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3. РАСЧЕТ ОСНОВНЫХ ПАРАМЕТРОВ  

ȾɂɋɄɈȼɕɏ Ɋȿɀɍɓɂɏ ȺɉɉȺɊȺɌɈȼ 

ɇɚɢɜɵɝɨɞɧɟɣɲɟɣ ɤɪɢɜɨɣ ɞɥɹ ɮɨɪɦɵ ɥɟɡɜɢɹ ɧɨɠɚ (ɩɨ ɚɤɚɞɟɦɢɤɭ
ȼ. ɉ. Ƚɨɪɹɱɤɢɧɭ) ɹɜɥɹɸɬɫɹ ɫɩɢɪɚɥɶ Ⱥɪɯɢɦɟɞɚ ɢ ɞɭɝɚ ɷɤɫɰɟɧɬɪɢɱɟɫɤɨɣ 

ɨɤɪɭɠɧɨɫɬɢ. 
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Ɋɚɫɫɦɨɬɪɢɦ ɫɯɟɦɭ ɪɟɠɭɳɟɝɨ ɚɩɩɚɪɚ-
ɬɚ ɞɢɫɤɨɜɨɣ ɫɨɥɨɦɨɫɢɥɨɫɨɪɟɡɤɢ ɫ ɤɪɢɜɨ-
ɥɢɧɟɣɧɵɦ ɥɟɡɜɢɟɦ, ɜɵɩɨɥɧɟɧɧɵɦ ɩɨ 
ɮɨɪɦɟ ɷɤɫɰɟɧɬɪɢɱɟɫɤɨɣ ɨɤɪɭɠɧɨɫɬɢ. 

Ⱦɥɹ ɷɬɨɝɨ ɜɨɡɶɦёɦ ɞɜɟ ɷɤɫɰɟɧɬɪɢɱɧɨ 
ɪɚɫɩɨɥɨɠɟɧɧɵɟ ɨɤɪɭɠɧɨɫɬɢ (ɪɢɫ. 2.25): ɨɞ-
ɧɭ ɪɚɞɢɭɫɨɦ R0 ɢ ɞɪɭɝɭɸ ɪɚɞɢɭɫɨɦ R0 + e, 
ɝɞɟ e – ɷɤɫɰɟɧɬɪɢɫɢɬɟɬ, ɢ ɛɭɞɟɦ ɜɪɚɳɚɬɶ 
ɷɤɫɰɟɧɬɪɢɱɟɫɤɭɸ ɨɤɪɭɠɧɨɫɬɶ ɪɚɞɢɭɫɨɦ R0 
ɜɨɤɪɭɝ ɰɟɧɬɪɚ  ɧɚɪɭɠɧɨɣ ɨɤɪɭɠɧɨɫɬɢ ɩɨ 
ɱɚɫɨɜɨɣ ɫɬɪɟɥɤɟ. Ɍɨɝɞɚ ɜ ɤɚɱɟɫɬɜɟ ɧɨɠɚ 
ɦɨɠɧɨ ɢɫɩɨɥɶɡɨɜɚɬɶ ɞɭɝɭ 1-2, ɤɨɬɨɪɚɹ ɩɪɢ 
ɫɜɨёɦ ɩɟɪɟɦɟɳɟɧɢɢ ɡɚɯɜɚɬɢɬ ɤɨɥɶɰɨ, ɨɛ-
ɪɚɡɨɜɚɧɧɨɟ ɞɜɭɦɹ ɤɨɧɰɟɧɬɪɢɱɟɫɤɢɦɢ ɨɤɪɭɠɧɨɫɬɹɦɢ: ɪɚɞɢɭɫɨɦ R0 + e      
ɫ ɧɚɪɭɠɧɨɣ ɫɬɨɪɨɧɵ ɢ ɪɚɞɢɭɫɨɦ R0 – e – ɫ ɜɧɭɬɪɟɧɧɟɣ. Ɉɱɟɜɢɞɧɨ, ɱɬɨ 
ɞɥɹ ɩɟɪɟɪɟɡɚɧɢɹ ɫɥɨɹ ɫɬɟɛɥɟɣ ɝɨɪɥɨɜɢɧɭ ɦɨɠɧɨ ɪɚɫɩɨɥɨɠɢɬɶ ɬɨɥɶɤɨ 
ɦɟɠɞɭ ɷɬɢɦɢ ɞɜɭɦɹ ɨɤɪɭɠɧɨɫɬɹɦɢ, ɬ.ɟ. ɜɧɭɬɪɢ ɤɨɥɶɰɚ ɲɢɪɢɧɨɣ 2 . 

ɉɪɢ ɷɬɨɦ ɨɬɧɨɲɟɧɢɟ 0Re  ɩɪɢɧɢɦɚɸɬ ɜ ɩɪɟɞɟɥɚɯ ɨɬ 0,7 ɞɨ 0,8, ɚ ɡɧɚ-
ɱɟɧɢɹ eRC −> 0 ; eb 2≤ ; Ch ≤ . 

Ɋɟɠɭɳɢɣ ɚɩɩɚɪɚɬ ɫ ɥɟɡɜɢɟɦ ɤɪɢɜɨɥɢɧɟɣɧɨɣ ɮɨɪɦɵ ɨɛɟɫɩɟɱɢɜɚɟɬ 
ɭɜɟɥɢɱɟɧɢɟ ɫɤɨɥɶɡɹɳɟɝɨ ɞɜɢɠɟɧɢɹ ɧɨɠɚ, ɱɬɨ ɩɪɢɜɨɞɢɬ ɤ ɭɦɟɧɶɲɟɧɢɸ 
ɭɞɟɥɶɧɨɣ ɥɢɧɟɣɧɨɣ ɫɢɥɵ ɧɨɠɚ ɢ ɩɨɡɜɨɥɹɟɬ ɧɟɫɤɨɥɶɤɨ ɫɬɚɛɢɥɢɡɢɪɨɜɚɬɶ 
ɧɚɝɪɭɡɤɭ ɧɚ ɜɚɥ. 

