəŰɟɘəɧɠ ůŰŬɗɛɧɠ ˊŬɟŬɔɤɔɐɠ ɚɘɔɜɑŰɖ 900 MW ɛŮ 

ůɡɜŮɢɐ ɓŮɚŰɑɤůɖ Űɖɠ ŬˊɞŭɞŰɘəɧŰɖŰŬɠ Űɤɜ ŮɔəŬŰŬůŰɎůŮɤɜ Ŭˊɧ 40% ůŮ 40.1% ůɡɜŮˊɎɔŮŰŬɘ ůŮ 

ɛŮɑɤůɖ ˊɎɜɤ Ŭˊɧ 19.000 Űɧɜɤɜ ůŰɖɜ ŮŰɐůɘŬ əŬŰŬɜɎɚɤůɖ ɎɜɗɟŬəŬ.18 ȰŰůɘ, ɞˊɞɘŬŭɐˊɞŰŮ 

ɓŮɚŰɑɤůɖ ůŰɖɜ ŮŰŮɟɞɔŮɜɐ ůɡɛˊɨəɜɤůɖ, ɖ ɞˊɞɑŬ ɛˊɞɟŮɑ ɎɛŮůŬ ɜŬ ɞŭɖɔɐůŮɘ ůŮ ɓŮɚŰɑɤůɖ Űɖɠ 

ůɡɜɞɚɘəɐɠ ŬˊɞŭɞŰɘəɧŰɖŰŬɠ Űɤɜ ŮɔəŬŰŬůŰɎůŮɤɜ, ɏɢŮɘ ŰŮɟɎůŰɘɞ ŭɡɜŬɛɘəɧ ůŰɖ ɛŮɑɤůɖ Űɖɠ 

əŬŰŬɜɎɚɤůɖɠ əŬɡůɑɛɞɡ əŬɘ, ůɡɜŮˊɩɠ, ůŰɖ ɛŮɑɤůɖ Űɤɜ Ůəˊɞɛˊɩɜ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ɎɜɗɟŬəŬ.  

 

ɆɢɐɛŬ 1.8. ȷˊŮɘəɧɜɘůɖ Űɤɜ ɛɞɟűɩɜ ůɡɛˊɨəɜɤůɖɠ ůŮ ɓɘɞɛɖɢŬɜɘəɞɨɠ ŮɜŬɚɚɎəŰŮɠ ɗŮɟɛɧŰɖŰŬɠ. 

ȷɟɘůŰŮɟɎ: Ɇɡɛˊɨəɜɤůɖ əŬŰɎ ůŰŬɔɧɜŮɠ (DWC), ȹŮɝɘɎ: ůɡɛˊɨəɜɤůɖ ɡˊɧ Űɖ ɛɞɟűɐ űɘɚɛ (FWC) 

ȷűŬɚɎŰɤůɖ 

ȼ ŭɘŬŭɘəŬůɑŬ Űɖɠ ŬűŬɚɎŰɤůɖɠ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ůŮ ˊŮɟɘɞɢɏɠ ˊɞɡ ˊɎůɢɞɡɜ Ŭˊɧ ɚŮɘɣɡŭɟɑŬ  

ˊɟɞəŮɘɛɏɜɞɡ ɜŬ Ŭɡɝɖɗɞɨɜ ŰŬ ŬˊɞɗɏɛŬŰŬ ɜŮɟɞɨ Űɞɡɠ. Ƀ ɛŮɔŬɚɨŰŮɟɞɠ ɧɔəɞɠ ɜŮɟɞɨ ˊŬɟɎɔŮŰŬɘ 

ɛɏůɤ ɛŮɛɓɟŬɜɩɜ (64%) əŬɘ ɗŮɟɛɘəɩɜ ŭɘŮɟɔŬůɘɩɜ (36%).19 ɇɞ 90% Űɤɜ ɗŮɟɛɘəɩɜ ŭɘŮɟɔŬůɘɩɜ 

ŭɘŮɝɎɔŮŰŬɘ ɛɏůɤ Űɤɜ ŰŮɢɜɞɚɞɔɘɩɜ ŰŬɢŮɑŬɠ ŬˊɧůŰŬɝɖɠ ˊɞɚɚɩɜ ůŰŬŭɑɤɜ (MSF), ˊɞɚɚŬˊɚɐɠ 

ŬˊɞůŰŬɔɛŬŰɞˊɞɑɖůɖɠ (MED) əŬɘ ɗŮɟɛɘəɐɠ ůɡɛˊɑŮůɖɠ ŬŰɛɞɨ (TVC). Ƀɘ ŰŮɢɜɞɚɞɔɑŮɠ ŬɡŰɏɠ 

ɓŬůɑɕɞɜŰŬɘ ůŰɖɜ ŮɝɎŰɛɘůɖ Űɞɡ ɗŬɚŬůůɘɜɞɨ ɜŮɟɞɨ əŬɘ ůŰɖ ɛŮŰɏˊŮɘŰŬ ůɡɚɚɞɔɐ Űɞɡ 

ůɡɛˊɡəɜɩɛŬŰɞɠ. ȼ ŬɚɚŬɔɐ űɎůɖɠ ́ ɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ůŮ ůɡɛˊɡəɜɤŰɏɠ əŮɚɨűɞɡɠ ɐ ůŮ ŮˊɑˊŮŭɞɡɠ 

ŮɜŬɚɚɎəŰŮɠ ŮˊɘűŬɜŮɑŬɠ əŬɘ ŰɡˊɘəɎ ɔɑɜŮŰŬɘ ɡˊɧ Űɖ ɛɞɟűɐ űɘɚɛ. ȼ ůɡɛˊɨəɜɤůɖ əŬŰɎ ůŰŬɔɧɜŮɠ 

ɛɏůɤ Űɖɠ ɢɟɐůɖɠ ɡˊŮɟɡŭɟɧűɞɓɤɜ ŮˊɘűŬɜŮɘɩɜ ŬɡɝɎɜŮɘ Űɖ ɛŮŰŬűɞɟɎ ɗŮɟɛɧŰɖŰŬɠ əŬɘ ɛŮɘɩɜŮɘ 

Űɖɜ ŬˊŬɘŰɞɨɛŮɜɖ ŮˊɘűɎɜŮɘŬ ůɡɛˊɨəɜɤůɖɠ, ŮɚŬŰŰɩɜɞɜŰŬɠ ɏŰůɘ Űɞ əɧůŰɞɠ Űɖɠ ŮɔəŬŰɎůŰŬůɖɠ. 

ɀŮɚɏŰŮɠ ɏɢɞɡɜ ŭŮɑɝŮɘ ɧŰɘ ɖ ŮˊɑŰŮɡɝɖ DWC ůŰɞɡɠ ůɡɛˊɡəɜɤŰɏɠ Űɤɜ ɛɞɜɎŭɤɜ ŬűŬɚɎŰɤůɖɠ 

ɛˊɞɟŮɑ ɜŬ ɛŮɘɩůŮɘ Űɞ əɧůŰɞɠ Űɞɡ ˊŬɟŬɔɧɛŮɜɞɡ ɜŮɟɞɨ əŬŰɎ 35%.20 



[11] 

 

ȺəŰɧɠ Ŭˊɧ Űɖɜ ŮűŬɟɛɞɔɐ Űɤɜ ɡˊŮɟɡŭɟɧűɞɓɤɜ ŮˊɘűŬɜŮɘɩɜ ůŰɘɠ ɗŮɟɛɘəɏɠ ŭɘŮɟɔŬůɑŮɠ 

ŬűŬɚɎŰɤůɖɠ, ɖ ɡˊŮɟɡŭɟɞűɞɓɘəɧŰɖŰŬ ɛˊɞɟŮɑ ɜŬ ɤűŮɚɐůŮɘ əŬɘ Űɘɠ ŭɘŮɟɔŬůɑŮɠ ŬűŬɚɎŰɤůɖɠ ɛŮ 

Űɖ ɢɟɐůɖ ɛŮɛɓɟŬɜɩɜ. ȼ ŬűŬɚɎŰɤůɖ ɛŮ ɛŮɛɓɟɎɜŮɠ ˊŮɟɘɚŬɛɓɎɜŮɘ ŭɨɞ ɓŬůɘəɞɨɠ Űɨˊɞɡɠ: Űɖɠ 

ɎɛŮůɖɠ ŮˊŬűɐɠ (Direct Contact Membrane Distillation) əŬɘ Űɞɡ ŭɘŬəɏɜɞɡ ŬɏɟŬ (Air  Gap 

Membrane Distillation). 

ɆŰɖ ŭɘɎŰŬɝɖ Űɖɠ ɎɛŮůɖɠ ŮˊŬűɐɠ, ɛɑŬ ɛŮɛɓɟɎɜɖ ɓɟɑůəŮŰŬɘ ůŮ ŮˊŬűɐ ɛŮ ɛɘŬ ɗŮɟɛɐ ɟɞɐ 

ɗŬɚŬůůɘɜɞɨ ɜŮɟɞɨ, Ŭˊɧ Űɖ ɛɑŬ ˊɚŮɡɟɎ, Ůɜɩ Ŭˊɧ Űɖɜ Ɏɚɚɖ, ɛŮ ɛɑŬ ɣɡɢɟɐ ɟɞɐ əŬɗŬɟɞɨ ɜŮɟɞɨ. 

Ƀɘ ŬŰɛɞɑ Űɖɠ ɗŮɟɛɐɠ ɟɞɐɠ ŭɘŬˊŮɟɜɞɨɜ Űɖ ɛŮɛɓɟɎɜɖ əŬɘ ůɡɛˊŬɟŬůɨɟɞɜŰŬɘ Ŭˊɧ Űɖɜ ŬˊɏɜŬɜŰɘ 

ɟɞɐ Űɞɡ əŬɗŬɟɞɨ ɜŮɟɞɨ.  ȷɜŰɑɗŮŰŬ, ůŰɖ ŭɘɎŰŬɝɖ Űɞɡ ŭɘŬəɏɜɞɡ ŬɏɟŬ, ɞɘ ŬŰɛɞɑ ˊɞɡ ŭɘɏɟɢɞɜŰŬɘ 

Ŭˊɧ Űɖ ɛŮɛɓɟɎɜɖ ůɡɛˊɡəɜɩɜɞɜŰŬɘ ˊɎɜɤ ůŮ ɛɑŬ ɣɡɢɟɐ ŮˊɘűɎɜŮɘŬ, ɖ ɞˊɞɑŬ ɣɨɢŮŰŬɘ Ŭˊɧ ɏɜŬ 

ɣɡəŰɘəɧ ɛɏůɞ. ȼ ɡˊŮɟɡŭɟɞűɞɓɞˊɞɑɖůɖ Űɖɠ ɛŮɛɓɟɎɜɖɠ ŭɑɜŮɘ Űɖ ŭɡɜŬŰɧŰɖŰŬ Ŭɨɝɖůɖɠ Űɖɠ 

ŭɘŬɛɏŰɟɞɡ Űɤɜ ˊɧɟɤɜ ɢɤɟɑɠ ɜŬ ŭɘɏɟɢŮŰŬɘ Űɞ ɜŮɟɧ Űɖɠ ɗŮɟɛɐɠ ɟɞɐɠ ŭɘŬɛɏůɞɡ Űɖɠ. ɀŮ Űɞɜ Űɟɧˊɞ 

ŬɡŰɧ ŮˊɘŰɡɔɢɎɜɞɜŰŬɘ ɡɣɖɚɧŰŮɟŮɠ ɟɞɏɠ ɜŮɟɞɨ ŬűŬɚɎŰɤůɖɠ. Ⱥˊɘˊɚɏɞɜ, ɖ ɡˊŮɟɡŭɟɞűɞɓɞˊɞɑɖůɖ 

Űɖɠ ŮˊɘűɎɜŮɘŬɠ ůɡɛˊɨəɜɤůɖɠ, ůŰɖɜ ˊŮɟɑˊŰɤůɖ ŭɘŬŰɎɝŮɤɜ ɛŮ ŭɘɎəŮɜɞ ŬɏɟŬ, ŬɡɝɎɜŮɘ Űɖɜ 

ɛŮŰŬűɞɟɎ ɗŮɟɛɧŰɖŰŬɠ əŬɘ Űɖ ůɡɚɚɞɔɐ ɜŮɟɞɨ Ŭˊɧ ŬɡŰɐ. ȰŰůɘ, ŬˊŬɘŰŮɑŰŬɘ ɚɘɔɧŰŮɟɖ ŮɜɏɟɔŮɘŬ ɔɘŬ 

Űɖɜ ɣɨɝɖ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ůɡɛˊɨəɜɤůɖɠ Ůɜɩ ŰŬɡŰɧɢɟɞɜŬ ŬɡɝɎɜŮŰŬɘ əŬɘ ɞ ɟɡɗɛɧɠ ˊŬɟŬɔɤɔɐɠ 

əŬɗŬɟɞɨ ɜŮɟɞɨ. 

 

ɆɢɐɛŬ 1.9. ȷˊŮɘəɧɜɘůɖ Űɤɜ ŭɨɞ ɓŬůɘəɧŰŮɟɤɜ ŭɘŬŰɎɝŮɤɜ ŬűŬɚɎŰɤůɖɠ ɛŮ ɛŮɛɓɟɎɜŮɠ. ȷɟɘůŰŮɟɎ: 

ȹɘɎŰŬɝɖ ɎɛŮůɖɠ ŮˊŬűɐɠ, ŭŮɝɘɎ: ŭɘɎŰŬɝɖ ɛŮ ŭɘɎəŮɜɞ ŬɏɟŬ.21 

ɆɡůŰɐɛŬŰŬ ɣɨɝɖɠ 

ɄŮɟɑˊɞɡ Űɞ 40% Űɖɠ ůɡɜɞɚɘəɐɠ ɖɚŮəŰɟɘəɐɠ ŮɜɏɟɔŮɘŬɠ ˊɞɡ ˊŬɟɎɔŮŰŬɘ ůŰɘɠ ȼɜɤɛɏɜŮɠ ɄɞɚɘŰŮɑŮɠ 

ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ ɞɘəɘŬəɞɨɠ əŬɘ Ůɛˊɞɟɘəɞɨɠ ůəɞˊɞɨɠ, Ŭˊɧ Űɞ ɞˊɞɑɞ ŰɞɡɚɎɢɘůŰɞɜ Űɞ 80% 

ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ŬˊŮɡɗŮɑŬɠ ůŮ ŭɘŬŭɘəŬůɑŮɠ ɗɏɟɛŬɜůɖɠ ɐ ɣɨɝɖɠ.22 ȼ ɛŮŰŬűɞɟɎ ɗŮɟɛɧŰɖŰŬɠ ůŰŬ 

ůɡůŰɐɛŬŰŬ ɣɨɝɖɠ ˊŮɟɘɞɟɑɕŮŰŬɘ Ŭˊɧ Űɖ ůɡɛˊɡəɜɤɛɏɜɖ ŬŰɛɞůűŬɘɟɘəɐ ɡɔɟŬůɑŬ ˊɎɜɤ ůŰŬ ˊɖɜɑŬ 

ɣɨɝɖɠ, ɛŮɘɩɜɞɜŰŬɠ Űɖɜ ŬˊɞŭɞŰɘəɧŰɖŰɎ Űɞɡɠ əŬɘ ɞŭɖɔɩɜŰŬɠ ůŮ ˊɘɗŬɜɐ ŬɜɎˊŰɡɝɖ ˊŬɗɞɔɧɜɤɜ 

ɛɘəɟɞɞɟɔŬɜɘůɛɩɜ. ɄɟɧůűŬŰŮɠ ɛŮɚɏŰŮɠ ɏɢɞɡɜ ŭŮɑɝŮɘ ɧŰɘ ɞɘ ɡˊŮɟɡŭɟɧűɞɓŮɠ ŮˊɘűɎɜŮɘŮɠ ˊɞɡ 

ˊɟɞɎɔɞɡɜ Űɖ ůɡɛˊɨəɜɤůɖ əŬŰɎ ůŰŬɔɧɜŮɠ əŬɘ Űɖɜ ŰŬɢŮɑŬ Ŭˊɧɟɟɘɣɖ Űɞɡ ůɡɛˊɡəɜɩɛŬŰɞɠ, 

ɛˊɞɟɞɨɜ ɜŬ ɓŮɚŰɘɩůɞɡɜ Űɖ ůɡɜɞɚɘəɐ Ŭˊɧŭɞůɖ Űɞɡ ůɡɛˊɡəɜɤŰɐ, ɛŮɘɩɜɞɜŰŬɠ Űɖɜ ˊɞůɧŰɖŰŬ Űɞɡ 

ůɡɛˊɡəɜɤɛɏɜɞɡ ɜŮɟɞɨ ůŰɘɠ ŮˊɘűɎɜŮɘŮɠ Űɤɜ ˊŰŮɟɡɔɑɤɜ əŬɘ Űɤɜ ůɤɚɖɜɩůŮɩɜ Űɞɡ. 23  
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ȹɘŬɢŮɑɟɘůɖ ɗŮɟɛɧŰɖŰŬɠ ɖɚŮəŰɟɞɜɘəɩɜ 

ȼ Ŭɨɝɖůɖɠ Űɖɠ ŬˊɞŭɞŰɘəɧŰɖŰŬɠ Űɤɜ ɖɚŮəŰɟɞɜɘəɩɜ əɡəɚɤɛɎŰɤɜ əŬɘ ɖ ŰŬɡŰɧɢɟɞɜɖ ɛŮɑɤůɖ Űɞɡ 

ɛŮɔɏɗɞɡɠ Űɞɡɠ ɏɢɞɡɜ ůŬɜ ŬˊɞŰɏɚŮůɛŬ Űɖɜ ŬɜɎɔəɖ ŬˊŬɔɤɔɐɠ Űɖɠ ˊŬɟŬɔɧɛŮɜɖɠ ɗŮɟɛɧŰɖŰŬɠ ůŮ 

ˊɞɚɨ ɡɣɖɚɞɨɠ ɟɡɗɛɞɨɠ. ȼ ɗŮɟɛɘəɐ ŭɘŬɢŮɑɟɘůɖ ŮɑɜŬɘ əɟɑůɘɛɖɠ ůɖɛŬůɑŬɠ ůŮ ŰɏŰɞɘŬ ůɡůŰɐɛŬŰŬ 

ɔɘŬ Űɖ ŭɘŬŰɐɟɖůɖ Űɤɜ ŮˊɘɗɡɛɖŰɩɜ ɗŮɟɛɞəɟŬůɘɩɜ ɚŮɘŰɞɡɟɔɑŬɠ, əŬɘ ɔɘŬ ŬɡŰɧ ˊɟɏˊŮɘ ɜŬ 

ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɛɏůɤ ŭɘŬŰɎɝŮɤɜ ɛɘəɟɞɨ ɛŮɔɏɗɞɡɠ əŬɘ ɡɣɖɚɐɠ ŬˊɞŭɞŰɘəɧŰɖŰŬɠ. Ƀɘ ɛŮɔɎɚŮɠ 

ŬɜɎɔəŮɠ Űɖɠ ɗŮɟɛɘəɐɠ ŭɘŬɢŮɑɟɘůɖɠ Űɤɜ ɖɚŮəŰɟɞɜɘəɩɜ əɡəɚɤɛɎŰɤɜ ɏɢɞɡɜ ɞŭɖɔɐůŮɘ Űɞɡɠ 

ɟɡɗɛɞɨɠ ɣɨɝɖɠ ˊɞɡ ŮˊɘŰɡɔɢɎɜɞɜŰŬɘ ůŰɖ ɓɘɞɛɖɢŬɜɑŬ ɖɚŮəŰɟɞɜɘəɩɜ ɜŬ ɏɢɞɡɜ ɝŮˊŮɟɎůŮɘ Űɞɡɠ 

ɟɡɗɛɞɨɠ ŬˊŬɔɤɔɐɠ ɗŮɟɛɧŰɖŰŬɠ ˊɞɡ ŮˊɘŰɡɔɢɎɜɞɜŰŬɘ ɛŮ Űɘɠ ůɡɛɓŬŰɘəɏɠ ŰŮɢɜɞɚɞɔɑŮɠ ŬŮɟɧɣɡɝɖɠ. 

ɆɐɛŮɟŬ, ɖ ŭɘŬɢŮɑɟɘůɖ Űɖɠ ɗŮɟɛɧŰɖŰŬɠ ůŰŬ ɖɚŮəŰɟɞɜɘəɎ ɔɑɜŮŰŬɘ ɛŮ ɣɨəŰɟŮɠ ɛɘəɟɞəŬɜŬɚɘɩɜ, 

ˊɟɧůəɟɞɡůɖɠ ˊɑŭŬəŬ ŬɚɚɎ əŬɘ ŰŮɢɜɞɚɞɔɘɩɜ ˊɞɡ ɓŬůɑɕɞɜŰŬɘ ůŮ ŬɚɚŬɔɐ űɎůɖɠ, ɧˊɤɠ ůɤɚɐɜŮɠ 

ɗŮɟɛɧŰɖŰŬɠ, əŬɘ ɗŬɚɎɛɞɡɠ ŬŰɛɩɜ. 24 Ƀɘ ŰŮɢɜɞɚɞɔɑŮɠ ŬɚɚŬɔɐɠ űɎůɖɠ ˊŮɟɘɚŬɛɓɎɜɞɡɜ ůɡɜɐɗɤɠ 

ɏɜŬɜ ŮɝŬŰɛɘůŰɐ, ůŰɞɜ ɞˊɞɑɞ Űɞ ɟŮɡůŰɧ ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɓɟɎɕŮɘ əŬɗɩɠ ɛŮŰŬűɏɟŮŰŬɘ 

ɗŮɟɛɧŰɖŰŬ ůŮ ŬɡŰɧ, ɏɜŬɜ ůɡɛˊɡəɜɤŰɐ ɧˊɞɡ ɔɑɜŮŰŬɘ ɖ ůɡɛˊɨəɜɤůɖ Űɞɡ ɟŮɡůŰɞɨ ɛŮ ŰŬɡŰɧɢɟɞɜɖ 

Ŭˊɧɟɟɘɣɖ ɗŮɟɛɧŰɖŰŬɠ, əŬɘ əɎˊɞɘɞ ɛɖɢŬɜɘůɛɧ ŮˊɘůŰɟɞűɐɠ ˊɞɡ ɛŮŰŬűɏɟŮɘ Űɞ ůɡɛˊɨəɜɤɛŬ ˊɑůɤ 

ůŰɞɜ ŮɝŬŰɛɘůŰɐ.25 ȼ ɡˊŮɟɡŭɟɞűɞɓɞˊɞɑɖůɖ Űɤɜ ŮˊɘűŬɜŮɘɩɜ ŬɡŰɩɜ Űɤɜ ŭɘŬŰɎɝŮɤɜ ɛˊɞɟŮɑ ɜŬ 

ɞŭɖɔɐůŮɘ ůŮ ůɖɛŬɜŰɘəɐ Ŭɨɝɖůɖ Űɖɠ ɛŮŰɎŭɞůɖɠ ɗŮɟɛɧŰɖŰŬɠ. ɆŮ ˊɟɧůűŬŰɖ ɛŮɚɏŰɖ ŬɜŬűɏɟɗɖəŮ 

ɧŰɘ ɖ ɡˊŮɟɡŭɟɞűɞɓɞˊɞɑɖůɖ Űɤɜ ŮˊɘűŬɜŮɘɩɜ Űɤɜ ɗŬɚɎɛɤɜ ŬŰɛɞɨ ɛˊɞɟŮɑ ɜŬ ŬɡɝɐůŮɘ Űɖ 

ɛŮŰɎŭɞůɖ ɗŮɟɛɧŰɖŰŬɠ əŬŰɎ ɏɜŬɜ ˊŬɟɎɔɞɜŰŬ ŭɨɞ ɔɘŬ əɞɟŮůɛɏɜɞ ŬŰɛɧ ɛŮ ɟɞɐ ɗŮɟɛɧŰɖŰŬɠ Ŭˊɧ 

2 ɏɤɠ 25 Wcm-2. 26 ɆŮ Ɏɚɚɖ ŮɟɔŬůɑŬ, ɛŮɚŮŰɐɗɖəŮ ɖ Ŭɝɘɞˊɞɑɖůɖ Űɤɜ ŬɚɛɎŰɤɜ Űɤɜ ůŰŬɔɧɜɤɜ 

əŬŰɎ Űɖ ůɡɛˊɨəɜɤůɐ Űɞɡɠ ůŮ ŭɞɛɖɛɏɜŮɠ ɡˊŮɟɡŭɟɧűɞɓŮɠ ŮˊɘűɎɜŮɘŮɠ, ɤɠ ɏɜŬɠ ɜɏɞɠ ɛɖɢŬɜɘůɛɧɠ 

ɛŮŰŬűɞɟɎɠ Űɞɡ ůɡɛˊɡəɜɩɛŬŰɞɠ ˊɑůɤ ůŰɞɜ ŮɝŬŰɛɘůŰɐ. 27 

Ɇɡɚɚɞɔɐ ɜŮɟɞɨ Ŭˊɧ Űɖɜ ŬŰɛɧůűŬɘɟŬ 

ȼ ůɡɚɚɞɔɐ ɜŮɟɞɨ Ŭˊɧ Űɖɜ ŬŰɛɧůűŬɘɟŬ ɏɢŮɘ ɚɎɓŮɘ ɘŭɘŬɑŰŮɟɞ ŮɜŭɘŬűɏɟɞɜ ŰŬ ŰŮɚŮɡŰŬɑŬ ɢɟɧɜɘŬ 

ɚɧɔɤ Űɖɠ ŭɡɜŬŰɧŰɖŰŬɠ ŰɟɞűɞŭɧŰɖůɖɠ ɛŮ ɜŮɟɧ ŬˊɞɛŬəɟɡůɛɏɜɤɜ ˊŮɟɘɞɢɩɜ Ŭˊɧ ŰŬ ŭɑəŰɡŬ 

ɨŭɟŮɡůɖɠ. ȼ ɘŭɏŬ Űɖɠ ůɡɚɚɞɔɐɠ ɜŮɟɞɨ Ŭˊɧ Űɖɜ ŬŰɛɧůűŬɘɟŬ ˊɟɞɐɚɗŮ Ŭˊɧ Űɖɜ ˊŬɟŬŰɐɟɖůɖ Űɞɡ 

ůəŬɗŬɟɘɞɨ Űɖɠ Ůɟɐɛɞɡ Űɞ ɞˊɞɑɞ űɏɟŮɘ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ˊŮɟɘɞɢɏɠ ŭɘŬűɞɟŮŰɘəɐɠ ŭɘŬɓɟɞɢɐɠ ɞɘ 

ɞˊɞɑŮɠ Űɞ ɓɞɖɗɞɨɜ ɜŬ ůɡɚɚɏɔŮɘ ɜŮɟɧ ůŮ ˊŮɟɘɓɎɚɚɞɜŰŬ ɛŮ ɢŬɛɖɚɐ ɡɔɟŬůɑŬ. ȼ ůɡɚɚɞɔɐ ɜŮɟɞɨ 

Ŭˊɧ Űɖɜ ŬŰɛɧůűŬɘɟŬ ˊŮɟɘɚŬɛɓɎɜŮɘ ŭɨɞ ɝŮɢɤɟɘůŰɏɠ əŬŰɖɔɞɟɑŮɠ: Űɖ ůɡɛˊɨəɜɤůɖ Űɖɠ ɡɔɟŬůɑŬɠ 

Űɞɡ ŬɏɟŬ ˊɎɜɤ ůŮ ŮˊɘűɎɜŮɘŮɠ ɚɧɔɤ ŭɘŬűɞɟɎɠ ɗŮɟɛɞəɟŬůɑŬɠ ɛŮŰŬɝɨ Űɞɡ ŬɏɟŬ əŬɘ Űɖɠ 

ŮˊɘűɎɜŮɘŬɠ, əŬɘ Űɖ ŭɏůɛŮɡůɖ ůɤɛŬŰɘŭɑɤɜ ɜŮɟɞɨ ˊɞɡ ɓɟɑůəɞɜŰŬɘ ůŰɖɜ ŬŰɛɞůűŬɘɟɘəɐ ɞɛɑɢɚɖ. 

ȾŬɘ ůŰɘɠ ŭɨɞ ˊŮɟɘˊŰɩůŮɘɠ, Űɞ ɜŮɟɧ ˊɞɡ ůɡɛˊɡəɜɩɜŮŰŬɘ ɐ ŭŮůɛŮɨŮŰŬɘ ˊɟɏˊŮɘ ɜŬ ŬˊɞɟɟɘűɗŮɑ Ŭˊɧ 

Űɖɜ ŮˊɘűɎɜŮɘŬ ɩůŰŮ ɜŬ ůɡɚɚŮɢɗŮɑ əŬɘ ɜŬ ŬɜŬɜŮɤɗŮɑ ɞ ŭɘŬɗɏůɘɛɞɠ ɢɩɟɞɠ ɔɘŬ ˊŮɟŬɘŰɏɟɤ 

ůɡɛˊɨəɜɤůɖ ɐ ŭɏůɛŮɡůɖ. ȼ ɡˊŮɟɡŭɟɞűɞɓɞˊɞɑɖůɖ Űɤɜ ŮˊɘűŬɜŮɘɩɜ ŬɡŰɩɜ ŬɡɝɎɜŮɘ Űɖɜ 

ŬˊɞŰŮɚŮůɛŬŰɘəɐ ŬˊɞɛɎəɟɡɜůɖ Űɤɜ ůŰŬɔɧɜɤɜ ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɖɜ ŮɝŬůűɎɚɘůɖ ɛŮɔŬɚɨŰŮɟɤɜ 

ɟɡɗɛɩɜ ůɡɚɚɞɔɐɠ. Ʉɞɚɚɏɠ ɛŮɚɏŰŮɠ ɏɢɞɡɜ ŭŮɑɝŮɘ ɧŰɘ ɞɘ ɡˊŮɟɡŭɟɧűɞɓŮɠ ŮˊɘűɎɜŮɘŮɠ ɛŮ ɘŮɟŬɟɢɘəɏɠ 

ŭɞɛɏɠ ɧˊɤɠ əŬɘ ɞɘ ŬɛűɑűɘɚŮɠ ŮˊɘűɎɜŮɘŮɠ ɛŮ ɡŭɟɧűɘɚŮɠ əŬɘ ɡˊŮɟɡŭɟɧűɞɓŮɠ ˊŮɟɘɞɢɏɠ, 

ŮɝŬůűŬɚɑɕɞɡɜ ɡɣɖɚɞɨɠ ɟɡɗɛɞɨɠ ůɡɛˊɨəɜɤůɖɠ əŬɘ ůɡɚɚɞɔɐɠ Űɞɡ ŭŮůɛŮɡɛɏɜɞɡ ɜŮɟɞɨ. 28, 29  

ɄŮŰɟɞɢɖɛɘəɐ ŭɘɨɚɘůɖ 

Ƀɘ ȼɜɤɛɏɜŮɠ ɄɞɚɘŰŮɑŮɠ əŬŰŬɜŬɚɩɜɞɡɜ ˊŮɟɘůůɧŰŮɟŬ Ŭˊɧ 7 ŭɘůŮəŬŰɞɛɛɨɟɘŬ ɓŬɟɏɚɘŬ 

ˊŮŰɟŮɚŬɘɞŮɘŭɩɜ ŮŰɖůɑɤɠ. 22  ɇŬ ˊɟɞɥɧɜŰŬ ˊŮŰɟŮɚŬɑɞɡ ɚŬɛɓɎɜɞɜŰŬɘ ɛŮ əɚŬůɛŬŰɘəɐ ŬˊɧůŰŬɝɖ 

Űɞɡ Ŭɟɔɞɨ ˊŮŰɟŮɚŬɑɞɡ, ɖ ɞˊɞɑŬ ˊŮɟɘɚŬɛɓɎɜŮɘ ŮɝɎŰɛɘůɖ əŬɘ ůɡɛˊɨəɜɤůɖ Űɤɜ ŭɘŬűɞɟŮŰɘəɩɜ 

ůɡůŰŬŰɘəɩɜ Űɞɡ ůŮ ůɡɛˊɡəɜɤŰɏɠ əŮɚɨűɞɡɠ ɛŮ ɣɡəŰɘəɧ ɛɏůɞ Űɞ ɜŮɟɧ. ȼ ɡˊŮɟɡŭɟɞűɞɓɞˊɞɑɖůɖ 

Űɤɜ ŮˊɘűŬɜŮɘɩɜ Űɤɜ ůɡɛˊɡəɜɤŰɩɜ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŰɖ ŭɘɨɚɘůɖ Űɞɡ ˊŮŰɟŮɚŬɑɞɡ ŭɑɜŮɘ Űɖ 

ŭɡɜŬŰɧŰɖŰŬ Űɖɠ ůɡɛˊɨəɜɤůɖɠ əŬŰɎ ůŰŬɔɧɜŮɠ ɞɘ ɞˊɞɑŮɠ ŬˊɞɟɟɑˊŰɞɜŰŬɘ ɛŮ ɛŮɔŬɚɨŰŮɟɞɡɠ 

ɟɡɗɛɞɨɠ, ŬɡɝɎɜɞɜŰŬɠ ɏŰůɘ Űɖɜ ŬˊɞŭɞŰɘəɧŰɖŰŬ Űɖɠ ɗŮɟɛɘəɐɠ ŬˊɧůŰŬɝɖɠ. 12 ȷˊŬɘŰŮɑŰŬɘ ɤůŰɧůɞ, 

ˊŮɟŮŰŬɑɟɤ ɏɟŮɡɜŬ əŬɘ ˊŮɘɟŬɛŬŰɘəɏɠ ɛŮɚɏŰŮɠ ɔɘŬ ɜŬ ŬˊɞŭŮɘɢɗŮɑ Űɞ ˊɞůɞůŰɧ ɓŮɚŰɑɤůɖɠ ŬɡŰɩɜ 

Űɤɜ ŭɘŮɟɔŬůɘɩɜ ɛŮ Űɖ ɢɟɐůɖ ɡˊŮɟɡŭɟɧűɞɓɤɜ ŮˊɘűŬɜŮɘɩɜ. 
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1.2. Ɇəɞˊɧɠ Űɖɠ ŮɟɔŬůɑŬɠ 

ȳˊɤɠ ŮɑŭŬɛŮ Ŭˊɧ ŰŬ ˊŬɟŬˊɎɜɤ, ɖ ɓŮɚŰɑɤůɖ Űɖɠ ɛŮŰŬűɞɟɎɠ ɗŮɟɛɧŰɖŰŬɠ əŬŰɎ Űɖɜ ŬɚɚŬɔɐ 

űɎůɖɠ Űɞɡ ɗŮɟɛɞɨ ŬŰɛɞɨ ˊɎɜɤ ůŰɞɡɠ ɛŮŰŬɚɚɘəɞɨɠ ůɤɚɐɜŮɠ Űɤɜ ŮɜŬɚɚŬəŰɩɜ ɗŮɟɛɧŰɖŰŬɠ ŮɑɜŬɘ 

əŬɗɞɟɘůŰɘəɐɠ ůɖɛŬůɑŬɠ ɔɘŬ Űɖɜ ŮɚŬɢɘůŰɞˊɞɑɖůɖ Űɖɠ əŬŰŬɜɎɚɤůɖɠ ɞɟɡəŰɩɜ əŬɡůɑɛɤɜ əŬɘ Űɞɜ 

ˊŮɟɘɞɟɘůɛɧ Űɖɠ ˊŮɟɘɓŬɚɚɞɜŰɘəɐɠ ɟɨˊŬɜůɖɠ ˊɞɡ ůɡɜŭɏŮŰŬɘ ɛŮ Űɖɜ ˊŬɟŬɔɤɔɐ ŮɜɏɟɔŮɘŬɠ. 

ɆŰɞ ˊɚŬɑůɘɞ ŬɡŰɧ, ɞ ůəɞˊɧɠ Űɖɠ ˊŬɟɞɨůŬɠ ŮɟɔŬůɑŬɠ ůɡɜɞɣɑɕŮŰŬɘ ůŰŬ Ůɝɐɠ ˊŬɟŬəɎŰɤ: 

1. ȾŬŰŬůəŮɡɐ ɡˊŮɟɡŭɟɧűɞɓɤɜ ŮˊɘűŬɜŮɘɩɜ ůŮ ɛŮŰŬɚɚɘəɎ ɡˊɞůŰɟɩɛŬŰŬ, ŬɜɗŮəŰɘəɏɠ ɡˊɧ 

Űɖɜ əŬŰŬˊɧɜɖůɖ ɗŮɟɛɞɨ ŬŰɛɞɨ. ȼ əŬŰŬůəŮɡɐ Űɤɜ ŮˊɘűŬɜŮɘɩɜ ˊŮɟɘɔɟɎűŮŰŬɘ ůŰŬ 

ȾŮűɎɚŬɘŬ 4 əŬɘ 6. 

2. ȺˊɑŰŮɡɝɖ Űɖɠ ůɡɛˊɨəɜɤůɖɠ ɡˊɧ Űɖ ɛɞɟűɐ ŭɘŬəɟɘŰɩɜ ůŰŬɔɧɜɤɜ ˊɞɡ Ŭˊɞɢɤɟɞɨɜ 

ŰŬəŰɘəɎ əŬɘ ůŮ ɛɘəɟɏɠ ŭɘŬɛɏŰɟɞɡɠ, ɏɜŬɜŰɘ Űɖɠ ŭɖɛɘɞɡɟɔɑŬɠ ɡɔɟɞɨ űɘɚɛ ɜŮɟɞɨ ˊɞɡ 

ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ůŰɞɡɠ ůɡɛɓŬŰɘəɞɨɠ ɛŮŰŬɚɚɘəɞɨɠ ůɤɚɐɜŮɠ əŬɘ ŮˊɘűɎɜŮɘŮɠ. ȼ ɛŮɚɏŰɖ 

Űɖɠ ɛɞɟűɐɠ Űɖɠ ůɡɛˊɨəɜɤůɖɠ ˊŮɟɘɔɟɎűŮŰŬɘ ůŰŬ ȾŮűɎɚŬɘŬ 5 əŬɘ 7. 

3. ɆɖɛŬɜŰɘəɐ Ŭɨɝɖůɖ Űɞɡ ůɡɜŰŮɚŮůŰɐ ɛŮŰɎŭɞůɖɠ ɗŮɟɛɧŰɖŰŬɠ (HTC) əŬŰɎ Űɖɜ ŬɚɚŬɔɐ 

űɎůɖɠ Űɞɡ ŬŰɛɞɨ, əɎŰɘ Űɞ ɞˊɞɑɞ ůɡɜŮˊɎɔŮŰŬɘ ůŰɖ ɓŮɚŰɑɤůɖ Űɖɠ ɞɚɘəɐɠ Ŭˊɧŭɞůɖɠ Űɞɡ 

əɨəɚɞɡ Rankine. Ƀɘ ɛŮŰɟɐůŮɘɠ ɛŮŰŬűɞɟɎɠ ɗŮɟɛɧŰɖŰŬɠ ˊŮɟɘɔɟɎűɞɜŰŬɘ ůŰŬ ȾŮűɎɚŬɘŬ 

5.4 əŬɘ 7.3. 

ȰŰůɘ, ůŰɖɜ ˊŬɟɞɨůŬ ŮɟɔŬůɑŬ, ŭɞəɘɛɎɕɞɜŰŬɘ ŭɘɎűɞɟŮɠ ɛɏɗɞŭɞɘ əŬŰŬůəŮɡɐɠ ɡˊŮɟɡŭɟɧűɞɓɤɜ 

ŮˊɘűŬɜŮɘɩɜ, ɓŮɚŰɘůŰɞˊɞɘɞɨɜŰŬɘ ɐŭɖ ɡˊɎɟɢɞɡůŮɠ, ˊɟɞŰŮɑɜɞɜŰŬɘ ɜɏŮɠ əŬɘ ɗŮůˊɑɕɞɜŰŬɘ ɔŮɜɘəɞɑ 

əŬɜɧɜŮɠ ůɢŮŭɘŬůɛɞɨ ɡˊŮɟɡŭɟɧűɞɓɤɜ ŮˊɘűŬɜŮɘɩɜ ɔɘŬ Űɖ ŭɘŬŰɐɟɖůɖ Űɖɠ ůɡɛˊɨəɜɤůɖɠ ɡˊɧ Űɖ 

ɛɞɟűɐ ůŰŬɔɧɜɤɜ əŬɘ Űɖ ɛŮɔɘůŰɞˊɞɑɖůɖ Űɞɡ ůɡɜŰŮɚŮůŰɐ ɛŮŰɎŭɞůɖɠ ɗŮɟɛɧŰɖŰŬɠ əŬŰɎ Űɖɜ 

ŬɚɚŬɔɐ űɎůɖɠ.  
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ȾŮűɎɚŬɘɞ 2. ȸɘɓɚɘɞɔɟŬűɘəɐ Ůˊɘůəɧˊɖůɖ  

ɆŰɞ ˊŬɟɧɜ əŮűɎɚŬɘɞ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ŬɟɢɘəɎ, ɛɑŬ Ůˊɘůəɧˊɖůɖ Űɤɜ ɓŬůɘəɧŰŮɟɤɜ ɛŮɗɧŭɤɜ ˊɞɡ 

ɏɢɞɡɜ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɔɘŬ Űɖɜ əŬŰŬůəŮɡɐ ɡˊŮɟɡŭɟɧűɞɓɤɜ ŮˊɘűŬɜŮɘɩɜ ůŮ ɛŮŰŬɚɚɘəɎ 

ɡˊɞůŰɟɩɛŬŰŬ, əŬɘ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ŰŬɡŰɧɢɟɞɜŬ ɞɘ ŬŭɡɜŬɛɑŮɠ əŬɘ ŰŬ ˊɚŮɞɜŮəŰɐɛŬŰŬ Űɞɡɠ. Ƀɘ 

ɛɏɗɞŭɞɘ ŬɡŰɏɠ əŬŰɖɔɞɟɘɞˊɞɘɞɨɜŰŬɘ ůŮ ŭɨɞ ɓŬůɘəɏɠ ˊɟɞůŮɔɔɑůŮɘɠ ŬɜɎɚɞɔŬ ɛŮ Űɖɜ ŬɚɚɖɚɞɡɢɑŬ 

Űɤɜ Ůˊɘɛɏɟɞɡɠ ŭɘŬŭɘəŬůɘɩɜ ˊɞɡ ŮˊɘŰŮɚɞɨɜŰŬɘ: Ŭ) ŮəŰɟɎɢɡɜůɖ Űɞɡ ɛŮŰŬɚɚɘəɞɨ ɡˊɞůŰɟɩɛŬŰɞɠ 

əŬɘ ɛŮŰɏˊŮɘŰŬ ɡŭɟɞűɞɓɞˊɞɑɖůɖ, ɓ) ŮɜŬˊɧɗŮůɖ ɡŭɟɧűɞɓɞɡ ɡɛŮɜɑɞɡ ůŮ ɛŮŰŬɚɚɘəɧ ɡˊɧůŰɟɤɛŬ 

əŬɘ ɛŮŰɏˊŮɘŰŬ ŭɖɛɘɞɡɟɔɑŬ ŰɟŬɢɨŰɖŰŬɠ ůŮ ŬɡŰɧ.  

ɆŰɖ ůɡɜɏɢŮɘŬ Űɞɡ əŮűŬɚŬɑɞɡ, ɔɑɜŮŰŬɘ ɛɘŬ ŮəŰŮɜɐɠ ɓɘɓɚɘɞɔɟŬűɘəɐ Ůˊɘůəɧˊɖůɖ Űɖɠ 

ůɡɛˊɨəɜɤůɖɠ ˊɎɜɤ ůŮ ŮˊɘűɎɜŮɘŮɠ. ȷɟɢɘəɎ ˊŮɟɘɔɟɎűŮŰŬɘ Űɞ űŬɘɜɧɛŮɜɞ Űɖɠ ˊɡɟɖɜɞˊɞɑɖůɖɠ ɛŮ 

Űɘɠ ɓŬůɘəɧŰŮɟɏɠ Űɖɠ ŮɝɘůɩůŮɘɠ əŬɘ ɏˊŮɘŰŬ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɞɘ ŭɨɞ Űɨˊɞɘ ůɡɛˊɨəɜɤůɖɠ, ɡˊɧ Űɖ 

ɛɞɟűɐ űɘɚɛ əŬɘ ɡˊɧ Űɖ ɛɞɟűɐ ůŰŬɔɧɜɤɜ, ɧˊɞɡ ˊŮɟɘɔɟɎűɞɜŰŬɘ ŰŬ ɘŭɘŬɑŰŮɟɎ Űɞɡɠ 

ɢŬɟŬəŰɖɟɘůŰɘəɎ əŬɗɩɠ əŬɘ ŰŬ ɛɞɜŰɏɚŬ ɛŮŰɎŭɞůɖɠ ɗŮɟɛɧŰɖŰŬɠ ́ ɞɡ ɏɢɞɡɜ ŬɜŬˊŰɡɢɗŮɑ ɔɘŬ ŬɡŰɎ.  

ɆŰɖ ůɡɜɏɢŮɘŬ Űɖɠ ɓɘɓɚɘɞɔɟŬűɘəɐɠ Ůˊɘůəɧˊɖůɖɠ ɔɘŬ Űɖ ůɡɛˊɨəɜɤůɖ, ˊŮɟɘɔɟɎűɞɜŰŬɘ ŭɘɎűɞɟŮɠ 

ɛɏɗɞŭɞɘ Ůɜɑůɢɡůɖɠ Űɖɠ ůɡɛˊɨəɜɤůɖɠ əŬŰɎ ůŰŬɔɧɜŮɠ əŬɘ Űɖɠ ɛŮŰɎŭɞůɖɠ ɗŮɟɛɧŰɖŰŬɠ, ůŮ 

ŮˊɑˊŮŭŮɠ, ɜŬɜɞŭɞɛɖɛɏɜŮɠ, ɘŮɟŬɟɢɘəɎ ŭɞɛɖɛɏɜŮɠ əŬɘ ŭɞɛɖɛɏɜŮɠ ŮˊɘűɎɜŮɘŮɠ ɛŮ ɏɔɢɡůɖ 

ɚɘˊŬɜŰɘəɞɨ, əŬɗɩɠ əŬɘ ɞɘ ˊŬɟɎɔɞɜŰŮɠ ˊɞɡ ɛˊɞɟɞɨɜ ɜŬ ɛŮɘɩůɞɡɜ Űɖɜ Ŭˊɧŭɞůɖ Űɖɠ ɛŮŰŬűɞɟɎɠ 

ɗŮɟɛɧŰɖŰŬɠ əŬŰɎ Űɖɜ ŬɚɚŬɔɐ űɎůɖɠ ůŮ ŬɡŰɏɠ Űɘɠ ŮˊɘűɎɜŮɘŮɠ. ɇɏɚɞɠ, ŬəɞɚɞɡɗŮɑ ɛɑŬ ŮəŰŮŰŬɛɏɜɖ 

ůɨɜɞɣɖ Űɤɜ ůɖɛŬɜŰɘəɧŰŮɟɤɜ ˊɟɞůˊŬɗŮɘɩɜ ˊɞɡ ɏɢɞɡɜ ɔɑɜŮɘ ɤɠ ˊɟɞɠ Űɖɜ Ůɜɑůɢɡůɖ Űɖɠ ɟɞɐɠ 

ɗŮɟɛɧŰɖŰŬɠ əŬɘ Űɖɠ Ŭɨɝɖůɖɠ Űɞɡ ůɡɜŰŮɚŮůŰɐ ɛŮŰɎŭɞůɖɠ ɗŮɟɛɧŰɖŰŬɠ, əŬɘ ˊŮɟɘɔɟɎűɞɜŰŬɘ ɞɘ 

ɓŬůɘəɧŰŮɟɞɘ ˊŬɟɎɔɞɜŰŮɠ ˊɞɡ ŮˊɖɟŮɎɕɞɡɜ Űɖ ɛŮŰŬűɞɟɎ ɗŮɟɛɧŰɖŰŬɠ əŬŰɎ Űɖɜ ŬɚɚŬɔɐ űɎůɖɠ.  

ɀɏɟɖ Űɞɡ ˊŬɟɧɜŰɞɠ əŮűŬɚŬɑɞɡ ɏɢɞɡɜ ŭɖɛɞůɘŮɡŰŮɑ ůŰɞ ˊŮɟɘɞŭɘəɧ Processes, ɛŮ ŰɑŰɚɞ:  

óA review of fabrication methods, properties and applications of superhydrophobic metalsô 

K Ellinas, P. Dimitrakelis, P. Sarkiris, E. Gogolides 

2.1. ȾŬŰŬůəŮɡɐ ɡˊŮɟɡŭɟɧűɞɓɤɜ ɛŮŰɎɚɚɤɜ 

ȼ əŬŰŬůəŮɡɐ ɛɘŬɠ ɡˊŮɟɡŭɟɧűɞɓɖɠ ŮˊɘűɎɜŮɘŬɠ ŬˊŬɘŰŮɑ: Ŭ) Űɖɜ ɨˊŬɟɝɖ ŭɞɛɩɜ ůŮ ɛɘəɟɞ əŬɘ ɜŬɜɞ 

əɚɑɛŬəŬ, ɏŰůɘ ɩůŰŮ ɞɘ ůŰŬɔɧɜŮɠ Űɞɡ ɜŮɟɞɨ ɜŬ ɏɢɞɡɜ ɛɘəɟɐ ŮˊŬűɐ ɛŮ Űɖɜ ŮˊɘűɎɜŮɘŬ əŬɘ ɓ) 

ɢŬɛɖɚɐ ŮˊɘűŬɜŮɘŬəɐ ŮɜɏɟɔŮɘŬ Űɞɡ ɡɚɘəɞɨ, ɩůŰŮ ɞɘ ŭɘŬɛɞɟɘŬəɏɠ ŭɡɜɎɛŮɘɠ ɛŮŰŬɝɨ ŮˊɘűɎɜŮɘŬɠ 

əŬɘ ɜŮɟɞɨ ɜŬ ŮɑɜŬɘ ɛŮɘɤɛɏɜŮɠ. ȾŬŰɎ ůɡɜɏˊŮɘŬ, ɖ ɡˊŮɟɡŭɟɞűɞɓɘəɧŰɖŰŬ ůŮ ɛŮŰŬɚɚɘəɏɠ 

ŮˊɘűɎɜŮɘŮɠ ɛˊɞɟŮɑ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ɛɏůɤ ŭɨɞ əɨɟɘɤɜ ˊɟɞůŮɔɔɑůŮɤɜ (ɆɢɐɛŬ 2.1). ȼ ˊɟɩŰɖ 

ŬˊɞŰŮɚŮɑ Űɖɜ Ůə Űɤɜ Ɏɜɤ ɐ Ŭɚɚɘɩɠ top-down ˊɟɞůɏɔɔɘůɖ, Ůɜɩ ɖ ŭŮɨŰŮɟɖ Űɖɜ Ůə Űɤɜ əɎŰɤ ɐ 

Ŭɚɚɘɩɠ bottom-up ˊɟɞůɏɔɔɘůɖ. ȳůɞɜ ŬűɞɟɎ Űɖɜ ˊɟɩŰɖ, ŬɡŰɐ ˊŮɟɘɚŬɛɓɎɜŮɘ Űɘɠ ɛŮɗɧŭɞɡɠ 

əŬŰŬůəŮɡɐɠ ɡˊŮɟɡŭɟɧűɞɓɤɜ ŮˊɘűŬɜŮɘɩɜ ɛɏůɤ ŬűŬɑɟŮůɖɠ ɡɚɘəɞɨ, ɔɘŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ 

əŬŰɎɚɚɖɚɤɜ ŭɞɛɩɜ, əŬɘ Űɖ ɛŮŰɏˊŮɘŰŬ ŮɜŬˊɧɗŮůɖ Ůɜɧɠ ɡŭɟɧűɞɓɞɡ ɡɛŮɜɑɞɡ ɔɘŬ Űɖ ɛŮɑɤůɖ Űɖɠ 

ŮˊɘűŬɜŮɘŬəɐɠ ŮɜɏɟɔŮɘŬɠ. ɇɞ ˊɎɢɞɠ Űɞɡ ɡɛŮɜɑɞɡ ˊɞɡ ŮɜŬˊɞŰɑɗŮŰŬɘ ˊɟɏˊŮɘ ɜŬ ŮɑɜŬɘ ŰɏŰɞɘɞ ɩůŰŮ 

ɜŬ ɛɖɜ ɡˊŮɟəŬɚɨˊŰɞɜŰŬɘ ɞɘ ŭɞɛɏɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ŬɚɚɎ əŬɘ ŰŬɡŰɧɢɟɞɜŬ ɜŬ ŮɑɜŬɘ ŮˊŬɟəɩɠ 

ɛŮɔɎɚɞ ɩůŰŮ ɡˊɎɟɢŮɘ ɞɛɞɘɞɔŮɜɐɠ əɎɚɡɣɖ Űɤɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ɔɘŬ Űɖɜ 

Ŭˊɞűɡɔɐ ŬŰŮɚŮɘɩɜ əŬɘ ŬˊɞəɞɚɚɐůŮɤɜ. 

ȼ ŭŮɨŰŮɟɖ ˊɟɞůɏɔɔɘůɖ, ŬɜŰɑɗŮŰŬ, ŬűɞɟɎ Űɖ ŭɖɛɘɞɡɟɔɑŬ ɡˊŮɟɡŭɟɧűɞɓɤɜ ŮˊɘűŬɜŮɘɩɜ ɛɏůɤ 

ŮɜŬˊɧɗŮůɖɠ Ůɜɧɠ ɡɛŮɜɑɞɡ ɢŬɛɖɚɐɠ ŮˊɘűŬɜŮɘŬəɐɠ ŮɜɏɟɔŮɘŬɠ ůŮ ɏɜŬ ŬɟɢɘəɎ ŮˊɑˊŮŭɞ ɛŮŰŬɚɚɘəɧ 

ɡˊɧůŰɟɤɛŬ. ɇɞ ɡɛɏɜɘɞ ŬɡŰɧ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ɡˊŮɟɡŭɟɧűɞɓɞ ŮɝŬɟɢɐɠ ɐ ɛˊɞɟŮɑ ɜŬ ɛŮŰŬŰɟŬˊŮɑ 

ůŮ ɡˊŮɟɡŭɟɧűɞɓɞ ɛɏůɤ ŭɖɛɘɞɡɟɔɑŬɠ ŭɞɛɩɜ ˊɎɜɤ ůŮ ŬɡŰɧ.    
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ɆɢɐɛŬ 2.1. Ⱥˊɘůəɧˊɖůɖ Űɤɜ ɛŮɗɧŭɤɜ əŬŰŬůəŮɡɐɠ ɔɘŬ Űɖ ɛŮŰŬŰɟɞˊɐ ɛŮŰŬɚɚɘəɩɜ ŮˊɘűŬɜŮɘɩɜ ůŮ 

ɡˊŮɟɡŭɟɧűɞɓŮɠ.  

ɈˊɎɟɢɞɡɜ ŭɘɎűɞɟŮɠ ɛɏɗɞŭɞɘ ɔɘŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ ɛɞɟűɞɚɞɔɘɩɜ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɤɜ ɛŮŰɎɚɚɤɜ 

ˊɞɡ ŮɑɜŬɘ əŬŰɎɚɚɖɚŮɠ ɔɘŬ Űɖɜ ŮˊɑŰŮɡɝɖ ɡˊŮɟɡŭɟɞűɞɓɘəɧŰɖŰŬɠ. Ƀɘ ɛɏɗɞŭɞɘ ŬɡŰɏɠ ɛˊɞɟɞɨɜ ɜŬ 

ɢɤɟɘůŰɞɨɜ ůŮ ɡɔɟɏɠ, ɧˊɤɠ ŮɑɜŬɘ ɖ ɡɔɟɐ ŮɔɢɎɟŬɝɖ əŬɘ ɖ ůɨɜɗŮůɖ Ŭˊɧ Űɖɜ ɡɔɟɐ űɎůɖ, ůŮ ɝɖɟɏɠ, 

ˊɞɡ ˊŮɟɘɚŬɛɓɎɜɞɡɜ Űɖɜ ŮɔɢɎɟŬɝɖ əŬɘ ůɨɜɗŮůɖ ɛŮ Űɖ ɢɟɐůɖ ˊɚɎůɛŬŰɞɠ, əŬɘ Űɖɜ ŮɔɢɎɟŬɝɖ 

ɛɏůɤ ɚɏɘɕŮɟ, əŬɘ Űɏɚɞɠ ůŮ ɖɚŮəŰɟɞɢɖɛɘəɏɠ, ˊɞɡ ˊŮɟɘɚŬɛɓɎɜɞɡɜ Űɖɜ Ŭɜɞŭɘəɐ ɞɝŮɑŭɤůɖ. ȼ 

ɛŮɑɤůɖ Űɖɠ ŮˊɘűŬɜŮɘŬəɐɠ ŮɜɏɟɔŮɘŬɠ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɛɏůɤ ŮɜŬˊɧɗŮůɖɠ, ůŰɖ ŭɞɛɖɛɏɜɖ 

ŮˊɘűɎɜŮɘŬ, Ůɜɧɠ ɡŭɟɧűɞɓɞɡ ɡɛŮɜɑɞɡ ɢŬɛɖɚɐɠ ŮˊɘűŬɜŮɘŬəɐɠ ŮɜɏɟɔŮɘŬɠ. ɇŬ ɡɛɏɜɘŬ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬ ŬɡŰɧɜ Űɞɜ ůəɞˊɧ ŮɜŬˊɞŰɑɗŮɜŰŬɘ ŮɑŰŮ ɛɏůɤ ɛŮɗɧŭɤɜ ɝɖɟɐɠ ŮɜŬˊɧɗŮůɖɠ, 

ɧˊɤɠ ŮɑɜŬɘ ɖ ɢɖɛɘəɐ ŮɜŬˊɧɗŮůɖ ŬŰɛɩɜ (CVD) əŬɘ ɞ ˊɞɚɡɛŮɟɘůɛɧɠ ɛɏůɤ ˊɚɎůɛŬŰɞɠ, ŮɑŰŮ ɛɏůɤ 

ɡɔɟɩɜ ɛŮɗɧŭɤɜ, ɧˊɤɠ ŮɑɜŬɘ ɖ ŮɛɓɎˊŰɘůɖ əŬɘ ɖ ŮˊɑůŰɟɤůɖ Ůə ˊŮɟɘůŰɟɞűɐɠ (spin coating).  ȼ 

əŬŰŬůəŮɡɐ ɡˊŮɟɡŭɟɧűɞɓɤɜ ɛŮŰŬɚɚɘəɩɜ ŮˊɘűŬɜŮɘɩɜ ɛɏůɤ Űɖɠ ŭŮɨŰŮɟɖɠ ˊɟɞůɏɔɔɘůɖɠ, ŭɖɚŬŭɐ 

Űɖɠ ŮɜŬˊɧɗŮůɖɠ Ůɜɧɠ ɡˊŮɟɡŭɟɧűɞɓɞɡ ŭɞɛɖɛɏɜɞɡ ɡɛŮɜɑɞɡ ɛŮɔɎɚɞɡ ˊɎɢɞɡɠ, ɛˊɞɟŮɑ ɜŬ 

ˊɟŬɔɛŬŰɞˊɞɘɖɗŮɑ ɛɏůɤ Űɤɜ ŰŮɢɜɘəɩɜ ŮˊɑůŰɟɤůɖɠ ɛɏůɤ ɣŮəŬůɛɞɨ (spray coating), 

ɖɚŮəŰɟɞůŰŬŰɘəɐɠ ɘɜɞˊɞɑɖůɖɠ, ɖɚŮəŰɟɞŮɜŬˊɧɗŮůɖɠ əŬɗɩɠ əŬɘ Űɖɠ ŰŮɢɜɘəɐɠ sol-gel. 

2.1.1. ɈˊŮɟɡŭɟɞűɞɓɘəɧŰɖŰŬ ɛŮŰɎɚɚɤɜ ɛɏůɤ ŭɖɛɘɞɡɟɔɑŬɠ ɘŮɟŬɟɢɘəɐɠ 

ɛɞɟűɞɚɞɔɑŬɠ  

2.1.1.1. Ɉɔɟɏɠ ɛɏɗɞŭɞɘ 

Ƀɘ ɡɔɟɏɠ ɛɏɗɞŭɞɘ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ ŰɟŬɢɨŰɖŰŬɠ ůŮ ɛŮŰŬɚɚɘəɏɠ ŮˊɘűɎɜŮɘŮɠ 

ɛɏůɤ Űɖɠ ɢɟɐůɖɠ ɘůɢɡɟɩɜ ɢɖɛɘəɩɜ ŮɔɢŬɟŬəŰɩɜ. ɇɏŰɞɘɞɘ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ɘůɢɡɟɎ ɞɝɏŬ ɧˊɤɠ, Űɞ 

ɡŭɟɞɢɚɤɟɘəɧ ɞɝɨ30,31 ɘůɢɡɟɏɠ ɓɎůŮɘɠ ɧˊɤɠ Űɞ NaOH32 ɐ ŬəɧɛŬ ɛˊɞɟŮɑ ɜŬ ˊŮɟɘɚŬɛɓɎɜɞɡɜ 

ŭɘŬŭɘəŬůɑŮɠ ŬɜɎˊŰɡɝɖɠ ŭɞɛɩɜ, ɧˊɤɠ ɖ ɓɞɖɛɘŰɞˊɞɑɖůɖ.33 ɇɞ ůŰɎŭɘɞ Űɖɠ ŮɔɢɎɟŬɝɖɠ 

ŬəɞɚɞɡɗŮɑŰŬɘ Ŭˊɧ Űɖɜ ŮɜŬˊɧɗŮůɖ Ůɜɧɠ ɡɛŮɜɑɞɡ ɢŬɛɖɚɐɠ ŮˊɘűŬɜŮɘŬəɐɠ ŮɜɏɟɔŮɘŬɠ, ɧˊɤɠ Űɞ 

ˊɞɚɡŰŮŰɟŬűɗɞɟɞŬɘɗɡɚɏɜɘɞ (PTFE) ɐ ɎɚɚŮɠ űɗɞɟɘɤɛɏɜŮɠ ŮɜɩůŮɘɠ. Ƀɘ ɡɔɟɏɠ ɛɏɗɞŭɞɘ 

əŬŰɖɔɞɟɘɞˊɞɘɞɨɜŰŬɘ ˊŮɟŮŰŬɑɟɤ ůŮ (Ŭ) ŬűŬɘɟŮŰɘəɏɠ ɛŮɗɧŭɞɡɠ (ŮɔɢɎɟŬɝɖ ɛŮ FeCl3 ɐ HCl) əŬɘ 

(ɓ) ůŮ ɛŮɗɧŭɞɡɠ ůɨɜɗŮůɖɠ (ɡŭɟɞɗŮɟɛɘəɐ əŬɘ ɗŮɟɛɘəɐ ůɨɜɗŮůɖ) 

a) Ɉɔɟɐ ŮɔɢɎɟŬɝɖ 

ȼ ŮɔɢɎɟŬɝɖ ŬˊɞŰŮɚŮɑ ɞɡůɘŬůŰɘəɎ ɛɘŬ ŭɘŬŭɘəŬůɑŬ ŮɚŮɔɢɧɛŮɜɖɠ ŭɘɎɓɟɤůɖɠ ˊɞɡ ˊɟɞəɨˊŰŮɘ Ŭˊɧ 

Űɖɜ ɖɚŮəŰɟɞɚɡŰɘəɐ ŭɟɎůɖ ɛŮŰŬɝɨ ˊŮɟɘɞɢɩɜ ŮˊɘűŬɜŮɑŬɠ ŭɘŬűɞɟŮŰɘəɞɨ ŭɡɜŬɛɘəɞɨ ůŮ ŭɞɛɘəɏɠ 

ŭɘŬəɡɛɎɜůŮɘɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ŭŮɑɔɛŬŰɞɠ. ȼ ɖɚŮəŰɟɞɚɡŰɘəɐ ŭɟŬůŰɖɟɘɧŰɖŰŬ ˊɟɞəɨˊŰŮɘ Ŭˊɧ 
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ŰɞˊɘəɎ űɡůɘəɏɠ ɐ ɢɖɛɘəɏɠ ŮŰŮɟɞɔɏɜŮɘŮɠ ˊɞɡ əŬɗɘůŰɞɨɜ ɞɟɘůɛɏɜŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ ŬɜɞŭɘəɎ əŬɘ 

ɎɚɚŬ əŬɗɞŭɘəɎ, ɡˊɧ ůɡɔəŮəɟɘɛɏɜŮɠ ůɡɜɗɐəŮɠ ŮɔɢɎɟŬɝɖɠ. 

