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Лаɬиɧɫɤиɟ ɫиɦвɨɥы: 

G – ɦɚɫɫɨɜɵɣ ɪɚɫɯɨɞ ɜɞɭɜɚɟɦɨɝɨ ɜɨɡɞɭɯɚ, ɤɝ/ɫ; 

K – ɩɚɪɚɦɟɬɪ ɭɫɤɨɪɟɧɢɹ; 

L – ɞɥɢɧɚ ɨɬɜɟɪɫɬɢɹ ɜɞɭɜɚ ɝɚɡɚ, ɦ; 

Ɍ – ɬɟɦɩɟɪɚɬɭɪɚ, Ʉ; 

Tu – ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ, %; 

P – ɞɚɜɥɟɧɢɟ, ɉɚ; 

ɇ – ɬɨɥɳɢɧɚ ɩɥɚɫɬɢɧɵ ɜɞɭɜɚ, ɦ; 

dP/dx— ɩɪɨɞɨɥɶɧɵɣ ɝɪɚɞɢɟɧɬ ɞɚɜɥɟɧɢɹ, ɉɚ/ɦ; 

Re – ɱɢɫɥɨ Ɋɟɣɧɨɥɶɞɫɚ;  

Pr – ɱɢɫɥɨ ɉɪɚɧɞɬɥɹ; 

d – ɞɢɚɦɟɬɪ ɨɬɜɟɪɫɬɢɹ ɜɞɭɜɚ, ɦ; 

k – ɩɨɫɬɨɹɧɧɚɹ ɚɞɢɚɛɚɬɵ; 

m – ɩɚɪɚɦɟɬɪ ɜɞɭɜɚ; 

s – ɲɢɪɢɧɚ (ɜɵɫɨɬɚ) ɳɟɥɢ, ɦ; 

t – ɩɨɩɟɪɟɱɧɵɣ ɲɚɝ ɪɚɫɩɨɥɨɠɟɧɢɹ ɨɬɜɟɪɫɬɢɣ, ɦ; 

t1 – ɩɪɨɞɨɥɶɧɵɣ ɲɚɝ ɪɚɫɩɨɥɨɠɟɧɢɹ ɨɬɜɟɪɫɬɢɣ, ɦ; 

w – ɫɤɨɪɨɫɬɶ ɩɨɬɨɤɚ, ɦ/ɫ; 

x – ɩɪɨɞɨɥɶɧɚɹ ɤɨɨɪɞɢɧɚɬɚ, ɦ; 

ɭ – ɤɨɨɪɞɢɧɚɬɚ, ɩɟɪɩɟɧɞɢɤɭɥɹɪɧɚɹ ɩɨɜɟɪɯɧɨɫɬɢ ɨɯɥɚɠɞɟɧɢɹ, ɦ; 

z – ɩɨɩɟɪɟɱɧɚɹ ɤɨɨɪɞɢɧɚɬɚ, ɦ. 

 

Гɪɟчɟɫɤиɟ ɫиɦвɨɥы: 

α – ɤɨɷɮɮɢɰɢɟɧɬ ɬɟɩɥɨɨɬɞɚɱɢ, Вɬ/(ɦ2Ʉ); ɭɝɨɥ ɧɚɤɥɨɧɚ ɨɬɜɟɪɫɬɢɹ ɤ 

ɩɨɜɟɪɯɧɨɫɬɢ ɨɯɥɚɠɞɟɧɢɹ, ɝɪɚɞ; 

β – ɭɝɨɥ ɧɚɤɥɨɧɚ ɨɬɜɟɪɫɬɢɹ ɜ ɩɨɩɟɪɟɱɧɨɦ ɧɚɩɪɚɜɥɟɧɢɢ, ɝɪɚɞ; 

Δ –  ɩɨɩɟɪɟɱɧɨɟ ɪɚɫɫɬɨɹɧɢɟ ɦɟɠɞɭ ɨɬɜɟɪɫɬɢɹɦɢ, ɦ; 

į – ɬɨɥɳɢɧɚ ɩɨɝɪɚɧɢɱɧɨɝɨ ɫɥɨɹ; 
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ε – ɫɬɟɩɟɧɶ ɩɨɩɟɪɟɱɧɨɣ ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɢ;  

η – ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ; 

ρ – ɩɥɨɬɧɨɫɬɶ, ɤɝ/ɦ3; 

Ȟ – ɤɢɧɟɦɚɬɢɱɟɫɤɚɹ ɜɹɡɤɨɫɬɶ, ɦ2/ɫ; 

ȝ – ɞɢɧɚɦɢɱɟɫɤɚɹ ɜɹɡɤɨɫɬɶ, ɉɚ·ɫ. 

 

Ниɠɧиɟ иɧɞɟɤɫы: 

aw — ɚɞɢɚɛɚɬɧɚɹ ɫɬɟɧɤɚ; 

f  — ɩɪɢ ɧɚɥɢɱɢɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ; 

s  — ɳɟɥɶ; 

w  — ɫɬɟɧɤɚ; 

ɷɤɜ. — ɷɤɜɢɜɚɥɟɧɬɧɵɣ ɪɚɡɦɟɪ ɳɟɥɢ; 

2 — ɩɚɪɚɦɟɬɪɵ ɜɞɭɜɚɟɦɨɝɨ ɩɨɬɨɤɚ; 

∞ — ɩɚɪɚɦɟɬɪɵ ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɚ. 

 

Сɨɤɪащɟɧия:  

CFD – ɜɵɱɢɫɥɢɬɟɥɶɧɚɹ ɝɢɞɪɨɝɚɡɨɞɢɧɚɦɢɤɚ (Computational Fluid Dynamics); 

LRR – Ʌɚɭɧɞɟɪ, Ɋɢɫ, Ɋɨɞɢ (Launder, Reece, Rodi);  

RANS – ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɧɚ ɛɚɡɟ ɨɫɪɟɞɧɟɧɧɵɯ ɭɪɚɜɧɟɧɢɣ ɇɚɜɶɟ-ɋɬɨɤɫɚ 

(Reynolds Averaged Navier-Stokes equations); 

RSM – ɦɨɞɟɥɶ Ɋɟɣɧɨɥɶɞɫɨɜɵɯ ɧɚɩɪɹɠɟɧɢɣ (Reynolds Stress Model); 

SSG – ɋɩɟɰɢɚɥɟ, ɋɚɪɤɚɪ, Ƚɚɬɫɤɢ (SЩОгТКХО, SКЫkКЫ, Gatski); 

SST – ɩɟɪɟɧɨɫ ɫɞɜɢɝɨɜɵɯ ɧɚɩɪɹɠɟɧɢɣ (Shear Stress Transport); 

ȽɌȾ – ɝɚɡɨɬɭɪɛɢɧɧɵɣ ɞɜɢɝɚɬɟɥɶ; 

ȽɌɍ – ɝɚɡɨɬɭɪɛɢɧɧɚɹ ɭɫɬɚɧɨɜɤɚ; 

ɄɉȾ – ɤɨɷɮɮɢɰɢɟɧɬ ɩɨɥɟɡɧɨɝɨ ɞɟɣɫɬɜɢɹ. 
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ВВȿȾȿɇɂȿ 

 

Аɤɬɭɚɥɶɧɨɫɬɶ ɬɟɦɵ. Ƚɚɡɨɜɵɟ ɬɭɪɛɢɧɵ ɲɢɪɨɤɨ ɢɫɩɨɥɶɡɭɸɬɫɹ ɜ 

ɷɧɟɪɝɟɬɢɤɟ, ɝɪɚɠɞɚɧɫɤɨɣ ɢ ɜɨɟɧɧɨɣ ɚɜɢɚɰɢɢ, ɫɭɞɨɫɬɪɨɟɧɢɢ, ɚ ɬɚɤɠɟ ɜ 

ɤɚɱɟɫɬɜɟ ɩɪɢɜɨɞɚ ɤɨɦɩɪɟɫɫɨɪɨɜ ɧɚ ɦɚɝɢɫɬɪɚɥɶɧɵɯ ɝɚɡɨɩɪɨɜɨɞɚɯ 

ɝɚɡɨɬɪɚɧɫɩɨɪɬɧɵɯ ɫɢɫɬɟɦ. Ɉɧɢ ɹɜɥɹɸɬɫɹ ɨɞɧɢɦ ɢɡ ɧɚɢɛɨɥɟɟ ɷɮɮɟɤɬɢɜɧɵɯ 

ɬɢɩɨɜ ɬɟɩɥɨɜɵɯ ɦɚɲɢɧ ɢ ɩɪɨɞɨɥɠɚɸɬ ɞɢɧɚɦɢɱɧɨ ɪɚɡɜɢɜɚɬɶɫɹ. ɍɤɪɚɢɧɚ 

ɨɛɥɚɞɚɟɬ ɯɨɪɨɲɨ ɪɚɡɜɢɬɨɣ ɢɧɮɪɚɫɬɪɭɤɬɭɪɨɣ ɷɧɟɪɝɟɬɢɱɟɫɤɨɝɨ, ɫɭɞɨɜɨɝɨ ɢ 

ɚɜɢɚɰɢɨɧɧɨɝɨ ɝɚɡɨɬɭɪɛɨɫɬɪɨɟɧɢɹ ɢ ɜɯɨɞɢɬ ɜ ɞɟɫɹɬɤɭ ɫɬɪɚɧ ɦɢɪɚ, 

ɨɛɥɚɞɚɸɳɢɯ ɩɨɥɧɵɦ ɰɢɤɥɨɦ ɩɪɨɟɤɬɢɪɨɜɚɧɢɹ ɢ ɫɟɪɢɣɧɨɝɨ ɩɪɨɢɡɜɨɞɫɬɜɚ 

ɝɚɡɨɜɵɯ ɬɭɪɛɢɧ ɦɨɳɧɨɫɬɶɸ ɞɨ 100 ɆВɬ.  

Ⱦɨɫɬɢɠɟɧɢɟ ɜɵɫɨɤɨɣ ɷɤɨɧɨɦɢɱɧɨɫɬɢ ȽɌȾ ɢ ȽɌɍ ɫɜɹɡɚɧɨ, ɜ ɩɟɪɜɭɸ 

ɨɱɟɪɟɞɶ, ɫ ɪɨɫɬɨɦ ɬɟɦɩɟɪɚɬɭɪɵ ɝɚɡɚ ɩɟɪɟɞ ɬɭɪɛɢɧɨɣ, ɤɨɬɨɪɚɹ ɫɟɝɨɞɧɹ 

ɫɨɫɬɚɜɥɹɟɬ 1500…1600ɨɋ – ɜ ɦɨɳɧɵɯ ɷɧɟɪɝɟɬɢɱɟɫɤɢɯ ȽɌɍ ɢ 1750…1800ɨɋ – 

ɜ ɚɜɢɚɰɢɨɧɧɵɯ ȽɌȾ ɜɨɟɧɧɨɝɨ ɧɚɡɧɚɱɟɧɢɹ. В ɭɤɪɚɢɧɫɤɢɯ ȽɌȾ ɧɚɡɟɦɧɨɝɨ 

ɩɪɢɦɟɧɟɧɢɹ ɧɚɞɟɠɧɨ ɨɫɜɨɟɧɚ ɬɟɦɩɟɪɚɬɭɪɚ ɧɚ ɭɪɨɜɧɟ 1300…1350ɨɋ.  

ɇɚ ɫɨɜɪɟɦɟɧɧɨɦ ɬɟɯɧɢɱɟɫɤɨɦ ɭɪɨɜɧɟ ɜɨɡɦɨɠɧɨɫɬɶ ɩɨɜɵɲɟɧɢɹ 

ɬɟɦɩɟɪɚɬɭɪɵ ɝɚɡɚ ɧɚ ɜɯɨɞɟ ɜ ɬɭɪɛɢɧɭ ɨɝɪɚɧɢɱɢɜɚɟɬɫɹ ɞɨɩɭɫɬɢɦɨɣ ɩɨ 

ɭɫɥɨɜɢɹɦ ɩɪɨɱɧɨɫɬɢ ɬɟɦɩɟɪɚɬɭɪɨɣ ɦɚɬɟɪɢɚɥɚ ɥɨɩɚɬɨɤ. В ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ 

ɬɭɪɛɢɧɧɵɟ ɥɨɩɚɬɤɢ, ɜɵɩɨɥɧɟɧɧɵɟ ɢɡ ɥɭɱɲɢɯ ɠɚɪɨɫɬɨɣɤɢɯ ɦɚɬɟɪɢɚɥɨɜ, ɦɨɝɭɬ 

ɪɚɛɨɬɚɬɶ ɛɟɡ ɨɯɥɚɠɞɟɧɢɹ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ ɝɚɡɚ ɧɟ ɜɵɲɟ 1000…1100°ɋ. ɉɪɢ 

ɛɨɥɟɟ ɜɵɫɨɤɢɯ ɬɟɦɩɟɪɚɬɭɪɚɯ ɞɥɹ ɩɨɞɞɟɪɠɚɧɢɹ ɢɯ ɪɚɛɨɬɨɫɩɨɫɨɛɧɨɫɬɢ 

ɩɪɢɦɟɧɹɟɬɫɹ ɜɧɭɬɪɟɧɧɟɟ ɢ ɜɧɟɲɧɟɟ ɜɨɡɞɭɲɧɨɟ ɨɯɥɚɠɞɟɧɢɟ. Ⱦɥɹ ɜɧɟɲɧɟɝɨ 

ɨɯɥɚɠɞɟɧɢɹ, ɧɚɪɹɞɭ ɫ ɬɟɩɥɨɢɡɨɥɹɰɢɨɧɧɵɦɢ (ɠɚɪɨɫɬɨɣɤɢɦɢ) ɬɨɧɤɨɫɬɟɧɧɵɦɢ 

ɩɨɤɪɵɬɢɹɦɢ, ɲɢɪɨɤɨ ɢɫɩɨɥɶɡɭɟɬɫɹ ɩɥɟɧɨɱɧɨɟ (ɡɚɜɟɫɧɨɟ) ɨɯɥɚɠɞɟɧɢɟ, ɤɨɝɞɚ 

ɨɯɥɚɞɢɬɟɥɶ ɩɨɞɚɟɬɫɹ ɢɡ ɜɧɭɬɪɟɧɧɟɣ ɩɨɥɨɫɬɢ ɥɨɩɚɬɤɢ ɧɚ ɨɯɥɚɠɞɚɟɦɭɸ 

ɩɨɜɟɪɯɧɨɫɬɶ ɱɟɪɟɡ ɳɟɥɶ ɢɥɢ ɫɢɫɬɟɦɭ ɞɢɫɤɪɟɬɧɵɯ ɨɬɜɟɪɫɬɢɣ ɞɢɚɦɟɬɪɨɦ 

0,5…0,8 ɦɦ. ɋɨɝɥɚɫɧɨ ɨɩɭɛɥɢɤɨɜɚɧɧɵɦ ɞɚɧɧɵɦ, ɩɥɟɧɨɱɧɨɟ ɨɯɥɚɠɞɟɧɢɟ 

ɫɨɯɪɚɧɢɬ ɫɜɨɸ ɤɨɧɤɭɪɟɧɬɨɫɩɨɫɨɛɧɨɫɬɶ ɜ ɝɚɡɨɜɵɯ ɬɭɪɛɢɧɚɯ ɞɨ ɬɟɦɩɟɪɚɬɭɪɵ 

ɝɚɡɚ 1800…1850°ɋ. 
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ɇɚɱɢɧɚɹ ɫ 50-ɯ ɝɨɞɨɜ, ɜ ɦɢɪɟ ɜɵɩɨɥɧɟɧ ɛɨɥɶɲɨɣ ɨɛɴɟɦ ɬɟɨɪɟɬɢɱɟɫɤɢɯ 

ɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ, ɩɨɡɜɨɥɹɸɳɢɣ ɧɚɞɟɠɧɨ ɜɵɩɨɥɧɹɬɶ 

ɪɚɫɱɟɬɵ ɪɚɡɥɢɱɧɵɯ ɫɯɟɦ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ, ɬɚɤɢɯ ɤɚɤ ɬɚɧɝɟɧɰɢɚɥɶɧɚɹ 

ɢ ɫɩɥɨɲɧɚɹ ɳɟɥɶ, ɩɨɪɢɫɬɵɣ ɢ ɚɛɥɢɪɭɸɳɢɣ ɩɨɹɫɤɢ, ɡɚ ɩɨɹɫɤɨɦ ɩɟɪɮɨɪɚɰɢɣ 

(ɪɹɞɵ ɧɚɤɥɨɧɧɵɯ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɨɬɜɟɪɫɬɢɣ) ɢ ɨɯɥɚɠɞɟɧɢɟ ɩɨɬɨɤɚ ɡɚ 

ɭɱɚɫɬɤɨɦ ɬɟɩɥɨɨɛɦɟɧɚ.  

В ɛɵɜɲɟɦ ɋɋɋɊ ɨɫɧɨɜɧɵɟ ɪɚɛɨɬɵ ɩɨ ɢɫɫɥɟɞɨɜɚɧɢɸ ɩɥɟɧɨɱɧɨɝɨ 

ɨɯɥɚɠɞɟɧɢɹ ɜɵɩɨɥɧɟɧɵ ɜ Иɧɫɬɢɬɭɬɟ ɬɟɩɥɨɮɢɡɢɤɢ ɋɈ ɊȺɇ (Ʉɭɬɚɬɟɥɚɞɡɟ 

ɋ.ɋ., Ʌɟɨɧɬɶɟɜ Ⱥ.И., Вɨɥɱɤɨɜ Э.ɉ., Ɍɟɪɟɯɨɜ В.И.), Ɇɨɫɤɨɜɫɤɨɦ 

ɝɨɫɭɞɚɪɫɬɜɟɧɧɨɦ ɬɟɯɧɢɱɟɫɤɨɦ ɭɧɢɜɟɪɫɢɬɟɬɟ ɢɦɟɧɢ ɇ.Э. Ȼɚɭɦɚɧɚ (ȿɩɢɮɚɧɨɜ 

В.M. ɢ ɞɪ.), ɚ ɬɚɤɠɟ ɜ ɪɹɞɟ ɡɚɤɪɵɬɵɯ ɨɪɝɚɧɢɡɚɰɢɣ (ɐИȺɆ, ɇИИɌɉ, ɐȺȽИ ɢ 

ɞɪ.). В ɍɤɪɚɢɧɟ ɢɫɫɥɟɞɨɜɚɧɢɹ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɩɪɨɜɨɞɢɥɢɫɶ ɜ 

Иɧɫɬɢɬɭɬɟ ɬɟɯɧɢɱɟɫɤɨɣ ɬɟɩɥɨɮɢɡɢɤɢ ɇȺɇɍ (Ⱦɵɛɚɧ ȿ.ɉ., Ɋɟɩɭɯɨɜ В.Ɇ., 

ɏɚɥɚɬɨɜ Ⱥ.Ⱥ.), Ʉɢɟɜɫɤɨɦ ВВȺИɍ, ɇɌɍ ɏɉИ, Ƚɉ ɇɉɄȽ «Ɂɨɪɹ»-

«Ɇɚɲɩɪɨɟɤɬ» (ɇɢɤɨɥɚɟɜ), Ƚɉ «Иɜɱɟɧɤɨ-ɉɪɨɝɪɟɫɫ» (Ɂɚɩɨɪɨɠɶɟ). Ɂɚ ɪɭɛɟɠɨɦ 

ɚɤɬɢɜɧɵɟ ɢɫɫɥɟɞɨɜɚɧɢɹ ɜɵɩɨɥɧɟɧɵ Ƚɨɥɶɞɲɬɟɣɧɨɦ Ɋ.Ⱦɠ., Ⱦɢɬɦɚɪɨɦ Ⱦɠ., 

ɋɟɛɚɧɨɦ Ɋ.Ⱥ., Ȼɨɝɚɪɞɨɦ Ⱦ.Ⱦɠ., Эɤɤɟɪɬɨɦ ȿ.Ɋ., Ȼɚɧɤɟɪɨɦ Ɋ.ɋ., Ʌɢɝɪɚɧɢ ɉ.Ɇ. 

(ɋɒȺ), Вɢɞɯɚɪɞɨɦ Ʉ., Ȼɚɥɞɚɭɮɨɦ ɋ., ɒɭɥɶɰɨɦ Ⱥ. (Ƚɟɪɦɚɧɢɹ). Ɋɟɡɭɥɶɬɚɬɵ 

ɷɬɢɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɩɨɡɜɨɥɢɥɢ ɩɨɥɭɱɢɬɶ ɨɛɨɛɳɚɸɳɢɟ ɭɪɚɜɧɟɧɢɹ, ɪɚɡɪɚɛɨɬɚɬɶ 

ɧɚɞɟɠɧɵɟ ɦɟɬɨɞɢɤɢ ɢ ɩɪɨɝɪɚɦɦɵ ɪɚɫɱɟɬɚ, ɢɫɩɨɥɶɡɨɜɚɧɧɵɟ ɩɪɢ ɫɨɡɞɚɧɢɢ 

ɫɟɪɢɢ ɜɵɫɨɤɨɬɟɦɩɟɪɚɬɭɪɧɵɯ ȽɌȾ ɢ ȽɌɍ ɪɚɡɥɢɱɧɨɝɨ ɧɚɡɧɚɱɟɧɢɹ. 

ɉɪɢ ɬɟɦɩɟɪɚɬɭɪɟ ɝɚɡɚ ɜɵɲɟ 1400ºɋ ɪɚɫɯɨɞ ɜɨɡɞɭɯɚ ɧɚ ɨɯɥɚɠɞɟɧɢɟ 

ɥɨɩɚɬɨɤ ɩɪɢ ɤɨɧɜɟɤɬɢɜɧɨ-ɩɥɟɧɨɱɧɨɦ ɨɯɥɚɠɞɟɧɢɢ ɦɨɠɟɬ ɫɨɫɬɚɜɥɹɬɶ 15% ɢ 

ɛɨɥɟɟ ɨɬ ɪɚɫɯɨɞɚ ɜɨɡɞɭɯɚ ɱɟɪɟɡ ɤɨɦɩɪɟɫɫɨɪ, ɩɨɷɬɨɦɭ ɩɪɢ ɞɚɥɶɧɟɣɲɟɦ 

ɩɨɜɵɲɟɧɢɢ ɬɟɦɩɟɪɚɬɭɪɵ ɩɨɬɪɟɛɧɵɣ ɪɚɫɯɨɞ ɨɯɥɚɞɢɬɟɥɹ ɜɨɡɪɚɫɬɚɟɬ 

ɧɚɫɬɨɥɶɤɨ, ɱɬɨ ɩɨɬɟɪɢ ɨɬ ɫɦɟɲɟɧɢɹ ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɚ ɫ ɨɯɥɚɞɢɬɟɥɟɦ ɦɨɝɭɬ 

ɩɪɟɜɵɫɢɬɶ ɩɨɥɨɠɢɬɟɥɶɧɵɣ ɷɮɮɟɤɬ, ɞɨɫɬɢɝɧɭɬɵɣ ɡɚ ɫɱɟɬ ɨɯɥɚɠɞɟɧɢɹ. 

В ɷɬɨɣ ɫɜɹɡɢ ɛɨɥɶɲɨɣ ɩɪɚɤɬɢɱɟɫɤɢɣ ɢɧɬɟɪɟɫ ɩɪɟɞɫɬɚɜɥɹɟɬ ɩɨɢɫɤ 

ɚɥɶɬɟɪɧɚɬɢɜɧɵɯ ɫɯɟɦ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ, ɨɛɥɚɞɚɸɳɢɯ ɩɪɢɟɦɥɟɦɵɦ ɫ 

ɬɨɱɤɢ ɡɪɟɧɢɹ ɬɟɪɦɨɞɢɧɚɦɢɱɟɫɤɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɪɚɫɯɨɞɨɦ ɨɯɥɚɞɢɬɟɥɹ, 
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ɜɵɫɨɤɨɣ ɬɟɩɥɨɮɢɡɢɱɟɫɤɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɶɸ ɢ ɯɚɪɚɤɬɟɪɢɡɭɸɳɢɯɫɹ 

ɨɬɧɨɫɢɬɟɥɶɧɨ ɧɟɫɥɨɠɧɨɣ ɬɟɯɧɨɥɨɝɢɟɣ ɢɡɝɨɬɨɜɥɟɧɢɹ. В ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɷɬɢ 

ɜɨɩɪɨɫɵ ɚɤɬɢɜɧɨ ɢɡɭɱɚɸɬɫɹ ɭɱɟɧɵɦɢ ɢ ɤɨɧɫɬɪɭɤɬɨɪɚɦɢ ɜɟɞɭɳɢɯ ɦɢɪɨɜɵɯ 

ɩɪɨɢɡɜɨɞɢɬɟɥɟɣ ɝɚɡɨɬɭɪɛɢɧɧɨɣ ɬɟɯɧɢɤɢ. Иɫɫɥɟɞɭɸɬɫɹ ɫɥɟɞɭɸɳɢɟ 

ɤɨɧɮɢɝɭɪɚɰɢɢμ ɩɪɨɮɢɥɢɪɨɜɚɧɧɵɟ ɨɬɜɟɪɫɬɢɹ – ɜɟɟɪɧɵɟ (fan-shaped), 

ɤɨɧɫɨɥɶɧɵɟ, ɜ ɜɢɞɟ ɝɚɧɬɟɥɢ, ɛɨɛɚ, ɩɨɥɭɦɟɫɹɰɚ; ɨɬɜɟɪɫɬɢɹ, ɜɵɯɨɞ ɢɡ ɤɨɬɨɪɵɯ 

ɪɚɡɦɟɳɟɧ ɜ ɭɝɥɭɛɥɟɧɢɹɯ (ɩɨɥɭɫɮɟɪɢɱɟɫɤɢɯ, ɤɪɚɬɟɪɚɯ, ɬɪɚɧɲɟɹɯ); ɫɯɟɦɚ 

ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ (double-jet). 

ɉɨɥɭɱɟɧɧɵɟ ɜ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɪɟɡɭɥɶɬɚɬɵ ɩɨɤɚɡɵɜɚɸɬ, ɱɬɨ ɩɪɢ ɬɨɦ 

ɠɟ ɪɚɫɯɨɞɟ ɨɯɥɚɞɢɬɟɥɹ ɫɯɟɦɵ ɨɯɥɚɠɞɟɧɢɹ ɫ ɨɬɜɟɪɫɬɢɹɦɢ ɫɥɨɠɧɨɝɨ ɩɪɨɮɢɥɹ 

ɩɨɡɜɨɥɹɸɬ ɭɜɟɥɢɱɢɬɶ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɨɯɥɚɠɞɟɧɢɹ ɜ 2 ɢ ɛɨɥɟɟ ɪɚɡ ɩɨ 

ɫɪɚɜɧɟɧɢɸ ɫ ɬɪɚɞɢɰɢɨɧɧɵɦɢ ɫɢɫɬɟɦɚɦɢ ɧɚɤɥɨɧɧɵɯ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ 

ɨɬɜɟɪɫɬɢɣ ɜ ɨɯɥɚɠɞɚɟɦɨɣ ɫɬɟɧɤɟ. Ɉɞɧɚɤɨ ɜɵɩɨɥɧɟɧɢɟ ɬɚɤɢɯ ɨɬɜɟɪɫɬɢɣ, 

ɢɦɟɸɳɢɯ ɪɚɡɦɟɪɵ ɦɟɧɟɟ ɨɞɧɨɝɨ ɦɢɥɥɢɦɟɬɪɚ, ɬɪɟɛɭɟɬ ɞɨɪɨɝɨɫɬɨɹɳɟɝɨ 

ɬɟɯɧɨɥɨɝɢɱɟɫɤɨɝɨ ɨɛɨɪɭɞɨɜɚɧɢɹ ɢ ɫɜɹɡɚɧɨ ɫ ɛɨɥɶɲɢɦɢ ɮɢɧɚɧɫɨɜɵɦɢ 

ɡɚɬɪɚɬɚɦɢ. Иɦɟɸɳɢɟɫɹ ɜ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɢɫɫɥɟɞɨɜɚɧɢɹ ɚɥɶɬɟɪɧɚɬɢɜɧɵɯ 

ɫɯɟɦ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɜɵɩɨɥɧɟɧɵ ɜ ɭɡɤɨɦ ɞɢɚɩɚɡɨɧɟ ɜɥɢɹɸɳɢɯ 

ɮɚɤɬɨɪɨɜ, ɫɥɚɛɨ ɢɡɭɱɟɧɨ ɜɥɢɹɧɢɟ ɬɚɤɢɯ ɮɚɤɬɨɪɨɜ, ɤɚɤ ɭɫɤɨɪɟɧɢɟ ɩɨɬɨɤɚ, 

ɜɧɟɲɧɹɹ ɬɭɪɛɭɥɟɧɬɧɨɫɬɶ, ɧɟɢɡɨɬɟɪɦɢɱɧɨɫɬɶ, ɤɪɢɜɢɡɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɢ ɞɪ., 

ɤɨɬɨɪɵɟ ɢɝɪɚɸɬ ɜɚɠɧɭɸ ɪɨɥɶ ɜ ɝɚɡɨɜɵɯ ɬɭɪɛɢɧɚɯ. Чɬɨ ɤɚɫɚɟɬɫɹ 

ɦɚɬɟɦɚɬɢɱɟɫɤɨɝɨ (ɤɨɦɩɶɸɬɟɪɧɨɝɨ) ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ, 

ɬɨ ɩɨɥɭɱɟɧɧɵɟ ɞɚɧɧɵɟ ɨɝɪɚɧɢɱɟɧɵ ɫɥɭɱɚɟɦ ɛɟɡɝɪɚɞɢɟɧɬɧɨɝɨ ɬɟɱɟɧɢɹ ɢ 

ɨɬɞɟɥɶɧɵɦɢ ɢɫɫɥɟɞɨɜɚɧɢɹɦɢ ɨɯɥɚɠɞɟɧɢɹ ɥɨɩɚɬɨɤ ɝɚɡɨɜɵɯ ɬɭɪɛɢɧ ɢ ɩɨɤɚ ɧɟ 

ɩɨɥɭɱɢɥɢ ɲɢɪɨɤɨɝɨ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɜ ɩɪɚɤɬɢɤɟ ɝɚɡɨɬɭɪɛɨɫɬɪɨɟɧɢɹ. 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɞɚɥɶɧɟɣɲɟɟ ɢɫɫɥɟɞɨɜɚɧɢɟ ɚɥɶɬɟɪɧɚɬɢɜɧɵɯ ɫɯɟɦ ɢ 

ɮɢɡɢɱɟɫɤɨɝɨ ɦɟɯɚɧɢɡɦɚ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ, ɩɨɥɭɱɟɧɢɟ ɨɛɨɛɳɚɸɳɢɯ 

ɡɚɜɢɫɢɦɨɫɬɟɣ ɜ ɲɢɪɨɤɨɦ ɞɢɚɩɚɡɨɧɟ ɢɡɦɟɧɟɧɢɹ ɨɩɪɟɞɟɥɹɸɳɢɯ ɮɚɤɬɨɪɨɜ 

ɩɪɟɞɫɬɚɜɥɹɟɬ ɚɤɬɭɚɥьɧɨɟ ɧɚɭɱɧɨɟ и ɩɪɚɤɬиɱɟɫɤɨɟ ɡɧɚɱɟɧиɟ ɞɥɹ 

ɝɚɡɨɬɭɪɛɨɫɬɪɨɟɧɢɹ. Ɉɫɨɛɟɧɧɨ ɚɤɬɭɚɥɶɧɵɦ ɹɜɥɹɟɬɫɹ ɩɨɢɫɤ ɚɥɶɬɟɪɧɚɬɢɜɧɵɯ 

ɫɯɟɦ ɫ ɜɵɫɨɤɨɣ ɬɟɩɥɨɮɢɡɢɱɟɫɤɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɶɸ, ɩɪɢɟɦɥɟɦɵɦ ɫ ɬɨɱɤɢ 
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ɡɪɟɧɢɹ ɬɟɪɦɨɞɢɧɚɦɢɱɟɫɤɢɯ ɩɨɬɟɪɶ ɪɚɫɯɨɞɨɦ ɨɯɥɚɞɢɬɟɥɹ ɢ ɛɨɥɟɟ ɩɪɨɫɬɨɣ 

ɬɟɯɧɨɥɨɝɢɟɣ ɢɡɝɨɬɨɜɥɟɧɢɹ. В ɪɚɛɨɬɟ ɫɞɟɥɚɧ ɜɵɜɨɞ, ɱɬɨ ɤ ɬɚɤɢɦ 

ɤɨɧɮɢɝɭɪɚɰɢɹɦ ɨɬɧɨɫɢɬɫɹ ɫɯɟɦɚ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ, ɮɨɪɦɢɪɭɸɳɚɹ 

ɚɧɬɢɩɨɱɟɱɧɭɸ ɜɢɯɪɟɜɭɸ ɫɬɪɭɤɬɭɪɭ. Вɚɠɧɵɦ ɧɚɩɪɚɜɥɟɧɢɟɦ ɹɜɥɹɟɬɫɹ ɬɚɤɠɟ 

ɞɚɥɶɧɟɣɲɟɟ ɢɡɭɱɟɧɢɟ ɜɨɡɦɨɠɧɨɫɬɟɣ ɤɨɦɩɶɸɬɟɪɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ 

ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ, ɜ ɬɨɦ ɱɢɫɥɟ, ɨɩɪɟɞɟɥɟɧɢɟ ɚɞɟɤɜɚɬɧɵɯ ɦɨɞɟɥɟɣ 

ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ. 

ɋɜɹɡɶ ɪɚɛɨɬɵ ɫ ɧɚɭɱɧɵɦɢ ɩɪɨɝɪɚɦɦɚɦɢ, ɩɥɚɧɚɦɢ, ɬɟɦɚɦɢ. Ɋɚɛɨɬɚ 

ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɩɟɪɟɱɧɸ ɩɪɢɨɪɢɬɟɬɧɵɯ ɬɟɦɚɬɢɱɟɫɤɢɯ ɧɚɩɪɚɜɥɟɧɢɣ ɧɚɭɱɧɵɯ 

ɢɫɫɥɟɞɨɜɚɧɢɣ ɢ ɧɚɭɱɧɨ-ɬɟɯɧɢɱɟɫɤɢɯ ɪɚɡɪɚɛɨɬɨɤ ɩɨ ɧɚɩɪɚɜɥɟɧɢɸ 

«Эɧɟɪɝɟɬɢɤɚ ɢ ɷɧɟɪɝɨɷɮɮɟɤɬɢɜɧɨɫɬɶ. Ɍɟɯɧɨɥɨɝɢɢ ɷɧɟɪɝɟɬɢɱɟɫɤɨɝɨ 

ɦɚɲɢɧɨɫɬɪɨɟɧɢɹ», ɭɬɜɟɪɠɞɟɧɧɵɯ ɉɨɫɬɚɧɨɜɥɟɧɢɟɦ Ʉɚɛɢɧɟɬɚ Ɇɢɧɢɫɬɪɨɜ 

ɍɤɪɚɢɧɵ №λ42 ɨɬ 7 ɫɟɧɬɹɛɪɹ 2011 ɝ. ɇɚɭɱɧɵɟ ɪɟɡɭɥɶɬɚɬɵ, ɩɪɟɞɫɬɚɜɥɟɧɧɵɟ ɜ 

ɞɢɫɫɟɪɬɚɰɢɢ, ɩɨɥɭɱɟɧɵ ɩɪɢ ɜɵɩɨɥɧɟɧɢɢ ɝɨɫɛɸɞɠɟɬɧɨɣ ɇИɊ № 2610-ɮ 

«Ɍɟɩɥɨɜɵɟ ɢ ɝɚɡɨɞɢɧɚɦɢɱɟɫɤɢɟ ɩɪɨɰɟɫɫɵ ɜ ɫɥɨɠɧɵɯ ɜɢɯɪɟɜɵɯ ɢ 

ɡɚɤɪɭɱɟɧɧɵɯ ɩɨɬɨɤɚɯ» (ɇɌɍɍ «ɄɉИ», № ɝ/ɪ 0113U002467) ɢ ɝɨɫɛɸɞɠɟɬɧɨɣ 

ɇИɊ № 1.7.1.853 «Иɫɫɥɟɞɨɜɚɧɢɟ ɩɨɜɟɪɯɧɨɫɬɧɨ-ɜɢɯɪɟɜɵɯ ɫɢɫɬɟɦ ɞɥɹ 

ɢɧɬɟɧɫɢɮɢɤɚɰɢɢ ɬɟɩɥɨɨɛɦɟɧɚ ɢ ɩɨɜɵɲɟɧɢɹ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɨɯɥɚɠɞɟɧɢɹ 

ɩɨɜɟɪɯɧɨɫɬɟɣ ɜ ɩɟɪɫɩɟɤɬɢɜɧɵɯ ȽɌȾ» (ИɌɌɎ ɇȺɇɍ, № ɝ/ɪ 0112U002042); 

ɧɚɭɱɧɨ-ɬɟɯɧɢɱɟɫɤɨɣ ɪɚɛɨɬɵ ɩɨ Ⱦɨɝɨɜɨɪɭ №310/2056 «ɋɪɚɜɧɢɬɟɥɶɧɵɟ  

ɢɫɫɥɟɞɨɜɚɧɢɹ ɨɫɰɢɥɥɢɪɭɸɳɟɝɨ ɢ ɞɪɭɝɢɯ ɩɟɪɫɩɟɤɬɢɜɧɵɯ ɫɯɟɦ ɩɥɟɧɨɱɧɨɝɨ 

ɨɯɥɚɠɞɟɧɢɹ ɩɨɜɟɪɯɧɨɫɬɟɣ» (ИɌɌɎ ɇȺɇɍ ɢ Ƚɨɫɭɞɚɪɫɬɜɟɧɧɨɟ ɩɪɟɞɩɪɢɹɬɢɟ 

«ɇɚɭɱɧɨ-ɩɪɨɢɡɜɨɞɫɬɜɟɧɧɵɣ ɤɨɦɩɥɟɤɫ ɝɚɡɨɬɭɪɛɨɫɬɪɨɟɧɢɹ «Ɂɨɪɹ»-

«Ɇɚɲɩɪɨɟɤɬ»); ɧɚɭɱɧɨɣ ɪɚɛɨɬɵ ɩɨ Ⱦɨɝɨɜɨɪɭ №01-08-14 

«Эɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɟ ɢ ɱɢɫɥɟɧɧɨɟ ɢɫɫɥɟɞɨɜɚɧɢɟ ɩɟɪɫɩɟɤɬɢɜɧɵɯ ɫɢɫɬɟɦ 

ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɜɵɫɨɤɨɬɟɦɩɟɪɚɬɭɪɧɵɯ ɷɧɟɪɝɟɬɢɱɟɫɤɢɯ ɭɫɬɚɧɨɜɨɤ» 

(ɫɨɜɦɟɫɬɧɵɣ ɩɪɨɟɤɬ ɩɪɨɝɪɚɦɦɵ ɇȺɇ ɍɤɪɚɢɧɵ ɢ ɊɎɎИ, № ɝ/ɪ 

0114U004037).  

ɐɟɥɶ ɢ ɡɚɞɚɱɢ ɢɫɫɥɟɞɨɜɚɧɢɹ. Цɟɥьɸ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɵ ɹɜɥɹɟɬɫɹ 

ɢɫɫɥɟɞɨɜɚɧɢɟ ɮɢɡɢɱɟɫɤɢɯ ɡɚɤɨɧɨɦɟɪɧɨɫɬɟɣ ɢ ɨɩɪɟɞɟɥɟɧɢɟ ɪɚɫɱɟɬɧɵɯ 
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ɡɚɜɢɫɢɦɨɫɬɟɣ, ɯɚɪɚɤɬɟɪɢɡɭɸɳɢɯ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ 

ɩɪɢ ɩɨɞɚɱɟ ɨɯɥɚɞɢɬɟɥɹ ɱɟɪɟɡ ɩɚɪɧɵɟ ɨɬɜɟɪɫɬɢɹ, ɪɚɫɩɨɥɨɠɟɧɧɵɟ ɧɚ ɜɯɨɞɟ ɜ 

ɩɥɚɫɬɢɧɭ c ɭɱɟɬɨɦ ɜɥɢɹɧɢɹ ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ, ɭɫɤɨɪɟɧɢɹ ɩɨɬɨɤɚ ɢ ɜɧɟɲɧɟɣ 

ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ. Ⱦɥɹ ɞɨɫɬɢɠɟɧɢɹ ɩɨɫɬɚɜɥɟɧɧɨɣ ɰɟɥɢ ɜ ɪɚɛɨɬɟ ɪɟɲɚɸɬɫɹ 

ɫɥɟɞɭɸɳɢɟ ɨɫɧɨɜɧɵɟ ɡɚɞɚɱи: 

— ɋɨɡɞɚɬɶ ɪɚɛɨɱɢɣ ɭɱɚɫɬɨɤ ɢ ɜɵɩɨɥɧɢɬɶ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɟ 

ɢɫɫɥɟɞɨɜɚɧɢɟ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɩɥɨɫɤɨɣ ɩɨɜɟɪɯɧɨɫɬɢ ɫ 

ɩɨɞɚɱɟɣ ɨɯɥɚɞɢɬɟɥɹ ɱɟɪɟɡ ɫɢɫɬɟɦɭ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ ɧɚ ɜɯɨɞɟ ɜ ɞɢɚɩɚɡɨɧɟ 

ɢɡɦɟɧɟɧɢɹ ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ ɨɬ 0,5 ɞɨ 3,0. ɉɨɥɭɱɢɬɶ ɛɚɡɨɜɭɸ ɡɚɜɢɫɢɦɨɫɬɶ ɞɥɹ 

ɛɟɡɝɪɚɞɢɟɧɬɧɨɝɨ ɬɟɱɟɧɢɹ ɩɪɢ ɨɬɫɭɬɫɬɜɢɢ ɜɧɟɲɧɟɣ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɢ 

ɭɫɤɨɪɟɧɢɹ ɩɨɬɨɤɚ. 

— Иɡɭɱɢɬɶ ɜɥɢɹɧɢɟ ɜɧɟɲɧɟɣ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɢ ɨɬɪɢɰɚɬɟɥɶɧɨɝɨ 

ɝɪɚɞɢɟɧɬɚ ɞɚɜɥɟɧɢɹ ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɡɚɤɨɧɚɯ ɭɫɤɨɪɟɧɢɹ ɩɨɬɨɤɚ ɢ ɩɨɥɭɱɢɬɶ 

ɡɚɜɢɫɢɦɨɫɬɢ, ɯɚɪɚɤɬɟɪɢɡɭɸɳɢɟ ɜɥɢɹɧɢɟ ɷɬɢɯ ɮɚɤɬɨɪɨɜ ɧɚ ɷɮɮɟɤɬɢɜɧɨɫɬɶ 

ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ. 

— Ɉɩɪɟɞɟɥɢɬɶ ɫɬɟɩɟɧɶ ɩɨɩɟɪɟɱɧɨɣ ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɢ ɷɮɮɟɤɬɢɜɧɨɫɬɢ 

ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɞɥɹ ɛɟɡɝɪɚɞɢɟɧɬɧɨɝɨ ɢ ɝɪɚɞɢɟɧɬɧɨɝɨ ɬɟɱɟɧɢɣ, ɚ 

ɬɚɤɠɟ ɜ ɭɫɥɨɜɢɹɯ ɜɧɟɲɧɟɣ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ. 

— Ⱦɥɹ ɡɚɞɚɧɧɵɯ ɡɧɚɱɟɧɢɣ ɭɝɥɨɜ β1 ɢ β2 ɨɩɪɟɞɟɥɢɬɶ ɦɚɬɟɦɚɬɢɱɟɫɤɢɟ 

ɦɨɞɟɥɢ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ, ɚɞɟɤɜɚɬɧɨ ɨɩɢɫɵɜɚɸɳɢɟ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ 

ɨɯɥɚɠɞɟɧɢɹ, ɢɡɭɱɢɬɶ ɮɢɡɢɱɟɫɤɭɸ ɫɬɪɭɤɬɭɪɭ ɩɨɬɨɤɚ ɡɚ ɩɚɪɧɵɦɢ ɨɬɜɟɪɫɬɢɹɦɢ, 

ɜɵɹɜɢɬɶ ɮɚɤɬɨɪɵ, ɯɚɪɚɤɬɟɪɢɡɭɸɳɢɟ ɮɢɡɢɱɟɫɤɢɣ ɦɟɯɚɧɢɡɦ ɩɥɟɧɨɱɧɨɝɨ 

ɨɯɥɚɠɞɟɧɢɹ.  

— Иɡɭɱɢɬɶ ɜɥɢɹɧɢɟ ɩɨɩɟɪɟɱɧɨɝɨ ɪɚɫɫɬɨɹɧɢɹ Δ ɦɟɠɞɭ ɨɬɜɟɪɫɬɢɹɦɢ 

ɩɟɪɜɨɝɨ ɢ ɜɬɨɪɨɝɨ ɪɹɞɚ ɧɚ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɢ 

ɨɩɪɟɞɟɥɢɬɶ ɟɝɨ ɡɧɚɱɟɧɢɟ, ɨɛɟɫɩɟɱɢɜɚɸɳɟɟ ɦɚɤɫɢɦɚɥɶɧɭɸ ɷɮɮɟɤɬɢɜɧɨɫɬɶ 

ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ. 

Ɉɛɴɟɤɬ ɢɫɫɥɟɞɨɜɚɧɢɹ — ɩɪɨɰɟɫɫɵ ɬɟɩɥɨɨɛɦɟɧɚ ɢ ɝɢɞɪɨɞɢɧɚɦɢɤɢ ɩɪɢ 

ɩɥɟɧɨɱɧɨɦ ɨɯɥɚɠɞɟɧɢɢ ɩɥɨɫɤɨɣ ɩɨɜɟɪɯɧɨɫɬɢ ɫ ɩɨɞɚɱɟɣ ɨɯɥɚɞɢɬɟɥɹ ɱɟɪɟɡ 

ɩɚɪɧɵɟ ɨɬɜɟɪɫɬɢɹ ɧɚ ɜɯɨɞɟ ɜ ɩɥɨɫɤɭɸ ɩɥɚɫɬɢɧɭ. 
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ɉɪɟɞɦɟɬ ɢɫɫɥɟɞɨɜɚɧɢɹ — ɡɚɤɨɧɨɦɟɪɧɨɫɬɢ ɢ ɮɚɤɬɨɪɵ, ɜɥɢɹɸɳɢɟ ɧɚ 

ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɢ ɮɢɡɢɱɟɫɤɭɸ ɫɬɪɭɤɬɭɪɭ ɩɨɬɨɤɚ ɩɪɢ 

ɩɨɞɚɱɟ ɨɯɥɚɞɢɬɟɥɹ ɱɟɪɟɡ ɩɚɪɧɵɟ ɨɬɜɟɪɫɬɢɹ ɧɚ ɜɯɨɞɟ ɜ ɩɥɨɫɤɭɸ ɩɥɚɫɬɢɧɭ. 

Ɇɟɬɨɞɵ ɢɫɫɥɟɞɨɜɚɧɢɹ. ɍɱɢɬɵɜɚɹ ɫɥɨɠɧɵɣ ɯɚɪɚɤɬɟɪ ɬɟɱɟɧɢɹ ɢ 

ɬɟɩɥɨɨɬɞɚɱɢ, ɜ ɞɢɫɫɟɪɬɚɰɢɢ ɢɫɩɨɥɶɡɭɟɬɫɹ ɫɨɱɟɬɚɧɢɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɝɨ ɢ 

ɬɟɨɪɟɬɢɱɟɫɤɨɝɨ (ɤɨɦɩɶɸɬɟɪɧɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ) ɦɟɬɨɞɨɜ ɢɫɫɥɟɞɨɜɚɧɢɹ. В 

ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɣ ɱɚɫɬɢ ɢɡɭɱɚɟɬɫɹ ɚɞɢɚɛɚɬɧɚɹ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ 

ɨɯɥɚɠɞɟɧɢɹ ɞɥɹ ɪɚɡɥɢɱɧɵɯ ɡɧɚɱɟɧɢɣ ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ, ɢɧɬɟɧɫɢɜɧɨɫɬɢ 

ɜɧɟɲɧɟɣ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɢ ɭɫɤɨɪɟɧɢɹ ɩɨɬɨɤɚ, ɚ ɬɚɤɠɟ ɮɢɡɢɱɟɫɤɚɹ ɫɬɪɭɤɬɭɪɚ 

ɩɨɜɟɪɯɧɨɫɬɧɵɯ ɥɢɧɢɣ ɬɨɤɚ. В ɬɟɨɪɟɬɢɱɟɫɤɨɣ ɱɚɫɬɢ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ 

ɩɪɨɝɪɚɦɦɧɨɝɨ ɤɨɦɩɥɟɤɫɚ ɢ ANSYS CFX (ɜɟɪɫɢɹ 14.0) ɫɪɚɜɧɟɧɢɟɦ ɫ 

ɩɨɥɭɱɟɧɧɵɦɢ ɜ ɪɚɛɨɬɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦɢ ɞɚɧɧɵɦɢ ɨɩɪɟɞɟɥɹɸɬɫɹ 

ɦɚɬɟɦɚɬɢɱɟɫɤɢɟ ɦɨɞɟɥɢ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ, ɚɞɟɤɜɚɬɧɨ ɨɩɢɫɵɜɚɸɳɢɟ ɩɥɟɧɨɱɧɨɟ 

ɨɯɥɚɠɞɟɧɢɟ ɜ ɢɫɫɥɟɞɭɟɦɵɯ ɭɫɥɨɜɢɹɯ, ɢɡɭɱɚɟɬɫɹ ɮɢɡɢɱɟɫɤɚɹ ɫɬɪɭɤɬɭɪɚ ɩɨɬɨɤɚ 

ɢ ɨɩɪɟɞɟɥɹɸɬɫɹ ɮɚɤɬɨɪɵ, ɯɚɪɚɤɬɟɪɢɡɭɸɳɢɟ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ 

ɨɯɥɚɠɞɟɧɢɹ ɢ ɨɩɬɢɦɚɥɶɧɨɟ ɡɧɚɱɟɧɢɟ ɩɨɩɟɪɟɱɧɨɝɨ ɪɚɫɫɬɨɹɧɢɹ Δ ɦɟɠɞɭ 

ɨɬɜɟɪɫɬɢɹɦɢ ɩɟɪɜɨɝɨ ɢ ɜɬɨɪɨɝɨ ɪɹɞɚ. 

ɋɬɟɩɟɧɶ ɨɛɨɫɧɨɜɚɧɧɨɫɬɢ ɧɚɭɱɧɵɯ ɩɨɥɨɠɟɧɢɣ ɢ ɜɵɜɨɞɨɜ, 

ɫɮɨɪɦɭɥɢɪɨɜɚɧɧɵɯ ɜ ɞɢɫɫɟɪɬɚɰɢɨɧɧɨɣ ɪɚɛɨɬɟ. Ɉɛɨɫɧɨɜɚɧɢɟ 

ɞɨɫɬɨɜɟɪɧɨɫɬɢ ɩɨɥɭɱɟɧɧɵɯ ɪɟɡɭɥɶɬɚɬɨɜ ɜɵɩɨɥɧɟɧɨ ɩɭɬɟɦ ɩɪɨɜɟɞɟɧɢɹ 

ɬɟɫɬɨɜɵɯ ɢɫɩɵɬɚɧɢɣ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɝɨ ɫɬɟɧɞɚ ɢ ɫɢɫɬɟɦɵ ɢɡɦɟɪɟɧɢɣ, 

ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɚɩɪɨɛɢɪɨɜɚɧɧɵɯ ɦɟɬɨɞɢɤ ɩɪɨɜɟɞɟɧɢɹ ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɢ 

ɦɟɬɨɞɨɜ ɨɛɨɛɳɟɧɢɹ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɞɚɧɧɵɯ ɧɚ ɨɫɧɨɜɟ ɬɟɨɪɢɢ ɩɨɞɨɛɢɹ, 

ɚɧɚɥɢɡɚ ɩɨɝɪɟɲɧɨɫɬɢ ɢɡɦɟɪɟɧɢɣ, ɫɨɝɥɚɫɨɜɚɧɢɹ ɩɨɥɭɱɟɧɧɵɯ ɪɟɡɭɥɶɬɚɬɨɜ ɫ 

ɨɩɭɛɥɢɤɨɜɚɧɧɵɦɢ ɜ ɥɢɬɟɪɚɬɭɪɟ ɞɚɧɧɵɦɢ. Ⱦɨɫɬɨɜɟɪɧɨɫɬɶ ɤɨɦɩɶɸɬɟɪɧɨɝɨ 

ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɨɛɟɫɩɟɱɟɧɚ ɤɨɪɪɟɤɬɧɵɦ ɩɪɢɦɟɧɟɧɢɟɦ ɩɪɨɝɪɚɦɦɧɨɝɨ 

ɤɨɦɩɥɟɤɫɚ ANSВS CFБ, ɫɟɪɬɢɮɢɰɢɪɨɜɚɧɧɨɝɨ ɦɟɠɞɭɧɚɪɨɞɧɵɦɢ 

ɫɬɚɧɞɚɪɬɚɦɢ ɢ ɨɛɥɚɞɚɸɳɟɝɨ ɫɟɪɬɢɮɢɤɚɬɨɦ ɤɚɱɟɫɬɜɚ ISO λ001μ2008, 

ɫɪɚɜɧɟɧɢɟɦ ɪɟɡɭɥɶɬɚɬɨɜ ɤɨɦɩɶɸɬɟɪɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɢ ɩɨɥɭɱɟɧɧɵɯ ɜ 
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ɪɚɛɨɬɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɞɚɧɧɵɯ, ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɚɞɟɤɜɚɬɧɨɣ ɦɨɞɟɥɢ 

ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɩɪɢ ɤɨɦɩɶɸɬɟɪɧɨɦ ɚɧɚɥɢɡɟ ɮɢɡɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɵ ɩɨɬɨɤɚ. 

ɇɚɭɱɧɚɹ ɧɨɜɢɡɧɚ ɩɨɥɭɱɟɧɧɵɯ ɪɟɡɭɥɶɬɚɬɨɜ ɫɨɫɬɨɢɬ ɜ ɫɥɟɞɭɸɳɟɦμ  

— Вɩɟɪɜɵɟ ɧɚ ɨɫɧɨɜɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɝɨ ɢ ɬɟɨɪɟɬɢɱɟɫɤɨɝɨ 

ɢɫɫɥɟɞɨɜɚɧɢɹ ɫɯɟɦɵ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ ɜ ɲɢɪɨɤɨɦ ɞɢɚɩɚɡɨɧɟ ɢɡɦɟɧɟɧɢɹ 

ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ ɩɪɢ ɜɧɟɲɧɟɣ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɢ ɭɫɤɨɪɟɧɢɢ ɩɨɬɨɤɚ ɩɨɥɭɱɟɧɵ 

ɧɨɜɵɟ ɧɚɭɱɧɵɟ ɞɚɧɧɵɟ, ɯɚɪɚɤɬɟɪɢɡɭɸɳɢɟ ɮɢɡɢɱɟɫɤɢɣ ɦɟɯɚɧɢɡɦ ɢ 

ɡɚɤɨɧɨɦɟɪɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ. 

— Вɩɟɪɜɵɟ ɩɨɤɚɡɚɧɨ, ɱɬɨ ɩɪɢ ɢɞɟɧɬɢɱɧɵɯ ɭɫɥɨɜɢɹɯ ɫɪɟɞɧɹɹ 

ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɡɚ ɩɚɪɧɵɦɢ ɨɬɜɟɪɫɬɢɹɦɢ ɩɪɢ ɦɚɥɵɯ 

(m = 0,50) ɢ ɭɦɟɪɟɧɧɵɯ (m = 1,0) ɡɧɚɱɟɧɢɹɯ ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ ɧɚ 20-25% ɜɵɲɟ, 

ɱɟɦ ɞɥɹ ɬɪɚɞɢɰɢɨɧɧɨɣ ɫɯɟɦɵ ɧɚɤɥɨɧɧɵɯ ɨɬɜɟɪɫɬɢɣ ɢ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɟɣ ɩɪɢ 

m = 1,5 ɢ ɛɨɥɟɟ.  

— Вɩɟɪɜɵɟ ɩɨɥɭɱɟɧɚ ɨɛɨɛɳɚɸɳɚɹ (ɛɚɡɨɜɚɹ) ɡɚɜɢɫɢɦɨɫɬɶ ɞɥɹ ɫɪɟɞɧɟɣ 

ɩɨ ɲɢɪɢɧɟ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɡɚ ɩɚɪɧɵɦɢ ɨɬɜɟɪɫɬɢɹɦɢ 

ɜ ɭɫɥɨɜɢɹɯ ɛɟɡɝɪɚɞɢɟɧɬɧɨɝɨ ɢ ɧɢɡɤɨɬɭɪɛɭɥɟɧɬɧɨɝɨ ɩɨɬɨɤɚ (≈1%). 

— Вɩɟɪɜɵɟ ɩɨɤɚɡɚɧɨ, ɱɬɨ ɞɥɹ ɢɫɫɥɟɞɨɜɚɧɧɵɯ ɭɫɥɨɜɢɣ ɜɧɟɲɧɹɹ 

ɬɭɪɛɭɥɟɧɬɧɨɫɬɶ (ɞɨ 7%) ɨɤɚɡɵɜɚɟɬ ɧɟɡɧɚɱɢɬɟɥɶɧɨɟ ɜɥɢɹɧɢɟ ɧɚ 

ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ. ɍɫɤɨɪɟɧɢɟ ɩɨɬɨɤɚ ɫɧɢɠɚɟɬ 

ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɞɨ 25% (m = 0,5); ɨɛɨɛɳɟɧɢɟɦ 

ɨɩɵɬɧɵɯ ɞɚɧɧɵɯ ɩɨɥɭɱɟɧɚ ɫɬɟɩɟɧɧɚɹ ɡɚɜɢɫɢɦɨɫɬɶ ɞɥɹ ɮɚɤɬɨɪɚ ɭɫɤɨɪɟɧɢɹ. 

— Вɩɟɪɜɵɟ ɞɥɹ ɛɟɡɝɪɚɞɢɟɧɬɧɨɝɨ ɢ ɧɢɡɤɨɬɭɪɛɭɥɟɧɬɧɨɝɨ ɩɨɬɨɤɚ 

ɩɨɥɭɱɟɧɵ ɡɚɜɢɫɢɦɨɫɬɢ, ɯɚɪɚɤɬɟɪɢɡɭɸɳɢɟ ɢɡɦɟɧɟɧɢɟ ɫɬɟɩɟɧɢ 

ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɢ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɩɨ ɞɥɢɧɟ 

ɩɥɚɫɬɢɧɵ. ɉɨɤɚɡɚɧɨ, ɱɬɨ ɜɧɟɲɧɹɹ ɬɭɪɛɭɥɟɧɬɧɨɫɬɶ ɢ ɭɫɤɨɪɟɧɢɟ ɩɨɬɨɤɚ 

ɭɜɟɥɢɱɢɜɚɸɬ ɫɬɟɩɟɧɶ ɩɨɩɟɪɟɱɧɨɣ ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɢ ɨɯɥɚɠɞɟɧɢɹ ɩɨɜɟɪɯɧɨɫɬɢ. 

— ɇɚ ɨɫɧɨɜɟ ɫɪɚɜɧɟɧɢɹ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɢ ɪɚɫɱɟɬɧɵɯ ɞɚɧɧɵɯ 

ɩɨɤɚɡɚɧɨ, ɱɬɨ ɩɪɢ ɧɢɡɤɨɦ ɩɚɪɚɦɟɬɪɟ ɜɞɭɜɚ (m = 0,5) ɜɫɟ ɪɚɫɫɦɨɬɪɟɧɧɵɟ ɜ 

ɪɚɛɨɬɟ ɦɨɞɟɥɢ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ (k-ε, RNG k-ε, k-ω, SST k-ω, LLR RSM, SSG RSM) 

ɩɨɤɚɡɵɜɚɸɬ ɭɞɨɜɥɟɬɜɨɪɢɬɟɥɶɧɨɟ ɩɪɢɛɥɢɠɟɧɢɟ ɤ ɩɨɥɭɱɟɧɧɵɦ ɜ ɪɚɛɨɬɟ 
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ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦ ɞɚɧɧɵɦ, ɩɪɢ ɷɬɨɦ ɥɭɱɲɢɟ ɪɟɡɭɥɶɬɚɬɵ ɞɟɦɨɧɫɬɪɢɪɭɟɬ k-ε 

ɦɨɞɟɥɶ. ɋ ɭɜɟɥɢɱɟɧɢɟɦ ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ ɜɫɟ ɦɨɞɟɥɢ ɩɨɤɚɡɵɜɚɸɬ ɡɚɜɵɲɟɧɧɵɟ 

(ɞɨ 40%) ɪɟɡɭɥɶɬɚɬɵ ɧɚ ɭɱɚɫɬɤɟ (x/d < 10…20). Эɬɨ ɫɜɢɞɟɬɟɥɶɫɬɜɭɟɬ ɨ 

ɞɨɫɬɚɬɨɱɧɨ ɛɨɥɶɲɢɯ ɩɨɝɪɟɲɧɨɫɬɹɯ ɤɨɦɩɶɸɬɟɪɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ 

ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɩɪɢ m = 1,0 ɢ ɛɨɥɟɟ. 

— Вɩɟɪɜɵɟ ɧɚ ɨɫɧɨɜɟ ɤɨɦɩɶɸɬɟɪɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɢ ɩɨɜɟɪɯɧɨɫɬɧɨɣ 

ɜɢɡɭɚɥɢɡɚɰɢɢ ɩɨɬɨɤɚ ɩɨɤɚɡɚɧɨ, ɱɬɨ ɭɜɟɥɢɱɟɧɢɟ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ 

ɨɯɥɚɠɞɟɧɢɹ ɩɪɢ ɦɚɥɵɯ ɢ ɭɦɟɪɟɧɧɵɯ ɩɚɪɚɦɟɬɪɚɯ ɜɞɭɜɚ ɨɛɭɫɥɨɜɥɟɧɨ 

ɮɨɪɦɢɪɨɜɚɧɢɟɦ ɚɧɬɢɩɨɱɟɱɧɨɣ ɜɢɯɪɟɜɨɣ ɫɬɪɭɤɬɭɪɵ ɫ ɩɨɩɟɪɟɱɧɵɦ ɪɚɫɬɟɤɚɧɢɟɦ 

ɨɯɥɚɞɢɬɟɥɹ, ɱɬɨ ɩɪɟɩɹɬɫɬɜɭɟɬ ɩɨɫɬɭɩɥɟɧɢɸ ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɚ ɤ ɫɬɟɧɤɟ. 

— Вɩɟɪɜɵɟ ɩɨɤɚɡɚɧɨ, ɱɬɨ ɩɪɢ ɡɚɞɚɧɧɵɯ ɡɧɚɱɟɧɢɹɯ ɭɝɥɨɜ ɩɨɞɚɱɢ 

ɨɯɥɚɞɢɬɟɥɹ β1 ɢ β2 ɩɨɩɟɪɟɱɧɨɟ ɪɚɫɫɬɨɹɧɢɟ ɦɟɠɞɭ ɨɬɜɟɪɫɬɢɹɦɢ ɩɟɪɜɨɝɨ ɢ 

ɜɬɨɪɨɝɨ ɪɹɞɚ Δ ɨɤɚɡɵɜɚɟɬ ɡɧɚɱɢɬɟɥɶɧɨɟ ɜɥɢɹɧɢɟ ɧɚ ɷɮɮɟɤɬɢɜɧɨɫɬɶ 

ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ, ɤɨɬɨɪɚɹ ɢɡɦɟɧɹɟɬɫɹ ɩɨ ɤɪɢɜɨɣ ɫ ɦɚɤɫɢɦɭɦɨɦ. 

Вɩɟɪɜɵɟ ɩɨɥɭɱɟɧɨ ɭɪɚɜɧɟɧɢɟ ɞɥɹ ɨɩɬɢɦɚɥɶɧɨɝɨ ɡɧɚɱɟɧɢɹ ɩɚɪɚɦɟɬɪɚ Δ/d, 

ɨɛɟɫɩɟɱɢɜɚɸɳɟɝɨ ɦɚɤɫɢɦɚɥɶɧɭɸ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɨɯɥɚɠɞɟɧɢɹ. 

ɉɪɚɤɬɢɱɟɫɤɨɟ ɡɧɚɱɟɧɢɟ ɩɨɥɭɱɟɧɧɵɯ ɪɟɡɭɥɶɬɚɬɨɜ. ɉɨɥɭɱɟɧɧɵɟ ɜ 

ɞɢɫɫɟɪɬɚɰɢɨɧɧɨɣ ɪɚɛɨɬɟ ɪɟɡɭɥɶɬɚɬɵ ɦɨɝɭɬ ɢɫɩɨɥɶɡɨɜɚɬɶɫɹ ɩɪɢ ɪɚɫɱɟɬɚɯ 

ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɡɚ ɩɚɪɧɵɦɢ ɨɬɜɟɪɫɬɢɹɦɢ, ɤɚɤ ɩɪɢ 

ɛɟɡɝɪɚɞɢɟɧɬɧɨɦ ɬɟɱɟɧɢɢ, ɬɚɤ ɢ ɜ ɭɫɥɨɜɢɹɯ ɜɧɟɲɧɟɣ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɢ 

ɭɫɤɨɪɟɧɢɹ ɩɨɬɨɤɚ. ɉɪɢ ɤɨɦɩɶɸɬɟɪɧɨɦ ɦɨɞɟɥɢɪɨɜɚɧɢɢ ɩɥɟɧɨɱɧɨɝɨ 

ɨɯɥɚɠɞɟɧɢɹ ɫ ɩɨɞɚɱɟɣ ɨɯɥɚɞɢɬɟɥɹ ɱɟɪɟɡ ɩɚɪɧɵɟ ɨɬɜɟɪɫɬɢɹ ɩɪɢ 

ɛɟɡɝɪɚɞɢɟɧɬɧɨɦ ɢ ɧɢɡɤɨɬɭɪɛɭɥɟɧɬɧɨɦ ɩɨɬɨɤɟ ɢ ɦɚɥɵɯ ɩɚɪɚɦɟɬɪɚɯ ɜɞɭɜɚ 

(m = 0,5) ɦɨɠɧɨ ɪɟɤɨɦɟɧɞɨɜɚɬɶ ɢɫɩɨɥɶɡɨɜɚɧɢɟ k-ε ɦɨɞɟɥɢ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ, 

ɤɨɬɨɪɚɹ ɨɛɟɫɩɟɱɢɜɚɟɬ ɧɚɢɥɭɱɲɟɟ ɩɪɢɛɥɢɠɟɧɢɟ ɤ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦ 

ɞɚɧɧɵɦ, ɩɨɥɭɱɟɧɧɵɦ ɜ ɪɚɛɨɬɟ. 

Ɋɟɡɭɥɶɬɚɬɵ, ɩɨɥɭɱɟɧɧɵɟ ɜ ɞɢɫɫɟɪɬɚɰɢɢ, ɧɚɲɥɢ ɩɪɢɦɟɧɟɧɢɟ ɩɪɢ 

ɪɚɡɪɚɛɨɬɤɟ ɦɟɬɨɞɢɤɢ ɪɚɫɱɟɬɚ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ 

ɫɨɩɥɨɜɵɯ ɥɨɩɚɬɨɤ ɜɵɫɨɤɨɬɟɦɩɟɪɚɬɭɪɧɵɯ ȽɌȾ ɞɥɹ «ɇɉɄȽ «Ɂɨɪɹ»-

«Ɇɚɲɩɪɨɟɤɬ» (ɫɨɜɦɟɫɬɧɨ ɫ Иɧɫɬɢɬɭɬɨɦ ɬɟɯɧɢɱɟɫɤɨɣ ɬɟɩɥɨɮɢɡɢɤɢ ɇȺɇɍ, 
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ɚɤɬ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɨɬ 16.01.2015 ɝ., ɚɤɬ ɜɧɟɞɪɟɧɢɹ ɨɬ 15.11.2013 ɝ.), ɚ ɬɚɤɠɟ 

ɜ ɭɱɟɛɧɨɦ ɩɪɨɰɟɫɫɟ ɩɪɢ ɩɨɞɝɨɬɨɜɤɟ ɫɬɭɞɟɧɬɨɜ Ɏɢɡɢɤɨ-ɬɟɯɧɢɱɟɫɤɨɝɨ 

ɢɧɫɬɢɬɭɬɚ ɇɌɍɍ «ɄɉИ» ɩɨ ɧɚɩɪɚɜɥɟɧɢɸ «ɉɪɢɤɥɚɞɧɚɹ ɮɢɡɢɤɚ» 

(ɫɩɟɰɢɚɥɢɡɚɰɢɹ «Ɏɢɡɢɤɚ ɷɧɟɪɝɟɬɢɱɟɫɤɢɯ ɫɢɫɬɟɦ ɢ ɧɨɜɟɣɲɢɯ ɢɫɬɨɱɧɢɤɨɜ 

ɷɧɟɪɝɢɢ», ɚɤɬ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɨɬ 27.01.2015 ɝ.). 

Ʌɢɱɧɵɣ ɜɤɥɚɞ ɫɨɢɫɤɚɬɟɥɹ. ɋɨɢɫɤɚɬɟɥɟɦ ɫɨɡɞɚɧ ɢ ɫɦɨɧɬɢɪɨɜɚɧ 

ɪɚɛɨɱɢɣ ɭɱɚɫɬɨɤ ɞɥɹ ɢɫɫɥɟɞɨɜɚɧɢɹ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ 

ɩɥɨɫɤɨɣ ɩɥɚɫɬɢɧɵ ɩɪɢ ɩɨɞɚɱɟ ɨɯɥɚɞɢɬɟɥɹ ɱɟɪɟɡ ɩɚɪɧɵɟ ɨɬɜɟɪɫɬɢɹ, 

ɨɛɨɫɧɨɜɚɧɵ ɟɝɨ ɝɟɨɦɟɬɪɢɱɟɫɤɢɟ ɪɚɡɦɟɪɵ, ɫɨɡɞɚɧɵ ɭɱɚɫɬɤɢ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɢ 

ɭɫɤɨɪɟɧɢɹ ɩɨɬɨɤɚ. ɉɪɨɜɟɞɟɧɨ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɟ ɢɫɫɥɟɞɨɜɚɧɢɟ ɫɬɪɭɤɬɭɪɵ 

ɩɨɜɟɪɯɧɨɫɬɧɵɯ ɥɢɧɢɣ ɬɨɤɚ, ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ, 

ɜɵɩɨɥɧɟɧ ɚɧɚɥɢɡ ɩɨɥɭɱɟɧɧɵɯ ɪɟɡɭɥɶɬɚɬɨɜ, ɩɨɥɭɱɟɧɵ ɨɛɨɛɳɚɸɳɢɟ 

ɡɚɜɢɫɢɦɨɫɬɢ, ɫɞɟɥɚɧɨ ɫɪɚɜɧɟɧɢɟ ɩɨɥɭɱɟɧɧɵɯ ɪɟɡɭɥɶɬɚɬɨɜ ɫ ɬɪɚɞɢɰɢɨɧɧɨɣ ɢ 

ɩɟɪɫɩɟɤɬɢɜɧɵɦɢ ɤɨɧɮɢɝɭɪɚɰɢɹɦɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ. ɋ ɩɨɦɨɳɶɸ 

ɩɪɨɝɪɚɦɦɧɨɝɨ ɤɨɦɩɥɟɤɫɚ ANSYS CFX ɫɪɚɜɧɟɧɢɟɦ ɫ ɫɨɛɫɬɜɟɧɧɵɦɢ 

ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦɢ ɞɚɧɧɵɦɢ ɨɩɪɟɞɟɥɟɧɵ ɚɞɟɤɜɚɬɧɵɟ ɦɨɞɟɥɢ 

ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ, ɢɡɭɱɟɧɚ ɜɢɯɪɟɜɚɹ ɫɬɪɭɤɬɭɪɚ ɩɪɢ ɫɦɟɲɟɧɢɢ ɨɫɧɨɜɧɨɝɨ ɢ 

ɜɞɭɜɚɟɦɨɝɨ ɩɨɬɨɤɨɜ, ɨɩɪɟɞɟɥɟɧɵ ɨɩɬɢɦɚɥɶɧɨɟ ɪɚɫɫɬɨɹɧɢɟ ɦɟɠɞɭ 

ɨɬɜɟɪɫɬɢɹɦɢ Δ ɢ ɮɢɡɢɱɟɫɤɢɟ ɮɚɤɬɨɪɵ, ɯɚɪɚɤɬɟɪɢɡɭɸɳɢɟ ɷɮɮɟɤɬɢɜɧɨɫɬɶ 

ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ. 

Аɩɪɨɛɚɰɢɹ ɪɟɡɭɥɶɬɚɬɨɜ ɞɢɫɫɟɪɬɚɰɢɨɧɧɨɣ ɪɚɛɨɬɵ. Ɉɫɧɨɜɧɵɟ 

ɪɟɡɭɥɶɬɚɬɵ ɪɚɛɨɬɵ ɨɛɫɭɠɞɚɥɢɫɶ ɢ ɩɨɥɭɱɢɥɢ ɨɞɨɛɪɟɧɢɟ ɧɚ VІII ɢ IX  

Ɇɟɠɞɭɧɚɪɨɞɧɵɯ ɤɨɧɮɟɪɟɧɰɢɹɯ «ɉɪɨɛɥɟɦɵ ɩɪɨɦɵɲɥɟɧɧɨɣ ɬɟɩɥɨɬɟɯɧɢɤɢ» 

(Ʉɢɟɜ, 2013 ɢ 2015), Б ɢ БI Ɇɟɠɞɭɧɚɪɨɞɧɵɯ ɧɚɭɱɧɨ-ɬɟɯɧɢɱɟɫɤɢɯ 

ɤɨɧɮɟɪɟɧɰɢɹɯ «ɉɪɨɛɥɟɦɵ ɷɧɟɪɝɨɫɛɟɪɟɠɟɧɢɹ ɢ ɩɭɬɢ ɢɯ ɪɟɲɟɧɢɹ» (ɏɚɪɶɤɨɜ, 

2014 ɢ 2015), БII ɢ БIII Вɫɟɭɤɪɚɢɧɫɤɢɯ ɧɚɭɱɧɨ-ɩɪɚɤɬɢɱɟɫɤɢɯ ɤɨɧɮɟɪɟɧɰɢɹɯ 

ɫɬɭɞɟɧɬɨɜ, ɚɫɩɢɪɚɧɬɨɜ ɢ ɦɨɥɨɞɵɯ ɭɱɟɧɵɯ «Ɍɟɨɪɟɬɢɱɟɫɤɢɟ ɢ ɩɪɢɤɥɚɞɧɵɟ 

ɩɪɨɛɥɟɦɵ ɮɢɡɢɤɢ, ɦɚɬɟɦɚɬɢɤɢ ɢ ɢɧɮɨɪɦɚɬɢɤɢ» (Ʉɢɟɜ, ɇɌɍɍ «ɄɉИ», 2014 ɢ 

2015), ɏIБ ɢ ɏɏ Ɇɟɠɞɭɧɚɪɨɞɧɵɯ ɤɨɧɝɪɟɫɫɚɯ ɞɜɢɝɚɬɟɥɟɫɬɪɨɢɬɟɥɟɣ 

(ɩɝɬ Ʉɨɛɥɟɜɨ, 2014 ɢ 2015), δɏI ɇɚɭɱɧɨ-ɬɟɯɧɢɱɟɫɤɨɣ ɫɟɫɫɢɢ ɊȺɇ ɩɨ 
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ɩɪɨɛɥɟɦɚɦ ɝɚɡɨɜɵɯ ɬɭɪɛɢɧ ɢ ɩɚɪɨɝɚɡɨɜɵɯ ɭɫɬɚɧɨɜɨɤ «ɇɚɭɱɧɵɟ ɢ 

ɩɪɚɤɬɢɱɟɫɤɢɟ ɩɪɨɛɥɟɦɵ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɞɨɫɬɢɠɟɧɢɣ ɚɜɢɚɞɜɢɝɚɬɟɥɟɫɬɪɨɟɧɢɹ ɜ 

ɧɚɡɟɦɧɵɯ ȽɌɍ» (ɉɟɪɦɶ, Ɋɨɫɫɢɹ, 2014), Вɫɟɪɨɫɫɢɣɫɤɨɣ ɲɤɨɥɟ-ɤɨɧɮɟɪɟɧɰɢɢ 

ɦɨɥɨɞɵɯ ɭɱɺɧɵɯ ɫ ɦɟɠɞɭɧɚɪɨɞɧɵɦ ɭɱɚɫɬɢɟɦ «Ⱥɤɬɭɚɥɶɧɵɟ ɜɨɩɪɨɫɵ 

ɬɟɩɥɨɮɢɡɢɤɢ ɢ ɮɢɡɢɱɟɫɤɨɣ ɝɢɞɪɨɝɚɡɨɞɢɧɚɦɢɤɢ» (ɇɨɜɨɫɢɛɢɪɫɤ, Ɋɨɫɫɢɹ, 

2014), ɒɟɫɬɨɣ Ɋɨɫɫɢɣɫɤɨɣ ɧɚɰɢɨɧɚɥɶɧɨɣ ɤɨɧɮɟɪɟɧɰɢɢ ɩɨ ɬɟɩɥɨɨɛɦɟɧɭ 

(ɊɇɄɌ-6) (Ɇɨɫɤɜɚ, Ɋɨɫɫɢɹ, 2014), БIII Ɇɟɠɞɭɧɚɪɨɞɧɨɣ ɧɚɭɱɧɨ-ɩɪɚɤɬɢɱɟɫɤɨɣ 

ɤɨɧɮɟɪɟɧɰɢɢ ɚɫɩɢɪɚɧɬɨɜ, ɦɚɝɢɫɬɪɚɧɬɨɜ, ɫɬɭɞɟɧɬɨɜ «ɋɨɜɪɟɦɟɧɧɵɟ ɩɪɨɛɥɟɦɵ 

ɧɚɭɱɧɨɝɨ ɨɛɟɫɩɟɱɟɧɢɹ ɷɧɟɪɝɟɬɢɤɢ» (Ʉɢɟɜ, 2015), БV Ɇɟɠɞɭɧɚɪɨɞɧɨɣ 

ɧɚɭɱɧɨ-ɩɪɚɤɬɢɱɟɫɤɨɣ ɤɨɧɮɟɪɟɧɰɢɢ ɦɨɥɨɞɵɯ ɭɱɟɧɵɯ ɢ ɫɬɭɞɟɧɬɨɜ "ɉɨɥɟɬ. 

ɋɨɜɪɟɦɟɧɧɵɟ ɩɪɨɛɥɟɦɵ ɧɚɭɤɢ" (Ʉɢɟɜ, 2015), ɉɹɬɨɣ ɦɟɠɞɭɧɚɪɨɞɧɨɣ 

ɤɨɧɮɟɪɟɧɰɢɢ «Ɍɟɩɥɨɦɚɫɫɨɨɛɦɟɧ ɢ ɝɢɞɪɨɞɢɧɚɦɢɤɚ ɜ ɡɚɤɪɭɱɟɧɧɵɯ ɩɨɬɨɤɚɯ» 

(Ʉɚɡɚɧɶ, Ɋɨɫɫɢɹ, 2015). 

В 2015 ɝ. ɪɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢɣ ɭɞɨɫɬɨɟɧɵ Ƚɪɚɦɨɬɵ ɉɪɟɡɢɞɢɭɦɚ 

ɇȺɇ ɍɤɪɚɢɧɵ ɧɚ ɤɨɧɤɭɪɫɟ ɧɚɭɱɧɵɯ ɪɚɛɨɬ ɫɬɭɞɟɧɬɨɜ ɢ ɦɨɥɨɞɵɯ ɭɱɟɧɵɯ 

ɇȺɇ ɍɤɪɚɢɧɵ (Ɉɬɞɟɥɟɧɢɟ ɮɢɡɢɤɨ-ɬɟɯɧɢɱɟɫɤɢɯ ɩɪɨɛɥɟɦ ɷɧɟɪɝɟɬɢɤɢ). 

ɉɭɛɥɢɤɚɰɢɢ. Ɉɫɧɨɜɧɵɟ ɩɨɥɨɠɟɧɢɹ ɢ ɧɚɭɱɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɢɡɥɨɠɟɧɵ ɜ 

21 ɩɭɛɥɢɤɚɰɢɢ ɧɚɭɱɧɵɯ ɪɚɛɨɬ, ɜ ɢɯ ɱɢɫɥɟμ 6 ɫɬɚɬɟɣ ɜ ɧɚɭɱɧɵɯ 

ɫɩɟɰɢɚɥɢɡɢɪɨɜɚɧɧɵɯ ɢɡɞɚɧɢɹɯ ɍɤɪɚɢɧɵ, ɩɟɪɟɱɟɧɶ ɤɨɬɨɪɵɯ ɭɬɜɟɪɠɞɟɧ ɆɈɇ 

ɍɤɪɚɢɧɵ; 3 ɫɬɚɬɶɢ ɜ ɡɚɪɭɛɟɠɧɵɯ ɢɡɞɚɧɢɹɯ (Ɋɨɫɫɢɣɫɤɚɹ Ɏɟɞɟɪɚɰɢɹ); ɢɡ 

ɨɩɭɛɥɢɤɨɜɚɧɧɵɯ ɫɬɚɬɟɣ 7 ɩɪɟɞɫɬɚɜɥɟɧɵ ɜ ɢɡɞɚɧɢɹɯ, ɤɨɬɨɪɵɟ ɜɤɥɸɱɟɧɵ ɜ 

ɦɟɠɞɭɧɚɪɨɞɧɵɟ ɧɚɭɤɨɦɟɬɪɢɱɟɫɤɢɟ ɛɚɡɵ ɞɚɧɧɵɯ (SCOPUS, Web of Science, 

Index Copernicus, Scholar, INSPEC, UХЫТМС'Ь PОЫТШНТМКХЬ DТЫОМЭШЫв, ɊИɇɐ); 

ɨɩɭɛɥɢɤɨɜɚɧɨ 12 ɬɟɡɢɫɨɜ ɞɨɤɥɚɞɨɜ ɜ ɫɛɨɪɧɢɤɚɯ ɦɚɬɟɪɢɚɥɨɜ ɧɚɭɱɧɨ-

ɬɟɯɧɢɱɟɫɤɢɯ ɤɨɧɮɟɪɟɧɰɢɣ. 

ɋɬɪɭɤɬɭɪɚ ɞɢɫɫɟɪɬɚɰɢɢ. Ⱦɢɫɫɟɪɬɚɰɢɨɧɧɚɹ ɪɚɛɨɬɚ ɫɨɫɬɨɢɬ ɢɡ 

ɜɜɟɞɟɧɢɹ, ɬɪɟɯ ɪɚɡɞɟɥɨɜ, ɜɵɜɨɞɨɜ ɢ ɩɹɬɢ ɩɪɢɥɨɠɟɧɢɣ. Ɉɛɳɢɣ ɨɛɴɟɦ ɪɚɛɨɬɵ 

ɫɨɫɬɚɜɥɹɟɬ 151 ɫɬɪɚɧɢɰɭ, ɢɡ ɤɨɬɨɪɵɯ 67 ɫɬɪɚɧɢɰ ɡɚɧɢɦɚɸɬ ɪɢɫɭɧɤɢ ɢ 

ɬɚɛɥɢɰɵ (ɜɫɟɝɨ 74 ɪɢɫɭɧɤɚ ɢ 12 ɬɚɛɥɢɰ), 28 ɫɬɪɚɧɢɰ — ɩɪɢɥɨɠɟɧɢɹ,  

14 ɫɬɪɚɧɢɰ — ɫɩɢɫɨɤ ɢɫɩɨɥɶɡɨɜɚɧɧɵɯ ɢɫɬɨɱɧɢɤɨɜ (118 ɧɚɢɦɟɧɨɜɚɧɢɣ). 
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ɊАɁȾȿɅ 1 АɄɌɍАɅɖɇɈɋɌɖ ВɈɉɊɈɋА, ɐȿɅɖ ɂ ɁАȾАЧɂ 

ɂɋɋɅȿȾɈВАɇɂЯ 

 

В ɪɚɡɞɟɥɟ 1 ɜɵɩɨɥɧɟɧ ɚɧɚɥɢɡ ɫɨɜɪɟɦɟɧɧɨɝɨ ɫɨɫɬɨɹɧɢɹ ɢɫɫɥɟɞɨɜɚɧɢɣ 

ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɩɥɨɫɤɨɣ ɩɥɚɫɬɢɧɵ ɢ ɥɨɩɚɬɨɤ ɝɚɡɨɜɵɯ 

ɬɭɪɛɢɧ, ɨɩɪɟɞɟɥɟɧ ɤɪɭɝ ɧɟɪɟɲɟɧɧɵɯ ɧɚ ɫɟɝɨɞɧɹɲɧɢɣ ɞɟɧɶ ɡɚɞɚɱ. 

