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ɋȿɄɐɂə 19. ɆɈȾȿɅɂɊɈȼȺɇɂȿ ɉɊɈɐȿɋɋɈȼ ɉɊɂ ɌɊȺɇɋɉɈɊɌɂɊɈȼɄȿ 
ɇȿɎɌɂ ɂ ȽȺɁȺ. 

Ɍɚɛɥɢɰɚ 1 
 

ɇɚɢɦɟɧɨɜɚɧɢɟ ɷɥɟɦɟɧɬɚ ɤɨɧɫɬɪɭɤɰɢɢ ɇɚɢɦɟɧɨɜɚɧɢɟ ɞɟɮɟɤɬɚ 
Ƚɥɭɛɢɧɚ ɞɟɮɟɤɬɚ, 

ɦɦ 

Ɍɨɥɳɢɧɚ 
ɥɢɫɬɚ ɩɨ 

ɩɪɨɟɤɬɭ, ɦɦ 

ɐɟɧɬɪɚɥɶɧɚɹ ɱɚɫɬɶ  ɞɧɢɳɚ 
1-Ƚɪɭɩɩɚ ɹɡɜɟɧɧɨɣ 

ɤɨɪɪɨɡɢɢ 
2  6 

ɐɟɧɬɪɚɥɶɧɚɹ ɱɚɫɬɶ  ɞɧɢɳɚ 
2-Ƚɪɭɩɩɚ ɜɵɪɵɜɨɜ 

ɦɟɬɚɥɥɚ 
3.2 6 

 
Ɋɚɫɫɱɟɬɵ ɩɨɤɚɡɚɥɢ, ɱɬɨ ɧɚɩɪɹɠɟɧɢɹ ɧɚ ɝɪɚɧɢɰɟ ɨɛɪɚɡɨɜɚɧɢɹ ɞɟɮɟɤɬɚ ɫɨɫɬɚɜɥɹɸɬ 1βθβ11 ɉɚ, ɜ ɯɨɞɟ 

ɪɚɫɱɟɬɨɜ ɡɚɞɚɜɚɥɨɫɶ ɩɨɷɬɚɩɧɨɟ ɩɨɫɬɟɩɟɧɧɨɟ ɭɬɨɧɟɧɢɟ ɞɚɧɧɨɝɨ ɭɱɚɫɬɤɚ, ɦɨɞɟɥɢɪɭɹ ɬɟɦ ɫɚɦɵɦ ɤɨɪɪɨɡɢɨɧɧɵɣ 
ɢɡɧɨɫ ɜ ɬɟɱɟɧɢɟ ɜɪɟɦɟɧɢ, ɧɚɩɪɹɠɟɧɢɹ ɜ ɦɟɬɚɥɥɟ ɩɪɢ ɷɬɨɦ ɡɧɚɱɢɬɟɥɶɧɨ ɜɨɡɪɚɫɬɚɸɬ. ω ɢɡɦɟɧɟɧɢɟɦ ɮɨɪɦɵ ɢ 
ɭɜɟɥɢɱɟɧɢɟɦ ɝɥɭɛɢɧɵ ɩɪɨɧɢɤɧɨɜɟɧɢɹ ɞɟɮɟɤɬɚ, ɜɨɡɪɚɫɬɚɸɬ ɤɚɤ ɧɚɩɪɹɠɟɧɢɹ, ɬɚɤ ɢ ɩɟɪɟɦɟɳɟɧɢɹ ɦɟɬɚɥɥɟ. ɇɚ 
ɩɨɫɥɟɞɧɟɦ ɷɬɚɩɟ ɪɚɫɱɟɬɚ, ɩɪɢ ɬɨɥɳɢɧɟ ɦɟɬɚɥɥɚ, ɪɚɜɧɨɣ β,8 ɦɦ, ɧɚɩɪɹɠɟɧɢɹ ɩɪɟɜɵɲɚɸɬ ɩɪɟɞɟɥ ɩɪɨɱɧɨɫɬɢ 
(ɜ=ζγ0 Ɇɉɚ), ɚ ɩɟɪɟɦɟɳɟɧɢɹ ɫɨɫɬɚɜɥɹɸɬ γ11ȿ-ηɦɦ. ɉɨ ɪɟɡɭɥɶɬɚɬɚɦ ɚɧɚɥɢɡɚ ɭɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɧɚɩɪɹɠɟɧɢɹ ɜ 
ɞɧɢɳɟ ɪɟɡɟɪɜɭɚɪɚ ɦɧɨɝɨ ɦɟɧɶɲɟ ɩɪɟɞɟɥɚ ɬɟɤɭɱɟɫɬɢ ɞɥɹ  ɫɬɚɥɢ 0λȽβɋ. Ɍɚɤɠɟ ɭɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɦɚɤɫɢɦɚɥɶɧɵɟ 
ɩɟɪɟɦɟɳɟɧɢɹ ɨɛɪɚɡɭɸɬɫɹ ɧɚ ɝɪɚɧɢɰɟ ɨɛɪɚɡɨɜɚɧɢɹ ɞɟɮɟɤɬɚ ɬɨɥɳɢɧɨɣ γ ɦɦ, ɢ ɨɧɢ ɫɨɫɬɚɜɥɹɸɬ γ11E-η ɦɦ. ɋɬɨɢɬ 
ɨɬɦɟɬɢɬɶ, ɱɬɨ ɧɚɩɪɹɠɟɧɧɨ-ɞɟɮɨɪɦɢɪɨɜɚɧɧɨɟ ɫɨɫɬɨɹɧɢɟ ɫɥɭɠɢɬ ɩɪɢɱɢɧɨɣ ɭɜɟɥɢɱɟɧɢɹ ɫɤɨɪɨɫɬɢ ɤɨɪɪɨɡɢɨɧɧɨɝɨ 
ɢɡɧɨɫɚ,  ɜɞɨɛɚɜɨɤ ɧɚ ɫɤɨɪɨɫɬɶ ɤɨɪɪɨɡɢɢ ɜɨɡɞɟɣɫɬɜɭɟɬ ɧɟ ɬɨɥɶɤɨ ɭɪɨɜɟɧɶ, ɧɨ ɢ ɜɢɞ ɧɚɩɪɹɠɟɧɧɨɝɨ ɫɨɫɬɨɹɧɢɹ. 
Ɇɨɠɧɨ ɫɞɟɥɚɬɶ ɜɵɜɨɞ, ɱɬɨ ɪɟɡɟɪɜɭɚɪ ɫ ɬɚɤɢɦɢ ɞɟɮɟɤɬɚɦɢ ɧɟ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɬɪɟɛɨɜɚɧɢɹɦ ɊȾ-16.01-60.30.00-ɄɌɇ-
063-1-0η, ɢ  ɬɪɟɛɭɟɬ ɤɚɩɢɬɚɥɶɧɨɝɨ ɪɟɦɨɧɬɚ. ȼ ɩɪɚɤɬɢɤɟ ɞɢɚɝɧɨɫɬɢɪɨɜɚɧɢɹ ɪɟɡɟɪɜɭɚɪɨɜ ɩɨ ɟɝɨ ɪɟɡɭɥɶɬɚɬɚɦ 
ɢɡɧɨɲɟɧɧɵɟ ɢɥɢ ɞɟɮɟɤɬɧɵɟ ɭɱɚɫɬɤɢ, ɤɚɤ ɩɪɚɜɢɥɨ, ɡɚɦɟɧɹɸɬ ɧɚ ɧɨɜɵɟ. ɇɨ ɩɪɢ ɷɬɨɦ ɦɨɠɟɬ ɩɪɨɢɡɨɣɬɢ ɫɨɟɞɢɧɟɧɢɟ 
ɩɨɜɟɪɯɧɨɫɬɟɣ ɫ ɪɚɡɧɨɣ ɬɨɥɳɢɧɨɣ ɥɢɫɬɨɜ, ɱɬɨ ɦɨɠɟɬ ɜɵɡɜɚɬɶ ɤɨɧɰɟɧɬɪɚɰɢɸ ɧɚɩɪɹɠɟɧɢɣ ɢ, ɤɚɤ ɫɥɟɞɫɬɜɢɟ, 
ɩɪɢɜɟɫɬɢ ɤ ɪɚɡɪɭɲɟɧɢɸ ɢɥɢ ɨɛɪɚɡɨɜɚɧɢɸ ɧɨɜɵɯ ɜɢɞɨɜ ɞɟɮɟɤɬɨɜ. 
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ɄɈɊɊɈɁɂɈɇɇɕɃ ɂɁɇɈɋ ɌɊɍȻɈɉɊɈȼɈȾȺ 