Ƀɘ ˊŮɟɘůůɧŰŮɟɞɘ ɔɜɤůŰɞɑ ɢɖɛɘəɞɑ ŮɔɢŬɟɎəŰŮɠ ɏɢɞɡɜ ŰɟɑŬ ɓŬůɘəɎ ůŰɞɘɢŮɑŬ: Űɞɜ ŭɘŬɓɟɤŰɘəɧ 

ˊŬɟɎɔɞɜŰŬ (ɧˊɤɠ ɡŭɟɞɢɚɤɟɘəɧ, ɗŮɘɘəɧ, űɤůűɞɟɘəɧ ɐ ɞɝɘəɧ ɞɝɨ) ɏɜŬɜ ŰɟɞˊɞˊɞɘɖŰɐ (ɧˊɤɠ 

Ŭɚəɞɧɚɖ ɐ ɔɚɡəŮɟɑɜɖ) ˊɞɡ ɛŮɘɩɜŮɘ Űɞɜ ɘɞɜɘůɛɧ, əŬɘ ɏɜŬɜ ɞɝŮɘŭɤŰɘəɧ ˊŬɟɎɔɞɜŰŬ (ɧˊɤɠ 

ɡˊŮɟɞɝŮɑŭɘɞ Űɞɡ ɡŭɟɞɔɧɜɞɡ, Fe3+ ɐ Cu2+). ɆŮ ɞɟɘůɛɏɜɞɡɠ ŮɔɢŬɟɎəŰŮɠ ɏɜŬ Ŭˊɧ ŬɡŰɎ ŰŬ ůŰɞɘɢŮɑŬ 

ŮɝɡˊɖɟŮŰŮɑ ŭɨɞ Ŭˊɧ Űɘɠ ɚŮɘŰɞɡɟɔɑŮɠ, ɧˊɤɠ Űɞ ɜɘŰɟɘəɧ ɞɝɨ ůŰɞ ŭɘɎɚɡɛŬ ɜɘŰɟɘəɞɨ ɞɝɏɞɠ əŬɘ 

Ŭɚəɞɧɚɖɠ (Nital). ɆŰɞɡɠ ɖɚŮəŰɟɞɚɡŰɘəɞɨɠ ŮɔɢŬɟɎəŰŮɠ, Űɞ ŮűŬɟɛɞɕɧɛŮɜɞ ɟŮɨɛŬ ɚŮɘŰɞɡɟɔŮɑ ɤɠ 

ɞɝŮɘŭɤŰɘəɧɠ ˊŬɟɎɔɞɜŰŬɠ. ȺˊŮɘŭɐ ɖ ŮɔɢɎɟŬɝɖ ˊŮɟɘɚŬɛɓɎɜŮɘ ŮɚŮɔɢɧɛŮɜɖ ŭɘɎɚɡůɖ, ɖ ɞɝŮɑŭɤůɖ 

ˊɟɏˊŮɘ ɜŬ ŮɚɏɔɢŮŰŬɘ. Ƀ ɞɝŮɘŭɤŰɘəɧɠ ˊŬɟɎɔɞɜŰŬɠ ˊŬɟɏɢŮɘ ŬɡŰɧɜ Űɞɜ ɏɚŮɔɢɞ ŬˊɞɟɟɞűɩɜŰŬɠ 

ɖɚŮəŰɟɧɜɘŬ. ɀɘəɟɏɠ ŬɚɚŬɔɏɠ ůŰɖɜ ɞɝŮɘŭɤŰɘəɐ ɘůɢɨ Ůɜɧɠ ŬɜŰɘŭɟŬůŰɖɟɑɞɡ ɛˊɞɟɞɨɜ ɜŬ ŬɚɚɎɝɞɡɜ 

ůɖɛŬɜŰɘəɎ Űɞɜ ɟɡɗɛɧ ŭɘɎɚɡůɖɠ.34 

ɆŰŬ əŬɗŬɟɎ ɛɏŰŬɚɚŬ əŬɘ ŰŬ ɛɞɜɞűŬůɘəɎ əɟɎɛŬŰŬ, ŭɖɛɘɞɡɟɔŮɑŰŬɘ ɏɜŬ ŭɡɜŬɛɘəɧ ɛŮŰŬɝɨ Űɤɜ 

ŭɘŬűɞɟŮŰɘəɎ ˊɟɞůŬɜŬŰɞɚɘůɛɏɜɤɜ əɧəəɤɜ, Űɤɜ ɞɟɑɤɜ Űɤɜ əɧəəɤɜ, əŬɘ ɛŮŰŬɝɨ Űɤɜ ˊɟɞůɛɑɝŮɤɜ 

əŬɘ Űɖɠ ɛɐŰɟŬɠ ɐ, ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ ɛɞɜɞűŬůɘəɩɜ əɟŬɛɎŰɤɜ, ɛŮŰŬɝɨ Űɤɜ ɓŬɗɛɑŭɤɜ 

ůɡɔəɏɜŰɟɤůɖɠ. ɆŰŬ ŭɘűŬůɘəɎ ɐ ˊɞɚɡűŬůɘəɎ əɟɎɛŬŰŬ, ɡˊɎɟɢɞɡɜ ŭɘŬűɞɟɏɠ ŭɡɜŬɛɘəɞɨ ɛŮŰŬɝɨ 

Űɤɜ űɎůŮɤɜ ŭɘŬűɞɟŮŰɘəɐɠ ůɨɜɗŮůɖɠ. ȷɡŰɏɠ ɞɘ ŭɘŬűɞɟɏɠ ŭɡɜŬɛɘəɞɨ ŮɑɜŬɘ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɩůŰŮ ɜŬ ˊɟɞəɚɖɗŮɑ ɖ ŮɚŮɔɢɧɛŮɜɖ ŮɔɢɎɟŬɝɖ Űɞɡ ɡɚɘəɞɨ. 

ȼ ɛɘəɟɞŭɞɛɐ ŬˊɞəŬɚɨˊŰŮŰŬɘ ɛɏůɤ Űɖɠ ŮˊɘɚŮəŰɘəɐɠ ŭɘɎɚɡůɖɠ Űɖɠ ŭɞɛɐɠ, ɝŮəɘɜɩɜŰŬɠ Ŭˊɧ Űɖɜ 

ŮˊɘűɎɜŮɘŬ əŬɘ ˊɟɞɢɤɟɩɜŰŬɠ ˊɟɞɠ ŰŬ ɛɏůŬ. Ƀɘ ŭɘŬűɞɟɏɠ ůŰɞ ɟɡɗɛɧ ŮɔɢɎɟŬɝɖɠ ŬˊɞəŬɚɨˊŰɞɡɜ 

Űɖ ŭɞɛɐ. ɆŮ ɏɜŬ əɟɎɛŬ ŭɨɞ űɎůŮɤɜ, Űɞ ŭɡɜŬɛɘəɧ Űɖɠ ɛɘŬɠ űɎůɖɠ ŮɑɜŬɘ ɡɣɖɚɧŰŮɟɞ Ŭˊɧ ŬɡŰɧ 

Űɖɠ Ɏɚɚɖɠ űɎůɖɠ, ŭɖɚŬŭɐ ɖ ɛɑŬ ŮɑɜŬɘ Ŭɜɞŭɘəɐ ůŮ ůɢɏůɖ ɛŮ Űɖɜ Ɏɚɚɖ (əŬɗɞŭɘəɐ). ȾŬŰɎ Űɖɜ 

ŮɔɢɎɟŬɝɖ, ɖ ˊɘɞ ɖɚŮəŰɟɞɗŮŰɘəɐ Ŭɜɞŭɘəɐ űɎůɖ ˊɟɞůɓɎɚɚŮŰŬɘ ˊŮɟɘůůɧŰŮɟɞ Ŭˊɧ Űɞɜ ŮɔɢŬɟɎɢŰɖ 

Ůɜɩ ɖ ɖɚŮəŰɟŬɟɜɖŰɘəɐ əŬɗɞŭɘəɐ űɎůɖ ŭŮɜ ˊɟɞůɓɎɚɚŮŰŬɘ ŬɘůɗɖŰɎ. ȾŬɗɩɠ ɖ ŭɘŬűɞɟɎ 

ŭɡɜŬɛɘəɞɨ ɛŮŰŬɝɨ Űɤɜ ŭɨɞ űɎůŮɤɜ ŬɡɝɎɜŮŰŬɘ, ŬɡɝɎɜŮŰŬɘ əŬɘ ɞ ɟɡɗɛɧɠ ŮɔɢɎɟŬɝɖɠ. ȰŰůɘ,  ɚɧɔɤ 

Űɞɡ ɡɣɖɚɞɨ ŭɡɜŬɛɘəɞɨ ɛŮŰŬɝɨ Űɤɜ ŭɘŬűɞɟŮŰɘəɩɜ űɎůŮɤɜ, ŰŬ ŭɘűŬůɘəɎ əɟɎɛŬŰŬ ůɡɜɐɗɤɠ 

ŮɔɢŬɟɎůůɞɜŰŬɘ ɛŮ ɛŮɔŬɚɨŰŮɟɞ ɟɡɗɛɧ Ŭˊɧ ŰŬ əŬɗŬɟɎ ɛɏŰŬɚɚŬ ɐ ŰŬ ɛɞɜɞűŬůɘəɎ əɟɎɛŬŰŬ. 

ɇŬ ɛŮŰŬɚɚɘəɎ ɡˊɞůŰɟɩɛŬŰŬ ŮɔɢŬɟɎůůɞɜŰŬɘ ůɡɜɐɗɤɠ ɛɏůɤ Űɞɡ ɛɖɢŬɜɘůɛɞɨ Űɖɠ ŮˊɘɚŮəŰɘəɐɠ 

ŮɔɢɎɟŬɝɖɠ ŬŰŮɚŮɘɩɜ ɛŮŰŬŰɧˊɘůɖɠ (dislocation selective etching), əŬŰɎ Űɞɜ ɞˊɞɑɞ ɧŰŬɜ ɞ 

ŮɔɢŬɟɎəŰɖɠ ɏɟɗŮɘ ůŮ ŮˊŬűɐ ɛŮ Űɞ ɛɏŰŬɚɚɞ ůɢɖɛŬŰɑɕŮɘ ɛɑŬ əɞɘɚɧŰɖŰŬ ůŰɖɜ ˊŮɟɘɞɢɐ Űɖɠ 

ŬŰɏɚŮɘŬɠ. ɇɞ ůɢɐɛŬ əɎɗŮ əɞɘɚɧŰɖŰŬɠ əŬɗɞɟɑɕŮŰŬɘ Ŭˊɧ Űɖɜ ŬɜŬɚɞɔɑŬ Űɖɠ ˊɚŮɡɟɘəɐɠ ɛŮŰŬŰɧˊɘůɖɠ 

Űɤɜ ɓŬɗɛɑŭɤɜ Űɖɠ ŮˊɘűɎɜŮɘŬɠ (vj) ˊɟɞɠ Űɞɜ ɟɡɗɛɧ ɛŮ Űɞɜ ɞˊɞɑɞ ɖ əɞɘɚɧŰɖŰŬ ɓŬɗŬɑɜŮɘ (vn). ȺɎɜ 

ɞ ɚɧɔɞɠ vi/vn ŮɑɜŬɘ ɛɘəɟɧɠ, ŭɖɚŬŭɐ ɛɘəɟɧŰŮɟɞɠ Űɞɡ 10, ˊɟɞəɨˊŰŮɘ ɛɑŬ əŬɚɎ əŬɗɞɟɘůɛɏɜɖ 

ŰŮŰɟŬɔɤɜɘəɐ əɞɘɚɧŰɖŰŬ.34   

ɀɑŬ əɞɘɜɐ ŬűŬɘɟŮŰɘəɐ ɛɏɗɞŭɞɠ ɡɔɟɐɠ ŮɔɢɎɟŬɝɖɠ ŬŰŮɚŮɘɩɜ ɛŮŰŬŰɧˊɘůɖɠ ŬˊɞŰŮɚŮɑ ɖ ɢɟɐůɖ 

Űɟɘɢɚɤɟɘɞɨɢɞɡ ůɘŭɐɟɞɡ FeCl3 ɔɘŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ ŭɞɛɩɜ ůŮ ŮˊɘűɎɜŮɘŮɠ Ŭɚɞɡɛɘɜɑɞɡ. 

ɉŬɟŬəŰɖɟɘůŰɘəɧ ˊŬɟɎŭŮɘɔɛŬ ŬˊɞŰŮɚŮɑ ɖ ŮɟɔŬůɑŬ Űɤɜ Maitra et al.35 ɞɘ ɞˊɞɑɞɘ əŬŰŬůəŮɨŬůŬɜ 

ɡˊŮɟɡŭɟɧűɞɓŮɠ ŮˊɘűɎɜŮɘŮɠ ˊɞɡ ŮˊɘŭŮɘəɜɨɞɡɜ ɢɖɛɘəɐ ůŰŬɗŮɟɧŰɖŰŬ əŬɘ ŬɜŰɞɢɐ ůŮ ɛɖɢŬɜɘəɏɠ 

əŬŰŬˊɞɜɐůŮɘɠ, ɛɏůɤ ŮɜŬˊɧɗŮůɖɠ ŭɘŬűɧɟɤɜ ɡŭɟɧűɞɓɤɜ ɡɛŮɜɑɤɜ (ŬɡŰɧ-ɞɟɔŬɜɩɛŮɜŬ 

ɛɞɜɞůŰɟɩɛŬŰŬ, ɚŮˊŰɎ ɡɛɏɜɘŬ, ɜŬɜɞ-ɘɜɞŮɘŭŮɑɠ ŮˊɘəŬɚɨɣŮɘɠ) ůŮ ɘŮɟŬɟɢɘəɎ ŭɞɛɖɛɏɜɞ ɡˊɧůŰɟɤɛŬ 

Ŭɚɞɡɛɘɜɑɞɡ ˊɞɡ ɏɢŮɘ ŮɔɢŬɟŬɢɗŮɑ ɛŮ  FeCl3. ȼ ɑŭɘŬ ɞɛɎŭŬ ɢɟɖůɘɛɞˊɞɑɖůŮ ŬɡŰɏɠ Űɘɠ ŮˊɘűɎɜŮɘŮɠ 

ɔɘŬ Űɖɜ ŮˊɑŰŮɡɝɖ ůɡɛˊɨəɜɤůɖɠ əŬŰɎ ůŰŬɔɧɜŮɠ ůŮ ŮűŬɟɛɞɔɏɠ ɛŮŰɎŭɞůɖɠ ɗŮɟɛɧŰɖŰŬɠ əŬŰɎ Űɖɜ 

ŬɚɚŬɔɐ űɎůɖɠ ŬŰɛɞɨ.36 Ƀɘ J. Song et al.37 ɢɟɖůɘɛɞˊɞɑɖůŬɜ ɡŭŬŰɘəɧ ŭɘɎɚɡɛŬ ŭɘɢɚɤɟɘɞɨɢɞɡ 

ɢŬɚəɞɨ (CuCl2) ɔɘŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ ŰɟŬɢɨŰɖŰŬɠ ůŮ ɡˊɧůŰɟɤɛŬ Ŭɚɞɡɛɘɜɑɞɡ, ŬəɞɚɞɡɗɞɨɛŮɜɖɠ 

Ŭˊɧ Űɟɞˊɞˊɞɑɖůɖ ɛŮ ŰɟɘŭŮəŬűɗɞɟɞɞəŰɡɚɞ ŰɟɘŬɘɗɞɝɡůɘɚɎɜɘɞ (FAS).  
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Ƀ Parin əŬɘ ɞɘ ůɡɜŮɟɔɎŰŮɠ Űɞɡ əŬŰŬůəŮɨŬůŬɜ ɡˊŮɟɡŭɟɧűɞɓŮɠ ŮˊɘűɎɜŮɘŮɠ Ŭɚɞɡɛɘɜɑɞɡ 

ůɡɜŭɡɎɕɞɜŰŬɠ ŮˊɑůŰɟɤůɖ űɗɞɟɞůɘɚŬɜɑɞɡ əŬɘ ɢɖɛɘəɐ ŮɔɢɎɟŬɝɖ Űɟɘɩɜ ŭɘŬűɞɟŮŰɘəɩɜ 

ŮɔɢŬɟŬəŰɩɜ, AlCl3, FeCl3 əŬɘ CuCl2. ȼ ŮɟɔŬůɑŬ ŬɡŰɐ ŭŮɑɢɜŮɘ ɧŰɘ ˊŬɟɧŰɘ ɧɚŮɠ ɞɘ ŮˊɘűɎɜŮɘŮɠ 

ɏɔɘɜŬɜ ɡˊŮɟɡŭɟɧűɞɓŮɠ ɛŮŰɎ Ŭˊɧ Űɖɜ ŮɜŬˊɧɗŮůɖ Űɞɡ Űɟɘɢɚɤɟɞ(1ȼ,1ȼ,2ȼ,2ȼ-

ɡˊŮɟűɗɞɟɞɞəŰɡɚ)ůɘɚɎɜɘɞɡ (FOTS), ɖ ŰɞˊɞɔɟŬűɑŬ Űɞɡɠ ŭɘŬűɏɟŮɘ əŬɘ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞɜ 

ŮɔɢŬɟɎəŰɖ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ  (ɆɢɐɛŬ 2.2).38 

 

ɆɢɐɛŬ 2.2. ȺɘəɧɜŮɠ SEM ŮɔɢŬɟŬɔɛɏɜɞɡ Ŭɚɞɡɛɘɜɑɞɡ (a) ȹŮɑɔɛŬ #1 ɛŮŰɎ Ŭˊɧ ŮɛɓɎˊŰɘůɖ ůŮ AlCl3, 

(b) ȹŮɑɔɛŬ #2 ɛŮŰɎ Ŭˊɧ ŮɛɓɎˊŰɘůɖ ůŮ FeCl3 əŬɘ (c) ȹŮɑɔɛŬ #3 ɛŮŰɎ Ŭˊɧ ŮɛɓɎˊŰɘůɖ ůŮ CuCl2 əŬɘ 

ŮɜŬˊɧɗŮůɖ FOTS. 38 

Ƀɘ Saleema et al. 39 Ŭˊɧ Űɖɜ Ɏɚɚɖ, ɢɟɖůɘɛɞˊɞɑɖůŬɜ əŬɡůŰɘəɧ ɜɎŰɟɘɞ (NaOH) ɔɘŬ ŮɔɢɎɟŬɝɖ, 

əŬɘ űɗɞɟɞŬɚəɡɚɞ-ůɘɚɎɜɘɞ (FAS-17, C16H19F17O3Si)) ɔɘŬ ɛŮɑɤůɖ Űɖɠ ŮˊɘűŬɜŮɘŬəɐɠ ŮɜɏɟɔŮɘŬɠ, 

əŬŰŬůəŮɡɎɕɞɜŰŬɠ ɏŰůɘ ɡˊŮɟɡŭɟɧűɞɓɞ Ŭɚɞɡɛɑɜɘɞ AA6061 ɛŮ ɔɤɜɑŬ ŮˊŬűɐɠ Ḑ162Á əŬɘ 

ɡůŰɏɟɖůɖ ˊŮɟɑˊɞɡ 4Á. Ƀɘ Zhexin Lv et al. ŭɞəɑɛŬůŬɜ ɛɑŬ ŮɜŬɚɚŬəŰɘəɐ ɛɏɗɞŭɞ ŭɨɞ-ɓɖɛɎŰɤɜ 

ɔɘŬ Űɖɜ əŬŰŬůəŮɡɐ ɘŮɟŬɟɢɘəɩɜ ɡˊŮɟŬɛűɑűɞɓɤɜ ŮˊɘűŬɜŮɘɩɜ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ŮˊɑůŰɟɤůɖ 

ˊɞɚɡŰŮŰɟŬűɗɞɟɞŬɘɗɡɚŮɜɑɞɡ (PTFE) /ɞɝŮɘŭɑɞɡ Űɞɡ ɢŬɚəɞɨ (CuO) ůŮ ɡˊɧůŰɟɤɛŬ Ŭɚɞɡɛɘɜɑɞɡ 

6061. ũɘŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ ŰɟŬɢɨŰɖŰŬɠ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ Űɟɑɣɘɛɞ ɛŮ ɔɡŬɚɧɢŬɟŰɞ əŬɘ ŮɔɢɎɟŬɝɖ 

ɛŮ NaOH. ɆŰɖ ůɡɜɏɢŮɘŬ ɏɔɘɜŮ ŮɛɓɎˊŰɘůɖ Űɞɡ ŭŮɑɔɛŬŰɞɠ ůŮ ɔŬɚɎəŰɤɛŬ 5% PTFE, 0.2 ɀ CuSO4 

əŬɘ 0.02ɀ NaCl ́ ɞɡ ŬəɞɚɞɡɗɐɗɖəŮ Ŭˊɧ ɗŮɟɛɘəɐ ɞɝŮɑŭɤůɖ ůŰɞɡɠ 380o C ɔɘŬ 30 ɚŮˊŰɎ. ɀŮ Űɞɜ 

Űɟɧˊɞ ŬɡŰɧ əŬŰŬůəŮɨŬůŬɜ ɏɜŬ ůɨɜɗŮŰɞ ɡɛɏɜɘɞ PTFE/CuO Űɞ ɞˊɞɑɞ, ůŮ ůɡɜŭɡŬůɛɧ ɛŮ Űɖ 
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ŰɟŬɢɨŰɖŰŬ, ɛŮŰɏŰɟŮɣŮ Űɖɜ ŮˊɘűɎɜŮɘŬ ůŮ Ŭɛűɑűɞɓɖ ɏɜŬɜŰɘ ŭɘŬűɧɟɤɜ ɡɔɟɩɜ 

ůɡɛˊŮɟɘɚŬɛɓŬɜɞɛɏɜɤɜ ɧɝɘɜɤɜ əŬɘ ŬɚəŬɚɘəɩɜ ŭɘŬɚɡɛɎŰɤɜ.40 

ɇɞ ɡŭɟɞɢɚɤɟɘəɧ ɞɝɨ (HCl) ŮɑɜŬɘ Ůˊɑůɖɠ ɏɜŬɠ ůɡɢɜɧɠ ŮɔɢŬɟɎəŰɖɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ Űɖ 

ŭɖɛɘɞɡɟɔɑŬ ŰɟŬɢɨŰɖŰŬɠ ůŮ ɛɏŰŬɚɚŬ. ɉŬɟŬəŰɖɟɘůŰɘəɐ ŮɑɜŬɘ ɖ ŭɞɡɚŮɘɎ Űɤɜ Chen et al.41 ɞɘ ɞˊɞɑɞɘ 

əŬŰŬůəŮɨŬůŬɜ ɡˊŮɟɡŭɟɧűɞɓŮɠ ŮˊɘűɎɜŮɘŮɠ Ŭɚɞɡɛɘɜɑɞɡ əŬɘ ɣŮɡŭŬɟɔɨɟɞɡ ɛŮ ŬɝɘɞůɖɛŮɑɤŰɖ 

ŬɜŰɞɢɐ ůŮ ɧɝɘɜŬ əŬɘ ŬɚəŬɚɘəɎ ŭɘŬɚɨɛŬŰŬ. ȼ ŭɖɛɘɞɡɟɔɑŬ ŰɞˊɞɔɟŬűɑŬɠ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɛɏůɤ 

Űɖɠ ŮɔɢɎɟŬɝɖɠ ɛŮ ɡŭɟɞɢɚɤɟɘəɧ ɞɝɨ, Ůɜɩ ɖ ɛŮɑɤůɖ Űɖɠ ŮˊɘűŬɜŮɘŬəɐɠ ŮɜɏɟɔŮɘŬɠ ɏɔɘɜŮ ɛŮ 2.0 

wt% űɗɞɟɞŬɚəɡɚɞ-ůɘɚɎɜɘɞ FAS. Ƀɘ ŮˊɘűɎɜŮɘŮɠ ŭɘŬŰɐɟɖůŬɜ Űɖɜ ɡɣɖɚɐ ɔɤɜɑŬ ŮˊŬűɐɠ Űɤɜ 150Á 

ɛŮ ůŰŬɔɧɜŮɠ Űɤɜ ɞˊɞɑɤɜ Űɞ pH əɡɛŬɘɜɧŰŬɜ ɛŮŰŬɝɨ 1 əŬɘ 14. ɆŰɞ ɆɢɐɛŬ 2.3 ˊŬɟɞɡůɘɎɕɞɜŰŬɘ 

ŮɘəɧɜŮɠ SEM Űɤɜ ŰɞˊɞɔɟŬűɘɩɜ ˊɞɡ ɏɢɞɡɜ ˊɟɞəɨɣŮɘ Ŭˊɧ ŭɘŬűɞɟŮŰɘəɞɨɠ ɢɟɧɜɞɡɠ ůŰɞ 

ɡŭɟɞɢɚɤɟɘəɧ ɞɝɨ. 

ɄɏɟŬɜ Ŭˊɧ Űɞ Ŭɚɞɡɛɑɜɘɞ əŬɘ Űɞɜ ɣŮɡŭɎɟɔɡɟɞ, ˊɞɚɚɞɑ ŮɟŮɡɜɖŰɏɠ ɏɢɞɡɜ əŬŰŬůəŮɡɎůŮɘ 

ɡˊŮɟɡŭɟɧűɞɓŮɠ ŮˊɘűɎɜŮɘŮɠ ɢŬɚəɞɨ. Ƀ Song əŬɘ ɞɘ ůɡɜŮɟɔɎŰŮɠ Űɞɡ əŬŰŬůəŮɨŬůŬɜ ɛŮɔɎɚɖɠ 

ɏəŰŬůɖɠ ɡˊŮɟɡŭɟɧűɞɓŮɠ ŮˊɘűɎɜŮɘŮɠ ɢŬɚəɞɨ ɛɏůɤ ŬɜŰɑŭɟŬůɖɠ ŬɜŰɘəŬŰɎůŰŬůɖɠ ɛŮŰŬɝɨ Űɞɡ 

ɡˊɞůŰɟɩɛŬŰɞɠ ɢŬɚəɞɨ əŬɘ ŭɘŬɚɨɛŬŰɞɠ ŰŮŰɟŬɢɚɤɟɞɢɟɡůɘəɞɨ ɞɝɏɞɠ (HAuCl4). Ƀɘ ŮˊɘűɎɜŮɘŮɠ 

ɏɔɘɜŬɜ ɡˊŮɟɡŭɟɧűɞɓŮɠ ɛŮ ɔɤɜɑŮɠ ŮˊŬűɐɠ Ɏɜɤ Űɤɜ 150Á ɢɤɟɑɠ Űɖɜ ŮɜŬˊɧɗŮůɖ ɡŭɟɧűɞɓɞɡ 

ɡɛŮɜɑɞɡ.42 ȸɘɓɚɘɞɔɟŬűɘəɎ ɏɢŮɘ ŬɜŬűŮɟɗŮɑ ɖ ŮɔɢɎɟŬɝɖ ɢŬɚəɞɨ ɛŮ Űɟɘɢɚɤɟɘɞɨɢɞ ůɑŭɖɟɞ (FeCl3) 

ɔɘŬ ŭɘɎűɞɟɞɡɠ ɢɟɧɜɞɡɠ əŬɘ ůɡɔəŮɜŰɟɩůŮɘɠ ŭɘŬɚɨɛŬŰɞɠ. ȼ ŭɖɛɘɞɡɟɔɑŬ ŭɞɛɩɜ ůŰɖɜ ŮˊɘűɎɜŮɘŬ 

Űɞɡ ɢŬɚəɞɨ ŬɡɝɎɜŮɘ Űɖ ɔɤɜɑŬ ŮˊŬűɐɠ Űɞɡ ɛŮ Űɞ ɜŮɟɧ əɞɜŰɎ ůŰɘɠ 140Á, Ůɜɩ ɛŮŰɏˊŮɘŰŬ ŮɜŬˊɧɗŮůɖ 

ɡŭɟɧűɞɓɞɡ ɡɛŮɜɑɞɡ, ɧˊɤɠ Űɞ ůŰŮŬŰɘəɧ ɞɝɨ, ŬɜŮɓɎɕŮɘ Űɖ ɔɤɜɑŬ ˊŮɟɑˊɞɡ ůŰɘɠ 150Á əŬɘ ɛŮɘɩɜŮɘ 

Űɖɜ ɡůŰɏɟɖůɖ əɎŰɤ Ŭˊɧ Űɘɠ 10Á, ůŮ əɎˊɞɘŮɠ ˊŮɟɘˊŰɩůŮɘɠ. 43 

ȰɜŬ Ɏɚɚɞ ˊŬɟɎŭŮɘɔɛŬ ŬˊɞŰŮɚŮɑ ɖ ŮɟɔŬůɑŬ Űɤɜ Liu et al.,44 ɞɘ ɞˊɞɑɞɘ ŮɛɓɎˊŰɘůŬɜ űɨɚɚŬ 

Ŭɚɞɡɛɘɜɑɞɡ ůŮ ɡŭŬŰɘəɧ ŭɘɎɚɡɛŬ AlCl 3 əŬɘ ŰɟɘŬɘɗŬɜɞɚŬɛɑɜɖ (TEA) ɛŮ ˊŬɟɎɚɚɖɚɖ ɗɏɟɛŬɜůɖ 

ůŰɞɡɠ 100ÁC ɔɘŬ 5 ɩɟŮɠ. ȷˊɧ Űɖ ŭɘŬŭɘəŬůɑŬ ŬɡŰɐ ŬɜŬˊŰɨɢɗɖəŮ ɘŮɟŬɟɢɘəɧ ɛɘəɟɞ-ɜŬɜɞ 

ŭɞɛɖɛɏɜɞ űɘɚɛ ɓɞɖɛɑŰɖ ɛŮ ˊŬɟɧɛɞɘŬ ŭɞɛɐ ɛŮ Űɞ űɨɚɚɞ Űɞɡ ɚɤŰɞɨ (ɆɢɐɛŬ 2.3ii). Ƀɘ ŮˊɘűɎɜŮɘŮɠ 

ɡŭɟɞűɞɓɞˊɞɘɐɗɖəŬɜ ɛɏůɤ ŮɛɓɎˊŰɘůɖɠ ůŮ ŭɘɎɚɡɛŬ ŬɘɗŬɜɧɚɖɠ əŬɘ ůŰŮŬŰɘəɞɨ ɞɝɏɞɠ (STA) ɔɘŬ 

10 ɩɟŮɠ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ɔɑɜɞɡɜ ɡˊŮɟɡŭɟɧűɞɓŮɠ ɛŮ ɔɤɜɑŬ ŮˊŬűɐɠ ůŰɘɠ 169Á əŬɘ ɡůŰɏɟɖůɖ 

ˊŮɟɑˊɞɡ ůŰɘɠ Ḑ4Á. ȼ ɡˊŮɟɡŭɟɞűɞɓɘəɧŰɖŰŬ Űɞɡɠ ˊŬɟɏɛŮɘɜŮ ůŰŬɗŮɟɐ ɏˊŮɘŰŬ Ŭˊɧ ŮəŰŮŰŬɛɏɜɞ 

ŭɘɎůŰɖɛŬ ůŮ ůɡɜɗɐəŮɠ ˊŮɟɘɓɎɚɚɞɜŰɞɠ, əŬɗɩɠ əŬɘ ɛŮŰɎ Ŭˊɧ əŬŰŮɟɔŬůɑŬ ɛŮ ɡˊŮɟɐɢɞɡɠ.  
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ɆɢɐɛŬ 2.3. (i) ȺɘəɧɜŮɠ SEM Ŭɚɞɡɛɘɜɑɞɡ ɛŮŰɎ Ŭˊɧ ŮɛɓɎˊŰɘůɖ ůŮ HCl ɔɘŬ (a1) 15 ɚŮˊŰɎ (b1) 

30 ɚŮˊŰɎ (c1) 60 ɚŮˊŰɎ (d1) 75 ɚŮˊŰɎ əŬɘ (e1) 90 ɚŮˊŰɎ ŬɜŰɑůŰɞɘɢŬ. (f1) əŬɘ (f2) ŮɘəɧɜŮɠ SEM Űɞɡ 

Zn ɛŮŰɎ Ŭˊɧ ŮɛɓɎˊŰɘůɖ ɔɘŬ 75 ɚŮˊŰɎ. (g) əŬɘ (h) ŮɑɜŬɘ Űɞ ŬəŬŰɏɟɔŬůŰɞ Ŭɚɞɡɛɑɜɘɞ əŬɘ ɣŮɡŭɎɟɔɡɟɞɠ 

ˊɟɘɜ Űɖɜ ŮɔɢɎɟŬɝɖ. 45 (ii ) ȺɘəɧɜŮɠ SEM ɧˊɞɡ űŬɑɜŮŰŬɘ Űɞ űɘɚɛ ɓɞɖɛɑŰɖ ůŰɞ űɨɚɚɞ Ŭɚɞɡɛɘɜɑɞɡ ɛŮŰɎ 

Űɖɜ ŮɛɓɎˊŰɘůɖ əŬɘ ɗɏɟɛŬɜůɖ ůŮ ɡŭŬŰɘəɧ ŭɘɎɚɡɛŬ Űɟɘɢɚɤɟɘɞɨɢɞɡ Ŭɚɞɡɛɘɜɑɞɡ (AlCl3) əŬɘ 

ŰɟɘŬɘɗŬɜɞɚŬɛɑɜɖɠ (TEA). 46 

ɆŮ Ɏɚɚɖ ˊɟɧůűŬŰɖ ŮɟɔŬůɑŬ, ŮˊɘűɎɜŮɘŮɠ Ŭɚɞɡɛɘɜɑɞɡ ɏɔɘɜŬɜ ɡˊŮɟɡŭɟɧűɞɓŮɠ ɛŮŰɎ Ŭˊɧ ŮɔɢɎɟŬɝɖ 

ɛŮ HCl əŬɘ ŮɜŬˊɧɗŮůɖ Űɟɘɢɚɤɟɞ(1ȼ,1ȼ,2ȼ,2ȼ-ɡˊŮɟűɗɞɟɞɞəŰɡɚ)ůɘɚŬɜɑɞɡ (FOTS). 

ɀŮŰɟɐůŮɘɠ ůŰɘɠ ŮˊɘűɎɜŮɘŮɠ ŬɡŰɏɠ ɏŭŮɘɝŬɜ ɛŮɘɤɛɏɜŮɠ ŭɡɜɎɛŮɘɠ ůɡɜɞɢɐɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ɛŮ Űɞɜ 

ůɢɖɛŬŰɘɕɧɛŮɜɞ ˊɎɔɞ ůŮ ɢŬɛɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ. Ⱥˊɑůɖɠ ɞ ɢɟɧɜɞɠ ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ Űɞɜ 

ůɢɖɛŬŰɘůɛɧ ˊɎɔɞɡ, ůŰɘɠ ŰɟɞˊɞˊɞɘɖɛɏɜŮɠ ŬɡŰɏɠ ŮˊɘűɎɜŮɘŮɠ, ŮɑɜŬɘ ůɖɛŬɜŰɘəɎ ɛŮɔŬɚɨŰŮɟɞɠ ůŮ 

ůɢɏůɖ ɛŮ Űɘɠ ŬəŬŰɏɟɔŬůŰŮɠ.47  
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ȳˊɤɠ űŬɑɜŮŰŬɘ Ŭˊɧ Űɘɠ ˊŬɟŬˊɎɜɤ ŮɟɔŬůɑŮɠ, ɞ ŮɔɢŬɟɎəŰɖɠ ˊɞɡ ɗŬ ŮˊɘɚŮɢɗŮɑ ŮˊɖɟŮɎɕŮɘ 

ůɖɛŬɜŰɘəɎ Űɖɜ ŰɞˊɞɔɟŬűɑŬ Űɖɠ ŮˊɘűɎɜŮɘŮɠ əŬɗɩɠ əŬɘ Űɘɠ ŭɡɜɎɛŮɘɠ ůɡɜɞɢɐɠ ɛŮ Űɞ 

ŮɜŬˊɞŰɘɗɏɛŮɜɞ ɡŭɟɧűɞɓɞ ɡɛɏɜɘɞ. 

ɆɡɛˊŮɟŬůɛŬŰɘəɎ, ɞɘ ɛɏɗɞŭɞɘ ɡɔɟɐɠ ŮɔɢɎɟŬɝɖɠ ɔɘŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ ŰɞˊɞɔɟŬűɑŬɠ ůŮ ɛŮŰŬɚɚɘəɏɠ 

ŮˊɘűɎɜŮɘŮɠ ŮɑɜŬɘ ŬˊɞŰŮɚŮůɛŬŰɘəɞɑ əŬɘ ůɢŮŰɘəɎ ɔɟɐɔɞɟŮɠ. ɋůŰɧůɞ, ɖ ɢɟɐůɖ ɘůɢɡɟɩɜ ɞɝɏɤɜ əŬɘ 

ɓɎůŮɤɜ ɏɢŮɘ ůɖɛŬɜŰɘəɏɠ ˊŮɟɘɓŬɚɚɞɜŰɘəɏɠ ŮˊɘˊŰɩůŮɘɠ, ɔŮɔɞɜɧɠ ˊɞɡ ˊŮɟɘɞɟɑɕŮɘ Űɘɠ ɛŮɗɧŭɞɡɠ 

ŬɡŰɏɠ ůŮ ůɡɔəŮəɟɘɛɏɜŮɠ ŮűŬɟɛɞɔɏɠ. ɄŬɟɧɚŬ ŬɡŰɎ, ɖ ɡɔɟɐ ŮɔɢɎɟŬɝɖ ŮɑɜŬɘ əŬɗɞɚɘəɐ ɧůɤɜ 

ŬűɞɟɎ ŰŬ ɛɏŰŬɚɚŬ, əŬɗɩɠ ɛˊɞɟŮɑ ɜŬ ŮűŬɟɛɞůŰŮɑ ůŮ əɎɗŮ Ůɑŭɞɡɠ ɛŮŰŬɚɚɘəɧ ɡˊɧůŰɟɤɛŬ. ũɘŬ 

ˊŬɟɎŭŮɘɔɛŬ  Űɞ Ŭɚɞɡɛɑɜɘɞ ɛˊɞɟŮɑ ɜŬ ŮɔɢŬɟŬɢɗŮɑ ɛŮ FeCl3, HCl, CuCl2, ɞ ɢɎɚɡɓŬɠ ŮɔɢŬɟɎůůŮŰŬɘ 

ŬˊɞŰŮɚŮůɛŬŰɘəɎ ůŮ ŭɘŬɚɨɛŬŰŬ FeCl3 əŬɘ HCl, H3PO4 əŬɘ H2O2, Ůɜɩ əɟɎɛŬŰŬ Mg ɛˊɞɟɞɨɜ ɜŬ 

ŮɔɢŬɟŬɢɗɞɨɜ ůŮ ɡŭŬŰɘəɎ ŭɘŬɚɨɛŬŰŬ CuSO4.48 

b) ɀɏɗɞŭɞɘ ɡɔɟɐɠ ůɨɜɗŮůɖɠ 

ɀɘŬ Ŭˊɧ Űɘɠ ˊɘɞ əɞɘɜɏɠ ɛŮɗɧŭɞɡɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬ Űɖɜ ŬɜɎˊŰɡɝɖ ŭɞɛɩɜ ˊɎɜɤ ůŮ 

ɛɏŰŬɚɚŬ ŮɑɜŬɘ ɖ ɡŭɟɞɗŮɟɛɘəɐ ůɨɜɗŮůɖ ɖ ɞˊɞɑŬ ŬˊɞŰŮɚŮɑ ɛɘŬ ŮɡɏɚɘəŰɖ ɛɏɗɞŭɞ ɔɘŬ Űɖɜ 

əŬŰŬůəŮɡɐ ɡɚɘəɩɜ ɛɘəɟɞ- əŬɘ ɜŬɜɞəɚɑɛŬəŬɠ, ɛŮ ŮɜŭɘŬűɏɟɞɡůŮɠ ɛɞɟűɞɚɞɔɑŮɠ. ȼ ɛɏɗɞŭɞɠ ŬɡŰɐ 

ɞŭɖɔŮɑ ůŰɖ ůɨɜɗŮůɖ ŭɞɛɩɜ ůŰɖ ɛŮŰŬɚɚɘəɐ ŮˊɘűɎɜŮɘŬ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɏɜŬ ɡŭŬŰɘəɧ ɛɏůɞ ɡˊɧ 

Ŭɡɝɖɛɏɜɖ ɗŮɟɛɞəɟŬůɑŬ ɐ/əŬɘ ˊɑŮůɖ. ȼ ɡŭɟɞɗŮɟɛɘəɐ ůɨɜɗŮůɖ ɗŮɤɟŮɑŰŬɘ űɘɚɘəɐ ˊɟɞɠ Űɞ 

ˊŮɟɘɓɎɚɚɞɜ, əŬɗɩɠ ɖ əɨɟɘŬ ɞɡůɑŬ ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ŮɑɜŬɘ Űɞ ɜŮɟɧ ɐ Űɞ ŭɘŬɚɡɛɏɜɞ H2O2 ůŮ 

ɜŮɟɧ. 

ȼ ŮɛɓɎˊŰɘůɖ Űɞɡ Ŭɚɞɡɛɘɜɑɞɡ ůŮ ɜŮɟɧ ˊɞɡ ɓɟɎɕŮɘ ɛˊɞɟŮɑ ɜŬ ɞŭɖɔɐůŮɘ ůŰɖɜ ŬɜɎˊŰɡɝɖ 

ɘŮɟŬɟɢɘəɞɨ űɘɚɛ ɓɞɖɛɑŰɖ ˊɎɜɤ ůŰɞ ɡˊɧůŰɟɤɛŬ Ŭɚɞɡɛɘɜɑɞɡ. ɉŬɟŬəŰɖɟɘůŰɘəɧ ˊŬɟɎŭŮɘɔɛŬ 

ŬɡŰɐɠ Űɖɠ ɛŮɗɧŭɞɡ ŬˊɞŰŮɚŮɑ ɖ ŮɟɔŬůɑŬ Űɤɜ Jafari et al.33 ɞɘ ɞˊɞɑɞɘ ˊɟɧŰŮɘɜŬɜ ɛɑŬ Ŭˊɚɐ 

ŭɘŬŭɘəŬůɑŬ əŬŰŬůəŮɡɐɠ ɡˊŮɟɡŭɟɧűɞɓɞɡ Ŭɚɞɡɛɘɜɑɞɡ ɛɏůɤ ŮɛɓɎˊŰɘůɖɠ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ ůŮ 

ɓɟŬůŰɧ ɜŮɟɧ əŬɘ ŮˊŬəɧɚɞɡɗɖ ɘɞɜŰɞɓɞɚɐ (sputtering) ˊɞɚɡŰŮŰɟŬűɗɞɟɞŬɘɗɡɚŮɜɑɞɡ (PTFE). Ƀɘ 

ŮɟŮɡɜɖŰɏɠ ŬɜŬűɏɟɞɡɜ ɧŰɘ ɞ ɢɟɧɜɞɠ ŮɛɓɎˊŰɘůɖɠ ůŰɞ ɓɟŬůŰɧ ɜŮɟɧ ŮɑɜŬɘ əŬɗɞɟɘůŰɘəɐɠ ůɖɛŬůɑŬɠ 

ɔɘŬ Űɖ ɛɞɟűɞɚɞɔɑŬ Űɤɜ ŭɞɛɩɜ. ȼ ŰɞˊɞɔɟŬűɑŬ ŬɚɚɎɕŮɘ Ŭˊɧ ñflower-likeò ŭɞɛɏɠ ůŰŬ ˊɟɩŰŬ 

ɚŮˊŰɎ Űɖɠ ŮɛɓɎˊŰɘůɖɠ, ůŮ ñcornflake-likeò ŭɞɛɏɠ, ɧŰŬɜ ɞ ɢɟɧɜɞɠ ŮɛɓɎˊŰɘůɖɠ ŬɡɝɎɜŮŰŬɘ. ɆŰɞ 

ɆɢɐɛŬ 2.4a ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɞɘ ŬɜŰɑůŰɞɘɢŮɠ ɔɤɜɑŮɠ ŮˊŬűɐɠ əŬɘ ɡůŰɏɟɖůɖɠ ůŮ ůɢɏůɖ ɛŮ Űɞɜ 

ɢɟɧɜɞ ŮɛɓɎˊŰɘůɖɠ, ɛŮŰɎ Űɖɜ ŮɜŬˊɧɗŮůɖ PTFE. ɆŮ Ɏɚɚɖ ŮɟɔŬůɑŬ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɕŮůŰɧ ɜŮɟɧ 

ɔɘŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ ɜŬɜɞŭɞɛɩɜ, ŬəɞɚɞɡɗɞɨɛŮɜɖ Ŭˊɧ ɡŭɟɞűɞɓɞˊɞɑɖůɖ ɛŮ 

ɡˊŮɟűɗɞɟɞɞəŰŬɚŰŮŰɟŬŬɘɗɞɝɡůɘɚɎɜɘɞ (POTS) (ɆɢɐɛŬ 2.4b).49 

 

 

a) 



[21] 

 

 

ɆɢɐɛŬ 2.4. a) ũɤɜɑŮɠ ŮˊŬűɐɠ (ŬɟɘůŰŮɟɎ) əŬɘ ɡůŰɏɟɖůɖɠ (ŭŮɝɘɎ) ůŮ ůɢɏůɖ ɛŮ Űɞɜ ɢɟɧɜɞ 

ŮɛɓɎˊŰɘůɖɠ Űɞɡ Ŭɚɞɡɛɘɜɑɞɡ ůŮ ɓɟŬůŰɧ ɜŮɟɧ əŬɘ ɛŮŰɎ Ŭˊɧ ŮɜŬˊɧɗŮůɖ PTFE.33 b) ȺɘəɧɜŮɠ SEM 

ɡˊɞůŰɟɤɛɎŰɤɜ Ŭɚɞɡɛɘɜɑɞɡ ɛŮŰɎ Ŭˊɧ ŮɛɓɎˊŰɘůɖ ůŮ ɓɟŬůŰɧ ɜŮɟɧ əŬɘ ɡŭɟɞűɞɓɞˊɞɑɖůɖ.49 

Ƀɘ Chu et al. ɢɟɖůɘɛɞˊɞɘɐůŬɜ Űɖ ɛɏɗɞŭɞ Űɖɠ ɡŭɟɞɗŮɟɛɘəɐɠ ůɨɜɗŮůɖɠ ɔɘŬ Űɖɜ əŬŰŬůəŮɡɐ 

ɡˊŮɟɡŭɟɧűɞɓɞɡ ɡɛŮɜɑɞɡ CeO2 əŬɘ ůŰŮŬŰɘəɞɨ ŭɖɛɖŰɟɑɞɡ #Å#(#( #//  ůŮ 

ŮˊɘűɎɜŮɘŬ ɛŬɔɜɖůɑɞɡ. ɇɞ ůŰŮŬŰɘəɧ ŭɖɛɐŰɟɘɞ ˊŬɗɖŰɘəɞˊɞɘŮɑ Űɖɜ ŮˊɘűɎɜŮɘŬ Űɤɜ 

ɜŬɜɞůɤɛŬŰɘŭɑɤɜ CeO2, ˊɞɡ ůɡɜɗɏŰɞɡɜ Űɞ ɡɛɏɜɘɞ, ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ɛŮɘɩɜŮɘ Űɖɜ ŮˊɘűŬɜŮɘŬəɐ 

Űɞɡ ŮɜɏɟɔŮɘŬ. Ƀ ůɡɜŭɡŬůɛɧɠ Űɖɠ ɛŮɔɎɚɖɠ ɘŮɟŬɟɢɘəɐɠ ŰɟŬɢɨŰɖŰŬɠ ɛŮ Űɖ ɢŬɛɖɚɐ ŮˊɘűŬɜŮɘŬəɐ 

ŮɜɏɟɔŮɘŬ ɛŮŰŬŰɟɏˊɞɡɜ Űɞ ɡɛɏɜɘɞ ůŮ ɡˊŮɟɡŭɟɧűɞɓɞ, ɛŮ ɔɤɜɑŬ ŮˊŬűɐɠ ůŰɘɠ 164Á əŬɘ ɡůŰɏɟɖůɖ 

ůŰɘɠ 4Á. Ƀɘ ŮˊɘűɎɜŮɘŮɠ ŮˊɘŭŮɘəɜɨɞɡɜ Ůˊɑůɖɠ ŬɡŰɞəŬɗŬɟɘɕɧɛŮɜŮɠ ɘŭɘɧŰɖŰŮɠ əŬɘ ŬɜŰɞɢɐ ůŰɖ 

ŭɘɎɓɟɤůɖ ůŮ ůɢɏůɖ ɛŮ Űɘɠ ŬəŬŰɏɟɔŬůŰŮɠ ŮˊɘűɎɜŮɘŮɠ ɛŬɔɜɖůɑɞɡ. Ƀɘ ŬɜŰɘŭɘŬɓɟɤŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ 

ŮɚɏɔɢɗɖəŬɜ ɛŮ Űɖ ɢɟɐůɖ ɡŭŬŰɘəɞɨ ŭɘŬɚɨɛŬŰɞɠ 3.5% wt NaCl. ɆɨɛűɤɜŬ ɛŮ Űɞɡɠ ŮɟŮɡɜɖŰɏɠ, ɖ 

ŬɜŰɘŭɘŬɓɟɤŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ ɡɛŮɜɑɞɡ ɞűŮɑɚŮŰŬɘ ůŰɖ ɛɘəɟɐ ŮˊɘűɎɜŮɘŬ ŮˊŬűɐɠ Űɞɡ ɡɛŮɜɑɞɡ 

ɛŮ Űɞɜ ŭɘŬɓɟɤŰɘəɧ ˊŬɟɎɔɞɜŰŬ, ŮɝŬɘŰɑŬɠ Űɖɠ ɡˊŮɟɡŭɟɞűɞɓɘəɧŰɖŰŬɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ.50 

c) ɆɡɜŭɡŬůɛɧɠ ɛŮɗɧŭɤɜ ɡɔɟɐɠ ŮɔɢɎɟŬɝɖɠ əŬɘ ůɨɜɗŮůɖɠ 

ɆŮ ˊɞɚɚɏɠ ˊŮɟɘˊŰɩůŮɘɠ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŭɖɛɘɞɡɟɔɖɗɞɨɜ ŭɞɛɏɠ ŭɘˊɚɐɠ əɚɑɛŬəŬɠ ɛŮ ɛɘəɟɞ əŬɘ 

ɜŬɜɞ ɢŬɟŬəŰɖɟɘůŰɘəɎ, ŬɜŰɑůŰɞɘɢŮɠ ŬɡŰɏɠ Űɞɡ űɨɚɚɞɡ Űɞɡ ɚɤŰɞɨ, ŬˊŬɘŰŮɑŰŬɘ ɞ ůɡɜŭɡŬůɛɧɠ 

ɛŮɗɧŭɤɜ ɡɔɟɐɠ ŮɔɢɎɟŬɝɖɠ əŬɘ ɡɔɟɐɠ ůɨɜɗŮůɖɠ. ȳˊɤɠ ŮɑɜŬɘ ŬɜŬɛŮɜɧɛŮɜɞ, Űɞ Ŭɚɞɡɛɑɜɘɞ ŮɑɜŬɘ 

ɏɜŬ Ŭˊɧ ŰŬ ˊɘɞ Ůɡɟɏɤɠ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜŬ ɛɏŰŬɚɚŬ ůŰɖ ŭɖɛɘɞɡɟɔɑŬ ɘŮɟŬɟɢɘəɩɜ ŭɞɛɩɜ ɛŮ 

ůɡɜŭɡŬůɛɧ Űɤɜ ŰŮɢɜɘəɩɜ ŮɔɢɎɟŬɝɖɠ əŬɘ ůɨɜɗŮůɖɠ. Ƀ Zuo əŬɘ ɞɘ ůɡɜŮɟɔɎŰŮɠ Űɞɡ 

əŬŰŬůəŮɨŬůŬɜ ɡˊŮɟɡŭɟɧűɞɓɖ ŮˊɘűɎɜŮɘŬ Ŭɚɞɡɛɘɜɑɞɡ ɛŮ ɘŮɟŬɟɢɘəɏɠ əɞɟŬɚɞŮɘŭŮɑɠ (coral-like) 

ŭɞɛɏɠ ɛɏůɤ ɡɔɟɐɠ ŮɔɢɎɟŬɝɖɠ ɛŮ ɡŭɟɞɢɚɤɟɘəɧ ɞɝɨ əŬɘ ŮɛɓɎˊŰɘůɖɠ ůŮ ɕŮůŰɧ ɜŮɟɧ. ȼ ŮɔɢɎɟŬɝɖ 

ɛŮ Űɞ HCl ɞŭɐɔɖůŮ ůŰɖ ŭɖɛɘɞɡɟɔɑŬ ɛɘəɟɞŰɟŬɢɨŰɖŰŬɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ, Ůɜɩ ɖ ŮɛɓɎˊŰɘůɖ ůŰɞ 

ɕŮůŰɧ ɜŮɟɧ ŭɖɛɘɞɨɟɔɖůŮ ɜŬɜɞŭɞɛɏɠ ˊɎɜɤ ůŰɖ ɛɘəɟɞ ŰɟŬɢɨŰɖŰŬ. ȼ ɡŭɟɞűɞɓɞˊɞɑɖůɖ Űɤɜ 

ŮˊɘűŬɜŮɘɩɜ ɏɔɘɜŮ ɛŮ ɢɟɐůɖ 2 wt.% ŭŮəŬŮɝɡɚɞŰɟɘɛŮɗɡɚɞůɘɚɎɜɘɞɡ əɎŰɘ Űɞ ɞˊɞɑɞ ŬɨɝɖůŮ Űɖ 

ɔɤɜɑŬ ŮˊŬűɐɠ ɛŮ Űɞ ɜŮɟɧ ůŰɘɠ 165Á əŬɘ ɛŮɑɤůŮ Űɖɜ ɡůŰɏɟɖůɖ ůŮ ɔɤɜɑŮɠ ɛɘəɟɧŰŮɟŮɠ Ŭˊɧ 1Á. 

Ƀɘ ŮˊɘűɎɜŮɘŮɠ ŮˊɘŭŮɘəɜɨɞɡɜ Ůˊɑůɖɠ ŮɝŬɘɟŮŰɘəɏɠ ŬɜŰɘ-ˊŬɔɤŰɘəɏɠ (anti-icing) ɘŭɘɧŰɖŰŮɠ əŬɗɩɠ ɞɘ 

ůŰŬɔɧɜŮɠ ɜŮɟɞɨ ˊŬɟŬɛɏɜɞɡɜ ůŮ ɡɔɟɐ əŬŰɎůŰŬůɖ ůŰɞɡɠ ī6 ÁC ɔɘŬ ˊŮɟɘůůɧŰŮɟɞ Ŭˊɧ 

110 ɚŮˊŰɎ.51 

ɆŮ ˊŬɟɧɛɞɘŬ ŮɟɔŬůɑŬ, ŮˊɘŰŮɨɢɗɖəŮ ɡˊŮɟŬɛűɘɓɘəɧŰɖŰŬ, Ůˊɑůɖɠ ůŮ ŮˊɘűɎɜŮɘŬ Ŭɚɞɡɛɘɜɑɞɡ, ɛɏůɤ 

ɛɘŬɠ ŭɘŬŭɘəŬůɑŬɠ ˊɞɚɚŬˊɚɩɜ ɓɖɛɎŰɤɜ ˊɞɡ ɓŬůɑɕŮŰŬɘ ůŰɖɜ ŮɔɢɎɟŬɝɖ ɛŮ  ɡŭɟɞɢɚɤɟɘəɧ ɞɝɨ ɔɘŬ 

Űɖ ŭɖɛɘɞɡɟɔɑŬ ɛɘəɟɞ ŰɟŬɢɨŰɖŰŬɠ, ůŰɖɜ ɡŭɟɞɗŮɟɛɘəɐ ůɨɜɗŮůɖ ɔɘŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ ɜŬɜɞŭɞɛɩɜ 

əŬɘ Űɏɚɞɠ ůŰɖɜ ŮɜŬˊɧɗŮůɖ ɡˊŮɟűɗɞɟɞɞəŰŬɚŰŮŰɟŬŬɘɗɞɝɡůɘɚŬɜɑɞɡ (POTS) ɔɘŬ 

ɡŭɟɞűɞɓɞˊɞɑɖůɖ. ɆŰɘɠ ˊŬɟŬəɎŰɤ ŮɘəɧɜŮɠ SEM űŬɑɜɞɜŰŬɘ ɞɘ ŰɞˊɞɔɟŬűɑŮɠ ˊɞɡ ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ 

ŭɘŬűɞɟŮŰɘəɞɨɠ ůɡɜŭɡŬůɛɞɨɠ Űɤɜ ˊŬɟŬˊɎɜɤ ɓɖɛɎŰɤɜ (ɆɢɐɛŬ 2.5ii). ȼ ŮűŬɟɛɞɔɐ əŬɘ Űɤɜ 

Űɟɘɩɜ ɓɖɛɎŰɤɜ ɏɢŮɘ ɤɠ ŬˊɞŰɏɚŮůɛŬ Űɖɜ əŬŰŬůəŮɡɐ ŮˊɘűŬɜŮɘɩɜ ˊɞɡ Ŭˊɤɗɞɨɜ ɡɔɟɎ 

b) 



[22] 

 

ŮˊɘűŬɜŮɘŬəɐɠ ŰɎůɖɠ ɛɏɢɟɘ əŬɘ 27.5 mNĿmī1, Ůɜɩ ˊŬɟɎɚɚɖɚŬ ŭɘŬŰɖɟɞɨɜ Űɖ ɢɖɛɘəɐ Űɞɡɠ 

ůŰŬɗŮɟɧŰɖŰŬ ɏɜŬɜŰɘ ɡɔɟɩɜ ɛŮ pH Ŭˊɧ 1 ɏɤɠ əŬɘ 14. ȼ ɡˊŮɟɡŭɟɞűɞɓɘəɧŰɖŰŬ ŭɘŬŰɖɟɐɗɖəŮ 

Ůˊɑůɖɠ ɛŮŰɎ Ŭˊɧ 20 əɨəɚɞɡɠ ŬɡŰɞəŬɗŬɟɘůɛɞɨ.49 

Ƀɘ Sun et al. ˊɟɧŰŮɘɜŬɜ ɛɑŬ ŭɘˊɚɐ-ɢɖɛɘəɐ ŭɘŬŭɘəŬůɑŬ ɛŮ Űɖ ɢɟɐůɖ ɛɎůəŬɠ ɔɘŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ 

ɡˊŮɟɡŭɟɧűɞɓɤɜ əŬɘ ɡˊŮɟɡŭɟɧűɘɚɤɜ ˊŮɟɘɞɢɩɜ ůŮ ˊɏɜŰŮ ŭɘŬűɞɟŮŰɘəɎ Ůɑŭɖ ɛŮŰɎɚɚɤɜ: 

Ŭɚɞɡɛɑɜɘɞ, ŰɘŰɎɜɘɞ, ɢɎɚɡɓŬɠ, ɣŮɡŭɎɟɔɡɟɞɠ əŬɘ əɟɎɛŬ ɛŬɔɜɖůɑɞɡ.  ɆɡɔəŮəɟɘɛɏɜŬ: Űɞ Ŭɚɞɡɛɑɜɘɞ 

ŮɔɢŬɟɎɢɗɖəŮ ůŮ 1mol Lī1 ɡŭŬŰɘəɞɨ ŭɘŬɚɨɛŬŰɞɠ CuCl2. Ƀ ŬɜɞɝŮɑŭɤŰɞɠ ɢɎɚɡɓŬɠ 304 

ŮɔɢŬɟɎɢɗɖəŮ ɢɖɛɘəɎ ůŮ ɡŭŬŰɘəɧ ŭɘɎɚɡɛŬ ˊɞɡ ˊŮɟɘŮɑɢŮ 21wt% FeCl3  2ml HCl, 2ml H3PO4, 

əŬɘ 2ml H2O2. ɇɞ Ti ŮɔɢŬɟɎɢɗɖəŮ ůŮ ɡŭŬŰɘəɧ ŭɘɎɚɡɛŬ H2SO4 ůɡɔəɏɜŰɟɤůɖɠ 72%. Ƀ Zn ůŮ 

ɏɜŬ ɛɑɔɛŬ 0.1mol Lī1 H2SO4 əŬɘ 0.2mol Lī1 CuSO4, Ůɜɩ Űɞ əɟɎɛŬ Mg ŮɛɓŬˊŰɑůŰɖəŮ ůŮ 

ɡŭŬŰɘəɧ ŭɘɎɚɡɛŬ 0.2mol Lī1 CuSO4 . Ƀɘ ŮˊɘűɎɜŮɘŮɠ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɔɘŬ Űɖɜ ŮˊɑŰŮɡɝɖ 

ůɡɛˊɨəɜɤůɖɠ əŬŰɎ ůŰŬɔɧɜŮɠ əŬɘ ůɡɚɚɞɔɐ ɜŮɟɞɨ Ŭˊɧ ɞɛɑɢɚɖ. ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ůɡɚɚɞɔɐɠ 

ɜŮɟɞɨ ˊŬɟɞɡůɘɎɕɞɡɜ ˊɞɘəɘɚɑŬ Űɘɛɩɜ, ŬɜɎɚɞɔŬ Űɞ ɛɏŰŬɚɚɞ əŬɘ Űɞɡɠ ůɢɖɛŬŰɘůɛɞɨɠ ˊɞɡ ŮɑɢŮ ůŰɖɜ 

ŮˊɘűɎɜŮɘŬ Űɞɡ.52 ɆŰɞ ɆɢɐɛŬ 2.5iii  ŬɜŬˊŬɟɑůŰŬŰŬɘ ɖ ŭɘŬŭɘəŬůɑŬ əŬŰŬůəŮɡɐɠ Űɤɜ ůɢɖɛɎŰɤɜ Űɖɠ 

ŮˊɘűɎɜŮɘŬɠ.  

 

ɆɢɐɛŬ 2.5. (i) ɆɢɖɛŬŰɘəɐ ŬˊŮɘəɧɜɘůɖ Űɖɠ əŬŰŬůəŮɡɐɠ ɛɘəɟɞ-ɜŬɜɞ ŭɞɛɩɜ ůŮ ŮˊɘűɎɜŮɘŬ 

Ŭɚɞɡɛɘɜɑɞɡ.51 (ii ) ȺɘəɧɜŮɠ SEM ɛɘəɟɐɠ əŬɘ ɛŮɔɎɚɖɠ ɛŮɔɏɗɡɜůɖɠ HCl-POTS AA5083 (ˊɎɜɤ) əŬɘ 

H2O-POTS AA5083 (əɎŰɤ).49 (iii ) ȹɘŬŭɘəŬůɑŬ əŬŰŬůəŮɡɐɠ ŭɘŬűɧɟɤɜ ˊŮɟɘɞɢɩɜ ŭɘŬɓɟɞɢɐɠ ůŰɖɜ 

ɑŭɘŬ ŮˊɘűɎɜŮɘŬ. ȷɟɢɘəɎ ŭɖɛɘɞɡɟɔŮɑŰŬɘ ɖ ɡˊŮɟɡŭɟɧűɞɓɖ ˊŮɟɘɞɢɐ ɛɏůɤ ɢɖɛɘəɐɠ ŭɘŬŭɘəŬůɑŬɠ ɛŮ Űɖ 

ɓɞɐɗŮɘŬ ɛɎůəŬɠ əŬɘ ŮˊŬəɧɚɞɡɗɖɠ Űɟɞˊɞˊɞɑɖůɖɠ ɛŮ űɗɞɟɞŬɚəɡɚɞ-ůɘɚɎɜɘɞ. ɆŰɖ ůɡɜɏɢŮɘŬ ɖ 

ŬűŬɑɟŮůɖ Űɖɠ ɛɎůəŬɠ ŬˊɞəŬɚɨˊŰŮɘ Űɘɠ ɡˊŮɟɡŭɟɧűɘɚŮɠ ˊŮɟɘɞɢɏɠ.48  

ɆŮ ɛɘŬ Ɏɚɚɖ ˊɟɞůɏɔɔɘůɖ, ŭɖɛɘɞɡɟɔɐɗɖəŮ ůŮ ŮˊɘűɎɜŮɘŬ Ŭɚɞɡɛɘɜɑɞɡ, ŰɞˊɞɔɟŬűɑŬ ɛŮ ŭɞɛɏɠ ůŰɖ 

ɛɘəɟɞ əŬɘ ɜŬɜɞ əɚɑɛŬəŬ ɛŮ ůɡɜŭɡŬůɛɧ ɢɖɛɘəɐɠ ŮɔɢɎɟŬɝɖɠ əŬɘ Ŭɜɞŭɑɤůɖɠ. Ƀɘ ŮˊɘűɎɜŮɘŮɠ ɏɔɘɜŬɜ 

ɡˊŮɟŬɛűɑűɞɓŮɠ ŬˊɤɗɩɜŰŬɠ ˊɚɖɗɩɟŬ ɡɔɟɩɜ ɛŮ ŮˊɘűŬɜŮɘŬəɏɠ ŰɎůŮɘɠ ůŰɞ Ůɨɟɞɠ 27.5ï72 mN/m 

ɛŮŰɎ Ŭˊɧ Űɖ űɗɞɟɑɤůɐ Űɞɡɠ. Ƀɘ ŮɟŮɡɜɖŰɏɠ ɛŮŰŬɓɎɚɚɞɜŰŬɠ Űɞɜ ɢɟɧɜɞ Ŭɜɞŭɑɤůɖɠ ɛŮŰɏɓŬɚŬɜ 

Űɖɜ ŰɞˊɞɔɟŬűɑŬ əŬɘ Ůˊɞɛɏɜɤɠ əŬɘ Űɘɠ ɘŭɘɧŰɖŰŮɠ ŭɘŬɓɟɞɢɐɠ Űɤɜ ŮˊɘűŬɜŮɘɩɜ. ɄŮɘɟɎɛŬŰŬ 

ɛɖɢŬɜɘəɐɠ ŬɜŰɞɢɐɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ əŬɘ Űɞɡ ɡɛŮɜɑɞɡ ɏŭŮɘɝŬɜ ɧŰɘ ɞɘ ɘŭɘɧŰɖŰŮɠ ŭɘŬɓɟɞɢɐɠ 

ˊŬɟɏɛŮɘɜŬɜ ůŰŬɗŮɟɏɠ ɛŮŰɎ Ŭˊɧ ɛɖɢŬɜɘəɐ əŬŰŬˊɧɜɖůɖ əŬɘ ɔɐɟŬɜůɖ Űɞɡ ɡɚɘəɞɨ.53 
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2.1.1.2. ȷɜɞŭɘəɐ ɞɝŮɑŭɤůɖ  

ȼ Ŭɜɞŭɑɤůɖ ŮɑɜŬɘ ɛɘŬ əŬɗɘŮɟɤɛɏɜɖ ˊɟɞůɏɔɔɘůɖ ŭɖɛɘɞɡɟɔɑŬɠ ɛɘəɟɞ əŬɘ ɜŬɜɞ ŰɟŬɢɨŰɖŰŬɠ 

ˊɟɞəŬɚɩɜŰŬɠ ɞɝŮɑŭɤůɖ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ ɛŮŰɎɚɚɞɡ ɛŮ Űɖ ɢɟɐůɖ ɖɚŮəŰɟɞɢɖɛɘəɞɨ əŮɚɘɞɨ. 

