
ȼɟɫɬɧɢɤ ɉɇɂɉɍ. Ⱥɷɪɨɤɨɫɦɢɱɟɫɤɚɹ ɬɟɯɧɢɤɚ. 2013. № 34 

 

 78

ɍȾɄ 621.453 

ȿ.ɋ. Ɂɟɦɟɪɟɜ, ȼ.ɂ. Ɇɚɥɢɧɢɧ, Ɋ.ȼ. Ȼɭɥɶɛɨɜɢɱ 

     

Ⱥ.ȼ. ɒɚɬɪɨɜ 

 «   », .  

ɊȺɁɊȺȻɈɌɄȺ ɍɁɅȺ ɉɈȾȺɑɂ ȼɈȾɕ  

ȼ ɄȺɆȿɊɍ ɋȽɈɊȺɇɂə ɍɋɌȺɇɈȼɄɂ ɋɂɇɌȿɁȺ  

ɇȺɇɈɈɄɋɂȾȺ ȺɅɘɆɂɇɂə 

    .    -

 .     ,  ,  -

    .     

,      .     

     ,      -

    1 .    -

   ,         

.         1000    

 0,55 / .          

  .     .   

           -

           . ,  

         -

       150°.    -

  – 300 . 

Ʉɥюɱɟɜɵɟ ɫɥɨɜɚ: , -   , , 

    , , , , -

  . 

 

 



Ɋɚɡɪɚɛɨɬɤɚ ɭɡɥɚ ɩɨɞɚɱɢ ɜɨɞɵ ɜ Ʉɋ ɭɫɬɚɧɨɜɤɢ ɫɢɧɬɟɡɚ ɧɚɧɨɨɤɫɢɞɚ ɚɥɸɦɢɧɢɹ 
 

 79

E.S. Zemerev, V.I. Malinin, R.V. Bulbovich 

Perm National Research Polytechnic University 

A.V. Shatrov 

“Laboratory of Effective Materials” LLC, Perm 

DEVELOPMENT OF UNIT TO WATER SUPPLY  

IN THE COMBUSTION CHAMBER OF PLANT FOR SYNTHESIS  

OF ALUMINIUM NANOOXIDE 

The main types of combustion chambers are analysed. The main types of spray devices are 

considered. Jet apparatus are needed to water supply, which is oxidizer, in combustion chamber of 

plant for synthesis of nanooxids. On the basis of constructional and technological conditions the most 

suitable unit is selected. Requirements to this device is fully satisfied by set of spray injectors (it is col-

lector with orifices by diameter approximately 1 mm). Thermodynamical estimate of a necessary mass 

rate of water, fed by means of the dispersing unit in combustion chamber of plant is carried out. To cool 

the flow in combustion chamber up to the temperatures of 1000 K it is needed the mass rate of water 

equal 0,55 kg/s. The main parameters of device to water supply and throat diameter of nozzle of com-

bustion chamber are defined. Various angles of water dispersion are considered. The estimate of veloc-

ity and maximum diameter of water drops depending on the relation of mass rate of water and alumi-

num powder for various angles of the outflow of water from jet apparatus is carried out. It is shown that 

the most acceptable angle of water dispersion in relation to the direction of a high-temperature flow in 

the combustion chamber is the angle of 150 degrees. Estimated value of the maximum diameter of 

drops is 300 microns. 

Keywords: nanooxide, experimental-industrial plant of synthesis, prechamber, straight-flow and 

reverse-flow combustion chambers, cooling, jet apparatus, dispersion, rate components ratio. 

 

ɇɚɧɨɞɢɫɩɟɪɫɧɵɟ ɦɚɬɟɪɢɚɥɵ, ɧɚɩɪɢɦɟɪ ɧɚɧɨɨɤɫɢɞɵ ɚɥɸɦɢɧɢɹ, 
ɧɚɯɨɞɹɬ ɩɪɢɦɟɧɟɧɢɟ ɜ ɤɚɱɟɫɬɜɟ ɫɵɪɶɹ ɞɥɹ ɢɡɝɨɬɨɜɥɟɧɢɹ ɭɧɢɤɚɥɶɧɨɣ 

ɤɟɪɚɦɢɤɢ. ɋɩɪɨɫ ɧɚ ɩɨɞɨɛɧɨɟ ɫɵɪɶɟ ɜ ɛɭɞɭɳɟɦ ɨɛɟɳɚɟɬ ɛɵɬɶ ɜɵɫɨɤɢɦ, 

ɢ ɬɪɟɛɭɟɬɫɹ ɪɚɡɪɚɛɨɬɚɬɶ ɞɟɲɟɜɵɟ ɢ ɩɪɨɢɡɜɨɞɢɬɟɥɶɧɵɟ ɦɟɬɨɞɵ ɞɥɹ ɩɨ-
ɥɭɱɟɧɢɹ ɭɥɶɬɪɚɞɢɫɩɟɪɫɧɵɯ ɨɤɫɢɞɨɜ. ɉɟɪɫɩɟɤɬɢɜɧɵɦ ɦɟɬɨɞɨɦ ɢɯ ɩɨɥɭ-
ɱɟɧɢɹ ɹɜɥɹɟɬɫɹ ɫɠɢɝɚɧɢɟ ɩɨɪɨɲɤɨɜ ɦɟɬɚɥɥɨɜ ɜ ɩɨɬɨɤɟ ɜɨɡɞɭɯɚ ɢ ɫɟɩɚ-
ɪɚɰɢɹ ɨɛɪɚɡɨɜɚɜɲɟɝɨɫɹ ɩɪɨɞɭɤɬɚ ɜ ɭɫɬɪɨɣɫɬɜɚɯ ɭɥɚɜɥɢɜɚɧɢɹ ɤɨɧɞɟɧ-

ɫɢɪɨɜɚɧɧɨɣ ɮɚɡɵ [1]. Ⱦɪɭɝɢɟ ɢɡɜɟɫɬɧɵɟ ɦɟɬɨɞɵ ɢɦɟɸɬ ɨɛɳɢɣ 

ɧɟɞɨɫɬɚɬɨɤ – ɧɢɡɤɭɸ ɩɪɨɢɡɜɨɞɢɬɟɥɶɧɨɫɬɶ, ɧɢɡɤɭɸ ɷɤɨɧɨɦɢɱɧɨɫɬɶ ɢ, 

ɤɚɤ ɫɥɟɞɫɬɜɢɟ, ɧɟɜɨɡɦɨɠɧɨɫɬɶ ɩɪɢɦɟɧɟɧɢɹ ɢɯ ɜ ɩɪɨɦɵɲɥɟɧɧɵɯ ɦɚɫ-
ɲɬɚɛɚɯ. 

ȼ ɯɨɞɟ ɧɚɭɱɧɨ-ɢɫɫɥɟɞɨɜɚɬɟɥɶɫɤɢɯ ɪɚɛɨɬ ɜ ɈɄȻ «Ɍɟɦɩ» ɩɪɢ 

ɉɇɂɉɍ ɩɨ ɢɫɫɥɟɞɨɜɚɧɢɸ ɩɪɨɰɟɫɫɨɜ ɝɨɪɟɧɢɹ ɜ ɭɫɬɚɧɨɜɤɟ ɩɨɥɭɱɟɧɢɹ 
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ɞɢɫɩɟɪɫɧɵɯ ɨɤɫɢɞɨɜ ɚɥɸɦɢɧɢɹ ɛɵɥ ɪɚɡɪɚɛɨɬɚɧ ɧɨɜɵɣ ɩɪɨɫɬɨɣ ɢ ɷɮ-

ɮɟɤɬɢɜɧɵɣ ɦɟɬɨɞ ɫɢɧɬɟɡɚ ɜɵɫɨɤɨɞɢɫɩɟɪɫɧɵɯ ɨɤɫɢɞɨɜ ɦɟɬɚɥɥɨɜ [1–4]. 

ɂɫɫɥɟɞɨɜɚɧɢɹ ɝɨɪɟɧɢɹ ɩɨɪɨɲɤɨɜ ɚɥɸɦɢɧɢɹ, ɪɚɫɩɵɥɟɧɧɵɯ ɜ ɜɨɡɞɭɲ-

ɧɨɦ ɩɨɬɨɤɟ, ɩɨɡɜɨɥɢɥɢ ɡɚɥɨɠɢɬɶ ɬɟɨɪɟɬɢɱɟɫɤɢɟ ɨɫɧɨɜɵ ɩɪɨɟɤɬɢɪɨɜɚ-
ɧɢɹ ɢ ɪɚɫɱɟɬɚ ɬɟɯɧɨɥɨɝɢɱɟɫɤɢɯ ɩɪɨɰɟɫɫɨɜ ɫɢɧɬɟɡɚ ɜɵɫɨɤɨɞɢɫɩɟɪɫɧɵɯ 

ɨɤɫɢɞɨɜ ɩɭɬɟɦ ɫɠɢɝɚɧɢɹ ɢɫɯɨɞɧɵɯ ɩɨɪɨɲɤɨɨɛɪɚɡɧɵɯ ɩɪɨɞɭɤɬɨɜ ɜ ɩɨ-
ɬɨɤɟ ɚɤɬɢɜɧɵɯ ɝɚɡɨɜ. ȼ ɈɄȻ «Ɍɟɦɩ» ɛɵɥɚ ɫɩɪɨɟɤɬɢɪɨɜɚɧɚ ɢ ɢɡɝɨɬɨɜɥɟ-
ɧɚ ɭɫɬɚɧɨɜɤɚ ɞɥɹ ɩɨɥɭɱɟɧɢɹ ɧɚɧɨɭɥɶɬɪɚɞɢɫɩɟɪɫɧɵɯ ɩɨɪɨɲɤɨɜ ɚɥɸɦɢ-

ɧɢɹ. Ⱦɚɧɧɚɹ ɭɫɬɚɧɨɜɤɚ ɫɨɫɬɨɢɬ ɢɡ ɫɢɫɬɟɦɵ ɩɨɞɚɱɢ, ɮɨɪɤɚɦɟɪɵ (ɎɄ), 

ɤɚɦɟɪɵ ɫɝɨɪɚɧɢɹ, ɭɫɬɪɨɣɫɬɜɚ ɨɬɛɨɪɚ ɞɢɫɩɟɪɫɧɵɯ ɩɪɨɞɭɤɬɨɜ. Ɉɫɧɨɜɧɵɦ 

ɧɟɞɨɫɬɚɬɤɨɦ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɣ ɭɫɬɚɧɨɜɤɢ ɹɜɥɹɥɨɫɶ ɦɚɥɨɟ ɜɪɟɦɹ ɪɚ-
ɛɨɬɵ, ɧɟɞɨɫɬɚɬɨɱɧɚɹ ɱɢɫɬɨɬɚ ɰɟɥɟɜɨɝɨ ɩɪɨɞɭɤɬɚ. Ⱦɥɹ ɫɨɡɞɚɧɢɹ ɨɩɵɬɧɨ-
ɩɪɨɦɵɲɥɟɧɧɨɣ ɭɫɬɚɧɨɜɤɢ ɧɟɨɛɯɨɞɢɦɨ ɭɫɬɪɚɧɢɬɶ ɞɚɧɧɵɟ ɧɟɞɨɫɬɚɬɤɢ. 