ɘ.ɋ. Ʉɢɫɚɟɜɚ, Ɇ.ɂ. Ɇɟɞɧɢɤɨɜɚ 

ɇɚɭɱɧɵɣΝɪɭɤɨɜɨɞɢɬɟɥɶΝɩɪɨɮɟɫɫɨɪΝɉέȼέΝȻɭɪɤɨɜ 

ɇɚɰɢɨɧɚɥɶɧɵɣ ɢɫɫɥɟɞɨɜɚɬɟɥɶɫɤɢɣ Ɍɨɦɫɤɢɣ ɩɨɥɢɬɟɯɧɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ, ɝ. Ɍɨɦɫɤ, Ɋɨɫɫɢɹ 

Ɍɪɭɛɨɩɪɨɜɨɞɧɵɣ ɬɪɚɧɫɩɨɪɬ ņ ɜɚɠɧɟɣɲɚɹ ɢ ɧɟɨɬɴɟɦɥɟɦɚɹ ɫɨɫɬɚɜɥɹɸɳɚɹ ɬɨɩɥɢɜɧɨ-ɷɧɟɪɝɟɬɢɱɟɫɤɨɝɨ 
ɤɨɦɩɥɟɤɫɚ Ɋɨɫɫɢɢ. Ɍɪɚɧɫɩɨɪɬɢɪɨɜɤɚ ɧɟɮɬɢ, ɝɚɡɚ ɢ ɧɟɮɬɟɩɪɨɞɭɤɬɨɜ ɩɨ ɬɪɭɛɨɩɪɨɜɨɞɚɦ ɹɜɥɹɟɬɫɹ ɷɮɮɟɤɬɢɜɧɵɦ, 
ɛɟɡɨɩɚɫɧɵɦ ɢ ɧɚɢɛɨɥɟɟ ɞɟɲɟɜɵɦ ɫɩɨɫɨɛɨɦ ɬɪɚɧɫɩɨɪɬɚ ɧɚ ɡɧɚɱɢɬɟɥɶɧɵɟ ɪɚɫɫɬɨɹɧɢɹ.  ɋɬɚɛɢɥɶɧɨɫɬɶ ɨɛɟɫɩɟɱɟɧɢɹ 
ɪɟɝɢɨɧɨɜ Ɋɨɫɫɢɢ ɬɨɩɥɢɜɧɨ-ɷɧɟɪɝɟɬɢɱɟɫɤɢɦɢ ɪɟɫɭɪɫɚɦɢ ɜ ɡɧɚɱɢɬɟɥɶɧɨɣ ɦɟɪɟ ɡɚɜɢɫɢɬ ɨɬ ɧɚɞɟɠɧɨɫɬɢ 
ɬɪɭɛɨɩɪɨɜɨɞɨɜ. ɋ ɩɨɦɨɳɶɸ ɬɪɭɛɨɩɪɨɜɨɞɧɨɝɨ ɬɪɚɧɫɩɨɪɬɚ ɩɟɪɟɦɟɳɚɟɬɫɹ λλ % ɞɨɛɵɜɚɟɦɨɣ ɧɟɮɬɢ, ɛɨɥɟɟ η0 % 
ɩɪɨɢɡɜɨɞɢɦɨɣ ɩɪɨɞɭɤɰɢɢ ɧɟɮɬɟɩɟɪɟɪɚɛɨɬɤɢ.ɉɟɪɟɤɚɱɢɜɚɟɦɵɟ ɭɝɥɟɜɨɞɨɪɨɞɧɵɟ ɫɪɟɞɵ ɫɨɞɟɪɠɚɬ ɤɨɪɪɨɡɢɨɧɧɨ-
ɚɤɬɢɜɧɵɟ ɤɨɦɩɨɧɟɧɬɵ, ɧɟɝɚɬɢɜɧɨ ɜɨɡɞɟɣɫɬɜɭɸɳɢɟ ɧɚ ɜɧɭɬɪɟɧɧɸɸ ɦɟɬɚɥɥɢɱɟɫɤɭɸ ɩɨɜɟɪɯɧɨɫɬɶ, ɢ ɬɟɦ ɫɚɦɵɦ, 
ɫɧɢɠɚɸɳɢɟɫɬɟɩɟɧɶ ɧɚɞɟɠɧɨɫɬɢ ɩɪɨɦɵɫɥɨɜɵɯ ɬɪɭɛɨɩɪɨɜɨɞɨɜ. Ɂɧɚɱɢɬɟɥɶɧɚɹ ɱɚɫɬɶ  ɚɜɚɪɢɣ ɬɪɭɛɨɩɪɨɜɨɞɧɨɝɨ 
ɬɪɚɧɫɩɨɪɬɚ ɜɹɜɥɹɸɬɫɹ ɫɥɟɞɫɬɜɢɟɦ ɤɨɪɪɨɡɢɨɧɧɵɯ ɩɨɜɪɟɠɞɟɧɢɣ. ɉɪɢ ɫɨɜɦɟɫɬɧɨɦ ɞɜɢɠɟɧɢɢ ɧɟɮɬɢ, ɝɚɡɚ ɢ ɜɨɞɵ ɩɨ 
ɧɟɮɬɟɩɪɨɦɵɫɥɨɜɵɦ ɤɨɦɦɭɧɢɤɚɰɢɹɦ ɩɪɨɢɫɯɨɞɢɬ ɩɟɪɟɦɟɲɢɜɚɧɢɟ ɮɚɡ, ɱɬɨ, ɟɫɬɟɫɬɜɟɧɧɨ  ɩɪɢɜɨɞɢɬ ɤ ɨɛɪɚɡɨɜɚɧɢɸ 
ɪɚɡɥɢɱɧɵɯ ɜɢɞɨɜ ɷɦɭɥɶɫɢɣ. ɂɡɜɟɫɬɧɨ, ɱɬɨ  ɩɟɪɟɤɚɱɤɚ ɜɦɟɫɬɟ ɫ ɧɟɮɬɶɸ ɞɚɠɟ 1…β % ɜɨɞɵ, ɜ ɜɢɞɟ 
ɷɦɭɥɶɝɢɪɨɜɚɧɧɵɯ ɝɥɨɛɭɥ, ɫɩɨɫɨɛɫɬɜɭɟɬ ɛɨɥɟɟ ɢɧɬɟɧɫɢɜɧɨɦɭ ɤɨɪɪɨɡɢɨɧɧɨɦɭ ɢɡɧɨɫɭ ɨɛɨɪɭɞɨɜɚɧɢɹ, ɫɧɢɠɚɟɬ 
ɩɪɨɩɭɫɤɧɭɸ ɫɩɨɫɨɛɧɨɫɬɶ ɬɪɭɛɨɩɪɨɜɨɞɚ ɢ ɩɨɜɵɲɚɟɬ ɜɟɪɨɹɬɧɨɫɬɶ ɩɨɪɵɜɚ ɬɪɭɛ. Д1ЖɄɨɪɪɨɡɢɹ ɠɟɥɟɡɚ 