Ɋɚɫɫɦɨɬɪɟɧɵ ɨɫɧɨɜɧɵɟ ɫɩɨɫɨɛɵ ɨɪɝɚɧɢɡɚɰɢɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɢ 

ɜɥɢɹɧɢɟ ɪɚɡɥɢɱɧɵɯ ɮɚɤɬɨɪɨɜ ɧɚ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ 

ɩɥɨɫɤɨɣ ɩɥɚɫɬɢɧɵ. ɉɪɨɜɟɞɟɧ ɩɨɢɫɤ ɧɨɜɵɯ ɪɟɲɟɧɢɣ ɜ ɨɛɥɚɫɬɢ ɩɥɟɧɨɱɧɨɝɨ 

ɨɯɥɚɠɞɟɧɢɹ ɢ ɜɵɛɪɚɧɨ ɧɚɩɪɚɜɥɟɧɢɟ ɢɫɫɥɟɞɨɜɚɧɢɹ. 

 

1.1 Ɉɫɧɨɜɧɵɟ ɧɚɩɪɚɜɥɟɧɢɹ ɪɚɡɜɢɬɢɹ ɝɚɡɨɬɭɪɛɨɫɬɪɨɟɧɢɹ 

В ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ȽɌɍ ɢ ȽɌȾ ɲɢɪɨɤɨ ɢɫɩɨɥɶɡɭɸɬɫɹ ɜ ɷɧɟɪɝɟɬɢɤɟ, 

ɝɪɚɠɞɚɧɫɤɨɣ ɢ ɜɨɟɧɧɨɣ ɚɜɢɚɰɢɢ, ɫɭɞɨɫɬɪɨɟɧɢɢ, ɩɪɨɦɵɲɥɟɧɧɨɫɬɢ ɢ 

ɝɚɡɨɬɪɚɧɫɩɨɪɬɧɨɣ ɫɢɫɬɟɦɟ. ȽɌɍ ɨɛɥɚɞɚɸɬ ɰɟɥɵɦ ɪɹɞɨɦ ɬɟɯɧɢɤɨ-

ɷɤɨɧɨɦɢɱɟɫɤɢɯ ɩɪɟɢɦɭɳɟɫɬɜμ ɤɨɧɫɬɪɭɤɬɢɜɧɵɦ ɫɨɜɟɪɲɟɧɫɬɜɨɦ, ɲɢɪɨɤɢɦ 

ɞɢɚɩɚɡɨɧɨɦ ɦɨɳɧɨɫɬɟɣ (ɨɬ 2 ɤВɬ ɞɨ 375 ɆВɬ), ɜɵɫɨɤɢɦ ɄɉȾ (ɞɨ 40%), 

ɛɨɥɶɲɢɦɢ ɚɝɪɟɝɚɬɧɵɦɢ ɦɨɳɧɨɫɬɹɦɢ ɩɪɢ ɦɚɥɵɯ ɦɚɫɫɟ ɢ ɝɚɛɚɪɢɬɚɯ, 

ɩɪɢɫɩɨɫɨɛɥɟɧɧɨɫɬɶɸ ɤ ɚɜɬɨɦɚɬɢɡɚɰɢɢ, ɜɵɫɨɤɨɣ ɧɚɞɟɠɧɨɫɬɶɸ ɢ 

ɷɤɨɧɨɦɢɱɧɨɫɬɶɸ, ɧɢɡɤɢɦ ɭɪɨɜɟɧɟɦ ɜɪɟɞɧɵɯ ɜɵɛɪɨɫɨɜ, ɛɨɥɶɲɢɦ ɪɟɫɭɪɫɨɦ, ɚ 

ɬɚɤɠɟ ɧɢɡɤɢɦɢ ɤɚɩɢɬɚɥɶɧɵɦɢ ɡɚɬɪɚɬɚɦɢ ɩɪɢ ɢɡɝɨɬɨɜɥɟɧɢɢ ɨɛɨɪɭɞɨɜɚɧɢɹ ɧɚ 

ɢɯ ɨɫɧɨɜɟ. ɉɨ ɫɨɨɬɧɨɲɟɧɢɸ ɦɨɳɧɨɫɬɶ – ɄɉȾ ɝɚɡɨɜɵɟ ɬɭɪɛɢɧɵ ɩɪɟɜɨɫɯɨɞɹɬ 

ɜɫɟ ɞɪɭɝɢɟ ɬɢɩɵ ɫɨɜɪɟɦɟɧɧɵɯ ɬɟɩɥɨɜɵɯ ɦɚɲɢɧ. Эɬɢ ɩɪɟɢɦɭɳɟɫɬɜɚ 

ɫɩɨɫɨɛɫɬɜɨɜɚɥɢ ɬɨɦɭ, ɱɬɨ ɜ ɩɨɫɥɟɞɧɢɟ ɝɨɞɵ ȽɌɍ ɩɨɥɭɱɚɸɬ ɜɫɟ ɛɨɥɟɟ 

ɲɢɪɨɤɨɟ ɩɪɢɦɟɧɟɧɢɟ ɜ ɪɚɡɥɢɱɧɵɯ ɨɬɪɚɫɥɹɯ. 

Ʌɢɞɟɪɨɦ ɦɟɠɞɭɧɚɪɨɞɧɨɝɨ ɪɵɧɤɚ ɝɚɡɨɜɵɯ ɬɭɪɛɢɧ ɹɜɥɹɟɬɫɹ ɤɨɦɩɚɧɢɹ 

«GОЧОЫКХ EХОМЭЫТМ» (ɋɒȺ) – ɤɪɭɩɧɟɣɲɢɣ ɦɢɪɨɜɨɣ ɩɪɨɢɡɜɨɞɢɬɟɥɶ 

ɚɜɢɚɰɢɨɧɧɵɯ, ɧɚɡɟɦɧɵɯ ɢ ɦɨɪɫɤɢɯ ȽɌȾ. Ɍɚɤɠɟ, ɫɪɟɞɢ ɜɟɞɭɳɢɯ ɦɢɪɨɜɵɯ 

ɩɪɨɢɡɜɨɞɢɬɟɥɟɣ ȽɌȾ ɦɨɠɧɨ ɨɬɦɟɬɢɬɶ «PЫКЭЭ &  АСТЭЧОв», «SШХКЫ» ɢ 

«HШЧОваОХХ» (ɋɒȺ), «Kawasaki» ɢ «Mitsubishi» (əɩɨɧɢɹ), «Rolls-RШвМО» 
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(Вɟɥɢɤɨɛɪɢɬɚɧɢɹ), «TЮЫЛШЦОМК» (Ɏɪɚɧɰɢɹ), «SТОЦОЧЬ AG» (Ƚɟɪɦɚɧɢɹ), 

«Alsom ABB» (ɒɜɟɣɰɚɪɢɹ). 

Ɉɫɧɨɜɭ ɢɧɮɪɚɫɬɪɭɤɬɭɪɵ ɭɤɪɚɢɧɫɤɨɝɨ ɝɚɡɨɬɭɪɛɨɫɬɪɨɟɧɢɹ ɫɨɫɬɚɜɥɹɸɬ 

ɩɹɬɶ ɩɪɟɞɩɪɢɹɬɢɣ – ɤɨɦɩɥɟɤɫ Ƚɉ «ɁεɄȻ «ɉɪɨɝɪɟɫɫ» ɢɦ. Ⱥ.Ƚ. Иɜɱɟɧɤɨ» ɢ 

ɈȺɈ «Ɇɨɬɨɪ ɋɢɱ» (ɝ.Ɂɚɩɨɪɨɠɶɟ), Ƚɉ ɇɉɄȽ «Ɂɨɪɹ – Ɇɚɲɩɪɨɟɤɬ» 

(ɝ.ɇɢɤɨɥɚɟɜ), ɈȺɈ «Ɍɭɪɛɨɚɬɨɦ» (ɝ.ɏɚɪɶɤɨɜ), ɈȺɈ «ɋɭɦɫɤɨɟ ɇɉɈ ɢɦ. 

Ɇ.В.Ɏɪɭɧɡɟ» (ɝ.ɋɭɦɵ) ɢ ɈȺɈ «Ʉɪɢɜɨɪɨɠɫɤɢɣ ɬɭɪɛɢɧɧɵɣ ɡɚɜɨɞ «Ʉɨɧɫɬɚɪ» 

(ɝ.Ʉɪɢɜɨɣ Ɋɨɝ). Ⱦɜɚ ɩɨɫɥɟɞɧɢɯ ɩɪɟɞɩɪɢɹɬɢɹ ɫɩɟɰɢɚɥɢɡɢɪɭɸɬɫɹ ɜ ɜɵɩɭɫɤɟ 

ɝɚɡɨɩɟɪɟɤɚɱɢɜɚɸɳɢɯ ɚɝɪɟɝɚɬɨɜ. В ɢɧɮɪɚɫɬɪɭɤɬɭɪɭ ɭɤɪɚɢɧɫɤɨɝɨ 

ɝɚɡɚɬɭɛɨɫɬɪɨɟɧɢɹ ɬɚɤɠɟ ɜɯɨɞɹɬ ɢɧɫɬɢɬɭɬɵ ɇɚɰɢɨɧɚɥɶɧɨɣ ɚɤɚɞɟɦɢɢ ɧɚɭɤ 

ɍɤɪɚɢɧɵ, ɢɡɭɱɚɸɳɢɟ ɜɨɩɪɨɫɵ ɦɚɬɟɪɢɚɥɨɜɟɞɟɧɢɹ, ɨɛɪɚɛɨɬɤɢ ɢ ɫɜɚɪɤɢ 

ɦɟɬɚɥɥɨɜ, ɩɪɨɱɧɨɫɬɢ ɢ ɧɚɞɟɠɧɨɫɬɢ, ɬɟɩɥɨɮɢɡɢɤɢ ɢ ɚɷɪɨɞɢɧɚɦɢɤɢ, 

ɷɥɟɤɬɪɨɞɢɧɚɦɢɤɢ, ɯɢɦɢɢ ɬɨɩɥɢɜ ɢ ɬ.ɞ. 

В ɨɫɧɨɜɟ ɪɚɛɨɬɵ ȽɌɍ ɥɟɠɚɬ ɢɞɟɚɥɶɧɵɟ ɰɢɤɥɵ, ɫɨɫɬɨɹɳɢɟ ɢɡ 

ɩɪɨɫɬɟɣɲɢɯ ɬɟɪɦɨɞɢɧɚɦɢɱɟɫɤɢɯ ɩɪɨɰɟɫɫɨɜ. Ʉ ɱɢɫɥɭ ɜɨɡɦɨɠɧɵɯ ɢɞɟɚɥɶɧɵɯ 

ɰɢɤɥɨɜ ȽɌɍ ɨɬɧɨɫɹɬμ ɰɢɤɥ ɫ ɩɨɞɜɨɞɨɦ ɬɟɩɥɨɬɵ ɩɪɢ ɩɨɫɬɨɹɧɧɨɦ ɞɚɜɥɟɧɢɢ 

p=const, ɰɢɤɥ ɫ ɩɨɞɜɨɞɨɦ ɬɟɩɥɨɬɵ ɩɪɢ ɩɨɫɬɨɹɧɧɨɦ ɨɛɴɟɦɟ v=const ɢ 

ɫɥɨɠɧɵɟ ɬɟɪɦɨɞɢɧɚɦɢɱɟɫɤɢɟ ɰɢɤɥɵ Д1]. 

ɇɚɢɛɨɥɶɲɟɟ ɩɪɢɦɟɧɟɧɢɟ ɜ ɫɨɜɪɟɦɟɧɧɨɦ ɝɚɡɨɬɭɪɛɨɫɬɪɨɟɧɢɢ ɩɨɥɭɱɢɥ 

ɰɢɤɥ Ȼɪɚɣɬɨɧɚ ɫ ɩɨɞɜɨɞɨɦ ɬɟɩɥɨɬɵ ɩɪɢ ɪ=const. 

Ɏɨɪɦɭɥɚ (1.1) ɨɩɢɫɵɜɚɟɬ ɷɮɮɟɤɬɢɜɧɵɣ ɄɉȾ ȽɌȾ (ȽɌɍ), ɪɚɛɨɬɚɸɳɢɯ 

ɩɨ ɰɢɤɥɭ Ȼɪɚɣɬɨɧɚ Д4]: 
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          

    (1.1) 

 
ɝɞɟ   – ɨɛɳɚɹ ɫɬɟɩɟɧɶ ɩɨɜɵɲɟɧɢɹ ɩɨɥɧɨɝɨ ɞɚɜɥɟɧɢɹ ɜ ȽɌȾ,  

*
ɝ ɧT T   – ɫɬɟɩɟɧɶ ɩɨɜɵɲɟɧɢɹ ɬɟɦɩɟɪɚɬɭɪɵ ( *

ɝT  – ɬɟɦɩɟɪɚɬɭɪɚ ɝɚɡɚ ɩɟɪɟɞ 
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ɬɭɪɛɢɧɨɣ, ɧT  – ɬɟɦɩɟɪɚɬɭɪɚ ɧɟɜɨɡɦɭɳɟɧɧɨɝɨ ɩɨɬɨɤɚ ɩɟɪɟɞ ɜɯɨɞɨɦ ɜ 

ɞɜɢɝɚɬɟɥɶ), c  – ɄɉȾ ɩɪɨɰɟɫɫɚ ɫɠɚɬɢɹ, ɪ  – ɄɉȾ ɩɪɨɰɟɫɫɚ ɪɚɫɲɢɪɟɧɢɹ,  

ɟ  – ɤɨɷɮɮɢɰɢɟɧɬ ɭɱɢɬɵɜɚɸɳɢɣ ɪɚɡɥɢɱɢɟ ɦɟɠɞɭ R  ɢ k  ɝɚɡɚ ɢ ɜɨɡɞɭɯɚ. 

Иɡ ɜɵɪɚɠɟɧɢɹ (1.1) ɫɥɟɞɭɟɬ, ɱɬɨ ɷɮɮɟɤɬɢɜɧɵɣ ɄɉȾ ɰɢɤɥɚ Ȼɪɚɣɬɨɧɚ 

ɡɚɜɢɫɢɬ ɨɬ ɫɬɟɩɟɧɢ ɩɨɜɵɲɟɧɢɹ ɬɟɦɩɟɪɚɬɭɪɵ   ɢ ɫɬɟɩɟɧɢ ɩɨɜɵɲɟɧɢɹ ɩɨɥɧɨɝɨ 

ɞɚɜɥɟɧɢɹ  . Вɫɥɟɞɫɬɜɢɟ ɭɦɟɧɶɲɟɧɢɹ ɨɬɧɨɫɢɬɟɥɶɧɨɣ ɞɨɥɢ ɪɚɛɨɬɵ, ɢɞɭɳɟɣ 

ɧɚ ɩɪɟɨɞɨɥɟɧɢɟ ɩɨɬɟɪɶ, ɪɨɫɬ ɜɟɥɢɱɢɧɵ   ɩɪɢɜɨɞɢɬ ɤ ɭɜɟɥɢɱɟɧɢɸ ɄɉȾ 

ɞɟɣɫɬɜɢɬɟɥɶɧɨɝɨ ɰɢɤɥɚ. Ɍɚɤ ɤɚɤ, ɫ ɭɜɟɥɢɱɟɧɢɟɦ   ɜɨɡɪɚɫɬɚɟɬ ɨɬɧɨɫɢɬɟɥɶɧɚɹ 

ɜɟɥɢɱɢɧɚ ɷɧɟɪɝɢɢ, ɡɚɬɪɚɱɢɜɚɟɦɨɣ ɧɚ ɩɪɟɨɞɨɥɟɧɢɟ ɩɨɬɟɪɶ ɩɪɢ ɫɠɚɬɢɢ ɢ 

ɪɚɫɲɢɪɟɧɢɢ ɜ ɪɟɚɥɶɧɨɦ ɰɢɤɥɟ, ɬɨ ɡɚɜɢɫɢɦɨɫɬɶ ( )ɟ f   ɢɦɟɟɬ ɦɚɤɫɢɦɭɦ 

ɩɪɢ const  . Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɱɬɨ ɞɥɹ ɩɨɜɵɲɟɧɢɹ ɄɉȾ ɧɟɨɛɯɨɞɢɦɨ 

ɨɞɧɨɜɪɟɦɟɧɧɨɟ ɩɨɜɵɲɟɧɢɟ ɫɬɟɩɟɧɢ   ɢ  . ɉɨɜɵɲɟɧɢɟ   ɨɫɭɳɟɫɬɜɥɹɟɬɫɹ 

ɩɭɬɟɦ ɩɨɜɵɲɟɧɢɹ ɬɟɦɩɟɪɚɬɭɪɵ ɝɚɡɚ ɩɟɪɟɞ ɬɭɪɛɢɧɨɣ. 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɨɫɧɨɜɧɨɣ ɩɭɬɶ, ɩɨ ɤɨɬɨɪɨɦɭ ɞɜɢɝɚɸɬɫɹ ɪɚɡɪɚɛɨɬɱɢɤɢ 

ȽɌɍ ɢ ȽɌȾ – ɷɬɨ ɨɫɜɨɟɧɢɟ ɜɫɟ ɛɨɥɟɟ ɜɵɫɨɤɢɯ ɬɟɦɩɟɪɚɬɭɪ ɢ ɞɚɜɥɟɧɢɣ ɜ ɰɢɤɥɟ. 

ɇɚ ɪɢɫ. 1.1 ɩɨɤɚɡɚɧɚ ɯɪɨɧɨɥɨɝɢɹ ɩɨɜɵɲɟɧɢɹ ɬɟɦɩɟɪɚɬɭɪɵ ɝɚɡɚ ɩɟɪɟɞ 

ɬɭɪɛɢɧɨɣ ɜ ɧɟɤɨɬɨɪɵɯ ɡɚɪɭɛɟɠɧɵɯ ȽɌȾ. Ⱥɧɚɥɢɡ ɷɬɨɣ ɡɚɜɢɫɢɦɨɫɬɢ ɩɨɡɜɨɥɹɟɬ 

ɩɪɨɝɧɨɡɢɪɨɜɚɬɶ ɬɟɦɩɟɪɚɬɭɪɭ ɝɚɡɚ ɜ ɩɨɫɥɟɞɭɸɳɢɯ ɩɨɤɨɥɟɧɢɹɯ ȽɌȾ. Ɍɚɤ, ɬɟɦɩ 

ɪɨɫɬɚ ɬɟɦɩɟɪɚɬɭɪɵ ɝɚɡɚ ɧɚ ɜɯɨɞɟ ɜ ɬɭɪɛɢɧɭ ɫɨɫɬɚɜɥɹɟɬ ɩɪɢɛɥɢɡɢɬɟɥɶɧɨ 10 °ɋ 

ɜ ɝɨɞ. ɋɟɝɨɞɧɹ ɬɟɦɩɟɪɚɬɭɪɚ ɝɚɡɚ ɧɚ ɜɯɨɞɟ ɜ ɬɭɪɛɢɧɭ ɜ ɫɬɚɰɢɨɧɚɪɧɵɯ ȽɌɍ 

ɞɨɫɬɢɝɚɟɬ 1500–1600°C. Ʉɚɤ ɫɥɟɞɭɟɬ ɢɡ ɪɢɫ. 1.1, ɜ ɫɬɚɰɢɨɧɚɪɧɵɯ ɢ 

ɚɜɢɚɰɢɨɧɧɵɯ ȽɌȾ ɨɧɢ ɩɨɫɬɟɩɟɧɧɨ ɫɛɥɢɠɚɸɬɫɹ, ɯɨɬɹ ɜ 70-80-ɟ ɝɨɞɵ 

ɫɬɚɰɢɨɧɚɪɧɵɟ ȽɌɍ ɩɨ ɷɬɢɦ ɩɨɤɚɡɚɬɟɥɹɦ ɡɧɚɱɢɬɟɥɶɧɨ ɭɫɬɭɩɚɥɢ ɚɜɢɚɰɢɨɧɧɵɦ.  

Ɋɚɛɨɬɵ ɩɨ ɩɨɜɵɲɟɧɢɸ ɬɟɦɩɟɪɚɬɭɪɵ ɝɚɡɚ ɩɟɪɟɞ ɬɭɪɛɢɧɨɣ ɜɟɞɭɬɫɹ ɜ 

ɧɟɫɤɨɥɶɤɢɯ ɧɚɩɪɚɜɥɟɧɢɹɯ. Вɨ-ɩɟɪɜɵɯ, ɷɬɨ ɫɨɡɞɚɧɢɟ ɧɨɜɵɯ ɦɟɬɚɥɥɢɱɟɫɤɢɯ 

ɫɩɥɚɜɨɜ ɫ ɠɚɪɨɩɪɨɱɧɵɦɢ ɢ ɠɚɪɨɫɬɨɣɤɢɦɢ ɫɜɨɣɫɬɜɚɦɢ, ɥɭɱɲɢɦɢ, ɱɟɦ ɭ 

ɩɪɢɦɟɧɹɟɦɵɯ ɜ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ. Ɍɚɤɠɟ, ɪɚɡɪɚɛɨɬɤɚ ɤɟɪɚɦɢɱɟɫɤɢɯ ɢ 

ɫɩɟɱɟɧɧɵɯ ɦɚɬɟɪɢɚɥɨɜ, ɩɪɢɦɟɧɟɧɢɟ ɧɨɜɵɯ ɥɢɬɟɣɧɵɯ ɬɟɯɧɨɥɨɝɢɣ – 
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Ɋɢɫɭɧɨɤ 1.1 – ɉɨɜɵɲɟɧɢɟ ɬɟɦɩɟɪɚɬɭɪɵ ɝɚɡɚ ɧɚ ɜɯɨɞɟ ɜ ɬɭɪɛɢɧɭ ɜ 
ɧɟɤɨɬɨɪɵɯ ɡɚɪɭɛɟɠɧɵɯ ȽɌȾ Д2]. 
 

ɥɢɬɶɹ ɫ ɧɚɩɪɚɜɥɟɧɧɨɣ ɤɪɢɫɬɚɥɥɢɡɚɰɢɟɣ ɢ ɦɨɧɨɤɪɢɫɬɚɥɥɢɱɟɫɤɨɝɨ ɥɢɬɶɹ. ȿɳɟ 

ɨɞɧɢɦ ɜɚɠɧɵɦ ɧɚɩɪɚɜɥɟɧɢɟɦ ɹɜɥɹɟɬɫɹ ɫɨɡɞɚɧɢɟ ɧɨɜɵɯ ɬɟɩɥɨɡɚɳɢɬɧɵɯ 

ɩɨɤɪɵɬɢɣ. И, ɧɚɤɨɧɟɰ, ɢɧɬɟɧɫɢɜɧɨ ɜɟɞɟɬɫɹ ɪɚɛɨɬɚ ɜ ɬɚɤɨɦ ɧɚɩɪɚɜɥɟɧɢɢ, ɤɚɤ 

ɨɯɥɚɠɞɟɧɢɟ ɝɨɪɹɱɢɯ ɱɚɫɬɟɣ ɬɭɪɛɢɧɵ, ɜ ɩɟɪɜɭɸ ɨɱɟɪɟɞɶ, ɭɫɨɜɟɪɲɟɧɫɬɜɨɜɚɧɢɹ 

ɫɢɫɬɟɦ ɨɯɥɚɠɞɟɧɢɹ ɫɨɩɥɨɜɵɯ ɢ ɪɚɛɨɱɢɯ ɥɨɩɚɬɨɤ.  

ɇɟɫɦɨɬɪɹ ɧɚ ɩɪɨɝɪɟɫɫ ɜ ɦɚɬɟɪɢɚɥɨɜɟɞɟɧɢɢ, ɡɚ ɩɨɫɥɟɞɧɢɟ 50 ɥɟɬ ɪɨɫɬ 

ɬɟɦɩɟɪɚɬɭɪɵ ɝɚɡɚ ɩɟɪɟɞ ɬɭɪɛɢɧɨɣ ȽɌȾ ɧɚ 80 % ɨɛɟɫɩɟɱɢɜɚɟɬɫɹ ɡɚ ɫɱɟɬ ɧɨɜɵɯ 

ɫɢɫɬɟɦ ɨɯɥɚɠɞɟɧɢɹ, ɱɬɨ ɫɨɫɬɚɜɥɹɟɬ ɛɨɥɟɟ 500 °ɋ. Ɋɚɡɭɦɟɟɬɫɹ, ɜ ɧɚɫɬɨɹɳɢɟ 

ɜɪɟɦɹ ɪɚɡɪɚɛɚɬɵɜɚɸɬɫɹ ɧɨɜɵɟ, ɟɳɟ ɛɨɥɟɟ ɠɚɪɨɩɪɨɱɧɵɟ ɫɩɥɚɜɵ, ɨɞɧɚɤɨ 

ɭɥɭɱɲɟɧɢɟ ɢɯ ɫɜɨɣɫɬɜ ɩɨ-ɩɪɟɠɧɟɦɭ ɡɧɚɱɢɬɟɥɶɧɨ ɨɬɫɬɚɟɬ ɨɬ 

ɭɫɨɜɟɪɲɟɧɫɬɜɨɜɚɧɢɹ ɫɢɫɬɟɦ ɨɯɥɚɠɞɟɧɢɹ, ɱɬɨ ɩɪɨɢɥɥɸɫɬɪɢɪɨɜɚɧɨ ɧɚ ɪɢɫ. 1.2 

(ȽɌȾ ɮɢɪɦɵ «Rolls-Royce», Вɟɥɢɤɨɛɪɢɬɚɧɢɹ). Ʉ ɬɨɦɭ ɠɟ, ɩɨɜɵɲɟɧɢɟ 

ɠɚɪɨɩɪɨɱɧɨɫɬɢ ɫɩɥɚɜɨɜ ɨɛɵɱɧɨ ɞɨɫɬɢɝɚɟɬɫɹ ɡɚ ɫɱɟɬ ɭɜɟɥɢɱɟɧɢɹ ɫɨɞɟɪɠɚɧɢɹ 

ɪɟɧɢɹ ɢɥɢ ɜɨɥɶɮɪɚɦɚ, ɚ ɬɚɤɠɟ ɪɟɞɤɨɡɟɦɟɥɶɧɵɯ ɷɥɟɦɟɧɬɨɜ, ɱɬɨ 

ɫɨɩɪɨɜɨɠɞɚɟɬɫɹ ɢɯ ɪɟɡɤɢɦ ɭɞɨɪɨɠɚɧɢɟɦ. 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɨɫɧɨɜɧɵɟ ɬɟɧɞɟɧɰɢɢ ɪɚɡɜɢɬɢɹ ɫɨɜɪɟɦɟɧɧɨɝɨ 

ɝɚɡɨɬɭɪɛɨɫɬɪɨɟɧɢɹ ɫɨɫɬɨɹɬ ɜ ɫɥɟɞɭɸɳɟɦ:  
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• Ɋɨɫɬ ɬɟɦɩɟɪɚɬɭɪɵ ɝɚɡɚ ɩɟɪɟɞ ɬɭɪɛɢɧɨɣ - ɞɨ 1500…1600ɨɋ – ɜ 

ɷɧɟɪɝɟɬɢɱɟɫɤɢɯ ȽɌɍ ɢ ɞɨ 1750…1800ɨɋ – ɜ ɚɜɢɚɰɢɨɧɧɵɯ ȽɌȾ.  

• ɉɨɜɵɲɟɧɢɟ ɫɬɟɩɟɧɢ ɫɠɚɬɢɹ ɜɨɡɞɭɯɚ ɜ ɤɨɦɩɪɟɫɫɨɪɟ - ɞɨ 30…35 ɜ 

ɷɧɟɪɝɟɬɢɱɟɫɤɢɯ ȽɌɍ ɢ ɞɨ 40…45 - ɜ ɚɜɢɚɰɢɨɧɧɵɯ ȽɌȾ.  

• Ɋɚɡɪɚɛɨɬɤɚ ɧɨɜɵɯ ɠɚɪɨɩɪɨɱɧɵɯ ɦɚɬɟɪɢɚɥɨɜ ɢ ɬɟɩɥɨɡɚɳɢɬɧɵɯ 

ɩɨɤɪɵɬɢɣ. 

• Ɉɛɟɫɩɟɱɟɧɢɟ ɞɥɢɬɟɥɶɧɨɣ ɢ ɧɚɞɟɠɧɨɣ ɪɚɛɨɬɵ ɩɪɨɦɵɲɥɟɧɧɵɯ ȽɌɍ ɧɚ 

ɦɚɤɫɢɦɚɥɶɧɨɣ ɦɨɳɧɨɫɬɢμ  ɩɨɥɧɵɣ ɪɟɫɭɪɫ - ɞɨ 150…200 ɬɵɫ. ɱɚɫɨɜ (ɥɨɩɚɬɨɤ – 

25…50 ɬɵɫ. ɱɚɫɨɜ), ɧɟ ɦɟɧɟɟ 20-30 ɬɵɫ. ɱɚɫɨɜ ɞɨ ɩɟɪɜɨɝɨ ɤɚɩɪɟɦɨɧɬɚ. 

Ɍɭɪɛɢɧɧɵɟ ɥɨɩɚɬɤɢ, ɜɵɩɨɥɧɟɧɧɵɟ ɢɡ ɥɭɱɲɢɯ ɦɚɬɟɪɢɚɥɨɜ, ɦɨɝɭɬ 

ɪɚɛɨɬɚɬɶ ɛɟɡ ɨɯɥɚɠɞɟɧɢɹ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ ɝɚɡɚ ɧɟ ɜɵɲɟ 1000 °ɋ. ɇɨ, 

ɩɨɫɤɨɥɶɤɭ ɫɨɜɪɟɦɟɧɧɵɟ ɜɵɫɨɤɨɬɟɦɩɟɪɚɬɭɪɧɵɟ ȽɌȾ ɪɚɛɨɬɚɸɬ ɩɪɢ 1500 °ɋ, 

ɢɯ ɪɚɛɨɬɨɫɩɨɫɨɛɧɨɫɬɶ ɧɟɜɨɡɦɨɠɧɚ ɛɟɡ ɜɧɭɬɪɟɧɧɟɝɨ ɢ ɜɧɟɲɧɟɝɨ ɨɯɥɚɠɞɟɧɢɹ. 

ɋɨɜɟɪɲɟɧɫɬɜɨɜɚɧɢɟ ɫɯɟɦ ɨɯɥɚɠɞɟɧɢɹ ɫ ɪɨɫɬɨɦ ɬɟɦɩɟɪɚɬɭɪɵ ɝɚɡɚ ɩɟɪɟɞ 

ɬɭɪɛɢɧɨɣ ȽɌȾ ɩɪɟɞɫɬɚɜɥɟɧɨ ɧɚ ɪɢɫ. 1.3. Ɍɟɩɥɨɜɚɹ ɡɚɳɢɬɚ ɫɬɟɧɨɤ 

ɤɨɧɫɬɪɭɤɰɢɣ ȽɌȾ ɨɬ ɜɨɡɞɟɣɫɬɜɢɹ ɜɵɫɨɤɨɬɟɦɩɟɪɚɬɭɪɧɨɝɨ ɝɚɡɨɜɨɝɨ ɩɨɬɨɤɚ 

ɨɫɭɳɟɫɬɜɥɹɟɬɫɹ ɩɨɫɪɟɞɫɬɜɨɦ ɤɨɧɜɟɤɬɢɜɧɨɝɨ (1200...1300 °ɋ) ɢ ɤɨɧɜɟɤɬɢɜɧɨ-

ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ (1350...1700 °ɋ). 
 

 

Ɋɢɫɭɧɨɤ 1.2 – ɋɬɚɬɢɫɬɢɤɚ ȽɌȾ ɮɢɪɦɵ «Rolls-Royce»[3]. 
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Ɋɢɫɭɧɨɤ 1.3 – Ɇɟɬɨɞɵ ɨɯɥɚɠɞɟɧɢɹ ɥɨɩɚɬɨɤ ɫ ɪɨɫɬɨɦ ɬɟɦɩɟɪɚɬɭɪɵ ɝɚɡɚ 
ɩɟɪɟɞ ɬɭɪɛɢɧɨɣ ȽɌȾ, ɝɞɟ 1 1 2( ) / ( )   wT T T T  – ɛɟɡɪɚɡɦɟɪɧɚɹ 
ɬɟɦɩɟɪɚɬɭɪɚ ɥɨɩɚɬɤɢ [4]. 

 

 

ɚ       ɛ 

Ɋɢɫɭɧɨɤ 1.4 – Ɍɢɩɢɱɧɚɹ ɫɨɜɪɟɦɟɧɧɚɹ ɥɨɩɚɬɤɚ ɪɚɛɨɱɟɝɨ ɤɨɥɟɫɚ ɬɭɪɛɢɧɵ 
ɫ ɤɨɧɜɟɤɬɢɜɧɨ-ɩɥɺɧɨɱɧɵɦ ɨɯɥɚɠɞɟɧɢɟɦμ ɚ – ɪɚɛɨɱɚɹ ɥɨɩɚɬɤɚ ɫ 
ɰɢɤɥɨɧɧɵɦ ɨɯɥɚɠɞɟɧɢɟɦ ɜɯɨɞɧɨɣ ɤɪɨɦɤɢ Д5]μ 1 – ɤɚɧɚɥ ɨɯɥɚɠɞɟɧɢɹ 
ɜɯɨɞɧɨɣ ɤɪɨɦɤɢ, 2 – ɤɚɧɚɥ ɨɯɥɚɠɞɟɧɢɹ ɩɪɨɮɢɥɶɧɨɣ ɱɚɫɬɢ ɥɨɩɚɬɤɢ,  
3 – ɞɨɩɨɥɧɢɬɟɥɶɧɵɣ ɤɚɧɚɥ, 4 – ɳɟɥɶ ɬɚɧɝɟɧɰɢɚɥɶɧɨɝɨ ɡɚɜɢɯɪɢɬɟɥɹ,  
5 – ɪɚɫɩɪɟɞɟɥɢɬɟɥɶɧɵɣ ɤɚɧɚɥ, 6 – ɩɟɪɟɝɨɪɨɞɤɚ; ɛ – ɮɨɬɨ ɫɨɜɪɟɦɟɧɧɨɣ 
ɥɨɩɚɬɤɢ Д6]. 
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ɉɪɢ ɤɨɧɜɟɤɬɢɜɧɨɦ ɨɯɥɚɠɞɟɧɢɢ ɫɬɟɧɤɢ, ɫɨɩɪɢɤɚɫɚɸɳɟɣɫɹ ɫ ɝɨɪɹɱɢɦ 

ɩɨɬɨɤɨɦ, ɜɧɭɬɪɟɧɧɹɹ ɟɟ ɫɬɨɪɨɧɚ ɨɦɵɜɚɟɬɫɹ ɯɨɥɨɞɧɵɦ ɝɚɡɨɦ. ɉɪɢ ɩɥɟɧɨɱɧɨɦ 

ɨɯɥɚɠɞɟɧɢɢ ɡɚɳɢɳɚɟɦɚɹ ɫɬɟɧɤɚ ɫ ɜɧɟɲɧɟɣ ɫɬɨɪɨɧɵ ɩɨɤɪɵɜɚɟɬɫɹ ɩɥɟɧɤɨɣ 

ɜɨɡɞɭɯɚ, ɤɨɬɨɪɚɹ ɩɨɞɚɟɬɫɹ ɢɡ ɜɧɭɬɪɟɧɧɟɣ ɩɨɥɨɫɬɢ ɥɨɩɚɬɤɢ ɱɟɪɟɡ ɳɟɥɶ ɢɥɢ 

ɫɢɫɬɟɦɭ ɨɬɜɟɪɫɬɢɣ. ɉɪɢ ɤɨɦɛɢɧɢɪɨɜɚɧɧɨɦ ɨɯɥɚɠɞɟɧɢɢ, ɤɨɝɞɚ ɩɥɟɧɨɱɧɨɟ 

ɨɯɥɚɠɞɟɧɢɟ ɢɫɩɨɥɶɡɭɟɬɫɹ ɨɞɧɨɜɪɟɦɟɧɧɨ ɫ ɤɨɧɜɟɤɬɢɜɧɵɦ, ɫɬɟɧɤɚ ɨɦɵɜɚɟɬɫɹ 

ɨɯɥɚɠɞɚɟɦɵɦ ɝɚɡɨɦ ɫ ɨɛɟɢɯ ɫɬɨɪɨɧ. ɇɚ ɪɢɫ. 1.4 ɩɨɤɚɡɚɧɚ ɬɢɩɢɱɧɚɹ ɪɚɛɨɱɚɹ 

ɥɨɩɚɬɤɚ ɩɟɪɜɵɯ ɫɬɭɩɟɧɟɣ ɝɚɡɨɜɵɯ ɬɭɪɛɢɧ ɫ ɤɨɧɜɟɤɬɢɜɧɨ-ɩɥɺɧɨɱɧɵɦ 

ɨɯɥɚɠɞɟɧɢɟɦ. 

В ɪɚɛɨɬɟ Д7] ɩɪɟɞɫɬɚɜɥɟɧɵ ɞɚɧɧɵɟ ɩɨ ɨɬɧɨɫɢɬɟɥɶɧɦɭ ɤɨɥɢɱɟɫɬɜɭ 

ɜɨɡɞɭɯɚ, ɧɟɨɛɯɨɞɢɦɨɝɨ ɞɥɹ ɨɯɥɚɠɞɟɧɢɹ ɥɨɩɚɬɨɤ ɬɭɪɛɢɧɵ,  ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ 

ɪɚɛɨɱɟɣ ɬɟɦɩɟɪɚɬɭɪɵ ɝɚɡɚμ ɱɟɦ ɜɵɲɟ ɬɟɦɩɟɪɚɬɭɪɚ – ɬɟɦ ɛɨɥɶɲɟɟ 

ɤɨɥɢɱɟɫɬɜɨ ɜɨɡɞɭɯɚ ɨɬɛɢɪɚɟɬɫɹ ɞɥɹ ɨɯɥɚɠɞɟɧɢɹ. В ɫɨɜɪɟɦɟɧɧɵɯ 

ɜɵɫɨɤɨɬɟɦɩɟɪɚɬɭɪɧɵɯ ȽɌɍ ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɬɪɚɞɢɰɢɨɧɧɵɯ ɫɯɟɦ 

ɨɯɥɚɠɞɟɧɢɹ ɩɨɜɵɲɟɧɢɟ ɬɟɦɩɟɪɚɬɭɪɵ ɝɚɡɚ ɩɟɪɟɞ ɬɭɪɛɢɧɨɣ ɞɨ 1500 °ɋ 

ɩɪɢɜɨɞɢɬ ɤ ɪɚɫɯɨɞɭ ɜɨɡɞɭɯɚ ɧɚ ɨɯɥɚɠɞɟɧɢɟ ɥɨɩɚɬɨɤ ɩɪɢ ɤɨɦɛɢɧɢɪɨɜɚɧɧɨɦ 

ɤɨɧɜɟɤɬɢɜɧɨ-ɩɥɟɧɨɱɧɨɦ ɨɯɥɚɠɞɟɧɢɢ ɞɨ 15% ɨɬ ɪɚɫɯɨɞɚ ɜɨɡɞɭɯɚ ɧɚ ɜɯɨɞɟ ɜ 

ɤɨɦɩɪɟɫɫɨɪ [8]. ɉɪɢ ɬɚɤɢɯ ɭɫɥɨɜɢɹɯ ɄɉȾ ɝɚɡɨɬɭɪɛɢɧɨɣ ɭɫɬɚɧɨɜɤɢ ɩɚɞɚɟɬ 

ɧɚɫɬɨɥɶɤɨ Дλ], ɱɬɨ ɜɵɢɝɪɵɲ ɨɬ ɩɨɜɵɲɟɧɢɹ ɬɟɦɩɟɪɚɬɭɪɵ ɧɚ ɜɯɨɞɟ ɜ ɬɭɪɛɢɧɭ 

ɫɧɢɠɚɟɬɫɹ ɜɟɫɶɦɚ ɫɭɳɟɫɬɜɟɧɧɨ. Ɍɚɤɨɟ ɫɢɥɶɧɨɟ ɜɥɢɹɧɢɟ ɪɚɫɯɨɞɚ ɨɯɥɚɞɢɬɟɥɹ 

ɧɚ ɄɉȾ ɬɭɪɛɢɧɵ ɩɪɢɜɨɞɢɬ ɤ ɜɵɜɨɞɭ ɨ ɬɨɦ, ɱɬɨ ɩɪɢ ɜɵɛɨɪɟ ɢ ɩɪɨɟɤɬɢɪɨɜɚɧɢɢ 

ɛɨɥɶɲɨɟ ɜɧɢɦɚɧɢɟ ɫɥɟɞɭɟɬ ɭɞɟɥɹɬɶ ɫɨɨɬɧɨɲɟɧɢɸ ɬɟɩɥɨɜɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ 

ɫɢɫɬɟɦɵ ɨɯɥɚɠɞɟɧɢɹ ɢ ɩɨɬɟɪɶ ɷɧɟɪɝɢɢ ɜ ɩɪɨɬɨɱɧɨɣ ɱɚɫɬɢ, ɤ ɤɨɬɨɪɵɦ 

ɩɪɢɜɨɞɢɬ ɩɪɢɦɟɧɟɧɢɟ ɷɬɨɣ ɫɢɫɬɟɦɵ. 

В ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ ɫɨɜɪɟɦɟɧɧɵɦɢ ɬɪɟɛɨɜɚɧɢɹɦɢ, ɫɢɫɬɟɦɚ ɨɯɥɚɠɞɟɧɢɹ 

ɝɚɡɨɬɭɪɛɢɧɧɨɣ ɭɫɬɚɧɨɜɤɢ ɧɟ ɞɨɥɠɧɚ ɱɪɟɡɦɟɪɧɨ ɭɫɥɨɠɧɹɬɶ ɤɨɧɫɬɪɭɤɰɢɸ 

ɬɭɪɛɢɧɵ ɢ ɫɯɟɦɭ ȽɌɍ ɢ, ɤɚɤ ɫɥɟɞɫɬɜɢɟ, ɩɨɜɵɲɚɬɶ ɟɟ ɫɬɨɢɦɨɫɬɶ, ɬɪɟɛɨɜɚɬɶ 

ɜɦɟɲɚɬɟɥɶɫɬɜɚ ɨɛɫɥɭɠɢɜɚɸɳɟɝɨ ɩɟɪɫɨɧɚɥɚ ɩɪɢ ɷɤɫɩɥɭɚɬɚɰɢɢ ȽɌɍ ɢ ɞɨɥɠɧɚ 

ɧɚɞɟɠɧɨ ɪɚɛɨɬɚɬɶ ɩɪɢ ɩɭɫɤɚɯ, ɨɫɬɚɧɨɜɤɚɯ ɢ ɧɚ ɩɟɪɟɯɨɞɧɵɯ ɪɟɠɢɦɚɯ. 
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1.2 ɉɥɟɧɨɱɧɨɟ ɨɯɥɚɠɞɟɧɢɟ 

ɉɥɺɧɨɱɧɨɟ ɨɯɥɚɠɞɟɧɢɟ ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɩɨɞɚɱɭ ɨɯɥɚɠɞɚɸɳɟɝɨ 

ɜɨɡɞɭɯɚ ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨ ɧɚ ɧɚɪɭɠɧɭɸ ɩɪɨɮɢɥɶɧɭɸ ɩɨɜɟɪɯɧɨɫɬɶ ɥɨɩɚɬɨɤ 

ɢɥɢ ɬɨɪɰɟɜɭɸ ɩɨɜɟɪɯɧɨɫɬɶ ɦɟɠɥɨɩɚɬɨɱɧɨɝɨ ɤɚɧɚɥɚ ɞɥɹ ɬɨɝɨ, ɱɬɨɛɵ 

ɬɟɩɥɨɢɡɨɥɢɪɨɜɚɬɶ ɡɚɳɢɳɚɟɦɵɟ ɩɨɜɟɪɯɧɨɫɬɢ ɨɬ ɜɨɡɞɟɣɫɬɜɢɹ ɩɨɬɨɤɚ ɝɨɪɹɱɟɝɨ 

ɝɚɡɚ. ɉɥɟɧɨɱɧɨɟ ɨɯɥɚɠɞɟɧɢɟ ɬɚɤɠɟ ɧɚɡɵɜɚɸɬ ɡɚɝɪɚɞɢɬɟɥɶɧɵɦ ɨɯɥɚɠɞɟɧɢɟɦ 

ɢɥɢ ɝɚɡɨɜɨɣ ɡɚɜɟɫɨɣ. ɇɚ ɪɢɫ. 1.5 ɩɪɟɞɫɬɚɜɥɟɧɵ ɨɫɧɨɜɧɵɟ ɫɩɨɫɨɛɵ 

ɨɪɝɚɧɢɡɚɰɢɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ – ɫɩɥɨɲɧɚɹ ɳɟɥɶ, ɩɨɪɢɫɬɵɣ ɩɨɹɫɨɤ, 

ɩɨɹɫɨɤ ɩɟɪɮɨɪɚɰɢɣ (ɪɹɞɵ ɧɚɤɥɨɧɧɵɯ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɨɬɜɟɪɫɬɢɣ) ɢ 

ɩɥɟɧɨɱɧɨɟ ɨɯɥɚɠɞɟɧɢɟ ɡɚ ɭɱɚɫɬɤɨɦ ɬɟɩɥɨɨɛɦɟɧɚ. 
 

 

Ɋɢɫɭɧɨɤ 1.5 – Ɉɫɧɨɜɧɵɟ ɫɩɨɫɨɛɵ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹμ ɚ – 
ɫɩɥɨɲɧɚɹ ɳɟɥɶ; ɛ – ɩɨɪɢɫɬɵɣ ɩɨɹɫɨɤ; ɜ – ɡɚ ɨɯɥɚɠɞɚɟɦɵɦ ɭɱɚɫɬɤɨɦ; ɝ 
– ɞɜɚ ɪɹɞɹ ɨɬɜɟɪɫɬɢɣ. 1, 2 – ɨɫɧɨɜɧɨɣ ɢ ɜɬɨɪɢɱɧɵɣ ɩɨɬɨɤɢ ɝɚɡɚ, 
ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ [10]. 
 
ɇɚɢɛɨɥɟɟ ɷɮɮɟɤɬɢɜɧɵɦ ɹɜɥɹɟɬɫɹ ɜɞɭɜ ɨɯɥɚɞɢɬɟɥɹ ɱɟɪɟɡ ɫɩɥɨɲɧɭɸ 

ɬɚɧɝɟɧɰɢɚɥɶɧɭɸ ɳɟɥɶ. ɉɪɢ ɜɞɭɜɟ ɱɟɪɟɡ ɬɚɧɝɟɧɰɢɚɥɶɧɭɸ ɳɟɥɶ ɩɨɜɟɪɯɧɨɫɬɶ 

ɪɚɜɧɨɦɟɪɧɨ ɩɨɤɪɵɜɚɟɬɫɹ ɩɥɟɧɤɨɣ ɨɯɥɚɞɢɬɟɥɹ, ɤɨɬɨɪɚɹ ɩɥɨɬɧɨ ɩɪɢɥɟɝɚɟɬ ɤ 

ɨɯɥɚɠɞɚɟɦɨɣ ɫɬɟɧɤɟ. ɋɩɥɨɲɧɚɹ ɳɟɥɶ, ɩɨɪɢɫɬɵɣ ɢ ɚɛɥɢɪɭɸɳɢɣ ɩɨɹɫɤɢ 

ɩɪɢɦɟɧɹɸɬɫɹ ɩɪɢ ɨɯɥɚɠɞɟɧɢɢ ɨɛɴɟɤɬɨɜ ɪɚɤɟɬɧɨɣ ɬɟɯɧɢɤɢ, ɝɞɟ ɢɦɟɟɬ ɦɟɫɬɨ 

ɪɚɡɨɜɨɟ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɞɟɬɚɥɟɣ. ɉɪɢ ɩɥɟɧɨɱɧɨɦ ɨɯɥɚɠɞɟɧɢɢ ɡɚ ɭɱɚɫɬɤɨɦ 

ɬɟɩɥɨɨɛɦɟɧɚ ɧɚɱɚɥɶɧɵɣ ɭɱɚɫɬɨɤ x0 ɢɧɬɟɧɫɢɜɧɨ ɨɯɥɚɠɞɚɟɬɫɹ ɢ ɧɚ ɧɟɤɨɬɨɪɨɦ 

ɪɚɫɫɬɨɹɧɢɢ ɩɨɜɟɪɯɧɨɫɬɶ ɡɚɳɢɳɚɟɬɫɹ ɨɬɧɨɫɢɬɟɥɶɧɨ ɯɨɥɨɞɧɵɦ ɩɨɝɪɚɧɢɱɧɵɦ 

ɫɥɨɟɦ. 
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Ⱦɥɹ ɥɨɩɚɬɨɤ ɝɚɡɨɜɵɯ ɬɭɪɛɢɧ, ɞɥɹ ɤɨɬɨɪɵɯ ɜɚɠɧɨ ɨɛɟɫɩɟɱɢɬɶ 

ɞɥɢɬɟɥɶɧɵɣ ɫɪɨɤ ɫɥɭɠɛɵ ɧɟɜɨɡɦɨɠɧɨ ɩɪɢɦɟɧɟɧɢɟ ɫɯɟɦ ɩɨɞɚɱɢ ɨɯɥɚɞɢɬɟɥɹ, 

ɫɧɢɠɚɸɳɢɯ ɩɪɨɱɧɨɫɬɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ (ɫɩɥɨɲɧɚɹ ɳɟɥɶ), ɫɯɟɦ ɪɚɡɨɜɨɝɨ 

ɢɫɩɨɥɶɡɨɜɚɧɢɹ (ɚɛɥɢɪɭɸɳɢɣ ɩɨɹɫɨɤ), ɚ ɬɚɤɠɟ ɦɢɤɪɨɫɤɨɩɢɱɟɫɤɢɯ ɨɬɜɟɪɫɬɢɣ 

(ɩɨɪɢɫɬɵɣ ɩɨɹɫɨɤ), ɤɨɬɨɪɵɟ ɛɵɫɬɪɨ ɡɚɫɨɪɹɸɬɫɹ ɬɜɟɪɞɵɦɢ ɱɚɫɬɢɰɚɦɢ 

ɩɪɨɞɭɤɬɨɜ ɫɝɨɪɚɧɢɹ. Иɫɯɨɞɹ ɢɡ ɷɬɢɯ ɬɪɟɛɨɜɚɧɢɣ, ɩɪɢ ɨɯɥɚɠɞɟɧɢɢ ɥɨɩɚɬɨɤ 

ɬɭɪɛɢɧ ɬɪɚɞɢɰɢɨɧɧɨ ɩɪɢɦɟɧɹɸɬɫɹ ɫɯɟɦɵ ɫ ɰɢɥɢɧɞɪɢɱɟɫɤɢɦɢ ɨɬɜɟɪɫɬɢɹɦɢ ɜ 

ɫɬɟɧɤɟ ɥɨɩɚɬɤɢ, ɪɚɫɩɨɥɨɠɟɧɧɵɦɢ ɩɨɞ ɭɝɥɨɦ 30–45° ɤ ɩɨɜɟɪɯɧɨɫɬɢ. Ɍɚɤɢɟ 

ɫɯɟɦɵ ɭɫɬɭɩɚɸɬ ɩɨ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɨɯɥɚɠɞɟɧɢɹ ɫɩɥɨɲɧɨɣ ɳɟɥɢ, ɤɚɤ 

ɜɫɥɟɞɫɬɜɢɟ ɞɢɫɤɪɟɬɧɨɫɬɢ ɢ ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɢ ɩɨɞɚɱɢ ɨɯɥɚɞɢɬɟɥɹ, ɬɚɤ ɢ 

ɜɫɥɟɞɫɬɜɢɟ ɢɧɬɟɧɫɢɜɧɨɝɨ ɩɟɪɟɦɟɲɢɜɚɧɢɹ ɫ ɨɫɧɨɜɧɵɦ ɩɨɬɨɤɨɦ. Ɉɫɧɨɜɧɨɣ 

ɧɟɞɨɫɬɚɬɨɤ ɬɚɤɢɯ ɫɯɟɦ – ɨɛɪɚɡɨɜɚɧɢɟ ɜɬɨɪɢɱɧɵɯ ɜɢɯɪɟɜɵɯ ɫɬɪɭɤɬɭɪ. В 

ɪɚɛɨɬɟ Д11] ɛɵɥɚ ɩɪɟɞɥɨɠɟɧɚ ɫɥɟɞɭɸɳɚɹ ɤɥɚɫɫɢɮɢɤɚɰɢɹ ɜɢɯɪɟɜɵɯ ɫɬɪɭɤɬɭɪμ 

– «ɩɨɱɟɱɧɵɟ» ɜɢɯɪɢ (kidney shaped vortex) – ɫɢɫɬɟɦɚ ɞɜɭɯ ɜɢɯɪɟɣ 

ɩɪɨɬɢɜɨɩɨɥɨɠɧɨɝɨ ɜɪɚɳɟɧɢɹ ɜ ɹɞɪɟ ɫɬɪɭɢ; 

– ɩɨɞɤɨɜɨɨɛɪɚɡɧɵɣ ɜɢɯɪɶ (horseshoe vortex) – ɜɢɯɪɶ, ɜɵɡɜɚɧɧɵɣ 

ɜɧɟɡɚɩɧɵɦ ɬɨɪɦɨɠɟɧɢɟɦ ɩɨɝɪɚɧɢɱɧɨɝɨ ɫɥɨɹ ɩɟɪɟɞ ɩɟɪɟɞɧɟɣ ɤɪɨɦɤɨɣ ɫɬɪɭɢ; 

– ɩɚɪɚ ɩɨɥɨɜɢɧɧɵɯ ɜɢɯɪɟɣ ɡɨɧɵ ɜɨɡɦɭɳɟɧɢɹ (half wake vortex pair) – 

ɩɚɪɚ ɜɢɯɪɟɣ ɜ ɡɨɧɟ ɩɨɧɢɠɟɧɧɨɝɨ ɞɚɜɥɟɧɢɹ ɡɚ ɫɬɪɭɟɣ; 

– ɩɚɪɚ ɩɨɥɨɜɢɧɧɵɯ ɩɪɢɫɬɟɧɧɵɯ ɜɢɯɪɟɣ (half wall vortex pair) – ɩɚɪɚ 

ɜɢɯɪɟɣ, ɜɵɡɵɜɚɟɦɵɯ ɩɨɱɤɨɨɛɪɚɡɧɵɦ ɜɢɯɪɟɦ; 

– ɤɪɨɦɨɱɧɵɣ ɜɢɯɪɶ (lip vortex) – ɜɢɯɪɶ, ɜɵɡɜɚɧɧɵɣ ɜɡɚɢɦɨɞɟɣɫɬɜɢɟɦ 

ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɚ ɫ ɩɟɪɟɞɧɟɣ ɤɪɨɦɤɨɣ ɫɬɪɭɢ ɨɯɥɚɞɢɬɟɥɹ.  

ɇɚɥɢɱɢɟ ɜɫɟɯ ɩɟɪɟɱɢɫɥɟɧɧɵɯ ɜɢɯɪɟɣ ɩɨɞɬɜɟɪɠɞɟɧɨ ɷɤɫɩɟɪɢɦɟɧɬɚɦɢ ɩɨ 

ɜɢɡɭɚɥɢɡɚɰɢɢ ɬɟɱɟɧɢɹ. Ȼɵɥɨ ɬɚɤɠɟ ɭɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɮɨɪɦɢɪɨɜɚɧɢɟ 

«ɩɨɱɟɱɧɵɯ» ɜɢɯɪɟɣ ɜ ɫɬɪɭɟ (ɪɢɫ. 1.6) ɨɤɚɡɵɜɚɟɬ ɧɚɢɛɨɥɶɲɟɟ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ 

ɞɪɭɝɢɦɢ ɜɢɯɪɟɜɵɦɢ ɫɬɪɭɤɬɭɪɚɦɢ ɜɥɢɹɧɢɟ ɧɚ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ 

ɨɯɥɚɠɞɟɧɢɹ. Ɍɚɤɚɹ ɜɢɯɪɟɜɚɹ ɫɬɪɭɤɬɭɪɚ ɪɚɡɪɭɲɚɟɬ ɩɥɟɧɤɭ ɨɯɥɚɞɢɬɟɥɹ ɢ 

ɫɩɨɫɨɛɫɬɜɭɟɬ ɢɧɬɟɧɫɢɜɧɨɦɭ «ɩɨɞɫɨɫɭ» ɝɨɪɹɱɟɝɨ ɩɨɬɨɤɚ ɤ ɡɚɳɢɳɚɟɦɨɣ 
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ɩɨɜɟɪɯɧɨɫɬɢ. Вɢɯɪɟɜɚɹ ɩɚɪɚ ɨɫɨɛɟɧɧɨ ɢɧɬɟɧɫɢɜɧɨ ɫɧɢɠɚɟɬ ɷɮɮɟɤɬɢɜɧɨɫɬɶ 

ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɩɪɢ ɛɨɥɶɲɢɯ ɩɚɪɚɦɟɬɪɚɯ ɜɞɭɜɚ m > 1,0. 

 

 
Ɋɢɫɭɧɨɤ 1.6 – ɋɯɟɦɚ ɮɨɪɦɢɪɨɜɚɧɢɹ «ɩɨɱɟɱɧɵɯ ɜɢɯɪɟɣ» [11]. 
 
Ɇɧɨɝɨɱɢɫɥɟɧɧɵɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɢɫɫɥɟɞɨɜɚɧɢɹ ɩɨɡɜɨɥɢɥɢ 

ɩɨɥɭɱɢɬɶ ɢɞɟɚɥɢɡɢɪɨɜɚɧɧɨɸ ɫɯɟɦɭ ɩɥɺɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɡɚ ɫɩɥɨɲɧɨɣ 

ɳɟɥɶɸ Д12], ɤɨɬɨɪɚɹ ɩɪɟɞɫɬɚɜɥɟɧɚ ɧɚ ɪɢɫ. 1.7. Ɂɞɟɫɶ ɜɵɞɟɥɹɸɬɫɹ ɬɪɢ 

ɯɚɪɚɤɬɟɪɧɵɯ ɭɱɚɫɬɤɚμ 1 – ɧɚɱɚɥɶɧɵɣ ɭɱɚɫɬɨɤ, ɝɞɟ ɫ ɨɯɥɚɠɞɚɟɦɨɣ 

ɩɨɜɟɪɯɧɨɫɬɶɸ ɤɨɧɬɚɤɬɢɪɭɟɬ ɬɨɥɶɤɨ ɨɯɥɚɠɞɚɸɳɢɣ ɜɨɡɞɭɯ; 2 – ɭɱɚɫɬɨɤ 

ɫɬɚɛɢɥɢɡɚɰɢɢ (ɢɥɢ ɩɟɪɟɯɨɞɧɵɣ), ɧɚ ɤɨɬɨɪɨɦ ɩɪɨɢɫɯɨɞɢɬ ɩɟɪɟɦɟɲɢɜɚɧɢɟ 

ɝɨɪɹɱɟɝɨ ɝɚɡɚ ɫ ɨɯɥɚɠɞɚɸɳɢɦ ɜɨɡɞɭɯɨɦ; 3 – ɨɫɧɨɜɧɨɣ ɭɱɚɫɬɨɤ (ɛɵɫɬɪɨɝɨ 

ɡɚɬɭɯɚɧɢɹ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɺɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ), ɜ ɤɨɧɰɟ ɤɨɬɨɪɨɝɨ 

ɩɪɨɢɫɯɨɞɢɬ ɜɵɪɚɜɧɢɜɚɧɢɟ ɬɟɦɩɟɪɚɬɭɪɵ ɝɚɡɚ ɢ ɫɬɪɭɢ.  
 

 
Ɋɢɫɭɧɨɤ 1.7 – ɋɯɟɦɚ ɩɥɺɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ Д12]μ 1 – ɧɚɱɚɥɶɧɵɣ 
ɭɱɚɫɬɨɤ; 2 – ɭɱɚɫɬɨɤ ɫɬɚɛɢɥɢɡɚɰɢɢ (ɩɟɪɟɯɨɞɧɵɣ); 3 – ɨɫɧɨɜɧɨɣ ɭɱɚɫɬɨɤ. 
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В ɛɨɥɶɲɢɧɫɬɜɟ ɪɚɛɨɬ Д12-16] ɞɥɹ ɪɚɫɱɟɬɚ ɩɥɨɬɧɨɫɬɢ ɬɟɩɥɨɜɨɝɨ ɩɨɬɨɤɚ 

ɩɪɢ ɩɥɟɧɨɱɧɨɦ ɨɯɥɚɠɞɟɧɢɢ ɢɫɩɨɥɶɡɭɸɬɫɹ ɫɥɟɞɭɸɳɚɹ ɡɚɜɢɫɢɦɨɫɬɶ Д13]μ 
 

( )w w awq T T  ,    (1.2) 

 

ɝɞɟ α – ɤɨɷɮɮɢɰɢɟɧɬ ɬɟɩɥɨɨɬɞɚɱɢ; Taw – ɚɞɢɚɛɚɬɧɚɹ ɬɟɦɩɟɪɚɬɭɪɚ ɫɬɟɧɤɢ; Tw –

 ɬɟɦɩɟɪɚɬɭɪɚ ɫɬɟɧɤɢ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɞɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɬɟɪɦɢɱɟɫɤɨɝɨ 

ɫɨɫɬɨɹɧɢɹ ɫɬɟɧɤɢ ɥɨɩɚɬɤɢ ɬɪɟɛɭɟɬɫɹ ɡɧɚɧɢɟ ɞɜɭɯ ɧɟɡɚɜɢɫɢɦɵɯ ɞɪɭɝ ɨɬ ɞɪɭɝɚ 

ɩɚɪɚɦɟɬɪɨɜ – ɤɨɷɮɮɢɰɢɟɧɬɚ ɬɟɩɥɨɨɬɞɚɱɢ ɢ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ 

ɨɯɥɚɠɞɟɧɢɹ. Ⱦɚɧɧɵɣ ɩɨɞɯɨɞ ɩɨɡɜɨɥɹɟɬ ɭɱɢɬɵɜɚɬɶ ɜɥɢɹɧɢɟ ɝɟɨɦɟɬɪɢɱɟɫɤɢɯ ɢ 

ɪɟɠɢɦɧɵɯ ɩɚɪɚɦɟɬɪɨɜ ɩɥɟɧɤɢ (ɫɩɨɫɨɛɚ ɜɞɭɜɚ, ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ ɢ ɬ.ɞ.) ɱɟɪɟɡ 

ɚɞɢɚɛɚɬɧɭɸ ɬɟɦɩɟɪɚɬɭɪɭ ɫɬɟɧɤɢ, ɤɨɬɨɪɚɹ ɹɜɥɹɟɬɫɹ ɯɚɪɚɤɬɟɪɢɫɬɢɤɨɣ 

ɡɚɳɢɬɧɨɣ ɩɥɟɧɤɢ.  

Ɉɫɧɨɜɧɨɣ ɯɚɪɚɤɬɟɪɢɫɬɢɤɨɣ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɹɜɥɹɟɬɫɹ 

ɷɮɮɟɤɬɢɜɧɨɫɬɶ, ɤɨɬɨɪɚɹ ɨɩɪɟɞɟɥɹɟɬɫɹ ɜɵɪɚɠɟɧɢɟɦ Д10]μ 

2

awT T

T T
 







,     (1.3) 

 

ɝɞɟ T∞ ɢ T2 – ɬɟɦɩɟɪɚɬɭɪɚ ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɚ ɢ ɜɞɭɜɚɟɦɨɝɨ ɩɨɬɨɤɚ. Иɡ ɷɬɨɝɨ 

ɭɪɚɜɧɟɧɢɹ ɨɩɪɟɞɟɥɹɟɬɫɹ ɚɞɢɚɛɚɬɧɚɹ ɬɟɦɩɟɪɚɬɭɪɚ ɫɬɟɧɤɢ. Ʉɨɷɮɮɢɰɢɟɧɬ 

ɬɟɩɥɨɨɬɞɚɱɢ ɨɩɪɟɞɟɥɹɟɬɫɹ ɢɡ ɨɬɞɟɥɶɧɵɯ ɭɪɚɜɧɟɧɢɣ. 

Вɚɠɧɵɦ ɩɚɪɚɦɟɬɪɨɦ, ɨɩɪɟɞɟɥɹɸɳɢɦ ɝɢɞɪɨɞɢɧɚɦɢɱɟɫɤɢɟ 

ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ, ɹɜɥɹɟɬɫɹ ɩɚɪɚɦɟɬɪ ɜɞɭɜɚμ 
 

2 2w
m

w


 

 ,          (1.4) 

 

ɝɞɟ ρ2 ɢ w2 – ɩɥɨɬɧɨɫɬɶ ɢ ɫɤɨɪɨɫɬɶ ɜɞɭɜɚɟɦɨɝɨ ɩɨɬɨɤɚ, ρ∞ ɢ w∞ – ɩɥɨɬɧɨɫɬɶ ɢ 

ɫɤɨɪɨɫɬɶ ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɚ. В ɩɪɚɤɬɢɤɟ ɝɚɡɨɬɭɪɛɨɫɬɪɨɟɧɢɹ ɧɚɢɛɨɥɟɟ ɱɚɫɬɨ 

ɢɫɩɨɥɶɡɭɟɬɫɹ ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ ɨɬ 0,7 ɞɨ 1,3. 

Эɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɭɦɟɧɶɲɚɟɬɫɹ ɫ ɭɜɟɥɢɱɟɧɢɟɦ 

ɪɚɫɫɬɨɹɧɢɹ ɨɬ ɦɟɫɬɚ ɩɨɞɚɱɢ ɨɯɥɚɞɢɬɟɥɹ ɢ ɫɭɳɟɫɬɜɟɧɧɨ ɡɚɜɢɫɢɬ ɨɬ 
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ɫɨɨɬɧɨɲɟɧɢɹ ɫɤɨɪɨɫɬɟɣ ɨɯɥɚɞɢɬɟɥɹ ɢ ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɚ. Чɟɦ ɦɟɧɶɲɟ ɪɚɡɧɢɰɚ 

ɦɟɠɞɭ ɷɬɢɦɢ ɫɤɨɪɨɫɬɹɦɢ, ɬɟɦ ɜɵɲɟ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ. 

 

1.3 Ɋɟɡɭɥɶɬɚɬɵ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɝɨ ɢɫɫɥɟɞɨɜɚɧɢɹ ɷɮɮɟɤɬɢɜɧɨɫɬɢ 

ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ  

Ȼɨɥɶɲɨɟ ɤɨɥɢɱɟɫɬɜɨ ɨɩɭɛɥɢɤɨɜɚɧɧɵɯ ɪɚɛɨɬ ɩɨɫɜɹɳɟɧɨ 

ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɦɭ ɢɫɫɥɟɞɨɜɚɧɢɸ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ. 

Ɂɧɚɱɢɬɟɥɶɧɵɣ ɜɤɥɚɞ ɜ ɪɚɡɜɢɬɢɟ ɩɪɨɛɥɟɦɵ ɜɧɟɫɥɢ ɪɚɛɨɬɵ Ƚɨɥɶɞɲɬɟɣɧɚ Ɋ.Ⱦɠ. 

[13,17-19], Эɤɤɟɪɬɚ ȿ.Ɋ. [17,20], Ȼɨɝɚɪɞɚ Ⱦ.Ⱦɠ. Д15], ɋɟɛɚɧɚ Ɋ.Ⱥ. [21-24], 

Ȼɚɥɞɚɭɮɚ C. [25,26], Ȼɚɧɤɟɪɚ Ɋ.ɋ. [27] (ɋɒȺ), Вɢɝɯɚɪɞɬɚ Ʉ. [28], 

Ⱦɢɬɦɚɪɚ Ⱦɠ. [14], ɒɭɥɶɰɚ Ⱥ. Д14] (Ƚɟɪɦɚɧɢɹ), Ʉɭɬɚɬɟɥɚɞɡɟ ɋ.ɋ. Д29,30], 

Ʌɟɨɧɬɶɟɜɚ Ⱥ.И. [29], Вɨɥɱɤɨɜɚ Э.ɉ. [16,30-32], Ɂɵɫɢɧɨɣ-Ɇɨɥɨɠɟɧ Ʌ.Ɇ. [9], 

Ʌɨɤɚɹ В.И. [7,12], Ɍɟɪɟɯɨɜɚ В.И. [30] ɢ ɞɪ. (ɛ. ɋɋɋɊ), Ⱦɵɛɚɧɚ ȿ.ɉ. [33-35], 

Ɋɟɩɭɯɨɜɚ В.Ɇ. [9,34,36,37], ɏɚɥɚɬɨɜɚ Ⱥ.Ⱥ. [38] (ɍɤɪɚɢɧɚ) ɢ ɞɪ. ɇɚ ɨɫɧɨɜɟ 

ɷɬɢɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɩɨɥɭɱɟɧɵ ɨɛɨɛɳɟɧɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɞɥɹ ɪɚɫɱɟɬɚ 

ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɡɚ ɬɪɚɞɢɰɢɨɧɧɵɦɢ ɫɢɫɬɟɦɚɦɢ 

(ɫɩɥɨɲɧɚɹ ɳɟɥɶ, ɩɨɪɢɫɬɵɣ ɩɨɹɫɨɤ, ɞɢɫɤɪɟɬɧɵɟ ɨɬɜɟɪɫɬɢɹ), ɚ ɬɚɤɠɟ 

ɪɚɡɪɚɛɨɬɚɧɵ ɦɟɬɨɞɢɤɢ, ɜ ɤɨɬɨɪɵɯ ɭɱɢɬɵɜɚɟɬɫɹ ɜɥɢɹɧɢɟ ɪɚɡɥɢɱɧɵɯ ɮɚɤɬɨɪɨɜ, 

ɨɫɧɨɜɧɵɦɢ ɢɡ ɤɨɬɨɪɵɯ ɹɜɥɹɸɬɫɹ ɬɭɪɛɭɥɟɧɬɧɨɫɬɶ Д19,26,38-46], ɭɫɤɨɪɟɧɢɟ 

ɜɧɟɲɧɟɝɨ ɩɨɬɨɤɚ Д25,37-39,44-58], ɡɚɤɪɭɬɤɚ ɩɨɬɨɤɚ Д30] ɢ ɤɪɢɜɢɡɧɚ 

ɩɨɜɟɪɯɧɨɫɬɢ Д38,59-61]. 

 

1.3.1 Вɵɞɭɜ ɱɟɪɟɡ ɞɢɫɤɪɟɬɧɵɟ ɨɬɜɟɪɫɬɢɹ 

ɇɚɢɛɨɥɟɟ ɷɮɮɟɤɬɢɜɧɵɦ ɹɜɥɹɟɬɫɹ ɩɥɟɧɨɱɧɨɟ ɨɯɥɚɠɞɟɧɢɟ ɩɪɢ ɜɞɭɜɟ 

ɱɟɪɟɡ ɬɚɧɝɟɧɰɢɚɥɶɧɭɸ ɳɟɥɶ. Вɞɭɜ ɱɟɪɟɡ ɳɟɥɶ, ɪɚɫɩɨɥɨɠɟɧɧɭɸ ɩɨɞ ɭɝɥɨɦ ɤ 

ɩɨɜɟɪɯɧɨɫɬɢ ɩɥɚɫɬɢɧɵ ɭɫɬɭɩɚɟɬ ɩɨ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ 

ɜɞɭɜɭ ɱɟɪɟɡ ɬɚɧɝɟɧɰɢɚɥɶɧɭɸ ɳɟɥɶ. Ⱦɢɫɤɪɟɬɧɨɫɬɶ ɜɞɭɜɚ (ɪɢɫ. 1.5 ɝ) ɩɪɢɜɨɞɢɬ 

ɤ ɫɧɢɠɟɧɢɸ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɨɯɥɚɠɞɟɧɢɹ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɷɮɮɟɤɬɢɜɧɨɫɬɶɸ ɡɚ 

ɫɩɥɨɲɧɨɣ ɷɤɜɢɜɚɥɟɧɬɧɨɣ ɳɟɥɶɸ, ɲɢɪɢɧɭ/ɜɵɫɨɬɭ ɤɨɬɨɪɨɣ ɦɨɠɧɨ ɪɚɫɫɱɢɬɚɬɶ 

ɩɨ ɭɪɚɜɧɟɧɢɸ ɷɤɜ / (4 / )s n d t d  [10], ɝɞɟ d – ɝɢɞɪɚɜɥɢɱɟɫɤɢɣ ɞɢɚɦɟɬɪ 
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ɨɬɜɟɪɫɬɢɹ; n – ɱɢɫɥɨ ɪɹɞɨɜ ɨɬɜɟɪɫɬɢɣ ɜ ɧɚɩɪɚɜɥɟɧɢɢ ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɚ; t/d – 

ɨɬɧɨɫɢɬɟɥɶɧɵɣ ɲɚɝ ɨɬɜɟɪɫɬɢɣ ɜɞɨɥɶ ɪɹɞɚ. ɋɩɥɨɲɧɚɹ ɷɤɜɢɜɚɥɟɧɬɧɚɹ ɳɟɥɶ 

ɢɦɟɟɬ ɬɚɤɢɟ ɠɟ ɩɥɨɳɚɞɶ ɠɢɜɨɝɨ ɫɟɱɟɧɢɹ, ɭɝɨɥ ɧɚɤɥɨɧɚ α ɢ ɪɟɠɢɦɧɵɟ 

ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɜɞɭɜɚ, ɱɬɨ ɢ ɫɨɨɬɜɟɬɫɬɜɭɸɳɚɹ ɟɣ ɫɢɫɬɟɦɚ ɨɬɜɟɪɫɬɢɣ. 

В ɪɚɛɨɬɟ Д38] ɢɫɫɥɟɞɨɜɚɥɚɫɶ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ 

ɩɪɢ ɜɵɞɭɜɟ ɱɟɪɟɡ ɞɜɚ ɪɹɞɚ ɞɢɫɤɪɟɬɧɵɯ ɨɬɜɟɪɫɬɢɣ, ɪɚɫɩɨɥɨɠɟɧɧɵɯ ɜ 

ɲɚɯɦɚɬɧɨɦ ɩɨɪɹɞɤɟ ɩɨɞ ɭɝɥɨɦ 20 ɢ 40° ɤ ɩɨɜɟɪɯɧɨɫɬɢ. ɉɪɟɞɥɨɠɟɧɨ 

ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɞɥɹ ɞɢɫɤɪɟɬɧɵɯ ɨɬɜɟɪɫɬɢɣ ɜ ɩɟɪɜɨɦ 

ɩɪɢɛɥɢɠɟɧɢɢ ɪɚɫɫɱɢɬɵɜɚɬɶ ɩɨ ɭɪɚɜɧɟɧɢɸ 
0,8

0,251 0,24 Re


   
 

s

x

sm
, ɤɨɬɨɪɨɟ 

ɭɞɨɜɥɟɬɜɨɪɢɬɟɥɶɧɨ ɨɩɢɫɵɜɚɟɬ ɪɟɡɭɥɶɬɚɬɵ ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɉɚɩɩɟɥɚ ɢ Ɍɪɨɭɬɚ 

Д62], ɚ ɬɚɤɠɟ ɋɟɛɚɧɚ Д22, 23]. Ⱦɢɫɤɪɟɬɧɨɫɬɶ ɜɞɭɜɚ ɪɟɤɨɦɟɧɞɭɟɬɫɹ ɭɱɢɬɵɜɚɬɶ ɫ 

ɩɨɦɨɳɶɸ ɩɨɩɪɚɜɤɢ ɞ ɳ0,714  . 

ɇɚ ɪɢɫ. 1.8 ɩɪɢɜɨɞɹɬɫɹ ɪɟɡɭɥɶɬɚɬɵ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɝɨ ɢɫɫɥɟɞɨɜɚɧɢɹ 

ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɚɞɢɚɛɚɬɧɨɣ ɫɬɟɧɤɢ ɡɚ ɞɜɭɦɹ ɪɹɞɚɦɢ 

ɩɪɹɦɨɭɝɨɥɶɧɵɯ (α = 30°, b = 6 ɦɦ, s = 1,4 ɦɦ, t1 = 8,8 ɦɦ, t = 12 ɦɦ) ɢ 

ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ (α = 30°, d = 3,32 ɦɦ, t1 = 8,8 ɦɦ, t = 12 ɦɦ) ɨɬɜɟɪɫɬɢɣ (ɪɢɫ. 1.8 ɝ) 

[37]. Ʉɚɤ ɜɢɞɧɨ ɢɡ ɪɢɫɭɧɤɚ, ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɩɪɢ 

ɩɟɪɟɯɨɞɟ ɨɬ ɫɩɥɨɲɧɨɣ ɳɟɥɢ ɤ ɩɪɹɦɨɭɝɨɥɶɧɵɦ, ɢ ɞɚɥɟɟ ɤ ɰɢɥɢɧɞɪɢɱɟɫɤɢɦ 

ɨɬɜɟɪɫɬɢɹɦ ɭɛɵɜɚɟɬ ɫ ɪɨɫɬɨɦ ɨɬɧɨɲɟɧɢɹ ɫɤɨɪɨɫɬɟɣ w2/w1. Ɉɫɨɛɟɧɧɨ ɷɬɨ 

ɩɪɨɹɜɥɹɟɬɫɹ ɧɚ ɧɚɱɚɥɶɧɨɦ ɭɱɚɫɬɤɟ ɜɛɥɢɡɢ ɦɟɫɬɚ ɜɞɭɜɚ. ɋɧɢɠɟɧɢɟ 

ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫɨ ɫɩɥɨɲɧɨɣ ɳɟɥɶɸ 

ɩɪɢ ɡɧɚɱɟɧɢɹɯ w2/w1 ≈ 0,7 ɢ x/s = 6 ɞɥɹ ɩɪɹɦɨɭɝɨɥɶɧɵɯ ɨɬɜɟɪɫɬɢɣ ɫɨɫɬɚɜɥɹɟɬ 

25%, ɚ ɞɥɹ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ – 56%. В ɬɨɦ ɠɟ ɫɟɱɟɧɢɢ ɩɪɢ ɡɧɚɱɟɧɢɢ 

w2/w1 = 1,72 ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ ɫɧɢɠɟɧɢɟ ɫɨɫɬɚɜɥɹɟɬ 30 ɢ 70 %. ɉɨ ɦɟɪɟ 

ɭɞɚɥɟɧɢɹ ɨɬ ɦɟɫɬɚ ɜɞɭɜɚ ɪɚɡɥɢɱɢɟ ɜ ɡɧɚɱɟɧɢɹɯ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɭɦɟɧɶɲɚɟɬɫɹ ɢ 

ɫɬɪɟɦɢɬɫɹ ɤ ɧɭɥɸ. ɉɪɢ w2/w1 ≈ 0,7 ɢ x/s > 100 ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ 

ɨɯɥɚɠɞɟɧɢɹ ɡɚ ɫɩɥɨɲɧɨɣ ɳɟɥɶɸ ɩɪɚɤɬɢɱɟɫɤɢ ɫɨɜɩɚɞɚɟɬ ɫ ɟɟ ɡɧɚɱɟɧɢɹɦɢ ɡɚ 

ɩɨɹɫɤɨɦ ɩɟɪɮɨɪɚɰɢɢ ɢɡ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɢ ɢɡ ɩɪɹɦɨɭɝɨɥɶɧɵɯ ɨɬɜɟɪɫɬɢɣ. 
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В ɪɚɛɨɬɟ Д10] ɩɪɟɞɥɚɝɚɟɬɫɹ ɦɟɬɨɞɢɤɚ ɨɩɪɟɞɟɥɟɧɢɹ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɪɢ 

ɜɵɞɭɜɟ ɱɟɪɟɡ ɨɬɜɟɪɫɬɢɹ ɪɚɡɥɢɱɧɨɣ ɝɟɨɦɟɬɪɢɢ, ɝɞɟ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɬɟɩɥɨɜɨɣ 

ɡɚɳɢɬɵ ɚɞɢɚɛɚɬɧɨɣ ɫɬɟɧɤɢ ɩɪɟɞɥɚɝɚɟɬɫɹ ɨɩɪɟɞɟɥɹɬɶ ɫ ɭɱɟɬɨɦ ɜɥɢɹɧɢɹ 

ɪɚɡɥɢɱɧɵɯ ɮɚɤɬɨɪɨɜ ɫɨɝɥɚɫɧɨ ɭɪɚɜɧɟɧɢɸ 0 1
,  


   kk

 ɝɞɟ 0  — 

ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɨɯɥɚɠɞɟɧɢɹ ɧɚ ɩɥɨɫɤɨɣ ɩɨɜɟɪɯɧɨɫɬɢ ɩɪɢ ɨɬɫɭɬɫɬɜɢɢ 

ɜɥɢɹɸɳɢɯ ɮɚɤɬɨɪɨɜ;  k  — ɩɨɩɪɚɜɤɢ, ɭɱɢɬɵɜɚɸɳɢɟ ɜɥɢɹɧɢɹ ɨɬɞɟɥɶɧɵɯ 

ɮɚɤɬɨɪɨɜ k (ɜɥɢɹɧɢɟ ɭɝɥɚ ɧɚɤɥɨɧɚ, ɞɢɫɤɪɟɬɧɨɫɬɢ ɨɬɜɟɪɫɬɢɣ, ɝɪɚɞɢɟɧɬɚ 

ɫɤɨɪɨɫɬɢ, ɡɚɤɪɭɬɤɢ ɩɨɬɨɤɚ ɢ ɞɪ. ɮɚɤɬɨɪɵ).  
 

 
ɚ 

 
ɛ 

  

ɜ ɝ 
Ɋɢɫɭɧɨɤ 1.8 – Ɂɚɜɢɫɢɦɨɫɬɶ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ 
ɩɥɨɫɤɨɣ ɩɥɚɫɬɢɧɵ ɨɬ ɛɟɡɪɚɡɦɟɪɧɨɝɨ ɪɚɫɫɬɨɹɧɢɹ x / s. ɚ – w2/w1 = 0,70; ɛ 
– w2/w1 = 1,15; ɜ – w2/w1 = 1,72; 1 – ɡɚ ɫɩɥɨɲɧɨɣ ɷɤɜɢɜɚɥɟɧɬɧɨɣ ɳɟɥɶɸ; 
2–7 – ɡɚ ɞɜɭɦɹ ɪɹɞɚɦɢ ɩɪɹɦɨɭɝɨɥɶɧɵɯ (2,4,6) ɢ ɤɪɭɝɥɵɯ (3,5,7) 
ɨɬɜɟɪɫɬɢɣ; ɜɞɨɥɶ ɨɫɢ ɨɬɜɟɪɫɬɢɣ ɩɟɪɜɨɝɨ (2, 3) ɢ ɜɬɨɪɨɝɨ (4, 5) ɪɹɞɚ; 6, 7 
– ɩɪɨɦɟɠɭɬɨɱɧɨɟ ɩɨɥɨɠɟɧɢɟ Д56].  
 
