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ʆʨʛʘʥʠʟʘʪʦʨ 

ʄʦʩʢʦʚʩʢʠʡ ʘʚʠʘʮʠʦʥʥʳʡ ʠʥʩʪʠʪʫʪ 

(ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ) 

 

ʆʨʛʘʥʠʟʘʮʠʦʥʥʳʡ ʢʦʤʠʪʝʪ 
ʈʘʚʠʢʦʚʠʯ ʖ.ɸ. ï ʧʨʦʨʝʢʪʦʨ ʧʦ ʥʘʫʯʥʦʡ ʨʘʙʦʪʝ ʄɸʀ, ʧʨʝʜʩʝʜʘʪʝʣʴ 

ʐʝʤʷʢʦʚ ɸ.ʆ. ï ʥʘʯʘʣʴʥʠʢ ʫʧʨʘʚʣʝʥʠʷ ʠʥʥʦʚʘʮʠʡ, ʩʪʨʘʪʝʛʠʠ ʠ 

ʢʦʤʤʫʥʠʢʘʮʠʡ ʄɸʀ, ʟʘʤʝʩʪʠʪʝʣʴ ʧʨʝʜʩʝʜʘʪʝʣʷ 

ɸʣʠʬʘʥʦʚ ʆ.ʄ. ï ʟʘʚʝʜʫʶʱʠʡ ʢʘʬʝʜʨʦʡ ˉ601 çʂʦʩʤʠʯʝʩʢʠʝ ʩʠʩʪʝʤʳ 

ʠ ʨʘʢʝʪʦʩʪʨʦʝʥʠʝè 

ɹʝʩʧʘʣʦʚ ɸ.ɺ. ï ʜʠʨʝʢʪʦʨ ʀʥʩʪʠʪʫʪʘ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʠ ʪʝʭʥʦʣʦʛʠʡ 

ʤʘʪʝʨʠʘʣʦʚ ʄɸʀ 

ɽʬʨʝʤʦʚ ɸ.ɺ. ï ʜʝʢʘʥ ʬʘʢʫʣʴʪʝʪʘ çɸʚʠʘʮʠʦʥʥʘʷ ʪʝʭʥʠʢʘè ʄɸʀ 

ʂʨʳʣʦʚ ʉ.ʉ. ï ʜʝʢʘʥ ʬʘʢʫʣʴʪʝʪʘ çʀʥʬʦʨʤʘʮʠʦʥʥʳʝ ʪʝʭʥʦʣʦʛʠʠ ʠ 

ʧʨʠʢʣʘʜʥʘʷ ʤʘʪʝʤʘʪʠʢʘè ʄɸʀ  

ʂʠʨʜʷʰʢʠʥ ɺ.ɺ. ï ʜʝʢʘʥ ʬʘʢʫʣʴʪʝʪʘ çʈʘʜʠʦʵʣʝʢʪʨʦʥʠʢʘ ʣʝʪʘʪʝʣʴʥʳʭ 

ʘʧʧʘʨʘʪʦʚè ʄɸʀ 

ʇʦʧʦʚ ɻ.ɸ. ï ʜʠʨʝʢʪʦʨ ʅʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʛʦ ʠʥʩʪʠʪʫʪʘ 

ʧʨʠʢʣʘʜʥʦʡ ʤʝʭʘʥʠʢʠ ʠ ʵʣʝʢʪʨʦʜʠʥʘʤʠʢʠ ʄɸʀ 

ʉʣʝʜʢʦʚ ʖ.ɻ. ï ʜʝʢʘʥ ʬʘʢʫʣʴʪʝʪʘ çʉʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ, ʠʥʬʦʨʤʘʪʠʢʘ 

ʠ ʵʣʝʢʪʨʦʵʥʝʨʛʝʪʠʢʘè ʄɸʀ 

ʊʠʭʦʥʦʚ ɸ.ʀ. ï ʜʠʨʝʢʪʦʨ ʀʥʩʪʠʪʫʪʘ ʠʥʞʝʥʝʨʥʦʡ ʵʢʦʥʦʤʠʢʠ ʠ 

ʛʫʤʘʥʠʪʘʨʥʳʭ ʥʘʫʢ ʄɸʀ 

ʊʠʭʦʥʦʚ ʂ.ʄ. ï ʜʝʢʘʥ ʬʘʢʫʣʴʪʝʪʘ çʈʦʙʦʪʦʪʝʭʥʠʯʝʩʢʠʝ ʠ 

ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʳʝ ʩʠʩʪʝʤʳè ʄɸʀ 

ʃʫʥʸʚʘ ʅ.ʉ. ï ʫʯʸʥʳʡ ʩʝʢʨʝʪʘʨʴ 
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ʇʨʦʛʨʘʤʤʥʳʡ ʢʦʤʠʪʝʪ 
ʈʘʚʠʢʦʚʠʯ ʖ.ɸ. ï ʧʨʦʨʝʢʪʦʨ ʧʦ ʥʘʫʯʥʦʡ ʨʘʙʦʪʝ ʄɸʀ, ʧʨʝʜʩʝʜʘʪʝʣʴ 

ɺʝʨʝʤʝʝʥʢʦ ʂ.ʂ. ï ʥʘʯʘʣʴʥʠʢ ʥʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʛʦ ʦʪʜʝʣʝʥʠʷ 

ʬʘʢʫʣʴʪʝʪʘ çʉʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ, ʠʥʬʦʨʤʘʪʠʢʘ ʠ ʵʣʝʢʪʨʦʵʥʝʨʛʝʪʠʢʘè 

ʄɸʀ  

ɽʬʨʝʤʦʚ ɸ.ɺ. ï ʜʝʢʘʥ ʬʘʢʫʣʴʪʝʪʘ çɸʚʠʘʮʠʦʥʥʘʷ ʪʝʭʥʠʢʘè ʄɸʀ  

ɿʘʛʦʚʦʨʯʝʚ ɺ.ɸ. ï ʠ.ʦ. ʥʘʯʘʣʴʥʠʢʘ ʥʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʛʦ 

ʦʪʜʝʣʝʥʠʷ ɸʵʨʦʢʦʩʤʠʯʝʩʢʦʛʦ ʬʘʢʫʣʴʪʝʪʘ ʄɸʀ 

ɿʘʭʘʨʦʚ ʀ.ɺ. ï ʥʘʯʘʣʴʥʠʢ ʥʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʛʦ ʦʪʜʝʣʝʥʠʷ 

ʬʘʢʫʣʴʪʝʪʘ çʈʦʙʦʪʦʪʝʭʥʠʯʝʩʢʠʝ ʠ ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʳʝ ʩʠʩʪʝʤʳè ʄɸʀ 

ʂʠʨʜʷʰʢʠʥ ɺ.ɺ. ï ʜʝʢʘʥ ʬʘʢʫʣʴʪʝʪʘ çʈʘʜʠʦʵʣʝʢʪʨʦʥʠʢʘ ʣʝʪʘʪʝʣʴʥʳʭ 

ʘʧʧʘʨʘʪʦʚè ʄɸʀ 

ʂʨʘʚʯʝʥʢʦ ʀ.ɺ. ï ʜʦʮʝʥʪ ʢʘʬʝʜʨʳ ˉ201 çʊʝʦʨʠʷ ʚʦʟʜʫʰʥʦ-ʨʝʘʢʪʠʚʥʳʭ 

ʜʚʠʛʘʪʝʣʝʡè ʄɸʀ 

ʂʨʳʣʦʚ ʉ.ʉ. ï ʜʝʢʘʥ ʬʘʢʫʣʴʪʝʪʘ çʀʥʬʦʨʤʘʮʠʦʥʥʳʝ ʪʝʭʥʦʣʦʛʠʠ ʠ 

ʧʨʠʢʣʘʜʥʘʷ ʤʘʪʝʤʘʪʠʢʘè ʄɸʀ 

ʅʦʚʠʢʦʚ ʉ.ɺ. ï ʟʘʤʝʩʪʠʪʝʣʴ ʜʠʨʝʢʪʦʨʘ ʀʥʩʪʠʪʫʪʘ ʠʥʞʝʥʝʨʥʦʡ 

ʵʢʦʥʦʤʠʢʠ ʠ ʛʫʤʘʥʠʪʘʨʥʳʭ ʥʘʫʢ ʄɸʀ 

ʇʦʧʦʚ ɻ.ɸ. ï ʜʠʨʝʢʪʦʨ ʅʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʛʦ ʠʥʩʪʠʪʫʪʘ 

ʧʨʠʢʣʘʜʥʦʡ ʤʝʭʘʥʠʢʠ ʠ ʵʣʝʢʪʨʦʜʠʥʘʤʠʢʠ ʄɸʀ 

ʊʠʭʦʥʦʚ ɸ.ʀ. ï ʜʠʨʝʢʪʦʨ ʀʥʩʪʠʪʫʪʘ ʠʥʞʝʥʝʨʥʦʡ ʵʢʦʥʦʤʠʢʠ ʠ 

ʛʫʤʘʥʠʪʘʨʥʳʭ ʥʘʫʢ ʄɸʀ  
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ʋʚʘʞʘʝʤʳʝ ʢʦʣʣʝʛʠ! 

 

ʆʪ ʠʤʝʥʠ ʄʦʩʢʦʚʩʢʦʛʦ ʘʚʠʘʮʠʦʥʥʦʛʦ ʠʥʩʪʠʪʫʪʘ (ʥʘʮʠʦʥʘʣʴʥʦʛʦ 

ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ) ʧʨʠʚʝʪʩʪʚʫʶ ɺʘʩ ʚ ʯʠʩʣʝ ʫʯʘʩʪʥʠʢʦʚ 

ʩʪʘʚʰʝʡ ʫʞʝ ʪʨʘʜʠʮʠʦʥʥʦʡ ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ çɸʚʠʘʮʠʷ ʠ 

ʢʦʩʤʦʥʘʚʪʠʢʘè. 

ɸʚʠʘʢʦʩʤʠʯʝʩʢʘʷ ʦʪʨʘʩʣʴ, ʢʘʢ ʦʜʥʘ ʠʟ ʢʨʫʧʥʝʡʰʠʭ ʦʪʨʘʩʣʝʡ 

ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ, ʥʝ ʥʘʭʦʜʠʪʩʷ ʚ ʩʪʦʨʦʥʝ ʦʪ ʦʙʱʠʭ ʠʟʤʝʥʝʥʠʡ, ʢʦʪʦʨʳʝ 

ʩʝʛʦʜʥʷ ʧʨʦʠʩʭʦʜʷʪ ʚ ʤʠʨʝ. ʎʠʬʨʦʚʘʷ ʪʨʘʥʩʬʦʨʤʘʮʠʷ ʠʥʜʫʩʪʨʠʠ 4.0 

ʧʨʝʜʲʷʚʣʷʝʪ ʢ ʥʝʡ ʩʦʚʝʨʰʝʥʥʦ ʥʦʚʳʝ ʪʨʝʙʦʚʘʥʠʷ: ʥʝʚʦʟʤʦʞʥʦ ʙʳʪʴ 

ʫʩʧʝʰʥʳʤ ʠ ʵʬʬʝʢʪʠʚʥʳʤ, ʟʘʥʠʤʘʷʩʴ ʧʨʦʩʪʦ ʵʚʦʣʶʮʠʦʥʥʳʤ ʨʘʟʚʠʪʠʝʤ 

ʫʞʝ ʩʫʱʝʩʪʚʫʶʱʠʭ ʧʨʦʜʫʢʪʦʚ ʠ ʥʘʧʨʘʚʣʝʥʠʡ. 

ʆʪʨʘʟʠʪʴ ʛʣʦʙʘʣʴʥʫʶ ʵʚʦʣʶʮʠʶ ʧʨʠʟʚʘʥʘ ʢʦʥʬʝʨʝʥʮʠʷ çɸʚʠʘʮʠʷ ʠ 

ʢʦʩʤʦʥʘʚʪʠʢʘè, ʢʦʪʦʨʘʷ ʩʦʙʠʨʘʝʪ ʥʘ ʩʚʦʝʡ ʧʣʦʱʘʜʢʝ ʣʠʜʝʨʦʚ, ʭʦʨʦʰʦ 

ʟʥʘʶʱʠʭ ʦʪʨʘʩʣʴ ʠʟʥʫʪʨʠ, ʧʦʥʠʤʘʶʱʠʭ ʝʸ ʧʦʪʨʝʙʥʦʩʪʠ ʠ ʩʧʦʩʦʙʥʳʭ 

ʦʙʝʩʧʝʯʠʪʴ ʨʝʰʝʥʠʝ ʦʙʱʝʦʪʨʘʩʣʝʚʳʭ ʟʘʜʘʯ ʣʶʙʦʡ ʩʣʦʞʥʦʩʪʠ ʠ 

ʟʘʣʦʞʠʪʴ ʦʩʥʦʚʳ ʩʪʨʘʪʝʛʠʯʝʩʢʦʛʦ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʦʛʦ ʨʘʟʚʠʪʠʷ. 

ʋʙʝʞʜʸʥ, ʯʪʦ ʙʣʘʛʦʜʘʨʷ ʥʘʰʝʡ ʩʦʚʤʝʩʪʥʦʡ ʨʘʙʦʪʝ ʠ ʨʝʰʝʥʠʶ 

ʧʦʩʪʘʚʣʝʥʥʳʭ ʟʘʜʘʯ, ʤʳ ʩʤʦʞʝʤ ʥʝ ʧʨʦʩʪʦ ʩʦʟʜʘʪʴ ʫʩʣʦʚʠʷ, 

ʩʧʦʩʦʙʩʪʚʫʶʱʠʝ ʨʘʟʚʠʪʠʶ ʘʵʨʦʢʦʩʤʠʯʝʩʢʦʡ ʦʪʨʘʩʣʠ, ʥʦ ʠ ʩʪʘʪʴ 

ʙʝʟʫʩʣʦʚʥʳʤʠ ʣʠʜʝʨʘʤʠ ʚ ʛʣʦʙʘʣʴʥʦʤ ʬʦʨʤʠʨʦʚʘʥʠʠ ʠ ʨʝʘʣʠʟʘʮʠʠ 

ʜʦʣʛʦʩʨʦʯʥʳʭ ʧʨʦʛʨʘʤʤ ʨʘʟʚʠʪʠʷ ʚʳʩʦʢʦʪʝʭʥʦʣʦʛʠʯʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ.  

ɾʝʣʘʶ ʚʩʝʤ ʫʯʘʩʪʥʠʢʘʤ ʠ ʛʦʩʪʷʤ ʢʦʥʬʝʨʝʥʮʠʠ ʘʢʪʠʚʥʦʡ ʠ 

ʧʣʦʜʦʪʚʦʨʥʦʡ ʨʘʙʦʪʳ, ʚʥʝʜʨʝʥʠʷ ʥʦʚʳʭ ʠʜʝʡ ʠ ʨʝʰʝʥʠʡ! 

 

ʇʨʝʜʩʝʜʘʪʝʣʴ ʆʨʛʢʦʤʠʪʝʪʘ, 

ʧʨʦʨʝʢʪʦʨ ʄɸʀ ʧʦ ʥʘʫʯʥʦʡ ʨʘʙʦʪʝ, 

ʖ.ɸ. ʈʘʚʠʢʦʚʠʯ 
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Dear colleagues! 

 

On behalf of Moscow Aviation Institute (National Research University) I 

would like to greet you among the participants of the International 

Conference ñAviation and Cosmonauticsò that has already become 

traditional.  

Aerospace industry as one of the largest industries is not aloof from the 

general changes that are occurring in the world today. Digital transformation 

of the industry 4.0 makes it absolutely new requirements: it is impossible to 

be successful and effective, doing just evolution of existing products and 

trends. 

To reflect the global evolution aims conference ñAviation and 

Cosmonauticsò, which brings together leaders who know the industry from 

the inside, understand her needs and provide solutions for industry-wide 

problems and who can build up foundations of strategic scientific and 

technological development. 

I am sure that thanks to our joint work we will be able not only to create 

conditions for the development of aerospace industry, but also to become the 

undisputed global leaders in creation and implementation of long-term 

programs for growth of high-tech production.  

I wish all participants and guests of the conference an active and fruitful 

work, the integration of new ideas and solutions! 

 

Chairman of the Organizing Committee, 

MAI Vice-rector for scientific affairs, 

Yury Ravikovich 
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 1. ɸʚʠʘʮʠʦʥʥʳʝ ʩʠʩʪʝʤʳ 

1. Aviation Systems 

ɺʣʠʷʥʠʝ ʦʙʣʝʜʝʥʝʥʠʷ ʥʘ ʫʩʪʦʡʯʠʚʦʩʪʴ ʤʘʛʠʩʪʨʘʣʴʥʦʛʦ ʩʘʤʦʣʸʪʘ ʥʘ ʙʦʣʴʰʠʭ 

ʫʛʣʘʭ ʘʪʘʢʠ 
ɸʣʠʝʚʘ ɼ.ɸ. 

ʎɸɻʀ, ʛ. ɾʫʢʦʚʩʢʠʡ 

ʎʝʣʴ ʨʘʙʦʪʳ ʟʘʢʣʶʯʘʣʘʩʴ ʚ ʪʦʤ, ʯʪʦʙʳ ʦʧʨʝʜʝʣʠʪʴ, ʢʘʢ ʚʣʠʷʝʪ ʦʙʣʝʜʝʥʝʥʠʝ ʥʘ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʫʩʪʦʡʯʠʚʦʩʪʠ ʤʘʛʠʩʪʨʘʣʴʥʦʛʦ ʩʘʤʦʣʸʪʘ, ʚ ʪʦʤ ʯʠʩʣʝ ʥʘ ʙʦʣʴʰʠʭ ʫʛʣʘʭ 
ʘʪʘʢʠ. ɼʣʷ ʵʪʦʛʦ ʧʦ ʜʘʥʥʳʤ ʵʢʩʧʝʨʠʤʝʥʪʘ ʩ ʚʳʥʫʞʜʝʥʥʳʤʠ ʢʦʣʝʙʘʥʠʷʤʠ ʥʘ ʜʠʥʘʤʠʯʝʩʢʦʡ 

ʫʩʪʘʥʦʚʢʝ ʆɺʇ-102ɹ ʎɸɻʀ ʙʝʟ ʦʙʣʝʜʝʥʝʥʠʷ ʠ ʩ ʠʤʠʪʘʪʦʨʘʤʠ ʣʴʜʘ ʥʘ ʢʨʳʣʴʷʭ ʠ 

ʛʦʨʠʟʦʥʪʘʣʴʥʦʤ ʠ ʚʝʨʪʠʢʘʣʴʥʦʤ ʦʧʝʨʝʥʠʠ ʙʳʣʠ ʧʦʩʪʨʦʝʥʳ ʜʚʝ ʤʘʪʝʤʘʪʠʯʝʩʢʠʝ ʤʦʜʝʣʠ 
ʘʵʨʦʜʠʥʘʤʠʢʠ ʩʘʤʦʣʸʪʘ. ʊʘʢ ʢʘʢ ʟʘʚʠʩʠʤʦʩʪʠ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʩʠʣ ʠ ʤʦʤʝʥʪʦʚ ʧʨʠ 

ʫʚʝʣʠʯʝʥʠʠ ʫʛʣʘ ʘʪʘʢʠ ʩʪʘʥʦʚʷʪʩʷ ʥʝʣʠʥʝʡʥʳʤʠ, ʜʣʷ ʠʭ ʦʧʠʩʘʥʠʷ ʙʳʣʘ ʧʦʩʪʨʦʝʥʘ 
ʥʝʣʠʥʝʡʥʘʷ ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ, ʚʢʣʶʯʘʶʱʘʷ ʜʚʫʤʝʨʥʫʶ ʥʝʣʠʥʝʡʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪ 

ʫʛʣʘ ʘʪʘʢʠ ʠ ʫʛʣʦʚʦʡ ʩʢʦʨʦʩʪʠ ʪʘʥʛʘʞʘ. ʇʨʠʤʝʥʠʤʦʩʪʴ ʪʘʢʦʛʦ ʧʦʜʭʦʜʘ ʜʣʷ ʦʧʠʩʘʥʠʷ 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʫʛʣʦʚ ʘʪʘʢʠ ʙʳʣʘ ʧʦʢʘʟʘʥʘ ʚ 
ʧʨʝʜʳʜʫʱʠʭ ʨʘʙʦʪʘʭ. 

 ɼʘʣʝʝ ʨʝʰʘʣʘʩʴ ʩʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʷ ʧʨʦʜʦʣʴʥʦʛʦ ʜʚʠʞʝʥʠʷ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ ʩ ʮʝʣʴʶ 

ʦʧʨʝʜʝʣʠʪʴ ʦʙʣʘʩʪʠ, ʛʜʝ ʚʦʟʤʦʞʥʦ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʘʚʪʦʢʦʣʝʙʘʥʠʡ ʤʦʜʝʣʠ ʩʘʤʦʣʸʪʘ. 
ʉʠʩʪʝʤʘ ʫʧʨʘʚʣʝʥʠʷ ʥʝ ʨʘʩʩʤʘʪʨʠʚʘʣʘʩʴ. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʥʘʣʠʯʠʝ ʠʤʠʪʘʪʦʨʦʚ ʣʴʜʘ ʥʘ 

ʢʨʳʣʴʷʭ ʠ ʦʧʝʨʝʥʠʠ ʩʘʤʦʣʸʪʘ ʥʝ ʚʣʠʷʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʥʘ ʜʠʘʧʘʟʦʥ ʫʛʣʦʚ ʘʪʘʢʠ, ʛʜʝ 

ʚʦʟʤʦʞʥʳ ʘʚʪʦʢʦʣʝʙʘʥʠʷ, ʘ ʪʘʢʞʝ ʥʘ ʠʭ ʘʤʧʣʠʪʫʜʫ. ʆʜʥʘʢʦ ʠʤʝʶʪʩʷ ʩʫʱʝʩʪʚʝʥʥʳʝ 
ʨʘʟʣʠʯʠʷ ʜʠʥʘʤʠʢʠ ʩʘʤʦʣʸʪʘ ʧʨʠ ʚʭʦʜʝ ʚ ʦʙʣʘʩʪʴ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʘʚʪʦʢʦʣʝʙʘʥʠʡ ʠ ʚʳʭʦʜʝ 

ʠʟ ʥʝʸ. 

The influence of icing on modern airliner stability at high angles of attack 

Alieva D.A. 

TsAGI, Zhukovsky 

The goal of the work was to determine how icing influences on an airliner stability at high 
angles of attack. For that purpose, two mathematical models of aerodynamics were developed 

based on forced oscillations experimental data from OVP-102B dynamic test rig. First one was 

for option without icing, the second one was for option with icing on wings and on horizontal and 
vertical tail. As aerodynamic forces and moments dependencies becomes nonlinear as the angle 

of attack increases, mathematical models were nonlinear too and contained two-dimensional 

nonlinear dependency of these characteristics on the angle of attack and pitch angular velocity. 
Applicability of such approach was demonstrated in previous works. 

Then the second order set of pitch motion equations was solved to determine regions where 

self-oscillations may arise. Control system was not under consideration. It was shown that icing 
on wings and tail influences small on the range of the angles of attack where self-oscillations 

exists and on theirs amplitudes as well. However, there are considerable differences in aircraft 

dynamics when it enters in that region and leaves it. 

ɸʥʘʣʠʟ ʠ ʢʦʥʪʨʦʣʴ ʫʨʦʚʥʝʡ ʨʠʩʢʦʚ ʧʨʠ ʵʢʩʧʣʫʘʪʘʮʠʠ ʚʝʨʪʦʣʸʪʦʚ 

ʚ ʨʘʤʢʘʭ ʩʠʩʪʝʤʳ ʪʝʭʥʠʯʝʩʢʦʛʦ ʦʙʩʣʫʞʠʚʘʥʠʷ ʠ ʨʝʤʦʥʪʘ ʧʦ ʩʦʩʪʦʷʥʠʶ 

ɸʥʜʨʝʝʚ ɼ.ɺ. 
ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ɺ ʜʦʢʣʘʜʝ ʧʨʝʜʩʪʘʚʣʝʥʘ ʧʨʦʙʣʝʤʘ ʦʙʝʩʧʝʯʝʥʠʷ ʙʝʟʦʧʘʩʥʦʩʪʠ ʧʦʣʸʪʦʚ ʚʝʨʪʦʣʸʪʦʚ ʥʘ 

ʚʩʝʭ ʵʪʘʧʘʭ ʞʠʟʥʝʥʥʦʛʦ ʮʠʢʣʘ (ɾʎ) ï ʦʪ ʵʪʘʧʘ ʨʘʟʨʘʙʦʪʢʠ ʜʦ ʵʢʩʧʣʫʘʪʘʮʠʠ ʩʝʨʠʡʥʳʭ 
ʚʝʨʪʦʣʸʪʦʚ. ʆʙʝʩʧʝʯʝʥʠʝ ʙʝʟʦʧʘʩʥʦʩʪʠ ʧʦʣʸʪʦʚ ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʚʘʞʥʝʡʰʠʭ ʧʨʦʙʣʝʤ 
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ʩʦʚʨʝʤʝʥʥʦʡ ʘʚʠʘʮʠʠ. ɹʝʟʦʧʘʩʥʦʩʪʴ ʧʦʣʸʪʦʚ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʟʘʚʠʩʠʪ ʦʪ ʫʨʦʚʥʷ 
ʥʘʜʸʞʥʦʩʪʠ ʣʝʪʘʪʝʣʴʥʦʛʦ ʘʧʧʘʨʘʪʘ ʠ ʩʦʭʨʘʥʷʝʪ ʘʢʪʫʘʣʴʥʦʩʪʴ ʠ ʚʘʞʥʦʩʪʴ ʥʘ ʚʩʝʭ ʵʪʘʧʘʭ 

ʝʛʦ ɾʎ.  

ɺ ʩʣʦʞʥʦʡ ʪʝʭʥʠʯʝʩʢʦʡ ʩʠʩʪʝʤʝ, ʢ ʢʦʪʦʨʦʡ ʦʪʥʦʩʠʪʩʷ ʚʝʨʪʦʣʸʪ, ʠʟʥʘʯʘʣʴʥʦ (ʧʦ 
ʨʘʟʣʠʯʥʳʤ ʧʨʠʯʠʥʘʤ) ʟʘʣʦʞʝʥʘ ʚʦʟʤʦʞʥʦʩʪʴ çʩʠʩʪʝʤʥʦʡ ʦʰʠʙʢʠè, ʢʦʪʦʨʘʷ ʤʦʞʝʪ 

ʧʨʠʚʝʩʪʠ ʢ ʢʘʪʘʩʪʨʦʬʝ. ʕʪʘ ʦʰʠʙʢʘ, ʢʦʪʦʨʘʷ ʚ ʩʦʚʨʝʤʝʥʥʦʤ ʘʚʠʘʮʠʦʥʥʦʤ ʩʦʦʙʱʝʩʪʚʝ 

ʦʮʝʥʠʚʘʝʪʩʷ ʯʝʨʝʟ ʧʦʥʷʪʠʝ çʨʠʩʢè, ʜʦʣʞʥʘ ʙʳʪʴ ʥʘʡʜʝʥʘ ʠ ʩʧʨʦʛʥʦʟʠʨʦʚʘʥʘ. ʈʠʩʢ ï ʵʪʦ 
ʧʨʦʛʥʦʟʠʨʫʝʤʘʷ ʤʝʨʘ çʢʦʣʠʯʝʩʪʚʘ ʦʧʘʩʥʦʩʪʠè ʚ ʟʘʜʘʥʥʦʤ ʧʨʦʛʥʦʟʠʨʫʝʤʦʤ ʦʧʘʩʥʦʤ 

ʩʦʩʪʦʷʥʠʠ (ʦʩʦʙʘʷ ʩʠʪʫʘʮʠʷ), ʝʩʣʠ ʚʦʟʤʦʞʥʦ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʦʧʘʩʥʦʛʦ (ʨʠʩʢʦʚʦʛʦ) 

ʩʦʙʳʪʠʷ. ʆʩʦʙʘʷ ʩʠʪʫʘʮʠʷ ï ʵʪʦ ʩʠʪʫʘʮʠʷ, ʚʦʟʥʠʢʘʶʱʘʷ ʚ ʧʦʣʝʪʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʦʟʜʝʡʩʪʚʠʷ 
ʥʝʙʣʘʛʦʧʨʠʷʪʥʳʭ ʬʘʢʪʦʨʦʚ ʠʣʠ ʠʭ ʩʦʯʝʪʘʥʠʡ ʠ ʧʨʠʚʦʜʷʱʘʷ ʢ ʩʥʠʞʝʥʠʶ ʙʝʟʦʧʘʩʥʦʩʪʠ 

ʧʦʣʝʪʘ. 

ɹʝʟ ʨʝʘʣʠʟʘʮʠʠ çʢʦʥʮʝʧʮʠʠ ʧʨʠʝʤʣʝʤʦʛʦ ʨʠʩʢʘè ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʩʦʚʨʝʤʝʥʥʦʡ ʘʚʠʘʮʠʠ, 
ʢʘʢ ʪʘʢʦʚʦʡ ʥʝʧʨʠʝʤʣʝʤʦ. ʇʦʵʪʦʤʫ ʘʥʘʣʠʟ ʨʠʩʢʘ, ʫʤʝʥʠʝ ʧʨʝʜʚʠʜʝʪʴ ʝʛʦ ʧʦʩʣʝʜʩʪʚʠʷ ʠ 

ʧʨʠʥʷʪʴ ʩʚʦʝʚʨʝʤʝʥʥʳʝ ʠ ʦʙʦʩʥʦʚʘʥʥʳʝ ʨʝʰʝʥʠʷ ï ʟʘʣʦʛ ʦʙʝʩʧʝʯʝʥʠʷ ʙʝʟʦʧʘʩʥʦʩʪʠ 
ʧʦʣʸʪʦʚ. 

ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʦʮʝʥʢʘ ʨʠʩʢʦʚ ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʩʠʩʪʝʤʝ. ʅʘ 

ʦʩʥʦʚʝ ʥʝʢʦʪʦʨʦʡ ʢʦʤʙʠʥʘʮʠʠ ʧʨʠʟʥʘʢʦʚ ʩʦʩʪʦʷʥʠʷ ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʩʠʩʪʝʤʳ ʪʨʝʙʫʝʪʩʷ 
ʥʘʡʪʠ ʢʦʣʠʯʝʩʪʚʝʥʥʳʡ ʵʢʚʠʚʘʣʝʥʪ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʫʨʦʚʥʷ ʨʠʩʢʘ ʜʣʷ ʚʝʨʪʦʣʸʪʘ ʚ ʮʝʣʦʤ. 

ʇʨʠ ʵʪʦʤ ʦʩʦʙʝʥʥʦ ʚʘʞʥʦ ʩʦʭʨʘʥʠʪʴ ʧʨʠʝʤʣʝʤʳʡ ʫʨʦʚʝʥʴ ʙʝʟʦʧʘʩʥʦʩʪʠ ʚ ʫʩʣʦʚʠʷʭ 

ʧʨʠʤʝʥʝʥʠʷ ʩʪʨʘʪʝʛʠʠ ʪʝʭʥʠʯʝʩʢʦʛʦ ʵʢʩʧʣʫʘʪʘʮʠʠ ʠ ʨʝʤʦʥʪʘ çʧʦ ʩʦʩʪʦʷʥʠʶè, ʜʣʷ ʢʦʪʦʨʦʡ 
ʭʘʨʘʢʪʝʨʥʘ ʵʢʩʧʣʫʘʪʘʮʠʷ ʯʘʩʪʠ ʩʠʩʪʝʤ ʚʝʨʪʦʣʸʪʘ ʜʦ ʦʪʢʘʟʥʦʛʦ ʠʣʠ ʧʨʝʜʦʪʢʘʟʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ. 

ʅʘ ʵʪʘʧʝ ʨʘʟʨʘʙʦʪʢʠ, ʨʠʩʢʠ ʩʚʷʟʘʥʥʳʝ ʩ ʵʢʩʧʣʫʘʪʘʮʠʝʡ ʚʝʨʪʦʣʸʪʦʚ, ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʥʘ 
ʦʩʥʦʚʝ ʪʝʦʨʠʠ ʦʪʢʘʟʦʙʝʟʦʧʘʩʥʦʩʪʠ. ʆʪʢʘʟʦʙʝʟʦʧʘʩʥʦʩʪʴ ï ʩʚʦʡʩʪʚʦ ʚʦʟʜʫʰʥʦʛʦ ʩʫʜʥʘ, 

ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʝ ʝʛʦ ʩʧʦʩʦʙʥʦʩʪʴ ʦʙʝʩʧʝʯʠʪʴ ʙʝʟʦʧʘʩʥʦʝ ʟʘʚʝʨʰʝʥʠʝ ʧʦʣʸʪʘ ʚ ʦʞʠʜʘʝʤʳʭ 

ʫʩʣʦʚʠʷʭ ʵʢʩʧʣʫʘʪʘʮʠʠ ʧʨʠ ʚʦʟʤʦʞʥʳʭ ʦʪʢʘʟʘʭ ʥʘ ʙʦʨʪʫ. 
ʉ ʵʪʦʡ ʮʝʣʴʶ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʜʣʷ ʚʝʨʪʦʣʸʪʦʚ ʄʠ-171ɸ2 ʠ ʄʠ-38 ʩʦʩʪʘʚʣʝʥʳ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʠ ʩʪʨʫʢʪʫʨʥʳʝ ʩʭʝʤʳ, ʫʩʪʘʥʦʚʣʝʥʳ ʫʨʦʚʥʠ ʨʠʩʢʦʚ ʧʨʠ ʦʪʢʘʟʘʭ ʪʝʭ ʠʣʠ 

ʠʥʳʭ ʩʠʩʪʝʤ ʠ ʘʛʨʝʛʘʪʦʚ, ʧʨʦʠʟʚʝʜʝʥ ʨʘʩʯʝʪ ʥʘʜʝʞʥʦʩʪʠ ʠ ʟʘʚʝʨʰʝʥ ʘʥʘʣʠʟ 

ʦʪʢʘʟʦʙʝʟʦʧʘʩʥʦʩʪʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʩʠʩʪʝʤ. ʅʘʡʜʝʥʳ ʠ ʫʩʪʨʘʥʝʥʳ ʢʦʥʩʪʨʫʢʪʠʚʥʳʝ 

ʥʝʜʦʩʪʘʪʢʠ. ɺʩʝ ʨʘʩʯʝʪʳ ʧʨʦʠʟʚʝʜʝʥʳ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʪʨʝʙʦʚʘʥʠʷʤʠ ʤʝʞʜʫʥʘʨʦʜʥʳʭ 

ʩʪʘʥʜʘʨʪʦʚ ʠ ʮʠʨʢʫʣʷʨʦʚ ʈ-4754 ʠ ʈ-4761, ɸʉ-29-2ʉ, ɸʇ-29.  

Analysis and control of risk levels in the operation of helicopters in the framework of the 

system of technical maintenance and repair system on condition 

Andreev D.V. 
MAI, Moscow 

The report presents the problem of security helicopters at all stages of the life cycle (LC) from 

design to operation serial helicopters. The safety is one of the most important problems of 
modern aviation. Safety largely depend on the level of reliability of the aircraft and retains its 

relevance and importance at all stages of its lifecycle. 

In a complex technical system, which includes the helicopter initially (for various reasons) is 

the possibility of ñsystem errorò that can lead to disaster. This error, which in the modern 

aviation community is evaluated through the concept of ñriskò needs to be found and predicted. 

Risk is the predicted measure of ñamount of riskò in the specified foreseeable hazardous 
condition (a special condition), if you may experience threat (risk) of the event. A special 

situation is a situation that occurs in flight because of the impact of adverse factors or their 

combinations and which reduce the safety of the flight. 
Without the implementation of the ñconcept of acceptable riskò the existence of modern 

aviation as such is unacceptable. Therefore, the risk analysis, the ability to foresee its 

consequences and to make timely and informed decisions ï the key to safety. 
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The aim of this work is to assess risks in relation to the analyzed system. On the basis of some 
characteristic combinations of the functional state of the system is required to find the quantity 

equivalent to determine the level of risk to the helicopter as a whole. It is particularly important 

to maintain an acceptable level of security in terms of the strategy of technical maintenance and 
repair system ñon conditionò, characterized by exploitation of the systems of the helicopter to the 

failure state or previously failure state. 

At the design stage, the risks associated with the operation of helicopters are considered on the 
basis of the theory of safety assessment. Safety assessment ï the property of an aircraft, 

describing its ability to ensure the safe completion of the flight in expected conditions of 

operation during possible failures on board. 
With this aim currently for helicopters Mi-171A2 and Mi-38 is created with functional and 

structural diagrams, specified levels of risk, at the failure of certain systems and components, 

calculation of reliability and complete safety assessment of functional systems. Found and 
corrected design flaws. All the calculations were made in accordance with the requirements of 

international standards and circulars APR-4754 and APR-4761, ɸʉ-29-2ʉ, AR-29.  

ɸʥʘʣʠʟ ʫʩʣʦʚʠʡ ʵʢʩʧʣʫʘʪʘʮʠʠ ʠ ʪʨʝʙʦʚʘʥʠʡ ʢ ʘʚʠʘʮʠʦʥʥʳʤ ʩʠʩʪʝʤʘʤ ʜʦʩʪʘʚʢʠ 

ʛʨʫʟʦʚ ʚ ʪʨʫʜʥʦʜʦʩʪʫʧʥʳʝ ʨʘʡʦʥʳ 

ɸʨʫʚʝʣʣʠ ʉ.ɺ., ɼʦʣʛʦʚ ʆ.ʉ. 
ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚ ʩʚʷʟʠ ʩ ʠʟʤʝʥʝʥʠʝʤ ʢʣʠʤʘʪʘ ɿʝʤʣʠ ʠ ʦʩʚʦʝʥʠʝʤ ʦʪʜʘʣʝʥʥʳʭ 

ʪʝʨʨʠʪʦʨʠʡ ʩʫʱʝʩʪʚʫʝʪ ʦʩʪʨʘʷ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʤʝʪʦʜʦʚ ʨʘʟʚʠʪʠʷ 
ʪʨʘʥʩʧʦʨʪʥʦ-ʘʚʠʘʮʠʦʥʥʦʡ ʤʦʙʠʣʴʥʦʩʪʠ ʚ ʪʨʫʜʥʦʜʦʩʪʫʧʥʳʭ ʨʘʡʦʥʘʭ. 

ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʣʦʩʴ ʚʳʜʝʣʠʪʴ ʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʪʴ ʦʩʥʦʚʥʳʝ ʪʨʝʙʦʚʘʥʠʷ ʠ 

ʫʩʣʦʚʠʷ ʵʢʩʧʣʫʘʪʘʮʠʠ ʘʚʠʘʮʠʦʥʥʳʭ ʩʠʩʪʝʤ, ʦʩʫʱʝʩʪʚʣʷʶʱʠʭ ʜʦʩʪʘʚʢʫ ʛʨʫʟʦʚ ʚ 
ʪʨʫʜʥʦʜʦʩʪʫʧʥʳʝ ʨʘʡʦʥʳ. 

ʇʝʨʚʳʤ ʵʪʘʧʦʤ ʨʝʰʝʥʠʷ ʵʪʦʡ ʟʘʜʘʯʠ ʷʚʣʷʝʪʩʷ ʦʙʟʦʨ ʠ ʘʥʘʣʠʟ ʪʝʢʫʱʝʡ ʩʠʪʫʘʮʠʠ ʚ 

ʦʙʣʘʩʪʠ ʜʦʩʪʘʚʢʠ ʛʨʫʟʦʚ ʚ ʪʨʫʜʥʦʜʦʩʪʫʧʥʳʝ ʨʘʡʦʥʳ, ʦʧʨʝʜʝʣʝʥʠʝ ʥʘʠʙʦʣʝʝ ʢʨʠʪʠʯʥʳʭ 

ʦʙʣʘʩʪʝʡ ʧʦ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʜʦʩʪʘʚʢʠ ʛʨʫʟʦʚ, ʠʤʝʶʱʠʭ ʩʧʝʮʠʬʠʢʫ ʚ ʨʝʘʣʠʟʘʮʠʠ 

ʪʨʘʥʩʧʦʨʪʥʦʡ ʦʧʝʨʘʮʠʠ ʚ ʫʩʣʦʚʠʷʭ ʦʪʩʫʪʩʪʚʫʶʱʝʡ ʠʣʠ ʩʣʘʙʦʨʘʟʚʠʪʦʡ ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ. 

ɺʪʦʨʳʤ ʵʪʘʧʦʤ ʷʚʣʷʝʪʩʷ ʘʥʘʣʠʟ ʩʧʝʮʠʬʠʯʝʩʢʠʭ ʦʛʨʘʥʠʯʝʥʠʡ, ʫʩʣʦʚʠʡ ʵʢʩʧʣʫʘʪʘʮʠʠ ʠ 

ʪʨʝʙʦʚʘʥʠʡ ʢ ʪʘʢʠʤ ʩʠʩʪʝʤʘʤ ʥʘ ʦʩʥʦʚʝ ʠʩʭʦʜʥʳʭ ʜʘʥʥʳʭ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʧʝʨʚʦʛʦ ʵʪʘʧʘ. 

ʈʝʟʫʣʴʪʘʪʦʤ ʚʳʧʦʣʥʝʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʶʪʩʷ ʮʝʣʝʚʳʝ ʨʝʢʦʤʝʥʜʘʮʠʠ ʧʦ ʬʦʨʤʠʨʦʚʘʥʠʶ 

ʦʙʣʠʢʘ ʩʠʩʪʝʤʳ ʜʦʩʪʘʚʢʠ ʛʨʫʟʦʚ ʚ ʪʨʫʜʥʦʜʦʩʪʫʧʥʳʝ ʨʘʡʦʥʳ ʩ ʫʯʝʪʦʤ ʩʧʝʮʠʬʠʯʝʩʢʠʭ 

ʪʨʝʙʦʚʘʥʠʡ ʠ ʫʩʣʦʚʠʡ ʵʢʩʧʣʫʘʪʘʮʠʠ. 

The analysis of requirements and operating conditions of aviation cargo delivery systems 

(ACDS) for hard-to-reach areas 

Aruvelli S.V., Dolgov O.S. 
MAI, Moscow 

Need of development of remote and hard-to-reach areas dictates specific requirements to 

cargo delivery systems. At the design phase of such systems it is necessary to be based on 
infrastructure requirements and limitations imposed by hard-to-reach areas. In this work the main 

requirements and operating conditions of aviation cargo delivery systems were described and 

analyzed. 
The aim of this work was to allocate and analyse the main requirements and operating 

conditions of the aviation systems which are used to cargo delivery to remote areas. 

The first phase of the solution is the review and the analysis of current situation in the field of 
cargo delivery to remote areas, definition of the most critical areas having specifics in realization 

of transport operation in the conditions of the absent or underdeveloped infrastructure. 
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The second phase is the analysis of specific restrictions, operating conditions and 
requirements to such systems on the basis of initial data obtained as a result of the first stage and 

imposed by terms of hard-to-reach and highland areas. 

The result of the work is target recommendations about cargo delivery systems design taking 
into account specific requirements and operating conditions. 

ɸʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʘʷ ʣʘʟʝʨʥʘʷ ʩʠʩʪʝʤʘ ʢʦʥʪʨʦʣʷ ʠ ʫʧʨʘʚʣʝʥʠʷ ʪʨʘʝʢʪʦʨʠʝʡ 

ʧʦʣʝʪʘ ʧʨʠ ʧʦʩʘʜʢʝ ʩʘʤʦʣʝʪʘ 

ɹʘʣʳʢʣʝʡʩʢʠʡ ʌ.ɺ., ʄʘʣʴʮʝʚ ʅ.ɸ., ʉʫʙʙʦʪʠʥ ʇ.ɺ. 

ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ɸʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʘʷ ʣʘʟʝʨʥʘʷ ʩʠʩʪʝʤʘ ʢʦʥʪʨʦʣʷ ʠ ʫʧʨʘʚʣʝʥʠʷ ʪʨʘʝʢʪʦʨʠʝʡ ʧʦʣʝʪʘ ʧʨʠ 
ʧʦʩʘʜʢʝ ʩʘʤʦʣʝʪʘ ʧʨʝʜʥʘʟʥʘʯʘʝʪʩʷ ʜʣʷ ʢʦʨʨʝʢʪʠʨʦʚʢʠ ʢʫʨʩʘ ʃɸ ʩ ʪʦʯʥʦʡ ʧʨʠʚʷʟʢʦʡ 

ʢʦʦʨʜʠʥʘʪ ʩʘʤʦʣʝʪʘ ʢ ʢʦʦʨʜʠʥʘʪʘʤ ʥʘʯʘʣʘ ʚʟʣʝʪʥʦ-ʧʦʩʘʜʦʯʥʦʡ ʧʦʣʦʩʳ. ʇʨʠ ʟʘʭʦʜʝ ʥʘ 

ʧʦʩʘʜʢʫ ʵʢʠʧʘʞʫ ʩʘʤʦʣʝʪʘ ʥʝʦʙʭʦʜʠʤʦ ʨʝʰʠʪʴ ʮʝʣʳʡ ʢʦʤʧʣʝʢʩ ʟʘʜʘʯ, ʚ ʪʦʤ ʯʠʩʣʝ ʫʯʝʩʪʴ 
ʦʩʦʙʝʥʥʦʩʪʠ ʨʝʣʴʝʬʘ ʤʝʩʪʥʦʩʪʠ, ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʚʳʩʦʪʫ ʧʦʣʝʪʘ ʠ ʢʫʨʩ. ɺ ʨʷʜʝ ʩʣʫʯʘʝʚ ʧʨʠ 

ʧʦʜʣʝʪʝ ʢ ʚʟʣʝʪʥʦ-ʧʦʩʘʜʦʯʥʦʡ ʧʦʣʦʩʝ ʚ ʭʦʣʤʠʩʪʦʡ ʤʝʩʪʥʦʩʪʠ ʵʢʠʧʘʞ ʤʦʞʝʪ ʥʝ ʫʩʧʝʪʴ 
ʩʨʝʘʛʠʨʦʚʘʪʴ ʥʘ ʩʪʨʝʤʠʪʝʣʴʥʦ ʧʨʠʙʣʠʞʘʶʱʫʶʩʷ ʧʦʚʝʨʭʥʦʩʪʴ ʟʝʤʣʠ (ʧʨʠ ʥʝʢʦʪʦʨʳʭ 

ʫʩʣʦʚʠʷʭ, ʦʧʨʝʜʝʣʝʥʥʳʭ ʥʝʨʦʚʥʳʤ ʨʝʣʴʝʬʦʤ ʤʝʩʪʥʦʩʪʠ, ʠ ʚʩʣʝʜʩʪʚʠʝ ʚʦʟʤʦʞʥʳʭ 

ʪʝʭʥʠʯʝʩʢʠʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʚ ʧʦʢʘʟʘʥʠʷʭ ʚʳʩʦʪʦʤʝʨʘ), ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʘʚʘʨʠʡʥʳʤ 
ʩʠʪʫʘʮʠʷʤ. 

ʇʨʠʥʮʠʧ ʨʘʙʦʪʳ ʜʘʥʥʦʡ ʩʠʩʪʝʤʳ ʦʩʥʦʚʘʥ ʥʘ ʥʘʚʝʜʝʥʠʠ ʣʘʟʝʨʥʦʛʦ ʣʫʯʘ ʥʘ ʩʧʝʮʠʘʣʴʥʳʡ 

ʢʦʤʧʣʝʢʪ ʩʚʝʪʦʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʚʩʪʨʦʝʥʥʳʭ ʚ ʥʦʩʦʚʫʶ ʯʘʩʪʴ ʃɸ, ʠ ʥʘ 
ʩʦʧʨʦʚʦʞʜʝʥʠʠ ʃɸ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ. ʃʘʟʝʨʥʳʡ ʠʩʪʦʯʥʠʢ ʠʟʣʫʯʝʥʠʷ 

ʨʘʟʤʝʱʘʝʪʩʷ ʚ ʥʘʯʘʣʴʥʦʡ ʪʦʯʢʝ ʚʟʣʝʪʥʦ-ʧʦʩʘʜʦʯʥʦʡ ʧʦʣʦʩʳ. ʃʘʟʝʨ ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʥʘ 

ʧʨʝʮʠʟʠʦʥʥʦʡ ʧʣʘʪʬʦʨʤʝ, ʦʙʝʩʧʝʯʠʚʘʶʱʝʡ ʠʟʤʝʥʝʥʠʝ ʥʘʧʨʘʚʣʝʥʠʷ ʠʟʣʫʯʝʥʠʷ, 
ʦʨʠʝʥʪʠʨʫʷ ʩʚʝʪʦʚʦʡ ʧʦʪʦʢ ʣʘʟʝʨʘ ʥʘ ʧʦʜʣʝʪʘʶʱʠʡ ʃɸ ʠ ʟʘʩʚʝʯʠʚʘʷ ʦʧʨʝʜʝʣʝʥʥʳʝ 

ʫʯʘʩʪʢʠ ʩʚʝʪʦʯʫʚʩʪʚʠʪʝʣʴʥʦʡ ʤʘʪʨʠʮʳ, ʫʩʪʘʥʦʚʣʝʥʥʦʡ ʥʘ ʃɸ. ʇʨʠ ʵʪʦʤ ʨʝʘʣʠʟʫʝʪʩʷ 

ʧʨʦʮʝʩʩ ʫʧʨʘʚʣʝʥʠʷ ʧʦʩʘʜʢʦʡ ʃɸ ʧʦ ʟʘʜʘʥʥʦʡ ʪʨʘʝʢʪʦʨʠʠ ʧʦʩʘʜʢʠ ʃɸ ʧʫʪʝʤ ʠʟʤʝʨʝʥʠʷ 
ʫʛʣʘ ʤʝʞʜʫ ʦʧʪʠʯʝʩʢʦʡ ʦʩʴʶ ʣʘʟʝʨʥʦʛʦ ʣʫʯʘ ʠ ʧʨʦʜʦʣʴʥʦʡ ʦʩʴʶ ʪʝʢʫʱʝʡ ʪʨʘʝʢʪʦʨʠʠ 

ʜʚʠʞʝʥʠʷ ʩʘʤʦʣʝʪʘ. ɸʚʪʦʤʘʪʠʯʝʩʢʘʷ ʬʠʢʩʘʮʠʷ ʣʫʯʘ ʥʘ ʜʚʠʞʫʱʝʤʩʷ ʃɸ ʚ ʟʦʥʝ 

ʩʚʝʪʦʯʫʚʩʪʚʠʪʝʣʴʥʦʡ ʧʨʠʝʤʥʦʡ ʤʘʪʨʠʮʳ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʧʦʩʨʝʜʩʪʚʦʤ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʧʦ 
ʨʘʜʠʦʢʘʥʘʣʫ. 

ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʨʘʙʦʪʳ ʘʥʘʣʠʪʠʯʝʩʢʠʤ ʧʫʪʝʤ ʦʧʨʝʜʝʣʷʶʪʩʷ ʚʦʟʤʦʞʥʳʝ ʫʩʣʦʚʠʷ 

ʧʨʠʤʝʥʠʤʦʩʪʠ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʡ ʣʘʟʝʨʥʦʡ ʩʠʩʪʝʤʳ ʠ ʜʦʧʫʩʪʠʤʳʝ ʛʨʘʥʠʮʳ ʦʙʣʘʩʪʠ ʝʝ 
ʠʩʧʦʣʴʟʦʚʘʥʠʷ. 

ʅʘ ʚʪʦʨʦʤ ʵʪʘʧʝ ʧʨʦʠʟʚʦʜʠʪʩʷ ʬʦʨʤʘʣʠʟʘʮʠʷ ʪʨʝʙʦʚʘʥʠʡ ʢ ʩʠʩʪʝʤʝ ʠ ʨʘʟʨʘʙʘʪʳʚʘʝʪʩʷ 

ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʠʤʠʪʘʮʠʦʥʥʘʷ ʤʦʜʝʣʴ, ʚʢʣʶʯʘʶʱʘʷ ʘʣʛʦʨʠʪʤ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ 
ʩʠʩʪʝʤʳ: ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ, ʯʘʩʪʦʪʥʳʝ, ʘʤʧʣʠʪʫʜʥʳʝ ʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʛʝʥʝʨʠʨʫʝʤʦʛʦ ʩʚʝʪʦʚʦʛʦ ʩʠʛʥʘʣʘ ʩ ʨʝʘʢʮʠʝʡ ʥʘ ʦʙʨʘʪʥʫʶ ʩʚʷʟʴ, ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʩʚʝʪʦʯʫʚʩʪʚʠʪʝʣʴʥʦʡ ʧʨʠʝʤʥʦʡ ʤʘʪʨʠʮʳ ʩ ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʠʥʬʦʨʤʘʮʠʦʥʥʦ-ʫʧʨʘʚʣʷʶʱʠʭ 
ʩʠʛʥʘʣʦʚ ʜʣʷ ʢʦʨʨʝʢʪʠʨʦʚʢʠ ʪʨʘʝʢʪʦʨʠʠ ʧʦʣʝʪʘ ʠ ʜʣʷ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ. 

ʅʘ ʪʨʝʪʴʝʤ ʵʪʘʧʝ ʧʨʦʠʟʚʦʜʠʪʩʷ ʢʦʥʩʪʨʫʠʨʦʚʘʥʠʝ ʩʠʩʪʝʤʳ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʩʦʟʜʘʥʠʝʤ 

ʧʠʣʦʪʥʦʛʦ ʦʙʨʘʟʮʘ ʠ ʝʛʦ ʠʩʧʳʪʘʥʠʝʤ.  

Automated laser system for monitoring and control flight trajectory while boarding the 

aircraft  

Balikleyskiy F.V., Maltsev N.A., Subbotin P.V. 
MAI, Moscow 

Automated laser system for monitoring and control flight trajectory while landing aircraft is 

intended for course correction of the aircraft with exact binding coordinates aircraft to the 
coordinates of the beginning of the runway. While landing the aircrew must solve the whole 

complex of tasks, including analysis of the characteristics of the terrain, control altitude and 

course. In some cases, when approaching the runway in a hilly area, the crew may not have time 
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to respond to the rapidly approaching surface of the earth (under certain conditions, caused by 
uneven terrain, and because of the possible technical features altimeter readings), which leads to 

emergencies. 

The principle of operation of this system is based on the guidance of the laser beam on the 
special set of photosensitive elements embedded in a nasal part of aircraft, and on tracking of the 

aircraft using feedback. The source of the laser beam is placed at the starting point of the runway. 

The laser is placed on a precision platform, providing a change in the direction of light beam, 
directing laser light on flying aircraft and lighting certain parts of light-sensitive matrix installed 

on the aircraft. This realizes process control landing of the aircraft on a particular trajectory 

landing path by measuring the angle between the optical axis of the laser beam and the 
longitudinal axis of the current trajectory of the aircraft. Automatic fixing of the beam on a 

moving aircraft in the zone of light-sensitive reception matrix is provided through feedback radio 

channel.  
The first stage of work is to determine analytically the possible conditions of applicability of 

an automated laser system and limits on its use. 
The second stage is to formalize the system requirements and to develop a mathematical 

simulation model that includes the algorithm of functioning of the system: energy, frequency, 

amplitude, and spatial characteristics the generated signal light with a response to the feedback, 
characteristics of photosensitive reception matrix with the formation of information and control 

signals to adjust the flight path and for feedback. 

The third stage is to design the system and then create a pilot sample and test it. 

ʀʟʤʝʥʝʥʠʝ ʧʨʦʜʦʣʴʥʳʭ ʙʘʣʘʥʩʠʨʦʚʦʯʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʨʠ ʟʘʤʝʥʝ ʩʠʣʦʚʦʡ 

ʫʩʪʘʥʦʚʢʠ ʚʦʝʥʥʦ-ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʩʘʤʦʣʸʪʘ ʥʘ ʧʨʠʤʝʨʝ ʀʃ-76ʊɼ-90ɺɼ 

ɹʦʨʠʩʦʚʘ ɺ.ɸ. 
ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʣʦʩʴ ʠʩʩʣʝʜʦʚʘʥʠʝ ʠʟʤʝʥʝʥʠʡ ʧʨʦʜʦʣʴʥʳʭ ʙʘʣʘʥʩʠʨʦʚʦʯʥʳʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʨʠ ʟʘʤʝʥʝ ʩʠʣʦʚʦʡ ʫʩʪʘʥʦʚʢʠ ʥʘ ʧʨʠʤʝʨʝ ʚʦʝʥʥʦ-ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʩʘʤʦʣʸʪʘ 
ʀʃ-76. ɹʳʣ ʠʟʫʯʝʥ ʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥ ʪʝʭʥʠʯʝʩʢʠʡ ʦʪʯʸʪ ɻʦʩʅʀʀɻɸ ʠ ʆɸʆ 

çɸʚʠʘʮʠʦʥʥʳʡ ʢʦʤʧʣʝʢʩ ʠʤ. ʉ.ɺ. ʀʣʴʶʰʠʥʘè ʦʙ ʠʩʧʳʪʘʥʠʷʭ ʧʦ ʠʩʩʣʝʜʦʚʘʥʠʶ 

ʧʨʦʜʦʣʴʥʳʭ ʙʘʣʘʥʩʠʨʦʚʦʯʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʘʤʦʣʝʪʦʚ ʀʃ-76ɺɼ, ʧʨʦʚʝʜʝʥʥʳʭ 
ʢʦʤʧʘʥʠʝʡ ʆɸʆ çɸʚʠʘʮʠʦʥʥʳʡ ʢʦʤʧʣʝʢʩ ʠʤ. ʉ.ɺ. ʀʣʴʶʰʠʥʘè. ʅʘ ʦʩʥʦʚʝ ʵʪʦʛʦ ʦʪʯʸʪʘ, ʘ 

ʪʘʢʞʝ ʤʘʪʝʨʠʘʣʦʚ ɻʦʩʅʀʀɻɸ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʧʨʦʮʝʩʩʝ ʵʢʩʧʣʫʘʪʘʮʠʠ ʩʘʤʦʣʝʪʦʚ ʀʣ-76ʊɼï

90ɺɼ (ʩ ʜʚʠʛʘʪʝʣʷ ʇʉ-90ɸ) ʙʳʣ ʩʜʝʣʘʥ ʚʳʚʦʜ ʦ ʪʦʤ, ʯʪʦ ʧʨʠ ʟʘʤʝʥʝ ʩʠʣʦʚʦʡ ʫʩʪʘʥʦʚʢʠ 
ʧʨʦʠʟʦʰʣʠ ʠʟʤʝʥʝʥʠʷ ʧʨʦʜʦʣʴʥʳʭ ʙʘʣʘʥʩʠʨʦʚʦʯʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ʇʦ ʠʟʫʯʝʥʥʳʤ 

ʤʘʪʝʨʠʘʣʘʤ ʠʟʤʝʥʝʥʠʷ ʧʨʦʜʦʣʴʥʳʭ ʙʘʣʘʥʩʠʨʦʚʦʯʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʙʳʣʠ ʢʦʣʠʯʝʩʪʚʝʥʥʦ 

ʦʮʝʥʝʥʳ ʠ ʩʜʝʣʘʥʳ ʚʳʚʦʜʳ ʦ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʚʥʝʩʝʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʠʟʤʝʥʝʥʠʡ ʚ 
ʈʫʢʦʚʦʜʩʪʚʦ ʧʦ ʣʝʪʥʦʡ ʵʢʩʧʣʫʘʪʘʮʠʠ ʩʘʤʦʣʝʪʘ (ʈʃʕ).  

ʇʨʠʯʠʥʘ ʠʩʩʣʝʜʦʚʘʥʠʡ:  

ɼʚʠʛʘʪʝʣʴ ʇʉ-90ɸ ʚʝʩʠʪ ʤʝʥʴʰʝ, ʧʦʵʪʦʤʫ ʠʟʤʝʥʷʶʪʩʷ ʤʦʤʝʥʪʳ ʠʥʝʨʮʠʠ, ʠ ʢʘʢ 
ʩʣʝʜʩʪʚʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʫʩʪʦʡʯʠʚʦʩʪʠ ʠ ʫʧʨʘʚʣʷʝʤʦʩʪʠ. 

ɺ ʨʘʟʜʝʣʝ: çʀʩʩʣʝʜʦʚʘʥʠʝ ʠʟʤʝʥʝʥʠʡ ʧʨʦʜʦʣʴʥʳʭ ʙʘʣʘʥʩʠʨʦʚʦʯʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩ 

ʟʘʤʝʥʦʡ ʩʠʣʦʚʦʡ ʫʩʪʘʥʦʚʢʠ ʩʘʤʦʣʝʪʘ ʀʃ-76è (ʈʘʟʜʝʣ ˉ7) ʧʝʨʝʯʠʩʣʝʥʳ ʠʟʤʝʥʝʥʠʷ ʣʝʪʥʦ-
ʪʝʭʥʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦʩʣʝ ʟʘʤʝʥʳ ʩʠʣʦʚʦʡ ʫʩʪʘʥʦʚʢʠ ʩʘʤʦʣʝʪʘ ʀʣ-76 ʩ ʜʚʠʛʘʪʝʣʷ 

ɼ-30ʂʇ ʥʘ ʜʚʠʛʘʪʝʣʴ ʇʉ-90ɸ-76, ʪʦ ʝʩʪʴ: 

Å ʧʦʩʣʝ ʟʘʤʝʥʳ ʜʚʠʛʘʪʝʣʷ ʙʳʣʦ ʧʦʜʪʚʝʨʞʜʝʥʦ ʥʘʣʠʯʠʝ ʵʢʦʥʦʤʠʠ ʪʦʧʣʠʚʘ ʠ 
ʫʣʫʯʰʝʥʠʷ ʦʩʥʦʚʥʳʭ ʣʝʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʘʤʦʣʝʪʘ. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʙʣʘʛʦʜʘʨʷ ʵʪʦʤʫ 

ʘʚʠʘʢʦʤʧʘʥʠʠ ʤʦʛʫʪ ʫʤʝʥʴʰʠʪʴ ʩʪʦʠʤʦʩʪʴ ʟʘʪʨʘʪ ʥʘ ʵʢʩʧʣʫʘʪʘʮʠʶ ʜʘʥʥʦʛʦ ʪʠʧʘ 

ʩʘʤʦʣʸʪʦʚ.  
Å ʥʦʚʘʷ ʤʦʜʠʬʠʢʘʮʠʷ ʚʳʧʦʣʥʷʝʪ ʩʦʚʨʝʤʝʥʥʳʝ ʤʝʞʜʫʥʘʨʦʜʥʳʝ ʪʨʝʙʦʚʘʥʠʷ ʢ 

ʩʘʤʦʣʝʪʘʤ ʧʦ ʵʢʦʣʦʛʠʯʥʦʩʪʠ ʠ ʰʫʤʫ ʚ ʜʘʥʥʳʡ ʧʝʨʠʦʜ ʚʨʝʤʝʥʠ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʧʨʝʜʳʜʫʱʝʡ 

ʤʦʜʝʣʠ ʩʘʤʦʣʝʪʘ.  
ʈʝʟʫʣʴʪʘʪʦʤ ʚʳʧʦʣʥʝʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʥʘʩʢʦʣʴʢʦ ʦʪʣʠʯʘʶʪʩʷ ʧʨʦʜʦʣʴʥʳʝ 

ʙʘʣʘʥʩʠʨʦʚʦʯʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʘʤʦʣʝʪʘ ʀʣ-76ʊɺ-90ɺʊ ʦʪ ʟʘʣʦʞʝʥʥʳʭ ʚ ʈʃʕ 
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ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʘʤʦʣʝʪʘ ʀʣ-76ʊɼ ʠ ʚʣʠʷʶʪ ʣʠ ʵʪʠ ʠʟʤʝʥʝʥʠʷ ʥʘ ʙʝʟʦʧʘʩʥʦʩʪʴ ʧʦʣʝʪʦʚ ʠ 
ʣʝʪʥʫʶ ʛʦʜʥʦʩʪʴ. 

Changes in the longitudinal balancing characteristics for the replacement of the 

aeroengine of a military transport aircraft by the example of IL-76TD-90VD 

Borisova V.A. 

MAI, Moscow 

The purpose of this work was to study the changes in the longitudinal balancing 
characteristics when replacing a power plant using the example of the military transport aircraft 

IL-76. The technical report of GosNIIGA and JSC ñAviation Complex named after. S.V. 

Ilyushinò was studied and analyzed about the tests to study the longitudinal balancing 
characteristics of IL-76VD aircraft, carried out by JSC ñAviation Complex named after. S.V. 

Ilyushinò. Based on this report, as well as the materials of GosNIIGA obtained during the 

operation of the IL-76TD-90VD aircraft (from the PS-90A engine), it was concluded that when 
the power plant was replaced, changes in the longitudinal balancing characteristics occurred. 

Based on the materials studied, the changes in the longitudinal balancing characteristics were 
quantitatively evaluated and conclusions were drawn on the need to make appropriate changes to 

the Aircraft Flight Manual (RLE). 

Reason for research:  
The PS-90A engine weighs less, so the moments of inertia change, and as a result of the 

stability and control characteristics. 

In the section: ñInvestigation of the changes in the longitudinal balancing characteristics with 
the replacement of the power plant of the IL-76 aircraftò (Section No. 7), the changes in the 

performance of the IL-76 aircraft from the D-30KP engine to the PS-90A-76 engine are listed, 

i.e: 
Å after the engine was replaced, it was confirmed that there was fuel economy and improved 

the basic performance of the aircraft. This means that thanks to this, airlines can reduce the cost 

of operating costs for this type of aircraft. 
Å the new modification fulfills the modern international requirements for aircraft in terms of 

environmental friendliness and noise in a given period of time, unlike the previous model of the 

aircraft. 
The result of the performed work is how different are the longitudinal balancing 

characteristics of the IL-76TV-90WT aircraft from the characteristics of the Il-76TD aircraft 

incorporated in the RLE and whether these changes affect flight safety and airworthiness. 

ʆʮʝʥʢʘ ʛʝʦʤʝʪʨʠʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʛʘʟʦʚʦʛʦ ʧʦʪʦʢʘ, ʚʳʪʝʢʘʶʱʝʛʦ ʠʟ ʦʪʚʝʨʩʪʠʷ, 

ʨʘʩʧʦʣʦʞʝʥʥʦʛʦ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʩʚʝʨʭʟʚʫʢʦʚʦʛʦ ʪʝʯʝʥʠʷ ʛʘʟʘ, ʤʝʪʦʜʦʤ ʮʠʬʨʦʚʦʡ 

ʦʙʨʘʙʦʪʢʠ ʪʝʥʝʚʳʭ ʩʥʠʤʢʦʚ 

ɹʦʜʨʳʰʝʚ ɺ.ɺ., ɹʫʨʫʰʢʦ ɸ.ʕ., ɹʦʜʨʳʰʝʚ ɺ.ɺ.  

ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ʇʨʠ ʩʚʝʨʭʟʚʫʢʦʚʦʤ ʪʝʯʝʥʠʠ ʛʘʟʦʚʦʛʦ ʧʦʪʦʢʘ ʠʤʝʶʪʩʷ ʚʘʨʠʘʥʪʳ ʚʪʝʢʘʥʠʷ ʚ ʥʝʛʦ ʩʪʨʫʡ 
ʠʟ ʦʪʚʝʨʩʪʠʡ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʝʤʫ. ɺʘʞʥʦ ʦʮʝʥʠʪʴ ʛʝʦʤʝʪʨʠʶ ʩʫʤʤʘʨʥʦʛʦ çʷʜʨʘè, 

ʚʦʟʥʠʢʘʶʱʝʛʦ ʦʪ ʩʣʦʞʝʥʠʷ ʜʘʥʥʳʭ ʪʝʯʝʥʠʡ. ɺʘʞʥʦ ʦʮʝʥʠʪʴ ʚʦʣʥʦʚʫʶ ʩʦʩʪʘʚʣʷʶʱʫʶ 

ʜʘʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ɼʣʷ ʵʪʦʛʦ ʘʚʪʦʨʘʤʠ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʚʘʨʠʘʥʪ ʮʠʬʨʦʚʦʡ 
ʦʙʨʘʙʦʪʢʠ ʪʝʥʝʚʳʭ ʩʥʠʤʢʦʚ ʜʘʥʥʦʛʦ ʷʚʣʝʥʠʷ. ɼʣʷ ʨʘʩʰʠʬʨʦʚʢʠ 2D ʠʟʦʙʨʘʞʝʥʠʡ 

ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʤʘʩʰʪʘʙʥʳʝ ʵʬʬʝʢʪʳ ʠʟʦʙʨʘʞʝʥʠʡ, ʤʝʩʪʦ ʢʘʜʨʠʨʦʚʘʥʠʷ 

ʥʝʦʙʭʦʜʠʤʦʛʦ ʫʯʘʩʪʢʘ ʠ ʧʨʠʚʝʜʝʥʠʝ ʠʟʦʙʨʘʞʝʥʠʡ ʢ ʦʜʥʦʤʫ ʢʘʯʝʩʪʚʫ.  
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ʇʣʦʱʘʜʴ ʠʟʦʙʨʘʞʝʥʠʷ ʢʘʜʨʠʨʦʚʘʥʥʳʭ ʬʦʪʦʛʨʘʬʠʡ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚ ʚʠʜʝ ʮʠʬʨʦʚʳʭ 
ʤʘʪʨʠʮ ʩ ʫʯʝʪʦʤ ʢʦʵʬʬʠʮʠʝʥʪʘ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʷ. ʎʝʣʝʩʦʦʙʨʘʟʥʦ ʚʠʜʝʦʢʘʜʨʳ 

ʧʨʝʜʩʪʘʚʣʷʪʴ ʚ ʛʨʘʜʘʮʠʠ ʩʝʨʦʛʦ ʮʚʝʪʘ, ʚʤʝʩʪʦ RGB. ʕʪʦ ʫʧʨʦʱʘʝʪ ʠʭ ʦʙʨʘʙʦʪʢʫ. ɺʳʷʚʣʷʝʤ 

ʦʧʦʨʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʚ ʚʠʜʝ ʬʫʥʢʮʠʠ L=f(x,y,tʦ), ʛʜʝ L ï ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʠʟʦʙʨʘʞʝʥʠʷ, ʭ, ʫ 
ʢʦʦʨʜʠʥʘʪʳ ʷʯʝʡʢʠ, t0 ï ʚʨʝʤʝʥʥʘʷ ʬʫʥʢʮʠʷ. ʉʨʘʚʥʠʚʘʷ ʩ ʵʪʠʤ ʠʟʦʙʨʘʞʝʥʠʝʤ i-ʝ 

ʠʟʦʙʨʘʞʝʥʠʝ f(x,y,ti) ʧʦʣʫʯʘʝʤ ʨʘʟʥʦʩʪʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ.  

ɸʥʘʣʠʟ ʧʦʣʫʯʘʝʤʳʭ N ʨʘʟʥʦʩʪʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ ʧʦʟʚʦʣʷʝʪ ʦʪʩʣʝʜʠʪʴ ʜʠʥʘʤʠʢʫ 
ʠʟʤʝʥʝʥʠʷ ʛʝʦʤʝʪʨʠʠ ʩʪʨʫʠ ʛʘʟʦʚʦʛʦ ʧʦʪʦʢʘ, ʚʳʪʝʢʘʶʱʝʛʦ ʠʟ ʦʪʚʝʨʩʪʠʷ, ʚʳʷʚʠʪʴ ʟʘʢʦʥ 

ʠʟʤʝʥʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ (ʧʣʦʪʥʦʩʪʠ ʛʘʟʘ) ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʨʝʤʝʥʠ ʪʝʯʝʥʠʷ. ʊʘʢʞʝ, 

ʘʥʘʣʠʟ ʧʦʣʫʯʘʝʤʳʭ N ʨʘʟʥʦʩʪʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʠʪʴ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ 
ʠʟʤʝʥʝʥʠʷ ʬʦʨʤʳ ʚʦʣʥʦʚʦʛʦ ʪʝʯʝʥʠʷ ʚ ʩʫʤʤʘʨʥʦʤ ʷʜʨʝ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʢʦʨʦʩʪʠ 

ʚʳʪʝʢʘʥʠʷ ʛʘʟʦʚʦʡ ʩʪʨʫʠ ʠʟ ʦʪʚʝʨʩʪʠʷ ʠ ʩʢʦʨʦʩʪʠ ʦʩʥʦʚʥʦʛʦ ʧʦʪʦʢʘ. 

Evaluation of the geometry of the distribution of the gas flow emanating from the hole 

perpendicular to the supersonic gas flow, the method of digital processing of the shadow 

images 

Bobrishev V.V., Burushko A.E., Bobrishev V.V. 

MAI, Moscow 

For the supersonic flow of the gas stream have the option of streaming it jets out of the holes 
perpendicular. It is important to evaluate the geometry of the total "core" arising from the 

addition of data flows. It is important to estimate the wave component of the interaction. To do 

this, the authors considered the option of digital processing of shadow images of the 
phenomenon. For decryption of 2D images it is necessary to consider scale effects images, place 

framing of the necessary land and bringing the images to the same quality.  

The area of the image cropped photo appears in the form of digital matrix taking into account 
the zoom factor. It is advisable to present the video frames to grayscale colors instead of RGB. 

This simplifies their processing. Identify a reference image in the form of the function L=f(x,y,t 

o), where L is the intensity of the image, x, y coordinates of the cell, t0 is the temporal function. 
Comparing with this image of the i-th image f(x,y,ti), we obtain a differential image.  

The analysis of the N difference images allows to track the dynamics of changes of the 

geometry of gas jet flow emanating from the holes to reveal the law of change of intensity 
(density of gas), depending on the time flow. To determine the patterns of change in the forms of 

wave of currents in the total-depending on the speed of flow of the gas jet from the orifice and 

the speed of the main flow. 

ʆʙʣʠʢ ʧʝʨʩʧʝʢʪʠʚʥʦʛʦ ʪʨʝʥʘʞʸʨʘ ʚʦʟʜʫʰʥʦʛʦ ʙʦʷ ʜʣʷ ʩʘʤʦʣʸʪʦʚ 5-ʛʦ ʧʦʢʦʣʝʥʠʷ 

ɺʠʜʷʡʢʠʥ ɸ.ɸ., ʇʨʘʚʠʜʣʦ ʄ.ʅ., ɹʠʨʶʢʦʚ ʇ.ɸ., ʇʦʣʠʝʥʢʦ ʀ.ʅ. 

 ɻʦʩʄʂɹ çɺʳʤʧʝʣè, ʛ. ʄʦʩʢʚʘ 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʣʦʞʝʥ ʥʦʚʳʡ ʧʦʜʭʦʜ ʢ ʩʦʟʜʘʥʠʶ ʩʦʚʨʝʤʝʥʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʪʨʝʥʘʞʸʨʘ 

ʚʦʟʜʫʰʥʦʛʦ ʙʦʷ, ʧʦʟʚʦʣʷʶʱʝʛʦ ʢʘʯʝʩʪʚʝʥʥʦ ʧʦʚʳʩʠʪʴ ʫʨʦʚʝʥʴ ʧʦʜʛʦʪʦʚʢʠ ʣʸʪʥʦʛʦ 

ʩʦʩʪʘʚʘ. ʈʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʧʨʦʙʣʝʤʳ, ʩʫʱʝʩʪʚʫʶʱʠʝ ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʚ ʩʬʝʨʝ 
ʦʪʝʯʝʩʪʚʝʥʥʳʭ ʪʨʝʥʘʞʸʨʦʚ ʚʦʟʜʫʰʥʦʛʦ ʙʦʷ.  

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚʩʸ ʙʦʣʝʝ ʘʢʪʫʘʣʴʥʳʤ ʩʪʘʥʦʚʠʪʩʷ ʚʦʧʨʦʩ ʧʦʜʜʝʨʞʘʥʠʷ ʪʨʝʙʫʝʤʦʛʦ 

ʫʨʦʚʥʷ ʙʦʝʛʦʪʦʚʥʦʩʪʠ ɺʂʉ, ʜʣʷ ʯʝʛʦ ʪʨʝʙʫʝʪʩʷ ʦʙʝʩʧʝʯʠʚʘʪʴ ʩʙʘʣʘʥʩʠʨʦʚʘʥʥʳʡ ʨʦʩʪ, ʢʘʢ 
ʙʦʝʚʳʭ ʚʦʟʤʦʞʥʦʩʪʝʡ ʘʚʠʘʮʠʦʥʥʦʡ ʪʝʭʥʠʢʠ, ʪʘʢ ʠ ʫʨʦʚʥʷ ʙʦʝʚʦʡ ʧʦʜʛʦʪʦʚʢʠ ʣʸʪʥʦʛʦ ʠ 

ʠʥʞʝʥʝʨʥʦ-ʪʝʭʥʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ 

ɺ ʩʫʱʝʩʪʚʫʶʱʠʭ ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʪʨʝʥʘʞʸʨʘʭ ʧʨʠʥʷʪʦ ʟʘʤʝʥʷʪʴ ɸʋʈ 
çʤʘʪʝʨʠʘʣʴʥʦʡ ʪʦʯʢʦʡè, ʝʸ ʜʚʠʞʝʥʠʝ ʩʯʠʪʘʪʴ ʧʦ ʥʝʢʦʡ ʫʩʨʝʜʥʸʥʥʦʡ ʪʨʘʝʢʪʦʨʠʠ, ʘ 

ʚʝʨʦʷʪʥʦʩʪʴ ʧʦʨʘʞʝʥʠʷ ʮʝʣʠ ʩʯʠʪʘʪʴ ʟʘʨʘʥʝʝ ʠʟʚʝʩʪʥʦʡ ʠ ʧʦʩʪʦʷʥʥʦʡ. 

ʇʨʝʜʣʘʛʘʝʪʩʷ ʦʙʣʠʢ ʢʦʤʧʣʝʢʩʥʦʛʦ ʪʨʝʥʘʞʸʨʘ, ʚ ʢʦʪʦʨʦʤ ʨʝʘʣʠʟʦʚʘʥʦ ʧʦʜʨʦʙʥʦʝ 
ʤʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʮʝʩʩʦʚ ʦʪʜʝʣʝʥʠʷ ɸʋʈ ʦʪ ʩʘʤʦʣʸʪʘ-ʥʦʩʠʪʝʣʷ. ʕʪʦ 

ʧʦʟʚʦʣʷʝʪ ʦʙʫʯʘʪʴ ʣʸʪʥʳʡ ʩʦʩʪʘʚ ʧʨʠʤʝʥʝʥʠʶ ɸʋʈ ʩ ʫʯʸʪʦʤ ʦʩʦʙʝʥʥʦʩʪʝʡ ʧʫʩʢʘ 

ʢʦʥʢʨʝʪʥʳʭ ʨʘʢʝʪ. ɺʦʩʧʨʦʠʟʚʦʜʠʪʴ ʚ ʨʘʤʢʘʭ ʪʨʝʥʘʞʸʨʘ ʨʘʙʦʪʫ ʚʩʝʭ ʙʦʨʪʦʚʳʭ ʩʠʩʪʝʤ, 
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ʜʠʥʘʤʠʢʫ ʜʚʠʞʝʥʠʷ ʩʘʤʦʣʸʪʘ-ʥʦʩʠʪʝʣʷ, ʜʠʥʘʤʠʢʫ ʜʚʠʞʝʥʠʷ ʚʳʙʨʘʥʥʦʡ ɸʋʈ ʥʘ 
ɸʂʋ/ɸʇʋ, ʜʚʠʞʝʥʠʝ ɸʋʈ ʚ ʦʙʣʘʩʪʠ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʚʣʠʷʥʠʷ ʩʘʤʦʣʸʪʘ-ʥʦʩʠʪʝʣʷ ʩ 

ʫʯʸʪʦʤ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʡ ʠʥʪʝʨʬʝʨʝʥʮʠʠ, ʧʦʣʸʪ ʨʘʢʝʪʳ ʢ ʮʝʣʠ ʧʦ ʟʘʣʦʞʝʥʥʦʡ ʤʦʜʝʣʠ 

ʥʘʚʝʜʝʥʠʷ, ʤʦʜʝʣʴ ʧʦʨʘʞʝʥʠʷ ʮʝʣʠ. 
ʇʨʝʜʣʦʞʝʥʥʳʡ ʦʙʣʠʢ ʪʨʝʥʘʞʸʨʘ ʚʦʟʜʫʰʥʦʛʦ ʙʦʷ ʧʦʟʚʦʣʷʝʪ ʤʦʜʝʣʠʨʦʚʘʪʴ ʨʘʟʣʠʯʥʳʝ 

ʙʦʝʚʳʝ ʩʠʪʫʘʮʠʠ, ʥʘʯʠʥʘʷ ʦʪ ʙʣʠʞʥʝʛʦ ʤʘʥʝʚʨʝʥʥʦʛʦ ʚʦʟʜʫʰʥʦʛʦ ʙʦʷ ʠ ʟʘʢʘʥʯʠʚʘʷ ʘʪʘʢʦʡ 

ʜʘʣʴʥʠʭ ʚʦʟʜʫʰʥʳʭ ʮʝʣʝʡ, ʧʨʠ ʵʪʦʤ ʫʯʠʪʳʚʘʶʪʩʷ ʚʩʝ ʪʘʢʪʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʝ 
ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠ ʩʧʝʮʠʬʠʢʘ ʧʨʠʤʝʥʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʘʚʠʘʮʠʦʥʥʳʭ ʨʘʢʝʪ ʢʣʘʩʩʘ çʚʦʟʜʫʭ-

ʚʦʟʜʫʭè. 

The shape of prospective air-combat simulator for the 5-th generation aircraft 

Vidyaykin A.A., Pravidlo M.N., Biryukov P.A., Polienko I.N. 

SMEDB ñVympelò, Moscow  

The new approach to creation of a modern air combat simulation complex, which allows to 
qualitatively improving the level of flight crew training is suggested in this work. The problems 

existing now in the field of domestic simulators of air combat are considered here. 
At the present time, the problem of maintaining required level of combat readiness of the Air 

Space Forces is becoming increasingly relevant. It is required to provide a balanced growth both 

of the combat capabilities of aviation equipment and the level of flight and technical personnel 
combat training. 

In existing simulators today, missile model usually replaced by a ñmaterial pointò and its 

motion is taken as a certain average path, and the probability of hitting is considered known in 
advance and constant. 

The shape of a proposed complex simulator in which detailed mathematical modeling of the 

processes of missiles separation from a carrier aircraft was realized. That makes it possible to 
train flight crew to missiles application, taking into account the features of launching concrete 

missiles as well as reproducing operation of all on-board electronic systems, the dynamics of the 

carrier aircraft movement, the dynamics of the selected missile movement on the Aviation 
Missile Release Systems, the missiles movement in the aerodynamic influence field of the carrier 

aircraft with influence for aerodynamic interference, the missileôs flight to the target based on the 

calculated targeting model. 
The proposed shape of the air combat simulator allows to simulating various combat 

situations, ranging from near maneuverable air combat and ending with attacks of distant air 

targets, taking into account all the tactical and technical characteristics and usage specificity of 
various air-to-air missiles. 

ɺʣʠʷʥʠʝ ʪʝʭʥʦʣʦʛʠʠ ʠʟʛʦʪʦʚʣʝʥʠʷ ʥʘ ʢʨʠʪʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʠʟʛʠʙʥʦʡ ʠ 

ʢʨʫʪʠʣʴʥʦʡ ʬʦʨʤ ʧʦʪʝʨʠ ʫʩʪʦʡʯʠʚʦʩʪʠ ʢʦʥʩʪʨʫʢʪʠʚʥʦ-ʘʥʠʟʦʪʨʦʧʥʳʭ ʧʘʥʝʣʝʡ ʠʟ 

ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ 

ʌʠʨʩʘʥʦʚ ɺ.ɺ., ɻʘʚʚʘ ʃ.ʄ. 

ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ʀʩʩʣʝʜʫʝʪʩʷ ʟʘʜʘʯʘ ʫʩʪʦʡʯʠʚʦʩʪʠ ʧʣʦʩʢʦʡ ʧʨʷʤʦʫʛʦʣʴʥʦʡ ʤʥʦʛʦʩʣʦʡʥʦʡ ʧʘʥʝʣʠ ʠʟ 

ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʦʙʰʠʚʢʘ ʢʦʪʦʨʦʡ ʵʢʩʮʝʥʪʨʠʯʥʦ ʧʦʜʢʨʝʧʣʝʥʘ ʧʨʦʜʦʣʴʥʦ-

ʧʦʧʝʨʝʯʥʳʤ ʥʘʙʦʨʦʤ. ʇʘʥʝʣʴ ʥʘʭʦʜʠʪʩʷ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʧʦʛʦʥʥʦʡ ʥʘʛʨʫʟʢʠ, ʧʨʠʣʦʞʝʥʥʦʡ 
ʢ ʢʨʦʤʢʘʤ ʚ ʧʣʦʩʢʦʩʪʠ ʦʙʰʠʚʢʠ. ʋʩʣʦʚʠʷ ʟʘʢʨʝʧʣʝʥʠʷ ʧʨʦʜʦʣʴʥʳʭ ʢʨʦʤʦʢ ʷʚʣʷʶʪʩʷ 

ʩʦʛʣʘʩʦʚʘʥʥʳʤʠ ʚ ʦʪʥʦʰʝʥʠʠ ʧʣʦʩʢʦʡ ʟʘʜʘʯʠ ʠ ʟʘʜʘʯʠ ʠʟʛʠʙʘ. ʋʩʣʦʚʠʷ ʟʘʢʨʝʧʣʝʥʠʷ 

ʪʦʨʮʦʚ ʧʨʦʠʟʚʦʣʴʥʳ. 
ʇʨʠʥʠʤʘʶʪʩʷ ʚʦ ʚʥʠʤʘʥʠʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʬʘʢʪʦʨʳ, ʠʤʝʶʱʠʝ ʤʝʩʪʦ ʧʨʠ 

ʠʟʛʦʪʦʚʣʝʥʠʠ ʢʦʤʧʦʟʠʪʦʚ: ʦʩʪʘʪʦʯʥʳʝ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʥʘʧʨʷʞʝʥʠʷ, ʚʦʟʥʠʢʘʶʱʠʝ ʧʨʠ 

ʦʭʣʘʞʜʝʥʠʠ ʧʦʩʣʝ ʦʪʚʝʨʞʜʝʥʠʷ, ʠ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʝ ʥʘʪʷʞʝʥʠʝ ʘʨʤʠʨʫʶʱʠʭ ʚʦʣʦʢʦʥ. 
ɼʣʷ ʧʦʜʢʨʝʧʣʷʶʱʠʭ ʵʣʝʤʝʥʪʦʚ, ʥʘʭʦʜʷʱʠʭʩʷ ʚʩʣʝʜʩʪʚʠʝ ʦʜʥʦʩʪʦʨʦʥʥʝʛʦ ʢʦʥʪʘʢʪʘ ʩ 

ʦʙʰʠʚʢʦʡ ʚ ʫʩʣʦʚʠʷʭ ʢʦʩʦʛʦ ʠʟʛʠʙʘ ʠ ʩʪʝʩʥʸʥʥʦʛʦ ʢʨʫʯʝʥʠʷ, ʠʩʧʦʣʴʟʫʝʪʩʷ ʪʝʦʨʠʷ 

ʪʦʥʢʦʩʪʝʥʥʳʭ ʫʧʨʫʛʠʭ ʩʪʝʨʞʥʝʡ ʙʝʟ ʚʚʝʜʝʥʠʷ ʛʠʧʦʪʝʟʳ ʦʙ ʦʪʩʫʪʩʪʚʠʠ ʜʝʬʦʨʤʘʮʠʠ ʩʜʚʠʛʘ. 
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ɼʘʣʴʥʝʡʰʝʝ ʨʘʟʚʠʪʠʝ ʪʝʦʨʠʠ ʪʦʥʢʦʩʪʝʥʥʳʭ ʫʧʨʫʛʠʭ ʩʪʝʨʞʥʝʡ ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʦʙʱʝʡ 
ʢʦʥʪʘʢʪʥʦʡ ʟʘʜʘʯʝ ʜʣʷ ʦʙʰʠʚʢʠ ʠ ʨʝʙʨʘ ʩ ʫʪʦʯʥʝʥʠʝʤ ʤʦʜʝʣʠ ʧʦʩʣʝʜʥʝʛʦ ʧʨʠ 

ʟʘʢʨʫʯʠʚʘʥʠʠ ʦʪʨʘʞʘʝʪ ʥʘʫʯʥʫʶ ʥʦʚʠʟʥʫ ʨʘʙʦʪʳ. 

ɺ ʢʘʯʝʩʪʚʝ ʨʘʩʯʸʪʥʦʡ ʤʦʜʝʣʠ ʧʨʠ ʦʧʨʝʜʝʣʝʥʠʠ ʢʨʠʪʠʯʝʩʢʠʭ ʩʠʣ ʦʙʱʝʡ ʠʟʛʠʙʥʦʡ 
ʬʦʨʤʳ ʧʦʪʝʨʠ ʫʩʪʦʡʯʠʚʦʩʪʠ ʧʨʝʜʣʘʛʘʝʪʩʷ ʩʭʝʤʘʪʠʟʘʮʠʷ ʧʘʥʝʣʠ ʢʘʢ ʢʦʥʩʪʨʫʢʪʠʚʥʦ-

ʘʥʠʟʦʪʨʦʧʥʦʡ. ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʥʦʛʦʚʦʣʥʦʚʦʛʦ ʢʨʫʪʠʣʴʥʦʛʦ ʚʳʧʫʯʠʚʘʥʠʷ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʘʧʧʘʨʘʪ ʦʙʦʙʱʸʥʥʳʭ ʬʫʥʢʮʠʡ. ʈʘʟʨʝʰʘʶʱʠʤʠ ʫʨʘʚʥʝʥʠʷʤʠ ʟʘʜʘʯʠ ʦ ʜʦʢʨʠʪʠʯʝʩʢʦʤ 
ʥʘʧʨʷʞʸʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʤ ʩʦʩʪʦʷʥʠʠ ʠ ʟʘʜʘʯʠ ʫʩʪʦʡʯʠʚʦʩʪʠ ʷʚʣʷʶʪʩʷ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʝ ʫʨʘʚʥʝʥʠʷ ʚʦʩʴʤʦʛʦ ʧʦʨʷʜʢʘ ʚ ʯʘʩʪʥʳʭ ʧʨʦʠʟʚʦʜʥʳʭ. ʈʝʰʝʥʠʝ 

ʧʦʩʪʨʦʝʥʦ ʚ ʟʘʤʢʥʫʪʦʤ ʚʠʜʝ ʚ ʦʜʠʥʘʨʥʳʭ ʪʨʠʛʦʥʦʤʝʪʨʠʯʝʩʢʠʭ ʨʷʜʘʭ. ʈʘʩʩʤʘʪʨʠʚʘʶʪʩʷ 
ʚʩʝ ʚʦʟʤʦʞʥʳʝ ʚʘʨʠʘʥʪʳ ʟʘʢʨʝʧʣʝʥʠʷ ʪʦʨʮʦʚ, ʚʳʪʝʢʘʶʱʠʝ ʠʟ ʫʩʣʦʚʠʡ ʫʧʨʫʛʦʡ ʟʘʜʝʣʢʠ. 

ʇʘʢʝʪ ʧʨʠʢʣʘʜʥʳʭ ʧʨʦʛʨʘʤʤ ʨʘʟʨʘʙʦʪʘʥ ʚ ʦʧʝʨʘʮʠʦʥʥʦʡ ʩʨʝʜʝ MATLAB . ʊʘʢ ʢʘʢ 

ʨʝʰʝʥʠʝ ʩʪʨʦʠʪʩʷ ʪʦʯʥʳʤʠ ʘʥʘʣʠʪʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ, ʚʨʝʤʷ ʨʘʩʯʸʪʘ ʚʘʨʠʘʥʪʘ 
ʤʠʥʠʤʘʣʴʥʦ, ʯʪʦ ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʧʨʘʢʪʠʢʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ. ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʸʪʦʚ ʥʘ ʫʩʪʦʡʯʠʚʦʩʪʴ ʩ ʫʯʸʪʦʤ 
ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʬʘʢʪʦʨʦʚ ʜʘʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʩʥʠʞʝʥʠʷ ʠ ʦʧʪʠʤʠʟʘʮʠʠ ʚʝʩʦʚʳʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʢʦʥʩʪʨʫʢʮʠʠ. 

The influence of production technology on critical parameters of bending and torsion 

buckling modes for structurally-anisotropic panels made from composite materials 

Firsanov V.V., Gavva L.M. 

MAI, Moscow  

The paper discusses the buckling problems of flat rectangular multiplied panel from 

composite materials, the casing of which an eccentrically supported by the longitudinal-

transverse stiffening set. The panel is subjected to distributed loading applied to the edges in 
casing plane. Boundary conditions for the longitudinal edges are agree for plane problem and for 

bending one. Boundary conditions for lateral edges are assumed to be of quite general type. 

One should take into consideration the technological factors occurring in the manufacture of 
composites: residual thermal stresses arising during cooling after hardening and pre-stressed 

tension in reinforcing fibers.  

For reinforcing elements being in the complex resistance ï two-plane bending and limited 
torsion, the theory of thin-walled elastic robs is used without the hypothesis on the shear 

deformation absence. Further development of the theory of thin-walled elastic rods related to the 

contact problem for the skin and the rib with the refinement of the model of the last one reflects 
the scientific novelty of the research. 

The schematization of the panel as structurally-anisotropic one has been proposed as a design 

model when critical forces of total bending form of buckling were determined. For many-waved 
torsion buckling study one should use the generalized functions set.  

The differentional equations of eighth order in partial derivatives are the resolving ones for the 

pre-critical stress-strained state and for the buckling problem. The solution in closed form is 
constructed by unitary trigonometric series for the particular case of conformable boundary 

conditions on two opposite sides. We examine all possible variants of the lateral boundary edges 

restrictions in relation to the connecting plane problem and the bending one. 

Computer program package in the operating system of MATLAB has been performed. Since 

the solution made by exact analytical methods, the calculation time is of the minimum one, that is 

of interest from the point of view of practical design using parametric analysis. The results of the 
buckling analysis calculations offer the possibility for reducing and optimization of the aircraft 

elements weight characteristics. 



20 

 

ʂʦʥʮʝʧʮʠʷ ʦʧʪʠʤʘʣʴʥʦʡ ʢʦʥʩʪʨʫʢʮʠʠ ʣʦʞʝʨʦʥʦʚ ʜʣʷ ʙʝʩʧʠʣʦʪʥʳʭ ʣʝʪʘʪʝʣʴʥʳʭ 

ʘʧʧʘʨʘʪʦʚ ʩ ʥʠʟʢʦʡ ʧʦʣʝʟʥʦʡ ʥʘʛʨʫʟʢʦʡ 

ɻʘʫʨʘʚ ɼʭʠʤʘʥ, ʑʝʨʙʘʢʦʚ ɺ.ɸ. 

ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ʂʦʥʩʪʨʫʢʪʠʚʥʳʝ ʯʘʩʪʠ ʩʦʚʨʝʤʝʥʥʳʭ ʙʝʩʧʠʣʦʪʥʳʭ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ (ɹʇʃɸ) ʩ 

ʥʠʟʢʦʡ ʧʦʣʝʟʥʦʡ ʥʘʛʨʫʟʢʦʡ, ʚ ʦʩʥʦʚʥʦʤ, ʩʧʨʦʝʢʪʠʨʦʚʘʥʳ ʥʘ ʦʩʥʦʚʝ ʧʨʠʙʣʠʞʝʥʥʳʭ 

ʤʝʪʦʜʦʚ ʢʦʥʩʪʨʫʠʨʦʚʘʥʠʷ, ʠʥʦʛʜʘ ʧʨʠʚʦʜʷʱʠʭ ʢ ʧʝʨʝʫʪʷʞʝʣʝʥʠʶ ʢʦʥʩʪʨʫʢʮʠʠ, ʘ ʠʥʦʛʜʘ ʠ 
ʢ ʤʝʥʴʰʝʡ ʧʨʦʯʥʦʩʪʠ. ʇʦʚʳʩʠʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ɹʇʃɸ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʚʝʩʘ ʤʦʞʥʦ ʟʘ ʩʯʝʪ 

ʨʘʟʨʘʙʦʪʢʠ ʤʝʪʦʜʠʢ, ʢʦʪʦʨʳʝ, ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ ʫʜʝʣʷʶʪ ʙʦʣʴʰʝʝ ʚʥʠʤʘʥʠʝ ʜʝʪʘʣʴʥʦʡ 

ʧʨʦʯʥʦʩʪʠ ʵʣʝʤʝʥʪʦʚ ʢʦʥʩʪʨʫʢʮʠʠ, ʘ ʩ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ ʥʝ ʪʨʝʙʫʶʪ ʧʨʠʤʝʥʝʥʠʷ ʩʣʦʞʥʳʭ ʠ 
ʜʦʨʦʛʠʭ ʤʝʪʦʜʦʚ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʠʚʝʜʝʥ ʧʨʠʤʝʨ ʘʥʘʣʠʟʘ ʠ ʦʧʪʠʤʠʟʘʮʠʠ ʢʦʥʩʪʨʫʢʮʠʠ ʣʦʥʞʝʨʦʥʘ 

ʢʨʳʣʘ ʜʣʷ ɹʇʃɸ ʩ ʥʠʟʢʦʡ ʧʦʣʝʟʥʦʡ ʥʘʛʨʫʟʢʦʡ. ʇʨʦʮʝʩʩ ʦʧʪʠʤʠʟʘʮʠʠ ʧʨʦʭʦʜʠʪ ʚ 
ʥʝʩʢʦʣʴʢʦ ʵʪʘʧʦʚ, ʥʘ ʢʘʞʜʦʤ ʠʟ ʢʦʪʦʨʳʭ ʧʨʦʠʟʚʦʜʠʪʩʷ ʦʮʝʥʢʘ ʤʘʩʩʳ ʠ ʜʝʡʩʪʚʫʶʱʠʭ ʥʘ 

ʣʦʥʞʝʨʦʥ ʥʘʛʨʫʟʦʢ. ɼʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʨʘʩʯʝʪʥʳʭ ʩʣʫʯʘʝʚ ʙʳʣʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ 
ʚʦʟʤʦʞʥʳʝ ʪʠʧʳ ʨʝʰʘʝʤʳʭ ɹʇʃɸ ʟʘʜʘʯ. ʉʚʦʡʩʪʚʘ ʩʪʨʫʢʪʫʨʳ ʢʦʤʧʦʟʠʪʥʦʛʦ ʣʦʥʞʝʨʦʥʘ 

ʦʧʠʩʳʚʘʝʪʩʷ ʝʜʠʥʦʡ ʤʘʪʨʠʮʝʡ ʞʝʩʪʢʦʩʪʠ ʣʦʥʞʝʨʦʥʘ (ʥʘʟʳʚʘʝʤʦʡ ABD ï ʤʘʪʨʠʮʝʡ), ʚ 

ʢʦʪʦʨʦʡ ʫʯʠʪʳʚʘʶʪʩʷ ʞʝʩʪʢʦʩʪʠ ʥʘ ʨʘʩʪʷʞʝʥʠʝ-ʩʞʘʪʠʝ, ʠʟʛʠʙʥʳʝ ʠ ʢʨʫʪʠʣʴʥʳʝ ʞʝʩʪʢʦʩʪʠ 
ʣʦʥʞʝʨʦʥʘ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʦ ʧʨʦʛʥʦʟʠʨʦʚʘʪʴ ʧʦʚʝʜʝʥʠʝ ʣʦʥʞʝʨʦʥʘ ʧʦʜ 

ʜʝʡʩʪʚʠʝʤ ʚʥʝʰʥʠʭ ʥʘʛʨʫʟʦʢ. 

ɼʣʷ ʘʥʘʣʠʟʘ ʣʦʥʞʝʨʦʥʘ ʙʳʣʘ ʠʩʧʦʣʴʟʦʚʘʥʘ ʢʣʘʩʩʠʯʝʩʢʘʷ ʪʝʦʨʠʷ ʣʘʤʠʥʘʪʘ. ʄʝʪʦʜ 
ʦʩʥʦʚʘʥ ʥʘ ʙʳʩʪʨʦʤ ʧʦʣʫʯʝʥʠʠ ABD-ʤʘʪʨʠʮʳ, ʫʯʠʪʳʚʘʶʱʝʡ ʩʚʦʡʩʪʚʘ ʫʢʣʘʜʢʠ 

ʣʦʥʞʝʨʦʥʘ, ʠ ʧʦʣʫʯʝʥʠʠ ʜʝʡʩʪʚʫʶʱʠʭ, ʚ ʢʘʞʜʦʤ ʩʝʯʝʥʠʠ ʣʦʥʞʝʨʦʥʘ, ʜʝʬʦʨʤʘʮʠʡ. 

ɺ ʙʦʣʴʰʠʥʩʪʚʝ ʩʧʨʘʚʦʯʥʠʢʦʚ ʠ ʥʦʨʤʘʪʠʚʥʳʭ ʜʦʢʫʤʝʥʪʦʚ ʧʨʝʜʝʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʜʣʷ 
ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʘʭ ʜʘʶʪʩʷ ʢʘʢ ʚʳʨʘʞʝʥʥʳʝ ʚ ʜʝʬʦʨʤʘʮʠʷʭ, ʪʘʢ ʠ ʚ 

ʥʘʧʨʷʞʝʥʠʷʭ. ʕʪʠ ʟʥʘʯʝʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʟʘʢʦʥʫ ɻʫʢʘ ʜʣʷ ʣʠʥʝʡʥʦ-ʫʧʨʫʛʦʛʦ ʤʘʪʝʨʠʘʣʘ ʠ 

ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʚ ʦʙʝʠʭ ʬʦʨʤʘʭ ʜʣʷ ʘʥʘʣʠʟʘ ʧʨʦʯʥʦʩʪʠ ʤʘʪʝʨʠʘʣʦʚ ʠʟ 
ʩʪʝʢʣʦʚʦʣʦʢʥʘ. ʆʜʥʘʢʦ, ʜʣʷ ʚʳʩʦʢʦʤʦʜʫʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʪʘʢʠʭ ʢʘʢ ʫʛʣʝʧʣʘʩʪʠʢʠ, 

ʧʨʝʜʝʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʧʨʠʚʝʜʝʥʳ ʪʦʣʴʢʦ ʜʣʷ ʜʝʬʦʨʤʘʮʠʡ. ʊʘʢ ʢʘʢ ʧʨʠʚʝʜʝʥʥʳʡ ʤʝʪʦʜ 

ʦʩʥʦʚʘʥ ʥʘ ʚʳʯʠʩʣʝʥʠʠ ʠʤʝʥʥʦ ʜʝʬʦʨʤʘʮʠʡ, ʪʦ ʦʥ ʧʨʠʤʝʥʠʤ ʜʣʷ ʚʩʝʛʦ ʢʨʫʛʘ 
ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ, ʤʝʪʦʜ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ABD-ʤʘʪʨʠʮʳ 

ʧʦʟʚʦʣʷʝʪ ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʦ ʧʨʦʛʥʦʟʠʨʦʚʘʪʴ ʧʦʚʝʜʝʥʠʝ ʢʦʤʧʦʟʠʮʠʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ 

ʣʦʥʞʝʨʦʥʘ ʠ ʦʩʪʘʝʪʩʷ ʧʨʦʩʪʳʤ ʚ ʩʤʳʩʣʝ ʦʙʲʝʤʘ ʚʳʯʠʩʣʝʥʠʡ. ʄʝʪʦʜ ʭʦʨʦʰʦ ʚʘʣʠʜʠʨʫʝʪʩʷ 
ʢʦʥʝʯʥʦʵʣʝʤʝʥʪʥʦʡ ʤʦʜʝʣʴʶ ʠ ʷʚʣʷʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʧʨʘʢʪʠʯʥʳʤ ʠʥʩʪʨʫʤʝʥʪʦʤ ʜʣʷ 

ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʨʘʟʣʠʯʥʳʭ ʯʘʩʪʝʡ ɹʇʃɸ. 

Conceptual composite longeron design for low payload unmanned aircraft 

Gaurav Dhiman, Scherbakov V.A. 

MAI, Moscow 

Considering modern low payload UAVs, the structural elements of most of them have been 
designed based on approximations sometimes resulting in extra strength and sometimes in lower 

strength. These low payload UAVs can have a more effective structure in terms of weight if the 

longeron is designed using the following algorithm which needs lesser resources compared to the 
most common finite element method.  

After the initial sizing of the aircraft wing, the next step was to do wing mass estimation and 

find out the approximate weight of the wing. After this the loads were analysed on the wing using 
an analytical approach which would predict the basic loads of lift force, gravity and moment. To 

predict the load factor (n) for the longeron the type of flight tasks the UAV would go through 

were analysed. After this the basic structure for the composite longeron was decided. The next 
step for us was to construct the stiffness matrix of composite structure (called ABD Matrix), 

where tensile, bending and torsional stiffnessôs are accounted. This matrix depends on material 

properties, layers orientation and the relative position of the layers in the structure. This allows us 
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to calculate elasticity and shear modulus in all, approximate structure modulus and also allows us 
to predict composite structure behaviour.  

Analysis of longeron (beam form) was performed using the application of the classical 

Laminated Plate Theory (CLPT) in terms of beams [1]. This method is based on obtaining of the 
longeron stiffness matrix, that also called ABD-matrix (see [1]), and on multiplication this matrix 

to vector of external loads [N Q M]T. As result, we have strain distribution in the cross section of 

beam. 
Most of the limit values for composite materials are given in terms of both stress and strain. 

These values correspond with Hookeôs law for linear elastic material. All of the fiberglass 

composite materials can be analysed with these values. But in cases where the limits values, 
especially for high-modulus materials such as Carbon, are given in terms of strain only, the ABD 

matrix method allows us to avoid the ñunnecessaryò operation of obtaining the stress distribution 

in the structure and helps to reduce a volume of calculation; at the same time it allows to predict 
reasonably well the behaviour of the considered beam (longeron). The results obtained by the 

CLPT method with using ABD-matrix can be more accurate and are verified and validated by 
finite element method (FEM). All of this made this method more practically useful for design 

estimation compared with others. 

ʉʪʨʫʢʪʫʨʥʦ-ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʘʣʴʪʝʨʥʘʪʠʚʥʳʭ ʚʘʨʠʘʥʪʦʚ ʨʝʛʠʦʥʘʣʴʥʳʭ 

ʩʘʤʦʣʝʪʦʚ 

ɻʨʠʮʘʡ ʆ.ʖ. 

ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ʂʣʘʩʩ ʨʝʛʠʦʥʘʣʴʥʳʭ ʩʘʤʦʣʸʪʦʚ (ʩ ʧʘʩʩʘʞʠʨʦʚʤʝʩʪʠʤʦʩʪʴʶ ʦʪ 50 ʜʦ 100 ʧʘʩʩʘʞʠʨʦʚ) 

ʦʙʳʯʥʦ ʠʩʧʦʣʴʟʫʶʪ ʜʦʯʝʨʥʠʝ ʧʦʜʨʘʟʜʝʣʝʥʠʷ ʢʨʫʧʥʳʭ ʘʚʠʘʢʦʤʧʘʥʠʡ, ʘ ʪʘʢʞʝ ʜʣʷ ʤʝʩʪʥʦʡ 

ʧʝʨʝʚʦʟʢʠ ʛʨʫʟʦʚ ʠ ʜʘʞʝ ʧʝʨʝʚʦʟʢʠ ʚʦʠʥʩʢʠʭ ʧʦʜʨʘʟʜʝʣʝʥʠʡ. 
ɼʣʷ ʜʘʥʥʦʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʡ ʨʘʙʦʪʳ ʙʳʣʠ ʚʳʙʨʘʥʳ ʪʨʠ ʘʣʴʪʝʨʥʘʪʠʚʥʳʝ ʤʦʜʝʣʠ 

ʢʦʤʧʦʥʦʚʢʠ ʨʝʛʠʦʥʘʣʴʥʳʭ ʩʘʤʦʣʝʪʦʚ: 

Å ʢʘʥʘʜʩʢʠʡ ʩʘʤʦʣʸʪ Bombardier CRJ1000, ʢʦʪʦʨʳʡ ʷʚʣʷʝʪʩʷ ʩʘʤʳʤ ʢʨʫʧʥʳʤ 
ʧʨʝʜʩʪʘʚʠʪʝʣʝʤ ʩʝʤʝʡʩʪʚʘ (ʯʠʩʣʦ ʧʘʩʩʘʞʠʨʦʚ 93-104)  

ʠ ʧʨʝʜʥʘʟʥʘʯʝʥ ʜʣʷ ʵʢʩʧʣʫʘʪʘʮʠʠ ʥʘ ʚʳʩʦʢʦʟʘʛʨʫʞʝʥʥʳʭ ʨʝʛʠʦʥʘʣʴʥʳʭ ʤʘʨʰʨʫʪʘʭ; 

Å ʙʨʘʟʠʣʴʩʢʠʡ ʩʘʤʦʣʸʪ Embraer E195 ï ʥʦʚʝʡʰʠʡ ʠ ʩʘʤʳʡ ʢʨʫʧʥʳʡ 
(ʧʘʩʩʘʞʠʨʦʚʤʝʩʪʠʤʦʩʪʴ 106-124) ʧʨʝʜʩʪʘʚʠʪʝʣʴ ʩʝʤʝʡʩʪʚʘ ʩʘʤʦʣʝʪʦʚ Embraer; 

Å Sukhoi Superjet 100 ï ʨʦʩʩʠʡʩʢʠʡ ʨʝʛʠʦʥʘʣʴʥʳʡ ʧʘʩʩʘʞʠʨʩʢʠʡ ʩʘʤʦʣʸʪ (ʩ 

ʧʘʩʩʘʞʠʨʦʚʤʝʩʪʠʤʦʩʪʴʶ 98-108), ʨʘʟʨʘʙʦʪʘʥʥʳʡ ʢʦʤʧʘʥʠʝʡ çɻʨʘʞʜʘʥʩʢʠʝ ʩʘʤʦʣʸʪʳ 
ʉʫʭʦʛʦè. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʩʘʤʦʣʝʪʳ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʢʘʢ ʝʜʠʥʳʡ ʦʙʲʝʢʪ,  

ʙʝʟ ʨʘʟʜʝʣʝʥʠʷ ʥʘ ʢʦʤʧʣʝʢʪʫʶʱʠʝ. 
ɺʩʝ ʪʨʠ ʩʘʤʦʣʝʪʘ ʚʳʧʦʣʥʝʥʳ ʧʦ çʂʣʘʩʩʠʯʝʩʢʦʡè ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʡ ʙʘʣʘʥʩʠʨʦʚʦʯʥʦʡ 

ʩʭʝʤʝ, ʩ ʮʠʣʠʥʜʨʠʯʝʩʢʠʤ ʬʶʟʝʣʷʞʝʤ ʠ ʜʚʫʤʷ ʪʫʨʙʦʨʝʘʢʪʠʚʥʳʤʠ ʜʚʫʭʢʦʥʪʫʨʥʳʤʠ 

ʜʚʠʛʘʪʝʣʷʤʠ ʧʦʜ ʢʨʳʣʦʤ. 
ʇʨʦʠʟʚʦʜʠʣʦʩʴ ʩʨʘʚʥʝʥʠʝ ʣʝʪʥʦ-ʪʝʭʥʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚʳʙʨʘʥʥʳʭ ʤʦʜʝʣʝʡ, ʘ 

ʪʘʢʞʝ ʢʦʤʧʦʥʦʚʢʘ ʩʘʣʦʥʘ ʩʘʤʦʣʝʪʦʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʣʘʩʩʘ. ɹʳʣʠ ʧʦʩʪʨʦʝʥʳ ʠ 

ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʜʠʘʛʨʘʤʤʳ ʛʨʫʟ ï ʜʘʣʴʥʦʩʪʴ ʜʣʷ ʚʳʙʨʘʥʥʳʭ ʤʦʜʝʣʝʡ ʩʘʤʦʣʝʪʦʚ ʠ ʠʭ 

ʤʦʜʠʬʠʢʘʮʠʡ ʩ ʪʘʢʠʤ ʞʝ ʜʠʘʤʝʪʨʦʤ ʬʶʟʝʣʷʞʘ. ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʘʥʘʣʠʟʘ ʙʳʣʦ ʚʳʷʚʣʝʥʦ, 

ʯʪʦ: 

Å ʩʘʤʦʡ ʚʳʛʦʜʥʦʡ ʜʣʷ ʧʝʨʝʚʦʟʢʠ ʥʝʙʦʣʴʰʦʛʦ ʯʠʩʣʘ ʧʘʩʩʘʞʠʨʦʚ (ʜʦ 50) ʷʚʣʷʝʪʩʷ 
ʤʦʜʝʣʴ CRJ200 (12,5 ʨʷʜʦʚ ʩ ʢʦʤʧʦʥʦʚʢʦʡ 2+2); 

Å ʦʧʪʠʤʘʣʴʥʦʡ ʜʣʷ ʧʝʨʝʣʝʪʘ ʜʦ 78 ʯʝʣʦʚʝʢ ʷʚʣʷʝʪʩʷ ʉRJ700 (19,5 ʨʷʜʦʚ ʩ 

ʢʦʤʧʦʥʦʚʢʦʡ 2+2); 
Å ʧʨʠ ʧʝʨʝʚʦʟʢʝ ʜʦ 122 ʧʘʩʩʘʞʠʨʦʚ ʥʘʠʙʦʣʝʝ ʚʳʛʦʜʥʦʡ ʤʦʜʝʣʴʶ ʷʚʣʷʝʪʩʷ Embraer 

E195 (30,5 ʨʷʜʦʚ ʩ ʢʦʤʧʦʥʦʚʢʦʡ 2+2); 

Å ʜʣʷ ʧʝʨʝʣʝʪʘ ʥʘ ʨʘʩʩʪʦʷʥʠʝ ʙʦʣʝʝ 3 990 ʢʤ ʩʣʝʜʫʝʪ ʵʢʩʧʣʫʘʪʠʨʦʚʘʪʴ E190 (28 ʨʷʜʦʚ ʩ 
ʢʦʤʧʦʥʦʚʢʦʡ 2+2), ʘ ʙʦʣʝʝ 4 200 ʢʤ ï SuperJet100LR (19,5 ʨʷʜʦʚ ʩ ʢʦʤʧʦʥʦʚʢʦʡ 2+3); 
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Å ʝʩʣʠ ʩʨʘʚʥʠʚʘʪʴ SuperJet100 (19,5 ʨʷʜʦʚ ʩ ʢʦʤʧʦʥʦʚʢʦʡ 2+3) ʠ CRJ1000 (26 ʨʷʜʦʚ ʩ 
ʢʦʤʧʦʥʦʚʢʦʡ 2+2), ʪʦ ʩʣʝʜʫʝʪ ʚʳʙʨʘʪʴ ʚʪʦʨʫʶ ʤʦʜʝʣʴ, ʦʜʥʘʢʦ, E195 (30,5 ʨʷʜʦʚ ʩ 

ʢʦʤʧʦʥʦʚʢʦʡ 2+2) ʷʚʣʷʝʪʩʷ ʩʘʤʦʡ ʚʳʛʦʜʥʦʡ ʜʣʷ ʧʝʨʝʚʦʟʢʠ ʧʘʩʩʘʞʠʨʦʚ ʠʟ ʠʟʥʘʯʘʣʴʥʦ 

ʚʳʙʨʘʥʥʳʭ ʤʦʜʝʣʝʡ. 
 

Structural -parametric analysis of alternative versions of regional aircraft 

Gritsay O.Yu. 
MAI, Moscow 

Class of regional aircraft (with passenger capacity from 50 to 100 passengers) is usually used 

by regional divisions of major airlines, as well as for local transportation of goods and even 
transportation of military units. 

Three models of regional aircraft were selected for this research work, these are:  

Å the Canadian aircraft Bombardier CRJ1000, which is the largest representative of the 
family (the number of passengers is 93-104) and is designed for operation on highly loaded 

regional routes; 
Å the Brazilian aircraft Embraer E195 ï the newest and largest (passenger capacity 106-124) 

representative of the Embraer family of aircraft; 

Å Sukhoi Superjet 100 is a Russian regional passenger aircraft (with  
a passenger capacity of 98-108) developed by Sukhoi Civil Aircraft Company. 

In this report aircraft are considered as a single object, without division into components.  

All three aircraft are made according to the ñClassicò aerodynamic balancing scheme, with a 
cylindrical fuselage and two turbojet two-loop engines under the wing. 

The performance of the selected models was compared and the layout  

of the aircraft salon, depending on the class, was analyzed. The cargo-distance diagrams for 
selected aircraft models and their modifications with the same fuselage diameter were 

constructed and analyzed. According to the results of the analysis it was revealed that: 

Å model CRJ200 (12.5 lines with a layout 2+2) is the most profitable  
for transporting a small number of passengers (up to 50); 

Å CRJ700 (19.5 rows with a layout of 2+2) is optimal for a flight up to 78 people; 

Å Embraer E195 (30.5 rows with a layout of 2+2) is the most profitable model for 
transporting up to 122 passengers; 

Å E190 (28 rows with a layout of 2+2) should be operated for a flight over a distance of 

more than 3,990 km, and SuperJet100LR (19,5 rows with a layout of 2+3) ï more than 4,200 km; 
Å if you compare the SuperJet100 (19.5 rows with a layout of 2+3) and CRJ1000 (26 rows 

with a layout of 2+2), you should choose the second model, however, the E195 (30.5 rows with a 

layout of 2+2) is the most profitable for transporting passengers from initially selected models.  

ʏʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʦʙʪʝʢʘʥʠʷ ʢʨʳʣʘ ʧʘʩʩʘʞʠʨʩʢʦʛʦ 

ʩʘʤʦʣʝʪʘ ʦʩʥʘʱʝʥʥʦʛʦ ʪʨʝʫʛʦʣʴʥʳʤ ʚʳʩʪʫʧʦʤ ʚʜʦʣʴ ʧʝʨʝʜʥʝʡ ʢʨʦʤʢʠ 

ɻʫʝʨʝʰ ɼ., ʇʦʧʦʚ ʉ.ɸ. 
ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʣʦʩʴ ʠʟʫʯʝʥʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʫʣʫʯʰʝʥʠʷ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʠʧʦʚʦʛʦ ʢʨʳʣʘ ʧʘʩʩʘʞʠʨʩʢʦʛʦ ʩʘʤʦʣʝʪʘ ʩʦ ʩʚʝʨʭʢʨʠʪʠʯʝʩʢʠʤ ʧʨʦʬʠʣʝʤ ʩ 
ʧʦʤʦʱʴʶ ʧʘʩʩʠʚʥʳʭ ʚʠʭʨʝ ʛʝʥʝʨʘʪʦʨʥʳʭ ʫʩʪʨʦʡʩʪʚ ʪʨʝʫʛʦʣʴʥʦʡ ʬʦʨʤʳ ʚ ʧʣʘʥʝ ʙʦʣʴʰʦʡ 

ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʣʦʱʘʜʠ, ʫʩʪʘʥʦʚʣʝʥʥʳʭ ʥʘ ʧʝʨʝʜʥʝʡ ʢʨʦʤʢʝ ʢʨʳʣʘ. ʈʘʩʩʤʦʪʨʝʥʦ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʪʨʝʫʛʦʣʴʥʳʭ ʚʳʩʪʫʧʦʚ ʨʘʟʣʠʯʥʳʭ ʢʦʥʬʠʛʫʨʘʮʠʡ ʚ ʚʠʜʝ ʢʦʥʮʝʚʳʭ 
ʫʩʪʨʦʡʩʪʚ, ʧʦʪʝʥʮʠʘʣʴʥʦ ʫʩʦʚʝʨʰʝʥʩʪʚʫʶʱʠʭ ʣʠʙʦ ʧʦʣʥʦʩʪʴʶ ʟʘʤʝʥʷʶʱʠʭ ʢʣʘʩʩʠʯʝʩʢʠʭ 

ʟʘʢʦʥʮʦʚʦʢ ʋʠʪʢʦʤʙʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʦʙʪʝʢʘʥʠʷ ʤʦʜʝʣʠ 

ʧʨʦʪʦʪʠʧʘ ʢʨʳʣʦ-ʢʦʨʧʫʩʘ DLR-F4 ʧʦʜʪʚʝʨʞʜʝʥʦ ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʧʨʝʠʤʫʱʝʩʪʚʦ ʜʘʥʥʳʭ 
ʫʩʪʨʦʡʩʪʚ ʢʘʢ ʚ ʦʪʜʝʣʴʥʦʩʪʠ, ʪʘʢ ʠ ʚ ʩʦʚʦʢʫʧʥʦʩʪʠ ʩ ʟʘʢʦʥʮʦʚʢʘʤʠ ʙʦʣʴʰʦʡ 

ʩʪʨʝʣʦʚʠʜʥʦʩʪʠ (raked winglet) ʚ ʧʣʘʥʝ ʩʥʠʞʝʥʠʷ ʠʥʜʫʢʪʠʚʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʧʨʠ 
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ʛʦʨʘʟʜʦ ʤʝʥʴʰʝʤ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʣʘʩʩʠʯʝʩʢʠʤʠ ʟʘʢʦʥʮʦʚʢʘʤʠ, ʨʦʩʪʝ ʥʘʛʨʫʟʦʢ ʥʘ 
ʢʦʥʩʪʨʫʢʮʠʶ ʢʨʳʣʘ.  

ɺʪʦʨʦʡ ʨʘʩʩʤʦʪʨʝʥʥʳʡ ʚʘʨʠʘʥʪ ʧʨʠʤʝʥʝʥʠʷ ʪʨʝʫʛʦʣʴʥʦʛʦ ʚʳʩʪʫʧʘ ï ʵʪʦ ʚ ʚʠʜʝ 

ʢʦʨʥʝʚʦʛʦ ʫʩʪʨʦʡʩʪʚʘ, ʫʩʪʘʥʦʚʣʝʥʥʦʛʦ ʚ ʙʣʠʞʥʝʡ ʩʝʨʝʜʠʥʝ ʨʘʟʤʘʭʘ ʢʨʳʣʘ ʚ ʪʠʧʠʯʥʦʤ 
ʤʝʩʪʝ ʢʨʝʧʣʝʥʠʷ ʜʚʠʛʘʪʝʣʷ. ʏʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʦʙʪʝʢʘʥʠʷ ʤʦʜʝʣʠ DLR-F4 ʩ 

ʜʘʥʥʳʤ ʫʩʪʨʦʡʩʪʚʦʤ ʚʳʷʚʠʣʦ ʛʦʨʘʟʜʦ ʙʦʣʝʝ ʛʣʦʙʘʣʴʥʦʝ ʠʟʤʝʥʝʥʠʝ ʢʘʨʪʠʥʳ ʧʦʧʝʨʝʯʥʦʛʦ 

ʪʝʯʝʥʠʷ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʮʠʨʢʫʣʷʮʠʠ ʧʦ ʨʘʟʤʘʭʫ ʢʨʳʣʘ, ʥʦ ʧʨʠ ʵʪʦʤ ʤʝʥʝʝ ʟʥʘʯʠʪʝʣʴʥʳʡ 
ʨʦʩʪ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʢʘʯʝʩʪʚʘ ʥʘ ʧʦʣʝʪʥʳʭ ʫʛʣʘʭ ʘʪʘʢʠ. ʋʩʪʘʥʦʚʢʘ ʜʘʥʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ 

ʥʘ ʨʘʩʰʠʨʝʥʥʦʤ ʧʨʦʪʦʪʠʧʝ ʩʘʤʦʣʝʪʘ DLR-F6, ʚʢʣʶʯʘʶʱʝʤ ʧʠʣʦʥʳ ʠ ʛʦʥʜʦʣʳ ʜʚʠʛʘʪʝʣʝʡ 

ʚʳʷʚʠʣʦ ʟʥʘʯʠʪʝʣʴʥʦʝ ʫʣʫʯʰʝʥʠʝ ʥʝʩʫʱʠʭ ʩʚʦʡʩʪʚ ʤʦʜʝʣʠ ʥʘ ʙʦʣʴʰʠʭ ʫʛʣʘʭ ʘʪʘʢʠ, 
ʫʚʝʣʠʯʝʥʠʝ ʢʨʠʪʠʯʝʩʢʦʛʦ ʫʛʣʘ ʘʪʘʢʠ ʥʘ ʤʘʣʳʭ ʩʢʦʨʦʩʪʷʭ, ʠ ʩʤʷʛʯʝʥʠʷ ʵʬʬʝʢʪʘ ʟʘʪʝʥʝʥʠʷ 

ʢʨʳʣʘ ʛʦʥʜʦʣʘʤʠ ʜʚʠʛʘʪʝʣʷ. ɺʚʠʜʫ ʥʘʣʠʯʠʷ ʧʠʣʦʥʘ ʢʘʢ ʧʦʜʜʝʨʞʠʚʘʶʱʝʡ ʢʦʥʩʪʨʫʢʮʠʠ, 

ʜʘʥʥʦʝ ʫʩʪʨʦʡʩʪʚʦ ʩʣʫʞʠʪ ʠʥʥʦʚʘʮʠʦʥʥʦʡ ʤʝʭʘʥʠʟʘʮʠʝʡ, ʟʥʘʯʠʪʝʣʴʥʦ ʫʣʫʯʰʘʶʱʝʡ 
ʚʟʣʝʪʥʦ-ʧʦʩʘʜʦʯʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʘʤʦʣʝʪʘ.  

ʈʝʟʫʣʴʪʘʪʦʤ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʡ ʜʣʷ ʧʘʩʩʘʞʠʨʩʢʠʭ ʩʘʤʦʣʝʪʦʚ ʩʧʦʩʦʙ 
ʫʣʫʯʰʝʥʠʷ ʪʦʧʣʠʚʥʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠ ʚʟʣʝʪʥʦ-ʧʦʩʘʜʦʯʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʟʘ ʩʯʝʪ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʚʠʭʨʝ ʛʝʥʝʨʘʪʦʨʥʳʭ ʫʩʪʨʦʡʩʪʚ ʪʨʝʫʛʦʣʴʥʦʡ ʬʦʨʤʳ ʚ ʧʣʘʥʝ ʩ ʙʦʣʴʰʦʡ 

ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʣʦʱʘʜʴʶ. 

CFD simulation of a passenger aircraft wing equipped with a triangular leading edge 

extension 

 Gueraiche D., Popov S.ɸ.  
MAI, Moscow 

The aim of this work is to evaluate possible improvements of the aerodynamic characteristics 

of a supercritical airfoil wing typical for a passenger aircraft by means of a passive vortex 
generating device of triangular planform and large relative area, installed along the leading edge 

of the wing. Various configurations of such triangular extensions were considered as wingtip 

devices, potentially improving the performance of classical Whitcomb winglets or completely 
replacing them. CFD simulations on DLR-F4 wing-body prototype revealed the relative 

advantage of these devices, both when individually installed and in combination with a large 

sweep angle raked winglet in terms of reducing the induced drag with a much lower weight 
penalty, manifested mainly in a much lower wing root bending moment compared with the 

classical winglets.  

Another studied herein application of the wing leading edge triangular extension is in the form 
of a root extension high lift device, to be installed in the mid-span of the wing at the typical 

engine attachment point. CFD simulation of the flow around DLR-F4 model equipped with this 

device revealed a much more global change in the transverse flow pattern and a bias in the 
distribution of circulation spanwise, but a less significant increase in the lift-to-drag ratio at flight 

angles of attack, as compared to wingtip extensions. The installation of this device on the more 

realistic passenger aircraft prototype DLR-F6, that includes engine nacelles and attachment 
pylons, revealed a significant improvement in the lifting properties of the model at large angles 

of attack, an increased critical angle of attack at low speeds, and a decrease of the engine nacelles 

blanketing effect of the air flow at the wing root. Due to the presence of engine pylons as a heavy 

bearing structure, this triangular root extension may serve as an innovative high lift retractable 

device, significantly improving the take-off and landing characteristics of future aircraft.  

The result of this work is an innovative way for passenger aircraft designers to improve both 
fuel efficiency at cruising, as well as the takeoff and landing characteristics, using vortex 

generating extensions of triangular plan form and large relative area, retrofitted along the wing 

leading edge.  
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ɸʣʛʦʨʠʪʤ ʦʧʪʠʤʠʟʘʮʠʠ ʂʫʥʘ-ʄʘʥʢʨʝʩʘ ʚ ʨʝʰʝʥʠʝ ʟʘʜʘʯʠ ʦʪʦʞʜʝʩʪʚʣʝʥʠʷ 

ʦʪʤʝʪʦʢ ʩ ʪʨʘʝʢʪʦʨʠʷʤʠ ʮʝʣʝʡ 

ɼʨʦʟʜʦʚ ɼ.ʆ., ʊʘʪʘʨʩʢʠʡ ɹ.ɻ. 

ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʘʣʛʦʨʠʪʤ ʦʧʪʠʤʠʟʘʮʠʠ ʂʫʥʘ-ʄʘʥʢʨʝʩʘ, ʢʦʪʦʨʳʡ ʨʝʰʘʝʪ 

ʟʘʜʘʯʫ ʦʪʦʞʜʝʩʪʚʣʝʥʠʷ ʟʘ ʧʦʣʠʥʦʤʠʘʣʴʥʦʝ ʚʨʝʤʷ. ɿʘʜʘʯʘ ʦʪʦʞʜʝʩʪʚʣʝʥʠʷ ʜʣʷ ʪʨʘʝʢʪʦʨʥʦʡ 

ʦʙʨʘʙʦʪʢʠ ʨʘʜʠʦʣʦʢʘʮʠʦʥʥʦʡ ʠʥʬʦʨʤʘʮʠʠ ʬʦʨʤʫʣʠʨʫʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: ʠʤʝʝʪʩʷ 
ʩʧʠʩʦʢ ʦʪʤʝʪʦʢ n, ʧʦʣʫʯʝʥʥʳʭ ʥʘ ʜʘʥʥʦʤ ʦʙʟʦʨʝ ʠ ʩʧʠʩʦʢ ʪʨʘʝʢʪʦʨʠʡ m. ʅʝʦʙʭʦʜʠʤʦ 

ʩʦʦʪʥʝʩʪʠ ʠʤʝʶʱʠʝʩʷ ʦʪʤʝʪʢʠ ʩ ʪʨʘʝʢʪʦʨʠʷʤʠ. ʂʨʠʪʝʨʠʡ ʦʧʪʠʤʘʣʴʥʦʩʪʠ - ʤʠʥʠʤʠʟʘʮʠʷ 

ʦʙʱʝʛʦ ʩʫʤʤʘʨʥʦʛʦ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʦʪʤʝʪʢʘʤʠ ʠ ʪʨʘʝʢʪʦʨʠʷʤʠ. ʇʦʣʠʥʦʤʠʘʣʴʥʦʝ ʚʨʝʤʷ 
ʨʘʙʦʪʳ ʘʣʛʦʨʠʪʤʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʘʩʠʤʧʪʦʪʠʢʘʤʠ [1]: 

O(n3), ʢʦʛʜʘ n=m (ʜʣʷ ʢʚʘʜʨʘʪʥʳʭ ʟʘʜʘʯ); 

O(n2m), ʢʦʛʜʘ nÍm (ʜʣʷ ʧʨʷʤʦʫʛʦʣʴʥʳʭ ʟʘʜʘʯ); 
ɸʣʛʦʨʠʪʤ ʂʫʥʘ-ʄʘʥʢʨʝʩʘ ʷʚʣʷʝʪʩʷ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ ʚʝʨʩʠʝʡ ʠʟʚʝʩʪʥʦʛʦ 

ɺʝʥʛʝʨʩʢʦʛʦ ʘʣʛʦʨʠʪʤʘ, ʢʦʪʦʨʳʡ ʠʤʝʝʪ ʚʨʝʤʝʥʥʫʶ ʩʣʦʞʥʦʩʪʴ O(n4).  

ʈʝʰʝʥʠʝ ʟʘʜʘʯʠ ʦʙ ʦʪʦʞʜʝʩʪʚʣʝʥʠʠ ʦʪʤʝʪʦʢ ʩ ʪʨʘʝʢʪʦʨʠʷʤʠ ʮʝʣʝʡ ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ 

ʪʨʠ ʵʪʘʧʘ.  

ʇʝʨʚʳʡ ʵʪʘʧ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦʙʳ ʧʦʜʛʦʪʦʚʠʪʴ ʜʘʥʥʳʝ (ʤʘʪʨʠʮʫ ʥʦʨʤʠʨʦʚʘʥʥʳʭ 
ʨʘʩʩʪʦʷʥʠʡ matrix(n,m)) ʜʣʷ ʘʣʛʦʨʠʪʤʘ ʂʫʥʘ-ʄʘʥʢʨʝʩʘ. ʇʨʠ ʵʪʦʤ ʜʣʷ ʢʘʞʜʦʡ ʪʨʘʝʢʪʦʨʠʠ 

ʧʨʦʚʝʨʷʝʪʩʷ ʧʦʧʘʜʘʥʠʝ ʦʪʤʝʪʢʠ ʚ ʩʪʨʦʙ ʵʪʦʡ ʪʨʘʝʢʪʦʨʠʠ. ɼʣʷ ʵʪʦʛʦ ʚʳʯʠʩʣʷʶʪʩʷ 

ʥʦʨʤʠʨʦʚʘʥʥʳʝ ʨʘʩʩʪʦʷʥʠʷ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʩʪʘʪʠʩʪʠʯʝʩʢʦʤʫ ʨʘʩʩʪʦʷʥʠʶ (ʨʘʩʩʪʦʷʥʠʝ 

ʄʘʭʘʣʘʥʦʙʠʩʘ)[2]. ɽʩʣʠ ʭʦʪʴ ʦʜʥʦ ʠʟ ʥʦʨʤʠʨʦʚʘʥʥʳʭ ʨʘʩʩʪʦʷʥʠʡ ʧʨʝʚʳʰʘʝʪ 3„, ʪʦ ʪʘʢʘʷ 
ʪʨʘʝʢʪʦʨʠʷ ʩʯʠʪʘʝʪʩʷ çʜʘʣʝʢʦʡè ʦʪ ʦʪʤʝʪʢʠ. ɽʩʣʠ ʪʨʘʝʢʪʦʨʠʷ ʜʘʣʝʢʘ ʢʦ ʚʩʝʤ ʦʪʤʝʪʢʘʤ, ʪʦ 
ʦʥʘ ʠʩʢʣʶʯʘʝʪʩʷ ʠʟ ʜʘʣʴʥʝʡʰʝʛʦ ʨʘʩʩʤʦʪʨʝʥʠʷ.  

ɺʪʦʨʦʡ ʵʪʘʧ ï ʧʨʠʤʝʥʝʥʠʝ ʢ matrix(n,m) ʦʧʪʠʤʠʟʘʮʠʦʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʜʣʷ 

ʦʪʦʞʜʝʩʪʚʣʝʥʠʷ ʦʪʤʝʪʦʢ ʩ ʪʨʘʝʢʪʦʨʠʷʤʠ.  
ʊʨʝʪʠʡ ʵʪʘʧ ï ʢʦʨʨʝʢʪʥʘʷ ʦʙʨʘʙʦʪʢʘ ʨʝʟʫʣʴʪʘʪʘ ʚʳʧʦʣʥʝʥʠʷ ʦʧʪʠʤʠʟʘʮʠʦʥʥʦʛʦ 

ʘʣʛʦʨʠʪʤʘ. ɽʩʣʠ ʘʣʛʦʨʠʪʤ ʚʳʜʘʩʪ ʧʘʨʫ ʪʨʘʝʢʪʦʨʠʷ-ʦʪʤʝʪʢʘ, ʢʦʪʦʨʘʷ ʠʤʝʝʪ çʙʝʩʢʦʥʝʯʥʦʝè 

ʨʘʩʩʪʦʷʥʠʝ, ʩʯʠʪʘʝʪʩʷ, ʯʪʦ ʦʪʤʝʪʢʘ ʥʝ ʩʤʦʛʣʘ ʧʨʠʚʷʟʘʪʴʩʷ ʥʠ ʢ ʦʜʥʦʡ ʠʟ ʠʤʝʶʱʠʭʩʷ 

ʪʨʘʝʢʪʦʨʠʡ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʧʦ ʦʪʤʝʪʢʠ ʩʦʟʜʘʝʪʩʷ ʥʦʚʘʷ ʪʨʘʝʢʪʦʨʠʷ.  

ʈʝʟʫʣʴʪʘʪʦʤ ʚʳʧʦʣʥʝʥʠʷ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʨʝʘʣʠʟʘʮʠʷ ʘʣʛʦʨʠʪʤʘ ʠʜʝʥʪʠʬʠʢʘʮʠʷ 

ʦʪʤʝʪʦʢ ʩ ʪʨʘʝʢʪʦʨʠʷʤʠ ʮʝʣʝʡ. ɼʘʥʥʳʡ ʘʣʛʦʨʠʪʤ ʤʦʞʝʪ ʙʳʪʴ ʧʨʠʤʝʥʝʥ ʚ ʩʦʚʨʝʤʝʥʥʳʭ 
ʨʘʜʠʦʣʦʢʘʮʠʦʥʥʳʭ ʩʠʩʪʝʤʘ ʠ ʢʦʤʧʣʝʢʩʘʭ.  

ʃʠʪʝʨʘʪʫʨʘ: 

ɺʝʥʛʝʨʩʢʠʡ ʘʣʛʦʨʠʪʤ [ʕʣʝʢʪʨʦʥʥʳʡ ʨʝʩʫʨʩ]: http://www.e-maxx-
ru.1gb.ru/algo/assignment_hungary 

ʂʦʥʦʚʘʣʦʚ ɸ.ɸ. ʆʩʥʦʚʳ ʪʨʘʝʢʪʦʨʥʦʡ ʦʙʨʘʙʦʪʢʠ ʨʘʜʠʦʣʦʢʘʮʠʦʥʥʦʡ ʠʥʬʦʨʤʘʮʠʠ. 

ʏʘʩʪʴ1. ï ʉʘʥʢʪ-ʇʝʪʝʨʙʫʛ: ʉʇʙɻʕʊʋ çʃʕʊʀè, 2013. 

The optimization algorithm Kuhn -Munkres for identifying marks with trajectories of 

targets 

Drozdov D.ʆ., Tatarsky B.G. 

MAI, Moscow 

In this work is considered the optimization algorithm Kuhn-Munkres, which solves the 
problem assignment for polynomial time. The problem assignment for trajectory processing of 

radar information is formulated as following way: had list of marks n, received for this review 

and list of trajectories m. It is necessary correlate an existing marks with the trajectories. 
Criterion of optimality is minimization total distance between marks and trajectories. A 

polynomial time of the algorithm is determined by an asymptotic: 

O (n3), when n=m (for square task); 
O (n2m), when nÍm (for rectangular task); 
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The algorithm Kuhn-Munkres is a modified version well-known Hungarian algorithm, which 
has a time complexity O (n4).  

The solution can be divided into three stages. 

The first stage is to prepare a data(the matrix of normalized distances matrix(n,m)) for the 
algorithm Kuhn-Munkres. 

Every trajectory is checking to get marks in gate this track. 

This is done by calculating the normalized distances corresponding statistical distance (the 

distance ʄaxalanobis). If normalized distances will be greater than 3„, such track is ñfarò from 
mark. If the trajectory is far to all marks, it is excluded from further consideration.  

The second stage is applying an optimization algorithm to matrix(n,m) for identifying marks 

with trajectories.  
The third stage is a correct processing of the result. If an algorithm will give a pair trajectory-

mark, and it has ñinfinityò distance, mark could not to join to trajectories. In this case the mark 

will create a new trajectory. 
The result of this work is realizing the algorithm identification. 

This algorithm can be use in modern radar system and complexes.  

ʈʘʟʨʘʙʦʪʢʘ ʙʝʩʧʠʣʦʪʥʦʛʦ ʣʝʪʘʪʝʣʴʥʦʛʦ ʘʧʧʘʨʘʪʘ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʚʟʣʝʪʘ ʠ ʧʦʩʘʜʢʠ 

ʩʘʤʦʣʝʪʥʦʡ ʩʭʝʤʳ  

ɿʦʣʦʪʘʨʝʚ ɸ.ʖ. 

ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʣʦʩʴ ʧʦʣʫʯʝʥʠʝ ʪʨʘʝʢʪʦʨʠʠ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʚʟʣʝʪʘ 

ʙʝʩʧʠʣʦʪʥʦʛʦ ʣʝʪʘʪʝʣʴʥʦʛʦ ʘʧʧʘʨʘʪʘ (ɹʃɸ), ʘ ʪʘʢʞʝ ʨʘʩʯʝʪ ʝʛʦ ʜʠʥʘʤʠʯʝʩʢʠʭ ʠ 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚ ʩʚʷʟʠ ʩ ʝʛʦ ʫʥʠʢʘʣʴʥʦʩʪʴʶ. 
ʇʨʦʪʦʪʠʧʦʤ ʷʚʣʷʝʪʩʷ ɹʃɸ ɺɺʇ ɼʊ-1. ɹʃɸ ʚʳʧʦʣʥʝʥ ʧʦ ʩʭʝʤʝ çʫʪʢʘè, ʠʤʝʝʪ ʨʘʟʤʘʭ 

ʢʨʳʣʘ ʪʨʠ ʤʝʪʨʘ, ʜʚʘ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʜʚʠʛʘʪʝʣʷ, ʟʘʨʷʜʘ ʢʦʪʦʨʳʭ ʭʚʘʪʠʪ ʤʠʥʠʤʫʤ ʥʘ 30 

ʤʠʥʫʪ ʧʦʣʝʪʘ, ʜʘʣʴʥʦʩʪʴ ʧʦʣʝʪʘ ʧʦʣʫʯʘʝʪʩʷ ʨʘʚʥʦʡ 90ʢʤ. 
ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʝʨʝʭʦʜʥʦʛʦ ʧʨʦʮʝʩʩʘ ʚʟʣʝʪʘ ʠ 

ʧʝʨʝʭʦʜʘ ʚ ʛʦʨʠʟʦʥʪʘʣʴʥʳʡ ʧʦʣʝʪ ʙʝʩʧʠʣʦʪʥʦʛʦ ʣʝʪʘʪʝʣʴʥʦʛʦ ʘʧʧʘʨʘʪʘ. ʈʝʟʫʣʴʪʘʪʦʤ 

ʷʚʣʷʝʪʩʷ ʪʨʘʝʢʪʦʨʠʷ ʚʟʣʝʪʘ ï ʛʨʘʬʠʢ H(L), ʘ ʪʘʢʞʝ ʟʥʘʯʝʥʠʷ ʥʦʨʤʘʣʴʥʦʡ ʠ ʪʘʥʛʝʥʩʘʣʴʥʦʡ 
ʧʝʨʝʛʨʫʟʦʢ, ʩʢʦʨʦʩʪʠ, ʚʳʩʦʪʳ ʠ ʧʦʪʨʝʙʥʦʛʦ ʦʪʢʣʦʥʝʥʠʷ ʨʫʣʝʡ ʚʳʩʦʪʳ.  

ɺ ʧʝʨʚʦʡ ʯʘʩʪʠ ʧʨʝʜʩʪʘʚʣʝʥ ʨʘʩʯʝʪ ʦʩʥʦʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʩʘʤʦʣʝʪʘ, ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʡ 

ʢʦʤʧʦʥʦʚʢʠ ʠ ʚʳʙʦʨ ʪʠʧʘ ʜʚʠʛʘʪʝʣʷ. ɺʪʦʨʘʷ ʯʘʩʪʴ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʨʘʩʯʝʪ ʣʝʪʥʦ-
ʪʝʭʥʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʘʥʝʚʨʝʥʥʦʩʪʠ ʠ ʨʘʩʯʝʪ ʪʨʘʝʢʪʦʨʠʠ ʧʦʣʝʪʘ 

ɹʃɸ. ʊʨʝʪʴʷ ʯʘʩʪʴ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʩʦʩʪʘʚʣʝʥʠʝ ʫʨʘʚʥʝʥʠʡ ʜʚʠʞʝʥʠʷ ɹʃɸ ʥʘ ʚʟʣʝʪʝ, ʘ 

ʪʘʢʞʝ ʩʦʩʪʘʚʣʝʥʠʝ ʤʦʜʝʣʠ ʜʚʠʞʝʥʠʷ.  
ʉʯʠʪʘʣʦʩʴ, ʯʪʦ ʧʨʦʛʨʘʤʤʥʳʡ ʨʘʟʚʦʨʦʪ ʧʦ ʪʘʥʛʘʞʫ (ʚ ʧʨʦʜʦʣʴʥʦʡ ʧʣʦʩʢʦʩʪʠ) ʧʦʩʣʝ 

ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʩʪʘʨʪʘ ɹʃɸ ʚʳʧʦʣʥʷʝʪʩʷ ʙʝʟ ʢʨʝʥʘ ʠ ʩʢʦʣʴʞʝʥʠʷ, ʘ ʪʘʢʞʝ, ʯʪʦ ʫʛʣʳ  

ʠ ʤʘʣʳ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʚ ʧʨʦʛʨʘʤʤʝ MATLAB (Simulink). 

Development of an unmanned aerial vehicle for vertical take-off and landing of an 

airplane circuit  

Zolotarev A.Yu. 

MAI, Moscow 

The purpose of this work was to obtain the trajectory of the vertical take-off of an unmanned 

aerial vehicle (UAV), as well as the calculation of its dynamic and aerodynamic characteristics in 

connection with its uniqueness. 
The prototype is the UAV of DT-1. The UAV is designed according to the ñduckò scheme, 

has a wingspan of three meters, two electric motors, whose charge lasts at least 30 minutes of 

flight, the flight range is equal to 90 km. 
In this paper, a simulation was made of the transient process of take-off and the transition to a 

horizontal flight of an unmanned aerial vehicle. The result is the takeoff trajectory ï the graph of 
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H (L), as well as the values of normal and tangential overloads, speed, altitude and the required 
deviation of elevator rudders. 

 The first part presents the calculation of the basic parameters of the aircraft, aerodynamic 

configuration and the choice of the type of engine. The second part includes calculation of flight 
performance, maneuverability characteristics and calculation of the UAV flight trajectory. The 

third part includes the compilation of the equations of motion of UAVs on takeoff, as well as the 

compilation of a motion model. 
It was believed that the software turn by pitch (in the longitudinal plane) after the vertical 

launch of the UAV is performed without roll and slip. We will also assume that the angles  

small. 

ʉʪʨʫʢʪʫʨʥʦ-ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʩʘʣʦʥʦʚ ʧʝʨʚʦʛʦ ʢʣʘʩʩʘ, ʙʠʟʥʝʩ ʢʣʘʩʩʘ ʠ 

ʵʢʦʥʦʤʠʯʝʩʢʦʛʦ ʢʣʘʩʩʘ ʜʘʣʴʥʝʤʘʛʠʩʪʨʘʣʴʥʦʛʦ ʩʘʤʦʣʝʪʘ ʙʦʣʴʰʦʡ 

ʧʘʩʩʘʞʠʨʦʚʤʝʩʪʠʤʦʩʪʠ 

ʀʟʛʘʛʠʥʘ ʂ.ɸ. 
ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʣʩʷ ʩʪʨʫʢʪʫʨʥʦ-ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʚʘʨʴʠʨʫʝʤʦʩʪʠ 

ʧʘʩʩʘʞʠʨʦʚʤʝʩʪʠʤʦʩʪʠ ʩʘʤʦʣʸʪʘ ʥʘ ʧʨʠʤʝʨʝ Airbus A380 ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʜʘʣʴʥʦʩʪʠ ʠ 
ʚʨʝʤʝʥʠ ʧʦʣʸʪʘ, ʚʢʣʶʯʘʶʱʠʡ ʚ ʩʝʙʷ ʚʳʨʘʙʦʪʢʫ ʧʨʦʝʢʪʥʳʭ ʨʝʢʦʤʝʥʜʘʮʠʡ ʧʦ ʢʦʤʧʦʥʦʚʢʝ 

ʩʘʣʦʥʦʚ ʧʝʨʚʦʛʦ ʢʣʘʩʩʘ, ʙʠʟʥʝʩ ʢʣʘʩʩʘ ʠ ʵʢʦʥʦʤʠʯʝʩʢʦʛʦ ʢʣʘʩʩʘ ʚ ʢʘʞʜʦʤ ʠʟ ʩʣʫʯʘʝʚ. 

ʇʝʨʚʳʤ ʵʪʘʧʦʤ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʣʦʩʴ ʨʘʟʥʦʧʣʘʥʦʚʦʝ ʨʘʩʩʤʦʪʨʝʥʠʝ ʦʙʲʝʢʪʘ ʠʟʫʯʝʥʠʷ 
ʩ ʧʦʩʪʨʦʝʥʠʝʤ ʜʠʘʛʨʘʤʤʳ çɻʨʫʟ-ɼʘʣʴʥʦʩʪʴè ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʠ ʦʛʨʘʥʠʯʝʥʠʡ 

ʮʝʣʝʚʦʡ ʬʫʥʢʮʠʠ ï ʧʘʩʩʘʞʠʨʦʚʤʝʩʪʠʤʦʩʪʠ ʩʘʤʦʣʸʪʘ Airbus A380. ʕʪʘʧ ʚʢʣʶʯʘʣ ʚ ʩʝʙʷ: 

Å ʦʧʨʝʜʝʣʝʥʠʝ ʤʝʩʪʘ ʪʝʤʳ ʚ ʩʪʨʫʢʪʫʨʥʦʡ ʜʝʢʦʤʧʦʟʠʮʠʠ ʩʘʤʦʣʝʪʘ; 
Å ʦʧʨʝʜʝʣʝʥʠʝ ʤʦʜʝʣʝʡ, ʧʘʨʘʤʝʪʨʘʤʠ ʢʦʪʦʨʳʭ ʤʦʞʥʦ ʚʘʨʴʠʨʦʚʘʪʴ ʚ ʨʘʤʢʘʭ 

ʢʦʤʧʦʟʠʮʠʠ ʢʘʞʜʦʛʦ ʚʠʜʘ ʩʘʣʦʥʘ; 

Å ʠʟʫʯʝʥʠʝ ʩʪʘʥʜʘʨʪʦʚ ʵʨʛʦʥʦʤʠʢʠ ʜʣʷ ʢʦʤʬʦʨʪʥʦʛʦ ʨʘʟʤʝʱʝʥʠʷ ʧʘʩʩʘʞʠʨʘ ʚ ʢʘʞʜʦʤ 
ʢʣʘʩʩʝ ʩʘʣʦʥʘ ʧʨʠ ʨʘʟʥʳʭ ʜʣʠʪʝʣʴʥʦʩʪʷʭ ʧʦʣʸʪʘ; 

Å ʘʥʘʣʠʟ ʧʦʧʝʨʝʯʥʦʛʦ ʩʝʯʝʥʠʷ ʬʶʟʝʣʷʞʘ ʩʘʤʦʣʝʪʘ ʧʦ ʧʘʣʫʙʘʤ. 

ɺʪʦʨʦʡ ʵʪʘʧ ʟʘʢʣʶʯʘʣʩʷ ʚ ʘʥʘʣʠʟʝ ʠʤʝʶʱʠʭʩʷ ʢʦʤʧʦʥʦʚʦʢ ʢʘʞʜʦʛʦ ʠʟ ʩʘʣʦʥʦʚ Airbus 
A380 ʫ ʘʚʠʘʢʦʤʧʘʥʠʡ, ʵʢʩʧʣʫʘʪʠʨʫʶʱʠʭ ʜʘʥʥʫʶ ʤʦʜʝʣʴ ʩʘʤʦʣʸʪʘ. ɹʳʣʘ ʚʳʷʚʣʝʥʘ ʧʨʷʤʘʷ 

ʟʘʚʠʩʠʤʦʩʪʴ ʫ ʢʘʞʜʦʡ ʠʟ ʘʚʠʘʢʦʤʧʘʥʠʠ ʧʨʠ ʚʳʙʦʨʝ ʰʘʛʘ ʢʨʝʩʝʣ, ʠʭ ʰʠʨʠʥʳ, ʰʠʨʠʥʳ 

ʧʨʦʭʦʜʘ ʠ ʢʦʣʠʯʝʩʪʚʘ ʤʝʩʪ ʦʪ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ ʚʳʧʦʣʥʝʥʠʷ ʨʝʡʩʘ.  
ʊʨʝʪʠʡ ʵʪʘʧ ʚʢʣʶʯʘʣ ʚ ʩʝʙʷ ʚʳʨʘʙʦʪʢʫ ʢʨʠʪʝʨʠʝʚ ʢʦʤʬʦʨʪʥʦʛʦ ʧʝʨʝʣʸʪʘ ʧʘʩʩʘʞʠʨʦʚ ʥʘ 

ʙʦʣʴʰʠʝ ʨʘʩʩʪʦʷʥʠʷ, ʘʥʘʣʠʟ ʨʝʰʝʥʠʡ ʘʚʠʘʢʦʤʧʘʥʠʡ ʚ ʚʦʧʨʦʩʝ ʢʦʤʧʨʦʤʠʩʩʘ ʤʝʞʜʫ 

ʢʦʤʬʦʨʪʦʤ ʧʦʣʸʪʘ ʧʘʩʩʘʞʠʨʦʚ ʠ ʮʝʥʦʡ ʙʠʣʝʪʘ ʥʘ ʨʝʡʩ. ɹʳʣʦ ʦʧʨʝʜʝʣʝʥʦ ʧʨʦʮʝʥʪʥʦʝ 
ʩʦʦʪʥʦʰʝʥʠʝ ʢʦʣʠʯʝʩʪʚʘ ʧʘʩʩʘʞʠʨʩʢʠʭ ʤʝʩʪ ʚ ʢʘʞʜʦʤ ʠʟ ʢʣʘʩʩʦʚ ʩʘʣʦʥʘ ʦʪ ʦʙʱʝʡ 

ʧʘʩʩʘʞʠʨʦʚʤʝʩʪʠʤʦʩʪʠ: ʧʝʨʚʳʡ ʢʣʘʩʩ ï ʦʪ 1,5% ʜʦ 3%, ʙʠʟʥʝʩ ʢʣʘʩʩ ï ʦʪ 11,8% ʜʦ 20,7%, 

ʵʢʦʥʦʤʠʯʝʩʢʠʡ ʢʣʘʩʩ ï ʦʪ 76,3% ʜʦ 88,4%. ʋʩʪʘʥʦʚʣʝʥʦ ʩʫʱʝʩʪʚʝʥʥʦʝ ʨʘʟʣʠʯʠʝ ʤʝʞʜʫ 
ʤʘʣʦʠʟʤʝʥʷʝʤʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʢʨʝʩʝʣ ʵʢʦʥʦʤʠʯʝʩʢʦʛʦ ʢʣʘʩʩʘ ʠ ʙʦʣʴʰʠʤʠ ʚʘʨʠʘʮʠʷʤʠ 

ʧʘʩʩʘʞʠʨʩʢʠʭ ʤʝʩʪ ʚ ʩʘʣʦʥʘʭ ʧʝʨʚʦʛʦ ʠ ʙʠʟʥʝʩ ʢʣʘʩʩʘ: ʰʘʛ ʠ ʰʠʨʠʥʘ ʤʝʩʪ ʚ ʩʘʣʦʥʝ 

ʧʝʨʚʦʛʦ ʢʣʘʩʩʘ ʢʦʣʝʙʣʶʪʩʷ ʚ ʧʨʝʜʝʣʘʭ 2,117-2,175 ʤ ʠ 0,715-0,753 ʤ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʚ ʪʦ 
ʚʨʝʤʷ ʢʘʢ ʚ ʵʢʦʥʦʤʠʯʝʩʢʦʤ ʢʣʘʩʩʝ ʵʪʠ ʯʠʩʣʘ ʩʦʩʪʘʚʣʷʶʪ 0,8-0,86 ʤ ʠ 0,466-0,48 ʤ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʈʝʟʫʣʴʪʘʪʦʤ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʚʳʨʘʙʦʪʢʘ ʧʨʦʝʢʪʥʳʭ ʨʝʢʦʤʝʥʜʘʮʠʡ ʧʦ 
ʧʘʩʩʘʞʠʨʦʚʤʝʩʪʠʤʦʩʪʠ ʩʘʣʦʥʦʚ ʩʘʤʦʣʸʪʘ Ai rbus A380 ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʜʘʣʴʥʦʩʪʠ ʠ 

ʚʨʝʤʝʥʠ ʧʦʣʸʪʘ, ʚʢʣʶʯʘʶʱʘʷ ʚ ʩʝʙʷ ʦʧʨʝʜʝʣʝʥʠʝ ʦʧʪʠʤʘʣʴʥʦʛʦ ʨʘʩʩʪʦʷʥʠʷ ʧʝʨʝʣʸʪʘ (ʦʪ 

5000 ʜʦ 7500 ʢʤ) ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʦʧʪʠʤʘʣʴʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʤʝʩʪ (ʦʪ 480 ʜʦ 525) ʜʣʷ 
ʢʦʤʬʦʨʪʥʦʛʦ ʧʨʝʙʳʚʘʥʠʷ ʧʘʩʩʘʞʠʨʦʚ ʥʘ ʧʘʣʫʙʝ ʩʘʤʦʣʸʪʘ. 
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Structural and parametric analysis of first class, business class and economy class of 

long-haul aircraft with large passenger capacity 

Izgagina K.A. 

MAI, Moscow 

The goal of this work was a structural-parametric analysis of the variability of passenger 

capacity of an airplane using the example of Airbus A380, depending on the range and time of 

flight, which includes the development of design recommendations for the layout of first class, 
business class and economy class in each case. 

The first stage of this work was a multifaceted examination of the object of study with the 

construction of the ñLoad-Distanceò diagram to determine the parameters and limitations of the 
objective function ï passenger capacity of the Airbus A380. The stage included: 

Å determining the place of the topic in the structural decomposition of the aircraft; 

Å identification of models, the parameters of which can be varied within the composition of 
each type of salon; 

Å study of ergonomics standards for the comfortable placement of passengers in each cabin 
class for different flight times; 

Å analysis of the cross section of the aircraft fuselage along the decks. 

The second stage consisted in analyzing the available layouts of each salons of the Airbus 
A380 from the airlines operating this airplane model. It was revealed a direct dependence on each 

of the airlines in choosing the step of the seats, their width, width of the passage and the number 

of places from the duration of the flight. 
The third stage included the development of criterias for the comfortable flight of passengers 

over long distances, the analysis of airline decisions in the issue of a compromise between the 

comfort of flight of passengers and the price of a ticket for a flight. It was determined the 
percentage of passenger seats in each cabin class from total passenger capacity: first class - from 

1.5% to 3%, business class ï from 11.8% to 20.7%, economic class ï from 76.3% up to 88.4%. 

There is a significant difference between the economically unchanged parameters of economy 
seats and the large variations of passenger seats in the salons of the first and business class: the 

step and width of the seats in the first class cabin range between 2,117-2,175 m and 0,715-0,753 

m, respectively, while in the economy class these numbers are 0.8-0.86 m and 0.466-0.48 m, 
respectively. 

The result of the work is the development of project recommendations on the passenger 

capacity of the Airbus A380, depending on the range and time of flight, including the 
determination of the optimal flight distance (from 5000 to 7500 km) and, accordingly, the 

optimal number of seats (from 480 to 525) for a comfortable stay passengers on the deck of the 

aircraft. 

ʇʨʦʛʥʦʟʠʨʦʚʘʥʠʝ ʪʨʘʝʢʪʦʨʥʦʛʦ ʜʚʠʞʝʥʠʷ ʚ ʟʘʜʘʯʘʭ ʧʦʩʘʜʢʠ ʩʦʚʨʝʤʝʥʥʦʛʦ 

ʚʳʩʦʢʦʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʛʦ ʩʘʤʦʣʸʪʘ 

ʀʨʛʘʣʝʝʚ ʀ.ʍ. 
ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ʆʜʥʘ ʠʟ ʟʘʜʘʯ ʪʦʯʥʦʛʦ ʧʠʣʦʪʠʨʦʚʘʥʠʷ ʣʝʪʘʪʝʣʴʥʳʤ ʘʧʧʘʨʘʪʦʤ ï ʟʘʜʘʯʘ ʪʨʘʝʢʪʦʨʥʦʛʦ 

ʜʚʠʞʝʥʠʷ. ʂ ʥʝʡ ʦʪʥʦʩʷʪʩʷ: ʟʘʜʘʯʘ ʦʪʩʣʝʞʠʚʘʥʠʷ ʛʣʠʩʩʘʜʳ ʧʨʠ ʧʦʩʘʜʢʝ ʥʘ ʚʟʣʝʪʥʦ-
ʧʦʩʘʜʦʯʥʫʶ ʧʦʣʦʩʫ ʘʵʨʦʜʨʦʤʦʚ, ʘ ʪʘʢʞʝ ʥʘ ʧʘʣʫʙʫ ʘʚʠʘʥʦʩʮʝʚ, ʟʘʜʘʯʘ ʦʙʣʝʪʘ ʨʝʣʴʝʬʘ 

ʤʝʩʪʥʦʩʪʠ, ʟʘʜʘʯʘ ʜʦʟʘʧʨʘʚʢʠ (ʢʦʥʝʯʥʳʡ ʵʪʘʧ). ɺʦ ʚʩʝʭ ʵʪʠʭ ʟʘʜʘʯʘʭ ʦʙʲʝʢʪ ʫʧʨʘʚʣʝʥʠʷ 

(ʧʝʨʝʜʘʪʦʯʥʘʷ ʬʫʥʢʮʠʷ ʩʘʤʦʣʝʪʘ + ʩʠʩʪʝʤʘ ʫʧʨʘʚʣʝʥʠʷ) ʠʤʝʝʪ ʚʳʩʦʢʠʡ ʧʦʨʷʜʦʢ 
ʘʩʪʘʪʠʟʤʘ. ʈʫʯʥʦʝ ʫʧʨʘʚʣʝʥʠʝ ʪʘʢʠʤʠ ʦʙʲʝʢʪʘʤʠ ʪʨʝʙʫʝʪ ʦʪ ʧʠʣʦʪʘ ʚʚʝʜʝʥʠʷ 

ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʦʧʝʨʝʞʘʶʱʝʛʦ ʚʦʟʜʝʡʩʪʚʠʷ, ʘ ʪʘʢʞʝ ʟʘʤʳʢʘʥʠʷ ʠʤ ʥʝʩʢʦʣʴʢʠʭ ʢʦʥʪʫʨʦʚ. 

ʅʘʧʨʠʤʝʨ, ʚ ʧʨʦʜʦʣʴʥʦʤ ʢʘʥʘʣʝ ʪʘʢʠʤʠ ʢʦʥʪʫʨʘʤʠ ʷʚʣʷʶʪʩʷ ʫʛʦʣ ʪʘʥʛʘʞʘ ◒ ʠ ʫʛʣʦʚʘʷ 

ʩʢʦʨʦʩʪʴ wz. ʋʯʠʪʳʚʘʷ ʚʳʩʦʢʫʶ ʟʘʛʨʫʞʝʥʥʦʩʪʴ ʣʝʪʯʠʢʘ ʫʧʨʘʚʣʝʥʠʝ ʪʘʢʠʤʠ ʦʙʲʝʢʪʘʤʠ 

ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʩ ʫʭʫʜʰʝʥʠʝʤ ʪʦʯʥʦʩʪʠ ʚʳʧʦʣʥʝʥʠʷ ʟʘʜʘʯ. 

ʋʣʫʯʰʝʥʠʝ ʧʠʣʦʪʘʞʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʦʞʝʪ ʙʳʪʴ ʜʦʩʪʠʛʥʫʪʦ ʥʝʩʢʦʣʴʢʠʤʠ ʧʫʪʷʤʠ. 
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ʇʝʨʚʳʡ ʧʫʪʴ ï ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʧʨʦʛʥʦʟʥʦʛʦ ʜʠʩʧʣʝʷ. ʈʘʟʚʠʪʠʝ ʘʚʠʦʥʠʢʠ ʠ ʰʠʨʦʢʦʝ 
ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʜʠʩʧʣʝʝʚ ʩʜʝʣʘʣʦ ʚʦʟʤʦʞʥʳʤ ʦʪʦʙʨʘʞʝʥʠʝ ʢʦʨʠʜʦʨʘ, ʚ ʢʦʪʦʨʦʤ ʩʘʤʦʣʝʪ 

ʜʦʣʞʝʥ ʥʘʭʦʜʠʪʴʩʷ. ʊʘʢʘʷ ʠʥʜʠʢʘʮʠʷ ʧʦʟʚʦʣʷʝʪ ʣʝʪʯʠʢʫ ʦʮʝʥʠʚʘʪʴ ʩʚʦʝ ʧʦʣʦʞʝʥʠʝ ʚ 

ʧʨʦʩʪʨʘʥʩʪʚʝ ʠ ʧʝʨʝʡʪʠ ʦʪ ʟʘʜʘʯʠ ʢʦʤʧʝʥʩʘʪʦʨʥʦʛʦ ʩʣʝʞʝʥʠʷ ʢ ʫʧʨʘʚʣʝʥʠʶ ʩ 
ʧʨʝʜʩʢʘʟʘʥʠʝʤ. 

ɺʪʦʨʦʡ ʧʫʪʴ ï ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʦʨʛʘʥʦʚ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʧʦʜʲʝʤʥʦʡ ʩʠʣʦʡ, 

ʢʦʪʦʨʦʝ ʩʧʦʩʦʙʩʪʚʫʝʪ ʨʘʟʜʝʣʠʪʴ ʪʨʘʝʢʪʦʨʥʦʝ ʠ ʫʛʣʦʚʦʝ ʜʚʠʞʝʥʠʝ. 
ʊʨʝʪʠʡ ʧʫʪʴ ï ʠʥʪʝʛʨʘʮʠʷ ʧʨʦʛʥʦʟʥʦʛʦ ʜʠʩʧʣʝʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʨʛʘʥʦʚ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʧʦʜʲʝʤʥʦʡ ʩʠʣʦʡ. 

ɺʦʟʤʦʞʥʦʩʪʴ ʩʠʥʪʝʟʘ ʧʨʦʛʥʦʟʥʦʡ ʠʥʬʦʨʤʘʮʠʠ ʧʦʟʚʦʣʠʣʘ ʫʯʝʩʪʴ ʦʩʦʙʝʥʥʦʩʪʴ 
ʩʦʚʨʝʤʝʥʥʳʭ ʚʳʩʦʢʦʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʳʭ ʩʘʤʦʣʝʪʦʚ ï ʚʨʝʤʝʥʥʦʝ ʟʘʧʘʟʜʳʚʘʥʠʝ ʚ ʪʨʘʢʪʝ 

ʫʧʨʘʚʣʝʥʠʷ ʩʘʤʦʣʝʪʦʤ, ʚʳʟʚʘʥʥʦʝ ʨʘʟʣʠʯʥʳʤʠ ʬʠʣʴʪʨʘʤʠ, ʮʠʬʨʦʚʦʡ ʨʝʘʣʠʟʘʮʠʝʡ 

ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ, ʜʠʥʘʤʠʢʦʡ ʧʨʠʚʦʜʦʚ ʠ ʜʨʫʛʠʤʠ ʧʨʠʯʠʥʘʤʠ. 
ʂʘʞʜʳʡ ʠʟ ʧʨʝʜʣʦʞʝʥʥʳʭ ʚʘʨʠʘʥʪʦʚ ʙʳʣ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʩʩʣʝʜʦʚʘʥ ʥʘ ʩʧʝʮʠʘʣʴʥʦ 

ʩʦʟʜʘʥʥʦʤ ʩʪʝʥʜʝ ʩʦ ʩʪʝʨʝʦʩʢʦʧʠʯʝʩʢʦʡ ʩʠʩʪʝʤʦʡ ʚʠʟʫʘʣʠʟʘʮʠʠ. ʈʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ 
ʧʝʨʚʳʝ ʜʚʘ ʚʘʨʠʘʥʪʘ ʧʨʠʤʝʨʥʦ ʦʜʠʥʘʢʦʚʦ ʫʣʫʯʰʘʶʪ ʪʦʯʥʦʩʪʴ ʚʳʧʦʣʥʝʥʠʷ ʟʘʜʘʯʠ ʚ ʩʣʫʯʘʝ 

ʦʪʩʫʪʩʪʚʠʷ ʟʘʧʘʟʜʳʚʘʥʠʷ ʚ ʪʨʘʢʪʝ ʫʧʨʘʚʣʝʥʠʷ, ʚ ʩʣʫʯʘʝ ʞʝ, ʢʦʛʜʘ ʟʘʧʘʟʜʳʚʘʥʠʝ 

ʧʨʠʩʫʪʩʪʚʫʝʪ ʧʨʦʛʥʦʟʥʳʡ ʜʠʩʧʣʝʡ ʧʦʟʚʦʣʷʝʪ ʢʦʤʧʝʥʩʠʨʦʚʘʪʴ ʝʛʦ ʚʣʠʷʥʠʝ. ʊʨʝʪʠʡ 
ʧʨʝʜʣʦʞʝʥʥʳʡ ʚʘʨʠʘʥʪ (ʩʦʚʤʝʩʪʥʦʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʧʝʨʚʳʭ ʜʚʫʭ) ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʫʣʫʯʰʘʝʪ 

ʪʦʯʥʦʩʪʴ ʚʳʧʦʣʥʝʥʠʷ ʟʘʜʘʯʠ ʧʦʩʘʜʢʠ. 

