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ɍȾɄ 629.12.053.13 
ə51 

 
 əɥɨɜɟɧɤɨ Ⱥ.ȼ. 
ə51 Ƚɢɞɪɨɚɤɭɫɬɢɱɟɫɤɢɟ ɧɚɜɢɝɚɰɢɨɧɧɵɟ ɩɪɢɛɨɪɵμ ɬɟɤɫɬɵ ɥɟɤɰɢɣ ɫ ɷɥɟɦɟɧɬɚɦɢ 

ɩɪɨɝɪɚɦɦɢɪɨɜɚɧɧɨɝɨ ɨɛɭɱɟɧɢɹ ɞɥɹ ɫɬɭɞɟɧɬɨɜ ɡɚɨɱɧɨɝɨ ɨɛɭɱɟɧɢɹ. – ɋɉɛ.μ 
ɂɡɞ-ɜɨ ȽɆȺ ɢɦ. ɚɞɦ. ɋ.Ɉ. Ɇɚɤɚɪɨɜɚ, β01β. – 128 ɫ. 

 
ISBN 978-5-9509-0080-8 
 

ɋɨɨɬɜɟɬɫɬɜɭɟɬ ɩɪɨɝɪɚɦɦɟ ɞɢɫɰɢɩɥɢɧɵ «Ɍɟɯɧɢɱɟɫɤɢɟ ɫɪɟɞɫɬɜɚ ɫɭɞɨɜɨɠɞɟ-
ɧɢɹ». 

Ɋɚɫɫɦɨɬɪɟɧɵ ɨɫɧɨɜɵ ɩɪɢɤɥɚɞɧɨɣ ɬɟɨɪɢɢ ɝɢɞɪɨɚɤɭɫɬɢɤɢ, ɩɪɢɧɰɢɩ ɞɟɣɫɬɜɢɹ 
ɷɯɨɥɨɬɚ, ɚ ɬɚɤɠɟ ɝɢɞɪɨɚɤɭɫɬɢɱɟɫɤɢɯ ɢ  ɢɧɞɭɤɰɢɨɧɧɵɯ ɫɢɫɬɟɦ ɢɡɦɟɪɟɧɢɹ ɫɤɨɪɨɫɬɢ 
ɫɭɞɧɚ. Ɉɫɨɛɨɟ ɜɧɢɦɚɧɢɟ ɭɞɟɥɟɧɨ ɬɨɱɧɨɫɬɧɵɦ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦ ɪɚɫɫɦɚɬɪɢɜɚɟɦɵɯ 
ɭɫɬɪɨɣɫɬɜ. 

ɉɪɟɞɧɚɡɧɚɱɟɧɨ ɞɥɹ ɫɬɭɞɟɧɬɨɜ ɡɚɨɱɧɨɝɨ ɨɛɭɱɟɧɢɹ ɫɭɞɨɜɨɞɢɬɟɥɶɫɤɨɝɨ, ɪɚɞɢɨ-
ɬɟɯɧɢɱɟɫɤɨɝɨ ɢ ɚɪɤɬɢɱɟɫɤɨɝɨ ɮɚɤɭɥɶɬɟɬɨɜ. Ɇɨɠɟɬ ɬɚɤɠɟ ɢɫɩɨɥɶɡɨɜɚɬɶɫɹ ɤɭɪɫɚɧɬɚ-
ɦɢ ɨɱɧɨɝɨ ɨɛɭɱɟɧɢɹ. 

Ɋɟɤɨɦɟɧɞɨɜɚɧɨ ɤ ɢɡɞɚɧɢɸ ɧɚ ɡɚɫɟɞɚɧɢɢ ɤɚɮɟɞɪɵ ɬɟɯɧɢɱɟɫɤɢɯ ɫɪɟɞɫɬɜ ɫɭɞɨ-
ɜɨɠɞɟɧɢɹ. ɉɪɨɬɨɤɨɥ № 8 ɨɬ 17 ɚɩɪɟɥɹ 2012 ɝ. 

 

 
Ɋɟɰɟɧɡɟɧɬɵ: 
Ɉɪɟɯɨɜ Ⱥ.ȼ., ɤɚɧɞ. ɬɟɯɧ. ɧɚɭɤ, ɪɭɤɨɜɨɞ. ɩɪɨɝɪɚɦɦ Ɇɨɪɫɤɨɝɨ ɭɱɟɛɧɨ-

ɬɪɟɧɚɠɟɪɧɨɝɨ ɰɟɧɬɪɚ ȽɆȺ ɢɦ. ɚɞɦ. ɋ.Ɉ. Ɇɚɤɚɪɨɜɚ; 
Ɋɚɫɭɥɨɜ ɇ.Ƚ., ɤɚɧɞ. ɬɟɯɧ. ɧɚɭɤ, ɬɟɯɧɢɱɟɫɤɢɣ ɞɢɪɟɤɬɨɪ ɈɈɈ «ɇɚɜɬɟɯɧɢɤɚ». 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ISBN 978-5-9509-0080-8    © ȽɆȺ ɢɦ. ɚɞɦ. ɋ.Ɉ. Ɇɚɤɚɪɨɜɚ, β01β  
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ɉɪɟɞɢɫɥɨɜɢɟ 
ɉɪɟɞɥɚɝɚɟɦɨɟ ɢɡɞɚɧɢɟ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɬɨɣ ɱɚɫɬɢ ɩɪɨɝɪɚɦɦɵ ɞɢɫɰɢɩɥɢ-

ɧɵ «Ɍɟɯɧɢɱɟɫɤɢɟ ɫɪɟɞɫɬɜɚ ɫɭɞɨɜɨɠɞɟɧɢɹ», ɤɨɬɨɪɚɹ ɩɪɟɞɭɫɦɚɬɪɢɜɚɟɬ ɢɡɭ-
ɱɟɧɢɟ ɬɟɨɪɢɢ ɝɢɞɪɨɚɤɭɫɬɢɱɟɫɤɢɯ ɧɚɜɢɝɚɰɢɨɧɧɵɯ ɩɪɢɛɨɪɨɜ ɢ ɥɚɝɨɜ. ȼ ɧёɦ 
ɪɚɫɫɦɚɬɪɢɜɚɸɬɫɹ ɨɫɧɨɜɵ ɩɪɢɤɥɚɞɧɨɣ ɬɟɨɪɢɢ ɝɢɞɪɨɚɤɭɫɬɢɤɢ, ɤɚɫɚɸɳɢɟɫɹ 
ɨɫɧɨɜɧɵɯ ɡɚɤɨɧɨɦɟɪɧɨɫɬɟɣ ɡɜɭɤɨɜɨɝɨ ɩɨɥɹ, ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɡɜɭɤɚ ɜ ɨɞɧɨ-
ɪɨɞɧɨɣ ɫɪɟɞɟ, ɨɬɪɚɠɟɧɢɹ ɢ ɩɪɟɥɨɦɥɟɧɢɹ ɡɜɭɤɨɜɵɯ ɜɨɥɧ, ɚ ɬɚɤɠɟ ɨɫɨɛɟɧɧɨ-
ɫɬɟɣ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɡɜɭɤɚ ɜ ɦɨɪɟ. ɉɨɥɭɱɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɢɫɩɨɥɶɡɭɸɬɫɹ 
ɞɥɹ ɨɛɴɹɫɧɟɧɢɹ ɪɚɛɨɬɵ ɝɢɞɪɨɚɤɭɫɬɢɱɟɫɤɢɯ ɚɧɬɟɧɧ ɢ ɤɨɧɤɪɟɬɧɵɯ ɩɪɢɛɨɪɨɜ, 
ɤɨɬɨɪɵɟ ɨɛɟɫɩɟɱɢɜɚɸɬ ɢɡɦɟɪɟɧɢɟ ɝɥɭɛɢɧɵ ɩɨɞ ɤɢɥɟɦ ɢ ɫɤɨɪɨɫɬɢ ɫɭɞɧɚ.  

Ɉɫɨɛɟɧɧɨɫɬɶɸ ɞɚɧɧɨɝɨ ɢɡɞɚɧɢɹ ɹɜɥɹɟɬɫɹ ɬɨ, ɱɬɨ ɨɧɨ ɫɨɞɟɪɠɢɬ ɷɥɟɦɟɧ-
ɬɵ ɩɪɨɝɪɚɦɦɢɪɨɜɚɧɧɨɝɨ ɨɛɭɱɟɧɢɹ. ȼɟɫɶ ɦɚɬɟɪɢɚɥ ɪɚɡɛɢɬ ɧɚ ɨɬɞɟɥɶɧɵɟ ɥɟɤ-
ɰɢɢ, ɨɛɴɟɦ ɤɚɠɞɨɣ ɢɡ ɤɨɬɨɪɵɯ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɞɜɭɦ ɚɤɚɞɟɦɢɱɟɫɤɢɦ ɱɚɫɚɦ 
ɭɱɟɛɧɨɝɨ ɜɪɟɦɟɧɢ. Ʉɚɠɞɚɹ ɥɟɤɰɢɹ ɫɨɞɟɪɠɢɬ ɤɨɧɬɪɨɥɶɧɵɟ ɜɨɩɪɨɫɵ, ɫɨɫɬɚɜ-
ɥɟɧɧɵɟ ɩɨ ɩɪɢɧɰɢɩɭ ɩɪɨɝɪɚɦɦɢɪɨɜɚɧɧɨɝɨ ɨɛɭɱɟɧɢɹ, ɬ.ɟ. ɧɚ ɤɚɠɞɵɣ ɜɨɩɪɨɫ 
ɞɚɟɬɫɹ ɧɟɫɤɨɥɶɤɨ ɨɬɜɟɬɨɜ, ɫɪɟɞɢ ɤɨɬɨɪɵɯ ɨɞɢɧ ɢɥɢ ɧɟɫɤɨɥɶɤɨ ɹɜɥɹɸɬɫɹ 
ɩɪɚɜɢɥɶɧɵɦɢ. ȼ ɤɨɧɰɟ ɩɪɢɜɨɞɹɬɫɹ ɤɪɚɬɤɢɟ ɤɨɦɦɟɧɬɚɪɢɢ ɤ ɨɬɜɟɬɚɦ, ɤɨɬɨ-
ɪɵɟ ɩɨɡɜɨɥɹɸɬ ɫɬɭɞɟɧɬɭ ɨɩɪɟɞɟɥɢɬɶ, ɩɪɚɜɢɥɶɧɨ ɥɢ ɨɧ ɨɬɜɟɬɢɥ ɧɚ ɤɨɧ-
ɬɪɨɥɶɧɵɣ ɜɨɩɪɨɫ. ȼ ɫɥɭɱɚɟ ɤɚɤ ɩɪɚɜɢɥɶɧɨɝɨ, ɬɚɤ ɢ ɧɟɜɟɪɧɨɝɨ ɨɬɜɟɬɚ ɞɚɧɵ 
ɩɪɚɤɬɢɱɟɫɤɢɟ ɪɟɤɨɦɟɧɞɚɰɢɹ, ɩɪɢɡɜɚɧɧɵɟ ɨɤɚɡɚɬɶ ɩɨɦɨɳɶ ɫɬɭɞɟɧɬɚɦ ɜ ɩɪɨ-
ɰɟɫɫɟ ɢɯ ɫɚɦɨɫɬɨɹɬɟɥɶɧɨɣ ɪɚɛɨɬɵ ɫ ɧɚɫɬɨɹɳɢɦ ɢɡɞɚɧɢɟɦ.  
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ȼɜɟɞɟɧɢɟ  
Ƚɢɞɪɨɚɤɭɫɬɢɤɚ (ɨɬ ɝɪɟɱ. hydor – ɜɨɞɚ ɢ acusticos – ɫɥɭɯɨɜɨɣ) – ɷɬɨ 

ɧɚɭɤɚ ɨ ɹɜɥɟɧɢɹɯ, ɩɪɨɢɫɯɨɞɹɳɢɯ ɜ ɜɨɞɧɨɣ ɫɪɟɞɟ ɢ ɫɜɹɡɚɧɧɵɯ ɫ ɢɡɥɭɱɟɧɢɟɦ ɢ 
ɩɪɢɟɦɨɦ ɡɜɭɤɨɜɵɯ ɜɨɥɧ. 

ɇɚ ɫɨɜɪɟɦɟɧɧɵɯ ɫɭɞɚɯ ɬɪɚɧɫɩɨɪɬɧɨɝɨ, ɪɵɛɨɩɪɨɦɵɫɥɨɜɨɝɨ ɢ ɧɚɭɱɧɨ-
ɢɫɫɥɟɞɨɜɚɬɟɥɶɫɤɨɝɨ ɮɥɨɬɚ ɧɚɪɹɞɭ ɫ ɝɢɪɨɫɤɨɩɢɱɟɫɤɢɦɢ, ɪɚɞɢɨɬɟɯɧɢɱɟ-
ɫɤɢɦɢ ɢ ɞɪɭɝɢɦɢ ɧɚɜɢɝɚɰɢɨɧɧɵɦɢ ɩɪɢɛɨɪɚɦɢ ɲɢɪɨɤɨ ɩɪɢɦɟɧɹɸɬɫɹ ɝɢɞ-
ɪɨɚɤɭɫɬɢɱɟɫɤɢɟ ɧɚɜɢɝɚɰɢɨɧɧɵɟ ɩɪɢɛɨɪɵ, ɤ ɤɨɬɨɪɵɦ ɦɨɠɧɨ ɨɬɧɟɫɬɢ ɫɥɟ-
ɞɭɸɳɢɟμ 

– ɷɯɨɥɨɬɵμ ɧɚɜɢɝɚɰɢɨɧɧɵɟ, ɩɪɨɦɟɪɧɵɟ, ɪɵɛɨɩɨɢɫɤɨɜɵɟ, ɝɥɭɛɨɤɨ-
ɜɨɞɧɵɟ; 

– ɝɢɞɪɨɥɨɤɚɬɨɪɵμ ɩɟɪɟɞɧɟɝɨ, ɤɪɭɝɨɜɨɝɨ ɢ ɛɨɤɨɜɨɝɨ ɨɛɡɨɪɚ; 
– ɝɢɞɪɨɚɤɭɫɬɢɱɟɫɤɢɟ ɥɚɝɢμ ɞɨɩɥɟɪɨɜɫɤɢɟ ɢ ɤɨɪɪɟɥɹɰɢɨɧɧɵɟ; 
– ɲɭɦɨɩɟɥɟɧɝɚɬɨɪɵ; 
– ɩɪɢɛɨɪɵ ɩɨɞɜɨɞɧɨɣ ɫɜɹɡɢ; 
– ɝɢɞɪɨɚɤɭɫɬɢɱɟɫɤɢɟ ɧɚɜɢɝɚɰɢɨɧɧɵɟ ɫɢɫɬɟɦɵ. 
ɇɚ ɫɭɞɚɯ ɬɪɚɧɫɩɨɪɬɧɨɝɨ ɮɥɨɬɚ ɢɫɩɨɥɶɡɭɸɬɫɹ ɝɢɞɪɨɚɤɭɫɬɢɱɟɫɤɢɟ ɧɚɜɢ-

ɝɚɰɢɨɧɧɵɟ ɩɪɢɛɨɪɵ ɩɟɪɜɵɯ ɬɪɟɯ ɝɪɭɩɩ. 
Ɋɟɲɟɧɢɟ ɬɨɣ ɢɥɢ ɢɧɨɣ ɡɚɞɚɱɢ ɫ ɩɨɦɨɳɶɸ ɝɢɞɪɨɚɤɭɫɬɢɱɟɫɤɢɯ ɧɚɜɢɝɚ-

ɰɢɨɧɧɵɯ ɩɪɢɛɨɪɨɜ ɨɫɧɨɜɚɧɨ ɧɚ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɫɜɨɣɫɬɜ ɡɜɭɤɨɜɵɯ ɜɨɥɧ, 
ɪɚɫɩɪɨɫɬɪɚɧɹɸɳɢɯɫɹ ɜ ɦɨɪɟ. ȼ ɫɜɹɡɢ ɫ ɷɬɢɦ ɛɭɞɟɦ ɪɚɫɫɦɚɬɪɢɜɚɬɶ ɫɥɟɞɭɸ-
ɳɢɟ ɞɜɚ ɨɫɧɨɜɧɵɯ ɜɨɩɪɨɫɚμ 

– ɱɬɨ ɩɪɨɢɫɯɨɞɢɬ ɜ ɜɨɞɟ ɩɪɢ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɢ ɜ ɧɟɣ ɡɜɭɤɨɜɵɯ ɜɨɥɧ; 
– ɤɚɤɢɦ ɨɛɪɚɡɨɦ ɦɨɠɧɨ ɨɫɭɳɟɫɬɜɢɬɶ ɢɡɥɭɱɟɧɢɟ ɢ ɩɪɢɟɦ ɡɜɭɤɨɜɵɯ ɤɨ-

ɥɟɛɚɧɢɣ. 
ɇɚɢɛɨɥɟɟ ɩɨɥɧɭɸ ɤɚɪɬɢɧɭ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɡɜɭɤɚ ɜ ɠɢɞɤɨɫɬɢ ɞɚɟɬ 

ɜɨɥɧɨɜɚɹ ɝɢɞɪɨɚɤɭɫɬɢɤɚ, ɨɫɧɨɜɚɧɧɚɹ ɧɚ ɡɚɤɨɧɚɯ ɝɢɞɪɨɦɟɯɚɧɢɤɢ. Ɉɞɧɚɤɨ 
ɩɪɢ ɪɚɫɫɦɨɬɪɟɧɢɢ ɝɟɨɦɟɬɪɢɱɟɫɤɨɣ ɫɬɨɪɨɧɵ ɜɨɩɪɨɫɚ ɦɨɠɧɨ ɩɪɢɦɟɧɹɬɶ ɦɟ-
ɬɨɞɵ ɝɟɨɦɟɬɪɢɱɟɫɤɨɣ (ɥɭɱɟɜɨɣ) ɚɤɭɫɬɢɤɢ. 
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Ʌɟɤɰɢɹ 1 

1. ɈɋɇɈȼɇЫȿ ɁȺɄɈɇɈɆȿɊɇɈɋɌɂ ɁȼɍɄɈȼɈȽɈ ɉɈɅə 

1.1. Ɏɢɡɢɱɟɫɤɚɹ ɩɪɢɪɨɞɚ ɡɜɭɤɚ 
Ɂɜɭɤ – ɷɬɨ ɱɚɫɬɧɵɣ ɫɥɭɱɚɣ ɦɟɯɚɧɢɱɟɫɤɢɯ ɤɨɥɟɛɚɧɢɣ ɱɚɫɬɢɰ ɦɚɬɟɪɢ-

ɚɥɶɧɨɣ ɭɩɪɭɝɨɣ ɫɪɟɞɵ. ɂɫɬɨɱɧɢɤɨɦ ɡɜɭɤɚ ɜ ɠɢɞɤɨɫɬɢ ɦɨɠɟɬ ɛɵɬɶ, ɧɚɩɪɢ-
ɦɟɪ, ɦɟɯɚɧɢɱɟɫɤɚɹ ɤɨɥɟɛɚɬɟɥɶɧɚɹ ɫɢɫɬɟɦɚ, ɩɨɦɟɳɟɧɧɚɹ ɜ ɷɬɭ ɠɢɞɤɨɫɬɶ. ɇɚ 
ɪɢɫ. 1.1 ɩɨɤɚɡɚɧɨ, ɱɬɨ ɛɭɞɟɬ ɩɪɨɢɫɯɨɞɢɬɶ ɜ ɠɢɞɤɨɫɬɢ (ɩɪɢ ɨɬɫɭɬɫɬɜɢɢ ɡɚɬɭ-
ɯɚɧɢɹ), ɟɫɥɢ ɜ ɧɟɣ ɜɨɡɛɭɞɢɬɶ ɡɜɭɤɨɜɭɸ ɜɨɥɧɭ. ɑɚɫɬɢɰɚ ɚ, ɤ ɤɨɬɨɪɨɣ ɩɪɢɥɨ-
ɠɟɧ ɢɦɩɭɥɶɫ ɫɢɥɵ, ɫɨɜɟɪɲɚɟɬ ɤɨɥɟɛɚɧɢɹ ɨɬɧɨɫɢɬɟɥɶɧɨ ɫɜɨɟɝɨ ɩɨɥɨɠɟɧɢɹ 
ɪɚɜɧɨɜɟɫɢɹ. ȼ ɩɪɨɰɟɫɫɟ ɤɨɥɟɛɚɧɢɹ ɨɧɚ ɫɬɚɥɤɢɜɚɟɬɫɹ ɢ ɩɟɪɟɞɚɟɬ ɱɚɫɬɶ ɷɧɟɪ-
ɝɢɢ ɫɨɫɟɞɧɟɣ ɱɚɫɬɢɰɟ ɛ,  ɤɨɬɨɪɚɹ ɬɚɤɠɟ ɧɚɱɢɧɚɟɬ ɤɨɥɟɛɚɬɶɫɹ. Ɍɚɤɢɦ ɠɟ ɨɛ-
ɪɚɡɨɦ ɩɪɢɯɨɞɹɬ ɜ ɤɨɥɟɛɚɬɟɥɶɧɨɟ ɞɜɢɠɟɧɢɟ ɢ ɨɫɬɚɥɶɧɵɟ ɱɚɫɬɢɰɵ (ɜ, ɝ, ɞ, ɟ). 
ɉɪɢɱɟɦ ɤɚɠɞɚɹ ɩɨɫɥɟɞɭɸɳɚɹ ɢɡ ɧɢɯ ɧɚɱɢɧɚɟɬ ɤɨɥɟɛɚɧɢɹ ɫ ɧɟɤɨɬɨɪɵɦ ɡɚ-
ɩɚɡɞɵɜɚɧɢɟɦ ɩɨ ɜɪɟɦɟɧɢ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɩɪɟɞɵɞɭɳɟɣ. 

 

Ɋɢɫ. 1.1 

ɇɚ ɨɫɧɨɜɚɧɢɢ ɚɧɚɥɢɡɚ ɪɢɫ. 1.1 ɦɨɠɧɨ ɫɞɟɥɚɬɶ ɫɥɟɞɭɸɳɢɟ ɜɵɜɨɞɵμ 
– ɜɨɡɦɭɳɟɧɢɟ, ɨɞɢɧ ɪɚɡ ɜɨɡɧɢɤɧɭɜ, ɩɟɪɟɞɚɟɬɫɹ ɨɬ ɨɞɧɨɣ ɱɚɫɬɢɰɵ ɫɪɟɞɵ 

ɤ ɞɪɭɝɨɣ, ɭɞɚɥɹɹɫɶ ɨɬ ɢɫɬɨɱɧɢɤɚ ɜɨɡɦɭɳɟɧɢɹ. ɋɤɨɪɨɫɬɶ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ 
ɷɬɨɝɨ ɜɨɡɦɭɳɟɧɢɹ ɧɚɡɵɜɚɟɬɫɹ ɫɤɨɪɨɫɬɶɸ ɡɜɭɤɚ ɫ ɢ ɢɦɟɟɬ ɪɚɡɦɟɪɧɨɫɬɶ ɦɫ-1; 
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– ɱɚɫɬɢɰɵ ɫɪɟɞɵ ɡɜɭɤɨɜɨɣ ɜɨɥɧɨɣ ɧɟ ɩɟɪɟɧɨɫɹɬɫɹ. Ɉɧɢ ɫɨɜɟɪɲɚɸɬ ɤɨ-
ɥɟɛɚɬɟɥɶɧɨɟ ɞɜɢɠɟɧɢɟ ɨɬɧɨɫɢɬɟɥɶɧɨ ɫɜɨɟɝɨ ɩɨɥɨɠɟɧɢɹ ɪɚɜɧɨɜɟɫɢɹ. ɋɤɨ-
ɪɨɫɬɶ, ɫ ɤɨɬɨɪɨɣ ɤɨɥɟɛɥɸɬɫɹ ɱɚɫɬɢɰɵ ɫɪɟɞɵ, ɧɚɡɵɜɚɟɬɫɹ ɤɨɥɟɛɚɬɟɥɶɧɨɣ 
ɫɤɨɪɨɫɬɶɸ v ɢ ɢɦɟɟɬ ɪɚɡɦɟɪɧɨɫɬɶ ɦɫ–1; 

– ɬɚɤ ɤɚɤ ɤɚɠɞɚɹ ɩɨɫɥɟɞɭɸɳɚɹ ɱɚɫɬɢɰɚ ɫɦɟɳɚɟɬɫɹ ɢɡ ɩɨɥɨɠɟɧɢɹ ɪɚɜ-
ɧɨɜɟɫɢɹ ɧɟɫɤɨɥɶɤɨ ɩɨɡɞɧɟɟ, ɱɟɦ ɩɪɟɞɵɞɭɳɚɹ, ɬɨ ɜ ɫɪɟɞɟ ɨɛɪɚɡɭɸɬɫɹ ɩɪɚ-
ɜɢɥɶɧɨ ɱɟɪɟɞɭɸɳɢɟ ɡɨɧɵ ɫɝɭɳɟɧɢɣ ɢ ɪɚɡɪɟɠɟɧɢɣ ɱɚɫɬɢɰ; 

– ɜ ɡɨɧɟ ɫɝɭɳɟɧɢɣ (ɡɚɲɬɪɢɯɨɜɚɧɧɚɹ ɨɛɥɚɫɬɶ) ɞɚɜɥɟɧɢɟ ɢ ɩɥɨɬɧɨɫɬɶ 
ɫɪɟɞɵ ɜɨɡɪɚɫɬɚɸɬ, ɚ ɜ ɡɨɧɚɯ ɪɚɡɪɟɠɟɧɢɣ – ɭɦɟɧɶɲɚɸɬɫɹ.  

ȿɫɥɢ ɞɟɣɫɬɜɢɟ ɜɨɡɦɭɳɚɸɳɟɣ ɫɢɥɵ ɧɨɫɢɬ ɩɟɪɢɨɞɢɱɟɫɤɢɣ ɯɚɪɚɤɬɟɪ, ɬɨ 
ɢ ɩɪɨɰɟɫɫ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɡɜɭɤɚ ɛɭɞɟɬ ɬɚɤɠɟ ɩɟɪɢɨɞɢɱɟɫɤɢɦ ɧɟ ɬɨɥɶɤɨ ɜɨ 
ɜɪɟɦɟɧɢ, ɧɨ ɢ ɜ ɩɪɨɫɬɪɚɧɫɬɜɟ, ɬ.ɟ. ɛɭɞɟɬ ɧɨɫɢɬɶ ɜɨɥɧɨɜɨɣ ɯɚɪɚɤɬɟɪ. 

ɉɪɨɫɬɪɚɧɫɬɜɨ, ɜ ɤɨɬɨɪɨɦ ɩɪɨɹɜɥɹɸɬɫɹ ɭɤɚɡɚɧɧɵɟ ɹɜɥɟɧɢɹ, ɧɚɡɵɜɚɟɬɫɹ 
ɡɜɭɤɨɜɵɦ ɩɨɥɟɦ. 

1.2. ȼɢɞ ɢ ɮɨɪɦɚ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ 
Ɂɜɭɤɨɜɵɟ ɜɨɥɧɵ ɪɚɡɥɢɱɚɸɬɫɹ ɩɨ ɜɢɞɭ, ɮɨɪɦɟ ɢ ɱɚɫɬɨɬɟ. ɉɨ ɜɢɞɭ ɡɜɭ-

ɤɨɜɵɟ ɜɨɥɧɵ ɛɵɜɚɸɬ ɩɪɨɞɨɥɶɧɵɟ, ɩɨɩɟɪɟɱɧɵɟ ɢ ɫɥɨɠɧɵɟ. 
ɉɪɨɞɨɥɶɧɨɣ ɧɚɡɵɜɚɟɬɫɹ ɬɚɤɚɹ ɡɜɭɤɨɜɚɹ ɜɨɥɧɚ, ɜ ɤɨɬɨɪɨɣ ɧɚɩɪɚɜɥɟɧɢɟ 

ɤɨɥɟɛɚɧɢɹ ɱɚɫɬɢɰ ɫɪɟɞɵ ɫɨɜɩɚɞɚɟɬ ɫ ɧɚɩɪɚɜɥɟɧɢɟɦ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɜɨɥ-
ɧɵ. ɉɪɨɞɨɥɶɧɵɟ ɡɜɭɤɨɜɵɟ ɜɨɥɧɵ ɦɨɠɧɨ ɜɨɡɛɭɞɢɬɶ ɜ ɥɸɛɨɣ ɭɩɪɭɝɨɣ ɫɪɟɞɟ, 
ɜ ɬɨɦ ɱɢɫɥɟ ɢ ɜ ɠɢɞɤɨɫɬɢ. 

ɉɨɩɟɪɟɱɧɨɣ ɧɚɡɵɜɚɟɬɫɹ ɬɚɤɚɹ ɡɜɭɤɨɜɚɹ ɜɨɥɧɚ, ɜ ɤɨɬɨɪɨɣ ɤɨɥɟɛɚɧɢɹ 
ɱɚɫɬɢɰ ɫɪɟɞɵ ɩɪɨɢɫɯɨɞɹɬ ɜ ɧɚɩɪɚɜɥɟɧɢɢ, ɩɟɪɩɟɧɞɢɤɭɥɹɪɧɨɦ ɧɚɩɪɚɜɥɟɧɢɸ 
ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ. Ɍɚɤɢɟ ɜɨɥɧɵ ɦɨɠɧɨ ɜɨɡɛɭɞɢɬɶ ɬɨɥɶɤɨ 
ɜ ɬɜɟɪɞɵɯ ɬɟɥɚɯ. 

ɋɥɨɠɧɨɣ ɧɚɡɵɜɚɟɬɫɹ ɬɚɤɚɹ ɡɜɭɤɨɜɚɹ ɜɨɥɧɚ, ɜ ɤɨɬɨɪɨɣ ɢɦɟɸɬ ɦɟɫɬɨ 
ɷɥɟɦɟɧɬɵ ɩɪɨɞɨɥɶɧɵɯ ɢ ɩɨɩɟɪɟɱɧɵɯ ɜɨɥɧ. ȿɟ ɦɨɠɧɨ ɜɨɡɛɭɞɢɬɶ ɬɚɤɠɟ 
ɬɨɥɶɤɨ ɜ ɬɜɟɪɞɵɯ ɬɟɥɚɯ. 

Ɏɨɪɦɚ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ ɨɩɪɟɞɟɥɹɟɬɫɹ ɟɟ ɮɪɨɧɬɨɦ, ɬ.ɟ. ɧɟɤɨɬɨɪɨɣ ɜɨ-
ɨɛɪɚɠɚɟɦɨɣ ɩɨɜɟɪɯɧɨɫɬɶɸ, ɫɨɟɞɢɧɹɸɳɟɣ ɱɚɫɬɢɰɵ ɫɪɟɞɵ, ɤɨɬɨɪɵɟ ɤɨɥɟɛ-
ɥɸɬɫɹ ɫ ɨɞɢɧɚɤɨɜɨɣ ɮɚɡɨɣ. 

ȿɫɥɢ ɮɪɨɧɬ ɜɨɥɧɵ ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɩɪɚɜɢɥɶɧɭɸ ɝɟɨɦɟɬɪɢɱɟɫɤɭɸ 
ɮɢɝɭɪɭ, ɬɨ ɬɚɤɚɹ ɡɜɭɤɨɜɚɹ ɜɨɥɧɚ ɧɚɡɵɜɚɟɬɫɹ ɩɪɚɜɢɥɶɧɨɣ. 

ȿɫɥɢ ɮɪɨɧɬ ɜɨɥɧɵ ɢɦɟɟɬ ɩɪɨɢɡɜɨɥɶɧɭɸ ɮɨɪɦɭ, ɬɨ ɬɚɤɚɹ ɜɨɥɧɚ ɧɚɡɵɜɚ-
ɟɬɫɹ ɧɟɩɪɚɜɢɥɶɧɨɣ. 
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Ʌɢɧɢɹ, ɧɨɪɦɚɥɶɧɚɹ ɤ ɮɪɨɧɬɭ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ ɢ ɫɨɜɩɚɞɚɸɳɚɹ 
ɫ ɧɚɩɪɚɜɥɟɧɢɟɦ ɟɟ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ, ɧɚɡɵɜɚɟɬɫɹ ɡɜɭɤɨɜɵɦ ɥɭɱɨɦ. 

ɉɪɚɜɢɥɶɧɵɟ ɡɜɭɤɨɜɵɟ ɜɨɥɧɵ ɦɨɝɭɬ ɢɦɟɬɶ ɫɮɟɪɢɱɟɫɤɭɸ, ɰɢɥɢɧɞɪɢɱɟ-
ɫɤɭɸ ɢ ɩɥɨɫɤɭɸ ɮɨɪɦɭ. 

ɋɮɟɪɢɱɟɫɤɭɸ ɜɨɥɧɭ ɦɨɠɧɨ ɜɨɡɛɭɞɢɬɶ, ɟɫɥɢ ɩɨɦɟɫɬɢɬɶ ɜ ɭɩɪɭɝɭɸ ɫɪɟɞɭ 
ɩɭɥɶɫɢɪɭɸɳɢɣ ɲɚɪɢɤ (ɪɢɫ. 1.2) ȼ ɷɬɨɦ ɫɥɭɱɚɟ ɱɚɫɬɢɰɵ ɫɪɟɞɵ, ɤɨɬɨɪɵɟ 
ɤɨɥɟɛɥɸɬɫɹ ɫ ɨɞɢɧɚɤɨɜɨɣ ɮɚɡɨɣ, ɛɭɞɭɬ ɪɚɫɩɨɥɚɝɚɬɶɫɹ ɧɚ ɫɮɟɪɟ ɫ ɪɚɞɢɭɫɨɦ 
r = c.t. 

ɋɮɟɪɢɱɟɫɤɭɸ ɡɜɭɤɨɜɭɸ ɜɨɥɧɭ ɢɧɨɝɞɚ ɧɚɡɵɜɚɸɬ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɣ 
ɜɨɥɧɨɣ. 

ɐɢɥɢɧɞɪɢɱɟɫɤɭɸ ɜɨɥɧɭ ɦɨɠɧɨ ɩɨɥɭɱɢɬɶ, ɟɫɥɢ ɩɨɦɟɫɬɢɬɶ ɜ ɭɩɪɭɝɭɸ 
ɫɪɟɞɭ ɩɨɥɵɣ ɰɢɥɢɧɞɪ, ɭ ɤɨɬɨɪɨɝɨ ɩɭɥɶɫɢɪɭɟɬ ɛɨɤɨɜɚɹ ɩɨɜɟɪɯɧɨɫɬɶ 
(ɪɢɫ. 1.3). ɉɨɥɭɱɟɧɧɚɹ ɜ ɷɬɨɦ ɫɥɭɱɚɟ ɜɨɥɧɚ ɛɭɞɟɬ ɪɚɫɩɪɨɫɬɪɚɧɹɬɶɫɹ ɜ ɞɜɭɯ 
ɧɚɩɪɚɜɥɟɧɢɹɯ, ɩɨɷɬɨɦɭ ɟё ɢɧɨɝɞɚ ɧɚɡɵɜɚɸɬ ɞɜɭɯɦɟɪɧɨɣ. Ɏɪɨɧɬ ɬɚɤɨɣ ɜɨɥ-
ɧɵ ɢɦɟɟɬ ɮɨɪɦɭ ɰɢɥɢɧɞɪɚ. 

 

 
 

 

 

Ɋɢɫ. 1.β Ɋɢɫ. 1.γ Ɋɢɫ. 1.4 

  
ɉɥɨɫɤɢɟ ɜɨɥɧɵ ɦɨɠɧɨ ɩɨɥɭɱɢɬɶ, ɟɫɥɢ ɩɨɦɟɫɬɢɬɶ ɜ ɭɩɪɭɝɭɸ ɫɪɟɞɭ ɩɥɚ-

ɫɬɢɧɤɭ, ɤɨɬɨɪɚɹ ɫɨɜɟɪɲɚɟɬ ɜɨɡɜɪɚɬɧɨ-ɩɨɫɬɭɩɚɬɟɥɶɧɨɟ ɞɜɢɠɟɧɢɟ.  
Ɏɪɨɧɬ ɬɚɤɨɣ ɜɨɥɧɵ (ɪɢɫ. 1.4) ɢɦɟɟɬ ɮɨɪɦɭ ɩɥɨɫɤɨɫɬɢ, ɩɨɷɬɨɦɭ ɨɧɚ 

ɢɦɟɟɬ ɨɞɧɨɢɦɟɧɧɨɟ ɧɚɡɜɚɧɢɟ. ɉɥɨɫɤɚɹ ɡɜɭɤɨɜɚɹ ɜɨɥɧɚ ɪɚɫɩɪɨɫɬɪɚɧɹɟɬɫɹ 
ɬɨɥɶɤɨ ɜɞɨɥɶ ɨɫɢ ɏ. ɉɪɢ ɷɬɨɦ ɜɨɡɧɢɤɚɸɬ ɞɜɟ ɩɥɨɫɤɢɟ ɜɨɥɧɵ, ɨɞɧɚ ɢɡ ɤɨɬɨ-
ɪɵɯ ɪɚɫɩɪɨɫɬɪɚɧɹɟɬɫɹ ɜ ɩɨɥɨɠɢɬɟɥɶɧɨɦ ɧɚɩɪɚɜɥɟɧɢɢ ɨɫɢ ɏ, ɞɪɭɝɚɹ – ɜ ɨɬ-
ɪɢɰɚɬɟɥɶɧɨɦ. 

ɉɨ ɱɚɫɬɨɬɟ ɡɜɭɤɨɜɵɟ ɜɨɥɧɵ ɞɟɥɹɬɫɹ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ: 
– ɢɧɮɪɚɡɜɭɤɨɜɵɟ f < 16 Ƚɰ; 
– ɡɜɭɤɨɜɵɟ f = 16 Ƚɰ ... 16 ɤȽɰ; 
– ɭɥɶɬɪɚɡɜɭɤɨɜɵɟ f > 16 ɤȽɰ. 

Ɏɪɨɧɬ ɜɨɥɧɵ 

ɏ X 

Y 
Z 

r = ct 
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1.3. Ɉɫɧɨɜɧɵɟ ɩɚɪɚɦɟɬɪɵ ɡɜɭɤɨɜɨɝɨ ɩɨɥɹ 
Ɂɜɭɤɨɜɨɟ ɩɨɥɟ ɯɚɪɚɤɬɟɪɢɡɭɟɬɫɹ ɩɚɪɚɦɟɬɪɚɦɢ, ɤɨɬɨɪɵɟ ɨɩɢɫɵɜɚɸɬ ɜɫɸ 

ɫɨɜɨɤɭɩɧɨɫɬɶ ɹɜɥɟɧɢɣ, ɩɪɨɢɫɯɨɞɹɳɢɯ ɜ ɡɜɭɤɨɜɨɦ ɩɨɥɟ, ɚ ɢɦɟɧɧɨ ɤɨɥɟɛɚ-
ɬɟɥɶɧɨɟ ɞɜɢɠɟɧɢɟ ɱɚɫɬɢɰ ɫɪɟɞɵ, ɢɡɦɟɧɟɧɢɟ ɞɚɜɥɟɧɢɹ, ɢɡɦɟɧɟɧɢɟ ɩɥɨɬɧɨ-
ɫɬɢ, ɩɟɪɟɧɨɫ ɷɧɟɪɝɢɢ. Ʉ ɷɬɢɦ ɩɚɪɚɦɟɬɪɚɦ ɨɬɧɨɫɹɬɫɹμ 
       – ɫɦɟɳɟɧɢɟ ɱɚɫɬɢɰ ɨɬ ɩɨɥɨɠɟɧɢɹ ɪɚɜɧɨɜɟɫɢɹ 

u= f1 (x, y, z, t),                                          (1.1) 
      – ɤɨɥɟɛɚɬɟɥɶɧɚɹ ɫɤɨɪɨɫɬɶ 

 ),,,(2 tzyxf
t

u
v 




 ;                                     (1.2)   

– ɢɡɦɟɧɟɧɢɟ ɞɚɜɥɟɧɢɹ, ɤɨɬɨɪɨɟ ɩɪɢɧɹɬɨ ɨɰɟɧɢɜɚɬɶ ɫ ɩɨɦɨɳɶɸ ɡɜɭɤɨɜɨ-
ɝɨ ɞɚɜɥɟɧɢɹ 

      ɪ = p1 – p0 = f3 (x, y, z, t),                                  (1.3) 
ɝɞɟ  p1 – ɦɝɧɨɜɟɧɧɨɟ ɡɧɚɱɟɧɢɟ ɞɚɜɥɟɧɢɹ; p0 – ɫɬɚɬɢɱɟɫɤɨɟ ɞɚɜɥɟɧɢɟ; 

– ɢɡɦɟɧɟɧɢɟ ɩɥɨɬɧɨɫɬɢ ɠɢɞɤɨɫɬɢ, ɨɛɵɱɧɨ ɯɚɪɚɤɬɟɪɢɡɭɟɦɨɟ ɭɩɥɨɬɧɟ-
ɧɢɟɦ ɫɪɟɞɵ 

æ ),,,,(4
0

01 tzyxf



                            (1.4)  

ɝɞɟ   ρ1 – ɦɝɧɨɜɟɧɧɨɟ ɡɧɚɱɟɧɢɟ ɩɥɨɬɧɨɫɬɢ; ρ0 – ɩɥɨɬɧɨɫɬɶ ɫɪɟɞɵ ɩɪɢ ɨɬɫɭɬ-
ɫɬɜɢɢ ɡɜɭɤɨɜɨɝɨ ɩɨɥɹ. 

Ɍɚɤɢɟ ɩɚɪɚɦɟɬɪɵ ɤɚɤ ɤɨɥɟɛɚɬɟɥɶɧɚɹ ɫɤɨɪɨɫɬɶ, ɡɜɭɤɨɜɨɟ ɞɚɜɥɟɧɢɟ 
ɢ ɭɩɥɨɬɧɟɧɢɟ ɫɪɟɞɵ ɦɨɝɭɬ ɛɵɬɶ ɫɜɹɡɚɧɵ ɦɟɠɞɭ ɫɨɛɨɣ, ɬɚɤ ɧɚɡɵɜɚɟɦɵɦ 
ɩɨɬɟɧɰɢɚɥɨɦ ɫɤɨɪɨɫɬɢ: 

φ= f5 (x, y, z, t).                                            (1.5) 
ɉɨɞ ɩɨɬɟɧɰɢɚɥɨɦ ɫɤɨɪɨɫɬɢ ɩɨɧɢɦɚɸɬ ɧɟɤɨɬɨɪɭɸ ɜɫɩɨɦɨɝɚɬɟɥɶɧɭɸ 

ɩɟɪɟɦɟɧɧɭɸ, ɝɪɚɞɢɟɧɬ ɤɨɬɨɪɨɣ ɪɚɜɟɧ ɜɟɤɬɨɪɭ ɤɨɥɟɛɚɬɟɥɶɧɨɣ ɫɤɨɪɨɫɬɢ: 

 gradv ,                                              (1.6) 

ɢɥɢ ɜ ɫɨɫɬɚɜɥɹɸɳɢɯ ɩɨ ɨɫɹɦ: 

xx 


 ;  
yy 


 ;  
zz 


 . 

Ɉɫɧɨɜɧɨɣ ɷɧɟɪɝɟɬɢɱɟɫɤɨɣ ɯɚɪɚɤɬɟɪɢɫɬɢɤɨɣ ɡɜɭɤɨɜɨɝɨ ɩɨɥɹ ɹɜɥɹɟɬɫɹ 
ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɡɜɭɤɚ 

I = f6 (x, y, z, t).                                         (1.7) 
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Ʉɨɧɬɪɨɥɶɧɵɟ ɜɨɩɪɨɫɵ 
1. ȼ ɡɜɭɤɨɜɨɦ ɩɨɥɟ ɤɨɥɟɛɚɧɢɟ ɱɚɫɬɢɰ ɠɢɞɤɨɫɬɢ ɩɪɨɢɫɯɨɞɢɬ ɫɨ ɫɤɨɪɨ-

ɫɬɶɸ, ɧɚɡɵɜɚɟɦɨɣ 
– ɫɤɨɪɨɫɬɶɸ ɡɜɭɤɚ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 141); 
– ɤɨɥɟɛɚɬɟɥɶɧɨɣ ɫɤɨɪɨɫɬɶɸ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 102). 
β. ȼ ɡɜɭɤɨɜɨɦ ɩɨɥɟ ɩɟɪɟɞɚɱɚ ɜɨɡɦɭɳɟɧɢɹ ɨɬ ɨɞɧɨɣ ɱɚɫɬɢɰɵ ɤ ɞɪɭɝɨɣ 

ɩɪɨɢɫɯɨɞɢɬ ɫɨ ɫɤɨɪɨɫɬɶɸ, ɧɚɡɵɜɚɟɦɨɣ 
– ɫɤɨɪɨɫɬɶɸ ɡɜɭɤɚ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 43); 
– ɤɨɥɟɛɚɬɟɥɶɧɨɣ ɫɤɨɪɨɫɬɶɸ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 54). 
3. ȼ ɠɢɞɤɨɫɬɢ ɦɨɠɧɨ ɜɨɡɛɭɞɢɬɶ ɫɥɟɞɭɸɳɢɟ ɜɢɞɵ ɜɨɥɧμ 
– ɩɪɨɞɨɥɶɧɭɸ ɡɜɭɤɨɜɭɸ ɜɨɥɧɭ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 71); 
– ɩɨɩɟɪɟɱɧɭɸ ɡɜɭɤɨɜɭɸ ɜɨɥɧɭ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 89); 
– ɫɥɨɠɧɭɸ ɡɜɭɤɨɜɭɸ ɜɨɥɧɭ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 106).  
4. Ɏɨɪɦɚ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ ɨɩɪɟɞɟɥɹɟɬɫɹ: 
– ɟё ɮɪɨɧɬɨɦ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 121); 
– ɟё ɱɚɫɬɨɬɨɣ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 135); 
– ɟё ɚɦɩɥɢɬɭɞɨɣ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 154). 
5. Ɏɪɨɧɬɨɦ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ ɧɚɡɵɜɚɟɬɫɹ ɜɨɨɛɪɚɠɚɟɦɚɹ ɩɨɜɟɪɯɧɨɫɬɶ, 

ɫɨɟɞɢɧɹɸɳɚɹ ɬɨɱɤɢ ɫɪɟɞɵ, ɤɨɬɨɪɵɟ ɤɨɥɟɛɥɸɬɫɹ ɫɨ ɫɥɟɞɭɸɳɢɦɢ ɨɞɢɧɚɤɨ-
ɜɵɦɢ ɩɚɪɚɦɟɬɪɚɦɢμ 

– ɮɚɡɨɣ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 168); 
– ɱɚɫɬɨɬɨɣ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 50); 
– ɚɦɩɥɢɬɭɞɨɣ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 93). 

Ʌɟɤɰɢɹ 2 

2. ɊȺɋɉɊɈɋɌɊȺɇȿɇɂȿ ɁȼɍɄɈȼЫɏ ȼɈɅɇ 
ȼ ȺɄɍɋɌɂɑȿɋɄɂ ɈȾɇɈɊɈȾɇɈɃ ɋɊȿȾȿ 

Ⱦɥɹ ɢɡɭɱɟɧɢɹ ɹɜɥɟɧɢɣ, ɩɪɨɢɫɯɨɞɹɳɢɯ ɜ ɡɜɭɤɨɜɨɦ ɩɨɥɟ, ɧɟɨɛɯɨɞɢɦɨ 
ɩɨɥɭɱɢɬɶ ɭɪɚɜɧɟɧɢɟ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ ɜ ɠɢɞɤɨɫɬɢ (ɜɨɥɧɨ-
ɜɨɟ ɭɪɚɜɧɟɧɢɟ). 

ɉɪɢ ɫɨɫɬɚɜɥɟɧɢɢ ɜɨɥɧɨɜɨɝɨ ɭɪɚɜɧɟɧɢɹ ɧɟɨɛɯɨɞɢɦɨ ɢɦɟɬɶ ɜ ɜɢɞɭ ɞɜɚ 
ɨɛɳɟɩɪɢɧɹɬɵɯ ɜ ɝɢɞɪɨɦɟɯɚɧɢɤɟ ɞɨɩɭɳɟɧɢɹμ 

– ɠɢɞɤɨɫɬɶ ɛɭɞɟɦ ɫɱɢɬɚɬɶ ɚɤɭɫɬɢɱɟɫɤɢ ɨɞɧɨɪɨɞɧɨɣ; 
– ɠɢɞɤɨɫɬɶ ɛɭɞɟɦ ɪɚɫɫɦɚɬɪɢɜɚɬɶ ɤɚɤ ɫɩɥɨɲɧɭɸ ɫɪɟɞɭ, ɧɟ ɢɦɟɸɳɭɸ 

ɪɚɡɪɵɜɨɜ. 
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2.1. ɋɨɫɬɚɜɥɟɧɢɟ ɜɨɥɧɨɜɨɝɨ ɭɪɚɜɧɟɧɢɹ 
ɑɬɨɛɵ ɫɨɫɬɚɜɢɬɶ ɜɨɥɧɨɜɨɟ ɭɪɚɜɧɟɧɢɟ, ɧɟɨɛɯɨɞɢɦɨ ɜɧɚɱɚɥɟ ɩɨɥɭɱɢɬɶ 

ɫɢɫɬɟɦɭ ɱɚɫɬɧɵɯ ɭɪɚɜɧɟɧɢɣ, ɤɚɠɞɨɟ ɢɡ ɤɨɬɨɪɵɯ ɯɚɪɚɤɬɟɪɢɡɭɟɬ ɫɜɹɡɶ ɨɬ-
ɞɟɥɶɧɵɯ ɩɚɪɚɦɟɬɪɨɜ ɡɜɭɤɨɜɨɝɨ ɩɨɥɹ. Ɍɚɤɢɦɢ ɭɪɚɜɧɟɧɢɹɦɢ ɹɜɥɹɸɬɫɹ ɭɪɚɜ-
ɧɟɧɢɟ ɧɟɪɚɡɪɵɜɧɨɫɬɢ, ɭɪɚɜɧɟɧɢɟ ɤɨɥɟɛɚɬɟɥɶɧɨɝɨ ɞɜɢɠɟɧɢɹ, ɭɪɚɜɧɟɧɢɟ ɫɨ-
ɫɬɨɹɧɢɹ ɠɢɞɤɨɫɬɢ. Ɋɚɫɫɦɨɬɪɢɦ ɢɯ ɛɨɥɟɟ ɩɨɞɪɨɛɧɨ.  

ɍɪɚɜɧɟɧɢɟ ɧɟɪɚɡɪɵɜɧɨɫɬɢ. ɉɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɨɫɨɛɭɸ ɦɚɬɟɦɚɬɢɱɟ-
ɫɤɭɸ ɮɨɪɦɭɥɢɪɨɜɤɭ ɡɚɤɨɧɚ ɫɨɯɪɚɧɟɧɢɹ ɦɚɫɫɵ. ɗɬɨ ɭɪɚɜɧɟɧɢɟ ɯɚɪɚɤɬɟɪɢɡɭ-
ɟɬ ɬɚɤɨɟ ɩɨɧɹɬɢɟ, ɤɚɤ ɫɩɥɨɲɧɨɫɬɶ ɫɪɟɞɵ: 

∂ æ/∂t =  2 ,                                            (2.1) 

ɝɞɟ 
2

2

2

2

2

2
2

zyx 












 ; 2  – ɨɩɟɪɚɬɨɪ Ʌɚɩɥɚɫɚ. 

ɉɨɫɤɨɥɶɤɭ ɭɪɚɜɧɟɧɢɟ (2.1) ɫɨɞɟɪɠɢɬ ɤɨɨɪɞɢɧɚɬɵ x, ɭ ɢ z, ɨɧɨ ɛɭɞɟɬ 
ɢɦɟɬɶ ɪɚɡɥɢɱɧɭɸ ɮɨɪɦɭ ɡɚɩɢɫɢ ɞɥɹ ɜɨɥɧɵ ɫɮɟɪɢɱɟɫɤɨɣ, ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ ɢ 
ɩɥɨɫɤɨɣ. 

ɍɪɚɜɧɟɧɢɟ ɤɨɥɟɛɚɬɟɥɶɧɨɝɨ ɞɜɢɠɟɧɢɹ. ɗɬɨ ɭɪɚɜɧɟɧɢɟ ɫɜɹɡɵɜɚɟɬ ɬɚ-
ɤɢɟ ɩɚɪɚɦɟɬɪɵ, ɤɚɤ ɤɨɥɟɛɚɬɟɥɶɧɚɹ ɫɤɨɪɨɫɬɶ ɢ ɡɜɭɤɨɜɨɟ ɞɚɜɥɟɧɢɟ 

0ρ
p

t



 ,                                             (2.2) 

ɝɞɟ  φ – ɩɨɬɟɧɰɢɚɥ ɫɤɨɪɨɫɬɢ; p – ɡɜɭɤɨɜɨɟ ɞɚɜɥɟɧɢɟ; ρ – ɩɥɨɬɧɨɫɬɶ ɠɢɞɤɨ-
ɫɬɢ. 

ɍɪɚɜɧɟɧɢɟ (2.2) ɧɟ ɫɨɞɟɪɠɢɬ ɤɨɨɪɞɢɧɚɬ, ɩɨɷɬɨɦɭ ɨɧɨ ɢɦɟɟɬ ɨɞɢɧɚɤɨ-
ɜɵɣ ɜɢɞ ɞɥɹ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ ɥɸɛɨɣ ɮɨɪɦɵ. 

ɍɪɚɜɧɟɧɢɟ ɫɨɫɬɨɹɧɢɹ ɠɢɞɤɨɫɬɢ. ɋɜɹɡɵɜɚɟɬ ɫɢɥɵ, ɞɟɣɫɬɜɭɸɳɢɟ 
ɜ ɠɢɞɤɨɫɬɢ, ɫ ɢɡɦɟɧɟɧɢɟɦ ɩɥɨɬɧɨɫɬɢ ɠɢɞɤɨɫɬɢ. 

ɂɦɟɟɬ ɜɢɞ 
p = (æ/K) + [(4Ș1)/γЖ (∂æ/∂t),                                   (2.3) 

ɝɞɟ K – ɚɞɢɚɛɚɬɢɱɟɫɤɢɣ ɤɨɷɮɮɢɰɢɟɧɬ ɫɠɢɦɚɟɦɨɫɬɢ ɠɢɞɤɨɫɬɢ, ɢɦɟɸɳɢɣ 

ɪɚɡɦɟɪɧɨɫɬɶ, ɨɛɪɚɬɧɭɸ ɞɚɜɥɟɧɢɸ, H–1ɦ 2; Ș1 – ɤɨɷɮɮɢɰɢɟɧɬ ɞɢɧɚɦɢɱɟɫɤɨɣ 

(ɧɶɸɬɨɧɨɜɨɣ) ɜɹɡɤɨɫɬɢ, ɢɦɟɸɳɢɣ ɪɚɡɦɟɪɧɨɫɬɶ ɇɫɦ–2. 
ɍɪɚɜɧɟɧɢɟ (2.3) ɫɩɪɚɜɟɞɥɢɜɨ ɞɥɹ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ ɥɸɛɨɣ ɮɨɪɦɵ, ɪɚɫ-

ɩɪɨɫɬɪɚɧɹɸɳɟɣɫɹ ɜ ɨɞɧɨɪɨɞɧɨɣ ɜɹɡɤɨɣ ɠɢɞɤɨɫɬɢ. 
ȼɨɫɩɨɥɶɡɭɟɦɫɹ ɭɪɚɜɧɟɧɢɹɦɢ (2.1) – (2.3) ɞɥɹ ɫɨɫɬɚɜɥɟɧɢɹ ɜɨɥɧɨɜɨɝɨ 

ɭɪɚɜɧɟɧɢɹ ɫɮɟɪɢɱɟɫɤɨɣ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ, ɪɚɫɩɪɨɫɬɪɚɧɹɸɳɟɣɫɹ ɜ ɜɹɡɤɨɣ 
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ɠɢɞɤɨɫɬɢ. Ⱦɥɹ ɷɬɨɝɨ ɜɨɡɶɦɟɦ ɱɚɫɬɧɵɟ ɩɪɨɢɡɜɨɞɧɵɟ ɩɨ ɜɪɟɦɟɧɢ ɨɬ ɜɵɪɚ-
ɠɟɧɢɣ (2.1) – (2.3). ɉɨɥɭɱɢɦ ɫɥɟɞɭɸɳɢɟ ɜɵɪɚɠɟɧɢɹ: 

(∂2æ/∂Э2)  



 2

t
;                                            (2.4) 

;
1

0
2

2

t

p

t 







                                                 (2.5) 

Kt

p 1



  (∂æ/∂Э) + 13

4
 (∂2æ/∂t2).                                     (2.6) 

ɂɡ ɜɵɪɚɠɟɧɢɣ (2.5) ɢ (2.6) ɢɦɟɟɦ 

0
2

2 1







Kt

(∂æ/∂Э) 1
03

4



 (∂2æ/∂t2).                            (2.7) 

ɉɨɞɫɬɚɜɢɜ ɜ ɪɚɜɟɧɫɬɜɨ (2.7) ɡɧɚɱɟɧɢɹ ɩɪɨɢɡɜɨɞɧɵɯ ɢɡ ɜɵɪɚɠɟɧɢɣ (2.1) 
ɢ (2.4), ɩɨɥɭɱɢɦ 

 












 2
1

0

2

0
2

2

3

41

tKt
. 

Ɉɛɨɡɧɚɱɢɜ 2

0

1
c

K



, ɨɤɨɧɱɚɬɟɥɶɧɨ ɛɭɞɟɦ ɢɦɟɬɶ 

 









 2
1

0

22
2

2

3

4

t
c

t
 –                           (2.8) 

ɜɨɥɧɨɜɨɟ ɭɪɚɜɧɟɧɢɟ ɫɮɟɪɢɱɟɫɤɨɣ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ, ɪɚɫɩɪɨɫɬɪɚɧɹɸɳɟɣɫɹ 
ɜ ɜɹɡɤɨɣ ɠɢɞɤɨɫɬɢ. Ɉ ɬɨɦ, ɱɬɨ ɜɨɥɧɚ ɫɮɟɪɢɱɟɫɤɚɹ, ɫɜɢɞɟɬɟɥɶɫɬɜɭɟɬ ɧɚɥɢ-
ɱɢɟ ɜɫɟɯ ɬɪɟɯ ɤɨɨɪɞɢɧɚɬ (ɯ, ɭ, z) ɩɨɞ ɦɚɬɟɦɚɬɢɱɟɫɤɢɦ ɫɢɦɜɨɥɨɦ , ɚ ɨ ɬɨɦ, 
ɱɬɨ ɠɢɞɤɨɫɬɶ ɜɹɡɤɚɹ, – ɧɚɥɢɱɢɟ ɜ ɭɪɚɜɧɟɧɢɢ (2.8) ɞɢɧɚɦɢɱɟɫɤɨɝɨ ɤɨɷɮɮɢ-
ɰɢɟɧɬɚ ɜɹɡɤɨɫɬɢ Ș1. 

2.2. Ɋɟɲɟɧɢɟ ɜɨɥɧɨɜɨɝɨ ɭɪɚɜɧɟɧɢɹ ɩɥɨɫɤɨɣ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ, 
ɪɚɫɩɪɨɫɬɪɚɧɹɸɳɟɣɫɹ ɜ ɜɹɡɤɨɣ ɠɢɞɤɨɫɬɢ 

Ⱦɥɹ ɩɥɨɫɤɨɣ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ ɢɦɟɟɦ φ = f (x, t). ɉɨɷɬɨɦɭ ɢɡ ɜɵɪɚɠɟɧɢɹ 
(2.8) ɩɨɥɭɱɢɦ ɥɢɧɟɣɧɨɟ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨɟ ɭɪɚɜɧɟɧɢɟ ɜ ɱɚɫɬɧɵɯ ɩɪɨɢɡ-
ɜɨɞɧɵɯ ɫ ɩɨɫɬɨɹɧɧɵɦɢ ɤɨɷɮɮɢɰɢɟɧɬɚɦɢ: 

2

3

1
0

2

2
2

2

2

Ș
ρ3

4

xtx
c

t 








 .                               (2.9) 

Ɋɟɲɟɧɢɟ ɭɪɚɜɧɟɧɢɹ (2.9) ɦɨɠɟɬ ɛɵɬɶ ɩɪɟɞɫɬɚɜɥɟɧɨ ɜ ɜɢɞɟ ɫɭɦɦɵ ɞɜɭɯ 
ɪɟɲɟɧɢɣ: 
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,21   

ɝɞɟ 
1

 – ɩɨɬɟɧɰɢɚɥ ɫɤɨɪɨɫɬɢ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ, ɪɚɫɩɪɨɫɬɪɚɧɹɸɳɟɣɫɹ ɜ ɩɨ-

ɥɨɠɢɬɟɥɶɧɨɦ ɧɚɩɪɚɜɥɟɧɢɢ ɨɫɢ ɏ; 

2
  – ɩɨɬɟɧɰɢɚɥ ɫɤɨɪɨɫɬɢ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ, ɪɚɫɩɪɨɫɬɪɚɧɹɸɳɟɣɫɹ ɜ ɨɬ-

ɪɢɰɚɬɟɥɶɧɨɦ ɧɚɩɪɚɜɥɟɧɢɢ ɨɫɢ ɏ. 

ɇɚɣɞɟɦ ɫɧɚɱɚɥɚ  
1

 . Ɍɚɤ ɤɚɤ ɢɡɜɟɫɬɧɨ, ɱɬɨ ɡɜɭɤɨɜɚɹ ɜɨɥɧɚ ɢɦɟɟɬ ɝɚɪ-

ɦɨɧɢɱɟɫɤɢɣ ɯɚɪɚɤɬɟɪ, ɪɟɲɟɧɢɟ ɛɭɞɟɦ ɢɫɤɚɬɶ, ɢɫɩɨɥɶɡɭɹ ɦɟɬɨɞ ɧɟɨɩɪɟɞɟ-
ɥɟɧɧɵɯ ɤɨɷɮɮɢɰɢɟɧɬɨɜ. 

ɍɱɢɬɵɜɚɹ ɩɟɪɢɨɞɢɱɧɨɫɬɶ ɩɨɬɟɧɰɢɚɥɚ ɧɟ ɬɨɥɶɤɨ ɜɨ ɜɪɟɦɟɧɢ, ɧɨ ɢ ɜ ɩɪɨ-
ɫɬɪɚɧɫɬɜɟ, ɞɥɹ ɜɨɥɧɵ φ1 ɪɟɲɟɧɢɟ ɡɚɞɚɞɢɦ ɜ ɫɥɟɞɭɸɳɟɦ ɜɢɞɟμ 

,)(
1

mxctik
me                                           (2.10) 

ɝɞɟ  φm – ɚɦɩɥɢɬɭɞɚ ɩɨɬɟɧɰɢɚɥɚ ɫɤɨɪɨɫɬɢ; k – ɜɨɥɧɨɜɨɟ ɱɢɫɥɨ, 




2

k ;  

λ – ɞɥɢɧɚ ɜɨɥɧɵ; ɫ – ɫɤɨɪɨɫɬɶ ɡɜɭɤɚ; ɯ – ɪɚɫɫɬɨɹɧɢɟ ɞɨ ɢɫɬɨɱɧɢɤɚ ɡɜɭɤɚ;  
m – ɧɟɢɡɜɟɫɬɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬ. 

Ⱦɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɡɧɚɱɟɧɢɹ ɤɨɷɮɮɢɰɢɟɧɬɚ m ɜɨɡɶɦɟɦ ɱɚɫɬɧɵɟ ɩɪɨɢɡ-
ɜɨɞɧɵɟ ɨɬ ɪɚɜɟɧɫɬɜɚ (2.10) ɩɨ ɜɪɟɦɟɧɢ t ɢ ɤɨɨɪɞɢɧɚɬɟ x: 

;)(222
2

1

2
mxctikecki

t m





 

;)(222
2

2
1 mxctik

m emki
x





 

)(233
2

3
1 mxctik

m cemki
tx





 

ɢ ɩɨɞɫɬɚɜɢɦ ɢɯ ɜ ɢɫɯɨɞɧɨɟ ɭɪɚɜɧɟɧɢɟ (2.9): 
)(2222)(222 mxctikmxctik ecmkiecki mm

  + )(
1

0

233

3

4 mxctik
m cemki 


. 

ɉɨɫɥɟ ɫɨɤɪɚɳɟɧɢɣ ɩɨɥɭɱɢɦ 

1
3

4
1

0

12 










 i
c

k
m  

ɢɥɢ                                          
1

0

12

ρ3

Ș4
1











 i

c

k
m . 
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Ɉɬɫɸɞɚ 

2

1

0

1

3

4
1














 i
c

k
m .                                    (2.11) 

ɍɱɢɬɵɜɚɹ, ɱɬɨ ɡɜɭɤɨɜɚɹ ɜɨɥɧɚ, ɪɚɫɩɪɨɫɬɪɚɧɹɹɫɶ ɜ ɜɹɡɤɨɣ ɠɢɞɤɨɫɬɢ, 
ɞɨɥɠɧɚ ɡɚɬɭɯɚɬɶ, ɜ ɜɵɪɚɠɟɧɢɢ (2.11) ɩɟɪɟɞ ɫɤɨɛɤɨɣ ɜɵɛɢɪɚɟɦ ɡɧɚɤ «–», ɬ.ɟ. 

2

1

0

1

3

4
1














 i
c

k
m . 

Ⱥɧɚɥɢɡ ɩɨɥɭɱɟɧɧɨɝɨ ɪɚɜɟɧɫɬɜɚ ɞɥɹ ɦɨɪɫɤɨɣ ɜɨɞɵ ɢ ɭɥɶɬɪɚɡɜɭɤɨɜɨɝɨ 
ɞɢɚɩɚɡɨɧɚ ɩɨɤɚɡɵɜɚɟɬ, ɱɬɨ 

c

k

0

1

3

4




<< 1. 

ɗɬɨ ɨɡɧɚɱɚɟɬ, ɱɬɨ ɜɵɪɚɠɟɧɢɟ ɜ ɫɤɨɛɤɚɯ ɜ ɪɚɜɟɧɫɬɜɟ ɞɥɹ m ɦɨɠɧɨ ɪɚɡɥɨ-
ɠɢɬɶ ɜ ɫɬɟɩɟɧɧɨɣ ɪɹɞ. Ɍɨɝɞɚ, ɨɝɪɚɧɢɱɢɜɚɹɫɶ ɞɜɭɦɹ ɱɥɟɧɚɦɢ ɪɚɡɥɨɠɟɧɢɹ, 
ɩɨɥɭɱɢɦ 












 i
c

k
m

0

1

3

2
1 .                                         (2.12) 

ɉɨɞɫɬɚɜɢɜ ɩɨɥɭɱɟɧɧɨɟ ɡɧɚɱɟɧɢɟ m ɢɡ ɪɚɜɟɧɫɬɜɚ (2.12) ɜ ɡɚɞɚɧɧɨɟ ɧɚɦɢ 
ɪɟɲɟɧɢɟ (2.10), ɩɨɥɭɱɢɦ 

xi
c

k

xctik
m

xi
c

k
ctik

m eee

2

0

2
1

0

1

3

2

)(3

2
1

1



























 . 

Ɉɛɨɡɧɚɱɚɹ ɜ ɩɨɥɭɱɟɧɧɨɦ ɜɵɪɚɠɟɧɢɢ 





c

k

0

2
1

3

2
 ɢ ɭɱɢɬɵɜɚɹ, ɱɬɨ i2 = –1, 

ɩɨɥɭɱɢɦ 

.)( xctikexem


1
 

ɉɪɢɦɟɧɹɹ ɮɨɪɦɭɥɭ ɗɣɥɟɪɚ, ɢɦɟɟɦ 

 )(sin)(cos
1

xctkixctke x
m   . 

ɍɱɢɬɵɜɚɹ, ɱɬɨ ɮɢɡɢɱɟɫɤɢɣ ɫɦɵɫɥ ɢɦɟɟɬ ɬɨɥɶɤɨ ɜɟɳɟɫɬɜɟɧɧɚɹ ɱɚɫɬɶ 
ɪɚɜɟɧɫɬɜɚ, ɨɤɨɧɱɚɬɟɥɶɧɨ ɩɨɥɭɱɢɦ 

)(cos
1

xctke x
m   .                                   (2.13) 
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Ⱥɧɚɥɨɝɢɱɧɨ ɞɥɹ ɫɥɭɱɚɹ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ, ɪɚɫɩɪɨɫɬɪɚɧɹɸɳɟɣɫɹ ɜ ɨɬɪɢ-
ɰɚɬɟɥɶɧɨɦ ɧɚɩɪɚɜɥɟɧɢɢ ɨɫɢ ɏ, ɢɦɟɟɦ  

).(cos xctkxem 
2

 

ȼ ɪɟɚɥɶɧɵɯ ɩɪɢɛɨɪɚɯ ɢɫɩɨɥɶɡɭɟɬɫɹ ɬɨɥɶɤɨ ɜɨɥɧɚ φ1, ɩɨɷɬɨɦɭ ɞɥɹ 
ɞɚɥɶɧɟɣɲɢɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɩɪɢɧɢɦɚɟɦ 

).(cos xctkxem                               (2.14) 

ɉɪɨɚɧɚɥɢɡɢɪɭɟɦ ɤɨɷɮɮɢɰɢɟɧɬ α, 











2

0

2
1

2

0

2
1

3

8

3

2

cc

c

c

k .
3

8 2
3

0

1
2

f
c


 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɞɥɹ ɤɨɷɮɮɢɰɢɟɧɬɚ ɡɚɬɭɯɚɧɢɹ ɢɦɟɟɦ ɫɥɟɞɭɸɳɟɟ ɜɵɪɚ-
ɠɟɧɢɟμ 

2
3

0

1
2

3

8
f

c


 .                                    (2.15)  

ɂɡ ɩɨɥɭɱɟɧɧɨɝɨ ɪɚɜɟɧɫɬɜɚ ɜɢɞɧɨ, ɱɬɨ ɤɨɷɮɮɢɰɢɟɧɬ α ɡɚɜɢɫɢɬ ɧɟ ɬɨɥɶ-
ɤɨ ɨɬ ɩɚɪɚɦɟɬɪɨɜ ɫɪɟɞɵ, ɧɨ ɢ ɨɬ ɤɜɚɞɪɚɬɚ ɱɚɫɬɨɬɵ f ɢɡɥɭɱɚɟɦɨɝɨ ɫɢɝɧɚɥɚ. 

ɇɚ ɨɫɧɨɜɚɧɢɢ ɜɵɪɚɠɟɧɢɹ (2.14) ɦɨɠɧɨ ɫɞɟɥɚɬɶ ɫɥɟɞɭɸɳɢɟ ɜɵɜɨɞɵμ 
– ɚɦɩɥɢɬɭɞɚ ɩɨɬɟɧɰɢɚɥɚ ɫɤɨɪɨɫɬɢ ɩɥɨɫɤɨɣ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ, ɪɚɫɩɪɨ-

ɫɬɪɚɧɹɸɳɟɣɫɹ ɜ ɜɹɡɤɨɣ ɠɢɞɤɨɫɬɢ, ɭɦɟɧɶɲɚɟɬɫɹ ɩɨ ɦɟɪɟ ɭɞɚɥɟɧɢɹ ɨɬ ɢɫ-
ɬɨɱɧɢɤɚ ɡɜɭɤɚ ɩɨ ɷɤɫɩɨɧɟɧɰɢɚɥɶɧɨɦɭ ɡɚɤɨɧɭ; 

– ɩɨɬɟɧɰɢɚɥ ɫɤɨɪɨɫɬɢ ɢɡɦɟɧɹɟɬɫɹ ɩɨ ɡɚɤɨɧɭ ɤɨɫɢɧɭɫɚ ɫ ɱɚɫɬɨɬɨɣ  
Ȧ = ck; 

– ɩɨ ɦɟɪɟ ɭɞɚɥɟɧɢɹ ɨɬ ɢɫɬɨɱɧɢɤɚ ɡɜɭɤɚ ɢɡɦɟɧɹɟɬɫɹ ɮɚɡɚ ɡɜɭɤɨɜɨɣ ɜɨɥ-
ɧɵ kɯ. 

Ʉɨɧɬɪɨɥɶɧɵɟ ɜɨɩɪɨɫɵ 

6. ɍɪɚɜɧɟɧɢɟ ɧɟɪɚɡɪɵɜɧɨɫɬɢ ∂æ/∂t =  2  ɯɚɪɚɤɬɟɪɢɡɭɟɬ ɫɥɟɞɭɸɳɭɸ 

ɫɜɹɡɶ: 
– ɦɟɠɞɭ ɤɨɥɟɛɚɬɟɥɶɧɵɦ ɞɜɢɠɟɧɢɟɦ ɱɚɫɬɢɰ ɢ ɢɡɦɟɧɟɧɢɟɦ ɩɥɨɬɧɨɫɬɢ 

ɫɪɟɞɵ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 142); 
– ɦɟɠɞɭ ɤɨɥɟɛɚɬɟɥɶɧɵɦ ɞɜɢɠɟɧɢɟɦ ɱɚɫɬɢɰ ɢ ɢɡɦɟɧɟɧɢɟɦ ɞɚɜɥɟɧɢɹ 

(ɫɦ. ɩɨɹɫɧɟɧɢɟ 27); 
– ɦɟɠɞɭ ɢɡɦɟɧɟɧɢɟɦ ɩɥɨɬɧɨɫɬɢ ɫɪɟɞɵ ɢ ɢɡɦɟɧɟɧɢɟɦ ɞɚɜɥɟɧɢɹ (ɫɦ. ɩɨ-

ɹɫɧɟɧɢɟ 44). 
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7. ȼɨɥɧɨɜɨɟ ɭɪɚɜɧɟɧɢɟ  

 





 2

1
0

22
2

2

Ș
ρ3

4

t
c

t
 

ɨɩɢɫɵɜɚɟɬ ɩɪɨɰɟɫɫɵ, ɩɪɨɢɫɯɨɞɹɳɢɟ  
– ɜ ɫɮɟɪɢɱɟɫɤɨɣ ɡɜɭɤɨɜɨɣ ɜɨɥɧɟ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 55); 
– ɜ ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ ɡɜɭɤɨɜɨɣ ɜɨɥɧɟ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 152); 
– ɜ ɩɥɨɫɤɨɣ ɡɜɭɤɨɜɨɣ ɜɨɥɧɟ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 90). 
8. ɍɪɚɜɧɟɧɢɟ ɫɨɫɬɨɹɧɢɹ P = (æ/K) + [(4Ș1)/3] (∂æ/∂t) ɯɚɪɚɤɬɟɪɢɡɭɟɬ 

ɫɜɹɡɶ  
– ɦɟɠɞɭ ɤɨɥɟɛɚɬɟɥɶɧɵɦ ɞɜɢɠɟɧɢɟɦ ɱɚɫɬɢɰ ɢ ɢɡɦɟɧɟɧɢɟɦ ɩɥɨɬɧɨɫɬɢ 

ɫɪɟɞɵ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 107); 
– ɦɟɠɞɭ ɤɨɥɟɛɚɬɟɥɶɧɵɦ ɞɜɢɠɟɧɢɟɦ ɱɚɫɬɢɰ ɢ ɢɡɦɟɧɟɧɢɟɦ ɞɚɜɥɟɧɢɹ 

(ɫɦ. ɩɨɹɫɧɟɧɢɟ 122); 
– ɦɟɠɞɭ ɢɡɦɟɧɟɧɢɟɦ ɩɥɨɬɧɨɫɬɢ ɫɪɟɞɵ ɢ ɢɡɦɟɧɟɧɢɟɦ ɞɚɜɥɟɧɢɹ (ɫɦ. ɩɨ-

ɹɫɧɟɧɢɟ 136). 
9. ɉɨɬɟɧɰɢɚɥ ɫɤɨɪɨɫɬɢ φ ɩɥɨɫɤɨɣ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ ɢɡɦɟɧɹɟɬɫɹ ɫɥɟ-

ɞɭɸɳɢɦ ɨɛɪɚɡɨɦμ 
– ɩɨ ɡɚɤɨɧɭ ɫɢɧɭɫɚ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 155); 
– ɩɨ ɡɚɤɨɧɭ ɤɨɫɢɧɭɫɚ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 72); 
– ɩɨ ɷɤɫɩɨɧɟɧɰɢɚɥɶɧɨɦɭ ɡɚɤɨɧɭ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 167). 

Ʌɟɤɰɢɹ 3 

2.3. Ⱥɧɚɥɢɡ ɡɜɭɤɨɜɨɝɨ ɩɨɥɹ 
ȼɨɫɩɨɥɶɡɭɟɦɫɹ ɪɟɲɟɧɢɟɦ (β.14) ɞɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɡɚɤɨɧɨɜ ɢɡɦɟɧɟɧɢɹ 

ɨɫɧɨɜɧɵɯ ɩɚɪɚɦɟɬɪɨɜ ɡɜɭɤɨɜɨɝɨ ɩɨɥɹ. 
Ɂɚɤɨɧ ɢɡɦɟɧɟɧɢɹ ɩɨɬɟɧɰɢɚɥɚ ɫɤɨɪɨɫɬɢ ɢɦɟɟɬ ɜɢɞ 

)(cosα xctke x
m   .                              (2.16) 

ɂɡ ɭɪɚɜɧɟɧɢɹ ɤɨɥɟɛɚɬɟɥɶɧɨɝɨ ɞɜɢɠɟɧɢɹ (2.2) ɢɦɟɟɦ 

 0ρp .
t


                                      (2.17) 

Ɉɩɪɟɞɟɥɢɜ ∂φ/∂tɢɡ ɪɚɜɟɧɫɬɜɚ (β.1θ), ɩɨɥɭɱɢɦ 

).(sin xctkkce
t

x
m 


                           (2.18) 

ɉɨɞɫɬɚɜɥɹɹ ɭɪɚɜɧɟɧɢɟ (β.18) ɜ (β.17), ɢɦɟɟɦ 
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)(sinρ α
0 xctkekcp x

m   , 

ɢɥɢ ɨɛɨɡɧɚɱɚɹ φmkcρ0 = pm, ɩɨɥɭɱɢɦ ɭɪɚɜɧɟɧɢɟ ɡɚɤɨɧɚ ɢɡɦɟɧɟɧɢɹ ɡɜɭɤɨɜɨɝɨ 
ɞɚɜɥɟɧɢɹ ɩɥɨɫɤɨɣ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ, ɪɚɫɩɪɨɫɬɪɚɧɹɸɳɟɣɫɹ ɜ ɜɹɡɤɨɣ ɠɢɞɤɨ-
ɫɬɢμ 

).(sin xctkepp x
m                                 (2.19) 

Ɉ ɬɨɦ, ɱɬɨ ɷɬɨ ɩɥɨɫɤɚɹ ɜɨɥɧɚ, ɫɜɢɞɟɬɟɥɶɫɬɜɭɟɬ ɩɪɢɫɭɬɫɬɜɢɟ ɜ ɭɪɚɜɧɟɧɢɢ 
(2.19) ɬɨɥɶɤɨ ɨɞɧɨɣ ɤɨɨɪɞɢɧɚɬɵ ɯ, ɨ ɜɹɡɤɨɫɬɢ ɠɢɞɤɨɫɬɢ – ɩɪɢɫɭɬɫɬɜɢɟ 
ɜ ɮɨɪɦɭɥɟ (β.19) ɤɨɷɮɮɢɰɢɟɧɬɚ ɡɚɬɭɯɚɧɢɹ α, ɤɨɬɨɪɵɣ ɡɚɜɢɫɢɬ ɨɬ ɤɨɷɮɮɢ-
ɰɢɟɧɬɚ ɞɢɧɚɦɢɱɟɫɤɨɣ ɜɹɡɤɨɫɬɢ ɠɢɞɤɨɫɬɢ Ș1. 

ɂɡ ɨɩɪɟɞɟɥɟɧɢɹ ɩɨɬɟɧɰɢɚɥɚ ɫɤɨɪɨɫɬɢ ɢɦɟɟɦ .
x




  

Ɉɩɪɟɞɟɥɹɹ ɡɧɚɱɟɧɢɟ ∂φ/∂x ɢɡ ɜɵɪɚɠɟɧɢɹ (2.16), ɩɨɥɭɱɢɦ 

.)(cos)(sin

)(sin)(cos





 












xctk
k

xctkke

xctkkexctke
x

x
m

x
m

x
m

 

Ɉɛɨɡɧɚɱɢɦ .
cos

sin
tg






k

  Ɍɨɝɞɚ 

 








  sin)(coscos)(sin
cos

xctkxctke
k

x
xm  

ɢɥɢ 

 , )(sin   xctkev x
ɬ                              (2.20) 

ɝɞɟ 





cos

k
v m

m . 

ɂɡ ɜɵɪɚɠɟɧɢɹ (2.20) ɜɢɞɧɨ, ɱɬɨ ɜ ɨɛɳɟɦ ɫɥɭɱɚɟ ɤɨɥɟɛɚɬɟɥɶɧɚɹ ɫɤɨ-
ɪɨɫɬɶ ɩɨ ɨɬɧɨɲɟɧɢɸ ɤ ɡɜɭɤɨɜɨɦɭ ɞɚɜɥɟɧɢɸ ɢɡɦɟɧɹɟɬɫɹ ɫ ɧɟɤɨɬɨɪɵɦ ɩɨ-
ɫɬɨɹɧɧɵɦ ɫɞɜɢɝɨɦ ɩɨ ɮɚɡɟ. Ɉɞɧɚɤɨ ɚɧɚɥɢɡ ɩɨɤɚɡɵɜɚɟɬ, ɱɬɨ ɩɪɢ ɪɚɫɩɪɨ-
ɫɬɪɚɧɟɧɢɢ ɭɥɶɬɪɚɡɜɭɤɨɜɨɣ ɜɨɥɧɵ ɜ ɜɹɡɤɨɣ ɠɢɞɤɨɫɬɢ, ɤ ɤɨɬɨɪɨɣ ɨɬɧɨɫɢɬɫɹ 
ɦɨɪɫɤɚɹ ɜɨɞɚ, ɫɞɜɢɝ ɩɨ ɮɚɡɟ ȥ ≈ 0. ɗɬɨ ɨɡɧɚɱɚɟɬ, ɱɬɨ ɪɚɜɟɧɫɬɜɨ (β.20) ɩɪɢ-
ɧɢɦɚɟɬ ɜɢɞ 

),(sinα xctke x
m                                     (2.21) 

ɝɞɟ  vm = φm k.  
Ⱥɧɚɥɢɡɢɪɭɹ ɜɵɪɚɠɟɧɢɹ (2.19) ɢ (β.21), ɦɨɠɧɨ ɨɬɦɟɬɢɬɶ ɫɥɟɞɭɸɳɟɟμ 
– ɡɜɭɤɨɜɨɟ ɞɚɜɥɟɧɢɟ ɢ ɤɨɥɟɛɚɬɟɥɶɧɚɹ ɫɤɨɪɨɫɬɶ ɢɡɦɟɧɹɸɬɫɹ ɫɢɧɮɚɡɧɨ; 
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– ɡɜɭɤɨɜɨɟ ɞɚɜɥɟɧɢɟ ɢ ɤɨɥɟɛɚɬɟɥɶɧɚɹ ɫɤɨɪɨɫɬɶ ɢɡɦɟɧɹɸɬɫɹ ɩɨ ɡɚɤɨɧɭ 
ɫɢɧɭɫɚ ɫ ɱɚɫɬɨɬɨɣ Ȧ = ck; 

– ɩɨ ɦɟɪɟ ɭɞɚɥɟɧɢɹ ɨɬ ɢɫɬɨɱɧɢɤɚ ɡɜɭɤɚ ɚɦɩɥɢɬɭɞɚ ɢ p, ɢ v ɭɦɟɧɶɲɚɟɬ-
ɫɹ ɩɨ ɷɤɫɩɨɧɟɧɰɢɚɥɶɧɨɦɭ ɡɚɤɨɧɭ, ɢɡɦɟɧɹɟɬɫɹ ɬɚɤɠɟ ɮɚɡɚ kɯ.  

Ɉɩɪɟɞɟɥɢɦ ɨɬɧɨɲɟɧɢɟ ɡɜɭɤɨɜɨɝɨ ɞɚɜɥɟɧɢɹ ɤ ɤɨɥɟɛɚɬɟɥɶɧɨɣ ɫɤɨɪɨɫɬɢ. 

ɉɨɥɭɱɢɦ .
)(sin

)(sin
0

0 cc
xctkke

xctkcekp
z

x
m

x
m 












 

ɉɪɨɢɡɜɟɞɟɧɢɟ ɩɥɨɬɧɨɫɬɢ ɫɪɟɞɵ ɧɚ ɫɤɨɪɨɫɬɶ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɡɜɭɤɚ 
ɜ ɧɟɣ ɧɚɡɵɜɚɟɬɫɹ ɭɞɟɥɶɧɵɦ ɚɤɭɫɬɢɱɟɫɤɢɦ ɫɨɩɪɨɬɢɜɥɟɧɢɟɦ ɫɪɟɞɵ. 

2.4. ɂɧɬɟɧɫɢɜɧɨɫɬɶ ɡɜɭɤɚ 
ɂɧɬɟɧɫɢɜɧɨɫɬɶ ɡɜɭɤɚ ɹɜɥɹɟɬɫɹ ɨɫɧɨɜɧɨɣ ɷɧɟɪɝɟɬɢɱɟɫɤɨɣ ɯɚɪɚɤɬɟɪɢ-

ɫɬɢɤɨɣ ɡɜɭɤɨɜɨɝɨ ɩɨɥɹ. ɂɧɬɟɧɫɢɜɧɨɫɬɶɸ ɡɜɭɤɚ I ɧɚɡɵɜɚɟɬɫɹ ɤɨɥɢɱɟɫɬɜɨ 
ɷɧɟɪɝɢɢ, ɤɨɬɨɪɨɟ ɩɟɪɟɧɨɫɢɬ ɡɜɭɤɨɜɚɹ ɜɨɥɧɚ ɱɟɪɟɡ ɟɞɢɧɢɱɧɭɸ ɩɥɨɳɚɞɤɭ, 
ɪɚɫɩɨɥɨɠɟɧɧɭɸ ɩɟɪɩɟɧɞɢɤɭɥɹɪɧɨ ɧɚɩɪɚɜɥɟɧɢɸ ɟɟ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ, ɡɚ 
ɟɞɢɧɢɰɭ ɜɪɟɦɟɧɢ. 

Ɂɧɚɱɟɧɢɟ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɡɜɭɤɚ ɦɨɠɧɨ ɨɩɪɟɞɟɥɢɬɶ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚ-
ɡɨɦ. ȼɨɡɶɦɟɦ ɡɜɭɤɨɜɭɸ ɜɨɥɧɭ ɩɪɨɢɡɜɨɥɶɧɨɣ ɮɨɪɦɵ. ȼɫɟ ɬɨɱɤɢ ɮɪɨɧɬɚ 
ɜɨɥɧɵ, ɢɦɟɸɳɟɝɨ ɩɥɨɳɚɞɶ Q, ɤɨɥɟɛɥɸɬɫɹ ɫ ɨɞɢɧɚɤɨɜɨɣ ɮɚɡɨɣ ɢ ɡɚ ɜɪɟɦɹ 
dt ɩɨɥɭɱɚɸɬ ɫɦɟɳɟɧɢɟ 

du = vdt, 
ɤɨɬɨɪɨɦɭ ɛɭɞɭɬ ɩɪɨɬɢɜɨɞɟɣɫɬɜɨɜɚɬɶ ɫɢɥɵ ɜɧɭɬɪɟɧɧɟɝɨ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ 

F = Qp. 

Ⱦɥɹ ɩɪɟɨɞɨɥɟɧɢɹ ɷɬɢɯ ɫɢɥ ɧɟɨɛɯɨɞɢɦɨ ɡɚɬɪɚɬɢɬɶ ɪɚɛɨɬɭ  
.QpvdtQpdudA   

ȼɵɪɚɠɟɧɢɟ ɞɥɹ ɪɚɛɨɬɵ, ɫɨɜɟɪɲɟɧɧɨɣ ɡɚ ɩɟɪɢɨɞ ɤɨɥɟɛɚɧɢɣ Ɍ, ɢɦɟɟɬ ɜɢɞ 

.
0

dtpvQA
T

  

ɑɬɨɛɵ ɫɨɜɟɪɲɢɬɶ ɷɬɭ ɪɚɛɨɬɭ, ɩɨɬɪɟɛɭɟɬɫɹ ɫɥɟɞɭɸɳɚɹ ɦɨɳɧɨɫɬɶ: 

.
0

dtp
T

Q

T

A
N

T

  

Иɧɬɟɧɫɢɜɧɨɫɬɶ – ɷɬɨ ɩɨɬɨɤ ɷɧɟɪɝɢɢ ɡɚ ɟɞɢɧɢɰɭ ɜɪɟɦɟɧɢ ɱɟɪɟɡ ɟɞɢ-
ɧɢɰɭ ɩɥɨɳɚɞɢ ɢɥɢ, ɞɪɭɝɢɦɢ ɫɥɨɜɚɦɢ, ɷɬɨ ɦɨɳɧɨɫɬɶ, ɩɪɢɯɨɞɹɳɚɹɫɹ ɧɚ ɟɞɢ-
ɧɢɰɭ ɩɥɨɳɚɞɢ, ɬ.ɟ. 
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Q

N
I  , 

ɢɥɢ 

.
1

0

dtp
T

I
T

                                     (2.22) 

ɉɨɥɭɱɟɧɧɨɟ ɜɵɪɚɠɟɧɢɟ ɧɚɡɵɜɚɟɬɫɹ ɮɨɪɦɭɥɨɣ ɍɦɨɜɚ. Ɉɧɨ ɹɜɥɹɟɬɫɹ 
ɭɧɢɜɟɪɫɚɥɶɧɵɦ ɢ ɩɪɢɝɨɞɧɨ ɞɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɥɸɛɨɣ ɜɨɥɧɵ, 
ɪɚɫɩɪɨɫɬɪɚɧɹɸɳɟɣɫɹ ɜ ɥɸɛɨɣ ɫɪɟɞɟ. 

Ɉɩɪɟɞɟɥɢɦ ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɩɥɨɫɤɨɣ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ, ɪɚɫɩɪɨɫɬɪɚɧɹɸ-
ɳɟɣɫɹ ɜ ɜɹɡɤɨɣ ɠɢɞɤɨɫɬɢ. Ⱦɥɹ ɷɬɨɝɨ ɩɨɞɫɬɚɜɢɦ ɜ ɪɚɜɟɧɫɬɜɨ (β.22) ɡɧɚɱɟɧɢɹ 
p ɢ v ɢɡ ɜɵɪɚɠɟɧɢɣ (β.19) ɢ (β.21). ɉɨɥɭɱɢɦ 
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Ɍɨɝɞɚ ɩɨɥɭɱɢɦ                      .1
0

xeII                                       (2.23) 

Ⱦɚɧɧɨɟ ɜɵɪɚɠɟɧɢɟ ɧɚɡɵɜɚɟɬɫɹ ɮɨɪɦɭɥɨɣ ɋɬɨɤɫɚ, ɤɨɬɨɪɚɹ ɩɨɡɜɨɥɹɟɬ ɨɩɪɟ-
ɞɟɥɢɬɶ ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɩɥɨɫɤɨɣ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ (ɨ ɬɨɦ, ɱɬɨ ɜɨɥɧɚ ɩɥɨɫɤɚɹ 
ɝɨɜɨɪɢɬ ɧɚɥɢɱɢɟ ɜ ɮɨɪɦɭɥɟ (2.2γ) ɬɨɥɶɤɨ ɨɞɧɨɣ ɤɨɨɪɞɢɧɚɬɵ ɏ), ɪɚɫɩɪɨ-
ɫɬɪɚɧɹɸɳɟɣɫɹ ɜ ɜɹɡɤɨɣ ɠɢɞɤɨɫɬɢ (ɨ ɬɨɦ, ɱɬɨ ɠɢɞɤɨɫɬɶ ɜɹɡɤɚɹ ɫɜɢɞɟɬɟɥɶɫɬ-
ɜɭɟɬ ɧɚɥɢɱɢɟ ɜ ɷɬɨɣ ɮɨɪɦɭɥɟ ɤɨɷɮɮɢɰɢɟɧɬɚ ɩɨɝɥɨɳɟɧɢɹ ȕ1, ɤɨɬɨɪɵɣ ɡɚɜɢ-
ɫɢɬ ɨɬ ɤɨɷɮɮɢɰɢɟɧɬɚ ɞɢɧɚɦɢɱɟɫɤɨɣ ɜɹɡɤɨɫɬɢ Ș1). 

2.5. Ⱦɚɥɶɧɨɫɬɶ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɡɜɭɤɨɜɵɯ ɜɨɥɧ 
Ʉɚɤ ɜɢɞɧɨ ɢɡ ɜɵɪɚɠɟɧɢɹ (2.23), ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɩɥɨɫɤɨɣ ɜɨɥɧɵ ɭɛɵɜɚɟɬ 

ɩɨ ɷɤɫɩɨɧɟɧɰɢɚɥɶɧɨɦɭ ɡɚɤɨɧɭ ɢ ɡɚɜɢɫɢɬ ɨɬ ɥɢɧɟɣɧɨɣ ɱɚɫɬɨɬɵ ɤɨɥɟɛɚɧɢɣ f. 
ɋ ɭɜɟɥɢɱɟɧɢɟɦ f ɩɨɝɥɨɳɟɧɢɟ ɭɫɢɥɢɜɚɟɬɫɹ. ɗɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦ ɩɭɬɟɦ ɛɵ-
ɥɨ ɭɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɜ ɪɹɞɟ ɫɥɭɱɚɟɜ ɮɨɪɦɭɥɚ (2.23) ɞɚɟɬ ɫɢɥɶɧɨ ɡɚɜɵɲɟɧ-
ɧɵɟ ɡɧɚɱɟɧɢɹ. ɉɪɢ ɷɬɨɦ ɨɤɚɡɚɥɨɫɶ, ɱɬɨ ɞɟɣɫɬɜɢɬɟɥɶɧɵɟ ɡɧɚɱɟɧɢɹ ɤɨɷɮɮɢ-
ɰɢɟɧɬɚ ɩɨɝɥɨɳɟɧɢɹ ȕ1 ɜ ɧɟɤɨɬɨɪɵɯ ɠɢɞɤɨɫɬɹɯ ɜɨ ɦɧɨɝɨ ɪɚɡ ɩɪɟɜɵɲɚɸɬ 
ɜɵɱɢɫɥɟɧɧɵɟ ɩɨ ɩɪɢɜɟɞɟɧɧɵɦ ɪɚɧɟɟ ɮɨɪɦɭɥɚɦ. Ʉ ɷɬɢɦ ɠɢɞɤɨɫɬɹɦ ɨɬɧɨ-
ɫɢɬɫɹ ɢ ɦɨɪɫɤɚɹ ɜɨɞɚ.  
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ɍɞɨɜɥɟɬɜɨɪɢɬɟɥɶɧɨɟ ɨɛɴɹɫɧɟɧɢɟ ɚɧɨɦɚɥɶɧɨɝɨ ɩɨɝɥɨɳɟɧɢɹ ɡɜɭɤɚ ɜ ɦɚɥɨ-
ɜɹɡɤɢɯ ɠɢɞɤɨɫɬɹɯ ɬɢɩɚ ɦɨɪɫɤɨɣ ɜɨɞɵ ɞɚɥɢ ɜ 40-ɟ ɝɝ. ɏɏ ɜ. ɫɨɜɟɬɫɤɢɟ ɚɤɚɞɟɦɢ-
ɤɢ Ʌ.ɂ. Ɇɚɧɞɟɥɶɲɬɚɦ ɢ Ʌ.Ⱥ. Ʌɟɨɧɬɨɜɢɱ. Ɉɧɢ ɩɨɤɚɡɚɥɢ, ɱɬɨ ɩɪɢ ɷɧɟɪɝɟɬɢɱɟ-
ɫɤɨɦ ɚɧɚɥɢɡɟ ɡɜɭɤɨɜɨɝɨ ɩɨɥɹ ɠɢɞɤɨɫɬɶ ɭɠɟ ɧɟɥɶɡɹ ɫɱɢɬɚɬɶ ɫɩɥɨɲɧɨɣ ɫɪɟɞɨɣ 
ɢ ɧɭɠɧɨ ɭɱɢɬɵɜɚɬɶ ɟɟ ɦɨɥɟɤɭɥɹɪɧɵɟ ɨɫɨɛɟɧɧɨɫɬɢ. Ɋɚɫɩɪɨɫɬɪɚɧɟɧɢɟ ɡɜɭɤɚ 
ɜ ɠɢɞɤɨɫɬɢ ɜ ɜɢɞɟ ɩɨɩɟɪɟɦɟɧɧɨɝɨ ɫɠɚɬɢɹ ɢ ɪɚɡɪɹɠɟɧɢɹ ɫɪɟɞɵ, ɧɚ ɫɚɦɨɦ ɞɟɥɟ, 
ɫɨɩɪɨɜɨɠɞɚɟɬɫɹ ɞɨɩɨɥɧɢɬɟɥɶɧɵɦɢ ɹɜɥɟɧɢɹɦɢ, ɩɪɨɢɫɯɨɞɹɳɢɦɢ ɧɚ ɦɨɥɟɤɭɥɹɪ-
ɧɨɦ ɭɪɨɜɧɟ. ɇɚ ɩɨɞɞɟɪɠɚɧɢɟ ɷɬɢɯ ɩɪɨɰɟɫɫɨɜ ɡɚɬɪɚɱɢɜɚɟɬɫɹ ɞɨɩɨɥɧɢɬɟɥɶɧɚɹ 
ɷɧɟɪɝɢɹ, ɤɨɬɨɪɭɸ ɧɟ ɭɱɢɬɵɜɚɟɬ ɢɡɥɨɠɟɧɧɚɹ ɪɚɧɟɟ ɤɥɚɫɫɢɱɟɫɤɚɹ ɬɟɨɪɢɹ.  

Ɇɟɯɚɧɢɡɦ ɦɨɥɟɤɭɥɹɪɧɨɝɨ ɩɪɨɰɟɫɫɚ ɡɚɜɢɫɢɬ ɨɬ ɮɢɡɢɱɟɫɤɢɯ ɫɜɨɣɫɬɜ 
ɠɢɞɤɨɫɬɢ. ȼ ɦɨɪɫɤɨɣ ɜɨɞɟ, ɧɚɩɪɢɦɟɪ, ɩɪɢ ɧɚɥɢɱɢɢ ɡɜɭɤɨɜɨɝɨ ɩɨɥɹ ɩɪɨɢɫ-
ɯɨɞɢɬ ɧɟɩɪɟɪɵɜɧɚɹ ɞɢɫɫɨɰɢɚɰɢɹ ɦɨɥɟɤɭɥ ɫɟɪɧɨɤɢɫɥɨɝɨ ɦɚɝɧɢɹ MgS04, ɹɜ-
ɥɹɸɳɟɝɨɫɹ ɨɫɧɨɜɧɨɣ ɤɨɦɩɨɧɟɧɬɨɣ, ɨɩɪɟɞɟɥɹɸɳɟɣ ɫɨɥɟɧɨɫɬɶ. ɗɬɨ ɹɜɥɟɧɢɟ 
ɧɚɡɵɜɚɸɬ ɦɨɥɟɤɭɥɹɪɧɵɦ ɩɨɝɥɨɳɟɧɢɟɦ ɡɜɭɤɚ. Ⱦɥɹ ɬɨɝɨ, ɱɬɨɛɵ ɭɱɟɫɬɶ ɦɨɥɟ-
ɤɭɥɹɪɧɨɟ ɩɨɝɥɨɳɟɧɢɟ, ɛɵɥ ɜɜɟɞɟɧ ɜɬɨɪɨɣ ɤɨɷɮɮɢɰɢɟɧɬ ɩɨɝɥɨɳɟɧɢɹ ȕ2, 
ɫ ɭɱɟɬɨɦ ɤɨɬɨɪɨɝɨ ɮɨɪɦɭɥɚ ɋɬɨɤɫɚ (2.2γ) ɩɪɢɨɛɪɟɬɚɟɬ ɜɢɞ 

I = I0 e
–ȕx,                                           (2.24) 

ɝɞɟ ȕ = ȕ1 + ȕ2. 
Ɇɧɨɝɨɥɟɬɧɢɟ ɢɡɦɟɪɟɧɢɹ ɜ ɟɫɬɟɫɬɜɟɧɧɵɯ ɦɨɪɫɤɢɯ ɭɫɥɨɜɢɹɯ ɩɨɤɚɡɚɥɢ, 

ɱɬɨ ɜ ɞɢɚɩɚɡɨɧɟ ɱɚɫɬɨɬ 7,η … 60 ɤȽɰ ɞɨɜɨɥɶɧɨ ɬɨɱɧɨɣ ɹɜɥɹɟɬɫɹ ɫɥɟɞɭɸɳɚɹ 
ɷɦɩɢɪɢɱɟɫɤɚɹ ɮɨɪɦɭɥɚ ɞɥɹ ɫɭɦɦɚɪɧɨɝɨ ɤɨɷɮɮɢɰɢɟɧɬɚ ȕ, ɞȻ·ɤɦ–1 (ɪɢɫ. 2.1): 

23036,0 f .                                      (2.25) 

ȼɚɠɧɨ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɡɞɟɫɶ ɭɱɢɬɵɜɚɟɬɫɹ ɧɟ ɬɨɥɶɤɨ ɜɹɡɤɨɫɬɶ, ɧɨ ɢ ɞɨɩɨɥɧɢ-
ɬɟɥɶɧɵɟ ɩɨɬɟɪɢ, ɨɛɭɫɥɨɜɥɟɧɧɵɟ ɧɟɨɞɧɨɪɨɞɧɨɫɬɶɸ ɦɨɪɫɤɨɣ ɜɨɞɵ. 

ɗɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɞɚɧɧɵɟ ɩɨɡɜɨɥɢɥɢ ɬɚɤɠɟ ɚɩɩɪɨɤɫɢɦɢɪɨɜɚɬɶ ɮɨɪ-
ɦɭɥɭ (β.24) ɜɵɪɚɠɟɧɢɟɦ 

xeII ȕ
0

 ≈ xI ȕ1,0
010 .                             (2.26) 

ɉɪɢ ɷɬɨɦ ɨɲɢɛɤɚ ɧɟ ɩɪɟɜɵɲɚɟɬ ±10 %, ɟɫɥɢ ɯ < 1η0 ɦɢɥɶ. ɋ ɩɨɦɨɳɶɸ 
ɮɨɪɦɭɥ (β.24) ɢɥɢ (2.26) ɦɨɠɧɨ ɜɵɱɢɫɥɢɬɶ ɞɚɥɶɧɨɫɬɶ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ 
ɡɜɭɤɚ ɜ ɛɟɡɝɪɚɧɢɱɧɨɦ ɦɨɪɟ.  

Ɉɩɪɟɞɟɥɢɦ ɞɚɥɶɧɨɫɬɶ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɩɥɨɫɤɨɣ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ ɜ ɜɹɡ-
ɤɨɣ ɠɢɞɤɨɫɬɢ. Ⱦɥɹ ɷɬɨɝɨ ɢɡ ɜɵɪɚɠɟɧɢɹ (2.24) ɡɚɩɢɲɟɦ 
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I

I
x .                                      (2.27) 

Ɂɞɟɫɶ ɯmax – ɞɚɥɶɧɨɫɬɶ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɩɥɨɫɤɨɣ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ; Imin – ɢɧ-
ɬɟɧɫɢɜɧɨɫɬɶ ɡɜɭɤɚ, ɤɨɬɨɪɚɹ ɟɳɟ ɫɩɨɫɨɛɧɚ ɜɨɡɛɭɞɢɬɶ ɩɪɢɧɢɦɚɸɳɭɸ ɚɧɬɟɧ-
ɧɭ (ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɶ ɩɪɢɟɦɧɢɤɚ); I0 – ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɡɜɭɤɚ, ɢɡɥɭɱɟɧɧɚɹ 
ɚɧɬɟɧɧɨɣ; ȕ – ɤɨɷɮɮɢɰɢɟɧɬ ɩɨɝɥɨɳɟɧɢɹ ɡɜɭɤɚ. 

ɂɡ ɜɵɪɚɠɟɧɢɹ (2.27) ɜɢɞɧɨ, ɱɬɨ ɤɨɷɮɮɢɰɢɟɧɬ ȕ ɞɨɥɠɟɧ ɢɦɟɬɶ ɪɚɡɦɟɪ-
ɧɨɫɬɶ ɇɩ/ɤɦ (ɧɟɩɩɟɪ/ɤɦ). 

ɍɱɢɬɵɜɚɹ, ɱɬɨ 1 ɇɩ = 8,θ8 ɞȻ ɢɥɢ 1 ɞȻ = 0,11η ɇɩ, ɤɨɷɮɮɢɰɢɟɧɬ 
ȕ, ɇɩ·ɤɦ–1, ɜ ɜɵɪɚɠɟɧɢɢ (2.25) ɩɪɢɦɟɬ ɜɢɞ 

2300414,0 f .                                          (2.27) 

ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɜ ɜɵɪɚɠɟɧɢɹɯ (2.25) ɢ (2.27) ɱɚɫɬɨɬɭ f ɧɟɨɛɯɨ-
ɞɢɦɨ ɩɨɞɫɬɚɜɥɹɬɶ ɜ ɤȽɰ.  

ȼ ɫɮɟɪɢɱɟɫɤɨɣ ɜɨɥɧɟ ɩɨɬɟɧɰɢɚɥ ɫɤɨɪɨɫɬɢ φ ɹɜɥɹɟɬɫɹ ɮɭɧɤɰɢɟɣ ɜɫɟɯ 
ɬɪɟɯ ɤɨɨɪɞɢɧɚɬ, ɬ.ɟ. φ = f(x, y, z, t), ɢ ɩɨɷɬɨɦɭ ɟɟ ɜɨɥɧɨɜɨɟ ɭɪɚɜɧɟɧɢɟ ɢɦɟɟɬ 
ɜɢɞ ɪɚɜɟɧɫɬɜɚ (2.8). 

Ɋɟɲɟɧɢɟ ɷɬɨɝɨ ɭɪɚɜɧɟɧɢɹ ɜ ɫɮɟɪɢɱɟɫɤɢɯ ɤɨɨɪɞɢɧɚɬɚɯ ɦɨɠɧɨ ɡɚɩɢɫɚɬɶ 
ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ: 

)(cos rctke
r

rm 


  .                                       (2.28) 

ɋɪɚɜɧɢɜɚɹ ɮɨɪɦɭɥɭ (2.28) ɫ ɩɨɬɟɧɰɢɚɥɨɦ ɫɤɨɪɨɫɬɢ ɩɥɨɫɤɨɣ ɜɨɥɧɵ (β.14), 
ɜɢɞɢɦ, ɱɬɨ ɚɦɩɥɢɬɭɞɚ ɫɮɟɪɢɱɟɫɤɨɣ ɜɨɥɧɵ ɭɛɵɜɚɟɬ ɞɨɩɨɥɧɢɬɟɥɶɧɨ ɟɳɟ ɩɪɨ-
ɩɨɪɰɢɨɧɚɥɶɧɨ ɪɚɫɫɬɨɹɧɢɸ r, ɩɪɢɱɟɦ ɷɬɨ ɭɛɵɜɚɧɢɟ ɧɟ ɡɚɜɢɫɢɬ ɨɬ ɜɹɡɤɨɫɬɢ. Ɉɬ-
ɦɟɱɟɧɧɚɹ ɨɫɨɛɟɧɧɨɫɬɶ ɥɟɝɤɨ ɨɛɴɹɫɧɹɟɬɫɹ ɧɟɩɪɟɪɵɜɧɵɦ ɪɚɫɲɢɪɟɧɢɟɦ ɮɪɨɧɬɚ 
ɜɨɥɧɵ (ɫɮɟɪɵ) ɩɨ ɦɟɪɟ ɭɜɟɥɢɱɟɧɢɹ ɪɚɫɫɬɨɹɧɢɹ (ɪɚɞɢɭɫɚ) r. Ɋɚɧɟɟ ɛɵɥɨ ɩɨɤɚɡɚ-
ɧɨ, ɱɬɨ ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɩɥɨɫɤɨɣ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɚ ɤɜɚɞɪɚɬɭ p, v 
ɢɥɢ φ. Ȼɥɚɝɨɞɚɪɹ ɷɬɨɦɭ ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɫɮɟɪɢɱɟɫɤɨɣ ɜɨɥɧɵ 

re
r

I
I ȕ

2
0  .                                                (2.29) 

Ʉɨɧɬɪɨɥɶɧɵɟ ɜɨɩɪɨɫɵ 
11. ȼ ɡɜɭɤɨɜɨɦ ɩɨɥɟ ɜ ɨɛɳɟɦ ɫɥɭɱɚɟ ɡɜɭɤɨɜɨɟ ɞɚɜɥɟɧɢɟ ɢ ɤɨɥɟɛɚɬɟɥɶ-

ɧɚɹ ɫɤɨɪɨɫɬɶ ɢɡɦɟɧɹɸɬɫɹ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ: 
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– ɫɢɧɮɚɡɧɨ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 146); 
– ɫ ɧɟɛɨɥɶɲɢɦ ɫɞɜɢɝɨɦ ɩɨ ɮɚɡɟ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 15); 
– ɜ ɩɪɨɬɢɜɨɮɚɡɟ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 45); 

– ɫɨ ɫɞɜɢɝɨɦ ɩɨ ɮɚɡɟ ɧɚ /2 (ɫɦ. ɩɨɹɫɧɟɧɢɟ 56). 
12. Ɏɨɪɦɭɥɚ ɍɦɨɜɚ ɩɨɡɜɨɥɹɟɬ ɨɩɪɟɞɟɥɢɬɶ ɢɧɬɟɧɫɢɜɧɨɫɬɶ 
– ɩɥɨɫɤɨɣ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 73); 
– ɫɮɟɪɢɱɟɫɤɨɣ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 91); 
– ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 108); 
– ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ ɥɸɛɨɣ ɮɨɪɦɵ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 123). 
13. ȼ ɜɵɪɚɠɟɧɢɢ ɞɥɹ ɡɚɤɨɧɚ ɢɡɦɟɧɟɧɢɹ ɡɜɭɤɨɜɨɝɨ ɞɚɜɥɟɧɢɹ p = 

= pme–αx )(sin xctk  ɮɚɡɨɣ ɫɢɝɧɚɥɚ ɹɜɥɹɸɬɫɹ: 

– ɜɟɥɢɱɢɧɚ αx (ɫɦ. ɩɨɹɫɧɟɧɢɟ 137); 
– ɜɟɥɢɱɢɧɚ kc (ɫɦ. ɩɨɹɫɧɟɧɢɟ 156); 
– ɜɟɥɢɱɢɧɚ kx (ɫɦ. ɩɨɹɫɧɟɧɢɟ 166). 
14. ɂɫɩɨɥɶɡɭɹ ɡɚɤɨɧ ɢɡɦɟɧɟɧɢɹ ɡɜɭɤɨɜɨɝɨ ɞɚɜɥɟɧɢɹ p = pme–αxsink(ct–x), 

ɨɩɪɟɞɟɥɢɬɟ, ɤɚɤ ɢɡɦɟɧɹɟɬɫɹ ɚɦɩɥɢɬɭɞɚ ɡɜɭɤɨɜɨɝɨ ɞɚɜɥɟɧɢɹ ɩɨ ɦɟɪɟ ɭɞɚɥɟ-
ɧɢɹ ɨɬ ɢɫɬɨɱɧɢɤɚ ɡɜɭɤɚμ 

– ɨɫɬɚɟɬɫɹ ɧɟɢɡɦɟɧɧɨɣ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 151); 
– ɭɦɟɧɶɲɚɟɬɫɹ ɩɨ ɷɤɫɩɨɧɟɧɬɟ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 133); 
– ɭɜɟɥɢɱɢɜɚɟɬɫɹ ɩɨ ɷɤɫɩɨɧɟɧɬɟ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 120). 
15. Ⱦɥɹ ɪɚɫɱɟɬɚ ɤɨɷɮɮɢɰɢɟɧɬɚ ɩɨɝɥɨɳɟɧɢɹ ɡɜɭɤɚ ɩɪɢɦɟɧɹɟɬɫɹ ɷɦɩɢ-

ɪɢɱɟɫɤɚɹ ɮɨɪɦɭɥɚ  23036,0 f . 

Ɋɚɫɫɱɢɬɚɧɧɵɣ ɩɨ ɷɬɨɣ ɮɨɪɦɭɥɟ ɤɨɷɮɮɢɰɢɟɧɬ ȕ ɢɦɟɟɬ ɪɚɡɦɟɪɧɨɫɬɶ: 
– ɞȻ·ɤɦ–1 (ɫɦ. ɩɨɹɫɧɟɧɢɟ 105); 
– ɞȻ·ɦ–1 (ɫɦ. ɩɨɹɫɧɟɧɢɟ 88); 
– ɇɩ·ɤɦ–1 (ɫɦ. ɩɨɹɫɧɟɧɢɟ 59). 

Ʌɟɤɰɢɹ 4 

3. ɊȺɋɉɊɈɋɌɊȺɇȿɇɂȿ ɁȼɍɄɈȼЫɏ ȼɈɅɇ 
ȼ ȺɄɍɋɌɂɑȿɋɄɂ ɇȿɈȾɇɈɊɈȾɇɈɃ ɋɊȿȾȿ 

Ȼɨɥɶɲɢɧɫɬɜɨ ɝɢɞɪɨɚɤɭɫɬɢɱɟɫɤɢɯ ɧɚɜɢɝɚɰɢɨɧɧɵɯ ɩɪɢɛɨɪɨɜ (ɷɯɨɥɨɬɵ, 
ɝɢɞɪɨɥɨɤɚɬɨɪɵ, ɝɢɞɪɨɚɤɭɫɬɢɱɟɫɤɢɟ ɥɚɝɢ) ɢɫɩɨɥɶɡɭɸɬ ɷɯɨ-ɦɟɬɨɞ. ɉɨɷɬɨɦɭ 
ɹɜɥɟɧɢɟ ɨɬɪɚɠɟɧɢɹ ɢ ɩɪɟɥɨɦɥɟɧɢɹ ɡɜɭɤɨɜɵɯ ɜɨɥɧ ɢɦɟɟɬ ɜɚɠɧɨɟ ɩɪɚɤɬɢɱɟ-
ɫɤɨɟ ɡɧɚɱɟɧɢɟ. 
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3.1. Ɏɢɡɢɱɟɫɤɚɹ ɫɭɳɧɨɫɬɶ ɨɬɪɚɠɟɧɢɹ ɢ ɩɪɟɥɨɦɥɟɧɢɹ 
ɡɜɭɤɨɜɵɯ ɜɨɥɧ 

ȼ ɬɨɦ ɫɥɭɱɚɟ, ɤɨɝɞɚ ɜ ɩɪɨɰɟɫɫɟ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɡɜɭɤɨɜɚɹ ɜɨɥɧɚ 
ɜɫɬɪɟɱɚɟɬ ɧɚ ɫɜɨɟɦ ɩɭɬɢ ɩɪɟɝɪɚɞɭ (ɧɚɩɪɢɦɟɪ, ɦɨɪɫɤɨɟ ɞɧɨ), ɪɚɡɦɟɪɵ ɤɨɬɨ-
ɪɨɣ ɡɧɚɱɢɬɟɥɶɧɨ ɛɨɥɶɲɟ ɞɥɢɧɵ ɜɨɥɧɵ, ɧɚɛɥɸɞɚɟɬɫɹ ɹɜɥɟɧɢɟ ɨɬɪɚɠɟɧɢɹ 
ɢ ɩɪɟɥɨɦɥɟɧɢɹ ɡɜɭɤɨɜɵɯ ɜɨɥɧ. Ɏɢɡɢɤɚ ɞɚɧɧɨɝɨ ɹɜɥɟɧɢɹ ɥɟɝɤɨ ɨɛɴɹɫɧɹɟɬɫɹ 
ɩɪɢɧɰɢɩɨɦ Ƚɸɣɝɟɧɫɚ, ɤɨɬɨɪɵɣ ɝɥɚɫɢɬ, ɱɬɨ ɜ ɥɸɛɨɣ ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ ɱɚɫ-
ɬɢɰɵ, ɫɨɫɬɚɜɥɹɸɳɢɟ ɮɪɨɧɬ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ, ɹɜɥɹɸɬɫɹ ɷɥɟɦɟɧɬɚɪɧɵɦɢ ɢɫ-
ɬɨɱɧɢɤɚɦɢ ɫɮɟɪɢɱɟɫɤɢɯ ɜɨɥɧ. Ɉɝɢɛɚɸɳɚɹ ɷɬɢɯ ɜɨɥɧ ɨɩɪɟɞɟɥɹɟɬ ɧɨɜɨɟ ɩɨ-
ɥɨɠɟɧɢɟ ɮɪɨɧɬɚ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ. 

 

Ɋɢɫ. γ.1 

ɉɪɟɞɩɨɥɨɠɢɦ, ɱɬɨ ɦɵ ɢɦɟɟɦ ɞɜɟ ɫɪɟɞɵ ɫ ɚɤɭɫɬɢɱɟɫɤɢɦɢ ɫɨɩɪɨɬɢɜɥɟ-
ɧɢɹɦɢ ρ1c1, ɢ ρ2c2 (ɪɢɫ. 3.1). ɉɭɫɬɶ ɜ ɧɚɩɪɚɜɥɟɧɢɢ ɝɪɚɧɢɰɵ ɪɚɡɞɟɥɚ ɷɬɢɯ 
ɫɪɟɞ ɩɚɞɚɟɬ ɩɥɨɫɤɚɹ ɡɜɭɤɨɜɚɹ ɜɨɥɧɚ (ɱɚɫɬɢɰɵ 1, 2, 3). ɗɥɟɦɟɧɬɚɪɧɚɹ ɜɨɥɧɚ 
ɱɚɫɬɢɰɵ 1, ɩɟɪɟɦɟɳɚɹɫɶ ɩɨ ɧɨɪɦɚɥɢ ɤ ɮɪɨɧɬɭ ɜɨɥɧɵ, ɜ ɧɟɤɨɬɨɪɵɣ ɦɨɦɟɧɬ 
ɜɪɟɦɟɧɢ t1 ɞɨɫɬɢɝɧɟɬ ɝɪɚɧɢɰɵ ɪɚɡɞɟɥɚ ɜ ɬɨɱɤɟ 1′. ɋɨɝɥɚɫɧɨ ɩɪɢɧɰɢɩɭ Ƚɸɣ-
ɝɟɧɫɚ, ɱɚɫɬɢɰɚ 1′ ɫɬɚɧɟɬ ɢɫɬɨɱɧɢɤɨɦ ɜɬɨɪɢɱɧɨɣ ɜɨɥɧɵ. Ɍɚɤ ɤɚɤ ɷɬɚ ɱɚɫɬɢɰɚ 
ɥɟɠɢɬ ɧɚ ɝɪɚɧɢɰɟ ɪɚɡɞɟɥɚ ɫɪɟɞ, ɟɟ ɦɨɠɧɨ ɨɬɧɟɫɬɢ ɢ ɤ ɩɟɪɜɨɣ ɢ ɤɨ ɜɬɨɪɨɣ 
ɫɪɟɞɚɦ. ɋɥɟɞɨɜɚɬɟɥɶɧɨ, ɷɥɟɦɟɧɬɚɪɧɵɟ ɜɨɥɧɵ ɜɨɡɧɢɤɚɸɬ ɜ ɨɛɟɢɯ ɫɪɟɞɚɯ. 
ȼ ɧɟɤɨɬɨɪɵɣ ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ t2 ɚɧɚɥɨɝɢɱɧɨɟ ɹɜɥɟɧɢɟ ɩɪɨɢɡɨɣɞɟɬ ɫ ɷɥɟɦɟɧ-
ɬɚɪɧɨɣ ɜɨɥɧɨɣ, ɢɡɥɭɱɚɟɦɨɣ ɬɨɱɤɨɣ 2, ɚ ɜ ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ t3 – ɫ ɜɨɥɧɨɣ ɬɨɱ-
ɤɢ 3. Ʉ ɦɨɦɟɧɬɭ ɜɪɟɦɟɧɢ t3 ɷɥɟɦɟɧɬɚɪɧɚɹ ɜɨɥɧɚ. ɢɡɥɭɱɚɟɦɚɹ ɱɚɫɬɢɰɟɣ 1, 
ɭɫɩɟɟɬ ɪɚɫɩɪɨɫɬɪɚɧɢɬɶɫɹ ɧɚ ɪɚɫɫɬɨɹɧɢɹ S1 = c1(t3 – tl) ɢ S1' = c2 (t3 – t2) ɜ ɩɟɪ-
ɜɨɣ ɢ ɜɨ ɜɬɨɪɨɣ ɫɪɟɞɟ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. Ʉ ɷɬɨɦɭ ɠɟ ɦɨɦɟɧɬɭ ɜɪɟɦɟɧɢ ɷɥɟ-
ɦɟɧɬɚɪɧɚɹ ɜɨɥɧɚ, ɢɡɥɭɱɚɟɦɚɹ ɱɚɫɬɢɰɟɣ 2', ɪɚɫɩɪɨɫɬɪɚɧɢɬɫɹ ɧɚ ɪɚɫɫɬɨɹɧɢɢ 
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S2 = C1(t3 – t2) ɢ S2' = C2(t3 – t2). ɋɨɟɞɢɧɢɜ ɬɨɱɤɢ 3′, 2" ɢ 1", ɩɨɫɬɪɨɢɦ ɮɪɨɧɬ 
ɨɬɪɚɠɟɧɧɨɣ ɜɨɥɧɵ. Ⱥɧɚɥɨɝɢɱɧɨ, ɫɨɟɞɢɧɢɜ ɬɨɱɤɢ 3', 2′′′ , 1′′′, ɨɩɪɟɞɟɥɢɦ 
ɩɨɥɨɠɟɧɢɟ ɮɪɨɧɬɚ ɩɪɟɥɨɦɥɟɧɧɨɣ ɜɨɥɧɵ. 

ȼ ɤɨɧɟɱɧɨɦ ɢɬɨɝɟ, ɤɚɤ ɜɢɞɧɨ ɢɡ ɪɢɫ. 3.1, ɩɚɞɚɸɳɚɹ ɡɜɭɤɨɜɚɹ ɜɨɥɧɚ, 
ɩɪɢɞɹ ɧɚ ɝɪɚɧɢɰɭ ɪɚɡɞɟɥɚ, ɤɚɤ ɛɵ ɪɚɫɳɟɩɥɹɟɬɫɹ ɧɚ ɞɜɟ ɜɨɥɧɵ, ɨɞɧɚ ɢɡ ɤɨ-
ɬɨɪɵɯ ɪɚɫɩɪɨɫɬɪɚɧɹɟɬɫɹ ɜ ɩɟɪɜɨɣ ɫɪɟɞɟ ɢ ɧɚɡɵɜɚɟɬɫɹ ɨɬɪɚɠɟɧɧɨɣ, ɚ ɞɪɭ-
ɝɚɹ – ɜɨ ɜɬɨɪɨɣ ɫɪɟɞɟ ɢ ɧɚɡɵɜɚɟɬɫɹ ɩɪɟɥɨɦɥɟɧɧɨɣ. 

ȼ ɞɚɥɶɧɟɣɲɟɦ ɩɚɪɚɦɟɬɪɵ ɜɫɟɯ ɬɪɟɯ ɜɨɥɧ ɛɭɞɭɬ ɢɦɟɬɶ ɫɨɨɬɜɟɬɫɬɜɭɸ-
ɳɢɟ ɢɧɞɟɤɫɵμ 

i – ɞɥɹ ɩɚɞɚɸɳɟɣ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ; 
r – ɞɥɹ ɨɬɪɚɠɟɧɧɨɣ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ; 
t – ɞɥɹ ɩɪɟɥɨɦɥɟɧɧɨɣ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ. 

3.2. Ƚɟɨɦɟɬɪɢɱɟɫɤɢɟ ɫɨɨɬɧɨɲɟɧɢɹ ɜ ɩɚɞɚɸɳɟɣ, 
ɨɬɪɚɠɟɧɧɨɣ ɢ ɩɪɟɥɨɦɥɟɧɧɨɣ ɜɨɥɧɚɯ 

ɉɪɟɞɩɨɥɨɠɢɦ, ɱɬɨ ɦɵ ɢɦɟɟɦ ɞɜɟ ɨɞɧɨɪɨɞɧɵɟ ɫɪɟɞɵ, ɤɨɬɨɪɵɟ ɯɚɪɚɤ-
ɬɟɪɢɡɭɸɬɫɹ ɚɤɭɫɬɢɱɟɫɤɢɦɢ ɫɨɩɪɨɬɢɜɥɟɧɢɹɦɢ ρ1c1 ɢ ρ2c2. Ɂɚɦɟɧɢɜ ɡɜɭɤɨɜɭɸ 
ɜɨɥɧɭ ɡɜɭɤɨɜɵɦ ɥɭɱɨɦ, ɢɡ ɪɢɫ. γ.β ɛɭɞɟɦ ɢɦɟɬɶ i – ɭɝɨɥ ɩɚɞɟɧɢɹ; șr – ɭɝɨɥ 
ɨɬɪɚɠɟɧɢɹ; șt – ɭɝɨɥ ɩɪɟɥɨɦɥɟɧɢɹ. 

ɉɪɟɞɫɬɚɜɢɦ ɫɟɛɟ ɩɥɨɫɤɭɸ ɡɜɭɤɨɜɭɸ ɜɨɥɧɭ, ɩɚɞɚɸɳɭɸ ɧɚ ɝɪɚɧɢɰɭ 
ɪɚɡɞɟɥɚ ɞɜɭɯ ɫɪɟɞ (ɪɢɫ. γ.γ). ȼɵɞɟɥɢɦ ɷɥɟɦɟɧɬ ɮɪɨɧɬɚ ɜɨɥɧɵ S. Ʉ ɦɨɦɟɧɬɭ 
ɜɪɟɦɟɧɢ t2 ɷɥɟɦɟɧɬ ɮɪɨɧɬɚ ɜɨɥɧɵ S ɨɤɚɠɟɬɫɹ ɧɚ ɝɪɚɧɢɰɟ ɪɚɡɞɟɥɚ ɫɪɟɞ 
ɜ ɬɨɱɤɟ Ɉ. 

 

 

 

Ɋɢɫ. γ.β Ɋɢɫ. γ.γ 

ɉɪɨɜɟɞɟɦ ɧɨɪɦɚɥɶ ɤ ɝɪɚɧɢɰɟ ɪɚɡɞɟɥɚ ɢ ɨɛɨɡɧɚɱɢɦ ɭɝɨɥ ɩɚɞɟɧɢɹ și. 
ȼɵɱɢɫɥɢɦ ɜɪɟɦɹ, ɡɚ ɤɨɬɨɪɨɟ ɷɥɟɦɟɧɬ S ɞɨɫɬɢɝɧɟɬ ɬɨɱɤɢ Ɉ: 

1ɫ1 

2ɫ2 

i t1 

O1 t2 

O 

S 

1ɫ1 

2ɫ2 

t 

i 
r 
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.
1

12 c

SO
ttt                                               (3.1) 

Ɍɨɱɤɚ Ɉ1 ɹɜɥɹɟɬɫɹ ɫɥɟɞɨɦ ɮɪɨɧɬɚ ɜɨɥɧɵ ɧɚ ɝɪɚɧɢɰɟ ɪɚɡɞɟɥɚ ɞɜɭɯ ɫɪɟɞ. 
Ɍɚɤ ɤɚɤ ɮɪɨɧɬ ɩɚɞɚɸɳɟɣ ɜɨɥɧɵ ɧɟɩɪɟɪɵɜɧɨ ɞɜɢɠɟɬɫɹ ɫɨ ɫɤɨɪɨɫɬɶɸ c1 
ɜ ɧɚɩɪɚɜɥɟɧɢɢ, ɯɚɪɚɤɬɟɪɢɡɭɟɦɨɦ ɭɝɥɨɦ ɩɚɞɟɧɢɹ și, ɬɨɱɤɚ Ɉ1 ɛɭɞɟɬ ɩɟɪɟɦɟ-
ɲɚɬɶɫɹ ɩɨ ɝɪɚɧɢɰɟ ɪɚɡɞɟɥɚ ɜ ɧɚɩɪɚɜɥɟɧɢɢ ɬɨɱɤɢ Ɉ. Ɉɧɚ ɞɨɫɬɢɝɧɟɬ ɬɨɱɤɢ Ɉ 
ɜ ɬɨɬ ɠɟ ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ t2, ɱɬɨ ɢ ɷɥɟɦɟɧɬ S. ɋɥɟɞɨɜɚɬɟɥɶɧɨ, ɜɪɟɦɹ ɩɟɪɟ-
ɦɟɳɟɧɢɹ ɬɨɱɤɢ O1 ɩɨ ɝɪɚɧɢɰɟ ɪɚɡɞɟɥɚ  

*
1

12 c

OO
ttt  , 

ɝɞɟ c* – ɫɤɨɪɨɫɬɶ ɞɜɢɠɟɧɢɹ ɫɥɟɞɚ ɮɪɨɧɬɚ ɜɨɥɧɵ ɜɞɨɥɶ ɝɪɚɧɢɰɵ ɪɚɡɞɟɥɚ 
ɫɪɟɞ.  

Ɍɚɤ ɤɚɤ 
i

SO
OO




sin1 ,                  .
sin* ic

SO
t


                                            (3.2) 

Ɍɨɝɞɚ, ɩɪɢɪɚɜɧɢɜɚɹ ɜɵɪɚɠɟɧɢɹ (3.1) ɢ (γ.2), ɛɭɞɟɦ ɢɦɟɬɶ 

1c

SO
=

ic

SO

sin*
, 

ɨɬɤɭɞɚ                                              
i

c
c




sin
* 1 .                                            (3.3) 

Ɍɨɱɤɚ Ɉ ɹɜɥɹɟɬɫɹ ɨɛɳɟɣ ɞɥɹ ɩɚɞɚɸɳɟɣ, ɨɬɪɚɠɟɧɧɨɣ ɢ ɩɪɟɥɨɦɥɟɧɧɨɣ 
ɜɨɥɧ, ɩɨɷɬɨɦɭ ɩɨ ɚɧɚɥɨɝɢɢ ɫ ɜɵɪɚɠɟɧɢɟɦ (γ.3) ɦɨɠɧɨ ɡɚɩɢɫɚɬɶμ 

;
șsin

* 1

r

c
c                                               (3.4) 

t

c
c




sin
* 2 ,                                             (3.5) 

ɝɞɟ ɫ* – ɩɨɫɬɨɹɧɧɚɹ ɋɧɟɥɥɢɭɫɚ. 
ɂɡ ɜɵɪɚɠɟɧɢɣ (γ.3) ɢ (γ.4) ɢɦɟɟɦ 

.ri                                                   (3.6) 

Ɋɚɜɟɧɫɬɜɨ (3.6) ɧɚɡɵɜɚɟɬɫɹ ɡɚɤɨɧɨɦ ɨɬɪɚɠɟɧɢɹ, ɤɨɬɨɪɵɣ ɮɨɪɦɭɥɢɪɭ-
ɟɬɫɹ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ: ɭɝɨɥ ɩɚɞɟɧɢɹ ɪɚɜɟɧ ɭɝɥɭ ɨɬɪɚɠɟɧɢɹ. 

ɂɡ ɜɵɪɚɠɟɧɢɣ (3.3) ɢ (3.5) ɢɦɟɟɦ 

ti

cc




 sinsin
21 , 
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ɨɬɤɭɞɚ                                               
2

1

sin

sin

c

c

t

i 



.                                         (3.7) 

Ɋɚɜɟɧɫɬɜɨ (3.7) ɧɚɡɵɜɚɟɬɫɹ ɡɚɤɨɧɨɦ ɩɪɟɥɨɦɥɟɧɢɹ, ɤɨɬɨɪɵɣ ɮɨɪɦɭɥɢɪɭ-
ɟɬɫɹ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ: ɫɢɧɭɫ ɭɝɥɚ ɨɬɪɚɠɟɧɢɹ ɬɚɤ ɨɬɧɨɫɢɬɫɹ ɤ ɫɢɧɭɫɭ 
ɭɝɥɚ ɩɪɟɥɨɦɥɟɧɢɹ, ɤɚɤ ɫɤɨɪɨɫɬɶ ɡɜɭɤɚ ɜ ɩɟɪɜɨɣ ɫɪɟɞɟ ɤ ɫɤɨɪɨɫɬɢ ɡɜɭɤɚ 
ɜɨ ɜɬɨɪɨɣ. 

Ʉɚɤ ɜɢɞɧɨ ɢɡ ɩɨɥɭɱɟɧɧɵɯ ɜɵɪɚɠɟɧɢɣ (γ.θ) ɢ (γ.7), ɡɚɤɨɧɵ ɨɬɪɚɠɟɧɢɹ 
ɢ ɩɪɟɥɨɦɥɟɧɢɹ ɡɜɭɤɨɜɵɯ ɜɨɥɢ ɬɨɠɞɟɫɬɜɟɧɧɵ ɚɧɚɥɨɝɢɱɧɵɦ ɡɚɤɨɧɚɦ ɝɟɨ-
ɦɟɬɪɢɱɟɫɤɨɣ ɨɩɬɢɤɢ ɢ, ɫɥɟɞɨɜɚɬɟɥɶɧɨ, ɛɟɡ ɤɚɤɢɯ ɛɵ ɬɨ ɧɢ ɛɵɥɨ ɞɨɩɨɥɧɢ-
ɬɟɥɶɧɵɯ ɞɨɤɚɡɚɬɟɥɶɫɬɜ ɦɨɠɧɨ ɜɜɟɫɬɢ ɫɥɟɞɭɸɳɢɟ ɩɨɧɹɬɢɹμ 

– ɩɨɥɧɨɟ ɜɧɭɬɪɟɧɧɟɟ ɨɬɪɚɠɟɧɢɟ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ; 
– ɩɨɥɧɨɟ ɩɪɨɧɢɤɧɨɜɟɧɢɟ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ; 
– ɤɪɢɬɢɱɟɫɤɢɣ ɭɝɨɥ ɩɚɞɟɧɢɹ ɢ ɬ.ɞ.  
ȼ ɱɚɫɬɧɨɫɬɢ, ɤɪɢɬɢɱɟɫɤɢɣ ɭɝɨɥ ɩɚɞɟɧɢɹ ɩɨɥɭɱɢɦ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ. 

ɇɚ ɨɫɧɨɜɚɧɢɢ (γ.7) ɢɦɟɟɦ 

.sinsin
2

1
ti c

c
  

ɉɭɫɬɶ  2c > 1c . 

ɍɝɨɥ ɩɚɞɟɧɢɹ, ɩɪɢ ɤɨɬɨɪɨɦ șt = 90°, ɧɚɡɵɜɚɟɬɫɹ ɤɪɢɬɢɱɟɫɤɢɦ ɭɝɥɨɦ 
ɩɚɞɟɧɢɹ. ɉɪɢ ɭɝɥɚɯ ɩɚɞɟɧɢɹ ɛɨɥɶɲɟ ɤɪɢɬɢɱɟɫɤɨɝɨ ɧɚɛɥɸɞɚɟɬɫɹ ɩɨɥɧɨɟ 
ɜɧɭɬɪɟɧɧɟɟ ɨɬɪɚɠɟɧɢɟ. ɋɥɟɞɨɜɚɬɟɥɶɧɨ, 

sin șiɤɪ = 
2

1

c

c
.                                        (3.8) 

ɋɨɨɬɜɟɬɫɬɜɟɧɧɨ, ɟɫɥɢ și > șiɤɪ, ɬɨ ɧɚɫɬɭɩɚɟɬ ɩɨɥɧɨɟ ɜɧɭɬɪɟɧɧɟɟ ɨɬɪɚɠɟɧɢɟ. 
əɜɥɟɧɢɟ ɩɨɥɧɨɝɨ ɩɪɨɧɢɤɧɨɜɟɧɢɹ ɩɚɞɚɸɳɟɣ ɜɨɥɧɵ ɜɨ ɜɬɨɪɭɸ ɫɪɟɞɭ ɜɨɡ-
ɦɨɠɧɨ, ɧɚɩɪɢɦɟɪ, ɩɪɢ ɜɵɩɨɥɧɟɧɢɢ ɭɫɥɨɜɢɹ c1 = c2. 

ȿɫɥɢ ɧɚ ɩɭɬɢ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɡɜɭɤɨɜɨɝɨ ɥɭɱɚ ɢɦɟɟɬɫɹ ɪɹɞ ɩɚɪɚɥɥɟɥɶ-
ɧɵɯ ɫɥɨɟɜ ɠɢɞɤɨɫɬɢ (ɪɢɫ. 3.4), ɨɛɥɚɞɚɸɳɢɯ ɪɚɡɥɢɱɧɵɦɢ ɚɤɭɫɬɢɱɟɫɤɢɦɢ 
ɫɨɩɪɨɬɢɜɥɟɧɢɹɦɢ, ɬɨ ɛɭɞɟɬ ɫɩɪɚɜɟɞɥɢɜɨ ɪɚɜɟɧɫɬɜɨ 

const.*
sinsinsin 3

3

2

2

1

1 








c
ccc

iii

                        (3.9) 
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3.3. Эɧɟɪɝɟɬɢɱɟɫɤɢɟ ɫɨɨɬɧɨɲɟɧɢɹ ɜ ɩɚɞɚɸɳɟɣ, 
ɨɬɪɚɠɟɧɧɨɣ ɢ ɩɪɟɥɨɦɥɟɧɧɨɣ ɜɨɥɧɟ 

ɉɨɞ ɷɧɟɪɝɟɬɢɱɟɫɤɢɦɢ ɫɨɨɬɧɨɲɟɧɢɹɦɢ ɩɨɞɪɚɡɭɦɟɜɚɸɬ ɤɨɷɮɮɢɰɢɟɧɬɵ 
ɨɬɪɚɠɟɧɢɹ ɢ ɩɪɟɥɨɦɥɟɧɢɹ ɡɜɭɤɚ. Ʉɨɷɮɮɢɰɢɟɧɬɨɦ ɨɬɪɚɠɟɧɢɹ А ɧɚɡɵɜɚɟɬ-
ɫɹ ɜɟɥɢɱɢɧɚ, ɤɨɬɨɪɚɹ ɩɨɤɚɡɵɜɚɟɬ, ɤɚɤɚɹ ɱɚɫɬɶ ɡɜɭɤɨɜɨɣ ɷɧɟɪɝɢɢ ɨɬɪɚɠɚɟɬɫɹ 
ɨɬ ɝɪɚɧɢɰɵ ɪɚɡɞɟɥɚ ɫɪɟɞ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɷɧɟɪɝɢɟɣ ɩɚɞɚɸɳɟɣ ɡɜɭɤɨɜɨɣ 
ɜɨɥɧɵμ 

2

2
11

2
11

ρ21

ρ21















i

r

i

r

i

r

c

c

I

I
A





 .                                 (3.10) 

Ʉɨɷɮɮɢɰɢɟɧɬɨɦ ɩɪɟɥɨɦɥɟɧɢɹ ȼ ɧɚɡɵɜɚɟɬɫɹ ɜɟɥɢɱɢɧɚ, ɤɨɬɨɪɚɹ ɩɨɤɚ-
ɡɵɜɚɟɬ, ɤɚɤɚɹ ɱɚɫɬɶ ɡɜɭɤɨɜɨɣ ɷɧɟɪɝɢɢ ɩɟɪɟɣɞɟɬ ɜ ɞɪɭɝɭɸ ɫɪɟɞɭ ɩɨ ɫɪɚɜɧɟ-
ɧɢɸ ɫ ɷɧɟɪɝɢɟɣ ɩɚɞɚɸɳɟɣ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵμ 

.
ρ
ρ

ρ21

ρ21
2

22

11
2

11

2
22





















i

t

i

t

i

t

c

c

c

c

I

I
B                            (3.11) 

Ⱦɥɹ ɬɨɝɨ, ɱɬɨɛɵ ɦɨɠɧɨ ɛɵɥɨ ɢɫɩɨɥɶɡɨɜɚɬɶ ɪɚɜɟɧɫɬɜɚ (3.10) ɢ (3.11) 
ɞɥɹ ɩɪɚɤɬɢɱɟɫɤɢɯ ɪɚɫɱɟɬɨɜ, ɜɵɪɚɡɢɦ ɤɨɷɮɮɢɰɢɟɧɬɵ А ɢ ȼ ɱɟɪɟɡ ɢɡɜɟɫɬɧɵɟ 
ɜɟɥɢɱɢɧɵμ ɚɤɭɫɬɢɱɟɫɤɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɫɪɟɞ ɢ ɭɝɥɵ ɩɚɞɟɧɢɹ ɢ ɩɪɟɥɨɦɥɟ-
ɧɢɹ. ɉɨɥɶɡɭɹɫɶ ɪɢɫ. 3.2, ɫɨɫɬɚɜɢɦ ɫɥɟɞɭɸɳɢɟ ɝɪɚɧɢɱɧɵɟ ɭɫɥɨɜɢɹ, ɭɱɢɬɵ-
ɜɚɹ, ɱɬɨ ɬɨɱɤɚ Ɉ ɹɜɥɹɟɬɫɹ ɨɛɳɟɣ ɞɥɹ ɨɛɟɢɯ ɫɪɟɞμ 

;tprpip                                            (3.12) 

tirii  coscos .cos t                              (3.13) 

ɂɫɯɨɞɹ ɢɡ ɬɨɝɨ, ɱɬɨ p = vρc, ɜɵɪɚɠɟɧɢɟ (3.12) ɦɨɠɧɨ ɡɚɩɢɫɚɬɶ ɜ ɜɢɞɟ 

 ic11 .2211 tr cc                                 (3.14) 

Ɉɩɪɟɞɟɥɢɜ ɢɡ ɜɵɪɚɠɟɧɢɹ (3.14) ɡɧɚɱɟɧɢɟ ɞɥɹ vt, ɩɨɥɭɱɢɦ 

 it c

c

22

11

ρ
ρ

.
ρ
ρ

22

11
rc

c
  

ɉɨɞɫɬɚɜɢɜ ɷɬɨ ɡɧɚɱɟɧɢɟ vt ɜ ɪɚɜɟɧɫɬɜɨ (3.13), ɢɦɟɟɦ 

trtiiii c

c

c

c









 coscoscoscos
22

11

22

11
2  

ɢɥɢ 

.
ρ

școsρșcosρ
ρ

școsρșcosρ

22

1122

22

1122







 








 


c

cc

c

cc ti
r

ti
i  
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Ɉɬɫɸɞɚ                       



1

r

ti

ti

cc

cc

școsρșcosρ
școsρșcosρ

1122

1122




                                (3.15) 

ɉɨɞɫɬɚɜɢɜ ɡɧɚɱɟɧɢɹ ɢɡ ɜɵɪɚɠɟɧɢɹ (3.15) ɜ ɪɚɜɟɧɫɬɜɨ (3.10), ɛɭɞɟɦ 
ɢɦɟɬɶ 

A
2

1122

1122

școsρșcosρ
școsρșcosρ











ti

ti

cc

cc
.                               (3.16) 

ɉɨɥɭɱɟɧɧɨɟ ɜɵɪɚɠɟɧɢɟ ɫɥɭɠɢɬ ɞɥɹ ɪɚɫɱɟɬɚ ɤɨɷɮɮɢɰɢɟɧɬɚ ɨɬɪɚɠɟɧɢɹ 
ɜ ɨɛɳɟɦ ɫɥɭɱɚɟ, ɤɨɝɞɚ ɡɜɭɤɨɜɚɹ ɷɧɟɪɝɢɹ ɩɚɞɚɟɬ ɧɚ ɝɪɚɧɢɰɭ ɪɚɡɞɟɥɚ ɫɪɟɞ 
ɩɨɞ ɥɸɛɵɦ ɭɝɥɨɦ. 

Ⱦɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɤɨɷɮɮɢɰɢɟɧɬɚ ɩɪɟɥɨɦɥɟɧɢɹ ȼ ɢɡ ɜɵɪɚɠɟɧɢɹ (3.14) 

ɧɚɣɞɟɦ r, 

.
11

22
itr c

c





  

ɉɨɞɫɬɚɜɢɜ ɩɨɥɭɱɟɧɧɨɟ ɡɧɚɱɟɧɢɟ r ɜ ɪɚɜɟɧɫɬɜɨ (3.13), ɡɚɩɢɲɟɦ 

ttiiitii c

c





 coscoscoscos
11

22  

ɢɥɢ  
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ρ
școsρșcosρșcos2

c

cc ti
tii


 . 

Ɉɬɫɸɞɚ                .
școsρșcosρ

școsρ2

1122

11

tt

i

i

t

cc

c







                                (3.17) 

ɉɨɞɫɬɚɜɥɹɹ ɪɚɜɟɧɫɬɜɨ (3.17) ɜ ɜɵɪɚɠɟɧɢɟ (3.11), ɨɤɨɧɱɚɬɟɥɶɧɨ ɞɥɹ ɤɨ-
ɷɮɮɢɰɢɟɧɬɚ ɩɪɟɥɨɦɥɟɧɢɹ ȼ ɛɭɞɟɦ ɢɦɟɬɶμ 

.
școsρșcosρ

școsρρ4

1122

2
2211

ti

i

cc

cc
B


                               (3.18) 

ɉɨɥɭɱɟɧɧɨɟ ɜɵɪɚɠɟɧɢɟ ɫɥɭɠɢɬ ɞɥɹ ɪɚɫɱɟɬɚ ɤɨɷɮɮɢɰɢɟɧɬɚ ɩɪɟɥɨɦɥɟ-
ɧɢɹ ɜ ɫɥɭɱɚɟ, ɤɨɝɞɚ ɡɜɭɤɨɜɚɹ ɷɧɟɪɝɢɹ ɩɚɞɚɟɬ ɧɚ ɝɪɚɧɢɰɭ ɪɚɡɞɟɥɚ ɫɪɟɞ ɩɨɞ 
ɥɸɛɵɦ ɭɝɥɨɦ. 

Ɉɩɪɟɞɟɥɢɦ ɜɵɪɚɠɟɧɢɹ ɞɥɹ ɪɚɫɱɟɬɚ ɤɨɷɮɮɢɰɢɟɧɬɨɜ А ɢ ȼ ɞɥɹ ɷɯɨɥɨɬɚ, 
ɤɨɝɞɚ 

și = șr = șt = 0. 
Ɉɛɨɡɧɚɱɢɜ ρ1c1 / ρ2 c2 = q, ɢɡ ɪɚɜɟɧɫɬɜ (3.16) ɢ (3.17) ɢɦɟɟɦμ  
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;
)1(

)1(
2

2

q

q
A




                                         (3.19)   

.
)1(

4
2q

q
B


                                         (3.20) 

ɉɪɨɚɧɚɥɢɡɢɪɭɟɦ ɫ ɩɨɦɨɳɶɸ ɪɚɜɟɧɫɬɜ (3.19) ɢ (3.20) ɪɚɡɥɢɱɧɵɟ ɜɚɪɢ-
ɚɧɬɵ ɫɨɨɬɧɨɲɟɧɢɣ ɚɤɭɫɬɢɱɟɫɤɢɯ ɫɨɩɪɨɬɢɜɥɟɧɢɣ ɫɪɟɞμ 

ρ2 c2 > ρ1 c1 ;   q < 1;     A ≠ 0;    B ≠ 0; 
ρ2 c2 >> ρ1 c1;  q << 1;  A ≈ 1;    B ≈ 0; 
ρ2 c2 < ρ1c1;     q > 1;    A ≠ 0;    B ≠ 0; 
ρ2 c2 << ρ1c1;   q >>1;  A ≈ 1;    B ≈ 0;  
ρ2 c2 = ρ1c1;     q = 1;    A = 0;    B = 1.  
ɇɚ ɨɫɧɨɜɟ ɪɟɡɭɥɶɬɚɬɨɜ ɩɪɨɜɟɞɟɧɧɨɝɨ ɚɧɚɥɢɡɚ ɦɨɠɧɨ ɫɞɟɥɚɬɶ ɫɥɟɞɭɸ-

ɳɢɟ ɜɵɜɨɞɵμ 
– ɟɫɥɢ ɚɤɭɫɬɢɱɟɫɤɢɟ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɫɪɟɞ ɨɬɥɢɱɚɸɬɫɹ ɞɪɭɝ ɨɬ ɞɪɭɝɚ ɧɟ-

ɡɧɚɱɢɬɟɥɶɧɨ, ɬɨ ɧɟɡɚɜɢɫɢɦɨ ɨɬ ɬɨɝɨ, ɤɚɤɚɹ ɢɡ ɫɪɟɞ ɢɦɟɟɬ ɛɨɥɶɲɟɟ ɚɤɭɫɬɢɱɟ-
ɫɤɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ, ɧɚ ɝɪɚɧɢɰɟ ɪɚɡɞɟɥɚ ɫɪɟɞ ɛɭɞɟɬ ɢɦɟɬɶ ɦɟɫɬɨ ɢ ɨɬɪɚɠɟ-
ɧɢɟ, ɢ ɩɪɟɥɨɦɥɟɧɢɟ ɡɜɭɤɨɜɵɯ ɜɨɥɧ; 

– ɟɫɥɢ ɚɤɭɫɬɢɱɟɫɤɢɟ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɫɪɟɞ ɨɬɥɢɱɚɸɬɫɹ ɡɧɚɱɢɬɟɥɶɧɨ ɞɪɭɝ 
ɨɬ ɞɪɭɝɚ, ɬɨ ɢɦɟɟɦ ɞɟɥɨ ɫ ɠɟɫɬɤɨɣ ɝɪɚɧɢɰɟɣ ɪɚɡɞɟɥɚ ɫɪɟɞ. ȼ ɷɬɨɦ ɫɥɭɱɚɟ 
ɛɭɞɟɬ ɧɚɛɥɸɞɚɬɶɫɹ ɩɨɥɧɨɟ ɨɬɪɚɠɟɧɢɟ ɷɧɟɪɝɢɢ ɨɬ ɝɪɚɧɢɰɵ ɪɚɡɞɟɥɚ ɫɪɟɞ. 
ɉɪɢ ɷɬɨɦ ɧɟ ɢɦɟɟɬ ɡɧɚɱɟɧɢɹ, ɤɚɤɚɹ ɢɡ ɫɪɟɞ ɢɦɟɟɬ ɛɨɥɶɲɟɟ ɚɤɭɫɬɢɱɟɫɤɨɟ 
ɫɨɩɪɨɬɢɜɥɟɧɢɟ; 

– ɱɟɦ ɛɨɥɶɲɟ ɛɭɞɭɬ ɨɬɥɢɱɚɬɶɫɹ ɞɪɭɝ ɨɬ ɞɪɭɝɚ ɚɤɭɫɬɢɱɟɫɤɢɟ ɫɨɩɪɨɬɢɜ-
ɥɟɧɢɹ ɫɪɟɞ, ɬɟɦ ɛɨɥɶɲɟ ɡɜɭɤɨɜɨɣ ɷɧɟɪɝɢɢ ɛɭɞɟɬ ɨɬɪɚɠɚɬɶɫɹ ɨɬ ɝɪɚɧɢɰɵ 
ɪɚɡɞɟɥɚ ɫɪɟɞ; 

– ɟɫɥɢ ɨɛɟ ɫɪɟɞɵ ɢɦɟɸɬ ɨɞɢɧɚɤɨɜɵɟ ɚɤɭɫɬɢɱɟɫɤɢɟ ɫɨɩɪɨɬɢɜɥɟɧɢɹ, ɬɨ 
ɜ ɷɬɨɦ ɫɥɭɱɚɟ ɧɟɬ ɧɢɤɚɤɨɣ ɝɪɚɧɢɰɵ ɪɚɡɞɟɥɚ ɫɪɟɞ ɢ ɧɟ ɛɭɞɟɬ ɧɢɤɚɤɨɝɨ ɨɬɪɚ-
ɠɟɧɢɹ. Ɂɜɭɤɨɜɚɹ ɜɨɥɧɚ ɛɭɞɟɬ ɩɪɨɞɨɥɠɚɬɶ ɪɚɫɩɪɨɫɬɪɚɧɹɬɶɫɹ ɜ ɬɨɦ ɠɟ ɧɚ-
ɩɪɚɜɥɟɧɢɢ. 

ɉɨɜɟɪɯɧɨɫɬɶ ɦɨɪɫɤɨɝɨ ɞɧɚ ɧɟ ɹɜɥɹɟɬɫɹ ɢɞɟɚɥɶɧɨ ɝɥɚɞɤɨɣ (ɪɢɫ. 3.4). 
ɇɟɪɨɜɧɨɫɬɢ ɦɨɪɫɤɨɝɨ ɞɧɚ ɦɨɝɭɬ ɜɵɡɜɚɬɶ ɩɪɢ ɨɩɪɟɞɟɥɟɧɧɵɯ ɭɫɥɨɜɢɹɯ ɡɧɚ-
ɱɢɬɟɥɶɧɨɟ ɪɚɫɫɟɢɜɚɧɢɟ ɡɜɭɤɨɜɨɣ ɷɧɟɪɝɢɢ. ȼ ɬɨɦ ɫɥɭɱɚɟ, ɤɨɝɞɚ ɢɯ ɪɚɡɦɟɪɵ 
ɦɟɧɶɲɟ ɞɥɢɧɵ ɩɚɞɚɸɳɟɣ ɜɨɥɧɵ δ < λ, ɨɬɪɚɠɟɧɢɟ ɛɭɞɟɬ ɩɪɨɢɫɯɨɞɢɬɶ ɤɚɤ ɨɬ 
ɢɞɟɚɥɶɧɨ ɝɥɚɞɤɨɣ (ɡɟɪɤɚɥɶɧɨɣ) ɩɨɜɟɪɯɧɨɫɬɢ. ȿɫɥɢ δ > λ, ɬɨ ɱɚɫɬɶ ɷɧɟɪɝɢɢ 
ɩɚɞɚɸɳɟɣ ɜɨɥɧɵ ɛɭɞɟɬ ɪɚɫɫɟɢɜɚɬɶɫɹ ɜ ɪɚɡɧɵɯ ɧɚɩɪɚɜɥɟɧɢɹɯ. 
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Ɋɢɫ. γ.4 

ɉɪɢ ɞɥɢɧɟ ɜɨɥɧ, ɪɚɜɧɨɣ ɧɟɫɤɨɥɶɤɢɦ ɫɚɧɬɢɦɟɬɪɚɦ, ɩɚɞɚɸɳɚɹ ɧɚ ɞɧɨ 
ɡɜɭɤɨɜɚɹ ɷɧɟɪɝɢɹ ɛɭɞɟɬ ɪɚɫɫɟɢɜɚɬɶɫɹ ɜɨ ɜɫɟɯ ɧɚɩɪɚɜɥɟɧɢɹɯ. Ɍɚɤɨɟ ɨɬɪɚɠɟ-
ɧɢɟ ɧɚɡɵɜɚɟɬɫɹ ɞɢɮɮɭɡɧɵɦ. 

ɇɚɪɹɞɭ ɫ ɨɫɥɚɛɥɟɧɢɟɦ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɡɜɭɤɨɜɵɯ ɥɭɱɟɣ ɡɚ ɫɱɟɬ ɞɢɮɮɭɡ-
ɧɨɝɨ ɪɚɫɫɟɢɜɚɧɢɹ, ɧɟɪɨɜɧɨɫɬɶ ɦɨɪɫɤɨɝɨ ɞɧɚ ɜɵɡɵɜɚɟɬ ɡɧɚɱɢɬɟɥɶɧɵɟ ɢɫɤɚ-
ɠɟɧɢɹ ɡɜɭɤɨɜɨɝɨ ɩɨɥɹ ɜɛɥɢɡɢ ɩɪɢɟɦɧɢɤɚ ɡɜɭɤɚ ɢɡ-ɡɚ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ  
ɨɬɞɟɥɶɧɵɯ ɡɜɭɤɨɜɵɯ ɥɭɱɟɣ, ɦɧɨɝɨɤɪɚɬɧɨ ɨɬɪɚɠɟɧɧɵɯ ɢ ɩɪɢɲɟɞɲɢɯ ɤ ɩɪɢ-
ɟɦɧɢɤɭ ɜ ɨɞɧɨ ɜɪɟɦɹ. 

ȼ ɬɚɛɥɢɰɟ ɩɪɢɜɟɞɟɧɵ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɨɬɪɚɠɚɬɟɥɶɧɨɣ ɫɩɨɫɨɛɧɨɫɬɢ 
ɦɨɪɫɤɢɯ ɝɪɭɧɬɨɜ.  

Ƚɪɭɧɬ Ⱥ, % Ƚɪɭɧɬ Ⱥ, % 
Ƚɪɚɧɢɬ 70 … 80 Ƚɥɢɧɚ  20 … 30 
Ʉɪɭɩɧɵɣ ɤɚɦɟɧɶ 60 … 70 Ʌɟɞ 10 … 15 
ɉɟɫɨɤ 50 … 60 ɂɥ 5 … 10 
ɋɭɩɟɫɨɤ 40 … 50 ɀɢɞɤɢɣ ɢɥ 0 … 5 

ɉɪɢ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɢ ɡɜɭɤɚ ɜ ɦɨɪɟ ɜɚɠɧɭɸ ɪɨɥɶ ɢɝɪɚɟɬ ɩɨɜɟɪɯɧɨɫɬɶ 
ɜɨɞɵ. ɉɨɫɤɨɥɶɤɭ ɢɫɬɨɱɧɢɤɢ ɢ ɩɪɢɟɦɧɢɤɢ ɡɜɭɤɚ ɧɟ ɨɛɥɚɞɚɸɬ ɫɨɜɟɪɲɟɧɧɨɣ 
ɧɚɩɪɚɜɥɟɧɧɨɫɬɶɸ, ɜ ɩɪɢɟɦɧɢɤ ɜɫɟɝɞɚ ɦɨɠɟɬ ɩɪɢɣɬɢ ɡɜɭɤ, ɨɬɪɚɠɟɧɧɵɣ ɨɬ 
ɩɨɜɟɪɯɧɨɫɬɢ ɜɨɞɵ.  

ɂɧɬɟɧɫɢɜɧɨɫɬɶ ɨɬɪɚɠɟɧɧɨɝɨ ɡɜɭɤɚ ɛɭɞɟɬ ɡɚɜɢɫɟɬɶ ɨɬ ɫɨɫɬɨɹɧɢɹ ɩɨɜɟɪɯ-
ɧɨɫɬɢ ɦɨɪɹ. ȼɨɥɧɟɧɢɟ, ɪɹɛɶ ɢ ɞɪɭɝɢɟ ɹɜɥɟɧɢɣ ɛɭɞɭɬ ɢɦɟɬɶ ɩɪɢ ɷɬɨɦ ɫɭɳɟɫɬ-
ɜɟɧɧɨɟ ɡɧɚɱɟɧɢɟ. ȼ ɨɛɳɟɦ ɫɥɭɱɚɟ ɜɨɥɧɟɧɢɟ ɦɨɪɹ ɧɨɫɢɬ ɧɟɩɪɚɜɢɥɶɧɵɣ ɯɚɪɚɤ-
ɬɟɪ, ɩɪɢɱɟɦ ɨɫɧɨɜɧɵɟ ɩɚɪɚɦɟɬɪɵ ɦɨɪɫɤɨɣ ɜɨɥɧɵ ɛɵɫɬɪɨ ɦɟɧɹɸɬɫɹ. ɗɬɢ ɨɛ-
ɫɬɨɹɬɟɥɶɫɬɜɚ ɡɚɬɪɭɞɧɹɸɬ ɬɨɱɧɵɣ ɦɚɬɟɦɚɬɢɱɟɫɤɢɣ ɚɧɚɥɢɡ ɨɬɪɚɠɟɧɢɹ ɡɜɭɤɚ ɨɬ 
ɩɨɜɟɪɯɧɨɫɬɢ ɦɨɪɹ. Ɉɞɧɚɤɨ ɞɥɹ ɨɩɪɟɞɟɥɟɧɧɨɝɨ ɩɪɨɦɟɠɭɬɤɚ ɜɪɟɦɟɧɢ ɦɨɠɧɨ 
ɫɱɢɬɚɬɶ, ɱɬɨ ɨɬɪɚɠɟɧɢɟ ɨɬ ɩɨɜɟɪɯɧɨɫɬɢ ɦɨɪɹ ɛɭɞɟɬ ɜ ɨɛɳɢɯ ɱɟɪɬɚɯ ɫɯɨɞɧɨ ɫ 
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ɨɬɪɚɠɟɧɢɟɦ Шɬ ɧɟɪɨɜɧɨɝɨ ɞɧɚ. ȼ ɫɜɹɡɢ ɫ ɬɟɦ, ɱɬɨ ɩɨɜɟɪɯɧɨɫɬɶ ɜɨɞɵ ɦɨɠɟɬ 
ɩɪɢɧɢɦɚɬɶ ɫɚɦɭɸ ɪɚɡɧɨɨɛɪɚɡɧɭɸ ɮɨɪɦɭ, ɡɜɭɤɨɜɚɹ ɷɧɟɪɝɢɹ ɛɭɞɟɬ ɮɨɤɭɫɢɪɨ-
ɜɚɬɶɫɹ ɜ ɨɞɧɢɯ ɫɥɭɱɚɹɯ ɢ ɪɚɫɫɟɢɜɚɬɶɫɹ ɜ ɞɪɭɝɢɯ. 

3.4. Ɏɚɡɨɜɵɟ ɫɨɨɬɧɨɲɟɧɢɹ ɜ ɩɚɞɚɸɳɟɣ ɢ ɨɬɪɚɠɟɧɧɨɣ ɜɨɥɧɚɯ 
Ɂɚɞɚɞɢɦ ɩɚɞɚɸɳɭɸ ɢ ɨɬɪɚɠɟɧɧɭɸ ɜɨɥɧɵ ɤɨɥɟɛɚɬɟɥɶɧɵɦɢ ɫɤɨɪɨɫɬɹ-

ɦɢ, ɩɪɟɞɩɨɥɚɝɚɹ, ɱɬɨ ɨɬɪɚɠɟɧɧɚɹ ɜɨɥɧɚ ɢɦɟɟɬ ɧɟɤɨɬɨɪɵɣ ɫɞɜɢɝ ɩɨ ɮɚɡɟ ȥμ 
)(sin xctkmi  ;                                       (3.20) 

  )(sin xctkmr .                                  (3.21) 

ɂɡ ɜɵɪɚɠɟɧɢɹ (γ.1λ) ɫ ɭɱɟɬɨɦ ɪɚɜɟɧɫɬɜɚ (γ.10) ɢɦɟɟɦ 

)1(

)1(

q

q

i

r








,                                             (3.22) 

ɝɞɟ 
22

11

c

c
q




 . 

Ɋɚɫɫɦɨɬɪɢɦ ɞɜɚ ɤɪɚɣɧɢɯ ɫɥɭɱɚɹ ɫɨɨɬɧɨɲɟɧɢɣ ɚɤɭɫɬɢɱɟɫɤɢɯ ɫɨɩɪɨɬɢɜ-
ɥɟɧɢɣ ɫɪɟɞ. 

1) ρ2c2 >> ρ1c1. ȼ ɷɬɨɦ ɫɥɭɱɚɟ q << 1 ɢ ɢɡ ɜɵɪɚɠɟɧɢɹ (γ.ββ) ɢɦɟɟɦ, ɱɬɨ  

i = r, ɬ.ɟ. 
)(sin xctkmi  =   )(sin xctkm . 

ɉɨɥɭɱɟɧɧɨɟ ɪɚɜɟɧɫɬɜɨ ɫɩɪɚɜɟɞɥɢɜɨ ɬɨɥɶɤɨ ɜ ɬɨɦ ɫɥɭɱɚɟ, ɤɨɝɞɚ ȥ = 0. 
Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɟɫɥɢ ɚɤɭɫɬɢɱɟɫɤɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɩɟɪɜɨɣ ɫɪɟɞɵ ɧɚ-

ɦɧɨɝɨ ɦɟɧɶɲɟ, ɱɟɦ ɜɬɨɪɨɣ, ɬɨ ɩɚɞɚɸɳɚɹ ɢ ɨɬɪɚɠɟɧɧɚɹ ɜɨɥɧɵ ɢɦɟɸɬ ɨɞɢ-
ɧɚɤɨɜɵɟ ɮɚɡɵ. 

2) ρ2c2 << ρ1c1. ȼ ɷɬɨɦ ɫɥɭɱɚɟ q >> 1 ɢ ɢɡ ɜɵɪɚɠɟɧɢɹ (γ.ββ) ɢɦɟɟɦ, ɱɬɨ 

 i = –r, ɬ.ɟ. 
)(sin xctkmi  = –   )(sin xctkm . 

ɉɨɥɭɱɟɧɧɨɟ ɪɚɜɟɧɫɬɜɨ ɫɩɪɚɜɟɞɥɢɜɨ ɥɢɲɶ ɜ ɬɨɦ ɫɥɭɱɚɟ, ɤɨɝɞɚ ȥ = 180°. 
ɋɥɟɞɨɜɚɬɟɥɶɧɨ, ɟɫɥɢ ɚɤɭɫɬɢɱɟɫɤɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɩɟɪɜɨɣ ɫɪɟɞɵ ɧɚ-

ɦɧɨɝɨ ɛɨɥɶɲɟ, ɱɟɦ ɜɬɨɪɨɣ, ɬɨ ɩɚɞɚɸɳɚɹ ɢ ɨɬɪɚɠɟɧɧɚɹ ɜɨɥɧɵ ɧɚɯɨɞɹɬɫɹ ɜ 
ɩɪɨɬɢɜɨɮɚɡɟ. 

Ʉɨɧɬɪɨɥɶɧɵɟ ɜɨɩɪɨɫɵ 
16. ɋɪɟɞɚ ɧɚɡɵɜɚɟɬɫɹ ɚɤɭɫɬɢɱɟɫɤɢ ɨɞɧɨɪɨɞɧɨɣ ɜ ɫɥɟɞɭɸɳɟɦ ɫɥɭɱɚɟμ 
– ɟɫɥɢ ρc = const (ɫɦ. ɩɨɹɫɧɟɧɢɟ 3); 
– ɟɫɥɢ ρc ≠ const (ɫɦ. ɩɨɹɫɧɟɧɢɟ 16). 
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17. Ɂɚɤɨɧ ɨɬɪɚɠɟɧɢɹ ɡɜɭɤɚ ɢɦɟɟɬ ɫɥɟɞɭɸɳɢɣ ɜɢɞμ 
– și = șt (ɫɦ. ɩɨɹɫɧɟɧɢɟ 28); 
– și = șr (ɫɦ. ɩɨɹɫɧɟɧɢɟ 69); 
– șr = șt (ɫɦ. ɩɨɹɫɧɟɧɢɟ 57). 
18. ȼɟɥɢɱɢɧɚ, ɤɨɬɨɪɚɹ ɩɨɤɚɡɵɜɚɟɬ, ɤɚɤɚɹ ɱɚɫɬɶ ɷɧɟɪɝɢɢ ɩɚɞɚɸɳɟɣ ɡɜɭ-

ɤɨɜɨɣ ɜɨɥɧɵ ɩɪɢ ɞɨɫɬɢɠɟɧɢɢ ɝɪɚɧɢɰɵ ɪɚɡɞɟɥɚ ɫɪɟɞ ɨɫɬɚɧɟɬɫɹ ɜ ɩɟɪɜɨɣ 
ɫɪɟɞɟ, ɧɚɡɵɜɚɟɬɫɹ 

– ɤɨɷɮɮɢɰɢɟɧɬɨɦ ɨɬɪɚɠɟɧɢɹ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 74); 
– ɤɨɷɮɮɢɰɢɟɧɬɨɦ ɩɪɟɥɨɦɥɟɧɢɹ (ɫɦ. ɩɨɹɫɧɟɧɢɟ λ2). 
19. ȿɫɥɢ ɫɩɪɚɜɟɞɥɢɜɨ ɧɟɪɚɜɟɧɫɬɜɨ ρ2 c2 >> ρ1c1 , ɬɨ ɨɬɪɚɠɟɧɧɚɹ ɡɜɭɤɨ-

ɜɚɹ ɜɨɥɧɚ ɢɦɟɟɬ ɮɚɡɭ: 
– ɨɞɢɧɚɤɨɜɭɸ ɫ ɩɚɞɚɸɳɟɣ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 12); 
– ɩɪɨɬɢɜɨɩɨɥɨɠɧɭɸ ɩɚɞɚɸɳɟɣ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 124). 
20. ȿɫɥɢ ɫɩɪɚɜɟɞɥɢɜɨ ɧɟɪɚɜɟɧɫɬɜɨ ρ2 c2 << ρ1c1 , ɬɨ ɨɬɪɚɠɟɧɧɚɹ ɡɜɭɤɨ-

ɜɚɹ ɜɨɥɧɚ ɢɦɟɟɬ ɮɚɡɭ: 
– ɨɞɢɧɚɤɨɜɭɸ ɫ ɩɚɞɚɸɳɟɣ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 138); 
– ɩɪɨɬɢɜɨɩɨɥɨɠɧɭɸ ɩɚɞɚɸɳɟɣ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 157). 

Ʌɟɤɰɢɹ 5 

4. ɂɇɌȿɊɎȿɊȿɇɐɂə ɁȼɍɄɈȼЫɏ ȼɈɅɇ 
Ɂɜɭɤɨɜɵɟ ɜɨɥɧɵ ɨɛɥɚɞɚɸɬ ɫɜɨɣɫɬɜɨɦ ɢɧɬɟɪɮɟɪɟɧɰɢɢ. Ⱦɪɭɝɢɦɢ ɫɥɨ-

ɜɚɦɢ, ɨɧɢ ɦɨɝɭɬ ɫɤɥɚɞɵɜɚɬɶɫɹ. ɉɪɢɱɟɦ ɜ ɨɞɧɢɯ ɬɨɱɤɚɯ ɡɜɭɤɨɜɨɝɨ ɩɨɥɹ ɡɚ 
ɫɱɟɬ ɢɧɬɟɪɮɟɪɟɧɰɢɢ ɤɨɥɟɛɚɧɢɹ ɦɨɝɭɬ ɭɫɢɥɢɜɚɬɶɫɹ, ɚ ɜ ɞɪɭɝɢɯ – ɫɨɜɟɪ-
ɲɟɧɧɨ ɢɫɱɟɡɧɭɬɶ. ɉɨɫɥɟɞɧɢɦ ɨɛɫɬɨɹɬɟɥɶɫɬɜɨɦ ɦɨɠɧɨ ɨɛɴɹɫɧɢɬɶ ɨɛɪɚɡɨ-
ɜɚɧɢɟ ɡɨɧ ɡɜɭɤɨɜɨɣ ɬɟɧɢ, ɤɨɝɞɚ ɛɟɡ ɤɚɤɢɯ-ɥɢɛɨ ɨɫɨɛɵɯ ɩɪɢɱɢɧ ɩɨɤɚɡɚɧɢɹ 
ɩɪɢɛɨɪɚ ɢɫɱɟɡɚɸɬ. ɉɨɫɤɨɥɶɤɭ ɦɵ ɢɦɟɟɦ ɞɟɥɨ ɫ ɦɚɥɵɦɢ ɤɨɥɟɛɚɧɢɹɦɢ, 
ɛɭɞɟɦ ɩɨɞɯɨɞɢɬɶ ɤ ɢɫɫɥɟɞɨɜɚɧɢɸ ɢɧɬɟɪɮɟɪɟɧɰɢɢ ɡɜɭɤɨɜɵɯ ɜɨɥɧ ɫ ɬɨɱɤɢ 
ɡɪɟɧɢɹ ɬɚɤɢɯ ɤɨɥɟɛɚɧɢɣ. ɗɬɨ ɫɢɥɶɧɨ ɭɩɪɨɳɚɟɬ ɞɟɥɨ, ɬɚɤ ɤɚɤ ɫ ɬɨɱɤɢ ɡɪɟ-
ɧɢɹ ɦɚɬɟɦɚɬɢɤɢ ɜɨɩɪɨɫ ɫɜɨɞɢɬɫɹ ɤ ɚɥɝɟɛɪɚɢɱɟɫɤɢɦ ɞɟɣɫɬɜɢɹɦ ɫ ɬɪɢɝɨɧɨ-
ɦɟɬɪɢɱɟɫɤɢɦɢ ɮɭɧɤɰɢɹɦɢ.  

ɂɧɬɟɪɮɟɪɢɪɭɸɳɢɟ ɤɨɥɟɛɚɧɢɹ ɦɨɝɭɬ ɢɦɟɬɶ ɪɚɡɥɢɱɧɵɟ ɚɦɩɥɢɬɭɞɵ, ɮɚɡɵ 
ɢ ɱɚɫɬɨɬɵ. Ɉɞɧɚɤɨ ɨɫɨɛɵɣ ɢɧɬɟɪɟɫ ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɥɭɱɚɣ, ɤɨɝɞɚ ɫɤɥɚɞɵɜɚɸɬɫɹ 
ɤɨɥɟɛɚɧɢɹ, ɨɛɪɚɡɨɜɚɧɧɵɟ ɨɞɧɢɦ ɢ ɬɟɦ ɠɟ ɢɫɬɨɱɧɢɤɨɦ, ɧɨ ɩɪɢɲɟɞɲɢɟ ɜ ɞɚɧ-
ɧɭɸ ɬɨɱɤɭ ɡɜɭɤɨɜɨɝɨ ɩɨɥɹ ɪɚɡɥɢɱɧɵɦɢ ɩɭɬɹɦɢ. ȼ ɷɬɨɦ ɫɥɭɱɚɟ ɤɨɥɟɛɚɧɢɹ 
ɢɦɟɸɬ ɪɚɜɧɵɟ ɚɦɩɥɢɬɭɞɵ ɢ ɱɚɫɬɨɬɵ, ɧɨ ɨɬɥɢɱɚɸɬɫɹ ɞɪɭɝ ɨɬ ɞɪɭɝɚ ɮɚɡɚɦɢ. 
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4.1. ɋɬɨɹɱɚɹ ɡɜɭɤɨɜɚɹ ɜɨɥɧɚ 
Ɋɚɫɫɦɨɬɪɢɦ ɱɚɫɬɵɣ ɫɥɭɱɚɣ ɢɧɬɟɪɮɟɪɟɧɰɢɢ ɡɜɭɤɨɜɵɯ ɜɨɥɧ, ɜ ɪɟɡɭɥɶɬɚ-

ɬɟ ɤɨɬɨɪɨɣ ɜɨɡɧɢɤɚɟɬ, ɬɚɤ ɧɚɡɵɜɚɟɦɚɹ ɫɬɨɹɱɚɹ ɜɨɥɧɚ. ɋɬɨɹɱɢɟ ɜɨɥɧɵ ɨɛɪɚ-
ɡɭɸɬɫɹ ɜ ɪɟɡɭɥɶɬɚɬɟ ɫɥɨɠɟɧɢɹ ɩɚɞɚɸɳɟɣ ɢ ɨɬɪɚɠɟɧɧɨɣ ɜɨɥɧ, ɟɫɥɢ ɨɬɪɚ-
ɠɚɸɳɚɹ ɩɨɜɟɪɯɧɨɫɬɶ ɪɚɫɩɨɥɨɠɟɧɚ ɧɨɪɦɚɥɶɧɨ ɤ ɧɚɩɪɚɜɥɟɧɢɸ ɪɚɫɩɪɨɫɬɪɚ-
ɧɟɧɢɢ ɡɜɭɤɚ ɢ ɫɭɳɟɫɬɜɭɟɬ ɠɟɫɬɤɚɹ ɝɪɚɧɢɰɚ ɪɚɡɞɟɥɚ ɫɪɟɞ, ɬ.ɟ. ρ2 c2 >> ρ1c1 

ɢɥɢ ρ2c2 << ρ1c1. 
Ɂɚɞɚɞɢɦ ɩɚɞɚɸɳɭɸ ɢ ɨɬɪɚɠɟɧɧɭɸ ɜɨɥɧɵ ɤɨɥɟɛɚɬɟɥɶɧɵɦɢ ɫɤɨɪɨɫɬɹɦɢ 

ɢ ɡɜɭɤɨɜɵɦɢ ɞɚɜɥɟɧɢɹɦɢ. ɉɪɢ ɷɬɨɦ ɧɚɱɚɥɨ ɫɢɫɬɟɦɵ ɤɨɨɪɞɢɧɚɬ ɩɨɦɟɫɬɢɦ 
ɧɚ ɝɪɚɧɢɰɭ ɪɚɡɞɟɥɚ ɫɪɟɞ. 

Ɍɨɝɞɚ                                  );(sin xctkvv mi                                         (4.1) 

);(sin xctkvv mr                                         (4.2) 

);(sin xctkpp mi                                         (4.3) 

).(sin xctkpp mr                                         (4.4) 

Ɋɚɫɫɦɨɬɪɢɦ ɞɜɚ ɤɪɚɣɧɢɯ ɫɥɭɱɚɹ ɫɨɨɬɧɨɲɟɧɢɣ ɚɤɭɫɬɢɱɟɫɤɢɯ ɫɨɩɪɨɬɢɜ-
ɥɟɧɢɣ ɫɪɟɞ. 

1. ρ2 c2 >>  ρ1c1. ȼ ɷɬɨɦ ɫɥɭɱɚɟ ɫɭɦɦɚɪɧɚɹ ɤɨɥɟɛɚɬɟɥɶɧɚɹ ɫɤɨɪɨɫɬɶ ɛɭɞɟɬ 

  kctkxxctkxctk mmri cos)sin(2)(sin)(sin1   

ɢɥɢ                                                1 = ɚ1 cos kct,                                           (4.5) 

ɝɞɟ                                               ɚ1 = –2m sin kx.                                           (4.6) 
ɋɭɦɦɚɪɧɨɟ ɡɜɭɤɨɜɨɟ ɞɚɜɥɟɧɢɟ 

  kctkxPxctkxctkpppp mmri sin)cos(2)(sin)(sin1   

ɢɥɢ                                          ,sin11 kctbp                                                  (4.7) 

ɝɞɟ                                         kxpb m cos21  .                                               (4.8) 

ɉɨɥɭɱɟɧɧɵɟ ɜɵɪɚɠɟɧɢɹ (4.5) – (4.8) ɩɨɤɚɡɵɜɚɸɬ, ɱɬɨ ɜ ɪɟɡɭɥɶɬɚɬɟ ɫɥɨ-
ɠɟɧɢɹ ɩɚɞɚɸɳɟɣ ɢ ɨɬɪɚɠɟɧɧɨɣ ɜɨɥɧ ɫɨɡɞɚɟɬɫɹ ɩɥɨɫɤɚɹ ɝɚɪɦɨɧɢɱɟɫɤɚɹ 
ɜɨɥɧɚ ɬɨɣ ɠɟ ɱɚɫɬɨɬɵ, ɧɨ ɫ ɚɦɩɥɢɬɭɞɨɣ, ɡɚɜɢɫɹɳɟɣ ɨɬ ɪɚɫɫɬɨɹɧɢɹ ɯ ɞɨ ɝɪɚ-
ɧɢɰɵ ɪɚɡɞɟɥɚ ɞɜɭɯ ɫɪɟɞ.  

ɇɚ ɪɢɫ. 4.1 ɩɪɢɜɟɞɟɧɵ ɝɪɚɮɢɤɢ ɢɡɦɟɧɟɧɢɹ ɚɦɩɥɢɬɭɞɵ ɫɭɦɦɚɪɧɨɣ ɤɨɥɟ-
ɛɚɬɟɥɶɧɨɣ ɫɤɨɪɨɫɬɢ 1a  ɢ ɫɭɦɦɚɪɧɨɝɨ ɡɜɭɤɨɜɨɝɨ ɞɚɜɥɟɧɢɹ 1b  ɞɥɹ ɫɥɭɱɚɹ, ɤɨ-

ɝɞɚ ɚɤɭɫɬɢɱɟɫɤɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɜɬɨɪɨɣ ɫɪɟɞɵ ɦɧɨɝɨ ɛɨɥɶɲɟ, ɱɟɦ ɩɟɪɜɨɣ. 
2. ρ2 c2 << ρ1 c1. ȼ ɷɬɨɦ ɫɥɭɱɚɟ, ɭɱɢɬɵɜɚɹ, ɱɬɨ ɩɚɞɚɸɳɚɹ ɢ ɨɬɪɚɠɟɧɧɚɹ 

ɜɨɥɧɵ ɧɚɯɨɞɹɬɫɹ ɜ ɩɪɨɬɢɜɨɮɚɡɟ, ɫɭɦɦɚɪɧɚɹ ɤɨɥɟɛɚɬɟɥɶɧɚɹ ɫɤɨɪɨɫɬɶ 
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kctkxmri sincos22   

ɢɥɢ                                            ,sin22 kcta                                              (4.9) 

ɝɞɟ                                            kxa mcos22  .                                          (4.10) 

Ⱦɥɹ ɫɭɦɦɚɪɧɨɝɨ ɡɜɭɤɨɜɨɝɨ ɞɚɜɥɟɧɢɹ ɢɦɟɟɦ 

kctkxpp m cossin22   

ɢɥɢ                                              ,cos22 kctbp                                          (4.11) 

ɝɞɟ                                              kxpb msin22  .                                      (4.12) 

 

 

 

 

Ɋɢɫ. 4.1 Ɋɢɫ. 4.β 

ɇɚ ɪɢɫ. 4.β ɩɪɢɜɟɞɟɧɵ ɝɪɚɮɢɤɢ ɢɡɦɟɧɟɧɢɹ ɚɦɩɥɢɬɭɞɵ ɫɭɦɦɚɪɧɨɣ ɤɨɥɟ-
ɛɚɬɟɥɶɧɨɣ ɫɤɨɪɨɫɬɢ ɚ2 ɢ ɫɭɦɦɚɪɧɨɝɨ ɡɜɭɤɨɜɨɝɨ ɞɚɜɥɟɧɢɹ b2 ɞɥɹ ɫɥɭɱɚɹ, ɤɨɝɞɚ 
ɚɤɭɫɬɢɱɟɫɤɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɜɬɨɪɨɣ ɫɪɟɞɵ ɦɧɨɝɨ ɦɟɧɶɲɟ, ɱɟɦ ɩɟɪɜɨɣ. 

Ⱥɧɚɥɢɡɢɪɭɹ ɩɨɥɭɱɟɧɧɵɟ ɪɚɜɟɧɫɬɜɚ, ɦɨɠɧɨ ɫɞɟɥɚɬɶ ɫɥɟɞɭɸɳɢɟ ɜɵɜɨɞɵ.  
1. ȼ ɪɟɡɭɥɶɬɚɬɟ ɫɥɨɠɟɧɢɹ ɩɚɞɚɸɳɟɣ ɢ ɨɬɪɚɠɟɧɧɨɣ ɜɨɥɧ ɜ ɫɪɟɞɟ ɨɛɪɚ-

ɡɭɟɬɫɹ ɫɭɦɦɚɪɧɚɹ ɜɨɥɧɚ, ɡɜɭɤɨɜɨɟ ɞɚɜɥɟɧɢɟ ɢ ɤɨɥɟɛɚɬɟɥɶɧɚɹ ɫɤɨɪɨɫɬɶ ɤɨ-
ɬɨɪɨɣ, ɢɡɦɟɧɹɸɬɫɹ ɫɨ ɫɞɜɢɝɨɦ ɩɨ ɮɚɡɟ ɧɚ 2

 . 

2. ȼ ɨɬɥɢɱɢɟ ɨɬ ɨɛɵɱɧɨɣ ɛɟɝɭɳɟɣ ɜɨɥɧɵ, ɭ ɤɨɬɨɪɨɣ ɚɦɩɥɢɬɭɞɵ ɤɨɥɟ-
ɛɚɬɟɥɶɧɨɣ ɫɤɨɪɨɫɬɢ ɢ ɞɚɜɥɟɧɢɹ ɨɞɢɧɚɤɨɜɵ ɞɥɹ ɜɫɟɯ ɬɨɱɟɤ, ɜ ɫɬɨɹɱɟɣ ɜɨɥɧɟ 
ɨɧɢ ɧɟ ɨɞɢɧɚɤɨɜɵ ɢ ɡɚɜɢɫɹɬ ɩɨ ɝɚɪɦɨɧɢɱɟɫɤɨɦɭ ɡɚɤɨɧɭ ɨɬ ɪɚɫɫɬɨɹɧɢɹ x ɞɨ 
ɝɪɚɧɢɰɵ ɪɚɡɞɟɥɚ ɫɪɟɞ. ɉɪɢ ɷɬɨɦ ɜ ɫɪɟɞɟ ɟɫɬɶ ɬɨɱɤɢ, ɜ ɤɨɬɨɪɵɯ ɚɦɩɥɢɬɭɞɵ p 
ɢ v ɦɚɤɫɢɦɚɥɶɧɵ (ɩɭɱɧɨɫɬɢ), ɢ ɦɟɫɬɚ, ɝɞɟ ɤɨɥɟɛɚɧɢɣ ɧɟɬ ɜɨɨɛɳɟ (ɭɡɥɵ). 
Ɋɚɫɫɬɨɹɧɢɹ ɦɟɠɞɭ ɭɡɥɚɦɢ ɢɥɢ ɩɭɱɧɨɫɬɹɦɢ ɪɚɜɧɵ 0,η λ, ɚ ɦɟɠɞɭ ɭɡɥɨɦ 
ɢ ɩɭɱɧɨɫɬɶɸ – 0,25 λ. 

γ. ȿɫɥɢ ɜ ɛɟɝɭɳɟɣ ɜɨɥɧɟ ɜ ɥɸɛɨɣ ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ ɫɦɟɠɧɵɟ ɬɨɱɤɢ 
ɢɦɟɸɬ ɧɟɨɞɢɧɚɤɨɜɵɟ ɮɚɡɵ, ɬɨ ɜ ɫɬɨɹɱɟɣ ɜɨɥɧɟ ɜɫɟ ɬɨɱɤɢ ɦɟɠɞɭ ɫɨɫɟɞɧɢɦɢ 
ɭɡɥɚɦɢ, ɬ.ɟ. ɜ ɩɪɟɞɟɥɚɯ ɨɞɧɨɣ ɩɨɥɭɜɨɥɧɵ, ɫɨɜɟɪɲɚɸɬ ɤɨɥɟɛɚɧɢɹ ɫ ɨɞɢɧɚɤɨ-
ɜɨɣ ɮɚɡɨɣ. 
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Ɉɩɪɟɞɟɥɢɦ ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɫɬɨɹɱɟɣ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ. Ⱦɥɹ ɷɬɨɝɨ ɜ ɮɨɪ-
ɦɭɥɭ (β.ββ) ɩɨɞɫɬɚɜɢɦ ɡɧɚɱɟɧɢɹ ɤɨɥɟɛɚɬɟɥɶɧɨɣ ɫɤɨɪɨɫɬɢ ɢ ɡɜɭɤɨɜɨɝɨ ɞɚɜ-
ɥɟɧɢɹ ɢɡ ɪɚɜɟɧɫɬɜ (4.λ) ɢ (4.11). ɉɨɥɭɱɢɦ 

.0cossincossin
1

0

22
2

0
2ɫɜ  

TT

kctdtkct
T

ba
kctdtkctba

T
I           (4.13) 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɨɤɚɡɵɜɚɟɬɫɹ, ɱɬɨ ɫɬɨɹɱɚɹ ɡɜɭɤɨɜɚɹ ɜɨɥɧɚ ɧɟ ɩɟɪɟɧɨɫɢɬ 
ɷɧɟɪɝɢɢ.  

4.2. ɉɪɨɯɨɠɞɟɧɢɟ ɡɜɭɤɚ ɱɟɪɟɡ ɨɛɲɢɜɤɭ ɤɨɪɩɭɫɚ ɫɭɞɧɚ 
Ɋɚɫɫɦɚɬɪɢɜɚɟɦɵɣ ɜɨɩɪɨɫ ɢɦɟɟɬ ɛɨɥɶɲɨɟ ɩɪɚɤɬɢɱɟɫɤɨɟ ɡɧɚɱɟɧɢɟ, ɬɚɤ 

ɤɚɤ ɧɚ ɧɟɤɨɬɨɪɵɯ ɫɭɞɚɯ (ɧɚɩɪɢɦɟɪ, ɧɚ ɥɟɞɨɤɨɥɚɯ) ɜɨɡɧɢɤɚɟɬ ɧɟɨɛɯɨɞɢ-
ɦɨɫɬɶ ɜ ɭɫɬɚɧɨɜɤɟ ɚɧɬɟɧɧ ɷɯɨɥɨɬɚ ɛɟɡ ɩɪɨɪɟɡɢ ɞɧɢɳɚ ɫɭɞɧɚ, ɚ ɬɚɤɠɟ ɩɪɢ 
ɭɫɬɚɧɨɜɤɟ ɚɧɬɟɧɧ ɪɵɛɨɩɨɢɫɤɨɜɵɯ ɝɢɞɪɨɥɨɤɚɬɨɪɨɜ ɜ ɫɩɟɰɢɚɥɶɧɵɟ ɨɛɬɟɤɚ-
ɬɟɥɢ. ȼ ɷɬɨɦ ɫɥɭɱɚɟ ɦɟɠɞɭ ɞɜɭɦɹ ɫɪɟɞɚɦɢ (ɜɧɭɬɪɟɧɧɹɹ ɩɨɥɨɫɬɶ ɬɚɧɤɚ ɫ ɚɧ-
ɬɟɧɧɨɣ ɢ ɦɨɪɫɤɨɣ ɜɨɞɨɣ ɡɚ ɤɨɪɩɭɫɨɦ ɫɭɞɧɚ), ɢɦɟɸɳɢɦɢ ɨɞɢɧɚɤɨɜɨɟ ɚɤɭ-
ɫɬɢɱɟɫɤɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ, ɧɚɯɨɞɢɬɫɹ ɨɛɲɢɜɤɚ ɤɨɪɩɭɫɚ ɫɭɞɧɚ ɫɨ ɡɧɚɱɢɬɟɥɶ-
ɧɨ ɛɨɥɶɲɢɦ ɚɤɭɫɬɢɱɟɫɤɢɦ ɫɨɩɪɨɬɢɜɥɟɧɢɟɦ. 

ɇɚ ɪɢɫ. 4.3 ɩɪɢɜɟɞɟɧɚ ɚɧɬɟɧɧɚ ɷɯɨɥɨɬɚ, ɤɨɬɨɪɚɹ ɭɫɬɚɧɨɜɥɟɧɚ ɜ ɫɩɟɰɢ-
ɚɥɶɧɨɣ ɜɵɝɨɪɨɞɤɟ (ɬɚɧɤɟ). Ɍɚɧɤ ɡɚɩɨɥɧɟɧ ɦɨɪɫɤɨɣ ɜɨɞɨɣ ɢɥɢ ɫɩɟɰɢɚɥɶɧɨɣ 
ɠɢɞɤɨɫɬɶɸ ɫ ɚɤɭɫɬɢɱɟɫɤɢɦ ɫɨɩɪɨɬɢɜɥɟɧɢɟɦ, ɪɚɜɧɵɦ ɚɤɭɫɬɢɱɟɫɤɨɦɭ ɫɨɩɪɨ-
ɬɢɜɥɟɧɢɸ ɦɨɪɫɤɨɣ ɜɨɞɵ.  

ȼ ɩɪɨɦɟɠɭɬɤɟ ɦɟɠɞɭ ɚɧɬɟɧɧɨɣ ɢ ɤɨɪɩɭɫɨɦ ɫɭɞɧɚ, ɚ ɬɚɤɠɟ ɜ ɫɚɦɨɦ 
ɤɨɪɩɭɫɟ ɫɭɞɧɚ ɫɭɳɟɫɬɜɭɸɬ ɭɫɥɨɜɢɹ ɞɥɹ ɜɨɡɧɢɤɧɨɜɟɧɢɹ ɫɬɨɹɱɟɣ ɡɜɭɤɨɜɨɣ 
ɜɨɥɧɵ. ɇɟɨɛɯɨɞɢɦɨ ɪɚɫɫɬɨɹɧɢɟ S ɢ ɬɨɥɳɢɧɭ ɤɨɪɩɭɫɚ ɫɭɞɧɚ d ɩɨɞɨɛɪɚɬɶ 
ɬɚɤɢɦ ɨɛɪɚɡɨɦ, ɱɬɨɛɵ ɜ ɬɨɱɤɚɯ Ɉ1 ɢ Ɉ2 ɪɚɫɩɨɥɚɝɚɥɢɫɶ ɩɭɱɧɨɫɬɢ ɤɨɥɟɛɚ-
ɬɟɥɶɧɨɣ ɫɤɨɪɨɫɬɢ. ȼ ɷɬɨɦ ɫɥɭɱɚɟ ɜ ɷɬɢɯ ɬɨɱɤɚɯ ɛɭɞɟɦ ɢɦɟɬɶ ɦɚɤɫɢɦɭɦɵ 
ɤɢɧɟɬɢɱɟɫɤɨɣ ɷɧɟɪɝɢɢ.  

Ʉɚɤ ɜɢɞɧɨ ɢɡ ɝɪɚɮɢɤɨɜ ɧɚ ɪɢɫ. 4.1 – 4.β, ɭɤɚɡɚɧɧɵɟ ɜɟɥɢɱɢɧɵ S ɢ d ɨɩ-
ɪɟɞɟɥɹɸɬɫɹ ɫɥɟɞɭɸɳɢɦɢ ɜɵɪɚɠɟɧɢɹɦɢ 

,
4

)12( 1λnS                                             (4.14) 

ɝɞɟ  λ1 – ɞɥɢɧɚ ɜɨɥɧɵ ɜ ɠɢɞɤɨɫɬɢ, ɡɚɩɨɥɧɹɸɳɟɣ ɬɚɧɤ; n = 0, 1, β, γ, … . 

,
2
2 nd                                            (4.15) 

ɝɞɟ λ2 – ɞɥɢɧɚ ɜɨɥɧɵ ɜ ɨɛɲɢɜɤɟ ɤɨɪɩɭɫɚ ɫɭɞɧɚ. 
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Ʉɨɷɮɮɢɰɢɟɧɬ ɩɪɟɥɨɦɥɟɧɢɹ, ɫ ɩɨɦɨɳɶɸ ɤɨɬɨɪɨɝɨ ɦɨɠɧɨ ɨɰɟɧɢɬɶ ɤɨ-
ɥɢɱɟɫɬɜɨ ɷɧɟɪɝɢɢ, ɤɨɬɨɪɨɟ ɩɪɨɣɞɟɬ ɱɟɪɟɡ ɨɛɲɢɜɤɭ ɤɨɪɩɭɫɚ ɫɭɞɧɚ, ɨɩɪɟɞɟ-
ɥɹɟɬɫɹ ɜɵɪɚɠɟɧɢɟɦ Д1]: 

 
,

λ
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λ
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B                  (4.16) 

ɝɞɟ B – ɤɨɷɮɮɢɰɢɟɧɬ ɩɪɟɥɨɦɥɟɧɢɹ, ɤɨɬɨɪɵɣ ɨɩɪɟɞɟɥɹɟɬ, ɤɚɤɨɟ ɤɨɥɢɱɟɫɬɜɨ 

ɡɜɭɤɨɜɨɣ ɷɧɟɪɝɢɢ ɩɪɨɯɨɞɢɬ ɱɟɪɟɡ ɨɛɲɢɜɤɭ ɤɨɪɩɭɫɚ ɫɭɞɧɚ; 
22

11

ρ
ρ

c

c
q  .  

Ɋɚɜɟɧɫɬɜɨ (4.1θ) ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɮɨɪɦɭɥɟ Ɋɷɥɟɹ, ɤɨɬɨɪɵɣ ɜɩɟɪɜɵɟ ɪɟ-
ɲɢɥ ɡɚɞɚɱɭ ɨ ɩɪɨɯɨɠɞɟɧɢɢ ɡɜɭɤɚ ɱɟɪɟɡ ɩɪɨɦɟɠɭɬɨɱɧɵɣ ɫɥɨɣ. 

 
 

Ɋɢɫ. 4.γ Ɋɢɫ. 4.4 

Ⱥɧɚɥɢɡ ɜɵɪɚɠɟɧɢɹ (4.1θ) ɩɨɡɜɨɥɹɟɬ ɫɞɟɥɚɬɶ ɫɥɟɞɭɸɳɢɟ ɜɵɜɨɞɵ. 
1. ȿɫɥɢ ɜɵɩɨɥɧɹɟɬɫɹ ɪɚɜɟɧɫɬɜɨ (4.1η), ɬɨ ɤɨɷɮɮɢɰɢɟɧɬ ɩɪɟɥɨɦɥɟɧɢɹ  

B = 1. ɗɬɨ ɨɡɧɚɱɚɟɬ, ɱɬɨ ɩɪɚɤɬɢɱɟɫɤɢ ɜɫɹ ɩɚɞɚɸɳɚɹ ɡɜɭɤɨɜɚɹ ɷɧɟɪɝɢɹ ɩɪɨ-
ɯɨɞɢɬ ɱɟɪɟɡ ɨɛɲɢɜɤɭ ɤɨɪɩɭɫɚ ɫɭɞɧɚ. 

β. ȿɫɥɢ d << λ, ɬɨ ɤɨɷɮɮɢɰɢɟɧɬ ɩɪɟɥɨɦɥɟɧɢɹ B ≈ 1. ɗɬɨ ɨɡɧɚɱɚɟɬ, ɱɬɨ 
ɩɪɢ ɬɨɧɤɨɣ ɨɛɲɢɜɤɟ ɤɨɪɩɭɫɚ ɫɭɞɧɚ ɡɧɚɱɢɬɟɥɶɧɚɹ ɱɚɫɬɶ ɡɜɭɤɨɜɨɣ ɷɧɟɪɝɢɢ 
ɛɭɞɟɬ ɩɪɨɯɨɞɢɬɶ ɱɟɪɟɡ ɩɪɟɝɪɚɞɭ. ɇɚ ɪɢɫ. 4.4 ɩɪɢɜɟɞɟɧɚ ɡɚɜɢɫɢɦɨɫɬɶ ɤɨɷɮ-
ɮɢɰɢɟɧɬɚ ɩɪɟɥɨɦɥɟɧɢɹ ȼ ɨɬ ɨɬɧɨɲɟɧɢɹ d/λ ɞɥɹ ɫɥɭɱɚɹ ɩɪɨɯɨɠɞɟɧɢɹ ɡɜɭɤɨ-
ɜɵɯ ɤɨɥɟɛɚɧɢɣ ɱɟɪɟɡ ɫɬɚɥɶɧɭɸ ɩɥɚɫɬɢɧɭ. Ⱥɧɚɥɢɡ ɷɬɨɣ ɡɚɜɢɫɢɦɨɫɬɢ ɩɨɤɚ-
ɡɵɜɚɟɬ, ɱɬɨ ɩɪɢ ɦɚɥɵɯ ɡɧɚɱɟɧɢɹɯ d/λ ɱɟɪɟɡ ɩɥɚɫɬɢɧɭ ɩɪɨɯɨɞɢɬ ɡɧɚɱɢɬɟɥɶ-
ɧɨɟ ɤɨɥɢɱɟɫɬɜɨ ɡɜɭɤɨɜɨɣ ɷɧɟɪɝɢɢ. ɉɨ ɦɟɪɟ ɭɜɟɥɢɱɟɧɢɹ d/λ ɤɨɷɮɮɢɰɢɟɧɬ ȼ 
ɪɟɡɤɨ ɭɦɟɧɶɲɚɟɬɫɹ. 
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ȼ ɬɚɛɥɢɰɟ ɩɪɢɜɟɞɟɧɵ ɞɚɧɧɵɟ, ɩɨɤɚɡɵɜɚɸɳɢɟ ɡɚɜɢɫɢɦɨɫɬɶ ɤɨɥɢɱɟɫɬɜɚ  
ɜ % ɡɜɭɤɨɜɨɣ ɷɧɟɪɝɢɢ, ɩɪɨɯɨɞɹɳɟɣ ɱɟɪɟɡ ɦɟɬɚɥɥ, ɨɬ ɨɬɧɨɲɟɧɢɹ d/λ. 

 

d/λ d, ɦɦ % 

0,005 1,25 85 

0,01 2,5 60 

0,1 7,5 Ɇɟɧɟɟ ɞɜɭɯ 

 
γ. ȿɫɥɢ ρ2 c2 = ρ1c1, ɬɨ B = 1, ɬ.ɟ. ɩɪɢ ɨɬɫɭɬɫɬɜɢɢ ɝɪɚɧɢɰɵ ɪɚɡɞɟɥɚ ɫɪɟɞ 

ɡɜɭɤɨɜɚɹ ɷɧɟɪɝɢɹ ɪɚɫɩɪɨɫɬɪɚɧɹɟɬɫɹ ɛɟɡ ɨɬɪɚɠɟɧɢɹ. 
ȼ ɪɚɛɨɬɟ [2] ɩɨɤɚɡɚɧɨ, ɧɚɫɤɨɥɶɤɨ ɜɚɠɧɵɦ ɹɜɥɹɟɬɫɹ ɪɟɲɟɧɢɟ ɡɚɞɚɱɢ ɭɫ-

ɬɚɧɨɜɤɢ ɚɧɬɟɧɧ ɪɵɛɨɩɨɢɫɤɨɜɨɣ ɚɩɩɚɪɚɬɭɪɵ ɜ ɬɚɧɤɚɯ ɢɥɢ ɨɛɬɟɤɚɬɟɥɹɯ.  