Ʉɨɧɫɬɪɭɤɰɢɹ ɨɩɵɬɧɨ-ɩɪɨɦɵɲɥɟɧɧɨɣ ɭɫɬɚɧɨɜɤɢ ɩɨɞɨɛɧɚ ɷɤɫɩɟ-
ɪɢɦɟɧɬɚɥɶɧɨɣ ɭɫɬɚɧɨɜɤɟ, ɨɩɢɫɚɧɧɨɣ ɜ ɪɚɛɨɬɚɯ [1–4]. Ɏɨɪɤɚɦɟɪɚ ɧɟɨɛ-

ɯɨɞɢɦɚ ɞɥɹ ɫɦɟɲɟɧɢɹ ɩɨɪɨɲɤɚ ɫ ɤɢɫɥɨɪɨɞɨɦ ɢ ɚɪɝɨɧɨɦ, ɜɨɫɩɥɚɦɟɧɟ-
ɧɢɹ ɢ ɩɟɪɜɢɱɧɨɝɨ ɝɨɪɟɧɢɹ ɨɛɪɚɡɨɜɚɜɲɟɣɫɹ ɦɟɬɚɥɥɨɝɚɡɨɜɨɣ ɫɦɟɫɢ [5, 6]. 

Ʉɚɦɟɪɚ ɫɝɨɪɚɧɢɹ (Ʉɋ) ɩɪɟɞɧɚɡɧɚɱɟɧɚ ɞɥɹ ɫɦɟɲɟɧɢɹ ɩɪɨɞɭɤɬɨɜ ɩɟɪɜɢɱ-

ɧɨɝɨ ɝɨɪɟɧɢɹ, ɢɫɬɟɤɚɸɳɢɯ ɢɡ ɮɨɪɤɚɦɟɪɵ, ɫ ɜɨɡɞɭɯɨɦ, ɫɠɢɝɚɧɢɹ ɞɚɧ-

ɧɨɣ ɫɦɟɫɢ ɢ ɫɢɧɬɟɡɚ ɨɤɫɢɞɚ ɫ ɡɚɞɚɧɧɵɦɢ ɫɜɨɣɫɬɜɚɦɢ. 

ȼ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɩɪɟɞɥɚɝɚɟɬɫɹ ɡɚɦɟɧɢɬɶ ɜɨɡɞɭɯ, ɩɪɢɦɟɧɹɟɦɵɣ ɜ 
ɤɚɱɟɫɬɜɟ ɨɤɢɫɥɢɬɟɥɹ ɜ Ʉɋ, ɞɢɫɬɢɥɥɢɪɨɜɚɧɧɨɣ ɜɨɞɨɣ, ɧɟ ɨɛɪɚɡɭɸɳɟɣ 

ɨɤɫɢɞɵ ɚɡɨɬɚ NOx. Ⱦɚɧɧɚɹ ɡɚɦɟɧɚ ɨɤɢɫɥɢɬɟɥɹ ɩɨɡɜɨɥɢɬ: 
– ɭɜɟɥɢɱɢɬɶ ɱɢɫɬɨɬɭ ɰɟɥɟɜɨɝɨ ɩɪɨɞɭɤɬɚ ɡɚ ɫɱɟɬ ɭɦɟɧɶɲɟɧɢɹ ɩɪɢ-

ɦɟɫɟɣ ɜ ɢɫɯɨɞɧɵɯ ɤɨɦɩɨɧɟɧɬɚɯ; 
– ɭɦɟɧɶɲɢɬɶ ɬɟɦɩɟɪɚɬɭɪɭ ɩɨɬɨɤɚ ɩɪɨɞɭɤɬɨɜ ɩɟɪɜɢɱɧɨɝɨ ɝɨɪɟɧɢɹ; 
– ɭɦɟɧɶɲɢɬɶ ɜɵɛɪɨɫɵ NOx (ɭɥɭɱɲɢɬɶ ɷɤɨɥɨɝɢɱɧɨɫɬɶ ɭɫɬɚɧɨɜɤɢ). 

Ⱦɥɹ ɪɟɲɟɧɢɹ ɞɚɧɧɨɣ ɡɚɞɚɱɢ ɧɟɨɛɯɨɞɢɦɨ ɜɵɩɨɥɧɢɬɶ ɤɨɧɫɬɪɭɤɬɨɪ-
ɫɤɭɸ ɪɚɡɪɚɛɨɬɤɭ ɭɡɥɚ ɩɨɞɚɱɢ ɜɨɞɵ ɜ ɤɚɦɟɪɭ ɫɝɨɪɚɧɢɹ ɨɩɵɬɧɨ-
ɩɪɨɦɵɲɥɟɧɧɨɣ ɭɫɬɚɧɨɜɤɢ ɫɢɧɬɟɡɚ ɧɚɧɨɨɤɫɢɞɚ ɚɥɸɦɢɧɢɹ. 

Ʉɋ ɭɫɬɚɧɨɜɤɢ ɞɨɥɠɧɚ ɭɞɨɜɥɟɬɜɨɪɹɬɶ ɫɥɟɞɭɸɳɢɦ ɬɪɟɛɨɜɚɧɢɹɦ: 

– ɜɵɫɨɤɚɹ ɩɨɥɧɨɬɚ ɢɫɩɚɪɟɧɢɹ ɜɨɞɵ (ɬ.ɟ. ɜɫɹ ɜɨɞɚ, ɜɜɟɞɟɧɧɚɹ ɜ ɤɚ-
ɦɟɪɭ ɫɝɨɪɚɧɢɹ, ɞɨɥɠɧɚ ɢɫɩɚɪɢɬɶɫɹ); 

– ɧɚɞɟɠɧɵɣ ɢ ɩɥɚɜɧɵɣ ɡɚɩɭɫɤ; 
– ɦɢɧɢɦɚɥɶɧɚɹ ɫɬɨɢɦɨɫɬɶ ɤɨɧɫɬɪɭɤɰɢɢ ɢ ɩɪɨɫɬɨɬɚ ɟɟ ɨɛɫɥɭɠɢɜɚ-

ɧɢɹ ɩɪɢ ɷɤɫɩɥɭɚɬɚɰɢɢ; 
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– ɫɨɜɦɟɫɬɢɦɨɫɬɶ ɤɨɧɮɢɝɭɪɚɰɢɢ ɤɚɦɟɪɵ ɫɝɨɪɚɧɢɹ ɢ ɫɢɫɬɟɦɵ ɩɨ-
ɞɚɱɢ ɜɨɞɵ; 

– ɛɨɥɶɲɨɣ ɪɟɫɭɪɫ; 
– ɧɚɢɦɟɧɶɲɢɟ ɪɚɡɦɟɪɵ. 

ȼ ɜɨɡɞɭɲɧɨ-ɪɟɚɤɬɢɜɧɵɯ ɞɜɢɝɚɬɟɥɹɯ ɩɪɢɦɟɧɹɸɬɫɹ Ʉɋ, ɩɨ ɧɚɩɪɚɜ-
ɥɟɧɢɸ ɩɨɬɨɤɚ ɞɟɥɹɳɢɟɫɹ: 

– ɧɚ ɩɪɹɦɨɬɨɱɧɵɟ; 
– ɩɪɨɬɢɜɨɬɨɱɧɵɟ. 
ɉɪɹɦɨɬɨɱɧɚɹ Ʉɋ – ɤɚɦɟɪɚ ɫɝɨɪɚɧɢɹ, ɜ ɤɨɬɨɪɨɣ ɧɚɩɪɚɜɥɟɧɢɟ ɞɜɢ-

ɠɟɧɢɹ ɩɪɨɞɭɤɬɨɜ ɫɝɨɪɚɧɢɹ ɨɞɢɧɚɤɨɜɨ ɫ ɧɚɩɪɚɜɥɟɧɢɟɦ ɞɜɢɠɟɧɢɹ ɜɨɡɞɭ-

ɯɚ, ɜɯɨɞɹɳɟɝɨ ɜ ɤɚɦɟɪɭ. 

ɉɪɨɬɢɜɨɬɨɱɧɚɹ Ʉɋ – ɤɚɦɟɪɚ ɫɝɨɪɚɧɢɹ, ɜ ɤɨɬɨɪɨɣ ɧɚɩɪɚɜɥɟɧɢɟ 
ɞɜɢɠɟɧɢɹ ɩɪɨɞɭɤɬɨɜ ɫɝɨɪɚɧɢɹ ɨɛɪɚɬɧɨ ɧɚɩɪɚɜɥɟɧɢɸ ɜɯɨɞɹɳɟɝɨ ɜ ɧɟɟ 
ɜɨɡɞɭɯɚ. ȼ ɬɚɤɢɯ ɤɚɦɟɪɚɯ ɞɨɫɬɢɝɚɟɬɫɹ ɯɨɪɨɲɟɟ ɫɦɟɫɟɨɛɪɚɡɨɜɚɧɢɟ, ɨɞ-

ɧɚɤɨ ɨɧɢ ɧɟ ɬɚɤ ɪɚɫɩɪɨɫɬɪɚɧɟɧɵ ɢɡ-ɡɚ ɛɨɥɶɲɢɯ ɝɢɞɪɚɜɥɢɱɟɫɤɢɯ ɩɨɬɟɪɶ, 
ɫɜɹɡɚɧɧɵɯ ɫ ɩɨɜɨɪɨɬɨɦ ɩɨɬɨɤɚ ɧɚ 180°. 

ɉɪɟɢɦɭɳɟɫɬɜɚ ɩɪɨɬɢɜɨɬɨɱɧɨɣ Ʉɋ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɩɪɹɦɨɬɨɱɧɨɣ: 

– ɞɨɫɬɢɝɚɟɬɫɹ ɧɚɢɛɨɥɟɟ ɛɥɚɝɨɩɪɢɹɬɧɨɟ ɫɦɟɫɟɨɛɪɚɡɨɜɚɧɢɟ; 
– ɦɟɧɶɲɢɟ ɝɚɛɚɪɢɬɵ ɢ ɦɚɫɫɚ. 
Ɍɪɟɛɨɜɚɧɢɹɦ ɤ ɤɚɦɟɪɟ ɫɝɨɪɚɧɢɹ ɢ ɭɫɬɪɨɣɫɬɜɭ ɩɨɞɚɱɢ ɜɨɞɵ ɞɥɹ 

ɭɫɬɚɧɨɜɤɢ ɫɢɧɬɟɡɚ ɧɚɧɨɨɤɫɢɞɚ ɚɥɸɦɢɧɢɹ ɧɚɢɛɨɥɟɟ ɩɨɥɧɨ ɨɬɜɟɱɚɟɬ 
ɩɪɨɬɢɜɨɬɨɱɧɚɹ ɤɚɦɟɪɚ ɫɝɨɪɚɧɢɹ (ɪɢɫ. 1). Ⱦɚɧɧɵɣ ɬɢɩ Ʉɋ ɛɭɞɟɬ ɢɦɟɬɶ 
ɦɟɧɶɲɢɟ ɪɚɡɦɟɪɵ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɩɪɹɦɨɬɨɱɧɨɣ. Ȼɥɚɝɨɞɚɪɹ ɬɨɦɭ, ɱɬɨ 
ɜɨɞɚ ɩɨɞɚɟɬɫɹ ɧɚɜɫɬɪɟɱɭ ɜɵɫɨɤɨɫɤɨɪɨɫɬɧɨɦɭ ɩɨɬɨɤɭ ɩɪɨɞɭɤɬɨɜ ɫɝɨɪɚ-
ɧɢɹ, ɜ ɬɚɤɨɣ ɤɚɦɟɪɟ ɛɭɞɟɬ ɩɪɨɢɫɯɨɞɢɬɶ ɞɪɨɛɥɟɧɢɟ ɱɚɫɬɢɰ ɜɨɞɵ ɧɚ ɛɨ-
ɥɟɟ ɦɟɥɤɢɟ ɤɚɩɥɢ ɢ, ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ, ɛɨɥɟɟ ɛɵɫɬɪɨɟ ɢɫɩɚɪɟɧɢɟ. Ɋɚɧɟɟ 
ɩɨɞɨɛɧɚɹ ɫɯɟɦɚ ɨɪɝɚɧɢɡɚɰɢɢ ɝɨɪɟɧɢɹ ɜ ɤɚɦɟɪɟ ɫɝɨɪɚɧɢɹ ɩɪɟɞɥɚɝɚɥɚɫɶ ɜ 
ɪɚɛɨɬɟ [7]. 