ɨɛɭɫɥɚɜɥɢɜɚɟɬɫɹ ɧɚɥɢɱɢɟɦ ɜ ɜɨɞɟ ɤɢɫɥɨɪɨɞɚ, ɚɝɪɟɫɫɢɜɧɨɣ ɭɝɥɟɤɢɫɥɨɬɵ ɢ ɫɟɪɨɜɨɞɨɪɨɞɚ . Ȼɨɥɶɲɚɹ ɱɚɫɬɶ 
ɬɪɭɛɨɩɪɨɜɨɞɨɜ ɡɚɩɚɞɧɨɣ ɋɢɛɢɪɢ, ɞɚ ɢ Ɋɨɫɫɢɢ ɜ ɰɟɥɨɦ ɧɚɯɨɞɢɬɫɹ ɧɚ ɬɟɪɪɢɬɨɪɢɢ ɫ ɪɟɡɤɨ ɜɵɪɚɠɟɧɧɨɣ 
ɫɟɡɨɧɧɨɫɬɶɸ. Ⱦɚɧɧɨɟ ɭɫɥɨɜɢɟ ɹɜɥɹɟɬɫɹ ɩɪɢɱɢɧɨɣ ɜɨɡɧɢɤɧɨɜɟɧɢɹ ɧɟɝɚɬɢɜɧɵɯ ɩɪɨɰɟɫɫɨɜ, ɤɨɬɨɪɵɟ ɜ ɤɨɧɟɱɧɨɦ 
ɪɟɡɭɥɶɬɚɬɟ ɩɪɢɜɨɞɹɬ ɤ ɬɚɤɢɦ ɹɜɥɟɧɢɹɦ ɤɚɤ ɜɵɩɭɱɢɜɚɧɢɹ ɬɪɭɛɨɩɪɨɜɨɞɨɜ. Ɇɟɬɨɞ ɤɨɧɟɱɧɵɯ ɷɥɟɦɟɧɬɨɜ ɹɜɥɹɟɬɫɹ 
ɨɞɧɢɦ ɢɡ ɨɫɧɨɜɧɵɯ ɦɟɬɨɞɨɜ, ɩɪɢɦɟɧɹɟɦɵɯ ɩɪɢ ɢɫɫɥɟɞɨɜɚɧɢɢ ɧɚɩɪɹɠɟɧɧɨ-ɞɟɮɨɪɦɢɪɨɜɚɧɧɨɝɨ ɫɨɫɬɨɹɧɢɹ (ɇȾɋ), 
ɤɚɤ ɫɢɫɬɟɦ ɬɪɭɛɨɩɪɨɜɨɞɧɨɝɨ ɬɪɚɧɫɩɨɪɬɚ, ɬɚɤ ɢ ɦɧɨɝɢɯ ɞɪɭɝɢɯ ɡɚɞɚɱ. ɍɞɨɛɧɨɣ ɢ ɦɧɨɝɨɮɭɧɤɰɢɨɧɚɥɶɧɨɣ 
ɩɪɨɝɪɚɦɦɨɣ ɹɜɥɹɟɬɫɹ Ansys. ɗɬɨ ɨɛɴɹɫɧɹɟɬɫɹ ɬɟɦ, ɱɬɨ, ɨɛɥɚɞɚɹ ɪɹɞɨɦ ɞɨɫɬɨɢɧɫɬɜμ ɲɢɪɨɤɢɦ ɫɩɟɤɬɪɨɦ ɪɟɲɚɟɦɵɯ 
ɡɚɞɚɱ, ɜɵɫɨɤɨɣ ɬɨɱɧɨɫɬɶɸ, ɩɪɢɛɥɢɠɟɧɧɨɫɬɶɸ ɤ ɪɟɚɥɶɧɵɦ ɭɫɥɨɜɢɹɦ, ɞɨɫɬɭɩɧɵɦ ɩɨɥɶɡɨɜɚɬɟɥɸ ɢɧɬɟɪɮɟɣɫɨɦ, 
ɲɢɪɨɤɢɦ ɧɚɛɨɪɨɦ ɦɨɞɟɥɟɣ  ɦɚɬɟɪɢɚɥɨɜ, ɨɧɚ ɢɦɟɟɬ ɪɚɡɜɢɬɵɣ ɜɫɬɪɨɟɧɧɵɣ ɚɥɝɨɪɢɬɦɢɱɟɫɤɢɣ ɹɡɵɤ 
ɩɪɨɝɪɚɦɦɢɪɨɜɚɧɢɹ, ɩɨɡɜɨɥɹɸɳɢɣ ɚɜɬɨɦɚɬɢɡɢɪɨɜɚɬɶ ɨɬɞɟɥɶɧɵɟ ɬɪɭɞɨɟɦɤɢɟ ɩɪɨɰɟɞɭɪɵ 
ɦɨɞɟɥɢɪɨɜɚɧɢɹ.Ɍɟɯɧɢɱɟɫɤɨɟ ɨɛɫɥɟɞɨɜɚɧɢɟ ɨɛɪɚɡɰɚ  ɬɪɭɛɨɩɪɨɜɨɞɚ, ɜɡɚɢɦɨɞɟɣɫɬɜɭɸɳɟɝɨ ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨ ɫ 
ɜɨɞɨɣ, ɫ ɡɚɞɚɧɧɨɣ ɦɚɫɫɨɣ ɢ ɩɥɨɳɚɞɶɸ ɩɨɡɜɨɥɢɥɨ ɪɚɫɫɱɢɬɚɬɶ ɫɤɨɪɨɫɬɶ ɤɨɪɪɨɡɢɢ, ɪɚɜɧɭɸ 0,0γζ ɝ/ ɦ2 ɱ. ȼ ɩɪɨɰɟɫɫɟ 
ɪɚɛɨɬɵ ɜ ɩɪɨɝɪɚɦɦɟ AσSВS ɛɵɥɢ ɩɨɥɭɱɟɧɵ ɝɪɚɮɢɤɢ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɧɚɩɪɹɠɟɧɢɣ Ɇɢɡɟɫɚ (ɪɢɫ.1.) ɢ ɝɪɚɮɢɤɢ 
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ɉɊɈȻɅȿɆɕ ȽȿɈɅɈȽɂɂ ɂ ɈɋȼɈȿɇɂə ɇȿȾɊ 

ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɩɟɪɟɦɟɳɟɧɢɣ (ɪɢɫ.β), ɚ ɬɚɤ ɠɟ ɦɨɞɟɥɶ ɬɪɭɛɵ (ɪɢɫ.γ). Ⱦɚɧɧɵɟ ɨɫɧɨɜɚɧɵ ɧɚ ɪɟɡɭɥɶɬɚɬɚɯ 
ɬɟɯɧɢɱɟɫɤɨɝɨ ɞɢɚɝɧɨɫɬɢɪɨɜɚɧɢɹ ɧɚ ɩɪɟɞɜɚɪɢɬɟɥɶɧɨ ɩɪɨɜɟɞɟɧɧɵɯ ɪɚɫɱɟɬɚɯ. 

 

Ɋɢɫ.1 Ƚɪɚɮɢɤ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɧɚɩɪɹɠɟɧɢɣ ɩɨ Ɇɢɡɟɫɭ 

ȼ ɪɟɡɭɥɶɬɚɬɟ ɛɵɥɨ ɩɨɥɭɱɟɧɨ, ɱɬɨ  ɦɢɧɢɦɚɥɶɧɚɹ ɨɫɬɚɬɨɱɧɚɹ ɬɨɥɳɢɧɚ ɬɪɭɛɵ 8,θ ɦɦ (ɧɨɦɢɧɚɥɶɧɚɹ 
ɬɨɥɳɢɧɚ 1ζ ɦɦ), ɦɚɤɫɢɦɚɥɶɧɚɹ ɬɨɥɳɢɧɚ ɤɨɪɪɨɡɢɢ θ, ɦɦ. ȼɨ ɜɫɟɯ ɨɛɥɚɫɬɹɯ ɧɢɠɧɟɣ ɱɚɫɬɢ ɬɪɭɛɨɩɪɨɜɨɞɚ ɛɵɥɚ 
ɨɛɧɚɪɭɠɟɧɚ ɤɨɪɪɨɡɢɹ ɩɨɬɨɤɚ. Ɉɰɟɧɤɚ ɨɫɬɚɬɨɱɧɨɝɨ ɪɟɫɭɪɫɚ ɬɪɭɛɨɩɪɨɜɨɞɚ ɩɨɤɚɡɚɥɚ, ɱɬɨ ɞɚɧɧɚɹ ɫɤɨɪɨɫɬɶ ɤɨɪɪɨɡɢɢ 
ɫɨɤɪɚɬɢɬ ɫɪɨɤ ɷɤɫɩɥɭɚɬɚɰɢɢ ɬɪɭɛɨɩɪɨɜɨɞɚ ɧɚ ɨɞɢɧ ɝɨɞ. 