Вɟɥɢɱɢɧɚ 0  ɨɩɪɟɞɟɥɹɟɬɫɹ ɞɥɹ ɨɞɧɨɪɨɞɧɨɝɨ ɬɭɪɛɭɥɟɧɬɧɨɝɨ 

ɤɜɚɡɢɢɡɨɬɟɪɦɢɱɟɫɤɨɝɨ ɩɨɝɪɚɧɢɱɧɨɝɨ ɫɥɨɹ ɧɚ ɧɟɩɪɨɧɢɰɚɟɦɨɣ ɚɞɢɚɛɚɬɧɨɣ ɢ 

ɯɢɦɢɱɟɫɤɢ ɧɟɣɬɪɚɥɶɧɨɣ ɩɥɨɫɤɨɣ ɩɥɚɫɬɢɧɟ ɩɪɢ ɜɞɭɜɟ ɝɚɡɚ ɱɟɪɟɡ ɫɩɥɨɲɧɭɸ 

ɬɚɧɝɟɧɰɢɚɥɶɧɭɸ ɳɟɥɶ, ɩɪɢ ɢɡɨɷɧɬɪɨɩɢɣɧɨɦ ɬɟɱɟɧɢɢ ɫ ɩɨɫɬɨɹɧɧɨɣ ɫɤɨɪɨɫɬɶɸ 
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ɨɫɧɨɜɧɨɝɨ ɧɟɜɨɡɦɭɳɟɧɧɨɝɨ ɩɨɬɨɤɚ, ɧɢɡɤɨɦ ɭɪɨɜɧɟ ɟɝɨ ɧɚɱɚɥɶɧɨɣ 

ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɢ ɩɪɟɧɟɛɪɟɠɢɦɨ ɦɚɥɵɯ ɜɧɟɲɧɢɯ ɫɢɥɨɜɵɯ ɩɨɥɹɯ. Ʉɨɧɟɱɧɚɹ 

ɬɨɥɳɢɧɚ ɜɵɯɨɞɧɨɣ ɤɪɨɦɤɢ ɳɟɥɢ ɢ ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɶ ɩɚɪɚɦɟɬɪɨɜ ɜ ɨɫɧɨɜɧɨɦ 

ɢ ɜɞɭɜɚɟɦɨɦ ɩɨɬɨɤɚɯ ɝɚɡɚ ɭɱɢɬɵɜɚɟɬɫɹ ɩɪɢ ɪɚɫɱɟɬɟ ɷɮɮɟɤɬɢɜɧɨɫɬɢ 0 . В 

ɉɪɢɥɨɠɟɧɢɢ A ɪɚɫɫɦɚɬɪɢɜɚɸɬɫɹ ɩɨɩɪɚɜɤɢ, ɭɱɢɬɵɜɚɸɳɢɟ ɜɥɢɹɧɢɹ 

ɨɬɞɟɥɶɧɵɯ ɮɚɤɬɨɪɨɜ Д36].  

Ȼɚɥɞɚɭɮɨɦ, ɒɭɥɶɰɟɦ ɢ ɞɪ. Д26] ɜɵɩɨɥɧɟɧ ɛɨɥɶɲɨɣ ɨɛɴɟɦ 

ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɩɨ ɢɫɫɥɟɞɨɜɚɧɢɸ ɜɥɢɹɧɢɢ ɪɚɡɥɢɱɧɵɯ ɮɚɤɬɨɪɨɜ ɧɚ 

ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɩɪɢ ɜɵɞɭɜɟ ɨɯɥɚɞɢɬɟɥɹ ɱɟɪɟɡ ɪɹɞ 

ɧɚɤɥɨɧɧɵɯ ɤɪɭɝɥɵɯ ɨɬɜɟɪɫɬɢɣ. ɉɪɨɜɟɞɟɧɨ ɨɛɨɛɳɟɧɢɟ ɞɚɧɧɵɯ, ɩɨ 

ɪɟɡɭɥɶɬɚɬɚɦ ɤɨɬɨɪɨɝɨ ɪɚɡɪɚɛɨɬɚɧɚ ɪɚɫɱɟɬɧɚɹ ɦɟɬɨɞɢɤɚ. Ɋɚɫɱɟɬ ɩɨ ɦɟɬɨɞɭ 

Ȼɚɥɞɚɭɮɚ, ɩɪɟɞɫɬɚɜɥɟɧɧɵɣ ɜ Д26], ɭɞɨɜɥɟɬɜɨɪɢɬɟɥɶɧɨ ɨɩɢɫɵɜɚɟɬ 

ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɩɪɢ ɜɵɫɨɤɢɯ ɡɧɚɱɟɧɢɹɯ ɩɚɪɚɦɟɬɪɚ 

ɜɞɭɜɚ. ɇɟɞɨɫɬɚɬɤɨɦ ɦɟɬɨɞɚ ɹɜɥɹɟɬɫɹ ɧɭɥɟɜɨɟ ɡɧɚɱɟɧɢɟ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɜ 

ɦɟɫɬɟ ɜɞɭɜɚ. 

1.3.2 Вɥɢɹɧɢɟ ɫɥɨɠɧɨɝɨ ɭɝɥɚ ɜɞɭɜɚ 

Ɉɞɧɢɦ ɢɡ ɦɟɬɨɞɨɜ ɩɨɜɵɲɟɧɢɹ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ 

ɫ ɩɨɦɨɳɶɸ ɨɞɧɨɝɨ ɢɥɢ ɧɟɫɤɨɥɶɤɢɯ ɪɹɞɨɜ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɨɬɜɟɪɫɬɢɣ 

ɹɜɥɹɟɬɫɹ ɢɯ ɪɚɫɩɨɥɨɠɟɧɢɟ ɩɨɞ ɫɥɨɠɧɵɦ ɭɝɥɨɦ (ɪɢɫ. 1.9), ɤɨɝɞɚ ɨɫɶ ɨɬɜɟɪɫɬɢɹ 

ɧɚɤɥɨɧɟɧɚ ɤɚɤ ɤ ɩɥɨɫɤɨɫɬɢ БГ, ɬɚɤ ɢ ɤ ɩɥɨɫɤɨɫɬɢ БВ. ɇɚɩɪɚɜɥɟɧɢɟ ɩɨɬɨɤɚ 

ɩɨɞ ɫɥɨɠɧɵɦ ɭɝɥɨɦ ɧɚɪɭɲɚɟɬ ɫɢɦɦɟɬɪɢɸ ɩɚɪɧɨɝɨ ɜɢɯɪɹ ɢ ɩɪɢɜɨɞɢɬ ɤ ɟɝɨ 

ɨɫɥɚɛɥɟɧɢɸ. В ɪɚɛɨɬɟ Ɋ. Ⱦɠ. Ƚɨɥɶɞɲɬɟɣɧɚ Д17] ɩɪɟɞɫɬɚɜɥɟɧɨ ɢɫɫɥɟɞɨɜɚɧɢɟ 

ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɡɚ ɨɞɢɧɨɱɧɵɦ ɰɢɥɢɧɞɪɢɱɟɫɤɢɦ 

ɨɬɜɟɪɫɬɢɟɦ. В ɢɫɫɥɟɞɨɜɚɧɢɢ ɜɚɪɶɢɪɨɜɚɥɢɫɶ ɭɝɥɵ ɪɚɫɩɨɥɨɠɟɧɢɹ ɨɬɜɟɪɫɬɢɹ 

ɨɬɧɨɫɢɬɟɥɶɧɨ ɨɫɟɣ x ɢ z. В ɩɟɪɜɨɦ ɫɥɭɱɚɟ ɨɬɜɟɪɫɬɢɟ ɪɚɫɩɨɥɚɝɚɥɨɫɶ ɩɨ 

ɧɚɩɪɚɜɥɟɧɢɸ ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɚ ɩɨɞ ɭɝɥɨɦ ɤ ɩɨɜɟɪɯɧɨɫɬɢ α = 35º (ɪɢɫ. 1.5 ɝ), 

ɜɨ ɜɬɨɪɨɦ ɫɥɭɱɚɟ ɨɬɜɟɪɫɬɢɟ ɪɚɫɩɨɥɚɝɚɥɨɫɶ ɜ ɩɨɩɟɪɟɱɧɨɦ ɧɚɩɪɚɜɥɟɧɢɢ ɤ 

ɨɫɧɨɜɧɨɦɭ ɩɨɬɨɤɭ, ɢ ɭɝɨɥ ɧɚɤɥɨɧɚ ɤ ɨɫɢ z ɫɨɫɬɚɜɥɹɥ β = 15,35º. Ɍɚɦ ɠɟ 

ɩɪɟɞɫɬɚɜɥɟɧɨ ɢɫɫɥɟɞɨɜɚɧɢɟ ɪɹɞɚ ɤɪɭɝɥɵɯ ɨɬɜɟɪɫɬɢɣ, ɪɚɫɩɨɥɨɠɟɧɧɵɯ ɩɨɞ 

ɭɝɥɨɦ ɤ ɩɨɜɟɪɯɧɨɫɬɢ α = 35º ɫ ɨɬɧɨɫɢɬɟɥɶɧɵɦ ɲɚɝɨɦ t/d = 3. 
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Ɋɢɫɭɧɨɤ 1.λ – ɋɯɟɦɚ ɜɞɭɜɚ ɱɟɪɟɡ ɨɬɜɟɪɫɬɢɹ ɩɨɞ ɫɥɨɠɧɵɦ ɭɝɥɨɦ. 
 
Ʉɚɤ ɨɬɦɟɱɚɟɬɫɹ ɜ Д13], ɪɚɫɩɨɥɨɠɟɧɢɟ ɨɬɜɟɪɫɬɢɣ ɩɨɞ ɫɥɨɠɧɵɦ ɭɝɥɨɦ 

ɡɚɬɪɭɞɧɹɟɬ ɩɪɨɧɢɤɧɨɜɟɧɢɟ ɫɬɪɭɢ ɨɯɥɚɞɢɬɟɥɹ ɜ ɨɫɧɨɜɧɨɣ ɩɨɬɨɤ, ɢ, ɬɟɦ ɫɚɦɵɦ, 

ɩɨɜɵɲɚɟɬ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɨɯɥɚɠɞɟɧɢɹ ɢ ɭɥɭɱɲɚɟɬ ɩɨɤɪɵɬɢɟ ɩɨɜɟɪɯɧɨɫɬɢ. 

В Д63] ɢɫɫɥɟɞɨɜɚɧɨ ɜɥɢɹɧɢɟ ɫɥɨɠɧɨɝɨ ɭɝɥɚ ɞɥɹ ɨɞɢɧɨɱɧɨɝɨ ɢ ɞɜɨɣɧɨɝɨ 

ɪɹɞɨɜ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɨɬɜɟɪɫɬɢɣ. ɉɨɥɭɱɟɧɨ, ɱɬɨ ɩɪɢɦɟɧɟɧɢɟ ɫɥɨɠɧɨɝɨ ɭɝɥɚ 

ɫɭɳɟɫɬɜɟɧɧɨ ɩɨɜɵɲɚɟɬ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɨɯɥɚɠɞɟɧɢɹ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ 

ɨɬɜɟɪɫɬɢɹɦɢ, ɧɚɩɪɚɜɥɟɧɧɵɦɢ ɩɨ ɩɨɬɨɤɭ ɩɪɢ ɬɟɯ ɠɟ ɪɟɠɢɦɧɵɯ ɩɚɪɚɦɟɬɪɚɯ. 

В Д58] ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɞɟɬɚɥɶɧɨɝɨ ɫɪɚɜɧɢɬɟɥɶɧɨɝɨ 

ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɝɨ ɢɫɫɥɟɞɨɜɚɧɢɹ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɫ ɩɨɦɨɳɶɸ ɪɹɞɨɜ 

ɨɬɜɟɪɫɬɢɣ – ɚɤɫɢɚɥɶɧɵɯ ɢ ɩɨɞ ɫɥɨɠɧɵɦɢ ɭɝɥɚɦɢ. Иɫɫɥɟɞɨɜɚɧɢɹ ɩɪɨɜɟɞɟɧɵ 

ɧɚ ɦɨɞɟɥɢ ɥɨɩɚɬɤɢ (ɧɚ ɫɬɨɪɨɧɟ ɪɚɡɪɟɠɟɧɢɹ). ɍɪɨɜɟɧɶ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ 

ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɚ ɢɡɦɟɧɹɥɫɹ ɨɬ 1 ɞɨ 3,λ%, ɨɬɧɨɫɢɬɟɥɶɧɚɹ ɬɨɥɳɢɧɚ 

ɩɨɝɪɚɧɢɱɧɨɝɨ ɫɥɨɹ į/d ɜ ɪɚɣɨɧɟ ɨɬɜɟɪɫɬɢɣ ɪɚɜɧɹɥɚɫɶ 0,56. Ⱥɤɫɢɚɥɶɧɵɟ 

ɨɬɜɟɪɫɬɢɹ ɧɚɯɨɞɢɥɢɫɶ ɩɨɞ ɭɝɥɨɦ 30º ɤ ɩɨɜɟɪɯɧɨɫɬɢ, ɞɥɹ ɨɬɜɟɪɫɬɢɣ ɩɨɞ 

ɫɥɨɠɧɵɦ ɭɝɥɨɦ ɜɟɪɬɢɤɚɥɶɧɵɣ ɢ ɩɨɩɟɪɟɱɧɵɣ ɭɝɥɵ ɫɨɫɬɚɜɥɹɥɢ 45º, 

ɨɬɧɨɫɢɬɟɥɶɧɵɣ ɲɚɝ ɪɚɫɩɨɥɨɠɟɧɢɹ ɨɬɜɟɪɫɬɢɣ t/d ɫɨɫɬɚɜɥɹɥ 5,55. 

ɇɚ ɪɢɫ. 1.10ɚ ɩɨɤɚɡɚɧɨ ɩɪɨɞɨɥɶɧɨɟ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɫɪɟɞɧɟɣ ɩɨ ɲɢɪɢɧɟ 

ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ. Ɋɚɫɩɨɥɨɠɟɧɢɟ ɨɬɜɟɪɫɬɢɣ ɩɨɞ 

ɫɥɨɠɧɵɦ ɭɝɥɨɦ ɡɧɚɱɢɬɟɥɶɧɨ (ɜ 1,5…2,5 ɪɚɡɚ) ɩɨɜɵɲɚɟɬ ɡɧɚɱɟɧɢɟ   ɧɚ 
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ɧɚɱɚɥɶɧɨɦ ɭɱɚɫɬɤɟ, ɚ ɩɪɢ x/d > 5 ɩɪɟɜɵɲɟɧɢɟ  ɫɨɫɬɚɜɥɹɟɬ 40%. ɇɚ ɪɢɫ. 1.10ɛ 

ɩɨɤɚɡɚɧɚ ɡɚɜɢɫɢɦɨɫɬɶ ɫɪɟɞɧɟɣ ɩɨ ɩɨɜɟɪɯɧɨɫɬɢ (0 < x/d < 30) ɷɮɮɟɤɬɢɜɧɨɫɬɢ 

ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ. Ʉɚɤ ɜɢɞɧɨ ɢɡ ɪɢɫɭɧɤɚ, ɦɚɤɫɢɦɭɦ ɷɮɮɟɤɬɢɜɧɨɫɬɢ 

ɫɨɨɬɜɟɬɫɬɜɭɟɬ m ≈ 0,5 ɞɥɹ ɨɛɟɢɯ ɤɨɧɮɢɝɭɪɚɰɢɣ, ɨɞɧɚɤɨ ɞɥɹ ɨɬɜɟɪɫɬɢɣ ɩɨɞ 

ɫɥɨɠɧɵɦ ɭɝɥɨɦ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɜɵɲɟ. ɋɪɚɜɧɟɧɢɟ ɞɚɧɧɵɯ, ɩɨɥɭɱɟɧɧɵɯ ɧɚ 

ɤɪɢɜɨɥɢɧɟɣɧɨɣ ɩɨɜɟɪɯɧɨɫɬɢ, ɫ ɞɚɧɧɵɦɢ, ɩɨɥɭɱɟɧɧɵɦɢ ɞɥɹ ɩɥɨɫɤɨɣ 

ɩɨɜɟɪɯɧɨɫɬɢ, ɩɨɤɚɡɚɥɨ ɧɟɡɧɚɱɢɬɟɥɶɧɨɟ ɨɬɥɢɱɢɟ, ɚɜɬɨɪɵ ɨɛɴɹɫɧɹɸɬ ɷɬɨ 

ɧɟɡɧɚɱɢɬɟɥɶɧɨɣ ɤɪɢɜɢɡɧɨɣ ɩɨɜɟɪɯɧɨɫɬɢ ɜ ɪɚɣɨɧɟ ɢɡɦɟɪɟɧɢɣ. 
 

 
ɚ      ɛ 

Ɋɢɫɭɧɨɤ 1.10 – Эɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɩɨ ɞɚɧɧɵɦ 
Д58]μ ɚ – ɫɪɟɞɧɹɹ ɩɨ ɲɢɪɢɧɟ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ 
ɩɪɢ m = 1,0; ɛ – ɫɪɟɞɧɹɹ ɩɨ ɩɨɜɟɪɯɧɨɫɬɢ (0 < x/d < 30) ɷɮɮɟɤɬɢɜɧɨɫɬɶ 
ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ. 1,2 – ɚɤɫɢɚɥɶɧɵɟ ɨɬɜɟɪɫɬɢɹ ɢ ɨɬɜɟɪɫɬɢɹ ɩɨɞ 
ɫɥɨɠɧɵɦ ɭɝɥɨɦ, ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. 

В ɉɪɢɥɨɠɟɧɢɟ Ȼ ɜ ɬɚɛɥɢɰɟ Ȼ.1 ɩɪɢɜɟɞɟɧɵ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɪɚɛɨɬɵ 

[13,26,64-67], ɜ ɤɨɬɨɪɵɯ ɨɩɢɫɚɧɵ ɨɫɧɨɜɧɵɟ ɝɟɨɦɟɬɪɢɱɟɫɤɢɟ ɢ ɪɟɠɢɦɧɵɟ 

ɩɚɪɚɦɟɬɪɵ ɜɞɭɜɚ ɱɟɪɟɡ ɨɬɜɟɪɫɬɢɹ ɫɨ ɫɥɨɠɧɵɦɢ ɭɝɥɚɦɢ. Ⱦɥɹ ɚɧɚɥɢɡɚ ɜɜɟɞɟɧ 

ɩɚɪɚɦɟɬɪ εβ ɢ ɩɨɫɬɪɨɟɧɵ ɡɚɜɢɫɢɦɨɫɬɢ εβ ɨɬ x/d. 

 

1.4  ɉɟɪɫɩɟɤɬɢɜɧɵɟ ɫɯɟɦɵ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ 

Ʉɚɤ ɭɤɚɡɵɜɚɥɨɫɶ ɪɚɧɟɟ, ɬɪɚɞɢɰɢɨɧɧɚɹ ɫɢɫɬɟɦɚ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ 

ɢɡ ɪɚɫɩɨɥɨɠɟɧɧɵɯ ɩɨɞ ɭɝɥɨɦ ɤ ɩɨɜɟɪɯɧɨɫɬɢ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɨɬɜɟɪɫɬɢɣ 

ɯɚɪɚɤɬɟɪɢɡɭɟɬɫɹ ɪɹɞɨɦ ɧɟɞɨɫɬɚɬɤɨɜ. Ɉɫɧɨɜɧɨɣ ɢɡ ɧɢɯ – ɜɨɡɧɢɤɧɨɜɟɧɢɟ 
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ɜɬɨɪɢɱɧɵɯ ɜɢɯɪɟɜɵɯ ɫɬɪɭɤɬɭɪ (ɪɢɫ. 1.6), ɤɨɬɨɪɵɟ ɩɪɢɜɨɞɹɬ ɤ ɫɧɢɠɟɧɢɸ 

ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ. Ⱥɧɚɥɢɡ ɪɟɡɭɥɶɬɚɬɨɜ ɩɪɟɞɫɬɚɜɥɟɧɧɵɯ 

ɜ ɥɢɬɟɪɚɬɭɪɟ ɩɨɤɚɡɚɥ, ɱɬɨ ɜ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɨɫɧɨɜɧɨɟ ɜɧɢɦɚɧɢɟ 

ɫɨɫɪɟɞɨɬɨɱɟɧɨ ɧɚ ɫɥɟɞɭɸɳɢɯ ɧɚɩɪɚɜɥɟɧɢɹɯμ ɢɫɫɥɟɞɨɜɚɧɢɟ ɩɪɨɮɢɥɢɪɨɜɚɧɧɵɯ 

ɨɬɜɟɪɫɬɢɣ, ɬ.ɟ ɨɬɜɟɪɫɬɢɣ ɫɥɨɠɧɨɣ ɮɨɪɦɵ – ɜɟɟɪɧɵɯ («fan-shaped»), 

ɤɨɧɫɨɥɶɧɵɯ ɢ ɧɟɤɨɬɨɪɵɯ ɞɪɭɝɢɯ; ɢɫɫɥɟɞɨɜɚɧɢɟ ɨɬɜɟɪɫɬɢɣ, ɜɵɯɨɞɵ ɢɡ 

ɤɨɬɨɪɵɯ ɪɚɡɦɟɳɟɧɵ ɜ ɭɝɥɭɛɥɟɧɢɹɯ – ɨɬɜɟɪɫɬɢɣ ɜ ɥɭɧɤɚɯ, ɜ ɤɪɚɬɟɪɚɯ, ɜ 

ɬɪɚɧɲɟɟ; ɢɫɫɥɟɞɨɜɚɧɢɟ ɚɧɬɢ-ɜɢɯɪɟɜɵɯ ɫɢɫɬɟɦ – ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ (double-

jet) ɢ ɞɨɩɨɥɧɢɬɟɥɶɧɵɯ ɚɧɬɢ-ɜɢɯɪɟɜɵɯ ɨɬɜɟɪɫɬɢɣ, ɜɵɩɨɥɧɟɧɧɵɯ ɧɚɪɹɞɭ ɫ 

ɨɫɧɨɜɧɵɦɢ.  

 
Ɍɚɛɥɢɰɚ 1.1 – ɉɟɪɫɩɟɤɬɢɜɧɵɟ ɫɯɟɦɵ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ. 

Ʉɨɧɢɱɟɫɤɚɹ 
ɮɨɪɦɚ [68] 

 

В ɮɨɪɦɟ 
ɩɨɥɭɦɟɫɹɰɚ 

[72,81]  

Ɉɬɜɟɪɫɬɢɟ 
ɜɟɟɪɧɨɣ ɮɨɪɦɵ 

[73-80] 
 

В ɮɨɪɦɟ ɝɚɧɬɟɥɢ 
ɢ ɛɨɛɚ Д82] 

 

Ʉɨɧɫɨɥɶɧɨɟ 
ɨɬɜɟɪɫɬɢɟ [75,83] 

 

Вɵɞɭɜ 
ɨɯɥɚɞɢɬɟɥɹ ɜ 

ɤɪɚɬɟɪɵ [84,85] 

 

Вɵɞɭɜ 
ɨɯɥɚɞɢɬɟɥɹ ɜ 

ɬɪɚɧɲɟɸ [86-88] 

 

Ɉɬɜɟɪɫɬɢɟ ɜ 
ɩɨɥɭɫɮɟɪɢɱɟɫɤɨɦ  

ɭɝɥɭɛɥɟɧɢɢ 
 [89-92] 

 

Ⱦɨɩɨɥɧɢɬɟɥɶɧɵɟ 
ɛɨɤɨɜɵɟ 

ɨɬɜɟɪɫɬɢɹ 
[11,93-94] 

 

ɉɚɪɧɵɟ ɨɬɜɟɪɫɬɢɹ  
[95-102] 
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Ɉɫɧɨɜɧɵɦɢ ɬɪɟɛɨɜɚɧɢɹɦɢ ɞɥɹ ɧɨɜɵɯ ɬɟɯɧɢɱɟɫɤɢɯ ɪɟɲɟɧɢɣ ɹɜɥɹɟɬɫɹ 

ɪɚɜɧɨɦɟɪɧɨɫɬɶ ɩɨɤɪɵɬɢɹ ɩɨɜɟɪɯɧɨɫɬɢ ɩɥɟɧɤɨɣ ɨɯɥɚɞɢɬɟɥɹ ɩɪɢ ɦɢɧɢɦɚɥɶɧɨɦ 

ɩɨɜɵɲɟɧɢɢ ɟɝɨ ɪɚɫɯɨɞɚ, ɬɟɯɧɨɥɨɝɢɱɧɨɫɬɶ ɩɪɨɢɡɜɨɞɫɬɜɚ. Ⱦɚɥɟɟ ɪɚɫɫɦɨɬɪɢɦ 

ɧɟɤɨɬɨɪɵɟ ɩɟɪɫɩɟɤɬɢɜɧɵɟ ɫɯɟɦɵ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ (ɬɚɛɥ.1.1), 

ɢɫɫɥɟɞɨɜɚɧɢɟɦ ɤɨɬɨɪɵɯ ɡɚɧɢɦɚɸɬɫɹ ɝɪɭɩɩɵ ɭɱɟɧɵɯ ɢ ɤɨɧɫɬɪɭɤɬɨɪɚ ɜɟɞɭɳɢɯ 

ɦɢɪɨɜɵɯ ɩɪɨɢɡɜɨɞɢɬɟɥɟɣ ȽɌɍ ɜ ɋɒȺ, əɩɨɧɢɢ, Ƚɟɪɦɚɧɢɢ, Ɋɨɫɫɢɢ ɢ ɍɤɪɚɢɧɟ. 

 

1.4.1 ɉɪɨɮɢɥɢɪɨɜɚɧɧɵɟ ɨɬɜɟɪɫɬɢɹ 

ɉɪɢɞɚɧɢɟ ɨɬɜɟɪɫɬɢɹɦ ɩɪɨɮɢɥɢɪɨɜɚɧɧɨɣ ɮɨɪɦɵ ɩɨɡɜɨɥɹɟɬ ɫɧɢɡɢɬɶ 

ɫɤɨɪɨɫɬɶ ɨɯɥɚɞɢɬɟɥɹ ɧɚ ɜɵɯɨɞɟ ɢɡ ɨɬɜɟɪɫɬɢɹ ɡɚ ɫɱɟɬ ɭɜɟɥɢɱɟɧɢɹ ɜɵɯɨɞɧɨɝɨ 

ɫɟɱɟɧɢɹ, ɚ ɬɚɤɠɟ ɪɚɫɲɢɪɢɬɶ ɫɬɪɭɸ ɜ ɩɨɩɟɪɟɱɧɨɦ ɧɚɩɪɚɜɥɟɧɢɢ, ɢ ɬɟɦ ɫɚɦɵɦ 

ɡɧɚɱɢɬɟɥɶɧɨ ɩɨɜɵɫɢɬɶ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ. В 

ɢɡɨɛɪɟɬɟɧɢɢ Д68] ɜɩɟɪɜɵɟ ɩɪɟɞɥɨɠɟɧɨ ɢɫɩɨɥɶɡɨɜɚɬɶ ɪɚɫɲɢɪɹɸɳɟɟɫɹ 

ɨɬɜɟɪɫɬɢɟ ɜɞɭɜɚ (ɤɨɧɢɱɟɫɤɨɣ ɮɨɪɦɵ) ɫ ɭɝɥɨɦ ɪɚɫɤɪɵɬɢɹ ɤɨɧɭɫɚ 4…12º. В 

ɞɚɥɶɧɟɣɲɟɦ ɛɵɥ ɡɚɩɚɬɟɧɬɨɜɚɧ ɪɹɞ ɬɟɯɧɢɱɟɫɤɢɯ ɪɟɲɟɧɢɣ ɜ ɜɢɞɟ 

ɩɪɨɮɢɥɢɪɨɜɚɧɧɵɯ ɨɬɜɟɪɫɬɢɣ ɪɚɡɥɢɱɧɨɣ ɮɨɪɦɵ Д6λ–72], ɤɨɬɨɪɵɟ ɨɬɪɚɠɚɸɬ 

ɪɚɡɜɢɬɢɟ ɩɪɨɮɢɥɢɪɨɜɚɧɧɵɯ ɨɬɜɟɪɫɬɢɣ ɨɬ ɜɟɟɪɧɵɯ ɞɨ ɛɨɥɟɟ ɫɥɨɠɧɵɯ, ɫ 

ɤɪɢɜɨɥɢɧɟɣɧɵɦɢ ɮɚɫɨɧɧɵɦɢ ɩɨɜɟɪɯɧɨɫɬɹɦɢ. 

Ɉɬɜɟɪɫɬɢɹ ɜɟɟɪɧɨɣ ɮɨɪɦɵ. Ʉ ɧɚɫɬɨɹɳɟɦɭ ɜɪɟɦɟɧɢ ɨɩɭɛɥɢɤɨɜɚɧɨ 

ɛɨɥɶɲɨɟ ɤɨɥɢɱɟɫɬɜɨ ɪɚɛɨɬ, ɩɨɫɜɹɳɟɧɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɸ ɩɥɟɧɨɱɧɨɝɨ 

ɨɯɥɚɠɞɟɧɢɹ ɡɚ ɨɬɜɟɪɫɬɢɹɦɢ ɜɟɟɪɧɨɣ ɮɨɪɦɵ Д73–80]. Ʉɚɤ ɩɨɤɚɡɚɥɢ 

ɢɫɫɥɟɞɨɜɚɧɢɹ, ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɞɚɧɧɵɯ ɫɯɟɦ ɡɧɚɱɢɬɟɥɶɧɨ ɜɵɲɟ, ɱɟɦ ɭ ɫɯɟɦ ɫ 

ɬɪɚɞɢɰɢɨɧɧɵɦɢ ɰɢɥɢɧɞɪɢɱɟɫɤɢɦɢ ɨɬɜɟɪɫɬɢɹɦɢ. 

В ɤɚɱɟɫɬɜɟ ɨɛɨɛɳɚɸɳɟɣ ɡɚɜɢɫɢɦɨɫɬɢ ɞɥɹ ɪɚɫɱɟɬɚ ɷɮɮɟɤɬɢɜɧɨɫɬɢ 

ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɡɚ ɨɞɧɨɪɹɞɧɨɣ ɫɢɫɬɟɦɨɣ ɨɬɜɟɪɫɬɢɣ ɜɟɟɪɧɨɣ ɮɨɪɦɵ ɜ 

ɪɚɛɨɬɟ [80] ɩɪɟɞɥɨɠɟɧɨ ɭɪɚɜɧɟɧɢɟ, ɤɨɬɨɪɨɟ ɩɨɥɭɱɟɧɨ ɞɥɹ ɨɞɧɨɝɨ ɪɹɞɚ 

ɨɬɜɟɪɫɬɢɣ: 

 

32
1 ɷɤɜ

1
/ ( / )Ccr t C m x md

 


,   (1.5) 

 



35 

ɝɞɟ r – ɪɚɡɦɟɪ ɩɪɨɮɢɥɢɪɨɜɚɧɧɨɝɨ ɨɬɜɟɪɫɬɢɹ ɜ ɩɨɩɟɪɟɱɧɨɦ ɧɚɩɪɚɜɥɟɧɢɢ; 

dɷɤɜ – ɷɤɜɢɜɚɥɟɧɬɧɵɣ ɪɚɡɦɟɪ ɳɟɥɢ, ɨɩɪɟɞɟɥɹɟɦɵɣ ɨɬɧɨɲɟɧɢɟɦ ɩɥɨɳɚɞɢ 

ɨɬɜɟɪɫɬɢɹ ɧɚ ɜɵɯɨɞɟ ɤ ɲɚɝɭ ɦɟɠɞɭ ɨɬɜɟɪɫɬɢɹɦɢ; ɋ1= 0,1721, ɋ2= – 0,2664, 

ɋ3= 0,8749 – ɷɦɩɢɪɢɱɟɫɤɢɟ ɤɨɧɫɬɚɧɬɵ. В ɪɚɛɨɬɟ ɬɚɤɠɟ ɩɨɤɚɡɚɧɨ, ɱɬɨ ɞɚɧɧɵɟ 

ɷɤɫɩɟɪɢɦɟɧɬɚ ɩɪɢ x/d > 10 ɢ ɞɨ ɡɧɚɱɟɧɢɹ ɩɚɪɚɦɟɬɪɚ m = 2,5 ɯɨɪɨɲɨ 

ɫɨɝɥɚɫɭɸɬɫɹ ɫ ɪɚɫɱɟɬɨɦ ɩɨ ɭɪɚɜɧɟɧɢɸ (1.5). 

ɇɨɜɵɟ ɮɨɪɦɵ ɨɬɜɟɪɫɬɢɣ. В Д81] ɩɪɟɞɥɨɠɟɧɨ ɜɵɩɨɥɧɹɬɶ ɨɬɜɟɪɫɬɢɟ ɧɚ 

ɜɵɯɨɞɟ ɜ ɮɨɪɦɟ ɩɨɥɭɦɟɫɹцɚ, ɱɬɨ ɫɩɨɫɨɛɫɬɜɭɟɬ ɫɧɢɠɟɧɢɸ «ɩɨɞɫɨɫɚ» 

ɜɧɟɲɧɟɝɨ ɩɨɬɨɤɚ ɜɫɥɟɞɫɬɜɢɟ ɤɪɢɜɢɡɧɵ ɫɬɟɧɨɤ ɨɬɜɟɪɫɬɢɹ. ɋɯɨɠɟɟ 

ɬɟɯɧɢɱɟɫɤɨɟ ɪɟɲɟɧɢɟ ɩɪɟɞɥɨɠɟɧɨ ɜ Д72], ɤɨɬɨɪɨɟ, ɩɨ ɦɧɟɧɢɸ ɚɜɬɨɪɨɜ, 

ɢɧɬɟɧɫɢɮɢɰɢɪɭɟɬ ɩɨɩɟɪɟɱɧɨɟ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɨɯɥɚɞɢɬɟɥɹ, ɨɛɟɫɩɟɱɢɜɚɟɬ 

ɥɭɱɲɟɟ ɩɪɢɫɨɟɞɢɧɟɧɢɟ ɟɝɨ ɤ ɩɨɜɟɪɯɧɨɫɬɢ, ɫɧɢɠɚɟɬ ɬɭɪɛɭɥɟɧɬɧɨɫɬɶ 

ɩɪɢɫɬɟɧɨɱɧɨɝɨ ɫɥɨɹ. В Д82] ɩɪɟɞɥɨɠɟɧɵ ɞɜɟ ɧɨɜɵɟ ɮɨɪɦɵ ɩɪɨɮɢɥɢɪɨɜɚɧɧɨɝɨ 

ɨɬɜɟɪɫɬɢɹ – ɜ ɜɢɞɟ ɝɚɧɬɟɥи ɢ ɜ ɜɢɞɟ ɛɨɛɚ, ɱɬɨ ɩɨɡɜɨɥɹɟɬ ɩɪɢ ɜɵɫɨɤɢɯ 

ɩɚɪɚɦɟɬɪɚɯ ɜɞɭɜɚ (ɩɨɪɹɞɤɚ 2,5) ɞɨɫɬɢɝɚɬɶ ɭɜɟɥɢɱɟɧɢɹ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɧɚ 33% 

ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɨɬɜɟɪɫɬɢɹɦɢ ɜɟɟɪɧɨɣ ɮɨɪɦɵ. Ɉɞɧɚɤɨ, ɩɪɚɤɬɢɱɟɫɤɨɟ 

ɜɨɩɥɨɳɟɧɢɟ ɬɚɤɢɯ ɮɨɪɦ ɭɫɥɨɠɧɹɟɬ ɢ ɬɚɤ ɧɟɩɪɨɫɬɭɸ ɬɟɯɧɨɥɨɝɢɸ ɜɵɩɨɥɧɟɧɢɹ 

ɩɪɨɮɢɥɢɪɨɜɚɧɧɵɯ ɨɬɜɟɪɫɬɢɣ. 

Ɉɬɜɟɪɫɬɢɹ ɤɨɧɫɨɥɶɧɨɣ ɮɨɪɦɵ. Эɮɮɟɤɬɢɜɧɨɫɬɶ ɨɯɥɚɠɞɟɧɢɹ ɢɡ 

ɨɬɜɟɪɫɬɢɣ ɤɨɧɫɨɥьɧɨɣ ɮɨɪɦɵ ɢɫɫɥɟɞɨɜɚɥɚɫɶ ɜ Д75,83]. В Д75] ɩɪɨɜɟɞɟɧɨ 

ɫɪɚɜɧɢɬɟɥɶɧɨɟ ɱɢɫɥɟɧɧɨɟ ɢɫɫɥɟɞɨɜɚɧɢɟ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ 

ɨɯɥɚɠɞɟɧɢɹ ɢɡ ɨɬɜɟɪɫɬɢɣ ɜɟɟɪɧɨɣ ɢ ɤɨɧɫɨɥɶɧɨɣ ɮɨɪɦɵ. Ⱥɜɬɨɪɵ ɨɬɦɟɱɚɸɬ, 

ɱɬɨ ɤɨɧɫɨɥɶɧɚɹ ɮɨɪɦɚ, ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɜɟɟɪɧɨɣ, ɨɛɟɫɩɟɱɢɜɚɟɬ ɥɭɱɲɟɟ 

ɩɨɤɪɵɬɢɟ ɩɨɜɟɪɯɧɨɫɬɢ, ɨɞɧɚɤɨ ɢɦɟɟɬ ɦɟɫɬɨ ɜɵɫɨɤɚɹ ɫɬɟɩɟɧɶ ɩɟɪɟɦɟɲɢɜɚɧɢɹ 

ɩɨ ɤɪɚɹɦ, ɱɬɨ ɬɪɟɛɭɟɬ ɭɫɨɜɟɪɲɟɧɫɬɜɨɜɚɧɢɹ ɷɬɨɣ ɡɨɧɵ ɨɬɜɟɪɫɬɢɣ. ɉɨ 

ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɤɨɧɫɨɥɶɧɵɟ ɨɬɜɟɪɫɬɢɹ ɫɪɚɜɧɢɦɵ ɫ 

ɨɬɜɟɪɫɬɢɹɦɢ ɜɟɟɪɧɨɣ ɮɨɪɦɵ.  
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1.4.2 Ɉɬɜɟɪɫɬɢɹ ɜ ɭɝɥɭɛɥɟɧɢɹɯ ɪɚɡɥɢɱɧɨɣ ɮɨɪɦɵ 

Ɉɫɧɨɜɧɵɦ ɧɟɞɨɫɬɚɬɤɨɦ ɩɪɨɮɢɥɢɪɨɜɚɧɧɵɯ ɨɬɜɟɪɫɬɢɣ ɹɜɥɹɟɬɫɹ ɫɥɨɠɧɚɹ 

ɢ ɞɨɪɨɝɨɫɬɨɹɳɚɹ ɬɟɯɧɨɥɨɝɢɹ ɢɡɝɨɬɨɜɥɟɧɢɹ, ɩɨɷɬɨɦɭ ɩɪɨɜɨɞɢɬɫɹ ɩɨɫɬɨɹɧɧɵɣ 

ɩɨɢɫɤ ɧɨɜɵɯ, ɛɨɥɟɟ ɩɪɨɫɬɵɯ ɬɟɯɧɢɱɟɫɤɢɯ ɪɟɲɟɧɢɣ, ɨɫɧɨɜɚɧɧɵɯ ɧɚ 

ɨɪɝɚɧɢɡɚɰɢɢ ɜɵɯɨɞɚ ɨɯɥɚɞɢɬɟɥɹ ɜ ɩɨɥɨɫɬɶ ɩɪɨɫɬɨɣ ɝɟɨɦɟɬɪɢɱɟɫɤɨɣ ɮɨɪɦɵ, 

ɤɨɬɨɪɚɹ ɢɦɟɟɬ ɛɨɥɟɟ ɩɪɨɫɬɭɸ ɢ ɞɟɲɟɜɭɸ ɬɟɯɧɨɥɨɝɢɸ ɢɡɝɨɬɨɜɥɟɧɢɹ. Эɬɭ 

ɩɨɥɨɫɬɶ ɦɨɠɧɨ, ɧɚɩɪɢɦɟɪ, ɜɵɩɨɥɧɹɬɶ ɜ ɩɨɤɪɵɬɢɢ ɥɨɩɚɬɤɢ. 

Ɉɬɜɟɪɫɬɢɹ ɜ ɤɪɚɬɟɪɚɯ. ɉɟɪɜɵɦ ɩɪɢɦɟɪɨɦ ɞɚɧɧɨɝɨ ɩɨɞɯɨɞɚ ɹɜɥɹɟɬɫɹ 

ɩɚɬɟɧɬ ɋɒȺ Д84], ɜ ɤɨɬɨɪɨɦ ɨɬɜɟɪɫɬɢɟ ɪɚɫɩɨɥɚɝɚɟɬɫɹ ɜ ɭɝɥɭɛɥɟɧɢɢ 

ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ ɮɨɪɦɵ (ɤɪɚɬɟɪɟ). Ⱦɚɧɧɨɟ ɢɡɨɛɪɟɬɟɧɢɟ ɨɫɧɨɜɚɧɨ ɧɚ 

ɨɬɤɪɵɬɢɢ, ɱɬɨ ɜɧɟɡɚɩɧɚɹ ɪɚɡɛɢɜɤɚ ɬɟɱɟɧɢɹ ɩɪɢɜɨɞɢɬ ɤ ɭɥɭɱɲɟɧɢɸ 

ɨɯɥɚɠɞɟɧɢɹ. Ȼɨɥɟɟ ɩɨɞɪɨɛɧɨ ɤɪɚɬɟɪɧɚɹ ɤɨɧɮɢɝɭɪɚɰɢɹ ɢɫɫɥɟɞɨɜɚɥɚɫɶ ɜ 

ɪɚɛɨɬɟ Д85], ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɛɚɡɨɜɨɣ (ɪɹɞ ɨɬɜɟɪɫɬɢɣ ɛɟɡ ɤɪɚɬɟɪɨɜ), ɜɟɟɪɧɨɣ ɢ 

ɬɪɚɧɲɟɣɧɨɣ ɤɨɧɮɢɝɭɪɚɰɢɹɦɢ. Ɋɚɫɫɦɚɬɪɢɜɚɥɢɫɶ ɤɪɚɬɟɪɵ ɷɥɥɢɩɬɢɱɟɫɤɨɣ ɢ 

ɤɪɭɝɥɨɣ ɮɨɪɦɵ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɦɨɞɟɥɢ ɥɨɩɚɬɤɢ (ɧɚ ɫɬɨɪɨɧɟ ɪɚɡɪɟɠɟɧɢɹ), 

ɧɚɢɥɭɱɲɢɟ ɩɨɤɚɡɚɬɟɥɢ ɩɨ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɨɥɭɱɟɧɵ ɞɥɹ ɤɪɭɝɥɨɣ ɮɨɪɦɵ 

ɤɪɚɬɟɪɚ. Иɫɩɨɥɶɡɨɜɚɧɢɟ ɤɪɚɬɟɪɚ ɧɚ ɜɵɯɨɞɟ ɢɡ ɨɬɜɟɪɫɬɢɹ, ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ 

ɛɚɡɨɜɨɣ ɤɨɧɮɢɝɭɪɚɰɢɟɣ, ɩɨɡɜɨɥɹɟɬ ɩɨɞɧɹɬɶ ɭɪɨɜɟɧɶ ɷɮɮɟɤɬɢɜɧɨɫɬɢ 

ɩɪɚɤɬɢɱɟɫɤɢ ɜ 1,5-2 ɪɚɡɚ. 

Ɉɬɜɟɪɫɬɢɹ ɜ ɬɪɚɧɲɟɟ. В ɪɚɛɨɬɟ Д86] ɩɨɤɚɡɚɧɨ, ɱɬɨ ɧɚɥɢɱɢɟ ɬɪɚɧɲɟɢ 

ɩɪɢɜɨɞɢɬ ɤ ɛɨɥɟɟ ɪɚɜɧɨɦɟɪɧɨɦɭ ɩɨ ɲɢɪɢɧɟ ɩɪɨɮɢɥɸ ɫɤɨɪɨɫɬɢ ɜɵɞɭɜɚɟɦɨɝɨ 

ɝɚɡɚ. Ɍɪɚɧɲɟɹ ɩɨɡɜɨɥɹɟɬ ɨɯɥɚɞɢɬɟɥɸ ɩɟɪɟɞ ɜɵɯɨɞɨɦ ɜ ɨɫɧɨɜɧɨɣ ɩɨɬɨɤ 

ɪɚɫɩɪɟɞɟɥɢɬɶɫɹ ɩɨ ɲɢɪɢɧɟ, ɢ, ɜ ɨɬɥɢɱɢɟ ɨɬ ɫɥɭɱɚɹ ɛɟɡ ɬɪɚɧɲɟɢ, ɭɜɟɥɢɱɢɬɶ 

ɩɥɨɳɚɞɶ ɨɯɜɚɬɚ ɩɨɜɟɪɯɧɨɫɬɢ. Ʉɪɨɦɟ ɬɨɝɨ, ɜɫɥɟɞɫɬɜɢɟ ɫɧɢɠɟɧɢɹ ɫɤɨɪɨɫɬɢ, 

ɜɨɡɪɚɫɬɚɟɬ ɡɧɚɱɟɧɢɟ ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ, ɩɪɢ ɤɨɬɨɪɨɦ ɫɬɪɭɹ ɨɬɪɵɜɚɟɬɫɹ ɨɬ 

ɩɨɜɟɪɯɧɨɫɬɢ. Ɋɚɡɦɟɳɟɧɢɟ ɨɬɜɟɪɫɬɢɣ ɜ ɬɪɚɧɲɟɟ ɡɚɳɢɳɟɧɨ ɩɚɬɟɧɬɨɦ Д87]. 

Ɍɟɯɧɨɥɨɝɢɱɟɫɤɢ ɬɪɚɧɲɟɹ ɦɨɠɟɬ ɛɵɬɶ ɜɵɩɨɥɧɟɧɚ ɩɨɥɧɨɫɬɶɸ ɜ ɦɚɬɟɪɢɚɥɟ 

ɩɨɤɪɵɬɢɹ, ɟɟ ɬɚɤɠɟ ɦɨɠɧɨ ɱɚɫɬɢɱɧɨ ɜɵɩɨɥɧɹɬɶ ɜ ɨɫɧɨɜɧɨɦ ɦɚɬɟɪɢɚɥɟ. В 

ɤɚɱɟɫɬɜɟ ɩɪɨɬɨɬɢɩɚ ɚɜɬɨɪɵ ɫɫɵɥɚɸɬɫɹ ɧɚ Д84]. В ɪɚɛɨɬɟ Д88] ɢɫɫɥɟɞɨɜɚɧɵ 

ɬɪɚɧɲɟɢ ɫ ɪɚɡɥɢɱɧɨɣ ɨɬɧɨɫɢɬɟɥɶɧɨɣ ɝɥɭɛɢɧɨɣ h/d. Ɋɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢɹ 
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ɩɨɤɚɡɚɥɢ, ɱɬɨ «ɦɟɥɤɚɹ» ɬɪɚɧɲɟɹ ɫ h/d = 0,43 ɞɚɟɬ ɧɚɢɛɨɥɟɟ ɜɵɫɨɤɢɟ 

ɪɟɡɭɥɶɬɚɬɵ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɢ ɩɪɟɜɵɲɚɟɬ 

ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɨɬɜɟɪɫɬɢɣ ɜ 1,5–1,7 ɪɚɡɚ. 

Ɉɬɜɟɪɫɬɢɹ ɜ ɩɨɥɭɫɮɟɪɢɱɟɫɤɢɯ ɭɝɥɭɛɥɟɧɢɹɯ. В ɩɚɬɟɧɬɟ Д8λ] 

ɩɪɟɞɥɨɠɟɧɚ ɧɨɜɚɹ ɤɨɧɮɢɝɭɪɚɰɢɹ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɫ ɩɨɞɚɱɟɣ 

ɨɯɥɚɞɢɬɟɥɹ ɜ ɩɨɥɭɫɮɟɪɢɱɟɫɤɢɟ ɭɝɥɭɛɥɟɧɢɹ. ɉɟɪɜɵɟ ɪɟɡɭɥɶɬɚɬɵ 

ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɝɨ ɢɫɫɥɟɞɨɜɚɧɢɹ ɞɚɧɧɨɝɨ ɫɩɨɫɨɛɚ ɩɨɞɚɱɢ ɨɯɥɚɞɢɬɟɥɹ 

ɩɪɟɞɫɬɚɜɥɟɧɵ ɜ ɪɚɛɨɬɟ Дλ0], ɝɞɟ ɢɫɫɥɟɞɨɜɚɧ ɨɞɢɧ ɪɹɞ ɨɬɜɟɪɫɬɢɣ ɫ ɲɚɝɨɦ 

ɪɚɜɧɵɦ ɞɢɚɦɟɬɪɭ ɭɝɥɭɛɥɟɧɢɹ D, ɭɝɥɵ ɧɚɤɥɨɧɚ ɨɬɜɟɪɫɬɢɣ ( = 30, 60, λ0°). 

ɉɨɤɚɡɚɧɨ, ɱɬɨ ɜɨɡɦɨɠɧɨ ɭɜɟɥɢɱɟɧɢɟ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ 

ɩɪɢ x/d < 20 ɜ 1,5–1,8 ɪɚɡɚ, ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɨɬɜɟɪɫɬɢɹɦɢ ɛɟɡ ɭɝɥɭɛɥɟɧɢɣ, 

ɛɥɚɝɨɞɚɪɹ ɪɚɫɬɟɤɚɧɢɸ ɨɯɥɚɞɢɬɟɥɹ ɜ ɩɨɩɟɪɟɱɧɨɦ ɧɚɩɪɚɜɥɟɧɢɢ. Ȼɨɥɟɟ 

ɩɨɞɪɨɛɧɨ ɩɨɞɨɛɧɚɹ ɤɨɧɮɢɝɭɪɚɰɢɹ ɞɜɭɯɪɹɞɧɨɣ ɫɢɫɬɟɦɵ ɨɬɜɟɪɫɬɢɣ ɜ 

ɩɨɥɭɫɮɟɪɢɱɟɫɤɢɯ ɭɝɥɭɛɥɟɧɢɹɯ ( = 30°) ɢɫɫɥɟɞɨɜɚɥɚɫɶ ɜ ɪɚɛɨɬɚɯ [91,92]. 

Вɵɩɨɥɧɟɧɧɵɟ ɢɫɫɥɟɞɨɜɚɧɢɹ ɩɨɤɚɡɚɥɢ, ɱɬɨ ɩɨɞɚɱɚ ɨɯɥɚɞɢɬɟɥɹ ɱɟɪɟɡ 

ɨɬɜɟɪɫɬɢɹ ɜ ɩɨɥɭɫɮɟɪɢɱɟɫɤɢɯ ɭɝɥɭɛɥɟɧɢɹɯ ɩɨɡɜɨɥɹɟɬ ɭɜɟɥɢɱɢɬɶ 

ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɨɯɥɚɠɞɟɧɢɹ ɞɨ 120%,  ɢ ɩɨɥɭɱɢɬɶ ɛɨɥɟɟ ɪɚɜɧɨɦɟɪɧɭɸ ɩɥɟɧɤɭ 

ɨɯɥɚɞɢɬɟɥɹ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɬɪɚɞɢɰɢɨɧɧɨɣ ɫɯɟɦɨɣ. Ɉɫɧɨɜɧɨɣ ɩɪɢɱɢɧɨɣ 

ɩɨɜɵɲɟɧɢɹ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɹɜɥɹɟɬɫɹ ɫɭɳɟɫɬɜɟɧɧɨɟ ɫɧɢɠɟɧɢɟ ɨɬɪɵɜɚ 

ɨɯɥɚɞɢɬɟɥɹ ɨɬ ɩɨɜɟɪɯɧɨɫɬɢ ɨɯɥɚɠɞɟɧɢɹ ɢ ɭɦɟɧɶɲɟɧɢɟ ɢɧɬɟɧɫɢɜɧɨɫɬɢ 

«ɩɨɱɟɱɧɵɯ» ɜɢɯɪɟɣ ɜ ɨɛɥɚɫɬɢ ɟɝɨ ɩɨɞɚɱɢ.  

 

1.4.3 Аɧɬɢ-ɜɢɯɪɟɜɵɟ ɫɢɫɬɟɦɵ ɨɬɜɟɪɫɬɢɣ 

Аɧɬɢ-ɜɢɯɪɟɜɵɟ ɞɨɩɨɥɧɢɬɟɥɶɧɵɟ ɨɬɜɟɪɫɬɢɹ. В ɪɚɛɨɬɚɯ [11,93] 

ɩɪɟɞɥɨɠɟɧɚ ɤɨɧɮɢɝɭɪɚɰɢɹ, ɜ ɤɨɬɨɪɨɣ ɜ ɨɫɧɨɜɧɨɦ ɨɬɜɟɪɫɬɢɢ ɜɵɩɨɥɧɹɸɬɫɹ 

ɞɜɚ ɨɬɜɟɬɜɥɟɧɢɹ, ɨɫɧɨɜɧɚɹ ɰɟɥɶ ɤɨɬɨɪɵɯ – ɫɨɡɞɚɬɶ ɞɨɩɨɥɧɢɬɟɥɶɧɵɟ ɛɨɤɨɜɵɟ 

ɜɢɯɪɢ, ɨɫɥɚɛɥɹɸɳɢɟ ɨɫɧɨɜɧɨɣ ɜɢɯɪɶ ɢ ɫɧɢɠɚɸɳɢɟ ɜɵɧɨɫ ɨɯɥɚɞɢɬɟɥɹ ɜ 

ɨɫɧɨɜɧɨɣ ɩɨɬɨɤ. ɉɪɨɜɟɞɟɧɧɵɟ ɜ Д94] ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɢɫɫɥɟɞɨɜɚɧɢɹ 

ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɫ ɩɨɦɨɳɶɸ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɨɬɜɟɪɫɬɢɣ ɫ 

ɨɬɜɟɬɜɥɟɧɢɹɦɢ, ɝɞɟ ɩɪɨɚɧɚɥɢɡɢɪɨɜɚɧɨ ɧɟɫɤɨɥɶɤɨ ɜɢɞɨɜ ɝɟɨɦɟɬɪɢɢ 
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ɪɚɫɩɨɥɨɠɟɧɢɹ ɛɨɤɨɜɵɯ ɤɚɧɚɥɨɜ, ɩɨɤɚɡɚɥɢ, ɱɬɨ ɧɚɥɢɱɢɟ ɨɬɜɟɬɜɥɟɧɢɣ 

ɭɧɢɱɬɨɠɚɟɬ ɩɚɪɧɵɣ ɜɢɯɪɶ ɢ ɭɥɭɱɲɚɟɬ ɩɨɤɪɵɬɢɟ ɩɨɜɟɪɯɧɨɫɬɢ. ɉɨ 

ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɞɚɧɧɚɹ ɫɯɟɦɚ ɫɪɚɜɧɢɦɚ ɫ ɜɟɟɪɧɵɦɢ 

ɨɬɜɟɪɫɬɢɹɦɢ. 

ɉɚɪɧɵɟ ɨɬɜɟɪɫɬɢɹ (НouЛХО-jet). ɉɟɪɫɩɟɤɬɢɜɧɵɦ ɫɩɨɫɨɛɨɦ ɩɥɟɧɨɱɧɨɝɨ 

ɨɯɥɚɠɞɟɧɢɹ ɹɜɥɹɟɬɫɹ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɫɢɫɬɟɦɵ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ ɜ ɫɬɟɧɤɟ 

(ɪɢɫ. 1.11), ɨɫɢ ɤɨɬɨɪɵɯ ɪɚɫɩɨɥɚɝɚɸɬɫɹ ɩɨɞ ɭɝɥɨɦ α ɤ ɩɨɜɟɪɯɧɨɫɬɢ ɢ 

ɪɚɡɜɟɪɧɭɬɵ ɜ ɩɥɨɫɤɨɫɬɢ ɨɯɥɚɠɞɚɟɦɨɣ ɩɥɚɫɬɢɧɵ ɩɨɞ ɭɝɥɚɦɢ β1 ɢ β2. ɍɝɥɵ β1 ɢ 

β2 ɢɡɦɟɧɹɸɬɫɹ ɨɬ 5 ɞɨ 175º, ɚ ɭɝɨɥ ɧɚɤɥɨɧɚ α – ɨɬ 5 ɞɨ 85º. Иɞɟɹ ɬɚɤɨɣ ɫɯɟɦɵ 

ɜɩɟɪɜɵɟ ɛɵɥɚ ɩɪɟɞɥɨɠɟɧɚ ɜ ɩɚɬɟɧɬɟ Дλ5] ɢ ɡɚɤɥɸɱɚɟɬɫɹ ɜ ɫɨɡɞɚɧɢɢ 

ɚɧɬɢɩɨɱɟɱɧɨɣ ɜɢɯɪɟɜɨɣ ɫɬɪɭɤɬɭɪɵ ɞɜɢɠɟɧɢɹ, ɤɨɬɨɪɚɹ ɛɵ ɪɚɡɪɭɲɚɥɚ 

«ɩɨɱɟɱɧɵɟ» ɜɢɯɪɢ ɢ ɩɪɢɠɢɦɚɥɚ ɨɯɥɚɞɢɬɟɥɶ ɤ ɩɨɜɟɪɯɧɨɫɬɢ.  

ɇɚ ɪɢɫ. 1.12 ɩɪɟɞɫɬɚɜɥɟɧɚ ɫɯɟɦɚ ɞɜɢɠɟɧɢɹ ɢ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɫɥɟɞɨɜ 

ɨɯɥɚɠɞɚɸɳɢɯ ɫɬɪɭɣ, ɜɵɯɨɞɹɳɢɯ ɢɡ ɨɬɜɟɪɫɬɢɣ 1 ɢ 2 ɪɹɞɚ. ɇɚɱɚɥɶɧɚɹ 

ɜɢɯɪɟɜɚɹ ɫɬɪɭɤɬɭɪɚ ɜ ɫɟɱɟɧɢɢ Ⱥ-Ⱥ ɫɨɞɟɪɠɢɬ «ɩɨɱɟɱɧɵɟ» ɜɢɯɪɢ. ɉɪɢ 

ɧɚɥɨɠɟɧɢɢ ɫɬɪɭɣ ɞɪɭɝ ɧɚ ɞɪɭɝɚ ɜ ɨɛɥɚɫɬɢ ɦɟɠɞɭ ɨɬɜɟɪɫɬɢɹɦɢ ɫɨɡɞɚɟɬɫɹ ɡɨɧɚ 

ɩɨɜɵɲɟɧɧɨɝɨ ɞɚɜɥɟɧɢɹ, ɩɪɨɢɫɯɨɞɢɬ ɪɚɡɪɭɲɟɧɢɟ «ɩɨɱɟɱɧɵɯ» ɜɢɯɪɟɣ ɢ 

ɬɪɚɧɫɮɨɪɦɚɰɢɹ ɜɢɯɪɟɜɨɣ ɫɬɪɭɤɬɭɪɵ (ɫɟɱɟɧɢɟ Ȼ-Ȼ) ɫ ɜɨɡɧɢɤɧɨɜɟɧɢɟɦ 

ɫɢɦɦɟɬɪɢɱɧɵɯ ɜɢɯɪɟɣ, ɜɪɚɳɚɸɳɢɯɫɹ ɜ ɩɪɨɬɢɜɨɩɨɥɨɠɧɵɯ ɧɚɩɪɚɜɥɟɧɢɹɯ 

ɜɪɚɳɟɧɢɹ «ɩɨɱɟɱɧɵɯ» ɜɢɯɪɟɣ ɢ ɨɛɟɫɩɟɱɢɜɚɸɳɢɯ ɞɜɢɠɟɧɢɟ ɨɯɥɚɞɢɬɟɥɹ ɤ 

ɩɨɜɟɪɯɧɨɫɬɢ ɫ ɩɨɫɥɟɞɭɸɳɢɦ ɟɝɨ ɪɚɫɬɟɤɚɧɢɟɦ ɜ ɞɜɭɯ ɩɨɩɟɪɟɱɧɵɯ 

ɧɚɩɪɚɜɥɟɧɢɹɯ. ɉɪɟɞɩɨɥɚɝɚɟɬɫɹ, ɱɬɨ ɪɟɡɭɥɶɬɢɪɭɸɳɚɹ ɜɢɯɪɟɜɚɹ ɫɬɪɭɤɬɭɪɚ 

ɩɨɬɨɤɚ ɦɨɠɟɬ ɜɵɝɥɹɞɟɬɶ ɬɚɤ, ɤɚɤ ɩɨɤɚɡɚɧɨ ɜ ɫɟɱɟɧɢɢ В-В ɢ ɧɚ ɪɢɫ.1.13 [96]. 

Вɚɠɧɭɸ ɪɨɥɶ ɜ ɮɨɪɦɢɪɨɜɚɧɢɢ ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɝɨ ɷɮɮɟɤɬɚ ɢɝɪɚɟɬ 

ɩɨɩɟɪɟɱɧɨɟ ɪɚɫɫɬɨɹɧɢɟ ɦɟɠɞɭ ɨɬɜɟɪɫɬɢɹɦɢ Δ (ɪɢɫ. 1.11), ɜɟɥɢɱɢɧɚ ɤɨɬɨɪɨɝɨ 

ɞɨɥɠɧɚ ɛɵɬɶ ɩɨɥɨɠɢɬɟɥɶɧɨɣ. Ɉɬɪɢɰɚɬɟɥɶɧɨɟ ɡɧɚɱɟɧɢɟ Δ ɩɪɢɜɨɞɢɬ ɤ ɨɬɪɵɜɭ 

ɩɨɬɨɤɚ ɢ ɡɧɚɱɢɬɟɥɶɧɨɦɭ ɫɧɢɠɟɧɢɸ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ. 

Ɉɱɟɜɢɞɧɨ, ɱɬɨ ɩɪɢ ɡɚɞɚɧɧɵɯ ɡɧɚɱɟɧɢɹɯ ɭɝɥɨɜ β1 ɢ β2 ɫɭɳɟɫɬɜɭɟɬ ɨɩɬɢɦɚɥɶɧɨɟ 

ɡɧɚɱɟɧɢɟ ɩɚɪɚɦɟɬɪɚ Δ, ɨɛɟɫɩɟɱɢɜɚɸɳɟɟ ɦɚɤɫɢɦɚɥɶɧɨɟ ɡɧɚɱɟɧɢɟ 

ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ. 
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Ɋɢɫɭɧɨɤ 1.11 – ɋɯɟɦɚ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ (double-jet) [96]. 

 

 

Ɋɢɫɭɧɨɤ 1.12 – ɉɪɟɞɩɨɥɚɝɚɟɦɚɹ ɫɬɪɭɤɬɭɪɚ ɜɢɯɪɟɜɨɝɨ ɬɟɱɟɧɢɹ ɡɚ 
ɩɚɪɧɵɦɢ ɨɬɜɟɪɫɬɢɹɦɢ. 

 

 

Ɋɢɫɭɧɨɤ 1.13 – Иɞɢɚɥɢɡɢɪɨɜɚɧɚɹ ɮɨɪɦɚ ɚɧɬɢɩɨɱɟɧɨɝɨ ɜɢɯɪɟɜɨɝɨ 
ɞɜɢɠɟɧɢɹ Дλ6]. 
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В ɪɚɛɨɬɟ Дλ6] ɜɵɩɨɥɧɟɧɨ ɱɢɫɥɟɧɧɨɟ ɢɫɫɥɟɞɨɜɚɧɢɟ, ɜ ɪɟɡɭɥɶɬɚɬɟ 

ɤɨɬɨɪɨɝɨ ɩɨɞɬɜɟɪɠɞɟɧɨ, ɱɬɨ ɬɚɤɚɹ ɤɨɧɮɢɝɭɪɚɰɢɹ ɨɬɜɟɪɫɬɢɣ ɩɪɢɜɨɞɢɬ ɤ 

ɫɨɡɞɚɧɢɸ ɚɧɬɢɩɨɱɟɱɧɨɣ ɜɢɯɪɟɜɨɣ ɩɚɪɵ (КЧЭТ-kТНЧОв ЯШЫЭОб ЩКТЫ), ɤɨɬɨɪɚɹ 

ɩɨɞɚɜɥɹɟɬ «ɩɨɱɟɱɧɵɟ» ɜɢɯɪɢ, ɩɪɢɠɢɦɚɟɬ ɫɬɪɭɢ ɨɯɥɚɞɢɬɟɥɹ ɤ ɩɨɜɟɪɯɧɨɫɬɢ ɢ 

ɩɨɜɵɲɚɟɬ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ.  

Ɋɚɫɱɟɬɵ ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɩɚɪɚɦɟɬɪɚɯ ɜɞɭɜɚ (1,0 < m < 2,0) ɩɨɤɚɡɚɥɢ, ɱɬɨ 

ɝɟɧɟɪɢɪɭɟɦɚɹ ɜɢɯɪɟɜɚɹ ɩɚɪɚ ɹɜɥɹɟɬɫɹ ɧɟɫɢɦɦɟɬɪɢɱɧɨɣ [97]. Вɵɫɨɤɚɹ 

ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɨɯɥɚɠɞɟɧɢɹ ɩɨɥɭɱɟɧɚ ɩɪɢ ɛɨɥɟɟ ɜɵɫɨɤɢɯ ɩɚɪɚɦɟɬɪɚɯ ɜɞɭɜɚ 

(m = 1,5…2,0). ɉɪɢ m < 1,5 ɩɨɩɟɪɟɱɧɨɟ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɨɯɥɚɞɢɬɟɥɹ 

ɭɯɭɞɲɚɟɬɫɹ, ɨɧ ɨɫɬɚɟɬɫɹ ɩɪɢɠɚɬɵɦ ɤ ɩɨɜɟɪɯɧɨɫɬɢ. 

Ⱦɚɥɶɧɟɣɲɢɟ ɢɫɫɥɟɞɨɜɚɧɢɹ ɪɚɡɥɢɱɧɵɯ ɚɜɬɨɪɨɜ ɛɵɥɢ ɧɚɩɪɚɜɥɟɧɵ ɧɚ 

ɩɨɢɫɤ ɤɨɧɮɢɝɭɪɚɰɢɣ ɪɚɫɩɨɥɨɠɟɧɢɹ ɨɬɜɟɪɫɬɢɣ, ɤɨɬɨɪɵɟ ɭɥɭɱɲɚɸɬ 

ɪɚɜɧɨɦɟɪɧɨɫɬɶ ɩɨɩɟɪɟɱɧɨɝɨ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɨɯɥɚɞɢɬɟɥɹ ɢ ɢɦɟɸɬ ɛɨɥɟɟ 

ɜɵɫɨɤɭɸ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ. Ʉɚɤ ɩɨɤɚɡɚɥɢ ɪɚɫɱɟɬɵ Дλ8], 

ɩɪɢ ɦɚɥɵɯ ɩɚɪɚɦɟɬɪɚɯ ɜɞɭɜɚ ɞɚɧɧɚɹ ɰɟɥɶ ɞɨɫɬɢɝɚɟɬɫɹ ɩɪɢ ɪɚɫɫɬɨɹɧɢɹɯ ɦɟɠɞɭ 

ɨɬɜɟɪɫɬɢɹɦɢ ɜ ɩɨɩɟɪɟɱɧɨɦ ɧɚɩɪɚɜɥɟɧɢɢ ɩɨɪɹɞɤɚ d. В ɷɬɨɦ ɫɥɭɱɚɟ ɜɢɯɪɟɜɚɹ 

ɩɚɪɚ ɫɬɚɧɨɜɢɬɫɹ ɛɨɥɟɟ ɫɢɦɦɟɬɪɢɱɧɨɣ.  

В ɪɚɛɨɬɟ [99] ɢɫɫɥɟɞɨɜɚɥɫɹ ɲɢɪɨɤɢɣ ɞɢɚɩɚɡɨɧ ɭɝɥɨɜ ɜɞɭɜɚ α = 10, 15, 

20, 30, 40, 45º ɢ β1 = β2 = 5, 15, 35, 45, 55º. В ɪɟɡɭɥɶɬɚɬɟ ɞɚɧɵ ɪɟɤɨɦɟɧɞɚɰɢɢ 

ɩɨ ɨɩɬɢɦɢɡɚɰɢɢ ɡɧɚɱɟɧɢɣ ɭɝɥɨɜ ɜɞɭɜɚ, ɫɨɝɥɚɫɧɨ ɤɨɬɨɪɵɦ ɩɪɢ α = 30º 

ɨɩɬɢɦɚɥɶɧɵɣ ɩɨɩɟɪɟɱɧɵɣ ɭɝɨɥ β ɪɚɜɟɧ 35º. В ɪɚɛɨɬɟ [100] ɬɚɤɠɟ 

ɢɫɫɥɟɞɨɜɚɥɢɫɶ ɩɨɩɟɪɟɱɧɵɟ ɭɝɥɵ β = 11º, 23º, 2λº ɢ 35º (α = 30º). Ɉɬɦɟɱɟɧɨ, 

ɱɬɨ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɞɚɧɧɵɟ ɩɨ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɪɚɫɩɨɥɚɝɚɸɬɫɹ ɧɢɠɟ 

ɪɚɫɱɟɬɧɵɯ, ɨɞɧɚɤɨ ɯɚɪɚɤɬɟɪ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɚɧɚɥɨɝɢɱɟɧ. 

Ⱥɜɬɨɪɵ ɩɨɤɚɡɚɥɢ, ɱɬɨ ɰɟɥɟɫɨɨɛɪɚɡɧɨ ɭɦɟɧɶɲɢɬɶ ɩɨɩɟɪɟɱɧɵɣ ɭɝɨɥ ɫ 35º ɞɨ 

23…2λº, ɬ.ɤ. ɩɪɢ ɬɚɤɨɣ ɝɟɨɦɟɬɪɢɢ ɫɬɪɭɢ ɧɟ ɨɬɤɥɨɧɹɸɬɫɹ ɞɪɭɝ ɨɬ ɞɪɭɝɚ, ɢ 

ɝɨɪɹɱɢɣ ɝɚɡ ɧɟ ɬɪɚɧɫɩɨɪɬɢɪɭɟɬɫɹ ɤ ɩɨɜɟɪɯɧɨɫɬɢ. ɉɪɢ ɦɚɥɵɯ ɭɝɥɚɯ 

ɨɝɪɚɧɢɱɢɜɚɟɬɫɹ ɩɨɩɟɪɟɱɧɨɟ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɨɯɥɚɞɢɬɟɥɹ. 

В ɪɚɛɨɬɟ Д101] ɢɫɫɥɟɞɨɜɚɥɨɫɶ ɧɟɫɤɨɥɶɤɨ ɜɚɪɢɚɧɬɨɜ ɩɨɩɟɪɟɱɧɵɯ (Δ = 0d 

ɢ 1d) ɢ ɩɪɨɞɨɥɶɧɵɯ (t1 = 3d ɢ 6d) ɪɚɫɫɬɨɹɧɢɣ ɜ ɩɚɪɟ ɨɬɜɟɪɫɬɢɣ (β = 45º, 
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α = 30º). ɉɪɢ m = 0,5 ɢ 1,0 ɧɚɢɛɨɥɟɟ ɷɮɮɟɤɬɢɜɧɨɣ ɨɤɚɡɚɥɚɫɶ ɫɯɟɦɚ ɫ 

ɩɨɩɟɪɟɱɧɵɦ ɪɚɫɫɬɨɹɧɢɟɦ Δ = 1d ɢ ɩɪɨɞɨɥɶɧɵɦ t1 = 3d, ɩɪɢ m = 1,5 ɢ 2,0 – 

ɫɯɟɦɚ ɫ Δ = 0d ɢ t1 = 6d. В Д102] ɩɪɢɜɟɞɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɝɨ ɢ 

ɪɚɫɱɟɬɧɨɝɨ ɢɫɫɥɟɞɨɜɚɧɢɹ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɞɥɹ ɪɹɞɚ 

ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ ɫ ɭɝɥɚɦɢ β = 2λº, α = 30º. ɉɨɩɟɪɟɱɧɨɟ ɪɚɫɫɬɨɹɧɢɟ ɦɟɠɞɭ 

ɨɬɜɟɪɫɬɢɹɦɢ ɜ ɩɚɪɟ ɪɚɜɧɹɥɨɫɶ 1d, ɩɪɨɞɨɥɶɧɨɟ 3d. ɇɚ ɪɢɫ. 1.14 ɩɪɟɞɫɬɚɜɥɟɧɨ 

ɫɪɚɜɧɟɧɢɟ ɪɚɡɥɢɱɧɵɯ ɫɯɟɦ ɜɞɭɜɚ ɨɯɥɚɞɢɬɟɥɹ ɩɪɢ ɩɚɪɚɦɟɬɪɟ ɜɞɭɜɚ m = 1,0.  

 

 
Ɋɢɫɭɧɨɤ 1.14 – ɋɪɚɜɧɟɧɢɟ ɚɥɶɬɟɪɧɚɬɢɜɧɵɯ ɤɨɧɮɢɝɭɪɚɰɢɣ, m = 1,0:  
1 – ɨɬɜɟɪɫɬɢɹ ɜɟɟɪɧɨɣ ɮɨɪɦɵ Д80]; 2 – ɨɬɜɟɪɫɬɢɹ ɜ ɬɪɚɧɲɟɟ [102];  
3 – ɨɬɜɟɪɫɬɢɹ ɜ ɤɪɚɬɟɪɚɯ Д85]; 4 – ɨɬɜɟɪɫɬɢɹ ɜ ɩɨɥɭɫɮɟɪɢɱɟɫɤɢɯ ɥɭɧɤɚɯ; 
5 – ɞɨɩɨɥɧɢɬɟɥɶɧɵɟ ɚɧɬɢ-ɜɢɯɪɟɜɵɟ ɨɬɜɟɪɫɬɢɹ Дλ4]; 6 – ɩɚɪɧɵɟ 
ɨɬɜɟɪɫɬɢɹ Д102]; 7 – ɫɬɚɧɞɚɪɬɧɵɟ ɰɢɥɢɧɞɪɢɱɟɫɤɢɟ ɨɬɜɟɪɫɬɢɹ Д27]. 

 

 

ɚ      ɛ 

Ɋɢɫɭɧɨɤ 1.15 – Ɉɬɜɟɪɫɬɢɹ ɫɨ ɫɥɨɠɧɵɦɢ ɭɝɥɚɦɢμ ɚ – ɫɯɟɦɚ ɪɚɞɢɚɥɶɧɵɯ 
ɨɬɜɟɪɫɬɢɣ ɧɚ ɜɯɨɞɧɨɣ ɤɪɨɦɤɟ (α = 30º, β = 15…50º)[103]; ɛ – ɬɢɩɢɱɧɚɹ 
ɫɨɜɪɟɦɟɧɧɚɹ ɫɨɩɥɨɜɚɹ ɢ ɪɚɛɨɱɚɹ ɥɨɩɚɬɤɚ ɬɭɪɛɢɧɵ.  
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Ʉɚɤ ɜɢɞɧɨ ɢɡ ɪɢɫɭɧɤɚ, ɩɚɪɧɵɟ ɨɬɜɟɪɫɬɢɹ Д102] (ɥɢɧɢɹ 6) ɩɨ ɷɮɮɟɤɬɢɜɧɨɫɬɢ 

ɩɪɟɜɨɫɯɨɞɹɬ ɬɪɚɧɲɟɣɧɭɸ ɤɨɧɮɢɝɭɪɚɰɢɸ (ɥɢɧɢɹ 2), ɨɧɢ ɫɪɚɜɧɢɦɵ ɫ ɪɹɞɨɦ 

ɨɬɜɟɪɫɬɢɣ ɜ ɤɪɚɬɟɪɚɯ (ɥɢɧɢɹ 3) ɢ ɪɹɞɨɦ ɜɟɟɪɧɵɯ ɨɬɜɟɪɫɬɢɣ ɧɚ ɨɫɧɨɜɧɨɦ 

ɭɱɚɫɬɤɟ x/d > 10 (ɥɢɧɢɹ 1). Ɉɞɧɚɤɨ ɨɧɢ ɭɫɬɭɩɚɸɬ ɜɟɟɪɧɨɣ ɤɨɧɮɢɝɭɪɚɰɢɢ ɧɚ 

ɭɱɚɫɬɤɟ x/d < 10, ɨɬɜɟɪɫɬɢɹɦ ɜ ɩɨɥɭɫɮɟɪɢɱɟɫɤɢɯ ɭɝɥɭɛɥɟɧɢɹɯ (ɥɢɧɢɹ 4) ɢ 

ɪɹɞɭ ɞɨɩɨɥɧɢɬɟɥɶɧɵɯ ɚɧɬɢ-ɜɢɯɪɟɜɵɯ ɨɬɜɟɪɫɬɢɣ (ɥɢɧɢɹ 5). В ɰɟɥɨɦ 

ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɜɫɟɯ ɚɥɶɬɟɪɧɚɬɢɜɧɵɯ ɫɯɟɦ ɡɧɚɱɢɬɟɥɶɧɨ ɩɪɟɜɵɲɚɟɬ 

ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɫɬɚɧɞɚɪɬɧɨɣ ɫɯɟɦɵ (ɥɢɧɢɹ 7). ɉɪɢ ɷɬɨɦ ɬɟɯɧɨɥɨɝɢɱɟɫɤɢ 

ɫɥɨɠɧɵɟ ɤɨɧɮɢɝɭɪɚɰɢɢ ɨɤɚɡɚɥɢɫɶ ɧɚɢɛɨɥɟɟ ɷɮɮɟɤɬɢɜɧɵɦɢ. 

ɉɪɢ ɜɵɛɨɪɟ ɫɯɟɦɵ ɩɨɞɚɱɢ ɨɯɥɚɞɢɬɟɥɹ ɧɟɨɛɯɨɞɢɦɨ ɫɨɛɥɸɞɚɬɶ 

ɪɚɡɭɦɧɵɣ ɛɚɥɚɧɫ ɦɟɠɞɭ ɬɟɯɧɨɥɨɝɢɟɣ ɢɡɝɨɬɨɜɥɟɧɢɹ (ɫɬɨɢɦɨɫɬɶɸ) ɢ 

ɷɮɮɟɤɬɢɜɧɨɫɬɶɸ ɨɯɥɚɠɞɟɧɢɹ ɫɢɫɬɟɦɵ. Ⱥɧɚɥɢɡ ɩɨɤɚɡɵɜɚɟɬ, ɱɬɨ ɚɧɬɢɩɨɱɟɱɧɚɹ 

ɜɢɯɪɟɜɚɹ ɫɯɟɦɚ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ ɢɦɟɟɬ ɪɹɞ ɩɪɟɢɦɭɳɟɫɬɜ ɩɟɪɟɞ ɞɪɭɝɢɦɢ 

ɤɨɧɮɢɝɭɪɚɰɢɹɦɢ: 

 Ɍɚɤɚɹ ɫɯɟɦɚ ɮɨɪɦɢɪɭɟɬ ɚɧɬɢɩɨɱɟɱɧɭɸ ɜɢɯɪɟɜɭɸ ɫɬɪɭɤɬɭɪɭ, 

ɩɪɟɨɛɪɚɡɨɜɭɸɳɭɸ «ɩɨɱɟɱɧɵɟ» ɜɢɯɪɢ ɢ ɨɛɪɚɡɭɸɳɭɸ ɜɢɯɪɟɜɭɸ ɫɬɪɭɤɬɭɪɭ 

ɩɨɬɨɤɚ ɫ ɩɨɩɟɪɟɱɧɵɦ ɪɚɫɬɟɤɚɧɢɟɦ ɨɯɥɚɞɢɬɟɥɹ, ɤɨɬɨɪɚɹ ɛɨɥɟɟ ɷɮɮɟɤɬɢɜɧɨ 

ɡɚɳɢɳɚɟɬ ɩɨɜɟɪɯɧɨɫɬɶ ɨɬ ɜɵɫɨɤɨɬɟɦɩɟɪɚɬɭɪɧɨɝɨ ɜɧɟɲɧɟɝɨ ɩɨɬɨɤɚ.  

 Ɏɚɤɬɢɱɟɫɤɢ ɫɯɟɦɚ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ ɹɜɥɹɟɬɫɹ ɞɚɥɶɧɟɣɲɢɦ 

ɪɚɡɜɢɬɢɟɦ ɲɢɪɨɤɨ ɢɫɩɨɥɶɡɭɟɦɨɣ ɬɟɯɧɨɥɨɝɢɢ ɢɡɝɨɬɨɜɥɟɧɢɹ ɨɬɜɟɪɫɬɢɣ ɩɨɞ 

ɫɥɨɠɧɵɦ ɭɝɥɨɦ, ɤɨɬɨɪɚɹ ɨɫɜɨɟɧɚ ɜ ɫɟɪɢɣɧɵɯ ɢɡɞɟɥɢɹɯ ɢ ɩɪɢɦɟɧɹɟɬɫɹ ɩɪɢ 

ɢɡɝɨɬɨɜɥɟɧɢɢ ɜɯɨɞɧɨɣ ɤɪɨɦɤɢ ɪɚɛɨɱɢɯ ɥɨɩɚɬɨɤ (ɪɢɫ.1.15ɚ) ɢ ɫɨɩɥɨɜɵɯ 

ɚɩɩɚɪɚɬɨɜ (ɪɢɫ.1.15ɛ). ɉɨɷɬɨɦɭ ɞɚɧɧɚɹ ɫɯɟɦɚ ɩɪɟɞɫɬɚɜɥɹɟɬ ɛɨɥɶɲɨɣ 

ɩɪɚɤɬɢɱɟɫɤɢɣ ɢɧɬɟɪɟɫ. 

 

1.5 ɐɟɥɶ ɢ ɡɚɞɚɱɢ ɢɫɫɥɟɞɨɜɚɧɢɹ 

В ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɝɚɡɨɜɵɟ ɬɭɪɛɢɧɵ ɲɢɪɨɤɨ ɢɫɩɨɥɶɡɭɸɬɫɹ ɜ 

ɷɧɟɪɝɟɬɢɤɟ, ɝɪɚɠɞɚɧɫɤɨɣ ɢ ɜɨɟɧɧɨɣ ɚɜɢɚɰɢɢ, ɫɭɞɨɫɬɪɨɟɧɢɢ, ɧɚ 

ɦɚɝɢɫɬɪɚɥɶɧɵɯ ɝɚɡɨɩɪɨɜɨɞɚɯ ɝɚɡɨɬɪɚɧɫɩɨɪɬɧɵɯ ɫɢɫɬɟɦ. ɉɨɜɵɲɟɧɢɟ 

ɬɟɦɩɟɪɚɬɭɪɵ ɝɚɡɚ ɩɟɪɟɞ ɬɭɪɛɢɧɨɣ ɫɨɯɪɚɧɹɟɬɫɹ ɤɚɤ ɨɫɧɨɜɧɨɟ ɧɚɩɪɚɜɥɟɧɢɟ 
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ɩɨɜɵɲɟɧɢɹ ɷɤɨɧɨɦɢɱɧɨɫɬɢ ȽɌɍ ɢ ȽɌȾ ɪɚɡɥɢɱɧɨɝɨ ɩɪɢɦɟɧɟɧɢɹ. ɋɟɝɨɞɧɹ 

ɬɟɦɩɟɪɚɬɭɪɚ ɝɚɡɚ ɩɟɪɟɞ ɬɭɪɛɢɧɨɣ ɞɨɫɬɢɝɚɟɬ 1500…1600ɨɋ ɜ ɦɨɳɧɵɯ 

ɷɧɟɪɝɟɬɢɱɟɫɤɢɯ ȽɌɍ ɢ ɞɨ 1750…1800ɨɋ – ɜ ɥɭɱɲɢɯ ɚɜɢɚɰɢɨɧɧɵɯ ȽɌȾ. В 

ɭɤɪɚɢɧɫɤɢɯ ȽɌȾ ɧɚɡɟɦɧɨɝɨ ɩɪɢɦɟɧɟɧɢɹ ɧɚɞɟɠɧɨ ɨɫɜɨɟɧɚ ɬɟɦɩɟɪɚɬɭɪɚ 

1300…1350ɨɋ. 

ɇɚ ɫɨɜɪɟɦɟɧɧɨɦ ɬɟɯɧɢɱɟɫɤɨɦ ɭɪɨɜɧɟ ɜɨɡɦɨɠɧɨɫɬɶ ɩɨɜɵɲɟɧɢɹ ɜɯɨɞɧɨɣ 

ɬɟɦɩɟɪɚɬɭɪɵ ɝɚɡɚ ɨɝɪɚɧɢɱɢɜɚɟɬɫɹ ɞɨɩɭɫɬɢɦɨɣ ɩɨ ɭɫɥɨɜɢɹɦ ɩɪɨɱɧɨɫɬɢ 

ɬɟɦɩɟɪɚɬɭɪɨɣ ɦɚɬɟɪɢɚɥɚ ɥɨɩɚɬɨɤ. В ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɬɭɪɛɢɧɧɵɟ ɥɨɩɚɬɤɢ, 

ɜɵɩɨɥɧɟɧɧɵɟ ɢɡ ɥɭɱɲɢɯ ɠɚɪɨɫɬɨɣɤɢɯ ɦɚɬɟɪɢɚɥɨɜ, ɦɨɝɭɬ ɪɚɛɨɬɚɬɶ ɛɟɡ 

ɨɯɥɚɠɞɟɧɢɹ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ ɝɚɡɚ ɧɟ ɜɵɲɟ 1000…1100°ɋ. ɉɪɢ ɛɨɥɟɟ ɜɵɫɨɤɢɯ 

ɬɟɦɩɟɪɚɬɭɪɚɯ ɞɥɹ ɩɨɞɞɟɪɠɚɧɢɹ ɢɯ ɪɚɛɨɬɨɫɩɨɫɨɛɧɨɫɬɢ ɩɪɢɦɟɧɹɟɬɫɹ 

ɜɧɭɬɪɟɧɧɟɟ ɢ ɜɧɟɲɧɟɟ ɨɯɥɚɠɞɟɧɢɟ. Ⱦɥɹ ɜɧɟɲɧɟɝɨ ɨɯɥɚɠɞɟɧɢɹ, ɧɚɪɹɞɭ ɫ 

ɬɟɩɥɨɢɡɨɥɹɰɢɨɧɧɵɦɢ (ɠɚɪɨɫɬɨɣɤɢɦɢ) ɬɨɧɤɨɫɬɟɧɧɵɦɢ ɩɨɤɪɵɬɢɹɦɢ, ɲɢɪɨɤɨ 

ɢɫɩɨɥɶɡɭɟɬɫɹ ɩɥɟɧɨɱɧɨɟ (ɡɚɜɟɫɧɨɟ) ɨɯɥɚɠɞɟɧɢɟ, ɤɨɝɞɚ ɨɯɥɚɞɢɬɟɥɶ ɢɡ 

ɜɧɭɬɪɟɧɧɟɣ ɩɨɥɨɫɬɢ ɥɨɩɚɬɤɢ ɩɨɞɚɟɬɫɹ ɧɚ ɨɯɥɚɠɞɚɟɦɭɸ ɩɨɜɟɪɯɧɨɫɬɶ ɱɟɪɟɡ 

ɫɢɫɬɟɦɭ ɞɢɫɤɪɟɬɧɵɯ ɨɬɜɟɪɫɬɢɣ ɞɢɚɦɟɬɪɨɦ 0,8…1,0 ɦɦ. 