Ȼɨɥɶɲɨɟ ɜɥɢɹɧɢɟ ɧɚ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɤɚɦɟɪɵ ɫɝɨɪɚɧɢɹ ɭɫɬɚɧɨɜɤɢ 

ɛɭɞɭɬ ɨɤɚɡɵɜɚɬɶ ɩɪɨɰɟɫɫɵ ɪɚɫɩɵɥɢɜɚɧɢɹ ɢ ɢɫɩɚɪɟɧɢɹ ɜɨɞɵ. Ⱦɥɹ ɬɨɝɨ 
ɱɬɨɛɵ ɨɛɟɫɩɟɱɢɬɶ ɜ ɨɫɧɨɜɧɨɣ ɡɨɧɟ ɝɨɪɟɧɢɹ ɢɫɩɚɪɟɧɢɟ ɤɚɩɟɥɶ ɜɨɞɵ ɜ 
ɤɨɥɢɱɟɫɬɜɚɯ, ɞɨɫɬɚɬɨɱɧɵɯ ɞɥɹ ɨɤɢɫɥɟɧɢɹ ɩɚɪɨɜ ɚɥɸɦɢɧɢɹ ɢ ɫɭɛɨɤɫɢ-

ɞɨɜ ɚɥɸɦɢɧɢɹ (AlO ɢ Al2O), ɢɫɬɟɤɚɸɳɢɯ ɢɡ ɮɨɪɤɚɦɟɪɵ, ɚ ɬɚɤɠɟ ɨɯɥɚ-
ɠɞɟɧɢɟ ɜɵɫɨɤɨɬɟɦɩɟɪɚɬɭɪɧɨɝɨ (>2500 Ʉ) ɩɨɬɨɤɚ ɞɨ ɬɪɟɛɭɟɦɨɝɨ ɡɧɚɱɟ-
ɧɢɹ, ɧɟɨɛɯɨɞɢɦɨ ɞɢɫɩɟɪɝɢɪɨɜɚɬɶ ɩɨɞɚɜɚɟɦɭɸ ɜɨɞɭ ɧɚ ɛɨɥɶɲɨɟ ɱɢɫɥɨ 
ɤɚɩɟɥɶ, ɭɜɟɥɢɱɢɜɚɹ ɬɟɦ ɫɚɦɵɦ ɩɨɜɟɪɯɧɨɫɬɶ ɢɫɩɚɪɟɧɢɹ. ɑɟɦ ɦɟɧɶɲɟ 
ɪɚɡɦɟɪ ɤɚɩɟɥɶ, ɬɟɦ ɛɨɥɶɲɟ ɫɤɨɪɨɫɬɶ ɢɯ ɢɫɩɚɪɟɧɢɹ. Ⱦɥɹ ɪɚɫɩɵɥɟɧɢɹ ɩɨ-
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ɞɚɜɚɟɦɨɣ ɜ ɤɚɦɟɪɭ ɫɝɨɪɚɧɢɹ ɫ ɩɨɦɨɳɶɸ ɮɨɪɫɭɧɨɤ ɜɨɞɵ ɦɨɝɭɬ ɩɪɢɦɟ-
ɧɹɬɶɫɹ ɦɟɬɨɞɵ ɦɟɯɚɧɢɱɟɫɤɨɝɨ ɢ ɝɢɞɪɚɜɥɢɱɟɫɤɨɝɨ ɪɚɫɩɵɥɢɜɚɧɢɹ. 

 

Ɋɢɫ. 1. ɉɪɨɬɢɜɨɬɨɱɧɚɹ ɤɚɦɟɪɚ ɫɝɨɪɚɧɢɹ 

Ʉ ɮɨɪɫɭɧɤɚɦ ɩɪɟɞɴɹɜɥɹɸɬ ɫɥɟɞɭɸɳɢɟ ɬɪɟɛɨɜɚɧɢɹ: 
– ɯɨɪɨɲɟɟ ɪɚɫɩɵɥɢɜɚɧɢɟ ɩɨɞɚɜɚɟɦɨɣ ɠɢɞɤɨɫɬɢ; 

– ɨɬɫɭɬɫɬɜɢɟ ɫɤɥɨɧɧɨɫɬɢ ɤ ɡɚɫɨɪɟɧɢɸ ɩɨɫɬɨɪɨɧɧɢɦɢ ɱɚɫɬɢɰɚɦɢ; 

– ɧɢɡɤɚɹ ɫɬɨɢɦɨɫɬɶ, ɦɚɥɚɹ ɦɚɫɫɚ; 
– ɩɪɨɫɬɨɬɚ ɢɡɝɨɬɨɜɥɟɧɢɹ, ɦɨɧɬɚɠɚ ɢ ɞɟɦɨɧɬɚɠɚ ɞɥɹ ɬɟɯɧɢɱɟɫɤɨɝɨ 

ɨɛɫɥɭɠɢɜɚɧɢɹ; 
– ɫɥɚɛɚɹ ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɶ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɤ ɩɨɜɪɟɠɞɟɧɢɹɦ ɤɨɧɫɬ-

ɪɭɤɰɢɢ ɩɪɢ ɢɡɝɨɬɨɜɥɟɧɢɢ ɢ ɦɨɧɬɚɠɟ.  
ȼ ɰɟɧɬɪɨɛɟɠɧɵɯ ɮɨɪɫɭɧɤɚɯ ɞɜɢɠɭɳɚɹɫɹ ɩɨɞ ɞɚɜɥɟɧɢɟɦ ɠɢɞ-

ɤɨɫɬɶ ɡɚɤɪɭɱɢɜɚɟɬɫɹ ɜ ɡɚɜɢɯɪɢɬɟɥɟ ɫ ɬɚɧɝɟɧɰɢɚɥɶɧɨ ɪɚɫɩɨɥɨɠɟɧɧɵɦɢ 

ɤɚɧɚɥɚɦɢ (ɨɫɶ ɤɚɧɚɥɨɜ ɩɟɪɩɟɧɞɢɤɭɥɹɪɧɚ ɢɥɢ ɪɚɡɦɟɳɟɧɚ ɩɨɞ ɭɝɥɨɦ 

ɤ ɨɫɢ ɮɨɪɫɭɧɤɢ, ɧɨ ɧɟ ɩɟɪɟɫɟɤɚɟɬɫɹ ɫ ɧɟɣ) ɢ, ɢɧɬɟɧɫɢɜɧɨ ɜɪɚɳɚɹɫɶ ɜ 
ɤɚɦɟɪɟ ɡɚɤɪɭɱɢɜɚɧɢɹ, ɩɨɫɬɭɩɚɟɬ ɜ ɫɨɩɥɨ ɮɨɪɫɭɧɤɢ, ɧɚ ɜɵɯɨɞɟ ɢɡ ɤɨɬɨ-
ɪɨɝɨ ɪɚɫɩɚɞɚɟɬɫɹ ɧɚ ɦɟɥɤɢɟ ɤɚɩɥɢ, ɩɪɢɨɛɪɟɬɚɹ ɮɨɪɦɭ ɩɨɥɨɝɨ ɤɨɧɭɫɚ 
[8]. Ⱦɥɹ ɩɪɚɜɢɥɶɧɨɣ ɪɚɛɨɬɵ ɮɨɪɫɭɧɤɢ ɠɢɞɤɨɫɬɶ ɜ ɧɟɟ ɩɨɞɜɨɞɢɬɫɹ ɩɨɞ 

ɢɡɛɵɬɨɱɧɵɦ ɞɚɜɥɟɧɢɟɦ, ɜɟɥɢɱɢɧɚ ɤɨɬɨɪɨɝɨ ɡɚɜɢɫɢɬ, ɝɥɚɜɧɵɦ ɨɛɪɚɡɨɦ, 

ɨɬ ɬɪɟɛɭɟɦɨɣ ɞɢɫɩɟɪɫɧɨɫɬɢ ɪɚɫɩɵɥɚ, ɮɢɡɢɱɟɫɤɢɯ ɫɜɨɣɫɬɜ ɠɢɞɤɨɫɬɢ 

ɢ ɪɚɡɦɟɪɨɜ ɞɨɡɢɪɭɸɳɢɯ ɷɥɟɦɟɧɬɨɜ. ɉɨ ɫɪɚɜɧɟɧɢɸ ɫɨ ɫɬɪɭɣɧɵɦɢ ɮɨɪ-
ɫɭɧɤɚɦɢ ɞɚɜɥɟɧɢɟ ɠɢɞɤɨɫɬɢ ɧɚ ɜɯɨɞɟ ɜ ɰɟɧɬɪɨɛɟɠɧɵɟ ɮɨɪɫɭɧɤɢ ɛɨɥɶ-
ɲɟ ɢɡ-ɡɚ ɦɟɧɶɲɟɝɨ ɤɨɷɮɮɢɰɢɟɧɬɚ ɪɚɫɯɨɞɚ. Ɋɚɡɦɟɪɵ ɫɨɩɥɚ ɢ ɬɚɧɝɟɧɰɢ-

ɚɥɶɧɵɯ ɤɚɧɚɥɨɜ ɰɟɧɬɪɨɛɟɠɧɵɯ ɮɨɪɫɭɧɨɤ ɨɛɵɱɧɨ ɧɚɯɨɞɹɬɫɹ ɜ ɩɪɟɞɟɥɚɯ 
ɨɬ 0,5 ɞɨ 3 ɦɦ. ɍɝɨɥ ɤɨɧɭɫɚ ɪɚɫɩɵɥɚ ɨɩɪɟɞɟɥɹɟɬɫɹ ɨɬɧɨɲɟɧɢɟɦ ɪɚɞɢ-

ɚɥɶɧɨɣ ɢ ɨɫɟɜɨɣ ɤɨɦɩɨɧɟɧɬ ɫɤɨɪɨɫɬɢ ɠɢɞɤɨɫɬɢ ɧɚ ɜɵɯɨɞɟ ɢɡ ɫɨɩɥɚ. 
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ɐɟɧɬɪɨɛɟɠɧɵɟ ɮɨɪɫɭɧɤɢ ɧɟ ɩɨɞɯɨɞɹɬ ɞɥɹ ɫɢɫɬɟɦɵ ɩɨɞɚɱɢ ɜɨɞɵ 