ɉɪɢ ɥɸɛɨɣ ɤɨɧɫɬɪɭɤɰɢɢ ɪɟɠɭɳɟɝɨ ɚɩɩɚɪɚɬɚ ɧɚ ɷɮɮɟɤɬɢɜɧɨɫɬɶ 
ɪɚɛɨɱɟɝɨ ɩɪɨɰɟɫɫɚ ɛɨɥɶɲɨɟ ɜɥɢɹɧɢɟ ɨɤɚɡɵɜɚɸɬ ɩɚɪɚɦɟɬɪɵ ɪɟɠɭɳɟɣ 

ɩɚɪɵ ɢ ɟё ɬɟɯɧɢɱɟɫɤɨɟ ɫɨɫɬɨɹɧɢɟ. Ʉ ɧɢɦ ɨɬɧɨɫɹɬɫɹ: ɭɝɨɥ ɪɟɡɚɧɢɹ χ; 

ɭɝɨɥ ɭɫɬɚɧɨɜɤɢ ɧɨɠɚ β; ɭɝɨɥ ɡɚɬɨɱɤɢ ɧɨɠɚ γ; ɨɫɬɪɨɬɚ ɥɟɡɜɢɹ; ɜɟɥɢɱɢɧɚ 
ɡɚɡɨɪɚ ɦɟɠɞɭ ɥɟɡɜɢɟɦ ɧɨɠɚ ɢ ɩɪɨɬɢɜɨɪɟɠɭɳɟɣ ɩɥɚɫɬɢɧɨɣ. 

Ɉɩɬɢɦɚɥɶɧɵɣ ɭɝɨɥ ɪɟɡɚɧɢɹ ɧɨɠɚ ɭɫɬɪɚɧɹɟɬ ɞɨɩɨɥɧɢɬɟɥɶɧɨɟ ɫɨ-
ɩɪɨɬɢɜɥɟɧɢɟ ɢ ɭɥɭɱɲɚɟɬ ɭɫɥɨɜɢɹ ɪɟɡɚɧɢɹ. ɍɝɨɥ ɡɚɬɨɱɤɢ γ ɧɨɠɚ ɩɪɢɧɢ-
ɦɚɸɬ ɪɚɜɧɵɦ 12…30°. 

Ɂɚɡɨɪ ɜ ɪɟɠɭɳɟɣ ɩɚɪɟ ɨɤɚɡɵɜɚɟɬ ɜɥɢɹɧɢɟ ɧɚ ɷɧɟɪɝɟɬɢɱɟɫɤɢɟ ɢ ɤɚɱɟɫɬ-
ɜɟɧɧɵɟ ɩɨɤɚɡɚɬɟɥɢ ɫɨɥɨɦɨɫɢɥɨɫɨɪɟɡɤɢ. Ɉɩɬɢɦɚɥɶɧɚɹ ɜɟɥɢɱɢɧɚ ɡɚɡɨɪɚ ɞɥɹ 
ɞɢɫɤɨɜɵɯ ɚɩɩɚɪɚɬɨɜ ɫɨɫɬɚɜɥɹɟɬ 0,5…1,0 ɦɦ, ɛɚɪɚɛɚɧɧɵɯ – 1,5…4,6 ɦɦ. 
ɍɦɟɧɶɲɟɧɢɟ ɜɵɡɵɜɚɟɬ ɛɨɥɶɲɢɟ ɬɪɟɧɢɹ ɜ ɪɟɠɭɳɟɣ ɩɚɪɟ ɢɡ-ɡɚ ɡɚɬɚɫɤɢɜɚ-
ɧɢɹ ɜ ɡɚɡɨɪ ɨɬɞɟɥɶɧɵɯ ɫɬɟɛɥɟɣ, ɤɨɬɨɪɵɟ ɩɪɟɩɹɬɫɬɜɭɸɬ ɩɪɨɯɨɠɞɟɧɢɸ 
ɧɨɠɚ. ɍɜɟɥɢɱɟɧɢɟ ɡɚɡɨɪɚ ɩɪɢɜɨɞɢɬ ɤ ɧɚɪɭɲɟɧɢɸ ɧɨɪɦɚɥɶɧɨɝɨ ɩɪɨɰɟɫɫɚ 
ɪɟɡɚɧɢɹ ɢ ɩɨɜɵɲɟɧɢɸ ɷɧɟɪɝɨɡɚɬɪɚɬ ɡɚ ɫɱёɬ ɢɡɥɨɦɚ ɢ ɫɦɹɬɢɹ ɫɬɟɛɥɟɣ. 

ɉɪɨɟɤɬɢɪɨɜɚɧɢɟ ɫɯɟɦɵ ɪɟɠɭɳɟɝɨ ɚɩɩɚɪɚɬɚ ɫ ɤɪɢɜɨɥɢɧɟɣɧɵɦ ɥɟɡ-
ɜɢɟɦ (ɪɢɫ. 2.26) ɧɚɱɢɧɚɸɬ ɫ ɜɵɛɨɪɚ ɝɟɨɦɟɬɪɢɱɟɫɤɨɣ ɮɨɪɦɵ ɤɪɢɜɨɣ, ɩɨ 
ɤɨɬɨɪɨɣ ɛɭɞɟɬ ɜɵɩɨɥɧɟɧɨ ɥɟɡɜɢɟ ɧɨɠɚ. ɍɱɢɬɵɜɚɹ ɩɪɟɢɦɭɳɟɫɬɜɚ ɷɤɫɰɟɧ-
ɬɪɢɱɟɫɤɨɣ ɨɤɪɭɠɧɨɫɬɢ, ɩɨɥɨɠɢɦ ɟё ɜ ɨɫɧɨɜɭ ɞɚɥɶɧɟɣɲɢɯ ɪɚɫɱёɬɨɜ. 

