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Abstract. The modeling of complex radiative heat exchange in systems of 
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tions is considered. A structural scheme for simulating the influx of solar 

radiation into the heat-receiving surface of solar thermal and electric 

power stations is discussed. Calculations of spectral intensities and the 

flux of solar radiation are performed taking into account the selectivity of 
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ȼȼȿȾȿɇɂȿ 

ɇɟɫɦɨɬɪɹ ɧɚ ɬɨ, ɱɬɨ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɋɨɥɧɰɚ ɤɚɤ ɢɫɬɨɱɧɢɤɚ ɬɟɩɥɨɜɨɣ ɢ 

ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɷɧɟɪɝɢɢ ɫɨɩɪɹɠɟɧɨ ɫ ɜɵɫɨɤɨɣ ɫɬɨɢɦɨɫɬɶɸ ɭɫɬɪɨɣɫɬɜ ɞɥɹ 
ɩɪɟɨɛɪɚɡɨɜɚɧɢɹ ɫɨɥɧɟɱɧɨɝɨ ɢɡɥɭɱɟɧɢɹ (ɋɂ) ɜ ɬɟɩɥɨɜɭɸ ɢɥɢ ɷɥɟɤɬɪɢɱɟ-
ɫɤɭɸ ɷɧɟɪɝɢɸ, ɝɟɨɝɪɚɮɢɹ ɟɝɨ ɬɟɩɥɨɷɧɟɪɝɟɬɢɱɟɫɤɨɝɨ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɫ 
ɤɚɠɞɵɦ ɝɨɞɨɦ ɪɚɫɲɢɪɹɟɬɫɹ, ɬɚɤ ɤɚɤ ɋɨɥɧɰɟ ɹɜɥɹɟɬɫɹ ɧɟɢɫɱɟɪɩɚɟɦɵɦ 

ɷɤɨɥɨɝɢɱɟɫɤɢ ɱɢɫɬɵɦ ɢɫɬɨɱɧɢɤɨɦ ɷɧɟɪɝɢɢ. ɉɪɢ ɷɬɨɦ ɤɨɷɮɮɢɰɢɟɧɬ ɩɨ-

ɥɟɡɧɨɝɨ ɞɟɣɫɬɜɢɹ (ɄɉȾ) ɪɚɡɥɢɱɧɵɯ ɝɟɥɢɨɬɟɯɧɢɱɟɫɤɢɯ ɭɫɬɪɨɣɫɬɜ ɫɨɫɬɚɜ-

ɥɹɟɬ 10÷50 % ɩɨɥɧɨɣ ɫɜɟɬɨɜɨɣ ɷɧɟɪɝɢɢ ɋɨɥɧɰɚ, ɞɨɫɬɢɝɚɸɳɟɣ ɩɪɟɨɛɪɚ-
ɡɨɜɚɬɟɥɹ [1]. ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ ɫɢɥɶɧɭɸ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨ-ɜɪɟɦɟɧɧɭɸ 

ɢɡɦɟɧɱɢɜɨɫɬɶ ɞɨɫɬɢɝɚɸɳɟɝɨ ɩɨɞɫɬɢɥɚɸɳɟɣ ɩɨɜɟɪɯɧɨɫɬɢ ɩɨɬɨɤɚ ɋɂ, 

ɨɛɭɫɥɨɜɥɟɧɧɭɸ ɜɚɪɢɚɰɢɹɦɢ ɩɨɥɨɠɟɧɢɹ ɋɨɥɧɰɚ ɧɚ ɧɟɛɨɫɜɨɞɟ (ɫɭɬɨɱɧɵ-

ɦɢ ɢ ɫɟɡɨɧɧɵɦɢ), ɥɨɤɚɥɢɡɚɰɢɟɣ ɦɟɫɬɚ (ɲɢɪɨɬɚ, ɞɨɥɝɨɬɚ) ɢɡɦɟɧɱɢɜɨɫɬɶɸ 

ɦɟɬɟɨɫɨɫɬɨɹɧɢɹ ɚɬɦɨɫɮɟɪɵ, ɜɥɢɹɧɢɟɦ ɚɧɬɪɨɩɨɝɟɧɧɵɯ ɡɚɝɪɹɡɧɟɧɢɣ ɚɬ-
ɦɨɫɮɟɪɵ (ɨɫɨɛɟɧɧɨ ɜ ɨɤɪɟɫɬɧɨɫɬɢ ɤɪɭɩɧɵɯ ɝɨɪɨɞɨɜ ɢ ɩɪɨɦɵɲɥɟɧɧɨ 

ɪɚɡɜɢɬɵɯ ɪɟɝɢɨɧɨɜ). Ɋɚɡɪɚɛɨɬɚɧɧɨɟ ɜ ɪɚɛɨɬɚɯ [2–5] ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɫɩɟɤ-

ɬɪɚɥɶɧɵɯ ɩɨɥɟɣ ɤɨɪɨɬɤɨɜɨɥɧɨɜɨɣ ɪɚɞɢɚɰɢɢ ɜ ɭɫɥɨɜɢɹɯ ɹɫɧɨɣ, ɡɚɦɭɬ-
ɧɟɧɧɨɣ, ɨɛɥɚɱɧɨɣ ɢ ɚɧɬɪɨɩɨɝɟɧɧɨ-ɜɨɡɦɭɳɟɧɧɨɣ ɚɬɦɨɫɮɟɪɵ ɩɨɡɜɨɥɹɟɬ 
ɨɰɟɧɢɬɶ ɜɥɢɹɧɢɟ ɯɨɡɹɣɫɬɜɟɧɧɨɣ ɞɟɹɬɟɥɶɧɨɫɬɢ ɱɟɥɨɜɟɤɚ ɧɚ ɪɚɛɨɬɭ ɩɟɪ-

ɫɩɟɤɬɢɜɧɵɯ ɫɨɥɧɟɱɧɵɯ ɬɟɩɥɨɜɵɯ ɢ ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɫɬɚɧɰɢɣ (ɋɌɋ, ɋɗɋ), 

ɨɰɟɧɢɬɶ ɢɯ ɪɟɧɬɚɛɟɥɶɧɨɫɬɶ. ɋɚɦ ɪɚɫɬɢɬɟɥɶɧɵɣ ɩɨɤɪɨɜ ɩɨɜɟɪɯɧɨɫɬɢ Ɂɟɦ-

ɥɢ ɦɨɠɧɨ ɪɚɫɫɦɚɬɪɢɜɚɬɶ ɤɚɤ ɟɫɬɟɫɬɜɟɧɧɵɣ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɶ ɷɧɟɪɝɢɢ 

ɢɡɥɭɱɟɧɢɹ ɋɨɥɧɰɚ ɜ ɨɪɝɚɧɢɱɟɫɤɨɟ ɬɨɩɥɢɜɨ. 

