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ɸʥʥʦʪʘʮʠʷ 

ɺ ʨʘʙʦʪʝ ʠʟʣʘʛʘʝʪʩʷ ʤʝʪʦʜ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʷ ʧʝʨʝʥʦʩʘ ʠʟʣʫʯʝʥʠʷ ʤʝʪʦʜʦʤ ʜʠʩʢʨʝʪʥʳʭ 

ʥʘʧʨʘʚʣʝʥʠʡ ʥʘ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ ʪʨʝʭʤʝʨʥʦʡ ʩʝʪʢʝ. ʆʧʠʩʘʥ ʧʨʦʮʝʩʩ ʚʳʯʠʩʣʝʥʠʷ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʠʟʣʫʯʝʥʠʷ ʠ ʧʦʛʣʦʱʝʥʠʷ ʜʣʷ ʤʥʦʛʦʛʨʫʧʧʦʚʦʛʦ ʧʨʠʙʣʠʞʝʥʠʷ ʩ ʠʩʧʦʣʴ-

ʟʦʚʘʥʠʝʤ ʙʘʟ ʜʘʥʥʳʭ ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ HITRAN ʠ HITEMP. ʇʨʠʚʦ-

ʜʠʪʩʷ ʨʘʩʯʝʪ ʣʫʯʠʩʪʦʛʦ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ ʢ ʜʦʥʥʦʡ ʦʙʣʘʩʪʠ ʚʪʦʨʦʡ ʩʪʫʧʝʥʠ ʈʅ çSat-

urn Vè. 

CALCULATION OF A RADIANT HEAT FLUX FOR THE BASE SCREEN OF THE 

SECOND STAGE ROCKET 

Bespalov V.A. 

Central Scientific Research Machine Building Institute (TSNIIMash)  

Russia, Korolev, Moscow Region 

A method for the solution of the equation of radiation transport  by a method of the discrete di-

rections on an unstructured three-dimensional grid is addressed in this article. Coefficients of 

radiation and absorption are assumed to be set by multigroup approach with spectrum base 

HITRAN and HITEMP. Calculation of a radiant heat flux is presented for the base screen of 

the stage II "Saturn V" launcher. 

1. ɺʚʝʜʝʥʠʝ 

ʈʘʩʯʝʪ ʧʝʨʝʥʦʩʘ ʣʫʯʠʩʪʦʛʦ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ ʦʪ ʛʦʨʷʯʠʭ ʩʪʨʫʡ ʜʚʠʛʘʪʝʣʴʥʳʭ ʫʩʪʘʥʦ-

ʚʦʢ ʈʅ ʷʚʣʷʝʪʩʷ ʚʝʩʴʤʘ ʪʨʫʜʦʝʤʢʦʡ ʩ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʟʘʜʘʯʝʡ. ɺ ʙʦʣʴʰʠʥʩʪ-

ʚʝ ʩʣʫʯʘʝʚ ʜʣʷ ʨʘʩʯʝʪʘ ʠʟʣʫʯʝʥʠʷ ʦʪ ʩʧʫʩʢʘʝʤʳʭ ʘʧʧʘʨʘʪʦʚ ʦʙʭʦʜʠʣʠʩʴ ʧʨʠʙʣʠʞʝʥʠʝʤ 

ʧʣʦʩʢʦʛʦ ʩʣʦʷ, ʘ ʜʣʷ ʨʘʩʯʝʪʘ ʠʟʣʫʯʝʥʠʷ ʥʘ ʜʦʥʥʦʡ ʯʘʩʪʠ ʈʅ ʦʪ ʬʘʢʝʣʦʚ ʩʪʨʫʡ ʠʩʧʦʣʴʟʦʚʘʣʠ 

ʫʧʨʦʱʝʥʥʫʶ ʛʘʟʦʜʠʥʘʤʠʢʫ, ʟʘʤʝʥʷʷ ʩʪʨʫʠ ʨʘʚʥʦʤʝʨʥʦ ʥʘʛʨʝʪʳʤʠ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʤʠ 

ʮʠʣʠʥʜʨʘʤʠ, ʯʪʦ ʥʝ ʧʦʟʚʦʣʷʣʦ ʚ ʜʦʩʪʘʪʦʯʥʦʡ ʤʝʨʝ ʫʯʝʩʪʴ ʚʣʠʷʥʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩʪʨʫʡ ʠ 

ʜʦʛʦʨʘʥʠʷ ʚ ʩʣʦʝ ʩʤʝʰʝʥʠʷ. ʊʘʢʞʝ ʦʙʳʯʥʦ ʨʘʩʩʤʘʪʨʠʚʘʣʠ ʣʠʰʴ ʥʝʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʪʦ-

ʯʝʢ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ, ʯʪʦ ʥʝ ʦʪʦʙʨʘʞʘʣʦ ʚʩʶ ʢʘʨʪʠʥʫ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʣʫʯʠʩʪʳʭ ʪʝʧʣʦʚʳʭ ʧʦ-

ʪʦʢʦʚ ʠ ʭʘʨʘʢʪʝʨ ʝʸ ʧʝʨʝʩʪʨʦʝʥʠʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʳʩʦʪʳ ʠ ʩʢʦʨʦʩʪʠ ʧʦʣʝʪʘ. ʊʦʣʴʢʦ ʧʦ-

ʩʣʝʜʥʠʝ ʧʘʨʫ ʣʝʪ ʧʦʷʚʠʣʠʩʴ ʨʘʙʦʪʳ, ʛʜʝ ʨʘʩʩʯʠʪʳʚʘʣʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʣʫʯʠʩʪʦʛʦ ʪʝʧʣʦʚʦʛʦ 

ʧʦʪʦʢʘ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ, ʚ ʯʘʩʪʥʦʩʪʠ ʜʣʷ ʘʧʧʘʨʘʪʘ çEXOMARS 16è [1, 2]. ɺ ʦʪʣʠʯʠʝ ʦʪ ʧʨʠ-

ʚʝʜʝʥʥʳʭ ʩʪʘʪʝʡ ʚ ʠʟʣʦʞʝʥʥʦʤ ʤʝʪʦʜʝ ʥʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʝʨʝʠʥʪʝʨʧʦʣʷʮʠʷ ʛʘʟʦʜʠʥʘʤʠʯʝ-

ʩʢʠʭ ʜʘʥʥʳʭ ʥʘ ʫʢʨʫʧʥʝʥʥʫʶ ʜʝʢʘʨʪʦʚʫ ʩʝʪʢʫ, ʘ ʨʘʩʯʝʪ ʧʨʦʠʩʭʦʜʠʪ ʥʘ ʪʦʡ ʞʝ ʩʝʪʢʝ, ʯʪʦ ʠ ʚ 

ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʦʤ ʨʘʩʯʝʪʝ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʣʫʯʰʝ ʦʧʠʩʘʪʴ ʦʩʦʙʝʥʥʦʩʪʠ ʪʝʯʝʥʠʷ, ʪʘʢʠʝ ʢʘʢ 

ʟʦʥʳ ʩʤʝʰʝʥʠʷ ʚ ʩʪʨʫʷʭ.  
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2. ʈʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʷ ʧʝʨʝʥʦʩʘ ʠʟʣʫʯʝʥʠʷ 

2.1. ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ ʠ ʦʩʥʦʚʥʳʝ ʩʦʦʪʥʦʰʝʥʠʷ 

ʈʘʩʯʝʪ ʣʫʯʠʩʪʦʛʦ ʪʝʧʣʦʦʙʤʝʥʘ ʥʘ ʠʟʜʝʣʠʷʭ ʈʂʊ ʧʨʦʠʟʚʦʜʠʪʩʷ ʧʦ ʟʘʜʘʥʥʦʤʫ ʛʘʟʦʜʠ-

ʥʘʤʠʯʝʩʢʦʤʫ ʧʦʣʶ ʠ ʠʥʪʝʨʧʦʣʷʮʠʦʥʥʳʤ ʪʘʙʣʠʮʘʤ ʜʣʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʠʟʣʫʯʝʥʠʷ ʠ ʧʦʛʣʦ-

ʱʝʥʠʷ ʢʦʤʧʦʥʝʥʪʦʚ ʩʤʝʩʠ (ʧ 2.2).  

ʀʥʪʝʛʨʘʣʴʥʳʡ ʧʦ ʩʧʝʢʪʨʫ ʨʘʜʠʘʮʠʦʥʥʳʡ ʪʝʧʣʦʚʦʡ ʧʦʪʦʢ ʅ, ʜʝʡʩʪʚʫʶʱʠʡ ʥʘ ʵʣʝʤʝʥ-

ʪʘʨʥʫʶ ʧʣʦʱʘʜʢʫ ʦʪ ʠʟʣʫʯʘʶʱʝʛʦ ʛʘʟʦʚʦʛʦ ʦʙʲʝʤʘ, ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ ʬʦʨʤʫʣʝ 
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ʛʜʝ ɤ ï ʚʦʣʥʦʚʘʷ ʯʘʩʪʦʪʘ; Jw  ï ʩʧʝʢʪʨʘʣʴʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ ʧʨʦʜʫʢʪʦʚ 

ʩʛʦʨʘʥʠʷ; q ʠ j ï ʫʛʣʳ ʩʬʝʨʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪ, ʩʚʷʟʘʥʥʦʡ ʩ ʦʙʣʫʯʘʝʤʦʡ ʧʣʦʱʘʜ-
ʢʦʡ. 

ɿʥʘʯʝʥʠʝ Jw ʥʘʭʦʜʠʪʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʷ ʨʘʜʠʘʮʠʦʥʥʦʛʦ ʧʝʨʝʥʦʩʘ ʚ 

ʠʟʣʫʯʘʶʱʝʤ ʠ ʧʦʛʣʦʱʘʶʱʝʤ ʛʘʟʝ (ʙʝʟ ʫʯʝʪʘ ʨʘʩʩʝʷʥʠʷ): 
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ʛʜʝ s ï ʥʝʢʦʪʦʨʦʝ ʚʳʜʝʣʝʥʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ; kw ï ʦʙʲʝʤʥʳʡ ʩʧʝʢʪʨʘʣʴ-

ʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʛʣʦʱʝʥʠʷ ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ; Bw ï ʩʧʝʢʪʨʘʣʴʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʠʟ-
ʣʫʯʝʥʠʷ ʘʙʩʦʣʶʪʥʦ ʯʸʨʥʦʛʦ ʪʝʣʘ (ʬʫʥʢʮʠʷ ʇʣʘʥʢʘ). 