 

Ɋɢɫ. 2.25. ɗɤɫɰɟɧɬɪɢɱɟɫɤɚɹ 

ɨɤɪɭɠɧɨɫɬɶ, ɢɫɩɨɥɶɡɭɟɦɚɹ 

ɞɥɹ ɨɱɟɪɬɚɧɢɹ ɥɟɡɜɢɹ ɧɨɠɚ
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Ɋɢɫ. 2.26. ɉɪɨɟɤɬɢɪɨɜɚɧɢɟ ɫɯɟɦɵ ɪɟɠɭɳɟɝɨ ɚɩɩɚɪɚɬɚ  
ɫ ɤɪɢɜɨɥɢɧɟɣɧɵɦ ɥɟɡɜɢɟɦ 

 

 

ɉɨɪɹɞɨɤ ɩɨɫɬɪɨɟɧɢɹ ɫɯɟɦɵ ɫɥɟɞɭɸɳɢɣ. 

1.  ɉɨ ɪɟɡɭɥɶɬɚɬɚɦ ɢɫɫɥɟɞɨɜɚɧɢɣ ɜɵɛɢɪɚɸɬ ɦɚɤɫɢɦɚɥɶɧɵɟ ɢ ɦɢ-

ɧɢɦɚɥɶɧɵɟ ɡɧɚɱɟɧɢɹ ɭɝɥɨɜ ɫɤɨɥɶɠɟɧɢɹ (ɧɚɩɪɢɦɟɪ, τmin = 35…40° ɢ      τmax = 55…60°, ɚ ɬɚɤɠɟ ɡɚɤɨɧ ɢɡɦɟɧɟɧɢɹ ɭɞɟɥɶɧɨɝɨ ɞɚɜɥɟɧɢɹ q = f (τ). 
2.  ȼɵɛɢɪɚɸɬ ɨɫɧɨɜɧɨɣ ɪɚɡɦɟɪ ɧɨɠɚ – ɧɨɦɢɧɚɥɶɧɵɣ ɪɚɞɢɭɫ ɢ               

ɢɡ ɩɪɨɢɡɜɨɥɶɧɨɝɨ ɰɟɧɬɪɚ O1 ɩɪɨɜɨɞɹɬ ɷɬɢɦ ɪɚɞɢɭɫɨɦ ɞɭɝɭ 1-2 ɩɨ                 
ɨɤɪɭɠɧɨɫɬɢ. ȼ ɫɭɳɟɫɬɜɭɸɳɢɯ ɤɨɧɫɬɪɭɤɰɢɹɯ ɫɨɥɨɦɨɫɢɥɨɫɨɪɟɡɨɤ                      

R0 = 300…450 ɦɦ. 

3.  ɂɡ ɰɟɧɬɪɚ O1 ɩɨɞ ɭɝɥɨɦ τmin ɤ ɜɟɪɬɢɤɚɥɢ ɩɪɨɜɨɞɹɬ ɜɧɢɡ ɩɪɹ-
ɦɭɸ O1A1 ɞɨ ɩɟɪɟɫɟɱɟɧɢɹ ɟё ɫ ɞɪɭɝɨɣ ɨɤɪɭɠɧɨɫɬɶɸ. 

4.  ɂɡ ɧɚɣɞɟɧɧɨɣ ɬɨɱɤɢ A1 ɩɪɨɜɨɞɹɬ ɝɨɪɢɡɨɧɬɚɥɶ A1O ɞɨ ɩɟɪɟɫɟ-
ɱɟɧɢɹ ɟё ɫ ɜɟɪɬɢɤɚɥɶɧɵɦ ɞɢɚɦɟɬɪɨɦ ɪɚɧɟɟ ɩɪɨɜɟɞёɧɧɨɣ ɨɤɪɭɠɧɨɫɬɢ. 

ɉɨɥɭɱɟɧɧɚɹ ɬɨɱɤɚ  ɨɬɦɟɬɢɬ ɰɟɧɬɪ ɜɪɚɳɟɧɢɹ ɞɢɫɤɚ ɫɨɥɨɦɨɫɢɥɨɫɨɪɟɡ-
ɤɢ, ɚ ɪɚɫɫɬɨɹɧɢɟ O1O ɩɨ ɜɟɪɬɢɤɚɥɢ – ɷɤɫɰɟɧɬɪɢɫɢɬɟɬ . ɋɥɟɞɭɟɬ ɩɪɨɜɟ-
ɪɢɬɶ ɭɫɥɨɜɢɟ e = (0,7…0,8) R0. 