ɇɚɱɢɧɚɹ ɫ 50-ɯ ɝɨɞɨɜ, ɜ ɦɢɪɟ ɜɵɩɨɥɧɟɧ ɛɨɥɶɲɨɣ ɨɛɴɟɦ ɬɟɨɪɟɬɢɱɟɫɤɢɯ 

ɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ, ɩɨɡɜɨɥɹɸɳɢɣ ɧɚɞɟɠɧɨ ɜɵɩɨɥɧɹɬɶ 

ɪɚɫɱɟɬɵ ɪɚɡɥɢɱɧɵɯ ɫɯɟɦ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ, ɬɚɤɢɯ ɤɚɤ ɬɚɧɝɟɧɰɢɚɥɶɧɚɹ 

ɢ ɫɩɥɨɲɧɚɹ ɳɟɥɶ, ɩɨɪɢɫɬɵɣ ɢ ɚɛɥɢɪɭɸɳɢɣ ɩɨɹɫɤɢ, ɡɚ ɩɨɹɫɤɨɦ ɩɟɪɮɨɪɚɰɢɣ 

(ɪɹɞɵ ɧɚɤɥɨɧɧɵɯ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɨɬɜɟɪɫɬɢɣ) ɢ ɨɯɥɚɠɞɟɧɢɟ ɩɨɬɨɤɚ ɡɚ 

ɭɱɚɫɬɤɨɦ ɬɟɩɥɨɨɛɦɟɧɚ. ɜ ɬɟɨɪɢɸ ɢ ɩɪɚɤɬɢɤɭ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɜɧɟɫɥɢ 

ɪɚɛɨɬɵ ɭɤɪɚɢɧɫɤɢɯ ɭɱɟɧɵɯ (Ⱦɵɛɚɧ ȿ.ɉ., Ɋɟɩɭɯɨɜ В.Ɇ., ɏɚɥɚɬɨɜ Ⱥ.Ⱥ.), 

ɫɩɟɰɢɚɥɢɫɬɨɜ ɛɵɜɲɟɝɨ ɋɋɋɊ (Ʉɭɬɚɬɟɥɚɞɡɟ ɋ.ɋ., Ʌɟɨɧɬɶɟɜ Ⱥ.И., Вɨɥɱɤɨɜ 

Э.ɉ., Ƚɭɛɟɪɬɨɜ Ⱥ.Ɇ., Ȼɨɝɨɦɨɥɨɜ ȿ.ɇ., Ⱥɪɫɟɧɶɟɜ Ʌ.В., ɓɭɤɢɧ A.B.), ɋɒȺ 

(Эɤɤɟɪɬ ȿ.Ɋ., Ƚɨɥɶɞɲɬɟɣɧ Ɋ.Ⱦɠ., Ȼɚɧɤɟɪ Ɋ.ɋ., Ȼɨɝɚɪɞ Ⱦ.Ⱦɠ., ɋɟɛɚɧ Ɋ.Ⱥ.), ɚ 

ɬɚɤɠɟ Ƚɟɪɦɚɧɢɢ (Ⱦɢɬɦɚɪ Ⱦɠ., ɒɭɥɶɰ Ⱥ., Вɢɝɯɚɪɞɬ Ʉ.). Ɋɟɡɭɥɶɬɚɬɵ ɷɬɢɯ 

ɢɫɫɥɟɞɨɜɚɧɢɣ ɩɨɡɜɨɥɢɥɢ ɩɨɥɭɱɢɬɶ ɨɛɨɛɳɚɸɳɢɟ ɭɪɚɜɧɟɧɢɹ, ɪɚɡɪɚɛɨɬɚɬɶ 

ɧɚɞɟɠɧɵɟ ɦɟɬɨɞɢɤɢ ɢ ɩɪɨɝɪɚɦɦɵ ɪɚɫɱɟɬɚ, ɢɫɩɨɥɶɡɨɜɚɧɧɵɟ ɩɪɢ ɫɨɡɞɚɧɢɢ 

ɫɟɪɢɢ ȽɌȾ ɢ ȽɌɍ ɪɚɡɥɢɱɧɨɝɨ ɧɚɡɧɚɱɟɧɢɹ. 
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ɉɪɢ ɬɟɦɩɟɪɚɬɭɪɟ ɝɚɡɚ ɜɵɲɟ 1400ºɋ ɪɚɫɯɨɞ ɜɨɡɞɭɯɚ ɧɚ ɨɯɥɚɠɞɟɧɢɟ 

ɥɨɩɚɬɨɤ ɩɪɢ ɤɨɧɜɟɤɬɢɜɧɨ-ɩɥɟɧɨɱɧɨɦ ɨɯɥɚɠɞɟɧɢɢ ɦɨɠɟɬ ɫɨɫɬɚɜɥɹɬɶ 15% ɢ 

ɛɨɥɟɟ ɨɬ ɪɚɫɯɨɞɚ ɜɨɡɞɭɯɚ ɱɟɪɟɡ ɤɨɦɩɪɟɫɫɨɪ, ɩɨɷɬɨɦɭ ɩɪɢ ɞɚɥɶɧɟɣɲɟɦ 

ɩɨɜɵɲɟɧɢɢ ɬɟɦɩɟɪɚɬɭɪɵ ɩɨɬɪɟɛɧɵɣ ɪɚɫɯɨɞ ɨɯɥɚɞɢɬɟɥɹ ɜɨɡɪɚɫɬɚɟɬ 

ɧɚɫɬɨɥɶɤɨ, ɱɬɨ ɩɨɬɟɪɢ ɨɬ ɫɦɟɲɟɧɢɹ ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɚ ɫ ɨɯɥɚɞɢɬɟɥɟɦ ɦɨɝɭɬ 

ɩɪɟɜɵɫɢɬɶ ɩɨɥɨɠɢɬɟɥɶɧɵɣ ɷɮɮɟɤɬ, ɞɨɫɬɢɝɧɭɬɵɣ ɡɚ ɫɱɟɬ ɨɯɥɚɠɞɟɧɢɹ. 

В ɷɬɨɣ ɫɜɹɡɢ ɧɚ ɞɚɧɧɨɦ ɷɬɚɩɟ ɛɨɥɶɲɨɣ ɩɪɚɤɬɢɱɟɫɤɢɣ ɢɧɬɟɪɟɫ 

ɩɪɟɞɫɬɚɜɥɹɟɬ ɩɨɢɫɤ ɚɥɶɬɟɪɧɚɬɢɜɧɵɯ ɫɯɟɦ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ, 

ɨɛɥɚɞɚɸɳɢɯ ɩɪɢɟɦɥɟɦɵɦ ɫ ɬɨɱɤɢ ɡɪɟɧɢɹ ɬɟɪɦɨɞɢɧɚɦɢɱɟɫɤɨɣ 

ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɪɚɫɯɨɞɨɦ ɨɯɥɚɞɢɬɟɥɹ, ɜɵɫɨɤɨɣ ɬɟɩɥɨɮɢɡɢɱɟɫɤɨɣ 

ɷɮɮɟɤɬɢɜɧɨɫɬɶɸ ɢ ɯɚɪɚɤɬɟɪɢɡɭɸɳɢɯɫɹ ɨɬɧɨɫɢɬɟɥɶɧɨ ɧɟɫɥɨɠɧɨɣ 

ɬɟɯɧɨɥɨɝɢɟɣ ɢɡɝɨɬɨɜɥɟɧɢɹ. В ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɷɬɢ ɜɨɩɪɨɫɵ ɚɤɬɢɜɧɨ 

ɢɡɭɱɚɸɬɫɹ ɭɱɟɧɵɦɢ ɢ ɤɨɧɫɬɪɭɤɬɨɪɚɦɢ ɜɟɞɭɳɢɯ ɦɢɪɨɜɵɯ ɩɪɨɢɡɜɨɞɢɬɟɥɟɣ 

ɝɚɡɨɬɭɪɛɢɧɧɨɣ ɬɟɯɧɢɤɢ. Ʉɚɤ ɩɨɤɚɡɚɥ ɚɧɚɥɢɡ, ɚɤɬɢɜɧɨ ɢɡɭɱɚɸɬɫɹ ɫɥɟɞɭɸɳɢɟ 

ɤɨɧɮɢɝɭɪɚɰɢɢ: ɩɪɨɮɢɥɢɪɨɜɚɧɧɵɟ ɨɬɜɟɪɫɬɢɹ – ɜɟɟɪɧɵɟ (fan-shaped), 

ɤɨɧɫɨɥɶɧɵɟ, ɜ ɜɢɞɟ ɝɚɧɬɟɥɢ, ɛɨɛɚ, ɩɨɥɭɦɟɫɹɰɚ; ɨɬɜɟɪɫɬɢɹ, ɜɵɯɨɞ ɢɡ ɤɨɬɨɪɵɯ 

ɪɚɡɦɟɳɟɧ ɜ ɭɝɥɭɛɥɟɧɢɹɯ (ɩɨɥɭɫɮɟɪɢɱɟɫɤɢɯ, ɤɪɚɬɟɪɚɯ, ɬɪɚɧɲɟɹɯ); ɫɯɟɦɚ 

ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ (double-jet). 

ɉɨɥɭɱɟɧɧɵɟ ɜ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɪɟɡɭɥɶɬɚɬɵ ɩɨɤɚɡɵɜɚɸɬ, ɱɬɨ ɫɯɟɦɵ 

ɨɯɥɚɠɞɟɧɢɹ ɫ ɨɬɜɟɪɫɬɢɹɦɢ ɫɥɨɠɧɨɝɨ (ɩɪɨɮɢɥɢɪɨɜɚɧɧɨɝɨ) ɩɪɨɮɢɥɹ 

ɩɨɡɜɨɥɹɸɬ ɭɜɟɥɢɱɢɬɶ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɨɯɥɚɠɞɟɧɢɹ ɜ 2 ɪɚɡɚ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ 

ɬɪɚɞɢɰɢɨɧɧɵɦɢ ɫɢɫɬɟɦɚɦɢ ɧɚɤɥɨɧɧɵɯ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɨɬɜɟɪɫɬɢɣ ɜ 

ɨɯɥɚɠɞɚɟɦɨɣ ɫɬɟɧɤɟ ɩɪɢ ɬɨɦ ɠɟ ɪɚɫɯɨɞɟ ɨɯɥɚɞɢɬɟɥɹ. ɋɯɟɦɚ ɫ ɩɨɞɚɱɟɣ 

ɨɯɥɚɞɢɬɟɥɹ ɜ ɩɨɥɭɫɮɟɪɢɱɟɫɤɢɟ ɭɝɥɭɛɥɟɧɢɹ ɩɨɡɜɨɥɹɟɬ ɭɜɟɥɢɱɢɬɶ 

ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɧɚ 120%. Ɉɞɧɚɤɨ, ɜɵɩɨɥɧɟɧɢɟ ɬɚɤɢɯ 

ɫɥɨɠɧɵɯ ɨɬɜɟɪɫɬɢɣ, ɢɦɟɸɳɢɯ ɪɚɡɦɟɪɵ ɦɟɧɟɟ ɨɞɧɨɝɨ ɦɢɥɥɢɦɟɬɪɚ, ɬɪɟɛɭɟɬ 

ɞɨɪɨɝɨɫɬɨɹɳɟɝɨ ɬɟɯɧɨɥɨɝɢɱɟɫɤɨɝɨ ɨɛɨɪɭɞɨɜɚɧɢɹ ɢ ɫɜɹɡɚɧɨ ɫ ɨɩɪɟɞɟɥɟɧɧɵɦɢ 

ɬɪɭɞɧɨɫɬɹɦɢ. Иɦɟɸɳɢɟɫɹ ɜ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɢɫɫɥɟɞɨɜɚɧɢɹ ɚɥɶɬɟɪɧɚɬɢɜɧɵɯ 

ɫɯɟɦ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɜɵɩɨɥɧɟɧɵ ɜ ɭɡɤɨɦ ɞɢɚɩɚɡɨɧɟ ɜɥɢɹɸɳɢɯ 

ɮɚɤɬɨɪɨɜ, ɫɥɚɛɨ ɢɡɭɱɟɧɨ ɜɥɢɹɧɢɟ ɬɚɤɢɯ ɮɚɤɬɨɪɨɜ, ɤɚɤ ɭɫɤɨɪɟɧɢɟ ɩɨɬɨɤɚ, 
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ɜɧɟɲɧɹɹ ɬɭɪɛɭɥɟɧɬɧɨɫɬɶ, ɧɟɢɡɨɬɟɪɦɢɱɧɨɫɬɶ, ɤɪɢɜɢɡɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɢ ɞɪ., 

ɤɨɬɨɪɵɟ ɢɝɪɚɸɬ ɜɚɠɧɭɸ ɪɨɥɶ ɜ ɝɚɡɨɜɵɯ ɬɭɪɛɢɧɚɯ. Чɬɨ ɤɚɫɚɟɬɫɹ 

ɦɚɬɟɦɚɬɢɱɟɫɤɨɝɨ (ɤɨɦɩɶɸɬɟɪɧɨɝɨ) ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ, 

ɬɨ ɩɨɥɭɱɟɧɧɵɟ ɞɚɧɧɵɟ ɨɝɪɚɧɢɱɟɧɵ ɫɥɭɱɚɟɦ ɛɟɡɝɪɚɞɢɟɧɬɧɨɝɨ ɢ ɝɪɚɞɢɟɧɬɧɨɝɨ 

ɬɟɱɟɧɢɹ ɢ ɩɨɤɚ ɧɟ ɩɨɥɭɱɢɥɢ ɲɢɪɨɤɨɝɨ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɜ ɩɪɚɤɬɢɤɟ 

ɝɚɡɨɬɭɪɛɨɫɬɪɨɟɧɢɹ. 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɞɚɥɶɧɟɣɲɟɟ ɢɫɫɥɟɞɨɜɚɧɢɟ ɚɥɶɬɟɪɧɚɬɢɜɧɵɯ ɫɯɟɦ 

ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ, ɩɨɥɭɱɟɧɢɟ ɨɛɨɛɳɚɸɳɢɯ ɡɚɜɢɫɢɦɨɫɬɟɣ ɜ ɲɢɪɨɤɨɦ 

ɞɢɚɩɚɡɨɧɟ ɢɡɦɟɧɟɧɢɹ ɨɩɪɟɞɟɥɹɸɳɢɯ ɮɚɤɬɨɪɨɜ, ɬɚɤɢɯ ɤɚɤ, ɩɚɪɚɦɟɬɪ ɜɞɭɜɚ, 

ɭɫɤɨɪɟɧɢɟ ɩɨɬɨɤɚ, ɜɧɟɲɧɹɹ ɬɭɪɛɭɥɟɧɬɧɨɫɬɶ, ɧɟɢɡɨɬɟɪɦɢɱɧɨɫɬɶ, 

ɫɠɢɦɚɟɦɨɫɬɶ, ɤɪɢɜɢɡɧɚ ɩɨɜɟɪɯɧɨɫɬɢ  ɢ ɞɪ. ɩɪɟɞɫɬɚɜɥɹɟɬ ɛɨɥɶɲɨɣ ɧɚɭɱɧɵɣ ɢ 

ɩɪɚɤɬɢɱɟɫɤɢɣ ɢɧɬɟɪɟɫ. Вɚɠɧɵɦ ɧɚɩɪɚɜɥɟɧɢɟɦ ɹɜɥɹɟɬɫɹ ɬɚɤɠɟ ɞɚɥɶɧɟɣɲɟɟ 

ɢɡɭɱɟɧɢɟ ɜɨɡɦɨɠɧɨɫɬɟɣ ɤɨɦɩɶɸɬɟɪɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ, ɜ ɱɚɫɬɧɨɫɬɢ, ɩɨɢɫɤ 

ɚɞɟɤɜɚɬɧɵɯ ɦɨɞɟɥɟɣ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ. 

Иɡ ɪɚɫɫɦɨɬɪɟɧɧɵɯ ɜ ɨɛɡɨɪɟ ɚɥɶɬɟɪɧɚɬɢɜɧɵɯ ɤɨɧɮɢɝɭɪɚɰɢɣ ɛɨɥɶɲɨɣ 

ɩɪɚɤɬɢɱɟɫɤɢɣ ɢɧɬɟɪɟɫ ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɯɟɦɚ ɩɚɪɧɵɯ ɧɚɤɥɨɧɧɵɯ ɨɬɜɟɪɫɬɢɣ, ɜ 

ɤɨɬɨɪɨɣ ɨɬɜɟɪɫɬɢɹ ɩɟɪɜɨɝɨ ɢ ɜɬɨɪɨɝɨ ɪɹɞɚ ɞɥɹ ɩɨɞɚɱɢ ɨɯɥɚɞɢɬɟɥɹ 

ɨɛɟɫɩɟɱɢɜɚɸɬ ɩɨɞɚɱɭ ɨɯɥɚɞɢɬɟɥɹ ɩɨɞ ɭɝɥɚɦɢ β1 ɢ β2 ɤ ɜɟɤɬɨɪɭ ɫɤɨɪɨɫɬɢ 

ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɚ. В ɷɬɨɦ ɫɥɭɱɚɟ ɡɚ ɫɢɫɬɟɦɨɣ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ ɮɨɪɦɢɪɭɟɬɫɹ 

ɫɥɨɠɧɚɹ ɜɢɯɪɟɜɚɹ ɫɬɪɭɤɬɭɪɚ, ɪɚɡɪɭɲɚɸɳɚɹ «ɩɨɱɟɱɧɵɟ» ɜɢɯɪɢ ɢ 

ɩɪɢɠɢɦɚɸɳɚɹ ɩɨɬɨɤ ɨɯɥɚɞɢɬɟɥɹ ɤ ɩɨɜɟɪɯɧɨɫɬɢ. Ʉɚɤ ɩɨɤɚɡɚɥ ɨɛɡɨɪ, ɷɬɚ ɫɯɟɦɚ 

ɞɟɦɨɧɫɬɪɢɪɭɟɬ ɛɨɥɟɟ ɜɵɫɨɤɢɟ ɪɟɡɭɥɶɬɚɬɵ ɩɨ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ 

ɨɯɥɚɠɞɟɧɢɹ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫɨ ɫɬɚɧɞɚɪɬɧɨɣ ɫɯɟɦɨɣ ɨɞɧɨɪɹɞɧɵɯ ɧɚɤɥɨɧɧɵɯ 

ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɨɬɜɟɪɫɬɢɣ ɢ ɫɪɚɜɧɢɦɚ ɫ ɞɪɭɝɢɦɢ ɫ ɞɪɭɝɢɦɢ 

ɚɥɶɬɟɪɧɚɬɢɜɧɵɦɢ ɤɨɧɮɢɝɭɪɚɰɢɹɦɢ. Вɚɠɧɵɦ ɟɟ ɩɪɟɢɦɭɳɟɫɬɜɨɦ ɹɜɥɹɟɬɫɹ 

ɜɵɫɨɤɚɹ ɬɟɯɧɨɥɨɝɢɱɧɨɫɬɶ, ɩɨɫɤɨɥɶɤɭ ɬɟɯɧɨɥɨɝɢɹ ɢɡɝɨɬɨɜɥɟɧɢɹ 

ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɧɚɤɥɨɧɧɵɯ ɨɬɜɟɪɫɬɢɣ ɜ ɫɬɟɧɤɟ ɥɨɩɚɬɤɟ ɯɨɪɨɲɨ ɨɫɜɨɟɧɚ ɜ 

ɩɪɨɢɡɜɨɞɫɬɜɟ. 

Цɟɥьɸ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɵ ɹɜɥɹɟɬɫɹ ɢɫɫɥɟɞɨɜɚɧɢɟ ɮɢɡɢɱɟɫɤɢɯ 

ɡɚɤɨɧɨɦɟɪɧɨɫɬɟɣ ɢ ɨɩɪɟɞɟɥɟɧɢɟ ɪɚɫɱɟɬɧɵɯ ɡɚɜɢɫɢɦɨɫɬɟɣ, ɯɚɪɚɤɬɟɪɢɡɭɸɳɢɯ 
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ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɩɪɢ ɩɨɞɚɱɟ ɨɯɥɚɞɢɬɟɥɹ ɱɟɪɟɡ 

ɩɚɪɧɵɟ ɨɬɜɟɪɫɬɢɹ, ɪɚɫɩɨɥɨɠɟɧɧɵɟ ɧɚ ɜɯɨɞɟ ɜ ɩɥɚɫɬɢɧɭ c ɭɱɟɬɨɦ ɜɥɢɹɧɢɹ 

ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ, ɭɫɤɨɪɟɧɢɹ ɩɨɬɨɤɚ ɢ ɜɧɟɲɧɟɣ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ. 

ɍɱɢɬɵɜɚɹ ɫɥɨɠɧɵɣ ɯɚɪɚɤɬɟɪ ɬɟɱɟɧɢɹ ɢ ɬɟɩɥɨɨɬɞɚɱɢ, ɜ ɞɢɫɫɟɪɬɚɰɢɢ 

ɜɵɛɪɚɧɨ ɫɨɱɟɬɚɧɢɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɝɨ ɢ ɬɟɨɪɟɬɢɱɟɫɤɨɝɨ ɦɟɬɨɞɨɜ 

ɢɫɫɥɟɞɨɜɚɧɢɹ. Ⱦɥɹ ɞɨɫɬɢɠɟɧɢɹ ɩɨɫɬɚɜɥɟɧɧɨɣ ɰɟɥɢ ɜ ɪɚɛɨɬɟ ɪɟɲɚɸɬɫɹ 

ɫɥɟɞɭɸɳɢɟ ɨɫɧɨɜɧɵɟ ɡɚɞɚɱи: 

— ɋɨɡɞɚɬɶ ɪɚɛɨɱɢɣ ɭɱɚɫɬɨɤ ɢ ɜɵɩɨɥɧɢɬɶ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɟ 

ɢɫɫɥɟɞɨɜɚɧɢɟ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɩɥɨɫɤɨɣ ɩɨɜɟɪɯɧɨɫɬɢ ɫ 

ɩɨɞɚɱɟɣ ɨɯɥɚɞɢɬɟɥɹ ɱɟɪɟɡ ɫɢɫɬɟɦɭ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ ɧɚ ɜɯɨɞɟ ɜ ɞɢɚɩɚɡɨɧɟ 

ɢɡɦɟɧɟɧɢɹ ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ ɨɬ 0,5 ɞɨ 3,0. ɉɨɥɭɱɢɬɶ ɛɚɡɨɜɭɸ ɡɚɜɢɫɢɦɨɫɬɶ ɞɥɹ 

ɛɟɡɝɪɚɞɢɟɧɬɧɨɝɨ ɬɟɱɟɧɢɹ ɩɪɢ ɨɬɫɭɬɫɬɜɢɢ ɜɧɟɲɧɟɣ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɢ 

ɭɫɤɨɪɟɧɢɹ ɩɨɬɨɤɚ. 

— Иɡɭɱɢɬɶ ɜɥɢɹɧɢɟ ɜɧɟɲɧɟɣ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɢ ɨɬɪɢɰɚɬɟɥɶɧɨɝɨ 

ɝɪɚɞɢɟɧɬɚ ɞɚɜɥɟɧɢɹ ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɡɚɤɨɧɚɯ ɭɫɤɨɪɟɧɢɹ ɩɨɬɨɤɚ ɢ ɩɨɥɭɱɢɬɶ 

ɡɚɜɢɫɢɦɨɫɬɢ, ɯɚɪɚɤɬɟɪɢɡɭɸɳɢɟ ɜɥɢɹɧɢɟ ɷɬɢɯ ɮɚɤɬɨɪɨɜ ɧɚ ɷɮɮɟɤɬɢɜɧɨɫɬɶ 

ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ. 

— Ɉɩɪɟɞɟɥɢɬɶ ɫɬɟɩɟɧɶ ɩɨɩɟɪɟɱɧɨɣ ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɢ ɷɮɮɟɤɬɢɜɧɨɫɬɢ 

ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɞɥɹ ɛɟɡɝɪɚɞɢɟɧɬɧɨɝɨ ɢ ɝɪɚɞɢɟɧɬɧɨɝɨ ɬɟɱɟɧɢɣ, ɚ 

ɬɚɤɠɟ ɜ ɭɫɥɨɜɢɹɯ ɜɧɟɲɧɟɣ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ. 

— Ⱦɥɹ ɡɚɞɚɧɧɵɯ ɡɧɚɱɟɧɢɣ ɭɝɥɨɜ β1 ɢ β2 ɨɩɪɟɞɟɥɢɬɶ ɦɚɬɟɦɚɬɢɱɟɫɤɢɟ 

ɦɨɞɟɥɢ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ, ɚɞɟɤɜɚɬɧɨ ɨɩɢɫɵɜɚɸɳɢɟ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ 

ɨɯɥɚɠɞɟɧɢɹ, ɢɡɭɱɢɬɶ ɮɢɡɢɱɟɫɤɭɸ ɫɬɪɭɤɬɭɪɭ ɩɨɬɨɤɚ ɡɚ ɩɚɪɧɵɦɢ ɨɬɜɟɪɫɬɢɹɦɢ, 

ɜɵɹɜɢɬɶ ɮɚɤɬɨɪɵ, ɯɚɪɚɤɬɟɪɢɡɭɸɳɢɟ ɮɢɡɢɱɟɫɤɢɣ ɦɟɯɚɧɢɡɦ ɩɥɟɧɨɱɧɨɝɨ 

ɨɯɥɚɠɞɟɧɢɹ. 

— Иɡɭɱɢɬɶ ɜɥɢɹɧɢɟ ɩɨɩɟɪɟɱɧɨɝɨ ɪɚɫɫɬɨɹɧɢɹ Δ ɦɟɠɞɭ ɨɬɜɟɪɫɬɢɹɦɢ 

ɩɟɪɜɨɝɨ ɢ ɜɬɨɪɨɝɨ ɪɹɞɚ ɧɚ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɢ 

ɨɩɪɟɞɟɥɢɬɶ ɟɝɨ ɡɧɚɱɟɧɢɟ, ɨɛɟɫɩɟɱɢɜɚɸɳɟɟ ɦɚɤɫɢɦɚɥɶɧɭɸ ɷɮɮɟɤɬɢɜɧɨɫɬɶ 

ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ. 

Ⱦɥɹ ɫɨɡɞɚɧɢɹ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɚ ɧɚ ɜɯɨɞɟ ɜ ɫɨɩɥɨ 

Вɢɬɨɲɢɧɫɤɨɝɨ ɜ ɷɤɫɩɟɪɢɦɟɧɬɚɯ ɛɭɞɟɬ ɢɫɩɨɥɶɡɨɜɚɧɚ ɬɭɪɛɭɥɢɡɢɪɭɸɳɚɹ 
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ɪɟɲɟɬɤɚ, ɭɫɬɚɧɨɜɥɟɧɧɚɹ ɧɚ ɜɯɨɞɟ ɜ ɫɭɠɚɸɳɟɟ ɫɨɩɥɨ Вɢɬɨɲɢɧɫɤɨɝɨ, ɤɨɬɨɪɚɹ 

ɝɟɧɟɪɢɪɭɟɬ ɢɡɨɬɪɨɩɧɭɸ ɬɭɪɛɭɥɟɧɬɧɨɫɬɶ ɨɤɨɥɨ 7% ɧɚ ɜɵɯɨɞɟ ɢɡ ɫɨɩɥɚ. Ⱦɥɹ 

ɫɨɡɞɚɧɢɹ ɩɪɨɞɨɥɶɧɨɝɨ ɝɪɚɞɢɟɧɬɚ ɞɚɜɥɟɧɢɹ ɛɭɞɭɬ ɢɫɩɨɥɶɡɨɜɚɧɵ ɞɜɟ 

ɨɬɞɟɥɶɧɵɟ ɩɪɨɮɢɥɢɪɨɜɚɧɧɵɟ ɫɬɟɧɤɢ, ɭɫɬɚɧɨɜɥɟɧɧɵɟ ɧɚ ɜɟɪɯɧɟɣ ɫɬɟɧɤɟ 

ɤɚɧɚɥɚ ɢ ɨɛɟɫɩɟɱɢɜɚɸɳɢɟ ɩɨɫɬɨɹɧɧɵɣ ɢɥɢ ɩɟɪɟɦɟɧɧɵɣ ɩɨ ɞɥɢɧɟ ɤɚɧɚɥɚ 

ɨɬɪɢɰɚɬɟɥɶɧɵɣ ɝɪɚɞɢɟɧɬ ɞɚɜɥɟɧɢɹ. Иɡɭɱɟɧɢɟ ɮɢɡɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɵ ɩɨɬɨɤɚ 

ɡɚ ɩɚɪɧɵɦɢ ɨɬɜɟɪɫɬɢɹɦɢ ɛɭɞɟɬ ɜɵɩɨɥɧɟɧɨ ɧɚ ɨɫɧɨɜɟ ɩɨɜɟɪɯɧɨɫɬɧɨɣ 

ɜɢɡɭɚɥɢɡɚɰɢɢ ɩɨɬɨɤɚ ɢ ɤɨɦɩɶɸɬɟɪɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ. Ⱥɧɚɥɢɡ ɦɨɞɟɥɟɣ 

ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ, ɯɚɪɚɤɬɟɪɢɡɭɸɳɢɯ ɮɢɡɢɱɟɫɤɭɸ ɫɬɪɭɤɬɭɪɭ ɩɨɬɨɤɚ ɢ 

ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɡɚ ɩɚɪɧɵɦɢ ɨɬɜɟɪɫɬɢɹɦɢ, ɛɭɞɟɬ 

ɜɵɩɨɥɧɟɧ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɤɨɦɦɟɪɱɟɫɤɨɝɨ ɩɚɤɟɬɚ ɩɪɢɤɥɚɞɧɵɯ ɩɪɨɝɪɚɦɦ 

ANSВS CFБ 14.0 ɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɞɚɧɧɵɯ, ɩɨɥɭɱɟɧɧɵɯ ɜ ɧɚɫɬɨɹɳɟɣ 

ɪɚɛɨɬɟ. 
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ɊАɁȾȿɅ 2 

ɗɄɋɉȿɊɂɆȿɇɌАɅɖɇАЯ ɍɋɌАɇɈВɄА  

 

В ɪɚɡɞɟɥɟ ɞɚɧɨ ɨɩɢɫɚɧɢɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɣ ɭɫɬɚɧɨɜɤɢ, 

ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɝɨ ɭɱɚɫɬɤɚ (ɚɞɢɚɛɚɬɧɨɣ ɩɥɚɫɬɢɧɵ), ɫɢɫɬɟɦɵ ɩɚɪɧɵɯ 

ɨɬɜɟɪɫɬɢɣ (double-jet) ɞɥɹ ɩɨɞɚɱɢ ɜɬɨɪɢɱɧɨɝɨ ɜɨɡɞɭɯɚ, ɬɭɪɛɭɥɢɡɢɪɭɸɳɟɣ 

ɪɟɲɟɬɤɢ ɢ ɤɪɢɜɨɥɢɧɟɣɧɵɯ ɩɪɨɮɢɥɟɣ ɞɥɹ ɨɛɟɫɩɟɱɟɧɢɹ ɜɧɟɲɧɟɣ 

ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɢ ɭɫɤɨɪɟɧɢɹ ɩɨɬɨɤɚ. ɉɪɢɜɨɞɹɬɫɹ ɪɟɡɭɥɶɬɚɬɵ ɞɨɜɨɞɨɱɧɵɯ 

ɷɤɫɩɟɪɢɦɟɧɬɨɜ, ɨɛɨɫɧɨɜɚɧ ɜɵɛɨɪ ɪɟɠɢɦɧɵɯ ɩɚɪɚɦɟɬɪɨɜ ɢ ɫɞɟɥɚɧɚ ɨɰɟɧɤɚ 

ɩɨɝɪɟɲɧɨɫɬɢ ɢɡɦɟɪɟɧɢɣ. 

 

2.1 Ɉɩɢɫɚɧɢɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɣ ɭɫɬɚɧɨɜɤɢ 

ɇɚ ɪɢɫ. 2.1 ɩɪɟɞɫɬɚɜɥɟɧɚ ɫɯɟɦɚ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɣ ɭɫɬɚɧɨɜɤɢ, ɤɨɬɨɪɚɹ 

ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɚɷɪɨɞɢɧɚɦɢɱɟɫɤɭɸ ɬɪɭɛɭ ɨɬɤɪɵɬɨɝɨ ɬɢɩɚ, ɪɚɛɨɬɚɸɳɭɸ 

ɨɬ ɰɟɧɬɪɨɛɟɠɧɨɝɨ ɜɟɧɬɢɥɹɬɨɪɚ ɜɵɫɨɤɨɝɨ ɞɚɜɥɟɧɢɹ ВВȾ-5 (ɩɨɡ. 1). В 

ɩɨɜɨɪɨɬɧɵɣ ɡɚɬɜɨɪ, ɤɨɬɨɪɵɣ ɢɫɩɨɥɶɡɭɟɬɫɹ ɞɥɹ ɪɟɝɭɥɢɪɨɜɚɧɢɹ ɪɚɫɯɨɞɚ 

(ɩɨɡ. 3), ɜɟɧɬɢɥɹɬɨɪɨɦ ɩɨɞɚɟɬɫɹ ɤɨɦɧɚɬɧɵɣ (ɨɫɧɨɜɧɨɣ) ɜɨɡɞɭɯ, ɤɨɬɨɪɵɣ ɞɚɥɟɟ 

ɩɪɨɯɨɞɢɬ ɜ ɪɟɫɢɜɟɪ 5. Ⱦɥɹ ɩɨɞɚɜɥɟɧɢɹ ɤɪɭɩɧɨɦɚɫɲɬɚɛɧɵɯ ɮɥɭɤɬɭɚɰɢɣ ɜ 

ɪɟɫɢɜɟɪɟ 5, ɜɵɡɜɚɧɧɵɯ ɪɚɛɨɬɨɣ ɜɟɧɬɢɥɹɬɨɪɚ, ɭɫɬɚɧɨɜɥɟɧɵ ɫɩɪɹɦɥɹɸɳɢɟ 

ɫɟɬɤɢ 4. ɍɫɬɚɧɨɜɤɚ ɧɚ ɜɵɯɨɞɟ ɢɡ ɪɟɫɢɜɟɪɚ ɫɭɠɚɸɳɟɝɨ ɫɨɩɥɚ ɩɪɹɦɨɭɝɨɥɶɧɨɝɨ 

ɫɟɱɟɧɢɹ ɨɛɟɫɩɟɱɢɜɚɟɬ ɪɚɜɧɨɦɟɪɧɨɟ ɩɨɥɟ ɫɤɨɪɨɫɬɢ ɩɟɪɟɞ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦ 

ɭɱɚɫɬɤɨɦ. ɋɬɟɧɤɢ ɫɭɠɚɸɳɟɝɨ ɫɨɩɥɚ ɫɩɪɨɮɢɥɢɪɨɜɚɧɵ ɩɨ ɤɪɢɜɨɣ 

Вɢɬɨɲɢɧɫɤɨɝɨ 6. Ɂɚ ɫɨɩɥɨɦ ɭɫɬɚɧɨɜɥɟɧ ɤɨɪɨɬɤɢɣ ɭɱɚɫɬɨɤ ɫɬɚɛɢɥɢɡɚɰɢɢ 

ɩɨɬɨɤɚ 7. Ɋɚɫɫɬɨɹɧɢɟ ɨɬ ɫɪɟɡɚ ɫɨɩɥɚ Вɢɬɨɲɢɧɫɤɨɝɨ ɞɨ ɩɥɚɫɬɢɧɵ ɢɡ ɨɪɝɫɬɟɤɥɚ 

90 ɦɦ, ɞɨ ɩɟɪɜɨɝɨ ɪɹɞɚ ɨɬɜɟɪɫɬɢɣ 130 ɦɦ, ɞɨ ɧɚɱɚɥɚ ɤɨɨɪɞɢɧɚɬɵ «ɯ» 145 ɦɦ. 

Вɯɨɞɧɨɟ ɫɟɱɟɧɢɟ ɫɨɩɥɚ Вɢɬɨɲɢɧɫɤɨɝɨ ɫɨɫɬɚɜɥɹɟɬ 400×300 ɦɦ, ɚ ɜɵɯɨɞɧɨɟ – 

2λ4×34 ɦɦ, ɬɚɤɢɦ ɨɛɪɚɡɨɦ, ɫɨɨɬɧɨɲɟɧɢɟ ɜɯɨɞɧɨɣ ɢ ɜɵɯɨɞɧɨɣ ɩɥɨɳɚɞɟɣ 

ɫɨɩɥɚ («ɩɨɞɠɚɬɢɟ» ɩɨɬɨɤɚ) ɫɨɫɬɚɜɥɹɟɬ 12μ1. Эɬɨ ɨɛɟɫɩɟɱɢɜɚɟɬ 

ɧɢɡɤɨɬɭɪɛɭɥɟɧɬɧɵɣ ɩɨɬɨɤ ɧɚ ɜɯɨɞɟ ɜ ɪɚɛɨɱɟɣ ɭɱɚɫɬɨɤ (з 1%). ɉɨɫɥɟ ɫɨɩɥɚ 

Вɢɬɨɲɢɧɫɤɨɝɨ ɩɨɬɨɤ ɩɨɫɬɭɩɚɟɬ ɜ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɣ ɭɱɚɫɬɨɤ, ɩɨɫɥɟ ɧɟɝɨ – ɜ 
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ɭɫɩɨɤɨɢɬɟɥɶ (ɩɨɡ. λ) ɢ ɩɨɫɥɟ ɷɬɨɝɨ ɭɞɚɥɹɟɬɫɹ ɜ ɚɬɦɨɫɮɟɪɭ. Ɉɛɳɢɣ ɜɢɞ 

ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɣ ɭɫɬɚɧɨɜɤɢ ɩɪɟɞɫɬɚɜɥɟɧ ɧɚ ɪɢɫ. 2.2. 
 

 

Ɋɢɫɭɧɨɤ 2.1 – ɋɯɟɦɚ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɣ ɭɫɬɚɧɨɜɤɢμ 1 – ɜɟɧɬɢɥɹɬɨɪ 
ВВȾ–5; 2, 3 – ɩɨɜɨɪɨɬɧɵɟ ɡɚɬɜɨɪɵ; 4 – ɫɩɪɹɦɥɹɸɳɚɹ ɫɟɬɤɚ; 5 – 
ɪɟɫɢɜɟɪ; 6 – ɫɨɩɥɨ Вɢɬɨɲɢɧɫɤɨɝɨ; 7 – ɭɱɚɫɬɨɤ ɫɬɚɛɢɥɢɡɚɰɢɢ; 8 – 
ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɣ ɭɱɚɫɬɨɤ; λ – ɭɫɩɨɤɨɢɬɟɥɶ; 10 – ɚɞɢɚɛɚɬɧɚɹ 
ɩɥɚɫɬɢɧɚ; 11 – ɜɵɩɪɹɦɢɬɟɥɶ; 12 – ɫɦɟɧɧɵɣ ɛɥɨɤ ɫ ɨɬɜɟɪɫɬɢɹɦɢ ɩɨɞɚɱɢ 
ɜɬɨɪɢɱɧɨɝɨ ɜɨɡɞɭɯɚ; 13 – ɪɟɫɢɜɟɪ ɩɨɞɚɱɢ ɜɬɨɪɢɱɧɨɝɨ ɜɨɡɞɭɯɚ; 14 – 
ɷɥɟɤɬɪɢɱɟɫɤɢɣ ɧɚɝɪɟɜɚɬɟɥɶ; 15 – ɪɨɬɚɦɟɬɪ; 16 – ɜɟɧɬɢɥɶ; 17 – ɮɢɥɶɬɪ-
ɪɟɝɭɥɹɬɨɪ; 18 – ɤɨɦɩɪɟɫɫɨɪ. 

 

 

Ɋɢɫɭɧɨɤ 2.2 – Ɉɛɳɢɣ ɜɢɞ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɣ ɭɫɬɚɧɨɜɤɢ. 
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Вɬɨɪɢɱɧɵɣ (ɜɞɭɜɚɟɦɵɣ) ɜɨɡɞɭɯ ɩɨɞɚɟɬɫɹ ɨɬ ɫɚɦɨɫɬɨɹɬɟɥɶɧɨɝɨ 

ɤɨɦɩɪɟɫɫɨɪɚ (18) ɢ ɱɟɪɟɡ ɮɢɥɶɬɪ-ɪɟɝɭɥɹɬɨɪ (17), ɜɟɧɬɢɥɶ (16), ɪɨɬɚɦɟɬɪ (15) 

ɩɨɫɬɭɩɚɟɬ ɜ ɷɥɟɤɬɪɢɱɟɫɤɢɣ ɧɚɝɪɟɜɚɬɟɥɶ (14). Ⱦɚɥɟɟ ɧɚɝɪɟɬɵɣ ɜɬɨɪɢɱɧɵɣ 

ɜɨɡɞɭɯ ɩɨɩɚɞɚɟɬ ɜ ɪɟɫɢɜɟɪ (13), ɨɬɤɭɞɚ ɱɟɪɟɡ ɫɦɟɧɧɵɣ ɛɥɨɤ ɫ ɨɬɜɟɪɫɬɢɹɦɢ 

(12) ɩɨɞɚɟɬɫɹ ɧɚ ɩɨɜɟɪɯɧɨɫɬɶ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɝɨ ɭɱɚɫɬɤɚ. 

 

2.2 Ɉɛɴɟɤɬɵ ɢɫɫɥɟɞɨɜɚɧɢɹ 

Эɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɣ ɭɱɚɫɬɨɤ (ɩɨɡ. 8, ɪɢɫ. 2.1), ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ 

ɩɥɨɫɤɢɣ ɩɪɹɦɨɭɝɨɥɶɧɵɣ ɤɚɧɚɥ, ɩɨɩɟɪɟɱɧɨɟ ɫɟɱɟɧɢɟ ɤɨɬɨɪɨɝɨ ɢɞɟɧɬɢɱɧɨ 

ɫɟɱɟɧɢɸ ɤɚɧɚɥɚ ɡɚ ɫɨɩɥɨɦ Вɢɬɨɲɢɧɫɤɨɝɨ (2λ4×34 ɦɦ). ɇɢɠɧɹɹ ɫɬɟɧɤɚ 

ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɝɨ ɭɱɚɫɬɤɚ ɫɨɫɬɨɢɬ ɢɡ ɫɦɟɧɧɨɝɨ ɛɥɨɤɚ 12 (ɪɢɫ. 2.1) ɫ 

ɫɢɫɬɟɦɨɣ ɨɬɜɟɪɫɬɢɣ ɞɥɹ ɩɨɞɚɱɢ ɜɬɨɪɢɱɧɨɝɨ ɜɨɡɞɭɯɚ ɢ ɚɞɢɚɛɚɬɧɨɣ ɩɥɚɫɬɢɧɵ 

10 (ɪɢɫ. 2.1), ɤɨɬɨɪɚɹ ɜɵɩɨɥɧɟɧɚ ɢɡ ɚɫɛɨɰɟɦɟɧɬɚ (Ȝ = 0,17 Вɬ/ɦɄ). В ɩɥɚɫɬɢɧɭ 

ɩɨ ɰɟɧɬɪɚɥɶɧɨɣ ɥɢɧɢɢ ɫ ɩɨɫɬɨɹɧɧɵɦ ɲɚɝɨɦ 10 ɦɦ ɜɦɨɧɬɢɪɨɜɚɧɵ 9 ɯɪɨɦɟɥɶ-

ɚɥɸɦɟɥɟɜɵɯ ɬɟɪɦɨɷɥɟɤɬɪɢɱɟɫɤɢɯ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɟɣ ɞɢɚɦɟɬɪɨɦ 0,1 ɦɦ. В 

ɤɨɧɫɬɪɭɤɰɢɢ ɩɪɟɞɭɫɦɨɬɪɟɧɚ ɜɨɡɦɨɠɧɨɫɬɶ ɩɟɪɟɦɟɳɟɧɢɹ ɚɞɢɚɛɚɬɧɨɣ 

ɩɥɚɫɬɢɧɵ ɜ ɩɨɩɟɪɟɱɧɨɦ ɧɚɩɪɚɜɥɟɧɢɢ (ɩɨɩɟɪɟɤ ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɚ), ɱɬɨ 

ɩɨɡɜɨɥɹɟɬ ɨɩɪɟɞɟɥɹɬɶ ɩɨɩɟɪɟɱɧɨɟ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɬɟɦɩɟɪɚɬɭɪɵ ɚɞɢɚɛɚɬɧɨɣ 

ɩɨɜɟɪɯɧɨɫɬɢ. Вɧɭɬɪɟɧɧɢɣ ɜɢɞ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɝɨ ɭɱɚɫɬɤɚ ɩɨɤɚɡɚɧ ɧɚ ɪɢɫ. 

2.3, ɚ ɟɝɨ ɨɛɳɢɣ ɜɢɞ – ɧɚ ɪɢɫ. 2.4. 

 
Ɋɢɫɭɧɨɤ 2.3 – Вɢɞ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɝɨ ɭɱɚɫɬɤɚ ɢ ɫɦɟɧɧɨɝɨ ɛɥɨɤɚ ɫ 
ɨɬɜɟɪɫɬɢɹɦɢ ɞɥɹ ɩɨɞɚɱɢ ɜɬɨɪɢɱɧɨɝɨ ɜɨɡɞɭɯɚ. 

Аɞиɚɛɚɬɧɚɹ 
ɩɥɚɫɬиɧɚ 

ɋɦɟɧɧɵɣ ɛɥɨɤ ɫ 
ɨɬɜɟɪɫɬиɹɦи 

Ɉɫɧɨɜɧɨɣ  
   ɩɨɬɨɤ 
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Ɋɢɫɭɧɨɤ 2.4 – Ɉɛɳɢɣ ɜɢɞ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɝɨ ɭɱɚɫɬɤɚ ɫ ɤɨɨɪɞɢɧɚɬɧɵɦ 
ɭɫɬɪɨɣɫɬɜɨɦ ɞɥɹ ɢɡɦɟɪɟɧɢɹ ɩɪɨɮɢɥɹ ɩɨɥɧɨɝɨ ɞɚɜɥɟɧɢɹ. 
 

ɍɫɬɪɨɣɫɬɜɨ ɩɨɞɚɱи ɨɯɥɚɞиɬɟɥɹ. Ɉɫɧɨɜɧɵɟ ɷɤɫɩɟɪɢɦɟɧɬɵ ɜɵɩɨɥɧɟɧɵ ɫ 

ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɫɢɫɬɟɦɵ ɩɚɪɧɵɯ ɧɚɤɥɨɧɧɵɯ ɨɬɜɟɪɫɬɢɣ (ɪɢɫ. 2.5).  

 

Ɋɢɫɭɧɨɤ 2.5 – ɋɯɟɦɚ ɩɨɞɚɱɢ ɜɬɨɪɢɱɧɨɝɨ ɜɨɡɞɭɯɚ. 

 
Ɉɫɧɨɜɧɵɟ ɝɟɨɦɟɬɪɢɱɟɫɤɢɟ ɩɚɪɚɦɟɬɪɵ ɜɵɛɢɪɚɥɢɫɶ ɫ ɭɱɟɬɨɦ 

ɪɟɤɨɦɟɧɞɚɰɢɣ ɪɚɛɨɬ [95-102], ɱɬɨ ɨɛɟɫɩɟɱɢɜɚɟɬ ɭɫɥɨɜɢɹ, ɧɟɨɛɯɨɞɢɦɵɟ ɞɥɹ 

ɮɨɪɦɢɪɨɜɚɧɢɹ ɚɧɬɢɩɨɱɟɱɧɨɣ ɜɢɯɪɟɜɨɣ ɫɬɪɭɤɬɭɪɵ (ɩ.ɩ. 1.4.3). ɋɨɝɥɚɫɧɨ 

ɩɪɟɞɵɞɭɳɢɦ ɢɫɫɥɟɞɨɜɚɧɢɹɦ ɢ ɬɟɯɧɨɥɨɝɢɱɟɫɤɢɦ ɨɫɨɛɟɧɧɨɫɬɹɦ ɢɡɝɨɬɨɜɥɟɧɢɹ 

ɨɬɜɟɪɫɬɢɣ, ɨɩɬɢɦɚɥɶɧɵɣ ɭɝɨɥ ɧɚɤɥɨɧɚ ɨɬɜɟɪɫɬɢɣ ɤ ɩɨɜɟɪɯɧɨɫɬɢ α ɜɵɛɪɚɧ 

ɪɚɜɧɵɦ 30º, ɬɚɤ ɠɟ ɤɚɤ ɢ ɩɨɩɟɪɟɱɧɵɟ ɭɝɥɵ ɧɚɤɥɨɧɚ β1 = β2 = 30º. ɉɨɩɟɪɟɱɧɵɣ 

ɲɚɝ ɪɚɫɩɨɥɨɠɟɧɢɹ ɨɬɜɟɪɫɬɢɣ t/d = 4, ɩɪɨɞɨɥɶɧɵɣ ɲɚɝ ɦɟɠɞɭ ɩɟɪɜɵɦ ɢ 

ɜɬɨɪɵɦ ɪɹɞɨɦ ɩɨɪɹɞɤɚ ~3d, ɝɞɟ d – ɞɢɚɦɟɬɪ ɨɬɜɟɪɫɬɢɣ.  
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Ƚɟɨɦɟɬɪɢɱɟɫɤɢɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɨɬɜɟɪɫɬɢɣ ɡɚɞɚɜɚɥɢɫɶ ɫɥɟɞɭɸɳɢɦɢμ 

ɞɢɚɦɟɬɪ ɨɬɜɟɪɫɬɢɣ d = 3,2 ɦɦ. ɉɨɩɟɪɟɱɧɵɣ ɲɚɝ ɪɚɫɩɨɥɨɠɟɧɢɹ ɨɬɜɟɪɫɬɢɣ 

t = 12,8 ɦɦ (t/d = 4), ɩɪɨɞɨɥɶɧɵɣ ɲɚɝ ɦɟɠɞɭ ɩɟɪɜɵɦ ɢ ɜɬɨɪɵɦ ɪɹɞɨɦ 

t1 = 10 ɦɦ (3,125d). Ɍɨɥɳɢɧɚ ɩɥɚɫɬɢɧɵ ɜɞɭɜɚ ɇ ɫɨɫɬɚɜɥɹɥɚ 10 ɦɦ, ɞɥɢɧɚ 

ɨɬɜɟɪɫɬɢɹ ɜɞɭɜɚ L ɪɚɜɧɹɥɚɫɶ 20 ɦɦ, ɨɬɧɨɫɢɬɟɥɶɧɚɹ ɞɥɢɧɚ ɨɬɜɟɪɫɬɢɹ L/d 

ɫɨɫɬɚɜɥɹɥɚ 6,25. Ɋɚɫɫɬɨɹɧɢɟ «ɯ» ɨɬɫɱɢɬɵɜɚɥɨɫɶ ɨɬ «ɫɪɟɡɚ» ɨɬɜɟɪɫɬɢɹ ɜɬɨɪɨɝɨ 

ɪɹɞɚ. ɇɚɱɚɥɨ ɫɭɠɟɧɢɹ ɫɟɱɟɧɢɹ ɤɚɧɚɥɚ (ɜ ɷɤɫɩɟɪɢɦɟɧɬɚɯ ɫ ɭɫɤɨɪɟɧɢɟɦ ɩɨɬɨɤɚ) 

ɫɨɜɩɚɞɚɥɨ ɫ ɬɨɱɤɨɣ ɯ = 0. 

Ɋɚɫɫɬɨɹɧɢɟ (ɩɟɪɟɤɪɵɬɢɟ, ɡɚɡɨɪ) ɦɟɠɞɭ ɨɬɜɟɪɫɬɢɹɦɢ Δ, ɢɦɟɸɳɟɟ ɜɚɠɧɭɸ 

ɪɨɥɶ ɜ ɮɨɪɦɢɪɨɜɚɧɢɢ ɚɧɬɢɩɨɱɟɱɧɨɣ ɜɢɯɪɟɜɨɣ ɫɬɪɭɤɬɭɪɵ, ɞɨɥɠɟɧɨ ɛɵɬɶ 

ɩɨɥɨɠɢɬɟɥɶɧɵɦ. Ɍɚɤ ɤɚɤ ɧɚɞɟɠɧɵɟ ɪɟɤɨɦɟɧɞɚɰɢɢ ɩɨ ɩɚɪɚɦɟɬɪɭ Δ ɜ 

ɩɭɛɥɢɤɚɰɢɹɯ ɨɬɫɭɬɫɬɜɭɸɬ, ɞɥɹ ɨɛɟɫɩɟɱɟɧɢɹ ɦɚɤɫɢɦɚɥɶɧɨɝɨ ɡɧɚɱɟɧɢɹ 

ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ (ɩɪɢ ɡɚɞɚɧɧɵɯ ɭɝɥɚɯ α=30º, 

β1 = β2 = 30º) ɛɵɥɢ ɩɪɨɜɟɞɟɧɵ ɞɨɩɨɥɧɢɬɟɥɶɧɵɟ ɪɚɫɱɟɬɵ, ɪɟɡɭɥɶɬɚɬɵ ɤɨɬɨɪɵɯ 

ɩɪɟɞɫɬɚɜɥɟɧɵ ɜ ɩ. 3.λ. Ɋɟɡɭɥɶɬɚɬɵ ɪɚɫɱɟɬɚ (ɪɢɫ 3.31) ɩɨɤɚɡɵɜɚɸɬ, ɱɬɨ ɞɥɹ 

ɭɝɥɨɜ α = 30º ɢ β1 = β2 = 30º ɫɪɟɞɧɹɹ ɨɩɬɢɦɚɥɶɧɚɹ ɜɟɥɢɱɢɧɚ Δ/d ɫɨɫɬɚɜɥɹɟɬ 

1,3. Эɬɚ ɜɟɥɢɱɢɧɚ ɛɵɥɚ ɡɚɥɨɠɟɧɚ ɜ ɤɨɧɫɬɪɭɤɰɢɸ ɭɱɚɫɬɤɚ ɜɞɭɜɚ. 
 

 

 

 
Ɋɢɫɭɧɨɤ 2.6 – ɉɥɚɫɬɢɧɚ ɫ 
ɩɚɪɧɵɦɢ ɨɬɜɟɪɫɬɢɹɦɢ. 

Ɋɢɫɭɧɨɤ 2.7 – ɋɯɟɦɚ ɫɦɟɳɟɧɢɹ 
ɪɚɛɨɱɟɝɨ ɭɱɚɫɬɤɚ ɞɥɹ ɜɵɩɨɥɧɟɧɢɹ 
ɢɡɦɟɪɟɧɢɣ. 
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Ɉɛɳɢɣ ɜɢɞ ɛɥɨɤɚ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ ɩɨɤɚɡɚɧ ɧɚ ɪɢɫ. 2.6. ɇɚ ɪɢɫ. 2.7 

ɩɨɤɚɡɚɧɚ cɯɟɦɚ ɫɦɟɳɟɧɢɹ ɪɚɛɨɱɟɝɨ ɭɱɚɫɬɤɚ ɞɥɹ ɜɵɩɨɥɧɟɧɢɹ ɢɡɦɟɪɟɧɢɣ, ɝɞɟ a 

– ɲɚɝ ɪɚɫɩɨɥɨɠɟɧɢɹ ɬɟɪɦɨɷɥɟɤɬɪɢɱɟɫɤɢɯ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɟɣ; b – ɪɚɫɫɬɨɹɧɢɟ 

ɫɦɟɳɟɧɢɹ ɩɥɚɫɬɢɧɵ ɜ ɩɨɩɟɪɟɱɧɨɦ ɧɚɩɪɚɜɥɟɧɢɢ. 

ɍɝɥɵ ɧɚɤɥɨɧɚ ɨɬɜɟɪɫɬɢɹ ɢɡɦɟɪɹɥɢɫɶ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ (ɪɢɫ. 2.8), ɜ 

ɨɬɜɟɪɫɬɢɟ ɜɫɬɚɜɥɹɥɫɹ ɫɬɟɪɠɟɧɶ, ɜɵɫɬɭɩɚɸɳɢɣ ɧɚɞ ɩɥɚɫɬɢɧɨɣ, ɩɥɚɫɬɢɧɚ 

ɮɨɬɨɝɪɚɮɢɪɨɜɚɥɚɫɶ, ɭɝɥɵ ɢɡɦɟɪɹɥɢɫɶ ɩɨ ɮɨɬɨɝɪɚɮɢɢ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɛɵɥɢ 

ɢɡɦɟɪɟɧɵ ɜɫɟ ɭɝɥɵ α ɢ β, ɫɪɟɞɧɟɟ ɤɜɚɞɪɚɬɢɱɧɨɟ ɨɬɤɥɨɧɟɧɢɟ ı ɨɬ ɡɚɞɚɧɧɨɝɨ 

ɭɝɥɚ 30º, ɪɚɫɫɱɢɬɚɧɧɨɟ ɩɨ (2.7) ɞɥɹ ɭɝɥɚ α ɫɨɫɬɚɜɥɹɟɬ ıα = 3,5 %, ɞɥɹ ɭɝɥɨɜ β1 

ɢ β2 – ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ ıβ1 = 2,8 % ɢ ıβ2 = 1,7 %.  

 

 
ɚ      ɛ 

Ɋɢɫɭɧɨɤ 2.8 – Иɡɦɟɪɟɧɢɟ ɭɝɥɨɜ ɧɚɤɥɨɧɚ ɨɬɜɟɪɫɬɢɣμ ɚ – ɩɨɩɟɪɟɱɧɵɟ 
ɭɝɥɵ ɧɚɤɥɨɧɚ β1 ɢ β2; ɛ – ɭɝɨɥ ɧɚɤɥɨɧɚ ɤ ɩɨɜɟɪɯɧɨɫɬɢ α. 

 
2.3 ɍɫɬɪɨɣɫɬɜɚ ɞɥɹ ɫɨɡɞɚɧɢɹ ɜɧɟɲɧɟɣ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɩɨɬɨɤɚ ɢ 

ɝɪɚɞɢɟɧɬɚ ɞɚɜɥɟɧɢɹ 

Ⱦɥɹ ɫɨɡɞɚɧɢɹ ɜɧɟɲɧɟɣ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɚ ɧɚ ɜɯɨɞɟ ɜ 

ɫɨɩɥɨ Вɢɬɨɲɢɧɫɤɨɝɨ ɭɫɬɚɧɚɜɥɢɜɚɥɚɫɶ ɫɩɟɰɢɚɥɶɧɚɹ ɬɭɪɛɭɥɢɡɢɪɭɸɳɚɹ 

ɪɟɲɟɬɤɚ ɜ ɮɨɪɦɟ ɩɥɚɫɬɢɧɵ ɫ ɫɢɫɬɟɦɨɣ ɤɪɭɝɥɵɯ ɨɬɜɟɪɫɬɢɣ. В ɷɤɫɩɟɪɢɦɟɧɬɚɯ ɫ 

ɩɪɨɞɨɥɶɧɵɦ ɝɪɚɞɢɟɧɬɨɦ ɞɚɜɥɟɧɢɹ ɬɭɪɛɭɥɢɡɢɪɭɸɳɚɹ ɪɟɲɟɬɤɚ ɨɬɫɭɬɫɬɜɨɜɚɥɚ, 



54 

ɚ ɜɟɪɯɧɹɹ ɫɬɟɧɤɚ ɤɚɧɚɥɚ ɛɵɥɚ ɩɪɨɮɢɥɢɪɨɜɚɧɧɨɣ, ɩɪɢɱɟɦ ɢɫɩɨɥɶɡɨɜɚɥɢɫɶ ɞɜɚ 

ɪɚɡɥɢɱɧɵɯ ɩɪɨɮɢɥɹ, ɨɬɥɢɱɚɸɳɢɟɫɹ ɫɬɟɩɟɧɶɸ ɫɭɠɟɧɢɹ ɩɨɬɨɤɚ ɢ ɩɚɪɚɦɟɬɪɚ 

ɭɫɤɨɪɟɧɢɹ ɩɨɬɨɤɚ. ɋɯɟɦɚ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɝɨ ɭɱɚɫɬɤɚ ɩɨɤɚɡɚɧɚ ɧɚ ɪɢɫ. 2.9.  

Ɍɭɪɛɭɥɟɧɬɧɨɫɬь ɜɧɟɲɧɟɝɨ ɩɨɬɨɤɚ. Ʉɚɤ ɭɤɚɡɵɜɚɟɬɫɹ ɜ ɪɚɛɨɬɟ Д7] ɫɬɟɩɟɧɶ 

ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɩɟɪɟɞ ɫɨɩɥɨɜɵɦɢ ɚɩɩɚɪɚɬɚɦɢ ɩɟɪɜɨɣ ɢ ɜɬɨɪɨɣ ɫɬɭɩɟɧɢ 

ɝɚɡɨɜɨɣ ɬɭɪɛɢɧɵ ɢɡɦɟɧɹɟɬɫɹ ɜ ɩɪɟɞɟɥɚɯ ɨɬ 3 ɞɨ 8%. Ɍɭɪɛɭɥɟɧɬɧɨɫɬɶ 

ɝɟɧɟɪɢɪɨɜɚɥɚɫɶ ɫ ɩɨɦɨɳɶɸ ɩɟɪɮɨɪɢɪɨɜɚɧɧɨɣ ɩɥɚɫɬɢɧɵ, ɜɧɟɲɧɢɣ ɜɢɞ 

ɤɨɬɨɪɨɣ ɢ ɟɟ ɝɟɨɦɟɬɪɢɱɟɫɤɢɟ ɪɚɡɦɟɪɵ ɩɪɟɞɫɬɚɜɥɟɧɵ ɧɚ ɪɢɫ. 2.10. 

Ɉɬɧɨɫɢɬɟɥɶɧɨɟ ɩɪɨɯɨɞɧɨɟ ɫɟɱɟɧɢɟ ɩɥɚɫɬɢɧɵ ɫɨɫɬɚɜɥɹɥɨ 17,3%, ɨɧɚ 

ɭɫɬɚɧɚɜɥɢɜɚɥɚɫɶ (ɪɢɫ. 2.λ) ɜ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ ɪɟɤɨɦɟɧɞɚɰɢɹɦɢ Д35]. В ɷɬɨɦ 

ɫɥɭɱɚɟ ɧɚ ɜɵɯɨɞɟ ɢɡ ɫɨɩɥɚ Вɢɬɨɲɢɧɫɤɨɝɨ ɨɛɟɫɩɟɱɢɜɚɟɬɫɹ ɩɪɚɤɬɢɱɟɫɤɢ 

ɢɡɨɬɪɨɩɧɚɹ ɬɭɪɛɭɥɟɧɬɧɨɫɬɶ. Иɡɦɟɪɟɧɧɵɣ ɭɪɨɜɟɧɶ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɩɨɬɨɤɚ ɧɚ 

ɜɵɯɨɞɟ ɢɡ ɫɨɩɥɚ ɫɨɫɬɚɜɥɹɟɬ ɨɤɨɥɨ 7% [104]. 

 

 
Ɋɢɫɭɧɨɤ 2.9 – ɋɯɟɦɚ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɝɨ ɭɱɚɫɬɤɚ ɞɥɹ ɢɫɫɥɟɞɨɜɚɧɢɹ 
ɜɥɢɹɧɢɹ ɜɧɟɲɧɟɣ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɢ ɩɪɨɞɨɥɶɧɨɝɨ ɨɬɪɢɰɚɬɟɥɶɧɨɝɨ 
ɝɪɚɞɢɟɧɬɚ ɞɚɜɥɟɧɢɹ. 
 

ɉɪɨɞɨɥьɧɵɣ ɨɬɪицɚɬɟɥьɧɵɣ ɝɪɚɞиɟɧɬ ɞɚɜɥɟɧиɹ (ɭɫɤɨɪɟɧɢɟ ɩɨɬɨɤɚ) 

ɨɛɟɫɩɟɱɢɜɚɥɫɹ ɫ ɩɨɦɨɳɶɸ ɤɪɢɜɨɥɢɧɟɣɧɨɝɨ ɩɪɨɮɢɥɹ (ɪɢɫ. 2.11), ɤɨɬɨɪɵɣ 

ɭɫɬɚɧɚɜɥɢɜɚɥɫɹ ɧɚ ɜɟɪɯɧɟɣ ɫɬɟɧɤɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɝɨ ɭɱɚɫɬɤɚ. В ɪɚɛɨɬɟ 

ɢɫɩɨɥɶɡɨɜɚɥɢɫɶ ɞɜɚ ɪɚɡɥɢɱɧɵɯ ɩɪɨɮɢɥɹ, ɨɬɥɢɱɚɸɳɢɟɫɹ ɫɬɟɩɟɧɶɸ ɫɭɠɟɧɢɹ 

ɩɨɬɨɤɚ.  
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Ɋɢɫɭɧɨɤ 2.10 – Ɉɛɳɢɣ ɜɢɞ ɢ ɨɫɧɨɜɧɵɟ ɪɚɡɦɟɪɵ ɩɟɪɮɨɪɢɪɨɜɚɧɧɨɣ 
ɩɥɚɫɬɢɧɵ – ɬɭɪɛɭɥɢɡɢɪɭɸɳɟɣ ɪɟɲɟɬɤɢ (ɬɨɥɳɢɧɚ į = 5 ɦɦ). 

 

 
     ɚ             ɛ 

Ɋɢɫɭɧɨɤ 2.11 – ɋɦɟɧɧɵɟ ɤɪɢɜɨɥɢɧɟɣɧɵɟ ɩɪɨɮɢɥɢ ɞɥɹ ɨɛɟɫɩɟɱɟɧɢɹ 
ɩɪɨɞɨɥɶɧɨɝɨ ɨɬɪɢɰɚɬɟɥɶɧɨɝɨ ɝɪɚɞɢɟɧɬɚ ɞɚɜɥɟɧɢɹ (ɭɫɤɨɪɟɧɢɹ ɩɨɬɨɤɚ). 
ɚ, ɛ –ɩɪɨɮɢɥɢ № 1 ɢ № 2, ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. 
 

ɉɪɨɮɢɥɢ ɛɵɥɢ ɫɩɪɨɟɤɬɢɪɨɜɚɧɵ ɬɚɤɢɦ ɨɛɪɚɡɨɦ, ɱɬɨɛɵ ɩɚɪɚɦɟɬɪ 

ɭɫɤɨɪɟɧɢɹ 2

dw
K

w dx
 




  ɫɨɨɬɜɟɬɫɬɜɨɜɚɥ ɭɫɥɨɜɢɹɦ ɛɥɢɡɤɢɦ ɤ ɪɟɚɥɶɧɵɦ 

ɭɫɥɨɜɢɹɦ ɬɟɱɟɧɢɹ ɜ ɦɟɠɥɨɩɚɬɨɱɧɨɦ ɤɚɧɚɥɟ ɝɚɡɨɜɨɣ ɬɭɪɛɢɧɵ. ɉɟɪɜɵɣ 

ɩɪɨɮɢɥɶ ɯɚɪɚɤɬɟɪɢɡɭɟɬɫɹ ɩɨɫɬɨɹɧɫɬɜɨɦ ɝɪɚɞɢɟɧɬɚ ɞɚɜɥɟɧɢɹ ɩɨ ɞɥɢɧɟ ɤɚɧɚɥɚ 

(dP/dx = const), ɤɨɬɨɪɵɣ ɫɨɫɬɚɜɥɹɥ ɨɤɨɥɨ 7000 ɉɚ/ɦ. Вɬɨɪɨɣ ɩɪɨɮɢɥɶ 

ɨɛɟɫɩɟɱɢɜɚɥ ɩɟɪɟɦɟɧɧɵɣ ɩɨ ɞɥɢɧɟ ɝɪɚɞɢɟɧɬ ɞɚɜɥɟɧɢɹ (ɪɢɫ. 2.12), ɛɥɢɡɤɢɣ ɤ 
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ɥɢɧɟɣɧɨɦɭ ɡɚɤɨɧɭ ɜ ɞɢɚɩɚɡɨɧɟ ɢɡɦɟɧɟɧɢɹ ɝɪɚɞɢɟɧɬɚ ɞɚɜɥɟɧɢɹ ɨɬ 5000 ɞɨ 

20000 ɉɚ/ɦ. 

ɇɚ ɪɢɫ. 2.13 ɩɨɤɚɡɚɧɨ ɢɡɦɟɧɟɧɢɟ ɩɨ ɞɥɢɧɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɝɨ ɭɱɚɫɬɤɚ 

ɛɟɡɪɚɡɦɟɪɧɨɝɨ ɩɚɪɚɦɟɬɪɚ ɭɫɤɨɪɟɧɢɹ ɩɨɬɨɤɚ К. Ʉɚɤ ɫɥɟɞɭɟɬ, ɞɥɹ ɨɛɨɢɯ 

ɫɥɭɱɚɟɜ ɩɚɪɚɦɟɬɪ ɭɫɤɨɪɟɧɢɹ ɩɨɬɨɤɚ ɛɥɢɡɨɤ ɤ ɥɢɧɟɣɧɨɦɭ ɡɚɤɨɧɭ ɢ ɧɟ 

ɩɪɟɜɵɲɚɟɬ ɤɪɢɬɢɱɟɫɤɨɝɨ ɡɧɚɱɟɧɢɹ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɟɝɨ ɨɛɪɚɬɧɨɦɭ ɩɟɪɟɯɨɞɭ 

ɬɭɪɛɭɥɟɧɬɧɨɝɨ ɩɨɝɪɚɧɢɱɧɨɝɨ ɫɥɨɹ ɜ ɥɚɦɢɧɚɪɧɵɣ (K з 3·10-6). ɉɪɨɮɢɥɶ №1 

ɨɛɟɫɩɟɱɢɜɚɟɬ ɢɡɦɟɧɟɧɢɟ ɜɟɥɢɱɢɧɵ К ɨɬ  0,5·10-6 ɞɨ 2,0·10-6, ɚ ɩɪɨɮɢɥɶ №2 – 

ɨɬ 1,0·10-6 ɞɨ 3,5·10-6. 

 

 

Ɋɢɫɭɧɨɤ 2.12 – Иɡɦɟɧɟɧɢɟ ɩɪɨɞɨɥɶɧɨɝɨ ɝɪɚɞɢɟɧɬɚ ɞɚɜɥɟɧɢɹ ɩɨ ɞɥɢɧɟ 
ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɝɨ ɭɱɚɫɬɤɚ, ɩɪɨɮɢɥɶ № 2. 

 
Ɋɢɫɭɧɨɤ 2.13 – Иɡɦɟɧɟɧɢɟ ɩɚɪɚɦɟɬɪɚ ɭɫɤɨɪɟɧɢɹ ɩɨɬɨɤɚ ɩɨ ɞɥɢɧɟ 
ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɝɨ ɭɱɚɫɬɤɚ (ɩɪɨɮɢɥɢ №1 ɢ 2). 
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2.4 Ɇɟɬɨɞɢɤɚ ɩɪɨɜɟɞɟɧɢɹ ɷɤɫɩɟɪɢɦɟɧɬɚ ɢ ɫɢɫɬɟɦɚ ɢɡɦɟɪɟɧɢɣ 

В ɷɤɫɩɟɪɢɦɟɧɬɚɯ ɢɡɦɟɪɹɸɬɫɹ ɫɥɟɞɭɸɳɢɟ ɩɚɪɚɦɟɬɪɵμ ɫɤɨɪɨɫɬɧɨɣ ɧɚɩɨɪ 

ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɚ (ɬɪɭɛɤɚ ɉɢɬɨ-ɉɪɚɧɞɬɥɹ ɫ ɩɪɢɟɦɧɵɦ ɨɬɜɟɪɫɬɢɟɦ 0,1 ɦɦ, 

ɪɢɫ. 2.4) ɢ ɫɬɚɬɢɱɟɫɤɨɟ ɞɚɜɥɟɧɢɟ ɧɚ ɜɟɪɯɧɟɣ ɫɬɟɧɤɟ ɤɚɧɚɥɚ ɧɚ ɜɯɨɞɟ ɜ  

ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɣ ɭɱɚɫɬɨɤ, ɬɟɦɩɟɪɚɬɭɪɚ ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɚ ɧɚ ɜɯɨɞɟ 

(ɥɚɛɨɪɚɬɨɪɧɵɣ ɬɟɪɦɨɦɟɬɪ ɫ ɰɟɧɨɣ ɞɟɥɟɧɢɹ 0,1°C), ɬɟɦɩɟɪɚɬɭɪɚ ɜɞɭɜɚɟɦɨɝɨ 

ɩɨɬɨɤɚ (ɬɟɪɦɨɷɥɟɤɬɪɢɱɟɫɤɢɣ ɬɟɪɦɨɦɟɬɪ), ɪɚɫɯɨɞ ɜɞɭɜɚɟɦɨɝɨ ɩɨɬɨɤɚ, 

ɬɟɦɩɟɪɚɬɭɪɚ ɚɞɢɚɛɚɬɢɱɟɫɤɨɣ ɩɨɜɟɪɯɧɨɫɬɢ ɜ λ ɬɨɱɤɚɯ ɩɨ ɞɥɢɧɟ ɩɥɚɫɬɢɧɵ. Ⱦɥɹ 

ɢɡɦɟɪɟɧɢɹ ɫɬɚɬɢɱɟɫɤɨɝɨ ɞɚɜɥɟɧɢɹ ɢ ɫɤɨɪɨɫɬɧɨɝɨ ɧɚɩɨɪɚ ɩɪɢɦɟɧɹɸɬɫɹ 

ɜɨɞɹɧɵɟ ɞɢɮɦɚɧɨɦɟɬɪɵ. Ɋɚɫɯɨɞ ɜɬɨɪɢɱɧɨɝɨ ɜɨɡɞɭɯɚ ɢɡɦɟɪɹɟɬɫɹ ɪɨɬɚɦɟɬɪɨɦ.  

ɋɤɨɪɨɫɬɶ ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɚ ɧɚ ɜɯɨɞɟ ɜ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɣ ɭɱɚɫɬɨɤ 

ɨɩɪɟɞɟɥɹɥɚɫɶ ɩɨ ɫɨɨɬɧɨɲɟɧɢɸμ  
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  ,     (2.1) 

 

ɝɞɟ *
ɫɤP P P    ɢ ρ1 — ɢɡɦɟɪɟɧɧɨɟ ɡɧɚɱɟɧɢɟ ɫɤɨɪɨɫɬɧɨɝɨ ɧɚɩɨɪɚ ɢ 

ɩɥɨɬɧɨɫɬɶ ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɚ. ɉɚɪɚɦɟɬɪ ɜɞɭɜɚ ɢ ɥɨɤɚɥɶɧɚɹ ɷɮɮɟɤɬɢɜɧɨɫɬɶ 

ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɨɩɪɟɞɟɥɹɥɢɫɶ ɩɨ ɫɨɨɬɧɨɲɟɧɢɹɦμ 
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ɋɪɟɞɧɟɟ ɩɨ ɲɢɪɢɧɟ ɩɥɚɫɬɢɧɵ ɡɧɚɱɟɧɢɟ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ 

ɨɯɥɚɠɞɟɧɢɹ ɧɚ ɨɞɧɨɦ ɩɨɩɟɪɟɱɧɨɦ ɲɚɝɟ ɨɩɪɟɞɟɥɹɥɨɫɶ ɦɟɬɨɞɨɦ ɬɪɚɩɟɰɢɣ ɩɨ 

ɭɪɚɜɧɟɧɢɸμ 
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ɝɞɟ n — ɱɢɫɥɨ ɢɡɦɟɪɢɬɟɥɶɧɵɯ ɭɱɚɫɬɤɨɜ. 
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Ⱦɥɹ ɢɡɦɟɪɟɧɢɹ ɬɟɦɩɟɪɚɬɭɪɵ ɚɞɢɚɛɚɬɧɨɣ ɩɥɚɫɬɢɧɵ ɧɚ ɟɟ ɩɨɜɟɪɯɧɨɫɬɢ ɫ 

ɩɪɨɞɨɥɶɧɵɦ ɲɚɝɨɦ 10 ɦɦ ɫɦɨɧɬɢɪɨɜɚɧɵ λ ɯɪɨɦɟɥɶ-ɚɥɸɦɟɥɟɜɵɯ ɬɟɪɦɨɩɚɪ, 

ɢɡɝɨɬɨɜɥɟɧɧɵɯ ɢɡ ɩɪɨɜɨɞɚ ɞɢɚɦɟɬɪɨɦ 0,1 ɦɦ. Ⱦɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɬɟɦɩɟɪɚɬɭɪɵ 

ɜɞɭɜɚɟɦɨɝɨ ɩɨɬɨɤɚ ɨɬɞɟɥɶɧɚɹ ɬɟɪɦɨɩɚɪɚ ɩɨɦɟɳɚɥɚɫɶ ɜ ɨɬɜɟɪɫɬɢɟ ɜɞɭɜɚ 

ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨ ɩɟɪɟɞ ɜɵɯɨɞɨɦ ɜɬɨɪɢɱɧɨɝɨ ɩɨɬɨɤɚ ɧɚɪɭɠɭ. 

Вɫɟ ɬɟɪɦɨɩɚɪɵ ɩɪɟɞɜɚɪɢɬɟɥɶɧɨ ɬɚɪɢɪɨɜɚɥɢɫɶ ɜ ɭɥɶɬɪɚɬɟɪɦɨɫɬɚɬɟ ɬɢɩɚ 

ɍɌ-15 ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɥɚɛɨɪɚɬɨɪɧɨɝɨ ɪɬɭɬɧɨɝɨ ɬɟɪɦɨɦɟɬɪɚ ɫ ɰɟɧɨɣ 

ɞɟɥɟɧɢɹ 0,1°ɋ, ɩɪɢ ɷɬɨɦ ɯɨɥɨɞɧɵɟ ɫɩɚɢ ɬɟɪɦɨɩɚɪ ɩɨɦɟɳɚɥɢɫɶ ɜ ɫɨɫɭɞ Ⱦɸɚɪɚ. 

ɋɢɝɧɚɥ ɨɬ ɬɟɪɦɨɩɚɪ ɩɨɞɚɜɚɥɫɹ ɱɟɪɟɡ ɤɨɦɦɭɬɚɬɨɪ ɢɡɦɟɪɢɬɟɥɶɧɵɯ ɫɢɝɧɚɥɨɜ 

Ɏ7λλ/1 ɤ ɰɢɮɪɨɜɨɦɭ ɜɨɥɶɬɦɟɬɪɭ.  

Эɤɫɩɟɪɢɦɟɧɬɵ ɩɪɨɜɨɞɢɥɢɫɶ ɜ ɫɥɟɞɭɸɳɟɦ ɩɨɪɹɞɤɟ. Ɂɚɩɭɫɤɚɥɫɹ 

ɜɟɧɬɢɥɹɬɨɪ ɜɵɫɨɤɨɝɨ ɞɚɜɥɟɧɢɹ ВВȾ-5 ɢ ɤɨɦɩɪɟɫɫɨɪ ɜɬɨɪɢɱɧɨɝɨ ɜɨɡɞɭɯɚ. ɋ 

ɩɨɦɨɳɶɸ ɪɟɝɭɥɢɪɭɸɳɟɝɨ ɩɨɜɨɪɨɬɧɨɝɨ ɡɚɬɜɨɪɚ 3 ɭɫɬɚɧɚɜɥɢɜɚɥɫɹ 

ɧɟɨɛɯɨɞɢɦɵɣ ɪɚɫɯɨɞ ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɚ. Вɟɧɬɢɥɟɦ 16 ɪɟɝɭɥɢɪɨɜɚɥɫɹ ɪɚɫɯɨɞ 

ɜɞɭɜɚɟɦɨɝɨ ɜɨɡɞɭɯɚ, ɨɪɢɟɧɬɢɪɭɹɫɶ ɧɚ ɩɨɤɚɡɚɧɢɹ ɪɚɫɯɨɞɨɦɟɪɚ. Вɤɥɸɱɚɥɫɹ 

ɷɥɟɤɬɪɢɱɟɫɤɢɣ ɧɚɝɪɟɜɚɬɟɥɶ, ɩɪɨɝɪɟɜ ɜɬɨɪɢɱɧɨɝɨ ɜɨɡɞɭɯɚ ɞɨ ɧɚɱɚɥɚ ɢɡɦɟɪɟɧɢɣ 

ɡɚɧɢɦɚɥ ɩɪɢɦɟɪɧɨ 1,5 ɱɚɫɚ. Ⱦɚɥɟɟ ɜɤɥɸɱɚɥɫɹ ɢɡɦɟɪɢɬɟɥɶɧɵɣ ɤɨɦɩɥɟɤɫ ɢ 

ɩɪɨɜɨɞɢɥɢɫɶ ɜɫɟ ɧɟɨɛɯɨɞɢɦɵɟ ɢɡɦɟɪɟɧɢɹ. 

 

2.5 Ⱦɨɜɨɞɨɱɧɵɟ ɷɤɫɩɟɪɢɦɟɧɬɵ 

ɍɫɥɨɜиɹ ɩɟɪɟɞ ɭɱɚɫɬɤɨɦ ɩɨɞɚɱи ɜɬɨɪиɱɧɨɝɨ ɩɨɬɨɤɚ. Ⱦɨ ɨɫɧɨɜɧɵɯ 

ɨɩɵɬɨɜ ɫ ɰɟɥɶɸ ɨɩɪɟɞɟɥɟɧɢɹ ɫɬɪɭɤɬɭɪɵ ɩɨɝɪɚɧɢɱɧɨɝɨ ɫɥɨɹ ɩɟɪɟɞ ɭɱɚɫɬɤɨɦ 

ɩɨɞɚɱɢ ɜɬɨɪɢɱɧɨɝɨ ɜɨɡɞɭɯɚ ɛɵɥɢ ɜɵɩɨɥɧɟɧɵ ɩɪɟɞɜɚɪɢɬɟɥɶɧɵɟ 

ɷɤɫɩɟɪɢɦɟɧɬɵ. Ⱦɥɹ ɷɬɨɝɨ ɩɪɨɜɨɞɢɥɢɫɶ ɢɡɦɟɪɟɧɢɹ ɩɪɨɮɢɥɹ ɫɤɨɪɨɫɬɢ 

ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɚ ɩɨ ɜɵɫɨɬɟ ɩɪɨɦɟɠɭɬɨɱɧɨɝɨ ɭɱɚɫɬɤɚ ɧɚ ɬɪɟɯ ɪɟɠɢɦɚɯ, 

ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɱɢɫɥɭ Ɋɟɣɧɨɥɶɞɫɚ ɩɨ ɫɪɟɞɧɟɣ ɫɤɨɪɨɫɬɢ ɩɨɬɨɤɚ ɧɚ ɜɵɯɨɞɟ 

ɢɡ ɪɟɫɢɜɟɪɚ ɢ ɷɤɜɢɜɚɥɟɧɬɧɨɦɭ ɞɢɚɦɟɬɪɭ ɤɚɧɚɥɚ Red, ɪɚɜɧɨɦɭ 37000, 77000 ɢ 

125000.  