Ʉɨɧɬɪɨɥɶɧɵɟ ɜɨɩɪɨɫɵ 
21. Ⱦɥɹ ɜɨɡɧɢɤɧɨɜɟɧɢɹ ɫɬɨɹɱɟɣ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ ɞɨɥɠɧɵ ɜɵɩɨɥɧɹɬɶɫɹ 

ɫɥɟɞɭɸɳɢɟ ɭɫɥɨɜɢɹ: 
– și = 0 (ɫɦ. ɩɨɹɫɧɟɧɢɟ 4); 
– și = λ0° (ɫɦ. ɩɨɹɫɧɟɧɢɟ 17); 
– ρ2c2 = ρ1c1 (ɫɦ. ɩɨɹɫɧɟɧɢɟ 29); 
– ρ2c2 << ρ1c1 (ɫɦ. ɩɨɹɫɧɟɧɢɟ 47). 
22. ȼ ɫɬɨɹɱɟɣ ɡɜɭɤɨɜɨɣ ɜɨɥɧɟ ɚɦɩɥɢɬɭɞɚ ɡɜɭɤɨɜɨɝɨ ɞɚɜɥɟɧɢɹ 
– ɬɚɤɚɹ ɠɟ, ɤɚɤ ɢ ɜ ɛɟɝɭɳɟɣ ɜɨɥɧɟ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 165); 
– ɹɜɥɹɟɬɫɹ ɜɟɥɢɱɢɧɨɣ ɩɨɫɬɨɹɧɧɨɣ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 42); 
– ɢɡɦɟɧɹɟɬɫɹ ɩɨ ɡɚɤɨɧɭ sin kx (ɫɦ. ɩɨɹɫɧɟɧɢɟ 132); 
– ɢɡɦɟɧɹɟɬɫɹ ɩɨ ɡɚɤɨɧɭ cos kx (ɫɦ. ɩɨɹɫɧɟɧɢɟ 119). 
23. ȼ ɫɬɨɹɱɟɣ ɡɜɭɤɨɜɨɣ ɜɨɥɧɟ ɬɨɱɤɢ, ɜ ɤɨɬɨɪɵɯ ɧɚɛɥɸɞɚɟɬɫɹ ɭɞɜɨɟɧɢɟ 

 ɢ p, ɧɚɡɵɜɚɸɬɫɹ 
– ɭɡɥɚɦɢ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 104); 
– ɩɭɱɧɨɫɬɹɦɢ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 87). 
24. ɂɧɬɟɧɫɢɜɧɨɫɬɶ ɫɬɨɹɱɟɣ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ 
– ɪɚɜɧɚ ɧɭɥɸ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 75); 
– ɪɚɜɧɚ ɭɞɜɨɟɧɧɨɦɭ ɡɧɚɱɟɧɢɸ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɩɚɞɚɸɳɟɣ ɜɨɥɧɵ (ɫɦ. ɩɨ-

ɹɫɧɟɧɢɟ 134); 
– ɢɡɦɟɧɹɟɬɫɹ ɩɨ ɡɚɤɨɧɭ sТЧ kx (ɫɦ. ɩɨɹɫɧɟɧɢɟ 110);  
– ɢɡɦɟɧɹɟɬɫɹ ɩɨ ɡɚɤɨɧɭ cos kx (ɫɦ. ɩɨɹɫɧɟɧɢɟ 125). 
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25. ɉɪɢ ɭɫɬɚɧɨɜɤɟ ɚɧɬɟɧɧɵ ɷɯɨɥɨɬɚ ɛɟɡ ɩɪɨɪɟɡɢ ɞɧɢɳɚ ɫɭɞɧɚ ɧɟɨɛɯɨ-
ɞɢɦɨ ɜɵɩɨɥɧɢɬɶ ɞɜɚ ɭɫɥɨɜɢɹ, ɨɞɧɨ ɢɡ ɤɨɬɨɪɵɯ ɢɦɟɟɬ ɜɢɞ 

4
)12( 1 nS . 

Ɂɞɟɫɶ λ1:  
– ɞɥɢɧɚ ɜɨɥɧɵ ɜ ɠɢɞɤɨɫɬɢ, ɤɨɬɨɪɚɹ ɡɚɩɨɥɧɹɟɬ ɬɚɧɤ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 139); 
– ɞɥɢɧɚ ɜɨɥɧɵ ɜ ɦɨɪɫɤɨɣ ɜɨɞɟ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 46); 
– ɞɥɢɧɚ ɜɨɥɧɵ ɜ ɤɨɪɩɭɫɟ ɫɭɞɧɚ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 150).  

Ʌɟɤɰɢɹ 6 

5. ɈɋɈȻȿɇɇɈɋɌɂ ɊȺɋɉɊɈɋɌɊȺɇȿɇɂə 
ɁȼɍɄȺ ȼ ɆɈɊȿ     

Ƚɥɭɛɨɤɨɟ ɦɨɪɟ ɧɢ ɫ ɦɟɯɚɧɢɱɟɫɤɨɣ (ɜ ɨɛɵɱɧɨɦ ɫɦɵɫɥɟ ɷɬɨɝɨ ɫɥɨɜɚ), ɧɢ 
ɫ ɚɤɭɫɬɢɱɟɫɤɨɣ ɬɨɱɤɢ ɡɪɟɧɢɹ ɧɟɥɶɡɹ ɫɱɢɬɚɬɶ ɨɞɧɨɪɨɞɧɨɣ ɫɪɟɞɨɣ. Ⱦɟɣɫɬɜɢ-
ɬɟɥɶɧɨ, ɜ ɦɨɪɫɤɨɣ ɜɨɞɟ ɜɡɜɟɲɟɧɨ ɨɝɪɨɦɧɨɟ ɤɨɥɢɱɟɫɬɜɨ ɱɚɫɬɢɱɟɤ ɝɪɭɧɬɚ, 
ɩɭɡɵɪɶɤɨɜ ɝɚɡɚ, ɡɨɨ- ɢ ɛɢɨɩɥɚɧɤɬɨɧɚ ɢ ɬ.ɩ. Ʉɪɨɦɟ ɬɨɝɨ, ɜɫɹ ɬɨɥɳɚ ɦɨɪɫɤɨɣ 
ɜɨɞɵ ɚɤɭɫɬɢɱɟɫɤɢ ɧɟɨɞɧɨɪɨɞɧɚ (ρc ≠ МШЧsЭ). ɗɬɚ ɧɟɨɞɧɨɪɨɞɧɨɫɬɶ, ɟɫɬɟɫɬ-
ɜɟɧɧɨ, ɨɛɭɫɥɚɜɥɢɜɚɟɬ ɧɟɤɨɬɨɪɵɟ ɨɫɨɛɟɧɧɨɫɬɢ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɡɜɭɤɚ, ɫɨ-
ɩɪɨɜɨɠɞɚɸɳɟɝɨɫɹ ɬɚɤɢɦɢ ɹɜɥɟɧɢɹɦɢ, ɤɚɤ ɢɡɦɟɧɟɧɢɟ ɫɤɨɪɨɫɬɢ ɡɜɭɤɚ, ɪɟɮ-
ɪɚɤɰɢɹ, ɞɢɮɪɚɤɰɢɹ, ɪɟɜɟɪɛɟɪɚɰɢɹ. 

5.1. ɋɤɨɪɨɫɬɶ ɡɜɭɤɚ ɜ ɦɨɪɟ 
ɋɤɨɪɨɫɬɶ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɡɜɭɤɨɜɵɯ ɜɨɥɧ – ɜɚɠɧɟɣɲɚɹ ɚɤɭɫɬɢɱɟɫɤɚɹ 

ɯɚɪɚɤɬɟɪɢɫɬɢɤɚ, ɤɨɬɨɪɚɹ ɜɨ ɦɧɨɝɨɦ ɨɩɪɟɞɟɥɹɟɬ ɤɚɪɬɢɧɭ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ 
ɡɜɭɤɨɜɵɯ ɜɨɥɧ ɢ ɬɨɱɧɨɫɬɶ ɪɚɛɨɬɵ ɝɢɞɪɨɚɤɭɫɬɢɱɟɫɤɢɯ ɩɪɢɛɨɪɨɜ. Ⱦɥɹ ɫɥɭɱɚɹ 
ɧɟɨɝɪɚɧɢɱɟɧɧɨɣ ɨɞɧɨɪɨɞɧɨɣ ɠɢɞɤɨɫɬɢ ɪɚɧɟɟ ɛɵɥɨ ɧɚɣɞɟɧɨ ɫɨɨɬɧɨɲɟɧɢɟ  




K
c

1
,                                                (5.1) 

ɢɡɜɟɫɬɧɨɟ ɤɚɤ ɮɨɪɦɭɥɚ Ʌɚɩɥɚɫɚ. ɋɥɟɞɭɟɬ ɩɨɦɧɢɬɶ, ɱɬɨ ɜɟɥɢɱɢɧɚ Ʉ ɫɨɨɬ-
ɜɟɬɫɬɜɭɟɬ ɚɞɢɚɛɚɬɢɱɟɫɤɨɦɭ ɤɨɷɮɮɢɰɢɟɧɬɭ ɫɠɢɦɚɟɦɨɫɬɢ ɠɢɞɤɨɫɬɢ. ɗɤɫɩɟ-
ɪɢɦɟɧɬɚɥɶɧɵɟ ɢɫɫɥɟɞɨɜɚɧɢɹ ɜ ɦɨɪɟ ɩɨɤɚɡɚɥɢ, ɱɬɨ ɜɟɥɢɱɢɧɵ, ɜɯɨɞɹɳɢɟ 
ɜ ɮɨɪɦɭɥɭ (5.1), ɹɜɥɹɸɬɫɹ ɮɭɧɤɰɢɹɦɢ ɬɟɦɩɟɪɚɬɭɪɵ t, ɫɨɥɟɧɨɫɬɢ S ‰ ɢ ɫɬɚ-
ɬɢɱɟɫɤɨɝɨ ɞɚɜɥɟɧɢɹ Ɋ0, ɬ.ɟ. 

K = f1(t, S ‰, p0) ɢ ρ = f2(t, S ‰, p0). 
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ɉɥɨɬɧɨɫɬɶ ɦɨɪɫɤɨɣ ɜɨɞɵ ρ ɪɚɫɬɟɬ ɫ ɭɜɟɥɢɱɟɧɢɟɦ ɞɚɜɥɟɧɢɹ ɢ ɫɨɥɟɧɨ-
ɫɬɢ, ɚ ɫ ɩɨɜɵɲɟɧɢɟɦ ɬɟɦɩɟɪɚɬɭɪɵ ɭɦɟɧɶɲɚɟɬɫɹ. ɉɪɢ ɷɬɨɦ ɢɡɦɟɧɟɧɢɹ ρ 
ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɢɡɦɟɧɟɧɢɹɦɢ ɤɨɷɮɮɢɰɢɟɧɬɚ ɫɠɢɦɚɟɦɨɫɬɢ Ʉ ɧɚɫɬɨɥɶɤɨ 
ɦɚɥɵ, ɱɬɨ ɢɦɢ ɦɨɠɧɨ ɩɪɟɧɟɛɪɟɱɶ. Ʉɨɷɮɮɢɰɢɟɧɬ Ʉ ɭɦɟɧɶɲɚɟɬɫɹ ɫ ɭɜɟɥɢ-
ɱɟɧɢɟɦ t, S ‰ ɢ p0, ɩɪɢɱɟɦ ɦɟɧɟɟ ɜɫɟɝɨ ɧɚ ɩɥɨɬɧɨɫɬɢ ɜɨɞɵ ɫɤɚɡɵɜɚɟɬɫɹ 
ɢɡɦɟɧɟɧɢɟ ɞɚɜɥɟɧɢɹ. 

ȼ ɪɟɚɥɶɧɵɯ ɭɫɥɨɜɢɹɯ ɜ ɦɨɪɟ ɜɟɥɢɱɢɧɵ t, S ‰ ɢ p0 ɧɟɩɨɫɬɨɹɧɧɵ ɜɨ ɜɪɟ-
ɦɟɧɢ ɢ ɜ ɩɪɨɫɬɪɚɧɫɬɜɟ, ɢ ɟɫɥɢ ɜ ɝɨɪɢɡɨɧɬɚɥɶɧɵɯ ɧɚɩɪɚɜɥɟɧɢɹɯ ɧɚ ɧɟɛɨɥɶɲɢɯ 
ɪɚɫɫɬɨɹɧɢɹɯ ɦɨɠɧɨ ɩɪɢɧɹɬɶ ɝɪɚɞɢɟɧɬɵ ɜɟɥɢɱɢɧ t, S ‰ ɢ p0 ɩɪɢɛɥɢɡɢɬɟɥɶɧɨ 
ɪɚɜɧɵɦɢ ɧɭɥɸ, ɬɨ ɜ ɜɟɪɬɢɤɚɥɶɧɨɦ ɧɚɩɪɚɜɥɟɧɢɢ ɬɟɦɩɟɪɚɬɭɪɚ, ɫɨɥɟɧɨɫɬɶ 
ɢ ɝɢɞɪɨɫɬɚɬɢɱɟɫɤɨɟ ɞɚɜɥɟɧɢɟ ɡɧɚɱɢɬɟɥɶɧɨ ɡɚɜɢɫɹɬ ɨɬ ɝɥɭɛɢɧɵ. ɉɪɢ ɷɬɨɦ S ‰ 
ɢ p0 ɭɜɟɥɢɱɢɜɚɸɬɫɹ ɫ ɝɥɭɛɢɧɨɣ, ɚ ɬɟɦɩɟɪɚɬɭɪɚ t ɦɨɠɟɬ ɢɦɟɬɶ ɢ ɨɛɪɚɬɧɵɣ 
ɯɨɞ. Ʌɟɬɨɦ, ɤɨɝɞɚ ɜɟɪɯɧɢɟ ɫɥɨɢ ɦɨɪɹ ɫɢɥɶɧɨ ɩɪɨɝɪɟɜɚɸɬɫɹ, ɬɟɦɩɟɪɚɬɭɪɚ ɩɨ-
ɧɢɠɚɟɬɫɹ ɫ ɝɥɭɛɢɧɨɣ, ɩɪɢɱɟɦ, ɟɟ ɢɡɦɟɧɟɧɢɹ ɦɨɝɭɬ ɞɨɫɬɢɝɚɬɶ 0,1° ɧɚ ɦɟɬɪ. 
ȼ ɡɢɦɧɟɟ ɜɪɟɦɹ, ɧɚɨɛɨɪɨɬ, ɬɟɦɩɟɪɚɬɭɪɚ ɩɨɜɵɲɚɟɬɫɹ ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ ɝɥɭɛɢ-
ɧɵ, ɧɨ ɜɟɥɢɱɢɧɵ ɬɟɦɩɟɪɚɬɭɪɧɵɯ ɝɪɚɞɢɟɧɬɨɜ ɨɛɵɱɧɨ ɧɟ ɩɪɟɜɵɲɚɸɬ 0,01° ɧɚ 
ɦɟɬɪ. ɂɡɦɟɧɟɧɢɹ Ʉ ɢ ρ ɡɚ ɫɱɟɬ ɧɟɩɨɫɬɨɹɧɫɬɜɚ ɬɟɦɩɟɪɚɬɭɪɵ, ɫɨɥɟɧɨɫɬɢ ɢ ɝɢɞ-
ɪɨɫɬɚɬɢɱɟɫɤɨɝɨ ɞɚɜɥɟɧɢɹ ɨɛɭɫɥɚɜɥɢɜɚɸɬ ɮɭɧɤɰɢɨɧɚɥɶɧɭɸ ɡɚɜɢɫɢɦɨɫɬɶ  

c = f (t, S ‰, p0). 
ɉɪɢ ɭɜɟɥɢɱɟɧɢɢ ɬɟɦɩɟɪɚɬɭɪɵ t ɧɚ 1 °ɋ ɫɤɨɪɨɫɬɶ ɡɜɭɤɚ ɭɜɟɥɢɱɢɜɚɟɬɫɹ 

ɩɪɢɛɥɢɡɢɬɟɥɶɧɨ ɧɚ γ,θ ɦ/ɫ, ɫ ɭɜɟɥɢɱɟɧɢɟɦ ɫɨɥɟɧɨɫɬɢ ɧɚ 1 ‰ – ɩɪɢɦɟɪɧɨ 
ɧɚ 1,β ɦ/ɫ, ɚ ɫ ɭɜɟɥɢɱɟɧɢɟɦ ɝɥɭɛɢɧɵ ɧɚ 10 ɦ (ɬ.ɟ. ɩɪɢ ɜɨɡɪɚɫɬɚɧɢɢ ɝɢɞɪɨ-
ɫɬɚɬɢɱɟɫɤɨɝɨ ɞɚɜɥɟɧɢɹ ɧɚ 1 ɚɬɦ) ɨɧɚ ɩɨɜɵɲɚɟɬɫɹ ɩɪɢɦɟɪɧɨ ɧɚ 0,β ɦ/ɫ. 
ȼ ɫɪɟɞɧɟɦ ɜ ɦɨɪɫɤɢɯ ɭɫɥɨɜɢɹɯ ɫɤɨɪɨɫɬɶ ɡɜɭɤɚ ɦɨɠɟɬ ɢɡɦɟɧɹɬɶɫɹ ɜ ɩɪɟɞɟ-
ɥɚɯ 1440 … 1580 ɦ/ɫ. 

ȼ ɫɜɹɡɢ ɫ ɬɟɦ, ɱɬɨ ɜ ɪɚɫɩɪɟɞɟɥɟɧɢɢ ɬɟɦɩɟɪɚɬɭɪɵ ɢ ɫɨɥɟɧɨɫɬɢ ɦɨɪɫɤɨɣ 
ɜɨɞɵ ɧɟɥɶɡɹ ɭɫɬɚɧɨɜɢɬɶ ɤɚɤɨɣ-ɥɢɛɨ ɨɛɳɟɣ ɡɚɤɨɧɨɦɟɪɧɨɫɬɢ, ɜɵɱɢɫɥɟɧɢɟ 
ɫɤɨɪɨɫɬɢ ɡɜɭɤɚ ɩɨ ɮɨɪɦɭɥɟ Ʌɚɩɥɚɫɚ ɫɬɚɧɨɜɢɬɫɹ ɡɚɬɪɭɞɧɢɬɟɥɶɧɵɦ. ɉɨɷɬɨɦɭ 
ɧɚ ɩɪɚɤɬɢɤɟ ɱɚɳɟ ɢɫɩɨɥɶɡɭɸɬ ɷɦɩɢɪɢɱɟɫɤɢɟ ɮɨɪɦɭɥɵ, ɩɨɥɭɱɟɧɧɵɟ ɧɚ ɨɫ-
ɧɨɜɟ ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɵɯ ɢɡɦɟɪɟɧɢɣ. ɂɡ ɧɢɯ ɧɚɢɛɨɥɟɟ ɞɨɫɬɨɜɟɪɧɨɣ ɹɜɥɹɟɬɫɹ 
ɮɨɪɦɭɥɚ Ⱦɟɥɶ-Ƚɪɨɫɫɨ:  

c = 1448,6 + 4,618 t – 0,0523 t2 + 0,00023 t3 + 1,25(S ‰ – 35) –  
– 0,011 (S ‰ – 35) t + 0,0027 ∙ 10–5(S ‰ – 35) t4 – 

– β∙10–7 (S ‰ – 35)4 (1 + 0,577 t – 0,0072 t2) + 0,018h,             (5.2) 
ɤɨɬɨɪɚɹ ɨɛɟɫɩɟɱɢɜɚɟɬ ɨɩɪɟɞɟɥɟɧɢɟ ɫɤɨɪɨɫɬɢ ɡɜɭɤɚ ɫ ɬɨɱɧɨɫɬɶɸ ± (0,5 … 
0,8) ɦ/ɫ.  
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ȼ ɩɨɫɥɟɞɧɟɟ ɜɪɟɦɹ ɜ ɭɩɨɬɪɟɛɥɟɧɢɟ ɜɯɨɞɹɬ ɪɚɡɥɢɱɧɵɟ (ɩɪɹɦɵɟ ɢ ɤɨɫɜɟɧ-
ɧɵɟ) ɦɟɬɨɞɵ ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨɝɨ ɢɡɦɟɪɟɧɢɹ ɫɤɨɪɨɫɬɢ ɡɜɭɤɚ ɜ ɦɨɪɟ. Ʉ ɩɪɹɦɵɦ 
ɦɟɬɨɞɚɦ, ɜ ɤɨɬɨɪɵɯ ɢɫɩɨɥɶɡɭɟɬɫɹ ɢɡɜɟɫɬɧɨɟ ɫɨɨɬɧɨɲɟɧɢɟ ɦɟɠɞɭ ɪɚɫɫɬɨɹɧɢ-
ɟɦ, ɫɤɨɪɨɫɬɶɸ ɢ ɜɪɟɦɟɧɟɦ, ɨɬɧɨɫɢɬɫɹ ɢɦɩɭɥɶɫɧɵɣ ɦɟɬɨɞ, ɞɟɬɚɥɶɧɨ ɪɚɡɪɚɛɨ-
ɬɚɧɧɵɣ ɋ.ə. ɋɨɤɨɥɨɜɵɦ. ɂɦɩɭɥɶɫɧɵɣ ɢɡɦɟɪɢɬɟɥɶ ɫɤɨɪɨɫɬɢ ɡɜɭɤɚ ɨɩɪɟɞɟɥɹ-
ɟɬ ɜɪɟɦɹ t2 - t1, ɡɚɬɪɚɱɟɧɧɨɟ ɭɥɶɬɪɚɡɜɭɤɨɜɵɦ ɢɦɩɭɥɶɫɨɦ ɧɚ ɩɪɨɯɨɠɞɟɧɢɟ ɫɥɨɹ 
ɢɫɩɵɬɵɜɚɟɦɨɣ ɠɢɞɤɨɫɬɢ ɮɢɤɫɢɪɨɜɚɧɧɨɣ ɬɨɥɳɢɧɵ l  (ɛɚɡɵ). ɗɬɨ ɩɨɡɜɨɥɹɟɬ 
ɜɵɱɢɫɥɢɬɶ ɫɤɨɪɨɫɬɶ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɧɚ ɨɫɧɨɜɚɧɢɢ ɪɚɜɟɧɫɬɜɚ 

12 tt

lɫ


 .                                             (5.3) 

ɗɮɮɟɤɬɢɜɧɵɦ ɤɨɫɜɟɧɧɵɦ ɦɟɬɨɞɨɦ ɨɤɚɡɚɥɫɹ ɬɚɤ ɧɚɡɵɜɚɟɦɵɣ ɮɚɡɨɜɵɣ 
ɦɟɬɨɞ, ɩɪɟɞɥɨɠɟɧɧɵɣ ɟɳɟ ɜ γ0-ɟ ɝɝ. ɏɏ ɜ. Ʌ.ɂ. Ɇɚɧɞɟɥɶɲɬɚɦɨɦ ɢ ɇ.Ⱦ. ɉɚ-
ɩɚɥɟɤɫɢ. ɋɭɳɧɨɫɬɶ ɟɝɨ ɡɚɤɥɸɱɚɟɬɫɹ ɜ ɫɥɟɞɭɸɳɟɦ. ɉɭɫɬɶ ɮɚɡɚ ɤɨɥɟɛɚɧɢɣ, 
ɢɡɥɭɱɚɟɦɵɯ ɜ ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ t1, ɢɦɟɟɬ ɡɧɚɱɟɧɢɟ ȥ1 = Ȧt1. Ɂɚ ɩɪɨɦɟɠɭɬɨɤ 
ɜɪɟɦɟɧɢ t2 – t1 ɚɤɭɫɬɢɱɟɫɤɚɹ ɜɨɥɧɚ ɩɪɨɣɞɟɬ ɩɭɬɶ l ɨɬ ɢɡɥɭɱɚɬɟɥɹ ɞɨ ɩɪɢɟɦɧɢɤɚμ 

l = c (t2 – t1). 

Ʉ ɤɨɧɰɭ ɩɭɬɢ ɮɚɡɚ ɤɨɥɟɛɚɧɢɣ ɢɡɦɟɧɢɬɫɹ ɞɨ ɜɟɥɢɱɢɧɵ ȥ2 = Ȧ t2, ɬ.ɟ. ɩɨ-
ɥɭɱɢɬ ɩɪɢɪɚɳɟɧɢɟ 

Δȥ = ȥ2 – ȥ1 = Ȧ(t2 – t1) = f
c

l

c

l π2Ȧ  . 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɢɡɦɟɪɹɹ ɩɪɢɪɚɳɟɧɢɟ ɮɚɡɵ Δȥ ɩɪɢ ɭɫɥɨɜɢɢ ɩɨɫɬɨɹɧɫɬ-
ɜɚ ɱɚɫɬɨɬɵ f ɢ ɚɤɭɫɬɢɱɟɫɤɨɣ ɛɚɡɵ l, ɦɨɠɧɨ ɨɩɪɟɞɟɥɢɬɶ ɫɤɨɪɨɫɬɶ ɡɜɭɤɚ c. 
Ɉɬɟɱɟɫɬɜɟɧɧɵɣ ɮɚɡɨɦɟɬɪ, ɤɨɬɨɪɵɦ ɨɫɧɚɳɚɸɬɫɹ ɝɢɞɪɨɝɪɚɮɢɱɟɫɤɢɟ ɢ ɨɤɟɚ-
ɧɨɝɪɚɮɢɱɟɫɤɢɟ ɫɭɞɚ, ɨɛɟɫɩɟɱɢɜɚɟɬ ɢɡɦɟɪɟɧɢɟ ɡɜɭɤɚ ɫ ɬɨɱɧɨɫɬɶɸ ± 0,1 %. 

ɇɚ ɩɪɚɤɬɢɤɟ ɢɫɩɨɥɶɡɭɟɬɫɹ ɬɚɤɠɟ ɬɚɤ ɧɚɡɵɜɚɟɦɵɣ ɰɢɤɥɢɱɟɫɤɢɣ ɢɡɦɟɪɢ-
ɬɟɥɶ ɫɤɨɪɨɫɬɢ ɡɜɭɤɚ. ȼ ɷɬɨɦ ɩɪɢɛɨɪɟ ɩɪɢɧɹɬɵɣ ɢɦɩɭɥɶɫ ɡɚɩɭɫɤɚɟɬ ɝɟɧɟɪɚ-
ɬɨɪ, ɬ.ɟ. ɭɩɪɚɜɥɹɟɬ ɩɨɫɵɥɤɨɣ. Ȼɥɚɝɨɞɚɪɹ ɷɬɨɦɭ ɱɚɫɬɨɬɚ f* ɩɨɫɵɥɨɤ ɫɨɫɬɚɜɢɬ 

,
1

*

1
0 c

t
f

  

ɝɞɟ t0 – ɜɪɟɦɹ, ɨɩɪɟɞɟɥɹɸɳɟɟ ɷɥɟɤɬɪɢɱɟɫɤɭɸ ɢɧɟɪɰɢɸ ɫɯɟɦɵ; 
l – ɛɚɡɚ ɦɟɠɞɭ ɢɡɥɭɱɚɬɟɥɟɦ ɢ ɩɪɢɟɦɧɢɤɨɦ.  
ȼɟɥɢɱɢɧɵ t0 ɢ l ɩɨɥɭɱɚɸɬ ɩɪɢ ɤɚɥɢɛɪɨɜɤɟ ɩɪɢɛɨɪɚ ɜ ɠɢɞɤɨɫɬɢ ɫ ɢɡ-

ɜɟɫɬɧɵɦ c. ɉɪɢ ɬɚɤɢɯ ɭɫɥɨɜɢɹɯ ɫɤɨɪɨɫɬɶ ɡɜɭɤɚ c ɨɩɪɟɞɟɥɢɬɫɹ ɜɵɪɚɠɟɧɢɟɦ 
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Ʌɭɱɟɜɵɟ ɤɚɪɬɢɧɵ. ȼɫɟ ɪɚɫɫɦɨɬɪɟɧɧɵɟ ɪɚɧɟɟ ɫɩɨɫɨɛɵ ɩɨɡɜɨɥɹɸɬ ɨɩ-
ɪɟɞɟɥɢɬɶ ɫɤɨɪɨɫɬɶ ɡɜɭɤɚ ɜ ɬɨɱɤɟ. ɉɪɚɜɞɚ, ɜ ɛɨɥɶɲɢɧɫɬɜɟ ɫɥɭɱɚɟɜ ɫɤɨɪɨɫɬɶ 
ɡɜɭɤɚ ɜ ɝɨɪɢɡɨɧɬɚɥɶɧɵɯ ɧɚɩɪɚɜɥɟɧɢɹɯ ɦɟɧɹɟɬɫɹ ɧɚɫɬɨɥɶɤɨ ɧɟɡɧɚɱɢɬɟɥɶɧɨ, 
ɱɬɨ ɧɚɣɞɟɧɧɨɟ ɡɧɚɱɟɧɢɟ c ɦɨɠɧɨ ɪɚɫɫɦɚɬɪɢɜɚɬɶ ɤɚɤ ɝɨɪɢɡɨɧɬɚɥɶɧɭɸ ɫɤɨ-
ɪɨɫɬɶ ɡɜɭɤɚ. ȼ ɬɨ ɠɟ ɜɪɟɦɹ, ɧɚ ɩɪɚɤɬɢɤɟ ɱɚɳɟ ɜɫɟɝɨ ɧɟɨɛɯɨɞɢɦɨ ɡɧɚɬɶ ɫɤɨ-
ɪɨɫɬɶ ɡɜɭɤɚ ɜ ɜɟɪɬɢɤɚɥɶɧɨɦ (ɩɪɢ ɢɡɦɟɪɟɧɢɢ ɝɥɭɛɢɧ) ɢɥɢ ɩɪɨɢɡɜɨɥɶɧɨɦ 
(ɜ ɝɢɞɪɨɥɨɤɚɰɢɢ) ɧɚɩɪɚɜɥɟɧɢɢ. Ɋɚɫɩɪɟɞɟɥɟɧɢɟ ɫɤɨɪɨɫɬɢ ɡɜɭɤɚ ɜ ɜɟɪɬɢɤɚɥɶ-
ɧɨɦ ɧɚɩɪɚɜɥɟɧɢɢ ɦɨɠɟɬ ɛɵɬɶ ɫɚɦɵɦ ɪɚɡɧɨɨɛɪɚɡɧɵɦ. 

Ɂɚɜɢɫɢɦɨɫɬɶ ɜɟɪɬɢɤɚɥɶɧɨɣ ɫɨɫɬɚɜɥɹɸɳɟɣ ɫɤɨɪɨɫɬɢ ɡɜɭɤɚ ɨɬ ɝɥɭɛɢɧɵ 
ɨɛɵɱɧɨ ɯɚɪɚɤɬɟɪɢɡɭɸɬ ɬɚɤ ɧɚɡɵɜɚɟɦɵɦɢ ɥɭɱɟɜɵɦɢ ɤɚɪɬɢɧɚɦɢ. Ɋɚɫɫɦɨɬ-
ɪɢɦ ɧɟɤɨɬɨɪɵɟ ɧɚɢɛɨɥɟɟ ɬɢɩɢɱɧɵɟ ɢɡ ɧɢɯ. 

ɋɥɨɣ ɫ ɩɨɫɬɨɹɧɧɵɦ ɡɧɚɱɟɧɢɟɦ ɫɤɨɪɨɫɬɢ ɡɜɭɤɚ. ɗɬɚ ɥɭɱɟɜɚɹ ɤɚɪɬɢɧɚ 
ɪɢɫ. η.1) ɯɚɪɚɤɬɟɪɧɚ ɞɥɹ ɨɱɟɧɶ ɦɟɥɤɨɝɨ ɦɨɪɹ (ɞɨ ɞɟɫɹɬɢ ɦɟɬɪɨɜ), ɝɞɟ ɢɡɦɟ-
ɧɟɧɢɟɦ ɫɤɨɪɨɫɬɢ ɡɜɭɤɚ ɡɚ ɫɱɟɬ ɝɢɞɪɨɫɬɚɬɢɱɟɫɤɨɝɨ ɞɚɜɥɟɧɢɹ ɦɨɠɧɨ ɩɪɟɧɟɛ-
ɪɟɱɶ, ɚ ɬɟɦɩɟɪɚɬɭɪɚ t ɢ ɫɨɥɟɧɨɫɬɶ S ‰ ɩɨɫɬɨɹɧɧɵ ɛɥɚɝɨɞɚɪɹ ɧɟɩɪɟɪɵɜɧɨɦɭ 
ɩɟɪɟɦɟɲɢɜɚɧɢɸ ɜɨɞɵ ɡɚ ɫɱɟɬ ɞɟɣɫɬɜɢɹ ɜɟɬɪɚ, ɜɨɥɧɟɧɢɹ, ɤɨɧɜɟɤɰɢɨɧɧɵɯ 
ɬɨɤɨɜ, ɬɟɱɟɧɢɣ ɢ ɬ.ɞ. 

  

Ɋɢɫ. η.1 Ɋɢɫ. η.β 
ɋɥɨɣ ɫ ɩɨɫɬɨɹɧɧɵɦ ɝɪɚɞɢɟɧɬɨɦ ɫɤɨɪɨɫɬɢ ɡɜɭɤɚ. Ʌɭɱɟɜɚɹ ɤɚɪɬɢɧɚ 

ɧɚ ɪɢɫ. η.β ɦɨɠɟɬ ɢɦɟɬɶ ɦɟɫɬɨ ɜ ɦɟɥɤɨɦ ɦɨɪɟ ɫ ɝɥɭɛɢɧɨɣ η0 … 70 ɦ, ɚ ɬɚɤ-
ɠɟ ɜ ɩɨɜɟɪɯɧɨɫɬɧɨɦ ɫɥɨɟ ɜɨɞɵ ɝɥɭɛɨɤɨɝɨ ɦɨɪɹ, ɝɞɟ ɬɟɦɩɟɪɚɬɭɪɚ t ɢ ɫɨɥɟ-
ɧɨɫɬɶ S ‰ ɩɨɫɬɨɹɧɧɵ ɡɚ ɫɱɟɬ ɩɟɪɟɦɟɲɢɜɚɧɢɹ. ɋɤɨɪɨɫɬɶ ɡɜɭɤɚ ɢɡɦɟɧɹɟɬɫɹ 
ɡɞɟɫɶ ɬɨɥɶɤɨ ɡɚ ɫɱɟɬ ɢɡɦɟɧɟɧɢɹ ɝɢɞɪɨɫɬɚɬɢɱɟɫɤɨɝɨ ɞɚɜɥɟɧɢɹ p0. 

Ⱥɧɚɥɨɝɢɱɧɚɹ ɥɭɱɟɜɚɹ ɤɚɪɬɢɧɚ ɢɦɟɟɬ ɦɟɫɬɨ ɬɚɤɠɟ ɩɪɢ ɧɚɥɢɱɢɢ ɩɨɫɬɨ-
ɹɧɧɨɝɨ ɝɪɚɞɢɟɧɬɚ ɬɟɦɩɟɪɚɬɭɪɵ. 

ɋɥɨɣ ɫɤɚɱɤɚ. ɗɬɨɬ ɫɥɨɣ (ɪɢɫ. η.γ) ɨɛɵɱɧɨ ɨɛɪɚɡɭɟɬɫɹ ɧɚ ɝɪɚɧɢɰɟ ɪɚɡ-
ɞɟɥɚ ɩɨɜɟɪɯɧɨɫɬɧɨɝɨ ɢ ɝɥɭɛɢɧɧɨɝɨ ɫɥɨɟɜ ɜɨɞɵ. Ɉɛɵɱɧɨ ɧɚ ɷɬɨɦ ɝɨɪɢɡɨɧɬɟ 
ɬɟɦɩɟɪɚɬɭɪɚ ɢɡɦɟɧɹɟɬɫɹ ɫɤɚɱɤɨɦ. Ɍɨɥɳɢɧɚ ɫɥɨɹ ɫɤɚɱɤɚ ɦɨɠɟɬ ɛɵɬɶ ɨɬ ɧɟ-
ɫɤɨɥɶɤɢɯ ɫɚɧɬɢɦɟɬɪɨɜ ɞɨ ɧɟɫɤɨɥɶɤɢɯ ɦɟɬɪɨɜ. ɉɪɢ ɩɪɨɯɨɠɞɟɧɢɢ ɡɜɭɤɨɦ 
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ɫɥɨɹ ɫɤɚɱɤɚ ɝɪɚɞɢɟɧɬ ɫɤɨɪɨɫɬɢ ɦɨɠɟɬ ɞɚɠɟ ɢɡɦɟɧɢɬɶ ɡɧɚɤ ɧɚ ɨɛɪɚɬɧɵɣ. 
ɋɥɨɣ ɫɤɚɱɤɚ ɦɨɠɟɬ ɬɚɤ ɠɟ ɨɛɪɚɡɨɜɚɬɶɫɹ ɡɚ ɫɱɟɬ ɢɡɦɟɧɟɧɢɹ ɫɨɥɟɧɨɫɬɢ (ɬɚɤ 
ɧɚɡɵɜɚɟɦɵɣ ɠɢɞɤɢɣ ɝɪɭɧɬ).  

3ɜɭɤɨɜɨɣ ɤɚɧɚɥ. ɋɜɨɟɨɛɪɚɡɧɵɟ ɭɫɥɨɜɢɹ ɞɥɹ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɡɜɭɤɨ-
ɜɵɯ ɜɨɥɧ ɜɨɡɧɢɤɚɸɬ ɜ ɝɥɭɛɨɤɨɦ ɦɨɪɟ, ɤɨɝɞɚ ɝɥɭɛɢɧɵ ɩɪɟɜɵɲɚɸɬ 1000 ɦ 
(ɪɢɫ. η.4). ɇɚ ɬɚɤɢɯ ɝɥɭɛɢɧɚɯ ɬɟɦɩɟɪɚɬɭɪɚ, ɚ, ɫɥɟɞɨɜɚɬɟɥɶɧɨ, ɢ ɫɤɨɪɨɫɬɶ 
ɡɜɭɤɚ ɩɨɫɬɟɩɟɧɧɨ ɭɦɟɧɶɲɚɸɬɫɹ ɞɨ ɧɟɤɨɬɨɪɨɣ ɩɨɫɬɨɹɧɧɨɣ ɜɟɥɢɱɢɧɵ, ɫɨɨɬ-
ɜɟɬɫɬɜɭɸɳɟɣ ɦɚɤɫɢɦɚɥɶɧɨɦɭ ɡɧɚɱɟɧɢɸ ɩɥɨɬɧɨɫɬɢ ɦɨɪɫɤɨɣ ɜɨɞɵ. ɇɢɠɟ 
ɝɨɪɢɡɨɧɬɚ ɷɬɨɣ ɤɪɢɬɢɱɟɫɤɨɣ ɬɟɦɩɟɪɚɬɭɪɵ ɪɚɫɩɨɥɚɝɚɟɬɫɹ ɢɡɨɬɟɪɦɢɱɟɫɤɢɣ 
ɫɥɨɣ. Ɉɞɧɚɤɨ ɫɤɨɪɨɫɬɶ ɡɜɭɤɚ ɧɚɱɢɧɚɟɬ ɜɨɡɪɚɫɬɚɬɶ ɛɥɚɝɨɞɚɪɹ ɭɜɟɥɢɱɟɧɢɸ 
ɝɢɞɪɨɫɬɚɬɢɱɟɫɤɨɝɨ ɞɚɜɥɟɧɢɹ, ɩɪɢɱɟɦ ɜɟɥɢɱɢɧɚ c ɦɨɠɟɬ ɩɪɟɜɵɫɢɬɶ ɡɧɚɱɟ-
ɧɢɟ ɫɤɨɪɨɫɬɢ ɡɜɭɤɚ ɭ ɩɨɜɟɪɯɧɨɫɬɢ ɦɨɪɹ. 

  

 Ɋɢɫ. η.3 Ɋɢɫ. 5.4 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɨɛɪɚɡɭɟɬɫɹ ɫɥɨɣ ɜɨɞɵ, ɫɤɨɪɨɫɬɶ ɡɜɭɤɚ ɜ ɤɨɬɨɪɨɦ ɡɧɚ-
ɱɢɬɟɥɶɧɨ ɦɟɧɶɲɟ, ɱɟɦ ɜ ɫɥɨɹɯ, ɪɚɫɩɨɥɨɠɟɧɧɵɯ ɫɜɟɪɯɭ ɢ ɫɧɢɡɭ. Ɍɚɤɢɟ ɭɫɥɨ-
ɜɢɹ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɩɨɥɭɱɢɥɢ ɧɚɡɜɚɧɢɟ ɡɜɭɤɨɜɨɝɨ ɤɚɧɚɥɚ, ɢɥɢ ɜɨɥɧɨɜɨɞɚ. 
ɉɨɥɨɠɟɧɢɟ ɡɜɭɤɨɜɨɝɨ ɤɚɧɚɥɚ ɨɩɪɟɞɟɥɹɟɬɫɹ ɬɪɟɦɹ ɝɨɪɢɡɨɧɬɚɦɢμ ɨɫɶɸ ɜɨɥ-
ɧɨɜɨɞɚ, ɧɚ ɤɨɬɨɪɨɣ c ɢɦɟɟɬ ɦɢɧɢɦɚɥɶɧɨɟ ɡɧɚɱɟɧɢɟ, ɢ ɜɟɪɯɧɟɣ ɢ ɧɢɠɧɟɣ 
ɝɪɚɧɢɰɚɦɢ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɦɢ ɭɪɨɜɧɹɦ ɧɚɢɛɨɥɶɲɟɣ ɫɤɨɪɨɫɬɢ ɡɜɭɤɚ. Ȼɨɥɟɟ 
ɢɥɢ ɦɟɧɟɟ ɜɵɪɚɠɟɧɧɵɣ ɡɜɭɤɨɜɨɣ ɤɚɧɚɥ ɧɚɛɥɸɞɚɟɬɫɹ ɩɨɱɬɢ ɜɨ ɜɫɟɯ ɨɤɟɚɧɚɯ 
ɢ ɦɧɨɝɢɯ ɦɨɪɹɯ. 

5.2. Ɋɟɮɪɚɤɰɢɹ ɡɜɭɤɨɜɵɯ ɥɭɱɟɣ 
Ɇɨɪɟ ɧɟɥɶɡɹ ɫɱɢɬɚɬɶ ɚɤɭɫɬɢɱɟɫɤɢ ɨɞɧɨɪɨɞɧɨɣ ɫɪɟɞɨɣ, ɬɚɤ ɤɚɤ ɫɤɨ-

ɪɨɫɬɶ ɡɜɭɤɚ ɢ ɩɥɨɬɧɨɫɬɶ ɦɨɪɫɤɨɣ ɜɨɞɵ ɹɜɥɹɸɬɫɹ ɮɭɧɤɰɢɹɦɢ ɤɨɨɪɞɢɧɚɬ. 
Ɇɨɠɧɨ ɩɪɟɞɩɨɥɨɠɢɬɶ, ɱɬɨ ɬɨɥɳɚ ɦɨɪɫɤɨɣ ɜɨɞɵ ɫɨɫɬɨɢɬ ɢɡ ɨɬɞɟɥɶɧɵɯ ɝɨ-
ɪɢɡɨɧɬɚɥɶɧɵɯ ɫɥɨɟɜ ɛɟɫɤɨɧɟɱɧɨ ɦɚɥɨɣ ɬɨɥɳɢɧɵ (ɪɢɫ. 5.5), ɜ ɤɚɠɞɨɦ ɢɡ 
ɤɨɬɨɪɵɯ ɫɤɨɪɨɫɬɶ ɡɜɭɤɚ ɢ ɩɥɨɬɧɨɫɬɶ ɩɨɫɬɨɹɧɧɵ.  

ɫ 

h 
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Ɂɜɭɤɨɜɨɣ ɥɭɱ, ɪɚɫɩɪɨɫɬɪɚɧɹɹɫɶ ɜ ɬɚɤɨɣ ɫɥɨɢɫɬɨɣ ɫɪɟɞɟ, ɩɟɪɟɯɨɞɹ ɨɬ 
ɫɥɨɹ ɤ ɫɥɨɸ, ɛɭɞɟɬ ɢɫɩɵɬɵɜɚɬɶ ɩɪɟɥɨɦɥɟɧɢɟ, ɱɬɨ ɩɪɢɜɟɞɟɬ ɤ ɟɝɨ ɢɫɤɪɢɜ-
ɥɟɧɢɸ. ɉɪɢ ɷɬɨɦ ɱɚɫɬɶ ɡɜɭɤɨɜɨɣ ɷɧɟɪɝɢɢ ɛɭɞɟɬ ɪɚɫɫɟɢɜɚɬɶɫɹ ɡɚ ɫɱɟɬ ɨɬɪɚ-
ɠɟɧɢɹ. əɜɥɟɧɢɟ ɢɫɤɪɢɜɥɟɧɢɹ ɡɜɭɤɨɜɵɯ ɥɭɱɟɣ ɜɫɥɟɞɫɬɜɢɟ ɧɟɨɞɧɨɪɨɞɧɨɫɬɢ 
ɦɨɪɫɤɨɣ ɜɨɞɵ ɧɚɡɵɜɚɟɬɫɹ ɪɟɮɪɚɤɰɢɟɣ ɡɜɭɤɚ.  

ɇɚɝɥɹɞɧɨɟ ɩɪɟɞɫɬɚɜɥɟɧɢɟ ɨ ɪɟɮɪɚɤɰɢɢ ɞɚɸɬ ɥɭɱɟɜɵɟ ɤɚɪɬɢɧɵ, ɤɨɬɨ-
ɪɵɟ ɪɚɫɫɱɢɬɵɜɚɸɬɫɹ ɩɨ ɪɟɡɭɥɶɬɚɬɚɦ ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɵɯ ɢɡɦɟɪɟɧɢɣ ɫɤɨɪɨ-
ɫɬɢ ɡɜɭɤɚ ɜ ɦɨɪɟ. Ʌɭɱɟɜɚɹ ɤɚɪɬɢɧɚ ɢɡɨɛɪɚɠɚɟɬ ɬɪɚɟɤɬɨɪɢɸ ɡɜɭɤɨɜɨɝɨ ɥɭɱɚ 
ɜ ɜɟɪɬɢɤɚɥɶɧɨɣ ɩɥɨɫɤɨɫɬɢ. Ɏɨɪɦɚ ɬɪɚɟɤɬɨɪɢɢ ɨɩɪɟɞɟɥɹɟɬɫɹ ɮɭɧɤɰɢɨɧɚɥɶ-
ɧɨɣ ɡɚɜɢɫɢɦɨɫɬɶɸ c = f (x, z) ɢ, ɫɥɟɞɨɜɚɬɟɥɶɧɨ, ɜ ɨɛɳɟɦ ɫɥɭɱɚɟ ɛɭɞɟɬ ɢɦɟɬɶ 
ɜɢɞ ɩɪɨɢɡɜɨɥɶɧɨɣ ɤɪɢɜɨɣ. 

ɂɡ ɪɢɫ. η.η ɜɢɞɧɨ, ɱɬɨ ɟɫɥɢ ɢɡɥɭɱɚɬɶ ɡɜɭɤɨɜɭɸ ɷɧɟɪɝɢɸ ɩɨ ɧɨɪɦɚɥɢ 
ɤ ɝɪɚɧɢɰɚɦ ɪɚɡɞɟɥɚ, ɬɨ ɜ ɬɨɦ ɫɥɭɱɚɟ ɢɫɤɪɢɜɥɟɧɢɹ ɡɜɭɤɨɜɨɝɨ ɥɭɱɚ ɧɟ ɛɭɞɟɬ. 
ɗɬɨ ɨɡɧɚɱɚɟɬ, ɱɬɨ ɧɚ ɪɚɛɨɬɭ ɷɯɨɥɨɬɚ ɪɟɮɪɚɤɰɢɹ ɜɥɢɹɟɬ ɧɟɡɧɚɱɢɬɟɥɶɧɨ. Ɉɞ-
ɧɚɤɨ ɪɟɮɪɚɤɰɢɹ ɡɜɭɤɚ ɦɨɠɟɬ ɨɤɚɡɚɬɶ ɛɨɥɶɲɨɟ ɜɥɢɹɧɢɟ ɧɚ ɪɟɡɭɥɶɬɚɬɵ ɝɢɞ-
ɪɨɥɨɤɚɰɢɨɧɧɵɯ ɢɡɦɟɪɟɧɢɣ. ɉɨɷɬɨɦɭ ɪɚɫɫɦɨɬɪɢɦ ɧɚɢɛɨɥɟɟ ɬɢɩɢɱɧɵɟ ɥɭɱɟ-
ɜɵɟ ɤɚɪɬɢɧɵ, ɢɦɟɸɳɢɟ ɩɪɚɤɬɢɱɟɫɤɨɟ ɡɧɚɱɟɧɢɟ ɜ ɝɢɞɪɨɥɨɤɚɰɢɢ. 

 
 

Ɋɢɫ. η.η Ɋɢɫ. 5.6 
Ɋɟɮɪɚɤɰɢɹ ɜ ɫɥɨɟ ɫ ɩɨɫɬɨɹɧɧɵɦ ɝɪɚɞɢɟɧɬɨɦ ɫɤɨɪɨɫɬɢ ɡɜɭɤɚ. ɍɪɚɜ-

ɧɟɧɢɟ ɡɜɭɤɨɜɨɝɨ ɥɭɱɚ ɜ ɷɬɨɦ ɫɥɭɱɚɟ ɩɨɥɭɱɢɦ, ɢɫɯɨɞɹ ɢɡ ɫɥɟɞɭɸɳɢɯ ɫɨɨɛ-
ɪɚɠɟɧɢɣ. ɉɨ ɨɩɪɟɞɟɥɟɧɢɸ ɜɟɪɬɢɤɚɥɶɧɵɣ ɝɪɚɞɢɟɧɬ ɫɤɨɪɨɫɬɢ ɡɜɭɤɚ 

,
dh

dc
gc                                                 (5.5) 

ɝɞɟ h – ɝɥɭɛɢɧɚ. 
ȼɵɞɟɥɢɦ ɜ ɬɨɱɤɟ Ɇ (ɪɢɫ. 5.6) ɷɥɟɦɟɧɬ ɬɪɚɟɤɬɨɪɢɢ ɡɜɭɤɨɜɨɝɨ ɥɭɱɚ ɢ ɩɨ-

ɫɬɪɨɢɦ ɬɪɟɭɝɨɥɶɧɢɤ ɫɨ ɫɬɨɪɨɧɚɦɢ dh, dx. ɂɡ ɷɬɨɝɨ ɬɪɟɭɝɨɥɶɧɢɤɚ ɧɚɯɨɞɢɦ  

,tg
dh

dx
                                               (5.6) 

 1ɫ1 
 2ɫ2 
 3ɫ3 
 4ɫ4 
 5ɫ5 
 6ɫ6 
 7ɫ7 
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ɝɞɟ ș – ɭɝɨɥ ɩɚɞɟɧɢɹ.  
ɇɚ ɨɫɧɨɜɚɧɢɢ ɪɚɜɟɧɫɬɜɚ ɞɥɹ ɫ* ɫɤɨɪɨɫɬɶ ɡɜɭɤɚ ɫ ɜ ɬɨɱɤɟ Ɇ ɦɨɠɧɨ ɜɵ-

ɪɚɡɢɬɶ ɱɟɪɟɡ ɩɨɫɬɨɹɧɧɭɸ ɋɧɟɥɥɢɭɫɚ. Ⱦɟɣɫɬɜɢɬɟɥɶɧɨ, ɢɡ ɜɵɪɚɠɟɧɢɹ ɞɥɹ ɫ* 
ɢɦɟɟɦ  c = c* sin ș, dc = c* cos ș dș. 

Ɍɨɝɞɚ, ɩɨɫɥɟ ɩɨɞɫɬɚɧɨɜɤɢ ɜɟɥɢɱɢɧɵ dc ɜ ɮɨɪɦɭɥɭ (5.5), ɛɭɞɟɦ ɢɦɟɬɶμ 

 d
g

c
dh

c
cos

*
.                                           (5.7) 

ɇɚɤɨɧɟɰ, ɡɚɦɟɧɢɜ dh ɜ ɜɵɪɚɠɟɧɢɢ (5.6) ɧɚ ɟɝɨ ɡɧɚɱɟɧɢɟ ɢɡ ɭɪɚɜɧɟɧɢɹ 
(5.7), ɩɨɥɭɱɢɦ 

 d
g

c
dx

c
sin

*
.                                            (5.8) 

ȿɫɥɢ ɧɚɱɚɥɨ ɤɨɨɪɞɢɧɚɬ ɜɵɛɪɚɬɶ ɜ ɬɨɱɤɟ c = 0, ș = 0, ɬɨ ɩɪɢ ɢɧɬɟɝɪɢɪɨ-
ɜɚɧɢɢ ɭɪɚɜɧɟɧɢɣ (5.7) ɢ (5.8) ɩɨɫɬɨɹɧɧɵɟ ɢɧɬɟɝɪɢɪɨɜɚɧɢɹ ɛɭɞɭɬ ɪɚɜɧɵ ɧɭ-
ɥɸ, ɩɨɷɬɨɦɭ 

*
sin

c
g

h
c


 ;     *

cos
c

g
x

c


 . 

ȼɨɡɜɨɞɹ ɜɵɪɚɠɟɧɢɹ ɞɥɹ ɯ ɢ h ɜ ɤɜɚɞɪɚɬ ɢ ɫɤɥɚɞɵɜɚɹ ɢɯ, ɩɨɥɭɱɢɦ ɭɪɚɜ-
ɧɟɧɢɟ ɡɜɭɤɨɜɨɝɨ ɥɭɱɚ ɜ ɜɢɞɟ 

2
22 *











cg

c
yx .                                       (5.9) 

ȼɵɪɚɠɟɧɢɟ (6.9) ɩɨɤɚɡɵɜɚɟɬ, ɱɬɨ ɜ ɫɥɨɟ ɫ ɩɨɫɬɨɹɧɧɵɦ ɝɪɚɞɢɟɧɬɨɦ 
ɫɤɨɪɨɫɬɢ ɡɜɭɤɨɜɨɣ ɥɭɱ ɪɚɫɩɪɨɫɬɪɚɧɹɟɬɫɹ ɩɨ ɞɭɝɟ ɨɤɪɭɠɧɨɫɬɢ ɫ ɪɚɞɢɭɫɨɦ 

cg

c
r

*
 . 

ȿɫɥɢ ɝɪɚɞɢɟɧɬ ɩɨɥɨɠɢɬɟɥɶɧɵɣ, ɬɨ ɤɪɢɜɚɹ ɨɛɪɚɳɟɧɚ ɜɵɩɭɤɥɨɫɬɶɸ 
ɤ ɩɨɜɟɪɯɧɨɫɬɢ ɦɨɪɹ, ɟɫɥɢ gc ɢɦɟɟɬ ɨɬɪɢɰɚɬɟɥɶɧɨɟ ɡɧɚɱɟɧɢɟ – ɜ ɫɬɨɪɨɧɭ 
ɦɨɪɫɤɨɝɨ ɞɧɚ. 

Ɋɟɮɪɚɤɰɢɹ ɜ ɫɥɨɟ ɫɤɚɱɤɚ. ȼ ɝɥɭɛɨɤɨɦ ɦɨɪɟ ɬɨɥɳɭ ɜɨɞɵ ɦɨɠɧɨ ɪɚɡɞɟ-
ɥɢɬɶ ɧɚ ɬɪɢ ɨɫɧɨɜɧɵɯ ɫɥɨɹμ ɩɨɜɟɪɯɧɨɫɬɧɵɣ ɢɡɨɬɟɪɦɢɱɟɫɤɢɣ ɫɥɨɣ, ɫɥɨɣ 
ɫɤɚɱɤɚ ɢ ɩɪɢɞɨɧɧɵɣ ɫɥɨɣ ɯɨɥɨɞɧɨɣ ɜɨɞɵ, ɩɪɚɤɬɢɱɟɫɤɢ ɬɨɠɟ ɢɡɨɬɟɪɦɢ- 
ɱɟɫɤɢɣ. 

ɉɪɢ ɩɪɨɯɨɠɞɟɧɢɢ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ ɱɟɪɟɡ ɫɥɨɣ ɫɤɚɱɤɚ ɧɚɛɥɸɞɚɸɬɫɹ ɞɜɚ 
ɯɚɪɚɤɬɟɪɧɵɯ ɷɮɮɟɤɬɚμ ɫɢɥɶɧɚɹ ɪɟɮɪɚɤɰɢɹ ɢ ɡɧɚɱɢɬɟɥɶɧɵɣ ɫɩɚɞ ɢɧɬɟɧɫɢɜ-
ɧɨɫɬɢ ɡɜɭɤɚ ɧɢɠɟ ɫɥɨɹ ɫɤɚɱɤɚ (ɪɢɫ. 5.7). ɍɦɟɧɶɲɟɧɢɟ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɨɛɭ-
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ɫɥɨɜɥɟɧɨ ɪɚɫɲɢɪɟɧɢɟɦ ɮɪɨɧɬɚ ɜɨɥɧɵ (ɪɚɫɯɨɠɞɟɧɢɟ ɥɭɱɟɣ) ɡɚ ɫɱɟɬ ɪɟɡɤɨɣ 
ɪɟɮɪɚɤɰɢɢ ɧɚ ɜɟɪɯɧɟɣ ɝɪɚɧɢɰɟ ɫɥɨɹ ɫɤɚɱɤɚ. Ʉɪɨɦɟ ɬɨɝɨ, ɱɚɫɬɶ ɡɜɭɤɨɜɵɯ 
ɥɭɱɟɣ, ɢɫɩɵɬɵɜɚɹ ɩɨɥɧɨɟ ɜɧɭɬɪɟɧɧɟɟ ɨɬɪɚɠɟɧɢɟ, ɨɬɤɥɨɧɹɟɬɫɹ ɜ ɫɬɨɪɨɧɭ 
ɩɨɜɟɪɯɧɨɫɬɢ ɦɨɪɹ. Ʉɪɚɣɧɢɟ (ɩɪɟɞɟɥɶɧɵɟ) ɥɭɱɢ ɪɚɫɳɟɩɢɜɲɟɝɨɫɹ ɩɭɱɤɚ ɨɛ-
ɪɚɡɭɸɬ ɡɨɧɵ ɡɜɭɤɨɜɨɣ ɬɟɧɢ. 

 

Ɋɢɫ. 5.7 

 

Ɋɢɫ. 5.8 

Ɋɟɮɪɚɤɰɢɹ ɜ ɡɜɭɤɨɜɨɦ ɤɚɧɚɥɟ. Ɋɟɮɪɚɤɰɢɹ ɡɜɭɤɨɜɵɯ ɥɭɱɟɣ ɜ ɭɫɥɨɜɢɹɯ 
ɡɜɭɤɨɜɨɝɨ ɤɚɧɚɥɚ ɨɛɭɫɥɚɜɥɢɜɚɟɬ ɹɜɥɟɧɢɟ ɫɜɟɪɯɞɚɥɶɧɟɝɨ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ 
ɡɜɭɤɚ. ȿɫɥɢ ɪɚɫɩɨɥɨɠɢɬɶ ɢɫɬɨɱɧɢɤ ɢ ɩɪɢɟɦɧɢɤ ɡɜɭɤɚ ɭ ɨɫɢ ɡɜɭɤɨɜɨɝɨ ɤɚɧɚ-
ɥɚ (ɪɢɫ. 5.8), ɬɨ ɡɜɭɤ ɛɥɚɝɨɞɚɪɹ ɪɟɮɪɚɤɰɢɢ ɛɭɞɟɬ ɮɨɤɭɫɢɪɨɜɚɬɶɫɹ 
ɜ ɩɪɟɞɟɥɚɯ ɜɟɪɯɧɟɝɨ ɢ ɧɢɠɧɟɝɨ ɝɨɪɢɡɨɧɬɨɜ, ɱɟɦ ɢ ɨɛɴɹɫɧɹɟɬɫɹ ɫɜɟɪɯɞɚɥɶ-
ɧɟɟ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɟ ɚɤɭɫɬɢɱɟɫɤɢɯ ɜɨɥɧ.  

Ɂɜɭɤɨɜɵɟ ɤɚɧɚɥɵ ɩɨɞɪɚɡɞɟɥɹɸɬɫɹ ɧɚ ɝɥɭɛɢɧɧɵɟ ɢ ɩɨɜɟɪɯɧɨɫɬɧɵɟ. 
ɉɟɪɜɵɟ ɨɛɪɚɡɭɸɬɫɹ ɜ ɪɟɡɭɥɶɬɚɬɟ ɜɨɡɪɚɫɬɚɧɢɹ ɫɤɨɪɨɫɬɢ ɡɜɭɤɚ ɫ ɝɥɭɛɢɧɨɣ 
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ɩɨɞ ɜɨɡɞɟɣɫɬɜɢɟɦ ɭɜɟɥɢɱɢɜɚɸɳɟɝɨɫɹ ɫɬɚɬɢɱɟɫɤɨɝɨ ɞɚɜɥɟɧɢɹ; ɜɬɨɪɵɟ – ɩɨɞ 
ɜɨɡɞɟɣɫɬɜɢɟɦ ɬɟɩɥɵɯ ɫɨɥɟɧɵɯ ɜɨɞ, ɩɨɞɫɬɢɥɚɸɳɢɯ ɜɟɪɯɧɢɟ ɯɨɥɨɞɧɵɟ 
ɢ ɦɟɧɟɟ ɫɨɥɟɧɵɟ ɫɥɨɢ ɜɨɞɵ. 

Ɉɫɶ ɝɥɭɛɨɤɨɜɨɞɧɨɝɨ ɡɜɭɤɨɜɨɝɨ ɤɚɧɚɥɚ – ɝɨɪɢɡɨɧɬɚɥɶ, ɩɪɨɯɨɞɹɳɚɹ ɱɟ-
ɪɟɡ ɦɢɧɢɦɭɦ ɫɤɨɪɨɫɬɢ ɡɜɭɤɚ, – ɧɚɯɨɞɢɬɫɹ ɧɚ ɛɨɥɶɲɢɯ ɝɥɭɛɢɧɚɯ (≈1000 ɦ), 
ɬɨɝɞɚ ɤɚɤ ɨɫɶ ɩɨɜɟɪɯɧɨɫɬɧɨɝɨ ɤɚɧɚɥɚ ɨɛɵɱɧɨ ɪɚɫɩɨɥɚɝɚɟɬɫɹ ɧɟɞɚɥɟɤɨ 
ɨɬ ɩɨɜɟɪɯɧɨɫɬɢ ɦɨɪɹ (10 … 60 ɦ). ȼ ɧɟɤɨɬɨɪɵɯ ɪɚɣɨɧɚɯ Ɇɢɪɨɜɨɝɨ ɨɤɟɚɧɚ 
ɦɨɝɭɬ ɨɞɧɨɜɪɟɦɟɧɧɨ ɫɭɳɟɫɬɜɨɜɚɬɶ ɨɛɚ ɜɢɞɚ ɡɜɭɤɨɜɵɯ ɤɚɧɚɥɨɜ. 

ȼɨɥɧɨɜɨɞɧɵɟ ɫɜɨɣɫɬɜɚ ɡɜɭɤɨɜɨɝɨ ɤɚɧɚɥɚ ɦɨɠɧɨ ɨɛɴɹɫɧɢɬɶ ɫɥɟɞɭɸ-
ɳɢɦ ɨɛɪɚɡɨɦ. ɉɨɦɟɫɬɢɦ ɧɚ ɨɫɢ ɤɚɧɚɥɚ ɢɫɬɨɱɧɢɤ А ɢ ɩɪɢɟɦɧɢɤ ȼ ɡɜɭɤɨɜɵɯ 
ɤɨɥɟɛɚɧɢɣ, ɚ ɡɚɬɟɦ ɩɨɫɬɪɨɢɦ ɥɭɱɟɜɭɸ ɤɚɪɬɢɧɭ ɩɭɱɤɚ ɥɭɱɟɣ, ɢɡɥɭɱɟɧɧɵɯ 
ɩɨɞ ɪɚɡɧɵɦɢ ɭɝɥɚɦɢ ɤ ɝɨɪɢɡɨɧɬɭ (ɫɦ. ɪɢɫ. 5.8). ɉɭɫɬɶ ɥɭɱ 1, ɯɚɪɚɤɬɟɪɢɡɭɟ-
ɦɵɣ ɧɚɱɚɥɶɧɵɦ ɭɝɥɨɦ ɩɚɞɟɧɢɹ ș01, ɪɚɫɩɪɨɫɬɪɚɧɹɟɬɫɹ ɤ ɜɟɪɯɧɟɣ ɝɪɚɧɢɰɟ 
ɜɨɥɧɨɜɨɞɚ. Ɍɚɤ ɤɚɤ ɫɤɨɪɨɫɬɶ ɡɜɭɤɚ ɜ ɷɬɨɦ ɧɚɩɪɚɜɥɟɧɢɢ ɧɟɩɪɟɪɵɜɧɨ ɭɜɟɥɢ-
ɱɢɜɚɟɬɫɹ, ɬɨ ɞɥɹ ɫɨɯɪɚɧɟɧɢɹ ɨɛɹɡɚɬɟɥɶɧɨɝɨ ɭɫɥɨɜɢɹμ  

const
sin

*
01

min 



c

c , 

ɭɝɨɥ ș, ɞɨɥɠɟɧ ɜɨɡɪɚɫɬɚɬɶ. ɉɪɢ ɷɬɨɦ ɥɭɱ ɛɭɞɟɬ ɩɨɫɬɟɩɟɧɧɨ ɧɚɤɥɨɧɹɬɶɫɹ 
ɤ ɨɫɢ ɤɚɧɚɥɚ. ɍɜɟɥɢɱɟɧɢɟ ɭɝɥɚ ș, ɛɭɞɟɬ ɩɪɨɢɫɯɨɞɢɬɶ ɞɨ ɬɟɯ ɩɨɪ, ɩɨɤɚ ɟɝɨ 

ɜɟɥɢɱɢɧɚ ɧɟ ɫɬɚɧɟɬ ɤɪɢɬɢɱɟɫɤɨɣ, ɬ.ɟ. 
max

min
ɤɪ sin

c

c
i  . 

ɉɪɢ ɷɬɨɦ ɥɭɱ 1 ɩɪɨɯɨɞɢɬ ɩɨ ɤɚɫɚɬɟɥɶɧɨɣ ɤ ɭɪɨɜɧɸ cmax, ɡɚɝɢɛɚɹɫɶ ɜɨ-
ɜɧɭɬɪɶ ɤɚɧɚɥɚ. Ⱦɚɥɶɧɟɣɲɟɟ ɟɝɨ ɞɜɢɠɟɧɢɟ ɦɨɠɧɨ ɢɡɨɛɪɚɡɢɬɶ ɜ ɜɢɞɟ ɤɪɢɜɨɣ 
ɥɢɧɢɢ, ɧɚɩɨɦɢɧɚɸɳɟɣ ɫɢɧɭɫɨɢɞɭ, ɦɧɨɝɨɤɪɚɬɧɨ ɩɟɪɟɫɟɤɚɸɳɭɸ ɨɫɶ ɜɨɥɧɨ-
ɜɨɞɚ. Ɋɚɫɫɦɨɬɪɟɧɧɵɣ ɩɪɢɦɟɪ ɫɨɜɦɟɫɬɧɨ ɫ ɞɚɧɧɵɦɢ ɷɤɫɩɟɪɢɦɟɧɬɚ ɩɨɡɜɨɥɹ-
ɟɬ ɫɞɟɥɚɬɶ ɫɥɟɞɭɸɳɢɟ ɜɵɜɨɞɵ. 

1. Ʌɭɱɢ, ɭ ɤɨɬɨɪɵɯ ɧɚɱɚɥɶɧɵɣ ɭɝɨɥ ș0i >> ș01, ɧɟ ɜɵɯɨɞɹɬ ɡɚ ɩɪɟɞɟɥɵ 
ɡɜɭɤɨɜɨɝɨ ɤɚɧɚɥɚ. ɗɧɟɪɝɢɹ ɢɯ ɪɚɫɯɨɞɭɟɬɫɹ, ɝɥɚɜɧɵɦ ɨɛɪɚɡɨɦ, ɧɚ ɩɪɟɨɞɨɥɟ-
ɧɢɟ ɜɹɡɤɨɫɬɢ ɦɨɪɫɤɨɣ ɜɨɞɵ.  

2. ɑɟɦ ɛɨɥɶɲɟ ɜɟɥɢɱɢɧɚ ɧɟɪɚɜɟɧɫɬɜɚ ș0i >> ș01, ɬɟɦ ɦɟɧɶɲɟ ɨɬɤɥɨɧɟ-
ɧɢɟ ɥɭɱɚ ɨɬ ɨɫɢ ɜɨɥɧɨɜɨɞɚ ɢ ɛɨɥɶɲɟ ɱɚɫɬɨɬɚ ɩɟɪɟɫɟɱɟɧɢɣ ɟɝɨ ɫ ɨɫɶɸ (ɥɭɱɢ 
2, 3 ɧɚ ɪɢɫ. 5.8). 

3. ɇɚɢɛɨɥɶɲɢɣ ɩɭɬɶ ɤ ɩɪɢɟɦɧɢɤɭ ɩɪɨɯɨɞɹɬ ɥɭɱɢ, ɢɦɟɸɳɢɟ ɦɢɧɢ-
ɦɚɥɶɧɨɟ ɡɧɚɱɟɧɢɟ ɧɚɱɚɥɶɧɨɝɨ ɭɝɥɚ ɩɚɞɟɧɢɹ, ɬ.ɟ. ș0i = ș01. ɇɟɫɦɨɬɪɹ ɧɚ ɷɬɨ, 
ɨɧɢ ɩɪɢɯɨɞɹɬ ɤ ɰɟɥɢ ɩɟɪɜɵɦɢ, ɬɚɤ ɤɚɤ ɫɪɟɞɧɹɹ ɫɤɨɪɨɫɬɶ ɢɯ ɪɚɫɩɪɨɫɬɪɚɧɟ-
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ɧɢɹ ɛɭɞɟɬ ɛɨɥɶɲɟ, ɱɟɦ ɭ ɥɸɛɨɝɨ ɞɪɭɝɨɝɨ ɥɭɱɚ. ɇɚɢɦɟɧɶɲɟɣ ɫɤɨɪɨɫɬɶɸ ɨɛ-
ɥɚɞɚɸɬ ɥɭɱɢ, ɪɚɫɩɪɨɫɬɪɚɧɹɸɳɢɟɫɹ ɩɨ ɨɫɢ ɡɜɭɤɨɜɨɝɨ ɤɚɧɚɥɚ. 

4. Ɋɚɡɧɢɰɚ ɜɨ ɜɪɟɦɟɧɢ ɦɟɠɞɭ ɦɨɦɟɧɬɚɦɢ t1 ɢ t2 ɩɪɢɯɨɞɚ ɩɟɪɜɨɝɨ ɢ ɩɨ-
ɫɥɟɞɧɟɝɨ (ɨɫɟɜɨɝɨ) ɥɭɱɟɣ ɫɨɫɬɚɜɥɹɟɬ ɩɪɢɛɥɢɡɢɬɟɥɶɧɨ θη ɫ ɧɚ 100 ɤɦ ɩɭɬɢ. 
ɉɨ ɢɡɦɟɪɟɧɧɨɦɭ ɩɪɨɦɟɠɭɬɤɭ ɜɪɟɦɟɧɢ Δt = t2 – t1 ɦɨɠɧɨ ɞɨɫɬɚɬɨɱɧɨ ɬɨɱɧɨ 
ɨɩɪɟɞɟɥɢɬɶ ɪɚɫɫɬɨɹɧɢɟ ɦɟɠɞɭ ɢɫɬɨɱɧɢɤɨɦ ɢ ɩɪɢɟɦɧɢɤɨɦ ɡɜɭɤɚ. 

Ɂɜɭɤɨɜɵɟ ɤɚɧɚɥɵ ɧɚɯɨɞɹɬ ɜɫɟ ɛɨɥɶɲɟɟ ɩɪɚɤɬɢɱɟɫɤɨɟ ɩɪɢɦɟɧɟɧɢɟ. Ⱦɨ-
ɤɚɡɚɬɟɥɶɫɬɜɨɦ ɬɨɦɭ ɹɜɥɹɟɬɫɹ, ɧɚɩɪɢɦɟɪ, ɚɦɟɪɢɤɚɧɫɤɚɹ ɫɢɫɬɟɦɚ ɩɨɞɜɨɞɧɨɣ 
ɫɢɝɧɚɥɢɡɚɰɢɢ «ɋɨɮɚɪ». Ɉɧɚ ɢɫɩɨɥɶɡɭɟɬɫɹ ɞɥɹ ɧɚɛɥɸɞɟɧɢɹ ɡɚ ɩɨɞɜɨɞɧɨɣ 
ɜɭɥɤɚɧɢɱɟɫɤɨɣ ɞɟɹɬɟɥɶɧɨɫɬɶɸ, ɩɪɢɦɟɧɹɟɬɫɹ ɩɪɢ ɨɤɚɡɚɧɢɢ ɩɨɦɨɳɢ ɬɟɪɩɹ-
ɳɢɦ ɛɟɞɫɬɜɢɟ ɫɭɞɚɦ ɢ, ɧɚɤɨɧɟɰ, ɹɜɥɹɟɬɫɹ ɧɚɜɢɝɚɰɢɨɧɧɨɣ ɫɢɫɬɟɦɨɣ ɞɚɥɶɧɟ-
ɝɨ ɞɟɣɫɬɜɢɹ. 

 Ɉɩɨɪɧɵɟ ɫɬɚɧɰɢɢ ɫɢɫɬɟɦɵ ɪɚɫɩɨɥɚɝɚɸɬɫɹ ɧɚ ɛɟɪɟɝɨɜɵɯ ɫɤɥɨɧɚɯ ɦɚ-
ɬɟɪɢɤɨɜ ɢ ɨɫɬɪɨɜɨɜ ɨɤɟɚɧɚ ɢ ɜɟɞɭɬ ɤɪɭɝɥɨɫɭɬɨɱɧɨɟ «ɩɪɨɫɥɭɲɢɜɚɧɢɟ» ɦɨ-
ɪɹ. ȿɫɥɢ ɝɞɟ-ɬɨ ɜ ɬɨɥɳɟ ɜɨɞɵ ɩɪɨɢɡɨɣɞɟɬ ɜɡɪɵɜ, ɧɚɩɪɢɦɟɪ, ɫɩɟɰɢɚɥɶɧɨɣ 
ɝɥɭɛɢɧɧɨɣ ɛɨɦɛɵ, ɫɛɪɨɲɟɧɧɨɣ ɧɚ ɨɫɶ ɡɜɭɤɨɜɨɝɨ ɤɚɧɚɥɚ ɬɟɪɩɹɳɢɦ ɛɟɞɫɬ-
ɜɢɟ ɫɭɞɧɨɦ, ɬɨ ɤɚɠɞɚɹ ɢɡ ɫɬɚɧɰɢɣ ɡɚɮɢɤɫɢɪɭɟɬ ɦɨɦɟɧɬ ɩɪɢɯɨɞɚ ɡɜɭɤɨɜɨɝɨ 
ɢɦɩɭɥɶɫɚ. ȼɫɟ ɫɬɚɧɰɢɢ ɩɟɪɟɞɚɸɬ ɷɬɭ ɢɧɮɨɪɦɚɰɢɸ ɜ ɜɵɱɢɫɥɢɬɟɥɶɧɵɣ 
ɰɟɧɬɪ ɫɢɫɬɟɦɵ, ɤɨɬɨɪɵɣ ɨɛɪɚɡɭɟɬ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ ɪɚɡɧɨɫɬɢ ɜɪɟɦɟɧɢ ɢ, 
ɩɨɥɶɡɭɹɫɶ ɝɢɩɟɪɛɨɥɢɱɟɫɤɢɦɢ ɥɢɧɢɹɦɢ ɩɨɥɨɠɟɧɢɹ, ɪɚɫɫɱɢɬɵɜɚɟɬ ɤɨɨɪɞɢ-
ɧɚɬɵ ɦɟɫɬɚ ɜɡɪɵɜɚ. ɋɢɫɬɟɦɚ «ɋɨɮɚɪ» ɩɪɢɦɟɧɹɟɬɫɹ ɬɚɤɠɟ ɞɥɹ ɨɩɪɟ-
ɞɟɥɟɧɢɹ ɦɟɫɬɚ ɩɨɞɜɨɞɧɵɯ ɥɨɞɨɤ. Ⱦɥɹ ɷɬɨɣ ɰɟɥɢ ɜɛɥɢɡɢ ɨɩɨɪɧɵɯ ɩɭɧɤɬɨɜ 
ɩɨ ɨɫɨɛɨɦɭ ɪɚɫɩɢɫɚɧɢɸ ɜɡɪɵɜɚɸɬɫɹ ɧɟɛɨɥɶɲɢɟ ɡɚɪɹɞɵ. ɇɚ ɤɨɪɚɛɥɟ ɨɩɪɟ-
ɞɟɥɹɸɬɫɹ ɦɨɦɟɧɬɵ ɩɪɢɯɨɞɚ ɭɞɚɪɧɵɯ ɡɜɭɤɨɜɵɯ ɜɨɥɧ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɩɨ-
ɹɜɥɹɟɬɫɹ ɜɨɡɦɨɠɧɨɫɬɶ ɜɵɱɢɫɥɢɬɶ ɩɪɨɦɟɠɭɬɤɢ ɜɪɟɦɟɧɢ ɦɟɠɞɭ ɩɨɫɵɥɤɨɣ 
ɢ ɩɪɢɯɨɞɨɦ ɢɦɩɭɥɶɫɚ, ɚ, ɫɥɟɞɨɜɚɬɟɥɶɧɨ, ɢ ɪɚɫɫɬɨɹɧɢɹ ɞɨ ɫɬɚɧɰɢɣ, ɬ.ɟ. 
ɨɩɪɟɞɟɥɢɬɶ ɦɟɫɬɨ ɤɨɪɚɛɥɹ. 

5.3. Ɋɟɜɟɪɛɟɪɚɰɢɹ 
Ɋɟɜɟɪɛɟɪɚɰɢɹ ɩɪɨɹɜɥɹɟɬɫɹ ɜ ɬɨɦ, ɱɬɨ ɩɨɫɥɟ ɩɪɟɤɪɚɳɟɧɢɹ ɢɡɥɭɱɟɧɢɹ 

ɜ ɬɟɱɟɧɢɟ ɨɩɪɟɞɟɥɟɧɧɨɝɨ ɩɪɨɦɟɠɭɬɤɚ ɜɪɟɦɟɧɢ (ɨɬ ɞɨɥɟɣ ɫɟɤɭɧɞɵ ɞɨ ɧɟ-
ɫɤɨɥɶɤɢɯ ɫɟɤɭɧɞ) ɜ ɩɪɢɟɦɧɢɤɟ ɧɚɛɥɸɞɚɟɬɫɹ ɩɨɫɬɟɩɟɧɧɨ ɭɛɵɜɚɸɳɢɣ ɩɨ 
ɫɢɥɟ ɡɜɭɤ. əɜɥɟɧɢɟ ɪɟɜɟɪɛɟɪɚɰɢɢ ɨɤɚɡɵɜɚɟɬ ɫɭɳɟɫɬɜɟɧɧɨɟ ɜɥɢɹɧɢɟ ɩɚ ɷɮ-
ɮɟɤɬɢɜɧɨɫɬɶ ɝɢɞɪɨɚɤɭɫɬɢɱɟɫɤɢɯ ɩɪɢɛɨɪɨɜ, ɦɚɫɤɢɪɭɹ ɩɨɥɟɡɧɵɣ ɚɤɭ- 
ɫɬɢɱɟɫɤɢɣ ɫɢɝɧɚɥ. ȿɫɥɢ, ɧɚɩɪɢɦɟɪ, ɩɪɢ ɪɚɛɨɬɟ ɝɢɞɪɨɥɨɤɚɬɨɪɚ ɷɯɨ ɨɬ ɧɟ-
ɩɨɞɜɢɠɧɨɝɨ ɨɛɴɟɤɬɚ ɩɪɢɯɨɞɢɬ ɤ ɩɪɢɟɦɧɢɤɭ ɱɟɪɟɡ ɧɟɤɨɬɨɪɨɟ ɜɪɟɦɹ ɩɨɫɥɟ 
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ɩɨɫɵɥɤɢ ɫɢɝɧɚɥɚ, ɚ ɭɪɨɜɟɧɶ ɪɟɜɟɪɛɟɪɚɰɢɢ ɤ ɷɬɨɦɭ ɦɨɦɟɧɬɭ ɨɤɚɠɟɬɫɹ ɜɵɲɟ 
ɭɪɨɜɧɹ ɷɯɨ-ɫɢɝɧɚɥɚ, ɬɨ ɩɪɢɟɦ ɫɢɝɧɚɥɚ ɛɭɞɟɬ ɧɟɜɨɡɦɨɠɟɧ (ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ 
t1 ɧɚ ɪɢɫ. 5.9). ɂ ɧɚɨɛɨɪɨɬ, ɟɫɥɢ ɪɟɜɟɪɛɟɪɚɰɢɹ ɤ ɦɨɦɟɧɬɭ ɩɪɢɟɦɚ ɫɩɚɞɟɬ 
ɧɚɫɬɨɥɶɤɨ, ɱɬɨ ɷɯɨ ɩɪɟɜɵɫɢɬ ɟɟ, ɬɨ ɷɯɨ-ɫɢɝɧɚɥ ɛɭɞɟɬ ɡɚɮɢɤɫɢɪɨɜɚɧ (ɦɨɦɟɧɬ 
ɜɪɟɦɟɧɢ t2 ɧɚ ɪɢɫ. 5.9). Ʉɪɨɦɟ ɬɨɝɨ, ɜ ɫɥɭɱɚɟ ɥɨɤɚɰɢɢ ɞɜɢɠɭɳɟɝɨɫɹ ɨɛɴɟɤɬɚ 
ɜɨɡɦɨɠɧɚ ɱɚɫɬɨɬɧɚɹ ɫɟɥɟɤɰɢɹ ɷɯɨ-ɫɢɝɧɚɥɚ. 

ȼ ɧɚɲɟɣ ɫɬɪɚɧɟ ɩɟɪɜɨɟ ɢ ɧɚɢɛɨɥɟɟ ɩɨɥɧɨɟ ɬɟɨɪɟɬɢɱɟɫɤɨɟ ɢ ɷɤɫɩɟɪɢ-
ɦɟɧɬɚɥɶɧɨɟ ɢɫɫɥɟɞɨɜɚɧɢɟ ɪɟɜɟɪɛɟɪɚɰɢɢ ɜ ɦɨɪɟ ɛɵɥɨ ɜɵɩɨɥɧɟɧɨ ɘ.Ɇ. ɋɭ-
ɯɚɪɟɜɫɤɢɦ. Ɋɟɜɟɪɛɟɪɚɰɢɹ ɜ ɦɨɪɟ ɩɨɪɨɠɞɚɟɬɫɹ ɪɚɫɫɟɢɜɚɧɢɟɦ ɡɜɭɤɚ ɪɚɡɥɢɱ-
ɧɵɦɢ ɧɟɨɞɧɨɪɨɞɧɨɫɬɹɦɢ ɦɨɪɫɤɨɣ ɫɪɟɞɵ (ɝɚɡɨɜɵɦɢ ɩɭɡɵɪɶɤɚɦɢ, ɬɜɟɪɞɵɦɢ 
ɜɡɜɟɲɟɧɧɵɦɢ ɱɚɫɬɢɱɤɚɦɢ), ɧɟɪɨɜɧɨɫɬɹɦɢ ɞɧɚ ɢ ɩɨɜɟɪɯɧɨɫɬɢ ɦɨɪɹ. Ɋɚɡɥɢ-
ɱɚɸɬ ɪɟɜɟɪɛɟɪɚɰɢɸ ɨɛɴɟɦɧɭɸ, ɩɨɜɟɪɯɧɨɫɬɧɭɸ ɢ ɞɨɧɧɭɸ.  

 

Ɋɢɫ. 5.9 

Ɉɛɴɟɦɧɨɣ ɪɟɜɟɪɛɟɪɚɰɢɟɣ ɹɜɥɹɟɬɫɹ ɪɟɜɟɪɛɟɪɚɰɢɹ, ɨɛɭɫɥɨɜɥɟɧɧɚɹ ɪɚɫ-
ɫɟɹɧɢɟɦ ɡɜɭɤɚ ɦɚɥɵɦɢ ɱɚɫɬɢɰɚɦɢ, ɧɚɫɵɳɚɸɳɢɦɢ ɝɥɭɛɢɧɧɵɟ ɫɥɨɢ ɜɨɞɵ. 
Ɂɞɟɫɶ ɨɫɧɨɜɧɭɸ ɪɨɥɶ ɢɝɪɚɸɬ ɬɚɤɢɟ ɪɚɫɫɟɢɜɚɬɟɥɢ, ɤɚɤ ɝɚɡɨɜɵɟ ɩɭɡɵɪɶɤɢ, 
ɬɜɟɪɞɵɟ ɜɡɜɟɲɟɧɧɵɟ ɱɚɫɬɢɱɤɢ, ɬɟɪɦɢɱɟɫɤɢɟ ɧɟɨɞɧɨɪɨɞɧɨɫɬɢ ɢ ɬ.ɞ. ɂɧɬɟɧ-
ɫɢɜɧɨɫɬɶ ɩɨɞɨɛɧɨɝɨ ɪɨɞɚ ɪɟɜɟɪɛɟɪɚɰɢɢ ɨɩɪɟɞɟɥɹɟɬɫɹ ɜɵɪɚɠɟɧɢɟɦ 

ct

t

N
KI ȕ2,0

21ɈɊ 10
τ  ,                                       (5.10)  

ɝɞɟ  K1 – ɤɨɷɮɮɢɰɢɟɧɬ ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɨɫɬɢ; N – ɦɨɳɧɨɫɬɶ ɢɡɥɭɱɚɟɦɨɝɨ 
ɫɢɝɧɚɥɚ; τ – ɞɥɢɬɟɥɶɧɨɫɬɶ ɢɡɥɭɱɚɟɦɨɝɨ ɢɦɩɭɥɶɫɚ; ȕ – ɤɨɷɮɮɢɰɢɟɧɬ ɩɨɝɥɨ-
ɳɟɧɢɹ ɡɜɭɤɚ; c – ɫɤɨɪɨɫɬɶ ɡɜɭɤɚ.   
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ɉɨɜɟɪɯɧɨɫɬɧɚɹ ɪɟɜɟɪɛɟɪɚɰɢɹ ɨɛɭɫɥɨɜɥɟɧɚ ɪɚɫɫɟɹɧɢɟɦ ɡɜɭɤɚ ɩɪɢɩɨ-
ɜɟɪɯɧɨɫɬɧɵɦ ɫɥɨɟɦ ɜɨɞɵ ɢ ɜɡɜɨɥɧɨɜɚɧɧɨɣ ɩɨɜɟɪɯɧɨɫɬɶɸ ɦɨɪɹ. ɂɧɬɟɧɫɢɜ-
ɧɨɫɬɶ ɩɨɜɟɪɯɧɨɫɬɧɨɣ ɪɟɜɟɪɛɟɪɚɰɢɢ ɨɩɪɟɞɟɥɹɟɬɫɹ ɪɚɜɟɧɫɬɜɨɦ 

.10
τ ȕ2,0

32ɉɊ
ct

t

N
KI                                      (5.11) 

Ⱦɨɧɧɚɹ ɪɟɜɟɪɛɟɪɚɰɢɹ ɜɵɡɵɜɚɟɬɫɹ ɪɚɫɫɟɹɧɢɟɦ ɡɜɭɤɚ ɦɨɪɫɤɢɦ ɞɧɨɦ. Ⱦɥɹ 
ɨɩɪɟɞɟɥɟɧɢɹ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɞɨɧɧɨɣ ɪɟɜɟɪɛɟɪɚɰɢɢ ɦɨɠɧɨ ɢɫɩɨɥɶɡɨɜɚɬɶ 
ɮɨɪɦɭɥɭ 

.10
τ ȕ2,0

43ȾɊ
ct

t

N
KI                                      (5.12) 

Ɉɬɦɟɱɟɧɧɨɟ ɞɟɥɟɧɢɟ ɪɟɜɟɪɛɟɪɚɰɢɢ ɧɚ ɬɪɢ ɜɢɞɚ ɹɜɥɹɟɬɫɹ, ɜ ɢɡɜɟɫɬɧɨɣ 
ɫɬɟɩɟɧɢ, ɭɫɥɨɜɧɵɦ. Ʉɚɤ ɜɢɞɧɨ ɢɡ ɜɵɪɚɠɟɧɢɣ (5.10) – (5.12), ɦɟɞɥɟɧɧɟɣ 
ɜɫɟɯ ɭɛɵɜɚɟɬ ɨɛɴɟɦɧɚɹ ɪɟɜɟɪɛɟɪɚɰɢɹ ɢ ɛɵɫɬɪɟɟ ɜɫɟɯ – ɞɨɧɧɚɹ. 

ɇɚ ɩɟɪɜɵɣ ɜɡɝɥɹɞ ɦɨɠɟɬ ɩɨɤɚɡɚɬɶɫɹ, ɱɬɨ ɭɦɟɧɶɲɚɹ ɦɨɳɧɨɫɬɶ ɢɡɥɭ-
ɱɚɟɦɨɝɨ ɫɢɝɧɚɥɚ N ɢɥɢ ɞɥɢɬɟɥɶɧɨɫɬɶ ɢɦɩɭɥɶɫɚ τ, ɦɨɠɧɨ ɭɦɟɧɶɲɢɬɶ ɜɥɢɹ-
ɧɢɟ ɪɟɜɟɪɛɟɪɚɰɢɢ ɧɚ ɪɚɛɨɬɭ ɝɢɞɪɨɚɤɭɫɬɢɱɟɫɤɨɝɨ ɩɪɢɛɨɪɚ. ɇɨ ɷɬɨ, ɤ ɫɨɠɚ-
ɥɟɧɢɸ, ɧɟ ɬɚɤ. ɉɪɢ ɭɦɟɧɶɲɟɧɢɢ N ɢ τ ɛɭɞɟɬ ɬɚɤɢɦ ɠɟ ɨɛɪɚɡɨɦ ɭɦɟɧɶɲɚɬɶ-
ɫɹ ɢ ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɩɨɥɟɡɧɨɝɨ ɫɢɝɧɚɥɚ. ɇɚ ɩɪɚɤɬɢɤɟ ɞɥɹ ɫɧɢɠɟɧɢɹ ɜɥɢɹɧɢɹ 
ɪɟɜɟɪɛɟɪɚɰɢɢ ɜ ɝɢɞɪɨɚɤɭɫɬɢɱɟɫɤɨɣ ɚɩɩɚɪɚɬɭɪɟ ɩɪɢɦɟɧɹɸɬɫɹ ɫɯɟɦɵ ɜɪɟ-
ɦɟɧɧɨɣ ɚɜɬɨɦɚɬɢɱɟɫɤɨɣ ɪɟɝɭɥɢɪɨɜɤɢ ɭɫɢɥɟɧɢɹ (ȼȺɊɍ). ɋɦɵɫɥ ɟё ɡɚɤɥɸɱɚ-
ɟɬɫɹ ɜ ɬɨɦ, ɱɬɨ ɤɨɷɮɮɢɰɢɟɧɬ ɭɫɢɥɟɧɢɹ ɩɪɢɟɦɧɨɝɨ ɬɪɚɤɬɚ ɢɡɦɟɧɹɟɬɫɹ ɩɨ 
ɡɚɤɨɧɭ, ɨɛɪɚɬɧɨɦɭ ɡɚɤɨɧɭ ɢɡɦɟɧɟɧɢɹ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɪɟɜɟɪɛɟɪɚɰɢɢ. 

5.4. Ⱦɢɮɪɚɤɰɢɹ ɡɜɭɤɨɜɵɯ ɜɨɥɧ 
Ⱦɢɮɪɚɤɰɢɹ – ɷɬɨ ɫɩɨɫɨɛɧɨɫɬɶ ɡɜɭɤɨɜɵɯ ɜɨɥɧ ɩɪɢ ɨɩɪɟɞɟɥɟɧɧɵɯ ɭɫɥɨ-

ɜɢɹɯ ɨɝɢɛɚɬɶ ɜɫɬɪɟɱɚɸɳɢɟɫɹ ɧɚ ɩɭɬɢ ɩɪɟɩɹɬɫɬɜɢɹ. ɉɨɹɫɧɢɬɶ ɹɜɥɟɧɢɟ ɞɢ-
ɮɪɚɤɰɢɢ ɦɨɠɧɨ ɫ ɩɨɦɨɳɶɸ ɩɪɢɧɰɢɩɚ Ƚɸɣɝɟɧɫɚ. 

ɇɚ ɪɢɫ. η.10 ɩɨɤɚɡɚɧɨ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɟ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ ɜ ɫɥɭɱɚɟ, ɤɨɝɞɚ 
ɧɚ ɟɟ ɩɭɬɢ ɜɫɬɪɟɱɚɟɬɫɹ ɩɪɟɩɹɬɫɬɜɢɟ, ɪɚɡɦɟɪɵ ɤɨɬɨɪɨɝɨ ɫɨɢɡɦɟɪɢɦɵ ɫ ɞɥɢ-
ɧɨɣ ɜɨɥɧɵ. ɉɪɢ ɞɨɫɬɢɠɟɧɢɢ ɮɪɨɧɬɨɦ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ Q ɩɪɟɩɹɬɫɬɜɢɹ ɱɚɫɬɶ  
ɡɜɭɤɨɜɨɣ ɷɧɟɪɝɢɢ ɨɬɪɚɠɚɟɬɫɹ. ȼ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ ɩɪɢɧɰɢɩɨɦ Ƚɸɣɝɟɧɫɚ ɬɨɱ-
ɤɢ ɮɪɨɧɬɚ ɜɨɥɧɵ 1 … 6 ɹɜɥɹɸɬɫɹ ɷɥɟɦɟɧɬɚɪɧɵɦɢ ɢɫɬɨɱɧɢɤɚɦɢ ɫɮɟɪɢɱɟ-
ɫɤɢɯ ɡɜɭɤɨɜɵɯ ɜɨɥɧ. ɉɪɨɜɨɞɹ ɤɚɫɚɬɟɥɶɧɭɸ ɤ ɮɪɨɧɬɚɦ ɷɬɢɯ ɜɨɥɧ, ɩɨɥɭɱɚɟɦ 
ɧɨɜɨɟ ɩɨɥɨɠɟɧɢɟ ɮɪɨɧɬɚ ɩɥɨɫɤɨɣ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ. ȼɵɛɢɪɚɟɦ ɬɨɱɤɢ ɫɪɟɞɵ, 
ɤɨɬɨɪɵɟ ɬɚɤɠɟ ɹɜɥɹɸɬɫɹ ɷɥɟɦɟɧɬɚɪɧɵɦɢ ɢɫɬɨɱɧɢɤɚɦɢ ɫɮɟɪɢɱɟɫɤɢɯ ɜɨɥɧ, 
ɢ ɨɩɪɟɞɟɥɹɟɦ ɫɥɟɞɭɸɳɟɟ ɩɨɥɨɠɟɧɢɟ ɮɪɨɧɬɚ ɩɥɨɫɤɨɣ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ ɢ ɬ.ɞ. 
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ȼ ɤɨɧɟɱɧɨɦ ɢɬɨɝɟ ɜɨɡɧɢɤɚɟɬ ɮɪɨɧɬ ɩɥɨɫɤɨɣ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ, ɪɚɫɩɪɨɫɬɪɚ-
ɧɹɸɳɟɣɫɹ ɡɚ ɩɪɟɩɹɬɫɬɜɢɟɦ. ɇɟɩɨɫɪɟɞɫɬɜɟɧɧɨ ɡɚ ɩɪɟɝɪɚɞɨɣ ɜɨɡɧɢɤɚɟɬ ɡɨɧɚ 
ɡɜɭɤɨɜɨɣ ɬɟɧɢ. 

 

Ɋɢɫ. η.10 

ȿɫɥɢ ɪɚɡɦɟɪ ɩɪɟɩɹɬɫɬɜɢɹ ɛɭɞɟɬ ɡɧɚɱɢɬɟɥɶɧɨ ɛɨɥɶɲɟ, ɱɟɦ ɞɥɢɧɚ ɜɨɥɧɵ, 
ɬɨ ɜɫɹ ɷɧɟɪɝɢɹ ɨɬ ɧɟɝɨ ɨɬɪɚɡɢɬɫɹ, ɚ ɡɚ ɩɪɟɩɹɬɫɬɜɢɟɦ ɛɭɞɟɬ ɫɩɥɨɲɧɚɹ ɡɨɧɚ 
ɡɜɭɤɨɜɨɣ ɬɟɧɢ. ȿɫɥɢ ɪɚɡɦɟɪ ɩɪɟɩɹɬɫɬɜɢɹ ɛɭɞɟɬ ɡɧɚɱɢɬɟɥɶɧɨ ɦɟɧɶɲɟ ɞɥɢɧɵ 
ɜɨɥɧɵ, ɬɨ ɜ ɷɬɨɦ ɫɥɭɱɚɟ ɡɜɭɤɨɜɚɹ ɜɨɥɧɚ ɩɪɨɯɨɞɢɬ ɞɚɥɶɲɟ, ɤɚɤ ɛɵ ɧɟ ɡɚɦɟ-
ɱɚɹ ɩɪɟɩɹɬɫɬɜɢɹ, ɬ.ɟ. ɫɚɦɨ ɩɪɟɩɹɬɫɬɜɢɟ ɦɨɠɟɬ ɛɵɬɶ ɧɟ ɨɛɧɚɪɭɠɟɧɨ.  

əɜɥɟɧɢɟɦ ɞɢɮɪɚɤɰɢɢ ɦɨɠɧɨ ɨɛɴɹɫɧɢɬɶ ɧɚɥɢɱɢɟ ɢɥɢ ɨɬɫɭɬɫɬɜɢɟ ɤɨɧ-
ɬɚɤɬɚ ɫ ɰɟɥɶɸ ɩɪɢ ɝɢɞɪɨɥɨɤɚɰɢɢ. 

5.5. ȼɥɢɹɧɢɟ ɨɬɧɨɫɢɬɟɥɶɧɨɝɨ ɞɜɢɠɟɧɢɹ ɢɫɬɨɱɧɢɤɚ 
ɢɥɢ ɩɪɢɟɦɧɢɤɚ ɡɜɭɤɚ ɧɚ ɩɚɪɚɦɟɬɪɵ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ 

ɗɬɨɬ ɜɨɩɪɨɫ ɢɦɟɟɬ ɛɨɥɶɲɨɟ ɩɪɚɤɬɢɱɟɫɤɨɟ ɡɧɚɱɟɧɢɟ. Ɂɚɞɚɞɢɦ ɩɥɨɫɤɭɸ 
ɡɜɭɤɨɜɭɸ ɜɨɥɧɭ ɩɨɬɟɧɰɢɚɥɨɦ ɫɤɨɪɨɫɬɢ 

)cos()cos()(cos tkxmkxtmxctkm  .        (5.13) 

Ⱦɥɹ ɭɞɨɛɫɬɜɚ ɚɧɚɥɢɡɚ ɩɪɟɨɛɪɚɡɭɟɦ ɮɚɡɭ ɩɨɬɟɧɰɢɚɥɚ ɫɤɨɪɨɫɬɢ kx ɜ ɜɟɤ-
ɬɨɪɧɭɸ ɮɨɪɦɭ. ɋ ɷɬɨɣ ɰɟɥɶɸ ɜɜɟɞɟɦ ɞɜɚ ɜɟɤɬɨɪɚ (ɪɢɫ. 5.11)μ ɪɚɞɢɭɫ-ɜɟɤɬɨɪ 

r  ɢɧɬɟɪɟɫɭɸɳɟɣ ɧɚɫ ɬɨɱɤɢ ɡɜɭɤɨɜɨɝɨ ɩɨɥɹ Ɇ ɢ ɜɨɥɧɨɜɨɣ ɜɟɤɬɨɪ k , ɫɨɜ-
ɩɚɞɚɸɳɢɣ ɫ ɧɚɩɪɚɜɥɟɧɢɟɦ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɜɨɥɧɵ. 
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Ɉɛɨɡɧɚɱɢɦ ɱɟɪɟɡ n  ɟɞɢɧɢɱɧɵɣ ɜɟɤɬɨɪ ɜ ɧɚɩɪɚɜɥɟɧɢɢ ɪɚɫɩɪɨɫɬɪɚɧɟ-
ɧɢɹ ɜɨɥɧɵ. Ɍɨɝɞɚ ɜɟɤɬɨɪ knk  ɦɨɠɧɨ ɧɚɡɜɚɬɶ ɜɨɥɧɨɜɵɦ ɜɟɤɬɨɪɨɦ. ȼɜɟ-
ɞɟɦ ɜɨɥɧɨɜɨɣ ɜɟɤɬɨɪ ɜ ɜɵɪɚɠɟɧɢɟ (5.1γ). ɂɡ ɪɢɫ. 5.11 ɢɦɟɟɦ 

 cosrx  ɢɥɢ .cos krkx  

ȿɫɥɢ ɱɟɪɟɡ m  ɨɛɨɡɧɚɱɢɬɶ ɟɞɢɧɢɱɧɵɣ ɜɟɤɬɨɪ ɜ ɧɚɩɪɚɜɥɟɧɢɢ ɪɚɞɢɭɫ-

ɜɟɤɬɨɪɚ r ɢ ɭɱɟɫɬɶ, ɱɬɨ ɫɤɚɥɹɪɧɨɟ ɩɪɨɢɡɜɟɞɟɧɢɟ ɞɜɭɯ ɟɞɢɧɢɱɧɵɯ ɜɟɤɬɨɪɨɜ 
 cosmn , ɬɨ 

.cos rkmnkrkrkx   

ɋ ɭɱɟɬɨɦ ɷɬɨɝɨ ɪɚɜɟɧɫɬɜɨ (θ.13) ɩɪɢɦɟɬ ɜɢɞ 

).cos( trkm                                         (5.14) 

 

 

Ɋɢɫ. η.11 Ɋɢɫ. η.1β 

ɉɪɟɞɩɨɥɨɠɢɦ ɬɟɩɟɪɶ, ɱɬɨ ɩɪɢɟɦɧɢɤ ɡɜɭɤɚ ɩɟɪɟɦɟɳɚɟɬɫɹ ɨɬɧɨɫɢɬɟɥɶɧɨ 
ɢɡɥɭɱɚɬɟɥɹ ɫɨ ɫɤɨɪɨɫɬɶɸU , ɢ ɨɩɪɟɞɟɥɢɦ ɡɧɚɱɟɧɢɟ ɩɨɬɟɧɰɢɚɥɚ ɫɤɨɪɨɫɬɢ φ 

ɜ ɩɪɨɢɡɜɨɥɶɧɨɣ ɬɨɱɤɟ Ɇ. Ⱦɥɹ ɷɬɨɝɨ ɜɜɟɞɟɦ ɜ ɪɚɫɫɦɨɬɪɟɧɢɟ ɞɜɟ ɤɨɨɪɞɢɧɚɬ-
ɧɵɟ ɫɢɫɬɟɦɵ. ɉɪɹɦɨɭɝɨɥɶɧɭɸ ɤɨɨɪɞɢɧɚɬɧɭɸ ɫɢɫɬɟɦɭ x'y'z'o' ɧɟɪɚɡɪɵɜɧɨ 
ɫɜɹɠɟɦ ɫ ɩɪɢɟɦɧɢɤɨɦ, ɚ ɤɨɨɪɞɢɧɚɬɧɭɸ ɫɢɫɬɟɦɭ xyzo, ɤɨɬɨɪɚɹ ɫɜɹɡɚɧɚ 
ɫ ɢɡɥɭɱɚɬɟɥɟɦ, ɫɱɢɬɚɟɦ ɧɟɩɨɞɜɢɠɧɨɣ. 