5.  ɉɨɫɥɟɞɨɜɚɬɟɥɶɧɵɦ ɩɨɫɬɪɨɟɧɢɟɦ ɧɚɯɨɞɹɬ ɧɚ ɞɭɝɟ ɨɤɪɭɠɧɨɫɬɢ 

ɬɚɤɭɸ ɬɨɱɤɭ B′ , ɜ ɤɨɬɨɪɨɣ ɭɝɨɥ ɦɟɠɞɭ ɪɚɞɢɭɫɨɦ R0 ɧɨɠɚ ɢ ɪɚɞɢɭɫɨɦ-

ɜɟɤɬɨɪɨɦ maxrBO =′  ɛɭɞɟɬ ɪɚɜɟɧ 90° – rmax. ɂɡ ɩɨɫɬɪɨɟɧɢɹ ɫɥɟɞɭɟɬ, ɱɬɨ 
ɜ ɬɨɱɤɟ B′  ɭɝɨɥ ɦɟɠɞɭ ɪɚɞɢɭɫɨɦ-ɜɟɤɬɨɪɨɦ ɢ ɤɚɫɚɬɟɥɶɧɨɣ, ɬ.ɟ. ɭɝɨɥ 
ɫɤɨɥɶɠɟɧɢɹ, ɛɭɞɟɬ ɢɦɟɬɶ ɦɚɤɫɢɦɚɥɶɧɨɟ ɡɧɚɱɟɧɢɟ. 
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6.  ɇɚɯɨɞɹɬ ɞɥɢɧɭ ɥɟɡɜɢɹ AB′ , ɩɨɥɚɝɚɹ, ɱɬɨ ɰɟɧɬɪɚɥɶɧɵɣ ɭɝɨɥ 
AOB ′′< 1  ɨɯɜɚɬɚ ɧɨɠɚ ɫɨɫɬɚɜɥɹɟɬ ɩɪɢɦɟɪɧɨ 90°, ɚ ɫɜɨɛɨɞɧɚɹ ɞɥɢɧɚ 

ɥɟɡɜɢɹ ɥɟɜɟɟ ɬɨɱɤɢ A1 ɧɟ ɩɪɟɜɵɲɚɟɬ 30…40 ɦɦ. 

7.  Ɉɩɪɟɞɟɥɹɸɬ ɲɢɪɢɧɭ ɝɨɪɥɨɜɢɧɵ b, ɞɥɹ ɷɬɨɝɨ ɢɡ ɰɟɧɬɪɚ ɜɪɚɳɟ-
ɧɢɹ ɩɪɨɜɨɞɹɬ ɞɭɝɭ DB ′′  ɪɚɞɢɭɫɨɦ rmax ɢ ɩɪɹɦɭɸ DO ′  ɜɧɢɡ ɩɨɞ ɭɝɥɨɦ 

τmax – χmax ɞɨ ɩɟɪɟɫɟɱɟɧɢɹ ɫ ɩɨɥɭɱɟɧɧɨɣ ɞɭɝɨɣ ɜ ɬɨɱɤɟ D′ . 

ɑɬɨɛɵ ɨɛɟɫɩɟɱɢɬɶ ɡɚɳɟɦɥɟɧɢɟ, ɧɟɨɛɯɨɞɢɦɨ ɜɵɩɨɥɧɢɬɶ ɭɫɥɨɜɢɟ χɡɚɳ = ϕ1 + ϕ2 ≤ τmax. ɉɪɢ τmax = 55…60°, ϕ1 = 15…17° ɢ ϕ2 = 25…30° 
ɞɨɩɭɫɬɢɦɵɣ ɭɝɨɥ ɪɚɫɬɜɨɪɚ χmax = 40…57°. ȼ ɷɬɨɦ ɫɥɭɱɚɟ Ɇ. ȼ. ɋɚɛɥɢ-

ɤɨɜ ɪɟɤɨɦɟɧɞɭɟɬ ɩɪɢɧɢɦɚɬɶ χɡɚɳ = ϕ1min. 

Ⱦɚɥɟɟ ɢɡ ɧɚɣɞɟɧɧɨɣ ɬɨɱɤɢ D′  ɩɪɨɜɨɞɹɬ ɝɨɪɢɡɨɧɬɚɥɶɧɭɸ ɥɢɧɢɸ 

ɞɨ ɩɟɪɟɫɟɱɟɧɢɹ ɫ ɜɟɪɬɢɤɚɥɶɸ, ɩɪɨɜɟɞёɧɧɨɣ ɱɟɪɟɡ ɬɨɱɤɭ A1, ɬ.ɟ. ɝɨɪɢ-

ɡɨɧɬɚɥɶɧɭɸ ɩɪɹɦɭɸ KD ′′ , ɤɨɬɨɪɚɹ ɢ ɛɭɞɟɬ ɢɫɤɨɦɨɣ ɲɢɪɢɧɨɣ ɝɨɪɥɨ-
ɜɢɧɵ. 

ɋ ɭɱёɬɨɦ ɢɡɧɨɫɚ ɧɨɠɚ ɥɟɜɵɣ ɢ ɩɪɚɜɵɣ ɨɛɪɟɡɵ ɝɨɪɥɨɜɢɧɵ ɫɞɜɢɝɚ-
ɸɬ ɤ ɰɟɧɬɪɭ ɜɪɚɳɟɧɢɹ ɧɚ ɜɟɥɢɱɢɧɭ Δ = 10…15 ɦɦ. 

8.  Ɉɩɪɟɞɟɥɹɸɬ ɜɵɫɨɬɭ  ɝɨɪɥɨɜɢɧɵ. ȼ ɫɭɳɟɫɬɜɭɸɳɢɯ ɫɨɥɨɦɨ-
ɫɢɥɨɫɨɪɟɡɤɚɯ  ɜɚɪɶɢɪɭɟɬ ɨɬ 50 ɞɨ 100 ɦɦ. 

Ɉɤɨɧɱɚɬɟɥɶɧɵɣ ɤɨɧɬɭɪ ɝɨɪɥɨɜɢɧɵ ɨɬɦɟɱɟɧ ɛɭɤɜɚɦɢ ABDK. 

9.  ɂɡ ɰɟɧɬɪɚ  ɪɚɞɢɭɫɨɦ  ɩɪɨɜɨɞɹɬ ɞɭɝɭ OO ′1  ɨɤɪɭɠɧɨɫɬɢ, ɤɨ-
ɬɨɪɚɹ ɹɜɥɹɟɬɫɹ ɬɪɚɟɤɬɨɪɢɟɣ ɰɟɧɬɪɚ ɤɪɢɜɢɡɧɵ ɧɨɠɚ, ɩɟɪɟɦɟɳɚɸɳɟɝɨɫɹ 
ɩɪɢ ɩɨɜɨɪɨɬɟ ɞɢɫɤɚ. ɇɚ ɩɨɥɭɱɟɧɧɨɣ ɞɭɝɟ ɞɟɥɚɸɬ ɨɬɦɟɬɤɢ 1, 2, 3 ɢ ɬ.ɞ. 