ʋʨʘʚʥʝʥʠʝ ʧʝʨʝʥʦʩʘ ʨʝʰʘʝʪʩʷ ʧʫʪʸʤ ʯʠʩʣʝʥʥʦʛʦ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʚʜʦʣʴ ʧʫʯʢʘ ʣʫʯʝʡ, 

ʩʭʦʜʷʱʠʭʩʷ ʢ ʪʝʢʫʱʝʡ ʨʘʩʯʸʪʥʦʡ ʪʦʯʢʝ ʧʦʚʝʨʭʥʦʩʪʠ ʘʧʧʘʨʘʪʘ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʦʧʨʝʜʝʣʷ-
ʝʪʩʷ ʟʥʘʯʝʥʠʷ ʩʧʝʢʪʨʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ Iw ʥʘ ʢʘʞʜʦʤ ʣʫʯʝ; ʚʝʣʠʯʠʥʘ ʤʦʥʦʭʨʦʤʘʪʠʯʝ-
ʩʢʦʛʦ (ʩʧʝʢʪʨʘʣʴʥʦʛʦ) ʨʘʜʠʘʮʠʦʥʥʦʛʦ ʧʦʪʦʢʘ Hw ʥʘʭʦʜʠʪʩʷ ʧʦ ʬʦʨʤʫʣʝ 
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ʘ ʧʦʣʥʳʡ ʨʘʜʠʘʮʠʦʥʥʳʡ ʧʦʪʦʢ H ʚ ʨʘʩʯʸʪʥʫʶ ʪʦʯʢʫ ʦʧʨʝʜʝʣʷʝʪʩʷ ʠʥʪʝʛʨʠʨʦʚʘʥʠʝʤ 

ʤʦʥʦʭʨʦʤʘʪʠʯʝʩʢʦʛʦ ʧʦʪʦʢʘ ʧʦ ʩʧʝʢʪʨʫ ʠʟʣʫʯʝʥʠʷ: 

 
0

d .H Hw w
¤

=ñ   (4) 

ʇʦʩʣʝ ʟʘʛʨʫʟʢʠ ʛʝʦʤʝʪʨʠʠ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ ʥʘ ʚʥʝʰʥʝʡ ʩʪʦʨʦʥʝ ʢʘʞʜʦʡ ʛʨʘʥʠ ʥʘ ʧʦ-

ʚʝʨʭʥʦʩʪʠ ʪʝʣʘ ʩʪʨʦʠʪʩʷ ʪʨʠʘʥʛʫʣʠʨʦʚʘʥʥʘʷ ʧʦʣʫʩʬʝʨʘ ʧʦ ʟʘʜʘʥʥʦʤʫ ʰʘʙʣʦʥʫ. ɺ ʢʘʯʝʩʪʚʝ 

ʪʘʢʦʛʦ ʰʘʙʣʦʥʘ ʤʦʞʥʦ ʚʟʷʪʴ ʪʨʝʫʛʦʣʴʥʫʶ ʩʝʪʢʫ ʥʘ ʧʦʣʫʩʬʝʨʝ, ʧʦʩʪʨʦʝʥʥʫʶ ʚ ʩʝʪʦʯʥʦʤ ʛʝ-

ʥʝʨʘʪʦʨʝ ʩ ʥʝʙʦʣʴʰʠʤ ʨʘʟʙʨʦʩʦʤ ʧʣʦʱʘʜʝʡ ʪʨʝʫʛʦʣʴʥʠʢʦʚ (ʨʠʩ. 1). ɼʣʷ ʢʘʞʜʦʛʦ ʪʨʝʫʛʦʣʴ-

ʥʠʢʘ ʚʳʯʠʩʣʷʝʪʩʷ ʟʘʥʠʤʘʝʤʳʡ ʠʤ ʪʝʣʝʩʥʳʡ ʫʛʦʣ ʥʘ ʧʦʣʫʩʬʝʨʝ: 
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ʛʜʝ 1 2 3, ,r r r  ï ʨʘʜʠʫʩ-ʚʝʢʪʦʨʘ ʚʝʨʰʠʥ ʪʨʝʫʛʦʣʴʥʠʢʘ. 
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ʈʠʩ.1. ʊʨʠʘʥʛʫʣʠʨʦʚʘʥʥʘʷ ʧʦʣʫʩʬʝʨʘ ʦʢʦʣʦ 700 ʷʯʝʝʢ 

ʇʦʩʪʨʦʝʥʠʝ ʚʝʜʝʪʩʷ ʧʦʚʦʨʦʪʦʤ ʰʘʙʣʦʥʥʦʡ ʧʦʣʫʩʬʝʨʳ ʥʘ ʫʛʦʣ, ʧʨʠ ʢʦʪʦʨʦʤ ʦʧʦʨʥʘʷ 

ʧʣʦʩʢʦʩʪʴ ʧʦʣʫʩʬʝʨʳ ʩʦʚʧʘʜʝʪ ʩ ʧʣʦʩʢʦʩʪʴʶ ʠʩʩʣʝʜʫʝʤʦʡ ʛʨʘʥʠ. ʄʘʪʨʠʮʘ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ

rotA  ʠ ʫʛʦʣ ʧʦʚʦʨʦʪʘ j ʥʘʭʦʜʷʪʩʷ ʩʣʝʜʫʶʱʠʤ ʩʧʦʩʦʙʦʤ: 

 2 2

x y x ya n n n= + , 

 2 2

y x x ya n n n=- + , 

 arccos( )znj= - .  (6) 
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+ - Ö - Ö Ö Öå õ
æ ö
= - Ö Ö + - Ö - Ö
æ ö
æ ö- Ö Öç ÷

, 

ʛʜʝ n  ï ʝʜʠʥʠʯʥʘʷ ʥʦʨʤʘʣʴ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʛʨʘʥʠ, ʥʘʧʨʘʚʣʝʥʥʘʷ ʚ ʪʝʣʦ. ɼʘʣʝʝ ʚʳʯʠʩ-
ʣʷʶʪʩʷ ʥʘʧʨʘʚʣʷʶʱʠʝ ʚʝʢʪʦʨʘ 

il , ʧʨʦʭʦʜʷʱʠʝ ʯʝʨʝʟ ʮʝʥʪʨʳ ʤʘʩʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʪʨʝ-

ʫʛʦʣʴʥʠʢʦʚ ʥʘ ʧʦʣʫʩʬʝʨʝ: 

 
i rot il A sp= Ö ,  (7) 

ʛʜʝ ispï ʝʜʠʥʠʯʥʘʷ ʥʦʨʤʘʣʴ ʢ i-ʦʤʫ ʵʣʝʤʝʥʪʫ ʪʨʠʘʥʛʫʣʠʨʦʚʘʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘ 

ʩʬʝʨʝ. 
ʇʨʠ ʪʨʘʩʩʠʨʦʚʢʝ ʣʫʯʘ ʯʝʨʝʟ ʨʘʩʯʝʪʥʫʶ ʩʝʪʢʫ ʨʝʰʘʣʦʩʴ ʫʨʘʚʥʝʥʠʝ ʧʝʨʝʩʝʯʝʥʠʷ ʣʫʯʘ ʠ 

ʧʣʦʩʢʦʩʪʠ ʛʨʘʥʠ ʜʣʷ ʢʘʞʜʦʡ ʛʨʘʥʠ ʧʨʦʭʦʜʠʤʦʡ ʷʯʝʡʢʠ: 

 ( ), 0o t d s D+ Ö - =, (8) 

ʛʜʝ o  ï ʦʧʦʨʥʘʷ ʪʦʯʢʘ ʣʫʯʘ ʥʘ ʠʩʭʦʜʷʱʝʡ ʛʨʘʥʠ; d  ï ʥʘʧʨʘʚʣʷʶʱʠʡ ʚʝʢʪʦʨ ʣʫʯʘ; n  ʠ 
D ï ʚʝʢʪʦʨ ʥʦʨʤʘʣʠ ʠ ʨʘʩʩʪʦʷʥʠʝ ʜʦ ʥʘʯʘʣʘ ʢʦʦʨʜʠʥʘʪ ʧʣʦʩʢʦʩʪʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʠʩʢʦ-
ʤʦʡ ʧʝʨʝʩʝʢʘʝʤʦʡ ʛʨʘʥʠ; ʘ t ï ʧʘʨʘʤʝʪʨ ʧʨʷʤʦʡ ʣʫʯʘ. ɺʳʙʠʨʘʣʦʩʴ ʥʘʠʤʝʥʴʰʝʝ ʧʦʣʦʞʠʪʝʣʴ-

ʥʦʝ ʨʘʩʩʪʦʷʥʠʝ t, ʢʦʪʦʨʦʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʜʣʠʥʝ ʧʫʪʠ ʣʫʯʘ ʚʥʫʪʨʠ ʷʯʝʡʢʠ. ʉʣʝʜʫʝʪ ʟʘʤʝʪʠʪʴ, 
ʯʪʦ ʜʣʷ ʯʝʪʳʨʝʭʫʛʦʣʴʥʳʭ ʛʨʘʥʝʡ ʙʨʘʣʠʩʴ ʧʣʦʩʢʦʩʪʠ, ʧʦʩʪʨʦʝʥʥʳʝ ʧʦ ʩʨʝʜʥʝʚʟʚʝʰʘʥʥʦʡ 
ʥʦʨʤʘʣʠ ʦʪ ʥʦʨʤʘʣʝʡ ʯʝʪʳʨʝʭ ʪʨʝʫʛʦʣʴʥʠʢʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʨʘʟʙʠʝʥʠʝʤ ʛʨʘʥʠ ʛʝʦʤʝʪʨʠʯʝ-

ʩʢʠʤ ʮʝʥʪʨʦʤ ʝʸ ʚʝʨʰʠʥ. ɼʣʷ ʛʨʘʥʝʡ ʙʝʟ ʩʠʣʴʥʦʡ ʜʠʘʛʦʥʘʣʴʥʦʡ ʢʨʠʚʠʟʥʳ ʵʪʦ ʷʚʣʷʝʪʩʷ ʧʨʠ-
ʝʤʣʝʤʳʤ ʧʨʠʙʣʠʞʝʥʠʝʤ. 



ɺ.ɸ. ɹʝʩʧʘʣʦʚ ʈʘʩʯʝʪ ʣʫʯʠʩʪʦʛʦ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ... 

 4 

ʋʨʘʚʥʝʥʠʝ ʧʝʨʝʥʦʩʘ ʚʜʦʣʴ ʣʫʯʘ ʜʣʷ ʢʘʞʜʦʛʦ ʜʠʘʧʘʟʦʥʘ ʚʦʣʥ ʨʝʰʘʣʦʩʴ ʯʠʩʣʝʥʥʳʤ ʠʥ-

ʪʝʛʨʠʨʦʚʘʥʠʝʤ ʧʦ ʦʪʨʝʟʢʘʤ ʧʝʨʝʩʝʯʝʥʠʷ ʣʫʯʘ ʠ ʪʨʘʩʩʠʨʫʝʤʳʭ ʣʫʯʦʤ ʷʯʝʝʢ ʦʪ ʛʨʘʥʠʮʳ ʨʘʩ-

ʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʪʝʣʘ. ʂʦʵʬʬʠʮʠʝʥʪʳ ʧʦʛʣʦʱʝʥʠʷ ʠ ʠʟʣʫʯʝʥʠʷ ʚ ʢʘʞʜʦʡ 

ʷʯʝʡʢʝ ʩʯʠʪʘʣʠʩʴ ʧʦʩʪʦʷʥʥʳʤʠ ʠ ʨʘʩʩʯʠʪʳʚʘʣʠʩʴ ʧʦ ʜʘʚʣʝʥʠʶ ʠ ʪʝʤʧʝʨʘʪʫʨʝ ʚ ʮʝʥʪʨʝ ʤʘʩʩ 

ʟʘʥʠʤʘʝʤʦʛʦ ʷʯʝʡʢʦʡ ʦʙʲʸʤʘ. ɺʥʫʪʨʠ ʢʘʞʜʦʡ ʷʯʝʡʢʠ ʙʨʘʣʦʩʴ ʪʦʯʥʦʝ ʨʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʷ 

ʧʝʨʝʥʦʩʘ ʠʟʣʫʯʝʥʠʷ ʚʜʦʣʴ ʣʫʯʘ: 

 ( ) 01
k s k s

I e I e
k

w ww
w w

w

e - -
= - + ,  (9) 

ʛʜʝ Ů ï ʢʦʵʬʬʠʮʠʝʥʪ ʠʟʣʫʯʝʥʠʷ ʛʘʟʘ; k ï ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʛʣʦʱʝʥʠʷ ʛʘʟʘ; s ï ʨʘʩʩʪʦʷʥʠʝ 
ʧʨʦʡʜʝʥʥʦʝ ʣʫʯʦʤ ʧʦ ʷʯʝʡʢʝ; 0I  ï ʟʥʘʯʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ʧʨʠ ʚʭʦʜʝ ʚ ʷʯʝʡʢʫ, ʘ 
ʠʥʜʝʢʩʦʤ ɤ ʦʙʦʟʥʘʯʝʥ ʩʧʝʢʪʨʘʣʴʥʳʡ ʠʥʪʝʨʚʘʣ, ʥʘ ʢʦʪʦʨʦʤ ʧʨʦʠʩʭʦʜʠʪ ʚʳʯʠʩʣʝʥʠʝ.  

