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ɍȾɄ 517.9 

 

ɉɪɢɛɥɢɠɟɧɧɵɣ ɚɧɚɥɢɡ ɤɨɧɜɟɤɬɢɜɧɨɣ ɡɚɞɚɱɢ ɋɬɟɮɚɧɚ 
 

Ɇɢɧɟɧɤɨ Ⱥ.ɋ., Ɋɚɞɟɜɢɱ ȿ.ȼ. 
Ⱦɨɧɟɰɤɢɣ ɧɚɰɢɨɧɚɥɶɧɵɣ ɬɟɯɧɢɱɟɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ 
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Ɇɢɧɟɧɤɨ Ⱥ.ɋ., Ɋɚɞɟɜɢɱ ȿ.ȼ. ɉɪɢɛɥɢɠɟɧɧɵɣ ɚɧɚɥɢɡ ɤɨɧɜɟɤɬɢɜɧɨɣ ɡɚɞɚɱɢ  ɋɬɟɮɚɧɚ. 

Ɉɫɭɳɟɫɬɜɥɹɟɬɫɹ ɦɚɬɟɦɚɬɢɱɟɫɤɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɨɞɧɨɝɨ ɤɥɚɫɫɚ ɫɥɨɠɧɵɯ ɫɢɫɬɟɦ ɫ 
ɩɪɢɦɟɧɟɧɢɟɦ ɧɟɱɟɬɤɨɣ ɥɨɝɢɤɢ, ɚ ɬɚɤɠɟ ɱɢɫɥɟɧɧɵɣ ɚɧɚɥɢɡ ɧɟɥɢɧɟɣɧɨɣ ɦɚɬɟɦɚɬɢɱɟɫɤɨɣ ɦɨɞɟɥɢ. 
 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɡɚɞɚɱɚ ɋɬɟɮɚɧɚ, ɚɧɚɥɢɡ, ɦɚɬɟɦɚɬɢɱɟɫɤɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ, ɦɚɬɟɦɚɬɢɱɟɫɤɚɹ 
ɦɨɞɟɥɶ, ɧɟɱɟɬɤɚɹ ɥɨɝɢɤɚ. 

 

ȼɜɟɞɟɧɢɟ 
 

Ɍɟɩɥɨɮɢɡɢɱɟɫɤɢɟ ɩɪɨɰɟɫɫɵ, 
ɫɨɩɪɨɜɨɠɞɚɸɳɢɟɫɹ ɮɚɡɨɜɵɦɢ ɩɟɪɟɯɨɞɚɦɢ 
ɜɟɳɟɫɬɜɚ, ɨɩɢɫɵɜɚɸɬɫɹ ɦɚɬɟɦɚɬɢɱɟɫɤɨɣ 
ɦɨɞɟɥɶɸ, ɜ ɤɨɬɨɪɨɣ ɬɟɦɩɟɪɚɬɭɪɚ ɤɚɠɞɨɣ ɢɡ ɮɚɡ 
ɭɞɨɜɥɟɬɜɨɪɹɟɬ ɭɪɚɜɧɟɧɢɸ ɩɟɪɟɧɨɫɚ ɬɟɩɥɚ ɫɨ 
ɫɜɨɢɦɢ ɬɟɩɥɨɮɢɡɢɱɟɫɤɢɦɢ ɤɨɷɮɮɢɰɢɟɧɬɚɦɢ, ɧɚ 
ɝɪɚɧɢɰɟ ɪɚɡɞɟɥɚ ɮɚɡ, ɨɛɟ ɬɟɦɩɟɪɚɬɭɪɵ ɩɨɫɬɨɹɧɧɵ 
ɢ ɪɚɜɧɵ ɬɟɦɩɟɪɚɬɭɪɟ ɮɚɡɨɜɨɝɨ ɩɟɪɟɯɨɞɚ, ɚ ɧɚ 
ɡɚɞɚɧɧɵɯ ɱɚɫɬɹɯ ɝɪɚɧɢɰɵ ɩɨɞɞɟɪɠɢɜɚɟɬɫɹ 
ɨɩɪɟɞɟɥɟɧɧɵɣ ɪɟɠɢɦ. ɉɨɜɟɪɯɧɨɫɬɶ ɪɚɡɞɟɥɚ ɮɚɡ 
ɹɜɥɹɟɬɫɹ ɧɟɢɡɜɟɫɬɧɨɣ ɢɥɢ «ɫɜɨɛɨɞɧɨɣ» ɝɪɚɧɢɰɟɣ, 
ɢ ɞɥɹ ɟɟ ɨɩɪɟɞɟɥɟɧɢɹ ɞɨɩɨɥɧɢɬɟɥɶɧɨ ɡɚɞɚɟɬɫɹ ɬɚɤ 
ɧɚɡɵɜɚɟɦɨɟ «ɭɫɥɨɜɢɟ ɋɬɟɮɚɧɚ», ɨɡɧɚɱɚɸɳɟɟ, ɱɬɨ 
ɬɟɩɥɨɜɨɣ ɩɨɬɨɤ ɱɟɪɟɡ ɮɪɨɧɬ ɤɪɢɫɬɚɥɥɢɡɚɰɢɢ ɜ 
ɫɬɨɪɨɧɭ ɬɜɟɪɞɨɣ ɮɚɡɵ ɪɚɜɟɧ ɬɟɩɥɨɜɨɦɭ ɩɨɬɨɤɭ 
ɫɨ ɫɬɨɪɨɧɵ ɠɢɞɤɨɣ ɮɚɡɵ ɩɥɸɫ ɫɤɪɵɬɚɹ ɬɟɩɥɨɬɚ 
ɮɚɡɨɜɨɝɨ ɩɟɪɟɯɨɞɚ.  