Ɋɚɡɪɚɛɨɬɚɧɧɵɟ ɜ [2–5] ɦɟɬɨɞɵ ɪɚɫɱɟɬɨɜ ɫɩɟɤɬɪɚɥɶɧɵɯ ɢɧɬɟɧɫɢɜɧɨ-

ɫɬɟɣ ɢ ɩɨɬɨɤɨɜ ɤɨɪɨɬɤɨɜɨɥɧɨɜɨɣ ɢ ɞɥɢɧɧɨɜɨɥɧɨɜɨɣ ɪɚɞɢɚɰɢɢ ɧɚ ɩɨɞ-

ɫɬɢɥɚɸɳɭɸ ɩɨɜɟɪɯɧɨɫɬɶ ɩɨɡɜɨɥɹɸɬ ɪɚɫɫɱɢɬɚɬɶ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɮɭɧɤ-

ɰɢɨɧɢɪɨɜɚɧɢɹ ɭɫɬɚɧɨɜɨɤ ɫɨɥɧɟɱɧɨɝɨ ɝɨɪɹɱɟɝɨ ɜɨɞɨɫɧɚɛɠɟɧɢɹ (ɋȽȼ) 

ɞɥɹ ɥɸɛɨɝɨ ɦɟɫɬɚ ɢɯ ɪɚɫɩɨɥɨɠɟɧɢɹ ɢ ɤɨɧɫɬɪɭɤɬɨɪɫɤɨɝɨ ɪɟɲɟɧɢɹ. 

ɇɚɢɛɨɥɟɟ ɷɮɮɟɤɬɢɜɧɵ ɭɫɬɚɧɨɜɤɢ ɋȽȼ ɫ ɫɢɫɬɟɦɨɣ ɚɜɬɨɦɚɬɢɡɢɪɨɜɚɧɧɨɣ 

ɨɪɢɟɧɬɚɰɢɢ ɬɟɩɥɨɜɨɫɩɪɢɧɢɦɚɸɳɟɣ ɩɨɜɟɪɯɧɨɫɬɢ ɧɚ ɞɢɫɤ ɋɨɥɧɰɚ [1].  

ȼ ɷɬɨɦ ɫɥɭɱɚɟ ɬɟɩɥɨɜɨɫɩɪɢɹɬɢɟ ɋɂ ɜ ɭɫɬɚɧɨɜɤɟ ɋȽȼ ɛɭɞɟɬ ɦɚɤɫɢɦɚɥɶ-

ɧɨ ɜɨɡɦɨɠɧɵɦ. Ɉɪɢɟɧɬɚɰɢɹ ɬɟɩɥɨɜɨɫɩɪɢɧɢɦɚɸɳɟɣ ɩɨɜɟɪɯɧɨɫɬɢ 

ɞɨɥɠɧɚ ɩɪɨɢɡɜɨɞɢɬɶɫɹ ɤɚɤ ɩɨ ɡɟɧɢɬɧɨɦɭ, ɬɚɤ ɢ ɚɡɢɦɭɬɚɥɶɧɨɦɭ ɭɝɥɚɦ  

ɫ ɭɱɟɬɨɦ ɜɪɟɦɟɧɧɵɯ ɜɚɪɢɚɰɢɣ ɩɨɥɨɠɟɧɢɹ ɋɨɥɧɰɚ ɧɚ ɧɟɛɨɫɜɨɞɟ, ɤɨɬɨ-

ɪɵɟ ɬɨɱɧɨ ɜɵɱɢɫɥɹɸɬɫɹ ɞɥɹ ɥɸɛɨɣ ɥɨɤɚɥɢɡɚɰɢɢ ɦɟɫɬɚ ɪɚɫɩɨɥɨɠɟɧɢɹ 

ɭɫɬɚɧɨɜɤɢ ɋȽȼ ɩɨ [10]. ȼ ɫɥɭɱɚɟ ɝɨɪɢɡɨɧɬɚɥɶɧɨɝɨ ɢɥɢ ɧɚɤɥɨɧɧɨɝɨ ɪɚɫ-
ɩɨɥɨɠɟɧɢɹ ɬɟɩɥɨɜɨɫɩɪɢɧɢɦɚɸɳɟɣ ɩɨɜɟɪɯɧɨɫɬɢ ɭɫɬɚɧɨɜɤɢ ɋȽȼ ɧɟɨɛ-

ɯɨɞɢɦɨ ɜɜɟɞɟɧɢɟ ɷɮɮɟɤɬɢɜɧɨɣ ɩɥɨɳɚɞɢ ɬɟɩɥɨɜɨɫɩɪɢɧɢɦɚɸɳɟɣ ɩɨ-

ɜɟɪɯɧɨɫɬɢ. ȼ ɪɚɫɱɟɬɚɯ ɧɟɨɛɯɨɞɢɦɨ ɭɱɢɬɵɜɚɬɶ ɫɟɥɟɤɬɢɜɧɨɫɬɶ ɫɩɟɤɬɪɨɜ 
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ɩɨɝɥɨɳɟɧɢɹ ɋɂ ɚɬɦɨɫɮɟɪɧɵɦɢ ɝɚɡɚɦɢ ɩɪɹɦɨɣ ɢ ɪɚɫɫɟɹɧɧɨɣ ɫɨɥɧɟɱ-

ɧɨɣ ɪɚɞɢɚɰɢɢ, ɪɚɫɫɟɹɧɧɨɟ ɞɢɮɮɭɡɧɨɟ ɨɬɪɚɠɟɧɧɨɟ ɩɨɞɫɬɢɥɚɸɳɟɣ  

ɩɨɜɟɪɯɧɨɫɬɶɸ ɢɡɥɭɱɟɧɢɟ ɋɨɥɧɰɚ ɜ ɡɚɞɧɸɸ ɩɨɥɭɫɮɟɪɭ, ɬɟɩɥɨɜɨɟ ɩɪɨ-

ɬɢɜɨɢɡɥɭɱɟɧɢɟ ɚɬɦɨɫɮɟɪɵ, ɩɚɞɚɸɳɟɟ ɧɚ ɬɟɩɥɨɜɨɫɩɪɢɧɢɦɚɸɳɭɸ ɩɨ-

ɜɟɪɯɧɨɫɬɶ, ɩɨɬɟɪɢ ɬɟɩɥɚ, ɨɛɭɫɥɨɜɥɟɧɧɵɟ ɤɨɧɜɟɤɬɢɜɧɵɦ ɬɟɩɥɨɨɛɦɟɧɨɦ 

ɢ ɧɚɪɭɠɧɵɦ ɪɚɞɢɚɰɢɨɧɧɵɦ ɨɯɥɚɠɞɟɧɢɟɦ. 

ȿɫɥɢ ɬɟɩɥɨɜɨɫɩɪɢɧɢɦɚɸɳɚɹ ɩɨɜɟɪɯɧɨɫɬɶ ɹɜɥɹɟɬɫɹ «ɱɟɪɧɨɣ», ɚ ɬɟɩ-

ɥɨɨɛɦɟɧ ɜ ɬɵɥɶɧɭɸ ɩɨɥɭɫɮɟɪɭ ɨɬɫɭɬɫɬɜɭɟɬ, ɬɨ ɩɨ ɪɚɞɢɚɰɢɨɧɧɨɦɭ  

ɛɚɥɚɧɫɭ ɦɟɠɞɭ ɩɪɢɯɨɞɹɳɢɦ ɩɨɬɨɤɨɦ ɋɂ ɢ ɫɨɛɫɬɜɟɧɧɨɦɭ ɬɟɩɥɨɜɨɦɭ 

ɢɡɥɭɱɟɧɢɸ ɬɟɩɥɨɜɨɫɩɪɢɧɢɦɚɸɳɟɣ ɩɨɜɟɪɯɧɨɫɬɢ ɦɨɠɧɨ ɨɩɪɟɞɟɥɢɬɶ 
ɦɚɤɫɢɦɚɥɶɧɨ ɜɨɡɦɨɠɧɭɸ ɬɟɦɩɟɪɚɬɭɪɭ ɬɟɩɥɨɧɨɫɢɬɟɥɹ Ɍmax. ɇɚɩɪɢɦɟɪ, 

ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ ɚɬɦɨɫɮɟɪɵ Ɍɚ=300 Ʉ, ɢ ɩɨɥɨɠɟɧɢɹ ɋɨɥɧɰɚ ɫ ɡɟɧɢɬ-
ɧɵɦ ɭɝɥɨɦ θ0=0°, Ɍmax≈420 Ʉ. Ⱦɟɣɫɬɜɢɬɟɥɶɧɚɹ ɬɟɦɩɟɪɚɬɭɪɚ ɬɟɩɥɨɧɨɫɢ-

ɬɟɥɹ ɜ ɫɨɥɧɟɱɧɨɦ ɤɨɥɥɟɤɬɨɪɟ ɜɫɟɝɞɚ ɛɭɞɟɬ ɧɢɠɟ Ɍmax ɢ ɛɭɞɟɬ ɡɚɜɢɫɟɬɶ 
ɨɬ ɡɟɧɢɬɧɨɝɨ ɭɝɥɚ ɋɨɥɧɰɚ θ0, ɭɝɥɚ ɧɚɤɥɨɧɚ ɩɥɨɫɤɨɫɬɢ ɤɨɥɥɟɤɬɨɪɚ ɤ ɝɨ-

ɪɢɡɨɧɬɭ 

0  ɢ ɚɡɢɦɭɬɚɥɶɧɨɝɨ ɭɝɥɚ  , ɩɥɨɳɚɞɢ ɤɨɥɥɟɤɬɨɪɚ, ɦɟɬɟɨɫɨ-

ɫɬɨɹɧɢɹ ɚɬɦɨɫɮɟɪɵ, ɩɪɨɢɡɜɨɞɢɬɟɥɶɧɨɫɬɢ ɝɨɪɹɱɟɝɨ ɜɨɞɨɫɧɚɛɠɟɧɢɹ D, 

ɤɨɧɫɬɪɭɤɰɢɢ ɫɨɥɧɟɱɧɨɝɨ ɤɨɥɥɟɤɬɨɪɚ. 

ɆȿɌɈȾ ɊȺɋɑȿɌȺ ɗɎɎȿɄɌɂȼɇɈɋɌɂ ɊȺȻɈɌɕ 

ɉɊȿɈȻɊȺɁɈȼȺɌȿɅȿɃ ɗɇȿɊȽɂɂ ɋɈɅɇȿɑɇɕɏ ɌȿɉɅɈȼɕɏ  

ɂ ɗɅȿɄɌɊɂɑȿɋɄɂɏ ɋɌȺɇɐɂɃ 

ɉɨɥɧɵɣ ɩɨɬɨɤ ɢɡɥɭɱɟɧɢɹ, ɞɨɫɬɢɝɚɸɳɢɣ ɬɟɩɥɨɜɨɫɩɪɢɧɢɦɚɸɳɟɣ 

ɩɨɜɟɪɯɧɨɫɬɢ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɹ, ɨɩɪɟɞɟɥɹɟɬɫɹ ɫɨɨɬɧɨɲɟɧɢɟɦ 
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0 0

F t f F s t P F t F t Pi i iT iT iTi
              

 

 , , ,
0

F s t d
ii

      
    ,        (1) 

ɝɞɟ Fi  – ɫɪɟɞɧɟɦɟɫɹɱɧɵɣ ɢɥɢ ɫɪɟɞɧɟɫɭɬɨɱɧɵɣ ɩɨɬɨɤ ɋɂ ɩɚɞɚɸɳɟɝɨ  

ɧɚ ɫɬɟɤɨɥɶɧɨɟ (ɩɥɟɧɨɱɧɨɟ) ɩɨɤɪɵɬɢɟ ɫɨɥɧɟɱɧɨɝɨ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɹ, ɝɞɟ 
if  – ɜɟɪɨɹɬɧɨɫɬɶ ɩɪɨɹɜɥɟɧɢɹ ɫɢɬɭɚɰɢɢ i, i – ɧɨɦɟɪ ɫɢɬɭɚɰɢɢ (ɹɫɧɨ, 

ɨɞɧɨɹɪɭɫɧɚɹ ɨɛɥɚɱɧɨɫɬɶ ɧɢɠɧɟɝɨ, ɫɪɟɞɧɟɝɨ ɢ ɜɟɪɯɧɟɝɨ ɹɪɭɫɨɜ, ɞɜɭɯɴ-

ɹɪɭɫɧɨɟ ɩɟɪɟɤɪɵɬɢɟ ɧɢɠɧɟɝɨ ɢ ɫɪɟɞɧɟɝɨ ɹɪɭɫɨɜ, ɞɜɭɯɴɹɪɭɫɧɨɟ ɩɟɪɟ-
ɤɪɵɬɢɟ ɧɢɠɧɟɝɨ ɢ ɜɟɪɯɧɟɝɨ ɹɪɭɫɨɜ, ɞɜɭɯɴɹɪɭɫɧɨɟ ɩɟɪɟɤɪɵɬɢɟ ɫɪɟɞɧɟɝɨ 

ɢ ɜɟɪɯɧɟɝɨ ɹɪɭɫɨɜ, ɬɪɟɯɴɹɪɭɫɧɨɟ ɩɟɪɟɤɪɵɬɢɟ ɧɟɛɨɫɜɨɞɚ ɨɛɥɚɤɚɦɢ 

ɧɢɠɧɟɝɨ, ɫɪɟɞɧɟɝɨ ɢ ɜɟɪɯɧɟɝɨ ɹɪɭɫɨɜ; ɩɪɢ ɷɬɨɦ ɭɞɨɜɥɟɬɜɨɪɹɟɬɫɹ ɭɫɥɨ-

ɜɢɟ 1fii
 ), s – ɩɥɨɳɚɞɶ ɬɟɩɥɨɜɨɫɩɪɢɧɢɦɚɸɳɟɣ ɩɨɜɟɪɯɧɨɫɬɢ ɬɟɩɥɨ-



130 

ɜɨɝɨ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɹ, t – ɜɪɟɦɹ (ɞɧɹ, ɦɟɫɹɰɚ),  – ɫɩɟɤɬɪɚɥɶɧɨɟ ɚɥɶ-

