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Аɧɧɨɬаɰиɹ. ɉɪɟɞɥɨɠɟɧɚ ɬɟɩɥɨɜɚɹ ɦɨɞɟɥɶ ɥɚɡɟɪɧɨɝɨ ɪɚɡɪɹɞɚ ɜ ɬɭɪɛɭɥɟɧɬɧɨɦ ɫɜɟɪɯɡɜɭɤɨɜɨɦ 

ɩɨɬɨɤɟ ɝɚɡɚ. ɉɪɨɜɟɞɟɧɨ ɱɢɫɥɟɧɧɨɟ ɢɫɫɥɟɞɨɜɚɧɢɟ ɩɨɝɪɟɲɧɨɫɬɢ ɦɟɬɨɞɚ ɢɡɦɟɪɟɧɢɹ ɩɪɨɮɢɥɟɣ 
ɫɤɨɪɨɫɬɢ, ɨɫɧɨɜɚɧɧɨɝɨ ɧɚ ɜɨɡɛɭɠɞɟɧɢɢ ɦɨɥɟɤɭɥ ɚɡɨɬɚ ɥɚɡɟɪɧɵɦ ɢɦɩɭɥɶɫɨɦ. ɉɨɤɚɡɚɧɨ, ɱɬɨ 
ɛɵɫɬɪɵɣ ɧɚɝɪɟɜ ɝɚɡɚ ɪɚɡɪɹɞɨɦ ɜɵɡɵɜɚɟɬ  ɞɟɮɨɪɦɚɰɢɸ ɩɪɨɮɢɥɟɣ ɫɤɨɪɨɫɬɢ. 
 

Клɸɱевые ɫлɨва: ɱɢɫɥɟɧɧɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ, ɥɚɡɟɪɧɵɣ ɪɚɡɪɹɞ, ɬɟɩɥɨɜɚɹ ɦɨɞɟɥɶ, ɬɭɪɛɭ-
ɥɟɧɬɧɵɣ ɩɨɬɨɤ, ɩɪɨɮɢɥɢ ɫɤɨɪɨɫɬɢ. 
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Аɧɨɬаɰіɹ. Ɂɚɩɪɨɩɨɧɨɜɚɧɨ ɬɟɩɥɨɜɭ ɦɨɞɟɥɶ ɥɚɡɟɪɧɨɝɨ ɪɨɡɪɹɞɭ ɜ ɬɭɪɛɭɥɟɧɬɧɨɦɭ ɧɚɞɡɜɭɤɨɜɨɦɭ 
ɩɨɬɨɰɿ ɝɚɡɭ. ɉɪɨɜɟɞɟɧɨ ɱɢɫɟɥɶɧɟ ɞɨɫɥɿɞɠɟɧɧɹ ɩɨɯɢɛɤɢ ɦɟɬɨɞɭ ɜɢɦɿɪɸɜɚɧɶ ɩɪɨɮɿɥɿɜ ɲɜɢɞɤɨɫɬɿ, 
ɹɤɢɣ ґɪɭɧɬɭєɬɶɫɹ ɧɚ ɡɛɭɞɠɟɧɧɿ ɦɨɥɟɤɭɥ ɚɡɨɬɭ ɥɚɡɟɪɧɢɦ ɿɦɩɭɥɶɫɨɦ. ɉɨɤɚɡɚɧɨ, ɳɨ ɲɜɢɞɤɢɣ ɧɚ-
ɝɪɿɜ ɝɚɡɭ ɪɨɡɪɹɞɨɦ ɜɢɤɥɢɤɚє ɞɟɮɨɪɦɚɰɿɸ ɩɪɨɮɿɥɿɜ ɲɜɢɞɤɨɫɬɿ. 
 

Клɸɱɨві ɫлɨва: ɱɢɫɟɥɶɧɟ ɦɨɞɟɥɸɜɚɧɧɹ, ɥɚɡɟɪɧɢɣ ɪɨɡɪɹɞ, ɬɟɩɥɨɜɚ ɦɨɞɟɥɶ, ɬɭɪɛɭɥɟɧɬɧɢɣ ɩɨɬɿɤ, 
ɩɪɨɮɿɥɿ ɲɜɢɞɤɨɫɬɿ. 
 

 

SIMULATION OF THE LASER DISCHARGE IN A SUPERSONIC GAS FLOW 

 

A.A. Tropina, Professor, Doctor of Science, KhNAHU 
 

Abstract. A heat model of the laser discharge in a supersonic turbulent gas flow has been developed.  

A numerical investigation of the error of the method of velocity measurements, which is based on the 

nitrogen molecules excitation, has been carried out. It is shown that fast gas heating by the discharge 

causes the velocity profiles deformation. 

 

Клɸɱевые ɫлɨва: numerical simulation, laser discharge, heat model, turbulet flow, velocity profile. 

 

 

 

 

ȼɵɱɢɫɥɢɬɟɥɶɧɚɹ ɝɚɡɨɞɢɧɚɦɢɤɚ ɫɟɝɨɞɧɹ – ɷɬɨ 
ɧɟɨɛɯɨɞɢɦɵɣ ɢ ɡɚɱɚɫɬɭɸ ɟɞɢɧɫɬɜɟɧɧɵɣ ɢɧ-

ɫɬɪɭɦɟɧɬ ɞɥɹ ɩɨɧɢɦɚɧɢɹ ɮɢɡɢɤɢ ɬɭɪɛɭɥɟɧɬ-
ɧɨɫɬɢ, ɦɟɯɚɧɢɡɦɨɜ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɥɚɦɢɧɚɪ-
ɧɵɯ ɢ ɬɭɪɛɭɥɟɧɬɧɵɯ ɩɨɬɨɤɨɜ, ɚ ɬɚɤɠɟ  
ɦɟɯɚɧɢɡɦɨɜ ɤɨɧɬɪɨɥɹ ɩɪɨɰɟɫɫɚɦɢ ɨɛɬɟɤɚɧɢɹ 
ɬɟɥ ɜ ɩɨɬɨɤɟ ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɱɢɫɥɚɯ Ɇɚɯɚ. 

