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ɋȿɄɐɂə 19. ɆɈȾȿɅɂɊɈȼȺɇɂȿ ɉɊɈɐȿɋɋɈȼ ɉɊɂ ɌɊȺɇɋɉɈɊɌɂɊɈȼɄȿ 
ɇȿɎɌɂ ɂ ȽȺɁȺ. 

ɄɈɆɉɖɘɌȿɊɇɈȿ ɆɈȾȿɅɂɊɈȼȺɇȿ ɇȺɉɊəɀȿɇɇɈ-ȾȿɎɈɊɆɂɊɈȼȺɇɇɈȽɈ 
ɋɈɋɌɈəɇɂə ɌɊɍȻɈɉɊɈȼɈȾȺ ɇȺ ɉɊɂɆȿɊȿ ɍɑȺɋɌɄȺ ȺɅȿɄɋȺɇȾɊɈȼɋɄɈȿ-ȺɇɀȿɊɈ-

ɋɍȾɀȿɇɋɄ 

Ⱦ.ɘ. ɑɟɪɧɹɜɫɤɢɣ, ȼ.ɉ. Ɍɚɪɞɚɫɤɢɧ 

ɇɚɭɱɧɵɣΝɪɭɤɨɜɨɞɢɬɟɥɶΝɩɪɨɮɟɫɫɨɪΝɉέȼέΝȻɭɪɤɨɜ 
ɇɚɰɢɨɧɚɥɶɧɵɣ ɢɫɫɥɟɞɨɜɚɬɟɥɶɫɤɢɣ ɬɨɦɫɤɢɣ ɩɨɥɢɬɟɯɧɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ, ɝ. Ɍɨɦɫɤ, Ɋɨɫɫɢɹ 