ɱɟɪɟɡ ɢɧɬɟɪɜɚɥɵ (10°) ɭɝɥɚ Δψ ɩɨɜɨɪɨɬɚ. ɂɡ ɤɚɠɞɨɣ ɨɬɦɟɬɤɢ ɧɚ ɫɟɱɟ-
ɧɢɢ ɝɨɪɥɨɜɢɧɵ ɩɪɨɜɨɞɹɬ ɞɭɝɢ ΔS, ɨɬɦɟɱɚɸɳɢɟ ɧɚɝɪɭɠёɧɧɭɸ ɱɚɫɬɶ 
ɥɟɡɜɢɹ ɞɥɹ ɫɨɨɬɜɟɬɫɬɜɭɸɳɟɝɨ ɩɨɥɨɠɟɧɢɹ ɧɨɠɚ. Ɂɚɬɟɦ, ɨɪɢɟɧɬɢɪɭɹɫɶ 
ɩɨ ɫɪɟɞɧɟɣ ɜɵɫɨɬɟ ɝɨɪɥɨɜɢɧɵ, ɧɚɯɨɞɹɬ ɞɥɹ ɤɚɠɞɨɝɨ ɩɨɥɨɠɟɧɢɹ ɧɨɠɚ 
ɬɟɤɭɳɢɟ ɡɧɚɱɟɧɢɹ ɩɚɪɚɦɟɬɪɨɜ: r, ΔS, τ ɢ χ, ɚ ɬɚɤɠɟ ɡɧɚɱɟɧɢɹ ɭɞɟɥɶɧɨɝɨ 
ɞɚɜɥɟɧɢɹ q, ɢɫɩɨɥɶɡɭɹ ɝɪɚɮɢɤ q = f (τ). 

ɉɪɨɟɤɬɢɪɨɜɚɧɢɟ ɪɟɠɭɳɟɝɨ ɚɩɩɚɪɚɬɚ ɡɚɜɟɪɲɚɟɬɫɹ ɩɨɫɬɪɨɟɧɢɟɦ 

ɞɢɚɝɪɚɦɦɵ ɦɨɦɟɧɬɨɜ ɪɟɡɚɧɢɹ, ɪɚɫɱёɬɨɦ ɦɨɦɟɧɬɚ ɢɧɟɪɰɢɢ ɦɚɯɨɜɢɤɚ ɢ 

ɨɩɪɟɞɟɥɟɧɢɟɦ ɩɨɬɪɟɛɥɹɟɦɨɣ ɦɨɳɧɨɫɬɢ ɞɜɢɝɚɬɟɥɹ. 
Ɇɨɦɟɧɬ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɪɟɡɚɧɢɸ ɡɚ ɜɪɟɦɹ ɩɪɨɯɨɞɚ ɨɞɧɨɝɨ ɧɨɠɚ 

ɱɟɪɟɡ ɫɟɱɟɧɢɟ ɝɨɪɥɨɜɢɧɵ ɢɡɦɟɧɹɟɬɫɹ ɩɨ ɫɥɨɠɧɨɦɭ ɡɚɤɨɧɭ, ɬɚɤ ɤɚɤ ɢɡ-
ɦɟɧɹɟɬɫɹ ɞɥɢɧɚ ɡɚɝɪɭɠɟɧɧɨɣ ɱɚɫɬɢ ɥɟɡɜɢɹ ΔS ɢ ɜɫɟ ɞɪɭɝɢɟ ɜɟɥɢɱɢɧɵ, 

ɜɯɨɞɹɳɢɟ ɜ ɮɨɪɦɭɥɭ (2.47), ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɭɝɥɚ ɩɨɜɨɪɨɬɚ ɞɢɫɤɚ ψ. 

ɉɪɢ ɜɧɟɞɪɟɧɢɢ ɧɨɠɚ ɜ ɫɥɨɣ ɦɚɬɟɪɢɚɥɚ ɦɨɦɟɧɬ ɭɜɟɥɢɱɢɜɚɟɬɫɹ ɨɬ 
ɧɭɥɹ ɞɨ ɦɚɤɫɢɦɚɥɶɧɨɝɨ ɡɧɚɱɟɧɢɹ ɪɟɡ  max ɢ ɡɚɬɟɦ ɫɧɨɜɚ ɭɦɟɧɶɲɚɟɬɫɹ ɞɨ 
ɧɭɥɹ. ɉɨɷɬɨɦɭ ɩɪɢ ɪɚɫɱёɬɟ ɦɨɳɧɨɫɬɢ, ɩɨɬɪɟɛɧɨɣ ɧɚ ɩɪɢɜɨɞ ɫɨɥɨɦɨɫɢ-

ɥɨɫɨɪɟɡɤɢ, ɩɨɥɶɡɭɸɬɫɹ ɫɪɟɞɧɟɣ ɜɟɥɢɱɢɧɨɣ ɦɨɦɟɧɬɚ ɪɟɡ. cp, ɤɨɬɨɪɚɹ 
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ɦɨɠɟɬ ɛɵɬɶ ɧɚɣɞɟɧɚ, ɟɫɥɢ ɢɡɜɟɫɬɧɚ ɪɚɛɨɬɚ ɪɟɡɚɧɢɹ Aɪɟɡ, ɫɨɜɟɪɲɚɟɦɚɹ 
ɧɨɠɨɦ ɡɚ ɨɞɢɧ ɪɚɛɨɱɢɣ ɯɨɞ ɩɪɢ ɩɨɜɨɪɨɬɟ ɞɢɫɤɚ ɧɚ ɭɝɨɥ 2π/z , ɝɞɟ z – 