ȼ ɬɨ ɠɟ ɜɪɟɦɹ ɪɚɡɜɢɬɢɟ ɢ ɫɨɜɟɪɲɟɧɫɬɜɨɜɚɧɢɟ 
ɫɨɜɪɟɦɟɧɧɵɯ ɜɵɱɢɫɥɢɬɟɥɶɧɵɯ ɦɟɬɨɞɨɜ ɝɚɡɨ-
ɞɢɧɚɦɢɤɢ ɧɟɜɨɡɦɨɠɧɵ ɛɟɡ ɫɨɜɟɪɲɟɧɫɬɜɨɜɚ-
ɧɢɹ ɫɨɜɪɟɦɟɧɧɵɯ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɦɟɬɨ-
ɞɨɜ ɢɡɦɟɪɟɧɢɣ ɫɤɨɪɨɫɬɢ, ɨɫɨɛɟɧɧɨ ɜ 
ɬɭɪɛɭɥɟɧɬɧɵɯ ɫɜɟɪɯɡɜɭɤɨɜɵɯ ɩɨɬɨɤɚɯ. Ɉɞɧɚ-
ɤɨ ɩɪɢ ɷɬɨɦ ɜɨɩɪɨɫ ɨ ɬɨɱɧɨɫɬɢ ɩɪɨɜɨɞɢɦɵɯ 
ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɩɨ-ɩɪɟɠɧɟɦɭ ɨɫɬɚɟɬɫɹ ɚɤɬɭ-
ɚɥɶɧɵɦ.  
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Ʉ ɫɚɦɵɦ ɢɡɜɟɫɬɧɵɦ ɦɟɬɨɞɚɦ ɢɡɦɟɪɟɧɢɹ ɫɤɨ-
ɪɨɫɬɢ ɜ ɩɨɬɨɤɚɯ ɦɨɠɧɨ ɨɬɧɟɫɬɢ ɛɟɫɤɨɧɬɚɤɬ-
ɧɵɣ ɦɟɬɨɞ ɰɢɮɪɨɜɨɣ ɬɪɚɫɫɟɪɧɨɣ ɜɢɡɭɚɥɢɡɚ-
ɰɢɢ (ɦɟɬɨɞ PIV- Particle Image Velocimetry). 

ɂɡɦɟɪɟɧɢɟ ɦɝɧɨɜɟɧɧɨɝɨ ɩɨɥɹ ɫɤɨɪɨɫɬɢ ɩɨɬɨ-
ɤɚ ɨɫɧɨɜɚɧɨ ɧɚ ɢɡɦɟɪɟɧɢɢ c ɩɨɦɨɳɶɸ ɪɚɫɫɟ-
ɹɧɧɨɝɨ ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢɹ ɩɟɪɟɦɟɳɟɧɢɹ 
ɫɩɟɰɢɚɥɶɧɵɯ ɱɚɫɬɢɰ (ɬɪɚɫɫɟɪɨɜ), ɤɨɬɨɪɵɟ 
ɞɨɛɚɜɥɹɸɬɫɹ ɜ ɢɫɫɥɟɞɭɟɦɵɣ ɩɨɬɨɤ ɝɚɡɚ ɢɥɢ 

ɠɢɞɤɨɫɬɢ. Ɉɫɧɨɜɧɵɦ ɩɪɟɢɦɭɳɟɫɬɜɨɦ ɦɟɬɨɞɚ 
ɹɜɥɹɟɬɫɹ ɜɨɡɦɨɠɧɨɫɬɶ ɪɟɝɢɫɬɪɚɰɢɢ ɦɝɧɨɜɟɧ-

ɧɵɯ ɡɧɚɱɟɧɢɣ ɫɤɨɪɨɫɬɢ ɜ ɩɪɨɫɬɪɚɧɫɬɜɟ, ɱɬɨ 

ɹɜɥɹɟɬɫɹ ɨɫɨɛɟɧɧɨ ɜɚɠɧɵɦ ɩɪɢ ɢɡɭɱɟɧɢɢ ɩɨ-
ɬɨɤɨɜ, ɫɨɞɟɪɠɚɳɢɯ ɤɪɭɩɧɨɦɚɫɲɬɚɛɧɵɟ ɜɢɯ-
ɪɟɜɵɟ ɫɬɪɭɤɬɭɪɵ [1, 2]. ȼ ɬɨ ɠɟ ɜɪɟɦɹ ɷɬɨɬ 
ɦɟɬɨɞ ɨɛɟɫɩɟɱɢɜɚɟɬ ɫɭɳɟɫɬɜɟɧɧɨɟ ɪɚɡɪɟɲɟ-
ɧɢɟ  ɬɨɥɶɤɨ ɞɥɹ ɞɨɫɬɚɬɨɱɧɨ ɛɨɥɶɲɢɯ ɢɡɦɟɧɟ-
ɧɢɣ ɫɤɨɪɨɫɬɢ.  