Ɇɚɬɟɦɚɬɢɱɟɫɤɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɨɞɧɨɝɨ 
ɤɥɚɫɫɚ ɫɥɨɠɧɵɯ ɫɢɫɬɟɦ ɫ ɩɪɢɦɟɧɟɧɢɟɦ 
ɧɟɱɟɬɤɨɣ ɥɨɝɢɤɢ 
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Ⱦɚɥɟɟ, ɩɭɫɬɶ 0 ɝɥɚɞɤɚɹ, ɫɜɹɡɧɚɹ ɩɨɜɟɪɯɧɨɫɬɶ ɛɟɡ 
ɫɚɦɨɩɟɪɟɫɟɱɟɧɢɣ, ɥɟɠɚɳɚɹ ɜɧɭɬɪɢ  , ɤɨɬɨɪɚɹ 
ɪɚɡɛɢɜɚɟɬ ɟɟ ɧɚ ɞɜɟ ɩɨɞɨɛɥɚɫɬɢ   ɢ  , ɬ.ɟ. 

   , ɩɪɢɱɟɦ ɫɮɟɪɚ   ɥɟɠɢɬ ɜɧɭɬɪɢ 
ɨɝɪɚɧɢɱɟɧɧɨɣ ɨɛɥɚɫɬɢ, ɝɪɚɧɢɰɟɣ ɤɨɬɨɪɨɣ 
ɹɜɥɹɟɬɫɹ 0 . Ɋɚɫɫɦɨɬɪɢɦ ɤɪɚɟɜɭɸ ɡɚɞɚɱɭ ɫɨ 
ɫɜɨɛɨɞɧɨɣ ɝɪɚɧɢɰɟɣ 0 . Ɍɪɟɛɭɟɬɫɹ ɨɩɪɟɞɟɥɢɬɶ 

ɬɪɨɣɤɭ ( 0),( 
xu ) ɩɨ ɫɥɟɞɭɸɳɢɦ ɭɫɥɨɜɢɹɦ: 
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ɩɪɢɧɚɞɥɟɠɢɬ ɤɥɚɫɫɭ ɋ [12]. 

Ɂɚɬɟɦ ɜɜɟɞɟɦ ɜ ɪɚɫɫɦɨɬɪɟɧɢɟ ɮɭɧɤɰɢɸ 
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ɮɭɧɤɰɢɸ )(xu  ɦɨɠɧɨ ɧɚɣɬɢ ɢɡ ɭɫɥɨɜɢɹ 
ɦɢɧɢɦɭɦɚ ɮɭɧɤɰɢɨɧɚɥɚ 
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ɦɧɨɠɟɫɬɜɟ R ɞɨɩɭɫɬɢɦɵɯ ɮɭɧɤɰɢɣ [19]. ɗɬɨ 
ɫɥɟɞɭɟɬ ɢɡ ɮɨɪɦɭɥɵ ɩɟɪɜɨɣ ɜɚɪɢɚɰɢɢ 
ɢɧɬɟɝɪɚɥɶɧɨɝɨ ɮɭɧɤɰɢɨɧɚɥɚ ɫ ɧɟɢɡɜɟɫɬɧɨɣ 
ɨɛɥɚɫɬɶɸ ɢɧɬɟɝɪɢɪɨɜɚɧɢɹ [6]. 
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Ʌɟɦɦɚ 4.1. ɉɭɫɬɶ ɬɪɨɣɤɚ ( 0),( 
xu ) 

ɹɜɥɹɟɬɫɹ ɤɥɚɫɫɢɱɟɫɤɢɦ ɪɟɲɟɧɢɟɦ ɡɚɞɚɱɢ (4.1). 
Ɍɨɝɞɚ ɷɬɚ ɬɪɨɣɤɚ ɛɭɞɟɬ ɫɬɚɰɢɨɧɚɪɧɨɣ ɞɥɹ 
ɮɭɧɤɰɢɨɧɚɥɚ (4.2) ɧɚ ɦɧɨɠɟɫɬɜɟ R. Ɉɛɪɚɬɧɨ, 
ɤɚɠɞɚɹ ɫɬɚɰɢɨɧɚɪɧɚɹ ɬɪɨɣɤɚ ( 0),( 

xu ) 

ɮɭɧɤɰɢɨɧɚɥɚ (4.2) ɧɚ ɦɧɨɠɟɫɬɜɟ R, ɝɞɟ 0  

ɞɨɫɬɚɬɨɱɧɨ ɝɥɚɞɤɚɹ, ɫɜɹɡɧɚɹ ɩɨɜɟɪɯɧɨɫɬɶ, 
ɹɜɥɹɟɬɫɹ ɪɟɲɟɧɢɟɦ ɡɚɞɚɱɢ (4.1). 

ɋɮɨɪɦɭɥɢɪɨɜɚɧɧɚɹ ɡɚɞɚɱɚ (4.1) 
ɩɨɥɭɱɚɟɬɫɹ ɢɡ ɡɚɞɚɱɢ, ɢɡɭɱɟɧɧɨɣ ɜ [12] ɜ ɫɥɭɱɚɟ 

0V , ɬ.ɟ. ɜ ɫɥɭɱɚɟ ɛɟɫɤɨɧɟɱɧɨ ɛɨɥɶɲɨɣ 
ɜɹɡɤɨɫɬɢ, Re = 0. ɉɨɷɬɨɦɭ ɜ ɞɚɥɶɧɟɣɲɟɦ ɩɨɞ 
ɪɟɲɟɧɢɟɦ ɡɚɞɚɱɢ (4.1) ɩɪɢ Re = 0 ɛɭɞɟɦ 