ȼ ɫɢɫɬɟɦɟ ɤɨɨɪɞɢɧɚɬ x'y'z'o' ɬɨɱɤɚ Ɇ ɹɜɥɹɟɬɫɹ ɧɟɩɨɞɜɢɠɧɨɣ ɨɬɧɨɫɢ-
ɬɟɥɶɧɨ ɩɪɢɟɦɧɢɤɚ ɡɜɭɤɚ. ɋɥɟɞɨɜɚɬɟɥɶɧɨ, ɫɩɪɚɜɟɞɥɢɜɨ ɜɵɪɚɠɟɧɢɟ  

)Ȧcos( trkmM  .  

Ⱦɥɹ ɬɨɝɨ, ɱɬɨɛɵ ɩɨɥɭɱɢɬɶ ɪɚɜɧɨɰɟɧɧɨɟ ɜɵɪɚɠɟɧɢɟ ɜ ɧɟɩɨɞɜɢɠɧɨɣ 
ɫɢɫɬɟɦɟ ɤɨɨɪɞɢɧɚɬ ɯɭz, ɧɟɨɛɯɨɞɢɦɨ, ɤɚɤ ɷɬɨ ɜɢɞɧɨ ɢɡ ɪɢɫ. 5.1β, ɜ ɪɚɜɟɧɫɬɜɟ 
(5.14) ɜɵɩɨɥɧɢɬɶ ɡɚɦɟɧɭ r   ɧɚ r . 

Ɇ ɩ k 

r 

m 
x x 

y 
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Ɏɭɧɤɰɢɨɧɚɥɶɧɚɹ ɫɜɹɡɶ ɦɟɠɞɭ ɜɟɤɬɨɪɚɦɢ r   ɢ r  ɥɟɝɤɨ ɨɩɪɟɞɟɥɹɟɬɫɹ 
ɢɡ ɜɟɤɬɨɪɧɨɝɨ ɬɪɟɭɝɨɥɶɧɢɤɚ ɈɈ′Ɇ. Ɂɚɦɵɤɚɸɳɢɣ ɜɟɤɬɨɪ  

tUrr   .                                                   (5.15) 

ɉɨɞɫɬɚɜɥɹɹ ɪɚɜɟɧɫɬɜɨ (5.1η) ɜ ɜɵɪɚɠɟɧɢɟ (5.14), ɩɨɥɭɱɢɦ 

     tUkrkttUrk mm   cos cos  .                  (5.16) 

ȼ ɥɸɛɨɦ ɜɵɪɚɠɟɧɢɢ, ɨɩɪɟɞɟɥɹɸɳɟɦ ɝɚɪɦɨɧɢɱɟɫɤɢɟ ɤɨɥɟɛɚɧɢɹ, ɤɨɷɮ-
ɮɢɰɢɟɧɬ ɩɪɢ ɜɪɟɦɟɧɢ ɜɫɟɝɞɚ ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɱɚɫɬɨɬɭ ɷɬɢɯ ɤɨɥɟɛɚɧɢɣ. 
ɉɨɷɬɨɦɭ ɧɚ ɨɫɧɨɜɚɧɢɢ ɜɵɪɚɠɟɧɢɹ (5.16) ɦɨɠɧɨ ɫɞɟɥɚɬɶ ɫɥɟɞɭɸɳɟɟ ɡɚɤɥɸ-
ɱɟɧɢɟ: ɞɜɢɠɟɧɢɟ ɩɪɢɟɦɧɢɤɚ ɨɬɧɨɫɢɬɟɥɶɧɨ ɢɡɥɭɱɚɬɟɥɹ ɫɨ ɫɤɨɪɨɫɬɶɸ U  

ɨɛɭɫɥɚɜɥɢɜɚɟɬ ɢɡɦɟɧɟɧɢɟ ɱɚɫɬɨɬɵ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ. ɑɚɫɬɨɬɚ Ȧ* ɡɜɭɤɨɜɨɣ 
ɜɨɥɧɵ, ɤɨɬɨɪɚɹ ɩɨɫɬɭɩɚɟɬ ɜ ɩɪɢɟɦɧɢɤ,  

.ȦȦ Uk                                             (5.17) 

ȿɫɥɢ ɩɪɢɟɦɧɢɤ ɭɫɬɚɧɨɜɥɟɧ ɧɚ ɫɭɞɧɟ, ɤɨɬɨɪɨɟ ɞɜɢɠɟɬɫɹ ɫɨ ɫɤɨɪɨ-
ɫɬɶɸ ɫV , ɬɨ ɜɵɪɚɠɟɧɢɟ (5.17) ɦɨɠɧɨ ɡɚɩɢɫɚɬɶ ɜ ɜɢɞɟ 

.ȦȦ ɫVk                                             (5.18) 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɟɫɥɢ ɩɪɢɟɦɧɢɤ ɡɜɭɤɚ ɩɟɪɟɦɟɳɚɟɬɫɹ ɨɬɧɨɫɢɬɟɥɶɧɨ ɢɡ-
ɥɭɱɚɬɟɥɹ, ɬɨ ɱɚɫɬɨɬɚ ɫɢɝɧɚɥɚ, ɤɨɬɨɪɵɣ ɩɨɫɬɭɩɚɟɬ ɜ ɩɪɢɟɦɧɢɤ, ɨɬɥɢɱɚɟɬɫɹ 
ɨɬ ɱɚɫɬɨɬɵ, ɤɨɬɨɪɚɹ ɢɡɥɭɱɚɟɬɫɹ ɢɫɬɨɱɧɢɤɨɦ ɡɜɭɤɚ. ɗɬɨ ɹɜɥɟɧɢɟ ɧɚɡɵɜɚɟɬɫɹ 
ɷɮɮɟɤɬɨɦ Ⱦɨɩɥɟɪɚ. 

Ʉɨɧɬɪɨɥɶɧɵɟ ɜɨɩɪɨɫɵ 
26. Ⱦɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɫɤɨɪɨɫɬɢ ɡɜɭɤɚ ɜ ɠɢɞɤɨɫɬɢ ɢɦɟɟɬɫɹ ɮɨɪɦɭɥɚ Ʌɚ-

ɩɥɚɫɚ          .



K

c
1

 

Ɇɨɠɧɨ ɥɢ ɩɨ ɷɬɨɣ ɮɨɪɦɭɥɟ ɪɚɫɫɱɢɬɚɬɶ ɫɤɨɪɨɫɬɶ ɡɜɭɤɚ ɜ ɦɨɪɟ: 
– ɞɚ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 5); 
– ɧɟɬ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 24). 
27. ɋɤɨɪɨɫɬɶ ɡɜɭɤɚ ɜ ɦɨɪɟ ɡɚɜɢɫɢɬ ɨɬ ɫɥɟɞɭɸɳɢɯ ɮɚɤɬɨɪɨɜμ 
– ɫɨɥɟɧɨɫɬɢ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 30); 
– ɬɟɦɩɟɪɚɬɭɪɵ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 48); 
– ɝɥɭɛɢɧɵ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 64); 
– ɩɪɨɡɪɚɱɧɨɫɬɢ ɜɨɞɵ (ɫɦ.ɩɨɹɫɧɟɧɢɟ 158); 
– ɧɟɨɞɧɨɪɨɞɧɨɫɬɢ ɫɪɟɞɵ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 164). 
28. Ɋɟɜɟɪɛɟɪɚɰɢɹ ɛɵɜɚɟɬ ɫɥɟɞɭɸɳɢɯ ɜɢɞɨɜμ 
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–ɨɛɴɟɦɧɨɣ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 149); 
–ɞɨɧɧɨɣ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 131); 
– ɩɨɜɟɪɯɧɨɫɬɧɨɣ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 118); 
– ɝɥɭɛɢɧɧɨɣ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 103). 
29. ȿɫɥɢ ɢɫɬɨɱɧɢɤ ɢɥɢ ɩɪɢɟɦɧɢɤ ɡɜɭɤɚ ɩɟɪɟɦɟɳɚɸɬɫɹ ɨɬɧɨɫɢɬɟɥɶɧɨ 

ɞɪɭɝ ɞɪɭɝɚ, ɬɨ ɩɪɢɧɢɦɚɟɦɵɣ ɫɢɝɧɚɥ ɨɬɥɢɱɚɟɬɫɹ ɨɬ ɢɡɥɭɱɚɟɦɨɝɨ ɫɥɟɞɭɸɳɢ-
ɦɢ ɩɚɪɚɦɟɬɪɚɦɢμ 

– ɚɦɩɥɢɬɭɞɨɣ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 94); 
– ɱɚɫɬɨɬɨɣ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 163); 
– ɮɚɡɨɣ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 148). 
30. Ⱦɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɨɛɴɟɦɧɨɣ ɪɟɜɟɪɛɟɪɚɰɢɢ ɫɥɭɠɢɬ 

ɮɨɪɦɭɥɚ 

ct

t

N
KI ȕ2,0

21ɈɊ 10
τ  . 

ɂɡɦɟɧɟɧɢɟɦ, ɤɚɤɢɯ ɜɟɥɢɱɢɧ ɦɨɠɧɨ ɭɦɟɧɶɲɢɬɶ ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɷɬɨɣ 
ɪɟɜɟɪɛɟɪɚɰɢɢμ 

– ɜɟɥɢɱɢɧɵ N (ɫɦ. ɩɨɹɫɧɟɧɢɟ 130); 
– ɜɟɥɢɱɢɧɵ τ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 100); 
– ɜɟɥɢɱɢɧɵ t (ɫɦ. ɩɨɹɫɧɟɧɢɟ 63); 
– ɜɟɥɢɱɢɧɵ ȕ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 41). 

Ʌɟɤɰɢɹ 7 

6. ɂɋɌɈɑɇɂɄɂ ɂ ɉɊɂȿɆɇɂɄɂ ɁȼɍɄȺ 

ȼ 1λ1θ ɝ. ɪɭɫɫɤɢɦ ɢɧɠɟɧɟɪɨɦ Ʉ.ȼ. ɒɢɥɨɜɫɤɢɦ ɢ ɮɪɚɧɰɭɡɫɤɢɦ ɭɱɟɧɵɦ 
ɉ. Ʌɚɧɠɟɜɟɧɨɦ ɛɵɥ ɢɡɨɛɪɟɬɟɧ ɩɪɢɛɨɪ ɞɥɹ ɩɨɞɜɨɞɧɨɣ ɝɢɞɪɨɥɨɤɚɰɢɢ, ɤɨɬɨɪɵɣ 
ɹɜɢɥɫɹ ɩɪɨɨɛɪɚɡɨɦ ɫɨɜɪɟɦɟɧɧɨɝɨ ɝɢɞɪɨɥɨɤɚɬɨɪɚ. 

Ɂɜɭɤɨɜɵɟ ɦɨɳɧɨɫɬɢ ɫɨɜɪɟɦɟɧɧɵɯ ɝɢɞɪɨɥɨɤɚɬɨɪɨɜ ɜɟɫɶɦɚ ɡɧɚɱɢɬɟɥɶ-
ɧɵ. ɂɯ ɦɨɠɧɨ ɫɪɚɜɧɢɬɶ ɫ ɦɨɳɧɨɫɬɶɸ ɨɞɧɨɜɪɟɦɟɧɧɨɝɨ ɤɪɢɤɚ ɞɟɫɹɬɤɨɜ ɬɵ-
ɫɹɱ ɥɸɞɟɣ, ɚ ɩɨ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɫ ɫɢɝɧɚɥɨɦ ɫɨɜɪɟɦɟɧɧɨɝɨ ɝɢɞɪɨɥɨɤɚɬɨɪɚ 
ɦɨɠɟɬ ɫɪɚɜɧɢɬɶɫɹ ɬɨɥɶɤɨ ɪɟɜ ɫɬɚɪɬɭɸɳɟɣ ɪɚɤɟɬɵ. 

6.1. Ʉɨɥɟɛɚɬɟɥɶɧɵɟ ɫɢɫɬɟɦɵ ɚɧɬɟɧɧ 
Ɂɜɭɤɨɜɚɹ ɷɧɟɪɝɢɹ ɦɨɠɟɬ ɜɨɡɧɢɤɧɭɬɶ ɥɢɲɶ ɜ ɪɟɡɭɥɶɬɚɬɟ ɩɪɟɨɛɪɚ-

ɡɨɜɚɧɢɹ ɤɚɤɨɝɨ-ɥɢɛɨ ɞɪɭɝɨɝɨ ɜɢɞɚ ɷɧɟɪɝɢɢ. ȼ ɝɢɞɪɨɚɤɭɫɬɢɤɟ ɡɚɞɚɱɚ ɩɪɟ-
ɜɪɚɳɟɧɢɹ ɬɨɝɨ ɢɥɢ ɢɧɨɝɨ ɜɢɞɚ ɷɧɟɪɝɢɢ ɜ ɡɜɭɤɨɜɭɸ ɢɥɢ ɨɛɪɚɬɧɨ ɪɟɲɚɟɬɫɹ 
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ɫ ɩɨɦɨɳɶɸ ɨɫɨɛɵɯ ɭɫɬɪɨɣɫɬɜ – ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɟɣ. ɉɨɫɥɟɞɧɢɟ ɩɨɞɪɚɡɞɟ-
ɥɹɸɬ ɧɚ ɢɡɥɭɱɚɬɟɥɢ ɢ ɩɪɢɟɦɧɢɤɢ. ɋɨɜɨɤɭɩɧɨɫɬɶ ɢɡɥɭɱɚɬɟɥɹ ɢɥɢ ɩɪɢɟɦɧɢɤɚ 
ɜɦɟɫɬɟ ɫɨ ɜɫɩɨɦɨɝɚɬɟɥɶɧɵɦɢ ɭɫɬɪɨɣɫɬɜɚɦɢ ɧɚɡɵɜɚɟɬɫɹ ɝɢɞɪɨɚɤɭɫɬɢɱɟɫɤɨɣ 
ɚɧɬɟɧɧɨɣ (ɢɡɥɭɱɚɸɳɟɣ ɢɥɢ ɩɪɢɧɢɦɚɸɳɟɣ). 

Ƚɢɞɪɨɚɤɭɫɬɢɱɟɫɤɢɟ ɚɧɬɟɧɧɵ ɤɥɚɫɫɢɮɢɰɢɪɭɸɬɫɹ ɩɨ ɩɪɢɧɰɢɩɭ ɩɪɟɨɛɪɚ-
ɡɨɜɚɧɢɹ ɷɧɟɪɝɢɢ, ɩɨ ɫɩɨɫɨɛɭ ɮɨɪɦɢɪɨɜɚɧɢɹ ɧɚɩɪɚɜɥɟɧɧɨɫɬɢ, ɩɨ ɤɨɥɢɱɟɫɬɜɭ 
ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɟɣ ɜ ɫɨɫɬɚɜɟ ɚɧɬɟɧɧɵ, ɩɨ ɯɚɪɚɤɬɟɪɭ ɤɨɥɟɛɚɧɢɹ ɢ ɤɨɧɮɢɝɭɪɚ-
ɰɢɢ ɢɡɥɭɱɚɸɳɟɣ ɩɨɜɟɪɯɧɨɫɬɢ. 

ɉɨ ɩɪɢɧɰɢɩɭ ɩɪɟɨɛɪɚɡɨɜɚɧɢɹ ɷɧɟɪɝɢɢ ɚɧɬɟɧɧɵ ɛɵɜɚɸɬ ɦɚɝɧɢɬɨɫɬ-
ɪɢɤɰɢɨɧɧɵɟ ɢ ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɢɟ, ɜ ɤɨɬɨɪɵɯ ɢɫɩɨɥɶɡɭɟɬɫɹ ɦɚɝɧɢɬɨɫɬɪɢɤ-
ɰɢɨɧɧɵɣ ɢɥɢ ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɢɣ ɷɮɮɟɤɬ.  

ɉɨ ɫɩɨɫɨɛɭ ɮɨɪɦɢɪɨɜɚɧɢɹ ɧɚɩɪɚɜɥɟɧɧɨɫɬɢ ɚɧɬɟɧɧɵ ɛɵɜɚɸɬμ 
– ɪɭɩɨɪɧɵɟ, ɜ ɤɨɬɨɪɵɯ ɧɚɩɪɚɜɥɟɧɧɨɫɬɶ ɮɨɪɦɢɪɭɟɬɫɹ ɩɪɢɦɟɧɟɧɢɟɦ ɤɨ-

ɧɢɱɟɫɤɨɝɨ ɨɬɪɚɠɚɬɟɥɹ;  
– ɮɨɤɭɫɢɪɭɸɳɢɟ, ɡɚ ɫɱɟɬ ɫɨɡɞɚɧɢɹ ɫɩɟɰɢɚɥɶɧɨɣ ɮɨɪɦɵ ɢɡɥɭɱɚɸɳɟɣ 

ɩɨɜɟɪɯɧɨɫɬɢ;  
– ɢɧɬɟɪɮɟɪɟɧɰɢɨɧɧɵɟ, ɭ ɤɨɬɨɪɵɯ ɧɚɩɪɚɜɥɟɧɧɨɫɬɶ ɫɨɡɞɚɟɬɫɹ ɡɚ ɫɱɟɬ 

ɫɥɨɠɟɧɢɹ ɡɜɭɤɨɜɵɯ ɜɨɥɢ, ɫɨɡɞɚɜɚɟɦɵɯ ɤɚɠɞɨɣ ɬɨɱɤɨɣ ɢɡɥɭɱɚɸɳɟɣ ɩɨ-
ɜɟɪɯɧɨɫɬɢ; 

– ɩɚɪɚɦɟɬɪɢɱɟɫɤɢɟ, ɭ ɤɨɬɨɪɵɯ ɧɚɩɪɚɜɥɟɧɧɨɫɬɶ ɮɨɪɦɢɪɭɟɬɫɹ ɡɚ ɫɱɟɬ 
ɧɟɥɢɧɟɣɧɨɝɨ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɡɜɭɤɨɜɵɯ ɜɨɥɧ ɛɨɥɶɲɨɣ ɚɦɩɥɢɬɭɞɵ.  

ɉɨ ɤɨɥɢɱɟɫɬɜɭ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɟɣ ɚɧɬɟɧɧɵ ɛɵɜɚɸɬ ɨɞɧɨɷɥɟɦɟɧɬɧɵɟ 
ɢ ɦɧɨɝɨɷɥɟɦɟɧɬɧɵɟ. 

ɉɨ ɯɚɪɚɤɬɟɪɭ ɤɨɥɟɛɚɧɢɹ ɢɡɥɭɱɚɸɳɟɣ ɩɨɜɟɪɯɧɨɫɬɢ ɚɧɬɟɧɧɵ ɛɵɜɚɸɬ 
ɩɨɪɲɧɟɜɵɟ ɢ ɧɟɩɨɪɲɧɟɜɵɟ. ȼɫɟ ɬɨɱɤɢ ɢɡɥɭɱɚɸɳɟɣ ɩɨɜɟɪɯɧɨɫɬɢ ɩɨɪɲɧɟ-
ɜɨɣ ɚɧɬɟɧɧɵ ɤɨɥɟɛɥɸɬɫɹ ɨɞɢɧɚɤɨɜɨ, ɚ ɧɟɩɨɪɲɧɟɜɨɣ – ɫ ɪɚɡɧɵɦɢ ɮɚɡɚɦɢ 
ɢɥɢ ɚɦɩɥɢɬɭɞɚɦɢ. ɇɟɩɨɪɲɧɟɜɵɟ ɚɧɬɟɧɧɵ ɦɨɝɭɬ ɛɵɬɶ ɬɨɥɶɤɨ ɦɧɨɝɨɷɥɟ-
ɦɟɧɬɧɵɦɢ. 

ȼ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɬɨɝɨ, ɤɚɤɭɸ ɤɨɧɮɢɝɭɪɚɰɢɸ ɢɦɟɟɬ ɢɡɥɭɱɚɸɳɚɹ ɩɨ-
ɜɟɪɯɧɨɫɬɶ, ɝɢɞɪɨɚɤɭɫɬɢɱɟɫɤɢɟ ɚɧɬɟɧɧɵ ɛɵɜɚɸɬ ɩɨɜɟɪɯɧɨɫɬɧɵɟ ɢ ɥɢɧɟɣ-
ɧɵɟ. ȿɫɥɢ ɨɞɢɧ ɢɡ ɪɚɡɦɟɪɨɜ ɢɡɥɭɱɚɸɳɟɣ ɩɨɜɟɪɯɧɨɫɬɢ ɚɧɬɟɧɧɵ ɛɨɥɶɲɟ 
ɞɥɢɧɵ ɜɨɥɧɵ, ɚ ɞɪɭɝɨɣ – ɡɧɚɱɢɬɟɥɶɧɨ ɦɟɧɶɲɟ, ɬɨ ɷɬɨ ɥɢɧɟɣɧɚɹ ɚɧɬɟɧɧɚ. 
ȿɫɥɢ ɨɛɚ ɪɚɡɦɟɪɚ ɢɡɥɭɱɚɸɳɟɣ ɩɨɜɟɪɯɧɨɫɬɢ ɛɨɥɶɲɟ ɞɥɢɧɵ ɜɨɥɧɵ, ɬɨ ɷɬɨ 
ɩɨɜɟɪɯɧɨɫɬɧɚɹ ɚɧɬɟɧɧɚ, ɭ ɤɨɬɨɪɨɣ ɮɨɪɦɚ ɢɡɥɭɱɚɸɳɟɣ ɩɨɜɟɪɯɧɨɫɬɢ ɦɨɠɟɬ 
ɛɵɬɶ ɩɥɨɫɤɨɣ, ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ ɢɥɢ ɫɮɟɪɢɱɟɫɤɨɣ.  
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Ʉɪɨɦɟ ɬɨɝɨ, ɩɨ ɬɢɩɭ ɤɨɥɟɛɚɬɟɥɶɧɨɣ ɫɢɫɬɟɦɵ ɚɧɬɟɧɧɵ ɦɨɝɭɬ ɛɵɬɶ ɩɥɚ-
ɫɬɢɧɱɚɬɵɟ, ɫɬɟɪɠɧɟɜɵɟ ɢ ɰɢɥɢɧɞɪɢɱɟɫɤɢɟ. 

ȼ ɥɸɛɨɦ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɟ ɩɟɪɟɯɨɞ ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɷɧɟɪɝɢɢ ɜ ɡɜɭɤɨɜɭɸ 
ɢɥɢ ɨɛɪɚɬɧɨ ɩɪɨɢɫɯɨɞɢɬ ɧɟ ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨ, ɚ ɱɟɪɟɡ ɩɪɨɦɟɠɭɬɨɱɧɵɣ ɜɢɞ 
ɷɧɟɪɝɢɢ, ɤɚɤɢɦ ɹɜɥɹɟɬɫɹ ɦɟɯɚɧɢɱɟɫɤɚɹ ɷɧɟɪɝɢɹ ɤɨɥɟɛɚɬɟɥɶɧɨɣ ɫɢɫɬɟɦɵ 
ɚɧɬɟɧɧɵ. ɉɨɫɥɟɞɧɹɹ ɩɪɢɯɨɞɢɬ ɜ ɤɨɥɟɛɚɬɟɥɶɧɨɟ ɫɨɫɬɨɹɧɢɟ ɩɨɞ ɜɥɢɹɧɢɟɦ 
ɜɧɟɲɧɟɝɨ ɜɨɡɞɟɣɫɬɜɢɹ. ȼ ɢɡɥɭɱɚɬɟɥɹɯ ɬɚɤɢɦ ɜɧɟɲɧɢɦ ɮɚɤɬɨɪɨɦ ɹɜɥɹɟɬɫɹ 
ɷɥɟɤɬɪɢɱɟɫɤɢɣ ɢɦɩɭɥɶɫ ɫɩɟɰɢɚɥɶɧɨɝɨ ɝɟɧɟɪɚɬɨɪɚ. ȼ ɩɪɢɟɦɧɢɤɚɯ ɦɟɯɚɧɢɱɟ-
ɫɤɚɹ ɫɢɥɚ, ɜɵɡɵɜɚɸɳɚɹ ɞɜɢɠɟɧɢɟ ɤɨɥɟɛɚɬɟɥɶɧɨɣ ɫɢɫɬɟɦɵ, ɜɨɡɧɢɤɚɟɬ ɜ ɪɟ-
ɡɭɥɶɬɚɬɟ ɜɨɡɞɟɣɫɬɜɢɹ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ. ɉɨɥɭɱɢɜɲɢɟɫɹ ɦɟɯɚɧɢɱɟɫɤɢɟ ɤɨɥɟ-
ɛɚɧɢɹ ɩɪɟɨɛɪɚɡɭɸɬɫɹ ɡɚɬɟɦ ɜ ɷɥɟɤɬɪɢɱɟɫɤɢɟ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɦɟɯɚɧɢɱɟɫɤɚɹ 
ɤɨɥɟɛɚɬɟɥɶɧɚɹ ɫɢɫɬɟɦɚ ɹɜɥɹɟɬɫɹ ɨɞɧɢɦ ɢɡ ɨɫɧɨɜɧɵɯ ɷɥɟɦɟɧɬɨɜ ɚɧɬɟɧɧɵ. 

ɑɚɳɟ ɜɫɟɝɨ ɪɨɥɶ ɤɨɥɟɛɚɬɟɥɶɧɨɣ ɫɢɫɬɟɦɵ ɜɵɩɨɥɧɹɸɬ ɫɞɟɥɚɧɧɵɟ ɢɡ ɭɩ-
ɪɭɝɨɝɨ ɦɚɬɟɪɢɚɥɚ ɫɬɟɪɠɧɢ ɢɥɢ ɩɥɚɫɬɢɧɵ, ɡɚɤɪɟɩɥɟɧɧɵɟ ɨɩɪɟɞɟɥɟɧɧɵɦ ɨɛ-
ɪɚɡɨɦ. Ʉɨɥɟɛɚɬɟɥɶɧɵɣ ɩɪɨɰɟɫɫ ɫɬɟɪɠɧɹ ɫɜɹɡɚɧ ɫ ɨɛɪɚɡɨɜɚɧɢɟɦ ɭɩɪɭɝɢɯ 
ɜɨɥɧ, ɩɪɢɱɟɦ ɜɨɥɧɨɜɚɹ ɤɚɪɬɢɧɚ ɦɨɠɟɬ ɛɵɬɶ ɨɱɟɧɶ ɫɥɨɠɧɨɣ ɛɥɚɝɨɞɚɪɹ ɜɨɡ-
ɧɢɤɧɨɜɟɧɢɸ ɩɪɨɞɨɥɶɧɵɯ, ɩɨɩɟɪɟɱɧɵɯ ɢ ɩɨɜɟɪɯɧɨɫɬɧɵɯ ɜɨɥɧ. Ɉɞɧɚɤɨ 
ɜ ɛɨɥɶɲɢɧɫɬɜɟ ɫɥɭɱɚɟɜ ɞɥɹ ɜɨɡɛɭɠɞɟɧɢɹ ɚɤɭɫɬɢɱɟɫɤɢɯ ɜɨɥɧ ɜ ɫɪɟɞɟ ɢɫ-
ɩɨɥɶɡɭɸɬ ɥɢɲɶ ɩɪɨɞɨɥɶɧɵɟ ɤɨɥɟɛɚɧɢɹ ɫɬɟɪɠɧɹ. 

Ɋɚɫɫɦɨɬɪɢɦ ɤɨɥɟɛɚɬɟɥɶɧɭɸ ɫɢɫɬɟɦɭ ɚɧɬɟɧɧɵ ɜ ɜɢɞɟ ɭɩɪɭɝɨɝɨ ɫɬɟɪɠɧɹ, 
ɡɚɤɪɟɩɥɟɧɧɨɝɨ ɩɨɫɪɟɞɢɧɟ, ɤɨɬɨɪɵɣ ɤɨɥɟɛɥɟɬɫɹ ɜ ɧɚɩɪɚɜɥɟɧɢɢ ɞɥɢɧɵ 
(ɪɢɫ. θ.1). Ⱦɥɹ ɬɨɝɨ, ɱɬɨɛɵ ɫɬɟɪɠɟɧɶ ɫɨɜɟɪɲɚɥ ɤɨɥɟɛɚɬɟɥɶɧɨɟ ɞɜɢɠɟɧɢɟ 
ɜɞɨɥɶ ɞɥɢɧɵ, ɜ ɧɟɦ ɧɟɨɛɯɨɞɢɦɨ ɜɨɡɛɭɞɢɬɶ ɩɪɨɞɨɥɶɧɭɸ ɜɨɥɧɭ. Ɍɚɤ ɤɚɤ ɚɤɭ-
ɫɬɢɱɟɫɤɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɫɬɟɪɠɧɹ ɝɨɪɚɡɞɨ ɛɨɥɶɲɟ ɚɤɭɫɬɢɱɟɫɤɨɝɨ ɫɨɩɪɨɬɢɜ-
ɥɟɧɢɹ ɨɤɪɭɠɚɸɳɟɣ ɫɪɟɞɵ (ɜ ɧɚɲɟɦ ɫɥɭɱɚɟ ɦɨɪɫɤɚɹ ɜɨɞɚ), ɢ ɡɜɭɤɨɜɚɹ ɷɧɟɪɝɢɹ 
ɩɚɞɚɟɬ ɧɨɪɦɚɥɶɧɨ ɧɚ ɝɪɚɧɢɰɭ ɪɚɡɞɟɥɚ ɫɪɟɞ, ɜ ɫɬɟɪɠɧɟ ɜɨɡɧɢɤɚɟɬ ɫɬɨɹɱɚɹ ɡɜɭ-
ɤɨɜɚɹ ɜɨɥɧɚ. ɂɡɜɟɫɬɧɨ, ɱɬɨ ɜ ɬɚɤɢɯ ɜɨɥɧɚɯ ɢɦɟɸɬɫɹ ɩɭɱɧɨɫɬɢ, ɝɞɟ ɧɚɛɥɸɞɚ-
ɸɬɫɹ ɦɚɤɫɢɦɭɦɵ ɩɚɪɚɦɟɬɪɨɜ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ ɢ ɭɡɥɵ, ɝɞɟ ɷɬɢ ɩɚɪɚɦɟɬɪɵ 
ɪɚɜɧɵ ɧɭɥɸ. Ɍɨɪɰɵ ɫɬɟɪɠɧɹ ɫɨɩɪɢɤɚɫɚɸɬɫɹ ɫ ɦɨɪɫɤɨɣ ɜɨɞɨɣ. Ɂɧɚɱɢɬ, ɞɥɹ 
ɜɨɡɛɭɠɞɟɧɢɹ ɜ ɜɨɞɟ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ, ɢɦɟɸɳɟɣ ɦɚɤɫɢɦɚɥɶɧɭɸ ɚɦɩɥɢɬɭɞɭ 
ɫɦɟɳɟɧɢɹ ɱɚɫɬɢɰ ɠɢɞɤɨɫɬɢ ɢɡ ɩɨɥɨɠɟɧɢɹ ɪɚɜɧɨɜɟɫɢɹ, ɧɟɨɛɯɨɞɢɦɨ, ɱɬɨɛɵ ɧɚ 
ɤɨɧɰɚɯ ɫɬɟɪɠɧɹ ɛɵɥɢ ɩɭɱɧɨɫɬɢ ɫɦɟɳɟɧɢɹ ɬɨɪɰɟɜɨɣ ɩɨɜɟɪɯɧɨɫɬɢ. 

ɍɱɢɬɵɜɚɹ, ɱɬɨ ɜ ɫɬɨɹɱɟɣ ɡɜɭɤɨɜɨɣ ɜɨɥɧɟ ɪɚɫɫɬɨɹɧɢɟ ɦɟɠɞɭ ɩɭɱɧɨɫɬɹ-
ɦɢ ɪɚɜɧɨ λ/β, ɧɟɨɛɯɨɞɢɦɨ ɢɦɟɬɶ ɫɬɟɪɠɟɧɶ ɞɥɢɧɨɣ 

2


L .                                               (6.1) 
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Ɋɢɫ. θ.1 

Ɍɚɤ ɤɚɤ ɤɪɭɝɨɜɚɹ ɱɚɫɬɨɬɚ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ ɨɩɪɟɞɟɥɹɟɬɫɹ ɜɵɪɚɠɟɧɢɟɦ 
Ȧ = ck,                                                (6.2)  

ɝɞɟ c – ɫɤɨɪɨɫɬɶ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɡɜɭɤɚ; k = βπ/λ – ɜɨɥɧɨɜɨɟ ɱɢɫɥɨ,  ɫɤɨ-
ɪɨɫɬɶ ɡɜɭɤɚ ɞɥɹ ɬɜɟɪɞɵɯ ɬɟɥ ɦɨɠɧɨ ɨɩɪɟɞɟɥɢɬɶ ɫ ɩɨɦɨɳɶɸ ɮɨɪɦɭɥɵ Ʌɚɩ-
ɥɚɫɚ  




E
c  ,                                              (6.3) 

ɝɞɟ ȿ – ɦɨɞɭɥɶ ɘɧɝɚ; 
ρ – ɩɥɨɬɧɨɫɬɶ ɦɚɬɟɪɢɚɥɚ ɫɬɟɪɠɧɹ,  

ɞɥɹ ɱɚɫɬɨɬɵ ɤɨɥɟɛɚɧɢɣ ɫɬɟɪɠɧɹ ɦɨɠɧɨ ɩɨɥɭɱɢɬɶ 





ȿ2

, 

ɚ ɬɚɤɠɟ ɫ ɭɱɟɬɨɦ ɜɵɪɚɠɟɧɢɹ (θ.1) ɩɨɥɭɱɢɦ 





E

L
.                                                 (6.4) 

ɂɡɜɟɫɬɧɚ ɫɜɹɡɶ ɦɟɠɞɭ ɤɪɭɝɨɜɨɣ ɱɚɫɬɨɬɨɣ ɢ ɥɢɧɟɣɧɨɣ: 
Ȧ = 2πf. 

Ɍɨɝɞɚ ɜɵɪɚɠɟɧɢɟ (θ.4) ɦɨɠɧɨ ɡɚɩɢɫɚɬɶ ɜ ɜɢɞɟ ɪɚɜɟɧɫɬɜɚ 




E

L
f

2

1
,                                           (6.5) 

ɤɨɬɨɪɨɟ ɨɩɪɟɞɟɥɹɟɬ ɱɚɫɬɨɬɭ ɫɨɛɫɬɜɟɧɧɵɯ ɤɨɥɟɛɚɧɢɣ ɫɬɟɪɠɧɹ. Ɉɞɧɚɤɨ ɭɱɢ-
ɬɵɜɚɹ, ɱɬɨ ɤɨɥɟɛɚɬɟɥɶɧɵɟ ɫɢɫɬɟɦɵ ɚɧɬɟɧɧ ɪɚɛɨɬɚɸɬ ɜ ɪɟɠɢɦɟ ɪɟɡɨɧɚɧɫɚ, 
ɤɨɝɞɚ ɱɚɫɬɨɬɚ ɫɨɛɫɬɜɟɧɧɵɯ ɤɨɥɟɛɚɧɢɣ ɪɚɜɧɚ ɱɚɫɬɨɬɟ ɤɨɥɟɛɚɧɢɣ ɜɵɧɭɠɞɟɧ-
ɧɵɯ, ɞɚɧɧɨɟ ɪɚɜɟɧɫɬɜɨ ɦɨɠɧɨ ɢɫɩɨɥɶɡɨɜɚɬɶ ɞɥɹ ɪɚɫɱɟɬɚ ɪɚɛɨɱɟɣ ɱɚɫɬɨɬɵ 
ɚɧɬɟɧɧɵ. 

ɯ = 0 

ɯ 

/4 /4 
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6.2. ɉɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɢɟ ɢ ɦɚɝɧɢɬɨɫɬɪɢɤɰɢɨɧɧɵɟ ɚɧɬɟɧɧɵ 
ȼ ɧɚɜɢɝɚɰɢɨɧɧɵɯ ɝɢɞɪɨɚɤɭɫɬɢɱɟɫɤɢɯ ɩɪɢɛɨɪɚɯ ɧɚɢɛɨɥɶɲɟɟ ɪɚɫɩɪɨ-

ɫɬɪɚɧɟɧɢɟ ɩɨɥɭɱɢɥɢ ɞɜɚ ɬɢɩɚ ɷɥɟɤɬɪɨɦɟɯɚɧɢɱɟɫɤɢɯ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɟɣμ ɩɶɟ-
ɡɨɷɥɟɤɬɪɢɱɟɫɤɢɟ ɢ ɦɚɝɧɢɬɨɫɬɪɢɤɰɢɨɧɧɵɟ. Ɉɧɢ ɦɨɝɭɬ ɪɚɛɨɬɚɬɶ ɤɚɤ ɜ ɪɟɠɢ-
ɦɟ ɢɡɥɭɱɚɬɟɥɹ, ɬɚɤ ɢ ɜ ɪɟɠɢɦɟ ɩɪɢɟɦɧɢɤɚ, ɬ.ɟ. ɹɜɥɹɸɬɫɹ ɨɛɪɚɬɢɦɵɦɢ. 

ɉɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɢɟ ɚɧɬɟɧɧɵ. Ɋɚɛɨɬɚ ɷɬɢɯ ɚɧɬɟɧɧ ɨɫɧɨɜɚɧɚ ɧɚ ɢɫ-
ɩɨɥɶɡɨɜɚɧɢɢ ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɷɮɮɟɤɬɚ, ɤɨɬɨɪɵɦ ɨɛɥɚɞɚɸɬ ɧɟɤɨɬɨɪɵɟ 
ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɟ ɬɟɥɚ, ɬɚɤɢɟ, ɧɚɩɪɢɦɟɪ, ɤɚɤ ɤɜɚɪɰ, ɫɟɝɧɟɬɨɜɚ ɫɨɥɶ, ɬɢɬɚɧɚɬ 
ɛɚɪɢɹ ɢ ɞɪ. 

Ɇɚɬɟɪɢɚɥɨɦ ɞɥɹ ɱɭɜɫɬɜɢɬɟɥɶɧɨɝɨ ɷɥɟɦɟɧɬɚ ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɢɯ ɚɧ-
ɬɟɧɧ ɞɨɥɝɨɟ ɜɪɟɦɹ ɫɥɭɠɢɥɢ ɤɜɚɪɰ ɢ ɫɟɝɧɟɬɨɜɚ ɫɨɥɶ, ɨɬɤɪɵɬɚɹ ɟɳɟ ɜ 1θ7β ɝ. 
ɚɩɬɟɤɚɪɟɦ ɉɶɟɪɨɦ ɞɟ ɥɚ ɋɟɝɧɟɬ ɢɡ ɦɚɥɟɧɶɤɨɝɨ ɮɪɚɧɰɭɡɫɤɨɝɨ ɝɨɪɨɞɤɚ  
Ʌɚ-Ɋɨɲɟɥɶ. ɋɤɪɨɦɧɵɣ ɚɩɬɟɤɚɪɶ, ɤɨɧɟɱɧɨ, ɧɟ ɩɪɟɞɩɨɥɚɝɚɥ ɜ ɬɨ ɜɪɟɦɹ, ɱɬɨ 
ɜɨɡɦɨɠɧɨ ɲɢɪɨɤɨɟ ɩɪɢɦɟɧɟɧɢɟ ɧɚɣɞɟɧɧɨɝɨ ɢɦ ɜɟɳɟɫɬɜɚ ɜ ɤɚɱɟɫɬɜɟ ɩɪɟɨɛ-
ɪɚɡɨɜɚɬɟɥɹ ɷɧɟɪɝɢɢ ɦɟɯɚɧɢɱɟɫɤɢɯ ɤɨɥɟɛɚɧɢɣ ɜ ɷɥɟɤɬɪɢɱɟɫɤɭɸ ɷɧɟɪɝɢɸ. 

ɉɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɢɣ ɷɮɮɟɤɬ ɛɵɥ ɨɬɤɪɵɬ ɜ 1880 ɝ. ɢɡɜɟɫɬɧɵɦɢ ɮɪɚɧ-
ɰɭɡɫɤɢɦɢ ɮɢɡɢɤɚɦɢ ɛɪɚɬɶɹɦɢ ɉɶɟɪɨɦ ɢ ɀɚɤɨɦ Ʉɸɪɢ. 

Ɋɚɫɫɦɨɬɪɢɦ ɫɭɳɧɨɫɬɶ ɩɶɟɡɨɷɮɮɟɤɬɚ ɧɚ ɩɪɢɦɟɪɟ ɤɜɚɪɰɚ. Ⱦɥɹ ɷɬɨɝɨ ɜɵɪɟ-
ɠɟɦ ɢɡ ɤɪɢɫɬɚɥɥɚ ɤɜɚɪɰɚ ɩɪɹɦɨɭɝɨɥɶɧɭɸ ɩɥɚɫɬɢɧɤɭ, ɛɨɥɶɲɢɟ ɝɪɚɧɢ ɤɨɬɨɪɨɣ 
ɛɭɞɭɬ ɩɟɪɩɟɧɞɢɤɭɥɹɪɧɵ ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɨɫɢ (ɪɢɫ. 6.2). ɇɚ ɧɢɯ ɧɚɧɟɫɟɦ ɦɟɬɨ-
ɞɨɦ ɧɚɩɵɥɟɧɢɹ, ɧɚɩɪɢɦɟɪ, ɫɟɪɟɛɪɹɧɵɟ ɷɥɟɤɬɪɨɞɵ. ɗɥɟɤɬɪɢɱɟɫɤɢɟ ɞɢɩɨɥɢ 
ɩɥɚɫɬɢɧɤɢ ɪɚɫɩɨɥɚɝɚɸɬɫɹ ɯɚɨɬɢɱɧɨ (ɪɢɫ. 6.2 ɚ). ɉɨɞ ɞɟɣɫɬɜɢɟɦ ɜɧɟɲɧɟɣ ɫɢɥɵ 
F (ɪɢɫ. 6.2 ɛ) ɷɥɟɤɬɪɢɱɟɫɤɢɟ ɞɢɩɨɥɢ ɨɪɢɟɧɬɢɪɭɸɬɫɹ ɜɞɨɥɶ ɞɟɣɫɬɜɢɹ ɫɢɥɵ. 
ȼ ɪɟɡɭɥɶɬɚɬɟ ɷɬɨɝɨ ɧɚ ɷɥɟɤɬɪɨɞɚɯ ɩɨɹɜɢɬɫɹ ɪɚɡɧɨɫɬɶ ɩɨɬɟɧɰɢɚɥɨɜ Uɫ. Ⱦɪɭɝɢɦɢ 
ɫɥɨɜɚɦɢ, ɩɥɚɫɬɢɧɤɚ ɩɨɥɹɪɢɡɭɟɬɫɹ. ȿɫɥɢ ɬɟɩɟɪɶ ɢɡɦɟɧɢɬɶ ɧɚɩɪɚɜɥɟɧɢɟ ɞɟɣɫɬ-
ɜɢɹ ɫɢɥɵ (ɩɥɚɫɬɢɧɤɭ ɪɚɫɬɹɝɢɜɚɬɶ), ɬɨ ɩɨɥɹɪɧɨɫɬɶ ɡɚɪɹɞɚ ɢɡɦɟɧɢɬɫɹ ɧɚ ɩɪɨɬɢ-
ɜɨɩɨɥɨɠɧɭɸ. ɉɪɢ ɞɟɣɫɬɜɢɢ ɫɢɥɵ, ɢɡɦɟɧɹɸɳɟɣɫɹ ɩɨ ɩɟɪɢɨɞɢɱɟɫɤɨɦɭ ɡɚɤɨɧɭ, 
ɜ ɰɟɩɢ, ɫɨɟɞɢɧɹɸɳɟɣ ɷɥɟɤɬɪɨɞɵ, ɩɨɬɟɱɟɬ ɩɟɪɟɦɟɧɧɵɣ ɬɨɤ. 

          ɚ)                                        ɛ) 

 

Ɋɢɫ. θ.β 
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ɉɶɟɡɨɷɮɮɟɤɬ ɨɛɪɚɬɢɦ, ɬ.ɟ. ɤɪɢɫɬɚɥɥ, ɩɨɦɟɳɟɧɧɵɣ ɜ ɷɥɟɤɬɪɢɱɟɫɤɨɟ  
ɩɨɥɟ, ɛɭɞɟɬ ɞɟɮɨɪɦɢɪɨɜɚɬɶɫɹ. ɗɬɨ ɹɜɥɟɧɢɟ ɧɚɡɵɜɚɟɬɫɹ ɨɛɪɚɬɧɵɦ ɩɶɟɡɨ-
ɷɮɮɟɤɬɨɦ. 

ɍɪɚɜɧɟɧɢɹ ɩɪɹɦɨɝɨ ɢ ɨɛɪɚɬɧɨɝɨ ɩɶɟɡɨɷɮɮɟɤɬɚ ɢɦɟɸɬ ɜɢɞμ 

U = d ı – ɩɪɹɦɨɣ ɩɶɟɡɨɷɮɮɟɤɬ;                                 (6.6) 

Δ = d E – ɨɛɪɚɬɧɵɣ ɩɶɟɡɨɷɮɮɟɤɬ,                               (6.7) 
ɝɞɟ U – ɪɚɡɧɨɫɬɶ ɩɨɬɟɧɰɢɚɥɨɜ ɧɚ ɷɥɟɤɬɪɨɞɚɯ ɩɶɟɡɨɤɪɢɫɬɚɥɥɚ; E – ɧɚɩɪɹɠɟ-
ɧɢɟ ɜɧɟɲɧɟɝɨ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɥɹ; d – ɩɶɟɡɨɦɨɞɭɥɶ – ɜɟɥɢɱɢɧɚ, ɤɨɬɨɪɚɹ 
ɡɚɜɢɫɢɬ ɨɬ ɦɚɬɟɪɢɚɥɚ (ɭ ɪɚɡɧɵɯ ɦɚɬɟɪɢɚɥɨɜ ɨɧɚ ɪɚɡɥɢɱɧɚɹ); ı – ɧɚɩɪɹɠɟɧɢɟ 
ɜɧɟɲɧɟɣ ɫɢɥɵ; Δ – ɦɟɯɚɧɢɱɟɫɤɚɹ ɞɟɮɨɪɦɚɰɢɹ ɩɥɚɫɬɢɧɵ. 

ɉɪɹɦɨɣ ɩɶɟɡɨɷɮɮɟɤɬ ɢɫɩɨɥɶɡɭɟɬɫɹ ɜ ɩɪɢɧɢɦɚɸɳɢɯ ɚɧɬɟɧɧɚɯ, ɨɛɪɚɬ-
ɧɵɣ – ɜ ɢɡɥɭɱɚɸɳɢɯ. 

ɉɟɪɜɵɟ ɤɜɚɪɰɟɜɵɟ ɝɢɞɪɨɚɤɭɫɬɢɱɟɫɤɢɟ ɚɧɬɟɧɧɵ ɛɵɥɢ ɫɤɨɧɫɬɪɭɢɪɨɜɚɧɵ 
ɢɡɜɟɫɬɧɵɦ ɮɪɚɧɰɭɡɫɤɢɦ ɭɱɟɧɵɦ ɉ. Ʌɚɧɠɟɜɟɧɨɦ. Ɍɚɤɨɝɨ ɬɢɩɚ ɚɧɬɟɧɧɵ ɧɟ 
ɩɨɥɭɱɢɥɢ ɲɢɪɨɤɨɝɨ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɢɡ-ɡɚ ɜɵɫɨɤɨɣ ɫɬɨɢɦɨɫɬɢ, ɧɢɡɤɨɣ 
ɩɪɨɱɧɨɫɬɢ ɤɨɧɫɬɪɭɤɰɢɢ ɢ ɧɟɨɛɯɨɞɢɦɨɫɬɢ ɩɨɞɜɨɞɚ ɤ ɷɥɟɤɬɪɨɞɚɦ ɛɨɥɶɲɢɯ 
ɧɚɩɪɹɠɟɧɢɣ – ɞɨ η ɬɵɫ. ɜɨɥɶɬ. 

ȼ 1λ44 ɝ. ɫɨɜɟɬɫɤɢɣ ɚɤɚɞɟɦɢɤ Ȼ.Ʌ. ȼɭɥ ɨɬɤɪɵɥ ɧɨɜɵɣ ɩɶɟɡɨɷɥɟɤɬɪɢ-
ɱɟɫɤɢɣ ɦɚɬɟɪɢɚɥ – ɬɢɬɚɧɚɬ ɛɚɪɢɹ (ȼɚ Ɍi O3), ɮɢɡɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ ɤɨɬɨ-
ɪɨɝɨ ɧɚɫɬɨɥɶɤɨ ɯɨɪɨɲɨ ɭɞɨɜɥɟɬɜɨɪɹɥɢ ɬɪɟɛɨɜɚɧɢɹɦ ɝɢɞɪɨɚɤɭɫɬɢɤɢ, ɱɬɨ 
ɨɧ ɫɪɚɡɭ ɧɚɲɟɥ ɲɢɪɨɤɨɟ ɩɪɢɦɟɧɟɧɢɟ. ȼ 1λ4θ ɝ. ɡɚ ɪɚɛɨɬɵ ɩɨ ɮɢɡɢɤɟ ɞɢ-
ɷɥɟɤɬɪɢɤɨɜ ɢ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜ Ȼ.Ɇ. ȼɭɥɭ ɛɵɥɚ ɩɪɢɫɭɠɞɟɧɚ Ƚɨɫɭɞɚɪɫɬ-
ɜɟɧɧɚɹ, ɚ ɜ 1λθ4 ɝ. – Ʌɟɧɢɧɫɤɚɹ ɩɪɟɦɢɹ. 

Ɍɢɬɚɧɚɬ ɛɚɪɢɹ ɤɚɤ ɩɶɟɡɨɷɥɟɤɬɪɢɤ ɨɛɥɚɞɚɟɬ ɫɥɟɞɭɸɳɢɦɢ, ɩɪɢɫɭɳɢɦɢ 
ɬɨɥɶɤɨ ɟɦɭ, ɨɫɨɛɟɧɧɨɫɬɹɦɢμ 

– ɩɶɟɡɨɷɮɮɟɤɬ ɩɪɨɹɜɥɹɟɬɫɹ ɧɟ ɬɨɥɶɤɨ ɜ ɦɨɧɨɤɪɢɫɬɚɥɥɟ, ɧɨ ɢ ɜ ɩɨɥɢ-
ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ ɨɛɪɚɡɰɚɯ, ɩɨɷɬɨɦɭ ɩɶɟɡɨɷɥɟɦɟɧɬɵ ɦɨɝɭɬ ɛɵɬɶ ɢɡɝɨɬɨɜɥɟ-
ɧɵ ɥɸɛɨɣ ɮɨɪɦɵ; 

– ɤɟɪɚɦɢɱɟɫɤɢɟ ɩɶɟɡɨɷɥɟɦɟɧɬɵ ɞёɲɟɜɵ, ɨɛɥɚɞɚɸɬ ɡɧɚɱɢɬɟɥɶɧɨɣ ɦɟɯɚ-
ɧɢɱɟɫɤɨɣ ɢ ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɱɧɨɫɬɶɸ; 

– ɩɶɟɡɨɦɨɞɭɥɶ d ɬɢɬɚɧɚɬɚ ɛɚɪɢɹ ɩɪɢɦɟɪɧɨ ɧɚ ɞɜɚ ɩɨɪɹɞɤɚ ɛɨɥɶɲɟ, ɱɟɦ 
ɭ ɤɜɚɪɰɚ, ɩɨɷɬɨɦɭ ɞɥɹ ɩɨɥɭɱɟɧɢɹ ɞɨɫɬɚɬɨɱɧɵɯ ɞɟɮɨɪɦɚɰɢɣ ɨɛɪɚɡɰɚ ɬɪɟɛɭ-
ɟɬɫɹ ɫɪɚɜɧɢɬɟɥɶɧɨ ɧɟɛɨɥɶɲɨɟ ɷɥɟɤɬɪɢɱɟɫɤɨɟ ɧɚɩɪɹɠɟɧɢɟ. 

Ɇɚɝɧɢɬɨɫɬɪɢɤɰɢɨɧɧɵɟ ɚɧɬɟɧɧɵ. ɉɪɢɧɰɢɩ ɞɟɣɫɬɜɢɹ ɦɚɝɧɢɬɨɫɬɪɢɤ-
ɰɢɨɧɧɨɣ ɚɧɬɟɧɧɵ ɨɫɧɨɜɚɧ ɧɚ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɦɚɝɧɢɬɨɫɬɪɢɤɰɢɨɧɧɨɝɨ ɷɮ-
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ɮɟɤɬɚ, ɤɨɬɨɪɵɦ ɨɛɥɚɞɚɸɬ ɧɟɤɨɬɨɪɵɟ ɮɟɪɪɨɦɚɝɧɢɬɧɵɟ ɦɚɬɟɪɢɚɥɵμ ɧɢɤɟɥɶ, 
ɤɨɛɚɥɶɬ, ɩɟɪɦɚɥɥɨɣ ɢ ɞɪ. Ɇɚɝɧɢɬɨɫɬɪɢɤɰɢɨɧɧɵɣ ɷɮɮɟɤɬ ɛɵɜɚɟɬ ɩɪɹɦɵɦ 
ɢ ɨɛɪɚɬɧɵɦ.  

ɉɪɹɦɨɣ ɦɚɝɧɢɬɨɫɬɪɢɤɰɢɨɧɧɵɣ ɷɮɮɟɤɬ ɜ 1847 ɝ. ɛɵɥ ɨɬɤɪɵɬ ɚɧɝɥɢɣ-
ɫɤɢɦ ɮɢɡɢɤɨɦ Ⱦ.ɉ. Ⱦɠɨɭɥɟɦ, ɩɨɷɬɨɦɭ ɟɝɨ ɧɚɡɵɜɚɸɬ ɷɮɮɟɤɬɨɦ Ⱦɠɨɭɥɹ. 
Ɉɧ ɡɚɤɥɸɱɚɟɬɫɹ ɜ ɫɥɟɞɭɸɳɟɦμ ɟɫɥɢ ɮɟɪɪɨɦɚɝɧɢɬɧɵɣ ɨɛɪɚɡɟɰ ɩɨɦɟɫɬɢɬɶ 
ɜ ɦɚɝɧɢɬɧɨɟ ɩɨɥɟ, ɬɨ ɩɪɢ ɢɡɦɟɧɟɧɢɢ ɩɚɪɚɦɟɬɪɨɜ ɩɨɥɹ ɛɭɞɟɬ ɧɚɛɥɸɞɚɬɶɫɹ 
ɢɡɦɟɧɟɧɢɟ ɥɢɧɟɣɧɵɯ ɪɚɡɦɟɪɨɜ ɨɛɪɚɡɰɚ. 

ɍɪɚɜɧɟɧɢɟ ɩɪɹɦɨɝɨ ɦɚɝɧɢɬɨɫɬɪɢɤɰɢɨɧɧɨɝɨ ɷɮɮɟɤɬɚ ɢɦɟɟɬ ɜɢɞ 
2
ɧ1Ial  ,                                               (6.8) 

ɝɞɟ Δl – ɦɟɯɚɧɢɱɟɫɤɚɹ ɞɟɮɨɪɦɚɰɢɹ ɨɛɪɚɡɰɚ; ɚ1 – ɦɚɝɧɢɬɨɫɬɪɢɤɰɢɨɧɧɚɹ ɤɨɧ-
ɫɬɚɧɬɚ; Iɧ – ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɧɚɦɚɝɧɢɱɢɜɚɧɢɹ. 

Ɉɛɪɚɬɧɵɣ ɦɚɝɧɢɬɨɫɬɪɢɤɰɢɨɧɧɵɣ ɷɮɮɟɤɬ, ɤɨɬɨɪɵɣ ɜ 18θη ɝ. ɛɵɥ ɨɬ-
ɤɪɵɬ ɢɬɚɥɶɹɧɫɤɢɦ ɮɢɡɢɤɨɦ ɗ. ȼɢɥɥɚɪɢ, ɡɚɤɥɸɱɚɟɬɫɹ ɜ ɫɥɟɞɭɸɳɟɦ: ɟɫɥɢ 
ɧɚɦɚɝɧɢɱɟɧɧɵɣ ɮɟɪɪɨɦɚɝɧɢɬɧɵɣ ɨɛɪɚɡɟɰ ɩɨɞɜɟɪɝɧɭɬɶ ɦɟɯɚɧɢɱɟɫɤɨɦɭ ɜɨɡ-
ɞɟɣɫɬɜɢɸ, ɬɨ ɷɬɨ ɩɪɢɜɟɞɟɬ ɤ ɢɡɦɟɧɟɧɢɸ ɩɚɪɚɦɟɬɪɨɜ ɩɨɫɬɨɹɧɧɨɝɨ ɦɚɝ-
ɧɢɬɧɨɝɨ ɩɨɥɹ. 

ɍɪɚɜɧɟɧɢɟ ɨɛɪɚɬɧɨɝɨ ɦɚɝɧɢɬɨɫɬɪɢɤɰɢɨɧɧɨɝɨ ɷɮɮɟɤɬɚ ɢɦɟɟɬ ɜɢɞ 

 2ɧ a ,                                             (6.9) 

ɝɞɟ  Δɧ – ɢɡɦɟɧɟɧɢɟ ɧɚɩɪɹɠɟɧɧɨɫɬɢ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ; 2a – ɦɚɝɧɢɬɨɫɬɪɢɤ-

ɰɢɨɧɧɚɹ ɤɨɧɫɬɚɧɬɚ; ı – ɧɚɩɪɹɠɟɧɢɟ ɜɧɟɲɧɟɣ ɦɟɯɚɧɢɱɟɫɤɨɣ ɫɢɥɵ.  
Ɇɚɝɧɢɬɨɫɬɪɢɤɰɢɨɧɧɵɣ ɷɮɮɟɤɬ ɭ ɪɚɡɥɢɱɧɵɯ ɦɚɬɟɪɢɚɥɨɜ ɩɪɨɹɜɥɹɟɬɫɹ 

ɩɨ-ɪɚɡɧɨɦɭ. ɇɚ ɪɢɫ. θ.γ ɩɪɢɜɟɞɟɧɵ ɝɪɚɮɢɤɢ ɡɚɜɢɫɢɦɨɫɬɢ ɦɟɯɚɧɢɱɟɫɤɨɣ ɞɟ-
ɮɨɪɦɚɰɢɢ ɨɛɪɚɡɰɚ Δl ɨɬ ɦɚɝɧɢɬɧɨɣ ɢɧɞɭɤɰɢɢ ȼ ɩɨɥɹ. Ɇɚɝɧɢɬɧɚɹ ɢɧɞɭɤɰɢɹ, 
ɹɜɥɹɸɳɚɹɫɹ ɯɚɪɚɤɬɟɪɢɫɬɢɤɨɣ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɮɟɪɪɨɦɚɝɧɟɬɢɤɚ, ɫɜɹɡɚɧɚ 
ɫ ɧɚɩɪɹɠɟɧɧɨɫɬɶɸ ɜɧɟɲɧɟɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɫɥɟɞɭɸɳɢɦ ɫɨɨɬɧɨɲɟɧɢɟɦ: 

ȼ = ȝ ɇ,                                              (6.10) 
ɝɞɟ ȝ – ɦɚɝɧɢɬɧɚɹ ɩɪɨɧɢɰɚɟɦɨɫɬɶ ɦɚɬɟɪɢɚɥɚ. 

ɋ ɭɱɟɬɨɦ ɬɨɝɨ, ɱɬɨ ɭ ɮɟɪɪɨɦɚɝɧɢɬɧɵɯ ɦɚɬɟɪɢɚɥɨɜ ȝ >> 1, ɜɫɟɝɞɚ ɢɦɟ-
ɟɦ ȼ >> ɇ.  

Ʉɚɤ ɜɢɞɧɨ ɢɡ ɪɢɫ. 6.3, ɥɭɱɲɟ ɜɫɟɝɨ ɦɚɝɧɢɬɨɫɬɪɢɤɰɢɨɧɧɵɣ ɷɮɮɟɤɬ ɩɪɨ-
ɹɜɥɹɟɬɫɹ ɭ ɤɨɛɚɥɶɬɨɜɨɣ ɫɬɚɥɢ. Ɉɞɧɚɤɨ ɨɧɚ ɛɭɪɧɨ ɤɨɪɪɨɡɢɪɭɟɬ ɞɚɠɟ ɜ ɜɨɡ-
ɞɭɯɟ, ɩɨɷɬɨɦɭ ɜ ɝɢɞɪɨɚɤɭɫɬɢɱɟɫɤɢɯ ɚɧɬɟɧɧɚɯ ɧɟ ɩɪɢɦɟɧɹɟɬɫɹ. ȼ ɝɢɞɪɨɚɤɭ-
ɫɬɢɤɟ ɲɢɪɨɤɨɟ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɟ ɩɨɥɭɱɢɥ ɨɬɨɠɠɟɧɧɵɣ ɧɢɤɟɥɶ. ɉɚɤɟɬ ɤɨɥɟ-
ɛɚɬɟɥɶɧɨɣ ɫɢɫɬɟɦɵ ɚɧɬɟɧɧɵ ɧɚɛɢɪɚɟɬɫɹ ɢɡ ɨɬɞɟɥɶɧɵɯ ɩɥɚɫɬɢɧ ɬɨɥɳɢɧɨɣ 



ГУ
МР
Ф им

ен
и а
дм
ир
ал
а С

.О
. 
Ма
ка
ро
ва

59 

0,1 … 0,β ɦɦ. ɉɪɢ ɨɬɠɢɝɟ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɧɢɤɟɥɹ ɨɛɪɚɡɭɟɬɫɹ ɬɨɧɤɚɹ ɨɤɫɢɞ-
ɧɚɹ ɩɥɟɧɤɚ, ɹɜɥɹɸɳɚɹɫɹ ɯɨɪɨɲɢɦ ɞɢɷɥɟɤɬɪɢɤɨɦ, ɩɨɷɬɨɦɭ ɧɢɤɚɤɨɣ ɞɨɩɨɥ-
ɧɢɬɟɥɶɧɨɣ ɢɡɨɥɹɰɢɢ ɦɟɠɞɭ ɩɥɚɫɬɢɧɚɦɢ ɧɟ ɬɪɟɛɭɟɬɫɹ. 

 

Ɋɢɫ. θ.γ 

Ʉɨɥɟɛɚɬɟɥɶɧɚɹ ɫɢɫɬɟɦɚ ɚɧɬɟɧɧɵ ɜ ɜɢɞɟ ɧɚɛɨɪɚ ɢɡɨɥɢɪɨɜɚɧɧɵɯ ɧɢɤɟ-
ɥɟɜɵɯ ɩɥɚɫɬɢɧ ɢɫɩɨɥɶɡɭɟɬɫɹ ɫ ɰɟɥɶɸ ɩɪɟɞɨɬɜɪɚɳɟɧɢɹ ɧɚɝɪɟɜɚ ɩɚɤɟɬɚ ɩɨɞ 
ɞɟɣɫɬɜɢɟɦ ɜɢɯɪɟɜɵɯ ɬɨɤɨɜ. 

ȼ ɝɢɞɪɨɚɤɭɫɬɢɱɟɫɤɢɯ ɩɪɢɛɨɪɚɯ ɢɫɩɨɥɶɡɭɸɬɫɹ ɤɨɥɟɛɚɬɟɥɶɧɵɟ ɫɢɫɬɟɦɵ 
ɩɨɥɨɫɨɜɨɝɨ ɢ ɤɨɥɶɰɟɜɨɝɨ ɬɢɩɨɜ. 

ȼ ɤɨɥɶɰɟɜɨɣ ɚɧɬɟɧɧɟ ɩɚɤɟɬ ɫɨɛɪɚɧ ɢɡ ɧɢɤɟɥɟɜɵɯ ɩɥɚɫɬɢɧ ɤɨɥɶɰɟɜɨɣ 
ɮɨɪɦɵ. ɉɪɢ ɪɚɛɨɬɟ ɢɫɩɨɥɶɡɭɸɬɫɹ ɪɚɞɢɚɥɶɧɵɟ ɤɨɥɟɛɚɧɢɹ, ɬ.ɟ. ɢɡɥɭɱɚɸɳɟɣ 
ɹɜɥɹɟɬɫɹ ɛɨɤɨɜɚɹ ɩɨɜɟɪɯɧɨɫɬɶ ɰɢɥɢɧɞɪɚ, ɨɛɪɚɡɨɜɚɧɧɨɝɨ ɩɥɚɫɬɢɧɚɦɢ. Ⱦɥɹ 
ɬɨɝɨ, ɱɬɨɛɵ ɩɨɥɭɱɢɬɶ ɧɚɩɪɚɜɥɟɧɧɨɟ ɢɡɥɭɱɟɧɢɟ, ɚɧɬɟɧɧɚ ɢɦɟɟɬ ɫɩɟɰɢɚɥɶ-
ɧɵɣ ɨɬɪɚɠɚɬɟɥɶ. 

Ɋɚɡɥɢɱɚɸɬ ɩɨɥɹɪɢɡɨɜɚɧɧɵɟ ɢ ɧɟɩɨɥɹɪɢɡɨɜɚɧɧɵɟ ɚɧɬɟɧɧɵ. Ɋɚɫɫɦɨɬɪɢɦ 
ɪɟɚɤɰɢɸ ɤɨɥɟɛɚɬɟɥɶɧɨɣ ɫɢɫɬɟɦɵ ɬɨɣ ɢ ɞɪɭɝɨɣ ɚɧɬɟɧɧɵ ɧɚ ɢɡɦɟɧɟɧɢɟ ɦɚɝ-
ɧɢɬɧɨɝɨ ɩɨɥɹ. 

ɇɟɩɨɥɹɪɢɡɨɜɚɧɧɚɹ ɚɧɬɟɧɧɚ. ɇɚ ɪɢɫ. θ.4 ɩɨɤɚɡɚɧɚ ɤɨɥɟɛɚɬɟɥɶɧɚɹ  
ɫɢɫɬɟɦɚ ɚɧɬɟɧɧɵ ɜ ɜɢɞɟ ɤɪɭɝɥɨɝɨ ɫɬɟɪɠɧɹ, ɤɨɬɨɪɵɣ ɩɨɦɟɳɟɧ ɜ ɷɥɟɤɬ- 
ɪɨɦɚɝɧɢɬɧɨɟ ɩɨɥɟ, ɫɨɡɞɚɜɚɟɦɨɟ ɤɚɬɭɲɤɨɣ, ɱɟɪɟɡ ɤɨɬɨɪɭɸ ɩɪɨɬɟɤɚɟɬ ɩɟɪɟ-
ɦɟɧɧɵɣ ɬɨɤ. 

Ⱦɟɮɨɪɦɚɰɢɹ ɫɬɟɪɠɧɹ ɛɭɞɟɬ ɩɪɨɢɫɯɨɞɢɬɶ ɜ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ ɜɵɪɚɠɟɧɢɟɦ 
(θ.8). Ʉɚɤ ɜɢɞɧɨ ɢɡ ɪɢɫ. θ.4, ɡɚ ɨɞɢɧ ɩɟɪɢɨɞ ɢɡɦɟɧɟɧɢɹ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ 
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ɫɬɟɪɠɟɧɶ ɢɡɦɟɧɢɬ ɫɜɨɢ ɪɚɡɦɟɪɵ ɞɜɚɠɞɵ, ɬ.ɟ. ɤɨɥɟɛɚɬɟɥɶɧɚɹ ɫɢɫɬɟɦɚ ɧɟɩɨ-
ɥɹɪɢɡɨɜɚɧɧɨɣ ɚɧɬɟɧɧɵ ɢɦɟɟɬ ɱɚɫɬɨɬɭ ɤɨɥɟɛɚɧɢɣ ɜ ɞɜɚ ɪɚɡɚ ɜɵɲɟ ɱɚɫɬɨɬɵ 
ɢɡɦɟɧɟɧɢɹ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ. 

ɂɡ ɜɵɪɚɠɟɧɢɹ (θ.8) ɜɢɞɧɨ, ɱɬɨ ɞɟɮɨɪɦɚɰɢɹ ɧɟ ɡɚɜɢɫɢɬ ɨɬ ɡɧɚɤɚ ɢɧɬɟɧ-
ɫɢɜɧɨɫɬɢ ɧɚɦɚɝɧɢɱɢɜɚɧɢɹ. 

ɉɨɥɹɪɢɡɨɜɚɧɧɚɹ ɚɧɬɟɧɧɚ. ȿɫɥɢ ɤɨɥɟɛɚɬɟɥɶɧɭɸ ɫɢɫɬɟɦɭ ɚɧɬɟɧɧɵ ɩɨ-
ɦɟɫɬɢɬɶ ɜ ɩɨɫɬɨɹɧɧɨɟ ɦɚɝɧɢɬɧɨɟ ɩɨɥɟ, ɧɚ ɤɨɬɨɪɨɟ ɧɚɤɥɚɞɵɜɚɟɬɫɹ ɩɟɪɟɦɟɧ-
ɧɨɟ ɦɚɝɧɢɬɧɨɟ ɩɨɥɟ, ɬɨ ɤɚɪɬɢɧɚ ɛɭɞɟɬ ɫɨɜɟɪɲɟɧɧɨ ɢɧɨɣ (ɪɢɫ. 6.5). ɑɟɪɟɡ 
ɨɞɧɭ ɨɛɦɨɬɤɭ ɩɪɨɩɭɫɤɚɟɬɫɹ ɩɨɫɬɨɹɧɧɵɣ ɬɨɤ, ɤɨɬɨɪɵɣ ɫɨɡɞɚɟɬ ɩɨɫɬɨɹɧɧɨɟ 
ɦɚɝɧɢɬɧɨɟ ɩɨɥɟ ɩɨɞɦɚɝɧɢɱɢɜɚɧɢɹ, ɚ ɱɟɪɟɡ ɞɪɭɝɭɸ – ɩɟɪɟɦɟɧɧɵɣ ɬɨɤ, ɜɵ-
ɡɵɜɚɸɳɢɣ ɞɟɮɨɪɦɚɰɢɸ ɩɥɚɫɬɢɧ ɤɨɥɟɛɚɬɟɥɶɧɨɣ ɫɢɫɬɟɦɵ ɚɧɬɟɧɧɵ. ȼ ɷɬɨɦ 
ɫɥɭɱɚɟ ɜɵɪɚɠɟɧɢɟ ɞɥɹ ɞɟɮɨɪɦɚɰɢɢ ɩɪɢɨɛɪɟɬɚɟɬ ɜɢɞ 

Δl = ɚ1(Iɧ+I~)
2 = ɚ1(I

2
ɧ +2 Iɧ I~+ I2

~).                           (6.11) 
Ɍɚɤ ɤɚɤ I~ << Iɧ, I

2
~ ≈ 0, ɪɚɜɟɧɫɬɜɨ (θ.11) ɩɪɢɨɛɪɟɬɚɟɬ ɜɢɞ 
Δl = ɚ1(Iɧ+I~)

2 = ɚ1(I
2
ɧ +2 Iɧ I~).                                (6.12) 

Ʉɚɤ ɜɢɞɧɨ ɢɡ ɩɨɥɭɱɟɧɧɨɝɨ ɜɵɪɚɠɟɧɢɹ, ɜ ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɦ ɫɥɭɱɚɟ ɡɧɚɤ ɞɟ-
ɮɨɪɦɚɰɢɢ ɛɭɞɟɬ ɡɚɜɢɫɟɬɶ ɨɬ ɡɧɚɤɚ I~. 

Ɋɢɫ. θ.η ɧɚɝɥɹɞɧɨ ɩɨɤɚɡɵɜɚɟɬ, ɱɬɨ ɩɪɢ ɧɚɥɢɱɢɢ ɩɨɞɦɚɝɧɢɱɢɜɚɧɢɹ ɱɚɫɬɨ-
ɬɚ ɤɨɥɟɛɚɧɢɣ ɚɧɬɟɧɧɵ ɫɨɜɩɚɞɚɟɬ ɫ ɱɚɫɬɨɬɨɣ ɢɡɦɟɧɟɧɢɹ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ. 

  

Ɋɢɫ. 6.4 Ɋɢɫ. θ.η 

Ʉɨɧɬɪɨɥɶɧɵɟ ɜɨɩɪɨɫɵ 
31. ȼ ɚɤɭɫɬɢɱɟɫɤɨɣ ɚɧɬɟɧɧɟ, ɪɚɛɨɬɚɸɳɟɣ ɧɚ ɢɡɥɭɱɟɧɢɟ, ɩɪɨɢɫɯɨɞɢɬ 

ɫɥɟɞɭɸɳɢɟ ɩɪɟɨɛɪɚɡɨɜɚɧɢɹ: 
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– ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɷɧɟɪɝɢɢ ɜ ɦɟɯɚɧɢɱɟɫɤɭɸ ɷɧɟɪɝɢɸ ɤɨɥɟɛɚɧɢɣ ɤɨɥɟɛɚ-
ɬɟɥɶɧɨɣ ɫɢɫɬɟɦɵ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 6); 

– ɦɟɯɚɧɢɱɟɫɤɨɣ ɷɧɟɪɝɢɢ ɤɨɥɟɛɚɧɢɣ ɤɨɥɟɛɚɬɟɥɶɧɨɣ ɫɢɫɬɟɦɵ ɜ ɡɜɭɤɨ-
ɜɭɸ ɷɧɟɪɝɢɸ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 19); 

– ɡɜɭɤɨɜɨɣ ɷɧɟɪɝɢɢ ɜ ɦɟɯɚɧɢɱɟɫɤɭɸ ɷɧɟɪɝɢɸ ɤɨɥɟɛɚɧɢɣ ɤɨɥɟɛɚɬɟɥɶ-
ɧɨɣ ɫɢɫɬɟɦɵ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 31); 

– ɦɟɯɚɧɢɱɟɫɤɨɣ ɷɧɟɪɝɢɢ ɤɨɥɟɛɚɧɢɣ ɤɨɥɟɛɚɬɟɥɶɧɨɣ ɫɢɫɬɟɦɵ ɜ ɷɥɟɤɬɪɢ-
ɱɟɫɤɭɸ ɷɧɟɪɝɢɸ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 49). 

32. ɉɨ ɫɩɨɫɨɛɭ ɮɨɪɦɢɪɨɜɚɧɢɹ ɧɚɩɪɚɜɥɟɧɧɨɫɬɢ ɚɧɬɟɧɧɵ ɛɵɜɚɸɬμ ɪɭ-
ɩɨɪɧɵɟ, ɮɨɤɭɫɢɪɭɸɳɢɟ, ɢɧɬɟɪɮɟɪɟɧɰɢɨɧɧɵɟ ɢ ɩɚɪɚɦɟɬɪɢɱɟɫɤɢɟ. ȼ ɪɭɩɨɪ-
ɧɵɯ ɚɧɬɟɧɧɚɯ ɧɚɩɪɚɜɥɟɧɧɨɫɬɶ ɮɨɪɦɢɪɭɟɬɫɹ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦμ 

– ɡɚ ɫɱɟɬ ɩɪɢɦɟɧɟɧɢɹ ɤɨɧɢɱɟɫɤɨɝɨ ɨɬɪɚɠɚɬɟɥɹ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 13); 
– ɡɚ ɫɱɟɬ ɫɨɡɞɚɧɢɹ ɫɩɟɰɢɚɥɶɧɨɣ ɮɨɪɦɵ ɢɡɥɭɱɚɸɳɟɣ ɩɨɜɟɪɯɧɨɫɬɢ (ɫɦ. 

ɩɨɹɫɧɟɧɢɟ 82); 
– ɡɚ ɫɱɟɬ ɫɭɦɦɢɪɨɜɚɧɢɹ ɡɜɭɤɨɜɵɯ ɜɨɥɧ, ɤɨɬɨɪɵɟ ɫɨɡɞɚɸɬɫɹ ɤɚɠɞɨɣ 

ɬɨɱɤɨɣ ɢɡɥɭɱɚɸɳɟɣ ɩɨɜɟɪɯɧɨɫɬɢ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 111); 
– ɡɚ ɫɱɟɬ ɧɟɥɢɧɟɣɧɨɝɨ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɡɜɭɤɨɜɵɯ ɜɨɥɧ ɛɨɥɶɲɨɣ ɚɦɩɥɢ-

ɬɭɞɵ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 162).  
33. ȼ ɝɢɞɪɨɚɤɭɫɬɢɱɟɫɤɢɯ ɩɪɢɛɨɪɚɯ ɢɫɩɨɥɶɡɭɸɬɫɹ ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɢɟ 

ɢ ɦɚɝɧɢɬɨɫɬɪɢɤɰɢɨɧɧɵɟ ɚɧɬɟɧɧɵ. ɉɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɢɟ ɚɧɬɟɧɧɵ ɦɨɝɭɬ ɪɚ-
ɛɨɬɚɬɶ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦμ 

– ɬɨɥɶɤɨ ɧɚ ɩɪɢɟɦ ɡɜɭɤɨɜɵɯ ɜɨɥɧ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 140); 
– ɬɨɥɶɤɨ ɧɚ ɢɡɥɭɱɟɧɢɟ ɡɜɭɤɨɜɵɯ ɜɨɥɧ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 126); 
– ɢ ɧɚ ɢɡɥɭɱɟɧɢɟ ɢ ɧɚ ɩɪɢɟɦ ɡɜɭɤɨɜɵɯ ɜɨɥɧ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 112). 
34. ɑɚɫɬɨɬɚ ɫɨɛɫɬɜɟɧɧɵɯ ɤɨɥɟɛɚɧɢɣ ɫɟɪɞɟɱɧɢɤɚ ɜ ɜɢɞɟ ɫɬɟɪɠɧɹ, ɡɚɤɪɟ-

ɩɥɟɧɧɨɝɨ ɩɨɫɪɟɞɢɧɟ, ɨɩɪɟɞɟɥɹɟɬɫɹ ɜɵɪɚɠɟɧɢɟɦ 

.
2

1


E

L
f   

ɇɭɠɧɭɸ ɱɚɫɬɨɬɭ ɦɨɠɧɨ ɩɨɥɭɱɢɬɶ ɡɚ ɫɱɟɬ: 
– ɢɡɦɟɧɟɧɢɹ L (ɫɦ. ɩɨɹɫɧɟɧɢɟ 86); 
– ɢɡɦɟɧɟɧɢɹ E (ɫɦ. ɩɨɹɫɧɟɧɢɟ 143); 
– ɢɡɦɟɧɟɧɢɹ ρ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 2). 
35. Ⱥɧɬɟɧɧɚ ɝɢɞɪɨɚɤɭɫɬɢɱɟɫɤɨɝɨ ɩɪɢɛɨɪɚ ɦɨɠɟɬ ɛɵɬɶ ɩɨɥɹɪɢɡɨɜɚɧɧɨɣ 

ɢɥɢ ɧɟɩɨɥɹɪɢɡɨɜɚɧɧɨɣ. ɉɨɥɹɪɢɡɨɜɚɧɧɵɦɢ ɛɵɜɚɸɬ 
– ɬɨɥɶɤɨ ɦɚɝɧɢɬɨɫɬɪɢɤɰɢɨɧɧɵɟ ɚɧɬɟɧɧɵ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 81); 
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– ɬɨɥɶɤɨ ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɢɟ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 62); 
– ɢ ɦɚɝɧɢɬɨɫɬɪɢɤɰɢɨɧɧɵɟ ɢ ɩɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɢɟ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 40). 

 Ʌɟɤɰɢɹ 8  

6.3. ɇɚɩɪɚɜɥɟɧɧɨɟ ɞɟɣɫɬɜɢɟ ɚɧɬɟɧɧ 
ȼ ɫɨɜɪɟɦɟɧɧɵɯ ɝɢɞɪɨɚɤɭɫɬɢɱɟɫɤɢɯ ɩɪɢɛɨɪɚɯ ɞɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɪɚɫ-

ɫɬɨɹɧɢɹ ɞɨ ɩɨɞɜɨɞɧɨɝɨ ɨɛɴɟɤɬɚ ɢɫɩɨɥɶɡɭɟɬɫɹ ɷɯɨ-ɦɟɬɨɞ, ɤɨɬɨɪɵɣ ɜɩɟɪɜɵɟ 
ɛɵɥ ɩɪɢɦɟɧɟɧ ɜ 1804 ɝ. ɚɤɚɞɟɦɢɤɨɦ ə.Ⱦ. Ɂɚɯɚɪɨɜɵɦ. ɉɨɞɧɹɜɲɢɫɶ ɧɚ ɜɨɡ-
ɞɭɲɧɨɦ ɲɚɪɟ, ɭɱɟɧɵɣ ɝɪɨɦɤɨ ɤɪɢɤɧɭɥ ɜ ɪɭɩɨɪ, ɧɚɩɪɚɜɥɟɧɧɵɣ ɜ ɫɬɨɪɨɧɭ 
ɡɟɦɥɢ. ɉɨ ɜɪɟɦɟɧɢ ɩɪɢɯɨɞɚ ɨɬɪɚɠɟɧɧɨɝɨ ɨɬ ɡɟɦɥɢ ɫɢɝɧɚɥɚ (ɷɯɚ) ɨɧ ɪɚɫɫɱɢ-
ɬɚɥ, ɱɬɨ ɲɚɪ ɧɚɯɨɞɢɥɫɹ ɧɚ ɜɵɫɨɬɟ 1710 ɦ ɨɬ ɩɨɜɟɪɯɧɨɫɬɢ ɡɟɦɥɢ. 

Ⱦɥɹ ɤɚɤɨɣ ɠɟ ɰɟɥɢ ɢɫɩɨɥɶɡɨɜɚɥɫɹ ɪɭɩɨɪ? Ʉɨɧɟɱɧɨ, ɞɥɹ ɫɨɡɞɚɧɢɹ ɧɚ-
ɩɪɚɜɥɟɧɧɨɝɨ ɢɡɥɭɱɟɧɢɹ ɡɜɭɤɚ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɩɪɨɫɬɟɣɲɢɦ ɭɫɬɪɨɣɫɬɜɨɦ 
ɞɥɹ ɨɛɟɫɩɟɱɟɧɢɹ ɧɚɩɪɚɜɥɟɧɧɨɫɬɢ ɢɡɥɭɱɟɧɢɹ ɹɜɥɹɟɬɫɹ ɨɬɪɚɠɚɬɟɥɶ. Ʉɫɬɚɬɢ, 
ɩɪɢ ɭɫɬɚɧɨɜɤɟ ɤɨɥɶɰɟɜɵɯ ɚɧɬɟɧɧ ɛɟɡ ɩɪɨɪɟɡɢ ɞɧɢɳɚ ɫɭɞɧɚ ɧɚɩɪɚɜɥɟɧɧɨɫɬɶ 
ɢɡɥɭɱɟɧɢɹ ɨɛɟɫɩɟɱɢɜɚɟɬɫɹ ɫ ɩɨɦɨɳɶɸ ɫɩɟɰɢɚɥɶɧɨɝɨ ɨɬɪɚɠɚɬɟɥɹ. Ɉɞɧɚɤɨ 
ɧɟ ɜɫɟɝɞɚ ɤɨɧɫɬɪɭɤɬɢɜɧɨ ɭɞɨɛɧɨ ɢɦɟɬɶ ɬɚɤɨɟ ɫɨɨɪɭɠɟɧɢɟ, ɤɨɝɞɚ ɚɧɬɟɧɧɚ 
ɭɫɬɚɧɚɜɥɢɜɚɟɬɫɹ ɫ ɩɪɨɪɟɡɶɸ ɜ ɞɧɢɳɟ ɫɭɞɧɚ. Ɂɞɟɫɶ ɛɟɡ ɫɩɟɰɢɚɥɶɧɵɯ ɨɛɬɟɤɚ-
ɬɟɥɟɣ ɧɟ ɨɛɨɣɬɢɫɶ. ɉɪɢ ɷɬɨɦ ɜɨɡɧɢɤɚɟɬ ɜɨɩɪɨɫ: ɧɟɥɶɡɹ ɥɢ ɨɛɟɫɩɟɱɢɬɶ ɧɚ-
ɩɪɚɜɥɟɧɧɨɟ ɢɡɥɭɱɟɧɢɟ ɞɪɭɝɢɦ ɫɩɨɫɨɛɨɦ?  

ɇɚɣɞɟɦ ɭɫɥɨɜɢɟ, ɩɪɢ ɤɨɬɨɪɨɦ ɚɧɬɟɧɧɚ ɛɭɞɟɬ ɨɛɥɚɞɚɬɶ ɧɚɩɪɚɜɥɟɧɧɵɦ 
ɞɟɣɫɬɜɢɟɦ, ɧɨ ɫɧɚɱɚɥɚ ɨɩɪɟɞɟɥɢɦ, ɱɬɨ ɦɵ ɛɭɞɟɦ ɩɨɞɪɚɡɭɦɟɜɚɬɶ ɩɨɞ ɧɚ-
ɩɪɚɜɥɟɧɧɵɦ ɞɟɣɫɬɜɢɟɦ ɚɧɬɟɧɧɵ. ȿɫɥɢ ɜɨɤɪɭɝ ɢɡɥɭɱɚɬɟɥɹ ɧɚɛɥɸɞɚɟɬɫɹ 
ɨɞɧɨɪɨɞɧɨɟ ɡɜɭɤɨɜɨɟ ɩɨɥɟ, ɬɨ ɬɚɤɨɟ ɢɡɥɭɱɟɧɢɟ ɧɚɡɵɜɚɟɬɫɹ ɧɟɧɚɩɪɚɜɥɟɧ-
ɧɵɦ. ȿɫɥɢ ɠɟ ɜɨɤɪɭɝ ɢɡɥɭɱɚɬɟɥɹ ɢɦɟɸɬɫɹ ɧɚɩɪɚɜɥɟɧɢɹ, ɩɨ ɤɨɬɨɪɵɦ ɧɚ-
ɛɥɸɞɚɸɬɫɹ ɦɚɤɫɢɦɭɦɵ ɢ ɦɢɧɢɦɭɦɵ ɩɚɪɚɦɟɬɪɨɜ ɡɜɭɤɨɜɨɝɨ ɩɨɥɹ, ɬɨ ɬɚɤɨɟ 
ɢɡɥɭɱɟɧɢɟ ɧɚɡɵɜɚɟɬɫɹ ɧɚɩɪɚɜɥɟɧɧɵɦ. 

ɉɪɟɞɩɨɥɨɠɢɦ, ɱɬɨ ɦɵ ɢɦɟɟɦ ɩɥɨɫɤɢɣ ɢɡɥɭɱɚɬɟɥɶ, ɭ ɤɨɬɨɪɨɝɨ ɪɚɡɦɟɪ 
ɜ ɧɚɩɪɚɜɥɟɧɢɢ ɨɫɢ oy ɛɟɫɤɨɧɟɱɟɧ, ɚ ɜ ɧɚɩɪɚɜɥɟɧɢɢ ɨɫɢ ox – ɤɨɧɟɱɟɧ ɢ ɪɚɜɟɧ 
l. Ɋɚɡɨɛɶɟɦ ɷɬɨɬ ɢɡɥɭɱɚɬɟɥɶ ɧɚ ɷɥɟɦɟɧɬɚɪɧɵɟ ɢɡɥɭɱɚɬɟɥɢ dx (ɪɢɫ. 6.6), ɤɨ-
ɥɢɱɟɫɬɜɨ ɤɨɬɨɪɵɯ ɛɭɞɟɬ ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɨ ɪɚɡɦɟɪɭ l. 

ȼɵɛɟɪɟɦ ɬɨɱɤɭ N ɧɚ ɬɚɤɨɦ ɭɞɚɥɟɧɢɢ ɨɬ ɢɡɥɭɱɚɬɟɥɹ, ɱɬɨɛɵ ɥɭɱɢ, ɢɞɭ-
ɳɢɟ ɜ ɷɬɭ ɬɨɱɤɭ ɨɬ ɤɚɠɞɨɝɨ ɢɡ ɷɥɟɦɟɧɬɚɪɧɵɯ ɢɡɥɭɱɚɬɟɥɟɣ, ɦɨɠɧɨ ɛɵɥɨ 
ɫɱɢɬɚɬɶ ɩɚɪɚɥɥɟɥɶɧɵɦɢ. ɇɚ ɩɪɚɤɬɢɤɟ ɷɬɨ ɮɚɤɬɢɱɟɫɤɢ ɧɟɫɤɨɥɶɤɨ ɞɥɢɧ ɜɨɥɧ.  

Ɍɨɝɞɚ ɡɜɭɤɨɜɨɟ ɞɚɜɥɟɧɢɟ ɜ ɬɨɱɤɟ N, ɫɨɡɞɚɜɚɟɦɨɟ ɨɬɞɟɥɶɧɵɦ ɷɥɟɦɟɧ-
ɬɚɪɧɵɦ ɢɡɥɭɱɚɬɟɥɟɦ, ɛɭɞɟɬ 
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N                                 (6.13) 

ɂɡ ɪɢɫ. θ.θ ɜɢɞɧɨ, ɱɬɨ  
 sin12 xrr ,                                      (6.14) 

ɝɞɟ  x – ɤɨɨɪɞɢɧɚɬɚ ɷɥɟɦɟɧɬɚɪɧɨɝɨ ɢɫɬɨɱɧɢɤɚ; 1r – ɪɚɫɫɬɨɹɧɢɟ ɨɬ ɩɟɪɜɨɝɨ 

ɷɥɟɦɟɧɬɚɪɧɨɝɨ ɢɫɬɨɱɧɢɤɚ ɞɨ ɬɨɱɤɢ N; Ȗ – ɧɚɩɪɚɜɥɟɧɢɟ ɧɚ ɬɨɱɤɭ N. 
Ɍɨɝɞɚ ɫ ɭɱɟɬɨɦ ɜɵɪɚɠɟɧɢɹ (θ.14) ɪɚɜɟɧɫɬɜɨ (θ.1γ) ɩɪɢɦɟɬ ɜɢɞ 

  . sin)(sin 1 dxxrctk
l

p
dp m

N                             (6.15) 

 

Ɋɢɫ. θ.θ 

ȼɵɪɚɠɟɧɢɟ (θ.1η) ɩɨɡɜɨɥɹɟɬ ɨɩɪɟɞɟɥɢɬɶ ɡɧɚɱɟɧɢɟ ɡɜɭɤɨɜɨɝɨ ɞɚɜɥɟɧɢɹ, 
ɫɨɡɞɚɜɚɟɦɨɝɨ ɜ ɬɨɱɤɟ N ɥɸɛɵɦ ɢɡ ɷɥɟɦɟɧɬɚɪɧɵɯ ɢɡɥɭɱɚɬɟɥɟɣ. ȼɫɟɝɨ ɢɦɟɟɬ-
ɫɹ l ɬɚɤɢɯ ɢɡɥɭɱɚɬɟɥɟɣ. ɋɥɟɞɨɜɚɬɟɥɶɧɨ, ɞɥɹ ɬɨɝɨ, ɱɬɨɛɵ ɨɩɪɟɞɟɥɢɬɶ ɜɟɥɢ-
ɱɢɧɭ ɡɜɭɤɨɜɨɝɨ ɞɚɜɥɟɧɢɹ ɜ ɬɨɱɤɟ N, ɤɨɬɨɪɨɟ ɫɨɡɞɚɟɬɫɹ ɜɫɟɦɢ ɷɥɟɦɟɧɬɚɪɧɵ-
ɦɢ ɢɡɥɭɱɚɬɟɥɹɦɢ, ɧɟɨɛɯɨɞɢɦɨ ɜɡɹɬɶ ɢɧɬɟɝɪɚɥ ɨɬ ɪɚɜɟɧɫɬɜɚ (θ.1η) ɜ ɩɪɟɞɟ-
ɥɚɯ ɨɬ 0 ɞɨ l, ɬ.ɟ. 

  . sin)(sin
0

1 dxxrctk
l

p
p

l
m

N                                 (6.16) 

ɗɬɨ ɬɚɛɥɢɱɧɵɣ ɢɧɬɟɝɪɚɥ ɢ ɟɝɨ ɡɧɚɱɟɧɢɟ ɛɭɞɟɬ 

  .sin)(cos
sin 01

lm
N kxrctk

kl

p
p 


                        (6.17) 

ɉɨɞɫɬɚɜɥɹɹ ɜ ɪɚɜɟɧɫɬɜɨ (θ.17) ɡɧɚɱɟɧɢɟ ɩɪɟɞɟɥɨɜ, ɩɨɥɭɱɢɦ 
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  )(cossin)(cos
sin 11 rctkklrctk

kl

p
p m

N 


 .             (6.18) 

ȼ ɮɢɝɭɪɧɵɯ ɫɤɨɛɤɚɯ ɜɵɪɚɠɟɧɢɹ (θ.18) ɢɦɟɟɦ ɪɚɡɧɨɫɬɶ ɤɨɫɢɧɭɫɨɜ, ɤɨ-
ɬɨɪɚɹ ɪɚɜɧɚ ɦɢɧɭɫ ɭɞɜɨɟɧɧɨɟ ɩɪɨɢɡɜɟɞɟɧɢɟ ɫɢɧɭɫɚ ɩɨɥɭɫɭɦɦɵ ɧɚ ɫɢɧɭɫ 
ɩɨɥɭɪɚɡɧɨɫɬɢ. ɍɱɢɬɵɜɚɹ ɩɪɢ ɩɪɟɨɛɪɚɡɨɜɚɧɢɹɯ, ɱɬɨ ɫɢɧɭɫ ɨɬɪɢɰɚɬɟɥɶɧɨɝɨ 
ɚɪɝɭɦɟɧɬɚ ɪɚɜɟɧ ɦɢɧɭɫ ɫɢɧɭɫɭ ɷɬɨɝɨ ɚɪɝɭɦɟɧɬɚ, ɨɤɨɧɱɚɬɟɥɶɧɨ ɢɦɟɟɦ 





 







2

sin
)(sin

2

sin
sin

sin

2
1

l
rctk

kl

kl

p
p m

N .                   (6.19) 

ɂɡ ɜɵɪɚɠɟɧɢɹ (θ.1λ) ɜɢɞɧɨ, ɱɬɨ ɜ ɬɨɱɤɟ N ɧɚɛɥɸɞɚɟɬɫɹ ɜɨɥɧɚ, ɡɜɭɤɨ-
ɜɨɟ ɞɚɜɥɟɧɢɟ ɤɨɬɨɪɨɣ ɢɡɦɟɧɹɟɬɫɹ ɩɨ ɡɚɤɨɧɭ ɫɢɧɭɫɚ, ɩɪɢɱɟɦ ɚɦɩɥɢɬɭɞɚ ɞɚɜ-
ɥɟɧɢɹ ɬɚɤɠɟ ɡɚɜɢɫɢɬ ɩɨ ɝɚɪɦɨɧɢɱɟɫɤɨɦɭ ɡɚɤɨɧɭ ɨɬ ɭɝɥɚ Ȗμ 

2

sin
sin

sin

2
)(





kl

kl

p
p m .                                    (6.20) 

ɗɬɨ ɨɡɧɚɱɚɟɬ, ɱɬɨ ɫɭɳɟɫɬɜɭɸɬ ɧɚɩɪɚɜɥɟɧɢɹ, ɩɨ ɤɨɬɨɪɵɦ ɧɚɛɥɸɞɚɸɬɫɹ ɦɚɤ-
ɫɢɦɭɦɵ ɢ ɦɢɧɢɦɭɦɵ ɡɜɭɤɨɜɨɝɨ ɞɚɜɥɟɧɢɹ. Ⱦɥɹ ɬɨɝɨ, ɱɬɨɛɵ ɨɩɪɟɞɟɥɢɬɶ ɷɬɢ 
ɧɚɩɪɚɜɥɟɧɢɹ, ɧɟɨɛɯɨɞɢɦɨ ɢɫɫɥɟɞɨɜɚɬɶ ɪɚɜɟɧɫɬɜɨ (θ.β0) ɧɚ ɦɚɤɫɢɦɭɦ 
ɢ ɦɢɧɢɦɭɦ. 

1. Ɂɚɞɚɞɢɦ Ȗ = 0. ɉɨɥɭɱɢɦ 
0

0
)( p , ɬ.ɟ. ɧɟɨɩɪɟɞɟɥɟɧɧɨɫɬɶ ɬɢɩɚ 

0

0
. 

Ɋɚɫɤɪɨɟɦ ɟё ɫ ɩɨɦɨɳɶɸ ɩɪɚɜɢɥɚ Ʌɨɩɢɬɚɥɹ, ɬ.ɟ. ɜɨɡɶɦɟɦ ɩɪɨɢɡɜɨɞɧɵɟ ɨɬ-
ɞɟɥɶɧɨ ɨɬ ɱɢɫɥɢɬɟɥɹ ɢ ɡɧɚɦɟɧɚɬɟɥɹ. ɉɨɥɭɱɢɦ 

2

sin
cos)(




kl
pp m .                                    (6.21) 

ɉɨɞɫɬɚɜɥɹɹ ɜ ɜɵɪɚɠɟɧɢɟ (θ.β1) Ȗ = 0, ɩɨɥɭɱɢɦ 

mpp  )0Ȗ( .                                              (6.22) 

ɂɡ ɩɨɥɭɱɟɧɧɨɝɨ ɪɚɜɟɧɫɬɜɚ ɜɢɞɧɨ, ɱɬɨ ɜ ɧɚɩɪɚɜɥɟɧɢɢ, ɩɟɪɩɟɧɞɢɤɭ-
ɥɹɪɧɨɦ ɢɡɥɭɱɚɸɳɟɣ ɩɨɜɟɪɯɧɨɫɬɢ ɚɧɬɟɧɧɵ, ɛɭɞɟɬ ɦɚɤɫɢɦɭɦ ɡɜɭɤɨɜɨɝɨ 
ɞɚɜɥɟɧɢɹ. 

2. Ɉɩɪɟɞɟɥɢɦ ɧɚɩɪɚɜɥɟɧɢɟ, ɩɨ ɤɨɬɨɪɨɦɭ 0)(p . Ⱦɥɹ ɷɬɨɝɨ ɜ ɪɚɜɟɧ-

ɫɬɜɨ (θ.β0) ɧɟɨɛɯɨɞɢɦɨ ɩɨɞɫɬɚɜɢɬɶ ɬɚɤɨɟ ɡɧɚɱɟɧɢɟ ɚɪɝɭɦɟɧɬɚ, ɱɬɨɛɵ 
ɜ ɢɬɨɝɟ ɱɢɫɥɢɬɟɥɶ ɫɬɚɥ ɪɚɜɧɵɦ ɧɭɥɸ, ɚ ɡɧɚɦɟɧɚɬɟɥɶ ɨɬ ɧɭɥɹ ɨɬɥɢɱɚɥɫɹ, 
ɚ ɢɦɟɧɧɨ 




n
kl

2

sin
.                                             (6.23) 
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Ɉɬɫɸɞɚ ɫ ɭɱɟɬɨɦ ɬɨɝɨ, ɱɬɨ 
λ

2π
k , ɢɦɟɟɦ 

l
n


sin ,                                            (6.24) 

ɝɞɟ  n = 1, 2, γ, … . 
ɂɡ ɜɵɪɚɠɟɧɢɹ (θ.β4) ɜɢɞɧɨ, ɱɬɨ ɧɚɩɪɚɜɥɟɧɢɣ, ɩɨ ɤɨɬɨɪɵɦ ɢɦɟɟɬ ɦɟɫɬɨ 

ɦɢɧɢɦɭɦ ɢɡɥɭɱɚɟɦɨɣ ɷɧɟɪɝɢɢ, ɦɨɠɟɬ ɛɵɬɶ ɧɟɫɤɨɥɶɤɨ.  
Ⱦɥɹ ɝɥɚɜɧɨɝɨ ɥɟɩɟɫɬɤɚ ɞɢɚɝɪɚɦɦɵ ɧɚɩɪɚɜɥɟɧɧɨɫɬɢ (n = 1) ɩɨɥɭɱɢɦ ɪɚ-

ɜɟɧɫɬɜɨ 

l


sin ,                                            (6.25) 

ɩɨɡɜɨɥɹɸɳɟɟ ɪɚɫɫɱɢɬɚɬɶ ɧɚɩɪɚɜɥɟɧɧɨɫɬɶ ɩɥɨɫɤɨɝɨ ɢɡɥɭɱɚɬɟɥɹ. Ɉɬɫɸɞɚ 
ɦɨɠɧɨ ɩɨɥɭɱɢɬɶ ɭɫɥɨɜɢɟ, ɩɪɢ ɤɨɬɨɪɨɦ ɚɧɬɟɧɧɚ ɛɭɞɟɬ ɨɛɥɚɞɚɬɶ ɧɚɩɪɚɜɥɟɧ-
ɧɵɦ ɞɟɣɫɬɜɢɟɦ: 

l > .                                                  (6.26) 

Ʉɨɥɢɱɟɫɬɜɨ ɧɚɩɪɚɜɥɟɧɢɣ, ɩɨ ɤɨɬɨɪɵɦ p(Ȗ) = 0, ɦɨɠɧɨ ɨɩɪɟɞɟɥɢɬɶ ɢɡ 
ɫɥɟɞɭɸɳɟɝɨ ɭɫɥɨɜɢɹμ 

λ
l

n  .                                             (6.27) 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɰɟɥɨɟ ɱɢɫɥɨ ɨɬɧɨɲɟɧɢɹ 
λ
l

 ɞɚɟɬ ɢɫɤɨɦɨɟ ɤɨɥɢɱɟɫɬɜɨ 

ɧɚɩɪɚɜɥɟɧɢɣ, ɩɨ ɤɨɬɨɪɵɦ p(Ȗ) = 0. 
Ⱦɥɹ ɨɰɟɧɤɢ ɧɚɩɪɚɜɥɟɧɧɨɫɬɢ ɧɚ ɩɪɚɤɬɢɤɟ ɩɨɥɶɡɭɸɬɫɹ ɬɚɤɨɣ ɯɚɪɚɤɬɟɪɢ-

ɫɬɢɤɨɣ, ɤɚɤ ɮɚɤɬɨɪ ɧɚɩɪɚɜɥɟɧɧɨɫɬɢ: 

0Ȗ

Ȗ2




I

I
G .                                           (6.28) 

ɇɚɝɥɹɞɧɵɦɢ ɹɜɥɹɸɬɫɹ ɞɢɚɝɪɚɦɦɵ ɧɚɩɪɚɜɥɟɧɧɨɫɬɢ ɜ ɩɨɥɹɪɧɵɯ ɤɨɨɪ-
ɞɢɧɚɬɚɯ (ɪɢɫ. 6.7) 

 
Ɋɢɫ. θ.7 
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6.4. ɉɪɢɟɦ ɡɜɭɤɨɜɵɯ ɤɨɥɟɛɚɧɢɣ 
ɉɪɢɟɦɧɢɤɢ ɡɜɭɤɚ ɩɨɞɪɚɡɞɟɥɹɸɬɫɹ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ  ɩɚɪɚɦɟɬɪɚ ɡɜɭɤɨ-

ɜɨɣ ɜɨɥɧɵ, ɤɨɬɨɪɵɣ ɢɡɦɟɪɹɟɬɫɹ. Ɍɚɤ, ɧɚɩɪɢɦɟɪ, ɛɵɜɚɸɬ ɩɪɢɟɦɧɢɤɢ ɡɜɭɤɨ-
ɜɨɝɨ ɞɚɜɥɟɧɢɹ, ɝɪɚɞɢɟɧɬɚ ɞɚɜɥɟɧɢɹ, ɤɨɥɟɛɚɬɟɥɶɧɨɣ ɫɤɨɪɨɫɬɢ ɢ ɞɪ.  