Ɋɚɡɜɢɬɢɟ ɧɟɮɬɟɝɚɡɨɜɨɣ ɩɪɨɦɵɲɥɟɧɧɨɫɬɢ ɧɚ ɨɫɧɨɜɟ ɦɨɳɧɵɯ ɬɪɭɛɨɩɪɨɜɨɞɨɜ ɢ ɷɤɫɩɥɭɚɬɚɰɢɹ ɢɯ ɜ 
ɪɚɣɨɧɚɯ ɫɨ ɫɥɨɠɧɵɦɢ ɩɪɢɪɨɞɧɵɦɢ ɭɫɥɨɜɢɹɦɢ ɩɨɫɬɚɜɢɥɢ ɧɚ ɩɨɜɟɫɬɤɭ ɞɧɹ ɜɨɩɪɨɫɵ ɤɨɧɬɪɨɥɹ ɢ ɨɰɟɧɤɢ ɩɪɨɱɧɨɫɬɢ 
ɢ ɪɚɛɨɬɨɫɩɨɫɨɛɧɨɫɬɢ ɷɬɢɯ ɤɨɧɫɬɪɭɤɰɢɣ. ɉɪɢ ɷɬɨɦ ɬɟɨɪɟɬɢɱɟɫɤɢɟ ɪɚɫɱɟɬɵ ɩɪɨɱɧɨɫɬɢ ɦɚɝɢɫɬɪɚɥɶɧɵɯ 
ɧɟɮɬɟɩɪɨɜɨɞɨɜ, ɡɚɤɥɚɞɵɜɚɟɦɵɟ ɜ ɩɪɨɟɤɬɵ, ɹɜɥɹɸɬɫɹ ɨɪɢɟɧɬɢɪɨɜɨɱɧɵɦɢ, ɬ.ɤ. ɜ ɩɪɢɧɰɢɩɟ ɧɟ ɦɨɝɭɬ ɭɱɟɫɬɶ ɜɫɟɯ 
ɷɤɫɩɥɭɚɬɚɰɢɨɧɧɵɯ ɮɚɤɬɨɪɨɜ. Ɇɚɝɢɫɬɪɚɥɶɧɵɟ ɧɟɮɬɟɩɪɨɜɨɞɵ, ɩɨɫɬɚɜɥɹɹ ɧɟɮɬɶ ɜ ɰɟɧɬɪɚɥɶɧɵɟ ɪɚɣɨɧɵ ɫɬɪɚɧɵ ɢ ɧɚ 
ɷɤɫɩɨɪɬ, ɩɟɪɟɫɟɤɚɸɬ ɜɨɞɧɵɟ ɩɪɟɝɪɚɞɵ ɪɚɡɥɢɱɧɨɣ ɩɪɨɬɹɠɟɧɧɨɫɬɢ. ɉɟɪɟɫɟɱɟɧɢɟ ɜɨɞɧɵɯ ɩɪɟɝɪɚɞ ɱɚɳɟ ɜɫɟɝɨ 
ɪɟɲɚɟɬɫɹ ɩɭɬɟɦ ɫɬɪɨɢɬɟɥɶɫɬɜɚ ɩɨɞɜɨɞɧɵɯ ɩɟɪɟɯɨɞɨɜ. Ʉ ɧɚɞɟɠɧɨɫɬɢ ɩɨɞɜɨɞɧɵɯ ɩɟɪɟɯɨɞɨɜ ɩɪɟɞɴɹɜɥɹɸɬɫɹ 
ɜɵɫɨɤɢɟ ɬɪɟɛɨɜɚɧɢɹ, ɬɚɤ ɤɚɤ ɞɚɠɟ ɧɟɡɧɚɱɢɬɟɥɶɧɵɟ ɩɨɜɪɟɠɞɟɧɢɹ ɩɟɪɟɯɨɞɨɜ ɫ ɩɨɬɟɪɟɣ ɝɟɪɦɟɬɢɱɧɨɫɬɢ ɩɪɢɜɨɞɹɬ ɤ 
ɬɹɠɟɥɵɦ ɷɤɨɥɨɝɢɱɟɫɤɢɦ ɩɨɫɥɟɞɫɬɜɢɹɦ. Ɇɚɝɢɫɬɪɚɥɶɧɵɣ ɧɟɮɬɟɩɪɨɜɨɞ «Ⱥɥɟɤɫɚɧɞɪɨɜɫɤɨɟ – Ⱥɧɠɟɪɨ-ɋɭɞɠɟɧɫɤ» ɧɚ 
ɫɜɨɟɦ ɩɪɨɬɹɠɟɧɢɢ ɩɟɪɟɫɟɤɚɟɬ λ8 ɜɨɞɧɵɯ ɩɪɟɝɪɚɞ.  ɍɱɚɫɬɨɤ ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɧɟɡɚɫɬɪɨɟɧɧɭɸ, ɡɚɪɨɫɲɭɸ 
ɫɦɟɲɚɧɧɵɦ ɥɟɫɨɦ ɬɟɪɪɢɬɨɪɢɸ ɜɞɨɥɶ ɬɪɚɫɫɵ ɧɟɮɬɟɩɪɨɜɨɞɚ, ɪɚɫɩɨɥɨɠɟɧɧɵɣ ɧɚ β08 ɤɦ ɧɟɮɬɟɩɪɨɜɨɞɚ 
«Ⱥɥɟɤɫɚɧɞɪɨɜɫɤɨɟ – Ⱥɧɠɟɪɨ-ɋɭɞɠɟɧɫɤ» Д1Ж. 

ɐɟɥɶɸ ɞɚɧɧɨɣ ɪɚɛɨɬɵ ɹɜɥɹɟɬɫɹ ɢɫɫɥɟɞɨɜɚɧɢɟ ɧɚɩɪɹɠɟɧɧɨ-ɞɟɮɨɪɦɢɪɨɜɚɧɧɨɝɨ ɫɨɫɬɨɹɧɢɹ ɩɨɞɜɨɞɧɨɝɨ 
ɩɟɪɟɯɨɞɚ ɡɚɛɨɥɨɱɟɧɧɨɝɨ ɭɱɚɫɬɤɚ ɧɟɮɬɟɩɪɨɜɨɞɚ. 