ɩɨɧɢɦɚɬɶ ɮɭɧɤɰɢɢ )(,0)( xuxV
  ɢ )(xu


, 

ɡɚɞɚɧɧɵɟ ɜ  . ɂɡ ɭɫɥɨɜɢɣ (4.1) ɫɥɟɞɭɟɬ, ɱɬɨ 0  

- ɧɟ ɱɬɨ ɢɧɨɟ, ɤɚɤ ɥɢɧɢɹ ɭɪɨɜɧɹ ɮɭɧɤɰɢɢ )(xu , 

ɬ.ɟ: 
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 1)(:0  xux . Ⱦɚɥɟɟ, ɟɫɥɢ ɩɪɟɞɩɨɥɨɠɢɬɶ 
ɜɵɩɨɥɧɟɧɢɟ ɫɥɟɞɭɸɳɟɝɨ ɭɫɥɨɜɢɹ: 

,,0)1)(( 0
  xxB 

 

ɝɞɟ 0 ɧɟɤɨɬɨɪɚɹ ɩɨɫɬɨɹɧɧɚɹ, ɬɨɝɞɚ 

ɩɨɜɟɪɯɧɨɫɬɶ 0  ɥɟɠɢɬ ɜɧɭɬɪɢ ɨɛɥɚɫɬɢ   ɢ 

ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɩɨɜɟɪɯɧɨɫɬɶ ɤɥɚɫɫɚ 4
C , ɧɟ 

ɢɦɟɸɳɭɸ ɫɚɦɨɩɟɪɟɫɟɱɟɧɢɣ ɢ ɪɚɫɩɨɥɚɝɚɸɳɭɸ 
ɨɬɧɨɫɢɬɟɥɶɧɨ   ɢ  ɚɧɚɥɨɝɢɱɧɨ ɩɨɜɟɪɯɧɨɫɬɢ 

t  (ɫɜɨɛɨɞɧɚɹ ɩɨɜɟɪɯɧɨɫɬɶ), ɢɡɭɱɟɧɧɨɣ ɜ [12]. 

ɋɥɟɞɨɜɚɬɟɥɶɧɨ, ɪɚɫɫɦɚɬɪɢɜɚɹ ɮɭɧɤɰɢɸ )(xu ɜ 

ɨɞɧɨɣ ɢɡ ɨɛɥɚɫɬɟɣ  , ɢ ɩɪɢɧɢɦɚɹ ɜɨ ɜɧɢɦɚɧɢɟ 
ɥɟɦɦɭ ɨ ɧɨɪɦɚɥɶɧɨɣ ɩɪɨɢɡɜɨɞɧɨɣ, ɧɚɯɨɞɢɦ ɱɬɨ: 
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ɝɞɟ n – ɧɨɪɦɚɥɶ ɤ 0 , ɧɚɩɪɚɜɥɟɧɧɚɹ ɜ ɫɬɨɪɨɧɭ 
0 , ɚ   - ɧɟɤɨɬɨɪɚɹ ɩɨɫɬɨɹɧɧɚɹ. Ɉɬɫɸɞɚ, 

ɩɪɢɦɟɧɹɹ ɬɟɨɪɟɦɭ ɨ ɧɟɹɜɧɨɣ ɮɭɧɤɰɢɢ, ɫɥɟɞɭɟɬ, 
ɱɬɨ 0  ɩɪɢɧɚɞɥɟɠɢɬ ɤɥɚɫɫɭ ɋ , ɬɚɤ ɤɚɤ ɷɬɨɦɭ 
ɤɥɚɫɫɭ ɜ ɧɟɤɨɬɨɪɨɣ ɨɤɪɟɫɬɧɨɫɬɢ 0  ɩɪɢɧɚɞɥɟɠɢɬ 
ɝɚɪɦɨɧɢɱɟɫɤɚɹ ɮɭɧɤɰɢɹ )(xu . 

Ɇɢɧɢɦɭɦ ɮɭɧɤɰɢɨɧɚɥɚ (4.2) ɧɚ ɦɧɨɠɟɫɬɜɟ 
R ɛɭɞɟɦ ɢɫɤɚɬɶ ɩɪɢ ɩɨɦɨɳɢ ɫɭɦɦ: 
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ɝɞɟ ),( ky ɫɮɟɪɢɱɟɫɤɢɟ ɮɭɧɤɰɢɢ. 
ɇɟɢɡɜɟɫɬɧɵɟ ɤɨɷɮɮɢɰɢɟɧɬɵ kC  ɨɩɪɟɞɟɥɹɸɬ ɩɪɢ 
ɩɨɦɨɳɢ ɦɟɬɨɞɚ Ɋɢɬɰɚ. Ɍɨɝɞɚ ɩɨɜɟɪɯɧɨɫɬɶ 
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ɩɨɫɬɨɹɧɧɚɹ [3]. 
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  

ɩɟɪɜɨɟ ɩɪɢɛɥɢɠɟɧɢɟ ɢɫɯɨɞɧɨɣ ɡɚɞɚɱɢ, 
ɢɡɭɱɟɧɧɨɣ ɜ [12].  

ȼ ɱɚɫɬɧɨɫɬɢ ɞɥɹ ɧɭɥɟɜɨɝɨ ɩɪɢɛɥɢɠɟɧɢɹ 
),(0 u  ɢɡ ɭɪɚɜɧɟɧɢɹ: 
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Ⱦɚɥɟɟ, ɪɚɫɫɦɨɬɪɢɦ ɜɟɥɢɱɢɧɭ, 
),,(),( 0 uIuI onn  ɝɞɟ u   ɬɨɱɧɨɟ ɪɟɲɟɧɢɟ 

ɡɚɞɚɱɢ (4.1). Ɍɨɝɞɚ, ɦɨɠɧɨ ɭɫɬɚɧɨɜɢɬɶ, ɱɬɨ 
0n  ɩɪɢ n , ɟɫɥɢ kC  ɤɨɷɮɮɢɰɢɟɧɬɵ 

Ɋɢɬɰɚ.  