ɏɚɪɚɤɬɟɪɢɫɬɢɤɚ ɢɫɫɥɟɞɨɜɚɧɧɵɯ ɪɟɠɢɦɨɜ ɢ ɨɫɧɨɜɧɵɟ ɪɟɡɭɥɶɬɚɬɵ 

ɜɵɩɨɥɧɟɧɧɵɯ ɢɡɦɟɪɟɧɢɣ ɩɪɟɞɫɬɚɜɥɟɧɵ ɜ ɬɚɛɥ. 2.1. ɉɨɥɭɱɟɧɧɵɟ ɩɪɨɮɢɥɢ 
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ɫɤɨɪɨɫɬɢ ɜ ɨɬɧɨɫɢɬɟɥɶɧɵɯ ɤɨɨɪɞɢɧɚɬɚɯ ɩɪɟɞɫɬɚɜɥɟɧɵ ɧɚ ɪɢɫ. 2.14. Ⱥɧɚɥɢɡ 

ɷɬɢɯ ɪɟɡɭɥɶɬɚɬɨɜ ɩɨɤɚɡɵɜɚɟɬ, ɱɬɨ ɧɚ ɪɟɠɢɦɟ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɟɦ ɱɢɫɥɭ Red = 

125000, ɚɛɫɨɥɸɬɧɨɟ ɡɧɚɱɟɧɢɟ ɮɨɪɦ-ɩɚɪɚɦɟɬɪɚ ɩɨɝɪɚɧɢɱɧɨɝɨ ɫɥɨɹ H 

ɫɨɫɬɚɜɥɹɟɬ 1,26, ɱɬɨ ɫɜɢɞɟɬɟɥɶɫɬɜɭɟɬ ɨ ɬɭɪɛɭɥɟɧɬɧɨɦ ɩɨɝɪɚɧɢɱɧɨɦ ɫɥɨɟ ɧɚ 

ɜɯɨɞɟ Д105]. ɉɪɢ Red = 37000 ɩɨɝɪɚɧɢɱɧɵɣ ɫɥɨɣ ɩɨ ɫɜɨɟɣ ɫɬɪɭɤɬɭɪɟ ɛɥɢɡɨɤ ɤ 

ɥɚɦɢɧɚɪɧɨɦɭ, ɚ ɩɪɢ Red = 77000 – ɤ ɩɟɪɟɯɨɞɧɨɦɭ ɪɟɠɢɦɭ. ɉɨɷɬɨɦɭ ɨɫɧɨɜɧɵɟ 

ɷɤɫɩɟɪɢɦɟɧɬɵ ɛɵɥɢ ɜɵɩɨɥɧɟɧɵ ɜ ɨɛɥɚɫɬɢ ɱɢɫɟɥ Ɋɟɣɧɨɥɶɞɫɚ Red ɛɨɥɟɟ 

125000. Эɬɨ ɱɢɫɥɨ Ɋɟɣɧɨɥɶɞɫɚ ɝɚɪɚɧɬɢɪɨɜɚɧɧɨ ɨɛɟɫɩɟɱɢɜɚɟɬ ɬɭɪɛɭɥɟɧɬɧɵɣ 

ɩɨɝɪɚɧɢɱɧɵɣ ɫɥɨɣ ɧɚ ɜɯɨɞɟ. 
 

 

Ɋɢɫɭɧɨɤ 2.14 – ɋɬɪɭɤɬɭɪɚ ɩɨɝɪɚɧɢɱɧɨɝɨ ɫɥɨɹ ɩɟɪɟɞ ɭɱɚɫɬɤɨɦ ɩɨɞɚɱɢ 
ɜɬɨɪɢɱɧɨɝɨ ɜɨɡɞɭɯɚμ 1, 2, 3 – Red = 37000; 77000 ɢ 125000 
ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. 

 

Ɍɚɛɥɢɰɚ 2.1 – ɏɚɪɚɤɬɟɪɢɫɬɢɤɚ ɢɫɫɥɟɞɨɜɚɧɧɵɯ ɪɟɠɢɦɨɜ 

№ ɪɟɠɢɦɚ Red į, ɦɦ į** H 

1 37000 1,33 0,134 2,26 

2 77000 1,07 0,126 1,69 

3 125000 0,70 0,066 1,26 
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Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɛɵɥɢ ɜɵɛɪɚɧɵ ɫɥɟɞɭɸɳɢɟ ɩɚɪɚɦɟɬɪɵ ɷɤɫɩɟɪɢɦɟɧɬɨɜμ 

ɫɤɨɪɨɫɬɶ ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɚ – 35…38 ɦ/ɫ, ɬɟɦɩɟɪɚɬɭɪɚ ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɚ 

ɜɨɡɞɭɯɚ ɢɡɦɟɧɹɥɚɫɶ ɨɬ 23,5 ɞɨ 26ºɋ, ɬɟɦɩɟɪɚɬɭɪɚ ɜɞɭɜɚɟɦɨɝɨ ɜɨɡɞɭɯɚ —  ɨɬ 

64 ɞɨ 7λºɋ; ɨɬɧɨɲɟɧɢɟ ɩɥɨɬɧɨɫɬɟɣ ɜɞɭɜɚɟɦɨɝɨ ɢ ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɚ 

ɫɨɫɬɚɜɥɹɥɨ 0,85…0,88; ɩɚɪɚɦɟɬɪ ɜɞɭɜɚ m ɢɡɦɟɧɹɥɫɹ ɨɬ 0,4 ɞɨ 3,2; ɱɢɫɥɨ 

Ɋɟɣɧɨɥɶɞɫɚ RОd, ɨɩɪɟɞɟɥɟɧɧɨɟ ɩɨ ɷɤɜɢɜɚɥɟɧɬɧɨɦɭ ɞɢɚɦɟɬɪɭ ɤɚɧɚɥɚ ɢ 

ɫɤɨɪɨɫɬɢ ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɚ, ɜ ɨɫɧɨɜɧɵɯ ɷɤɫɩɟɪɢɦɟɧɬɚɯ ɫɨɫɬɚɜɥɹɥɨ 1,25·105. 

Ⱦɥɹ ɩɪɨɜɟɪɤɢ ɪɚɜɧɨɦɟɪɧɨɫɬи ɩɨɬɨɤɚ ɜ ɩɨɩɟɪɟɱɧɨɦ ɧɚɩɪɚɜɥɟɧɢɢ 

ɜɵɩɨɥɧɟɧɚ ɜɢɡɭɚɥɢɡɚɰɢɹ ɩɨɜɟɪɯɧɨɫɬɧɵɯ ɥɢɧɢɣ ɬɨɤɚ, ɤɨɬɨɪɚɹ ɩɪɨɜɨɞɢɥɚɫɶ 

ɞɥɹ ɛɟɡɝɪɚɞɢɟɧɬɧɨɝɨ ɢ ɧɢɡɤɨɬɭɪɛɭɥɟɧɬɧɨɝɨ ɩɨɬɨɤɚ (з 1%). Ⱦɥɹ ɜɢɡɭɚɥɢɡɚɰɢɢ 

ɩɪɢɦɟɧɹɥɫɹ ɦɟɬɨɞ ɦɚɫɥɹɧɵɯ ɬɨɱɟɤ, ɩɪɢ ɤɨɬɨɪɨɦ ɜ ɨɪɝɚɧɢɱɟɫɤɨɟ ɦɚɫɥɨ 

ɞɨɛɚɜɥɹɥɫɹ ɱɟɪɧɵɣ ɤɪɚɫɢɬɟɥɶ. ɇɚ ɩɨɜɟɪɯɧɨɫɬɶ ɩɥɚɫɬɢɧɵ ɡɚɤɪɟɩɥɹɥɫɹ ɝɥɚɞɤɢɣ 

ɤɚɪɬɨɧ, ɧɚ ɤɨɬɨɪɵɣ ɧɚɧɨɫɢɥɢɫɶ ɦɚɫɥɹɧɵɟ ɬɨɱɤɢ. ɉɪɢ ɩɪɨɜɟɞɟɧɢɢ 

ɜɢɡɭɚɥɢɡɚɰɢɢ ɜɞɭɜɚɟɦɵɣ ɜɨɡɞɭɯ ɧɟ ɩɨɞɚɜɚɥɫɹ, ɚ ɨɬɜɟɪɫɬɢɹ ɞɥɹ ɜɞɭɜɚ 

ɡɚɤɥɟɢɜɚɥɢɫɶ. Ⱦɥɹ ɬɟɫɬɨɜɵɯ ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɛɵɥɢ ɭɫɬɚɧɨɜɥɟɧɵ ɞɜɚ ɪɹɞɚ 

ɦɚɫɥɹɧɵɯ ɬɨɱɟɤ ɜ ɲɚɯɦɚɬɧɨɦ ɩɨɪɹɞɤɟ. 
 

 

Ɋɢɫɭɧɨɤ 2.15 – ɉɨɜɟɪɯɧɨɫɬɧɵɟ ɥɢɧɢɢ ɬɨɤɚ ɜ ɤɚɧɚɥɟ ɛɟɡ ɩɨɞɚɱɢ 
ɜɬɨɪɢɱɧɨɝɨ ɜɨɡɞɭɯɚ. 
 

Ʉɚɤ ɫɥɟɞɭɟɬ (ɪɢɫ. 2.15), ɜ ɰɟɧɬɪɚɥɶɧɨɣ ɨɛɥɚɫɬɢ ɩɨɜɟɪɯɧɨɫɬɧɵɟ ɫɥɟɞɵ ɡɚ 

ɦɚɫɥɹɧɵɦɢ ɬɨɱɤɚɦɢ ɪɚɫɬɟɤɚɥɢɫɶ ɞɨɫɬɚɬɨɱɧɨ ɩɪɹɦɨɥɢɧɟɣɧɨ, ɧɟ ɩɟɪɟɫɟɤɚɹɫɶ 

ɞɪɭɝ ɫ ɞɪɭɝɨɦ, ɱɬɨ ɫɜɢɞɟɬɟɥɶɫɬɜɭɟɬ ɨ ɞɨɫɬɚɬɨɱɧɨ ɪɚɜɧɨɦɟɪɧɨɦ ɩɨɩɟɪɟɱɧɨɦ 

ɩɪɨɮɢɥɟ ɫɤɨɪɨɫɬɢ. 

Ɉɫɧɨɜɧɨɣ  
   ɩɨɬɨɤ 
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Ⱦɥɹ ɞɨɜɨɞɨɱɧɵɯ ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɩɨ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ 

ɨɯɥɚɠɞɟɧɢɹ ɢɫɩɨɥɶɡɨɜɚɥɚɫɶ ɯɨɪɨɲɨ ɢɡɭɱɟɧɧɚɹ ɫɯɟɦɚ ɩɨɞɚɱɢ ɜɬɨɪɢɱɧɨɝɨ 

ɜɨɡɞɭɯɚ ɱɟɪɟɡ ɫɩɥɨɲɧɭɸ ɧɨɪɦɚɥɶɧɭɸ ɳɟɥɶ, ɫɯɟɦɚ ɤɨɬɨɪɨɣ ɩɨɤɚɡɚɧɚ ɧɚ 

ɪɢɫ. 2.16. Ⱦɨɜɨɞɨɱɧɵɟ ɷɤɫɩɟɪɢɦɟɧɬɵ ɩɪɨɜɨɞɢɥɢɫɶ ɜ ɭɫɥɨɜɢɹɯ 

ɛɟɡɝɪɚɞɢɟɧɬɧɨɝɨ ɨɛɬɟɤɚɧɢɹ ɩɥɨɫɤɨɣ ɚɞɢɚɛɚɬɧɨɣ ɩɥɚɫɬɢɧɵ 

ɧɢɡɤɨɬɭɪɛɭɥɟɧɬɧɵɦ ɜɨɡɞɭɲɧɵɦ ɩɨɬɨɤɨɦ (з 1%). Вɬɨɪɢɱɧɵɣ (ɩɨɞɨɝɪɟɬɵɣ) 

ɜɨɡɞɭɯ ɩɨɞɚɜɚɥɫɹ ɢɡ ɩɥɨɫɤɨɣ ɳɟɥɢ ɲɢɪɢɧɨɣ (ɩɨ ɩɨɬɨɤɭ) s = 3 ɦɦ ɢ ɞɥɢɧɨɣ  

ɩɨɩɟɪɟɤ ɩɨɬɨɤɚ l = 70 ɦɦ (ɪɢɫ. 2.16). В ɷɬɨɦ ɫɥɭɱɚɟ ɭɝɨɥ ɩɨɞɚɱɢ ɨɯɥɚɞɢɬɟɥɹ ɫ 

ɩɥɨɫɤɨɫɬɶɸ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɝɨ ɭɱɚɫɬɤɚ ɫɨɫɬɚɜɥɹɥ λ0º. 

 
Ɋɢɫɭɧɨɤ 2.16 – ɋɯɟɦɚ ɫɩɥɨɲɧɨɣ ɩɨɩɟɪɟɱɧɨɣ ɳɟɥɢ ɞɥɹ ɬɟɫɬɨɜɵɯ 
ɷɤɫɩɟɪɢɦɟɧɬɨɜ. 

 

 
Ɋɢɫɭɧɨɤ 2.17 – Ɂɚɜɢɫɢɦɨɫɬɶ ɫɪɟɞɧɟɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ 
ɨɯɥɚɠɞɟɧɢɹ ɧɚ ɩɥɚɫɬɢɧɟ ɨɬ ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ ɩɪɢ ɩɨɞɚɱɟ ɜɨɡɞɭɯɚ ɱɟɪɟɡ 
ɩɨɩɟɪɟɱɧɭɸ ɩɥɨɫɤɭɸ ɳɟɥɶ. Ɍɨɱɤɢ – ɞɚɧɧɵɟ ɧɚɫɬɨɹɳɟɝɨ ɢɫɫɥɟɞɨɜɚɧɢɹ. 
Ʌɢɧɢɢ 1, 2 – ɞɚɧɧɵɟ ɪɚɛɨɬɵ Д37], ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ ɞɥɹ x/s = λ,0 ɢ 3λ,λ. 

Ɉɫɧɨɜɧɨɣ  
   ɩɨɬɨɤ 
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ɇɚ ɪɢɫ. 2.17 ɞɚɧɨ ɫɪɚɜɧɟɧɢɟ ɩɨɥɭɱɟɧɧɵɯ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɞɚɧɧɵɯ ɫ 

ɪɟɡɭɥɶɬɚɬɚɦɢ ɪɚɛɨɬɵ Д37] ɩɨ ɫɪɟɞɧɟɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ 

ɞɥɹ ɞɜɭɯ ɪɚɫɫɬɨɹɧɢɣ ɨɬ ɡɚɞɧɟɣ ɤɪɨɦɤɢ ɳɟɥɢ. Ʉɚɤ ɜɢɞɧɨ, ɫɨɝɥɚɫɨɜɚɧɢɟ 

ɪɟɡɭɥɶɬɚɬɨɜ, ɤɚɤ ɤɨɥɢɱɟɫɬɜɟɧɧɨɟ, ɬɚɤ ɢ ɤɚɱɟɫɬɜɟɧɧɨɟ, ɦɨɠɧɨ ɫɱɢɬɚɬɶ 

ɭɞɨɜɥɟɬɜɨɪɢɬɟɥɶɧɵɦ. ɇɚ ɤɪɢɜɵɯ ɢɦɟɟɬɫɹ ɦɚɤɫɢɦɭɦ, ɤɨɬɨɪɵɣ ɩɨ ɦɟɪɟ 

ɭɞɚɥɟɧɢɹ ɨɬ ɳɟɥɢ ɫɦɟɳɚɟɬɫɹ ɜ ɫɬɨɪɨɧɭ ɛɨɥɶɲɢɯ ɡɧɚɱɟɧɢɣ ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ. 
 

 

Ɋɢɫɭɧɨɤ 2.18 – Ɉɛɨɛɳɟɧɢɟ ɨɩɵɬɧɵɯ ɞɚɧɧɵɯ ɩɨ ɷɮɮɟɤɬɢɜɧɨɫɬɢ 
ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɩɪɢ ɩɟɪɩɟɧɞɢɤɭɥɹɪɧɨɣ ɩɨɞɚɱɟ ɜɬɨɪɢɱɧɨɝɨ 
ɜɨɡɞɭɯɚ ɱɟɪɟɡ ɫɩɥɨɲɧɭɸ ɳɟɥɶ. Ɍɨɱɤɢ — ɞɚɧɧɵɟ ɧɚɫɬɨɹɳɟɝɨ 
ɢɫɫɥɟɞɨɜɚɧɢɹ; ɥɢɧɢɹ — ɭɪɚɜɧɟɧɢɟ (2.5). 
 

ɇɚ ɪɢɫ. 2.18 ɞɥɹ ɭɫɥɨɜɢɣ ɛɥɢɡɤɢɯ ɤ ɞɨɜɨɞɨɱɧɵɦ ɷɤɫɩɟɪɢɦɟɧɬɚɦ ɞɚɟɬɫɹ 

ɫɪɚɜɧɟɧɢɟ ɩɨɥɭɱɟɧɧɵɯ ɞɚɧɧɵɯ ɫ ɭɪɚɜɧɟɧɢɟɦ [21]:  

 
0,5

2,2


   
 

x

ms
     (2.5) 

 

ɋɪɚɜɧɟɧɢɟ ɩɨɤɚɡɵɜɚɟɬ, ɱɬɨ ɞɚɧɧɵɟ ɞɨɜɨɞɨɱɧɵɯ ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɞɥɹ 

ɩɥɨɫɤɨɣ ɳɟɥɢ ɫ ɩɨɝɪɟɲɧɨɫɬɶɸ ± 15% ɫɨɝɥɚɫɭɸɬɫɹ ɫ ɡɚɜɢɫɢɦɨɫɬɶɸ (2.5). 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɚɹ ɭɫɬɚɧɨɜɤɚ ɢ ɫɢɫɬɟɦɚ ɢɡɦɟɪɟɧɢɣ 

ɨɛɟɫɩɟɱɢɜɚɸɬ ɩɪɢɟɦɥɟɦɭɸ ɩɨɝɪɟɲɧɨɫɬɶ ɞɥɹ ɬɟɩɥɨɮɢɡɢɱɟɫɤɢɯ 

ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɜ ɨɛɥɚɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ. 

± 15% 
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2.6 ɉɨɝɪɟɲɧɨɫɬɢ ɢɡɦɟɪɟɧɢɣ 

Ɉɰɟɧɤɚ ɩɨɝɪɟɲɧɨɫɬɢ ɢɡɦɟɪɟɧɢɣ ɩɪɨɜɨɞɢɬɫɹ ɜ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ 

ɪɟɤɨɦɟɧɞɚɰɢɹɦɢ, ɢɡɥɨɠɟɧɧɵɦɢ ɜ Д106]. 

Ɉɬɧɨɫɢɬɟɥɶɧɚɹ ɩɨɝɪɟɲɧɨɫɬɶ ɢɡɦɟɪɟɧɢɹ ɩɪɨɢɡɜɨɥɶɧɨɣ ɜɟɥɢɱɢɧɵ A , 

ɫɜɹɡɚɧɧɨɣ c n ɧɟɡɚɜɢɫɢɦɵɦɢ ɢɡɦɟɪɹɟɦɵɦɢ ɩɚɪɚɦɟɬɪɚɦɢ iA  ɫɨɨɬɧɨɲɟɧɢɟɦ 

1 2( , , , )nA f A A A   ɨɩɪɟɞɟɥɹɟɬɫɹ ɩɨ ɫɥɟɞɭɸɳɟɣ ɮɨɪɦɭɥɟμ  
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 ,   (2.6) 

 

ɝɞɟ A  — ɚɛɫɨɥɸɬɧɚɹ ɩɨɝɪɟɲɧɨɫɬɶ ɢɡɦɟɪɟɧɢɹ ɩɚɪɚɦɟɬɪɚ A . Ɏɭɧɤɰɢɹ 

f  ɪɚɫɫɱɢɬɵɜɚɟɬɫɹ ɩɪɢ ɫɪɟɞɧɢɯ ɡɧɚɱɟɧɢɹɯ iA  ɢɡɦɟɪɹɟɦɵɯ ɩɚɪɚɦɟɬɪɨɜ A . ɋ 

ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɭɪɚɜɧɟɧɢɹ (2.6) ɜɵɩɨɥɧɹɸɬɫɹ ɪɚɫɱɟɬɵ ɩɨɝɪɟɲɧɨɫɬɟɣ 

ɢɡɦɟɪɟɧɢɣ ɨɬɞɟɥɶɧɵɯ ɜɟɥɢɱɢɧ. 

1. Ⱥɛɫɨɥɸɬɧɚɹ ɩɨɝɪɟɲɧɨɫɬɶ ɨɩɪɟɞɟɥɟɧɢɹ ɬɟɦɩɟɪɚɬɭɪ ɯɪɨɦɟɥɶ-

ɚɥɸɦɟɥɟɜɵɦɢ ɬɟɪɦɨɩɚɪɚɦɢ ɫɨɫɬɚɜɥɹɥɚ T   0,4°ɋ (0,015 ɦВ ɩɨ ɩɨɤɚɡɚɧɢɹɦ 

ɰɢɮɪɨɜɨɝɨ ɦɢɥɥɢɜɨɥɶɬɦɟɬɪɚ, ɩɪɨɢɡɜɨɞɢɥɨɫɶ ɨɤɪɭɝɥɟɧɢɟ ɞɨ ɫɨɬɵɯ). 

Ɉɬɧɨɫɢɬɟɥɶɧɚɹ ɩɨɝɪɟɲɧɨɫɬɶ ɢɡɦɟɪɟɧɢɹ ɚɛɫɨɥɸɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɵ ɫɨɫɬɚɜɥɹɟɬμ 
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2. Эɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɨɩɪɟɞɟɥɹɟɬɫɹ ɩɨ 

ɮɨɪɦɭɥɟ (2.3). ɉɪɢ ɷɬɨɦ ɨɬɧɨɫɢɬɟɥɶɧɚɹ ɩɨɝɪɟɲɧɨɫɬɶ ɷɮɮɟɤɬɢɜɧɨɫɬɢ 

ɫɨɫɬɚɜɥɹɟɬ: 
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ɋɪɟɞɧɹɹ ɩɨ ɩɨɜɟɪɯɧɨɫɬɢ ɩɥɚɫɬɢɧɵ ɨɬɧɨɫɢɬɟɥɶɧɚɹ ɩɨɝɪɟɲɧɨɫɬɶ 

ɨɩɪɟɞɟɥɟɧɢɹ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɫɨɫɬɚɜɥɹɟɬ ɩɨɪɹɞɤɚ 6%. Ɇɚɤɫɢɦɚɥɶɧɚɹ 

ɨɬɧɨɫɢɬɟɥɶɧɚɹ ɩɨɝɪɟɲɧɨɫɬɶ ɨɩɪɟɞɟɥɟɧɢɹ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɨɯɥɚɠɞɟɧɢɹ 
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ɨɩɪɟɞɟɥɹɟɬɫɹ, ɜ ɨɫɧɨɜɧɨɦ, ɩɨɝɪɟɲɧɨɫɬɶɸ ɪɚɡɧɨɫɬɢ ɬɟɦɩɟɪɚɬɭɪ ɱɢɫɥɢɬɟɥɹ (ɜ 

ɤɨɧɰɟ ɩɥɚɫɬɢɧɵ), ɢ ɧɟ ɩɪɟɜɵɲɚɟɬ 10,9%. ɇɚ ɧɚɱɚɥɶɧɨɦ ɭɱɚɫɬɤɟ ɜ ɫɜɹɡɢ ɫ ɬɟɦ, 

ɱɬɨ ɡɧɚɱɟɧɢɟ ɪɚɡɧɨɫɬɢ ɬɟɦɩɟɪɚɬɭɪ (Taw – T∞) ɛɨɥɶɲɟ – ɩɨɝɪɟɲɧɨɫɬɶ ɦɟɧɶɲɟ ɢ 

ɫɨɫɬɚɜɥɹɟɬ 3,8%.  

3. Ⱥɛɫɨɥɸɬɧɚɹ ɩɨɝɪɟɲɧɨɫɬɶ ɨɩɪɟɞɟɥɟɧɢɹ ɢɡɛɵɬɨɱɧɨɝɨ ɞɚɜɥɟɧɢɹ ɜ 

ɨɫɧɨɜɧɨɦ ɤɚɧɚɥɟ ɫ ɩɨɦɨɳɶɸ ɞɢɮɦɚɧɨɦɟɬɪɚ ɫɨɫɬɚɜɥɹɟɬ иɡɛP   λ,8 ɉɚ, ɬɚɤɚɹ 

ɠɟ ɚɛɫɨɥɸɬɧɚɹ ɩɨɝɪɟɲɧɨɫɬɶ ɨɫɬɚɟɬɫɹ ɢ ɞɥɹ ɚɛɫɨɥɸɬɧɨɝɨ ɞɚɜɥɟɧɢɹ, ɤɨɬɨɪɨɟ 

ɫɨɫɬɚɜɥɹɟɬ 49,8 10ɚɛɫP    ɉɚ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɨɬɧɨɫɢɬɟɥɶɧɚɹ ɩɨɝɪɟɲɧɨɫɬɶ 

ɨɩɪɟɞɟɥɟɧɢɹ ɚɛɫɨɥɸɬɧɨɝɨ ɞɚɜɥɟɧɢɹ ɫɨɫɬɚɜɥɹɟɬμ 
 

0,01ɚɛɫP  %. 

 

4. Ɉɬɧɨɫɢɬɟɥɶɧɚɹ ɩɨɝɪɟɲɧɨɫɬɶ ɨɩɪɟɞɟɥɟɧɢɹ ɩɥɨɬɧɨɫɬɢ ɝɚɡɚ ɩɪɢɦɟɪɧɨ 

ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɩɨɝɪɟɲɧɨɫɬɢ ɨɩɪɟɞɟɥɟɧɢɹ ɬɟɦɩɟɪɚɬɭɪɵ ɢ ɫɨɫɬɚɜɥɹɟɬμ 
 

0,14%.T    
 

5. ɋɤɨɪɨɫɬɶ ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɚ W  ɨɩɪɟɞɟɥɹɥɚɫɶ ɩɨ ɫɨɨɬɧɨɲɟɧɢɸ (2.1) 

ɢ ɜ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ ɭɪɚɜɧɟɧɢɟɦ (2.3) ɟɟ ɨɬɧɨɫɢɬɟɥɶɧɚɹ ɩɨɝɪɟɲɧɨɫɬɶ  

ɢɡɦɟɪɟɧɢɹ ɧɚɯɨɞɢɬɫɹ ɩɨ ɮɨɪɦɭɥɟμ 
 

  2 2 2 21 1
( ) ( ) 0,01 0,14

2 2
W P          0,14%. 

 

6. ɉɨɝɪɟɲɧɨɫɬɶ ɢɡɦɟɪɟɧɢɹ ɚɛɫɨɥɸɬɧɨɝɨ ɞɚɜɥɟɧɢɹ ɦɚɧɨɦɟɬɪɨɦ ɫ 

ɤɥɚɫɫɨɦ ɬɨɱɧɨɫɬɢ 0,4 ɫɨɫɬɚɜɥɹɟɬμ 
 

.ɚɛɫ ɦP 4%. 
 

7. ɉɚɫɩɨɪɬɧɚɹ ɨɬɧɨɫɢɬɟɥɶɧɚɹ ɩɨɝɪɟɲɧɨɫɬɶ ɨɩɪɟɞɟɥɟɧɢɹ ɨɛɴɟɦɧɨɝɨ 

ɪɚɫɯɨɞɚ ɪɨɬɚɦɟɬɪɨɦ ɊɆ-40 ȽɍɁ ɫɨɫɬɚɜɥɹɟɬμ 2%V  . В ɩɪɨɰɟɫɫɟ 

ɩɪɨɜɟɞɟɧɢɹ ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɩɪɨɜɨɞɢɥɢɫɶ ɩɟɪɢɨɞɢɱɟɫɤɢɟ ɝɪɚɞɭɢɪɨɜɤɢ 
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ɪɨɬɚɦɟɬɪɨɜ ɫ ɩɨɦɨɳɶɸ ɝɚɡɨɜɨɝɨ ɫɱɟɬɱɢɤɚ ɊȽ-40, ɩɪɢ ɷɬɨɦ ɪɚɡɥɢɱɢɟ ɞɚɧɧɵɯ 

ɝɪɚɞɭɢɪɨɜɨɤ ɧɟ ɩɪɟɜɵɲɚɥɨ 0,5 %. В ɞɚɥɶɧɟɣɲɟɦ ɩɪɢɧɢɦɚɥɨɫɶ, ɱɬɨ 2%V  . 

Ƚɪɚɞɭɢɪɨɜɤɚ ɪɨɬɚɦɟɬɪɚ ɩɪɨɢɡɜɨɞɢɥɚɫɶ ɩɪɢ ɨɩɪɟɞɟɥɟɧɧɵɯ ɭɫɥɨɜɢɹɯ, ɬ.ɟ. 

ɩɪɢ ɞɚɜɥɟɧɢɢ 0P  ɢ ɬɟɦɩɟɪɚɬɭɪɟ 0T . ɋɨɨɬɧɨɲɟɧɢɟ ɞɥɹ ɦɚɫɫɨɜɨɝɨ ɪɚɫɯɨɞɚ 

ɱɟɪɟɡ ɪɨɬɚɦɟɬɪ ɦɨɠɧɨ ɡɚɩɢɫɚɬɶ ɜ ɜɢɞɟμ 
 

2
0

0 2
0

.
PP M

G V
R TT


 

 

ɝɞɟ 0V , 0T , 0P  — ɝɪɚɞɭɢɪɨɜɨɱɧɵɟ ɡɧɚɱɟɧɢɹ ɨɛɴɟɦɧɨɝɨ ɪɚɫɯɨɞɚ, ɬɟɦɩɟɪɚɬɭɪɵ 

ɢ ɞɚɜɥɟɧɢɹ ɩɟɪɟɞ ɪɨɬɚɦɟɬɪɨɦ ( 0 101,3P  ɤɉɚ), V , T , P  — ɞɟɣɫɬɜɢɬɟɥɶɧɵɟ 

ɡɧɚɱɟɧɢɹ ɨɛɴɟɦɧɨɝɨ ɪɚɫɯɨɞɚ, ɬɟɦɩɟɪɚɬɭɪɵ ɢ ɞɚɜɥɟɧɢɹ ɩɟɪɟɞ ɪɨɬɚɦɟɬɪɨɦ. 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɢɫɩɨɥɶɡɭɹ ɩɪɚɜɢɥɚ ɨɩɪɟɞɟɥɟɧɢɹ ɩɨɝɪɟɲɧɨɫɬɟɣ, 

ɩɨɥɭɱɚɟɦ ɫɨɨɬɧɨɲɟɧɢɟ ɞɥɹ ɧɚɯɨɠɞɟɧɢɹ ɩɪɢɛɨɪɧɨɣ ɩɨɝɪɟɲɧɨɫɬɢ 

ɨɩɪɟɞɟɥɟɧɢɹ ɦɚɫɫɨɜɨɝɨ ɪɚɫɯɨɞɚμ 
 

2 2 2 2 2 21 1
( ) ( ) ( ) 2 0,25 0,14 0,25 4 4,2%.

4 4
G V P T           

 
 

8. Ⱦɢɚɦɟɬɪ ɨɬɜɟɪɫɬɢɹ ɢɡɦɟɪɹɥɫɹ ɲɬɚɧɝɟɧɰɢɪɤɭɥɟɦ ɫ ɚɛɫɨɥɸɬɧɨɣ 

ɩɨɝɪɟɲɧɨɫɬɶɸ 0,1 ɦɦ, ɬ. ɟ. ɨɬɧɨɫɢɬɟɥɶɧɚɹ ɩɨɝɪɟɲɧɨɫɬɶ ɨɩɪɟɞɟɥɟɧɢɹ ɩɥɨɳɚɞɢ 

ɫɨɫɬɚɜɥɹɟɬμ 
 

3,1%.F   
 

9. Ɉɬɧɨɫɢɬɟɥɶɧɚɹ ɩɨɝɪɟɲɧɨɫɬɶ ɫɤɨɪɨɫɬɢ ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɚ 

ɫɨɫɬɚɜɥɹɟɬμ 
 

2 2 2 2 2 2
2 2,8 3,1 0,14 4,2%.W G F           

 

10. Ɉɬɧɨɫɢɬɟɥɶɧɚɹ ɩɨɝɪɟɲɧɨɫɬɶ ɨɩɪɟɞɟɥɟɧɢɹ ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ 
(ɫɨɨɬɧɨɲɟɧɢɟ)μ 
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4,3%.m   
 

11. Ɉɩɪɟɞɟɥɟɧɢɟ ɱɢɫɥɚ Ɋɟɣɧɨɥɶɞɫɚ ɩɪɨɢɡɜɨɞɢɥɫɹ ɩɨ ɫɨɨɬɧɨɲɟɧɢɸμ 
 

ɷɤɜ

2 2 2Re ( ) ( ) ( )d G d F      
 

Ɉɬɧɨɫɢɬɟɥɶɧɚɹ ɩɨɝɪɟɲɧɨɫɬɶ ɨɩɪɟɞɟɥɟɧɢɹ ɷɤɜɢɜɚɥɟɧɬɧɨɝɨ ɞɢɚɦɟɬɪɚ 

ɨɫɧɨɜɧɨɝɨ ɤɚɧɚɥɚ dɷɤɜ ɫɨɫɬɚɜɥɹɟɬ 0,3%. Ɍɨɝɞɚ ɨɬɧɨɫɢɬɟɥɶɧɚɹ ɩɨɝɪɟɲɧɨɫɬɶ 

ɨɩɪɟɞɟɥɟɧɢɹ ɱɢɫɥɚ Ɋɟɣɧɨɥɶɞɫɚ ɫɨɫɬɚɜɢɥɚ ±1,5%. 

12. ɉɪɢ ɚɧɚɥɢɡɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɞɚɧɧɵɯ ɢɫɩɨɥɶɡɨɜɚɥɨɫɶ ɫɪɟɞɧɟɟ 

ɤɜɚɞɪɚɬɢɱɧɨɟ ɨɬɤɥɨɧɟɧɢɟ (ɤɜɚɞɪɚɬɧɵɣ ɤɨɪɟɧɶ ɢɡ ɫɪɟɞɧɟɝɨ ɚɪɢɮɦɟɬɢɱɟɫɤɨɝɨ 

ɜɫɟɯ ɤɜɚɞɪɚɬɨɜ ɪɚɡɧɨɫɬɟɣ ɦɟɠɞɭ ɞɚɧɧɵɦɢ ɜɟɥɢɱɢɧɚɦɢ ɢ ɢɯ ɫɪɟɞɧɢɦ 

ɚɪɢɮɦɟɬɢɱɟɫɤɢɦ), ɤɨɬɨɪɨɟ ɩɪɢɧɹɬɨ ɨɛɨɡɧɚɱɚɬɶ ɝɪɟɱɟɫɤɨɣ ɛɭɤɜɨɣ ɫɢɝɦɚ ıμ  
 

2

1

1
( )

n

i
i

x x
n 

       (2.7) 

ɝɞɟ xi – i-ɟ ɡɧɚɱɟɧɢɟ; n – ɤɨɥɢɱɟɫɬɜɨ ɷɥɟɦɟɧɬɨɜ; x – ɫɪɟɞɧɟɟ ɚɪɢɮɦɟɬɢɱɟɫɤɨɟ 

ɡɧɚɱɟɧɢɟμ 

1

1 1
( ... )

n

i i n
i

x x x x
n n

        (2.8) 

 

В ɬɚɛɥ. 2.2 ɩɪɟɞɫɬɚɜɥɟɧɵ ɦɚɤɫɢɦɚɥɶɧɵɟ ɨɬɧɨɫɢɬɟɥɶɧɵɟ ɩɨɝɪɟɲɧɨɫɬɢ 

ɨɫɧɨɜɧɵɯ ɩɚɪɚɦɟɬɪɨɜ. 
 

Ɍɚɛɥɢɰɚ 2.2 – ɉɨɝɪɟɲɧɨɫɬɢ ɷɤɫɩɟɪɢɦɟɧɬɚ 

ɉɚɪɚɦɟɬɪ Ɉɬɧɨɫɢɬɟɥɶɧɚɹ ɩɨɝɪɟɲɧɨɫɬɶ, % 

Ʌɨɤɚɥɶɧɚɹ ɷɮɮɟɤɬɢɜɧɨɫɬɶ 
ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ,   

min (ɜ ɧɚɱɚɥɟ ɩɥɚɫɬɢɧɵ) 3,8 
max (ɜ ɤɨɧɰɟ ɩɥɚɫɬɢɧɵ) 10,9 

ɫɪɟɞɧɹɹ 6 
ɉɚɪɚɦɟɬɪ ɜɞɭɜɚ, m  4,3 
Чɢɫɥɨ Ɋɟɣɧɨɥɶɞɫɚ, Re 1,5 
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2.7 Вɵɜɨɞɵ ɩɨ ɪɚɡɞɟɥɭ 2 

1. ɋɨɡɞɚɧ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɣ ɫɬɟɧɞ ɢ ɫɢɫɬɟɦɚ ɢɡɦɟɪɟɧɢɣ ɞɥɹ 

ɢɫɫɥɟɞɨɜɚɧɢɹ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɩɥɨɫɤɨɣ ɩɥɚɫɬɢɧɵ ɩɪɢ 

ɩɨɞɚɱɟ ɜɬɨɪɢɱɧɨɝɨ ɜɨɡɞɭɯɚ ɱɟɪɟɡ ɩɚɪɧɵɟ ɨɬɜɟɪɫɬɢɹ ɧɚ ɜɯɨɞɟ ɜ ɩɥɚɫɬɢɧɭ.  

2. ɋɩɪɨɟɤɬɢɪɨɜɚɧɵ ɢ ɢɡɝɨɬɨɜɥɟɧɵ ɭɫɬɪɨɣɫɬɜɚ ɝɟɧɟɪɚɰɢɢ 

ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɜɧɟɲɧɟɝɨ ɩɨɬɨɤɚ (Tu = 7%) ɢ ɟɝɨ ɭɫɤɨɪɟɧɢɹ.  

3. ɉɪɨɜɟɞɟɧɵ ɞɨɜɨɞɨɱɧɵɟ ɷɤɫɩɟɪɢɦɟɧɬɵ ɭɫɬɚɧɨɜɤɢ ɩɪɢ ɩɨɞɚɱɟ 

ɜɬɨɪɢɱɧɨɝɨ ɜɨɡɞɭɯɚ ɱɟɪɟɡ ɩɥɨɫɤɭɸ ɳɟɥɶ ɲɢɪɢɧɨɣ 3 ɦɦ, ɭɫɬɚɧɨɜɥɟɧɧɭɸ 

ɩɟɪɟɞ ɚɞɢɚɛɚɬɧɵɦ ɭɱɚɫɬɤɨɦ. Ⱦɨɫɬɢɝɧɭɬɨ ɭɞɨɜɥɟɬɜɨɪɢɬɟɥɶɧɨɟ 

ɤɨɥɢɱɟɫɬɜɟɧɧɨɟ ɫɨɝɥɚɫɨɜɚɧɢɟ ɩɨɥɭɱɟɧɧɵɯ ɪɟɡɭɥɶɬɚɬɨɜ ɩɨ ɫɪɟɞɧɟɣ 

ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɫ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦɢ ɞɚɧɧɵɦɢ 

ɪɚɛɨɬɵ Д37] ɢ ɭɪɚɜɧɟɧɢɟɦ (2.5) Д21]. 

4. Ɉɰɟɧɤɚ ɩɨɝɪɟɲɧɨɫɬɢ ɢɡɦɟɪɟɧɢɣ ɩɨɤɚɡɚɥɚ, ɱɬɨ ɫɪɟɞɧɹɹ ɨɬɧɨɫɢɬɟɥɶɧɚɹ 

ɩɨɝɪɟɲɧɨɫɬɶ ɨɩɪɟɞɟɥɟɧɢɹ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɫɨɫɬɚɜɥɹɟɬ 

± 7%, ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ — ± 4,3%, ɱɢɫɥɚ Ɋɟɣɧɨɥɶɞɫɚ — ± 1,5%. 
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ɊАɁȾȿɅ 3  

ɊȿɁɍɅɖɌАɌɕ ɂɋɋɅȿȾɈВАɇɂЯ ɂ ɂХ АɇАɅɂɁ 

 

В ɧɚɫɬɨɹɳɟɦ ɪɚɡɞɟɥɟ ɩɪɢɜɟɞɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɝɨ 

ɢɫɫɥɟɞɨɜɚɧɢɹ ɥɨɤɚɥɶɧɨɣ ɢ ɫɪɟɞɧɟɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ 

ɩɥɨɫɤɨɣ ɩɥɚɫɬɢɧɵ ɩɪɢ ɩɨɞɚɱɟ ɨɯɥɚɞɢɬɟɥɹ ɱɟɪɟɡ ɩɚɪɧɵɟ ɨɬɜɟɪɫɬɢɹ 

(ɞɜɭɯɫɬɪɭɣɧɚɹ ɫɢɫɬɟɦɚ ɨɬɜɟɪɫɬɢɣ – double jet) ɧɚ ɜɯɨɞɟ. Ɋɚɫɫɦɨɬɪɟɧɨ ɜɥɢɹɧɢɟ 

ɜɧɟɲɧɟɣ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɢ ɨɬɪɢɰɚɬɟɥɶɧɨɝɨ ɩɪɨɞɨɥɶɧɨɝɨ ɝɪɚɞɢɟɧɬɚ ɞɚɜɥɟɧɢɹ 

(ɭɫɤɨɪɟɧɢɹ ɩɨɬɨɤɚ) ɧɚ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ. Иɫɫɥɟɞɨɜɚɧɚ 

ɩɨɩɟɪɟɱɧɚɹ ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɶ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ. Ⱦɥɹ 

ɩɨɧɢɦɚɧɢɹ ɮɢɡɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɵ ɢ ɨɫɧɨɜɧɵɯ ɩɪɢɱɢɧ, ɨɩɪɟɞɟɥɹɸɳɢɯ 

ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ, ɞɥɹ ɛɟɡɝɪɚɞɢɟɧɬɧɨɝɨ 

ɧɟɜɨɡɦɭɳɟɧɧɨɝɨ ɩɨɬɨɤɚ ɜɵɩɨɥɧɟɧɵ ɜɢɡɭɚɥɢɡɚɰɢɹ ɩɨɜɟɪɯɧɨɫɬɧɵɯ ɥɢɧɢɣ ɬɨɤɚ 

ɢ ɤɨɦɩɶɸɬɟɪɧɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɩɨɬɨɤɚ. 

 

3.1 Ɋɟɡɭɥɶɬɚɬɵ ɜɢɡɭɚɥɢɡɚɰɢɢ ɩɨɜɟɪɯɧɨɫɬɧɵɯ ɥɢɧɢɣ ɬɨɤɚ  

Ⱦɥɹ ɛɨɥɟɟ ɝɥɭɛɨɤɨɝɨ ɩɨɧɢɦɚɧɢɹ ɮɢɡɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɵ ɩɨɬɨɤɚ ɛɵɥɚ 

ɜɵɩɨɥɧɟɧɚ ɜɢɡɭɚɥɢɡɚɰɢɹ ɩɨɜɟɪɯɧɨɫɬɧɵɯ ɥɢɧɢɣ ɬɨɤɚ ɞɥɹ ɛɟɡɝɪɚɞɢɟɧɬɧɨɝɨ ɢ 

ɧɢɡɤɨɬɭɪɛɭɥɟɧɬɧɨɝɨ ɩɨɬɨɤɚ. Ɍɟɯɧɢɤɚ ɜɢɡɭɚɥɢɡɚɰɢɢ ɩɨɞɪɨɛɧɨ ɪɚɫɫɦɨɬɪɟɧɚ ɜ 

ɩ. 2.5. Ɋɚɫɩɪɟɞɟɥɟɧɢɟ ɩɨɜɟɪɯɧɨɫɬɧɵɯ ɥɢɧɢɣ ɬɨɤɚ ɩɪɢ ɜɞɭɜɟ ɨɯɥɚɞɢɬɟɥɹ ɱɟɪɟɡ 

ɫɢɫɬɟɦɭ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ ɩɪɟɞɫɬɚɜɥɟɧɨ ɧɚ ɪɢɫ. 3.1, ɚ ɱɟɪɟɡ ɫɢɫɬɟɦɭ 

ɬɪɚɞɢɰɢɨɧɧɵɯ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɧɚɤɥɨɧɧɵɯ ɨɬɜɟɪɫɬɢɣ (β = 0º) – ɧɚ ɪɢɫ. 3.2. 

ɉɪɢ ɩɚɪɚɦɟɬɪɟ ɜɞɭɜɚ m = 0,5 ɡɚ ɩɚɪɧɵɦɢ ɨɬɜɟɪɫɬɢɹɦɢ (ɪɢɫ. 3.1ɚ) 

ɩɨɜɟɪɯɧɨɫɬɧɵɟ ɥɢɧɢɢ ɬɨɤɚ ɩɪɚɤɬɢɱɟɫɤɢ ɩɚɪɚɥɥɟɥɶɧɵ ɞɪɭɝ ɞɪɭɝɭ. Ɍɨɱɤɢ 

ɩɟɪɜɵɯ ɬɪɟɯ ɪɹɞɨɜ ɧɟ ɪɚɫɬɟɤɚɸɬɫɹ, ɱɬɨ ɫɜɢɞɟɬɟɥɶɫɬɜɭɟɬ ɨ ɡɚɫɬɨɣɧɨɦ ɬɟɱɟɧɢɢ. 

Ⱦɥɹ ɫɢɫɬɟɦɵ ɬɪɚɞɢɰɢɨɧɧɵɯ ɨɬɜɟɪɫɬɢɣ (ɪɢɫ. 3.2ɚ) ɩɪɢ m = 0,5 ɡɚ ɨɬɜɟɪɫɬɢɹɦɢ 

ɜɬɨɪɨɝɨ ɪɹɞɚ ɦɚɫɥɹɧɵɟ ɬɨɱɤɢ ɩɟɪɜɵɯ ɱɟɬɵɪɟɯ ɪɹɞɨɜ ɧɟ ɪɚɫɬɟɤɚɸɬɫɹ 

(ɲɢɪɨɤɚɹ ɡɚɫɬɨɣɧɚɹ ɡɨɧɚ).  
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ɚ ɛ ɜ ɝ 

Ɋɢɫɭɧɨɤ 3.1 – Ɋɟɡɭɥɶɬɚɬɵ ɩɨɜɟɪɯɧɨɫɬɧɨɣ ɜɢɡɭɚɥɢɡɚɰɢɢ ɩɨɬɨɤɚ ɩɪɢ 
ɩɥɟɧɨɱɧɨɦ ɨɯɥɚɠɞɟɧɢɢ ɩɥɚɫɬɢɧɵ ɫɢɫɬɟɦɨɣ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣμ ɚ – m = 
0,50; ɛ – m = 1,0; ɜ – m = 1,50; ɝ – m = 2,0. 

 

    
ɚ ɛ ɜ ɝ 

Ɋɢɫɭɧɨɤ 3.2 – ɉɨɜɟɪɯɧɨɫɬɧɵɟ ɥɢɧɢɢ ɬɨɤɚ ɩɪɢ ɩɥɟɧɨɱɧɨɦ ɨɯɥɚɠɞɟɧɢɢ 
ɩɥɚɫɬɢɧɵ ɫɢɫɬɟɦɨɣ ɬɪɚɞɢɰɢɨɧɧɵɯ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɨɬɜɟɪɫɬɢɣμ ɚ – m = 
0,50; ɛ – m = 1,0; ɜ – m = 1,5; ɝ – m = 2,0. 
 
ɉɪɢ ɩɚɪɚɦɟɬɪɟ ɜɞɭɜɚ m = 1,0 ɡɚ ɩɚɪɧɵɦɢ ɨɬɜɟɪɫɬɢɹɦɢ (ɪɢɫ. 3.1ɛ) 

ɩɪɚɤɬɢɱɟɫɤɢ ɜɫɟ ɥɢɧɢɢ ɪɚɫɬɟɤɚɸɬɫɹ ɜ ɧɚɩɪɚɜɥɟɧɢɢ ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɚ, ɧɨ ɭɠɟ 

ɧɚɛɥɸɞɚɟɬɫɹ ɧɟɛɨɥɶɲɨɟ ɨɬɤɥɨɧɟɧɢɟ ɥɢɧɢɣ ɬɨɤɚ ɨɬ ɨɫɟɜɨɝɨ ɬɟɱɟɧɢɹ, ɱɬɨ 

ɫɜɢɞɟɬɟɥɶɫɬɜɭɟɬ ɨ ɩɨɩɟɪɟɱɧɨɦ ɪɚɫɬɟɤɚɧɢɢ ɨɯɥɚɞɢɬɟɥɹ. ɉɪɢ ɜɞɭɜɟ ɨɯɥɚɞɢɬɟɥɹ 

ɱɟɪɟɡ ɬɪɚɞɢɰɢɨɧɧɵɟ ɨɬɜɟɪɫɬɢɹ ɞɥɹ m = 1,0 (ɪɢɫ. 3.2ɛ) ɨɤɨɥɨ ɭɱɚɫɬɤɚ ɜɞɭɜɚ 

ɧɚɛɥɸɞɚɟɬɫɹ ɨɛɥɚɫɬɶ ɫɥɚɛɨɝɨ ɨɛɪɚɬɧɨɝɨ ɬɟɱɟɧɢɹ (ɦɚɫɥɹɧɵɟ ɬɨɱɤɢ ɩɟɪɜɨɝɨ ɢ 
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ɜɬɨɪɨɝɨ ɪɹɞɨɜ), ɚ ɞɚɥɟɟ ɦɚɫɥɹɧɵɟ ɬɨɱɤɢ ɬɪɟɬɶɟɝɨ ɢ ɱɟɬɜɟɪɬɨɝɨ ɪɹɞɨɜ 

ɫɬɟɤɚɸɬɫɹ ɤ ɰɟɧɬɪɚɥɶɧɨɣ ɥɢɧɢɢ. Вɫɬɪɟɱɧɨɟ «ɫɬɟɤɚɧɢɟ» ɩɨɜɟɪɯɧɨɫɬɧɵɯ ɥɢɧɢɣ 

ɬɨɤɚ ɤɨɫɜɟɧɧɨ ɫɜɢɞɟɬɟɥɶɫɬɜɭɟɬ ɨ ɮɨɪɦɢɪɨɜɚɧɢɢ ɫɥɚɛɵɯ «ɩɨɱɟɱɧɵɯ» ɜɢɯɪɟɣ. 

ɉɪɢ ɩɚɪɚɦɟɬɪɟ ɜɞɭɜɚ m = 1,5 ɤɚɪɬɢɧɚ ɩɨɜɟɪɯɧɨɫɬɧɵɯ ɥɢɧɢɣ ɬɨɤɚ ɩɪɢ 

ɜɞɭɜɟ ɱɟɪɟɡ ɩɚɪɧɵɟ ɨɬɜɟɪɫɬɢɹ (ɪɢɫ. 3.1ɜ) ɚɧɚɥɨɝɢɱɧɚ ɫɥɭɱɚɸ m = 1,0 ɫ ɬɨɣ 

ɥɢɲɶ ɪɚɡɧɢɰɟɣ, ɱɬɨ ɨɬɤɥɨɧɟɧɢɟ ɥɢɧɢɣ ɬɨɤɚ (ɪɚɫɬɟɤɚɧɢɟ ɨɯɥɚɞɢɬɟɥɹ) 

ɜɵɪɚɠɟɧɨ ɫɢɥɶɧɟɟ. ɉɪɢ ɩɨɞɚɱɟ ɨɯɥɚɞɢɬɟɥɹ ɱɟɪɟɡ ɫɢɫɬɟɦɭ ɬɪɚɞɢɰɢɨɧɧɵɯ 

ɨɬɜɟɪɫɬɢɣ (ɪɢɫ. 3.2ɜ) ɩɪɢ m = 1,5 ɡɚɦɟɬɧɨ ɭɫɢɥɢɜɚɟɬɫɹ ɩɟɪɟɬɟɤɚɧɢɟ ɦɚɫɥɹɧɵɯ 

ɬɨɱɟɤ ɜ ɩɨɩɟɪɟɱɧɨɦ ɧɚɩɪɚɜɥɟɧɢɢ ɤ ɰɟɧɬɪɚɥɶɧɨɣ ɥɢɧɢɢ (ɪɨɫɬ «ɩɨɱɟɱɧɵɯ» 

ɜɢɯɪɟɣ). 

ɉɪɢ ɩɨɜɵɲɟɧɢɢ ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ ɞɨ m = 2,0 ɢ ɜɞɭɜɟ ɱɟɪɟɡ ɩɚɪɧɵɟ 

ɨɬɜɟɪɫɬɢɹ (ɪɢɫ. 3.1ɝ) ɩɨɹɜɥɹɟɬɫɹ ɜɵɪɚɠɟɧɧɚɹ ɨɛɥɚɫɬɶ ɨɛɪɚɬɧɨɝɨ ɬɟɱɟɧɢɹ 

ɦɚɫɥɹɧɵɯ ɬɨɱɟɤ ɡɚ ɨɬɜɟɪɫɬɢɹɦɢ. Ɂɚ ɧɢɦɢ ɧɚɛɥɸɞɚɟɬɫɹ ɡɧɚɱɢɬɟɥɶɧɨɟ 

ɨɬɤɥɨɧɟɧɢɟ ɥɢɧɢɣ ɬɨɤɚ ɨɬ ɧɚɩɪɚɜɥɟɧɢɹ ɩɨɬɨɤɚ, ɬ.ɟ. ɪɚɫɬɟɤɚɧɢɟ ɨɯɥɚɞɢɬɟɥɹ 

ɩɨɩɟɪɟɤ ɩɨɬɨɤɚ ɜɵɪɚɠɟɧɨ ɜɟɫɶɦɚ ɡɚɦɟɬɧɨ. ɉɪɢ ɜɞɭɜɟ ɱɟɪɟɡ ɫɢɫɬɟɦɭ 

ɬɪɚɞɢɰɢɨɧɧɵɯ ɨɬɜɟɪɫɬɢɣ (ɪɢɫ. 3.2ɝ) ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨ ɡɚ ɨɬɜɟɪɫɬɢɹɦɢ ɩɨɞɚɱɢ 

ɜɬɨɪɢɱɧɨɝɨ ɜɨɡɞɭɯɚ ɨɬɦɟɱɟɧɚ ɜɵɪɚɠɟɧɧɚɹ ɨɛɥɚɫɬɶ ɨɛɪɚɬɧɨɝɨ ɬɟɱɟɧɢɹ 

ɦɚɫɥɹɧɵɯ ɬɨɱɟɤ ɢ ɡɚɦɟɬɧɚɹ ɨɛɥɚɫɬɶ ɩɨɩɟɪɟɱɧɨɝɨ ɪɚɫɬɟɤɚɧɢɹ ɩɨɬɨɤɚ 

(«ɩɨɱɟɱɧɵɟ» ɜɢɯɪɢ). 

В ɰɟɥɨɦ, ɜɵɩɨɥɧɟɧɧɨɟ ɢɫɫɥɟɞɨɜɚɧɢɟ ɩɨɤɚɡɚɥɨ, ɱɬɨ ɫ ɪɨɫɬɨɦ ɩɚɪɚɦɟɬɪɚ 

ɜɞɭɜɚ ɡɚ ɫɢɫɬɟɦɨɣ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ ɡɚɦɟɬɧɨ ɧɚɪɚɫɬɚɸɬ ɷɮɮɟɤɬɵ 

«ɪɚɫɬɟɤɚɧɢɹ» ɨɯɥɚɞɢɬɟɥɹ ɜ ɩɨɩɟɪɟɱɧɨɦ ɧɚɩɪɚɜɥɟɧɢɢ, ɚ ɡɚ ɬɪɚɞɢɰɢɨɧɧɨɣ 

ɫɯɟɦɨɣ ɨɬɜɟɪɫɬɢɣ ɧɚɛɥɸɞɚɟɬɫɹ ɭɫɢɥɟɧɢɟ ɩɨɩɟɪɟɱɧɨɝɨ «ɫɬɟɤɚɧɢɹ» ɥɢɧɢɣ ɬɨɤɚ 

ɡɚ ɫɱɟɬ ɪɨɫɬɚ «ɩɨɱɟɱɧɵɯ» ɜɢɯɪɟɣ.  

ɉɨ ɩɪɟɞɜɚɪɢɬɟɥɶɧɵɦ ɨɰɟɧɤɚɦ ɦɨɠɧɨ ɨɠɢɞɚɬɶ ɛɨɥɟɟ ɜɵɫɨɤɭɸ 

ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɢ ɛɨɥɟɟ ɪɚɜɧɨɦɟɪɧɨɟ ɩɨɩɟɪɟɱɧɨɟ 

ɩɨɤɪɵɬɢɟ ɩɥɚɫɬɢɧɵ ɨɯɥɚɞɢɬɟɥɟɦ ɩɪɢ ɦɚɥɵɯ (m = 0,50) ɢ ɭɦɟɪɟɧɧɵɯ (m = 1,0) 

ɩɚɪɚɦɟɬɪɚɯ ɜɞɭɜɚ ɞɥɹ ɫɢɫɬɟɦɵ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ 

ɬɪɚɞɢɰɢɨɧɧɨɣ ɫɯɟɦɨɣ ɨɬɜɟɪɫɬɢɣ.  
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3.2 ɗɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ 

В ɢɫɫɥɟɞɨɜɚɧɢɹɯ ɢɫɩɨɥɶɡɨɜɚɥɢɫɶ ɫɯɟɦɚ ɩɨɞɚɱɢ ɨɯɥɚɞɢɬɟɥɹ, 

ɩɪɟɞɫɬɚɜɥɟɧɧɚɹ ɧɚ ɪɢɫ. 2.5. ɉɚɪɚɦɟɬɪɵ ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɛɵɥɢ ɫɥɟɞɭɸɳɢɦɢμ 

ɫɤɨɪɨɫɬɶ ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɚ ɫɨɫɬɚɜɥɹɥɚ 35…38 ɦ/ɫ, ɬɟɦɩɟɪɚɬɭɪɚ ɨɫɧɨɜɧɨɝɨ 

ɩɨɬɨɤɚ ɜɨɡɞɭɯɚ ɢɡɦɟɧɹɥɚɫɶ ɨɬ 23,5 ɞɨ 26 ºɋ, ɬɟɦɩɟɪɚɬɭɪɚ ɜɞɭɜɚɟɦɨɝɨ ɜɨɡɞɭɯɚ 

—  ɨɬ 64 ɞɨ 7λ ºɋ. Ɉɬɧɨɲɟɧɢɟ ɩɥɨɬɧɨɫɬɟɣ ɜɞɭɜɚɟɦɨɝɨ ɢ ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɚ 

ɫɨɫɬɚɜɥɹɥɨ 0,85…0,88; ɩɚɪɚɦɟɬɪ ɜɞɭɜɚ m ɢɡɦɟɧɹɥɫɹ ɨɬ 0,40 ɞɨ 3,2. 

ɉɨɥɭɱɟɧɧɵɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɞɚɧɧɵɟ ɩɨ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ 

ɨɯɥɚɠɞɟɧɢɹ ɩɪɢɜɟɞɟɧɵ ɜ ɉɪɢɥɨɠɟɧɢɢ В. 

3.2.1 Ʌɨɤɚɥɶɧɚɹ ɷɮɮɟɤɬɢɜɧɨɫɬɶ 

Ɋɟɡɭɥɶɬɚɬɵ ɢɡɦɟɪɟɧɢɹ ɥɨɤɚɥɶɧɨɣ ɚɞɢɚɛɚɬɧɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ 

ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɩɥɨɫɤɨɣ ɩɥɚɫɬɢɧɵ ɡɚ ɫɢɫɬɟɦɨɣ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ 

ɩɪɟɞɫɬɚɜɥɟɧɵ ɧɚ ɪɢɫ. 3.3. Ʉɚɤ ɫɥɟɞɭɟɬ ɢɡ ɩɨɥɭɱɟɧɧɵɯ ɞɚɧɧɵɯ, ɫ ɭɜɟɥɢɱɟɧɢɟɦ 

ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ m ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɨɯɥɚɠɞɟɧɢɹ ɩɚɞɚɟɬ, ɱɬɨ ɜɨɡɦɨɠɧɨ ɫɜɹɡɚɧɨ 

ɫ ɨɬɪɵɜɨɦ ɨɯɥɚɞɢɬɟɥɹ ɨɬ ɩɨɜɟɪɯɧɨɫɬɢ ɨɯɥɚɠɞɚɟɦɨɣ ɩɥɚɫɬɢɧɵ. Ɍɚɤ ɩɪɢ 

m = 0,5 ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɨ ɞɥɢɧɟ ɩɥɚɫɬɢɧɵ ɢɡɦɟɧɹɟɬɫɹ ɨɬ 0,40 ɞɨ 0,17; ɩɪɢ 

m = 1,0…2,0 – ɨɬ 0,35 ɞɨ 0,20; ɚ ɩɪɢ m = 2,5..3,0 – ɨɬ 0,30 ɞɨ 0,17. Ɉɫɨɛɟɧɧɨ 

ɡɚɦɟɬɧɨɟ ɭɦɟɧɶɲɟɧɢɟ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɧɚɛɥɸɞɚɟɬɫɹ ɧɚ ɭɱɚɫɬɤɟ x/d < 10, ɝɞɟ 

ɩɪɢ m = 0,5..1,0 ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɨɯɥɚɠɞɟɧɢɹ ɫɨɫɬɚɜɥɹɟɬ 0,40...0,30, ɚ ɩɪɢ 

m = 2,5…3,0 ɨɧɚ ɭɦɟɧɶɲɚɟɬɫɹ ɞɨ 0,30...0,17.  

Ⱥɧɚɥɢɡ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɝɨ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɥɨɤɚɥɶɧɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ 

ɩɨɤɚɡɵɜɚɟɬ, ɱɬɨ ɧɚɢɛɨɥɟɟ ɜɵɫɨɤɚɹ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɨɯɥɚɠɞɟɧɢɹ ɧɚɛɥɸɞɚɟɬɫɹ 

ɧɚ ɥɢɧɢɢ z/t = 1,0, ɩɪɨɯɨɞɹɳɟɣ ɱɟɪɟɡ ɩɟɪɟɞɧɸɸ ɤɪɨɦɤɭ ɨɬɜɟɪɫɬɢɹ ɜɬɨɪɨɝɨ 

ɪɹɞɚ (ɪɢɫ. 2.7; z = 12,8 ɦɦ). ɇɚ ɷɬɨɣ ɥɢɧɢɢ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɨɯɥɚɠɞɟɧɢɹ ɩɨ 

ɞɥɢɧɟ ɜ ɩɪɟɞɟɥɚɯ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɝɨ ɭɱɚɫɬɤɚ ɫɧɢɠɚɟɬɫɹ ɞɥɹ ɜɫɟɯ ɡɧɚɱɟɧɢɣ 

mμ ɩɪɢ m = 0,5 – ɨɬ 0,40 ɞɨ 0,16; ɩɪɢ m = 1,0…2,0 – ɨɬ 0,35 ɞɨ 0,23 ɢ ɩɪɢ 

m = 2,5..3,0 – ɨɬ 0,30 ɞɨ 0,23. ɇɚɢɛɨɥɟɟ ɧɢɡɤɚɹ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɨɯɥɚɠɞɟɧɢɹ 

ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɥɢɧɢɢ z/t = 0,5, ɤɨɬɨɪɚɹ ɩɪɨɯɨɞɢɬ ɩɨɫɟɪɟɞɢɧɟ ɦɟɠɞɭ 

ɨɬɜɟɪɫɬɢɹɦɢ. 
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Ɋɢɫɭɧɨɤ 3.3 – Ʌɨɤɚɥɶɧɚɹ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɡɚ 
ɫɢɫɬɟɦɨɣ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣμ 1 — z/t = 0; 2 — z/t = 0,25; 3 — z/t = 0,5;  
4 — z/t = 0,75; 5 — z/t = 1,0. 
 
ɉɪɢ m = 0,5…1,5 ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɨɯɥɚɠɞɟɧɢɹ ɫɧɢɠɚɟɬɫɹ ɩɨ ɞɥɢɧɟ - ɞɥɹ 

m = 0,5 ɨɧɚ ɫɨɫɬɚɜɥɹɟɬ 0,30...0,16, ɚ ɞɥɹ  m = 1,0..1,5 – 0,25..0,20. ɉɪɢ 

m = 2,0…3,0 ɧɚɢɛɨɥɟɟ ɜɵɫɨɤɚɹ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɧɚɛɥɸɞɚɟɬɫɹ ɜ ɫɪɟɞɧɟɣ ɱɚɫɬɢ 

ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɝɨ ɭɱɚɫɬɤɚ (12 < x/d < 20); ɡɞɟɫɶ ɨɧɚ ɫɨɫɬɚɜɥɹɟɬ 0,20..0,23, ɚ 

ɜ ɧɚɱɚɥɟ ɢ ɜ ɤɨɧɰɟ ɩɥɚɫɬɢɧɵ ɧɚɛɥɸɞɚɟɬɫɹ ɫɧɢɠɟɧɢɟ ɷɮɮɟɤɬɢɜɧɨɫɬɢ. 

Ⱥɧɚɥɢɡ ɪɢɫɭɧɤɚ ɩɨɤɚɡɵɜɚɟɬ, ɱɬɨ ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɶ ɷɮɮɟɤɬɢɜɧɨɫɬɢ 

ɭɜɟɥɢɱɢɜɚɟɬɫɹ ɫ ɪɨɫɬɨɦ ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ m. Ɍɚɤ ɩɪɢ ɡɧɚɱɟɧɢɢ m = 0,5 

ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɶ ɧɚɢɦɟɧɶɲɚɹ, ɚ ɩɪɢ m = 3,0 – ɧɚɢɛɨɥɶɲɚɹ. Ⱦɥɹ ɜɫɟɯ 

ɩɚɪɚɦɟɬɪɨɜ ɜɞɭɜɚ m ɪɚɜɧɨɦɟɪɧɨɟ ɨɯɥɚɠɞɟɧɢɟ ɩɨɜɟɪɯɧɨɫɬɢ ɞɨɫɬɢɝɚɟɬɫɹ ɜ 

ɨɛɥɚɫɬɢ x/d > 12, ɱɬɨ ɨɛɭɫɥɨɜɥɟɧɨ ɫɬɚɛɢɥɢɡɚɰɢɟɣ ɢ ɩɟɪɟɦɟɲɢɜɚɧɢɟɦ ɩɨɬɨɤɚ ɜ 

ɩɥɟɧɤɟ. Вɨɩɪɨɫ ɨ ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɢ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɨɯɥɚɞɢɬɟɥɹ ɩɨ 

ɩɨɜɟɪɯɧɨɫɬɢ ɨɯɥɚɠɞɚɟɦɨɣ ɩɥɚɫɬɢɧɵ ɛɨɥɟɟ ɞɟɬɚɥɶɧɨ ɪɚɫɫɦɨɬɪɟɧ ɜ ɩ. 3.4. 

Иɡ ɩɨɥɭɱɟɧɧɵɯ ɞɚɧɧɵɯ ɦɨɠɧɨ ɨɬɦɟɬɢɬɶ ɫɥɟɞɭɸɳɢɟ ɨɛɳɢɟ 

ɡɚɤɨɧɨɦɟɪɧɨɫɬɢμ ɚ) ɞɥɹ ɜɫɟɯ ɡɧɚɱɟɧɢɣ ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ m ɷɮɮɟɤɬɢɜɧɨɫɬɶ 

ɨɯɥɚɠɞɟɧɢɹ ɩɨ ɞɥɢɧɟ ɩɥɚɫɬɢɧɵ ɭɦɟɧɶɲɚɟɬɫɹ; ɛ) ɫ ɭɜɟɥɢɱɟɧɢɟɦ m 

ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɨɯɥɚɠɞɟɧɢɹ ɩɪɢ x/d=const ɫɧɢɠɚɟɬɫɹ; ɜ) ɧɚɢɛɨɥɟɟ ɜɵɫɨɤɢɟ 

ɡɧɚɱɟɧɢɹ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɨɬɦɟɱɟɧɵ ɧɚ ɥɢɧɢɹɯ z/t = 0 
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ɢ z/t = 1,0, ɩɪɨɯɨɞɹɳɢɯ ɱɟɪɟɡ ɜɵɯɨɞɧɭɸ ɤɪɨɦɤɭ ɨɬɜɟɪɫɬɢɣ ɜɬɨɪɨɝɨ ɪɹɞɚ, ɚ 

ɧɚɢɛɨɥɟɟ ɧɢɡɤɢɟ – ɧɚ ɥɢɧɢɢ z/t = 0,5, ɩɪɨɯɨɞɹɳɟɣ ɜ ɫɟɪɟɞɢɧɟ ɦɟɠɞɭ 

ɨɬɜɟɪɫɬɢɹɦɢ.  

3.2.2 ɋɪɟɞɧɹɹ ɷɮɮɟɤɬɢɜɧɨɫɬɶ 

Ⱦɥɹ ɩɪɚɤɬɢɤɢ ɝɚɡɨɬɭɪɛɨɫɬɪɨɟɧɢɹ ɜɚɠɧɨɟ ɡɧɚɱɟɧɢɟ ɢɦɟɟɬ ɨɫɪɟɞɧɟɧɧɚɹ 

ɩɨ ɲɢɪɢɧɟ ɩɨɜɟɪɯɧɨɫɬɢ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ. Ɉɫɪɟɞɧɟɧɢɟ 

ɥɨɤɚɥɶɧɵɯ ɪɟɡɭɥɶɬɚɬɨɜ ɩɪɨɜɨɞɢɥɨɫɶ ɜ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ ɭɪɚɜɧɟɧɢɟɦ (2.4).  

ɇɚ ɪɢɫ. 3.4 ɩɪɟɞɫɬɚɜɥɟɧɵ ɨɫɪɟɞɧɟɧɧɵɟ ɡɧɚɱɟɧɢɹ ɷɮɮɟɤɬɢɜɧɨɫɬɢ 

ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɩɪɢ ɜɞɭɜɟ ɨɯɥɚɞɢɬɟɥɹ ɱɟɪɟɡ ɫɢɫɬɟɦɭ ɩɚɪɧɵɯ 

ɧɚɤɥɨɧɧɵɯ ɨɬɜɟɪɫɬɢɣ (ɪɢɫ. 2.6) ɩɪɢ ɢɡɦɟɧɟɧɢɢ ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ m ɨɬ 0,5 ɞɨ 

3,0. Ʉɚɤ ɫɥɟɞɭɟɬ, ɞɥɹ ɜɫɟɯ ɡɧɚɱɟɧɢɣ ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ m ɧɚɛɥɸɞɚɟɬɫɹ 

ɫɧɢɠɟɧɢɟ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɨɯɥɚɠɞɟɧɢɹ ɩɨ ɞɥɢɧɟ, ɩɪɢɱɟɦ ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ 

ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ ɚɛɫɨɥɸɬɧɨɟ ɡɧɚɱɟɧɢɟ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɫɧɢɠɚɟɬɫɹ. ɉɪɢ 

m = 0,5 ɧɚɛɥɸɞɚɟɬɫɹ ɧɚɢɛɨɥɟɟ ɛɵɫɬɪɨɟ ɭɦɟɧɶɲɟɧɢɟ ɷɮɮɟɤɬɢɜɧɨɫɬɢ 

ɨɯɥɚɠɞɟɧɢɹ ɩɨ ɞɥɢɧɟ ɩɥɚɫɬɢɧɵ – ɨɬ 0,33 ɞɨ 0,17. Ⱦɥɹ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ 

ɞɚɧɧɵɯ, ɩɨɥɭɱɟɧɧɵɯ ɩɪɢ m ≥ 1,0, ɫ ɭɜɟɥɢɱɟɧɢɟɦ ɜɟɥɢɱɢɧɵ m ɷɮɮɟɤɬɢɜɧɨɫɬɶ 

ɨɯɥɚɠɞɟɧɢɹ ɩɪɢ x/d = const ɫɧɢɠɚɟɬɫɹ; ɩɪɢɱɟɦ ɩɪɢ m ≥ 1,5 ɜ ɫɟɱɟɧɢɹɯ 

x/d = λ…12 ɮɨɪɦɢɪɭɟɬɫɹ ɫɥɚɛɵɣ ɥɨɤɚɥɶɧɵɣ ɦɚɤɫɢɦɭɦ. ɉɪɢ x/d > 20 

ɩɪɨɢɫɯɨɞɢɬ ɩɨɫɬɟɩɟɧɧɨɟ ɫɛɥɢɠɟɧɢɟ ɤɪɢɜɵɯ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ 

ɨɯɥɚɠɞɟɧɢɹ. 

 

 
Ɋɢɫɭɧɨɤ 3.4 – ɋɪɟɞɧɹɹ ɩɨ ɲɢɪɢɧɟ ɩɥɚɫɬɢɧɵ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ 
ɨɯɥɚɠɞɟɧɢɹ ɡɚ ɫɢɫɬɟɦɨɣ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ.  
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ɇɚ ɪɢɫ. 3.5 ɩɨɤɚɡɚɧɵ ɪɟɡɭɥɶɬɚɬɵ ɨɩɪɟɞɟɥɟɧɢɹ ɫɪɟɞɧɟɣ ɩɨ ɲɢɪɢɧɟ 

ɩɥɨɫɤɨɣ ɩɨɜɟɪɯɧɨɫɬɢ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɫ 

ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦɢ ɞɚɧɧɵɦɢ ɪɚɛɨɬɵ Д102] ɞɥɹ ɩɨɞɨɛɧɨɣ ɫɯɟɦɵ (t/d = 4,0), 

ɝɞɟ ɩɨɩɟɪɟɱɧɵɣ ɭɝɨɥ β (ɪɢɫ. 1.11) ɫɨɫɬɚɜɥɹɥ 2λº, ɚ ɪɚɫɫɬɨɹɧɢɟ ɦɟɠɞɭ 

ɨɬɜɟɪɫɬɢɹɦɢ ɪɚɜɧɹɥɨɫɶ ɞɢɚɦɟɬɪɭ ɨɬɜɟɪɫɬɢɣ (Δ/d = 1.0). Ʉɚɤ ɜɢɞɧɨ ɢɡ 

ɪɢɫɭɧɤɚ, ɪɟɡɭɥɶɬɚɬɵ ɷɤɫɩɟɪɢɦɟɧɬɚ ɯɨɪɨɲɨ ɫɨɝɥɚɫɭɸɬɫɹ ɫ ɞɚɧɧɵɦɢ ɪɚɛɨɬɵ 

[102]. Ɋɚɡɥɢɱɢɟ ɩɨɥɭɱɟɧɧɵɯ ɪɟɡɭɥɶɬɚɬɨɜ ɧɟ ɩɪɟɜɵɲɚɟɬ 10%, ɱɬɨ, ɩɨ-

ɜɢɞɢɦɨɦɭ, ɨɛɭɫɥɨɜɥɟɧɨ ɧɟɤɨɬɨɪɨɣ ɪɚɡɧɢɰɟɣ ɜ ɜɟɥɢɱɢɧɟ ɩɨɩɟɪɟɱɧɨɝɨ ɭɝɥɚ β ɢ 

ɪɚɫɫɬɨɹɧɢɹ ɦɟɠɞɭ ɨɬɜɟɪɫɬɢɹɦɢ Δ. 
 

 

Ɋɢɫɭɧɨɤ 3.5 – ɉɪɨɞɨɥɶɧɨɟ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɫɪɟɞɧɟɣ ɩɨ ɲɢɪɢɧɟ ɩɥɚɫɬɢɧɵ 
ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹμ 1 – ɪɟɡɭɥɶɬɚɬɵ ɧɚɫɬɨɹɳɟɣ 
ɪɚɛɨɬɵ, ɩɚɪɧɵɟ ɨɬɜɟɪɫɬɢɹ (t/d = 4,0); 2 – ɫɯɟɦɚ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ ɫ 
ɚɧɚɥɨɝɢɱɧɨɣ ɝɟɨɦɟɬɪɢɟɣ (t/d = 4,0) [102]. 
 

Ɉɛɨɛɳɟɧɢɟ ɨɩɵɬɧɵɯ ɞɚɧɧɵɯ ɩɨ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ 

ɫ ɭɱɟɬɨɦ ɜɥɢɹɧɢɹ ɜɧɟɲɧɟɣ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɢ ɭɫɤɨɪɟɧɢɹ ɩɨɬɨɤɚ ɜɵɩɨɥɧɟɧɨ ɫ 

ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɩɪɢɧɰɢɩɚ ɫɭɩɟɪɩɨɡɢɰɢɢ ɨɬɞɟɥɶɧɵɯ ɜɨɡɞɟɣɫɬɜɢɣ, ɩɪɢ 

ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɤɨɬɨɪɨɝɨ ɪɟɡɭɥɶɬɢɪɭɸɳɚɹ (ɫɪɟɞɧɹɹ ɩɨ ɲɢɪɢɧɟ ɩɥɚɫɬɢɧɵ) 

ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɨɯɥɚɠɞɟɧɢɹ ɡɚɩɢɫɵɜɚɟɬɫɹ ɜ ɜɢɞɟ ɩɪɨɢɡɜɟɞɟɧɢɹ Д12]: 
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0 Tu dp      ,     (3.1) 

 

ɝɞɟ 0  – ɫɪɟɞɧɹɹ ɩɨ ɲɢɪɢɧɟ ɩɥɚɫɬɢɧɵ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ 

ɨɯɥɚɠɞɟɧɢɹ ɩɥɨɫɤɨɣ ɩɨɜɟɪɯɧɨɫɬɢ ɩɪɢ ɨɬɫɭɬɫɬɜɢɢ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɢ 

ɭɫɤɨɪɟɧɢɹ ɜɧɟɲɧɟɝɨ ɩɨɬɨɤɚ; εTu ɢ εdp – ɨɬɧɨɫɢɬɟɥɶɧɵɟ ɮɭɧɤɰɢɢ, 

ɭɱɢɬɵɜɚɸɳɢɟ ɜɥɢɹɧɢɟ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɢ ɭɫɤɨɪɟɧɢɹ ɩɨɬɨɤɚ. Ⱦɚɧɧɵɣ ɩɨɞɯɨɞ 

ɲɢɪɨɤɨ ɢɫɩɨɥɶɡɭɟɬɫɹ ɜ ɩɪɚɤɬɢɤɟ ɪɚɫɱɟɬɚ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ. 

 

 
Ɋɢɫɭɧɨɤ 3.6 – Ɉɛɨɛɳɟɧɢɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɞɚɧɧɵɯ. 
 
Ⱦɥɹ ɨɛɨɛɳɟɧɢɹ ɨɩɵɬɧɵɯ ɞɚɧɧɵɯ ɢɫɩɨɥɶɡɨɜɚɧɚ ɮɨɪɦɚ ɭɪɚɜɧɟɧɢɹ, 

ɪɚɫɫɦɨɬɪɟɧɧɚɹ ɜ ɪɚɛɨɬɚɯ Д80,91]. ɉɨɢɫɤ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɜ ɷɬɨɦ ɭɪɚɜɧɟɧɢɢ 

ɨɫɭɳɟɫɬɜɥɹɥɫɹ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɤɨɦɩɶɸɬɟɪɧɨɣ ɩɪɨɝɪɚɦɦɵ Origin ɧɚ ɨɫɧɨɜɟ 

ɧɚɢɦɟɧɶɲɟɝɨ ɫɪɟɞɧɟɤɜɚɞɪɚɬɢɱɧɨɝɨ ɨɬɤɥɨɧɟɧɢɹ ɨɩɵɬɧɵɯ ɞɚɧɧɵɯ ɨɬ 

ɨɛɨɛɳɚɸɳɟɝɨ ɭɪɚɜɧɟɧɢɹ. Ɉɤɨɧɱɚɬɟɥɶɧɵɣ ɜɢɞ ɛɚɡɨɜɨɝɨ ɭɪɚɜɧɟɧɢɹ, 

ɯɚɪɚɤɬɟɪɢɡɭɸɳɟɝɨ ɫɪɟɞɧɸɸ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɩɪɢ 

ɛɟɡɝɪɚɞɢɟɧɬɧɨɦ ɢ ɧɢɡɤɨɬɭɪɛɭɥɟɧɬɧɨɦ (Tu ≈ 1%) ɬɟɱɟɧɢɢ ɧɚ ɩɥɨɫɤɨɣ 

ɩɥɚɫɬɢɧɟ ɩɪɢ m = 0,5…2,0, ɢɦɟɟɬ ɫɥɟɞɭɸɳɢɣ ɜɢɞ: 

 

0 1,1 0,8

1,5
/ 0,13 ( / )t d m x sm




 .   (3.2) 
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Ɂɞɟɫɶ s – ɲɢɪɢɧɚ ɷɤɜɢɜɚɥɟɧɬɧɨɣ ɳɟɥɢ. ɋɪɚɜɧɟɧɢɟ ɪɟɡɭɥɶɬɚɬɨɜ ɪɚɫɱɟɬɚ 

ɩɨ ɭɪɚɜɧɟɧɢɸ (3.2) ɫ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦɢ ɞɚɧɧɵɦɢ ɩɪɟɞɫɬɚɜɥɟɧɨ ɧɚ ɪɢɫ. 3.6. 

Ʉɚɤ ɫɥɟɞɭɟɬ, ɦɚɤɫɢɦɚɥɶɧɨɟ ɨɬɤɥɨɧɟɧɢɟ ɨɩɵɬɧɵɯ ɞɚɧɧɵɯ ɨɬ ɨɛɨɛɳɚɸɳɟɝɨ 

ɭɪɚɜɧɟɧɢɹ (3.2) ɧɚɛɥɸɞɚɟɬɫɹ ɧɚ ɭɱɚɫɬɤɟ x/d < 10 ɢ ɧɟ ɩɪɟɜɵɲɚɟɬ 10%. 

 

3.3 ɋɪɚɜɧɢɬɟɥɶɧɵɣ ɚɧɚɥɢɡ 

ɉɪɚɤɬɢɱɟɫɤɢɣ ɢɧɬɟɪɟɫ ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɪɚɜɧɟɧɢɟ ɫɯɟɦɵ ɩɚɪɧɵɯ 

ɨɬɜɟɪɫɬɢɣ ɫɨ ɫɯɟɦɨɣ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɧɚɤɥɨɧɧɵɯ ɨɬɜɟɪɫɬɢɣ, ɤɨɬɨɪɚɹ ɲɢɪɨɤɨ 

ɢɫɩɨɥɶɡɭɟɬɫɹ ɜ ɩɪɚɤɬɢɤɟ ɝɚɡɨɬɭɪɛɨɫɬɪɨɟɧɢɹ.  

ɇɚ ɪɢɫ. 3.7 ɞɚɟɬɫɹ ɫɪɚɜɧɟɧɢɟ ɩɨɥɭɱɟɧɧɵɯ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɞɚɧɧɵɯ ɫ 

ɞɚɧɧɵɦɢ ɬɪɚɞɢɰɢɨɧɧɨɣ (ɪɢɫ. 1.5ɝ) ɞɜɭɯɪɹɞɧɨɣ ɫɢɫɬɟɦɵ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ 

ɨɬɜɟɪɫɬɢɣ Д73] ɫ ɬɚɤɢɦ ɠɟ ɲɚɝɨɦ t/d = 4,0. Ʉɚɤ ɫɥɟɞɭɟɬ ɩɪɢ m = 0,50 ɢ m = 1,0 

ɨɩɵɬɧɵɟ ɞɚɧɧɵɟ ɞɥɹ ɢɫɫɥɟɞɨɜɚɧɧɨɣ ɫɢɫɬɟɦɵ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ ɩɪɟɜɵɲɚɸт 

ɞɚɧɧɵɟ ɞɥɹ ɬɪɚɞɢɰɢɨɧɧɨɣ ɫɯɟɦɵ, ɧɨ ɩɪɢ m = 1,5 ɨɧɢ ɭɠɟ ɩɪɚɤɬɢɱɟɫɤɢ ɧɟ 

ɨɬɥɢɱɚɸɬɫɹ ɞɪɭɝ ɨɬ ɞɪɭɝɚ. 
 