ʆʙ ʘʜʘʧʪʘʮʠʠ ʵʪʦʛʦ ʤʝʪʦʜʘ ʥʘ ʢʣʘʩʪʝʨ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʛʨʘʬʠʯʝʩʢʠʭ ʫʩʢʦʨʠʪʝʣʝʡ 

ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥʦ ʚ ʨʘʙʦʪʝ [3]. 

2.2. ʋʨʘʚʥʝʥʠʝ ʩʦʩʪʦʷʥʠʷ 

ɼʣʷ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʝʯʝʥʠʷ ʩʪʨʫʡ ʤʘʨʰʝʚʳʭ ʜʚʠʛʘʪʝʣʝʡ ʥʝʦʙʭʦʜʠ-

ʤʳ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʝ ʠ ʧʝʨʝʥʦʩʥʳʝ ʩʚʦʡʩʪʚʘ ʩʤʝʩʠ ʚʦʟʜʫʭʘ ʠ ʧʨʦʜʫʢʪʦʚ ʦʢʠʩʣʝʥʠʷ ʨʘ-

ʢʝʪʥʦʛʦ ʪʦʧʣʠʚʘ ʚ ʢʘʤʝʨʝ ʩʛʦʨʘʥʠʷ. ʂʨʦʤʝ ʪʦʛʦ, ʜʣʷ ʨʘʩʯʸʪʘ ʠʟʣʫʯʝʥʠʷ ʛʦʨʷʯʠʭ ʩʪʨʫʡ 

ʜʦʣʞʥʳ ʙʳʪʴ ʠʟʚʝʩʪʥʳ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚʩʝʭ ʠʟʣʫʯʘʶʱʠʭ ʠ ʧʦʛʣʦʱʘʶʱʠʭ ʭʠʤʠʯʝʩʢʠʭ ʢʦʤ-

ʧʦʥʝʥʪʦʚ. 

ʉʪʨʦʛʦ ʛʦʚʦʨʷ, ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʥʝʦʙʭʦʜʠʤʦ ʚʳʧʦʣʥʷʪʴ ʚ 

ʥʝʨʘʚʥʦʚʝʩʥʦʡ ʧʦʩʪʘʥʦʚʢʝ (ʩ ʫʯʸʪʦʤ ʢʦʥʝʯʥʳʭ ʩʢʦʨʦʩʪʝʡ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ). ɹʦʣʝʝ ʪʦʛʦ, 

ʜʣʷ ʙʦʣʴʰʠʭ ʚʳʩʦʪ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʢʦʣʝʙʘʪʝʣʴʥʫʶ ʥʝʨʘʚʥʦʚʝʩʥʦʩʪʴ ʤʦʣʝʢʫʣʷʨʥʳʭ 

ʢʦʤʧʦʥʝʥʪʦʚ ʚ ʩʪʨʫʝ ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ, ʠʩʪʝʢʘʶʱʠʭ ʠʟ ʩʦʧʣʘ ʜʚʠʛʘʪʝʣʷ ʚʪʦʨʦʡ ʩʪʫʧʝʥʠ. 

ʆʜʥʘʢʦ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʟʘʜʘʯ (ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʥʝʩʢʦʣʴʢʠʭ 

ʩʪʨʫʡ ʤʝʞʜʫ ʩʦʙʦʡ ʠ ʩ ʚʥʝʰʥʠʤ ʧʦʪʦʢʦʤ ʚʦʟʜʫʭʘ ʚ ʩʣʫʯʘʝ ʤʥʦʛʦʩʦʧʣʦʚʦʡ ʜʚʠʛʘʪʝʣʴʥʦʡ ʫʩ-

ʪʘʥʦʚʢʠ) ʧʨʠʚʦʜʠʪ ʢ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʪʴ ʪʨʸʭʤʝʨʥʳʝ ʚʳʯʠʩʣʠʪʝʣʴʥʳʝ ʩʝʪʢʠ ʩ 

ʙʦʣʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʫʟʣʦʚ (1 10 ʤʣʥ). ʏʪʦ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʧʨʠʚʦʜʠʪ ʢ ʦʛʨʦʤʥʳʤ ʟʘʪʨʘʪʘʤ 

ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʨʝʩʫʨʩʦʚ. 

ʇʦʵʪʦʤʫ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʨʠʙʣʠʞʝʥʠʝ ʪʝʨʤʦʭʠʤʠʯʝʩʢʦʛʦ ʨʘʚʥʦʚʝʩʠʷ, 

ʢʦʪʦʨʦʝ ʧʦʟʚʦʣʷʝʪ ʧʨʘʢʪʠʯʝʩʢʠ ʥʘ ʧʦʨʷʜʦʢ ʩʥʠʟʠʪʴ ʪʨʫʜʦʸʤʢʦʩʪʴ ʦʜʥʦʛʦ ʨʘʩʯʸʪʘ. ʅʝʩʤʦʪʨʷ 

ʥʘ ʤʝʥʴʰʫʶ ʪʦʯʥʦʩʪʴ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʜʘʥʥʳʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ ʧʨʘ-

ʚʠʣʴʥʦ ʦʧʠʩʘʪʴ ʦʩʥʦʚʥʳʝ ʪʝʨʤʦʭʠʤʠʯʝʩʢʠʝ ʵʬʬʝʢʪʳ (ʥʘʧʨʠʤʝʨ, ʜʦʛʦʨʘʥʠʝ ʠʟʙʳʪʢʘ ʪʦʧʣʠ-

ʚʘ ʚ ʩʪʨʫʝ ʚ ʟʦʥʘʭ ʩʤʝʰʝʥʠʷ ʩ ʚʥʝʰʥʠʤ ʧʦʪʦʢʦʤ). 

ʂʦʥʮʝʥʪʨʘʮʠʠ ʵʣʝʤʝʥʪʦʚ ʚ ʣʶʙʦʡ ʪʦʯʢʝ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʧʦʣʷ 

ʦʧʨʝʜʝʣʷʶʪʩʷ ʚ ʨʘʤʢʘʭ ʩʣʝʜʫʶʱʝʡ ʧʨʦʩʪʦʡ ʩʭʝʤʳ, ʯʘʩʪʦ ʧʨʠʤʝʥʷʝʤʦʡ ʚ ʫʧʨʦʱʸʥʥʳʭ ʤʦ-

ʜʝʣʷʭ ʪʝʦʨʠʠ ʛʦʨʝʥʠʷ ʥʝʧʝʨʝʤʝʰʘʥʥʳʭ ʪʦʧʣʠʚ: 

ʠʤʝʝʪʩʷ ʜʚʘ ʧʝʨʚʠʯʥʳʭ ʢʦʤʧʦʥʝʥʪʘ  ʧʨʦʜʫʢʪʳ ʩʛʦʨʘʥʠʷ ʠ ʚʦʟʜʫʭ, 

ʩʦʩʪʘʚ ʩʤʝʩʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʟʘʠʤʥʦʡ ʜʠʬʬʫʟʠʝʡ ʵʪʠʭ ʜʚʫʭ ʢʦʤʧʦʥʝʥʪʦʚ ʢʘʢ ʝʜʠʥʳʭ 

ʮʝʣʳʭ. 

ʇʫʩʪʴ dair  ʵʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ ʚʦʟʜʫʭʘ 

 dO = 0.234; dN = 0.766; 

a df  ʵʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ 

 dO = 0.718; dC = 0.243; dH = 0.039  ʜʣʷ ʩʤʝʩʠ ʢʝʨʦʩʠʥ-ʢʠʩʣʦʨʦʜ, 

 dO = 0.833; dH = 0.167  ʜʣʷ ʩʤʝʩʠ ʚʦʜʦʨʦʜ-ʢʠʩʣʦʨʦʜ ʩʦ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʤ ʦʪ-

ʥʦʰʝʥʠʝʤ 5, 

ɽʩʣʠ ʦʙʦʟʥʘʯʠʪʴ ʤʘʩʩʦʚʫʶ ʜʦʣʶ ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ ʚ ʜʘʥʥʦʡ ʪʦʯʢʝ ʪʝʯʝʥʠʷ  ű, ʪʦ 

ʜʣʷ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ  

 (1 )j f aird d dj j= + - . (10) 
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ʊʘʢʦʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ ʦʧʠʩʘʪʴ ʚʩʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʛʘʟʦʚʦʡ ʩʤʝʩʠ ʢʘʢ ʬʫʥʢʮʠʠ ʚʩʝʛʦ 

ʣʠʰʴ 3-ʭ ʧʝʨʝʤʝʥʥʳʭ  2-ʭ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ (ʥʘʧʨʠʤʝʨ, r ʠ e) ʠ ʦʜʥʦʡ, ʭʘʨʘʢʪʝʨʠʟʫʶ-

ʱʝʡ ʵʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ  ű. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʚʝʣʠʯʠʥʳ ű ʚ ʚʳʭʣʦʧʥʦʡ ʩʪʨʫʝ ʥʘʭʦʜʠʪʩʷ ʧʫʪʸʤ 

ʯʠʩʣʝʥʥʦʛʦ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʫʨʘʚʥʝʥʠʷ ʢʦʥʚʝʢʮʠʠ-ʜʠʬʬʫʟʠʠ, ʨʝʰʘʝʤʦʛʦ ʩʦʚʤʝʩʪʥʦ ʩ ʫʨʘʚ-

ʥʝʥʠʷʤʠ ʅʘʚʴʝ-ʉʪʦʢʩʘ. 

ʈʘʩʯʸʪʳ ʨʘʚʥʦʚʝʩʥʦʛʦ ʩʦʩʪʘʚʘ ʧʨʦʚʦʜʠʣʠʩʴ ʜʣʷ ʩʤʝʩʝʡ ʚʦʟʜʫʭʘ ʠ ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ 

ʚʦʜʦʨʦʜʘ ʠ ʢʝʨʦʩʠʥʘ, ʩʦʜʝʨʞʘʱʠʭ ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ 4 ʭʠʤʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʘ (O, N, C, H) ʠ 

12 ʢʦʤʧʦʥʝʥʪʦʚ (O2, N2, NO, O, N, H2, H, OH, H2O, CO, CO2, CN) ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 

T = 100  4000 K ʠ ʧʣʦʪʥʦʩʪʝʡ r = 10
-7

  10 ʢʛ/ʤ
3
. ɼʦʣʷ ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ ű ʚʘʨʴʠʨʦʚʘʣʘʩʴ 

ʦʪ 0 ʜʦ 1. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʝʨʝʢʨʳʚʘʝʪʩʷ ʚʝʩʴ ʜʠʘʧʘʟʦʥ ʠʟʤʝʥʝʥʠʷ ʫʩʣʦʚʠʡ ʪʝʯʝʥʠʷ ʦʪ ʥʘʙʝ-

ʛʘʶʱʝʛʦ ʧʦʪʦʢʘ ʜʦ ʩʦʩʪʦʷʥʠʷ ʛʘʟʘ ʚ ʢʘʤʝʨʝ ʩʛʦʨʘʥʠʷ ʤʘʨʰʝʚʦʛʦ ʜʚʠʛʘʪʝʣʷ.  