ɂɫɩɨɥɶɡɭɹ ɪɟɡɭɥɶɬɚɬɵ Ʉɚɧɬɨɪɨɜɢɱɚ Ʌ.ȼ. 
ɩɨ ɦɢɧɢɦɢɡɚɰɢɢ ɤɜɚɞɪɚɬɢɱɧɵɯ ɮɭɧɤɰɢɨɧɚɥɨɜ, 
ɚɧɚɥɨɝɢɱɧɨ ɬɨɦɭ ɤɚɤ ɷɬɨ ɫɞɟɥɚɧɨ ɜ [13], ɦɨɠɧɨ 
ɞɨɤɚɡɚɬɶ ɫɥɟɞɭɸɳɟɟ ɭɬɜɟɪɠɞɟɧɢɟ. 
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Ɂɚɦɟɱɚɧɢɟ. ȼ ɫɥɭɱɚɟ ɞɜɭɯ ɝɟɨɦɟɬɪɢɱɟɫɤɢɯ 
ɩɟɪɟɦɟɧɧɵɯ ɢɦɟɸɬ ɦɟɫɬɨ ɨɰɟɧɤɢ: 
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ȼ ɪɚɛɨɬɟ [10] ɢɡɭɱɟɧɵ k-ɟ ɩɪɢɛɥɢɠɟɧɢɹ 
),,( kkuV 

 ɢɫɯɨɞɧɨɣ ɡɚɞɚɱɢ ɹɜɥɹɸɳɢɟɫɹ 

ɮɭɧɤɰɢɹɦɢ ɤɥɚɫɫɚ )(
2/)2(,2  

H , ɩɨɫɬɪɨɟɧɵ 
ɫɢɫɬɟɦɵ ɭɪɚɜɧɟɧɢɣ, ɪɟɲɟɧɢɹɦɢ ɤɨɬɨɪɵɯ ɨɧɢ 
ɹɜɥɹɸɬɫɹ. Ɏɨɪɦɭɥɵ (4.3), (4.4) ɩɨɡɜɨɥɹɸɬ 
ɢɫɫɥɟɞɨɜɚɬɶ t  ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɱɢɫɟɥ 
Ɋɟɣɧɨɥɶɞɫɚ Re . 

ɉɭɫɬɶ *Ɍ  ɬɟɦɩɟɪɚɬɭɪɚ, ɤɨɬɨɪɭɸ ɞɨɥɠɧɚ 
ɞɨɫɬɢɱɶ ɩɨɜɟɪɯɧɨɫɬɶ  . ɗɬɚ ɬɟɦɩɟɪɚɬɭɪɚ 
ɞɨɫɬɢɝɚɟɬɫɹ ɡɚ ɫɱɟɬ ɜɨɡɞɟɣɫɬɜɢɹ ɬɟɩɥɨɜɵɯ 
ɩɨɬɨɤɨɜ ɦɨɳɧɨɫɬɢ 321 ,, www , ɩɪɢɱɟɦ ɦɨɳɧɨɫɬɶ 
ɨɞɧɨɝɨ ɢɡ ɧɢɯ 3w  ɪɚɜɧɨɦɟɪɧɨ ɪɚɫɩɪɟɞɟɥɟɧɚ ɜ 
ɰɟɧɬɪɟ  , ɚ ɞɜɚ ɞɪɭɝɢɯ 1w  ɢ 2w  

ɫɤɨɧɰɟɧɬɪɢɪɨɜɚɧɵ ɩɨ ɤɪɚɹɦ   [17]. Ⱦɚɥɟɟ, 
ɛɭɞɟɬ ɩɪɟɞɥɨɠɟɧ ɦɟɬɨɞ ɧɟɱɟɬɤɨɝɨ ɭɩɪɚɜɥɟɧɢɹ ɜ 
ɞɚɧɧɨɦ ɤɥɚɫɫɟ ɡɚɞɚɱ, ɤɨɬɨɪɵɣ ɢɦɟɟɬ ɦɟɫɬɨ ɜ 
ɫɩɟɰɦɟɬɚɥɥɭɪɝɢɢ [17]. 

ɉɭɫɬɶ nXXX ,...,, 21  ɮɚɤɬɨɪɵ, ɜɥɢɹɸɳɢɟ 
ɧɚ ɩɪɨɰɟɫɫɟ ɤɪɢɫɬɚɥɥɢɡɚɰɢɢ, ɚ nYYY ,...,, 21  

ɭɫɥɨɜɢɹ, ɩɪɢ ɤɨɬɨɪɵɯ ɩɪɨɢɫɯɨɞɢɬ ɩɨɹɜɥɟɧɢɟ 
ɧɨɜɨɝɨ ɫɥɢɬɤɚ. Ɍɨɝɞɚ ɧɟɱɟɬɤɨɟ ɭɩɪɚɜɥɟɧɢɟ ɜ 
ɧɚɲɟɣ ɦɨɞɟɥɢ ɦɨɠɧɨ ɩɪɟɞɫɬɚɜɢɬɶ ɜ ɜɢɞɟ 
ɮɭɧɤɰɢɨɧɚɥɶɧɨɝɨ ɨɬɨɛɪɚɠɟɧɢɹ: 

   1 2 1 2
, ,..., , ,..., .

n n
X X X X Y Y Y Y    

ȼ ɩɪɨɫɬɟɣɲɟɦ ɫɥɭɱɚɟ, ɧɚɩɪɢɦɟɪ, ɜ 
ɤɚɱɟɫɬɜɟ ɬɟɪɦ-ɦɧɨɠɟɫɬɜɚ ɥɢɧɝɜɢɫɬɢɱɟɫɤɢɯ 
ɩɟɪɟɦɟɧɧɵɯ 321 ,, xxx , ɝɞɟ 1x ={“ɬɟɦɩɟɪɚɬɭɪɚ 
ɫɥɢɬɤɚ”}, 2x  = ={“ɫɩɨɫɨɛ ɧɚɝɪɟɜɚ”}, 3x