ȾŬŰɎ Űɖɜ ŰŮɢɜɘəɐ ŬɡŰɐ ɖ ŬɜŰɑŭɟŬůɖ ɛŮŰŬɝɨ Űɤɜ ɘɧɜŰɤɜ ɛŮŰɎɚɚɞɡ əŬɘ Űɞɡ ɜŮɟɞɨ, ɡˊɧ Űɖɜ 

ˊŬɟɞɡůɑŬ ˊɟɤŰɞɜɑɤɜ, ˊɟɞəŬɚŮɑ Űɖɜ ɞɝŮɑŭɤůɖ Űɞɡ. ɇɞ ɛɏŰŬɚɚɞ ˊɞɡ ŮɛɓŬˊŰɑɕŮŰŬɘ ɛɏůŬ ůŰɞɜ 

ɖɚŮəŰɟɞɚɨŰɖ ŭɟŬ ɤɠ Ɏɜɞŭɞɠ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ŬɜŬˊŰɨůůŮŰŬɘ ɞɝŮɑŭɘɞ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ, Űɞ 

ɞˊɞɑɞ əŬɘ Űɞ ˊɟɞůŰŬŰŮɨŮɘ Ŭˊɧ ˊŮɟŬɘŰɏɟɤ ɞɝŮɑŭɤůɖ ůŰɞ ŮůɤŰŮɟɘəɧ Űɞɡ. ȼ ŰŮɢɜɘəɐ Űɖɠ 

Ŭɜɞŭɑɤůɖɠ ɞŭɖɔŮɑ ůɡɜɐɗɤɠ ůŰɖ ŭɖɛɘɞɡɟɔɑŬ ŭɘůŭɘɎůŰŬŰɤɜ ŭɞɛɩɜ ˊɞɡ ɛˊɞɟɞɨɜ ɜŬ 

ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ɔɘŬ Űɖɜ ŬˊɧəŰɖůɖ ɡˊŮɟɡŭɟɞűɞɓɘəɧŰɖŰŬɠ. ȼ ɛɏɗɞŭɞɠ ŬɡŰɐ ɏɢŮɘ Űɞ 

ˊɚŮɞɜɏəŰɖɛŬ Űɞɡ ɛɘəɟɞɨ əɧůŰɞɡɠ, ɔɟɐɔɞɟɖɠ əŬɘ Ůɨəɞɚɖɠ ŮűŬɟɛɞɔɐɠ, Ŭəɟɘɓɞɨɠ Ůɚɏɔɢɞɡ Űɤɜ 

ŭɖɛɘɞɡɟɔɞɨɛŮɜɤɜ ŭɞɛɩɜ əŬɘ ŭɡɜŬŰɧŰɖŰŬɠ ŮˊɏəŰŬůɖɠ ůŮ ɛŮɔɎɚɖ əɚɑɛŬəŬ. 

 

ɆɢɐɛŬ 2.6. ɆɢɖɛŬŰɘəɐ ŬɜŬˊŬɟɎůŰŬůɖ Űɖɠ ɖɚŮəŰɟɞɢɖɛɘəɐɠ ŭɘɎŰŬɝɖɠ Ŭɜɞŭɑɤůɖɠ.54 

ɆŮ ˊɟɧůűŬŰɖ ŮɟɔŬůɑŬ, ŮɟŮɡɜɖŰɏɠ əŬŰŬůəŮɨŬůŬɜ ɡˊŮɟɡŭɟɧűɞɓŮɠ əŬɘ ɡˊŮɟŮɚŬɘɧűɞɓŮɠ 

ŮˊɘűɎɜŮɘŮɠ, ɛɏůɤ Ŭɜɞŭɑɤůɖɠ əŬɘ ŮɜŬˊɧɗŮůɖɠ ɡɔɟɐɠ űɎůɖɠ, ɚŬɡɟɘəɞɨ ɞɝɏɞɠ. Ƀɘ ŮˊɘűɎɜŮɘŮɠ 

ŬɡŰɏɠ ŮˊɘŭŮɘəɜɨɞɡɜ Ůˊɑůɖɠ ŬɜŰɘŭɘŬɓɟɤŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ, əŬɘ ŮɎɜ ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ɡˊɞɓɟɡɢɑɤɠ 

ɛˊɞɟɞɨɜ ɜŬ ŭŮůɛŮɨůɞɡɜ ůɤɛŬŰɑŭɘŬ ɛɘəɟɞˊɚŬůŰɘəɩɜ Ŭˊɧ Űɞ ɜŮɟɧ.55 

Ƀɘ Wang et al.56 ůɡɜŭɨŬůŬɜ Űɘɠ ɛŮɗɧŭɞɡɠ Űɖɠ Ŭɜɞŭɑɤůɖɠ əŬɘ Űɖɠ Űɟɞˊɞˊɞɑɖůɖɠ ɛŮ ˊɚɎůɛŬ ɔɘŬ 

Űɖ ŭɖɛɘɞɡɟɔɑŬ ɛɘəɟɞ əŬɘ ɜŬɜɞ ŰɞˊɞɔɟŬűɑŬɠ ůŮ ŮˊɘűɎɜŮɘŬ Ŭɚɞɡɛɘɜɑɞɡ. Ƀɘ ŮˊɘűɎɜŮɘŮɠ ɏɔɘɜŬɜ 

ɡˊŮɟɡŭɟɧűɞɓŮɠ ɛŮŰɎ Űɖɜ ŮɜŬˊɧɗŮůɖ Űɟɘɢɚɤɟɞ ɞəŰŬŭŮəɡɚɞ-ůɘɚŬɜɑɞɡ ɛŮ ɔɤɜɑŮɠ ŮˊŬűɐɠ ˊɞɡ 

ɏűŰŬůŬɜ Űɘɠ 158Á. Ƀɘ ŮɟŮɡɜɖŰɏɠ ŬɟɢɘəɎ ˊɟŬɔɛŬŰɞˊɞɑɖůŬɜ Ŭɜɞŭɑɤůɖ ůŰɞ ŭŮɑɔɛŬ Ŭɚɞɡɛɘɜɑɞɡ  ůŮ  

ŭɘɎɚɡɛŬ űɤůűɞɟɘəɞɨ ɞɝɏɞɠ, ŭɖɛɘɞɡɟɔɩɜŰŬɠ əɡəɚɘəɞɨɠ əŬɘ ŮɝŬɔɤɜɘəɞɨɠ ˊɧɟɞɡɠ. ȼ 

ɡŭɟɞűɞɓɞˊɞɑɖůɖ Űɤɜ ŭŮɘɔɛɎŰɤɜ ɛŮŰɎ Űɖɜ Ŭɜɞŭɑɤůɖ ŬɨɝɖůŮ Űɖ ɔɤɜɑŬ ŮˊŬűɐɠ ůŰɘɠ 152Á. 

ɄŮɟŬɘŰɏɟɤ əŬŰŮɟɔŬůɑŬ Űɞɡ ˊɞɟɩŭɞɡɠ ŭŮɑɔɛŬŰɞɠ ɛŮ ɢŬɛɖɚɐɠ ɗŮɟɛɞəɟŬůɑŬɠ ˊɚɎůɛŬ ɞɝɡɔɧɜɞɡ 

ŮɑɢŮ ůŬɜ ŬˊɞŰɏɚŮůɛŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ ɛŬůŰɞŮɘŭɩɜ ŭɞɛɩɜ əŬŰɎ ɛɐəɞɠ Űɤɜ ɞɟɑɤɜ Űɤɜ ˊɧɟɤɜ, ɞɘ 

ɞˊɞɑŮɠ ɛŮŰɎ Űɖɜ ŮɜŬˊɧɗŮůɖ Űɞɡ ɡŭɟɧűɞɓɞɡ ɡɛŮɜɑɞɡ ŬɜɏɓŬůŬɜ Űɖ ɔɤɜɑŬ ŮˊŬűɐɠ ůŰɘɠ 158Á. 

Ƀɘ Lu et al.57 əŬŰŬůəŮɨŬůŬɜ ɡˊŮɟɡŭɟɧűɞɓŮɠ ŮˊɘűɎɜŮɘŮɠ ɞɝŮɘŭɑɞɡ Ŭɚɞɡɛɘɜɑɞɡ ɛɏůɤ Űɖɠ 

ɛŮɗɧŭɞɡ Űɖɠ Ŭɜɞŭɑɤůɖɠ ŬəɞɚɞɡɗɞɨɛŮɜɖɠ Ŭˊɧ ɏɜŬ ɓɐɛŬ űɗɞɟɑɤůɖɠ. Ƀɘ ŮˊɘűɎɜŮɘŮɠ ɏɔɘɜŬɜ 

ɡˊŮɟɡŭɟɧűɞɓŮɠ ɛŮ ɡɣɖɚɏɠ ɔɤɜɑŮɠ ŮˊŬűɐɠ əŬɘ ɏɜŰɞɜɖ ŬɜŰɘŭɘŬɓɟɤŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ ɏɜŬɜŰɘ 

ŬŰɛɧůűŬɘɟŬɠ ɡɣɖɚɐɠ ɡɔɟŬůɑŬɠ. Ƀɘ ŮɟŮɡɜɖŰɏɠ ɛŮɚɏŰɖůŬɜ Ůˊɑůɖɠ əŬɘ Űɖ ɛŮŰŬɓɞɚɐ Űɖɠ 

ŰɞˊɞɔɟŬűɑŬɠ əŬɘ Űɤɜ ɔɤɜɘɩɜ ŮˊŬűɐɠ ůŮ ůɢɏůɖ ɛŮ Űɞɜ ɢɟɧɜɞ Ŭɜɞŭɑɤůɖɠ, ɧˊɤɠ űŬɑɜŮŰŬɘ əŬɘ Ŭˊɧ 

Űɞ ɆɢɐɛŬ 2.7. ȷɨɝɖůɖ Űɞɡ ɢɟɧɜɞɡ Ŭɜɞŭɑɤůɖɠ Ɏɜɤ Űɤɜ 10 ɚŮˊŰɩɜ ŮɑɢŮ ůŬɜ ŬˊɞŰɏɚŮůɛŬ Űɖ 

ŭɖɛɘɞɡɟɔɑŬ ŰɟɘůŭɘɎůŰŬŰɤɜ ŭɞɛɩɜ ˊɎɜɤ ůŰɞɡɠ ˊɧɟɞɡɠ. ȼɚŮəŰɟɞɢɖɛɘəɏɠ ɛŮŰɟɐůŮɘɠ ɏŭŮɘɝŬɜ ɧŰɘ 
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Űɞ ɡˊŮɟɡŭɟɧűɞɓɞ ůŰɟɩɛŬ ˊɟɞůűɏɟŮɘ ŮˊŬɟəɐ ŬɜŰɘŭɘŬɓɟɤŰɘəɐ ˊɟɞůŰŬůɑŬ ɛŮ 

ŬˊɞŰŮɚŮůɛŬŰɘəɧŰɖŰŬ 99.99%.  Ⱥˊɘˊɚɏɞɜ, ɞɘ ŭɞəɘɛɏɠ ɛŮ Scotch tape əŬɘ ŰŬ Scratch ŰŮůŰ ɏŭŮɘɝŬɜ 

ɧŰɘ ɞɘ ŮˊɘűɎɜŮɘŮɠ ˊŬɟɞɡůɘɎɕɞɡɜ əŬɚɐ ˊɟɧůűɡůɖ ɛŮ Űɞ ɡˊɧůŰɟɤɛŬ əŬɘ ŬɜŰɞɢɐ ůŰɖɜ Űɟɘɓɐ.    

 

ɆɢɐɛŬ 2.7. ȺɘəɧɜŮɠ SEM ɜŬɜɞŭɞɛɩɜ ɞɝŮɘŭɑɞɡ Űɞɡ Ŭɚɞɡɛɘɜɑɞɡ ůŮ ŮˊɘűɎɜŮɘŬ Ŭɚɞɡɛɘɜɑɞɡ ɔɘŬ 

ŭɘɎűɞɟɞɡɠ ɢɟɧɜɞɡɠ Ŭɜɞŭɑɤůɖɠ: (a) 1 ɚŮˊŰɧ, (b) 5 ɚŮˊŰɎ, (c) 10 ɚŮˊŰɎ əŬɘ (d) 20 ɚŮˊŰɎ. ȾɎɗŮ 

ůŮɘɟɎ ŬɜŰɘˊɟɞůɤˊŮɨŮɘ Űɖɜ Ɏɜɤ əŬɘ ˊɚŮɡɟɘəɐ ɧɣɖ Űɞɡ ůŰɟɩɛŬŰɞɠ ɞɝŮɘŭɑɞɡ Űɞɡ Ŭɚɞɡɛɘɜɑɞɡ ɛŮŰɎ 

Űɖɜ Ŭɜɞŭɑɤůɖ, ŬɜŰɑůŰɞɘɢŬ. Ƀɘ ɏɜɗŮŰŮɠ ŮɘəɧɜŮɠ ŭŮɑɢɜɞɡɜ Űɖ ɔɤɜɑŬ ŮˊŬűɐɠ ɛŮ Űɞ ɜŮɟɧ əɎɗŮ ůŰɟɩůɖɠ 

ɛŮŰɎ Ŭˊɧ Űɖ űɗɞɟɑɤůɖ, ŬɜŰɑůŰɞɘɢŬ. 

2.1.1.3. ɃɝŮɑŭɤůɖ 

ɇɞ ɞɝŮɑŭɘɞ Űɞɡ ɢŬɚəɞɨ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ůɡɢɜɎ ɔɘŬ Űɖɜ əŬŰŬůəŮɡɐ ɡˊŮɟɡŭɟɧűɞɓɤɜ ŮˊɘűŬɜŮɘɩɜ 

ůŮ ɡˊɞůŰɟɩɛŬŰŬ ɢŬɚəɞɨ ŮɝŬɘŰɑŬɠ Űɤɜ ɘŭɘŬɑŰŮɟɤɜ ɛɘəɟɞ/ɜŬɜɞ ŭɞɛɩɜ  ́ ɞɡ űɏɟŮɘ ůŰɖɜ ŮˊɘűɎɜŮɘŬ 

Űɞɡ, ŬɚɚɎ əŬɘ Űɤɜ ɘŭɘɞŰɐŰɤɜ ŭɘŬɓɟɞɢɐɠ Űɞɡ. Ƀɘ ɛɏɗɞŭɞɘ ɗŮɟɛɘəɐɠ ɞɝŮɑŭɤůɖɠ ɛˊɞɟɞɨɜ ŰɡˊɘəɎ 

ɜŬ ɞŭɖɔɐůɞɡɜ ůŮ ŬɜɎˊŰɡɝɖ ɜŬɜɞɜɖɛŬŰɑɤɜ ɞɝŮɘŭɑɞɡ ɢŬɚəɞɨ ŬˊŮɡɗŮɑŬɠ ůŮ ŮˊɘűɎɜŮɘŮɠ, ɚŮˊŰɎ 

űɘɚɛ ɐ ɜŬɜɞůɤɛŬŰɑŭɘŬ ɢŬɚəɞɨ. ȼ ɗŮɟɛɘəɐ ɞɝŮɑŭɤůɖ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɛŮ ɗɏɟɛŬɜůɖ Űɞɡ 

ŭŮɑɔɛŬŰɞɠ ůŮ ɡɣɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ, ɞɘ ɞˊɞɑŮɠ ůɡɜɐɗɤɠ əɡɛŬɑɜɞɜŰŬɘ ɛŮŰŬɝɨ Űɤɜ 400 əŬɘ 600ÁC. 

Ʉɟɘɜ Űɖɜ əŬŰŮɟɔŬůɑŬ, ŰŬ ɡˊɞůŰɟɩɛŬŰŬ əŬɗŬɟɑɕɞɜŰŬɘ ɩůŰŮ ɜŬ ŬűŬɘɟŮɗŮɑ Űɞ űɡůɘəɧ ɞɝŮɑŭɘɞ əŬɘ 

ɎɚɚŮɠ ŬəŬɗŬɟůɑŮɠ ˊɞɡ Űɡɢɧɜ ɡˊɎɟɢɞɡɜ ůŰɘɠ ŮˊɘűɎɜŮɘɏɠ Űɞɡɠ. ȼ ɢɟɞɜɘəɐ əɚɑɛŬəŬ Űɖɠ ɗŮɟɛɘəɐɠ 

ɞɝŮɑŭɤůɖɠ əɡɛŬɑɜŮŰŬɘ Ŭˊɧ ɛŮɟɘəɎ ŭŮɡŰŮɟɧɚŮˊŰŬ, əŬɘ ůŮ ŬəɟŬɑŮɠ ˊŮɟɘˊŰɩůŮɘɠ ɛɏɢɟɘ, əŬɘ ɛɏɟŮɠ 

ɐ ˊŮɟɘůůɧŰŮɟɞ, Ůɜɩ Űɞ ˊŮɟɘɓɎɚɚɞɜ Űɖɠ ɞɝŮɑŭɤůɖɠ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ɝɖɟɧɠ ŬɏɟŬɠ, ŬɏɟŬɠ ɛŮ 

ɡɔɟŬůɑŬ, əŬɗŬɟɧ ɞɝɡɔɧɜɞ ɐ ɛɑɔɛŬ ɞɝɡɔɧɜɞɡ ɛŮ Ŭɟɔɧ, ɎɕɤŰɞ ɐ ɡŭɟɞɔɧɜɞ. Ⱥˊɑůɖɠ, ɖ ɞɝŮɘŭɤŰɘəɐ 

ŬŰɛɧůűŬɘɟŬ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ůŰŬŰɘəɐ ɐ ɜŬ ɡˊɎɟɢŮɘ ɟɞɐ Űɞɡ ŬŮɟɑɞɡ ˊɞɡ ɏɢŮɘ ŮˊɘɚŮɔŮɑ ɛɏůɤ Űɞɡ 

ůɡůŰɐɛŬŰɞɠ ɞɝŮɑŭɤůɖɠ. ɇɏɚɞɠ, ɖ ˊɑŮůɖ ůŰɖɜ ɞˊɞɑŬ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɖ ɞɝŮɑŭɤůɖ ɛˊɞɟŮɑ ɜŬ 

ŮɑɜŬɘ ŬŰɛɞůűŬɘɟɘəɐ ɐ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ əŬɘ ɢŬɛɖɚɧŰŮɟɖ Ŭˊɧ ŬɡŰɐɜ.  

ȼ ŬɜɎˊŰɡɝɖ Űɤɜ ɜŬɜɞɜɖɛŬŰɑɤɜ ɛˊɞɟŮɑ ɜŬ ŮɝɖɔɖɗŮɑ ɛŮ ɓɎůɖ ŭɨɞ ɛɖɢŬɜɘůɛɞɨɠ, Űɞɜ ɛɖɢŬɜɘůɛɧ 

ŬɏɟɘŬɠ-ůŰŮɟŮɐɠ-ɡɔɟɐɠ űɎůɖɠ (VapourïSolidïLiquid, VLS) əŬɘ Űɞɜ ɛɖɢŬɜɘůɛɧ ŬɏɟɘŬɠ-ůŰŮɟŮɐɠ 

űɎůɖɠ (VapourïSolid, VS). ȾŬŰɎ Űɞɜ ˊɟɩŰɞ, ŰŬ ɜŬɜɞɜɖɛɎŰɘŬ ŬɜŬˊŰɨůůɞɜŰŬɘ ɛŮ Űɖ ɓɞɐɗŮɘŬ 

Ůɜɧɠ Űɖɔɛɏɜɞɡ əŬŰŬɚɨŰɖ ůŰɖ ɓɎůɖ ɐ ůŰɖɜ əɞɟɡűɐ Űɞɡɠ. ȼ ŭɘɎɛŮŰɟɞɠ Űɤɜ ɜŬɜɞɜɖɛɎŰɘɤɜ 
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əŬɗɞɟɑɕŮŰŬɘ Ŭˊɧ Űɞ ɛɏɔŮɗɞɠ Űɖɠ ůŰŬɔɧɜŬɠ Űɞɡ əŬŰŬɚɨŰɖ əŬɘ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ɞɛɞɘɧɛɞɟűɖ Ŭˊɧ 

Űɖ ɓɎůɖ ɏɤɠ əŬɘ Űɖɜ əɞɟɡűɐ Űɞɡ ɜɖɛŬŰɑɞɡ. ɋůŰɧůɞ, ɞ ɛɖɢŬɜɘůɛɧɠ ŬɡŰɧɠ, ŬűɐɜŮɘ ůɡɜɐɗɤɠ ɑɢɜɖ 

ůűŬɘɟɘəɩɜ ůɤɛŬŰɘŭɑɤɜ ŰŬ ɞˊɞɑŬ ŭŮɜ ˊŬɟŬŰɖɟɞɨɜŰŬɘ əŬŰɎ Űɖ ɗŮɟɛɘəɐ ɞɝŮɑŭɤůɖ Űɞɡ 

ɢŬɚəɞɨ.58,59 ũɘŬ Űɞɜ ɚɧɔɞ ŬɡŰɧ, ɖ ɗŮɤɟɑŬ VLS ɏɢŮɘ ŬˊɞɟɟɘűɗŮɑ Ŭˊɧ ŬɟəŮŰɞɨɠ ŮɟŮɡɜɖŰɏɠ. ɆŰɞɜ 

ɛɖɢŬɜɘůɛɧ ŬɏɟɘŬɠ-ůŰŮɟŮɐɠ űɎůɖɠ, ŰŬ ɜɖɛɎŰɘŬ ŬɜŬˊŰɨůůɞɜŰŬɘ ɛɏůɤ Űɖɠ ŮɝɎŰɛɘůɖɠ Űɖɠ 

ˊɟɧŭɟɞɛɖɠ ɏɜɤůɖɠ Ŭˊɧ ɛɘŬ ˊŮɟɘɞɢɐ ɡɣɖɚɐɠ ɗŮɟɛɞəɟŬůɑŬɠ əŬɘ ůɡɛˊɡəɜɩɜɞɜŰŬɘ ůŰɖ ůɡɜɏɢŮɘŬ 

ůŮ ˊŮɟɘɞɢɐ ɢŬɛɖɚɧŰŮɟɖɠ ɗŮɟɛɞəɟŬůɑŬɠ ŬɜŬˊŰɨůůɞɜŰŬɠ ɏŰůɘ ɜŬɜɞɜɖɛɎŰɘŬ. ɋůŰɧůɞ, ŮɝŬɘŰɑŬɠ 

Űɞɡ ɧŰɘ ŭŮɜ ŬɜɘɢɜŮɨɞɜŰŬɘ ɑɢɜɖ ůɡɛˊɨəɜɤůɖɠ ůŮ ˊŮɟɘɞɢɏɠ ŮəŰɧɠ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ, ɞ 

ɛɖɢŬɜɘůɛɧɠ ŬɡŰɧɠ ŭŮɜ ɛˊɞɟŮɑ ɜŬ ˊŮɟɘɔɟɎɣŮɘ ŮˊŬɟəɩɠ Űɖɜ ŬɜɎˊŰɡɝɖ Űɤɜ ɜŬɜɞɜɖɛŬŰɘɩɜ 

ɢŬɚəɞɨ. 58  

ȰɜŬɠ ŰɟɑŰɞɠ ˊɟɞŰŮɘɜɧɛŮɜɞɠ ɛɖɢŬɜɘůɛɧɠ ŭɘɎɢɡůɖɠ űŬɑɜŮŰŬɘ ɑůɤɠ ɜŬ ŮɝɖɔŮɑ Űɖɜ ŬɜɎˊŰɡɝɖ ŬɡŰɩɜ 

Űɤɜ ɜŬɜɞŭɞɛɩɜ ɢŬɚəɞɨ. ȼ ŭɘŬŭɘəŬůɑŬ Űɖɠ ɛŮŰŬɚɚɘəɐɠ ɞɝŮɑŭɤůɖɠ ˊŮɟɘɚŬɛɓɎɜŮɘ Űɖ ŭɘɎɢɡůɖ Űɤɜ 

ɘɧɜŰɤɜ Ŭˊɧ Űɖ ůŰŮɟŮɐ űɎůɖ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ɢŬɚəɞɨ ůŰɞ ůŰɟɩɛŬ Űɞɡ ɛŮŰŬɚɚɘəɞɨ ɞɝŮɘŭɑɞɡ CuO2. 

ȷˊɧ Űɖɜ Ɏɚɚɖ, ŰŬ ɘɧɜŰŬ ɞɝɡɔɧɜɞɡ ŭɘŬɢɏɞɜŰŬɘ ˊɟɞɠ Űɖɜ ŬɜŰɑɗŮŰɖ əŬŰŮɨɗɡɜůɖ. Ƀɘ ŭɑɞŭɞɘ 

ŭɘɎɢɡůɖɠ Űɤɜ ůŰɞɘɢŮɑɤɜ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ɧɟɘŬ əɧəəɤɜ, ˊŮɟɘɞɢɏɠ ŬŰŮɚŮɘɩɜ ɐ Ŭəɧɛɖ əŬɘ Űɞ ɑŭɘɞ 

Űɞ ˊɚɏɔɛŬ. ɆŮ ɗŮɟɛɞəɟŬůɑŮɠ əɎŰɤ Űɤɜ 500ÁC, əɨɟɘŬ ɞŭɧɠ ŭɘɎɢɡůɖɠ ŬˊɞŰŮɚŮɑ ɖ ŭɘŬŭɟɞɛɐ ɛɏůɤ 

Űɤɜ ɞɟɑɤɜ Űɤɜ əɧəəɤɜ. ɀŮŰŬɝɨ Űɤɜ 600 əŬɘ 900Á C ŮɑɜŬɘ ŰŬɡŰɧɢɟɞɜŬ ůɖɛŬɜŰɘəɏɠ ɖ ŭɘɎɢɡůɖ 

ɛɏůɤ Űɞɡ ˊɚɏɔɛŬŰɞɠ əŬɘ ɛɏůɤ Űɤɜ ɞɟɑɤɜ Űɤɜ əɧəəɤɜ, Ůɜɩ ɔɘŬ ɗŮɟɛɞəɟŬůɑŮɠ Ɏɜɤ Űɤɜ 900Á C, 

ɖ ŭɘɎɢɡůɖ ɛɏůɤ Űɞɡ ˊɚɏɔɛŬŰɞɠ ŬˊɞŰŮɚŮɑ Űɞɜ əɨɟɘɞ ɛɖɢŬɜɘůɛɧ ɛŮŰŬűɞɟɎɠ Űɤɜ ɘɧɜŰɤɜ. ɆŰŬ 

ŬɟɢɘəɎ ůŰɎŭɘŬ Űɖɠ ŬɜɎˊŰɡɝɖɠ Űɞ ɛŮŰŬɚɚɘəɧ ɞɝŮɑŭɘɞ ŬɜŬˊŰɨůůŮŰŬɘ ˊɟɞɠ ɧɚŮɠ Űɘɠ əŬŰŮɡɗɨɜůŮɘɠ. 

ɋůŰɧůɞ, ɖ ɛɧɜɖ əɟɡůŰŬɚɚɞɔɟŬűɘəɐ ŭɘŮɨɗɡɜůɖ ˊɞɡ ˊŬɟŬɛɏɜŮɘ, ŬəɞɚɞɡɗŮɑ Űɘɠ ŮɜŮɟɔŮɘŬəɎ 

ŮɡɜɞɥəɧŰŮɟŮɠ ůɡɜɗɐəŮɠ ɩůŰŮ ɜŬ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɛɏɔɘůŰɞɠ ɟɡɗɛɧɠ ŭɘɎɢɡůɖɠ əŬɘ ˊɚŮɞɜŮəŰɘəɐ 

ůŰɞɑɓŬɝɖ.  

ɉŬɟŬəŰɖɟɘůŰɘəɧ ˊŬɟɎŭŮɘɔɛŬ ůŮ ŬɡŰɐɜ Űɖɜ ˊŮɟɘɞɢɐ, ŬˊɞŰŮɚŮɑ ɖ ŮɟɔŬůɑŬ Űɤɜ Lv et. al ɞɘ ɞˊɞɑɞɘ 

əŬŰŬůəŮɨŬůŬɜ ɏɜŬ ɡˊŮɟɡŭɟɧűɞɓɞ ɡɛɏɜɘɞ CuO ɛɏůɤ ŬˊŮɡɗŮɑŬɠ ɗŮɟɛɘəɐɠ ɞɝŮɑŭɤůɖɠ Cu ˊɎɜɤ 

ůŮ ɡˊɧůŰɟɤɛŬ Ŭɚɞɡɛɘɜɑɞɡ, ŬəɞɚɞɡɗɞɨɛŮɜɖ Ŭˊɧ ɛŮɑɤůɖ Űɖɠ ŮˊɘűŬɜŮɘŬəɐɠ ŮɜɏɟɔŮɘŬɠ ɛɏůɤ 

ŮɜŬˊɧɗŮůɖɠ ůŰŮŬŰɘəɞɨ ɞɝɏɞɠ (ɆɢɐɛŬ 2.8i). ɀŮ Űɞɜ Űɟɧˊɞ ŬɡŰɧ ŭɖɛɘɞɨɟɔɖůŬɜ ɏɜŬ ˊɞɚɨ 

ŬɜɗŮəŰɘəɧ ɡɛɏɜɘɞ ɛŮ ɔɤɜɑŬ ŮˊŬűɐɠ ~157Á əŬɘ ɡůŰɏɟɖůɖ ~4Á. ȼ ɡˊŮɟɡŭɟɞűɞɓɘəɧŰɖŰŬ Űɞɡ 

ŭɘŬŰɖɟɐɗɖəŮ ɛŮŰɎ Ŭˊɧ ŭɘɎűɞɟŮɠ ɛɖɢŬɜɘəɏɠ əŬŰŬˊɞɜɐůŮɘɠ (Ŭˊɞəɧɚɚɖůɖ əɞɚɚɖŰɘəɐɠ ŰŬɘɜɑŬɠ əŬɘ 

Űɟɑɣɘɛɞ ɛŮ ɔɡŬɚɧɢŬɟŰɞ) əŬɘ ˊŮɘɟɎɛŬŰŬ ɢɖɛɘəɐɠ ůŰŬɗŮɟɧŰɖŰŬɠ ˊɞɡ ŮˊɏŭŮɘɝŬɜ əŬɘ Űɖɜ 

ŬɜŰɘŭɘŬɓɟɤŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ ůɡɔəŮəɟɘɛɏɜɞɡ ɡɛŮɜɑɞɡ. 60 

ɆŮ Ɏɚɚɖ ŮɟɔŬůɑŬ ŬɜŬˊŰɨɢɗɖəŮ ɛɑŬ ˊŮɟɘɓŬɚɚɞɜŰɘəɎ űɘɚɘəɐ ɛɏɗɞŭɞɠ əŬŰŬůəŮɡɐɠ 

ɡˊŮɟɡŭɟɧűɞɓɤɜ ŮˊɘűŬɜŮɘɩɜ ŬɜɞɝŮɑŭɤŰɞɡ ɢɎɚɡɓŬ əŬɘ ɛŬɔɜɖůɑɞɡ ɛɏůɤ ɞɝŮɑŭɤůɖɠ Űɤɜ 

ɡˊɞůŰɟɤɛɎŰɤɜ ɡˊɧ ˊŬɟɞɡůɑŬ ɎɚŬŰɞɠ NaCl əŬɘ ɛŮŰɏˊŮɘŰŬ ɢɖɛɘəɐɠ Űɟɞˊɞˊɞɑɖůɖɠ ɛŮ FAS-17 

(ɆɢɐɛŬ 2.8ii). ȾŬɘ ůŰŬ ŭɨɞ ɡˊɞůŰɟɩɛŬŰŬ ŭɖɛɘɞɡɟɔɐɗɖəŬɜ ɘŮɟŬɟɢɘəɏɠ ɛɘəɟɞ- əŬɘ ɜɎɜɞ- ŭɞɛɏɠ 

ŮɝŬɘŰɑŬɠ Űɖɠ ɏɜŰɞɜɖɠ ɖɚŮəŰɟɞɢɖɛɘəɐɠ ŬɜŰɑŭɟŬůɖɠ ɞɝŮɑŭɤůɖɠ ˊɞɡ ˊɟɞəɎɚŮůŮ Űɞ NaCl (ɡˊɧ Űɖ 

ɛɞɟűɐ ůˊɟɏɘ) ůŮ ůɡɜɗɐəŮɠ ɏɜŰɞɜɖɠ ɡɔɟŬůɑŬɠ. Ƀɘ ŮˊɘűɎɜŮɘŮɠ ˊɞɡ ŭɖɛɘɞɡɟɔɐɗɖəŬɜ ŭɘŬŰɐɟɖůŬɜ 

Űɖɜ ŬɜɗŮəŰɘəɧŰɖŰŬ Űɞɡɠ ɏˊŮɘŰŬ Ŭˊɧ ŭɞəɘɛɏɠ ɛŮ ŰɕŮŰ ɜŮɟɞɨ. 61  
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ɆɢɐɛŬ 2.8. (i) ȷˊŮɘəɧɜɘůɖ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ əŬŰŬůəŮɡɐɠ leaf-like ɡˊŮɟɡŭɟɧűɞɓɞɡ ɡɛŮɜɑɞɡ.60 (ii ) 

ɆɢɖɛŬŰɘəɐ ŬɜŬˊŬɟɎůŰŬůɖ Űɖɠ ɛŮɗɧŭɞɡ əŬŰŬůəŮɡɐɠ ɡˊŮɟɡŭɟɧűɞɓɤɜ ŮˊɘűŬɜŮɘɩɜ ůŮ 

ɡˊɞůŰɟɩɛŬŰŬ ɢɎɚɡɓŬ əŬɘ əɟɎɛŬŰɞɠ ɛŬɔɜɖůɑɞɡ AZ31B. 61 ɆŰɞ ɑŭɘɞ ůɢɐɛŬ űŬɑɜɞɜŰŬɘ Ůˊɑůɖɠ əŬɘ 

ŮɘəɧɜŮɠ SEM Űɖɠ ŰɞˊɞɔɟŬűɑŬɠ ˊɞɡ ˊɟɞəɨˊŰŮɘ ůŰŬ ŭɨɞ ŬɡŰɎ ɡˊɞůŰɟɩɛŬŰŬ. 

2.1.1.4. ɃɝŮɑŭɤůɖ ɛɏůɤ ˊɚɎůɛŬŰɞɠ 

ȼ ɞɝŮɑŭɤůɖ ɛɏůɤ ˊɚɎůɛŬŰɞɠ əŮɟŭɑɕŮɘ ɧɚɞ əŬɘ ˊŮɟɘůůɧŰŮɟɞ Űɖɜ ˊɟɞůɞɢɐ Űɖɠ ŮˊɘůŰɖɛɞɜɘəɐɠ 

əɞɘɜɧŰɖŰŬɠ ɤɠ ŮɟɔŬɚŮɑɞ ɔɘŬ Űɖɜ əŬŰŬůəŮɡɐ ɜŬɜɞŭɞɛɩɜ, ɚɧɔɤ Űɖɠ ˊɞɚɨ ɔɟɐɔɞɟɖɠ ŬɜɎˊŰɡɝɖɠ 

ŰɞˊɞɔɟŬűɑŬɠ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, ɜŬɜɞɜɖɛɎŰɘŬ ɞɝŮɘŭɑɤɜ ɛŮŰɎɚɚɤɜ ŬɜŬˊŰɨůůɞɜŰŬɘ ŮɨəɞɚŬ ˊɎɜɤ 

ůŮ ɛŮŰŬɚɚɘəɎ űɨɚɚŬ ɡˊɧ Űɖɜ ŮˊɑŭɟŬůɖ ŬůɗŮɜɞɨɠ ɘɞɜɘůɛɏɜɞɡ ˊɚɎůɛŬŰɞɠ ɞɝɡɔɧɜɞɡ ůŮ 

ŮˊŬɔɤɔɘəɎ ůɡɕŮɡɔɛɏɜɞ ŬɜŰɘŭɟŬůŰɐɟŬ ɟŬŭɘɞůɡɢɜɞŰɐŰɤɜ. 62  

ȼ ɗŮɟɛɘəɐ ɞɝŮɑŭɤůɖ ŬˊɞŰŮɚŮɑ ɛɑŬ ŭɘŬŭɘəŬůɑŬ ɗŮɟɛɞŭɡɜŬɛɘəɐɠ ɘůɞɟɟɞˊɑŬɠ əŬŰɎ Űɖɜ ɞˊɞɑŬ ɏɜŬ 

ŭŮɑɔɛŬ ɗŮɟɛŬɑɜŮŰŬɘ əŬɘ Űɞ Ŭɏɟɘɞ Űɖɠ ˊŮɟɘɟɟɏɞɡůŬɠ ŬŰɛɧůűŬɘɟŬɠ (ůɡɜɐɗɤɠ ɛɧɟɘŬ ɞɝɡɔɧɜɞɡ) 

ŭɘŬůˊɎŰŬɘ ˊɎɜɤ ůŰɖɜ ŮˊɘűɎɜŮɘŬ. ȼ ɗɏɟɛŬɜůɖ ɛˊɞɟŮɑ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ɛɏůɤ ɖɚŮəŰɟɘəɞɨ űɞɨɟɜɞɡ, 

űɚɧɔŬɠ ůŮ ŬɜɞɘɢŰɧ ˊŮɟɘɓɎɚɚɞɜ ɐ ɖɚŮəŰɟɘəɐɠ ŬɜŰɑůŰŬůɖɠ. ȷɜŰɑɗŮŰŬ, ɖ ɞɝŮɑŭɤůɖ ɛɏůɤ 

ˊɚɎůɛŬŰɞɠ ŮɑɜŬɘ ɛɘŬ ŭɘŬŭɘəŬůɑŬ ˊɞɡ ŭŮɜ ɓɟɑůəŮŰŬɘ ɡˊɧ ɗŮɟɛɞŭɡɜŬɛɘəɐ ɘůɞɟɟɞˊɑŬ. ȼ ˊɖɔɐ 

ɗɏɟɛŬɜůɖɠ ůŮ ŬɡŰɐ Űɖɜ ˊŮɟɑˊŰɤůɖ ŮɑɜŬɘ ŰŬ ɘɞɜɘůɛɏɜŬ ɛɧɟɘŬ ɞɝɡɔɧɜɞɡ ɛɏůŬ ůŰɞ ˊɚɎůɛŬ. ȳŰŬɜ 

ŰŬ ɎŰɞɛŬ ɞɝɡɔɧɜɞɡ ɢŰɡˊɐůɞɡɜ Űɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ŮˊŮɝŮɟɔŬůɛɏɜɞɡ ŭŮɑɔɛŬŰɞɠ ɛˊɞɟɞɨɜ ɜŬ 

ˊɟɞůɟɞűɖɗɞɨɜ, ɜŬ ŭɘŬɚɡɗɞɨɜ ůŰɞ ɛɏŰŬɚɚɞ ɐ ɜŬ ŬɜŬůɡɜŭɡŬůŰɞɨɜ ɛŮ ɎɚɚŬ ɎŰɞɛŬ ɞɝɡɔɧɜɞɡ. ȼ 

ɗŮɟɛɧŰɖŰŬ ˊɞɡ ŮəˊɏɛˊŮŰŬɘ əŬŰɎ Űɞɜ ŬɜŬůɡɜŭɡŬůɛɧ Űɤɜ ŬŰɧɛɤɜ Űɞɡ ŬŮɟɑɞɡ ɛŮ ŰŬ ɛɧɟɘŬ 

ɗŮɟɛŬɑɜŮɘ Űɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ŭŮɑɔɛŬŰɞɠ. ɆŰɞ ɆɢɐɛŬ 2.9 ˊŬɟɞɡůɘɎɕɞɜŰŬɘ əŬɘ ɞɘ ŭɨɞ ɛɖɢŬɜɘůɛɞɑ 

ɗɏɟɛŬɜůɖɠ. ɇɞ ˊɚɎůɛŬ ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ŮɑɜŬɘ ůɡɜɐɗɤɠ ́ ɚɎůɛŬ ɛɖ ɘůɞɟɟɞˊɑŬɠ ˊŬɟŬɔɧɛŮɜɞ 

ůŮ ŭɞɢŮɑɞ ɛŮ ˊɑŮůɖ ɞɝɡɔɧɜɞɡ ɢŬɛɖɚɧŰŮɟɖ Ŭˊɧ Űɖɜ ŬŰɛɞůűŬɘɟɘəɐ (50ï200 Pa) əŬɘ ˊɖɔɐ ɘůɢɨɞɠ 

RF ůɡɕŮɡɔɛɏɜɖ ŮˊŬɔɤɔɘəɎ ɛŮ ɏɜŬ ˊɖɜɑɞ Űɡɚɘɔɛɏɜɞ ɔɨɟɤ Ŭˊɧ Űɞ ŭɞɢŮɑɞ.  
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ɆɢɐɛŬ 2.9. ɃɝŮɑŭɤůɖ ɢŬɚəɞɨ ɛɏůɤ ɗŮɟɛɘəɐɠ ɞɝŮɑŭɤůɖɠ (ŬɟɘůŰŮɟɎ) əŬɘ ɛɏůɤ ˊɚɎůɛŬŰɞɠ (ŭŮɝɘɎ). 

ɆŰɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ ɗŮɟɛɘəɐɠ ɞɝŮɑŭɤůɖɠ, ɖ ɗɏɟɛŬɜůɖ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ ɢŬɚəɞɨ ɏɢŮɘ ůŬɜ 

ŬˊɞŰɏɚŮůɛŬ Űɖ ŭɘɎůˊŬůɖ Űɤɜ ɛɞɟɑɤɜ Űɞɡ ɞɝɡɔɧɜɞɡ ůŮ ɎŰɞɛŬ. ɆŰɞ ˊɚɎůɛŬ, Űɞ ɞɝɡɔɧɜɞ ŮɑɜŬɘ 

əɡɟɑɤɠ ɐŭɖ ŭɘŬůˊŬůɛɏɜɞ ůŮ ɎŰɞɛŬ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɧŰŬɜ ŰŬ ɎŰɞɛŬ ŬɜŬůɡɜŭɡɎɕɞɜŰŬɘ ůŰɖɜ 

ŮˊɘűɎɜŮɘŬ Űɞɡ ɢŬɚəɞɨ, Űɞ ˊɚŮɧɜŬůɛŬ ŮɜɏɟɔŮɘŬɠ Ŭˊɧ Űɖɜ ŮəˊŮɛˊɧɛŮɜɖ ɗŮɟɛɧŰɖŰŬ ɜŬ ɛŮŰŬűɏɟŮŰŬɘ 

ůŰɞɜ ɢŬɚəɧ əŬɘ Űɞɜ ɗŮɟɛŬɑɜŮɘ. 

Ƀɘ Filipiļ et. al ɏŭŮɘɝŬɜ ɧŰɘ ɛˊɞɟɞɨɜ ɜŬ ŬɜŬˊŰɡɢɗɞɨɜ ɞɛɞɘɧɛɞɟűŬ ɜŬɜɞɜɖɛɎŰɘŬ ɞɝŮɘŭɑɞɡ Űɞɡ 

ɢŬɚəɞɨ ɛŮŰɎ Ŭˊɧ 10 ɚŮˊŰɎ ɏəɗŮůɖɠ ůŮ ŮəəŮɜɩůŮɘɠ ˊɚɎůɛŬŰɞɠ RF. ɆɡɔəŮəɟɘɛɏɜŬ, ůŰɖɜ ŮɟɔŬůɑŬ 

Űɞɡɠ, ŭŮɑɔɛŬŰŬ ɢŬɚəɞɨ ŮəŰɏɗɖəŬɜ ůŮ ˊɚɎůɛŬ Ŭɟɔɞɨ-ɞɝɡɔɧɜɞɡ ɘůɢɨɞɠ 150 W. Ƀɘ ůɡɔəŮəɟɘɛɏɜɞɘ 

ŮɟŮɡɜɖŰɏɠ ŬɜɏˊŰɡɝŬɜ Ůˊɑůɖɠ ɏɜŬ ɗŮɤɟɖŰɘəɧ ɛɞɜŰɏɚɞ Űɞ ɞˊɞɑɞ ůɡůɢŮŰɑɕŮɘ Űɞ ɛɐəɞɠ Űɤɜ 

ɜŬɜɞɜɖɛŬŰɑɤɜ ɛŮ Űɘɠ ůɡɜɗɐəŮɠ Űɞɡ ˊɚɎůɛŬŰɞɠ. ɀŮ ɓɎůɖ Űɞ ɛɞɜŰɏɚɞ ŬɡŰɧ, ɞɘ ɓŬɚɚɘůŰɘəɏɠ 

ŮˊɘŭɟɎůŮɘɠ Űɤɜ ɘɧɜŰɤɜ əŬɘ ɖ ˊŬɟŬɛɧɟűɤůɖ Űɤɜ Űɞˊɘəɩɜ Űɞɡɠ ɟɞɩɜ ˊŮɟɘɞɟɑɕɞɡɜ Űɖɜ ŬɜɎˊŰɡɝɖ 

Űɤɜ ɜŬɜɞŭɞɛɩɜ.63 ȷˊŬɘŰŮɑŰŬɘ ɚɞɘˊɧɜ, ˊɟɞůŮəŰɘəɧɠ ɏɚŮɔɢɞɠ Űɤɜ ůɡɜɗɖəɩɜ Űɞɡ ˊɚɎůɛŬŰɞɠ ˊɞɡ 

ɗŬ ɞŭɖɔɐůɞɡɜ ůŮ ŬɜɎˊŰɡɝɖ ɛŮŰŬɚɚɘəɩɜ ɞɝŮɘŭɑɤɜ əŬŰɎɚɚɖɚɤɜ ɔɘŬ Űɖɜ ŮˊɑŰŮɡɝɖ 

ɡˊŮɟɡŭɟɞűɞɓɘəɧŰɖŰŬɠ ɛŮŰɎ Űɖ ɛŮɑɤůɖ Űɖɠ ŮˊɘűŬɜŮɘŬəɐɠ Űɞɡɠ ŮɜɏɟɔŮɘŬɠ. ȳˊɤɠ űŬɑɜŮŰŬɘ əŬɘ 

Ŭˊɧ Űɞ ɆɢɐɛŬ 2.10 ɛɘŬ ɛɘəɟɐ ŬɚɚŬɔɐ Űɖɠ ˊɡəɜɧŰɖŰŬɠ Űɞɡ ˊɚɎůɛŬŰɞɠ, ɚɧɔɤ Űɖɠ ɗɏůɖɠ 

ŮˊɑŭɟŬůɐɠ Űɞɡ, ɞŭɖɔŮɑ ůŮ ŭɘŬűɞɟŮŰɘəɐ ŰɞˊɞɔɟŬűɑŬ ůŰɖɜ ŮˊɘűɎɜŮɘŬ. 
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ɆɢɐɛŬ 2.10. ȷɜɎˊŰɡɝɖ ŭɘŬűɞɟŮŰɘəɐɠ ŰɞˊɞɔɟŬűɑŬɠ ɜŬɜɞɜɖɛŬŰɘɩɜ ɞɝŮɘŭɑɞɡ Űɞɡ ɢŬɚəɞɨ ŬɜɎɚɞɔŬ 

ɛŮ Űɖ ɗɏůɖ ŮˊɑŭɟŬůɖɠ Űɞɡ ˊɚɎůɛŬŰɞɠ ɞɝɡɔɧɜɞɡ ůŮ ŭɘŬűɞɟŮŰɘəɎ ůɖɛŮɑŬ ˊɎɜɤ ůŰɞ ŭŮɑɔɛŬ. ɆŰɖɜ 

ŮɘəɧɜŬ (e) ŬˊŮɘəɞɜɑɕŮŰŬɘ Űɞ ɡˊɧůŰɟɤɛŬ ɢŬɚəɞɨ ˊɞɡ ŮəŰɏɗɖəŮ ůŮ ˊɚɎůɛŬ ɞɝɡɔɧɜɞɡ. ɆŮ əɎɗŮ ɚŮɡəɧ 

ůɖɛŮɑɞ Űɖɠ ŮɘəɧɜŬɠ (e) ŬɜŰɘůŰɞɘɢŮɑ ŮɘəɧɜŬ SEM Űɖɠ ŰɞˊɞɔɟŬűɑŬɠ ˊɞɡ ɏɢŮɘ ŬɜŬˊŰɡɢɗŮɑ.63 

Ƀɘ E. Lee and K. Lee əŬŰŬůəŮɨŬůŬɜ ɡˊŮɟɡŭɟɧűɞɓɖ ŮˊɘűɎɜŮɘŬ ɢɎɚɡɓŬ ŬɜŬˊŰɨůůɞɜŰŬɠ 

ɜŬɜɞŭɞɛɏɠ ɛɏůɤ ŮəəŮɜɩůŮɤɜ ɛɘəɟɞəɡɛɎŰɤɜ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ, ɡˊɧ ŬŰɛɧůűŬɘɟŬ CO2. Ƀɘ 

ůˊɘɜɗɐɟŮɠ ˊɞɡ ˊɟɞəŬɚɞɨɜŰŬɘ Ŭˊɧ Űɖɜ ŮˊɑŭɟŬůɖ Űɤɜ ɛɘəɟɞəɡɛɎŰɤɜ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ 

ɛŮŰɎɚɚɞɡ ˊɟɞəŬɚɞɨɜ Űɖɜ ɞɝŮɑŭɤůɐ Űɞɡ ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɖ ŭɘŬůŰɞɚɐ Űɞɡ ɧɔəɞɡ Űɞɡ ŰɞˊɘəɎ. 

ɀɏůɤ ŬɡŰɞɨ Űɞɡ ɛɖɢŬɜɘůɛɞɨ ŬɜŬˊŰɨůůɞɜŰŬɘ ɜŬɜɞŭɞɛɏɠ Ŭˊɧ ɞɝŮɑŭɘɞ ɢɎɚɡɓŬ. Ƀɘ ɜŬɜɞŭɞɛɏɠ 

ŬɡŰɏɠ ůŮ ůɡɜŭɡŬůɛɧ ɛŮ Űɖ ɛɘəɟɞŰɞˊɞɔɟŬűɑŬ ˊɞɡ ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɖ ŭɘŬŭɘəŬůɑŬ ˊŬɟŬɔɤɔɐɠ Űɞɡ 

űɨɚɚɞɡ ɢɎɚɡɓŬ, ɞŭɖɔɞɨɜ ůŰɞɜ ůɢɖɛŬŰɘůɛɧ ɘŮɟŬɟɢɘəɩɜ ŭɞɛɩɜ, ɞɘ ɞˊɞɑŮɠ ɛŮŰŬŰɟɏˊɞɡɜ Űɖɜ 

ŮˊɘűɎɜŮɘŬ ůŮ ɡˊŮɟɡŭɟɧűɞɓɖ, ɏˊŮɘŰŬ Ŭˊɧ ŮɛɓɎˊŰɘůɖ ůŮ ŭɘɎɚɡɛŬ Űɞɚɞɡɧɚɖɠ əŬɘ ɞəŰŬŭŮəɡɚɞ-

ŰŮŰɟŬɢɚɤɟɞůɘɚɎɜɘɞɡ (ODTS). Ƀɘ ŮˊɘűɎɜŮɘŮɠ ŬɡŰɏɠ ŮˊɘŰɡɔɢɎɜɞɡɜ ɡɣɖɚɏɠ ɔɤɜɑŮɠ ŮˊŬűɐɠ Ɏɜɤ 

Űɤɜ 160Á əŬɘ ɡůŰɏɟɖůɖ ˊŮɟɑˊɞɡ ůŰɘɠ 4Á, Ůɜɩ ŭɘŬŰɖɟɞɨɜ Űɖɜ ɡˊŮɟɡŭɟɞűɞɓɘəɧŰɖŰɎ Űɞɡɠ ɛŮŰɎ 

Ŭˊɧ 14 ɛɏɟŮɠ ŮɛɓɎˊŰɘůɖɠ ůŮ 5 wt% ŭɘɎɚɡɛŬ NaCl.64 

Ƀɘ Cvelbar et al.65 ŭɖɛɘɞɨɟɔɖůŬɜ ɜŬɜɞɜɖɛɎŰɘŬ a-Fe2O3 ɛɏůɤ ɞɝŮɑŭɤůɖɠ ɛŮ ˊɚɎůɛŬ ůŮ 

ŮˊɘűɎɜŮɘŬ ůɘŭɐɟɞɡ. Ƀɘ ŮˊɘűɎɜŮɘŮɠ ŮəŰɏɗɖəŬɜ ůŮ ˊɚɎůɛŬ ŮəəŮɜɩůŮɤɜ ɞɝɡɔɧɜɞɡ ɛŮ ˊɡəɜɧŰɖŰŬ 

ŬŰɞɛɘəɞɨ ɞɝɡɔɧɜɞɡ 2x1021 m-3 əŬɘ ˊɡəɜɧŰɖŰŬ ɘɧɜŰɤɜ 2x10-16 m-3,ɔɘŬ ŭɨɞ ɚŮˊŰɎ. ȼ ŭɘŬŭɘəŬůɑŬ 

ŬɡŰɐ ŮɑɢŮ ůŬɜ ŬˊɞŰɏɚŮůɛŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ, əɡɟɑɤɠ əɎɗŮŰɤɜ, ɜŬɜɞɜɖɛŬŰɑɤɜ ŬɘɛŬŰɑŰɖ ɛŮ 

ŭɘɎɛŮŰɟɞ ɓɎůɖɠ ˊŮɟɑˊɞɡ 120 nm. ȼ ŬɚɚŬɔɐ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ Űɞɡ ˊɚɎůɛŬŰɞɠ ŮɑɢŮ ůŬɜ 

ŬˊɞŰɏɚŮůɛŬ əŬɘ Űɖɜ ŬɚɚŬɔɐ Űɖɠ ɛɞɟűɞɚɞɔɑŬɠ, Ŭˊɧ ɜŬɜɞɜɖɛɎŰɘŬ, ůŮ ɜŬɜɞŭɞɛɏɠ Űɨˊɞɡ ɕɩɜɖɠ 

(nanobelts). ȾŬŰɎ Űɖɜ ɏəɗŮůɖ Űɤɜ ŬŰɧɛɤɜ Fe, əŬɘ Űɤɜ ɞɝŮɘŭɑɤɜ Űɞɡ, ůŰɞ ˊɚɎůɛŬ ɞɝɡɔɧɜɞɡ 

ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ˊɡɟɖɜɞˊɞɑɖůɖ ůŮ ɧɚɖ Űɖɜ ɏəŰŬůɖ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ˊɞɡ ŮəŰɑɗŮŰŬɘ. ɄŬɟɧɚŬ 

ŬɡŰɎ, ɖ ˊŮɟŬɘŰɏɟɤ ŬɜɎˊŰɡɝɖ Űɤɜ ˊɡɟɐɜɤɜ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖ ɗŮɟɛɞəɟŬůɑŬ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ. 

ɆŮ ɢŬɛɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ ɖ ŬɜɎˊŰɡɝɖ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ əɡɟɑɤɠ ůŰɖ ɓɎůɖ Űɞɡ ˊɡɟɐɜŬ, əŬɘ 

ŮɑɜŬɘ ɞɡůɘŬůŰɘəɎ ɞɝŮɑŭɤůɖ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ ɛŮŰŬɝɨ Űɞɡ ɛŮŰŬɚɚɘəɞɨ ɡˊɞůŰɟɩɛŬŰɞɠ əŬɘ Űɞɡ 

ɞɝŮɘŭɑɞɡ. ɆŮ ɡɣɖɚɧŰŮɟŮɠ ɗŮɟɛɞəɟŬůɑŮɠ, ɖ ŬɜɎˊŰɡɝɖ Űɞɡ ˊɡɟɐɜŬ ɛˊɞɟŮɑ ɜŬ ůɡɛɓŮɑ ůŮ 

ɞˊɞɘŬŭɐˊɞŰŮ ŭɘŮɨɗɡɜůɖ ɛŮ Ŭɡɝɖɛɏɜɖ ŭɘŬɗŮůɘɛɧŰɖŰŬ ŬŰɧɛɤɜ ůɘŭɐɟɞɡ, ŭɖɛɘɞɡɟɔɩɜŰŬɠ ɏŰůɘ ɏɜŬ 

ɚŮˊŰɧ ɡɛɏɜɘɞ ɞɝŮɘŭɑɞɡ. ȷɟɢɘəɎ ɖ ˊɡɟɖɜɞˊɞɑɖůɖ ŮˊɖɟŮɎɕŮŰŬɘ Ŭˊɧ Űɞ Ŭɟɢɘəɧ ɎɚɛŬ Űɖɠ 
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ɗŮɟɛɞəɟŬůɑŬɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Ɏɜɤ Űɤɜ 580ÁC, ˊɞɡ ŮɑɜŬɘ ɖ ɗŮɟɛɞəɟŬůɑŬ ŭɖɛɘɞɡɟɔɑŬɠ Űɖɠ 

ɛŮŰŬɓŬŰɘəɐɠ űɎůɖɠ Fe-O. ɋůŰɧůɞ, ɖ ˊɡɟɖɜɞˊɞɑɖůɖ ɛˊɞɟŮɑ ɜŬ ˊɟŬɔɛŬŰɞˊɞɘɖɗŮɑ əŬɘ ůŮ 

ɛɘəɟɧŰŮɟŮɠ ɛŮŰɟɖɛɏɜŮɠ ɗŮɟɛɞəɟŬůɑŮɠ əŬɗɩɠ ɖ ŭɖɛɘɞɡɟɔɑŬ Űɖɠ űɎůɖɠ Fe-O ɛˊɞɟŮɑ ɜŬ  

ŮəəɘɜɖɗŮɑ Ŭˊɧ Űɖ ɗŮɟɛɧŰɖŰŬ Ůəˊɞɛˊɐɠ əŬŰɎ Űɞɜ ŬɜŬůɡɜŭɡŬůɛɧ Űɤɜ ŮɜŮɟɔɩɜ ɟɘɕɩɜ. ɆŮ ŬɡŰɏɠ 

Űɘɠ ˊŮɟɘˊŰɩůŮɘɠ ŭɖɛɘɞɡɟɔɞɨɜŰŬɘ ɛɘəɟɧŰŮɟɞɘ ˊɡɟɐɜŮɠ əŬɘ ɛŮ ɛɘəɟɧŰŮɟŮɠ ůɡɔəŮɜŰɟɩůŮɘɠ. ɇŬ 

ɓŬůɘəɎ ůŰɎŭɘŬ ŭɖɛɘɞɡɟɔɑŬɠ Űɤɜ ɜŬɜɞɜɖɛŬŰɑɤɜ ŬɘɛŬŰɑŰɖ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ůɘŭɐɟɞɡ 

ůɡɜɞɣɑɕɞɜŰŬɘ ůŰɞ ɆɢɐɛŬ 2.11.  

 

ɆɢɐɛŬ 2.11. ɆɢɖɛŬŰɘəɐ ŬˊŮɘəɧɜɘůɖ Űɞɡ ɛɖɢŬɜɘůɛɞɨ ŬɜɎˊŰɡɝɖɠ Űɤɜ ɜŬɜɞɜɖɛŬŰɑɤɜ ɞɝŮɘŭɑɞɡ 

ɛŮŰɎɚɚɞɡ Ŭˊɧ ŮˊɘűɎɜŮɘŬ ˊɞɡ ŮəŰɑɗŮŰŬɘ ůŮ ˊɚɎůɛŬ ɞɝɡɔɧɜɞɡ. ɇɟɑŬ əɨɟɘŬ ůŰɎŭɘŬ ŬɜɎˊŰɡɝɖɠ: a) 

ˊɡɟɖɜɞˊɞɑɖůɖ, b) ŬůŰɎɗŮɘŬ, c) ŬɜɎˊŰɡɝɖ. 

2.1.1.5. ȺɔɢɎɟŬɝɖ ɛŮ ɚɏɘɕŮɟ 

ȼ ŮɔɢɎɟŬɝɖ ɛŮ ɚɏɘɕŮɟ ɛˊɞɟŮɑ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɔɘŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ ɘŮɟŬɟɢɘəɩɜ ŭɞɛɩɜ ŭɘˊɚɐɠ 

əɚɑɛŬəŬɠ ůŮ ɛŮŰŬɚɚɘəɎ ɡˊɞůŰɟɩɛŬŰŬ, ́ ɞɡ ɜŬ ŮɑɜŬɘ əŬŰɎɚɚɖɚŮɠ ɔɘŬ ɡˊŮɟɡŭɟɞűɞɓɘəɧŰɖŰŬ, ɛŮŰɎ 

Űɖ ɛŮɑɤůɖ Űɖɠ ŮˊɘűŬɜŮɘŬəɐɠ Űɞɡɠ ŮɜɏɟɔŮɘŬɠ.66,67 ȼ ŭɧɛɖůɖ ŮˊɘűŬɜŮɘɩɜ ɛŮ ɛŮɗɧŭɞɡɠ ɚɏɘɕŮɟ 

ɗŮɤɟŮɑŰŬɘ Ŭəɟɘɓɐɠ əŬɘ ŮɡɏɚɘəŰɖ ŰŮɢɜɘəɐ əŬɘ ɔɘŬ ŬɡŰɧɜ Űɞɜ ɚɧɔɞ ɡˊɎɟɢɞɡɜ ˊɞɚɚɎ ˊŬɟŬŭŮɑɔɛŬŰŬ 

əŬŰŬůəŮɡɐɠ ɡˊŮɟɡŭɟɧűɞɓɤɜ ŮˊɘűŬɜŮɘɩɜ ɛŮ ŬɡŰɐ Űɖ ɛɏɗɞŭɞ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ. Ƀɘ Kietzig et 

al.68 əŬŰŬůəŮɨŬůŬɜ ŭɞɛɏɠ ɛŮ ŰɟŬɢɨŰɖŰŬ ůŮ ŭɘˊɚɐ əɚɑɛŬəŬ ɛŮ Űɖ ɢɟɐůɖ femtosecond laser ůŮ 

ŭɘŬűɞɟŮŰɘəɎ ɛŮŰŬɚɚɘəɎ əɟɎɛŬŰŬ, ŰŬ ɞˊɞɑŬ ɛŮŰŬŰɟɎˊɖəŬɜ Ŭˊɧ ɡˊŮɟɡŭɟɧűɘɚŬ ůŮ 

ɡˊŮɟɡŭɟɧűɞɓŬ ɛŮŰɎ Ŭˊɧ 30 ɛɏɟŮɠ.  ȰɜŬ Ɏɚɚɞ ŮɜŭɘŬűɏɟɞɜ ˊŬɟɎŭŮɘɔɛŬ ŬˊɞŰŮɚŮɑ ɖ ŮɟɔŬůɑŬ Űɤɜ 

Samantha et al. ɞɘ ɞˊɞɑɞɘ ɢɟɖůɘɛɞˊɞɑɖůŬɜ nanosecond laser ɔɘŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ ɜŬɜɞŰɟŬɢɨŰɖŰŬɠ 

ůŮ ŮˊɘűɎɜŮɘŮɠ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ Űɘɠ ɛŮŰŬŰɟɏɣɞɡɜ ůŮ ɡˊŮɟɡŭɟɧűɞɓŮɠ. ȷɟɢɘəɎ, ɡɣɖɚɐɠ ŮɜɏɟɔŮɘŬɠ 

nanosecond ˊŬɚɛɞɑ ɚŮɑɕŮɟ ůəŬɜɎɟɞɡɜ Űɖɜ ŮˊɘűɎɜŮɘŬ Ůɜɩ ŬɡŰɐ ɓɟɑůəŮŰŬɘ ɓɡɗɘůɛɏɜɖ ůŮ ɜŮɟɧ. 

ɇɖ ŭɧɛɖůɖ ŬəɞɚɞɡɗŮɑ ɡŭɟɞűɞɓɞˊɞɑɖůɖ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ɛɏůɤ ŮɛɓɎˊŰɘůɖɠ ůŮ ŭɘɎɚɡɛŬ 

ɢɚɤɟɞůɘɚŬɜɑɞɡ (FOTS) ɔɘŬ 3 ɩɟŮɠ. Ƀɘ ŮɟŮɡɜɖŰɏɠ ɏŭŮɘɝŬɜ, Ůˊɑůɖɠ, ɧŰɘ ɖ ŭɘŬɓɟɞɢɐ Űɖɠ 

ŮˊɘűɎɜŮɘŬɠ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖɜ ɘůɢɨ Űɤɜ ˊŬɚɛɩɜ ɚɏɘɕŮɟ, ɧˊɤɠ űŬɑɜŮŰŬɘ əŬɘ ůŰɞ ɆɢɐɛŬ 2.12.69 
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ɆɢɐɛŬ 2.12. ɀŮŰŬɓɞɚɐ Űɖɠ ɔɤɜɑŬɠ ŮˊŬűɐɠ Űɞɡ AISI 4130 ŬɜɞɝŮɑŭɤŰɞɡ ɢɎɚɡɓŬ ɛŮ Űɞ ɜŮɟɧ 

ŬɜɎɚɞɔŬ ɛŮ Űɖɜ ɘůɢɨ Űɤɜ ˊŬɚɛɩɜ ɚɏɘɕŮɟ ɛŮ Űɞɡɠ ɞˊɞɑɞɡɠ ɔɑɜŮŰŬɘ ɖ ŭɧɛɖůɖ. 69 

ɆŮ Ɏɚɚɖ ŭɞɡɚŮɘɎ, Ƀɘ Raja et al, ŭɖɛɘɞɨɟɔɖůŬɜ ŭɞɛɏɠ ɛɏůɤ ŮɔɢɎɟŬɝɖɠ ɛŮ ɚɏɘɕŮɟ ɔɘŬ Űɖɜ 

əŬŰŬůəŮɡɐ ɡˊŮɟɡŭɟɧűɞɓɤɜ ŮˊɘűŬɜŮɘɩɜ Ŭɚɞɡɛɘɜɑɞɡ.70 Ƀɘ ŮɟŮɡɜɖŰɏɠ ɢɟɖůɘɛɞˊɞɑɖůŬɜ 

picosecond laser ɚɧɔɤ Űɤɜ ɢŬɛɖɚɩɜ ɗŮɟɛɘəɩɜ ŮˊɘŭɟɎůŮɤɜ ɛŮ Űɞ ɡˊɧůŰɟɤɛŬ, ɔɘŬ Űɖ 

ŭɖɛɘɞɡɟɔɑŬ ŬɡɚŬəɩůŮɤɜ ɛŮ əɚɑůŮɘɠ ŭɘŬűɧɟɤɜ ɔɤɜɘɩɜ. Ƀɘ əɟɑůɘɛŮɠ ˊŬɟɎɛŮŰɟɞɘ Űɖɠ ŮɔɢɎɟŬɝɖɠ 

ɐŰŬɜ ɖ ŬˊɧůŰŬůɖ ɛŮŰŬɝɨ Űɤɜ ŬɡɚŬəɩůŮɤɜ ŬɚɚɎ əŬɘ ɖ ŰŬɢɨŰɖŰŬ ůəŬɜŬɟɑůɛŬŰɞɠ Űɖɠ 

ŮˊɘűɎɜŮɘŬɠ ɛŮ Űɞ ɚɏɘɕŮɟ. Ƀɘ ŮˊɘűɎɜŮɘŮɠ ˊɞɡ ˊɟɞɏəɡɣŬɜ ɛŮŰɎ Űɖɜ ŮɔɢɎɟŬɝɖ ɐŰŬɜ ɡˊŮɟɡŭɟɧűɘɚŮɠ 

əŬɘ ɛŮŰŬŰɟɎˊɖəŬɜ ůŮ ɡˊŮɟɡŭɟɧűɞɓŮɠ ɛŮŰɎ Ŭˊɧ 15 ɛɏɟŮɠ ŬˊɞɗɐəŮɡůɖɠ ůŮ ůɡɜɗɐəŮɠ 

ˊŮɟɘɓɎɚɚɞɜŰɞɠ.  