2.3. ʆʧʨʝʜʝʣʝʥʠʝ ʦʧʪʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʤʝʩʠ ʧʨʦʜʫʢʪʦʚ ʚʳʭʣʦʧʘ ʩ ʚʦʟʜʫʭʦʤ 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʙʘʟr 

ʜʘʥʥʳʭ HITRAN [4-10]. ɹʘʟʘ ʜʘʥʥʳʭ HITRAN (High Resolution Transmission ï ʧʝʨʝʥʦʩ ʩ ʚʳ-

ʩʦʢʠʤ ʨʘʟʨʝʰʝʥʠʝʤ) ʩʦʜʝʨʞʠʪ ʩʧʝʢʪʨʘʣʴʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʠʩʪʝʤ ʧʦʣʦʩ ʤʦʣʝʢʫʣ ʚ ʛʘʟʦ-

ʚʦʡ ʬʘʟʝ ʦʪ ʤʠʢʨʦʚʦʣʥʦʡ ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ ʜʦ ʫʣʴʪʨʘʬʠʦʣʝʪʘ. ʇʦʩʣʝʜʥʷʷ ʚʝʨʩʠʷ ʙʘʟʳ ʜʘʥ-

ʥʳʭ HITRAN-2012 ʩʦʜʝʨʞʠʪ ʩʧʝʢʪʨʘʣʴʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʦ 45 ʤʦʣʝʢʫʣʘʤ ʩ ʫʯʝʪʦʤ 

ʠʟʦʪʦʧʦʚ [10]. 

ʅʝʜʦʩʪʘʪʢʦʤ HITRAN ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʦʥʘ ʧʨʝʜʥʘʟʥʘʯʝʥʘ ʜʣʷ ʨʘʩʯʸʪʘ ʠʟʣʫʯʝʥʠʷ ʥʠʟ-

ʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʧʦʪʦʢʦʚ (ʜʦ ʪʝʤʧʝʨʘʪʫʨ T < 1500 K). ʇʦʵʪʦʤʫ ʨʘʟʣʠʯʥʳʤʠ ʠʩʩʣʝʜʦʚʘ-

ʪʝʣʴʩʢʠʤʠ ʛʨʫʧʧʘʤʠ ʙʳʣʠ ʧʨʝʜʧʨʠʥʷʪʳ ʟʥʘʯʠʪʝʣʴʥʳʝ ʫʩʠʣʠʷ ʜʣʷ ʨʘʩʰʠʨʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨ-

ʥʦʛʦ ʠʥʪʝʨʚʘʣʘ, ʚ ʢʦʪʦʨʦʤ ʤʦʞʥʦ ʥʘʜʸʞʥʦ ʤʦʜʝʣʠʨʦʚʘʪʴ ʠʥʬʨʘʢʨʘʩʥʦʝ ʠʟʣʫʯʝʥʠʝ. ʀʪʦʛʦʤ 

ʵʪʦʡ ʨʘʙʦʪʳ ʧʦʩʣʫʞʠʣʘ ʥʦʚʘʷ ʙʘʟʘ ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʠʭ ʜʘʥʥʳʭ HITEMP, ʧʦʩʣʝʜʥʷʷ ʚʝʨʩʠʷ 

ʢʦʪʦʨʦʡ (HITEMP-2010) ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ [12]. ʅʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʦʥʘ ʩʦʜʝʨʞʠʪ 5 ʥʘʠʙʦʣʝʝ 

ʚʘʞʥʳʭ ʤʦʣʝʢʫʣ ï ʧʘʨʳ ʚʦʜʳ (H2O), ʫʛʣʝʢʠʩʣʳʡ ʛʘʟ (CO2), ʦʢʩʠʜ ʫʛʣʝʨʦʜʘ (CO), ʛʠʜʨʦʢʩʠʣ 

(OH) ʠ ʦʢʩʠʜ ʘʟʦʪʘ (NO). ɼʣʷ ʨʘʩʰʠʨʝʥʠʷ ʜʠʘʧʘʟʦʥʘ ʧʨʠʤʝʥʠʤʦʩʪʠ ʙʳʣʦ ʫʯʪʝʥʦ ʙʦʣʴʰʦʝ 

ʢʦʣʠʯʝʩʪʚʦ ʚʝʨʭʥʠʭ ʢʦʣʝʙʘʪʝʣʴʥʦ-ʚʨʘʱʘʪʝʣʴʥʳʭ ʩʦʩʪʦʷʥʠʡ, ʟʘʩʝʣʝʥʠʝʤ ʢʦʪʦʨʳʭ ʥʝʣʴʟʷ 

ʧʨʝʥʝʙʨʝʛʘʪʴ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʧʦʨʷʜʢʘ 3000 K. ʕʪʦ ʧʨʠʚʝʣʦ ʢ ʧʦʷʚʣʝʥʠʶ ʟʥʘʯʠʪʝʣʴʥʦʤʫ 

ʨʘʩʰʠʨʝʥʠʶ ʩʧʠʩʢʘ ʩʧʝʢʪʨʘʣʴʥʳʭ ʣʠʥʠʡ (ʦʩʦʙʝʥʥʦ ʜʣʷ 3-ʘʪʦʤʥʳʭ ʤʦʣʝʢʫʣ H2O ï 10
8
 ʠ 

CO2 ï 10
7
). ʅʦ ʚ ʪʦ ʞʝ ʚʨʝʤʷ ʢʘʯʝʩʪʚʝʥʥʦ ʫʣʫʯʰʠʣʦ ʥʘʜʸʞʥʦʩʪʴ ʨʘʩʯʸʪʦʚ ʩʧʝʢʪʨʘʣʴʥʳʭ 

ʩʚʦʡʩʪʚ ʵʪʠʭ ʛʘʟʦʚ ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ T = 1500 ï 3000 K. ɼʣʷ ʧʦʜʜʝʨʞʘʥʠʷ ʩʦʚʤʝʩʪʠ-

ʤʦʩʪʠ ʩ ʙʘʟʦʡ ʜʘʥʥʳʭ HITRAN ʚ HITEMP ʚ ʪʦʯʥʦʩʪʠ ʩʦʭʨʘʥʝʥʘ ʩʪʨʫʢʪʫʨʘ ʜʘʥʥʳʭ ʠ ʬʦʨʤʘʪ 

ʠʭ ʧʨʝʜʩʪʘʚʣʝʥʠʷ. ʇʦʵʪʦʤʫ ʠʤʠ ʣʝʛʢʦ ʤʦʞʥʦ ʧʦʣʴʟʦʚʘʪʴʩʷ ʩʦʚʤʝʩʪʥʦ. 

ɺ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʫʩʣʦʚʠʷʭ (ʪʝʤʧʝʨʘʪʫʨʘ ʛʘʟʦʚʦʡ ʩʤʝʩʠ ʥʝ ʧʨʝʚʳʰʘʝʪ 3000K) ʤʦʞ-

ʥʦ ʧʨʝʥʝʙʨʝʯʴ ʜʦʧʣʝʨʦʚʩʢʠʤ ʫʰʠʨʝʥʠʝʤ ʠ ʫʯʠʪʳʚʘʪʴ ʪʦʣʴʢʦ ʫʜʘʨʥʦʝ (ʣʦʨʝʥʮʝʚʦ) ʫʰʠʨʝ-

ʥʠʝ ʤʦʣʝʢʫʣʷʨʥʦʡ ʣʠʥʠʠ. ʊʦʛʜʘ ʜʣʷ ʧʨʦʬʠʣʷ ʣʠʥʠʠ f(’), ʥʦʨʤʠʨʦʚʘʥʥʦʛʦ ʥʘ ʝʜʠʥʠʮʫ, ʤʦʞ-

ʥʦ ʟʘʧʠʩʘʪʴ 
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ʘ ʧʦʣʫʰʠʨʠʥʘ ʚ ʩʤʝʩʠ ʛʘʟʦʚ ʨʘʩʩʯʠʪʳʚʘʝʪʩ̫ ʧʦ ʬʦʨʤʫʣʝ 
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ɿʜʝʩʴ ps ï ʧʘʨʮʠʘʣʴʥʦʝ ʜʘʚʣʝʥʠʝ ʠʟʣʫʯʘʶʱʝʡ ʤʦʣʝʢʫʣʳ ʩʦʨʪʘ s; Tref = 296K; pref = 1ʘʪʤ. 

ʉʧʝʢʪʨʘʣʴʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ jɖɖ' ʠʟʣʫʯʝʥʠʷ ʚʳʨʘʞʘʝʪʩʷ ʯʝʨʝʟ ʢʦʵʬʬʠʮʠʝʥʪ ʕʡʥʰʪʝʡ-

ʥʘ: 



ɺ.ɸ. ɹʝʩʧʘʣʦʚ ʈʘʩʯʝʪ ʣʫʯʠʩʪʦʛʦ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ... 
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ʘ ʩʧʝʢʪʨʘʣʴʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʛʣʦʱʝʥʠʷ kɖɖ' : 
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ʛʜʝ IP (’,T) ï ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʨʘʚʥʦʚʝʩʥʦʛʦ ʠʟʣʫʯʝʥʠʷ; Nɖ ï ʟʘʩʝʣʸʥʥʦʩʪʴ ʠʟʣʫʯʘʶʱʝʛʦ 

ʩʦʩʪʦʷʥʠʷ ɖ : 
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ɿʥʘʯʝʥʠʷ ʧʦʣʥrʭ ʩʪʘʪʠʩʪʠʯʝʩʢʠʭ ʩʫʤʤ Q(T) ʜʣʷ ʚʩʝʭ ʤʦʣʝʢʫʣ ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 

70 -3000 K ʧʨʠʚʝʜʝʥʳ ʚ [11]. 