 

Ⱦɥɹ ɢɡɦɟɪɟɧɢɣ ɡɧɚɱɟɧɢɣ ɢɥɢ ɢɡɦɟɧɟɧɢɣ ɫɤɨ-
ɪɨɫɬɢ ɩɨɬɨɤɚ ɧɚ ɨɱɟɧɶ ɦɚɥɵɯ ɪɚɫɫɬɨɹɧɢɹɯ  
ɩɨɪɹɞɤɚ ɤɨɥɦɨɝɨɪɨɜɫɤɨɝɨ ɦɚɫɲɬɚɛɚ ɬɭɪɛɭ-
ɥɟɧɬɧɨɫɬɢ ɩɪɢɦɟɧɹɸɬɫɹ ɦɟɬɨɞɵ, ɨɫɧɨɜɚɧɧɵɟ 
ɧɚ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɷɥɟɤɬɪɨɧɧɨɣ ɪɚɦɚɧɨɜɫɤɨɣ 

ɮɥɭɨɪɟɫɰɟɧɰɢɢ, ɜɵɡɜɚɧɧɨɣ ɥɚɡɟɪɧɵɦ ɪɚɡɪɹ-
ɞɨɦ [3].  ɋɪɟɞɢ ɩɨɫɥɟɞɧɢɯ ɚɤɬɢɜɧɨ ɪɚɡɜɢɜɚ-
ɸɳɢɯɫɹ ɦɟɬɨɞɨɜ ɦɨɠɧɨ ɨɬɦɟɬɢɬɶ ɬɚɤ ɧɚɡɵ-

ɜɚɟɦɵɣ FLEET (Femtosecond Laser Electronic 

Excitation Tagging) – ɦɟɬɨɞ [4], ɨɫɧɨɜɚɧɧɵɣ 

ɧɚ ɜɨɡɛɭɠɞɟɧɢɢ ɦɨɥɟɤɭɥ ɚɡɨɬɚ ɮɟɦɬɨɫɟɤɭɧɞ-
ɧɵɦ ɥɚɡɟɪɧɵɦ ɢɦɩɭɥɶɫɨɦ ɢ ɩɨɫɥɟɞɭɸɳɢɦ 

ɫɥɟɠɟɧɢɟɦ ɡɚ ɷɬɢɦɢ ɦɨɥɟɤɭɥɚɦɢ ɫ ɩɨɦɨɳɶɸ 

ɤɚɦɟɪɵ. ɉɪɢ ɷɬɨɦ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ ɨɬɦɟɱɚ-
ɟɬɫɹ ɭɜɟɥɢɱɟɧɢɟ ɬɟɦɩɟɪɚɬɭɪɵ ɝɚɡɚ ɜ ɮɨɤɚɥɶ-
ɧɨɣ ɨɛɥɚɫɬɢ ɥɚɡɟɪɚ ɩɨɪɹɞɤɚ 30 ɦɤɦ, ɱɬɨ ɦɨɠɟɬ 
ɩɨɜɥɢɹɬɶ ɧɚ ɬɨɱɧɨɫɬɶ ɢɡɦɟɪɟɧɢɣ ɫɤɨɪɨɫɬɢ.   

 

    

 

ɐɟɥɶɸ ɞɚɧɧɨɝɨ ɢɫɫɥɟɞɨɜɚɧɢɹ ɹɜɥɹɟɬɫɹ ɨɰɟɧ-

ɤɚ ɜɥɢɹɧɢɹ ɛɵɫɬɪɨɝɨ ɧɚɝɪɟɜɚ ɝɚɡɚ ɩɪɢ ɞɟɣ-

ɫɬɜɢɢ ɮɟɦɬɨɫɟɤɭɧɞɧɨɝɨ ɥɚɡɟɪɧɨɝɨ ɪɚɡɪɹɞɚ ɧɚ 
ɩɪɨɮɢɥɢ ɫɤɨɪɨɫɬɢ ɜ ɫɜɟɪɯɡɜɭɤɨɜɨɦ ɩɨɬɨɤɟ.   
 

Ɉɫɧɨɜɧɚɹ ɫɢɫɬɟɦɚ ɭɪɚɜɧɟɧɢɣ, ɨɩɢɫɵɜɚɸɳɚɹ 
ɧɟɫɬɚɰɢɨɧɚɪɧɨɟ ɬɭɪɛɭɥɟɧɬɧɨɟ ɞɜɢɠɟɧɢɟ ɝɚɡɚ 
ɜ ɪɚɦɤɚɯ k ɦɨɞɟɥɢ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ, ɢɦɟɟɬ ɜɢɞ 
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ɝɞɟ  )3,1( ju j – ɤɨɦɩɨɧɟɧɬɵ ɜɟɤɬɨɪɚ ɫɤɨɪɨ-
ɫɬɢ, )( tijlij  – ɬɟɧɡɨɪ ɦɨɥɟɤɭɥɹɪɧɵɯ (ɬɭɪɛɭ-
ɥɟɧɬɧɵɯ) ɧɚɩɪɹɠɟɧɢɣ, t – ɬɭɪɛɭɥɟɧɬɧɚɹ 
ɜɹɡɤɨɫɬɶ, k – ɤɢɧɟɬɢɱɟɫɤɚɹ ɷɧɟɪɝɢɹ ɬɭɪɛɭ-
ɥɟɧɬɧɨɫɬɢ,  – ɫɤɨɪɨɫɬɶ ɞɢɫɫɢɩɚɰɢɢ ɬɭɪɛɭ-
ɥɟɧɬɧɨɣ ɤɢɧɟɬɢɱɟɫɤɨɣ ɷɧɟɪɝɢɢ, ijS  – ɬɟɧɡɨɪ 
ɫɤɨɪɨɫɬɟɣ ɞɟɮɨɪɦɚɰɢɣ. 