ɞɚɧɧɨɣ ɭɫɬɚɧɨɜɤɢ ɩɨ ɪɹɞɭ ɩɪɢɱɢɧ. ȼɨ-ɩɟɪɜɵɯ, ɨɧɢ ɨɬɥɢɱɚɸɬɫɹ ɨɬɧɨɫɢ-

ɬɟɥɶɧɨɣ ɫɥɨɠɧɨɫɬɶɸ ɤɨɧɫɬɪɭɤɰɢɢ. ɇɟɫɦɨɬɪɹ ɧɚ ɯɨɪɨɲɟɟ ɪɚɫɩɵɥɢɜɚ-
ɧɢɟ ɠɢɞɤɨɫɬɢ ɢ ɛɨɥɶɲɨɣ ɭɝɨɥ ɪɚɫɩɵɥɚ, ɮɨɪɫɭɧɤɢ ɞɚɧɧɨɝɨ ɬɢɩɚ ɨɛɥɚ-
ɞɚɸɬ ɧɢɡɤɨɣ ɞɚɥɶɧɨɛɨɣɧɨɫɬɶɸ. Ⱦɥɹ ɨɯɥɚɠɞɟɧɢɹ ɜɵɫɨɤɨɬɟɦɩɟɪɚɬɭɪɧɨ-
ɝɨ ɩɨɬɨɤɚ, ɫɨɞɟɪɠɚɳɟɝɨ ɤɨɧɞɟɧɫɢɪɨɜɚɧɧɭɸ ɮɚɡɭ, ɰɟɧɬɪɨɛɟɠɧɵɟ 
ɮɨɪɫɭɧɤɢ ɩɨɬɪɟɛɭɟɬɫɹ ɩɨɦɟɫɬɢɬɶ ɜ ɷɩɢɰɟɧɬɪ ɧɚɛɟɝɚɸɳɟɝɨ ɩɨɬɨɤɚ 
(ɪɢɫ. 2), ɱɬɨ ɩɨɜɥɟɱɟɬ ɡɚ ɫɨɛɨɣ ɭɫɥɨɠɧɟɧɢɟ ɤɨɧɫɬɪɭɤɰɢɢ ɫɢɫɬɟɦɵ ɩɨɞ-

ɜɨɞɚ ɜɨɞɵ ɤ ɮɨɪɫɭɧɤɟ ɢ ɩɨɬɪɟɛɭɟɬ ɩɪɢɦɟɧɟɧɢɹ ɢɡɧɨɫɨɫɬɨɣɤɢɯ ɢ ɠɚɪɨ-
ɩɪɨɱɧɵɯ ɦɚɬɟɪɢɚɥɨɜ ɞɥɹ ɢɡɝɨɬɨɜɥɟɧɢɹ. Ʉɪɨɦɟ ɬɨɝɨ, ɬɚɤɨɟ ɪɚɫɩɨɥɨɠɟ-
ɧɢɟ ɮɨɪɫɭɧɨɤ ɦɨɠɟɬ ɩɪɢɜɟɫɬɢ ɤ ɡɚɫɨɪɟɧɢɸ ɢɯ ɤɚɧɚɥɨɜ. 

 

Ɋɢɫ. 2. Ɋɚɫɩɨɥɨɠɟɧɢɟ ɰɟɧɬɪɨɛɟɠɧɵɯ ɮɨɪɫɭɧɨɤ ɜ ɤɚɦɟɪɟ ɫɝɨɪɚɧɢɹ 

ɉɧɟɜɦɚɬɢɱɟɫɤɢɟ ɮɨɪɫɭɧɤɢ ɨɬɥɢɱɚɸɬɫɹ ɬɟɦ, ɱɬɨ ɠɢɞɤɨɫɬɶ ɜ ɧɢɯ 
ɪɚɫɩɵɥɢɜɚɟɬɫɹ ɩɨɞ ɜɨɡɞɟɣɫɬɜɢɟɦ ɩɨɞɚɜɚɟɦɨɝɨ ɩɨɞ ɞɚɜɥɟɧɢɟɦ ɜɨɡɞɭɯɚ 
ɢɥɢ ɝɚɡɚ [8]. Ⱦɢɫɩɟɪɝɢɪɭɟɦɚɹ ɠɢɞɤɨɫɬɶ ɩɨɞɚɟɬɫɹ ɩɪɢ ɧɢɡɤɨɦ ɩɟɪɟɩɚɞɟ 
ɞɚɜɥɟɧɢɹ ɧɚ ɧɟɤɨɬɨɪɭɸ ɩɨɜɟɪɯɧɨɫɬɶ, ɤɪɚɣ ɤɨɬɨɪɨɣ ɧɚɯɨɞɢɬɫɹ ɜ ɜɵɫɨ-
ɤɨɫɤɨɪɨɫɬɧɨɦ ɝɚɡɨɜɨɦ ɩɨɬɨɤɟ. ɀɢɞɤɨɫɬɶ, ɫɬɟɤɚɸɳɚɹ ɫ ɷɬɨɝɨ ɤɪɚɹ, ɪɚɫ-
ɩɵɥɢɜɚɟɬɫɹ ɝɚɡɨɜɵɦ ɩɨɬɨɤɨɦ ɧɚ ɦɟɥɤɢɟ ɤɚɩɥɢ, ɤɨɬɨɪɵɟ ɜɧɨɫɹɬɫɹ ɩɨɬɨ-
ɤɨɦ ɜ ɡɨɧɭ ɝɨɪɟɧɢɹ. Ⱦɥɹ ɪɚɛɨɬɵ ɩɧɟɜɦɚɬɢɱɟɫɤɨɣ ɮɨɪɫɭɧɤɢ ɤɪɨɦɟ ɩɨɞ-

ɜɨɞɚ ɜɨɞɵ ɧɟɨɛɯɨɞɢɦɨ ɛɭɞɟɬ ɨɪɝɚɧɢɡɨɜɚɬɶ ɩɨɞɜɨɞ ɜɨɡɞɭɯɚ, ɱɬɨ ɜɥɟɱɟɬ 
ɡɚ ɫɨɛɨɣ ɭɫɥɨɠɧɟɧɢɟ ɤɨɧɫɬɪɭɤɰɢɢ ɫɚɦɨɣ ɮɨɪɫɭɧɤɢ ɢ ɞɨɩɨɥɧɢɬɟɥɶɧɵɟ 
ɡɚɬɪɚɬɵ ɧɚ ɩɪɨɟɤɬɢɪɨɜɚɧɢɟ ɢ ɦɨɧɬɚɠ ɬɪɭɛɨɩɪɨɜɨɞɨɜ ɩɨɞɜɨɞɚ ɜɨɡɞɭɯɚ. 

ȼ ɫɬɪɭɣɧɨɣ ɮɨɪɫɭɧɤɟ ɪɚɫɩɵɥɢɜɚɧɢɟ ɠɢɞɤɨɫɬɢ ɨɫɭɳɟɫɬɜɥɹɟɬɫɹ ɡɚ 
ɫɱɟɬ ɢɫɬɟɱɟɧɢɹ ɫ ɛɨɥɶɲɨɣ ɫɤɨɪɨɫɬɶɸ ɱɟɪɟɡ ɩɪɨɮɢɥɢɪɨɜɚɧɧɨɟ ɨɬɜɟɪ-
ɫɬɢɟ ɢ ɫɬɨɥɤɧɨɜɟɧɢɹ ɠɢɞɤɨɫɬɢ ɫ ɝɚɡɨɜɵɦ ɩɨɬɨɤɨɦ [8]. ɋɬɪɭɣɧɵɟ ɮɨɪ-
ɫɭɧɤɢ ɩɨɞɚɱɢ ɜɨɞɵ ɜ ɩɪɟɞɥɚɝɚɟɦɨɣ ɤɚɦɟɪɟ ɫɝɨɪɚɧɢɹ ɩɪɟɞɫɬɚɜɥɹɸɬ ɫɨ-
ɛɨɣ ɤɨɥɥɟɤɬɨɪ ɫ ɨɬɜɟɪɫɬɢɹɦɢ. Ȼɨɥɶɲɨɟ ɱɢɫɥɨ ɦɚɥɵɯ ɨɬɜɟɪɫɬɢɣ ɩɨɡɜɨ-
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ɥɹɟɬ ɪɚɜɧɨɦɟɪɧɨ ɪɚɫɩɪɟɞɟɥɢɬɶ ɠɢɞɤɨɫɬɶ ɜ ɩɪɨɫɬɪɚɧɫɬɜɟ. ȼ ɫɥɭɱɚɟ 
ɫɬɪɭɣɧɵɯ ɮɨɪɫɭɧɨɤ ɪɚɫɩɵɥɢɜɚɧɢɟ ɩɪɨɢɫɯɨɞɢɬ ɫ ɨɛɪɚɡɨɜɚɧɢɟɦ ɠɢɞɤɢɯ 
ɧɢɬɟɣ, ɤɨɬɨɪɵɟ ɡɚɬɟɦ ɪɚɫɩɚɞɚɸɬɫɹ ɧɚ ɤɚɩɥɢ. Ɋɚɫɩɚɞ ɫɬɪɭɢ ɭɥɭɱɲɚɟɬɫɹ 
ɫ ɭɜɟɥɢɱɟɧɢɟɦ ɫɤɨɪɨɫɬɢ ɩɨɬɨɤɚ ɢ ɚɷɪɨɞɢɧɚɦɢɱɟɫɤɢɯ ɫɢɥ ɫɨɩɪɨɬɢɜɥɟ-
ɧɢɹ ɨɤɪɭɠɚɸɳɟɣ ɫɪɟɞɵ. 

Ʉɨɧɫɬɪɭɤɰɢɹ ɫɬɪɭɣɧɨɣ ɮɨɪɫɭɧɤɢ ɹɜɥɹɟɬɫɹ ɧɚɢɛɨɥɟɟ ɩɪɨɫɬɵɦ ɪɟ-
ɲɟɧɢɟɦ ɜ ɤɨɧɫɬɪɭɤɬɨɪɫɤɨɦ ɢ ɬɟɯɧɨɥɨɝɢɱɟɫɤɨɦ ɨɬɧɨɲɟɧɢɢ. ɋɬɪɭɣɧɵɟ 
ɮɨɪɫɭɧɤɢ ɨɛɥɚɞɚɸɬ ɞɨɫɬɚɬɨɱɧɨɣ ɞɚɥɶɧɨɛɨɣɧɨɫɬɶɸ, ɛɥɚɝɨɞɚɪɹ ɱɟɦɭ ɢɯ 
ɦɨɠɧɨ ɪɚɫɩɨɥɨɠɢɬɶ ɪɚɞɢɚɥɶɧɨ ɧɚ ɫɬɟɧɤɟ ɤɚɦɟɪɵ ɫɝɨɪɚɧɢɹ. Ɍɚɤɠɟ 
ɫɬɪɭɣɧɵɟ ɮɨɪɫɭɧɤɢ, ɩɪɟɞɫɬɚɜɥɹɸɳɢɟ ɫɨɛɨɣ ɤɨɥɥɟɤɬɨɪ ɫ ɨɬɜɟɪɫɬɢɹɦɢ 

ɞɥɹ ɩɨɞɚɱɢ ɜɨɞɵ, ɨɩɬɢɦɚɥɶɧɨ ɜɩɢɲɭɬɫɹ ɜ ɤɨɧɮɢɝɭɪɚɰɢɸ ɤɚɦɟɪɵ ɫɝɨ-
ɪɚɧɢɹ. Ɏɨɪɫɭɧɤɢ, ɪɚɫɩɨɥɚɝɚɹɫɶ ɪɚɞɢɚɥɶɧɨ ɧɚ ɫɬɟɧɤɟ ɤɚɦɟɪɵ ɫɝɨɪɚɧɢɹ, 
ɛɭɞɭɬ ɧɚɢɦɟɧɟɟ ɜɫɟɝɨ ɩɨɞɜɟɪɠɟɧɵ ɚɛɪɚɡɢɜɧɨɦɭ ɜɨɡɞɟɣɫɬɜɢɸ ɢ ɡɚɫɨɪɟ-
ɧɢɸ ɱɚɫɬɢɰɚɦɢ ɤɨɧɞɟɧɫɢɪɨɜɚɧɧɨɣ ɮɚɡɵ. 