Ɋɚɫɱɟɬ ɧɚɩɪɹɠɟɧɧɨ-ɞɟɮɨɪɦɢɪɨɜɚɧɧɨɝɨ ɫɨɫɬɨɹɧɢɹ ɬɪɭɛɨɩɪɨɜɨɞɧɵɯ ɤɨɧɫɬɪɭɤɰɢɣ, ɛɚɡɢɪɭɸɳɢɣɫɹ ɧɚ 
ɦɟɬɨɞɚɯ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɦɚɬɟɪɢɚɥɨɜ ɢ ɫɬɪɨɢɬɟɥɶɧɨɣ ɦɟɯɚɧɢɤɢ ɧɟ ɩɨɡɜɨɥɹɟɬ ɩɪɨɜɟɫɬɢ ɚɞɟɤɜɚɬɧɵɣ ɚɧɚɥɢɡ 
ɩɪɨɱɧɨɫɬɢ ɬɪɭɛɨɩɪɨɜɨɞɨɜ ɬɨɩɥɢɜɧɨ-ɷɧɟɪɝɟɬɢɱɟɫɤɨɝɨ ɤɨɦɩɥɟɤɫɚ ɫ ɬɪɟɛɭɟɦɨɣ ɬɨɱɧɨɫɬɶɸ. ȼ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ 
ɧɚɢɛɨɥɶɲɟɟ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɟ ɩɨɥɭɱɢɥ ɦɟɬɨɞ ɤɨɧɟɱɧɵɯ ɷɥɟɦɟɧɬɨɜ. ɂɧɮɨɪɦɚɰɢɹ, ɩɨɥɭɱɟɧɧɚɹ ɜ ɪɟɡɭɥɶɬɚɬɟ ɨɰɟɧɤɢ 
ɧɚɩɪɹɠɟɧɧɨ-ɞɟɮɨɪɦɢɪɨɜɚɧɧɨɝɨ ɫɨɫɬɨɹɧɢɹ ɬɪɭɛɨɩɪɨɜɨɞɨɜ, ɩɨɡɜɨɥɹɟɬ ɨɩɪɟɞɟɥɢɬɶ ɭɱɚɫɬɤɢ ɫ ɩɪɟɞɚɜɚɪɢɣɧɨɣ 
ɫɢɬɭɚɰɢɟɣ ɢ ɩɪɟɞɩɪɢɧɹɬɶ ɜɫɟ ɧɟɨɛɯɨɞɢɦɵɟ ɦɟɪɵ ɞɥɹ ɢɯ ɭɫɬɪɚɧɟɧɢɹ, ɩɨɜɵɲɚɹ ɬɟɦ ɫɚɦɵɦ ɧɚɞɟɠɧɨɫɬɶ 
ɬɪɭɛɨɩɪɨɜɨɞɧɨɣ ɫɢɫɬɟɦɵ Дβ-γЖ. Ⱦɢɚɦɟɬɪ ɢɫɫɥɟɞɭɟɦɨɝɨ ɧɟɮɬɟɩɪɨɜɨɞɚ 1ββ0 ɦɦ, ɪɚɛɨɱɟɟ ɞɚɜɥɟɧɢɟ γ,7 Ɇɉɚ. 
ɇɟɮɬɟɩɪɨɜɨɞ ɩɪɨɯɨɞɢɬ ɱɟɪɟɡ ɡɚɛɨɥɨɱɟɧɧɵɣ ɭɱɚɫɬɨɤ. ɏɚɪɚɤɬɟɪɢɫɬɢɤɚ ɦɚɬɟɪɢɚɥɚ ɬɪɭɛɵμ ɫɬɚɥɶ 1γȽɋ ɫɨ 
ɫɥɟɞɭɸɳɢɦɢ ɦɟɯɚɧɢɱɟɫɤɢɦɢ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦɢ ДζЖ. ɇɚ ɧɟɮɬɟɩɪɨɜɨɞ, ɤɪɨɦɟ 
ɪɚɛɨɱɟɝɨ ɞɚɜɥɟɧɢɹ, ɞɟɣɫɬɜɭɸɬ ɫɥɟɞɭɸɳɢɟ ɧɚɝɪɭɡɤɢμ ɪɚɫɩɪɟɞɟɥɟɧɧɚɹ ɧɚɝɪɭɡɤɚ ɨɬ ɜɟɫɚ ɫɚɦɨɣ ɬɪɭɛɵ ɫ ɢɡɨɥɹɰɢɟɣ ɢ 
ɩɟɪɟɤɚɱɢɜɚɟɦɨɣ ɧɟɮɬɢ – q, ɜɵɬɚɥɤɢɜɚɸɳɚɹ ɫɢɥɚ ɜɨɞɵ – qɜ, ɝɢɞɪɨɫɬɚɬɢɱɟɫɤɨɟ ɞɚɜɥɟɧɢɟ - qɝɢɞ. ȼ ɪɚɫɱɟɬɚɯ ɩɪɢɧɹɬɵ 
ɞɨɩɭɳɟɧɢɹ ɨɛ ɨɬɫɭɬɫɬɜɢɢ ɧɚɝɪɭɡɨɤ, ɞɟɣɫɬɜɭɸɳɢɯ ɜ ɡɢɦɧɢɣ ɩɟɪɢɨɞ ɢ ɬɟɦɩɟɪɚɬɭɪɧɨɝɨ ɜɥɢɹɧɢɹ ɧɚ ɧɟɮɬɟɩɪɨɜɨɞ. 
Ɋɚɫɱɟɬɧɚɹ ɫɯɟɦɚ ɩɪɟɞɫɬɚɜɥɟɧɚ ɧɚ ɪɢɫɭɧɤɟ 1 ɢ ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɦɟɫɬɨ ɩɟɪɟɯɨɞɚ ɧɟɮɬɟɩɪɨɜɨɞɚ ɢɡ ɝɪɭɧɬɚ ɜ ɜɨɞɭ. 