ɛɟɞɨ ɩɨɞɫɬɢɥɚɸɳɟɣ ɩɨɜɟɪɯɧɨɫɬɢ, 


 – ɫɩɟɤɬɪɚɥɶɧɨɟ ɚɥɶɛɟɞɨ ɚɬɦɨ-

ɫɮɟɪɵ ɞɥɹ ɞɢɮɮɭɡɧɨɝɨ ɨɬɪɚɠɟɧɧɨɝɨ ɢɡɥɭɱɟɧɢɹ,  
T

F ti


 – ɫɨɛɫɬɜɟɧɧɨɟ 
ɬɟɩɥɨɜɨɟ ɢɡɥɭɱɟɧɢɟ ɡɚɳɢɬɧɨɝɨ ɩɨɤɪɵɬɢɹ, ɤɨɬɨɪɨɟ ɧɚɝɪɟɜɚɟɬɫɹ ɜɫɥɟɞ-

ɫɬɜɢɟ ɩɨɝɥɨɳɟɧɢɹ ɫɨɥɧɟɱɧɨɝɨ ɢɡɥɭɱɟɧɢɹ,  
T

F ti  – ɩɨɬɨɤ ɬɟɩɥɨɜɨɝɨ 

ɩɪɨɬɢɜɨɢɡɥɭɱɟɧɢɹ ɚɬɦɨɫɮɟɪɵ,    ,
T

P t P ti i


 – ɩɪɨɡɪɚɱɧɨɫɬɶ ɡɚɳɢɬɧɨ-

ɝɨ ɩɨɤɪɵɬɢɹ ɞɥɹ ɬɟɩɥɨɜɨɝɨ ɢɡɥɭɱɟɧɢɹ ɢ ɋɂ ɞɥɹ ɫɢɬɭɚɰɢɢ i. ȼɟɥɢɱɢɧɵ 

   ,
T

P t P ti i


 ɨɩɪɟɞɟɥɹɸɬɫɹ ɤɚɤ ɨɬɪɚɠɟɧɢɟɦ, ɬɚɤ ɢ ɩɨɝɥɨɳɟɧɢɟɦ ɢɡ-

ɥɭɱɟɧɢɹ ɡɚɳɢɬɧɵɦ ɩɨɤɪɵɬɢɟɦ. ȼɟɥɢɱɢɧɵ  tPiT
 ɢ  tPi

  ɬɚɤɠɟ ɦɨɝɭɬ 
ɦɟɧɹɬɶɫɹ ɜ ɫɜɹɡɢ ɫ ɚɧɬɪɨɩɨɝɟɧɧɵɦɢ ɜɨɡɞɟɣɫɬɜɢɹɦɢ. ɉɨɬɨɤ ɢɡɥɭɱɟɧɢɹ 

ɜɨɫɩɪɢɧɹɬɵɣ ɬɟɩɥɨɜɨɫɩɪɢɧɢɦɚɸɳɟɣ ɩɨɜɟɪɯɧɨɫɬɶɸ, ɨɩɪɟɞɟɥɹɟɬɫɹ ɟɟ 
ɤɨɷɮɮɢɰɢɟɧɬɨɦ ɱɟɪɧɨɬɵ   ɬɚɤ, ɱɬɨ 

   F t F tɜ   ,          (2) 

ɉɭɬɟɦ ɦɟɯɚɧɢɱɟɫɤɨɣ ɢ ɬɟɯɧɨɥɨɝɢɱɟɫɤɨɣ ɨɛɪɚɛɨɬɤɢ ɬɟɩɥɨɜɨɫɩɪɢ-
ɧɢɦɚɸɳɟɣ ɩɨɜɟɪɯɧɨɫɬɢ ɜɨɡɦɨɠɧɨ ɞɨɫɬɢɝɧɭɬɶ ɡɧɚɱɟɧɢɣ 

0.96 0.98   . Ɍɵɥɶɧɭɸ ɫɬɨɪɨɧɭ ɫɨɥɧɟɱɧɨɝɨ ɤɨɥɥɟɤɬɨɪɚ ɠɟɥɚɬɟɥɶɧɨ 

ɩɨɤɪɵɜɚɬɶ ɫɜɟɬɨɨɬɪɚɠɚɸɳɢɦ ɩɨɤɪɵɬɢɟɦ ɞɥɹ ɭɦɟɧɶɲɟɧɢɹ ɬɟɩɥɨɜɵɯ 
ɩɨɬɟɪɶ ɢ ɩɪɢɦɟɧɹɬɶ ɬɟɩɥɨɢɡɨɥɹɰɢɸ ɞɥɹ ɭɦɟɧɶɲɟɧɢɹ ɧɚɪɭɠɧɨɝɨ ɨɯɥɚ-
ɠɞɟɧɢɹ. ȿɫɥɢ ɜɜɟɫɬɢ ɤɨɷɮɮɢɰɢɟɧɬ HOq  ɧɚɪɭɠɧɨɝɨ ɨɯɥɚɠɞɟɧɢɹ, ɬɨ 

ɩɨɥɟɡɧɨɟ ɜɨɫɩɪɢɹɬɢɟ  tFn


 ɨɩɪɟɞɟɥɢɬɫɹ ɫɨɨɬɧɨɲɟɧɢɟɦ 

     n HOF t F t q t
   ,         (3) 

ɉɨɬɨɤɢ ɢɡɥɭɱɟɧɢɹ  , , ,F s ti
    ɜɵɱɢɫɥɹɸɬɫɹ ɩɭɬɟɦ ɢɧɬɟɝɪɢɪɨɜɚ-

ɧɢɹ ɫɩɟɤɬɪɚɥɶɧɵɯ ɢɧɬɟɧɫɢɜɧɨɫɬɟɣ ɩɪɹɦɨɣ ɩɨɞɫɜɟɬɤɢ ɩɨɜɟɪɯɧɨɫɬɢ ɋɂ 
ɢ ɪɚɫɫɟɹɧɧɵɦ ɢɡɥɭɱɟɧɢɟɦ ɩɨ ɫɩɟɤɬɪɭ ɞɥɢɧ ɜɨɥɧ ɢ ɬɟɥɟɫɧɨɦɭ ɭɝɥɭ ɜ 
ɩɪɟɞɟɥɚɯ ɩɨɥɭɫɮɟɪɵ ɩɨ ɫɨɨɬɧɨɲɟɧɢɹɦ ɪɚɫɫɦɨɬɪɟɧɧɵɦ ɜ ɪɚɛɨɬɚɯ 

[2,3,6]. Ⱥɥɝɨɪɢɬɦɵ ɪɚɫɱɟɬɚ ɬɟɩɥɨɜɵɯ ɩɨɬɨɤɨɜ ɢɡɥɭɱɟɧɢɹ iTF  ɜ ɫɢɫɬɟ-
ɦɟ Ɂɟɦɥɹ-ɚɬɦɨɫɮɟɪɚ ɪɚɫɫɦɨɬɪɟɧɵ ɜ [9]. Ɉɬɦɟɬɢɦ, ɱɬɨ ɜ ɫɥɭɱɚɟ ɩɟɪɟ-
ɤɪɵɬɢɹ ɧɟɛɨɫɜɨɞɚ ɨɛɥɚɱɧɨɫɬɶɸ ɡɧɚɱɟɧɢɹ  , , ,F s ti

    ɨɩɪɟɞɟɥɹɸɬɫɹ 

ɬɨɥɶɤɨ ɪɚɫɫɟɹɧɧɵɦ ɢɡɥɭɱɟɧɢɟɦ. ȼɨ ɜɫɟɯ ɫɥɭɱɚɹɯ ɩɨɝɥɨɳɟɧɢɟ ɢɡɥɭɱɟ-
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ɧɢɹ ɚɬɦɨɫɮɟɪɨɣ ɜɵɱɢɫɥɹɟɬɫɹ ɫ ɭɱɟɬɨɦ ɨɫɬɪɨɣ ɫɟɥɟɤɰɢɢ ɫɩɟɤɬɪɨɜ ɩɨ-
ɝɥɨɳɟɧɢɹ ɝɚɡɨɜɨɣ ɮɚɡɨɣ ɚɬɦɨɫɮɟɪɵ ɞɜɭɯɩɚɪɚɦɟɬɪɢɱɟɫɤɢɦ ɦɟɬɨɞɨɦ 
ɷɤɜɢɜɚɥɟɧɬɧɨɣ ɦɚɫɫɵ [4,9] ɢɥɢ ɦɟɬɨɞɨɦ ɩɪɹɦɨɝɨ ɱɢɫɥɟɧɧɨɝɨ ɦɨɞɟɥɢ-
ɪɨɜɚɧɢɹ ɬɨɧɤɨɣ ɫɬɪɭɤɬɭɪɵ ɫɩɟɤɬɪɨɜ ɦɨɥɟɤɭɥɹɪɧɨɝɨ ɩɨɝɥɨɳɟɧɢɹ [2]. 