Ƀɘ Sharjeel A. Khan et al. əŬŰŬůəŮɨŬůŬɜ Ůˊɑůɖɠ ɡˊŮɟɡŭɟɧűɞɓŮɠ ŮˊɘűɎɜŮɘŮɠ ůŮ ɡˊɞůŰɟɩɛŬŰŬ 

Ŭɚɞɡɛɘɜɑɞɡ, ɢŬɚəɞɨ əŬɘ ɔŬɚɓŬɜɘɕɏ ɢɎɚɡɓŬ ɛɏůɤ ŮɔɢɎɟŬɝɖɠ ɛŮ ɚɏɘɕŮɟ. Ƀɘ ŮɟŮɡɜɖŰɏɠ ˊɟɧŰŮɘɜŬɜ 

ŬɜŰɑ  Űɖɠ ŮɜŬˊɧɗŮůɖɠ əɎˊɞɘɞɡ ɡɛŮɜɑɞɡ ɔɘŬ ɡŭɟɞűɞɓɞˊɞɑɖůɖ, Űɖ ɔɐɟŬɜůɖ Űɤɜ ŮˊɘűŬɜŮɘɩɜ ůŮ 

ůɡɜɗɐəŮɠ ɢŬɛɖɚɐɠ ˊɑŮůɖɠ əŬɘ ůŮ ˊŮɟɘɓɎɚɚɞɜ ˊɚɞɨůɘɞ ůŮ ɡŭɟɞɔɞɜɎɜɗɟŬəŮɠ. ɀŮ Űɞɜ Űɟɧˊɞ ŬɡŰɧ 

ɞɘ ŮˊɘűɎɜŮɘŮɠ ɛŮŰŬŰɟɎˊɖəŬɜ ůŮ ɡˊŮɟɡŭɟɧűɞɓŮɠ ůŮ ŭɘɎůŰɖɛŬ 6 ɤɟɩɜ ɛŮŰɎ Űɖɜ ŮɔɢɎɟŬɝɐ Űɞɡɠ 

ɢɤɟɑɠ Űɖɜ ŮɜŬˊɧɗŮůɖ ɡɛŮɜɑɞɡ. Ƀɘ ɑŭɘɞɘ ɛŮɚɏŰɖůŬɜ Ůˊɑůɖɠ əŬɘ Űɖɜ ŮˊɑŭɟŬůɖ Űɖɠ ŭɘɎɟəŮɘŬɠ Űɤɜ 

ˊŬɚɛɩɜ (ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ˊŬɚɛɞɨɠ ŭɘɎɟəŮɘŬɠ femtosecond əŬɘ picosecond) ɧˊɤɠ Ůˊɑůɖɠ əŬɘ 

Űɖɠ ŰŬɢɨŰɖŰŬɠ ůɎɟɤůɖɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ůŰɖɜ ɡˊŮɟɡŭɟɞűɞɓɘəɧŰɖŰŬ. 71 

Ƀɘ Tuo et al. ůɡɜŭɨŬůŬɜ ŮɔɢɎɟŬɝɖ ɛŮ ɚɏɘɕŮɟ əŬɘ ŮɜŬˊɧɗŮůɖ ɛɏůɤ ůˊɟɏɘ, ŭɘŬɚɨɛŬŰɞɠ ˊɞɡ 

ˊŮɟɘɏɢŮɘ űɗɞɟɘɤɛɏɜɖ ŮˊɘűŬɜŮɘɞŭɟŬůŰɘəɐ ɞɡůɑŬ (FS-61), ŬɘɗŬɜɧɚɖ əŬɘ ůɤɛŬŰɑŭɘŬ PTFE ɔɘŬ Űɖɜ 

əŬŰŬůəŮɡɐ ɡˊŮɟŬɛűɑűɞɓɖɠ ŮˊɘűɎɜŮɘŬɠ ɛŮ ɛɘəɟɞ əŬɘ ɜŬɜɞ ŰɞˊɞɔɟŬűɑŬ ůŮ ɡˊɞůŰɟɩɛŬŰŬ 

Ŭɚɞɡɛɘɜɑɞɡ əŬɘ ɢɎɚɡɓŬ. Ƀɘ ŮˊɘűɎɜŮɘŮɠ ˊɞɡ ˊɟɞɏəɡɣŬɜ ŭŮɜ ŭɘɏɓɟŮɢŬɜ, ŮəŰɧɠ Ŭˊɧ Űɞ ɜŮɟɧ əŬɘ 

ɎɚɚŬ ɡɔɟɎ, ɧˊɤɠ Űɖɜ ŬɘɗɡɚŮɜɞɔɚɡəɧɚɖ, Űɞ əɟŬɛɓɏɚŬɘɞ əŬɘ Űɞ əɡəɚɞŮɝɎɜɘɞ, Ůɜɩ Ůˊɘˊɚɏɞɜ 

ŮˊɏŭŮɘɝŬɜ ŬɜŰɘɟɟɡˊŬɜŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ əŬɘ əŬɚɐ ɛɖɢŬɜɘəɐ ŬɜŰɞɢɐ ŮɜɎɜŰɘŬ ůŰɖɜ Űɟɘɓɐ. 72 
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2.1.2. ɈˊŮɟɡŭɟɞűɞɓɘəɧŰɖŰŬ ɛɏůɤ ŮɜŬˊɧɗŮůɖɠ ˊɞɚɡɛŮɟɘəɞɨ ɐ ůɨɜɗŮŰɞɡ ɡɛŮɜɑɞɡ 

ůŮ ɛŮŰŬɚɚɘəɧ ɡˊɧůŰɟɤɛŬ  

ɄɏɟŬɜ Ŭˊɧ Űɖ ŭɖɛɘɞɡɟɔɑŬ ŭɞɛɩɜ ůŰɞ ɑŭɘɞ ɛŮŰŬɚɚɘəɧ ɡˊɧůŰɟɤɛŬ əŬɘ Űɖ ɛŮŰɏˊŮɘŰŬ ɛŮɑɤůɖ Űɖɠ 

ŮˊɘűŬɜŮɘŬəɐɠ Űɞɡ ŮɜɏɟɔŮɘŬɠ ɔɘŬ Űɖ ɛŮŰŬŰɟɞˊɐ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ůŮ ɡˊŮɟɡŭɟɧűɞɓɖ, ɛɘŬ ŭŮɨŰŮɟɖ 

ˊɟɞůɏɔɔɘůɖ ɛˊɞɟŮɑ ɜŬ ŬəɞɚɞɡɗɖɗŮɑ ɔɘŬ Űɖɜ ŬˊɧəŰɖůɖ ɡˊŮɟɡŭɟɧűɞɓɤɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ. ȼ 

ˊɟɞůɏɔɔɘůɖ ŬɡŰɐ ˊŮɟɘɚŬɛɓɎɜŮɘ Űɖɜ ɎɛŮůɖ ŮɜŬˊɧɗŮůɖ Ůɜɧɠ ɡɛŮɜɑɞɡ ɢŬɛɖɚɐɠ ŮˊɘűŬɜŮɘŬəɐɠ 

ŮɜɏɟɔŮɘŬɠ ˊɎɜɤ ůŮ ɛŮŰŬɚɚɘəɧ ɡˊɧůŰɟɤɛŬ. ɇɞ ɡɛɏɜɘɞ ŬɡŰɧ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ŬˊŮɡɗŮɑŬɠ 

ɡˊŮɟɡŭɟɧűɞɓɞ, ɚɧɔɤ Űɞɡ ɧŰɘ ɖ ɛɏɗɞŭɞɠ ˊŬɟŬɔɤɔɐɠ Űɞɡ ŮɝŬůűŬɚɑɕŮɘ Űɖɜ ɨˊŬɟɝɖ əŬŰɎɚɚɖɚɤɜ 

ŭɞɛɩɜ, ɐ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ɡŭɟɧűɞɓɞ əŬɘ ɜŬ ɛŮŰŬŰɟŬˊŮɑ ůŮ ɡˊŮɟɡŭɟɧűɞɓɞ ɛɏůɤ Űɖɠ ɛŮŰɏˊŮɘŰŬ 

ŭɖɛɘɞɡɟɔɑŬɠ ŭɞɛɩɜ ˊɎɜɤ ůŮ ŬɡŰɧ. 

ɄɚŮɞɜŮəŰɐɛŬŰŬ ŬɡŰɐɠ Űɖɠ ˊɟɞůɏɔɔɘůɖɠ ŬˊɞŰŮɚɞɨɜ ɖ ŭɡɜŬŰɧŰɖŰŬ ŮűŬɟɛɞɔɐɠ Űɖɠ ůŮ 

ɞˊɞɘɞŭɐˊɞŰŮ ɛŮŰŬɚɚɘəɧ ɡˊɧůŰɟɤɛŬ, əŬɗɩɠ əŬɘ Űɞ ɧŰɘ ůɡɢɜɎ ŬˊɞŰŮɚŮɑ ɞɘəɞɜɞɛɘəɧŰŮɟɖ ɚɨůɖ 

ůŰɖ ɛŮŰŬŰɟɞˊɐ ˊɟɞɦ́Ŭɟɢɞɡůɩɜ ɛŮŰŬɚɚɘəɩɜ ŮˊɘűŬɜŮɘɩɜ ůŮ ɡˊŮɟɡŭɟɧűɞɓŮɠ, ůɡɔəɟɘŰɘəɎ ɛŮ Űɖɜ 

ˊɟɩŰɖ ˊɟɞůɏɔɔɘůɖ. ɇŬ ɛŮɘɞɜŮəŰɐɛŬŰŬ Űɖɠ ˊɟɞůɏɔɔɘůɖɠ ŬɡŰɐɠ ůɡɜɞɣɑɕɞɜŰŬɘ ůŰɞ ɛŮɔɎɚɞ ˊɎɢɞɠ 

Űɞɡ ɡɛŮɜɑɞɡ ˊɞɡ ŮɜŬˊɞŰɑɗŮŰŬɘ, əɎŰɘ Űɞ ɞˊɞɑɞ ˊŮɟɘɞɟɑɕŮɘ ůɖɛŬɜŰɘəɎ Űɘɠ ŮűŬɟɛɞɔɏɠ ůŰɘɠ ɞˊɞɑŮɠ 

ɛˊɞɟŮɑ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ, əŬɗɩɠ əŬɘ ůŰŬ ˊɟɞɓɚɐɛŬŰŬ ˊɟɧůŭŮůɖɠ ɛŮŰŬɝɨ ɡɛŮɜɑɞɡ əŬɘ 

ɡˊɞůŰɟɩɛŬŰɞɠ ˊɞɡ ŮɜŭŮɢɞɛɏɜɤɠ ɛˊɞɟŮɑ ɜŬ ɡˊɎɟɝɞɡɜ ůŮ ůɡɔəŮəɟɘɛɏɜɞɡɠ ůɡɜŭɡŬůɛɞɨɠ Űɞɡɠ.   

ɆŰɞ əŮűɎɚŬɘɞ ŬɡŰɧ ɗŬ ˊŬɟɞɡůɘŬůŰɞɨɜ ɛŮɟɘəɏɠ Ŭˊɧ Űɘɠ ˊɘɞ ŭɘŬŭŮŭɞɛɏɜŮɠ ɛŮɗɧŭɞɡɠ Űɖɠ 

ˊɟɞůɏɔɔɘůɖɠ ŬɡŰɐɠ. 

2.1.2.1. ȺɜŬˊɧɗŮůɖ ɡɛŮɜɑɤɜ ɛɏůɤ ˊɞɚɡɛŮɟɘůɛɞɨ ˊɚɎůɛŬŰɞɠ 

ȼ ŮɜŬˊɧɗŮůɖ ɛɏůɤ ˊɚɎůɛŬŰɞɠ ŮɑɜŬɘ ɛɑŬ Ůɡɟɏɤɠ ŭɘŬŭŮŭɞɛɏɜɖ ɛɏɗɞŭɞɠ Űɟɞˊɞˊɞɑɖůɖɠ 

ŮˊɘűŬɜŮɘɩɜ ŮɝŬɘŰɑŬɠ Űɤɜ ˊɚŮɞɜŮəŰɖɛɎŰɤɜ ˊɞɡ ˊɟɞůűɏɟŮɘ. ɀŮŰŬɝɨ ŬɡŰɩɜ, ůɡɔəŬŰŬɚɏɔɞɜŰŬɘ ɖ 

ŮɡŮɚɘɝɑŬ ůŰɖ ŭɡɜŬŰɧŰɖŰŬ Ůɚɏɔɢɞɡ Űɤɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ Űɤɜ ɡɛŮɜɑɤɜ ˊɞɡ ŭɖɛɘɞɡɟɔɞɨɜŰŬɘ əŬɘ 

Űɞ ɢŬɛɖɚɧ ˊŮɟɘɓŬɚɚɞɜŰɘəɧ ŬˊɞŰɨˊɤɛŬ Űɖɠ ɧɚɖɠ ŭɘŬŭɘəŬůɑŬɠ, əŬɗɩɠ ŬˊɞŰŮɚŮɑ ɛɑŬ ɛɏɗɞŭɞ 

ɝɖɟɐɠ ŮɜŬˊɧɗŮůɖɠ ˊɞɡ ŮɛˊɚɏəŮɘ ɛɧɜɞ Űɘɠ ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ ɛŮŰŬɝɨ Űɖɠ ŬɏɟɘŬɠ űɎůɖɠ 

(ˊɚɎůɛŬŰɞɠ) əŬɘ Űɖɠ ŮˊɘűɎɜŮɘŬɠ.  ɇɞ ˊɚɎůɛŬ, ɐ Ŭɚɚɘɩɠ ɖ ŬˊɞəŬɚɞɨɛŮɜɖ óŰɏŰŬɟŰɖ əŬŰɎůŰŬůɖ 

Űɖɠ ɨɚɖɠô, ŮɑɜŬɘ ɏɜŬ ɛɑɔɛŬ ɘɧɜŰɤɜ, ŮɚŮɨɗŮɟɤɜ ɖɚŮəŰɟɞɜɑɤɜ, űɤŰɞɜɑɤɜ əŬɘ ɞɡŭŮŰɏɟɤɜ ɛɞɟɑɤɜ 

ˊɞɡ ŮɝŬɘŰɑŬɠ Űɖɠ ɏɜŰɞɜɖɠ ɢɖɛɘəɐɠ ŮɜŮɟɔɧŰɖŰɎɠ Űɞɡ ɛˊɞɟŮɑ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɔɘŬ Űɖɜ 

əŬŰɎɚɚɖɚɖ Űɟɞˊɞˊɞɑɖůɖ ŮˊɘűŬɜŮɘɩɜ, ŬɜɎɚɞɔŬ ɛŮ Űɞ Ŭɏɟɘɞ ˊɞɡ ɘɞɜɑɕŮŰŬɘ.    

ȼ ŮˊŮɝŮɟɔŬůɑŬ ŮˊɘűŬɜŮɘɩɜ ɛɏůɤ ˊɚɎůɛŬŰɞɠ ɔɘŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ ɡˊŮɟɡŭɟɧűɞɓɤɜ ŮˊɘűŬɜŮɘɩɜ 

ɏɢŮɘ ɛŮɚŮŰɖɗŮɑ ŮəŰŮɜɩɠ əŬŰɎ Űɘɠ ŰŮɚŮɡŰŬɑŮɠ ŭŮəŬŮŰɑŮɠ. ȹɘɎűɞɟŮɠ ˊɟɞůŮɔɔɑůŮɘɠ ɏɢɞɡɜ ˊɟɞŰŬɗŮɑ, 

ɛɏůɤ Űɖɠ ɢɟɐůɖɠ ɗŮɟɛɞɨ ɐ ɣɡɢɟɞɨ ˊɚɎůɛŬŰɞɠ, ůŮ ŬŰɛɞůűŬɘɟɘəɐ ˊɑŮůɖ ɐ ɡˊɧ ůɡɜɗɐəŮɠ əŮɜɞɨ, 

əŬɗɩɠ əŬɘ ɛŮ ŭɘɎűɞɟŮɠ ŭɘŬɛɞɟűɩůŮɘɠ ŬɜŰɘŭɟŬůŰɐɟɤɜ ˊɚɎůɛŬŰɞɠ. ɇŬ ɡɚɘəɎ ˊɞɡ ɛˊɞɟɞɨɜ ɜŬ 

Űɟɞˊɞˊɞɘɖɗɞɨɜ əŬɚɨˊŰɞɡɜ ɏɜŬ Ůɡɟɨ űɎůɛŬ, Ŭˊɧ ˊɚŬůŰɘəɎ əŬɘ ůɨɜɗŮŰŬ, ɛɏɢɟɘ ɔɡŬɚɘɎ əŬɘ 

ɛɏŰŬɚɚŬ.73,74 

ȼ əŬŰŬůəŮɡɐ ɡˊŮɟɡŭɟɧűɞɓɤɜ ɛŮŰŬɚɚɘəɩɜ ŮˊɘűŬɜŮɘɩɜ ɛɏůɤ ŮɜŬˊɧɗŮůɖɠ ˊɚɎůɛŬŰɞɠ ɏɔəŮɘŰŬɘ 

ůŰɞɜ ˊɞɚɡɛŮɟɘůɛɧ Űɞɡ ŬŮɟɑɞɡ ɧŰŬɜ ɖ ɗŮɟɛɞəɟŬůɑŬ Űɞɡ ŭŮɜ ɏɢŮɘ ŬɡɝɖɗŮɑ ůɖɛŬɜŰɘəɎ (ɣɡɢɟɧ 

ˊɚɎůɛŬ). ȼ ŮˊɘűɎɜŮɘŬ, əŬŰɎ Űɖɜ ŮɜŬˊɧɗŮůɖ, ɓɟɑůəŮŰŬɘ ˊŮɟɑˊɞɡ ůŮ ɗŮɟɛɞəɟŬůɑŬ 

ˊŮɟɘɓɎɚɚɞɜŰɞɠ, ŮˊɘŰɟɏˊɞɜŰŬɠ Űɞɜ ůɢɖɛŬŰɘůɛɧ ɘŮɟŬɟɢɘəɩɜ ŭɞɛɩɜ Ŭˊɧ ɞɟɔŬɜɘəɎ ɗŮɟɛɞ-

ŮɡŬɑůɗɖŰŬ ɡɚɘəɎ. Ƀɘ ˊŮɟɘůůɧŰŮɟŮɠ ŮɟɔŬůɑŮɠ ˊɞɡ ůɢŮŰɑɕɞɜŰŬɘ ɛŮ Űɖɜ ŮɜŬˊɧɗŮůɖ ɞɟɔŬɜɘəɩɜ 

ɡɛŮɜɑɤɜ ůŮ ɛɏŰŬɚɚŬ Ŭűɞɟɞɨɜ ˊɚɎůɛŬŰŬ ŬŰɛɞůűŬɘɟɘəɐɠ ˊɑŮůɖɠ, ɧˊɞɡ ɞɘ ůɡɜɗɐəŮɠ ɡɣɖɚɐɠ 

ˊɑŮůɖɠ əŬɘ ůɡɔəɏɜŰɟɤůɖɠ ˊɟɧŭɟɞɛɤɜ ŮɜɩůŮɤɜ Ůɡɜɞɞɨɜ Űɖɜ ɎɛŮůɖ ŭɖɛɘɞɡɟɔɑŬ ŭɞɛɩɜ ůŰɖɜ 
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ŮˊɘűɎɜŮɘŬ, ůŮ ŬɜŰɑɗŮůɖ ɛŮ Űɖɜ ŮɜŬˊɧɗŮůɖ ɡˊɧ ůɡɜɗɐəŮɠ əŮɜɞɨ ɧˊɞɡ Űɞ ɡɛɏɜɘɞ ˊɞɡ 

ŭɖɛɘɞɡɟɔŮɑŰŬɘ ŮɑɜŬɘ ɞɛɞɘɧɛɞɟűɞ əŬɘ ůŰɟɤŰɧ. 

Ƀɘ ˊɘɞ ůɡɢɜɎ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜŮɠ ˊɟɧŭɟɞɛŮɠ ŮɜɩůŮɘɠ əŬŰɎ Űɖɜ ŮɜŬˊɧɗŮůɖ ɡɛŮɜɑɤɜ ˊɞɡ 

ɡˊɧəŮɘɜŰŬɘ ˊɞɚɡɛŮɟɘůɛɧ ɛɏůɤ ˊɚɎůɛŬŰɞɠ ůŮ ŮˊɘűɎɜŮɘŮɠ ɛŮŰɎɚɚɤɜ, ŮɑɜŬɘ ɛɧɟɘŬ 

ɞɟɔŬɜɞˊɡɟɘŰɑɤɜ ŰŬ ɞˊɞɑŬ ɛŮŰŬŰɟɏˊɞɡɜ Űɞ ˊɞɚɡɛŮɟɏɠ ˊɞɡ ˊɟɞəɨˊŰŮɘ ůŮ ɏɜŬ ůɨɜɗŮŰɞ ɛŮ ɓɎůɖ 

Űɖ ůɘɚɘəɧɜɖ -Si-O-Si- əŬɘ ˊɟɧůɗŮŰŮɠ ɞɛɎŭŮɠ ŰŬ ɡŭɟɧűɞɓŬ -CH3.75 ɆŰɞ ɆɢɐɛŬ 2.13 

ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɞɟɘůɛɏɜŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ ˊŬɟŬŭŮɑɔɛŬŰŬ ˊɟɧŭɟɞɛɤɜ ŮɜɩůŮɤɜ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ əŬŰɎ Űɖɜ ŮɜŬˊɧɗŮůɖ ɡŭɟɧűɞɓɤɜ əŬɘ ɡˊŮɟɡŭɟɧűɞɓɤɜ ɡɛŮɜɑɤɜ ɛɏůɤ 

ˊɚɎůɛŬŰɞɠ. 

ɀŮŰŬɝɨ Űɤɜ ŭɘŬűɞɟŮŰɘəɩɜ ˊɟɞůŮɔɔɑůŮɤɜ əŬŰŮɟɔŬůɑŬɠ ɛɏůɤ ˊɚɎůɛŬŰɞɠ, ůɡɢɜɎ 

ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜɖ ŮɑɜŬɘ ɖ ɎɛŮůɖ ŮɜŬˊɧɗŮůɖ ɛɘəɟɞ-ɜŬɜɞ ŭɞɛɖɛɏɜɤɜ ɡɛŮɜɑɤɜ ɢŬɛɖɚɐɠ 

ŮˊɘűŬɜŮɘŬəɐɠ ŮɜɏɟɔŮɘŬɠ ůŮ ɏɜŬ ůɢŮŰɘəɎ ŮˊɑˊŮŭɞ ɛŮŰŬɚɚɘəɧ ɡˊɧůŰɟɤɛŬ. Ƀɘ ˊɘɞ ˊɟɧůűŬŰŮɠ 

ŮɟɔŬůɑŮɠ ŮˊɘəŮɜŰɟɩɜɞɜŰŬɘ ůŮ ŮɜŬˊɧɗŮůɖ ɛɏůɤ ˊɚɎůɛŬŰɞɠ ɢŬɛɖɚɐɠ ˊɑŮůɖɠ ɛŮ Űɖ ɢɟɐůɖ 

ˊɟɧŭɟɞɛɤɜ ŮɜɩůŮɤɜ ɞɟɔŬɜɞˊɡɟɘŰɑɤɜ. Ƀɘ Grundmeier et al.76 ɢɟɖůɘɛɞˊɞɑɖůŬɜ ˊɚɎůɛŬ 

ɛɘəɟɞəɡɛɎŰɤɜ ɢŬɛɖɚɐɠ ˊɑŮůɖɠ ɔɘŬ Űɖɜ ŮɜŬˊɧɗŮůɖ ɡˊŮɟɡŭɟɧűɞɓɞɡ ɡɛŮɜɑɞɡ ůŮ  

ɖɚŮəŰɟɞɔŬɚɓŬɜɘůɛɏɜɞ ɢɎɚɡɓŬ (EGS). ȺűɎɟɛɞůŬɜ ŮəəŮɜɩůŮɘɠ Ar/HMDS ŮɜŬˊɞɗɏŰɞɜŰŬɠ ɏŰůɘ 

ɏɜŬ ˊɞɚɡɛŮɟɘůɛɏɜɞ ɡɛɏɜɘɞ ɞɟɔŬɜɞˊɡɟɘŰɑɞɡ ˊɚɞɨůɘɞ ůŮ ɡŭɟɧűɞɓŮɠ ɛŮɗɡɚɘəɏɠ ɞɛɎŭŮɠ. ɇɞ 

ɡɛɏɜɘɞ ˊɞɡ ůɢɖɛŬŰɑůŰɖəŮ ŮɑɢŮ ŰɟŬɢɨŰɖŰŬ ůŰɖ ɛɘəɟɞ əŬɘ ɜɎɜɞ- əɚɑɛŬəŬ ŮɝŬɘŰɑŬɠ Űɖɠ 

ŭɘŬɛɧɟűɤůɖɠ Űɤɜ ůɤɛŬŰɘŭɑɤɜ, ɔŮɔɞɜɧɠ ˊɞɡ Űɞ əŬŰɏůŰɖůŮ ɡˊŮɟɡŭɟɧűɞɓɞ ɛŮ ɔɤɜɑŬ ŮˊŬűɐɠ 

ůŰɘɠ 160Á. Ƀɘ Ishizaki et al.77 ɢɟɖůɘɛɞˊɞɑɖůŬɜ Ůˊɑůɖɠ ˊɚɎůɛŬ ɛɘəɟɞəɡɛɎŰɤɜ ɛŮ 

ŰɟɘɛŮɗɡɚɞɛŮɗɞɝɡůɘɚɎɜɘɞ (TMMOS) ɤɠ ˊɟɧŭɟɞɛɖ ɏɜɤůɖ əŬɘ űɏɟɞɜ Ŭɏɟɘɞ Ŭɟɔɧ, 

ŮɜŬˊɞɗɏŰɞɜŰŬɠ ɏŰůɘ ɡˊŮɟɡŭɟɧűɞɓɞ ɡɛɏɜɘɞ ůŰɖɜ ŮˊɘűɎɜŮɘŬ əɟɎɛŬŰɞɠ ɛŬɔɜɖůɑɞɡ AZ31. 

ɄŬɟŬŰɐɟɖůŬɜ Ůˊɑůɖɠ Űɖ ŭɖɛɘɞɡɟɔɑŬ ɛɘəɟɞ-ɜŬɜɞ ŰɞˊɞɔɟŬűɑŬɠ ůŰɞ ɡɛɏɜɘɞ ɔɘŬ ˊŬɟŬŰŮŰŬɛɏɜɞɡɠ 

ɢɟɧɜɞɡɠ ŮɜŬˊɧɗŮůɖɠ. ɀŮŰɎ Ŭˊɧ 20 ɚŮˊŰɎ ŮɜŬˊɧɗŮůɖɠ Űɞ ɡɛɏɜɘɞ ɏɔɘɜŮ ɡˊŮɟɡŭɟɧűɞɓɞ ɛŮ ɔɤɜɑŬ 

ŮˊŬűɐɠ Ɏɜɤ Űɤɜ 150Á (ɆɢɐɛŬ 2.13ii -B). ȷɝɑɕŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ ɧŰɘ ŰŬ ɡˊŮɟɡŭɟɧűɞɓŬ ɛŮŰŬɚɚɘəɎ 

ɡˊɞůŰɟɩɛŬŰŬ ŮɛűɎɜɘůŬɜ ɡɣɖɚɐ ŬɜŰɞɢɐ ůŰɖ ŭɘɎɓɟɤůɖ, ɧˊɤɠ ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɖ 

űŬůɛŬŰɞůəɞˊɑŬ ɖɚŮəŰɟɞɢɖɛɘəɐɠ ŬɜŰɑůŰŬůɖɠ (EIS), ɧˊɤɠ Ůˊɑůɖɠ əŬɘ ɡɣɖɚɐ ɢɖɛɘəɐ 

ůŰŬɗŮɟɧŰɖŰŬ ůŮ ɞɡŭɏŰŮɟɞ əŬɘ ɧɝɘɜɞ ˊŮɟɘɓɎɚɚɞɜ. 

ɄɏɟŬɜ Ŭˊɧ Űɞ ˊɚɎůɛŬ ɢŬɛɖɚɐɠ ˊɑŮůɖɠ, Űɞ ŬŰɛɞůűŬɘɟɘəɐɠ ˊɑŮůɖɠ ˊɚɎůɛŬ ɏɢŮɘ Ůˊɑůɖɠ 

ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɔɘŬ ɔɟɐɔɞɟɖ ŮɜŬˊɧɗŮůɖ ɡŭɟɧűɞɓɤɜ ɡɛŮɜɑɤɜ ůŮ ɛɏŰŬɚɚŬ. Ƀ Beck əŬɘ ɞɘ 

ůɡɜŮɟɔɎŰŮɠ Űɞɡ,78 ɢɟɖůɘɛɞˊɞɑɖůŬɜ ŰɕŮŰ ŮəəŮɜɩůŮɤɜ ŭɘɖɚŮəŰɟɘəɞɨ űɟŬɔɛɞɨ (DBD) ůŮ 

ŬŰɛɞůűŬɘɟɘəɐ ˊɑŮůɖ ɛŮ ɛɑɔɛŬŰŬ ŬŮɟɑɤɜ He/ɞəŰŬɛŮɗɡɚɞəɡəɚɞŰŮŰɟŬůɘɚɞɝŬɜɑɞɡ(OMCTS).  ɀŮ 

Űɞɜ Űɟɧˊɞ ŬɡŰɧ ˊɏŰɡɢŬɜ ŮɜŬˊɧɗŮůɖ ɡˊŮɟɡŭɟɧűɞɓɞɡ ɡɛŮɜɑɞɡ ɡˊɧ Űɖ ɛɞɟűɐ ůəɧɜɖɠ ˊɎɜɤ ůŮ 

ɖɚŮəŰɟɞɢɟɤɛɘɞɛɏɜɞ ɢɎɚɡɓŬ. ȹɖɛɘɞɡɟɔɐɗɖəŮ, ɏŰůɘ, ɏɜŬ ɡˊŮɟɡŭɟɧűɞɓɞ ɡɛɏɜɘɞ ɛŮ ɔɤɜɑŮɠ 

ŮˊŬűɐɠ ɔɨɟɤ ůŰɘɠ 160Á. Ƀɘ Kim et al.79 ˊɟɧŰŮɘɜŬɜ Űɖɜ ŮɜŬˊɧɗŮůɖ ɛŬɚŬəɞɨ ɡˊŮɟɡŭɟɧűɞɓɞɡ 

ɡɛŮɜɑɞɡ ůŮ ŮˊɘűɎɜŮɘŮɠ ŬɜɞɝŮɑŭɤŰɞɡ ɢɎɚɡɓŬ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ˊɚɎůɛŬ ŮəəŮɜɩůŮɤɜ 

ŭɘɖɚŮəŰɟɘəɞɨ űɟŬɔɛɞɨ (DBD) ɛŮ ˊɟɧŭɟɞɛɞ əŬɘ űɏɟɞɜ Ŭɏɟɘɞ ŮɝŬɛŮɗɡɚɞəɡəɚɞŰɟɘůɘɚɞɝɎɜɘɞ 

(HMCTSO) əŬɘ ɎɕɤŰɞ ŬɜŰɑůŰɞɘɢŬ. ȹɖɛɘɞɡɟɔɐɗɖəŮ, əŬŰɎ ŬɡŰɧɜ Űɞɜ Űɟɧˊɞ, ɡɛɏɜɘɞ ɛŮ 

ɘŮɟŬɟɢɘəɏɠ ŭɞɛɏɠ ˊɞɡ ŬɜɏɓŬůŮ Űɖ ɔɤɜɑŬ ŮˊŬűɐɠ ůŰɘɠ 162Á.   
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ɆɢɐɛŬ 2.13. (i) ɀŮɟɘəɏɠ Ŭˊɧ Űɘɠ ˊɘɞ əɞɘɜɏɠ ˊɟɧŭɟɞɛŮɠ ŮɜɩůŮɘɠ ɞɟɔŬɜɞˊɡɟɘŰɑɤɜ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŰɖɜ ŮɜŬˊɧɗŮůɖ Ůɜɧɠ ɓɐɛŬŰɞɠ ɡˊŮɟɡŭɟɧűɞɓɤɜ ɡɛŮɜɑɤɜ ɛɏůɤ ˊɞɚɡɛŮɟɘůɛɞɨ 

ˊɚɎůɛŬŰɞɠ, ŮɑŰŮ ůŮ ɢŬɛɖɚɐ ŮɑŰŮ ůŮ ŬŰɛɞůűŬɘɟɘəɐ ˊɑŮůɖ. (ii ) ȺɜŬˊɧɗŮůɖ ɛɏůɤ ˊɚɎůɛŬŰɞɠ 

ɛɘəɟɞəɡɛɎŰɤɜ ɢŬɛɖɚɐɠ ˊɑŮůɖɠ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɛɑɔɛŬ ŬŮɟɑɤɜ ŰɟɘɛŮɗɡɚɞɛŮɗɞɝɡůɘɚŬɜɑɞɡ əŬɘ 

Ŭɟɔɞɨ ůŮ əɟɎɛŬ ɛŬɔɜɖůɑɞɡ ȷȻ31. (ȷ) ȺɘəɧɜŮɠ SEM Űɤɜ ɡɛŮɜɑɤɜ əŬɘ (ȸ) ɔɤɜɑŮɠ ŮˊŬűɐɠ ŬɡŰɩɜ 

ɛŮ Űɞ ɜŮɟɧ ɔɘŬ ŭɘŬűɞɟŮŰɘəɞɨɠ ɢɟɧɜɞɡɠ ŮɜŬˊɧɗŮůɖɠ 

ȼ ŮɜŬˊɧɗŮůɖ ɡɛŮɜɑɤɜ ɛɏůɤ ˊɚɎůɛŬŰɞɠ ůŮ ŬŰɛɞůűŬɘɟɘəɐ ˊɑŮůɖ ŮɑɜŬɘ ɛɑŬ ŰŮɢɜɘəɐ Ůɜɧɠ ɓɐɛŬŰɞɠ 

ˊɞɡ ŮˊɘŰɟɏˊŮɘ Űɖ ŭɖɛɘɞɡɟɔɑŬ ɘŮɟŬɟɢɘəɩɜ ɡˊŮɟɡŭɟɧűɞɓɤɜ ɡɛŮɜɑɤɜ ɛŮɔɎɚɖɠ əɚɑɛŬəŬɠ  ŮɨəɞɚŬ, 

ɔɟɐɔɞɟŬ əŬɘ ůŮ ˊɚɖɗɩɟŬ ɛŮŰŬɚɚɘəɩɜ ɡˊɞůŰɟɤɛɎŰɤɜ. ɄŬɟɧɚŬ ŬɡŰɎ, ŰŬ ɡɛɏɜɘŬ ˊɞɡ 

ŭɖɛɘɞɡɟɔɞɨɜŰŬɘ ŮɑɜŬɘ ɛŬɚŬəɎ əŬɘ ɡˊɧ Űɖ ɛɞɟűɐ ůəɧɜɖɠ, ɔŮɔɞɜɧɠ ˊɞɡ əŬɗɘůŰɎ Űɖɜ ŬɜŰɞɢɐ Űɖɠ 

ɡˊŮɟɡŭɟɞűɞɓɘəɧŰɖŰɎɠ Űɞɡɠ ŬɛűɘůɓɖŰɐůɘɛɖ.  

ȼ ŬɜŰɞɢɐ Űɖɠ ɡˊŮɟɡŭɟɞűɞɓɘəɧŰɖŰŬɠ ŬɡŰɩɜ Űɤɜ ŮˊɘűŬɜŮɘɩɜ ɛˊɞɟŮɑ ɜŬ ŮɜɘůɢɡɗŮɑ ůɖɛŬɜŰɘəɎ 

ɛɏůɤ Ůɜɧɠ ɓɐɛŬŰɞɠ ˊɟɞ ŮˊŮɝŮɟɔŬůɑŬɠ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ əŬŰɎ Űɞ ɞˊɞɑɞ ŮɘůɎɔŮŰŬɘ 

ɛɘəɟɞŰɟŬɢɨŰɖŰŬ ůŰŬ ɛŮŰŬɚɚɘəɎ ɡˊɞůŰɟɩɛŬŰŬ ɩůŰŮ ɜŬ ŬɡɝɖɗŮɑ ɖ ˊɟɧůűɡůɖ ŬɡŰɩɜ ɛŮ Űɞ 

ɜŬɜɞŭɞɛɖɛɏɜɞ ɡˊŮɟɡŭɟɧűɞɓɞ ɡɛɏɜɘɞ. ȼ ŰɟŬɢɨŰɖŰŬ Űɤɜ ɛŮŰŬɚɚɘəɩɜ ɡˊɞůŰɟɤɛɎŰɤɜ ɛˊɞɟŮɑ ɜŬ 

ŮˊɘŰŮɡɢɗŮɑ ɛŮ ɛɑŬ Ŭˊɧ Űɘɠ ŰŮɢɜɘəɏɠ ˊɞɡ ŬɜŬűɏɟɗɖəŬɜ ůŰɞ ȾŮűɎɚŬɘɞ 2.1.1.  

ɆŰɖ ůɡɜɏɢŮɘŬ ŬɡŰɞɨ Űɞɡ əŮűŬɚŬɑɞɡ ɗŬ ɔɑɜŮɘ ɓɘɓɚɘɞɔɟŬűɘəɐ Ůˊɘůəɧˊɖůɖ ŮɟɔŬůɘɩɜ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘɞɨɜ ŰŮɢɜɘəɏɠ ŭɨɞ ɓɖɛɎŰɤɜ ɔɘŬ Űɖɜ əŬŰŬůəŮɡɐ ɡˊŮɟɡŭɟɧűɞɓɤɜ ɛŮŰŬɚɚɘəɩɜ 
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ŮˊɘűŬɜŮɘɩɜ, ɧˊɞɡ Űɞ ŭŮɨŰŮɟɞ ɓɐɛŬ ŬűɞɟɎ Űɖɜ ŮɜŬˊɧɗŮůɖ ɡˊŮɟɡŭɟɧűɞɓɞɡ ɡɛŮɜɑɞɡ ɛɏůɤ Űɞɡ 

ˊɞɚɡɛŮɟɘůɛɞɨ ɛŮ ˊɚɎůɛŬ. 

ɆŰɖ ɚɞɔɘəɐ ŬɡŰɐ, ɞɘ Sarkar et al.31 ŭɖɛɘɞɨɟɔɖůŬɜ ŬɟɢɘəɎ ɛɘəɟɞ ŰɟŬɢɨŰɖŰŬ ůŮ ŮˊɘűɎɜŮɘŬ 

Ŭɚɞɡɛɘɜɑɞɡ ɛɏůɤ ɢɖɛɘəɐɠ ŮɔɢɎɟŬɝɖɠ ɛŮ ɡŭɟɞɢɚɤɟɘəɧ ɞɝɨ əŬɘ ůŰɖɜ ůɡɜɏɢŮɘŬ ˊɟŬɔɛŬŰɞˊɞɑɖůŬɜ 

ŮɜŬˊɧɗŮůɖ ɚŮˊŰɞɨ ˊɞɚɡɛŮɟɘůɛɏɜɞɡ ɡɛŮɜɑɞɡ ɛɏůɤ ˊɚɎůɛŬŰɞɠ ɢŬɛɖɚɐɠ ˊɑŮůɖɠ. ũɘŬ Űɖɜ 

ŮɜŬˊɧɗŮůɖ ɢɟɖůɘɛɞˊɞɑɖůŬɜ ɛɑɔɛŬ Ar ɛŮ CH4 əŬɘ C2F6 ŮˊɘŰɡɔɢɎɜɞɜŰŬɠ ɏŰůɘ Űɖ ŭɖɛɘɞɡɟɔɑŬ 

ɡɛŮɜɑɞɡ űɗɞɟɘɞɛɏɜɤɜ ɡŭɟɞɔɞɜŬɜɗɟɎəɤɜ ɛŮ ˊɞůɞůŰɧ űɗɞɟɑɞɡ ˊŮɟɑˊɞɡ 36%. ȼ ɔɤɜɑŬ ŮˊŬűɐɠ 

Űɞɡ ɡɛŮɜɑɞɡ ɛŮ Űɞ ɜŮɟɧ, ɛŮŰɎ Ŭˊɧ ŮɜŬˊɧɗŮůɖ ůŮ ŭɘůəɑɞ ˊɡɟɘŰɑɞɡ, ɐŰŬɜ ɔɨɟɤ ůŰɘɠ 106Á. ȼ 

ŮɜŬˊɧɗŮůɖ Űɞɡ ɤůŰɧůɞ, ůŰɖ ɛɘəɟɞŭɞɛɖɛɏɜɖ ŮˊɘűɎɜŮɘŬ Ŭɚɞɡɛɘɜɑɞɡ ŬɜɏɓŬůŮ Űɖ ɔɤɜɑŬ ŮˊŬűɐɠ 

ůŰɘɠ 165Á əŬɘ ɛŮɑɤůŮ Űɖɜ ɡůŰɏɟɖůɖ ůŰɘɠ 2Á. 

Ƀɘ Mobarakeh et al.80 ɢɟɖůɘɛɞˊɞɑɖůŬɜ Űɞɜ ɑŭɘɞ ŬɜŰɘŭɟŬůŰɐɟŬ ɢŬɛɖɚɐɠ ˊɑŮůɖɠ ŮˊŬɔɤɔɘəɞɨ 

ˊɚɎůɛŬŰɞɠ ůŰŬ 13.56 MHz əŬɘ ŮɜŬˊɧɗŮůŬɜ ɚŮˊŰɎ ɡɛɏɜɘŬ ɞɟɔŬɜɞˊɡɟɘŰɑɞɡ ɛɏůɤ ŮəəŮɜɩůŮɤɜ  

Ar/HMDSO ůŮ ɡˊɧůŰɟɤɛŬ Ŭɚɞɡɛɘɜɑɞɡ. Ʉɟɘɜ Űɖɜ ŮɜŬˊɧɗŮůɖ, ŭɖɛɘɞɡɟɔɐɗɖəŮ ŰɟŬɢɨŰɖŰŬ ůŰŬ 

ɡˊɞůŰɟɩɛŬŰŬ Ŭɚɞɡɛɘɜɑɞɡ ɛɏůɤ Ŭɜɞŭɑɤůɖɠ.  Ƀ ůɡɜŭɡŬůɛɧɠ Űɖɠ ŰɟŬɢɨŰɖŰŬɠ əŬɘ Űɞɡ ɡŭɟɧűɞɓɞɡ 

ɡɛŮɜɑɞɡ ŮɑɢŮ ůŬɜ ŬˊɞŰɏɚŮůɛŬ ɜŬ əŬŰŬůəŮɡŬůŰɞɨɜ ŬɜɗŮəŰɘəɏɠ ɡˊŮɟɡŭɟɧűɞɓŮɠ ŮˊɘűɎɜŮɘŮɠ ɛŮ 

ɔɤɜɑŬ ŮˊŬűɐɠ ůŰɘɠ 162Á. ȼ ŬɜɗŮəŰɘəɧŰɖŰŬ Űɤɜ ɡɛŮɜɑɤɜ ŬɝɘɞɚɞɔɐɗɖəŮ ɛɏůɤ ŭɘŬŭɞɢɘəɩɜ 

əɨəɚɤɜ ˊŬɔɩɛŬŰɞɠ/ɝŮˊŬɔɩɛŬŰɞɠ, ɏəɗŮůɖɠ ůŮ UV ŬəŰɘɜɞɓɞɚɑŬ əŬɘ ɓɨɗɘůɖɠ ůŮ Ŭˊɘɞɜɘůɛɏɜɞ 

ɜŮɟɧ. ȼ ŮˊɘűɎɜŮɘŬ ŭɘŬŰɐɟɖůŮ Űɖɜ ɘŮɟŬɟɢɘəɐ Űɖɠ ɛɞɟűɞɚɞɔɑŬ əŬɘ ŰŬ ˊŬɔɞűɞɓɘəɎ 

ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɖɠ ŬəɧɛŬ əŬɘ ɛŮŰɎ Ŭˊɧ 15 əɨəɚɞɡɠ ˊŬɔɩɛŬŰɞɠ/ɝŮˊŬɔɩɛŬŰɞɠ. Ⱥˊɑůɖɠ, Űɞ 

ɡɛɏɜɘɞ ˊŬɟɏɛŮɘɜŮ ŬɜɗŮəŰɘəɧ ɛŮŰɎ Ŭˊɧ ɏəɗŮůɖ 537 ɤɟɩɜ ůŮ UV ŬəŰɘɜɞɓɞɚɑŬ, Ůɜɩ Ůˊɑůɖɠ 

ŬɨɝɖůŮ Űɖɜ ŬɜŰɘŭɘŬɓɟɤŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ ˊŮɟɑˊɞɡ 16 űɞɟɏɠ ůŮ ůɢɏůɖ ɛŮ 

Űɖɜ ŬəŬŰɏɟɔŬůŰɖ ŮˊɘűɎɜŮɘŬ Ŭɚɞɡɛɘɜɑɞɡ. ɇɏɚɞɠ, ɖ ɡˊŮɟɡŭɟɞűɞɓɘəɧŰɖŰŬ Űɖɠ ŮˊɘűɎɜŮɘŬɠ 

ɛŮɘɤɜɧŰŬɜ ůŰŬŭɘŬəɎ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ˊŬɟŬŰŮŰŬɛɏɜɖɠ ˊŬɟŬɛɞɜɐɠ Űɖɠ əɎŰɤ Ŭˊɧ Űɞ ɜŮɟɧ, 

űŰɎɜɞɜŰŬɠ ŰŮɚɘəɎ ůŰɘɠ 120Á ɛŮŰɎ Ŭˊɧ 1000 ɩɟŮɠ ůŰɞ ɜŮɟɧ.  

ɆŮ Ɏɚɚɖ ŮɟɔŬůɑŬ ɞɘ Boscher et al.81 ˊɟɧŰŮɘɜŬɜ Űɖɜ əŬŰŬůəŮɡɐ ɡˊŮɟɡŭɟɧűɞɓɤɜ ŮˊɘűŬɜŮɘɩɜ ůŮ 

ɣɡɢɟɧ ɟɞɚɧ űɨɚɚɞɡ Ŭɚɞɡɛɘɜɑɞɡ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ DBD ˊɚɎůɛŬ ůŮ ŬŰɛɞůűŬɘɟɘəɐ ˊɑŮůɖ. ɋɠ 

Ŭɏɟɘɞ Űɞɡ ˊɚɎůɛŬŰɞɠ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɛɑɔɛŬ N2/HMDSO ůŮ ůɡɜŮɢɐ ɚŮɘŰɞɡɟɔɑŬ Űɞɡ 

ŬɜŰɘŭɟŬůŰɐɟŬ (ɆɢɐɛŬ 2.14). Ƀɘ ŮˊɘűɎɜŮɘŮɠ ˊɞɡ ŭɖɛɘɞɡɟɔɐɗɖəŬɜ ɐŰŬɜ Űɨˊɞɡ rose-petal, ŭɖɚŬŭɐ 

ɡˊŮɟɡŭɟɧűɞɓŮɠ ɛŮ ŰŬɡŰɧɢɟɞɜŬ ɛŮɔɎɚŮɠ ɔɤɜɑŮɠ ŮˊŬűɐɠ əŬɘ ɡůŰɏɟɖůɖɠ, ŮɝŬɘŰɑŬɠ Űɖɠ 

ŬɜŮˊŬɟəɞɨɠ ɘŮɟŬɟɢɘəɐɠ ŰɟŬɢɨŰɖŰŬɠ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ. ɆŮ ŮˊɧɛŮɜɖ ŭɞɡɚŮɘɎ Űɞɡɠ,82 ɞɘ 

ŮɟŮɡɜɖŰɏɠ ŮˊɘəŮɜŰɟɩɗɖəŬɜ ůŰɖ ɓŮɚŰɘůŰɞˊɞɑɖůɖ Űɖɠ ŰɞˊɞɔɟŬűɑŬɠ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ, ˊɟɘɜ Űɞ 

ůŰɎŭɘɞ ŮɜŬˊɧɗŮůɖɠ Űɞɡ ˊɞɚɡɛŮɟɘůɛɏɜɞɡ ɡɛŮɜɑɞɡ, əŬŰɞɟɗɩɜɞɜŰŬɠ ɜŬ ˊŮŰɨɢɞɡɜ ɡˊŮɟɡŭɟɧűɞɓɖ 

ůɡɛˊŮɟɘűɞɟɎ ůŮ űɨɚɚŬ Ŭɚɞɡɛɘɜɑɞɡ əŬɘ ɢŬɚəɞɨ. Ƀ ůɡɜŭɡŬůɛɧɠ Űɖɠ əŬŰɎɚɚɖɚɖɠ ŰɞˊɞɔɟŬűɑŬɠ 

Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ əŬɘ Űɖɠ ŮɜŬˊɧɗŮůɖɠ Űɞɡ ɜŬɜɞŭɞɛɖɛɏɜɞɡ ɡɛŮɜɑɞɡ ɞŭɐɔɖůŮ ůŰɖɜ əŬŰŬůəŮɡɐ 

ɡˊŮɟɡŭɟɧűɞɓɤɜ ŮˊɘűŬɜŮɘɩɜ ɛŮ ɡɣɖɚɏɠ ɔɤɜɑŮɠ ŮˊŬűɐɠ (170Á) əŬɘ ɢŬɛɖɚɐ ɡůŰɏɟɖůɖ (5Á). Ƀɘ 

ŮˊɘűɎɜŮɘŮɠ ŭɘŬŰɐɟɖůŬɜ Űɖɜ ɡˊŮɟɡŭɟɧűɞɓɖ ůɡɛˊŮɟɘűɞɟɎ Űɞɡɠ ɛŮŰɎ Ŭˊɧ ŬˊɞɗɐəŮɡůɐ Űɞɡɠ ůŮ 

ůɡɜɗɐəŮɠ ˊŮɟɘɓɎɚɚɞɜŰɞɠ, əŬɗɩɠ əŬɘ ůŮ ŮɛɓɎˊŰɘůɖ ůŮ ɜŮɟɧ ɔɘŬ ɏɝɘ ɛɐɜŮɠ. 

Ƀɘ Jafari et al.83 ˊɟɧŰŮɘɜŬɜ ɛɑŬ ŭɘŬűɞɟŮŰɘəɐ ŭɘŬŭɘəŬůɑŬ ŭɨɞ ɓɖɛɎŰɤɜ ɔɘŬ Űɖɜ əŬŰŬůəŮɡɐ 

ɡˊŮɟɡŭɟɧűɞɓɤɜ ŮˊɘűŬɜŮɘɩɜ ˊɞɡ ɓŬůɑɕŮŰŬɘ ůŰɖɜ əŬŰŮɟɔŬůɑŬ Űɞɡ ŭŮɑɔɛŬŰɞɠ ɛŮ ˊɚɎůɛŬ 

ŬŰɛɞůűŬɘɟɘəɐɠ ˊɑŮůɖɠ əŬɘ ůŰŬ ŭɨɞ Űɖɠ ůŰɎŭɘŬ. ȷɟɢɘəɎ, Űɞ ɡˊɧůŰɟɤɛŬ Űɞɡ Ŭɚɞɡɛɘɜɑɞɡ 

ŮˊŮɝŮɟɔɎɕŮŰŬɘ ɛŮ ŬŰɛɞůűŬɘɟɘəɧ ˊɚɎůɛŬ ŬɏɟŬ ɔɘŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ ŰɟŬɢɨŰɖŰŬɠ ůŰɞ ɡˊɧůŰɟɤɛŬ, 

Ůɜɩ ůŰɖ ůɡɜɏɢŮɘŬ ŮɜŬˊɞŰɑɗŮŰŬɘ ɜŬɜɞŭɞɛɖɛɏɜɞ ɡɛɏɜɘɞ ɞɟɔŬɜɞˊɡɟɘŰɑɞɡ ɛɏůɤ  ˊɚɎůɛŬŰɞɠ 

N2/HMDSO ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɖɜ ɑŭɘŬ Ůɛˊɞɟɘəɐ ůɡůəŮɡɐ ˊɚɎůɛŬŰɞɠ ŰɕŮŰ. ȼ Ŭɨɝɖůɖ Űɞɡ 

Ŭɟɘɗɛɞɨ Űɤɜ ŮɜŬˊɞɗɏůŮɤɜ, ɛɏůɤ Űɞɡ ˊɚɎůɛŬŰɞɠ HMDSO, ŮɑɢŮ ůŬɜ ŬˊɞŰɏɚŮůɛŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ 

ˊŬɢɨŰŮɟɞɡ űɘɚɛ ɛŮ ɛŮɔŬɚɨŰŮɟŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ ŭɞɛɩɜ. ȼ ɚŮɘŰɞɡɟɔɑŬ Űɞɡ ˊɚɎůɛŬŰɞɠ ůŮ 
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ɢŬɛɖɚɐ ɘůɢɨ əŬɘ ɢŬɛɖɚɏɠ ɟɞɏɠ ŬˊɞŰɟɏˊŮɘ Űɞɜ ɡˊŮɟɓɞɚɘəɧ ɗɟɡɛɛŬŰɘůɛɧ Űɖɠ ˊɟɧŭɟɞɛɖɠ ɏɜɤůɖɠ 

əŬɘ Űɞ ůɢɖɛŬŰɘůɛɧ ɡɛŮɜɑɞɡ ɡˊɧ Űɖ ɛɞɟűɐ ůəɧɜɖɠ. Ƀɘ ɓɏɚŰɘůŰŮɠ ŮˊɘűɎɜŮɘŮɠ ˊɞɡ 

əŬŰŬůəŮɡɎůŰɖəŬɜ ŮˊɏŭŮɘɝŬɜ ɏɜŰɞɜɖ ɡˊŮɟɡŭɟɞűɞɓɘəɧŰɖŰŬ, ɛŮ ɔɤɜɑŮɠ ŮˊŬűɐɠ ůŰɘɠ 163Á əŬɘ 

ɡůŰɏɟɖůɖ ɔɨɟɤ ůŰɖ 1Á. Ⱥˊɑůɖɠ, ɞɘ ŮˊɘűɎɜŮɘŮɠ ŭɘŬŰɐɟɖůŬɜ Űɖɜ ɡˊŮɟɡŭɟɞűɞɓɘəɧŰɖŰŬ Űɞɡɠ ɛŮŰɎ 

Ŭˊɧ 7 ɛɏɟŮɠ ɓɨɗɘůɖɠ ůŮ ɜŮɟɧ əŬɘ ůŮ ɧɝɘɜŬ əŬɘ ɓŬůɘəɎ ŭɘŬɚɨɛŬŰŬ, Ůɜɩ ɞɘ ˊŬɔɞűɞɓɘəɏɠ Űɞɡɠ 

ɘŭɘɧŰɖŰŮɠ ŭɘŬŰɖɟɐɗɖəŬɜ ɛŮŰɎ Ŭˊɧ ˊɞɚɚŬˊɚɞɨɠ əɨəɚɞɡɠ ˊŬɔɩɛŬŰɞɠ/ɝŮˊŬɔɩɛŬŰɞɠ. 

 

 

ɆɢɐɛŬ 2.14. ɆɢɖɛŬŰɘəɐ ŬɜŬˊŬɟɎůŰŬůɖ ůɡůəŮɡɐɠ ŮəəŮɜɩůŮɤɜ ŭɘɖɚŮəŰɟɘəɞɨ űɟŬɔɛɞɨ ɔɘŬ 

ůɡɜŮɢɐ, ɛŮɔɎɚɖɠ ɏəŰŬůɖɠ ŮɜŬˊɧɗŮůɖ ɡɛŮɜɑɞɡ ɞɟɔŬɜɞˊɡɟɘŰɑɞɡ ɛɏůɤ ˊɞɚɡɛŮɟɘůɛɞɨ ˊɚɎůɛŬŰɞɠ.82  

2.1.2.2. ɈɛɏɜɘŬ ɛɏůɤ ŮɜŬˊɧɗŮůɖɠ ɛŮ ůˊɟɏɘ 

ȼ ŮɜŬˊɧɗŮůɖ ɛɏůɤ ůˊɟɏɘ ŬˊɞŰŮɚŮɑ ɛɑŬ Ŭˊɚɐ ŰŮɢɜɘəɐ ˊɞɡ ŮɑɜŬɘ Ůɨəɞɚɞ ɜŬ ŮɜůɤɛŬŰɤɗŮɑ ůŮ 

ůɡɜŮɢŮɑɠ ŭɘŬŭɘəŬůɑŮɠ ɛŮɔɎɚɖɠ əɚɑɛŬəŬɠ. ũɘŬ Űɞɜ ɚɧɔɞ ŬɡŰɧ, ŮɑɜŬɘ Ůɡɟɏɤɠ ŭɘŬŭŮŭɞɛɏɜɖ ɖ ɢɟɐůɖ 

Űɖɠ ůŰɖɜ ŮɜŬˊɧɗŮůɖ ɛŮɔɎɚɖɠ ɔəɎɛŬɠ ŮˊɘůŰɟɩůŮɤɜ, ɛŮŰŬɝɨ Űɤɜ ɞˊɞɑɤɜ ůɡɔəŬŰŬɚɏɔɞɜŰŬɘ əŬɘ 

ŰŬ ɘŮɟŬɟɢɘəɎ, ɡŭɟɧűɞɓŬ əŬɘ ɡˊŮɟɡŭɟɧűɞɓŬ ɡɛɏɜɘŬ ůŮ ˊɞɘəɘɚɑŬ ɡˊɞůŰɟɤɛɎŰɤɜ. 84,85 ȼ ŰŮɢɜɘəɐ 

ŬɡŰɐ, ˊɟɞůŬɟɛɞůɛɏɜɖ ůŰɖɜ əŬŰŬůəŮɡɐ ɡˊŮɟɡŭɟɧűɞɓɤɜ ɡɛŮɜɑɤɜ, ɓŬůɑɕŮŰŬɘ ůŮ ɡɔɟɏɠ ɢɖɛɘəɏɠ 

ɛŮɗɧŭɞɡɠ ɔɘŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ ŭɘŬɚɡɛɎŰɤɜ ɐ ŮɜŬɘɤɟɖɛɎŰɤɜ, ˊɞɡ ůɡɜɐɗɤɠ ˊŮɟɘɏɢɞɡɜ ɛɘəɟɞ əŬɘ 

ɜŬɜɞ ůɤɛŬŰɑŭɘŬ ŮɜŮɟɔɞˊɞɘɖɛɏɜŬ ɛŮ ŮɜɩůŮɘɠ ɢŬɛɖɚɐɠ ŮˊɘűŬɜŮɘŬəɐɠ ŮɜɏɟɔŮɘŬɠ. ũɘŬ Űɖɜ 

ˊŮɟɑˊŰɤůɖ ŮɜŬˊɧɗŮůɖɠ ůŮ ɛɏŰŬɚɚŬ, ŬˊɞŰŮɚŮɑ ɛɑŬ ˊɞɚɨ ɢɟɐůɘɛɖ ŰŮɢɜɘəɐ əŬɗɩɠ ŮɑɜŬɘ 

ŮűŬɟɛɧůɘɛɖ ůŮ ɞˊɞɘɞŭɐˊɞŰŮ Ůɑŭɞɠ ɡˊɞůŰɟɩɛŬŰɞɠ əŬɘ ɢɤɟɑɠ ɜŬ ŬˊŬɘŰŮɑŰŬɘ ɖ ˊɟɩɘɛɖ 

ŮəŰɟɎɢɡɜůɖ Űɖɠ ŮˊɘűɎɜŮɘŬɠ  Űɞɡ. 

ɆŰɖɜ ŮɟɔŬůɑŬ Űɤɜ Zhang et al. əŬŰŬůəŮɡɎůŰɖəŮ ɡˊŮɟɡŭɟɧűɞɓɖ ŮˊɘűɎɜŮɘŬ Ŭɚɞɡɛɘɜɑɞɡ ɛɏůɤ 

ŮɜŬˊɧɗŮůɖɠ ɛŮ ůˊɟɏɘ, ŭɘŬɚɨɛŬŰɞɠ Ŭɚəɞɧɚɖɠ ɛŮ ɡŭɟɧűɞɓŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ ˊɡɟɘŰɑŬɠ əŬɘ 

ˊɟɧŭɟɞɛɖɠ ɏɜɤůɖɠ ˊɡɟɘŰɘəɞɨ ɛŮɗɡɚɑɞɡ, ůŮ ŮɔɢŬɟŬɔɛɏɜɞ ɡˊɧůŰɟɤɛŬ Ŭɚɞɡɛɘɜɑɞɡ. ȼ 

ɛɘəɟɞŰɟŬɢɨŰɖŰŬ Űɞɡ Ŭɚɞɡɛɘɜɑɞɡ ůŮ ůɡɜŭɡŬůɛɧ ɛŮ ŰŬ ɢŬɛɖɚɐɠ ŮˊɘűŬɜŮɘŬəɐɠ ŮɜɏɟɔŮɘŬɠ 

ɜŬɜɞůɤɛŬŰɑŭɘŬ ɞŭɐɔɖůŬɜ Űɖɜ ŮˊɘűɎɜŮɘŬ ůŰɖɜ ŬˊɧəŰɖůɖ ɡˊŮɟɡŭɟɧűɞɓɤɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ ɛŮ 

ɔɤɜɑŬ ŮˊŬűɐɠ 155Á əŬɘ ɔɤɜɑŬ əɨɚɘůɖɠ ůŰɘɠ 4Á. ɇɞ ɡɛɏɜɘɞ ɡˊɞɓɚɐɗɖəŮ ůŮ ŮˊŬɜŬɚŬɛɓŬɜɧɛŮɜŬ 

ˊŮɘɟɎɛŬŰŬ ɛɖɢŬɜɘəɐɠ ŬɜŰɞɢɐɠ ɔɘŬ Űɖɜ Ŭɝɘɞɚɧɔɖůɖ Űɖɠ ŬɜɗŮəŰɘəɧŰɖŰɎɠ Űɞɡ. Ƀɘ ɡˊŮɟɡŭɟɧűɞɓŮɠ 

ɘŭɘɧŰɖŰŮɠ ŭɘŬŰɖɟɐɗɖəŬɜ ɛɏɢɟɘ əŬɘ ɛŮŰɎ Ŭˊɧ ŰɟŮɘɠ əɨəɚɞɡɠ ˊɟɧůəɟɞɡůɖɠ ɛŮ ŰɕŮŰ ɜŮɟɞɨ (25 kPa 

ɔɘŬ 10 ɚŮˊŰɎ), Ŭɛɛɞɓɞɚɐɠ əŬɘ ŰɟɘɣɑɛŬŰɞɠ ɛŮ ɔɡŬɚɧɢŬɟŰɞ. ɀŮŰɎ Ŭˊɧ ˊɏɜŰŮ əɨəɚɞɡɠ 



[36] 

 

əŬŰŬˊɞɜɐůŮɤɜ ɖ ɔɤɜɑŬ əɨɚɘůɖɠ ŬɡɝɐɗɖəŮ ůŰɘɠ 19Á Ůɜɩ ɖ ɔɤɜɑŬ ŮˊŬűɐɠ ˊŬɟɏɛŮɘɜŮ ůŰɘɠ 150Á. 