ɿʘʜʘʯʘ ʨʘʩʯʝʪʘ ʧʝʨʝʥʦʩʘ ʩʝʣʝʢʪʠʚʥʦʛʦ ʪʝʧʣʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩʦʩʪʦʠʪ ʚ ʠʥʪʝʛʨʠʨʦʚʘʥʠʠ 

ʫʨʘʚʥʝʥʠʷ ʧʝʨʝʥʦʩʘ ʚ ʜʝʩʷʪʢʘʭ ʤʠʣʣʠʦʥʘʭ ʩʧʝʢʪʨʘʣʴʥʳʭ ʜʠʘʧʘʟʦʥʦʚ, ʧʨʠ ʵʪʦʤ ʭʘʨʘʢʪʝʨʥʘʷ 

ʦʧʪʠʯʝʩʢʘʷ ʪʦʣʱʠʥʘ ʩʨʝʜʳ Űɜ ʧʦ ʩʧʝʢʪʨʫ ʤʦʞʝʪ ʤʝʥʷʪʴʩʷ ʚʦ ʤʥʦʛʦ ʧʦʨʷʜʢʦʚ ʨʘʟ ʦʪ ŰɜḺ1 

(ʦʧʪʠʯʝʩʢʠ ʪʦʥʢʠʡ ʩʣʦʡ) ʜʦ Űɜḻ1 (ʦʧʪʠʯʝʩʢʠ ʪʦʣʩʪʳʡ ʩʣʦʡ). ʇʨʠ ʨʘʩʯʝʪʝ ʨʘʜʠʘʮʠʦʥʥʦʛʦ 

ʧʝʨʝʥʦʩʘ ʚ ʠʥʬʨʘʢʨʘʩʥʦʡ (ʀʂ) ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ æɜ ~ 500 · 10000 ʩʤ
-1

 ʦʢʘʟʳʚʘʶʪʩʷ ʚʘʞʥʳ-

ʤʠ ʩʣʝʜʫʶʱʠʝ ʜʚʘ ʤʘʩʰʪʘʙʘ ʩʧʝʢʪʨʘʣʴʥʳʭ ʜʠʘʧʘʟʦʥʦʚ: ʭʘʨʘʢʪʝʨʥʳʡ ʤʘʩʰʪʘʙ ʢʦʣʝʙʘʪʝʣʴ-

ʥʦʡ ʧʦʣʦʩʳ æɜvib ~ 200 · 500 ʩʤ
-1

 ʠ ʭʘʨʘʢʪʝʨʥʳʡ ʨʘʟʤʝʨ ʚʨʘʱʘʪʝʣʴʥʦʡ ʣʠʥʠʠ ʩ ʧʦʣʫʰʠʨʠ-

ʥʦʡ ɔ ~ 0.001 · 0.1 ʩʤ
-1
. ʇʨʠ ʫʯʝʪʝ ʚʨʘʱʘʪʝʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʩʧʝʢʪʨʘ ʥʝʦʙʭʦʜʠʤʦ ʧʨʦʚʦʜʠʪʴ 

ʨʘʩʯʝʪʳ ʩ ʰʘʛʦʤ ʧʦ ʵʥʝʨʛʠʠ æɜrot ~ 0.1ɔ, ʪ.ʝ. ʨʘʩʩʯʠʪʳʚʘʪʴ ʧʝʨʝʥʦʩ ʠʟʣʫʯʝʥʠʷ ʩ ʫʯʝʪʦʤ ʚʨʘ-

ʱʘʪʝʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʩʧʝʢʪʨʘ ʤʦʣʝʢʫʣʷʨʥʳʭ ʣʠʥʠʡ. ɽʩʣʠ, ʠʩʭʦʜʷ ʠʟ ʬʠʟʠʯʝʩʢʦʡ ʧʦʩʪʘʥʦʚ-

ʢʠ ʟʘʜʘʯʠ, ʜʦʩʪʘʪʦʯʥʦ ʫʯʝʩʪʴ ʣʠʰʴ ʢʦʣʝʙʘʪʝʣʴʥʫʶ ʩʪʨʫʢʪʫʨʫ ʩʧʝʢʪʨʘ, ʫʩʨʝʜʥʠʚ ʢʦʵʬʬʠʮʠ-

ʝʥʪʳ ʧʦʛʣʦʱʝʥʠʷ ʠ ʠʩʧʫʩʢʘʥʠʷ ʧʦ ʚʨʘʱʘʪʝʣʴʥʦʡ ʩʪʨʫʢʪʫʨʝ, ʪʦ ʩʧʝʢʪʨʘʣʴʥʳʝ ʨʘʩʯʝʪʳ 

ʤʦʞʥʦ ʧʨʦʚʦʜʠʪʴ ʩ ʰʘʛʦʤ æɜ ~ 10 · 25 ʩʤ
-1
. ʕʪʦ ʪʘʢ ʥʘʟʳʚʘʝʤʳʝ ʤʥʦʛʦʛʨʫʧʧʦʚʳʝ ʩʧʝʢ-

ʪʨʘʣʴʥʳʝ ʨʘʩʯʝʪʳ ʙʝʟ ʫʯʝʪʘ ʚʨʘʱʘʪʝʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ. ɺʝʣʠʯʠʥʘ æɜ ʜʦʣʞʥʘ ʙʳʪʴ ʥʝ ʩʣʠʰ-

ʢʦʤ ʤʘʣʦʡ, ʯʪʦʙʳ ʚ ʵʪʦʪ ʜʠʘʧʘʟʦʥ ʧʦʧʘʜʘʣʦ ʜʦʩʪʘʪʦʯʥʦʝ ʯʠʩʣʦ ʚʨʘʱʘʪʝʣʴʥʳʭ ʣʠʥʠʡ, ʠ ʥʝ 

ʩʣʠʰʢʦʤ ʙʦʣʴʰʦʡ, ʯʪʦʙʳ ʧʨʠ ʫʩʨʝʜʥʝʥʠʠ ʚʨʘʱʘʪʝʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʩʧʝʢʪʨʘ ʥʝ ʩʣʠʰʢʦʤ 

ʠʩʢʘʞʘʣʩʷ ʢʦʥʪʫʨ ʢʦʣʝʙʘʪʝʣʴʥʦʡ ʧʦʣʦʩʳ. 

ɿʘʤʝʪʠʤ, ʯʪʦ ʚ ʧʦʜʘʚʣʷʶʱʝʤ ʙʦʣʴʰʠʥʩʪʚʝ ʟʘʜʘʯ, ʚʦʟʥʠʢʘʶʱʠʭ ʧʨʠ ʦʧʨʝʜʝʣʝʥʠʠ ʩʝ-

ʣʝʢʪʠʚʥʦʛʦ ʪʝʧʣʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʛʘʟʘʭ ʘʪʤʦʩʬʝʨʥʦʛʦ ʜʘʚʣʝʥʠʷ ʚʧʦʣʥʝ ʜʦʩʪʘʪʦʯʥʦ ʫʯʠʪʳ-

ʚʘʪʴ ʣʠʰʴ ʢʦʣʝʙʘʪʝʣʴʥʫʶ ʩʪʨʫʢʪʫʨʫ ʀʂ-ʩʧʝʢʪʨʘ. ʉ ʧʦʥʠʞʝʥʠʝʤ ʜʘʚʣʝʥʠʷ ʜʦ ʜʝʩʷʪʳʭ ʠ ʩʦ-

ʪr ʭ ʜʦʣʝʡ ʘʪʤʦʩʬʝʨʳ ʧʨʝʥʝʙʨʝʞʝʥʠʝ ʚʨʘʱʘʪʝʣʴʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʙʦʣʴʰʠʤ 

ʧʦʛʨʝʰʥʦʩʪʷʤ. ʀʪʘʢ, ʥʝʦʙʭʦʜʠʤʦ ʨʘʟʣʠʯʘʪʴ ʜʚʘ ʪʠʧʘ ʩʧʝʢʪʨʘʣʴʥʳʭ ʨʘʩʯʝʪʦʚ: ʩ ʫʯʝʪʦʤ ʠ ʙʝʟ 

ʫʯʝʪʘ ʚʨʘʱʘʪʝʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ.  

ʊʨʫʜʦʝʤʢʦʩʪʴ ʨʝʰʝʥʠʷ ʧʨʦʙʣʝʤʳ ʩʝʣʝʢʪʠʚʥʦʩʪʠ ʩʫʱʝʩʪʚʝʥʥʦ ʚʦʟʨʘʩʪʘʝʪ, ʝʩʣʠ ʥʝʦʙ-

ʭʦʜʠʤʦ ʧʨʦʚʦʜʠʪʴ ʨʘʩʯʝʪʳ ʧʝʨʝʥʦʩʘ ʠʟʣʫʯʝʥʠʷ ʚ ʦʙʲʝʤʘʭ ʩʣʦʞʥʳʭ ʛʝʦʤʝʪʨʠʡ. ʆʜʥʠʤ ʠʟ 

ʚʦʟʤʦʞʥʳʭ ʧʫʪʝʡ ʨʝʰʝʥʠʷ ʜʘʥʥʦʡ ʧʨʦʙʣʝʤʳ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʧʨʠʙʣʠʞʝʥʥʳʭ ʤʝʪʦʜʦʚ, 

ʧʦʟʚʦʣʷʶʱʠʭ ʩ ʜʦʩʪʘʪʦʯʥʦʡ ʜʣʷ ʧʨʘʢʪʠʢʠ ʪʦʯʥʦʩʪʴʶ ʫʯʠʪʳʚʘʪʴ ʦʩʥʦʚʥʳʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ 

ʧʝʨʝʥʦʩʘ ʪʝʧʣʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ ʫʯʝʪʦʤ ʣʠʥʝʡʯʘʪʦʡ ʩʪʨʫʢʪʫʨʳ ʩʧʝʢʪʨʘ. ʆʜʥʘʢʦ ʩ ʢʘʞʜʳʤ 

ʛʦʜʦʤ ʚʦʟʨʘʩʪʘʝʪ ʪʘʢʞʝ ʘʢʪʫʘʣʴʥʦʩʪʴ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʤʝʪʦʜʦʚ ʨʘʩʯʝʪʘ, ʫʯʠʪʳʚʘʶʱʠʭ 

ʪʦʯʥʫʶ ʩʪʨʫʢʪʫʨʫ ʣʠʥʠʡ, ʧʦʩʢʦʣʴʢʫ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʩʦʚʨʝʤʝʥʥʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ 

ʢʦʤʧʣʝʢʩʦʚ ʫʞʝ ʧʦʟʚʦʣʷʝʪ ʨʝʰʘʪʴ ʵʪʠʤʠ ʤʝʪʦʜʘʤʠ ʟʘʜʘʯʠ ʧʨʘʢʪʠʯʝʩʢʦʡ ʚʘʞʥʦʩʪʠ. 

ʄʝʪʦʜ ʨʘʩʯʝʪʘ ʧʦ ʣʠʥʠʷʤ ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ ʪʨʫʜʦʝʤʢʠʤ, ʠ ʝʛʦ ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʧʨʠʤʝ-

ʥʷʪʴ, ʧʨʝʞʜʝ ʚʩʝʛʦ, ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʵʪʘʣʦʥʥʳʭ ʨʝʰʝʥʠʡ. ʀʩʧʦʣʴʟʫʝʤʳʡ ʘʣʛʦʨʠʪʤ ʨʘʩʯʸʪʘ 

ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʩʣʝʜʫʶʱʝʤ: 

ɺ ʮʠʢʣʝ ʧʦ ʚʩʝʤ ʣʠʥʠʷʤ ʚʩʝʭ ʤʦʣʝʢʫʣ ʧʦ ʬʦʨʤʫʣʘʤ (11-14) ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ ʧʦʣʫʰʠ-

ʨʠʥʳ ɔ ʠ ʢʦʵʬʬʠʮʠʝʥʪʳ ʧʦʛʣʦʱʝʥʠʷ '
0k
hh

 ʠ ʠʟʣʫʯʝʥʠʷ '
0j
hh

 ʚ ʮʝʥʪʨʘʭ ʣʠʥʠʡ; 
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ʇʦ ʚʩʝʤ ʩʧʝʢʪʨʘʣʴʥʳʤ ʠʥʪʝʨʚʘʣʘʤ æɜk-1/2 = [ɜk-1, ɜk] ʚ ʦʢʨʝʩʪʥʦʩʪʠ ʮʝʥʪʨʘ ʣʠʥʠʠ ( ʧʦ-

ʨʷʜʢʘ ʥʝʩʢʦʣʴʢʠʭ ʜʝʩʷʪʢʦʚ ) ʧʨʦʚʦʜʠʪʩʷ ʠʥʪʝʛʨʠʨʦʚʘʥʠʝ ʨʘʩʧʨʝʜʝʣʝʥʠʡ (13 -14) ʠ ʚʢʣʘʜʳ 

ʦʪ ʢʘʞʜʦʡ ʣʠʥʠʠ ʩʫʤʤʠʨʫʶʪʩʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʫʩʨʝʜʥʸʥʥʳʡ ʥʘ ʜʘʥʥʦʤ ʩʧʝʢʪʨʘʣʴʥʦʤ ʠʥ-

ʪʝʨʚʘʣʝ ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʛʣʦʱʝʥʠʷ ʨʘʚʝʥ ( )
1-

,,=2/1-

l

v

v

lk

k

k

ɜdPTvkk . 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʚ ʢʘʞʜʦʡ ʪʦʯʢʝ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʧʦʣʷ ʧʨʠ ʟʘʜʘʥʥʳʭ ʨʘʩʧʨʝʜʝʣʝʥʠʷʭ 

ʪʝʤʧʝʨʘʪʫʨʳ, ʜʘʚʣʝʥʠʷ ʠ ʤʦʣʴʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ ʚʩʝʭ ʠʟʣʫʯʘʶʱʠʭ ʠ ʧʦʛʣʦʱʘʶʱʠʭ ʤʦʣʝ-

ʢʫʣʷʨʥʳʭ ʢʦʤʧʦʥʝʥʪ ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ ʩʧʝʢʪʨʘʣʴʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʧʦʛʣʦ-

ʱʝʥʠʷ ʠ ʠʟʣʫʯʝʥʠʷ ʩ ʣʶʙʦʡ ʟʘʜʘʥʥʦʡ ʩʪʝʧʝʥʴʶ ʧʦʜʨʦʙʥʦʩʪʠ. 