The prediction of path control tracking in the landing task of modern highly augmented 

aircraft  

Irgaleev I.Kh. 

MAI, Moscow 

One of the type of the piloting tasks is the precise path control tracking. The following 

missions are related to them: glide slope tracking for the landing on the runway or carrier, terrain 

following, refueling (at the final stage). In all of these missions the controlled element dynamics 
(i.e. the transfer function of aircraft + flight control system) has high pole order in the origin. The 

manual control of such dynamics requires the considerable pilot lead compensation and closure 

of several loops by him. In the longitudinal channel such loops are the pitch and clime rate. 
Except the increase of pilot workload the control of such dynamics is accompanied by decrease 

of accuracy. 

The improvement of flying qualities might be realized by the different ways. 
The first way is the usage of predictive display. Except the progress in avionics and wide 

usage of the displays such displays demonstrate the corridor in which the aircraft has to move. 

Such indication allows to a pilot to evaluate the current position in space and to transform from 
compensatory tracking to the tracking with preview. 

The second way is the usage of direct lift control (DLC) system providing the decoupling of 

path and angular motions. 
The third way is the integration of predictive display and direct lift control system. 

The technique for the synthesis of predictive information allowed to take into account the typical 

peculiarity of highly augmented aircraft dynamics ï the time delay in aircraft response. Such delay 

is defined by the different filters in control system, digital realization of flight control system 

algorithms, actuator dynamics, rate limit of control surfaces deflection and some other reasons. 

The efficiency of each version of the improvement was studied on the specialized simulator 
with stereoscopic screen. The piloting task was the landing task where pilot had to track the glide 

slope and to compensate the error signal. The results of experiments demonstrated that the both 

versions of improvement provide approximately the same accuracy in glide slope tracking (case 

t=0). In case when Ű was not zero the usage of predictive display allowed to suppress the 

negative effect of time delay. The simultaneous usage of DLC system and predictive display 

improves the accuracy (additionally). 
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ʇʨʝʠʤʫʱʝʩʪʚʦ ʚʥʝʜʨʝʥʠʷ ʩʪʘʥʜʘʨʪʘ AS9100 ʚ ʦʨʛʘʥʠʟʘʮʠʷʭ ʘʚʠʘʮʠʦʥʥʦʡ, ʢʦʩʤʠʯʝʩʢʦʡ 

ʠ ʦʙʦʨʦʥʥʳʭ ʦʪʨʘʩʣʷʭ 

ʂʘʨʘʩʝʚʘ ʆ.ʉ. 

ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ɺ ʩʦʚʨʝʤʝʥʥʦʤ ʤʠʨʝ ʯʨʝʟʚʳʯʘʡʥʦ ʚʘʞʥʦʝ ʟʥʘʯʝʥʠʝ ʧʨʠʦʙʨʝʪʘʝʪ ʧʨʦʙʣʝʤʘ ʢʘʯʝʩʪʚʘ 

ʧʨʦʜʫʢʮʠʠ. ʆʪ ʝʝ ʫʩʧʝʰʥʦʛʦ ʨʝʰʝʥʠʷ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʟʘʚʠʩʠʪ ʙʣʘʛʦʧʦʣʫʯʠʝ ʣʶʙʦʡ 

ʬʠʨʤʳ, ʦʨʛʘʥʠʟʘʮʠʠ ʚ ʮʝʣʦʤ. ʇʨʦʜʫʢʮʠʷ ʙʦʣʝʝ ʚʳʩʦʢʦʛʦ ʢʘʯʝʩʪʚʘ ʩʫʱʝʩʪʚʝʥʥʦ ʧʦʚʳʰʘʝʪ 
ʰʘʥʩʳ ʧʦʩʪʘʚʱʠʢʘ ʚ ʢʦʥʢʫʨʝʥʪʥʦʡ ʙʦʨʴʙʝ ʟʘ ʨʳʥʢʠ ʩʙʳʪʘ. ʆʩʦʙʝʥʥʦ ʚʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ 

ʜʣʷ ʘʚʠʘʢʦʩʤʠʯʝʩʢʦʡ ʦʪʨʘʩʣʠ ʪʘʢʠʝ ʧʦʢʘʟʘʪʝʣʠ ʢʘʯʝʩʪʚʘ, ʢʘʢ ʙʝʟʦʪʢʘʟʥʦʩʪʴ, 

ʨʝʤʦʥʪʦʧʨʠʛʦʜʥʦʩʪʴ ʠʤʝʶʪ ʙʦʣʴʰʦʝ ʟʥʘʯʝʥʠʝ. ʉʦʜʝʨʞʘʥʠʝ ʨʘʟʜʝʣʦʚ ʩʪʘʥʜʘʨʪʘ AS9100 
ʦʙʨʘʱʘʶʪ ʥʘʰʝ ʚʥʠʤʘʥʠʝ ʥʘ ʥʘʜʝʞʥʦʩʪʴ ʠ ʙʝʟʦʧʘʩʥʦʩʪʴ ʧʨʦʜʫʢʮʠʠ ʥʘ ʚʩʝʤ ʞʠʟʥʝʥʥʦʤ 

ʮʠʢʣʝ ʧʨʦʜʫʢʮʠʠ. ɺ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ ʜʝʡʩʪʚʫʝʪ ʥʘʮʠʦʥʘʣʴʥʳʡ ʩʪʘʥʜʘʨʪ ɻʆʉʊ ʈ ɽʅ 

9100-2011 çʉʠʩʪʝʤʳ ʤʝʥʝʜʞʤʝʥʪʘ ʢʘʯʝʩʪʚʘ ʦʨʛʘʥʠʟʘʮʠʡ ʘʚʠʘʮʠʦʥʥʦʡ, ʢʦʩʤʠʯʝʩʢʦʡ ʠ 
ʦʙʦʨʦʥʥʳʭ ʦʪʨʘʩʣʝʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠè ʢʦʪʦʨʳʡ ʷʚʣʷʝʪʩʷ ʘʥʘʣʦʛʦʤ AS9100. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʥʘʣʠʯʠʝ ʚʥʝʜʨʝʥʥʦʡ ʠ ʩʝʨʪʠʬʠʮʠʨʦʚʘʥʥʦʡ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ 

ʪʨʝʙʦʚʘʥʠʷʤʠ ʩʪʘʥʜʘʨʪʘ ʩʠʩʪʝʤʳ ʤʝʥʝʜʞʤʝʥʪʘ ʢʘʯʝʩʪʚʘ ʩʪʘʣʦ ʦʙʷʟʘʪʝʣʴʥʳʤ ʪʨʝʙʦʚʘʥʠʝʤ 

ʚʝʜʫʱʠʭ ʤʠʨʦʚʳʭ ʧʨʦʠʟʚʦʜʠʪʝʣʝʡ ʘʵʨʦʢʦʩʤʠʯʝʩʢʦʡ ʦʪʨʘʩʣʠ, ʪʘʢʠʭ ʢʘʢ Boeing, Bombardier 

ʢ ʩʚʦʠʤ ʧʦʩʪʘʚʱʠʢʘʤ. ʇʦʩʣʝ ʚʥʝʜʨʝʥʠʷ ʩʪʘʥʜʘʨʪʘ AS9100 ʚ ʦʨʛʘʥʠʟʘʮʠʠ ʥʘʙʣʶʜʘʝʪʩʷ: 
1. ʇʨʠʩʦʝʜʠʥʝʥʠʝ ʦʨʛʘʥʠʟʘʮʠʠ ʚ ʤʝʞʜʫʥʘʨʦʜʥʫʶ ʙʘʟʫ ʜʘʥʥʳʭ ʧʦʩʪʘʚʱʠʢʦʚ 

ʘʚʠʘʢʦʩʤʠʯʝʩʢʦʛʦ ʩʝʢʪʦʨʘ (OASIS); 

2. ʋʤʝʥʴʰʝʥʠʝ ʟʘʪʨʘʪ ʟʘ ʩʯʝʪ ʧʦʚʳʰʝʥʠʷ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ; 
3. ʇʦʚʳʰʝʥʠʡ ʟʥʘʥʠʡ ʧʝʨʩʦʥʘʣʘ ʚ ʦʙʣʘʩʪʠ ʢʘʯʝʩʪʚʘ; 

4. ʉʥʠʞʝʥʠʝ ʫʨʦʚʥʷ ʜʝʬʝʢʪʥʦʩʪʠ; 

5. ʇʦʩʪʦʷʥʥʦʝ ʤʦʜʝʨʥʠʟʠʨʦʚʘʥʠʝ ʧʨʦʮʝʩʩʦʚ ʦʨʛʘʥʠʟʘʮʠʠ; 
6. ʈʘʟʚʠʪʠʝ ʚʥʫʪʨʝʥʥʠʭ ʢʦʤʤʫʥʠʢʘʮʠʡ, ʤʝʭʘʥʠʟʤʘ ʧʣʘʥʠʨʦʚʘʥʠʷ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʤʘʪʝʨʠʘʣʴʥʳʭ ʨʝʩʫʨʩʦʚ; 

7. ʇʦʜʥʷʪʠʝ ʫʜʦʚʣʝʪʚʦʨʝʥʥʦʩʪʠ ʧʦʪʨʝʙʠʪʝʣʝʡ ʧʫʪʝʤ ʚʳʧʦʣʥʝʥʠʷ ʠʭ ʪʨʝʙʦʚʘʥʠʡ; 
8. ʅʝʧʨʝʨʳʚʥʦʝ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ ʜʝʷʪʝʣʴʥʦʩʪʠ ʦʨʛʘʥʠʟʘʮʠʠ ʩ  

9. ʧʦʤʦʱʴʶ ʧʨʠʤʝʥʝʥʠʷ ʩʦʚʨʝʤʝʥʥʳʭ ʠʥʩʪʨʫʤʝʥʪʦʚ ʢʘʯʝʩʪʚʘ. 

ʇʨʠʤʝʥʝʥʠʝ ʩʪʘʥʜʘʨʪʘ ʧʨʠʚʦʜʠʪ ʢ ʫʣʫʯʰʝʥʠʶ ʢʘʯʝʩʪʚʘ ʠ ʷʚʣʷʝʪʩʷ ʧʨʦʧʫʩʢʦʤ ʥʘ 
ʤʝʞʜʫʥʘʨʦʜʥʳʡ ʨʳʥʦʢ. 

The advantage of implementing the standard AS9100 in organizations aviation, space 

and defense industries 

Karaseva O.S. 

MAI, Moscow 

In the modern world is extremely important to the quality problem of the products. Its 
successful solution largely depends the well-being of any company, organization as a whole. The 

higher quality increases the chances of the supplier in the competitive struggle for markets. It is 

particularly important to note that the aerospace industry such indicators of quality as reliability, 
maintainability are of great importance. The content sections of the AS9100 standard draw our 

attention to the reliability and safety of products throughout the life cycle of products. In the 

Russian Federation national standard GOST R EN 9100-2011 "the quality management System 
of organizations in aviation, space and defense industries" which is similar to AS9100. 

Currently have an implemented and certified in accordance with the standard requirements of 

the quality management system became a mandatory requirement of the world's leading 
manufacturers in the aerospace industry such as Boeing, Bombardier to its suppliers. After the 

introduction of the standard AS9100 in the organization observed: 

Joining the organization in the international database of suppliers of the aerospace sector 
(OASIS); 

1. Reduce costs by raising productivity; 

2. Increases knowledge in the field of quality; 



30 

 

3. Reducing the level of defects; 
4. Constant modernization processes of the organization; 

5. Development of internal communications, scheduling and allocation of material resources; 

6. Raising the customer satisfaction through meeting their requirements; 
7. Continuous improvement of the organization's activities  

8. through the use of modern tools of quality. 

Application of the standard leads to improved quality and is a pass to the international market. 

ɸʥʘʣʠʟ ʚʦʟʤʦʞʥʦʩʪʝʡ ʩʦʟʜʘʥʠʷ ʤʫʣʴʪʠʨʦʪʦʨʥʦʡ ʧʣʘʪʬʦʨʤʳ ʩ ʛʠʙʨʠʜʥʦʡ ʩʠʣʦʚʦʡ 

ʫʩʪʘʥʦʚʢʦʡ 

ʂʣʠʤʦʚ ʀ.ʉ., ʇʠʤʝʥʦʚ ʖ.ʄ., ʄʠʨʦʥʦʚʘ ʄ.ɸ. 
ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʚʦʧʨʦʩʳ ʩʦʟʜʘʥʠʷ ʙʝʩʧʠʣʦʪʥʦʛʦ ʣʝʪʘʪʝʣʴʥʦʛʦ 

ʘʧʧʘʨʘʪʘ ʧʦ ʪʠʧʫ ʤʫʣʴʪʠʨʦʪʦʨʥʦʡ ʧʣʘʪʬʦʨʤʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʚʫʭ ʪʠʧʦʚ ʠʩʪʦʯʥʠʢʦʚ 
ʵʥʝʨʛʠʠ ʜʣʷ ʜʘʣʴʥʝʡʰʝʛʦ ʝʸ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʚ ʢʨʫʪʷʱʠʡ ʤʦʤʝʥʪ. 

ɺ ʩʚʷʟʠ ʩ ʨʘʟʚʠʪʠʝʤ ʤʠʢʨʦʧʨʦʮʝʩʩʦʨʥʦʡ ʪʝʭʥʠʢʠ, ʨʘʟʚʠʪʠʝʤ ʙʘʪʘʨʝʡ ʘʢʢʫʤʫʣʷʪʦʨʥʦʛʦ 
ʪʠʧʘ, ʰʠʨʦʢʠʤ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʦʤʧʦʟʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩʪʘʥʦʚʠʪʩʷ ʙʦʣʝʝ ʧʦʧʫʣʷʨʥʳʤ 

ʪʘʢʦʡ ʣʝʪʘʪʝʣʴʥʳʡ ʘʧʧʘʨʘʪ, ʢʘʢ ʤʫʣʴʪʠʢʦʧʪʝʨ. ʄʫʣʴʪʠʢʦʧʪʝʨ ð ʵʪʦ ʣʝʪʘʪʝʣʴʥʳʡ ʘʧʧʘʨʘʪ 

ʧʦʩʪʨʦʝʥʥʳʡ ʧʦ ʚʝʨʪʦʣʸʪʥʦʡ ʩʭʝʤʝ ʩ ʪʨʝʤʷ ʠ ʙʦʣʝʝ ʥʝʩʫʱʠʤʠ ʚʠʥʪʘʤʠ. ʆʜʥʠʤ ʠʟ ʝʛʦ 
ʧʨʝʠʤʫʱʝʩʪʚ ʷʚʣʷʝʪʩʷ ʧʨʦʩʪʦʪʘ ʢʦʥʩʪʨʫʢʮʠʠ (ʦʪʩʫʪʩʪʚʫʝʪ ʘʚʪʦʤʘʪ ʧʝʨʝʢʦʩʘ, 

ʦʪʢʣʦʥʷʶʱʠʝʩʷ ʨʫʣʝʚʳʝ ʧʦʚʝʨʭʥʦʩʪʠ), ʯʪʦ ʜʝʣʘʝʪ ʝʛʦ ʧʨʦʱʝ ʚ ʦʙʩʣʫʞʠʚʘʥʠʠ [1]. 

ʅʦ ʫ ʜʘʥʥʦʛʦ ʚʠʜʘ ʣʝʪʘʪʝʣʴʥʦʛʦ ʘʧʧʘʨʘʪʘ ʝʩʪʴ ʠ ʩʚʦʠ ʥʝʜʦʩʪʘʪʢʠ. ɺʨʝʤʷ ʧʦʣʸʪʘ ʵʪʠʭ 
ʫʩʪʨʦʡʩʪʚ, ʚ ʩʨʝʜʥʝʤ, ʩʦʩʪʘʚʣʷʝʪ 15-30 ʤʠʥʫʪ ʧʦʣʸʪʘ ʩʨʝʜʥʝʡ ʘʢʪʠʚʥʦʩʪʠ. ʅʘ 

ʤʫʣʴʪʠʢʦʧʪʝʨʘʭ ʦʙʳʯʥʦ ʫʩʪʘʥʘʚʣʠʚʘʶʪʩʷ ʣʠʪʠʡ-ʧʦʣʠʤʝʨʥʳʝ ʙʘʪʘʨʝʠ, ʢʦʪʦʨʳʝ ʠʤʝʶʪ 

ʤʘʢʩʠʤʘʣʴʥʫʶ ʧʣʦʪʥʦʩʪʴ ʵʥʝʨʛʠʠ ʥʘ ʝʜʠʥʠʮʫ ʦʙʲʝʤʘ ʠ ʤʘʩʩʳ. ʅʦ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ 
ʪʝʭʥʦʣʦʛʠʷ ʩʦʟʜʘʥʠʷ ʘʢʢʫʤʫʣʷʪʦʨʦʚ ʵʪʦʛʦ ʪʠʧʘ ʜʦʩʪʠʛʣʘ ʧʠʢʘ ʩʚʦʝʛʦ ʩʦʚʝʨʰʝʥʩʪʚʘ [2]. 

ʇʨʦʘʥʘʣʠʟʠʨʦʚʘʚ ʨʘʟʣʠʯʥʳʝ ʚʠʜʳ ʠʩʪʦʯʥʠʢʦʚ ʵʥʝʨʛʠʠ ʙʳʣʦ ʨʝʰʝʥʦ ʩʦʟʜʘʪʴ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʫʶ ʤʦʜʝʣʴ ʦʢʪʦʢʦʧʪʝʨʘ(ʨʘʟʥʦʚʠʜʥʦʩʪʴ ʤʫʣʴʪʠʢʦʧʪʝʨʘ ʩ 8 ʥʝʩʫʱʠʤʠ 
ʚʠʥʪʘʤʠ) ʩ ʛʠʙʨʠʜʥʳʤ ʠʩʪʦʯʥʠʢʦʤ ʵʥʝʨʛʠʠ. ɹʳʣʦ ʨʝʰʝʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʙʝʥʟʠʥʦʚʳʡ 

ʜʚʠʛʘʪʝʣʴ ʜʣʷ ʩʦʟʜʘʥʠʷ 80% ʪʷʛʠ, ʢʦʪʦʨʦʡ ʭʚʘʪʠʪ ʥʘ ʦʪʨʳʚ ʦʪ ʟʝʤʣʠ ʣʝʪʘʣʴʥʦʛʦ ʘʧʧʘʨʘʪʘ ʠ 

ʜʘʣʴʥʝʡʰʝʛʦ ʧʦʣʸʪʘ. ʂʨʫʪʷʱʠʡ ʤʦʤʝʥʪ ʦʪ ʵʪʦʛʦ ʜʚʠʛʘʪʝʣʷ ʧʦʩʨʝʜʩʪʚʦʤ ʰʢʠʚʦʚ 
ʧʝʨʝʜʘʸʪʩʷ ʥʘ ʦʩʠ, ʥʘ ʢʦʪʦʨʳʭ ʟʘʢʨʝʧʣʝʥʳ ʚʦʟʜʫʰʥʳʝ ʚʠʥʪʳ. ɼʣʷ ʤʘʥʝʚʨʠʨʦʚʘʥʠʷ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʙʝʩʢʦʣʣʝʢʪʦʨʥʳʝ ʵʣʝʢʪʨʦʜʚʠʛʘʪʝʣʠ, ʧʠʪʘʶʱʠʝʩʷ ʦʪ ʣʠʪʠʡ ʧʦʣʠʤʝʨʥʦʛʦ 

ʘʢʢʫʤʫʣʷʪʦʨʘ, ʜʣʷ ʩʦʟʜʘʥʠʷ 20% ʪʷʛʠ, ʠʩʧʦʣʴʟʫʝʤʦʡ ʜʣʷ ʩʪʘʙʠʣʠʟʘʮʠʠ ʠ ʩʦʚʝʨʰʝʥʠʷ 
ʤʘʥʝʚʨʦʚ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʣʝʪʘʣʴʥʦʛʦ ʘʧʧʘʨʘʪʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʙʣʠʞʘʡʰʠʤʠ 

ʘʥʘʣʦʛʘʤʠ ʚʳʰʝ ʧʦʯʪʠ ʥʘ 30%. ʅʘʧʨʠʤʝʨ, ʥʝʤʝʮʢʘʷ ʨʘʟʨʘʙʦʪʢʘ ʢʚʘʜʨʦʢʦʧʪʝʨ Yeair 
ʠʩʧʦʣʴʟʫʝʪ ʧʦ ʜʚʘ ʤʦʪʦʨʘ ʥʘ ʢʘʞʜʳʡ ʥʝʩʫʱʠʡ ʚʠʥʪ: ʙʝʥʟʠʥʦʚʳʡ ʜʣʷ ʩʦʟʜʘʥʠʷ ʦʩʥʦʚʥʦʡ 

ʪʷʛʠ ʠ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʜʣʷ ʫʩʢʦʨʝʥʠʷ ʠʣʠ ʧʨʠʪʦʨʤʘʞʠʚʘʥʠʷ ʤʦʪʦʨʘ ʧʝʨʚʦʛʦ ʪʠʧʘ [3]. 

ʅʝʜʦʩʪʘʪʦʢ ʜʘʥʥʦʛʦ ʧʦʜʭʦʜʘ ʷʚʣʷʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʧʨʠ ʟʘʤʝʜʣʝʥʠʠ ʩʢʦʨʦʩʪʠ ʚʨʘʱʝʥʠʷ 
ʙʝʥʟʠʥʦʚʦʛʦ ʜʚʠʛʘʪʝʣʷ ʪʝʨʷʝʪʩʷ ʧʦʣʝʟʥʘʷ ʵʥʝʨʛʠʷ. ɺ ʥʘʰʝʡ ʨʘʟʨʘʙʦʪʢʝ ʵʪʦʪ ʥʝʜʦʩʪʘʪʦʢ 

ʫʯʪʝʥ, ʠ ʤʳ ʠʩʧʦʣʴʟʫʝʤ ʤʘʢʩʠʤʘʣʴʥʫʶ ʜʦʩʪʫʧʥʫʶ ʵʥʝʨʛʠʶ ʛʠʙʨʠʜʥʦʡ ʩʠʩʪʝʤʳ ʧʠʪʘʥʠʷ. 

1. ɽʚʛʝʥʠʡ ɽʨʦʭʠʥ, ɸʥʜʨʝʡ ʂʦʣʦʤʠʝʮ ʄʫʣʴʪʠʢʦʧʪʝʨʳ: ʥʦʚʳʡ ʚʠʜ [ʕʣʝʢʪʨʦʥʥʳʡ 

ʨʝʩʫʨʩ] ï URL: http://uav.ru/articles/multicopters.pdf (ʜʘʪʘ ʦʙʨʘʱʝʥʠʷ: 09.03.2017). 

2. ʍʨʫʩʪʘʣʝʚ ɼ.ɸ. ɸʢʢʫʤʫʣʷʪʦʨʳ. ï ʄ.: ʀʟʫʤʨʫʜ, 2003. 

3. Yeair ʦʬʠʮʠʘʣʴʥʳʡ ʩʘʡʪ http://yeair.de. 

The analysis of possibilities of creating a multi-rotor platform with a hybrid power plant  

Klimov I.S., Pimenov Yu.M., Mironova M.A. 

MAI, Moscow 

This work focuses on the issues of creating of air drone by type of a multi-rotor platform with 

the use of two types of energy sources for its further transformation into torque. 
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In connection with the development of microprocessor technology, the development 
accumulator battery and the widespread use of composite materials a multicopter becomes more 

popular. Multicopter is a flying machine built by helicopter scheme with three or more rotors. 

The simplicity of design (the absence of a swashplate, deflected control surfaces) makes it easier 
to maintain [1]. 

But this type of air drone has its disadvantages. The flight time of these devices, on average, is 

15-30 minutes of medium flight activity. Multirotors are usually installed lithium polymer 
batteries, which have a maximum energy density per unit volume and mass. But at present, the 

technology of creating batteries of this type has reached a peak of its perfection [2]. 

After analyzing the various types of energy sources, it was decided to create an experimental 
model of octocopter (a variant of a multicopter with 8 rotors) with hybrid  source of energy. It 

was decided to use a gasoline engine to create 80% of the thrust, which enough to takeoff aircraft 

and his subsequent flight. The torque from this motor is transmitted through a pulley on the axis, 
which are mounted propellers. Brushless motors are used for maneuvering. They are powered by 

a lithium polymer battery to create a 20% thrust, which are used to stabilize and maneuvers. 
Thus, the efficiency of the air drone is higher by almost 30% than the closest analogues. For 

example, the German development a Yeair quadcopter uses two motors for each rotor: gasoline 

for the creation a basic pull and electric for acceleration or braking of the motor of the first type 
[3]. The disadvantage of this approach ï useful energy is lost during deceleration of the rotational 

speed of the gasoline engine. In our development, this disadvantage is taken into account and we 

make use of the maximum available energy of the hybrid power system. 
1. Evgeny Erokhin, Andrey Kolomiets Multicopters: a new kind [Electronic resource] ï 

URL: http://uav.ru/articles/multicopters.pdf (reference date: 09.03.2017). 

2. Khrustalev D.A. Batteries. ï Moscow: Izumrud, 2003. 
3. Yeair (official website) ï http://yeair.de. 

ʉʚʝʨʭʤʘʣʳʝ ʣʝʪʘʪʝʣʴʥʳʝ ʘʧʧʘʨʘʪʳ ʛʝʦʜʝʟʠʯʝʩʢʦʡ ʩʭʝʤʳ ʚ ʫʟʢʦʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʭ 

ʦʙʣʘʩʪʷʭ ʧʨʠʤʝʥʝʥʠʷ 

ʂʦʣʧʘʢʦʚ ɸ.ʄ., ɼʦʣʛʦʚ ʆ.ʉ. 

ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʣʦʩʴ ʬʦʨʤʠʨʦʚʘʥʠʝ ʤʝʪʦʜʠʢʠ ʧʦʟʚʦʣʷʶʱʝʡ ʬʦʨʤʠʨʦʚʘʪʴ 
ʩʝʤʝʡʩʪʚʦ ɹʇʃɸ ʠʤʝʶʱʝʛʦ ʩʣʝʜʫʶʱʠʝ ʜʦʩʪʦʠʥʩʪʚʘ: 

Å ʟʘʱʠʱʝʥʥʦʩʪʴ ʦʪ ʚʥʝʰʥʠʭ ʚʦʟʜʝʡʩʪʚʠʡ ʧʨʠ ʩʪʦʣʢʥʦʚʝʥʠʠ ʩ ʧʨʝʧʷʪʩʪʚʠʷʤʠ, ʘ 
ʠʤʝʥʥʦ: ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʟʘʱʠʪʘ ʥʝʩʫʱʠʭ ʚʠʥʪʦʚ, ʘ ʪʘʢ ʞʝ ʟʘʱʠʪʘ ʘʢʢʫʤʫʣʷʪʦʨʥʳʭ 
ʙʘʪʘʨʝʡ ʠ ʧʨʠʙʦʨʦʚ ʥʘʭʦʜʷʱʠʭʩʷ ʥʘ ʙʦʨʪʫ ɹʇʃɸ; 

Å ʧʦʜʙʦʨ ʩʧʝʮʠʬʠʢʠ ʥʘʛʨʫʟʢʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʝʰʘʝʤʦʡ ʟʘʜʘʯʠ; 

Å ʧʨʦʩʪʦʪʘ ʧʨʦʠʟʚʦʜʩʪʚʘ, 
Å ʤʘʣʳʡ ʚʝʩ ʠ ʧʨʠʤʝʥʝʥʠʝ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. 

ɺʳʙʦʨ ʩʭʝʤʳ ʙʳʣ ʦʙʫʩʣʦʚʣʝʥ ʨʝʟʫʣʴʪʘʪʘʤʠ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʨʦʚʝʜʸʥʥʳʭ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ 

ʩʚʝʨʭʪʷʞʝʣʦʛʦ ʪʨʘʥʩʧʦʨʪʥʠʢʘ ʄʠ-32, ʚʳʧʦʣʥʝʥʥʦʛʦ ʧʦ ʩʭʝʤʝ çʪʨʝʫʛʦʣʴʥʠʢè ï ʩʦʝʜʠʥʝʥʠʝ 
ʛʦʥʜʦʣ, ʛʜʝ ʙʘʣʢʠ ʦʙʨʘʟʫʶʪ ʩʦʙʦʡ ʨʘʚʥʦʩʪʦʨʦʥʥʠʡ ʪʨʝʫʛʦʣʴʥʠʢ. 

ʂʘʢ ʠʟʚʝʩʪʥʦ ʥʘ ʦʩʥʦʚʝ ʨʘʙʦʪ, ʢʦʪʦʨʳʝ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʚ 80-ʭ ʛʦʜʘʭ ɺʘʩʠʣʴʝʚʳʤ ɺ.ɺ. ʠ 

ɹʫʥʘʢʦʚʳʤ ɺ.ɸ. ʙʳʣʦ ʨʘʩʩʤʦʪʨʝʥʦ ʧʨʠʤʝʥʝʥʠʝ ʘʥʠʟʦʛʨʠʜʥʳʭ ʢʦʥʩʪʨʫʢʮʠʡ (ʦʥʠ ʞʝ 

ʛʝʦʜʝʟʠʯʝʩʢʠʝ) ʜʣʷ ʩʦʟʜʘʥʠʷ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ. ʆʩʥʦʚʥʦʡ ʠʭ ʧʨʠʥʮʠʧ ʵʪʦ ï 

ʢʦʥʩʪʨʫʢʮʠʷ ʩʦʩʪʦʷʱʘʷ ʠʭ ʩʧʠʮ, ʛʜʝ ʦʙʰʠʚʢʘ ʥʝʩʠʣʦʚʘʷ, ʘ ʚʩʶ ʥʘʛʨʫʟʢʫ ʙʝʨʫʪ ʥʘ ʩʝʙʷ 

ʩʠʣʦʚʳʝ ʵʣʝʤʝʥʪʳ ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʤʝʞʜʫ ʩʦʙʦʡ ʚ ʧʝʨʝʢʨʸʩʪʥʦʡ ʩʭʝʤʝ. ʀʩʪʦʨʠʷ ʵʪʦʛʦ 
ʥʘʯʘʣʘʩʴ ʩ ʙʦʤʙʘʨʜʠʨʦʚʱʠʢʘ ɺʠʢʢʝʨʩ ɺʝʣʣʠʥʛʪʦʥ, ʧʨʦʩʪʘʚʢʠ ʢʦʨʧʫʩʘ ʨʘʢʝʪʳ ʇʈʆʊʆʅ. 

ɼʣʷ ʨʝʘʣʠʟʘʮʠʠ ʣʝʪʘʪʝʣʴʥʦʛʦ ʘʧʧʘʨʘʪʘ ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʠ ʥʘʧʝʯʘʪʘʥ ʥʘ 3ɼ ʧʨʠʥʪʝʨʝ ʢʦʨʧʫʩ 

ʘʧʧʘʨʘʪʘ ʩʭʝʤʳ ʛʝʢʩʘʢʦʧʪʝʨ ʩ ʩʦʦʩʥʳʤʠ ʥʝʩʫʱʠʤʠ ʚʠʥʪʘʤʠ, ʥʘ ʢʦʪʦʨʦʤ ʙʳʣʘ ʧʦʢʘʟʘʥʘ 
ʨʝʘʣʠʟʫʝʤʦʩʪʴ ʜʘʥʥʦʡ ʢʦʥʮʝʧʮʠʠ. ɺ ʩʠʣʫ ʦʩʦʙʝʥʥʦʩʪʝʡ ʧʨʦʯʥʦʩʪʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʧʣʘʩʪʠʢʘ 

ʠ ʚʥʫʪʨʝʥʥʝʡ ʩʪʨʫʢʪʫʨʳ ʜʝʪʘʣʝʡ ʥʘʧʝʯʘʪʘʥʥʳʭ ʥʘ 3ɼ ʧʨʠʥʪʝʨʝ ʠʟ ʢʦʪʦʨʳʭ ʙʳʣ ʩʦʙʨʘʥ 

ʢʦʨʧʫʩ ʧʨʦʪʦʪʠʧʘ ɹʇʃɸ ʫʜʘʣʦʩʴ ʜʦʙʠʪʴʩʷ ʜʣʷ ʵʪʦʡ ʢʦʥʩʪʨʫʢʮʠʠ ʤʘʩʩʦʚʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 
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ʥʘ ʥʠʟʢʦʤ ʫʨʦʚʥʝ, ʥʦ ʧʨʠ ʧʝʨʝʭʦʜʝ ʥʘ ʇʂʄ ʠʣʠ ʂʦʥʩʪʨʫʢʮʠʠ ʩʚʘʨʝʥʥʦʡ ʠʟ ʘʣʶʤʠʥʠʝʚʳʭ 
ʪʨʫʙʦʢ ʙʫʜʝʪ ʜʦʩʪʠʛʥʫʪʘ ʤʘʩʩʦʚʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʛʦʨʘʟʜʦ ʚʳʰʝ. 

ɼʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʟʘʱʠʪʳ ʦʢʨʫʞʘʶʱʠʭ ʦʙʲʝʢʪʦʚ ʠ ʣʦʧʘʩʪʝʡ ʦʪ ʚʟʘʠʤʥʦʛʦ ʢʦʥʪʘʢʪʘ 

ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ ʠ ʨʝʘʣʠʟʦʚʘʥʦ ʥʝʩʢʦʣʴʢʦ ʧʦʜʭʦʜʦʚ 
Å ʂʣʘʩʩʠʯʝʩʢʘʷ ʟʘʱʠʪʘ ʚʦʟʜʫʰʥʳʭ ʚʠʥʪʦʚ, ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʫʩʪʘʥʘʚʣʠʚʘʝʤʘʷ ʥʘ 

ʩʠʣʦʚʫʶ ʩʭʝʤʫ ʘʧʧʘʨʘʪʘ (ʚʠʥʪ ʚ ʢʦʣʴʮʝ). 

Å ʋʩʪʘʥʦʚʢʘ ʰʪʘʥʛ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʫʩʪʘʥʘʚʣʠʚʘʝʤʳʭ ʥʘ ʩʠʣʦʚʫʶ ʩʭʝʤʫ ʘʧʧʘʨʘʪʘ. 
Å ɸʥʠʟʦʛʨʠʜʥʘʷ ʦʙʦʣʦʯʢʘ ʧʨʘʢʪʠʯʝʩʢʠ ʙʝʩʧʨʝʧʷʪʩʪʚʝʥʥʦ ʧʨʦʧʫʩʢʘʝʪ ʯʝʨʝʟ ʩʝʙʷ 

ʚʦʟʜʫʰʥʳʡ ʧʦʪʦʢ ʠ ʷʚʣʷʝʪʩʷ ʧʨʠ ʵʪʦʤ ʩʠʣʦʚʦʡ ʩʭʝʤʦʡ ʣʝʪʘʪʝʣʴʥʦʛʦ ʘʧʧʘʨʘʪʘ. 

ɼʦʩʪʦʠʥʩʪʚʦʤ ʥʘʰʝʛʦ ʨʝʰʝʥʠʷ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʚ ʥʘʰʝʤ ʩʣʫʯʘʝ ʟʘʱʠʪʘ ʚʠʥʪʦʚ 
ʠʥʪʝʛʨʠʨʦʚʘʥʘ ʚ ʂʉʉ ʠ ʷʚʣʷʝʪʩʷ ʣʠʰʴ ʦʜʥʦʡ ʠʟ ʬʫʥʢʮʠʡ ʠ ʧʦʵʪʦʤʫ ʦʥʘ ʧʦʟʚʦʣʷʝʪ ʚ 

ʧʝʨʩʧʝʢʪʠʚʝ ʜʦʙʠʪʴʩʷ ʫʣʫʯʰʝʥʥʳʭ ʤʘʩʩʦʚʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. 

ɻʝʦʜʝʟʠʯʝʩʢʘʷ ʂʉʉ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʜʝʣʘʝʪ ʘʧʧʘʨʘʪ ʙʦʣʝʝ ʟʘʱʠʱʸʥʥʳʤ, ʧʦʪʦʤʫ ʯʪʦ ʚ 
ʩʠʣʫ ʧʦʣʥʦʛʦ ʧʦʢʨʳʪʠʷ ʘʧʧʘʨʘʪʘ ʦʥʘ ʧʝʨʝʢʨʳʚʘʝʪ ʙʦʣʴʰʠʥʩʪʚʦ ʚʦʟʤʦʞʥʳʭ ʩʮʝʥʘʨʠʝʚ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʧʨʝʧʷʪʩʪʚʠʷʤʠ. 
ʈʝʟʫʣʴʪʘʪʘʤʠ ʚʳʧʦʣʥʝʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ: 

Å ʀʟʛʦʪʦʚʣʝʥʠʝ ʧʨʦʪʦʪʠʧʘ ɹʇʃɸ ʛʝʦʜʝʟʠʯʝʩʢʦʡ ʩʭʝʤʳ ʩ ʧʦʤʦʱʴʶ ʘʜʜʠʪʠʚʥʳʭ 

ʪʝʭʥʦʣʦʛʠʡ. 
Å ʉʦʟʜʘʥʠʝ ʨʘʩʯʸʪʘ ʘʥʘʣʦʛʠʯʥʦʡ ʢʦʥʩʪʨʫʢʮʠʷ ʠʟ ʇʂʄ. 

Å ʈʘʟʨʘʙʦʪʘʥʘ ʤʝʪʦʜʦʣʦʛʠʷ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʠ ʪʝʭʥʦʣʦʛʠʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʣʝʪʘʪʝʣʴʥʳʭ 
ʘʧʧʘʨʘʪʦʚ ʜʣʷ ʜʘʥʥʦʛʦ ʩʝʤʝʡʩʪʚʘ ɹʇʃɸ. 

Midget aircraft geodetic scheme inhighly specialized applications 

Kolpakov A.M., Dolgov O.S. 

MAI, Moscow 

The aim of this work was to design methods allow-ing to form a family of UAVs with the 

following advantages: 

Å protection from external influences when faced with obstacles, namely: first, the 
protection of rotors and protect the batteries and appliances on Board the UAV; 

Å selection of the specific load depending on the task; 

Å simplicity of production, 
Å light weight and use of composite materials. 

The choice of the scheme was due to the results of research conducted in the development of 

superheavy transport Mi-32, made according to the scheme "triangle" connection gondolas, 
where the beams form an equilateral triangle. 

As you know based on work that was conducted in 80-ies Vasiliev V. V. and V. A. Bunakov 

reviewed the application anisogamy designs (they survey) to create the aircraft. Their main 
principle is a design consisting of spokes, where the covering is non-coercive, and all the load 

take power elements positioned between a cross-scheme. The history of this began with the 

bomber Vickers Wellington, the spacer of the housing of the rocket PROTON. To implement the 
aircraft was designed and printed on a 3D printer the housing unit scheme, the device with 

coaxial rotors, which was shown the feasibility of this concept. Due to the strength behavior of 

plastic and the internal structure of parts printed on a 3D printer of which was assembled the 

chassis of the prototype UAV were able to achieve for this design massive efficiency at a low 

level, but when switching to PCM or Construction welded aluminum tubes of mass will be 

achieved much more efficiently. 
To solve the problem of protection of surrounding objects and blades from a mutual contact 

was proposed and implemented several approaches 

Å Classic protection of propellers, additionally mouth-nalivaika on the power circuit of the 
device (rotor). 

Å Mounting bars installable on the power circuit of the apparatus. 

Å Anisogramma shell virtually unimpeded the skip allows through the air flow and is thus 
the main circuit of the aircraft. 



33 

 

The advantage of our solution is that in our case securing screws integrated into the CMP and 
is just one of the functions and therefore it allows in the future to achieve improved mass 

properties. 

Geodetic KSS in this case makes the device more secure, because the effect of full coverage 
of the device it covers most of the possible interaction scenarios with obstacles. 

The results of the work performed is: 

Å The production of a prototype UAV surveying scheme using additive technologies. 
Å To create a calculation similar to the design of the PCM. 

Å Developed design methodology and technology of production of aircraft of this family of 

UAVs. 

ʂ ʨʘʩʯʝʪʫ ʚʝʨʪʠʢʘʣʴʥʦʡ ʩʢʦʨʦʩʪʠ ʩʚʝʨʭʟʚʫʢʦʚʦʛʦ ʣʝʪʘʪʝʣʴʥʦʛʦ ʘʧʧʘʨʘʪʘ 

ʄʘʨʢʝʣʦʚ ɺ.ɺ., ɻʫʨʴʷʥʦʚ ɸ.ɺ., ʐʫʢʘʣʦʚ ɸ.ɺ., ɾʘʨʠʥʦʚ ʆ.ʆ., ʂʦʩʪʠʰʠʥ ʄ.ʆ. 

ʆʂɹ çʕʣʝʢʪʨʦʘʚʪʦʤʘʪʠʢʘè, ʋʥʠʚʝʨʩʠʪʝʪ ʀʊʄʆ, ɻʋɸʇ, ʛ. ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ 

ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʚʘʨʠʘʥʪ ʨʘʩʯʝʪʘ ʚʝʨʪʠʢʘʣʴʥʦʡ ʩʢʦʨʦʩʪʠ ʩʚʝʨʭʟʚʫʢʦʚʦʛʦ ʣʝʪʘʪʝʣʴʥʦʛʦ 

ʘʧʧʘʨʘʪʘ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʢʦʤʧʣʝʢʩʠʨʦʚʘʥʠʠ ʠʥʬʦʨʤʘʮʠʠ ʙʝʩʧʣʘʪʬʦʨʤʝʥʥʦʡ 
ʠʥʝʨʮʠʘʣʴʥʦʡ ʥʘʚʠʛʘʮʠʦʥʥʦʡ ʩʠʩʪʝʤʳ (ɹʀʅʉ) ʠ ʩʠʩʪʝʤʳ ʚʦʟʜʫʰʥʳʭ ʩʠʛʥʘʣʦʚ (ʉɺʉ). 

ɼʘʥʥʳʡ ʨʘʩʯʝʪ ʨʝʘʣʠʟʫʝʪʩʷ ʚ ʙʦʨʪʦʚʦʡ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʩʠʩʪʝʤʝ ʩ ʮʝʣʴʶ ʧʦʣʫʯʝʥʠʷ ʙʦʣʝʝ 

ʪʦʯʥʦʡ ʦʮʝʥʢʠ ʟʥʘʯʝʥʠʷ ʚʝʨʪʠʢʘʣʴʥʦʡ ʩʢʦʨʦʩʪʠ ʟʘ ʩʯʝʪ ʫʯʝʪʘ ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ 
ʭʘʨʘʢʪʝʨʠʩʪʠʢ ɹʀʅʉ ʠ ʉɺʉ. 

ʆʧʨʝʜʝʣʝʥʠʝ ʚʝʨʪʠʢʘʣʴʥʦʡ ʩʢʦʨʦʩʪʠ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʨʠ ʩʦʚʤʝʩʪʥʦʡ ʦʙʨʘʙʦʪʢʝ 

ʧʘʨʘʤʝʪʨʦʚ ʙʘʨʦʤʝʪʨʠʯʝʩʢʦʡ ʚʳʩʦʪʳ ʦʪ ʉɺʉ ʠ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʫʩʢʦʨʝʥʠʷ ʦʪ ɹʀʅʉ. 
ɿʥʘʯʝʥʠʝ ʚʝʨʪʠʢʘʣʴʥʦʡ ʩʢʦʨʦʩʪʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʠʟ ʨʝʰʝʥʠʷ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ ʬʠʣʴʪʨʘ 

ʂʘʣʤʘʥʘ ʪʨʝʪʴʝʛʦ ʧʦʨʷʜʢʘ ʩ ʢʦʤʧʝʥʩʘʮʠʝʡ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʧʦʛʨʝʰʥʦʩʪʝʡ ʠ 

ʟʘʧʘʟʜʳʚʘʥʠʷ ʙʘʨʦʤʝʪʨʠʯʝʩʢʦʛʦ ʚʳʩʦʪʦʤʝʨʘ, ʘ ʪʘʢʞʝ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʠʟʤʝʨʝʥʠʡ ʠ 
ʤʝʜʣʝʥʥʦ ʤʝʥʷʶʱʝʡʩʷ ʧʦʛʨʝʰʥʦʩʪʠ ʘʢʩʝʣʝʨʦʤʝʪʨʦʚ ɹʀʅʉ ʚ ʚʝʨʪʠʢʘʣʴʥʦʤ ʢʘʥʘʣʝ. 

ɺʝʩʦʚʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ ʬʠʣʴʪʨʘ ʬʦʨʤʠʨʫʶʪʩʷ ʥʘ ʦʩʥʦʚʝ 

ʪʝʭʥʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʉɺʉ ʠ ɹʀʅʉ, ʘ ʪʘʢʞʝ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʣʝʪʥʳʭ ʠʩʧʳʪʘʥʠʡ.  
ʆʩʦʙʝʥʥʦʩʪʴʶ ʨʝʘʣʠʟʘʮʠʠ ʨʘʩʯʝʪʘ ʚʝʨʪʠʢʘʣʴʥʦʡ ʩʢʦʨʦʩʪʠ ʜʣʷ ʩʚʝʨʭʟʚʫʢʦʚʦʛʦ 

ʣʝʪʘʪʝʣʴʥʦʛʦ ʘʧʧʘʨʘʪʘ ʷʚʣʷʶʪʩʷ ʟʘʚʳʰʝʥʥʳʝ ʦʰʠʙʢʠ ʙʘʨʦʤʝʪʨʠʯʝʩʢʦʛʦ ʜʘʪʯʠʢʘ ʚ ʦʙʣʘʩʪʠ 

ʩʢʦʨʦʩʪʝʡ, ʙʣʠʟʢʠʭ ʢ ʩʢʦʨʦʩʪʠ ʟʚʫʢʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʚ ʩʠʩʪʝʤʫ ʫʨʘʚʥʝʥʠʡ 
ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʚʚʝʜʝʥʳ ʢʦʵʬʬʠʮʠʝʥʪʳ, ʫʯʠʪʳʚʘʶʱʠʝ ʯʠʩʣʦ ʄʘʭʘ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, 

ʩʥʠʞʘʶʱʠʝ ʚʝʩʦʚʫʶ ʬʫʥʢʮʠʶ ʙʘʨʦʤʝʪʨʠʯʝʩʢʦʡ ʚʳʩʦʪʳ ʚ ʦʙʣʘʩʪʠ ʪʨʘʥʩʟʚʫʢʦʚʳʭ 

ʩʢʦʨʦʩʪʝʡ.  
ʇʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʦʮʝʥʢʠ ʜʘʥʥʦʛʦ ʚʘʨʠʘʥʪʘ ʨʘʩʯʝʪʘ ʚʝʨʪʠʢʘʣʴʥʦʡ ʩʢʦʨʦʩʪʠ ʚ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤ ʧʦʣʝʪʝ, ʚʢʣʶʯʘʶʱʠʝ ʚ ʩʝʙʷ ʩʨʘʚʥʝʥʠʝ ʨʘʩʯʝʪʥʳʭ ʟʥʘʯʝʥʠʡ 

ʚʝʨʪʠʢʘʣʴʥʦʡ ʩʢʦʨʦʩʪʠ ʩ ʚʥʝʰʥʝʪʨʘʝʢʪʦʨʥʳʤʠ ʠʟʤʝʨʝʥʠʷʤʠ. ʇʨʝʜʩʪʘʚʣʝʥʳ ʨʝʢʦʤʝʥʜʘʮʠʠ 
ʢ ʝʛʦ ʨʝʘʣʠʟʘʮʠʠ ʚ ʙʦʨʪʦʚʦʡ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʩʠʩʪʝʤʝ.  

One of the methods to calculate the vertical flight velocity of a supersonic aircraft  
Markelov V.V., Gurjanov A.V., Shukalov A.V., Zharinov I.O., Kostishin M.O. 

EDB ñElectroavtomatikaò, ITMO University, SUAI, Saint Petersburg 

An option to calculate the vertical flight velocity of a supersonic aircraft by compiling the 

information obtained from the non-platform inertial navigational system (BINS in Russian) and 
the aerial signal system (SVS in Russian) is being studied. The on-board computing system 

calculates this value to obtain more precise vertical velocity value taking into account the 

individual features of the non-platform inertial navigational system and the aerial signal system.  
The vertical velocity determination is being realized under simultaneous processing of the 

barometric height parameters obtained from the aerial signal system and the vertical acceleration 

obtained from the non-platform inertial navigational system. One may find the vertical velocity 
value by solving the third order Kalman filter system of equations with high frequency 

inaccuracy compensation and delay in barometric altimeter and also measurement instability and 
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slowly progressing inaccuracy of the non-platform inertial navigational system accelerometers in 
the vertical channel. 

The weight coefficients of the filter system of equations must be found from the non-platform 

inertial navigational system and the aerial signal system technical specifications and the data 
obtained from the flight experiments. 

There is another problem when calculating the vertical velocity of a supersonic aircraft. It is 

excessive inaccuracy level of the barometric detector in the field of speeds which are close to the 
sonic speed. So that why additional coefficients which take into account the Mach number and 

reduce the weight function of the barometric height in the field of the transonic speeds were 

added to the system of equations. 
The analysis results of the vertical velocity calculation option during the experimental flight 

were given. Those results include a comparison of the vertical velocity calculated values and the 

measurement of external trajectory. Some recommendations how to realize this process in the on-
board computation system were given as well. 

ʄʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʦʩʘʜʢʠ ʚʝʨʪʦʣʝʪʘ ʧʦ ʥʦʨʤʘʤ ɸʇ-29 

ʂʨʫʯʠʥʠʥ ʄ.ʄ. 

ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ɺ ʭʦʜʝ ʨʘʙʦʪ ʧʦ ʩʝʨʪʠʬʠʢʘʮʠʠ ʚʝʨʪʦʣʝʪʘ, ʯʘʩʪʦ ʚʦʟʥʠʢʘʶʪ ʟʘʜʘʯʠ ʧʦ ʫʚʝʣʠʯʝʥʠʶ 
ʚʟʣʝʪʥʦʡ ʤʘʩʩʳ ʚʝʨʪʦʣʝʪʘ, ʧʨʠ ʵʪʦʤ ʢʦʥʩʪʨʫʢʮʠʷ ʧʣʘʥʝʨʘ ʠ ʰʘʩʩʠ ʥʝ ʜʦʣʞʥʘ ʤʝʥʷʪʴʩʷ. 

ɼʣʷ ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʩʦʦʪʚʝʪʩʪʚʠʷ ʩʫʱʝʩʪʚʫʶʱʝʡ ʢʦʥʩʪʨʫʢʮʠʠ ʥʦʨʤʘʤ ʧʨʦʯʥʦʩʪʠ, 

ʥʝʦʙʭʦʜʠʤʦ ʧʨʦʚʦʜʠʪʴ ʢʦʤʧʣʝʢʩ ʠʩʧʳʪʘʥʠʡ ʠ ʨʘʩʯʝʪʦʚ. ʆʜʥʠʤ ʠʟ ʪʘʢʠʭ ʨʘʩʯʝʪʦʚ ʷʚʣʷʝʪʩʷ 
ʦʧʨʝʜʝʣʝʥʠʝ ʚʥʝʰʥʠʭ ʥʘʛʨʫʟʦʢ ʥʘ ʰʘʩʩʠ ʠ ʧʣʘʥʝʨ ʚ ʧʦʩʘʜʦʯʥʳʭ ʩʣʫʯʘʷʭ. ʇʨʠ ʵʪʦʤ 

ʫʩʣʦʚʠʷ ʧʦʩʘʜʢʠ ʟʘʜʘʶʪʩʷ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʥʦʨʤʘʤʠ ʧʨʦʯʥʦʩʪʠ ɸʇ-29. 

 ʉʫʱʝʩʪʚʫʶʱʠʝ ʤʝʪʦʜʳ ʨʘʩʯʝʪʘ, ʩʦʟʜʘʥʥʳʝ ʚ 70-ʭ ʛʦʜʘʭ ʧʨʦʰʣʦʛʦ ʚʝʢʘ, ʥʝ ʫʯʠʪʳʚʘʶʪ 
ʨʝʘʣʴʥʫʶ ʨʘʙʦʪʫ ʘʤʦʨʪʠʟʘʪʦʨʦʚ ʠ ʧʥʝʚʤʘʪʠʢʦʚ ʠ ʥʝ ʧʨʠʥʠʤʘʶʪ ʚ ʨʘʩʯʝʪ ʚʣʠʷʥʠʝ ʩʠʣ 

ʪʨʝʥʠʷ ʤʝʞʜʫ ʧʥʝʚʤʘʪʠʢʘʤʠ ʠ ʧʦʚʝʨʭʥʦʩʪʴʶ. ʇʦʵʪʦʤʫ, ʧʦʩʪʨʦʝʥʠʝ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ 

ʤʦʜʝʣʠ ʧʦʩʘʜʢʠ ʚʝʨʪʦʣʝʪʘ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʥʘʛʨʫʟʦʢ ʥʘ ʰʘʩʩʠ ʠ ʧʣʘʥʝʨ ʷʚʣʷʝʪʩʷ 
ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ. 

ɼʘʥʥʘʷ ʨʘʙʦʪʘ ʧʨʦʜʦʣʞʘʝʪ ʥʘʯʘʪʳʝ ʘʚʪʦʨʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʠʥʘʤʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ, 

ʧʨʦʪʝʢʘʶʱʠʭ ʧʨʠ ʧʦʩʘʜʢʝ ʚʝʨʪʦʣʝʪʘ ʩ ʧʦʤʦʱʴʶ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʇʨʠ 
ʵʪʦʤ ʠʩʧʦʣʴʟʫʶʪʩʷ ʩʦʟʜʘʥʥʳʝ ʨʘʥʝʝ ʤʦʜʝʣʠ ʰʘʩʩʠ ʚʝʨʪʦʣʝʪʘ ʄʠ-38, ʫʪʦʯʥʝʥʥʳʝ ʧʦ 

ʨʝʟʫʣʴʪʘʪʘʤ ʩʝʨʪʠʬʠʢʘʮʠʦʥʥʳʭ ʢʦʧʨʦʚʳʭ ʠʩʧʳʪʘʥʠʡ. 

ɼʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʩʘʜʢʠ ʚʝʨʪʦʣʝʪʘ ʧʦ ʥʦʨʤʘʤ ɸʇ-29, ʧʦʩʪʨʦʝʥʘ ʛʘʙʘʨʠʪʥʦ-
ʤʘʩʩʦʚʘʷ ʤʦʜʝʣʴ ʧʣʘʥʝʨʘ ʚʝʨʪʦʣʝʪʘ ʄʠ-38 ʩ ʧʦʜʢʣʶʯʝʥʠʝʤ ʤʦʜʝʣʝʡ ʧʝʨʝʜʥʝʛʦ ʠ ʦʩʥʦʚʥʳʭ 

ʦʧʦʨ ʰʘʩʩʠ. ʉ ʧʦʤʦʱʴʶ ʧʦʩʪʨʦʝʥʥʦʡ ʤʦʜʝʣʠ ʧʨʦʚʝʜʝʥʳ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʜʠʥʘʤʠʢʠ ʧʦʩʘʜʢʠ ʚʝʨʪʦʣʝʪʘ ʩ ʨʘʟʣʠʯʥʳʤʠ ʥʘʯʘʣʴʥʳʤʠ ʫʩʣʦʚʠʷʤʠ. ʉʠʣʘ ʪʷʛʠ ʥʝʩʫʱʝʛʦ 
ʚʠʥʪʘ ʧʨʠ ʵʪʦʤ ʩʯʠʪʘʝʪʩʷ ʠʟʚʝʩʪʥʦʡ ʠ ʟʘʜʘʝʪʩʷ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʥʦʨʤʘʤʠ ʧʨʦʯʥʦʩʪʠ. 

ɺ ʭʦʜʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʘʥʘ ʦʮʝʥʢʘ ʚʣʠʷʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʨʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘ ʨʘʙʦʪʫ 

ʘʤʦʨʪʠʟʘʮʠʦʥʥʦʡ ʩʠʩʪʝʤʳ ʠ ʚʝʣʠʯʠʥʫ ʥʘʛʨʫʟʦʢ ʥʘ ʰʘʩʩʠ. 
ʇʦʢʘʟʘʥʳ ʜʘʣʴʥʝʡʰʠʝ ʧʫʪʠ ʨʘʟʚʠʪʠʷ ʠ ʫʪʦʯʥʝʥʠʷ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʤʝʪʦʜʠʢʠ ʨʘʩʯʝʪʘ. 

 Mathematical modeling of the helicopter landing on the FAR-29 standards 

Kruchinin M.M. 
MAI, Moscow 

During the work on the helicopter certification, problems often arise to increase the take-off 

weight of the helicopter, with the airframe and landing gear structure should not be changed. To 
verify compliance with the existing design standards of strength, it is necessary to carry out a set 

of tests and calculations. One such calculation is the determination of external loads on the 

chassis and glider in the landing cases. In this case, the landing conditions are set in accordance 
with the strength standards of FAR-29. 

Existing methods of calculation, created in the 70s of the last century, do not take into account 

the actual work of shock absorbers and pneumatics and do not take into account the influence of 
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frictional forces between pneumatics and the surface. Therefore, the construction of helicopter 
landing mathematical model to determine the load on the landing gear and airframe is an urgent 

task. 

This paper continues the author initiated the investigation of dynamic processes occurring 
during landing of the helicopter with the help of mathematical modeling. It uses the chassis 

previously created model of the Mi-38, updated according to the results of certification tests. 

To simulate the helicopter landing according to FAR-29 norms, a rigid model of the Mi-38 
helicopter airframe with the connection of the models of the front and main chassis supports was 

constructed. Using the constructed model, parametric studies of the helicopter landing dynamics 

with different initial conditions were carried out. The thrust of the main rotor is considered 
known and is set according to the strength standards. 

In the course of the study, the influence of the friction coefficient of the surface on the work 

of the damping system and the magnitude of loads on the chassis are estimated. 
Showing further ways of development and refinement of the developed method of calculation. 

ʌʦʨʤʠʨʦʚʘʥʠʝ ʢʦʥʪʫʨʘ ʚʦʟʜʫʰʥʦʛʦ ʪʦʨʤʦʞʝʥʠʷ ʠʩʪʨʝʙʠʪʝʣʷ-ʙʦʤʙʘʨʜʠʨʦʚʱʠʢʘ ʩ 

ʧʦʤʦʱʴʶ ʫʩʪʘʥʦʚʢʠ ʧʦʜʚʝʩʥʦʛʦ ʪʦʨʤʦʟʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ 

ʃʘʟʘʨʝʚʘ ɼ.ɿ. 

ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ʆʪʩʫʪʩʪʚʠʝ ʚʦʟʜʫʰʥʳʭ ʪʦʨʤʦʟʦʚ ʥʘ ʠʩʪʨʝʙʠʪʝʣʝ-ʙʦʤʙʘʨʜʠʨʦʚʱʠʢʝ 4-ʛʦ ʧʦʢʦʣʝʥʠʷ 

ʥʝʛʘʪʠʚʥʦ ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ ʚʳʧʦʣʥʝʥʠʠ ʨʝʞʠʤʦʚ ʧʦʣʝʪʘ, ʛʜʝ ʪʨʝʙʫʝʪʩʷ ʪʦʯʥʦʝ ʫʧʨʘʚʣʝʥʠʝ 

ʩʢʦʨʦʩʪʴʶ, ʘ ʠʤʝʥʥʦ: ʧʨʠʮʝʣʠʚʘʥʠʝ ʧʨʠ ʧʠʢʠʨʦʚʘʥʠʠ, ʧʦʣʝʪ ʩʪʨʦʝʤ ʠ ʵʢʩʪʨʝʥʥʦʝ 
ʩʥʠʞʝʥʠʝ.  

ɺ ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʘ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʳʙʨʘʥ ʩʘʤʦʣʝʪ ʥʦʨʤʘʣʴʥʦʡ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʡ ʩʭʝʤʳ 

ʩ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ ʧʝʨʝʜʥʠʤ ʛʦʨʠʟʦʥʪʘʣʴʥʳʤ ʦʧʝʨʝʥʠʝʤ (ʇɻʆ). 
ʂʘʢ ʠʟʚʝʩʪʥʦ, ʥʘ ʩʘʤʦʣʝʪʘʭ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʶʪʩʷ ʪʦʨʤʦʟʥʳʝ ʱʠʪʢʠ ï ʦʪʢʣʦʥʷʝʤʳʝ 

ʧʦʚʝʨʭʥʦʩʪʠ, ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʩʚʝʨʭʫ ʥʘ ʬʶʟʝʣʷʞʝ, ʚ ʭʚʦʩʪʦʚʦʡ ʯʘʩʪʠ ʠʣʠ ʥʘ ʢʨʳʣʝ, ï

ʠʩʧʦʣʴʟʫʝʤʳʝ ʜʣʷ ʫʚʝʣʠʯʝʥʠʷ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ. ʅʘ ʠʩʩʣʝʜʫʝʤʦʤ 
ʦʙʲʝʢʪʝ ʪʦʨʤʦʟʥʦʡ ʱʠʪʦʢ ʦʪʩʫʪʩʪʚʫʝʪ ʠ ʢʦʥʩʪʨʫʢʪʠʚʥʘʷ ʨʝʘʣʠʟʘʮʠʷ ʜʘʥʥʦʛʦ ʩʧʦʩʦʙʘ 

ʥʝʚʦʟʤʦʞʥʘ. ʇʦʵʪʦʤʫ ʨʘʩʩʤʦʪʨʝʥʘ ʢʦʥʩʪʨʫʢʮʠʷ ʧʦʜʚʝʩʥʦʛʦ ʪʦʨʤʦʟʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ï 

ʱʠʪʢʘ, ʢʦʪʦʨʳʡ ʙʫʜʝʪ ʢʨʝʧʠʪʴʩʷ ʥʘ ʧʦʜʬʶʟʝʣʷʞʥʳʝ ʪʦʯʢʠ ʧʦʜʚʝʩʢʠ. ʆʪʢʣʦʥʝʥʠʝ ʪʘʢʦʛʦ 
ʫʩʪʨʦʡʩʪʚʘ ʤʦʞʝʪ ʙʳʪʴ ʦʙʝʩʧʝʯʝʥʦ ʘʚʪʦʥʦʤʥʳʤ ʧʨʠʚʦʜʦʤ. 

ɸʥʘʣʠʟ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʜʘʥʥʦʛʦ ʩʧʦʩʦʙʘ ʪʦʨʤʦʞʝʥʠʷ ʙʳʣ ʧʨʦʚʝʜʝʥ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ 

ʥʘʪʫʨʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʚ ʜʦʟʚʫʢʦʚʦʡ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʡ ʪʨʫʙʝ ʟʘʤʢʥʫʪʦʛʦ ʪʠʧʘ ʩ 
ʦʪʢʨʳʪʦʡ ʨʘʙʦʯʝʡ ʯʘʩʪʴʶ. ɼʣʷ ʧʨʦʜʫʚʢʠ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʠʟʦʣʠʨʦʚʘʥʥʘʷ ʤʦʜʝʣʴ, ʢʦʪʦʨʘʷ 

ʧʦʜʦʙʥʦ ʩʘʤʦʣʝʪʫ-ʘʥʘʣʦʛʫ ʠʤʠʪʠʨʫʝʪ ʨʘʟʤʝʱʝʥʠʝ ʟʥʘʯʠʤʳʭ ʵʣʝʤʝʥʪʦʚ ʢʦʥʩʪʨʫʢʮʠʠ, ʘ 

ʠʤʝʥʥʦ ʤʦʪʦʛʘʥʜʦʣ, ʮʝʥʪʨʦʧʣʘʥʘ ʠ ʱʠʪʢʘ.  
ɼʣʷ ʦʮʝʥʢʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʤʝʪʦʜʘ ʩʨʘʚʥʠʚʘʶʪʩʷ ʧʨʠʨʘʱʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʣʦʙʦʚʦʛʦ 

ʩʦʧʨʦʪʠʚʣʝʥʠʷ, ʤʦʤʝʥʪʘ ʪʘʥʛʘʞʘ ʠ ʧʦʜʲʝʤʥʦʡ ʩʠʣʳ ʧʨʠ ʦʪʢʣʦʥʝʥʠʠ ʫʩʪʨʦʡʩʪʚʘ ʥʘ ʫʛʣʳ 

60 ʠ 90 ʛʨʘʜʫʩʦʚ.  
ʀʟ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʧʦʣʫʯʝʥʦ, ʯʪʦ ʣʦʙʦʚʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ 

ʩʪʘʙʠʣʴʥʦ ʜʦ Ŭ=17Á, ʧʦʩʣʝ ʯʝʛʦ ʥʘʯʠʥʘʝʪʩʷ ʨʝʟʢʦʝ ʫʤʝʥʴʰʝʥʠʝ ʟʥʘʯʝʥʠʡ. ʇʨʠ ʵʪʦʤ 

ʩʦʟʜʘʝʪʩʷ ʥʝʟʥʘʯʠʪʝʣʴʥʘʷ ʧʦʜʲʝʤʥʘʷ ʩʠʣʘ ʱʠʪʢʦʤ, ʦʪʢʣʦʥʝʥʥʳʤ ʥʘ 60Á, ʥʘ ʫʛʣʘʭ ʘʪʘʢʠ ʜʦ 

10Á. ɺʦʟʥʠʢʘʶʱʠʡ ʤʦʤʝʥʪ ʥʝ ʚʣʠʷʝʪ ʥʘ ʫʩʪʦʡʯʠʚʦʩʪʴ ʠ ʪʨʝʙʫʝʪ ʚʝʩʴʤʘ ʥʝʩʫʱʝʩʪʚʝʥʥʦʛʦ 

ʧʘʨʠʨʦʚʘʥʠʷ ʩʪʘʙʠʣʠʟʘʪʦʨʦʤ. 

ʊʘʢʦʡ ʩʧʦʩʦʙ ʪʦʨʤʦʞʝʥʠʷ ʚʝʩʴʤʘ ʵʬʬʝʢʪʠʚʝʥ, ʧʦʩʢʦʣʴʢʫ ʜʘʝʪ ʭʦʨʦʰʠʝ ʟʥʘʯʝʥʠʷ 
ʧʨʠʨʘʱʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʣʦʙʦʚʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ, ʘ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʚʦʟʥʠʢʘʶʱʠʝ ʩʠʣʳ 

ʠ ʤʦʤʝʥʪʳ ʦʯʝʥʴ ʤʘʣʳ ʧʦ ʚʝʣʠʯʠʥʝ ʠ ʥʝ ʪʨʝʙʫʶʪ ʟʥʘʯʠʪʝʣʴʥʦʡ ʢʦʤʧʝʥʩʘʮʠʠ, ʧʦʩʢʦʣʴʢʫ 

ʥʠʢʘʢ ʥʝ ʚʣʠʷʶʪ ʥʘ ʫʩʪʦʡʯʠʚʦʩʪʴ ʩʘʤʦʣʝʪʘ.  
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The formation of air braking contour by installing deceleration hanging device for 

fighter -bomber 

Lazareva D.Z. 

MAI, Moscow 

The deficiency of air brakes on the 4th generation fighter-bomber negatively affects the flight 

modes, where tight speed control is required: aiming while volpique, flight formation and 

emergency push-down. 
As the object of research, a plane of normal aerodynamic configuration with a foreplane was 

chosen. 

As is known, brake shields are widely used on aircraft ï deflectable surfaces located on top of 
the fuselage, in the tail part or on the wing, ï used to increase aerodynamic resistance. There is 

no brake plate on the object under research and a constructive realization of this method is 

impossible. Therefore, the design of the deceleration hanging device ï the shield, which will be 
attached to the ventral points of the suspension ï is considered. Deviation of such a device can be 

ensured by an independent drive. 
An analysis of the effectiveness of this method of braking was carried out based on the results 

of full-scale experiments in a closed-type subsonic wind tunnel with an open working part. For 

purging, an isolated model was used, which simulates, like an analog aircraft, the placement of 
significant structural elements, namely, engine nacelle, centre-section and shield. 

To evaluate the effectiveness of the method, the increments of drag coefficients, pitch moment 

and lifting force are compared when the device deviates to angles of 60 and 90 degrees. 
From the experimental data it was obtained that the drag is ensured stably to Ŭ = 17 Á, after 

which a sharp decrease in the values begins. At the same time, an insignificant lifting force is 

created by the deflector deflected by 60 Á, at incidence angle up to 10 Á. The arising moment does 
not affect the stability and requires a very insignificant parrying by the stabilizer. 

This method of braking is very effective, since it gives good values of the increment of the 

drag coefficient, and in addition the forces and moments that arise are very small in magnitude 
and do not require significant compensation, since they do not in any way affect the stability of 

the aircraft. 

ʉʠʩʪʝʤʘ ʤʦʜʝʣʝʡ ʬʦʨʤʠʨʦʚʘʥʠʷ ʦʙʣʠʢʦʚʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʘʤʦʣʝʪʘ ʰʪʫʨʤʦʚʠʢʘ 

ʃʝʚʢʦʚ ɺ.ɻ., ʉʢʨʠʧʥʠʯʝʥʢʦ ʖ.ʉ. 

ɻʦʩʅʀʀɸʉ, ʛ. ʄʦʩʢʚʘ 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʘʢʪʠʚʥʦ ʤʝʥʷʝʪʩʷ ʭʘʨʘʢʪʝʨ ʙʦʝʚʳʭ ʜʝʡʩʪʚʠʡ ʠ ʧʦʷʚʣʷʝʪʩʷ 
ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠ ʦʙʦʩʥʦʚʘʥʠʷ ʦʙʣʠʢʦʚʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʝʨʩʧʝʢʪʠʚʥʦʛʦ 

ʩʘʤʦʣʸʪʘ ʰʪʫʨʤʦʚʠʢʘ. ʎʝʣʴ ʨʘʙʦʪʳ: ʩʦʟʜʘʥʠʝ ʤʦʜʝʣʴʥʦ-ʤʝʪʦʜʠʯʝʩʢʦʛʦ ʘʧʧʘʨʘʪʘ ʜʣʷ 

ʚʳʙʦʨʘ ʠ ʦʙʦʩʥʦʚʘʥʠʷ ʩʦʚʦʢʫʧʥʦʩʪʠ ʢʦʥʩʪʨʫʢʪʠʚʥʳʭ ʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ 
ʢʦʤʧʣʝʢʩʘ, ʦʧʨʝʜʝʣʷʶʱʠʭ ʝʛʦ ʙʦʝʚʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʠ ʚ ʥʘʠʙʦʣʴʰʝʡ ʩʪʝʧʝʥʠ ʚʣʠʷʶʱʠʭ ʥʘ 

ʝʛʦ ʵʬʬʝʢʪʠʚʥʦʩʪʴ. ʆʩʥʦʚʦʡ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʨʘʤʢʘʭ ʪʝʭʥʦʣʦʛʠʠ ʚʥʝʰʥʝʛʦ 

ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʘʚʠʘʮʠʦʥʥʦʛʦ ʙʦʝʚʦʛʦ ʢʦʤʧʣʝʢʩʘ (ɸɹʂ), ʷʚʣʷʝʪʩʷ ʘʥʘʣʠʟ ʩʦʚʨʝʤʝʥʥʳʭ 
ʪʝʭʥʠʯʝʩʢʠʭ ʠ ʪʘʢʪʠʯʝʩʢʠʭ ʨʝʰʝʥʠʡ, ʘ ʪʘʢ ʞʝ ʙʦʝʚʳʭ ʚʦʟʤʦʞʥʦʩʪʝʡ ʧʨʦʪʠʚʦʙʦʨʩʪʚʫʶʱʝʡ 

ʩʪʦʨʦʥʳ. ʅʝʦʙʭʦʜʠʤʦ ʪʘʢ ʞʝ ʧʨʦʚʦʜʠʪʴ ʧʨʦʛʥʦʟʥʳʝ ʵʢʦʥʦʤʠʯʝʩʢʠʝ ʦʮʝʥʢʠ ʟʘʪʨʘʪ ʥʘ 

ʨʘʟʨʘʙʦʪʢʫ, ʧʨʦʠʟʚʦʜʩʪʚʦ ʠ ʞʠʟʥʝʥʥʳʡ ʮʠʢʣ ʠʟʜʝʣʠʷ. 
ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʦʡ ʮʝʣʠ ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʢʦʤʧʣʝʢʩ ʤʦʜʝʣʝʡ, ʚʢʣʶʯʘʶʱʠʡ ʚ 

ʩʝʙʷ: ʢʦʤʧʣʝʢʩ ʠʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ; ʩʠʩʪʝʤʘ ʤʦʜʝʣʝʡ 

ʧʨʦʝʢʪʠʨʦʚʦʯʥʦʛʦ ʨʘʩʯʝʪʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ɸɹʂ; ʧʦʜʩʠʩʪʝʤʘ ʤʦʜʝʣʝʡ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ 
ʩʠʩʪʝʤʳ ʇɺʆ; ʤʦʜʝʣʴ ʫʩʪʘʥʦʚʣʝʥʠʷ ʠʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʢʦʥʪʘʢʪʘ; ʤʦʜʝʣʴ ʥʘʥʝʩʝʥʠʷ 

ʫʱʝʨʙʘ ʥʘʟʝʤʥʦʡ ʮʝʣʠ; ʤʦʜʝʣʴ ʧʨʝʦʜʦʣʝʥʠʷ ʠ ʙʦʷ ʩ ʩʨʝʜʩʪʚʘʤʠ ʇɺʆ; ʤʦʜʝʣʴ ʠʤʠʪʘʮʠʠ 

ʚʠʨʪʫʘʣʴʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʦʙʲʝʢʪʦʚ ʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ ʫʩʣʦʚʠʷʭ 
ʝʜʠʥʦʛʦ ʠʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ; ʩʠʩʪʝʤʘ ʤʦʜʝʣʝʡ ʦʮʝʥʢʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 

ʘʚʠʘʮʠʦʥʥʦʡ ʛʨʫʧʧʠʨʦʚʢʠ; ʩʠʩʪʝʤʘ ʤʦʜʝʣʝʡ ʦʮʝʥʢʠ ʵʢʦʥʦʤʠʯʝʩʢʠʭ ʧʦʢʘʟʘʪʝʣʝʡ. 
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ɼʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʦʥʮʝʧʮʠʠ ʩʘʤʦʣʝʪʘ ʰʪʫʨʤʦʚʠʢʘ ʧʨʦʠʟʚʦʜʷʪʩʷ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʝ 
ʦʮʝʥʢʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʩʫʱʝʩʪʚʫʶʱʠʭ ʪʝʭʥʠʯʝʩʢʠʭ ʠ ʪʘʢʪʠʯʝʩʢʠʭ ʨʝʰʝʥʠʡ ʩ 

ʧʨʠʤʝʥʝʥʠʝʤ ʦʪʜʝʣʴʥʳʭ ʤʦʜʝʣʝʡ ʥʠʞʥʝʛʦ ʫʨʦʚʥʷ, ʧʦʩʣʝ ʯʝʛʦ ʬʦʨʤʠʨʫʶʪʩʷ 

ʘʣʴʪʝʨʥʘʪʠʚʥʳʝ ʚʘʨʠʘʥʪʳ ʦʙʣʠʢʦʚʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ɸɹʂ. ʉ ʧʦʤʦʱʴʶ ʩʠʩʪʝʤʳ ʤʦʜʝʣʝʡ 
ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʛʦ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʧʨʦʠʩʭʦʜʠʪ ʬʦʨʤʠʨʦʚʘʥʠʝ ʦʩʥʦʚʥʳʭ ʪʝʭʥʠʯʝʩʢʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʘʣʴʪʝʨʥʘʪʠʚʥʳʭ ʚʘʨʠʘʥʪʦʚ ɸɹʂ ʠ ʦʮʝʥʢʘ ʚʦʟʤʦʞʥʦʩʪʝʡ ʠʭ ʩʫʱʝʩʪʚʦʚʘʥʠʷ 

ʠ ʠʭ ʵʬʬʝʢʪʠʚʥʦʩʪʠ. ɸʧʧʘʨʘʪ ʧʦʟʚʦʣʷʝʪ ʧʨʦʠʟʚʦʜʠʪʴ ʧʘʨʘʤʝʪʨʠʯʝʩʢʫʶ ʦʧʪʠʤʠʟʘʮʠʶ 
ʦʙʣʠʢʦʚʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʘʤʦʣʝʪʘ ʰʪʫʨʤʦʚʠʢʘ. 

ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʧʨʦʛʨʘʤʤʥʳʡ ʢʦʤʧʣʝʢʩ ʥʘ ʦʩʥʦʚʝ ʤʦʜʝʣʴʥʦ-ʤʝʪʦʜʠʯʝʩʢʦʛʦ ʘʧʧʘʨʘʪʘ 

ʠʤʝʝʪ ʧʨʠʤʝʥʝʥʠʝ ʚ ʧʨʘʢʪʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʦʮʝʥʢʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʙʦʝʚʦʛʦ 
ʧʨʠʤʝʥʝʥʠʷ ʘʚʠʘʮʠʦʥʥʳʭ ʢʦʤʧʣʝʢʩʦʚ ʦʧʝʨʘʪʠʚʥʦ-ʪʘʢʪʠʯʝʩʢʦʡ ʘʚʠʘʮʠʠ ʠ ʧʦʟʚʦʣʷʝʪ 

ʧʨʦʚʦʜʠʪʴ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʡ ʩʠʥʪʝʟ ʨʘʮʠʦʥʘʣʴʥʳʭ ʦʙʣʠʢʦʚ ɸɹʂ ʚ ʨʘʤʢʘʭ ʚʳʙʨʘʥʥʳʭ 

ʪʝʭʥʠʯʝʩʢʠʭ ʢʦʥʮʝʧʮʠʡ; ʧʨʦʚʝʜʝʥʠʝ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩ ʚʳʜʝʣʝʥʠʝʤ 
ʦʙʣʘʩʪʠ ʥʝʫʣʫʯʰʘʝʤʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʧʨʦʛʥʦʟ ʵʢʦʥʦʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʢʦʤʧʣʝʢʩʦʚ 

ʠ ʚʦʟʤʦʞʥʦʩʪʝʡ ʠʭ ʨʝʘʣʠʟʫʝʤʦʩʪʠ, ʦʧʪʠʤʠʟʘʮʠʶ ʦʙʣʠʢʦʚ ʜʣʷ ʚʘʨʠʘʥʪʦʚ ʪʝʭʥʠʯʝʩʢʠʭ 
ʢʦʥʮʝʧʮʠʡ, ʦʧʨʝʜʝʣʝʥʠʝ ʦʙʣʠʢʦʚʳʭ, ʵʬʬʝʢʪʠʚʥʦʩʪʥʳʭ, ʩʪʦʠʤʦʩʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʢʦʤʧʣʝʢʩʘ. 

The system of models for the formation of the primary characteristics for attack aircraft 

Levkov V.G., Skripnichenko Y.S. 

GosNIIAS, Moscow 

At present, the nature of military operations is actively changing and it becomes necessary to 
formulate and justify the primary characteristics of the prospective aircraft of the attack aircraft. 

The purpose of the work: the creation of a model-methodical instrument for the selection and 

justification of the aggregate of constructive and functional parameters of the complex, 
determining its combat capabilities and most influencing its effectiveness. The basis for 

conducting research within the framework of aviation combat complexes external design 

technology is the analysis of modern technical and tactical solutions used in the design, as well as 
the combat capabilities of the opposing side. It is also necessary to carry out predictive economic 

estimates of costs for the development, production and life cycle of the product. 

To achieve this goal, a set of models was developed, which includes a number of the 
following elements: ʩomplex of information support for modeling; system of models for design 

calculation of aviation combat complex characteristics; the subsystem of air defense system 

operation models; a model for establishing an information contact; model of damage to the 
ground target; model of overcoming and fighting with air defense means; model of simulation of 

virtual space for the functioning of objects and interaction in the conditions of a single 

information space; the system of ground-based models; the system of models for assessing the 
effectiveness of aviation grouping; the system of models for estimating economic indicators. 

To formulate the concept of the ground-attack aircraft, preliminary assessments of the 

effectiveness of existing technical and tactical solutions are made with the use of separate lower-
level models, after which alternative variants of aviation combat complex conceptual forms are 

formed. With the help of the system of CAD models, the main technical characteristics of 

alternative aviation combat complexes variants are formed and the possibilities of their existence 

are assessed. The device makes it possible to perform parametric optimization of the aircraft-

attack characteristics. 

The developed software package on the basis of the model-methodical instrument has 
application in practical researches of the effectiveness evaluation of the combat use of the 

aviation complexes of operational-tactical aviation and allows for the following: parametric 

synthesis of rational forms of aviation combat complex in the framework of selected technical 
concepts; carrying out parametric studies with the identification of the region of unimprovable 

characteristics, forecasting the economic characteristics of the complexes and their feasibility, 

optimization of the appearance for variants of technical concepts, determination of the glossy, 
efficiency, cost characteristics of the complex.  
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ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʠʭʨʝʚʦʡ ʩʪʨʫʢʪʫʨʳ ʧʦʪʦʢʘ ʟʘ ʢʨʳʣʦʤ 

ʢʦʥʝʯʥʦʛʦ ʨʘʟʤʘʭʘ 

ʃʝʜʷʥʢʠʥ ʄ.ɸ., ʄʠʭʘʡʣʦʚ ʉ.ɸ., ʂʫʩʶʤʦʚ ɸ. ʅ., ʉʪʝʧʘʥʦʚ ʈ.ʇ. 