 

Ɋɢɫ. 2 Ƚɪɚɮɢɤ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɩɟɪɟɦɟɳɟɧɢɣ 

 

Ɋɢɫ. 3 Ɇɨɞɟɥɶ ɬɪɭɛɵ, ɜɵɩɨɥɧɟɧɧɚɹ ɜ ɩɪɨɝɪɚɦɦɟ ANSYS 
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ɋȿɄɐɂə 19. ɆɈȾȿɅɂɊɈȼȺɇɂȿ ɉɊɈɐȿɋɋɈȼ ɉɊɂ ɌɊȺɇɋɉɈɊɌɂɊɈȼɄȿ 
ɇȿɎɌɂ ɂ ȽȺɁȺ. 

Ʌɢɬɟɪɚɬɭɪɚ 

 

1. ȺɛɪɚɦɨɜɚΝɊέɇέ,ΝɑɭɯɚɪɟɜɚΝɇέȼέΝɄɨɪɪɨɡɢɨɧɧɵɟΝɩɨɜɪɟɠɞɟɧɢɹΝɩɪɢΝɬɪɚɧɫɩɨɪɬɟΝɫɤɜɚɠɢɧɧɨɣΝɩɪɨɞɭɤɰɢɢ,ΝņΝɌɨɦɫɤɢɣΝ
ɩɨɥɢɬɟɯɧɢɱɟɫɤɢɣΝɭɧɢɜɟɪɫɢɬɟɬΝņΝ2ίίλέ 

2. ȻɟɪɝɲɬɟɣɧΝ ɇέȼέ,Ν Ν ɅɟɜɱɟɧɤɨΝ Ⱦέɇέ,Ν ɇɢɤɨɥɚɟɜɚ,Ν ɇέɆέΝ ,ɏɭɞɹɤɨɜɚΝ ȺέȾέ,Ν «ɗɦɭɥɶɫɢɢΝ ɧɟɮɬɢΝ ɫΝ ɜɨɞɨɣΝ ɢΝ ɦɟɬɨɞɵΝ ɢɯΝ
ɪɚɡɪɭɲɟɧɢɹ»,ΝņΝΝɢɡɞɚɬɟɥɶɫɬɜɨΝ«ɏɢɦɢɹ»ΝΝņΝΝ1λ6ιέ 

3. ȻɭɪɤɨɜΝ ɉέȼέ,Ν ȻɭɪɤɨɜɚΝ ɋέɉέ,ΝȼɟɪɬɢɧɫɤɚɹΝ ɈέȺέ,Ν ȽɨɪɧɵɣΝɢɧɮɨɪɦɚɰɢɨɧɧɨ-ɚɧɚɥɢɬɢɱɟɫɤɢɣΝ ɛɸɥɥɟɬɟɧɶΝ ņΝ ɨɬɞɟɥɶɧɵɣΝ
ɜɵɩɭɫɤΝņΝ2ί11ΝņΝʋ2ΝΝņΝ154Νɫέ 

4. ȻɵɤɨɜΝɅέɂέ,ΝȼɚɫɢɥɶɟɜΝȽέȽέ,ΝɆɭɫɬɚɮɢɧΝɎέɆέ,Ν«ɁɚɳɢɬɚΝɬɪɭɛɨɩɪɨɜɨɞɨɜΝɨɬΝɤɨɪɪɨɡɢɢ»,ΝņΝΝɋɚɧɤɬ-ɉɟɬɟɪɛɭɪɝέΝņΝΝɈɈɈΝ
«ɇɟɞɪɚ»,ΝņΝ2ίί5έ 

5. ɁɵɪɹɧɨɜΝȺέȻέ,ΝɌɚɪɚɫɨɜΝɆέɘέ,ΝɀɭɪɧɚɥΝ«ɇɟɮɬɹɧɨɟΝɯɨɡɹɣɫɬɜɨ»,ΝņΝ2ίίκΝņΝʋΝίλΝΝΝņΝ1ί5ΝņΝ1ίιΝɫέ 
6. ɂɫɦɚɣɥɨɜΝɎέɋέΝņΝɀɭɪɧɚɥΝ«ɇɟɮɬɟɩɪɨɦɵɫɥɨɜɨɟΝɞɟɥɨ»ΝņΝ2ί1ίΝņʋλΝΝΝņΝ2ιΝņΝ3ίΝɫέ 

 

ɂɋɋɅȿȾɈȼȺɇɂȿ ɇȺɉɊəɀȿɇɇɈ-ȾȿɎɈɊɆɂɊɈȼȺɇɇɈȽɈ ɋɈɋɌɈəɇɂə 
ɌɊɍȻɈɉɊɈȼɈȾɈȼ ȼ ɆȿɊɁɅɈɆ ȽɊɍɇɌȿ ɇȺ ɋɂɅɖɇɈ ɈȻȼɈȾɇȿɇɇɕɏ ɍɑȺɋɌɄȺɏ 

ɌɊȺɋɋɕ 

Ⱥ.ȼ. Ʉɭɡɧɟɰɨɜ, Ⱥ.Ɉ.ɒɚɦɭɪɚɞɨɜ                                                                                                 
ɇɚɭɱɧɵɣΝɪɭɤɨɜɨɞɢɬɟɥɶΝɩɪɨɮɟɫɫɨɪΝɉέΝȼέΝȻɭɪɤɨɜΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝ 

ɇɚɰɢɨɧɚɥɶɧɵɣ ɢɫɫɥɟɞɨɜɚɬɟɥɶɫɤɢɣ Ɍɨɦɫɤɢɣ ɩɨɥɢɬɟɯɧɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ, ɝ. Ɍɨɦɫɤ, Ɋɨɫɫɢɹ 

ɉɪɢ ɨɩɪɟɞɟɥɟɧɢɢ ɪɚɛɨɬɨɫɩɨɫɨɛɧɨɫɬɢ ɬɪɭɛɨɩɪɨɜɨɞɨɜ Ɂɚɩɚɞɧɨɣ ɋɢɛɢɪɢ ɧɟɨɛɯɨɞɢɦɨ ɩɪɨɚɧɚɥɢɡɢɪɨɜɚɬɶ 
ɦɟɯɚɧɢɱɟɫɤɨɟ ɜɡɚɢɦɨɞɟɣɫɬɜɢɟ ɬɪɭɛɵ ɫ ɜɟɱɧɨɦɟɪɡɥɵɦ ɝɪɭɧɬɨɦ. Ɍɚɤ ɠɟ ɬɪɟɛɭɟɬɫɹ ɱɢɫɥɟɧɧɨ ɨɰɟɧɢɬɶ ɩɭɱɟɧɢɟ 
ɦɺɪɡɥɵɯ ɝɪɭɧɬɨɜ ɧɚ ɧɚɩɪɹɠɺɧɧɨ-ɞɟɮɨɪɦɢɪɨɜɚɧɧɨɟ ɫɨɫɬɨɹɧɢɟ ɤɨɧɫɬɪɭɤɰɢɢ [1]. 