Ɉɫɬɚɥɶɧɵɟ ɨɛɨɡɧɚɱɟɧɢɹ ɨɛɳɟɩɪɢɧɹɬɵɟ. 
 

  

 

Ɋɚɫɱɟɬɵ ɩɪɨɜɨɞɢɥɢɫɶ ɞɥɹ ɫɥɭɱɚɹ ɜɟɪɬɢɤɚɥɶ-
ɧɨɣ ɫɜɟɪɯɡɜɭɤɨɜɨɣ ɫɬɪɭɢ ɜɨɡɞɭɯɚ (ɞɢɚɦɟɬɪ 
ɫɨɩɥɚ 0 30ɦɤɦ,d   ɞɚɜɥɟɧɢɟ ɧɚ ɜɵɯɨɞɟ 

0 2 ɚɬɦ).p   ȼɨ ɜɫɟɣ ɨɛɥɚɫɬɢ ɱɢɫɥɨ Ɇɚɯɚ ɜɚ-
ɪɶɢɪɨɜɚɥɨɫɶ ɜ ɞɢɚɩɚɡɨɧɟ 9,102,0 M . 

Ƚɟɨɦɟɬɪɢɹ ɡɚɞɚɱɢ ɫɨɨɬɜɟɬɫɬɜɨɜɚɥɚ ɝɟɨɦɟɬɪɢɢ 

ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɣ ɭɫɬɚɧɨɜɤɢ ɞɥɹ ɢɡɦɟɪɟɧɢɹ 
ɡɧɚɱɟɧɢɣ ɫɤɨɪɨɫɬɢ ɫ ɩɨɦɨɳɶɸ ɦɟɬɨɞɚ 
FLEET, ɢɡɥɨɠɟɧɧɨɝɨ ɜ ɞɟɬɚɥɹɯ ɜ ɪɚɛɨɬɟ [4]. 

Ɂɚɞɚɱɚ ɪɟɲɚɥɚɫɶ ɜ ɨɫɟɫɢɦɦɟɬɪɢɱɧɨɣ ɩɨɫɬɚ-
ɧɨɜɤɟ. Ɋɚɡɦɟɪ ɪɚɫɱɟɬɧɨɣ ɨɛɥɚɫɬɢ ɫɨɫɬɚɜɢɥ 
1,5 ɫɦ × 2,0 ɫɦ, ɤɨɥɢɱɟɫɬɜɨ ɹɱɟɟɤ ɫɟɬɤɢ 

4,7 × 105 ɩɪɢ ɦɢɧɢɦɚɥɶɧɨɦ ɪɚɡɦɟɪɟ ɹɱɟɣɤɢ 

1,5 ɦɤɦ. Ⱦɟɬɚɥɢ ɱɢɫɥɟɧɧɨɝɨ ɦɟɬɨɞɚ ɩɪɢɜɟɞɟ-
ɧɵ ɜ ɪɚɛɨɬɟ [5]. 

 

ȼɵɱɢɫɥɟɧɢɹ ɩɪɨɜɨɞɢɥɢɫɶ ɜ ɞɜɚ ɷɬɚɩɚ. ɇɚ 
ɩɟɪɜɨɦ ɲɚɝɟ ɪɟɲɚɥɚɫɶ ɫɬɚɰɢɨɧɚɪɧɚɹ ɡɚɞɚɱɚ 
ɪɚɫɱɟɬɚ ɩɨɥɹ ɫɤɨɪɨɫɬɟɣ ɜɟɪɬɢɤɚɥɶɧɨɣ ɬɭɪɛɭ-
ɥɟɧɬɧɨɣ ɫɬɪɭɢ ɛɟɡ ɜɧɟɲɧɟɝɨ ɢɫɬɨɱɧɢɤɚ ɬɟɩ-

ɥɚ. ɇɚ ɫɥɟɞɭɸɳɟɦ ɲɚɝɟ ɪɚɫɫɦɚɬɪɢɜɚɥɚɫɶ ɧɟ-
ɫɬɚɰɢɨɧɚɪɧɚɹ ɡɚɞɚɱɚ, ɧɚɱɚɥɶɧɵɦ ɭɫɥɨɜɢɟɦ 

ɞɥɹ ɤɨɬɨɪɨɣ ɛɵɥɨ ɪɟɲɟɧɢɟ ɫɬɚɰɢɨɧɚɪɧɨɣ 

ɡɚɞɚɱɢ, ɚ ɞɟɣɫɬɜɢɟ ɮɟɦɬɨɫɟɤɭɧɞɧɨɝɨ ɥɚɡɟɪ-
ɧɨɝɨ ɪɚɡɪɹɞɚ ɦɨɞɟɥɢɪɨɜɚɥɨɫɶ ɢɫɬɨɱɧɢɤɨɦ 
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ɬɟɩɥɚ ɜ ɭɪɚɜɧɟɧɢɢ ɬɟɩɥɨɩɪɨɜɨɞɧɨɫɬɢ ɫɥɟɞɭ-
ɸɳɢɦ ɨɛɪɚɡɨɦ.  