Ɍɟɦɩɟɪɚɬɭɪɚ ɬɟɩɥɨɧɨɫɢɬɟɥɹ ɧɚ ɜɵɯɨɞɟ ɫɨɥɧɟɱɧɨɝɨ ɤɨɥɥɟɤɬɨɪɚ 
ɨɩɪɟɞɟɥɹɟɬɫɹ ɢɡ ɭɪɚɜɧɟɧɢɹ ɪɚɞɢɚɰɢɨɧɧɨɝɨ ɛɚɥɚɧɫɚ 

 ɪ HOɋ D T F t q
   ,          (4) 

ɝɞɟ T T Tɩɜ   , ɪɋ – ɬɟɩɥɨɟɦɤɨɫɬɶ ɜɨɞɵ, D – ɩɪɨɢɡɜɨɞɢɬɟɥɶɧɨɫɬɶ 

ɬɟɩɥɨɜɨɞɨɫɧɚɛɠɟɧɢɹ, Tɩɜ –ɬɟɦɩɟɪɚɬɭɪɚ ɩɢɬɚɬɟɥɶɧɨɣ ɜɨɞɵ ɧɚ ɜɯɨɞɟ 
ɫɨɥɧɟɱɧɨɝɨ ɤɨɥɥɟɤɬɨɪɚ. 

Ⱦɥɹ ɩɨɞɞɟɪɠɤɢ ɩɨɫɬɨɹɧɧɨɣ ɬɟɦɩɟɪɚɬɭɪɵ ɧɚ ɜɵɯɨɞɟ ɬɟɩɥɨɜɨɝɨ ɩɪɟ-
ɨɛɪɚɡɨɜɚɬɟɥɹ ɧɟɨɛɯɨɞɢɦɨ ɦɟɧɹɬɶ ɩɪɨɢɡɜɨɞɢɬɟɥɶɧɨɫɬɶ ɜɨɞɨɫɧɚɛɠɟɧɢɹ 

ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɨ ɜɟɥɢɱɢɧɟ  tF 
 ɜ ɬɟɱɟɧɢɟ ɫɜɟɬɨɜɨɝɨ ɞɧɹ, ɱɬɨ ɪɟɚɥɢ-

ɡɨɜɚɬɶ ɞɨɫɬɚɬɨɱɧɨ ɩɪɨɛɥɟɦɚɬɢɱɧɨ. ȼ ɷɬɨɦ ɡɚɤɥɸɱɚɟɬɫɹ ɨɫɧɨɜɧɨɣ ɧɟɞɨ-

ɫɬɚɬɨɤ, ɨɝɪɚɧɢɱɢɜɚɸɳɢɣ ɬɟɩɥɨɷɧɟɪɝɟɬɢɱɟɫɤɨɟ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɫɨɥɧɟɱ-

ɧɵɯ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɟɣ. 

Ɉɰɟɧɢɦ ɜɥɢɹɧɢɟ ɚɧɬɪɨɩɨɝɟɧɧɵɯ ɜɨɡɞɟɣɫɬɜɢɣ ɧɚ ɪɚɛɨɬɭ ɭɫɬɚɧɨɜɨɤ 

ɋȽȼ. ɗɬɨ ɜɥɢɹɧɢɟ ɩɪɨɹɜɥɹɟɬɫɹ ɜɫɥɟɞɫɬɜɢɟ ɭɫɢɥɟɧɢɹ ɩɨɝɥɨɳɟɧɢɹ ɋɂ 

ɩɪɨɦɵɲɥɟɧɧɵɦɢ ɜɵɛɪɨɫɚɦɢ ɜ ɚɬɦɨɫɮɟɪɭ ɝɚɡɨɜɵɯ ɢɧɝɪɟɞɢɟɧɬɨɜ ɢ 

ɡɨɥɶɧɵɯ ɨɛɪɚɡɨɜɚɧɢɣ, ɚɧɬɪɨɩɨɝɟɧɧɨɝɨ ɜɥɢɹɧɢɹ ɧɚ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɨɛ-

ɥɚɱɧɨɫɬɢ ɩɨ ɡɟɦɧɨɦɭ ɲɚɪɭ ɢ ɟɝɨ ɜɪɟɦɟɧɧɵɦ ɜɚɪɢɚɰɢɹɦ, ɪɨɫɬɚ ɜɥɚɝɨ-

ɫɨɞɟɪɠɚɧɢɹ ɜ ɚɬɦɨɫɮɟɪɟ ɜ ɪɟɡɭɥɶɬɚɬɟ ɩɚɪɧɢɤɨɜɨɝɨ ɷɮɮɟɤɬɚ ɚɬɦɨɫɮɟ-
ɪɵ, ɪɨɫɬɚ ɤɨɧɰɟɧɬɪɚɰɢɢ ɬɪɨɩɨɫɮɟɪɧɨɝɨ ɨɡɨɧɚ. ɍɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɜ 

ɨɤɪɟɫɬɧɨɫɬɢ ɤɪɭɩɧɵɯ ɝɨɪɨɞɨɜ ɨɫɚɞɤɨɜ ɜɵɩɚɞɚɟɬ ɜ ɞɜɚ ɪɚɡɚ ɛɨɥɶɲɟ, ɱɬɨ 

ɫɧɢɠɚɟɬ ɩɟɪɟɤɪɵɬɢɟ ɧɟɛɨɫɜɨɞɚ ɨɛɥɚɱɧɨɫɬɶɸ ɧɢɠɧɟɝɨ ɢ ɫɪɟɞɧɟɝɨ ɹɪɭ-

ɫɨɜ. ɋɧɢɠɚɟɬɫɹ ɩɟɪɟɤɪɵɬɢɟ ɧɟɛɨɫɜɨɞɚ ɨɛɥɚɱɧɨɫɬɶɸ ɩɨ ɦɟɪɟ ɬɟɱɟɧɢɹ 

ɜɨɡɞɭɲɧɨɣ ɦɚɫɫɵ ɜ ɝɥɭɛɶ ɤɨɧɬɢɧɟɧɬɨɜ. ȼɵɩɚɞɟɧɢɟ ɫɚɠɢɫɬɨɝɨ ɡɨɥɹ ɧɚ 
ɡɚɳɢɳɚɸɳɟɟ ɩɨɤɪɵɬɢɟ ɭɫɬɚɧɨɜɤɢ ɋȽȼ ɫɧɢɠɚɟɬ ɜɟɥɢɱɢɧɭ  tF  . 