ɐɟɥɶɸ ɞɚɧɧɨɣ ɪɚɛɨɬɵ ɹɜɥɹɟɬɫɹ ɢɡɭɱɟɧɢɟ ɩɨɜɟɞɟɧɢɹ ɬɪɭɛɨɩɪɨɜɨɞɚ ɜ ɦɺɪɡɥɨɦ ɝɪɭɧɬɟ ɧɚ ɫɢɥɶɧɨ 
ɨɛɜɨɞɧɟɧɧɵɯ ɭɱɚɫɬɤɚɯ ɬɪɚɫɫɵ, ɚ ɬɚɤɠɟ ɢɫɫɥɟɞɨɜɚɧɢɟ ɟɝɨ ɧɚɩɪɹɠɟɧɧɨ-ɞɟɮɨɪɦɢɪɨɜɚɧɧɨɝɨ ɫɨɫɬɨɹɧɢɹ. 

ɉɟɪɜɨɣ ɝɪɭɩɩɨɣ ɧɟɛɥɚɝɨɩɪɢɹɬɧɵɯ ɞɥɹ ɪɚɛɨɬɵ ɬɪɭɛɨɩɪɨɜɨɞɚ ɮɚɤɬɨɪɨɜ ɹɜɥɹɸɬɫɹ ɨɬɬɚɢɜɚɧɢɟ ɢ 
ɧɟɪɚɜɧɨɦɟɪɧɵɟ ɨɫɚɞɤɢ ɢɥɢ ɩɪɨɜɚɥɵ. Ʉɨ ɜɬɨɪɨɣ ɨɬɧɨɫɹɬɫɹ ɮɚɤɬɨɪɵ, ɨɛɭɫɥɨɜɥɟɧɧɵɟ ɜɦɟɪɡɚɧɢɟɦ ɬɪɭɛ ɜ 
ɡɚɦɟɪɡɚɸɳɢɣ  ɢɥɢ ɨɬɬɚɹɜɲɢɣ ɝɪɭɧɬ. ȼɟɪɬɢɤɚɥɶɧɵɟ ɩɟɪɟɦɟɳɟɧɢɹ ɤɨɧɫɬɪɭɤɰɢɢ ɦɨɝɭɬ ɱɚɫɬɨ ɜɨɡɧɢɤɚɬɶ ɤɚɤ ɜ 
ɡɢɦɧɟɟ, ɬɚɤ ɢ ɜ ɥɟɬɧɟɟ ɜɪɟɦɹ. Ɋɚɜɧɨɦɟɪɧɨ ɪɚɫɩɪɟɞɟɥɟɧɧɵɟ ɜɞɨɥɶ ɝɚɡɨɩɪɨɜɨɞɚ ɫɢɥɵ ɦɨɪɨɡɧɨɝɨ ɩɭɱɟɧɢɹ, 
ɞɟɣɫɬɜɭɸɳɢɟ ɧɚ ɬɪɭɛɨɩɪɨɜɨɞ ɜɟɪɬɢɤɚɥɶɧɨ ɫɧɢɡɭ ɜɜɟɪɯ, ɚ ɬɚɤ ɠɟ ɧɚɛɭɯɚɧɢɟ ɝɪɭɧɬɚ ɧɚɛɥɸɞɚɟɬɫɹ ɧɚ  ɫɢɥɶɧɨ 
ɨɛɜɨɞɧɟɧɧɵɯ ɭɱɚɫɬɤɚɯ ɬɪɚɫɫɵ.ДβЖ Ȼɥɚɝɨɞɚɪɹ ɫɢɥɟ ɚɞɫɨɪɛɰɢɢ ɧɚ ɩɨɜɟɪɯɧɨɫɬɹɯ ɦɢɧɟɪɚɥɶɧɵɯ ɱɚɫɬɢɰ ɢ 
ɤɚɩɢɥɥɹɪɧɨɣ ɫɢɥɟ, ɤɨɬɨɪɚɹ ɨɛɪɚɡɭɟɬ ɥɟɞɹɧɨɣ ɩɨɤɪɨɜ ɜɨɤɪɭɝ ɝɚɡɨɩɪɨɜɨɞɚ. Ɉɛɪɚɡɨɜɚɧɢɟ ɥɶɞɚ ɜ ɤɚɩɢɥɥɹɪɚɯ 
ɩɪɨɢɫɯɨɞɢɬ ɩɪɢ ɛɨɥɟɟ ɜɵɫɨɤɢɯ ɞɚɜɥɟɧɢɹɯ, ɜ ɫɪɚɜɧɟɧɢɢ ɫɨ ɡɧɚɱɟɧɢɹɦɢ ɞɚɜɥɟɧɢɹ ɜ «ɫɜɨɛɨɞɧɨɣ» ɜɨɞɟ. Ɋɚɡɧɨɫɬɶ 
ɦɟɠɞɭ ɪɚɡɦɟɪɚɦɢ ɡɚɜɢɫɢɬ ɨɬ ɞɚɜɥɟɧɢɹμ ɱɟɦ ɦɟɧɶɲɟ ɪɚɡɦɟɪɵ, ɬɟɦ ɜɵɲɟ ɪɚɡɧɨɫɬɶ. ɗɬɨ ɡɧɚɱɢɬ, ɱɬɨ ɩɨɧɢɠɟɧɢɟ 
ɬɟɦɩɟɪɚɬɭɪɵ ɝɪɭɧɬɚ, ɩɨɜɵɲɚɟɬ ɪɚɡɧɨɫɬɶ ɞɚɜɥɟɧɢɹ ɜ ɡɚɦɨɪɨɠɟɧɧɨɦ ɝɪɭɧɬɟ ɦɟɠɞɭ ɜɨɞɨɣ ɢ ɥɶɞɨɦ. ȼ ɪɟɡɭɥɶɬɚɬɟ, 
ɞɚɜɥɟɧɢɟ ɜɫɩɭɱɢɜɚɧɢɹ, ɞɟɣɫɬɜɭɸɳɟɟ ɧɚ ɩɨɥɧɵɣ ɨɛɴɟɦ ɝɪɭɧɬɚ, ɩɪɚɤɬɢɱɟɫɤɢ, ɨɛɭɫɥɨɜɥɢɜɚɟɬ ɞɚɜɥɟɧɢɟ ɥɶɞɚ.  ɋɢɥɚ 
ɜɟɫɚ ɝɪɭɧɬɚ ɢ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɪɚɡɪɵɜɭ ɢ ɫɠɚɬɢɸ ɝɪɭɧɬɚ ɩɪɨɬɢɜɨɞɟɣɫɬɜɭɟɬ ɞɚɜɥɟɧɢɸ ɥɶɞɚ. Ɉɫɧɨɜɧɚɹ ɨɫɨɛɟɧɧɨɫɬɶ 