ʂʅʀʊʋ-ʂɸʀ, ʛ. ʂʘʟʘʥʴ 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʢʦʥʮʝʚʳʭ ʚʠʭʨʝʡ ʟʘ ʥʝʩʫʱʠʤʠ ʧʦʚʝʨʭʥʦʩʪʷʤʠ (ʢʨʳʣʦ ʠʣʠ ʣʦʧʘʩʪʠ ʚʠʥʪʘ) 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ, ʧʦʩʢʦʣʴʢʫ ʟʥʘʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚʠʭʨʷ ʠ ʝʛʦ ʜʠʥʘʤʠʢʠ ʧʦʟʚʦʣʷʝʪ 

ʦʮʝʥʠʪʴ ʚʣʠʷʥʠʝ ʚʠʭʨʝʚʦʛʦ ʩʣʝʜʘ ʥʘ ʵʣʝʤʝʥʪʳ ʢʦʥʩʪʨʫʢʮʠʠ ʣʝʪʘʪʝʣʴʥʦʛʦ ʘʧʧʘʨʘʪʘ ʠ 
ʚʦʟʤʫʱʝʥʠʷ ʘʪʤʦʩʬʝʨʳ ʚ ʦʙʣʘʩʪʠ ʜʘʣʴʥʝʛʦ ʩʣʝʜʘ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʠʩʩʣʝʜʦʚʘʥʠʶ ʢʦʥʮʝʚʳʭ 

ʚʠʭʨʝʡ ʟʘ ʢʨʳʣʦʤ ʢʦʥʝʯʥʦʛʦ ʨʘʟʤʘʭʘ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʡ 
ʪʨʫʙʝ ʊ1-ʂ ʂʅʀʊʋ-ʂɸʀ ʠʤ. ɸ.ʅ. ʊʫʧʦʣʝʚʘ: ʩʪʝʧʝʥʴ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ɽ 0,5%, 

ʤʘʢʩʠʤʘʣʴʥʘʷ ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ 50 ʤ/ʩ ʠ ʜʠʘʤʝʪʨ ʚʳʭʦʜʥʦʛʦ ʩʝʯʝʥʠʷ ʩʦʧʣʘ 2,25 ʤ. ɺʩʝ 

ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʧʨʠ ʩʢʦʨʦʩʪʠ 28 ʤ/ʩ.  
ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʧʨʷʤʦʫʛʦʣʴʥʦʝ ʢʨʳʣʦ, ʢʦʪʦʨʦʝ ʠʤʝʣʦ ʧʦʩʪʦʷʥʥʫʶ 

ʭʦʨʜʫ ʨʘʟʤʝʨʦʤ b=187 ʤʤ, ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʫʜʣʠʥʝʥʠʝ = 7,8 ʠ ʟʘʢʨʫʛʣʝʥʥʳʝ ʙʦʢʦʚʳʝ 

ʟʘʢʦʥʮʦʚʢʠ ʪʠʧʘ ʎɸɻʀ. ʂʨʳʣʦ ʧʦʩʪʨʦʝʥʦ ʥʘ ʙʘʟʝ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʧʨʦʬʠʣʷ Gºttingen 

387 ʩ ʧʣʦʩʢʦʡ ʥʠʞʥʝʡ ʧʦʚʝʨʭʥʦʩʪʴʶ ʠ ʦʢʨʘʰʝʥʦ ʚ ʯʸʨʥʳʡ ʤʘʪʦʚʳʡ ʮʚʝʪ ʜʣʷ ʫʤʝʥʴʰʝʥʠʷ 

ʙʣʠʢʦʚ ʦʪ ʟʘʩʚʝʪʢʠ ʣʘʟʝʨʘ PIV-ʩʠʩʪʝʤʳ.  
ʇʦʣʷ ʩʢʦʨʦʩʪʝʡ ʠʟʤʝʨʷʣʠʩʴ ʩ ʧʦʤʦʱʴ PIV-ʩʠʩʪʝʤʳ (Dantec). ʏʘʩʪʦʪʘ ʚʩʧʳʰʝʢ ʣʘʟʝʨʘ 

ʩʦʩʪʘʚʣʷʣʘ 8 ɻʮ. ɼʣʷ ʛʝʥʝʨʘʮʠʠ ʪʨʘʩʩʠʨʫʶʱʠʭ ʚʝʱʝʩʪʚ ʧʨʠ ʟʘʜʳʤʣʝʥʠʠ ʧʦʪʦʢʘ 

ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʦʣʠʚʢʦʚʦʝ ʤʘʩʣʦ. ʏʘʩʪʠʮʳ ʦʣʠʚʢʦʚʦʛʦ ʤʘʩʣʘ ʠʤʝʶʪ ʤʘʣʫʶ ʠʥʝʨʮʠʦʥʥʦʩʪʴ 
ʠ ʭʦʨʦʰʦ ʨʝʛʠʩʪʨʠʨʫʶʪʩʷ ʢʘʤʝʨʘʤʠ PIV-ʩʠʩʪʝʤʳ. ʂʘʤʝʨʘ ʫʩʪʘʥʘʚʣʠʚʘʣʘʩʴ ʟʘ ʢʨʳʣʦʤ, 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʩʢʦʨʦʩʪʠ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʜʫʚʦʢ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʧʦʣʷ ʩʢʦʨʦʩʪʝʡ ʟʘ ʢʨʳʣʦʤ, ʧʦ ʢʦʪʦʨʳʤ ʙʳʣʘ 
ʦʧʨʝʜʝʣʝʥʘ ʛʝʦʤʝʪʨʠʷ ʚʠʭʨʝʡ, ʜʣʷ ʨʘʟʥʳʭ ʫʛʣʦʚ ʘʪʘʢʠ ʢʨʳʣʘ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ 

ʦʙʨʘʙʦʪʢʘ ʜʘʥʥʳʭ ʚʝʣʘʩʴ ʧʦ ʤʛʥʦʚʝʥʥʳʤ ʧʦʣʷʤ ʩʢʦʨʦʩʪʝʡ, ʪʘʢ ʢʘʢ ʬʦʨʤʘ ʠ ʪʨʘʝʢʪʦʨʠʷ 

ʚʠʭʨʷ ʧʦʩʪʦʷʥʥʦ ʤʝʥʷʣʠʩʴ ʠʟ-ʟʘ ʥʝ ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʭʘʨʘʢʪʝʨʘ ʦʙʪʝʢʘʥʠʷ ʧʦʪʦʢʘ.  

Experimental investigation of vortex structure of a finite span wing 

Ledyankin M.A., Mikhaylov S.A., Kusyumov A.N., Stepanov R.P. 

KNRTU, Kazan 

Investigation of tip vortices from wings and rotor blades has always been of interest to 

scientific community, because understanding vortex intensity and its dynamics allows estimating 

induced velocities on the aircraft components and its effect on other aircraft.  
This work presents results of experimental investigation of tip vortices, trailing behind a finite 

span wing. The experiments were carried out in T1-K wind tunnel at KNRTU-KAI named after 

A.N. Tupolev, which has free stream turbulence intensity E 0,5%, wind speeds reaching up to 50 
m/s and diameter of the nozzle 2.25 m. All experiments were carried out at 28 m/s wind speed.  

Experiments were performed on a rectangular wing, which had a constant chord c=7,8mm, 

aspect ratio of 7.8, and rounded TsAGI type wing tips. The wing had a modified Gºttingen 387 
airfoil along its span, with its lower surface being flat. The wing was also painted to matt black 

colour in order to mitigate the light, reflected from the PIV laser.  

The velocity fields were measured using Dantec PIV system. The exposure frequency of the 
laser was set to 8 Hz. An olive oil was used as for seeding the flow, because it has low inertia and 

it can be well captured by a PIV camera. The camera was installed behind the wing, 

perpendicular to the free stream velocity.  
As a result, velocity fields were obtained behind the wing, which were then used to determine 

the shape of vortices, trajectories of wing tip vortices for different angles of attack. It is worth 

noting, that the data analysis was carried out on instantaneous velocity fields, because of vortex 
wandering due to unsteady flow. 
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ʉʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ ʧʨʦʛʨʘʤʤ ʊʆʠʈ ʥʘ ʵʪʘʧʝ ʤʦʜʝʨʥʠʟʘʮʠʠ ʚʦʟʜʫʰʥʳʭ ʩʫʜʦʚ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʝʪʦʜʠʢʠ MSG-3 

ʃʠʬʘʥʦʚ ʀ.ʇ., ɼʦʣʛʫʰʝʚ ɺ.ɻ. 

ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

07.06.2017 ʥʘ ʩʦʚʝʱʘʥʠʠ ʧʦ ʚʦʧʨʦʩʘʤ ʘʚʠʘʩʪʨʦʝʥʠʷ ʚ ʋʣʴʷʥʦʚʩʢʝ ɼ.ɸ. ʄʝʜʚʝʜʝʚ 

ʟʘʷʚʠʣ, ʯʪʦ ʥʘʯʘʪʳ ʨʘʙʦʪʳ ʧʦ ʩʦʟʜʘʥʠʶ ʤʦʜʝʨʥʠʟʠʨʦʚʘʥʥʳʭ ʩʘʤʦʣʸʪʦʚ ʀʣ-114-300 ʠ ʀʣ-

96-400ʄ. ɹʳʣʦ ʦʪʤʝʯʝʥʦ, ʯʪʦ ʩʘʤʦʣʸʪʳ ʜʦʣʞʥʳ ʚʳʠʛʨʳʚʘʪʴ ʚ ʢʦʥʢʫʨʝʥʪʥʦʡ ʙʦʨʴʙʝ. 
ʂʦʥʢʫʨʝʥʪʦʩʧʦʩʦʙʥʦʩʪʴ ʚʦʟʜʫʰʥʳʭ ʩʫʜʦʚ (BC) ʟʘʚʠʩʠʪ, ʧʦʤʠʤʦ ʧʨʦʯʝʛʦ, ʦʪ ʫʩʣʦʚʠʡ 

ʩʠʩʪʝʤʳ ʪʝʭʥʠʯʝʩʢʦʛʦ ʦʙʩʣʫʞʠʚʘʥʠʷ ʠ ʨʝʤʦʥʪʘ (TOʠP) ʠ ʧʦʩʣʝʧʨʦʜʘʞʥʦʛʦ ʦʙʩʣʫʞʠʚʘʥʠʷ, 

ʚʣʠʷʶʱʠʭ ʥʘ ʨʘʟʤʝʨʳ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʭ ʨʘʩʭʦʜʦʚ. 
ɺ ʩʚʷʟʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʠʥʮʠʧʘ ʙʝʟʦʧʘʩʥʦʛʦ ʨʝʩʫʨʩʘ ʧʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ 

ʦʪʝʯʝʩʪʚʝʥʥʳʭ BC ʤʝʪʦʜ ʪʝʭʥʠʯʝʩʢʦʡ ʵʢʩʧʣʫʘʪʘʮʠʠ ʧʦ ʨʝʩʫʨʩʫ ʧʨʠʤʝʥʷʣʩʷ ʚ ʢʘʯʝʩʪʚʝ 

ʦʩʥʦʚʥʦʛʦ. 
ʇʝʨʠʦʜʠʯʥʦʩʪʴ ʧʣʘʥʦʚʳʭ ʨʘʙʦʪ ʧʦ TOʠP ʚʳʙʠʨʘʝʪʩʷ ʩ ʮʝʣʴʶ ʤʠʥʠʤʠʟʘʮʠʠ 

ʝʩʪʝʩʪʚʝʥʥʦʛʦ ʫʭʫʜʰʝʥʠʷ ʫʨʦʚʥʷ ʙʝʟʦʧʘʩʥʦʩʪʠ ʠ ʥʘʜʝʞʥʦʩʪʠ ɺʉ, ʥʝ ʜʦʧʫʩʢʘʷ ʚʳʭʦʜʘ ʟʘ 
ʧʨʝʜʝʣʳ ʥʦʨʤ ʣʝʪʥʦʡ ʛʦʜʥʦʩʪʠ. 

ʈʘʟʨʘʙʦʪʢʘ ʥʦʤʝʥʢʣʘʪʫʨʳ ʜʝʡʩʪʚʠʡ ʧʦ TOʠP ʧʨʦʚʦʜʠʪʩʷ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʘʥʘʣʠʟʘ 

ʩʪʘʪʠʩʪʠʢʠ ʦʪʢʣʦʥʝʥʠʡ ʚ ʨʘʙʦʪʝ ʩʠʩʪʝʤ ʩʘʤʦʣʝʪʘ ʧʨʠ ʧʦʤʦʱʠ ʨʘʟʣʠʯʥʳʭ ʤʝʪʦʜʠʢ, ʚ ʪʦʤ 
ʯʠʩʣʝ ï ʤʝʪʦʜʠʢʠ MSG-3 (Maintenance Steering Group ï 3rd). 

ɻʣʘʚʥʘʷ ʟʘʜʘʯʘ MSG-3 ʘʥʘʣʠʟʘ ï ʩʦʟʜʘʥʠʝ ʥʦʤʝʥʢʣʘʪʫʨʳ ʧʝʨʚʦʥʘʯʘʣʴʥʳʭ ʧʣʘʥʦʚʳʭ 

ʨʘʙʦʪ. ʅʦʤʝʥʢʣʘʪʫʨʘ ʠʩʭʦʜʥʳʭ ʨʘʙʦʪ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʢʘʢ ʦʩʥʦʚʘ ʬʦʨʤʠʨʦʚʘʥʠʷ 
ʧʝʨʚʠʯʥʳʭ ʪʨʝʙʦʚʘʥʠʡ TOʠP ʫ ʵʢʩʧʣʫʘʪʘʥʪʦʚ. ʆʜʥʘʢʦ ʩʫʱʝʩʪʚʫʝʪ ʧʨʦʙʣʝʤʘ ʘʜʘʧʪʘʮʠʠ 

ʠʩʭʦʜʥʳʭ ʪʨʝʙʦʚʘʥʠʡ ʧʦ ʧʣʘʥʦʚʦʤʫ ʦʙʩʣʫʞʠʚʘʥʠʶ ʢ ʨʝʘʣʴʥʳʤ ʫʩʣʦʚʠʷʤ ʵʢʩʧʣʫʘʪʘʮʠʠ ʠ 

ʚʥʝʰʥʝʡ ʩʨʝʜʝ, ʭʘʨʘʢʪʝʨʥʳʭ ʜʣʷ ʢʦʥʢʨʝʪʥʦʡ ʘʚʠʘʢʦʤʧʘʥʠʠ. 
ʈʘʟʨʘʙʦʪʢʘ ʧʨʦʛʨʘʤʤʳ TOʠP ʧʦ ʤʝʪʦʜʠʢʝ MSG-3 ʧʦʟʚʦʣʠʪ: 

1. ʦʧʪʠʤʠʟʠʨʦʚʘʪʴ ʨʝʛʣʘʤʝʥʪʳ TOʠP BC ʚ ʯʘʩʪʠ ʩʦʢʨʘʱʝʥʠʷ ʠʭ ʪʨʫʜʦʝʤʢʦʩʪʠ ʠ 

ʫʚʝʣʠʯʝʥʠʷ ʠʥʪʝʨʚʘʣʦʚ; 
2. ʧʦʚʳʩʠʪʴ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ BC ʧʫʪʝʤ ʫʤʝʥʴʰʝʥʠʷ ʧʨʦʩʪʦʝʚ ʥʘ TOʠP 

ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʪʨʝʙʫʝʤʳʭ ʫʨʦʚʥʝʡ ʥʘʜʝʞʥʦʩʪʠ ʠ ʙʝʟʦʧʘʩʥʦʩʪʠ. 

ɿʘʜʘʯʘ ʠʩʩʣʝʜʦʚʘʥʠʷ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʜʦʩʪʠʞʝʥʠʠ ʥʘʠʙʦʣʴʰʝʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 
ʵʢʩʧʣʫʘʪʘʮʠʠ ʥʘ ʵʪʘʧʝ ʧʨʠʥʷʪʠʷ ʨʝʰʝʥʠʡ ʧʨʠ ʤʦʜʝʨʥʠʟʘʮʠʠ ʘʚʠʘʮʠʦʥʥʦʡ ʪʝʭʥʠʢʠ, ʘ 

ʪʘʢʞʝ ʦʧʨʝʜʝʣʝʥʠʠ ʥʘʧʨʘʚʣʝʥʠʡ, ʚ ʢʦʪʦʨʳʭ ʩʣʝʜʫʝʪ ʠʩʢʘʪʴ ʜʘʥʥʳʝ ʨʝʰʝʥʠʷ. 

Improvement the maintenance programs of MRO at the stage of aircraft modernization 

using the MSG-3 methodology 

Lifanov I.P., Dolgushev V.G. 

MAI, Moscow 

06/07/2017 at a meeting on aircraft construction in Ulyanovsk D.A. Medvedev said that work 

has begun to create modernized aircraft Il-114-300 and Il-96-400M. It was noted that airplanes 

must win in competition. 
The competitiveness of aircraft depends, inter alia, on the conditions of the maintenance, 

repair and operation (MRO) system and after-sales services that affect the operating costs. 

In connection with the use of the principle of a safe resource when designing domestic 
aircraft, the method of technical exploitation of the resource was used as the main one. 

Periodicity of planned works on MRO is selected in order to minimize the natural 

deterioration in the level of safety and reliability of the aircraft, not allowing beyond the norms of 
airworthiness. 

The development of the nomenclature of actions for MRO is based on the analysis of the 

statistics of deviations in the operation of aircraft systems using various techniques, including the 
MSG-3 methodology. 

The main task of MSG-3 analysis is the creation of the nomenclature of initial planned works. 

The nomenclature of initial works is considered as a basis of formation of primary requirements 
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MRO for operators. However, there is a problem of adapting the initial requirements for planned 
maintenance to real operating conditions and the external environment specific to the particular 

airline. 

The development of the MRO program in accordance with the MSG-3 methodology will 
allow: 

1. to optimize the MRO aircraft regulations in terms of reducing their labor intensity and 

increasing the intervals; 
2. increase the intensity of the use of aircraft by reducing downtime on MRO while 

maintaining the required levels of reliability and safety. 

The task of the study is to achieve the greatest efficiency of operation at the decision-making 
stage in the modernization of aviation equipment, and to determine the directions in which these 

solutions should be sought. 

ʈʝʰʝʥʠʝ ʟʘʜʘʯ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʵʣʝʢʪʨʦʠʤʧʫʣʴʩʥʳʭ ʧʨʦʪʠʚʦʦʙʣʝʜʝʥʠʪʝʣʴʥʳʭ 

ʩʠʩʪʝʤ ʜʣʷ ʟʘʱʠʪʳ ʢʦʤʧʦʟʠʪʥʳʭ ʥʝʩʫʱʠʭ ʧʦʚʝʨʭʥʦʩʪʝʡ ʙʝʩʧʠʣʦʪʥʳʭ ʣʝʪʘʪʝʣʴʥʳʭ 

ʘʧʧʘʨʘʪʦʚ 

ʃʦʙʢʦʚʘ ʃ.ɸ. 

ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ɿʘʱʠʪʘ ʦʪ ʦʙʣʝʜʝʥʝʥʠʷ ʙʝʩʧʠʣʦʪʥʳʭ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ (ɹʃɸ) ʙʦʣʴʰʦʡ 
ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ ʧʦʣʝʪʘ ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ ʠ ʠʤʝʝʪ ʨʷʜ ʦʩʦʙʝʥʥʦʩʪʝʡ. 

ʆʛʨʘʥʠʯʝʥʠʝ ʧʦ ʨʘʩʧʦʣʘʛʘʝʤʦʡ ʤʦʱʥʦʩʪʠ ʠʩʢʣʶʯʘʝʪ ʧʨʠʤʝʥʝʥʠʝ ʪʨʘʜʠʮʠʦʥʥʳʭ 

ʵʣʝʢʪʨʦʪʝʧʣʦʚʳʭ ʧʨʦʪʠʚʦʦʙʣʝʜʝʥʠʪʝʣʴʥʳʭ ʩʠʩʪʝʤ. ʇʝʨʩʧʝʢʪʠʚʥʳʤʠ ʩʠʩʪʝʤʘʤʠ ʜʣʷ ɹʃɸ 
ʫʢʘʟʘʥʥʦʛʦ ʪʠʧʘ ʷʚʣʷʶʪʩʷ ʵʣʝʢʪʨʦʠʤʧʫʣʴʩʥʳʝ ʩʠʩʪʝʤʳ (ʧʨʠʤʝʨʳ ɹʃɸ: General Atomics 

Altus, TAI Anka) ʠ ʞʠʜʢʦʩʪʥʳʝ ʩʠʩʪʝʤʳ ʤʘʣʦʛʦ ʨʘʩʭʦʜʘ (ʧʨʠʤʝʨʳ ɹʃɸ: MQ-1 Predator, 

IAI  Heron).  
ɼʣʷ ɹʃɸ çʆʨʠʦʥè, ʨʘʟʨʘʙʘʪʳʚʘʝʤʦʛʦ ʚ ɸʆ çʂʨʦʥʰʪʘʜʪè, ʙʳʣʘ ʩʧʨʦʝʢʪʠʨʦʚʘʥʘ 

ʵʣʝʢʪʨʦʠʤʫʣʴʩʥʘʷ ʧʨʦʪʠʚʦʦʙʣʝʜʝʥʠʪʝʣʴʥʘʷ ʩʠʩʪʝʤʘ (ʕʀ ʇʆʉ) ʚʳʩʦʢʦʡ 

ʵʥʝʨʛʦʵʬʬʝʢʪʠʚʥʦʩʪʠ, ʚʧʝʨʚʳʝ ʚ ʨʦʩʩʠʡʩʢʦʡ ʘʚʠʘʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʧʨʠʤʝʥʷʝʤʘʷ ʚ 
ʫʛʣʝʧʣʘʩʪʠʢʦʚʦʡ ʢʦʥʩʪʨʫʢʮʠʠ. ʕʀ ʇʆʉ ʫʜʘʣʷʝʪ ʣʴʜʦʦʙʨʘʟʦʚʘʥʠʷ ʩ ʧʝʨʝʜʥʠʭ ʢʨʦʤʦʢ 

ʢʨʳʣʘ ʠ ʦʧʝʨʝʥʠʷ ʤʝʪʦʜʦʤ ʩʦʟʜʘʥʠʷ ʠʤʧʫʣʴʩʥʳʭ ʤʝʭʘʥʠʯʝʩʢʠʭ ʜʝʬʦʨʤʘʮʠʡ ʚ ʦʙʰʠʚʢʝ 

ʟʘʱʠʱʘʝʤʦʛʦ ʘʛʨʝʛʘʪʘ. ʋʧʨʫʛʘʷ ʜʝʬʦʨʤʘʮʠʷ ʩʦʟʜʘʝʪʩʷ ʠʤʧʫʣʴʩʦʤ ʩʠʣʳ, ʜʣʠʪʝʣʴʥʦʩʪʴʶ 
250ï500 ʤʢʩ, ʚʦʟʥʠʢʘʶʱʠʤ ʤʝʞʜʫ ʠʟʤʝʥʷʶʱʠʤʩʷ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ ʠʥʜʫʢʪʦʨʦʚ.  

ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʢʦʨʨʝʢʪʥʦʡ ʨʘʙʦʪʳ ʧʨʦʪʠʚʦʦʙʣʝʜʝʥʠʪʝʣʴʥʦʡ ʩʠʩʪʝʤʳ ʩʪʘʚʠʣʘʩʴ 

ʟʘʜʘʯʘ ʦʮʝʥʠʪʴ ʵʥʝʨʛʠʶ ʠʥʜʫʢʪʦʨʘ, ʜʦʩʪʘʪʦʯʥʫʶ ʜʣʷ ʩʙʨʦʩʘ ʣʴʜʘ, ʦʙʝʩʧʝʯʠʚ ʧʨʠ ʵʪʦʤ 
ʧʨʦʯʥʦʩʪʴ ʦʙʰʠʚʢʠ. ɺ ʧʨʦʛʨʘʤʤʥʦʤ ʢʦʤʧʣʝʢʩʝ ʜʣʷ ʧʨʦʯʥʦʩʪʥʦʛʦ ʢʦʥʝʯʥʦ-ʵʣʝʤʝʥʪʥʦʛʦ 

ʘʥʘʣʠʟʘ ʩʣʦʞʥʳʭ ʣʠʥʝʡʥʳʭ ʠ ʥʝʣʠʥʝʡʥʳʭ ʠʥʞʝʥʝʨʥʳʭ ʟʘʜʘʯ çABAQUSè ʙʳʣʘ 

ʩʤʦʜʝʣʠʨʦʚʘʥʘ ʟʘʜʘʯʘ ʚʦʟʜʝʡʩʪʚʠʷ ʇʆʉ ʥʘ ʦʙʰʠʚʢʫ ʥʦʩʢʘ ʢʨʳʣʘ.  
ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʕʀ ʇʆʉ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʩʪʝʥʜʝ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ 

ʦʙʣʝʜʝʥʝʥʠʷ ʚ ʢʣʠʤʘʪʠʯʝʩʢʦʡ ʢʘʤʝʨʝ ʩ ʠʤʠʪʘʮʠʝʡ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ ʚʦ ʌɻʋʇ 

çʎɸɻʀè. ʇʨʝʜʚʘʨʠʪʝʣʴʥʳʤ ʠʩʧʳʪʘʥʠʷʤ ʧʦʜʚʝʨʛʘʣʩʷ ʦʪʩʝʢ ʢʨʳʣʘ, ʦʙʦʨʫʜʦʚʘʥʥʳʡ ʕʀ 
ʇʆʉ. ɺ ʧʨʦʮʝʩʩʝ ʨʘʙʦʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʣʠʷʥʠʷ ʩʢʦʨʦʩʪʠ, ʪʝʤʧʝʨʘʪʫʨʳ ʠ 

ʚʦʜʥʦʩʪʠ ʚʦʟʜʫʰʥʦʛʦ ʧʦʪʦʢʘ ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʕʀ ʇʆʉ. ɺ ʨʝʟʫʣʴʪʘʪʝ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʙʦʪʳ 

ʧʨʦʪʠʚʦʦʙʣʝʜʝʥʠʪʝʣʴʥʦʡ ʩʠʩʪʝʤʳ ɹʃɸ ʥʘ ʨʘʟʣʠʯʥʳʭ ʨʝʞʠʤʘʭ ʧʦʣʝʪʘ. 

ɸʤʧʣʠʪʫʜʘ ʧʝʨʝʤʝʱʝʥʠʡ, ʠʟʤʝʨʝʥʥʘʷ ʚ ʤʦʤʝʥʪ ʩʨʘʙʘʪʳʚʘʥʠʷ ʩʠʩʪʝʤʳ ʩ ʧʦʤʦʱʴʶ 

ʣʘʟʝʨʥʳʭ ʪʨʠʘʥʛʫʣʷʮʠʦʥʥʳʭ ʜʘʪʯʠʢʦʚ, ʢʦʨʨʝʣʠʨʫʝʪ ʩ ʨʘʩʯʝʪʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ, 
ʧʦʣʫʯʝʥʥʳʤʠ ʥʘ ʦʩʥʦʚʘʥʠʠ ʢʦʥʝʯʥʦ-ʵʣʝʤʝʥʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʕʪʦ ʧʦʟʚʦʣʠʪ ʚ 

ʜʘʣʴʥʝʡʰʝʤ ʩʦʢʨʘʪʠʪʴ ʩʨʦʢʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʠ ʠʩʧʳʪʘʥʠʡ ʩʠʩʪʝʤʳ. 



41 

 

Solving the problems of designing electro-impulse de-icing systems for protection 

composite lifting surfaces of unmanned aerial vehicles 

Lobkova L.A. 

MAI, M oscow 

Protection from icing of unmanned aerial vehicles (UAVs) of long duration of flight is an urgent 

task and has some features. The limitation on the available power excludes the use of traditional 

electrothermal de-icing systems. Perspective systems for UAVs of this type are electro-impulse de-
icing systems (examples of UAVs: General Atomics Altus, TAI Anka) and liquid low-flow systems 

(examples of UAVs: MQ-1 Predator, IAI Heron). 

For UAV Orion, developed at JSC Kronshtadt, an electro-impulse de-icing system (EI DIS) with 
high energy efficiency was designed, for the first time in the Russian aviation industry used in the 

carbon fiber structure. EI DIS removes ice formations from the leading edges of the wing and tail 

plane by creating impulse mechanical deformations in the skin of the protected unit. Elastic 
deformation is created by a force pulse, with a duration of 250-500 ɛs, which arises between the 

changing magnetic field of the inductors. 
To ensure the correct operation of the anti-icing system, the task was to estimate the inductor 

energy sufficient to discharge ice, while ensuring the strength of the skin. In the program complex 

for the strength finite element analysis of complex linear and nonlinear engineering problems 
ñABAQUSò, the problem of the DIS impact on the flap sock was simulated. 

Experimental studies of the EI DIS were carried out at simulated icing stand in a climate 

chamber with an imitation of an oncoming flow at Central aerohydrodynamic institute. Preliminary 
tests were carried out on the wing compartment equipped with an EI DIS. In the course of the work, 

the influence of the speed, temperature and water flow of the air flow on the efficiency of the EI 

DIS was studied. As a result of the research, the performance characteristics of the anti-icing 
system of UAVs at various flight regimes were obtained. 

The displacement amplitude, measured at the moment of system triggering using laser 

triangulation sensors, correlates with the calculated values obtained on the basis of finite element 
simulation. This will further reduce the time required for designing and testing the system. 

ɺʳʙʦʨ ʧʘʨʘʤʝʪʨʦʚ ʥʝʩʫʱʝʡ ʩʠʩʪʝʤʳ ʛʨʫʟʦʚʦʛʦ ʩʘʤʦʣʸʪʘ ʥʘ ʦʩʥʦʚʝ 

ʤʥʦʛʦʜʠʩʮʠʧʣʠʥʘʨʥʦʛʦ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʂʦʤʘʨʦʚ ɺ.ɸ., ʃʫʢʴʷʥʦʚ ʆ.ɽ., ʂʣʠʤʦʚ ɽ.ɸ. 

ʉʘʤʘʨʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʛ. ʉʘʤʘʨʘ 

ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥʘ ʤʝʪʦʜʠʢʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʛʝʦʤʝʪʨʠʯʝʩʢʦʛʦ ʦʙʣʠʢʘ ʩʘʤʦʣʸʪʘ 
ʪʨʘʥʩʧʦʨʪʥʦʡ ʢʘʪʝʛʦʨʠʠ ʥʘ ʦʩʥʦʚʝ ʧʨʦʝʢʪʥʦʡ ʧʘʨʘʜʠʛʤʳ çʊʦʯʥʦʛʦ ʧʦʧʘʜʘʥʠʷè ʩ 

ʦʜʥʦʚʨʝʤʝʥʥʳʤ ʫʯʸʪʦʤ ʚʝʩʦʚʦʡ ʠ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ. ʊʝʭʥʦʣʦʛʠʯʝʩʢʠʤʠ 

ʠʥʩʪʨʫʤʝʥʪʘʤʠ ʤʝʪʦʜʠʢʠ ʚʳʩʪʫʧʘʶʪ ʤʥʦʛʦʜʠʩʮʠʧʣʠʥʘʨʥʦʝ ʤʘʪʝʤʘʪʠʯʝʩʢʦʝ 
ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʚʳʩʦʢʦʛʦ ʫʨʦʚʥʷ, ʘʣʛʦʨʠʪʤʳ ʪʦʧʦʣʦʛʠʯʝʩʢʦʡ ʦʧʪʠʤʠʟʘʮʠʠ, ʤʝʪʦʜʳ 

ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʥʝʣʠʥʝʡʥʦʛʦ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ.  

ɺ ʨʘʙʦʪʝ ʧʨʝʜʣʦʞʝʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʢʦʥʮʝʧʮʠʶ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʩʠʥʪʝʟʘ ʢʦʤʧʦʥʦʚʢʠ 
ʩʘʤʦʣʸʪʘ çʦʪ ʬʶʟʝʣʷʞʘè, ʧʦʩʪʘʚʠʚ ʥʘ ʧʝʨʚʦʝ ʤʝʩʪʦ ʵʪʘʧ ʦʧʨʝʜʝʣʝʥʠʷ ʛʝʦʤʝʪʨʠʯʝʩʢʦʛʦ 

ʦʙʣʠʢʘ ʬʶʟʝʣʷʞʘ, ʘ ʪʘʢʞʝ ʤʘʩʩʳ ʝʛʦ ʢʦʥʩʪʨʫʢʮʠʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʭʘʨʘʢʪʝʨʘ, ʛʘʙʘʨʠʪʦʚ ʠ 

ʤʘʩʩʳ ʧʦʣʝʟʥʦʡ ʥʘʛʨʫʟʢʠ, ʘ ʪʘʢʞʝ ʚʝʣʠʯʠʥʳ ʥʘʜʜʫʚʘ ʚ ʛʨʫʟʦʚʦʡ ʢʘʙʠʥʝ. ɿʘʪʝʤ 
ʚʳʧʦʣʥʷʶʪʩʷ ʦʧʝʨʘʮʠʠ ʧʦ ʧʦʠʩʢʫ ʨʘʮʠʦʥʘʣʴʥʳʭ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʥʝʩʫʱʝʡ 

ʩʠʩʪʝʤʳ ʩʘʤʦʣʸʪʘ (ʢʨʳʣʘ ʠ ʦʧʝʨʝʥʠʷ) ʧʦʜ ʧʦʣʫʯʝʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʬʶʟʝʣʷʞʘ ʠ 

ʟʘʜʘʥʥʳʝ ʠʩʭʦʜʥʳʝ ʜʘʥʥʳʝ ʩ ʢʦʤʧʣʝʢʩʥʳʭ ʫʯʸʪʦʤ ʚʝʩʦʚʦʡ ʠ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʡ 
ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʣʝʪʘʪʝʣʴʥʦʛʦ ʘʧʧʘʨʘʪʘ ʚ ʮʝʣʦʤ. 

ɼʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʚʳʙʦʨʘ ʦʧʪʠʤʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʢʦʤʧʦʥʦʚʢʠ ʩʘʤʦʣʸʪʘ ʚ ʪʝʨʤʠʥʘʭ 

ʥʝʣʠʥʝʡʥʦʛʦ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ ʤʝʪʦʜʠʢʘ ʧʨʝʜʫʩʤʘʪʨʠʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 
ʨʘʟʣʠʯʥʳʭ ʢʦʤʧʣʝʢʩʥʳʭ ʢʨʠʪʝʨʠʝʚ ʢʘʯʝʩʪʚʘ ï ʫʥʠʚʝʨʩʘʣʴʥʳʭ ʩʚʸʨʪʦʢ, ʥʘʧʨʠʤʝʨ, ʚʟʣʸʪʥʘʷ 

ʤʘʩʩʘ m0 ʠʣʠ ʪʦʧʣʠʚʥʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ b. ʄʘʪʝʤʘʪʠʯʝʩʢʘʷ ʟʘʧʠʩʴ ʢʨʠʪʝʨʠʷ m0 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʯʝʨʝʟ ʫʨʘʚʥʝʥʠʝ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʩʘʤʦʣʸʪʘ. ʏʣʝʥʳ ʫʨʘʚʥʝʥʠʷ 
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ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ ʚʳʩʦʢʦʛʦ 
ʫʨʦʚʥʷ ʠʟ ʨʘʟʥʳʭ ʧʨʝʜʤʝʪʥʳʭ ʦʙʣʘʩʪʝʡ. ʈʘʩʯʸʪ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʧʨʦʠʟʚʦʜʠʪʩʷ ʤʝʪʦʜʦʤ ʜʠʩʢʨʝʪʥʳʭ ʚʠʭʨʝʡ (ʄɼɺ). ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʤʘʩʩʳ ʢʦʥʩʪʨʫʢʮʠʠ 

ʧʣʘʥʝʨʘ ʩʘʤʦʣʸʪʘ ʠʩʧʦʣʴʟʦʚʘʥ ʠʥʪʝʛʨʘʣʴʥʳʡ ʢʨʠʪʝʨʠʡ çʉʠʣʦʚʦʡ ʬʘʢʪʦʨè. ʇʨʠ ʚʳʙʦʨʝ 
ʦʙʣʠʢʘ ʥʝʩʫʱʝʡ ʩʠʩʪʝʤʳ ʩʘʤʦʣʸʪʘ ʤʝʪʦʜʠʢʘ ʧʨʝʜʫʩʤʘʪʨʠʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʫʯʸʪʘ ʚʣʠʷʥʠʷ 

ʫʧʨʫʛʠʭ ʜʝʬʦʨʤʘʮʠʡ ʢʨʳʣʘ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʘʤʦʣʸʪʘ. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʫʧʨʫʛʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʢʨʳʣʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʘʣʛʦʨʠʪʤ ʪʦʧʦʣʦʛʠʯʝʩʢʦʡ ʦʧʪʠʤʠʟʘʮʠʠ ʥʘ ʦʩʥʦʚʝ 
ʤʦʜʝʣʠ ʪʝʣʘ ʧʝʨʝʤʝʥʥʦʡ ʧʣʦʪʥʦʩʪʠ.  

ʈʘʙʦʪʘ ʤʝʪʦʜʠʢʠ ʧʦʢʘʟʘʥʘ ʥʘ ʧʨʠʤʝʨʝ ʨʝʰʝʥʠʷ ʜʝʤʦʥʩʪʨʘʮʠʦʥʥʦʡ ʟʘʜʘʯʠ. 

The parameters choice of the cargo plane carrier system using multidisciplinary 

mathematical modeling 

Komarov V.A., Lukyanov O.E., Klimov E.A. 

Samara University, Samara 

The article describes the conceptual design technique of cargo category aircraft using design 

paradigm ñConcurrent Designò with simultaneous accounting of weight and aerodynamic 
efficiency. As technology tools of technique are multidisciplinary high level mathematical 

modeling, topology optimization algorithms and nonlinear programming methods. 

In article it is offered to use the concept of consecutive aircraft configuration synthesis "from 
fuselage", having put on the first place the stage of fuselage conceptual design and mass of its 

construction depending on character, dimensions of cargo and payload mass and pressurization 

size in cargo cabin. Then recovery operations of multidisciplinary optimization of geometrical 
parameters of the aircraft carrier system (wing and tail), taking into account the received 

characteristics of fuselage and the benchmark data with complex accounting of weight and 

aerodynamic efficiency of the aircraft in general. 
For the aircraft configuration optimization in nonlinear programming terms the technique 

provides using of different complex criteria ï universal convolutions, for example, the take-off 

weight m0 or fuel efficiency b. Mathematical notation of criterion of m0 is the airplane existence 
equation. Members of this equation are calculated using high level mathematical models. 

Calculation of aerodynamic characteristics is made using the discrete vortex method. For 

calculating of airframe structure weight was used the integral criterion ñCaring Load Factorò. 
The methodology provides possibility of taking note of elastic deformations of wing on 

characteristics of the aircraft. The algorithm of topological optimization on the basis of variable 

density model is used for obtaining wing elastic characteristics. 
The methodology shown in the example solution demonstration tasks.  

ʆʧʨʝʜʝʣʝʥʠʝ ʥʘʧʨʷʞʸʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʤʷʛʢʠʭ ʪʦʧʣʠʚʥʳʭ ʙʘʢʦʚ 

ʘʚʘʨʠʝʩʪʦʡʢʠʭ ʪʦʧʣʠʚʥʳʭ ʩʠʩʪʝʤ 

ɸʚʝʨʴʷʥʦʚ ʀ.ʆ., ʂʦʨʦʣʸʚʘ ʖ.ɻ., ʄʘʢʦʚʝʮʢʠʡ ʄ.ɹ. 

ʊʝʭʥʦʜʠʥʘʤʠʢʘ, ʛ. ʄʦʩʢʚʘ 

ʆʜʥʦʡ ʠʟ ʦʩʥʦʚʥʳʭ ʟʘʜʘʯ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʘʚʘʨʠʝʩʪʦʡʢʦʡ ʪʦʧʣʠʚʥʦʡ ʩʠʩʪʝʤʳ ʷʚʣʷʝʪʩʷ 
ʟʘʜʘʯʘ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʤʷʛʢʠʭ ʪʦʧʣʠʚʥʳʭ ʙʘʢʦʚ (ʄʊɹ). ʄʊɹ ʠʟʛʦʪʘʚʣʠʚʘʶʪʩʷ ʠʟ 

ʨʝʟʠʥʦʪʢʘʥʝʚʦʛʦ ʤʘʪʝʨʠʘʣʘ ʩ ʞʸʩʪʢʠʤ ʢʦʨʜʦʤ. ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʜʦʩʪʘʪʦʯʥʦʡ ʧʨʦʯʥʦʩʪʠ 

ʤʘʪʝʨʠʘʣʘ, ʘ ʪʘʢʞʝ ʤʠʥʠʤʠʟʘʮʠʠ ʝʛʦ ʚʝʩʘ, ʥʘ ʦʩʥʦʚʘʥʠʠ ʜʝʡʩʪʚʫʶʱʠʭ ʚ ʤʘʪʝʨʠʘʣʝ 
ʥʘʧʨʷʞʝʥʠʡ, ʧʦʜʙʠʨʘʶʪʩʷ ʚʦʣʦʢʥʘ ʠ ʩʭʝʤʘ ʧʣʝʪʝʥʠʷ ʪʢʘʥʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʦʩʥʦʚʝ 

ʤʝʪʦʜʠʢ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʄʊɹ ʣʝʞʘʪ ʤʝʭʘʥʠʯʝʩʢʠʝ ʨʘʩʯʸʪʳ [1], ʧʦʟʚʦʣʷʶʱʠʝ ʦʧʨʝʜʝʣʠʪʴ 

ʥʘʧʨʷʞʸʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʝ ʩʦʩʪʦʷʥʠʝ (ʅɼʉ) ʢʦʥʩʪʨʫʢʮʠʠ ʙʘʢʦʚ. 
ʆʩʥʦʚʥʳʝ ʨʘʩʯʸʪʥʳʝ ʩʣʫʯʘʠ ʬʦʨʤʠʨʫʶʪʩʷ ʠʟ ʪʨʝʙʦʚʘʥʠʡ ʩʪʦʡʢʦʩʪʠ ʪʦʧʣʠʚʥʦʡ 

ʩʠʩʪʝʤʳ ʢ ʨʘʟʨʫʰʝʥʠʶ ï ɸʇ-29, ʨʘʟʜʝʣ 29.952. ʉʦʛʣʘʩʥʦ ʧʫʥʢʪʫ (a) ʪʨʝʙʫʝʪʩʷ 

ʩʧʨʦʝʢʪʠʨʦʚʘʪʴ ʙʘʢ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʥʝ ʜʦʧʫʩʪʠʪʴ ʫʪʝʯʢʠ ʪʦʧʣʠʚʘ ʧʨʠ ʧʘʜʝʥʠʠ ʩ 
ʟʘʜʘʥʥʦʡ ʚʳʩʦʪʳ. ʇʨʠ ʵʪʦʤ ʜʦʧʫʩʢʘʝʪʩʷ ʚʦʟʤʦʞʥʦʝ ʦʪʢʣʦʥʝʥʠʷ ʙʘʢʘ ʧʨʠ ʧʨʠʟʝʤʣʝʥʠʠ ʜʦ 

10 ʛʨʘʜʫʩʦʚ. ɺ ʧʫʥʢʪʝ (b) ʦʧʨʝʜʝʣʝʥʳ ʜʝʡʩʪʚʫʶʱʠʝ ʠʥʝʨʮʠʦʥʥʳʝ ʥʘʛʨʫʟʢʠ. 



43 

 

ɼʣʷ ʨʘʩʯʸʪʘ ʅɼʉ ʢʦʥʩʪʨʫʢʮʠʠ ʠʩʧʦʣʴʟʫʶʪʩʷ ʢʦʥʝʯʥʦ-ʵʣʝʤʝʥʪʥʳʝ ʧʨʦʛʨʘʤʤʥʳʝ 
ʢʦʤʧʣʝʢʩʳ, ʨʝʘʣʠʟʫʶʱʠʝ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʷʚʥʦʡ ʜʠʥʘʤʠʢʠ. ʆʩʥʦʚʥʦʡ ʩʣʦʞʥʦʩʪʴʶ 

ʧʦʣʫʯʝʥʠʷ ʨʝʰʝʥʠʷ ʷʚʣʷʝʪʩʷ ʪʦ ʦʙʩʪʦʷʪʝʣʴʩʪʚʦ, ʯʪʦ ʄʊɹ ʥʘʧʦʣʥʝʥʳ ʞʠʜʢʦʩʪʴʶ. ɼʣʷ 

ʨʝʰʝʥʠʷ ʜʘʥʥʦʡ ʟʘʜʘʯʠ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʘʣʛʦʨʠʪʤ FSI (Fluid Structure Interaction) ï ʘ ʠʤʝʥʥʦ 
ʤʝʪʦʜ ALE (Arbitary Lagrange Euler). ɼʣʷ ʨʝʰʝʥʠʷ ʜʠʥʘʤʠʯʝʩʢʦʡ ʟʘʜʘʯʠ ï ʫʜʘʨʥʳʝ 

ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʢʦʥʩʪʨʫʢʮʠʶ ʚ ʨʝʟʫʣʴʪʘʪʝ ʩʙʨʦʩʘ ï ʚ ʢʘʯʝʩʪʚʝ ʢʨʠʪʝʨʠʷ ʧʨʦʯʥʦʩʪʠ 

ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʝʬʦʨʤʘʮʠʡ. ɼʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʩʪʘʪʠʯʝʩʢʦʡ ʧʨʦʯʥʦʩʪʠ 
ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʪʘ ʞʝ ʤʦʜʝʣʴ ʩ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʚʚʝʜʸʥʥʳʤ ʜʝʤʧʬʠʨʦʚʘʥʠʝʤ. 

ʇʨʦʚʝʜʸʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʩʙʨʦʩʫ ʙʘʢʦʚ ʧʦʢʘʟʘʣʠ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦʝ ʩʦʚʧʘʜʝʥʠʝ 

ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʨʘʩʯʸʪʦʚ. ʆʜʥʘʢʦ ʘʥʘʣʠʟ ʨʘʩʯʸʪʥʳʭ ʟʥʘʯʝʥʠʡ ʅɼʉ ʢʦʥʩʪʨʫʢʮʠʠ ʧʦʟʚʦʣʠʣ 
ʚʳʷʚʠʪʴ ʦʧʘʩʥʳʝ ʟʦʥʳ ʢʦʥʩʪʨʫʢʮʠʠ ʄʊɹ, ʧʨʦʧʫʱʝʥʥʳʝ ʧʨʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʧʨʦʚʝʨʢʝ, 

ʚ ʪʦʤ ʯʠʩʣʝ ʚ ʚʠʜʫ ʥʝʚʦʟʤʦʞʥʦʩʪʠ ʚʦʩʧʨʦʠʟʚʝʜʝʥʠʷ ʥʝʢʦʪʦʨʳʭ ʨʘʩʯʸʪʥʳʭ ʩʣʫʯʘʝʚ. 

ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʧʨʦʚʝʜʸʥʥʳʭ ʨʘʙʦʪ ʤʦʞʥʦ ʟʘʢʣʶʯʠʪʴ ʦ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 
ʧʦʜʭʦʜʦʚ ʮʠʬʨʦʚʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʨʠ ʦʧʨʝʜʝʣʝʥʠʠ ʅɼʉ ʤʷʛʢʠʭ 

ʪʦʧʣʠʚʥʳʭ ʙʘʢʦʚ ʘʚʘʨʠʝʩʪʦʡʢʠʭ ʩʠʩʪʝʤ. 
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Stress-strain statement definition for soft tanks crash resistant fuel systems 

Averyanov I.O., Koroleva Yu.G., Makoveckiy M.B. 

Technodinamika, Moscow 

Soft fuel tanks (SFT) development task is one of the most important tasks in the process of 
helicopters crash resistant fuel systems development. SFT is made from rubber-fabric material 

with rigid chord. To satisfy strength requirements and optimize the material weight we find fibers 

and develop the scheme of their weaving. Thatôs why all the methods of SFT development are 
based on mechanical calculations [1], that allow us to define stress-strain statements (SSS) of the 

tanks material. 

Almost all the load cases are based on the AP-29/chapter 29.952 requirements, that require the 
fuel systems to be strength enough to resist the specified loads. According the point (a) we 

should make the tanks quite strength to drop them from specified height without any leakage. 

The requirements also allow the deviation up to 10 degrees during the tanks landing. Point (b) of 
the requirements shows the acting inertial loads. 

To calculate SSS of the structure we use CAE software with explicit dynamics module. The 

most difficult thing is that the tanks are filled by liquid. To calculate this task we use FSI (Fluid 
Structure Interaction) algorithms ï ALE (Arbitrary Lagrangian Eulerian) method. For dynamic 

load cases ï in case of dropping ï we use Von Mises Strength as failure criteria. For static load 

cases we use the same model with additional damping. 
Our experimental data - when we drop the real fuel system ï shows good correlation with 

calculation results. Analysis of all the calculation results shows that there are many critical places 

in the structure that were not define during the experimental tests. In most of cases, the reason is 

that there is no possible to make experiment for some load cases. 

Based on our research we can conclude that it is necessary to use experiment numerical 

modelling to define the real stress-strain statement for soft fuel tanks of helicopter crash resistant 
fuel systems. 
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ʆʮʝʥʢʘ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʧʨʦʬʠʣʷ NASA 

lrn1015 ʩ ʚʨʘʱʘʶʱʠʤʩʷ ʮʠʣʠʥʜʨʦʤ ʧʝʨʝʜʥʝʛʦ ʢʨʘʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʠʩʧʳʪʘʥʠʡ 

CFD ʠ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʡ ʪʨʫʙʳ 

ʄʘʥʠʰ ʂʫʤʘʨ ʇʘʥʯʘʣ 
ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ʎʝʣʴʶ ʵʪʦʡ ʨʘʙʦʪʳ ʙʳʣʦ ʦʮʝʥʠʪʴ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʧʨʦʬʠʣʷ NASA lrn1015 ʩ ʚʨʘʱʘʶʱʠʤʩʷ ʮʠʣʠʥʜʨʦʤ ʥʘ ʝʛʦ ʧʝʨʝʜʥʝʤ 
ʢʨʘʝ. ʆʩʥʦʚʥʳʤʠ ʟʘʜʘʯʘʤʠ ʵʪʦʛʦ ʷʚʣʷʶʪʩʷ: 

1. ʋʚʝʣʠʯʠʪʴ ʟʥʘʯʝʥʠʝ ʧʦʜʲʝʤʥʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ (CL) ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʧʨʦʬʠʣʷ. 

2. ʋʚʝʣʠʯʠʪʴ ʟʥʘʯʝʥʠʝ ʨʘʙʦʯʝʛʦ ʫʛʣʘ ʘʪʘʢʠ (Ŭ) ʜʣʷ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʧʨʦʬʠʣʷ. 
3. ʀʟʙʝʞʠʪʴ ʠʣʠ ʟʘʜʝʨʞʠʚʘʪʴ ʨʘʟʜʝʣʝʥʠʝ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʧʦʜ ʚʳʩʦʢʠʤ ʫʛʣʦʤ 

ʘʪʘʢʠ (Ŭ). 

ʅʘ ʧʝʨʚʳʭ ʵʪʘʧʘʭ ʨʘʙʦʪʳ ʙʳʣ ʧʨʦʚʝʜʝʥ CFD-ʘʥʘʣʠʟ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʧʨʦʬʠʣʷ 
NASA lrn1015 ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚʨʘʱʘʶʱʝʛʦʩʷ ʮʠʣʠʥʜʨʘ ʥʘ ʝʛʦ ʧʝʨʝʜʥʝʤ ʢʨʘʝ. ʆʩʥʦʚʥʘʷ 

ʮʝʣʴ ʟʘʢʣʶʯʘʣʘʩʴ ʚ ʠʟʫʯʝʥʠʠ ʚʣʠʷʥʠʷ ʧʦʪʦʢʘ ʥʘ ʵʪʦʪ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʡ ʧʨʦʬʠʣʴ ʙʝʟ 

ʢʘʢʠʭ-ʣʠʙʦ ʤʦʜʠʬʠʢʘʮʠʡ. 

ɿʘʪʝʤ ʠʟʫʯʠʪʴ ʚʣʠʷʥʠʝ ʧʦʪʦʢʘ ʥʘ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʡ ʢʦʨʧʫʩ ʩ ʚʨʘʱʘʶʱʠʤʩʷ ʮʠʣʠʥʜʨʦʤ 

ʥʘ ʝʛʦ ʧʝʨʝʜʥʝʤ ʢʨʘʝ ʩ ʨʘʟʥʦʡ ʩʢʦʨʦʩʪʴʶ ʚʨʘʱʝʥʠʷ (ɋ). 
ʇʨʦʮʝʜʫʨʘ ʧʨʦʚʦʜʠʣʘʩʴ ʧʦʜ ʨʘʟʥʳʤʠ ʫʛʣʘʤʠ ʘʪʘʢʠ ʠ ʘʥʘʣʠʟʠʨʦʚʘʣʩʷ ʵʬʬʝʢʪ ʚʨʘʱʝʥʠʷ 

ʮʠʣʠʥʜʨʘ ʥʘ ʧʦʪʦʢ. 

ɺʪʦʨʦʡ ʵʪʘʧ ʨʘʙʦʪʳ ï ʠʩʧʳʪʘʥʠʝ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʡ ʪʨʫʙʳ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʙʳʣʘ 
ʠʟʛʦʪʦʚʣʝʥʘ ʠʩʧʳʪʘʪʝʣʴʥʘʷ ʤʦʜʝʣʴ ʜʝʨʝʚʷʥʥʦʛʦ ʘʵʨʦʟʦʣʷ NASA lrn1015. ɺʨʘʱʘʶʱʠʡʩʷ 

ʮʠʣʠʥʜʨ ʙʳʣ ʫʩʪʘʥʦʚʣʝʥ ʥʘ ʧʝʨʝʜʥʝʡ ʢʨʦʤʢʝ. ɿʘʟʦʨ ʤʝʞʜʫ ʮʠʣʠʥʜʨʦʤ ʠ 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʤ ʩʣʦʝʤ ʥʘ ʧʝʨʝʜʥʝʡ ʢʨʦʤʢʝ ʙʳʣ ʤʘʢʩʠʤʘʣʴʥʦ ʫʤʝʥʴʰʝʥ, ʯʪʦʙʳ 
ʫʤʝʥʴʰʠʪʴ ʣʶʙʦʝ ʠʟʤʝʥʝʥʠʝ ʧʦʪʦʢʘ ʚʥʫʪʨʠ ʧʦʣʦʩʪʠ. ʄʦʜʝʣʴ ʙʳʣʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

ʠʩʩʣʝʜʦʚʘʥʘ ʚ ʥʠʟʢʦʩʢʦʨʦʩʪʥʳʭ ʪʫʥʥʝʣʷʭ ʩ ʥʠʟʢʦʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʴʶ. ʅʘʨʝʟʢʘ ʜʘʚʣʝʥʠʷ 

ʜʣʷ ʨʘʩʯʝʪʘ ʜʘʚʣʝʥʠʷ ʧʨʦʚʦʜʠʣʘʩʴ ʚ ʩʝʨʝʜʠʥʝ ʫʯʘʩʪʢʘ ʤʦʜʝʣʠ. ʅʘʧʦʨʥʫʶ ʣʝʥʪʫ 
ʫʩʪʘʥʘʚʣʠʚʘʣʠ ʥʘ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘ ʚʝʨʭʥʝʡ ʠ ʥʠʞʥʝʡ ʧʦʚʝʨʭʥʦʩʪʷʭ ʚ 

ʨʘʚʥʦʡ ʧʨʦʧʦʨʮʠʠ. 

ʈʝʟʫʣʴʪʘʪʦʤ ʧʨʦʜʝʣʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʦʙʝʩʧʝʯʝʥʠʝ ʩʠʩʪʝʤʳ, ʢʦʪʦʨʘʷ ʤʦʞʝʪ ʙʳʪʴ 
ʘʣʴʪʝʨʥʘʪʠʚʥʳʤ ʠ ʵʬʬʝʢʪʠʚʥʳʤ ʚʘʨʠʘʥʪʦʤ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʙʳʯʥʳʤʠ 

ʚʳʩʦʢʦʧʦʜʲʝʤʥʳʤʠ ʫʩʪʨʦʡʩʪʚʘʤʠ ʠ ʫʩʪʨʦʡʩʪʚʘʤʠ, ʠʩʧʦʣʴʟʫʝʤʳʤʠ ʜʣʷ ʟʘʜʝʨʞʢʠ ʠʣʠ 

ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʨʘʟʜʝʣʝʥʠʷ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʠ ʤʝʪʦʜʦʣʦʛʠʠ ʩʦʟʜʘʥʠʷ ʧʦʜʦʙʥʦʡ 
ʩʠʩʪʝʤʳ ʜʣʷ ʣʶʙʦʛʦ ʜʨʫʛʦʛʦ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʧʨʦʬʠʣʷ. 

Estimation of aerodynamic characteristics of a NASA lrn1015 aerofoil with a leading 

edge rotating cylinder using CFD and wind tunnel testing 

Manish Kumar Panchal 

MAI, Moscow 

The purpose of this work was to estimate the aerodynamic characteristics of a NASA lrn1015 
aerofoil with a rotating cylinder at the leading edge of it. The main objectives of this are: 

1. Increase the value of coefficient lift (CL) of the aerofoil. 

2. Increase the value of operational angle of attack(Ŭ) for the aerofoil. 
3. Avoid or delay the separation of boundary layer at high angle of attack(Ŭ). 

The work was carried out in two stages:  

1. Using CFD tools. 
2. Wind tunnel testing. 

The first stages of the work was the CFD analysis of NASA lrn1015 aerofoil was done 

without using any rotating cylinder at itôs leading edge. The main aim was to study the effect of 
flow over this aerofoil under no modification carried out. 

Then, study the effect of flow over the aerofoil with rotating cylinder at itôs leading edge with 

different rotational velocity(Ý). 
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The procedure was carried out at different angle of attack and effect of rotating cylinder to the 
flow was analyzed. 

The second stage of the work was the wind tunnel testing. In this, the test model a wooden 

made NASA lrn1015 aerofoil was fabricated. A rotating cylinder was mounted on leading edge. 
The gap between cylinder and aerofoil at the leading edge was reduced as much as possible to 

reduce any flow reversal inside the cavity. The model was experimented in low speed, low 

turbulence wind tunnel. The pressure taping for pressure calculation was carried out at mid-
section of the model. Pressure taping were placed on the aerofoil at upper and lower surface in 

equal proportion. 

The result of the work done is to provide the system, which can be an alternate and efficient 
option in comparison to conventional high lift devices and devices used for delaying or avoid the 

boundary layer separation and methodology of creating a similar system for any other aerofoil. 

ʇʨʦʛʥʦʟ ʪʦʯʥʦʩʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʙʝʩʧʣʘʪʬʦʨʤʝʥʥʦʡ ʠʥʝʨʮʠʘʣʴʥʦʡ ʥʘʚʠʛʘʮʠʦʥʥʦʡ 

ʩʠʩʪʝʤʳ ʚ ʟʘʜʘʯʝ ʠʥʬʦʨʤʘʮʠʦʥʥʦʡ ʧʦʜʜʝʨʞʢʠ ʵʢʠʧʘʞʘ 

ʄʘʨʢʝʣʦʚ ɺ.ɺ., ɻʫʨʴʷʥʦʚ ɸ.ɺ., ʐʫʢʘʣʦʚ ɸ.ɺ., ɾʘʨʠʥʦʚ ʀ.ʆ., ʂʦʩʪʠʰʠʥ ʄ.ʆ. 

ʆʂɹ çʕʣʝʢʪʨʦʘʚʪʦʤʘʪʠʢʘè, ʋʥʠʚʝʨʩʠʪʝʪ ʀʊʄʆ, ʛ. ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ 

ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʚʘʨʠʘʥʪ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʨʝʘʣʠʟʘʮʠʠ ʧʨʦʛʥʦʟʘ ʪʦʯʥʦʩʪʥʳʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʙʝʩʧʣʘʪʬʦʨʤʝʥʥʦʡ ʠʥʝʨʮʠʘʣʴʥʦʡ ʥʘʚʠʛʘʮʠʦʥʥʦʡ ʩʠʩʪʝʤʳ (ɹʀʅʉ) ʚʦ 
ʚʨʝʤʝʥʠ.  

ɸʢʪʫʘʣʴʥʦʩʪʴ ʧʦʩʪʘʚʣʝʥʥʦʡ ʟʘʜʘʯʠ ʦʙʫʩʣʦʚʣʝʥʘ ʚʥʝʜʨʝʥʠʝʤ ʥʦʚʦʡ ʢʦʥʮʝʧʮʠʠ 

ʥʘʚʠʛʘʮʠʠ ʧʠʣʦʪʠʨʫʝʤʳʭ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ, ʧʨʝʜʫʩʤʘʪʨʠʚʘʶʱʝʡ ʦʧʨʝʜʝʣʝʥʠʝ 
ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʚʦʟʤʦʞʥʦʩʪʝʡ ʙʦʨʪʦʚʦʛʦ ʥʘʚʠʛʘʮʠʦʥʥʦʛʦ ʢʦʤʧʣʝʢʩʘ, ʥʝʦʙʭʦʜʠʤʳʭ ʜʣʷ 

ʚʳʧʦʣʥʝʥʠʷ ʧʦʣʸʪʦʚ ʚ ʢʦʥʪʝʢʩʪʝ ʢʦʥʢʨʝʪʥʦʛʦ ʚʦʟʜʫʰʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ. ɺ ʯʘʩʪʥʦʩʪʠ, 

ʧʨʦʛʥʦʟ ʪʦʯʥʦʩʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ɹʀʅʉ ʧʦʟʚʦʣʷʝʪ ʦʮʝʥʠʪʴ ʚʦʟʤʦʞʥʦʩʪʠ 
ʥʘʚʠʛʘʮʠʦʥʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʚ ʯʘʩʪʠ ʚʳʜʝʨʞʠʚʘʥʠʷ ʟʘʜʘʥʥʳʭ ʪʦʯʥʦʩʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚ 

ʪʝʯʝʥʠʝ ʦʧʨʝʜʝʣʸʥʥʦʛʦ ʠʥʪʝʨʚʘʣʘ ʚʨʝʤʝʥʠ ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚʥʝʰʥʠʭ ʩʨʝʜʩʪʚ ʢʦʨʨʝʢʮʠʠ. 

ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʨʝʟʫʣʴʪʘʪʳ ʦʮʝʥʢʠ ʠʩʧʦʣʴʟʫʶʪʩʷ ʵʢʠʧʘʞʝʤ ʜʣʷ ʧʨʠʥʷʪʠʷ ʨʝʰʝʥʠʷ ʧʦ 
ʚʳʙʦʨʫ ʪʨʘʝʢʪʦʨʠʡ ʧʦʣʸʪʘ ʠ ʧʨʦʮʝʜʫʨ, ʚʳʧʦʣʥʝʥʠʝ ʢʦʪʦʨʳʭ ʛʘʨʘʥʪʠʨʫʝʪʩʷ ʪʝʢʫʱʠʤʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʙʦʨʪʦʚʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ. 

ʇʨʦʛʥʦʟ ʪʦʯʥʦʩʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ɹʀʅʉ ʧʦʩʪʨʦʝʥ ʥʘ ʫʧʨʦʱʸʥʥʦʡ ʤʦʜʝʣʠ 
ʠʥʝʨʮʠʘʣʴʥʦʡ ʥʘʚʠʛʘʮʠʦʥʥʦʡ ʩʠʩʪʝʤʳ, ʧʦʟʚʦʣʷʶʱʝʡ ʩʫʱʝʩʪʚʝʥʥʦ ʩʦʢʨʘʪʠʪʴ ʧʦʪʨʝʙʥʳʝ 

ʚʳʯʠʩʣʠʪʝʣʴʥʳʝ ʨʝʩʫʨʩʳ ʙʦʨʪʦʚʦʛʦ ʥʘʚʠʛʘʮʠʦʥʥʦʛʦ ʢʦʤʧʣʝʢʩʘ. ʇʨʠ ʵʪʦʤ ʦʮʝʥʢʘ 

ʧʦʛʨʝʰʥʦʩʪʝʡ ɹʀʅʉ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʦ-ʢʘʥʘʣʴʥʦ ʩ ʫʩʣʦʚʠʝʤ, ʯʪʦ ʩʫʤʤʘʨʥʘʷ ʦʰʠʙʢʘ ʚ 
ʦʧʨʝʜʝʣʝʥʠʠ ʤʝʩʪʦʧʦʣʦʞʝʥʠʷ, ʦʧʨʝʜʝʣʷʝʤʘʷ ʚ ʢʘʞʜʦʤ ʠʟ ʢʘʥʘʣʦʚ, ʩʢʣʘʜʳʚʘʝʪʩʷ ʠʟ ʚʩʝʭ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʦʰʠʙʦʢ ɹʀʅʉ ʥʝʟʘʚʠʩʠʤʦ. ʏʪʦ ʤʦʞʝʪ ʙʳʪʴ ʧʨʠʥʷʪʦ ʜʣʷ ʦʮʝʥʢʠ 

ʪʦʯʥʦʩʪʠ ʥʘ ʦʛʨʘʥʠʯʝʥʥʳʭ ʠʥʪʝʨʚʘʣʘʭ ʚʨʝʤʝʥʠ. 
ɺ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ ʜʘʥʥʳʭ ʜʣʷ ʨʘʩʯʸʪʘ ʠʩʧʦʣʴʟʫʶʪʩʷ ʨʝʛʣʘʤʝʥʪʠʨʦʚʘʥʥʳʝ ʦʰʠʙʢʠ 

ʛʠʨʦʩʢʦʧʦʚ ʠ ʘʢʩʝʣʝʨʦʤʝʪʨʦʚ ʠʟ ʩʦʩʪʘʚʘ ɹʀʅʉ, ʘ ʪʘʢʞʝ ʦʰʠʙʢʠ ʦʧʨʝʜʝʣʝʥʠʷ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʧʦʣʦʞʝʥʠʷ. ʈʝʟʫʣʴʪʘʪʦʤ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʧʨʦʛʥʦʟʘ ʷʚʣʷʝʪʩʷ 
ʬʫʥʢʮʠʦʥʘʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʨʘʩʯʸʪʥʦʡ ʨʘʜʠʘʣʴʥʦʡ ʦʰʠʙʢʠ ʦʧʨʝʜʝʣʝʥʠʷ ʤʝʩʪʦʧʦʣʦʞʝʥʠʷ 

ɹʀʅʉ ʦʪ ʚʨʝʤʝʥʠ. 

ʇʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʦʛʥʦʟʘ ʪʦʯʥʦʩʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ɹʀʅʉ 

ʥʘ ʠʩʧʳʪʘʪʝʣʴʥʦʤ ʩʪʝʥʜʝ ʠ ʩʨʘʚʥʝʥʠʷ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʚ ʣʝʪʥʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪʘʭ. 

ʇʨʝʜʣʦʞʝʥʥʳʡ ʚʘʨʠʘʥʪ ʧʨʦʛʥʦʟʘ ʪʦʯʥʦʩʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ɹʀʅʉ ʤʦʞʝʪ ʙʳʪʴ 
ʨʝʢʦʤʝʥʜʦʚʘʥ ʚ ʢʘʯʝʩʪʚʝ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʠʥʬʦʨʤʘʮʠʦʥʥʦʡ ʧʦʜʜʝʨʞʢʠ ʵʢʠʧʘʞʘ ʧʨʠ 

ʚʳʧʦʣʥʝʥʠʠ ʧʦʣʸʪʦʚ ʧʦ ʤʘʨʰʨʫʪʘʤ, ʪʨʝʙʫʶʱʠʤ ʪʦʯʥʦʛʦ ʚʳʜʝʨʞʠʚʘʥʠʷ ʪʨʘʝʢʪʦʨʠʠ 

ʧʦʣʸʪʘ, ʚ ʪʦʤ ʯʠʩʣʝ ʚ ʛʦʨʥʦʡ ʤʝʩʪʥʦʩʪʠ, ʘ ʪʘʢʞʝ ʧʨʠ ʦʮʝʥʢʝ ʪʦʯʥʦʩʪʠ ʚʳʭʦʜʘ ʚ ʟʘʜʘʥʥʳʡ 
ʧʫʥʢʪ ʤʘʨʰʨʫʪʘ ʠʣʠ ʥʘ ʘʵʨʦʜʨʦʤ ʧʦʩʘʜʢʠ.  
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Accuracy analysis of the non-platform inertial navigational system functionality as an 

aircraft on -board computer component 

Markelov V.V., Gurjanov A.V., Shukalov A.V., Zharinov I.O., Kostishin M.O. 

EDB ñElectroavtomatikaò, ITMO University, Saint Petersburg 

A task solution option to prognosticate the non-platform inertial navigational system accuracy 

characteristics (the BINS characteristics in Russian) with the elapsed time is being studied. 

The recently implemented concept in piloted aircraft navigation proves relevance of the given 
task. This new concept includes definition of the on-board navigational computer functional 

capabilities which are necessary for the aircraft to fly in particular air space. Particularly, the 

non-platform inertial navigational system accuracy characteristics prognostication gives us an 
opportunity to evaluate the navigational computer capability to maintain the accuracy 

characteristics during a particular period of time without applying the external means of 

correction. Respectively, the crew may use the analysis results to calculate the flight trajectory 
and choose the procedures which are guaranteed to be executed under the current characteristics 

of the on-board equipment. 
The non-platform inertial navigational system accuracy characteristics prognostication is 

based on an inertial navigational system simplified model which reduces significantly the 

necessary calculation resources of an on-board navigational computer. In the same time the non-
platform inertial navigational system inaccuracy error analysis is performed in several channels 

on the condition that the final error of the aircraft current location where each channel has its 

own inaccuracy error will be summed as an independent result of each checked non-platform 
inertial navigational system errors. That can be used as a mean to analyze accuracy in a limited 

period of time. 

The known from documentation gyroscope and accelerometer as components of the non-
platform inertial navigational system error values as well as inaccuracy value in determination of 

the in-space location can be used as the input data for the calculation. The prognostication task 

solution result is the functional dependence of the calculated radial error in the non-platform 
inertial navigational system position determination from time. 

The non-platform inertial navigational system accuracy characteristics prognostication 

modelling results were given in a test stand and compared with the results obtained from the 
flight experiments. 

The proposed option for the non-platform inertial navigational system accuracy characteristics 

prognostication can be recommended as a mean of additional information support of the crew 
when an aircraft flies the route that requires the exact keeping to the flight trajectory for example 

in a mountain location or if the crew needs to calculate the exact location of the route target point 

or the landing airfield. 

ʈʝʘʣʠʟʘʮʠʷ ʥʘʚʠʛʘʮʠʦʥʥʦʡ ʩʧʝʮʠʬʠʢʘʮʠʠ RNP APCH ʥʘ ʦʪʝʯʝʩʪʚʝʥʥʦʤ 

ʰʠʨʦʢʦʬʶʟʝʣʷʞʥʦʤ ʜʘʣʴʥʝʤʘʛʠʩʪʨʘʣʴʥʦʤ ʩʘʤʦʣʝʪʝ 

ʉʠʣʫʷʥʦʚʘ ʄ.ɺ., ʄʝʟʝʥʮʝʚ ʉ.ɽ. 
ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ʆʩʥʦʚʥʘʷ ʮʝʣʴ ʨʝʘʣʠʟʘʮʠʠ ʥʘʚʠʛʘʮʠʠ, ʦʩʥʦʚʘʥʥʦʡ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʭ (ʩʧʝʮʠʬʠʢʘʮʠʷ 

RNP APCH) ʷʚʣʷʝʪʩʷ ʚʳʧʦʣʥʝʥʠʝ ʪʨʝʙʦʚʘʥʠʡ ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʦʨʛʘʥʠʟʘʮʠʠ ʀʂɸʆ (doc 
9613), ʘ ʪʘʢʞʝ ʩʦʙʣʶʜʝʥʠʝ ʧʣʘʥʘ ʚʥʝʜʨʝʥʠʷ ʥʘʚʠʛʘʮʠʠ, ʦʩʥʦʚʘʥʥʦʡ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʭ 

(PBN) ʚ ʚʦʟʜʫʰʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ. 

ʉʧʝʮʠʬʠʢʘʮʠʷ RNP APʉH ï ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʧʦʣʝʪʦʚ ʥʘ ʵʪʘʧʝ ʧʨʠʙʳʪʠʷ, ʥʘʯʘʣʴʥʦʤ ʠ 
ʧʨʦʤʝʞʫʪʦʯʥʦʤ ʵʪʘʧʘʭ ʟʘʭʦʜʘ ʥʘ ʧʦʩʘʜʢʫ ʠ ʫʭʦʜ ʥʘ ʚʪʦʨʦʡ ʢʨʫʛ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʤʝʪʦʜʦʚ 

ʟʦʥʘʣʴʥʦʡ ʥʘʚʠʛʘʮʠʠ ʚ ʨʘʡʦʥʝ ʘʵʨʦʜʨʦʤʘ VOR/DME, DME/DME. 

ʊʨʝʙʦʚʘʥʠʷ ʢ ʘʚʠʦʥʠʢʝ ʚʦʟʜʫʰʥʦʛʦ ʩʫʜʥʘ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʚʳʧʦʣʥʝʥʠʷ RNP APʉH 
ʜʦʣʞʥʳ ʩʦʦʪʚʝʪʩʪʚʦʚʘʪʴ ʪʦʯʥʦʩʪʠ, ʮʝʣʦʩʪʥʦʩʪʠ, ʥʝʧʨʝʨʳʚʥʦʩʪʠ, ʢʦʥʪʨʦʣʴ ʟʘ 

ʚʳʜʝʨʞʠʚʘʥʠʝʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠ ʚʳʜʘʯʠ ʧʨʝʜʫʧʨʝʞʜʝʥʠʡ, ʩʠʛʥʘʣʳ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ 

ʜʦʢʫʤʝʥʪʫ Doc 9613. ɺ ʭʦʜʝ ʧʨʦʚʝʜʝʥʥʦʛʦ ʘʥʘʣʠʟʘ ʩʫʱʝʩʪʚʫʶʱʝʡ ʪʠʧʦʚʦʡ ʢʦʥʩʪʨʫʢʮʠʠ 
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ʐʌɼʄʉ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʚ ʩʣʫʯʘʝ ʟʘʤʝʥʳ ʘʧʧʘʨʘʪʫʨʳ ʩʧʫʪʥʠʢʦʚʦʡ ʥʘʚʠʛʘʮʠʠ, 
ʨʝʘʣʠʟʘʮʠʠ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʬʫʥʢʮʠʡ ʚ ʘʚʪʦʧʠʣʦʪʝ, ʚʳʯʠʩʣʠʪʝʣʝʤ ʩʘʤʦʣʸʪʦʚʦʞʜʝʥʠʷ, 

ʩʠʩʪʝʤʳ ʵʣʝʢʪʨʦʥʥʦʡ ʠʥʜʠʢʘʮʠʠ, ʙʣʦʢʘ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʩʠʩʪʝʤ (ʧʫʪʝʤ ʫʩʪʘʥʦʚʢʠ 

ʤʦʜʝʨʥʠʟʠʨʦʚʘʥʥʦʛʦ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ) ʨʝʘʣʠʟʦʚʘʪʴ ʫʢʘʟʘʥʥʫʶ ʩʧʝʮʠʬʠʢʘʮʠʶ 
ʚʦʟʤʦʞʥʦ. ʇʨʠ ʵʪʦʤ ʦʙʦʨʫʜʦʚʘʥʠʝ ʘʚʠʦʥʠʢʠ ʐʌɼʄʉ ʥʘ 90% ʦʪʝʯʝʩʪʚʝʥʥʦʛʦ 

ʧʨʦʠʟʚʦʜʩʪʚʘ. 

ʅʝʩʤʦʪʨʷ ʥʘ ʚʦʟʤʦʞʥʦʩʪʠ ʘʚʠʦʥʠʢʠ ʩʘʤʦʣʝʪʘ, ʩʘʤʳʡ ʜʣʠʪʝʣʴʥʳʡ ʠ ʜʦʨʦʛʦʩʪʦʷʱʠʡ 
ʵʪʘʧ ʚʥʝʜʨʝʥʠʷ ʩʧʝʮʠʬʠʢʘʮʠʠ ʵʪʦ ʩʝʨʪʠʬʠʢʘʮʠʷ ɻʣʘʚʥʦʛʦ ʠʟʤʝʥʝʥʠʷ ʠ ʧʦʩʣʝʜʫʶʱʘʷ 

ʣʝʪʥʘʷ ʦʮʝʥʢʘ. ɺ ʩʚʷʟʠ ʩ ʦʪʩʫʪʩʪʚʠʝʤ ʚ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ ʩʨʝʜʩʪʚ ʥʘʟʝʤʥʦʛʦ 

ʢʦʥʪʨʦʣʷ ʟʘ ʚʳʜʝʨʞʠʚʘʥʠʝʤ ʤʘʨʰʨʫʪʘ ʦʪʚʝʯʘʶʱʠʭ ʤʝʞʜʫʥʘʨʦʜʥʳʤ ʪʨʝʙʦʚʘʥʠʷʤ, 
ʥʝʦʙʭʦʜʠʤʳ ʜʣʠʪʝʣʴʥʳʝ ʧʦʣʝʪʳ ʟʘʛʨʘʥʠʮʫ, ʚ ʪʦʤ ʯʠʩʣʝ ʧʦʣʝʪʳ ʚ ɸʟʠʶ. 

ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʤʝʞʜʫʥʘʨʦʜʥʳʤʠ ʧʨʘʚʠʣʘʤʠ ʚʳʧʦʣʥʝʥʠʷ ʧʦʣʝʪʦʚ ʧʦ ʥʘʚʠʛʘʮʠʦʥʥʦʡ 

ʩʧʝʮʠʬʠʢʘʮʠʠ RNP APCH ʧʦʤʠʤʦ ʪʨʝʙʦʚʘʥʠʡ ʢ ʘʚʠʦʥʠʢʝ, ʧʨʝʜʲʷʚʣʷʝʪʩʷ ʨʷʜ ʪʨʝʙʦʚʘʥʠʡ 
ʢ ʧʠʣʦʪʘʤ ʣʘʡʥʝʨʘ, ʪʘʢʠʝ ʢʘʢ ʟʥʘʥʠʝ ʨʫʢʦʚʦʜʩʪʚʘ ʧʦ ʥʘʚʠʛʘʮʠʠ, ʦʩʦʙʝʥʥʦʩʪʠ ʩʭʝʤ, ʟʥʘʥʠʝ 

ʥʘʚʠʛʘʮʠʦʥʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ, ʟʥʘʥʠʷ ʩʧʝʮʠʬʠʯʝʩʢʦʡ ʜʣʷ ʩʠʩʪʝʤʳ RNP ʠʥʬʦʨʤʘʮʠʠ, 
ʟʥʘʥʠʝ ʨʘʜʠʦʪʝʣʝʬʦʥʥʦʡ ʬʨʘʟʝʦʣʦʛʠʠ RNP, ʩʧʦʩʦʙʥʦʩʪʴ ʚʳʧʦʣʥʷʪʴ ʜʝʡʩʪʚʠʷ ʚ 

ʯʨʝʟʚʳʯʘʡʥʦʡ ʦʙʩʪʘʥʦʚʢʝ ʧʦʩʣʝ ʦʪʢʘʟʦʚ ʩʠʩʪʝʤ RNP. 

ʈʝʟʫʣʴʪʘʪʦʤ ʚʥʝʜʨʝʥʠʷ ʥʘʚʠʛʘʮʠʦʥʥʦʡ ʩʧʝʮʠʬʠʢʘʮʠʠ RNP APCH ʙʫʜʝʪ ʧʦʚʳʰʝʥʠʷ 
ʧʨʦʧʫʩʢʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʧʦʣʝʪʦʚ, ʧʦʚʳʰʝʥʠʝ ʙʝʟʦʧʘʩʥʦʩʪʠ ʧʦʣʝʪʦʚ, ʩʥʠʞʝʥʠʝ ʫʨʦʚʥʷ 

ʰʫʤʘ, ʩʥʠʞʝʥʠʷ ʥʘʛʨʫʟʢʠ ʥʘ ʜʠʩʧʝʪʯʝʨʩʢʠʡ ʧʝʨʩʦʥʘʣ, ʩʦʢʨʘʱʝʥʠʝ ʟʘʜʝʨʞʝʢ ʚ ʚʦʟʜʫʰʥʦʤ 

ʧʨʦʩʪʨʘʥʩʪʚʝ. 

The implementation of the navigation specification RNP APCH in the domestic wide-

body long-haul aircraft  

Siluyanova M.V., Mezentsev, S.E. 
MAI, Moscow 

The main purpose of the navigation based on the characteristics (specification RNP APCH) is 

the implementation of the requirements of the international organization of ICAO (doc 9613), as 
well as compliance with the implementation plan navigation based on characteristics (PBN) in 

the airspace of the Russian Federation. 

A RNP specification of ARN ï used for flights to the phase of the arrival, initial and 
intermediate stages of the approach and missed approach using the methods of area navigation in 

the terminal area VOR/DME, DME/DME. 

Requirements for the avionics of the aircraft to ensure the implementation of RNP ARSN 
must meet the accuracy, integrity, continuity, and control over conformance and alerting signals 

in space Doc 9613. During the carried-out analysis of the existing standard design SFDMS we 

can conclude that in the case of replacing the satellite navigation equipment, implementing 
additional functions in the auto-pilot computer piloting, electronic instrument system, unit 

computer systems (by installing the upgraded software) to realize the specified specification 

possible. The equipment avionics SFDMS 90% of domestic production. 
In spite of the ability of the aircraft avionics, the long and costly phase of implementation of 

the specification is the certification of the Main changes and the subsequent flight evaluation. In 

connection with absence in the Russian Federation ground monitoring the observance of the 

route meets the international requirements needed for long flights abroad, including flights to 

Asia. 

In accordance with the international rules of flight operations navigation specification RNP 
APCH in addition to the avionics requirements to meet a number of requirements for pilots of the 

liner, such as knowledge of the guide to the navigation features of schemes, knowledge of 

navigational equipment, knowledge of system-specific RNP information, knowledge of 
radiotelephony phraseology for RNP, the ability to perform actions in an emergency after failure 

of the RNP system. 
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The result of the implementation of the navigation specification RNP APCH will be 
increasing the capacity of flights, increase flight safety, reduce noise, reduce the burden on 

Supervisory staff, reduce delays in airspace. 

ʆʧʪʠʤʠʟʘʮʠʷ ʩʚʘʨʥʳʭ ʢʦʥʩʪʨʫʢʮʠʡ ʩʚʝʨʭʟʚʫʢʦʚʳʭ ʩʘʤʦʣʝʪʦʚ ʩ ʫʯʝʪʦʤ 

ʢʦʥʩʪʨʫʢʪʠʚʥʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʩʭʝʤ 

ʄʝʨʢʫʣʦʚ ʀ.ɽ., ɽʥʜʦʛʫʨ ɸ.ʀ. 

ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʣʘʩʴ ʦʧʪʠʤʠʟʘʮʠʷ ʩʚʘʨʥʦʛʦ ʦʪʩʝʢʘ ʩʚʝʨʭʟʚʫʢʦʚʦʛʦ ʩʘʤʦʣʝʪʘ ʩ 

ʫʯʝʪʦʤ ʢʦʥʩʪʨʫʢʪʠʚʥʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʩʭʝʤ, ʧʦʟʚʦʣʷʶʱʘʷ ʨʘʮʠʦʥʘʣʴʥʦ ʩʧʨʦʝʢʪʠʨʦʚʘʪʴ 

ʩʚʘʨʥʫʶ ʢʦʥʩʪʨʫʢʮʠʶ ʦʪʩʝʢʘ ʩ ʫʯʝʪʦʤ ʬʘʢʪʦʨʦʚ: ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʠʭ ʩʠʣ, ʤʦʜʝʣʝʡ 
ʤʘʪʝʨʠʘʣʦʚ ʠ ʢʦʥʩʪʨʫʢʪʠʚʥʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʩʭʝʤʳ. 

ɹʳʣʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʨʘʙʦʪʳ ʦʪʝʯʝʩʪʚʝʥʥʳʭ, ʟʘʨʫʙʝʞʥʳʭ ʘʚʪʦʨʦʚ [1-9]. ʇʦ 

ʨʝʟʫʣʴʪʘʪʘʤ ʙʳʣʘ ʥʘʧʠʩʘʥʘ ʩʪʘʪʴʷ [10], ʚ ʢʦʪʦʨʦʡ ʙʳʣ ʧʨʝʜʣʦʞʝʥ ʧʦʜʭʦʜ ʢ ʨʝʰʝʥʠʶ 
ʟʘʜʘʯʠ ʨʘʮʠʦʥʘʣʴʥʦʛʦ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʚ ʯʘʩʪʠ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʦʧʪʠʤʠʟʘʮʠʠ ʧʘʥʝʣʠ 

ʦʪʩʝʢʘ ʧʦ ʢʨʠʪʝʨʠʶ ʤʘʩʩʳ ʢʦʥʩʪʨʫʢʮʠʠ ʚʩʝʛʦ ʦʪʩʝʢʘ. 
ɺ ʭʦʜʝ ʜʘʣʴʥʝʡʰʝʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʩʪʨʦʝʥʥʦʡ ʤʦʜʝʣʠ ʚʳʷʚʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʤʝʞʜʫ 

ʥʘʧʨʷʞʝʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʳʤ ʩʦʩʪʦʷʥʠʝʤ (ʅɼʉ) ʦʪʩʝʢʘ ʠ ʝʛʦ ʢʦʥʩʪʨʫʢʪʠʚʥʦ-ʩʠʣʦʚʦʡ 

ʩʭʝʤʦʡ (ʂʉʉ). ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʥʘ ʅɼʉ ʥʘʛʨʫʞʝʥʥʦʛʦ ʩʚʘʨʥʦʛʦ ʦʪʩʝʢʘ ʟʥʘʯʠʪʝʣʴʥʦʝ 
ʚʣʠʷʥʠʝ ʦʢʘʟʳʚʘʝʪ ʚʳʙʨʘʥʥʘʷ ʢʦʥʩʪʨʫʢʪʠʚʥʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʘʷ ʩʭʝʤʘ (ʂʊʉ) ʢʘʢ ʧʦ 

ʧʨʦʛʠʙʘʤ, ʪʘʢ ʠ ʧʦ ʠʭ ʨʘʩʧʨʝʜʝʣʝʥʠʶ. ɺʳʷʚʣʝʥʦ ʚʣʠʷʥʠʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʩʙʦʨʢʠ-

ʩʚʘʨʢʠ ʥʘ ʢʨʠʪʠʯʝʩʢʦʝ ʩʦʩʪʦʷʥʠʝ ʩʚʘʨʥʦʛʦ ʦʪʩʝʢʘ. 
ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʝʜʣʦʞʝʥʥʘʷ ʤʝʪʦʜʠʢʘ ʧʦʟʚʦʣʠʣʘ ʧʨʦʚʝʩʪʠ ʩʪʨʫʢʪʫʨʥʫʶ ʠ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʫʶ ʦʧʪʠʤʠʟʘʮʠʶ ʚʳʙʨʘʥʥʦʡ ʩʚʘʨʥʦʡ ʢʦʥʩʪʨʫʢʮʠʠ ʦʪʩʝʢʘ ʩʚʝʨʭʟʚʫʢʦʚʦʛʦ 

ʩʘʤʦʣʝʪʘ ʯʪʦ ʜʘʣʦ ʚʦʟʤʦʞʥʦʩʪʴ ʩʥʠʟʠʪʴ ʤʘʩʩʫ ʩʠʣʦʚʦʡ ʯʘʩʪʠ ʢʦʥʩʪʨʫʢʮʠʠ. ɹʳʣʠ 
ʦʧʨʝʜʝʣʝʥʳ ʨʘʮʠʦʥʘʣʴʥʳʝ ʚʘʨʠʘʥʪʳ ʂʊʉ ʜʣʷ ʟʘʜʘʥʥʦʛʦ ʪʠʧʘ ʩʠʣʦʚʦʛʦ ʥʘʛʨʫʞʝʥʠʷ ʦʪʩʝʢʘ 

ʩ ʫʯʝʪʦʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʩʙʦʨʢʠ-ʩʚʘʨʢʠ. 
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Optimization welded structures of supersonic aircraft taking into account structural and 

technological schemes  

Merkulov I.E., Endogur A.I. 