ɋɧɢɠɟɧɢɟ ɩɟɪɟɤɪɵɬɢɹ ɧɟɛɨɫɜɨɞɚ ɨɛɥɚɤɚɦɢ ɩɪɢɜɨɞɢɬ ɤ ɭɜɟɥɢɱɟɧɢɸ 

ɡɧɚɱɟɧɢɹ  tF 
. Ɉɛɪɚɬɢɦ ɜɧɢɦɚɧɢɟ ɧɚ ɬɨ ɨɛɫɬɨɹɬɟɥɶɫɬɜɨ, ɱɬɨ ɪɨɫɬ 

ɨɩɬɢɱɟɫɤɨɣ ɬɨɥɳɢɧɵ ɚɬɦɨɫɮɟɪɵ ɡɚ ɫɱɟɬ ɩɨɝɥɨɳɟɧɢɹ ɢɡɥɭɱɟɧɢɹ ɡɨɥɟɦ 

ɜɨɡɪɚɫɬɚɟɬ ɨɛɪɚɬɧɨ ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɨ 0cos , ɚ ɞɥɹ ɝɚɡɨɜɵɯ ɤɨɦɩɨɧɟɧ-

ɬɨɜ – ɨɛɪɚɬɧɨ ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɨ  0cos
m

 , ɝɞɟ m  ɩɪɢɧɢɦɚɟɬ ɪɚɡɥɢɱ-
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ɧɵɟ ɡɧɚɱɟɧɢɹ ɞɥɹ ɪɚɡɥɢɱɧɵɯ ɢɧɝɪɟɞɢɟɧɬɨɜ ɜ ɞɢɚɩɚɡɨɧɟ  0.4;0.8 .  

ȼ ɫɜɹɡɢ ɫ ɷɬɢɦ ɫɬɟɩɟɧɶ ɜɥɢɹɧɢɹ ɡɨɥɹ ɧɚ ɫɧɢɠɟɧɢɟ ɜɟɥɢɱɢɧɵ  tF 
 ɩɨ 

ɫɪɚɜɧɟɧɢɸ ɫ ɜɥɢɹɧɢɟɦ ɝɚɡɨɜɵɯ ɢɧɝɪɟɞɢɟɧɬɨɜ ɜɨɡɪɚɫɬɚɟɬ ɫ ɪɨɫɬɨɦ ɡɟ-
ɧɢɬɧɨɝɨ ɭɝɥɚ  t0  ɧɚɛɥɸɞɟɧɢɹ ɋɨɥɧɰɚ. Ⱥɧɬɪɨɩɨɝɟɧɧɵɟ ɜɨɡɞɟɣɫɬɜɢɹ 

ɧɚ ɩɪɢɬɨɤ ɋɂ ɩɪɨɹɜɥɹɸɬɫɹ ɱɟɪɟɡ ɟɝɨ ɩɨɝɥɨɳɟɧɢɟ ɭɝɥɟɜɨɞɨɪɨɞɚɦɢ, 

ɨɤɢɫɥɚɦɢ ɚɡɨɬɚ, ɨɡɨɧɨɦ, ɩɪɨɦɵɲɥɟɧɧɵɦ ɡɨɥɟɦ, ɞɢɨɤɫɢɞɨɦ ɫɟɪɵ ɚɧ-

ɬɪɨɩɨɝɟɧɧɨ-ɜɨɡɦɭɳɟɧɧɵɦɢ ɨɛɥɚɤɚɦɢ. 

ɋɧɢɠɟɧɢɟ ɄɉȾ ɭɫɬɚɧɨɜɤɢ ɋȽȼ ɨɩɪɟɞɟɥɹɟɬɫɹ ɨɬɪɚɠɟɧɢɟɦ ɋɂ ɨɬ 
ɡɚɳɢɬɧɨɝɨ ɩɨɤɪɵɬɢɹ ɢ ɩɨɬɟɪɹɦɢ ɬɟɩɥɚ ɧɚ ɧɚɪɭɠɧɨɟ ɨɯɥɚɠɞɟɧɢɟ, ɨɬɥɢ-

ɱɢɟɦ ɤɨɷɮɮɢɰɢɟɧɬɚ ɱɟɪɧɨɬɵ ɨɬ ɟɞɢɧɢɰɵ  1  , ɩɨɝɥɨɳɟɧɢɟɦ ɋɂ 

ɡɚɳɢɬɧɵɦ ɩɨɤɪɵɬɢɟɦ. ȼɟɥɢɱɢɧɚ 

     0 0 0 0 0, , ,i iP i
              ,   (5) 

ɝɞɟ  

     2 2

0 0, 1 1i n n
       ,    (6) 

 exp 2k kdi i   ,    (7)  

n – ɞɟɣɫɬɜɢɬɟɥɶɧɚɹ ɱɚɫɬɶ ɩɨɤɚɡɚɬɟɥɹ ɩɪɟɥɨɦɥɟɧɢɹ, k – ɤɨɷɮɮɢɰɢɟɧɬ 
ɩɨɝɥɨɳɟɧɢɹ ɦɚɬɟɪɢɚɥɚ ɡɚɳɢɬɧɨɝɨ ɩɨɤɪɵɬɢɹ, id – ɷɮɮɟɤɬɢɜɧɚɹ ɬɨɥɳɢ-

ɧɚ ɡɚɳɢɬɧɨɝɨ ɩɨɤɪɵɬɢɹ ɞɥɹ ɫɢɬɭɚɰɢɢ i .  

ȼ ɫɥɭɱɚɟ ɞɜɭɯɫɥɨɣɧɨɝɨ ɡɚɳɢɬɧɨɝɨ ɩɨɤɪɵɬɢɹ  

     .,,, 00

2

0

2

0

   iiiP          (8) 

ȼ ɬɚɛɥɢɰɟ 1 ɩɪɢɜɟɞɟɧɵ ɤɨɷɮɮɢɰɢɟɧɬɵ ɨɬɪɚɠɟɧɢɹ δ ɞɥɹ ɫɬɟɤɥɚ, ɩɨ-

ɥɭɱɟɧɧɵɟ ɫ ɭɱɟɬɨɦ ɦɧɨɝɨɤɪɚɬɧɨɝɨ ɩɟɪɟɨɬɪɚɠɟɧɢɹ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ 
ɡɟɧɢɬɧɨɝɨ ɭɝɥɚ ɩɚɞɟɧɢɹ ɫɨɥɧɟɱɧɨɝɨ ɢɡɥɭɱɟɧɢɹ șº ɧɚ ɩɨɜɟɪɯɧɨɫɬɶ ɋȽȼ. 

ɌȺȻɅɂɐȺ 1 

ɁȺȼɂɋɂɆɈɋɌɖ ȼȿɅɂɑɂɇ δ ɂ δ2 ɈɌ ɁȿɇɂɌɇɈȽɈ ɍȽɅȺ ɋɈɅɇɐȺ șº  

Ɂɟɧɢɬɧɵɣ ɭɝɨɥ șº δ δ2 

0º 0,925 0,85 

30º 0,92 0,84 

60º 0,85 0,72 

70º 0,78 0,53 
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ȼ ɫɥɭɱɚɟ ɋɗɋ, ɋɌɋ ɜɨɫɩɪɢɧɢɦɚɸɳɟɣ ɩɨɜɟɪɯɧɨɫɬɶɸ ɞɥɹ ɋɂ ɫɥɭ-

ɠɢɬ ɫɢɫɬɟɦɚ ɡɟɪɤɚɥ, ɮɨɤɭɫɢɪɭɸɳɚɹ ɢɡɥɭɱɟɧɢɟ ɧɚ ɩɨɜɟɪɯɧɨɫɬɶ ɬɪɭɛɧɨɣ 

ɫɢɫɬɟɦɵ ɩɚɪɨɝɟɧɟɪɚɬɨɪɚ. ɉɚɪɨɩɪɨɢɡɜɨɞɢɬɟɥɶɧɨɫɬɶ D ɩɚɪɨɝɟɧɟɪɚɬɨɪɚ 
ɜɵɱɢɫɥɹɟɬɫɹ ɢɡ ɷɧɟɪɝɟɬɢɱɟɫɤɨɝɨ ɛɚɥɚɧɫɚ ɦɟɠɞɭ ɩɨɥɟɡɧɨ ɢɫɩɨɥɶɡɨɜɚɧ-

ɧɵɦ ɩɪɢɯɨɞɹɳɢɦ ɧɚ ɡɟɪɤɚɥɶɧɭɸ ɫɢɫɬɟɦɭ ɩɨɬɨɤɨɦ ɋɂ ɢ ɬɟɩɥɨɜɨɣ 

ɷɧɟɪɝɢɟɣ ɩɚɪɚ (ɷɧɬɚɥɶɩɢɹ ɬɟɩɥɨɧɨɫɢɬɟɥɹ + ɟɝɨ ɷɧɟɪɝɢɹ ɮɚɡɨɜɨɝɨ ɩɟɪɟ-
ɯɨɞɚ).  