ɩɪɨɰɟɫɫɚ ɜɫɩɭɱɢɜɚɧɢɹ - ɷɬɨ ɪɟɡɭɥɶɬɚɬ ɪɚɡɧɨɫɬɢ ɧɢɡɤɨɝɨ ɞɚɜɥɟɧɢɹ ɜ «ɫɜɨɛɨɞɧɨɣ» ɜɨɞɟ ɢ ɜɵɫɨɤɨɝɨ ɞɚɜɥɟɧɢɹ ɜɨ 
ɥɶɞɭ, ɚ ɢɦɟɧɧɨ ɩɪɨɰɟɫɫɵ ɜ ɦɟɥɤɨɩɨɪɢɫɬɨɣ ɫɬɪɭɤɬɭɪɟ, ɨɫɨɛɵɯ ɫɜɨɣɫɬɜɚɯ ɜɨɞɵ ɢ ɥɶɞɚ ɜ ɩɨɪɚɯ ɝɪɭɧɬɚ ɢ ɜɨɡɥɟ ɧɢɯ. 
Ʉɨɝɞɚ ɜ ɜɨɞɟ ɩɨɞɞɟɪɠɢɜɚɟɬɫɹ ɛɨɥɟɟ ɧɢɡɤɨɟ ɞɚɜɥɟɧɢɟ, ɬɨ ɧɚ ɨɝɪɚɧɢɱɟɧɧɨɣ ɩɨɜɟɪɯɧɨɫɬɢ ɪɚɡɞɟɥɚ ɮɚɡ ɜɨɞɚ-ɥɟɞ-
ɝɪɭɧɬ ɨɛɭɫɥɨɜɥɢɜɚɟɬɫɹ ɛɨɥɟɟ ɜɵɫɨɤɨɟ ɞɚɜɥɟɧɢɟ ɥɶɞɚ. ɇɟɢɡɦɟɧɧɵɣ ɩɪɢɬɨɤ ɜɨɞɵ ɨɛɟɫɩɟɱɢɜɚɟɬɫɹ ɛɨɥɟɟ ɧɢɡɤɢɦ 
ɞɚɜɥɟɧɢɟɦ ɜ ɜɨɞɟ, ɫɨɫɟɞɫɬɜɭɸɳɟɣ ɫɨ ɥɶɞɨɦ ɜ ɩɨɪɚɯ ɝɪɭɧɬɚ. ɉɪɢ ɷɬɨɦ ɫɢɥɵ, ɤɨɬɨɪɵɟ ɦɨɝɭɬ ɜɵɬɹɝɢɜɚɬɶ 
ɚɞɫɨɪɛɢɪɨɜɚɧɧɭɸ ɜɨɞɭ ɢɡ ɜɨɞɨɧɚɫɵɳɟɧɧɨɝɨ ɝɪɭɧɬɚ, ɞɨɫɬɚɬɨɱɧɨ ɜɟɥɢɤɢ ɢ ɫɩɨɫɨɛɧɵ ɜɵɛɪɚɫɵɜɚɬɶ ɜɨɞɭ ɧɚ ɜɵɫɨɬɭ 
1β0 ɦ ДγЖ. ɇɚɢɛɨɥɶɲɭɸ ɜɟɥɢɱɢɧɭ ɧɨɪɦɚɥɶɧɵɯ ɫɢɥ ɦɨɪɨɡɧɨɝɨ ɩɭɱɟɧɢɹ ɦɨɠɧɨ ɨɰɟɧɢɬɶ ɨɩɢɪɚɹɫɶ ɧɚ ɜɟɥɢɱɢɧɭ 
ɞɚɜɥɟɧɢɹ, ɤɨɬɨɪɨɟ ɪɚɡɜɢɜɚɸɬ ɤɪɢɫɬɚɥɥɵ ɥɶɞɚ ɩɪɢ ɨɝɪɚɧɢɱɟɧɧɨɦ ɡɚɦɟɪɡɚɧɢɢ ɜɨɞɵ.  

Ɇɚɤɫɢɦɚɥɶɧɨɟ ɞɚɜɥɟɧɢɟ ɫɩɨɫɨɛɧɨ ɪɚɡɜɢɬɶɫɹ ɬɨɥɶɤɨ ɩɪɢ ɩɨɥɧɨɦ ɨɬɫɭɬɫɬɜɢɢ ɪɚɫɲɢɪɟɧɢɹ ɜɨɞɵ. ɗɬɨ 
ɞɚɜɥɟɧɢɟ, ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ Э = -ββ °ɋ ɢɡɦɟɪɹɟɬɫɹ ɜɟɥɢɱɢɧɨɣ, ɩɨɪɹɞɤɚ β11 Ɇɉɚ. ȿɫɥɢ ɠɟ ɬɟɦɩɟɪɚɬɭɪɚ ɜɵɲɟ -22 
°ɋ, ɬɨ ɞɚɜɥɟɧɢɟ ɛɭɞɟɬ ɡɧɚɱɢɬɟɥɶɧɨ ɦɟɧɶɲɟ. ɑɬɨɛɵ ɨɰɟɧɢɬɶ ɜɟɥɢɱɢɧɵ ɞɚɜɥɟɧɢɹ, ɜɨɡɧɢɤɚɸɳɢɟ ɜ ɡɚɦɟɪɡɚɸɳɟɣ 
ɜɨɞɟ ɜ ɭɫɥɨɜɢɹɯ ɧɟɜɨɡɦɨɠɧɨɫɬɢ ɟɺ ɪɚɫɲɢɪɟɧɢɹ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɚɯ ɜɵɲɟ -ββ °ɋ, ɩɨɥɶɡɭɸɬɫɹ ɷɦɩɢɪɢɱɟɫɤɨɣ 
ɡɚɜɢɫɢɦɨɫɬɶɸ Ȼɪɢɞɠɦɟɧɚ-Ɍɚɦɦɚɧɚ ДζЖμ 