ɼʣʷ ʦʮʝʥʢʠ ʚʣʠʷʥʠʷ ʚʳʙʦʨʘ ʩʧʦʩʦʙʘ ʜʠʩʢʨʝʪʠʟʘʮʠʠ ʩʧʝʢʪʨʘʣʴʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚ 

ʫʩʣʦʚʠʷʭ, ʭʘʨʘʢʪʝʨʥʳʭ ʜʣʷ ʨʘʙʦʪʳ ʚʦʜʦʨʦʜ-ʢʠʩʣʦʨʦʜʥʦʡ ɼʋ ʚʪʦʨʦʡ ʩʪʫʧʝʥʠ, ʙʳʣ ʚʳʧʦʣ-

ʥʝʥ ʨʷʜ ʪʝʩʪʦʚʳʭ ʨʘʩʯʸʪʦʚ ʠʟʣʫʯʝʥʠʷ ʩ ʫʯʸʪʦʤ ʧʦʛʣʦʱʝʥʠʷ ʧʣʦʩʢʦʤ ʩʣʦʝ ʠ ʚ ʮʝʥʪʨʝ ʧʦʣʫ-

ʩʬʝʨʠʯʝʩʢʦʛʦ ʦʙʲʸʤʘ. ʇʦʣʫʩʬʝʨʠʯʝʩʢʠʡ ʦʙʲʸʤ ʤʦʜʝʣʠʨʫʝʪ ʛʦʨʷʯʠʡ ʠʟʣʫʯʘʶʱʠʡ ʦʙʲʸʤ, 

ʬʦʨʤʠʨʫʶʱʠʡʩʷ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʤʝʞʜʫ ʩʦʧʣʘʤʠ (ʧ.3), ʘ ʧʣʦʩʢʠʡ ʩʣʦʡ ï ʟʦʥʫ ʩʤʝʰʝʥʠʷ 

ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ ʩ ʥʘʙʝʛʘʶʱʠʤ ʚʦʟʜʫʭʦʤ. ʃʠʥʝʡʥʳʝ ʠ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ 

ʙʳʣʠ ʚʳʙʨʘʥʳ ʪʘʢ, ʯʪʦʙʳ ʦʥʠ ʧʨʠʤʝʨʥʦ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʠ ʪʝʯʝʥʠʶ ʚ ʙʣʠʞʥʝʡ ʦʙʣʘʩʪʠ ʚʟʘʠ-

ʤʦʜʝʡʩʪʚʠʷ ʩʪʨʫʡ ʠ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ: 

ʨʘʜʠʫʩ ʧʦʣʫʩʬʝʨʳ ï 1 ʤ; 

ʪʦʣʱʠʥʘ ʧʣʦʩʢʦʛʦ ʩʣʦʷ ï 0.1 ʤ; 

ʜʘʚʣʝʥʠʝ ï 0.1 ʘʪʤ;  

ʪʝʤʧʝʨʘʪʫʨʘ T ï 2400K; 

ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ xH2O = 0.65; xH2 = 0.35. 

ɹʳʣʠ ʧʨʦʚʝʜʝʥʳ ʨʘʩʯʸʪʳ ʠʟʣʫʯʝʥʠʷ ʩ ʨʘʟʣʠʯʥʳʤʠ ʰʘʛʘʤʠ ʜʠʩʢʨʝʪʠʟʘʮʠʠ ʧʦ ʩʧʝʢʪʨʫ 

ï ʦʪ æɜ =0.001 ʩʤ
-1

 (ʪʦʯʥʳʡ ʫʯʸʪ ʬʦʨʤʳ ʣʠʥʠʡ) ʜʦ æɜ =10.0 ʩʤ
-1

 (ʤʥʦʛʦʛʨʫʧʧʦʚʦʝ ʧʨʠʙʣʠ-

ʞʝʥʠʝ) ʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʚʫʭ ʥʘʙʦʨʦʚ ʜʘʥʥʳʭ ï HITRAN-2012 ʠ HITEMP-2010. ʈʝʟʫʣʴ-

ʪʘʪʳ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣ. 1. 

ʊʘʙʣʠʮʘ 1 

ʈʘʩʯʸʪʥʳʡ ʣʫʯʠʩʪʳʡ ʧʦʪʦʢ qR(ɺʪ/ʩʤ
2
) ʧʣʦʩʢʦʛʦ ʩʣʦʷ ʠ ʚ ʮʝʥʪʨʝ ʧʦʣʫʩʬʝʨʳ (P = 0.1 ʘʪʤ, 

T = 2400 K). 

 
qR(ɺʪ/ʩʤ

2
) 

ʇʦʣʫʩʬʝʨʘ R = 1ʤ ʇʣʦʩʢʠʡ ʩʣʦʡ L = 0.1ʤ 

æɜ, ʩʤ
-1
 HITRAN HITEMP HITRAN HITEMP 

10 6.09 10.46 1.31 2.31 

1 5.57 10.00 1.26 2.26 

0.1 4.40 9.94 1.11 2.13 

0.01 3.97 8.54 1.04 2.06 

0.001 3.90 8.30 1.02 2.02 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʨʘʩʯʸʪ ʧʦ ʜʘʥʥʳʤ HITRAN-2012 ʚʦ ʚʩʝʭ ʩʣʫʯʘʷʭ ʜʘʸʪ ʧʨʠʤʝʨ-

ʥʦ ʚʜʚʦʝ ʤʝʥʴʰʝʝ ʟʥʘʯʝʥʠʝ ʣʫʯʠʩʪʦʛʦ ʧʦʪʦʢʘ, ʯʝʤ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʘʥʥʳʭ HITEMP-2010.  

ʈʘʩʯʸʪ ʩʧʝʢʪʨʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ Iɜ ʜʣʷ ʧʦʣʫʩʬʝʨʳ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩ. 2-4 ʩ 
ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 3-ʭ ʰʘʛʦʚ ʜʠʩʢʨʝʪʠʟʘʮʠʠ ʧʦ ʩʧʝʢʪʨʫ æɜ = 10, 0.1, 0.001 ʩʤ

-1
 ʩ ʠʩʧʦʣʴʟʦʚʘ-

ʥʠʝʤ ʙʘʟʳ ʜʘʥʥʳʭ HITEMP. ʂʨʠʚʦʡ ʯʸʨʥʦʛʦ ʮʚʝʪʘ ʜʣʷ ʩʨʘʚʥʝʥʠʷ ʧʦʢʘʟʘʥʦ ʠʟʣʫʯʝʥʠʝ ʯʸʨ-
ʥʦʛʦ ʪʝʣʘ (ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʇʣʘʥʢʘ) ʧʨʠ ʜʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ɺʠʜʥʦ (ʨʠʩ.4), ʯʪʦ ʜʣʷ ʨʘʩʩʤʘʪ-
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ʨʠʚʘʝʤʳʭ ʫʩʣʦʚʠʡ ʨʝʘʣʠʟʫʶʪʩʷ ʦʙʘ ʧʨʝʜʝʣʴʥʳʭ ʨʝʞʠʤʘ ʧʝʨʝʥʦʩʘ ʠʟʣʫʯʝʥʠʷ ï ʥʝʢʦʪʦʨʳʝ 
ʣʠʥʠʠ ʧʦʣʥʦʩʪʴʶ ʧʦʛʣʦʱʘʶʪʩʷ, ʜʨʫʛʠʝ ʚʳʩʚʝʯʠʚʘʶʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʙʝʟ ʧʦʛʣʦʱʝʥʠʷ. 

ʀʟ ʪʘʙʣ. 1 ʚʠʜʥʦ, ʯʪʦ ʜʣʷ ʦʙʲʸʤʦʚ ʩ ʨʘʟʤʝʨʘʤʠ ʧʦʨʷʜʢʘ 1 ʤ ʦʰʠʙʢʘ ʧʨʠʙʣʠʞʸʥʥʦʛʦ 

ʨʘʩʯʸʪʘ (æɜ = 10 ʩʤ
-1
) ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʦʯʥʳʤ (æɜ = 0.001 ʩʤ

-1
) ʩʦʩʪʘʚʣʷʝʪ ~ 25%, ʘ ʩ ʨʘʟʤʝ-

ʨʘʤʠ ʧʦʨʷʜʢʘ 0.1 ʤ ʤʝʥʴʰʝ 15%. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʤʝʥʴʰʝʡ ʦʧʪʠʯʝʩʢʦʡ ʪʦʣʱʠʥʦʡ ʜʣʷ ʵʪʦʛʦ 

ʩʣʫʯʘʷ (ʨʠʩ. 3). 

 

ʈʠʩ.2. ʉʧʝʢʪʨʘʣʴʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ Iɜ ʧʦʣʫʩʬʝʨʠʯʝʩʢʦʛʦ ʦʙʲʸʤʘ ʨʘʜʠʫʩʘ R=1ʤ, 

T=2400K, P=0.1ʘʪʤ, xH2O =0.65, æɜ = 10 ʩʤ
-1
 

 

ʈʠʩ.3. ʉʧʝʢʪʨʘʣʴʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ Iɜ ʧʦʣʫʩʬʝʨʠʯʝʩʢʦʛʦ ʦʙʲʸʤʘ ʨʘʜʠʫʩʘ R=1ʤ, 

T=2400K,  P=0.1ʘʪʤ,  xH2O=0.65. æɜ = 0.1 ʩʤ
-1
 

ɽʩʣʠ ʜʦʧʫʩʪʠʤʘʷ ʪʦʯʥʦʩʪʴ ʨʘʩʯʸʪʘ ʩʦʩʪʘʚʣʷʝʪ ~ 20%, ʤʦʞʥʦ ʦʛʨʘʥʠʯʠʪʴʩʷ ʩʧʝʢʪʨʘʣʴ-

ʥʳʤ ʰʘʛʦʤ æɜ = 0.1-1.0 ʩʤ
-1
, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʫʤʝʥʴʰʠʪʴ ʚʳʯʠʩʣʠʪʝʣʴʥʫʶ ʪʨʫʜʦʸʤʢʦʩʪʴ ʥʘ 

2 ï 3 ʧʦʨʷʜʢʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ  ʜʝʪʘʣʴʥʳʤ ʨʘʩʯʸʪʦʤ (æɜ = 0.001 ʩʤ
-1

). 
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ʈʠʩ.4. ʉʧʝʢʪʨʘʣʴʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ Iɜ ʧʦʣʫʩʬʝʨʠʯʝʩʢʦʛʦ ʦʙʲʸʤʘ ʨʘʜʠʫʩʘ R=1ʤ, 