ɇɟɨɛɯɨɞɢɦɨ ɩɪɨɢɡɜɟɫɬɢ ɨɰɟɧɤɭ ɬɪɟɛɭɟɦɨɝɨ ɦɚɫɫɨɜɨɝɨ ɪɚɫɯɨɞɚ 
ɜɨɞɵ, ɩɨɞɚɜɚɟɦɨɣ ɜ ɤɚɦɟɪɭ ɫɝɨɪɚɧɢɹ ɭɫɬɚɧɨɜɤɢ ɞɥɹ ɨɯɥɚɠɞɟɧɢɹ ɜɵɫɨ-
ɤɨɬɟɦɩɟɪɚɬɭɪɧɨɝɨ ɩɨɬɨɤɚ ɞɨ ɧɟɨɛɯɨɞɢɦɵɯ ɬɟɦɩɟɪɚɬɭɪ. ȼ ɞɚɧɧɨɣ ɪɚɛɨ-
ɬɟ ɩɪɢɦɟɧɹɟɬɫɹ ɦɧɨɝɨɰɟɥɟɜɨɣ ɩɪɨɝɪɚɦɦɧɵɣ ɤɨɦɩɥɟɤɫ «ȺɋɌɊȺ.4» [9], 

ɩɪɟɞɧɚɡɧɚɱɟɧɧɵɣ ɞɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɪɚɜɧɨɜɟɫɢɹ, ɮɚɡɨɜɨ-
ɝɨ ɢ ɯɢɦɢɱɟɫɤɨɝɨ ɫɨɫɬɚɜɚ ɝɨɪɸɱɢɯ ɫɦɟɫɟɣ. Ⱦɥɹ ɨɩɢɫɚɧɢɹ ɫɦɟɫɢ ɤɚɤ ɦɚ-
ɬɟɪɢɚɥɶɧɨɝɨ ɨɛɴɟɤɬɚ ɧɟɨɛɯɨɞɢɦɨ ɡɧɚɬɶ ɥɢɲɶ ɫɨɞɟɪɠɚɧɢɟ ɨɛɪɚɡɭɸɳɢɯ 

ɟɟ ɯɢɦɢɱɟɫɤɢɯ ɷɥɟɦɟɧɬɨɜ. ɂɫɯɨɞɧɵɟ ɞɚɧɧɵɟ ɞɥɹ ɨɰɟɧɤɢ: 

– ɪɚɫɯɨɞ ɩɨɪɨɲɤɚ ɚɥɸɦɢɧɢɹ GAl = 0,1 ɤɝ/ɫ; 
– ɪɚɫɯɨɞ ɤɢɫɥɨɪɨɞɚ 

2OG = 0,03 ɤɝ/ɫ; 

– ɪɚɫɯɨɞ ɚɪɝɨɧɚ GAr = 0,05 ɤɝ/ɫ; 
– ɞɚɜɥɟɧɢɟ ɜ ɤɚɦɟɪɟ ɫɝɨɪɚɧɢɹ ɪɤ = 0,25 Ɇɉɚ; 
– ɬɟɦɩɟɪɚɬɭɪɚ ɜ ɤɨɧɰɟ ɤɚɦɟɪɵ ɫɝɨɪɚɧɢɹ Ɍɫɝ = 900…1200 Ʉ (ɩɪɢ-

ɧɹɬɚ ɢɡ ɤɨɧɫɬɪɭɤɬɢɜɧɵɯ ɬɪɟɛɨɜɚɧɢɣ, ɬɚɤ ɤɚɤ ɨɝɪɚɧɢɱɟɧɚ ɬɟɪɦɨɫɬɨɣɤɨ-
ɫɬɶɸ ɦɚɬɟɪɢɚɥɚ ɫɨɩɥɚ). 

Ɇɚɫɫɨɜɵɟ ɪɚɫɯɨɞɵ ɤɨɦɩɨɧɟɧɬɨɜ, ɩɨɞɚɜɚɟɦɵɯ ɜ ɎɄ ɭɫɬɚɧɨɜɤɢ, 

ɩɪɢɧɹɬɵ ɜ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ ɪɚɛɨɬɨɣ [6]. 

ȼ ɬɚɛɥ. 1 ɩɪɢɜɟɞɟɧɚ ɪɚɫɱɟɬɧɚɹ ɡɚɜɢɫɢɦɨɫɬɶ ɪɚɫɯɨɞɧɨɝɨ ɤɨɦɩɥɟɤ-
ɫɚ ȕ, ɚ ɧɚ ɪɢɫ. 3 – ɬɟɦɩɟɪɚɬɭɪɵ ɜ ɤɚɦɟɪɟ ɫɝɨɪɚɧɢɹ Ɍɫɝ ɨɬ ɨɬɧɨɲɟɧɢɹ 
ɪɚɫɯɨɞɨɜ ɜɨɞɵ ɢ ɚɥɸɦɢɧɢɹ L. 

ɂɡ ɝɪɚɮɢɤɚ ɪɢɫ. 3 ɦɨɠɧɨ ɫɞɟɥɚɬɶ ɜɵɜɨɞ, ɱɬɨ ɧɚɢɛɨɥɟɟ ɩɪɢɟɦɥɟ-
ɦɨɟ ɡɧɚɱɟɧɢɟ ɨɬɧɨɲɟɧɢɹ ɪɚɫɯɨɞɨɜ ɜɨɞɵ ɢ ɚɥɸɦɢɧɢɹ ɞɥɹ ɨɯɥɚɠɞɟɧɢɹ 
ɜɵɫɨɤɨɬɟɦɩɟɪɚɬɭɪɧɨɝɨ ɩɨɬɨɤɚ ɞɨ 1000 Ʉ – 5...6. ɉɪɢ ɪɚɫɯɨɞɟ ɩɨɪɨɲɤɚ 
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ɚɥɸɦɢɧɢɹ 0,1 ɤɝ/ɫ ɫɨɨɬɜɟɬɫɬɜɭɸɳɟɟ ɡɧɚɱɟɧɢɟ ɪɚɫɯɨɞɚ ɜɨɞɵ 
2H OG =  

= 0,5…0,6 ɤɝ/ɫ. 
ɉɨɫɤɨɥɶɤɭ ɭɫɬɚɧɨɜɤɚ ɫɢɧɬɟɡɚ ɧɚɧɨɨɤɫɢɞɚ ɚɥɸɦɢɧɢɹ ɹɜɥɹɟɬɫɹ ɨɩɵɬ-

ɧɨɣ, ɬɨ ɧɟɨɛɯɨɞɢɦɨ ɞɨɛɢɬɶɫɹ ɦɚɤɫɢɦɚɥɶɧɨɣ ɜɚɪɢɚɬɢɜɧɨɫɬɢ ɟɟ ɩɚɪɚɦɟɬ-
ɪɨɜ. ȼ ɞɚɧɧɨɦ ɫɥɭɱɚɟ ɧɟɨɛɯɨɞɢɦɨ ɩɪɟɞɭɫɦɨɬɪɟɬɶ ɤɚɤ ɪɚɡɧɨɟ ɤɨɥɢɱɟɫɬɜɨ 
ɨɬɜɟɪɫɬɢɣ ɤɨɥɥɟɤɬɨɪɚ ɩɨɞɚɱɢ ɜɨɞɵ, ɬɚɤ ɢ ɪɚɡɧɵɣ ɞɢɚɦɟɬɪ ɨɬɜɟɪɫɬɢɣ. 

Ɍɚɛɥɢɰɚ 1 

Ɋɟɡɭɥɶɬɚɬɵ ɬɟɪɦɨɞɢɧɚɦɢɱɟɫɤɨɝɨ ɪɚɫɱɟɬɚ ɝɨɪɟɧɢɹ ɚɥɸɦɢɧɢɹ  
ɩɪɢ ɩɨɫɬɨɹɧɧɨɦ ɪɚɫɯɨɞɟ Al, O2, Ar ɢ ɩɟɪɟɦɟɧɧɨɦ H2O 

№ ɩ/ɩ 1 2 3 4 5 6 7 8 9 10 11 12 13 

L 0 0,5 1 1,5 2 2,5 3 3,5 4 4,5 5 5,5 6 

ȕ, ɦ/ɫ 950 1310 1370 1350 1330 1295 1230 1165 1100 1040 980 930 870 

 

 

Ɋɢɫ. 3. Ɂɚɜɢɫɢɦɨɫɬɶ ɬɟɦɩɟɪɚɬɭɪɵ ɩɪɨɞɭɤɬɨɜ ɫɝɨɪɚɧɢɹ ɨɬ ɨɬɧɨɲɟɧɢɹ  
ɪɚɫɯɨɞɨɜ ɜɨɞɵ ɢ ɚɥɸɦɢɧɢɹ 

 

Ɋɚɫɯɨɞ ɜɨɞɵ ɱɟɪɟɡ ɮɨɪɫɭɧɤɭ 

ɮ 0 ɮ2G S p= µ ρ∆ , 

ɝɞɟ ρ  – ɩɥɨɬɧɨɫɬɶ ɜɨɞɵ (ρ = 1000 ɤɝ/ɦ3
); ɮp∆  – ɩɟɪɟɩɚɞ ɞɚɜɥɟɧɢɹ ɧɚ 

ɮɨɪɫɭɧɤɟ; 0S  – ɩɥɨɳɚɞɶ ɨɬɜɟɪɫɬɢɹ ɮɨɪɫɭɧɤɢ; µ  – ɤɨɷɮɮɢɰɢɟɧɬ ɪɚɫɯɨ-
ɞɚ ɠɢɞɤɨɫɬɢ, ɡɚɜɢɫɹɳɢɣ ɨɬ ɮɨɪɦɵ ɨɬɜɟɪɫɬɢɹ ɮɨɪɫɭɧɤɢ (0,6…0,99). 
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Ɂɧɚɱɟɧɢɟ ɤɨɷɮɮɢɰɢɟɧɬɚ ɪɚɫɯɨɞɚ ɞɥɹ ɮɨɪɫɭɧɤɢ ɩɪɢɧɢɦɚɟɦ ɛɥɢɡɤɢɦ 

ɤ ɢɞɟɚɥɶɧɨɦɭ ɡɧɚɱɟɧɢɸ – 0,95. 

ɋɨɝɥɚɫɧɨ ɮɨɪɦɭɥɟ, ɩɪɢɜɟɞɟɧɧɨɣ ɜɵɲɟ, ɪɚɫɫɱɢɬɵɜɚɟɦ Gɮ ɞɥɹ 
ɞɢɚɩɚɡɨɧɨɜ ɡɧɚɱɟɧɢɣ ɞɢɚɦɟɬɪɚ ɮɨɪɫɭɧɤɢ dɮ = 1…1,5 ɦɦ ɢ ɩɟɪɟɩɚɞɚ 
ɞɚɜɥɟɧɢɹ ∆ɪɮ = 1…1,5 Ɇɉɚ. ɉɨ ɧɚɣɞɟɧɧɵɦ ɡɧɚɱɟɧɢɹɦ ɪɚɫɯɨɞɚ ɱɟɪɟɡ 
ɮɨɪɫɭɧɤɭ ɨɩɪɟɞɟɥɹɟɦ ɤɨɥɢɱɟɫɬɜɨ ɨɬɜɟɪɫɬɢɣ ɜ ɤɨɥɥɟɤɬɨɪɟ: 

2H O

ɮ

G
n

G
= . 