 

ɋ ɭɱɟɬɨɦ ɪɚɡɦɟɪɨɜ ɮɨɤɚɥɶɧɨɣ ɨɛɥɚɫɬɢ ɥɚɡɟɪɚ 
ɥɚɡɟɪɧɵɣ ɢɦɩɭɥɶɫ ɛɵɥ ɩɪɨɦɨɞɟɥɢɪɨɜɚɧ ɤɚɤ 
ɧɟɫɬɚɰɢɨɧɚɪɧɵɣ ɢɫɬɨɱɧɢɤ ɜ ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ 

ɨɛɥɚɫɬɢ ɜɵɫɨɬɨɸ 1h  ɫɦ ɢ ɪɚɞɢɭɫɨɦ 

30cR ɦɤɦ. Ⱦɥɹ ɨɰɟɧɤɢ ɦɚɤɫɢɦɚɥɶɧɨɣ ɢɧ-

ɬɟɧɫɢɜɧɨɫɬɢ ɢɫɬɨɱɧɢɤɚ ɬɟɩɥɚ ɢɫɩɨɥɶɡɨɜɚɥɨɫɶ 
ɚɧɚɥɢɬɢɱɟɫɤɨɟ ɪɟɲɟɧɢɟ ɭɪɚɜɧɟɧɢɹ ɬɟɩɥɨɩɪɨ-
ɜɨɞɧɨɫɬɢ ɩɪɢ ɦɚɥɵɯ ɱɢɫɥɚɯ Ɏɭɪɶɟ 

2/Fo R   ɜɢɞɚ 
 

,/2 22
0 cRPoForTT   

 

ɝɞɟ ),/(2 TQRPo c   cR – ɪɚɞɢɭɫ ɰɢɥɢɧ-

ɞɪɢɱɟɫɤɨɣ ɨɛɥɚɫɬɢ ɫ ɢɫɬɨɱɧɢɤɨɦ ɬɟɩɥɚ, Q – 

ɦɚɤɫɢɦɚɥɶɧɚɹ ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɢɫɬɨɱɧɢɤɚ,   – 

ɤɨɷɮɮɢɰɢɟɧɬ ɬɟɩɥɨɩɪɨɜɨɞɧɨɫɬɢ,   – ɤɨɷɮ-

ɮɢɰɢɟɧɬ ɬɟɦɩɟɪɚɬɭɪɨɩɪɨɜɨɞɧɨɫɬɢ. 

 

ȼ ɪɚɛɨɬɟ [4] ɨɬɦɟɱɚɟɬɫɹ, ɱɬɨ ɜ ɪɟɡɭɥɶɬɚɬɟ 
ɞɟɣɫɬɜɢɹ ɥɚɡɟɪɧɨɝɨ ɢɦɩɭɥɶɫɚ ɲɢɪɢɧɨɣ 

120ɮɫpt   ɧɚɛɥɸɞɚɟɬɫɹ ɩɨɜɵɲɟɧɢɟ ɬɟɦɩɟ-
ɪɚɬɭɪɵ ɜɨɡɞɭɯɚ ɜ ɡɨɧɟ ɪɚɡɪɹɞɚ ɧɚ ɜɟɥɢɱɢɧɭ 

200T  Ʉ. ɗɬɢ ɞɚɧɧɵɟ ɩɨɡɜɨɥɢɥɢ ɨɰɟɧɢɬɶ 
ɦɚɤɫɢɦɚɥɶɧɭɸ ɦɨɳɧɨɫɬɶ ɢɫɬɨɱɧɢɤɚ Q. ɋ 

ɭɱɟɬɨɦ ɞɢɧɚɦɢɤɢ ɮɟɦɬɨɫɟɤɭɧɞɧɨɝɨ ɥɚɡɟɪɧɨ-
ɝɨ ɪɚɡɪɹɞɚ ɜɪɟɦɟɧɧɚɹ ɡɚɜɢɫɢɦɨɫɬɶ ɬɟɩɥɨɜɨɝɨ 

ɢɫɬɨɱɧɢɤɚ ɛɵɥɚ ɫɦɨɞɟɥɢɪɨɜɚɧɚ ɜ ɜɢɞɟ ɥɢ-

ɧɟɣɧɨɣ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɜɪɟɦɟɧɢ ɞɨ ɦɨɦɟɧɬɚ 
3/ptt  , ɤɨɝɞɚ ɞɨɫɬɢɝɚɥɚɫɶ ɦɚɤɫɢɦɚɥɶɧɚɹ 

ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɢɫɬɨɱɧɢɤɚ Q. ɉɨɫɥɟ ɷɬɨɝɨ 
ɜɪɟɦɟɧɧɚɹ ɡɚɜɢɫɢɦɨɫɬɶ ɢɫɬɨɱɧɢɤɚ ɬɟɩɥɚ 
ɩɪɟɞɩɨɥɚɝɚɥɚɫɶ ɷɤɫɩɨɧɟɧɰɢɚɥɶɧɨ ɫɩɚɞɚɸɳɟɣ 

ɞɨ .ptt   
 

Ⱦɥɹ ɩɪɨɜɟɪɤɢ ɩɪɚɜɢɥɶɧɨɫɬɢ ɜɵɱɢɫɥɟɧɢɣ ɛɵ-

ɥɨ ɩɪɨɜɟɞɟɧɨ ɫɪɚɜɧɟɧɢɟ ɩɨɥɭɱɟɧɧɵɯ ɪɚɫɱɟɬ-
ɧɵɯ ɞɚɧɧɵɯ ɫ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦɢ ɞɚɧɧɵɦɢ 

ɨ ɡɚɦɟɪɚɯ ɫɤɨɪɨɫɬɟɣ ɧɚ ɪɚɡɧɵɯ ɪɚɫɫɬɨɹɧɢɹɯ 

ɨɬ ɜɯɨɞɧɨɝɨ ɫɟɱɟɧɢɹ 0/ 1, 5, 10,y d   ɫɨɨɬ-
ɜɟɬɫɬɜɭɸɳɢɯ ɪɚɫɫɬɨɹɧɢɹɦ 1, 5, 10 ɦɦ ɨɬ 
ɜɯɨɞɧɨɝɨ ɫɟɱɟɧɢɹ [4].   