ɇɚɢɛɨɥɶɲɟɟ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɟ ɩɨɥɭɱɢɥɢ ɩɪɢɟɦɧɢɤɢ ɡɜɭɤɨɜɨɝɨ ɞɚɜɥɟ-
ɧɢɹ, ɩɪɟɞɫɬɚɜɥɹɸɳɢɟ ɫɨɛɨɣ ɦɟɯɚɧɢɱɟɫɤɭɸ ɤɨɥɟɛɚɬɟɥɶɧɭɸ ɫɢɫɬɟɦɭ, ɤɨɬɨ-
ɪɚɹ ɩɪɢɜɨɞɢɬɫɹ ɜ ɤɨɥɟɛɚɬɟɥɶɧɨɟ ɫɨɫɬɨɹɧɢɟ ɦɟɯɚɧɢɱɟɫɤɢɦɢ ɤɨɥɟɛɚɧɢɹɦɢ 
ɫɪɟɞɵ. ȼ ɩɪɢɟɦɧɢɤɟ ɩɪɨɢɫɯɨɞɢɬ ɩɪɟɨɛɪɚɡɨɜɚɧɢɟ ɚɤɭɫɬɢɱɟɫɤɨɣ ɷɧɟɪɝɢɢ 
ɜ ɦɟɯɚɧɢɱɟɫɤɭɸ, ɚ ɡɚɬɟɦ, ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɩɪɢɧɰɢɩɚ ɞɟɣɫɬɜɢɹ ɩɪɢɟɦɧɢɤɚ, 
ɩɪɟɨɛɪɚɡɨɜɚɧɢɟ ɦɟɯɚɧɢɱɟɫɤɨɣ ɷɧɟɪɝɢɢ ɜ ɷɥɟɤɬɪɢɱɟɫɤɭɸ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, 
ɧɚ ɩɪɢɟɦɧɢɤ ɞɟɣɫɬɜɭɟɬ ɚɤɭɫɬɢɱɟɫɤɨɟ ɞɚɜɥɟɧɢɟ, ɚ ɧɚ ɟɝɨ ɜɵɯɨɞɟ ɫɨɡɞɚɟɬɫɹ 
ɬɨ ɢɥɢ ɢɧɨɟ ɧɚɩɪɹɠɟɧɢɟ, ɯɚɪɚɤɬɟɪɢɡɭɸɳɟɟ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɟɝɨ ɪɚɛɨɬɵ. 

ɇɚ ɪɢɫ. θ.8 ɩɨɤɚɡɚɧ ɩɪɢɟɦɧɢɤ ɡɜɭɤɨɜɨɝɨ ɞɚɜɥɟɧɢɹ, ɤɨɬɨɪɵɣ ɫɨɫɬɨɢɬ ɢɡ 
ɤɨɥɟɛɚɬɟɥɶɧɨɣ ɫɢɫɬɟɦɵ 1 ɢ ɤɨɪɩɭɫɚ 2. ȼɧɭɬɪɟɧɧɹɹ ɩɨɥɨɫɬɶ ɚɧɬɟɧɧɵ ɡɚɩɨɥ-
ɧɹɟɬɫɹ ɦɨɪɫɤɨɣ ɜɨɞɨɣ, ɱɬɨɛɵ ɜɵɪɨɜɧɹɬɶ ɫɬɚɬɢɱɟɫɤɨɟ ɞɚɜɥɟɧɢɟ p0.  

 

Ɋɢɫ. θ.8 

Ɉɬɧɨɲɟɧɢɟ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɧɚɩɪɹɠɟɧɢɹ U ɧɚ ɜɵɯɨɞɟ ɩɪɢɟɦɧɢɤɚ ɤ ɚɤɭ-
ɫɬɢɱɟɫɤɨɦɭ ɞɚɜɥɟɧɢɸ p, ɤɨɬɨɪɨɟ ɞɟɣɫɬɜɭɟɬ ɧɚ ɟɝɨ ɩɪɢɟɦɧɭɸ ɩɨɜɟɪɯɧɨɫɬɶ, 
ɧɚɡɵɜɚɟɬɫɹ ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɶɸ ɩɪɢɟɦɧɢɤɚ: 

.
p

U
                                               (6.29) 

ȿɞɢɧɢɰɟɣ ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɢ ɹɜɥɹɟɬɫɹ ȼɨɥɶɬ, ɞɟɥёɧɧɵɣ ɧɚ ɉɚɫɤɚɥɶ  
(ȼ · ɉɚ–1). 

Ɉɛɵɱɧɨ ɜɟɥɢɱɢɧɚ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɧɚɩɪɹɠɟɧɢɹ ɧɚ ɜɵɯɨɞɟ ɩɪɢɟɦɧɢɤɚ 
ɦɚɥɚ ɢ ɟɝɨ ɩɨɞɤɥɸɱɚɸɬ ɤ ɭɫɢɥɢɬɟɥɸ, ɹɜɥɹɸɳɟɦɭɫɹ ɞɥɹ ɩɪɢɟɦɧɢɤɚ ɧɚɝɪɭɡ-
ɤɨɣ. ȿɫɥɢ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɧɚɝɪɭɡɤɢ ɨɱɟɧɶ ɛɨɥɶɲɨɟ, Zɧ → ∞ (ɯɨɥɨɫɬɨɣ ɯɨɞ), 
ɬɨ ɧɚɩɪɹɠɟɧɢɟ ɧɚ ɜɵɯɨɞɟ ɩɪɢɟɦɧɢɤɚ ɩɪɚɤɬɢɱɟɫɤɢ ɪɚɜɧɨ ɟɝɨ ɗȾɋ, ɬ.ɟ. U = = 



ГУ
МР
Ф им

ен
и а
дм
ир
ал
а С

.О
. 
Ма
ка
ро
ва

67 

E. ȿɫɥɢ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɧɚɝɪɭɡɤɢ ɪɚɜɧɨ ɜɧɭɬɪɟɧɧɟɦɭ ɫɨɩɪɨɬɢɜɥɟɧɢɸ ɩɪɢ-
ɟɦɧɢɤɚ (Zɧ = Zɜɧ), ɬɨ ɪɚɡɜɢɜɚɟɦɨɟ ɢɦ ɧɚɩɪɹɠɟɧɢɟ ɛɭɞɟɬ U = 0,5 E. Ɍɚɤɢɦ 
ɨɛɪɚɡɨɦ, ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɶ ɩɪɢɟɦɧɢɤɚ ɩɪɢ ɪɚɛɨɬɟ ɧɚ ɫɨɝɥɚɫɨɜɚɧɧɭɸ ɧɚ-
ɝɪɭɡɤɭ ɜ ɞɜɚ ɪɚɡɚ ɦɟɧɶɲɟ ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɢ ɯɨɥɨɫɬɨɝɨ ɯɨɞɚ. Ɉɩɪɟɞɟɥɟɧɢɟ 
ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɢ ɩɪɢɟɦɧɢɤɚ ɫɜɨɞɢɬɫɹ ɤ ɨɩɪɟɞɟɥɟɧɢɸ ɞɚɜɥɟɧɢɹ ɜ ɬɨɣ ɬɨɱ-
ɤɟ ɚɤɭɫɬɢɱɟɫɤɨɝɨ ɩɨɥɹ, ɝɞɟ ɪɚɫɩɨɥɨɠɟɧ ɩɪɢɟɦɧɢɤ. 

ɋɨɜɪɟɦɟɧɧɚɹ ɩɪɨɦɵɲɥɟɧɧɨɫɬɶ ɩɨɡɜɨɥɹɟɬ ɫɨɡɞɚɬɶ ɩɪɢɟɦɧɢɤɢ ɫɤɨɥɶ 
ɭɝɨɞɧɨ ɜɵɫɨɤɨɣ ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɢ. Ɉɞɧɚɤɨ ɢɫɩɨɥɶɡɨɜɚɬɶ ɷɬɭ ɜɵɫɨɤɭɸ ɱɭɜ-
ɫɬɜɢɬɟɥɶɧɨɫɬɶ ɱɚɳɟ ɜɫɟɝɨ ɧɟ ɭɞɚɟɬɫɹ ɢɡ-ɡɚ ɡɧɚɱɢɬɟɥɶɧɨɝɨ ɭɪɨɜɧɹ ɲɭɦɨɜ. 
ɋɭɳɟɫɬɜɭɸɬ ɬɪɢ ɨɫɧɨɜɧɵɯ ɢɫɬɨɱɧɢɤɚ ɲɭɦɚμ ɦɨɪɟ, ɫɭɞɧɨ ɢ ɫɚɦ ɩɪɢɛɨɪ. 

6.5. Ʌɢɧɟɣɧɚɹ ɚɧɬɟɧɧɚ 
ɉɪɟɞɩɨɥɨɠɢɦ, ɱɬɨ ɚɧɬɟɧɧɚ ɫɨɫɬɨɢɬ ɢɡ ɞɜɭɯ ɬɨɱɟɱɧɵɯ (ɧɚɩɪɚɜɥɟɧɧɵɯ) 

ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɟɣ А1 ɢ А2, ɪɚɫɩɨɥɨɠɟɧɧɵɯ ɧɚ ɤɨɧɰɚɯ ɛɚɡɵ ɞɥɢɧɨɣ d 

(ɪɢɫ. 6.9 ɚ). ȿɫɥɢ Ȗ = 0, ɬɨ ɮɪɨɧɬ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ ɞɨɫɬɢɝɚɟɬ ɬɨɱɟɤ А1 ɢ А2 
ɨɞɧɨɜɪɟɦɟɧɧɨ ɢ ɨɛɚ ɜɵɯɨɞɧɵɯ ɫɢɝɧɚɥɚ ɫɢɧɮɚɡɧɵ. ɋɭɦɦɚɪɧɵɣ ɫɢɝɧɚɥ ɧɚ 
ɜɵɯɨɞɟ ɚɧɬɟɧɧɵ ɜ ɷɬɨɦ ɫɥɭɱɚɟ 

.Ȧsin2
0Ȗ

tEE m 
 

Ʉɨɝɞɚ Ȗ = Ȗ1, ɦɟɠɞɭ ɫɢɝɧɚɥɚɦɢ ɩɨɹɜɥɹɟɬɫɹ ɫɞɜɢɝ ɩɨ ɮɚɡɟ 

.Ȗsin
λ
π2ȥ 11
d

  

ȼ ɪɟɡɭɥɶɬɚɬɟ ɢɦɟɟɦ 

);ȥȦsin(1  tEE m   ),ȥȦsin(2  tEE m  
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1
1sin 


d

. 

Ɂɧɚɱɟɧɢɟ ɫɭɦɦɚɪɧɨɝɨ ɫɢɝɧɚɥɚ 

.sincos2
1

tEE m                                   (6.29) 

ɏɚɪɚɤɬɟɪɢɫɬɢɤɚ ɧɚɩɪɚɜɥɟɧɧɨɫɬɢ ɥɢɧɟɣɧɨɣ ɚɧɬɟɧɧɵ ɨɩɪɟɞɟɥɢɬɫɹ ɫɥɟ-
ɞɭɸɳɢɦ ɨɛɪɚɡɨɦ: 




 



cos
0

1

E

E
G .                                   (6.30) 

ȿɫɥɢ ɛɚɡɚ ɫɨɞɟɪɠɢɬ m ɷɥɟɦɟɧɬɨɜ, ɬɨ ɮɨɪɦɭɥɚ (6.30) ɩɪɢɨɛɪɟɬɚɟɬ ɜɢɞ 

,
ȥsin

ȥsin

m

m
Gm                                         (6.31) 
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ɝɞɟ  



 sin
d – ɮɚɡɨɜɚɹ ɩɨɫɬɨɹɧɧɚɹ; d – ɪɚɫɫɬɨɹɧɢɟ ɦɟɠɞɭ ɷɥɟɦɟɧɬɚɦɢ. 

ɂɡ ɜɵɪɚɠɟɧɢɹ (6.31) ɫɥɟɞɭɟɬ, ɱɬɨ ɩɟɪɜɵɣ ɦɢɧɢɦɭɦ ɢɦɟɟɬ ɦɟɫɬɨ ɩɪɢ 
mȥ = π. 

Ⱦɥɹ ɷɬɨɝɨ ɧɚɩɪɚɜɥɟɧɢɹ  1sin 







d

m
 

ɢɥɢ                                             
md

λȖsin 1  .                                               (6.32) 

ȼ ɪɟɚɥɶɧɵɯ ɭɫɥɨɜɢɹɯ ɤɚɠɞɵɣ ɢɡ ɷɥɟɦɟɧɬɨɜ ɨɛɥɚɞɚɟɬ ɫɨɛɫɬɜɟɧɧɨɣ ɧɚ-
ɩɪɚɜɥɟɧɧɨɫɬɶɸ Gi, ɩɨɷɬɨɦɭ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚ ɧɚɩɪɚɜɥɟɧɧɨɫɬɢ ɜɫɟɣ ɫɢɫɬɟɦɵ 
ɛɭɞɟɬ 

Gm = GiG.                                                (6.33) 
Ɋɟɝɭɥɢɪɨɜɤɭ ɧɚɩɪɚɜɥɟɧɧɨɫɬɢ ɥɢɧɟɣɧɨɣ ɚɧɬɟɧɧɵ ɦɨɠɧɨ ɨɫɭɳɟɫɬɜɢɬɶ 

ɧɟ ɬɨɥɶɤɨ ɱɢɫɥɨɦ ɢ ɪɚɰɢɨɧɚɥɶɧɵɦ ɪɚɡɦɟɳɟɧɢɟɦ ɷɥɟɦɟɧɬɨɜ, ɧɨ ɢ ɫ ɩɨɦɨ-
ɳɶɸ ɬɚɤ ɧɚɡɵɜɚɟɦɵɯ ɰɟɩɟɣ ɡɚɞɟɪɠɤɢ. ȼ ɷɬɨɦ ɫɥɭɱɚɟ ɚɧɬɟɧɧɚ ɧɚɡɵɜɚɟɬɫɹ 
ɤɨɦɩɟɧɫɢɪɨɜɚɧɧɨɣ (ɪɢɫ. θ.λ ɚ). 

ɉɪɟɞɩɨɥɨɠɢɦ, ɱɬɨ ɧɚ ɜɵɯɨɞɟ ɷɥɟɦɟɧɬɚ А1 ɜɤɥɸɱɟɧɚ ɷɥɟɤɬɪɢɱɟɫɤɚɹ ɡɚ-
ɞɟɪɠɤɚ Δȥ (ɪɢɫ. 6.9 ɛ). Ʉɚɤ ɨɬɦɟɱɚɥɨɫɶ ɪɚɧɟɟ, ɩɪɢ ɧɚɥɢɱɢɢ ɭɝɥɚ Ȗ1 ɦɟɠɞɭ 
ɷɥɟɤɬɪɢɱɟɫɤɢɦɢ ɫɢɝɧɚɥɚɦɢ ɜɨɡɧɢɤɚɟɬ ɫɞɜɢɝ ɩɨ ɮɚɡɟ 

.Ȗsin
λ
π2ȥ 11
d

                                            (6.34) 

                        ɚ)                         ɛ) 

 

Ɋɢɫ. θ.λ 

Ɏɚɡɚ ɥɸɛɨɝɨ ɝɚɪɦɨɧɢɱɟɫɤɨɝɨ ɤɨɥɟɛɚɧɢɹ ɨɩɪɟɞɟɥɹɟɬɫɹ ɜɵɪɚɠɟɧɢɟɦ 

t
c

t
λ
π2Ȧȥ0  .                                            (6.35) 
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ȿɫɥɢ ɜɪɟɦɹ t ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɡɚɞɟɪɠɤɢ ɪɚɫɫɱɢɬɚɬɶ ɩɨ ɮɨɪɦɭɥɟ 

1sin 
c

d
t ,                                                (6.36) 

ɬɨ ɫɞɜɢɝ ɮɚɡɵ ɜɵɯɨɞɧɨɝɨ ɫɢɝɧɚɥɚ ɨɩɪɟɞɟɥɢɬɫɹ ɜɵɪɚɠɟɧɢɟɦ 

1sin
2






d

.                                          (6.37) 

ɋɪɚɜɧɢɜɚɹ ɜɵɪɚɠɟɧɢɹ (θ.γ4) ɢ (θ.γ7), ɭɛɟɠɞɚɟɦɫɹ ɜ ɬɨɦ, ɱɬɨ ɧɚɥɢ- 
ɱɢɟ ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɡɚɞɟɪɠɤɢ Δȥ ɨɛɟɫɩɟɱɢɜɚɟɬ ɩɨɥɧɭɸ ɤɨɦɩɟɧɫɚɰɢɸ ɪɚɡ-
ɧɨɫɬɢ ɮɚɡ ɦɟɠɞɭ ɫɢɝɧɚɥɚɦɢ, ɤɨɬɨɪɵɟ ɫɧɢɦɚɸɬɫɹ ɫ ɷɥɟɦɟɧɬɨɜ А1 ɢ А2.  
Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɜɜɟɞɟɧɢɟ ɡɚɞɟɪɠɤɢ Δȥ ɪɚɜɧɨɫɢɥɶɧɨ ɩɨɜɨɪɨɬɭ ɚɧɬɟɧɧɵ 
ɧɚ ɭɝɨɥ Ȗ1. 

ɉɪɢ ɪɚɛɨɬɟ ɷɥɟɦɟɧɬɨɜ А1 ɢ А2 ɜ ɪɟɠɢɦɟ ɢɡɥɭɱɟɧɢɹ ɮɚɡɨɜɚɹ ɡɚɞɟɪɠɤɚ 
Δȥ ɨɛɟɫɩɟɱɢɬ ɩɨɞɤɥɸɱɟɧɢɟ ɷɥɟɦɟɧɬɚ А1 ɫ ɧɟɤɨɬɨɪɵɦ ɡɚɩɚɡɞɵɜɚɧɢɟɦ ɩɨ 
ɜɪɟɦɟɧɢ. ȼ ɷɬɨɦ ɫɥɭɱɚɟ ɧɚɩɪɚɜɥɟɧɢɟ ɦɚɤɫɢɦɭɦɚ ɢɡɥɭɱɚɟɦɨɣ ɷɧɟɪɝɢɢ ɨɩɪɟ-
ɞɟɥɢɬɫɹ ɪɚɜɟɧɫɬɜɨɦ 

d



2

cos .                                           (6.38) 

ɏɚɪɚɤɬɟɪɢɫɬɢɤɚ ɧɚɩɪɚɜɥɟɧɧɨɫɬɢ ɢɡɥɭɱɚɸɳɟɣ ɥɢɧɟɣɧɨɣ ɚɧɬɟɧɧɵ, ɤɚɤ 
ɢ ɩɪɟɠɞɟ, ɜ ɷɬɨɦ ɫɥɭɱɚɟ ɨɩɪɟɞɟɥɹɟɬɫɹ ɜɵɪɚɠɟɧɢɟɦ (6.31). 

Ʉɨɧɬɪɨɥɶɧɵɟ ɜɨɩɪɨɫɵ 
36. ȿɫɥɢ ɜɨɤɪɭɝ ɢɫɬɨɱɧɢɤɚ ɡɜɭɤɚ ɧɚɛɥɸɞɚɟɬɫɹ ɨɞɧɨɪɨɞɧɨɟ ɡɜɭɤɨɜɨɟ 

ɩɨɥɟ, ɬɨ ɬɚɤɨɟ ɢɡɥɭɱɟɧɢɟ ɧɚɡɵɜɚɟɬɫɹ: 
– ɧɚɩɪɚɜɥɟɧɧɵɦ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 7); 
– ɧɟɧɚɩɪɚɜɥɟɧɧɵɦ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 20). 
37. ɇɚɩɪɚɜɥɟɧɢɟ, ɩɨ ɤɨɬɨɪɨɦɭ ɧɚɛɥɸɞɚɟɬɫɹ ɦɚɤɫɢɦɭɦ ɷɧɟɪɝɢɢ, ɢɡɥɭ-

ɱɚɟɦɨɣ ɧɚɩɪɚɜɥɟɧɧɨɣ ɚɧɬɟɧɧɨɣ, ɫɨɫɬɚɜɥɹɟɬ ɫ ɥɢɧɢɟɣ, ɩɟɪɩɟɧɞɢɤɭɥɹɪɧɨɣ 
ɤ ɩɥɨɫɤɨɫɬɢ ɢɡɥɭɱɚɬɟɥɹ, ɭɝɨɥ, ɪɚɜɧɵɣ: 

– 0° (ɫɦ. ɩɨɹɫɧɟɧɢɟ 32); 
– γ0° (ɫɦ. ɩɨɹɫɧɟɧɢɟ 153); 
– 4η° (ɫɦ. ɩɨɹɫɧɟɧɢɟ 66); 
– λ0° (ɫɦ. ɩɨɹɫɧɟɧɢɟ 95). 
38. Ⱦɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɧɚɩɪɚɜɥɟɧɢɣ, ɩɨ ɤɨɬɨɪɵɦ ɧɚɛɥɸɞɚɟɬɫɹ ɦɢɧɢɦɭɦ 

ɷɧɟɪɝɢɢ, ɢɡɥɭɱɚɟɦɨɣ ɧɚɩɪɚɜɥɟɧɧɨɣ ɚɧɬɟɧɧɨɣ, ɫɥɭɠɢɬ ɮɨɪɦɭɥɚ 

l
n

λȖsin  . 
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Ʉɚɤɚɹ ɢɡ ɩɪɢɜɟɞɟɧɧɵɯ ɜ ɨɬɜɟɬɚɯ ɮɨɪɦɭɥ ɨɩɪɟɞɟɥɹɟɬ ɲɢɪɢɧɭ ɝɥɚɜɧɨɝɨ 
ɥɟɩɟɫɬɤɚ ɞɢɚɝɪɚɦɦɵ ɧɚɩɪɚɜɥɟɧɧɨɫɬɢμ 

– 
l

λȖsin   (ɫɦ. ɩɨɹɫɧɟɧɢɟ 99); 

– 
l

λ2Ȗsin   (ɫɦ. ɩɨɹɫɧɟɧɢɟ 161); 

– 
l2

λȖsin   (ɫɦ. ɩɨɹɫɧɟɧɢɟ 147); 

– 
λ

Ȗsin
l

  (ɫɦ. ɩɨɹɫɧɟɧɢɟ 129). 

39. ɂɫɩɨɥɶɡɭɹ ɮɨɪɦɭɥɭ 
l

n
λȖsin  , ɨɩɪɟɞɟɥɢɬɟ, ɩɪɢ ɤɚɤɨɦ ɢɡ ɩɪɢɜɟ-

ɞɟɧɧɵɯ ɭɫɥɨɜɢɣ (ɟɫɥɢ n = 1) ɚɧɬɟɧɧɚ ɛɭɞɟɬ ɨɛɥɚɞɚɬɶ ɧɚɩɪɚɜɥɟɧɧɵɦ ɞɟɣɫɬ-
ɜɢɟɦμ 

–   λ > l (ɫɦ. ɩɨɹɫɧɟɧɢɟ 160); 
–   λ < l  (ɫɦ. ɩɨɹɫɧɟɧɢɟ 145); 
–  0,ηλ = l   (ɫɦ. ɩɨɹɫɧɟɧɢɟ 80). 
40. Ɉɬɧɨɲɟɧɢɟ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɧɚɩɪɹɠɟɧɢɹ ɧɚ ɜɵɯɨɞɟ ɩɪɢɟɦɧɨɣ ɚɧ-

ɬɟɧɧɵ ɤ ɚɤɭɫɬɢɱɟɫɤɨɦɭ ɞɚɜɥɟɧɢɸ ɧɚ ɟɟ ɜɯɨɞɟ ɧɚɡɵɜɚɟɬɫɹ: 
– ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɶɸ ɩɪɢɟɦɧɢɤɚ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 61); 
– ɪɚɡɪɟɲɚɸɳɟɣ ɫɩɨɫɨɛɧɨɫɬɶɸ ɩɪɢɟɦɧɢɤɚ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 39). 
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7. ȺɄɍɋɌɂɑȿɋɄɂɃ ɆȿɌɈȾ ɂɁɆȿɊȿɇɂə ȽɅɍȻɂɇ 

Ɉɞɧɨɣ ɢɡ ɝɥɚɜɧɵɯ ɨɛɥɚɫɬɟɣ ɦɢɪɧɨɝɨ ɩɪɢɦɟɧɟɧɢɹ ɝɢɞɪɨɚɤɭɫɬɢɤɢ ɹɜɥɹ-
ɟɬɫɹ ɢɡɦɟɪɟɧɢɟ ɝɥɭɛɢɧ ɪɟɤ, ɦɨɪɟɣ ɢ ɨɤɟɚɧɨɜ, ɚ ɬɚɤɠɟ ɨɩɪɟɞɟɥɟɧɢɟ ɪɟɥɶɟɮɚ 
ɢɯ ɞɧɚ. Ⱦɥɹ ɷɬɢɯ ɰɟɥɟɣ ɢɫɩɨɥɶɡɭɟɬɫɹ ɝɢɞɪɨɚɤɭɫɬɢɱɟɫɤɢɣ ɩɪɢɛɨɪ, ɤɨɬɨɪɵɣ 
ɢɡɦɟɪɹɟɬ ɜɟɪɬɢɤɚɥɶɧɨɟ ɪɚɫɫɬɨɹɧɢɟ ɞɨ ɤɚɤɨɝɨ-ɥɢɛɨ ɩɨɞɜɨɞɧɨɝɨ ɨɛɴɟɤɬɚ, 
ɧɚɡɵɜɚɟɦɵɣ ɷɯɨɥɨɬɨɦ, ɬɚɤ ɤɚɤ ɜ ɧɟɦ ɪɟɚɥɢɡɭɟɬɫɹ ɬɚɤ ɧɚɡɵɜɚɟɦɵɣ ɷɯɨ-

ɦɟɬɨɞ ɨɩɪɟɞɟɥɟɧɢɹ ɪɚɫɫɬɨɹɧɢɹ. ɋ ɩɨɦɨɳɶɸ ɷɯɨɥɨɬɚ ɛɵɥ ɨɛɧɚɪɭɠɟɧ ɧɚ 
ɞɧɟ Ʉɚɫɩɢɣɫɤɨɝɨ ɦɨɪɹ ɩɨɞɜɨɞɧɵɣ ɯɪɟɛɟɬ, ɤɨɬɨɪɵɣ ɹɜɥɹɟɬɫɹ ɩɪɨɞɨɥɠɟɧɢɟɦ 
ɫɤɥɚɞɨɤ Ⱥɩɲɟɪɨɧɫɤɨɝɨ ɩɨɥɭɨɫɬɪɨɜɚ, ɬɚɤɠɟ ɫ ɩɨɦɨɳɶɸ ɷɬɨɝɨ ɩɪɢɛɨɪɚ ɛɵɥɚ 
ɢɡɦɟɪɟɧɚ ɧɚɢɛɨɥɶɲɚɹ ɝɥɭɛɢɧɚ ɜ Ɍɢɯɨɦ ɨɤɟɚɧɟ ɢ ɨɛɧɚɪɭɠɟɧɵ ɤɨɧɬɭɪɵ ɩɨɞ-
ɜɨɞɧɨɝɨ ɯɪɟɛɬɚ Ʌɨɦɨɧɨɫɨɜɚ ɜ ɋɟɜɟɪɧɨɦ Ʌɟɞɨɜɢɬɨɦ ɨɤɟɚɧɟ ɢ ɋɪɟɞɧɟɚɬɥɚɧ-
ɬɢɱɟɫɤɨɝɨ ɯɪɟɛɬɚ ɧɚ ɞɧɟ Ⱥɬɥɚɧɬɢɤɢ. 
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7.1. ɉɪɢɧɰɢɩ ɢɡɦɟɪɟɧɢɹ ɝɥɭɛɢɧɵ ɷɯɨɥɨɬɨɦ 
ɉɭɫɬɶ ɜ ɬɨɱɤɟ А (ɪɢɫ. 7.1) ɪɚɫɩɨɥɨɠɟɧ ɢɡɥɭɱɚɬɟɥɶ ɡɜɭɤɨɜɵɯ ɜɨɥɧ, ɚ ɜ 

ɬɨɱɤɟ ȼ – ɩɪɢɟɦɧɢɤ ɫɢɝɧɚɥɚ, ɨɬɪɚɠɟɧɧɨɝɨ ɨɬ ɦɨɪɫɤɨɝɨ ɞɧɚ. Ɉɛɨɡɧɚɱɢɦ 
ɪɚɫɫɬɨɹɧɢɟ ɦɟɠɞɭ ɚɧɬɟɧɧɚɦɢ (ɛɚɡɚ ɚɧɬɟɧɧ) ɱɟɪɟɡ La. Ɍɨɝɞɚ ɢɡ ɩɪɹɦɨɭɝɨɥɶ-
ɧɨɝɨ ɬɪɟɭɝɨɥɶɧɢɤɚ OSA ɢɦɟɟɦ 

2
a22

2
)( 








L

AOh ,                                  (7.1) 

ɝɞɟ h – ɝɥɭɛɢɧɚ ɩɨɞ ɤɢɥɟɦ ɫɭɞɧɚ. 

 

Ɋɢɫ. 7.1 

ȿɫɥɢ ɫɤɨɪɨɫɬɶ ɡɜɭɤɚ ɜ ɜɨɞɟ ɪɚɜɧɚ ɫ0, ɚ ɩɪɨɦɟɠɭɬɨɤ ɜɪɟɦɟɧɢ ɦɟɠɞɭ 
ɦɨɦɟɧɬɚɦɢ ɩɨɫɵɥɤɢ ɡɜɭɤɨɜɨɝɨ ɢɦɩɭɥɶɫɚ ɢ ɩɪɢɯɨɞɚ ɷɯɨ-ɫɢɝɧɚɥɚ ɤ ɩɪɢɧɢ-
ɦɚɸɳɟɣ ɚɧɬɟɧɧɟ ɪɚɜɟɧ t, ɬɨ ɜɵɪɚɠɟɧɢɟ (7.1) ɦɨɠɧɨ ɡɚɩɢɫɚɬɶ ɜ ɜɢɞɟ 

.
2
0tc

h                                                    (7.2) 

ɂɡ ɜɵɪɚɠɟɧɢɣ (7.1) ɢ (7.β) ɜɢɞɧɨ, ɱɬɨ ɡɚɞɚɱɚ ɨɩɪɟɞɟɥɟɧɢɹ ɝɥɭɛɢɧɵ ɫ 
ɩɨɦɨɳɶɸ ɷɯɨɥɨɬɚ ɩɪɚɤɬɢɱɟɫɤɢ ɫɜɨɞɢɬɫɹ ɤ ɢɡɦɟɪɟɧɢɸ ɜɟɫɶɦɚ ɦɚɥɨɝɨ ɩɪɨ-
ɦɟɠɭɬɤɚ ɜɪɟɦɟɧɢ t. 

Ⱦɟɣɫɬɜɢɬɟɥɶɧɨ, ɢɡ ɪɚɜɟɧɫɬɜɚ (7.β) ɢɦɟɟɦ 

.
0

2

c

h
t                                                    (7.3) 

Ɍɨɝɞɚ ɞɥɹ ɜɪɟɦɟɧɢ t, ɭɱɢɬɵɜɚɹ, ɱɬɨ c0 = 1η00 ɦ ɫ–1, ɩɪɢ ɢɡɦɟɪɟɧɢɢ ɪɚɡ-
ɥɢɱɧɵɯ ɝɥɭɛɢɧ ɩɨɥɭɱɢɦ ɞɚɧɧɵɟ, ɫɜɟɞɟɧɧɵɟ ɜ ɬɚɛɥɢɰɭ: 
 

h, ɦ t, c   h, ɦ t, c 
10 0,013 750 1,0 
100 0,13 1000 1,333 
500 0,666 2000 2,666 
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Ⱦɥɹ ɢɡɦɟɪɟɧɢɹ ɜɪɟɦɟɧɢ t ɜ ɷɯɨɥɨɬɚɯ ɢɫɩɨɥɶɡɭɸɬɫɹ ɫɥɟɞɭɸɳɢɟ ɦɟɬɨɞɵμ 
– ɜɪɚɳɚɸɳɟɝɨɫɹ ɞɢɫɤɚ; 
– ɜɪɚɳɚɸɳɟɝɨɫɹ ɛɚɪɚɛɚɧɚ; 
– ɜɪɚɳɚɸɳɟɝɨɫɹ ɩɟɪɚ; 
– ɛɟɫɤɨɧɟɱɧɨɣ ɥɟɧɬɵ; 
– ɷɥɟɤɬɪɨɧɧɨ-ɥɭɱɟɜɨɣ ɬɪɭɛɤɢ; 
– ɢɦɩɭɥɶɫɧɵɣ (ɜ ɰɢɮɪɨɜɵɯ ɢɧɞɢɤɚɬɨɪɚɯ). 

7.2. Ɉɫɧɨɜɧɵɟ ɩɚɪɚɦɟɬɪɵ ɧɚɜɢɝɚɰɢɨɧɧɨɝɨ ɷɯɨɥɨɬɚ 
ɇɚɜɢɝɚɰɢɨɧɧɵɣ ɷɯɨɥɨɬ ɯɚɪɚɤɬɟɪɢɡɭɟɬɫɹ ɫɥɟɞɭɸɳɢɦɢ ɬɚɤɬɢɤɨ-

ɬɟɯɧɢɱɟɫɤɢɦɢ ɩɚɪɚɦɟɬɪɚɦɢμ 
– ɩɚɪɚɦɟɬɪɵ ɢɦɩɭɥɶɫɨɜ; 
– ɱɚɫɬɨɬɚ ɩɨɫɵɥɨɤ ɢɦɩɭɥɶɫɨɜ; 
– ɪɚɡɪɟɲɚɸɳɚɹ ɫɩɨɫɨɛɧɨɫɬɶ ɩɨ ɝɥɭɛɢɧɟ; 
– ɪɚɛɨɱɚɹ ɱɚɫɬɨɬɚ; 
– ɧɚɩɪɚɜɥɟɧɧɨɫɬɶ ɚɧɬɟɧɧ. 
ɉɚɪɚɦɟɬɪɵ ɢɦɩɭɥɶɫɨɜ. Ȼɨɥɶɲɢɧɫɬɜɨ ɫɨɜɪɟɦɟɧɧɵɯ ɷɯɨɥɨɬɨɜ ɪɚɛɨɬɚ-

ɸɬ ɜ ɢɦɩɭɥɶɫɧɨɦ ɪɟɠɢɦɟ. ɂɦɩɭɥɶɫɵ ɪɚɡɥɢɱɚɸɬ ɩɨ ɮɨɪɦɟ ɢ ɞɥɢɬɟɥɶɧɨɫɬɢ. 
ɑɚɳɟ ɜɫɟɝɨ ɩɪɢɦɟɧɹɸɬɫɹ ɢɦɩɭɥɶɫɵ ɩɪɹɦɨɭɝɨɥɶɧɨɣ ɢ ɷɤɫɩɨɧɟɧɰɢɚɥɶɧɨɣ 
ɮɨɪɦɵ. 

ɇɚ ɪɢɫ. 7.β ɩɪɢɜɟɞɟɧɵ ɫɥɟɞɭɸɳɢɟ ɜɢɞɵ ɢɦɩɭɥɶɫɨɜμ ɚ – ɷɤɫɩɨɧɟɧɰɢɚɥɶ-
ɧɵɣ (ɡɚɬɭɯɚɸɳɢɣ) ɢɦɩɭɥɶɫ;  ɛ – ɩɪɹɦɨɭɝɨɥɶɧɵɣ (ɧɟɡɚɬɭɯɚɸɳɢɣ) ɢɦɩɭɥɶɫ).  

             ɚ)                                        ɛ) 

 

Ɋɢɫ. 7.2 

ɗɧɟɪɝɢɹ ɩɪɹɦɨɭɝɨɥɶɧɨɝɨ ɢɦɩɭɥɶɫɚ ɩɪɢɦɟɪɧɨ ɜ 103 ɪɚɡ ɛɨɥɶɲɟ ɷɧɟɪɝɢɢ 
ɷɤɫɩɨɧɟɧɰɢɚɥɶɧɨɝɨ ɢɦɩɭɥɶɫɚ ɬɚɤɨɣ ɠɟ ɞɥɢɬɟɥɶɧɨɫɬɢ. 

Ɏɨɪɦɢɪɨɜɚɧɢɟ ɷɤɫɩɨɧɟɧɰɢɚɥɶɧɵɯ ɢɦɩɭɥɶɫɨɜ ɜɵɩɨɥɧɹɟɬɫɹ ɝɟɧɟɪɚɬɨ-
ɪɨɦ ɭɞɚɪɧɨɝɨ ɜɨɡɛɭɠɞɟɧɢɹ, ɤɨɬɨɪɵɣ ɫɨɫɬɨɢɬ ɢɡ ɪɟɡɨɧɚɧɫɧɨɝɨ ɤɨɧɬɭɪɚ 
ɢ ɫɩɭɫɤɨɜɨɝɨ ɭɫɬɪɨɣɫɬɜɚ. Ʉɨɧɫɬɪɭɤɬɢɜɧɨ ɷɬɨ ɨɱɟɧɶ ɩɪɨɫɬɨ, ɧɨ ɧɚɥɢɱɢɟ 
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ɤɨɧɬɭɪɚ ɨɝɪɚɧɢɱɢɜɚɟɬ ɞɥɢɧɭ ɤɚɛɟɥɹ ɦɟɠɞɭ ɢɡɥɭɱɚɸɳɟɣ ɚɧɬɟɧɧɨɣ ɢ ɧɚɤɨ-
ɩɢɬɟɥɶɧɵɦ ɤɨɧɞɟɧɫɚɬɨɪɨɦ, ɱɬɨ, ɜ ɧɟɤɨɬɨɪɨɣ ɫɬɟɩɟɧɢ, ɭɫɥɨɠɧɹɟɬ ɪɚɡɦɟɳɟ-
ɧɢɟ ɩɪɢɛɨɪɨɜ ɷɯɨɥɨɬɚ ɧɚ ɫɭɞɧɟ. 

ɉɪɹɦɨɭɝɨɥɶɧɵɟ ɢɦɩɭɥɶɫɵ ɮɨɪɦɢɪɭɸɬɫɹ ɫɩɟɰɢɚɥɶɧɵɦɢ ɝɟɧɟɪɚɬɨɪɚɦɢ. 
Ɏɨɪɦɚ ɢɦɩɭɥɶɫɚ ɨɤɚɡɵɜɚɟɬ ɡɧɚɱɢɬɟɥɶɧɨɟ ɜɥɢɹɧɢɟ ɧɚ ɲɢɪɢɧɭ Δf ɩɨɥɨɫɵ 
ɩɪɨɩɭɫɤɚɧɢɹ ɱɚɫɬɨɬ ɩɪɢɟɦɧɨɝɨ ɬɪɚɤɬɚ. ȼ ɫɥɭɱɚɟ ɷɤɫɩɨɧɟɧɰɢɚɥɶɧɨɣ ɮɨɪɦɵ 
ɢɦɩɭɥɶɫɚ ɜɟɥɢɱɢɧɚ Δf ɞɨɥɠɧɚ ɛɵɬɶ ɛɨɥɶɲɟ, ɱɟɦ ɩɪɢ ɩɪɹɦɨɭɝɨɥɶɧɨɦ ɢɦ-
ɩɭɥɶɫɟ, ɱɬɨ ɭɯɭɞɲɚɟɬ ɡɚɳɢɳɟɧɧɨɫɬɶ ɩɪɢɟɦɧɨɝɨ ɬɪɚɤɬɚ ɨɬ ɩɨɦɟɯ. 

Ⱦɥɢɬɟɥɶɧɨɫɬɶ ɢɦɩɭɥɶɫɚ τ ɭ ɫɨɜɪɟɦɟɧɧɵɯ ɷɯɨɥɨɬɨɜ ɜɵɛɢɪɚɟɬɫɹ ɜ ɩɪɟ-
ɞɟɥɚɯ 10–3 … 10–5 ɫ ɢ ɨɩɪɟɞɟɥɹɟɬɫɹ ɫɥɟɞɭɸɳɢɦɢ ɭɫɥɨɜɢɹɦɢμ 

– ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɲɭɦɚ ɨɛɪɚɬɧɨ ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɚ τ, ɩɨɷɬɨɦɭ, ɱɟɦ ɞɥɢ-
ɬɟɥɶɧɟɟ ɢɦɩɭɥɶɫ, ɬɟɦ ɦɟɧɶɲɢɣ ɭɪɨɜɟɧɶ ɲɭɦɚ ɜɨɫɩɪɢɧɢɦɚɟɬ ɩɪɢɟɦɧɢɤ; 

– ɷɧɟɪɝɢɹ ɢɦɩɭɥɶɫɚ ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɚ τ, ɩɨɷɬɨɦɭ ɫ ɭɜɟɥɢɱɟɧɢɟɦ τ ɜɨɡ-
ɪɚɫɬɚɟɬ ɞɚɥɶɧɨɫɬɶ ɟɝɨ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ; 

– ɱɟɦ ɤɨɪɨɱɟ ɢɦɩɭɥɶɫ, ɬɟɦ ɜɵɲɟ ɩɨɪɨɝ ɜɨɡɧɢɤɧɨɜɟɧɢɹ ɤɚɜɢɬɚɰɢɢ; 
– ɭɦɟɧɶɲɟɧɢɟ τ ɩɪɢɜɨɞɢɬ ɤ ɭɜɟɥɢɱɟɧɢɸ ɪɚɡɪɟɲɚɸɳɟɣ ɫɩɨɫɨɛɧɨɫɬɢ 

ɷɯɨɥɨɬɚ ɩɨ ɝɥɭɛɢɧɟ. 
ɑɚɫɬɨɬɚ ɩɨɫɵɥɨɤ ɢɦɩɭɥɶɫɨɜ. ɑɚɫɬɨɬɚ ɩɨɫɵɥɨɤ ɢɦɩɭɥɶɫɚ ɡɚɜɢɫɢɬ ɨɬ 

ɞɢɚɩɚɡɨɧɚ ɢɡɦɟɪɹɟɦɵɯ ɝɥɭɛɢɧ. Ɍɚɤ, ɧɚɩɪɢɦɟɪ, ɩɪɢ ɢɡɦɟɪɟɧɢɢ ɝɥɭɛɢɧ 
ɜ ɞɢɚɩɚɡɨɧɟ ɞɨ 100 ɦ, ɜɪɟɦɹ, ɜ ɬɟɱɟɧɢɟ ɤɨɬɨɪɨɝɨ ɫɢɝɧɚɥ ɧɚ ɦɚɤɫɢɦɚɥɶɧɨɣ 
ɝɥɭɛɢɧɟ (100 ɦ) ɞɨɣɞɟɬ ɞɨ ɝɪɭɧɬɚ ɢ ɜɟɪɧɟɬɫɹ ɤ ɩɪɢɟɦɧɢɤɭ, ɫɨɫɬɚɜɢɬ 
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0
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Ɉɬɫɸɞɚ ɱɚɫɬɨɬɚ ɫɥɟɞɨɜɚɧɢɹ ɢɦɩɭɥɶɫɨɜ ɫɨɫɬɚɜɢɬ Ȧɢ = 4η0 ɢɦɩ./ɦɢɧ. 
Ɋɚɡɪɟɲɚɸɳɚɹ ɫɩɨɫɨɛɧɨɫɬɶ ɷɯɨɥɨɬɚ ɩɨ ɝɥɭɛɢɧɟ. Ɇɢɧɢɦɚɥɶɧɨɟ ɪɚɫ-

ɫɬɨɹɧɢɟ ɦɟɠɞɭ ɞɜɭɦɹ ɨɛɴɟɤɬɚɦɢ, ɪɚɫɩɨɥɨɠɟɧɧɵɦɢ ɨɞɢɧ ɡɚ ɞɪɭɝɢɦ ɧɚ ɡɜɭ-
ɤɨɜɨɦ ɥɭɱɟ, ɤɨɬɨɪɨɟ ɩɨɡɜɨɥɹɟɬ ɪɚɡɥɢɱɚɬɶ ɷɬɢ ɨɛɴɟɤɬɵ ɤɚɤ ɞɜɟ ɪɚɡɧɵɟ ɰɟɥɢ, 
ɧɚɡɵɜɚɟɬɫɹ ɪɚɡɪɟɲɚɸɳɟɣ ɫɩɨɫɨɛɧɨɫɬɶɸ ɷɯɨɥɨɬɚ ɩɨ ɝɥɭɛɢɧɟ. 

ȼɛɥɢɡɢ ɨɬ ɢɡɥɭɱɚɸɳɟɣ ɚɧɬɟɧɧɵ ɪɚɡɪɟɲɚɸɳɚɹ ɫɩɨɫɨɛɧɨɫɬɶ ɩɨ ɝɥɭ-
ɛɢɧɟ ɛɭɞɟɬ ɡɚɜɢɫɟɬɶ ɨɬ ɭɪɨɜɧɹ ɪɟɜɟɪɛɟɪɚɰɢɢ. ȼɧɟ ɨɛɥɚɫɬɢ ɞɟɣɫɬɜɢɹ  
ɪɟɜɟɪɛɟɪɚɰɢɢ ɨɩɪɟɞɟɥɹɸɳɢɦ ɮɚɤɬɨɪɨɦ ɛɭɞɟɬ ɹɜɥɹɬɶɫɹ  ɞɥɢɧɚ ɢɦɩɭɥɶɫɚ  
S = c·τ. 

ɇɚ ɪɢɫ. 7.γ ɩɨɤɚɡɚɧɨ, ɱɬɨ ɢɦɩɭɥɶɫ, ɞɨɫɬɢɝɚɹ ɞɧɚ, ɤɚɤ ɛɵ «ɫɤɥɚɞɵɜɚɟɬ-
ɫɹ» ɜɞɜɨɟ. ɉɪɢ ɷɬɨɦ, ɟɫɥɢ ɞɪɭɝɨɣ ɨɛɴɟɤɬ ɛɭɞɟɬ ɧɚɯɨɞɢɬɶɫɹ ɜɧɭɬɪɢ ɷɬɨɝɨ 
ɫɥɨɠɢɜɲɟɝɨɫɹ ɢɦɩɭɥɶɫɚ, ɬɨ ɧɚ ɢɧɞɢɤɚɬɨɪɟ ɷɯɨ-ɫɢɝɧɚɥ ɨɬ ɷɬɨɝɨ ɨɛɴɟɤɬɚ 
ɛɭɞɟɬ ɫɥɢɜɚɬɶɫɹ ɫ ɫɢɝɧɚɥɨɦ ɨɬ ɝɪɭɧɬɚ. ȿɫɥɢ  ɷɬɨɬ ɨɛɴɟɤɬ ɧɚɯɨɞɢɬɫɹ ɜɧɟ 
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ɫɥɨɠɢɜɲɟɝɨɫɹ ɢɦɩɭɥɶɫɚ, ɬɨ ɨɧ ɛɭɞɟɬ ɩɪɨɫɦɚɬɪɢɜɚɬɶɫɹ ɤɚɤ ɨɬɞɟɥɶɧɚɹ ɰɟɥɶ. 
Ɉɬɫɸɞɚ ɦɨɠɧɨ ɫɞɟɥɚɬɶ ɜɵɜɨɞ, ɱɬɨ ɪɚɡɪɟɲɚɸɳɚɹ ɫɩɨɫɨɛɧɨɫɬɶ ɷɯɨɥɨɬɚ ɩɨ 
ɝɥɭɛɢɧɟ ɨɩɪɟɞɟɥɹɟɬɫɹ ɜɵɪɚɠɟɧɢɟɦ 

.
2




c
hm                                                   (7.4) 

 
Ɋɢɫ. 7.γ 

Ɋɚɛɨɱɚɹ ɱɚɫɬɨɬɚ. ȼɵɛɢɪɚɟɬɫɹ ɫ ɭɱɟɬɨɦ ɧɟɨɛɯɨɞɢɦɨɫɬɢ ɢɡɦɟɪɟɧɢɹ 
ɨɩɪɟɞɟɥɟɧɧɵɯ ɝɥɭɛɢɧ. ȼ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ ɬɪɟɛɨɜɚɧɢɹɦɢ ɂɆɈ ɧɚɜɢɝɚɰɢɨɧ-
ɧɵɣ ɷɯɨɥɨɬ ɞɨɥɠɟɧ ɢɡɦɟɪɹɬɶ ɝɥɭɛɢɧɵ ɞɨ β00 ɦ. 

ɇɚɩɪɚɜɥɟɧɧɨɫɬɶ ɚɧɬɟɧɧ. ȼɵɛɢɪɚɟɬɫɹ ɢɫɯɨɞɹ ɢɡ ɧɚɞɟɠɧɨɫɬɢ ɪɚɛɨɬɵ 
ɷɯɨɥɨɬɚ ɜ ɭɫɥɨɜɢɹɯ ɤɚɱɤɢ. 

7.3. Ɍɨɱɧɨɫɬɶ ɢɡɦɟɪɟɧɢɹ ɝɥɭɛɢɧ ɷɯɨɥɨɬɨɦ 
ɉɨɝɪɟɲɧɨɫɬɢ ɢɡɦɟɪɟɧɧɵɯ ɷɯɨɥɨɬɨɦ ɝɥɭɛɢɧ ɦɨɠɧɨ ɪɚɡɞɟɥɢɬɶ ɧɚ ɢɧɫɬ-

ɪɭɦɟɧɬɚɥɶɧɵɟ ɢ ɦɟɬɨɞɢɱɟɫɤɢɟ. 
ɂɧɫɬɪɭɦɟɧɬɚɥɶɧɵɟ ɩɨɝɪɟɲɧɨɫɬɢ ɨɛɭɫɥɨɜɥɟɧɵ ɧɟɫɨɜɟɪɲɟɧɫɬɜɨɦ 

ɤɨɧɤɪɟɬɧɨɣ ɤɨɧɫɬɪɭɤɰɢɢ ɢɥɢ ɧɟɩɪɚɜɢɥɶɧɨɣ ɪɟɝɭɥɢɪɨɜɤɨɣ ɩɪɢɛɨɪɚ. 
Ɇɟɬɨɞɢɱɟɫɤɢɟ ɩɨɝɪɟɲɧɨɫɬɢ ɡɚɜɢɫɹɬ ɨɬ ɜɧɟɲɧɢɯ ɮɚɤɬɨɪɨɜ ɢɥɢ ɜɵɬɟ-

ɤɚɸɬ ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨ ɢɡ ɩɪɢɧɰɢɩɚ ɞɟɣɫɬɜɢɹ ɷɯɨɥɨɬɚ. Ɉɫɧɨɜɧɵɦɢ ɦɟɬɨɞɢ-
ɱɟɫɤɢɦɢ ɩɨɝɪɟɲɧɨɫɬɹɦɢ ɷɯɨɥɨɬɚ ɹɜɥɹɸɬɫɹμ 

δhc – ɩɨɝɪɟɲɧɨɫɬɶ ɢɡ-ɡɚ ɨɬɤɥɨɧɟɧɢɹ ɞɟɣɫɬɜɢɬɟɥɶɧɨɣ ɫɤɨɪɨɫɬɢ ɡɜɭɤɚ ɫ 
ɨɬ ɪɚɫɱɟɬɧɨɣ ɫ0=1η00 ɦ/ɫ; 

δhİ – ɩɨɝɪɟɲɧɨɫɬɶ ɢɡ-ɡɚ ɧɚɤɥɨɧɚ ɦɨɪɫɤɨɝɨ ɞɧɚ; 
δhLa – ɩɨɝɪɟɲɧɨɫɬɶ ɢɡ-ɡɚ ɧɚɥɢɱɢɹ ɛɚɡɵ ɚɧɬɟɧɧ. 

A 

Su 

Su 

0,5 Su 
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Ɉɩɪɟɞɟɥɢɦ ɡɧɚɱɟɧɢɹ ɩɨɩɪɚɜɨɤ, ɤɨɬɨɪɵɦɢ ɧɟɨɛɯɨɞɢɦɨ ɢɫɩɪɚɜɢɬɶ ɩɨ-
ɤɚɡɚɧɢɹ ɷɯɨɥɨɬɚ ɜ ɫɥɟɞɭɸɳɢɯ ɫɥɭɱɚɹɯμ ɟɫɥɢ ɫ ≠ 1η00 ɦ/ɫ ɢɥɢ ɦɨɪɫɤɨɟ ɞɧɨ 
ɢɦɟɟɬ ɧɚɤɥɨɧ, ɥɢɛɨ ɟɫɥɢ ɟɫɬɶ ɛɚɡɚ ɚɧɬɟɧɧ. 

ɉɨɩɪɚɜɤɚ ɷɯɨɥɨɬɚ ɧɚ ɨɬɤɥɨɧɟɧɢɟ ɫɤɨɪɨɫɬɢ ɡɜɭɤɚ ɨɬ ɪɚɫɱɟɬɧɨɣ. 
ɉɪɟɞɩɨɥɨɠɢɦ, ɱɬɨ ɛɚɡɚ ɚɧɬɟɧɧ ɨɬɫɭɬɫɬɜɭɟɬ, ɬ.ɟ. ɢɡɥɭɱɚɸɳɚɹ ɢ ɩɪɢɧɢɦɚɸ-
ɳɚɹ ɚɧɬɟɧɧɵ ɫɨɜɦɟɳɟɧɵ. ȼ ɷɬɨɦ ɫɥɭɱɚɟ ɢɫɬɢɧɧɚɹ ɝɥɭɛɢɧɚ ɩɨɞ ɤɢɥɟɦ ɫɭɞɧɚ 
ɨɩɪɟɞɟɥɹɟɬɫɹ ɜɵɪɚɠɟɧɢɟɦ 

,
2ɢɫɬ
ct

h                                                 (7.5) 

ɚ ɝɥɭɛɢɧɚ, ɢɡɦɟɪɟɧɧɚɹ ɷɯɨɥɨɬɨɦ, – ɜɵɪɚɠɟɧɢɟɦ 

.
2
0

ɢɡɦ
tc

h                                               (7.6) 

Ɍɨɝɞɚ ɞɥɹ ɩɨɩɪɚɜɤɢ ɷɯɨɥɨɬɚ ɢɦɟɟɦ 

.ɢɡɦɢɫɬ hhhc                                          (7.7) 

ɉɨɞɫɬɚɜɥɹɹ ɜ ɪɚɜɟɧɫɬɜɨ (7.7) ɜɵɪɚɠɟɧɢɹ (7.η) ɢ (7.θ), ɩɨɫɥɟ ɩɪɟɨɛɪɚɡɨ-
ɜɚɧɢɣ ɩɨɥɭɱɢɦ 









 1

0c

c
hhc .                                          (7.8) 

ɍɱɢɬɵɜɚɹ, ɱɬɨ ɫɤɨɪɨɫɬɶ ɡɜɭɤɚ ɜ ɦɨɪɟ ɢɡɦɟɧɹɟɬɫɹ ɜ ɩɪɟɞɟɥɚɯ ɨɬ 1440 
ɞɨ 1η80 ɦ/ɫ, ɦɨɠɧɨ ɫɞɟɥɚɬɶ ɜɵɜɨɞ, ɱɬɨ ɦɚɤɫɢɦɚɥɶɧɚɹ ɩɨɝɪɟɲɧɨɫɬɶ ɜ ɩɨɤɚ-
ɡɚɧɢɹɯ ɷɯɨɥɨɬɚ ɧɟ ɛɭɞɟɬ ɩɪɟɜɵɲɚɬɶ ɡɧɚɱɟɧɢɹ ±η %. ȼ ɫɥɭɱɚɟ ɧɚɜɢɝɚɰɢɨɧ-
ɧɨɝɨ ɷɯɨɥɨɬɚ ɷɬɭ ɨɲɢɛɤɭ ɦɨɠɧɨ ɧɟ ɩɪɢɧɢɦɚɬɶ ɜ ɪɚɫɱɟɬ. 

ɉɨɩɪɚɜɤɚ ɷɯɨɥɨɬɚ ɧɚ ɧɚɤɥɨɧ ɦɨɪɫɤɨɝɨ ɞɧɚ. ɉɪɟɞɩɨɥɨɠɢɦ, ɱɬɨ  
ɚɧɬɟɧɧɵ ɷɯɨɥɨɬɚ ɫɨɜɦɟɳɟɧɵ ɢ ɦɨɪɫɤɨɟ ɞɧɨ ɢɦɟɟɬ ɧɟɤɨɬɨɪɵɣ ɭɝɨɥ ɧɚ- 
ɤɥɨɧɚ İ. 

Ʉɚɤ ɜɢɞɧɨ ɢɡ ɪɢɫ. 7.4, ɜ ɫɥɭɱɚɟ, ɟɫɥɢ ɭɝɨɥ ɧɚɤɥɨɧɚ ɦɨɪɫɤɨɝɨ ɞɧɚ ɦɟɧɶ-
ɲɟ ɩɨɥɨɜɢɧɵ ɲɢɪɢɧɵ ɞɢɚɝɪɚɦɦɵ ɧɚɩɪɚɜɥɟɧɧɨɫɬɢ, ɷɯɨɥɨɬ ɢɡɦɟɪɹɟɬ ɧɟ 
ɝɥɭɛɢɧɭ ɩɨɞ ɤɢɥɟɦ ɫɭɞɧɚ hɢɫɬ, ɚ ɤɪɚɬɱɚɣɲɟɟ ɪɚɫɫɬɨɹɧɢɟ ɞɨ ɝɪɭɧɬɚ hɢɡɦ. Ɍɨ-
ɝɞɚ ɞɥɹ ɩɨɩɪɚɜɤɢ ɷɯɨɥɨɬɚ ɧɚ ɧɚɤɥɨɧ ɦɨɪɫɤɨɝɨ ɞɧɚ ɢɦɟɟɦ 

.ɢɡɦɢɫɬ hhh                                        (7.9) 

ɂɡ ɬɪɟɭɝɨɥɶɧɢɤɚ ADC ɩɨɥɭɱɢɦ 

.sec
cos




 ɢɡɦ
ɢɡɦ

ɢɫɬ h
h

h                                  (7.10) 

ɉɨɞɫɬɚɜɥɹɹ ɪɚɜɟɧɫɬɜɨ (7.10) ɜ ɜɵɪɚɠɟɧɢɟ (7.λ), ɩɨɥɭɱɢɦ 
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).(sec 1ɢɡɦ  hh                                        (7.11) 

Ⱥɧɚɥɢɡ ɜɵɪɚɠɟɧɢɹ (7.11) ɩɨɤɚɡɵɜɚɟɬ, ɱɬɨ ɩɨɝɪɟɲɧɨɫɬɶ ɜ ɢɡɦɟɪɟɧɧɨɣ 
ɝɥɭɛɢɧɟ ɢɦɟɟɬ ɫɭɳɟɫɬɜɟɧɧɨɟ ɡɧɚɱɟɧɢɟ ɩɪɢ ɧɚɤɥɨɧɟ ɦɨɪɫɤɨɝɨ ɞɧɚ ɛɨɥɟɟ 
ɱɟɦ 1η°. ɉɨɱɬɢ λ0 % ɲɟɥɶɮɚ ɢɦɟɟɬ ɧɚɤɥɨɧ ɞɧɚ ɧɟ ɛɨɥɟɟ η°. Ʉɪɨɦɟ ɬɨɝɨ, 
ɷɯɨɥɨɬ ɜɵɞɚɟɬ ɢɧɮɨɪɦɚɰɢɸ, ɩɨɡɜɨɥɹɸɳɭɸ ɫɱɢɬɚɬɶ ɫɟɛɹ ɛɥɢɠɟ ɤ ɨɩɚɫɧɨ-
ɫɬɢ. ɉɨɷɬɨɦɭ ɞɥɹ ɧɚɜɢɝɚɰɢɨɧɧɨɝɨ ɷɯɨɥɨɬɚ ɢ ɷɬɚ ɩɨɝɪɟɲɧɨɫɬɶ ɦɨɠɟɬ ɧɟ 
ɭɱɢɬɵɜɚɬɶɫɹ. 

 

Ɋɢɫ. 7.4 

ɉɨɩɪɚɜɤɚ ɷɯɨɥɨɬɚ ɡɚ ɛɚɡɭ ɚɧɬɟɧɧ. Ʉɚɤ ɢɡɜɟɫɬɧɨ, ɫɯɟɦɚ ɷɯɨɥɨɬɚ ɪɟɚ-
ɥɢɡɭɟɬ ɫɥɟɞɭɸɳɟɟ ɜɵɪɚɠɟɧɢɟ: 

.
2
0

ɢɡɦ
tc

h                                       (7.12) 

Ɍɨɱɧɨɟ ɭɪɚɜɧɟɧɢɟ ɷɯɨɥɨɬɚ ɫ ɭɱɟɬɨɦ ɛɚɡɵ ɚɧɬɟɧɧ ɢɦɟɟɬ ɫɥɟɞɭɸɳɢɣ ɜɢɞμ 

.
22

2
a

2
0

ɢɡɦ 


















Ltc
h                                      (7.12) 

Ɍɨɝɞɚ ɞɥɹ ɩɨɩɪɚɜɤɢ ɷɯɨɥɨɬɚ ɡɚ ɛɚɡɭ ɚɧɬɟɧɧ ɩɨɥɭɱɢɦ 

.1
2

1
2

ɢɡɦ

a
ɢɡɦa



























h

L
hhL                                  (7.13) 

Ⱥɧɚɥɢɡ ɜɵɪɚɠɟɧɢɹ (7.1γ) ɩɨɤɚɡɵɜɚɟɬ, ɱɬɨ ɪɚɫɫɦɚɬɪɢɜɚɟɦɚɹ ɩɨɩɪɚɜɤɚ 
ɜɫɟɝɞɚ ɛɭɞɟɬ ɢɦɟɬɶ ɡɧɚɤ «ɦɢɧɭɫ». ɗɬɨ ɨɡɧɚɱɚɟɬ, ɱɬɨ ɷɯɨɥɨɬ ɞɚɟɬ ɡɚɜɵ-
ɲɟɧɧɭɸ ɝɥɭɛɢɧɭ. ɋɥɟɞɨɜɚɬɟɥɶɧɨ, ɩɪɢ ɢɡɦɟɪɟɧɢɢ ɦɚɥɵɯ ɝɥɭɛɢɧ (ɦɟɧɟɟ 
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10 ɦ) ɧɟɨɛɯɨɞɢɦɨ ɜɫɟɝɞɚ ɩɨɤɚɡɚɧɢɹ ɷɯɨɥɨɬɚ ɢɫɩɪɚɜɥɹɬɶ ɩɨɩɪɚɜɤɨɣ ɡɚ ɛɚɡɭ 
ɚɧɬɟɧɧ. ɉɨɷɬɨɦɭ, ɫɨɝɥɚɫɧɨ ɩɪɚɜɢɥɚɦ ɲɬɭɪɦɚɧɫɤɨɣ ɫɥɭɠɛɵ, ɪɹɞɨɦ ɫ ɭɤɚ-
ɡɚɬɟɥɟɦ ɝɥɭɛɢɧ ɞɨɥɠɧɚ ɧɚɯɨɞɢɬɶɫɹ ɬɚɛɥɢɰɚ ɩɨɩɪɚɜɨɤ ɷɯɨɥɨɬɚ ɧɚ ɦɚɥɵɟ 
ɝɥɭɛɢɧɵ.  

ȿɫɥɢ ɢɡɥɭɱɚɸɳɚɹ ɢ ɩɟɪɟɞɚɸɳɚɹ ɚɧɬɟɧɧɵ ɫɨɜɦɟɳɟɧɵ, ɬ.ɟ. ɨɬɫɭɬɫɬɜɭɟɬ 
ɛɚɡɚ ɚɧɬɟɧɧ, ɬɨ, ɤɚɤ ɜɢɞɧɨ ɢɡ ɪɚɜɟɧɫɬɜɚ (7.14), 

.0
aLh  

Ʉɨɧɬɪɨɥɶɧɵɟ ɜɨɩɪɨɫɵ 
41. Ɋɚɫɱɟɬɧɚɹ ɫɤɨɪɨɫɬɶ ɡɜɭɤɚ, ɢɫɩɨɥɶɡɭɟɦɚɹ ɜ ɨɬɟɱɟɫɬɜɟɧɧɵɯ ɷɯɨɥɨɬɚɯ, 

ɫɨɫɬɚɜɥɹɟɬ: 
– 1000 ɦ/ɫ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 8); 
– 1β00 ɦ/ɫ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 21); 
– 1η00 ɦ/ɫ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 33); 
– β000 ɦ/ɫ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 51). 
42. Ɂɚɜɢɫɢɬ ɥɢ (ɞɚ ɢɥɢ ɧɟɬ) ɱɚɫɬɨɬɚ ɩɨɫɵɥɨɤ ɢɦɩɭɥɶɫɨɜ ɨɬ ɞɢɚɩɚɡɨɧɚ, ɜ 

ɤɨɬɨɪɨɦ ɪɚɛɨɬɚɟɬ ɷɯɨɥɨɬμ 
– ɞɚ, ɡɚɜɢɫɢɬ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 67); 
– ɧɟɬ, ɧɟ ɡɚɜɢɫɢɬ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 98). 
43. Ɋɚɡɪɟɲɚɸɳɚɹ ɫɩɨɫɨɛɧɨɫɬɶ ɷɯɨɥɨɬɚ ɩɨ ɝɥɭɛɢɧɟ ɡɚɜɢɫɢɬ ɨɬ ɫɥɟɞɭɸ-

ɳɢɯ ɮɚɤɬɨɪɨɜμ 
– ɞɥɢɬɟɥɶɧɨɫɬɢ ɢɦɩɭɥɶɫɚ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 159); 
– ɪɚɛɨɱɟɣ ɱɚɫɬɨɬɵ ɷɯɨɥɨɬɚ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 144); 
– ɱɚɫɬɨɬɵ ɩɨɫɵɥɨɤ ɢɦɩɭɥɶɫɨɜ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 115). 
44. Ɋɟɝɭɥɢɪɨɜɤɨɣ ɷɯɨɥɨɬɚ ɦɨɠɧɨ ɭɦɟɧɶɲɢɬɶ: 
– ɦɟɬɨɞɢɱɟɫɤɭɸ ɩɨɝɪɟɲɧɨɫɬɶ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 85); 
– ɢɧɫɬɪɭɦɟɧɬɚɥɶɧɭɸ ɩɨɝɪɟɲɧɨɫɬɶ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 79). 
45. ɉɨɩɪɚɜɤɚ, ɤɨɬɨɪɨɣ ɢɫɩɪɚɜɥɹɸɬɫɹ ɩɨɤɚɡɚɧɢɹ ɷɯɨɥɨɬɚ ɜ ɫɥɭɱɚɟ, ɤɨ-

ɝɞɚ ɞɟɣɫɬɜɢɬɟɥɶɧɨɟ ɡɧɚɱɟɧɢɟ ɫɤɨɪɨɫɬɢ ɡɜɭɤɚ ɜ ɦɨɪɟ ɨɬɥɢɱɚɟɬɫɹ ɨɬ ɪɚɫɱɟɬ-
ɧɨɝɨ, ɦɨɠɟɬ ɢɦɟɬɶ ɡɧɚɤ: 

– ɬɨɥɶɤɨ ɩɨɥɨɠɢɬɟɥɶɧɵɣ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 60); 
– ɬɨɥɶɤɨ ɨɬɪɢɰɚɬɟɥɶɧɵɣ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 38); 
– ɤɚɤ ɩɨɥɨɠɢɬɟɥɶɧɵɣ, ɬɚɤ ɢ ɨɬɪɢɰɚɬɟɥɶɧɵɣ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 65).  
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Ʌɟɤɰɢɹ 10 

8. ȽɂȾɊɈȺɄɍɋɌɂɑȿɋɄɂɃ ȾɈɉɅȿɊɈȼɋɄɂɃ ɅȺȽ 

ɉɪɢɧɰɢɩ ɞɟɣɫɬɜɢɹ ɝɢɞɪɨɚɤɭɫɬɢɱɟɫɤɨɝɨ ɞɨɩɥɟɪɨɜɫɤɨɝɨ ɥɚɝɚ ɨɫɧɨɜɚɧ 
ɧɚ ɷɮɮɟɤɬɟ Ⱦɨɩɥɟɪɚ, ɤɨɬɨɪɵɣ ɡɚɤɥɸɱɚɟɬɫɹ ɜ ɫɥɟɞɭɸɳɟɦμ ɟɫɥɢ ɢɫɬɨɱɧɢɤ 
ɢɥɢ ɩɪɢɟɦɧɢɤ ɡɜɭɤɚ ɩɟɪɟɦɟɳɚɸɬɫɹ ɨɬɧɨɫɢɬɟɥɶɧɨ ɞɪɭɝ ɞɪɭɝɚ, ɬɨ ɱɚɫɬɨ-
ɬɚ ɫɢɝɧɚɥɚ ɜ ɩɪɢɟɦɧɢɤɟ ɛɭɞɟɬ ɨɬɥɢɱɚɬɶɫɹ ɨɬ ɢɡɥɭɱɚɟɦɨɣ ɱɚɫɬɨɬɵ 
ɧɚ ɜɟɥɢɱɢɧɭ, ɤɨɬɨɪɚɹ ɡɚɜɢɫɢɬ ɨɬ ɫɤɨɪɨɫɬɢ ɨɬɧɨɫɢɬɟɥɶɧɨɝɨ ɞɜɢɠɟɧɢɹ 
ɢ ɧɚɡɵɜɚɟɬɫɹ ɞɨɩɥɟɪɨɜɫɤɢɦ ɫɞɜɢɝɨɦ ɱɚɫɬɨɬ. ɗɬɢ ɥɚɝɢ ɨɬɧɨɫɹɬɫɹ ɤ ɤɥɚɫɫɭ 
ɚɛɫɨɥɸɬɧɵɯ ɥɚɝɨɜ, ɬɚɤ ɤɚɤ ɩɨɡɜɨɥɹɸɬ ɢɡɦɟɪɹɬɶ ɫɤɨɪɨɫɬɶ ɫɭɞɧɚ ɨɬɧɨɫɢ-
ɬɟɥɶɧɨ ɦɨɪɫɤɨɝɨ ɞɧɚ. 

ɉɪɢ ɭɫɬɚɧɨɜɤɟ ɧɚ ɫɭɞɧɟ ɢ ɢɡɥɭɱɚɬɟɥɶ, ɢ ɩɪɢɟɦɧɢɤ ɞɨɩɥɟɪɨɜɫɤɨɝɨ ɥɚɝɚ 
ɫɦɨɧɬɢɪɨɜɚɧɵ ɧɚ ɧɟɦ. Ɋɚɫɫɦɨɬɪɢɦ, ɤɚɤɢɦ ɨɛɪɚɡɨɦ ɜ ɷɬɨɦ ɫɥɭɱɚɟ ɛɭɞɟɬ 
ɮɨɪɦɢɪɨɜɚɬɶɫɹ ɞɨɩɥɟɪɨɜɫɤɢɣ ɫɞɜɢɝ ɱɚɫɬɨɬɵ. ɉɪɢ ɷɬɨɦ ɧɟɨɛɯɨɞɢɦɨ ɢɦɟɬɶ 
ɜ ɜɢɞɭ, ɱɬɨ ɜɫɟ ɪɚɫɫɭɠɞɟɧɢɹ ɤɚɫɚɸɬɫɹ ɩɪɨɞɨɥɶɧɨɣ ɫɨɫɬɚɜɥɹɸɳɟɣ ɫɤɨɪɨɫɬɢ 
ɫɭɞɧɚ, ɬ.ɟ. V = Vx. ɉɨɥɭɱɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɦɨɠɧɨ ɛɭɞɟɬ ɩɨɥɧɨɫɬɶɸ ɪɚɫɩɪɨ-
ɫɬɪɚɧɢɬɶ ɧɚ ɩɨɩɟɪɟɱɧɭɸ ɫɨɫɬɚɜɥɹɸɳɭɸ ɫɤɨɪɨɫɬɢ ɫɭɞɧɚ Vy.. 

8.1. Ɉɞɧɨɥɭɱɟɜɚɹ ɫɯɟɦɚ ɥɚɝɚ 
ɉɪɟɞɩɨɥɨɠɢɦ, ɱɬɨ ɫɭɞɧɨ ɞɜɢɠɟɬɫɹ ɫ ɩɪɨɞɨɥɶɧɨɣ ɫɤɨɪɨɫɬɶɸ V, ɢɡɥɭ-

ɱɚɟɬɫɹ ɫɢɝɧɚɥ, ɤɨɬɨɪɵɣ ɪɚɫɩɪɨɫɬɪɚɧɹɟɬɫɹ ɜɞɨɥɶ ɡɜɭɤɨɜɨɝɨ ɥɭɱɚ (ɪɢɫ. 8.1) 
ɩɨɞ ɧɟɤɨɬɨɪɵɦ ɭɝɥɨɦ ș. Ɍɨɝɞɚ, ɧɚ ɨɫɧɨɜɚɧɢɢ ɜɵɪɚɠɟɧɢɹ (η.18), ɦɨɠɧɨ 
ɡɚɩɢɫɚɬɶ 

Ȧ* = ck – Vk МШs ș1                                          (8.1) 
ɢɥɢ, ɜɵɧɨɫɹ ɡɚ ɫɤɨɛɤɢ ck, ɩɨɥɭɱɢɦ 

Ȧ* = ck (1 – (V/ɫ) cos ș1).                                    (8.2)  

 

Ɋɢɫ. 8.1 
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Ɍɨɱɤɚ Ɉ ɧɚ ɝɪɭɧɬɟ ɹɜɥɹɟɬɫɹ ɧɟɩɨɞɜɢɠɧɵɦ ɩɪɢɟɦɧɢɤɨɦ. ɉɨɷɬɨɦɭ ɢɦɟ-
ɟɦ, ɱɬɨ ck = Ȧ1 – ɱɚɫɬɨɬɚ ɫɢɝɧɚɥɚ ɜ ɩɪɢɟɦɧɢɤɟ, ɚ Ȧ* = Ȧ0 – ɱɚɫɬɨɬɚ ɢɡɥɭɱɚɟ-
ɦɨɝɨ ɫɢɝɧɚɥɚ. Ɍɨɝɞɚ ɫ ɭɱɟɬɨɦ ɷɬɨɝɨ ɡɚɩɢɲɟɦ 

c

V 1

0
1 școs

1

ȦȦ


 .                                     (8.3)  

ȼ ɬɨɱɤɟ Ɉ ɡɜɭɤɨɜɨɣ ɥɭɱ ɨɬɪɚɠɚɟɬɫɹ, ɧɟ ɢɡɦɟɧɹɹ ɱɚɫɬɨɬɵ, ɢ ɢɞɟɬ ɜ ɩɪɢ-
ɟɦɧɢɤ. ɋɥɟɞɨɜɚɬɟɥɶɧɨ, ɬɨɱɤɭ Ɉ ɦɨɠɧɨ ɪɚɫɫɦɚɬɪɢɜɚɬɶ ɤɚɤ ɧɟɩɨɞɜɢɠɧɵɣ 
ɢɡɥɭɱɚɬɟɥɶ. Ɍɨɝɞɚ ɱɚɫɬɨɬɭ Ȧ2 ɜ ɩɪɢɟɦɧɢɤɟ ɦɨɠɧɨ ɨɩɪɟɞɟɥɢɬɶ ɬɚɤɠɟ ɩɨ 
ɮɨɪɦɭɥɟ (8.1), ɫ ɭɱɟɬɨɦ ɬɨɝɨ, ɱɬɨ ɬɟɩɟɪɶ Ȧ* = Ȧ2. ȼ ɪɟɡɭɥɶɬɚɬɟ ɩɨɥɭɱɢɦ 







 


c

V 2
12

cos
1                                     (8.4) 

ɢɥɢ ɫ ɭɱɟɬɨɦ ɪɚɜɟɧɫɬɜɚ (8.γ) 

c

V
c

V

1

2

2 cos
1

cos
1

0 





 .                                     (8.5) 

Ⱦɥɹ ɬɪɚɧɫɩɨɪɬɧɨɝɨ ɫɭɞɧɚ V << c, ɩɨɷɬɨɦɭ ș1 ≈ ș2 = ș. Ɍɨɝɞɚ ɜɵɪɚɠɟɧɢɟ 
(8.η) ɩɪɢɦɟɬ ɜɢɞ 

1

0
cos

1
cos

12









 







 


c

V

c

V                          (8.6) 

ɢɥɢ ɫ ɭɱɟɬɨɦ ɬɨɝɨ, ɱɬɨ Ȧ = β π f, 
1

cos
1

cos
102









 







 


c

V

c

V
ff .                          (8.7) 

Ɍɚɤ ɤɚɤ 
c

V cos
<< 1, ɜɬɨɪɨɣ ɫɨɦɧɨɠɢɬɟɥɶ ɜ ɜɵɪɚɠɟɧɢɢ (8.7) ɦɨɠɧɨ 

ɪɚɡɥɨɠɢɬɶ ɜ ɫɬɟɩɟɧɧɨɣ ɪɹɞ. Ɍɨɝɞɚ, ɨɝɪɚɧɢɱɢɜɚɹɫɶ ɱɥɟɧɚɦɢ ɜɬɨɪɨɝɨ ɩɨɪɹɞɤɚ 
ɦɚɥɨɫɬɢ, ɩɨɫɥɟ ɧɟɫɥɨɠɧɵɯ ɩɪɟɨɛɪɚɡɨɜɚɧɢɣ ɢɦɟɟɦ 











 ....

școs2școs2
1

2

22

02
c

V

c

V
ff                             (8.8) 

ɢɥɢ                                 ,cos1cos
2 0

ɞ 





 

c

V

c

Vf
f                                     (8.9) 

ɝɞɟ fɞ = f2 – f1 – ɞɨɩɥɟɪɨɜɫɤɢɣ ɫɞɜɢɝ ɱɚɫɬɨɬɵ. 
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ɂɡ ɜɵɪɚɠɟɧɢɹ (8.λ) ɜɢɞɧɨ, ɱɬɨ, ɜ ɩɪɢɧɰɢɩɟ, ɡɚɜɢɫɢɦɨɫɬɶ ɞɨɩɥɟɪɨɜɫɤɨ-
ɝɨ ɫɞɜɢɝɚ ɱɚɫɬɨɬɵ ɨɬ ɫɤɨɪɨɫɬɢ ɫɭɞɧɚ ɧɨɫɢɬ ɧɟɥɢɧɟɣɧɵɣ ɯɚɪɚɤɬɟɪ. ɗɬɨ  
ɹɜɥɹɟɬɫɹ ɨɞɧɢɦ ɢɡ ɨɫɧɨɜɧɵɯ ɧɟɞɨɫɬɚɬɤɨɜ ɨɞɧɨɥɭɱɟɜɨɣ ɫɯɟɦɵ. Ⱦɥɹ ɫɨɜɪɟ-
ɦɟɧɧɨɝɨ ɬɪɚɧɫɩɨɪɬɧɨɝɨ ɫɭɞɧɚ, ɫ ɭɱɟɬɨɦ ɬɨɝɨ, ɱɬɨ c >> V, ɫ ɞɨɫɬɚɬɨɱɧɨɣ 
ɫɬɟɩɟɧɶɸ ɬɨɱɧɨɫɬɢ ɦɨɠɧɨ ɩɪɢɧɹɬɶ 

,cos
2

0ȾɅ  f
c

V
f                                        (8.10) 

ɝɞɟ fȾɅ – ɡɧɚɱɟɧɢɟ ɥɚɝɨɜɨɝɨ ɞɨɩɥɟɪɨɜɫɤɨɝɨ ɫɞɜɢɝɚ ɱɚɫɬɨɬɵ, ɩɨɥɭɱɟɧɧɨɟ ɛɟɡ 
ɭɱɟɬɚ ɧɟɥɢɧɟɣɧɨɣ ɫɨɫɬɚɜɥɹɸɳɟɣ. 

ɂɡ ɪɚɜɟɧɫɬɜɚ (8.1β) ɢɦɟɟɦ 

șsec
2 0

ɞɥ c
f

f
V                                                (8.11) 

ɢɥɢ                                          șsec
2 0

ɞ c
f

f
V  .                                             (8.12) 

ȼɵɪɚɠɟɧɢɟ (8.11) ɧɚɡɵɜɚɟɬɫɹ ɭɪɚɜɧɟɧɢɟɦ ɨɞɧɨɥɭɱɟɜɨɝɨ ɥɚɝɚ. ɇɟɨɛɯɨ-
ɞɢɦɨ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɭɩɪɨɳɟɧɧɨɣ ɥɢɧɟɣɧɨɣ ɡɚɜɢɫɢɦɨɫɬɢ 
ɩɪɢɜɨɞɢɬ ɤ ɜɨɡɧɢɤɧɨɜɟɧɢɸ ɩɨɝɪɟɲɧɨɫɬɢ ɜ ɩɨɤɚɡɚɧɢɹɯ ɥɚɝɚ. 

Ɉɬɧɨɫɢɬɟɥɶɧɭɸ ɩɨɝɪɟɲɧɨɫɬɶ ɥɚɝɚ ɦɨɠɧɨ ɨɩɪɟɞɟɥɢɬɶ ɫ ɩɨɦɨɳɶɸ ɜɵ-
ɪɚɠɟɧɢɹ 

,δ
ȾɅ

ɞ

f

f

V

V
V





                                          (8.13) 

ȼ ɪɚɜɟɧɫɬɜɟ (8.1γ) ɡɧɚɱɟɧɢɟ  Δfɞ ɨɩɪɟɞɟɥɹɟɬɫɹ ɜɵɪɚɠɟɧɢɟɦ 

                                                      ɞȾɅɞ fff  .                                       (8.14) 

ɉɨɞɫɬɚɜɥɹɹ ɜ ɪɚɜɟɧɫɬɜɨ (8.1γ) ɡɧɚɱɟɧɢɹ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɜɟɥɢɱɢɧ ɢɡ 
ɜɵɪɚɠɟɧɢɣ (8.λ), (8.10) ɢ (8.14), ɩɨɫɥɟ ɩɪɟɨɛɪɚɡɨɜɚɧɢɣ ɩɨɥɭɱɢɦ 

.
școsδ

c

V
V                                           (8.15) 

Ⱥɧɚɥɢɡ ɷɬɨɝɨ ɜɵɪɚɠɟɧɢɹ ɩɨɤɚɡɵɜɚɟɬ, ɱɬɨ ɥɚɝ, ɭɫɬɚɧɨɜɥɟɧɧɵɣ ɧɚ ɫɭɞ-
ɧɟ, ɫɤɨɪɨɫɬɶ ɤɨɬɨɪɨɝɨ ɪɚɜɧɚ β0 ɭɡ, ɩɪɢ ș = θ0° ɛɭɞɟɬ ɢɦɟɬɶ ɩɨɝɪɟɲɧɨɫɬɶ 
ɩɨɪɹɞɤɚ 0,γ %, ɱɬɨ ɧɟ ɦɨɠɟɬ ɫɱɢɬɚɬɶɫɹ ɩɪɢɟɦɥɟɦɵɦ ɞɥɹ ɜɵɫɨɤɨɬɨɱɧɨɝɨ 
ɚɛɫɨɥɸɬɧɨɝɨ ɥɚɝɚ. 

ɋɥɨɠɧɟɟ ɨɛɫɬɨɢɬ ɞɟɥɨ ɫ ɩɨɝɪɟɲɧɨɫɬɹɦɢ, ɤɨɬɨɪɵɟ ɜɨɡɧɢɤɚɸɬ ɭ ɨɞɧɨ-
ɥɭɱɟɜɨɝɨ ɥɚɝɚ ɩɪɢ ɧɚɥɢɱɢɢ ɭ ɫɭɞɧɚ ɞɢɮɮɟɪɟɧɬɚ ɢɥɢ ɤɪɟɧɚ (ɩɪɢ ɢɡɦɟɪɟɧɢɢ 
ɩɨɩɟɪɟɱɧɨɣ ɫɨɫɬɚɜɥɹɸɳɟɣ ɫɤɨɪɨɫɬɢ ɫɭɞɧɚ). 
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ɇɚ ɨɫɧɨɜɚɧɢɢ ɪɢɫ. 8.β ɦɨɠɧɨ ɡɚɩɢɫɚɬɶ 

).școsȥsinșsinȥcosș(cos
2

școs
2

)ȥșcos(
2

0

00
ɞȾɅɞ





c

Vf
c

Vf

c

Vf
fff

                     (8.16) 

ȼ ɪɟɚɥɶɧɵɯ ɭɫɥɨɜɢɹɯ ɭɝɨɥ ȥ ɦɚɥ, ɩɨɷɬɨɦɭ, ɩɪɢɧɢɦɚɹ cos ȥ ≈ 1, 
 sin ȥ ≈ ȥ, ɢɡ ɪɚɜɟɧɫɬɜɚ (8.1θ) ɩɨɥɭɱɢɦ 

 sin
2 0

ɞ c

Vf
f .                                       (8.17) 

Ɍɨɝɞɚ, ɩɨ ɚɧɚɥɨɝɢɢ ɫ ɜɵɪɚɠɟɧɢɟɦ (8.13), ɩɨɥɭɱɢɦ 





 tg
cos2

sin2

0

0

cVf

cVf
V .                                (8.18) 
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Ɋɢɫ. 8.β Ɋɢɫ. 8.γ 
 
Ƚɪɚɮɢɤ ɡɚɜɢɫɢɦɨɫɬɢ ɩɨɝɪɟɲɧɨɫɬɢ ɥɚɝɚ ɨɬ ɞɢɮɮɟɪɟɧɬɚ ɫɭɞɧɚ ɩɪɢɜɟɞɟɧ 

ɧɚ ɪɢɫ. 8.γ, ɢɡ ɤɨɬɨɪɨɝɨ ɜɢɞɧɨ, ɱɬɨ ɩɨɝɪɟɲɧɨɫɬɢ ɢɦɟɸɬ ɧɟɩɪɢɟɦɥɟɦɭɸ ɜɟ-
ɥɢɱɢɧɭ ɫ ɩɨɡɢɰɢɣ ɬɪɟɛɨɜɚɧɢɣ ɬɨɱɧɨɫɬɢ ɫɭɞɨɜɨɠɞɟɧɢɹ. ɉɨɷɬɨɦɭ ɨɞɧɨɥɭɱɟ- 
ɜɵɟ ɫɯɟɦɵ ɧɟ ɧɚɲɥɢ ɩɪɢɦɟɧɟɧɢɹ, ɯɨɬɹ ɨɧɢ ɩɨ ɤɨɧɫɬɪɭɤɰɢɢ ɩɪɨɳɟ.  

8.2. Ⱦɜɭɯɥɭɱɟɜɵɟ ɥɚɝɢ 
ɗɮɮɟɤɬɢɜɧɵɦ ɫɩɨɫɨɛɨɦ ɫɧɢɠɟɧɢɹ ɜɥɢɹɧɢɹ ɧɚ ɬɨɱɧɨɫɬɶ ɩɨɤɚɡɚɧɢɣ ɥɚ-

ɝɚ ɧɟɥɢɧɟɣɧɨɣ ɡɚɜɢɫɢɦɨɫɬɢ ɦɟɠɞɭ ɞɨɩɥɟɪɨɜɫɤɢɦ ɫɞɜɢɝɨɦ ɱɚɫɬɨɬɵ ɢ ɫɤɨ-
ɪɨɫɬɶɸ ɫɭɞɧɚ ɹɜɥɹɟɬɫɹ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɞɜɭɯɥɭɱɟɜɨɣ ɚɧɬɟɧɧɨɣ ɫɢɫɬɟɦɵ, ɬɚɤ 
ɧɚɡɵɜɚɟɦɨɣ ɫɯɟɦɵ əɧɭɫ (ɪɢɫ. 8.4). ȼ ɷɬɨɣ ɫɯɟɦɟ ɫɢɝɧɚɥɵ ɢɡɥɭɱɚɸɬɫɹ ɜɞɨɥɶ 
ɞɢɚɦɟɬɪɚɥɶɧɨɣ ɩɥɨɫɤɨɫɬɢ ɫɭɞɧɚ ɜ ɫɬɨɪɨɧɭ ɧɨɫɚ ɢ ɤɨɪɦɵ ɩɨɞ ɨɞɧɢɦ ɢ ɬɟɦ 
ɠɟ ɭɝɥɨɦ ș.  
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Ɋɢɫ. 8.4 

ȼ ɷɬɨɦ ɫɥɭɱɚɟ ɞɥɹ ɞɨɩɥɟɪɨɜɫɤɨɝɨ ɫɞɜɢɝɚ ɱɚɫɬɨɬɵ ɩɨ ɧɨɫɨɜɨɦɭ ɢ ɤɨɪ-
ɦɨɜɨɦɭ ɥɭɱɭ ɛɭɞɟɦ ɢɦɟɬɶ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨμ 

 2
02

2

0Ⱦɇ cos
2

cos
2

f
c

V
f

c

V
f ;                       (8.19) 

.cos
2

cos
2 2

02

2

0ȾɄ  f
c

V
f

c

V
f                        (8.20) 

Ɋɚɡɧɨɫɬɧɚɹ ɞɨɩɥɟɪɨɜɫɤɚɹ ɱɚɫɬɨɬɚ ɫɨɫɬɚɜɢɬ 

.ȾɄȾɇɞ fff                                     (8.21) 

ɉɨɞɫɬɚɜɥɹɹ ɜ ɪɚɜɟɧɫɬɜɨ (8.β1) ɜɵɪɚɠɟɧɢɹ (8.1λ) ɢ (8.β0), ɩɨɥɭɱɢɦ 

.cos
4

0ɞ  f
c

V
f                                     (8.22) 

Ɉɬɫɸɞɚ ɭɪɚɜɧɟɧɢɟ ɞɜɭɯɥɭɱɟɜɨɝɨ ɥɚɝɚ ɛɭɞɟɬ 

.sec
4 0

ɞ  c
f

f
V                                        (8.23) 

ɉɪɢ ɨɩɪɟɞɟɥɟɧɢɢ ɩɨɝɪɟɲɧɨɫɬɢ ɥɚɝɚ ɩɨ ɫɯɟɦɟ (8.1γ) ɜ ɫɬɟɩɟɧɧɨɦ ɪɚɡ-
ɥɨɠɟɧɢɢ, ɜɯɨɞɹɳɟɦ ɜ ɮɨɪɦɭɥɵ (8.1λ) ɢ (8.β0), ɧɟɨɛɯɨɞɢɦɨ ɫɨɯɪɚɧɢɬɶ ɤɭ-
ɛɢɱɟɫɤɢɟ ɱɥɟɧɵ. Ɍɨɝɞɚ ɞɥɹ ɨɬɧɨɫɢɬɟɥɶɧɨɣ ɩɨɝɪɟɲɧɨɫɬɢ ɞɜɭɯɥɭɱɟɜɨɝɨ ɥɚɝɚ, 
ɜɨɡɧɢɤɚɸɳɟɣ ɢɡ-ɡɚ ɧɟɭɱɟɬɚ ɧɟɥɢɧɟɣɧɨɫɬɢ, ɢɦɟɟɦ 

.cos 2
2

2


c

V
V                                              (8.24) 

Ⱦɥɹ ɫɭɞɧɚ, ɢɦɟɸɳɟɝɨ ɫɤɨɪɨɫɬɶ V = β0 ɭɡ, ɩɪɢ ș = θ0° ɩɨɥɭɱɢɦ δV = 
=0,001%. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɫɯɟɦɵ əɧɭɫ ɫ ɜɵɫɨɤɨɣ ɫɬɟɩɟ-
ɧɶɸ ɬɨɱɧɨɫɬɢ ɨɛɟɫɩɟɱɢɜɚɟɬɫɹ ɥɢɧɟɣɧɚɹ ɫɜɹɡɶ ɦɟɠɞɭ ɞɨɩɥɟɪɨɜɫɤɢɦ ɫɞɜɢ-
ɝɨɦ ɱɚɫɬɨɬɵ ɢ ɫɤɨɪɨɫɬɶɸ ɫɭɞɧɚ. 
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Ⱥɧɚɥɢɡ ɩɨɝɪɟɲɧɨɫɬɢ ɞɜɭɯɥɭɱɟɜɨɝɨ ɥɚɝɚ ɩɪɢ ɧɚɥɢɱɢɢ ɞɢɮɮɟɪɟɧɬɚ ɫɭɞ-
ɧɚ ɩɨ ɦɟɬɨɞɢɤɟ, ɢɫɩɨɥɶɡɭɟɦɨɣ ɞɥɹ ɨɞɧɨɥɭɱɟɜɨɝɨ ɥɚɝɚ, ɩɨɡɜɨɥɹɟɬ ɩɨɥɭɱɢɬɶ 
ɫɥɟɞɭɸɳɟɟ ɜɵɪɚɠɟɧɢɟ: 

2
1cos


V .                                    (8.25) 

Ɂɧɚɤ ɦɢɧɭɫ ɜ ɪɚɜɟɧɫɬɜɟ (8.βη) ɝɨɜɨɪɢɬ ɨ ɬɨɦ, ɱɬɨ ɩɪɢ ɥɸɛɨɦ ɡɧɚɤɟ 
ɞɢɮɮɟɪɟɧɬɚ ɩɨɤɚɡɚɧɢɹ ɞɜɭɯɥɭɱɟɜɨɝɨ ɥɚɝɚ ɛɭɞɭɬ ɡɚɧɢɠɟɧɵ. ɋɪɚɜɧɟɧɢɟ ɜɵ-
ɪɚɠɟɧɢɹ (8.βη) ɫ ɪɚɜɟɧɫɬɜɨɦ (8.18) ɭɤɚɡɵɜɚɟɬ ɧɚ ɛɨɥɶɲɨɟ ɩɪɟɢɦɭɳɟɫɬɜɨ 
ɞɜɭɯɥɭɱɟɜɨɣ ɫɯɟɦɵ. 

8.3. Ɇɧɨɝɨɥɭɱɟɜɵɟ ɥɚɝɢ 
Ɉɞɧɨ- ɢ ɞɜɭɯɥɭɱɟɜɵɟ ɫɯɟɦɵ ɥɚɝɚ ɩɨɡɜɨɥɹɸɬ ɢɡɦɟɪɢɬɶ ɬɨɥɶɤɨ ɩɪɨ-

ɞɨɥɶɧɭɸ ɫɨɫɬɚɜɥɹɸɳɭɸ ɫɤɨɪɨɫɬɢ ɫɭɞɧɚ. Ⱦɥɹ ɬɨɝɨ, ɱɬɨɛɵ ɩɨɥɭɱɢɬɶ ɢɧɮɨɪ-
ɦɚɰɢɸ ɨ ɩɨɥɧɨɦ ɜɟɤɬɨɪɟ ɫɤɨɪɨɫɬɢ ɫɭɞɧɚ, ɧɟɨɛɯɨɞɢɦɨ ɨɛɟɫɩɟɱɢɬɶ ɢɡɦɟɪɟ-
ɧɢɟ ɤɚɤ ɩɪɨɞɨɥɶɧɨɣ, ɬɚɤ ɢ ɩɨɩɟɪɟɱɧɨɣ ɫɨɫɬɚɜɥɹɸɳɢɯ ɫɤɨɪɨɫɬɢ ɫɭɞɧɚ. Ɍɚ-
ɤɚɹ ɫɯɟɦɚ ɦɨɠɟɬ ɛɵɬɶ ɪɟɚɥɢɡɨɜɚɧɚ ɜ ɞɜɭɯ ɜɚɪɢɚɧɬɚɯ. Ɋɚɫɫɦɨɬɪɢɦ ɢɯ 
ɩɨɞɪɨɛɧɟɟ. 

Ⱦɢɚɦɟɬɪɚɥɶɧɨ-ɬɪɚɜɟɪɡɧɚɹ ɫɯɟɦɚ ɥɭɱɟɣ (ɪɢɫ. 8.5). ȼ ɷɬɨɣ ɫɯɟɦɟ ɨɞɧɚ 
ɩɚɪɚ ɥɭɱɟɣ ɨɪɢɟɧɬɢɪɨɜɚɧɚ ɜɞɨɥɶ ɞɢɚɦɟɬɪɚɥɶɧɨɣ ɩɥɨɫɤɨɫɬɢ (Ⱦɉ) ɫɭɞɧɚ 
ɢ ɨɛɟɫɩɟɱɢɜɚɟɬ ɢɡɦɟɪɟɧɢɟ ɩɪɨɞɨɥɶɧɨɣ ɫɨɫɬɚɜɥɹɸɳɟɣ ɫɤɨɪɨɫɬɢ ɫɭɞɧɚ, ɞɪɭ-
ɝɚɹ – ɜ ɩɥɨɫɤɨɫɬɢ, ɩɟɪɩɟɧɞɢɤɭɥɹɪɧɨɣ Ⱦɉ (ɥɟɜɵɣ – ɩɪɚɜɵɣ ɛɨɪɬ), ɱɬɨ ɩɨ-
ɡɜɨɥɹɟɬ ɢɡɦɟɪɢɬɶ ɩɨɩɟɪɟɱɧɭɸ ɫɨɫɬɚɜɥɹɸɳɭɸ. 

 

Ɋɢɫ. 8.5 

ɇɚ ɨɫɧɨɜɚɧɢɢ ɜɵɪɚɠɟɧɢɹ (8.βγ) ɢɦɟɟɦμ 

 sec
4 0

ɞ1 c
f

f
Vx ;                                            (8.26) 
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,sec
4 0

ɞβ  c
f

f
Vy                                          (8.27) 

ɝɞɟ  fɞ1 = fȾɇ – fȾɄ; fɞβ = fȾɉȻ – fȾɅȻ. 

ɋ ɩɨɦɨɳɶɸ ɜɵɪɚɠɟɧɢɣ (8.βθ) ɢ (8.β7) ɦɨɠɧɨ ɩɨɥɭɱɢɬɶ ɡɧɚɱɟɧɢɟ ɩɨɥ-
ɧɨɣ ɫɤɨɪɨɫɬɢ V ɢ ɭɝɥɚ ɫɧɨɫɚ ȕ: 

;)( 2
122

yx VVV                                           (8.28) 

.
xV

yV
arctg                                               (8.29) 

X-ɨɛɪɚɡɧɚɹ ɫɯɟɦɚ ɥɭɱɟɣ (ɪɢɫ. 8.6). ȼ ɷɬɨɣ ɫɯɟɦɟ ɥɭɱɢ ɫɦɟɳɟɧɵ ɨɬɧɨ-
ɫɢɬɟɥɶɧɨ Ⱦɉ ɧɚ ɭɝɨɥ Ȗ. 

 

Ɋɢɫ. 8.6 

ɂɫɯɨɞɹ ɢɡ ɪɚɜɟɧɫɬɜɚ (8.ββ), ɩɨɥɭɱɢɦ: 

– ɞɥɹ ɩɚɪɵ ɥɭɱɟɣ 1 – 1 

)sincoscoscos(
4 0

1ɞ  yx VV
c

f
f ;                        (8.30) 

–  ɞɥɹ ɩɚɪɵ ɥɭɱɟɣ β – 2 

)sincoscoscos(
4 0

ɞβ  yx VV
c

f
f .                      (8.31) 

Ɋɟɲɚɹ ɫɨɜɦɟɫɬɧɨ ɭɪɚɜɧɟɧɢɹ (8.γ0) ɢ (8.γ1), ɧɚɣɞɟɦ 

 





 sec
cos8 0

ɞβɞ1

f

ff
Vx ;                                     (8.32) 

 
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cos8 0
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f

ff
Vx .                                     (8.33) 
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ɂɫɩɨɥɶɡɭɹ ɜɵɪɚɠɟɧɢɹ (8.γβ) ɢ (8.γγ), ɦɨɠɧɨ ɥɟɝɤɨ ɨɩɪɟɞɟɥɢɬɶ ɡɧɚɱɟ-
ɧɢɟ ɩɨɥɧɨɣ ɫɤɨɪɨɫɬɢ V ɢ ɭɝɥɚ ɫɧɨɫɚ ȕ. 