 

Ɋɢɫɭɧɨɤ 3.7 – ɉɪɨɞɨɥɶɧɨɟ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɫɪɟɞɧɟɣ ɩɨ ɲɢɪɢɧɟ ɩɥɚɫɬɢɧɵ 
ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹμ 1 – ɪɟɡɭɥɶɬɚɬɵ ɧɚɫɬɨɹɳɟɣ 
ɪɚɛɨɬɵ, ɫɢɫɬɟɦɚ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ (t/d = 4,0); 2 – ɬɪɚɞɢɰɢɨɧɧɚɹ ɫɢɫɬɟɦɚ 
ɧɚɤɥɨɧɧɵɯ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɨɬɜɟɪɫɬɢɣ (t/d = 4,0) [73]. 
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ɇɚ ɪɢɫ. 3.8 ɩɪɢɜɨɞɢɬɫɹ ɫɪɚɜɧɟɧɢɟ ɫɪɟɞɧɟɣ ɩɨ ɲɢɪɢɧɟ ɩɥɚɫɬɢɧɵ 

ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɫɢɫɬɟɦɵ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ ɫ ɞɪɭɝɢɦɢ ɩɟɪɫɩɟɤɬɢɜɧɵɦɢ 

ɫɯɟɦɚɦɢ, ɤɨɬɨɪɵɟ ɚɤɬɢɜɧɨ ɢɡɭɱɚɸɬɫɹ ɡɚ ɪɭɛɟɠɨɦ. ɋɪɟɞɢ ɧɢɯ – ɞɜɭɯɪɹɞɧɚɹ 

ɫɯɟɦɚ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɨɬɜɟɪɫɬɢɣ ɜ ɩɨɥɭɫɮɟɪɢɱɟɫɤɢɯ ɭɝɥɭɛɥɟɧɢɹɯ 

(ɨɫɰɢɥɥɢɪɭɸɳɟɟ ɨɯɥɚɠɞɟɧɢɟ) Д107], ɨɞɧɨɪɹɞɧɚɹ ɫɯɟɦɚ ɧɚɤɥɨɧɧɵɯ ɨɬɜɟɪɫɬɢɣ 

ɜ «ɤɪɚɬɟɪɚɯ» Д108] ɢ ɜ ɬɪɚɧɲɟɟ Д56].  

 

 
Ɋɢɫɭɧɨɤ 3.8 – ɋɪɚɜɧɟɧɢɟ ɫɪɟɞɧɟɣ ɩɨ ɲɢɪɢɧɟ ɩɥɚɫɬɢɧɵ ɷɮɮɟɤɬɢɜɧɨɫɬɢ 
ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɞɥɹ ɧɟɤɨɬɨɪɵɯ ɩɟɪɫɩɟɤɬɢɜɧɵɯ ɫɯɟɦμ  
1 – ɞɜɭɯɪɹɞɧɚɹ ɫɯɟɦɚ ɨɬɜɟɪɫɬɢɣ ɜ ɫɮɟɪɢɱɟɫɤɢɯ ɭɝɥɭɛɥɟɧɢɹɯ Д107]; 
2 – ɨɞɧɨɪɹɞɧɚɹ ɫɯɟɦɚ ɧɚɤɥɨɧɧɵɯ ɨɬɜɟɪɫɬɢɣ ɜ ɤɪɚɬɟɪɚɯ [108];  
3 – ɨɞɧɨɪɹɞɧɚɹ ɫɯɟɦɚ ɧɚɤɥɨɧɧɵɯ ɨɬɜɟɪɫɬɢɣ ɜ ɬɪɚɧɲɟɟ Д56];  
4 – ɪɟɡɭɥɶɬɚɬɵ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɵ, ɩɚɪɧɵɟ ɨɬɜɟɪɫɬɢɹ.  
 
ɋɪɚɜɧɟɧɢɟ ɩɨɤɚɡɵɜɚɟɬ, ɱɬɨ ɩɪɢ ɦɚɥɵɯ ɡɧɚɱɟɧɢɹɯ ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ 

(m = 0,5) ɢɫɫɥɟɞɨɜɚɧɧɚɹ ɫɢɫɬɟɦɚ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ ɹɜɥɹɟɬɫɹ ɧɚɢɛɨɥɟɟ 

ɷɮɮɟɤɬɢɜɧɨɣ, ɨɧɚ ɞɚɠɟ ɫɪɚɜɧɢɦɚ ɫ ɞɜɭɯɪɹɞɧɨɣ ɫɯɟɦɨɣ ɨɬɜɟɪɫɬɢɣ ɜ 

ɩɨɥɭɫɮɟɪɢɱɟɫɤɢɯ ɭɝɥɭɛɥɟɧɢɹɯ. Эɬɨ ɜɩɨɥɧɟ ɨɛɴɹɫɧɢɦɨ, ɬ.ɤ. ɩɪɢ m = 0,5 

ɨɬɫɭɬɫɬɜɭɟɬ ɨɬɪɵɜ ɩɨɬɨɤɚ ɢ ɞɜɭɯɪɹɞɧɚɹ ɫɯɟɦɚ ɩɪɟɞɩɨɱɬɢɬɟɥɶɧɟɣ ɥɸɛɨɣ 

ɨɞɧɨɪɹɞɧɨɣ. ɉɪɢ ɭɜɟɥɢɱɟɧɢɢ ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ ɞɨ m = 1,0 ɷɮɮɟɤɬɢɜɧɨɫɬɶ 

ɨɯɥɚɠɞɟɧɢɹ ɫɯɟɦɵ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ ɫɬɚɧɨɜɢɬɫɹ ɫɪɚɜɧɢɦɨɣ ɫɨ ɫɯɟɦɨɣ 

ɨɬɜɟɪɫɬɢɣ ɜ «ɤɪɚɬɟɪɚɯ» ɢ ɬɪɚɧɲɟɟ, ɧɨ ɭɫɬɭɩɚɟɬ ɞɜɭɯɪɹɞɧɨɣ ɫɯɟɦɟ ɨɬɜɟɪɫɬɢɣ 
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ɜ ɩɨɥɭɫɮɟɪɢɱɟɫɤɢɯ ɭɝɥɭɛɥɟɧɢɹɯ. ɉɪɢ ɞɚɥɶɧɟɣɲɟɦ ɭɜɟɥɢɱɟɧɢɢ ɩɚɪɚɦɟɬɪɚ 

ɜɞɭɜɚ (m = 1,5) ɧɚ ɨɫɧɨɜɧɨɦ ɭɱɚɫɬɤɟ ɫɢɫɬɟɦɚ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ ɫɬɚɧɨɜɢɬɫɹ 

ɫɪɚɜɧɢɦɨɣ ɫɨ ɫɯɟɦɨɣ ɨɬɜɟɪɫɬɢɣ ɜ «ɤɪɚɬɟɪɚɯ» ɢ ɬɪɚɧɲɟɟ ɢ ɭɫɬɭɩɚɟɬ ɫɯɟɦɟ 

ɞɜɭɯɪɹɞɧɵɯ ɩɨɥɭɫɮɟɪɢɱɟɫɤɢɯ ɭɝɥɭɛɥɟɧɢɣ. ɉɪɢ m = 2,0 ɩɚɪɧɵɟ ɨɬɜɟɪɫɬɢɹ 

ɭɫɬɭɩɚɸɬ ɜɫɟɦ ɪɚɫɫɦɚɬɪɢɜɚɟɦɵɦ ɤɨɧɮɢɝɭɪɚɰɢɹɦ, ɨɫɨɛɟɧɧɨ ɧɚ ɭɱɚɫɬɤɟ 

x/d < 15. 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɫɢɫɬɟɦɚ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ ɜ ɨɛɥɚɫɬɢ m ≤ 1,0 

ɩɪɟɜɵɲɚɟɬ ɞɚɧɧɵɟ ɞɥɹ ɬɪɚɞɢɰɢɨɧɧɨɣ ɫɯɟɦɵ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɧɚɤɥɨɧɧɵɯ 

ɨɬɜɟɪɫɬɢɣ, ɚ ɩɪɢ m >1,0 ɧɟ ɭɫɬɭɩɚɟɬ ɟɣ. ɉɪɢ m = 0,5 ɫɯɟɦɚ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ 

ɩɨɤɚɡɵɜɚɟɬ ɪɟɡɭɥɶɬɚɬɵ ɜɵɲɟ ɫɯɟɦ ɨɬɜɟɪɫɬɢɣ ɜ ɤɪɚɬɟɪɚɯ ɢ ɬɪɚɧɲɟɟ ɢ ɧɟ 

ɭɫɬɭɩɚɟɬ ɫɯɟɦɟ ɞɜɭɯɪɹɞɧɵɯ ɩɨɥɭɫɮɟɪɢɱɟɫɤɢɯ ɭɝɥɭɛɥɟɧɢɣ, ɤɨɬɨɪɚɹ 

ɞɟɦɨɧɫɬɪɢɪɭɟɬ ɜɵɫɨɤɢɟ ɩɨɤɚɡɚɬɟɥɢ ɜɨ ɜɫɟɦ ɞɢɚɩɚɡɨɧɟ ɢɡɦɟɧɟɧɢɹ ɩɚɪɚɦɟɬɪɚ 

ɜɞɭɜɚ. ɉɪɢ m = 1,0 ɢ 1,5 ɨɧɚ ɫɬɚɧɨɜɢɬɫɹ ɫɪɚɜɧɢɦɨɣ ɫ ɞɪɭɝɢɦɢ 

ɩɟɪɫɩɟɤɬɢɜɧɵɦɢ ɫɯɟɦɚɦɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ, ɚ ɩɪɢ m = 2,0 ɭɫɬɭɩɚɟɬ 

ɢɦ, ɨɫɨɛɟɧɧɨ ɧɚ ɭɱɚɫɬɤɟ x/d < 15. 

 

3.4 ɇɟɪɚɜɧɨɦɟɪɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ 

ɉɨɩɟɪɟɱɧɚɹ ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɶ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɜ 

ɡɧɚɱɢɬɟɥɶɧɨɣ ɫɬɟɩɟɧɢ ɨɩɪɟɞɟɥɹɟɬ ɠɢɡɧɟɧɧɵɣ ɰɢɤɥ ɥɨɩɚɬɨɤ ɝɚɡɨɜɵɯ ɬɭɪɛɢɧ. 

Чɟɦ ɜɵɲɟ ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɶ ɨɯɥɚɠɞɟɧɢɹ, ɬɟɦ ɛɨɥɟɟ ɜɵɫɨɤɢɟ ɬɟɪɦɢɱɟɫɤɢɟ 

ɧɚɩɪɹɠɟɧɢɹ ɧɚɛɥɸɞɚɸɬɫɹ ɜ ɨɯɥɚɠɞɚɟɦɨɣ ɫɬɟɧɤɟ. ɉɨɷɬɨɦɭ ɩɪɢ ɜɵɛɨɪɟ 

ɤɨɧɤɪɟɬɧɨɣ ɫɯɟɦɵ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɫɬɟɩɟɧɶ ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɢ 

ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɢɝɪɚɟɬ ɜɚɠɧɭɸ ɪɨɥɶ. 

Эɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɞɚɧɧɵɟ, ɩɪɟɞɫɬɚɜɥɟɧɧɵɟ ɧɚ ɪɢɫ. 3.3, ɩɨɤɚɡɵɜɚɸɬ, 

ɱɬɨ ɩɪɢ ɜɫɟɯ ɡɧɚɱɟɧɢɹɯ m ɡɚ ɫɢɫɬɟɦɨɣ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ ɢɦɟɟɬ ɦɟɫɬɨ 

ɩɨɩɟɪɟɱɧɚɹ ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ, ɛɨɥɟɟ ɜɵɪɚɠɟɧɧɚɹ ɜ 

ɨɛɥɚɫɬɢ x/d < 15. ɇɢɠɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ, ɯɚɪɚɤɬɟɪɢɡɭɸɳɢɟ 

ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɞɥɹ ɢɫɫɥɟɞɨɜɚɧɧɨɣ ɫɯɟɦɵ 

ɨɯɥɚɠɞɟɧɢɹ. 
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Ɋɢɫɭɧɨɤ 3.9 – ɉɨɩɟɪɟɱɧɨɟ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɥɨɤɚɥɶɧɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ 
ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɩɪɢ m = 1,0.  
 
ɇɚ ɪɢɫ. 3.λ ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɨɩɪɟɞɟɥɟɧɢɹ ɥɨɤɚɥɶɧɨɣ 

ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɜ ɩɨɩɟɪɟɱɧɨɦ ɧɚɩɪɚɜɥɟɧɢɢ ɞɥɹ 

ɪɚɡɥɢɱɧɵɯ ɫɟɱɟɧɢɣ ɩɪɢ m = 1,0. ɏɚɪɚɤɬɟɪɧɨɣ ɨɫɨɛɟɧɧɨɫɬɶɸ ɞɚɧɧɨɣ ɫɯɟɦɵ 

ɹɜɥɹɟɬɫɹ ɦɢɧɢɦɭɦ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɨɯɥɚɠɞɟɧɢɹ, ɤɨɬɨɪɵɣ ɧɚɛɥɸɞɚɟɬɫɹ ɜ 

ɨɛɥɚɫɬɢ z/d = 0,6…0,7. В ɩɟɪɜɨɦ ɢɡɦɟɪɢɬɟɥɶɧɨɦ ɫɟɱɟɧɢɢ x/d = 6,25 

ɩɨɩɟɪɟɱɧɚɹ ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɜɟɫɶɦɚ ɡɧɚɱɢɬɟɥɶɧɚ. 

Ɉɞɧɚɤɨ ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ ɩɪɨɞɨɥɶɧɨɣ ɤɨɨɪɞɢɧɚɬɵ ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɶ 

ɨɯɥɚɠɞɟɧɢɹ ɩɨɫɬɟɩɟɧɧɨ ɭɦɟɧɶɲɚɟɬɫɹ ɢ ɩɪɚɤɬɢɱɟɫɤɢ ɢɫɱɟɡɚɟɬ ɩɪɢ x/d = 15,63. 

Ⱦɥɹ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɫɬɟɩɟɧɢ ɩɨɩɟɪɟɱɧɨɣ ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɢ ɛɭɞɟɦ 

ɢɫɩɨɥɶɡɨɜɚɬɶ ɫɥɟɞɭɸɳɟɟ ɨɬɧɨɲɟɧɢɟ Д109]: 

 

max min

 


,     (3.3) 

 

ɡɞɟɫɶ   – ɫɪɟɞɧɟɟ ɡɧɚɱɟɧɢɟ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɜ 

ɤɨɧɤɪɟɬɧɨɦ ɫɟɱɟɧɢɢ; ηmax , ηmin – ɦɚɤɫɢɦɚɥɶɧɨɟ ɢ ɦɢɧɢɦɚɥɶɧɨ ɡɧɚɱɟɧɢɟ 

ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɜ ɬɨɦ ɠɟ ɫɟɱɟɧɢɢ; ɨɫɪɟɞɧɟɧɢɟ ɞɚɧɧɵɯ ɩɪɨɜɨɞɢɥɨɫɶ ɩɨ 

ɭɪɚɜɧɟɧɢɸ (2.4). 
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Ɋɢɫɭɧɨɤ 3.10 – ɋɬɟɩɟɧɶ ɩɨɩɟɪɟɱɧɨɣ ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ 
ɨɯɥɚɠɞɟɧɢɹ ɞɥɹ ɪɚɡɥɢɱɧɵɯ ɡɧɚɱɟɧɢɣ m: 1 – ɞɚɧɧɵɟ ɧɚɫɬɨɹɳɟɝɨ 
ɢɫɫɥɟɞɨɜɚɧɢɹ, ɫɢɫɬɟɦɚ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ; 2 – ɬɪɚɞɢɰɢɨɧɧɚɹ ɞɜɭɯɪɹɞɧɚɹ 
ɫɢɫɬɟɦɚ ɧɚɤɥɨɧɧɵɯ ɨɬɜɟɪɫɬɢɣ Д91]. 

 

ɇɚ ɪɢɫ. 3.10 ɩɪɢɜɟɞɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɨɛɨɛɳɟɧɢɹ ɜɵɩɨɥɧɟɧɧɵɯ 

ɢɡɦɟɪɟɧɢɣ ɧɚɫɬɨɹɳɟɝɨ ɢɫɫɥɟɞɨɜɚɧɢɹ ɞɥɹ ɧɟɫɤɨɥɶɤɢɯ ɡɧɚɱɟɧɢɣ m, ɚ 

ɩɟɪɜɢɱɧɵɟ ɞɚɧɧɵɟ ɩɪɢɜɟɞɟɧɵ ɜ ɉɪɢɥɨɠɟɧɢɢ В. Ɂɞɟɫɶ ɠɟ ɩɪɟɞɫɬɚɜɥɟɧɵ 

ɨɩɵɬɧɵɟ ɞɚɧɧɵɟ ɪɚɛɨɬɵ Д91] ɞɥɹ ɬɪɚɞɢɰɢɨɧɧɨɣ ɞɜɭɯɪɹɞɧɨɣ ɫɢɫɬɟɦɵ 

ɨɬɜɟɪɫɬɢɣ (t/d = 5,0). Иɡ ɩɪɟɞɫɬɚɜɥɟɧɧɵɯ ɞɚɧɧɵɯ ɫɥɟɞɭɟɬ, ɱɬɨ ɩɪɢ m=0,5 ɢ, 

ɨɫɨɛɟɧɧɨ ɩɪɢ m=1,0 ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɶ ɫɯɟɦɵ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ ɫɭɳɟɫɬɜɟɧɧɨ 

ɧɢɠɟ, ɱɟɦ ɬɪɚɞɢɰɢɨɧɧɨɣ ɫɯɟɦɵ ɩɪɢ ɬɟɯ ɠɟ ɭɫɥɨɜɢɹɯ. Эɬɨ ɜɩɨɥɧɟ ɨɛɴɹɫɧɢɦɨ, 

ɬ.ɤ. ɩɪɢ ɦɚɥɵɯ ɩɚɪɚɦɟɬɪɚɯ ɜɞɭɜɚ ɨɬɫɭɬɫɬɜɭɟɬ ɨɬɪɵɜ ɩɨɬɨɤɚ ɨɬ ɩɨɜɟɪɯɧɨɫɬɢ ɢ, 

ɛɥɚɝɨɞɚɪɹ ɫɥɨɠɧɨɦɭ ɭɝɥɭ ɩɨɞɚɱɢ ɨɯɥɚɞɢɬɟɥɹ ɩɪɨɢɫɯɨɞɢɬ ɛɨɥɟɟ ɛɵɫɬɪɨɟ 

ɩɟɪɟɦɟɲɢɜɚɧɢɟ ɫɬɪɭɣ. ɉɪɢ m=1,5 ɫɬɟɩɟɧɶ ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɢ ɞɥɹ ɨɛɟɢɯ ɫɯɟɦ 

ɩɪɢɦɟɪɧɨ ɨɞɢɧɚɤɨɜɚ, ɚ ɩɪɢ m=2,0 ɬɪɚɞɢɰɢɨɧɧɚɹ ɞɜɭɯɪɹɞɧɚɹ ɫɯɟɦɚ 

ɫɬɚɧɨɜɢɬɫɹ ɞɚɠɟ ɧɟɫɤɨɥɶɤɨ ɥɭɱɲɟ ɫɯɟɦɵ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ.  
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Ɋɢɫɭɧɨɤ 3.11 – ɋɬɟɩɟɧɶ ɩɨɩɟɪɟɱɧɨɣ ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɢ ɷɮɮɟɤɬɢɜɧɨɫɬɢ 
ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɩɥɨɫɤɨɣ ɩɥɚɫɬɢɧɵ ɡɚ ɫɢɫɬɟɦɨɣ ɩɚɪɧɵɯ 
ɨɬɜɟɪɫɬɢɣ. 
 
ɇɚ ɪɢɫ. 3.11 ɩɨɤɚɡɚɧɵ ɪɟɡɭɥɶɬɚɬɵ ɨɛɨɛɳɟɧɢɹ ɨɩɵɬɧɵɯ ɞɚɧɧɵɯ ɩɨ 

ɫɬɟɩɟɧɢ ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɢ ɧɚ ɩɥɚɫɬɢɧɟ ɡɚ ɩɚɪɧɵɦɢ ɨɬɜɟɪɫɬɢɹɦɢ. Ʉɚɤ ɫɥɟɞɭɟɬ, 

ɜ ɞɚɧɧɨɣ ɨɛɪɚɛɨɬɤɟ ɧɟ ɭɞɚɟɬɫɹ ɜɵɞɟɥɢɬɶ ɨɞɧɨɡɧɚɱɧɨɟ ɜɥɢɹɧɢɟ ɩɚɪɚɦɟɬɪɚ 

ɜɞɭɜɚ m ɢ ɜɫɟ ɨɩɵɬɧɵɟ ɞɚɧɧɵɟ ɪɚɫɩɨɥɚɝɚɸɬɫɹ ɜ ɭɡɤɨɦ «ɤɨɪɢɞɨɪɟ» ɲɢɪɢɧɨɣ 

ε ≈ 0,10 ɦɟɠɞɭ ɞɚɧɧɵɦɢ, ɯɚɪɚɤɬɟɪɢɡɭɸɳɢɦɢ ɦɚɤɫɢɦɚɥɶɧɨɟ ɢ ɦɢɧɢɦɚɥɶɧɨɣ 

ɡɧɚɱɟɧɢɹ ε. ɇɚɢɛɨɥɟɟ ɜɵɫɨɤɚɹ ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɶ ɨɯɥɚɠɞɟɧɢɹ ɧɚɛɥɸɞɚɟɬɫɹ ɜ 

ɨɛɥɚɫɬɢ x/d < 15, ɝɞɟ ɩɪɨɢɫɯɨɞɢɬ ɛɵɫɬɪɨɟ ɟɟ ɫɧɢɠɟɧɢɟ. Ɂɞɟɫɶ ɜɟɥɢɱɢɧɚ ε 

ɢɡɦɟɧɹɟɬɫɹ ɨɬ 0,23…0,34 ɩɪɢ x/d = 5 ɞɨ 0,08…0,13 ɩɪɢ x/d = 15. Ⱦɥɹ ɜɫɟɯ 

ɡɧɚɱɟɧɢɣ ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ m ɩɨɤɪɵɬɢɟ ɩɨɜɟɪɯɧɨɫɬɢ ɩɥɟɧɤɨɣ ɨɯɥɚɞɢɬɟɥɹ ɫɨ 

ɫɬɟɩɟɧɶɸ ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɢ ε < 0,10 ɞɨɫɬɢɝɚɟɬɫɹ ɜ ɨɛɥɚɫɬɢ x/d > 20. 

 

3.5 Вɧɟɲɧɹɹ ɬɭɪɛɭɥɟɧɬɧɨɫɬɶ ɩɨɬɨɤɚ 

В ɷɤɫɩɟɪɢɦɟɧɬɚɯ ɫ ɜɧɟɲɧɟɣ ɬɭɪɛɭɥɟɧɬɧɨɫɬɶɸ ɩɨɬɨɤɚ ɢɫɩɨɥɶɡɨɜɚɥɫɹ ɬɨɬ 

ɠɟ ɪɚɛɨɱɢɣ ɭɱɚɫɬɨɤ (ɩɚɪɧɵɟ ɨɬɜɟɪɫɬɢɹ). Ʉɚɤ ɭɤɚɡɵɜɚɥɨɫɶ ɜ ɪɚɡɞɟɥɟ 2, ɞɥɹ 

ɝɟɧɟɪɚɰɢɢ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɧɚ ɜɯɨɞɟ ɜ ɫɨɩɥɨ Вɢɬɨɲɢɧɫɤɨɝɨ ɭɫɬɚɧɚɜɥɢɜɚɥɚɫɶ 

ɬɭɪɛɭɥɢɡɢɪɭɸɳɚɹ ɪɟɲɟɬɤɚ ɫ ɨɬɧɨɫɢɬɟɥɶɧɵɦ ɩɪɨɯɨɞɧɵɦ ɫɟɱɟɧɢɟɦ 17,3 % 

(ɪɢɫ. 2.10). В ɷɬɨɦ ɫɥɭɱɚɟ ɧɚ ɜɵɯɨɞɟ ɢɡ ɫɨɩɥɚ ɨɛɟɫɩɟɱɢɜɚɥɚɫɶ ɬɭɪɛɭɥɟɧɬɧɨɫɬɶ 

ɛɥɢɡɤɚɹ ɤ ɢɡɨɬɪɨɩɧɨɣ. В ɢɫɫɥɟɞɨɜɚɧɧɨɦ ɞɢɚɩɚɡɨɧɟ ɢɡɦɟɧɟɧɢɹ ɫɤɨɪɨɫɬɢ 

ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɚ ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɩɪɨɞɨɥɶɧɨɣ ɫɨɫɬɚɜɥɹɸɳɟɣ 
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ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɜɨɡɞɭɲɧɨɝɨ ɩɨɬɨɤɚ ɧɚ ɜɵɯɨɞɟ ɢɡ ɫɨɩɥɚ 

ɫɨɫɬɚɜɥɹɥɚ ɨɤɨɥɨ 7 % (ɪɚɡɞɟɥ 2).  

Ɋɟɡɭɥɶɬɚɬɵ ɨɛɪɚɛɨɬɤɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɞɚɧɧɵɯ ɩɨ ɷɮɮɟɤɬɢɜɧɨɫɬɢ 

ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɩɪɟɞɫɬɚɜɥɟɧɵ ɜ ɉɪɢɥɨɠɟɧɢɢ В (ɬɚɛɥ. В.3). 

 

 

 
Ɋɢɫɭɧɨɤ 3.12 – Ʌɨɤɚɥɶɧɚɹ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɡɚ 
ɫɢɫɬɟɦɨɣ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ ɩɪɢ Tu = 7%: 1 — z/t = 0; 2 — z/t = 0,25; 3 
— z/t = 0,5; 4 — z/t = 0,75; 5 — z/t = 1,0. 
 
Ɋɚɫɩɪɟɞɟɥɟɧɢɟ ɥɨɤɚɥɶɧɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ 

ɩɥɨɫɤɨɣ ɩɥɚɫɬɢɧɵ ɡɚ ɫɢɫɬɟɦɨɣ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ ɩɪɢ ɜɧɟɲɧɟɣ 

ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɩɨɬɨɤɚ ɩɨɤɚɡɚɧɨ ɧɚ ɪɢɫɭɧɤɟ 3.12. Иɡ ɩɪɟɞɫɬɚɜɥɟɧɧɵɯ 

ɪɟɡɭɥɶɬɚɬɨɜ ɦɨɠɧɨ ɫɞɟɥɚɬɶ ɫɥɟɞɭɸɳɢɟ ɜɵɜɨɞɵ. ɉɪɢ m = 0,5 ɢ 1,0 

ɧɚɛɥɸɞɚɟɬɫɹ ɩɨɫɬɟɩɟɧɧɨɟ ɫɧɢɠɟɧɢɟ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɨɯɥɚɠɞɟɧɢɹ ɩɨɜɟɪɯɧɨɫɬɢ 

ɩɨ ɞɥɢɧɟ ɩɥɚɫɬɢɧɵ. ɇɚɢɛɨɥɟɟ ɜɵɫɨɤɢɟ ɡɧɚɱɟɧɢɹ ɥɨɤɚɥɶɧɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ 

ɧɚɛɥɸɞɚɸɬɫɹ ɧɚ ɥɢɧɢɹɯ z/t = 0 ɢ z/t = 1,0, ɤɨɬɨɪɵɟ ɩɪɨɯɨɞɹɬ ɱɟɪɟɡ ɩɟɪɟɞɧɸɸ 

ɤɪɨɦɤɭ ɜɬɨɪɨɝɨ ɪɹɞɚ ɨɬɜɟɪɫɬɢɣ, ɚ ɧɚɢɛɨɥɟɟ ɧɢɡɤɢɟ ɧɚ ɥɢɧɢɢ z/t = 0,5, 

ɩɪɨɯɨɞɹɳɟɣ ɩɨɫɟɪɟɞɢɧɟ ɦɟɠɞɭ ɨɬɜɟɪɫɬɢɹɦɢ. ɉɪɢ m = 1,5…3,0 ɧɚ ɥɢɧɢɹɯ 

z/t = 0,25 ɢ z/t = 0,5 ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɢɡɦɟɧɹɟɬɫɹ ɫɥɨɠɧɵɦ ɨɛɪɚɡɨɦ, ɬɚɤ ɠɟ ɤɚɤ ɢ 

ɩɪɢ ɨɬɫɭɬɫɬɜɢɢ ɜɧɟɲɧɟɣ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ (ɪɢɫ. 3.3). 
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Ɋɢɫɭɧɨɤ 3.13 – Вɥɢɹɧɢɟ ɜɧɟɲɧɟɣ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɧɚ ɥɨɤɚɥɶɧɭɸ 
ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɡɚ ɫɢɫɬɟɦɨɣ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ 
ɩɪɢ m = 1,0: 1 –  Tu = 1%; 2 – Tu = 7%. 
 
ɇɚ ɪɢɫ. 3.13 ɞɥɹ ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ m = 1,0 ɩɪɟɞɫɬɚɜɥɟɧɵ 

ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɞɚɧɧɵɟ ɞɥɹ ɬɭɪɛɭɥɢɡɢɪɨɜɚɧɧɨɝɨ (Tu = 7%) ɢ 

ɧɟɬɭɪɛɭɥɢɡɢɪɨɜɚɧɧɨɝɨ (Tu = 1%) ɩɨɬɨɤɚ. Ⱥɧɚɥɨɝɢɱɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɞɥɹ 

ɩɚɪɚɦɟɬɪɨɜ ɜɞɭɜɚ m = 0,5; 1,5 ɢ 2,0 ɩɪɢɜɟɞɟɧɵ ɜ ɉɪɢɥɨɠɟɧɢɢ В (ɪɢɫ. В.1). 

Ʉɚɤ ɫɥɟɞɭɟɬ, ɜ ɪɚɫɫɦɚɬɪɢɜɚɟɦɵɯ ɭɫɥɨɜɢɹɯ ɜɧɟɲɧɹɹ ɬɭɪɛɭɥɟɧɬɧɨɫɬɶ 

ɩɪɚɤɬɢɱɟɫɤɢ ɧɟ ɨɤɚɡɵɜɚɟɬ ɜɥɢɹɧɢɹ ɧɚ ɥɨɤɚɥɶɧɨɟ ɡɧɚɱɟɧɢɟ ɷɮɮɟɤɬɢɜɧɨɫɬɢ 

ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ. 

ɇɚ ɪɢɫ. 3.14 ɩɨɤɚɡɚɧɚ ɫɪɟɞɧɹɹ ɩɨ ɲɢɪɢɧɟ ɩɥɚɫɬɢɧɵ ɷɮɮɟɤɬɢɜɧɨɫɬɶ 

ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɡɧɚɱɟɧɢɹɯ ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ ɜ 

ɭɫɥɨɜɢɹɯ ɜɧɟɲɧɟɣ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ. Ɉɫɪɟɞɧɟɧɢɟ ɥɨɤɚɥɶɧɵɯ ɡɧɚɱɟɧɢɣ 

ɩɪɨɜɨɞɢɥɨɫɶ ɜ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ ɭɪɚɜɧɟɧɢɟɦ (2.4). Ʉɚɤ ɫɥɟɞɭɟɬ, ɜ ɲɢɪɨɤɨɦ 

ɞɢɚɩɚɡɨɧɟ ɢɡɦɟɧɟɧɢɹ ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ ɜɥɢɹɧɢɟ ɜɧɟɲɧɟɣ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɧɚ 

ɫɪɟɞɧɸɸ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɧɟ ɩɪɟɜɵɲɚɟɬ 5%. Эɬɨ ɫɨɝɥɚɫɭɟɬɫɹ ɫ ɞɚɧɧɵɦɢ ɨ 

ɫɥɚɛɨɦ ɜɥɢɹɧɢɢ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ, ɤɨɬɨɪɵɟ ɩɨɥɭɱɟɧɵ ɜ ɪɚɛɨɬɟ Д80] ɩɪɢ 

ɢɫɫɥɟɞɨɜɚɧɢɢ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɡɚ ɫɢɫɬɟɦɨɣ ɩɪɨɮɢɥɢɪɨɜɚɧɧɵɯ ɨɬɜɟɪɫɬɢɣ. 

Ɇɨɠɧɨ ɬɚɤɠɟ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɜ ɪɟɡɭɥɶɬɚɬɟ ɫɦɟɲɟɧɢɹ ɢ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ 
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ɫɨɫɟɞɧɢɯ ɫɬɪɭɣ ɩɪɨɢɫɯɨɞɢɬ ɝɟɧɟɪɚɰɢɹ ɞɨɫɬɚɬɨɱɧɨ ɜɵɫɨɤɨɣ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɢ 

ɜɧɟɲɧɹɹ ɬɭɪɛɭɥɟɧɬɧɨɫɬɶ, ɢɫɩɨɥɶɡɨɜɚɧɧɚɹ ɜ ɧɚɫɬɨɹɳɢɯ ɷɤɫɩɟɪɢɦɟɧɬɚɯ (7%), 

ɧɟ ɨɤɚɡɵɜɚɟɬ ɫɭɳɟɫɬɜɟɧɧɨɝɨ ɜɥɢɹɧɢɹ ɧɚ ɝɢɞɪɨɞɢɧɚɦɢɤɭ ɢ ɬɟɩɥɨɜɵɟ 

ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɡɚɳɢɬɧɨɣ ɩɥɟɧɤɢ. 
 

 

Ɋɢɫɭɧɨɤ 3.14 – Вɥɢɹɧɢɟ ɜɧɟɲɧɟɣ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɧɚ ɨɫɪɟɞɧɟɧɧɭɸ 
ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɡɚ ɫɢɫɬɟɦɨɣ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣμ 
1 –  Tu = 1%; 2 – Tu = 7%. 
 
ɇɚ ɪɢɫ 3.15 ɩɪɟɞɫɬɚɜɥɟɧɨ ɜɥɢɹɧɢɟ ɜɧɟɲɧɟɣ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɧɚ ɫɬɟɩɟɧɶ 

ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɢ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɡɚ ɩɚɪɧɵɦɢ 

ɨɬɜɟɪɫɬɢɹɦɢ ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɡɧɚɱɟɧɢɹɯ Tu ɢ m. Иɡ ɩɪɟɞɫɬɚɜɥɟɧɧɵɯ ɞɚɧɧɵɯ 

ɫɥɟɞɭɟɬ, ɱɬɨ ɩɪɢ m = 0,50 ɜɥɢɹɧɢɟ ɜɧɟɲɧɟɣ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɩɪɚɤɬɢɱɟɫɤɢ ɧɟ 

ɩɪɨɹɜɥɹɟɬɫɹ, ɚ ɩɪɢ m = 1,0 ɨɧɨ ɩɪɨɹɜɥɹɟɬɫɹ ɬɨɥɶɤɨ ɜ ɨɛɥɚɫɬɢ x/d > 15. ɉɪɢ 

m = 2,0 ɢ m = 2,5 ɜɥɢɹɧɢɟ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɨɬɦɟɱɟɧɨ ɧɚ ɜɫɟɣ ɞɥɢɧɟ ɩɥɚɫɬɢɧɵ, 

ɩɪɢɱɟɦ ɛɨɥɟɟ ɡɚɦɟɬɧɨ ɩɪɢ m = 2,5. Ⱦɥɹ m ≥ 1,0 ɛɵɫɬɪɨɟ ɭɦɟɧɶɲɟɧɢɟ 

ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɢ ɧɚɛɥɸɞɚɟɬɫɹ ɜ ɨɛɥɚɫɬɢ x/d < 15. В ɰɟɥɨɦ, ɩɪɢ m = 2,0 

ɫɬɟɩɟɧɶ ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɢ ɨɯɥɚɠɞɟɧɢɹ ɩɨɜɟɪɯɧɨɫɬɢ ɫɨɫɬɚɜɥɹɟɬ 35%...18% , ɚ 

ɩɪɢ m = 2,5 – 55%...19%. 
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Ɋɢɫɭɧɨɤ 3.15 – Вɥɢɹɧɢɟ ɜɧɟɲɧɟɣ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɧɚ ɫɬɟɩɟɧɶ 
ɩɨɩɟɪɟɱɧɨɣ ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɡɚ ɩɚɪɧɵɦɢ 
ɨɬɜɟɪɫɬɢɹɦɢμ 1 –  Tu = 1%; 2 – Tu = 7%. 

 

 

Ɋɢɫɭɧɨɤ 3.16 – ɋɬɟɩɟɧɶ ɩɨɩɟɪɟɱɧɨɣ ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɢ ɷɮɮɟɤɬɢɜɧɨɫɬɢ 
ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɩɥɨɫɤɨɣ ɩɥɚɫɬɢɧɵ ɞɥɹ ɬɭɪɛɭɥɢɡɢɪɨɜɚɧɧɨɝɨ 
(Tu = 7%) ɩɨɬɨɤɚ ɡɚ ɩɚɪɧɵɦɢ ɨɬɜɟɪɫɬɢɹɦɢ. 
 
Ɋɟɡɭɥɶɬɚɬɵ ɨɛɨɛɳɟɧɢɹ ɨɩɵɬɧɵɯ ɞɚɧɧɵɯ ɩɨ ɫɬɟɩɟɧɢ ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɢ 

ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɩɥɚɫɬɢɧɵ ɡɚ ɫɢɫɬɟɦɨɣ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ ɜ ɭɫɥɨɜɢɹɯ 

ɜɧɟɲɧɟɣ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɩɨɤɚɡɚɧɵ ɧɚ ɪɢɫ. 3.16 (ɩɟɪɜɢɱɧɵɟ 
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ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɞɚɧɧɵɟ ɩɪɢɜɟɞɟɧɵ ɜ ɉɪɢɥɨɠɟɧɢɢ В). ɋɬɟɩɟɧɶ 

ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɢ  ε  ɪɚɫɫɱɢɬɵɜɚɥɚɫɶ ɩɨ ɭɪɚɜɧɟɧɢɸ (3.3).  

Ʉɚɤ ɫɥɟɞɭɟɬ ɢɡ ɪɢɫ. 3.16, ɞɢɚɩɚɡɨɧ ɢɡɦɟɧɟɧɢɹ ɫɬɟɩɟɧɢ ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɢ 

ɫɬɚɧɨɜɢɬɫɹ ɲɢɪɟ, ɱɟɦ ɞɥɹ ɫɥɭɱɚɹ ɧɟɬɭɪɛɭɥɢɡɢɪɨɜɚɧɧɨɝɨ ɩɨɬɨɤɚ (ɪɢɫ. 3.10). 

ɇɚɢɛɨɥɟɟ ɜɵɫɨɤɚɹ ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɶ ɨɯɥɚɠɞɟɧɢɹ ɧɚɛɥɸɞɚɟɬɫɹ ɜ ɨɛɥɚɫɬɢ 

x/d < 15, ɩɪɢ x/d > 15 ɫɬɟɩɟɧɶ ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɢ ɧɟ ɩɪɟɜɵɲɚɟɬ 0,20. Ɂɞɟɫɶ 

ɜɥɢɹɧɢɟ ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ ɜɵɪɚɠɟɧɨ ɛɨɥɟɟ ɡɚɦɟɬɧɨ, ɱɟɦ ɞɥɹ ɫɥɭɱɚɹ ɧɢɡɤɨɣ 

ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ – ɫ ɪɨɫɬɨɦ ɜɟɥɢɱɢɧɵ m ɫɬɟɩɟɧɶ ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɢ 

ɨɯɥɚɠɞɟɧɢɹ ɜɨɡɪɚɫɬɚɟɬ. 

В ɰɟɥɨɦ, ɞɥɹ ɭɫɥɨɜɢɣ ɧɚɫɬɨɹɳɢɯ ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɜɧɟɲɧɹɹ 

ɬɭɪɛɭɥɟɧɬɧɨɫɬɶ (7%) ɫɥɚɛɨ ɜɥɢɹɟɬ ɧɚ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ 

ɨɯɥɚɠɞɟɧɢɹ, ɩɨɩɪɚɜɨɱɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬ εTu ɜ ɭɪɚɜɧɟɧɢɢ (3.1) ɦɨɠɧɨ ɩɪɢɧɹɬɶ 

ɪɚɜɧɵɦ 1,0. 

 

3.6 ɍɫɤɨɪɟɧɢɟ ɜɧɟɲɧɟɝɨ ɩɨɬɨɤɚ 

Ⱦɥɹ ɢɫɫɥɟɞɨɜɚɧɢɹ ɜɥɢɹɧɢɹ ɨɬɪɢɰɚɬɟɥɶɧɨɝɨ ɝɪɚɞɢɟɧɬɚ ɞɚɜɥɟɧɢɹ 

(ɭɫɤɨɪɟɧɢɹ ɩɨɬɨɤɚ) ɜ ɷɤɫɩɟɪɢɦɟɧɬɚɯ ɧɚ ɜɟɪɯɧɟɣ ɫɬɟɧɤɟ ɤɚɧɚɥɚ 

ɭɫɬɚɧɚɜɥɢɜɚɥɢɫɶ ɩɨɩɟɪɟɦɟɧɧɨ ɞɜɚ ɫɦɟɧɧɵɯ ɩɪɨɮɢɥɹ (ɪɢɫ. 2.11). ɉɟɪɜɵɣ ɢɡ 

ɧɢɯ ɯɚɪɚɤɬɟɪɢɡɭɟɬɫɹ ɩɨɫɬɨɹɧɫɬɜɨɦ ɝɪɚɞɢɟɧɬɚ ɞɚɜɥɟɧɢɹ ɩɨ ɞɥɢɧɟ ɤɚɧɚɥɚ 

(dP/dx = МШЧЬЭ), ɤɨɬɨɪɵɣ ɫɨɫɬɚɜɥɹɥ ɨɤɨɥɨ 7000 ɉɚ/ɦ. Вɬɨɪɨɣ ɩɪɨɮɢɥɶ 

ɨɛɟɫɩɟɱɢɜɚɥ ɩɟɪɟɦɟɧɧɵɣ ɩɨ ɞɥɢɧɟ ɝɪɚɞɢɟɧɬ ɞɚɜɥɟɧɢɹ (dP/dx = var) – ɛɥɢɡɤɢɣ 

ɤ ɥɢɧɟɣɧɨɦɭ ɡɚɤɨɧɭ ɜ ɞɢɚɩɚɡɨɧɟ ɢɡɦɟɧɟɧɢɹ ɮɚɤɬɨɪɚ ɝɪɚɞɢɟɧɬɚ ɞɚɜɥɟɧɢɹ ɨɬ 

5000 ɞɨ 20000 ɉɚ/ɦ. Ɋɟɡɭɥɶɬɚɬɵ ɨɛɪɚɛɨɬɤɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɞɚɧɧɵɯ ɩɨ 

ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɩɪɟɞɫɬɚɜɥɟɧɵ ɜ ɉɪɢɥɨɠɟɧɢɢ В. 

Ɋɟɡɭɥɶɬɚɬɵ ɢɡɦɟɪɟɧɢɹ ɥɨɤɚɥɶɧɨɣ ɚɞɢɚɛɚɬɧɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ 

ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɩɥɨɫɤɨɣ ɩɥɚɫɬɢɧɵ ɡɚ ɫɢɫɬɟɦɨɣ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ 

ɞɥɹ ɭɫɤɨɪɟɧɧɨɝɨ ɩɨɬɨɤɚ (ɩɪɨɮɢɥɶ №1) ɩɨɤɚɡɚɧɵ ɧɚ ɪɢɫɭɧɤɟ 3.17. Ⱦɥɹ ɜɫɟɯ 

ɡɧɚɱɟɧɢɣ ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ m ɧɚɛɥɸɞɚɟɬɫɹ ɫɧɢɠɟɧɢɟ ɷɮɮɟɤɬɢɜɧɨɫɬɢ 

ɨɯɥɚɠɞɟɧɢɹ ɩɨɜɟɪɯɧɨɫɬɢ ɩɨ ɞɥɢɧɟ ɩɥɚɫɬɢɧɵ ɩɪɢ ɭɫɤɨɪɟɧɢɢ ɩɨɬɨɤɚ. 
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Ɋɢɫɭɧɨɤ 3.17 – Ʌɨɤɚɥɶɧɚɹ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɡɚ 
ɫɢɫɬɟɦɨɣ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ ɞɥɹ ɭɫɤɨɪɟɧɧɨɝɨ ɩɨɬɨɤɚ (ɩɪɨɮɢɥɶ №1) ɩɪɢ 
ɪɚɡɥɢɱɧɵɯ ɩɚɪɚɦɟɬɪɚɯ ɜɞɭɜɚμ 1 – z/t = 0; 2 – z/t = 0,25; 3 – z/t = 0,5; 4 – 
z/t = 0,75; 5 – z/t = 1,0. 
 
ɇɚ ɪɢɫ. 3.18 ɞɥɹ ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ m = 1,5 ɩɪɟɞɫɬɚɜɥɟɧɵ 

ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɞɚɧɧɵɟ ɞɥɹ ɛɟɡɝɪɚɞɢɟɧɬɧɨɝɨ ɢ ɭɫɤɨɪɟɧɧɨɝɨ (ɩɪɨɮɢɥɶ 

№1) ɜɨɡɞɭɲɧɨɝɨ ɩɨɬɨɤɚ. Ⱥɧɚɥɨɝɢɱɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɞɥɹ ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ 

m = 0,5; 1,0 ɢ 2,0 ɩɪɢɜɟɞɟɧɵ ɜ ɉɪɢɥɨɠɟɧɢɢ В (ɪɢɫ. В.2). Ʉɚɤ ɜɢɞɧɨ ɢɡ 

ɪɢɫɭɧɤɨɜ, ɩɪɢ m = 1,5 ɩɪɨɞɨɥɶɧɵɣ ɨɬɪɢɰɚɬɟɥɶɧɵɣ ɝɪɚɞɢɟɧɬ ɞɚɜɥɟɧɢɹ 

ɫɧɢɠɚɟɬ ɥɨɤɚɥɶɧɭɸ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɞɨ 10% ɩɨ ɜɫɟɣ 

ɞɥɢɧɟ ɩɥɚɫɬɢɧɵ ɜɨ ɜɫɟɯ ɢɫɫɥɟɞɨɜɚɧɧɵɯ ɫɟɱɟɧɢɹɯ. 

Ɍɚɤɠɟ, ɞɥɹ ɫɦɟɧɧɨɝɨ ɩɪɨɮɢɥɹ №2 ɜ ɉɪɢɥɨɠɟɧɢɢ В (ɪɢɫ. В.3-В.4) 

ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɩɥɨɫɤɨɣ 

ɩɥɚɫɬɢɧɵ ɡɚ ɫɢɫɬɟɦɨɣ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ ɢ ɩɨɤɚɡɚɧɨ ɜɥɢɹɧɢɟ ɭɫɤɨɪɟɧɢɹ 

ɩɨɬɨɤɚ ɧɚ ɥɨɤɚɥɶɧɭɸ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɞɥɹ ɩɚɪɚɦɟɬɪɚ 

ɜɞɭɜɚ m = 0,5; 1,0; 1,50; 2,0. ɏɚɪɚɤɬɟɪ ɡɚɜɢɫɢɦɨɫɬɟɣ ɚɧɚɥɨɝɢɱɟɧ ɩɪɨɮɢɥɸ №1, 

ɚ ɨɬɪɢɰɚɬɟɥɶɧɵɣ ɝɪɚɞɢɟɧɬ ɞɚɜɥɟɧɢɹ ɫɧɢɠɚɟɬ ɥɨɤɚɥɶɧɭɸ ɷɮɮɟɤɬɢɜɧɨɫɬɶ 

ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɞɨ 25%.  
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Ɋɢɫɭɧɨɤ 3.18 – Вɥɢɹɧɢɟ ɭɫɤɨɪɟɧɢɹ ɩɨɬɨɤɚ ɧɚ ɥɨɤɚɥɶɧɭɸ 
ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɡɚ ɫɢɫɬɟɦɨɣ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ 
ɩɪɢ m = 1,50. 1 –  ɛɟɡɝɪɚɞɢɟɧɬɧɵɣ ɩɨɬɨɤ; 2 – ɭɫɤɨɪɟɧɧɟɟ ɩɨɬɨɤɚ 
(ɩɪɨɮɢɥɶ №1). 
 
ɇɚ ɪɢɫ. 3.19 ɩɨɤɚɡɚɧɚ ɫɪɟɞɧɹɹ ɩɨ ɲɢɪɢɧɟ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ 

ɨɯɥɚɠɞɟɧɢɹ ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɡɧɚɱɟɧɢɹɯ ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ ɜ ɭɫɥɨɜɢɹɯ 

ɭɫɤɨɪɟɧɧɨɝɨ ɩɨɬɨɤɚ. Ɉɫɪɟɞɧɟɧɢɟ ɪɟɡɭɥɶɬɚɬɨɜ ɩɪɨɜɨɞɢɥɨɫɶ ɜ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ 

ɭɪɚɜɧɟɧɢɟɦ (2.4). Ʉɚɤ ɫɥɟɞɭɟɬ, ɞɥɹ ɫɪɟɞɧɟɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɜ ɲɢɪɨɤɨɦ 

ɞɢɚɩɚɡɨɧɟ ɢɡɦɟɧɟɧɢɹ ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ ɜɥɢɹɧɢɟ ɭɫɤɨɪɟɧɧɨɝɨ ɩɨɬɨɤɚ ɧɟ 

ɩɪɟɜɵɲɚɟɬ 15% (ɩɪɨɮɢɥɶ №1) ɢ 25% (ɩɪɨɮɢɥɶ №2) ɩɪɢ m = 0,5. ɋ 

ɭɜɟɥɢɱɟɧɢɟɦ ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ ɜɥɢɹɧɢɟ ɭɫɤɨɪɟɧɢɹ ɩɨɬɨɤɚ ɭɦɟɧɶɲɚɟɬɫɹ ɢ ɩɪɢ 

m = 2,0 ɧɟ ɩɪɟɜɵɲɚɟɬ 10% ɞɥɹ ɨɛɨɢɯ ɩɪɨɮɢɥɟɣ. 

ɇɚ ɪɢɫ. 3.20 ɛɨɥɟɟ ɧɚɝɥɹɞɧɨ ɩɪɟɞɫɬɚɜɥɟɧɵ ɞɚɧɧɵɟ, ɯɚɪɚɤɬɟɪɢɡɭɸɳɢɟ 

ɜɥɢɹɧɢɟ ɭɫɤɨɪɟɧɢɹ ɩɨɬɨɤɚ ɧɚ ɩɪɨɞɨɥɶɧɨɟ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɫɪɟɞɧɟɣ 

ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɩɚɪɚɦɟɬɪɚɯ ɜɞɭɜɚ. 

Ʉɚɤ ɜɢɞɧɨ ɢɡ ɪɢɫɭɧɤɚ, ɩɪɨɞɨɥɶɧɵɣ ɨɬɪɢɰɚɬɟɥɶɧɵɣ ɝɪɚɞɢɟɧɬ ɞɚɜɥɟɧɢɹ 

ɫɧɢɠɚɟɬ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɩɪɢ x = const ɩɨ ɜɫɟɣ ɞɥɢɧɟ 

ɩɥɚɫɬɢɧɵ, ɨɞɧɚɤɨ ɷɬɨ ɫɧɢɠɟɧɢɟ ɧɟɡɧɚɱɢɬɟɥɶɧɨ ɞɥɹ ɨɛɨɢɯ ɩɪɨɮɢɥɟɣ ɜɟɪɯɧɟɣ 

ɫɬɟɧɤɢ. Ȼɨɥɟɟ ɡɚɦɟɬɧɨ ɨɧɨ ɩɪɨɹɜɥɹɟɬɫɹ ɩɪɢ ɦɚɥɵɯ ɡɧɚɱɟɧɢɹɯ ɩɚɪɚɦɟɬɪɚɯ 

ɜɞɭɜɚ m.  
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Ɋɢɫɭɧɨɤ 3.19 – ɋɪɟɞɧɹɹ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɡɚ 
ɩɚɪɧɵɦɢ ɨɬɜɟɪɫɬɢɹɦɢ ɞɥɹ ɭɫɤɨɪɟɧɧɨɝɨ ɢ ɛɟɡɝɪɚɞɢɟɧɬɧɨɝɨ ɩɨɬɨɤɨɜμ  
1 – ɩɪɨɮɢɥɶ №1; 2 – ɩɪɨɮɢɥɶ №2; 3 – ɛɟɡɝɪɚɞɢɟɧɬɧɵɣ ɩɨɬɨɤ. 

 

 
Ɋɢɫɭɧɨɤ 3.20 – ɋɪɚɜɧɟɧɢɟ ɨɬɧɨɲɟɧɢɹ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ 
ɨɯɥɚɠɞɟɧɢɹ ɡɚ ɩɚɪɧɵɦɢ ɨɬɜɟɪɫɬɢɹɦɢ ɞɥɹ ɭɫɤɨɪɟɧɧɨɝɨ ɢ 
ɛɟɡɝɪɚɞɢɟɧɬɧɨɝɨ ɩɨɬɨɤɨɜ ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɩɚɪɚɦɟɬɪɚɯ ɜɞɭɜɚ. 
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Ⱦɥɹ ɭɱɟɬɚ ɜɥɢɹɧɢɹ ɭɫɤɨɪɟɧɢɹ ɩɨɬɨɤɚ ɢ ɩɨɥɭɱɟɧɢɹ ɪɚɫɱɟɬɧɵɯ 

ɡɚɜɢɫɢɦɨɫɬɟɣ ɜɵɩɨɥɧɟɧɚ ɨɛɪɚɛɨɬɤɚ ɞɚɧɧɵɯ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɩɪɢɜɟɞɟɧɧɨɣ 

ɫɤɨɪɨɫɬɢ ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɚ w/w0, ɬ.ɟ. ɨɬ ɨɬɧɨɲɟɧɢɹ ɫɤɨɪɨɫɬɢ ɜ ɞɚɧɧɨɦ 

ɫɟɱɟɧɢɢ ɤ ɫɤɨɪɨɫɬɢ ɩɟɪɟɞ ɜɯɨɞɨɦ ɜ ɫɭɠɚɸɳɢɣɫɹ ɤɚɧɚɥ. ɋɨɨɬɜɟɬɫɬɜɭɸɳɢɟ 

ɝɪɚɮɢɤɢ ɩɨɤɚɡɚɧɵ ɧɚ ɪɢɫ. 3.21. ɉɪɢ ɬɚɤɨɣ ɨɛɪɚɛɨɬɤɟ  ɩɨɥɭɱɟɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ 

ɧɨɫɹɬ ɞɨɫɬɚɬɨɱɧɨ ɭɧɢɜɟɪɫɚɥɶɧɵɣ ɯɚɪɚɤɬɟɪ, ɬ.ɟ. ɧɟ ɡɚɜɢɫɹɬ ɨɬ ɡɚɤɨɧɚ 

ɢɡɦɟɧɟɧɢɹ ɫɤɨɪɨɫɬɢ ɩɨ ɞɥɢɧɟ ɤɚɧɚɥɚ. 
 

 

Ɋɢɫɭɧɨɤ 3.21 – Ɉɬɧɨɲɟɧɢɟ ɫɪɟɞɧɟɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ 
ɨɯɥɚɠɞɟɧɢɹ ɡɚ ɩɚɪɧɵɦɢ ɨɬɜɟɪɫɬɢɹɦɢ ɞɥɹ ɭɫɤɨɪɟɧɧɨɝɨ ɢ 
ɛɟɡɝɪɚɞɢɟɧɬɧɨɝɨ ɩɨɬɨɤɨɜ ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɩɚɪɚɦɟɬɪɚɯ ɜɞɭɜɚ ɜ 
ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɛɟɡɪɚɡɦɟɪɧɨɣ ɫɤɨɪɨɫɬɢ ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɚ. 
 
Ʉɚɤ ɫɥɟɞɭɟɬ, ɩɪɢ ɭɫɤɨɪɟɧɢɢ ɩɨɬɨɤɚ ɫɪɟɞɧɹɹ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ 

ɨɯɥɚɠɞɟɧɢɹ ɫɭɳɟɫɬɜɟɧɧɨ ɭɦɟɧɶɲɚɟɬɫɹ ɩɨ ɞɥɢɧɟ ɩɥɚɫɬɢɧɵ. ɉɪɢɱɟɦ, ɩɪɢ 

ɦɚɥɵɯ ɡɧɚɱɟɧɢɹɯ ɩɚɪɚɦɟɬɪɚɯ ɜɞɭɜɚ ɜɥɢɹɧɢɟ ɭɫɤɨɪɟɧɢɹ ɩɨɬɨɤɚ ɩɪɨɹɜɥɹɟɬɫɹ 

ɛɨɥɟɟ ɡɧɚɱɢɬɟɥɶɧɨ. ɉɪɢɱɢɧɨɣ ɫɧɢɠɟɧɢɹ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ 

ɨɯɥɚɠɞɟɧɢɹ ɜ ɭɫɥɨɜɢɹɯ ɭɫɤɨɪɟɧɢɹ ɩɨɬɨɤɚ ɹɜɥɹɟɬɫɹ ɭɜɟɥɢɱɟɧɢɟ ɩɨɩɟɪɟɱɧɨɝɨ 

ɝɪɚɞɢɟɧɬɚ ɫɤɨɪɨɫɬɢ ɢ ɭɦɟɧɶɲɟɧɢɟ ɬɨɥɳɢɧɵ ɩɨɝɪɚɧɢɱɧɨɝɨ ɫɥɨɹ Д110], 

ɩɪɢɜɨɞɹɳɟɟ ɤ ɛɨɥɟɟ ɢɧɬɟɧɫɢɜɧɨɦɭ ɩɟɪɟɦɟɲɢɜɚɧɢɸ ɨɯɥɚɞɢɬɟɥɹ ɢ ɨɫɧɨɜɧɨɝɨ 
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ɩɨɬɨɤɚ. Ⱦɥɹ ɛɨɥɟɟ ɞɟɬɚɥɶɧɨɝɨ ɚɧɚɥɢɡɚ ɜɥɢɹɧɢɹ ɭɫɤɨɪɟɧɢɹ ɧɚ ɷɮɮɟɤɬɢɜɧɨɫɬɶ 

ɧɟɨɛɯɨɞɢɦɵ ɞɚɥɶɧɟɣɲɢɟ ɢɫɫɥɟɞɨɜɚɧɢɹ ɩɪɢɫɬɟɧɨɱɧɨɣ ɫɬɪɭɤɬɭɪɵ ɩɨɬɨɤɚ. 

Вɥɢɹɧɢɟ ɭɫɤɨɪɟɧɢɹ ɩɨɬɨɤɚ ɹɜɥɹɟɬɫɹ ɮɭɧɤɰɢɟɣ ɨɬɧɨɫɢɬɟɥɶɧɨɣ ɫɤɨɪɨɫɬɢ 

ɩɨɬɨɤɚ. Ɉɛɪɚɛɨɬɤɚ ɨɩɵɬɧɵɯ ɞɚɧɧɵɯ (ɪɢɫ. 3.22) ɩɨɡɜɨɥɢɥɚ ɩɨɥɭɱɢɬɶ 

ɭɪɚɜɧɟɧɢɟ, ɤɨɬɨɪɨɟ ɫ ɩɨɝɪɟɲɧɨɫɬɶɸ ± 3% ɨɩɢɫɵɜɚɟɬ ɩɨɥɭɱɟɧɧɵɟ 

ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɞɚɧɧɵɟμ 
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 

     (3.4) 

 

ɉɨɤɚɡɚɬɟɥɶ ɫɬɟɩɟɧɢ n ɜ ɷɬɨɦ ɭɪɚɜɧɟɧɢɢ ɹɜɥɹɟɬɫɹ ɮɭɧɤɰɢɟɣ ɩɚɪɚɦɟɬɪɚ 

ɜɞɭɜɚ ɢ ɨɩɪɟɞɟɥɹɟɬɫɹ ɜɵɪɚɠɟɧɢɟɦμ n 0,15 0,57exp( )m   . 

 

 

Ɋɢɫɭɧɨɤ 3.22 – ɉɨɤɚɡɚɬɟɥɶ ɫɬɟɩɟɧɢ n ɜ ɭɪɚɜɧɟɧɢɢ (3.4)μ ɫɢɦɜɨɥɵ – 
ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɞɚɧɧɵɟ, ɥɢɧɢɹ – ɭɪɚɜɧɟɧɢɟ (3.4). 

Иɡ ɜɫɟɝɨ ɜɵɲɟɩɟɪɟɱɢɫɥɟɧɧɨɝɨ ɦɨɠɧɨ ɫɞɟɥɚɬɶ ɜɵɜɨɞ, ɱɬɨ ɭɫɤɨɪɟɧɢɟ 

ɩɨɬɨɤɚ ɜ ɞɢɚɩɚɡɨɧɟ ɢɡɦɟɧɟɧɢɹ ɩɚɪɚɦɟɬɪɚ ɝɪɚɞɢɟɧɬɚ ɞɚɜɥɟɧɢɹ К ɨɬ 0,5 106 ɞɨ 

3,5 106 ɫɧɢɠɚɟɬ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɨɯɥɚɠɞɟɧɢɹ ɞɨ 25%.  

ȼɥиɹɧиɟ ɭɫɤɨɪɟɧиɹ ɩɨɬɨɤɚ ɧɚ ɧɟɪɚɜɧɨɦɟɪɧɨɫɬь ɩɥɟɧɨɱɧɨɝɨ 

ɨɯɥɚɠɞɟɧиɹ. ɇɚ ɪɢɫɭɧɤɟ 3.23 ɩɨɤɚɡɚɧɵ ɪɟɡɭɥɶɬɚɬɵ ɨɛɨɛɳɟɧɢɹ ɨɩɵɬɧɵɯ 

ɞɚɧɧɵɯ ɩɨ ɫɬɟɩɟɧɢ ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɧɚ ɩɥɚɫɬɢɧɟ ɡɚ 

ɫɢɫɬɟɦɨɣ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ. ɋɬɟɩɟɧɶ ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɢ ε ɪɚɫɫɱɢɬɵɜɚɥɚɫɶ ɩɨ 

ɭɪɚɜɧɟɧɢɸ (3.2). Ɋɟɡɭɥɶɬɚɬɵ ɨɛɪɚɛɨɬɤɢ ɨɩɵɬɧɵɯ ɞɚɧɧɵɯ ɩɪɢɜɟɞɟɧɵ ɜ 

ɉɪɢɥɨɠɟɧɢɢ В. 



92 

Иɡ ɞɚɧɧɵɯ ɪɢɫ. 3.23 ɬɪɭɞɧɨ ɜɵɹɜɢɬɶ ɡɚɤɨɧɨɦɟɪɧɨɫɬɶ ɢɡɦɟɧɟɧɢɹ 

ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ, ɧɨ ɦɨɠɧɨ ɫɤɚɡɚɬɶ ɨ ɟɟ 

ɤɚɱɟɫɬɜɟɧɧɨɦ ɢɡɦɟɧɟɧɢɢ. Ɍɚɤɠɟ, ɤɚɤ ɢ ɩɪɢ ɛɟɡɝɪɚɞɢɟɧɬɧɨɦ ɩɨɬɨɤɟ, ɞɥɹ ɨɛɨɢɯ 

ɩɪɨɮɢɥɟɣ ɧɚɢɛɨɥɟɟ ɛɵɫɬɪɨɟ ɭɦɟɧɶɲɟɧɢɟ ɜɟɥɢɱɢɧɵ ε ɩɪɨɢɫɯɨɞɢɬ ɜ ɨɛɥɚɫɬɢ 

x/d < 15. В ɨɛɥɚɫɬɢ x/d > 15 ɭɫɤɨɪɟɧɢɟ ɩɨɬɨɤɚ ɭɜɟɥɢɱɢɜɚɟɬ ɫɬɟɩɟɧɶ 

ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɢ ɨɯɥɚɠɞɟɧɢɹ ɞɨ 17%.  Ⱦɢɚɩɚɡɨɧ ɪɚɫɲɢɪɹɟɬɫɹ ɜ ɫɬɨɪɨɧɭ 

ɛɨɥɶɲɢɯ ɡɧɚɱɟɧɢɣ ε. 

 
Ɋɢɫɭɧɨɤ 3.23 – ɋɬɟɩɟɧɶ ɩɨɩɟɪɟɱɧɨɣ ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ 
ɨɯɥɚɠɞɟɧɢɹ ɩɥɨɫɤɨɣ ɩɥɚɫɬɢɧɵ ɡɚ ɫɢɫɬɟɦɨɣ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣμ  
ɚ – ɩɪɨɮɢɥɶ №1; ɛ – ɩɪɨɮɢɥɶ №2. 

 
Ɋɢɫɭɧɨɤ 3.24 – ɋɬɟɩɟɧɶ ɩɨɩɟɪɟɱɧɨɣ ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ 
ɨɯɥɚɠɞɟɧɢɹ ɩɥɨɫɤɨɣ ɩɥɚɫɬɢɧɵ ɡɚ ɩɚɪɧɵɦɢ ɨɬɜɟɪɫɬɢɹɦɢ: 1 – ɩɪɨɮɢɥɶ 
№1; 2 – ɩɪɨɮɢɥɶ №2; 3 – ɛɟɡɝɪɚɞɢɟɧɬɧɵɣ ɩɨɬɨɤ. 

̌ ̍
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ɇɚ ɪɢɫ 3.24 ɩɪɟɞɫɬɚɜɥɟɧɨ ɜɥɢɹɧɢɟ ɩɪɨɞɨɥɶɧɨɝɨ ɝɪɚɞɢɟɧɬɚ ɞɚɜɥɟɧɢɹ ɧɚ 

ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɶ ɞɜɭɯɫɬɪɭɣɧɨɝɨ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɩɪɢ ɪɚɡɥɢɱɧɵɯ 

ɡɧɚɱɟɧɢɹɯ m = 0,5; 1,0; 1,5 ɢ 2,0.  

Иɡ ɩɪɟɞɫɬɚɜɥɟɧɧɵɯ ɞɚɧɧɵɯ ɫɥɟɞɭɟɬ, ɱɬɨ ɞɥɹ ɛɟɡɝɪɚɞɢɟɧɬɧɨɝɨ ɩɨɬɨɤɚ, 

ɩɪɨɮɢɥɟɣ №1 ɢ №2 ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɢɦɟɟɬ 

ɧɚɢɛɨɥɶɲɟɟ ɡɧɚɱɟɧɢɟ ɜ ɨɛɥɚɫɬɢ ɩɪɢ x/d < 15. ɉɪɢ m = 0,5; 1,0 ɢ 1,5 ɭɫɤɨɪɟɧɢɟ 

ɩɨɬɨɤɚ ɭɜɟɥɢɱɢɜɚɟɬ ɫɬɟɩɟɧɶ ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɢ ɨɯɥɚɠɞɟɧɢɹ ɩɨɜɟɪɯɧɨɫɬɢ ɢ 

ɫɨɫɬɚɜɥɹɟɬ ɨɬ 12 ɞɨ 35%.  ɉɪɢ m = 2,0 ɨɩɵɬɧɵɟ ɞɚɧɧɵɟ ɞɥɹ ɛɟɡɝɪɚɞɢɟɧɬɧɨɝɨ 

ɩɨɬɨɤɚ ɢ ɩɪɨɮɢɥɟɣ №1 ɢ №2 ɩɪɚɤɬɢɱɟɫɤɢ ɨɞɢɧɚɤɨɜɵ; ɫɬɟɩɟɧɶ 

ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɢ ɫɨɫɬɚɜɥɹɟɬ ɨɬ 12 ɞɨ 30%. 

 

3.7 Ɍɟɫɬɢɪɨɜɚɧɢɟ ɦɨɞɟɥɟɣ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɞɥɹ ɪɚɫɱɟɬɚ ɩɥɟɧɨɱɧɨɝɨ 

ɨɯɥɚɠɞɟɧɢɹ ɡɚ ɩɚɪɧɵɦɢ ɨɬɜɟɪɫɬɢɹɦɢ 

В ɩɨɫɥɟɞɧɢɟ ɝɨɞɵ ɲɢɪɨɤɨɟ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɟ ɩɨɥɭɱɢɥɨ ɢɫɩɨɥɶɡɨɜɚɧɢɟ 

CFD-ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɞɥɹ ɪɟɲɟɧɢɹ ɪɚɡɥɢɱɧɵɯ ɡɚɞɚɱ ɬɟɪɦɨɝɚɡɨɞɢɧɚɦɢɤɢ. 

ɋɟɝɨɞɧɹ ɞɨɫɬɢɠɟɧɢɹ ɜɵɱɢɫɥɢɬɟɥɶɧɨɣ ɬɟɯɧɢɤɢ ɢ ɜɵɱɢɫɥɢɬɟɥɶɧɨɣ ɦɚɬɟɦɚɬɢɤɢ 

ɩɨɡɜɨɥɹɸɬ ɪɟɲɚɬɶ ɞɨɫɬɚɬɨɱɧɨ ɫɥɨɠɧɵɟ ɡɚɞɚɱɢ, ɨɞɧɚɤɨ ɞɚɥɟɤɨ ɧɟ ɜɫɟɝɞɚ ɢɯ 

ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɞɚɟɬ ɧɚɞɟɠɧɵɟ ɪɟɡɭɥɶɬɚɬɵ Д111 – 114]. В ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɜ 

ɥɢɬɟɪɚɬɭɪɟ ɨɬɫɭɬɫɬɜɭɸɬ ɤɚɤɢɟ-ɥɢɛɨ ɪɟɤɨɦɟɧɞɚɰɢɢ ɩɨ ɩɪɢɦɟɧɟɧɢɸ 

ɤɨɧɤɪɟɬɧɵɯ ɦɨɞɟɥɟɣ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɞɥɹ ɪɚɫɱɟɬɚ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ 

ɩɪɢ ɩɨɞɚɱɟ ɨɯɥɚɞɢɬɟɥɹ ɱɟɪɟɡ ɩɚɪɧɵɟ ɨɬɜɟɪɫɬɢɹ. В ɫɜɹɡɢ ɫ ɷɬɢɦ ɜ ɧɚɫɬɨɹɳɟɣ 

ɪɚɛɨɬɟ ɩɪɨɬɟɫɬɢɪɨɜɚɧɵ 6 ɦɨɞɟɥɟɣ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ: ɱɟɬɵɪɟ RANS ɢ ɞɜɟ RSM 

ɦɨɞɟɥɢ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ, ɤɨɬɨɪɵɟ ɪɟɤɨɦɟɧɞɨɜɚɧɵ ɞɥɹ ɪɚɫɱɟɬɚ ɜɢɯɪɟɜɵɯ ɢ 

ɡɚɤɪɭɱɟɧɧɵɯ ɩɨɬɨɤɨɜ Д111-114]. Ɇɨɞɟɥɢ k-εɝɪɭɩɩɵ ɩɪɟɞɫɬɚɜɥɟɧɵ 

ɫɬɚɧɞɚɪɬɧɨɣ k-ε ɦɨɞɟɥɶɸ ɢ RNG k-ε ɦɨɞɟɥɶɸ, ɦɨɞɟɥɢ k-ω ɝɪɭɩɩɵ — 

ɫɬɚɧɞɚɪɬɧɨɣ k-ω ɦɨɞɟɥɶɸ ɢ SST ɦɨɞɟɥɶɸ Ɇɟɧɬɟɪɚ, ɚ ɬɚɤɠɟ ɞɜɭɦɹ ɦɨɞɟɥɹɦɢ 

ɧɚɩɪɹɠɟɧɢɣ Ɋɟɣɧɨɥɶɞɫɚ (RSM) — SSG ɢ LRR. Ʉɨɦɩɶɸɬɟɪɧɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ 

ɨɫɧɨɜɵɜɚɟɬɫɹ ɧɚ ɱɢɫɥɟɧɧɨɦ ɪɟɲɟɧɢɢ ɫɢɫɬɟɦɵ ɨɫɪɟɞɧɟɧɧɵɯ ɩɨ Ɋɟɣɧɨɥɶɞɫɭ 

ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɯ ɭɪɚɜɧɟɧɢɣ ɇɚɜɶɟ-ɋɬɨɤɫɚ ɫɨɜɦɟɫɬɧɨ ɫ ɡɚɦɵɤɚɸɳɢɦɢ ɢɯ 

ɷɦɩɢɪɢɱɟɫɤɢɦɢ ɦɨɞɟɥɹɦɢ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ, ɱɬɨ ɛɨɥɟɟ ɩɨɞɪɨɛɧɨ ɪɚɫɫɦɨɬɪɟɧɨ 
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ɜ ɩɪɢɥɨɠɟɧɢɢ Ƚ [115-118]. Ⱦɥɹ ɫɪɚɜɧɟɧɢɹ ɪɟɡɭɥɶɬɚɬɨɜ ɪɚɫɱɟɬɚ ɢ 

ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɢɫɩɨɥɶɡɨɜɚɥɢɫɶ ɫɨɛɫɬɜɟɧɧɵɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɞɚɧɧɵɟ. 

Кɨɦɩьɸɬɟɪɧɚɹ ɦɨɞɟɥь. Иɫɫɥɟɞɭɟɦɚɹ ɝɟɨɦɟɬɪɢɱɟɫɤɚɹ 3D-ɦɨɞɟɥɶ 

ɩɥɺɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɩɥɨɫɤɨɣ ɩɨɜɟɪɯɧɨɫɬɢ ɫ ɜɞɭɜɨɦ ɨɯɥɚɞɢɬɟɥɹ ɱɟɪɟɡ 

ɩɚɪɧɵɟ ɧɚɤɥɨɧɧɵɟ ɰɢɥɢɧɞɪɢɱɟɫɤɢɟ ɨɬɜɟɪɫɬɢɹ ɛɵɥɚ ɩɨɫɬɪɨɟɧɚ ɜ ANSВS 

DОЬТРЧ εКЧКРОЫ. Ɉɧɚ ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɤɚɧɚɥ ɩɪɹɦɨɭɝɨɥɶɧɨɝɨ ɫɟɱɟɧɢɹ, ɜ 

ɤɨɬɨɪɵɣ ɨɯɥɚɞɢɬɟɥɶ ɩɨɞɚɟɬɫɹ ɢɡ ɜɧɟɲɧɟɝɨ ɨɛɴɟɦɚ (ɩɥɟɧɭɦɚ) ɱɟɪɟɡ ɩɚɪɧɵɟ 

ɨɬɜɟɪɫɬɢɹ (ɪɢɫ. 3.25). ɋɯɟɦɚ ɪɚɫɩɨɥɨɠɟɧɢɹ ɨɬɜɟɪɫɬɢɣ ɢ ɢɯ ɝɟɨɦɟɬɪɢɱɟɫɤɢɟ 

ɪɚɡɦɟɪɵ ɛɵɥɢ ɩɪɢɧɹɬɵ ɬɚɤɢɦɢ ɠɟ, ɤɚɤ ɢ ɜ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɦ ɢɫɫɥɟɞɨɜɚɧɢɢ 

(ɪɢɫ. 2.5). Ⱦɥɢɧɚ ɨɫɧɨɜɧɨɝɨ ɢ ɩɪɟɞɜɤɥɸɱɟɧɧɨɝɨ ɭɱɚɫɬɤɨɜ ɦɨɞɟɥɢ ɫɨɫɬɚɜɥɹɥɢ 

ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ x/d = 25 ɢ x/d = 50, ɝɞɟ d –ɞɢɚɦɟɬɪ ɨɯɥɚɠɞɚɸɳɢɯ ɤɚɧɚɥɨɜ. 

Ɋɚɫɱɟɬɧɚɹ ɫɟɬɤɚ. ɉɪɢ ɱɢɫɥɟɧɧɨɦ ɦɨɞɟɥɢɪɨɜɚɧɢɢ ɢɫɩɨɥɶɡɨɜɚɥɚɫɶ 

ɧɟɫɬɪɭɤɬɭɪɢɪɨɜɚɧɧɚɹ ɤɨɦɛɢɧɢɪɨɜɚɧɧɚɹ ɪɚɫɱɟɬɧɚɹ ɫɟɬɤɚ, ɤɨɬɨɪɚɹ ɫɨɫɬɨɹɥɚ ɢɡ 

3818807 ɷɥɟɦɟɧɬɨɜ ɢ λλ0063 ɭɡɥɨɜ. ɇɚ ɩɨɜɟɪɯɧɨɫɬɢ ɩɥɚɫɬɢɧɵ ɨɤɨɥɨ 

ɨɬɜɟɪɫɬɢɣ ɢ ɜɛɥɢɡɢ ɫɬɟɧɨɤ ɩɥɟɧɭɦɚ ɜɵɩɨɥɧɟɧɨ ɫɝɭɳɟɧɢɟ ɫɟɬɤɢ ɪɚɡɦɟɪɧɨɫɬɶɸ 

ɜ 20 ɹɱɟɟɤ. Ɂɧɚɱɟɧɢɟ ɩɚɪɚɦɟɬɪɚ y+ ɜɨ ɜɫɟɯ ɪɚɫɱɟɬɚɯ ɩɪɢɦɟɧɹɥɨɫɶ ɜ ɞɢɚɩɚɡɨɧɟ 

ɨɬ 0,5 ɞɨ 1,1. 
 

 

Ɋɢɫɭɧɨɤ 3.25 – Ƚɟɨɦɟɬɪɢɱɟɫɤɚɹ 3D-ɦɨɞɟɥɶ ɩɥɺɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ 
ɩɥɨɫɤɨɣ ɩɨɜɟɪɯɧɨɫɬɢ ɩɪɢ ɜɞɭɜɟ ɨɯɥɚɞɢɬɟɥɹ ɱɟɪɟɡ ɫɢɫɬɟɦɭ ɩɚɪɧɵɯ 
ɨɬɜɟɪɫɬɢɣ. 
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Гɪɚɧиɱɧɵɟ ɭɫɥɨɜиɹ ɧɚ ɜɯɨɞɟ ɢ ɜɵɯɨɞɟ ɛɵɥɢ ɡɚɞɚɧɵ ɛɥɢɡɤɢɦɢ ɤ ɭɫɥɨɜɢɹɦ 

ɜɵɩɨɥɧɟɧɧɵɯ ɷɤɫɩɟɪɢɦɟɧɬɨɜ (ɩ. 2.4), ɪɚɫɩɨɥɨɠɟɧɢɟ ɨɛɥɚɫɬɟɣ ɡɚɞɚɧɢɹ 

ɝɪɚɧɢɱɧɵɯ ɭɫɥɨɜɢɣ ɩɪɟɞɫɬɚɜɥɟɧɨ ɧɚ ɪɢɫ. 3.25. Ɍɟɦɩɟɪɚɬɭɪɚ ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɚ 

ɧɚ ɜɯɨɞɟ ɫɨɫɬɚɜɥɹɥɚ 25°ɋ, ɜɞɭɜɚɟɦɨɝɨ – 72°ɋ. ɇɚ ɜɯɨɞɟ ɜ ɤɚɧɚɥ ɫɪɟɞɧɹɹ 

ɫɤɨɪɨɫɬɶ ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɚ ɡɚɞɚɜɚɥɚɫɶ ɪɚɜɧɨɣ 37,8 ɦ/ɫ. Ƚɪɚɧɢɱɧɵɟ ɭɫɥɨɜɢɹ 

ɞɥɹ ɩɨɬɨɤɚ, ɜɞɭɜɚɟɦɨɝɨ ɱɟɪɟɡ ɞɜɚ ɪɹɞɚ ɨɬɜɟɪɫɬɢɣ (ɪɚɫɯɨɞ ɨɯɥɚɞɢɬɟɥɹ), 

ɫɨɨɬɜɟɬɫɬɜɨɜɚɥɢ ɡɧɚɱɟɧɢɹɦ ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ m = 0,5; 1,0 ɢ 1,5. Иɧɬɟɧɫɢɜɧɨɫɬɶ 

ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɚ ɧɚ ɜɯɨɞɟ ɩɪɢɧɢɦɚɥɚɫɶ ɪɚɜɧɨɣ 1%. ɇɚ 

ɜɵɯɨɞɟ ɢɡ ɤɚɧɚɥɚ ɫɪɟɞɧɟɟ ɫɬɚɬɢɱɟɫɤɨɟ ɞɚɜɥɟɧɢɟ ɡɚɞɚɜɚɥɨɫɶ ɚɬɦɨɫɮɟɪɧɵɦ ɢ 

ɫɨɫɬɚɜɥɹɥɨ 101300 ɉɚ. Ɋɚɫɱɟɬɵ ɩɪɨɜɨɞɢɥɢɫɶ ɩɪɢ ɱɢɫɥɟ Ɋɟɣɧɨɥɶɞɫɚ RОd, 

ɨɩɪɟɞɟɥɟɧɧɨɦ ɩɨ ɷɤɜɢɜɚɥɟɧɬɧɨɦɭ ɞɢɚɦɟɬɪɭ ɤɚɧɚɥɚ ɢ ɫɤɨɪɨɫɬɢ ɨɫɧɨɜɧɨɝɨ 

ɩɨɬɨɤɚ, ɪɚɜɧɨɦ 0,λ…1,25×105. 

 

 

Ɋɢɫɭɧɨɤ 3.26 – ɋɪɟɞɧɹɹ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹμ  
1 – k-ε ɦɨɞɟɥɶ; 2 – RNG k-ε ɦɨɞɟɥɶ; 3 – k-ω  ɦɨɞɟɥɶ; 4 – SST k-ω ɦɨɞɟɥɶ; 
5 – LRR RSM; 6 – SSG RSM; 7 – ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɞɚɧɧɵɟ.  
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Аɧɚɥиɡ ɪɟɡɭɥьɬɚɬɨɜ. ɇɚ ɪɢɫ. 3.26 ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɬɟɫɬɨɜɵɯ 

ɪɚɫɱɟɬɨɜ ɫɪɟɞɧɟɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɞɥɹ 6 

ɢɫɩɨɥɶɡɨɜɚɧɧɵɯ ɦɨɞɟɥɟɣ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ. Ʉɚɤ ɫɥɟɞɭɟɬ, ɩɪɢ m = 0,5 ɜɫɟ 

ɦɨɞɟɥɢ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɩɨɤɚɡɵɜɚɸɬ ɭɞɨɜɥɟɬɜɨɪɢɬɟɥɶɧɨɟ ɫɨɝɥɚɫɨɜɚɧɢɟ ɫ 

ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦɢ ɞɚɧɧɵɦɢ, ɩɪɢ ɷɬɨɦ ɪɟɡɭɥɶɬɚɬɵ ɪɚɫɱɟɬɚ ɧɟɡɧɚɱɢɬɟɥɶɧɨ 

ɩɪɟɜɵɲɚɸɬ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɞɚɧɧɵɟ. Ʌɭɱɲɢɟ ɪɟɡɭɥɶɬɚɬɵ ɩɨɥɭɱɟɧɵ ɩɪɢ 

ɢɫɩɨɥɶɡɨɜɚɧɢɢ k-ε ɦɨɞɟɥɢ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ, ɜ ɷɬɨɦ ɫɥɭɱɚɟ ɪɚɫɯɨɠɞɟɧɢɟ 

ɪɟɡɭɥɶɬɚɬɨɜ ɪɚɫɱɟɬɚ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɧɟ ɩɪɟɜɵɲɚɟɬ 10% ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ 

ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦɢ ɞɚɧɧɵɦɢ.  

ɉɪɢ m = 1,0 ɜɫɟ ɦɨɞɟɥɢ ɩɨɤɚɡɵɜɚɸɬ ɡɚɜɵɲɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɧɚ ɭɱɚɫɬɤɟ 

x/d < 10. Ɍɚɤ, ɩɪɢ x/d > 10 ɧɚɢɛɨɥɟɟ ɛɥɢɡɤɢɟ ɤ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦ ɞɚɧɧɵɦ 

ɪɟɡɭɥɶɬɚɬɵ ɜ ɷɬɨɦ ɫɥɭɱɚɟ ɩɨɥɭɱɟɧɵ ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ k- ε ɦɨɞɟɥɢ 

ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ. ɉɪɢ m = 1,5 ɪɟɡɭɥɶɬɚɬɵ ɪɚɫɱɟɬɚ ɧɚ ɭɱɚɫɬɤɟ x/d < 20 ɞɥɹ ɜɫɟɯ 

ɦɨɞɟɥɟɣ ɡɚɦɟɬɧɨ ɩɪɟɜɵɲɚɸɬ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɞɚɧɧɵɟ. 

ɉɨɫɤɨɥɶɤɭ ɩɪɢ m = 1,0 ɢ m = 1,50 ɜɫɟ ɢɫɩɨɥɶɡɨɜɚɧɧɵɟ ɦɨɞɟɥɢ ɞɚɸɬ 

ɡɚɜɵɲɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɜ ɫɪɚɜɧɟɧɢɢ ɫ ɢɦɟɸɳɢɦɢɫɹ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦɢ 

ɞɚɧɧɵɦɢ ɧɚ ɭɱɚɫɬɤɟ x/d < 10…20, ɬɨ CFD-ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɧɟ ɩɨɡɜɨɥɹɟɬ 

ɩɨɥɭɱɢɬɶ ɧɚɞɟɠɧɵɟ ɞɚɧɧɵɟ ɩɨ ɤɨɥɢɱɟɫɬɜɟɧɧɵɦ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦ 

ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ. Эɬɨ ɦɨɠɧɨ ɨɛɴɹɫɧɢɬɶ ɡɧɚɱɢɬɟɥɶɧɵɦ 

ɪɨɫɬɨɦ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɩɪɢ ɫɦɟɲɟɧɢɢ ɩɨɬɨɤɨɜ ɫɨɫɟɞɧɢɯ ɫɬɪɭɣ, ɚ ɬɚɤɠɟ 

ɫɥɨɠɧɨɣ ɬɪɟɯɦɟɪɧɨɣ ɜɢɯɪɟɜɨɣ ɫɬɪɭɤɬɭɪɨɣ ɩɪɢɫɬɟɧɨɱɧɨɝɨ ɬɟɱɟɧɢɹ ɧɚ 

ɧɚɱɚɥɶɧɨɦ ɭɱɚɫɬɤɟ ɢ ɭɱɚɫɬɤɟ ɫɬɚɛɢɥɢɡɚɰɢɢ ɢ ɬ.ɞ. Ɍɚɤɠɟ, ɪɚɡɥɢɱɢɟ 

ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɢ ɪɚɫɱɟɬɧɵɯ ɞɚɧɧɵɯ ɩɪɢ m = 1,0 ɢ ɛɨɥɟɟ, ɨɛɧɚɪɭɠɟɧɧɨɟ ɜ 

ɪɚɛɨɬɟ, ɩɨ-ɜɢɞɢɦɨɦɭ, ɨɛɭɫɥɨɜɥɟɧɨ ɜɥɢɹɧɢɟɦ ɧɚ ɪɟɡɭɥɶɬɚɬɵ ɤɨɦɩɶɸɬɟɪɧɨɝɨ 

ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɮɚɤɬɨɪɨɜ ɜɵɱɢɫɥɢɬɟɥɶɧɨɝɨ ɯɚɪɚɤɬɟɪɚ.  

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɩɪɢ ɤɨɦɩɶɸɬɟɪɧɨɦ ɦɨɞɟɥɢɪɨɜɚɧɢɢ ɩɥɟɧɨɱɧɨɝɨ 

ɨɯɥɚɠɞɟɧɢɹ ɫ ɩɨɞɚɱɟɣ ɨɯɥɚɞɢɬɟɥɹ ɜ ɫɢɫɬɟɦɭ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ ɩɪɢ 

ɧɢɡɤɨɬɭɪɛɭɥɟɧɬɧɨɦ ɢ ɛɟɡɝɪɚɞɢɟɧɬɧɨɦ ɨɛɬɟɤɚɧɢɢ ɩɥɚɫɬɢɧɵ ɩɪɢ ɦɚɥɵɯ 

(m = 0,50) ɢ ɭɦɟɪɟɧɧɵɯ (m =1,0; x/d > 10) ɩɚɪɚɦɟɬɪɚɯ ɜɞɭɜɚ ɜɨɡɦɨɠɧɨ 

ɢɫɩɨɥɶɡɨɜɚɧɢɟ k- ε ɦɨɞɟɥɢ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ. ɉɪɨɫɬɨɬɚ, ɯɨɪɨɲɚɹ ɫɯɨɞɢɦɨɫɬɶ ɢ 
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ɞɨɫɬɚɬɨɱɧɨ ɜɵɫɨɤɚɹ ɬɨɱɧɨɫɬɶ k-ε ɦɨɞɟɥɢ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɩɨɡɜɨɥɹɟɬ ɟɣ ɧɚ 

ɞɚɧɧɵɣ ɦɨɦɟɧɬ ɨɫɬɚɜɚɬɶɫɹ ɧɚɢɛɨɥɟɟ ɩɪɢɦɟɧɢɦɨɣ ɦɨɞɟɥɶɸ ɞɥɹ 

ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɲɢɪɨɤɨɝɨ ɫɩɟɤɬɪɚ ɬɭɪɛɭɥɟɧɬɧɵɯ ɬɟɱɟɧɢɣ. 

ɉɨɥɭɱɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɭɤɚɡɵɜɚɸɬ ɧɚ ɧɟɨɛɯɨɞɢɦɨɫɬɶ ɞɚɥɶɧɟɣɲɟɝɨ 

ɬɟɫɬɢɪɨɜɚɧɢɹ ɦɨɞɟɥɟɣ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɩɪɢ ɪɚɫɱɟɬɟ ɫɯɟɦɵ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ. 

Эɬɨ ɦɨɠɟɬ ɛɵɬɶ ɫɞɟɥɚɧɨ ɡɚ ɫɱɟɬ ɪɚɡɥɢɱɧɵɯ ɪɚɡɦɟɪɧɨɫɬɟɣ ɪɚɫɱɟɬɧɨɣ ɫɟɬɤɢ ɢ 

ɩɪɢɫɬɟɧɨɱɧɵɯ ɫɝɭɳɟɧɢɣ ɩɪɢ ɛɨɥɶɲɢɯ ɩɚɪɚɦɟɬɪɚɯ ɜɞɭɜɚ, ɚ ɬɚɤɠɟ 

ɢɫɩɨɥɶɡɨɜɚɧɢɟ LES ɢ DES ɩɨɞɯɨɞɨɜ ɤ ɱɢɫɥɟɧɧɨɦɭ ɦɨɞɟɥɢɪɨɜɚɧɢɸ ɬɚɤɢɯ 

ɬɟɱɟɧɢɣ. 

 

3.8 Ɏɢɡɢɱɟɫɤɚɹ ɫɬɪɭɤɬɭɪɚ ɩɨɬɨɤɚ ɢ ɮɚɤɬɨɪɵ, ɯɚɪɚɤɬɟɪɢɡɭɸɳɢɟ 

ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ 

Эɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɟ ɢɫɫɥɟɞɨɜɚɧɢɟ, ɜɵɩɨɥɧɟɧɧɨɟ ɜ ɩ. 3.1, ɩɨɤɚɡɚɥɨ 

ɫɥɨɠɧɭɸ ɬɪɟɯɦɟɪɧɭɸ ɫɬɪɭɤɬɭɪɭ ɩɪɢɫɬɟɧɧɨɝɨ ɩɨɬɨɤɚ ɩɪɢ ɩɨɞɚɱɟ ɨɯɥɚɞɢɬɟɥɹ 

ɱɟɪɟɡ ɫɢɫɬɟɦɭ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ. Ⱦɥɹ ɛɨɥɟɟ ɝɥɭɛɨɤɨɝɨ ɩɨɧɢɦɚɧɢɹ 

ɮɢɡɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɵ ɢ ɨɫɧɨɜɧɵɯ ɩɪɢɱɢɧ, ɨɩɪɟɞɟɥɹɸɳɢɯ ɷɮɮɟɤɬɢɜɧɨɫɬɶ 

ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ, ɜɵɩɨɥɧɟɧɨ ɤɨɦɩɶɸɬɟɪɧɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ 

ɫɬɪɭɤɬɭɪɵ ɩɨɬɨɤɚ. ɉɪɢ ɤɨɦɩɶɸɬɟɪɧɨɦ ɦɨɞɟɥɢɪɨɜɚɧɢɢ ɢɫɩɨɥɶɡɨɜɚɥɚɫɶ k-ε 

ɦɨɞɟɥɶ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ, ɩɨɤɚɡɚɜɲɚɹ ɧɚɢɥɭɱɲɢɟ ɪɟɡɭɥɶɬɚɬɵ ɩɪɢ 

ɬɟɫɬɢɪɨɜɚɧɢɢ (ɩ. 3.6). Ⱦɥɹ ɫɪɚɜɧɟɧɢɹ ɪɚɫɫɦɚɬɪɢɜɚɥɚɫɶ ɬɚɤɠɟ ɬɪɚɞɢɰɢɨɧɧɚɹ 

ɫɯɟɦɚ ɫ ɩɨɞɚɱɟɣ ɨɯɥɚɞɢɬɟɥɹ ɜ ɞɜɚ ɪɹɞɚ ɧɚɤɥɨɧɧɵɯ ɨɬɜɟɪɫɬɢɣ (ɪɢɫ. 1.5ɝ), ɫ 

ɬɚɤɢɦ ɠɟ ɲɚɝɨɦ ɨɬɜɟɪɫɬɢɣ t/d = 4,0.  

Ɍɪɚɞициɨɧɧɚɹ ɫɯɟɦɚ. Ɇɨɞɟɥɢɪɨɜɚɧɢɟ ɬɪɚɞɢɰɢɨɧɧɨɣ ɞɜɭɯɪɹɞɧɨɣ 

ɫɢɫɬɟɦɵ ɚɤɫɢɚɥɶɧɵɯ ɧɚɤɥɨɧɧɵɯ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɨɬɜɟɪɫɬɢɣ ɜɵɩɨɥɧɟɧɨ ɫ 

ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ k-ε ɦɨɞɟɥɶ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ Д113]. ɇɚ ɪɢɫ. 3.27 ɩɨɤɚɡɚɧɚ 

ɜɢɯɪɟɜɚɹ ɫɬɪɭɤɬɭɪɚ ɜ ɩɨɩɟɪɟɱɧɨɣ ɩɥɨɫɤɨɫɬɢ ɩɨɬɨɤɚ ɧɚ ɪɚɫɫɬɨɹɧɢɢ ɯ/d = 3,0 ɨɬ 

ɡɚɞɧɟɣ ɤɪɨɦɤɢ ɜɬɨɪɨɝɨ ɪɹɞɚ ɩɪɢ m = 1,0. Ʉɪɚɫɧɨɣ ɪɚɦɤɨɣ ɜɵɞɟɥɟɧɚ ɨɛɥɚɫɬɶ 

ɪɚɫɫɦɚɬɪɢɜɚɟɦɚɹ ɞɚɥɟɟ.  

ɇɚ ɪɢɫ. 3.28 ɩɨɤɚɡɚɧɵ ɬɟɦɩɟɪɚɬɭɪɧɵɟ ɩɨɥɹ ɢ ɩɪɨɟɤɰɢɢ ɜɟɤɬɨɪɨɜ 

ɫɤɨɪɨɫɬɢ  ɜ ɩɨɩɟɪɟɱɧɵɯ ɫɟɱɟɧɢɹɯ ɩɨɬɨɤɚ ɧɚ ɪɚɫɫɬɨɹɧɢɹɯ ɯ/d = 3; 5; 10 ɢ 20 ɨɬ 
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ɡɚɞɧɟɣ ɤɪɨɦɤɢ ɜɬɨɪɨɝɨ ɪɹɞɚ ɩɪɢ ɩɚɪɚɦɟɬɪɚɯ ɜɞɭɜɚ m = 0,5; 1,0 ɢ 1,5. Ɂɚ 

ɨɬɜɟɪɫɬɢɹɦɢ (ɪɢɫ. 3.28) ɨɬɱɟɬɥɢɜɨ ɜɢɞɧɵ ɯɚɪɚɤɬɟɪɧɵɟ ɜɢɯɪɟɜɵɟ ɫɬɪɭɤɬɭɪɵ ɜ 

ɮɨɪɦɟ «ɩɨɱɟɱɧɵɯ» ɜɢɯɪɟɣ, ɤɨɬɨɪɵɟ ɭɯɭɞɲɚɸɬ ɭɫɥɨɜɢɹ ɩɥɟɧɨɱɧɨɝɨ 

ɨɯɥɚɠɞɟɧɢɹ. ɉɪɢ ɜɫɟɯ ɡɧɚɱɟɧɢɹɯ ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ «ɩɨɱɟɱɧɵɟ» ɜɢɯɪɢ 

ɪɚɡɜɢɜɚɸɬɫɹ ɩɨ ɞɥɢɧɟ ɭɱɚɫɬɤɚ (ɯ/d). Чɟɦ ɛɨɥɶɲɟ ɩɚɪɚɦɟɬɪ ɜɞɭɜɚ m, ɬɟɦ ɜɵɲɟ 

ɢɧɬɟɧɫɢɜɧɨɫɬɶ «ɩɨɱɟɱɧɵɯ» ɜɢɯɪɟɣ ɨɤɨɥɨ ɩɨɜɟɪɯɧɨɫɬɢ ɩɥɚɫɬɢɧɵ. 
 

     

Ɋɢɫɭɧɨɤ 3.27 – Ɍɪɚɞɢɰɢɨɧɧɚɹ ɫɯɟɦɚ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ:  
ɫɟɱɟɧɢɟ ɧɚ ɪɚɫɫɬɨɹɧɢɢ ɯ/d = 3,0 ɨɬ ɡɚɞɧɟɣ ɤɪɨɦɤɢ ɜɬɨɪɨɝɨ ɪɹɞɚ 
ɨɬɜɟɪɫɬɢɣ ɩɪɢ m = 1,0. 
 

ɉɚɪɧɵɟ ɨɬɜɟɪɫɬиɹ. ɉɪɢ ɤɨɦɩɶɸɬɟɪɧɨɦ ɦɨɞɟɥɢɪɨɜɚɧɢɢ 

ɢɫɩɨɥɶɡɨɜɚɥɚɫɶ k   ɦɨɞɟɥɶ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ, ɩɨɤɚɡɚɜɲɚɹ ɧɚɢɥɭɱɲɢɟ 

ɪɟɡɭɥɶɬɚɬɵ ɩɪɢ ɫɪɚɜɧɟɧɢɢ ɫ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦɢ ɞɚɧɧɵɦɢ ɩɪɢ m = 0,5 ɢ 1,0 

(x/d ≥ 10). Ⱦɥɹ m = 1,5 ɞɚɧɧɵɟ ɪɚɫɱɟɬɚ ɜɡɹɬɵ ɞɥɹ ɫɟɱɟɧɢɹ ɯ/d = 20, ɝɞɟ 

ɫɨɝɥɚɫɨɜɚɧɢɟ ɪɚɫɱɟɬɨɜ ɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɞɚɧɧɵɯ ɭɞɨɜɥɟɬɜɨɪɢɬɟɥɶɧɨɟ. 

Ɍɚɤ ɠɟ ɤɚɤ ɢ ɩɪɢ ɩɪɨɜɟɞɟɧɢɢ ɷɤɫɩɟɪɢɦɟɧɬɨɜ, ɫɪɚɜɧɢɬɟɥɶɧɵɣ ɚɧɚɥɢɡ ɫɞɟɥɚɧ 

ɞɥɹ ɫɥɭɱɚɹ ɨɛɪɚɬɧɨɝɨ ɬɟɩɥɨɜɨɝɨ ɩɨɬɨɤɚμ ɨɫɧɨɜɧɨɣ ɜɨɡɞɭɯ – ɯɨɥɨɞɧɵɣ, 

ɜɞɭɜɚɟɦɵɣ – ɧɚɝɪɟɬɵɣ.  

Ⱦɥɹ ɚɧɚɥɢɡɚ ɮɢɡɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɵ ɩɨɬɨɤɚ ɡɚ ɩɚɪɧɵɦɢ ɨɬɜɟɪɫɬɢɹɦɢ, 

ɤɚɤ ɢ ɞɥɹ ɬɪɚɞɢɰɢɨɧɧɵɯ ɧɚɤɥɨɧɧɵɯ ɨɬɜɟɪɫɬɢɣ, ɪɚɫɫɦɨɬɪɢɦ ɩɨɥɹ ɬɟɦɩɟɪɚɬɭɪ 

ɢ ɩɪɨɟɤɰɢɢ ɜɟɤɬɨɪɨɜ ɫɤɨɪɨɫɬɢ ɜ ɩɨɩɟɪɟɱɧɨɣ ɩɥɨɫɤɨɫɬɢ ɧɚ ɪɚɫɫɬɨɹɧɢɹɯ 

ɯ/d = 3; 5; 10 ɢ 20 ɨɬ ɡɚɞɧɟɣ ɤɪɨɦɤɢ ɜɬɨɪɨɝɨ ɪɹɞɚ (ɪɢɫ. 3.29).  

ɉɪɢ ɜɞɭɜɟ ɨɯɥɚɞɢɬɟɥɹ ɱɟɪɟɡ ɩɚɪɧɵɟ ɨɬɜɟɪɫɬɢɹ ɩɪɢ m = 0,5 (ɪɢɫ. 3.29) 

ɮɨɪɦɢɪɭɸɬɫɹ ɜɢɯɪɟɜɵɟ ɫɬɪɭɤɬɭɪɵ ɫ ɟɞɢɧɢɱɧɵɦ ɜɢɯɪɟɦ, ɩɪɢɜɨɞɹɳɢɦ ɤ 
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ɩɨɩɟɪɟɱɧɨɦɭ ɪɚɫɬɟɤɚɧɢɟ ɩɨɬɨɤɚ ɦɟɠɞɭ ɫɨɫɟɞɧɢɦɢ ɩɚɪɧɵɦɢ ɨɬɜɟɪɫɬɢɹɦɢ, ɱɬɨ 

ɩɪɟɩɹɬɫɬɜɭɟɬ ɩɨɫɬɭɩɥɟɧɢɸ ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɚ ɤ ɫɬɟɧɤɟ ɢ ɩɨɜɟɪɯɧɨɫɬɶ ɡɚɤɪɵɬɚ 

ɜɵɞɭɜɚɟɦɵɦ ɜɬɨɪɢɱɧɵɦ ɩɨɬɨɤɨɦ. Эɬɨ ɫɩɨɫɨɛɫɬɜɭɟɬ ɭɜɟɥɢɱɟɧɢɸ 

ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɬɪɚɞɢɰɢɨɧɧɨɣ 

ɫɯɟɦɨɣ ɧɚɤɥɨɧɧɵɯ ɨɬɜɟɪɫɬɢɣ.  

ɉɪɢ m = 1,0 ɮɨɪɦɢɪɭɸɬɫɹ ɜɢɯɪɟɜɵɟ ɫɬɪɭɤɬɭɪɵ ɫ ɞɜɭɦɹ ɜɢɯɪɹɦɢ 

ɩɪɨɬɢɜɨɩɨɥɨɠɧɨɝɨ ɜɪɚɳɟɧɢɹ (ɨɬ ɩɨɜɟɪɯɧɨɫɬɢ), ɩɪɟɩɹɬɫɬɜɭɸɳɢɟ ɩɨɞɫɨɫɭ 

ɜɧɟɲɧɟɝɨ ɩɨɬɨɤɚ ɤ ɫɬɟɧɤɟ, ɡɚ ɫɱɟɬ ɱɟɝɨ ɩɨɜɟɪɯɧɨɫɬɶ ɬɚɤɠɟ ɨɤɚɡɵɜɚɟɬɫɹ 

«ɡɚɤɪɵɬɨɣ» ɨɯɥɚɞɢɬɟɥɟɦ. ɉɪɢɱɟɦ ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɧɟɫɢɦɦɟɬɪɢɱɧɨɣ ɩɚɪɧɨɣ 

ɜɢɯɪɟɜɨɣ ɫɬɪɭɤɬɭɪɵ ɜɨɡɪɚɫɬɚɟɬ ɫ ɭɜɟɥɢɱɟɧɢɟɦ ɪɚɫɫɬɨɹɧɢɹ ɨɬ ɩɥɨɫɤɨɫɬɢ 

ɜɞɭɜɚ.  

ɏɚɪɚɤɬɟɪɧɨɣ ɨɫɨɛɟɧɧɨɫɬɶɸ ɮɨɪɦɢɪɭɸɳɟɣɫɹ ɜɢɯɪɟɜɨɣ ɫɢɫɬɟɦɵ 

ɹɜɥɹɟɬɫɹ ɧɚɩɪɚɜɥɟɧɢɟ ɜɪɚɳɟɧɢɹ ɩɚɪɧɵɯ ɜɢɯɪɟɣ, ɤɨɬɨɪɨɟ ɩɪɨɬɢɜɨɩɨɥɨɠɧɨ 

ɧɚɩɪɚɜɥɟɧɢɸ ɜɪɚɳɟɧɢɹ «ɩɨɱɟɱɧɵɯ» ɜɢɯɪɟɣ. Ɍɚɤɨɣ ɯɚɪɚɤɬɟɪ ɜɪɚɳɟɧɢɹ 

ɩɪɢɜɨɞɢɬ ɤ ɪɚɫɬɟɤɚɧɢɸ ɨɯɥɚɞɢɬɟɥɹ ɩɨɩɟɪɺɤ ɨɯɥɚɠɞɚɟɦɨɣ ɩɨɜɟɪɯɧɨɫɬɢ ɩɨ 

ɞɜɭɦ ɪɚɡɥɢɱɧɵɦ ɧɚɩɪɚɜɥɟɧɢɹɦ, ɱɬɨ ɫɩɨɫɨɛɫɬɜɭɟɬ ɛɨɥɟɟ ɪɚɜɧɨɦɟɪɧɨɣ 

ɬɟɩɥɨɜɨɣ ɡɚɳɢɬɟ ɩɨɜɟɪɯɧɨɫɬɢ. Эɬɨ ɩɪɢɜɨɞɢɬ ɤ ɭɜɟɥɢɱɟɧɢɸ ɷɮɮɟɤɬɢɜɧɨɫɬɢ 

ɨɯɥɚɠɞɟɧɢɹ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɬɪɚɞɢɰɢɨɧɧɨɣ ɞɜɭɯɪɹɞɧɨɣ ɫɯɟɦɨɣ ɧɚɤɥɨɧɧɵɯ 

ɨɬɜɟɪɫɬɢɣ ɩɪɢ ɭɦɟɪɟɧɧɨɦ (m = 1,0) ɩɚɪɚɦɟɬɪɟ ɜɞɭɜɚ. 

ɋ ɪɨɫɬɨɦ ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ, ɩɪɢ m = 1,5 ɧɚ ɪɚɫɫɬɨɹɧɢɢ ɯ/d = 20 ɨɬ 

ɨɬɜɟɪɫɬɢɣ ɩɥɺɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ (ɪɢɫ. 3.2λ) ɢɧɬɟɧɫɢɜɧɨɫɬɶ 

ɧɟɫɢɦɦɟɬɪɢɱɧɨɣ ɩɚɪɧɨɣ ɜɢɯɪɟɜɨɣ ɫɢɫɬɟɦɵ ɜɨɡɪɚɫɬɚɟɬ, ɜɢɯɪɟɜɨɟ ɧɚɤɥɨɧɧɨɟ 

ɬɟɱɟɧɢɟ ɞɨɫɬɚɬɨɱɧɨ ɪɚɡɜɢɬɨ. ɋɧɢɠɟɧɢɟ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɦɨɠɟɬ ɛɵɬɶ 

ɨɛɭɫɥɨɜɥɟɧɨ ɧɚɥɢɱɢɟɦ ɡɚɫɬɨɣɧɵɯ ɨɬɪɵɜɧɵɯ ɡɨɧ ɩɨɞ ɫɬɪɭɹɦɢ ɧɚ ɧɚɱɚɥɶɧɨɦ 

ɭɱɚɫɬɤɟ, ɤɨɬɨɪɵɟ ɧɚɛɥɸɞɚɥɢɫɶ ɩɪɢ ɜɵɩɨɥɧɟɧɢɢ ɜɢɡɭɚɥɢɡɚɰɢɢ ɩɨɜɟɪɯɧɨɫɬɧɵɯ 

ɥɢɧɢɣ ɬɨɤɚ (ɪɢɫ. 3.1ɛ, ɝ), ɨɞɧɚɤɨ ɧɟ ɛɵɥɢ ɫɦɨɞɟɥɢɪɨɜɚɧɵ, ɱɬɨ ɝɨɜɨɪɢɬ ɨ 

ɩɪɨɛɥɟɦɚɯ CFD-ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɢ ɧɟɨɛɯɨɞɢɦɨɫɬɢ ɟɝɨ ɞɚɥɶɧɟɣɲɟɟ 

ɫɨɜɟɪɲɟɧɫɬɜɨɜɚɧɢɹ. 

В ɪɚɡɞ.1 ɧɚ ɪɢɫ. 1.13 ɛɵɥɚ ɩɨɤɚɡɚɧɚ ɪɟɡɭɥɶɬɢɪɭɸɳɚɹ 

(ɢɞɟɚɥɢɡɢɪɨɜɚɧɧɚɹ) ɜɢɯɪɟɜɚɹ ɫɬɪɭɤɬɭɪɚ ɩɨɬɨɤɚ ɫ ɫɢɦɦɟɬɪɢɱɧɵɦɢ 
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ɚɧɬɢɩɨɱɟɱɧɵɦɢ ɜɢɯɪɹɦɢ, ɜɪɚɳɚɸɳɢɦɢɫɹ ɜ ɩɪɨɬɢɜɨɩɨɥɨɠɧɵɯ ɧɚɩɪɚɜɥɟɧɢɹɯ 

ɫ ɪɚɫɬɟɤɚɧɢɟɦ ɨɯɥɚɞɢɬɟɥɹ ɜ ɩɨɩɟɪɟɱɧɵɟ ɧɚɩɪɚɜɥɟɧɢɹ. Ɉɞɧɚɤɨ ɤɚɤ ɩɨɤɚɡɚɥɢ 

ɪɟɡɭɥɶɬɚɬɵ ɪɚɫɱɟɬɚ, ɩɪɢɜɟɞɟɧɧɵɟ ɧɚ ɪɢɫ. 3.2λ, ɚɧɬɢɩɨɱɟɱɧɵɟ ɜɢɯɪɢ ɧɟ ɜɫɟɝɞɚ 

ɹɜɥɹɸɬɫɹ ɫɢɦɦɟɬɪɢɱɧɵɦɢ. 

 

Ɋɢɫɭɧɨɤ 3.28 – Ɍɟɦɩɟɪɚɬɭɪɧɵɟ ɩɨɥɹ ɢ ɩɪɨɟɤɰɢɢ ɜɟɤɬɨɪɨɜ ɫɤɨɪɨɫɬɢ  ɜ 
ɩɨɩɟɪɟɱɧɵɯ ɫɟɱɟɧɢɹɯ ɩɨɬɨɤɚμ ɬɪɚɞɢɰɢɨɧɧɚɹ ɫɯɟɦɚ ɩɥɟɧɨɱɧɨɝɨ 
ɨɯɥɚɠɞɟɧɢɹ. 

 

 
Ɋɢɫɭɧɨɤ 3.29 – Ɍɟɦɩɟɪɚɬɭɪɧɵɟ ɩɨɥɹ ɢ ɩɪɨɟɤɰɢɢ ɜɟɤɬɨɪɨɜ ɫɤɨɪɨɫɬɢ ɜ 
ɩɨɩɟɪɟɱɧɵɯ ɫɟɱɟɧɢɹɯ ɩɨɬɨɤɚμ ɩɚɪɧɵɟ ɨɬɜɟɪɫɬɢɹ. 
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Иɡ ɪɢɫ. 3.30 ɜɢɞɧɨ, ɱɬɨ ɜɢɯɪɶ, ɡɚɳɢɳɚɸɳɢɣ ɩɨɜɟɪɯɧɨɫɬɶ ɨɬ ɨɫɧɨɜɧɨɝɨ 

ɩɨɬɨɤɚ, ɨɛɪɚɡɭɟɬɫɹ ɡɚ ɫɱɟɬ ɫɬɪɭɣ ɢɡ ɨɬɜɟɪɫɬɢɣ ɜɬɨɪɨɝɨ ɪɹɞɚ, ɚ ɫɬɪɭɢ ɢɡ 

ɨɬɜɟɪɫɬɢɣ ɩɟɪɜɨɝɨ ɪɹɞɚ ɪɚɫɩɨɥɚɝɚɸɬɫɹ ɩɨɞ ɫɬɪɭɹɦɢ ɢɡ ɨɬɜɟɪɫɬɢɣ ɜɬɨɪɨɝɨ ɪɹɞɚ. 

ɇɚ ɪɢɫ. 3.31 ɩɨɤɚɡɚɧɵ ɩɨɥɹ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɩɪɢ 

m = 0,5 ɢ m = 1,0. Ⱦɥɹ ɪɚɫɫɦɚɬɪɢɜɚɟɦɵɯ ɭɫɥɨɜɢɣ ɡɚ ɩɚɪɧɵɦɢ ɨɬɜɟɪɫɬɢɹɦɢ 

ɧɚɛɥɸɞɚɟɬɫɹ ɛɨɥɟɟ ɪɚɜɧɨɦɟɪɧɨɟ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɨɯɥɚɞɢɬɟɥɹ ɩɨ ɩɨɜɟɪɯɧɨɫɬɢ ɢ 

ɛɨɥɟɟ ɜɵɫɨɤɚɹ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ, ɱɟɦ ɡɚ ɪɹɞɚɦɢ 

ɬɪɚɞɢɰɢɨɧɧɵɯ ɨɬɜɟɪɫɬɢɣ. ɋ ɪɨɫɬɨɦ ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ ɜɨɡɪɚɫɬɚɟɬ ɩɨɩɟɪɟɱɧɚɹ 

ɪɚɜɧɨɦɟɪɧɨɫɬɶ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɺɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ. Эɬɨɬ ɪɟɡɭɥɶɬɚɬ 

ɩɨɞɬɜɟɪɠɞɚɟɬ ɜɵɜɨɞ, ɩɨɥɭɱɟɧɧɵɣ ɩɪɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɦ ɢɫɫɥɟɞɨɜɚɧɢɢ 

ɩɨɜɟɪɯɧɨɫɬɧɨɣ ɜɢɡɭɚɥɢɡɚɰɢɢ ɩɨɬɨɤɚ (ɩ. 3.1). 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɜɵɲɟɢɡɥɨɠɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɩɨɞɬɜɟɪɠɞɚɸɬ ɜɵɜɨɞ ɨ 

ɛɨɥɟɟ ɷɮɮɟɤɬɢɜɧɨɦ ɨɯɥɚɠɞɟɧɢɢ ɩɨɜɟɪɯɧɨɫɬɢ ɫ ɩɨɦɨɳɶɸ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ. 

Ɉɧɢ ɫɜɢɞɟɬɟɥɶɫɬɜɭɸɬ, ɱɬɨ ɩɪɢ ɜɵɞɭɜɟ ɨɯɥɚɞɢɬɟɥɹ ɱɟɪɟɡ ɫɢɫɬɟɦɭ ɩɚɪɧɵɯ 

ɨɬɜɟɪɫɬɢɣ ɢ ɦɚɥɵɯ ɡɧɚɱɟɧɢɹɯ ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ (m = 0,5) ɜ ɩɨɬɨɤɟ 

ɮɨɪɦɢɪɭɟɬɫɹ ɨɞɢɧ ɢɧɬɟɧɫɢɜɧɵɣ ɧɟɫɢɦɦɟɬɪɢɱɧɵɣ ɜɢɯɪɶ, ɩɨɞ ɞɟɣɫɬɜɢɟɦ 

ɤɨɬɨɪɨɝɨ ɜɨɡɧɢɤɚɸɬ ɜɨɫɯɨɞɹɳɢɟ ɩɨɬɨɤɢ ɨɯɥɚɞɢɬɟɥɹ ɦɟɠɞɭ ɫɨɫɟɞɧɢɦɢ 

ɩɚɪɚɦɢ ɨɬɜɟɪɫɬɢɣ. Эɬɢ ɩɨɬɨɤɢ ɩɪɟɩɹɬɫɬɜɭɸɬ ɩɨɫɬɭɩɥɟɧɢɸ ɜɨɡɞɭɯɚ ɢɡ 

ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɚ ɤ ɩɨɜɟɪɯɧɨɫɬɢ ɩɥɚɫɬɢɧɵ. ɉɪɢ m = 1,0 ɭ ɩɨɜɟɪɯɧɨɫɬɢ 

ɩɥɚɫɬɢɧɵ ɮɨɪɦɢɪɭɟɬɫɹ ɚɧɬɢɩɨɱɟɱɧɚɹ ɩɚɪɧɚɹ ɜɢɯɪɟɜɚɹ ɫɬɪɭɤɬɭɪɚ ɩɨɬɨɤɚ ɫ 

ɧɚɩɪɚɜɥɟɧɢɟɦ ɜɪɚɳɟɧɢɹ ɜɢɯɪɟɣ ɩɪɨɬɢɜɨɩɨɥɨɠɧɵɦ ɧɚɩɪɚɜɥɟɧɢɸ ɜɪɚɳɟɧɢɹ 

ɤɥɚɫɫɢɱɟɫɤɢɯ «ɩɨɱɟɱɧɵɯ» ɜɢɯɪɟɣ. В ɪɟɡɭɥɶɬɚɬɟ ɪɚɫɬɟɤɚɧɢɹ ɨɯɥɚɞɢɬɟɥɹ ɜ 

ɩɨɩɟɪɟɱɧɨɦ ɧɚɩɪɚɜɥɟɧɢɢ ɮɨɪɦɢɪɭɟɬɫɹ ɡɚɳɢɬɧɵɣ ɫɥɨɣ ɨɯɥɚɞɢɬɟɥɹ, ɤɨɬɨɪɵɣ 

ɩɪɟɩɹɬɫɬɜɭɟɬ ɩɨɞɫɨɫɭ ɝɚɡɨɜ ɢɡ ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɚ ɤ ɩɨɜɟɪɯɧɨɫɬɢ ɩɥɚɫɬɢɧɵ. ɋ 

ɭɜɟɥɢɱɟɧɢɟɦ ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ ɞɨ m = 1,5 ɞɥɹ ɢɫɫɥɟɞɨɜɚɧɧɵɯ ɭɫɥɨɜɢɣ 

ɜɢɯɪɟɜɚɹ ɫɬɪɭɤɬɭɪɚ ɫɬɚɧɨɜɢɬɫɹ ɛɨɥɟɟ ɢɧɬɟɧɫɢɜɧɨɣ. ɋɧɢɠɟɧɢɟ ɷɮɮɟɤɬɢɜɧɨɫɬɢ 

ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɦɨɠɟɬ ɛɵɬɶ ɨɛɭɫɥɨɜɥɟɧɨ ɨɛɪɚɡɨɜɚɧɢɟɦ ɡɚɫɬɨɣɧɨɣ 

ɡɨɧɵ ɧɚ ɧɚɱɚɥɶɧɨɦ ɭɱɚɫɬɤɟ (ɨɬɪɵɜ ɫɬɪɭɢ ɨɬ ɩɨɜɟɪɯɧɨɫɬɢ). 

ɇɚ ɪɢɫ. 3.32 ɩɪɢɜɟɞɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɤɨɦɩɶɸɬɟɪɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ 

ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɡɚ ɩɚɪɧɵɦɢ ɨɬɜɟɪɫɬɢɹɦɢ ɢ ɡɚ  
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Ɋɢɫɭɧɨɤ 3.30 – ɋɢɫɬɟɦɚ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣμ ɫɟɱɟɧɢɟ ɧɚ ɪɚɫɫɬɨɹɧɢɢ 
ɯ/d = 3,0 ɨɬ ɡɚɞɧɟɣ ɤɪɨɦɤɢ ɜɬɨɪɨɝɨ ɪɹɞɚ ɨɬɜɟɪɫɬɢɣ ɩɪɢ m = 0,50. 

 

 

Ɋɢɫɭɧɨɤ 3.31 – Ʌɨɤɚɥɶɧɚɹ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹμ  
ɚ, ɛ – ɫɢɫɬɟɦɚ ɬɪɚɞɢɰɢɨɧɧɵɯ ɨɬɜɟɪɫɬɢɣ; ɜ, ɝ – ɫɢɫɬɟɦɚ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ. 

 
ɬɪɚɞɢɰɢɨɧɧɨɣ ɞɜɭɯɪɹɞɧɨɣ ɫɢɫɬɟɦɨɣ ɨɬɜɟɪɫɬɢɣ ɫ ɬɚɤɢɦ ɠɟ ɲɚɝɨɦ (t/d = 4) ɢ 

ɨɞɧɨɪɹɞɧɨɣ ɫɢɫɬɟɦɵ ɫ ɨɬɧɨɫɢɬɟɥɶɧɵɦ ɲɚɝɨɦ (t/d = 2). Ɋɟɡɭɥɶɬɚɬɵ ɪɚɫɱɟɬɨɜ 

ɬɚɤɠɟ ɩɨɞɬɜɟɪɠɞɚɸɬ, ɱɬɨ ɩɪɢ ɨɞɢɧɚɤɨɜɵɯ ɝɪɚɧɢɱɧɵɯ ɭɫɥɨɜɢɹɯ ɫɪɟɞɧɹɹ 

ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɩɥɨɫɤɨɣ ɩɨɜɟɪɯɧɨɫɬɢ ɡɚ ɩɚɪɧɵɦɢ 
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Ɋɢɫɭɧɨɤ 3.32 – ɋɪɟɞɧɹɹ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹμ  
1 – ɩɚɪɧɵɟ ɨɬɜɟɪɫɬɢɹ (t/d = 4); 2 – ɬɪɚɞɢɰɢɨɧɧɚɹ ɞɜɭɯɪɹɞɧɚɹ ɫɯɟɦɚ 
ɨɬɜɟɪɫɬɢɣ (t/d = 4); 3 – ɬɪɚɞɢɰɢɨɧɧɚɹ ɨɞɧɨɪɹɞɧɚɹ ɫɯɟɦɚ ɨɬɜɟɪɫɬɢɣ ɫ 
ɨɬɧɨɫɢɬɟɥɶɧɵɦ ɲɚɝɨɦ (t/d = 2). 
 

ɨɬɜɟɪɫɬɢɹɦɢ ɨɛɟɫɩɟɱɢɜɚɟɬ ɛɨɥɟɟ ɜɵɫɨɤɭɸ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɨɯɥɚɠɞɟɧɢɹ ɩɨ 

ɫɪɚɜɧɟɧɢɸ ɫ ɬɪɚɞɢɰɢɨɧɧɵɦɢ ɫɯɟɦɚɦɢ ɨɬɜɟɪɫɬɢɣ. 

 
3.9 Вɥɢɹɧɢɟ ɩɨɩɟɪɟɱɧɨɝɨ ɪɚɫɫɬɨɹɧɢɹ ɦɟɠɞɭ ɨɬɜɟɪɫɬɢɹɦɢ ɧɚ 

ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ 

Ʉɚɤ ɛɵɥɨ ɩɨɤɚɡɚɧɨ ɜ ɩ.1.4.3, ɩɨɩɟɪɟɱɧɨɟ ɪɚɫɫɬɨɹɧɢɟ Δ (ɪɢɫ.1.11) 

ɹɜɥɹɟɬɫɹ ɨɩɪɟɞɟɥɹɸɳɢɦ ɩɚɪɚɦɟɬɪɨɦ ɞɥɹ ɞɨɫɬɢɠɟɧɢɹ ɦɚɤɫɢɦɚɥɶɧɨɝɨ 

ɡɧɚɱɟɧɢɹ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ. ɉɨɫɤɨɥɶɤɭ ɧɚɞɟɠɧɵɯ 

ɪɟɤɨɦɟɧɞɚɰɢɣ ɩɨ ɜɵɛɨɪɭ ɷɬɨɝɨ ɩɚɪɚɦɟɬɪɚ ɜ ɥɢɬɟɪɚɬɭɪɟ ɧɟɬ, ɬɨ ɛɵɥɨ 

ɜɵɩɨɥɧɟɧɨ ɤɨɦɩɶɸɬɟɪɧɨɟ ɢɫɫɥɟɞɨɜɚɧɢɟ ɜɥɢɹɧɢɹ ɩɚɪɚɦɟɬɪɚ Δ ɧɚ 

ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɩɥɚɫɬɢɧɵ ɞɥɹ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ. 

Ɉɫɧɨɜɧɵɟ ɝɟɨɦɟɬɪɢɱɟɫɤɢɟ ɩɚɪɚɦɟɬɪɵ ɢɫɫɥɟɞɨɜɚɧɧɨɣ ɫɢɫɬɟɦɵμ 

d = 3,2 ɦɦ, t = 12,8 ɦɦ (t/d = 4), t1 = 10 ɦɦ (3,125d), α = 30º, β1 = β2 = 30º. Ɂɚ 



104 

ɨɫɧɨɜɭ ɛɵɥɚ ɜɡɹɬɚ ɫɯɟɦɚ ɫ ɨɬɧɨɫɢɬɟɥɶɧɵɦ ɪɚɫɫɬɨɹɧɢɟɦ ɦɟɠɞɭ ɨɬɜɟɪɫɬɢɹɦɢ 

Δ/d = 1,0 (ɪɢɫ. 1.11). Ⱦɚɥɟɟ ɨɬɜɟɪɫɬɢɹ ɫɦɟɳɚɥɢɫɶ ɫ ɲɚɝɨɦ 0,5d, ɜ ɞɢɚɩɚɡɨɧɟ 

ɢɡɦɟɧɟɧɢɹ Δ/d ɨɬ -2,0 ɞɨ 2,0. Ɋɚɫɱɟɬɵ ɩɪɨɜɨɞɢɥɢɫɶ ɩɪɢ ɨɞɢɧɚɤɨɜɵɯ 

ɪɚɫɱɟɬɧɵɯ ɫɟɬɤɚɯ ɢ ɝɪɚɧɢɱɧɵɯ ɭɫɥɨɜɢɹɯ, ɢɫɩɨɥɶɡɨɜɚɧɧɵɯ ɜ ɩ.3.7. 

Ɋɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢɹ ɜɥɢɹɧɢɹ ɨɬɧɨɲɟɧɢɹ Δ/d ɧɚ ɨɫɪɟɞɧɟɧɧɭɸ ɩɨ 

ɩɨɜɟɪɯɧɨɫɬɢ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɩɪɟɞɫɬɚɜɥɟɧɵ ɧɚ 

ɪɢɫ. 3.33. Ʉɚɤ ɫɥɟɞɭɟɬ, ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɜɟɥɢɱɢɧɵ Δ/d ɫɪɟɞɧɹɹ ɷɮɮɟɤɬɢɜɧɨɫɬɶ 

ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɢɡɦɟɧɹɟɬɫɹ ɩɨ ɤɪɢɜɨɣ ɫ ɦɚɤɫɢɦɭɦɨɦ, ɩɪɢɱɟɦ 

ɡɧɚɱɟɧɢɟ (Δ/d)ɨɩɬ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɟɟ ɦɚɤɫɢɦɭɦɭ ɷɮɮɟɤɬɢɜɧɨɫɬɢ, ɢɡɦɟɧɹɟɬɫɹ 

ɨɬ 1,5 ɞɨ 0,5 ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ ɨɬ 0,5 ɞɨ 2,0. ɉɪɢ Δ/d < 0 

ɧɚɛɥɸɞɚɟɬɫɹ ɧɢɡɤɚɹ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ. 

Ɉɛɪɚɛɨɬɤɚ ɞɚɧɧɵɯ (ɪɢɫ. 3.33) ɩɨɡɜɨɥɢɥɚ ɩɨɥɭɱɢɬɶ ɭɪɚɜɧɟɧɢɟ ɞɥɹ 

ɨɫɪɟɞɧɟɧɧɨɣ ɩɨ ɩɨɜɟɪɯɧɨɫɬɢ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɜ 

ɞɢɚɩɚɡɨɧɟ ɢɡɦɟɧɟɧɢɹ Δ/d ɨɬ 0,5 ɞɨ 1,5 ɞɥɹ ɭɝɥɨɜ α = β1 = β2 = 30º ɩɪɢ m = 0,5–2,0: 

 

   2
0 28 0 58 0 39     max , , / d , / d  

 

Ɍɚɤɠɟ, ɩɨɥɭɱɟɧɚ ɡɚɜɢɫɢɦɨɫɬɶ  ɞɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɨɩɬɢɦɚɥɶɧɨɝɨ ɡɧɚɱɟɧɢɹ 

(Δ/d)ɨɩɬ ɜ ɞɢɚɩɚɡɨɧɟ ɢɡɦɟɧɟɧɢɹ ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ m ɨɬ 0,5 ɞɨ 2,0 ɞɥɹ ɭɝɥɨɜ 

α = β1 = β2 = 30º: 

  2/ 0,125 1,41 0,3
OɉTd m m      

 

Ⱦɥɹ ɚɧɚɥɢɡɚ ɮɢɡɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɵ ɩɨɬɨɤɚ ɡɚ ɩɚɪɧɵɦɢ ɨɬɜɟɪɫɬɢɹɦɢ ɩɪɢ 

ɪɚɡɥɢɱɧɵɯ ɡɧɚɱɟɧɢɹɯ Δ/d  ɪɚɫɫɦɨɬɪɢɦ ɩɨɥɹ ɬɟɦɩɟɪɚɬɭɪ ɢ ɩɪɨɟɤɰɢɢ ɜɟɤɬɨɪɨɜ 

ɫɤɨɪɨɫɬɢ ɜ ɩɨɩɟɪɟɱɧɨɣ ɩɥɨɫɤɨɫɬɢ ɧɚ ɪɚɫɫɬɨɹɧɢɹɯ ɯ/d = 10 ɨɬ ɡɚɞɧɟɣ ɤɪɨɦɤɢ 

ɜɬɨɪɨɝɨ ɪɹɞɚ ɩɪɢ m = 1,0 (ɪɢɫ. 3.34).  

ɉɪɢ ɚɧɚɥɢɡɟ ɪɢɫ. 3.34 ɦɨɠɧɨ ɜɵɞɟɥɢɬɶ 5 ɝɪɭɩɩ ɩɨɬɨɤɨɜ. Ⱦɥɹ Δ/d =  2,0; 

-1,5; -1,0 (ɩɟɪɜɚɹ ɝɪɭɩɩɚ) ɡɚ ɩɚɪɨɣ ɨɬɜɟɪɫɬɢɣ ɮɨɪɦɢɪɭɸɬɫɹ ɤɥɚɫɫɢɱɟɫɤɢɟ 

ɢɧɬɟɧɫɢɜɧɵɟ ɫɢɦɦɟɬɪɢɱɧɵɟ «ɩɨɱɟɱɧɵɟ» ɜɢɯɪɢ, ɩɪɢɜɨɞɹɳɢɟ ɤ ɩɨɞɫɨɫɭ 

ɜɨɡɞɭɯɚ ɢɡ ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɚ ɤ ɩɨɜɟɪɯɧɨɫɬɢ, ɱɬɨ ɩɪɢɜɨɞɢɬ ɤ ɫɧɢɠɟɧɢɸ 

ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ.  
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Ⱦɥɹ Δ/d = -0,5 ɢ Δ/d = 0 (ɜɬɨɪɚɹ ɝɪɭɩɩɚ) ɡɚ ɩɚɪɨɣ ɨɬɜɟɪɫɬɢɣ ɮɨɪɦɢɪɭɸɬɫɹ 

ɧɟɫɢɦɦɟɬɪɢɱɧɵɟ «ɩɨɱɟɱɧɵɟ» ɜɢɯɪɢ ɫ ɧɚɤɥɨɧɨɦ ɜɢɯɪɟɜɨɣ ɫɬɪɭɤɬɭɪɵ ɜ 

ɩɪɚɜɭɸ ɫɬɨɪɨɧɭ (ɜ ɩɥɨɫɤɨɫɬɢ ɪɢɫɭɧɤɚ). ɉɪɢ Δ/d = 0,5 ɢ 1,0 (ɬɪɟɬɶɹ ɝɪɭɩɩɚ) 

ɧɚɛɥɸɞɚɟɬɫɹ ɫɥɨɠɧɚɹ ɜɢɯɪɟɜɚɹ ɫɬɪɭɤɬɭɪɚ ɫ ɟɞɢɧɢɱɧɵɦ ɧɟɫɢɦɦɟɬɪɢɱɧɵɦ 

ɜɢɯɪɟɦ, ɤɨɬɨɪɵɣ ɩɪɟɩɹɬɫɬɜɭɟɬ ɩɨɫɬɭɩɥɟɧɢɸ ɜɨɡɞɭɯɚ ɢɡ ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɚ ɤ 

ɩɨɜɟɪɯɧɨɫɬɢ ɩɥɚɫɬɢɧɵ. 

ɉɪɢ Δ/d = 1,3 (ɱɟɬɜɟɪɬɚɹ ɝɪɭɩɩɚ) ɮɨɪɦɢɪɭɟɬɫɹ ɧɟɫɢɦɦɟɬɪɢɱɧɚɹ ɜɢɯɪɟɜɚɹ 

ɫɬɪɭɤɬɭɪɚ ɫ ɧɚɤɥɨɧɨɦ ɜ ɥɟɜɭɸ ɫɬɨɪɨɧɭ, ɮɨɪɦɢɪɭɟɬɫɹ ɚɧɬɢɩɨɱɟɱɧɚɹ ɜɢɯɪɟɜɚɹ 

ɫɬɪɭɤɬɭɪɚ ɫ ɪɚɫɬɟɤɚɧɢɟɦ ɨɯɥɚɞɢɬɟɥɹ ɜ ɩɨɩɟɪɟɱɧɨɦ ɧɚɩɪɚɜɥɟɧɢɢ, 
 

 

 
Ɋɢɫɭɧɨɤ 3.33 – Вɥɢɹɧɢɟ ɜɟɥɢɱɢɧɵ Δ/d ɧɚ ɫɪɟɞɧɸɸ ɩɨ ɩɨɜɟɪɯɧɨɫɬɢ 
ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ. 

 

 
Ɋɢɫɭɧɨɤ 3.34 – Вɢɯɪɟɜɚɹ ɫɬɪɭɤɬɭɪɚ ɩɨɬɨɤɚ ɡɚ ɩɚɪɨɣ ɨɬɜɟɪɫɬɢɣ ɫ 
ɢɡɦɟɧɟɧɢɟɦ ɜɟɥɢɱɢɧɵ Δ/d  ɩɪɢ m = 1,0 ɧɚ ɪɚɫɫɬɨɹɧɢɢ ɯ/d = 10. 
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ɱɬɨ ɩɪɟɩɹɬɫɬɜɭɟɬ ɩɨɫɬɭɩɥɟɧɢɸ ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɚ ɤ ɫɬɟɧɤɟ. Ʉɚɤ ɫɥɟɞɭɟɬ ɢɡ 

ɪɢɫ.3.33, ɜ ɷɬɨɦ ɫɥɭɱɚɟ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɦɚɤɫɢɦɚɥɶɧɚ 

ɢ ɜɢɯɪɟɜɚɹ ɫɬɪɭɤɬɭɪɚ ɨɛɟɫɩɟɱɢɜɚɟɬ ɥɭɱɲɢɟ ɬɟɩɥɨɡɚɳɢɬɧɵɟ ɫɜɨɣɫɬɜɚ. 

ɉɪɢ ɞɚɥɶɧɟɣɲɟɦ ɭɜɟɥɢɱɟɧɢɢ Δ/d  ɞɨ 1,5 ɢ 2,0 (ɩɹɬɚɹ ɝɪɭɩɩɚ) 

ɫɮɨɪɦɢɪɨɜɚɧɧɚɹ ɜɢɯɪɟɜɚɹ ɫɬɪɭɤɬɭɪɚ ɫɬɚɧɨɜɢɬɫɹ ɫɢɦɦɟɬɪɢɱɧɨɣ ɢ ɧɨɪɦɚɥɶɧɨɣ 

ɤ ɩɨɜɟɪɯɧɨɫɬɢ. ɋɭɳɟɫɬɜɟɧɧɨɟ ɫɧɢɠɟɧɢɟ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ 

ɨɯɥɚɠɞɟɧɢɹ (ɪɢɫ. 3.33) ɦɨɠɟɬ ɛɵɬɶ ɨɛɭɫɥɨɜɥɟɧɨ ɨɬɪɵɜɨɦ ɩɨɬɨɤɚ ɩɪɢ 

ɭɜɟɥɢɱɟɧɢɟ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɜɢɯɪɟɣ. 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɞɥɹ ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɝɨ ɫɥɭɱɚɹ (α = β1 = β = 30º) 

ɧɚɢɥɭɱɲɢɦɢ ɬɟɩɥɨɡɚɳɢɬɧɵɦɢ ɫɜɨɣɫɬɜɚɦɢ ɨɛɥɚɞɚɟɬ ɚɧɬɢɩɨɱɟɱɧɚɹ ɜɢɯɪɟɜɚɹ 

ɧɟɫɢɦɦɟɬɪɢɱɧɚɹ ɫɬɪɭɤɬɭɪɚ ɩɨɬɨɤɚ ɫ ɧɚɤɥɨɧɨɦ ɜ ɩɪɚɜɭɸ ɫɬɨɪɨɧɭ (ɪɢɫ. 3.34, 

Δ/d = 1,3), ɚ ɫɢɦɦɟɬɪɢɱɧɚɹ ɚɧɬɢɩɨɱɟɱɧɚɹ ɜɢɯɪɟɜɚɹ ɫɬɪɭɤɬɭɪɚ, ɩɪɟɞɫɬɚɜɥɟɧɧɚɹ 

ɧɚ ɪɢɫ. 1.13, ɨɤɚɡɚɥɚɫɶ ɦɟɧɟɟ ɷɮɮɟɤɬɢɜɧɨɣ. Ʉɚɤ ɫɥɟɞɭɟɬ ɢɡ ɪɢɫ. 3.34, ɩɪɢ 

ɧɚɤɥɨɧɧɨɣ ɜɢɯɪɟɜɨɣ ɫɬɪɭɤɬɭɪɟ (Δ/d = 1,3) ɜɵɛɪɨɫ ɨɯɥɚɞɢɬɟɥɹ ɜ ɩɨɩɟɪɟɱɧɨɦ 

ɧɚɩɪɚɜɥɟɧɢɢ ɡɧɚɱɢɬɟɥɶɧɵɣ, ɚ ɩɪɢ ɧɨɪɦɚɥɶɧɨɣ ɜɢɯɪɟɜɨɣ ɫɬɪɭɤɬɭɪɟ (Δ/d ≥ 1,5) 

ɜɢɯɪɢ ɩɪɢɠɢɦɚɸɬɫɹ ɤ ɩɨɜɟɪɯɧɨɫɬɢ ɢ ɪɚɫɬɟɤɚɧɢɟ ɭɦɟɧɶɲɚɟɬɫɹ. 

 

3.10 Вɵɜɨɞɵ ɩɨ ɪɚɡɞɟɥɭ 3 

В ɪɟɡɭɥɶɬɚɬɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɝɨ ɢɫɫɥɟɞɨɜɚɧɢɹ ɷɮɮɟɤɬɢɜɧɨɫɬɢ 

ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɫɯɟɦɵ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ ɧɚ ɜɯɨɞɟ ɜ ɩɥɚɫɬɢɧɭ ɦɨɠɧɨ 

ɫɞɟɥɚɬɶ ɫɥɟɞɭɸɳɢɟ ɜɵɜɨɞɵμ 

1. ɉɪɢ ɢɞɟɧɬɢɱɧɵɯ ɪɟɠɢɦɧɵɯ ɭɫɥɨɜɢɹɯ ɫɪɟɞɧɹɹ ɷɮɮɟɤɬɢɜɧɨɫɬɶ 

ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɩɥɨɫɤɨɣ ɩɨɜɟɪɯɧɨɫɬɢ ɡɚ ɩɚɪɧɵɦɢ ɨɬɜɟɪɫɬɢɹɦɢ ɩɪɢ 

ɦɚɥɵɯ (m = 0,50) ɢ ɭɦɟɪɟɧɧɵɯ (m = 1,0) ɡɧɚɱɟɧɢɹɯ ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ ɜ ɫɪɟɞɧɟɦ 

ɧɚ 25% ɜɵɲɟ, ɱɟɦ ɞɥɹ ɬɪɚɞɢɰɢɨɧɧɨɣ ɫɢɫɬɟɦɵ ɨɯɥɚɠɞɟɧɢɹ ɢ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɟɣ 

ɩɪɢ m = 1,5 ɢ ɛɨɥɟɟ. 

2. В ɩɟɪɜɨɦ ɢɡɦɟɪɢɬɟɥɶɧɨɦ ɫɟɱɟɧɢɢ ɩɨɩɟɪɟɱɧɚɹ ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɶ 

ɨɯɥɚɠɞɟɧɢɹ ɢɫɫɥɟɞɨɜɚɧɧɨɣ ɫɯɟɦɵ ɜɵɫɨɤɚɹ, ɧɨ ɫ ɭɜɟɥɢɱɟɧɢɟɦ ɩɪɨɞɨɥɶɧɨɣ 

ɤɨɨɪɞɢɧɚɬɵ ɨɧɚ ɭɦɟɧɶɲɚɟɬɫɹ ɢ ɩɪɢ x/d = 15 ɧɟ ɩɪɟɜɵɲɚɟɬ 10%. ɉɪɢ ɩɪɨɱɢɯ 

ɪɚɜɧɵɯ ɭɫɥɨɜɢɹɯ ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɶ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ 
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ɞɥɹ ɫɯɟɦɵ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ ɦɟɧɶɲɟ, ɱɟɦ ɞɥɹ ɬɪɚɞɢɰɢɨɧɧɨɣ ɫɯɟɦɵ ɫ ɞɜɭɦɹ 

ɪɹɞɚɦɢ ɧɚɤɥɨɧɧɵɯ ɨɬɜɟɪɫɬɢɣ. 

3. ɇɚ ɨɫɧɨɜɟ ɩɨɥɭɱɟɧɧɵɯ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɞɚɧɧɵɯ ɜɩɟɪɜɵɟ 

ɩɨɥɭɱɟɧɨ ɛɚɡɨɜɨɟ ɭɪɚɜɧɟɧɢɟ ɞɥɹ ɪɚɫɱɟɬɚ ɫɪɟɞɧɟɣ ɩɨ ɲɢɪɢɧɟ ɷɮɮɟɤɬɢɜɧɨɫɬɢ 

ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɩɪɢ ɨɬɫɭɬɫɬɜɢɢ ɜɧɟɲɧɟɣ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɢ 

ɝɪɚɞɢɟɧɬɚ ɞɚɜɥɟɧɢɹ.  

4. Вɧɟɲɧɹɹ ɬɭɪɛɭɥɟɧɬɧɨɫɬɶ (≈ 7%) ɨɤɚɡɵɜɚɟɬ ɧɟɡɧɚɱɢɬɟɥɶɧɨɟ 

ɜɥɢɹɧɢɟ ɧɚ ɫɪɟɞɧɸɸ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɩɥɚɫɬɢɧɵ. 

ɍɫɤɨɪɟɧɢɟ ɩɨɬɨɤɚ ɜ ɞɢɚɩɚɡɨɧɟ ɢɡɦɟɧɟɧɢɹ ɩɚɪɚɦɟɬɪɚ ɝɪɚɞɢɟɧɬɚ ɞɚɜɥɟɧɢɹ К ɨɬ 

0,5 106 ɞɨ 3,5 106 ɫɧɢɠɚɟɬ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɨɯɥɚɠɞɟɧɢɹ ɞɨ 25% (m = 0,5). 

ɉɪɟɞɥɨɠɟɧɚ ɫɬɟɩɟɧɧɚɹ ɡɚɜɢɫɢɦɨɫɬɶ ɞɥɹ ɭɱɟɬɚ ɜɥɢɹɧɢɹ ɮɚɤɬɨɪɚ ɭɫɤɨɪɟɧɢɹ 

ɩɨɬɨɤɚ. 

5. ɉɪɢ ɦɚɥɵɯ (m = 0,5) ɢ ɭɦɟɪɟɧɧɵɯ (m =1,0; x/d > 10) ɡɧɚɱɟɧɢɹɯ 

ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ ɭɞɨɜɥɟɬɜɨɪɢɬɟɥɶɧɨɟ ɩɪɢɛɥɢɠɟɧɢɟ ɪɚɫɱɟɬɧɵɯ ɢ 

ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɪɟɡɭɥɶɬɚɬɨɜ ɩɪɢ ɧɢɡɤɨɬɭɪɛɭɥɟɧɬɧɨɦ ɢ ɛɟɡɝɪɚɞɢɟɧɬɧɨɦ 

ɨɛɬɟɤɚɧɢɢ ɩɥɚɫɬɢɧɵ ɨɛɟɫɩɟɱɢɜɚɟɬɫɹ ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ k-ε ɦɨɞɟɥɢ 

ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ. 

6. Ɉɫɧɨɜɧɵɦɢ ɮɚɤɬɨɪɨɦ ɛɨɥɟɟ ɜɵɫɨɤɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ 

ɨɯɥɚɠɞɟɧɢɹ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɬɪɚɞɢɰɢɨɧɧɨɣ ɫɯɟɦɨɣ ɹɜɥɹɟɬɫɹ ɩɪɟɨɛɪɚɡɨɜɚɧɢɟ 

«ɩɨɱɟɱɧɵɯ» ɜɢɯɪɟɣ ɢ ɮɨɪɦɢɪɨɜɚɧɢɟ ɚɧɬɢɩɨɱɟɱɧɨɣ ɜɢɯɪɟɜɨɣ ɫɬɪɭɤɬɭɪɵ 

ɩɨɬɨɤɚ, ɩɪɢɠɢɦɚɸɳɟɣ ɩɨɬɨɤ ɨɯɥɚɞɢɬɟɥɹ ɤ ɩɨɜɟɪɯɧɨɫɬɢ, ɫɩɨɫɨɛɫɬɜɭɸɳɟɣ ɟɝɨ 

ɪɚɫɬɟɤɚɧɢɸ ɜ ɩɨɩɟɪɟɱɧɨɦ ɧɚɩɪɚɜɥɟɧɢɢ ɢ ɩɪɟɩɹɬɫɬɜɭɸɳɟɣ ɩɨɫɬɭɩɥɟɧɢɸ 

ɜɧɟɲɧɟɝɨ ɩɨɬɨɤɚ ɤ ɫɬɟɧɤɟ. 

7. ɉɪɢ ɡɚɞɚɧɧɵɯ ɡɧɚɱɟɧɢɹɯ ɭɝɥɨɜ β1 ɢ β2, ɩɨɩɟɪɟɱɧɨɟ ɪɚɫɫɬɨɹɧɢɟ 

ɦɟɠɞɭ ɨɬɜɟɪɫɬɢɹɦɢ Δ, ɨɤɚɡɵɜɚɟɬ ɡɧɚɱɢɬɟɥɶɧɨɟ ɜɥɢɹɧɢɟ ɧɚ ɷɮɮɟɤɬɢɜɧɨɫɬɶ 

ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ, ɤɨɬɨɪɚɹ ɢɡɦɟɧɹɟɬɫɹ ɩɨ ɤɪɢɜɨɣ ɫ ɦɚɤɫɢɦɭɦɨɦ. 

Ɉɩɬɢɦɚɥɶɧɨɟ ɡɧɚɱɟɧɢɟ (Δ/d)ɨɩɬ, ɨɛɟɫɩɟɱɢɜɚɸɳɟɟ ɦɚɤɫɢɦɭɦ ɷɮɮɟɤɬɢɜɧɨɫɬɢ 

ɨɯɥɚɠɞɟɧɢɹ, ɢɡɦɟɧɹɟɬɫɹ ɨɬ 1,5 ɞɨ 0,7 ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ ɨɬ 0,5 

ɞɨ 2,0. ɉɨɤɚɡɚɧɨ, ɱɬɨ ɦɚɤɫɢɦɚɥɶɧɨɟ ɡɧɚɱɟɧɢɟ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ 

ɨɯɥɚɠɞɟɧɢɹ ɨɛɟɫɩɟɱɢɜɚɟɬ ɧɟɫɢɦɦɟɬɪɢɱɧɚɹ ɚɧɬɢɩɨɱɟɱɧɚɹ ɜɢɯɪɟɜɚɹ ɫɬɪɭɤɬɭɪɚ. 
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ВɕВɈȾɕ 

В ɞɢɫɫɟɪɬɚɰɢɢ ɜɩɟɪɜɵɟ ɜɵɩɨɥɧɟɧɨ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɟ ɢ ɬɟɨɪɟɬɢɱɟɫɤɨɟ 

ɢɫɫɥɟɞɨɜɚɧɢɟ ɮɢɡɢɱɟɫɤɨɝɨ ɦɟɯɚɧɢɡɦɚ ɢ ɡɚɤɨɧɨɦɟɪɧɨɫɬɟɣ ɩɥɟɧɨɱɧɨɝɨ 

ɨɯɥɚɠɞɟɧɢɹ ɩɥɨɫɤɨɣ ɩɥɚɫɬɢɧɵ ɩɪɢ ɩɨɞɚɱɟ ɨɯɥɚɞɢɬɟɥɹ ɱɟɪɟɡ ɩɚɪɧɵɟ 

(ɚɧɬɢɩɨɱɟɱɧɵɟ ɜɢɯɪɟɜɵɟ) ɨɬɜɟɪɫɬɢɹ ɧɚ ɜɯɨɞɟ ɜ ɭɫɥɨɜɢɹɯ ɭɫɤɨɪɟɧɢɹ ɩɨɬɨɤɚ ɢ 

ɜɧɟɲɧɟɣ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ. ɉɨɥɭɱɟɧɵ ɧɨɜɵɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ, 

ɨɩɪɟɞɟɥɟɧɵ ɚɞɟɤɜɚɬɧɵɟ ɦɨɞɟɥɢ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɢ ɮɚɤɬɨɪɵ, 

ɯɚɪɚɤɬɟɪɢɡɭɸɳɢɟ ɮɢɡɢɱɟɫɤɢɣ ɦɟɯɚɧɢɡɦ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ, ɩɨɥɭɱɟɧɚ 

ɡɚɜɢɫɢɦɨɫɬɶ ɞɥɹ ɨɩɬɢɦɚɥɶɧɨɝɨ ɨɬɧɨɲɟɧɢɹ (Δ/d). 

Ɉɫɧɨɜɧɵɟ ɧɚɭɱɧɵɟ ɪɟɡɭɥьɬɚɬɵ и ɜɵɜɨɞɵ ɫɨɫɬɨɹɬ ɜ ɫɥɟɞɭɸɳɟɦ: 

1. ɇɚ ɨɫɧɨɜɟ ɩɨɜɟɪɯɧɨɫɬɧɨɣ ɜɢɡɭɚɥɢɡɚɰɢɢ ɢ ɤɨɦɩɶɸɬɟɪɧɨɝɨ 

ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɮɢɡɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɵ ɩɨɬɨɤɚ ɩɨɤɚɡɚɧɨ, ɱɬɨ ɨɫɧɨɜɧɵɦɢ 

ɮɚɤɬɨɪɚɦɢ ɛɨɥɟɟ ɜɵɫɨɤɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɩɨ 

ɫɪɚɜɧɟɧɢɸ ɫ ɬɪɚɞɢɰɢɨɧɧɨɣ ɫɯɟɦɨɣ ɩɪɢ m ≤ 1,0 ɹɜɥɹɸɬɫɹ ɩɪɟɨɛɪɚɡɨɜɚɧɢɟ 

«ɩɨɱɟɱɧɵɯ» ɜɢɯɪɟɣ ɢ ɮɨɪɦɢɪɨɜɚɧɢɟ ɚɧɬɢɩɨɱɟɱɧɨɣ ɜɢɯɪɟɜɨɣ ɫɬɪɭɤɬɭɪɵ ɫ 

ɩɨɩɟɪɟɱɧɵɦ ɪɚɫɬɟɤɚɧɢɟɦ ɨɯɥɚɞɢɬɟɥɹ ɨɤɨɥɨ ɩɨɜɟɪɯɧɨɫɬɢ, ɤɨɬɨɪɚɹ 

ɩɪɟɩɹɬɫɬɜɭɟɬ ɩɨɫɬɭɩɥɟɧɢɸ ɜɧɟɲɧɟɝɨ ɩɨɬɨɤɚ ɤ ɨɯɥɚɠɞɚɟɦɨɣ ɫɬɟɧɤɟ. 

2. ɇɚ ɨɫɧɨɜɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɞɚɧɧɵɯ ɜ ɞɢɚɩɚɡɨɧɟ ɢɡɦɟɧɟɧɢɹ 

ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ ɨɬ 0,5 ɞɨ 2,0 ɜɩɟɪɜɵɟ ɩɨɥɭɱɟɧɨ ɨɛɨɛɳɚɸɳɟɟ (ɛɚɡɨɜɨɟ) 

ɭɪɚɜɧɟɧɢɟ ɞɥɹ ɫɪɟɞɧɟɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɩɪɢ 

ɛɟɡɝɪɚɞɢɟɧɬɧɨɦ ɢ ɧɢɡɤɨɬɭɪɛɭɥɟɧɬɧɨɦ (Tu ≈ 1%) ɨɛɬɟɤɚɧɢɢ ɩɥɚɫɬɢɧɵ. 

3.  ɉɨɤɚɡɚɧɨ, ɱɬɨ ɞɥɹ ɢɫɫɥɟɞɨɜɚɧɧɵɯ ɭɫɥɨɜɢɣ ɜɧɟɲɧɹɹ 

ɬɭɪɛɭɥɟɧɬɧɨɫɬɶ (Tu ≈ 7%) ɨɤɚɡɵɜɚɟɬ ɧɟɡɧɚɱɢɬɟɥɶɧɨɟ ɜɥɢɹɧɢɟ ɧɚ ɫɪɟɞɧɸɸ 

ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ. В ɞɢɚɩɚɡɨɧɟ ɢɡɦɟɧɟɧɢɹ ɩɚɪɚɦɟɬɪɚ K 

ɨɬ 0,5·10-6 ɞɨ 3,5·10-6 ɭɫɤɨɪɟɧɢɟ ɩɨɬɨɤɚ ɫɧɢɠɚɟɬ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ 

ɨɯɥɚɠɞɟɧɢɹ ɞɨ 25% (m = 0,5); ɜɩɟɪɜɵɟ ɩɪɟɞɥɨɠɟɧɚ ɩɨɩɪɚɜɤɚ ɤ ɛɚɡɨɜɨɦɭ 

ɭɪɚɜɧɟɧɢɸ ɜ ɮɨɪɦɟ ɫɬɟɩɟɧɧɨɣ ɡɚɜɢɫɢɦɨɫɬɢ. 

4. ɉɨɤɚɡɚɧɨ, ɱɬɨ ɩɪɢ ɧɢɡɤɨɦ ɡɧɚɱɟɧɢɢ ɩɚɪɚɦɟɬɪɟ ɜɞɭɜɚ (m = 0,5) ɜɫɟ 

ɪɚɫɫɦɨɬɪɟɧɧɵɟ ɜ ɪɚɛɨɬɟ RANS ɦɨɞɟɥɢ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ (k-ε, RNG k-,  

k-ω, SST k-ω, LLR RSM, SSG RSM) ɩɨɤɚɡɵɜɚɸɬ ɡɚɜɵɲɟɧɧɨɟ, ɧɨ 

ɭɞɨɜɥɟɬɜɨɪɢɬɟɥɶɧɨɟ ɩɪɢɛɥɢɠɟɧɢɟ ɤ ɩɨɥɭɱɟɧɧɵɦ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦ 
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ɞɚɧɧɵɦ; ɩɪɢ ɷɬɨɦ ɥɭɱɲɢɟ ɪɟɡɭɥɶɬɚɬɵ (ɩɪɟɜɵɲɟɧɢɟ ɞɨ 10%) ɞɟɦɨɧɫɬɪɢɪɭɟɬ 

k-ε ɦɨɞɟɥɶ. ɉɪɢ m = 1,0 ɢ m = 1,5 ɧɚ ɭɱɚɫɬɤɟ x/d < 10…20 ɜɫɟ ɦɨɞɟɥɢ 

ɩɨɤɚɡɵɜɚɸɬ ɡɚɜɵɲɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ (ɨɬ 10 ɞɨ 30%). 

5. ɇɚ ɨɫɧɨɜɟ ɤɨɦɩɶɸɬɟɪɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɩɨɤɚɡɚɧɨ, ɱɬɨ ɩɪɢ 

ɡɚɞɚɧɧɵɯ ɡɧɚɱɟɧɢɹɯ ɭɝɥɨɜ β1 ɢ β2 ɩɨɩɟɪɟɱɧɨɟ ɪɚɫɫɬɨɹɧɢɟ Δ ɦɟɠɞɭ ɨɫɹɦɢ 

ɨɬɜɟɪɫɬɢɣ ɩɟɪɜɨɝɨ ɢ ɜɬɨɪɨɝɨ ɪɹɞɚ, ɨɤɚɡɵɜɚɟɬ ɡɧɚɱɢɬɟɥɶɧɨɟ ɜɥɢɹɧɢɟ ɧɚ 

ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ, ɤɨɬɨɪɚɹ ɢɡɦɟɧɹɟɬɫɹ ɩɨ ɤɪɢɜɨɣ ɫ 

ɦɚɤɫɢɦɭɦɨɦ. Ɉɩɬɢɦɚɥɶɧɨɟ ɡɧɚɱɟɧɢɟ (Δ/d)ɨɩɬ, ɨɛɟɫɩɟɱɢɜɚɸɳɟɟ ɦɚɤɫɢɦɭɦ 

ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɨɯɥɚɠɞɟɧɢɹ, ɢɡɦɟɧɹɟɬɫɹ ɨɬ 1,5 ɞɨ 0,7 ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ 

ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ ɨɬ 0,5 ɞɨ 2,0. Вɩɟɪɜɵɟ ɩɨɥɭɱɟɧɨ ɭɪɚɜɧɟɧɢɟ ɞɥɹ (Δ/d)ɨɩɬ. 

6. ɉɪɢ ɢɞɟɧɬɢɱɧɵɯ ɭɫɥɨɜɢɹɯ ɫɪɟɞɧɹɹ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ 

ɨɯɥɚɠɞɟɧɢɹ ɩɥɨɫɤɨɣ ɩɨɜɟɪɯɧɨɫɬɢ ɡɚ ɩɚɪɧɵɦɢ ɨɬɜɟɪɫɬɢɹɦɢ ɩɪɢ ɦɚɥɵɯ 

(m = 0,50) ɢ ɭɦɟɪɟɧɧɵɯ (m = 1,0) ɡɧɚɱɟɧɢɹɯ ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ ɧɚ 20…25% 

ɜɵɲɟ, ɱɟɦ ɞɥɹ ɬɪɚɞɢɰɢɨɧɧɨɣ ɫɢɫɬɟɦɵ ɨɯɥɚɠɞɟɧɢɹ ɢ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɟɣ ɩɪɢ 

m = 1,5 ɢ ɛɨɥɟɟ. 

7. ɉɨɥɭɱɟɧɧɵɟ ɜ ɪɚɛɨɬɟ ɪɟɡɭɥɶɬɚɬɵ ɪɟɤɨɦɟɧɞɭɸɬɫɹ ɤ ɢɫɩɨɥɶɡɨɜɚɧɢɸ 

ɜ ɝɚɡɨɬɭɪɛɨɫɬɪɨɟɧɢɢ, ɬɟɩɥɨɷɧɟɪɝɟɬɢɤɟ, ɬɟɩɥɨɬɟɯɧɢɤɟ ɩɪɢ ɫɨɡɞɚɧɢɢ ɫɢɫɬɟɦ 

ɨɯɥɚɠɞɟɧɢɹ ɜɵɫɨɤɨɬɟɦɩɟɪɚɬɭɪɧɵɯ ɷɥɟɦɟɧɬɨɜ ɫ ɩɥɟɧɨɱɧɵɦ ɨɯɥɚɠɞɟɧɢɟɦ 

ɢɫɫɥɟɞɨɜɚɧɧɨɝɨ ɬɢɩɚ. Ɂɧɚɱɢɬɟɥɶɧɵɣ ɢɧɬɟɪɟɫ ɞɥɹ ɞɚɥɶɧɟɣɲɟɝɨ ɢɫɫɥɟɞɨɜɚɧɢɹ 

ɩɪɟɞɫɬɚɜɥɹɟɬ ɢɡɭɱɟɧɢɟ ɮɚɤɬɨɪɚ ɧɟɢɡɨɬɟɪɦɢɱɧɨɫɬɢ ɨɫɧɨɜɧɨɝɨ ɢ ɜɬɨɪɢɱɧɨɝɨ 

ɩɨɬɨɤɨɜ, ɩɪɨɞɨɥɶɧɨɣ ɤɪɢɜɢɡɧɵ ɢ ɜɪɚɳɟɧɢɹ ɨɛɬɟɤɚɟɦɨɣ ɩɨɜɟɪɯɧɨɫɬɢ. 

8. Ɇɚɬɟɪɢɚɥɵ ɞɢɫɫɟɪɬɚɰɢɢ ɧɚɲɥɢ ɩɪɢɦɟɧɟɧɢɟ ɩɪɢ ɪɚɡɪɚɛɨɬɤɟ 

ɦɟɬɨɞɢɤɢ ɪɚɫɱɟɬɚ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɫɨɩɥɨɜɵɯ ɥɨɩɚɬɨɤ 

ɜɵɫɨɤɨɬɟɦɩɟɪɚɬɭɪɧɵɯ ȽɌȾ ɞɥɹ «ɇɉɄȽ «Ɂɨɪɹ»-«Ɇɚɲɩɪɨɟɤɬ» (ɫɨɜɦɟɫɬɧɨ ɫ 

Иɧɫɬɢɬɭɬɨɦ ɬɟɯɧɢɱɟɫɤɨɣ ɬɟɩɥɨɮɢɡɢɤɢ ɇȺɇɍ, ɚɤɬ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɨɬ 

16.01.2015 ɝ., ɚɤɬ ɜɧɟɞɪɟɧɢɹ ɨɬ 15.11.2013 ɝ., ɉɪɢɥɨɠɟɧɢɟ Ⱦ), ɚ ɬɚɤɠɟ ɜ 

ɭɱɟɛɧɨɦ ɩɪɨɰɟɫɫɟ Ɏɢɡɢɤɨ-ɬɟɯɧɢɱɟɫɤɨɝɨ ɢɧɫɬɢɬɭɬɚ ɇɌɍɍ «ɄɉИ» (ɚɤɬ 

ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɨɬ 27.01.2015 ɝ., ɉɪɢɥɨɠɟɧɢɟ Ⱦ). 
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ɋɉɂɋɈɄ ɂɋɉɈЛЬɁɈВАɇɇɕХ ɂɋТɈЧɇɂɄɈВ 

1. Ɍɟɨɪɢɹ ɢ ɪɚɫɱɟɬ ɜɨɡɞɭɲɧɨ-ɪɟɚɤɬɢɜɧɵɯ ɞɜɢɝɚɬɟɥɟɣ ДɌɟɤɫɬ] / ɉɨɞ 

ɪɟɞ. ɋ.Ɇ. ɒɥɹɯɬɟɧɤɨ. — 2-ɟ ɢɡɞ., ɩɟɪɟɪɚɛ. ɢ ɞɨɩ. — Ɇ.μ Ɇɚɲɢɧɨɫɬɪɨɟɧɢɟ, 
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ɉɊɂɅɈɀȿɇɂȿ A 

ɆȿɌɈȾɂɄА ɈɉɊȿȾȿɅȿɇɂЯ ɗɎɎȿɄɌɂВɇɈɋɌɂ ɉɊɂ 

ВɕȾɍВȿ ЧȿɊȿɁ ɈɌВȿɊɋɌɂЯ ɊАɁɅɂЧɇɈɃ ȽȿɈɆȿɌɊɂɂ 
 

Ɉɩɪɟɞɟɥɟɧɢɟ ɩɨɩɪɚɜɨɤ, ɭɱɢɬɵɜɚɸɳɢɯ ɜɥɢɹɧɢɟ ɪɚɡɥɢɱɧɵɯ ɮɚɤɬɨɪɨɜД10]μ 

1  – ɨɩɪɟɞɟɥɹɟɦɚɹ ɩɨ ɪɢɫ.A.1 [10] ɢ ɭɱɢɬɵɜɚɸɳɚɹ ɧɚɤɥɨɧ ɤɚɧɚɥɚ 

ɫɩɥɨɲɧɨɣ ɳɟɥɢ ɤ ɡɚɳɢɳɚɟɦɨɣ ɩɨɜɟɪɯɧɨɫɬɢ; 

0 11 21 0( –  ;  );/W Wf        ,    (A.1) 

ɝɞɟ 0  ɢ 1  – ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɡɚ ɫɩɥɨɲɧɨɣ 

ɬɚɧɝɟɧɰɢɚɥɶɧɨɣ ɳɟɥɶɸ ɢ ɳɟɥɶɸ ɫ ɭɝɥɨɦ  . 

2 – ɨɩɪɟɞɟɥɹɟɦɚɹ ɩɨ ɪɢɫ.A.2 [10] ɢ ɭɱɢɬɵɜɚɸɳɚɹ ɞɢɫɤɪɟɬɧɨɫɬɶ ɜɞɭɜɚ 

ɜɬɨɪɢɱɧɨɝɨ ɝɚɡɚ ɱɟɪɟɡ ɪɹɞɵ ɨɞɧɨɬɢɩɧɵɯ ɨɬɜɟɪɫɬɢɣ; 

 2 1 2 1 –  ;  f ū      ,      (A.2) 

ɝɞɟ 1  ɢ 2  – ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɡɚ ɫɩɥɨɲɧɨɣ 

ɷɤɜɢɜɚɥɟɧɬɧɨɣ ɳɟɥɶɸ ɢ ɡɚ ɩɨɹɫɤɨɦ ɩɟɪɮɨɪɚɰɢɢ. 

3  – ɨɩɪɟɞɟɥɹɟɦɚɹ ɭɪɚɜɧɟɧɢɟɦ (A.3) ɢ ɭɱɢɬɵɜɚɸɳɚɹ ɝɪɚɞɢɟɧɬɵ 

ɫɤɨɪɨɫɬɢ ɜɞɨɥɶ ɝɪɚɧɢɰɵ ɞɢɧɚɦɢɱɟɫɤɨɝɨ ɩɨɝɪɚɧɢɱɧɨɝɨ ɫɥɨɹ; 
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ɝɞɟ 2  ɢ 3  – ɡɧɚɱɟɧɢɹ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɪɢ ɧɚɥɢɱɢɢ ɢ ɨɬɫɭɬɫɬɜɢɢ 

ɩɨɥɨɠɢɬɟɥɶɧɵɯ ɝɪɚɞɢɟɧɬɨɜ ɫɤɨɪɨɫɬɢ; 

4  – ɨɩɪɟɞɟɥɹɟɦɚɹ ɭɪɚɜɧɟɧɢɟɦ (A.4) ɢ ɭɱɢɬɵɜɚɸɳɚɹ ɡɚɤɪɭɬɤɭ 
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ɝɞɟ 4  ɢ 3  – ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɪɢ ɡɚɤɪɭɱɟɧɧɨɦ ɨɫɧɨɜɧɨɦ 

ɩɨɬɨɤɟ ɢ ɩɪɢ ɨɬɫɭɬɫɬɜɢɢ ɟɝɨ ɡɚɤɪɭɬɤɢ, ɪɚɫɫɱɢɬɚɧɧɵɟ ɩɨ ɤɨɨɪɞɢɧɚɬɟ l ; 
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Ɋɢɫɭɧɨɤ A.1 – ɋɧɢɠɟɧɢɟ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ 
ɚɞɢɚɛɚɬɧɨɣ ɩɥɨɫɤɨɣ ɩɥɚɫɬɢɧɵ Δη1 ɡɚ ɫɩɥɨɲɧɵɦɢ ɳɟɥɹɦɢ, 
ɧɚɩɪɚɜɥɟɧɧɵɦɢ ɩɨɞ ɭɝɥɨɦ α = 45° (ɚ), α = 75° (ɛ), α = 90° (ɜ) ɤ 
ɡɚɳɢɳɚɟɦɨɣ ɩɨɜɟɪɯɧɨɫɬɢ, ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɷɮɮɟɤɬɢɜɧɨɫɬɶɸ ɡɚ 
ɬɚɧɝɟɧɰɢɚɥɶɧɨɣ ɳɟɥɶɸ ɩɪɢ ɪɚɡɥɢɱɧɵɯ 2 1/W W  [36]: 1 — 

2 1/ 0,350W W  ; 2 — 2 1/ 0,581W W  ; 3 — 2 1/ 0,935W W  ; 4 — 

2 1/ 0,70W W  ; 5 — 2 1/ 1,15W W  ; 6 — 2 1/ 1,72W W  . 
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Ɋɢɫɭɧɨɤ A.2 – ɋɧɢɠɟɧɢɟ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ 
ɚɞɢɚɛɚɬɧɨɣ ɩɥɨɫɤɨɣ ɩɥɚɫɬɢɧɵ 2  ɡɚ ɩɟɪɮɨɪɢɪɨɜɚɧɧɵɦɢ ɩɨɹɫɤɚɦɢ ɩɨ 
ɫɪɚɜɧɟɧɢɸ ɫ ɷɮɮɟɤɬɢɜɧɨɫɬɶɸ ɡɚ ɫɩɥɨɲɧɨɣ ɷɤɜɢɜɚɥɟɧɬɧɨɣ ɳɟɥɶɸ 1  
ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɤɨɷɮɮɢɰɢɟɧɬɚɯ ɜɞɭɜɚμ І – ɩɪɹɦɨɭɝɨɥɶɧɵɟ ɨɬɜɟɪɫɬɢɹ ɩɪɢ 
s = 1,4 ɦɦ,  = 30°,  = 0, b = 6 ɦɦ, t = 12 ɦɦ, 1t = 8,8 ɦɦ (1 – 2 1/W W = 
0,35; 2 – 2 1/W W = 0,69; 3 – 2 1/W W = 1,15; 4 – 2 1/W W = 1,74); ІІ – ɤɪɭɝɥɵɟ 
ɨɬɜɟɪɫɬɢɹ ɩɪɢ  = 30°,  = 0, t = 12 ɦɦ, 1t = 8,8 ɦɦ, d =3,32 ɦɦ (5 – 

2 1/W W = 0,36; 6 – 2 1/W W = 0,70; 7 – 2 1/W W = 1,17; 8 – 2 1/W W = 1,70); ІІІ – 
ɤɪɭɝɥɵɟ ɨɬɜɟɪɫɬɢɹ ɩɪɢ  = 30°,  = 90°, t = 12 ɦɦ, 1t = 8,8 ɦɦ, d =3,32 ɦɦ 
(13 – 2 1/W W = 0,12; 14 – 2 1/W W = 0,35); ІV – ɤɪɭɝɥɵɟ ɨɬɜɟɪɫɬɢɹ ɩɪɢ  = 
30°,  = 0, t = 6,6 ɦɦ, 1t = 8,8 ɦɦ, d =3,32 ɦɦ (9 – 2 1/W W = 0,35; 10 – 

2 1/W W = 0,70; 11 – 2 1/W W = 1,17; 12 – 2 1/W W = 1,75); V – ɤɪɭɝɥɵɟ 
ɨɬɜɟɪɫɬɢɹ ɩɪɢ  = λ0°, t = 12 ɦɦ, 1t = 4,4 ɦɦ, d =3,32 ɦɦ (15 – 2 1/W W = 
0,12; 16 – 2 1/W W = 0,35; 17 – 2 1/W W = 0,70). 