ɤɨɥɢɱɟɫɬɜɨ ɧɨɠɟɣ ɞɢɫɤɚ. Ɋɚɛɨɬɚ ɪɟɡɚɧɢɹ 
 

∫π ψ=
z
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2

0

ɪɟɡɪɟɡ ,                                   (2.52) 

 

ɝɞɟ dψ – ɷɥɟɦɟɧɬɚɪɧɵɣ ɭɝɨɥ ɩɨɜɨɪɨɬɚ ɧɨɠɚ, ɝɪɚɞ. Ɍɨɝɞɚ ɫɪɟɞɧɢɣ ɦɨ-
ɦɟɧɬ ɪɟɡɚɧɢɹ ɦɨɠɧɨ ɨɩɪɟɞɟɥɢɬɶ ɩɨ ɮɨɪɦɭɥɟ 
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ɂɧɬɟɝɪɢɪɨɜɚɧɢɟ ɷɬɨɝɨ ɜɵɪɚɠɟɧɢɹ ɜɵɩɨɥɧɹɸɬ ɝɪɚɮɢɱɟɫɤɢ, ɩɭɬёɦ 

ɢɡɦɟɪɟɧɢɹ ɩɥɨɳɚɞɢ ɞɢɚɝɪɚɦɦɵ ɦɨɦɟɧɬɨɜ ɪɟɡɚɧɢɹ. Ⱦɥɹ ɩɨɫɬɪɨɟɧɢɹ 
ɞɢɚɝɪɚɦɦɵ ɨɩɪɟɞɟɥɹɸɬ ɜɟɥɢɱɢɧɵ, ɜɯɨɞɹɳɢɟ ɜ ɮɨɪɦɭɥɭ ɦɨɦɟɧɬɚ (2.47) 

(ɩɪɢ ɩɨɜɨɪɨɬɟ ɞɢɫɤɚ ɱɟɪɟɡ ɤɚɠɞɵɟ 5 ɢɥɢ 10°) ɝɪɚɮɨɚɧɚɥɢɬɢɱɟɫɤɢɦ 

ɫɩɨɫɨɛɨɦ, ɩɪɟɞɜɚɪɢɬɟɥɶɧɨ ɩɨɫɬɪɨɢɜ ɜ ɦɚɫɲɬɚɛɟ ɫɯɟɦɭ ɪɟɠɭɳɟɝɨ ɚɩ-

ɩɚɪɚɬɚ ɢ ɫɧɹɜ ɝɪɚɮɢɱɟɫɤɢ ΔS, r, τ ɢ ɜɵɱɢɫɥɢɜ ɡɧɚɱɟɧɢɹ f ′ , q. 

ɉɪɢɦɟɪ ɞɢɚɝɪɚɦɦɵ ɦɨɦɟɧɬɨɜ ɪɟɡɚɧɢɹ ɜ ɮɭɧɤɰɢɢ ɭɝɥɚ ɩɨɜɨɪɨɬɚ 
ɞɢɫɤɚ ψ ɩɪɢɜɟɞёɧ ɧɚ ɪɢɫ. 2.27, . 

 

 

 
 

Ɋɢɫ. 2.27. Ⱦɢɚɝɪɚɦɦɚ ɦɨɦɟɧɬɨɜ ɪɟɡɚɧɢɹ ( )  

ɢ ɝɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɭɝɥɨɜɨɣ ɫɤɨɪɨɫɬɢ ( ) 
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ȼ ɨɩɪɟɞɟɥёɧɧɨɦ ɦɚɫɲɬɚɛɟ ɩɥɨɳɚɞɶ ɞɢɚɝɪɚɦɦɵ ɩɨɤɚɡɵɜɚɟɬ ɪɚɛɨ-
ɬɭ ɪɟɡɚɧɢɹ. ɗɬɭ ɩɥɨɳɚɞɶ ɦɨɠɧɨ ɢɡɦɟɪɢɬɶ ɩɥɚɧɢɦɟɬɪɨɦ ɢɥɢ ɞɪɭɝɢɦ 

ɫɩɨɫɨɛɨɦ, ɚ ɫɪɟɞɧɢɣ ɦɨɦɟɧɬ ɪɟɡɚɧɢɹ ɫɪɪɟɡ.M  (ɇ⋅ɦ) ɩɨɞɫɱɢɬɵɜɚɸɬ ɩɨ 

ɮɨɪɦɭɥɟ 
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ɫɪɪɟɡ. ,                                  (2.54) 

 

ɝɞɟ Fɞ – ɩɥɨɳɚɞɶ ɞɢɚɝɪɚɦɦɵ, ɫɦ2; mɦ – ɦɚɫɲɬɚɛ ɦɨɦɟɧɬɨɜ, ɇ⋅ɦ/ɫɦ;           

mψ – ɦɚɫɲɬɚɛ ɭɝɥɚ ɩɨɜɨɪɨɬɚ, ɝɪɚɞ/ɫɦ. 

Ʉɚɤ ɜɢɞɧɨ ɢɡ ɞɢɚɝɪɚɦɦɵ ɦɨɦɟɧɬɨɜ, ɧɚɝɪɭɡɤɚ ɧɚ ɜɚɥ ɦɚɲɢɧɵ ɢɡ-
ɦɟɧɹɟɬɫɹ ɧɟɪɚɜɧɨɦɟɪɧɨ, ɢ ɷɬɨ ɨɛɭɫɥɚɜɥɢɜɚɟɬ ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɶ ɜɪɚɳɟ-
ɧɢɹ ɞɢɫɤɚ ɫ ɧɨɠɚɦɢ. Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɭɝɥɨɜɨɣ ɫɤɨɪɨɫɬɢ ɜɪɚɳɟɧɢɹ 
ɞɢɫɤɚ (ɪɢɫ. 2.27, ) ɫɨɜɦɟɳɚɸɬ ɫ ɝɪɚɮɢɤɨɦ ɢɡɦɟɧɟɧɢɹ ɦɨɦɟɧɬɨɜ ɜɪɚ-
ɳɟɧɢɹ (ɪɟɡɚɧɢɹ). 