 

Ɋɢɫ. 1 Ɋɚɫɱɟɬɧɚɹ ɫɯɟɦɚ ɧɟɮɬɟɩɪɨɜɨɞɚ 

 
Ɋɟɡɭɥɶɬɚɬɵ ɪɚɫɱɟɬɚ ɩɪɟɞɫɬɚɜɥɟɧɵ ɧɚ ɪɢɫɭɧɤɚɯ β ɢ γ.  
 

 
 

Ɋɢɫ. 2 Ɋɚɫɱɟɬɧɵɟ ɧɚɩɪɹɠɟɧɢɹ ɩɨ Ɇɢɡɟɫɭ ɧɚ 
ɢɫɫɥɟɞɭɟɦɨɦ ɭɱɚɫɬɤɟ 

Ɋɢɫ. 3 ɋɭɦɦɚɪɧɵɟ ɩɟɪɟɦɟɳɟɧɢɹ 
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ɉɊɈȻɅȿɆɕ ȽȿɈɅɈȽɂɂ ɂ ɈɋȼɈȿɇɂə ɇȿȾɊ 

Ɋɚɫɫɱɢɬɚɜ ɢɫɫɥɟɞɭɟɦɵɣ ɭɱɚɫɬɨɤ ɧɟɮɬɟɩɪɨɜɨɞɚ, ɩɪɨɜɟɪɢɦ ɫɨɨɬɜɟɬɫɬɜɢɟ ɪɚɫɱɟɬɚ ɦɨɞɟɥɢ ɜ Ansys 
ɨɛɳɟɩɪɢɧɹɬɵɦ. Ⱦɥɹ ɷɬɨɝɨ ɢɫɩɨɥɶɡɭɟɦ ɫɨɡɞɚɧɧɭɸ ɦɨɞɟɥɶ ɭɱɚɫɬɤɚ ɧɟɮɬɟɩɪɨɜɨɞɚ. ɉɪɢɥɨɠɢɦ ɬɨɥɶɤɨ ɪɚɫɱɟɬɧɨɟ 
ɞɚɜɥɟɧɢɟ ɢ ɩɪɨɢɡɜɟɞɟɦ ɪɚɫɱɟɬ ɩɨ ɤɨɥɶɰɟɜɵɦ ɧɚɩɪɹɠɟɧɢɹɦ.  

Ɋɟɡɭɥɶɬɚɬɵ ɪɚɫɱɟɬɚ ɩɪɢɜɟɞɟɧɵ ɧɚ ɪɢɫɭɧɤɟ ζ. 
 

 
Ɋɢɫ. 4 Ʉɨɥɶɰɟɜɵɟ ɧɚɩɪɹɠɟɧɢɹ ɜ ɧɟɮɬɟɩɪɨɜɨɞɟ 

 
Ɇɚɤɫɢɦɚɥɶɧɵɟ ɤɨɥɶɰɟɜɵɟ ɧɚɩɪɹɠɟɧɢɹ ɭɱɚɫɬɤɚ ɧɟɮɬɟɩɪɨɜɨɞɚ ɩɨɞ ɞɟɣɫɬɜɢɟɦ ɪɚɫɱɟɬɧɨɝɨ ɞɚɜɥɟɧɢɹ ɩɨ 

ɦɟɬɨɞɭ ɤɨɧɟɱɧɵɯ ɷɥɟɦɟɧɬɨɜ . 
 Ʉɨɥɶɰɟɜɵɟ ɧɚɩɪɹɠɟɧɢɹ ɩɨ ɪɚɫɱɟɬɭ . 
  