ɫ1 ɢ ɫ1u – ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ ɦɨɞɭɥɶ ɢ ɨɤɪɭɠɧɚɹ ɫɨɫɬɚɜɥɹɸɳɚɹ ɫɤɨɪɨɫɬɢ 

ɨɫɧɨɜɧɨɝɨ ɧɟɜɨɡɦɭɳɟɧɧɨɝɨ ɩɨɬɨɤɚ; Rs – ɪɚɫɫɬɨɹɧɢɟ ɨɬ ɨɫɢ ɜɪɚɳɟɧɢɹ ɞɨ 

ɜɵɯɨɞɚ ɢɡ ɳɟɥɢ. Ɂɧɚɱɟɧɢɹ ɋ, k ɢ a ɨɩɪɟɞɟɥɟɧɵ ɜ ɪɚɛɨɬɟ Д61]. 

5  – ɨɩɪɟɞɟɥɹɟɦɚɹ ɭɪɚɜɧɟɧɢɹɦɢ (A.5), (A.6), (A.7) ɢ ɭɱɢɬɵɜɚɸɳɚɹ 

ɫɠɢɦɚɟɦɨɫɬɶ, ɧɟɢɡɨɬɟɪɦɢɱɧɨɫɬɶ ɢ ɧɟɨɞɧɨɪɨɞɧɨɫɬɶ ɩɨɬɨɤɚ ɝɚɡɚ ɩɪɢ 

ɨɛɬɟɤɚɧɢɢ ɡɚɳɢɳɚɟɦɨɣ ɩɨɜɟɪɯɧɨɫɬɢ: 
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6  – ɨɩɪɟɞɟɥɹɟɦɚɹ ɭɪɚɜɧɟɧɢɟɦ (A.8) ɢ ɭɱɢɬɵɜɚɸɳɚɹ ɩɟɪɟɯɨɞ ɩɪɢ 

ɭɫɬɚɧɨɜɥɟɧɢɢ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɨɬ ɩɨɥɧɵɯ ɷɧɬɚɥɶɩɢɣ ɤ ɩɨɥɧɵɦ ɬɟɦɩɟɪɚɬɭɪɚɦ; 
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7  – ɨɩɪɟɞɟɥɹɟɦɚɹ ɭɪɚɜɧɟɧɢɟɦ (A.λ) ɢ ɭɱɢɬɵɜɚɸɳɚɹ ɩɟɪɟɯɨɞ ɢɡ 

ɚɛɫɨɥɸɬɧɨɣ ɜ ɨɬɧɨɫɢɬɟɥɶɧɭɸ ɫɢɫɬɟɦɭ ɤɨɨɪɞɢɧɚɬ, ɢ ɜ ɱɚɫɬɧɨɫɬɢ ɝɪɚɞɢɟɧɬɵ 

ɬɟɦɩɟɪɚɬɭɪɵ ɜɞɨɥɶ ɝɪɚɧɢɰɵ ɩɨɝɪɚɧɢɱɧɨɝɨ ɫɥɨɹ: 
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8  – ɨɩɪɟɞɟɥɹɟɦɚɹ ɭɪɚɜɧɟɧɢɟɦ (A.10) ɢ ɭɱɢɬɵɜɚɸɳɚɹ ɩɟɪɟɯɨɞ ɩɪɢ 

ɭɫɬɚɧɨɜɥɟɧɢɢ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɨɬ ɩɨɥɧɵɯ ɬɟɦɩɟɪɚɬɭɪ ɤ ɪɚɜɧɨɜɟɫɧɵɦ 

ɬɟɦɩɟɪɚɬɭɪɚɦ ɫɬɟɧɤɢ. 
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ɉɪɢ ɷɬɨɦ ɜɟɥɢɱɢɧɵ 
1 , 

2 , 3  ɢ 4  ɩɨɥɭɱɟɧɵ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ, 
ɚ 5 , 6 , 7  ɢ 8  — ɢɡ ɭɪɚɜɧɟɧɢɣ ɞɜɢɠɟɧɢɹ ɝɚɡɨɜɨɝɨ ɩɨɬɨɤɚ 
ɬɟɨɪɟɬɢɱɟɫɤɢ.
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ɉɊɂɅɈɀȿɇɂȿ Ȼ 

ВɅɂЯɇɂȿ ɍȽɅɈВ ВȾɍВА α ɂ β ɉɊɂ ВɕȾɍВȿ ɈХɅАȾɂɌȿɅЯ 

ЧȿɊȿɁ ȾɂɋɄɊȿɌɇɕȿ ɈɌВȿɊɋɌɂЯ 

 

ȼɥиɹɧиɟ ɭɝɥɚ ɜɞɭɜɚ α. ɉɪɢ ɛɨɥɶɲɢɯ ɭɝɥɚɯ ɜɞɭɜɚ (λ0 ɝɪɚɞɭɫɨɜ) ɩɢɤɢ 

ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɛɨɥɟɟ ɤɪɭɬɵɟ ɢ ɭɡɤɢɟ ɢ ɧɚɛɥɸɞɚɸɬɫɹ ɧɚ ɦɟɧɶɲɢɯ 

ɪɚɫɫɬɨɹɧɢɹɯ ɨɬ ɦɟɫɬɚ ɜɞɭɜɚ. ɋɧɢɠɟɧɢɟ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɪɨɢɫɯɨɞɢɬ ɛɵɫɬɪɟɟ, ɚ 

ɫɥɟɞɨɜɚɬɟɥɶɧɨ ɦɟɧɶɲɚɹ ɫɪɟɞɧɹɹ ɩɨ ɩɨɜɟɪɯɧɨɫɬɢ ɷɮɮɟɤɬɢɜɧɨɫɬɶ. 

ɍɦɟɧɶɲɟɧɢɟ ɭɝɨɥɚ ɜɞɭɜɚ ɩɪɢɛɥɢɠɚɟɬ ɫɢɫɬɟɦɭ ɤ ɬɚɧɝɟɧɰɢɚɥɶɧɨɣ ɳɟɥɢ, 

ɤɨɬɨɪɚɹ, ɤɚɤ ɛɵɥɨ ɩɨɤɚɡɚɧɨ ɜ ɩ.1.2, ɹɜɥɹɟɬɫɹ ɢɞɟɚɥɶɧɵɦ ɫɥɭɱɚɟɦ ɜɞɭɜɚ [26]. 

ȼɥиɹɧиɟ ɫɥɨɠɧɵɯ ɭɝɥɨɜ ɜɞɭɜɚ. В ɬɚɛɥɢɰɟ Ȼ.1 ɩɪɢɜɟɞɟɧɵ ɧɚɣɞɟɧɧɵɟ ɜ 

ɥɢɬɟɪɚɬɭɪɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɪɚɛɨɬɵ ɢ ɨɫɧɨɜɧɵɟ ɝɟɨɦɟɬɪɢɱɟɫɤɢɟ ɢ 

ɪɟɠɢɦɧɵɟ ɩɚɪɚɦɟɬɪɵ ɞɥɹ ɨɞɧɨɪɹɞɧɵɯ ɫɢɫɬɟɦ ɜɞɭɜɚ ɢɡ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ 

ɨɬɜɟɪɫɬɢɣ ɫɨ ɫɥɨɠɧɵɦɢ ɭɝɥɚɦɢ. ɇɚ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ 

ɞɚɧɧɵɯ ɫɢɫɬɟɦ  ɜɥɢɹɸɬ ɫɥɟɞɭɸɳɢɟ ɨɫɧɨɜɧɵɟ ɩɚɪɚɦɟɬɪɵμ ɨɬɧɨɫɢɬɟɥɶɧɚɹ 

ɩɪɨɞɨɥɶɧɚɹ ɤɨɨɪɞɢɧɚɬɚ; ɭɝɨɥ α ɦɟɠɞɭ ɨɫɶɸ ɨɬɜɟɪɫɬɢɹ ɢ ɩɨɜɟɪɯɧɨɫɬɶɸ 

ɨɯɥɚɠɞɟɧɢɹ; ɭɝɨɥ β ɦɟɠɞɭ ɩɪɨɟɤɰɢɟɣ ɨɫɢ ɨɬɜɟɪɫɬɢɹ ɧɚ ɩɥɨɫɤɨɫɬɶ XZ ɢ 

ɧɚɩɪɚɜɥɟɧɢɟɦ ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɚ (ɨɫɶɸ X); ɩɚɪɚɦɟɬɪ ɜɞɭɜɚ, ɨɬɧɨɲɟɧɢɟ 

ɩɥɨɬɧɨɫɬɟɣ ɜɞɭɜɚɟɦɨɝɨ ɢ ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɚ (DR). Ʉɚɤ ɜɢɞɧɨ ɢɡ ɬɚɛɥɢɰɵ, ɜ 

ɢɦɟɸɳɢɯɫɹ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɪɚɛɨɬɚɯ ɭɝɨɥ α ɩɪɢɦɟɪɧɨ ɨɞɢɧɚɤɨɜ 

(30…35º); ɞɢɚɩɚɡɨɧ ɢɡɦɟɧɟɧɢɹ ɭɝɥɚ β ɫɨɫɬɚɜɥɹɟɬ 0…λ0º, ɨɞɧɚɤɨ ɞɥɹ β = 30º 

ɢɦɟɟɬɫɹ ɥɢɲɶ ɨɞɧɚ ɪɚɛɨɬɚ, ɜɫɟ ɨɫɬɚɥɶɧɵɟ ɪɚɫɫɦɚɬɪɢɜɚɸɬ ɞɢɚɩɚɡɨɧ  45…λ0º. 

Ɂɧɚɱɟɧɢɟ ɨɬɧɨɫɢɬɟɥɶɧɨɝɨ ɩɨɩɟɪɟɱɧɨɝɨ ɲɚɝɚ ɜ ɪɚɡɥɢɱɧɵɯ ɪɚɛɨɬɚɯ ɢɡɦɟɧɹɟɬɫɹ 

ɨɬ 3 ɞɨ 8. 

Ⱥɧɚɥɢɡ ɪɚɛɨɬ, ɩɪɢɜɟɞɟɧɧɵɯ ɜ ɬɚɛɥ. Ȼ.1, ɩɨɤɚɡɚɥ, ɱɬɨ ɢɫɩɨɥɶɡɭɟɦɵɟ ɜ 

ɧɢɯ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɭɫɥɨɜɢɹ ɫɭɳɟɫɬɜɟɧɧɨ ɪɚɡɥɢɱɚɸɬɫɹ ɩɨ ɩɚɪɚɦɟɬɪɭ 

ɜɞɭɜɚ,  ɩɨɩɟɪɟɱɧɨɦɭ ɲɚɝɭ, ɨɬɧɨɲɟɧɢɸ ɩɥɨɬɧɨɫɬɟɣ ɜɞɭɜɚɟɦɨɝɨ ɢ ɨɫɧɨɜɧɨɝɨ 

ɩɨɬɨɤɨɜ. В ɪɟɡɭɥɶɬɚɬɟ ɢɦɟɟɬ ɦɟɫɬɨ ɡɧɚɱɢɬɟɥɶɧɨɟ ɪɚɫɯɨɠɞɟɧɢɟ ɞɚɧɧɵɯ ɩɨ 

ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɨɯɥɚɠɞɟɧɢɹ, ɤɚɤ ɞɥɹ ɫɢɫɬɟɦ ɨɬɜɟɪɫɬɢɣ ɫɨ ɫɥɨɠɧɵɦ ɭɝɥɨɦ, ɬɚɤ 
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Ɍɚɛɥɢɰɚ Ȼ.1 – Ƚɟɨɦɟɬɪɢɱɟɫɤɢɟ ɢ ɪɟɠɢɦɧɵɟ ɩɚɪɚɦɟɬɪɵ ɷɤɫɩɟɪɢɦɟɧɬɨɜ 
ɩɨ ɩɥɟɧɨɱɧɨɦɭ ɨɯɥɚɠɞɟɧɢɸμ ɰɢɥɢɧɞɪɢɱɟɫɤɢɟ ɨɬɜɟɪɫɬɢɹ ɫɨ ɫɥɨɠɧɵɦ 
ɭɝɥɨɦ. 

 
№ Ɋɚɛɨɬɚ α, ɝɪɚɞ β, 

ɝɪɚɞ 
t/d m DR 

[13] Goldstein R.J.  
Film cooling. 

35º ɞɥɹ 
ɨɫɟɜɵɯ 

ɨɬɜ. 
35º ɢ 15º  

0º 
λ0º 

 

ɨɞɢɧɨ
ɱɧɨɟ 
ɨɬɜɟɪ
ɫɬɢɟ  

0,5 
1,0 
2,0 

 

[58] 

Waye S.K., Bogard D.G.  
High-resolution film cooling 
effectiveness comparison of axial and 
compound angle holes on the suction 
side of a turbine vane. 

30º ɞɥɹ 
ɨɫɟɜɵɯ 

ɨɬɜ. 
45º ɞɥɹ 
ɨɬɜ. ɫɨ 
ɫɥɨɠɧ. 
ɭɝɥɚɦɢ 

0º 

45º 5,55 
0,3 
1,0 
1,4 

1,3 

[64] 

In Sung Jung, Joon Sik Lee. 
Effects of orientation angles on film 
cooling over a flat plate: boundary 
layer temperature distributions and 
adiabatic film cooling effectiveness. 

35º 

0º 
30º 
60º 
λ0º 

3,0 
0,465 
0,93 
1,86 

0,9
3 

[63] 

Ligrani P.M., Wigle S., Jackson W. 
Film-cooling from holes with 
compound angle orientations: Part 2 – 
results downstream of a single row of 
holes with 6d spanwise spasing. 

35º 0º 

50,5º 6 
0,5 
1,0 
1,5 

1,0 

[65] 
Schmidt D.L., Sen B.,  Bogard D.G. 
Film cooling with compound angle 
holes: adiabatic effectiveness. 

35º 0º 

60º 3 
0,6 
1,25 

1,6 

[66] 

Li Jia，Ren Jing, Jiang Hongde. 

Film cooling performance of the 
embedded holes in trenches with 
compound angles. 

30º 
0º 
45º 
λ0º 

3 
0,5 
1,0 
1,5 

1 

[67] 

Ekkad S.V., Zapata D., Han J.C.  
Film effectiveness over a flat surface 
with air and CO2 injection through 
compound angle holes using a 
transient liquid crystal image method.  

35º 
0º 

45º 
λ0º 

4 
0,5 
1,0 
2,0 

0,9
8 

1,4
6 
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Ɋɢɫɭɧɨɤ Ȼ.1 – ɋɪɚɜɧɟɧɢɟ ɞɚɧɧɵɯ ɩɨ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɨɯɥɚɠɞɟɧɢɹ 
ɨɞɧɨɪɹɞɧɨɣ ɫɢɫɬɟɦɨɣ ɨɬɜɟɪɫɬɢɣ ɩɨɞ ɫɥɨɠɧɵɦ ɭɝɥɨɦ ɩɪɢ m = 0,5; 
m = 1,0; m = 1,5. 



131 

ɢ ɞɥɹ ɨɛɵɱɧɨɝɨ ɪɹɞɚ ɧɚɤɥɨɧɧɵɯ ɨɬɜɟɪɫɬɢɣ. В ɫɜɹɡɢ ɫ ɷɬɢɦ, ɨɫɧɨɜɧɚɹ 

ɨɛɪɚɛɨɬɤɚ ɞɚɧɧɵɯ ɩɪɨɜɨɞɢɥɚɫɶ ɩɨ ɡɧɚɱɟɧɢɸ ɮɚɤɬɨɪɚ εβ  ɜ ɫɨɨɬɧɨɲɟɧɢɢ (Ȼ.1), 

ɨɩɪɟɞɟɥɹɟɦɨɝɨ ɤɚɤμ 
 

0

 






,     (Ȼ.1) 

 

ɝɞɟ   ɢ 0   – ɡɧɚɱɟɧɢɹ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɞɥɹ ɨɬɜɟɪɫɬɢɣ ɩɨɞ ɫɥɨɠɧɵɦ ɭɝɥɨɦ ɢ 

ɨɫɟɜɵɯ (ɩɪɢ β = 0). ɉɪɟɞɩɨɥɚɝɚɟɬɫɹ, ɱɬɨ ɬɚɤɚɹ ɨɛɪɚɛɨɬɤɚ ɩɨɡɜɨɥɢɬ 

ɦɢɧɢɦɢɡɢɪɨɜɚɬɶ ɜɥɢɹɧɢɟ ɬɚɤɢɯ ɮɚɤɬɨɪɨɜ, ɤɚɤ DR (ɨɬɧɨɲɟɧɢɟ ɩɥɨɬɧɨɫɬɟɣ 

ɜɞɭɜɚɟɦɨɝɨ ɢ ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɨɜ), ɜɧɟɲɧɟɣ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ, ɭɫɤɨɪɟɧɢɹ 

ɩɨɬɨɤɚ ɢ ɤɪɢɜɢɡɧɵ. Эɬɢ ɮɚɤɬɨɪɵ ɭɱɢɬɵɜɚɸɬɫɹ ɩɪɢ ɪɚɫɱɟɬɟ ɷɮɮɟɤɬɢɜɧɨɫɬɢ 

ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɨɫɟɜɵɯ ɨɬɜɟɪɫɬɢɣ ( 0 ). Ʉɪɨɦɟ ɬɨɝɨ, ɧɚ ɨɫɧɨɜɚɧɢɢ 

ɢɦɟɸɳɢɯɫɹ ɨɝɪɚɧɢɱɟɧɧɵɯ ɞɚɧɧɵɯ ɩɨ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɜɞɭɜɚ ɢɡ ɨɬɜɟɪɫɬɢɣ ɩɨɞ 

ɫɥɨɠɧɵɦ ɭɝɥɨɦ ɭɱɟɫɬɶ ɜɥɢɹɧɢɟ DR ɧɟ ɩɪɟɞɫɬɚɜɥɹɟɬɫɹ ɜɨɡɦɨɠɧɵɦ, ɚ ɞɥɹ 

ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ, ɭɫɤɨɪɟɧɢɹ ɢ ɤɪɢɜɢɡɧɵ ɬɚɤɢɟ ɞɚɧɧɵɟ ɨɬɫɭɬɫɬɜɭɸɬ. 

ɇɚ ɪɢɫ.Ȼ.1 ɩɨɤɚɡɚɧɨ ɫɪɚɜɧɟɧɢɟ ɞɚɧɧɵɯ ɪɚɛɨɬ, ɩɪɢɜɟɞɟɧɧɵɯ ɜ ɬɚɛɥɢɰɟ 

ɩɨ βε  ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɡɧɚɱɟɧɢɹɯ ɩɚɪɚɦɟɬɪɚ ɜɞɭɜɚ. Ⱥɧɚɥɢɡ ɪɢɫɭɧɤɨɜ 

ɩɨɤɚɡɵɜɚɟɬ, ɱɬɨ ɢɦɟɟɬ ɦɟɫɬɨ ɡɧɚɱɢɬɟɥɶɧɵɣ ɪɚɡɛɪɨɫ ɞɚɧɧɵɯ. ɉɭɧɤɬɢɪɧɨɣ 

ɥɢɧɢɟɣ ɩɨɤɚɡɚɧɚ ɪɟɤɨɦɟɧɞɭɟɦɚɹ ɪɚɫɱɟɬɧɚɹ ɡɚɜɢɫɢɦɨɫɬɶ. ɉɪɢ ɨɛɪɚɛɨɬɤɟ 

ɧɟɤɨɬɨɪɵɟ ɞɚɧɧɵɟ ɩɪɢɲɥɨɫɶ ɨɬɛɪɨɫɢɬɶ, ɚ ɡɚ ɨɫɧɨɜɭ ɩɪɢɧɹɬɵ ɪɟɡɭɥɶɬɚɬɵ 

ɪɚɛɨɬɵ Д63], ɩɨɫɤɨɥɶɤɭ ɬɨɥɶɤɨ ɜ ɷɬɨɣ ɪɚɛɨɬɟ ɢɡɦɟɧɟɧɢɹ ɩɪɨɜɟɞɟɧɵ ɧɚ ɭɱɚɫɬɤɟ 

ɞɨ ɡɧɚɱɟɧɢɹ ɨɬɧɨɫɢɬɟɥɶɧɨɣ ɩɪɨɞɨɥɶɧɨɣ ɤɨɨɪɞɢɧɚɬɵ x/d = 100. В ɨɫɬɚɥɶɧɵɯ 

ɷɤɫɩɟɪɢɦɟɧɬɚɯ ɢɫɫɥɟɞɨɜɚɥɫɹ ɭɱɚɫɬɨɤ x/d <25. ɉɪɢ ɨɛɪɚɛɨɬɤɟ ɛɵɥɢ «ɫɪɟɡɚɧɵ» 

ɢɦɟɸɳɢɟɫɹ ɥɨɤɚɥɶɧɵɟ ɦɚɤɫɢɦɭɦɵ ɧɚ ɭɱɚɫɬɤɟ 2 < x/d < 4. Ⱦɥɹ ɩɨɥɭɱɟɧɢɹ 

ɞɨɫɬɨɜɟɪɧɨɣ ɡɚɜɢɫɢɦɨɫɬɢ ɞɥɹ ɤɨɷɮɮɢɰɢɟɧɬɚ εβ ɜ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ 

ɧɟɞɨɫɬɚɬɨɱɧɨ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɞɚɧɧɵɯ. 
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ɉɊɂɅɈɀȿɇɂȿ В 
ɊȿɁɍɅɖɌАɌɕ ɗɄɋɉȿɊɂɆȿɇɌɈВ ɉɈ ɉɅȿɇɈЧɇɈɆɍ ɈХɅАɀȾȿɇɂɘ 

 
Ɍɚɛɥɢɰɚ В.1 – Эɮɮɟɤɬɢɜɧɨɫɬɶ ɨɯɥɚɠɞɟɧɢɹ, ɞɜɭɯɫɬɪɭɣɧɚɹ ɫɯɟɦɚ; t/d = 4; dP/dx = 0; Tu = 1,0%. 

 

x/d 
m=0,5 m=1,0 m=1,5 

z=0 z=3,2 z=6,4 z=9,6 z=12,8 ɫɪ z=0 z=3,2 z=6,4 z=9,6 z=12,8 ɫɪ z=0 z=3,2 z=6,4 z=9,6 z=12,8 ɫɪ 
6,25 0,382 0,332 0,302 0,299 0,378 0,328 0,334 0,293 0,267 0,259 0,333 0,288 0,299 0,259 0,241 0,242 0,303 0,261 

9,38 0,347 0,293 0,263 0,271 0,339 0,293 0,330 0,284 0,262 0,254 0,329 0,282 0,307 0,270 0,244 0,243 0,313 0,267 

12,50 0,302 0,278 0,264 0,257 0,288 0,274 0,295 0,275 0,262 0,254 0,276 0,269 0,280 0,260 0,252 0,249 0,266 0,259 

15,63 0,272 0,257 0,244 0,239 0,260 0,252 0,271 0,261 0,252 0,249 0,263 0,257 0,261 0,252 0,247 0,242 0,255 0,250 

21,88 0,229 0,212 0,216 0,208 0,220 0,215 0,235 0,229 0,230 0,236 0,239 0,233 0,233 0,222 0,229 0,231 0,234 0,229 

25,00 0,202 0,187 0,195 0,198 0,208 0,196 0,222 0,210 0,212 0,227 0,229 0,219 0,216 0,208 0,213 0,228 0,230 0,218 

28,13 0,190 0,180 0,189 0,179 0,189 0,184 0,212 0,205 0,209 0,213 0,215 0,210 0,209 0,205 0,208 0,211 0,216 0,209 

31,25 0,176 0,171 0,183 0,172 0,176 0,176 0,199 0,196 0,198 0,204 0,199 0,199 0,201 0,196 0,200 0,206 0,201 0,201 

 
 

x/d 
m=2,0 m=2,5 m=3,0 

z=0 z=3,2 z=6,4 z=9,6 z=12,8 ɫɪ z=0 z=3,2 z=6,4 z=9,6 z=12,8 ɫɪ z=0 z=3,2 z=6,4 z=9,6 z=12,8 ɫɪ 
6,25 0,275 0,232 0,210 0,237 0,286 0,240 0,249 0,202 0,186 0,233 0,262 0,219 0,218 0,177 0,167 0,218 0,253 0,199 

9,38 0,282 0,248 0,224 0,246 0,300 0,252 0,256 0,221 0,199 0,244 0,278 0,233 0,233 0,206 0,176 0,226 0,27 0,215 

12,50 0,265 0,245 0,232 0,245 0,263 0,247 0,244 0,224 0,210 0,237 0,247 0,229 0,232 0,206 0,196 0,220 0,241 0,215 

15,63 0,253 0,236 0,232 0,248 0,247 0,242 0,235 0,218 0,214 0,238 0,237 0,227 0,227 0,204 0,204 0,220 0,232 0,214 

21,88 0,227 0,214 0,222 0,237 0,230 0,225 0,211 0,204 0,210 0,228 0,217 0,214 0,211 0,195 0,205 0,215 0,214 0,207 

25,00 0,210 0,199 0,204 0,232 0,221 0,213 0,200 0,194 0,199 0,226 0,214 0,207 0,202 0,186 0,201 0,216 0,213 0,203 

28,13 0,205 0,196 0,202 0,218 0,213 0,206 0,200 0,189 0,194 0,215 0,195 0,199 0,201 0,185 0,194 0,205 0,198 0,196 

31,25 0,199 0,191 0,198 0,207 0,199 0,199 0,195 0,184 0,194 0,205 0,194 0,194 0,196 0,180 0,198 0,198 0,192 0,193 
 



133 
 

 
 

Ɍɚɛɥɢɰɚ В.2 – Ʉɨɷɮɮɢɰɢɟɧɬ ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɢ, ɞɜɭɯɫɬɪɭɣɧɚɹ ɫɯɟɦɚ; t/d = 4; dP/dx = 0; Tu = 1,0%.    
 

x/d 
m=0,5 m=1,0 m=1,5 

ηmax ηmin ηɫɪ ε ηmax ηmin ηɫɪ ε ηmax ηmin ηɫɪ ε 
6,25 0,382 0,299 0,328 0,245 0,334 0,259 0,288 0,252 0,303 0,241 0,261 0,231 
9,38 0,347 0,263 0,293 0,278 0,330 0,254 0,282 0,260 0,313 0,243 0,267 0,254 

12,50 0,302 0,257 0,274 0,162 0,295 0,254 0,269 0,151 0,280 0,249 0,259 0,119 
15,63 0,272 0,239 0,252 0,130 0,271 0,249 0,257 0,085 0,261 0,242 0,250 0,076 
21,88 0,229 0,208 0,215 0,097 0,239 0,229 0,233 0,043 0,234 0,222 0,229 0,052 
25,00 0,208 0,187 0,196 0,106 0,229 0,210 0,219 0,086 0,230 0,208 0,218 0,100 
28,13 0,190 0,179 0,184 0,059 0,215 0,205 0,210 0,047 0,216 0,205 0,209 0,052 
31,25 0,183 0,171 0,176 0,068 0,204 0,196 0,199 0,040 0,206 0,196 0,201 0,050 

 

x/d 
m=2,0 m=2,5 m=3,0 

ηmax ηmin ηɫɪ ε ηmax ηmin ηɫɪ ε ηmax ηmin ηɫɪ ε 
6,25 0,286 0,210 0,240 0,306 0,262 0,186 0,219 0,336 0,253 0,167 0,199 0,416 
9,38 0,300 0,224 0,252 0,292 0,278 0,199 0,233 0,330 0,270 0,176 0,215 0,423 

12,50 0,265 0,232 0,247 0,132 0,247 0,210 0,229 0,159 0,241 0,196 0,215 0,205 
15,63 0,253 0,232 0,242 0,086 0,238 0,214 0,227 0,105 0,232 0,204 0,214 0,129 
21,88 0,237 0,214 0,225 0,102 0,228 0,204 0,214 0,112 0,215 0,195 0,207 0,096 
25,00 0,232 0,199 0,213 0,155 0,226 0,194 0,207 0,155 0,216 0,186 0,203 0,147 
28,13 0,218 0,196 0,206 0,106 0,215 0,189 0,199 0,131 0,205 0,185 0,196 0,102 
31,25 0,207 0,191 0,199 0,080 0,205 0,184 0,194 0,108 0,198 0,180 0,193 0,093 
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Ɍɚɛɥɢɰɚ В.3 – Эɮɮɟɤɬɢɜɧɨɫɬɶ ɨɯɥɚɠɞɟɧɢɹ, ɞɜɭɯɫɬɪɭɣɧɚɹ ɫɯɟɦɚ; t/d = 4; ɜɧɟɲɧɹɹ ɬɭɪɛɭɥɟɧɬɧɨɫɬɶ Tu = 7%. 
 

x/d 
m=0,5 m=1,0 m=1,5 

z=0 z=3,2 z=6,4 z=9,6 z=12,8 ɫɪ ε z=0 z=3,2 z=6,4 z=9,6 z=12,8 ɫɪ ε z=0 z=3,2 z=6,4 z=9,6 z=12,8 ɫɪ ε 
6,25 0,373 0,335 0,302 0,307 0,386 0,331 0,247 0,337 0,292 0,264 0,271 0,347 0,292 0,275 0,311 0,259 0,23 0,253 0,319 0,264 0,324 

9,38 0,327 0,293 0,268 0,26 0,336 0,288 0,256 0,315 0,277 0,262 0,261 0,339 0,282 0,268 0,297 0,254 0,237 0,256 0,331 0,265 0,342 

12,50 0,307 0,293 0,272 0,271 0,299 0,285 0,125 0,302 0,279 0,265 0,271 0,306 0,280 0,144 0,286 0,26 0,252 0,258 0,288 0,264 0,134 

15,63 0,267 0,26 0,244 0,26 0,271 0,258 0,104 0,269 0,256 0,25 0,267 0,28 0,262 0,113 0,256 0,24 0,238 0,255 0,26 0,248 0,088 

21,88 0,233 0,228 0,216 0,234 0,231 0,228 0,079 0,246 0,232 0,23 0,254 0,251 0,241 0,099 0,232 0,218 0,222 0,248 0,24 0,231 0,129 

25,00 0,215 0,212 0,203 0,219 0,219 0,213 0,075 0,233 0,219 0,217 0,25 0,241 0,231 0,142 0,224 0,208 0,216 0,243 0,228 0,223 0,156 

28,13 0,204 0,196 0,195 0,202 0,2 0,199 0,045 0,222 0,21 0,21 0,231 0,224 0,219 0,096 0,214 0,197 0,207 0,23 0,211 0,212 0,156 

31,25 0,188 0,185 0,184 0,196 0,187 0,188 0,064 0,209 0,201 0,202 0,224 0,209 0,209 0,110 0,203 0,191 0,197 0,221 0,203 0,203 0,148 
 
 

x/d 
m=2,0 m=2,5 m=3,0 

z=0 z=3,2 z=6,4 z=9,6 z=12,8 ɫɪ ε z=0 z=3,2 z=6,4 z=9,6 z=12,8 ɫɪ ε z=0 z=3,2 z=6,4 z=9,6 z=12,8 ɫɪ ε 
6,25 0,282 0,226 0,2 0,247 0,306 0,242 0,420 0,249 0,198 0,167 0,236 0,29 0,218 0,539 0,215 0,168 0,145 0,224 0,272 0,195 0,620 

9,38 0,275 0,229 0,212 0,258 0,322 0,249 0,424 0,245 0,204 0,184 0,255 0,305 0,230 0,507 0,219 0,18 0,152 0,244 0,278 0,206 0,587 

12,50 0,263 0,236 0,229 0,244 0,276 0,245 0,188 0,241 0,217 0,207 0,234 0,265 0,228 0,249 0,221 0,199 0,189 0,225 0,249 0,212 0,277 

15,63 0,24 0,217 0,22 0,248 0,252 0,233 0,149 0,221 0,199 0,203 0,239 0,242 0,218 0,195 0,206 0,19 0,185 0,233 0,232 0,207 0,229 

21,88 0,22 0,203 0,209 0,242 0,226 0,219 0,177 0,207 0,192 0,198 0,228 0,218 0,208 0,173 0,203 0,191 0,192 0,226 0,216 0,205 0,170 

25,00 0,213 0,193 0,209 0,237 0,219 0,214 0,205 0,202 0,186 0,191 0,229 0,21 0,203 0,211 0,199 0,187 0,192 0,227 0,208 0,202 0,197 

28,13 0,205 0,189 0,199 0,224 0,204 0,204 0,171 0,197 0,182 0,19 0,222 0,2 0,198 0,202 0,198 0,188 0,189 0,221 0,202 0,200 0,165 

31,25 0,197 0,184 0,193 0,213 0,197 0,197 0,147 0,193 0,18 0,19 0,209 0,193 0,193 0,150 0,195 0,183 0,192 0,211 0,195 0,195 0,143 
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Ɍɚɛɥɢɰɚ В.4 – ɋɪɚɜɧɟɧɢɟ ɫɪɟɞɧɟɣ ɩɨ ɲɢɪɢɧɟ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ 

ɞɜɭɯɫɬɪɭɣɧɨɣ ɫɢɫɬɟɦɵ ɨɬɜɟɪɫɬɢɣ ɫ ɬɭɪɛɭɥɢɡɚɬɨɪɨɦ ɧɚ ɜɯɨɞɟ ɢ ɛɟɡ ɧɟɝɨ. 
 

 m = 0,5 m = 1,0 m = 1,5 m = 2,0 m = 2,5 

x/d 
Tu= 
7% 

Tu= 
1% 0Tu

ɬɭɪɛ

η
η

 

Tu= 
7% 

Tu= 
1% 0Tu

ɬɭɪɛ

η
η

 

Tu= 
7% 

Tu= 
1% 0Tu

ɬɭɪɛ

η
η

 

Tu= 
7% 

Tu= 
1% 0Tu

ɬɭɪɛ

η
η

 

Tu= 
7% 

Tu= 
1% 0Tu

ɬɭɪɛ

η
η

 

6,25 0,330 0,328 1,006 0,292 0,291 1,003 0,265 0,264 1,004 0,242 0,243 0,996 0,218 0,224 0,973 

9,38 0,288 0,293 0,983 0,282 0,285 0,990 0,266 0,270 0,985 0,250 0,256 0,977 0,230 0,237 0,971 

12,50 0,284 0,274 1,037 0,280 0,272 1,029 0,265 0,262 1,012 0,245 0,250 0,990 0,228 0,234 0,974 

15,63 0,258 0,252 1,024 0,262 0,260 1,008 0,248 0,253 0,980 0,233 0,245 0,951 0,218 0,231 0,944 

21,88 0,227 0,215 1,056 0,241 0,235 1,026 0,231 0,232 0,996 0,220 0,229 0,961 0,208 0,218 0,954 

25,00 0,212 0,196 1,082 0,231 0,221 1,045 0,224 0,221 1,014 0,214 0,216 0,991 0,203 0,211 0,962 

28,13 0,198 0,185 1,070 0,219 0,213 1,028 0,212 0,212 1,000 0,204 0,210 0,971 0,198 0,203 0,975 

31,25 0,188 0,176 1,068 0,209 0,202 1,035 0,203 0,204 0,995 0,197 0,202 0,975 0,193 0,199 0,970 
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m=0,5 

     

m=1,5 

     
m=2,0 

     
 

Ɋɢɫɭɧɨɤ В.1 – Вɥɢɹɧɢɟ ɜɧɟɲɧɟɣ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɧɚ ɥɨɤɚɥɶɧɭɸ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɡɚ 
ɫɢɫɬɟɦɨɣ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ. 1 –  Tu = 1%; 2 – Tu = 7%. 
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Ɍɚɛɥɢɰɚ В.5 – Эɮɮɟɤɬɢɜɧɨɫɬɶ ɨɯɥɚɠɞɟɧɢɹ, ɞɜɭɯɫɬɪɭɣɧɚɹ ɫɯɟɦɚ; t/d = 4; Tu = 1%; dP/dx; ɩɪɨɮɢɥɶ №1. 
 

x/d 
m=0,5 m=1,0 m=1,5 

z=0 z=3,2 z=6,4 z=9,6 z=12,8 ɫɪ ε z=0 z=3,2 z=6,4 z=9,6 z=12,8 ɫɪ ε z=0 z=3,2 z=6,4 z=9,6 z=12,8 ɫɪ ε 
6,25 0,387 0,321 0,297 0,283 0,372 0,320 0,313 0,342 0,284 0,257 0,248 0,337 0,282 0,320 0,306 0,259 0,233 0,229 0,303 0,256 0,289 
9,38 0,343 0,28 0,256 0,23 0,343 0,277 0,389 0,32 0,27 0,24 0,227 0,323 0,265 0,348 0,296 0,259 0,23 0,224 0,306 0,254 0,312 

12,50 0,285 0,258 0,251 0,239 0,273 0,257 0,176 0,288 0,261 0,244 0,241 0,26 0,255 0,182 0,275 0,25 0,238 0,234 0,258 0,247 0,163 
15,63 0,258 0,23 0,225 0,22 0,244 0,232 0,161 0,26 0,242 0,231 0,232 0,249 0,240 0,119 0,255 0,239 0,229 0,231 0,246 0,237 0,108 
21,88 0,21 0,184 0,189 0,182 0,189 0,189 0,147 0,224 0,208 0,202 0,21 0,212 0,210 0,104 0,221 0,208 0,211 0,22 0,215 0,214 0,060 
25,00 0,176 0,16 0,165 0,172 0,169 0,167 0,095 0,2 0,189 0,186 0,203 0,203 0,195 0,087 0,2 0,191 0,187 0,217 0,213 0,200 0,149 
28,13 0,166 0,148 0,161 0,16 0,159 0,158 0,113 0,186 0,18 0,179 0,194 0,19 0,185 0,081 0,191 0,184 0,182 0,206 0,197 0,192 0,125 
31,25 0,146 0,135 0,152 0,151 0,146 0,146 0,116 0,175 0,169 0,17 0,186 0,175 0,175 0,097 0,18 0,175 0,17 0,194 0,18 0,180 0,133 
 
 

x/d 
m=2,0 m=2,5 m=3,0 

z=0 z=3,2 z=6,4 z=9,6 z=12,8 ɫɪ ε z=0 z=3,2 z=6,4 z=9,6 z=12,8 ɫɪ ε z=0 z=3,2 z=6,4 z=9,6 z=12,8 ɫɪ ε 
6,25 0,277 0,235 0,205 0,229 0,286 0,238 0,329 0,257 0,211 0,184 0,22 0,273 0,220 0,389 0,238 0,193 0,165 0,214 0,25 0,204 0,401 
9,38 0,276 0,248 0,215 0,238 0,296 0,247 0,318 0,266 0,233 0,194 0,226 0,289 0,233 0,393 0,255 0,213 0,171 0,224 0,265 0,217 0,417 

12,50 0,261 0,242 0,228 0,236 0,249 0,240 0,136 0,246 0,224 0,208 0,229 0,247 0,227 0,169 0,244 0,212 0,196 0,22 0,238 0,217 0,216 
15,63 0,245 0,233 0,221 0,237 0,243 0,234 0,102 0,237 0,221 0,207 0,229 0,238 0,224 0,137 0,231 0,212 0,195 0,224 0,225 0,215 0,166 
21,88 0,211 0,205 0,202 0,227 0,215 0,212 0,118 0,209 0,195 0,191 0,22 0,213 0,204 0,141 0,208 0,192 0,194 0,215 0,208 0,202 0,113 
25,00 0,193 0,187 0,185 0,218 0,205 0,197 0,167 0,193 0,181 0,177 0,214 0,204 0,193 0,191 0,197 0,182 0,18 0,21 0,202 0,193 0,154 
28,13 0,189 0,181 0,181 0,206 0,196 0,190 0,131 0,188 0,18 0,177 0,205 0,194 0,188 0,148 0,193 0,181 0,178 0,202 0,193 0,189 0,127 
31,25 0,178 0,17 0,169 0,194 0,178 0,178 0,141 0,179 0,17 0,172 0,195 0,179 0,179 0,140 0,183 0,176 0,179 0,195 0,183 0,183 0,104 
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Ɍɚɛɥɢɰɚ В.6 – Эɮɮɟɤɬɢɜɧɨɫɬɶ ɨɯɥɚɠɞɟɧɢɹ, ɞɜɭɯɫɬɪɭɣɧɚɹ ɫɯɟɦɚ; t/d = 4; Tu = 1%; dP/dx; ɩɪɨɮɢɥɶ №2. 
 

x/d 
m=0,5 m=1,0 m=1,5 

z=0 z=3,2 z=6,4 z=9,6 z=12,8 ɫɪ ε z=0 z=3,2 z=6,4 z=9,6 z=12,8 ɫɪ ε z=0 z=3,2 z=6,4 z=9,6 z=12,8 ɫɪ ε 
6,25 0,375 0,302 0,283 0,264 0,378 0,306 0,356 0,33 0,271 0,253 0,24 0,333 0,274 0,326 0,299 0,259 0,228 0,222 0,302 0,252 0,305 
9,38 0,326 0,263 0,233 0,222 0,331 0,262 0,396 0,312 0,258 0,241 0,228 0,334 0,263 0,386 0,296 0,259 0,23 0,222 0,306 0,253 0,320 

12,50 0,27 0,236 0,226 0,228 0,272 0,240 0,187 0,276 0,248 0,234 0,23 0,256 0,245 0,185 0,294 0,244 0,228 0,227 0,253 0,243 0,269 
15,63 0,245 0,21 0,206 0,214 0,247 0,219 0,183 0,256 0,227 0,219 0,227 0,246 0,231 0,157 0,252 0,23 0,22 0,225 0,244 0,231 0,137 
21,88 0,191 0,171 0,171 0,182 0,188 0,178 0,111 0,209 0,191 0,196 0,21 0,208 0,201 0,094 0,212 0,196 0,198 0,215 0,214 0,206 0,092 
25,00 0,162 0,143 0,15 0,166 0,171 0,156 0,177 0,186 0,168 0,176 0,201 0,199 0,184 0,177 0,193 0,18 0,183 0,208 0,209 0,193 0,149 
28,13 0,148 0,133 0,142 0,154 0,156 0,145 0,157 0,176 0,165 0,17 0,194 0,185 0,177 0,163 0,187 0,176 0,178 0,201 0,19 0,186 0,134 
31,25 0,133 0,128 0,132 0,139 0,133 0,133 0,083 0,166 0,156 0,165 0,176 0,166 0,166 0,121 0,173 0,165 0,168 0,186 0,173 0,173 0,121 
 
 

x/d 
m=2,0 m=2,5 m=3,0 

z=0 z=3,2 z=6,4 z=9,6 z=12,8 ɫɪ ε z=0 z=3,2 z=6,4 z=9,6 z=12,8 ɫɪ ε z=0 z=3,2 z=6,4 z=9,6 z=12,8 ɫɪ ε 
6,25 0,279 0,241 0,207 0,221 0,282 0,237 0,305 0,251 0,219 0,189 0,221 0,265 0,222 0,332 0,23 0,204 0,173 0,216 0,254 0,209 0,376 
9,38 0,283 0,251 0,218 0,226 0,297 0,246 0,310 0,268 0,233 0,2 0,228 0,285 0,234 0,350 0,251 0,213 0,178 0,226 0,267 0,219 0,392 

12,50 0,262 0,244 0,22 0,236 0,249 0,239 0,173 0,246 0,226 0,21 0,231 0,242 0,228 0,156 0,234 0,213 0,196 0,224 0,237 0,217 0,186 
15,63 0,247 0,23 0,221 0,232 0,241 0,232 0,111 0,235 0,215 0,207 0,232 0,231 0,222 0,125 0,226 0,205 0,195 0,226 0,226 0,213 0,144 
21,88 0,212 0,193 0,197 0,22 0,213 0,206 0,130 0,203 0,186 0,196 0,218 0,207 0,201 0,158 0,199 0,186 0,185 0,215 0,201 0,197 0,152 
25,00 0,198 0,179 0,185 0,214 0,208 0,195 0,178 0,188 0,172 0,179 0,215 0,198 0,190 0,226 0,183 0,171 0,175 0,21 0,197 0,187 0,208 
28,13 0,189 0,174 0,176 0,202 0,192 0,186 0,150 0,184 0,169 0,174 0,205 0,187 0,183 0,196 0,183 0,165 0,169 0,201 0,186 0,180 0,199 
31,25 0,174 0,166 0,168 0,186 0,174 0,174 0,115 0,171 0,164 0,164 0,185 0,171 0,171 0,123 0,172 0,161 0,168 0,187 0,172 0,172 0,151 
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Ɍɚɛɥɢɰɚ В.7 – ɋɪɚɜɧɟɧɢɟ ɫɪɟɞɧɟɣ ɩɨ ɲɢɪɢɧɟ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ 
ɞɜɭɯɫɬɪɭɣɧɨɣ  ɫɢɫɬɟɦɵ ɨɬɜɟɪɫɬɢɣ ɫ ɝɪɚɞɢɟɧɬɨɦ ɞɚɜɥɟɧɢɹ ɢ ɛɟɡ ɧɟɝɨ (ɩɪɨɮɢɥɶ №1). 

 

 m = 0,5 m = 1,0 m = 1,5 m = 2,0 m = 2,5 

x/d ɝɪɚɞ ɛɟɡɝɪ ɛɟɡɝɪ

ɝɪɚɞ
η
η

 

ɝɪɚɞ ɛɟɡɝɪ ɛɟɡɝɪ

ɝɪɚɞ
η
η

 

ɝɪɚɞ ɛɟɡɝɪ ɛɟɡɝɪ

ɝɪɚɞ
η
η

 

ɝɪɚɞ ɛɟɡɝɪ ɛɟɡɝɪ

ɝɪɚɞ
η
η

 

ɝɪɚɞ ɛɟɡɝɪ ɛɟɡɝɪ

ɝɪɚɞ
η
η

 

6,25 0,32 0,328 0,976 0,282 0,288 0,979 0,256 0,261 0,981 0,238 0,24 0,992 0,22 0,219 1,005 

9,38 0,277 0,293 0,945 0,265 0,282 0,940 0,254 0,267 0,951 0,247 0,252 0,980 0,233 0,233 1,000 

12,50 0,257 0,274 0,938 0,255 0,269 0,948 0,247 0,259 0,954 0,24 0,247 0,972 0,227 0,229 0,991 

15,63 0,232 0,252 0,921 0,24 0,257 0,934 0,237 0,25 0,948 0,234 0,242 0,967 0,224 0,227 0,987 

21,88 0,189 0,215 0,879 0,21 0,233 0,901 0,214 0,229 0,934 0,212 0,225 0,942 0,204 0,214 0,953 

25,00 0,167 0,196 0,852 0,195 0,219 0,890 0,2 0,218 0,917 0,197 0,213 0,925 0,193 0,207 0,932 

28,13 0,158 0,185 0,854 0,185 0,21 0,881 0,192 0,209 0,919 0,19 0,206 0,922 0,188 0,199 0,945 

31,25 0,146 0,176 0,830 0,175 0,199 0,879 0,18 0,201 0,896 0,178 0,199 0,894 0,179 0,194 0,923 
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Ɍɚɛɥɢɰɚ В.8 – ɋɪɚɜɧɟɧɢɟ ɫɪɟɞɧɟɣ ɩɨ ɲɢɪɢɧɟ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ 
ɞɜɭɯɫɬɪɭɣɧɨɣ  ɫɢɫɬɟɦɵ ɨɬɜɟɪɫɬɢɣ ɫ ɝɪɚɞɢɟɧɬɨɦ ɞɚɜɥɟɧɢɹ ɢ ɛɟɡ ɧɟɝɨ (ɩɪɨɮɢɥɶ №2). 

 

 m = 0,5 m = 1,0 m = 1,5 m = 2,0 m = 2,5 

x/d ɝɪɚɞ ɛɟɡɝɪ ɛɟɡɝɪ

ɝɪɚɞ
η
η

 

ɝɪɚɞ ɛɟɡɝɪ ɛɟɡɝɪ

ɝɪɚɞ
η
η

 

ɝɪɚɞ ɛɟɡɝɪ ɛɟɡɝɪ

ɝɪɚɞ
η
η

 

ɝɪɚɞ ɛɟɡɝɪ ɛɟɡɝɪ

ɝɪɚɞ
η
η

 

ɝɪɚɞ ɛɟɡɝɪ ɛɟɡɝɪ

ɝɪɚɞ
η
η

 

6,25 0,306 0,328 0,933 0,274 0,288 0,951 0,252 0,261 0,966 0,237 0,24 0,988 0,222 0,219 1,014 

9,38 0,262 0,293 0,894 0,263 0,282 0,933 0,253 0,267 0,948 0,246 0,252 0,976 0,234 0,233 1,004 

12,50 0,24 0,274 0,876 0,245 0,269 0,911 0,243 0,259 0,938 0,239 0,247 0,968 0,228 0,229 0,996 

15,63 0,219 0,252 0,869 0,231 0,257 0,899 0,231 0,25 0,924 0,232 0,242 0,959 0,222 0,227 0,978 

21,88 0,178 0,215 0,828 0,201 0,233 0,863 0,206 0,229 0,900 0,206 0,225 0,916 0,201 0,214 0,939 

25,00 0,156 0,196 0,796 0,184 0,219 0,840 0,193 0,218 0,885 0,195 0,213 0,915 0,19 0,207 0,918 

28,13 0,145 0,185 0,784 0,177 0,21 0,843 0,186 0,209 0,890 0,186 0,206 0,903 0,183 0,199 0,920 

31,25 0,133 0,176 0,756 0,166 0,199 0,834 0,173 0,201 0,861 0,174 0,199 0,874 0,171 0,194 0,881 
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m=0,50 

m=1,5 

m=2,0 

Ɋɢɫɭɧɨɤ В.2 – Вɥɢɹɧɢɟ ɭɫɤɨɪɟɧɢɹ ɩɨɬɨɤɚ ɧɚ ɥɨɤɚɥɶɧɭɸ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɡɚ ɫɢɫɬɟɦɨɣ 
ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ. 1 –  ɛɟɡɝɪɚɞɢɟɧɬɧɵɣ ɩɨɬɨɤ; 2 – ɭɫɤɨɪɟɧɧɟɟ ɩɨɬɨɤɚ (ɩɪɨɮɢɥɶ №1). 
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Ɋɢɫɭɧɨɤ В.3 – Ʌɨɤɚɥɶɧɚɹ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɡɚ ɫɢɫɬɟɦɨɣ ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ ɞɥɹ 
ɭɫɤɨɪɟɧɧɨɝɨ ɩɨɬɨɤɚ (ɩɪɨɮɢɥɶ №2) ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɩɚɪɚɦɟɬɪɚɯ ɜɞɭɜɚ. 
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m=0,50 

     

m=1,0 

     
m=1,50 

     
m=2,0 

     
Ɋɢɫɭɧɨɤ В.4 – Вɥɢɹɧɢɟ ɭɫɤɨɪɟɧɢɹ ɩɨɬɨɤɚ ɧɚ ɥɨɤɚɥɶɧɭɸ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɥɟɧɨɱɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ ɡɚ ɫɢɫɬɟɦɨɣ 
ɩɚɪɧɵɯ ɨɬɜɟɪɫɬɢɣ. 1 –  ɛɟɡɝɪɚɞɢɟɧɬɧɵɣ ɩɨɬɨɤ; 2 – ɭɫɤɨɪɟɧɧɟɟ ɩɨɬɨɤɚ (ɩɪɨɮɢɥɶ №2). 
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ɉɊɂɅɈɀȿɇɂȿ Ƚ 

ЧɂɋɅȿɇɇɈȿ ɆɈȾȿɅɂɊɈВАɇɂȿ ɌɍɊȻɍɅȿɇɌɇɕХ ɌȿЧȿɇɂɃ 
 

Чɢɫɥɟɧɧɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɝɢɞɪɨɞɢɧɚɦɢɤɢ ɢ ɬɟɩɥɨɨɛɦɟɧɚ ɛɚɡɢɪɭɟɬɫɹ ɧɚ 

ɪɟɲɟɧɢɢ ɫɢɫɬɟɦɵ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɯ ɭɪɚɜɧɟɧɢɣ ɷɧɟɪɝɢɢ ɢ ɞɜɢɠɟɧɢɹ [115,116]: 

1. ɍɪɚɜɧɟɧɢɟ ɫɨɯɪɚɧɟɧɢɹ ɷɧɟɪɝɢɢμ 
 

( ) ( ) ( )tot tot j i ij
j j j

P T
h h u u

t x t x x
       

   
    

 (Ƚ.1) 

 

2. ɍɪɚɜɧɟɧɢɟ ɤɨɥɢɱɟɫɬɜɚ ɞɜɢɠɟɧɢɹμ 
 

( ) ( ) ij
i i j

j i j

P
u u u

t x x x


 

  
   

   
  (Ƚ.2) 

 

3. ɍɪɚɜɧɟɧɢɟ ɧɟɪɚɡɪɵɜɧɨɫɬɢμ 
 

( ) 0i
i

u
t x

  
 

 
    (Ƚ.3) 

 

4. ɍɪɚɜɧɟɧɢɟ ɫɨɫɬɨɹɧɢɹμ 
p RT      (Ƚ.4) 

 

В ɭɪɚɜɧɟɧɢɹɯ (Ƚ.1–Ƚ.4) ɢɫɩɨɥɶɡɭɸɬɫɹ ɨɛɨɡɧɚɱɟɧɢɹμ 2 2tot ih h u  – 

ɩɨɥɧɚɹ ɷɧɬɚɥɶɩɢɹ, Ⱦɠ; h = h(T,p) – ɫɬɚɬɢɱɟɫɤɚɹ ɷɧɬɚɥɶɩɢɹ, Ⱦɠ;  

Ȝ – ɤɨɷɮɮɢɰɢɟɧɬ ɬɟɩɥɨɩɪɨɜɨɞɧɨɫɬɢ, Вɬ/(ɦ·Ʉ); ρ – ɩɥɨɬɧɨɫɬɶ ɩɨɬɨɤɚ, ɤɝ/ɦ3;  

Ɋ – ɞɚɜɥɟɧɢɟ ɩɨɬɨɤɚ, ɉɚ; u  – ɫɤɨɪɨɫɬɶ ɩɨɬɨɤɚ, ɦ/ɫ; T – ɬɟɦɩɟɪɚɬɭɪɚ ɩɨɬɨɤɚ, 

Ʉ; 
2
3

ji i
ij ij

j i j

uu u

x x x
  

  
       

 – ɬɟɧɡɨɪ ɧɚɩɪɹɠɟɧɢɣ; ȝ – ɤɨɷɮɮɢɰɢɟɧɬ 

ɞɢɧɚɦɢɱɟɫɤɨɣ ɜɹɡɤɨɫɬɢ; į – ɞɟɥɶɬɚ-ɮɭɧɤɰɢɹ Ʉɪɨɧɟɤɟɪɚ. 

Ƚɪɚɧɢɱɧɵɟ ɭɫɥɨɜɢɹ. ɇɚ ɜɯɨɞɟ ɢ ɜɵɯɨɞɟ ɜ ɪɚɫɱɟɬɧɭɸ ɨɛɥɚɫɬɶ ɡɚɞɚɸɬɫɹμ  

  ɜɯɨɞ №1 (ɨɫɧɨɜɧɨɣ ɩɨɬɨɤ) – ɫɪɟɞɧɹɹ ɫɤɨɪɨɫɬɶ ɢ ɬɟɦɩɟɪɚɬɭɪɚ, 

w = w∞ = 37,8 ɦ/ɫ ɢ T = T∞ = 25ºC; 

 ɜɯɨɞ №2 (ɜɞɭɜɚɟɦɵɣ ɩɨɬɨɤ) – ɩɨɫɬɨɹɧɧɵɣ ɪɚɫɯɨɞ ɢ ɬɟɦɩɟɪɚɬɭɪɚ, 

G = G2 = 0,84 (m = 0,5); 1,77 (m = 1,0); 2,7 (m = 1,5), 103 ɤɝ/ɫ ɢ T = T2 = 72ºC; 

 ɜɵɯɨɞ – ɫɪɟɞɧɟɟ ɫɬɚɬɢɫɬɢɱɟɫɤɨɟ ɞɚɜɥɟɧɢɟ, Ɋ = Ɋ0 = 106 ɉɚ. 
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Ɍɜɺɪɞɵɟ ɝɪɚɧɢɰɵ ɪɚɫɱɺɬɧɨɣ ɨɛɥɚɫɬɢ ɡɚɞɚɸɬɫɹ ɤɚɤ ɚɞɢɚɛɚɬɧɵɟ 

ɩɨɜɟɪɯɧɨɫɬɢ (q = 0). ɇɚ ɛɨɤɨɜɵɯ ɩɨɜɟɪɯɧɨɫɬɹɯ ɪɚɫɱɟɬɧɨɣ ɦɨɞɟɥɢ ɡɚɞɚɸɬɫɹ 

ɭɫɥɨɜɢɹ ɫɢɦɦɟɬɪɢɢ. Иɧɬɟɧɫɢɜɧɨɫɬɶ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɧɚ ɜɯɨɞɟ ɩɪɢɧɢɦɚɥɚɫɶ 

ɪɚɜɧɨɣ 1%. 

ɇɟɫɦɨɬɪɹ ɧɚ ɬɨ, ɱɬɨ ɩɪɟɞɫɬɚɜɥɟɧɧɚɹ ɫɢɫɬɟɦɚ ɭɪɚɜɧɟɧɢɣ ɨɛɪɚɡɭɟɬ 

ɡɚɤɨɧɱɟɧɧɭɸ ɦɚɬɟɦɚɬɢɱɟɫɤɭɸ ɦɨɞɟɥɶ ɩɨɜɟɞɟɧɢɹ ɠɢɞɤɨɫɬɢ (ɝɚɡɚ), ɞɟɬɚɥɶɧɨ ɢ 

ɫɬɪɨɝɨ ɨɩɢɫɵɜɚɸɳɭɸ ɩɪɚɤɬɢɱɟɫɤɢ ɜɟɫɶ ɫɩɟɤɬɪ ɬɟɱɟɧɢɣ, ɩɪɹɦɨɟ 

ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɬɭɪɛɭɥɟɧɬɧɨɝɨ ɩɨɬɨɤɚ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɷɬɢɯ ɭɪɚɜɧɟɧɢɣ 

ɜɟɫɶɦɚ ɨɝɪɚɧɢɱɟɧɨ ɞɚɠɟ ɫ ɭɱɟɬɨɦ ɫɨɜɪɟɦɟɧɧɨɝɨ ɪɚɡɜɢɬɢɹ ɜɵɱɢɫɥɢɬɟɥɶɧɨɣ 

ɬɟɯɧɢɤɢ. ɉɨɷɬɨɦɭ ɞɥɹ ɪɚɫɱɟɬɚ ɬɭɪɛɭɥɟɧɬɧɨɝɨ ɩɨɬɨɤɚ ɢɫɩɨɥɶɡɭɸɬɫɹ 

ɨɫɪɟɞɧɟɧɧɵɟ ɩɨ Ɋɟɣɧɨɥɶɞɫɭ ɭɪɚɜɧɟɧɢɹ ɇɚɜɶɟ-ɋɬɨɤɫɚ (RANS 

ɦɨɞɟɥɢɪɨɜɚɧɢɟ). ɉɪɢ ɷɬɨɦ ɪɟɚɥɶɧɨɟ ɬɭɪɛɭɥɟɧɬɧɨɟ ɬɟɱɟɧɢɟ ɭɫɥɨɜɧɨ 

ɪɚɡɞɟɥɹɟɬɫɹ ɧɚ ɭɫɬɚɧɨɜɢɜɲɟɟɫɹ (ɩɨɞɨɛɧɨɟ ɥɚɦɢɧɚɪɧɨɦɭ) ɢ ɩɭɥɶɫɚɰɢɨɧɧɨɟ 

(ɨɩɪɟɞɟɥɟɧɧɨɟ ɬɭɪɛɭɥɟɧɬɧɵɦɢ ɜɢɯɪɹɦɢ). Ɉɫɪɟɞɧɟɧɧɨɟ ɩɨ Ɋɟɣɧɨɥɶɞɫɭ 

ɭɪɚɜɧɟɧɢɟ ɞɜɢɠɟɧɢɹ ɢɦɟɟɬ ɫɥɟɞɭɸɳɢɣ ɜɢɞμ 
 

iji i i
k

k i j j j

Ru u p u
u

t x x x x x
 

       
                

,   (Ƚ.5) 

ɝɞɟ t t

2 2
3 3
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ij i j ij ij

j i k

uu u
R u u k

x x x
     

             
 – ɬɟɧɡɨɪ ɧɚɩɪɹɠɟɧɢɣ 

Ɋɟɣɧɨɥɶɞɫɚ. 

Ⱦɥɹ ɩɨɥɧɨɝɨ ɡɚɦɵɤɚɧɢɹ ɫɢɫɬɟɦɵ ɢɫɩɨɥɶɡɭɸɬɫɹ ɞɨɩɨɥɧɢɬɟɥɶɧɵɟ 

ɡɚɜɢɫɢɦɨɫɬɢ (ɦɨɞɟɥɢ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ) Д117,118].  

ɉɪɨɝɪɚɦɦɧɵɣ ɤɨɦɩɥɟɤɫ ANSВS CFX ɫɨɞɟɪɠɢɬ ɜ ɫɟɛɟ ɲɢɪɨɤɢɣ ɧɚɛɨɪ 

ɦɨɞɟɥɟɣ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ, ɨɫɧɨɜɚɧɧɵɯ ɤɚɤ ɧɚ ɦɨɞɟɥɹɯ ɩɟɪɟɧɨɫɚ ɬɭɪɛɭɥɟɧɬɧɨɣ 

ɤɢɧɟɬɢɱɟɫɤɨɣ ɷɧɟɪɝɢɢ (ɞɜɭɯɩɚɪɚɦɟɬɪɢɱɟɫɤɢɟ ɦɨɞɟɥɢ ɬɢɩɚ k-ε ɢ k-ω), ɬɚɤ ɢ 

ɛɨɥɟɟ ɜɵɫɨɤɢɯ ɩɨɪɹɞɤɨɜ ɡɚɦɵɤɚɧɢɹ. В ɪɚɛɨɬɟ ɪɚɫɱɟɬɵ ɩɪɨɜɨɞɢɥɢɫɶ ɫ 

ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɫɥɟɞɭɸɳɢɯ ɦɨɞɟɥɟɣμ  

1. Ɇɨɞɟɥɢ ɬɭɪɛɭɥɟɧɬɧɨɣ ɜɹɡɤɨɫɬɢ (ɝɢɩɨɬɟɡɚ Ȼɭɫɫɢɧɟɫɤɚ)μ 

ɫɬɚɧɞɚɪɬɧɚɹ k-ε ɦɨɞɟɥɶ; ɫɬɚɧɞɚɪɬɧɚɹ k-ω ɦɨɞɟɥɶ; RNG (Renormalization 

Group) k-ε ɦɨɞɟɥɶ; SST ɦɨɞɟɥɶ Ɇɟɧɬɟɪɚ. 
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2. Ɇɨɞɟɥɢ ɜɬɨɪɵɯ ɦɨɦɟɧɬɨɜ (ɧɚɩɪɹɠɟɧɢɣ Ɋɟɣɧɨɥɶɞɫɚ)μ δRR 

(Ʌɚɭɧɞɟɪ, Ɋɢɢɫ ɢ Ɋɨɞɢ) ɢ SSG (ɋɩɟɰɢɚɥɟ, ɋɚɪɤɚɪ ɢ Ƚɚɬɫɤɢ). 
 

  k-ε ɦɨɞɟɥь ɬɭɪɛɭɥɟɧɬɧɨɫɬи ɩɪɟɞɥɨɠɟɧɚ Чɨɭ (1λ45) ɢ ɩɨɥɭɱɢɥɚ 

ɞɚɥɶɧɟɣɲɟɟ ɪɚɡɜɢɬɢɟ ɜ ɢɫɫɥɟɞɨɜɚɧɢɹɯ Ʌɚɭɧɞɟɪɚ–Ⱦɠɨɧɫɚ (1λ72). Ɇɨɞɟɥɶ k- 

ɨɫɧɨɜɚɧɚ ɧɚ ɪɚɫɱɟɬɟ ɞɜɭɯ ɩɚɪɚɦɟɬɪɨɜ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢμ k – ɤɢɧɟɬɢɱɟɫɤɨɣ 

ɷɧɟɪɝɢɢ ɬɭɪɛɭɥɟɧɬɧɵɯ ɩɭɥɶɫɚɰɢɣ,  – ɫɤɨɪɨɫɬɢ ɞɢɫɫɢɩɚɰɢɢ ɤɢɧɟɬɢɱɟɫɤɨɣ 

ɷɧɟɪɝɢɢ ɬɭɪɛɭɥɟɧɬɧɵɯ ɩɭɥɶɫɚɰɢɣ, ɡɧɚɱɟɧɢɹ ɤɨɬɨɪɵɯ ɨɩɪɟɞɟɥɹɸɬɫɹ ɩɭɬɟɦ 

ɪɟɲɟɧɢɹ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɯ ɭɪɚɜɧɟɧɢɣ ɩɟɪɟɧɨɫɚ. 

ɋɬɚɧɞɚɪɬɧɚɹ ɦɨɞɟɥɶ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ k- ɩɨɫɬɪɨɟɧɚ ɧɚ ɩɪɟɞɩɨɥɨɠɟɧɢɢ ɨ 

ɩɨɥɧɨɫɬɶɸ ɪɚɡɜɢɬɨɦ ɬɭɪɛɭɥɟɧɬɧɨɦ ɬɟɱɟɧɢɢ. Ⱦɥɹ ɤɨɪɪɟɤɬɧɨɝɨ ɪɚɫɱɟɬɚ 

ɩɨɝɪɚɧɢɱɧɨɝɨ ɫɥɨɹ, ɝɞɟ ɩɪɟɜɚɥɢɪɭɸɬ ɜɹɡɤɢɟ ɷɮɮɟɤɬɵ, ɦɨɞɟɥɶ 

ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ k- ɜɤɥɸɱɚɟɬ ɜ ɫɟɛɹ ɩɪɢɫɬɟɧɨɱɧɭɸ ɮɭɧɤɰɢɸ, ɫɨɞɟɪɠɚɳɭɸ 

ɭɧɢɜɟɪɫɚɥɶɧɵɣ ɩɪɨɮɢɥɶ ɫɤɨɪɨɫɬɢ ɢ ɫɜɹɡɵɜɚɸɳɭɸ ɩɚɪɚɦɟɬɪɵ ɬɟɱɟɧɢɹ ɫ 

ɪɚɫɫɬɨɹɧɢɟɦ ɨɬ ɫɬɟɧɤɢ.  

Эɮɮɟɤɬɢɜɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬ ɞɢɧɚɦɢɱɟɫɤɨɣ ɜɹɡɤɨɫɬɢ ɨɩɪɟɞɟɥɹɟɬɫɹ ɤɚɤ 

ɫɭɦɦɚ ɥɚɦɢɧɚɪɧɨɣ ɢ ɬɭɪɛɭɥɟɧɬɧɨɣ ɜɹɡɤɨɫɬɢ: 
 

ef t    .    (Ƚ.6) 
 

В ɦɨɞɟɥɢ ɞɟɥɚɟɬɫɹ ɞɨɩɭɳɟɧɢɟ ɨ ɬɨɦ, ɱɬɨ ɬɭɪɛɭɥɟɧɬɧɚɹ ɜɹɡɤɨɫɬɶ 

ɫɜɹɡɚɧɚ ɫ ɤɢɧɟɬɢɱɟɫɤɨɣ ɷɧɟɪɝɢɟɣ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɢ ɟɟ ɞɢɫɫɢɩɚɰɢɟɣ 

ɫɥɟɞɭɸɳɢɦ ɫɨɨɬɧɨɲɟɧɢɟɦμ 
2

t

C k
 


,    (Ƚ.7) 

 

ɝɞɟ C  - ɧɟɤɨɬɨɪɚɹ ɤɨɧɫɬɚɧɬɚ. 

ɉɪɨɫɬɨɬɚ, ɯɨɪɨɲɚɹ ɫɯɨɞɢɦɨɫɬɶ ɢ ɧɟɩɥɨɯɚɹ ɬɨɱɧɨɫɬɶ k-ε ɦɨɞɟɥɢ 

ɩɨɡɜɨɥɹɟɬ ɟɣ ɧɚ ɞɚɧɧɵɣ ɦɨɦɟɧɬ ɨɫɬɚɜɚɬɶɫɹ ɧɚɢɛɨɥɟɟ ɭɩɨɬɪɟɛɥɹɟɦɨɣ ɦɨɞɟɥɶɸ 

ɩɪɢ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɲɢɪɨɤɨɝɨ ɫɩɟɤɬɪɚ ɬɭɪɛɭɥɟɧɬɧɵɯ ɬɟɱɟɧɢɣ. 

  RNG k-ε ɦɨɞɟɥь ɬɭɪɛɭɥɟɧɬɧɨɫɬи ɨɫɧɨɜɚɧɚ ɧɚ ɚɧɚɥɢɡɟ 

ɪɟɧɨɪɦɚɥɢɡɨɜɚɧɧɨɣ ɝɪɭɩɩɵ ɭɪɚɜɧɟɧɢɣ ɇɚɜɶɟ-ɋɬɨɤɫɚ. ɍɪɚɜɧɟɧɢɹ ɩɟɪɟɧɨɫɚ 

ɝɟɧɟɪɢɪɨɜɚɧɢɹ ɢ ɞɢɫɫɢɩɚɰɢɢ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɜ RNG k-ε ɦɨɞɟɥɢ ɬɚɤɢɟ ɠɟ, ɤɚɤ 
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ɢ ɜ k-ε ɦɨɞɟɥɢ. Ⱦɚɧɧɚɹ ɦɨɞɟɥɶ ɨɬɥɢɱɚɟɬɫɹ ɨɬ k-ε ɦɨɞɟɥɢ ɡɧɚɱɟɧɢɟɦ 

ɤɨɷɮɮɢɰɢɟɧɬɨɜ, ɜɯɨɞɹɳɢɯ ɜ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɟ ɭɪɚɜɧɟɧɢɹ. Вɦɟɫɬɨ 

ɩɨɫɬɨɹɧɧɨɝɨ ɤɨɷɮɮɢɰɢɟɧɬɚ ɋε1 ɜ RNG k-ε ɦɨɞɟɥɢ ɢɫɩɨɥɶɡɭɟɬɫɹ ɜɟɥɢɱɢɧɚ, 

ɡɚɞɚɜɚɟɦɚɹ ɜɵɪɚɠɟɧɢɟɦμ 

1 1,42RNGC f   ,     (Ƚ.8) 
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Ⱦɚɧɧɚɹ ɦɨɞɟɥɶ ɹɜɥɹɟɬɫɹ ɞɚɥɶɧɟɣɲɢɦ ɪɚɡɜɢɬɢɟɦ k-ε ɦɨɞɟɥɢ 

ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ, ɨɧɚ ɩɪɢɫɩɨɫɨɛɥɟɧɚ ɞɥɹ ɤɨɪɪɟɤɬɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɬɟɱɟɧɢɣ 

ɩɪɢ ɧɢɡɤɢɯ ɡɧɚɱɟɧɢɹɯ ɱɢɫɟɥ Ɋɟɣɧɨɥɶɞɫɚ. 

  В k-ω ɦɨɞɟɥи ɬɭɪɛɭɥɟɧɬɧɨɫɬи ɩɪɢɧɢɦɚɟɬɫɹ ɞɨɩɭɳɟɧɢɟ ɨ ɬɨɦ, ɱɬɨ 

ɬɭɪɛɭɥɟɧɬɧɚɹ ɜɹɡɤɨɫɬɶ ɫɜɹɡɚɧɚ ɫ ɤɢɧɟɬɢɱɟɫɤɨɣ ɷɧɟɪɝɢɟɣ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ k ɢ 

ɱɚɫɬɨɬɨɣ ɬɭɪɛɭɥɟɧɬɧɵɯ ɩɭɥɶɫɚɰɢɣ ω ɫɥɟɞɭɸɳɢɦ ɫɨɨɬɧɨɲɟɧɢɟɦμ 
 

t

k
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
.     (Ƚ.λ) 

 

Вɩɟɪɜɵɟ k-ω ɩɨɞɯɨɞ ɛɵɥ ɫɮɨɪɦɭɥɢɪɨɜɚɧ Вɢɥɤɨɤɫɨɦ Д118]. В k-ω 

ɦɨɞɟɥɢ ɪɟɲɚɸɬɫɹ ɞɜɚ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɯ ɭɪɚɜɧɟɧɢɹ ɩɟɪɟɧɨɫɚ, ɨɞɧɨ ɞɥɹ 

ɤɢɧɟɬɢɱɟɫɤɨɣ ɷɧɟɪɝɢɢ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ k ɢ ɨɞɧɨ ɞɥɹ ɱɚɫɬɨɬɵ ɬɭɪɛɭɥɟɧɬɧɵɯ 

ɩɭɥɶɫɚɰɢɣ . Ɇɨɞɟɥɶ k- ɨɬɧɨɫɢɬɫɹ ɤ ɧɢɡɤɨɪɟɣɧɨɥɶɞɫɧɵɦ ɦɨɞɟɥɹɦ, ɨɧɚ 

ɯɨɪɨɲɨ ɪɚɛɨɬɚɟɬ ɜ ɩɪɢɫɬɟɧɨɱɧɨɦ ɫɥɨɟ ɢ ɬɪɟɛɭɟɬ ɫɭɳɟɫɬɜɟɧɧɨɝɨ ɫɝɭɳɟɧɢɹ 

ɪɚɫɱɟɬɧɨɣ ɫɟɬɤɢ ɜ ɪɚɣɨɧɟ ɩɨɝɪɚɧɢɱɧɨɝɨ ɫɥɨɹ (y+ ≤ 2), ɝɞɟ ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨ 

ɜɵɩɨɥɧɹɟɬɫɹ ɪɚɫɱɟɬ ɩɪɨɮɢɥɹ ɫɤɨɪɨɫɬɢ. Ɉɞɧɚɤɨ ɩɪɢɦɟɧɟɧɢɟ ɟɟ ɜɞɚɥɢ ɨɬ ɫɬɟɧɤɢ, 

ɝɞɟ ɬɭɪɛɭɥɟɧɬɧɨɫɬɶ ɜɨɡɪɚɫɬɚɟɬ, ɦɨɠɟɬ ɩɪɢɜɨɞɢɬɶ ɤ ɧɟɬɨɱɧɨɫɬɢ ɪɚɫɱɟɬɚ.  

   SST ɦɨɞɟɥь ɬɭɪɛɭɥɟɧɬɧɨɫɬи ɨɫɧɨɜɚɧɚ ɧɚ k-ω ɩɨɞɯɨɞɟ. Ɉɧɚ ɭɱɢɬɵɜɚɟɬ 

ɩɟɪɟɧɨɫ ɬɭɪɛɭɥɟɧɬɧɵɯ ɧɚɩɪɹɠɟɧɢɣ ɬɪɟɧɢɹ ɢ ɨɛɟɫɩɟɱɢɜɚɟɬ ɜɵɫɨɤɭɸ ɬɨɱɧɨɫɬɶ 

ɩɪɢ ɦɨɞɟɥɢɪɨɜɚɧɢɢ ɨɬɪɵɜɧɵɯ ɬɟɱɟɧɢɣ ɫ ɩɨɥɨɠɢɬɟɥɶɧɵɦ ɝɪɚɞɢɟɧɬɨɦ 

ɞɚɜɥɟɧɢɹ. Ɇɨɞɟɥɶ ɨɫɧɨɜɚɧɚ ɧɚ ɫɨɱɟɬɚɧɢɢ ɥɭɱɲɢɯ ɫɜɨɣɫɬɜ k-ω ɢ k-ε ɦɨɞɟɥɟɣ 

ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ. Ⱦɥɹ ɷɬɨɝɨ ɜ ɦɨɞɟɥɢ ɜɜɟɞɟɧɚ ɮɭɧɤɰɢɹ, ɪɚɜɧɚɹ ɟɞɢɧɢɰɟ ɧɚ 

ɜɟɪɯɧɟɣ ɝɪɚɧɢɰɟ ɩɨɝɪɚɧɢɱɧɨɝɨ ɫɥɨɹ ɢ ɫɬɪɟɦɹɳɚɹɫɹ ɤ ɧɭɥɸ ɩɪɢ ɩɪɢɛɥɢɠɟɧɢɢ 
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ɤ ɫɬɟɧɤɟ, ɱɬɨ ɨɛɟɫɩɟɱɢɜɚɟɬ ɩɥɚɜɧɵɣ ɩɟɪɟɯɨɞ ɨɬ k- ɦɨɞɟɥɢ ɜ ɩɪɢɫɬɟɧɨɱɧɨɣ 

ɨɛɥɚɫɬɢ ɤ k- ɦɨɞɟɥɢ ɜɞɚɥɢ ɨɬ ɫɬɟɧɨɤ. Ɇɟɧɬɟɪɨɦ (1λλ3) ɛɵɥɨ ɩɪɟɞɥɨɠɟɧɨ 

ɜɤɥɸɱɟɧɢɟ ɧɟɤɨɬɨɪɨɝɨ ɨɝɪɚɧɢɱɢɬɟɥɹ ɜ ɮɨɪɦɭɥɢɪɨɜɤɭ ɬɭɪɛɭɥɟɧɬɧɨɣ ɜɹɡɤɨɫɬɢμ 
 

1

1 2max( , )t

a k

a SF


 



,     (Ƚ.10) 

ɝɞɟ F2 – ɮɭɧɤɰɢɹ ɩɟɪɟɯɨɞɚ, ɧɚɫɬɪɚɢɜɚɸɳɚɹ ɨɝɪɚɧɢɱɢɬɟɥɶ ɩɨ ɬɨɥɳɢɧɟ 

ɩɨɝɪɚɧɢɱɧɨɝɨ ɫɥɨɹ. S – ɢɧɜɚɪɢɚɧɬ ɦɚɫɲɬɚɛɚ ɫɬɟɩɟɧɢ ɧɚɩɪɹɠɟɧɢɣ. 

Ⱦɚɧɧɚɹ ɦɨɞɟɥɶ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɩɪɢ ɪɚɫɱɟɬɟ ɩɨɝɪɚɧɢɱɧɨɝɨ ɫɥɨɹ ɛɥɢɡɤɚ 

ɩɨ ɪɟɡɭɥɶɬɚɬɚɦ ɤ ɦɨɞɟɥɢ k-, ɩɨɷɬɨɦɭ ɨɧɚ ɹɜɥɹɟɬɫɹ ɧɢɡɤɨɪɟɣɧɨɥɶɞɫɧɨɣ ɢ 

ɬɪɟɛɭɟɬ ɨɛɟɫɩɟɱɟɧɢɹ ɦɟɥɤɨɣ ɪɚɫɱɟɬɧɨɣ ɫɟɬɤɢ ɜ ɩɨɝɪɚɧɢɱɧɨɦ ɫɥɨɟ (y+ ≤ 2). 

   Ɉɬɥɢɱɢɬɟɥɶɧɨɣ ɨɫɨɛɟɧɧɨɫɬɶɸ ɦɨɞɟɥɟɣ ɜɬɨɪɨɝɨ ɩɨɪɹɞɤɚ ɡɚɦɵɤɚɧɢɹ 

LRR (Лɚɭɧɞɟɪ, Ɋииɫ и Ɋɨɞи) и SSG (ɋɩɟциɚɥɟ, ɋɚɪɤɚɪ и Гɚɬɫɤи) ɹɜɥɹɟɬɫɹ ɬɨ, 

ɱɬɨ ɜ ɧɢɯ ɤɨɦɩɨɧɟɧɬɵ ɬɟɧɡɨɪɚ ɧɚɩɪɹɠɟɧɢɣ Ɋɟɣɧɨɥɶɞɫɚ ɪɚɫɫɱɢɬɵɜɚɸɬɫɹ 

ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨ. В ɭɪɚɜɧɟɧɢɹɯ ɞɥɹ ɦɨɦɟɧɬɨɜ ɜɬɨɪɨɝɨ ɩɨɪɹɞɤɚ ɩɨɹɜɥɹɸɬɫɹ 

ɧɨɜɵɟ ɱɥɟɧɵ ɜɢɞɚ ji
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(ɤɨɪɪɟɥɹɰɢɢ ɬɟɦɩɟɪɚɬɭɪɵ ɢ ɫɤɨɪɨɫɬɢ) ɢ ɬ.ɞ. Ⱦɚɧɧɵɟ ɱɥɟɧɵ ɬɚɤɠɟ ɞɨɥɠɧɵ 

ɛɵɬɶ ɜɵɪɚɠɟɧɵ ɱɟɪɟɡ ɞɪɭɝɢɟ ɩɟɪɟɦɟɧɧɵɟ. Ɋɚɡɥɢɱɢɹ ɦɟɠɞɭ ɦɨɞɟɥɹɦɢ 

ɞɚɧɧɨɝɨ ɬɢɩɚ ɫɨɫɬɨɹɬ ɜ ɦɨɞɟɥɢɪɨɜɚɧɢɢ ɷɬɢɯ ɱɥɟɧɨɜ. Ʉɪɨɦɟ ɬɨɝɨ, ɦɨɞɟɥɢ 

ɧɚɩɪɹɠɟɧɢɣ Ɋɟɣɧɨɥɶɞɫɚ ɬɚɤɠɟ ɨɫɧɨɜɚɧɵ ɧɚ ɫɜɹɡɢ ɤɢɧɟɬɢɱɟɫɤɨɣ ɷɧɟɪɝɢɢ 

ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ ɫ ɨɞɧɨɣ ɫɬɨɪɨɧɵ, ɢ ɞɢɫɫɢɩɚɰɢɢ (k-ε) ɢɥɢ ɱɚɫɬɨɬɵ (k-ω) - ɫ 

ɞɪɭɝɨɣ. ɇɟɩɨɫɪɟɞɫɬɜɟɧɧɵɣ ɪɚɫɱɟɬ ɤɨɦɩɨɧɟɧɬɨɜ ɬɟɧɡɨɪɚ ɧɚɩɪɹɠɟɧɢɣ 

ɩɪɢɜɨɞɢɬ ɤ ɧɟɨɛɯɨɞɢɦɨɫɬɢ ɪɟɲɟɧɢɹ ɲɟɫɬɢ ɞɨɩɨɥɧɢɬɟɥɶɧɵɯ ɭɪɚɜɧɟɧɢɣ ɧɚ 

ɤɚɠɞɨɦ ɲɚɝɟ. ɉɪɟɢɦɭɳɟɫɬɜɨɦ ɦɨɞɟɥɟɣ ɜɬɨɪɨɝɨ ɩɨɪɹɞɤɚ ɡɚɦɵɤɚɧɢɹ ɹɜɥɹɟɬɫɹ 

ɢɯ ɛɨɥɶɲɚɹ ɭɧɢɜɟɪɫɚɥɶɧɨɫɬɶ.  
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