 

Ɋɟɡɭɥɶɬɚɬɵ ɫɪɚɜɧɟɧɢɹ ɩɪɟɞɫɬɚɜɥɟɧɵ ɧɚ 
ɪɢɫ. 1 ɢ ɞɟɦɨɧɫɬɪɢɪɭɸɬ ɯɨɪɨɲɟɟ ɫɨɨɬɜɟɬ-
ɫɬɜɢɟ ɦɟɠɞɭ ɪɚɫɱɟɬɧɵɦɢ ɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶ-
ɧɵɦɢ ɞɚɧɧɵɦɢ ɜɨ ɜɫɟɣ ɨɛɥɚɫɬɢ ɡɚ ɢɫɤɥɸɱɟ-
ɧɢɟɦ ɬɨɱɟɤ ɜ ɫɞɜɢɝɨɜɵɯ ɫɥɨɹɯ.  
 

Ɉɞɧɨɣ ɢɡ ɩɪɢɱɢɧ ɬɚɤɢɯ ɨɬɤɥɨɧɟɧɢɣ ɹɜɥɹɟɬɫɹ 
ɜɨɡɦɨɠɧɨɟ ɜɥɢɹɧɢɟ ɤɨɪɨɬɤɨ-ɢɦɩɭɥɶɫɧɨɝɨ 

ɜɜɨɞɚ ɷɧɟɪɝɢɢ ɩɪɢ ɞɟɣɫɬɜɢɢ ɮɟɦɬɨɫɟɤɭɞɧɨɝɨ 
ɥɚɡɟɪɧɨɝɨ ɪɚɡɪɹɞɚ (ɤɨɬɨɪɵɣ ɢɫɩɨɥɶɡɨɜɚɥɫɹ 
ɩɪɢ ɩɪɨɜɟɞɟɧɢɢ ɢɡɦɟɪɟɧɢɣ ɫɤɨɪɨɫɬɢ) ɧɚ 
ɩɪɨɮɢɥɢ ɫɤɨɪɨɫɬɢ ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɱɢɫɥɚɯ 
Ɇɚɯɚ.  
 

 
 

Ɋɢɫ. 1. ɋɪɟɞɧɹɹ ɫɤɨɪɨɫɬɶ ɩɨɬɨɤɚ ɧɚ ɪɚɡɧɵɯ 
ɪɚɫɫɬɨɹɧɢɹɯ ɨɬ ɜɯɨɞɧɨɝɨ ɫɟɱɟɧɢɹ ɩɪɢ 

0,5 ɦɤɫ:t   1 – / 1;y d   2 – / 5;y d    
3 – / 10;y d   4 – / 15.y d  ɗɤɫɩɟɪɢ-

ɦɟɧɬɚɥɶɧɵɟ ɞɚɧɧɵɟ – ɢɡ ɪɚɛɨɬɵ [4] 

 

ȼ ɤɚɱɟɫɬɜɟ ɨɫɧɨɜɧɨɝɨ ɩɚɪɚɦɟɬɪɚ, ɯɚɪɚɤɬɟɪɢ-

ɡɭɸɳɟɝɨ ɬɚɤɨɟ ɜɥɢɹɧɢɟ, ɛɵɥ ɜɵɛɪɚɧ ɛɟɡɪɚɡ-
ɦɟɪɧɵɣ ɩɚɪɚɦɟɬɪ  , ɩɪɟɞɫɬɚɜɥɹɸɳɢɣ ɫɨɛɨɣ 

ɨɬɧɨɫɢɬɟɥɶɧɨɟ ɢɡɦɟɧɟɧɢɟ ɨɫɟɜɨɣ ɫɤɨɪɨɫɬɢ 

y  

 

stat
y

stat
yyabs  )( , 

 

ɝɞɟ stat
y  – ɡɧɚɱɟɧɢɟ ɨɫɟɜɨɣ ɫɤɨɪɨɫɬɢ, ɩɨɥɭ-

ɱɟɧɧɨɟ ɩɪɢ ɪɟɲɟɧɢɢ ɫɬɚɰɢɨɧɚɪɧɨɣ ɡɚɞɚɱɢ.  