ɉɪɢ ɦɨɞɟɥɢɪɨɜɚɧɢɢ ɨɩɬɢɱɟɫɤɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ (Ɉɏ) ɚɬɦɨɫɮɟɪɧɨɝɨ, 

ɚɧɬɪɨɩɨɝɟɧɧɨɝɨ ɚɷɪɨɡɨɥɟɣ ɢ ɨɛɥɚɤɨɜ ɢɫɩɨɥɶɡɨɜɚɧɚ ɷɥɟɤɬɪɨɧɧɚɹ ɛɚɡɚ 
ɞɚɧɧɵɯ Ɉɏ, ɩɨɞɝɨɬɨɜɥɟɧɧɚɹ ɫ ɩɪɢɦɟɧɟɧɢɟɦ ɪɚɫɱɟɬɧɵɯ ɞɚɧɧɵɯ ɩɨɥɢ-

ɞɢɫɩɟɪɫɧɵɯ ɚɧɫɚɦɛɥɟɣ ɱɚɫɬɢɰ ɪɚɡɥɢɱɧɨɝɨ ɯɢɦɢɱɟɫɤɨɝɨ ɫɨɫɬɚɜɚ, ɪɚɡɪɚ-
ɛɨɬɚɧɧɚɹ ɜ ɢɧɬɟɪɟɫɚɯ ɝɥɨɛɚɥɶɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɪɚɞɢɚɰɢɨɧɧɨɝɨ ɬɟɩ-

ɥɨɨɛɦɟɧɚ [7] ɢ ɜ ɫɪɟɞɚɯ, ɜɨɡɦɭɳɟɧɧɵɯ ɫɢɥɶɧɵɦɢ ɩɪɢɪɨɞɧɵɦɢ ɢ 

ɚɧɬɪɨɩɨɝɟɧɧɵɦɢ ɜɨɡɞɟɣɫɬɜɢɹɦɢ [5,9]. 

ȼ ɫɥɭɱɚɟ ɩɪɢɦɟɧɟɧɢɹ ɜ ɤɚɱɟɫɬɜɟ ɩɪɢɟɦɧɢɤɨɜ ɢɡɥɭɱɟɧɢɹ ɮɨɬɨ-

ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɦɨɞɭɥɟɣ ɜɨɫɩɪɢɧɢɦɚɟɦɵɣ ɩɨɬɨɤ ɋɂ ɩɪɟɨɛɪɚɡɭɟɬɫɹ ɜ 

ɷɥɟɤɬɪɢɱɟɫɤɭɸ ɷɧɟɪɝɢɸ ɫɨɥɧɟɱɧɵɯ ɛɚɬɚɪɟɣ ɢ ɨɩɪɟɞɟɥɢɬɫɹ ɫɨɨɬɧɨɲɟ-
ɧɢɟɦ 

Ƚ ɚW F d


   


     ,    (9) 

ɝɞɟ F Ƚ   – ɫɩɟɤɬɪɚɥɶɧɵɣ ɩɨɬɨɤ ɋɂ ɧɚ ɜɧɟɲɧɟɣ ɝɪɚɧɢɰɟ ɚɬɦɨɫɮɟɪɵ, 

 –ɫɩɟɤɬɪɚɥɶɧɚɹ ɡɚɜɢɫɢɦɨɫɬɶ ɤɨɷɮɮɢɰɢɟɧɬɚ ɩɪɟɨɛɪɚɡɨɜɚɧɢɹ ɫɨɥɧɟɱ-

ɧɨɣ ɪɚɞɢɚɰɢɢ ɜ ɷɥɟɤɬɪɢɱɟɫɤɭɸ ɷɧɟɪɝɢɸ,  – ɫɩɟɤɬɪɚɥɶɧɵɣ ɞɢɚɩɚɡɨɧ 

ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɢ ɮɨɬɨɷɥɟɦɟɧɬɨɜ. 

ȼ ɫɥɭɱɚɟ ɛɟɡɨɛɥɚɱɧɨɣ ɚɬɦɨɫɮɟɪɵ ɞɥɹ ɪɚɫɱɟɬɨɜ ɩɨɬɨɤɨɜ ɋɂ ɰɟɥɟɫɨ-

ɨɛɪɚɡɧɨ ɢɫɩɨɥɶɡɨɜɚɬɶ ɦɟɬɨɞ ɪɚɡɥɨɠɟɧɢɹ ɪɟɲɟɧɢɹ ɩɨ ɤɪɚɬɧɨɫɬɢ ɪɚɫɫɟ-
ɹɧɢɹ, ɩɨɡɜɨɥɹɸɳɢɦ ɭɱɟɫɬɶ ɩɨɝɥɨɳɟɧɢɟ ɢɡɥɭɱɟɧɢɹ ɜ ɪɚɫɫɟɢɜɚɸɳɟɣ 

ɢɡɥɭɱɟɧɢɟ ɚɬɦɨɫɮɟɪɟ ɩɨ ɚɧɚɥɢɬɢɱɟɫɤɢɦ Ɏɋɉ [2]. Ⱦɥɹ ɨɛɥɚɱɧɨɣ ɚɬɦɨ-

ɫɮɟɪɵ ɧɚɢɛɨɥɟɟ ɧɚɞɟɠɧɨ ɩɪɢɦɟɧɟɧɢɟ ɦɟɬɨɞɚ ɦɧɨɝɨɩɨɬɨɤɨɜɨɝɨ ɩɪɢ-

ɛɥɢɠɟɧɢɹ ɜ ɪɚɫɱɟɬɚɯ ɩɨɬɨɤɨɜ ɧɢɫɯɨɞɹɳɟɝɨ ɢɡɥɭɱɟɧɢɹ F . ɉɪɹɦɵɟ 
ɡɚɫɜɟɬɤɢ ɋɂ F ɉ  ɩɪɢёɦɧɵɯ ɩɥɨɳɚɞɨɤ ɭɱɢɬɵɜɚɸɬɫɹ ɩɨ ɫɩɟɤɬɪɚɦ ɩɪɨ-

ɡɪɚɱɧɨɫɬɢ )(  ɚɬɦɨɫɮɟɪɵ [4]: 

( ) ( )ɉ ɋF F d


   


     ,      (10) 