,159,07,121 2ttp 
      (1)

 

ɝɞɟ p  - ɞɚɜɥɟɧɢɟ ɜ ɬɨɥɳɟ ɥɶɞɚ, Ɇɉɚν 
 
t  - ɚɛɫɨɥɸɬɧɨɟ ɡɧɚɱɟɧɢɟ ɜɟɥɢɱɢɧɵ ɨɬɪɢɰɚɬɟɥɶɧɨɣ ɬɟɦɩɟɪɚɬɭɪɵ, °ɋ. 

Ɍɟɦ ɧɟ ɦɟɧɟɟ, ɭɤɚɡɚɧɧɵɟ ɞɚɜɥɟɧɢɹ ɫɩɨɫɨɛɧɵ ɨɛɪɚɡɨɜɚɬɶɫɹ ɬɨɥɶɤɨ ɩɪɢ ɡɚɦɟɪɡɚɧɢɢ ɜɨɞɵ ɜ ɠɺɫɬɤɨɦ 
ɫɨɫɭɞɟ. ȿɫɥɢ ɠɟ ɜɨɞɚ ɡɚɦɟɪɡɚɟɬ ɜ ɝɪɭɧɬɚɯ, ɬɨ ɮɚɤɬɢɱɟɫɤɨɟ ɞɚɜɥɟɧɢɟ ɛɭɞɟɬ ɦɟɧɶɲɟ ɩɪɢɜɟɞɟɧɧɵɯ ɜɟɥɢɱɢɧ. 
Ɍɟɨɪɟɬɢɱɟɫɤɢ, ɡɚɦɟɪɡɚɧɢɟ ɝɪɭɧɬɨɜ ɩɪɨɬɟɤɚɸɳɢɯ ɩɪɢ Э= -0,01°ɋ, ɚ ɬɚɤ ɠɟ ɩɪɢ ɭɱɟɬɟ ɚɬɦɨɫɮɟɪɧɨɝɨ ɞɚɜɥɟɧɢɹ ɢ 
ɞɚɜɥɟɧɢɢ ɧɚ ɝɪɭɧɬ( 0,1β7 Ɇɩɚ), ɧɟ ɞɨɥɠɧɨ ɜɨɡɧɢɤɧɭɬɶ ɩɨ ɩɪɢɱɢɧɟ ɬɨɝɨ, ɱɬɨ ɝɪɭɧɬ ɧɟ ɛɭɞɟɬ ɩɪɨɦɟɪɡɚɬɶ. Ƚɪɭɧɬɵ, 
ɢɦɟɸɳɢɟ ɞɨɜɨɥɶɧɨ  ɧɢɡɤɭɸ ɬɟɦɩɟɪɚɬɭɪɭ ɡɚɦɟɪɡɚɧɢɹ ɩɟɪɨɜɨɣ ɜɨɞɵ, ɩɪɢ ɧɨɪɦɚɥɶɧɵɯ ɭɫɥɨɜɢɹɯ, ɞɚɜɥɟɧɢɟ 
ɪɚɫɬɭɳɢɯ ɤɪɢɫɬɚɥɥɨɜ ɥɶɞɚ  ɦɨɠɟɬ ɞɨɯɨɞɢɬɶ ɞɨ 8 Ɇɉɚ. Ⱦɚɧɧɚɹ ɡɚɞɚɱɚ ɪɟɲɚɟɬɫɹ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ, ɬɚɤ ɤɚɤ ɨɧɚ ɧɟ 
ɢɦɟɟɬ ɚɧɚɥɢɬɢɱɟɫɤɨɝɨ ɪɟɲɟɧɢɹ. Ⱦɥɹ ɩɨɥɭɱɟɧɢɹ ɪɚɜɧɨɦɟɪɧɨ ɪɚɫɩɪɟɞɟɥɺɧɧɨɣ ɧɚɝɪɭɡɤɢ ɧɚ ɬɪɭɛɨɩɪɨɜɨɞ ɨɬ ɫɢɥ 
ɦɨɪɨɡɧɨɝɨ ɩɭɱɟɧɢɹ, ɧɚɩɪɚɜɥɟɧɧɵɯ ɜɟɪɬɢɤɚɥɶɧɨ, ɫɧɢɡɭ ɜɜɟɪɯ, ɧɟɨɛɯɨɞɢɦɨ ɭɦɧɨɠɢɬɶ ɜɟɥɢɱɢɧɭ ɧɨɪɦɚɥɶɧɨɣ ɫɢɥɵ 
ɧɚ ɧɚɪɭɠɧɵɣ ɞɢɚɦɟɬɪ ɨɛɨɥɨɱɤɢ. 

ɉɪɢ ɡɚɦɟɪɡɚɧɢɢ ɝɪɭɧɬɨɜ, ɭ ɛɨɤɨɜɵɯ ɝɪɚɧɟɣ ɤɨɧɫɬɪɭɤɰɢɢ, ɜɨɡɧɢɤɚɸɬ ɤɚɫɚɬɟɥɶɧɵɟ ɫɢɥɵ ɦɨɪɨɡɧɨɝɨ 
ɩɭɱɟɧɢɹ, ɤɨɬɨɪɵɟ ɧɚɩɪɚɜɥɟɧɵ ɩɨ ɤɚɫɚɬɟɥɶɧɨɣ ɤ ɩɨɜɟɪɯɧɨɫɬɢ, ɝɪɚɧɢɱɚɳɟɣ ɫ ɡɚɦɟɪɡɲɢɦ ɝɪɭɧɬɨɦ ДηЖ. ɇɚɩɪɹɠɟɧɧɨ-