 

ɋɪɚɜɧɢɜɚɹ ɪɟɡɭɥɶɬɚɬɵ ɪɚɫɱɟɬɨɜ ɩɚɪɚɦɟɬɪɚ   

ɜ ɪɚɡɥɢɱɧɵɯ ɫɟɱɟɧɢɹɯ (ɤɪɢɜɵɟ 1, 2 ɧɚ ɪɢɫ. 2) 

ɜ ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ 0,5t  ɦɤɫ, ɦɨɠɧɨ ɨɬɦɟ-
ɬɢɬɶ, ɱɬɨ ɨɫɧɨɜɧɵɟ ɨɬɤɥɨɧɟɧɢɹ ɜ ɡɧɚɱɟɧɢɹɯ 

ɫɤɨɪɨɫɬɢ ɧɚɛɥɸɞɚɸɬɫɹ ɤɚɤ ɪɚɡ ɜ ɡɨɧɟ ɪɚɡɪɹ-
ɞɚ, ɦɨɞɟɥɢɪɭɟɦɨɝɨ ɢɫɬɨɱɧɢɤɨɦ  ɜɞɨɥɶ ɥɢɧɢɢ 

.1/ Dy   
 

ɉɪɢ ɷɬɨɦ ɦɚɤɫɢɦɚɥɶɧɵɟ ɡɧɚɱɟɧɢɹ ɩɚɪɚɦɟɬɪɚ  , ɚ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ, ɢ ɦɚɤɫɢɦɚɥɶɧɵɟ ɡɧɚɱɟ-
ɧɢɹ ɨɬɤɥɨɧɟɧɢɣ ɫɤɨɪɨɫɬɢ ɜɫɥɟɞɫɬɜɢɟ ɷɬɨɝɨ 
ɥɨɤɚɥɢɡɨɜɚɧɧɨɝɨ ɜɜɨɞɚ ɷɧɟɪɝɢɢ ɧɚɯɨɞɹɬɫɹ ɜ 
ɫɞɜɢɝɨɜɨɦ ɫɥɨɟ, ɜ ɨɛɥɚɫɬɢ ɧɚ ɝɪɚɧɢɰɟ ɦɟɠɞɭ 
ɫɜɟɪɯɡɜɭɤɨɜɨɣ ɫɬɪɭɟɣ ɢ ɨɤɪɭɠɚɸɳɢɦ ɜɨɡɞɭ-

ɯɨɦ.  
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ȼɨɡɧɢɤɧɨɜɟɧɢɟ ɩɨɞɨɛɧɵɯ ɢɫɤɚɠɟɧɢɣ ɩɪɨɮɢ-

ɥɹ ɫɤɨɪɨɫɬɢ ɩɪɢ ɞɟɣɫɬɜɢɢ ɮɟɦɬɨɫɟɤɭɧɞɧɨɝɨ 
ɥɚɡɟɪɧɨɝɨ ɪɚɡɪɹɞɚ, ɜɵɡɵɜɚɸɳɟɝɨ ɛɵɫɬɪɵɣ 

ɧɚɝɪɟɜ ɝɚɡɚ, ɦɨɠɧɨ ɨɛɴɹɫɧɢɬɶ ɬɟɦ ɮɚɤɬɨɦ, 

ɱɬɨ ɬɚɤɨɟ ɭɜɟɥɢɱɟɧɢɟ ɬɟɦɩɟɪɚɬɭɪɵ ɜɵɡɵɜɚɟɬ 
ɩɨɹɜɥɟɧɢɟ ɝɪɚɞɢɟɧɬɚ ɩɥɨɬɧɨɫɬɢ. ɗɬɨɬ ɩɪɨ-
ɰɟɫɫ, ɜ ɫɜɨɸ ɨɱɟɪɟɞɶ,  ɩɪɢɜɨɞɢɬ ɤ ɪɚɡɥɢɱɧɵɦ 

ɡɧɚɱɟɧɢɹɦ ɭɫɤɨɪɟɧɢɹ ɝɚɡɚ ɜ ɪɚɡɥɢɱɧɵɯ ɬɨɱ-
ɤɚɯ ɢ, ɤɚɤ ɫɥɟɞɫɬɜɢɟ, ɜɵɡɵɜɚɟɬ ɭɜɟɥɢɱɟɧɢɟ 
ɫɪɟɞɧɟɣ ɫɤɨɪɨɫɬɢ ɫɞɜɢɝɚ, ɩɪɢɜɨɞɹɳɟɟ ɤ ɭɜɟ-
ɥɢɱɟɧɢɸ ɤɢɧɟɬɢɱɟɫɤɨɣ ɷɧɟɪɝɢɢ ɬɭɪɛɭɥɟɧɬ-
ɧɨɫɬɢ, ɱɬɨ ɫɥɟɞɭɟɬ ɢɡ ɚɧɚɥɢɡɚ ɭɪɚɜɧɟɧɢɹ ɛɚ-
ɥɚɧɫɚ ɤɢɧɟɬɢɱɟɫɤɨɣ ɷɧɟɪɝɢɢ ɬɭɪɛɭɥɟɧɬɧɨɫɬɢ. 

Ɉɬɦɟɬɢɦ, ɱɬɨ ɩɨɥɭɱɟɧɧɵɣ ɪɟɡɭɥɶɬɚɬ ɯɨɪɨɲɨ 
ɤɨɪɪɟɥɢɪɭɟɬ ɫ ɢɡɜɟɫɬɧɵɦ ɫɨɨɬɧɨɲɟɧɢɟɦ ɨ 

ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɨɫɬɢ ɜɪɟɦɟɧɧɨɣ ɡɚɜɢɫɢɦɨɫɬɢ 

ɪɚɞɢɭɫɚ ɪɚɡɪɹɞɚ ɨɬ ɫɪɟɞɧɟɤɜɚɞɪɚɬɢɱɧɨɣ ɫɤɨ-
ɪɨɫɬɢ ɬɭɪɛɭɥɟɧɬɧɵɯ ɩɭɥɶɫɚɰɢɣ ɜɢɞɚ 

)(2 tu
dt

dr   [6]. 