Ƀɘ ŮɟŮɡɜɖŰɏɠ ŬɜŬűɏɟɞɡɜ ɧŰɘ ɖ ŰɞˊɞɔɟŬűɑŬ Űɖɠ ɛɞɟűɐɠ ɛɘəɟɞ-ˊɟɞŮɝɞɢɩɜ ˊɞɡ ˊɟɞɏəɡɣŮ Ŭˊɧ 

Űɖɜ ŮɔɢɎɟŬɝɖ Űɞɡ Ŭɚɞɡɛɘɜɑɞɡ, ůɡɜŮŰɏɚŮůŮ ůŰɖɜ Ŭɨɝɖůɖ Űɖɠ ˊɟɧůŭŮůɖɠ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ ɛŮ 

Űɞ ɡɛɏɜɘɞ ˊɞɡ ŮɜŬˊɞŰɏɗɖəŮ, əŬɗɩɠ ŰŬ ůɤɛŬŰɑŭɘŬ ˊɟɞůəɞɚɚɩɜŰŬɘ ŬˊɞŰŮɚŮůɛŬŰɘəɧŰŮɟŬ ůŮ 

ŰɟŬɢŮɑŬ ɡɞ́ůŰɟɩɛŬŰŬ. 86 

ɆŮ ˊŬɟɧɛɞɘŬ ŮɟɔŬůɑŬ, ɡˊŮɟɡŭɟɞűɞɓɘəɧŰɖŰŬ ŮˊɘŰŮɨɢɗɖəŮ ůŮ ɡˊɧůŰɟɤɛŬ ɢŬɚəɞɨ ɛɏůɤ 

ŬˊŮɡɗŮɑŬɠ ŮɜŬˊɧɗŮůɖɠ ɛŮ ůˊɟɏɘ ɢɤɟɑɠ ɜŬ ŬˊŬɘŰŮɑŰŬɘ ˊɟɞ-ŮəŰɟɎɢɡɜůɖ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ. Ƀɘ 

ŮɟŮɡɜɖŰɏɠ ŮɜŬˊɧɗŮůŬɜ ŭɘɎɚɡɛŬ ůɤɛŬŰɘŭɑɤɜ ˊɡɟɘŰɑŬɠ ůɡɜŭŮŭŮɛɏɜɤɜ ɛŮ 

ɞəŰɡɚɞŰɟɘŬɘɗɞɝɡůɘɚɎɜɘɞ ɛɏůɤ ɣŮəŬůɛɞɨ ɛŮ ůˊɟɏɘ, ůŮ ɏɜŬ ˊɞɚɡɛŮɟɏɠ ɡɣɖɚɐɠ ŮˊɘűŬɜŮɘŬəɐɠ 

ŮɜɏɟɔŮɘŬɠ ˊɎɜɤ ůŰɞ ɛŮŰŬɚɚɘəɧ ɡˊɧůŰɟɤɛŬ. ɀŮ Űɞɜ Űɟɧˊɞ ŬɡŰɧ ŭɖɛɘɞɡɟɔɐɗɖəŬɜ 

ůɡůůɤɛŬŰɩɛŬŰŬ ɛŮ ŰɟŬɢɨŰɖŰŬ ŭɘˊɚɐɠ əɚɑɛŬəŬɠ ŰŬ ɞˊɞɑŬ ɛŮŰɏŰɟŮɣŬɜ Űɖɜ ŮˊɘűɎɜŮɘŬ ůŮ 

ɡˊŮɟɡŭɟɧűɞɓɖ ɛŮ ɔɤɜɑŬ ŮˊŬűɐɠ 160Á əŬɘ ɔɤɜɑŬ əɨɚɘůɖɠ ɛɘəɟɧŰŮɟɖɠ Űɤɜ 5Á (ɆɢɐɛŬ 2.15ii ). ɇŬ 

ɡɛɏɜɘŬ ɢŬɟŬəŰɖɟɑůŰɖəŬɜ ɖɚŮəŰɟɞɢɖɛɘəɎ ɛŮ űŬůɛŬŰɞůəɞˊɑŬ ɖɚŮəŰɟɞɢɖɛɘəɐɠ ŬɜŰɑůŰŬůɖɠ 

(EIS) əŬɘ əŬɛˊɨɚŮɠ ˊɧɚɤůɖɠ Tafel. ȹɘŬˊɘůŰɩɗɖəŮ, əŬɘ Ŭˊɧ Űɘɠ ŭɨɞ ɛŮɗɧŭɞɡɠ, ɖ ŬɜŰɘŭɘŬɓɟɤŰɘəɐ 

Űɞɡɠ ůɡɛˊŮɟɘűɞɟɎ ɏɜŬɜŰɘ ŭɘŬɚɨɛŬŰɞɠ NaCl 3.5%. Ⱥˊɘˊɚɏɞɜ, ɖ ˊɟɧůŭŮůɐ Űɞɡɠ ɛŮ Űɞ 

ɡˊɧůŰɟɤɛŬ ɢŬɚəɞɨ ŭɘŮɟŮɡɜɐɗɖəŮ ɛɏůɤ Űɞɡ ŰŮůŰ Ŭˊɞəɧɚɚɖůɖɠ əɞɚɚɖŰɘəɐɠ ŰŬɘɜɑŬɠ, ɧˊɤɠ 

ˊŮɟɘɔɟɎűŮŰŬɘ ůŰɞ ˊɟɤŰɧəɞɚɚɞ ASTM D-3395.87 

Ƀɘ Wang et al. ŬɜŬűɏɟɞɡɜ ˊɤɠ əŬŰŬůəŮɨŬůŬɜ ɡˊŮɟ-ŬɜɗŮəŰɘəɧ ɡˊŮɟɡŭɟɧűɞɓɞ ɡˊɧůŰɟɤɛŬ ɛŮ 

ɔɤɜɑŬ ŮˊŬűɐɠ 159Á əŬɘ ɔɤɜɑŬ əɨɚɘůɖɠ 3.5Á, ŮűŬɟɛɧůɘɛɖ ůŮ ɞˊɞɘɞŭɐˊɞŰŮ ɡˊɧůŰɟɤɛŬ. ȼ 

ŭɘŬŭɘəŬůɑŬ ˊŬɟŬůəŮɡɐɠ Űɞɡ ůɡɜɞɣɑɕŮŰŬɘ ůŰɞ ɆɢɐɛŬ 2.15iii. ȺˊɘɔɟŬɛɛŬŰɘəɎ, ůɤɛŬŰɑŭɘŬ 

ɛɞɜŰɛɞɟɘɚɚɞɜɑŰɖ (ɀɀɇ) ŮɜůɤɛŬŰɩɜɞɜŰŬɘ ůŮ ɛɑŬ ɛɐŰɟŬ ˊɞɚɡŭɘɛŮɗɡɚɞůɘɚɘəɧɜɖɠ (PDMS), ɖ 

ɞˊɞɑŬ ůŰɖ ůɡɜɏɢŮɘŬ ŬɜŰɘŭɟɎŮɘ ɛŮ Űɘɠ əŬɟɓɞɝɡɚɘəɏɠ ɞɛɎŭŮɠ ˊɞɚɡůɞɡɚűɧɜɖɠ (PSU) əŬɘ ŰŮɚɘəɎ 

ŬɜŬɛɘɔɜɨŮŰŬɘ ɛŮ űɗɞɟɘɞɨɢɞ ˊɞɚɡɓɘɜɡɚɘŭɏɜɘɞ (PVDF). Ƀɘ ůɡɔɔɟŬűŮɑɠ ŬɜŬűɏɟɞɡɜ ɓŮɚŰɘɤɛɏɜŮɠ 

ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ əŬɘ ɞɚəɘɛɧŰɖŰŬ Űɞɡ ůɨɜɗŮŰɞɡ PSU, ŮɝŬɘŰɑŬɠ Űɖɠ ŭɡɜŬŰɧŰɖŰŬɠ ŭɘŬůɨɜŭŮůɐɠ 

Űɞɡ ɛŮ Űɞ PVDF əŬɘ Űɖɠ ˊɞɚɡůŰɟɤɛŬŰɘəɐɠ ŭɞɛɐɠ Űɞɡ ɀɀɇ. ɆɡɔəŮəɟɘɛɏɜŬ ŬɜŬűɏɟɞɡɜ 14.3 

űɞɟɏɠ ɛŮɔŬɚɨŰŮɟɖ ŬɜŰɞɢɐ ůŰɖ űɗɞɟɎ ůŮ ůɢɏůɖ ɛŮ ŮɛˊɞɟɘəɎ ɡɛɏɜɘŬ űɗɞɟŬɜɗɟɎəɤɜ. Ⱥˊɘˊɚɏɞɜ, 

Űɞ ɡɛɏɜɘɞ ŬɡŰɧ ŮˊɘŭŮɘəɜɨŮɘ əŬɚɐ ŬɜŰɞɢɐ ůŰɖ ŭɘɎɓɟɤůɖ, əŬɗɩɠ Űɞ ɟŮɨɛŬ əŬɘ Űɞ ŭɡɜŬɛɘəɧ Űɖɠ 

ŭɘɎɓɟɤůɖɠ ɛŮɘɩɗɖəŮ Ŭˊɧ 103.6 ůŮ 100.9 mA/cm2 əŬɘ Ŭˊɧ 803 ůŮ 218 mV, ŬɜŰɑůŰɞɘɢŬ. 

ɆɨɛűɤɜŬ ɛŮ Űɞɡ ůɡɔɔɟŬűŮɑɠ, Űɞ ůɡɔəŮəɟɘɛɏɜɞ ˊɟɤŰɧəɞɚɚɞ əŬŰŬůəŮɡɐɠ ɛˊɞɟŮɑ ɜŬ 

ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɓɘɞɛɖɢŬɜɘəɎ əŬɘ ůŮ ɛŮɔɎɚɖ əɚɑɛŬəŬ. 88 

ɆŰɖɜ ŮɟɔŬůɑŬ Űɞɡɠ ɞɘ Wang et al. əŬŰŬůəŮɨŬůŬɜ ɡˊŮɟɡŭɟɧűɞɓɞ ɜŬɜɞˊɞɟɩŭŮɠ ɡɛɏɜɘɞ 

ůɤɛŬŰɘŭɑɤɜ ˊɡɟɘŰɑŬɠ ɛɏůɤ ŮɜŬˊɧɗŮůɖɠ ɛŮ ůˊɟɏɘ ůŮ ɡˊɧůŰɟɤɛŬ ɢŬɚəɞɨ. ɆŰŬ ůɤɛŬŰɑŭɘŬ 

ˊɡɟɘŰɑŬɠ ɏɔɘɜŮ Űɟɞˊɞˊɞɑɖůɖ ɩůŰŮ ɜŬ ˊɟɞůəɞɚɚɖɗɞɨɜ űɗɞɟɘɤɛɏɜŮɠ ɞɛɎŭŮɠ ɜŬɜɞ Ŭɚɡůɑŭɤɜ (F-

chains), ɔŮɔɞɜɧɠ ˊɞɡ ŰŬ ɛŮŰɏŰɟŮɣŮ ůŮ ɡŭɟɧűɞɓŬ. ɇɞ ɜŬɜɞˊɞɟɩŭŮɠ ɡɛɏɜɘɞ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ 

ɔɘŬ ůɡɛˊɨəɜɤůɖ ŬŰɛɞɨ, ˊɟɞəŬɚɩɜŰŬɠ Űɖɜ Ŭˊɞɢɩɟɖůɖ Űɤɜ ůŰŬɔɧɜɤɜ ɛɏůɤ ŬɚɛɎŰɤɜ (jumping 

droplets) ɏɜŬɜŰɘ Űɖɠ ɓŬɟɨŰɖŰŬɠ. 89 

ɆŮ Ɏɚɚɖ ŮɟɔŬůɑŬ, ɞɘ Wu et al. ˊɟɞŰŮɑɜɞɡɜ ɛɑŬ ŬɝɘɧˊɘůŰɖ, ŮˊŬɜŬɚɐɣɘɛɖ əŬɘ ŮűŬɟɛɧůɘɛɖ ůŮ 

ɞˊɞɘɞŭɐˊɞŰŮ ɡˊɧůŰɟɤɛŬ ɛɏɗɞŭɞ əŬŰŬůəŮɡɐɠ ɡˊŮɟɡŭɟɧűɞɓɞɡ ɡɛŮɜɑɞɡ ɛɏůɤ ŮɜŬˊɧɗŮůɖɠ ɛŮ 

ůˊɟɏɘ. ɆɡɔəŮəɟɘɛɏɜŬ, ŮɜŬˊɧɗŮůŬɜ ɛŮŰŬɚɚɘəɎ ŬɚəɡɚɞəŬɟɓɞɝɨɚɘŬ, ɧˊɤɠ Cu[CH3(CH2)10COO]2, 

əŬŰŬůəŮɡɎɕɞɜŰŬɠ ɏŰůɘ ɡˊŮɟɡŭɟɧűɞɓŮɠ ŮˊɘűɎɜŮɘŮɠ ɛŮ ɔɤɜɑŮɠ ŮˊŬűɐɠ ɛɏɢɟɘ əŬɘ 160Á əŬɘ 

ɡůŰɏɟɖůɖ ɔɨɟɤ ůŰɘɠ 5Á. Ƀɘ ɡˊŮɟɡŭɟɧűɞɓŮɠ ɘŭɘɧŰɖŰŮɠ ŮɝŬɟŰɩɜŰŬɘ Ŭˊɧ Űɖ ɛɞɟűɞɚɞɔɑŬ Űɖɠ 

ŮˊɘűɎɜŮɘŬɠ ɖ ɞˊɞɑŬ, ɛŮ Űɖ ůŮɘɟɎ Űɖɠ, ŮˊɖɟŮɎɕŮŰŬɘ Ŭˊɧ Űɖ ůɡɔəɏɜŰɟɤůɖ Űɖɠ ˊɟɧŭɟɞɛɖɠ ɏɜɤůɖɠ. 

ɉŬɛɖɚɏɠ ůɡɔəŮɜŰɟɩůŮɘɠ Űɖɠ ˊɟɧŭɟɞɛɖɠ ɏɜɤůɖɠ (0.02 M) ɞŭɖɔɞɨɜ ůŮ Wenzel əŬŰŬůŰɎůŮɘɠ 

ůŰŬɔɧɜɤɜ əɞɚɚɖɛɏɜɤɜ ůŰɖɜ ŮˊɘűɎɜŮɘŬ, Ůɜɩ ɞɘ ɛŮɔŬɚɨŰŮɟŮɠ ůɡɔəŮɜŰɟɩůŮɘɠ (0.04 ɀ) ɏɢɞɡɜ ůŬɜ 
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ŬˊɞŰɏɚŮůɛŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ ŰɟŬɢɨŰɖŰŬɠ ůŰɖ ɛɘəɟɞ əŬɘ ɜŬɜɞ əɚɑɛŬəŬ ˊɞɡ əɎɜŮɘ Űɘɠ ůŰŬɔɧɜŮɠ ɜŬ 

ɓɟɑůəɞɜŰŬɘ ůŮ əŬŰɎůŰŬůɖ Cassie. 90  

 

ɆɢɐɛŬ 2.15. ȺɜŬˊɧɗŮůɖ ɛɏůɤ ůˊɟɏɘ ɡˊŮɟɡŭɟɧűɞɓɞɡ ɡɛŮɜɑɞɡ. (i) ɆŰŬŰɘəɐ ɔɤɜɑŬ ŮˊŬűɐɠ əŬɘ 

ɔɤɜɑŬ əɨɚɘůɖɠ ŮˊɘűɎɜŮɘŬɠ ɛŮ ɡɛɏɜɘɞ Ŭˊɧ ŮɜŮɟɔɞˊɞɘɖɛɏɜŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ ˊɡɟɘŰɑŬɠ ůŮ ɡˊɧůŰɟɤɛŬ 

ŮɔɢŬɟŬɔɛɏɜɞɡ Ŭɚɞɡɛɘɜɑɞɡ ɛŮŰɎ Ŭˊɧ ŮˊŬɜŬɚŬɛɓŬɜɧɛŮɜŬ ŰŮůŰ ŬɜŰɞɢɐɠ.86 (ii ) ũɤɜɑŮɠ ŮˊŬűɐɠ ůŰɞ 

ɓɏɚŰɘůŰɞ ˊɞůɞůŰɧ ˊɡɟɘŰɑŬɠ (2.5 wt.%) ɛŮ Űɖ ɓɏɚŰɘůŰɖ ůɡɔəɏɜŰɟɤůɖ ˊɞɚɡɛŮɟɞɨɠ (2 wt.%), 

ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ŭɘŬűɞɟŮŰɘəɞɨɠ Űɨˊɞɡɠ ˊɞɚɡɛŮɟɞɨɠ ůŮ ŭɘɎűɞɟŬ ɛŮŰŬɚɚɘəɎ ɡˊɞůŰɟɩɛŬŰŬ.87 (iii ) 

ɆɢɖɛŬŰɘəɐ ŬɜŬˊŬɟɎůŰŬůɖ Űɖɠ ɛŮɗɧŭɞɡ ˊŬɟŬůəŮɡɐɠ Űɞɡ ɡˊŮɟɡŭɟɧűɞɓɞɡ PSU/PVDF/MMT-

PDMS ůɨɜɗŮŰɞɡ ɡɛŮɜɑɞɡ, ɧˊɤɠ ˊŮɟɘɔɟɎűɖəŮ Ŭˊɧ Űɞɡɠ  Wang et al. 88 

ȼ ɛɏɗɞŭɞɠ Űɖɠ ŮɜŬˊɧɗŮůɖɠ ɛɏůɤ ůˊɟɏɘ ɔɘŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ ɡˊŮɟɡŭɟɞűɞɓɘəɧŰɖŰŬɠ, ŮɑɜŬɘ ɔŮɜɘəɎ 

ɛɑŬ Ŭˊɚɐ əŬɘ ɞɘəɞɜɞɛɘəɐ ɛɏɗɞŭɞɠ ˊɞɡ ɛˊɞɟŮɑ ɜŬ ŮűŬɟɛɞůŰŮɑ ůŮ ɛŮɔɎɚɖ əɚɑɛŬəŬ əŬɘ ůŮ 

ɓɘɞɛɖɢŬɜɘəɧ ŮˊɑˊŮŭɞ. ɄŬɟɧɚŬ ŬɡŰɎ, ɖ Ŭˊɞəɧɚɚɖůɖ Űɤɜ ɡɛŮɜɑɤɜ Ŭˊɧ Űɞ ɛŮŰŬɚɚɘəɧ ɡˊɧůŰɟɤɛŬ 

ŬˊɞŰŮɚŮɑ ɏɜŬ ůɖɛŬɜŰɘəɧ ˊŮɟɘɞɟɘůɛɧ ŬɡŰɐɠ Űɖɠ ɛŮɗɧŭɞɡ əŬɘ ˊŮɟŬɘŰɏɟɤ ɏɟŮɡɜŬ ŬˊŬɘŰŮɑŰŬɘ ůŰɖɜ 

Ŭɨɝɖůɖ Űɤɜ ŭɡɜɎɛŮɤɜ ůɡɜɞɢɐɠ ɛŮŰŬɝɨ ɡˊɞůŰɟɩɛŬŰɞɠ əŬɘ ŮˊɑůŰɟɤůɖɠ. 
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2.1.2.3. ȼɚŮəŰɟɞŮɜŬˊɧɗŮůɖ 

ȼ ɖɚŮəŰɟɞŮɜŬˊɧɗŮůɖ ŬˊɞŰŮɚŮɑ ɛɘŬ ŭɘŬŭŮŭɞɛɏɜɖ ŰŮɢɜɘəɐ ɔɘŬ Űɖɜ əŬŰŬůəŮɡɐ ɡˊŮɟɡŭɟɧűɞɓɤɜ 

ŮˊɘůŰɟɩůŮɤɜ ůŮ ŭɘɎűɞɟŬ ɡˊɞůŰɟɩɛŬŰŬ ɛŮ ŮɡɟŮɑŬ ɔəɎɛŬ ŮűŬɟɛɞɔɩɜ, əŬɗɩɠ ɢŬɟŬəŰɖɟɑɕŮŰŬɘ 

Ŭˊɧ ɢŬɛɖɚɧ əɧůŰɞɠ, ŮˊŬɜŬɚɖɣɘɛɧŰɖŰŬ, ŬɚɚɎ əŬɘ ŭɡɜŬŰɧŰɖŰŬ  ŮˊɏəŰŬůɖɠ ůŮ ɛŮɔɎɚɖ əɚɑɛŬəŬ. 

ɇɡˊɘəɎ, ɛɘŬ ŭɘɎŰŬɝɖ ɖɚŮəŰɟɞŮɜŬˊɧɗŮůɖɠ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɛɘŬ Ɏɜɞŭɞ əŬɘ ɛɘŬ əɎɗɞŭɞ (ůɡɜɐɗɤɠ 

Űɞ ɡˊɧůŰɟɤɛŬ ˊɞɡ ˊɟɧəŮɘŰŬɘ ɜŬ ŮˊɘəŬɚɡűɗŮɑ) ɓɡɗɘůɛɏɜŮɠ ůŮ ɏɜŬɜ ɖɚŮəŰɟɞɚɨŰɖ ˊɞɡ ˊŮɟɘɏɢŮɘ 

ɛŮŰŬɚɚɘəɎ ɘɧɜŰŬ, ůŮ ɡŭŬŰɘəɎ, ɞɟɔŬɜɘəɎ ɐ ɘɞɜŰɘəɎ ɡɔɟɎ ŭɘŬɚɨɛŬŰŬ. ȼ ŮűŬɟɛɞɔɐ ɖɚŮəŰɟɘəɞɨ 

ŭɡɜŬɛɘəɞɨ ɛŮŰŬɝɨ Űɤɜ ŭɨɞ ɖɚŮəŰɟɞŭɑɤɜ ŮɝŬɜŬɔəɎɕŮɘ ŰŬ ɘɧɜŰŬ ɜŬ ŬˊɞɛŬəɟɡɜɗɞɨɜ Ŭˊɧ Űɞ 

ɛɏŰŬɚɚɞ Űɖɠ Ŭɜɧŭɞɡ əŬɘ ɜŬ ŮɜŬˊɞŰŮɗɞɨɜ ůŰɖɜ ŮˊɘűɎɜŮɘŬ ˊɞɡ ŬˊɞŰŮɚŮɑ Űɖɜ əɎɗɞŭɞ (ɆɢɐɛŬ 

2.16). ȼ ɛɞɟűɞɚɞɔɑŬ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ůŰɖɜ ɞˊɞɑŬ ɔɑɜŮŰŬɘ ɖ ɖɚŮəŰɟɞŮɜŬˊɧɗŮůɖ ɛˊɞɟŮɑ ɜŬ 

ɟɡɗɛɘůŰŮɑ Ŭˊɧ Űɞɜ ůɡɜŭɡŬůɛɧ ˊɞɘəɑɚɤɜ ůɡɜɗɖəɩɜ, ɧˊɤɠ ɖ ŰɎůɖ, ɖ ˊɡəɜɧŰɖŰŬ ɟŮɨɛŬŰɞɠ əŬɘ ɖ 

ɢɖɛŮɑŬ Űɞɡ ɛˊɎɜɘɞɡ Űɖɠ ɖɚŮəŰɟɞŮɜŬˊɧɗŮůɖɠ.  

 

ɆɢɐɛŬ 2.16. ɆɢɖɛŬŰɘəɐ ŬɜŬˊŬɟɎůŰŬůɖ ŭɘɎŰŬɝɖɠ ɖɚŮəŰɟɞŮɜŬˊɧɗŮůɖɠ.91 

ɆŰɖɜ əŬŰŮɨɗɡɜůɖ ŬɡŰɐ, ɛɑŬ Ŭˊɧ Űɘɠ ůɖɛŬɜŰɘəɧŰŮɟŮɠ ŮɟɔŬůɑŮɠ ɡˊŮɟɡŭɟɞűɞɓɞˊɞɑɖůɖɠ ɛɏůɤ 

ɖɚŮəŰɟɞŮɜŬˊɧɗŮůɖɠ ŬˊɞŰŮɚŮɑ ɖ ŮɟɔŬůɑŬ Űɤɜ Zhang et al. ɞɘ ɞˊɞɑɞɘ əŬŰɎűŮɟŬɜ ɜŬ űŰɘɎɝɞɡɜ 

ɡˊŮɟɡŭɟɧűɞɓɞ ɡɛɏɜɘɞ ůŮ ɡˊɧůŰɟɤɛŬ Ŭɚɞɡɛɘɜɑɞɡ ɛɏůɤ ɖɚŮəŰɟɞŮɜŬˊɧɗŮůɖɠ ŭɘŬɚɨɛŬŰɞɠ 

ŮɝŬɏɜɡŭɟɞɡ ɜɘŰɟɘəɞɨ ŭɖɛɖŰɟɑɞɡ əŬɘ ůŰŮŬŰɘəɞɨ ɞɝɏɞɠ ůŮ ŬɘɗŬɜɧɚɖ (ɆɢɐɛŬ 2.17i). ɀŮ Űɞɜ Űɟɧˊɞ 

ŬɡŰɧ ŮɜɘůɢɨɗɖəŮ ɖ ŬɜŰɘŭɘŬɓɟɤŰɘəɐ ɘŭɘɧŰɖŰŬ Űɤɜ ŮˊɘűŬɜŮɘɩɜ Ŭɚɞɡɛɘɜɑɞɡ ɛŮŰɎ Ŭˊɧ ɏəɗŮůɐ Űɞɡɠ 

ůŮ ŬɏɟŬ əŬɘ ŮɛɓɎˊŰɘůɐɠ Űɞɡɠ ůŮ ŭɘɎɚɡɛŬ  3.5wt% NaCl.92 

ɄɏɟŬ Ŭˊɧ Űɖɜ Ŭɨɝɖůɖ Űɖɠ ŬɜŰɞɢɐ Űɞɡ Ŭɚɞɡɛɘɜɑɞɡ ŮɜɎɜŰɘŬ ůŰɖ ŭɘɎɓɟɤůɖ, ɖ ɖɚŮəŰɟɞŮɜŬˊɧɗŮůɖ 

ɛˊɞɟŮɑ ɜŬ ŭɩůŮɘ ɚɨůŮɘɠ ůŰɖ ɛŮɔɎɚɖ ˊɟɧəɚɖůɖ Űɖɠ ŬɜŰɞɢɐɠ Űɤɜ ɡˊɞůŰɟɤɛɎŰɤɜ ɛŬɔɜɖůɑɞɡ ůŮ 

ŭɘŬɓɟɤŰɘəɎ ˊŮɟɘɓɎɚɚɞɜŰŬ. ɆŮ ŬɡŰɐ Űɖɜ əŬŰŮɨɗɡɜůɖ, ɞɘ Liu et al. 93 ˊɟɧŰŮɘɜŬɜ Űɖɜ ŮűŬɟɛɞɔɐ 

ŭɘˊɚɐɠ ůŰɘɓɎŭŬɠ ŮˊɑůŰɟɤůɖɠ ɜŬɜɞŭɞɛɖɛɏɜɖɠ ŭɖɛɖŰɟɑŬɠ (CeO2)/ůŰŮŬŰɘəɞɨ ɞɝɏɞɠ ůŮ 

ɡˊɞůŰɟɩɛŬŰŬ AZ31B Mg. Ƀɘ ŮɟŮɡɜɖŰɏɠ ɢɟɖůɘɛɞˊɞɑɖůŬɜ ɛɘŬ Ŭˊɚɐ ɛɏɗɞŭɞ 

ɖɚŮəŰɟɞŮɜŬˊɧɗŮůɖɠ ɔɘŬ Űɖɜ ˊŬɟŬůəŮɡɐ ɘŮɟŬɟɢɘəɩɜ ɜŬɜɞűɨɚɚɤɜ CeO2 (ůŮ ɛɞɟűɐ ˊŮŰɎɚɤɜ 

ɚɞɡɚɞɡŭɘɞɨ), ŬəɞɚɞɡɗɞɨɛŮɜɖ Ŭˊɧ ŮɛɓɎˊŰɘůɖ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ůŮ ŭɘɎɚɡɛŬ ůŰŮŬŰɘəɞɨ ɞɝɏɞɠ ɔɘŬ 

Űɖɜ ɡŭɟɞűɞɓɞˊɞɑɖůɖ Űɖɠ (ɆɢɐɛŬ 2.17ii). ȼ ɓɏɚŰɘůŰɖ ɡˊŮɟɡŭɟɞűɞɓɘəɧŰɖŰŬ ˊɟɞɏəɡɣŮ ɛŮŰɎ Ŭˊɧ 

60 ɚŮˊŰɎ ɖɚŮəŰɟɞŮɜŬˊɧɗŮůɖɠ ɛŮ 0.65 mA/cm2 ˊɡəɜɧŰɖŰŬ ɟŮɨɛŬŰɞɠ. ȼ ŮˊɘűɎɜŮɘŬ ˊɞɡ 

ŭɖɛɘɞɡɟɔɐɗɖəŮ ɐŰŬɜ ɡˊŮɟɡŭɟɧűɞɓɖ ɛŮ ɔɤɜɑŬ ŮˊŬűɐɠ Ɏɜɤ Űɤɜ 158Á əŬɘ ɔɤɜɑŬ əɨɚɘůɖɠ əɎŰɤ 

Űɤɜ 2Á, Ůɜɩ ŮˊɏŭŮɘɝŮ ŰŬɡŰɧɢɟɞɜŬ əŬɘ ɓŮɚŰɘɤɛɏɜɖ ŬɜŰɘŭɘŬɓɟɤŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ ɏɜŬɜŰɘ 

ŭɘŬɚɨɛŬŰɞɠ 3.5 wt% NaCl. 
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ɆɢɐɛŬ 2.17. (i) ȹɘɎɔɟŬɛɛŬ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ əŬŰŬůəŮɡɐɠ Űɞɡ ɡˊŮɟɡŭɟɧűɞɓɞɡ ɡɛŮɜɑɞɡ ˊɎɜɤ ůŰɞ 

ɡˊɧůŰɟɤɛŬ AZ31B.92 (ii) ɆɢɖɛŬŰɘəɐ ŬɜŬˊŬɟɎůŰŬůɖ Űɖɠ ɛŮɗɧŭɞɡ ˊŬɟŬůəŮɡɐɠ ɧˊɤɠ 

ˊŮɟɘŮɔɟɎűɖəŮ Ŭˊɧ Űɞɡɠ  Liu et al. 93  

ɆŮ ˊɟɧůűŬŰɖ ŮɟɔŬůɑŬ Űɤɜ Zihao He et al. ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ŮɝŬɏɜɡŭɟɞ ɢɚɤɟɘɞɨɢɞ Ŭɚɞɡɛɑɜɘɞ 

əŬɘ N-ŭɤŭŮəɡɚɞŰɟɘɛŮɗɞɝɡůɘɚɎɜɘɞ (DTMS) ůŮ ŬɘɗŬɜɧɚɖ ɤɠ ŭɘɎɚɡɛŬ ɖɚŮəŰɟɞɚɨŰɖ ɔɘŬ Űɖɜ 

əŬŰŬůəŮɡɐ ɡˊŮɟɡŭɟɧűɞɓɖɠ ŮˊɘűɎɜŮɘŬɠ ɛŮ WSCA 155Á əŬɘ 99.9% ŬɜŰɞɢɐ ůŰɖ ŭɘɎɓɟɤůɖ ɛŮŰɎ 

Ŭˊɧ ŮɛɓɎˊŰɘůɖ ůŮ ŭɘɎɚɡɛŬ 3.5% wt NaCl. H ŮɝŬɘɟŮŰɘəɐ ŬɡŰɐ ŬɜŰɘŭɘŬɓɟɤŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ 

ˊŬɟɏɛŮɘɜŮ ůŮ ˊɞůɞůŰɧ ˊɎɜɤ Ŭˊɧ 98% Ŭəɧɛɖ əŬɘ ɛŮŰɎ Ŭˊɧ 30 ɖɛɏɟŮɠ ŮɛɓɎˊŰɘůɖɠ. 94 

2.1.2.4. ȼɚŮəŰɟɞůŰŬŰɘəɐ ɘɜɞˊɞɑɖůɖ 

ȼ ɖɚŮəŰɟɞůŰŬŰɘəɐ ɘɜɞˊɞɑɖůɖ ŬˊɞŰŮɚŮɑ ɛɑŬ Ɏɚɚɖ ŰŮɢɜɘəɐ ŮɜŬˊɧɗŮůɖɠ əŬŰɎ Űɖɜ ɞˊɞɑŬ 

əŬŰŬůəŮɡɎɕɞɜŰŬɘ ɡɛɏɜɘŬ ɛɘəɟɞ- əŬɘ ɜŬɜɞ- ɘɜɩɜ, ɛɏůɤ ŮűŬɟɛɞɔɐɠ ɖɚŮəŰɟɘəɐɠ ŰɎůɖɠ. ȼ ŰŮɢɜɘəɐ 

ŬɡŰɐ ɓŬůɑɕŮŰŬɘ ůŰɖɜ ŮűŬɟɛɞɔɐ ŭɘŬűɞɟɎɠ ŭɡɜŬɛɘəɞɨ ɛŮŰŬɝɨ ɛɑŬɠ ůɨɟɘɔɔŬɠ, ˊɞɡ ˊŮɟɘɏɢŮɘ Űɞ 

ŮɜŬˊɞŰɘɗɏɛŮɜɞ ˊɞɚɡɛŮɟɏɠ, əŬɘ Űɖɠ ˊɟɞɠ ŮɜŬˊɧɗŮůɖ ŮˊɘűɎɜŮɘŬɠ. ȾŬŰɎ Űɖɜ ŮűŬɟɛɞɔɐ ɡɣɖɚɐɠ 

ɖɚŮəŰɟɘəɐɠ ŰɎůɖɠ, Űɞ ˊɞɚɡɛŮɟɏɠ űɞɟŰɑɕŮŰŬɘ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɖ ɖɚŮəŰɟɞůŰŬŰɘəɐ ŭɨɜŬɛɖ ˊɞɡ 

ŬɜŬˊŰɨůůŮŰŬɘ ɜŬ ɝŮˊŮɟɜɎŮɘ Űɖɜ ŮˊɘűŬɜŮɘŬəɐ ŰɎůɖ Űɞɡ ɡɔɟɞɨ əŬɘ ɖ ůŰŬɔɧɜŬ ɜŬ ŮˊɘɛɖəɨɜŮŰŬɘ. 

ɀŮŰɎ Ŭˊɧ ɏɜŬ əɟɑůɘɛɞ ůɖɛŮɑɞ, Űɞ ˊɞɚɡɛŮɟɏɠ ŭɖɛɘɞɡɟɔŮɑ ɏɜŬɜ əɩɜɞ ɡɔɟɞɨ, ɞ ɞˊɞɑɞɠ ŮɑɜŬɘ 

ɔɜɤůŰɧɠ əŬɘ ɤɠ əɩɜɞɠ Taylor. ɄɏɟŬ Ŭˊɧ Űɞ ůɖɛŮɑɞ ŬɡŰɧ, əŬɘ Ůűɧůɞɜ ɞɘ ŭɡɜɎɛŮɘɠ ůɡɜɞɢɐɠ Űɞɡ 

ˊɞɚɡɛŮɟɞɨɠ ŮɑɜŬɘ ŮˊŬɟəŮɑɠ, ŬɜŬˊŰɨůůŮŰŬɘ ɛɘŬ ɖɚŮəŰɟɘəɎ űɞɟŰɘůɛɏɜɖ ɟɞɐ. ȾŬɗɩɠ ɞ ˊɑŭŬəŬɠ 

Űɞɡ ˊɞɚɡɛŮɟɞɨɠ ůŰŮɔɜɩɜŮɘ əŬŰɎ Űɖɜ ŮɜŬˊɧɗŮůɖ Űɞɡ, ɖ ɟɞɐ ɟŮɨɛŬŰɞɠ ůŰɖɜ ɑɜŬ ŬɚɚɎɕŮɘ Ŭˊɧ 

ɤɛɘəɐ ůŮ ŮˊŬɔɤɔɘəɐ, ɚɧɔɤ ɛŮŰŬɜɎůŰŮɡůɖɠ Űɞɡ űɞɟŰɑɞɡ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɖɠ ɑɜŬɠ, ɛŮ 

ŬˊɞŰɏɚŮůɛŬ ŬɡŰɐ ɜŬ ŮˊɘɛɖəɨɜŮŰŬɘ ɛɏɢɟɘ ɜŬ ŮɜŬˊɞŰŮɗŮɑ ůŰɞɜ ɔŮɘɤɛɏɜɞ ůɡɚɚɏəŰɖ, ́ ɞɡ ŬˊɞŰŮɚŮɑ 

əŬɘ Űɖɜ ˊɟɞɠ ŮɜŬˊɧɗŮůɖ ŮˊɘűɎɜŮɘŬ.95,96 



[40] 

 

  

ɆɢɐɛŬ 2.18. ɆɢɖɛŬŰɘəɐ ŬɜŬˊŬɟɎůŰŬůɖ Űɖɠ ŰŮɢɜɘəɐɠ ɖɚŮəŰɟɞůŰŬŰɘəɐɠ ɘɜɞˊɞɑɖůɖɠ. 

ȳůɞɜ ŬűɞɟɎ ŬɡŰɐ Űɖ ŰŮɢɜɘəɐ, ɢŬɟŬəŰɖɟɘůŰɘəɐ ŮɟɔŬůɑŬ ŬˊɞŰŮɚŮɑ Űɤɜ Ma et al. ɧˊɞɡ 

ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɖɚŮəŰɟɞůŰŬŰɘəɐ ɘɜɞˊɞɑɖůɖ ŭɘŬɚɨɛŬŰɞɠ ˊɞɡ ˊŮɟɘɏɢŮɘ ŰŮŰɟŬɦŭɟɞűɞɡɟɎɜɘɞ 

əŬɘ ŭɘɛŮɗɡɚɞűɞɟɛŬɛɑŭɘɞ, ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ ɛˊɚɞə ůɡɛˊɞɚɡɛŮɟɞɨɠ ɘɜɩɜ 

ˊɞɚɡ(ůŰɡɟɧɚɘɞɡ-ɓ-ŭɘɛŮɗɡɚɞůɘɚɞɝŬɜɑɞɡ) (PSb-PDMS), ŭɘŬɛɏŰɟɞɡ ɛŮŰŬɝɨ 150 əŬɘ 400 nm. ȼ 

ɘɜɩŭɖɠ ŮˊɘűɎɜŮɘŬ ́ ɞɡ ˊɟɞɏəɡɣŮ ɐŰŬɜ ɡˊŮɟɡŭɟɧűɞɓɖ ɛŮ ɔɤɜɑŮɠ ŮˊŬűɐɠ 163Á əŬɘ ɡůŰɏɟɖůɖ 15Á. 

ȼ ɡˊŮɟɡŭɟɞűɞɓɘəɧŰɖŰŬ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ɞűŮɑɚŮŰŬɘ ůŰɞɜ ůɡɜŭɡŬůɛɧ Űɖɠ ɡŭɟɞűɞɓɘəɧŰɖŰŬɠ Űɖɠ 

ůɘɚɘəɧɜɖɠ əŬɘ Űɖɠ ŰɟŬɢɨŰɖŰŬɠ Űɞɡ ɖɚŮəŰɟɞŮɜŬˊɞŰɘɗɏɛŮɜɞɡ ɡɚɘəɞɨ.97 ɆŮ ŮˊɧɛŮɜɖ ŮɟɔŬůɑŬ Űɞɡɠ, 

ɞɘ ŮɟŮɡɜɖŰɏɠ Űɖɠ ɞɛɎŭŬɠ Űɞɡ Gregory C. Rutledge, əŬŰŬůəŮɨŬůŬɜ ɡˊŮɟɡŭɟɧűɞɓɞ ɨűŬůɛŬ 

ɛɏůɤ ůɡɜŭɡŬůɛɞɨ Űɤɜ ŰŮɢɜɘəɩɜ Űɖɠ ɖɚŮəŰɟɞůŰŬŰɘəɐɠ ɘɜɞˊɞɑɖůɖɠ əŬɘ Űɖɠ ɢɖɛɘəɐɠ ŮɜŬˊɧɗŮůɖɠ 

ŬŰɛɩɜ (CVD). ɆŰɖɜ ŮɟɔŬůɑŬ ŬɡŰɐ ɏɔɘɜŮ, Ůˊɑůɖɠ, ůɡůɢŮŰɘůɛɧɠ ɛŮŰŬɝɨ Űɖɠ ɔɤɜɑŬɠ ŮˊŬűɐɠ əŬɘ 

Űɞɡ ɛŮɔɏɗɞɡɠ əŬɘ Űɞɡ Ůɑŭɞɡɠ Űɤɜ ɘɜɩɜ (ɆɢɐɛŬ 2.19).98 

 

ɆɢɐɛŬ 2.19. ũɤɜɑŮɠ ŮˊŬűɐɠ Űɖɠ ́ɞɚɡ(Ů-əŬˊɟɞɚŬəŰɧɜɖɠ) (PCL) ɛŮŰɎ Űɖɜ ɖɚŮəŰɟɞůŰŬŰɘəɐ 

ɘɜɞˊɞɑɖůɖ. ȷˊɧ əɎŰɤ ˊɟɞɠ ŰŬ ˊɎɜɤ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɢŬɟŬəŰɖɟɘůŰɘəɏɠ ŮɘəɧɜŮɠ Űɤɜ ůŰŬɔɧɜɤɜ 

ɜŮɟɞɨ ůŰŬ ŭŮɑɔɛŬŰŬ  F1, F4, F6, B1, B3 əŬɘ B5. Ƀɘ ɔɤɜɑŮɠ ŮˊŬűɐɠ ŮɑɜŬɘ 119Á, 124Á, 129Á, 133Á, 

135Á əŬɘ 139Á, ŬɜŰɑůŰɞɘɢŬ.98 ȼ Ŭɨɝɖůɖ Űɖɠ ŭɘŬɛɏŰɟɞɡ Űɤɜ ɘɜɩɜ ɛŮɘɩɜŮɘ Űɖ ɔɤɜɑŬ ŮˊŬűɐɠ. Ⱥˊɑůɖɠ, 

ɞɘ ɑɜŮɠ ˊɞɡ űɏɟɞɡɜ ůűŬɘɟɑŭɘŬ űŬɑɜŮŰŬɘ ɜŬ ŬɡɝɎɜɞɡɜ Űɖ ɔɤɜɑŬ ŮˊŬűɐɠ Űɞɡ ŭŮɑɔɛŬŰɞɠ. 

Ƀɘ Han et al. ˊŬɟɞɡůɑŬůŬɜ Űɖɜ əŬŰŬůəŮɡɐ ɛɘəɟɞ- ɜŬɜɞ ɘɜɩɜ ɛŮ ŮˊɘůŰɟɩůŮɘɠ ɔɨɟɤ Ŭˊɧ Űɞɜ 

ˊɡɟɐɜŬ Űɤɜ ɘɜɩɜ, ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɖɜ ŰŮɢɜɘəɐ Űɖɠ ɖɚŮəŰɟɞůŰŬŰɘəɐɠ ɘɜɞˊɞɑɖůɖɠ. Ƀɘ ɘŭɘɧŰɖŰŮɠ 

Űɤɜ ɘɜɩɜ ɛŮŰŬɓɎɚɚɞɜŰŬɘ ŬɜɎɚɞɔŬ ɛŮ ŰŬ ɡɚɘəɎ ˊɞɡ ůɡɜɗɏŰɞɡɜ Űɞɜ ˊɡɟɐɜŬ əŬɘ Űɘɠ ŮˊɘəŬɚɨɣŮɘɠ 
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Űɞɡɠ. ũɘŬ Űɖɜ əŬŰŬůəŮɡɐ Űɞɡɠ, ɢɟɖůɘɛɞˊɞɑɖůŬɜ Ɏɛɞɟűɞ űɗɞɟɞˊɞɚɡɛŮɟɏɠ (Teflon AF) əŬɘ 

ˊɞɚɡ(Ů-əŬˊɟɞɚŬəŰɧɜɖ) (PCL) ɤɠ ɡɚɘəɎ ˊɡɟɐɜŬ. Ƀɘ ɑɜŮɠ ˊɡɟɐɜŬ-ŮˊɘəɎɚɡɣɖɠ ˊɞɡ ˊɟɞɏəɡɣŬɜ 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ŮˊɘŰɡɢɩɠ ɔɘŬ Űɖɜ əŬŰŬůəŮɡɐ ɡˊŮɟɡŭɟɧűɞɓɤɜ əŬɘ ŮɚŬɘɧűɞɓɤɜ ɛŮɛɓɟŬɜɩɜ, 

ŭɘŬŰɖɟɩɜŰŬɠ Űɘɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ˊɡɟɐɜŬ Űɞɡɠ ɛŮŰɎ Ŭˊɧ ŮűŬɟɛɞɔɐ ɛɖɢŬɜɘəɩɜ ŰɎůŮɤɜ. 

ȹɘŬűɞɟŮŰɘəɞɑ ůɡɜŭɡŬůɛɞɑ ɡɚɘəɩɜ ŬɡŰɐɠ Űɖɠ ˊɟɞůɏɔɔɘůɖɠ ɛˊɞɟɞɨɜ ɜŬ ɞŭɖɔɐůɞɡɜ ůŰɖ ɢɟɐůɖ 

Űɞɡɠ ůŮ ɛŮɔɎɚɖ ˊɞɘəɘɚɑŬ ŮűŬɟɛɞɔɩɜ.99 

ɆŮ Ɏɚɚɖ ŭɞɡɚŮɘɎ, ɖ ŰŮɢɜɘəɐ Űɖɠ ɖɚŮəŰɟɞůŰŬŰɘəɐɠ ɘɜɞˊɞɑɖůɖɠ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɔɘŬ Űɖɜ 

əŬŰŬůəŮɡɐ ŬɡŰɞəŬɗŬɟɘɕɧɛŮɜɤɜ ɡŭɟɧűɞɓɤɜ ŮˊɘűŬɜŮɘɩɜ ˊɞɚɡůɞɡɚűɧɜɖɠ (PSf). 

ɀŮŰŬɓɎɚɚɞɜŰŬɠ Űɖ ůɡɔəɏɜŰɟɤůɖ Űɖɠ PSf ůŮ ŭɘŬɚɨŰɖ ŭɘɛŮɗɡɚɞűɞɟɛŬɛɘŭɑɞɡ (DMF), əŬɗɩɠ əŬɘ 

Űɘɠ ˊŬɟŬɛɏŰɟɞɡɠ Űɖɠ ɘɜɞˊɞɑɖůɖɠ, ɛˊɞɟɞɨɜ ɜŬ ŭɖɛɘɞɡɟɔɖɗɞɨɜ ŰɟŮɘɠ ŭɘŬűɞɟŮŰɘəɏɠ ɛɞɟűɞɚɞɔɑŮɠ 

ůűŬɘɟɘŭɑɤɜ, ůűŬɘɟɘŭɑɤɜ ůŮ ɑɜŮɠ əŬɘ ɘɜɩɜ ɢɤɟɑɠ ůűŬɘɟɑŭɘŬ. ȼ ɛŮɔŬɚɨŰŮɟɖ ɔɤɜɑŬ ŮˊŬűɐɠ (160Á) 

ŮˊɘŰŮɨɢɗɖəŮ ɔɘŬ Űɖ ɛɞɟűɞɚɞɔɑŬ ůűŬɘɟɘŭɑɤɜ, Ůɜɩ ɖ ɛɘəɟɧŰŮɟɖ (135Á) ɔɘŬ Űɖ ɛɞɟűɞɚɞɔɑŬ Űɤɜ 

ůəɏŰɤɜ ɘɜɩɜ. Ƀɘ ŮɟŮɡɜɖŰɏɠ ŮɑŭŬɜ Ůˊɑůɖɠ ɧŰɘ ɖ ɔɤɜɑŬ ŮˊŬűɐɠ ŬɡɝɎɜŮŰŬɘ ɛŮ Űɖ ɛŮɑɤůɖ Űɖɠ 

ůɡɔəɏɜŰɟɤůɖɠ Űɞɡ PSf əɎŰɤ Ŭˊɧ 15% wt. ɄɏɟŬɜ Űɖɠ ŭɘŬɓɟɞɢɐɠ, ɛˊɞɟŮɑ Ůˊɑůɖɠ ɜŬ ɟɡɗɛɘůŰŮɑ 

əŬɘ Űɞ ˊɎɢɞɠ Űɞɡ ɡɛŮɜɑɞɡ ůŰɞ Ůɨɟɞɠ ɛŮŰŬɝɨ Űɤɜ 10 əŬɘ 70 ɛm.100 

ȼ ɛɏɗɞŭɞɠ Űɖɠ ɖɚŮəŰɟɞůŰŬŰɘəɐɠ ɘɜɞˊɞɑɖůɖɠ ˊɟɞůűɏɟŮɘ ɛŮɔɎɚɖ ŮɡŮɚɘɝɑŬ ůŰɖɜ əŬŰŬůəŮɡɐ 

ɡˊŮɟɡŭɟɧűɞɓɤɜ ŮˊɘűŬɜŮɘɩɜ əŬɘ ɔɘŬ Űɞɜ ɚɧɔɞ ŬɡŰɧ ŮɑɜŬɘ Ůɡɟɏɤɠ ŭɘŬŭŮŭɞɛɏɜɖ ůŰɖɜ 

ŮˊɘůŰɖɛɞɜɘəɐ əɞɘɜɧŰɖŰŬ. ɄŬɟɧɚŬ ŬɡŰɎ, ůŰɘɠ ˊŮɟɘůůɧŰŮɟŮɠ ŮɟɔŬůɑŮɠ ŭŮɜ ŬɜŬűɏɟŮŰŬɘ ɖ ŬɜŰɞɢɐ 

Űɤɜ ɡɛŮɜɑɤɜ ˊɞɡ ŭɖɛɘɞɡɟɔɞɨɜŰŬɘ ɞɨŰŮ əŬɘ ɖ ˊɟɧůŭŮůɖ Űɞɡɠ ɛŮ ɛŮŰŬɚɚɘəɎ ɡˊɞůŰɟɩɛŬŰŬ, 

ɔŮɔɞɜɧɠ ˊɞɡ ŬɜɞɑɔŮɘ ŭɟɧɛɞɡɠ ɔɘŬ Űɖɜ ˊŮɟŬɘŰɏɟɤ ɛŮɚɏŰɖ ŬɡŰɩɜ Űɤɜ ɘŭɘɞŰɐŰɤɜ Űɞɡɠ. 

2.1.2.5. ɇŮɢɜɘəɐ Sol-gel  

ȼ ɛɏɗɞŭɞɠ sol-gel ŮɑɜŬɘ ɛɘŬ ɡɔɟɐ ɢɖɛɘəɐ ŭɘŬŭɘəŬůɑŬ əŬŰŬůəŮɡɐɠ ɡɚɘəɩɜ ɓŬůɘůɛɏɜɖ ůŮ ɞɝŮɑŭɘŬ, 

ɖ ɞˊɞɑŬ ŬɟɢɑɕŮɘ Ŭˊɧ ɡŭɟɞɚɡɞɛɏɜŮɠ ˊɟɧŭɟɞɛŮɠ ɞɡůɑŮɠ ɛɏůɤ ɡŭɟɧɚɡůɖɠ əŬɘ ůɡɛˊɨəɜɤůɖɠ. Ƀɘ 

ˊɟɧŭɟɞɛŮɠ ŮɜɩůŮɘɠ  ˊŮɟɘɏɢɞɡɜ ůɡɜɐɗɤɠ ŬůɗŮɜɏůŰŮɟɞɡɠ ůɡɜŭɏŰŮɠ ůŮ ůɨɔəɟɘůɖ ɛŮ Űɞ ɜŮɟɧ, 

ɧˊɤɠ ŰŬ ŬɚɞɔɞɜɑŭɘŬ, ŰŬ ɜɘŰɟɘəɎ, ŰŬ ɗŮɘɘəɎ, ŰŬ ŬɚəɞɝŮɑŭɘŬ ɐ ŰŬ əŬɟɓɞɝɨɚɘŬ. ɆŰɖ ůɡɜɏɢŮɘŬ, ɞɘ 

ɡŭɟɞɚɡɞɛɏɜŮɠ ˊɟɧŭɟɞɛŮɠ ŮɜɩůŮɘɠ ůɡɛˊɡəɜɩɜɞɜŰŬɘ ɛŬɕɑ ɔɘŬ ɜŬ ůɢɖɛŬŰɑůɞɡɜ ɛɘəɟɎ əɞɚɚɞŮɘŭɐ 

ɜŬɜɞůɤɛŬŰɑŭɘŬ ˊɞɡ ŬɘɤɟɞɨɜŰŬɘ ůŮ ɏɜŬ ɡɔɟɧ ˊɞɡ ɞɜɞɛɎɕŮŰŬɘ əɞɚɚɞŮɘŭɏɠ ŭɘɎɚɡɛŬ (sol). ȼ 

Ů́ɟŬɘŰɏɟɤ ůɡɛˊɨəɜɤůɖ Űɤɜ ůɤɛŬŰɘŭɑɤɜ Űɞɡ əɞɚɚɞŮɘŭɞɨɠ ŭɘŬɚɨɛŬŰɞɠ ɞŭɖɔŮɑ ůŮ ɏɜŬ 

ŮəŰŮŰŬɛɏɜɞ ɞɝɞɔŮűɡɟɤɛɏɜɞ ŭɑəŰɡɞ ɡɚɘəɩɜ ɛŮ ɓɎůɖ ŰŬ ˊɞɚɡɛŮɟɘəɎ ŬɡŰɎ ɞɝŮɑŭɘŬ. ɇŬ 

ůɢɖɛŬŰɘɕɧɛŮɜŬ ˊɖəŰɩɛŬŰŬ ˊɞɡ ɚŬɛɓɎɜɞɜŰŬɘ ɛŮ Űɖ ɛɏɗɞŭɞ sol-gel ŮɑɜŬɘ ŭɘűŬůɘəɎ ɡɚɘəɎ ˊɞɡ 

ˊŮɟɘɏɢɞɡɜ ɏɜŬ ŭɑəŰɡɞ ɔɏɚɖɠ ɛŬɕɑ ɛŮ ůɖɛŬɜŰɘəɐ ˊɞůɧŰɖŰŬ ɡɔɟɐɠ űɎůɖɠ. ȼ ɝɐɟŬɜůɖ ŬɡŰɩɜ Űɤɜ 

ˊɖəŰɤɛɎŰɤɜ, ŮɑŰŮ ɡˊɧ ůɡɜɗɐəŮɠ ˊŮɟɘɓɎɚɚɞɜŰɞɠ, ŮɑŰŮ ůŮ ɡɣɖɚɐ ɗŮɟɛɞəɟŬůɑŬ, ɛˊɞɟŮɑ ɜŬ 

ɞŭɖɔɐůŮɘ ůŮ Ŭˊɞɓɞɚɐ Űɖɠ űɎůɖɠ Űɞɡ ŭɘŬɚɨŰɖ ˊɟɞɠ ůɢɖɛŬŰɘůɛɧ ˊɡəɜɧŰŮɟɤɜ ɡɚɘəɩɜ.  

ɇŬ ŬɜɧɟɔŬɜŬ-ɞɟɔŬɜɘəɎ ɡɓɟɘŭɘəɎ ɡɛɏɜɘŬ ůŮ ɛɏŰŬɚɚŬ ɐ əɟɎɛŬŰŬ ˊɞɡ ˊŬɟɎɔɞɜŰŬɘ Ŭˊɧ Űɖ 

ŭɘŬŭɘəŬůɑŬ Űɞɡ sol-gel ŮɛűŬɜɑɕɞɡɜ ɘůɢɡɟɏɠ ŬɜŰɘŭɘŬɓɟɤŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ ɤɠ ˊɟɞɠ ŰŬ ɛŮŰŬɚɚɘəɎ 

ɡˊɞůŰɟɩɛŬŰŬ ˊɞɡ ŮɜŬˊɞŰɑɗŮɜŰŬɘ.101 ɇŬ ŬɜɧɟɔŬɜŬ ŭɘŬɚɨɛŬŰŬ ůŮ ɡɓɟɘŭɘəɎ ɡɛɏɜɘŬ ŬɡɝɎɜɞɡɜ Űɖɜ 

ˊɟɧůűɡůɖ ůɢɖɛŬŰɑɕɞɜŰŬɠ ɢɖɛɘəɞɨɠ ŭŮůɛɞɨɠ ɛŮŰŬɝɨ Űɞɡ ɛŮŰɎɚɚɞɡ əŬɘ Űɞɡ ɡɛŮɜɑɞɡ, Ůɜɩ 

ɓŮɚŰɘɩɜɞɡɜ ŰŬɡŰɧɢɟɞɜŬ Űɘɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ. ȼ ŮɜůɤɛɎŰɤůɖ ɞɟɔŬɜɘəɩɜ ˊɞɚɡɛŮɟɩɜ 

ɛŮ ɘŭɘɧŰɖŰŮɠ, ɧˊɤɠ ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ ɡŭɟɞűɞɓɘəɧŰɖŰŬ ɐ Ŭɡɝɖɛɏɜɖ ˊɡəɜɧŰɖŰŬ ŭɘŬůɨɜŭŮůɖɠ, 

ŮˊɘŰɟɏˊɞɡɜ Űɞɜ ɏɚŮɔɢɞ Űɤɜ ɘŭɘɞŰɐŰɤɜ Űɖɠ ɔɏɚɖɠ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, ɞɟɔŬɜɘəɏɠ ŮɜɩůŮɘɠ ɡɓɟɘŭɘəɩɜ 

ɡɛŮɜɑɤɜ ɛŮ ɡŭɟɧűɞɓŮɠ ɘŭɘɧŰɖŰŮɠ ɛˊɞɟɞɨɜ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ɔɘŬ Űɖɜ ˊɟɞůŰŬůɑŬ Űɖɠ 

ŭɘɎɓɟɤůɖɠ ɛŮŰɎɚɚɤɜ. ɆŰɖ ŭɘŮɗɜɐ ɓɘɓɚɘɞɔɟŬűɑŬ ɡˊɎɟɢɞɡɜ ˊɞɚɚɏɠ ŬɜŬűɞɟɏɠ ɔɘŬ sol-gel 

ˊɟɞůŰŬŰŮɡŰɘəɎ ɡɛɏɜɘŬ ɛŮ ŮɝŬɘɟŮŰɘəɐ ɢɖɛɘəɐ ůŰŬɗŮɟɧŰɖŰŬ əŬɘ ŮɜɘůɢɡɛɏɜŮɠ ŬɜŰɘŭɘŬɓɟɤŰɘəɏɠ 

ɘŭɘɧŰɖŰŮɠ ůŮ ɛŮŰŬɚɚɘəɎ ɡˊɞůŰɟɩɛŬŰŬ. ɆŰɞ əŮűɎɚŬɘɞ ŬɡŰɧ ɗŬ ˊŬɟɞɡůɘŬůŰɞɨɜ ɞɘ 



[42] 

 

ŬɜŰɘˊɟɞůɤˊŮɡŰɘəɧŰŮɟŮɠ ŮɟɔŬůɑŮɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜ ŬɡŰɐ Űɖɜ ŰŮɢɜɘəɐ ɔɘŬ Űɖɜ əŬŰŬůəŮɡɐ 

ɡˊŮɟɡŭɟɧűɞɓɤɜ ɡɛŮɜɑɤɜ ůŮ ɛŮŰŬɚɚɘəɎ ɡˊɞůŰɟɩɛŬŰŬ. 

ɉŬɟŬəŰɖɟɘůŰɘəɧ ˊŬɟɎŭŮɘɔɛŬ ŬˊɞŰŮɚŮɑ ɖ ŮɟɔŬůɑŬ Űɤɜ Satish A. Mahadik et al. ɞɘ ɞˊɞɑɞɘ 

ɏűŰɘŬɝŬɜ ɏɜŬ ɗŮɟɛɘəɎ ůŰŬɗŮɟɧ əŬɘ ŭɘɎűŬɜɞ ɡˊŮɟɡŭɟɧűɞɓɞ sol-gel ɡɛɏɜɘɞ Űɞ ɞˊɞɑɞ ŮɜŬˊɧɗŮůŬɜ 

ɛɏůɤ ɣŮəŬůɛɞɨ ˊɎɜɤ ůŮ ɔɡŬɚɑ. ɇɞ ɡɛɏɜɘɞ ˊɞɡ əŬŰŬůəŮɨŬůŬɜ ŮɑɢŮ ɓɎůɖ Űɞ 

ɛŮɗɡɚɞŰɟɘŬɘɗɞɝɡůɘɚɎɜɘɞ, Űɟɞˊɞˊɞɘɖɛɏɜɞ ɢɖɛɘəɎ ɛŮ 10% ŰɟɘɛŮɗɡɚɞůɘɚɡɚɞɢɚɤɟɑŭɘɞ (TMCS) 

ůŮ ɚɞɡŰɟɧ ŮɝŬɜɑɞɡ. Ƀ ůɡɜŭɡŬůɛɧɠ Űɖɠ ɘŮɟŬɟɢɘəɐɠ ŰɟŬɢɨŰɖŰŬɠ ˊɞɡ ˊɟɞɏəɡɣŮ Ŭˊɧ Űɖɜ 

ŮɜŬˊɧɗŮůɖ ɛɏůɤ ɣŮəŬůɛɞɨ, ɛŬɕɑ ɛŮ Űɖ ɢŬɛɖɚɐ ŮˊɘűŬɜŮɘŬəɐ ŮɜɏɟɔŮɘŬ Űɞɡ TMCS, ɛŮŰɏŰɟŮɣŮ 

Űɖɜ ŮˊɘűɎɜŮɘŬ ůŮ ɡˊŮɟɡŭɟɧűɞɓɖ, ɛŮ Űɘɠ ɞˊŰɘəɏɠ əŬɘ ɡˊŮɟɡŭɟɧűɞɓŮɠ ɘŭɘɧŰɖŰɏɠ Űɖɠ ɜŬ 

ˊŬɟŬɛɏɜɞɡɜ ůŰŬɗŮɟɏɠ ɏˊŮɘŰŬ Ŭˊɧ ɗŮɟɛɘəɐ əŬŰŬˊɧɜɖůɖ.102  

Ƀɘ Arukalam et al. ˊɟɞůˊɎɗɖůŬɜ ɜŬ ŬɜŰɘəŬŰŬůŰɐůɞɡɜ ŰŬ ŮˊɞɝɘəɎ ɡɛɏɜɘŬ əŬɘ ŰŬ ɡɛɏɜɘŬ 

ˊɞɚɡɞɡɟŮɗɎɜɖɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŬɜ ŬɜɤůŰɟɩɛŬŰŬ ůŮ ɗŬɚɎůůɘŮɠ ŮűŬɟɛɞɔɏɠ, əŬɗɩɠ ɖ 

ɡɣɖɚɐ ŮˊɘűŬɜŮɘŬəɐ Űɞɡɠ ŮɜɏɟɔŮɘŬ ŬɡɝɎɜŮɘ Űɖɜ ˊɟɧůŭŮůɖ Űɞɡɠ ɛŮ Űɞ ɜŮɟɧ əŬɘ Űɖɜ Ɏɚɔɖ. Ƀɘ 

ŮɟŮɡɜɖŰɏɠ əŬŰŬůəŮɨŬůŬɜ ɡŭɟɧűɞɓŬ əŬɘ ɡˊŮɟɡŭɟɧűɞɓŬ ɜŬɜɞŭɞɛɖɛɏɜŬ ɡɛɏɜɘŬ ˊɞɚɡůɘɚɞɝɎɜɖɠ 

ɛɏůɤ Űɖɠ ŰŮɢɜɘəɐɠ sol-gel ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɡˊŮɟűɗɞɟɞŭŮəɡɚɞɢɚɤɟɞůɘɚɎɜɘɞ (FDTS), 

ɜŬɜɞůɤɛŬŰɑŭɘŬ ȻnO, əŬɘ ˊɞɚɡ(ŭɘɛŮɗɡɚůɘɚɘəɧɜɖ) (PDMS). ȼ ŬɜŰɘŭɘŬɓɟɤŰɘəɐ ɘəŬɜɧŰɖŰŬ Űɤɜ 

ɡɛŮɜɑɤɜ ŮɚɏɔɢɗɖəŮ ɛɏůɤ űŬůɛŬŰɞůəɞˊɑŬɠ ɖɚŮəŰɟɞɢɖɛɘəɐɠ ŬɜŰɑůŰŬůɖɠ (EIS) əŬɘ ŭɞəɘɛɩɜ 

ŭɘɎɓɟɤůɖɠ ɛŮ ůˊɟɏɘ. ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ ɏŭŮɘɝŬɜ ɏɜŰɞɜɖ ŬɜŰɘŭɘŬɓɟɤŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ 

(ůɡɜŰŮɚŮůŰɐɠ ůɨɜɗŮŰɖɠ ŬɜŰɑůŰŬůɖɠ ȿῶȿ ɛŮɔŬɚɨŰŮɟɞɠ Űɤɜ 109 ɋ.cm2) ɔɘŬ ůɡɔəŮɜŰɟɩůŮɘɠ 1:1, 

30 nm ZnO əŬɘ PDMS.103 

ɆŮ Ɏɚɚɖ ŮɟɔŬůɑŬ, ɞɘ Wang et al. əŬŰŬůəŮɨŬůŬɜ ŰɟŮɘɠ ŭɘŬűɞɟŮŰɘəɏɠ ˊɟɞůŮɔɔɑůŮɘɠ 

ɡˊŮɟɡŭɟɧűɞɓɤɜ ɛŮɛɓɟŬɜɩɜ ɛŮɔɎɚɖɠ ŰɟŬɢɨŰɖŰŬɠ ɛɏůɤ Űɖɠ ŰŮɢɜɘəɐɠ Űɞɡ sol-gel. Ƀɘ ŭɨɞ 

ɟ́ɩŰŮɠ ˊɟɞůŮɔɔɑůŮɘɠ ŬɜŬűɏɟɞɜŰŬɘ ůŰɖ ɢɟɐůɖ ɡŭɟɞɝŮɘŭɑɞɡ Űɞɡ Ŭɛɛɤɜɑɞɡ (25%) ůŮ ŬɘɗŬɜɧɚɖ 

ɛŮ ɛŮŰɏˊŮɘŰŬ ˊɟɞůɗɐəɖ ɞɟɗɞˊɡɟɘŰɘəɞɨ ŰŮŰɟŬŬɘɗɡɚŮůŰɏɟŬ (TEOS) ˊɟɞɠ ˊŬɟŬůəŮɡɐ ˊɡɟɘŰɘəɞɨ 

ŭɘŬɚɨɛŬŰɞɠ, əŬɘ Űɖ ɛŮŰɏˊŮɘŰŬ ŮˊɑůŰɟɤůɖ ŬɡŰɞɨ ɛɏůɤ ŮɜŬˊɧɗŮůɖɠ ɣŮəŬůɛɞɨ ůŰɞ ɡˊɧůŰɟɤɛŬ. 