ɇɟɨɛɯɨɞɢɦɨ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɞɚɧɧɚɹ ɡɚɞɚɱɚ ɦɨɠɟɬ ɛɵɬɶ ɪɟɲɟɧɚ ɢ ɧɚ ɨɫ-
ɧɨɜɟ ɬɪɟɯɥɭɱɟɜɨɣ ɫɯɟɦɵ, ɨɞɧɚɤɨ ɩɪɢ ɷɬɨɦ ɧɟɫɤɨɥɶɤɨ ɭɫɥɨɠɧɹɟɬɫɹ ɜɵɱɢɫ-
ɥɢɬɟɥɶɧɵɣ ɩɪɨɰɟɫɫ, ɧɨ ɭɩɪɨɳɚɟɬɫɹ ɤɨɧɫɬɪɭɤɰɢɹ ɥɚɝɚ. 

ȿɫɥɢ ɧɟɨɛɯɨɞɢɦɨ ɢɦɟɬɶ ɞɨɩɨɥɧɢɬɟɥɶɧɭɸ ɢɧɮɨɪɦɚɰɢɸ ɞɥɹ ɨɛɟɫɩɟɱɟ-
ɧɢɹ ɛɟɡɨɩɚɫɧɨɣ ɲɜɚɪɬɨɜɤɢ ɫɭɞɧɚ, ɢɫɩɨɥɶɡɭɸɬɫɹ ɲɟɫɬɢ- ɢɥɢ ɜɨɫɶɦɢɥɭɱɟ-
ɜɵɟ ɫɯɟɦɵ.  

           

Ɋɢɫ. 8.7 

ɇɚ ɪɢɫ. 8.7 ɩɪɢɜɟɞɟɧɚ ɲɟɫɬɢɥɭɱɟɜɚɹ ɫɯɟɦɚ. Ⱦɜɚ ɞɨɩɨɥɧɢɬɟɥɶɧɵɯ ɥɭɱɚ 
ɜ ɤɨɪɦɨɜɨɣ ɱɚɫɬɢ ɫɭɞɧɚ ɩɨɡɜɨɥɹɸɬ ɢɡɦɟɪɢɬɶ ɩɨɩɟɪɟɱɧɭɸ ɫɨɫɬɚɜɥɹɸɳɭɸ 
ɫɤɨɪɨɫɬɢ ɫɭɞɧɚ ɜ ɬɨɱɤɟ А2. ɂɦɟɹ ɚɧɚɥɨɝɢɱɧɨɟ ɢɡɦɟɪɟɧɢɟ ɫɤɨɪɨɫɬɢ ɜ ɬɨɱɤɟ 
A1 ɢ ɡɧɚɹ ɪɚɫɫɬɨɹɧɢɟ ɦɟɠɞɭ ɬɨɱɤɚɦɢ A1 ɢ А2, ɦɨɠɧɨ ɪɚɫɫɱɢɬɚɬɶ ɥɢɧɟɣɧɭɸ 
ɫɤɨɪɨɫɬɶ ɩɟɪɟɦɟɳɟɧɢɹ ɨɤɨɧɟɱɧɨɫɬɟɣ ɫɭɞɧɚ, ɚ ɬɚɤɠɟ ɭɝɥɨɜɭɸ ɫɤɨɪɨɫɬɶ ɩɨ-
ɜɨɪɨɬɚ ɫɭɞɧɚ ɜɨɤɪɭɝ ɜɟɪɬɢɤɚɥɶɧɨɣ ɨɫɢ. 

ȼɨɫɶɦɢɥɭɱɟɜɚɹ ɫɯɟɦɚ ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɮɚɤɬɢɱɟɫɤɢ ɞɜɚ ɱɟɬɵɪɟɯɥɭ-
ɱɟɜɵɯ ɥɚɝɚ, ɤɨɬɨɪɵɟ ɭɫɬɚɧɨɜɥɟɧɵ ɜ ɧɨɫɨɜɨɣ ɢ ɤɨɪɦɨɜɨɣ ɱɚɫɬɢ ɫɭɞɧɚ. ɉɪɢ 
ɲɜɚɪɬɨɜɤɟ ɫɭɞɧɚ ɪɚɛɨɬɚɸɬ ɨɛɚ ɥɚɝɚ, ɚ ɜ ɨɬɤɪɵɬɨɦ ɦɨɪɟ – ɨɞɢɧ ɢɡ ɧɢɯ. 

8.4. ɉɨɝɪɟɲɧɨɫɬɢ ɞɨɩɥɟɪɨɜɫɤɨɝɨ ɥɚɝɚ 
ɋɪɟɞɢ ɧɚɢɛɨɥɟɟ ɡɧɚɱɢɦɵɯ ɦɟɬɨɞɢɱɟɫɤɢɯ ɩɨɝɪɟɲɧɨɫɬɟɣ ɞɨɩɥɟɪɨɜɫɤɨɝɨ 

ɥɚɝɚ ɧɟɨɛɯɨɞɢɦɨ ɨɬɦɟɬɢɬɶ ɩɨɝɪɟɲɧɨɫɬɶ ɢɡ-ɡɚ ɨɬɤɥɨɧɟɧɢɹ ɫɤɨɪɨɫɬɢ ɡɜɭɤɚ 
ɜ ɜɨɞɟ ɨɬ ɪɚɫɱɟɬɧɨɣ ɢ ɮɥɸɤɬɭɚɰɢɨɧɧɭɸ ɩɨɝɪɟɲɧɨɫɬɶ. 

ȼɥɢɹɧɢɟ ɧɟɩɨɫɬɨɹɧɫɬɜɚ ɫɤɨɪɨɫɬɢ ɡɜɭɤɚ ɜ ɜɨɞɟ. Ʉɚɤ ɢɡɜɟɫɬɧɨ, ɫɤɨ-
ɪɨɫɬɶ ɡɜɭɤɚ ɜ ɦɨɪɟ ɦɨɠɟɬ ɢɡɦɟɧɹɬɶɫɹ ɜ ɩɪɟɞɟɥɚɯ ±5 % ɨɬ ɪɚɫɱɟɬɧɨɝɨ ɡɧɚɱɟ-
ɧɢɹ 1η00 ɦ ɫ–1, ɤɨɬɨɪɨɟ ɡɚɤɥɚɞɵɜɚɟɬɫɹ ɜ ɜɵɱɢɫɥɢɬɟɥɶ ɥɚɝɚ. Ʉɚɤ ɜɢɞɧɨ 
ɢɡ ɭɪɚɜɧɟɧɢɹ ɥɚɝɚ (8.11), ɢɡ-ɡɚ ɷɬɨɝɨ ɦɨɝɭɬ ɜɨɡɧɢɤɚɬɶ ɧɟɞɨɩɭɫɬɢɦɨ ɛɨɥɶ-
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ɲɢɟ ɩɨɝɪɟɲɧɨɫɬɢ ɢ ɧɟɨɛɯɨɞɢɦɨ ɩɪɢɧɢɦɚɬɶ ɦɟɪɵ ɞɥɹ ɢɯ ɭɦɟɧɶɲɟɧɢɹ. ɉɪɢ 
ɷɬɨɦ ɧɟɨɛɯɨɞɢɦɨ ɢɦɟɬɶ ɜ ɜɢɞɭ, ɱɬɨ ɢ ɬɟɨɪɟɬɢɱɟɫɤɢ, ɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ 
ɛɵɥɨ ɭɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɧɚ ɜɟɥɢɱɢɧɭ ɞɨɩɥɟɪɨɜɫɤɨɝɨ ɫɞɜɢɝɚ ɱɚɫɬɨɬɵ ɜɥɢɹɟɬ 
ɫɤɨɪɨɫɬɶ ɡɜɭɤɚ ɬɨɥɶɤɨ ɜ ɪɚɣɨɧɟ ɪɚɫɩɨɥɨɠɟɧɢɹ ɚɧɬɟɧɧ. Ɏɢɡɢɱɟɫɤɚɹ ɫɭɳ-
ɧɨɫɬɶ ɷɬɨɝɨ ɮɚɤɬɚ ɨɛɴɹɫɧɹɟɬɫɹ ɬɟɦ, ɱɬɨ ɜɫɟ ɢɡɦɟɧɟɧɢɹ ɫɤɨɪɨɫɬɢ ɡɜɭɤɚ, 
ɢɦɟɸɳɢɟɫɹ ɧɚ ɬɪɚɫɫɟ, ɜɡɚɢɦɧɨ ɤɨɦɩɟɧɫɢɪɭɸɬɫɹ ɩɪɢ ɩɪɹɦɨɦ ɢ ɨɛɪɚɬɧɨɦ 
ɯɨɞɟ ɥɭɱɚ. 

ȼ ɫɨɜɪɟɦɟɧɧɵɯ ɞɨɩɥɟɪɨɜɫɤɢɯ ɥɚɝɚɯ ɢɫɩɨɥɶɡɭɸɬɫɹ ɫɥɟɞɭɸɳɢɟ ɦɟɬɨɞɵ 
ɤɨɦɩɟɧɫɚɰɢɢ ɜɨɡɧɢɤɚɸɳɟɣ ɩɨɝɪɟɲɧɨɫɬɢ. 

1. Ɇɟɬɨɞ, ɨɫɧɨɜɚɧɧɵɣ ɧɚ ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨɦ ɢɡɦɟɪɟɧɢɢ ɫɤɨɪɨɫɬɢ ɡɜɭɤɚ 
ɜɛɥɢɡɢ ɚɧɬɟɧɧɵ ɫ ɩɨɦɨɳɶɸ ɫɩɟɰɢɚɥɶɧɵɯ ɭɫɬɪɨɣɫɬɜ – ɫɤɨɪɨɫɬɟɦɟɪɨɜ.  

2. Ʉɨɫɜɟɧɧɵɣ ɦɟɬɨɞ ɨɩɪɟɞɟɥɟɧɢɹ ɫɤɨɪɨɫɬɢ ɡɜɭɤɚ ɧɚ ɨɫɧɨɜɟ ɪɚɫɱɟɬɚ ɩɨ 
ɷɦɩɢɪɢɱɟɫɤɢɦ ɮɨɪɦɭɥɚɦ, ɜ ɱɚɫɬɧɨɫɬɢ, ɩɨ ɮɨɪɦɭɥɟ ȼɢɥɶɫɨɧɚ, ɧɚɢɛɨɥɟɟ 
ɱɚɫɬɨ ɢɫɩɨɥɶɡɭɟɦɨɣ ɞɥɹ ɷɬɢɯ ɰɟɥɟɣμ 

c = 1449,2 + 4,623 t – 0,0546 t2 + 1,39(S – 35),                    (8.34) 
ɝɞɟ  t – ɬɟɦɩɟɪɚɬɭɪɚ ɜɨɞɵ, °ɋ; 

S – ɫɨɥɟɧɨɫɬɶ ɜɨɞɵ, ‰. 
3. Ɇɟɬɨɞ, ɤɨɬɨɪɵɣ ɡɚɤɥɸɱɚɟɬɫɹ ɜ ɨɛɟɫɩɟɱɟɧɢɢ ɩɨɫɬɨɹɧɧɨɝɨ ɡɧɚɱɟɧɢɹ 

ɫɤɨɪɨɫɬɢ ɡɜɭɤɚ ɡɚ ɫɱɟɬ ɫɬɚɛɢɥɢɡɚɰɢɢ ɬɟɦɩɟɪɚɬɭɪɵ ɠɢɞɤɨɫɬɢ, ɨɦɵɜɚɸɳɟɣ 
ɚɧɬɟɧɧɭ, ɪɚɫɩɨɥɨɠɟɧɧɭɸ ɜ ɝɟɪɦɟɬɢɱɧɨɣ ɤɚɦɟɪɟ. ȼ ɤɚɱɟɫɬɜɟ ɠɢɞɤɨɫɬɢ 
ɨɛɵɱɧɨ ɢɫɩɨɥɶɡɭɸɬɫɹ ɬɟɯɧɢɱɟɫɤɢɟ ɦɚɫɥɚ, ɫɬɚɛɢɥɢɡɚɰɢɸ ɬɟɦɩɟɪɚɬɭɪɵ 
ɨɛɟɫɩɟɱɢɜɚɟɬ ɨɛɵɱɧɵɣ ɧɚɝɪɟɜɚɬɟɥɶ ɢ ɬɟɪɦɨɤɨɧɬɚɤɬ, ɧɚɫɬɪɨɟɧɧɵɣ ɧɚ ɨɩɪɟ-
ɞɟɥɟɧɧɭɸ ɬɟɦɩɟɪɚɬɭɪɭ. 

4. Ɇɟɬɨɞ, ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨ ɜɵɬɟɤɚɸɳɢɣ ɢɡ ɭɪɚɜɧɟɧɢɹ ɥɚɝɚ (8.11) ɢ ɡɚ-
ɤɥɸɱɚɸɳɢɣɫɹ ɜ ɬɨɦ, ɱɬɨ ɧɟɫɬɚɛɢɥɶɧɨɫɬɶ ɫɤɨɪɨɫɬɢ ɡɜɭɤɚ ɤɨɦɩɟɧɫɢɪɭɟɬɫɹ ɡɚ 
ɫɱɟɬ ɫɢɧɯɪɨɧɧɨɝɨ ɢɡɦɟɧɟɧɢɹ ɱɚɫɬɨɬɵ ɢɡɥɭɱɚɟɦɨɝɨ ɫɢɝɧɚɥɚ f0, ɩɪɢɱɟɦ ɢɡ-
ɦɟɪɢɬɟɥɶ ɫɤɨɪɨɫɬɢ ɡɜɭɤɚ ɜ ɷɬɨɦ ɫɥɭɱɚɟ ɜɵɫɬɭɩɚɟɬ ɜ ɤɚɱɟɫɬɜɟ ɪɟɝɭɥɹɬɨɪɚ 
ɭɤɚɡɚɧɧɨɣ ɱɚɫɬɨɬɵ. 

5. Ɇɟɬɨɞ, ɤɨɬɨɪɵɣ ɹɜɥɹɟɬɫɹ ɜ ɬɟɯɧɢɱɟɫɤɨɦ ɨɬɧɨɲɟɧɢɢ ɧɚɢɛɨɥɟɟ ɩɟɪɟ-
ɞɨɜɵɦ ɢ ɡɚɤɥɸɱɚɟɬɫɹ ɜ ɫɬɚɛɢɥɢɡɚɰɢɢ ɨɬɧɨɲɟɧɢɹ c/cos ș ɩɪɢ ɧɟɢɡɦɟɧɧɨɣ 
ɱɚɫɬɨɬɟ f0. Ɋɟɚɥɢɡɨɜɚɧ ɜ ɪɟɡɭɥɶɬɚɬɟ ɫɨɡɞɚɧɢɹ ɱɚɫɬɨɬɧɨ ɧɟɡɚɜɢɫɢɦɵɯ (ɜ ɞɨɩ-
ɥɟɪɨɜɫɤɨɦ ɫɦɵɫɥɟ) ɚɧɬɟɧɧ, ɤɨɬɨɪɵɟ ɩɪɟɞɫɬɚɜɥɹɸɬ ɫɨɛɨɣ ɥɢɧɟɣɧɵɟ ɪɟɲɟɬ-
ɤɢ, ɫɨɫɬɨɹɳɢɟ ɢɡ ɨɬɞɟɥɶɧɵɯ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɟɣ, ɨɛɥɚɞɚɸɳɢɯ ɫɥɚɛɨɣ ɧɚ-
ɩɪɚɜɥɟɧɧɨɫɬɶɸ. ɉɢɬɚɧɢɟ ɤɚɠɞɨɝɨ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɹ ɨɫɭɳɟɫɬɜɥɹɟɬɫɹ ɫ ɧɟɤɨ-
ɬɨɪɵɦ ɫɞɜɢɝɨɦ ɩɨ ɮɚɡɟ ∆ȥ. 

ɇɚ ɨɫɧɨɜɚɧɢɢ ɜɵɪɚɠɟɧɢɹ (θ.γ8) ɢɦɟɟɦ 
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 .                                   (8.35) 

ȿɫɥɢ ɜɵɛɪɚɬɶ d = λ0 = c0/f0, c0 = 1500 ɦ/ɫ, ɬɨ ɩɪɢ ș0 = θ0° (cos θ0° = 0,5) 
ɫɞɜɢɝ ɩɨ ɮɚɡɟ ɫɨɫɬɚɜɢɬ 
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ɉɨɞɫɬɚɜɥɹɹ ɩɨɥɭɱɟɧɧɨɟ ɡɧɚɱɟɧɢɟ ∆ȥ ɜ ɜɵɪɚɠɟɧɢɟ (8.γη), ɩɨɥɭɱɢɦ 

02
cos

df

c
 .                                       (8.36) 

Ɋɚɜɟɧɫɬɜɨ (8.γθ) ɨɩɪɟɞɟɥɹɟɬ, ɤɚɤ ɛɭɞɟɬ ɢɡɦɟɧɹɬɶɫɹ ɭɝɨɥ ș ɩɪɢ ɢɡɦɟɧɟ-
ɧɢɢ ɫɤɨɪɨɫɬɢ ɡɜɭɤɚ ɜ ɪɚɣɨɧɟ ɚɧɬɟɧɧɵ, ɟɫɥɢ d = const ɢ f0 = const. 

ɉɨɞɫɬɚɜɥɹɹ (8.γθ) ɜ ɭɪɚɜɧɟɧɢɟ ɥɚɝɚ (8.1β), ɩɨɥɭɱɢɦ 

ɞ
0

ɞɞ

2

2

școs2
0

0

df
cf

dfcf
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V 
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 .                           (8.37) 

ȼɵɪɚɠɟɧɢɟ (8.γ7) ɩɨɤɚɡɵɜɚɟɬ, ɱɬɨ ɩɪɢɦɟɧɟɧɢɟ ɱɚɫɬɨɬɧɨ-ɧɟɡɚɜɢɫɢɦɨɣ 
ɚɧɬɟɧɧɵ ɩɨɡɜɨɥɹɟɬ ɢɫɤɥɸɱɢɬɶ ɜɥɢɹɧɢɟ ɫɤɨɪɨɫɬɢ ɡɜɭɤɚ ɜ ɜɨɞɟ ɧɚ ɩɨɤɚɡɚɧɢɹ 
ɥɚɝɚ. 

Ɏɥɸɤɬɭɚɰɢɨɧɧɚɹ ɩɨɝɪɟɲɧɨɫɬɶ. Ⱦɥɹ ɩɨɹɫɧɟɧɢɹ ɫɭɳɧɨɫɬɢ ɷɬɨɣ ɩɨ-
ɝɪɟɲɧɨɫɬɢ ɧɟɨɛɯɨɞɢɦɨ ɢɦɟɬɶ ɜ ɜɢɞɭ, ɱɬɨ ɢɡɥɭɱɚɟɦɵɣ ɚɧɬɟɧɧɨɣ ɥɚɝɚ ɥɭɱ 
ɢɦɟɟɬ ɤɨɧɟɱɧɭɸ ɲɢɪɢɧɭ, ɚ ɧɟ ɹɜɥɹɟɬɫɹ ɛɟɫɤɨɧɟɱɧɨ ɭɡɤɢɦ, ɤɚɤ ɩɪɟɞɩɨɥɚɝɚ-
ɥɨɫɶ ɪɚɧɟɟ. ȼ ɪɟɡɭɥɶɬɚɬɟ ɷɬɨɝɨ ɞɨɩɥɟɪɨɜɫɤɢɣ ɫɢɝɧɚɥ, ɜ ɪɟɡɭɥɶɬɚɬɟ ɞɢɮɮɭɡɧɨ-
ɝɨ ɨɬɪɚɠɟɧɢɹ ɨɬ ɦɨɪɫɤɨɝɨ ɞɧɚ ɨɛɥɚɞɚɟɬ ɨɝɪɚɧɢɱɟɧɧɵɦ ɲɭɦɨɩɨɞɨɛɧɵɦ ɫɩɟɤ-
ɬɪɨɦ ɱɚɫɬɨɬ. ɋɥɟɞɨɜɚɬɟɥɶɧɨ, ɜ ɩɪɢɟɦɧɭɸ ɚɧɬɟɧɧɭ ɩɪɢɯɨɞɢɬ ɫɢɝɧɚɥ, ɤɨɬɨɪɵɣ 
ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɫɭɦɦɭ ɛɨɥɶɲɨɝɨ ɱɢɫɥɚ ɧɟɡɚɜɢɫɢɦɵɯ ɫɢɝɧɚɥɨɜ, ɢɦɟɸɳɢɯ 
ɫɥɭɱɚɣɧɭɸ ɮɚɡɭ ɢ ɪɚɡɥɢɱɧɵɣ ɞɨɩɥɟɪɨɜɫɤɢɣ ɫɞɜɢɝ ɱɚɫɬɨɬ, ɬ.ɟ. ɨɩɪɟɞɟɥɹɟɬɫɹ 
ɧɟ ɨɞɧɨɣ ɩɪɢɧɹɬɨɣ ɱɚɫɬɨɬɨɣ, ɚ ɧɟɤɨɬɨɪɵɦ ɞɨɩɥɟɪɨɜɫɤɢɦ ɫɩɟɤɬɪɨɦ.  

ɐɟɧɬɪɚɥɶɧɚɹ ɱɚɫɬɶ ɷɬɨɝɨ ɫɩɟɤɬɪɚ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɞɨɩɥɟɪɨɜɫɤɨɦɭ ɫɞɜɢɝɭ 
ɱɚɫɬɨɬ. ɒɢɪɢɧɭ ɞɨɩɥɟɪɨɜɫɤɨɝɨ ɫɩɟɤɬɪɚ ɱɚɫɬɨɬ ɩɪɢɛɥɢɠɟɧɧɨ ɦɨɠɧɨ ɧɚɣɬɢ 
ɤɚɤ ɪɚɡɧɨɫɬɶ ɞɨɩɥɟɪɨɜɫɤɢɯ ɫɞɜɢɝɨɜ ɱɚɫɬɨɬ ɞɥɹ ɧɚɩɪɚɜɥɟɧɢɣ, ɨɝɪɚɧɢɱɢ-
ɜɚɸɳɢɯ ɞɨɩɥɟɪɨɜɫɤɢɣ ɥɭɱ (ș + ∆ș) ɢ (ș – ∆ș). ɂɦɟɟɦ 

0
0 șsinș2


c

Vf
f                                       (8.38) 

ɢɥɢ ɫ ɭɱɟɬɨɦ ɪɚɜɟɧɫɬɜɚ (8.10) 

0ȾɅ tg ff .                                          (8.39) 
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Ⱦɥɹ ɨɬɧɨɫɢɬɟɥɶɧɨɣ ɲɢɪɢɧɵ ɞɨɩɥɟɪɨɜɫɤɨɝɨ ɫɩɟɤɬɪɚ ɦɨɠɧɨ ɡɚɩɢɫɚɬɶ 

0
ȾɅ

tg

f

f .                                            (8.40) 

ɉɪɢɧɢɦɚɹ, ɱɬɨ ș0 = θ0° ɢ ∆ș = γ … η°, ɧɚɣɞɟɦ, ɱɬɨ ɨɬɧɨɫɢɬɟɥɶɧɚɹ ɲɢ-
ɪɢɧɚ ɞɨɩɥɟɪɨɜɫɤɨɝɨ ɫɩɟɤɬɪɚ ɫɨɫɬɚɜɥɹɟɬ ɩɪɢɦɟɪɧɨ 10 … 17 %, ɱɬɨ ɹɜɥɹɟɬɫɹ 
ɫɪɚɜɧɢɬɟɥɶɧɨ ɭɡɤɨɣ ɩɨɥɨɫɨɣ. ɋɥɟɞɨɜɚɬɟɥɶɧɨ, ɡɚɞɚɱɚ ɢɡɦɟɪɟɧɢɹ ɫɤɨɪɨɫɬɢ 
ɫɭɞɧɚ ɡɚɤɥɸɱɚɟɬɫɹ ɜ ɨɩɪɟɞɟɥɟɧɢɢ ɫɪɟɞɧɟɣ ɱɚɫɬɨɬɵ ɞɨɩɥɟɪɨɜɫɤɨɝɨ ɫɩɟɤɬɪɚ. 

ɗɮɮɟɤɬɢɜɧɵɦ ɫɩɨɫɨɛɨɦ ɭɦɟɧɶɲɟɧɢɹ ɮɥɸɤɬɭɚɰɢɨɧɧɨɣ ɩɨɝɪɟɲɧɨɫɬɢ 
ɹɜɥɹɟɬɫɹ ɟɟ ɫɝɥɚɠɢɜɚɧɢɟ ɩɭɬɟɦ ɭɫɪɟɞɧɟɧɢɹ ɪɟɡɭɥɶɬɚɬɨɜ ɢɡɦɟɪɟɧɢɣ ɜ ɬɟɱɟ-
ɧɢɟ ɧɟɤɨɬɨɪɨɝɨ ɩɟɪɢɨɞɚ ɜɪɟɦɟɧɢ. ɉɪɢɱɟɦ, ɱɟɦ ɩɪɨɞɨɥɠɢɬɟɥɶɧɟɟ ɜɪɟɦɹ 
ɨɫɪɟɞɧɟɧɢɹ, ɬɟɦ ɬɨɱɧɟɟ ɛɭɞɟɬ ɨɩɪɟɞɟɥɟɧɨ ɡɧɚɱɟɧɢɟ ɞɨɩɥɟɪɨɜɫɤɨɣ ɱɚɫɬɨɬɵ, 
ɚ ɬɟɦ ɫɚɦɵɦ ɢ ɫɤɨɪɨɫɬɶ ɫɭɞɧɚ. 

Ɉɞɧɚɤɨ ɜɵɛɨɪ ɜɪɟɦɟɧɢ ɨɫɪɟɞɧɟɧɢɹ ɩɪɨɢɫɯɨɞɢɬ ɧɚ ɨɫɧɨɜɟ ɤɨɦɩɪɨ-
ɦɢɫɫɚ ɦɟɠɞɭ ɠɟɥɚɧɢɟɦ ɭɜɟɥɢɱɢɬɶ ɬɨɱɧɨɫɬɶ ɩɨɤɚɡɚɧɢɣ ɥɚɝɚ ɢ ɩɪɢɟɦɥɟ-
ɦɵɦ ɜɪɟɦɟɧɟɦ ɡɚɩɚɡɞɵɜɚɧɢɹ ɜ ɩɨɥɭɱɟɧɢɢ ɢɧɮɨɪɦɚɰɢɢ ɨ ɫɤɨɪɨɫɬɢ. Ɍɚɤ, 
ɧɚɩɪɢɦɟɪ, ɜ ɨɬɤɪɵɬɨɦ ɦɨɪɟ ɜɟɥɢɱɢɧɚ ɜɪɟɦɟɧɢ ɨɫɪɟɞɧɟɧɢɹ ɦɨɠɟɬ ɫɨɫɬɚɜ-
ɥɹɬɶ 1η0 … γ00 ɫ ɢ ɬɨɝɞɚ ɬɨɱɧɨɫɬɶ ɢɡɦɟɪɟɧɢɹ ɫɤɨɪɨɫɬɢ ɛɭɞɟɬ ɜɵɫɨɤɨɣ, 
ɬɚɤ ɤɚɤ ɮɥɸɤɬɭɚɰɢɨɧɧɚɹ ɩɨɝɪɟɲɧɨɫɬɶ ɫɨɫɬɚɜɢɬ 0,00η … 0,1 %. ɉɪɢ ɩɥɚ-
ɜɚɧɢɢ ɜ ɭɡɤɨɫɬɹɯ ɷɬɨ ɜɪɟɦɹ ɧɟ ɞɨɥɠɧɨ ɩɪɟɜɵɲɚɬɶ 1η ɫ, ɚ ɩɪɢ ɲɜɚɪɬɨɜɤɟ – 
ɧɟ ɛɨɥɟɟ 1,η ɫ. 

Ⱦɥɹ ɩɨɥɭɱɟɧɢɹ ɜɵɫɨɤɨɣ ɬɨɱɧɨɫɬɢ ɩɪɢ ɦɚɥɨɦ ɜɪɟɦɟɧɢ ɨɫɪɟɞɧɟɧɢɹ ɧɟ-
ɨɛɯɨɞɢɦɨ ɢɫɩɨɥɶɡɨɜɚɬɶ ɛɨɥɟɟ ɜɵɫɨɤɢɟ ɱɚɫɬɨɬɵ ɢɡɥɭɱɚɟɦɨɝɨ ɫɢɝɧɚɥɚ, ɩɨ-
ɪɹɞɤɚ 1 … 2 ɆȽɰ. 

8.5. Ɉɫɧɨɜɧɵɟ ɩɚɪɚɦɟɬɪɵ ɞɨɩɥɟɪɨɜɫɤɨɝɨ ɥɚɝɚ 
Ʉ ɨɫɧɨɜɧɵɦ ɩɚɪɚɦɟɬɪɚɦ ɞɨɩɥɟɪɨɜɫɤɨɝɨ ɥɚɝɚ ɦɨɠɧɨ ɨɬɧɟɫɬɢ ɫɥɟɞɭɸ-

ɳɢɟμ ɱɢɫɥɨ ɢ ɨɪɢɟɧɬɚɰɢɸ ɥɭɱɟɣ, ɭɝɨɥ ɧɚɤɥɨɧɚ ɥɭɱɟɣ, ɱɚɫɬɨɬɭ ɢɡɥɭɱɚɟɦɨɝɨ 
ɫɢɝɧɚɥɚ, ɲɢɪɢɧɭ ɞɢɚɝɪɚɦɦɵ ɧɚɩɪɚɜɥɟɧɧɨɫɬɢ, ɯɚɪɚɤɬɟɪ ɢɡɥɭɱɟɧɢɹ. 

ɑɢɫɥɨ ɢ ɨɪɢɟɧɬɚɰɢɹ ɥɭɱɟɣ. Ʉɨɥɢɱɟɫɬɜɨ ɢ ɨɪɢɟɧɬɚɰɢɹ ɥɭɱɟɣ ɚɧɬɟɧɧ 
ɞɨɩɥɟɪɨɜɫɤɨɝɨ ɥɚɝɚ ɡɚɜɢɫɹɬ ɨɬ ɡɚɞɚɱ, ɪɟɲɚɟɦɵɯ ɥɚɝɨɦ. Ⱦɥɹ ɢɡɦɟɪɟɧɢɹ 
ɬɨɥɶɤɨ ɩɪɨɞɨɥɶɧɨɣ ɫɨɫɬɚɜɥɹɸɳɟɣ ɫɤɨɪɨɫɬɢ ɫɭɞɧɚ ɞɨɫɬɚɬɨɱɧɨ ɢɦɟɬɶ ɚɧɬɟɧ-
ɧɭ ɫ ɞɜɭɦɹ ɥɭɱɚɦɢ. ɑɟɬɵɪɟɯɥɭɱɟɜɚɹ ɚɧɬɟɧɧɚ ɩɨɡɜɨɥɹɟɬ ɢɡɦɟɪɹɬɶ ɜɟɤɬɨɪ 
ɩɭɬɟɜɨɣ ɫɤɨɪɨɫɬɢ ɨɬɧɨɫɢɬɟɥɶɧɨ ɝɪɭɧɬɚ ɢ ɨɩɪɟɞɟɥɹɬɶ ɭɝɨɥ ɫɧɨɫɚ ɫɭɞɧɚ. ȿɫ-
ɥɢ ɧɟɨɛɯɨɞɢɦɨ ɢɦɟɬɶ ɢɧɮɨɪɦɚɰɢɸ ɨ ɞɜɢɠɟɧɢɢ ɫɭɞɧɚ (ɜɤɥɸɱɚɹ ɞɜɢɠɟɧɢɟ 
ɟɝɨ ɨɤɨɧɟɱɧɨɫɬɟɣ) ɜ ɩɪɨɰɟɫɫɟ ɲɜɚɪɬɨɜɤɢ, ɬɨ ɢɫɩɨɥɶɡɭɟɬɫɹ ɫɢɫɬɟɦɚ ɚɧɬɟɧɧ, 
ɨɛɟɫɩɟɱɢɜɚɸɳɢɯ ɢɡɥɭɱɟɧɢɟ ɲɟɫɬɢ ɢɥɢ ɞɚɠɟ ɜɨɫɶɦɢ ɥɭɱɟɣ. 
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Ʉɚɤ ɢɡɜɟɫɬɧɨ, ɨɪɢɟɧɬɚɰɢɹ ɚɤɭɫɬɢɱɟɫɤɢɯ ɥɭɱɟɣ ɛɵɜɚɟɬ ɞɢɚɦɟɬɪɚɥɶɧɨ-
ɬɪɚɜɟɪɡɧɨɣ, ɏ- ɢ Y-ɨɛɪɚɡɧɨɣ. ȼ ɥɚɝɚɯ ɫ ɢɦɩɭɥɶɫɧɵɦ ɪɟɠɢɦɨɦ ɪɚɛɨɬɵ ɞɢɚ-
ɦɟɬɪɚɥɶɧɨ-ɬɪɚɜɟɪɡɧɭɸ ɫɯɟɦɭ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɏ-ɨɛɪɚɡɧɨɣ ɢɫɩɨɥɶɡɭɸɬ ɡɧɚ-
ɱɢɬɟɥɶɧɨ ɪɟɠɟ. ɂɧɚɱɟ ɨɛɫɬɨɢɬ ɞɟɥɨ ɜ ɥɚɝɚɯ ɫ ɧɟɩɪɟɪɵɜɧɵɦ ɢɡɥɭɱɟɧɢɟɦ. 
ȼ ɷɬɨɦ ɫɥɭɱɚɟ ɜ ɰɟɥɹɯ ɛɨɪɶɛɵ ɫ ɩɚɪɚɡɢɬɧɵɦɢ ɫɢɝɧɚɥɚɦɢ, ɹɜɥɹɸɳɢɦɢɫɹ 
ɪɟɡɭɥɶɬɚɬɨɦ ɩɪɹɦɨɣ ɧɚɜɨɞɤɢ ɢɡ ɢɡɥɭɱɚɸɳɟɝɨ ɬɪɚɤɬɚ ɜ ɩɪɢɟɦɧɵɣ, ɩɪɢɯɨ-
ɞɢɬɫɹ ɜɜɨɞɢɬɶ ɜ ɩɪɢɟɦɧɵɣ ɬɪɚɤɬ ɪɟɠɟɤɬɨɪɧɵɣ ɮɢɥɶɬɪ, ɧɚɫɬɪɨɟɧɧɵɣ 
ɧɚ ɱɚɫɬɨɬɭ ɢɡɥɭɱɚɟɦɨɝɨ ɫɢɝɧɚɥɚ. ȼ ɫɜɹɡɢ ɫ ɷɬɢɦ ɨɬɪɚɠɟɧɧɵɟ ɫɢɝɧɚɥɵ, 
ɢɦɟɸɳɢɟ ɦɚɥɵɟ ɩɨ ɜɟɥɢɱɢɧɟ ɞɨɩɥɟɪɨɜɫɤɢɟ ɫɞɜɢɝɢ ɱɚɫɬɨɬɵ, ɨɤɚɡɵɜɚɸɬɫɹ 
ɜ ɩɨɥɨɫɟ ɪɟɠɟɤɰɢɢ ɮɢɥɶɬɪɚ ɢ ɧɟ ɩɪɨɩɭɫɤɚɸɬɫɹ ɢɦ. ɉɪɢɦɟɧɟɧɢɟ ɜ ɞɚɧɧɨɦ 
ɫɥɭɱɚɟ ɞɢɚɦɟɬɪɚɥɶɧɨ-ɬɪɚɜɟɪɡɧɨɣ ɫɯɟɦɵ ɩɪɢɜɨɞɢɬ ɤ ɬɨɦɭ, ɱɬɨ ɨɧɚ ɛɭɞɟɬ 
ɨɛɥɚɞɚɬɶ ɩɥɨɯɨɣ ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɶɸ ɤ ɩɨɩɟɪɟɱɧɨɣ ɫɨɫɬɚɜɥɹɸɳɟɣ ɫɤɨɪɨɫɬɢ 
ɫɭɞɧɚ, ɤɨɬɨɪɚɹ, ɤɚɤ ɩɪɚɜɢɥɨ, ɦɚɥɚ ɩɨ ɜɟɥɢɱɢɧɟ, ɬ.ɟ. ɬɚɤɨɣ ɥɚɝ ɫɬɚɧɨɜɢɬɫɹ 
ɧɟɱɭɜɫɬɜɢɬɟɥɶɧɵɦ ɤ ɭɝɥɚɦ ɫɧɨɫɚ ɫɭɞɧɚ. ɉɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɏ-ɨɛɪɚɡɧɨɣ 
ɫɯɟɦɵ ɨɪɢɟɧɬɚɰɢɢ ɥɭɱɟɣ ɷɬɨɬ ɧɟɞɨɫɬɚɬɨɤ ɨɬɫɭɬɫɬɜɭɟɬ, ɬɚɤ ɤɚɤ ɧɚ ɧɚɩɪɚɜɥɟ-
ɧɢɟ ɤɚɠɞɨɝɨ ɥɭɱɚ ɩɪɨɟɤɬɢɪɭɸɬɫɹ ɢ ɩɪɨɞɨɥɶɧɚɹ, ɢ ɩɨɩɟɪɟɱɧɚɹ ɫɨɫɬɚɜɥɹɸ-
ɳɢɟ ɫɤɨɪɨɫɬɢ ɫɭɞɧɚ. 

ɋɥɟɞɭɟɬ ɭɤɚɡɚɬɶ ɧɚ ɟɳɟ ɨɞɧɨ ɩɪɟɢɦɭɳɟɫɬɜɨ ɏ-ɨɛɪɚɡɧɨɣ ɨɪɢɟɧɬɚɰɢɢ.  
ȼ ɷɬɨɦ ɜɚɪɢɚɧɬɟ, ɜ ɨɬɥɢɱɢɟ ɨɬ ɞɢɚɦɟɬɪɚɥɶɧɨ-ɬɪɚɜɟɪɡɧɨɝɨ, ɜɨɡɦɨɠɧɨ ɜɵ-
ɱɢɫɥɟɧɢɟ (ɩɪɢ ɧɟɫɤɨɥɶɤɨ ɢɡɦɟɧɟɧɧɨɦ ɚɥɝɨɪɢɬɦɟ ɪɚɫɱɟɬɚ) ɩɨɥɧɨɝɨ ɨɛɴɟɦɚ 
ɢɧɮɨɪɦɚɰɢɢ ɨ ɞɜɢɠɟɧɢɢ ɫɭɞɧɚ ɩɪɢ ɨɬɫɭɬɫɬɜɢɢ ɨɞɧɨɝɨ ɥɭɱɚ, ɩɪɢɱɟɦ ɛɟɡ 
ɩɨɬɟɪɢ ɬɨɱɧɨɫɬɢ. ȼ ɷɬɨɦ ɫɦɵɫɥɟ ɦɨɠɧɨ ɝɨɜɨɪɢɬɶ ɨ ɛɨɥɶɲɟɣ ɧɚɜɢɝɚɰɢɨɧ-
ɧɨɣ ɧɚɞɟɠɧɨɫɬɢ ɏ-ɨɛɪɚɡɧɨɣ ɫɯɟɦɵ. 

ɍɝɨɥ ɧɚɤɥɨɧɚ ɥɭɱɟɣ. ȼɵɛɨɪ ɨɩɬɢɦɚɥɶɧɨɝɨ ɭɝɥɚ ɧɚɤɥɨɧɚ ɥɭɱɟɣ ɜ ɜɟɪɬɢ-
ɤɚɥɶɧɨɣ ɩɥɨɫɤɨɫɬɢ ɨɫɥɨɠɧɹɟɬɫɹ ɧɟɫɤɨɥɶɤɢɦɢ ɩɪɨɬɢɜɨɪɟɱɢɜɵɦɢ ɮɚɤɬɨɪɚɦɢ. 
ɋ ɨɞɧɨɣ ɫɬɨɪɨɧɵ, ɤɚɤ ɷɬɨ ɫɥɟɞɭɟɬ ɢɡ ɪɚɜɟɧɫɬɜɚ (8.22), ɱɟɦ ɭɝɨɥ ș ɦɟɧɶɲɟ, ɬɟɦ 
ɛɨɥɶɲɟ ɞɨɩɥɟɪɨɜɫɤɢɣ ɫɞɜɢɝ ɱɚɫɬɨɬɵ ɩɪɢ ɩɪɨɱɢɯ ɪɚɜɧɵɯ ɭɫɥɨɜɢɹɯ. ɋ ɞɪɭɝɨɣ 
ɫɬɨɪɨɧɵ, ɭɜɟɥɢɱɟɧɢɟ ɭɝɥɚ ș ɩɪɢɜɨɞɢɬ ɤ ɫɧɢɠɟɧɢɸ ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɢ ɥɚɝɚ, 
ɬɚɤ ɤɚɤ ɧɚ ɤɚɠɞɵɣ ɭɡɟɥ ɩɪɢɪɚɳɟɧɢɹ ɫɤɨɪɨɫɬɢ ɛɭɞɟɬ ɦɟɧɶɲɟ ɜɟɥɢɱɢɧɚ ɩɪɢ-
ɪɚɳɟɧɢɢ ɞɨɩɥɟɪɨɜɫɤɨɣ ɱɚɫɬɨɬɵ. ɇɚɤɨɧɟɰ, ɢɡ ɮɨɪɦɭɥɵ (8.39) ɫɥɟɞɭɟɬ, ɱɬɨ 
ɱɟɦ ɛɨɥɶɲɟ ɭɝɨɥ ș, ɬɟɦ ɛɨɥɶɲɟ ɲɢɪɢɧɚ ɞɨɩɥɟɪɨɜɫɤɨɝɨ ɫɩɟɤɬɪɚ ɫɢɝɧɚɥɚ, ɚ ɷɬɨ 
ɨɡɧɚɱɚɟɬ ɭɜɟɥɢɱɟɧɢɟ ɮɥɸɤɬɭɚɰɢɨɧɧɨɣ ɩɨɝɪɟɲɧɨɫɬɢ ɩɪɢ ɧɟɢɡɦɟɧɧɨɦ ɜɪɟɦɟ-
ɧɢ ɭɫɪɟɞɧɟɧɢɹ. ȼɫɟ ɢɡɥɨɠɟɧɧɵɟ ɪɚɧɟɟ ɩɪɨɬɢɜɨɪɟɱɢɜɵɟ ɫɨɨɛɪɚɠɟɧɢɹ ɩɪɢɜɟ-
ɥɢ ɤ ɬɨɦɭ, ɱɬɨ ɜ ɫɨɜɪɟɦɟɧɧɵɯ ɞɨɩɥɟɪɨɜɫɤɢɯ ɝɢɞɪɨɚɤɭɫɬɢɱɟɫɤɢɯ ɥɚɝɚɯ ɜɟɥɢ-
ɱɢɧɚ ɭɝɥɚ ș ɧɚɯɨɞɢɬɫɹ ɜ ɩɪɟɞɟɥɚɯ ɨɬ 4η ɞɨ θ0°. ɇɚɢɛɨɥɶɲɟɟ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɟ 
ɩɨɥɭɱɢɥɢ ɥɚɝɢ, ɜ ɤɨɬɨɪɵɯ ɧɚɤɥɨɧ ɥɭɱɟɣ ɫɨɫɬɚɜɥɹɟɬ θ0°. 
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ɑɚɫɬɨɬɚ ɢɡɥɭɱɚɟɦɨɝɨ ɫɢɝɧɚɥɚ. ȼɵɛɨɪ ɱɚɫɬɨɬɵ ɢɡɥɭɱɟɧɢɹ ɞɨɩɥɟɪɨɜ-
ɫɤɨɝɨ ɝɢɞɪɨɚɤɭɫɬɢɱɟɫɤɨɝɨ ɥɚɝɚ ɨɩɪɟɞɟɥɹɸɬ ɜ ɨɫɧɨɜɧɨɦ ɫɥɟɞɭɸɳɢɟ ɞɜɚ 
ɮɚɤɬɨɪɚμ 

– ɩɪɢ ɭɦɟɧɶɲɟɧɢɢ ɱɚɫɬɨɬɵ ɭɜɟɥɢɱɢɜɚɟɬɫɹ ɩɪɟɞɟɥɶɧɚɹ ɪɚɛɨɱɚɹ ɝɥɭɛɢ-
ɧɚ, ɧɚ ɤɨɬɨɪɨɣ ɨɛɟɫɩɟɱɢɜɚɟɬɫɹ ɮɭɧɤɰɢɨɧɢɪɨɜɚɧɢɟ ɥɚɝɚ; 

– ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ ɱɚɫɬɨɬɵ ɭɦɟɧɶɲɚɟɬɫɹ ɨɫɧɨɜɧɚɹ ɮɥɸɤɬɭɚɰɢɨɧɧɚɹ ɩɨ-
ɝɪɟɲɧɨɫɬɶ ɥɚɝɚ. 

ȼ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɩɨɫɬɚɜɥɟɧɧɨɣ ɰɟɥɢ ɩɪɟɜɚɥɢɪɭɟɬ ɨɞɢɧ ɢɡ ɞɜɭɯ ɮɚɤɬɨ-
ɪɨɜ. 

ɒɢɪɢɧɚ ɞɢɚɝɪɚɦɦɵ ɧɚɩɪɚɜɥɟɧɧɨɫɬɢ. ȼɵɛɨɪ ɨɩɬɢɦɚɥɶɧɨɝɨ ɪɚɫɬɜɨɪɚ 
ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɧɚɩɪɚɜɥɟɧɧɨɫɬɢ ɬɚɤɠɟ ɡɚɜɢɫɢɬ ɨɬ ɪɚɡɧɵɯ ɮɚɤɬɨɪɨɜ.  
ɋ ɩɨɡɢɰɢɣ ɬɨɱɧɨɫɬɢ ɢɡɦɟɪɟɧɢɹ ɫɤɨɪɨɫɬɢ ɫɭɞɧɚ, ɨɫɨɛɟɧɧɨ ɫ ɬɨɱɤɢ ɡɪɟɧɢɹ 
ɧɟɨɛɯɨɞɢɦɨɫɬɢ ɫɧɢɠɟɧɢɹ ɮɥɸɤɬɭɚɰɢɨɧɧɨɣ ɩɨɝɪɟɲɧɨɫɬɢ, ɠɟɥɚɬɟɥɶɧɨ 
ɭɦɟɧɶɲɟɧɢɟ ɲɢɪɢɧɵ ɞɢɚɝɪɚɦɦɵ ɧɚɩɪɚɜɥɟɧɧɨɫɬɢ. Ɉɞɧɚɤɨ ɞɥɹ ɪɟɚɥɢɡɚɰɢɢ 
ɦɚɥɵɯ ɡɧɚɱɟɧɢɣ Δș ɬɪɟɛɭɟɬɫɹ ɡɧɚɱɢɬɟɥɶɧɨɟ ɭɜɟɥɢɱɟɧɢɟ ɝɚɛɚɪɢɬɨɜ ɚɧɬɟɧɧ. 
Ʉɪɨɦɟ ɬɨɝɨ, ɩɪɢ ɦɚɥɵɯ Δș ɜɨɡɧɢɤɚɸɬ ɬɪɭɞɧɨɫɬɢ ɧɚɜɢɝɚɰɢɨɧɧɨɝɨ ɯɚɪɚɤɬɟɪɚ 
ɜ ɫɜɹɡɢ ɫ ɜɨɡɦɨɠɧɨɫɬɶɸ ɩɨɬɟɪɢ ɚɤɭɫɬɢɱɟɫɤɨɝɨ ɤɨɧɬɚɤɬɚ ɫ ɝɪɭɧɬɨɦ ɩɪɢ ɤɚɱ-
ɤɟ ɫɭɞɧɚ ɢɥɢ ɩɪɢ ɜɵɩɨɥɧɟɧɢɢ ɰɢɪɤɭɥɹɰɢɢ.  

ȼ ɫɨɜɪɟɦɟɧɧɵɯ ɥɚɝɚɯ ɲɢɪɢɧɚ ɞɢɚɝɪɚɦɦɵ ɧɚɩɪɚɜɥɟɧɧɨɫɬɢ ɤɨɥɟɛɥɟɬɫɹ 
ɜ ɩɪɟɞɟɥɚɯ ɨɬ γ° ɞɨ θ°. 

ɏɚɪɚɤɬɟɪ ɢɡɥɭɱɟɧɢɹ ɫɢɝɧɚɥɚ. ɉɨ ɯɚɪɚɤɬɟɪɭ ɢɡɥɭɱɟɧɢɹ ɫɢɝɧɚɥɚ ɥɚɝɢ 
ɛɵɜɚɸɬ ɫ ɧɟɩɪɟɪɵɜɧɵɦ, ɢɦɩɭɥɶɫɧɵɦ ɢ ɤɨɦɛɢɧɢɪɨɜɚɧɧɵɦ ɢɡɥɭɱɟɧɢɟɦ 
(ɧɟɩɪɟɪɵɜɧɨɟ – ɧɚ ɦɚɥɵɯ ɝɥɭɛɢɧɚɯ, ɢɦɩɭɥɶɫɧɨɟ – ɧɚ ɛɨɥɶɲɢɯ). 

ɇɟɩɪɟɪɵɜɧɨɟ ɢɡɥɭɱɟɧɢɟ ɩɨɡɜɨɥɹɟɬ ɫ ɛɨɥɟɟ ɜɵɫɨɤɨɣ ɬɨɱɧɨɫɬɶɸ ɢɡɦɟ-
ɪɹɬɶ ɫɤɨɪɨɫɬɶ ɫɭɞɧɚ. ɉɪɢ ɷɬɨɦ ɫɯɟɦɚ ɨɛɪɚɛɨɬɤɢ ɫɢɝɧɚɥɨɜ ɨɬɥɢɱɚɟɬɫɹ ɩɪɨ-
ɫɬɨɬɨɣ. Ɉɞɧɚɤɨ ɬɚɤɨɣ ɪɟɠɢɦ ɪɚɛɨɬɵ ɢɦɟɟɬ ɫɟɪɶɟɡɧɵɟ ɧɟɞɨɫɬɚɬɤɢ. Ƚɥɚɜɧɵɣ 
ɢɡ ɧɢɯ ɡɚɤɥɸɱɚɟɬɫɹ ɜ ɬɨɦ, ɱɬɨ ɢɡ-ɡɚ ɨɛɴɟɦɧɨɣ ɪɟɜɟɪɛɟɪɚɰɢɢ ɨɧ ɦɨɠɟɬ ɢɫ-
ɩɨɥɶɡɨɜɚɬɶɫɹ ɧɚ ɝɥɭɛɢɧɚɯ ɞɨ 100 ɦ. Ʉɪɨɦɟ ɬɨɝɨ, ɧɟɨɛɯɨɞɢɦɨ ɢɦɟɬɶ ɪɚɡ-
ɞɟɥɶɧɵɟ ɚɧɬɟɧɧɵ ɞɥɹ ɢɡɥɭɱɟɧɢɹ ɢ ɩɪɢɟɦɚ ɫɢɝɧɚɥɨɜ, ɤɨɬɨɪɵɟ ɤ ɬɨɦɭ ɠɟ 
ɞɨɥɠɧɵ ɭɫɬɚɧɚɜɥɢɜɚɬɶɫɹ ɬɚɤɢɦ ɨɛɪɚɡɨɦ, ɱɬɨɛɵ ɢɫɤɥɸɱɚɥɨɫɶ ɢɯ ɜɡɚɢɦɧɨɟ 
ɜɥɢɹɧɢɟ. ȼ ɫɨɜɪɟɦɟɧɧɵɯ ɞɨɩɥɟɪɨɜɫɤɢɯ ɥɚɝɚɯ ɪɟɠɢɦ ɧɟɩɪɟɪɵɜɧɨɝɨ ɢɡɥɭɱɟ-
ɧɢɹ ɩɪɢɦɟɧɹɟɬɫɹ, ɤɚɤ ɩɪɚɜɢɥɨ, ɜ ɤɨɦɛɢɧɢɪɨɜɚɧɧɵɯ ɫɯɟɦɚɯ ɩɪɢ ɩɥɚɜɚɧɢɢ 
ɧɚ ɦɚɥɵɯ ɝɥɭɛɢɧɚɯ ɢɥɢ ɩɪɢ ɲɜɚɪɬɨɜɤɟ, ɤɨɝɞɚ ɬɪɟɛɭɟɬɫɹ ɢɡɦɟɪɹɬɶ ɦɚɥɵɟ 
ɫɤɨɪɨɫɬɢ ɫ ɜɵɫɨɤɨɣ ɬɨɱɧɨɫɬɶɸ. 

ȼ ɥɚɝɚɯ, ɩɪɟɞɧɚɡɧɚɱɟɧɧɵɯ ɞɥɹ ɪɚɛɨɬɵ ɧɚ ɝɥɭɛɢɧɚɯ ɛɨɥɟɟ 100 ɦ, ɢɫ-
ɩɨɥɶɡɭɟɬɫɹ ɢɦɩɭɥɶɫɧɵɣ ɪɟɠɢɦ, ɤɨɬɨɪɵɣ ɩɨɡɜɨɥɹɟɬ ɜɟɫɬɢ ɛɨɪɶɛɭ ɫ ɩɨɦɟɯɨɣ 
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ɨɬ ɨɛɴɟɦɧɨɣ ɪɟɜɟɪɛɟɪɚɰɢɢ ɧɚ ɨɫɧɨɜɟ ɜɪɟɦɟɧɧɨɣ ɫɟɥɟɤɰɢɢ ɩɨɥɭɱɟɧɧɨɝɨ 
ɫɢɝɧɚɥɚ. Ɋɟɡɭɥɶɬɚɬ ɭɤɚɡɚɧɧɨɣ ɫɟɥɟɤɰɢɢ ɡɚɤɥɸɱɚɟɬɫɹ ɜ ɬɨɦ, ɱɬɨ ɫ ɦɨɦɟɧɬɚ 
ɢɡɥɭɱɟɧɢɹ ɫɢɝɧɚɥɚ ɢ ɞɨ ɩɪɢɯɨɞɚ ɨɬɪɚɠɟɧɧɨɝɨ ɨɬ ɦɨɪɫɤɨɝɨ ɞɧɚ ɢɦɩɭɥɶɫɚ 
ɩɪɢɟɦɧɵɣ ɬɪɚɤɬ ɡɚɛɥɨɤɢɪɨɜɚɧ (ɡɚɤɪɵɬ) ɢ ɩɨɷɬɨɦɭ ɜɫɟ ɜɪɟɞɧɵɟ ɫɢɝɧɚɥɵ, 
ɹɜɥɹɸɳɢɟɫɹ ɪɟɡɭɥɶɬɚɬɨɦ ɨɛɴɟɦɧɨɣ ɪɟɜɟɪɛɟɪɚɰɢɢ ɢ ɩɪɢɯɨɞɹɳɢɟ ɪɚɧɶɲɟ 
ɩɨɥɟɡɧɨɝɨ ɫɢɝɧɚɥɚ, ɜ ɩɪɢɟɦɧɢɤ ɧɟ ɩɨɩɚɞɚɸɬ. 

ɋɭɳɟɫɬɜɟɧɧɨɟ ɡɧɚɱɟɧɢɟ ɢɦɟɟɬ ɬɚɤɠɟ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɜ ɩɪɢɟɦɧɨɦ ɬɪɚɤ-
ɬɟ ɫɯɟɦɵ ɜɪɟɦɟɧɧɨɣ ɚɜɬɨɦɚɬɢɱɟɫɤɨɣ ɪɟɝɭɥɢɪɨɜɤɢ ɭɫɢɥɟɧɢɹ, ɤɨɬɨɪɚɹ ɨɛɟɫ-
ɩɟɱɢɜɚɟɬ ɩɪɨɯɨɠɞɟɧɢɟ ɥɢɲɶ ɬɟɯ ɫɢɝɧɚɥɨɜ, ɤɨɬɨɪɵɟ ɩɪɟɜɵɲɚɸɬ ɡɚɞɚɧɧɵɣ 
ɭɪɨɜɟɧɶ, ɱɬɨ ɩɨɡɜɨɥɹɟɬ ɷɮɮɟɤɬɢɜɧɨ ɛɨɪɨɬɶɫɹ ɫ ɪɟɜɟɪɛɟɪɚɰɢɨɧɧɨɣ ɩɨɦɟɯɨɣ. 

ɂɫɩɨɥɶɡɨɜɚɧɢɟ ɢɦɩɭɥɶɫɧɨɝɨ ɪɟɠɢɦɚ ɩɨɡɜɨɥɹɟɬ ɞɨɩɨɥɧɢɬɟɥɶɧɨ ɞɨɫ-
ɬɢɝɧɭɬɶ ɬɪɟɯ ɰɟɥɟɣμ 

– ɪɚɞɢɤɚɥɶɧɨ ɪɟɲɢɬɶ ɜɨɩɪɨɫ ɨɛ ɢɫɤɥɸɱɟɧɢɢ ɩɪɹɦɨɝɨ ɜɥɢɹɧɢɹ ɫɢɝɧɚɥɚ 
ɢɡɥɭɱɟɧɢɹ ɧɚ ɩɪɢɟɦɧɵɣ ɬɪɚɤɬ; 

– ɜɨɡɦɨɠɧɨɫɬɶ ɩɪɢɦɟɧɟɧɢɹ ɨɞɧɨɣ ɚɧɬɟɧɧɵ, ɩɨɨɱɟɪɟɞɧɨ ɪɚɛɨɬɚɸɳɟɣ 
ɧɚ ɢɡɥɭɱɟɧɢɟ ɢ ɩɪɢɟɦ ɫɢɝɧɚɥɨɜ; 

– ɪɟɚɥɢɡɨɜɚɬɶ ɟɳɟ ɨɞɢɧ (ɷɯɨɥɨɬɧɵɣ) ɪɟɠɢɦ ɪɚɛɨɬɵ ɥɚɝɚ (ɫɨɜɪɟɦɟɧɧɵɟ 
ɞɨɩɥɟɪɨɜɫɤɢɟ ɥɚɝɢ ɫ ɢɦɩɭɥɶɫɧɵɦ ɪɟɠɢɦɨɦ ɪɚɛɨɬɵ ɨɞɧɨɜɪɟɦɟɧɧɨ ɹɜɥɹɸɬ-
ɫɹ ɢ ɜɵɫɨɤɨɬɨɱɧɵɦɢ ɷɯɨɥɨɬɚɦɢ). 

ɂɦɩɭɥɶɫɧɵɣ ɪɟɠɢɦ ɪɚɛɨɬɵ, ɩɪɢ ɤɨɬɨɪɨɦ ɢɫɩɨɥɶɡɭɟɬɫɹ ɨɞɧɚ ɚɧɬɟɧɧɚ, 
ɩɨɡɜɨɥɹɟɬ ɢɫɤɥɸɱɢɬɶ ɢ ɬɟ ɧɟɝɚɬɢɜɧɵɟ ɩɨɫɥɟɞɫɬɜɢɹ, ɩɪɨɢɫɬɟɤɚɸɳɢɟ ɢɡ ɷɮ-
ɮɟɤɬɚ ɩɚɪɚɥɥɚɤɫɚ, ɤɨɬɨɪɵɟ ɧɟɢɡɛɟɠɧɵ ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɞɜɭɯ ɩɪɨɫɬɪɚɧ-
ɫɬɜɟɧɧɨ-ɪɚɡɧɟɫɟɧɧɵɯ ɚɧɬɟɧɧ. 

ɇɟɞɨɫɬɚɬɨɤ ɥɚɝɨɜ ɫ ɢɦɩɭɥɶɫɧɵɦ ɪɟɠɢɦɨɦ ɪɚɛɨɬɵ ɫɨɫɬɨɢɬ ɜ ɨɝɪɚɧɢɱɟ-
ɧɢɢ ɦɢɧɢɦɚɥɶɧɨɣ ɝɥɭɛɢɧɵ ɮɭɧɤɰɢɨɧɢɪɨɜɚɧɢɹ, ɨɫɨɛɟɧɧɨ ɩɪɢ ɦɚɥɵɯ ɫɤɨ-
ɪɨɫɬɹɯ ɫɭɞɧɚ. ɗɬɨ ɨɛɴɹɫɧɹɟɬɫɹ ɬɟɦ, ɱɬɨ ɩɪɢ ɤɨɪɨɬɤɨɣ ɞɥɢɬɟɥɶɧɨɫɬɢ ɢɡɥɭ-
ɱɚɟɦɵɯ ɢɦɩɭɥɶɫɨɜ, ɤɨɬɨɪɵɟ ɩɪɢɯɨɞɢɬɫɹ ɢɫɩɨɥɶɡɨɜɚɬɶ ɧɚ ɦɚɥɵɯ ɝɥɭɛɢɧɚɯ, 
ɪɟɡɤɨ ɭɯɭɞɲɚɟɬɫɹ ɬɨɱɧɨɫɬɶ ɢɡɦɟɪɟɧɢɹ ɫɤɨɪɨɫɬɢ ɜɫɥɟɞɫɬɜɢɟ ɪɚɫɲɢɪɟɧɢɹ 
ɫɩɟɤɬɪɚ ɞɨɩɥɟɪɨɜɫɤɨɝɨ ɫɢɝɧɚɥɚ. 

Ʉɨɧɬɪɨɥɶɧɵɟ ɜɨɩɪɨɫɵ 
46. ɇɚɩɪɚɜɥɟɧɢɟ ɢɡɥɭɱɚɟɦɨɝɨ ɫɢɝɧɚɥɚ ɜ ɞɨɩɥɟɪɨɜɫɤɨɦ ɥɚɝɟμ 
– ɜɟɪɬɢɤɚɥɶɧɨ ɜɧɢɡ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 9); 
– ɜ ɝɨɪɢɡɨɧɬɚɥɶɧɨɣ ɩɥɨɫɤɨɫɬɢ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 22); 
– ɩɨɞ ɧɟɤɨɬɨɪɵɦ ɭɝɥɨɦ ɤ ɝɨɪɢɡɨɧɬɭ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 34). 
47. Ɉɞɧɨɥɭɱɟɜɨɣ ɞɨɩɥɟɪɨɜɫɤɢɣ ɥɚɝ ɢɡɦɟɪɹɟɬ 
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– ɩɪɨɞɨɥɶɧɭɸ ɫɨɫɬɚɜɥɹɸɳɭɸ ɫɤɨɪɨɫɬɢ ɫɭɞɧɚ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 52); 
– ɩɨɩɟɪɟɱɧɭɸ ɫɨɫɬɚɜɥɹɸɳɭɸ ɫɤɨɪɨɫɬɢ ɫɭɞɧɚ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 68) 
– ɫɤɨɪɨɫɬɶ ɩɟɪɟɦɟɳɟɧɢɹ ɜ ɩɨɩɟɪɟɱɧɨɦ ɧɚɩɪɚɜɥɟɧɢɢ ɧɨɫɚ ɢ ɤɨɪɦɵ 

ɫɭɞɧɚ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 97); 
– ɜɟɪɬɢɤɚɥɶɧɭɸ ɫɨɫɬɚɜɥɹɸɳɭɸ ɫɤɨɪɨɫɬɢ ɫɭɞɧɚ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 1). 
48. Ⱦɜɭɯɥɭɱɟɜɨɣ ɞɨɩɥɟɪɨɜɫɤɢɣ ɥɚɝ ɢɡɦɟɪɹɟɬ 
– ɩɪɨɞɨɥɶɧɭɸ ɫɨɫɬɚɜɥɹɸɳɭɸ ɫɤɨɪɨɫɬɢ ɫɭɞɧɚ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 14); 
– ɩɨɩɟɪɟɱɧɭɸ ɫɨɫɬɚɜɥɹɸɳɭɸ ɫɤɨɪɨɫɬɢ ɫɭɞɧɚ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 101) 
– ɫɤɨɪɨɫɬɶ ɩɟɪɟɦɟɳɟɧɢɹ ɜ ɩɨɩɟɪɟɱɧɨɦ ɧɚɩɪɚɜɥɟɧɢɢ ɧɨɫɚ ɢ ɤɨɪɦɵ 

ɫɭɞɧɚ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 128); 
– ɜɟɪɬɢɤɚɥɶɧɭɸ ɫɨɫɬɚɜɥɹɸɳɭɸ ɫɤɨɪɨɫɬɢ ɫɭɞɧɚ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 117). 
49. ɑɟɬɵɪɟɯɥɭɱɟɜɨɣ ɞɨɩɥɟɪɨɜɫɤɢɣ ɥɚɝ ɢɡɦɟɪɹɟɬ 
– ɩɪɨɞɨɥɶɧɭɸ ɫɨɫɬɚɜɥɹɸɳɭɸ ɫɤɨɪɨɫɬɢ ɫɭɞɧɚ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 26); 
– ɩɨɩɟɪɟɱɧɭɸ ɫɨɫɬɚɜɥɹɸɳɭɸ ɫɤɨɪɨɫɬɢ ɫɭɞɧɚ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 114); 
– ɫɤɨɪɨɫɬɶ ɩɟɪɟɦɟɳɟɧɢɹ ɜ ɩɨɩɟɪɟɱɧɨɦ ɧɚɩɪɚɜɥɟɧɢɢ ɧɨɫɚ ɢ ɤɨɪɦɵ 

ɫɭɞɧɚ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 84); 
– ɜɟɪɬɢɤɚɥɶɧɭɸ ɫɨɫɬɚɜɥɹɸɳɭɸ ɫɤɨɪɨɫɬɢ ɫɭɞɧɚ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 78). 
50. ɒɟɫɬɢɥɭɱɟɜɨɣ ɞɨɩɥɟɪɨɜɫɤɢɣ ɥɚɝ ɢɡɦɟɪɹɟɬ 
– ɩɪɨɞɨɥɶɧɭɸ ɫɨɫɬɚɜɥɹɸɳɭɸ ɫɤɨɪɨɫɬɢ ɫɭɞɧɚ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 70); 
– ɩɨɩɟɪɟɱɧɭɸ ɫɨɫɬɚɜɥɹɸɳɭɸ ɫɤɨɪɨɫɬɢ ɫɭɞɧɚ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 37); 
– ɫɤɨɪɨɫɬɶ ɩɟɪɟɦɟɳɟɧɢɹ ɜ ɩɨɩɟɪɟɱɧɨɦ ɧɚɩɪɚɜɥɟɧɢɢ ɧɨɫɚ ɢ ɤɨɪɦɵ 

ɫɭɞɧɚ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 18); 
– ɜɟɪɬɢɤɚɥɶɧɭɸ ɫɨɫɬɚɜɥɹɸɳɭɸ ɫɤɨɪɨɫɬɢ ɫɭɞɧɚ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 109). 

Ʌɟɤɰɢɹ 11 

9. ȽɂȾɊɈȺɄɍɋɌɂɑȿɋɄɂȿ ɄɈɊɊȿɅəɐɂɈɇɇЫȿ ɅȺȽɂ 

9.1. ɉɪɢɧɰɢɩ ɞɟɣɫɬɜɢɹ ɥɚɝɚ 
ɉɪɢɧɰɢɩ ɞɟɣɫɬɜɢɹ ɤɨɪɪɟɥɹɰɢɨɧɧɨɝɨ ɥɚɝɚ ɨɫɧɨɜɚɧ ɧɚ ɢɡɦɟɪɟɧɢɢ ɜɪɟ-

ɦɟɧɢ ɦɟɠɞɭ ɨɞɢɧɚɤɨɜɵɦɢ ɩɨ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦ ɫɢɝɧɚɥɚɦɢ, ɤɨɬɨɪɵɟ ɨɬɪɚɡɢ-
ɥɢɫɶ ɨɬ ɝɪɭɧɬɚ ɢ ɩɨɫɬɭɩɢɥɢ ɜ ɞɜɟ ɚɧɬɟɧɧɵ, ɪɚɡɧɟɫɟɧɧɵɟ ɜɞɨɥɶ ɞɢɚɦɟɬɪɚɥɶ-
ɧɨɣ ɩɥɨɫɤɨɫɬɢ (Ⱦɉ) ɫɭɞɧɚ. 

Ɋɚɫɫɦɨɬɪɢɦ ɩɨɞɪɨɛɧɟɟ ɷɬɨɬ ɩɪɢɧɰɢɩ ɞɥɹ ɫɥɭɱɚɹ ɢɡɦɟɪɟɧɢɹ ɩɪɨɞɨɥɶ-
ɧɨɣ ɫɨɫɬɚɜɥɹɸɳɟɣ ɫɤɨɪɨɫɬɢ ɫɭɞɧɚ. ɉɭɫɬɶ ɜ Ⱦɉ ɫɭɞɧɚ (ɪɢɫ. λ.1) ɭɫɬɚɧɨɜɥɟ-
ɧɵ ɬɪɢ ɪɚɡɧɟɫɟɧɧɵɟ ɩɨ ɞɥɢɧɟ ɫɭɞɧɚ ɚɧɬɟɧɧɵ. ɂɡɥɭɱɚɸɳɚɹ ɚɧɬɟɧɧɚ 3 ɪɚɫ-
ɩɨɥɨɠɟɧɚ ɬɨɱɧɨ ɩɨɫɟɪɟɞɢɧɟ ɦɟɠɞɭ ɞɜɭɦɹ ɩɪɢɧɢɦɚɸɳɢɦɢ ɚɧɬɟɧɧɚɦɢ 1 ɢ 2. 
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ɉɪɟɞɩɨɥɨɠɢɦ, ɱɬɨ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɞɢɚɝɪɚɦɦ ɧɚɩɪɚɜɥɟɧɧɨɫɬɢ ɜɫɟɯ ɬɪɟɯ 
ɚɧɬɟɧɧ ɢɞɟɧɬɢɱɧɵ, ɨɧɢ ɜɡɚɢɦɧɨ ɩɟɪɟɤɪɵɜɚɸɬɫɹ ɢ ɢɯ ɨɫɢ ɨɪɢɟɧɬɢɪɨɜɚɧɵ 
ɜɟɪɬɢɤɚɥɶɧɨ ɜɧɢɡ. 

 

Ɋɢɫ. λ.1 

ɉɨɜɟɪɯɧɨɫɬɶ ɦɨɪɫɤɨɝɨ ɞɧɚ, ɤɚɤ ɢɡɜɟɫɬɧɨ, ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɫɨɜɨ-
ɤɭɩɧɨɫɬɶ ɛɨɥɶɲɨɝɨ ɱɢɫɥɚ ɷɥɟɦɟɧɬɚɪɧɵɯ ɨɬɪɚɠɚɬɟɥɟɣ, ɪɚɫɩɨɥɨɠɟɧɧɵɯ ɫɥɭ-
ɱɚɣɧɵɦ ɨɛɪɚɡɨɦ. ɉɭɫɬɶ ɢɡɥɭɱɚɸɳɚɹ ɚɧɬɟɧɧɚ 3 ɜ ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ t = t1 ɨɛ-
ɥɭɱɚɟɬ ɧɚ ɞɧɟ ɜ ɱɢɫɥɟ ɩɪɨɱɢɯ ɢ ɷɥɟɦɟɧɬɚɪɧɵɣ ɨɬɪɚɠɚɬɟɥɶ O1. ɗɯɨ-ɫɢɝɧɚɥ 
ɨɬ ɨɬɪɚɠɚɬɟɥɹ Ɉ1 ɩɪɢɧɢɦɚɟɬɫɹ ɚɧɬɟɧɧɚɦɢ 1 ɢ 2. Ⱥɦɩɥɢɬɭɞɚ ɢ ɮɚɡɚ ɫɢɝɧɚɥɚ, 
ɩɪɢɧɹɬɨɝɨ ɚɧɬɟɧɧɨɣ 1, ɨɩɪɟɞɟɥɹɟɬɫɹ ɝɟɨɦɟɬɪɢɟɣ ɥɭɱɟɣ R3 ɢ R1. 

ɉɪɨɞɨɥɠɚɹ ɫɜɨɟ ɞɜɢɠɟɧɢɟ, ɫɭɞɧɨ ɜ ɤɚɤɨɟ-ɬɨ ɜɪɟɦɹ t = t1 +τɬ ɨɤɚɠɟɬɫɹ 
ɜ ɬɚɤɨɦ ɩɨɥɨɠɟɧɢɢ, ɱɬɨ ɢɡɥɭɱɚɸɳɚɹ ɚɧɬɟɧɧɚ 3 ɡɚɣɦɟɬ ɬɨ ɦɟɫɬɨ, ɤɨɬɨɪɨɟ 
ɜ ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ t1 ɡɚɧɢɦɚɥɚ ɚɧɬɟɧɧɚ 1. Ɉɱɟɜɢɞɧɨ, ɱɬɨ ɝɟɨɦɟɬɪɢɹ ɥɭɱɟɣ 
R'3 ɢ R'2 ɚɧɚɥɨɝɢɱɧɚ ɝɟɨɦɟɬɪɢɢ ɥɭɱɟɣ R3 ɢ R1, ɡɚ ɢɫɤɥɸɱɟɧɢɟɦ ɧɚɩɪɚɜɥɟɧɢɹ 
ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɚɤɭɫɬɢɱɟɫɤɨɣ ɜɨɥɧɵ. Ɉɞɧɚɤɨ ɢɡɦɟɧɟɧɢɟ ɧɚɩɪɚɜɥɟɧɢɹ 
ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɫɢɝɧɚɥɚ ɧɟ ɩɪɢɜɨɞɢɬ ɤ ɢɡɦɟɧɟɧɢɸ ɟɝɨ ɚɦɩɥɢɬɭɞɵ ɢ ɮɚɡɵ. 
ɉɪɢɜɟɞɟɧɧɵɟ ɪɚɫɫɭɠɞɟɧɢɹ ɦɨɠɧɨ ɩɨɜɬɨɪɢɬɶ ɞɥɹ ɥɸɛɨɝɨ n-ɝɨ ɨɬɪɚɠɚɬɟɥɹ, 
ɧɚɯɨɞɹɳɟɝɨɫɹ ɜ ɩɪɟɞɟɥɚɯ ɨɡɜɭɱɟɧɧɨɝɨ ɩɹɬɧɚ ɧɚ ɦɨɪɫɤɨɦ ɞɧɟ. 
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ȼ ɪɟɡɭɥɶɬɚɬɟ ɦɨɠɧɨ ɫɮɨɪɦɭɥɢɪɨɜɚɬɶ ɫɥɟɞɭɸɳɟɟ ɜɚɠɧɨɟ ɩɨɥɨɠɟɧɢɟμ 
ɤɚɤɢɦ ɛɵ ɧɢ ɛɵɥ ɫɭɦɦɚɪɧɵɣ ɫɢɝɧɚɥ, ɩɪɢɧɹɬɵɣ ɤɨɪɦɨɜɨɣ ɚɧɬɟɧɧɨɣ 3 ɜ ɦɨ-
ɦɟɧɬ ɜɪɟɦɟɧɢ t = t1 +τɬ, ɨɧ ɩɨɜɬɨɪɢɬ ɫɭɦɦɚɪɧɵɣ ɫɢɝɧɚɥ, ɩɪɢɧɹɬɵɣ ɧɨɫɨɜɨɣ 
ɚɧɬɟɧɧɨɣ 1 ɜ ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ t = t1, ɬɚɤ ɤɚɤ ɟɝɨ ɮɨɪɦɢɪɭɟɬ ɬɚ ɠɟ ɫɨɜɨɤɭɩ-
ɧɨɫɬɶ ɫɢɝɧɚɥɨɜ ɬɟɯ ɠɟ ɷɥɟɦɟɧɬɚɪɧɵɯ ɨɬɪɚɠɚɬɟɥɟɣ. ɋɭɳɟɫɬɜɟɧɧɵɦ ɹɜɥɹɟɬɫɹ 
ɢ ɬɨ ɨɛɫɬɨɹɬɟɥɶɫɬɜɨ, ɱɬɨ ɭɤɚɡɚɧɧɨɟ ɩɨɜɬɨɪɟɧɢɟ ɩɪɨɢɡɨɣɞɟɬ ɫ ɨɬɫɬɚɜɚɧɢɟɦ 
ɩɨ ɜɪɟɦɟɧɢ τɬ, ɤɨɬɨɪɨɟ ɧɚɡɵɜɚɟɬɫɹ ɬɪɚɧɫɩɨɪɬɧɵɦ (ɜɪɟɦɟɧɧɵɦ) ɫɞɜɢɝɨɦ. 
ȼɟɥɢɱɢɧɚ τɬ ɨɩɪɟɞɟɥɹɟɬɫɹ ɩɨ ɮɨɪɦɭɥɟ 

ɬ = L / Vx,                                              (9.1)  
ɬ.ɟ. τɬ ɪɚɜɧɨ ɜɪɟɦɟɧɢ, ɤɨɬɨɪɨɟ ɬɪɟɛɭɟɬɫɹ ɫɭɞɧɭ, ɢɦɟɸɳɟɦɭ ɫɤɨɪɨɫɬɶ Vx, ɞɥɹ 
ɩɪɨɯɨɠɞɟɧɢɹ ɩɨɥɨɜɢɧɵ ɪɚɫɫɬɨɹɧɢɹ ɦɟɠɞɭ ɩɪɢɟɦɧɵɦɢ ɚɧɬɟɧɧɚɦɢ. 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɡɚɞɚɱɚ ɨɩɪɟɞɟɥɟɧɢɣ ɫɤɨɪɨɫɬɢ ɫɭɞɧɚ Vɯ ɫɜɨɞɢɬɫɹ 
ɤ ɨɩɪɟɞɟɥɟɧɢɸ ɜɪɟɦɟɧɧɨɝɨ ɫɞɜɢɝɚ τɬ ɦɟɠɞɭ ɫɢɝɧɚɥɚɦɢ, ɩɪɢɧɹɬɵɦɢ ɪɚɡɧɟ-
ɫɟɧɧɵɦɢ ɚɧɬɟɧɧɚɦɢ ɩɪɢ ɢɡɜɟɫɬɧɨɦ ɪɚɫɫɬɨɹɧɢɢ L, ɬ.ɟ. 

Vɯ = L/τɬ.                                                (9.2)         

 

Ɋɢɫ. λ.β 

Ɋɚɡɜɟɪɧɭɬɚɹ ɜɨ ɜɪɟɦɟɧɢ ɜɫɥɟɞɫɬɜɢɟ ɞɜɢɠɟɧɢɹ ɫɭɞɧɚ ɨɛɳɚɹ ɤɚɪɬɢɧɚ ɛɭ-
ɞɟɬ ɜɵɝɥɹɞɟɬɶ ɤɚɤ ɩɨɜɬɨɪɟɧɢɟ ɩɨ ɮɨɪɦɟ ɫɨ ɫɞɜɢɝɨɦ τɬ ɧɟɤɨɬɨɪɵɯ ɮɭɧɤɰɢɣ 
U1(t) ɢ U2(t), ɩɪɟɞɫɬɚɜɥɹɸɳɢɯ ɫɨɛɨɣ ɫɢɝɧɚɥɵ, ɩɪɢɧɹɬɵɟ ɚɧɬɟɧɧɚɦɢ 1 ɢ 3, 
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ɩɪɢɱɟɦ ɭɤɚɡɚɧɧɵɟ ɫɢɝɧɚɥɵ ɧɨɫɹɬ ɯɚɪɚɤɬɟɪ ɫɬɚɰɢɨɧɚɪɧɵɯ ɫɥɭɱɚɣɧɵɯ ɮɭɧɤ-
ɰɢɣ (ɪɢɫ. 9.2 ɚ). ɉɨ ɷɬɨɣ ɩɪɢɱɢɧɟ ɡɚɞɚɱɭ ɫɥɟɞɭɟɬ ɪɟɲɚɬɶ ɧɚ ɨɫɧɨɜɟ ɚɧɚɥɢɡɚ 
ɫɬɟɩɟɧɢ ɤɨɪɪɟɥɹɰɢɨɧɧɨɣ ɫɜɹɡɢ ɦɟɠɞɭ ɞɜɭɦɹ ɭɤɚɡɚɧɧɵɦɢ ɫɢɝɧɚɥɚɦɢ. 

ɋɩɨɫɨɛ ɨɩɪɟɞɟɥɟɧɢɹ ɜɪɟɦɟɧɢ τɬ ɛɚɡɢɪɭɟɬɫɹ ɧɚ ɫɜɨɣɫɬɜɟ ɚɜɬɨɤɨɪɪɟɥɹ-
ɰɢɨɧɧɨɣ ɮɭɧɤɰɢɢ ɩɪɢɧɢɦɚɬɶ ɦɚɤɫɢɦɚɥɶɧɵɟ ɡɧɚɱɟɧɢɹ, ɟɫɥɢ ɜɵɩɨɥɧɹɟɬɫɹ 
ɭɫɥɨɜɢɟ ɪɚɜɟɧɫɬɜɚ ɨɝɢɛɚɸɳɢɯ ɫɢɝɧɚɥɨɜ, ɩɪɢɧɹɬɵɯ ɧɨɫɨɜɨɣ ɢ ɤɨɪɦɨɜɨɣ 
ɚɧɬɟɧɧɚɦɢ. 

Ⱦɥɹ ɜɵɩɨɥɧɟɧɢɹ ɷɬɨɝɨ ɭɫɥɨɜɢɹ ɜ ɬɪɚɤɬ ɫɢɝɧɚɥɚ, ɩɪɢɧɢɦɚɟɦɨɝɨ ɧɨɫɨ-
ɜɨɣ ɚɧɬɟɧɧɨɣ, ɜɜɨɞɢɬɫɹ ɡɚɞɟɪɠɤɚ ɩɨ ɜɪɟɦɟɧɢ τɡ, ɤɨɬɨɪɚɹ ɦɨɠɟɬ ɚɜɬɨɦɚɬɢ-
ɱɟɫɤɢ ɢɡɦɟɧɹɬɶ ɫɜɨɸ ɜɟɥɢɱɢɧɭ.  

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɟɫɥɢ ɜ ɩɪɨɰɟɫɫɟ ɢɡɦɟɧɟɧɢɹ ɜɟɥɢɱɢɧɵ τɡ ɞɨɫɬɢɝɚɟɬɫɹ 
ɦɚɤɫɢɦɭɦ (ɪɢɫ. 9.2 ɛ) ɚɜɬɨɤɨɪɪɟɥɹɰɢɨɧɧɨɣ ɮɭɧɤɰɢɢ, ɬɨ ɷɬɨ ɨɡɧɚɱɚɟɬ, ɱɬɨ 
ɜɵɩɨɥɧɹɟɬɫɹ ɪɚɜɟɧɫɬɜɨ 

             τɡ = τɬ.                                                    (9.3) 
ȼ ɫɥɭɱɚɟ, ɤɨɝɞɚ ɭ ɫɭɞɧɚ ɨɬɫɭɬɫɬɜɭɟɬ ɫɧɨɫ, ɜɵɪɚɠɟɧɢɟ ɞɥɹ ɤɨɷɮɮɢɰɢɟɧ-

ɬɚ ɜɡɚɢɦɧɨɣ ɤɨɪɪɟɥɹɰɢɢ ɨɝɢɛɚɸɳɢɯ ɫɢɝɧɚɥɨɜ, ɩɪɢɧɹɬɵɯ ɪɚɡɧɟɫɟɧɧɵɦɢ 
ɚɧɬɟɧɧɚɦɢ, ɢɦɟɟɬ ɜɢɞ 
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ɂɡ ɮɨɪɦɭɥɵ (λ.4) ɫɥɟɞɭɟɬ, ɱɬɨ ɩɪɢ τɡ = τɬ = L/Vx 
ρ1,2(τ) = e0 = 1. 

ɋɥɟɞɨɜɚɬɟɥɶɧɨ, ɜ ɬɨɬ ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ, ɤɨɝɞɚ ɤɨɷɮɮɢɰɢɟɧɬ ɜɡɚɢɦɧɨɣ 
ɤɨɪɪɟɥɹɰɢɢ ρ1,2(τ) = 1, ɢɦɟɟɬ ɦɟɫɬɨ ɪɚɜɟɧɫɬɜɨ 

L – Vɯτɡ = 0, 
ɨɬɤɭɞɚ ɩɨɥɭɱɢɦ                                    Vɯ = L/τɡ.                                           (9.5) 

9.2. Ʉɨɪɪɟɥɹɰɢɨɧɧɵɣ ɥɚɝ ɫ ɢɧɬɟɪɩɨɥɹɰɢɨɧɧɵɦ ɦɟɬɨɞɨɦ 
ɨɛɪɚɛɨɬɤɢ ɫɢɝɧɚɥɚ 

Ʉɨɪɪɟɥɹɰɢɨɧɧɵɣ ɥɚɝ, ɜ ɫɢɥɭ ɡɚɥɨɠɟɧɧɨɝɨ ɢ ɧɟɝɨ ɩɪɢɧɰɢɩɚ ɞɟɣɫɬɜɢɹ, 
ɨɛɥɚɞɚɟɬ ɫɭɳɟɫɬɜɟɧɧɵɦ ɧɟɞɨɫɬɚɬɤɨɦ, ɡɚɤɥɸɱɚɸɳɢɦɫɹ ɜ ɬɨɦ, ɱɬɨ ɢɡɦɟɪɟ-
ɧɢɟ ɫɤɨɪɨɫɬɟɣ, ɛɥɢɡɤɢɯ ɢɥɢ ɪɚɜɧɵɯ ɧɭɥɸ, ɩɪɚɤɬɢɱɟɫɤɢ ɧɟɜɨɡɦɨɠɧɨ, ɬɚɤ 
ɤɚɤ ɜɟɥɢɱɢɧɚ ɬɪɚɧɫɩɨɪɬɧɨɣ ɡɚɞɟɪɠɤɢ τɬ ɩɪɢ ɷɬɨɦ ɫɬɪɟɦɢɬɫɹ ɤ ɛɟɫɤɨɧɟɱɧɨ-
ɫɬɢ. ɉɨ ɷɬɨɣ ɩɪɢɱɢɧɟ ɥɢɛɨ ɧɟɨɛɯɨɞɢɦɨ ɭɫɬɚɧɚɜɥɢɜɚɬɶ ɦɢɧɢɦɚɥɶɧɨ ɞɨɩɭɫ-
ɬɢɦɨɟ ɡɧɚɱɟɧɢɟ ɢɡɦɟɪɹɟɦɵɯ ɫɤɨɪɨɫɬɟɣ, ɥɢɛɨ ɩɟɪɟɯɨɞɢɬɶ ɤ ɞɪɭɝɨɦɭ ɦɟɬɨɞɭ 
ɨɛɪɚɛɨɬɤɢ ɫɢɝɧɚɥɚ. 
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ɉɪɚɤɬɢɱɟɫɤɨɟ ɩɪɢɦɟɧɟɧɢɟ ɧɚɲɟɥ ɬɚɤ ɧɚɡɵɜɚɟɦɵɣ ɢɧɬɟɪɩɨɥɹɰɢɨɧɧɵɣ 
ɦɟɬɨɞ ɨɛɪɚɛɨɬɤɢ, ɫɭɬɶ ɤɨɬɨɪɨɝɨ ɡɚɤɥɸɱɚɟɬɫɹ ɜ ɫɥɟɞɭɸɳɟɦ. ɉɭɫɬɶ 
ɜ ɧɟɤɨɬɨɪɵɣ ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ ɧɨɫɨɜɚɹ ɩɪɢɟɦɧɚɹ ɚɧɬɟɧɧɚ 1 (ɪɢɫ. 9.3), ɩɨɫɥɟ 
ɢɡɥɭɱɟɧɢɹ ɚɧɬɟɧɧɨɣ 3, ɢɡɦɟɪɢɥɚ ɫɢɝɧɚɥ U1 (ɞɢɫɤɪɟɬɧɨɟ ɡɧɚɱɟɧɢɟ). Ɉɞɧɨ-
ɜɪɟɦɟɧɧɨ ɤɨɪɦɨɜɚɹ ɩɪɢɟɦɧɚɹ ɚɧɬɟɧɧɚ 2 ɜɵɩɨɥɧɢɥɚ ɢɡɦɟɪɟɧɢɟ ɫɢɝɧɚɥɚ U2. 
ȼ ɪɟɡɭɥɶɬɚɬɟ ɢɡɦɟɪɟɧɢɣ U1 ɢ U2, ɜɵɩɨɥɧɟɧɧɵɯ ɧɨɫɨɜɨɣ ɢ ɤɨɪɦɨɜɨɣ ɚɧɬɟɧ-
ɧɚɦɢ, ɧɟɢɡɜɟɫɬɧɚɹ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɚɹ ɮɭɧɤɰɢɹ v = f(ɯ) ɢɥɢ ɚɞɟɤɜɚɬɧɚɹ ɟɣ 
ɮɭɧɤɰɢɹ ɜɪɟɦɟɧɢ U = f(t) ɛɭɞɟɬ ɪɟɚɥɢɡɨɜɚɧɚ ɞɜɭɦɹ ɬɨɱɤɚɦɢ: А ɢ ȼ.  

 

Ɋɢɫ. 9.3 

ɂɫɯɨɞɹ ɢɡ ɩɪɟɞɩɨɥɨɠɟɧɢɹ, ɱɬɨ ɮɭɧɤɰɢɹ ɭ = f(ɯ) ɝɥɚɞɤɚɹ ɢ ɧɟɩɪɟɪɵɜɧɚɹ 
ɢ ɮɭɧɤɰɢɹ U = f(t) ɢɞɟɧɬɢɱɧɚ ɟɣ ɜ ɭɤɚɡɚɧɧɨɦ ɫɦɵɫɥɟ, ɱɟɪɟɡ ɞɜɟ ɭɩɨɦɹɧɭɬɵɟ 
ɪɚɧɟɟ ɬɨɱɤɢ ɦɨɠɧɨ ɩɪɨɜɟɫɬɢ ɢɧɬɟɪɩɨɥɹɰɢɨɧɧɭɸ ɩɪɹɦɭɸ Аȼ, ɤɨɬɨɪɚɹ 
ɜ ɩɟɪɜɨɦ ɩɪɢɛɥɢɠɟɧɢɢ ɨɬɨɛɪɚɠɚɟɬ ɮɭɧɤɰɢɸ U = f(t). Ɂɚɬɟɦ ɧɚ ɤɨɪɦɨɜɨɣ 
ɩɪɢɟɦɧɨɣ ɚɧɬɟɧɧɟ 2 ɫ ɢɧɬɟɪɜɚɥɨɦ ɜɪɟɦɟɧɢ Δti ɩɪɨɢɡɜɨɞɹɬɫɹ ɞɢɫɤɪɟɬɧɵɟ 
ɢɡɦɟɪɟɧɢɹ ɫɢɝɧɚɥɚ Ui, ɢ ɤɨɝɞɚ ɡɧɚɱɟɧɢɟ ɨɱɟɪɟɞɧɨɝɨ ɫɢɝɧɚɥɚ Un ɨɤɚɠɟɬɫɹ ɧɚ 
ɢɧɬɟɪɩɨɥɹɰɢɨɧɧɨɣ ɩɪɹɦɨɣ Аȼ (ɬɨɱɤɚ D ɧɚ ɪɢɫ. 9.3), ɮɢɤɫɢɪɭɟɬɫɹ ɜɪɟɦɹ 
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                                                  (9.6) 

Ɂɚ ɜɪɟɦɹ Ɍ ɫɭɞɧɨ ɫɦɟɳɚɟɬɫɹ ɧɚ ɪɚɫɫɬɨɹɧɢɟ, ɪɚɜɧɨɟ ɩɪɨɢɡɜɟɞɟɧɢɸ Vx Ɍ. 
ɉɨɫɬɪɨɢɜ ɞɜɚ ɬɪɟɭɝɨɥɶɧɢɤɚ: ADE ɢ Aȼɋ, ɤɨɬɨɪɵɟ ɹɜɥɹɸɬɫɹ ɩɨɞɨɛɧɵɦɢ, 
ɧɚɣɞɟɦ ɫɥɟɞɭɸɳɢɟ ɫɨɨɬɧɨɲɟɧɢɹ: 
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ɂɡ ɪɚɜɟɧɫɬɜɚ (9.7) ɥɟɝɤɨ ɨɩɪɟɞɟɥɢɬɶ ɫɤɨɪɨɫɬɶ ɫɭɞɧɚ 
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Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɞɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɜɟɥɢɱɢɧɵ ɫɤɨɪɨɫɬɢ Vɯ ɧɟ ɩɨɬɪɟɛɨɜɚ-
ɥɨɫɶ ɩɪɨɯɨɞɢɬɶ ɜɫɟ ɪɚɫɫɬɨɹɧɢɟ βL. ɋɥɟɞɨɜɚɬɟɥɶɧɨ, ɢɡɦɟɪɟɧɢɟ ɫɤɨɪɨɫɬɢ 
ɦɨɠɧɨ ɨɫɭɳɟɫɬɜɢɬɶ ɞɚɠɟ ɩɪɢ ɨɱɟɧɶ ɦɟɞɥɟɧɧɨɦ ɞɜɢɠɟɧɢɢ ɫɭɞɧɚ, ɩɪɢɱɟɦ 
ɞɨɫɬɚɬɨɱɧɨ ɛɵɫɬɪɨ ɩɨ ɜɪɟɦɟɧɢ. ɂɡ ɮɨɪɦɭɥɵ (λ.7), ɜ ɱɚɫɬɧɨɫɬɢ, ɜɵɬɟɤɚɟɬ, 
ɱɬɨ ɟɫɥɢ Un = U2, ɬo Vx = 0, ɚ ɟɫɥɢ Un < U2, ɬɨ Vɯ < 1. 

ɇɚ ɨɫɧɨɜɟ ɢɡɥɨɠɟɧɧɨɝɨ ɦɚɬɟɪɢɚɥɚ ɦɨɠɧɨ ɫɞɟɥɚɬɶ ɜɵɜɨɞ, ɱɬɨ ɨɫɧɨɜɧɚɹ 
ɦɟɬɨɞɢɱɟɫɤɚɹ ɩɨɝɪɟɲɧɨɫɬɶ ɢɧɬɟɪɩɨɥɹɰɢɨɧɧɨɝɨ ɦɟɬɨɞɚ ɨɩɪɟɞɟɥɟɧɢɹ ɫɤɨɪɨ-
ɫɬɢ ɡɚɤɥɸɱɚɟɬɫɹ ɜ ɦɟɪɟ ɧɟɫɨɜɩɚɞɟɧɢɹ ɢɧɬɟɪɩɨɥɹɰɢɨɧɧɨɣ ɩɪɹɦɨɣ Аȼ 
ɫ ɮɭɧɤɰɢɟɣ U = f(t). 

9.3. Ɉɫɧɨɜɧɵɟ ɩɚɪɚɦɟɬɪɵ ɥɚɝɚ 
Ƚɢɞɪɨɚɤɭɫɬɢɱɟɫɤɢɟ ɤɨɪɪɟɥɹɰɢɨɧɧɵɟ ɥɚɝɢ ɯɚɪɚɤɬɟɪɢɡɭɸɬɫɹ ɨɩɪɟɞɟ-

ɥɟɧɧɵɦɢ ɬɟɯɧɢɱɟɫɤɢɦɢ ɩɚɪɚɦɟɬɪɚɦɢ, ɤ ɤɨɬɨɪɵɦ ɦɨɠɧɨ ɨɬɧɟɫɬɢ ɫɥɟɞɭɸ-
ɳɢɟ: ɪɟɠɢɦ ɢɡɥɭɱɟɧɢɹ, ɱɢɫɥɨ ɩɪɢɟɦɧɢɤɨɜ ɢ ɢɯ ɪɚɫɩɨɥɨɠɟɧɢɟ ɧɚ ɫɭɞɧɟ, 
ɱɚɫɬɨɬɚ ɢɡɥɭɱɚɟɦɨɝɨ ɫɢɝɧɚɥɚ, ɲɢɪɢɧɚ ɞɢɚɝɪɚɦɦɵ ɧɚɩɪɚɜɥɟɧɧɨɫɬɢ. 

Ɋɟɠɢɦ ɢɡɥɭɱɟɧɢɹ. ȼ ɤɨɪɪɟɥɹɰɢɨɧɧɨɦ ɥɚɝɟ ɦɨɠɧɨ ɢɫɩɨɥɶɡɨɜɚɬɶ ɥɸ-
ɛɨɣ ɪɟɠɢɦ – ɧɟɩɪɟɪɵɜɧɵɣ ɢɥɢ ɢɦɩɭɥɶɫɧɵɣ. Ɉɞɧɚɤɨ, ɤɚɤ ɢ ɜ ɞɨɩɥɟɪɨɜ-
ɫɤɨɦ ɝɢɞɪɨɚɤɭɫɬɢɱɟɫɤɨɦ ɥɚɝɟ, ɪɟɠɢɦ ɧɟɩɪɟɪɵɜɧɨɝɨ ɢɡɥɭɱɟɧɢɹ ɢɦɟɟɬ ɨɝ-
ɪɚɧɢɱɟɧɢɟ ɩɨ ɝɥɭɛɢɧɟ (ɧɟ ɛɨɥɟɟ 100 ɦ), ɬɚɤ ɤɚɤ ɜ ɷɬɨɦ ɫɥɭɱɚɟ ɜɨɡɧɢɤɚɸɬ 
ɡɧɚɱɢɬɟɥɶɧɵɟ ɬɪɭɞɧɨɫɬɢ ɩɨ ɫɧɢɠɟɧɢɸ ɜɥɢɹɧɢɹ ɨɛɴɟɦɧɨɣ ɪɟɜɟɪɛɟɪɚɰɢɢ 
ɡɜɭɤɚ. ȼ ɢɦɩɭɥɶɫɧɨɦ ɪɟɠɢɦɟ ɢɡɥɭɱɟɧɢɹ ɷɬɚ ɩɪɨɛɥɟɦɚ ɪɟɲɚɟɬɫɹ ɥɭɱɲɟ, 
ɩɨɬɨɦɭ ɱɬɨ ɪɟɜɟɪɛɟɪɚɰɢɨɧɧɵɟ ɩɨɦɟɯɢ ɡɧɚɱɢɬɟɥɶɧɨ ɫɧɢɠɚɸɬɫɹ 
ɢ ɨɛɟɫɩɟɱɢɜɚɟɬɫɹ ɪɚɡɜɹɡɤɚ ɩɪɢɟɦɧɨɝɨ ɢ ɢɡɥɭɱɚɸɳɟɝɨ ɬɪɚɤɬɨɜ. Ʉɪɨɦɟ ɬɨ-
ɝɨ, ɜ ɢɦɩɭɥɶɫɧɨɦ ɪɟɠɢɦɟ ɩɨɹɜɥɹɟɬɫɹ ɜɨɡɦɨɠɧɨɫɬɶ ɢɡɦɟɪɟɧɢɹ ɝɥɭɛɢɧɵ 
ɦɨɪɹ ɩɨɞ ɤɢɥɟɦ ɫɭɞɧɚ, ɬ.ɟ. ɫɨɜɦɟɳɟɧɢɟ ɮɭɧɤɰɢɢ ɥɚɝɚ ɢ ɷɯɨɥɨɬɚ. ɉɨ ɷɬɨɣ 
ɩɪɢɱɢɧɟ ɩɪɚɤɬɢɱɟɫɤɨɟ ɩɪɢɦɟɧɟɧɢɟ ɧɚɲɥɢ ɤɨɪɪɟɥɹɰɢɨɧɧɵɟ ɥɚɝɢ, ɪɚɛɨ-
ɬɚɸɳɢɟ ɜ ɢɦɩɭɥɶɫɧɨɦ ɪɟɠɢɦɟ. 
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ȼɵɛɨɪ ɞɥɢɬɟɥɶɧɨɫɬɢ ɢɦɩɭɥɶɫɚ ɩɪɨɢɡɜɨɞɢɬɫɹ ɢɡ ɫɥɟɞɭɸɳɢɯ ɫɨɨɛɪɚ-
ɠɟɧɢɣ. ɋ ɨɞɧɨɣ ɫɬɨɪɨɧɵ, ɞɥɢɬɟɥɶɧɨɫɬɶ ɢɦɩɭɥɶɫɚ ɞɨɥɠɧɚ ɛɵɬɶ ɛɨɥɶɲɟ 
ɜɪɟɦɟɧɢ ɬɪɚɧɫɩɨɪɬɧɨɝɨ ɡɚɩɚɡɞɵɜɚɧɢɹ ɩɪɢ ɜɫɟɯ ɫɤɨɪɨɫɬɹɯ ɫɭɞɧɚ, ɤɨɬɨɪɵɟ 
ɩɨɞɥɟɠɚɬ ɢɡɦɟɪɟɧɢɸ. Ʉɚɤ ɨɬɦɟɱɚɥɨɫɶ ɪɚɧɟɟ, ɜɟɥɢɱɢɧɚ τɢ ɫɜɹɡɚɧɚ ɫɨ ɫɤɨɪɨ-
ɫɬɶɸ ɫɭɞɧɚ Vx ɫɨɨɬɧɨɲɟɧɢɟɦ (λ.1). ɉɨɷɬɨɦɭ ɧɟɨɛɯɨɞɢɦɨ ɜɵɩɨɥɧɢɬɶ ɫɥɟ-
ɞɭɸɳɟɟ ɧɟɪɚɜɟɧɫɬɜɨ: 

xV

L
ɢ .                                                 (9.9) 

ɋ ɞɪɭɝɨɣ ɫɬɨɪɨɧɵ, ɞɥɢɬɟɥɶɧɨɫɬɶ ɢɦɩɭɥɶɫɚ ɧɭɠɧɨ ɢɦɟɬɶ ɦɟɧɶɲɟ ɬɨɝɨ 
ɩɪɨɦɟɠɭɬɤɚ ɜɪɟɦɟɧɢ, ɤɨɬɨɪɵɣ ɧɟɨɛɯɨɞɢɦ ɞɥɹ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɫɢɝɧɚɥɚ ɞɨ 
ɞɧɚ ɢ ɜɨɡɜɪɚɳɟɧɢɹ ɷɯɨ-ɫɢɝɧɚɥɚ, ɬ.ɟ. ɬɪɟɛɭɟɬɫɹ ɜɵɩɨɥɧɢɬɶ ɟɳɟ ɨɞɧɨ ɧɟɪɚ-
ɜɟɧɫɬɜɨ 

ɫ
ɇ2

ɢ  ,                                       (9.10) 

ɝɞɟ H – ɝɥɭɛɢɧɚ ɦɨɪɹ ɩɨɞ ɤɢɥɟɦ ɫɭɞɧɚ. 
Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɞɥɢɬɟɥɶɧɨɫɬɶ ɢɦɩɭɥɶɫɚ ɞɨɥɠɧɚ ɧɚɯɨɞɢɬɶɫɹ ɜ ɫɥɟɞɭɸ-

ɳɟɦ ɢɧɬɟɪɜɚɥɟ: 

xV

L

ɫ
ɇ

 ɢ
2

.                                        (9.11) 

ɉɟɪɟɯɨɞɹ ɜ ɩɪɟɞɟɥɟ ɤ ɪɚɜɟɧɫɬɜɚɦ, ɩɨɥɭɱɢɦ ɫɥɟɞɭɸɳɟɟ ɭɫɥɨɜɢɟ, ɜɵ-
ɩɨɥɧɟɧɢɟ ɤɨɬɨɪɨɝɨ ɹɜɥɹɟɬɫɹ ɧɟɨɛɯɨɞɢɦɵɦ ɞɥɹ ɨɛɟɫɩɟɱɟɧɢɹ ɪɚɛɨɬɨɫɩɨɫɨɛ-
ɧɨɫɬɢ ɥɚɝɚ: 

xV

L

ɫ
ɇ


2

.                                            (9.12) 

ȼɵɪɚɠɟɧɢɟ (λ.12) ɞɚɟɬ ɜɨɡɦɨɠɧɨɫɬɶ, ɨɫɧɨɜɵɜɚɹɫɶ ɧɚ ɜɟɥɢɱɢɧɟ ɪɚɛɨ-
ɱɟɣ ɝɥɭɛɢɧɵ ɥɚɝɚ H ɢ ɡɧɚɱɟɧɢɢ ɩɪɟɞɟɥɶɧɨɣ ɦɢɧɢɦɚɥɶɧɨɣ ɫɤɨɪɨɫɬɢ ɫɭɞɧɚ 
Vmin, ɩɨɞɥɟɠɚɳɟɣ ɢɡɦɟɪɟɧɢɸ, ɧɚɣɬɢ ɪɚɫɫɬɨɹɧɢɟ βL ɦɟɠɞɭ ɰɟɧɬɪɚɦɢ ɩɪɢ-
ɟɦɧɵɯ ɚɧɬɟɧɧ ɤɨɪɪɟɥɹɰɢɨɧɧɨɝɨ ɥɚɝɚ. Ɉɬɦɟɬɢɦ ɬɚɤɠɟ, ɱɬɨ ɮɨɪɦɭɥɚ (λ.5) 
ɩɨɡɜɨɥɹɟɬ, ɢɫɯɨɞɹ ɢɡ ɬɟɤɭɳɢɯ ɡɧɚɱɟɧɢɣ Vx ɢ H, ɚɜɬɨɦɚɬɢɱɟɫɤɢ ɜɵɛɢɪɚɬɶ 
ɨɩɬɢɦɚɥɶɧɭɸ ɞɥɢɬɟɥɶɧɨɫɬɶ ɢɦɩɭɥɶɫɚ. 