ɝɞɟ F ɋ   – ɫɩɟɤɬɪɚɥɶɧɚɹ ɨɛɥɭɱɟɧɧɨɫɬɶ ɋɨɥɧɰɟɦ ɜɧɟɲɧɟɣ ɝɪɚɧɢɰɵ 

ɚɬɦɨɫɮɟɪɵ;   – ɡɟɧɢɬɧɵɣ ɭɝɨɥ. 
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ɋɚɠɟɜɵɣ ɡɨɥɶ ɨɤɚɡɵɜɚɟɬ ɡɧɚɱɢɬɟɥɶɧɨɟ ɜɥɢɹɧɢɟ ɧɚ Ɉɏ ɱɚɫɬɢɰ ɨɛɥɚ-
ɤɨɜ ɜ ɫɜɹɡɢ ɫ ɡɚɯɜɚɬɨɦ ɬɨɧɤɨɞɢɫɩɟɪɫɧɨɣ ɮɪɚɤɰɢɢ ɫɚɠɟɜɨɝɨ ɡɨɥɹ ɱɚɫɬɢ-

ɰɚɦɢ ɨɛɥɚɤɨɜ. ɉɨɬɨɤ ɱɚɫɬɢɰ, ɞɢɮɮɭɧɞɢɪɭɸɳɢɯ ɜ ɨɛɥɚɤɨ, ɨɩɪɟɞɟɥɹɟɬ-
ɫɹ ɫɨɨɬɧɨɲɟɧɢɟɦ: 

( )( ) 04 ( )
N R dRN r

F RD r drp
r r RR




  
 

,   (11) 

ɝɞɟ )(rD  – ɤɨɷɮɮɢɰɢɟɧɬ ɞɢɮɮɭɡɢɢ ɱɚɫɬɢɰ (ɦɟɧɹɟɬɫɹ ɜ ɞɢɚɩɚɡɨɧɟ  
10-5÷10-6 ɫɦ2/ɫɟɤ ɞɥɹ ɱɚɫɬɢɰ ɛɨɥɟɟ 0.1 ɦɤɦ);  

( )N r

r




 – ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɱɢɫɥɚ ɱɚɫɬɢɰ ɚɷɪɨɡɨɥɹ ɜ ɨɛɴёɦɟ 1 ɫɦ3,  

( )N R

R




 – ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɱɢɫɥɚ ɱɚɫɬɢɰ ɨɛɥɚɱɧɨɫɬɢ ɜ ɨɛɴёɦɟ 1 ɫɦ3;  

r, R – ɪɚɞɢɭɫɵ ɱɚɫɬɢɰ ɚɷɪɨɡɨɥɹ ɢ ɨɛɥɚɱɧɨɫɬɢ.  

Ⱦɥɹ ɱɢɫɥɨɜɨɣ ɩɥɨɬɧɨɫɬɢ ɱɚɫɬɢɰ ɨɛɥɚɤɚ ( ) 3 3
10

0

N R
N dR ɫɦ

R

  


  

ɢ ɱɢɫɥɨɜɨɣ ɩɥɨɬɧɨɫɬɢ ɱɚɫɬɢɰ ɚɷɪɨɡɨɥɹ ( ) 5 3
10

N r
N dr ɫɦɚ

r

  


 ɜ ɬɟɱɟ-

ɧɢɟ ɨɞɧɨɝɨ ɱɚɫɚ ɛɭɞɟɬ ɡɚɯɜɚɱɟɧɨ ≈10 % ɱɚɫɬɢɰ ɞɵɦɚ, ɚ ɡɚ ɜɪɟɦɹ ɠɢɡɧɢ 

ɨɛɥɚɤɚ 0 3   ɱɚɫɚ ɨɛɥɚɤɨɦ ɛɭɞɟɬ ɡɚɯɜɚɱɟɧɨ ≈30 % ɞɵɦɚ ɜ ɩɪɟɞɟɥɚɯ 

ɨɛɥɚɱɧɨɝɨ ɩɨɤɪɨɜɚ. 
ȼ ɫɜɹɡɢ ɫ ɪɨɫɬɨɦ ɷɮɮɟɤɬɢɜɧɨɝɨ ɫɟɱɟɧɢɹ ɩɨɝɥɨɳɟɧɢɹ ɱɚɫɬɢɰɟɣ ɨɛ-

ɥɚɤɚ ɩɨɫɥɟɞɧɢɟ ɢɫɩɚɪɹɸɬɫɹ, ɨɛɪɚɡɭɹ ɝɢɝɚɧɬɫɤɢɟ ɱɚɫɬɢɰɵ ɪɚɞɢɭɫɚ 
0.5r   ɦɤɦ, ɤɨɬɨɪɵɟ ɨɫɟɞɚɸɬ ɜ ɪɟɡɭɥɶɬɚɬɟ ɫɟɞɢɦɟɧɬɚɰɢɢ ɧɚ ɩɨɞɫɬɢɥɚ-

ɸɳɭɸ ɩɨɜɟɪɯɧɨɫɬɶ. Ȼɨɥɟɟ ɦɟɥɤɢɟ ɱɚɫɬɢɰɵ ɦɨɝɭɬ ɫɥɭɠɢɬɶ ɹɞɪɚɦɢ ɤɨɧ-

ɞɟɧɫɚɰɢɢ ɞɥɹ ɨɛɪɚɡɨɜɚɧɢɹ ɧɨɜɨɝɨ ɨɛɥɚɤɚ. ɗɬɨɬ ɩɪɨɰɟɫɫ ɨɱɢɳɟɧɢɹ ɚɬ-
ɦɨɫɮɟɪɵ ɨɬ ɞɵɦɨɜɨɝɨ ɢ ɩɵɥɟɜɨɝɨ ɡɨɥɹ, ɹɜɥɹɟɬɫɹ ɛɨɥɟɟ ɷɮɮɟɤɬɢɜɧɵɦ, 

ɱɟɦ ɨɛɵɱɧɚɹ ɤɨɚɝɭɥɹɰɢɹ. ȿɝɨ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɦɨɠɟɬ ɭɫɢɥɢɜɚɬɶɫɹ ɛɥɚ-
ɝɨɞɚɪɹ ɷɥɟɤɬɪɢɱɟɫɤɢɦ ɫɜɨɣɫɬɜɚɦ ɡɚɪɹɠɟɧɧɵɯ ɱɚɫɬɢɰ. 

ȼɵɩɨɥɧɟɧɧɵɟ ɪɚɫɱɟɬɵ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɮɭɧɤɰɢɨɧɢɪɨɜɚɧɢɹ ɋɗɋ ɜ 

ɭɫɥɨɜɢɹɯ ɹɫɧɨɣ ɢ ɨɛɥɚɱɧɨɣ ɚɬɦɨɫɮɟɪɵ ɢ ɚɬɦɨɫɮɟɪɵ, ɜɨɡɦɭɳɟɧɧɨɣ 

ɚɧɬɪɨɩɨɝɟɧɧɵɦɢ ɜɨɡɞɟɣɫɬɜɢɹɦɢ ɞɥɹ ɪɚɡɥɢɱɧɵɯ ɮɨɬɨɷɥɟɤɬɪɢɱɟɫɤɢɯ 

ɩɪɢёɦɧɢɤɨɜ ɢɡɥɭɱɟɧɢɹ [8] ɩɨɤɚɡɚɥɢ ɡɧɚɱɢɬɟɥɶɧɨɟ ɜɥɢɹɧɢɟ ɚɧɬɪɨɩɨ-

ɝɟɧɧɵɯ ɜɨɡɦɭɳɟɧɢɣ ɧɚ ɪɚɛɨɬɭ ɋɗɋ [11]. 
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