Ƀɘ ŭɨɞ ˊɟɞůŮɔɔɑůŮɘɠ ŭɘŬűɏɟɞɡɜ ɤɠ ˊɟɞɠ Űɖɜ ŮˊŮɝŮɟɔŬůɑŬ Űɖɠ ɛŮɛɓɟɎɜɖɠ ɛŮŰɎ Űɖɜ əŬŰŬůəŮɡɐ 

Űɖɠ, ɧˊɞɡ ůŰɖ ɛɑŬ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ŮɛɓɎˊŰɘůɖ ůŮ ŭɘɎɚɡɛŬ 3% wt ɛŮɗɡɚŰɟɘɛŮɗɞɝɡůɘɚŬɜɑɞɡ 

(MTMS) ůŮ ŮɝɎɜɘɞ (T1), Ůɜɩ ůŰɖɜ Ɏɚɚɖ, ŮɛɓɎˊŰɘůɖ ůŮ ŭɘɎɚɡɛŬ 5% wt ŮɝŬ- 

ɛŮɗɡɚŰɟɘɛŮɗɞɝɡůɘɚŬɜɑɞɡ (HDTMS) ůŮ ŮɝɎɜɘɞ (T3). ɆŮ Ɏɚɚɖ ˊɟɞůɏɔɔɘůɖ ˊɞɡ ŬəɞɚɞɨɗɖůŬɜ, 

ˊŬɟŬůəŮɨŬůŬɜ Űɞ ŭɘɎɚɡɛŬ sol, ˊɎɚɘ ɛɏůɤ Űɖɠ ɢɟɐůɖɠ ɡŭɟɞɝŮɘŭɑɞɡ Űɞɡ Ŭɛɛɤɜɑɞɡ (25%) ůŮ 

ŬɘɗŬɜɧɚɖ, ɛŮ ŭɘŬűɞɟɎ Űɖ ɛŮŰɏˊŮɘŰŬ ˊɟɞůɗɐəɖ TEOS əŬɘ TMES, ŬɚɚɎ əŬɘ Űɖɜ ŮˊɑůŰɟɤůɖ Űɞɡ 

ŭɘŬɚɨɛŬŰɞɠ ɛɏůɤ ŮɛɓɎˊŰɘůɖɠ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ ůŰɞ əɞɚɚɞŮɘŭɏɠ ŭɘɎɚɡɛŬ, ŬɜŰɑ Űɞɡ ɣŮəŬůɛɞɨ 

Űɞɡ ůŰɞ ɡˊɧůŰɟɤɛŬ (T2).ɆŰɖ ůɡɜɏɢŮɘŬ ɞɘ ŮɟŮɡɜɖŰɏɠ ˊɟŬɔɛŬŰɞˊɞɑɖůŬɜ ˊŮɘɟɎɛŬŰŬ ŬɜŰɞɢɐɠ, Űɤɜ 

ŮˊɘůŰɟɤɛɏɜɤɜ ŮˊɘűŬɜŮɘɩɜ ɢɎɚɡɓŬ, ɛɏůɤ ŮɛɓɎˊŰɘůɐɠ Űɞɡɠ ůŮ ŭɘɎɚɡɛŬ ɢɚɤɟɘɞɨɢɞɡ ɜŬŰɟɑɞɡ, 

əŬɘ ɡˊɧ ˊŬɟŬɛɞɜɐɠ Űɞɡɠ ůŮ ŬɏɟŬ ɡɣɖɚɐɠ ɡɔɟŬůɑŬɠ. ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ŭɞəɘɛɩɜ ɏŭŮɘɝŬɜ ɧŰɘ 

əŬɚɨŰŮɟɖ ŬɜŰɘŭɘŬɓɟɤŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ ůŰɞ ŭɘɎɚɡɛŬ ɢɚɤɟɘɞɨɢɞɡ ɜŬŰɟɑɞɡ ɏŭŮɘɝŮ ɖ ˊɟɞůɏɔɔɘůɖ 

ɇ3, Ůɜɩ ŬɜŰɑɗŮŰŬ ɛŮɔŬɚɨŰŮɟɖ ŬɜŰɞɢɐ ůŰɖ ŭɘɎɓɟɤůɖ ůŮ ŬɏɟŬ ɛŮ ɡɔɟŬůɑŬ ŮɛűɎɜɘůŮ ɖ 

ˊɟɞůɏɔɔɘůɖ ɇ2 (ɆɢɐɛŬ 2.20).104  
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ɆɢɐɛŬ 2.20. a) ȷˊŮɘəɧɜɘůɖ Űɖɠ ŭɘɎɓɟɤůɖɠ Űɤɜ ŮˊɘűŬɜŮɘɩɜ ɛŮŰɎ Ŭˊɧ ˊŮɘɟɎɛŬŰŬ ŬɜŰɞɢɐɠ ůŮ 

ˊŮɟɘɓɎɚɚɞɜ ɡɣɖɚɐɠ ɡɔɟŬůɑŬɠ (ˊɎɜɤ), əŬɘ Űɖɠ ɛɞɟűɞɚɞɔɑŬɠ Űɤɜ ɡɛŮɜɑɤɜ ˊɞɡ əŬŰŬůəŮɡɎůŰɖəŬɜ 

ɛŮ Űɖɜ ŰŮɢɜɘəɐ Űɞɡ sol-gel (əɎŰɤ). b) ȷˊŮɘəɧɜɘůɖ Űɞɡ ŬɜŰɘŭɘŬɓɟɤŰɘəɞɨ ɛɖɢŬɜɘůɛɞɨ Űɤɜ 

ɡˊŮɟɡŭɟɧűɞɓɤɜ ɛŮɛɓɟŬɜɩɜ ůŮ ŭɘɎɚɡɛŬ ɛŮ ŭɘŬɓɟɤŰɘəɞɨɠ ˊŬɟɎɔɞɜŰŮɠ.104 

Ƀɘ Barkhudarov et al. ́ ɟɞůˊɎɗɖůŬɜ ɜŬ Ůˊɘɚɨůɞɡɜ Űɞ ˊɟɧɓɚɖɛŬ Űɖɠ ɞɝŮɑŭɤůɖɠ Űɞɡ Ŭɚɞɡɛɘɜɑɞɡ 

ůŮ ɡɔɟɎ əŬɘ ɡűɎɚɛɡɟŬ ˊŮɟɘɓɎɚɚɞɜŰŬ. ɆŮ ɝɖɟɧ ˊŮɟɘɓɎɚɚɞɜ, Űɞ Ŭɚɞɡɛɑɜɘɞ ůɢɖɛŬŰɑɕŮɘ ɏɜŬ ɚŮˊŰɧ 

űɘɚɛ ɞɝŮɘŭɑɞɡ (~20 ) Űɞ ɞˊɞɑɞ ŭŮɜ ŬɜŬˊŰɨůůŮŰŬɘ ˊŮɟŬɘŰɏɟɤ, ˊɟɞůŰŬŰŮɨɞɜŰŬɠ ɏŰůɘ Űɞ 

ɡˊɧůŰɟɤɛŬ. ɆŮ ɡɔɟɎ əŬɘ ɡűɎɚɛɡɟŬ ˊŮɟɘɓɎɚɚɞɜŰŬ ɧɛɤɠ, Űɞ ˊɟɞůŰŬŰŮɡŰɘəɧ ŬɡŰɧ űɘɚɛ Űɞɡ 

ɞɝŮɘŭɑɞɡ ɔɑɜŮŰŬɘ ŭɘŬˊŮɟŬŰɧ ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɞ ɡˊɧůŰɟɤɛŬ ɜŬ ɞɝŮɘŭɩɜŮŰŬɘ.  ũɘŬ Űɞɜ ɚɧɔɞ ŬɡŰɧ, 

ɞɘ ŮɟŮɡɜɖŰɏɠ əŬŰŬůəŮɨŬůŬɜ ɏɜŬ ŰɟŬɢɨ, ɚŮˊŰɧ (~500 nm) əŬɘ ɜŬɜɞˊɞɟɩŭŮɠ ɞɟɔŬɜɞˊɡɟɘŰɘəɧ 

ɡɛɏɜɘɞ ˊɞɡ ɛɞɘɎɕŮɘ ɛŮ ŬŮɟɞɔɏɚɖ, ɛɏůɤ ŮɝɎŰɛɘůɖɠ ůŮ ɢŬɛɖɚɐ ɗŮɟɛɞəɟŬůɑŬ əŬɘ ˊɑŮůɖ. ɆŰɖ 

ůɡɜɏɢŮɘŬ, ɛɏůɤ ɏəɗŮůɖɠ ůŮ UV ŬəŰɘɜɞɓɞɚɑŬ, əŬŰɎűŮɟŬɜ ɜŬ Ůɚɏɔɝɞɡɜ Űɖɜ ŮˊɘűŬɜŮɘŬəɐ əɎɚɡɣɖ 

ɡŭɟɧűɞɓɤɜ ɞɟɔŬɜɘəɩɜ ůɡɜŭŮŰɩɜ ůŰɞ ŭɑəŰɡɞ ˊɡɟɘŰɑŬɠ, ɛŮŰŬŰɟɏˊɞɜŰŬɠ ɏŰůɘ Űɖɜ ŮˊɘűɎɜŮɘŬ ůŮ 

ɡˊŮɟɡŭɟɧűɞɓɖ ɛŮ ɔɤɜɑŬ ŮˊŬűɐɠ ůŰɘɠ 160Á. ũɘŬ Űɖ ɛŮɚɏŰɖ Űɖɠ Ŭˊɧŭɞůɖɠ Űɤɜ ɡˊŮɟɡŭɟɧűɞɓɤɜ 

ŬɡŰɩɜ űɘɚɛ ɏɜŬɜŰɘ Űɖɠ ŭɘɎɓɟɤůɖɠ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɖ ŰŮɢɜɘəɐ Űɖɠ ŬɜŬəɚŬůŰɘəɧŰɖŰŬɠ 

ɜŮŰɟɞɜɑɤɜ (NR). Ƀɘ ɛŮŰɟɐůŮɘɠ NR ɏŭŮɘɝŬɜ ɧŰɘ ɖ ɡˊŮɟɡŭɟɞűɞɓɘəɧŰɖŰŬ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ŮɛˊɞŭɑɕŮɘ 

Űɖ ŭɘŮɑůŭɡůɖ Űɞɡ ɜŮɟɞɨ ůŰɞ ˊɞɟɩŭŮɠ ɡɛɏɜɘɞ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ˊŮɟɘɞɟɑɕŮɘ Űɖɜ ɏəɗŮůɖ Űɞɡ 

ɡˊɞůŰɟɩɛŬŰɞɠ Ŭɚɞɡɛɘɜɑɞɡ ůŰɞɡɠ ŭɘŬɓɟɤŰɘəɞɨɠ ˊŬɟɎɔɞɜŰŮɠ.105 

2.1.2.6. ȺɜŬˊɧɗŮůɖ ɆŰɟɩɛŬ-ɆŰɟɩɛŬ  

ȼ ɛɏɗɞŭɞɠ ŮɜŬˊɧɗŮůɖɠ ɆŰɟɩɛŬ-ɆŰɟɩɛŬ (Layer-by-Layer (LbL)) ŮɑɜŬɘ ɛɘŬ ŰŮɢɜɘəɐ əŬŰŬůəŮɡɐɠ 

ɚŮˊŰɩɜ ɡɛŮɜɑɤɜ ŰŬ ɞˊɞɑŬ ůɢɖɛŬŰɑɕɞɜŰŬɘ ɛŮ Űɖɜ ŮɜŬˊɧɗŮůɖ ŮɜŬɚɚŬůůɧɛŮɜɤɜ ůŰɟɤɛɎŰɤɜ Ŭˊɧ 

ŬɜŰɑɗŮŰŬ űɞɟŰɘůɛɏɜŬ ɡɚɘəɎ. ɇŬ ůŰɟɩɛŬŰŬ ɛˊɞɟɞɨɜ ɜŬ ŮɜŬˊɞŰŮɗɞɨɜ ɛŮ ŭɘɎűɞɟŮɠ ɛŮɗɧŭɞɡɠ, 

ɧˊɤɠ ŮɛɓɎˊŰɘůɖ, ɣŮəŬůɛɧ, ɐ Ůə ˊŮɟɘůŰɟɞűɐɠ ŮˊɑůŰɟɤůɖ. ȼ ɛɏɗɞŭɞɠ ŬɡŰɐ ŭɑɜŮɘ Űɖ ŭɡɜŬŰɧŰɖŰŬ 

ŮɜŬˊɧɗŮůɖɠ ŮɡɟŮɑŬɠ ɔəɎɛŬɠ ɡɚɘəɩɜ, ůɡɛˊŮɟɘɚŬɛɓŬɜɞɛɏɜɤɜ Űɤɜ ɛŮŰŬɚɚɘəɩɜ əŬɘ əŮɟŬɛɘəɩɜ 

ŮˊɘůŰɟɩůŮɤɜ, ŮˊɘůŰɟɩůŮɤɜ ɛŮ ɜŬɜɞůɤɛŬŰɘŭɑŬ, ŬɚɚɎ əŬɘ ɓɘɞɚɞɔɘəɩɜ ɛɞɟɑɤɜ. 

ȼ ŮɜŬˊɧɗŮůɖ ɆŰɟɩɛŬ-ɆŰɟɩɛŬ ŮɑɜŬɘ ɏɜŬ ɢɟɐůɘɛɞ ŮɟɔŬɚŮɑɞ ɔɘŬ Űɖɜ Űɟɞˊɞˊɞɑɖůɖ ˊɞɚɡɛŮɟɘəɩɜ 

ŮˊɘűŬɜŮɘɩɜ əŬɘ ɏɢŮɘ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ůŮ ˊɞɚɚɏɠ ŬɜŬűɞɟɏɠ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ. ȳůɞɜ ŬűɞɟɎ Űɖ 

ɢɟɐůɖ Űɖɠ ŰŮɢɜɘəɐɠ ŬɡŰɐɠ ůŮ ɛŮŰŬɚɚɘəɎ ɡˊɞůŰɟɩɛŬŰŬ, ɢŬɟŬəŰɖɟɘůŰɘəɧ ˊŬɟɎŭŮɘɔɛŬ ŬˊɞŰŮɚŮɑ 

ɖ ŮɟɔŬůɑŬ Űɤɜ Syed et al. ɞɘ ɞˊɞɑɞɘ ˊɟɧŰŮɘɜŬɜ Űɖɜ ŰŮɢɜɘəɐ Űɖɠ ŮɜŬˊɧɗŮůɖɠ LBL ɔɘŬ Űɖɜ 

əŬŰŬůəŮɡɐ Ůɜɧɠ ůɨɜɗŮŰɞɡ ˊɞɚɡŬɜɘɚɑɜɖɠ-ˊɡɟɘŰɑɞɡ əŬɘ ŰŮŰɟŬɛŮɗɡɚůɘɚŬɜɑɞɡ (TMS) ůŮ 

ŮɜŮɟɔɞˊɞɘɖɛɏɜŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ ˊɡɟɘŰɑŬɠ (PSC/TMS-SiO2) Űɞ ɞˊɞɑɞ ůɡɜŭɡɎɕŮɘ 

ɡˊŮɟɡŭɟɞűɞɓɘəɧŰɖŰŬ ɛŬɕɑ ɛŮ ŬɜŰɘŭɘŬɓɟɤŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ (ɆɢɐɛŬ 2.21). Ƀɘ ŮɟŮɡɜɖŰɏɠ 

əŬŰɎűŮɟŬɜ ɜŬ ůɡɜŭɡɎůɞɡɜ ůŰɟɩɛŬŰŬ ŭɘŬűɞɟŮŰɘəɐɠ ŰɟŬɢɨŰɖŰŬɠ əŬɘ ŮˊɘűŬɜŮɘŬəɐɠ ŮɜɏɟɔŮɘŬɠ ůŮ 
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ɛɑŬ ˊɞɚɡůŰɟɤɛŬŰɘəɐ ŭɞɛɐ ŮˊɘŰɟɏˊɞɜŰɎɠ Űɞɡɠ ɜŬ ɛŮŰŬɓŬɑɜɞɡɜ Ŭˊɧ Űɖɜ ɡŭɟɧűɞɓɖ ůŰɖɜ 

ɡŭɟɧűɘɚɖ əŬŰɎůŰŬůɖ ɛŮŰŬɓɎɚɚɞɜŰŬɠ Űɞɜ Ŭɟɘɗɛɧ Űɤɜ ůŰɟɩůŮɤɜ Űɖɠ ŭɞɛɐɠ. ɀɞɜɧɠ Ŭɟɘɗɛɧɠ 

ůŰɟɩůŮɤɜ ɞŭɖɔŮɑ ůŮ ɡŭɟɧűɞɓŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ, Ůɜɧɠ ɕɡɔɧɠ ɞŭɖɔŮɑ ůŮ ɡŭɟɧűɘɚŬ. ɇɞ ůɨɜɗŮŰɞ 

ɡɛɏɜɘɞ ŮˊɘůŰɟɩɗɖəŮ ůŮ ŬɜɞɝŮɑŭɤŰɞ ɢɎɚɡɓŬ 316 ŭɑɜɞɜŰŬɠ Űɞɡ ɏŰůɘ ɡŭɟɧűɞɓŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ 

(ɔɘŬ Űɖɜ ˊŮɟɑˊŰɤůɖ ɛɞɜɞɨ Ŭɟɘɗɛɞɨ ůŰɟɩůŮɤɜ) ɛŮ Űɖ ɔɤɜɑŬ ŮˊŬűɐɠ Űɞɡ ɜŬ ŬɡɝɎɜŮŰŬɘ ɛŮ Űɖ 

ůɡɔəɏɜŰɟɤůɖ Űɞɡ TMS-SiO2. ȰŰůɘ ŰŬ ɓɏɚŰɘůŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ ˊɟɞɏəɡɣŬɜ ɔɘŬ TMS-SiO2 5% 

wt Űɞ ɞˊɞɑɞ ŬɜɏɓŬůŮ Űɖ ɔɤɜɑŬ ŮˊŬűɐɠ ůŰɘɠ 153Á əŬɘ ɛŮɑɤůŮ Űɖ ɔɤɜɑŬ əɨɚɘůɖɠ ůŰɘɠ 6Á. ȼ 

ŬɜŰɘŭɘŬɓɟɤŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ ɡɛŮɜɑɞɡ ŭɘŬˊɘůŰɩɗɖəŮ Ŭˊɧ Űɖ ůŰŬɗŮɟɧŰɖŰɎ Űɞɡ ůŮ ŭɘɎɚɡɛŬ 

3.5% NaCl ɔɘŬ 240 ɩɟŮɠ, əɎŰɘ Űɞ ɞˊɞɑɞ ŬˊɞŭɧɗɖəŮ ůŰŬ ɡˊŮɟɡŭɟɧűɞɓŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɞɡ 

ɡɛŮɜɑɞɡ.106 

 

ɆɢɐɛŬ 2.21. ɆɢɖɛŬŰɘəɐ ŬɜŬˊŬɟɎůŰŬůɖ Űɖɠ ůɨɜɗŮůɖɠ (a) Űɞɡ PSC əŬɘ ˊɟɞŮŰɞɘɛŬůɑŬ Űɞɡ 

ŭɘŬɚɨɛŬŰɞɠ ŮˊɑůŰɟɤůɐɠ Űɞɡ, (b) ŮˊɘűŬɜŮɘŬəɐ Űɟɞˊɞˊɞɑɖůɖ Űɖɠ ˊɡɟɘŰɑŬɠ ˊɟɞɠ ˊŬɟŬɔɤɔɐ 

ɜŬɜɞůɤɛŬŰɘŭɑɤɜ TMS- SiO2 (c) əŬŰŬůəŮɡɐ Űɞɡ PDDA/PSC əŬɘ (d) Űɤɜ PSC/ TMS-SiO2 

ˊɞɚɡůŰɟɤɛɎŰɤɜ ůŮ ɡˊɧůŰɟɤɛŬ ɢɎɚɡɓŬ 316SS ɛɏůɤ ŮɜŬˊɧɗŮůɖɠ Ůə ˊŮɟɘůŰɟɞűɐɠ.106 

ɆŮ Ɏɚɚɖ ŮɟɔŬůɑŬ, ɞɘ Liao et al. ɢɟɖůɘɛɞˊɞɑɖůŬɜ ɜŬɜɞůɤɚɐɜŮɠ ɎɜɗɟŬəŬ ˊɞɚɚŬˊɚɩɜ 

ŰɞɘɢɤɛɎŰɤɜ ˊɞɚɡŬɘɗɡɚŮɜɘɛɑɜɖɠ ɛŮ ɚŮɘŰɞɡɟɔɘəɐ Ŭɛɑɜɖ (MW-CNTs-NH-PEI) ůŮ ɞɛɞɘɞˊɞɚɘəɐ 

əŬɘ ɘɞɜŰɘəɐ ůɡɜŬɟɛɞɚɧɔɖůɖ LbL ɔɘŬ ɜŬ ůɢɖɛŬŰɑůɞɡɜ ɜŬɜɞůɨɜɗŮŰŮɠ ɚŮˊŰɏɠ ɛŮɛɓɟɎɜŮɠ ůŮ 

ɡɛɏɜɘŬ ˊɞɚɡŬɘɗɡɚŮɜɑɞɡ (PE). ɀŮ Űɞɜ Űɟɧˊɞ ŬɡŰɧ əŬŰŬůəŮɨŬůŬɜ ɡˊŮɟɡŭɟɧűɞɓɖ ŮˊɘűɎɜŮɘŬ ɛŮ 

ɔɤɜɑŬ ŮˊŬűɐɠ 165Á əŬɘ ɔɤɜɑŬ əɨɚɘůɖɠ ɛɘəɟɧŰŮɟɖ Ŭˊɧ 5Á, Ůɜɩ ɖ ŮˊɘűɎɜŮɘŬ ˊɞɡ ˊŬɟɎɢɗɖəŮ Ŭˊɧ 

5 ɘɞɜŰɘəɏɠ LBL ŮɜŬˊɞɗɏůŮɘɠ ŮɑɢŮ ɔɤɜɑŬ ŮˊŬűɐɠ 155Á əŬɘ ɡɣɖɚɐ ɡůŰɏɟɖůɖ. ȷɜɎɚɞɔŬ ɛŮ Űɞ Ůɑŭɞɠ 

Űɖɠ ůɡɜŬɟɛɞɚɧɔɖůɖɠ ɛŮŰŬɝɨ Űɤɜ ůŰɟɤɛɎŰɤɜ (ɘɞɜŰɘəɐ ɐ ɞɛɞɘɞˊɞɚɘəɐ), Űɞ ɡɛɏɜɘɞ ŮɑɢŮ 

ŭɘŬűɞɟŮŰɘəɐ ŬɜɗŮəŰɘəɧŰɖŰŬ, ɛŮ Űɖɜ ɞɛɞɘɞˊɞɚɘəɐ ɜŬ ŮɑɜŬɘ ˊɘɞ ůŰŬɗŮɟɐ ɢɖɛɘəɎ.107 

ɇɏɚɞɠ, ɞɘ Li  et al. ŬɜɏˊŰɡɝŬɜ ɛɘŬ ŭɘŬŭɘəŬůɑŬ ŮɜŬˊɧɗŮůɖɠ LBL ɔɘŬ Űɖɜ ŮˊɑůŰɟɤůɖ 

ɡˊŮɟɡŭɟɧűɞɓɞɡ ɡɛŮɜɑɞɡ ůŮ ɔɡŬɚɑ. ȼ ŭɘŬŭɘəŬůɑŬ ŬɡŰɐ ɛˊɞɟŮɑ ŮɨəɞɚŬ ɜŬ ɛŮŰŬűŮɟɗŮɑ əŬɘ ůŮ 

ɛŮŰŬɚɚɘəɎ ɡˊɞůŰɟɩɛŬŰŬ. 108  
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2.2. Ɇɡɛˊɨəɜɤůɖ 

ȳˊɤɠ ŮɑŭŬɛŮ, ɖ ŰɟŬɢɨŰɖŰŬ ɛɘŬɠ ŮˊɘűɎɜŮɘŬɠ ɛˊɞɟŮɑ ɜŬ ŭɘŬɛɞɟűɩůŮɘ Űɞ ůɢɐɛŬ Űɖɠ ůŰŬɔɧɜŬɠ 

ˊɎɜɤ ůŮ ŬɡŰɐ ŮˊɖɟŮɎɕɞɜŰŬɠ Űɘɠ əŬŰŬůŰɎůŮɘɠ ŭɘŬɓɟɞɢɐɠ Űɖɠ Ŭˊɧ ɡˊŮɟɡŭɟɧűɘɚɖ ɛɏɢɟɘ əŬɘ 

ɡˊŮɟɡŭɟɧűɞɓɖ ɛŮ ůɢŮŭɧɜ ɛɖŭŮɜɘəɐ ŭɘŬɓɟɞɢɐ. ȰŰůɘ ɛɏůɤ Űɞɡ ůɢŮŭɘŬůɛɞɨ əŬŰɎɚɚɖɚɤɜ ŭɞɛɩɜ 

əŬɘ Űɖɠ Ůˊɘɚɞɔɐɠ Űɞɡ ɡɚɘəɞɨ Űɤɜ ŮˊɘůŰɟɩůŮɤɜ ɛˊɞɟɞɨɛŮ ɜŬ ŮɚɏɔɝɞɡɛŮ Űɖ ŭɘŬɓɟɞɢɐ ɛɘŬɠ 

ŮˊɘűɎɜŮɘŬɠ ˊɟɞůŭɑŭɞɜŰŬɠ ŮˊɘɗɡɛɖŰɏɠ ɘŭɘɧŰɖŰŮɠ, ɧˊɤɠ ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ Űɖɜ ɡɣɖɚɐ əɘɜɖŰɘəɧŰɖŰŬ 

ůŰŬɔɧɜɤɜ ůɡɛˊɨəɜɤůɖɠ ɔɘŬ Űɖɜ Ŭɨɝɖůɖ Űɖɠ ɛŮŰɎŭɞůɖɠ ɗŮɟɛɧŰɖŰŬɠ əŬŰɎ Űɖɜ ŬɚɚŬɔɐ űɎůɖɠ. 

ɇŬ ŰŮɚŮɡŰŬɑŬ Ůɑəɞůɘ ɢɟɧɜɘŬ ɞ ɏɚŮɔɢɞɠ Űɖɠ ŭɘŬɓɟɞɢɐɠ Űɤɜ ŮˊɘűŬɜŮɘɩɜ ɏɢŮɘ ɚɎɓŮɘ ɘŭɘŬɑŰŮɟɖ 

ˊɟɞůɞɢɐ ůŮ ůɡɔəŮəɟɘɛɏɜŮɠ ˊɟŬəŰɘəɏɠ ŮűŬɟɛɞɔɏɠ.109  

To 2008 o Qu®r®, ŬˊɏŭɤůŮ Űɘɠ ɟŬɔŭŬɑŮɠ ŮɝŮɚɑɝŮɘɠ ŬɡŰɞɨ Űɞɡ ŰɞɛɏŬ ůŮ ŰɟŮɘɠ ɓŬůɘəɞɨɠ 

ˊŬɟɎɔɞɜŰŮɠ: Ŭ) ɆŰŬ Űɏɚɖ Űɞɡ ˊŮɟŬůɛɏɜɞɡ ŬɘɩɜŬ ŮˊɘŰŮɨɢɗɖəŮ ɖ əŬŰŬůəŮɡɐ ŮˊɘűɎɜŮɘŬɠ ɛŮ ˊɞɚɨ 

ɡɣɖɚɐ ɔɤɜɑŬ ŮˊŬűɐɠ. Ƀɘ ŮɟŮɡɜɖŰɏɠ əŬŰŬůəŮɨŬůŬɜ ŮˊɘűɎɜŮɘŮɠ ɛŮ fractal ŰɟŬɢɨŰɖŰŬ Ŭˊɧ ŭɘɛŮɟɏɠ 

ŬɚəɡɚɞəŮŰŮɜɑɞɡ ŬɡɝɎɜɞɜŰŬɠ Űɖ ɔɤɜɑŬ ŮˊŬűɐɠ ɛŮ Űɞ ɜŮɟɧ Ŭˊɧ Űɘɠ 109Á ůŰɘɠ 174Á. ȼ ŰɟŬɢɨŰɖŰŬ 

ˊɟɞůɏŭɤůŮ ůŰɖɜ ŮˊɘűɎɜŮɘŬ ɛɑŬ ɜɏŬ ɘŭɘɧŰɖŰŬ ˊɞɡ ɞɜɞɛɎůŰɖəŮ ɡˊŮɟɡŭɟɞűɞɓɘəɧŰɖŰŬ 

ósuperhydrophobicityô. ɄŬɟɧɛɞɘɞ ŬˊɞŰɏɚŮůɛŬ ŮɑɢŮ ŬɜŬűŮɟɗŮɑ ɝŬɜɎ Űɖ ŭŮəŬŮŰɑŬ Űɞɡ 1940, 110 

ˊɞɡ ɧɛɤɠ ŰɟɎɓɖɝŮ Űɖɜ ˊɟɞůɞɢɐ Űɖ ŭŮəŬŮŰɑŬ Űɞɡ 2000. 111 ɓ) ɆɢŮŭɧɜ ɏɜŬ ɢɟɧɜɞ ŬɟɔɧŰŮɟŬ, ɞɘ 

Barthlott əŬɘ Neinhuis ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɖɚŮəŰɟɞɜɘəɐ ɛɘəɟɞůəɞˊɑŬ ůɎɟɤůɖɠ (SEM) 

ɛŮɚɏŰɖůŬɜ ŰŬ ɛɞɟűɞɚɞɔɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ űɨɚɚɤɜ ɡŭɟɧűɞɓɤɜ űɡŰɩɜ. ɆŰɖ ŭɞɡɚŮɘɎ Űɞɡɠ 

ŬɡŰɐ, ˊŬɟɞɡůɑŬůŬɜ ɛŮɔɎɚɖ ˊɞɘəɘɚɑŬ űɡůɘəɩɜ ɓŮɚŰɘůŰɞˊɞɘɖɛɏɜɤɜ ŭɞɛɩɜ ˊɞɡ ɞŭɖɔɞɨůŬɜ ůŮ 

ɘŭɘɧŰɖŰŮɠ ɛɖ ŭɘŬɓɟɞɢɐɠ. ȷɡŰɞɨ Űɞɡ Ůɑŭɞɡɠ ɖ ŮɟɔŬůɑŬ ŮˊŮəŰɎɗɖəŮ ŬɟɔɧŰŮɟŬ əŬɘ ůŰɖ ɛŮɚɏŰɖ 

ɕɩɤɜ ŬɜŬəŬɚɨˊŰɞɜŰŬɠ ɏŰůɘ ɜɏŮɠ ɘŭɘɎɕɞɡůŮɠ ɛɞɟűɞɚɞɔɑŮɠ ŭɞɛɩɜ.112,113 ȼ ŬɜŮɝŬɟŰɖůɑŬ ɛŮŰŬɝɨ 

Űɤɜ ɘŭɘɞŰɐŰɤɜ ŭɘŬɓɟɞɢɐɠ əŬɘ Űɤɜ űɡůɘəɩɜ ɛɞɟűɞɚɞɔɘəɩɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ ɞɟɘɞɗŮŰŮɑŰŬɘ ˊɑůɤ 

Űɞ 1940. Ƀɘ Cassie əŬɘ Baxter114 ŮɑɢŬɜ ŬɜŰɘɚɖűɗŮɑ ɧŰɘ ɞɘ ɡˊŮɟɡŭɟɧűɞɓŮɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ űŰŮɟɩɜ 

Űɖɠ ˊɎˊɘŬɠ ɞűŮɑɚɞɜŰŬɘ ůŰɖɜ ɘŭɘŬɑŰŮɟɖ ɛɞɟűɞɚɞɔɑŬ Űɞɡɠ. ɇɞ ŮˊɘɢŮɑɟɖɛŬ ŬɡŰɧ ŮˊɘɓŮɓŬɘɩɗɖəŮ Űɞ 

2008 ɧŰŬɜ ŮɘəɧɜŮɠ SEM ŬˊɞəɎɚɡɣŬɜ Űɖɜ ɨˊŬɟɝɖ ˊɞɚɡŮˊɑˊŮŭɤɜ ɛɘəɟɞŭɞɛɩɜ ůŰŬ űŰŮɟɎ 

ˊɎˊɘŬɠ. 115 ɀɏɢɟɘ əŬɘ ůɐɛŮɟŬ, ˊɞɚɚɏɠ ŮɟɔŬůɑŮɠ ɏɢɞɡɜ ŬűɘŮɟɤɗŮɑ ůŰɖ ɛɑɛɖůɖ ŬɡŰɩɜ Űɤɜ 

űɡůɘəɩɜ ɛɞɟűɞɚɞɔɘɩɜ əŬɘ ůŰɖɜ əŬŰŬɜɧɖůɖ Űɤɜ űɡůɘəɩɜ ɛɖɢŬɜɘůɛɩɜ ˊɞɡ Ůɛˊɚɏəɞɡɜ. ɔ) ȼ 

Ůɝɏɚɘɝɖ Űɤɜ ŰŮɢɜɞɚɞɔɘɩɜ ɔɘŬ Űɖɜ əŬŰŬůəŮɡɐ ɛɘəɟɞ/ɜŬɜɞ ŭɞɛɩɜ ɏəŬɜŮ ŭɡɜŬŰɐ Űɖɜ ŬɜɎˊŰɡɝɖ 

ŭɘŬűɧɟɤɜ ɛɞɟűɞɚɞɔɘɩɜ ɤɠ ˊɟɞɠ Űɖɜ əŬŰŬůəŮɡɐ ɚŮɘŰɞɡɟɔɘəɩɜ ŮˊɘűŬɜŮɘɩɜ. 

ȳˊɤɠ ŬɜŬűɏɟɗɖəŮ əŬɘ ˊŬɟŬˊɎɜɤ, ɖ ŰŮɢɜɞɚɞɔɘəɐ ŬɜɎˊŰɡɝɖ ɏəŬɜŮ ŮűɘəŰɐ Űɖɜ Űɟɞˊɞˊɞɑɖůɖ Űɤɜ 

űɡůɘəɩɜ əŬɘ ɢɖɛɘəɩɜ ɘŭɘɞŰɐŰɤɜ Űɤɜ ŮˊɘűŬɜŮɘɩɜ ɔɘŬ Űɞɜ ɏɚŮɔɢɞ Űɖɠ ŭɘŬɓɟɞɢɐɠ Űɞɡɠ. Ƀɘ 

ɡˊŮɟɡŭɟɧűɞɓŮɠ ŮˊɘűɎɜŮɘŮɠ ɏɢɞɡɜ ˊɟɞůŮɚəɨůŮɘ Űɞ ŮɜŭɘŬűɏɟɞɜ Űɤɜ ŮˊɘůŰɖɛɧɜɤɜ ŮɝŬɘŰɑŬɠ Űɖɠ 

ɢɟɖůɘɛɧŰɖŰɎɠ Űɞɡɠ ůŮ ˊɞɚɚɏɠ ŮűŬɟɛɞɔɏɠ, ɧˊɤɠ ůŰɖ ɢɟɐůɖ Űɞɡɠ ůŮ ŬɡŰɞəŬɗŬɟɘɕɧɛŮɜŮɠ 

ŮˊɘűɎɜŮɘŮɠ, Űɖ ŭɏůɛŮɡůɖ ɜŮɟɞɨ Ŭˊɧ Űɖɜ ŬŰɛɧůűŬɘɟŬ, Űɘɠ ŬɜŰɘŭɘŬɓɟɤŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ ˊɞɡ 

ˊɟɞůűɏɟɞɡɜ, Űɖɜ Ŭɨɝɖůɖ Űɖɠ ɛŮŰɎŭɞůɖɠ ɗŮɟɛɧŰɖŰŬɠ əŬŰɎ Űɖɜ ŬɚɚŬɔɐ űɎůɖɠ, əŬɘ ˊɞɚɚɎ ɎɚɚŬ. 

ɄŬɟŬəɎŰɤ ɗŬ ŬɜŬűŮɟɗɞɨɛŮ ůŮ ɏɜŬ ˊɞɚɨ ɛŮɔɎɚɞ əɞɛɛɎŰɘ ɢɟɐůɖɠ ŮˊɘűŬɜŮɘɩɜ ŮɚŮɔɢɧɛŮɜɖɠ 

ŭɘŬɓɟɞɢɐɠ, ůŰɘɠ ŭɘŮɟɔŬůɑŮɠ ŬɚɚŬɔɐɠ űɎůɖɠ.  

ȳŰŬɜ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ůɡɛˊɨəɜɤůɖ ůŮ ŮˊɘűɎɜŮɘŮɠ ɢŬɛɖɚɐɠ ŮɜɏɟɔŮɘŬɠ Űɞ ůɢɖɛŬŰɘɕɧɛŮɜɞ 

ůɡɛˊɨəɜɤɛŬ ŮɑɜŬɘ ŬɟɢɘəɎ ɡˊɧ Űɖ ɛɞɟűɐ ŭɘŬəɟɘŰɩɜ ůŰŬɔɧɜɤɜ, ɞˊɧŰŮ əŬɘ ɖ ůɡɛˊɨəɜɤůɖ 

ɞɜɞɛɎɕŮŰŬɘ əŬŰɎ ůŰŬɔɧɜŮɠ ɐ Ŭɚɚɘɩɠ dropwise condensation (DWC). ȷɜŰɑɗŮŰŬ, ɧŰŬɜ ɖ 

ůɡɛˊɨəɜɤůɖ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ůŮ ŮˊɘűɎɜŮɘŮɠ ɡɣɖɚɐɠ ŮɜɏɟɔŮɘŬɠ ŰɧŰŮ ŭɖɛɘɞɡɟɔŮɑŰŬɘ ɏɜŬ űɘɚɛ 

ɜŮɟɞɨ ˊɎɜɤ ůŮ ŬɡŰɏɠ, əŬɘ ɖ ůɡɛˊɨəɜɤůɖ ɞɜɞɛɎɕŮŰŬɘ əŬŰɎ űɘɚɛ ɐ Ŭɚɚɘɩɠ filmlwise 

condensation (FWC). ȼ ůɡɛˊɨəɜɤůɖ əŬŰɎ űɘɚɛ ɛˊɞɟŮɑ Ůˊɑůɖɠ ɜŬ ˊɟɞɏɚɗŮɘ Ŭˊɧ Űɖ 

ůɡɛˊɨəɜɤůɖ əŬŰɎ ůŰŬɔɧɜŮɠ ɡˊɧ əŬŰɎɚɚɖɚŮɠ ůɡɜɗɐəŮɠ. ɆŰŬ ŮˊɧɛŮɜŬ ɗŬ ŬɜŬɚɡɗɞɨɜ ɞɘ ŭɨɞ 
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ŬɡŰɏɠ ɛɞɟűɏɠ Űɖɠ ůɡɛˊɨəɜɤůɖɠ əŬɘ ɗŬ ɔɑɜŮɘ ɛɑŬ ɓɘɓɚɘɞɔɟŬűɘəɐ Ůˊɘůəɧˊɖůɖ ůŰɘɠ 

ůɖɛŬɜŰɘəɧŰŮɟŮɠ ŮɟɔŬůɑŮɠ ŬɡŰɞɨ Űɞɡ ŰɞɛɏŬ. 

2.2.1. Ʉɡɟɖɜɞˊɞɑɖůɖ 

ȼ ůɡɛˊɨəɜɤůɖ ɗŮɛŮɚɘɤŭɩɠ ɝŮəɘɜɎŮɘ Ŭˊɧ Űɖɜ ŬɜɎˊŰɡɝɖ ůŰɖ ɜŬɜɞəɚɑɛŬəŬ, ˊɟɤŰŬɟɢɘəɩɜ 

Ůɛɓɟɡɘəɩɜ ůŰŬɔɧɜɤɜ ɞɘ ɞˊɞɑŮɠ ŮɑɜŬɘ ɗŮɟɛɞŭɡɜŬɛɘəɎ ůŰŬɗŮɟɏɠ əŬɘ ŭŮɜ ŮɝŬŰɛɑɕɞɜŰŬɘ. Ȱɢɞɡɜ 

ɔɟŬűŰŮɑ ˊɞɚɚɏɠ ŮɟɔŬůɑŮɠ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ Ůɝɖɔɖɗɞɨɜ ɞɘ ɛɖɢŬɜɘůɛɞɑ ŬɜɎˊŰɡɝɖɠ ŬɡŰɩɜ Űɤɜ 

ˊɟɤŰŬɟɢɘəɩɜ ůŰŬɔɧɜɤɜ, ˊɟɞůˊŬɗɩɜŰŬɠ ɜŬ ŬɜŬɚɨůɞɡɜ Űɞ űŬɘɜɧɛŮɜɞ Ŭˊɧ ŭɘɎűɞɟŮɠ ɞˊŰɘəɏɠ 

ɔɤɜɑŮɠ. ȺɑɜŬɘ Ůɡɟɏɤɠ ŬˊɞŭŮəŰɧ ɧŰɘ ɞɘ ˊɡɟɐɜŮɠ ŭɖɛɘɞɡɟɔɞɨɜŰŬɘ ůŮ ůɡɔəŮəɟɘɛɏɜŮɠ ɗɏůŮɘɠ, 

ɔɜɤůŰɏɠ əŬɘ ɤɠ ůɖɛŮɑŬ ˊɡɟɖɜɞˊɞɑɖůɖɠ (ɧˊɤɠ ɔɟŬŰɕɞɡɜɘɏɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ɐ ŬŰɏɚŮɘŮɠ).116,117 ȼ 

əɚŬůɘəɐ ɗŮɤɟɑŬ ˊɡɟɖɜɞˊɞɑɖůɖɠ Űɤɜ Volmer əŬɘ Weber118 ɡˊɞůŰɖɟɑɕŮɘ ɧŰɘ ɞ ŬɡɗɧɟɛɖŰɞɠ 

ůɢɖɛŬŰɘůɛɧɠ ɛɘŬɠ ɜɏŬɠ ůŰŬɗŮɟɐɠ űɎůɖɠ ɝŮəɘɜɎ Ŭˊɧ ɛɘŬ ɛŮŰŬůŰŬɗɐ əŬɘ ɞ ɟɡɗɛɧɠ 

ˊɡɟɖɜɞˊɞɑɖůɖɠ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞ űɟɎɔɛŬ ŮɚŮɨɗŮɟɖɠ ŮɜɏɟɔŮɘŬɠ (Űɞ əɧůŰɞɠ ŮɚŮɨɗŮɟɖɠ ŮɜɏɟɔŮɘŬɠ 

ɔɘŬ Űɞɜ ůɢɖɛŬŰɘůɛɧ Űɞɡ ˊɡɟɐɜŬ) Űɞ ɞˊɞɑɞ ˊɟɏˊŮɘ ɜŬ ɝŮˊŮɟŬůŰŮɑ ɩůŰŮ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ɖ 

ˊɡɟɖɜɞˊɞɑɖůɖ.  

ȼ ˊɡɟɖɜɞˊɞɑɖůɖ ŭɘŬəɟɑɜŮŰŬɘ ůŮ ŭɡɞ əŬŰɖɔɞɟɑŮɠ 119,120: Űɖɜ ɞɛɞɔŮɜɐ, ɖ ɞˊɞɑŬ ůɡɛɓŬɑɜŮɘ ɛɏůŬ 

ůŰɖɜ ɑŭɘŬ Ŭɟɢɘəɐ ŬɏɟɘŬ űɎůɖ ɢɤɟɑɠ Űɖ ůɡɛɛŮŰɞɢɐ ɝɏɜɤɜ ɞɡůɘɩɜ (ɧˊɤɠ ɞ ůɢɖɛŬŰɘůɛɧɠ ɛɘŬɠ 

ɡɔɟɐɠ ůŰŬɔɧɜŬɠ Ŭˊɧ ɡˊŮɟəɞɟŮůɛɏɜɞ ŬŰɛɧ ůŰŬ ůɨɜɜŮűŬ) əŬɘ Űɖɜ ŮŰŮɟɞɔŮɜɐ, ɖ ɞˊɞɑŬ ɚŬɛɓɎɜŮɘ 

ɢɩɟŬ ɧŰŬɜ ɞ ůɢɖɛŬŰɘůɛɧɠ Űɖɠ ɜɏŬɠ űɎůɖɠ əŬŰŬɚɨŮŰŬɘ Ŭˊɧ ɝɏɜŮɠ ɞɡůɑŮɠ, ɧˊɤɠ ɖ ůɡɛˊɨəɜɤůɖ 

ůŮ ůŰŮɟŮɏɠ ŮˊɘűɎɜŮɘŮɠ əŬɘ ůɤɛŬŰɑŭɘŬ. 

ɀŮ ɓɎůɖ Űɖɜ əɚŬůůɘəɐ ɗŮɤɟɑŬ ˊɡɟɖɜɞˊɞɑɖůɖɠ, Űɞ űɟɎɔɛŬ ŮɚŮɨɗŮɟɖɠ ŮɜɏɟɔŮɘŬɠ ὡᶻ ɔɘŬ Űɖɜ 

ˊɡɟɖɜɞˊɞɑɖůɖ ɛɘŬɠ ůŰŬɔɧɜŬɠ ˊɎɜɤ ůŮ ŮˊɑˊŮŭɖ ŮˊɘűɎɜŮɘŬ ŮɝŬɟŰɎŰŬɘ ɏɜŰɞɜŬ Ŭˊɧ Űɘɠ ŮɔɔŮɜŮɑɠ 

ɘŭɘɧŰɖŰŮɠ ŭɘŬɓɟɞɢɐɠ Űɖɠ, əŬɘ ůɡɜŭɏŮŰŬɘ ɛŮ ŬɡŰɐ ɛɏůɤ Űɖɠ ɔɤɜɑŬɠ ŮˊŬűɐɠ —: 

 ὡᶻ “„ὶ ς σÃÏÓ — ÃÏÓ — Ⱦσ   (2.1)  

ɧˊɞɡ „  ɖ ŮˊɘűŬɜŮɘŬəɐ ŰɎůɖ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ ŬŰɛɞɨ/ɡɔɟɞɨ, əŬɘ ὶ  ɖ əɟɑůɘɛɖ ŬəŰɑɜŬ 

ˊɡɟɖɜɞˊɞɑɖůɖɠ (ŮɚɎɢɘůŰɖ ŬəŰɑɜŬ) ˊɞɡ ŭɑɜŮŰŬɘ Ŭˊɧ Űɖ ůɢɏůɖ: 

 ὶ   (2.2)  

ɄŬɟŬˊɎɜɤ, Űɞ ɝὝ     ŮɑɜŬɘ ɖ ŭɘŬűɞɟɎ ɛŮŰŬɝɨ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ Űɞɡ ŬŰɛɞɨ ůŰɖɜ 

əŬŰɎůŰŬůɖ əɞɟŮůɛɞɨ Űɞɡ,   , əŬɘ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ  , „ ɖ ŮˊɘűŬɜŮɘŬəɐ 

ŰɎůɖ Űɞɡ ɡɔɟɞɨ ́ ɞɡ ŮɑɜŬɘ ˊŮɟɑˊɞɡ ɑůɖ ɛŮ Űɖɜ ŮˊɘűŬɜŮɘŬəɐ ŰɎůɖ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ ɡɔɟɞɨ-ŬŰɛɞɨ 

„ , Ὄ  ɖ ɚŬɜɗɎɜɞɡůŬ ɗŮɟɛɧŰɖŰŬ əŬŰɎ Űɖɜ ŬɚɚŬɔɐ űɎůɖɠ əŬɘ ” ɖ ˊɡəɜɧŰɖŰŬ Űɞɡ ɡɔɟɞɨ. ȼ 

əɟɑůɘɛɖ ŬəŰɑɜŬ ˊɡɟɖɜɞˊɞɑɖůɖɠ ŮɑɜŬɘ ɖ ɛɘəɟɧŰŮɟɖ ŬəŰɑɜŬ ůŰɖɜ ɞˊɞɑŬ ɛˊɞɟŮɑ ɜŬ ˊŬɟŬɛŮɑɜŮɘ 

ɗŮɟɛɞŭɡɜŬɛɘəɎ ůŰŬɗŮɟɐ ɛɑŬ ůŰŬɔɧɜŬ ˊɞɡ ˊɡɟɖɜɞˊɞɘŮɑŰŬɘ. ȳŰŬɜ ɖ ˊɡɟɖɜɞˊɞɑɖůɖ 

ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ůŮ ɛɘŬ ůŰŮɟŮɐ ŮˊɘűɎɜŮɘŬ, ɖ ůɡɛˊɨəɜɤůɖ ŬŰɛɞɨ ůɡɜŮɢɑɕŮŰŬɘ ˊɎɜɤ ůŰɖɜ 

ŮˊɘűɎɜŮɘŬ Űɖɠ ůŰŬɔɧɜŬɠ ˊɟɞəŬɚɩɜŰŬɠ Űɖɜ ŬɜɎˊŰɡɝɐ Űɖɠ. 

ȼ ůɡɛˊɨəɜɤůɖ, ɖ ɞˊɞɑŬ ůɢŮŰɑɕŮŰŬɘ ɛŮ Űɞɜ ɟɡɗɛɧ əŬɘ Űɖɜ ˊɡəɜɧŰɖŰŬ ˊɡɟɖɜɞˊɞɑɖůɖɠ, ˊŬɑɕŮɘ 

ˊɞɚɨ ůɖɛŬɜŰɘəɧ ɟɧɚɞ ůŰɖ ɛŮŰɎŭɞůɖ ɗŮɟɛɧŰɖŰŬɠ əŬŰɎ Űɖɜ ŬɚɚŬɔɐ űɎůɖɠ. ȰɢŮɘ ˊŬɟŬŰɖɟɖɗŮɑ 

ˊŮɘɟŬɛŬŰɘəɎ ɧŰɘ ɞɘ ˊɟɞŰɘɛɩɛŮɜŮɠ ɗɏůŮɘɠ ˊɡɟɖɜɞˊɞɑɖůɖɠ ɓɟɑůəɞɜŰŬɘ ˊɎɜɤ ůŮ ɛɘəɟɞŭɞɛɏɠ 

(ɧˊɤɠ ɛɘəɟɞˊɧɟɞɘ, ɛɘəɟɞŬɡɚŬəɩůŮɘɠ əŬɘ ɛɘəɟɞɔɟŬŰůɞɡɜɘɏɠ/ŬŰɏɚŮɘŮɠ),121,122 əɎŰɘ Űɞ ɞˊɞɑɞ 

ŭɘəŬɘɞɚɞɔŮɑ əŬɘ Űɖɜ ŰɎůɖ Űɖɠ ˊɡɟɖɜɞˊɞɑɖůɖɠ ɜŬ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ůŮ ŮˊɘűɎɜŮɘŮɠ ɛŮ ŰɟŬɢɨŰɖŰŬ 

ůŮ ůɢɏůɖ ɛŮ ɚŮɑŮɠ ŮˊɘűɎɜŮɘŮɠ (ɆɢɐɛŬ 2.22). ȼ ɗŮɟɛɞŭɡɜŬɛɘəɐ ŬɜɎɚɡůɖ Űɖɠ ˊɡɟɖɜɞˊɞɑɖůɖɠ ůŮ 



[47] 

 

ŰɟŬɢɘɏɠ ŮˊɘűɎɜŮɘŮɠ ɏŭŮɘɝŮ ɧŰɘ ŰŬ ɔŮɤɛŮŰɟɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ ŮˊɖɟŮɎɕɞɡɜ ůɖɛŬɜŰɘəɎ Űɞ 

űɟɎɔɛŬ Űɖɠ ŮɚŮɨɗŮɟɖɠ ŮɜɏɟɔŮɘŬɠ ɔɘŬ Űɖɜ ɏɜŬɟɝɐ Űɖɠ. 123 

ɄɟɞůɞɛɞɘɩůŮɘɠ ɛɞɟɘŬəɐɠ ŭɡɜŬɛɘəɐɠ ůŰŬɔɧɜɤɜ ůŮ ŭɘɎűɞɟŮɠ ŭɞɛɖɛɏɜŮɠ ŮˊɘűɎɜŮɘŮɠ 

ŮˊɘɓŮɓŬɘɩɜɞɡɜ ˊŮɟŬɘŰɏɟɤ Űɞɜ ɟɧɚɞ Űɤɜ ɛɘəɟɞ/ɜŬɜɞŭɞɛɩɜ ůŰɖɜ ˊɡɟɖɜɞˊɞɑɖůɖ (ɆɢɐɛŬ 

2.22b).124 ȷˊɧ Űɖɜ Ɏɚɚɖ, ɖ ŮɔɔŮɜɐɠ ŭɘŬɓɟɞɢɐ Űɤɜ ŮˊɘűŬɜŮɘɩɜ ŮɑɜŬɘ ˊŬɟɎɔɞɜŰŬɠ ˊɞɡ ŮˊɖɟŮɎɕŮɘ 

ˊɘɞ ɎɛŮůŬ Űɖɜ ˊɡɟɖɜɞˊɞɑɖůɖ. ɀŮ ɓɎůɖ Űɖɜ Ůɝɑůɤůɖ (2.1), ɧůɞ ɛŮɔŬɚɨŰŮɟɖ ŮɑɜŬɘ ɖ ɔɤɜɑŬ 

ŮˊŬűɐɠ, Űɧůɞ ɛŮɔŬɚɨŰŮɟɞ ŮɑɜŬɘ əŬɘ Űɞ ŮɜŮɟɔŮɘŬəɧ űɟɎɔɛŬ ˊɞɡ ˊɟɏˊŮɘ ɜŬ ɝŮˊŮɟŬůŰŮɑ ɔɘŬ ɜŬ 

ɔɑɜŮɘ ůɡɛˊɨəɜɤůɖ. ɆɡɜŮˊɩɠ, ůŮ ůɨɔəɟɘůɖ ɛŮ Űɘɠ ɡŭɟɧűɞɓŮɠ, ɞɘ ɡŭɟɧűɘɚŮɠ ŮˊɘűɎɜŮɘŮɠ 

Ůɜɘůɢɨɞɡɜ Űɖɜ ˊɡɟɖɜɞˊɞɑɖůɖ ůŰŬɔɧɜɤɜ ŮɝŬɘŰɑŬɠ Űɞɡ ɛɘəɟɧŰŮɟɞɡ ŮɜŮɟɔŮɘŬəɞɨ Űɞɡɠ űɟɎɔɛŬŰɞɠ 
119,125,126 (ɆɢɐɛŬ 2.22cïe). ȰŰůɘ, ɖ ˊɡɟɖɜɞˊɞɑɖůɖ ůŰŬɔɧɜɤɜ ůŮ ɛɑŬ ŮˊɘűɎɜŮɘŬ ɛˊɞɟŮɑ ɜŬ 

ŮɚŮɔɢɗŮɑ ɛɏůɤ Űɖɠ Űɟɞˊɞˊɞɑɖůɐɠ Űɖɠ ŭɘŬɓɟɞɢɐɠ Űɖɠ ɐ əŬɘ Űɖɠ ŬɜɎˊŰɡɝɖɠ əŬŰɎɚɚɖɚɖɠ 

ŰɞˊɞɔɟŬűɑŬɠ ůŮ ŬɡŰɐ.119,127 ɄɟɏˊŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ ɧŰɘ ɚɧɔɤ Űɖɠ ɛɞɟɘŬəɐɠ ŭɘŬˊŮɟŬŰɧŰɖŰŬɠ Űɞɡ 

ŬŰɛɞɨ ůŰɞɜ ɢɩɟɞ  ɛŮŰŬɝɨ Űɤɜ ŭɞɛɩɜ, ɖ ˊɡɟɖɜɞˊɞɑɖůɖ ɛˊɞɟŮɑ ɜŬ ůɡɛɓŮɑ əŬɘ ŮɜŰɧɠ ŬɡŰɩɜ128ï

131 ɞŭɖɔɩɜŰŬɠ ůŮ ŬɜɎˊŰɡɝɖ ˊɟɞůəɞɚɚɖɛɏɜɤɜ ůŰɖɜ ŮˊɘűɎɜŮɘŬ ůŰŬɔɧɜɤɜ Wenzel, ɔŮɔɞɜɧɠ 

ŬɜŮˊɘɗɨɛɖŰɞ əŬŰɎ Űɖ ɛŮŰŬűɞɟɎ ɗŮɟɛɧŰɖŰŬɠ ɛɏůɤ ŬɚɚŬɔɐɠ űɎůɖɠ. ȷˊɧ Űɖɜ Ɏɚɚɖ, ɛˊɞɟŮɑ 

Ůˊɑůɖɠ ɜŬ ŬɜŬˊŰɡɢɗɞɨɜ əŬɘ ůŰŬɔɧɜŮɠ ɛŮɟɘəɐɠ ŭɘŬɓɟɞɢɐɠ, ɛɑŬ ŮɜŭɘɎɛŮůɖ əŬŰɎůŰŬůɖ ŭɘŬɓɟɞɢɐɠ 

ˊɞɡ ɓɟɑůəŮŰŬɘ ɛŮŰŬɝɨ Űɤɜ Wenzel əŬɘ Cassie-Baxter,  ɧŰŬɜ ɖ ˊɡɟɖɜɞˊɞɑɖůɖ ɔɑɜŮŰŬɘ ŮɜŰɧɠ Űɤɜ 

ŭɞɛɩɜ. ȼ ɛɞɟűɞɚɞɔɑŬ ŬɡŰɩɜ Űɤɜ ůŰŬɔɧɜɤɜ ɛŮɟɘəɐɠ ŭɘŬɓɟɞɢɐɠ ɞŭɖɔŮɑ ůŮ ɡɣɖɚɐ əɘɜɖŰɘəɧŰɖŰŬ 

əŬɘ ɡɣɖɚɧ ɟɡɗɛɧ ŬɜɎˊŰɡɝɖɠ Űɞɡɠ ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɖ ůɖɛŬɜŰɘəɐ Ůɜɑůɢɡůɖ Űɖɠ ɛŮŰŬűɞɟɎɠ 

ɗŮɟɛɧŰɖŰŬɠ əŬŰɎ Űɖ ůɡɛˊɨəɜɤůɖ.132 
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ɆɢɐɛŬ 2.22. a) Ʉɡɟɖɜɞˊɞɑɖůɖ Ŭɟɢɘəɩɜ ůŰŬɔɧɜɤɜ əŬŰɎ ɛɐəɞɠ Űɤɜ ŬɡɚŬəɘɩɜ Űɖɠ ŮˊɘűɎɜŮɘŬɠ.121 

b) ȿɧɔɤ Űɞɡ ɢŬɛɖɚɧŰŮɟɞɡ ŮɜŮɟɔŮɘŬəɞɨ űɟŬɔɛɞɨ, ŰŬ ɛɧɟɘŬ ŬŰɛɞɨ ˊŬɔɘŭŮɨɞɜŰŬɘ ŬɟɢɘəɎ ůŰŬ 

ŬɡɚɎəɘŬ ɜŬɜɞəɚɑɛŬəŬɠ ŭɖɛɘɞɡɟɔɩɜŰŬɠ ůɡɛˊɚɏɔɛŬŰŬ.124 c) ȺɘəɧɜŮɠ ESEM ůɡɛˊɨəɜɤůɖɠ ŬŰɛɞɨ 

ůŰɘɠ ŭɘŬɛɞɟűɩůŮɘɠ ɡɓɟɘŭɘəɐɠ ɡŭɟɧűɞɓɖɠ-ɡŭɟɧűɘɚɖɠ ŮˊɘűɎɜŮɘŬɠ.119 d) ȺɘəɧɜŮɠ ESEM 

ůɡɛˊɨəɜɤůɖɠ ŬŰɛɞɨ ůŮ ɡŭɟɧűɞɓɖ ŮˊɘűɎɜŮɘŬ ɛŮ ɡŭɟɧűɘɚŮɠ ɜɖůɑŭŮɠ. Ƀɘ ɡŭɟɧűɘɚŮɠ ˊŮɟɘɞɢɏɠ 

ŬˊɞŰŮɚɞɨɜ ˊɟɞŰɘɛɩɛŮɜŮɠ ɗɏůŮɘɠ ˊɡɟɖɜɞˊɞɑɖůɖɠ ɚɧɔɤ Űɞɡ ɢŬɛɖɚɧŰŮɟɞɡ ŮɜŮɟɔŮɘŬəɞɨ űɟɎɔɛŬŰɞɠ. 

e) ɄɟɞůɞɛɞɘɩůŮɘɠ ɛɞɟɘŬəɐɠ ŭɡɜŬɛɘəɐɠ ɧˊɞɡ űŬɑɜŮŰŬɘ ɧŰɘ ŰŬ ɛɧɟɘŬ ŬŰɛɞɨ ˊɟɞůəɞɚɚɩɜŰŬɘ 

ɔɟɐɔɞɟŬ ůŰŬ ɡɣɖɚɐɠ ŮɜɏɟɔŮɘŬɠ ůɤɛŬŰɑŭɘŬ (ɡŭɟɧűɘɚŬ) ŮɝŬɘŰɑŬɠ Űɤɜ ɘůɢɡɟɩɜ ŬɚɚɖɚŮˊɘŭɟɎůŮɤɜ 

ɛŮŰŬɝɨ Űɤɜ ɡɣɖɚɐɠ ŮɜɏɟɔŮɘŬɠ ůɤɛŬŰɘŭɑɤɜ ɛŮ ŰŬ ɛɧɟɘŬ ŬŰɛɞɨ. 133 

ɆŰɖ ůɡɜɏɢŮɘŬ ˊŮɟɘɔɟɎűɞɜŰŬɘ ŬɜŬɚɡŰɘəɎ ɞɘ ɓŬůɘəɧŰŮɟŮɠ ŮɝɘůɩůŮɘɠ ɔɘŬ Űɖɜ ɞɛɞɔŮɜɐ əŬɘ 

ŮŰŮɟɞɔŮɜɐ ůɡɛˊɨəɜɤůɖ ˊɎɜɤ ůŮ ŮˊɘűɎɜŮɘŮɠ əŬɗɩɠ əŬɘ ɔɘŬ Űɖɜ ŬɜɎˊŰɡɝɖ Űɤɜ ůŰŬɔɧɜɤɜ.  
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2.2.1.1. ɃɛɞɔŮɜɐɠ ˊɡɟɖɜɞˊɞɑɖůɖ 

ȷɠ ɗŮɤɟɐůɞɡɛŮ ŬɟɢɘəɎ ɛɘŬ ˊɞůɧŰɖŰŬ ɡˊŮɟəɞɟŮůɛɏɜɞɡ ŬɏɟŬ ɛŮ ɡɔɟŬůɑŬ ůŮ ɗŮɟɛɞəɟŬůɑŬ   

əŬɘ ˊɑŮůɖ ὴ ὴ, Űɖɜ ˊɑŮůɖ əɞɟŮůɛɞɨ. Ƀ əɞɟŮůɛɧɠ ŬɜŰɘůŰɞɘɢŮɑ ůŰɖ ɗŮɟɛɞəɟŬůɑŬ T = Td, 

ŭɖɚŬŭɐ ůŰɞ ůɖɛŮɑɞ ŭɟɧůɞɡ. Ƀ ŬŰɛɧɠ Űɞɡ ɜŮɟɞɨ ɓɟɑůəŮŰŬɘ ůŮ ɛɘŬ ɛŮŰŬůŰŬɗɐ əŬŰɎůŰŬůɖ əŬɘ 

ŰŮɚɘəɎ ɗŬ ůɡɛˊɡəɜɤɗŮɑ ůŰɖɜ ɡɔɟɐ Űɞɡ űɎůɖ, ˊɞɡ ŮɑɜŬɘ ɖ əŬŰɎůŰŬůɖ ŮɚɎɢɘůŰɖɠ ŮɜɏɟɔŮɘŬɠ. ɆŰɞ 

ˊɚŬɑůɘɞ Űɖɠ əɚŬůɘəɐɠ ɗŮɤɟɑŬɠ Űɞɡ Volmer,134,135 Űɞ ˊɟɩŰɞ ɔŮɔɞɜɧɠ əŬŰɎ Űɖ ůɡɛˊɨəɜɤůɖ ŮɑɜŬɘ 

ɖ ŭɖɛɘɞɡɟɔɑŬ ɐ ˊɡɟɖɜɞˊɞɑɖůɖ Űɞɡ ɛɘəɟɧŰŮɟɞɡ ůɡɛˊɚɏɔɛŬŰɞɠ ɛɞɟɑɤɜ (ɡɔɟɐ ůŰŬɔɧɜŬ), Űɞ ɞˊɞɑɞ 

ŮɑɜŬɘ ɗŮɟɛɞŭɡɜŬɛɘəɎ ůŰŬɗŮɟɧ, ŭɖɚŬŭɐ ŭŮɜ ŮɝŬŰɛɑɕŮŰŬɘ. ȷɡŰɧ Űɞ ɏɛɓɟɡɧ ŬɜŬˊŰɨůůŮŰŬɘ Ŭˊɧ 

ɗŮɟɛɘəɎ ŮɜŮɟɔɞˊɞɘɖɛɏɜŮɠ Űɞˊɘəɏɠ ŭɘŬəɡɛɎɜůŮɘɠ ˊɡəɜɧŰɖŰŬɠ. 

ɇɞ ɛɞɜŰɏɚɞ Űɖɠ əɚŬůɘəɐɠ ɗŮɤɟɑŬɠ ůɡɛˊɨəɜɤůɖɠ ˊŮɟɘɔɟɎűŮɘ ɞɡůɘŬůŰɘəɎ ɏɜŬ ůɨɛˊɚŮɔɛŬ 

ɛɞɟɑɤɜ Űɞɡ ɞˊɞɑɞɡ Űɞ ɛɏɔŮɗɞɠ ŭɘŬəɡɛŬɑɜŮŰŬɘ Ŭˊɧ Űɖɜ ˊɟɞůɗɐəɖ ɐ Űɖɜ ŬűŬɑɟŮůɖ ˊŮɟŬɘŰɏɟɤ 

ɛɞɟɑɤɜ ɜŮɟɞɨ. ȼ ŬɜɎˊŰɡɝɖ Űɞɡ ůɡɛˊɚɏɔɛŬŰɞɠ ŮɡɜɞŮɑŰŬɘ Ŭˊɧ Űɖɜ ŮɜɏɟɔŮɘŬ ůɢɖɛŬŰɘůɛɞɨ Űɖɠ 

ɡɔɟɐɠ űɎůɖɠ, Ůɜɩ ɖ ŮɝɎŰɛɘůɖ Ŭˊɧ Űɞ ŮɜŮɟɔŮɘŬəɧ əɧůŰɞɠ (ŮˊɘűŬɜŮɘŬəɐ ŰɎůɖ) əŬŰɎ Űɞɜ 

ůɢɖɛŬŰɘůɛɧ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ ɛŮŰŬɝɨ Űɞɡ ɡɔɟɞɨ ůɡɛˊɚɏɔɛŬŰɞɠ ɛɞɟɑɤɜ əŬɘ Űɖɠ ŬɏɟɘŬɠ űɎůɖɠ 

Űɞɡ ˊŮɟɘɓɎɚɚɞɜŰɞɠ. ɇŬ ŭɨɞ ŬɡŰɎ űŬɘɜɧɛŮɜŬ ŮɝɘůɞɟɟɞˊɞɨɜŰŬɘ ůŮ ůɡɔəŮəɟɘɛɏɜŮɠ ŭɘŬůŰɎůŮɘɠ Űɞɡ 

ůɡɛˊɚɏɔɛŬŰɞɠ, ɔɜɤůŰɏɠ əŬɘ ɤɠ əɟɑůɘɛɞ ɛɏɔŮɗɞɠ. ɆɡɜŮˊɩɠ, ɡɔɟɎ ůɡɛˊɚɏɔɛŬŰŬ əɎŰɤ Ŭˊɧ Űɞ 

əɟɑůɘɛɞ ɛɏɔŮɗɞɠ ŰŮɑɜɞɡɜ ɜŬ ŮɝŬŰɛɑɕɞɜŰŬɘ ɡˊɧ Űɖɜ ŮˊɑŭɟŬůɖ ɗŮɟɛɘəɩɜ ŭɘŬəɡɛɎɜůŮɤɜ, Ůɜɩ 

ůɡɛˊɚɏɔɛŬŰŬ ɛŮɔŬɚɨŰŮɟŬ ŬɡŰɞɨ Űɞɡ ɞɟɑɞɡ ŰŮɑɜɞɡɜ ɜŬ ŬɜŬˊŰɨůůɞɜŰŬɘ ɛɏɢɟɘ ɜŬ ůɢɖɛŬŰɑůɞɡɜ 

Űɖ ɛŬəɟɞůəɞˊɘəɐ ɡɔɟɐ űɎůɖ. Ⱥˊɞɛɏɜɤɠ, Űɞ ɏɟɔɞ ὡ ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ Űɞɜ ůɢɖɛŬŰɘůɛɧ Űɞɡ 

ůɡɛˊɚɏɔɛŬŰɞɠ, ɗŬ ŮɑɜŬɘ ŰŮɚɘəɎ Űɞ ɎɗɟɞɘůɛŬ Űɤɜ ŭɡɞ ŬɡŰɩɜ ɧɟɤɜ: 

 ὡ ὡ ὡ   (2.3)  

ɧˊɞɡ  Űɞ ὡ  ŮɑɜŬɘ Űɞ əɏɟŭɞɠ ŮɜɏɟɔŮɘŬɠ Ŭˊɧ Űɖ ɛŮŰŬŰɟɞˊɐ Űɞɡ ŬŰɛɞɨ ůŮ ɜŮɟɧ, əŬɘ ὡ  ŮɑɜŬɘ Űɞ 

əɧůŰɞɠ Űɖɠ ŮɜɏɟɔŮɘŬɠ ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ Űɞɜ ůɢɖɛŬŰɘůɛɧ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ. ȷɠ ɡˊɞɚɞɔɑůɞɡɛŮ 

əɎɗŮ ɏɜŬɜ Ŭˊɧ ŬɡŰɞɨɠ Űɞɡɠ ɧɟɞɡɠ ɝŮɢɤɟɘůŰɎ: 

ɇɞ əɏɟŭɞɠ ůŰɖɜ ŮɜɏɟɔŮɘŬ ὡ  ɔɘŬ ɏɜŬɜ ɧɔəɞ V ŬŰɛɞɨ ˊɞɡ ɛŮŰŬŰɟɏˊŮŰŬɘ ůŮ ɜŮɟɧ ɗŬ ŮɑɜŬɘ: 

 ὡ ῳὩὠ  (2.4)  

ɛŮ ῳὩ Űɞ əɏɟŭɞɠ ůŰɖɜ ŮɚŮɨɗŮɟɖ ŮɜɏɟɔŮɘŬ ŬɜɎ ɛɞɜɎŭŬ ɧɔəɞɡ. ȳŰŬɜ Űɞ əɏɟŭɞɠ ŬɡŰɧ ŮɑɜŬɘ ɛɘəɟɧ 

(ὨῳὩ) ŬɜŰɘůŰɞɘɢŮɑ ůŰɞ ɏɟɔɞ Ὠῳὡ Űɞɡ əɨəɚɞɡ Carnot ɧŰŬɜ ŮəűɟɎɕŮɘ Űɖɜ Ůɝɑůɤůɖ Clausius-

Calpeyron. ɆɡɛɓɞɚɑɕɞɜŰŬɠ ɛŮ ὠ Űɞɜ ɧɔəɞ Űɞɡ ɡɔɟɞɨ ˊɞɡ ůɡɛˊɡəɜɩɜŮŰŬɘ, ɛŮ ά  Űɖ ɛɎɕŬ Űɞɡ, 

” Űɖɜ ˊɡəɜɧŰɖŰɎ Űɞɡ əŬɘ Ὄ  Űɖ ɚŬɜɗɎɜɞɡůŬ ɗŮɟɛɧŰɖŰŬ əŬŰɎ Űɖ ůɡɛˊɨəɜɤůɖ, ɗŬ ɘůɢɨŮɘ:  

 ὨɝὩḳ ”Ὄ      (2.5)  

ɉɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɖɜ Ůɝɑůɤůɖ Clausius-Clapeyron ὨὴȾὨὝ ὴὌ ȾὶὝ  əŬɘ ŮɘůɎɔɞɜŰŬɠ Űɖɜ 

ˊɑŮůɖ Űɞɡ ŬŰɛɞɨ, ɖ Ůɝɑůɤůɖ (2.5) ɔɑɜŮŰŬɘ: 

 ὨɝὩ ”ὶὝ      (2.6)  

ɧˊɞɡ ὶ ὙȾὓ , əŬɘ ὓ  Űɞ ɛɞɟɘŬəɧ ɓɎɟɞɠ Űɞɡ ŬŰɛɞɨ. 