ɐɟɥɟɧɚɩɪɚɜɥɟɧɧɨ ɢɫɩɨɥɶɡɭɹ ɫɢɝɧɚɥɵ ɨɛɴɟɦɧɨɣ ɪɟɜɟɪɛɟɪɚɰɢɢ, ɦɨɠɧɨ 
ɫ ɩɨɦɨɳɶɸ ɤɨɪɪɟɥɹɰɢɨɧɧɨɝɨ ɥɚɝɚ ɢɡɦɟɪɹɬɶ ɢ ɨɬɧɨɫɢɬɟɥɶɧɭɸ ɫɤɨɪɨɫɬɶ 
ɫɭɞɧɚ, ɱɬɨ ɨɛɵɱɧɨ ɢ ɩɪɟɞɭɫɦɨɬɪɟɧɨ ɜ ɤɨɧɫɬɪɭɤɰɢɢ ɥɚɝɚ ɥɢɛɨ ɨɞɧɨɜɪɟɦɟɧ-
ɧɨ ɫ ɢɡɦɟɪɟɧɢɟɦ ɚɛɫɨɥɸɬɧɨɣ ɫɤɨɪɨɫɬɢ, ɥɢɛɨ ɚɜɬɨɦɚɬɢɱɟɫɤɢ, ɤɚɤ ɬɨɥɶɤɨ 
ɩɨɬɟɪɹɧ ɤɨɧɬɚɤɬ ɫ ɦɨɪɫɤɢɦ ɞɧɨɦ. ɉɪɢ ɷɬɨɦ ɜ ɚɜɬɨɦɚɬɢɱɟɫɤɨɦ ɪɟɠɢɦɟ  
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ɩɟɪɢɨɞɢɱɟɫɤɢ ɞɟɥɚɸɬɫɹ ɩɨɩɵɬɤɢ ɜɧɨɜɶ ɩɟɪɟɣɬɢ ɧɚ ɪɟɠɢɦ ɢɡɦɟɪɟɧɢɹ ɫɤɨ-
ɪɨɫɬɢ ɫɭɞɧɚ ɨɬɧɨɫɢɬɟɥɶɧɨ ɝɪɭɧɬɚ. 

ɑɢɫɥɨ ɩɪɢɟɦɧɢɤɨɜ ɢ ɢɯ ɪɚɫɩɨɥɨɠɟɧɢɟ ɧɚ ɫɭɞɧɟ. ɑɢɫɥɨ ɩɪɢɟɦɧɢɤɨɜ 
ɡɚɜɢɫɢɬ ɨɬ ɡɚɞɚɱ, ɪɟɲɚɟɦɵɯ ɥɚɝɨɦ, Ɍɚɤ, ɟɫɥɢ ɧɟɨɛɯɨɞɢɦɨ ɢɡɦɟɪɢɬɶ ɬɨɥɶɤɨ 
ɩɪɨɞɨɥɶɧɭɸ ɫɨɫɬɚɜɥɹɸɳɭɸ ɫɤɨɪɨɫɬɢ ɫɭɞɧɚ Vɯ, ɬɨ ɞɨɫɬɚɬɨɱɧɨ ɢɦɟɬɶ ɞɜɚ 
ɩɪɢɟɦɧɢɤɚ, ɪɚɡɦɟɳɟɧɧɵɟ ɜɞɨɥɶ ɞɢɚɦɟɬɪɚɥɶɧɨɣ ɩɥɨɫɤɨɫɬɢ ɫɭɞɧɚ.  

                 ɚ)                                         ɛ) 

 

Ɋɢɫ. 9.4 

Ⱦɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɩɨɥɧɨɝɨ ɜɟɤɬɨɪɚ ɫɤɨɪɨɫɬɢ ɫɭɞɧɚ V ɢ ɭɝɥɚ ɫɧɨɫɚ ȕ ɧɟ-
ɨɛɯɨɞɢɦɨ ɭɫɬɚɧɨɜɢɬɶ, ɤɚɤ ɦɢɧɢɦɭɦ, ɬɪɢ ɩɪɢɧɢɦɚɸɳɢɯ ɭɫɬɪɨɣɫɬɜɚ. Ɂɞɟɫɶ 
ɜɨɡɦɨɠɧɵ ɞɜɚ ɜɚɪɢɚɧɬɚ. ɇɚ ɪɢɫ. 9.4 ɚ ɩɨɤɚɡɚɧ ɩɟɪɜɵɣ ɜɚɪɢɚɧɬ, ɝɞɟ 1, 2, 3 – 
ɩɪɢɧɢɦɚɸɳɢɟ ɚɧɬɟɧɧɵ, ɚ 4 – ɢɡɥɭɱɚɸɳɚɹ. ɉɪɢ ɢɡɜɟɫɬɧɵɯ ɪɚɫɫɬɨɹɧɢɹɯ 
ɦɟɠɞɭ ɩɪɢɟɦɧɵɦɢ ɚɧɬɟɧɧɚɦɢ βɏ0 ɢ βY0 ɢ ɢɡɦɟɪɟɧɧɵɯ ɜɟɥɢɱɢɧɚɯ ɜɪɟɦɟɧ-
ɧɵɯ ɡɚɞɟɪɠɟɤ τ1,2 ɢ τ1,3 (ɦɟɠɞɭ ɫɢɝɧɚɥɚɦɢ, ɩɪɢɧɹɬɵɦɢ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɦɢ 
ɚɧɬɟɧɧɚɦɢ) ɨɩɪɟɞɟɥɟɧɢɟ ɩɭɬɟɜɨɣ ɫɤɨɪɨɫɬɢ ɢ ɭɝɥɚ ɫɧɨɫɚ ɫɜɨɞɢɬɫɹ ɤ ɜɵɱɢɫ-
ɥɟɧɢɹɦ ɩɨ ɫɥɟɞɭɸɳɢɦ ɮɨɪɦɭɥɚɦ: 

2,1

0

τ
ȕcosX

V  ;                                               (9.13)  

2,10

3,10

τ
τ

arctgȕ
Y

X
 .                                          (9.14) 
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Ⱦɪɭɝɨɣ ɜɨɡɦɨɠɧɵɣ ɜɚɪɢɚɧɬ ɪɚɡɦɟɳɟɧɢɹ ɩɪɢɟɦɧɢɤɨɜ ɩɨɤɚɡɚɧ ɧɚ 
ɪɢɫ. 9.4 ɛ. ȼ ɷɬɨɦ ɫɥɭɱɚɟ ɜɪɟɦɟɧɧɵɟ ɡɚɞɟɪɠɤɢ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ ɦɚɤɫɢɦɭɦɚɦ 
ɜɡɚɢɦɧɨɣ ɤɨɪɪɟɥɹɰɢɢ ɫɢɝɧɚɥɨɜ, ɨɩɪɟɞɟɥɹɸɬɫɹ ɫɥɟɞɭɸɳɢɦɢ ɜɵɪɚɠɟɧɢɹɦɢ: 

ȕcos

)ȕȖcos(
τ 0

2,1 V

X 
 .                                     (9.15)  

ȕcos

)ȕȖcos(
τ 0

3,1 V

X 
 ,                                     (9.16) 

ɝɞɟ X0 ɢ Y0 — ɢɡɜɟɫɬɧɵɟ ɩɚɪɚɦɟɬɪɵ, ɯɚɪɚɤɬɟɪɢɡɭɸɳɢɟ ɪɚɡɦɟɳɟɧɢɟ ɚɧɬɟɧɧ. 
Ɋɟɲɚɹ ɫɨɜɦɟɫɬɧɨ ɭɪɚɜɧɟɧɢɹ (9.15) ɢ (λ.16), ɩɨɫɥɟ ɪɹɞɚ ɚɥɝɟɛɪɚɢɱɟɫɤɢɯ ɜɵ-
ɤɥɚɞɨɤ, ɩɨɥɭɱɢɦ ɢɫɤɨɦɵɟ ɜɵɪɚɠɟɧɢɹ: 

3,12,1

0

ττ
Ȗsin2




X
V ;                                        (9.17) 

tgȖ)ττ(
ττ

arctgȕ
3,12,1

3,12,1




 .                               (9.18) 

ɑɚɫɬɨɬɚ ɢɡɥɭɱɚɟɦɨɝɨ ɫɢɝɧɚɥɚ ɢ ɲɢɪɢɧɚ ɞɢɚɝɪɚɦɦɵ ɧɚɩɪɚɜ-
ɥɟɧɧɨɫɬɢ. ɂɡ ɜɵɪɚɠɟɧɢɹ (9.4) ɫɥɟɞɭɟɬ, ɱɬɨ ɱɟɦ ɲɢɪɟ ɞɢɚɝɪɚɦɦɚ ɧɚɩɪɚɜ-
ɥɟɧɧɨɫɬɢ Δș ɢ ɛɨɥɶɲɟ ɱɚɫɬɨɬɚ ɢɡɥɭɱɚɟɦɨɝɨ ɫɢɝɧɚɥɚ f0, ɬɟɦ ɨɫɬɪɟɟ ɦɚɤɫɢ-
ɦɭɦ ɜɡɚɢɦɨɤɨɪɪɟɥɹɰɢɨɧɧɨɣ ɮɭɧɤɰɢɢ, ɱɬɨ ɩɨɡɜɨɥɹɟɬ ɬɨɱɧɟɟ ɨɩɪɟɞɟɥɹɬɶ 
ɢɫɤɨɦɨɟ ɜɪɟɦɹ τɡ = τɌ, ɚ ɡɧɚɱɢɬ, ɢ ɬɨɱɧɟɟ ɜɵɱɢɫɥɹɬɶ ɫɤɨɪɨɫɬɶ ɫɭɞɧɚ. Ɉɞɧɚɤɨ 
ɩɪɢɦɟɧɟɧɢɟ ɛɨɥɟɟ ɲɢɪɨɤɨɣ ɞɢɚɝɪɚɦɦɵ ɢɦɟɟɬ ɢ ɧɟɝɚɬɢɜɧɵɟ ɩɨɫɥɟɞɫɬɜɢɹ, 
ɬɚɤ ɤɚɤ ɩɪɢɜɨɞɢɬ ɤ ɭɦɟɧɶɲɟɧɢɸ ɤɨɷɮɮɢɰɢɟɧɬɚ ɤɨɧɰɟɧɬɪɚɰɢɢ ɚɧɬɟɧɧɵ, ɱɬɨ 
ɬɪɟɛɭɟɬ ɭɜɟɥɢɱɟɧɢɹ ɦɨɳɧɨɫɬɢ ɢɡɥɭɱɟɧɢɹ ɞɥɹ ɨɛɟɫɩɟɱɟɧɢɹ ɧɨɪɦɚɥɶɧɨɣ ɪɚ-
ɛɨɬɵ ɥɚɝɚ ɧɚ ɡɚɞɚɧɧɵɯ ɝɥɭɛɢɧɚɯ. 

ɉɨɜɵɲɟɧɢɟ ɱɚɫɬɨɬɵ ɢɡɥɭɱɟɧɢɹ f ɬɚɤɠɟ ɢɦɟɟɬ ɨɬɪɢɰɚɬɟɥɶɧɭɸ ɫɬɨɪɨɧɭ, 
ɜɵɪɚɠɚɸɳɭɸɫɹ ɜ ɜɨɡɪɚɫɬɚɧɢɢ ɤɨɷɮɮɢɰɢɟɧɬɚ ɩɨɝɥɨɳɟɧɢɹ, ɱɬɨ, ɜ ɤɨɧɟɱɧɨɦ 
ɫɱɟɬɟ, ɜɟɞɟɬ ɤ ɫɧɢɠɟɧɢɸ ɪɚɛɨɱɟɣ ɝɥɭɛɢɧɵ. ȼ ɪɟɡɭɥɶɬɚɬɟ ɤɨɦɩɪɨɦɢɫɫɧɨɝɨ 
ɪɟɲɟɧɢɹ ɧɚɢɛɨɥɟɟ ɱɚɫɬɨ ɜɫɬɪɟɱɚɸɳɢɦɢɫɹ ɜɟɥɢɱɢɧɚɦɢ ɨɛɫɭɠɞɚɟɦɵɯ ɩɚɪɚ-
ɦɟɬɪɨɜ ɹɜɥɹɸɬɫɹ Δș = γ0° ɢ f0 = 150 ɤȽɰ. 

Ɂɧɚɱɢɬɟɥɶɧɵɦ ɞɨɫɬɢɠɟɧɢɟɦ ɦɨɠɧɨ ɫɱɢɬɚɬɶ ɩɨɹɜɥɟɧɢɟ ɞɜɭɯɱɚɫɬɨɬɧɵɯ 
ɤɨɪɪɟɥɹɰɢɨɧɧɵɯ ɥɚɝɨɜ, ɜ ɤɨɬɨɪɵɯ ɨɞɧɨɜɪɟɦɟɧɧɨ ɩɨ ɢɡɥɭɱɚɟɦɨɣ ɧɢɡɤɨɣ 
ɱɚɫɬɨɬɟ ɨɩɪɟɞɟɥɹɟɬɫɹ ɚɛɫɨɥɸɬɧɚɹ ɫɤɨɪɨɫɬɶ ɫɭɞɧɚ (ɩɨ ɫɢɝɧɚɥɚɦ, ɨɬɪɚɠɟɧ-
ɧɵɦ ɨɬ ɝɪɭɧɬɚ), ɚ ɩɨ ɜɵɫɨɤɨɣ ɱɚɫɬɨɬɟ (ɟɞɢɧɢɰɵ ɦɟɝɚɝɟɪɰ) – ɨɬɧɨɫɢɬɟɥɶɧɚɹ 
ɫɤɨɪɨɫɬɶ (ɩɨ ɫɢɝɧɚɥɚɦ ɨɛɴɟɦɧɨɣ ɪɟɜɟɪɛɟɪɚɰɢɢ). 
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9.4. ɉɨɝɪɟɲɧɨɫɬɢ ɢɡɦɟɪɟɧɢɹ ɫɤɨɪɨɫɬɢ 
ɂɡɦɟɪɟɧɢɟ ɫɤɨɪɨɫɬɢ ɫɭɞɧɚ ɤɨɪɪɟɥɹɰɢɨɧɧɵɦ ɥɚɝɨɦ ɩɪɨɢɡɜɨɞɢɬɫɹ ɫ ɧɟ-

ɤɨɬɨɪɵɦɢ ɩɨɝɪɟɲɧɨɫɬɹɦɢ, ɭɫɥɨɜɧɨ ɩɨɞɪɚɡɞɟɥɹɸɳɢɦɢɫɹ ɧɚ ɦɟɬɨɞɢɱɟɫɤɢɟ 
ɢ ɢɧɫɬɪɭɦɟɧɬɚɥɶɧɵɟ. 

Ɋɚɫɫɦɨɬɪɢɦ ɨɫɧɨɜɧɵɟ ɦɟɬɨɞɢɱɟɫɤɢɟ ɩɨɝɪɟɲɧɨɫɬɢ ɷɬɨɝɨ ɥɚɝɚ. 
Ɏɥɸɤɬɭɚɰɢɨɧɧɚɹ ɩɨɝɪɟɲɧɨɫɬɶ. ȼ ɩ. 8.4 ɛɵɥɚ ɪɚɫɫɦɨɬɪɟɧɚ ɝɥɚɜɧɚɹ 

ɦɟɬɨɞɢɱɟɫɤɚɹ ɩɨɝɪɟɲɧɨɫɬɶ ɞɨɩɥɟɪɨɜɫɤɨɝɨ ɝɢɞɪɨɚɤɭɫɬɢɱɟɫɤɨɝɨ ɥɚɝɚ, ɬɚɤ 
ɧɚɡɵɜɚɟɦɚɹ ɮɥɸɤɬɭɚɰɢɨɧɧɚɹ ɩɨɝɪɟɲɧɨɫɬɶ ɢɡɦɟɪɟɧɢɹ ɫɤɨɪɨɫɬɢ, ɢ ɛɵɥɨ 
ɩɨɤɚɡɚɧɨ, ɱɬɨ ɟɞɢɧɫɬɜɟɧɧɨɣ ɷɮɮɟɤɬɢɜɧɨɣ ɦɟɪɨɣ ɫɧɢɠɟɧɢɹ ɟɟ ɜɟɥɢɱɢɧɵ 
ɹɜɥɹɟɬɫɹ ɭɫɪɟɞɧɟɧɢɟ ɪɟɡɭɥɶɬɚɬɨɜ ɢɡɦɟɪɟɧɢɹ ɩɨ ɜɪɟɦɟɧɢ Ɍ0, ɤɨɬɨɪɨɟ ɨɛɟɫ-
ɩɟɱɢɜɚɟɬ ɫɧɢɠɟɧɢɟ ɭɤɚɡɚɧɧɨɣ ɩɨɝɪɟɲɧɨɫɬɢ. 

ɋɪɚɜɧɟɧɢɟ ɩɨ ɷɬɨɦɭ ɩɨɤɚɡɚɬɟɥɸ ɤɨɪɪɟɥɹɰɢɨɧɧɨɝɨ ɥɚɝɚ ɫ ɞɨɩɥɟɪɨɜ-
ɫɤɢɦ, ɩɨɫɤɨɥɶɤɭ ɩɪɢɪɨɞɚ ɮɥɸɤɬɭɚɰɢɨɧɧɨɣ ɩɨɝɪɟɲɧɨɫɬɢ ɜ ɨɛɨɢɯ ɥɚɝɚɯ 
ɨɞɢɧɚɤɨɜɚ, ɩɨɡɜɨɥɹɟɬ ɫɞɟɥɚɬɶ ɜɵɜɨɞ, ɱɬɨ ɡɧɚɱɢɬɟɥɶɧɨɟ  ɪɚɡɥɢɱɢɟ ɜ ɡɚɩɚɡ-
ɞɵɜɚɧɢɢ ɢɧɮɨɪɦɚɰɢɢ ɨ ɫɤɨɪɨɫɬɢ (ɩɨɱɬɢ ɜ β0 ɪɚɡ) ɞɥɹ ɞɨɫɬɢɠɟɧɢɹ ɪɚɜɧɨɣ 
ɬɨɱɧɨɫɬɢ ɧɟ ɢɦɟɟɬ ɡɧɚɱɟɧɢɹ ɩɪɢ ɩɥɚɜɚɧɢɢ ɜ ɨɬɤɪɵɬɨɦ ɦɨɪɟ. Ɉɞɧɚɤɨ ɬɚɤɨɟ 
ɡɚɩɚɡɞɵɜɚɧɢɟ ɫɬɚɧɨɜɢɬɫɹ ɡɚɦɟɬɧɵɦ ɩɪɢ ɦɚɧɟɜɪɢɪɨɜɚɧɢɢ ɜ ɭɡɤɨɫɬɹɯ,  
ɞɟɥɚɟɬɫɹ ɜɟɫɶɦɚ ɫɭɳɟɫɬɜɟɧɧɵɦ ɩɪɢ ɩɨɫɬɚɧɨɜɤɟ ɧɚ ɹɤɨɪɶ ɢ ɨɤɚɡɵɜɚɟɬɫɹ 
ɧɟɩɪɢɟɦɥɟɦɵɦ ɩɪɢ ɢɧɮɨɪɦɚɰɢɨɧɧɨɦ ɨɛɟɫɩɟɱɟɧɢɢ ɲɜɚɪɬɨɜɤɢ, ɨɬɤɭɞɚ 
ɜɵɬɟɤɚɟɬ, ɱɬɨ ɩɨ ɞɚɧɧɨɦɭ ɩɪɢɡɧɚɤɭ ɤɨɪɪɟɥɹɰɢɨɧɧɵɣ ɥɚɝ ɭɫɬɭɩɚɟɬ ɞɨɩɥɟ-
ɪɨɜɫɤɨɦɭ. 

ɉɨɝɪɟɲɧɨɫɬɶ ɨɬ ɫɧɨɫɚ, ɤɪɟɧɚ ɢ ɞɢɮɮɟɪɟɧɬɚ ɫɭɞɧɚ. Ɋɚɫɫɦɨɬɪɢɦ ɩɨ-
ɝɪɟɲɧɨɫɬɢ ɨɞɧɨɤɨɦɩɨɧɟɧɬɧɨɝɨ ɤɨɪɪɟɥɹɰɢɨɧɧɨɝɨ ɥɚɝɚ, ɜɨɡɧɢɤɚɸɳɢɟ ɩɪɢ 
ɞɜɢɠɟɧɢɢ ɫɭɞɧɚ, ɜɫɥɟɞɫɬɜɢɟ ɫɭɳɟɫɬɜɨɜɚɧɢɹ ɭ ɧɟɝɨ ɧɟɤɨɬɨɪɵɯ ɭɝɥɨɜ ɫɧɨɫɚ, 
ɤɪɟɧɚ ɢ ɞɢɮɮɟɪɟɧɬɚ. 

ȿɫɥɢ ɫɭɞɧɨ ɞɜɢɠɟɬɫɹ ɩɨ ɥɢɧɢɢ ɩɭɬɢ, ɯɚɪɚɤɬɟɪɢɡɭɟɦɨɣ ɭɝɥɨɦ ɫɧɨɫɚ ȕ 
ɩɨ ɨɬɧɨɲɟɧɢɸ ɤ ɥɢɧɢɢ ɞɢɚɦɟɬɪɚɥɶɧɨɣ ɩɥɨɫɤɨɫɬɢ ɫɭɞɧɚ, ɬɨ ɦɚɤɫɢɦɭɦ ɤɨɪ-
ɪɟɥɹɰɢɨɧɧɨɣ ɮɭɧɤɰɢɢ ɜɨɡɧɢɤɚɟɬ ɩɪɢ ɩɟɪɟɦɟɳɟɧɢɢ ɫɭɞɧɚ ɧɟ ɧɚ ɪɚɫɱɟɬɧɨɟ 
ɪɚɫɫɬɨɹɧɢɟ L, ɚ ɧɚ ɜɟɥɢɱɢɧɭ ɩɪɨɟɤɰɢɢ ɷɬɨɝɨ ɪɚɫɫɬɨɹɧɢɹ ɧɚ ɥɢɧɢɸ ɩɭɬɢ, 
ɤɨɬɨɪɨɟ ɨɛɨɡɧɚɱɢɦ Lȕ , ɬ.ɟ. 

Lȕ = L cos ȕ.                                            (9.19) 
ɂɫɬɢɧɧɨɟ ɡɧɚɱɟɧɢɟ ɫɤɨɪɨɫɬɢ ɜ ɷɬɨɦ ɫɥɭɱɚɟ ɛɭɞɟɬ 

ɬ
ɢ

cos





L

V .                                           (9.20) 

Ʌɚɝɨɜɭɸ ɫɤɨɪɨɫɬɶ ɦɨɠɧɨ ɪɚɫɫɱɢɬɚɬɶ, ɢɫɩɨɥɶɡɭɹ ɜɵɪɚɠɟɧɢɟ 
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.
τɬ

ɥ
L

V                                                 (9.21) 

Ⱥɛɫɨɥɸɬɧɚɹ ɩɨɝɪɟɲɧɨɫɬɶ ɥɚɝɚ ɛɭɞɟɬ ɨɩɪɟɞɟɥɹɬɶɫɹ ɮɨɪɦɭɥɨɣ 











ɥ

ɢ
ɥɢɥ 1ȕ V

V
VVVV .                                 (9.22) 

ɉɨɞɫɬɚɜɥɹɹ ɫɸɞɚ ɡɧɚɱɟɧɢɹ Vɢ ɢVɥ, ɜ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ ɜɵɪɚɠɟɧɢɹɦɢ 
(9.20) ɢ (9.21), ɨɤɨɧɱɚɬɟɥɶɧɨ ɩɨɥɭɱɢɦ 

)ȕcos1(ɥȕ  VV .                                (9.23) 

ɋ ɩɨɦɨɳɶɸ ɚɧɚɥɨɝɢɱɧɵɯ ɪɚɫɫɭɠɞɟɧɢɣ ɦɨɠɧɨ ɩɨɥɭɱɢɬɶ ɮɨɪɦɭɥɭ ɞɥɹ 
ɩɨɝɪɟɲɧɨɫɬɢ ɥɚɝɚ ɜ ɫɥɭɱɚɟ ɞɜɢɠɟɧɢɹ ɫɭɞɧɚ ɩɪɢ ɧɚɥɢɱɢɢ ɭɝɥɨɜ ɫɧɨɫɚ ɢ 
ɞɢɮɮɟɪɟɧɬɚ ȥ: 

)ȥcosȕcos1(ȕȥ  VV                              (9.24) 

ɢ ɜ ɫɥɭɱɚɟ ɞɜɢɠɟɧɢɹ ɫɭɞɧɚ ɩɪɢ ɧɚɥɢɱɢɢ ɭɝɥɨɜ ɫɧɨɫɚ ɢ ɤɪɟɧɚ Ȥ: 

.cossincos)cos1( 222   VV                 (9.25) 

10. ɂɇȾɍɄɐɂɈɇɇЫȿ ɅȺȽɂ 

10.1. Ɉɫɧɨɜɵ ɬɟɨɪɢɢ ɥɚɝɚ 
ɉɪɢɧɰɢɩ ɞɟɣɫɬɜɢɹ ɢɧɞɭɤɰɢɨɧɧɨɝɨ ɥɚɝɚ ɨɫɧɨɜɚɧ ɧɚ ɡɚɤɨɧɟ ɷɥɟɤ-

ɬɪɨɦɚɝɧɢɬɧɨɣ ɢɧɞɭɤɰɢɢ 

,
dt

d
e


                                              (10.1) 

ɝɞɟ e – ɗȾɋ, ɜɨɡɧɢɤɚɸɳɚɹ ɜ ɩɪɨɜɨɞɧɢɤɟ, ɩɟɪɟɫɟɤɚɸɳɟɦ ɦɚɝɧɢɬɧɵɟ ɫɢɥɨ-
ɜɵɟ ɥɢɧɢɢ; Φ = ȼ·S – ɦɚɝɧɢɬɧɵɣ ɩɨɬɨɤ, ɫɨɡɞɚɜɚɟɦɵɣ ɷɥɟɤɬɪɨɦɚɝɧɢɬɨɦ (ȼ – 
ɦɚɝɧɢɬɧɚɹ ɢɧɞɭɤɰɢɹ; S – ɩɥɨɳɚɞɶ ɫɟɱɟɧɢɹ ɦɚɝɧɢɬɧɨɝɨ ɩɨɬɨɤɚ). 

ȼ ɨɛɳɟɦ ɫɥɭɱɚɟ ɜɵɪɚɠɟɧɢɟ (10.1) ɦɨɠɧɨ ɡɚɩɢɫɚɬɶ ɜ ɜɢɞɟ 

,
)(







 

dt

dS
B

dt

dB
S

dt

BSd
e                             (10.2) 

ɝɞɟ dS ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɩɥɨɳɚɞɶ, «ɩɪɨɬɪɚɥɢɜɚɟɦɭɸ» ɩɪɨɜɨɞɧɢɤɨɦ l  ɡɚ 
ɜɪɟɦɹ dt. ȼɟɥɢɱɢɧɚ dS, ɨɱɟɜɢɞɧɨ, ɨɩɪɟɞɟɥɹɟɬɫɹ ɩɪɨɢɡɜɟɞɟɧɢɟɦ 

dS = BlV.                                                  (10.3) 
ȼ ɫɨɜɪɟɦɟɧɧɵɯ ɢɧɞɭɤɰɢɨɧɧɵɯ ɥɚɝɚɯ ɢɫɩɨɥɶɡɭɟɬɫɹ ɞɚɬɱɢɤ (ɢɧ-

ɞɭɤɰɢɨɧɧɵɣ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɶ (ɂɉ)) ɫ ɷɥɟɤɬɪɨɦɚɝɧɢɬɨɦ 2 (ɪɢɫ. 10.1),  
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ɨɛɦɨɬɤɚ ɤɨɬɨɪɨɝɨ ɩɢɬɚɟɬɫɹ ɩɟɪɟɦɟɧɧɵɦ ɬɨɤɨɦ ɫ ɱɚɫɬɨɬɨɣ η0 Ƚɰ (зU). 
ɗɥɟɤɬɪɨɦɚɝɧɢɬ ɫɨɡɞɚɟɬ ɩɟɪɟɦɟɧɧɨɟ ɦɚɝɧɢɬɧɨɟ ɩɨɥɟ, ɞɜɢɠɭɳɟɟɫɹ ɜɦɟɫɬɟ 
ɫ ɫɭɞɧɨɦ ɨɬɧɨɫɢɬɟɥɶɧɨ ɜɨɞɵ. Ɇɚɝɧɢɬɧɚɹ ɢɧɞɭɤɰɢɹ ɷɬɨɝɨ ɩɨɥɹ ɨɩɪɟɞɟɥɹɟɬ-
ɫɹ ɜɵɪɚɠɟɧɢɟɦ 

B = Bmaxsin Ȧt,                                             (10.4) 
ɝɞɟ Ȧ = 2πf,  f – ɱɚɫɬɨɬɚ (η0 Ƚɰ). 

ɉɨɞɫɬɚɜɥɹɹ ɪɚɜɟɧɫɬɜɚ (10.3) ɢ (10.4) ɜ ɮɨɪɦɭɥɭ (10.β), ɩɨɥɭɱɢɦ 

tlVBtSBe ȦsinȦcosȦ maxmax  .                         (10.5) 

ȼɵɪɚɠɟɧɢɟ  (10.5) ɨɩɪɟɞɟɥɹɟɬ ɜɟɥɢɱɢɧɭ ɗȾɋ, ɤɨɬɨɪɚɹ ɧɚɜɨɞɢɬɫɹ ɜ ɦɨɪ-
ɫɤɨɣ ɜɨɞɟ ɦɟɠɞɭ ɷɥɟɤɬɪɨɞɚɦɢ l. 

 

 
 
 

 

Ɋɢɫ. 10.1 Ɋɢɫ. 10.β 

 
ɇɚ ɪɢɫ. 10.2 ɩɪɢɜɟɞɟɧɚ ɷɤɜɢɜɚɥɟɧɬɧɚɹ ɫɯɟɦɚ ɂɉ, ɜɤɥɸɱɟɧɧɨɝɨ ɧɚ ɧɚ-

ɝɪɭɡɤɭ Rɧ. Ɍɚɤɨɣ ɧɚɝɪɭɡɤɨɣ ɹɜɥɹɟɬɫɹ ɜɯɨɞɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɫɯɟɦɵ ɨɛɪɚ-
ɛɨɬɤɢ ɫɢɝɧɚɥɚ ɢɧɞɭɤɰɢɨɧɧɨɝɨ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɹ. ɋɢɦɜɨɥɨɦ Ri ɨɛɨɡɧɚɱɟɧɨ 
ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɦɨɪɫɤɨɣ ɜɨɞɵ ɦɟɠɞɭ ɷɥɟɤɬɪɨɞɚɦɢ. 

ɉɚɞɟɧɢɟ ɧɚɩɪɹɠɟɧɢɹ ɧɚ ɧɚɝɪɭɡɤɟ Rɧ ɨɩɪɟɞɟɥɢɬɫɹ ɫɥɟɞɭɸɳɢɦ ɪɚɜɟɧɫɬ-
ɜɨɦ: 

iRR

eR
U




ɧ

ɧ
ɂɉ .                                         (10.6) 

ɗɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɢɫɫɥɟɞɨɜɚɧɢɹ ɩɨɤɚɡɚɥɢ, ɱɬɨ ɫɨɩɪɨɬɢɜɥɟɧɢɟ Ri ɡɚ-
ɜɢɫɢɬ ɜ ɨɫɧɨɜɧɨɦ ɨɬ ɫɨɥɟɧɨɫɬɢ ɜɨɞɵ. Ⱦɥɹ ɬɨɝɨ ɱɬɨɛɵ ɢɫɤɥɸɱɢɬɶ ɜɥɢɹɧɢɟ 

~   E 

Ri 
Rɧ     ~Uɂɉ 
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ɫɨɥɟɧɨɫɬɢ ɢ ɬɟɦɩɟɪɚɬɭɪɵ ɦɨɪɫɤɨɣ ɜɨɞɵ ɧɚ ɩɨɤɚɡɚɧɢɹ ɥɚɝɚ, ɜɯɨɞɧɨɟ ɫɨɩɪɨ-
ɬɢɜɥɟɧɢɟ ɢɡɦɟɪɢɬɟɥɶɧɨɣ ɫɯɟɦɵ ɥɚɝɚ ɜɵɛɢɪɚɸɬ ɢɫɯɨɞɹ ɢɡ ɧɟɪɚɜɟɧɫɬɜɚ 
Rɧ >> Ri. ȼ ɷɬɨɦ ɫɥɭɱɚɟ ɢɡ ɜɵɪɚɠɟɧɢɹ (10.6) ɫ ɭɱɟɬɨɦ (10.5) ɩɨɥɭɱɢɦ 

        tlVȼtSȼU  sincos maxmaxɂɉ .                   (10.7) 

Ɋɚɜɟɧɫɬɜɨ (10.7) ɩɨɤɚɡɵɜɚɟɬ, ɱɬɨ ɫɢɝɧɚɥ, ɤɨɬɨɪɵɣ ɫɧɢɦɚɟɬɫɹ ɫ ɢɧɞɭɤ-
ɰɢɨɧɧɨɝɨ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɹ, ɫɨɫɬɨɢɬ ɢɡ ɞɜɭɯ ɱɚɫɬɟɣ: 

cɤɂɉ UUU  ,                                      (10.8) 

ɝɞɟ Uɤ — ɩɨɦɟɯɚ, ɤɨɬɨɪɚɹ ɧɚɡɵɜɚɟɬɫɹ ɤɜɚɞɪɚɬɭɪɧɨɣ, ɬɚɤ ɤɚɤ ɨɧɚ ɫɞɜɢɧɭɬɚ 
ɩɨ ɮɚɡɟ ɧɚ π/β ɩɨ ɨɬɧɨɲɟɧɢɸ ɤ ɩɨɥɟɡɧɨɦɭ ɫɢɝɧɚɥɭ; Uɫ – ɩɨɥɟɡɧɵɣ ɫɢɝɧɚɥ, 
ɡɚɜɢɫɹɳɢɣ ɨɬ ɫɤɨɪɨɫɬɢ ɫɭɞɧɚ. 

ɋɢɝɧɚɥ Uɂɉ ɫɧɢɦɚɟɬɫɹ ɫ ɷɥɟɤɬɪɨɞɨɜ 1 (ɫɦ. ɪɢɫ. 10.1) ɢ ɩɟɪɟɞɚɟɬɫɹ 
ɜ ɷɥɟɤɬɪɢɱɟɫɤɭɸ ɫɯɟɦɭ ɥɚɝɚ ɞɥɹ ɩɪɟɨɛɪɚɡɨɜɚɧɢɹ ɟɝɨ ɜ ɨɬɫɱɟɬ ɫɤɨɪɨɫɬɢ ɫɭɞ-
ɧɚ. ɉɪɢ ɩɪɟɨɛɪɚɡɨɜɚɧɢɢ ɧɚɩɪɹɠɟɧɢɹ Uɂɉ ɤɜɚɞɪɚɬɭɪɧɚɹ ɩɨɦɟɯɚ ɨɬɞɟɥɹɟɬɫɹ 
ɨɬ ɩɨɥɟɡɧɨɝɨ ɫɢɝɧɚɥɚ ɢ ɢɫɤɥɸɱɚɟɬɫɹ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɢɧɞɭɤɰɢɨɧɧɵɣ ɥɚɝ 
ɢɡɦɟɪɹɟɬ ɫɤɨɪɨɫɬɶ V ɫɭɞɧɚ ɨɬɧɨɫɢɬɟɥɶɧɨ ɜɨɞɵ. 

ɇɚ ɪɢɫ. 10.γ ɩɪɢɜɟɞɟɧɚ ɮɭɧɤɰɢɨɧɚɥɶɧɚɹ ɫɯɟɦɚ, ɩɨɹɫɧɹɸɳɚɹ ɩɪɢɧɰɢɩ 
ɩɪɟɨɛɪɚɡɨɜɚɧɢɹ ɫɢɝɧɚɥɨɜ ɜ ɫɨɜɪɟɦɟɧɧɨɦ ɢɧɞɭɤɰɢɨɧɧɨɦ ɥɚɝɟ Ʌɂ-2. 

ɋɧɢɦɚɟɦɨɟ ɫ ɞɚɬɱɢɤɚ ɫɢɝɧɚɥɚ Ⱦɋ ɧɚɩɪɹɠɟɧɢɟ Uɂɉ, ɫɨɞɟɪɠɚɳɟɟ ɩɨɥɟɡ-
ɧɵɣ ɫɢɝɧɚɥ ɢ ɩɨɦɟɯɢ, ɩɨɞɚɟɬɫɹ ɧɚ ɩɪɟɞɜɚɪɢɬɟɥɶɧɵɣ ɭɫɢɥɢɬɟɥɶ ɍɋ, ɤɨɬɨ-
ɪɵɣ ɧɚɯɨɞɢɬɫɹ ɜɧɭɬɪɢ ɩɪɢɛɨɪɚ ɂɉ. ɍɫɢɥɟɧɧɵɣ ɫɢɝɧɚɥ ɩɨ ɤɚɛɟɥɸ ɩɨɞɚɟɬɫɹ 
ɜ ɰɟɧɬɪɚɥɶɧɵɣ ɩɪɢɛɨɪ (ɜɵɱɢɫɥɢɬɟɥɶ ɚɧɚɥɨɝɨ-ɰɢɮɪɨɜɨɣ (ȼȺɐ)), ɭɫɬɚɧɨɜ-
ɥɟɧɧɵɣ ɜ ɯɨɞɨɜɨɣ ɪɭɛɤɟ. 

Ɉɫɧɨɜɧɵɦ ɭɫɬɪɨɣɫɬɜɨɦ ɩɪɢɛɨɪɚ ȼȺɐ ɹɜɥɹɟɬɫɹ ɭɡɟɥ ɢɧɬɟɝɪɚɬɨɪɚ ɢ ɜɵ-
ɱɢɫɥɢɬɟɥɹ, ɜ ɤɨɬɨɪɨɦ ɩɨɞɚɜɥɹɟɬɫɹ ɤɜɚɞɪɚɬɭɪɧɚɹ ɩɨɦɟɯɚ ɢ ɩɪɨɢɡɜɨɞɢɬɫɹ 
ɩɪɟɨɛɪɚɡɨɜɚɧɢɟ ɫɢɝɧɚɥɨɜ ɚɧɚɥɨɝɨɜɨɣ ɮɨɪɦɵ ɜ ɰɢɮɪɨɜɭɸ. Ʉɪɨɦɟ ɬɨɝɨ, 
ɜ ɷɬɨɦ ɭɡɥɟ ɨɫɭɳɟɫɬɜɥɹɟɬɫɹ ɤɨɪɪɟɤɰɢɹ ɫɢɝɧɚɥɚ ɫɤɨɪɨɫɬɢ, ɬ.ɟ. ɜɜɨɞ ɩɨɫɬɨɹɧ-
ɧɨɣ, ɥɢɧɟɣɧɨɣ ɢ ɧɟɥɢɧɟɣɧɨɣ ɩɨɩɪɚɜɨɤ. Ⱦɥɹ ɷɬɨɣ ɰɟɥɢ ɢɦɟɸɬɫɹ ɫɩɟɰɢɚɥɶ-
ɧɵɟ ɤɨɪɪɟɤɬɨɪɵ, ɪɚɛɨɬɚ ɤɨɬɨɪɵɯ ɨɩɪɟɞɟɥɹɟɬɫɹ ɡɚɪɚɧɟɟ ɫɨɫɬɚɜɥɹɟɦɨɣ ɩɪɨ-
ɝɪɚɦɦɨɣ. 

ɍɡɟɥ ɜɵɪɚɛɨɬɤɢ ɞɨɩɨɥɧɢɬɟɥɶɧɵɯ ɫɢɝɧɚɥɨɜ ɩɪɟɞɧɚɡɧɚɱɟɧ ɞɥɹ ɮɨɪɦɢ-
ɪɨɜɚɧɢɹ ɢɧɮɨɪɦɚɰɢɢ ɨ ɫɤɨɪɨɫɬɢ ɢ ɩɪɨɣɞɟɧɧɨɦ ɪɚɫɫɬɨɹɧɢɢ ɢ ɜɵɞɚɱɢ ɷɬɢɯ 
ɞɚɧɧɵɯ ɜ ɫɢɫɬɟɦɭ ɫɭɞɨɜɨɣ ɚɜɬɨɦɚɬɢɤɢ. ɂɧɮɨɪɦɚɰɢɹ ɨ ɫɤɨɪɨɫɬɢ ɜɵɞɚɟɬɫɹ 
ɜ ɰɢɮɪɨɜɨɦ ɜɢɞɟ – ɜ ɜɢɞɟ ɱɢɫɥɨɢɦɩɭɥɶɫɧɨɝɨ ɤɨɞɚ (ɤɨɞ V) ɢ ɜ ɚɧɚɥɨɝɨɜɨɣ 
ɮɨɪɦɟ – ɜ ɜɢɞɟ ɧɚɩɪɹɠɟɧɢɣ ɩɟɪɟɦɟɧɧɨɝɨ ɬɨɤɚ, ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɵɯ ɫɤɨɪɨ-
ɫɬɢ ɫɭɞɧɚ зUV = UV. ɂɧɮɨɪɦɚɰɢɹ ɨ ɩɪɨɣɞɟɧɧɨɦ ɪɚɫɫɬɨɹɧɢɢ ɜɵɞɚɟɬɫɹ ɜ ɜɢ-
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ɞɟ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɢ ɢɦɩɭɥɶɫɨɜ (β00 ɢ η00 ɢɦɩ./ɦɢɥɹ). Ⱦɥɹ ɧɚɜɢɝɚɰɢɨɧ-
ɧɵɯ ɰɟɥɟɣ ɤ ɩɪɢɛɨɪɭ ȼȺɐ ɩɨɞɤɥɸɱɚɟɬɫɹ ɪɟɩɢɬɟɪ ɫɤɨɪɨɫɬɢ (Pω) ɢ ɪɟɩɢɬɟɪ 
ɫɤɨɪɨɫɬɢ ɢ ɩɭɬɢ (Ɋɋɉ). 
 

           

10.2. ɉɨɝɪɟɲɧɨɫɬɶ ɢɡɦɟɪɟɧɢɹ ɫɤɨɪɨɫɬɢ ɢɧɞɭɤɰɢɨɧɧɵɦ ɥɚɝɨɦ 
Ɍɨɱɧɨɫɬɶ ɩɨɤɚɡɚɧɢɣ ɥɚɝɚ ɜ ɛɨɥɶɲɨɣ ɫɬɟɩɟɧɢ ɡɚɜɢɫɢɬ ɨɬ ɦɟɫɬɚ ɭɫɬɚ-

ɧɨɜɤɢ ɢɧɞɭɤɰɢɨɧɧɨɝɨ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɹ. ɗɬɨ ɨɛɴɹɫɧɹɟɬɫɹ, ɩɪɟɠɞɟ ɜɫɟɝɨ, 
ɜɨɡɧɢɤɧɨɜɟɧɢɟɦ ɜɛɥɢɡɢ ɩɨɜɟɪɯɧɨɫɬɢ ɤɨɪɩɭɫɚ ɞɜɢɠɭɳɟɝɨɫɹ ɫɭɞɧɚ ɬɭɪɛɭ-
ɥɟɧɬɧɨɝɨ ɫɥɨɹ ɜɨɞɵ, ɢɦɟɸɳɟɝɨ ɧɟɨɞɢɧɚɤɨɜɭɸ ɬɨɥɳɢɧɭ ɢ ɫɥɭɱɚɣɧɨɟ ɩɨɥɟ 
ɫɤɨɪɨɫɬɟɣ ɱɚɫɬɢɰ ɠɢɞɤɨɫɬɢ. Ʉɪɨɦɟ ɬɨɝɨ, ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɦɚɝɧɢɬɧɨɣ ɢɧɞɭɤ-
ɰɢɢ ȼ ɜ ɨɛɴɟɦɟ ɜɨɞɵ ɧɟɨɞɢɧɚɤɨɜɨ ɩɨ ɞɥɢɧɟ ɫɭɞɧɚ ɢ ɧɨɫɢɬ ɜɟɫɶɦɚ ɫɥɨɠɧɵɣ 
ɯɚɪɚɤɬɟɪ, ɧɟ ɩɨɞɞɚɸɳɢɣɫɹ ɚɧɚɥɢɬɢɱɟɫɤɨɦɭ ɢɫɫɥɟɞɨɜɚɧɢɸ. ɗɬɢ ɢ ɞɪɭɝɢɟ 
ɫɥɭɱɚɣɧɵɟ ɮɚɤɬɨɪɵ ɩɪɢɜɨɞɹɬ ɤ ɬɨɦɭ, ɱɬɨ ɢɡɦɟɪɟɧɧɚɹ ɥɚɝɨɦ ɫɤɨɪɨɫɬɶ ɧɟ 
ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɢɫɬɢɧɧɨɣ ɫɤɨɪɨɫɬɢ ɫɭɞɧɚ, ɩɪɢɱɟɦ ɫɜɹɡɶ ɦɟɠɞɭ ɷɬɢɦɢ ɫɤɨɪɨ-
ɫɬɹɦɢ ɢɦɟɟɬ ɧɟɥɢɧɟɣɧɵɣ ɯɚɪɚɤɬɟɪ. 

ɍɡɟɥ 
ɢɧɬɟɝɪɚɬɨɪɚ 

ɢ ɜɵɱɢɫɥɢɬɟɥɹ 

 
ɍɡɟɥ 

ɜɵɪɚɛɨɬɤɢ 
ɞɨɩɨɥɧɢ-
ɬɟɥɶɧɵɯ 
ɫɢɝɧɚɥɨɜ 

Ɋɢɫ. 10.γ 

V                                  V 

Ʉɨɞ V 

~UV 

=UV 
 
 
200 ɢɦɩ./ɦɢɥɹ 
 
η00 ɢɦɩ./ɦɢɥɹ 

Ɋɟɩɢɬɟɪ 
ɫɤɨɪɨɫɬɢ 

 
Ɋɋ 

Ɋɟɩɢɬɟɪ ɫɤɨ-
ɪɨɫɬɢ ɢ ɩɭɬɢ 

 
Ɋɋɉ 

ɋɟɬɶ 
~ η0 Ƚɰ 
110 ȼ 
 

ɂɉ 

Ⱦɋ 

ɍɋ 

ɍɡɟɥ 
ɢɧɞɢɤɚɰɢɢ 

V ɢ S 
V 

S 

S 

ȼȺɐ 

Ȼɥɨɤ 
ɭɫɢɥɢɬɟɥɟɣ 

Ȼɥɨɤ 
ɩɢɬɚɧɢɹ 
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Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɢɧɞɭɤɰɢɨɧɧɵɣ ɥɚɝ ɢɦɟɟɬ ɩɨɝɪɟɲɧɨɫɬɶ, ɤɨɬɨɪɚɹ ɞɨɥɠ-
ɧɚ ɛɵɬɶ ɤɨɦɩɟɧɫɢɪɨɜɚɧɚ ɩɨɩɪɚɜɤɨɣ ΔV. ȼ ɨɛɳɟɦ ɫɥɭɱɚɟ ɩɨɩɪɚɜɤɚ ɥɚɝɚ ɹɜ-
ɥɹɟɬɫɹ ɧɟɤɨɬɨɪɨɣ ɮɭɧɤɰɢɟɣ ɫɤɨɪɨɫɬɢ ɫɭɞɧɚ 

ΔV = f(V). 
ɗɬɭ ɮɭɧɤɰɢɸ ɦɨɠɧɨ ɩɪɟɞɫɬɚɜɢɬɶ ɜ ɜɢɞɟ ɫɭɦɦɵ ɬɪɟɯ ɫɨɫɬɚɜɥɹɸɳɢɯ 

(ɪɢɫ. 10.4): 
ΔV = a + bV + c(V),                                      (10.9) 

ɝɞɟ ɚ – ɩɨɫɬɨɹɧɧɚɹ; bV – ɥɢɧɟɣɧɚɹ; ɫ(V) – ɧɟɥɢɧɟɣɧɚɹ ɫɨɫɬɚɜɥɹɸɳɢɟ ɩɨ-
ɩɪɚɜɤɢ. 

ɉɨɫɬɨɹɧɧɚɹ ɫɨɫɬɚɜɥɹɸɳɚɹ ɩɨɩɪɚɜɤɢ ɥɚɝɚ ɜɜɨɞɢɬɫɹ ɩɨ ɜɪɟɦɹ ɪɟ-
ɝɭɥɢɪɨɜɤɢ ɩɪɢɛɨɪɚ ɜ ɩɨɪɬɭ ɢɥɢ ɜ ɦɨɪɟ ɩɪɢ ɧɭɥɟɜɨɣ ɫɤɨɪɨɫɬɢ ɢ ɲɬɢɥɟɜɨɣ 
ɩɨɝɨɞɟ. ɉɨɫɥɟ ɜɵɩɨɥɧɟɧɢɹ ɬɚɤɨɣ ɪɟɝɭɥɢɪɨɜɤɢ ɩɨɩɪɚɜɤɚ ɥɚɝɚ ɢɦɟɟɬ ɥɢɧɟɣ-
ɧɭɸ ɢ ɧɟɥɢɧɟɣɧɭɸ ɫɨɫɬɚɜɥɹɸɳɢɟ. 

Ɉɩɪɟɞɟɥɟɧɢɟ ɢ ɜɜɨɞ ɥɢɧɟɣɧɨɣ ɫɨɫɬɚɜɥɹɸɳɟɣ ɩɨɩɪɚɜɤɢ ɥɚɝɚ ɜɵ-
ɩɨɥɧɹɸɬ ɩɨ ɪɟɡɭɥɶɬɚɬɚɦ ɢɫɩɵɬɚɧɢɹ ɥɚɝɚ ɧɚ ɦɟɪɧɨɣ ɥɢɧɢɢ. ɋɭɳɧɨɫɬɶ ɷɬɨɣ 
ɨɩɟɪɚɰɢɢ ɫɨɫɬɨɢɬ ɜ ɫɥɟɞɭɸɳɟɦ. Ʉɚɤ ɢɡɜɟɫɬɧɨ, ɜ ɢɧɞɭɤɰɢɨɧɧɨɦ ɥɚɝɟ ɨɬɫɱɟɬ 
ɫɤɨɪɨɫɬɢ ɫɭɞɧɚ ɩɪɨɩɨɪɰɢɨɧɚɥɟɧ ɩɨɥɟɡɧɨɦɭ ɫɢɝɧɚɥɭ ɢɧɞɭɤɰɢɨɧɧɨɝɨ ɩɪɟɨɛ-
ɪɚɡɨɜɚɬɟɥɹ: 

Vɢ =mUc.                                           (10.10) 
ɂɫɯɨɞɹ ɢɡ ɬɨɝɨ, ɱɬɨ ɷɬɚ ɮɭɧɤɰɢɹ ɥɢɧɟɣɧɚ, ɩɨɝɪɟɲɧɨɫɬɶ ɥɚɝɚ, ɢɦɟɸɳɚɹ 

ɥɢɧɟɣɧɵɣ ɯɚɪɚɤɬɟɪ, ɦɨɠɟɬ ɤɨɦɩɟɧɫɢɪɨɜɚɬɶɫɹ ɩɨɫɪɟɞɫɬɜɨɦ ɢɡɦɟɧɟɧɢɹ ɤɨ-
ɷɮɮɢɰɢɟɧɬɚ ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɨɫɬɢ m. Ɂɚɞɚɱɚ ɫɨɫɬɨɢɬ ɜ ɬɨɦ, ɱɬɨɛɵ ɩɨɥɭɱɢɬɶ 
ɧɨɜɵɣ ɨɬɫɱɟɬ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɣ ɢɫɬɢɧɧɨɦɭ ɡɧɚɱɟɧɢɸ ɫɤɨɪɨɫɬɢ, ɩɪɢ ɩɪɟɠ-
ɧɟɦ ɡɧɚɱɟɧɢɢ ɫɢɝɧɚɥɚ Uɫ: 

Vɢ = Vɥ + ΔV = m1Uɫ,                                     (10.11) 
ɝɞɟ ΔV – ɩɨɩɪɚɜɤɚ ɥɚɝɚ, ɨɩɪɟɞɟɥɹɟɦɚɹ ɧɚ ɦɟɪɧɨɣ ɥɢɧɢɢ (ɧɚ ɩɨɥɧɨɦ ɯɨɞɭ 
ɫɭɞɧɚ). 

  

Ɋɢɫ. 10.4 Ɋɢɫ. 10.η 



ГУ
МР
Ф им

ен
и а
дм
ир
ал
а С

.О
. 
Ма
ка
ро
ва

107 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɜɜɨɞ ɥɢɧɟɣɧɨɣ ɫɨɫɬɚɜɥɹɸɳɟɣ ɩɨɩɪɚɜɤɢ ɥɚɝɚ ɫɜɹɡɚɧ 
ɫ ɢɡɦɟɧɟɧɢɟɦ ɤɪɭɬɢɡɧɵ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɥɚɝɚ, ɨɩɪɟɞɟɥɹɟɦɨɣ ɜɵɪɚɠɟɧɢɟɦ 
(10.10). 

ɉɨɫɥɟ ɜɵɩɨɥɧɟɧɢɹ ɷɬɨɣ ɪɟɝɭɥɢɪɨɜɤɢ ɜ ɩɨɤɚɡɚɧɢɹɯ ɥɚɝɚ ɨɫɬɚɧɟɬɫɹ 
ɬɨɥɶɤɨ ɧɟɥɢɧɟɣɧɚɹ ɫɨɫɬɚɜɥɹɸɳɚɹ ɩɨɝɪɟɲɧɨɫɬɢ, ɡɚɜɢɫɢɦɨɫɬɶ ɤɨɬɨɪɨɣ ɨɬ 
ɫɤɨɪɨɫɬɢ ɩɪɢɜɟɞɟɧɚ ɧɚ ɪɢɫ. 10.5. ɇɟɥɢɧɟɣɧɚɹ ɫɨɫɬɚɜɥɹɸɳɚɹ ɩɨɩɪɚɜɤɢ ɥɚɝɚ 
ɜɜɨɞɢɬɫɹ ɫ ɩɨɦɨɳɶɸ ɤɨɪɪɟɤɬɨɪɚ. Ⱦɚɧɧɵɟ ɞɥɹ ɭɫɬɚɧɨɜɤɢ ɤɨɪɪɟɤɬɨɪɚ ɨɩɪɟ-
ɞɟɥɹɸɬ ɩɪɢ ɢɫɩɵɬɚɧɢɢ ɥɚɝɚ ɧɚ ɦɟɪɧɨɣ ɥɢɧɢɢ. 

ɋɭɳɧɨɫɬɶ ɷɬɨɣ ɨɩɟɪɚɰɢɢ ɡɚɤɥɸɱɚɟɬɫɹ ɜ ɬɨɦ, ɱɬɨ ɤɪɢɜɚɹ ɚɩɩɪɨɤ-
ɫɢɦɢɪɭɟɬɫɹ ɩɪɹɦɵɦɢ ɥɢɧɢɹɦɢ. ɉɪɢ ɷɬɨɦ ɜɟɫɶ ɞɢɚɩɚɡɨɧ ɫɤɨɪɨɫɬɟɣ ɪɚɡ- 
ɛɢɜɚɟɬɫɹ ɧɚ ɭɱɚɫɬɤɢ. Ⱦɚɥɟɟ ɤɨɪɪɟɤɬɨɪɭ ɡɚɞɚɸɬ ɬɚɤɭɸ ɩɪɨɝɪɚɦɦɭ ɪɚɛɨɬɵ, 
ɩɪɢ ɤɨɬɨɪɨɣ ɧɚ ɩɟɪɜɨɦ ɭɱɚɫɬɤɟ ɤɪɭɬɢɡɧɚ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɥɚɝɚ ɭɜɟɥɢ- 
ɱɢɜɚɟɬɫɹ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɢɫɯɨɞɧɨɣ. ɇɚ ɜɬɨɪɨɦ ɭɱɚɫɬɤɟ ɤɪɭɬɢɡɧɭ ɯɚɪɚɤ- 
ɬɟɪɢɫɬɢɤɢ ɭɫɬɚɧɚɜɥɢɜɚɸɬ ɪɚɜɧɨɣ ɢɫɯɨɞɧɨɣ. ɇɚ ɬɪɟɬɶɟɦ ɭɱɚɫɬɤɟ ɬɪɟɛɭɟɬɫɹ 
ɭɦɟɧɶɲɢɬɶ ɤɪɭɬɢɡɧɭ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɥɚɝɚ. ɉɪɢ ɬɚɤɨɣ ɪɚɛɨɬɟ ɤɨɪɪɟɤɬɨɪɚ 
ɩɨɝɪɟɲɧɨɫɬɶ ɥɚɝɚ ɜɨ ɜɫɟɦ ɞɢɚɩɚɡɨɧɟ ɫɤɨɪɨɫɬɟɣ ɫɧɢɠɚɟɬɫɹ ɞɨ ɦɢɧɢɦɭɦɚ. 

Ɉɩɢɫɚɧɧɭɸ ɪɟɝɭɥɢɪɨɜɤɭ ɥɚɝɚ ɧɟɨɛɯɨɞɢɦɨ ɩɪɨɜɨɞɢɬɶ ɟɠɟɝɨɞɧɨ, ɬɚɤ 
ɤɚɤ ɜɫɥɟɞɫɬɜɢɟ ɨɛɪɚɫɬɚɧɢɹ ɤɨɪɩɭɫɚ ɫɭɞɧɚ ɢɡɦɟɧɟɧɢɟ ɩɨɩɪɚɜɤɢ ɥɚɝɚ ɜ ɬɟɱɟ-
ɧɢɟ ɝɨɞɚ ɦɨɠɟɬ ɞɨɯɨɞɢɬɶ ɞɨ β,η %. 

Ʉɨɧɬɪɨɥɶɧɵɟ ɜɨɩɪɨɫɵ 
51. ɉɪɢɧɰɢɩ ɞɟɣɫɬɜɢɹ ɤɨɪɪɟɥɹɰɢɨɧɧɨɝɨ ɥɚɝɚ ɨɫɧɨɜɚɧ ɧɚ ɢɡɦɟɪɟɧɢɢ 

ɫɥɟɞɭɸɳɢɯ ɩɨɤɚɡɚɬɟɥɟɣμ 
– ɱɚɫɬɨɬɵ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 10); 
– ɜɪɟɦɟɧɢ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 23); 
– ɮɚɡɵ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 35). 
52. ɂɧɬɟɪɩɨɥɹɰɢɨɧɧɵɣ ɦɟɬɨɞ ɨɛɪɚɛɨɬɤɢ ɫɢɝɧɚɥɚ ɜ ɤɨɪɪɟɥɹɰɢɨɧɧɨɦ 

ɥɚɝɟ ɩɨɡɜɨɥɹɟɬ ɩɨɜɵɫɢɬɶ ɬɨɱɧɨɫɬɶ ɢɡɦɟɪɟɧɢɹ ɫɥɟɞɭɸɳɢɯ ɜɟɥɢɱɢɧμ 
– ɦɚɥɨɣ ɫɤɨɪɨɫɬɢ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 53); 
– ɥɸɛɨɣ ɫɤɨɪɨɫɬɢ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 76); 
– ɦɚɤɫɢɦɚɥɶɧɨɣ ɫɤɨɪɨɫɬɢ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 127). 
53. Ɍɨɱɧɨɫɬɶ ɢɡɦɟɪɟɧɢɹ ɫɤɨɪɨɫɬɢ ɤɨɪɪɟɥɹɰɢɨɧɧɵɦ ɥɚɝɨɦ ɩɪɢ ɭɜɟɥɢ-

ɱɟɧɢɢ ɲɢɪɢɧɵ ɞɢɚɝɪɚɦɦɵ ɧɚɩɪɚɜɥɟɧɧɨɫɬɢ ɢɡɥɭɱɟɧɢɹ 
– ɫɧɢɠɚɟɬɫɹ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 116); 
– ɭɜɟɥɢɱɢɜɚɟɬɫɹ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 113); 
– ɨɫɬɚɟɬɫɹ ɧɟɢɡɦɟɧɧɨɣ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 96). 
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54. ȼ ɨɫɧɨɜɟ ɩɪɢɧɰɢɩɚ ɞɟɣɫɬɜɢɹ ɢɧɞɭɤɰɢɨɧɧɨɝɨ ɥɚɝɚ ɧɚɯɨɞɹɬɫɹ: 
– ɷɮɮɟɤɬ Ⱦɨɩɥɟɪɚ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 83); 
– ɡɚɤɨɧ Ɉɦɚ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 77); 
– ɡɚɤɨɧ Ɏɚɪɚɞɟɹ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 58). 
55. ɉɨɩɪɚɜɤɚ ɢɧɞɭɤɰɢɨɧɧɨɝɨ ɥɚɝɚ ɫɨɫɬɨɢɬ ɢɡ ɩɨɫɬɨɹɧɧɨɣ, ɥɢɧɟɣɧɨɣ 

ɢ ɧɟɥɢɧɟɣɧɨɣ ɫɨɫɬɚɜɥɹɸɳɢɯ. ɉɪɢ ɫɬɨɹɧɤɟ ɜ ɩɨɪɬɭ ɦɨɠɧɨ ɭɦɟɧɶɲɢɬɶ ɫɥɟ-
ɞɭɸɳɢɟ ɜɟɥɢɱɢɧɵμ 

– ɩɨɫɬɨɹɧɧɭɸ ɫɨɫɬɚɜɥɹɸɳɭɸ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 36); 
– ɥɢɧɟɣɧɭɸ ɫɨɫɬɚɜɥɹɸɳɭɸ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 25); 
– ɧɟɥɢɧɟɣɧɭɸ ɫɨɫɬɚɜɥɹɸɳɭɸ (ɫɦ. ɩɨɹɫɧɟɧɢɟ 11). 

Ʉɨɧɬɪɨɥɶɧɚɹ ɪɚɛɨɬɚ 
1. Ʉɚɤɢɟ ɩɪɨɰɟɫɫɵ ɧɚɛɥɸɞɚɸɬɫɹ ɩɪɢ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɢ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ 

ɜ ɜɨɞɧɨɣ ɫɪɟɞɟμ 
ɚ) ɤɨɥɟɛɚɧɢɟ ɱɚɫɬɢɰ ɜɨɞɵ ɨɬɧɨɫɢɬɟɥɶɧɨ ɩɨɥɨɠɟɧɢɹ ɪɚɜɧɨɜɟɫɢɹ; 
ɛ) ɩɟɪɟɧɨɫ ɱɚɫɬɢɰ ɜɨɞɵ ɡɜɭɤɨɜɨɣ ɜɨɥɧɨɣ; 
ɜ) ɢɡɦɟɧɟɧɢɟ ɞɚɜɥɟɧɢɹ; 
ɝ) ɢɡɦɟɧɟɧɢɟ ɩɥɨɬɧɨɫɬɢ. 
2. ȼ ɬɜɟɪɞɵɯ ɬɟɥɚɯ ɦɨɠɧɨ ɜɨɡɛɭɞɢɬɶ ɫɥɟɞɭɸɳɢɟ ɩɪɨɰɟɫɫɵμ 
ɚ) ɩɪɨɞɨɥɶɧɭɸ ɡɜɭɤɨɜɭɸ ɜɨɥɧɭ; 
ɛ) ɩɨɩɟɪɟɱɧɭɸ ɡɜɭɤɨɜɭɸ ɜɨɥɧɭ; 
ɜ) ɞɢɚɝɨɧɚɥɶɧɭɸ ɡɜɭɤɨɜɭɸ ɜɨɥɧɭ; 
ɝ) ɫɥɨɠɧɭɸ ɡɜɭɤɨɜɭɸ ɜɨɥɧɭ. 
3. Ʉɚɤɭɸ ɫɜɹɡɶ ɯɚɪɚɤɬɟɪɢɡɭɟɬ ɭɪɚɜɧɟɧɢɟ ɤɨɥɟɛɚɬɟɥɶɧɨɝɨ ɞɜɢɠɟɧɢɹ 

0



 p

t
: 

ɚ) ɦɟɠɞɭ ɤɨɥɟɛɚɬɟɥɶɧɵɦ ɞɜɢɠɟɧɢɟɦ ɱɚɫɬɢɰ ɢ ɢɡɦɟɧɟɧɢɟɦ ɩɥɨɬɧɨɫɬɢ 
ɫɪɟɞɵ; 

ɛ) ɦɟɠɞɭ ɤɨɥɟɛɚɬɟɥɶɧɵɦ ɞɜɢɠɟɧɢɟɦ ɱɚɫɬɢɰ ɢ ɢɡɦɟɧɟɧɢɟɦ ɞɚɜɥɟɧɢɹ; 
ɜ) ɦɟɠɞɭ ɢɡɦɟɧɟɧɢɟɦ ɩɥɨɬɧɨɫɬɢ ɫɪɟɞɵ ɢ ɢɡɦɟɧɟɧɢɟɦ ɞɚɜɥɟɧɢɹ. 
4. Ƚɞɟ ɩɪɨɢɫɯɨɞɹɬ ɩɪɨɰɟɫɫɵ, ɨɩɢɫɵɜɚɟɦɵɟ ɜɨɥɧɨɜɵɦ ɭɪɚɜɧɟɧɢɟɦ  

 









 2
1

0

22
2

2

3

4

t
c

t
: 

ɚ) ɜ ɜɹɡɤɨɣ ɠɢɞɤɨɫɬɢ;  
ɛ) ɜ ɢɞɟɚɥɶɧɨɣ ɠɢɞɤɨɫɬɢ. 
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η. ȼ ɜɵɪɚɠɟɧɢɢ ɞɥɹ ɡɚɤɨɧɚ ɢɡɦɟɧɟɧɢɹ ɡɜɭɤɨɜɨɝɨ ɞɚɜɥɟɧɢɹ: 

)(sin xctkepp x
m   , 

ɱɚɫɬɨɬɨɣ ɫɢɝɧɚɥɚ ɹɜɥɹɸɬɫɹ: 
ɚ) αx;    
ɛ) kx;    
 ɜ) kc. 

6. Ɏɨɪɦɭɥɚ ɋɬɨɤɫɚ xeII  0 ɨɩɪɟɞɟɥɹɟɬ ɢɧɬɟɧɫɢɜɧɨɫɬɶ: 

ɚ) ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ ɥɸɛɨɣ ɮɨɪɦɵ; 
ɛ) ɫɮɟɪɢɱɟɫɤɨɣ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ; 
ɜ) ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ; 
ɝ) ɩɥɨɫɤɨɣ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ. 

7. ȼ ɜɵɪɚɠɟɧɢɟ ɞɥɹ ɤɨɷɮɮɢɰɢɟɧɬɚ ɩɨɝɥɨɳɟɧɢɹ ɡɜɭɤɚ 2/3036,0 f  

ɱɚɫɬɨɬɭ f ɧɟɨɛɯɨɞɢɦɨ ɩɨɞɫɬɚɜɥɹɬɶ ɜ ɫɥɟɞɭɸɳɢɯ ɟɞɢɧɢɰɚɯ 
ɚ) ɜ Ƚɰ;   
ɛ) ɜ ɤȽɰ;     
ɜ) ɜ ɆȽɰ. 
8. Ⱦɥɹ ɪɚɫɱɟɬɚ ɤɨɷɮɮɢɰɢɟɧɬɚ ɩɨɝɥɨɳɟɧɢɹ ɡɜɭɤɚ ɢɦɟɟɬɫɹ ɷɦɩɢɪɢɱɟɫɤɚɹ 

ɮɨɪɦɭɥɚ 2/300414,0 f . Ɋɚɫɫɱɢɬɚɧɧɵɣ ɩɨ ɷɬɨɣ ɮɨɪɦɭɥɟ ɤɨɷɮɮɢɰɢɟɧɬ ȕ 

ɢɦɟɟɬ ɪɚɡɦɟɪɧɨɫɬɶ 
ɚ) ɞȻ·ɤɦ–1;  
ɛ) ɇɩ·ɦ–1; 

ɜ) ɇɩ·ɤɦ–1;  
ɝ) ɞȻ·ɦ–1. 
9. ȼ ɜɵɪɚɠɟɧɢɟ ɞɥɹ ɪɚɫɱɟɬɚ ɞɚɥɶɧɨɫɬɢ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɩɥɨɫɤɨɣ ɡɜɭ-

ɤɨɜɨɣ ɜɨɥɧɵ ɜ ɜɹɡɤɨɣ ɠɢɞɤɨɫɬɢ 










0

min
max ln

1

I

I
x ɧɟɨɛɯɨɞɢɦɨ ɩɨɞɫɬɚɜ-

ɥɹɬɶ ɤɨɷɮɮɢɰɢɟɧɬ ȕ, ɪɚɫɫɱɢɬɚɧɧɵɣ ɩɨ ɮɨɪɦɭɥɟ: 

ɚ) 2/3036,0 f ;  

 ɛ) 2/300414,0 f . 

10. ɉɪɨɢɡɜɟɞɟɧɢɟ ρc ɧɚɡɵɜɚɟɬɫɹ 
ɚ) ɭɞɟɥɶɧɵɦ ɚɤɭɫɬɢɱɟɫɤɢɦ ɫɨɩɪɨɬɢɜɥɟɧɢɟɦ ɫɪɟɞɵ; 
ɛ) ɚɞɢɚɛɚɬɢɱɟɫɤɢɦ ɤɨɷɮɮɢɰɢɟɧɬɨɦ ɫɠɢɦɚɟɦɨɫɬɢ ɠɢɞɤɨɫɬɢ; 
ɜ) ɤɨɷɮɮɢɰɢɟɧɬɨɦ ɞɢɧɚɦɢɱɟɫɤɨɣ ɜɹɡɤɨɫɬɢ ɠɢɞɤɨɫɬɢ. 
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11. Ɂɚɤɨɧ ɩɪɟɥɨɦɥɟɧɢɹ ɡɜɭɤɚ ɢɦɟɟɬ ɫɥɟɞɭɸɳɢɣ ɜɢɞ: 

 ɚ) 
2

1

sin

sin

c

c

r

t 



;   

 ɛ) 
2

1

sin

sin

c

c

t

r 



; 

  ɜ) 
2

1

sin

sin

c

c

t

i 



. 

12. ȼɟɥɢɱɢɧɚ, ɤɨɬɨɪɚɹ ɩɨɤɚɡɵɜɚɟɬ, ɤɚɤɚɹ ɱɚɫɬɶ ɷɧɟɪɝɢɢ ɩɪɨɯɨɞɢɬ ɱɟɪɟɡ 
ɝɪɚɧɢɰɭ ɪɚɡɞɟɥɚ ɫɪɟɞ, ɧɚɡɵɜɚɟɬɫɹ ɤɨɷɮɮɢɰɢɟɧɬɨɦ: 

ɚ) ɨɬɪɚɠɟɧɢɹ;  
        ɛ) ɩɪɟɥɨɦɥɟɧɢɹ. 

13. Ɋɟɮɪɚɤɰɢɟɣ ɧɚɡɵɜɚɟɬɫɹ 
ɚ) ɫɩɨɫɨɛɧɨɫɬɶ ɡɜɭɤɨɜɵɯ ɜɨɥɧ ɨɝɢɛɚɬɶ ɩɪɟɩɹɬɫɬɜɢɹ; 
ɛ) ɫɩɨɫɨɛɧɨɫɬɶ ɡɜɭɤɨɜɵɯ ɜɨɥɧ ɫɭɦɦɢɪɨɜɚɬɶɫɹ; 
ɜ) ɢɡɦɟɧɟɧɢɟ ɬɪɚɟɤɬɨɪɢɢ ɞɜɢɠɟɧɢɹ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ. 
14. ȼ ɫɬɨɹɱɟɣ ɡɜɭɤɨɜɨɣ ɜɨɥɧɟ ɚɦɩɥɢɬɭɞɚ ɤɨɥɟɛɚɬɟɥɶɧɨɣ ɫɤɨɪɨɫɬɢ: 
ɚ) ɬɚɤɚɹ ɠɟ, ɤɚɤ ɢ ɜ ɛɟɝɭɳɟɣ ɜɨɥɧɟ; 
ɛ) ɜɟɥɢɱɢɧɚ ɩɨɫɬɨɹɧɧɚɹ; 
ɜ) ɢɡɦɟɧɹɟɬɫɹ ɩɨ ɝɚɪɦɨɧɢɱɟɫɤɨɦɭ ɡɚɤɨɧɭ. 
15. ȼ ɚɤɭɫɬɢɱɟɫɤɨɣ ɚɧɬɟɧɧɟ, ɪɚɛɨɬɚɸɳɟɣ ɧɚ ɩɪɢɟɦ, ɩɪɨɢɫɯɨɞɢɬ ɩɪɟ-

ɨɛɪɚɡɨɜɚɧɢɟ 
ɚ) ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɷɧɟɪɝɢɢ ɜ ɦɟɯɚɧɢɱɟɫɤɭɸ ɷɧɟɪɝɢɸ ɤɨɥɟɛɚɬɟɥɶɧɨɣ 

ɫɢɫɬɟɦɵ; 
ɛ) ɦɟɯɚɧɢɱɟɫɤɨɣ ɷɧɟɪɝɢɢ ɤɨɥɟɛɚɬɟɥɶɧɨɣ ɫɢɫɬɟɦɵ ɜ ɡɜɭɤɨɜɭɸ ɷɧɟɪɝɢɸ; 
ɜ) ɡɜɭɤɨɜɨɣ ɷɧɟɪɝɢɢ ɜ ɷɥɟɤɬɪɢɱɟɫɤɭɸ ɷɧɟɪɝɢɸ. 
16. ȿɫɥɢ ɜɨɤɪɭɝ ɢɫɬɨɱɧɢɤɚ ɡɜɭɤɚ ɢɦɟɸɬ ɦɟɫɬɨ ɧɚɩɪɚɜɥɟɧɢɹ, ɩɨ ɤɨɬɨ-

ɪɵɦ ɧɚɛɥɸɞɚɸɬɫɹ ɦɚɤɫɢɦɭɦɵ ɢ ɦɢɧɢɦɭɦɵ ɩɚɪɚɦɟɬɪɚ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ 
(ɧɚɩɪɢɦɟɪ, ɞɚɜɥɟɧɢɹ), ɬɨ ɬɚɤɨɟ ɢɡɥɭɱɟɧɢɟ ɧɚɡɵɜɚɟɬɫɹ 

ɚ) ɧɚɩɪɚɜɥɟɧɧɵɦ;  
ɛ) ɧɟɧɚɩɪɚɜɥɟɧɧɵɦ. 
17. ȼ ɥɢɧɟɣɧɨɣ ɚɧɬɟɧɧɟ ɧɚɩɪɚɜɥɟɧɢɟ ɢɡɥɭɱɟɧɢɹ ɦɟɧɹɟɬɫɹ ɡɚ ɫɱɟɬ 
ɚ) ɢɡɦɟɧɟɧɢɹ ɱɚɫɬɨɬɵ ɢɡɥɭɱɚɟɦɨɝɨ ɫɢɝɧɚɥɚ f; 
ɛ) ɜɜɟɞɟɧɢɹ ɮɚɡɨɜɨɣ ɡɚɞɟɪɠɤɢ Δȥ. 
18. ȼɥɢɹɟɬ ɥɢ (ɞɚ ɢɥɢ ɧɟɬ) ɭɝɨɥ ɧɚɤɥɨɧɚ ɥɭɱɟɣ ɞɨɩɥɟɪɨɜɫɤɨɝɨ ɥɚɝɚ ɧɚ 

ɜɟɥɢɱɢɧɭ ɮɥɸɤɬɭɚɰɢɨɧɧɨɣ ɩɨɝɪɟɲɧɨɫɬɢ: 
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ɚ) ɞɚ;     
ɛ) ɧɟɬ. 
19. ȼɥɢɹɟɬ ɥɢ (ɞɚ ɢɥɢ ɧɟɬ) ɝɥɭɛɢɧɚ ɩɨɞ ɤɢɥɟɦ ɫɭɞɧɚ ɧɚ ɜɵɛɨɪ ɞɥɢ-

ɬɟɥɶɧɨɫɬɢ ɢɦɩɭɥɶɫɚ ɤɨɪɪɟɥɹɰɢɨɧɧɨɝɨ ɥɚɝɚ? 
ɚ) ɞɚ;     
ɛ) ɧɟɬ. 
20. ɉɨɩɪɚɜɤɚ ɢɧɞɭɤɰɢɨɧɧɨɝɨ ɥɚɝɚ ɫɨɫɬɨɢɬ ɢɡ ɬɪɟɯ ɫɨɫɬɚɜɥɹɸɳɢɯ: ɩɨ-

ɫɬɨɹɧɧɨɣ, ɥɢɧɟɣɧɨɣ ɢ ɧɟɥɢɧɟɣɧɨɣ. ɉɨ ɪɟɡɭɥɶɬɚɬɚɦ ɩɪɨɛɟɝɨɜ ɧɚ ɦɟɪɧɨɣ 
ɥɢɧɢɢ ɤɨɦɩɟɧɫɢɪɭɟɬɫɹμ 

ɚ) ɩɨɫɬɨɹɧɧɚɹ ɫɨɫɬɚɜɥɹɸɳɚɹ ɩɨɩɪɚɜɤɢ; 
ɛ) ɥɢɧɟɣɧɚɹ ɫɨɫɬɚɜɥɹɸɳɚɹ ɩɨɩɪɚɜɤɢ; 
ɜ) ɧɟɥɢɧɟɣɧɚɹ ɫɨɫɬɚɜɥɹɸɳɚɹ ɩɨɩɪɚɜɤɢ. 

ɉɨɹɫɧɟɧɢɹ ɤ ɨɬɜɟɬɚɦ ɧɚ ɤɨɧɬɪɨɥɶɧɵɟ ɜɨɩɪɨɫɵ 
1. ȼɵ ɝɪɭɛɨ ɨɲɢɛɥɢɫɶ. ȼɧɢɦɚɬɟɥɶɧɨ ɩɪɨɱɢɬɚɣɬɟ ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ ɪɚɡ-

ɞɟɥɚ 8.1 ɢ ɩɨɫɬɚɪɚɣɬɟɫɶ ɜɵɛɪɚɬɶ ɩɪɚɜɢɥɶɧɵɣ ɨɬɜɟɬ.  
β. ɇɟɬ, ɧɟɜɟɪɧɨ. ɉɥɨɬɧɨɫɬɶ ɦɚɬɟɪɢɚɥɚ ρ, ɢɡ ɤɨɬɨɪɨɝɨ ɢɡɝɨɬɨɜɥɟɧ ɫɬɟɪ-

ɠɟɧɶ ɤɨɥɟɛɚɬɟɥɶɧɨɣ ɫɢɫɬɟɦɵ, ɦɵ ɢɡɦɟɧɢɬɶ ɧɟ ɦɨɠɟɦ. ȼɵɛɟɪɢɬɟ ɞɪɭɝɨɣ ɜɚ-
ɪɢɚɧɬ ɨɬɜɟɬɚ. 

γ. ȼɵ ɩɪɚɜɵ. Ⱦɟɣɫɬɜɢɬɟɥɶɧɨ, ɟɫɥɢ ɩɪɨɢɡɜɟɞɟɧɢɟ ρМ, ɤɨɬɨɪɨɟ ɧɚɡɵɜɚɟɬɫɹ 
ɭɞɟɥɶɧɵɦ ɚɤɭɫɬɢɱɟɫɤɢɦ ɫɨɩɪɨɬɢɜɥɟɧɢɟɦ ɫɪɟɞɵ, ɜɟɡɞɟ ɨɞɢɧɚɤɨɜɨ, ɬɨ ɬɚɤɚɹ 
ɫɪɟɞɚ ɹɜɥɹɟɬɫɹ ɚɤɭɫɬɢɱɟɫɤɢ ɨɞɧɨɪɨɞɧɨɣ. Ɇɨɠɟɬɟ ɨɬɜɟɱɚɬɶ ɧɚ ɫɥɟɞɭɸɳɢɣ 
ɤɨɧɬɪɨɥɶɧɵɣ ɜɨɩɪɨɫ. 

4. ȼɚɲ ɨɬɜɟɬ ɩɪɚɜɢɥɶɧɵɣ, ɧɨ ɧɟɩɨɥɧɵɣ. ɉɚɞɟɧɢɟ ɡɜɭɤɨɜɨɣ ɷɧɟɪɝɢɢ ɩɟɪ-
ɩɟɧɞɢɤɭɥɹɪɧɨ ɤ ɝɪɚɧɢɰɟ ɪɚɡɞɟɥɚ ɫɪɟɞ, ɹɜɥɹɟɬɫɹ ɨɞɧɢɦ ɢɡ ɭɫɥɨɜɢɣ, ɧɟɨɛɯɨ-
ɞɢɦɵɯ ɞɥɹ ɨɛɪɚɡɨɜɚɧɢɹ ɫɬɨɹɱɟɣ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ. ɉɨɩɪɨɛɭɣɬɟ ɫɪɟɞɢ ɨɬɜɟɬɨɜ 
ɧɚɣɬɢ ɜɬɨɪɨɟ ɧɟɨɛɯɨɞɢɦɨɟ ɭɫɥɨɜɢɟ. ȿɫɥɢ ȼɚɦ ɷɬɨ ɭɞɚɫɬɫɹ, ɦɨɠɟɬɟ ɩɪɢɫɬɭ-
ɩɚɬɶ ɤ ɨɬɜɟɬɭ ɧɚ ɤɨɧɬɪɨɥɶɧɵɣ ɜɨɩɪɨɫ ββ. 

η. ɇɟɬ, ȼɵ ɨɲɢɛɥɢɫɶ. ɂɫɩɨɥɶɡɨɜɚɬɶ ɮɨɪɦɭɥɭ Ʌɚɩɥɚɫɚ ɞɥɹ ɪɚɫɱɟɬɚ ɫɤɨɪɨ-
ɫɬɢ ɡɜɭɤɚ ɜ ɠɢɞɤɨɫɬɢ ɧɟɥɶɡɹ, ɩɨɬɨɦɭ, ɱɬɨ K ɢ ρ ɡɚɜɢɫɹɬ ɨɬ ɬɚɤɢɯ ɩɚɪɚɦɟɬɪɨɜ, 
ɤɚɤ ɬɟɦɩɟɪɚɬɭɪɚ, ɫɨɥɟɧɨɫɬɶ, ɫɬɚɬɢɱɟɫɤɨɟ ɞɚɜɥɟɧɢɟ. ɉɪɢɱɟɦ ɷɬɚ ɡɚɜɢɫɢɦɨɫɬɶ 
ɧɟɢɡɜɟɫɬɧɚ. ɉɪɨɱɢɬɚɣɬɟ ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ ɩ. η.1 ɢ ɜɵɛɟɪɢɬɟ ɞɪɭɝɨɣ ɨɬɜɟɬ. 

θ. Ɉɬɜɟɬ ɜɟɪɧɵɣ, ɧɨ ɧɟɩɨɥɧɵɣ. ɉɪɟɨɛɪɚɡɨɜɚɧɢɟ ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɷɧɟɪɝɢɢ 
ɜ ɦɟɯɚɧɢɱɟɫɤɭɸ ɷɧɟɪɝɢɸ ɤɨɥɟɛɚɧɢɣ ɤɨɥɟɛɚɬɟɥɶɧɨɣ ɫɢɫɬɟɦɵ ɷɬɨ ɥɢɲɶ ɩɟɪɜɚɹ 
ɱɚɫɬɶ ɩɪɨɰɟɫɫɚ ɢɡɥɭɱɟɧɢɹ. ȿɫɥɢ ɫɪɟɞɢ ɨɬɜɟɬɨɜ ȼɵ ɧɚɣɞɟɬɟ ɢ ɜɬɨɪɭɸ ɱɚɫɬɶ 
ɩɪɨɰɟɫɫɚ, ɬɨ ɦɨɠɟɬɟ ɩɟɪɟɯɨɞɢɬɶ ɤ ɨɬɜɟɬɭ ɧɚ ɤɨɧɬɪɨɥɶɧɵɣ ɜɨɩɪɨɫ γβ. 



ГУ
МР
Ф им

ен
и а
дм
ир
ал
а С

.О
. 
Ма
ка
ро
ва

112 

7. Ɉɲɢɛɤɚ. ɇɟ ɦɨɠɟɬ ɢɡɥɭɱɟɧɢɟ ɫɱɢɬɚɬɶɫɹ ɧɚɩɪɚɜɥɟɧɧɵɦ, ɟɫɥɢ ɡɜɭɤɨɜɚɹ 
ɷɧɟɪɝɢɹ ɨɬ ɢɡɥɭɱɚɬɟɥɹ ɪɚɫɩɪɨɫɬɪɚɧɹɟɬɫɹ ɩɨ ɜɫɟɦ ɧɚɩɪɚɜɥɟɧɢɹɦ. ɉɪɨɱɢɬɚɣɬɟ 
ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ ɩ. θ.γ ɢ ɜɵɛɟɪɢɬɟ ɞɪɭɝɨɣ ɨɬɜɟɬ. 

8. ȼɚɲ ɨɬɜɟɬ ɨɲɢɛɨɱɟɧ. ɗɬɨ ɧɟ ɦɨɠɟɬ ɛɵɬɶ ɪɚɫɱɟɬɧɚɹ ɫɤɨɪɨɫɬɶ ɡɜɭɤɚ, 
ɬɚɤ ɤɚɤ ɨɧɚ ɦɟɧɶɲɟ ɦɢɧɢɦɚɥɶɧɨɝɨ ɡɧɚɱɟɧɢɹ ɫɤɨɪɨɫɬɢ ɡɜɭɤɚ ɜ ɦɨɪɟ. ɉɪɨɱɢ-
ɬɚɣɬɟ ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ ɩ. 7.1 ɢ ɜɵɛɟɪɢɬɟ ɩɪɚɜɢɥɶɧɵɣ ɨɬɜɟɬ. 

λ. ɇɟɬ, ȼɵ ɨɲɢɛɥɢɫɶ. ɉɪɨɱɢɬɚɣɬɟ ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ  ɩ. 8.1, ɨɛɪɚɬɢɜ ɨɫɨ-
ɛɨɟ ɜɧɢɦɚɧɢɟ ɧɚ ɪɢɫ. 8.1, ɢ ɜɵɛɟɪɢɬɟ ɞɪɭɝɨɣ ɨɬɜɟɬ. 

10. ɇɟɬ, ɧɟɜɟɪɧɨ. Ɉɩɪɟɞɟɥɟɧɢɟ ɫɤɨɪɨɫɬɢ ɫɭɞɧɚ ɧɚ ɨɫɧɨɜɟ ɢɡɦɟɪɟɧɢɹ ɱɚɫ-
ɬɨɬɵ ɩɪɨɢɫɯɨɞɢɬ ɜ ɞɨɩɥɟɪɨɜɫɤɨɦ ɥɚɝɟ ɢ ɤ ɤɨɪɪɟɥɹɰɢɨɧɧɨɦɭ ɥɚɝɭ ɧɟ ɢɦɟɟɬ 
ɧɢɤɚɤɨɝɨ ɨɬɧɨɲɟɧɢɹ. ɉɪɨɱɢɬɚɣɬɟ ɜɧɢɦɚɬɟɥɶɧɨ ɦɚɬɟɪɢɚɥ ɩ. λ.1 ɢ ɜɵɛɟɪɢɬɟ 
ɩɪɚɜɢɥɶɧɵɣ ɨɬɜɟɬ. 

11. Ɉɬɜɟɬ ɫɨɜɟɪɲɟɧɧɨ ɧɟɜɟɪɧɵɣ. ɉɪɨɱɢɬɚɣɬɟ ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ ɩ. 10.β ɢ 
ɜɵɛɟɪɢɬɟ ɩɪɚɜɢɥɶɧɵɣ ɨɬɜɟɬ. 

1β. ȼɵ ɩɪɚɜɵ. Ⱦɟɣɫɬɜɢɬɟɥɶɧɨ, ɟɫɥɢ ɚɤɭɫɬɢɱɟɫɤɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɜɬɨɪɨɣ 
ɫɪɟɞɵ ɛɭɞɟɬ ɡɧɚɱɢɬɟɥɶɧɨ ɛɨɥɶɲɟ, ɱɟɦ ɩɟɪɜɨɣ, ɬɨ ɜ ɷɬɨɦ ɫɥɭɱɚɟ ɨɛɟ ɜɨɥɧɵ (ɢ 
ɩɚɞɚɸɳɚɹ, ɢ ɨɬɪɚɠɟɧɧɚɹ) ɛɭɞɭɬ ɢɦɟɬɶ ɨɞɢɧɚɤɨɜɭɸ ɮɚɡɭ. ɉɪɢɫɬɭɩɚɣɬɟ ɤ ɨɬ-
ɜɟɬɭ ɧɚ ɤɨɧɬɪɨɥɶɧɵɣ ɜɨɩɪɨɫ β0. 

1γ. ȼɵ ɫɨɜɟɪɲɟɧɧɨ ɩɪɚɜɵ. ɗɬɢ ɚɧɬɟɧɧɵ ɩɨɬɨɦɭ ɢ ɧɚɡɵɜɚɸɬɫɹ ɪɭɩɨɪ-
ɧɵɦɢ, ɬɚɤ ɤɚɤ ɢɯ ɤɨɧɢɱɟɫɤɢɣ ɨɬɪɚɠɚɬɟɥɶ ɢɦɟɟɬ ɮɨɪɦɭ ɪɭɩɨɪɚ. ɉɟɪɟɯɨɞɢɬɟ ɤ 
ɨɬɜɟɬɭ ɧɚ ɤɨɧɬɪɨɥɶɧɵɣ ɜɨɩɪɨɫ γγ. 

14. Ⱦɚ, ȼɵ ɩɪɚɜɵ. Ɉɬɜɟɱɚɣɬɟ ɧɚ ɫɥɟɞɭɸɳɢɣ ɤɨɧɬɪɨɥɶɧɵɣ ɜɨɩɪɨɫ. 
1η. Ⱦɚ, ȼɵ ɚɛɫɨɥɸɬɧɨ ɩɪɚɜɵ. Ɇɨɠɟɬɟ ɨɬɜɟɱɚɬɶ ɧɚ ɫɥɟɞɭɸɳɢɣ ɤɨɧ-

ɬɪɨɥɶɧɵɣ ɜɨɩɪɨɫ.  
1θ. ȼɵ ɧɟ ɩɪɚɜɵ. ȿɫɥɢ ɜ ɪɚɡɥɢɱɧɵɯ ɬɨɱɤɚɯ ɫɪɟɞɵ ɭɞɟɥɶɧɨɟ ɚɤɭɫɬɢɱɟɫɤɨɟ 

ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɫɪɟɞɵ ɢɦɟɟɬ ɪɚɡɥɢɱɧɨɟ ɡɧɚɱɟɧɢɟ, ɬɨ ɬɚɤɚɹ ɫɪɟɞɚ ɧɟ ɦɨɠɟɬ 
ɫɱɢɬɚɬɶɫɹ ɚɤɭɫɬɢɱɟɫɤɢ ɨɞɧɨɪɨɞɧɨɣ. ȼɵɛɟɪɢɬɟ ɞɪɭɝɨɣ ɜɚɪɢɚɧɬ ɨɬɜɟɬɚ. 

17. ȼɵ ɨɲɢɛɥɢɫɶ. ȿɫɥɢ ɭɝɨɥ ɩɚɞɟɧɢɹ ɛɭɞɟɬ ɪɚɜɟɧ λ0°, ɬɨ ɷɬɨ ɨɡɧɚɱɚɟɬ, 
ɱɬɨ ɡɜɭɤɨɜɚɹ ɜɨɥɧɚ ɪɚɫɩɪɨɫɬɪɚɧɹɟɬɫɹ ɜɞɨɥɶ ɝɪɚɧɢɰɵ ɪɚɡɞɟɥɚ ɫɪɟɞ. ȼɵɛɟɪɢɬɟ 
ɞɪɭɝɨɣ ɨɬɜɟɬ. 

18. ɋɨɜɟɪɲɟɧɧɨ ɩɪɚɜɢɥɶɧɨ. ɒɟɫɬɢɥɭɱɟɜɨɣ ɥɚɝ ɜɵɪɚɛɚɬɵɜɚɟɬ ɢɧɮɨɪɦɚ-
ɰɢɸ ɨ ɫɤɨɪɨɫɬɢ ɩɟɪɟɦɟɳɟɧɢɹ ɜ ɩɨɩɟɪɟɱɧɨɦ ɧɚɩɪɚɜɥɟɧɢɢ ɧɨɫɚ ɢ ɤɨɪɦɵ ɫɭɞ-
ɧɚ, ɧɨ ɧɟ ɬɨɥɶɤɨ ɟɟ. Ʌɚɝ ɫɩɨɫɨɛɟɧ ɜɵɞɚɜɚɬɶ ɟɳɟ ɞɜɚ ɜɢɞɚ ɢɧɮɨɪɦɚɰɢɢ. ȿɫɥɢ 
ȼɵ ɨɩɪɟɞɟɥɢɬɟ ɞɨɩɨɥɧɢɬɟɥɶɧɨ ɞɜɚ ɩɪɚɜɢɥɶɧɵɯ ɨɬɜɟɬɚ, ɬɨ ɦɨɠɟɬɟ ɩɪɢɫɬɭɩɚɬɶ 
ɤ ɢɡɭɱɟɧɢɸ ɦɚɬɟɪɢɚɥɚ ɥɟɤɰɢɢ 11. 
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1λ. Ɉɬɜɟɬ ɩɪɚɜɢɥɶɧɵɣ, ɧɨ ɧɟɩɨɥɧɵɣ. ȿɫɥɢ ȼɵ ɧɚɣɞɟɬɟ ɟɳɟ ɨɞɢɧ ɩɪɚ-
ɜɢɥɶɧɵɣ ɨɬɜɟɬ, ɬɨ ɦɨɠɟɬɟ ɩɪɢɫɬɭɩɚɬɶ ɤ ɨɬɜɟɬɭ ɧɚ ɫɥɟɞɭɸɳɢɣ ɤɨɧɬɪɨɥɶɧɵɣ 
ɜɨɩɪɨɫ. 

β0. Ⱦɚ, ȼɵ ɩɪɚɜɵ. Ɍɚɤɨɣ ɢɡɥɭɱɚɬɟɥɶ ɧɟ ɨɛɥɚɞɚɟɬ ɧɚɩɪɚɜɥɟɧɧɵɦ ɞɟɣɫɬ-
ɜɢɟɦ. ɉɪɢɫɬɭɩɚɣɬɟ ɤ ɨɬɜɟɬɭ ɧɚ ɫɥɟɞɭɸɳɢɣ ɤɨɧɬɪɨɥɶɧɵɣ ɜɨɩɪɨɫ. 

β1. ɇɟɬ, ɧɟɜɟɪɧɨ. ȼɵɛɟɪɢɬɟ ɞɪɭɝɨɣ ɨɬɜɟɬ. 
ββ. Ƚɪɭɛɚɹ ɨɲɢɛɤɚ. ȿɫɥɢ ɫɢɝɧɚɥ ɢɡɥɭɱɚɬɶ ɜ ɝɨɪɢɡɨɧɬɚɥɶɧɨɣ ɩɥɨɫɤɨɫɬɢ, 

ɬɨ ɨɧ ɧɢɤɨɝɞɚ ɧɟ ɨɬɪɚɡɢɬɫɹ ɨɬ ɦɨɪɫɤɨɝɨ ɞɧɚ. ɉɨɩɪɨɛɭɣɬɟ ɜɵɛɪɚɬɶ ɞɪɭɝɨɣ 
ɨɬɜɟɬ. 

βγ. ȼɵ ɫɨɜɟɪɲɟɧɧɨ ɩɪɚɜɵ. Ɇɨɠɟɬɟ ɩɪɢɫɬɭɩɚɬɶ ɤ ɨɬɜɟɬɭ ɧɚ ɫɥɟɞɭɸɳɢɣ 
ɤɨɧɬɪɨɥɶɧɵɣ ɜɨɩɪɨɫ. 

β4. ȼɵ ɩɪɚɜɵ. ɉɟɪɟɯɨɞɢɬɟ ɤ ɨɬɜɟɬɭ ɧɚ ɤɨɧɬɪɨɥɶɧɵɣ ɜɨɩɪɨɫ β7. 
βη. ɇɟɜɟɪɧɨ. ɑɬɨɛɵ ɭɫɬɪɚɧɢɬɶ ɥɢɧɟɣɧɭɸ ɫɨɫɬɚɜɥɹɸɳɭɸ ɩɨɩɪɚɜɤɢ ɥɚɝɚ, 

ɧɟɨɛɯɨɞɢɦɨ ɢɦɟɬɶ ɢɧɮɨɪɦɚɰɢɸ ɨɛ ɢɫɬɢɧɧɨɣ ɫɤɨɪɨɫɬɢ ɫɭɞɧɚ ɧɚ ɩɨɥɧɨɦ ɯɨ-
ɞɭ. ɉɪɨɱɢɬɚɣɬɟ ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ ɩ. 10.β ɢ ɜɵɛɟɪɢɬɟ ɩɪɚɜɢɥɶɧɵɣ ɨɬɜɟɬ. 

βθ. ȼɵ ɩɪɚɜɵ, ɧɨ ɷɬɨɬ ɥɚɝ ɢɡɦɟɪɹɟɬ ɧɟ ɬɨɥɶɤɨ ɩɪɨɞɨɥɶɧɭɸ ɫɨɫɬɚɜɥɹɸ-
ɳɭɸ ɫɤɨɪɨɫɬɢ ɫɭɞɧɚ. ȿɫɥɢ ȼɵ ɩɪɚɜɢɥɶɧɨ ɧɚɣɞɟɬɟ ɨɬɜɟɬ, ɜ ɤɨɬɨɪɨɦ ɭɤɚɡɚɧɨ, 
ɤɚɤɭɸ ɟɳɟ ɫɤɨɪɨɫɬɶ ɢɡɦɟɪɹɟɬ ɥɚɝ, ɬɨ ɦɨɠɟɬɟ ɨɬɜɟɱɚɬɶ ɧɚ ɫɥɟɞɭɸɳɢɣ ɤɨɧ-
ɬɪɨɥɶɧɵɣ ɜɨɩɪɨɫ. 

 β7. ȼɵ ɨɲɢɛɥɢɫɶ. ȼ ɭɪɚɜɧɟɧɢɢ ɧɟɪɚɡɪɵɜɧɨɫɬɢ ɧɟɬ ɜɟɥɢɱɢɧɵ, ɤɨɬɨɪɚɹ 
ɯɚɪɚɤɬɟɪɢɡɭɟɬ ɢɡɦɟɧɟɧɢɟ ɞɚɜɥɟɧɢɹ. ɉɪɨɱɢɬɚɣɬɟ ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ ɩ. β.1 
ɢ ɩɨɩɪɨɛɭɣɬɟ ɨɩɪɟɞɟɥɢɬɶ ɩɪɚɜɢɥɶɧɵɣ ɨɬɜɟɬ. 