={“ɫɥɢɬɨɤ ɦɟɬɚɥɥɚ”} ɦɨɠɧɨ ɢɫɩɨɥɶɡɨɜɚɬɶ 
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ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ ɦɧɨɠɟɫɬɜɚ: T = {“ɦɢɧɢɦɚɥɶɧɚɹ”, 
“ɫɪɟɞɧɹɹ”, “ɦɚɤɫɢɦɚɥɶɧɚɹ”}, W = 

{“ɦɢɧɢɦɚɥɶɧɵɣ”, “ɫɪɟɞɧɢɣ”, “ɦɚɤɫɢɦɚɥɶɧɵɣ”}, 
L= {“ɦɢɧɢɦɚɥɶɧɵɣ”, “ɫɪɟɞɧɢɣ”, 
“ɦɚɤɫɢɦɚɥɶɧɵɣ”}. ɋɥɟɞɨɜɚɬɟɥɶɧɨ, ɩɨɥɭɱɢɦ: 

  ],,[,, 321 bayxxxx   

ɝɞɟ a ɢ b  ɧɟɤɨɬɨɪɵɟ ɱɢɫɥɚ, ɚ ɞɥɹ ɜɵɯɨɞɧɨɣ 
ɥɢɧɝɜɢɫɬɢɱɟɫɤɨɣ ɩɟɪɟɦɟɧɧɨɣ y (ɬɟɦɩɟɪɚɬɭɪɚ 
ɩɨɜɟɪɯɧɨɫɬɢ ɫɥɢɬɤɚ) ɛɭɞɟɬ ɢɫɩɨɥɶɡɨɜɚɬɶɫɹ ɬɟɪɦ-

ɦɧɨɠɟɫɬɜɨ Q = {“ɦɢɧɢɦɚɥɶɧɚɹ”, “ɫɪɟɞɧɹɹ”, 
“ɦɚɤɫɢɦɚɥɶɧɚɹ”}. ɉɪɟɞɟɥɵ a ɢ b ɜɵɛɢɪɚɸɬɫɹ ɬɚɤɢɦ 
ɨɛɪɚɡɨɦ, ɱɬɨɛɵ ɩɪɨɢɡɨɲɥɨ ɨɬɞɟɥɟɧɢɹ ɫɥɢɬɤɚ ɨɬ 
ɫɬɟɧɨɤ ɤɪɢɫɬɚɥɥɢɡɚɰɢɢ [17]. Ⱦɚɥɟɟ, ɮɨɪɦɢɪɭɟɬɫɹ 
ɛɚɡɚ ɧɟɱɟɬɤɢɯ ɜɵɫɤɚɡɵɜɚɧɢɣ ɢɡ 17 ɩɪɚɜɢɥ. 

ɉɪɢ ɱɢɫɥɟɧɧɨɣ ɪɟɚɥɢɡɚɰɢɢ ɡɚɞɚɱɢ 
ɢɫɩɨɥɶɡɨɜɚɥɢɫɶ ɫɥɟɞɭɸɳɢɟ ɡɧɚɱɟɧɢɹ 
ɩɚɪɚɦɟɬɪɨɜ: 

ɦɦLɦɦɦɆȼɬWɦɆȼɬ 6000600,/5000/2500
22  . 

ɑɢɫɥɟɧɧɵɣ ɪɚɫɱɟɬ, ɩɨɡɜɨɥɹɸɳɢɣ 
ɩɨɫɬɪɨɢɬɶ ɧɟɱɟɬɤɨɟ ɭɩɪɚɜɥɟɧɢɟ, ɛɵɥ 
ɨɫɭɳɟɫɬɜɥɟɧ ɫ ɩɨɦɨɳɶɸ ɫɬɚɧɞɚɪɬɧɨɝɨ ɚɥɝɨɪɢɬɦɚ 
Ɇɚɦɞɚɧɢ, ɚ ɪɟɡɭɥɶɬɚɬɵ ɩɨɥɭɱɟɧɵ ɜ ɯɨɞɟ 
ɷɤɫɩɟɪɢɦɟɧɬɚ ɧɚ ɨɛɴɟɤɬɚɯ ɭɩɪɚɜɥɟɧɢɹ ɗɒɉ [17]. 

ɑɢɫɥɟɧɧɵɣ ɚɧɚɥɢɡ ɨɞɧɨɣ ɧɟɥɢɧɟɣɧɨɣ 
ɦɚɬɟɦɚɬɢɱɟɫɤɨɣ ɦɨɞɟɥɢ 

ɉɭɫɬɶ 3
R – ɡɚɞɚɧɧɚɹ ɨɛɥɚɫɬɶ, ɝɪɚɧɢɰɚ 

ɤɨɬɨɪɨɣ   ɫɨɫɬɨɢɬ ɢɡ ɞɜɭɯ ɡɚɦɤɧɭɬɵɯ, ɫɜɹɡɧɵɯ 
ɝɥɚɞɤɢɯ ɩɨɜɟɪɯɧɨɫɬɟɣ   ɢ  , ɧɟ ɢɦɟɸɳɢɯ 
ɫɚɦɨɩɟɪɟɫɟɱɟɧɢɣ, ɩɪɢɱɟɦ ɩɨɜɟɪɯɧɨɫɬɢ   

ɩɪɟɞɩɨɥɚɝɚɸɬɫɹ ɩɪɢɧɚɞɥɟɠɚɳɢɦɢ ɤɥɚɫɫɭ 5
,

10  . ɉɭɫɬɶ ɞɚɥɟɟ ]),0[( Ttt   – ɝɥɚɞɤɢɟ 
ɡɚɦɤɧɭɬɵɟ ɩɨɜɟɪɯɧɨɫɬɢ, ɥɟɠɚɳɢɟ ɜɧɭɬɪɢ  , 

ɬɚɤɢɟ, ɱɬɨ   ɥɟɠɢɬ ɜɧɭɬɪɢ ɨɝɪɚɧɢɱɟɧɢɣ 
ɨɛɥɚɫɬɢ, ɝɪɚɧɢɰɟɣ ɤɨɬɨɪɨɣ ɹɜɥɹɟɬɫɹ t . 