 

 
 

Ɋɢɫ. 2. Ɉɬɧɨɫɢɬɟɥɶɧɵɟ ɨɬɤɥɨɧɟɧɢɹ ɨɫɟɜɨɣ 

ɫɤɨɪɨɫɬɢ ɧɚ ɪɚɡɧɵɯ ɪɚɫɫɬɨɹɧɢɹɯ ɨɬ 
ɜɯɨɞɧɨɝɨ ɫɟɱɟɧɢɹ ɩɪɢ 0,5 ɦɤɫt   

 

ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɜɜɨɞɢɦɵɟ ɪɚɡɪɹɞɨɦ 

ɜɨɡɦɭɳɟɧɢɹ ɦɟɞɥɟɧɧɨ ɭɦɟɧɶɲɚɸɬɫɹ ɫ ɬɟɱɟ-
ɧɢɟɦ ɜɪɟɦɟɧɢ ɢ ɫɬɚɧɨɜɹɬɫɹ ɜ ɞɜɚ ɪɚɡɚ ɦɟɧɶ-
ɲɟ ɩɪɢ 1 ɦɤɫt  , ɧɨ ɩɨ-ɩɪɟɠɧɟɦɭ ɜɟɥɢɤɢ ɜ 
ɪɚɣɨɧɟ ɫɞɜɢɝɨɜɨɝɨ ɫɥɨɹ, ɱɬɨ ɧɟɨɛɯɨɞɢɦɨ 
ɭɱɢɬɵɜɚɬɶ ɩɪɢ ɨɛɪɚɛɨɬɤɟ ɞɚɧɧɵɯ ɷɤɫɩɟɪɢ-

ɦɟɧɬɚ. ȼ ɬɨ ɠɟ ɜɪɟɦɹ ɩɨɞɨɛɧɵɟ ɤɨɧɬɪɨɥɢɪɭ-

ɟɦɵɟ ɞɟɮɨɪɦɚɰɢɢ ɩɪɨɮɢɥɹ ɫɤɨɪɨɫɬɢ ɩɪɢ 

ɞɟɣɫɬɜɢɢ ɮɟɦɬɨɫɟɤɭɧɞɧɨɝɨ ɥɚɡɟɪɧɨɝɨ ɪɚɡɪɹ-
ɞɚ ɪɚɡɧɨɣ ɢɧɬɟɧɫɢɜɧɨɫɬɢ, ɚ ɫɥɟɞɨɜɚɬɟɥɶɧɨ, ɢ 

ɪɚɡɧɨɣ ɜɟɥɢɱɢɧɵ ɬɟɩɥɨɜɨɝɨ ɧɚɝɪɟɜɚ ɝɚɡɚ, ɦɨ-
ɝɭɬ ɫɚɦɢ ɩɨ ɫɟɛɟ ɫɥɭɠɢɬɶ ɨɫɧɨɜɨɣ ɤɨɧɬɪɨɥɹ 
ɩɨɝɪɚɧɢɱɧɨɝɨ ɫɥɨɹ ɫ ɰɟɥɶɸ ɞɨɫɬɢɠɟɧɢɹ ɛɟɡ-
ɨɬɪɵɜɧɨɝɨ ɨɛɬɟɤɚɧɢɹ ɬɟɥ ɬɭɪɛɭɥɟɧɬɧɵɦ ɩɨ-
ɬɨɤɨɦ ɩɪɢ ɛɨɥɶɲɢɯ ɱɢɫɥɚɯ Ɇɚɯɚ.  
 

 

 

 

ɉɪɟɞɫɬɚɜɥɟɧɚ ɬɟɩɥɨɜɚɹ ɦɨɞɟɥɶ ɮɟɦɬɨɫɟ-
ɤɭɧɞɧɨɝɨ ɥɚɡɟɪɧɨɝɨ ɪɚɡɪɹɞɚ ɜ ɫɜɟɪɯɡɜɭɤɨɜɨɦ 

ɩɨɬɨɤɟ ɝɚɡɚ. ɉɪɨɜɟɞɟɧɧɨɟ ɫɪɚɜɧɟɧɢɟ ɷɤɫɩɟ-
ɪɢɦɟɧɬɚɥɶɧɵɯ ɢ ɪɚɫɱɟɬɧɵɯ ɡɧɚɱɟɧɢɣ ɫɤɨɪɨ-
ɫɬɢ ɩɨɞɬɜɟɪɠɞɚɟɬ ɚɞɟɤɜɚɬɧɨɫɬɶ ɩɪɟɞɥɨɠɟɧ-

ɧɨɣ ɦɨɞɟɥɢ. ɉɨɥɭɱɟɧɨ, ɱɬɨ ɦɚɤɫɢɦɚɥɶɧɵɟ 
ɨɬɤɥɨɧɟɧɢɹ ɜ ɡɧɚɱɟɧɢɹɯ ɫɤɨɪɨɫɬɢ ɧɚɛɥɸɞɚ-
ɸɬɫɹ ɜ ɫɞɜɢɝɨɜɨɦ ɫɥɨɟ ɢ  ɹɜɥɹɸɬɫɹ ɪɟɡɭɥɶɬɚ-
ɬɨɦ ɛɵɫɬɪɨɝɨ ɧɚɝɪɟɜɚ ɝɚɡɚ ɩɪɢ ɞɟɣɫɬɜɢɢ ɪɚɡ-
ɪɹɞɚ.  
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