MAI, Moscow 

The purpose of work was the optimization of a welded compartment of the supersonic aircraft 

taking into account structural and technological schemes allowing designing rationally a welded 

structure of a compartment taking into account factors: thermomechanical forces, models of 
materials, structural and technological schemes. 

Current works of national and foreign authors have been analyzed [1-9]. Article has been 

written [10] by results in which approach to the solution of a problem of rational design, 
regarding parametrical optimization of the top panel of a compartment by criterion of mass of all 

compartment has been offered. 

During the further research of the proposed model, dependences between the strain-stress state 
of a compartment and its frame are revealed. It is established that on the strain-stress state of the 

loaded welded compartment considerable influence is rendered by the chosen structural and 
technological scheme both on deflections, and on their distribution. Influence of the sequence of 

welding on critical state of a welded compartment is revealed. 

As a result, the offered approach has allowed performing structural and parametrical 
optimization of the chosen welded design for a compartment of the supersonic aircraft that has 

allowed reducing the mass. Rational options of structural and technological scheme for the 

welded compartment set like loading taking into account the sequence of welding have been 
defined. 
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ɸʵʨʦʜʠʥʘʤʠʯʝʩʢʦʝ ʧʨʦʝʢʪʠʨʦʚʘʥʠʝ ʥʝʩʫʱʝʡ ʩʠʩʪʝʤʳ ʧʝʨʩʧʝʢʪʠʚʥʦʛʦ ʩʢʦʨʦʩʪʥʦʛʦ 

ʚʝʨʪʦʣʝʪʘ ʩʭʝʤʳ ʩʠʥʭʨʦʧʪʝʨ ʩ ʪʦʣʢʘʶʱʠʤ ʚʦʟʜʫʰʥʳʤ ʚʠʥʪʦʤ 

ʅʠʢʠʪʠʥ ʉ.ʆ., ʀʛʥʘʪʢʠʥ ʖ.ʄ., ʄʘʢʝʝʚ ʇ.ɺ. 

ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʣʦʩʴ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʝ ʧʨʦʝʢʪʠʨʦʚʘʥʠʝ ʠ ʚʳʙʦʨ ʧʘʨʘʤʝʪʨʦʚ 

ʥʝʩʫʱʝʡ ʩʠʩʪʝʤʳ ʩʢʦʨʦʩʪʥʦʛʦ ʣʝʪʘʪʝʣʴʥʦʛʦ ʘʧʧʘʨʘʪʘ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʚʟʣʝʪʘ ʠ ʧʦʩʘʜʢʠ. 

ʅʘ ʦʩʥʦʚʝ ʘʥʘʣʠʟʘ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʢʦʤʧʦʥʦʚʦʢ ʩʫʱʝʩʪʚʫʶʱʠʭ ʠ ʧʝʨʩʧʝʢʪʠʚʥʳʭ 
ʩʢʦʨʦʩʪʥʳʭ ʚʝʨʪʦʣʝʪʦʚ ʚʳʙʨʘʥ ʃɸ ʩ ʥʝʩʫʱʝʡ ʩʠʩʪʝʤʦʡ ʩʦʩʪʦʷʱʝʡ ʠʟ ʜʚʫʭ 

ʧʝʨʝʢʨʝʱʠʚʘʶʱʠʭʩʷ ʜʚʫʭʣʦʧʘʩʪʥʳʭ ʥʝʩʫʱʠʭ ʚʠʥʪʦʚ (ʅɺ), ʘ ʪʘʢʞʝ ʩ ʪʦʣʢʘʶʱʠʤ 

ʚʦʟʜʫʰʥʳʤ ʚʠʥʪʦʤ (ɺɺ).  
ʈʘʩʩʤʦʪʨʝʥʳ ʚʦʟʤʦʞʥʦʩʪʠ ʦʙʝʩʧʝʯʝʥʠʷ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʚʳʙʨʘʥʥʦʡ ʥʝʩʫʱʝʡ 

ʩʠʩʪʝʤʳ ʥʘ ʚʳʩʦʢʠʭ ʩʢʦʨʦʩʪʷʭ ʛʦʨʠʟʦʥʪʘʣʴʥʦʛʦ ʧʦʣʝʪʘ ʜʦ 420 ʢʤ/ʯ, ʠʩʭʦʜʷ ʠʟ ʫʩʣʦʚʠʡ 

ʧʦʜʘʚʣʝʥʠʷ ʚʦʣʥʦʚʦʛʦ ʢʨʠʟʠʩʘ ʥʘ ʥʘʩʪʫʧʘʶʱʠʭ ʣʦʧʘʩʪʷʭ ʠ ʩʨʳʚʘ ʧʦʪʦʢʘ ʥʘ ʦʪʩʪʫʧʘʶʱʠʭ 
ʣʦʧʘʩʪʷʭ ʅɺ. 

ʈʘʩʩʤʦʪʨʝʥʳ ʪʝʭʥʠʯʝʩʢʠʝ ʨʝʰʝʥʠʷ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʥʝʩʫʱʝʛʦ ʚʠʥʪʘ ʩ ʠʟʤʝʥʷʝʤʦʡ 
ʩʢʦʨʦʩʪʴʶ ʚʨʘʱʝʥʠʷ ʣʦʧʘʩʪʝʡ ʩ ʩʦʚʨʝʤʝʥʥʳʤʠ ʩʪʨʝʣʦʚʠʜʥʳʤʠ ʩʫʞʘʶʱʠʤʠʩʷ 

ʟʘʢʦʥʮʦʚʢʘʤʠ. ʃʦʧʘʩʪʠ ʠʤʝʶʪ ʧʦʣʫʞʝʩʪʢʦʝ (ʫʧʨʫʛʦʝ) ʢʨʝʧʣʝʥʠʝ ʢ ʚʪʫʣʢʝ ʠ ʦʩʥʘʱʝʥʳ 

ʩʠʩʪʝʤʦʡ ʠʥʜʠʚʠʜʫʘʣʴʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʣʦʧʘʩʪʷʤʠ (ʀʋʃ).  
ʅʘ ʙʘʟʝ ʥʝʣʠʥʝʡʥʦʡ ʣʦʧʘʩʪʥʦʡ ʚʠʭʨʝʚʦʡ ʤʦʜʝʣʠ, ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʥʘ ʢʘʬʝʜʨʝ 

çʇʨʦʝʢʪʠʨʦʚʘʥʠʝ ʚʝʨʪʦʣʝʪʦʚè ʄɸʀ, ʧʨʦʠʟʚʝʜʝʥʳ ʨʘʩʯʝʪʳ ʅɺ ʥʘ ʨʝʞʠʤʝ ʚʠʩʝʥʠʷ, ʘ ʪʘʢ 

ʞʝ, ʥʘ ʨʝʞʠʤʝ ʧʦʣʝʪʘ ʩ ʟʘʜʘʥʥʦʡ ʤʘʢʩʠʤʘʣʴʥʦʡ ʩʢʦʨʦʩʪʴʶ V = 420 ʢʤ/ʯ. ʈʘʩʩʤʦʪʨʝʥʳ 
ʦʩʦʙʝʥʥʦʩʪʠ ʦʙʪʝʢʘʥʠʷ ʅɺ, ʧʦʩʪʨʦʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʂʇɼ ʅɺ ʥʘ ʚʠʩʝʥʠʠ ʠ 

ʧʨʠʚʝʜʝʥʦ ʠʭ ʩʦʧʦʩʪʘʚʣʝʥʠʝ ʩ ʵʢʚʠʚʘʣʝʥʪʥʳʤʠ ʠʤ ʩʦʦʩʥʳʤ ʠ ʦʜʠʥʦʯʥʳʤ ʅɺ. ɼʣʷ 

ʟʘʜʘʥʥʦʡ ʤʘʢʩʠʤʘʣʴʥʦʡ ʩʢʦʨʦʩʪʠ ʛʦʨʠʟʦʥʪʘʣʴʥʦʛʦ ʧʦʣʝʪʘ ʧʨʦʠʟʚʝʜʝʥʳ ʨʘʩʯʝʪʳ ʅɺ ʙʝʟ 
ʀʋʃ ʠ ʩ ʀʋʃ ʧʦ ʚʳʙʨʘʥʥʦʤʫ ʟʘʢʦʥʫ ʫʧʨʘʚʣʝʥʠʷ. ʇʦʣʫʯʝʥʦ ʟʥʘʯʠʪʝʣʴʥʦʝ ʩʥʠʞʝʥʠʝ 

ʦʙʣʘʩʪʠ ʩʨʳʚʘ ʧʦʪʦʢʘ ʥʘ ʦʪʩʪʫʧʘʶʱʠʭ ʣʦʧʘʩʪʷʭ, ʧʨʝʧʷʪʩʪʚʫʶʱʝʡ ʜʦʩʪʠʞʝʥʠʶ ʚʳʩʦʢʠʭ 

ʩʢʦʨʦʩʪʝʡ ʧʦʣʝʪʘ. ʇʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʧʝʨʩʧʝʢʪʠʚʳ ʜʘʣʴʥʝʡʰʝʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʠʩʪʝʤʳ 
ʀʋʃ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ ʅɺ ʧʦ ʚʳʩʰʠʤ ʛʘʨʤʦʥʠʢʘʤ ʩ ʮʝʣʴʶ ʩʥʠʞʝʥʠʷ ʫʨʦʚʥʷ ʚʠʙʨʘʮʠʡ ʠ 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʰʫʤʘ, ʩʦʟʜʘʚʘʝʤʳʭ ʣʦʧʘʩʪʷʤʠ ʅɺ. 

Aerodynamic design of the high speed synchropter rotor system 

Nikitin S.O., Ignatkin Y.ʄ., Makeev P.V. 

MAI, Moscow 

The purpose of this work was aerodynamic design and choosing a rotor system parameters of 
the high speed rotary-wing aircraft. 

Based on the aerodynamic schemes analysis of present and perspective high speed rotary-

wing aircrafts, an aircraft with intermeshing rotors and a propeller was chosen. 

Opportunities to ensure the high-speed(up to 420 km/h) horizontal flight functioning of this 

rotor system, avoiding the flow separation and sound barrier, were considered. 

Technical solutions such as variable rotation speed of the main rotor system, rotor blades with 
modern aerodynamic tips, flexible rotor blade attachment to the hub, individual blade control 

system, were considered. 

Based on the nonlinear vortex theory model, produced in Moscow Aviation Institute(MAI), 
calculations of rotor system on hover mode and during the horizontal flight with maximum speed 

V=420 km/h were made. Also flow singularities of main rotor were considered. For the set up 

maximum speed the calculations as with and without individual blade control system were made. 
As a result, individual blade control system with certain control law gives a significant decrease 

of the flow separation zone on the retreating blades. Analyzed prospects for further use of the 

individual blade control system in order to reduce the vibration level and the aerodynamic noise, 
made by rotor blades. 
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ʇʨʠʤʝʥʝʥʠʝ ʚʠʭʨʝʚʳʭ ʪʨʫʙ ʜʣʷ ʪʝʨʤʦʩʪʘʪʠʨʦʚʘʥʠʷ ʵʣʝʤʝʥʪʦʚ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ɻʊɼ 

ɺʝʨʝʪʝʥʥʠʢʦʚ ʉ.ɺ., ʅʦʚʠʢʦʚʘ ʂ.ʉ. 

ʈɻɸʊʋ, ʛ. ʈʳʙʠʥʩʢ 

ʆʜʥʠʤ ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʧʦʚʳʰʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʩʠʩʪʝʤ ʦʭʣʘʞʜʝʥʠʷ 
ʣʦʧʘʪʦʢ ʛʘʟʦʚʳʭ ʪʫʨʙʠʥ ʷʚʣʷʝʪʩʷ ʠʥʪʝʥʩʠʬʠʢʘʮʠʷ ʚʥʫʪʨʝʥʥʝʛʦ ʪʝʧʣʦʦʙʤʝʥʘ ʟʘ ʩʯʝʪ 

ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʟʘʢʨʫʯʝʥʥʳʭ ʪʝʯʝʥʠʡ.  

ʆʩʦʙʳʡ ʠʥʪʝʨʝʩ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʦʙʝʩʧʝʯʝʥʠʷ ʧʦʚʳʰʝʥʠʷ ʠʟʦʪʝʨʤʠʯʥʦʩʪʠ ʧʦʚʝʨʭʥʦʩʪʠ 
ʦʭʣʘʞʜʘʝʤʦʡ ʣʦʧʘʪʢʠ ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʵʬʬʝʢʪʘ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʩʪʨʘʪʠʬʠʢʘʮʠʠ 

(ʵʥʝʨʛʦʨʘʟʜʝʣʝʥʠʷ), ʧʦʟʚʦʣʷʶʱʝʛʦ ʥʘ ʚʳʭʦʜʝ ʠʟ ʟʘʜʠʘʬʨʘʛʤʠʨʦʚʘʥʥʦʛʦ ʚ ʢʦʥʮʝʚʳʭ 

ʩʝʯʝʥʠʷʭ ʢʘʥʘʣʘ ʩ ʧʦʪʦʢʦʤ ʟʘʢʨʫʯʝʥʥʦʛʦ ʛʘʟʘ ʧʦʣʫʯʠʪʴ ʜʚʘ ʨʝʟʫʣʴʪʠʨʫʶʱʠʭ ʧʦʪʦʢʘ ʩ 
ʙʦʣʴʰʝʡ ʠ ʤʝʥʴʰʝʡ ʪʝʤʧʝʨʘʪʫʨʦʡ (ʠʟʚʝʩʪʥʳʡ ʵʬʬʝʢʪ ʈʘʥʢʘ-ʍʠʣʰʘ). ʈʘʮʠʦʥʘʣʴʥʦʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʦʭʣʘʞʜʘʶʱʠʭ ʧʦʪʦʢʦʚ ʩ ʨʘʟʣʠʯʥʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ ʠ ʩʨʘʚʥʠʪʝʣʴʥʦ ʚʳʩʦʢʦʡ 

ʦʩʪʘʪʦʯʥʦʡ ʟʘʢʨʫʪʢʦʡ ʧʦʟʚʦʣʠʪ ʩʥʠʟʠʪʴ ʥʝʨʘʚʥʦʤʝʨʥʦʩʪʴ ʪʝʤʧʝʨʘʪʫʨʳ ʧʦ ʚʳʩʦʪʝ ʧʝʨʘ 
ʣʦʧʘʪʢʠ ʠ ʦʙʝʩʧʝʯʠʪʴ ʥʝʦʙʭʦʜʠʤʫʶ ʩʪʝʧʝʥʴ ʦʭʣʘʞʜʝʥʠʷ ʥʘʠʙʦʣʝʝ ʫʷʟʚʠʤʳʭ ʧʦ ʧʝʨʝʛʨʝʚʫ 

ʢʨʦʤʦʢ ʣʦʧʘʪʢʠ. 
ʇʨʠ ʦʭʣʘʞʜʝʥʠʠ ʣʦʧʘʪʦʢ ʚʠʭʨʝʚʘʷ ʪʨʫʙʘ ʩʫʱʝʩʪʚʝʥʥʦ ʥʝʘʜʠʘʙʘʪʥʘ, ʘ ʢʘʯʝʩʪʚʦ ʝʸ 

ʧʨʠʤʝʥʝʥʠʷ ʚʦ ʤʥʦʛʦʤ ʟʘʚʠʩʠʪ ʦʪ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʝʨʝʜʘʯʠ ʵʥʝʨʛʠʠ ʚ ʬʦʨʤʝ ʪʝʧʣʘ ʠʣʠ 

ʩʲʝʤʘ ʪʝʧʣʘ ʩʦ ʩʪʝʥʦʢ. ʉʫʱʝʩʪʚʝʥʥʳʝ ʨʘʩʭʦʞʜʝʥʠʷ ʧʦ ʚʝʣʠʯʠʥʝ ʢʦʵʬʬʠʮʠʝʥʪʘ 
ʪʝʧʣʦʦʪʜʘʯʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʝʞʠʤʘ ʨʘʙʦʪʳ ʚʠʭʨʝʚʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʠ ʦʪʩʫʪʩʪʚʠʝ 

ʥʘʜʝʞʥʳʭ ʜʘʥʥʳʭ ʦ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʦʪʜʘʯʠ ʧʦ ʜʣʠʥʝ ʢʘʤʝʨʳ 

ʵʥʝʨʛʦʨʘʟʜʝʣʝʥʠʷ ʥʝ ʧʦʟʚʦʣʷʶʪ ʙʝʟ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠʩʧʦʣʴʟʦʚʘʪʴ 
ʚʠʭʨʝʚʳʝ ʪʨʫʙʳ ʜʣʷ ʨʝʰʝʥʠʷ ʦʧʪʠʤʠʟʘʮʠʦʥʥʳʭ ʟʘʜʘʯ. ʕʪʦ ʩʜʝʨʞʠʚʘʝʪ ʠʭ ʧʨʠʤʝʥʝʥʠʝ ʚ 

ʪʝʭʥʦʣʦʛʠʷʭ ʦʭʣʘʞʜʝʥʠʷ. 

ʏʠʩʣʝʥʥʦʝ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʦʭʣʘʞʜʘʝʤʦʡ ʚʦʜʷʥʳʤ ʧʘʨʦʤ ʣʦʧʘʪʢʠ 
ʪʫʨʙʠʥʳ ʩʦ ʚʩʪʨʦʝʥʥʳʤʠ ʚʠʭʨʝʚʳʤʠ ʪʨʫʙʘʤʠ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʦʙʣʘʩʪʴ ʥʘʠʙʦʣʝʝ 

ʵʬʬʝʢʪʠʚʥʳʭ ʨʝʞʠʤʦʚ (ʜʣʷ ʚʦʟʜʫʭʘ) ʧʦ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʵʥʝʨʛʦʨʘʟʜʝʣʝʥʠʷ ʠ ʧʦ 

ʢʦʵʬʬʠʮʠʝʥʪʘʤ ʪʝʧʣʦʦʪʜʘʯʠ ʣʝʞʠʪ ʚ ʦʙʣʘʩʪʠ ɛ = 0,5é0,7 ʠ ʧʝʨʝʧʘʜʝ ʜʘʚʣʝʥʠʷ ˊ = 2é3,3. 
ʇʦʣʫʯʝʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʦʪʜʘʯʠ ʥʘ ʚʥʫʪʨʝʥʥʝʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʢʘʤʝʨʳ ʵʥʝʨʛʦʨʘʟʜʝʣʝʥʠʷ ʚʠʭʨʝʚʦʡ ʪʨʫʙʳ ʭʦʨʦʰʦ ʢʦʨʨʝʣʠʨʫʶʪ ʩ ʜʘʥʥʳʤʠ 

ʯʠʩʣʝʥʥʳʭ ʨʘʩʯʝʪʦʚ. ʄʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʦʪʜʘʯʠ ʥʘ 
ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʨʝʞʠʤʘʭ ʩʦʩʪʘʚʠʣʦ 1300 ɺʪ/(ʤ2 Ŀʂ). 

ʉʦʧʣʦʚʘʷ ʣʦʧʘʪʢʘ ʩ ʚʩʪʨʦʝʥʥʳʤʠ ʚʠʭʨʝʚʳʤʠ ʵʥʨʝʛʦʨʘʟʜʝʣʠʪʝʣʷʤʠ ʦʙʣʘʜʘʝʪ ʚʳʩʦʢʦʡ 

ʩʨʝʜʥʝʡ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ ʦʭʣʘʞʜʝʥʠʷ: ʧʨʠ ʦʪʥʦʩʠʪʝʣʴʥʦʤ ʨʘʩʭʦʜʝ ʦʭʣʘʞʜʘʶʱʝʛʦ ʚʦʟʜʫʭʘ 
6,4% ʩʨʝʜʥʷʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʦʭʣʘʞʜʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʧʝʨʘ ʣʦʧʘʪʢʠ ʥʘ 0,13 ʚʳʰʝ, ʯʝʤ ʫ 

ʪʨʘʜʠʮʠʦʥʥʳʭ ʢʦʥʚʝʢʪʠʚʥʦ-ʧʣʝʥʦʯʥʳʭ ʩʭʝʤ ʦʭʣʘʞʜʝʥʠʷ. 

Vortex tubes using for the thermostating of the gas of turbine engine flow part  

Novikova K.S., Veretennikov S.V. 

RSATU, Rybinsk 

One of the most perspective direction to rise efficiency cooling systems of gas turbine is 
intensification internal heat transfer on account of gas-dynamic characteristics swirlingôs flow. 

One more interesting that in terms of increase isothermality surface cooling blade is using effect 

of temperature stratification (energy separation), allowing at the out from the diaphragming conduit 
with swirlingôs gas flow to get two results flows with greater and lower temperature (Ranque-

Hilsch Effect). The rational distribution of cooling flows with different temperatures and relatively 

high residual swirl allow to reduce the temperature unevenness in the height of the blade and to 
provide the necessary degree of cooling for the blade tip that are most vulnerable to overheating. 

When cooling the blades vortex tube isnôt adiabat, the quality of its application depends on the 

intensity of energy transfer in the form of heat or removal of heat from the walls. Significant 
differences in the value of the heat transfer coefficient depending on the mode of operation of the 

vortex device and the lack of firm data on the distribution of the heat transfer coefficient along the 
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length camera of the energy separation does not permit the use of vortex tubes without additional 
investigation to solve optimization problems. This inhibits their use in cooling technologies. 

Computational modeling and experimental study of a turbine bladed turbine with built-in vortex 

tubes has shown that the region of the most efficient regimes (for air) by efficiency of energy 
separation and by heat transfer coefficients lies in the region ɛ = 0, 5é0,7 and differential pressure 

 ́= 2é3,3. The experimental values of the heat transfer coefficient on the inner surface of the 

vortex tube energy separation camera correlate well with the numerical calculations. The maximum 
value of the heat transfer coefficient in the investigated regimes was 1300 W/(m2 Ŀʂ). 

The nozzle blade with integrated vortex separators has a high average cooling efficiency: at a 

relative cooling airflow rate of 6.4%, the average cooling efficiency of the blade surface of the 
blade is 0.13 higher than that of conventional convective-film cooling circuits. 

ʄʝʪʦʜʠʢʘ ʦʧʪʠʤʠʟʘʮʠʠ ʢʨʳʣʘ ʤʘʣʦʨʘʟʤʝʨʥʦʛʦ ʙʝʩʧʠʣʦʪʥʦʛʦ ʣʝʪʘʪʝʣʴʥʦʛʦ 

ʘʧʧʘʨʘʪʘ 

ʇʘʨʭʘʝʚ ɽ.ʉ., ʉʝʤʝʥʯʠʢʦʚ ʅ.ɺ. 

ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʦʜʥʦʡ ʠʟ ʥʝʨʝʰʝʥʥʳʭ ʧʨʦʙʣʝʤ ʘʚʠʘʮʠʦʥʥʦʡ ʥʘʫʢʠ ʷʚʣʷʝʪʩʷ 

ʩʦʟʜʘʥʠʝ ʦʧʪʠʤʘʣʴʥʦʛʦ, ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ, ʦʙʣʠʢʘ 

ʤʘʣʦʨʘʟʤʝʨʥʦʛʦ ʙʝʩʧʠʣʦʪʥʦʛʦ ʣʝʪʘʪʝʣʴʥʦʛʦ ʘʧʧʘʨʘʪʘ (ʄɹʃɸ). ʇʦʚʳʰʝʥʠʝ 
ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʄɹʃɸ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ ʝʛʦ 

ʣʝʪʥʦ-ʪʝʭʥʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʭ ʠ ʩʧʦʩʦʙʥʦʩʪʠ ʚʳʧʦʣʥʝʥʠʷ ʪʦʡ ʠʣʠ ʠʥʦʡ ʪʝʭʥʠʯʝʩʢʦʡ 

ʟʘʜʘʯʠ ʚ ʮʝʣʦʤ. 
ʇʦ ʧʨʠʯʠʥʝ ʤʘʣʳʭ ʨʘʟʤʝʨʦʚ ʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʠʭ ʩʢʦʨʦʩʪʝʡ, ʨʝʞʠʤʳ ʧʦʣʝʪʘ 

ʄɹʃɸ ʧʨʦʠʩʭʦʜʷʪ ʚ ʟʦʥʝ ʢʨʠʪʠʯʝʩʢʠʭ ʯʠʩʝʣ ʈʝʡʥʦʣʴʜʩʘ, ʯʪʦ ʟʥʘʯʠʪʝʣʴʥʦ ʫʩʣʦʞʥʷʝʪ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʦʙʪʝʢʘʥʠʷ ʚʦʢʨʫʛ ʥʝʩʫʱʠʭ ʧʦʚʝʨʭʥʦʩʪʝʡ ʜʘʥʥʳʭ ʘʧʧʘʨʘʪʦʚ. ɼʝʣʦ ʚ ʪʦʤ, 
ʯʪʦ ʧʨʠ ʤʘʣʳʭ ʯʠʩʣʘʭ ʈʝʡʥʦʣʴʜʩʘ ʧʨʝʦʙʣʘʜʘʝʪ ʚʣʠʷʥʠʝ ʩʠʣ ʚʷʟʢʦʩʪʠ ʧʦʪʦʢʘ, ʯʪʦ ʷʚʣʷʝʪʩʷ 

ʧʨʠʯʠʥʦʡ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʪʘʢʦʛʦ ʩʣʦʞʥʦʛʦ ʷʚʣʝʥʠʷ, ʢʘʢ ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʳʡ ʧʝʨʝʭʦʜ 

ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʤʝʩʪʥʦʛʦ ʦʪʨʳʚʘ ʧʦʪʦʢʘ (ʦʪʨʳʚʥʦʛʦ ʧʫʟʳʨʷ). ʈʘʟʤʝʨ ʦʪʨʳʚʥʦʡ ʦʙʣʘʩʪʠ, ʘ 
ʪʘʢʞʝ ʧʦʣʦʞʝʥʠʝ ʧʝʨʝʭʦʜʘ ʚʦ ʤʥʦʛʦʤ ʦʧʨʝʜʝʣʷʶʪʩʷ ʬʦʨʤʦʡ ʢʨʳʣʘ ʙʝʩʧʠʣʦʪʥʠʢʘ. ʉ 

ʮʝʣʴʶ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʘʵʨʦʜʠʥʘʤʠʢʠ ʄɹʃɸ ʥʝʦʙʭʦʜʠʤ ʪʘʢʦʡ ʤʝʪʦʜ 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ, ʢʦʪʦʨʳʡ ʙʳ ʫʯʠʪʳʚʘʣ ʚʩʝ ʚʷʟʢʠʝ ʵʬʬʝʢʪʳ, ʵʪʦ 
ʧʦʟʚʦʣʠʣʦ ʙʳ ʧʦ ʩʨʝʜʩʪʚʘʤ ʘʣʛʦʨʠʪʤʘ ʦʧʪʠʤʠʟʘʮʠʠ ʤʠʥʠʤʠʟʠʨʦʚʘʪʴ ʚʩʝ ʧʦʪʝʨʠ ʩʚʷʟʘʥʥʳʝ 

ʩ ʚʦʟʥʠʢʥʦʚʝʥʠʝʤ ʦʪʨʳʚʥʦʛʦ ʧʫʟʳʨʷ. ʅʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʩʫʱʝʩʪʚʫʝʪ ʦʯʝʥʴ ʤʘʣʦ ʤʦʜʝʣʝʡ 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ, ʢʦʪʦʨʳʝ ʩʧʦʩʦʙʥʳ ʨʝʰʠʪʴ ʵʪʫ ʟʘʜʘʯʫ ʠ ʦʥʠ, ʢʘʢ ʧʨʘʚʠʣʦ, 
ʪʨʫʜʦʝʤʢʠ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʚʨʝʤʝʥʥʳʭ ʠ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʟʘʪʨʘʪ. 

 ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʝʜʣʦʞʝʥʘ ʤʝʪʦʜʦʣʦʛʠʷ ʯʠʩʣʝʥʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ ʢʨʳʣʘ ʚ ʧʨʠʣʦʞʝʥʠʠ 

ʜʣʷ ʤʘʣʦʨʘʟʤʝʨʥʳʭ ʙʝʩʧʠʣʦʪʥʳʭ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ. ʉʫʪʴ ʤʝʪʦʜʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ 
ʯʠʩʣʝʥʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ ʩʝʯʝʥʠʡ ʢʨʳʣʘ ʥʘ ʦʩʥʦʚʝ ʨʝʟʫʣʴʪʘʪʦʚ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʨʘʩʯʝʪʘ 

ʪʨʸʭʤʝʨʥʦʡ ʤʦʜʝʣʠ, ʘ ʠʤʝʥʥʦ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʜʲʝʤʥʦʡ ʩʠʣʳ ʧʦ ʨʘʟʤʘʭʫ 

ʢʨʳʣʘ. ɺ ʢʘʯʝʩʪʚʝ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʪʨʝʭʤʝʨʥʦʛʦ ʘʥʘʣʠʟʘ ʙʳʣ ʚʳʙʨʘʥ 
ʢʣʘʩʩʠʯʝʩʢʠʡ ʤʝʪʦʜ ʜʠʩʢʨʝʪʥʳʭ ʚʠʭʨʝʡ. ʆʧʪʠʤʠʟʘʮʠʷ ʥʘʙʦʨʘ ʧʨʦʬʠʣʝʡ ʢʨʳʣʘ ʙʳʣʘ 

ʨʝʘʣʠʟʦʚʘʥʘ ʥʘ ʦʩʥʦʚʝ ʨʝʰʝʥʠʡ, ʧʦʣʫʯʝʥʥʳʭ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʚʷʟʢʦ-ʥʝʚʷʟʢʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. 

ʇʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ ʧʦ ʢʨʠʪʝʨʠʶ ʤʘʢʩʠʤʘʣʴʥʦʛʦ 

ʢʘʯʝʩʪʚʘ ʜʣʷ ʢʨʳʣʴʝʚ ʧʨʷʤʦʡ ʬʦʨʤʳ ʚ ʧʣʘʥʝ ʧʨʠ ʯʠʩʣʝ ʈʝʡʥʦʣʴʜʩʘ Re=200 000.  

ʅʘ ʦʩʥʦʚʝ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʩʜʝʣʘʥ ʨʷʜ ʚʳʚʦʜʦʚ ʠ ʟʘʤʝʯʘʥʠʡ ʧʦ ʧʦʚʦʜʫ 
ʧʨʠʤʝʥʠʤʦʩʪʠ ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʤʝʪʦʜʘ ʠ ʝʛʦ ʦʛʨʘʥʠʯʝʥʠʷʭ.  

Wing optimization methodology small size unmanned aerial vehicle application 

Parkhaev E.S., Semenchikov N.V. 
MAI, Moscow 

Nowadays, one of the unsolved problems of aviation science is the creation of an optimal, 

from aerodynamic design point of view, shape of a mini, micro unmanned aerial vehicle 
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(MUAV). In general, increasing the aerodynamic efficiency of MUAV significantly affects to its 
flight performance and the ability to perform a particular technical task. 

Due to the small size and relatively small speeds, the MUAV flight regimes take place in the 

critical Reynolds numbers zone, which is greatly complicates the modeling of flow around the 
MUAV lifting surfaces. The point is that, at low Reynolds numbers the influence of the viscosity 

of the flow prevails, which is the reason for the appearance of such a complex phenomenon as a 

laminar-turbulent transition with the formation of a local flow separation (transitional bubble). 
The size of the detachment area, as well as the position of the transition is largely determined by 

the wing shape of the drones. In order to improve the aerodynamics of MUAV, an aerodynamic 

design method that takes into account all viscous effects is required, using the optimization 
algorithm this would allow minimizing all losses associated with transitional bubble. At the 

moment, there are few models of aerodynamic analysis that can solve this problem and they are 

labor-consuming in terms of time and computational costs. 
Therefore, the wing optimization numerical methodology for micro and mini unmanned aerial 

vehicles application has been proposed. The essence of the method consists in numerical 
optimization of the wing sections based on the results of the aerodynamic calculation of the 

three-dimensional model, namely, the distribution of the lift coefficient by the span of the wing. 

As the aerodynamic model of three-dimensional analysis, the classical method of discrete 
vortices was chosen. The optimization of the set of wing airfoils was realized on the basis of 

solutions obtained with the help of the viscous-inviscid interaction method. 

Numerical optimization results by the criterion of maximum lift to drag ratio for straight wing 
planform with the Reynolds number Re = 200 000 are presented. 

On the basis of the obtained results, a number of conclusions and remarks were made about 

the applicability of the proposed method and its limitations. 

ʄʠʥʠʘʪʶʨʠʟʘʮʠʷ ʙʦʨʪʦʚʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ ʢʘʢ ʪʝʭʥʦʣʦʛʠʷ ʧʦʚʳʰʝʥʠʷ 

ʵʢʦʣʦʛʠʯʥʦʩʪʠ ʘʚʠʘʮʠʠ 

ʇʝʨʝʧʝʣʶʢ ɼ.ʉ. 
ʄɸʀ, ʄʦʩʢʚʘ 

ʊʝʭʥʦʣʦʛʠʠ, ʩʚʷʟʘʥʥʳʝ ʩ ʙʦʨʪʦʚʳʤ ʦʙʦʨʫʜʦʚʘʥʠʝʤ ʜʣʷ ʘʚʠʘʮʠʠ (ʘʚʠʦʥʠʢʠ), 

ʨʘʟʚʠʚʘʶʪʩʷ ʩ 1940-1950 ʛʛ. ʈʘʟʨʘʙʦʪʢʘ ʢʨʝʤʥʠʝʚʳʭ ʪʨʘʥʟʠʩʪʦʨʦʚ, ʟʘʪʝʤ ʩʦʟʜʘʥʠʝ 
ʪʦʥʢʦʧʣʝʥʦʯʥʳʭ ʠʥʪʝʛʨʘʣʴʥʳʭ ʩʭʝʤ, ʤʠʥʠʘʪʶʨʠʟʠʨʫʶʱʠʭ ʵʣʝʢʪʨʦʥʥʦʝ ʦʙʦʨʫʜʦʚʘʥʠʝ, ʘ 

ʪʘʢʞʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʳʭ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʩʧʦʩʦʙʩʪʚʦʚʘʣʠ 

ʨʘʟʚʠʪʠʶ ʪʝʭʥʦʣʦʛʠʠ ʩʦʟʜʘʥʠʷ ʠʥʪʝʛʨʘʣʴʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʩʭʝʤ ʩ ʪʦʧʦʣʦʛʠʯʝʩʢʠʤʠ 
ʨʘʟʤʝʨʘʤʠ ʵʣʝʤʝʥʪʦʚ ʤʝʥʝʝ 100 ʥʤ. 

ʉʝʛʦʜʥʷ ʚʝʜʫʪʩʷ ʨʘʟʨʘʙʦʪʢʠ ʧʦ ʩʦʟʜʘʥʠʶ ʢʦʤʧʦʥʝʥʪʦʚ ʠʥʪʝʛʨʠʨʦʚʘʥʥʦʡ ʤʦʜʫʣʴʥʦʡ 

ʘʚʠʦʥʠʢʠ ʥʘ ʦʩʥʦʚʝ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʵʣʝʤʝʥʪʦʚ. ʈʘʟʚʠʪʠʝ ʚʦʝʥʥʦʡ ʘʚʠʘʮʠʠ ʩʪʠʤʫʣʠʨʫʝʪ 
ʩʧʨʦʩ ʥʘ ʤʠʥʠʘʪʶʨʥʦʝ ʙʦʨʪʦʚʦʝ ʦʙʦʨʫʜʦʚʘʥʠʝ ʚʦʟʜʫʰʥʳʭ ʩʫʜʦʚ. 

ʋʤʝʥʴʰʝʥʠʝ ʨʘʟʤʝʨʦʚ ʠ ʤʘʩʩʳ ʙʘʟʦʚʳʭ ʵʣʝʤʝʥʪʦʚ ʙʦʨʪʦʚʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ ʚʦʟʜʫʰʥʳʭ 

ʩʫʜʦʚ ï ʩʠʩʪʝʤ ʥʘʚʠʛʘʮʠʠ, ʢʦʤʤʫʥʠʢʘʮʠʠ, ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ï ʩʧʦʩʦʙʩʪʚʫʶʪ 
ʧʦʚʳʰʝʥʠʶ ʵʢʦʣʦʛʠʯʥʦʩʪʠ ʘʚʠʘʮʠʠ, ʧʨʠ ʫʩʠʣʝʥʠʠ ʥʘʜʝʞʥʦʩʪʠ ʵʣʝʤʝʥʪʦʚ ʠ ʥʝʠʟʤʝʥʥʦʡ 

ʵʥʝʨʛʦʵʬʬʝʢʪʠʚʥʦʩʪʠ. 

ʄʠʥʠʘʪʶʨʠʟʘʮʠʷ ʙʦʨʪʦʚʦʛʦ ʘʚʠʘʮʠʦʥʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ ʦʙʝʩʧʝʯʠʪ ʩʥʠʞʝʥʠʝ 

ʤʘʢʩʠʤʘʣʴʥʦʡ ʚʟʣʝʪʥʦʡ ʤʘʩʩʳ ʩʘʤʦʣʝʪʘ, ʯʪʦ ʧʦʟʚʦʣʠʪ ʫʤʝʥʴʰʠʪʴ ʨʘʩʭʦʜ ʪʦʧʣʠʚʘ. ɿʘ ʩʯʝʪ 

ʫʚʝʣʠʯʝʥʠʷ ʢʦʤʤʝʨʯʝʩʢʦʡ ʟʘʛʨʫʟʢʠ ʢʘʞʜʦʛʦ ʩʦʚʝʨʰʘʝʤʦʛʦ ʨʝʡʩʘ ʩʦʢʨʘʪʠʪʴʩʷ ʢʦʣʠʯʝʩʪʚʦ 

ʧʦʣʝʪʦʚ. ʇʦʚʳʩʠʪʩʷ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ ʘʵʨʦʜʨʦʤʥʳʭ ʧʦʢʨʳʪʠʡ. ɸʚʠʘʧʝʨʝʚʦʟʢʠ ʜʣʷ 
ʥʘʩʝʣʝʥʠʷ ʩʪʘʥʫʪ ʜʦʩʪʫʧʥʝʝ ʙʣʘʛʦʜʘʨʷ ʧʝʨʝʚʦʟʢʝ ʙʦʣʴʰʝʛʦ ʢʦʣʠʯʝʩʪʚʘ ʧʘʩʩʘʞʠʨʦʚ ʦʜʥʠʤ 

ʨʝʡʩʦʤ. 

ʈʝʘʣʠʟʘʮʠʷ ʪʝʭʥʦʣʦʛʠʠ ʧʨʝʜʫʩʤʦʪʨʝʥʘ ʚ ʨʘʤʢʘʭ ʢʘʯʝʩʪʚʝʥʥʦʛʦ ʠʟʤʝʥʝʥʠʷ ʢʦʥʩʪʨʫʢʮʠʠ 
ʚʦʟʜʫʰʥʳʭ ʩʫʜʦʚ, ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʥʘʥʦʜʘʪʯʠʢʦʚ. 

ɺ ʈʦʩʩʠʠ ʫʨʦʚʝʥʴ ʨʘʟʚʠʪʠʷ ʪʝʭʥʦʣʦʛʠʠ ʥʘʭʦʜʠʪʩʷ ʥʘ ʥʘʯʘʣʴʥʳʭ ʵʪʘʧʘʭ: ʥʘʣʠʯʠʝ 

ʙʘʟʦʚʳʭ ʟʥʘʥʠʡ ʦʙʝʩʧʝʯʠʚʘʝʪ ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʥʘʧʨʘʚʣʝʥʠʡ ʠʩʩʣʝʜʦʚʘʥʠʡ 
ʦʪʨʘʩʣʠ. ʉʫʱʝʩʪʚʝʥʥʳʤ ʙʘʨʴʝʨʦʤ ʷʚʣʷʝʪʩʷ ʚʳʩʦʢʘʷ ʩʪʦʠʤʦʩʪʴ ʧʨʦʠʟʚʦʜʩʪʚʘ 
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ʦʙʦʨʫʜʦʚʘʥʠʷ, ʘ ʪʘʢʞʝ ʪʨʫʜʦʝʤʢʦʩʪʴ ʠ ʜʣʠʪʝʣʴʥʦʩʪʴ ʧʨʦʮʝʩʩʘ ʠʟʤʝʥʝʥʠʷ ʢʦʥʩʪʨʫʢʮʠʠ 
ʩʘʤʦʣʝʪʘ. 

Miniaturization of airborne equipment as a technology to improve the environmental 

friendliness of aviation 

Perepelyuk D.S. 

MAI, Moscow 

Technologies associated with on-board equipment for aviation (avionics) have been 
developing since 1940-1950. Development of silicon transistors, then the creation of thin film 

integrated circuits, electronic equipment is reduced, and the use of conductive nanoscale 

materials, promoted the development of the technology of integrated electronic circuits with 
topological element sizes less than 100 nm. 

Today we are working on the development of components for integrated modular avionics 

based on nanoscale elements. The development of military aviation stimulates demand for 
miniature airborne equipment of aircraft. 

Reducing the size and weight of the basic elements of airborne equipment of aircraft ï 
navigation, communication, automatic control systems ï contribute to the improvement of 

aviationôs environmental friendliness, with the enhancement of reliability of elements and 

unchanged energy efficiency. 
Miniaturization of airborne equipment will ensure a reduction in the maximum take-off 

weight of the aircraft, which will reduce fuel consumption. By increasing the commercial load of 

each voyage, the number of flights will be reduced. The wear resistance of aerodrome coatings 
will increase. Air transportation for the population will become more accessible due to 

transportation of more passengers by one flight. 

The implementation of the technology is envisaged in the framework of a qualitative change 
in the design of aircraft, the use of new materials for nanodetectors. 

In Russia, the level of technology development is at the initial stages: the availability of basic 

knowledge ensures the formation of appropriate research directions of the industry. A significant 
barrier is the high cost of manufacturing equipment, as well as the labor and duration of the 

process of changing the design of the aircraft. 

ʈʘʟʨʘʙʦʪʢʘ ʤʘʢʝʪʘ ʵʥʝʨʛʦʩʙʝʨʝʛʘʶʱʝʛʦ ʩʪʝʥʜʘ ʜʣʷ ʨʝʩʫʨʩʥʳʭ ʪʝʨʤʦʧʨʦʯʥʦʩʪʥʳʭ 

ʠʩʧʳʪʘʥʠʡ ʦʩʪʝʢʣʝʥʠʷ ʬʦʥʘʨʝʡ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ 

ɹʝʣʦʚ ɺ.ɺ., ɼʘʛʘʝʚʘ ɸ.ɹ., ʇʦʣʝʪʘʝʚ ʀ.ɸ., ʐʠʥʢʘʨʝʚ ɼ.ɸ. 

ʉʠʙʅʀɸ, ʛ. ʅʦʚʦʩʠʙʠʨʩʢ 

ʆʩʪʝʢʣʝʥʠʝ ʬʦʥʘʨʝʡ ʩʚʝʨʭʟʚʫʢʦʚʳʭ ʩʘʤʦʣʸʪʦʚ ʷʚʣʷʝʪʩʷ ʚʳʩʦʢʦʥʘʧʨʷʞʸʥʥʳʤ 

ʵʣʝʤʝʥʪʦʤ ʢʦʥʩʪʨʫʢʮʠʠ. ɺʤʝʩʪʝ ʩ ʦʙʰʠʚʢʦʡ ʬʶʟʝʣʷʞʘ ʦʥʦ ʧʦʜʚʝʨʞʝʥʦ ʥʝʩʪʘʮʠʦʥʘʨʥʦʤʫ 

ʪʝʧʣʦʚʦʤʫ ʚʦʟʜʝʡʩʪʚʠʶ ʧʦʚʳʰʝʥʥʳʭ (ʜʦ +230Üʉ) ʠ ʧʦʥʠʞʝʥʥʳʭ (ʜʦ -50Üʉ) ʪʝʤʧʝʨʘʪʫʨ. 
ʈʘʩʯʸʪ ʚʦʟʥʠʢʘʶʱʠʭ ʜʝʬʦʨʤʘʮʠʡ ʠ ʦʩʪʘʪʦʯʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʚ ʢʦʥʩʪʨʫʢʮʠʠ ʷʚʣʷʝʪʩʷ 

ʪʨʫʜʦʝʤʢʠʤ ʧʨʦʮʝʩʩʦʤ, ʚ ʩʚʷʟʠ ʩ ʵʪʠʤ ʚʦʟʥʠʢʘʝʪ ʟʘʜʘʯʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ 

ʨʝʩʫʨʩʘ ʬʦʥʘʨʷ ʚ ʩʪʝʥʜʦʚʳʭ ʫʩʣʦʚʠʷʭ. ɼʘʥʥʘʷ ʟʘʜʘʯʘ ʘʢʪʫʘʣʴʥʘ ʜʣʷ ʬʦʥʘʨʝʡ ʥʦʚʳʭ 
ʢʦʥʩʪʨʫʢʮʠʡ, ʜʣʷ ʢʦʪʦʨʳʭ ʝʱʸ ʥʝʪ ʜʦʩʪʦʚʝʨʥʳʭ ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ ʠ ʤʝʪʦʜʦʚ 

ʦʮʝʥʢʠ ʨʝʩʫʨʩʘ. 

ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʩʪʝʥʜʦʚʘʷ ʙʘʟʘ ʪʝʨʤʦʧʨʦʯʥʦʩʪʥʳʭ ʨʝʩʫʨʩʥʳʭ ʠʩʧʳʪʘʥʠʡ 
ʦʩʪʝʢʣʝʥʠʷ ʢʘʙʠʥ ʩʫʱʝʩʪʚʫʝʪ ʪʦʣʴʢʦ ʚ ʌɻʋʇ çʉʠʙʅʀɸè ï ʩʪʝʥʜ ʈʀʌ. ɿʘ ʚʨʝʤʷ 

ʵʢʩʧʣʫʘʪʘʮʠʠ ʩʫʱʝʩʪʚʫʶʱʝʛʦ ʩʪʝʥʜʘ ʙʳʣ ʚʳʷʚʣʝʥ ʨʷʜ ʥʝʜʦʩʪʘʪʢʦʚ: ʥʠʟʢʘʷ 

ʵʥʝʨʛʦʵʬʬʝʢʪʠʚʥʦʩʪʴ, ʪʨʫʜʦʝʤʢʦʩʪʴ ʠʟʛʦʪʦʚʣʝʥʠʷ ʠ ʪ.ʜ. 
ɺ ʌɻʋʇ çʉʠʙʅʀɸè ʚʝʜʫʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦ ʩʦʟʜʘʥʠʶ ʫʥʠʚʝʨʩʘʣʴʥʦʛʦ 

ʵʥʝʨʛʦʩʙʝʨʝʛʘʶʱʝʛʦ ʩʪʝʥʜʘ ʥʦʚʦʛʦ ʧʦʢʦʣʝʥʠʷ ï ʈʀʌ-II ʜʣʷ ʪʝʨʤʦʧʨʦʯʥʦʩʪʥʳʭ ʠʩʧʳʪʘʥʠʡ 

ʬʦʥʘʨʝʡ. ɺ ʦʩʥʦʚʫ ʢʦʥʩʪʨʫʢʮʠʠ ʩʪʝʥʜʘ ʟʘʣʦʞʝʥ ʧʨʠʥʮʠʧ ʥʘʛʨʝʚʘ ʠ ʦʭʣʘʞʜʝʥʠʷ ʦʙʲʝʢʪʘ 
ʠʩʧʳʪʘʥʠʡ (ʬʦʥʘʨʷ) ʧʘʨʘʣʣʝʣʴʥʳʤ ʧʦʪʦʢʦʤ ʚʦʟʜʫʭʘ ʩ ʨʘʟʜʝʣʝʥʠʝʤ ʢʦʥʪʫʨʦʚ ʪʝʧʣʦʛʦ ʠ 

ʭʦʣʦʜʥʦʛʦ ʚʦʟʜʫʭʘ. ʉʪʝʥʜ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʦʜʦʙʠʝ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʡ ʪʨʫʙʳ c ʜʚʫʤʷ 

ʟʘʤʢʥʫʪʳʤʠ ʠ ʧʨʦʜʫʚʦʯʥʳʤ (ʨʘʟʦʤʢʥʫʪʳʤ) ʘʪʤʦʩʬʝʨʥʳʤ ʢʦʥʪʫʨʘʤʠ. 
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ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʧʨʦʚʝʨʢʘ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ, ʫʪʦʯʥʝʥʠʝ ʪʝʭʥʠʯʝʩʢʠʭ 
ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠ ʜʦʨʘʙʦʪʢʘ ʢʦʥʩʪʨʫʢʮʠʠ ʩʪʝʥʜʘ ʈʀʌ-II. ʂʨʠʪʝʨʠʝʤ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ 

ʩʪʝʥʜʘ ʷʚʣʷʝʪʩʷ ʧʦʣʫʯʝʥʠʝ ʨʘʚʥʦʤʝʨʥʦʛʦ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʣʷ ʧʦ ʚʩʝʡ ʧʦʚʝʨʭʥʦʩʪʠ 

ʠʩʧʳʪʫʝʤʳʭ ʤʦʜʝʣʝʡ. 
ɼʣʷ ʚʳʧʦʣʥʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʦʡ ʮʝʣʠ ʙʳʣʦ ʧʨʠʥʷʪʦ ʨʝʰʝʥʠʝ ʨʘʟʨʘʙʦʪʘʪʴ ʠ ʩʦʟʜʘʪʴ ʤʘʢʝʪ 

ʩʪʝʥʜʘ ʈʀʌ-II. ʄʘʢʝʪ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʫʤʝʥʴʰʝʥʥʳʡ ʨʘʙʦʯʠʡ ʚʘʨʠʘʥʪ ʧʝʨʩʧʝʢʪʠʚʥʦʛʦ 

ʩʪʝʥʜʘ.  
ɺ ʧʨʦʮʝʩʩʝ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʙʳʣʠ ʧʦʩʪʘʚʣʝʥʳ ʩʣʝʜʫʶʱʠʝ ʟʘʜʘʯʠ: 

Å ʕʩʢʠʟʥʦʝ ʧʨʦʝʢʪʠʨʦʚʘʥʠʝ ʩʠʩʪʝʤ ʦʭʣʘʞʜʝʥʠʷ, ʥʘʛʨʝʚʘ, ʨʘʙʦʯʝʡ ʯʘʩʪʠ ʩʪʝʥʜʘ ʠ ʪ.ʜ.; 

Å ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʨʘʙʦʯʝʡ ʯʘʩʪʠ ʩʪʝʥʜʘ; 
Å ʈʘʟʨʘʙʦʪʢʘ ʠ ʩʦʟʜʘʥʠʝ ʤʘʢʝʪʘ ʩʪʝʥʜʘ; 

Å ʇʨʦʚʝʜʝʥʠʝ ʠʩʧʳʪʘʥʠʡ ʥʘ ʤʦʜʝʣʠ ʦʩʪʝʢʣʝʥʠʷ ʬʦʥʘʨʷ; 

Å ɸʥʘʣʠʟ ʠ ʩʨʘʚʥʝʥʠʝ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ. 
ʅʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʟʘʚʝʨʰʝʥʳ ʧʝʨʚʳʝ ʜʚʘ ʧʫʥʢʪʘ ʠʟ ʩʧʠʩʢʘ ʟʘʜʘʯ. ɺ ʜʘʣʴʥʝʡʰʝʤ 

ʧʣʘʥʠʨʫʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʢʦʥʩʪʨʫʢʪʦʨʩʢʦʡ ʜʦʢʫʤʝʥʪʘʮʠʠ ʠ ʩʦʟʜʘʥʠʝ ʤʘʢʝʪʘ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ 
ʠʩʧʳʪʘʥʠʡ. 

Design of energy conversing test rig mockup for thermostability tests of the cockpit 

transparencies 

Belov V.V., Dagaeva A.B., Poletaev I.A., Shinkarev D.A. 

SibNIA, Novosibirsk 

Cockpit transparency of supersonic aircraft is a high-pressure element of the structure. 
Together with the fuselage skinning, it is exposed to the unstationary thermal effects of increased 

(up to +230ÁC) and decreased (up to -50ÁC) temperatures. The calculation of the resulting 

deformations and residual stresses in the structure is a time-consuming process, and this leads to 
the task of experimenting with the definition of the canopyôs resource in the bench conditions. 

This task is relevant for canopy of new structural designs that do not yet have reliable 

mathematical models and methods for estimating the durability. 
Currently, the thermostability endurance tests rig of the cockpit transparency are available 

only in the ñSibNIA named after S. A. Chaplyginò ï ñRIFò rig. A number of shortcomings were 

identified during the operation of the existing rig, such as low energy efficiency, production 
intensity, etc. 

ñSibNIAò has been conducting studies on the establishment of a new generation of a universal 

energy rig, the ñRIF-IIò, for the canopy thermostability tests. Heating and cooling the test object 
(canopy) with a parallel air flow, dividing the contours of warm and cold air is at the heart of the 

rig design. A rig is similar to a wind tunnel with two closed and one venting (open) atmospheric 

contours. 
The purpose of this work is to test the performance capabilities, to update technical 

specifications and to maturate the design of the ñRIF-IIò rig. The rigôs performance criteria is a 

derivation of unified temperature field across the entire surface of the test models. 
In order to achieve this goal, it was decided to develop and establish a ñRIF-IIò rig mockup. 

The mockup is a reduced working version of the prospective rig. 

The following tasks were set out in the process: 

Å Design of cooling and heating systems, rigôs working side, etc.; 

Å Modelling of heat streams in the working side of the rig; 

Å Design and create a rig mockup; 
Å Conducting tests on the cockpit transparency mockup; 

Å Analysis and comparison of theoretical and experimental data. 

The first two items in the task list have been completed so far. In the future it is planned to 
develop construction documents and design a test mockup. 
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ɸʵʨʦʜʠʥʘʤʠʯʝʩʢʠʡ ʦʙʣʠʢ ʠ ʩʪʨʫʢʪʫʨʘ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʙʝʩʧʠʣʦʪʥʦʛʦ 

ʧʣʘʥʠʨʫʶʱʝʛʦ ʢʨʳʣʘʪʦʛʦ ʣʝʪʘʪʝʣʴʥʦʛʦ ʘʧʧʘʨʘʪʘ 

ʇʦʣʠʱʫʢ ʄ.ɺ., ɻʨʫʤʦʥʜʟ ɺ.ʊ., ʇʦʣʠʱʫʢ ʄ.ɸ. 

ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ʈʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʚʦʧʨʦʩʘʤ ʜʠʥʘʤʠʢʠ ʠ ʫʧʨʘʚʣʝʥʠʷ ʙʝʩʧʠʣʦʪʥʳʤ ʧʣʘʥʠʨʫʶʱʠʤ 

ʢʨʳʣʘʪʳʤ ʣʝʪʘʪʝʣʴʥʳʤ ʘʧʧʘʨʘʪʦʤ (ɹʇʂ ʃɸ). ʆʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʶ 

ʚʣʠʷʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʫʜʣʠʥʝʥʠʷ ʢʨʳʣʘ ʥʘ ʣʝʪʥʦ-ʪʝʭʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ɹʇʂ ʃɸ. 
ʉʧʨʦʝʢʪʠʨʦʚʘʥʘ ʩʠʩʪʝʤʘ ʫʧʨʘʚʣʝʥʠʷ ɹʇʂ ʃɸ. ʇʨʦʚʝʜʝʥ ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ 

ʙʘʣʣʠʩʪʠʯʝʩʢʠʭ ʜʘʣʴʥʦʩʪʝʡ ʧʦʣʝʪʘ ʠ ʤʘʢʩʠʤʘʣʴʥʳʭ ʜʘʣʴʥʦʩʪʝʡ ʫʧʨʘʚʣʷʝʤʦʛʦ ʧʦʣʝʪʘ ʜʣʷ 

ʦʙʲʝʢʪʦʚ ʫʧʨʘʚʣʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʩʭʝʤ. ʉʜʝʣʘʥʳ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʚʳʚʦʜʳ ʠ ʜʘʥʳ 
ʨʝʢʦʤʝʥʜʘʮʠʠ.  

ʆʙʲʝʢʪ ʫʧʨʘʚʣʝʥʠʷ ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ï ɹʇʂ ʃɸ, ʚʳʧʦʣʥʝʥʥʳʡ ʧʦ ʥʦʨʤʘʣʴʥʦʡ 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʡ ʩʭʝʤʝ ʠ ʦʩʥʘʱʝʥʥʳʡ ʨʘʩʢʨʳʚʘʶʱʠʤʩʷ ʢʨʳʣʴʝʚʳʤ ʤʦʜʫʣʝʤ. 
ʂʨʳʣʴʝʚʦʡ ʤʦʜʫʣʴ ʠ ʭʚʦʩʪʦʚʦʝ ʦʧʝʨʝʥʠʝ ʚʳʧʦʣʥʝʥʳ ʚ ʍ-ʦʙʨʘʟʥʦʡ ʩʭʝʤʝ. ɹʘʟʦʚʳʡ ʚʘʨʠʘʥʪ 

ɹʇʂ ʃɸ ʥʝ ʦʩʥʘʱʝʥ ʨʘʩʢʨʳʚʘʶʱʠʤʠʩʷ ʤʦʜʫʣʷʤʠ ʚ ʪʦ ʚʨʝʤʷ, ʢʘʢ ʦʩʪʘʣʴʥʳʝ ʚʘʨʠʘʥʪʳ 
ɹʇʂ ʃɸ ʦʩʥʘʱʘʶʪʩʷ ʨʘʩʢʨʳʚʘʶʱʠʤʩʷ ʢʨʳʣʴʝʚʳʤ ʤʦʜʫʣʝʤ ʠ ʨʘʩʢʨʳʚʘʶʱʠʤʠʩʷ 

ʮʝʣʴʥʦʧʦʚʦʨʦʪʥʳʤʠ ʨʫʣʷʤʠ.  

ʇʦʩʪʨʦʝʥʘ ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʜʚʠʞʝʥʠʷ ɹʇʂ ʃɸ, ʧʨʠ ʧʦʤʦʱʠ 
ʢʦʪʦʨʦʡ ʧʨʦʚʝʜʝʥʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʟʘʧʫʩʢʘ ɹʇʂ ʃɸ ʩ ʬʠʢʩʠʨʦʚʘʥʥʳʤʠ ʥʫʣʝʚʳʤʠ 

ʦʪʢʣʦʥʝʥʠʷʤʠ ʨʫʣʝʚʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ. 

ʇʨʝʜʣʦʞʝʥʳ ʜʚʝ ʩʪʨʫʢʪʫʨʳ ʩʠʩʪʝʤʳ ʩʪʘʙʠʣʠʟʘʮʠʠ ʦʙʲʝʢʪʘ ʫʧʨʘʚʣʝʥʠʷ: 
1. ʩʪʘʙʠʣʠʟʘʮʠʷ ʧʝʨʝʛʨʫʟʦʢ ɹʇʂ ʃɸ 

2. ʩʪʘʙʠʣʠʟʘʮʠʷ ʫʛʣʦʚʦʛʦ ʧʦʣʦʞʝʥʠʷ ɹʇʂ ʃɸ  

ʆʩʥʦʚʥʘʷ ʟʘʜʘʯʘ ʩʠʩʪʝʤʳ ʥʘʚʝʜʝʥʠʷ ɹʇʂ ʃɸ ï ʬʦʨʤʠʨʦʚʘʥʠʝ ʫʧʨʘʚʣʷʶʱʠʭ ʩʠʛʥʘʣʦʚ ʚ 
ʩʠʩʪʝʤʫ ʩʪʘʙʠʣʠʟʘʮʠʠ ʜʣʷ ʚʳʧʦʣʥʝʥʠʷ ʪʦʡ ʠʣʠ ʠʥʦʡ ʟʘʜʘʯʠ. ʇʨʝʜʣʦʞʝʥʦ ʫʩʣʦʚʥʦ ʨʘʟʜʝʣʠʪʴ 

ʩʠʩʪʝʤʫ ʥʘʚʝʜʝʥʠʷ ʚ ʧʨʦʜʦʣʴʥʦʤ ʢʘʥʘʣʝ ʥʘ ʜʚʝ ʧʦʜʩʠʩʪʝʤʳ, ʢʦʪʦʨʳʝ ʚʳʧʦʣʥʷʶʪ 

ʦʧʨʝʜʝʣʝʥʥʳʝ ʟʘʜʘʯʠ. ʇʝʨʚʘʷ ʟʘʜʘʯʘ ï ʧʣʘʥʠʨʦʚʘʥʠʝ ʥʘ ʤʘʢʩʠʤʘʣʴʥʫʶ ʜʘʣʴʥʦʩʪʴ ï 
ʧʦʟʚʦʣʷʝʪ ʨʘʩʰʠʨʠʪʴ ʤʥʦʞʝʩʪʚʦ ʥʘʯʘʣʴʥʳʭ ʩʦʩʪʦʷʥʠʡ ʦʙʲʝʢʪʘ ʫʧʨʘʚʣʝʥʠʷ. ɺʪʦʨʘʷ ʟʘʜʘʯʘ ï 

ʥʘʚʝʜʝʥʠʝ ʥʘ ʟʘʜʘʥʥʫʶ ʪʦʯʢʫ ï ʦʙʝʩʧʝʯʠʚʘʝʪ ʪʦʯʥʫʶ ʜʦʩʪʘʚʢʫ ʧʦʣʝʟʥʦʡ ʥʘʛʨʫʟʢʠ.  

ɺ ʙʦʢʦʚʦʤ ʢʘʥʘʣʝ ʩʠʩʪʝʤʳ ʥʘʚʝʜʝʥʠʷ ɹʇʂ ʃɸ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʝʪʦʜ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦʛʦ 
ʩʙʣʠʞʝʥʠʷ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʬʠʢʩʘʮʠʠ ʫʛʣʦʚʦʡ ʩʢʦʨʦʩʪʠ ʣʠʥʠʠ ʚʠʟʠʨʦʚʘʥʠʷ ʮʝʣʠ ʚ 

ʟʥʘʯʝʥʠʠ 0.  

The aerodynamical conceptual design and the structure of control system for the 

unmanned gliding winged aircraft 

Polishchuk M.V., Grumondz V.T., Polishchuk M.A. 

MAI, Moscow 

The paper is dedicated to unmanned gliding winged aircraft (UGWA) dynamics and control 

system problems. The special focus is on the wing aspect ratio influence over aircraft 

performances research. The UGWA control system is designed. The comparative study for 
ballistic ranges of controlled elements of different schemes is done. The conclusions and 

recomendations are represented. 

The control element in this work is the UGWA. The UGWA has normal aerodynamic scheme 
with opening wing module. The wing module and tail rudders are in X-scheme. The base variant 

of the UGWA is unequipped with the opening wing module. Other variants are equipped with it 

ant with opening tail rudders. 
The computer model of three-dimensional motion of the UGWA is designed. The simulation 

of the UGWA of all schemes ballistic flight is done with this model. The tail rudders in this case 

are fixed in 0. 
Two structures of stabilization system are suggested: 

1. Overloads stabilization 

2. Angular stabilization 
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The main task of the guidance system is to form control signals for the stabilization system. 
The guidance system is conditionally divided on two subsystems with different tasks. The first 

subsystem task is the maximum range gliding. This subsystem provides an opportunity to expand 

the start condition set for the controlled element. The second subsystem provides the high-
accuracy delivery of the payload.  

The guidance in the lateral channel uses the proportional navigation law. It is based on the 

locking of the line of sight rate in the zero value. 

ɺʣʠʷʥʠʝ ʨʘʟʣʠʯʥʳʭ ʚʘʨʠʘʥʪʦʚ ʣʦʧʘʩʪʝʡ ʅɺ ʥʘ ʍ-ʦʙʨʘʟʥʳʡ ʨʫʣʝʚʦʡ ʚʠʥʪ 

ʚʝʨʪʦʣʸʪʘ ʄʠ-171 ʃʃ 

ʀʚʯʠʥ ɺ.ɸ.1, ʅʠʢʠʬʦʨʦʚ ɺ.ɸ.1, ʉʘʤʩʦʥʦʚ ʂ.ʖ.2  
1ʄɺɿ ʠʤ. ʄ.ʃ. ʄʠʣʷ, ʧ. ʊʦʤʠʣʠʥʦ, ʄʦʩʢʦʚʩʢʘʷ ʦʙʣ.; 2ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʦʧʠʩʳʚʘʝʪʩʷ ʚʣʠʷʥʠʝ ʨʘʟʣʠʯʥʳʭ ʣʦʧʘʩʪʝʡ ʥʝʩʫʱʝʛʦ ʚʠʥʪʘ ʥʘ ʍ-

ʦʙʨʘʟʥʳʡ ʨʫʣʝʚʦʡ ʚʠʥʪ ʚʝʨʪʦʣʸʪʘ ʄʠ-171 ʃʃ, ʟʘʤʝʯʝʥʥʦʝ ʧʨʠ ʧʨʦʚʝʜʝʥʠʠ ʣʸʪʥʳʭ 
ʠʩʧʳʪʘʥʠʡ. ʀʩʧʳʪʘʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʦʜʥʦʤ ʠ ʪʦʤ ʞʝ ʚʝʨʪʦʣʸʪʝ ʚ ʙʣʠʟʢʠʭ ʘʪʤʦʩʬʝʨʥʳʭ 

ʫʩʣʦʚʠʷʭ. 
ɿʘʜʘʯʝʡ ʠʩʧʳʪʘʥʠʡ ʩʪʘʚʠʣʦʩʴ ʩʨʘʚʥʝʥʠʝ ʣʸʪʥʦ-ʪʝʭʥʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʜʚʫʭ 

ʢʦʤʧʣʝʢʪʦʚ ʣʦʧʘʩʪʝʡ ʥʝʩʫʱʝʛʦ ʚʠʥʪʘ ʚʝʨʪʦʣʸʪʘ ʄʠ-171 ʃʃ. ʆʜʥʘʢʦ ʧʨʠ ʦʙʨʘʙʦʪʢʝ 

ʤʘʪʝʨʠʘʣʦʚ ʠʩʧʳʪʘʥʠʡ ʙʳʣʦ ʚʳʷʚʣʝʥʦ ʨʘʟʣʠʯʠʝ ʚ ʫʛʣʘʭ ʫʩʪʘʥʦʚʢʠ ʨʫʣʝʚʦʛʦ ʚʠʥʪʘ ʧʨʠ 
ʨʘʟʣʠʯʥʳʭ ʅɺ ʩ ʦʜʠʥʘʢʦʚʳʤʠ ʚʟʣʸʪʥʳʤʠ ʤʘʩʩʘʤʠ. 

ɸʚʪʦʨʳ ʚʳʨʘʞʘʶʪ ʙʣʘʛʦʜʘʨʥʦʩʪʴ ʀ.ɻ.ʇʠʩʢʦʚʫ, ʉ.ʈ.ɿʘʤʫʣʝ ʠ ɸ.ʀ.ʆʨʣʦʚʫ ʟʘ ʧʦʤʦʱʴ ʚ 

ʧʨʦʚʝʜʝʥʠʠ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʠ ʧʦʜʛʦʪʦʚʢʝ ʩʪʘʪʴʠ. 
ʆʪʤʝʯʝʥʦ, ʯʪʦ ʚʟʣʝʪʥʘʷ ʤʘʩʩʘ ʚʝʨʪʦʣʝʪʘ ʧʨʠ ʚʠʩʝʥʠʠ ʚʥʝ ʚʣʠʷʥʠʷ ʟʝʤʣʠ ʚ ʄʉɸ ʩ 

ʣʦʧʘʩʪʷʤʠ ʠʟ ʇʂʄ ʧʨʝʚʳʰʘʝʪ ʚʟʣʝʪʥʫʶ ʤʘʩʩʫ ʚʝʨʪʦʣʝʪʘ ʩ ʩʝʨʠʡʥʳʤʠ ʣʦʧʘʩʪʷʤʠ ʥʘ 

ʥʦʤʠʥʘʣʴʥʦʤ ʨʝʞʠʤʝ ʨʘʙʦʪʳ ʜʚʠʛʘʪʝʣʝʡ ʥʘ ~ 750ʢʛ, ʥʘ ʚʟʣʝʪʥʦʤ ʥʘ ~ 700ʢʛ. 
ʇʦʣʫʯʝʥʥʘʷ ʚ ʨʘʙʦʪʝ ʟʘʚʠʩʠʤʦʩʪʴ ʧʦʟʚʦʣʷʝʪ, ʟʥʘʷ ʚʳʩʦʪʥʦ-ʢʣʠʤʘʪʠʯʝʩʢʠʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʜʚʠʛʘʪʝʣʷ, ʦʧʨʝʜʝʣʠʪʴ ʙʘʣʘʥʩʠʨʦʚʦʯʥʦʝ ʟʥʘʯʝʥʠʝ jʨʚ ʥʘ ʨʝʞʠʤʝ ʚʠʩʝʥʠʷ 

ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʩʦʯʝʪʘʥʠʷʭ ʙʘʨʦʤʝʪʨʠʯʝʩʢʦʡ ʚʳʩʦʪʳ ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘʨʫʞʥʦʛʦ ʚʦʟʜʫʭʘ 
ʜʣʷ ʟʘʜʘʥʥʳʭ ʦʙʦʨʦʪʦʚ ʅɺ. 

ʀʟ ʤʘʪʝʨʠʘʣʦʚ ʨʘʙʦʪʳ ʩʣʝʜʫʝʪ, ʯʪʦ ʧʨʠ ʦʜʥʦʤ ʠ ʪʦʤ ʞʝ ʟʥʘʯʝʥʠʠ Nʧʨ(95/nʥʚʧʨ)3 ʠʣʠ 

Nʬʘʢʪ ʙʘʣʘʥʩʠʨʦʚʦʯʥʳʝ ʟʥʘʯʝʥʠʷ jʨʚ ʜʣʷ ʚʝʨʪʦʣʝʪʘ ʩ ʃʅɺ ʠʟ ʇʂʄ ʤʝʥʴʰʝ, ʯʝʤ ʜʣʷ 

ʚʝʨʪʦʣʝʪʘ ʩ ʩʝʨʠʡʥʳʤʠ ʃʅɺ ʥʘ 0,5é0,9.̄ ʇʨʠ ʵʪʦʤ ʨʘʟʥʠʮʘ ʚ ʫʛʣʘʭ ʫʩʪʘʥʦʚʢʠ ʨʫʣʝʚʦʛʦ 

ʚʠʥʪʘ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʚʝʣʠʯʠʥʳ Nʝʧʨ(95/nʥʚʧʨ)3 (Nʬʘʢʪ). ɺʦʟʤʦʞʥʦ, ʵʪʦ 

ʚʳʟʚʘʥʦ ʨʘʟʣʠʯʥʳʤ ʚʣʠʷʥʠʝʤ ʠʥʜʫʢʮʠʠ ʦʪ ʥʝʩʫʱʝʛʦ ʚʠʥʪʘ ʥʘ ʨʫʣʝʚʦʡ ʚʠʥʪ ʜʣʷ ʃʅɺ ʠʟ 
ʇʂʄ ʠ ʩʝʨʠʡʥʳʭ. 

ʂʘʢ ʩʣʝʜʫʝʪ ʠʟ ʤʘʪʝʨʠʘʣʦʚ, ʪʷʛʘ ʥʝʩʫʱʝʛʦ ʚʠʥʪʘ ʩ ʃʅɺ ʠʟ ʇʂʄ ʧʨʠ ʦʜʠʥʘʢʦʚʦʡ 

ʤʦʱʥʦʩʪʠ ʜʚʠʛʘʪʝʣʝʡ ʙʦʣʴʰʝ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʩʝʨʠʡʥʳʤ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʙʦʣʴʰʝ 
ʠʥʜʫʢʪʠʚʥʳʝ ʩʢʦʨʦʩʪʠ ʦʪ ʥʝʩʫʱʝʛʦ ʚʠʥʪʘ. ʇʨʠ ʵʪʦʤ ʫʛʣʳ ʫʩʪʘʥʦʚʢʠ ʨʫʣʝʚʦʛʦ ʚʠʥʪʘ 

ʤʝʥʴʰʝ. ʄʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʙʦʣʴʰʘʷ ʠʥʜʫʢʪʠʚʥʘʷ ʩʢʦʨʦʩʪʴ ʦʪ ʥʝʩʫʱʝʛʦ ʚʠʥʪʘ 

ʫʚʝʣʠʯʠʚʘʝʪ ʪʷʛʫ ʍ-ʦʙʨʘʟʥʦʛʦ ʨʫʣʝʚʦʛʦ ʚʠʥʪʘ. 

The effect of different options of blades main rotor on the X-shaped tail rotor of the MI-

171 LL 

Ivchin V.A.1, Nikiforov V.A.1, Samsonov K.Yu.2  
1JSC ñMil Moscow Helicopter Plantò, Tomilino, Moscow region; 2MAI, Moscow 

This paper describes the effect of different rotor blades on the X-shaped tail rotor of the Mi-

171 LL, observed conducting flight tests. The tests were carried out on the same helicopter in the 
similar atmospheric conditions. 

As follows from the materials, the thrust of the rotor with BMR from composite material with 

the equal engine power is more than compared production one. Consequently inductive speeds of 
the rotor are more and the angles of the tail rotor are less. It can be assumed that a large induced 

velocity of the rotor increases the thrust of X-shaped tail rotor. 
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ɸʚʠʘʮʠʦʥʥʳʝ ʨʘʢʝʪʥʳʝ ʩʪʘʨʪʦʚʳʝ ʫʩʢʦʨʠʪʝʣʠ 

ʉʘʰʠʥ ɸ.ʇ., ɺʣʘʩʦʚʘ ʉ.ɺ. 

ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ʉʦʚʨʝʤʝʥʥʳʝ ʫʩʣʦʚʠʷ ʚʝʜʝʥʠʷ ʚʦʡʥʳ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʘʵʨʦʜʨʦʤʳ ʷʚʣʷʶʪʩʷ ʣʸʛʢʦʡ 
ʮʝʣʴʶ ʜʣʷ ʩʨʝʜʩʪʚ ʧʦʨʘʞʝʥʠʷ ʧʨʦʪʠʚʥʠʢʘ. ɺʚʠʜʫ ʵʪʦʛʦ, ʘʢʪʫʘʣʴʥʦʡ ʩʪʘʥʦʚʠʪʩʷ ʟʘʜʘʯʘ 

ʠʟʙʘʚʣʝʥʠʷ ʦʪ ʚʟʣʸʪʥʦ-ʧʦʩʘʜʦʯʥʳʭ ʧʦʣʦʩ (ɺʇʇ). ʆʜʥʠʤ ʠʟ ʪʘʢʠʭ ʨʝʰʝʥʠʡ ʷʚʣʷʶʪʩʷ 

ʨʘʢʝʪʥʳʝ ʩʪʘʨʪʦʚʳʝ ʫʩʢʦʨʠʪʝʣʠ ʜʣʷ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ.  
ʊʝʤʘʪʠʢʘ ʩʘʤʦʣʸʪʦʚ ʩ ʨʘʢʝʪʥʳʤʠ ʫʩʢʦʨʠʪʝʣʷʤʠ ʘʢʪʠʚʥʦ ʨʘʟʚʠʚʘʣʘʩʴ ʚ 60-ʝ ʛʦʜʳ 

ʧʘʨʘʣʣʝʣʴʥʦ ʩ ʧʦʚʩʝʤʝʩʪʥʦʡ ʧʦʧʫʣʷʨʠʟʘʮʠʝʡ ʨʘʢʝʪ. ɺ ʉʉʉʈ ʵʪʠʤ ʟʘʥʠʤʘʣʦʩʴ 

ʢʦʥʩʪʨʫʢʪʦʨʩʢʦʝ ʙʶʨʦ (ʂɹ) ʇ.ʀ. ɻʨʦʭʦʚʩʢʦʛʦ. ʀʩʧʦʣʴʟʦʚʘʣʠʩʴ ʠʩʪʨʝʙʠʪʝʣʠ ʂɹ çʄʠɻè ʠ 
çʉʫʭʦʡè. ɸʥʘʣʦʛʠʯʥʳʝ ʨʘʙʦʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʩʪʨʘʥʘʭ ʅɸʊʆ ʧʦʜ ʥʘʟʚʘʥʠʝʤ óZero Length 

Launch / Mat Landing (ZELMAL)ô. 

ɺ ʠʩʩʣʝʜʦʚʘʥʠʠ ʘʥʘʣʠʟʠʨʫʶʪʩʷ ʧʣʶʩʳ, ʚʘʞʥʳʝ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʵʢʦʥʦʤʠʯʥʦʩʪʠ, 
ʤʘʩʢʠʨʦʚʢʠ, ʨʝʥʪʘʙʝʣʴʥʦʩʪʠ ʪʘʢʦʛʦ ʣʝʪʘʪʝʣʴʥʦʛʦ ʘʧʧʘʨʘʪʘ. ʆʥ ʠʤʝʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʟʘʩʪʘʪʴ 

ʚʨʘʩʧʣʦʭ ʩʨʝʜʩʪʚʘ ʇɺʆ ʧʨʦʪʠʚʥʠʢʘ. ʊʘʢʞʝ ʦʪʧʘʜʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʪʨʘʪʠʪʴ ʙʦʣʴʰʠʝ 

ʜʝʥʝʞʥʳʝ ʠ ʯʝʣʦʚʝʯʝʩʢʠʝ ʨʝʩʫʨʩʳ ʥʘ ʦʙʦʨʦʥʫ, ʦʙʩʣʫʞʠʚʘʥʠʝ, ʨʝʤʦʥʪ ʠ ʧʦʜʜʝʨʞʘʥʠʝ ʚ 

ʧʨʠʛʦʜʥʦʤ ʩʦʩʪʦʷʥʠʠ ʚʟʣʸʪʥʦ-ʧʦʩʘʜʦʯʥʳʭ ʧʦʣʦʩ (ɺʇʇ).  

ɺ ʛʨʘʞʜʘʥʩʢʦʡ ʩʬʝʨʝ ʜʘʥʥʳʡ ʪʠʧ ʩʪʘʨʪʘ ʩʘʤʦʣʸʪʘ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʚ 
ʪʨʫʜʥʦʜʦʩʪʫʧʥʳʭ ʨʘʡʦʥʘʭ ʩʝʚʝʨʘ, ʛʦʨʘʭ, ʜʞʫʥʛʣʷʭ. ʊʘʢʞʝ ʩʪʘʨʪ ʩ ʤʝʩʪʘ ʠʤʝʝʪ ʷʚʥʳʝ 

ʧʨʝʠʤʫʱʝʩʪʚʘ ʧʝʨʝʜ ʩʘʤʦʣʸʪʘʤʠ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʚʟʣʸʪʘ ʠ ʧʦʩʘʜʢʠ (ʉɺɺʇ) ʚ ʧʣʘʥʝ 

ʵʢʦʥʦʤʠʯʥʦʩʪʠ ï ʦʪʩʫʪʩʪʚʫʝʪ ʩʪʘʨʪʦʚʳʡ ʜʚʠʛʘʪʝʣʴ, ʷʚʣʷʶʱʠʡʩʷ ʤʸʨʪʚʳʤ ʛʨʫʟʦʤ ʚʦ ʚʨʝʤʷ 
ʧʦʣʸʪʘ, ʯʪʦ ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ ʫʤʝʥʴʰʝʥʠʠ ʨʘʩʭʦʜʘ ʪʦʧʣʠʚʘ. 

ɸʥʘʣʠʟ ʥʘʫʯʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʣʝʪʘʪʝʣʴʥʳʝ ʩ ʨʘʢʝʪʥʳʤʠ ʫʩʢʦʨʠʪʝʣʷʤʠ 

ʨʘʮʠʦʥʘʣʴʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʥʘ ʘʚʠʘʥʦʩʮʘʭ ʠ ʘʚʠʘʥʝʩʫʱʠʭ ʢʦʨʘʙʣʷʭ ʪ. ʢ. ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ 
ʪʨʝʙʫʝʪʩʷ ʧʦʜʛʦʪʦʚʢʘ ʚʟʣʸʪʥʦ-ʧʦʩʘʜʦʯʥʦʡ ʧʦʣʦʩʳ (ɺʇʇ) ʜʣʷ ʚʟʣʸʪʘ ï ʣʝʪʘʪʝʣʴʥʳʝ 

ʘʧʧʘʨʘʪʳ ʤʦʛʫʪ ʩʪʘʨʪʦʚʘʪʴ ʧʦʜʦʙʥʦ ʢʨʳʣʘʪʳʤ ʨʘʢʝʪʘʤ, ʚ ʦʙʳʯʥʦʝ ʚʨʝʤʷ ʫʢʨʳʚʘʷʩʴ ʚ 

ʰʘʭʪʘʭ ʚʥʫʪʨʠ ʢʦʨʘʙʣʷ. 
ɺʦʟʤʦʞʥʦʩʪʴ ʧʨʠʤʝʥʷʪʴ ʜʘʥʥʳʡ ʚʠʜ ʩʪʘʨʪʘ ʩ ʛʨʘʞʜʘʥʩʢʠʭ ʩʫʜʦʚ (ʪʘʥʢʝʨʦʚ, ʣʝʜʦʢʦʣʦʚ, 

ʪʦʨʛʦʚʳʭ ʩʫʜʦʚ) ʜʣʷ ʚʟʣʸʪʘ ʛʨʫʟʦʚʳʭ ʩʘʤʦʣʸʪʦʚ ʙʦʣʴʰʦʡ ʤʘʩʩʳ ʠ ʩʧʘʩʘʪʝʣʴʥʳʭ 

ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ ʜʘʸʪ ʧʨʝʠʤʫʱʝʩʪʚʦ ʚ ʵʢʦʥʦʤʠʯʥʦʩʪʠ, ʦʧʝʨʘʪʠʚʥʦʩʪʠ 
ʨʘʟʚʸʨʪʳʚʘʥʠʷ ʢʦʤʧʣʝʢʩʘ, ʩʦʢʨʘʱʝʥʠʠ ʩʪʘʨʪʦʚʳʭ ʧʣʦʱʘʜʝʡ ʥʘ ʧʘʣʫʙʝ ʩʫʜʥʘ.  