ɉɨɝɪɟɲɧɨɫɬɶ ɪɚɫɱɟɬɚμ 
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ɪɚɫɱɷɤɫɩ


                
(1) 

 Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɩɪɢɧɹɬɚɹ ɦɨɞɟɥɶ ɞɚɟɬ ɚɞɟɤɜɚɬɧɵɣ ɪɟɡɭɥɶɬɚɬ. Ɋɚɫɩɪɟɞɟɥɟɧɢɟ ɫɭɦɦɚɪɧɵɯ ɩɟɪɟɦɟɳɟɧɢɣ ɢ 
ɧɚɩɪɹɠɟɧɢɣ, ɩɨɥɭɱɟɧɧɵɯ ɜ ɪɚɫɱɟɬɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɧɚ ɪɢɫɭɧɤɚɯ η ɢ θ. 

  

Ɋɢɫ.5 Ɋɚɫɩɪɟɞɟɥɟɧɢɟ ɧɚɩɪɹɠɟɧɢɣ ɩɨ ɞɥɢɧɟ 
ɧɟɮɬɟɩɪɨɜɨɞɚ 

Ɋɢɫ. 6 Ɋɚɫɩɪɟɞɟɥɟɧɢɟ ɫɭɦɦɚɪɧɵɯ ɩɟɪɟɦɟɳɟɧɢɣ ɩɨ 
ɞɥɢɧɟ ɧɟɮɬɟɩɪɨɜɨɞɚ 

 
ɂɡ ɩɨɥɭɱɟɧɧɵɯ ɢ ɩɪɟɞɫɬɚɜɥɟɧɧɵɯ ɪɟɡɭɥɶɬɚɬɨɜ ɦɨɠɧɨ ɫɞɟɥɚɬɶ ɫɥɟɞɭɸɳɢɟ ɜɵɜɨɞɵμ 
 ɧɚɢɛɨɥɟɟ ɨɩɚɫɧɨɟ ɫɟɱɟɧɢɟ ɧɟɮɬɟɩɪɨɜɨɞɚ ɧɚɯɨɞɢɬɫɹ ɜ ɦɟɫɬɟ ɩɟɪɟɯɨɞɚ ɢɡ ɨɞɧɨɣ ɫɪɟɞɵ ɜ ɞɪɭɝɭɸν 

ɡɞɟɫɶ ɧɚɛɥɸɞɚɸɬɫɹ ɦɚɤɫɢɦɚɥɶɧɵɟ ɧɚɩɪɹɠɟɧɢɹ, ɫɧɢɠɚɸɳɢɟ ɭɪɨɜɟɧɶ ɧɚɞɟɠɧɨɫɬɢ ɧɟɮɬɟɩɪɨɜɨɞɚν 
 ɫɭɦɦɚɪɧɵɟ ɩɟɪɟɦɟɳɟɧɢɹ ɩɟɪɟɦɟɧɧɵ ɩɨ ɞɥɢɧɟ ɬɪɭɛɵ, ɢ ɫɭɳɟɫɬɜɟɧɧɨ ɡɚɜɢɫɹɬ ɨɬ ɞɟɣɫɬɜɢɹ 

ɪɚɫɩɪɟɞɟɥɟɧɧɵɯ ɧɚɝɪɭɡɨɤ ɨɬ ɜɟɫɚ ɫɚɦɨɣ ɬɪɭɛɵ ɢ ɩɟɪɟɤɚɱɢɜɚɟɦɨɣ ɧɟɮɬɢ, ɚ ɬɚɤɠɟ ɝɢɞɪɨɫɬɚɬɢɱɟɫɤɨɝɨ ɞɚɜɥɟɧɢɹ ɢ 
ɜɵɬɚɥɤɢɜɚɸɳɟɣ ɫɢɥɵ ɜɨɞɵ. ɇɚɢɛɨɥɟɟ ɨɩɚɫɧɨɟ ɫɟɱɟɧɢɟ ɧɚɯɨɞɢɬɫɹ ɜ ɰɟɧɬɪɟ ɧɟɮɬɟɩɪɨɜɨɞɚ. 
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