ȼɚɪɢɚɰɢɹ ɩɚɪɚɦɟɬɪɨɜ ɤɨɧɫɬɪɭɤɰɢɢ ɤɨɥɥɟɤɬɨɪɚ ɩɪɟɞɫɬɚɜɥɟɧɚ 
ɜ ɬɚɛɥ. 2. 

Ɍɚɛɥɢɰɚ 2 

Ɂɧɚɱɟɧɢɹ ɤɨɧɫɬɪɭɤɬɢɜɧɵɯ ɩɚɪɚɦɟɬɪɨɜ ɤɨɥɥɟɤɬɨɪɚ ɩɨɞɚɱɢ ɜɨɞɵ  

ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɬɟɯɧɨɥɨɝɢɱɟɫɤɢɯ ɩɚɪɚɦɟɬɪɚɯ 

dɮ, ɦɦ ∆ɪɮ, Ɇɉɚ ɨɬɜG , ɤɝ/ɫ n 

1 1,0 0,03 18 

 1,5 0,04 14 

1,2 1,0 0,05 12 

 1,5 0,06 10 

1,5 1,0 0,075 7 

 1,5 0,09 6 
 

ɇɟɨɛɯɨɞɢɦɨ ɨɛɟɫɩɟɱɢɬɶ ɪɚɫɯɨɞ ɜɨɞɵ ɜ ɤɨɥɥɟɤɬɨɪ 
2H O ,G  ɪɚɜɧɵɣ 

0,5…0,6 ɤɝ/ɫ. Ɇɢɧɢɦɚɥɶɧɵɣ ɞɢɚɦɟɬɪ ɜɯɨɞɧɨɝɨ ɨɬɜɟɪɫɬɢɹ min
ɜɯD  ɜ ɤɨɥ-

ɥɟɤɬɨɪ ɜɨɞɵ ɩɪɢ ɞɚɧɧɨɦ ɪɚɫɯɨɞɟ ɪɚɜɟɧ 4 ɦɦ. ɑɬɨɛɵ ɨɛɟɫɩɟɱɢɬɶ ɩɪɢ-

ɟɦɥɟɦɭɸ ɫɤɨɪɨɫɬɶ ɞɜɢɠɟɧɢɹ ɜɨɞɵ ɱɟɪɟɡ ɨɬɜɟɪɫɬɢɟ, ɩɪɢɧɢɦɚɟɦ ɡɧɚɱɟ-
ɧɢɟ ɭɫɥɨɜɧɨɝɨ ɞɢɚɦɟɬɪɚ ɡɚɜɟɞɨɦɨ ɛɨɥɶɲɢɦ: Dɜɯ = 6 ɦɦ. 

      

ȼɜɢɞɭ ɬɨɝɨ ɱɬɨ ɬɟɯɧɨɥɨɝɢɱɟɫɤɢɣ ɩɪɨɰɟɫɫ ɫɢɧɬɟɡɚ ɧɚɧɨɨɤɫɢɞɚ 
ɚɥɸɦɢɧɢɹ ɢɡɦɟɧɢɥɫɹ (ɚɥɸɦɢɧɢɣ ɫɠɢɝɚɟɬɫɹ ɧɟ ɜ ɜɨɡɞɭɲɧɨɦ ɩɨɬɨɤɟ, ɚ ɜ 
ɫɪɟɞɟ ɤɢɫɥɨɪɨɞɚ, ɚɪɝɨɧɚ ɢ ɜɨɞɵ), ɢɡɦɟɧɢɬɫɹ ɩɥɨɳɚɞɶ ɤɪɢɬɢɱɟɫɤɨɝɨ ɫɟ-
ɱɟɧɢɹ ɫɨɩɥɚ Fɤɪ ɢ, ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ, ɟɝɨ ɞɢɚɦɟɬɪ Dɤɪ. ɉɥɨɳɚɞɶ ɤɪɢɬɢɱɟ-
ɫɤɨɝɨ ɫɟɱɟɧɢɹ ɫɨɩɥɚ ɪɚɫɫɱɢɬɵɜɚɟɬɫɹ ɩɨ ɮɨɪɦɭɥɟ [10] 

ɤɪ
ɤ c

G
F

p
Σβ= ϕ , 
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ɝɞɟ GΣ  – ɫɭɦɦɚɪɧɵɣ ɦɚɫɫɨɜɵɣ ɪɚɫɯɨɞ ɜɟɳɟɫɬɜ; cϕ  – ɤɨɷɮɮɢɰɢɟɧɬ 
ɪɚɫɯɨɞɚ ɫɨɩɥɚ (ɩɪɢɧɢɦɚɟɬɫɹ ɪɚɜɧɵɦ 0,98); β  – ɪɚɫɯɨɞɧɵɣ ɤɨɦɩɥɟɤɫ 
(ɫɦ. ɬɚɛɥ. 1). 

Ʉɪɢɬɢɱɟɫɤɢɣ ɞɢɚɦɟɬɪ ɫɨɩɥɚ ɨɩɪɟɞɟɥɹɟɬɫɹ ɩɨ ɮɨɪɦɭɥɟ 

3
ɤɪ 2

ɤɪ
4 4 2,76 10

5,9 10 ɦ.
F

D
− −⋅ ⋅= = ≈ ⋅π π  

      

    

ȼ ɞɚɧɧɨɦ ɪɚɫɱɟɬɟ ɧɟɨɛɯɨɞɢɦɨ ɨɩɪɟɞɟɥɢɬɶ ɧɚɢɛɨɥɟɟ ɩɪɢɟɦɥɟɦɨɟ 
ɡɧɚɱɟɧɢɟ ɦɚɤɫɢɦɚɥɶɧɨɝɨ ɞɢɚɦɟɬɪɚ ɤɚɩɟɥɶ ɜɨɞɵ, ɤɨɬɨɪɨɟ ɩɨɡɜɨɥɢɬ 
ɨɛɟɫɩɟɱɢɬɶ ɛɨɥɶɲɭɸ ɩɥɨɳɚɞɶ ɢɫɩɚɪɟɧɢɹ, ɱɬɨ ɝɚɪɚɧɬɢɪɭɟɬ ɧɟɨɛɯɨɞɢ-

ɦɭɸ ɫɤɨɪɨɫɬɶ ɢɫɩɚɪɟɧɢɹ, ɚ ɫɥɟɞɨɜɚɬɟɥɶɧɨ, ɛɵɫɬɪɨɟ ɨɯɥɚɠɞɟɧɢɟ ɩɨɬɨɤɚ 
ɢ ɨɤɢɫɥɟɧɢɟ ɩɪɨɞɭɤɬɨɜ ɩɟɪɜɢɱɧɨɝɨ ɝɨɪɟɧɢɹ. Ⱦɥɹ ɨɰɟɧɤɢ ɩɪɢɧɹɬɨ ɡɧɚ-
ɱɟɧɢɟ ɪɚɫɯɨɞɚ ɜɨɞɵ ɜ Ʉɋ 

2H O ,G  ɪɚɜɧɨɟ 0,55 ɤɝ/ɫ (ɜ ɫɨɨɬɜɟɬɫɬɜɢɢ 

ɫ ɪɚɫɱɟɬɚɦɢ, ɩɪɢɜɟɞɟɧɧɵɦɢ ɜɵɲɟ). 
ɉɪɢɧɢɦɚɟɬɫɹ ɭɩɪɨɳɚɸɳɟɟ ɩɪɟɞɩɨɥɨɠɟɧɢɟ, ɱɬɨ ɥɢɦɢɬɢɪɭɸɳɢɦ 

ɩɪɨɰɟɫɫɨɦ ɜ ɨɫɧɨɜɧɨɣ ɡɨɧɟ Ʉɋ ɹɜɥɹɟɬɫɹ ɢɫɩɚɪɟɧɢɟ ɤɚɩɟɥɶ ɜɨɞɵ (ɫɱɢ-

ɬɚɟɦ, ɱɬɨ ɢɫɩɚɪɢɜɲɚɹɫɹ ɜɨɞɚ ɜɫɬɭɩɚɟɬ ɜ ɪɟɚɤɰɢɸ ɦɝɧɨɜɟɧɧɨ). ɉɪɟɞɩɨ-
ɥɨɠɟɧɢɟ ɨɛɨɫɧɨɜɵɜɚɟɬɫɹ ɬɟɦ, ɱɬɨ ɜ ɤɚɦɟɪɟ ɫɝɨɪɚɧɢɹ ɤɚɩɥɢ ɜɨɞɵ ɞɨɫɬɚ-
ɬɨɱɧɨ ɤɪɭɩɧɵɟ ɢ ɢɫɩɚɪɹɸɬɫɹ ɦɟɞɥɟɧɧɨ, ɚ ɚɥɸɦɢɧɢɣ ɩɪɢɫɭɬɫɬɜɭɟɬ 
ɡɞɟɫɶ ɜ ɩɚɪɨɨɛɪɚɡɧɨɦ ɫɨɫɬɨɹɧɢɢ. ȼ ɷɬɨɦ ɫɥɭɱɚɟ ɦɨɠɧɨ ɨɩɪɟɞɟɥɢɬɶ ɩɚ-
ɪɚɦɟɬɪɵ ɩɨɬɨɤɚ ɜ ɤɚɠɞɨɦ ɫɟɱɟɧɢɢ Ʉɋ ɜ ɪɚɦɤɚɯ ɪɚɫɱɟɬɚ ɬɟɪɦɨɞɢɧɚɦɢ-

ɱɟɫɤɨɝɨ ɪɚɜɧɨɜɟɫɢɹ. Ɉɞɧɚɤɨ ɢɫɯɨɞɧɵɦ ɩɚɪɚɦɟɬɪɨɦ ɞɥɹ ɪɚɫɱɟɬɚ ɹɜɥɹɟɬɫɹ 
ɧɟ ɨɬɧɨɲɟɧɢɟ ɪɚɫɯɨɞɨɜ ɩɨɞɚɜɚɟɦɨɣ ɜ ɤɚɦɟɪɭ ɫɝɨɪɚɧɢɹ ɜɨɞɵ ɢ ɩɨɪɨɲɤɚ 
ɚɥɸɦɢɧɢɹ L, ɚ ɨɬɧɨɲɟɧɢɟ ɪɚɫɯɨɞɨɜ ɢɫɩɚɪɢɜɲɟɣɫɹ ɜ ɪɚɫɫɱɢɬɵɜɚɟɦɨɦ 

ɫɟɱɟɧɢɢ ɜɨɞɵ ɢ ɩɨɪɨɲɤɚ ɚɥɸɦɢɧɢɹ. 
ȼ ɬɚɛɥ. 3 ɩɪɢɜɟɞɟɧɵ ɬɟɪɦɨɞɢɧɚɦɢɱɟɫɤɢɟ ɩɚɪɚɦɟɬɪɵ ɩɨɬɨɤɚ ɜ ɡɚ-