ɋɜɨɛɨɞɧɚɹ ɩɨɜɟɪɯɧɨɫɬɶ t  – ɝɪɚɧɢɰɚ ɪɚɡɞɟɥɚ ɮɚɡ 
ɜ ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ t  – ɪɚɡɛɢɜɚɟɬ ɨɛɥɚɫɬɶ   ɧɚ 
ɞɜɟ ɫɜɹɡɧɵɟ ɩɨɞɨɛɥɚɫɬɢ t  ɢ t , ɡɚɧɢɦɚɟɦɵɯ 
ɬɜɟɪɞɨɣ ɢ ɠɢɞɤɨɣ ɮɚɡɚɦɢ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. 

Ɍɪɟɛɭɟɬɫɹ ɨɩɪɟɞɟɥɢɬɶ ɜɟɤɬɨɪ ɫɤɨɪɨɫɬɢ ),( txV


, 
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ɬɜɟɪɞɨɣ ɢ ɠɢɞɤɨɣ ɮɚɡ ),( txu


 ɢ ),( txu


 ɢ 
ɫɜɨɛɨɞɧɭɸ ɩɨɜɟɪɯɧɨɫɬɶ t  ɩɨ ɫɥɟɞɭɸɳɢɦ 
ɭɫɥɨɜɢɹɦ: 

),(),(
Re

1
),(),(

2 










 




uftxVtxptxVV
t

V

 (5) 

;),(,0),(



 TDtxtxV  

,),(,0),(),(),(
22 





 













TDtxtxuatxuVtxu
t

 (6) 

,),(,0),(),(
22 


 




TDtxtxuatxu
t

 (7) 

),,(),(),(),(
0

txBtxuxAtxu
xt









 


 (8) 

,0),(),(),(

0











txt

txVxCtxV  (9) 

,,0),cos(),cos(,0),(
3

1

ti

i ii
x

xtnKxn
x

u
K

x

u
Ktxu

t
















 












 

(10) 

ɝɞɟ  ),0(,:),( TtxtxD tT  
, 

  t , 
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– ɨɛɥɚɫɬɢ, ɧɚ ɤɨɬɨɪɵɟ ɪɚɡɛɢɜɚɟɬ   ɝɪɚɧɢɰɚ 
ɪɚɡɞɟɥɚ ɮɚɡ 0 ɜ ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ 0t  ɢ 

0),( 0  txB ɩɪɢ ],0[),( Ttx  
. 

ɉɚɪɚɦɟɬɪɵ a , K , K , Re , 0 – 

ɫɱɢɬɚɸɬɫɹ ɩɨɥɨɠɢɬɟɥɶɧɵɦɢ ɩɨɫɬɨɹɧɧɵɦɢ, ɚ 

)(



uf – ɩɪɢɧɚɞɥɟɠɚɳɟɣ ɤɥɚɫɫɭ 


 )()(

12
ufRC  – 

ɨɝɪɚɧɢɱɟɧɧɨɣ ɜ 1
R . Ɂɚɞɚɱɚ (4.5) –(4.10) ɩɪɢ 

ɦɚɥɵɯ ɡɧɚɱɟɧɢɹɯ t ɪɚɡɪɟɲɢɦɚ ɜ ɤɥɚɫɫɟ ɝɥɚɞɤɢɯ 

ɮɭɧɤɰɢɣ, ɩɪɢ ɷɬɨɦ ),(
2/)2(,2   TDu


 

)(
2/)2(,2 


 TDV

 , ɚ ɫɜɨɛɨɞɧɚɹ ɩɨɜɟɪɯɧɨɫɬɶ 

t ɩɪɢɧɚɞɥɟɠɢɬ ɤɥɚɫɫɭ 2/)2(,2   [5]. 

ɇɚɫɬɨɹɳɚɹ ɪɚɛɨɬɚ ɩɨɫɜɹɳɟɧɚ 
ɩɪɢɛɥɢɠɟɧɧɨɦɭ ɚɧɚɥɢɡɭ ɡɚɞɚɱɢ (4.5) –(4.10). 

Ⱦɥɹ ɬɨɱɟɤ ɩɨɜɟɪɯɧɨɫɬɢ 0  ɜɜɟɞɟɦ 
ɤɨɨɪɞɢɧɚɬɵ ),( 21   , ɱɟɪɟɡ 0)( x

 
ɢɥɢ 

ɱɟɪɟɡ   ɛɭɞɟɦ ɨɛɨɡɧɚɱɚɬɶ ɬɚɤɠɟ 

ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ ɬɨɱɤɢ ɜ 3
R . Ⱦɚɥɟɟ, ɩɭɫɬɶ )(


n

– ɧɨɪɦɚɥɶ ɤ 0 , ɧɚɩɪɚɜɥɟɧɧɚɹ ɜɧɭɬɪɶ 0 . ȼ 
ɪɚɛɨɬɟ [10] ɭɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɩɨɜɟɪɯɧɨɫɬɶ t  

ɦɨɠɧɨ ɩɪɟɞɫɬɚɜɢɬɶ ɜ ɜɢɞɟ 












),()()( tnxxt   ɫ ɧɟɤɨɬɨɪɨɣ 

ɮɭɧɤɰɢɟɣ ),( t  ɤɥɚɫɫɚ ]),0[( 0
2/)2(,2

T  
, 

ɬɚɤ ɱɬɨ 0)0,(  . 