ʇʦʜʪʚʝʨʞʜʝʥʠʝ ʛʠʧʦʪʝʟʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ï ʚʳʚʦʜ ʦ ʪʦʤ, ʯʪʦ ʚ ʩʦʚʨʝʤʝʥʥʦʤ ʚʦʧʣʦʱʝʥʠʠ 

ʪʘʢʦʡ ʚʠʜ ʩʪʘʨʪʘ ʩʪʘʥʝʪ ʥʘʤʥʦʛʦ ʙʦʣʝʝ ʨʝʥʪʘʙʝʣʴʥʳʤ ʠ ʥʘʜʸʞʥʳʤ.  

Aviation rocket assisted take-off boosters 

Sashin A.P., Vlasova S.V. 

MAI, Moscow 

Modern conditions of warfare show that airfields are an easy target for enemy weapons. On 

this account, the problem of getting rid of runways becomes urgent. One of these solutions is 

rocket launching accelerators for aircraft.  
The subject areas of such airplanes with rocket accelerators developed actively in the 1960s in 

parallel with the widespread popularization of missiles. In the USSR, the P.I. Grokhovsky design 

bureau (KB) was engaged in the problem. The fighters of this KB ï MiG and Sukhoi ï were 
used. Similar projects were developed in Western countries under the name óZero Length 

Launch/Mat Landing (ZELMAL)ô.  

The study analyzes the advantages of accelerators, which are important from the point of view 
of profitability, disguise, and marketability. Such an aircraft has the ability to take enemy air 

defense by surprise, it is unnecessary to spend large amounts of money and human resources on 

defense, maintenance, repair and maintenance in a suitable condition of runways.  
In the civil sphere, this type of aircraft launch can be used in hard-to-reach areas of the north, 

mountains, jungles. This manner of start has obvious advantages over Vertical Take-Off and 
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Landing aircraft in terms of economy ï there is no starting engine. That is why we have a positive 
impact on the fuel consumption.  

The analysis of scientific research shows that aircraft with rocket boosters can be efficiently 

used on aircraft carriers and air capable ships, due to lack of preparation of a runway for take-off. 
Aircraft can start like cruise missiles fundamentally being hidden in mines inside ship.  

The possibility of this launching way used on the special type of vessels (tankers, icebreakers, 

merchant ships) for taking off cargo or life saving planes achieves maximum economy, prompt 
deployment of the complex, reduction of launch areas on the deck of the vessel.  

Confirmation of the research hypothesis is a conclusion that in the modern underway this type 

of launch will become much more profitable and reliable. 

ʉʠʩʪʝʤʘ ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʮʠʦʥʘʣʴʥʦʛʦ ʩʦʩʪʘʚʘ 

ʛʨʫʧʧʠʨʦʚʢʠ ʘʚʠʘʮʠʦʥʥʳʭ ʙʦʝʚʳʭ ʢʦʤʧʣʝʢʩʦʚ 

ʉʢʨʠʧʥʠʯʝʥʢʦ ʖ.ʉ., ʆʚʯʠʥʥʠʢʦʚ ɼ.ʀ., ɽʨʤʦʣʘʝʚʘ ɽ.ɸ. 
ɻʦʩʅʀʀɸʉ, ʛ. ʄʦʩʢʚʘ 

ʉʠʩʪʝʤʘ ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʮʠʦʥʘʣʴʥʦʛʦ ʩʦʩʪʘʚʘ ʛʨʫʧʧʠʨʦʚʢʠ 
ʘʚʠʘʮʠʦʥʥʳʭ ʙʦʝʚʳʭ ʢʦʤʧʣʝʢʩʦʚ (ɸɹʂ) ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʷʪʴ ʠʟʤʝʥʝʥʠʷ ʚ ʢʘʯʝʩʪʚʝʥʥʦʤ ʠ 

ʢʦʣʠʯʝʩʪʚʝʥʥʦʤ ʩʦʩʪʘʚʝ ʧʘʨʢʘ, ʢʦʪʦʨʳʝ ʜʦʣʞʥʳ ʙʳʪʴ ʨʝʘʣʠʟʦʚʘʥʳ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ 

ʚʳʧʦʣʥʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʳʭ ʟʘʜʘʯ ʥʘ ʟʘʜʘʥʥʦʤ ʚʨʝʤʝʥʥʦʤ ʠʥʪʝʨʚʘʣʝ. ʉʠʩʪʝʤʘ 
ʧʨʝʜʥʘʟʥʘʯʝʥʘ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʭ ʯʠʩʣʦʚʳʭ ʦʮʝʥʦʢ ʧʨʦʮʝʩʩʦʚ ʨʘʟʨʘʙʦʪʢʠ 

ʘʚʠʘʮʠʦʥʥʦʡ ʪʝʭʥʠʢʠ ʠ ʥʘʰʣʘ ʧʨʠʤʝʥʝʥʠʝ ʚ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʥʘ ʵʪʘʧʝ ʚʥʝʰʥʝʛʦ 

ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ɸɹʂ ʠ ʦʮʝʥʢʠ ʠʭ ʮʝʣʝʩʦʦʙʨʘʟʥʦʛʦ ʫʨʦʚʥʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ. 
ʉʪʘʚʠʪʩʷ ʮʝʣʴ: ʧʨʦʚʝʩʪʠ ʦʮʝʥʢʫ ʚʣʠʷʥʠʷ ʧʨʦʛʥʦʟʠʨʫʝʤʳʭ ʢʦʥʬʣʠʢʪʥʳʭ ʩʠʪʫʘʮʠʡ ʥʘ 

ʚʦʟʤʦʞʥʦʩʪʴ ʨʝʘʣʠʟʫʝʤʦʩʪʠ ʧʨʦʛʨʘʤʤ ʚʳʧʫʩʢʘ ʘʚʠʘʮʠʦʥʥʦʡ ʪʝʭʥʠʢʠ, ʢʦʪʦʨʳʝ 

ʬʦʨʤʠʨʫʶʪʩʷ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʦʧʨʝʜʝʣʝʥʠʝʤ ʩʦʩʪʘʚʘ ʧʦʪʨʝʙʥʦʡ ʛʨʫʧʧʠʨʦʚʢʠ ʜʣʷ 
ʢʦʤʧʝʥʩʘʮʠʠ ʜʝʬʠʮʠʪʘ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʩʚʦʡʩʪʚ ʧʨʠ ʚʝʜʝʥʠʠ ʙʦʝʚʳʭ ʜʝʡʩʪʚʠʡ ʚ ʨʘʤʢʘʭ 

ʵʪʠʭ ʢʦʥʬʣʠʢʪʦʚ. ʆʩʥʦʚʥʳʤʠ ʫʧʨʘʚʣʝʥʠʷʤʠ ʚ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʩʠʩʪʝʤʝ ʷʚʣʷʶʪʩʷ ʪʝʤʧʳ 

ʩʝʨʠʡʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʠ ʩʧʠʩʘʥʠʷ ɸɹʂ ʛʨʫʧʧʠʨʦʚʢʠ. 
ɺʭʦʜʥʳʤʠ ʜʘʥʥʳʤʠ ʜʣʷ ʩʠʩʪʝʤʳ ʤʦʜʝʣʝʡ, ʥʝʦʙʭʦʜʠʤʳʤʠ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʷʚʣʷʶʪʩʷ: ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʦʥʬʣʠʢʪʦʚ ʨʘʟʣʠʯʥʳʭ ʫʨʦʚʥʝʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ; 

ʩʫʱʝʩʪʚʫʶʱʠʡ ʢʦʣʠʯʝʩʪʚʝʥʥʳʡ ʠ ʢʘʯʝʩʪʚʝʥʥʳʡ ʩʦʩʪʘʚ ʛʨʫʧʧʠʨʦʚʢʠ ʚ ʥʘʯʘʣʝ ʧʝʨʠʦʜʘ 
ʧʣʘʥʠʨʦʚʘʥʠʷ; ʥʦʤʝʥʢʣʘʪʫʨʘ ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ɸɹʂ ʠ ɸʉʇ, ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʚ ʩʦʩʪʘʚʝ 

ʛʨʫʧʧʠʨʦʚʦʢ; ʧʨʦʛʥʦʟʠʨʫʝʤʳʝ ʦʙʲʝʤʳ ʨʝʩʫʨʩʦʚ, ʟʘʪʨʘʪʳ ʥʘ ʩʝʨʠʡʥʦʝ ʧʨʦʠʟʚʦʜʩʪʚʦ 

ʵʢʩʧʣʫʘʪʘʮʠʶ ʠ ʩʧʠʩʘʥʠʝ ɸʊ; ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʦʟʤʦʞʥʦʩʪʝʡ ʧʨʝʜʧʨʠʷʪʠʡ ʘʚʠʘʮʠʦʥʥʦʡ 
ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʠ ʧʦʪʨʝʙʥʳʝ ʨʝʩʫʨʩʳ ʚ ʦʙʝʩʧʝʯʝʥʠʠ ʢʦʤʧʝʥʩʘʮʠʠ ʜʝʬʠʮʠʪʘ 

ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʭ ʤʦʱʥʦʩʪʝʡ. 

ɺ ʢʘʯʝʩʪʚʝ ʦʜʥʦʛʦ ʠʟ ʦʩʥʦʚʥʳʭ ʵʣʝʤʝʥʪʦʚ ʘʧʧʘʨʘʪʘ ʷʚʣʷʝʪʩʷ ʩʠʩʪʝʤʘ ʤʦʜʝʣʝʡ ʦʮʝʥʢʠ 
ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʛʨʫʧʧʠʨʦʚʢʠ ɸɹʂ, ʚ ʢʦʪʦʨʦʡ ʧʨʦʠʟʚʦʜʠʪʩʷ ʦʧʨʝʜʝʣʝʥʠʝ ʢʦʣʠʯʝʩʪʚʘ ɸɹʂ 

ʢʘʞʜʦʛʦ ʪʠʧʘ, ʩʧʦʩʦʙʥʳʭ ʚʳʧʦʣʥʷʪʴ ʥʝʢʦʪʦʨʳʡ ʧʦʪʨʝʙʥʳʡ ʦʙʲʝʤ ʟʘʜʘʯ; ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʟʘʜʘʯ ʤʝʞʜʫ ɸɹʂ ʩ ʫʯʝʪʦʤ ʦʙʦʨʘʯʠʚʘʝʤʦʩʪʠ; ʦʮʝʥʢʘ ʨʝʩʫʨʩʦʚ, ʥʝʦʙʭʦʜʠʤʳʭ ʜʣʷ 
ʧʨʦʚʝʜʝʥʠʷ ʦʧʝʨʘʮʠʡ ʠ ʢʦʤʧʣʝʢʩʥʘʷ ʦʮʝʥʢʘ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʟʘʜʘʥʥʦʡ ʛʨʫʧʧʠʨʦʚʢʠ ʚ 

ʫʩʣʦʚʠʷʭ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʢʦʥʬʣʠʢʪʥʦʡ ʩʠʪʫʘʮʠʠ. ɼʘʥʥʘʷ ʩʠʩʪʝʤʘ ʤʦʜʝʣʝʡ ʥʘ ʚʳʭʦʜʝ 

ʬʦʨʤʠʨʫʝʪ ʢʦʤʧʣʝʢʩʥʳʝ ʠ ʯʘʩʪʥʳʝ ʧʦʢʘʟʘʪʝʣʠ ʦʮʝʥʢʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʛʨʫʧʧʠʨʦʚʢʠ ʜʣʷ 

ʜʠʩʢʨʝʪʥʦʡ ʧʦʩʪʘʥʦʚʢʠ çʪʠʧʘʞʥʦ-ʧʘʨʢʦʚʦʡè ʟʘʜʘʯʠ.  

ʇʨʠ ʨʝʰʝʥʠʠ ʟʘʜʘʯʠ ʚ ʜʠʥʘʤʠʯʝʩʢʦʡ ʧʦʩʪʘʥʦʚʢʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʘʢʨʦ-ʤʦʜʝʣʴ ʙʦʣʝʝ 

ʚʳʩʦʢʦʛʦ ʫʨʦʚʥʷ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʮʠʦʥʘʣʴʥʦʛʦ ʩʦʩʪʘʚʘ ʛʨʫʧʧʠʨʦʚʢʠ ɸɹʂ ʚ 
ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʤ ʧʝʨʠʦʜʝ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ. ʅʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʦʥʘ ʠʤʝʝʪ ʥʝʩʢʦʣʴʢʦ 

ʨʝʘʣʠʟʘʮʠʡ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʩʣʝʜʫʶʱʠʭ ʥʘʠʙʦʣʝʝ ʧʦʜʭʦʜʷʱʠʭ ʘʣʛʦʨʠʪʤʦʚ, ʧʦʟʚʦʣʷʶʱʠʭ 

ʩʦʢʨʘʪʠʪʴ ʚʨʝʤʷ ʥʘ ʚʳʯʠʩʣʠʪʝʣʴʥʳʝ ʦʧʝʨʘʮʠʠ: ʥʘʧʨʘʚʣʝʥʥʳʡ ʧʝʨʝʙʦʨ; ʛʝʥʝʪʠʯʝʩʢʠʡ 
ʘʣʛʦʨʠʪʤ; ʤʝʪʦʜ ʠʤʠʪʘʮʠʠ ʦʪʞʠʛʘ. ʈʝʘʣʠʟʘʮʠʷ ʘʧʧʘʨʘʪʘ ʦʩʫʱʝʩʪʚʣʝʥʘ ʩ ʧʨʠʤʝʥʝʥʠʝʤ 

ʪʝʭʥʦʣʦʛʠʡ ʧʘʨʘʣʣʝʣʴʥʳʭ ʚʳʯʠʩʣʝʥʠʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʥʦʛʦʧʨʦʮʝʩʩʦʨʥʳʭ ʩʠʩʪʝʤ.  
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The system of mathematical models for determining the rational composition of a group 

of aircraft combat complexes 

Skripnichenko Y.S., Ovchinnikov D.I., Ermolaeva E.A. 

GosNIIAS, Moscow 

The system of mathematical models for determining the rational composition of a group of 

aviation combat complexes allows to determine changes in the qualitative and quantitative 

composition of the park, which must be implemented to ensure the implementation of the tasks in 
a given time interval. The system is designed to obtain preliminary numerical estimates of the 

processes of development of aviation technology and has found application in use at the stage of 

external design of prospective aviation combat complex and assessing their appropriate level of 
effectiveness. The aim is to assess the impact of the predictable conflict situations on the 

feasibility of the aircraftôs production programs, which are formed in accordance with the 

definition of the composition required of the group to compensate for the deficiency of functional 
properties in the conduct of hostilities in these conflicts. The main controls in the developed 

system are the rates of serial production and write-offs of the aviation combat complex grouping. 

The input data for the model system necessary for the simulation are: the characteristics of 

conflicts of different intensity levels; existing quantitative and qualitative composition of the 

groups at the beginning of the planning period; nomenclature and characteristics of aviation 
combat complexes and aviation ordnance considered in the composition of the groups; 

predictable amounts of resources, the costs of mass production operation and write-off of 

aviation products; characteristics of the capabilities of aviation industry enterprises and the 
resources needed to ensure the compensation of production capacity shortages. 

As one of the main elements of the instrument is a system of models for assessing the 

effectiveness of aviation combat complexes group, which is determined by the number aviation 
combat complex of each type that can perform some of the required amount of tasks; the 

distribution of tasks between aviation combat complex, including turnover; Estimation of the 

resources necessary for carrying out operations and a comprehensive assessment of the 
effectiveness of a given groups in the conditions of the conflict situation. This system of models at 

the output generates complex and partial indicators of the effectiveness of the grouping for a 

discrete statement of the "type-park" problem. 
When solving the problem in a dynamic formulation, a macro model of a higher level is used to 

determine the rational composition of group of the aviation combat complexes in the forecasting 

period under consideration. Currently it has several implementations with the application of the 
following most suitable algorithms, which allow reduce the time for computational operations: 

directional search; genetic algorithm; simulation method for annealing. The device is implemented 

using parallel computing technologies using multiprocessor systems.  

ʉʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʩʧʦʩʦʙʦʚ ʠ ʩʨʝʜʩʪʚ ʧʨʦʪʠʚʦʜʝʡʩʪʚʠʷ ʙʝʩʧʠʣʦʪʥʳʤ 

ʣʝʪʘʪʝʣʴʥʳʤ ʘʧʧʘʨʘʪʘʤ 

ʇʦʜʩʪʨʠʛʘʝʚ ɸ.ʉ., ʉʣʦʙʦʜʷʥ ʄ.ɻ. 
ɹɻʊʋ, ʛ. ɹʨʷʥʩʢ 

ɺʚʠʜʫ ʩʚʦʝʡ ʚʳʩʦʢʦʡ ʜʦʩʪʫʧʥʦʩʪʠ ʙʝʩʧʠʣʦʪʥʳʝ ʣʝʪʘʪʝʣʴʥʳʝ ʘʧʧʘʨʘʪʳ (ɹʃɸ) ʥʘʭʦʜʷʪ 

ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ ʧʨʝʩʪʫʧʥʳʭ ʮʝʣʷʭ. ʇʦʵʪʦʤʫ ʚ ʨʘʙʦʪʝ ʨʝʰʘʝʪʩʷ ʟʘʜʘʯʘ ʩʨʘʚʥʝʥʠʷ 
ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʩʫʱʝʩʪʚʫʶʱʠʭ ʩʧʦʩʦʙʦʚ ʧʨʦʪʠʚʦʜʝʡʩʪʚʠʷ ɹʃɸ ʠ ʚʳʷʚʣʝʥʠʷ ʥʘʠʙʦʣʝʝ 

ʵʬʬʝʢʪʠʚʥʳʭ. ʇʨʠ ʵʪʦʤ ʥʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʶʨʠʜʠʯʝʩʢʘʷ ʩʪʦʨʦʥʘ ʧʨʠʤʝʥʝʥʠʷ 

ʪʝʭʥʠʯʝʩʢʠʭ ʩʧʦʩʦʙʦʚ ʧʨʦʪʠʚʦʜʝʡʩʪʚʠʷ ɹʃɸ. 
ɺʳʧʦʣʥʝʥʦ ʩʨʘʚʥʝʥʠʝ ʨʘʟʣʠʯʥʳʭ ʩʨʝʜʩʪʚ, ʨʝʘʣʠʟʫʶʱʠʭ ʩʣʝʜʫʶʱʠʝ ʩʧʦʩʦʙʳ 

ʧʨʦʪʠʚʦʜʝʡʩʪʚʠʷ ɹʃɸ: ʨʘʜʠʦʵʣʝʢʪʨʦʥʥʦʝ ʧʦʜʘʚʣʝʥʠʝ, ʬʠʟʠʯʝʩʢʠʡ ʟʘʭʚʘʪ ʩʝʪʴʶ, ʣʘʟʝʨʥʦʝ 

ʧʦʨʘʞʝʥʠʝ, ʘ ʪʘʢʞʝ ʦʙʥʘʨʫʞʝʥʠʝ ʠ ʧʦʩʣʝʜʫʶʱʝʝ ʦʧʦʚʝʱʝʥʠʝ ʧʨʘʚʦʦʭʨʘʥʠʪʝʣʴʥʳʭ 
ʦʨʛʘʥʦʚ ʦ ʤʝʩʪʦʥʘʭʦʞʜʝʥʠʠ ʢʘʢ ɹʃɸ, ʪʘʢ ʠ ʝʛʦ ʦʧʝʨʘʪʦʨʘ. 

ʉʨʘʚʥʝʥʠʝ ʜʘʥʥʳʭ ʩʧʦʩʦʙʦʚ ʠ ʨʘʩʩʤʦʪʨʝʥʠʝ ʢʘʞʜʦʛʦ ʩʨʝʜʩʪʚʘ ʚ ʦʪʜʝʣʴʥʦʩʪʠ ʧʨʦʚʝʜʝʥʦ 

ʧʦ ʩʣʝʜʫʶʱʠʤ ʧʘʨʘʤʝʪʨʘʤ: ʤʘʢʩʠʤʘʣʴʥʘʷ ʜʘʣʴʥʦʩʪʴ ʦʙʥʘʨʫʞʝʥʠʷ ʠ ʧʦʨʘʞʝʥʠʷ, ʫʛʦʣ 
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ʦʙʟʦʨʘ, ʤʝʪʦʜ ʥʘʚʝʜʝʥʠʷ ʥʘ ʮʝʣʴ, ʚʨʝʤʷ ʧʦʨʘʞʝʥʠʷ ʠ ʥʝʧʨʝʨʳʚʥʦʡ ʨʘʙʦʪʳ, ʢʦʣʠʯʝʩʪʚʦ 
ʟʘʜʝʡʩʪʚʦʚʘʥʥʳʭ ʦʧʝʨʘʪʦʨʦʚ, ʚʝʩ ʩʨʝʜʩʪʚʘ ʧʨʦʪʠʚʦʜʝʡʩʪʚʠʷ ʠ ʪʠʧ ʧʦʨʘʞʘʝʤʦʛʦ ɹʃɸ ʠ ʜʨ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʩʨʘʚʥʝʥʠʷ ʚʳʜʝʣʝʥʳ ʦʩʥʦʚʥʳʝ ʥʝʜʦʩʪʘʪʢʠ ʠ ʜʦʩʪʦʠʥʩʪʚʘ ʨʘʩʩʤʦʪʨʝʥʥʳʭ 

ʩʧʦʩʦʙʦʚ ʧʨʦʪʠʚʦʜʝʡʩʪʚʠʷ ɹʃɸ.  
ʉʧʦʩʦʙ ʬʠʟʠʯʝʩʢʦʛʦ ʟʘʭʚʘʪʘ ʩʝʪʴʶ ʦʙʣʘʜʘʝʪ ʤʘʣʦʡ ʜʘʣʴʥʦʩʪʴʶ ʧʦʨʘʞʝʥʠʷ ï ʥʝ ʙʦʣʝʝ 

100 ʤ. ɺ ʥʝʢʦʪʦʨʳʭ ʫʩʪʨʦʡʩʪʚʘʭ, ʨʝʘʣʠʟʫʶʱʠʭ ʩʧʦʩʦʙ, ʜʣʷ ʩʦʭʨʘʥʝʥʠʷ ʮʝʣʦʩʪʥʦʩʪʠ ɹʃɸ ʠ 

ʧʦʠʩʢʘ ʥʘʨʫʰʠʪʝʣʷ ʧʦ ʩʝʨʠʡʥʦʤʫ ʥʦʤʝʨʫ ɹʃɸ ʟʘʭʚʘʪʳʚʘʶʱʘʷ ʩʝʪʴ ʦʩʥʘʱʝʥʘ ʧʘʨʘʰʶʪʦʤ. 
ʅʝʜʦʩʪʘʪʦʢ ʩʧʦʩʦʙʘ ï ʦʪʩʫʪʩʪʚʠʝ ʟʘʱʠʪʳ ʦʪ ʚʩʝʭ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʩʨʝʜʩʪʚ 

ʧʨʦʪʠʚʦʜʝʡʩʪʚʠʷ.  

ʆʙʥʘʨʫʞʝʥʠʝ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʦʧʦʚʝʱʝʥʠʝʤ ʧʦʟʚʦʣʷʝʪ ʧʨʝʜʦʪʚʨʘʪʠʪʴ ʥʘʨʫʰʝʥʠʝ 
ʟʘʢʦʥʘ. ʆʪʜʝʣʴʥʳʝ ʫʩʪʨʦʡʩʪʚʘ ʩʧʦʩʦʙʥʳ ʦʧʨʝʜʝʣʷʪʴ ʤʠʢʨʦ-ɹʃɸ ʥʘ ʤʘʣʦʡ ʚʳʩʦʪʝ ʥʘ ʬʦʥʝ 

ʵʭʦʩʠʛʥʘʣʘ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʟʝʤʣʠ. ɼʘʣʴʥʦʩʪʴ ʦʙʥʘʨʫʞʝʥʠʷ (ʩʦʪʥʠ ʤʝʪʨʦʚ) ʷʚʣʷʝʪʩʷ 

ʥʝʜʦʩʪʘʪʢʦʤ ʜʘʥʥʦʛʦ ʩʧʦʩʦʙʘ. 
ʇʨʝʠʤʫʱʝʩʪʚʦʤ ʩʧʦʩʦʙʘ ʣʘʟʝʨʥʦʛʦ ʧʦʨʘʞʝʥʠʷ ʷʚʣʷʝʪʩʷ ʠʟʣʫʯʝʥʠʝ ʚ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ 

ʚʦʣʥ, ʥʝʚʠʜʠʤʳʭ ʯʝʣʦʚʝʯʝʩʢʦʤʫ ʛʣʘʟʫ. ʕʪʦ ʧʦʚʳʰʘʝʪ ʩʢʨʳʪʥʦʩʪʴ ʧʨʦʪʠʚʦʜʝʡʩʪʚʠʷ. 
ʅʝʜʦʩʪʘʪʢʦʤ ʩʧʦʩʦʙʘ ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʫʥʠʯʪʦʞʘʪʴ ʮʝʣʠ ʪʦʣʴʢʦ ʧʦʦʯʝʨʝʜʥʦ, 

ʟʘʪʨʘʯʠʚʘʷ ʚʨʝʤʷ ʥʘ ʥʘʚʝʜʝʥʠʝ. ʕʪʦ ʫʩʣʦʞʥʷʝʪ ʧʨʦʪʠʚʦʜʝʡʩʪʚʠʝ ʧʨʠ ʦʩʫʱʝʩʪʚʣʝʥʠʠ 

ʧʨʝʩʪʫʧʣʝʥʠʷ ʥʝʩʢʦʣʴʢʠʤʠ ɹʃɸ ʦʜʥʦʚʨʝʤʝʥʥʦ. 
ʉʧʦʩʦʙ ʨʘʜʠʦʵʣʝʢʪʨʦʥʥʦʛʦ ʧʦʜʘʚʣʝʥʠʷ ʦʙʣʘʜʘʝʪ ʥʘʠʣʫʯʰʠʤʠ ʧʦʢʘʟʘʪʝʣʷʤʠ ʧʦ 

ʜʘʣʴʥʦʩʪʠ ʦʙʥʘʨʫʞʝʥʠʷ ʠ ʧʦʨʘʞʝʥʠʷ. ʆʪʣʠʯʠʪʝʣʴʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʪʘʢʠʭ ʫʩʪʨʦʡʩʪʚ 

ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʜʘʚʠʪʴ ʥʝʩʢʦʣʴʢʦ ɹʃɸ ʦʜʥʦʚʨʝʤʝʥʥʦ ʙʝʟ ʧʦʪʝʨʠ ʚʨʝʤʝʥʠ ʥʘ 
ʟʘʭʚʘʪ ʮʝʣʠ. ʆʜʥʘʢʦ, ʥʝʦʙʭʦʜʠʤʳ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʨʘʙʦʯʠʭ ʯʘʩʪʦʪ ɹʃɸ ʠ 

ʦʙʝʩʧʝʯʝʥʠʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʩʦʚʤʝʩʪʠʤʦʩʪʠ ʩ ʜʨʫʛʠʤʠ ʨʘʜʠʦʵʣʝʢʪʨʦʥʥʳʤʠ ʩʨʝʜʩʪʚʘʤʠ. 

Comparative analysis of counteraction methods and means to unmanned aerial vehicle 

Podstrigaev A.S., Slobodyan M.G. 

BSTY, Bryansk  

Unmanned aerial vehicle (UAV) are popular in criminal area because of high availability. For 
this reason efficaciousness of exist methods of counteraction to UAV are compare in this article. 

Also the most effective of all is emphasize. The legal bearings of the case are not considered. 

A comparison of various means that implement the following methods of counteracting to 
UAV is made. Methods of electronic countermeasure, neutralization using cannon net, laser 

weapon, fixing of location UAV and location ground control station (GCS) pilot with alert a law 

enforcement are analyzed. 
The comparison of the listed methods and consideration each means of counteracting are 

realized against the following parameters ï maximum detection and defeat range, lookout angle, 

homing method, weapon-target time and continuous work time, number of system operator, 
arrangement weight, kind of UAV, etc.  

Merits and demerits of the counteraction methods are identified resulting from comparison.  

Method of neutralization using cannon net has a small defeat range (nothing more than 100 of 
meters). Cannon net fitted out with parachute which make possible to maintain integrity of UAV 

for identification lawbreaker using UAVôs system number. Vulnerability to counteraction means 

of the UAV-based means (drones shooting cannon net) is demerit of the method.  

The counteraction means based on method of locating UAV and ground control station pilot 

make possible averting of breaking the law. Some systems are able to determine micro air vehicle 

against the background of reflection from the underlying surface. A small detection range is 
demerit of the method. It is equal to some hundreds of meters. 

Radiation in invisible spectrum is the merit of the laser weapon. Thereby laser means have a 

high covertness. Laser weapon destroy of UAV in turns expending a time in targeting. Therefore, 
it will make some problems when quite a number of drones would have a part in breaking the 

law. 

The method of electronic countermeasure has the longest ranges of detection and defeat. 
Simultaneous suppression of few UAV without expending a time in targeting is the merit of the 
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method. But a preliminary analysis of UAV operating frequencies is required. Another problem 
is a providing of electromagnetic compatibility with other radio electronic means. 

ʈʘʟʨʘʙʦʪʢʘ ʧʨʦʝʢʪʘ ʣʝʛʢʦʤʦʪʦʨʥʦʛʦ ʩʘʤʦʣʝʪʘ ʢʦʨʦʪʢʦʛʦ ʚʟʣʝʪʘ ʠ ʧʦʩʘʜʢʠ 

ʉʤʘʛʠʥ ɸ.ɸ., ɼʦʣʛʦʚ ʆ.ʉ. 
ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ɸʥʘʣʠʟ ʨʳʥʢʘ ʤʘʣʦʡ ʘʚʠʘʮʠʠ ʠ ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ ʘʵʨʦʜʨʦʤʥʦʡ ʩʝʪʠ ʈʌ ʧʦʢʘʟʘʣ, ʯʪʦ 

ʩʫʱʝʩʪʚʫʝʪ ʧʦʪʨʝʙʥʦʩʪʴ ʚ ʣʝʛʢʦʤʦʪʦʨʥʳʭ ʩʘʤʦʣʝʪʘʭ, ʦʙʣʘʜʘʶʱʠʭ ʚʦʟʤʦʞʥʦʩʪʴʶ 
ʩʦʚʝʨʰʘʪʴ ʫʢʦʨʦʯʝʥʥʳʝ ʚʟʣʝʪ ʠ ʧʦʩʘʜʢʫ. ʊʘʢʠʝ ʢʘʯʝʩʪʚʘ ʧʦʟʚʦʣʷʶʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʃɸ ʚ 

ʨʘʟʣʠʯʥʳʭ ʮʝʣʷʭ ʙʝʟ ʧʨʠʚʷʟʢʠ ʢ ʭʦʨʦʰʝʤʫ ʘʵʨʦʜʨʦʤʫ: ʦʙʫʯʝʥʠʝ ʧʦʣʝʪʘʤ, ʚʦʟʜʫʰʥʳʡ 

ʪʫʨʠʟʤ, ʘʵʨʦʬʦʪʦʩʲʝʤʢʘ, ʤʦʥʠʪʦʨʠʥʛ ʠ ʧʘʪʨʫʣʠʨʦʚʘʥʠʝ ʤʝʩʪʥʦʩʪʠ ʩ ʥʝʨʘʟʚʠʪʦʡ 
ʘʵʨʦʜʨʦʤʥʦʡ ʠʥʬʨʘʩʪʨʫʢʪʫʨʦʡ (ʧʨʠʨʦʜʥʳʝ ʟʘʢʘʟʥʠʢʠʠ ʠ ʟʘʧʦʚʝʜʥʠʢʠ, ʥʝʬʪʝ-

ʛʘʟʦʧʨʦʚʦʜʳ, ʢʨʫʧʥʳʝ ʣʝʩʥʳʝ ʭʦʟʷʡʩʪʚʘ ʠ ʩʝʣʴʩʢʦʭʦʟʷʡʩʪʚʝʥʥʳʝ ʦʙʲʝʜʠʥʝʥʠʷ ʠ ʪ.ʧ.), 

ʤʝʩʪʥʳʝ ʘʚʠʘʧʝʨʝʚʦʟʢʠ ʚ ʥʫʞʜʘʭ ʥʘʨʦʜʥʦʛʦ ʭʦʟʷʡʩʪʚʘ, ʩʦʧʨʦʚʦʞʜʝʥʠʝ ʠ ʩʥʘʙʞʝʥʠʝ 
ʵʢʩʧʝʜʠʮʠʡ ʚ ʪʨʫʜʥʦʜʦʩʪʫʧʥʫʶ ʤʝʩʪʥʦʩʪʴ ʠ ʨʷʜʝ ʜʨʫʛʠʭ. 

ɺ ʠʶʣʝ 2016 ʛʦʜʘ ʥʘʯʘʪʘ ʧʨʦʨʘʙʦʪʢʘ ʯʝʪʳʨʝʭʤʝʩʪʥʦʛʦ ʤʥʦʛʦʮʝʣʝʚʦʛʦ ʩʘʤʦʣʝʪʘ 
ʢʦʨʦʪʢʦʛʦ ʚʟʣʝʪʘ ʠ ʧʦʩʘʜʢʠ. ʉʫʤʤʘʨʥʳʡ ʦʙʲʝʤ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ ʥʘʨʘʙʦʪʦʢ ʧʦ ʜʘʥʥʦʡ 

ʪʝʤʘʪʠʢʝ ʥʘ 01.09.2017 ʩʦʩʪʘʚʠʣ 350 ʯʝʣʦʚʝʢʦ-ʯʘʩʦʚ, ʚʳʧʦʣʥʝʥʳ ʥʝʢʦʪʦʨʳʝ ʧʨʦʯʥʦʩʪʥʳʝ 

ʠ ʢʦʤʧʦʥʦʚʦʯʥʳʝ ʨʘʩʯʝʪʳ ʠ ʦʧʨʝʜʝʣʝʥʳ ʦʩʥʦʚʥʳʝ ʃʊʍ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʨʘʟʨʘʙʦʪʢʘ 
ʚʝʣʘʩʴ ʩ ʘʢʪʠʚʥʳʤ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʉɸʇʈ, ʚ ʪʦʤ ʯʠʩʣʝ CAE-ʪʝʭʥʦʣʦʛʠʡ. ʊʘʢʞʝ 

ʧʨʠʤʝʥʷʣʠʩʴ ʦʧʪʠʤʠʟʘʮʠʦʥʥʳʝ ʤʝʪʦʜʳ ʠ ʩʪʘʪʠʩʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʩʘʤʦʣʝʪʦʚ ʘʥʘʣʦʛʠʯʥʦʛʦ 

ʥʘʟʥʘʯʝʥʠʷ. 
ʉʘʤʦʣʝʪ ʦʪʣʠʯʘʝʪʩʷ ʧʦʚʳʰʝʥʥʦʡ ʪʝʭʥʦʣʦʛʠʯʥʦʩʪʴʶ ʟʘ ʩʯʝʪ ʧʨʦʩʪʳʭ ʚʥʝʰʥʠʭ ʦʙʚʦʜʦʚ 

ʠ ʬʦʨʤ ʥʝʩʫʱʠʭ ʧʦʚʝʨʭʥʦʩʪʝʡ ʚ ʧʣʘʥʝ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʩʵʢʦʥʦʤʠʪʴ ʥʘ 

ʩʝʙʝʩʪʦʠʤʦʩʪʠ ʧʨʠʟʚʦʜʩʪʚʘ ʧʣʘʥʝʨʘ. ɹʝʟʦʧʘʩʥʦʩʪʴ ʧʦʣʝʪʦʚ ʥʘʭʦʜʠʪʩʷ ʥʘ ʚʳʩʦʢʦʤ ʫʨʦʚʥʝ, 
ʯʝʛʦ ʫʜʘʣʦʩʴ ʜʦʩʪʠʯʴ ʧʫʪʝʤ ʧʨʠʤʝʥʝʥʠʷ ʙʳʩʪʨʦʜʝʡʩʪʚʫʶʱʝʡ ʧʘʨʘʰʶʪʥʦʡ ʩʠʩʪʝʤʳ 

(ɹʇʉ), ʦʙʝʩʧʝʯʠʚʘʶʱʝʡ ʩʧʘʩʝʥʠʝ ʚʩʝʛʦ ʃɸ ʩ ʵʢʠʧʘʞʝʤ ʠ ʧʘʩʩʘʞʠʨʘʤʠ, ʩʠʩʪʝʤʳ 

ʧʦʞʘʨʦʪʫʰʝʥʠʷ ʠ ʧʨʠʥʮʠʧʘ ʧʨʦʛʨʘʤʤʠʨʫʝʤʦʡ ʜʝʬʦʨʤʘʮʠʠ. ʄʘʰʠʥʘ ʢʦʤʧʣʝʢʪʫʝʪʩʷ 
ʚʧʦʣʥʝ ʩʦʚʨʝʤʝʥʥʳʤ ʦʙʦʨʫʜʦʚʘʥʠʝʤ, ʘʚʠʦʥʠʢʦʡ ʠ ʜʚʠʛʘʪʝʣʝʤ, ʯʪʦ, ʥʝʩʤʦʪʨʷ ʥʘ 

ʫʧʨʦʱʝʥʥʫʶ ʢʦʥʩʪʨʫʢʮʠʶ, ʜʝʣʘʝʪ ʝʝ ʥʘʜʝʞʥʦʡ ʠ ʢʦʥʢʫʨʝʥʪʦʩʧʦʩʦʙʥʦʡ. 

ʇʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʫʜʘʣʦʩʴ ʧʦʣʫʯʠʪʴ ʧʦʣʥʦʮʝʥʥʳʡ 4-ʭ ʤʝʩʪʥʳʡ ʩʘʤʦʣʝʪ, ʢʦʪʦʨʳʡ ʧʦ 
ʛʨʫʟʦʧʦʜʲʝʤʥʦʩʪʠ, ʚʤʝʩʪʠʪʝʣʴʥʦʩʪʠ, ʚʟʣʝʪʥʦʤʫ ʚʝʩʫ ʠ ʜʘʣʴʥʦʩʪʠ ʩʪʦʠʪ ʥʘ ʫʨʦʚʥʝ ʤʘʰʠʥ 

Cessna-172/182, PZL-104 Wilga, ʘ ʧʦ ɺʇʍ ʩʨʘʚʥʠʤ ʩʦ ʩʚʝʨʭʣʝʛʢʠʤʠ ʣʝʪʘʪʝʣʴʥʳʤʠ 

ʘʧʧʘʨʘʪʘʤʠ ʠ ʤʦʞʝʪ ʩʦʚʝʨʰʘʪʴ ʫʩʪʦʡʯʠʚʳʡ ʫʧʨʘʚʣʷʝʤʳʡ ʧʦʣʝʪ ʥʘ ʩʢʦʨʦʩʪʷʭ, ʙʣʠʟʢʠʭ ʢ 
ʩʢʦʨʦʩʪʠ ʩʚʘʣʠʚʘʥʠʷ ʩʚʦʠʭ ʢʦʥʢʫʨʝʥʪʦʚ. ɼʦʩʪʠʯʴ ʚʳʩʦʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʥʘ ʤʘʣʳʭ 

ʩʢʦʨʦʩʪʷʭ ʧʦʣʝʪʘ ʧʦʟʚʦʣʷʝʪ ʧʨʠʤʝʥʝʥʠʝ ʢʦʤʧʣʝʢʩʘ ʧʨʦʝʢʪʥʦ-ʢʦʥʩʪʨʫʢʪʦʨʩʢʠʭ ʨʝʰʝʥʠʡ ʚ 

ʯʘʩʪʠ ʢʦʤʧʦʥʦʚʢʠ ʠ ʘʵʨʦʜʠʥʘʤʠʢʠ. ɺ ʟʘʢʣʶʯʝʥʠʝ ʭʦʯʝʪʩʷ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʠʤʝʥʥʦ ʤʘʰʠʥʘ ʩ 
ʥʝʚʳʩʦʢʦʡ ʩʢʦʨʦʩʪʴʶ ʧʦʣʝʪʘ, ʩʧʦʩʦʙʥʘʷ ʨʘʙʦʪʘʪʴ ʫʜʘʣʝʥʥʦ ʦʪ ʘʵʨʦʜʨʦʤʥʦʡ ʩʝʪʠ, ʤʦʞʝʪ 

ʦʢʘʟʘʪʴʩʷ ʥʝʟʘʤʝʥʠʤʦʡ ʚ ʨʝʰʝʥʠʠ ʨʷʜʘ ʩʧʝʮʠʬʠʯʝʩʢʠʭ ʟʘʜʘʯ, ʜʣʷ ʢʦʪʦʨʳʭ ʧʨʠʚʣʝʢʘʝʪʩʷ 

ʤʘʣʘʷ ʘʚʠʘʮʠʷ. 

Development of the project of light STOL aircraft 

Smagin A.A., Dolgov O.S. 

MAI, Moscow 

 The analysis of the light aviation market and the infrastructure of the airfield network of the 

Russian Federation showed that there is a need for light piston-engine airplanes with the ability 

to make short takeoffs and landings. Such qualities make it possible to use aircraft for various 
purposes without reference to a good aerodrome: flight training, aerial tourism, aerial 

photography, monitoring and patrolling of the terrain with undeveloped airfield infrastructure 

(nature reserves and reserves, oil and gas pipelines, large forestry and agricultural associations, 
etc.), local air transportation to the needs of the national economy, escorting and supplying 

expeditions to hard-to-reach areas and a number of others.  
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 In July 2016, the development of a four-seat multi-purpose short takeoff and landing aircraft 
was started. As of 01.09.2017, the total volume of research and development on this subject 

amounted to 350 man-hours, some strength and layout calculations were performed and the main 

lines were identified. It should be noted that the development was carried out with the active use 
of CAD, including CAE-technologies. Optimization methods and statistical analysis of aircraft of 

similar purpose were also used.  

The aircraft is distinguished by its high processability due to simple external contours and the 
shape of the bearing surfaces in the plan, which allows to save considerably on the cost of 

production of the airframe. At a high level is the safety of flights, which was achieved through 

the use of high-speed parachute system (BPS), which provides rescue of the whole aircraft with 
crew and passengers, fire extinguishing systems and the principle of programmable deformation. 

The machine is equipped with modern equipment, avionics and engine, which, despite its 

simplified design, makes it reliable and competitive.  
As a result, we got a full-fledged 4-seat aircraft, which in terms of cargo capacity, capacity, 

take-off weight and range is at the level of the Cessna-172/182, PZL-104 Wilga, and by HPH is 
comparable with ultralight aircraft and can make a stable controlled flight at speeds close to the 

stall speed of their competitors. To achieve high performance at low flight speeds allows the 

application of a set of design and engineering solutions in terms of layout and aerodynamics. In 
conclusion, it should be noted that it is an airplane with a low flight speed, capable of operating 

remotely from the airfield network, may prove indispensable in solving a number of specific 

problems for which small aircraft are involved. 

ʃʘʟʝʨʥʘʷ ʩʠʩʪʝʤʘ ʦʮʝʥʢʠ ʧʘʨʘʤʝʪʨʦʚ ʚʦʟʜʫʰʥʦʡ ʧʦʜʫʰʢʠ ʧʨʠ ʧʦʩʘʜʢʝ ʩʘʤʦʣʝʪʘ 

ʄʘʣʴʮʝʚ ʅ.ɸ., ʉʫʙʙʦʪʠʥ ʇ.ɺ. 

ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ʀʟʤʝʨʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʚʦʟʜʫʰʥʦʡ ʩʨʝʜʳ ʚ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʡ ʙʣʠʟʦʩʪʠ ʦʪ ʃɸ ʧʦʟʚʦʣʷʝʪ 

ʧʨʦʛʥʦʟʠʨʦʚʘʪʴ ʧʦʚʝʜʝʥʠʝ ʃɸ ʠ ʧʨʝʜʧʨʠʥʠʤʘʪʴ ʥʝʦʙʭʦʜʠʤʳʝ ʤʝʨʳ ʜʣʷ ʠʩʢʣʶʯʝʥʠʷ 

ʥʝʞʝʣʘʪʝʣʴʥʳʭ ʷʚʣʝʥʠʡ. ʇʨʠ ʧʦʣʝʪʝ ʥʘ ʩʚʝʨʭʤʘʣʦʡ ʚʳʩʦʪʝ ʚʦʟʤʦʞʥʦ ʦʙʨʘʟʦʚʘʥʠʝ 
ʚʦʟʜʫʰʥʦʡ ʧʦʜʫʰʢʠ ʧʦʜ ʩʘʤʦʣʝʪʦʤ, ʢ ʚʦʟʜʝʡʩʪʚʠʶ ʢʦʪʦʨʦʡ ʵʢʠʧʘʞ ʯʘʩʪʦ ʥʝ ʛʦʪʦʚ. ʄʝʞʜʫ 

ʪʝʤ ʥʘʙʣʶʜʘʝʪʩʷ ʨʝʟʢʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʧʦʜʲʸʤʥʦʡ ʩʠʣʳ ʃɸ ʦʪ ʚʳʩʦʪʳ ʧʦʣʝʪʘ ʚ ʦʙʣʘʩʪʠ, ʥʘ 

ʢʦʪʦʨʦʡ ʦʥʘ ʜʝʡʩʪʚʫʝʪ. ʇʦʵʪʦʤʫ ʥʫʞʥʦ ʙʳʪʴ ʛʦʪʦʚʳʤ ʢ ʠʟʤʝʥʝʥʠʶ ʧʦʜʲʸʤʥʦʡ ʩʠʣʳ ʧʨʠ 
ʧʨʦʣʝʪʝ ʥʝʨʦʚʥʦʩʪʝʡ ʧʦʜʩʪʠʣʘʶʱʝʡ ʧʦʚʝʨʭʥʦʩʪʠ. 

ʇʨʠʥʮʠʧ ʠʟʤʝʨʝʥʠʡ ʦʩʥʦʚʘʥ ʥʘ ʨʝʬʨʘʢʮʠʠ ʣʘʟʝʨʥʦʛʦ ʣʫʯʘ ʚ ʥʝʦʜʥʦʨʦʜʥʦʡ ʚʦʟʜʫʰʥʦʡ 

ʩʨʝʜʝ, ʢʘʢ ʠʟʚʝʩʪʥʦ, ʣʫʯ ʚ ʥʝʦʜʥʦʨʦʜʥʳʭ ʩʣʦʷʭ ʙʫʜʝʪ ʦʪʢʣʦʥʷʪʴʩʷ ʚ ʩʪʦʨʦʥʫ ʙʦʣʝʝ ʧʣʦʪʥʦʡ 
ʩʨʝʜʳ. ʉ ʙʦʨʪʘ ʚʦʟʜʫʰʥʦʛʦ ʩʫʜʥʘ ʠʟʣʫʯʘʝʪʩʷ ʣʘʟʝʨʥʳʡ ʩʠʛʥʘʣ ʚ ʥʘʧʨʘʚʣʝʥʠʠ 

ʧʦʜʩʪʠʣʘʶʱʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʦʙʣʘʩʪʴ ʚʦʟʤʦʞʥʦʛʦ ʦʙʨʘʟʦʚʘʥʠʷ ʚʦʟʜʫʰʥʦʡ ʧʦʜʫʰʢʠ. 

ʆʪʨʘʞʘʷʩʴ ʦʪ ʧʦʜʩʪʠʣʘʶʱʝʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʩʠʛʥʘʣ ʧʨʠʥʠʤʘʝʪʩʷ ʢʦʦʨʜʠʥʘʪʥʦ-
ʯʫʚʩʪʚʠʪʝʣʴʥʳʤ ʬʦʪʦʧʨʠʝʤʥʠʢʦʤ, ʨʝʛʠʩʪʨʠʨʫʶʱʠʤ ʥʘʧʨʘʚʣʝʥʠʝ ʧʨʠʭʦʜʘ ʦʪʨʘʞʝʥʥʦʛʦ 

ʩʠʛʥʘʣʘ. ʅʝʦʙʭʦʜʠʤʦ ʦʧʨʝʜʝʣʠʪʴ ʫʨʦʚʝʥʴ ʩʠʛʥʘʣʘ, ʦʪʨʘʞʝʥʥʦʛʦ ʦʪ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ 

ʧʦʚʝʨʭʥʦʩʪʝʡ. ɺ ʨʘʙʦʪʝ ʧʨʠʚʝʜʝʥʳ ʜʘʥʥʳʝ ʧʦ ʢʦʵʬʬʠʮʠʝʥʪʫ ʦʪʨʘʞʝʥʠʷ ʨʘʟʣʠʯʥʳʭ 
ʧʦʚʝʨʭʥʦʩʪʝʡ, ʧʦʟʚʦʣʷʶʱʠʝ ʚʳʙʨʘʪʴ ʥʘʠʭʫʜʰʠʡ ʩʣʫʯʘʡ ʜʣʷ ʨʘʩʯʝʪʘ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ 

ʧʘʨʘʤʝʪʨʦʚ ʠʟʣʫʯʝʥʠʷ. ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʫʛʣʘ ʦʪʢʣʦʥʝʥʠʷ ʣʘʟʝʨʥʦʛʦ ʣʫʯʘ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʟʘʚʠʩʠʤʦʩʪʴ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʦʪ ʜʘʚʣʝʥʠʷ ʚʦʟʜʫʭʘ ï ʦʥʘ ʠʤʝʝʪ ʣʠʥʝʡʥʳʡ ʭʘʨʘʢʪʝʨ 

ʠ ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ ʪʘʙʣʠʯʥʦʤ ʚʠʜʝ. 

ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʜʘʚʣʝʥʠʷ ʜʣʷ 

ʩʘʤʦʣʝʪʘ ɸʅ-12 ʜʣʷ ʢʦʥʢʨʝʪʥʦʡ ʪʨʘʩʩʳ ʧʦʣʝʪʘ ʧʝʨʝʜ ʢʘʪʘʩʪʨʦʬʦʡ ʚ ʀʨʢʫʪʩʢʝ, 
ʧʨʦʠʟʦʰʝʜʰʝʡ 26 ʜʝʢʘʙʨʷ 2013 ʛʦʜʘ. ʉʘʤʦʣʝʪ ʰʝʣ ʥʘ ʧʦʩʘʜʢʫ ʚ ʪʝʤʥʦʝ ʚʨʝʤʷ ʩʫʪʦʢ ʚ 

ʫʩʣʦʚʠʷʭ ʧʣʦʭʦʡ ʚʠʜʠʤʦʩʪʠ, ʥʘ ʤʠʥʠʤʘʣʴʥʦʡ ʚʳʩʦʪʝ ʥʘʜ ʣʝʩʥʳʤ ʤʘʩʩʠʚʦʤ. ʇʦʩʣʝ 

ʧʨʦʣʝʪʘ ʣʝʩʥʦʛʦ ʤʘʩʩʠʚʘ ʩʘʤʦʣʝʪ ʟʘʮʝʧʠʣʩʷ ʟʘ ʟʝʤʣʶ ʥʘ ʪʝʨʨʠʪʦʨʠʠ ʚʦʝʥʥʳʭ ʩʢʣʘʜʦʚ. 
ʆʜʥʘ ʠʟ ʚʝʨʩʠʡ ʩʣʫʯʠʚʰʝʛʦʩʷ ï ʜʝʡʩʪʚʠʝ ʚʦʟʜʫʰʥʦʡ ʧʦʜʫʰʢʠ ʧʨʠ ʧʨʦʣʝʪʝ ʥʘʜ ʣʝʩʦʤ ʥʘ 

ʧʨʝʜʝʣʴʥʦ ʤʘʣʦʡ ʚʳʩʦʪʝ. ʇʦʩʣʝ ʧʨʦʣʝʪʘ ʣʝʩʥʦʛʦ ʤʘʩʩʠʚʘ ʜʝʡʩʪʚʠʝ ʚʦʟʜʫʰʥʦʡ ʧʦʜʫʰʢʠ 

ʨʝʟʢʦ ʧʨʝʢʨʘʪʠʣʦʩʴ, ʯʪʦ ʧʨʠʚʝʣʦ ʢ ʧʘʜʝʥʠʶ ʩʘʤʦʣʝʪʘ. 
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The laser evaluation system of air cushion specifics when landing a plane 

Malcev N.A., Subbotin P.V. 

MAI, Moscow 

The measurement of the air environment specifics near aircraft allows us to predict its 
behavior and take the necessary actions to avoid adverse events. An aircushion might be formed 

under the plane when itôs flying extra low, and the crew quite often is not prepared for its impact. 

Meanwhile, thereôs a sharp dependence of the aircraft lift power on the flight altitude in the area 
where it operates. When flying through underlying surface obstacles you must be prepared for 

the lift force change. 

The measurements are made according to refraction of a laser beam in an inhomogeneous air 
environment, as is known, the beam in inhomogeneous layers will deflect towards a more 

denseenvironment. The aircraft emits a laser beam towards underlying surface into the area of 

possible air cushion formation. Reflected from the underlying surface the signal is received by a 
position-sensitive photo detector that registers the direction of the reflected signal arrival. The 

signal level reflected from different surfaces must be determined. This paper presents the 

reflection coefficient data of various surfaces, which allows us to pick the worst case scenario 

and calculate the radiation energy characteristics. The refractive index dependence on the air 

pressure is used to determine the deflection angle of the laser beam. The dependence is linear and 
can be presented in a table. 

As an example, this paper calculates the pressure distribution for the AH-12 plane in a specific 

flight route right before the crash in Irkutsk that occurred on the 26th of December 2013. The 
plane was set to land at night in poor visibility conditions at a minimum height over the forest. 

After passing the forest, the plane bounced off the ground on the territory of military warehouses. 

According to one of the versions of what had happened ï the air cushion was formed when the 
plane was flying over the forest at extremely low altitude. When the forest ended, the air cushion 

was no longer active and the plane crashed. 

ʄʦʜʝʣʴʥʦ-ʤʝʪʦʜʠʯʝʩʢʠʡ ʘʧʧʘʨʘʪ ʦʙʦʩʥʦʚʘʥʠʷ ʦʙʣʠʢʘ ʚʝʨʪʦʣʝʪʥʦʛʦ ʙʦʝʚʦʛʦ 

ʢʦʤʧʣʝʢʩʘ ʜʣʷ ʚʳʧʦʣʥʝʥʠʷ ʫʜʘʨʥʳʭ ʟʘʜʘʯ 

ʉʫʩʣʦʚ ʇ.ʉ., ʉʢʨʠʧʥʠʯʝʥʢʦ ʖ.ʉ. 

ɻʦʩʅʀʀɸʉ, ʛ. ʄʦʩʢʚʘ 

ɹʦʣʴʰʠʥʩʪʚʦ ʩʦʚʨʝʤʝʥʥʳʭ ʢʦʥʬʣʠʢʪʦʚ ʨʘʟʨʝʰʘʶʪʩʷ ʧʫʪʝʤ ʟʘʜʝʡʩʪʚʦʚʘʥʠʷ 

ʩʫʭʦʧʫʪʥʳʭ ʚʦʡʩʢ ʠ ʘʚʠʘʮʠʠ, ʚ ʯʘʩʪʥʦʩʪʠ ʫʜʘʨʥʳʭ ʚʠʥʪʦʢʨʳʣʳʭ ʙʦʝʚʳʭ ʢʦʤʧʣʝʢʩʦʚ 

(ɺɹʂ). ʆʩʥʦʚʥʦʡ ʟʘʜʘʯʝʡ ʫʜʘʨʥʳʭ ɺɹʂ ʷʚʣʷʝʪʩʷ ʧʦʜʜʝʨʞʢʘ ʩʫʭʦʧʫʪʥʳʭ ʚʦʡʩʢ, 
ʧʦʜʘʚʣʝʥʠʝ ʘʨʪʠʣʣʝʨʠʠ ʠ ʇɺʆ ʧʨʦʪʠʚʥʠʢʘ, ʫʥʠʯʪʦʞʝʥʠʝ ʙʨʦʥʝʪʘʥʢʦʚʦʡ ʪʝʭʥʠʢʠ, ʘ ʪʘʢ ʞʝ 

ʦʧʦʨʥʳʭ ʧʫʥʢʪʦʚ ʠ ʧʨʦʯʥʳʭ ʩʦʦʨʫʞʝʥʠʡ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʩʫʱʝʩʪʚʫʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ 

ʨʘʟʚʠʪʠʷ ʩʫʱʝʩʪʚʫʶʱʝʡ ʚʝʨʪʦʣʝʪʥʦʡ ʪʝʭʥʠʢʠ, ʘ ʪʘʢ ʞʝ ʩʦʟʜʘʥʠʷ ʥʦʚʳʭ ɺɹʂ, 
ʧʨʝʚʦʩʭʦʜʷʱʠʭ ʘʥʘʣʦʛʠ ʧʨʝʜʳʜʫʱʠʭ ʧʦʢʦʣʝʥʠʡ ʧʦ ʢʨʠʪʝʨʠʶ çʵʬʬʝʢʪʠʚʥʦʩʪʴ-

ʩʪʦʠʤʦʩʪʴè. 

ʎʝʣʴʶ ʨʘʙʦʪʳ ʙʳʣʦ ʩʦʟʜʘʥʠʝ ʠ ʨʝʘʣʠʟʘʮʠʷ ʤʝʪʦʜʠʢ ʦʙʦʩʥʦʚʘʥʠʷ ʦʙʣʠʢʦʚʳʭ 
ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʫʜʘʨʥʦʛʦ ɺɹʂ ʜʣʷ ʚʳʧʦʣʥʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʳʭ ʟʘʜʘʯ, ʩ ʫʯʝʪʦʤ ʚʳʙʦʨʘ 

ʨʘʮʠʦʥʘʣʴʥʦʛʦ ʚʦʦʨʫʞʝʥʠʷ, ʘ ʪʘʢ ʞʝ ʤʝʨʦʧʨʠʷʪʠʡ ʧʦ ʧʦʚʳʰʝʥʠʶ ʙʦʝʚʦʡ ʞʠʚʫʯʝʩʪʠ 

(ʇɹɾ). ʅʝʦʙʭʦʜʠʤʦ ʙʳʣʦ ʨʘʟʨʘʙʦʪʘʪʴ ʤʦʜʝʣʴʥʦ-ʤʝʪʦʜʠʯʝʩʢʠʡ ʘʧʧʘʨʘʪ ʦʙʦʩʥʦʚʘʥʠʷ 
ʦʙʣʠʢʘ ʫʜʘʨʥʦʛʦ ʚʝʨʪʦʣʝʪʘ ʜʣʷ ʚʳʧʦʣʥʝʥʠʷ ʟʘʜʘʯ ʧʦʜʜʝʨʞʢʠ ʩʫʭʦʧʫʪʥʳʭ ʚʦʡʩʢ. ɺ 

ʢʘʯʝʩʪʚʝ ʢʨʠʪʝʨʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʙʳʣʘ ʧʨʠʥʷʪʘ ʩʪʦʠʤʦʩʪʴ ʚʳʧʦʣʥʝʥʠʷ ʦʧʝʨʘʮʠʠ. ɼʣʷ 

ʜʦʩʪʠʞʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʦʡ ʮʝʣʠ ʩʦʟʜʘʥ ʤʦʜʝʣʴʥʦ-ʤʝʪʦʜʠʯʝʩʢʠʡ ʘʧʧʘʨʘʪ, ʢʦʪʦʨʳʡ ʧʦʩʪʨʦʝʥ 
ʧʦ ʙʣʦʯʥʦʤʫ ʧʨʠʥʮʠʧʫ ʠ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ: ʤʦʜʝʣʠ ʧʨʦʝʢʪʠʨʦʚʦʯʥʦʛʦ ʨʘʩʯʝʪʘ ʜʣʷ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʘʣʴʪʝʨʥʘʪʠʚʥʳʭ ʚʘʨʠʘʥʪʦʚ ʦʙʣʠʢʦʚʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ɺɹʂ (ʦʙʣʠʢʦʚʳʝ 

ʩʠʥʪʝʟ-ʤʦʜʝʣʠ), ʩʠʩʪʝʤʫ ʤʦʜʝʣʝʡ ʦʮʝʥʢʠ ʙʦʝʚʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ɺɹʂ ʠ ʤʦʜʝʣʠ ʦʮʝʥʢʠ 
ʵʢʦʥʦʤʠʯʝʩʢʠʭ ʧʦʢʘʟʘʪʝʣʝʡ. ʄʦʜʝʣʠ ʧʨʦʝʢʪʠʨʦʚʦʯʥʦʛʦ ʨʘʩʯʝʪʘ ʧʦʟʚʦʣʷʶʪ ʬʦʨʤʠʨʦʚʘʪʴ 

ʘʣʴʪʝʨʥʘʪʠʚʥʳʝ ʚʘʨʠʘʥʪʳ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ɺɹʂ. ʅʘ ʚʳʭʦʜʝ ʧʦʣʫʯʘʶʪʩʷ ʦʩʥʦʚʥʳʝ ʊʊʍ, 

ʢʦʪʦʨʳʝ ʧʨʠ ʚʩʝʭ ʚʦʟʤʦʞʥʳʭ ʫʯʪʝʥʥʳʭ ʦʛʨʘʥʠʯʝʥʠʷʭ ʧʦʧʘʜʘʶʪ ʚ ʦʙʣʘʩʪʴ ʚʦʟʤʦʞʥʦʛʦ 
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ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʦʙʣʠʢʦʚʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ɺɹʂ. ʉʠʩʪʝʤʘ ʤʦʜʝʣʝʡ ʦʮʝʥʢʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 
ɺɹʂ, ʧʦʟʚʦʣʷʝʪ ʨʘʩʩʯʠʪʳʚʘʪʴ ʯʘʩʪʥʳʝ ʧʦʢʘʟʘʪʝʣʠ ʙʦʝʚʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠ ʚʢʣʶʯʘʝʪ ʚ 

ʩʝʙʷ ʤʦʜʝʣʴ ʧʦʣʠʛʦʥʥʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ. ʊʘʢ ʞʝ ʚ ʢʦʤʧʣʝʢʩʝ ʤʦʜʝʣʝʡ ʦʮʝʥʢʠ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʨʠʩʫʪʩʪʚʫʝʪ ʤʦʜʝʣʴ ʦʮʝʥʢʠ ʙʦʝʚʦʡ ʞʠʚʫʯʝʩʪʠ. ʉʠʩʪʝʤʘ ʤʦʜʝʣʝʡ ʦʮʝʥʢʠ 
ʵʬʬʝʢʪʠʚʥʦʩʪʠ ɺɹʂ ʚ ʩʦʚʦʢʫʧʥʦʩʪʠ ʩ ʤʦʜʝʣʷʤʠ ʧʨʦʝʢʪʠʨʦʚʦʯʥʦʛʦ ʨʘʩʯʝʪʘ ʬʦʨʤʠʨʫʶʪ 

ʘʣʴʪʝʨʥʘʪʠʚʥʳʝ ʚʘʨʠʘʥʪʳ ɺɹʂ ʩ ʫʯʝʪʦʤ ʨʘʮʠʦʥʘʣʴʥʳʭ ʤʝʨʦʧʨʠʷʪʠʡ ʇɹɾ. ʄʦʜʝʣʴ ʦʮʝʥʢʠ 

ʟʘʪʨʘʪ ʥʘ ʩʦʟʜʘʥʠʝ ɺɹʂ ʧʦʟʚʦʣʷʝʪ ʦʮʝʥʠʪʴ ʩʪʦʠʤʦʩʪʴ ʧʨʦʠʟʚʦʜʠʤʳʭ ɺɹʂ. ʆʥʘ ʩʦʩʪʦʠʪ ʠʟ 
ʜʚʫʭ ʯʘʩʪʝʡ: ʨʘʩʯʝʪ ʟʘʪʨʘʪ ʥʘ ʨʘʟʨʘʙʦʪʢʫ ʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʝ ʚʝʨʪʦʣʝʪʦʚ ʠ ʨʘʩʯʝʪ ʟʘʪʨʘʪ ʥʘ 

ʩʝʨʠʡʥʦʝ ʧʨʦʠʟʚʦʜʩʪʚʦ ɺɹʂ. 

ɹʳʣʠ ʧʨʦʚʝʜʝʥʳ ʦʮʝʥʢʘ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʩʬʦʨʤʠʨʦʚʘʥʥʳʭ ʘʣʴʪʝʨʥʘʪʠʚʥʳʭ ʚʘʨʠʘʥʪʦʚ ʧʦ 
ʢʨʠʪʝʨʠʶ çʵʬʬʝʢʪʠʚʥʦʩʪʴ-ʩʪʦʠʤʦʩʪʴè ʠ ʘʧʨʦʙʘʮʠʷ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ. ɺ ʭʦʜʝ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʨʘʮʠʦʥʘʣʴʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ɺɹʂ, ʢʦʪʦʨʳʡ ʩʧʦʩʦʙʝʥ 

ʵʬʬʝʢʪʠʚʥʦ ʚʳʧʦʣʥʷʪʴ ʧʦʩʪʘʚʣʝʥʥʳʝ ʧʝʨʝʜ ʥʠʤ ʟʘʜʘʯʠ.  

The model-methodical instrument for justification the appearance of a helicopter 

combat complex for performing attack tasks 

Suslov P.S, Skripnichenko Y.S 

GosNIIAS, Moscow 

Most of today's military conflicts are solved by using ground forces and aviation, in particular 
impact rotorcraft combat complexes. The main task of attack rotorcraft combat complex is to 

support ground forces, suppression of artillery and air defense of the enemy, destruction of 

armored vehicles, as well as strong points and strong structures. At present, there is a need to 
develop existing helicopter technology, as well as the creation of new rotorcraft combat complex, 

which exceed the analogues of previous generations by the criterion of ñefficiency-costò. 

The aim of the work was the creation and implementation of methods for justifying the 
helicopter's primary characteristics for carrying out assigned tasks, taking into account the choice 

of rational weapons, as well as measures to increase combat survivability. It was necessary to 

develop a model-methodological instrument for justifying the appearance of attack helicopter for 
accomplishing the tasks of supporting ground forces. As a criterion of effectiveness, the cost of 

performing the operation was accepted. To achieve this goal, the model-methodical instrument 

was created, that is built on a block principle and includes models of design calculation for the 
formation of alternative variants of the primary characteristics of the rotorcraft combat complex, 

a system of models for assessing the combat effectiveness of the rotorcraft combat complex, 

models for estimating economic indicators. Models of projecting calculation allow to form 
alternative variants of rotorcraft combat complex characteristics. At the output, the main tactical 

and technical characteristics are obtained, which, with all the possible limitations considered, fall 

into the area of possible existence of the rotorcraft combat complexes primary characteristics. 
The system of the rotorcraft combat complex effectiveness assessment models allows to calculate 

the individual combat effectiveness indicators and includes the polygon efficiency model. Also in 

the complex of models for assessing, the effectiveness of the model is the assessment of combat 
survivability. The system of models for assessing the effectiveness of the rotorcraft combat 

complex, together with models of design calculation, is used to form alternative rotorcraft 

combat complexes, taking into account rational measures to improve combat survivability. The 

model for estimating the cost of creating the rotorcraft combat complex allows us to estimate the 

value of the rotorcraft combat complex produced. It consists of two parts: the calculation of the 

cost of the development and design of helicopters and the calculation of the cost of mass 
production of the rotorcraft combat complex. 

The efficiency of the generated alternative variants was evaluated according to the 

ñefficiency-costò criterion and approbation of the obtained results. During the research, rational 
characteristics of the rotorcraft combat complex were obtained, which is able to effectively 

perform the tasks assigned to it. 
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ʆʧʨʝʜʝʣʝʥʠʝ ʦʧʪʠʤʘʣʴʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʩʠʣʦʚʦʡ ʫʩʪʘʥʦʚʢʠ 

ʩʘʤʦʣʝʪʘ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʦʚ 

ʑʫʛʦʨʝʚ ɺ.ʆ., ʊʶʰʠʥ ɸ.ɺ. 

ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚ ʘʚʠʘʮʠʦʥʥʦʡ ʦʪʨʘʩʣʠ, ʦʩʦʙʝʥʥʦ ʚ ʘʚʠʘʮʠʠ ʦʙʱʝʛʦ ʥʘʟʥʘʯʝʥʠʷ, 

ʥʘʤʝʪʠʣʘʩʴ ʭʘʨʘʢʪʝʨʥʘʷ ʪʝʥʜʝʥʮʠʷ ʢ ʩʥʠʞʝʥʠʶ ʫʨʦʚʥʷ ʰʫʤʘ ʥʘ ʤʝʩʪʥʦʩʪʠ ʠ ʫʤʝʥʴʰʝʥʠʶ 

ʚʨʝʜʥʳʭ ʚʳʙʨʦʩʦʚ. ʇʨʦʛʥʦʟ ʥʦʨʤʠʨʦʚʘʥʥʳʭ ʟʥʘʯʝʥʠʡ ʫʨʦʚʥʷ ʰʫʤʘ ʠ ʵʤʠʩʩʠʠ ʧʨʠʚʦʜʠʪ ʢ 
ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʨʘʩʩʤʦʪʨʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʠʣʦʚʳʭ ʫʩʪʘʥʦʚʦʢ ʠ ʜʚʠʛʘʪʝʣʝʡ ʥʘ 

ʥʝʪʨʘʜʠʮʠʦʥʥʳʭ ʠʩʪʦʯʥʠʢʘʭ ʵʥʝʨʛʠʠ. ɼʘʥʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ ʩʪʨʝʤʠʪʝʣʴʥʦ ʨʘʟʚʠʚʘʝʪʩʷ, ʦ 

ʯʸʤ ʦʜʥʦʟʥʘʯʥʦ ʛʦʚʦʨʷʪ ʫʩʧʝʰʥʦ ʨʝʘʣʠʟʦʚʘʥʥʳʝ ʣʝʪʘʪʝʣʴʥʳʝ ʘʧʧʘʨʘʪʳ, ʥʘʧʨʠʤʝʨ, Airbus 
E-Fan, ʠ ʪʘʢʠʝ ʢʦʥʮʝʧʮʠʠ ʤʘʛʠʩʪʨʘʣʴʥʳʭ ʩʘʤʦʣʝʪʦʚ, ʢʘʢ Airbus E-Thrust. 

ʆʙʲʝʢʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʭʦʜʝ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʭ ʠʟʳʩʢʘʥʠʡ ʙʳʣ ʚʳʙʨʘʥ ʦʧʨʝʜʝʣʸʥʥʳʡ 

ʪʠʧ ʵʣʝʢʪʨʦʜʚʠʛʘʪʝʣʝʡ ï ʢʨʠʦʛʝʥʥʳʝ ʵʣʝʢʪʨʦʜʚʠʛʘʪʝʣʠ, ʢʘʢ ʦʜʠʥ ʠʟ ʥʘʠʙʦʣʝʝ 
ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʚ ʜʘʥʥʦʡ ʦʙʣʘʩʪʠ. ʕʪʦʪ ʪʠʧ ʵʣʝʢʪʨʦʜʚʠʛʘʪʝʣʷ ʧʦʟʚʦʣʷʝʪ ʜʦʩʪʠʯʴ 

ʪʨʝʙʫʝʤʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ ʤʦʱʥʦʩʪʠ ʠ ʤʘʩʩʳ ʩʠʣʦʚʦʡ ʫʩʪʘʥʦʚʢʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʦʚ, ʨʘʙʦʪʘʶʱʠʭ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʤʝʥʴʰʝ 70ʂ. ʇʦʜʜʝʨʞʘʥʠʝ ʜʘʥʥʳʭ 

ʫʩʣʦʚʠʡ ʵʢʩʧʣʫʘʪʘʮʠʠ ʪʨʝʙʫʝʪ ʟʘʜʝʡʩʪʚʦʚʘʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʩʠʩʪʝʤʳ ʦʭʣʘʞʜʝʥʠʷ 

(ʢʨʠʦʢʫʣʝʨʦʚ), ʧʘʨʘʤʝʪʨʳ ʢʦʪʦʨʦʡ ʥʝʦʙʭʦʜʠʤʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʩʦʚʤʝʩʪʥʦ ʩ ʧʘʨʘʤʝʪʨʘʤʠ 
ʜʚʠʛʘʪʝʣʷ. ʎʝʣʴʶ ʞʝ ʚʩʝʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʣʦʩʴ ʦʧʨʝʜʝʣʝʥʠʝ ʦʧʪʠʤʘʣʴʥʦʛʦ 

ʩʦʦʪʥʦʰʝʥʠʷ ʤʘʩʩʳ ʠ ʂʇɼ ʚʩʝʭ ʢʦʤʧʦʥʝʥʪʦʚ ʩʠʣʦʚʦʡ ʫʩʪʘʥʦʚʢʠ. 

ɺ ʭʦʜʝ ʧʨʦʚʝʜʸʥʥʦʡ ʨʘʙʦʪʳ ʥʘ ʦʩʥʦʚʝ ʩʦʙʨʘʥʥʳʭ ʜʘʥʥʳʭ ʙʳʣʠ ʨʘʩʩʤʦʪʨʝʥʳ ʜʣʷ 
ʜʚʠʛʘʪʝʣʝʡ: ʟʘʚʠʩʠʤʦʩʪʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ, ʫʜʝʣʴʥʦʡ ʤʦʱʥʦʩʪʠ ʦʪ 

ʪʝʤʧʝʨʘʪʫʨʳ, ʜʣʷ ʢʨʠʦʢʫʣʝʨʦʚ ï ʟʘʚʠʩʠʤʦʩʪʠ ʤʦʱʥʦʩʪʠ ʦʪ ʤʘʩʩʳ, ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʦʪ 

ʤʦʱʥʦʩʪʠ ʠ, ʪʘʢʞʝ, ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ. 
ʈʝʟʫʣʴʪʘʪ ʧʨʦʚʝʜʸʥʥʦʡ ʨʘʙʦʪʳ ï ʦʧʨʝʜʝʣʝʥʠʝ ʦʧʪʠʤʫʤʘ ʜʣʷ ʩʦʦʪʥʦʰʝʥʠʷ ʦʙʱʝʛʦ ʂʇɼ 

ʩʠʩʪʝʤʳ (ʜʚʠʛʘʪʝʣʴ ʠ ʦʭʣʘʞʜʝʥʠʝ) ʠ ʝʸ ʤʘʩʩʳ. ʇʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʤʝʪʦʜʠʢʘ 

ʦʧʨʝʜʝʣʝʥʠʷ ʩʦʦʪʥʦʰʝʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʵʣʝʢʪʨʦʜʚʠʛʘʪʝʣʷ ʥʘ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘʭ ʠ ʝʛʦ 
ʩʠʩʪʝʤʳ ʦʭʣʘʞʜʝʥʠʷ, ʢʦʪʦʨʘʷ ʤʦʞʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʦʧʪʠʤʘʣʴʥʳʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʩʘʤʦʣʸʪʘ. 

Determination of the optimum characteristics of the electric power plant of the aircraft 

with the use of superconductors 

Shchugorev V.O., Tyushin A.V. 

MAI, Moscow 

Currently in the aviation industry, especially General aviation, there has been a growing 

tendency to reduce the level of noise and reducing emissions. The forecast of noise and emissions 

levels leads to the necessity of consideration of electric propulsion systems and engines to non-
traditional sources of energy. This area is developing rapidly and successfully implemented on 

Airbus E-Fan, and such concepts transport aircraft like the Airbus E-Thrust. 

During the preliminary survey cryogenic motors type was selected to be the object of the 
study, as one of the most promising in this area. This type of motor can achieve the required ratio 

of power and weight with the use of superconductors working at the temperature about 70K. 

Maintenance of these conditions requires the involvement of an appropriate cooling system 
(cryocooler). Parameters of cryocoolers should be considered together with parameters of the 

engine. The purpose of the study was to determine the optimal ratio and the efficiency of all 

components of the power plant. 
In the course of work on the collected data basis was reviewed for engines: dependence of 

efficiency on temperature, the power density on temperature for cryocooler ï of a power/weight, 

efficiency of the power and efficiency of temperature. 
The result of this survey is determining the optimum ratio for the overall system efficiency 

(engine and cooling) and its mass. The research demonstrated a method for determining the 
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correlation characteristics of the superconducting motor and its cooling system, which can be 
used to achieve optimal performance in aircraft design. 

ɸʢʪʠʚʥʳʡ ʟʘʢʨʳʣʦʢ ʣʦʧʘʩʪʠ ʥʝʩʫʱʝʛʦ ʚʠʥʪʘ ʚʝʨʪʦʣʝʪʘ ʩ ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʤ 

ʧʨʠʚʦʜʦʤ 

ɽʩʘʫʣʦʚ ʉ.ʖ., ʄʷʩʥʠʢʦʚ ʄ.ʀ., ʌʠʣʝʥʢʦʚ ɽ.ɺ., ʀʣʴʠʥ ʀ.ʈ. 

ʄɺɿ ʠʤ. ʄ.ʃ. ʄʠʣʷ, ʧ. ʊʦʤʠʣʠʥʦ 

ɺ ʜʘʥʥʦʤ ʜʦʢʣʘʜʝ ʧʨʝʜʩʪʘʚʣʝʥ ʦʙʟʦʨ ʠ ʩʨʘʚʥʝʥʠʝ ʢʦʥʮʝʧʮʠʡ ʩʠʩʪʝʤ ʘʢʪʠʚʥʦʛʦ 
ʫʧʨʘʚʣʝʥʠʷ ʚʝʨʪʦʣʝʪʦʚ ï ʫʧʨʘʚʣʝʥʠʝ ʧʦ ʚʳʩʦʢʠʤ ʛʘʨʤʦʥʠʢʘʤ (HHC) ʠ ʠʥʜʠʚʠʜʫʘʣʴʥʦʝ 

ʫʧʨʘʚʣʝʥʠʝ ʣʦʧʘʩʪʷʤʠ (IBC), ʨʘʩʩʤʦʪʨʝʥʘ ʧʨʘʢʪʠʯʝʩʢʘʷ ʨʝʘʣʠʟʘʮʠʷ ʜʘʥʥʳʭ ʩʠʩʪʝʤ, ʘ 

ʪʘʢʞʝ ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪ ɸʆ çʄɺɿ ʠʤ. ʄ.ʃ. ʄʠʣʷè ʧʦ ʵʪʦʤʫ ʥʘʧʨʘʚʣʝʥʠʶ. 
ʆʩʥʦʚʥʳʤʠ ʦʪʣʠʯʠʝʤ ʢʦʥʮʝʧʮʠʡ HHC ʠ IBC ʷʚʣʷʝʪʩʷ ʨʘʟʤʝʱʝʥʠʝ ʠʩʧʦʣʥʠʪʝʣʴʥʳʭ 

ʧʨʠʚʦʜʦʚ. ʂʦʥʮʝʧʮʠʷ ʅʅʉ ʧʨʝʜʧʦʣʘʛʘʝʪ ʨʘʟʤʝʱʝʥʠʝ ʠʩʧʦʣʥʠʪʝʣʴʥʳʭ ʧʨʠʚʦʜʦʚ ʜʦ 

ʘʚʪʦʤʘʪʘ ʧʝʨʝʢʦʩʘ ʥʘ ʥʝ ʚʨʘʱʘʶʱʠʭʩʷ ʵʣʝʤʝʥʪʘʭ ʢʦʥʩʪʨʫʢʮʠʠ ʚʝʨʪʦʣʝʪʘ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ 
ʢʦʥʮʝʧʮʠʷ IBC ʧʨʝʜʧʦʣʘʛʘʝʪ ʨʘʟʤʝʱʝʥʠʝ ʠʩʧʦʣʥʠʪʝʣʴʥʳʭ ʧʨʠʚʦʜʦʚ ʟʘ ʘʚʪʦʤʘʪʦʤ 

ʧʝʨʝʢʦʩʘ ʥʘ ʚʨʘʱʘʶʱʠʭʩʷ ʵʣʝʤʝʥʪʘʭ ï ʚʪʫʣʢʝ ʠʣʠ ʣʦʧʘʩʪʷʭ. ɻʣʘʚʥʳʤ ʥʝʜʦʩʪʘʪʢʦʤ ʅʅʉ 
ʷʚʣʷʝʪʩʷ ʦʛʨʘʥʠʯʝʥʠʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʥʝʢʦʪʦʨʳʭ ʬʠʢʩʠʨʦʚʘʥʥʳʭ ʫʧʨʘʚʣʷʶʱʠʭ ʯʘʩʪʦʪ, 

ʟʘʚʠʩʷʱʠʭ ʦʪ ʢʦʣʠʯʝʩʪʚʘ ʣʦʧʘʩʪʝʡ ʥʝʩʫʱʝʛʦ ʚʠʥʪʘ. ʇʦʵʪʦʤʫ, ʥʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʢ 

ʥʘʩʪʦʷʱʝʤʫ ʚʨʝʤʝʥʠ ʩʠʩʪʝʤʳ ʅʅʉ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʩʥʠʞʝʥʠʝ ʰʫʤʘ ʥʘ 5-6 ʜɹ ʠ 
ʚʠʙʨʘʮʠʠ ʜʦ 90%, ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʩʯʠʪʘʝʪʩʷ ʢʦʥʮʝʧʮʠʷ IBC, ʢʦʪʦʨʘʷ 

ʫʩʪʨʘʥʷʝʪ ʧʨʠʩʫʱʠʡ ʅʅʉ ʥʝʜʦʩʪʘʪʦʢ ʠ ʤʦʞʝʪ ʧʦʟʚʦʣʠʪʴ ʨʝʘʣʠʟʦʚʘʪʴ ʢʦʥʮʝʧʮʠʶ 

ʚʝʨʪʦʣʝʪʘ ʙʝʟ ʘʚʪʦʤʘʪʘ ʧʝʨʝʢʦʩʘ. 
ɺ ɸʆ çʄɺɿ ʠʤ. ʄ.ʃ. ʄʠʣʷè ʨʘʙʦʪʳ ʧʦ ʘʢʪʠʚʥʦʤʫ ʫʧʨʘʚʣʝʥʠʶ ʥʝʩʫʱʠʤ ʚʠʥʪʦʤ ʙʳʣʠ 

ʥʘʯʘʪʳ ʚ 2009 ʛʦʜʫ. ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʘʥʘʣʠʟʘ ʙʳʣʘ ʦʧʨʝʜʝʣʝʥʘ ʢʦʥʮʝʧʮʠʷ ʫʧʨʘʚʣʝʥʠʷ 

ʣʦʧʘʩʪʷʤʠ ʥʝʩʫʱʝʛʦ ʚʠʥʪʘ ʩ ʧʦʤʦʱʴʶ ʘʢʪʠʚʥʳʭ ʟʘʢʨʳʣʢʦʚ, ʫʩʪʘʥʦʚʣʝʥʥʳʭ ʥʘ ʟʘʜʥʝʡ 
ʢʨʦʤʢʝ ʣʦʧʘʩʪʠ (IBC). ʉ ʧʦʤʦʱʴʶ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʥʝʩʫʱʝʛʦ ʚʠʥʪʘ ʚʝʨʪʦʣʸʪʘ ʄʠ-

8 ʙʳʣʦ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʚʚʝʜʝʥʠʷ ʧʦʣʠʛʘʨʤʦʥʠʯʝʩʢʦʛʦ ʩʠʛʥʘʣʘ ʚ ʮʠʢʣʠʯʝʩʢʠʡ ʰʘʛ 

ʥʝʩʫʱʝʛʦ ʚʠʥʪʘ ʩ ʨʘʟʣʠʯʥʳʤʠ ʛʘʨʤʦʥʠʢʘʤʠ, ʘʤʧʣʠʪʫʜʘʤʠ ʠ ʬʘʟʘʤʠ. ʅʘ ʦʩʥʦʚʘʥʠʠ ʵʪʠʭ 
ʨʘʙʦʪ ʙʳʣʠ ʚʳʨʘʙʦʪʘʥʳ ʪʝʭʥʠʯʝʩʢʠʝ ʪʨʝʙʦʚʘʥʠʷ ʢ ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʤ ʧʨʠʚʦʜʘʤ (ʕʄʇ) 

ʘʢʪʠʚʥʳʭ ʟʘʢʨʳʣʢʦʚ. ʇʦʩʣʝ ʠʟʛʦʪʦʚʣʝʥʠʷ ʦʧʳʪʥʦʛʦ ʦʙʨʘʟʮʘ ʕʄʇ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ 

ʩʪʝʥʜʦʚʳʝ ʠʩʧʳʪʘʥʠʷ, ʨʝʟʫʣʴʪʘʪʳ ʢʦʪʦʨʳʭ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʝ ʧʨʠʚʦʜʳ 
ʧʨʝʜʣʘʛʘʝʤʦʡ ʢʦʥʩʪʨʫʢʮʠʠ ʤʦʛʫʪ ʙʳʪʴ ʧʨʠʤʝʥʝʥʳ ʚ ʩʠʩʪʝʤʘʭ ʘʢʪʠʚʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ 

ʥʝʩʫʱʠʤ ʚʠʥʪʦʤ. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʥʘ ɸʆ çʄɺɿ ʠʤ. ʄ.ʃ. ʄʠʣʷè ʧʨʦʜʦʣʞʘʶʪʩʷ ʨʘʙʦʪʳ ʧʦ ʩʠʩʪʝʤʝ 
ʘʢʪʠʚʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʩ ʧʦʤʦʱʴʶ ʘʢʪʠʚʥʳʭ ʟʘʢʨʳʣʢʦʚ, ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʢʦʪʦʨʳʭ 

ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ: 

Å ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʩʥʠʟʠʪʴ ʫʨʦʚʝʥʴ ʚʠʙʨʘʮʠʡ ʠ ʰʫʤ, ʩʦʟʜʘʚʘʝʤʳʝ ʥʝʩʫʱʠʤ 
ʚʠʥʪʦʤ;  

Å ʚ ʜʦʣʛʦʩʨʦʯʥʦʡ ʧʝʨʩʧʝʢʪʠʚʝ ʠʩʢʣʶʯʠʪʴ ʠʟ ʢʦʥʩʪʨʫʢʮʠʠ ʚʝʨʪʦʣʝʪʘ ʘʚʪʦʤʘʪ ʧʝʨʝʢʦʩʘ, 

ʪʨʘʜʠʮʠʦʥʥʫʶ ʧʨʦʚʦʜʢʫ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʩ ʛʠʜʨʦʫʩʠʣʠʪʝʣʷʤʠ, ʯʪʦ ʧʦʚʣʝʯʝʪ ʟʘ ʩʦʙʦʡ 
ʩʥʠʞʝʥʠʝ ʚʨʝʜʥʦʛʦ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ, ʩʦʟʜʘʚʘʝʤʦʛʦ ʚʪʫʣʢʦʡ ʥʝʩʫʱʝʛʦ 

ʚʠʥʪʘ, ʚʝʩʘ, ʩʪʦʠʤʦʩʪʠ ʠ ʫʣʫʯʰʝʥʠʝ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʥʝʩʫʱʝʛʦ ʚʠʥʪʘ. 