T=2400K,  P=0.1ʘʪʤ,  xH2O=0.65. æɜ = 0.001 ʩʤ
-1
 

 

ʈʠʩ.5. ʉʧʝʢʪʨʘʣʴʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ Iɜ ʧʣʦʩʢʦʛʦ ʩʣʦʷ ʪʦʣʱʠʥʦʡ L=0.1ʤ, T=2400K,  

P=0.1ʘʪʤ, xH2O=0.65, æɜ = 0.001 ʩʤ
-1
 

3. ʈʘʩʯʸʪ ʣʫʯʠʩʪʦʛʦ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ ʥʘ ʚʪʦʨʫʶ ʩʪʫʧʝʥʴ ʈʅ ʉʘʪʫʨʥ 5 

3.1. ʆʧʠʩʘʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘ 

ɺ ʣʝʪʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʈʅ çʉʘʪʫʨʥ 5è [13] ʚ ʤʘʨʰʝʚʳʭ ʜʚʠʛʘʪʝʣʷʭ ʚʪʦʨʦʡ ʩʪʫʧʝʥʠ 

(ʈɼ J-2) ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʞʠʜʢʠʡ ʢʠʩʣʦʨʦʜ ʠ ʞʠʜʢʠʡ ʚʦʜʦʨʦʜ (LOX/hydrogen). ʅʘ ʜʥʠʱʝ 

ʚʪʦʨʦʡ ʩʪʫʧʝʥʠ ʈʅ ʙʳʣ ʫʩʪʘʥʦʚʣʝʥ ʨʷʜ ʧʨʠʙʦʨʦʚ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʜʘʚʣʝʥʠʷ, ʨʘʜʠʘʮʠʦʥʥʳʭ 

ʪʝʧʣʦʚʳʭ ʧʦʪʦʢʦʚ, ʘ ʪʘʢʞʝ ʧʦʣʥʳʭ ʪʝʧʣʦʚʳʭ ʧʦʪʦʢʦʚ. ʈʘʜʠʦʤʝʪʨ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʜʘʪ-

ʯʠʢ ɻʦʨʜʦʥʘ, ʵʢʨʘʥʠʨʫʝʤʳʡ ʦʪ ʛʘʟʦʚʦʛʦ ʧʦʪʦʢʘ ʩʘʧʬʠʨʦʚʳʤ ʩʪʝʢʣʦʤ. 

ɼʣʷ ʪʨʸʭ ʟʘʧʫʩʢʦʚ ʈʅ (AS-503, AS-504, AS-505) ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʨʝʟʫʣʴʪʘʪʳ, ʧʨʠʚʝ-

ʜʝʥʥʳʝ ʥʘ ʨʠʩ. 6. 
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ʀʟ ʣʸʪʥʳʭ ʜʘʥʥʳʭ ʟʘʧʫʩʢʘ AS-506 [14] ʠʟʚʝʩʪʥʦ, ʯʪʦ ʨʘʟʜʝʣʝʥʠʝ ʧʝʨʚʦʡ ʠ ʚʪʦʨʦʡ 

ʩʪʫʧʝʥʠ ʈʅ çʉʘʪʫʨʥ 5è ʧʨʦʠʩʭʦʜʠʪ ʥʘ 160 ʩ ʧʦʣʸʪʘ, ʜʦ 460 ʩ ʨʘʙʦʪʘʶʪ ʚʩʝ 5 ʤʘʨʰʝʚʳʭ 

ʜʚʠʛʘʪʝʣʝʡ ʩʪʫʧʝʥʠ, ʧʦʪʦʤ ʦʪʢʣʶʯʘʝʪʩʷ ʮʝʥʪʨʘʣʴʥʳʡ ʜʚʠʛʘʪʝʣʴ. ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʝʟʫʣʴʪʘʪʦʚ 

ʠʟʤʝʨʝʥʠʡ (ʨʠʩ. 6) ʨʘʜʠʘʮʠʦʥʥʳʡ ʪʝʧʣʦʚʦʡ ʧʦʪʦʢ ʢ ʜʘʪʯʠʢʫ ʥʘ ʚʪʦʨʦʡ ʩʪʫʧʝʥʠ ʦʩʪʘʚʘʣʩʷ 

ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʩʪʦʷʥʥʳʤ ʧʦ ʪʨʘʝʢʪʦʨʠʠ ʜʚʠʞʝʥʠʷ. 

 

 

ʈʠʩ.6. ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʚ ʜʦʥʥʦʡ ʦʙʣʘʩʪʠ S-II  Saturn V 

3.2. ʇʦʩʪʨʦʝʥʠʝ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʠ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ 

ʇʨʠ ʧʦʩʪʨʦʝʥʠʠ ʩʝʪʢʠ ʚ ʢʘʯʝʩʪʚʝ ʚʥʝʰʥʝʡ ʛʨʘʥʠʮʳ ʦʙʪʝʢʘʥʠʷ ʙʨʘʣʩʷ ʫʩʝʯʸʥʥʳʡ ʢʦ-

ʥʫʩ ʩ ʦʙʨʘʟʫʶʱʝʡ ʦʢʦʣʦ 65 ʤ ʠ ʨʘʜʠʫʩʘʤʠ ʦʩʥʦʚʘʥʠʡ 15 ʤ ʠ 50 ʤ. ɺ ʩʠʣʫ ʩʠʤʤʝʪʨʠʠ ʨʝ-

ʰʘʝʤʦʡ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʦʡ ʟʘʜʘʯʠ ʠʟ ʵʪʦʛʦ ʫʩʝʯʸʥʥʦʛʦ ʢʦʥʫʩʘ ʙʳʣʘ ʚʳʨʝʟʘʥʘ 1/8 ʯʘʩʪʴ ʩ 

ʧʣʦʩʢʦʩʪʷʤʠ ʧʨʦʭʦʜʷʱʠʤʠ ʯʝʨʝʟ ʦʩʴ ʮʝʥʪʨʘʣʴʥʦʛʦ ʠ ʙʦʢʦʚʦʛʦ ʠ ʯʝʨʝʟ ʦʩʴ ʮʝʥʪʨʘʣʴʥʦʛʦ ʚ 

ʨʘʚʥʦʤ ʫʜʘʣʝʥʠʠ ʦʪ ʦʩʝʡ ʜʚʫʭ ʩʦʩʝʜʥʠʭ ʩʦʧʝʣ. ʇʦʣʫʯʝʥʥʳʡ ʪʘʢʠʤ ʩʧʦʩʦʙʦʤ ʚʥʝʰʥʠʡ ʢʦʥ-

ʪʫʨ ʨʘʩʯʸʪʥʦʡ ʩʝʪʢʠ ʧʨʠʚʝʜʸʥ ʥʘ ʨʠʩ. 7. ʅʘ ʨʠʩ. 8 ʧʨʠʚʝʜʝʥʘ ʩʝʪʢʘ ʚʙʣʠʟʠ ʜʦʥʥʦʡ ʦʙʣʘʩʪʠ ʠ 

ʚʥʫʪʨʠ ʩʦʧʝʣ, ʛʜʝ ʦʪʦʙʨʘʞʝʥʦ ʩʛʫʱʝʥʠʝ ʷʯʝʝʢ ʩʝʪʢʠ ʦʢʦʣʦ ʪʚʝʨʜʳʭ ʩʪʝʥʦʢ ʜʣʷ ʨʘʩʯʝʪʘ ʪʝ-

ʯʝʥʠʷ ʚ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ. 

3.3. ʇʦʩʪʘʥʦʚʢʘ ʥʘʯʘʣʴʥʳʭ ʠ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ 

ɼʣʷ ʧʦʩʪʘʥʦʚʢʠ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ ʥʘ ʚʭʦʜʥʦʡ ʛʨʘʥʠʮʝ ʚʥʫʪʨʝʥʥʝʡ ʯʘʩʪʠ ʩʦʧʝʣ 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʨʘʩʩʯʠʪʳʚʘʣʠʩʴ ʧʘʨʘʤʝʪʨʳ ʚ ʬʦʨʢʘʤʝʨʝ ʜʚʠʛʘʪʝʣʷ. ʃʸʪʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ 

ʧʨʦʚʦʜʠʣʩʷ ʧʨʠ ʦʪʥʦʰʝʥʠʠ ʦʢʠʩʣʠʪʝʣʷ ʢ ʛʦʨʶʯʝʤʫ 5.75 ʠ ʜʘʚʣʝʥʠʠ ʚ ʬʦʨʢʘʤʝʨʝ 4.94 ʄʇʘ. 

ʅʠʞʝʧʨʠʚʝʜʝʥʥʳʡ ʨʘʩʯʸʪ ʧʨʦʚʦʜʠʣʩʷ ʧʨʠ ʪʦʤ ʞʝ ʜʘʚʣʝʥʠʠ ʠ ʦʪʥʦʰʝʥʠʠ ʦʢʠʩʣʠʪʝʣʷ ʢ 

ʛʦʨʶʯʝʤʫ 5.5, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʪʥʦʰʝʥʠʶ ʧʨʠ ʧʨʦʚʝʜʝʥʠʠ ʩʪʝʥʜʦʚʳʭ ʦʛʥʝʚʳʭ 

ʠʩʧʳʪʘʥʠʠ ʜʚʠʛʘʪʝʣʝʡ J-2 ʜʣʷ ʧʦʣʥʦʨʘʟʤʝʨʥʦʡ ʤʦʜʝʣʠ ʠ ʤʦʜʝʣʠ ʚ ʤʘʩʰʪʘʙʝ 1:25. 

ʆʩʥʦʚʥʘʷ ʯʘʩʪʴ ʥʘʟʝʤʥʳʭ ʠʩʧʳʪʘʥʠʡ ʧʨʦʭʦʜʠʣʘ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʚʳʩʦʪʳ ʧʦʨʷʜʢʘ 

73.2 ʢʤ, ʧʦʵʪʦʤʫ ʜʣʷ ʧʘʨʘʤʝʪʨʦʚ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ ʙʳʣʘ ʚʳʙʨʘʥʘ ʠʤʝʥʥʦ ʵʪʘ ʚʳʩʦʪʘ. 
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ʈʠʩ.7. ʈʘʩʯʸʪʥʘʷ ʩʝʪʢʘ ʜʣʷ ʜʦʥʥʦʡ ʦʙʣʘʩʪʠ ʚʪʦʨʦʡ ʩʪʫʧʝʥʠ ʈʅ çʉʘʪʫʨʥ 5è 

 

ʈʠʩ.8. ʉʛʫʱʝʥʠʝ ʨʘʩʯʸʪʥʦʡ ʩʝʪʢʠ ʚʙʣʠʟʠ ʤʦʜʝʣʠ 

ɿʥʘʯʝʥʠʝ ʩʢʦʨʦʩʪʠ ʨʘʢʝʪʳ ʜʣʷ ʵʪʦʡ ʚʳʩʦʪʳ ʙʨʘʣʦʩʴ ʠʟ ʣʸʪʥʳʭ ʜʘʥʥʳʭ ʟʘʧʫʩʢʘ AS-506 

[14], ʪʘʢ ʢʘʢ ʦʪʯʸʪʳ ʧʦ ʟʘʧʫʩʢʘʤ AS-501 ï AS-505 ʥʝʜʦʩʪʫʧʥʳ. ʋʯʠʪʳʚʘʷ ʧʦʩʪʦʷʥʩʪʚʦ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʨʘʜʠʘʮʠʦʥʥʦʛʦ ʧʦʪʦʢʘ ʥʘ ʠʥʪʝʨʝʩʫʝʤʦʤ ʥʘʩ ʚʨʝʤʝʥʥʦʤ ʠʥʪʝʨʚʘʣʝ 

ʜʚʠʞʝʥʠʷ ʥʝʙʦʣʴʰʠʝ ʦʪʢʣʦʥʝʥʠʷ ʚ ʦʧʨʝʜʝʣʝʥʠʠ ʩʢʦʨʦʩʪʠ ʥʝ ʜʦʣʞʥʳ ʩʫʱʝʩʪʚʝʥʥʦ 

ʩʢʘʟʘʪʴʩʷ ʥʘ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʘʭ.  