β8. ȼɵ ɨɲɢɛɚɟɬɟɫɶ. ɇɚɣɞɢɬɟ ɜ ɩ. γ.β ɨɩɪɟɞɟɥɟɧɢɟ ɡɚɤɨɧɚ ɨɬɪɚɠɟɧɢɹ ɢ 
ɩɨɩɵɬɚɣɬɟɫɶ ɜɵɛɪɚɬɶ ɩɪɚɜɢɥɶɧɵɣ ɨɬɜɟɬ. 

βλ. Ɉɲɢɛɤɚ. ȿɫɥɢ ɚɤɭɫɬɢɱɟɫɤɢɟ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɫɪɟɞ ɪɚɜɧɵ, ɬɨ ɜ ɷɬɨɦ 
ɫɥɭɱɚɟ ɨɬɫɭɬɫɬɜɭɟɬ ɨɬɪɚɠɟɧɢɟ, ɬɚɤ ɤɚɤ ɫɪɟɞɚ ɚɤɭɫɬɢɱɟɫɤɢ ɨɞɧɨɪɨɞɧɚ ɢ ɧɟɬ 
ɝɪɚɧɢɰɵ ɪɚɡɞɟɥɚ ɫɪɟɞ. ɉɪɨɱɢɬɚɣɬɟ ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ ɥɟɤɰɢɢ η ɢ ɜɵɛɟɪɢɬɟ 
ɩɪɚɜɢɥɶɧɵɣ ɨɬɜɟɬ. 

30. Ɉɬɜɟɬ ɩɪɚɜɢɥɶɧɵɣ, ɧɨ ɧɟɩɨɥɧɵɣ. Ʉɪɨɦɟ ɫɨɥɟɧɨɫɬɢ ɫɤɨɪɨɫɬɶ ɡɜɭɤɚ ɜ 
ɦɨɪɟ ɡɚɜɢɫɢɬ ɞɪɭɝɢɯ ɩɚɪɚɦɟɬɪɨɜ. ɉɪɨɱɢɬɚɣɬɟ ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ ɩ. η.1 ɢ ɟɫɥɢ 
ȼɵ ɨɩɪɟɞɟɥɢɥɢ ɞɜɚ ɞɪɭɝɢɯ ɩɚɪɚɦɟɬɪɚ, ɬɨ ɦɨɠɟɬɟ ɨɬɜɟɱɚɬɶ ɧɚ ɤɨɧɬɪɨɥɶɧɵɣ 
ɜɨɩɪɨɫ β8. 

γ1. ȼɵ ɨɲɢɛɥɢɫɶ. ȼ ɩɪɨɰɟɫɫɟ ɢɡɥɭɱɟɧɢɹ ɡɜɭɤɨɜɚɹ ɷɧɟɪɝɢɹ ɧɟ ɦɨɠɟɬ 
ɩɪɟɜɪɚɳɚɬɶɫɹ ɜ ɷɧɟɪɝɢɸ ɤɨɥɟɛɚɧɢɣ ɤɨɥɟɛɚɬɟɥɶɧɨɣ ɫɢɫɬɟɦɵ. ɉɪɨɱɢɬɚɣɬɟ ɟɳɟ 
ɪɚɡ ɦɚɬɟɪɢɚɥ ɩ. θ.1 ɢ ɜɵɛɟɪɢɬɟ ɞɪɭɝɨɣ ɨɬɜɟɬ. 
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γβ. ȼɵ ɨɬɜɟɬɢɥɢ ɩɪɚɜɢɥɶɧɨ. Ⱦɟɣɫɬɜɢɬɟɥɶɧɨ, ɭ ɧɚɩɪɚɜɥɟɧɧɨɣ ɚɧɬɟɧɧɵ 
ɦɚɤɫɢɦɭɦ ɢɡɥɭɱɚɟɦɨɣ ɷɧɟɪɝɢɢ ɛɭɞɟɬ ɧɚɛɥɸɞɚɬɶɫɹ ɩɨ ɧɚɩɪɚɜɥɟɧɢɸ, ɩɟɪɩɟɧ-
ɞɢɤɭɥɹɪɧɨɦɭ ɤ ɩɥɨɫɤɨɫɬɢ ɢɡɥɭɱɚɟɦɨɣ ɩɨɜɟɪɯɧɨɫɬɢ. ɉɟɪɟɯɨɞɢɬɟ ɤ ɨɬɜɟɬɭ ɧɚ 
ɫɥɟɞɭɸɳɢɣ ɤɨɧɬɪɨɥɶɧɵɣ ɜɨɩɪɨɫ. 

γγ. Ⱦɚ, ȼɵ ɚɛɫɨɥɸɬɧɨ ɩɪɚɜɵ. ɂɦɟɧɧɨ ɬɚɤɨɟ ɡɧɚɱɟɧɢɟ ɢɦɟɟɬ ɪɚɫɱɟɬɧɚɹ 
ɫɤɨɪɨɫɬɶ ɡɜɭɤɚ, ɤɨɬɨɪɚɹ ɡɚɥɨɠɟɧɚ ɜ ɨɬɟɱɟɫɬɜɟɧɧɵɯ ɷɯɨɥɨɬɚɯ. Ɇɨɠɟɬɟ ɨɬɜɟ-
ɱɚɬɶ ɧɚ ɫɥɟɞɭɸɳɢɣ ɤɨɧɬɪɨɥɶɧɵɣ ɜɨɩɪɨɫ. 

γ4. ȼɵ ɫɨɜɟɪɲɟɧɧɨ ɩɪɚɜɵ. ɉɪɢɫɬɭɩɚɣɬɟ ɤ ɨɬɜɟɬɭ ɧɚ ɫɥɟɞɭɸɳɢɣ ɜɨɩɪɨɫ. 
γη. ȼɵ ɧɟɩɪɚɜɵ. ɉɪɨɱɢɬɚɣɬɟ ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ ɩ. λ.1 ɢ ɜɵɛɟɪɢɬɟ ɞɪɭɝɨɣ 

ɨɬɜɟɬ. 
γθ. ȼɵ ɨɬɜɟɬɢɥɢ ɩɪɚɜɢɥɶɧɨ. ɉɨɫɬɨɹɧɧɚɹ ɫɨɫɬɚɜɥɹɸɳɚɹ ɩɨɩɪɚɜɤɢ ɥɚɝɚ 

ɭɫɬɪɚɧɹɟɬɫɹ, ɤɨɝɞɚ ɫɭɞɧɨ ɧɟ ɢɦɟɟɬ ɯɨɞɚ ɨɬɧɨɫɢɬɟɥɶɧɨ ɜɨɞɵ. Ɇɨɠɟɬɟ ɨɬɜɟ-
ɱɚɬɶ ɧɚ ɜɨɩɪɨɫɵ ɤɨɧɬɪɨɥɶɧɨɣ ɪɚɛɨɬɵ. 

γ7. ȼɵ ɨɬɜɟɬɢɥɢ ɩɪɚɜɢɥɶɧɨ, ɧɨ ɧɟɩɨɥɧɨ. ɗɬɨɬ ɥɚɝ ɞɟɣɫɬɜɢɬɟɥɶɧɨ ɢɡɦɟɪɹ-
ɟɬ ɩɨɩɟɪɟɱɧɭɸ ɫɨɫɬɚɜɥɹɸɳɭɸ ɫɤɨɪɨɫɬɢ ɫɭɞɧɚ, ɧɨ ɧɟ ɬɨɥɶɤɨ ɟɟ. Ʌɚɝ ɫɩɨɫɨɛɟɧ 
ɜɵɞɚɜɚɬɶ ɟɳɟ ɞɜɚ ɜɢɞɚ ɢɧɮɨɪɦɚɰɢɢ. ȿɫɥɢ ȼɵ ɨɩɪɟɞɟɥɢɬɟ ɞɨɩɨɥɧɢɬɟɥɶɧɨ ɞɜɚ 
ɩɪɚɜɢɥɶɧɵɯ ɨɬɜɟɬɚ, ɬɨ ɦɨɠɟɬɟ ɩɪɢɫɬɭɩɚɬɶ ɤ ɢɡɭɱɟɧɢɸ ɦɚɬɟɪɢɚɥɚ ɥɟɤɰɢɢ 11. 

γ8. Ɉɲɢɛɤɚ. Ⱦɟɣɫɬɜɢɬɟɥɶɧɨɟ ɡɧɚɱɟɧɢɟ ɫɤɨɪɨɫɬɢ ɡɜɭɤɚ ɦɨɠɟɬ ɛɵɬɶ 
ɢ ɛɨɥɶɲɟ ɪɚɫɱɟɬɧɨɝɨ, ɢ ɦɟɧɶɲɟ. ɉɨɞɭɦɚɣɬɟ ɢ ɜɵɛɟɪɢɬɟ ɩɪɚɜɢɥɶɧɵɣ ɨɬɜɟɬ. 

γλ. ɇɟɬ, ȼɵ ɨɲɢɛɚɟɬɟɫɶ. Ɋɚɡɪɟɲɚɸɳɚɹ ɫɩɨɫɨɛɧɨɫɬɶ ɩɪɢɟɦɧɢɤɚ – ɷɬɨ 
ɧɟɱɬɨ ɞɪɭɝɨɟ. ɉɪɨɱɢɬɚɣɬɟ ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ ɩ. θ.4 ɢ ɜɵɛɟɪɢɬɟ ɞɪɭɝɨɣ ɨɬɜɟɬ. 

40. ȼɚɲ ɨɬɜɟɬ ɩɪɚɜɢɥɶɧɵɣ ɧɚɩɨɥɨɜɢɧɭ. Ɇɚɝɧɢɬɨɫɬɪɢɤɰɢɨɧɧɚɹ ɢɡɥɭ-
ɱɚɸɳɚɹ ɚɧɬɟɧɧɚ ɦɨɠɟɬ ɛɵɬɶ ɩɨɥɹɪɢɡɨɜɚɧɧɨɣ, ɚ ɜɨɬ ɩɪɢɧɢɦɚɸɳɚɹ – ɞɨɥɠɧɚ 
ɛɵɬɶ ɩɨɥɹɪɢɡɨɜɚɧɧɨɣ ɜɫɟɝɞɚ. ɉɨɥɶɡɭɹɫɶ ɷɬɨɣ ɩɨɞɫɤɚɡɤɨɣ, ɧɚɣɞɢɬɟ ɩɨɥɧɨ-
ɫɬɶɸ ɩɪɚɜɢɥɶɧɵɣ ɨɬɜɟɬ. 

41. Ƚɪɭɛɚɹ ɨɲɢɛɤɚ. ɉɪɨɱɢɬɚɣɬɟ ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ ɩ. η.γ ɢ ɜɵɛɟɪɢɬɟ ɞɪɭ-
ɝɨɣ ɨɬɜɟɬ. 

4β. ɇɟɜɟɪɧɨ. ɇɚɣɞɢɬɟ ɜ ɩ. 4.1 ɜɵɪɚɠɟɧɢɹ (4.η), (4.7), (4.λ) ɢ (4.11). ɉɨ-
ɩɪɨɛɭɣɬɟ ɫ ɢɯ ɩɨɦɨɳɶɸ ɧɚɣɬɢ ɩɪɚɜɢɥɶɧɵɣ ɨɬɜɟɬ. 

4γ. ȼɵ ɫɨɜɟɪɲɟɧɧɨ ɩɪɚɜɵ. ȼɨ ɜɪɟɦɹ ɤɨɥɟɛɚɧɢɣ ɱɚɫɬɢɰɵ ɫɬɚɥɤɢɜɚɸɬɫɹ, 
ɩɟɪɟɞɚɜɚɹ ɞɪɭɝ ɞɪɭɝɭ ɱɚɫɬɶ ɷɧɟɪɝɢɢ. ɋɤɨɪɨɫɬɶ ɩɟɪɟɞɚɱɢ ɷɧɟɪɝɢɢ ɨɬ ɨɞɧɨɣ 
ɱɚɫɬɢɰɵ ɤ ɞɪɭɝɨɣ ɧɚɡɵɜɚɟɬɫɹ ɫɤɨɪɨɫɬɶɸ ɡɜɭɤɚ. ɉɟɪɟɯɨɞɢɬɟ ɤ ɨɬɜɟɬɭ ɧɚ ɫɥɟ-
ɞɭɸɳɢɣ ɤɨɧɬɪɨɥɶɧɵɣ ɜɨɩɪɨɫ. 

44. ɇɟɜɟɪɧɨ. ɍɪɚɜɧɟɧɢɟ ɧɟɪɚɡɪɵɜɧɨɫɬɢ ɧɟ ɦɨɠɟɬ ɯɚɪɚɤɬɟɪɢɡɨɜɚɬɶ ɫɜɹɡɶ 
ɦɟɠɞɭ ɢɡɦɟɧɟɧɢɹɦɢ ɩɥɨɫɤɨɫɬɢ ɢ ɞɚɜɥɟɧɢɹ. ȼɵɛɟɪɢɬɟ ɞɪɭɝɨɣ ɜɚɪɢɚɧɬ ɨɬɜɟɬɚ. 
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4η. ɇɟɬ, ɧɟɜɟɪɧɨ. Ɍɚɤɨɝɨ ɛɵɬɶ ɧɟ ɦɨɠɟɬ. ɋɪɚɜɧɢɬɟ ɜɵɪɚɠɟɧɢɹ (β.1λ) 
ɢ (β.β0) ɢ ɨɩɪɟɞɟɥɢɬɟ ɩɪɚɜɢɥɶɧɵɣ ɨɬɜɟɬ. 

4θ. ɇɟ ɫɨɜɫɟɦ ɜɟɪɧɨ. Ɍɚɤɨɟ ɜɨɡɦɨɠɧɨ ɬɨɥɶɤɨ ɜ ɬɨɦ ɫɥɭɱɚɟ, ɟɫɥɢ ɬɚɧɤ, 
ɜ ɤɨɬɨɪɨɦ ɪɚɡɦɟɳɟɧɚ ɚɧɬɟɧɧɚ, ɡɚɩɨɥɧɟɧ ɦɨɪɫɤɨɣ ɜɨɞɨɣ, ɚ ɧɚ ɩɪɚɤɬɢɤɟ ɬɚɧɤ 
ɡɚɩɨɥɧɹɟɬɫɹ ɫɩɟɰɢɚɥɶɧɨɣ ɠɢɞɤɨɫɬɶɸ. ɉɨɩɪɨɛɭɣɬɟ ɜɵɛɪɚɬɶ ɞɪɭɝɨɣ ɜɚɪɢɚɧɬ 
ɨɬɜɟɬɚ. 

47. ɉɪɚɜɢɥɶɧɨ, ɧɨ ɧɟɩɨɥɧɨ. Ⱦɟɣɫɬɜɢɬɟɥɶɧɨ, ɨɞɧɢɦ ɢɡ ɭɫɥɨɜɢɣ ɜɨɡɧɢɤ-
ɧɨɜɟɧɢɹ ɫɬɨɹɱɟɣ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ ɹɜɥɹɟɬɫɹ ɡɧɚɱɢɬɟɥɶɧɨɟ ɨɬɥɢɱɢɟ ɚɤɭɫɬɢɱɟ-
ɫɤɢɯ ɫɨɩɪɨɬɢɜɥɟɧɢɣ ɫɪɟɞ, ɧɨ ɟɫɬɶ ɟɳɟ ɨɞɧɨ ɧɟɨɛɯɨɞɢɦɨɟ ɭɫɥɨɜɢɟ. ɉɨɩɪɨ-
ɛɭɣɬɟ ɧɚɣɬɢ ɟɝɨ ɫɪɟɞɢ ɩɪɟɞɥɨɠɟɧɧɵɯ ɨɬɜɟɬɨɜ. ȿɫɥɢ ɭ ȼɚɫ ɩɨɥɭɱɢɬɫɹ, ɬɨ ɦɨ-
ɠɟɬɟ ɩɟɪɟɯɨɞɢɬɶ ɤ ɨɬɜɟɬɭ ɧɚ ɫɥɟɞɭɸɳɢɣ ɤɨɧɬɪɨɥɶɧɵɣ ɜɨɩɪɨɫ. 

48. Ɉɬɜɟɬ ɩɪɚɜɢɥɶɧɵɣ, ɧɨ ɧɟɩɨɥɧɵɣ. Ʉɪɨɦɟ ɬɟɦɩɟɪɚɬɭɪɵ ɫɤɨɪɨɫɬɶ ɡɜɭɤɚ 
ɜ ɦɨɪɟ ɡɚɜɢɫɢɬ ɢ ɨɬ ɞɪɭɝɢɯ ɩɚɪɚɦɟɬɪɨɜ. ȿɫɥɢ ȼɵ ɨɩɪɟɞɟɥɢɥɢ ɞɜɚ ɞɪɭɝɢɯ ɩɚ-
ɪɚɦɟɬɪɚ, ɨɬ ɤɨɬɨɪɵɯ ɡɚɜɢɫɢɬ ɫɤɨɪɨɫɬɶ ɡɜɭɤɚ ɜ ɦɨɪɟ, ɬɨ ɦɨɠɟɬɟ ɨɬɜɟɬɢɬɶ ɧɚ 
ɫɥɟɞɭɸɳɢɣ ɤɨɧɬɪɨɥɶɧɵɣ ɜɨɩɪɨɫ. 

4λ. ɇɟɜɟɪɧɨ. ɗɧɟɪɝɢɹ ɦɟɯɚɧɢɱɟɫɤɢɯ ɤɨɥɟɛɚɧɢɣ ɧɟ ɩɪɟɨɛɪɚɡɭɟɬɫɹ 
ɜ ɷɥɟɤɬɪɢɱɟɫɤɭɸ ɷɧɟɪɝɢɸ ɩɪɢ ɢɡɥɭɱɟɧɢɢ ɫɢɝɧɚɥɚ. ɉɪɨɱɢɬɚɣɬɟ ɟɳё ɪɚɡ ɦɚɬɟ-
ɪɢɚɥ ɩ. θ.1 ɢ ɩɨɩɪɨɛɭɣɬɟ ɧɚɣɬɢ ɩɪɚɜɢɥɶɧɵɣ ɨɬɜɟɬ. 

η0. ɇɢɱɟɝɨ ɩɨɞɨɛɧɨɝɨ. ɑɚɫɬɨɬɚ ɤɨɥɟɛɚɧɢɣ ɧɟ ɦɨɠɟɬ ɨɩɪɟɞɟɥɹɬɶ ɮɪɨɧɬ 
ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ. ɉɨɩɪɨɛɭɣɬɟ ɜɵɛɪɚɬɶ ɞɪɭɝɨɣ ɨɬɜɟɬ. 

51. ɇɟɬ, ɨɬɜɟɬ ɨɲɢɛɨɱɧɵɣ. ȿɫɥɢ ɜɫɩɨɦɧɢɬɶ, ɱɬɨ ɫɤɨɪɨɫɬɶ ɡɜɭɤɚ ɜ ɦɨɪɟ 
ɦɨɠɟɬ ɛɵɬɶ ɜ ɩɪɟɞɟɥɚɯ 1440…1η80 ɦ/ɫ, ɬɨ ȼɵ ɩɨɣɦɟɬɟ, ɜ ɱɟɦ ȼɚɲɚ ɨɲɢɛɤɚ. 
ɉɨɩɪɨɛɭɣɬɟ ɜɵɛɪɚɬɶ ɞɪɭɝɨɣ ɨɬɜɟɬ. 

ηβ. ȼɵ ɨɬɜɟɬɢɥɢ ɩɪɚɜɢɥɶɧɨ. ɂɦɟɧɧɨ ɩɪɨɞɨɥɶɧɭɸ ɫɨɫɬɚɜɥɹɸɳɭɸ ɫɤɨɪɨ-
ɫɬɢ ɫɭɞɧɚ ɢɡɦɟɪɹɟɬ ɨɞɧɨɥɭɱɟɜɨɣ ɥɚɝ. Ɉɬɜɟɱɚɣɬɟ ɧɚ ɫɥɟɞɭɸɳɢɣ ɤɨɧɬɪɨɥɶɧɵɣ 
ɜɨɩɪɨɫ. 

ηγ. Ⱦɚ, ȼɵ ɫɨɜɟɪɲɟɧɧɨ ɩɪɚɜɵ. ɉɪɢɫɬɭɩɚɣɬɟ ɤ ɨɬɜɟɬɭ ɧɚ ɫɥɟɞɭɸɳɢɣ 
ɤɨɧɬɪɨɥɶɧɵɣ ɜɨɩɪɨɫ. 

η4. ɇɟɬ, ɧɟɜɟɪɧɨ. Ʉɨɥɟɛɚɬɟɥɶɧɨɣ ɫɤɨɪɨɫɬɶɸ ɧɟ ɹɜɥɹɟɬɫɹ ɫɤɨɪɨɫɬɶ ɩɟɪɟ-
ɞɚɱɢ ɜɨɡɦɭɳɟɧɢɹ ɨɬ ɨɞɧɨɣ ɱɚɫɬɢɰɵ ɤ ɞɪɭɝɨɣ. ȼɵɛɟɪɢɬɟ ɞɪɭɝɨɣ ɨɬɜɟɬ. 

ηη. ȼɵ ɫɨɜɟɪɲɟɧɧɨ ɩɪɚɜɵ. ɉɨɞ ɦɚɬɟɦɚɬɢɱɟɫɤɢɦ ɫɢɦɜɨɥɨɦ  ɫɤɪɵɬɵ 
ɜɫɟ ɬɪɢ ɤɨɨɪɞɢɧɚɬɵ (x, y, z) , ɚ ɷɬɨ ɨɡɧɚɱɚɟɬ, ɱɬɨ ɩɪɢɜɟɞɟɧɧɨɟ ɜ ɤɨɧɬɪɨɥɶɧɨɦ 
ɜɨɩɪɨɫɟ ɭɪɚɜɧɟɧɢɟ ɨɩɢɫɵɜɚɟɬ ɩɪɨɰɟɫɫɵ, ɩɪɨɢɫɯɨɞɹɳɢɟ ɜ ɫɮɟɪɢɱɟɫɤɨɣ ɡɜɭ-
ɤɨɜɨɣ ɜɨɥɧɟ. ɉɪɢɫɬɭɩɚɣɬɟ ɤ ɨɬɜɟɬɭ ɧɚ ɤɨɧɬɪɨɥɶɧɵɣ ɜɨɩɪɨɫ 8. 

ηθ. ȼɵ ɨɲɢɛɚɟɬɟɫɶ. ȼɧɢɦɚɬɟɥɶɧɨ ɢɡɭɱɢɬɟ ɦɚɬɟɪɢɚɥ ɩ. β.γ ɢ ɜɵɛɟɪɢɬɟ 
ɞɪɭɝɨɣ ɜɚɪɢɚɧɬ ɨɬɜɟɬɚ. 
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η7. ȼɚɲ ɨɬɜɟɬ ɨɲɢɛɨɱɧɵɣ. Ɋɚɜɟɧɫɬɜɨ și = șt ɧɟ ɦɨɠɟɬ ɛɵɬɶ ɡɚɤɨɧɨɦ ɨɬ-
ɪɚɠɟɧɢɹ. ɉɪɨɱɢɬɚɣɬɟ ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ ɩ. γ.β ɢ ɜɵɛɟɪɢɬɟ ɞɪɭɝɨɣ ɜɚɪɢɚɧɬ 
ɨɬɜɟɬɚ.   

η8. Ⱦɚ, ȼɵ ɫɨɜɟɪɲɟɧɧɨ ɩɪɚɜɵ. ɉɪɢɧɰɢɩ ɞɟɣɫɬɜɢɹ ɢɧɞɭɤɰɢɨɧɧɨɝɨ ɥɚɝɚ 
ɨɫɧɨɜɚɧ ɧɚ ɡɚɤɨɧɟ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɣ ɢɧɞɭɤɰɢɢ, ɤɨɬɨɪɵɣ ɢɡɜɟɫɬɟɧ ɤɚɤ ɡɚɤɨɧ 
Ɏɚɪɚɞɟɹ. Ɇɨɠɟɬɟ ɩɪɢɫɬɭɩɚɬɶ ɤ ɨɬɜɟɬɭ ɧɚ ɫɥɟɞɭɸɳɢɣ ɤɨɧɬɪɨɥɶɧɵɣ ɜɨɩɪɨɫ. 

ηλ. ȼɵ ɧɟ ɫɨɜɫɟɦ ɩɪɚɜɵ. ɉɪɨɱɢɬɚɣɬɟ ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ ɩ. β.4 ɢ ɧɚɣɞɢɬɟ 
ɩɪɚɜɢɥɶɧɵɣ ɨɬɜɟɬ. 

θ0. Ʉ ɫɨɠɚɥɟɧɢɸ, ȼɵ ɨɲɢɛɥɢɫɶ. Ⱦɟɣɫɬɜɢɬɟɥɶɧɨɟ ɡɧɚɱɟɧɢɟ ɫɤɨɪɨɫɬɢ 
ɡɜɭɤɚ ɦɨɠɟɬ ɛɵɬɶ ɢ ɛɨɥɶɲɟ ɪɚɫɱɟɬɧɨɝɨ, ɢ ɦɟɧɶɲɟ. ɉɨɞɭɦɚɣɬɟ ɢ ɜɵɛɟɪɢɬɟ 
ɩɪɚɜɢɥɶɧɵɣ ɨɬɜɟɬ. 

θ1. Ⱦɚ, ȼɵ ɩɪɚɜɵ. ɗɬɨ ɢɦɟɧɧɨ ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɶ ɩɪɢɧɢɦɚɸɳɟɣ ɚɧɬɟɧ-
ɧɵ. Ɇɨɠɟɬɟ ɩɪɢɫɬɭɩɚɬɶ ɤ ɢɡɭɱɟɧɢɸ ɦɚɬɟɪɢɚɥɚ ɥɟɤɰɢɢ λ. 

θβ. Ɉɬɜɟɬ ɨɲɢɛɨɱɧɵɣ. ɉɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɚɹ ɚɧɬɟɧɧɚ ɩɨɥɹɪɢɡɚɰɢɢ ɧɟ 
ɬɪɟɛɭɟɬ. ȼɵɛɟɪɢɬɟ ɞɪɭɝɨɣ ɨɬɜɟɬ. 

θγ. Ɉɬɜɟɬ ɧɟɜɟɪɧɵɣ. ɉɪɨɱɢɬɚɣɬɟ ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ ɩ. η.γ ɢ ɜɵɛɟɪɢɬɟ 
ɞɪɭɝɨɣ ɨɬɜɟɬ. 

θ4. Ɉɬɜɟɬ ɩɪɚɜɢɥɶɧɵɣ, ɧɨ ɧɟɩɨɥɧɵɣ. ɉɪɨɱɢɬɚɣɬɟ ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ 
ɩ. η.1 ɢ ɜɵɛɟɪɢɬɟ ɞɜɚ ɞɪɭɝɢɯ ɨɬɜɟɬɚ, ɜ ɤɨɬɨɪɵɯ ɭɤɚɡɚɧɵ ɩɪɚɜɢɥɶɧɨ ɩɚɪɚɦɟɬ-
ɪɵ, ɨɬ ɤɨɬɨɪɵɯ ɡɚɜɢɫɢɬ ɫɤɨɪɨɫɬɶ ɡɜɭɤɚ ɜ ɦɨɪɟ. ȿɫɥɢ ȼɚɦ ɷɬɨ ɭɞɚɥɨɫɶ, ɬɨ ɦɨ-
ɠɟɬɟ ɩɪɢɫɬɭɩɚɬɶ ɤ ɨɬɜɟɬɭ ɧɚ ɫɥɟɞɭɸɳɢɣ ɤɨɧɬɪɨɥɶɧɵɣ ɜɨɩɪɨɫ. 

θη. Ⱦɚ, ȼɵ ɫɨɜɟɪɲɟɧɧɨ ɩɪɚɜɵ. ɋɤɨɪɨɫɬɶ ɡɜɭɤɚ ɜ ɦɨɪɟ ɦɨɠɟɬ ɢɡɦɟɧɹɬɶɫɹ 
ɜ ɩɪɟɞɟɥɚɯ 1440 … 1η80 ɦ/ɫ, ɚ ɪɚɫɱɟɬɧɚɹ ɫɤɨɪɨɫɬɶ ɡɜɭɤɚ М0 = 1η00 ɦ/ɫ. ɉɪɢ-
ɫɬɭɩɚɣɬɟ ɤ ɢɡɭɱɟɧɢɸ ɦɚɬɟɪɢɚɥɚ ɥɟɤɰɢɢ 10. 

θθ. ȼɵ ɨɲɢɛɚɟɬɟɫɶ. ɉɪɨɱɢɬɚɣɬɟ ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ ɩ. θ.γ ɢ ɜɵɛɟɪɢɬɟ ɩɪɚ-
ɜɢɥɶɧɵɣ ɨɬɜɟɬ. 

θ7. Ⱦɚ, ȼɵ ɫɨɜɟɪɲɟɧɧɨ ɩɪɚɜɵ. ɑɚɫɬɨɬɚ ɩɨɫɵɥɨɤ ɢɦɩɭɥɶɫɨɜ ɡɚɜɢɫɢɬ ɨɬ 
ɦɚɤɫɢɦɚɥɶɧɨɣ ɝɥɭɛɢɧɵ ɞɢɚɩɚɡɨɧɚ, ɜ ɤɨɬɨɪɨɦ ɪɚɛɨɬɚɟɬ ɷɯɨɥɨɬ. Ɇɨɠɟɬɟ ɨɬɜɟ-
ɱɚɬɶ ɧɚ ɫɥɟɞɭɸɳɢɣ ɤɨɧɬɪɨɥɶɧɵɣ ɜɨɩɪɨɫ. 

θ8. Ɉɲɢɛɤɚ. Ɉɞɧɨɥɭɱɟɜɨɣ ɥɚɝ ɢɡɥɭɱɚɟɬ ɫɢɝɧɚɥ ɜ ɞɢɚɦɟɬɪɚɥɶɧɨɣ ɩɥɨɫɤɨ-
ɫɬɢ ɫɭɞɧɚ, ɩɨɷɬɨɦɭ ɨɧ ɧɟ ɦɨɠɟɬ ɢɡɦɟɪɹɬɶ ɩɨɩɟɪɟɱɧɭɸ ɫɨɫɬɚɜɥɹɸɳɭɸ ɫɤɨɪɨ-
ɫɬɢ ɫɭɞɧɚ. ȼɵɛɟɪɢɬɟ ɞɪɭɝɨɣ ɨɬɜɟɬ. 

θλ. Ⱦɚ, ȼɵ ɫɨɜɟɪɲɟɧɧɨ ɩɪɚɜɵ. Ɋɚɜɟɧɫɬɜɨ ɭɝɥɨɜ ɩɚɞɟɧɢɹ și ɢ ɨɬɪɚɠɟɧɢɹ 
șr ɡɜɭɤɨɜɵɯ ɥɭɱɟɣ  ɹɜɥɹɟɬɫɹ ɡɚɤɨɧɨɦ ɨɬɪɚɠɟɧɢɹ. ɉɪɢɫɬɭɩɚɣɬɟ ɤ ɨɬɜɟɬɭ ɧɚ 
ɫɥɟɞɭɸɳɢɣ ɤɨɧɬɪɨɥɶɧɵɣ ɜɨɩɪɨɫ 18. 
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70. ȼɵ ɩɪɚɜɵ. ɗɬɨɬ ɥɚɝ ɢɡɦɟɪɹɟɬ ɩɪɨɞɨɥɶɧɭɸ ɫɨɫɬɚɜɥɹɸɳɭɸ ɫɤɨɪɨɫɬɢ 
ɫɭɞɧɚ, ɧɨ ɧɟ ɬɨɥɶɤɨ ɟɟ. Ɉɧ ɫɩɨɫɨɛɟɧ ɜɵɞɚɜɚɬɶ ɟɳɟ ɞɜɚ ɜɢɞɚ ɢɧɮɨɪɦɚɰɢɢ. 
ȿɫɥɢ ȼɵ ɨɩɪɟɞɟɥɢɬɟ ɟɳɟ ɞɜɚ ɩɪɚɜɢɥɶɧɵɯ ɨɬɜɟɬɚ, ɬɨ ɦɨɠɟɬɟ ɩɪɢɫɬɭɩɚɬɶ ɤ 
ɢɡɭɱɟɧɢɸ ɦɚɬɟɪɢɚɥɚ ɥɟɤɰɢɢ 11. 

71. ȼɵ ɩɪɚɜɵ. ȼ ɠɢɞɤɨɫɬɢ ɞɟɣɫɬɜɢɬɟɥɶɧɨ ɦɨɠɧɨ ɜɨɡɛɭɞɢɬɶ ɩɪɨɞɨɥɶɧɭɸ 
ɡɜɭɤɨɜɭɸ ɜɨɥɧɭ, ɬɚɤ ɤɚɤ ɠɢɞɤɨɫɬɶ ɨɛɥɚɞɚɟɬ ɭɩɪɭɝɨɫɬɶɸ ɩɪɢ ɫɠɚɬɢɢ. ɉɟɪɟ-
ɯɨɞɢɬɟ ɤ ɨɬɜɟɬɭ ɧɚ ɜɨɩɪɨɫ 4. 

7β. Ⱦɚ, ȼɵ ɩɪɚɜɵ. ɂɡ ɜɵɪɚɠɟɧɢɹ (β.4) ɜɢɞɧɨ, ɱɬɨ ɷɬɨ ɞɟɣɫɬɜɢɬɟɥɶɧɨ ɬɚɤ. 
ɉɟɪɟɯɨɞɢɬɟ ɤ ɢɡɭɱɟɧɢɸ ɦɚɬɟɪɢɚɥɚ ɥɟɤɰɢɢ γ. 

7γ. ɇɟɬ, ȼɚɲ ɨɬɜɟɬ ɨɲɢɛɨɱɧɵɣ. ɉɪɨɱɢɬɚɣɬɟ ɦɚɬɟɪɢɚɥ ɩ. β.γ ɢ ɜɵɛɟɪɢɬɟ 
ɞɪɭɝɨɣ ɜɚɪɢɚɧɬ ɨɬɜɟɬɚ. 

74. ɉɪɚɜɢɥɶɧɨ. ɂɦɟɧɧɨ ɤɨɷɮɮɢɰɢɟɧɬ ɨɬɪɚɠɟɧɢɹ ɩɨɤɚɡɵɜɚɟɬ, ɤɚɤɚɹ 
ɱɚɫɬɶ ɷɧɟɪɝɢɢ ɨɬɪɚɡɢɥɚɫɶ ɨɬ ɝɪɚɧɢɰɵ ɪɚɡɞɟɥɚ ɫɪɟɞ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɷɧɟɪɝɢɟɣ, 
ɩɚɞɚɸɳɟɣ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ. Ɇɨɠɟɬɟ ɩɪɢɫɬɭɩɚɬɶ ɤ ɨɬɜɟɬɭ ɧɚ ɫɥɟɞɭɸɳɢɣ ɤɨɧ-
ɬɪɨɥɶɧɵɣ ɜɨɩɪɨɫ. 

7η. Ⱦɚ, ɷɬɨ ɬɚɤ. ȼ ɜɵɪɚɠɟɧɢɟ ɞɥɹ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɫɬɨɹɱɟɣ ɡɜɭɤɨɜɨɣ ɜɨɥ-
ɧɵ (4.1γ) ɜɯɨɞɢɬ ɢɧɬɟɝɪɚɥ 
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ɤɨɬɨɪɵɣ ɜ ɡɚɞɚɧɧɵɯ ɩɪɟɞɟɥɚɯ ɪɚɜɟɧ ɧɭɥɸ. Ɇɨɠɟɬɟ ɩɪɢɫɬɭɩɚɬɶ ɤ ɨɬɜɟɬɭ ɧɚ 
ɤɨɧɬɪɨɥɶɧɵɣ ɜɨɩɪɨɫ βη. 

7θ. ȼɵ ɨɲɢɛɚɟɬɟɫɶ. ɉɪɨɱɢɬɚɣɬɟ ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ ɩ. λ.β ɢ ɜɵɛɟɪɢɬɟ ɩɪɚ-
ɜɢɥɶɧɵɣ ɨɬɜɟɬ. 

77. ɇɟɜɟɪɧɨ. ɉɪɢɱɟɦ ɬɭɬ ɡɚɤɨɧ Ɉɦɚ? ɉɪɨɱɢɬɚɣɬɟ ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ ɩ. 
10.1 ɢ ɜɵɛɟɪɢɬɟ ɞɪɭɝɨɣ ɨɬɜɟɬ. 

78. Ƚɪɭɛɚɹ ɨɲɢɛɤɚ. Ʌɚɝ ɧɟ ɦɨɠɟɬ ɢɡɦɟɪɹɬɶ ɫɤɨɪɨɫɬɶ ɜɟɪɬɢɤɚɥɶɧɨɝɨ ɩɟ-
ɪɟɦɟɳɟɧɢɹ ɫɭɞɧɚ. ɉɨɞɭɦɚɣɬɟ ɢ ɜɵɛɟɪɢɬɟ ɩɪɚɜɢɥɶɧɵɣ ɨɬɜɟɬ. 

7λ. ȼɵ ɨɬɜɟɬɢɥɢ ɩɪɚɜɢɥɶɧɨ. ɂɦɟɧɧɨ ɷɬɭ ɩɨɝɪɟɲɧɨɫɬɶ ɦɨɠɧɨ ɭɦɟɧɶɲɢɬɶ 
ɫɨɨɬɜɟɬɫɬɜɭɸɳɟɣ ɪɟɝɭɥɢɪɨɜɤɨɣ ɷɯɨɥɨɬɚ. Ɉɬɜɟɱɚɣɬɟ ɧɚ ɫɥɟɞɭɸɳɢɣ ɤɨɧ-
ɬɪɨɥɶɧɵɣ ɜɨɩɪɨɫ. 

80. Ⱦɚ, ȼɵ ɩɪɚɜɵ. ɉɪɢ ɬɚɤɨɦ ɫɨɨɬɧɨɲɟɧɢɢ λ ɢ l  ɚɧɬɟɧɧɚ ɛɭɞɟɬ ɨɛɥɚɞɚɬɶ 
ɨɩɪɟɞɟɥɟɧɧɨɣ ɧɚɩɪɚɜɥɟɧɧɨɫɬɶɸ, ɧɨ ɷɬɨ ɱɚɫɬɧɵɣ ɫɥɭɱɚɣ. ɉɨɩɪɨɛɭɣɬɟ ɧɚɣɬɢ 
ɨɬɜɟɬ, ɜ ɤɨɬɨɪɨɦ ɡɚɩɢɫɚɧɨ ɭɫɥɨɜɢɟ ɧɚɩɪɚɜɥɟɧɧɨɫɬɢ ɚɧɬɟɧɧɵ ɜ ɨɛɳɟɦ ɜɢɞɟ. 

81. ȼɵ ɩɪɚɜɵ. Ɍɨɥɶɤɨ ɦɚɝɧɢɬɨɫɬɪɢɤɰɢɨɧɧɚɹ ɚɧɬɟɧɧɚ ɦɨɠɟɬ ɛɵɬɶ ɩɨɥɹ-
ɪɢɡɨɜɚɧɧɨɣ. ɉɟɪɟɯɨɞɢɬɟ ɤ ɢɡɭɱɟɧɢɸ ɦɚɬɟɪɢɚɥɚ ɥɟɤɰɢɢ 8. 
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8β. ɇɟɜɟɪɧɨ. Ɉɛɟɫɩɟɱɟɧɢɟ ɧɚɩɪɚɜɥɟɧɧɨɫɬɢ ɢɡɥɭɱɟɧɢɹ ɡɚ ɫɱɟɬ ɫɨɡɞɚɧɢɹ 
ɫɩɟɰɢɚɥɶɧɨɣ ɮɨɪɦɵ ɢɡɥɭɱɚɸɳɟɣ ɩɨɜɟɪɯɧɨɫɬɢ ɩɪɨɢɫɯɨɞɢɬ ɭ ɮɨɤɭɫɢɪɭɸɳɢɯ 
ɚɧɬɟɧɧ. ɉɪɨɱɢɬɚɣɬɟ ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ ɩ. θ.1 ɢ ɜɵɛɟɪɢɬɟ ɞɪɭɝɨɣ ɨɬɜɟɬ. 

8γ. ȼɵ ɝɪɭɛɨ ɨɲɢɛɥɢɫɶ. ɗɮɮɟɤɬ Ⱦɨɩɥɟɪɚ ɧɟ ɢɦɟɟɬ ɧɢɤɚɤɨɝɨ ɨɬɧɨɲɟɧɢɹ 
ɤ ɩɪɢɧɰɢɩɭ ɞɟɣɫɬɜɢɹ ɢɧɞɭɤɰɢɨɧɧɨɝɨ ɥɚɝɚ. ȼɵɛɟɪɢɬɟ ɞɪɭɝɨɣ ɨɬɜɟɬ. 

84. ɇɟɬ, ɧɟɜɟɪɧɨ. ɂɦɟɹ ɢɧɮɨɪɦɚɰɢɸ ɨ ɫɤɨɪɨɫɬɢ ɞɜɢɠɟɧɢɹ ɨɞɧɨɣ ɬɨɱɤɢ 
(ɜ ɤɨɬɨɪɨɣ ɪɚɫɩɨɥɨɠɟɧɚ ɚɧɬɟɧɧɚ) ɜ ɩɪɨɞɨɥɶɧɨɦ ɢ ɩɨɩɟɪɟɱɧɨɦ ɧɚɩɪɚɜɥɟɧɢɢ, 
ɧɟɜɨɡɦɨɠɧɨ ɨɩɪɟɞɟɥɢɬɶ ɫɤɨɪɨɫɬɶ ɩɟɪɟɦɟɳɟɧɢɹ ɜ ɩɨɩɟɪɟɱɧɨɦ ɧɚɩɪɚɜɥɟɧɢɢ 
ɧɨɫɚ ɢ ɤɨɪɦɵ ɫɭɞɧɚ. ɉɪɨɱɢɬɚɣɬɟ ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ ɩ. 8.γ ɢ ɜɵɛɟɪɢɬɟ ɞɪɭɝɨɣ 
ɨɬɜɟɬ. 

8η. ȼɵ ɨɲɢɛɚɟɬɟɫɶ. Ɇɟɬɨɞɢɱɟɫɤɚɹ ɩɨɝɪɟɲɧɨɫɬɶ ɷɯɨɥɨɬɚ ɡɚɜɢɫɢɬ ɨɬ ɦɟ-
ɬɨɞɚ, ɡɚɥɨɠɟɧɧɨɝɨ ɜ ɟɝɨ ɩɪɢɧɰɢɩ ɞɟɣɫɬɜɢɹ. ȼɵɛɟɪɢɬɟ ɞɪɭɝɨɣ ɨɬɜɟɬ. 

8θ. ȼɵ ɩɪɚɜɵ. Ʉɚɤ ɜɢɞɧɨ ɢɡ ɜɵɪɚɠɟɧɢɹ ɞɥɹ f, ɩɪɢ ɢɡɦɟɧɟɧɢɢ ɪɚɡɦɟɪɚ 
ɫɬɟɪɠɧɹ L ɛɭɞɟɬ ɢɡɦɟɧɹɬɶɫɹ ɱɚɫɬɨɬɚ ɟɝɨ ɫɨɛɫɬɜɟɧɧɵɯ ɤɨɥɟɛɚɧɢɣ. ɉɪɢɫɬɭɩɚɣ-
ɬɟ ɤ ɨɬɜɟɬɭ ɧɚ ɤɨɧɬɪɨɥɶɧɵɣ ɜɨɩɪɨɫ γη. 

87. ȼɵ ɫɨɜɟɪɲɟɧɧɨ ɩɪɚɜɵ. Ɍɨɱɤɢ ɫɪɟɞɵ, ɜ ɤɨɬɨɪɵɯ ɢɦɟɟɬ ɦɟɫɬɨ ɭɞɜɨɟ-
ɧɢɟ ɚɦɩɥɢɬɭɞɵ ɞɚɜɥɟɧɢɹ ɢɥɢ ɤɨɥɟɛɚɬɟɥɶɧɨɣ ɫɤɨɪɨɫɬɢ, ɞɟɣɫɬɜɢɬɟɥɶɧɨ ɧɚɡɵ-
ɜɚɸɬɫɹ ɩɭɱɧɨɫɬɹɦɢ. Ɇɨɠɟɬɟ ɨɬɜɟɱɚɬɶ ɧɚ ɫɥɟɞɭɸɳɢɣ ɤɨɧɬɪɨɥɶɧɵɣ ɜɨɩɪɨɫ. 

88. Ɉɲɢɛɤɚ. ɉɨɩɪɨɛɭɣɬɟ ɜɵɛɪɚɬɶ ɞɪɭɝɨɣ ɨɬɜɟɬ. 
8λ. ȼɵ ɨɲɢɛɥɢɫɶ. ɉɪɢ ɫɞɜɢɝɟ ɫɥɨɟɜ ɠɢɞɤɨɫɬɢ ɨɬɫɭɬɫɬɜɭɸɬ ɞɟɮɨɪɦɚɰɢɢ 

ɫɞɜɢɝɚ, ɩɨɷɬɨɦɭ ɩɨɩɟɪɟɱɧɭɸ ɜɨɥɧɭ ɜ ɠɢɞɤɨɫɬɢ ɜɨɡɛɭɞɢɬɶ ɧɟɥɶɡɹ. ɉɪɨɱɢɬɚɣ-
ɬɟ ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ ɩ. 1.β ɢ ɜɵɛɟɪɢɬɟ ɞɪɭɝɨɣ ɨɬɜɟɬ. 

λ0. ɇɟɜɟɪɧɨ. ȼ ɜɨɥɧɨɜɨɦ ɭɪɚɜɧɟɧɢɢ ɩɥɨɫɤɨɣ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ ɢɦɟɟɬɫɹ 
ɬɨɥɶɤɨ ɨɞɧɚ ɤɨɨɪɞɢɧɚɬɚ б. ȿɳɟ ɪɚɡ ɜɧɢɦɚɬɟɥɶɧɨ ɩɪɨɱɢɬɚɣɬɟ ɦɚɬɟɪɢɚɥ ɩ. β.1 
ɢ ɜɵɛɟɪɢɬɟ ɩɪɚɜɢɥɶɧɵɣ ɨɬɜɟɬ. 

λ1. ɇɟɜɟɪɧɨ. Ɋɚɡɜɟ ɜ ɮɨɪɦɭɥɟ ɍɦɨɜɚ (β.ββ) ɜɟɥɢɱɢɧɵ p ɢ Я ɨɬɧɨɫɹɬɫɹ 
ɤ ɫɮɟɪɢɱɟɫɤɨɣ ɡɜɭɤɨɜɨɣ ɜɨɥɧɟ? ȼɵɛɟɪɢɬɟ ɞɪɭɝɨɣ ɜɚɪɢɚɧɬ ɨɬɜɟɬɚ. 

λβ. Ɉɲɢɛɤɚ. ɇɟ ɦɨɠɟɬ ɤɨɷɮɮɢɰɢɟɧɬ ɩɪɟɥɨɦɥɟɧɢɹ ɨɩɪɟɞɟɥɹɬɶ, ɤɚɤɚɹ 
ɱɚɫɬɶ ɷɧɟɪɝɢɢ ɨɬɪɚɠɚɟɬɫɹ ɨɬ ɝɪɚɧɢɰɵ ɪɚɡɞɟɥɚ ɫɪɟɞ. ȼɵɛɟɪɢɬɟ ɞɪɭɝɨɣ ɨɬɜɟɬ. 

λγ. ɇɟɬ, ɧɟɜɟɪɧɨ. ɉɪɨɱɢɬɚɣɬɟ ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ ɩ. 1.β ɢ ɜɵɛɟɪɢɬɟ ɩɪɚ-
ɜɢɥɶɧɵɣ ɨɬɜɟɬ. 

λ4. ɇɟɜɟɪɧɨ. ɉɪɢ ɨɬɧɨɫɢɬɟɥɶɧɨɦ ɞɜɢɠɟɧɢɢ ɢɫɬɨɱɧɢɤɚ ɢ ɩɪɢɟɦɧɢɤɚ ɡɜɭ-
ɤɚ ɢɡɦɟɧɹɟɬɫɹ ɧɟ ɚɦɩɥɢɬɭɞɚ, ɚ ɞɪɭɝɨɣ ɩɚɪɚɦɟɬɪ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ. ɉɪɨɱɢɬɚɣɬɟ 
ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ ɩ. η.η ɢ ɜɵɛɟɪɢɬɟ ɞɪɭɝɨɣ ɨɬɜɟɬ. 

λη. ȼɚɲ ɨɬɜɟɬ ɨɲɢɛɨɱɟɧ. ɉɨɩɪɨɛɭɣɬɟ ɜɵɛɪɚɬɶ ɞɪɭɝɨɣ ɜɚɪɢɚɧɬ ɨɬɜɟɬɚ. 
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λθ. ȼɵ ɧɟɩɪɚɜɵ, ɩɪɨɱɢɬɚɣɬɟ ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ ɩ. λ.1 ɢ ɜɵɛɟɪɢɬɟ ɞɪɭɝɨɣ 
ɨɬɜɟɬ. 

λ7. ɇɟɜɟɪɧɨ. ɂɦɟɹ ɢɧɮɨɪɦɚɰɢɸ ɬɨɥɶɤɨ ɨ ɫɤɨɪɨɫɬɢ ɫɭɞɧɚ ɜɞɨɥɶ Ⱦɉ, ɧɟ-
ɜɨɡɦɨɠɧɨ ɨɩɪɟɞɟɥɢɬɶ ɫɤɨɪɨɫɬɶ ɩɟɪɟɦɟɳɟɧɢɹ ɧɨɫɚ ɢ ɤɨɪɦɵ ɫɭɞɧɚ ɜ ɩɨɩɟɪɟɱ-
ɧɨɦ ɧɚɩɪɚɜɥɟɧɢɢ. ɉɪɨɱɢɬɚɣɬɟ ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ ɩ. 8.1 ɢ ɜɵɛɟɪɢɬɟ ɞɪɭɝɨɣ 
ɨɬɜɟɬ. 

λ8. ȼɵ ɫɨɜɟɪɲɟɧɧɨ ɧɟɩɪɚɜɵ. ȼɪɟɦɹ ɦɟɠɞɭ ɩɨɫɵɥɤɚɦɢ ɢɦɩɭɥɶɫɨɜ 
ɞɨɥɠɧɨ ɛɵɬɶ ɬɚɤɢɦ, ɱɬɨɛɵ ɢɡɥɭɱɟɧɧɵɣ ɫɢɝɧɚɥ ɭɫɩɟɥ ɞɨɣɬɢ ɞɨ ɝɪɭɧɬɚ ɢ ɜɟɪ-
ɧɭɬɶɫɹ ɜ ɩɪɢɟɦɧɢɤ. ȼɵɛɟɪɢɬɟ ɞɪɭɝɨɣ ɨɬɜɟɬ. 

λλ. Ⱦɚ, ȼɵ ɫɨɜɟɪɲɟɧɧɨ ɩɪɚɜɵ. ɒɢɪɢɧɭ ɝɥɚɜɧɨɝɨ ɥɟɩɟɫɬɤɚ ɞɢɚɝɪɚɦɦɵ 
ɧɚɩɪɚɜɥɟɧɧɨɫɬɢ ɚɧɬɟɧɧɵ ɨɩɪɟɞɟɥɹɟɬ ɩɪɢɜɟɞɟɧɧɨɟ ɜ ɜɨɩɪɨɫɟ ɜɵɪɚɠɟɧɢɟ ɞɥɹ 
ɫɥɭɱɚɹ, ɤɨɝɞɚ n = 1. ɉɪɢɫɬɭɩɚɣɬɟ ɤ ɨɬɜɟɬɭ ɧɚ ɫɥɟɞɭɸɳɢɣ ɤɨɧɬɪɨɥɶɧɵɣ ɜɨ-
ɩɪɨɫ. 

100. ȼɵ ɨɬɜɟɬɢɥɢ ɜɟɪɧɨ, ɧɨ ɧɟɩɨɥɧɨ. ɉɪɨɱɢɬɚɣɬɟ ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ 
ɩ. η.γ ɢ ɩɨɩɪɨɛɭɣɬɟ ɧɚɣɬɢ ɟɳɟ ɨɞɢɧ ɩɪɚɜɢɥɶɧɵɣ ɨɬɜɟɬ. ȿɫɥɢ ɭ ȼɚɫ ɷɬɨ ɩɨɥɭ-
ɱɢɬɫɹ, ɬɨ ɦɨɠɟɬɟ ɩɟɪɟɯɨɞɢɬɶ ɤ ɢɡɭɱɟɧɢɸ ɦɚɬɟɪɢɚɥɚ ɥɟɤɰɢɢ 7. 

101. ȼɚɲ ɨɬɜɟɬ ɧɟɜɟɪɧɵɣ. ɋ ɭɱɟɬɨɦ ɬɨɝɨ, ɱɬɨ ɨɛɚ ɥɭɱɚ ɧɚɯɨɞɹɬɫɹ ɜ Ⱦɉ 
ɫɭɞɧɚ, ɩɨɩɪɨɛɭɣɬɟ ɧɚɣɬɢ ɩɪɚɜɢɥɶɧɵɣ ɨɬɜɟɬ. 

10β. Ⱦɚ, ȼɵ ɩɪɚɜɵ. Ʉɨɥɟɛɚɧɢɟ ɱɚɫɬɢɰ ɨɬɧɨɫɢɬɟɥɶɧɨ ɫɜɨɟɝɨ ɩɨɥɨɠɟɧɢɹ 
ɪɚɜɧɨɜɟɫɢɹ ɩɪɨɢɫɯɨɞɢɬ ɫ ɧɟɤɨɬɨɪɨɣ ɫɤɨɪɨɫɬɶɸ, ɤɨɬɨɪɚɹ ɧɚɡɵɜɚɟɬɫɹ ɤɨɥɟɛɚ-
ɬɟɥɶɧɨɣ ɫɤɨɪɨɫɬɶɸ. ɉɟɪɟɯɨɞɢɬɟ ɤ ɨɬɜɟɬɭ ɧɚ ɜɨɩɪɨɫ β. 

10γ. ȼɵ ɨɲɢɛɚɟɬɟɫɶ. ɉɪɨɱɢɬɚɣɬɟ ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ ɩ. η.γ ɢ ɜɵɛɟɪɢɬɟ 
ɞɪɭɝɨɣ ɨɬɜɟɬ. 

104. ȼɵ ɨɬɜɟɬɢɥɢ ɧɟɜɟɪɧɨ. Ɍɨɱɤɢ ɫɪɟɞɵ, ɜ ɤɨɬɨɪɵɯ ɧɚɛɥɸɞɚɟɬɫɹ ɭɞɜɨɟ-
ɧɢɟ ɚɦɩɥɢɬɭɞɵ ɤɨɥɟɛɚɬɟɥɶɧɨɣ ɫɤɨɪɨɫɬɢ ɢɥɢ ɡɜɭɤɨɜɨɝɨ ɞɚɜɥɟɧɢɹ ɧɟ ɧɚɡɵɜɚ-
ɸɬɫɹ ɭɡɥɚɦɢ. ɉɪɨɱɢɬɚɣɬɟ ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ ɩ. 4.1 ɢ ɜɵɛɟɪɢɬɟ ɞɪɭɝɨɣ ɨɬɜɟɬ. 

10η. Ⱦɚ, ȼɵ ɩɪɚɜɵ. ɂɦɟɧɧɨ ɬɚɤɭɸ ɪɚɡɦɟɪɧɨɫɬɶ ɢɦɟɟɬ ɤɨɷɮɮɢɰɢɟɧɬ ȕ, 
ɪɚɫɫɱɢɬɚɧɧɵɣ ɩɨ ɩɪɢɜɟɞɟɧɧɨɣ ɜ ɜɨɩɪɨɫɟ ɮɨɪɦɭɥɟ. ɉɟɪɟɯɨɞɢɬɟ ɤ ɢɡɭɱɟɧɢɸ 
ɦɚɬɟɪɢɚɥɚ ɥɟɤɰɢɢ 4. 

106. ɇɟɬ, ȼɵ ɨɲɢɛɥɢɫɶ. ɋɥɨɠɧɚɹ ɡɜɭɤɨɜɚɹ ɜɨɥɧɚ ɦɨɠɟɬ ɜɨɡɧɢɤɧɭɬɶ 
ɬɨɥɶɤɨ ɜ ɬɨɦ ɫɥɭɱɚɟ, ɤɨɝɞɚ ɨɞɧɨɜɪɟɦɟɧɧɨ ɫɭɳɟɫɬɜɭɸɬ ɢ ɩɪɨɞɨɥɶɧɚɹ, ɢ ɩɨɩɟ-
ɪɟɱɧɚɹ ɡɜɭɤɨɜɵɟ ɜɨɥɧɵ. ȼ ɠɢɞɤɨɫɬɢ ɬɚɤɨɝɨ ɛɵɬɶ ɧɟ ɦɨɠɟɬ. ɉɨɩɪɨɛɭɣɬɟ ɜɵ-
ɛɪɚɬɶ ɞɪɭɝɨɣ ɨɬɜɟɬ. 

107. ɇɟɬ, ȼɵ ɨɲɢɛɥɢɫɶ. ȼ ɭɪɚɜɧɟɧɢɢ ɫɨɫɬɨɹɧɢɹ ɧɟɬ ɜɟɥɢɱɢɧɵ, ɤɨɬɨɪɚɹ 
ɯɚɪɚɤɬɟɪɢɡɭɟɬ ɤɨɥɟɛɚɬɟɥɶɧɨɟ ɞɜɢɠɟɧɢɟ. ȼɵɛɟɪɢɬɟ ɞɪɭɝɨɣ ɜɚɪɢɚɧɬ ɨɬɜɟɬɚ.  
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108. ɇɟɬ, ȼɵ ɨɲɢɛɚɟɬɟɫɶ. ɂɡ ɮɨɪɦɭɥɵ ɍɦɨɜɚ (β.ββ) ɧɟ ɜɢɞɧɨ, ɱɬɨ ɪɟɱɶ 
ɢɞɟɬ ɨ ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ ɡɜɭɤɨɜɨɣ ɜɨɥɧɟ. ɉɨɩɪɨɛɭɣɬɟ ɜɵɛɪɚɬɶ ɞɪɭɝɨɣ ɜɚɪɢɚɧɬ 
ɨɬɜɟɬɚ. 

10λ. ɇɟɜɟɪɧɨ. ɉɪɨɱɢɬɚɣɬɟ ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ ɩ. 8.γ ɢ ɜɵɛɟɪɢɬɟ ɞɪɭɝɨɣ 
ɨɬɜɟɬ. 

110. ȼɵ ɨɲɢɛɚɟɬɟɫɶ. ɉɪɨɱɢɬɚɣɬɟ ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ ɩ. 4.1 ɢ ɩɨɩɪɨɛɭɣɬɟ 
ɧɚɣɬɢ ɩɪɚɜɢɥɶɧɵɣ ɨɬɜɟɬ. 

111. ȼɚɲ ɨɬɜɟɬ ɨɲɢɛɨɱɟɧ. Ɉɛɟɫɩɟɱɟɧɢɟ ɧɚɩɪɚɜɥɟɧɧɨɫɬɢ ɚɧɬɟɧɧɵ ɡɚ 
ɫɱɟɬ ɫɭɦɦɢɪɨɜɚɧɢɹ ɜɨɥɧ, ɤɨɬɨɪɵɟ ɫɨɡɞɚɸɬɫɹ ɤɚɠɞɨɣ ɬɨɱɤɨɣ ɢɡɥɭɱɚɸɳɟɣ 
ɩɨɜɟɪɯɧɨɫɬɢ, ɩɪɨɢɫɯɨɞɢɬ ɜ ɢɧɬɟɪɮɟɪɟɧɰɢɨɧɧɵɯ ɚɧɬɟɧɧɚɯ. ɉɪɨɱɢɬɚɣɬɟ ɟɳɟ 
ɪɚɡ ɦɚɬɟɪɢɚɥ ɩ. θ.1 ɢ ɩɨɩɪɨɛɭɣɬɟ ɧɚɣɬɢ ɩɪɚɜɢɥɶɧɵɣ ɨɬɜɟɬ. 

11β. ȼɵ ɚɛɫɨɥɸɬɧɨ ɩɪɚɜɵ. ɉɶɟɡɨɷɥɟɤɬɪɢɱɟɫɤɢɟ ɚɧɬɟɧɧɵ ɜɡɚɢɦɨɡɚɦɟ-
ɧɹɟɦɵ. Ɉɧɢ ɦɨɝɭɬ ɪɚɛɨɬɚɬɶ ɤɚɤ ɧɚ ɢɡɥɭɱɟɧɢɟ, ɬɚɤ ɢ ɧɚ ɩɪɢɟɦ. ɉɪɢɫɬɭɩɚɣɬɟ ɤ 
ɨɬɜɟɬɭ ɧɚ ɫɥɟɞɭɸɳɢɣ ɤɨɧɬɪɨɥɶɧɵɣ ɜɨɩɪɨɫ. 

11γ. ȼɵ ɨɬɜɟɬɢɥɢ ɩɪɚɜɢɥɶɧɨ. ɋ ɭɜɟɥɢɱɟɧɢɟɦ ɲɢɪɢɧɵ ɞɢɚɝɪɚɦɦɵ ɧɚ-
ɩɪɚɜɥɟɧɧɨɫɬɢ (∆ș) ɫɬɚɧɨɜɢɬɫɹ ɛɨɥɟɟ ɨɫɬɪɵɦ ɩɢɤ ɤɪɢɜɨɣ ɤɨɷɮɮɢɰɢɟɧɬɚ ɜɡɚ-
ɢɦɧɨɣ ɤɨɪɪɟɥɹɰɢɢ, ɚ ɡɧɚɱɢɬ ɢ ɬɨɱɧɟɟ ɨɩɪɟɞɟɥɹɟɬɫɹ ɜɪɟɦɹ, ɤɨɝɞɚ ρ 1,2 = 1. 
Ɇɨɠɟɬɟ ɨɬɜɟɱɚɬɶ ɧɚ ɫɥɟɞɭɸɳɢɣ ɤɨɧɬɪɨɥɶɧɵɣ ɜɨɩɪɨɫ. 

114. ȼɵ ɨɬɜɟɬɢɥɢ ɩɪɚɜɢɥɶɧɨ, ɧɨ ɧɟɩɨɥɧɨ. ȿɫɥɢ ȼɵ ɩɪɚɜɢɥɶɧɨ ɧɚɣɞɟɬɟ 
ɨɬɜɟɬ, ɜ ɤɨɬɨɪɨɦ ɭɤɚɡɚɧɨ, ɤɚɤɭɸ ɟɳɟ ɫɤɨɪɨɫɬɶ ɢɡɦɟɪɹɟɬ ɥɚɝ, ɬɨ ɦɨɠɟɬɟ ɨɬɜɟ-
ɱɚɬɶ ɧɚ ɫɥɟɞɭɸɳɢɣ ɤɨɧɬɪɨɥɶɧɵɣ ɜɨɩɪɨɫ. 

115. ɇɟɬ, ɧɟɜɟɪɧɨ. ɉɨɞɭɦɚɣɬɟ ɢ ɜɵɛɟɪɢɬɟ ɞɪɭɝɨɣ ɜɚɪɢɚɧɬ ɨɬɜɟɬɚ. 
11θ. ȼɵ ɨɬɜɟɬɢɥɢ ɧɟɜɟɪɧɨ. ɉɨɩɪɨɛɭɣɬɟ ɧɚ ɨɫɧɨɜɚɧɢɢ ɚɧɚɥɢɡɚ ɤɨɷɮɮɢ-
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ɨɩɪɟɞɟɥɢɬɶ ɩɪɚɜɢɥɶɧɵɣ ɨɬɜɟɬ. 
117. Ƚɪɭɛɚɹ ɨɲɢɛɤɚ. ȼɧɢɦɚɬɟɥɶɧɨ ɩɪɨɱɢɬɚɣɬɟ ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ ɩ. 8.β ɢ 

ɩɨɩɪɨɛɭɣɬɟ ɜɵɛɪɚɬɶ ɩɪɚɜɢɥɶɧɵɣ ɨɬɜɟɬ. 
118. ȼɟɪɧɨ. Ɍɚɤɚɹ ɪɟɜɟɪɛɟɪɚɰɢɹ ɟɫɬɶ. ɇɨ ɨɧɚ ɛɵɜɚɟɬ ɬɪɟɯ ɜɢɞɨɜ. ɉɨɩɪɨ-

ɛɭɣɬɟ ɫɪɟɞɢ ɨɬɜɟɬɨɜ ɧɚɣɬɢ ɟɳɟ ɞɜɚ ɩɪɚɜɢɥɶɧɵɯ. ȿɫɥɢ ȼɚɦ ɷɬɨ ɭɞɚɥɨɫɶ, ɬɨ 
ɦɨɠɟɬɟ ɨɬɜɟɱɚɬɶ ɧɚ ɫɥɟɞɭɸɳɢɣ ɤɨɧɬɪɨɥɶɧɵɣ ɜɨɩɪɨɫ. 

11λ. Ⱦɚ, ȼɵ ɩɪɚɜɵ. ȼ ɬɨɦ ɫɥɭɱɚɟ, ɤɨɝɞɚ ρ2c2 >> ρ1c1, ɚɦɩɥɢɬɭɞɚ ɫɭɦɦɚɪ-
ɧɨɝɨ ɞɚɜɥɟɧɢɹ ɜ ɫɬɨɹɱɟɣ ɡɜɭɤɨɜɨɣ ɜɨɥɧɟ ɢɡɦɟɧɹɟɬɫɹ ɢɦɟɧɧɨ ɩɨ ɷɬɨɦɭ ɡɚɤɨɧɭ. 
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ɉɨɩɪɨɛɭɣɬɟ ɧɚɣɬɢ ɩɪɚɜɢɥɶɧɵɣ ɨɬɜɟɬ ɞɥɹ ɫɥɭɱɚɹ, ɤɨɝɞɚ ρ1ɫ1 >> ρ2c2 . ȿɫɥɢ ɭ 
ȼɚɫ ɩɨɥɭɱɢɬɫɹ, ɬɨ ɦɨɠɟɬɟ ɨɬɜɟɱɚɬɶ ɧɚ ɫɥɟɞɭɸɳɢɣ ɤɨɧɬɪɨɥɶɧɵɣ ɜɨɩɪɨɫ.  

1β0. ȼɵ ɨɲɢɛɥɢɫɶ. ɇɚɥɢɱɢɟ ɦɧɨɠɢɬɟɥɹ О–αб ɜ ɜɵɪɚɠɟɧɢɢ ɞɥɹ ɡɚɤɨɧɚ ɢɡ-
ɦɟɧɟɧɢɹ ɡɜɭɤɨɜɨɝɨ ɞɚɜɥɟɧɢɹ ɧɢɤɚɤ ɧɟ ɦɨɠɟɬ ɝɨɜɨɪɢɬɶ ɨ ɬɨɦ, ɱɬɨ ɚɦɩɥɢɬɭɞɚ 
ɡɜɭɤɨɜɨɝɨ ɞɚɜɥɟɧɢɹ ɭɜɟɥɢɱɢɜɚɟɬɫɹ ɩɨ ɷɤɫɩɨɧɟɧɬɟ. ȼɵɛɟɪɢɬɟ ɞɪɭɝɨɣ ɜɚɪɢɚɧɬ 
ɨɬɜɟɬɚ. 

1β1. ɉɪɚɜɢɥɶɧɨ. Ɏɨɪɦɚ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ ɨɩɪɟɞɟɥɹɟɬɫɹ ɟё ɮɪɨɧɬɨɦ. ɉɟ-
ɪɟɯɨɞɢɬɟ ɤ ɨɬɜɟɬɭ ɧɚ ɫɥɟɞɭɸɳɢɣ ɤɨɧɬɪɨɥɶɧɵɣ ɜɨɩɪɨɫ. 

1ββ. Ɉɲɢɛɤɚ. ɉɪɨɱɢɬɚɣɬɟ ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ ɩ. β.1 ɢ ɜɵɛɟɪɢɬɟ ɩɪɚɜɢɥɶ-
ɧɵɣ ɨɬɜɟɬ. 

1βγ. ȼɵ ɫɨɜɟɪɲɟɧɧɨ ɩɪɚɜɵ. ȼ ɮɨɪɦɭɥɟ ɍɦɨɜɚ (β.ββ) ɡɜɭɤɨɜɨɟ ɞɚɜɥɟɧɢɟ 
ɢ ɤɨɥɟɛɚɬɟɥɶɧɚɹ ɫɤɨɪɨɫɬɶ ɦɨɝɭɬ ɨɬɧɨɫɢɬɶɫɹ ɤ ɡɜɭɤɨɜɨɣ ɜɨɥɧɟ ɥɸɛɨɣ ɮɨɪɦɵ. 
ɉɪɢɫɬɭɩɚɣɬɟ ɤ ɨɬɜɟɬɭ ɧɚ ɤɨɧɬɪɨɥɶɧɵɣ ɜɨɩɪɨɫ 1γ. 

1β4. ȼɚɲ ɨɬɜɟɬ ɨɲɢɛɨɱɟɧ. ɉɪɨɱɢɬɚɣɬɟ ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ ɩ. γ.4 ɢ ɜɵɛɟ-
ɪɢɬɟ ɞɪɭɝɨɣ ɨɬɜɟɬ. 

1βη. Ʉ ɫɨɠɚɥɟɧɢɸ, ȼɵ ɨɲɢɛɥɢɫɶ. ɉɪɨɱɢɬɚɣɬɟ ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ ɩ. 4.1 
ɢ ɜɵɛɟɪɢɬɟ ɞɪɭɝɨɣ ɨɬɜɟɬ. 

1βθ. Ɉɲɢɛɤɚ. ȼɵɛɟɪɢɬɟ ɞɪɭɝɨɣ ɨɬɜɟɬ. 
1β7. Ɉɲɢɛɤɚ. ɉɪɨɱɢɬɚɣɬɟ ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ ɩ. λ.β ɢ ɜɵɛɟɪɢɬɟ ɩɪɚɜɢɥɶ-

ɧɵɣ ɨɬɜɟɬ. 
1β8. Ɉɲɢɛɤɚ. ɉɪɨɱɢɬɚɣɬɟ ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ ɩ. 8.β ɢ ɜɵɛɟɪɢɬɟ ɞɪɭɝɨɣ ɜɚ-

ɪɢɚɧɬ ɨɬɜɟɬɚ. 
1βλ. Ɉɲɢɛɤɚ. ɉɨɞɭɦɚɣɬɟ ɢ ɜɵɛɟɪɢɬɟ ɞɪɭɝɨɣ ɨɬɜɟɬ. 
1γ0. Ɉɬɜɟɬ ɩɪɚɜɢɥɶɧɵɣ, ɧɨ ɧɟɩɨɥɧɵɣ. ɂɡ ɜɵɪɚɠɟɧɢɹ ɞɥɹ Iɨɪ ɜɢɞɧɨ, ɱɬɨ 

ɭɦɟɧɶɲɟɧɢɟ ɦɨɳɧɨɫɬɢ ɢɡɥɭɱɚɟɦɨɝɨ ɫɢɝɧɚɥɚ (σ) ɩɪɢɜɨɞɢɬ ɤ ɭɦɟɧɶɲɟɧɢɸ 
Iɨɪ. ɇɨ ɟɫɬɶ ɟɳɟ ɨɞɢɧ ɩɚɪɚɦɟɬɪ, ɤɨɬɨɪɵɣ ɦɵ ɦɨɠɟɦ ɢɡɦɟɧɹɬɶ, ɬɟɦ ɫɚɦɵɦ 
ɨɤɚɡɵɜɚɬɶ ɜɥɢɹɧɢɟ ɧɚ ɜɟɥɢɱɢɧɭ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɨɛɴɟɦɧɨɣ ɪɟɜɟɪɛɟɪɚɰɢɢ. ȿɫ-
ɥɢ ȼɵ ɩɪɚɜɢɥɶɧɨ ɨɩɪɟɞɟɥɢɬɟ ɷɬɨɬ ɩɚɪɚɦɟɬɪ, ɬɨ ɦɨɠɟɬɟ ɩɪɢɫɬɭɩɚɬɶ 
ɤ ɢɡɭɱɟɧɢɸ ɦɚɬɟɪɢɚɥɚ ɥɟɤɰɢɢ 7. 

1γ1. ȼɟɪɧɨ. Ɍɚɤɚɹ ɪɟɜɟɪɛɟɪɚɰɢɹ ɟɫɬɶ, ɧɨ ɨɧɚ ɛɵɜɚɟɬ ɬɪɟɯ ɜɢɞɨɜ. ɉɨɩɪɨ-
ɛɭɣɬɟ ɫɪɟɞɢ ɨɬɜɟɬɨɜ ɧɚɣɬɢ ɟɳɟ ɞɜɚ ɩɪɚɜɢɥɶɧɵɯ. ȿɫɥɢ ȼɚɦ ɷɬɨ ɭɞɚɥɨɫɶ, ɬɨ 
ɦɨɠɟɬɟ ɨɬɜɟɱɚɬɶ ɧɚ ɫɥɟɞɭɸɳɢɣ ɤɨɧɬɪɨɥɶɧɵɣ ɜɨɩɪɨɫ. 

1γβ. Ɉɬɜɟɬ ɩɪɚɜɢɥɶɧɵɣ, ɧɨ ɬɨɥɶɤɨ ɞɥɹ ɫɥɭɱɚɹ ρ1c1 >> ρ2c2. ɉɨɩɪɨɛɭɣɬɟ 
ɧɚɣɬɢ ɩɪɚɜɢɥɶɧɵɣ ɨɬɜɟɬ ɞɥɹ ɫɥɭɱɚɹ, ɤɨɝɞɚ ρ2 c2 >> ρ1c1. ȿɫɥɢ ɭ ȼɚɫ ɷɬɨ ɩɨɥɭ-
ɱɢɬɫɹ, ɬɨ ɦɨɠɟɬɟ ɨɬɜɟɱɚɬɶ ɧɚ ɫɥɟɞɭɸɳɢɣ ɤɨɧɬɪɨɥɶɧɵɣ ɜɨɩɪɨɫ. 
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1γγ. ȼɵ ɫɨɜɟɪɲɟɧɧɨ ɩɪɚɜɵ. ɇɚɥɢɱɢɟ ɦɧɨɠɢɬɟɥɹ О–αб ɝɨɜɨɪɢɬ ɨ ɬɨɦ, ɱɬɨ 
ɚɦɩɥɢɬɭɞɚ ɡɜɭɤɨɜɨɝɨ ɞɚɜɥɟɧɢɹ ɞɟɣɫɬɜɢɬɟɥɶɧɨ ɭɦɟɧɶɲɚɟɬɫɹ ɩɨ ɷɤɫɩɨɧɟɧɰɢ-
ɚɥɶɧɨɦɭ ɡɚɤɨɧɭ. ɉɟɪɟɯɨɞɢɬɟ ɤ ɨɬɜɟɬɭ ɧɚ ɜɨɩɪɨɫ 1η. 

1γ4. ȼɚɲ ɨɬɜɟɬ ɨɲɢɛɨɱɟɧ. ɗɬɨ ɯɨɪɨɲɨ ɜɢɞɧɨ ɢɡ ɜɵɪɚɠɟɧɢɹ (4.1γ). ȼɧɢ-
ɦɚɬɟɥɶɧɨ ɩɪɨɱɢɬɚɣɬɟ ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ ɩ. 4.1 ɢ ɜɵɛɟɪɢɬɟ ɞɪɭɝɨɣ ɨɬɜɟɬ. 

1γη. ɇɟɬ, ȼɚɲ ɨɬɜɟɬ ɨɲɢɛɨɱɧɵɣ. ɑɚɫɬɨɬɚ ɧɟ ɨɩɪɟɞɟɥɹɟɬ ɮɨɪɦɭ ɡɜɭɤɨɜɨɣ 
ɜɨɥɧɵ. ɉɪɨɱɢɬɚɣɬɟ ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ ɩ. 1.β ɢ ɩɨɩɪɨɛɭɣɬɟ ɧɚɣɬɢ ɩɪɚɜɢɥɶɧɵɣ 
ɨɬɜɟɬ. 

1γθ. Ⱦɚ, ȼɵ ɨɬɜɟɬɢɥɢ ɩɪɚɜɢɥɶɧɨ. ɉɟɪɟɯɨɞɢɬɟ ɤ ɨɬɜɟɬɭ ɧɚ ɤɨɧɬɪɨɥɶɧɵɣ 
ɜɨɩɪɨɫ λ. 

1γ7. ȼɵ ɨɬɜɟɬɢɥɢ ɧɟɜɟɪɧɨ. ȼɟɥɢɱɢɧɚ αɯ ɜ ɜɵɪɚɠɟɧɢɢ ɞɥɹ ɡɚɤɨɧɚ ɢɡɦɟ-
ɧɟɧɢɹ ɡɜɭɤɨɜɨɝɨ ɞɚɜɥɟɧɢɹ ɧɟ ɦɨɠɟɬ ɛɵɬɶ ɮɚɡɨɣ. ȼɧɢɦɚɬɟɥɶɧɨ ɩɪɨɱɢɬɚɣɬɟ 
ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ ɩ. β.γ ɢ ɜɵɛɟɪɢɬɟ ɞɪɭɝɨɣ ɜɚɪɢɚɧɬ ɨɬɜɟɬɚ. 

1γ8. ȼɵ ɨɬɜɟɬɢɥɢ ɧɟɜɟɪɧɨ. ɉɪɨɱɢɬɚɣɬɟ ɟɳɟ ɪɚɡ ɩ. γ.4 ɢ ɜɵɛɟɪɢɬɟ ɞɪɭɝɨɣ 
ɜɚɪɢɚɧɬ ɨɬɜɟɬɚ. 

1γλ. ȼɵ ɩɪɚɜɵ. S – ɷɬɨ ɪɚɫɫɬɨɹɧɢɟ ɦɟɠɞɭ ɚɧɬɟɧɧɨɣ ɢ ɞɧɢɳɟɦ ɫɭɞɧɚ.  
ȼ ɷɬɨɦ ɩɪɨɫɬɪɚɧɫɬɜɟ ɨɛɪɚɡɭɟɬɫɹ ɫɬɨɹɱɚɹ ɡɜɭɤɨɜɚɹ ɜɨɥɧɚ. Ɍɚɤ ɤɚɤ ɷɬɨ ɩɪɨ-
ɫɬɪɚɧɫɬɜɨ ɡɚɩɨɥɧɟɧɨ ɤɚɤɨɣ-ɬɨ ɠɢɞɤɨɫɬɶɸ, ɬɨ λ1 ɞɟɣɫɬɜɢɬɟɥɶɧɨ ɟɫɬɶ ɞɥɢɧɚ 
ɜɨɥɧɵ ɜ ɷɬɨɣ ɠɢɞɤɨɫɬɢ. ɉɟɪɟɯɨɞɢɬɟ ɤ ɢɡɭɱɟɧɢɸ ɦɚɬɟɪɢɚɥɚ ɥɟɤɰɢɢ θ. 

140. Ɉɬɜɟɬ ɧɟɜɟɪɧɵɣ. ȼɵɛɟɪɢɬɟ ɞɪɭɝɨɣ ɨɬɜɟɬ. 
141. Ɉɬɜɟɬ ɨɲɢɛɨɱɧɵɣ. ȼ ɡɜɭɤɨɜɨɦ ɩɨɥɟ ɱɚɫɬɢɰɵ ɠɢɞɤɨɫɬɢ ɫɨɜɟɪɲɚɸɬ 

ɤɨɥɟɛɚɧɢɹ ɨɬɧɨɫɢɬɟɥɶɧɨ ɫɜɨɟɝɨ ɩɨɥɨɠɟɧɢɹ ɪɚɜɧɨɜɟɫɢɹ, ɩɨɷɬɨɦɭ ɫɤɨɪɨɫɬɶ ɢɯ 
ɤɨɥɟɛɚɧɢɣ ɧɟ ɦɨɠɟɬ ɛɵɬɶ ɫɤɨɪɨɫɬɶɸ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɡɜɭɤɚ. ȼɵɛɟɪɢɬɟ ɞɪɭ-
ɝɨɣ ɨɬɜɟɬ. 

14β. Ɍɨɱɧɨ. ȼ ɭɪɚɜɧɟɧɢɟ ɧɟɪɚɡɪɵɜɧɨɫɬɢ ɜɯɨɞɢɬ ɜɟɥɢɱɢɧɚ æ, ɤɨɬɨɪɚɹ ɨɩ-
ɪɟɞɟɥɹɟɬ ɢɡɦɟɧɟɧɢɟ ɩɥɨɬɧɨɫɬɢ, ɢ ɜɟɥɢɱɢɧɚ φ, ɯɚɪɚɤɬɟɪɢɡɭɸɳɚɹ ɤɨɥɟɛɚɬɟɥɶ-
ɧɨɟ ɞɜɢɠɟɧɢɟ. ɉɟɪɟɯɨɞɢɬɟ ɤ ɨɬɜɟɬɭ ɧɚ ɤɨɧɬɪɨɥɶɧɵɣ ɜɨɩɪɨɫ 7. 

14γ. ȼɵ ɨɬɜɟɬɢɥɢ ɧɟ ɫɨɜɫɟɦ ɩɪɚɜɢɥɶɧɨ. Ɇɨɞɭɥɶ ɘɧɝɚ E – ɜɟɥɢɱɢɧɚ ɩɨ-
ɫɬɨɹɧɧɚɹ ɞɥɹ ɦɚɬɟɪɢɚɥɚ, ɢɡ ɤɨɬɨɪɨɝɨ ɢɡɝɨɬɨɜɥɟɧ ɫɬɟɪɠɟɧɶ, ɬ.ɟ. ɦɵ ɧɟ ɦɨɠɟɦ 
ɢɡɦɟɧɹɬɶ E. ȼɵɛɟɪɢɬɟ ɞɪɭɝɨɣ ɨɬɜɟɬ. 

144. Ɉɲɢɛɨɱɧɵɣ ɨɬɜɟɬ. ɑɚɫɬɨɬɚ ɢɡɥɭɱɚɟɦɨɝɨ ɫɢɝɧɚɥɚ ɧɢɤɚɤ ɧɟ ɨɩɪɟɞɟ-
ɥɹɟɬ ɪɚɡɪɟɲɚɸɳɭɸ ɫɩɨɫɨɛɧɨɫɬɶ ɷɯɨɥɨɬɚ ɩɨ ɝɥɭɛɢɧɟ. ɉɪɨɱɢɬɚɣɬɟ ɟɳɟ ɪɚɡ 
ɦɚɬɟɪɢɚɥ ɩ. 7.β ɢ ɜɵɛɟɪɢɬɟ ɩɪɚɜɢɥɶɧɵɣ ɨɬɜɟɬ. 

14η. ȼɵ ɫɨɜɟɪɲɟɧɧɨ ɩɪɚɜɵ. ȿɫɥɢ λ < l , ɬɨ ɜɫɟɝɞɚ ɫɭɳɟɫɬɜɭɟɬ sТЧ Ȗ, ɚ ɷɬɨ 
ɨɡɧɚɱɚɟɬ, ɱɬɨ ɟɫɬɶ ɭɝɨɥ Ȗ, ɤɨɬɨɪɵɣ ɨɩɪɟɞɟɥɹɟɬ ɧɚɩɪɚɜɥɟɧɧɨɫɬɶ ɚɧɬɟɧɧɵ. Ɇɨ-
ɠɟɬɟ ɨɬɜɟɱɚɬɶ ɧɚ ɫɥɟɞɭɸɳɢɣ ɤɨɧɬɪɨɥɶɧɵɣ ɜɨɩɪɨɫ. 
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14θ. ɇɟɬ, ɷɬɨ ɧɟ ɬɚɤ. ȼ ɨɛɳɟɦ ɫɥɭɱɚɟ ɫɤɨɪɨɫɬɶ ɤɨɥɟɛɚɬɟɥɶɧɨɝɨ ɞɜɢɠɟɧɢɹ 
ɢ ɡɜɭɤɨɜɨɟ ɞɚɜɥɟɧɢɟ ɧɟ ɢɡɦɟɧɹɸɬɫɹ ɫɢɧɮɚɡɧɨ. ɉɪɨɱɢɬɚɣɬɟ ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ 
ɩ. β.γ ɢ ɜɵɛɟɪɢɬɟ ɞɪɭɝɨɣ ɨɬɜɟɬ. 

147. ɇɟɬ, ȼɵ ɚɛɫɨɥɸɬɧɨ ɧɟɩɪɚɜɵ. ɉɪɨɱɢɬɚɣɬɟ ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ ɩ. θ.γ 
ɢ ɜɵɛɟɪɢɬɟ ɞɪɭɝɨɣ ɜɚɪɢɚɧɬ ɨɬɜɟɬɚ. 

148. ȼɵ ɞɨɩɭɫɬɢɥɢ ɨɲɢɛɤɭ. ɂɡ ɫɪɚɜɧɟɧɢɹ ɮɨɪɦɭɥ (η.14) ɢ (η.1θ) ɜɢɞɧɨ, 
ɱɬɨ ɩɪɢ ɧɚɥɢɱɢɢ ɞɜɢɠɟɧɢɹ ɩɪɢɟɦɧɢɤɚ ɨɬɧɨɫɢɬɟɥɶɧɨ ɢɡɥɭɱɚɬɟɥɹ ɮɚɡɚ ɩɨɬɟɧ-
ɰɢɚɥɚ ɫɤɨɪɨɫɬɢ ɧɟ ɢɡɦɟɧɹɟɬɫɹ. ȼɵɛɟɪɢɬɟ ɞɪɭɝɨɣ ɨɬɜɟɬ. 

14λ. ȼɟɪɧɨ. Ɍɚɤɚɹ ɪɟɜɟɪɛɟɪɚɰɢɹ ɟɫɬɶ. ɇɨ ɪɟɜɟɪɛɟɪɚɰɢɹ ɛɵɜɚɟɬ ɬɪɟɯ ɜɢ-
ɞɨɜ. ɉɨɩɪɨɛɭɣɬɟ ɫɪɟɞɢ ɨɬɜɟɬɨɜ ɧɚɣɬɢ ɟɳɟ ɞɜɚ ɩɪɚɜɢɥɶɧɵɯ. ȿɫɥɢ ɧɚɣɞɟɬɟ, ɬɨ 
ɦɨɠɟɬɟ ɨɬɜɟɱɚɬɶ ɧɚ ɫɥɟɞɭɸɳɢɣ ɤɨɧɬɪɨɥɶɧɵɣ ɜɨɩɪɨɫ. 

1η0. Ɉɬɜɟɬ ɧɟɜɟɪɧɵɣ. Ⱦɥɢɧɚ ɜɨɥɧɵ  ɜɯɨɞɢɬ ɜ ɮɨɪɦɭɥɭ ɞɥɹ ɪɚɫɱɟɬɚ ɜɟɥɢ-
ɱɢɧɵ S, ɤɨɬɨɪɚɹ ɨɩɪɟɞɟɥɹɟɬ ɨɬɫɬɨɹɧɢɟ ɚɧɬɟɧɧɵ ɨɬ ɞɧɢɳɚ ɫɭɞɧɚ. ȼɧɢɦɚɬɟɥɶɧɨ 
ɩɪɨɱɢɬɚɣɬɟ ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ ɩ. 4.β ɢ ɩɨɩɪɨɛɭɣɬɟ ɧɚɣɬɢ ɩɪɚɜɢɥɶɧɵɣ ɨɬɜɟɬ. 

1η1. ɇɟɜɟɪɧɨ. Ƚɥɹɞɹ ɧɚ ɜɵɪɚɠɟɧɢɟ ɞɥɹ ɡɚɤɨɧɚ ɢɡɦɟɧɟɧɢɹ ɡɜɭɤɨɜɨɝɨ ɞɚɜ-
ɥɟɧɢɹ, ɧɢɤɚɤ ɧɟɥɶɡɹ ɫɨɝɥɚɫɢɬɶɫɹ ɫ ɬɟɦ, ɱɬɨ ɚɦɩɥɢɬɭɞɚ ɞɚɜɥɟɧɢɹ ɨɫɬɚɟɬɫɹ ɧɟ-
ɢɡɦɟɧɧɨɣ. ȼɵɛɟɪɢɬɟ ɞɪɭɝɨɣ ɜɚɪɢɚɧɬ ɨɬɜɟɬɚ. 

1ηβ. ȼɵ ɨɲɢɛɚɟɬɟɫɶ. ɂɡ ɩɪɢɜɟɞɟɧɧɨɝɨ ɜ ɤɨɧɬɪɨɥɶɧɨɦ ɜɨɩɪɨɫɟ ɜɨɥɧɨɜɨ-
ɝɨ ɭɪɚɜɧɟɧɢɹ ɧɟ ɜɢɞɧɨ, ɱɬɨ ɷɬɨ ɜɨɥɧɚ ɰɢɥɢɧɞɪɢɱɟɫɤɚɹ. ɉɨɩɪɨɛɭɣɬɟ ɜɵɛɪɚɬɶ 
ɞɪɭɝɨɣ ɨɬɜɟɬ. 

1ηγ. ȼɚɲ ɨɬɜɟɬ ɨɲɢɛɨɱɟɧ. ɉɨɩɪɨɛɭɣɬɟ ɜɵɛɪɚɬɶ ɞɪɭɝɨɣ ɜɚɪɢɚɧɬ ɨɬɜɟɬɚ. 
1η4. ɇɟɬ, ȼɵ ɨɲɢɛɥɢɫɶ.   ɉɨɩɪɨɛɭɣɬɟ ɜɵɛɪɚɬɶ ɞɪɭɝɨɣ ɨɬɜɟɬ. 
1ηη. ȼɚɲ ɨɬɜɟɬ ɨɲɢɛɨɱɧɵɣ. ɇɚɣɞɢɬɟ ɜ ɦɚɬɟɪɢɚɥɟ ɩ. β.β ɮɨɪɦɭɥɭ, ɤɨɬɨ-

ɪɚɹ ɹɜɥɹɟɬɫɹ ɡɚɤɨɧɨɦ ɢɡɦɟɧɟɧɢɹ ɩɨɬɟɧɰɢɚɥɚ ɫɤɨɪɨɫɬɢ, ɢ ɜɵɛɟɪɢɬɟ ɩɪɚɜɢɥɶ-
ɧɵɣ ɨɬɜɟɬ  

1ηθ. ȼɵ ɨɲɢɛɥɢɫɶ. ȼ ɜɵɪɚɠɟɧɢɢ ɞɥɹ ɡɚɤɨɧɚ ɢɡɦɟɧɟɧɢɹ ɞɚɜɥɟɧɢɹ ɜɟɥɢ-
ɱɢɧɚ ФМ ɹɜɥɹɟɬɫɹ ɤɨɷɮɮɢɰɢɟɧɬɨɦ ɩɪɢ ɜɪɟɦɟɧɢ Э, ɚ ɜ ɥɸɛɨɣ ɤɨɥɟɛɚɬɟɥɶɧɨɣ 
ɮɭɧɤɰɢɢ ɷɬɨ ɧɟ ɮɚɡɚ. ȼɵɛɟɪɢɬɟ ɞɪɭɝɨɣ ɜɚɪɢɚɧɬ ɨɬɜɟɬɚ. 

1η7. Ⱦɚ, ȼɵ ɩɪɚɜɵ. Ʉɨɝɞɚ ɚɤɭɫɬɢɱɟɫɤɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɩɟɪɜɨɣ ɫɪɟɞɵ 
ɦɧɨɝɨ ɛɨɥɶɲɟ, ɱɟɦ ɜɬɨɪɨɣ, ɬɨ ɜ ɷɬɨɦ ɫɥɭɱɚɟ ɨɬɪɚɠɟɧɧɚɹ ɢ ɩɪɟɥɨɦɥɟɧɧɚɹ 
ɜɨɥɧɵ ɛɭɞɭɬ ɧɚɯɨɞɢɬɶɫɹ ɜ ɩɪɨɬɢɜɨɮɚɡɟ. ɉɟɪɟɯɨɞɢɬɟ ɤ ɢɡɭɱɟɧɢɸ ɦɚɬɟɪɢɚɥɚ 
ɥɟɤɰɢɢ η. 

1η8. ɇɟɬ ɧɟɜɟɪɧɨ. ɋɤɨɪɨɫɬɶ ɡɜɭɤɚ ɜ ɦɨɪɟ ɧɟ ɡɚɜɢɫɢɬ ɨɬ ɩɪɨɡɪɚɱɧɨɫɬɢ ɜɨ-
ɞɵ. ɉɪɨɱɢɬɚɣɬɟ ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ ɩ. η.1 ɢ ɜɵɛɟɪɢɬɟ ɞɪɭɝɨɣ ɨɬɜɟɬ. 

1ηλ. ȼɵ ɨɬɜɟɬɢɥɢ ɩɪɚɜɢɥɶɧɨ. ɍɱɢɬɵɜɚɹ, ɱɬɨ ɪɚɡɪɟɲɚɸɳɚɹ ɫɩɨɫɨɛɧɨɫɬɶ 
ɷɯɨɥɨɬɚ ɩɨ ɝɥɭɛɢɧɟ ɫɜɹɡɚɧɚ ɫ ɞɥɢɧɨɣ ɢɦɩɭɥɶɫɚ, ɬ.ɟ. ɫ ɪɚɫɫɬɨɹɧɢɟɦ, ɤɨɬɨɪɨɟ 
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ɩɪɨɯɨɞɢɬ ɢɦɩɭɥɶɫ ɡɚ ɜɪɟɦɹ, ɪɚɜɧɨɟ ɟɝɨ ɞɥɢɬɟɥɶɧɨɫɬɢ, ɦɨɠɧɨ ɭɬɜɟɪɠɞɚɬɶ, 
ɱɬɨ ɨɧɚ ɡɚɜɢɫɢɬ ɨɬ ɞɥɢɬɟɥɶɧɨɫɬɢ ɢɦɩɭɥɶɫɚ. ɉɪɢɫɬɭɩɚɣɬɟ ɤ ɨɬɜɟɬɭ ɧɚ ɫɥɟ-
ɞɭɸɳɢɣ ɤɨɧɬɪɨɥɶɧɵɣ ɜɨɩɪɨɫ.  

1θ0. ȼɵ ɨɲɢɛɚɟɬɟɫɶ. ȿɫɥɢ ɜ ɜɵɪɚɠɟɧɢɟ ɞɥɹ sТЧ Ȗ ɩɪɢ n = 1 ɩɨɞɫɬɚɜɢɬɶ 
ɡɧɚɱɟɧɢɹ l  ɢ λ, ɬɨ ɜ ɫɥɭɱɚɟ, ɤɨɝɞɚ λ > l , ɩɨɥɭɱɢɦ, ɱɬɨ sТЧ Ȗ > 1, ɚ ɬɚɤɨɝɨ ɛɵɬɶ 
ɧɟ ɦɨɠɟɬ. ɉɪɨɱɢɬɚɣɬɟ ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ ɩ. θ.γ ɢ ɜɵɛɟɪɢɬɟ ɞɪɭɝɨɣ ɨɬɜɟɬ. 

1θ1. ȼɵ ɨɬɜɟɬɢɥɢ ɧɟɜɟɪɧɨ. ɗɬɚ ɮɨɪɦɭɥɚ ɫɩɪɚɜɟɞɥɢɜɚ ɞɥɹ ɫɥɭɱɚɹ, ɤɨɝɞɚ 
n = β, ɚ ɷɬɨ ɧɟ ɝɥɚɜɧɵɣ, ɚ ɛɨɤɨɜɨɣ ɥɟɩɟɫɬɨɤ ɞɢɚɝɪɚɦɦɵ ɧɚɩɪɚɜɥɟɧɧɨɫɬɢ. ȼɧɢ-
ɦɚɬɟɥɶɧɨ ɩɪɨɱɢɬɚɣɬɟ ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ ɩ. θ.γ ɢ ɧɚɣɞɢɬɟ ɩɪɚɜɢɥɶɧɵɣ ɨɬɜɟɬ. 

1θβ. ɇɟɜɟɪɧɨ. ɂɫɩɨɥɶɡɨɜɚɧɢɟ ɧɟɥɢɧɟɣɧɨɝɨ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɡɜɭɤɨɜɵɯ 
ɜɨɥɧ ɛɨɥɶɲɨɣ ɚɦɩɥɢɬɭɞɵ ɨɫɭɳɟɫɬɜɥɹɟɬɫɹ ɜ ɩɚɪɚɦɟɬɪɢɱɟɫɤɢɯ ɚɧɬɟɧɧɚɯ. ɉɨ-
ɩɪɨɛɭɣɬɟ ɜɵɛɪɚɬɶ ɞɪɭɝɨɣ ɨɬɜɟɬ. 

1θγ. Ⱦɚ. ȼɵ ɫɨɜɟɪɲɟɧɧɨ ɩɪɚɜɵ. ɂɦɟɧɧɨ ɱɚɫɬɨɬɚ ɫɢɝɧɚɥɚ ɢɡɦɟɧɹɟɬɫɹ ɩɪɢ 
ɩɟɪɟɦɟɳɟɧɢɢ ɩɪɢɟɦɧɢɤɚ ɨɬɧɨɫɢɬɟɥɶɧɨ ɢɡɥɭɱɚɬɟɥɹ. ɉɟɪɟɯɨɞɢɬɟ ɤ ɨɬɜɟɬɭ ɧɚ 
ɫɥɟɞɭɸɳɢɣ ɤɨɧɬɪɨɥɶɧɵɣ ɜɨɩɪɨɫ. 

1θ4. ɇɟɜɟɪɧɨ. ȼɵɛɟɪɢɬɟ ɞɪɭɝɨɣ ɨɬɜɟɬ. 
1θη. ȼɵ ɨɲɢɛɥɢɫɶ. ɉɪɨɱɢɬɚɣɬɟ ɜɧɢɦɚɬɟɥɶɧɨ ɦɚɬɟɪɢɚɥ ɩ. 4.1 ɢ ɩɨɩɪɨ-

ɛɭɣɬɟ ɜɵɛɪɚɬɶ ɩɪɚɜɢɥɶɧɵɣ ɨɬɜɟɬ. 
1θθ. Ⱦɚ, ȼɵ ɫɨɜɟɪɲɟɧɧɨ ɩɪɚɜɵ. ɉɟɪɟɯɨɞɢɬɟ ɤ ɨɬɜɟɬɭ ɧɚ ɤɨɧɬɪɨɥɶɧɵɣ 

ɜɨɩɪɨɫ 14. 
1θ7. Ƚɪɭɛɚɹ ɨɲɢɛɤɚ. ɉɪɨɱɢɬɚɣɬɟ ɟɳɟ ɪɚɡ ɦɚɬɟɪɢɚɥ ɩ. β.β ɢ ɩɨɩɪɨɛɭɣɬɟ 

ɜɵɛɪɚɬɶ ɩɪɚɜɢɥɶɧɵɣ ɨɬɜɟɬ. 
1θ8. Ⱦɚ, ȼɵ ɩɪɚɜɵ. ɂɦɟɧɧɨ ɩɨɜɟɪɯɧɨɫɬɶ, ɫɨɟɞɢɧɹɸɳɚɹ ɬɨɱɤɢ ɡɜɭɤɨɜɨɝɨ 

ɩɨɥɹ, ɤɨɬɨɪɵɟ ɫɨɜɟɪɲɚɸɬ ɤɨɥɟɛɚɧɢɹ ɫ ɨɞɢɧɚɤɨɜɨɣ ɮɚɡɨɣ, ɧɚɡɵɜɚɟɬɫɹ ɮɪɨɧ-
ɬɨɦ ɡɜɭɤɨɜɨɣ ɜɨɥɧɵ. Ɇɨɠɟɬɟ ɩɟɪɟɯɨɞɢɬɶ ɤ ɢɡɭɱɟɧɢɸ ɦɚɬɟɪɢɚɥɚ ɥɟɤɰɢɢ β. 

Ɉɬɜɟɬɵ ɧɚ ɜɨɩɪɨɫɵ ɤɨɧɬɪɨɥɶɧɨɣ ɪɚɛɨɬɵ 
1 – ɚ, ɜ, ɝ; β – ɚ, ɛ, ɝ; γ – ɛ; 4 – ɚ; η – ɜ; θ – ɝ; 7 – ɛ; 8 – ɜ; λ – ɛ; 10 – ɚ; 

11 – ɜ; 1β – ɛ; 1γ – ɜ; 14 – ɜ; 1η – ɜ; 1θ – ɚ; 17 – ɛ; 18 – ɚ; 1λ – ɚ; β0 – ɛ, ɜ. 
 

Ȼɢɛɥɢɨɝɪɚɮɢɱɟɫɤɢɣ ɫɩɢɫɨɤ 
1. ɋɦɢɪɧɨɜ ȿ.Ʌ., əɥɨɜɟɧɤɨ Ⱥ.ȼ., ȼɨɪɨɧɨɜ ȼ.ȼ. Ɍɟɯɧɢɱɟɫɤɢɟ ɫɪɟɞɫɬɜɚ ɫɭɞɨɜɨ-

ɠɞɟɧɢɹ: ɬɟɨɪɢɹ. – ɋɉɛ.μ ɗɥɦɨɪ, 1λλθ. – η44 ɫ. 
β. Ȼɭɤɚɬɵɣ ȼ.Ɇ. ɉɪɨɦɵɫɥɨɜɚɹ ɝɢɞɪɨɚɤɭɫɬɢɤɚ ɢ ɝɢɞɪɨɥɨɤɚɰɢɹ. – Ɇ.μ Ɇɢɪ, 

2003. – 4λ4 ɫ. 
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