ɜɢɫɢɦɨɫɬɢ ɨɬ ɨɬɧɨɲɟɧɢɹ ɪɚɫɯɨɞɚ ɜɨɞɵ, ɢɫɩɚɪɢɜɲɟɣɫɹ ɜ ɫɟɱɟɧɢɢ ɮɨɪ-
ɫɭɧɨɤ, ɢ ɩɨɪɨɲɤɚ ɚɥɸɦɢɧɢɹ. Ɂɧɚɱɟɧɢɹ Zf, Rf ɢ Tf (ɦɚɫɫɨɜɚɹ ɞɨɥɹ ɤɨɧ-

ɞɟɧɫɢɪɨɜɚɧɧɨɣ ɮɚɡɵ, ɝɚɡɨɜɚɹ ɩɨɫɬɨɹɧɧɚɹ ɢ ɬɟɦɩɟɪɚɬɭɪɚ ɩɨɬɨɤɚ ɫɨɨɬ-
ɜɟɬɫɬɜɟɧɧɨ) ɨɬ Lɢɫɩ (ɨɬɧɨɲɟɧɢɹ ɪɚɫɯɨɞɚ ɢɫɩɚɪɢɜɲɟɣɫɹ ɜɨɞɵ ɢ ɩɨɪɨɲɤɚ 
ɚɥɸɦɢɧɢɹ ɜ ɫɟɱɟɧɢɢ ɪɚɫɩɨɥɨɠɟɧɢɹ ɮɨɪɫɭɧɨɤ) ɩɨɥɭɱɟɧɵ ɜ ɪɟɡɭɥɶɬɚɬɟ 
ɜɵɩɨɥɧɟɧɢɹ ɪɚɫɱɟɬɨɜ ɜ ɩɪɨɝɪɚɦɦɟ «ȺɋɌɊȺ.4» [9]. 
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Ɍɚɛɥɢɰɚ 3 

Ɍɟɪɦɨɞɢɧɚɦɢɱɟɫɤɢɟ ɩɚɪɚɦɟɬɪɵ ɩɨɬɨɤɚ 

№ ɩ/ɩ Lɢɫɩ Zf Tf, Ʉ Rf, Ⱦɠ/(ɤɝ·Ʉ) 

1 0 0,08 2465 150 

2 0,5 0,6 3435 460 

3 1 0,65 3235 665 

4 1,5 0,55 2815 580 

5 2 0,5 2410 540 

6 2,5 0,45 2240 520 

7 3 0,4 1925 510 

8 3,5 0,35 1660 500 

9 4 0,3 1450 500 

10 4,5 0,3 1265 495 

11 5 0,3 1110 490 

12 5,5 0,25 970 490 

 

ɉɟɪɟɞ ɨɰɟɧɤɨɣ ɦɚɤɫɢɦɚɥɶɧɨɝɨ ɞɢɚɦɟɬɪɚ ɤɚɩɥɢ ɧɟɨɛɯɨɞɢɦɨ ɜɵ-

ɩɨɥɧɢɬɶ ɩɪɟɞɜɚɪɢɬɟɥɶɧɭɸ ɨɰɟɧɤɭ ɫɤɨɪɨɫɬɢ ɞɜɢɠɟɧɢɹ ɤɚɩɟɥɶ ɜɨɞɵ 

ɜ ɩɨɬɨɤɟ: 

ɮfU v v= −r r r
; 2 2

x yU U U= + , 

ɝɞɟ U – ɫɤɨɪɨɫɬɶ ɨɛɞɭɜɚ ɤɚɩɥɢ (ɨɩɪɟɞɟɥɹɟɬɫɹ ɜɟɤɬɨɪɧɵɦ ɜɵɱɢɬɚɧɢɟɦ 

ɫɤɨɪɨɫɬɟɣ ɩɨɬɨɤɚ fv
r

 ɢ ɤɚɩɥɢ ɤv
r

). ɇɚɩɪɚɜɥɟɧɢɹ ɫɤɨɪɨɫɬɟɣ ɨɫɧɨɜɧɨɝɨ 

ɩɨɬɨɤɚ ɢ ɫɤɨɪɨɫɬɢ ɤɚɩɟɥɶ ɜɨɞɵ, ɢɫɬɟɤɚɸɳɢɯ ɢɡ ɮɨɪɫɭɧɤɢ, ɩɪɟɞɫɬɚɜɥɟ-
ɧɵ ɧɚ ɪɢɫ. 4. ɍɝɨɥ ɦɟɠɞɭ ɜɟɤɬɨɪɚɦɢ fv

r
 ɢ ɤv

r
 ɨɛɨɡɧɚɱɟɧ α. ȼ ɧɚɱɚɥɶ-

ɧɵɣ ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ ɫɤɨɪɨɫɬɶ ɤɚɩɥɢ ɪɚɜɧɚ ɫɤɨɪɨɫɬɢ ɢɫɬɟɱɟɧɢɹ ɫɬɪɭɢ 

ɢɡ ɮɨɪɫɭɧɤɢ ɮv
r

.  

Ʉɨɦɩɨɧɟɧɬɵ ɫɤɨɪɨɫɬɢ ɨɛɞɭɜɚ ɤɚɩɥɢ Ux ɢ Uɭ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ 

Ux = νf  – νɮɯ; νɮɯ = νɮcosα, 

Uɭ = νɮɭ; νɮɭ = νɮsinα. 

ɋɤɨɪɨɫɬɶ ɩɨɬɨɤɚ ɨɩɪɟɞɟɥɹɟɬɫɹ ɩɨ ɮɨɪɦɭɥɟ 

*
ɤ

f
f

f

G
v

S
= ρ , 



Ɋɚɡɪɚɛɨɬɤɚ ɭɡɥɚ ɩɨɞɚɱɢ ɜɨɞɵ ɜ Ʉɋ ɭɫɬɚɧɨɜɤɢ ɫɢɧɬɟɡɚ ɧɚɧɨɨɤɫɢɞɚ ɚɥɸɦɢɧɢɹ 
 

 89

ɝɞɟ fG  – ɫɭɦɦɚɪɧɵɣ ɪɚɫɯɨɞ ɤɨɦɩɨɧɟɧɬɨɜ ɫɦɟɫɢ ɜ ɫɟɱɟɧɢɢ ɮɨɪɫɭɧɨɤ; 

ɤS  – ɩɥɨɳɚɞɶ ɩɪɨɯɨɞɧɨɝɨ ɫɟɱɟɧɢɹ ɨɫɧɨɜɧɨɣ ɡɨɧɵ ɤɚɦɟɪɵ ɫɝɨɪɚɧɢɹ 

(ɡɧɚɱɟɧɢɟ ɤS  = 0,024 ɦ2
 ɩɪɢɧɹɬɨ ɜ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ [1]); *

fρ  – ɩɥɨɬɧɨɫɬɶ 

ɩɨɬɨɤɚ ɫ ɭɱɟɬɨɦ ɞɨɥɢ ɤ-ɮɚɡɵ fZ ; * (1 )f f fZρ = ρ − ; fρ  – ɩɥɨɬɧɨɫɬɶ ɝɚ-

ɡɚ ɜ ɩɨɬɨɤɟ, ɤ / ( ).f f fp R Tρ =  

 

Ɋɢɫ. 4. ɇɚɩɪɚɜɥɟɧɢɟ ɫɤɨɪɨɫɬɟɣ ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɚ  
ɢ ɫɬɪɭɢ ɜɨɞɵ ɢɡ ɮɨɪɫɭɧɤɢ 

ɋɭɦɦɚɪɧɵɣ ɪɚɫɯɨɞ ɤɨɦɩɨɧɟɧɬɨɜ ɫɦɟɫɢ ɜ ɫɟɱɟɧɢɢ ɮɨɪɫɭɧɨɤ ɨɩ-

ɪɟɞɟɥɹɟɬɫɹ ɩɨ ɮɨɪɦɭɥɟ 

2Ar O Al ɢɫɩfG G G G G= + + + ; ɢɫɩ ɢɫɩ AlG L G= . 

ɋɤɨɪɨɫɬɶ ɢɫɬɟɱɟɧɢɹ ɠɢɞɤɨɫɬɢ ɢɡ ɮɨɪɫɭɧɤɢ ɨɩɪɟɞɟɥɹɟɬɫɹ ɩɨ ɮɨɪ-
ɦɭɥɟ 

ɮ
ɮ

2 p
v

∆= ϕ ρ , 

ɝɞɟ ɮp∆  – ɩɟɪɟɩɚɞ ɞɚɜɥɟɧɢɹ ɧɚ ɮɨɪɫɭɧɤɟ, ɩɪɢɧɢɦɚɟɦ ɪɚɜɧɵɦ 1 Ɇɉɚ; 

ϕ  – ɤɨɷɮɮɢɰɢɟɧɬ ɫɤɨɪɨɫɬɢ, ɩɪɢɧɢɦɚɟɦ ɪɚɜɧɵɦ 0,98. 

Ɇɚɤɫɢɦɚɥɶɧɨɟ ɜɪɟɦɹ ɢɫɩɚɪɟɧɢɹ ɜɨɞɧɵɯ ɤɚɩɟɥɶ, ɨɛɪɚɡɭɸɳɢɯɫɹ 
ɩɪɢ ɩɨɞɚɱɟ ɜɨɞɵ ɜ ɨɫɧɨɜɧɭɸ ɡɨɧɭ ɤɚɦɟɪɵ ɫɝɨɪɚɧɢɹ, ɫɢɥɶɧɨ ɡɚɜɢɫɢɬ ɨɬ 
ɢɯ ɞɢɚɦɟɬɪɚ. Ɉɰɟɧɤɚ ɦɚɤɫɢɦɚɥɶɧɨɝɨ ɞɢɚɦɟɬɪɚ ɤɚɩɟɥɶ ɜɨɞɵ max

0D  ɩɪɨ-
ɢɡɜɨɞɢɥɚɫɶ ɩɨ ɦɟɬɨɞɢɤɟ, ɢɡɥɨɠɟɧɧɨɣ ɜ ɪɚɛɨɬɚɯ [11, 12], ɧɚ ɨɫɧɨɜɟ 
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ɫɪɚɜɧɟɧɢɹ ɱɢɫɥɚ ȼɟɛɟɪɚ We ɫ ɟɝɨ ɦɚɤɫɢɦɚɥɶɧɵɦ ɤɪɢɬɢɱɟɫɤɢɦ ɡɧɚɱɟ-
ɧɢɟɦ max

ɤɪWe  = 14: 

max
ɤɪmax

0 2 *

We

f

D
U

σ= ρ , 

ɝɞɟ σ  – ɤɨɷɮɮɢɰɢɟɧɬ ɩɨɜɟɪɯɧɨɫɬɧɨɝɨ ɧɚɬɹɠɟɧɢɹ ɜɨɞɵ, σ = 0,0725 ɇ/ɦ. 

ɉɨ ɜɵɲɟɩɪɢɜɟɞɟɧɧɨɣ ɮɨɪɦɭɥɟ ɩɪɨɜɟɞɟɧɵ ɪɚɫɱɟɬɵ ɦɚɤɫɢɦɚɥɶɧɨ-
ɝɨ ɞɢɚɦɟɬɪɚ ɤɚɩɥɢ ɪɚɫɩɵɥɢɜɚɟɦɨɣ ɜɨɞɵ, ɪɟɡɭɥɶɬɚɬɵ ɤɨɬɨɪɵɯ ɩɪɟɞ-

ɫɬɚɜɥɟɧɵ ɧɚ ɪɢɫ. 5. 