ɆŮ ŬɡŰɐɜ Űɖ ŭɘŬŭɘəŬůɑŬ ˊɟɏˊŮɘ ɜŬ ɝŮˊŮɟŬůŰŮɑ, ɤůŰɧůɞ, ɏɜŬ ŮɜŮɟɔŮɘŬəɧ űɟɎɔɛŬ ůɢɖɛŬŰɘůɛɞɨ 

Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ ɡɔɟɞɨ-ŬɏɟŬ, ὡ .  
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ɆɡɜŮɢɑɕɞɡɛŮ ɛŮ ŬɡŰɧɜ Űɞɜ ŭŮɨŰŮɟɞ ɧɟɞ Űɖɠ ŮɚŮɨɗŮɟɖɠ ŮɜɏɟɔŮɘŬɠ ůɢɖɛŬŰɘůɛɞɨ, ὡ , ɞ ɞˊɞɑɞɠ 

ɛˊɞɟŮɑ ɜŬ ɔɟŬűŰŮɑ ɤɠ Űɞ ɔɘɜɧɛŮɜɞ ὛϽ„ , ɧˊɞɡ Ὓ ɖ ŮˊɘűɎɜŮɘŬ Űɖɠ ůŰŬɔɧɜŬɠ əŬɘ „  ŮɑɜŬɘ ɖ 

ŮˊɘűŬɜŮɘŬəɐ ŰɎůɖ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ ɡɔɟɞɨ-ŬɏɟŬ. ȰŰůɘ ɚɞɘˊɧɜ ɔɘŬ Űɞ ůűŬɘɟɘəɧ ůɨɛˊɚŮɔɛŬ 

ɛɞɟɑɤɜ ˊɞɡ ˊɡɟɖɜɞˊɞɘŮɑŰŬɘ ɛŮ ŬəŰɑɜŬ ὶ əŬɘ ɧɔəɞ ὠ, ɗŬ ŮɑɜŬɘ: 

 ὡ τ“„ ὶ τ“„
Ⱦ

τ“„
Ⱦ

  (2.7)  

ɆŮ ŬɡŰɐɜ Űɖɜ Ůɝɑůɤůɖ, ὺ  ŮɑɜŬɘ ɞ ɧɔəɞɠ ˊɞɡ əŬŰŬɚŬɛɓɎɜŮɘ ɏɜŬ ɛɧɟɘɞ, Ůɜɩ ɞ Ŭɟɘɗɛɧɠ Űɤɜ 

ɛɞɟɑɤɜ ŮɑɜŬɘ ὲ ὠȾὺ .  

ɇɞ ɏɟɔɞ Űɖɠ ˊɡɟɖɜɞˊɞɑɖůɖɠ ŮɛűŬɜɑɕŮɘ ɏɜŬ ɛɏɔɘůŰɞ ˊɟɘɜ ɛŮɘɤɗŮɑ əŬɘ ɔɑɜŮɘ ŬɟɜɖŰɘəɧ əɎŰɘ Űɞ 

ɞˊɞɑɞ ŬɜŰɘůŰɞɘɢŮɑ ůŰɞ ŮɜŮɟɔŮɘŬəɧ űɟɎɔɛŬ ŮɝŬɘŰɑŬɠ Űɞɡ əɧůŰɞɡɠ ŭɖɛɘɞɡɟɔɑŬɠ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ.  

 

ɆɢɐɛŬ 2.23. ȺɜŮɟɔŮɘŬəɧ űɟɎɔɛŬ ὡᶻ əŬŰɎ Űɖɜ ɞɛɞɔŮɜɐ ˊɡɟɖɜɞˊɞɑɖůɖ, ɔɘŬ əɟɑůɘɛɖ ŬəŰɑɜŬ  

ůŰŬɔɧɜŬɠ ὶᶻ, əŬŰɎ Űɖ ɛŮŰŬɓɞɚɐ Űɖɠ ŮɚŮɨɗŮɟɖɠ ŮɜɏɟɔŮɘŬɠ ůɢɖɛŬŰɘůɛɞɨ W ůŮ ůɢɏůɖ ɛŮ Űɖɜ ŬəŰɑɜŬ 

Űɞɡ ˊɡɟɐɜŬ.  

ũɘŬ ɜŬ ɓɟɞɨɛŮ Űɖɜ əɟɑůɘɛɖ ŬəŰɑɜŬ ˊɞɡ ŬɜŰɘůŰɞɘɢŮɑ ůŮ ŮɜɏɟɔŮɘŬ ˊɞɡ ˊɎɜɤ Ŭˊɧ ŬɡŰɐ ɝŮˊŮɟɜɘɏŰŬɘ 

Űɞ ŮɜŮɟɔŮɘŬəɧ űɟɎɔɛŬ, ˊŬɟŬɔɤɔɑɕɞɡɛŮ Űɖɜ ŮɜɏɟɔŮɘŬ ὡ ɤɠ ˊɟɞɠ Űɖɜ ŬəŰɑɜŬ ὶ. ȼ Űɘɛɐ ůŰɖɜ 

ɞˊɞɑŬ ɛɖŭŮɜɑɕŮŰŬɘ ɖ ˊɟɩŰɖ ˊŬɟɎɔɤɔɞɠ ɛŬɠ ŭɑɜŮɘ Űɖɜ ŮɚɎɢɘůŰɖ-əɟɑůɘɛɖ ŬəŰɑɜŬ. ȰŰůɘ, ɖ əɟɑůɘɛɖ 

ŬəŰɑɜŬ Űɞɡ ůɡɛˊɚɏɔɛŬŰɞɠ ɗŬ ŮɑɜŬɘ: 

 ὶᶻ   (2.8)  

ˊɞɡ ŮɑɜŬɘ ɞɡůɘŬůŰɘəɎ ɖ ŬəŰɑɜŬ Űɖɠ ŮɚɎɢɘůŰɖɠ ůŰŬɔɧɜŬɠ ˊɞɡ ɛˊɞɟŮɑ ɜŬ ɡˊɎɟɝŮɘ, ɧˊɤɠ ŮɑŭŬɛŮ 

əŬɘ Ŭˊɧ Űɖ ůɢɏůɖ (2.2). ɆŰɖɜ ˊŬɟŬˊɎɜɤ ůɢɏůɖ ɛˊɞɟŮɑ ɜŬ ɗŮɤɟɖɗŮɑ ůŮ əŬɚɐ ˊɟɞůɏɔɔɘůɖ ɧŰɘ 

„ „. 

ȷɜŰɘəŬɗɘůŰɩɜŰŬɠ ŬɡŰɐ Űɖɜ ŬəŰɑɜŬ ůŰɖɜ ŮɜɏɟɔŮɘŬ ὡ, ɛˊɞɟɞɨɛŮ ɜŬ ɓɟɞɨɛŮ Űɞ ŮɜŮɟɔŮɘŬəɧ 

űɟɎɔɛŬ ůɢɖɛŬŰɘůɛɞɨ. ȰŰůɘ, Űɞ ὡᶻ ɗŬ ŮɑɜŬɘ 

 ὡᶻ   (2.9)  

Ƀ ɟɡɗɛɧɠ ˊɡɟɖɜɞˊɞɑɖůɖɠ ɞɟɑɕŮŰŬɘ ɤɠ ɞ Ŭɟɘɗɛɧɠ Ὠὔ Űɤɜ ůŰŬɔɧɜɤɜ əɟɑůɘɛɞɡ ɛŮɔɏɗɞɡɠ ὶᶻ ŬɜɎ 

ɛɞɜɎŭŬ ɧɔəɞɡ ɞɘ ɞˊɞɑŮɠ ˊɡɟɖɜɞˊɞɘɞɨɜŰŬɘ ůŮ ɢɟɧɜɞ Ὠὸ. Ƀ ɟɡɗɛɧɠ ŬɡŰɧɠ ɞɡůɘŬůŰɘəɎ ŬɜŰɘůŰɞɘɢŮɑ 

ůŰɖɜ ˊɘɗŬɜɧŰɖŰŬ ɖ ˊɡəɜɧŰɖŰŬ ŮɜɏɟɔŮɘŬɠ Űɞɡ ůɡɛˊɚɏɔɛŬŰɞɠ ɜŬ ɚɎɓŮɘ ŮɜɏɟɔŮɘŬ ɑůɖ ɛŮ ὡᶻ. Ƀ 
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ůɢɖɛŬŰɘůɛɧɠ Űɖɠ ɡɔɟɐɠ ůŰŬɔɧɜŬɠ ŮɑɜŬɘ ɛɘŬ ɗŮɟɛɘəɎ ŮɜŮɟɔɞˊɞɘɐůɘɛɖ ŭɘŬŭɘəŬůɑŬ ɛŮ əŬŰŬɜɞɛɐ 

ˊɞɡ ɛɞɘɎɕŮɘ ɛŮ ŬɡŰɐ Űɖɠ əɑɜɖůɖɠ Brown ɔɨɟɤ Ŭˊɧ Űɞ ɗŮɟɛɞŭɡɜŬɛɘəɧ űɟɎɔɛŬ ůɢɖɛŬŰɘůɛɞɨ. 

ȰŰůɘ, ɖ ˊɡəɜɧŰɖŰŬ ˊɘɗŬɜɧŰɖŰŬɠ ɗŬ ŮɑɜŬɘ ŬɡŰɐɠ Űɖɠ əŬɜɞɜɘəɐɠ əŬŰŬɜɞɛɐɠ əŬɘ ɖ ŮɝɎɟŰɖůɖ Űɞɡ 

ɟɡɗɛɞɨ ˊɡɟɖɜɞˊɞɑɖůɖɠ ɗŬ ŮɑɜŬɘ Űɖɠ ɛɞɟűɐɠ Arrhenius ɛŮ ɏɜŬɜ ˊŬɟɎɔɞɜŰŬ ὃ ɞ ɞˊɞɑɞɠ 

ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞɜ Ŭɟɘɗɛɧ Űɤɜ ˊɡɟɐɜɤɜ ůɡɛˊɨəɜɤůɖɠ ŬɜɎ ɛɞɜɎŭŬ ɢɟɧɜɞɡ əŬɘ ɧɔəɞɡ, əŬɘ Űɖɜ 

ˊɘɗŬɜɧŰɖŰŬ Űɞ ůɡɛˊɨəɜɤɛŬ əɟɑůɘɛɞɡ ɛŮɔɏɗɞɡɠ ɜŬ ůɡɜŮɢɑůŮɘ ɜŬ ŬɜŬˊŰɨůůŮŰŬɘ. 

 ὃὩ

ᶻ

  (2.10)  

Ƀ ˊŬɟɎɔɞɜŰŬɠ ὃ ŮɑɜŬɘ ˊɞɚɨ ɛŮɔɎɚɞɠ Ŭɟɘɗɛɧɠ Űɖɠ ŰɎɝŮɤɠ ρπ ρπ Í  Ó , əŬɘ ɛˊɞɟŮɑ 

ɜŬ ɡˊɞɚɞɔɘůŰŮɑ Ŭˊɧ Űɞ Ŭəɧɚɞɡɗɞ ɔɘɜɧɛŮɜɞ: 136 

 ὃ ὧὤὪᶻ  (2.11)  

ɧˊɞɡ ὧ ŮɑɜŬɘ ɖ ůɡɔəɏɜŰɟɤůɖ Űɤɜ ŭɘŬɗɏůɘɛɤɜ ˊɡɟɐɜɤɜ ůɡɛˊɨəɜɤůɖɠ ŬɜɎ ɛɞɜɎŭŬ ɧɔəɞɡ. 

ɉɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɖɜ əŬŰŬůŰŬŰɘəɐ Ůɝɑůɤůɖ ɏɢɞɡɛŮ: 

 ὧ   (2.12)  

ɧˊɞɡ ὴ  ɖ ŬŰɛɞůűŬɘɟɘəɐ ˊɑŮůɖ. 

ɇɞ ὤ ŮɑɜŬɘ ɞ ˊŬɟɎɔɞɜŰŬɠ Zeldovich əŬɘ ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɖɜ ɡˊɧɗŮůɖ ɧŰɘ ɏɜŬɠ ˊɡɟɐɜŬɠ ˊɞɡ 

ɓɟɑůəŮŰŬɘ əɞɜŰɎ ůŰɞ ŮɜŮɟɔŮɘŬəɧ űɟɎɔɛŬ ɛˊɞɟŮɑ ɜŬ ɛŮɔŬɚɩůŮɘ ˊŮɟŮŰŬɑɟɤ ɛɏůɤ ŭɘɎɢɡůɖɠ 

ɛɞɟɑɤɜ ůŮ ŬɡŰɧɜ, ŭɖɛɘɞɡɟɔɩɜŰŬɠ ɏŰůɘ Űɖ ɜɏŬ űɎůɖ, ɐ ɛˊɞɟŮɑ ɜŬ ɢɎůŮɘ ɛɧɟɘŬ əŬɘ ɜŬ 

ŮɝŬűŬɜɘůŰŮɑ. Ƀ ˊŬɟɎɔɞɜŰŬɠ Zeldovich ɞɡůɘŬůŰɘəɎ ɚŬɛɓɎɜŮɘ ɡˊɧɣɘɜ Űɞ ɢɎůɘɛɞ ɛɞɟɑɤɜ əŬŰɎ 

Űɖɜ əɑɜɖůɖ Brown. ɇŬ ɛɧɟɘŬ ˊɞɡ ŭɘŬűŮɨɔɞɡɜ Ŭˊɧ Űɖɜ ˊŮɟɘɞɢɐ ˊɡɟɖɜɞˊɞɑɖůɖɠ ůɡɛɛŮŰɏɢɞɡɜ 

ůŰɞɜ ůɢɖɛŬŰɘůɛɧ Ɏɚɚɤɜ əɟɑůɘɛɤɜ ˊɡɟɐɜɤɜ ɛɏɢɟɘ ɜŬ ŮˊɏɚɗŮɘ ɛɘŬ əŬŰɎůŰŬůɖ ɘůɞɟɟɞˊɑŬɠ. ȼ 

ˊɘɗŬɜɧŰɖŰŬ ɜŬ ŬɜŬˊŰɡɢɗŮɑ ɏɜŬɠ ŭŮŭɞɛɏɜɞɠ ˊɡɟɐɜŬɠ ůɢŮŰɑɕŮŰŬɘ ɛŮ Űɖɜ ŮˊɘˊŮŭɧŰɖŰŬ Űɞɡ 

ŮɜŮɟɔŮɘŬəɞɨ ˊɟɞűɑɚ ɔɨɟɤ Ŭˊɧ Űɞ əɟɑůɘɛɞ ɛɏɔŮɗɞɠ, ŭɖɚŬŭɐ Űɖɜ əŬɛˊɡɚɧŰɖŰŬ Űɖɠ ŮɚŮɨɗŮɟɖɠ 

ŮɜɏɟɔŮɘŬɠ, Űɖɜ ɞˊɞɑŬ ɢŬɟŬəŰɖɟɑɕŮɘ ɞ ˊŬɟɎɔɞɜŰŬɠ Zeldovich ɤɠ: 

 ὤ
Ⱦ

  (2.13)  

ȼ ˊŬɟɎɛŮŰɟɞɠ Ὢᶻ Űɖɠ ˊŬɟŬˊɎɜɤ Ůɝɑůɤůɖɠ ŮɑɜŬɘ ɞ ɟɡɗɛɧɠ ůɨɔəɟɞɡůɖɠ Űɤɜ ɛɞɜɞɛŮɟɩɜ 

(ɛɞɟɑɤɜ) ɛŮ Űɞ əɟɑůɘɛɞ ůɨɛˊɚŮɔɛŬ, əɎŰɘ Űɞ ɞˊɞɑɞ ɞɜɞɛɎɕŮŰŬɘ ůɡɢɜɧŰɖŰŬ ˊɟɞůəɧɚɚɖůɖɠ əŬɘ 

ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞɜ əɞɟŮůɛɧ Űɤɜ ɛɞɟɑɤɜ ˊɞɡ ůɡɛˊɡəɜɩɜɞɜŰŬɘ ɛŮ Űɞ ˊŮɟɘɓɎɚɚɞɜ Űɞɡɠ.  ȼ 

ɛŮŰŬűɞɟɎ Űɤɜ ɛɞɟɑɤɜ ŬŰɛɞɨ ůŰɞɜ ŬɏɟŬ ůɡɛɓŬɑɜŮɘ ɛɏůɤ ŭɘɎɢɡůɖɠ ɛŮ ɓɎůɖ Űɞɜ ɜɧɛɞ Űɞɡ Fick. 

ɆɨɛűɤɜŬ ɛŮ Űɞɜ Kashchiev (2020), Űɞ Ὢᶻ ɛˊɞɟŮɑ ɜŬ ɔɟŬűŰŮɑ ɤɠ: 

 Ὢᶻ τψ“ὺ Ⱦ‌ ὈϽὛὙϽὼὲᶻȾ  (2.14)  

ɧˊɞɡ Ὀ ŮɑɜŬɘ ɞ ůɡɜŰŮɚŮůŰɐɠ ŭɘɎɢɡůɖɠ Űɤɜ ɛɞɟɑɤɜ ŬŰɛɞɨ ůŰɞɜ ŬɏɟŬ, ὛὙ ὴȾὴ, ˊɞɡ 

ɞɜɞɛɎɕŮŰŬɘ əŬɘ ɤɠ ɡˊŮɟəɞɟŮůɛɧɠ (ɚɧɔɞɠ Űɖɠ ˊɑŮůɖɠ Űɞɡ ŬŰɛɞɨ ˊɟɞɠ Űɖɜ ˊɑŮůɖ əɞɟŮůɛɞɨ ůŰɖ 

ɗŮɟɛɞəɟŬůɑŬ Űɖɠ ŮˊɘűɎɜŮɘŬɠ), ‌  ŮɑɜŬɘ ɞ ůɡɜŰŮɚŮůŰɐɠ ˊɟɞůəɧɚɚɖůɖɠ Űɤɜ ɛɞɜɞɛŮɟɩɜ 

(ůɡɜŰŮɚŮůŰɐɠ ˊŬɟŬɛɞɜɐɠ ρ) əŬɘ ὼ ɖ ůɡɔəɏɜŰɟɤůɖ Űɤɜ ɛɞɟɑɤɜ ɜŮɟɞɨ ůŰɞɜ ŬɏɟŬ ůŮ 

əŬŰɎůŰŬůɖ əɞɟŮůɛɞɨ (ɛɧɟɘŬ ŬɜɎ ɛɞɜɎŭŬ ɧɔəɞɡ). ɀɏůɤ Űɖɠ əŬŰŬůŰŬŰɘəɐɠ Ůɝɑůɤůɖɠ 

ˊɟɞəɨˊŰŮɘ ɧŰɘ: 
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 ὼ   (2.15)  

ȰŰůɘ, ɏɢɞɜŰŬɠ ɞɟɑůŮɘ ɧɚɞɡɠ Űɞɡɠ ɧɟɞɡɠ Űɖɠ ŮɜɏɟɔŮɘŬɠ ůɢɖɛŬŰɘůɛɞɨ, ɛˊɞɟɞɨɛŮ ɜŬ ɓɟɞɨɛŮ ɧŰɘ 

ůŮ əɞɟŮůɛɏɜɞ ŬɏɟŬ ůŰɞɡɠ ςπᶼ#, ɖ ɗŮɟɛɞəɟŬůɑŬ ˊɟɏˊŮɘ ɜŬ ˊɏůŮɘ əɎŰɤ Ŭˊɧ Űɞɡɠ ωᶼ# ɔɘŬ ɜŬ 

ˊɟŬɔɛŬŰɞˊɞɘɖɗŮɑ ɞɛɞɔŮɜɐɠ ˊɡɟɖɜɞˊɞɑɖůɖ. 

2.2.1.2. ȺŰŮɟɞɔŮɜɐɠ Ʉɡɟɖɜɞˊɞɑɖůɖ 

ȼ əŬɗɖɛŮɟɘɜɐ ŮɛˊŮɘɟɑŬ ɏɢŮɘ ŭŮɑɝŮɘ ɧŰɘ ůɡɛˊɨəɜɤůɖ ɔɑɜŮŰŬɘ ůŮ ɡɣɖɚɧŰŮɟŮɠ ɗŮɟɛɞəɟŬůɑŮɠ Ŭˊɧ 

ŬɡŰɐ ˊɞɡ ɡˊɞɚɞɔɑůŰɖəŮ ˊŬɟŬˊɎɜɤ. ȾɎŰɘ ŰɏŰɞɘɞ ůɡɛɓŬɑɜŮɘ əŬŰɎ Űɖ ůɡɛˊɨəɜɤůɖ ůŮ ŮˊɘűɎɜŮɘŮɠ 

ˊɞɡ ɢŬɛɖɚɩɜɞɡɜ ˊɞɚɨ Űɞ ŮɜŮɟɔŮɘŬəɧ əɧůŰɞɠ ŭɖɛɘɞɡɟɔɑŬɠ ŭɘŮˊɘűɎɜŮɘŬɠ ɛŮŰŬɝɨ Űɤɜ ŭɨɞ 

űɎůŮɤɜ. ȷɡŰɞɨ Űɞɡ Ůɑŭɞɡɠ ɖ ůɡɛˊɨəɜɤůɖ ɞɜɞɛɎɕŮŰŬɘ ŮŰŮɟɞɔŮɜɐɠ əŬɘ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ůŮ 

ŮˊɘűɎɜŮɘŮɠ, ůŮ ŬɜŰɑɗŮůɖ ɛŮ Űɖɜ ɞɛɞɔŮɜɐ ˊɞɡ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ůŰɞɜ ɧɔəɞ Űɞɡ ɑŭɘɞɡ Űɞɡ ŬŮɟɑɞɡ.  

ɇɞ ŮɜŮɟɔŮɘŬəɧ űɟɎɔɛŬ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɘɠ ɘŭɘɧŰɖŰŮɠ ŭɘŬɓɟɞɢɐɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ˊɎɜɤ ůŰɖɜ ɞˊɞɑŬ 

ɔɑɜŮŰŬɘ ɖ ůɡɛˊɨəɜɤůɖ, ŭɖɚŬŭɐ Ŭˊɧ Űɖɜ ɘůɞɟɟɞˊɑŬ Űɖɠ ŮˊɘűŬɜŮɘŬəɐɠ ŮɜɏɟɔŮɘŬɠ (ɐ ŮˊɘűŬɜŮɘŬəɐɠ 

ŰɎůɖɠ) ɛŮŰŬɝɨ ɡɔɟɞɨ əŬɘ ŬŮɟɑɞɡ „ ,ɡɔɟɞɨ əŬɘ ůŰŮɟŮɞɨ „  əŬɘ ůŰŮɟŮɞɨ əŬɘ ŬŮɟɑɞɡ „ , 

əŬɗɞɟɑɕɞɜŰŬɠ ɏŰůɘ Űɖ ɔɤɜɑŬ ŮˊŬűɐɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ —. ȰŰůɘ Űɞ ɏɟɔɞ ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ Űɖ 

ŭɖɛɘɞɡɟɔɑŬ Ůɜɧɠ ůŰŬɗŮɟɞɨ ˊɡɟɐɜŬ ŰɟɞˊɞˊɞɘŮɑŰŬɘ ɛɏůɤ ɛɘŬɠ ůɡɜɎɟŰɖůɖɠ ˊɞɡ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ 

Űɖɜ ɔɤɜɑŬ —. 

Ƀ ɧɔəɞɠ Űɖɠ ůŰŬɔɧɜŬɠ ůŮ ůɢɏůɖ ɛŮ Űɖ ɔɤɜɑŬ ŮˊŬűɐɠ ɛˊɞɟŮɑ ɜŬ ɔɟŬűŰŮɑ ɤɠ: 

 ὠ “ὶὊ—   (2.16)  

ɛŮ 

 Ὂ—
  

  (2.17)  

 

ɆɢɐɛŬ 2.24. ɀŮŰŬɓɞɚɐ Űɞɡ Ὢ—  ŬɜɎɚɞɔŬ ɛŮ Űɖɜ ɔɤɜɑŬ ŮˊŬűɐɠ. ȷˊɧɚɡŰɖ ŭɘŬɓɟɞɢɐ ɏɢɞɡɛŮ ɧŰŬɜ 

— π, Ůɜɩ ɛɖŭŮɜɘəɐ ŭɘŬɓɟɞɢɐ ɧŰŬɜ —  ρψπᶼ.  

ȼ ůɡɜŮɘůűɞɟɎ Űɞɡ ɧɔəɞɡ ůŰɖɜ ŮɜɏɟɔŮɘŬ ŮɑɜŬɘ, ɧˊɤɠ ɏɢɞɡɛŮ ŭŮɘ, ὡ ὠɝὩ. ȼ ŮˊɘűɎɜŮɘŬ 

Űɖɠ ůŰŬɔɧɜŬɠ ˊɞɡ ɓɟɑůəŮŰŬɘ ůŮ ŮˊŬűɐ ɛŮ Űɖɜ ŬɏɟɘŬ űɎůɖ ɗŬ ŮɑɜŬɘ: 
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 Ὓ ς“ὶ ρ ÃÏÓ —   (2.18)  

ȷɜŰɑůŰɞɘɢŬ ɖ ŮˊɘűɎɜŮɘŬ Űɖɠ ůŰŬɔɧɜŬɠ ˊɞɡ ɏɟɢŮŰŬɘ ůŮ ŮˊŬűɐ ɛŮ Űɞ ůŰŮɟŮɧ ŮɑɜŬɘ: 

 Ὓ “ὶÓÉÎ — “ὶ ρ ÃÏÓ —   (2.19)  

ȼ ůɡɜŮɘůűɞɟɎ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ὡ  ɏɔəŮɘŰŬɘ ůŰɞ əɧůŰɞɠ ŭɖɛɘɞɡɟɔɑŬɠ Űɤɜ ŭɘŮˊɘűŬɜŮɘɩɜ  

ŬŮɟɑɞɡ-ɡɔɟɞɨ (GL) əŬɘ ɡɔɟɞɨ ůŰŮɟŮɞɨ (LS), əŬɘ ůŰɞ əɏɟŭɞɠ Ŭˊɧ Űɞ ɢɎůɘɛɞ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ 

ůŰŮɟŮɞɨ-ɡɔɟɞɨ (SG). ɀŮ „  əŬɘ „  ɞɘ ŬɜŰɑůŰɞɘɢŮɠ ŮˊɘűŬɜŮɘŬəɏɠ ŰɎůŮɘɠ: 

 ὡ Ὓ „ Ὓ „ Ὓ „   (2.20)  

ɉɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɖɜ Ůɝɑůɤůɖ Young-Dupr® „ „ „ ÃÏÓ — ɏɢɞɡɛŮ ɧŰɘ 

 ὡ „ Ὓ Ὓ ÃÏÓ —   (2.21)  

ɉɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɘɠ ŮɝɘůɩůŮɘɠ (2.18) əŬɘ (2.19) ŰɧŰŮ ɏɢɞɡɛŮ: 

 ὡ τ“ὶ„
  

ὡ Ὢ—   (2.22)  

ȼ ůɡɜɎɟŰɖůɖ Ὢ—  ůɡůɢŮŰɑɕŮŰŬɘ ɛŮ Űɞɜ ɧɔəɞ Űɞɡ ůűŬɘɟɘəɞɨ ŰɞɛɏŬ Űɖɠ ůŰŬɔɧɜŬɠ Ὂ— : 

 
Ὢ— Ὂ— ς σÃÏÓ — ÃÏÓ —

 ς ÃÏÓ — ρ ÃÏÓ —
  (2.23)  

ȷɜŰɑůŰɞɘɢŬ ɛŮ Űɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ ɞɛɞɔŮɜɞɨɠ ˊɡɟɖɜɞˊɞɑɖůɖɠ, ɖ ɞɚɘəɐ ŮɜɏɟɔŮɘŬ ὡ  ɔɘŬ Űɖɜ 

ŮŰŮɟɞɔŮɜɐ, ŮɑɜŬɘ Űɞ ɎɗɟɞɘůɛŬ Űɖɠ ůɡɜŮɘůűɞɟɎɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ əŬɘ Űɞɡ ɧɔəɞɡ, Űɞ ɞˊɞɑɞ ɛˊɞɟŮɑ 

ɜŬ ɔɟŬűŰŮɑ ɤɠ ůɡɜɎɟŰɖůɖ Űɖɠ ɔɤɜɑŬɠ ŮˊŬűɐɠ — əŬɘ Űɖɠ ɞɚɘəɐɠ ŮɜɏɟɔŮɘŬɠ ὡ Űɖɠ ɞɛɞɔŮɜɞɨɠ 

ˊɡɟɖɜɞˊɞɑɖůɖɠ: 

 ὡ ὡ ὡ Ὢ— ὡ  (2.24)  

ɇɞ əɟɑůɘɛɞ ŮɜŮɟɔŮɘŬəɧ űɟɎɔɛŬ ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɖɜ Ůɝɑůɤůɖ (2.9) əŬɘ (2.35) əŬɘ ɗŬ ŮɑɜŬɘ: 

 ὡᶻ Ὢ— ὡᶻ  (2.25)  

ȰŰůɘ, ɞ ɟɡɗɛɧɠ ˊɡɟɖɜɞˊɞɑɖůɖɠ ɔɘŬ Űɖɜ ŮŰŮɟɞɔŮɜɐ ůɡɛˊɨəɜɤůɖ ɗŬ ŮɑɜŬɘ: 

 ὃὩ

ᶻ

ὃὩ

ᶻ

  (2.26)  

ɆŰɞ ɆɢɐɛŬ 2.25 ŬˊŮɘəɞɜɑɕŮŰŬɘ ɞ ɟɡɗɛɧɠ ˊɡɟɖɜɞˊɞɑɖůɖɠ ɔɘŬ ŭɘɎűɞɟŮɠ Űɘɛɏɠ ŭɘŬɓɟɞɢɐɠ Űɖɠ 

ŮˊɘűɎɜŮɘŬɠ ɛŮ Űɞ ůɡɛˊɨəɜɤɛŬ ɤɠ ˊɟɞɠ Űɖ ŭɘŬűɞɟɎ ɗŮɟɛɞəɟŬůɑŬɠ ῳ  əŬɘ Űɞɜ ɡˊŮɟəɞɟŮůɛɧ. 

ũɘŬ — ρψπᶼ ɏɢɞɡɛŮ ɞɛɞɔŮɜɐ ˊɡɟɖɜɞˊɞɑɖůɖ. 
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ɆɢɐɛŬ 2.25. Ʌɡɗɛɧɠ ˊɡɟɖɜɞˊɞɑɖůɖɠ ůɡɜŬɟŰɐůŮɘ Űɞɡ ɡˊŮɟəɞɟŮůɛɞɨ ὛὙ ὴȾὴ (əɎŰɤ ɎɝɞɜŬɠ) 

ɐ Űɖɠ ŭɘŬűɞɟɎɠ ɗŮɟɛɞəɟŬůɑŬɠ ῳὝ (Ɏɜɤ ɎɝɞɜŬɠ). ũɘŬ Űɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ ŮŰŮɟɞɔŮɜɞɨɠ 

ˊɡɟɖɜɞˊɞɑɖůɖɠ, ˊŬɟɞɡůɘɎɕŮŰŬɘ ɞ ɟɡɗɛɧɠ ůɡɛˊɨəɜɤůɖɠ ɔɘŬ ŭɘŬűɞɟŮŰɘəɏɠ ɔɤɜɑŮɠ ŮˊŬűɐɠ. ȼ 

ˊŮɟɑˊŰɤůɖ Űɤɜ ρψπᶼ ŬɜŰɘůŰɞɘɢŮɑ ůŰɖɜ ɞɛɞɔŮɜɐ ˊɡɟɖɜɞˊɞɑɖůɖ. ȼ Űɘɛɐ Űɞɡ  ὔȕ  ρπ ά ẗ

ί ρ ὧά ẗί  ŮɑɜŬɘ ɏɜŬ ɧɟɘɞ ˊɞɡ ɏɢŮɘ ɚɖűɗŮɑ ˊŮɘɟŬɛŬŰɘəɎ. 

ũɘŬ — ρψπᶼ, ɞ ɟɡɗɛɧɠ ůɡɛˊɨəɜɤůɖɠ ŮɑɜŬɘ ˊɎɜŰŬ ɛŮɔŬɚɨŰŮɟɞɠ Ŭˊɧ ŬɡŰɧɜ Űɖɠ ɞɛɞɔŮɜɞɨɠ 

ˊɡɟɖɜɞˊɞɑɖůɖɠ. ȼ ŮŰŮɟɞɔŮɜɐɠ ˊɡɟɖɜɞˊɞɑɖůɖ ŮˊɘŰɟɏˊŮɘ ůɡɛˊɨəɜɤůɖ ůŮ ɗŮɟɛɞəɟŬůɘŬəɏɠ 

ŭɘŬűɞɟɏɠ ɛɘəɟɧŰŮɟŮɠ ŬɡŰɐɠ Űɖɠ ɞɛɞɔŮɜɞɨɠ. Ⱥˊɘˊɚɏɞɜ, ɔŮɤɛŮŰɟɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ, ɧˊɤɠ 

ŬŰɏɚŮɘŮɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ɐ əŬɘ ɢɖɛɘəɏɠ ŬɜɞɛɞɘɞɛɞɟűɑŮɠ Ůɡɜɞɞɨɜ Űɖ ůɡɛˊɨəɜɤůɖ. ũɘŬ ɜŬ ůɡɛɓŮɑ 

ůɡɛˊɨəɜɤůɖ Ŭəɟɘɓɩɠ ůŰɞ ůɖɛŮɑɞ ŭɟɧůɞɡ ɗŬ ˊɟɏˊŮɘ ɖ ŮˊɘűɎɜŮɘŬ ɜŬ ɏɢŮɘ Űɖ ɛɏɔɘůŰɖ ŭɘŬɓɟɞɢɐ 

— π, ŭɖɚŬŭɐ ɜŬ ŮɑɜŬɘ ˊɚɐɟɤɠ əŬɚɡɛɛɏɜɖ ɛŮ ɜŮɟɧ. 

ȺɝŬɘŰɑŬɠ Űɖɠ ŬɜŬˊɧűŮɡəŰɖɠ ɟɨˊŬɜůɖɠ Űɤɜ ŮˊɘűŬɜŮɘɩɜ Ŭˊɧ Űɖɜ Ŭɜɗɟɩˊɘɜɖ ŭɟŬůŰɖɟɘɧŰɖŰŬ ɐ 

Ŭˊɧ Űɞɡɠ ɟɨˊɞɡɠ Űɞɡ ˊŮɟɘɓɎɚɚɞɜŰɞɠ, ɞɘ ŮˊɘűɎɜŮɘŮɠ ɞɘ ɞˊɞɑŮɠ ŭŮɜ ˊɟɞůŰŬŰŮɨɞɜŰŬɘ əŬɚɨˊŰɞɜŰŬɘ 

ɛŮ ɚɘˊŬɟɏɠ ɞɟɔŬɜɘəɏɠ ŮɜɩůŮɘɠ ɞɘ ɞˊɞɑŮɠ ŬɡɝɎɜɞɡɜ Űɖ ɔɤɜɑŬ ŮˊŬűɐɠ ŬɡŰɩɜ ɛŮ Űɞ ɜŮɟɧ, ɔɨɟɤ 

ůŰɘɠ 40-70Á. Ƀɘ ɔɤɜɑŮɠ ŬɡŰɏɠ ŮɑɜŬɘ ɡɣɖɚɧŰŮɟŮɠ Ŭˊɧ ŬɡŰɏɠ ˊɞɡ ŬˊŬɜŰɩɜŰŬɘ ůŰɘɠ ůɡɜɐɗŮɘɠ 

əŬɗŬɟɏɠ ŮˊɘűɎɜŮɘŮɠ, ɧˊɤɠ ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ Űɞ ɔɡŬɚɑ ɛŮ — πᶼ. ȰŰůɘ, ŮɝŬɘŰɑŬɠ Űɖɠ ɡɣɖɚɧŰŮɟɖɠ 
ɔɤɜɑŬɠ ŮˊŬűɐɠ ɖ ůɡɛˊɨəɜɤůɖ ɔɑɜŮŰŬɘ ɡˊɧ Űɖ ɛɞɟűɐ ɛɘəɟɞůəɞˊɘəɩɜ ůŰŬɔɧɜɤɜ ˊɞɡ 

ŭɘŬůəɞɟˊɑɕɞɡɜ Űɞ űɤɠ əŬɘ əɎɜɞɡɜ ɞɟɘůɛɏɜŬ űŬɘɜɧɛŮɜŬ ůɡɛˊɨəɜɤůɖɠ, ɧˊɤɠ Űɖɜ ˊɎɢɜɖ əŬɘ Űɖɜ 

Ůəˊɜɞɐ, ɜŬ űŬɑɜɞɜŰŬɘ ɚŮɡəɎ.  

ȷɜɎɚɞɔŬ ɚɞɘˊɧɜ ɛŮ Űɖɜ əŬŰɎůŰŬůɖ ŭɘŬɓɟɞɢɐɠ Űɤɜ ůŰŬɔɧɜɤɜ ˊɞɡ ŭɖɛɘɞɡɟɔɞɨɜŰŬɘ əŬŰɎ Űɖ 

ůɡɛˊɨəɜɤůɖ, ŭɘŬəɟɑɜɞɜŰŬɘ ŭɨɞ ˊŮɟɘˊŰɩůŮɘɠ: 

¶ Ɇɡɛˊɨəɜɤůɖ ɡˊɧ Űɖ ɛɞɟűɐ űɘɚɛ (Filmwise Condensation-FWC) 

¶ Ɇɡɛˊɨəɜɤůɖ əŬŰɎ ůŰŬɔɧɜŮɠ (Dropwise Condensation-DWC) 
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2.2.2. Ɇɡɛˊɨəɜɤůɖ ɡˊɧ Űɖ ɛɞɟűɐ űɘɚɛ (FWC) 

ȼ ůɡɛˊɨəɜɤůɖ ɡˊɧ Űɖ ɛɞɟűɐ űɘɚɛ ˊŬɟŬŰɖɟŮɑŰŬɘ ůŮ ɡŭɟɧűɘɚŮɠ ŮˊɘűɎɜŮɘŮɠ ɐ ůŮ ŮˊɘűɎɜŮɘŮɠ ůŰɘɠ 

ɞˊɞɑŮɠ ɔɑɜŮŰŬɘ ŬɟɢɘəɎ ůɡɛˊɨəɜɤůɖ əŬŰɎ ůŰŬɔɧɜŮɠ ɖ ɞˊɞɑŬ ɏɢŮɘ ɢɎůŮɘ Űɖɜ ŬˊɞŭɞŰɘəɧŰɖŰɎ Űɖɠ. 

ɇɞ ˊɎɢɞɠ Űɞɡ ɡɔɟɞɨ űɘɚɛ ŬɡɝɎɜŮŰŬɘ ˊɟɞůɗɏŰɞɜŰŬɠ ɛɑŬ Ůˊɘˊɚɏɞɜ ɗŮɟɛɘəɐ ŬɜŰɑůŰŬůɖ ůŰɞɜ ŬŰɛɧ 

ˊɞɡ ɏɟɢŮŰŬɘ ůŮ ŮˊŬűɐ ɛŮ Űɖɜ ŮˊɘűɎɜŮɘŬ, ɛŮɘɩɜɞɜŰŬɠ ɏŰůɘ Űɖɜ Ŭˊɧŭɞůɖ Űɖɠ ɛŮŰŬűɞɟɎɠ 

ɗŮɟɛɧŰɖŰŬɠ əŬŰɎ Űɖɜ ŬɚɚŬɔɐ űɎůɖɠ. Ƀ Nusselt137 ˊɟŬɔɛŬŰɞˊɞɑɖůŮ ɛɑŬ ɞɚɞəɚɖɟɤɛɏɜɖ 

ŬɜɎɚɡůɖ Űɞɡ ůŰɟɤŰɞɨ ůŰɟɩɛŬŰɞɠ ɜŮɟɞɨ ˊɞɡ ˊɟɞəɨˊŰŮɘ əŬŰɎ Űɖ ůɡɛˊɨəɜɤůɖ ɡˊɧ Űɖ ɛɞɟűɐ 

űɘɚɛ ůŮ ɘůɞɗŮɟɛɞəɟŬůɘŬəɐ əɎɗŮŰɖ ŮˊɑˊŮŭɖ ŮˊɘűɎɜŮɘŬ əŬɘ ɞɟɘɕɧɜŰɘŬ əɡɚɘɜŭɟɘəɐ. Ƀ 

ůɡɜŰŮɚŮůŰɐɠ ɛŮŰɎŭɞůɖɠ ɗŮɟɛɧŰɖŰŬɠ ˊɞɡ ɡˊɞɚɧɔɘůŮ ɔɘŬ Űɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ ŮˊɑˊŮŭɖɠ əŬɘ 

əɎɗŮŰɖɠ ŮˊɘűɎɜŮɘŬɠ ŮɑɜŬɘ: 

 Ὤ πȢωτσ
ᶻ

  (2.27)  

Ůɜɩ ɔɘŬ Űɖɜ əɡɚɘɜŭɟɘəɐ ŮˊɘűɎɜŮɘŬ ŮɑɜŬɘ: 

 Ὤ πȢχςψ
ᶻ

  (2.28)  

ɇɞ ɛɞɜŰɏɚɞ Űɞɡ Nusselt ɔɘŬ Űɞ FWC ŬˊɞŰŮɚŮɑ ɛɑŬ ɘŭŬɜɘəɐ ˊŮɟɑˊŰɤůɖ ůɡɛˊɨəɜɤůɖɠ əŬɘ ůɡɢɜɎ 

ɡˊŮɟŮəŰɘɛɎ Űɖɜ Űɘɛɐ Űɞɡ ůɡɜŰŮɚŮůŰɐ ɛŮŰɎŭɞůɖɠ ɗŮɟɛɧŰɖŰŬɠ. ɆŰɖɜ ˊɟɎɝɖ, ɚɧɔɤ Űɖɠ ɨˊŬɟɝɖɠ 

ɛɖ ůɡɛˊɡəɜɩůɘɛɤɜ ŬŮɟɑɤɜ əŬɘ Űɖɠ ŰɟŬɢɨŰɖŰŬɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ, ɞ ˊɟŬɔɛŬŰɘəɧɠ ůɡɜŰŮɚŮůŰɐɠ 

ɛŮŰɎŭɞůɖɠ ɗŮɟɛɧŰɖŰŬɠ ŬˊɞəɚɑɜŮɘ Ŭˊɧ Űɘɠ ˊɟɞɓɚɏɣŮɘɠ Űɞɡ ɛɞɜŰɏɚɞɡ Űɞɡ Nusselt. ɇŬ ŰŮɚŮɡŰŬɑŬ 

ɢɟɧɜɘŬ ɏɢɞɡɜ ŬɜŬˊŰɡɢɗŮɑ ˊɞɚɚɎ ɛɞɜŰɏɚŬ ɔɘŬ Űɞ FWC ˊɞɡ ˊɟɞɓɚɏˊɞɡɜ Űɖɜ ŮˊɑŭɟŬůɖ Űɤɜ ɛɖ 

ůɡɛˊɡəɜɩůɘɛɤɜ ŬŮɟɑɤɜ,139 Űɖɜ ŬɜɎˊŰɡɝɖ űɘɚɛ ɜŮɟɞɨ ůŮ ɔŮɤɛŮŰɟɑŮɠ ɛŮ ɛŮɔɎɚŮɠ ŬɜŬɚɞɔɑŮɠ 

ŭɘŬůŰɎůŮɤɜ,140 əŬɗɩɠ əŬɘ Űɖɜ ŬɜɎˊŰɡɝɖ űɘɚɛ ˊɎɜɤ ůŮ əŬɛˊɨɚŮɠ ŮˊɘűɎɜŮɘŮɠ.141 ȾŬŰɎ Űɖ 

ůɡɛˊɨəɜɤůɖ ɡˊɧ Űɖ ɛɞɟűɐ űɘɚɛ, ɞɚɧəɚɖɟɖ ɖ ŮˊɘűɎɜŮɘŬ ŮɑɜŬɘ əŬɚɡɛɛɏɜɖ Ŭˊɧ Űɞ ůɡɛˊɨəɜɤɛŬ, 

ɔŮɔɞɜɧɠ ˊɞɡ ˊɟɞůɗɏŰŮɘ Ůˊɘˊɚɏɞɜ ɗŮɟɛɘəɏɠ ŬɜŰɘůŰɎůŮɘɠ əŬɘ ˊŮɟɘɞɟɑɕŮɘ Űɖ ɛŮŰŬűɞɟɎ 

ɗŮɟɛɧŰɖŰŬɠ. ũɘŬ Űɖɜ ŬɜŰɘůŰɎɗɛɘůɖ ŬɡŰɐɠ Űɖɠ ŬˊɩɚŮɘŬɠ, ŬˊŬɘŰŮɑŰŬɘ ɖ Ŭɨɝɖůɖ Űɖɠ ŮˊɘűɎɜŮɘŬɠ 

Űɞɡ ůɡɛˊɡəɜɤŰɐ əŬɘ ɖ ɛŮɑɤůɖ Űɞɡ ˊɎɢɞɡɠ Űɞɡ ůɡɛˊɡəɜɩɛŬŰɞɠ. ȼ Ŭɨɝɖůɖ Űɖɠ ŮˊɘűɎɜŮɘŬɠ 

ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɛɏůɤ Űɖɠ ˊɟɞůɗɐəɖɠ Ůɘŭɘəɩɜ ˊŰŮɟɡɔɑɤɜ.142ï144 Ƀɘ Ho et al.145 ŭɘŮɝɐɔŬɔŬɜ ɛɑŬ 

ɚŮˊŰɞɛŮɟɐ ɛŮɚɏŰɖ ůɢŮŰɘəɎ ɛŮ Űɖɜ ŮˊɑŭɟŬůɖ Űɤɜ ɔŮɤɛŮŰɟɘəɩɜ ˊŬɟŬɛɏŰɟɤɜ əɤɜɘəɩɜ 

ˊŰŮɟɡɔɑɤɜ, əŬɘ ɏŭŮɘɝŬɜ ɧŰɘ Űɞ əɤɜɘəɧ ŬɡŰɧ ůɢɐɛŬ ŮɑɜŬɘ ŬˊɞŭɞŰɘəɧŰŮɟɞ ůŮ ůɢɏůɖ ɛŮ Űɞ 

əɡɚɘɜŭɟɘəɧ ɐ Űɞ ɖɛɘŰɞɜɞŮɘŭɏɠ, əŬɗɩɠ ɛŮɘɩɜŮɘ ŬˊɞŭɞŰɘəɧŰŮɟŬ Űɞɜ ˊɚɖɛɛɡɟɘůɛɧ Űɖɠ ŮˊɘűɎɜŮɘŬɠ 

əŬŰɎ Űɖ ůɡɛˊɨəɜɤůɖ (ɆɢɐɛŬ 2.26a). Ƀɘ ɔŮɤɛŮŰɟɘəɏɠ ˊŬɟɎɛŮŰɟɞɘ Űɤɜ ˊŰŮɟɡɔɑɤɜ (2D ɐ 3D) 

ɏɢɞɡɜ əŬɗɞɟɘůŰɘəɧ ɟɧɚɞ ůŰɖɜ Ůɜɑůɢɡůɖ Űɖɠ ɛŮŰŬűɞɟɎɠ ɗŮɟɛɧŰɖŰŬɠ, əŬɗɩɠ ɖ ŮˊɑŭɟŬůɖ Űɤɜ 

ŮˊɘűŬɜŮɘŬəɩɜ ŰɎůŮɩɜ Űɞɡɠ ůŰɞ ɡɔɟɧ űɘɚɛ ˊŮɟɘɞɟɑɕŮɘ Űɖɜ ŬɜɎˊŰɡɝɖ Űɞɡ ˊɎɢɞɡɠ Űɞɡ 

ůɡɛˊɡəɜɩɛŬŰɞɠ, ŮɜɘůɢɨɞɜŰŬɠ Űɖɜ Ŭˊɧɟɟɘɣɐ Űɞɡ, əŬɘ ŰŬɡŰɧɢɟɞɜŬ Űɖ ɛŮŰŬűɞɟɎ ɗŮɟɛɧŰɖŰŬɠ. 

Ƀɘ ɛɘəɟɞ əŬɘ ɜŬɜɞ ŭɞɛɏɠ ůŮ ŮˊɘűɎɜŮɘŮɠ, ůŰɘɠ ɞˊɞɑŮɠ ɔɑɜŮŰŬɘ ůɡɛˊɨəɜɤůɖ ɡˊɧ ɛɞɟűɐ űɘɚɛ, 

ɛŮɘɩɜɞɡɜ Űɞ ˊɎɢɞɠ Űɞɡ ɡɔɟɞɨ ůŰɟɩɛŬŰɞɠ ŬɚɚɎ ŰŬɡŰɧɢɟɞɜŬ ŬɡɝɎɜɞɡɜ əŬɘ Űɖɜ Űɟɘɓɐ Űɞɡ ɛŮ Űɖɜ 

ŮˊɘűɎɜŮɘŬ, ɔŮɔɞɜɧɠ ˊɞɡ ˊŮɟɘɞɟɑɕŮɘ Űɖ ɢɟɐůɖ Űɞɡɠ. ȯɚɚŮɠ ɛɏɗɞŭɞɘ ɛŮɑɤůɖɠ Űɞɡ ˊɎɢɞɡɠ Űɞɡ 

ɡɔɟɞɨ ŬɡŰɞɨ űɘɚɛ ˊŮɟɘɚŬɛɓɎɜɞɡɜ Űɖ ɢɟɐůɖ ŭɞɛɩɜ ůŮ ůɢɐɛŬ ɣŬɟɞəɞəɎɚɞɡ143,146 əŬɘ ůɤɚɐɜɤɜ 

ɛŮ ɓŬɗɞɡɚɩɛŬŰŬ (ɆɢɐɛŬ 2.26b). Ƀɘ ŰŮɢɜɘəɏɠ ŬɡŰɏɠ ˊŬɟɞɡůɘɎɕɞɡɜ Ŭɨɝɖůɖ ůŰɖ ɛŮŰŬűɞɟɎ 

ɗŮɟɛɧŰɖŰŬɠ ůŮ ůɢɏůɖ ɛŮ Űɖ ůɡɛˊɨəɜɤůɖ ůŮ ŮˊɑˊŮŭɖ ŮˊɘűɎɜŮɘŬ. Ⱥˊɑůɖɠ, ɛŮɚɏŰŮɠ ɏɢɞɡɜ ŭŮɑɝŮɘ 

ɧŰɘ ɖ ɢɟɐůɖ ˊɞɟɤŭɩɜ ŮˊɘűŬɜŮɘɩɜ ůŰɖ ůɡɛˊɨəɜɤůɖ ɛˊɞɟŮɑ ɜŬ ɞŭɖɔɐůŮɘ ůŰɖ ɛŮɑɤůɖ Űɞɡ 

ˊɎɢɞɡɠ Űɞɡ ůɡɛˊɡəɜɩɛŬŰɞɠ.147,148 ȹɘɎűɞɟɞɘ ŮɟŮɡɜɖŰɏɠ ɏɢɞɡɜ ŬɜŬˊŰɨɝŮɘ ŬɟɘɗɛɖŰɘəɎ ɛɞɜŰɏɚŬ 

ˊɞɡ ŭŮɑɢɜɞɡɜ ɓŮɚŰɘɤɛɏɜɖ ɛŮŰŬűɞɟɎ ɗŮɟɛɧŰɖŰŬɠ əŬŰɎ Űɞ FWC ůŮ ŰɏŰɞɘɞɡ Ůɑŭɞɡɠ ŮˊɘűɎɜŮɘŮɠ. 

149,150 ɇŬ ˊŮɟɘůůɧŰŮɟŬ Ŭˊɧ ŬɡŰɎ ŰŬ ɛɞɜŰɏɚŬ ŮˊɘŭŮɘəɜɨɞɡɜ ɏɜŬ əɟɑůɘɛɞ ˊɎɢɞɠ ɡɛŮɜɑɞɡ ɛɏɢɟɘ Űɞ 

ɞˊɞɑɞ ŬɡɝɎɜŮŰŬɘ ɞ ůɡɜŰŮɚŮůŰɐɠ ɛŮŰɎŭɞůɖɠ ɗŮɟɛɧŰɖŰŬɠ əŬŰɎ Űɖ ůɡɛˊɨəɜɤůɖ, Ůɜɩ ˊɏɟŬ Ŭˊɧ 



[56] 

 

ŬɡŰɧ ɞ ůɡɜŰŮɚŮůŰɐɠ ɛŮɘɩɜŮŰŬɘ, əŬɗɩɠ Űɞ Ŭɡɝɖɛɏɜɞ ˊɎɢɞɠ Űɞɡ ɡɛŮɜɑɞɡ ˊɟɞůɗɏŰŮɘ ůɖɛŬɜŰɘəɐ 

ŬɜŰɑůŰŬůɖ ůŰɖ ɛŮŰŬűɞɟɎ ɗŮɟɛɧŰɖŰŬɠ. Ƀɘ Wang et al.151 ŬɜɏűŮɟŬɜ Ŭɨɝɖůɖ Űɞɡ ůɡɜŰŮɚŮůŰɐ 

ɛŮŰɎŭɞůɖɠ ɗŮɟɛɧŰɖŰŬɠ əŬŰɎ Űɞ FWC əŬŰɎ 237ï250% ůŮ ůɤɚɐɜŬ ɛŮ ŬɡɚŬəɞŮɘŭɐ ˊɞɟɩŭɖ 

ŮˊɑůŰɟɤůɖ, ůŮ ůɨɔəɟɘůɖ ɛŮ ɏɜŬɜ Ŭˊɚɧ ɛɖ ŮˊɘůŰɟɤɛɏɜɞ. Ƀɘ Preston et al.152 ɏŭŮɘɝŬɜ ɧŰɘ ɞ 

ůɡɜŰŮɚŮůŰɐɠ ɛŮŰɎŭɞůɖɠ ɗŮɟɛɧŰɖŰŬɠ ɛˊɞɟŮɑ ɜŬ ŬɡɝɖɗŮɑ əŬŰɎ 350% ůɡɔəɟɘŰɘəɎ ɛŮ ŮˊɑˊŮŭɖ 

ŮˊɘűɎɜŮɘŬ ɢŬɚəɞɨ, ɛɏůɤ Űɖɠ ɢɟɐůɖɠ ˊɞɟɩŭɞɡɠ ŭɞɛɐɠ Ŭűɟɞɨ Ŭˊɧ ɢŬɚəɧ. ɇɞ ˊɞɟɩŭŮɠ ɧŰŬɜ 

ɔŮɛɑɕŮɘ ɛŮ Űɞ ůɡɛˊɨəɜɤɛŬ ˊŮɟɘɞɟɑɕŮɘ Űɞ ˊɎɢɞɠ Űɞɡ, ɛŮɘɩɜɞɜŰŬɠ Űɘɠ ɗŮɟɛɘəɏɠ ŬɜŰɘůŰɎůŮɘɠ, 

ŬɡɝɎɜɞɜŰŬɠ ɏŰůɘ Űɖ ɛŮŰɎŭɞůɖ ɗŮɟɛɧŰɖŰŬɠ. ɇŬ ˊŮɘɟɎɛŬŰŬ ŬɡŰɎ ŭɘŮɝɐɢɗɖůŬɜ ɛŮ ˊŮɜŰɎɜɘɞ ɔɘŬ 

ɜŬ ŮˊɘŭŮɑɝɞɡɜ Űɖɜ ŬˊɞŰŮɚŮůɛŬŰɘəɧŰɖŰŬ Űɖɠ ɛŮɗɧŭɞɡ ůŰɖ ɛŮŰŬűɞɟɎ ɗŮɟɛɧŰɖŰŬɠ əŬŰɎ Űɖ 

ůɡɛˊɨəɜɤůɖ ɡɔɟɩɜ ɢŬɛɖɚɐɠ ŮˊɘűŬɜŮɘŬəɐɠ ŰɎůɖɠ, ŰŬ ɞˊɞɑŬ ŭɘŬɓɟɏɢɞɡɜ ˊɚɐɟɤɠ Űɞ ˊɞɟɩŭŮɠ 

ŬŭɡɜŬŰɩɜŰŬɠ ɜŬ ˊɟŬɔɛŬŰɞˊɞɘɐůɞɡɜ ůɡɛˊɨəɜɤůɖ əŬŰɎ ůŰŬɔɧɜŮɠ. Ƀɘ ůɡɔɔɟŬűŮɑɠ 

ɡˊɞůŰɖɟɑɕɞɡɜ ɧŰɘ ŬɡŰɐ ɖ ɛɏɗɞŭɞɠ ɛˊɞɟŮɑ ɜŬ ˊŮɟɘɞɟɑůŮɘ Űɖɜ ŬɜɎɔəɖ ɢɟɐůɖɠ ɡŭɟɧűɞɓɤɜ 

ɡɛŮɜɑɤɜ ɔɘŬ Űɖɜ Ůɜɑůɢɡůɖ Űɖɠ ɛŮŰɎŭɞůɖɠ ɗŮɟɛɧŰɖŰŬɠ. ɀɘŬ ˊŬɟɧɛɞɘŬ ɛŮɚɏŰɖ ůŮ ˊɞɟɩŭŮɘɠ 

ŭɞɛɏɠ ŭɘŮɝɐɢɗɖ Ŭˊɧ Űɞɡɠ Wang et al.153 ɞɘ ɞˊɞɑɞɘ ɏŭŮɘɝŬɜ ɧŰɘ ɞɘ ŰɟɘɢɞŮɘŭŮɑɠ ŭɡɜɎɛŮɘɠ ůŮ 

ˊɞɟɩŭŮɠ ɡɣɖɚɐɠ ɗŮɟɛɘəɐɠ ŬɔɤɔɘɛɧŰɖŰŬɠ ɛˊɞɟɞɨɜ ɜŬ Ŭɝɘɞˊɞɘɖɗɞɨɜ ɔɘŬ Űɖɜ ŬˊɞɛɎəɟɡɜůɖ Űɞɡ 

ůɡɛˊɡəɜɩɛŬŰɞɠ. ɆŮ Ɏɚɚɖ ŮɟɔŬůɑŬ, ɞɘ Oh et al.154 əŬŰɧɟɗɤůŬɜ ɜŬ ˊŮɟɘɞɟɑůɞɡɜ Űɞ űɘɚɛ Űɞɡ 

ůɡɛˊɡəɜɩɛŬŰɞɠ ůŮ ɛɑŬ ɚŮˊŰɐ ůŰɟɩůɖ ɜŮɟɞɨ (<10 ɛm) ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ŬɛűɑűɘɚŮɠ ˊɞɟɩŭŮɘɠ 

ɜŬɜɞŭɞɛɏɠ (ɆɢɐɛŬ 2.26c). Ⱥˊɑůɖɠ, ˊŬɟŬŰɖɟɐɗɖəŮ ɧŰɘ ɞɘ ŰɟŬˊŮɕɞŮɘŭŮɑɠ ŬɡɚŬəɩůŮɘɠ ůŮ 

ɛŮŰŬɚɚɘəɏɠ ˊɚɎəŮɠ ɏɢɞɡɜ 1.5-2.5 űɞɟɏɠ ɛŮɔŬɚɨŰŮɟɖ ɛŮŰŬűɞɟɎ ɗŮɟɛɧŰɖŰŬɠ ůŮ ůɢɏůɖ ɛŮ Űɘɠ 

ŮˊɑˊŮŭŮɠ ŬəŬŰɏɟɔŬůŰŮɠ ŮˊɘűɎɜŮɘŮɠ (ɆɢɐɛŬ 2.26d).155 ɇɏɚɞɠ, ɛɑŬ Ɏɚɚɖ ɛɏɗɞŭɞɠ ɔɘŬ Űɖɜ 

Ůɜɑůɢɡůɖ Űɖɠ Ŭˊɞɢɩɟɖůɖɠ Űɞɡ ůɡɛˊɡəɜɩɛŬŰɞɠ əŬŰɎ Űɞ FWC, ŬɜŬűɏɟŮŰŬɘ ůŮ ɛŮɚɏŰɖ Űɞɡ 

2019, ɧˊɞɡ ɖ ɢɟɐůɖ ɡŭɟɧűɞɓɤɜ ŮɝɞɔəɤɛɎŰɤɜ ˊŮɟɘɧɟɘůŮ ŬˊɞŰŮɚŮůɛŬŰɘəɎ Űɖɜ ŬɜɎˊŰɡɝɖ Űɞɡ 

ˊɎɢɞɡɠ Űɞɡ ůɡɛˊɡəɜɩɛŬŰɞɠ.156 ȼ Ůɜɑůɢɡůɖ Űɖɠ ůɡɛˊɨəɜɤůɖɠ əŬɘ Űɖɠ ɛŮŰŬűɞɟɎɠ ɗŮɟɛɧŰɖŰŬɠ 

ɛŮ Űɖ ɢɟɐůɖ ŰɏŰɞɘɞɡ Űɨˊɞɡ ŮɝɞɔəɤɛɎŰɤɜ ɏɢŮɘ ŬˊɞŭŮɘɢɗŮɑ ůŮ ŬɟəŮŰɏɠ ŮɟɔŬůɑŮɠ (ɆɢɐɛŬ 2.26e). 

157,158  

ɆŰɞ ɆɢɐɛŬ 2.26 ŬˊŮɘəɞɜɑɕɞɜŰŬɘ ɛŮɟɘəɏɠ Ŭˊɧ Űɘɠ ŭɘŬɛɞɟűɩůŮɘɠ ŮˊɘűŬɜŮɘɩɜ ˊɞɡ ŬɜŬűɏɟɗɖəŬɜ 

ɔɘŬ Űɖɜ Ŭɨɝɖůɖ Űɖɠ ɛŮŰɎŭɞůɖɠ ɗŮɟɛɧŰɖŰŬɠ əŬŰɎ Űɞ FWC. 