ɇɚ ɭɱɚɫɬɤɚɯ, ɝɞɟ ɦɨɦɟɧɬ ɪɟɡɚɧɢɹ ɩɪɟɜɵɲɚɟɬ ɫɪɟɞɧɟɟ ɡɧɚɱɟɧɢɟ 
ɪɟɡ > ɪɟɡ. ɫɪ, ɭɝɥɨɜɚɹ ɫɤɨɪɨɫɬɶ ɭɦɟɧɶɲɚɟɬɫɹ, ɚ ɧɚ ɬɟɯ ɭɱɚɫɬɤɚɯ, ɝɞɟ 

ɧɚɝɪɭɡɤɚ ɧɚ ɜɚɥ ɦɚɲɢɧɵ ɨɬɫɭɬɫɬɜɭɟɬ ɢɥɢ ɪɟɡ < ɪɟɡ. ɫɪ, ɭɝɥɨɜɚɹ ɫɤɨ-
ɪɨɫɬɶ ɜɨɡɪɚɫɬɚɟɬ. ȼ ɬɟ ɦɨɦɟɧɬɵ, ɤɨɝɞɚ ɜɪɚɳɚɸɳɢɣ ɦɨɦɟɧɬ ɷɥɟɤɬɪɨ-
ɞɜɢɝɚɬɟɥɹ ɛɨɥɶɲɟ ɦɨɦɟɧɬɚ ɪɟɡɚɧɢɹ ɢɥɢ ɪɟɡɚɧɢɹ ɧɟɬ, ɬɨ ɦɚɯɨɜɢɤ ɫɨɥɨ-
ɦɨɫɢɥɨɫɨɪɟɡɤɢ (ɲɤɢɜ ɫ ɞɢɫɤɨɦ ɢ ɧɨɠɚɦɢ, ɛɚɪɚɛɚɧ) ɞɨɥɠɟɧ ɧɚɤɨɩɢɬɶ 
ɬɚɤɨɣ ɡɚɩɚɫ ɤɢɧɟɬɢɱɟɫɤɨɣ ɷɧɟɪɝɢɢ, ɤɨɬɨɪɨɝɨ ɛɵɥɨ ɛɵ ɞɨɫɬɚɬɨɱɧɨ ɞɥɹ 
ɩɪɟɨɞɨɥɟɧɢɹ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɪɟɡɚɧɢɸ ɫɥɨɹ ɫɬɟɛɥɟɣ ɩɪɢ ɪɟɡ > ɪɟɡ. ɫɪ. 

ɗɬɨɬ ɡɚɩɚɫ ɤɢɧɟɬɢɱɟɫɤɨɣ ɷɧɟɪɝɢɢ ɦɚɯɨɜɢɤɚ ɞɨɥɠɟɧ ɛɵɬɶ ɪɚɜɟɧ 

ɜɟɥɢɱɢɧɟ ɢɡɛɵɬɨɱɧɨɣ ɪɚɛɨɬɵ Aɢɡɛ (ɧɚ ɪɢɫ. 2.27,  – ɡɚɲɬɪɢɯɨɜɚɧɨ), 
ɩɪɟɞɫɬɚɜɥɹɸɳɟɣ ɩɪɟɜɵɲɟɧɢɟ ɧɚɞ ɫɪɟɞɧɢɦ ɡɧɚɱɟɧɢɟɦ, ɢ ɛɭɞɟɬ ɢɡɪɚɫ-
ɯɨɞɨɜɚɧ ɤ ɬɨɦɭ ɦɨɦɟɧɬɭ, ɤɨɝɞɚ ɭɝɥɨɜɚɹ ɫɤɨɪɨɫɬɶ, ɩɟɪɟɣɞɹ ɫɪɟɞɧɟɟ ɡɧɚ-
ɱɟɧɢɟ, ɫɧɨɜɚ ɧɚɱɧёɬ ɜɨɡɪɚɫɬɚɬɶ. Ɉɬɫɸɞɚ 
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A ,                               (2.55) 

 

ɝɞɟ J – ɦɨɦɟɧɬ ɢɧɟɪɰɢɢ ɦɚɯɨɜɢɤɚ, ɇ⋅ɦ; minmax , ωω  – ɧɚɢɛɨɥɶɲɟɟ ɢ 

ɧɚɢɦɟɧɶɲɟɟ ɡɧɚɱɟɧɢɹ ɭɝɥɨɜɨɣ ɫɤɨɪɨɫɬɢ ɦɚɯɨɜɢɤɚ, ɫ–1. 

ȿɫɥɢ ɮɨɪɦɭɥɭ Aɢɡɛ ɪɚɡɥɨɠɢɬɶ ɧɚ ɪɚɡɧɨɫɬɶ ɤɜɚɞɪɚɬɨɜ ɢ ɩɨɥɭɱɟɧɧɨɟ 
ɜɵɪɚɠɟɧɢɟ ɪɚɡɞɟɥɢɬɶ ɢ ɭɦɧɨɠɢɬɶ ɧɚ ɫɪɟɞɧɟɟ ɡɧɚɱɟɧɢɟ ɭɝɥɨɜɨɣ ɫɤɨɪɨ-
ɫɬɢ, ɬɨ ɩɨɥɭɱɢɦ ωδω= 2

ɫɪɢɡɛ JA , ɝɞɟ ( ) ɫɪminmax ωω−ω=δω  – ɫɬɟɩɟɧɶ 

ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɢ ɜɪɚɳɟɧɢɹ, ɩɪɢɧɢɦɚɟɬɫɹ ɪɚɜɧɨɣ 0,03…0,07. 