 

Ɋɢɫ. 5. Ɇɚɤɫɢɦɚɥɶɧɵɣ ɞɢɚɦɟɬɪ ɨɛɪɚɡɭɸɳɢɯɫɹ ɤɚɩɟɥɶ ɜɨɞɵ ɜ ɡɚɜɢɫɢɦɨɫɬɢ  

ɨɬ ɨɬɧɨɲɟɧɢɹ ɪɚɫɯɨɞɨɜ ɜɨɞɵ ɢ ɚɥɸɦɢɧɢɹ (L) ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɭɝɥɚɯ  
ɧɚɩɪɚɜɥɟɧɢɹ ɪɚɫɩɵɥɚ ɜɨɞɵ ɢɡ ɮɨɪɫɭɧɤɢ 

ɂɡ ɩɪɟɞɫɬɚɜɥɟɧɧɵɯ ɧɚ ɪɢɫ. 5 ɝɪɚɮɢɤɨɜ ɢ ɩɪɢɜɟɞɟɧɧɵɯ ɪɚɫɫɭɠɞɟ-
ɧɢɣ ɫɥɟɞɭɟɬ, ɱɬɨ ɧɚɢɛɨɥɟɟ ɩɪɢɟɦɥɟɦɵɦ ɭɝɥɨɦ ɪɚɫɩɵɥɢɜɚɧɢɹ ɜɨɞɵ ɩɨ 
ɨɬɧɨɲɟɧɢɸ ɤ ɧɚɩɪɚɜɥɟɧɢɸ ɜɵɫɨɤɨɬɟɦɩɟɪɚɬɭɪɧɨɝɨ ɩɨɬɨɤɚ ɜ ɤɚɦɟɪɟ 
ɫɝɨɪɚɧɢɹ ɹɜɥɹɟɬɫɹ ɭɝɨɥ, ɪɚɜɧɵɣ 150°. ȼɨ-ɩɟɪɜɵɯ, ɜɵɩɨɥɧɢɬɶ ɨɬɜɟɪɫɬɢɹ 
ɫɬɪɭɣɧɵɯ ɮɨɪɫɭɧɨɤ ɩɨɞ ɭɝɥɨɦ 175° ɬɟɯɧɨɥɨɝɢɱɟɫɤɢ ɬɪɭɞɧɨɨɫɭɳɟɫɬɜɢ-

ɦɨ ɢ ɬɪɭɞɨɟɦɤɨ. ȼɨ-ɜɬɨɪɵɯ, ɩɪɢ ɭɝɥɟ, ɛɥɢɡɤɨɦ ɤ 180°, ɤɚɩɥɢ ɜɨɞɵ 

ɩɪɚɤɬɢɱɟɫɤɢ ɧɟ ɛɭɞɭɬ ɩɨɩɚɞɚɬɶ ɜ ɹɞɪɨ ɩɨɬɨɤɚ.  
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Ⱦɥɹ ɨɰɟɧɤɢ ɩɪɢɧɢɦɚɟɦ, ɱɬɨ ɢɡ ɤɚɩɟɥɶ, ɪɚɫɩɵɥɟɧɧɵɯ ɩɪɨɬɢɜ ɩɨ-
ɬɨɤɚ ɜ ɫɟɱɟɧɢɢ ɮɨɪɫɭɧɨɤ, ɢɫɩɚɪɢɥɨɫɶ 50 % ɜɨɞɵ. ȼ ɷɬɨɦ ɫɥɭɱɚɟ ɩɨ-
ɝɪɟɲɧɨɫɬɶ ɨɰɟɧɤɢ ɫɤɨɪɨɫɬɢ ɨɛɞɭɜɚ ɤɚɩɟɥɶ ɛɭɞɟɬ ɦɢɧɢɦɚɥɶɧɨɣ. Ⱦɥɹ 
ɩɪɢɧɹɬɨɝɨ ɜɵɲɟ ɡɧɚɱɟɧɢɹ ɨɬɧɨɲɟɧɢɹ ɪɚɫɯɨɞɨɜ ɞɢɫɬɢɥɥɢɪɨɜɚɧɧɨɣ ɜɨ-
ɞɵ ɢ ɚɥɸɦɢɧɢɹ 5,5 Lɢɫɩ ɫɨɫɬɚɜɢɬ 2,75. ɉɪɢ ɭɝɥɟ ɪɚɫɩɵɥɢɜɚɧɢɹ 150° 

ɨɰɟɧɨɱɧɨɟ ɡɧɚɱɟɧɢɟ ɦɚɤɫɢɦɚɥɶɧɨɝɨ ɞɢɚɦɟɬɪɚ ɤɚɩɥɢ ɜɨɞɵ, ɩɪɢɜɟɞɟɧɧɨɟ 
ɧɚ ɪɢɫ. 5, ɪɚɜɧɨ ɩɪɢɦɟɪɧɨ 300 ɦɤɦ.  

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɜ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɛɵɥɢ ɩɪɨɚɧɚɥɢɡɢɪɨɜɚɧɵ ɨɫɧɨɜ-
ɧɵɟ ɬɢɩɵ ɤɚɦɟɪ ɫɝɨɪɚɧɢɹ. ɉɪɢɟɦɥɟɦɨɣ ɜ ɤɨɧɫɬɪɭɤɬɨɪɫɤɨɦ ɢ ɬɟɯɧɨɥɨ-
ɝɢɱɟɫɤɨɦ ɨɬɧɨɲɟɧɢɢ ɛɵɥɚ ɜɵɛɪɚɧɚ ɩɪɨɬɢɜɨɬɨɱɧɚɹ ɤɚɦɟɪɚ ɫɝɨɪɚɧɢɹ, 
ɨɛɟɫɩɟɱɢɜɚɸɳɚɹ ɧɟɨɛɯɨɞɢɦɨɟ ɜ ɬɟɯɧɨɥɨɝɢɱɟɫɤɨɦ ɩɪɨɰɟɫɫɟ ɩɨɥɭɱɟɧɢɹ 
ɧɚɧɨɨɤɫɢɞɚ ɫɦɟɫɟɨɛɪɚɡɨɜɚɧɢɟ. ɋɞɟɥɚɧ ɜɵɜɨɞ, ɱɬɨ ɧɚɢɛɨɥɟɟ ɩɨɞɯɨɞɹ-
ɳɢɦ ɭɫɬɪɨɣɫɬɜɨɦ ɩɨɞɚɱɢ ɜɨɞɵ ɜ ɤɚɦɟɪɭ ɫɝɨɪɚɧɢɹ ɭɫɬɚɧɨɜɤɢ ɫɢɧɬɟɡɚ 
ɧɚɧɨɨɤɫɢɞɚ ɚɥɸɦɢɧɢɹ ɛɭɞɟɬ ɹɜɥɹɬɶɫɹ ɤɨɥɥɟɤɬɨɪ ɫ ɨɬɜɟɪɫɬɢɹɦɢ, ɩɪɟɞ-

ɫɬɚɜɥɹɸɳɢɦɢ ɫɨɛɨɣ ɫɬɪɭɣɧɵɟ ɮɨɪɫɭɧɤɢ ɞɢɚɦɟɬɪɨɦ dɮ = 1…1,2 ɦɦ 

ɜ ɤɨɥɢɱɟɫɬɜɟ 10–18 ɲɬɭɤ. Ɋɚɡɪɚɛɨɬɚɧɧɨɟ ɞɢɫɩɟɪɝɢɪɭɸɳɟɟ ɭɫɬɪɨɣɫɬɜɨ 

ɨɛɟɫɩɟɱɢɜɚɟɬ ɦɢɧɢɦɚɥɶɧɵɟ ɝɚɛɚɪɢɬɵ, ɞɚɥɶɧɨɛɨɣɧɨɫɬɶ ɫɬɪɭɢ ɢ ɢɦɟɟɬ 
ɧɚɢɦɟɧɶɲɭɸ ɫɥɨɠɧɨɫɬɶ ɜ ɢɡɝɨɬɨɜɥɟɧɢɢ.  

Ɍɟɯɧɨɥɨɝɢɱɟɫɤɢɣ ɩɪɨɰɟɫɫ ɫɢɧɬɟɡɚ ɧɚɧɨɨɤɫɢɞɚ ɚɥɸɦɢɧɢɹ ɩɥɚ-
ɧɢɪɭɟɬɫɹ ɩɪɨɜɨɞɢɬɶ ɩɪɢ ɩɨɞɚɱɟ ɜ ɭɫɬɚɧɨɜɤɭ ɩɨɪɨɲɤɚ ɚɥɸɦɢɧɢɹ  
(GAl = 0,1 ɤɝ/ɫ), ɚɪɝɨɧɚ (GAr = 0,05 ɤɝ/ɫ), ɤɢɫɥɨɪɨɞɚ (

2OG  = 0,03 ɤɝ/ɫ) 

ɢ ɜɨɞɵ (
2H OG  = 0,55 ɤɝ/ɫ). Ɋɚɫɱɟɬɧɨɟ ɡɧɚɱɟɧɢɟ ɤɪɢɬɢɱɟɫɤɨɝɨ ɞɢɚɦɟɬɪɚ 

ɫɨɩɥɚ ɩɪɢ ɷɬɨɦ ɫɨɫɬɚɜɥɹɟɬ ≈ 59 ɦɦ. 

ɂɫɩɨɥɶɡɭɹ ɪɚɡɪɚɛɨɬɚɧɧɵɣ ɞɢɫɩɟɪɝɢɪɭɸɳɢɣ ɭɡɟɥ ɩɪɢ ɡɚɞɚɧɧɵɯ 
ɩɚɪɚɦɟɬɪɚɯ ɩɨɞɚɱɢ ɜɨɞɵ (ɪɚɫɯɨɞ 

2H OG  = 0,55 ɤɝ/ɫ, ɭɝɨɥ ɪɚɫɩɵɥɢɜɚɧɢɹ 

150°), ɦɨɠɧɨ ɞɨɛɢɬɶɫɹ ɩɪɢɟɦɥɟɦɵɯ ɨɰɟɧɨɱɧɵɯ ɡɧɚɱɟɧɢɣ ɦɚɤɫɢɦɚɥɶ-
ɧɨɝɨ ɞɢɚɦɟɬɪɚ ɤɚɩɟɥɶ ɜ ɤɚɦɟɪɟ ɫɝɨɪɚɧɢɹ ( max

0D  ≈ 300 ɦɤɦ) ɢ ɨɛɟɫɩɟ-
ɱɢɬɶ ɧɟɨɛɯɨɞɢɦɭɸ ɫɤɨɪɨɫɬɶ ɢɫɩɚɪɟɧɢɹ ɜɨɞɵ, ɨɤɢɫɥɟɧɢɟ ɩɪɨɞɭɤɬɨɜ 
ɩɟɪɜɢɱɧɨɝɨ ɝɨɪɟɧɢɹ, ɢɫɬɟɤɚɸɳɢɯ ɢɡ ɮɨɪɤɚɦɟɪɵ, ɢ ɛɵɫɬɪɨɟ ɨɯɥɚɠɞɟ-
ɧɢɟ ɜɵɫɨɤɨɬɟɦɩɟɪɚɬɭɪɧɨɝɨ ɩɨɬɨɤɚ. 
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