 

ɆɢɐɛŬ 2.26. ɇŮɢɜɘəɏɠ Ůɜɑůɢɡůɖɠ Űɖɠ ɛŮŰɎŭɞůɖɠ ɗŮɟɛɧŰɖŰŬɠ əŬŰɎ Űɞ FWC. a) ȷˊŮɘəɧɜɘůɖ Űɤɜ 

əɤɜɘəɩɜ ˊŰŮɟɡɔɑɤɜ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬ Űɖɜ Ŭɨɝɖůɖ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ůɡɛˊɨəɜɤůɖɠ,145 b) 

ȷɟɘůŰŮɟɎ: ŭɘŬɛɞɟűɩůŮɘɠ Űɖɠ ɛɞɟűɐɠ ɣŬɟɞəɞəɎɚɞɡ, ŭŮɝɘɎ: ůɤɚɐɜŬɠ ɛŮ ɓŬɗɞɡɚɩɛŬŰŬ. Ƀɘ 

ŭɘŬɛɞɟűɩůŮɘɠ ŬɡŰɏɠ ůɡɛɓɎɚɚɞɡɜ ůŰɖ ɛŮɑɤůɖ Űɞɡ ˊɎɢɞɡɠ Űɞɡ ůɡɛˊɡəɜɩɛŬŰɞɠ143,146 c) 
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ɄŮɟɘɞɟɘůɛɧɠ Űɞɡ ˊɎɢɞɡɠ Űɞɡ ůɡɛˊɡəɜɩɛŬŰɞɠ ɛɏůɤ ˊɞɟɤŭɩɜ ŭɞɛɩɜ ɛŮ ɡŭɟɧűɞɓɖ ŮˊɘűɎɜŮɘŬ,154 

d) ŰɟŬˊŮɕɞŮɘŭŮɑɠ ŭɘŬɛɞɟűɩůŮɘɠ ɔɘŬ Űɖɜ Ůɜɑůɢɡůɖ Űɖɠ ɛŮŰŬűɞɟɎɠ ɗŮɟɛɧŰɖŰŬɠ əŬŰɎ Űɖ 

ůɡɛˊɨəɜɤůɖ.155 e) ȹɘɎűɞɟŮɠ ŭɘŬɛɞɟűɩůŮɘɠ ŮɝɞɔəɤɛɎŰɤɜ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɤɜ ůɤɚɐɜɤɜ 

ůɡɛˊɨəɜɤůɖɠ ɔɘŬ Űɞɜ ˊŮɟɘɞɟɘůɛɧ Űɞɡ ˊɎɢɞɡɠ Űɞɡ ůɡɛˊɡəɜɩɛŬŰɞɠ.157,158 

2.2.3. Ɇɡɛˊɨəɜɤůɖ əŬŰɎ ůŰŬɔɧɜŮɠ (Dropwise Condensation-DWC) 

ɀŮŰɎ Űɖɜ ˊŮɟɘɔɟŬűɐ əŬɘ ŬɜɎɚɡůɖ Űɤɜ ɛŮɗɧŭɤɜ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬ Űɖɜ Ůɜɑůɢɡůɖ Űɖɠ 

ɛŮŰŬűɞɟɎɠ ɗŮɟɛɧŰɖŰŬɠ əŬŰɎ Űɖ ůɡɛˊɨəɜɤůɖ ɡˊɧ Űɖ ɛɞɟűɐ űɘɚɛ, ŬəɞɚɞɡɗŮɑ, ůŰɞ ȾŮűɎɚŬɘɞ 

ŬɡŰɧ, ɖ ˊŮɟɘɔɟŬűɐ əŬɘ ŬɜɎɚɡůɖ Űɖɠ ůɡɛˊɨəɜɤůɖɠ Űɞɡ ŬŰɛɞɨ ɡˊɧ Űɖ ɛɞɟűɐ ŭɘŬəɟɘŰɩɜ 

ůŰŬɔɧɜɤɜ. ȷɟɢɘəɎ ɔɑɜŮŰŬɘ ɛɑŬ ůɨɜŰɞɛɖ ˊŮɟɘɔɟŬűɐ Űɤɜ ůŰŬŭɑɤɜ ŬɜɎˊŰɡɝɖɠ ɛɑŬɠ ůŰŬɔɧɜŬɠ ůŮ 

ˊŮɟɘɓɎɚɚɞɜ əŬɗŬɟɞɨ ŬŰɛɞɨ, Ůɜɩ ůŰɖ ůɡɜɏɢŮɘŬ ŮˊŮɝɖɔɞɨɜŰŬɘ ɞɘ ɛɖɢŬɜɘůɛɞɑ Ŭˊɞɢɩɟɖůɖɠ Űɤɜ 

ůŰŬɔɧɜɤɜ ůŰɞ DWC. ɇɏɚɞɠ, ŬɜŬɚɨɞɜŰŬɘ ŰŬ ɛɞɜŰɏɚŬ ɛŮŰɎŭɞůɖɠ ɗŮɟɛɧŰɖŰŬɠ ˊɞɡ ɏɢɞɡɜ 

ŬɜŬˊŰɡɢɗŮɑ ɔɘŬ Űɞ DWC, Űɧůɞ ɔɘŬ Űɖɜ ˊŮɟɑˊŰɤůɖ ɛŮɛɞɜɤɛɏɜɤɜ ůŰŬɔɧɜɤɜ, ɧůɞ əŬɘ ɔɘŬ 

ˊɚɖɗɡůɛɞɨɠ ůŰŬɔɧɜɤɜ ˊɎɜɤ ůŮ ŮˊɘűɎɜŮɘŮɠ. 

ɄɟɞŰɞɨ ɝŮəɘɜɐůɞɡɛŮ Űɖɜ ŬɜɎɚɡůɖ Űɤɜ ɧůɤɜ ŬɜŬűɏɟɗɖəŬɜ, ŮɑɜŬɘ ůɖɛŬɜŰɘəɧ ɜŬ ɔɑɜŮɘ ŭɘɎəɟɘůɖ 

Űɤɜ ůŰŬŭɑɤɜ Ŭˊɧ ŰŬ ɞˊɞɑŬ ŭɘɏɟɢŮŰŬɘ ɛɑŬ ůŰŬɔɧɜŬ əŬŰɎ Űɖ ůɡɛˊɨəɜɤůɖ ˊɎɜɤ ůŮ ɛɘŬ ůŰŮɟŮɐ 

ŮˊɘűɎɜŮɘŬ. ɇŬ ůŰɎŭɘŬ Űɖɠ ůɡɛˊɨəɜɤůɖɠ ůɡɔəŬŰŬɚɏɔɞɜŰŬɘ ůŰŬ ŬəɧɚɞɡɗŬ: 

1. Ʉɡɟɖɜɞˊɞɑɖůɖ ůŰŬɔɧɜɤɜ əɡɟɑɤɠ ůŰɘɠ ˊŮɟɘɞɢɏɠ ŬŰŮɚŮɘɩɜ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ɛŮ ɛɏůɖ ŬˊɧůŰŬůɖ 

ɛŮŰŬɝɨ Űɤɜ ˊɡɟɐɜɤɜ ůɡɛˊɨəɜɤůɖɠ ἂὨἃ ρȾτὲ, ɛŮ ὲ Űɖɜ ŮˊɘűŬɜŮɘŬəɐ ˊɡəɜɧŰɖŰŬ Űɤɜ 

ɗɏůŮɤɜ ˊɡɟɖɜɞˊɞɑɖůɖɠ, ɗŮɤɟɩɜŰŬɠ ɧŰɘ ɞɘ ɗɏůŮɘɠ ɓɟɑůəɞɜŰŬɘ ůŮ ŰŮŰɟŬɔɤɜɘəɧ ˊɚɏɔɛŬ. 

2. ȷɜɎˊŰɡɝɖ ůŰŬɔɧɜɤɜ, ˊɟŬɔɛŬŰɞˊɞɘɩɜŰŬɠ ůɡɢɜɏɠ ůɡɜŮɜɩůŮɘɠ əŬɘ əŬɚɨˊŰɞɜŰŬɠ Űɖɜ 

ŮˊɘűɎɜŮɘŬ ůŮ ɏɜŬ ɛɘəɟɧ ˊɞůɞůŰɧ. ȼ ŬəŰɑɜŬ, Ὑ, Űɖɠ əɡəɚɘəɐɠ ŭɘŬŰɞɛɐɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ 

ŮˊŬűɐɠ Űɖɠ ůŰŬɔɧɜŬɠ ɛŮŰŬɓɎɚɚŮŰŬɘ ɛŮ Űɞɜ ɢɟɧɜɞ, ὸ, ůɨɛűɤɜŬ ɛŮ Űɖɜ ὙḐὸ. ȼ Űɘɛɐ Űɞɡ 

ŮəɗŮŰɘəɞɨ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɘɠ ůɢŮŰɘəɏɠ ŬˊɞůŰɎůŮɘɠ ɛŮŰŬɝɨ Űɤɜ ůŰŬɔɧɜɤɜ ἂὨἃ ůɡɔəɟɘŰɘəɎ ɛŮ 

Űɞ ɞɟɘŬəɧ ůŰɟɩɛŬ ůɡɔəɏɜŰɟɤůɖɠ Űɞɡ ŬŰɛɞɨ ‒. ȺɎɜ ɞɘ ůŰŬɔɧɜŮɠ ŮɑɜŬɘ ˊɞɚɨ ɛŬəɟɘɎ ɛŮŰŬɝɨ 

Űɞɡɠ, ŭɖɚŬŭɐ ἂὨἃ ς‒, ŰɧŰŮ ŬɜŬˊŰɨůůɞɜŰŬɘ ŬɜŮɝɎɟŰɖŰŬ ůŮ ɖɛɘůűŬɘɟɘəɎ ˊɟɞűɑɚ 

ůɡɔəɏɜŰɟɤůɖɠ, ɛŮ ŬˊɞŰɏɚŮůɛŬ ‍ ρȾς. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ ˊɞɡ ɞɘ ůŰŬɔɧɜŮɠ ŮɑɜŬɘ ˊɘɞ əɞɜŰɎ 

ɛŮŰŬɝɨ Űɞɡɠ, ŭɖɚŬŭɐ ἂὨἃḺς‒, ŰŬ ŬɜŮɝɎɟŰɖŰŬ ˊɟɞűɑɚ Űɞɡɠ ŬɚɚɖɚɞŮˊɘəŬɚɨˊŰɞɜŰŬɘ ɛŮ 

ŬˊɞŰɏɚŮůɛŬ ɜŬ ˊɟɞəɨˊŰŮɘ ɏɜŬ ɛɏůɞ ˊɟɞűɑɚ əŬɘ ɞ ŮəɗɏŰɖɠ ‍ ɜŬ ˊŬɑɟɜŮɘ ɛɘəɟɧŰŮɟɖ Űɘɛɐ, ‍

ρȾσ. 
3. ɆŰɖ ůɡɜɏɢŮɘŬ ɞɘ ůŰŬɔɧɜŮɠ ɏɟɢɞɜŰŬɘ ůŮ ŮˊŬűɐ ɛŮŰŬɝɨ Űɞɡɠ, ɞŭɖɔɩɜŰŬɠ ůŮ ɛɑŬ ůŰŬɗŮɟɐ 

ŮˊɘűŬɜŮɘŬəɐ əɎɚɡɣɖ əŬɘ ˊŬɟɧɛɞɘŬ ůɡɛˊŮɟɘűɞɟɎ ŬɜɎˊŰɡɝɖɠ. ɇŬ ˊɟɞűɑɚ ůɡɔəɏɜŰɟɤůɖɠ 

ŬɚɚɖɚɞŮˊɘəŬɚɨˊŰɞɜŰŬɘ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ŭɖɛɘɞɡɟɔŮɑŰŬɘ ɏɜŬ ɛɏůɞ ˊɟɞűɑɚ, Űɞ ɞˊɞɑɞ 

ŬɜŰɘůŰɞɘɢŮɑ ůŮ  ‍ ρȾσ ɔɘŬ əɎɗŮ ŬɜŮɝɎɟŰɖŰɖ ůŰŬɔɧɜŬ. ȼ ɛɏůɖ ŬəŰɑɜŬ Űɞɡ ɛɞŰɑɓɞɡ Űɤɜ 

ůŰŬɔɧɜɤɜ ŬɜŬˊŰɨůůŮŰŬɘ ɤɠ  Ὑ Ḑὸ ɛŮ ‎ σ‍ ρ. ɆŮ ŬɡŰɧ Űɞ ůŰɎŭɘɞ, ɖ ŮˊɘűŬɜŮɘŬəɐ 

əɎɚɡɣɖ , ‐, ˊŬɟŬɛɏɜŮɘ ůŰŬɗŮɟɐ əɎŰɘ ˊɞɡ ůɖɛŬɑɜŮɘ ɧŰɘ ɖ ɛɏůɖ ŬˊɧůŰŬůɖ Ὠ  ŮɑɜŬɘ Űɖɠ 

ɑŭɘŬɠ ŰɎɝɖɠ ɛŮ Űɞ Ὑ . 

4. ɆŮ əɎˊɞɘŬ űɎůɖ, ɖ ɛɏůɖ ŬˊɧůŰŬůɖ ɛŮŰŬɝɨ Űɤɜ ůŰŬɔɧɜɤɜ ɗŬ ŮɑɜŬɘ ἂὨἃ ς‒ əŬɘ ɖ 
ˊɡɟɖɜɞˊɞɑɖůɖ ɜɏɤɜ ɗŬ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ŬɜɎɛŮůŬ ůŮ ɔŮɘŰɞɜɘəɏɠ ůŰŬɔɧɜŮɠ. Ƀɘ ɜɏŮɠ 

ůŰŬɔɧɜŮɠ ˊɞɡ ɗŬ ŭɖɛɘɞɡɟɔɖɗɞɨɜ Ŭəɞɚɞɡɗɞɨɜ Űɞɜ ɑŭɘɞ ŮəɗŮŰɘəɧ ɜɧɛɞ ŬɜɎˊŰɡɝɖɠ, ɧˊɤɠ 

ˊŮɟɘɔɟɎűɖəŮ əŬɘ ˊɟɞɖɔɞɡɛɏɜɤɠ. 

5. ȼ ŮˊɑŭɟŬůɖ Űɖɠ ɓŬɟɨŰɖŰŬɠ (ˊŬɟŬɛɧɟűɤůɖ Űɤɜ ůŰŬɔɧɜɤɜ ɧŰŬɜ ɓɟɑůəɞɜŰŬɘ ůŮ ɞɟɘɕɧɜŰɘɞ 

ŮˊɑˊŮŭɞ əŬɘ ŬˊɞɛɎəɟɡɜůɖ Ŭˊɧ Űɖɜ ŮˊɘűɎɜŮɘŬ ɧŰŬɜ ɓɟɑůəɞɜŰŬɘ ůŮ ŮˊɑˊŮŭɞ ɡˊɧ əɚɑůɖ) ŮɑɜŬɘ 

ŮɛűŬɜɐɠ əŬŰɎ ŰŬ ůŰɎŭɘŬ 3 əŬɘ 4. ȼ Ŭˊɞɢɩɟɖůɖ Űɤɜ ůŰŬɔɧɜɤɜ əŬɗɞɟɑɕŮɘ əŬɘ Űɖ ɛɏɔɘůŰɖ 

ŭɘɎɛŮŰɟɞ ůŰŬɔɧɜɤɜ ˊɞɡ ɛˊɞɟŮɑ ɜŬ ɡˊɎɟɝŮɘ ůŰɖɜ ŮˊɘűɎɜŮɘŬ.  

ȼ ŬɜɎˊŰɡɝɖ ɛɑŬɠ ɛŮɛɞɜɤɛɏɜɖɠ ůŰŬɔɧɜŬɠ ŬɜŬűɏɟŮŰŬɘ ůŮ ɛɑŬ Ŭˊɞɛɞɜɤɛɏɜɖ Ŭˊɧ ɎɚɚŮɠ ůŰŬɔɧɜŬ, 

ɐ ůŮ ɛɑŬ ůŰŬɔɧɜŬ ˊɞɡ ůɡɛɛŮŰɏɢŮɘ ůŮ ɏɜŬ ɛɞŰɑɓɞ ɛŮ ɎɚɚŮɠ Űɖɠ ɞˊɞɑŬ ɧɛɤɠ Űɞ ˊɟɞűɑɚ ŭɘɎɢɡůɖɠ 
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ŭŮɜ ŬɚɚɖɚŮˊɘŭɟɎ ɛŮ ŬɡŰɧ Űɤɜ ɔŮɘŰɞɜɘəɩɜ ůŰŬɔɧɜɤɜ. ȷɡŰɧ ůɡɛɓŬɑɜŮɘ ɧŰŬɜ ɖ ɛɏůɖ ŬˊɧůŰŬůɖ 

ɛŮŰŬɝɨ Űɤɜ ůŰŬɔɧɜɤɜ ŮɑɜŬɘ ŬɟəŮŰɎ ɛŮɔŬɚɨŰŮɟɖ Ŭˊɧ Űɞ ˊɎɢɞɠ Űɞɡ ɞɟɘŬəɞɨ ůŰɟɩɛŬŰɞɠ 

ůɡɔəɏɜŰɟɤůɖɠ ˊɞɡ ŬɜŬűɏɟŬɛŮ ˊɟɞɖɔɞɡɛɏɜɤɠ. 

2.2.3.1. ȷˊɞɢɩɟɖůɖ ůŰŬɔɧɜɤɜ  

ȸŬɟɡŰɘəɐ Ŭˊɞɢɩɟɖůɖ 

ȼ ůɡɛˊɨəɜɤůɖ əŬŰɎ ůŰŬɔɧɜŮɠ ŬˊɞŰŮɚŮɑ ɏɜŬ ŭɡɜŬɛɘəɧ ˊŮɟɘɞŭɘəɧ űŬɘɜɧɛŮɜɞ Űɞɡ ɞˊɞɑɞɡ ɖ 

ˊŮɟɑɞŭɞɠ ɝŮəɘɜɎŮɘ ɛŮ Űɖɜ ˊɡɟɖɜɞˊɞɑɖůɖ Űɤɜ ůŰŬɔɧɜɤɜ, ůɡɜŮɢɑɕŮŰŬɘ ɛŮ Űɖɜ ŬɜɎˊŰɡɝɐ Űɞɡɠ əŬɘ 

ɞɚɞəɚɖɟɩɜŮŰŬɘ ɛŮ Űɖɜ Ŭˊɞɢɩɟɖůɐ Űɞɡɠ Ŭˊɧ Űɖɜ ŮˊɘűɎɜŮɘŬ. ɆŰɞ ůɡɛɓŬŰɘəɧ DWC ůŮ 

ɡŭɟɧűɞɓŮɠ ŮˊɘűɎɜŮɘŮɠ, ɖ Ŭˊɞɢɩɟɖůɖ Űɤɜ ůŰŬɔɧɜɤɜ ůɡɛɓŬɑɜŮɘ ɚɧɔɤ Űɖɠ ɡˊŮɟɞɢɐɠ Űɤɜ 

ɓŬɟɡŰɘəɩɜ ŭɡɜɎɛŮɤɜ ɏɜŬɜŰɘ Űɤɜ ŭɡɜɎɛŮɤɜ ˊɟɧůűɡůɖɠ, ɧŰŬɜ ɖ ŭɘɎɛŮŰɟɧɠ Űɞɡɠ űŰɎůŮɘ əɞɜŰɎ 

ůŰɞ ŰɟɘɢɞŮɘŭɏɠ ɛɐəɞɠ Űɞɡ ɜŮɟɞɨ (2.7 mm ɔɘŬ ɜŮɟɧ ůŰɞɡɠ 25ÁC). ɄŮɟŬɘŰɏɟɤ ɛŮɑɤůɖ Űɖɠ ɔɤɜɑŬɠ 

ɡůŰɏɟɖůɖɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ, ŭɖɚŬŭɐ Űɤɜ ŭɡɜɎɛŮɤɜ ˊɟɧůűɡůɖɠ Űɖɠ ɛŮ Űɘɠ ůŰŬɔɧɜŮɠ, ɞŭɖɔŮɑ ůŮ 

ɛŮɑɤůɖ Űɖɠ ŭɘŬɛɏŰɟɞɡ Ŭˊɞɢɩɟɖůɖɠ Űɞɡɠ, ɛŮ ɓɎůɖ Űɖɜ Ŭəɧɚɞɡɗɖ ůɢɏůɖ:159 
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ɧˊɞɡ —, ɖ ɔɤɜɑŬ ŮˊŬűɐɠ Űɤɜ ůŰŬɔɧɜɤɜ ɛŮ Űɖɜ ŮˊɘűɎɜŮɘŬ, — əŬɘ —, ɞɘ ɔɤɜɑŮɠ ɡˊɞɢɩɟɖůɖɠ əŬɘ 

ˊɟɧɤůɖɠ ŬɜŰɑůŰɞɘɢŬ, „ əŬɘ ɟ, ɖ ŮˊɘűŬɜŮɘŬəɐ ŰɎůɖ əŬɘ ɖ ˊɡəɜɧŰɖŰŬ Űɞɡ ɜŮɟɞɨ, əŬɘ ‌, ɖ ɔɤɜɑŬ 

Űɖɠ ŮˊɘűɎɜŮɘŬɠ ůŮ ůɢɏůɖ ɛŮ Űɞ ɞɟɘɕɧɜŰɘɞ ŮˊɑˊŮŭɞ. 

ɄŬɟŬŰɖɟɞɨɛŮ Ůˊɞɛɏɜɤɠ, Űɖɜ ŬˊɞəɚŮɘůŰɘəɐ ŮɝɎɟŰɖůɖ Űɖɠ ɛɏɔɘůŰɖɠ ŭɘŬɛɏŰɟɞɡ Ŭˊɞɢɩɟɖůɖɠ Űɤɜ 

ůŰŬɔɧɜɤɜ Ŭˊɧ Űɘɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ůɡɛˊɡəɜɩɛŬŰɞɠ əŬɘ Űɖ ŭɘŬɓɟɞɢɐ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ɛŮ ŬɡŰɧ. 

ɄŬɟɧɚŬ ŬɡŰɎ, ůŰɖ ůɡɛˊɨəɜɤůɖ əŬŰɎ ůŰŬɔɧɜŮɠ ůŮ ŭɞɛɖɛɏɜŮɠ ŮˊɘűɎɜŮɘŮɠ Űɤɜ ɞˊɞɑɤɜ ɖ 

ɡůŰɏɟɖůɖ ŮɑɜŬɘ ŬɟəŮŰɎ ɢŬɛɖɚɐ, ɏɢŮɘ ˊŬɟŬŰɖɟɖɗŮɑ ɧŰɘ ɞɘ ůŰŬɔɧɜŮɠ ɛˊɞɟɞɨɜ ɜŬ Ŭˊɞɢɤɟɐůɞɡɜ 

Ŭˊɧ ŬɡŰɏɠ ɛɏůɤ ˊɟŬɔɛŬŰɞˊɞɑɖůɖɠ ɎɚɛŬŰɞɠ ŮɜɎɜŰɘŬ ůŰɖ ɓŬɟɨŰɖŰŬ. 

ȯɚɛŬŰŬ ůŰŬɔɧɜɤɜ ɚɧɔɤ ůɡɜɏɜɤůɖɠ  

ȼ ůɡɛˊɨəɜɤůɖ ɛŮ ɎɚɛŬŰŬ ůŰŬɔɧɜɤɜ ŬɜŬəŬɚɨűɗɖəŮ Ŭˊɧ Űɞɡɠ Boreyko et al. ŮɛˊɜŮɡůɛɏɜɞɘ 

Ŭˊɧ ˊŬɟɧɛɞɘɞ ɛɖɢŬɜɘůɛɧ ˊɞɡ ůɡɜŬɜŰɎŰŬɘ ůŰŬ ɛŬɜɘŰɎɟɘŬ ɓŬɚɚɘůŰɞůˊɞɟɑɤɜ.160 ɇŬ ɛŬɜɘŰɎɟɘŬ  

ŬɡŰɎ ŮəŰɞɝŮɨɞɡɜ ŰŬ ůˊɧɟɘŬ Űɞɡɠ Ŭˊɧ Űɖɜ Ɏəɟɖ Űɞɡ ůŰɖɟɑɔɛŬŰɧɠ Űɞɡɠ, ɛɏůɤ Űɖɠ ůɡɜɏɜɤůɖɠ 

ůŰŬɔɧɜɤɜ ůŰɖɜ ŮˊɘűɎɜŮɘɎ Űɞɡɠ. ɆɡɔəŮəɟɘɛɏɜŬ, ɛɑŬ ůŰŬɔɧɜŬ, ɔɜɤůŰɐ ɤɠ əŬɘ ůŰŬɔɧɜŬ Buller, 

ůɢɖɛŬŰɑɕŮŰŬɘ ɛɏůɤ ůɡɛˊɨəɜɤůɖɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ůˊɞɟɑɞɡ Ůɜɩ ŰŬɡŰɧɢɟɞɜŬ ɛɑŬ Ɏɚɚɖ 

ůŰŬɔɧɜŬ, ɔɜɤůŰɐ əŬɘ ɤɠ Ŭɝɞɜɘəɐ ůŰŬɔɧɜŬ, ŬɜŬˊŰɨůůŮŰŬɘ ůŮ ˊɞɚɨ əɞɜŰɘɜɐ ŬˊɧůŰŬůɖ Ŭˊɧ 

ŬɡŰɐɜ. ȼ ɏɜɤůɖ Űɤɜ ŭɨɞ ŬɡŰɩɜ ůŰŬɔɧɜɤɜ ˊɟɞəŬɚŮɑ ɝŬűɜɘəɐ ɛŮŰŬŰɧˊɘůɖ Űɞɡ əɏɜŰɟɞɡ ɛɎɕŬɠ 

Űɞɡ ůˊɞɟɑɞɡ, əɎŰɘ Űɞ ɞˊɞɑɞ ˊɟɞəŬɚŮɑ Űɖɜ Ŭˊɞəɧɚɚɖůɐ Űɞɡ Ŭˊɧ Űɞ ůŰɐɟɘɔɛŬ ɚɧɔɤ ɛŮŰŬɓɞɚɐɠ 

Űɖɠ ɞɟɛɐɠ.161 ɆŰɞ ɆɢɐɛŬ 2.27 ŬˊŮɘəɞɜɑɕŮŰŬɘ ɞ ɛɖɢŬɜɘůɛɧɠ ŮəŰɧɝŮɡůɖɠ Űɞɡ ůˊɞɟɑɞɡ 
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ɆɢɐɛŬ 2.27. ɆɢɖɛŬŰɘəɐ ŬɜŬˊŬɟɎůŰŬůɖ Űɞɡ ůɢɖɛŬŰɘůɛɞɨ Űɖɠ ůŰŬɔɧɜŬɠ Buller əŬɘ Űɖɠ Ŭɝɞɜɘəɐɠ 

ůŰŬɔɧɜŬɠ ɚɧɔɤ ůɡɛˊɨəɜɤůɖɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ůˊɞɟɑɞɡ. ȼ ɏɜɤůɖ Űɤɜ ŭɨɞ ŬɡŰɩɜ ůŰŬɔɧɜɤɜ 

ˊɟɞəŬɚŮɑ ɛŮŰŬŰɧˊɘůɖ ůŰɞ əɏɜŰɟɞ ɛɎɕŬɠ Űɞɡ ůˊɞɟɑɞɡ ˊɞɡ ůɡɜŮˊɎɔŮŰŬɘ Űɖɜ ŮəŰɧɝŮɡůɐ Űɞɡ Ŭˊɧ Űɞ 

ůŰɐɟɘɔɛŬ.  

Ƀɘ Boreyko et al. ɞɜɧɛŬůŬɜ Űɞɜ ɛɖɢŬɜɘůɛɧ Űɞɡ ɎɚɛŬŰɞɠ Űɤɜ ůŰŬɔɧɜɤɜ, ŬɟɢɘəɎ, ɤɠ ŬɡŰɧ-

ˊɟɞɤɗɞɨɛŮɜɖ ůɡɛˊɨəɜɤůɖ əŬŰɎ ůŰŬɔɧɜŮɠ (self-propelled dropwise condensation) əŬɗɩɠ 

ŬɡŰɏɠ ŮəŰɞɝŮɨɞɜŰŬɜ ŰŬəŰɘəɎ əŬŰɎ Űɖ ůɡɜɏɜɤůɐ Űɞɡɠ. ȼ ůɡɜŮɢɐɠ ŬɡŰɧ-ˊɟɞɤɗɞɨɛŮɜɖ 

ůɡɛˊɨəɜɤůɖ əŬŰɎ ůŰŬɔɧɜŮɠ əŬŰŬɔɟɎűɖəŮ ˊɟɩŰɖ űɞɟɎ ůŮ ɡˊŮɟɡŭɟɧűɞɓŮɠ ŮˊɘűɎɜŮɘŮɠ ŭɘˊɚɐɠ 

əɚɑɛŬəŬɠ əŬŰŬůəŮɡŬůɛɏɜŮɠ Ŭˊɧ ŮɜŬˊɧɗŮůɖ ɜŬɜɞůɤɚɐɜɤɜ ɎɜɗɟŬəŬ ůŮ ɛɘəɟɞˊɡɚɩɜŮɠ 

ˊɡɟɘŰɑɞɡ.  ȼ ŮˊɘűɎɜŮɘŬ ŬɡŰɐ ůɡɔəɟɑɗɖəŮ ɛŮ ɛɘŬ ŮˊɑˊŮŭɖ ɡŭɟɧűɞɓɖ əŬŰɎ Űɖ ůɡɛˊɨəɜɤůɐ Űɖɠ 

ůŮ ɛɧɜɘɛɖ əŬŰɎůŰŬůɖ. ɆŰɖɜ ɡŭɟɧűɞɓɖ ŮˊɘűɎɜŮɘŬ ˊŬɟŬŰɖɟɐɗɖəŮ ůɡɜɏɜɤůɖ ůŰŬɔɧɜɤɜ ɢɤɟɑɠ 

ɛŮŰŬəɑɜɖůɖ Űɞɡ əɏɜŰɟɞɡ ɛɎɕŬɠ Űɞɡɠ, Ůɜɩ ŬɜŰɑɗŮŰŬ ůŰɖɜ ɡˊŮɟɡŭɟɧűɞɓɖ ɞɘ ůŰŬɔɧɜŮɠ ŬˊɏəŰɖůŬɜ 

ɛŮɔɎɚɖ əɘɜɖŰɘəɧŰɖŰŬ ɛŮŰɎ Űɖ ůɡɜɏɜɤůɐ Űɞɡɠ. Ƀɘ ůɡɜŮɜɤɛɏɜŮɠ ůŰŬɔɧɜŮɠ ˊɟŬɔɛŬŰɞˊɞɘɞɨůŬɜ 

ɎɚɛŬ ɧŰŬɜ ŮɜɩɜɞɜŰŬɜ ůŮ ŭɘŬɛɏŰɟɞɡɠ ɛŮɔŬɚɨŰŮɟŮɠ Ŭˊɧ 10 ɛm, ŬˊɞəŰɩɜŰŬɠ ŭɘŬɛɐəɖ ŰŬɢɨŰɖŰŬ 

~1 m/s. ȼ ŮˊɘűŬɜŮɘŬəɐ əɎɚɡɣɖ (ɞ ɚɧɔɞɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ əŬɚɡɛɛɏɜɖɠ Ŭˊɧ ůŰŬɔɧɜŮɠ ˊɟɞɠ Űɖ 

ůɡɜɞɚɘəɐ ŮˊɘűɎɜŮɘŬ) Űɖɠ ɡˊŮɟɡŭɟɧűɞɓɖɠ ŮˊɘűɎɜŮɘŬɠ ɐŰŬɜ ɛɘəɟɧŰŮɟɖ ŬɡŰɐɠ Űɖɠ ɡŭɟɧűɞɓɖɠ, 

ɚɧɔɤ Űɞɡ ɡɣɖɚɧŰŮɟɞɡ ɟɡɗɛɞɨ Ŭˊɞɢɩɟɖůɖɠ Űɤɜ ůŰŬɔɧɜɤɜ, ɔŮɔɞɜɧɠ ˊɞɡ ɛŮɘɩɜŮɘ Űɘɠ ɗŮɟɛɘəɏɠ 

ŬɜŰɘůŰɎůŮɘɠ əŬɘ ŬɡɝɎɜŮɘ Űɖ ɛŮŰɎŭɞůɖ ɗŮɟɛɧŰɖŰŬɠ əŬŰɎ Űɖ ůɡɛˊɨəɜɤůɖ. 

Ƀɘ Boreyko əŬɘ Chen, ˊɏɟŬɜ Ŭˊɧ Űɖɜ ˊŮɘɟŬɛŬŰɘəɐ Űɞɡɠ ŮɟɔŬůɑŬ, ŬɜɏˊŰɡɝŬɜ ɏɜŬ ɛɞɜŰɏɚɞ ůŰɞ 

ɞˊɞɑɞ ɗŮɩɟɖůŬɜ ɧŰɘ ɖ ˊŮɟɑůůŮɘŬ Űɖɠ ŮˊɘűŬɜŮɘŬəɐɠ ŮɜɏɟɔŮɘŬɠ ˊɞɡ ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɖ ůɡɜɏɜɤůɖ, 

ɛŮŰŬŰɟɏˊŮŰŬɘ Ůɝɞɚɞəɚɐɟɞɡ ůŮ əɘɜɖŰɘəɐ, ˊɟɞəŬɚɩɜŰŬɠ Űɞ ɎɚɛŬ Űɖɠ ůŰŬɔɧɜŬɠ. ɋůŰɧůɞ, ɞɘ 

ɗŮɤɟɖŰɘəɏɠ ŰŬɢɨŰɖŰŮɠ ˊɞɡ ˊɟɞɏəɡˊŰŬɜ ɐŰŬɜ ˊɞɚɨ ɛŮɔŬɚɨŰŮɟŮɠ Űɤɜ ˊɟŬɔɛŬŰɘəɩɜ.  

ȼ əɑɜɖůɖ Űɤɜ ůŰŬɔɧɜɤɜ ɛɏůɤ ůɡɜɏɜɤůɖɠ ɛˊɞɟŮɑ ɜŬ ŮɝɖɔɖɗŮɑ ɛɏůɤ Űɖɠ ůɢɏůɖɠ ɛŮŰŬɝɨ 

ŬŭɟŬɜŮɘŬəɩɜ əŬɘ ɘɝɤŭɩɜ ŭɡɜɎɛŮɤɜ. ȳŰŬɜ ɖ ŭɘŬűɞɟɎ ɛŮŰŬɝɨ Űɞɡ ɛŮɔɏɗɞɡɠ Űɤɜ ůŰŬɔɧɜɤɜ ˊɞɡ 

ůɡɜŮɜɩɜɞɜŰŬɘ űŰɎůŮɘ ɛɘŬ əɟɑůɘɛɖ Űɘɛɐ, ɞɘ ŬŭɟŬɜŮɘŬəɏɠ ŭɡɜɎɛŮɘɠ ŮɑɜŬɘ ɘəŬɜɏɠ ɜŬ ɡˊŮɟɜɘəɐůɞɡɜ 

Űɘɠ ɘɝɩŭŮɘɠ Űɖɠ ůŰŬɔɧɜŬɠ ˊɞɡ ˊɟɞəɨˊŰŮɘ. ɇɞ ɔŮɔɞɜɧɠ ŬɡŰɧ ˊɟɞəŬɚŮɑ ŬɚɚŬɔɐ ůŰɖɜ ɞɟɛɐ əŬɘ 

ŮəŰɧɝŮɡůɖ Űɖɠ ůŰŬɔɧɜŬɠ ɛŮ ɡɣɖɚɞɨɠ Ŭɟɘɗɛɞɨɠ Reynolds əŬɘ ɛŮɔɎɚŮɠ ŭɘŬɛɐəŮɘɠ ŰŬɢɨŰɖŰŮɠ. 

 ȼ Ůɝɑůɤůɖ (2.30) ŭŮɑɢɜŮɘ Űɖ ůɡůɢɏŰɘůɖ ɛŮŰŬɝɨ Űɖɠ əɟɑůɘɛɖɠ ŬəŰɑɜŬɠ Űɤɜ ůŰŬɔɧɜɤɜ ˊɞɡ 

ůɡɜŮɜɩɜɞɜŰŬɘ, ɛŮ Űɞɜ ɚɧɔɞ ɛŮŰŬɝɨ ŬŭɟŬɜŮɘŬəɩɜ əŬɘ ɘɝɤŭɩɜ ŭɡɜɎɛŮɤɜ, əŬɘ ŮɑɜŬɘ: 

 ὶ ᶿ   (2.30)  

ɧˊɞɡ ὶ  ɖ əɟɑůɘɛɖ ŬəŰɑɜŬ əŬɘ „ ɖ ŮˊɘűŬɜŮɘŬəɐ ŰɎůɖ. ȼ ůɢɏůɖ ŬɡŰɐ ŭŮɑɢɜŮɘ ɧŰɘ əŬɗɩɠ ɞɘ 

ŬŭɟŬɜŮɘŬəɏɠ ŭɡɜɎɛŮɘɠ Űɖɠ ůŰŬɔɧɜŬɠ ŬɡɝɎɜɞɜŰŬɘ, ɖ əɟɑůɘɛɖ ŬəŰɑɜŬ ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ Űɖɜ 

Ŭˊɞɢɩɟɖůɖ Űɖɠ ůŰŬɔɧɜŬɠ, ɛŮɘɩɜŮŰŬɘ, ůŮ ŬɜŰɑɗŮůɖ ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɤɜ ɘɝɤŭɩɜ ŭɡɜɎɛŮɤɜ. ȰŰůɘ, 

əŬɗɩɠ ŬɡɝɎɜŮŰŬɘ ɞ Ŭɟɘɗɛɧɠ Reynolds ɔɘŬ ɛɘŬ ůŰŬɔɧɜŬ, ɖ əɟɑůɘɛɖ ŬəŰɑɜŬ ɔɘŬ ˊɟŬɔɛŬŰɞˊɞɑɖůɖ 

ɎɚɛŬŰɞɠ ɛŮɘɩɜŮŰŬɘ, əŬɗɩɠ ɞ Ŭɟɘɗɛɧɠ Reynolds ŮɑɜŬɘ ŬɜɎɚɞɔɞɠ Űɤɜ ŬŭɟŬɜŮɘŬəɩɜ ŭɡɜɎɛŮɤɜ Űɞɡ 

ɟŮɡůŰɞɨ.  

Ƀɘ Enright et al.162 ůŮ ɛŮɚɏŰɖ Űɞɡɠ ŭɘŮɟŮɨɜɖůŬɜ Űɞ űŬɘɜɧɛŮɜɞ Űɞɡ ɎɚɛŬŰɞɠ Űɤɜ ůŰŬɔɧɜɤɜ  ɛɏůɤ 

ˊŮɘɟŬɛɎŰɤɜ ůŮ ɗɎɚŬɛɞ ŮɚŮɔɢɧɛŮɜɖɠ ˊɑŮůɖɠ. Ƀɘ ŮɟŮɡɜɖŰɏɠ ŬɜɏűŮɟŬɜ ɧŰɘ ɛɧɜɞ Űɞ 6% Űɖɠ 

ŮˊɘűŬɜŮɘŬəɐɠ ŮɜɏɟɔŮɘŬɠ ɛŮŰŬŰɟɏˊŮŰŬɘ ůŮ əɘɜɖŰɘəɐ ŮɜɏɟɔŮɘŬ ˊɞɡ ůɡɛɓɎɚŮɘ ůŰɖ ɛŮŰŬəɑɜɖůɖ Űɖɠ 

ůŰŬɔɧɜŬɠ. ɇɞ ůɡɛˊɏɟŬůɛŬ ŬɡŰɧ ɏɢŮɘ ŮˊɘɓŮɓŬɘɤɗŮɑ əŬɘ Ŭˊɧ ˊɟɞůɞɛɞɘɩůŮɘɠ ůɡɜɏɜɤůɖɠ 

ŭɡŬŭɘəɩɜ ůŰŬɔɧɜɤɜ. ɇɞ ŮɨɟɖɛŬ ŬɡŰɧ ɔŮɜɜɎŮɘ ˊŮɟŬɘŰɏɟɤ ŮɟɤŰɐůŮɘɠ ɔɘŬ Űɞɡɠ ˊŬɟɎɔɞɜŰŮɠ ˊɞɡ 

ŮˊɖɟŮɎɕɞɡɜ ŰŬ ɎɚɛŬŰŬ Űɤɜ ůŰŬɔɧɜɤɜ əŬŰɎ Űɖ ůɡɛˊɨəɜɤůɖ. 



[60] 

 

ɇɞ ɛɏɔŮɗɞɠ Űɤɜ ůŰŬɔɧɜɤɜ  ŮɑɜŬɘ ɏɜŬɠ Ŭˊɧ Űɞɡɠ əŬɗɞɟɘůŰɘəɞɨɠ ˊŬɟɎɔɞɜŰŮɠ ˊɞɡ ŮˊɖɟŮɎɕɞɡɜ Űɖɜ 

ŰŬɢɨŰɖŰŬ əŬŰɎ Űɞ ɎɚɛŬ. ȹɘɎűɞɟŮɠ ɛŮɚɏŰŮɠ ɏɢɞɡɜ ˊɟɞůˊŬɗɐůŮɘ ɜŬ Ůɝɖɔɐůɞɡɜ Űɞɜ ˊŬɟɎɔɞɜŰŬ 

ŬɡŰɧɜ ɛɏůɤ ŮɝɘůɩůŮɤɜ ŮɜŮɟɔŮɘŬəɩɜ ɘůɞɕɡɔɑɤɜ ɔɘŬ Űɖɜ ˊŮɟɘɔɟŬűɐ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ ɛŮŰŬŰɟɞˊɐɠ 

ŮɜɏɟɔŮɘŬɠ. ɆŮ ɎɚɚŮɠ ŮɟɔŬůɑŮɠ ɏɢŮɘ ɚɖűɗŮɑ ɡˊɧɣɘɜ ɖ ɘɝɩŭɖɠ ŬˊɧůɓŮůɖ, ɞɘ ŭɡɜɎɛŮɘɠ ˊɟɧůűɡůɖɠ 

ɛŮ Űɖɜ ŮˊɘűɎɜŮɘŬ əŬɘ ŰŬ ŭɘŬɜɨůɛŬŰŬ ŰŬɢɨŰɖŰŬɠ, ˊŬɟɎɔɞɜŰŮɠ ɞɘ ɞˊɞɑɞɘ ɧɛɤɠ ŭŮɜ ɛˊɞɟɞɨɜ ɜŬ 

ɛŮŰɟɖɗɞɨɜ ŮɨəɞɚŬ ˊŮɘɟŬɛŬŰɘəɎ. Ƀɘ Enright et al. ˊɟɞəŮɘɛɏɜɞɡ ɜŬ Ŭˊɞɛɞɜɩůɞɡɜ Űɖɜ ŭɘŬŭɘəŬůɑŬ 

Űɖɠ ŮɜŮɟɔŮɘŬəɐɠ ɛŮŰŬŰɟɞˊɐɠ, əŬŰŬůəŮɨŬůŬɜ ɡˊŮɟɡŭɟɧűɞɓŮɠ ŮˊɘűɎɜŮɘŮɠ ɛŮ ɔɤɜɑŬ ŮˊŬűɐɠ 170Á 

əŬɘ ůɢŮŭɧɜ ɛɖŭŮɜɘəɐ ɡůŰɏɟɖůɖ, ŬˊŬɚŮɑűɞɜŰŬɠ ɏŰůɘ Űɞɜ ˊŬɟɎɔɞɜŰŬ Űɖɠ ˊɟɧůűɡůɖɠ Űɖɠ 

ůŰŬɔɧɜŬɠ ɛŮ Űɖɜ ŮˊɘűɎɜŮɘŬ. Ƀɘ ŮˊɘűɎɜŮɘŮɠ ŬɡŰɏɠ əŬŰŬůəŮɡɎůŰɖəŬɜ Ŭˊɧ ɜŬɜɞůɤɚɐɜŮɠ ɎɜɗɟŬəŬ 

ɛŮ ŮɜŬˊɞŰɘɗɏɛŮɜɞ űɗɞɟɞˊɞɚɡɛŮɟɏɠ ůŰɖɜ ŮˊɘűɎɜŮɘɎ Űɞɡɠ. ȷˊɧ Űɖɜ ˊŬɟŬŰɐɟɖůɖ Űɖɠ ůɡɜɏɜɤůɐɠ 

Űɞɡɠ əŬŰŬůəŮɡɎůŰɖəŮ ɏɜŬ ŭɘůŭɘɎůŰŬŰɞ ŬɝɞɜɞůɡɛɛŮŰɟɘəɧ ɛɞɜŰɏɚɞ ˊɟɞůɞɛɞɑɤůɖɠ Űɖɠ ɏɜɤůɖɠ 

ŭɨɞ ɧɛɞɘɤɜ ŭɘůŭɘɎůŰŬŰɤɜ ůŰŬɔɧɜɤɜ ůɡɛˊɨəɜɤůɖɠ. ȾŬŰɎ Űɖɜ ɏɜɤůɖ Űɤɜ ŭɘŮˊɘűŬɜŮɘɩɜ Űɤɜ 

ŭɨɞ ůŰŬɔɧɜɤɜ, ůɢɖɛŬŰɑɕŮŰŬɘ ɛɑŬ ɡɔɟɐ ɔɏűɡɟŬ ɖ ɞˊɞɑŬ ŮˊɘŰŬɢɨɜŮŰŬɘ ŬəŰɘɜɘəɎ Ŭˊɧ Űɞ ůɖɛŮɑɞ 

ŮˊŬűɐɠ, ŮɝŬɘŰɑŬɠ Űɖɠ ŭɘŬűɞɟɎɠ əŬɛˊɡɚɧŰɖŰŬɠ. Ƀɘ ɘɝɩŭŮɘɠ ŭɡɜɎɛŮɘɠ ŮɑɜŬɘ ŬɡŰɏɠ ˊɞɡ Ůɚɏɔɢɞɡɜ 

ŬɟɢɘəɎ Űɖ ŭɡɜŬɛɘəɐ Űɖɠ ɡɔɟɐɠ ɔɏűɡɟŬɠ, ɛɏɢɟɘ ɖ ŬəŰɑɜŬ Űɖɠ ɜŬ ɝŮˊŮɟɎůŮɘ ɛɑŬ əɟɑůɘɛɖ Űɘɛɐ, 

ɞˊɧŰŮ əŬɘ ɞɘ ŬŭɟŬɜŮɘŬəɏɠ ŭɡɜɎɛŮɘɠ Ŭɟɢɑɕɞɡɜ ɜŬ əɡɟɘŬɟɢɞɨɜ. ȾŬŰɎ ŰŬ ˊɟɩŰŬ ůŰɎŭɘŬ Űɖɠ 

ůɡɜɏɜɤůɖɠ ŭɖɛɘɞɡɟɔŮɑŰŬɘ ɟɞɐ ɟŮɡůŰɞɨ ˊɟɞɠ Űɖ ɔŮűɨɟɤůɖ ŮɝŬɘŰɑŬɠ Űɖɠ ɢŬɛɖɚɧŰŮɟɖɠ ˊɑŮůɖɠ 

ˊɞɡ ˊɟɞəŬɚŮɑ ɖ ɛŮɔɎɚɖ ŭɘŬűɞɟɎ əŬɛˊɡɚɧŰɖŰŬɠ ɚɧɔɤ Űɖɠ ɑŭɘŬɠ Űɖɠ ɔŮűɨɟɤůɖɠ162,163. ɆŰɞ ɆɢɐɛŬ 

2.28 űŬɑɜŮŰŬɘ Űɞ ˊŮŭɑɞ ŰŬɢɡŰɐŰɤɜ Űɖɠ ůɡɜŮɜɤɛɏɜɖɠ ůŰŬɔɧɜŬɠ ɚɑɔɞ ˊɟɘɜ Űɖ ůɡɜɏɜɤůɖ.  

ȼ ɔŮűɨɟɤůɖ ŭɖɛɘɞɡɟɔŮɑ ɏɜŬ ŰɟɘɢɞŮɘŭɏɠ əɨɛŬ Űɞ ɞˊɞɑɞ ŭɘŬŭɑŭŮŰŬɘ əŬŰɎ ɛɐəɞɠ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ 

Űɖɠ ůŰŬɔɧɜŬɠ, ɛŬəɟɘɎ Ŭˊɧ Űɞ ůɖɛŮɑɞ ŮˊŬűɐɠ. ɇɞ ŰɟɘɢɞŮɘŭɏɠ ŬɡŰɧ əɨɛŬ ŭɘŬŭɑŭŮŰŬɘ əŬŰɎ ɛɐəɞɠ 

Űɤɜ ŭɘŮˊɘűŬɜŮɘɩɜ ɛŮŰŬɝɨ ŭɨɞ ɛɏůɤɜ, Űɤɜ ɞˊɞɑɤɜ ɞɘ Űɟɞɢɘɏɠ əɡɟɘŬɟɢɞɨɜŰŬɘ Ŭˊɧ Űɖɜ ŮˊɑŭɟŬůɖ 

Űɖɠ ŮˊɘűŬɜŮɘŬəɐɠ ŰɎůɖɠ, ˊŬɟɎ Űɖɠ ɓŬɟɨŰɖŰŬɠ. ȾŬŰɎ Űɖ ɔŮűɨɟɤůɖ, ɖ ˊɑŮůɖ ŮůɤŰŮɟɘəɎ Űɖɠ 

ůŰŬɔɧɜŬɠ ŬɟɢɑɕŮɘ ɜŬ ŭɘŬəɡɛŬɑɜŮŰŬɘ ɛŮŰŬɝɨ Űɖɠ Ŭɟɢɘəɐɠ ˊɑŮůɖɠ ɘůɞɟɟɞˊɑŬɠ. ɇɞ əɨɛŬ ˊɞɡ 

ŭɖɛɘɞɡɟɔŮɑŰŬɘ əɘɜŮɑŰŬɘ ɛɏɢɟɘ Űɞ Űɏɚɞɠ Űɖɠ ůŰŬɔɧɜŬɠ əŬɘ ŬɜŰŬɜŬəɚɎŰŬɘ ůŰɞ ůɡɛɛŮŰɟɘəɧ ŮˊɑˊŮŭɞ 

Űɞɡ ůɖɛŮɑɞɡ Űɖɠ ŮˊŬűɐɠ.162 ȷɡŰɧ ŭɖɛɘɞɡɟɔŮɑ ɛŮɔɎɚŮɠ ŭɘŬəɡɛɎɜůŮɘɠ ˊɑŮůɖɠ ˊɟɞəŬɚɩɜŰŬɠ ɛŮ Űɖ 

ůŮɘɟɎ Űɞɡɠ ɗŮŰɘəɏɠ əŬɘ ŬɟɜɖŰɘəɏɠ ŬəŰɘɜɘəɏɠ ůɡɜɘůŰɩůŮɠ ŰŬɢɨŰɖŰŬɠ. ɇɞ əɨɛŬ ůŰɖ ůɡɜɏɢŮɘŬ 

ŭɘŬůəɞɟˊɑɕŮŰŬɘ ɛŮɘɩɜɞɜŰŬɠ ŬɡŰɏɠ Űɘɠ ŭɘŬəɡɛɎɜůŮɘɠ ˊɑŮůɖɠ. ȺəŰɧɠ ŬɡŰɞɨ, ɖ ŭɘŬŭɘəŬůɑŬ Űɖɠ 

ɏɜɤůɖɠ ˊɟɞəŬɚŮɑ ŬɚɚŬɔɐ ůŰɞ ůɢɐɛŬ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ əŬɘ Űɞɡ ŮůɤŰŮɟɘəɞɨ ˊŮŭɑɞɡ ɟɞɐɠ, ɔŮɔɞɜɧɠ 

ˊɞɡ ŭɖɛɘɞɡɟɔŮɑ ɟɞɐ ɞɟɛɐɠ. ȷɡŰɐ ɖ ɟɞɐ ɞɟɛɐɠ űŬɑɜŮŰŬɘ Ŭˊɧ Űɞ ŬɟɜɖŰɘəɧ ˊŮŭɑɞ ɞɟɛɐɠ ůŰɖ 

əŬŰɩŰŮɟɖ ˊŮɟɘɞɢɐ, əŬɘ Űɞ ɗŮŰɘəɧ ˊŮŭɑɞ ɞɟɛɐɠ ůŰɖɜ ŬɜɩŰŮɟɖ ˊŮɟɘɞɢɐ. 162 

ɇŮɚɘəɎ, ɖ ŭɘŬűɞɟɎ ɛŮŰŬɝɨ Űɤɜ ˊŮŭɑɤɜ ɞɟɛɐɠ ŭɖɛɘɞɡɟɔŮɑ ɛɑŬ ɗŮŰɘəɐ ŬəŰɘɜɘəɐ ɟɞɐ ůŰɞ ůɖɛŮɑɞ 

ˊɞɡ ɖ ɔɏűɡɟŬ ɢŰɡˊɎŮɘ Űɖɜ ŮˊɘűɎɜŮɘŬ əŬɘ ŭɖɛɘɞɡɟɔŮɑ ɛɘŬ ˊŮɟɘɞɢɐ ɡɣɖɚɐɠ ˊɑŮůɖɠ, ɖ ɞˊɞɑŬ 

ɛŮŰŬŰɟɏˊŮɘ Űɖ ŭɡɜŬɛɘəɐ ˊɑŮůɖ Űɞɡ ˊŮŭɑɞɡ ɟɞɐɠ ůŮ ůŰŬŰɘəɐ. ȾŬŰɎ ůɡɜɏˊŮɘŬ ŬɡŰɧ ŭɖɛɘɞɡɟɔŮɑ 

ɛɘŬ ɡŭɟɞůŰŬŰɘəɐ ŭɨɜŬɛɖ ůŰɖɜ ɡɔɟɐ ŭɘŮˊɘűɎɜŮɘŬ ˊɞɡ ŬɡɝɎɜŮɘ ŭɟŬɛŬŰɘəɎ Űɖɜ ɗŮŰɘəɐ ɞɟɛɐ 

ŬɜŬůɖəɩɜɞɜŰŬɠ Űɖɜ ůŰŬɔɧɜŬ. ũɘŬ Űɖɜ ŰŮəɛɖɟɑɤůɖ ŬɡŰɐɠ Űɖɠ ɗŮɤɟɑŬɠ, ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ 

ɛŮŰɟɞɨɛŮɜɖɠ ŰŬɢɨŰɖŰŬɠ ɎɚɛŬŰɞɠ ˊɟɞɠ Űɖɜ ŭɘɎɛŮŰɟɞ Űɖɠ ůŰŬɔɧɜŬɠ, əŬɘ Űɖɠ ŬŭɘɎůŰŬŰɖɠ 

ŰŬɢɨŰɖŰŬɠ ɎɚɛŬŰɞɠ ˊɟɞɠ Űɞɜ Ŭɟɘɗɛɧ Ohnesorge, ůɡɔəɟɑɗɖəŬɜ ɛŮ ˊŮɘɟŬɛŬŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ. 

Ƀ Ŭɟɘɗɛɧɠ Ohnesorge ŬɜŰɘˊɟɞůɤˊŮɨŮɘ Űɞɜ ɚɧɔɞ Űɖɠ ŮůɤŰŮɟɘəɐɠ ɘɝɩŭɞɡɠ ŭɘŬůˊɞɟɎɠ ˊɟɞɠ Űɖɜ 

ŮˊɘűŬɜŮɘŬəɐ ŮɜɏɟɔŮɘŬ: 

 ὕὬ   (2.31)  
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ɆɢɐɛŬ 2.28. a) ɆɢɖɛŬŰɘəɐ ŬˊŮɘəɧɜɘůɖ Űɖɠ ɏɜɤůɖɠ ŭɨɞ ůŰŬɔɧɜɤɜ Ŭɟɢɘəɐɠ ŬəŰɑɜŬɠ Ὑ. ɀŮ ὶὸ 

ůɡɛɓɞɚɑɕŮŰŬɘ ɖ ɢɟɞɜɘəɐ ŮɝɎɟŰɖůɖ Űɖɠ ŬəŰɑɜŬɠ Űɖɠ ŰɟɘɢɞŮɘŭɞɨɠ ɔŮűɨɟɤůɖɠ. b-f) ɄŮŭɑɞ ɟɞɐɠ ɛɏůŬ 

ůŰɖ ůŰŬɔɧɜŬ ˊɞɡ ŭɖɛɘɞɡɟɔŮɑŰŬɘ, ɧˊɞɡ ŬˊŮɘəɞɜɑɕɞɜŰŬɘ ɞɘ ůɡɜɘůŰɩůŮɠ Űɖɠ ŬəŰɘɜɘəɐɠ ŰŬɢɨŰɖŰŬɠ ɛŮ 

əɧəəɘɜɞ əŬɘ ɛˊɚŮ, ɡˊɞŭŮɘəɜɨɞɜŰŬɠ ɟɞɐ Ŭˊɧ əŬɘ ˊɟɞɠ Űɞɜ Ȼ-ɎɝɞɜŬ.  

ɀɘəɟɧɠ Ŭɟɘɗɛɧɠ Ohnesorge (ɛɘəɟɧŰŮɟɞɠ Űɞɡ ɏɜŬ) ŭŮɑɢɜŮɘ ɧŰɘ ɞɘ ɘɝɩŭŮɘɠ ŭɡɜɎɛŮɘɠ ˊɞɡ ŭɟɞɡɜ 

ůŰɞ ɟŮɡůŰɧ ŮɑɜŬɘ ŬůɗŮɜɏůŰŮɟŮɠ Ŭˊɧ Űɘɠ ŭɡɜɎɛŮɘɠ Űɖɠ ŮˊɘűŬɜŮɘŬəɐɠ ŰɎůɖɠ. ȷəɟɘɓɩɠ Űɞ ŬɜŰɑɗŮŰɞ 

ůɡɛɓŬɑɜŮɘ ɧŰŬɜ ɞ Ŭɟɘɗɛɧɠ Ohnesorge ŬɡɝɎɜŮŰŬɘ ˊɎɜɤ Ŭˊɧ Űɞ ɏɜŬ, ŭɖɚŬŭɐ ɞɘ ɘɝɩŭŮɘɠ ŭɡɜɎɛŮɘɠ 

ɡˊŮɟɘůɢɨɞɡɜ Űɤɜ ŭɡɜɎɛŮɤɜ ŮˊɘűŬɜŮɘŬəɐɠ ŰɎůɖɠ. ȼ ůɖɛŬůɑŬ Űɞɡ Ŭɟɘɗɛɞɨ Ohnesorge ůŰɘɠ 

ůŰŬɔɧɜŮɠ ˊɞɡ ˊɖŭɎɜŮ ɏɔəŮɘŰŬɘ ůŰɞ ɧŰɘ Ůɜɩ ŮɑɜŬɘ ŬɜŮɝɎɟŰɖŰɞɠ Ŭˊɧ Űɖɜ ŰŬɢɨŰɖŰŬ Űɞɡ ɟŮɡůŰɞɨ, 

ŮɑɜŬɘ ŮˊŬɟəɐɠ ɔɘŬ ɜŬ ˊŮɟɘɔɟɎɣŮɘ Űɘɠ ɗŮɛŮɚɘɩŭŮɘɠ ŭɡɜɎɛŮɘɠ Űɖɠ ŮəŰɧɝŮɡůɖɠ Űɤɜ ůŰŬɔɧɜɤɜ. 

ɀŮɔɎɚŮɠ Űɘɛɏɠ Űɞɡ Ŭɟɘɗɛɞɨ Ohnesorge ůɖɛŬɑɜɞɡɜ ɧŰɘ ɖ ůŰŬɔɧɜŬ ŮɑɜŬɘ ŭɨůəɞɚɞ ɜŬ əɎɜŮɘ ɎɚɛŬ. 

 

ȯɚɛŬŰŬ ůŰŬɔɧɜɤɜ ɚɧɔɤ ŭɘŬűɞɟɘəɐɠ ˊɑŮůɖɠ Laplace 

ȺəŰɧɠ Ŭˊɧ Űɞ ɎɚɛŬ Űɤɜ ůŰŬɔɧɜɤɜ ɛɏůɤ Űɖɠ ůɡɜɏɜɤůɐɠ Űɞɡɠ, ɏɢŮɘ ˊŬɟŬŰɖɟɖɗŮɑ əŬɘ ɖ 

ˊɟŬɔɛŬŰɞˊɞɑɖůɖ ɎɚɛŬŰɞɠ ɛŮɛɞɜɤɛɏɜɤɜ ůŰŬɔɧɜɤɜ ɢɤɟɑɠ Űɖɜ ŬɜɎɔəɖ ůɡɜɏɜɤůɖɠ. ɇɞ 

űŬɘɜɧɛŮɜɞ ŬɡŰɧ ˊŬɟŬŰɖɟŮɑŰŬɘ əŬŰɎ Űɖ ůɡɛˊɨəɜɤůɖ ůŰŬɔɧɜɤɜ ŮůɤŰŮɟɘəɎ ɡŭɟɧűɞɓɤɜ 

ɛɘəɟɞŭɞɛɩɜ, ɧˊɞɡ ɖ ŬɜɎˊŰɡɝɖ ŭɘŬűɞɟɘəɐɠ ˊɑŮůɖɠ Laplace ůŰɖ ůŰŬɔɧɜŬ, ɚɧɔɤ Űɖɠ 

ŭɘŬűɞɟŮŰɘəɐɠ əŬɛˊɡɚɧŰɖŰŬɠ ůŰɞ Ɏɜɤ əŬɘ əɎŰɤ ɛɏɟɞɠ Űɖɠ, ŭɖɛɘɞɡɟɔŮɑ ɛɑŬ ŭɨɜŬɛɖ ɖ ɞˊɞɑŬ Űɖɜ 

ŮɝŬɜŬɔəɎɕŮɘ ɜŬ ˊɖŭɐɝŮɘ ɏɝɤ Ŭˊɧ Űɘɠ ŭɞɛɏɠ. ȼ ˊɑŮůɖ Laplace ́ ɞɡ ŬɜŬˊŰɨůůŮŰŬɘ ŮəűɟɎɕŮŰŬɘ Ŭˊɧ 

Űɖ ůɢɏůɖ: 

 ῳὖ ς‎   (2.32)  

ɧˊɞɡ Ὑ  ŮɑɜŬɘ ɖ ŬəŰɑɜŬ Űɖɠ ůŰŬɔɧɜŬɠ ůŰɞɜ ˊɎŰɞ Űɖɠ, Ὑ ɖ ŬəŰɑɜŬ Űɖɠ ůŰŬɔɧɜŬɠ ůŰɖɜ əɞɟɡűɐ 

Űɖɠ əŬɘ ‎ ɖ ŮˊɘűŬɜŮɘŬəɐ ŰɎůɖ Űɞɡ ɜŮɟɞɨ. 
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Ƀɘ Yan et al.164 ůŮ ɛɘŬ ˊɞɚɨ ŮɜŭɘŬűɏɟɞɡůŬ ŮɟɔŬůɑŬ Űɞɡɠ ɛŮɚɏŰɖůŬɜ ŰŬ ɎɚɛŬŰŬ ɛŮɛɞɜɤɛɏɜɤɜ 

ůŰŬɔɧɜɤɜ ůŮ ŮˊɘűɎɜŮɘŮɠ ɛŮ ɡˊŮɟɡŭɟɧűɞɓŬ ŬɡɚɎəɘŬ. Ƀɘ ŮɟŮɡɜɖŰɏɠ ŬɜŬűɏɟɞɡɜ ɧŰɘ ůŮ ŬɜŰɑɗŮůɖ 

ɛŮ Űɞ ɎɚɛŬ ɚɧɔɤ ůɡɜɏɜɤůɖɠ, əŬŰɎ Űɞ ɞˊɞɑɞ ɛɧɜɞ ɏɜŬ ɛɘəɟɧ ˊɞůɞůŰɧ Űɖɠ ˊŮɟɑůůŮɘŬɠ 

ŮˊɘűŬɜŮɘŬəɐɠ ŮɜɏɟɔŮɘŬɠ ɛŮŰŬŰɟɏˊŮŰŬɘ ůŮ əɘɜɖŰɘəɐ ŮɜɏɟɔŮɘŬ Űɖɠ ŭɖɛɘɞɡɟɔɞɨɛŮɜɖɠ ůŰŬɔɧɜŬɠ 

(6%), Űɞ ɎɚɛŬ ɚɧɔɤ ŬɜɘůɞŰɐŰɤɜ ˊɑŮůɖɠ Laplace, ŮɛűŬɜɑɕŮɘ ˊɞɚɨ ɛŮɔŬɚɨŰŮɟɖ Ŭˊɧŭɞůɖ, ɖ ɞˊɞɑŬ 

ɝŮˊŮɟɜɎŮɘ Űɞ ~40%. ɆŰɖɜ ŮɟɔŬůɑŬ Űɞɡɠ ɏŭŮɘɝŬɜ ɧŰɘ ɛɏůɤ ŬɡŰɞɨ Űɞɡ ɛɖɢŬɜɘůɛɞɨ ŮˊɘŰŮɨɢɗɖəŮ 

Ŭˊɞɢɩɟɖůɖ ůŰŬɔɧɜɤɜ ůɡɛˊɨəɜɤůɖɠ ůŮ ɏɜŬ ɛŮɔɎɚɞ Ůɨɟɞɠ ɛŮɔŮɗɩɜ (Ŭˊɧ ~10 ɛm ɛɏɢɟɘ əŬɘ ~1 

mm), ůŮ ŬɜŰɑɗŮůɖ ɛŮ Űɞ ɎɚɛŬ ɚɧɔɤ ůɡɜɏɜɤůɖɠ ɧˊɞɡ ɖ ŰŬɢɨŰɖŰŬ Űɤɜ ůŰŬɔɧɜɤɜ ˊŮɟɘɞɟɑɕŮŰŬɘ 

Ŭˊɧ Űɞ ɛɏɔŮɗɧɠ Űɞɡɠ (~100 ɛm). ɆŰɖɜ ɑŭɘŬ ŮɟɔŬůɑŬ, əŬŰŬůəŮɨŬůŬɜ Ůˊɑůɖɠ əŬɘ ɡŭɟɧűɘɚŬ ůɖɛŮɑŬ 

ˊɟɞůəɧɚɚɖůɖɠ ůŰɞɜ ˊɎŰɞ Űɤɜ ŬɡɚŬəɘɩɜ əŬɘ ɛŮɚɏŰɖůŬɜ Űɖɜ ŮˊɑŭɟŬůɖ Űɞɡ ɛŮɔɏɗɞɡɠ Űɞɡɠ ůŰɞ 

ɎɚɛŬ Űɤɜ ůŰŬɔɧɜɤɜ. ɇŬ ˊŮɘɟɎɛŬŰŬ ŬɡŰɎ ɏŭŮɘɝŬɜ ɧŰɘ ɖ əɘɜɖŰɘəɐ ŮɜɏɟɔŮɘŬ Űɤɜ ůŰŬɔɧɜɤɜ 

ŬɡɝɎɜŮŰŬɘ ŮɚŬűɟɩɠ ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɞɡ ɛŮɔɏɗɞɡɠ Űɤɜ ůɖɛŮɑɤɜ, ɛɏɢɟɘ ɛɑŬ ůɡɔəŮəɟɘɛɏɜɖ Űɘɛɐ, 

Ůɜɩ ˊŮɟŬɘŰɏɟɤ Ŭɨɝɖůɖ Űɞɡ ɛŮɔɏɗɞɡɠ Űɞɡɠ ɞŭɖɔŮɑ ůŮ ɛŮɑɤůɖ Űɖɠ əɘɜɖŰɘəɐɠ ŮɜɏɟɔŮɘŬɠ Űɖɠ 

ůŰŬɔɧɜŬɠ (ɆɢɐɛŬ 2.29c).   

 




































































































































































































































































































































































