ɉɨɬɪɟɛɧɵɣ ɦɨɦɟɧɬ ɢɧɟɪɰɢɢ ɦɚɯɨɜɢɤɚ ωδω= 2
ɫɪɢɡɛAJ . 



Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɭɝɥɨɜɨɣ ɫɤɨɪɨɫɬɢ ɨɬɧɨɫɢɬɟɥɶɧɨ ɫɪɟɞɧɟɝɨ ɤɚɱɟ-
ɧɢɹ ωcp ɫɬɪɨɢɬɫɹ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɵɦɢ ɜɵɱɢɫɥɟɧɢɹɦɢ ɢɡɦɟɧɟɧɢɣ ɭɝɥɨ-
ɜɨɣ ɫɤɨɪɨɫɬɢ, ɜɡɹɬɵɦɢ ɱɟɪɟɡ ɪɚɜɧɵɟ ɩɪɨɦɟɠɭɬɤɢ ɭɝɥɚ ɩɨɜɨɪɨɬɚ ɞɢɫɤɚ, 
ɩɨ ɮɨɪɦɭɥɚɦ: ( ) JAJ 1

2
max1 2−ω=ω ;   ( ) JAJ 2

2
max2 2−ω=ω ; …;  ( ) JAJ nn 22

max −ω=ω ,                              (2.56) 

ɝɞɟ A1, A2, …, An – ɢɡɛɵɬɨɱɧɚɹ ɪɚɛɨɬɚ ɜ ɜɵɛɪɚɧɧɵɯ ɫɟɱɟɧɢɹɯ ɞɢɚɝɪɚɦɦɵ
ɦɨɦɟɧɬɨɜ ɪɟɡɚɧɢɹ, Ⱦɠ; Aɢɡɛ = A1 + A2 + … + An; ωmax = ωcp (1 + 0,5δω);      

ωmin = ωcp (1 – 0,5δω). ɇɚ ɭɱɚɫɬɤɚɯ, ɝɞɟ ɫɪɪɟɡ.M  ɛɨɥɶɲɟ ɬɟɤɭɳɟɝɨ ɦɨ-
ɦɟɧɬɚ ɪɟɡɚɧɢɹ, ɡɧɚɱɟɧɢɹ An ɩɪɢɧɢɦɚɸɬɫɹ ɫɨ ɡɧɚɤɨɦ ɦɢɧɭɫ. 

ȼɪɚɳɚɸɳɢɣ ɦɨɦɟɧɬ ɞɜɢɝɚɬɟɥɹ ɜɪ ɫ ɭɱёɬɨɦ ɩɪɟɨɞɨɥɟɧɢɹ ɩɨɥɟɡɧɵɯ 
ɫɨɩɪɨɬɢɜɥɟɧɢɣ ɫɪɪɟɡ.M , ɦɟɯɚɧɢɡɦɚ ɩɨɞɚɱɢ ɩɨɞ ɢ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɯɨɥɨ-
ɫɬɨɝɨ ɯɨɞɚ ɦɚɲɢɧɵ ɯ. ɯ ɡɚɩɢɲɟɬɫɹ ɜ ɜɢɞɟ ɜɪ = ɪɟɡ. ɫɪ + ɩɨɞ + ɯ. ɯ. 

ɍɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɫɨɨɬɧɨɲɟɧɢɟ ɷɬɢɯ ɫɨɩɪɨɬɢɜɥɟɧɢɣ ɦɨɠɧɨ ɩɪɢɧɹɬɶ
ɪɟɡ. ɫɪ : ɩɨɞ : ɯ. ɯ = 3 : 1 : 1 ɢɥɢ ɜɪ = 5 ɪɟɡ. ɫɪ / 3. Ɍɨɝɞɚ ɦɨɳɧɨɫɬɶ ɞɜɢ-

ɝɚɬɟɥɹ ɨɩɪɟɞɟɥɹɸɬ ɩɨ ɮɨɪɦɭɥɟ Nɞɜ = Mɜɪω = Mɜɪπn / 30, ɝɞɟ n – ɱɚɫɬɨɬɚ 
ɜɪɚɳɟɧɢɹ ɞɢɫɤɚ, ɦɢɧ–1. 

Ɍɟɨɪɟɬɢɱɟɫɤɭɸ ɩɪɨɢɡɜɨɞɢɬɟɥɶɧɨɫɬɶ ɫɨɥɨɦɨɫɢɥɨɫɨɪɟɡɨɤ ɨɩɪɟɞɟ-
ɥɹɸɬ ɩɨ ɮɨɪɦɭɥɟ 

ρω≈ρ= ablznablzQ 16,0 ,                             (2.57) 

ɝɞɟ z – ɱɢɫɥɨ ɧɨɠɟɣ, z = 2...6; n – ɱɚɫɬɨɬɚ ɜɪɚɳɟɧɢɹ ɞɢɫɤɚ, ɫ–1; l – ɪɚɫ-
ɱёɬɧɚɹ ɞɥɢɧɚ ɪɟɡɤɢ (6...30) ɦɦ; ρ – ɩɥɨɬɧɨɫɬɶ ɦɚɬɟɪɢɚɥɚ, ɩɨɞɜɨɞɢɦɨɝɨ
ɩɢɬɚɸɳɢɦɢ ɜɚɥɶɰɚɦɢ, ɞɥɹ ɫɨɥɨɦɵ ρ = 20…160 ɤɝ/ɦ3, ɞɥɹ ɬɪɚɜɵ                  

ρ = 350…500 ɤɝ/ɦ3. 
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