ɉɪɟɞɩɨɥɨɠɢɦ, ɱɬɨ ɩɪɢ ɦɚɥɵɯ ɡɧɚɱɟɧɢɹɯ 
Re  ɧɟɢɡɜɟɫɬɧɵɟ ɧɚɲɟɣ ɡɚɞɚɱɢ ɦɨɠɧɨ 
ɩɪɟɞɫɬɚɜɢɬɶ ɜ ɜɢɞɟ ɫɬɟɩɟɧɧɨɝɨ ɪɹɞɚ: 
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;)(),( 0  
xutxu  

;3,2,1),,((Re))(),(

1

0  




itxVxVtxV

K

iK
K

ii







1

).,((Re)),(

K

K
K

tt   

ȼ  ɪɚɛɨɬɚɯ [8-10] ɢɡɭɱɟɧɵ ɧɭɥɟɜɵɟ ɢ ɩɟɪɜɵɟ 
ɩɪɢɛɥɢɠɟɧɢɹ ɡɚɞɚɱɢ (4.5)  – (4.10) ɞɥɹ ɦɚɥɵɯ ɱɢɫɟɥ 
Re . ɉɪɢ ɷɬɨɦ ɭɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ )(0 xAu

  , 


 )()(0 xCxV , ]),0[(),( 0

2/)2(,2
1 Tt    , 

)(),(
2/)2(,2

1
  TDtxu

 , ɩɪɢɱɟɦ ),(1 t  

ɧɚɯɨɞɢɦ ɤɚɤ ɧɟɩɨɞɜɢɠɧɭɸ ɬɨɱɤɭ ɫɠɢɦɚɸɳɟɝɨɫɹ 
ɨɩɟɪɚɬɨɪɚ 1M : 

 



























t

dttxf
n

u
K

n

u
K

K
M

0

11
11 ,),(

1  

],0[)( Tx  , 

ɚ ),(1 txf  - ɧɟɤɨɬɨɪɚɹ ɮɭɧɤɰɢɹ ɤɥɚɫɫɚ 
2/)2(,2    

Ɋɚɫɫɦɨɬɪɢɦ ɫɥɭɱɚɣ, ɤɨɝɞɚ )(xBB
   ɢ  

}:),,{(
22

3
2
2

2
1

2
321 Rxxxrxxx  . 

 Ɍɨɝɞɚ ɧɭɥɟɜɨɟ ɩɪɢɛɥɢɠɟɧɢɟ ɧɚɯɨɞɢɦ ɤɚɤ 
ɪɟɲɟɧɢɟ ɫɥɟɞɭɸɳɟɣ ɡɚɞɚɱɢ: 





















00

0

2

,0)()(,,0)(

,0)(),()(,,0)(
0

xxuxuxxC

xuxBxAxxu (11) 

Ɂɚɦɟɬɢɦ, ɱɬɨ ɡɚɦɟɧɚ 


  uKu~ ɩɪɢ 
x  ɢ 


  uKu~ , ɟɫɥɢ x ɫɜɨɞɢɬ ɡɚɞɚɱɭ 

(4.11) ɤ ɫɥɭɱɚɸ 0,)()(  
xxuxu . 

ɩɨɷɬɨɦɭ ɜ ɞɚɥɶɧɟɣɲɟɦ ɛɭɞɟɦ ɫɱɢɬɚɬɶ, ɱɬɨ ɷɬɨ 
ɭɫɥɨɜɢɟ ɜɵɩɨɥɧɟɧɨ.  

ɇɭɥɟɜɨɟ ɩɪɢɛɥɢɠɟɧɢɟ )(0 xu


, 0 ɧɚɣɞɟɦ 
ɢɡ ɭɫɥɨɜɢɹ ɦɢɧɢɦɭɦɚ ɮɭɧɤɰɢɨɧɚɥɚ 

321

2

00 ),( dxdxdxuuY 


  , ɡɞɟɫɶ 

  00  ɢ  uu  ɩɪɢ x  ɢ  uu , 

ɟɫɥɢ x . 

Ⱦɚɥɟɟ, ɪɚɫɫɦɚɬɪɢɜɚɹ ɮɭɧɤɰɢɨɧɚɥ Y ɜ 
ɫɮɟɪɢɱɟɫɤɢɯ ɤɨɨɪɞɢɧɚɬɚɯ, ɩɨɥɭɱɢɦ 






 ddduuuuY

R

r

sin
sin

11
)(

2

2

0 0

2

22

2

02

2

0    







  

Ɇɢɧɢɦɭɦ ɮɭɧɤɰɢɨɧɚɥɚ ɢɳɟɦ ɜ 
ɫɥɟɞɭɸɳɟɦ ɜɢɞɟ 

 




 




0

2222

22

22

,))(()(
K

c

K

K yCrRBB
rR

R
Bu 

 
ɇɟɢɡɜɟɫɬɧɵɟ ɤɨɷɮɮɢɰɢɟɧɬɵ KC

ɨɩɪɟɞɟɥɹɸɬɫɹ ɦɟɬɨɞɨɦ Ɋɢɬɰɚ. ȼ ɱɚɫɬɧɨɫɬɢ, ɜ 
ɫɥɭɱɚɟ ɧɭɥɟɜɨɝɨ ɩɪɢɛɥɢɠɟɧɢɹ 

0
2222

22

22

0 ))(()( CrRBB
rR

R
Bu 




   , 

ɢɡ ɭɪɚɜɧɟɧɢɹ  00 /)( CuY  =0 ɨɩɪɟɞɟɥɢɦ 
ɤɨɷɮɮɢɰɢɟɧɬ 0C . ɋɩɪɚɜɟɞɥɢɜɚ ɫɥɟɞɭɸɳɚɹ 
ɬɟɨɪɟɦɚ. 

Ɍɟɨɪɟɦɚ 4.2. ɉɨɜɟɪɯɧɨɫɬɶ 0  

ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɩɨɜɟɪɯɧɨɫɬɶ ɤɥɚɫɫɚ 
C , ɧɟ 

ɢɦɟɸɳɭɸ ɫɚɦɨɩɟɪɟɫɟɱɟɧɢɣ ɢ ɪɚɫɩɨɥɨɠɟɧɧɭɸ 
ɨɬɧɨɫɢɬɟɥɶɧɨ   ɢ   ɚɧɚɥɨɝɢɱɧɨ ɩɨɜɟɪɯɧɨɫɬɢ 

t  ɜ ɡɚɞɚɱɟ (4.5) – (4.10). 