ɺ ʪʘʙʣ. 2 ʧʨʠʚʝʜʝʥʳ ʠʪʦʛʦʚʳʝ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʩʧʫʪʥʦʛʦ ʧʦʪʦʢʘ ʠ ʧʘʨʘʤʝʪʨʦʚ ʥʘ 

ʩʨʝʟʝ ʩʦʧʣʘ, ʦʪʩʪʦʷʱʝʤ ʥʘ 0.034 ʤ ʦʪ ʢʨʠʪʠʯʝʩʢʦʛʦ ʩʝʯʝʥʠʷ ʩ ʦʪʥʦʰʝʥʠʝʤ ʧʣʦʱʘʜʝʡ 

ʩʝʯʝʥʠʡ å 1.09. 

ʊʘʙʣʠʮʘ 2 

ɿʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʩʧʫʪʥʦʛʦ ʧʦʪʦʢʘ ʠ ʧʘʨʘʤʝʪʨʦʚ ʥʘ ʩʨʝʟʝ ʩʦʧʣʘ  

 V , ʤ/c  ɟ, ʢʛ/ʤ3 p, ʇʘ T, ʂ M 

ʉʧʫʪʥʳʡ ʧʦʪʦʢ 2800 5.23³10
-5

 3.19 212 9,57 

ʉʨʝʟ ʩʦʧʣʘ 2031 9.42³10
-1

 1.94³10
6
 3151 1,32 
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3.4. ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʸʪʦʚ ʛʘʟʦʜʠʥʘʤʠʢʠ ʜʦʥʥʦʡ ʦʙʣʘʩʪʠ 

ʈʘʩʯʸʪ ʛʘʟʦʜʠʥʘʤʠʢʠ ʪʝʯʝʥʠʷ ʧʨʦʚʦʜʠʣʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʨʘʙʦʪʘʥʥʦʡ 

ʧʨʦʛʨʘʤʤʳ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ - ʉʪʦʢʩʘ ʤʝʪʦʜʦʤ ʢʦʥʝʯʥʳʭ ʦʙʲʸʤʦʚ. ʈʘʩʯʸʪ 

ʧʨʦʠʩʭʦʜʠʣ ʚ ʚʷʟʢʦʡ ʨʘʚʥʦʚʝʩʥʦʡ ʧʦʩʪʘʥʦʚʢʝ ʩ ʧʝʨʚʳʤ ʧʦʨʷʜʢʦʤ ʪʦʯʥʦʩʪʠ ʧʦ ʚʨʝʤʝʥʠ ʠ 

ʧʨʦʩʪʨʘʥʩʪʚʫ ʤʝʪʦʜʦʤ ʫʩʪʘʥʦʚʣʝʥʠʷ, ʙʝʟ ʫʯʸʪʘ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ. ɺ ʢʘʯʝʩʪʚʝ ʢʦʥʚʝʢʪʠʚʥʦʛʦ 

ʨʝʰʘʪʝʣʷ ʙʳʣ ʚʳʙʨʘʥ ʤʝʪʦʜ AUSM. ʆʙʱʠʡ ʨʘʩʯʸʪ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʧʦʣʷ ʟʘʥʠʤʘʝʪ ʥʘ 

ʧʝʨʩʦʥʘʣʴʥʦʤ ʢʦʤʧʴʶʪʝʨʝ ʦʢʦʣʦ 2 ʯʘʩʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ GPU NVidia Titan.  

ʅʘ ʠʟʫʯʘʝʤʦʡ ʚʳʩʦʪʝ ʩʪʨʫʠ ʠʟ ʩʦʧʝʣ ʜʚʠʛʘʪʝʣʝʡ ʷʚʣʷʶʪʩʷ ʩʫʱʝʩʪʚʝʥʥʦ 

ʥʝʜʦʨʘʩʰʠʨʝʥʥʳʤʠ, ʧʦʣʫʯʘʝʤʦʝ ʯʠʩʣʦ ʥʝʨʘʩʯʸʪʥʦʩʪʠ NRP å 5000. ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩ. 9 

ʧʦʩʣʝ ʚʳʭʦʜʘ ʩʪʨʫʡ ʠʟ ʩʦʧʝʣ ɼʋ ʧʨʦʠʩʭʦʜʠʪ ʠʭ ʨʘʩʰʠʨʝʥʠʝ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʦʪʦʨʦʛʦ 

ʦʙʨʘʟʫʶʪʩʷ ʩʢʘʯʢʠ ʫʧʣʦʪʥʝʥʠʷ ʚ ʟʘʟʦʨʘʭ ʤʝʞʜʫ ʩʦʧʣʘʤʠ. ɼʣʷ ʢʨʘʪʢʦʩʪʠ ʚ ʜʘʣʴʥʝʡʰʝʤ 

ʙʫʜʝʤ ʧʦʥʠʤʘʪʴ ʧʦʜ ʧʣʦʩʢʦʩʪʴʶ 1 ï ʧʣʦʩʢʦʩʪʴ, ʧʨʦʭʦʜʷʱʫʶ ʯʝʨʝʟ ʦʩʠ ʮʝʥʪʨʘʣʴʥʦʛʦ ʠ 

ʙʦʢʦʚʦʛʦ ʩʦʧʝʣ; ʘ ʧʦʜ ʧʣʦʩʢʦʩʪʴʶ 2 ï ʧʣʦʩʢʦʩʪʴ, ʧʨʦʭʦʜʷʱʫʶ ʯʝʨʝʟ ʦʩʴ ʮʝʥʪʨʘʣʴʥʦʛʦ ʩʦʧʣʘ 

ʚ ʨʘʚʥʦʤ ʫʜʘʣʝʥʠʠ ʦʪ ʦʩʝʡ ʜʚʫʭ ʩʦʩʝʜʥʠʭ ʩʦʧʝʣ. ʆʙʝ ʵʪʠ ʧʣʦʩʢʦʩʪʠ ʷʚʣʷʶʪʩʷ ʧʣʦʩʢʦʩʪʷʤʠ 

ʩʠʤʤʝʪʨʠʠ ʜʣʷ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʪʝʯʝʥʠʷ.  

ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩ. 9, ʚ ʧʣʦʩʢʦʩʪʠ 2 ʧʨʠʩʫʪʩʪʚʫʝʪ ʚʦʟʚʨʘʪʥʦʝ ʪʝʯʝʥʠʝ ʢ ʢʦʨʤʦʚʦʡ ʯʘʩʪʠ 

ʈʅ, ʥʝʩʫʱʝʝ ʩ ʩʦʙʦʡ, ʢʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩ. 12, ʧʨʦʜʫʢʪʳ ʩʛʦʨʘʥʠʷ. ɺʦʟʤʦʞʥʦ, ʥʘʣʠʯʠʝ 

ʟʘʱʠʪʥʳʭ çʫʰʝʢè ʫ ʪʝʧʣʦʟʘʱʠʪʥʦʛʦ ʱʠʪʘ, ʥʝ ʤʦʜʝʣʠʨʫʝʤʳʭ ʚ ʜʘʥʥʦʤ ʨʘʩʯʸʪʝ, ʥʝʩʢʦʣʴʢʦ 

ʙʳ ʦʩʣʘʙʠʣʦ ʵʪʦʪ ʧʦʪʦʢ. 

ʉʠʣʴʥʳʡ ʧʨʦʪʷʞʝʥʥʳʡ ʩʢʘʯʦʢ ʫʧʣʦʪʥʝʥʠʷ ʦʙʨʘʟʫʝʪʩʷ ʚ ʧʣʦʩʢʦʩʪʠ 2 ʯʫʪʴ ʧʦʦʜʘʣʴ ʦʪ 

ʮʝʥʪʨʘʣʴʥʦʛʦ ʩʦʧʣʘ, ʵʪʦʪ ʩʢʘʯʦʢ ʷʚʣʷʝʪʩʷ ʟʦʥʦʡ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩʪʨʫʡ ʮʝʥʪʨʘʣʴʥʦʛʦ ʠ ʜʚʫʭ 

ʩʦʩʝʜʥʠʭ ʩʦʧʝʣ. ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʦʪʦʢʘ ʟʘ ʩʢʘʯʢʦʤ ʜʦʩʪʠʛʘʶʪ 2500 K ʧʦ ʪʝʤʧʝʨʘʪʫʨʝ ʠ 

12 ʂʇʘ ʚ ʜʘʚʣʝʥʠʠ. ʅʘ ʧʣʦʩʢʦʩʪʠ 1 ʪʦʞʝ ʚʠʜʝʥ ʩʢʘʯʦʢ ʫʧʣʦʪʥʝʥʠʷ ʤʝʞʜʫ ʮʝʥʪʨʘʣʴʥʦʡ 

ʩʪʨʫʸʡ ʠ ʙʦʢʦʚʦʡ ʩ ʧʨʠʤʝʨʥʦ ʪʝʤʠ ʞʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʧʦʪʦʢʘ. ʅʘ ʨʠʩʫʥʢʘʭ 16ï17 

ʧʦʢʘʟʘʥʳ ʧʦʣʷ ʜʘʚʣʝʥʠʷ ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʩʨʝʟʘʭ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳʭ ʦʩʠ Oʍ ʠ ʦʪʩʪʦʷʱʠʭ ʦʪ 

ʧʣʦʩʢʦʩʪʠ ʜʥʘ ʈʅ ʥʘ 2 ʤ ʠ 4 ʤ, ʥʘ ʥʠʭ ʭʦʨʦʰʦ ʧʨʦʩʤʘʪʨʠʚʘʝʪʩʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ 

ʧʦʣʦʞʝʥʠʝ ʩʢʘʯʢʦʚ. 

ʅʘ ʨʠʩʫʥʢʘʭ 12-15 ʧʦʢʘʟʘʥʳ ʧʦʣʷ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʩʦʜʝʨʞʘʥʠʷ ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ 

ʪʦʧʣʠʚʘ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʝʤʫ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʡ ʵʣʝʤʝʥʪʦʚ ʚ ʨʘʚʥʦʚʝʩʥʦʤ 

ʧʨʠʙʣʠʞʝʥʠʠ, ʫʯʘʩʪʚʫʶʱʠʭ ʚ ʨʘʩʯʸʪʝ ʠʟʣʫʯʝʥʠʷ. 

 

ʈʠʩ.9. ʏʠʩʣʦ ʄʘʭʘ ʠ ʣʠʥʠʠ ʪʦʢʘ ʚ ʧʣʦʩʢʦʩʪʷʭ 1 ʠ 2 
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ʈʠʩ.10. ɼʘʚʣʝʥʠʝ ʚ ʧʣʦʩʢʦʩʪʷʭ 1 ʠ 2 (ʇʘ) 

 

ʈʠʩ.11. ʊʝʤʧʝʨʘʪʫʨʘ ʚ ʧʣʦʩʢʦʩʪʷʭ 1 ʠ 2 (ʂ) 

 

ʈʠʩ.12. ʂʦʥʮʝʥʪʨʘʮʠʷ ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ  ʚ ʧʣʦʩʢʦʩʪʷʭ 1 ʠ 2 