Ⱦɨɤɚɡɚɬɟɥɶɫɬɜɨ ɫɥɟɞɭɟɬ ɢɡ ɩɪɢɧɰɢɩɚ 
ɦɚɤɫɢɦɭɦɚ, ɩɪɢɦɟɧёɧɧɨɝɨ ɤ ɝɚɪɦɨɧɢɱɟɫɤɨɣ 

ɮɭɧɤɰɢɢ 
r

xu
x 





)(

)( 0  ɨɰɟɧɨɤ 

0~)(
0

0 








r

xu
  ɢ ɬɟɨɪɟɦɵ ɨ ɧɟɹɜɧɨɣ 

ɮɭɧɤɰɢɢ, ɩɪɢɦɟɧёɧɧɨɣ ɤ )(x . Ɂɞɟɫɶ r


– 

ɪɚɞɢɭɫ-ɜɟɤɬɨɪ ɬɨɱɤɢ x . 

Ɉɬɫɸɞɚ ɫɥɟɞɭɟɬ, ɱɬɨ ɩɨɜɟɪɯɧɨɫɬɶ 
),(: 00   ɦɨɠɧɨ ɧɚɣɬɢ ɢɡ ɭɫɥɨɜɢɹ 

0)),(,,( 00 u . Ɍɨɝɞɚ ɞɥɹ ɩɨɜɟɪɯɧɨɫɬɢ t  

ɦɨɠɧɨ ɜɨɫɩɨɥɶɡɨɜɚɬɶɫɹ ɭɪɚɜɧɟɧɢɟɦ [10]: 
(Re)

),(

),,(
Re),(),,( 1

0 o
A

tu
tt 











ɇɚ ɪɢɫ. 1 ɩɪɟɞɫɬɚɜɥɟɧɚ ɩɨɜɟɪɯɧɨɫɬɶ t . 

 

 
Ɋɢɫɭɧɨɤ 1 - ɉɨɜɟɪɯɧɨɫɬɶ t  

ɉɪɢ ɩɨɫɬɪɨɟɧɢɢ ɢɫɩɨɥɶɡɨɜɚɧɵ ɫɥɟɞɭɸɳɢɟ 
ɡɧɚɱɟɧɢɹ ɩɚɪɚɦɟɬɪɨɜ:  

, 6R , 8,0r , 
32


 , 

22


 ,   22

coscos3 
B , 

  1,0coscos35,0
22  B . 

200t
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ɋɜɨɛɨɞɧɚɹ ɩɨɜɟɪɯɧɨɫɬɶ t  ɪɚɫɩɨɥɨɠɟɧɚ 
ɦɟɠɞɭ ɫɮɟɪɚɦɢ ɪɚɞɢɭɫɨɜ R  ɢ  r . 

ɉɪɟɞɥɨɠɟɧɧɵɣ ɚɥɝɨɪɢɬɦ ɩɨɫɬɪɨɟɧɢɹ 
ɩɨɜɟɪɯɧɨɫɬɢ t  ɩɨɡɜɨɥɹɟɬ ɢɫɫɥɟɞɨɜɚɬɶ ɷɬɭ 
ɩɨɜɟɪɯɧɨɫɬɶ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɩɚɪɚɦɟɬɪɨɜ ɡɚɞɚɱɢ 
(5) – (10). 

 

Ɂɚɤɥɸɱɟɧɢɟ 
ȼ ɡɚɤɥɸɱɟɧɢɟ ɨɬɦɟɬɢɦ, ɱɬɨ ɜ ɞɚɧɧɨɣ 

ɫɬɚɬɶɟ ɛɵɥɚ ɪɚɫɫɦɨɬɪɟɧɚ ɡɚɞɚɱɚ ɋɬɟɮɚɧɚ ɞɥɹ 
ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɫɥɨɠɧɵɯ ɫɢɫɬɟɦ. 
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Ɇɢɧɟɧɤɨ Ⱥ.ɋ., Ɋɚɞɟɜɢɱ ȿ.ȼ. ɉɪɢɛɥɢɠɟɧɧɵɣ ɚɧɚɥɢɡ ɤɨɧɜɟɤɬɢɜɧɨɣ ɡɚɞɚɱɢ  ɋɬɟɮɚɧɚ. Ɉɫɭɳɟɫɬɜɥɹɟɬɫɹ 
ɦɚɬɟɦɚɬɢɱɟɫɤɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɨɞɧɨɝɨ ɤɥɚɫɫɚ ɫɥɨɠɧɵɯ ɫɢɫɬɟɦ ɫ ɩɪɢɦɟɧɟɧɢɟɦ ɧɟɱɟɬɤɨɣ ɥɨɝɢɤɢ, ɚ 
ɬɚɤɠɟ ɱɢɫɥɟɧɧɵɣ ɚɧɚɥɢɡ ɧɟɥɢɧɟɣɧɨɣ ɦɚɬɟɦɚɬɢɱɟɫɤɨɣ ɦɨɞɟɥɢ. 
 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɡɚɞɚɱɚ ɋɬɟɮɚɧɚ, ɚɧɚɥɢɡ, ɦɚɬɟɦɚɬɢɱɟɫɤɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ, ɦɚɬɟɦɚɬɢɱɟɫɤɚɹ ɦɨɞɟɥɶ, 
ɧɟɱɟɬɤɚɹ ɥɨɝɢɤɚ. 
 

Minenko A. S., Radevich E. V. Approximate analysis of convective Stefan problem. Performed mathematical 

modeling for a class of complex systems using fuzzy logic, and numerical analysis of nonlinear mathematical 

models.  
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