Active Flap of the Helicopter Main Rotor Blade with Electromechanical Actuation  

Esaulov S.Y., ʄyasnikov ʄ.I., Filenkov ɽ.V., Ilyin I.R. 

Mil Moscow Helicopter Plant, Tomilino 

The present study provides a survey and trade-off analysis of the Active Flight Control 
systems, more precisely, Higher Harmonic Control (HHC) and Individual Blade Control (IBC). 

Also, this report is considering research results achieved as an output ofthe work doneand its 

implementation by the Mil Moscow Helicopter Plant. 
The main distinction between HHC concept and IBC concept is the flight controls 

arrangement. According to the HHC concept the flight control actuation is placed below the 

swashplate upon the non-rotating elements the helicopter structure. The IBC concept, vice versa, 
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presumes that servo drivers are over the swashplate, i.e. on the rotating components such as a 
rotor hub and rotor blades. The principle drawback of the HHC is some fixed control frequencies 

limitation depending on the number of the main rotor blades. Despite that HHC presently 

demonstrates 5-6 dB of the noise and up to 90% of the vibration decrease, the IBC concept is 
considered more prospective due to its removing HHC shortcomings and allowing practical 

implementation of the swashplateless helicopter design. 

In 2009 Mil Moscow Helicopter Plant started working on active control of the main rotor. 
Based on the study results the concept of an active control of the main rotor bladetrailing edge 

flap was defined (IBC). The Mi-8 helicopter main rotor mathematical model was a great help to 

the research of the influence of the polyharmonic signal introduced into the main rotor blade 
cyclic pitch control with different harmonics, amplitudes and phases. On the basis of the received 

results technical specification for the active flaps electromechanical actuators (EMA) was 

worked out. After having produced a test sample of EMA, bench running was undertaken and 
showed that proposed EMA design could be used in active control systems of the main rotor. 

For the time being Mil Moscow Helicopter Plant is continuing active flap control systems 
study and after having got the results is planning to get the following output:  

Å to considerably decrease vibration and noise level produced by the main rotor blades; 

Å inthe long term perspective it is possible to get rid of the swashplate, conventional linkage 
with hydraulic servos which would decrease parasite drag, produced by the main rotor hub, 

weight, price as well as aerodynamic performance improvement. 

ʆʩʦʙʝʥʥʦʩʪʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʪʨʘʥʩʧʦʨʪʥʳʭ ʩʘʤʦʣʝʪʦʚ ʩ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʠ 

ʛʠʙʨʠʜʥʦʡ ʩʠʣʦʚʦʡ ʫʩʪʘʥʦʚʢʦʡ 

ʑʫʛʦʨʝʚ ɺ.ʆ., ɹʠʰʫʝ ʉʘʙʨʠ ʀʙʨʘʛʠʤ ʄʫʩʘ 

ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ʇʝʨʝʭʦʜ ʢ ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʠʣʦʚʳʭ ʫʩʪʘʥʦʚʦʢ ʚ ʩʘʤʦʣʝʪʘʭ ʷʚʣʷʝʪʩʷ 

ʥʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʳʤ ʩʮʝʥʘʨʠʝʤ ʨʘʟʚʠʪʠʷ ʘʚʠʘʮʠʦʥʥʦʡ ʠʥʜʫʩʪʨʠʠ ʚ ʦʪʜʘʣʝʥʥʦʡ 

ʧʝʨʩʧʝʢʪʠʚʝ, ʧʦʟʚʦʣʷʶʱʠʤ ʢʦʨʝʥʥʳʤ ʦʙʨʘʟʦʤ ʩʥʠʟʠʪʴ ʰʫʤ ʜʚʠʛʘʪʝʣʷ ʠ ʵʤʠʩʩʠʶ ʚʨʝʜʥʳʭ 
ʚʝʱʝʩʪʚ. ʈʘʟʚʠʪʠʝ ʪʝʭʥʦʣʦʛʠʡ ʧʦʟʚʦʣʷʝʪ ʩʦʟʜʘʚʘʪʴ ʣʝʛʢʠʝ ʩʘʤʦʣʝʪʳ ʩ ʵʣʝʢʪʨʠʯʝʩʢʠʤʠ 

ʜʚʠʛʘʪʝʣʷʤʠ. ʂʨʫʧʥʳʝ ʠʛʨʦʢʠ ʘʚʠʘʮʠʦʥʥʦʛʦ ʨʳʥʢʘ ʩʦʟʜʘʶʪ ʢʦʥʮʝʧʮʠʠ ʤʘʛʠʩʪʨʘʣʴʥʳʭ 

ʧʘʩʩʘʞʠʨʩʢʠʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʘʤʦʣʝʪʦʚ. 
ʈʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʜʚʘ ʦʩʥʦʚʥʳʭ ʚʘʨʠʘʥʪʘ: ʛʠʙʨʠʜʥʘʷ ʩʭʝʤʘ, ʚ ʢʦʪʦʨʦʡ ʤʘʨʰʝʚʳʝ 

ʵʣʝʢʪʨʦʜʚʠʛʘʪʝʣʠ ʩʥʘʙʞʘʶʪʩʷ ʵʥʝʨʛʠʝʡ ʦʪ ʛʘʟʦʪʫʨʙʠʥʥʦʡ ʩʠʣʦʚʦʡ ʫʩʪʘʥʦʚʢʠ ʠ 

ʘʢʢʫʤʫʣʷʪʦʨʦʚ; ʧʦʣʥʦʩʪʴʶ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʩʘʤʦʣʝʪ, ʚ ʢʦʪʦʨʦʤ ʵʣʝʢʪʨʦʜʚʠʛʘʪʝʣʠ 
ʠʩʧʦʣʴʟʫʶʪ ʵʥʝʨʛʠʶ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʠʟ ʙʘʪʘʨʝʡ. ʎʝʣʴʶ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʚʳʷʚʣʝʥʠʝ 

ʦʩʥʦʚʥʳʭ ʧʨʦʙʣʝʤ, ʚʦʟʥʠʢʘʶʱʠʭ ʧʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʪʨʘʥʩʧʦʨʪʥʳʭ ʩʘʤʦʣʝʪʦʚ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʚʘʨʠʘʥʪʦʚ. 
ɺ ʭʦʜʝ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʧʨʦʚʝʜʝʥʳ ʩʣʝʜʫʶʱʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ: 

Å ʠʩʩʣʝʜʦʚʘʥʠʝ ʤʠʨʦʚʦʛʦ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʦʛʦ ʟʘʜʝʣʘ ʚ ʜʘʥʥʦʡ ʦʙʣʘʩʪʠ,  

Å ʦʧʨʝʜʝʣʝʥʠʝ ʦʩʥʦʚʥʳʝ ʢʦʥʮʝʧʮʠʠ ʘʨʭʠʪʝʢʪʫʨʳ ʩʠʣʦʚʦʡ ʫʩʪʘʥʦʚʢʠ ʠ ʩʠʩʪʝʤ 
ʩʘʤʦʣʝʪʘ,  

Å ʦʧʨʝʜʝʣʝʥʠʝ ʫʩʣʦʚʠʷ ʮʝʣʝʩʦʦʙʨʘʟʥʦʩʪʠ ʩʦʟʜʘʥʠʷ ʛʠʙʨʠʜʥʳʭ ʠ ʧʦʣʥʦʩʪʴʶ 

ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʘʤʦʣʝʪʦʚ, 

Å ʧʨʦʚʝʜʝʥʠʝ ʚʝʩʦʚʘʷ ʜʝʢʦʤʧʦʟʠʮʠʷ ʧʦ ʥʘʠʙʦʣʝʝ ʚʘʞʥʳʤ ʩʠʩʪʝʤʘʤ,  

Å ʚʳʷʚʣʝʥʳ ʦʩʦʙʝʥʥʦʩʪʠ ʚʳʩʦʪʥʦ-ʩʢʦʨʦʩʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʜʚʠʛʘʪʝʣʷ,  
Å ʠʩʩʣʝʜʦʚʘʥ ʚʦʧʨʦʩ ʙʘʟʠʨʦʚʘʥʠʷ ʠ ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ ʘʵʨʦʧʦʨʪʦʚ ʜʣʷ ʩʘʤʦʣʝʪʦʚ ʪʘʢʦʛʦ 

ʪʠʧʘ. 

ʈʝʟʫʣʴʪʘʪʦʤ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʧʝʨʝʯʝʥʴ ʧʨʦʙʣʝʤʥʳʭ ʚʦʧʨʦʩʦʚ, ʨʝʰʝʥʠʝ ʢʦʪʦʨʳʭ 
ʥʝʦʙʭʦʜʠʤʦ ʜʣʷ ʦʧʪʠʤʘʣʴʥʦʛʦ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʛʠʙʨʠʜʥʳʭ ʠ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʘʤʦʣʝʪʦʚ. 

ʆʧʨʝʜʝʣʝʥʳ ʚʦʟʤʦʞʥʳʝ ʧʫʪʠ ʠʭ ʨʝʰʝʥʠʷ. ʉʬʦʨʤʫʣʠʨʦʚʘʥʳ ʟʘʜʘʯʠ ʜʣʷ ʜʘʣʴʥʝʡʰʝʛʦ 

ʠʩʩʣʝʜʦʚʘʥʠʷ. 
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Design features of transport aircraft with electric and hybrid powerplant 

Shchugorev V.O., Bishoy Mousa 

MAI, Moscow 

The transition to electric propulsion in airplanes is the most likely scenario for the 
development of the aviation industry in the long term, allowing to radically reduce engine noise 

and emissions. The development of technologies make it possible to create a light aircraft with 

electric motors. Major companies in the aviation market creates concepts for electric aircraft. 
Considered two main cases: A hybrid scheme with the propulsion motors supplied by energy 

from a gas turbine and battery; All-Electric aircraft supplied by energy only from the battery. The 

objective of the study is to identify the main problems arising in the design of both transport 
aircraft cases. 

In the course of solving the tasks conducted the following studies: 

Å holding a study of the world's scientific and technological potential in this field  
Å identify key concepts in the architecture of the power plant and aircraft systems,  

Å determining the conditions of feasibility of creating hybrid and all-electric aircraft 

Å holding the weight decomposition on the most important systems  

Å identify the altitude and speed characteristics of the electric motor, 

Å research basing and infrastructure of airports for aircraft of this type. 
The result is a list of the problems whose solution is required for optimal design of hybrid and 

electric airplanes. The possible ways of their solution have been identified. Objectives for future 

research have been formulated. 
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2. ɸʚʠʘʮʠʦʥʥʳʝ, ʨʘʢʝʪʥʳʝ ʜʚʠʛʘʪʝʣʠ ʠ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʫʩʪʘʥʦʚʢʠ 

2. Aviation and Rocket Engines and Power 

Installations 

Experimental Investigation of Air-kerosene Heator 

Zhao Hong, Liang Huai-xi 

BISTT, Beijing, China 

In order to meet the needs of a small hot air tunnel, we developed an air kerosene heater with 
a gas flow rate of 5kg / s, a total gas temperature of 1900 ~ 2000K and an export speed of Ma = 

3. Heater consists of igniter, injector, combustion chamber, nozzle composition. Ignition using 

gas-liquid double swirl nozzle, the wall of the air membrane cooling, the rated flow of about 

200g / s, mixing ratio 17, room pressure 2.9MPa, the use of industrial ignition device ignition. 

The injector consists of 12 gas-liquid nozzles (gas-to-dc swirling) and the corresponding mixing 
chamber, with a nominal mixing ratio of 13. Combustion chamber for the sandwich water-cooled 

equal section of the combustion chamber, air wall diameter of 300mm, aspect ratio of 1.25: 1. 

The nozzle is a curved surface of the Laval nozzle with a throat diameter of about 70 mm and a 
nozzle exit Mach number of 3.0. The test results show that the discharge of the electric discharge 

device to the downstream of the rear step can greatly improve the reliability of the igniter (close 

to 100%). In the appropriate adjustment of valve timing and oil and gas parameters, the heater 
reliable start and stable combustion, the total gas temperature of about 1950K. In the cooling 

water flow rate of 4kg / s conditions, the heater accumulated about 1500s, the combustion 

chamber and nozzle wall wall without ablation phenomenon. 

ʈʘʟʨʘʙʦʪʢʘ ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʜʣʷ ʘʥʘʣʠʟʘ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʭ ʣʝʪʘʪʝʣʴʥʳʭ 

ʘʧʧʘʨʘʪʦʚ ʩ ʨʝʘʢʪʠʚʥʳʤʠ ʜʚʠʛʘʪʝʣʷʤʠ ʥʘ ʪʚʝʨʜʳʭ, ʞʠʜʢʠʭ ʠ ʛʘʟʦʦʙʨʘʟʥʳʭ 

ʪʦʧʣʠʚʘʭ 

ɸʚʝʨʴʢʦʚ ʀ.ʉ.1,ʈʘʟʥʦʩʯʠʢʦʚ ɺ.ɺ.1,2, ʗʥʦʚʩʢʠʡ ʃ.ʉ.1,2 
1ʎʀɸʄ, ʛ. ʄʦʩʢʚʘ; 2ʀʇʍʌ ʈɸʅ, ʛ. ʏʝʨʥʦʛʦʣʦʚʢʘ 

ɼʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯ, ʩʚʷʟʘʥʥʳʭ ʩ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʤ ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʦʙʣʠʢʘ ʣʝʪʘʪʝʣʴʥʦʛʦ 
ʘʧʧʘʨʘʪʘ (ʃɸ) ʠ ʚʳʙʦʨʘ ʩʠʣʦʚʦʡ ʫʩʪʘʥʦʚʢʠ (ʉʋ) ʠ ʪʦʧʣʠʚʘ ʚ ʥʘʩʪʦʷʱʝʤ ʠʩʩʣʝʜʦʚʘʥʠʠ 

ʨʝʰʝʥʘ ʯʘʩʪʥʘʷ ʟʘʜʘʯʘ ʦʧʪʠʤʠʟʘʮʠʠ ʩʠʩʪʝʤʳ ʃɸ-ʉʋ-ʪʦʧʣʠʚʘ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʟʘʨʘʥʝʝ 

ʧʨʝʜʦʧʨʝʜʝʣʝʥʥʦʛʦ ʥʘʙʦʨʘ ʪʦʧʣʠʚ. ɼʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʦʮʝʩʩʘ ʚ ʫʟʣʘʭ ʃɸ ʠ ʉʋ 
ʠʩʧʦʣʴʟʦʚʘʥ ʨʘʟʨʘʙʦʪʘʥʥʳʡ ʨʘʥʝʝ ʧʨʦʛʨʘʤʤʥʳʡ ʢʦʤʧʣʝʢʩ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʠʥʞʝʥʝʨʥʳʭ 

ʧʦʜʭʦʜʘʭ, ʧʦʟʚʦʣʷʶʱʠʡ ʦʨʛʘʥʠʟʦʚʘʪʴ ʮʠʢʣ ʨʘʩʯʝʪʥʦ-ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠ ʦʧʪʠʤʠʟʘʮʠʦʥʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʩʠʩʪʝʤʝ ʃɸ. ɺ ʧʨʦʛʨʘʤʤʥʦʤ ʢʦʤʧʣʝʢʩʝ ʧʨʝʜʫʩʤʦʪʨʝʥʘ ʚʦʟʤʦʞʥʦʩʪʴ 
ʘʥʘʣʠʟʘ ʰʠʨʦʢʦʛʦ ʢʨʫʛʘ ʩʠʣʦʚʳʭ ʫʩʪʘʥʦʚʦʢ ʠ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ, ʚʢʣʶʯʘʷ ʜʦʟʚʫʢʦʚʳʝ 

ʠ ʩʚʝʨʭʟʚʫʢʦʚʳʝ. ʆʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʝʥʦ ʨʘʟʨʘʙʦʪʢʝ ʠʝʨʘʨʭʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʆʆʇ, ʚ 

ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʢʦʪʦʨʦʡ ʨʝʘʣʠʟʦʚʘʥʳ ʤʦʜʝʣʠ ʨʘʟʣʠʯʥʳʭ ʩʠʣʦʚʳʭ ʫʩʪʘʥʦʚʦʢ, ʚʢʣʶʯʘʷ, 

ʨʘʢʝʪʥʳʝ ʜʚʠʛʘʪʝʣʠ ʠ ʮʝʣʳʡ ʢʣʘʩʩ ʚʦʟʜʫʰʥʦ-ʨʝʘʢʪʠʚʥʳʭ ʜʚʠʛʘʪʝʣʝʡ. ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ 

ʧʨʠʥʮʠʧʘʤʠ ʆʆʇ ʨʘʟʨʘʙʦʪʘʥʳ ʤʦʜʝʣʠ ʦʪʜʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʩʠʣʦʚʳʭ ʫʩʪʘʥʦʚʦʢ. ɼʣʷ 

ʚʳʧʦʣʥʝʥʠʷ ʨʝʩʫʨʩʦʝʤʢʠʭ ʦʧʪʠʤʠʟʘʮʠʦʥʥʳʭ ʨʘʩʯʝʪʦʚ ʥʘ ʚʳʩʦʢʦʧʨʦʠʟʚʦʜʠʪʝʣʴʥʳʭ 
ʩʠʩʪʝʤʘʭ ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʢʦʤʧʣʝʢʩʝ ʨʝʘʣʠʟʦʚʘʥʘ ʤʥʦʛʦʧʦʪʦʯʥʦʩʪʴ. ɿʘʜʘʯʘ 

ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʥʠʷ ʨʝʰʝʥʘ ʚ ʨʘʤʢʘʭ ʷʟʳʢʘ Fortran 2003 ʧʫʪʝʤ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʪʝʭʥʦʣʦʛʠʠ 

OpenMP ʠ çʯʠʩʪʳʭè (ʪ.ʝ. ʙʝʟ ʧʦʙʦʯʥʳʭ ʵʬʬʝʢʪʦʚ) ʧʦʜʧʨʦʛʨʘʤʤ.  
ɺ ʜʦʢʣʘʜʝ ʧʨʠʚʝʜʝʥʳ ʧʨʠʤʝʨʳ ʨʝʰʝʥʠʷ ʢʦʥʢʨʝʪʥʳʭ ʟʘʜʘʯ ʚ ʦʧʪʠʤʠʟʘʮʠʦʥʥʦʡ 

ʧʦʩʪʘʥʦʚʢʝ. ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʦʚ ʨʘʩʩʤʦʪʨʝʥʳ ʟʘʜʘʯʠ ʦʧʨʝʜʝʣʝʥʠʷ ʦʧʪʠʤʘʣʴʥʳʭ 

ʧʣʦʱʘʜʝʡ ɺɿʋ ʠ ʢʨʠʪʠʯʝʩʢʦʛʦ ʩʝʯʝʥʠʷ ʩʦʧʣʘ ʜʣʷ ʧʨʷʤʦʪʦʯʥʦʛʦ ʜʚʠʛʘʪʝʣʷ, ʘ ʪʘʢʞʝ 
ʩʨʘʚʥʝʥʠʝ ʃɸ ʩʬʦʨʤʠʨʦʚʘʥʥʳʭ ʥʘ ʨʘʟʥʳʭ ʪʦʧʣʠʚʘʭ ʧʦ ʢʨʠʪʝʨʠʶ ʜʘʣʴʥʦʩʪʠ ʧʦʣʝʪʘ. 
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ʇʦʢʘʟʘʥʦ, ʯʪʦ ʦʙʲʝʤʥʘʷ ʠ ʤʘʩʩʦʚʘʷ ʪʝʧʣʦʪʳ ʩʛʦʨʘʥʠʷ ʪʦʧʣʠʚ ʥʝ ʷʚʣʷʶʪʩʷ ʜʦʩʪʘʪʦʯʥʳʤ 
ʵʥʝʨʛʝʪʠʯʝʩʢʠʤ ʢʨʠʪʝʨʠʝʤ ʜʣʷ ʚʳʙʦʨʘ ʪʦʧʣʠʚʘ. ʉʜʝʣʘʥ ʚʳʚʦʜ ʦ ʥʝʦʙʭʦʜʠʤʦʩʪʠ 

ʨʘʟʨʘʙʦʪʢʠ ʙʦʣʝʝ ʦʙʱʝʛʦ ʪʦʧʣʠʚʥʦʛʦ ʢʨʠʪʝʨʠʷ ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʙʦʣʝʝ ʦʙʦʩʥʦʚʘʥʥʳʭ 

ʧʦʜʭʦʜʦʚ ʢ ʚʳʙʦʨʫ ʪʦʧʣʠʚ ʜʣʷ ʨʘʟʥʳʭ ʢʣʘʩʩʦʚ ʃɸ. 
ʀʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʝ ʨʘʙʦʪʳ ʧʨʦʚʦʜʷʪʩʷ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʛʦʩʫʜʘʨʩʪʚʘ ʚ ʣʠʮʝ 

ʈʅʌ ʧʦ ʩʦʛʣʘʰʝʥʠʶ ˉ15-11-30012 ʦʪ 08.07.2015. 

Development of a software for the analysis of high-speed aircraft with jet engines on 

solid, liquid and gas fuels 

Averkov I.S.1, Raznoschikov V.V.1,2, Yanovskiy L.S. 1,2 
1CIAM, Moscow; 2IPCP RAS, Chernogolovka 

To solve the problems associated with the preliminary formation of the shape of the aircraft 

and the choice of the power plant and fuel, the present study solves the problem of optimizing the 

aircraft ï power plant ï fuel system using a predetermined set of fuels.  
To simulate the process in the aircraft and power plant used the previously developed software 

complex based on engineering approaches, which allows to organize a cycle of computational 
and theoretical and optimization studies in the aircraft system. The software package provides the 

ability to analyze a wide range of power plants and aircraft, including subsonic and supersonic. 

Particular attention is paid to the development of a hierarchical OOP system, in accordance with 
which models of various power plants are implemented, including rocket engines and a whole 

class of air-breathing engines.  

In accordance with the principles of OOP, models of individual elements of power plants are 
developed. To perform resource-intensive optimization calculations on high-performance 

systems, the software implemented multithreading. The problem of parallelization is solved 

within Fortran 2003 using OpenMP technology and ñcleanò (ie without side effects) subroutines. 
The report gives examples of solving specific problems in the optimization formulation.  

As examples, the problems of determining the optimum areas of the air intake device and the 

critical section of the nozzle for a ramjet engine are considered, as well as comparing aircraft 
constructed on different fuels by the criterion of the range of flight.  

It is shown that the volumetric and mass heat of combustion of fuels is not a sufficient energy 

criterion for the choice of fuel. It was concluded that it is necessary to develop a more general 
fuel criterion and use more reasonable approaches to the choice of fuels for different classes of 

aircraft. 

The research work is carried out with the financial support of the state represented by the RNF 
under the agreement No. 15-11-30012 of 08.07.2015. 

ɸʥʘʣʠʟ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ ʪʚʝʨʜʳʭ ʪʦʧʣʠʚ ʨʘʢʝʪʥʦ-

ʧʨʷʤʦʪʦʯʥʳʭ ʜʚʠʛʘʪʝʣʝʡ 

ɸʢʙʠʨʦʚ ʈ.ʄ., ɻʥʝʩʠʥ ɽ.ʄ., ɺʦʨʦʙʴʝʚ ɸ.ɻ. 

ʄɸʀ, ʛ. ʄʦʩʢʚʘ  

ɼʣʷ ʨʘʩʯʝʪʘ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ ʨʘʢʝʪʥʦ-ʧʨʷʤʦʪʦʯʥʳʭ 
ʜʚʠʛʘʪʝʣʝʡ ʧʨʝʜʣʘʛʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʨʦʛʨʘʤʤʥʳʡ ʤʦʜʫʣʴ, ʨʝʘʣʠʟʦʚʘʥʥʳʡ ʚ ʩʨʝʜʝ 

Fortran, ʩ ʨʘʙʦʯʠʤ ʠʥʪʝʨʬʝʡʩʦʤ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʤ ʚ ʩʨʝʜʝ Microsoft Excel. ʈʘʩʩʤʦʪʨʝʥʳ 

ʦʩʦʙʝʥʥʦʩʪʠ ʧʨʦʛʨʘʤʤʳ, ʧʦʢʘʟʘʥʳ ʚʦʟʤʦʞʥʦʩʪʠ ʤʦʜʫʣʷ ʜʣʷ ʨʘʩʯʝʪʘ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ 
ʩʚʦʡʩʪʚ ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ ʥʘ ʧʨʠʤʝʨʝ ʞʠʜʢʦʩʪʥʳʭ, ʪʚʝʨʜʦʪʦʧʣʠʚʥʳʭ ʨʘʢʝʪʥʳʭ 

ʜʚʠʛʘʪʝʣʝʡ, ʘ ʪʘʢʞʝ ʨʘʢʝʪʥʦ-ʧʨʷʤʦʪʦʯʥʳʭ ʜʚʠʛʘʪʝʣʝʡ. ʋʢʘʟʘʥʳ ʧʨʝʠʤʫʱʝʩʪʚʘ ʧʝʨʝʜ 

ʘʥʘʣʦʛʠʯʥʳʤʠ ʧʨʦʛʨʘʤʤʘʤʠ (ASTRA, CEA), ʧʨʦʚʝʜʝʥʘ ʚʝʨʠʬʠʢʘʮʠʷ ʧʦʣʫʯʝʥʥʳʭ 
ʨʝʟʫʣʴʪʘʪʦʚ ʠ ʘʥʘʣʦʛʘʤʠ. 

ʅʘ ʧʨʠʤʝʨʝ ʨʘʢʝʪʥʦ-ʧʨʷʤʦʪʦʯʥʳʭ ʜʚʠʛʘʪʝʣʝʡ ʦʧʨʝʜʝʣʝʥʳ ʦʩʥʦʚʥʳʝ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ ʰʠʨʦʢʦ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʭ 
ʪʦʧʣʠʚʥʳʭ ʢʦʤʧʦʟʠʮʠʡ. ʇʦʣʫʯʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʫʜʝʣʴʥʦʛʦ ʠʤʧʫʣʴʩʘ, ʪʝʤʧʝʨʘʪʫʨʳ ʠ 

ʜʨʫʛʠʭ ʦʩʥʦʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ ʜʣʷ ʩʣʫʯʘʷ ʦʪʜʝʣʴʥʦʛʦ ʛʦʨʝʥʠʷ ʪʚʝʨʜʦʛʦ 

ʪʦʧʣʠʚʘ, ʪʘʢ ʠ ʜʣʷ ʩʣʫʯʘʷ ʜʦʞʠʛʘʥʠʠ ʧʝʨʚʠʯʥʳʭ ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ ʚ ʟʘʙʦʨʪʥʦʤ ʚʦʟʜʫʭʝ 
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ʧʨʠ ʨʘʟʣʠʯʥʦʤ ʢʦʵʬʬʠʮʠʝʥʪʝ ʠʟʙʳʪʢʘ ʦʢʠʩʣʠʪʝʣʷ. ʇʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʸʪʦʚ, 
ʛʨʘʬʠʯʝʩʢʦʝ ʩʨʘʚʥʝʥʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢ.  

Analysis of the thermodynamic properties of the solid fuels combustion products in 

direct-flow rocket engines 

Akbirov R.M., Gnesin E.M., Vorobyov A.G. 

MAI, Moscow 

The article proposes the description of the software module implemented in the Fortran, with 
the working interface presented in the Microsoft Excel for calculating the thermodynamic 

properties of the solid fuels combustion products in direct-flow rocket engines. The features of 

the program and module for calculating the thermodynamic properties of combustion products 
are shown on examples of liquid and solid fuel rocket engines, as well as direct-flow rocket 

engines. The article shows the advantages of the new program in front of existing software 

(ASTRA, CEA). The results of calculations of the new software and the results obtained using 
other similar programs are compared. 

The program calculates the combustion products basic thermodynamic characteristics of 
widespread fuel compositions for direct-flow rocket engines. The results of calculations of the 

new software and the results obtained using other similar programs are compared. Dependences 

of specific impulse, temperature and other basic parameters of solid fuel combustion products, as 
well as for subsequent combustion of primary combustion products in outboard air with different 

oxidizer excess ratio are obtained. The article also presents the results of calculations, the graph 

for characteristics comparing. 

ɺʣʠʷʥʠʷʥʠʝ ʤʝʞʨʦʪʦʨʥʦʛʦ ʟʘʟʦʨʘ ʚ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ɻʊɼ ʥʘ ʨʝʩʫʨʩ 
ɸʥʜʨʦʩʦʚʠʯ ʀ.ɺ. 

ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ʇʨʦʮʝʩʩ ʵʢʩʧʣʫʘʪʘʮʠʠ ɻʊɼ ʩʚʷʟʘʥ ʩ ʠʟʤʝʥʝʥʠʝʤ ʟʘʟʦʨʘ ʚ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ, ʚʣʠʷʶʱʠʤ 

ʥʘ ʨʝʩʫʨʩ. ʂʘʢ ʧʨʘʚʠʣʦ ʵʪʦ ʠʟʤʝʥʝʥʠʝ ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʚʠʜʝ ʚʦʟʨʘʩʪʘʥʠʷ ʟʘʟʦʨʘ ʧʦ ʤʝʨʝ 

ʫʚʝʣʠʯʝʥʠʷ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʦʛʦ ʨʝʩʫʨʩʘ. 

ɺ 4 ʠ ʧʦʩʣʝʜʫʶʱʠʭ ʧʦʢʦʣʝʥʠʷʭ ɻʊɼ ʥʘ ʪʦʨʮʘʭ ʧʝʨʘ ʣʦʧʘʪʢʠ ʨʘʩʧʦʣʦʞʝʥʳ ʥʘʢʣʘʜʢʠ, ʘ 

ʥʘ ʢʦʨʧʫʩʝ ʫʩʪʘʥʘʚʣʠʚʘʶʪʩʷ ʥʘʜʨʦʪʦʨʥʳʝ ʚʩʪʘʚʢʠ ï ʟʘʟʦʨ ʫʤʝʥʴʰʘʝʪʩʷ, ʧʨʝʜʫʩʤʘʪʨʠʚʘʶʪ 

ʨʝʘʣʠʟʘʮʠʶ ʧʦʚʳʰʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʣʦʧʘʪʦʯʥʳʭ ʤʘʰʠʥ. 
ɿʘ ʩʯʸʪ ʧʨʠʤʝʥʝʥʠʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʧʘʡʢʠ ʚ ʚʘʢʫʫʤʥʳʭ ʧʝʯʘʭ ʣʘʙʠʨʠʥʪʥʳʝ ʧʘʨʳ 

ʤʦʞʥʦ ʥʘʜʝʞʥʦ ʟʘʢʨʝʧʠʪʴ ʥʘ ʪʦʨʮʘʭ ʧʝʨʘ ʣʦʧʘʪʦʢ ʠ ʥʘʜʨʦʪʦʨʥʳʭ ʚʩʪʘʚʢʘʭ.  

ʇʨʠʤʝʥʝʥʠʝ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʚʦʣʦʢʦʥ ʚ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʦʛʦ ʩʳʨʴʷ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʪʘʢʠʭ 
ʤʘʪʝʨʠʘʣʦʚ ʦʙʝʩʧʝʯʠʚʘʝʪ ʩʦʭʨʘʥʝʥʠʝ ʠʤʠ ʥʝʦʙʭʦʜʠʤʦʡ ʧʨʦʯʥʦʩʪʠ ʠ ʵʨʦʟʠʦʥʥʦʡ 

ʩʪʦʡʢʦʩʪʠ ʧʨʠ ʧʦʨʠʩʪʦʩʪʠ ʜʦ 80ï85% ʙʣʘʛʦʜʘʨʷ ʦʙʨʘʟʦʚʘʥʠʶ ʧʨʠ ʩʧʝʢʘʥʠʠ ʙʦʣʴʰʦʛʦ 

ʯʠʩʣʘ ʧʨʦʯʥʳʭ ʢʦʥʪʘʢʪʦʚ ʤʝʞʜʫ ʦʪʜʝʣʴʥʳʤʠ ʚʦʣʦʢʥʘʤʠ. 
ʇʨʠ ʵʪʦʤ ʚ ɻʊɼ ʚ ʧʨʦʮʝʩʩʝ ʨʘʙʦʪʳ ʥʝʦʙʭʦʜʠʤʦ ʠʩʢʣʶʯʠʪʴ ʢʘʩʘʥʠʝ ʣʦʧʘʪʦʢ ʩ ʢʦʨʧʫʩʦʤ 

ʪʫʨʙʠʥʳ ʧʨʠ ʫʩʣʦʚʠʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʛʘʟʦʚʦʛʦ ʧʦʪʦʢʘ, ʧʨʠʚʦʜʷʱʠʭ ʢ ʜʝʬʦʨʤʘʮʠʠ 

ʢʦʨʧʫʩʘ, ʘ ʪʘʢʞʝ ʚʦʟʜʝʡʩʪʚʠʝ ʟʥʘʯʠʪʝʣʴʥʳʭ ʮʝʥʪʨʦʙʝʞʥʳʭ ʩʠʣ, ʠʩʧʳʪʳʚʘʝʤʳʭ ʨʘʙʦʯʠʤʠ 
ʣʦʧʘʪʢʘʤʠ ʠ ʚʳʟʳʚʘʶʱʠʭ ʠʭ ʚʳʪʷʛʠʚʘʥʠʝ. ʆʜʥʠʤ ʠʟ ʩʧʦʩʦʙʦʚ ʨʝʘʣʠʟʘʮʠʠ ʜʘʥʥʦʡ ʟʘʜʘʯʠ 

ʷʚʣʷʝʪʩʷ ʫʩʪʘʥʦʚʢʘ ʥʘ ʢʦʨʧʫʩʝ ʜʚʠʛʘʪʝʣʷ ʫʧʣʦʪʥʠʪʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʦʜʥʠʤ ʠʟ 

ʦʙʷʟʘʪʝʣʴʥʳʭ ʩʚʦʡʩʪʚ ʢʦʪʦʨʳʭ ʷʚʣʷʝʪʩʷ ʠʭ ʚʳʩʦʢʘʷ ʠʩʪʠʨʘʝʤʦʩʪʴ, ʫʤʝʥʴʰʘʶʱʘʷ ʠʟʥʦʩ 
ʪʦʨʮʝʚʦʡ ʯʘʩʪʠ ʣʦʧʘʪʢʠ. 

ʇʨʠ ʧʨʦʚʝʜʝʥʠʠ ʧʨʝʜʲʷʚʠʪʝʣʴʩʢʠʭ ʠ ʧʨʠʝʤʦʩʜʘʪʦʯʥʳʭ ʠʩʧʳʪʘʥʠʠ ʜʚʠʛʘʪʝʣʷ, ʘ ʪʘʢʞʝ 

ʥʘ ʥʘʯʘʣʴʥʦʡ ʩʪʘʜʠʠ ʝʛʦ ʵʢʩʧʣʫʘʪʘʮʠʠ ʤʦʞʥʦ ʙʳʩʪʨʦ ʧʨʦʡʪʠ ʵʪʘʧ ʧʨʠʨʘʙʦʪʢʠ ʪʦʨʮʦʚ ʧʝʨʘ 
ʣʦʧʘʪʦʢ ʧʦ ʥʘʜʨʦʪʦʨʥʳʤ ʚʩʪʘʚʢʘʤ, ʚ ʧʨʦʮʝʩʩʝ ʧʨʠʨʘʙʦʪʢʠ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʤʝʨʝ 

ʫʤʝʥʴʰʘʝʪʩʷ ʚʝʨʦʷʪʥʦʩʪʴ ʧʦʷʚʣʝʥʠʷ ʤʠʢʨʦʪʨʝʱʠʥ. 

ɺ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ʜʚʠʛʘʪʝʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʣʘʙʠʨʠʥʪʥʳʭ ʧʘʨ ʫʧʣʦʪʥʝʥʠʠ, ʧʦʟʚʦʣʷʝʪ 
ʫʚʝʣʠʯʠʪʴ ʨʝʩʫʨʩ ʜʚʠʛʘʪʝʣʷ ʚ ʥʝʩʢʦʣʴʢʦ ʨʘʟ. 
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Effect of the rotary clearance between the GTD on the resource 

Androsovich I.V. 

MAI, Moscow 

The operation process of the gas turbine engine is related to the change in the clearance in the 
flowing part to the resource. As a rule, this change manifests itself in the form of increasing 

clearance as the service life increases. In the 4th and subsequent generations of gas turbine 

engines, on the ends of the blade of the blade there are overlays, and on the body there are 
mounted supraratory inserts - the gap is reduced, and the effectiveness of the blade machines is to 

be realized. 

Due to the use of high-temperature soldering in vacuum furnaces, labyrinth pairs can be 
reliably fixed on the ends of the feathers of the blades and the supragram inserts. 

The use of metal fibers as a raw material for the production of such materials ensures that they 

retain the necessary strength and erosion resistance with porosity to 80-85% due to the formation 
of a large number of strong contacts between individual fibers during sintering. 

In GTE, during operation, it is necessary to avoid touching the blades with the turbine casing 

under the condition of high temperatures of the gas flow leading to deformation of the casing, as 

well as the effect of significant centrifugal forces experienced by the working vanes and causing 

them to stretch. One of the ways of realizing this task is to install sealing elements on the engine 
body, one of the mandatory properties of which is their high abrasion, which reduces the wear of 

the end part of the blade. 

In carrying out the bearer and acceptance test of the engine, as well as at the initial stage of its 
operation, it is possible to quickly pass through the stage of winding the ends of the feathers of 

the blades on the supragenerator inserts, and during the process of aging, the probability of 

microcracks is significantly reduced. In the flowing part of the engine, the use of labyrinth seal 
pairs allows the engine resource to be increased several times. 

ʏʠʩʣʝʥʥʦʝ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʩʦʙʩʪʚʝʥʥʳʭ ʬʦʨʤ ʠ ʯʘʩʪʦʪ 

ʢʦʣʝʙʘʥʠʡ ʧʦʣʦʡ ʰʠʨʦʢʦʭʦʨʜʥʦʡ ʣʦʧʘʪʢʠ ʚʝʥʪʠʣʷʪʦʨʘ ʧʝʨʩʧʝʢʪʠʚʥʦʛʦ ʜʚʠʛʘʪʝʣʷ 

ɸʥʦʭʠʥ ɼ.ɺ., ɽʣʠʟʘʨʦʚ ɼ.ɸ. 

ʇɸʆ çʂʫʟʥʝʮʦʚè, ʛ. ʉʘʤʘʨʘ 

ʆʩʥʦʚʥʳʤ ʤʝʨʦʧʨʠʷʪʠʝʤ ʧʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʣʦʧʘʪʦʢ ɻʊɼ ʚ ʯʘʩʪʠ ʦʙʝʩʧʝʯʝʥʠʷ 
ʧʨʠʝʤʣʝʤʦʛʦ ʫʨʦʚʥʷ ʧʝʨʝʤʝʥʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʷʚʣʷʝʪʩʷ ʯʘʩʪʦʪʥʘʷ ʦʪʩʪʨʦʡʢʘ ʥʘ ʵʪʘʧʝ 

ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʦʪ ʨʝʟʦʥʘʥʩʦʚ ʚ ʨʘʙʦʯʝʤ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ ʚʨʘʱʝʥʠʷ ʨʦʪʦʨʘ. ɼʣʷ ʝʝ 

ʧʨʦʚʝʜʝʥʠʷ ʨʝʰʘʝʪʩʷ ʟʘʜʘʯʘ ʧʦʣʫʯʝʥʠʷ ʬʦʨʤ ʠ ʯʘʩʪʦʪ ʩʦʙʩʪʚʝʥʥʳʭ ʢʦʣʝʙʘʥʠʡ (ʏʉʂ) 
ʣʦʧʘʪʦʢ. ɺʚʠʜʫ ʩʣʦʞʥʦʩʪʠ ʢʦʥʩʪʨʫʢʪʠʚʥʦʛʦ ʠʩʧʦʣʥʝʥʠʷ ʪʘʢʦʛʦ ʪʠʧʘ ʨʘʙʦʯʠʭ ʣʦʧʘʪʦʢ 

ʚʝʥʪʠʣʷʪʦʨʘ, ʢʘʢ ʧʫʩʪʦʪʝʣʘʷ ʰʠʨʦʢʦʭʦʨʜʥʘʷ ʣʦʧʘʪʢʘ (ʇʐʃ) ʩ ʛʦʬʨʠʨʦʚʘʥʥʳʤ 

ʟʘʧʦʣʥʠʪʝʣʝʤ, ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʤʦʜʘʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʧʨʠʤʝʥʷʝʪʩʷ ʤʝʪʦʜ ʢʦʥʝʯʥʳʭ 
ʵʣʝʤʝʥʪʦʚ (ʂʕ). 

ʉʦʛʣʘʩʥʦ ʅʦʨʤʘʤ ʇʨʦʯʥʦʩʪʠ ʦʧʨʝʜʝʣʝʥʠʷ ʏʉʂ ʦʧʳʪʥʳʭ ʦʙʨʘʟʮʦʚ ʣʦʧʘʪʦʢ ʧʨʦʚʦʜʠʪʩʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ. ʇʨʠ ʵʪʦʤ ʜʘʥʥʳʝ, ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ ʵʢʩʧʝʨʠʤʝʥʪʝ, ʤʦʛʫʪ ʙʳʪʴ 
ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʚʝʨʠʬʠʢʘʮʠʠ ʠʩʧʦʣʴʟʫʝʤʳʭ ʂʕ ʤʦʜʝʣʝʡ ʩ ʮʝʣʴʶ ʫʪʦʯʥʝʥʠʷ ʤʝʪʦʜʠʢʠ 

ʧʨʦʚʝʜʝʥʠʷ ʧʨʦʝʢʪʠʨʦʚʦʯʥʳʭ ʨʘʩʯʝʪʦʚ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣʘ ʩʦʟʜʘʥʘ ʂʕ ʤʦʜʝʣʴ ʠ ʚʳʧʦʣʥʝʥ ʤʦʜʘʣʴʥʳʡ ʘʥʘʣʠʟ ʇʐʃ 
ʚʝʥʪʠʣʷʪʦʨʘ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ 9 ʩʦʙʩʪʚʝʥʥʳʭ ʬʦʨʤ ʠ ʯʘʩʪʦʪ ʢʦʣʝʙʘʥʠʡ ʣʦʧʘʪʢʠ. 

ʇʨʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤ ʠʩʩʣʝʜʦʚʘʥʠʠ ʤʝʪʦʜʦʤ ʛʦʣʦʛʨʘʬʠʯʝʩʢʦʡ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʠ 

ʙʳʣʦ ʠʩʧʳʪʘʥʦ 3 ʩʣʫʯʘʡʥʦ ʚʳʙʨʘʥʥʳʝ ʠʟ ʧʘʨʪʠʠ ʣʦʧʘʪʢʠ. ʀʩʧʳʪʘʥʠʷ ʣʦʧʘʪʦʢ ʢʘʞʜʳʡ ʨʘʟ 
ʧʨʦʚʦʜʠʣʦʩʴ ʢʘʢ ʩʦ ʩʪʦʨʦʥʳ ʢʦʨʳʪʘ, ʪʘʢ ʠ ʩʦ ʩʪʦʨʦʥʳ ʩʧʠʥʢʠ. 

ʄʘʢʩʠʤʘʣʴʥʦʝ ʨʘʩʭʦʞʜʝʥʠʝ ʨʘʩʯʝʪʥʳʭ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʯʘʩʪʦʪ ʢʦʣʝʙʘʥʠʡ 

ʚʳʷʚʣʷʝʪʩʷ ʧʦ 8 ʠ 1 ʬʦʨʤʘʤ (12,7% ʠ 11,5% ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). ʇʦ ʦʩʪʘʣʴʥʳʤ ʏʉʂ 
ʨʘʩʭʦʞʜʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʤʝʥʝʝ 10%. 
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ʈʘʩʭʦʞʜʝʥʠʝ ʨʘʩʯʝʪʥʳʭ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʯʘʩʪʦʪ ʧʨʦʠʩʭʦʜʠʪ ʠʟ-ʟʘ 
ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʦʪʢʣʦʥʝʥʠʡ ʠʟʛʦʪʦʚʣʝʥʠʷ ʟʘʤʢʦʚʳʭ ʯʘʩʪʝʡ ʣʦʧʘʪʢʠ, ʧʦʛʨʝʰʥʦʩʪʠ 

ʟʘʢʨʝʧʣʝʥʠʷ, ʚʣʠʷʶʱʠʭ ʥʘ ʫʩʣʦʚʠʷ ʟʘʢʨʝʧʣʝʥʠʷ ʧʨʠ ʧʨʦʚʝʜʝʥʠʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ. 

ʌʦʨʤʳ ʩʦʙʩʪʚʝʥʥʳʭ ʢʦʣʝʙʘʥʠʡ, ʧʦʣʫʯʝʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ, ʩʦʚʧʘʜʘʶʪ ʩ 
ʨʘʩʯʝʪʥʳʤʠ. 

Numerical and experimental investigation of own forms and frequencies of hollow wide-

chord fan blades promising engine 

Anokhin D.V., Elizarov D.A. 

PJSC ñKuznetsovò, Samara 

The main event in the design of GTE blades to ensure an acceptable level of variable voltage 
is the frequency detuning in the design phase from resonance in the frequency range of rotation 

of the rotor. It solves the problem of own forms and the natural frequencies of (NOF) of the 

blades. Due to the complexity of the structural design of this type of rotor blades of the fan as a 
hollow wide-chord blade (PSL) with a corrugated filler, to conduct modal analysis applies the 

finite element method (FE). 
According to the Norms of the strength of the definition of the ECI prototypes of the blades is 

carried out experimentally. The data obtained in the experiment, can be used for verification of 

the FE models used for the refinement of methods of conducting the design calculations. 
In this work, we have created the FE model and performed a modal analysis PSL fan 9 to 

determine their own forms and frequencies of oscillation of the blade. 

In the experimental study by holographic interferometry was tested in 3 randomly selected 
from a batch of blades. The test blades each time was conducted as part of the trough and back. 

The maximum discrepancy of calculated and experimental frequencies detected in 8 and 1 

forms (to 12.7% and 11.5%, respectively). For the rest NOF the results deviate less than 10%. 
The discrepancy between the calculated and experimental frequencies is due to technological 

deviations of manufacturing interlocking parts of the scapula, error fixing, influencing the 

conditions of fixation in the experiments. 
Mode shapes, obtained experimentally coincide with the calculated one. 

ʕʣʝʢʪʨʦʨʝʘʢʪʠʚʥʘʷ ʩʠʩʪʝʤʘ ʜʦʚʳʚʝʜʝʥʠʷ ʠ ʢʦʨʨʝʢʮʠʠ ʦʨʙʠʪʳ 

ɸʪʫʨʛʘʰʝʚʘ ʂ.ʖ.1, ʂʦʯʝʚ ʖ.ɺ.1, ʇʘʮ ɸ.ɸ.1, ʉʠʤʘʥʦʚ ʈ.ʉ.1, ʄʝʨʢʫʨʴʝʚ ɼ.ɺ.2 

1ʀʉʉ, ʛ.ɾʝʣʝʟʥʦʛʦʨʩʢ;2 ʄɸʀ, ʛ.ʄʦʩʢʚʘ 

ʕʣʝʢʪʨʦʨʝʘʢʪʠʚʥʘʷ ʩʠʩʪʝʤʘ ʜʦʚʳʚʝʜʝʥʠʷ ʠ ʢʦʨʨʝʢʮʠʠ ʦʨʙʠʪʳ (ʕʈʉɼʂ) ʧʨʝʜʥʘʟʥʘʯʝʥʘ 

ʜʣʷ ʚʳʧʦʣʥʝʥʠʷ ʤʘʥʝʚʨʦʚ ʜʦʚʳʚʝʜʝʥʠʷ ʠ ʢʦʨʨʝʢʮʠʠ ʦʨʙʠʪʳ ʛʝʦʩʪʘʮʠʦʥʘʨʥʦʛʦ 
ʢʦʩʤʠʯʝʩʢʦʛʦ ʘʧʧʘʨʘʪʘ ʧʦʚʳʰʝʥʥʦʡ ʤʘʩʩʳ. ɺ ʩʦʩʪʘʚ ʕʈʉɼʂ ʚʭʦʜʷʪ: ʢʩʝʥʦʥʦʚʳʡ ʙʘʢ 

(ʂɹɺɼ), ʙʣʦʢ ʧʦʜʘʯʠ ʢʩʝʥʦʥʘ (ɹʇʂ), ʙʣʦʢ ʢʦʨʨʝʢʮʠʠ ʜʦʚʳʚʝʜʝʥʠʷ (ɹʂɼ), ʩʠʩʪʝʤʘ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʠ ʫʧʨʘʚʣʝʥʠʷ (ʉʇʋ). 
ʆʩʥʦʚʥʳʝ ʪʝʭʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʕʈʉɼʂ: 

Å ʪʷʛʘ ʜʚʠʛʘʪʝʣʷ ï 0,29 ʅ, ʫʜʝʣʴʥʳʡ ʠʤʧʫʣʴʩ ʪʷʛʠ ï ʥʝ ʤʝʥʝʝ 17500 ʤ/ʩ, 

Å ʤʘʢʩʠʤʘʣʴʥʘʷ ʤʦʱʥʦʩʪʴ, ʧʦʪʨʝʙʣʷʝʤʘʷ ʩʠʩʪʝʤʦʡ ï ʥʝ ʙʦʣʝʝ 10,0 ʢɺʪ. 
ʅʘʟʝʤʥʘʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʦʪʨʘʙʦʪʢʘ ʥʘ ʫʨʦʚʥʝ ʩʠʩʪʝʤʳ ʧʨʝʜʧʦʣʘʛʘʝʪ ʧʨʦʚʝʜʝʥʠʝ 

ʩʣʝʜʫʶʱʠʭ ʠʩʧʳʪʘʥʠʡ: 

1. ʘʚʪʦʥʦʤʥʳʝ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʠʩʧʳʪʘʥʠʷ ʕʈʉɼʂ; 
2. ʦʛʥʝʚʳʝ ʠʩʧʳʪʘʥʠʷ ʕʈʉɼʂ, ʚ ʪʦʤ ʯʠʩʣʝ 

Å ʦʧʨʝʜʝʣʝʥʠʝ ʫʨʦʚʥʷ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʵʤʠʩʩʠʠ ï ʚ ʅʀʀ ʇʄʕ ʄɸʀ, 

Å ʦʛʥʝʚʳʝ ʦʪʨʘʙʦʪʦʯʥʳʝ ʠʩʧʳʪʘʥʠʷ ʕʈʉɼʂ ï ʚ ɸʆ çʀʉʉè. 
ʈʘʙʦʪʳ ʚʳʧʦʣʥʷʶʪʩʷ ʚ ʨʘʤʢʘʭ ʢʦʤʧʣʝʢʩʥʦʛʦ ʧʨʦʝʢʪʘ çʈʘʟʨʘʙʦʪʢʘ ʠ ʩʪʝʥʜʦʚʘʷ 

ʦʪʨʘʙʦʪʢʘ ʵʣʝʢʪʨʦʨʝʘʢʪʠʚʥʦʡ ʩʠʩʪʝʤʳ ʜʦʚʳʚʝʜʝʥʠʷ ʠ ʢʦʨʨʝʢʮʠʠ ʦʨʙʠʪʳ ʘʚʪʦʤʘʪʠʯʝʩʢʠʭ 

ʢʦʩʤʠʯʝʩʢʠʭ ʘʧʧʘʨʘʪʦʚ ʧʦʚʳʰʝʥʥʦʡ ʤʘʩʩʳè ʧʦ ʜʦʛʦʚʦʨʫ ˉ 02.G25.31.0196 ʦʪ 27.04.2016 
ʤʝʞʜʫ ɸʆ çʀʉʉè ʠ ʄʠʥʦʙʨʥʘʫʢʠ ʈʌ ʚ ʨʘʤʢʘʭ ʇʇʈʌ ˉ 218.  

ɺ ʨʘʤʢʘʭ ʨʘʙʦʪ ʧʦ ʩʦʟʜʘʥʠʶ ʠ ʥʘʟʝʤʥʦʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʦʪʨʘʙʦʪʢʝ ʕʈʉɼʂ ʄɸʀ 

ʦʩʫʱʝʩʪʚʣʷʝʪ ʨʘʟʨʘʙʦʪʢʫ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʠʤʠʪʘʪʦʨʘ ɹʂɼ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʘʚʪʦʥʦʤʥʳʭ 
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ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠʩʧʳʪʘʥʠʡ ʚ ɸʆ çʀʉʉè. ʆʥ ʦʙʝʩʧʝʯʠʚʘʝʪ ʠʤʠʪʘʮʠʶ ʧʝʨʝʭʦʜʥʳʭ 
ʧʨʦʮʝʩʩʦʚ ʧʨʠ ʟʘʧʫʩʢʝ ʠ ʦʪʢʣʶʯʝʥʠʠ ɹʂɼ, ʧʫʣʴʩʘʮʠʡ ʨʘʟʨʷʜʥʦʛʦ ʪʦʢʘ ʠ ʥʘʧʨʷʞʝʥʠʷ, 

ʥʠʟʢʦʯʘʩʪʦʪʥʳʭ ʠʟʤʝʥʝʥʠʡ ʫʨʦʚʥʷ ʪʦʢʘ ʨʘʟʨʷʜʘ. 

ʅʇʎ çʄʂɸè ʦʩʫʱʝʩʪʚʣʷʝʪ ʨʘʟʨʘʙʦʪʢʫ ʧʨʦʛʨʘʤʤʥʦ-ʘʧʧʘʨʘʪʥʦʛʦ ʠʤʠʪʘʪʦʨʘ ʙʦʨʪʦʚʦʛʦ 
ʢʦʤʧʣʝʢʩʘ ʫʧʨʘʚʣʝʥʠʷ. ʕʪʦ ʫʩʪʨʦʡʩʪʚʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʵʣʝʢʪʨʦʧʠʪʘʥʠʝ ʉʇʋ, ʩʙʦʨ ʠ 

ʦʙʨʘʙʦʪʢʫ ʪʝʣʝʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ, ʫʧʨʘʚʣʝʥʠʝ ʵʈʉɼʂ ʦʪ ʰʪʘʪʥʦʡ ʙʦʨʪʦʚʦʡ 

ʘʧʧʘʨʘʪʫʨʳ. 
ʈʘʟʨʘʙʦʪʢʘ ʕʈʉɼʂ ʧʦʟʚʦʣʠʪ ʚ ʢʦʤʙʠʥʘʮʠʠ ʩ ʩʫʱʝʩʪʚʫʶʱʠʤʠ ʩʨʝʜʩʪʚʘʤʠ ʚʳʚʝʜʝʥʠʷ 

ʜʦʩʪʘʚʣʷʪʴ ʥʘ ɻʉʆ ʂɸ ʧʦʚʳʰʝʥʥʦʡ ʤʘʩʩʳ, ʯʪʦ ʫʚʝʣʠʯʠʪ ʠʭ ʵʢʦʥʦʤʠʯʝʩʢʫʶ ʵʬʬʝʢʪʥʦʩʪʴ. 

Electric Orbit Raising and Orbit  Control Propulsion Subsystem 

Aturgasheva K.Y., Kochev Y.V., Pats A.A., Simanov R.S., Merkuryev D.V. 

ISS, Zheleznogorsk; MAI, Moscow  

 
The Electric Orbit Raising and Orbit Control Propulsion Subsystem (further referred to as 

Subsystem) is designed for execution of orbit raising and orbit control manoeuvers of heavy GSO 

spacecraft. The Subsystem is comprised of the following: Xenon Tank, Xenon Feed Unit (XFU), 

Orbit Raising Control Unit, Power Processing Unit (PPU). 

Basic Performances: 
Å Thrust: 0.29 N; 

Å Thrust specific impulse: at least 17500 m/s; 

Å Maximum power consumption: no greater than 10.0 kW. 
Ground experimental testing at subsystem level includes the following procedures: 

1. Standalone electrical tests; 

2. Firing tests, such as 
Å Electric emission level test (at NII PME MAI location), 

Å Firing test of the Subsystem (at ISS location). 

These activities are part of the ñDevelopment and Bench Testing of the Heavy Spacecraft 
Electric Orbit Raising and Orbit Control Propulsion Subsystemò project based on Agreement 

02.G25.31.0196 between ISS and Ministry of Education and Science of the Russian Federation, 

signed on April, 27, 2016 in the frame of Decree 218 of the Government of the Russian 
Federation. 

Under the Subsystem development and ground experimental testing program, MAI is tasked 

with developing an electrical simulator for the Orbit Raising Control Unit that will allow ISS to 
perform standalone electrical tests. This simulator imitates the Orbit Raising Control Unit start 

and shut-off transients, voltage and discharge current ripple, and low-frequency discharge current 

variations. 
NPC ñMKAò is developing a soft/hardware OCS simulator. This device provides power 

supply to the PPU, TM parameter collection and handling, as well as control of the Subsystem by 

means of nominal on-board equipment.  
The development of the Electric Orbit Raising and Orbit Control Propulsion Subsystem, 

combined with existing launch vehicles, will allow for delivery of the heavy spacecraft to the 

GSO, which will increase their economic viability.  

ɸʥʘʣʠʟ ʠʟʤʝʥʝʥʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʦʙʩʪʘʥʦʚʢʠ ʚ ʧʨʦʮʝʩʩʝ ʚʳʨʘʙʦʪʢʠ ʨʝʩʫʨʩʘ 

ʩʪʘʮʠʦʥʘʨʥʳʭ ʧʣʘʟʤʝʥʥʳʭ ʜʚʠʛʘʪʝʣʝʡ  

ɹʘʨʘʥʦʚ ʉ.ɺ.1, ɺʘʞʝʥʠʥ ʅ.ɸ.1, ʇʣʦʭʠʭ ɸ.ʇ.1, ʇʦʧʦʚ ɻ.ɸ.1, ʂʦʯʝʚ ʖ.ɺ.2, ɽʨʤʦʰʢʠʥ 
ʖ.ʄ.2, ʇʝʨʚʫʭʠʥ ɸ.ɺ.2 

1ʄɸʀ, ʛ. ʄʦʩʢʚʘ; 2ʀʉʉ, ʛ. ɾʝʣʝʟʥʦʛʦʨʩʢ  

ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʣʘʩʴ ʨʘʟʨʘʙʦʪʢʘ ʦʩʥʦʚ ʧʨʦʛʥʦʟʥʦʛʦ ʘʥʘʣʠʟʘ ʠʟʤʝʥʝʥʠʷ 
ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʦʙʩʪʘʥʦʚʢʠ ʚ ʧʨʦʮʝʩʩʝ ʚʳʨʘʙʦʪʢʠ ʨʝʩʫʨʩʘ ʩʪʘʮʠʦʥʘʨʥʳʭ ʧʣʘʟʤʝʥʥʳʭ 

ʜʚʠʛʘʪʝʣʝʡ (ʉʇɼ). ʅʝʦʙʭʦʜʠʤʦʩʪʴ ʧʨʦʚʝʜʝʥʠʷ ʪʘʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩʚʷʟʘʥʘ ʩ ʪʝʤ, ʯʪʦ 

ʨʘʙʦʪʘ ʉʇɼ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʩʦʙʩʪʚʝʥʥʳʤ ʠʟʣʫʯʝʥʠʝʤ ʚ ʨʘʜʠʦʜʠʘʧʘʟʦʥʝ, ʢʦʪʦʨʦʝ ʤʦʞʝʪ 
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ʧʨʝʜʩʪʘʚʣʷʪʴ ʩʦʙʦʡ ʧʦʤʝʭʫ ʜʣʷ ʢʘʥʘʣʘ çɿʝʤʣʷ-ʢʦʩʤʠʯʝʩʢʠʡ ʘʧʧʘʨʘʪ (ʂɸ)è ʩʠʩʪʝʤ 
ʢʦʩʤʠʯʝʩʢʦʡ ʩʚʷʟʠ. 

ɺ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʠ ʤʝʪʦʜʠʯʝʩʢʦʝ ʦʙʦʙʱʝʥʠʝ ʩʫʱʝʩʪʚʫʶʱʠʭ ʤʝʪʦʜʦʚ 

ʦʧʨʝʜʝʣʝʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʦʙʩʪʚʝʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʨʘʢʝʪʥʳʭ ʜʚʠʛʘʪʝʣʝʡ 
(ʕʈɼ) ʚ ʨʘʜʠʦʜʠʘʧʘʟʦʥʝ ʚ ʥʘʟʝʤʥʳʭ ʫʩʣʦʚʠʷʭ. ʇʨʝʜʩʪʘʚʣʝʥʦ ʦʧʠʩʘʥʠʝ 

ʤʦʜʝʨʥʠʟʠʨʦʚʘʥʥʦʛʦ ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʢʦʤʧʣʝʢʩʘ, ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʚ ʅʀʀ ʇʄʕ ʄɸʀ, 

ʧʨʝʜʥʘʟʥʘʯʝʥʥʦʛʦ ʜʣʷ ʜʣʠʪʝʣʴʥʦʛʦ ʤʦʥʠʪʦʨʠʥʛʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʦʙʩʪʚʝʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ 
ʩʪʘʮʠʦʥʘʨʥʳʭ ʧʣʘʟʤʝʥʥʳʭ ʜʚʠʛʘʪʝʣʝʡ ʪʠʧʘ ʉʇɼ-100 ʠ ʉʇɼ-140 ʚ ʨʘʜʠʦʜʠʘʧʘʟʦʥʝ.  

ɺ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠʟʣʫʯʝʥʠʷ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʧʦ ʯʘʩʪʦʪʝ ʚ ʨʘʜʠʦʜʠʘʧʘʟʦʥʝ ʜʣʷ ʚʝʨʪʠʢʘʣʴʥʦʡ ʠ 
ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʧʦʣʷʨʠʟʘʮʠʡ ʧʨʠʥʠʤʘʝʤʦʛʦ ʠʟʣʫʯʝʥʠʷ.  

ʉ ʮʝʣʴʶ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʘʥʘʣʠʟʘ ʜʠʥʘʤʠʢʠ ʠʟʤʝʥʝʥʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʦʙʩʪʘʥʦʚʢʠ 

ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʜʣʠʪʝʣʴʥʦʩʪʠ ʥʘʨʘʙʦʪʢʠ ʤʦʜʝʣʠ ʜʚʠʛʘʪʝʣʷ ʪʠʧʘ 
ʉʇɼ-140 (ʤʦʱʥʦʩʪʴ 4,5-5 ʢɺʪ) ʥʘ ʠʟʤʝʥʝʥʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʝʛʦ ʠʟʣʫʯʝʥʠʷ ʚ 

ʨʘʜʠʦʜʠʘʧʘʟʦʥʝ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʩ ʨʦʩʪʦʤ ʜʣʠʪʝʣʴʥʦʩʪʠ ʥʘʨʘʙʦʪʢʠ ʠʟʣʫʯʝʥʠʝ ʥʦʚʦʛʦ 
ʜʚʠʛʘʪʝʣʷ (100 ʯʘʩʦʚ) ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ 6-12 ɻɻʮ ʫʚʝʣʠʯʠʚʘʝʪʩʷ, ʜʦʩʪʠʛʘʷ ʙʦʣʝʝ 

ʜʚʫʢʨʘʪʥʦʛʦ ʧʨʝʚʳʰʝʥʠʷ ʥʘʯʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ 7-8 ɻɻʮ ʧʨʠ ʥʘʨʘʙʦʪʢʝ 

4700 ʯʘʩʦʚ. 
ɼʘʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʜʪʚʝʨʞʜʘʶʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʢʦʥʪʨʦʣʷ ʫʨʦʚʥʝʡ ʩʦʙʩʪʚʝʥʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʉʇɼ ʥʘ ʚʩʝʭ ʵʪʘʧʘʭ ʝʛʦ ʞʠʟʥʝʥʥʦʛʦ ʮʠʢʣʘ. 

ʈʝʟʫʣʴʪʘʪʳ, ʧʨʠʚʝʜʝʥʥʳʝ ʚ ʜʘʥʥʦʤ ʜʦʢʣʘʜʝ ʧʦʣʫʯʝʥʳ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ 
ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʥʘʫʢʠ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ ʚ ʨʘʤʢʘʭ ʜʦʛʦʚʦʨʘ ʦʪ 27.04.2016ʛ. N 

02.G25.31.0196. 

Analysis for the variation of electromagnetic environment with the accrued operating 

time of stationary plasma thrusters  

Baranov S.V.1, Vazhenin N.A.1, Plokhikh A.P.1, Popov G.A.1, Kochev Yu.V.2, Ermoshkin 

Yu.M.2, Pervukhin A.V.2  
MAI, Moscow; 2ISS, Zheleznogorsk 

The work presented was aimed at the development of grounds of predictive analysis for the 

variation in the electromagnetic environment with the accrued operating time of stationary 
plasma thrusters (SPT). The necessity in making such studies is related to the fact that the SPT 

operation is accompanied by self emission in the radio-frequency range that can represent 

interference for the channel ñEarth-spacecraft (SC)ò of space communication systems. 
We analyzed and generalized methodically the available methods used to define 

characteristics of self emission from electric propulsion thrusters in the radio-frequency range 

under ground conditions. Description is presented for the updated measuring complex developed 
by RIAME MAI for a long-term monitoring of characteristics of self-emission from stationary 

plasma thrusters of SPT-100 and SPT-140 types in the radio-frequency range.  

The frequency distribution of electric field intensity in the radio-frequency range for the 
vertical and horizontal polarizations of the received emission was considered as the primary 

emission characteristic.  

For the quantitative analysis of the electromagnetic environment variation dynamics, we 

studied the influence of the accrued operating time on the characteristics of thruster emission in 

the radio-frequency range using the thruster model of SPT-140 type with the power of 4.5-5 kW. 

It is shown that with the increase in the accrued operating time the emission from the new 
thruster (100 hours) within the frequency range of 6-12 GHz grows, and more than doubles 

within the frequency range of 7-8 GHz at the accrued operating time of 4700 hours. 

The studies described verified necessity in monitoring the level of self emission from SPT at 
every stage of its lifetime. 

Results presented in this paper were obtained with the support from the Ministry of Education 

and Science of the Russian Federation within the frames of the Agreement dated 27.04.2016 No. 
02.G25.31.0196. 
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ʇʨʠʙʣʠʞʝʥʥʳʡ ʨʘʩʯʝʪ ʨʝʛʫʣʠʨʫʝʤʦʛʦ ʩʚʝʨʭʟʚʫʢʦʚʦʛʦ ʧʨʷʤʦʪʦʯʥʦʛʦ ʚʦʟʜʫʰʥʦ-

ʨʝʘʢʪʠʚʥʦʛʦ ʜʚʠʛʘʪʝʣʷ 

ɹʘʫʨʞʘʥʫʣʳ ʀ. 

ʄɸʀ, ʛ. ɹʘʡʢʦʥʫʨ 

ʈʘʩʩʤʦʪʨʝʥʳ ʦʩʥʦʚʥʳʝ ʵʪʘʧʳ ʨʘʩʯʝʪʘ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʨʝʛʫʣʠʨʫʝʤʦʛʦ 

ʩʚʝʨʭʟʚʫʢʦʚʦʛʦ ʧʨʷʤʦʪʦʯʥʦʛʦ ʚʦʟʜʫʰʥʦ-ʨʝʘʢʪʠʚʥʦʛʦ ʜʚʠʛʘʪʝʣʷ (ʉʇɺʈɼ) ʠ ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʩʭʝʤʳ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʨʝʞʠʤʦʚ ʨʘʙʦʪʳ ʉʇɺʈɼ. 
ʆʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʝʥʦ:  

Å ʚʳʙʦʨʫ ʨʝʞʠʤʦʚ ʧʦʣʝʪʘ (ʄ=1,2õ5; ʅ=10õ30 ʢʤ) ʠ ʦʧʨʝʜʝʣʝʥʠʶ ʨʘʩʯʝʪʥʳʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʜʣʷ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʧʝʨʚʦʛʦ ʫʨʦʚʥʷ (ʪʝʧʣʦʝʤʢʦʩʪʴ ʨʘʙʦʯʝʛʦ ʪʝʣʘ ʚ 
ʧʨʦʮʝʩʩʝ ʨʘʩʯʝʪʘ ʦʩʪʘʝʪʩʷ ʧʦʩʪʦʷʥʥʦʡ, ʪʝʯʝʥʠʝ ʚʦ ʚʭʦʜʥʦʤ ʫʩʪʨʦʡʩʪʚʝ ʠ ʩʦʧʣʝ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠ ʠʟʦʣʠʨʦʚʘʥʥʦʝ). ʊʘʢʞʝ ʙʳʣʠ ʧʦʩʪʨʦʝʥʳ ʩʭʝʤʳ ʉʇɺʈɼ ʜʣʷ ʟʘʜʘʥʥʳʭ 

ʨʝʞʠʤʦʚ; 
Å ʚʳʙʦʨʫ ʪʠʧʘ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʚʭʦʜʥʦʛʦ ʠ ʚʳʭʦʜʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ 

ʚʳʙʨʘʥʥʳʭ ʨʝʞʠʤʦʚ ʧʦʣʝʪʘ, ʧʦʩʪʨʦʝʥʠʝ ʩʭʝʤ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʜʘʥʥʳʭ ʫʩʪʨʦʡʩʪʚ. 

ʅʘʤʝʯʝʥʳ ʧʫʪʠ ʨʝʰʝʥʠʷ ʧʨʦʙʣʝʤʳ ʦʪʩʫʪʩʪʚʠʷ ʩʪʘʪʠʯʝʩʢʦʡ ʪʷʛʠ ʉʇɺʈɼ ʟʘ ʩʯʝʪ 

ʚʢʣʶʯʝʥʠʷ ʜʚʠʛʘʪʝʣʷ ʚ ʩʦʩʪʘʚ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʡ ʩʠʣʦʚʦʡ ʫʩʪʘʥʦʚʢʠ (ʂʉʋ), ʩʦʩʪʦʷʱʝʡ ʠʟ 

ʜʚʫʭ ʩʪʫʧʝʥʝʡ: ʜʚʫʭʢʦʥʪʫʨʥʦʛʦ ʪʫʨʙʦʨʝʘʢʪʠʚʥʦʛʦ ʜʚʠʛʘʪʝʣʷ ʠ ʉʇɺʈɼ. 

Approximate calculation of an adjustable ramjet engine 

Baurzhanuly I. 

MAI, Baikonur 

The main stages of calculating the mathematical model of an adjustable ramjet (ARJ) are 

considered, and schemes for regulating the operating modes of the ARJ are presented. 

Particular attention is paid to:  
Å the choice of flight modes (M = 1,2õ5, H = 10õ30 km) and determination of design 

characteristics for a mathematical model of the first level (the heat capacity of the working fluid 

remains constant during the calculation, the flow in the air intake and nozzle energetically 
isolated). Also, the ARJ schemes for the given modes were constructed; 

Å selection of the type of intake and nozzle for providing selected flight modes, construction 

of regulating schemes for these devices. 
The ways of solving the problems of the lack of ARJ static thrust due to the inclusion of the 

engine in the combined propulsion system (CPS), consisting of two stages: a turbofan engine and 

a ARJ, are outlined. 

ɸʥʘʣʠʟ ʚʠʙʨʦʥʘʧʨʷʞʸʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʩʠʩʪʝʤʳ ʩʚʷʟʘʥʥʳʭ ʪʨʫʙʦʧʨʦʚʦʜʦʚ ʩ 

ʫʧʨʫʛʦʜʝʤʧʬʠʨʫʶʱʝʡ ʦʧʦʨʦʡ 

ɹʝʟʙʦʨʦʜʦʚ ʉ.ɸ. 
ʇɸʆ çʂʫʟʥʝʮʦʚè, ʉʘʤʘʨʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʛ. ʉʘʤʘʨʘ 

ʋʤʝʥʴʰʝʥʠʝ ʚʠʙʨʘʮʠʦʥʥʦʡ ʥʘʛʨʫʞʝʥʥʦʩʪʠ ʪʨʫʙʦʧʨʦʚʦʜʦʚ ʷʚʣʷʝʪʩʷ ʚʘʞʥʳʤ ʬʘʢʪʦʨʦʤ, 

ʦʙʝʩʧʝʯʠʚʘʶʱʠʤ ʥʘʜʸʞʥʦʩʪʴ ʜʚʠʛʘʪʝʣʷ. ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʧʦʚʳʰʝʥʠʝ 
ʫʩʪʘʣʦʩʪʥʦʡ ʧʨʦʯʥʦʩʪʠ ʪʨʫʙʦʧʨʦʚʦʜʦʚ ʟʘ ʩʯʸʪ ʚʳʙʦʨʘ ʤʝʩʪʘ ʨʘʩʧʦʣʦʞʝʥʠʷ 

ʫʧʨʫʛʦʜʝʤʧʬʠʨʫʶʱʝʡ ʦʧʦʨʳ ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʫʧʨʫʛʦʜʝʤʧʬʠʨʫʶʱʝʛʦ ʵʣʝʤʝʥʪʘ. 

ʀʩʩʣʝʜʦʚʘʣʘʩʴ ʩʠʩʪʝʤʘ ʠʟ ʜʚʫʭ ʪʨʫʙʦʢ ʪʠʧʦʨʘʟʤʝʨʘ 6,2ʭ1,1 ʤʤ, ʩʚʷʟʘʥʥʳʭ ʤʝʞʜʫ ʩʦʙʦʡ 
ʫʧʨʫʛʦʜʝʤʧʬʠʨʫʶʱʝʡ ʦʧʦʨʦʡ ʠʟ ʤʘʪʝʨʠʘʣʘ ʄʈ.  

ɼʣʷ ʨʘʩʯʸʪʥʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ ʜʝʬʦʨʤʘʮʠʡ ʚ ʪʨʫʙʦʧʨʦʚʦʜʘʭ ʧʨʦʚʝʜʸʥ ʛʘʨʤʦʥʠʯʝʩʢʠʡ ʘʥʘʣʠʟ, 

ʩʦʩʪʦʷʱʠʡ ʠʟ ʩʣʝʜʫʶʱʠʭ ʵʪʘʧʦʚ: 
Å ʧʦʩʪʨʦʝʥʠʝ ʢʦʥʝʯʥʦ-ʵʣʝʤʝʥʪʥʦʡ ʤʦʜʝʣʠ ʩʠʩʪʝʤʳ ʨʘʟʣʠʯʥʳʤʠ ʪʠʧʘʤʠ ʵʣʝʤʝʥʪʦʚ: 

Pipe16; Pipe16 ʠ Pipe18; Solid185; 

Å ʟʘʜʘʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʤʘʪʝʨʠʘʣʘ ʄʈ (ʞʸʩʪʢʦʩʪʴ ʠ ʢʦʵʬʬʠʮʠʝʥʪ ʨʘʩʩʝʠʚʘʥʠʷ ʵʥʝʨʛʠʠ, 
ʨʘʩʩʯʠʪʘʥʥʳʝ ʧʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʟʘʚʠʩʠʤʦʩʪʷʤ); 
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Å ʟʘʜʘʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʰʪʫʮʝʨʥʳʭ ʦʧʦʨ (ʞʸʩʪʢʦʩʪʴ ʥʘ ʧʝʨʝʤʝʱʝʥʠʝ ʠ ʞʩyʪʢʦʩʪʴ ʥʘ 
ʧʦʚʦʨʦʪ, ʢʦʥʝʯʥʳʡ ʵʣʝʤʝʥʪ Combin14); 

Å ʟʘʜʘʥʠʝ ʧʦʩʪʦʷʥʥʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʜʝʤʧʬʠʨʦʚʘʥʠʷ ʩʠʩʪʝʤʳ. ɼʣʷ ʵʪʦʛʦ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʟʘʤʝʨʝʥʘ ʘʤʧʣʠʪʫʜʘ ʢʦʣʝʙʘʥʠʡ ʦʜʥʦʛʦ ʪʨʫʙʦʧʨʦʚʦʜʘ ʚ ʢʦʥʪʨʦʣʴʥʦʡ 
ʪʦʯʢʝ ʠ ʨʘʩʯʸʪʥʳʤ ʧʫʪʸʤ ʧʦʜʦʙʨʘʥ ʪʘʢʦʡ ʢʦʵʬʬʠʮʠʝʥʪ ʜʝʤʧʬʠʨʦʚʘʥʠʷ, ʧʨʠ ʢʦʪʦʨʦʤ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠ ʨʘʩʯʸʪʥʳʝ ʘʤʧʣʠʪʫʜʳ ʩʦʚʧʘʜʘʶʪ; 

Å ʦʧʨʝʜʝʣʝʥʠʝ ʯʘʩʪʦʪʥʦʛʦ ʜʠʘʧʘʟʦʥʘ ʠ ʟʘʜʘʥʠʝ ʥʘʛʨʫʟʦʢ. 
ʇʨʦʚʝʜʸʥ ʜʠʥʘʤʠʯʝʩʢʠʡ ʵʢʩʧʝʨʠʤʝʥʪ ʥʘ ʚʠʙʨʦʩʪʝʥʜʝ ʩ ʚʳʭʦʜʦʤ ʥʘ ʨʝʟʦʥʘʥʩ ʠ ʟʘʤʝʨʦʤ 

ʜʝʬʦʨʤʘʮʠʡ ʫ ʰʪʫʮʝʨʥʳʭ ʦʧʦʨ ʪʨʫʙʦʧʨʦʚʦʜʦʚ. ʀʩʧʳʪʘʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʧʦ ʧʝʨʚʦʡ ʬʦʨʤʝ 

ʧʨʠ ʫʩʢʦʨʝʥʠʠ ʩʪʦʣʘ ʚʠʙʨʦʩʪʝʥʜʘ 40 ʤ/ʩ2 ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ ʦʪ 150 ʜʦ 200 ɻʮ. ɿʘʤʝʨ 
ʘʤʧʣʠʪʫʜ ʢʦʣʝʙʘʥʠʡ ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʩʠʩʪʝʤʦʡ ʙʝʩʢʦʥʪʘʢʪʥʦʛʦ ʠʟʤʝʨʝʥʠʷ ʧʝʨʝʤʝʱʝʥʠʡ ʠ 

ʜʝʬʦʨʤʘʮʠʡ ARAMIS. 

ʄʠʥʠʤʘʣʴʥʦʝ ʨʘʩʭʦʞʜʝʥʠʝ ʤʝʞʜʫ ʨʘʩʯʸʪʦʤ ʠ ʵʢʩʧʝʨʠʤʝʥʪʦʤ ʧʦ ʩʦʙʩʪʚʝʥʥʳʤ ʯʘʩʪʦʪʘʤ 
ʩʠʩʪʝʤʳ ʩʚʷʟʘʥʥʳʭ ʪʨʫʙʦʧʨʦʚʦʜʦʚ ʩʦʩʪʘʚʣʷʝʪ 0,6é5,5% (ʤʦʜʝʣʴ, ʧʦʩʪʨʦʝʥʥʘʷ ʢʦʥʝʯʥʳʤʠ 

ʵʣʝʤʝʥʪʘʤʠ Pipe16 ʠ Pipe18). ʇʦ ʤʘʢʩʠʤʘʣʴʥʳʤ ʘʤʧʣʠʪʫʜʘʤ ʢʦʣʝʙʘʥʠʡ ʨʘʩʭʦʞʜʝʥʠʝ 
ʩʦʩʪʘʚʣʷʝʪ ʦʪ 21 ʜʦ 49%, ʧʦ ʤʘʢʩʠʤʘʣʴʥʳʤ ʘʤʧʣʠʪʫʜʘʤ ʜʝʬʦʨʤʘʮʠʡ ï ʦʪ 27 ʜʦ 70%. 

The analysis vibration conditions of system of the coupled pipelines with damping 

support 

Bezborodov S.A. 

PC ñKuznetsovñ, Samara University, Samara 

Reduction vibrating stress loading of pipelines is the important factor providing reliability of 
the engine. The purpose of the given work is increase of fatigue durability of pipelines at the 

expense of the location choice of the damping support and damping element characteristics. The 

system from two pipelines of the size 6.2ʭ1.1 mm connected among themselves damping support 
from MR material was investigated. 

For calculated definition of deformations in pipelines the harmonic analysis is carried out. It is 

consists of following stages: 
Å Creation of finit element model of system by various types of elements: Pipe16; Pipe16 

and Pipe18; Solid185; 

Å Definition of the MR material parameters (stiffness and energy dissipation coefficient) are 
calculated by experimental dependences; 

Å Definition of the nipple support parameters (rigidity on moving and rigidity on turn, finit 

element Combin14); 
Å Definition of the constant damping factor of the system. The amplitude of fluctuations of 

one pipeline in a control point was measured for this purpose experimentally. ʊhe calculation 

way such constant damping factor was select at which experimental and calculated amplitudes 
coincide; 

Å Definition of the frequency range and loadings. 

The dynamic experiment was carried out at vibration stand with passage on the resonance and 
measuring of deformations about nipple support of pipelines. Tests were carried out under the 

first form at vibration stand acceleration 40 m/s2 in a range of frequencies from 150 to 200 Hz. 

Measuring of amplitudes of fluctuations was carried out by system of contactless measurement of 

displacements and deformations ARAMIS. 

The minimum divergence between calculation and experiment is 0,6é5,5 % at own 

frequencies of pipelines coupled system (the model constructed by finit elements Pipe16 and 
Pipe18). The divergence is from 21 to 49 % at the maximum amplitudes of fluctuations, at the 

maximum amplitudes of deformations ï from 27 to 70 %. 
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ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʪʝʯʝʥʠʷ ʚ ʢʘʥʘʣʝ ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʧʣʘʟʤʝʥʥʦʛʦ 

ʜʚʠʛʘʪʝʣʷ 

ɹʝʣʦʫʩʦʚʘ ʊ.ʇ., ʇʣʘʪʦʥʦʚ ʀ.ʄ., ʍʘʨʪʦʚ ʉ.ɸ. 

ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʢʦʨʨʝʢʮʠʶ ʦʨʙʠʪ ʠ ʦʨʠʝʥʪʘʮʠʶ ʢʦʩʤʠʯʝʩʢʠʭ ʘʧʧʘʨʘʪʦʚ, ʢʘʢ 

ʧʨʘʚʠʣʦ, ʦʩʫʱʝʩʪʚʣʷʶʪ ʩ ʧʦʤʦʱʴʶ ʵʣʝʢʪʨʦʨʘʢʝʪʥʳʭ ʜʚʠʛʘʪʝʣʝʡ. ʕʣʝʢʪʨʦʨʘʢʝʪʥʳʝ 

ʜʚʠʛʘʪʝʣʠ ï ʵʪʦ ʜʚʠʛʘʪʝʣʠ, ʚ ʢʦʪʦʨʳʭ ʫʩʢʦʨʝʥʠʝ ʨʘʙʦʯʝʛʦ ʪʝʣʘ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʩʠʣʘʤʠ 
ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ.  

ʊʷʛʦʚʦʝ ʫʩʠʣʠʝ ʚ ʪʘʢʠʭ ʜʚʠʛʘʪʝʣʷʭ ʥʝʚʝʣʠʢʦ, ʥʦ ʚ ʫʩʣʦʚʠʷʭ ʤʘʣʦʡ ʛʨʘʚʠʪʘʮʠʠ 

ʟʥʘʯʠʪʝʣʴʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʩʢʦʨʦʩʪʠ ʠʩʪʝʯʝʥʠʷ ʧʦʟʚʦʣʷʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʚʳʠʛʨʘʪʴ ʚ ʢʦʥʝʯʥʦʡ 
ʤʘʩʩʝ ʢʦʩʤʠʯʝʩʢʦʛʦ ʣʝʪʘʪʝʣʴʥʦʛʦ ʘʧʧʘʨʘʪʘ. ʅʘʠʙʦʣʝʝ ʦʩʚʦʝʥʥʳʤ ʠ ʠʟʫʯʝʥʥʳʤ ʜʚʠʛʘʪʝʣʝʤ 

ʜʘʥʥʦʛʦ ʪʠʧʘ ʷʚʣʷʝʪʩʷ ʩʪʘʮʠʦʥʘʨʥʳʡ ʧʣʘʟʤʝʥʥʳʡ ʜʚʠʛʘʪʝʣʴ, ʢʦʪʦʨʳʡ ʫʞʝ ʩʚʳʰʝ 40 ʣʝʪ 

ʫʩʧʝʰʥʦ ʵʢʩʧʣʫʘʪʠʨʫʝʪʩʷ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʨʘʟʨʘʙʦʪʢʘ ʠ ʠʩʩʣʝʜʦʚʘʥʠʝ ʥʦʚʳʭ 
ʜʚʠʛʘʪʝʣʝʡ ʥʘ ʙʘʟʝ ʫʩʢʦʨʠʪʝʣʷ ʩ ʟʘʤʢʥʫʪʳʤ ʜʨʝʡʬʦʤ ʵʣʝʢʪʨʦʥʦʚ ʦʩʣʦʞʥʷʝʪʩʷ ʨʷʜʦʤ 

ʬʘʢʪʦʨʦʚ. ɿʘʯʘʩʪʫʶ ʧʘʨʘʤʝʪʨʳ ʨʘʙʦʪʳ ʜʚʠʛʘʪʝʣʷ ʜʦʩʪʘʪʦʯʥʦ ʩʣʦʞʥʦ ʦʮʝʥʠʪʴ, ʪʘʢ ʢʘʢ ʜʣʷ 

ʵʪʦʛʦ ʪʨʝʙʫʝʪʩʷ ʧʦʣʥʦʩʪʴʶ ʩʳʤʠʪʠʨʦʚʘʪʴ ʫʩʣʦʚʠʷ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ, ʚ ʢʦʪʦʨʦʡ ʨʘʙʦʪʘʝʪ 

ʩʪʘʮʠʦʥʘʨʥʳʡ ʧʣʘʟʤʝʥʥʳʡ ʜʚʠʛʘʪʝʣʴ. ɸ ʠʤʝʥʥʦ, ʫʩʣʦʚʠʷ ʚʘʢʫʫʤʘ, ʜʦʩʪʠʞʝʥʠʝ ʢʦʪʦʨʦʛʦ 

ʪʨʝʙʫʝʪ ʟʥʘʯʠʪʝʣʴʥʳʭ ʚʨʝʤʝʥʥʳʭ ʟʘʪʨʘʪ ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʛʨʦʤʦʟʜʢʦʛʦ ʠ ʜʦʨʦʛʦʩʪʦʷʱʝʛʦ 
ʦʙʦʨʫʜʦʚʘʥʠʷ.  

ʆʜʥʠʤ ʠʟ ʩʧʦʩʦʙʦʚ ʧʨʝʦʜʦʣʝʥʠʷ ʚʦʟʥʠʢʘʶʱʠʭ ʪʨʫʜʥʦʩʪʝʡ ʷʚʣʷʝʪʩʷ ʧʨʠʤʝʥʝʥʠʝ 

ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʢʦʪʦʨʦʝ ʦʙʣʝʛʯʘʝʪ ʥʘʰʫ ʟʘʜʘʯʫ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ 
ʚʦʩʩʦʟʜʘʪʴ ʚ ʪʨʝʭʤʝʨʥʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʝ ʜʚʠʛʘʪʝʣʷ ʚ ʫʩʣʦʚʠʷʭ ʚʘʢʫʫʤʘ. 

ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʦʪʝʢʘʶʱʠʝ ʚ ʢʘʤʝʨʝ ʜʚʠʛʘʪʝʣʷ ʧʨʦʮʝʩʩʳ ʥʦʩʷʪ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ 

ʪʨʝʭʤʝʨʥʳʡ ʭʘʨʘʢʪʝʨ. ʆʜʥʘʢʦ, ʥʘʠʙʦʣʝʝ ʧʦʧʫʣʷʨʥʳʝ ʤʘʪʝʤʘʪʠʯʝʩʢʠʝ ʤʦʜʝʣʠ, 
ʦʧʠʩʳʚʘʶʱʠʝ ʦʪʜʝʣʴʥʳʝ ʧʨʦʮʝʩʩʳ, ʪʘʢʠʝ ʢʘʢ ʤʦʣʝʢʫʣʷʨʥʦʝ ʪʝʯʝʥʠʝ ʛʘʟʘ, ʠʦʥʥʦʝ 

ʨʘʩʧʳʣʝʥʠʝ ʩ ʧʦʚʝʨʭʥʦʩʪʠ ʢʘʤʝʨʳ ʠ ʜʨ., ʷʚʣʷʶʪʩʷ ʜʚʫʤʝʨʥʳʤʠ, ʯʪʦ ʥʝ ʧʦʟʚʦʣʷʝʪ 

ʢʦʨʨʝʢʪʥʦ ʦʮʝʥʠʪʴ ʚʣʠʷʥʠʝ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʜʚʠʛʘʪʝʣʷ, ʘ ʪʘʢʞʝ ʦʨʛʘʥʠʟʘʮʠʠ 
ʧʦʜʘʯʠ ʨʘʙʦʯʝʛʦ ʪʝʣʘ ʚ ʨʘʟʨʷʜʥʫʶ ʢʘʤʝʨʫ ʥʘ ʨʘʙʦʯʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʘʧʧʘʨʘʪʘ.  

 ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥʘ ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʪʝʯʝʥʠʷ ʞʠʜʢʦʩʪʠ ʠ ʛʘʟʘ, ʢʦʪʦʨʘʷ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʨʘʩʯʸʪʘ ʧʦʜʘʯʠ ʨʘʙʦʯʝʛʦ ʪʝʣʘ ʚ ʢʘʥʘʣ ʜʚʠʛʘʪʝʣʷ 
ʉʇɼ-100, ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʠʩʪʝʯʝʥʠʝʤ ʚ ʦʢʨʫʞʘʶʱʝʝ ʧʨʦʩʪʨʘʥʩʪʚʦ. ɿʘ ʨʘʙʦʯʝʝ ʪʝʣʦ 

ʧʨʠʥʠʤʘʣʩʷ ʥʝʡʪʨʘʣʴʥʳʡ ʛʘʟ. ʈʝʰʝʥʠʝ ʟʘʜʘʯʠ ʧʦʣʫʯʝʥʦ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʥʦʛʦ 

ʢʦʤʧʣʝʢʩʘ ANSYS Inc. ʆʩʦʙʝʥʥʦ ʚʘʞʥʳʤ ʙʳʣʦ ʧʦʣʫʯʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʪʝʯʝʥʠʷ 
ʥʝʡʪʨʘʣʴʥʳʭ ʯʘʩʪʠʮ.  

ɼʘʥʥʳʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʦʜʠʪʴ ʨʘʩʯʝʪ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʪʝʯʝʥʠʷ ʨʘʙʦʯʝʛʦ ʪʝʣʘ ʩ 

ʠʟʤʝʥʝʥʠʝʤ ʣʶʙʦʛʦ ʧʘʨʘʤʝʪʨʘ ʜʚʠʛʘʪʝʣʷ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʪʨʝʭʤʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʳ 
ʧʦʣʫʯʘʝʤ ʙʦʣʝʝ ʪʦʯʥʳʝ ʟʥʘʯʝʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʝʯʝʥʠʷ.  

Modeling of gas-dynamic flow in a channel stationary plasma engine 

Belousova T.P., Platonov I.M., Hartov S.A. 
 MAI, Moscow 

To date, the correction of orbits and the orientation of space vehicles, as a rule, are carried out 

with the help of electric propulsion systems. Electric propulsion engines are engines in which the 
acceleration of the working fluid is carried out by the forces of the electromagnetic field. The 

tractive effort in such engines is small, but under conditions of low gravity, a significant increase 

in the exhaust velocity allows a significant gain in the final mass of the spacecraft. The most 
developed and studied engine of this type is a stationary plasma engine, which has been 

successfully operated for more than 40 years. It should be noted that the development and 

exploration of new engines based on an accelerator with closed electron drift is complicated by a 
number of factors. Often the parameters of the engine are difficult to estimate, because this 

requires completely simulating the environmental conditions in which a stationary plasma engine 



80 

 

operates. Namely, the vacuum conditions, the achievement of which requires considerable time 
and use of bulky and expensive equipment. 

One way to overcome the emerging difficulties is to apply mathematical modeling that 

facilitates our task. Thus, it is possible to reconstruct the functioning of the engine in vacuum 
conditions in the three-dimensional approximation. It should be noted that the processes 

occurring in the engine chamber are mainly of a three-dimensional nature. However, the most 

popular mathematical models describing individual processes, such as molecular gas flow, ion 
sputtering from the chamber surface, etc., are two-dimensional, which does not allow to correctly 

estimate the influence of the geometric features of the engine, as well as the organization of 

supply of a working fluid to the discharge chamber for workers characteristics of the apparatus. 
The paper considers a mathematical model of fluid and gas flow, which is used to calculate 

the supply of a working fluid to the engine channel SPD-100, with the subsequent exhaust in the 

surrounding space. Neutral gas was concidered as the working fluid. The solution of the problem 
was obtained using the software complex ANSYS. Particularly important was the obtaining of 

the parameters of the flow of neutral particles. 
This approach allows us to calculate the flow of fluid with the change of any parameter of the 

engine. As a result of three-dimensional modeling, we obtain more accurate values of flow 

characteristics. 

ʇʣʘʥʠʨʦʚʘʥʠʝ ʠʩʧʳʪʘʥʠʡ ʠ ʧʦʩʪʨʦʝʥʠʝ ʨʝʛʨʝʩʩʠʦʥʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ 

ʰʥʝʢʦʮʝʥʪʨʦʙʝʞʥʦʛʦ ʥʘʩʦʩʘ  

ɹʝʣʷʝʚʘ ʅ.ɺ. 
ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

 ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʣʘʩʴ ʨʘʟʨʘʙʦʪʢʘ ʤʝʪʦʜʠʢʠ ʧʣʘʥʠʨʦʚʘʥʠʷ ʠʩʧʳʪʘʥʠʡ ʥʘ 

ʦʩʥʦʚʝ ʨʝʛʨʝʩʩʠʦʥʥʦʛʦ ʘʥʘʣʠʟʘ. ʆʧʪʠʤʘʣʴʥʦʝ ʧʣʘʥʠʨʦʚʘʥʠʝ ʧʦʟʚʦʣʷʝʪ ʩʦʢʨʘʪʠʪʴ 
ʩʪʦʠʤʦʩʪʴ ʠ ʩʨʦʢʠ ʧʨʦʚʝʜʝʥʠʷ ʠʩʧʳʪʘʥʠʡ ʘʛʨʝʛʘʪʦʚ ʞʠʜʢʦʩʪʥʳʭ ʨʘʢʝʪʥʳʭ ʜʚʠʛʘʪʝʣʝʡ 

(ɾʈɼ), ʚ ʪʦʤ ʯʠʩʣʝ ʪʫʨʙʦʥʘʩʦʩʥʳʭ ʘʛʨʝʛʘʪʦʚ (ʊʅɸ). 

ʂ ʧʣʘʥʘʤ ʠʩʧʳʪʘʥʠʡ ʧʨʝʜʲʷʚʣʷʶʪʩʷ ʩʣʝʜʫʶʱʠʝ ʪʨʝʙʦʚʘʥʠʷ: 
1. ʆʧʪʠʤʘʣʴʥʦʩʪʴ ï ʤʠʥʠʤʘʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʠʩʧʳʪʘʥʠʡ, ʜʦʩʪʘʪʦʯʥʦʝ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ 

ʜʦʩʪʦʚʝʨʥʦʡ ʨʝʛʨʝʩʩʠʦʥʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ; 

2. ʆʨʪʦʛʦʥʘʣʴʥʦʩʪʴ ï ʥʝʟʘʚʠʩʠʤʦʩʪʴ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʨʝʛʨʝʩʩʠʠ ʤʝʞʜʫ ʩʦʙʦʡ; 
3. ʈʦʪʦʪʘʙʝʣʴʥʦʩʪʴ ï ʨʘʚʝʥʩʪʚʦ ʜʠʩʧʝʨʩʠʡ ʚʳʭʦʜʥʦʛʦ ʧʘʨʘʤʝʪʨʘ ʚ ʪʦʯʢʘʭ, 

ʨʘʚʥʦʫʜʘʣʝʥʥʳʭ ʦʪ ʮʝʥʪʨʘ ʬʘʢʪʦʨʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ; 

4. ʂʦʤʧʦʟʠʮʠʦʥʥʦʩʪʴ ï ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʩʪʨʦʝʥʠʷ ʨʝʛʨʝʩʩʠʦʥʥʦʡ ʤʦʜʝʣʠ ʩʪʝʧʝʥʠ d+1 
ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʠʩʧʳʪʘʥʠʡ ʧʦʩʪʨʦʝʥʠʷ ʤʦʜʝʣʠ ʩʪʝʧʝʥʠ d. 

 ʎʝʣʴʶ ʠʩʧʳʪʘʥʠʡ ʰʥʝʢʦʮʝʥʪʨʦʙʝʞʥʳʭ ʥʘʩʦʩʦʚ ʷʚʣʷʝʪʩʷ ʦʧʨʝʜʝʣʝʥʠʝ ʠʭ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ: ʟʘʚʠʩʠʤʦʩʪʝʡ ʂʇɼ (), ʥʘʧʦʨʘ (ʅ) ʠ ʤʦʱʥʦʩʪʠ ʥʘʩʦʩʘ 

( ) ʦʪ ʚʭʦʜʥʳʭ ʬʘʢʪʦʨʦʚ: ʦʙʲʝʤʥʦʛʦ ʨʘʩʭʦʜʘ ʨʘʙʦʯʝʛʦ ʪʝʣʘ () ʠ ʯʘʩʪʦʪʳ ʚʨʘʱʝʥʠʷ ʚʘʣʘ 

(ɤ). 
ʅʘ ʦʩʥʦʚʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʠ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʙʳʣ ʦʧʨʝʜʝʣʝʥ ʚʠʜ 

ʨʝʛʨʝʩʩʠʦʥʥʳʭ ʤʦʜʝʣʝʡ ʠ ʧʦʩʪʨʦʝʥ ʧʣʘʥ ʧʦʣʥʦʛʦ ʬʘʢʪʦʨʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ (ʇʌʕ), 

ʢʦʪʦʨʳʡ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʚʩʝʤ ʚʳʰʝ ʧʝʨʝʯʠʩʣʝʥʥʳʤ ʪʨʝʙʦʚʘʥʠʷʤ. ʀʩʧʳʪʘʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ 
ʥʘ ʚʦʜʝ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʧʦʩʪʨʦʝʥʠʝʤ ʫʥʠʚʝʨʩʘʣʴʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʦʪ ʦʙʲʝʤʥʦʛʦ ʨʘʩʭʦʜʘ 

( ) ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʳʭ ʦʙʦʨʦʪʘʭ ʚʘʣʘ (ɤ). ʇʦʩʣʝ ʧʨʦʚʝʜʝʥʠʷ ʦʧʳʪʦʚ ʙʳʣʘ ʚʳʧʦʣʥʝʥʘ 

ʩʪʘʪʠʯʝʩʢʘʷ ʦʙʨʘʙʦʪʢʘ ʨʝʟʫʣʴʪʘʪʦʚ ʠʩʧʳʪʘʥʠʡ: 

Å ʧʨʦʚʝʨʢʘ ʦʧʳʪʦʚ ʥʘ ʚʦʩʧʨʦʠʟʚʦʜʠʤʦʩʪʴ ʠ ʩʪʘʮʠʦʥʘʨʥʦʩʪʴ; 

Å ʨʘʩʯʝʪ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʨʝʛʨʝʩʩʠʠ ʠ ʧʨʦʚʝʨʢʘ ʠʭ ʥʘ ʟʥʘʯʠʤʦʩʪʴ; 
Å ʧʨʦʚʝʨʢʘ ʨʝʛʨʝʩʩʠʦʥʥʦʡ ʤʦʜʝʣʠ ʥʘ ʘʜʝʢʚʘʪʥʦʩʪʴ. 

ʇʨʝʜʩʪʘʚʣʝʥʥʘʷ ʤʝʪʦʜʠʢʘ ʧʣʘʥʠʨʦʚʘʥʠʷ ʠʩʧʳʪʘʥʠʡ ʠ ʦʙʨʘʙʦʪʢʠ ʠʭ ʨʝʟʫʣʴʪʘʪʦʚ 

ʧʦʟʚʦʣʷʝʪ ʧʨʦʛʥʦʟʠʨʦʚʘʪʴ ʧʘʨʘʤʝʪʨʳ ʘʛʨʝʛʘʪʦʚ ɾʈɼ (ʚ ʯʘʩʪʥʦʩʪʠ ʊʅɸ) ʥʘ ʨʘʥʥʝʤ ʵʪʘʧʝ 
ʨʘʟʨʘʙʦʪʢʠ ʜʚʠʛʘʪʝʣʷ, ʘ ʪʘʢ ʞʝ ʩʦʢʨʘʪʠʪʴ ʦʙʲʝʤ ʝʛʦ ʦʪʨʘʙʦʪʢʠ.  
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Test planning and construction of regression dependences of a screw centrifugal pump 

Belyaeva N.V. 

MAI, Moscow 

The purpose of this work was to develop a methodology for planning tests based on regression 
analysis. Optimal planning reduces the cost and timing of testing of liquid rocket engine (LPRE) 

units, including turbo-pump units (TNA). 

To test plans meet the following requirements: 
1. Optimality ï the minimum number of tests sufficient to construct a reliable regression 

dependence; 

2. Orthogonality ï independence of regression coefficients among themselves; 
3. Rootability ï equality of variances of the output parameter at points equidistant from the 

center of the factor space; 

4. Composition ï the possibility of constructing a regression model of degree d + 1 from the 
results of tests for constructing a model of degree d. 

 The purpose of the tests of screw centrifugal pumps is to determine their energy 

characteristics: the dependences of efficiency (), head (ʅ) and pump power ( ) on input 

factors: volumetric flow rate of the working fluid () and shaft speed (ɤ). 

Based on the experimental data and theoretical analysis, the type of regression models was 

determined and a full factor experiment (FPE) plan was constructed that meets all of the above 

requirements. The tests were carried out on water with the subsequent construction of universal 
dependencies on volumetric flow (V →) at fixed shaft rotations (ɤ). 

After the experiments, the static processing of the test results was performed: 

Å verification of experiments on reproducibility and stationarity; 
Å calculation of regression coefficients and their validation; 

Å check the adequacy of the regression model. 

The presented methodology of planning the tests and processing their results allows to predict 
the parameters of the LRE aggregates (in particular, TNA) at an early stage of engine 

development, as well as to reduce the volume of its development. 

ʆʧʪʠʤʠʟʘʮʠʷ ʯʠʩʣʘ ʜʚʠʛʘʪʝʣʝʡ ʨʘʩʧʨʝʜʝʣʸʥʥʦʡ ʩʠʣʦʚʦʡ ʫʩʪʘʥʦʚʢʠ 

ʜʣʷ ʟʘʜʘʥʥʦʡ ʪʷʛʠ 

ɹʦʙʨʠʢ ɸ.ɸ.1,2, ʊʢʘʯʝʥʢʦ ɸ. ʖ.1., ʂʫʟʴʤʠʯʸʚ ɺ.ʉ.1, ʄʘʥʫʡʣʦʚ ɺ.ɸ.2 

1ʉʘʤʘʨʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, 2ʇɸʆ çʂʫʟʥʝʮʦʚè, ʛ. ʉʘʤʘʨʘ 

ʈʘʟʨʘʙʦʪʢʘ ʠ ʚʥʝʜʨʝʥʠʝ ʨʘʩʧʨʝʜʝʣʸʥʥʳʭ ʩʠʣʦʚʳʭ ʫʩʪʘʥʦʚʦʢ (ʈʉʋ) ʚʤʝʩʪʦ ʩʠʣʦʚʳʭ 

ʫʩʪʘʥʦʚʦʢ ʪʨʘʜʠʮʠʦʥʥʳʭ ʩʭʝʤ ʜʣʷ ʩʘʤʦʣʸʪʦʚ ʨʘʟʣʠʯʥʦʛʦ ʮʝʣʝʚʦʛʦ ʥʘʟʥʘʯʝʥʠʷ ʷʚʣʷʝʪʩʷ 

ʦʜʥʦʡ ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʟʘʜʘʯ ʩʦʚʨʝʤʝʥʥʦʛʦ ʘʚʠʘʩʪʨʦʝʥʠʷ ʠ ʚʦʟʤʦʞʥʦʡ ʘʣʴʪʝʨʥʘʪʠʚʦʡ 
ʩʦʟʜʘʥʠʶ ʊʈɼɼ ʩʦ ʩʚʝʨʭʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ ʜʚʫʭʢʦʥʪʫʨʥʦʩʪʠ. ʇʝʨʩʧʝʢʪʠʚʥʦʩʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʈʉʋ ʦʙʫʩʣʘʚʣʠʚʘʝʪʩʷ ʫʣʫʯʰʝʥʠʝʤ ʤʘʩʩʦʚʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʠʣʦʚʦʡ 

ʫʩʪʘʥʦʚʢʠ (ʉʋ), ʘ ʪʘʢʞʝ, ʧʦʚʳʰʝʥʠʝʤ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʣʘʥʝʨʘ ʟʘ ʩʯʸʪ 
ʩʥʠʞʝʥʠʷ ʚʥʝʰʥʝʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʨʘʟʨʘʙʘʪʳʚʘʝʪʩʷ ʥʝʩʢʦʣʴʢʦ ʢʦʥʬʠʛʫʨʘʮʠʡ ʈʉʋ: ʨʘʩʧʨʝʜʝʣʸʥʥʘʷ 

ʩʠʣʦʚʘʷ ʫʩʪʘʥʦʚʢʘ ʥʘ ʙʘʟʝ ʤʥʦʞʝʩʪʚʘ ʘʚʪʦʥʦʤʥʳʭ ʤʘʣʦʨʘʟʤʝʨʥʳʭ ʛʘʟʦʪʫʨʙʠʥʥʳʭ 

ʜʚʠʛʘʪʝʣʝʡ (ʄɻʊɼ), ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʚʜʦʣʴ ʢʨʳʣʴʝʚ; ʈʉʋ ʩ ʨʘʩʧʨʝʜʝʣʸʥʥʳʤ ʜʚʠʞʠʪʝʣʝʤ 

(ʧʨʠʚʦʜ ʥʝʩʢʦʣʴʢʠʭ ʚʝʥʪʠʣʷʪʦʨʦʚ ʦʪ ʦʙʱʝʛʦ ʛʝʥʝʨʘʪʦʨʘ ʤʦʱʥʦʩʪʠ ʠ ʪ.ʧ.); ʈʉʋ ʩ 

ʨʘʩʧʨʝʜʝʣʸʥʥʳʤ ʚʳʭʦʜʥʳʤ ʫʩʪʨʦʡʩʪʚʦʤ; ʈʉʋ ʛʠʙʨʠʜʥʦʛʦ ʪʠʧʘ (ʩʦʚʦʢʫʧʥʦʩʪʴ 
ʚʳʰʝʫʢʘʟʘʥʥʳʭ ʩʭʝʤ). 

ɼʣʷ ʢʦʥʬʠʛʫʨʘʮʠʠ ʈʉʋ ʥʘ ʙʘʟʝ ʄɻʊɼ ʥʝʤʘʣʦʚʘʞʥʫʶ ʟʥʘʯʠʤʦʩʪʴ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠʤʝʝʪ ʚʦʧʨʦʩ ʦʙ ʦʧʪʠʤʘʣʴʥʦʤ ʢʦʣʠʯʝʩʪʚʝ ʜʚʠʛʘʪʝʣʝʡ ʧʨʠ ʫʩʣʦʚʠʠ 
ʦʙʝʩʧʝʯʝʥʠʷ ʟʘʜʘʥʥʦʡ ʩʫʤʤʘʨʥʦʡ ʪʷʛʠ, ʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʦʙ ʠʭ ʨʘʟʤʝʨʥʦʩʪʠ. 

ʉ ʫʤʝʥʴʰʝʥʠʝʤ ʨʘʟʤʝʨʥʦʩʪʠ ʜʚʠʛʘʪʝʣʷ ʝʛʦ ʫʜʝʣʴʥʘʷ ʤʘʩʩʘ ʪʝʦʨʝʪʠʯʝʩʢʠ ʫʤʝʥʴʰʘʝʪʩʷ 

ʧʦ ʣʠʥʝʡʥʦʤʫ ʟʘʢʦʥʫ (ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʫʤʝʥʴʰʝʥʠʶ ʜʠʘʤʝʪʨʘ). ʆʜʥʘʢʦ, ʥʘ ʧʨʘʢʪʠʢʝ 
ʩʫʱʝʩʪʚʫʝʪ ʦʧʨʝʜʝʣʸʥʥʳʡ ʧʦʨʦʛ ʨʘʟʤʝʨʥʦʩʪʠ, ʧʨʠ ʧʝʨʝʭʦʜʝ ʟʘ ʢʦʪʦʨʳʡ ʫʜʝʣʴʥʘʷ ʤʘʩʩʘ 
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ʜʚʠʛʘʪʝʣʷ ʧʨʠ ʜʘʣʴʥʝʡʰʝʤ ʫʤʝʥʴʰʝʥʠʠ ʝʛʦ ʨʘʟʤʝʨʦʚ ʥʘʯʠʥʘʝʪ ʨʘʩʪʠ, ʯʪʦ ʦʙʫʩʣʦʚʣʝʥʦ 
ʥʝʚʦʟʤʦʞʥʦʩʪʴʶ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦʛʦ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʷ ʥʝʢʦʪʦʨʳʭ ʩʠʩʪʝʤ ʜʚʠʛʘʪʝʣʷ ʠ 

ʧʨʠʚʦʜʦʚ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʟʘʜʘʯʘ ʜʘʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ï ʦʧʨʝʜʝʣʠʪʴ ʦʧʪʠʤʘʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ 
ʜʚʠʛʘʪʝʣʝʡ ʈʉʋ ʜʣʷ ʟʘʜʘʥʥʦʡ ʪʷʛʠ ʩ ʫʯʸʪʦʤ ʚʣʠʷʥʠʷ ʤʘʣʦʨʘʟʤʝʨʥʦʩʪʠ ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

(ʥʝʘʚʪʦʤʦʜʝʣʴʥʳʝ ʨʝʞʠʤʳ), ʚʥʝʰʥʝʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʉʋ (ʢʦʵʬʬʠʮʠʝʥʪ CX) ʠ ʮʝʣʝʚʦʛʦ 

ʥʘʟʥʘʯʝʥʠʷ ʣʝʪʘʪʝʣʴʥʦʛʦ ʘʧʧʘʨʘʪʘ. 
ɺ ʉɸɽ ï ʩʠʩʪʝʤʝ çɸʉʊʈɸè ʙʳʣʘ ʩʦʟʜʘʥʘ ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʈʉʋ, ʧʦʟʚʦʣʷʶʱʘʷ 

ʦʮʝʥʠʪʴ ʚʣʠʷʥʠʝ ʢʦʣʠʯʝʩʪʚʘ ʜʚʠʛʘʪʝʣʝʡ ʥʘ ʩʫʤʤʘʨʥʫʶ ʤʘʩʩʫ ʉʋ ʠ ʪʦʧʣʠʚʘ, ʥʝʦʙʭʦʜʠʤʦʛʦ 

ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʟʘʜʘʥʥʦʡ ʜʘʣʴʥʦʩʪʠ ʧʦʣʸʪʘ. 
ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʨʘʩʯʸʪʦʚ ʙʳʣ ʧʨʦʚʝʜʸʥ ʛʨʘʬʠʯʝʩʢʠʡ ʠ ʘʥʘʣʠʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʚʣʠʷʥʠʷ 

ʯʠʩʣʘ ʜʚʠʛʘʪʝʣʝʡ ʥʘ ʪʦʧʣʠʚʥʦ-ʤʘʩʩʦʚʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʚʦʟʜʫʰʥʦʛʦ ʩʫʜʥʘ. ɼʣʷ 

ʩʫʤʤʘʨʥʦʡ ʪʷʛʠ ʉʋ, ʨʘʚʥʦʡ 10 ʢʅ, ʦʧʪʠʤʘʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʜʚʠʛʘʪʝʣʝʡ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 6. 

The number of engines optimization of a distributes power plant for adjusted thrust 

Bobrik A.A.1,2, Tkachenko A.Y.1, Kuzmichev V.S.1, Manuilov V.A.2 

1Samara University, 2 JSC ñKuznetsovò, Samara 

The development and implementation of distributed power plants (DPP) instead of traditional 

schemes power plants for aircraft with various special purposes is one of the promising tasks of 
modern aircraft building and a possible alternative to the development of turbojet engines with an 

extremely high degree of bypass ratio. The prospects for using the DPP are determined by the 

improvement of the mass characteristics of the power plant, and also by the increase in 
aerodynamic efficiency of the glider due to the reduction of external resistance. 

Currently, several DPP configurations are being developed: a distributed power plant based on 

a set of autonomous small-sized gas turbine engines (MGTD) located along the wings; DPP with 
a distributed propulsor (the drive of several fans from a common power generator, etc.); DPP 

with distributed exhaust; DPP hybrid type (the set of the above schemes). 

For the DPP configuration based on MGTD, the question of the optimal number of engines is 
of considerable importance from the point of view of efficiency, provided that the specified total 

thrust is ensured, and accordingly their dimensionality. 

With a decrease of the engine dimension, its specific mass theoretically decreases linearly (in 
proportion to the decrease in diameter). However, in practice, there is a certain threshold of 

dimension, in the transition for which the specific mass of the engine with a further decrease in 

its size begins to grow, which is due to the inability to proportionally scale some engine systems 
and drives. 

Thus, the task of this study is to determine the optimum number of DPP engines for a given 

thrust, taking into account the effect of small size on efficiency (non-self-similar modes), 
external resistance of the power plant and the intended purpose of the aircraft. 

In CAE ï the ASTRA system, a mathematical model of the DPP was developed, which makes 

it possible to estimate the effect of the number of engines on the total mass of the power plant 
and fuel needed to ensure a given range of flight. 

Based on the results of the calculations, a graphic and analytical analysis of the number 

engines effect on the fuel and mass efficiency of the aircraft was carried out. For the total thrust 

equal to 10 kH, the optimum number of engines corresponds to 6. 

ɸʥʘʣʠʟ ʚʣʠʷʥʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʦʩʝʚʦʡ ʩʪʫʧʝʥʠ ʢʦʤʧʨʝʩʩʦʨʘ ʥʘ ʚʳʩʦʪʥʦ-

ʩʢʦʨʦʩʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʘʣʦʨʘʟʤʝʨʥʳʭ ʪʫʨʙʦʨʝʘʢʪʠʚʥʳʭ ʜʚʠʛʘʪʝʣʝʡ 

ɹʦʨʦʚʠʢʦʚ ɼ.ɸ., ʀʦʥʦʚ ɸ.ɺ., ʉʝʣʠʚʝʨʩʪʦʚ ʉ.ɼ., ʗʢʦʚʣʝʚ ɸ.ɸ. 

ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʣʦʩʴ ʩʨʘʚʥʝʥʠʝ ʚʳʩʦʪʥʦ-ʩʢʦʨʦʩʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 
ʤʘʣʦʨʘʟʤʝʨʥʳʭ ʪʫʨʙʦʨʝʘʢʪʠʚʥʳʭ ʜʚʠʛʘʪʝʣʝʡ ʩ ʦʜʥʦʩʪʫʧʝʥʯʘʪʳʤ ʮʝʥʪʨʦʙʝʞʥʳʤ ʠ 

ʜʚʫʭʩʪʫʧʝʥʯʘʪʳʤ ʦʩʝʮʝʥʪʨʦʙʝʞʥʳʤ ʢʦʤʧʨʝʩʩʦʨʘʤʠ, ʘ ʪʘʢʞʝ ʘʥʘʣʠʟ ʧʨʝʠʤʫʱʝʩʪʚ 

ʤʘʣʦʨʘʟʤʝʨʥʦʛʦ ʪʫʨʙʦʨʝʘʢʪʠʚʥʦʛʦ ʜʚʠʛʘʪʝʣʷ ʩ ʜʚʫʭʩʪʫʧʝʥʯʘʪʳʤ ʦʩʝʮʝʥʪʨʦʙʝʞʥʳʤ 
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ʢʦʤʧʨʝʩʩʦʨʦʤ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʚʠʛʘʪʝʣʝʤ ʩ ʦʜʥʦʩʪʫʧʝʥʯʘʪʳʤ ʮʝʥʪʨʦʙʝʞʥʳʤ 
ʢʦʤʧʨʝʩʩʦʨʦʤ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʷʣʘʩʴ ʚ ʦʜʠʥ ʵʪʘʧ ʠ ʚʢʣʶʯʘʣʘ ʩʣʝʜʫʶʱʠʝ ʟʘʜʘʯʠ: 

Å ʉʠʥʪʝʟ ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ ʤʘʣʦʨʘʟʤʝʨʥʳʭ ʪʫʨʙʦʨʝʘʢʪʠʚʥʳʭ ʜʚʠʛʘʪʝʣʝʡ ʩ 
ʦʜʥʦʩʪʫʧʝʥʯʘʪʳʤ ʮʝʥʪʨʦʙʝʞʥʳʤ ʢʦʤʧʨʝʩʩʦʨʦʤ ʠ ʜʚʫʭʩʪʫʧʝʥʯʘʪʳʤ ʦʩʝʮʝʥʪʨʦʙʝʞʥʳʤ 

ʢʦʤʧʨʝʩʩʦʨʦʤ. 

Å ʈʘʩʯʝʪ ʚʳʩʦʪʥʦ-ʩʢʦʨʦʩʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʘʣʦʨʘʟʤʝʨʥʳʭ ʪʫʨʙʦʨʝʘʢʪʠʚʥʳʭ 
ʜʚʠʛʘʪʝʣʝʡ. 

Å ɸʥʘʣʠʟ ʚʳʩʦʪʥʦ-ʩʢʦʨʦʩʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʘʣʦʨʘʟʤʝʨʥʳʭ ʪʫʨʙʦʨʝʘʢʪʠʚʥʳʭ 

ʜʚʠʛʘʪʝʣʝʡ. 
ɺ ʨʝʟʫʣʴʪʘʪʝ ʚʳʧʦʣʥʝʥʠʷ ʨʘʙʦʪʳ ʧʦʣʫʯʝʥʳ ʚʳʩʦʪʥʦ-ʩʢʦʨʦʩʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʤʘʣʦʨʘʟʤʝʨʥʳʭ ʪʫʨʙʦʨʝʘʢʪʠʚʥʳʭ ʜʚʠʛʘʪʝʣʝʡ ʩ ʦʜʥʦʩʪʫʧʝʥʯʘʪʳʤ ʮʝʥʪʨʦʙʝʞʥʳʤ ʠ 

ʜʚʫʭʩʪʫʧʝʥʯʘʪʳʤ ʦʩʝʮʝʥʪʨʦʙʝʞʥʳʤ ʢʦʤʧʨʝʩʩʦʨʘʤʠ. ɸʥʘʣʠʟ ʧʦʣʫʯʝʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 
ʧʦʟʚʦʣʠʣ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʮʝʣʝʩʦʦʙʨʘʟʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʨʠ ʢʦʥʩʪʨʫʠʨʦʚʘʥʠʠ 

ʤʘʣʦʨʘʟʤʝʨʥʳʭ ʪʫʨʙʦʨʝʘʢʪʠʚʥʳʭ ʜʚʠʛʘʪʝʣʝʡ ʜʚʫʭʩʪʫʧʝʥʯʘʪʳʭ ʦʩʝʮʝʥʪʨʦʙʝʞʥʳʭ 
ʢʦʤʧʨʝʩʩʦʨʦʚ ʪ.ʢ. ʧʨʠ ʵʪʦʤ ʤʦʞʥʦ ʦʞʠʜʘʪʴ 10-15% ʫʣʫʯʰʝʥʠʷ ʦʩʥʦʚʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʜʚʠʛʘʪʝʣʷ (ʪʷʛʠ, ʫʜʝʣʴʥʦʛʦ ʨʘʩʭʦʜʘ ʪʦʧʣʠʚʘ) ʚʦ ʚʩʝʤ ʜʠʘʧʘʟʦʥʝ ʩʢʦʨʦʩʪʝʡ ʠ ʚʳʩʦʪ. 

Analysis of the influence of the compressorôs additional axial stage on the altitude-

airspeed performance of small-size turbojet engines 

Borovikov D.A., Ionov A.V., Seliverstov S.D., Yakovlev A.A. 

MAI, Moscow 

The purpose of this work was to compare the altitude-airspeed performance of small-sized 

turbojet engines with a single-stage centrifugal and two-stage axial-centrifugal compressors, as 

well as an analysis of the advantages of a small-sized turbojet engine with a two-stage centrifugal 
compressor in comparison with a single-stage centrifugal compressor. 

The work was carried out in one stage and included the following tasks: 

Å Synthesis of mathematical models of small-sized turbojet engines with a single-stage 
centrifugal compressor and a two-stage centrifugal compressor. 

Å Calculation of the altitude-airspeed performance of small-sized turbojet engines. 

Å Analysis of the altitude-airspeed performance of small-size turbojet engines. 
As a result of the work, altitude-airspeed performance of small-sized turbojet engines with a 

single-stage centrifugal and two-stage axial-centrifugal compressors were obtained. The analysis 

of the obtained results allows to draw a conclusion about the advisability of using two-stage 
axial-centrifugal compressors for designing small-sized turbojet engines, while we can expect 10-

15% improvement in the main engine characteristics (thrust, specific fuel consumption) in the 

entire range of airspeeds and altitudes. 

ʆʩʥʦʚʥʳʝ ʧʨʦʙʣʝʤʳ ʧʨʠʤʝʥʝʥʠʷ ʢʦʥʚʝʨʪʠʨʦʚʘʥʥʳʭ ʘʚʠʘʮʠʦʥʥʳʭ ɻʊɼ 

ʚ ʩʦʩʪʘʚʝ ʤʦʨʩʢʠʭ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʩʪʘʥʦʚʦʢ ʠ ʠʭ ʨʝʰʝʥʠʝ 

ɹʫʨʦʚ ʄ.ʅ. 

ʆɼʂ-ʉʘʪʫʨʥ, ʛ. ʈʳʙʠʥʩʢ 

ɺ ʥʘʯʘʣʴʥʳʡ ʧʝʨʠʦʜ ʨʘʟʚʠʪʠʷ ʤʦʨʩʢʠʭ ɻʊɼ ʙʳʣʠ ʧʨʦʚʝʨʝʥʳ ʥʘ ʧʨʘʢʪʠʢʝ ʜʚʘ 

ʥʘʧʨʘʚʣʝʥʠʷ. ʇʝʨʚʦʝ ʦʩʥʦʚʳʚʘʣʦʩʴ ʥʘ ʧʨʠʤʝʥʝʥʠʠ ɻʊɼ ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʪʠʧʘ. ɺʪʦʨʦʝ 

ʥʘʧʨʘʚʣʝʥʠʝ ʧʨʝʜʧʦʣʘʛʘʣʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʥʘ ʩʫʜʘʭ ʣʝʛʢʠʭ ɻʊɼ ʘʚʠʘʮʠʦʥʥʦʛʦ ʪʠʧʘ ʠʣʠ 
ʥʘʧʨʷʤʫʶ ʢʦʥʚʝʨʪʠʨʦʚʘʥʥʦʛʦ ʘʚʠʘʮʠʦʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ. ʅʝʚʳʩʦʢʠʝ ʧʘʨʘʤʝʪʨʳ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʮʠʢʣʘ ʦʧʨʝʜʝʣʠʣʠ ʥʝʜʦʣʛʦʝ ʚʨʝʤʷ ʧʨʠʤʝʥʝʥʠʷ ɻʊɼ ʧʨʦʤʳʰʣʝʥʥʦʛʦ 

ʪʠʧʘ, ʚ ʪʦʤ ʯʠʩʣʝ ʩʣʦʞʥʦʛʦ ʮʠʢʣʘ, ʥʘ ʪʨʘʥʩʧʦʨʪʥʳʭ ʩʫʜʘʭ. ʉʫʜʦʚʳʝ ʫʩʪʘʥʦʚʢʠ 
ʘʚʠʘʮʠʦʥʥʦʛʦ ʪʠʧʘ ʧʨʠʤʝʥʷʣʠʩʴ ʥʘ ʢʦʨʘʙʣʷʭ ʩ ʧʦʜʚʦʜʥʳʤʠ ʢʨʳʣʴʷʤʠ (ʂʇʂ) ʠ ʢʦʨʘʙʣʷʭ 

ʥʘ ʚʦʟʜʫʰʥʦʡ ʧʦʜʫʰʢʝ (ʂɺʇ), ʙʳʩʪʨʦʭʦʜʥʳʭ ʪʨʘʥʩʧʦʨʪʥʳʭ ʩʫʜʘʭ. ʆʜʥʘʢʦ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʚʳʩʦʢʠʡ ʫʨʦʚʝʥʴ ʨʘʩʭʦʜʘ ʪʦʧʣʠʚʘ ʦʙʫʩʣʦʚʠʣ ʩʦʭʨʘʥʝʥʠʝ ɻʊʋ ʥʘ ʥʝʙʦʣʴʰʦʤ ʢʦʣʠʯʝʩʪʚʝ 
ʪʠʧʦʚ ʩʢʦʨʦʩʪʥʳʭ ʩʫʜʦʚ-ʧʘʨʦʤʦʚ ʠ ʙʦʝʚʳʭ ʢʦʨʘʙʣʷʭ ʨʘʟʣʠʯʥʳʭ ʢʣʘʩʩʦʚ ʚʧʣʦʪʴ ʜʦ 
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ʘʚʠʘʥʦʩʮʝʚ. ʇʝʨʚʘʷ ʤʦʨʩʢʘʷ ʛʘʟʦʪʫʨʙʠʥʥʘʷ ʫʩʪʘʥʦʚʢʘ ʙʳʣʘ ʩʦʟʜʘʥʘ ʚ ʉʉʉʈ ʥʘ ʙʘʟʝ 
ʘʚʠʘʮʠʦʥʥʦʛʦ ʊɺɼ.  

ʉʣʦʞʥʦʩʪʴ ʧʨʦʮʝʩʩʦʚ ʢʦʥʚʝʨʪʘʮʠʠ ʠ ʟʥʘʯʠʪʝʣʴʥʳʝ ʦʪʣʠʯʠʷ ʫʩʣʦʚʠʡ ʨʘʙʦʪʳ ɻʊɼ ʥʘ 

ʢʦʨʘʙʣʝ ʦʪ ʩʘʤʦʣʝʪʥʳʭ, ʧʨʠʚʝʣʠ ʨʘʟʨʘʙʦʪʯʠʢʦʚ ʢ ʚʳʚʦʜʫ, ʯʪʦ ɻʊɼ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʝ ʜʣʷ 

ʨʘʙʦʪʳ ʚ ʤʦʨʩʢʠʭ ʫʩʣʦʚʠʷʭ, ʥʝʦʙʭʦʜʠʤʦ ʨʘʟʨʘʙʘʪʳʚʘʪʴ ʩʧʝʮʠʘʣʴʥʦ. ɺ ʠʪʦʛʝ ʙʳʣʘ ʩʦʟʜʘʥʘ 

ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʘʷ ʙʘʟʘ ʢʦʨʘʙʝʣʴʥʦʛʦ ʛʘʟʦʪʫʨʙʦʩʪʨʦʝʥʠʷ ʚ ʛ. ʅʠʢʦʣʘʝʚʝ. ʉʝʡʯʘʩ ʤʦʞʥʦ 

ʩʯʠʪʘʪʴ, ʯʪʦ ʵʪʠ ʪʨʫʜʥʦʩʪʠ ʙʳʣʠ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʦʨʛʘʥʠʟʘʮʠʦʥʥʦʛʦ ʠ ʩʫʙʲʝʢʪʠʚʥʦʛʦ 

ʭʘʨʘʢʪʝʨʘ, ʪʘʢ ʢʘʢ ʟʘʨʫʙʝʞʥʳʝ ʘʚʠʘʜʚʠʛʘʪʝʣʝʩʪʨʦʠʪʝʣʴʥʳʝ ʬʠʨʤʳ ʫʩʧʝʰʥʦ ʧʨʦʝʢʪʠʨʫʶʪ ʠ 

ʧʨʦʠʟʚʦʜʷʪ ʤʦʨʩʢʠʝ ʚʝʨʩʠʠ ʘʚʠʘʮʠʦʥʥʳʭ ɻʊɼ.  

ʉ ʨʘʩʧʘʜʦʤ ʉʦʚʝʪʩʢʦʛʦ ʩʦʶʟʘ ʚʦʟʥʠʢʣʘ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʩʦʟʜʘʥʠʷ ʩʦʙʩʪʚʝʥʥʦʡ ʙʘʟʳ 

ʤʦʨʩʢʦʛʦ ʛʘʟʦʪʫʨʙʦʩʪʨʦʝʥʠʷ. ɺ 1992 ʛʦʜʫ ʧʦ ʨʝʰʝʥʠʶ ʧʨʘʚʠʪʝʣʴʩʪʚʝʥʥʦʡ ʢʦʤʠʩʩʠʠ 
ʙʘʟʦʚʳʤ ʧʨʝʜʧʨʠʷʪʠʝʤ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʢʦʨʘʙʝʣʴʥʳʭ ɻʊɼ ʚ ʈʌ ʙʳʣʦ ʦʧʨʝʜʝʣʝʥʦ ʆɸʆ 

çʈʳʙʠʥʩʢʦʝ ʢʦʥʩʪʨʫʢʪʦʨʩʢʦʝ ʙʶʨʦ ʤʦʪʦʨʦʩʪʨʦʝʥʠʷè (ʆɸʆ ʈʂɹʄ). ʋʯʠʪʳʚʘʷ ʦʧʳʪ 

ʨʳʙʠʥʩʢʠʭ ʢʦʥʩʪʨʫʢʪʦʨʦʚ ʚ ʩʦʟʜʘʥʠʠ ʫʥʠʢʘʣʴʥʳʭ ʜʚʠʛʘʪʝʣʝʡ ʜʣʷ ʚʦʝʥʥʦʡ ʘʚʠʘʮʠʠ, ʟʘ 
ʦʩʥʦʚʫ ʜʣʷ ʩʦʟʜʘʥʠʷ ʤʦʨʩʢʠʭ ɻʊɼ ʙʳʣ ʚʟʷʪ ʛʘʟʦʛʝʥʝʨʘʪʦʨ ʧʝʨʩʧʝʢʪʠʚʥʦʛʦ ʘʚʠʘʮʠʦʥʥʦʛʦ 

ʜʚʠʛʘʪʝʣʷ.  

ʆʩʥʦʚʥʦʡ ʩʣʦʞʥʦʩʪʴʶ, ʩ ʢʦʪʦʨʦʡ ʧʨʠʰʣʦʩʴ ʩʪʦʣʢʥʫʪʴʩʷ ʧʨʠ ʢʦʥʚʝʨʪʘʮʠʠ 
ʘʚʠʘʮʠʦʥʥʦʛʦ ʛʘʟʦʛʝʥʝʨʘʪʦʨʘ ʚ ʤʦʨʩʢʦʡ ï ʵʪʦ ʪʨʝʙʦʚʘʥʠʝ ʧʦ ʦʙʝʩʧʝʯʝʥʠʶ 

ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʚ ʤʦʨʩʢʦʡ ʩʨʝʜʝ. ɼʝʣʦ ʚ ʪʦʤ, ʯʪʦ ʩʦʚʨʝʤʝʥʥʳʝ ʢʦʨʨʦʟʠʦʥʥʦʩʪʦʡʢʠʝ 

ʞʘʨʦʧʨʦʯʥʳʝ ʤʘʪʝʨʠʘʣʳ ʩʫʱʝʩʪʚʝʥʥʦ ʫʩʪʫʧʘʶʪ ʧʦ ʩʚʦʠʤ ʧʨʦʯʥʦʩʪʥʳʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ 
ʘʚʠʘʮʠʦʥʥʳʤ. ʕʪʦ ʧʨʠʚʝʣʦ ʢ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʨʘʟʨʘʙʦʪʢʠ ʥʦʚʦʡ ʪʫʨʙʠʥʳ ʚʳʩʦʢʦʛʦ 

ʜʘʚʣʝʥʠʷ ʩ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦʡ ʩʠʩʪʝʤʦʡ ʦʭʣʘʞʜʝʥʠʷ. ʇʝʨʚʳʡ ʨʦʩʩʠʡʩʢʠʡ ʢʦʨʘʙʝʣʴʥʳʡ 

ɻʊɼ ʄ75ʈʋ ʙʳʣ ʫʩʧʝʰʥʦ ʩʦʟʜʘʥ ʠ ʧʨʦʰʝʣ ɻʉʀ ʚ 2006 ʛʦʜʫ. ʉʝʡʯʘʩ ʥʘ ʙʘʟʝ 
ʢʦʥʚʝʨʪʠʨʦʚʘʥʥʦʛʦ ʘʚʠʘʮʠʦʥʥʦʛʦ ʛʘʟʦʛʝʥʝʨʘʪʦʨʘ ʩʦʟʜʘʥʦ ʩʝʤʝʡʩʪʚʦ ʤʦʨʩʢʠʭ ʠ 

ʧʨʦʤʳʰʣʝʥʥʳʭ ɻʊɼ ʠ ʘʛʨʝʛʘʪʦʚ ʤʦʱʥʦʩʪʴʶ ʦʪ 4-ʭ ʜʦ 10 ʄɺʪ. 

Main challenges of using gas turbine aeroderivatives in marine propulsion systems and 

their solution 

Burov M.N. 

UEC-Saturn, Rybinsk 

At an early stage of marine gas-turbine engineering, two engine concepts were tested. An 
industrial gas turbine was used in the first case. In the second concept a light aviation gas-turbine 

engine or an aero derivative was applied. The low parameters of industrial gas turbine 

thermodynamic cycle, including the compound cycle, were the reason of their short-time 
application on transport vehicles. Aeroderivatives were used on hydrofoils and hovercraft, high 

speed transport vessels. Due to relatively high level of fuel consumption these engines remained 

only on a few types of fast ferry-vessels and combat ships of different classes, aircraft carriers 
including. The first marine gas-turbine unit was created in the USSR as a derivative of aviation 

turboprop engine.  
The complexity of conversion processes and significant differences in operating conditions of 

marine and aviation engines made the process complicated so the engine developers arrived at the 

decision that marine gas-turbine engines should be developed individually. As a result, the 

dedicated base of marine gas-turbine engineering was created in Nikolayev. It is now considered 

that these difficulties were solely of organizational and subjective nature as the foreign aero engine 

companies successfully design and manufacture the aero derivatives for marine application.  

With the collapse of the Soviet Union, the necessity arose to create its own marine engines 

base. In 1992, by the decision of government committee, OJSC óRybinsk Design Bureau of 
Motor buildingô was selected as the key company for development of the marine gas-turbine 

engines in the Russian Federation. Based on the experience of Rybinsk designers in creation of 
unique military engines, the core of advanced aviation engine was taken as a basis for marine 

engine development.  
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The greatest challenge the designers faced during conversion of aviation engine core into the 
marine one was the requirement to ensure operability in the marine environment. The fact is that 

modern corrosion resistant refractory materials are far below by their strength properties than 

aviation materials. This resulted in necessity to develop a new high pressure turbine with a more 
efficient cooling system. The first Russian marine gas-turbine engine M75RU was created and 

successfully tested in 2006. Now we have a family of marine and industrial gas turbines rated at 

4 to 10 MW created as aeroderivatives.  

ɸʥʘʣʠʟ ʚʘʨʠʘʥʪʦʚ ʨʝʛʝʥʝʨʘʪʠʚʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ ʙʝʟʛʘʟʦʛʝʥʝʨʘʪʦʨʥʦʛʦ ɾʈɼ ʥʘ 

ʢʨʠʦʛʝʥʥʳʭ ʢʦʤʧʦʥʝʥʪʘʭ ʪʦʧʣʠʚʘ 

ɺʘʩʠʣʝʚʩʢʠʡ ɼ.ʆ., ɹʝʣʷʢʦʚ ɺ.ɸ., ɺʦʨʦʙʴʝʚ ɸ.ɻ.  
ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ʈʘʩʯʝʪ ʨʝʛʝʥʝʨʘʪʠʚʥʦʛʦ ʦʭʣʘʞʜʝʥʠʝ ï ʨʘʩʯʝʪ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʦʪʦʨʦʛʦ ʧʦʣʫʯʘʶʪ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨ ʩʪʝʥʢʠ ʩʦ ʩʪʦʨʦʥʳ ʛʘʟʘ ʠ ʩʦ ʩʪʦʨʦʥʳ ʞʠʜʢʦʩʪʠ ʠ ʪʝʤʧʝʨʘʪʫʨʫ 
ʩʘʤʦʡ ʞʠʜʢʦʩʪʠ ʚʜʦʣʴ ʜʣʠʥʳ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʠ ʩʦʧʣʘ. ʇʦʩʣʝ ʘʥʘʣʠʟʘ ʜʘʥʥʦʛʦ ʨʘʩʯʝʪʘ 

ʤʦʞʥʦ ʜʘʪʴ ʟʘʢʣʶʯʝʥʠʝ ʦ ʥʘʜʝʞʥʦʩʪʠ ʦʭʣʘʞʜʝʥʠʷ ʜʚʠʛʘʪʝʣʷ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʥʘʤ ʚ ʩʣʫʯʘʝ 
ʧʨʝʚʳʰʝʥʠʠ ʜʦʧʫʩʪʠʤʳʭ ʪʝʤʧʝʨʘʪʫʨ ʧʣʘʚʣʝʥʠʷ ʤʘʪʝʨʠʘʣʘ ʠʣʠ ʢʠʧʝʥʠʷ ʦʭʣʘʞʜʘʶʱʝʡ 

ʞʠʜʢʦʩʪʠ ʚʥʝʩʪʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʦʧʨʘʚʢʠ ʚ ʢʦʥʩʪʨʫʢʮʠʶ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ʨʫʙʘʰʢʠ 

ʦʭʣʘʞʜʝʥʠʷ, ʣʠʙʦ ʧʫʪʸʤ ʧʝʨʝʧʫʩʢʦʚ ʢʦʤʧʦʥʝʥʪʘ ʧʦʣʫʯʠʪʴ ʨʘʚʥʦʤʝʨʥʳʡ ʪʝʧʣʦʩʲʝʤ ʚʜʦʣʴ 
ʩʪʝʥʦʢ ʂʉ ʠ ʜʦʙʠʪʴʩʷ ʨʘʟʦʛʨʝʚʘ ʞʠʜʢʦʩʪʠ ʥʠʞʝ ʢʨʠʪʠʯʝʩʢʦʡ ʪʝʤʧʝʨʘʪʫʨʳ. 

ʈʘʩʯʝʪ ʧʘʨʘʤʝʪʨʦʚ ʛʘʟʦʚʦʛʦ ʪʨʘʢʪʘ, ʦʛʥʝʚʦʡ ʩʪʝʥʢʠ, ʪʨʘʢʪʘ ʦʭʣʘʞʜʝʥʠʷ ʚʝʜʝʪʩʷ 

ʠʪʝʨʘʮʠʦʥʥʦ (ʪʝʧʣʦʚʦʡ ʧʦʪʦʢ ʚ ʩʪʝʥʢʫ > ʥʘʛʨʝʚ ʚʥʫʪʨʝʥʥʝʡ ʩʪʝʥʢʠ > ʥʘʛʨʝʚ ʦʭʣʘʜʠʪʝʣʷ > 
ʥʘʛʨʝʚ ʚʥʝʰʥʝʡ ʩʪʝʥʢʠ) ʜʣʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʩʝʯʝʥʠʡ ʢʘʤʝʨʳ. 

ʈʘʟʨʘʙʦʪʘʥʘ ʧʨʦʛʨʘʤʤʘ ʧʦ ʦʭʣʘʞʜʝʥʠʷ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʠ ʫʚʷʟʢʠ ʙʝʟʛʘʟʦʛʝʥʝʨʘʪʦʨʥʦʛʦ 

ɾʈɼ. ɺ ʧʨʦʛʨʘʤʤʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʪʝʧʣʦʬʠʟʠʯʝʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʠʟʤʝʥʝʥʠʷ ʩʚʦʡʩʪʚ 
ʢʦʤʧʦʥʝʥʪʦʚ ʪʦʧʣʠʚʘ (ʫʜʝʣʴʥʘʷ ʪʝʧʣʦʝʤʢʦʩʪʴ, ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ, 

ʢʦʵʬʬʠʮʠʝʥʪ ʜʠʥʘʤʠʯʝʩʢʦʡ ʚʷʟʢʦʩʪʠ, ʧʣʦʪʥʦʩʪʴ, ʢʦʤʧʣʝʢʩ ʪʝʧʣʦʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ, 

ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʡ ʦʭʣʘʞʜʘʶʱʫʶ ʩʧʦʩʦʙʥʦʩʪʴ ʦʭʣʘʜʠʪʝʣʷ) ʦʪ ʜʘʚʣʝʥʠʷ ʠ ʪʝʤʧʝʨʘʪʫʨʳ. 
ʈʘʩʩʤʦʪʨʝʥʳ ʨʘʟʣʠʯʥʳʝ ʚʘʨʠʘʥʪʳ ʧʦʜʘʯʠ ʦʢʠʩʣʠʪʝʣʷ ʠ ʛʦʨʶʯʝʛʦ ʚ ʨʫʙʘʰʢʫ ʦʭʣʘʞʜʝʥʠʷ 

ʂʉ: ʦʜʥʠʤ ʠʣʠ ʜʚʫʤʷ ʢʦʤʧʦʥʝʥʪʘʤʠ. 

ʇʦ ʠʪʦʛʘʤ ʨʘʩʯʝʪʦʚ ʥʝʩʢʦʣʴʢʠʭ ʚʘʨʠʘʥʪʦʚ ʙʝʟʛʘʟʦʛʝʥʝʨʘʪʦʨʥʳʭ ʩʭʝʤ ʙʳʣʘ ʚʳʷʚʣʝʥʘ 
ʧʝʨʩʧʝʢʪʠʚʥʘʷ ʩʭʝʤʘ ʩ ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʤ ʦʭʣʘʞʜʝʥʠʝʤ, ʛʜʝ ʛʦʨʶʯʝʝ ʠ ʦʢʠʩʣʠʪʝʣʴ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʦʪʜʝʣʴʥʳʭ ʢʦʥʪʫʨʘʭ ʨʫʙʘʰʢʠ ʦʭʣʘʞʜʝʥʠʷ. ʅʘʛʨʝʚʘʷʩʴ ʠ ʛʘʟʠʬʠʮʠʨʫʷʩʴ, 

ʢʦʤʧʦʥʝʥʪʳ ʨʘʢʝʪʥʦʛʦ ʪʦʧʣʠʚʘ ʩʣʫʞʘʪ ʜʣʷ ʧʨʠʚʦʜʘ ʦʪʜʝʣʴʥʳʭ ʪʫʨʙʠʥ ʊʅɸʆ ʠ ʊʅɸɻ. 
ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʝʜʣʦʞʝʥʥʘʷ ʩʭʝʤʘ ʤʦʞʝʪ ʙʳʪʴ ʵʬʬʝʢʪʠʚʥʘ ʜʣʷ ʙʝʟʛʘʟʦʛʝʥʝʨʘʪʦʨʥʳʭ 

ʜʚʠʛʘʪʝʣʝʡ ʨʘʟʛʦʥʥʳʭ ʙʣʦʢʦʚ ʥʝʙʦʣʴʰʠʭ ʪʷʛ (ʜʦ 4 ʪ.ʩ.), ʢʦʛʜʘ ʚʦʟʥʠʢʘʝʪ ʥʝʭʚʘʪʢʘ 

ʛʦʨʶʯʝʛʦ ʜʣʷ ʦʭʣʘʞʜʝʥʠʷ ʂʉ. 
ʈʘʩʯʝʪʳ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʧʨʠʤʝʥʝʥʠʝ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʡ ʩʭʝʤʳ ʦʭʣʘʞʜʝʥʠʷ ʧʦʟʚʦʣʷʝʪ ʩ 

ʦʜʥʦʡ ʩʪʦʨʦʥʳ ʦʙʝʩʧʝʯʠʪʴ ʥʘʜʝʞʥʦʩʪʴ ʦʭʣʘʞʜʝʥʠʷ ʩʪʝʥʦʢ ʂʉ, ʩ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, 

ʦʙʝʩʧʝʯʠʪʴ ʤʦʱʥʦʩʪʥʦʡ ʙʘʣʘʥʩ ɾʈɼ ʩ ʚʦʟʤʦʞʥʦʩʪʴʶ ʥʝʦʙʭʦʜʠʤʦʛʦ ʨʝʛʫʣʠʨʦʚʘʥʠʷ 
ʜʚʠʛʘʪʝʣʷ. 

Analysis of regenerative cooling on liquid rocket engine byexpanded cycle on the fuel 

cryogenic components  
Vasilevskiy D.O., Belyakov V.A., Vorobiev A.G. 

MAI, Moscow 

Calculations show that application of the combined diagram of cooling allows to provide on 
the one hand reliability of cooling of walls of combustion chamber, on the other hand, to provide 

power balance of LPRE with a possibility of necessary regulation of the engine. 

Calculation regenerative cooling ï calculation as a result of which receive distribution of 
temperatures of a wall from gas and from liquid and temperature of the liquid along length of the 

combustion chamber and a nozzle. After the analysis of this calculation it is possible to draw the 

conclusion about reliability of cooling of the engine that allows us in a case exceeding of 
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admissible melting temperatures of material or boiling of cooling liquid to make the appropriate 
amendments to construction of a flowing part of a shirt of cooling, or by restart-up of a 

component to receive uniform heat removal along walls of combustion chamber and to achieve 

heat-up of liquid below critical temperature. 
Calculation of parameters of a gas path, firewall, path of cooling is carried is iterative (a heat 

flux in a wall of > having heated an internal wall of > having heated the > cooler heating of an 

external wall) for sequentially the located camera sections. 
The program on coolings of the combustion chamber and coordination of rocket engine 

byexpanded cycle is developed. In the program heat physical dependences of change of 

properties of components of fuel (specific heat capacity, heat conduction coefficient, coefficient 
of dynamic viscosity, density, the complex of heatphysical properties characterizing refrigerating 

capacity of the cooler) on pressure and temperature are used. Different options of submission of 

oxidizer and fuel in a cooling jacket of combustion chamber are considered: one or two 
components. 

Following the results of calculations of several options the byexpanded cycle the perspective 
cycle with combined cooling where fuel and oxidizer is used in separate circuits of a shirt of 

cooling was revealed. Heating up and being gasified, components of missile fuel serve for the 

drive of separate turbines oxidizer turbopump and fuel turbopump. It is shown that the offered 
cycle can be effective for the engines byexpanded cycle of accelerating units of small pull (to 4 t. 

s) when there is a shortage of fuel for cooling of combustion chamber. 

Calculations show that application of the combined diagram of cooling allows to provide on 
the one hand reliability of cooling of walls of combustion chamber, on the other side, to provide 

power balance of LPRE with a possibility of necessary regulation of the engine. 

ʉʠʩʪʝʤʘ ʤʘʥʝʚʨʠʨʦʚʘʥʠʷ ʢʦʩʤʠʯʝʩʢʦʛʦ ʘʧʧʘʨʘʪʘ ʩ ʣʘʟʝʨʥʦʡ ʵʥʝʨʛʦʫʩʪʘʥʦʚʢʦʡ, 

ʧʨʝʜʥʘʟʥʘʯʝʥʥʦʡ ʜʣʷ ʙʦʨʴʙʳ ʩ ʢʦʩʤʠʯʝʩʢʠʤ ʤʫʩʦʨʦʤ 

ɸʚʜʝʝʚ ɸ.ɺ.1, ɺʣʘʜʝʥʢʦʚ ɸ.ɺ.1, ʀʚʘʢʠʥ ʉ.ɺ.2,3, ʄʝʪʝʣʴʥʠʢʦʚ ɸ.ɸ.1 

1ʄɸʀ, ʛ. ʄʦʩʢʚʘ;  
2ɹɻʊʋ çɺʆɽʅʄɽʍè, 3ʅʇʇ çʃʘʟʝʨʥʳʝ ʩʠʩʪʝʤʳè, ʛ. ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ  

ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʙʦʣʴʰʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʠʟʫʯʝʥʠʶ ʚʦʟʤʦʞʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʣʘʟʝʨʥʳʭ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʩʪʘʥʦʚʦʢ (ʃʕʋ) ʜʣʷ ʦʯʠʩʪʢʠ ʦʢʦʣʦʟʝʤʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ ʦʪ 
ʬʨʘʛʤʝʥʪʦʚ ʢʦʩʤʠʯʝʩʢʦʛʦ ʤʫʩʦʨʘ (ʌʂʄ), ʢʦʪʦʨʳʝ ʩʦʟʜʘʶʪ ʚ ʨʷʜʝ ʩʣʫʯʘʝʚ ʙʦʣʴʰʫʶ 

ʫʛʨʦʟʫ ʜʣʷ ʢʦʩʤʠʯʝʩʢʠʭ ʘʧʧʘʨʘʪʦʚ (ʂɸ). ʍʘʨʘʢʪʝʨʥʘʷ ʜʘʣʴʥʦʩʪʴ ʜʝʡʩʪʚʠʷ ʪʘʢʠʭ ʫʩʪʘʥʦʚʦʢ 

ʜʦʩʪʠʛʘʝʪ ~100 ʢʤ. ʆʜʥʘʢʦ, ʦʯʠʩʪʢʫ ʦʢʦʣʦʟʝʤʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ ʥʝʦʙʭʦʜʠʤʦ ʧʨʦʚʦʜʠʪʴ ʚ 
ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʚʳʩʦʪ. ʅʘʧʨʠʤʝʨ, ʤʘʢʩʠʤʘʣʴʥʘʷ ʧʣʦʪʥʦʩʪʴ ʌʂʄ ʜʦʩʪʠʛʘʝʪʩʷ ʥʘ 

ʦʨʙʠʪʘʭ ʩ ʚʳʩʦʪʘʤʠ, ʣʝʞʘʱʠʤʠ ʚ ʜʠʘʧʘʟʦʥʝ 400..1500 ʢʤ. ʇʦʵʪʦʤʫ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ 

ʢʦʤʧʣʝʢʩʥʦʡ ʧʨʦʛʨʘʤʤʳ ʦʯʠʩʪʢʠ ʦʢʦʣʦʟʝʤʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ ʂɸ ʩ ʃʕʋ ʜʦʣʞʝʥ ʦʙʣʘʜʘʪʴ 
ʩʠʩʪʝʤʦʡ ʤʘʥʝʚʨʠʨʦʚʘʥʠʷ. ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʦʧʨʝʜʝʣʝʥʠʝ ʪʨʝʙʦʚʘʥʠʡ ʢ ʩʠʩʪʝʤʝ 

ʤʘʥʝʚʨʠʨʦʚʘʥʠʷ ʂɸ ʩ ʃʕʋ. 

ɺ ʨʘʙʦʪʝ ʧʨʠʚʝʜʝʥʳ ʦʩʥʦʚʥʳʝ ʟʘʜʘʯʠ, ʨʝʰʘʝʤʳʝ ʃʕʋ ʢʦʩʤʠʯʝʩʢʦʛʦ ʙʘʟʠʨʦʚʘʥʠʷ ʧʨʠ 
ʝʝ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚ ʧʨʦʛʨʘʤʤʝ ʢʦʤʧʣʝʢʩʥʦʡ ʦʯʠʩʪʢʠ ʦʢʦʣʦʟʝʤʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ ʦʪ ʌʂʄ. 

ʅʘ ʦʩʥʦʚʘʥʠʠ ʨʝʰʘʝʤʳʭ ʟʘʜʘʯ ʚʳʜʝʣʝʥʳ ʭʘʨʘʢʪʝʨʥʳʝ ʤʘʥʝʚʨʳ ʂɸ ʩ ʃʕʋ ʠ ʪʨʝʙʫʝʤʳʝ 

ʜʣʷ ʠʭ ʨʝʘʣʠʟʘʮʠʠ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʝ ʩʢʦʨʦʩʪʠ ȹɜ: ȹɜ=102 ʤ/ʩ ʜʣʷ ʧʝʨʝʣʝʪʘ ʤʝʞʜʫ 

ʢʦʤʧʣʘʥʘʨʥʳʤʠ ʦʨʙʠʪʘʤʠ, ȹɜ=128 ʤ/ʩ ʜʣʷ ʠʟʤʝʥʝʥʠʷ ʥʘʢʣʦʥʝʥʠʷ ʦʨʙʠʪʳ, ȹɜ=75 ʤ/ʩ ʜʣʷ 

ʢʦʨʨʝʢʮʠʠ ʦʨʙʠʪʳ ʚ ʪʝʯʝʥʠʝ 5 ʣʝʪ.  

ʊʘʢ ʢʘʢ ʭʘʨʘʢʪʝʨʥʦʝ ʚʨʝʤʷ ʨʘʙʦʪʳ ʂɸ ʩ ʃʕʋ ʜʣʷ ʦʯʠʩʪʢʠ ʦʢʦʣʦʟʝʤʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ 
ʩʦʩʪʘʚʣʷʝʪ ʧʦʨʷʜʢʘ 5 ʣʝʪ, ʪʦ ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʤʘʥʝʚʨʠʨʦʚʘʥʠʷ ʧʨʝʜʣʘʛʘʝʪʩʷ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʵʣʝʢʪʨʦʨʘʢʝʪʥʳʡ ʜʚʠʛʘʪʝʣʴ (ʕʈɼ). ʆʮʝʥʝʥʥʘʷ ʤʘʩʩʘ ʂɸ ʩ ʃʕʋ ʩʦʩʪʘʚʣʷʝʪ 5 

ʪʦʥʥ. ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʩʠʩʪʝʤʳ ʤʘʥʝʚʨʠʨʦʚʘʥʠʷ ʵʣʝʢʪʨʦʵʥʝʨʛʠʝʡ ʧʨʝʜʣʘʛʘʝʪʩʷ 
ʠʩʧʦʣʴʟʦʚʘʪʴ ʙʦʨʪʦʚʫʶ ʷʜʝʨʥʫʶ ʵʥʝʨʛʝʪʠʯʝʩʢʫʶ ʫʩʪʘʥʦʚʢʫ (ʗʕʋ), ʚʳʨʘʙʘʪʳʚʘʶʱʫʶ 

ʵʥʝʨʛʠʶ Ò 40 ʢɺʪ/ʯ. 

ɼʣʷ ʚʳʜʝʣʝʥʥʳʭ ʤʘʥʝʚʨʦʚ ʧʨʦʚʝʜʝʥʘ ʦʮʝʥʢʘ ʪʨʝʙʫʝʤʦʛʦ ʟʘʧʘʩʘ ʨʘʙʦʯʝʛʦ ʢʦʤʧʦʥʝʥʪʘ m 
ʩʦʚʨʝʤʝʥʥʳʤʠ ʕʈɼ. ʅʘʠʤʝʥʴʰʠʡ ʟʘʧʘʩ ʨʘʙʦʯʝʛʦ ʢʦʤʧʦʥʝʥʪʘ ʪʨʝʙʫʝʪʩʷ ʜʚʠʛʘʪʝʣʶ ʀɼ-
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300 (ʎʝʥʪʨ ʂʝʣʜʳʰʘ): m=23,8 ʢʛ ʜʣʷ ʧʝʨʝʣʝʪʘ ʤʝʞʜʫ ʢʦʤʧʣʘʥʘʨʥʳʤʠ ʦʨʙʠʪʘʤʠ, m=29,9 ʢʛ 
ʜʣʷ ʠʟʤʝʥʝʥʠʷ ʥʘʢʣʦʥʝʥʠʷ ʦʨʙʠʪʳ, m=17,5 ʢʛ ʜʣʷ ʢʦʨʨʝʢʮʠʠ ʦʨʙʠʪʳ ʚ ʪʝʯʝʥʠʝ 5 ʣʝʪ.  

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʙʫʜʫʪ ʠʩʧʦʣʴʟʦʚʘʥʳ ʚ ʜʘʣʴʥʝʡʰʝʤ ʮʠʢʣʝ ʨʘʙʦʪ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ 

ʩʠʩʪʝʤʳ ʤʘʥʝʚʨʠʨʦʚʘʥʠʷ ʂɸ ʩ ʃʕʋ ʠ ʢʦʤʧʣʝʢʩʥʦʡ ʧʨʦʛʨʘʤʤʳ ʧʦ ʦʯʠʩʪʢʝ ʦʢʦʣʦʟʝʤʥʦʛʦ 
ʧʨʦʩʪʨʘʥʩʪʚʘ.  

The maneuvering system of a spacecraft with a laser power plant intended for fight 

against space debris 

Avdeev A.V.1, Vladenkov ɸ.V.1, Ivakin S.V.2,3, Metelnikov A.A.1 
1MAI, Moscow; 2BSTU ñVOENMEHò, 3Laser Systems LLC, St. Petersburg 

A great attention is being paid now to a possibility of using laser power plant (LPP) for 
cleaning terrestrial space from pieces of space debris (SD) which in some cases pose a threat to 

spacecrafts (SC). Typical working range of LPP is about 100 km. But the cleaning of terrestrial 

space is required in a wide range of heights. For example, the maximum density of SD is 
recorded in orbits with altitudes 400..1500 km. So, spacecraft (SC) with LPP should have 

maneuver system for implementation of cleaning orbit program. The purpose of the work is to 
determine the requirements for the maneuver system of SC with LPP. 

The work shows the main tasks, which should be decided by the system of SC with LPP, 

when using in the program of complex clearance of terrestrial space from SD. Then, were 
identified characteristic maneuvers of SC with LPP and speeds ȹv required for their 

implementation: ȹɜ=102 m/s for flight between coplanar orbits, ȹɜ=128 m/s for change orbit 

inclination, ȹɜ=75 m/s for orbit correction for 5 years. 
The characteristic operating time of spacecraft with laser is about 5 years. So, it is proposed to 

use the electric propulsion systems (EPS) in maneuver system. The mass of spacecraft was 

calculated equal to 5 tons. It is proposed to use the maneuvering system based on the electrojet 
engine, which receives Ò40 kW/h from the on-board nuclear power plant.  

The working medium mass was calculated for each maneuvers. The ID300 by Keldysh Center 

requires the minimum working medium mass for maneuvers: m=23,8 kg for flight between 
coplanar orbits, m=29,9 kg for change orbit inclination, m=17,5 kg orbit correction for 5 years. 

The results will be used to develop a system for maneuvering of SC with LPP and a complex 

program for cleaning terrestrial space. 

ʇʘʨʘʤʝʪʨʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʪʝʧʣʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ ʢʘʤʝʨʳ ʞʠʜʢʦʩʪʥʦʛʦ ʨʘʢʝʪʥʦʛʦ 

ʜʚʠʛʘʪʝʣʷ ʤʘʣʦʡ ʪʷʛʠ, ʨʘʙʦʪʘʶʱʝʛʦ ʚ ʫʩʪʘʥʦʚʠʚʰʝʤʩʷ ʠʤʧʫʣʴʩʥʦʤ ʨʝʞʠʤʝ ʨʘʙʦʪʳ 

ɺʦʨʦʙʴʝʚʘ ʉ.ʉ., ɺʦʨʦʙʴʝʚ ɸ.ɻ. 
ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ʇʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʞʠʜʢʦʩʪʥʳʭ ʨʘʢʝʪʥʳʭ ʜʚʠʛʘʪʝʣʝʡ ʤʘʣʦʡ ʪʷʛʠ (ɾʈɼʄʊ) ʦʜʥʠʤ ʠʟ 

ʦʩʥʦʚʥʳʭ ʚʦʧʨʦʩʦʚ ʷʚʣʷʝʪʩʷ ʦʙʝʩʧʝʯʝʥʠʝ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʠʟʜʝʣʠʷ ʩ ʫʯʝʪʦʤ ʚʳʩʦʢʠʭ 
ʪʝʧʣʦʚʳʭ ʥʘʛʨʫʟʦʢ ʦʪ ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ ʚ ʩʪʝʥʢʫ ʢʘʤʝʨʳ. ɼʣʷ ʨʝʰʝʥʠʷ ʵʪʦʡ ʟʘʜʘʯʠ 

ʪʨʝʙʫʝʪʩʷ ʧʨʦʚʝʩʪʠ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʪʝʧʣʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʧʘʨʘʤʝʪʨʦʚ ʜʚʠʛʘʪʝʣʷ. ɼʣʷ ʵʪʦʛʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʨʘʟʨʘʙʦʪʘʥʥʘʷ ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ, 
ʧʦʟʚʦʣʷʶʱʘʷ ʩʧʨʦʛʥʦʟʠʨʦʚʘʪʴ ʪʝʧʣʦʚʦʝ ʧʦʣʝ ʢʦʥʩʪʨʫʢʮʠʠ ʢʘʤʝʨʳ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʦʩʥʦʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʞʠʜʢʦʩʪʥʦʛʦ ʨʘʢʝʪʥʦʛʦ ʜʚʠʛʘʪʝʣʷ ʤʘʣʦʡ ʪʷʛʠ (ɾʈɼʄʊ), ʚʠʜʘ ʪʦʧʣʠʚʘ, 

ʨʘʩʧʦʣʦʞʝʥʠʷ ʩʤʝʩʠʪʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʧʘʨʘʤʝʪʨʦʚ ʟʘʚʝʩʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ, ʨʝʞʠʤʘ ʨʘʙʦʪʳ 
ʜʚʠʛʘʪʝʣʷ ʠ ʜʨʫʛʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. 

ʈʘʩʩʤʦʪʨʝʥʘ ʬʠʟʠʯʝʩʢʘʷ ʢʘʨʪʠʥʘ ʧʨʦʮʝʩʩʦʚ, ʧʨʦʪʝʢʘʶʱʠʭ ʚ ɾʈɼʄʊ, ʦʩʦʙʝʥʥʦ ʥʘ 

ʨʝʞʠʤʝ ʟʘʧʫʩʢʘ ʠ ʦʩʪʘʥʦʚʘ ʜʚʠʛʘʪʝʣʷ ʥʘ ʧʨʠʤʝʨʝ ʜʚʠʛʘʪʝʣʷ ɼʄʊ ʄɸʀ-200, ʪʷʛʦʡ 200 ʅ, 
ʨʘʙʦʪʘʶʱʝʛʦ ʥʘ ʢʦʤʧʦʥʝʥʪʘʭ ʘʟʦʪʥʳʡ ʪʝʪʨʦʢʩʠʜ ʠ ʥʝʩʠʤʤʝʪʨʠʯʥʳʡ ʜʠʤʝʪʠʣʛʠʜʨʘʟʠʥ.  

ʇʘʨʘʤʝʪʨʠʯʝʩʢʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʪʝʧʣʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ ʩʪʝʥʢʠ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ (ʂʉ) 

ɾʈɼʄʊ ʧʦʟʚʦʣʠʣʦ ʚʳʙʨʘʪʴ ʦʧʪʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʨʘʩʭʦʜʘ ʥʘ ʟʘʚʝʩʫ, ʩʦʦʪʥʦʰʝʥʠʝ 
ʢʦʤʧʦʥʝʥʪʦʚ ʪʦʧʣʠʚʘ, ʜʘʚʣʝʥʠʝ ʚ ʂʉ, ʩʭʝʤʫ ʨʘʩʧʦʣʦʞʝʥʠʷ ʩʤʝʩʠʪʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʩ 

ʫʯʝʪʦʤ ʟʘʜʘʥʥʳʭ ʠʤʧʫʣʴʩʥʳʭ ʨʝʞʠʤʦʚ ʨʘʙʦʪʳ ʜʚʠʛʘʪʝʣʷ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʜʣʷ ʧʦʚʳʰʝʥʠʷ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ɾʈɼʄʊ ʤʦʞʝʪ ʙʳʪʴ ʧʨʠʤʝʥʝʥʘ ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʘʷ ʩʠʩʪʝʤʘ ʫʧʨʘʚʣʝʥʠʷ 
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ʨʘʙʦʪʦʡ ʜʚʠʛʘʪʝʣʷ, ʧʦʟʚʦʣʷʶʱʘʷ ʧʨʠ ʦʧʨʝʜʝʣʝʥʥʳʭ ʨʝʞʠʤʘ ʨʘʙʦʪʳ ʤʝʥʷʪʴ ʧʘʨʘʤʝʪʨʳ 
ʜʚʠʛʘʪʝʣʷ ʚ ʮʝʣʷʭ, ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʧʦʣʫʯʝʥʠʷ ʚʳʩʦʢʦʛʦ ʫʜʝʣʴʥʦʛʦ ʠʤʧʫʣʴʩʘ, ʩ ʜʨʫʛʦʡ 

ʩʪʦʨʦʥʳ, ʦʙʝʩʧʝʯʝʥʠʷ ʛʘʨʘʥʪʠʨʦʚʘʥʥʦʛʦ ʟʘʧʘʩʘ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʧʦ ʪʝʧʣʦʚʦʤʫ ʩʦʩʪʦʷʥʠʶ 

ʩʪʝʥʢʠ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ. 

Parametric analysis of the thermal state of the combustion chamber of a low-thrust liquid 

propellant rocket engine operating in steady-state pulsed mode of operation  

Vorobieva S.S., Vorobiev A.G. 
MAI, Moscow 

When designing low-thrust liquid propellant rocket engines, one of the main issues is ensuring 

the operability of the engine, taking into account the high thermal forces from the combustion 
products to the chamber wall. To solve this problem, it is required to parametric analysis of the 

thermal state depending on the parameters of the engine. For this purpose, the developed 

mathematical model is used, which allows to predict the thermal state of the combustion chamber 
wall depending on the main parameters of the thruster: the type of fuel and oxidizer, the location of 

the mixing elements, the parameters of the film cooling, the engine operating mode and other 
characteristics. 

The physical picture of the processes taking place in the LRE, especially at the start and stop 

mode of the engine, is considered for the DMT MAI-200 engine, 200 N thrust, working on the 
components nitrogen tetroxide and asymmetric dimethylhydrazine. 

Parametric study of the thermal state of the wall of the combustion chamber allowed choosing 

the optimum flow rate for the film cooling, the mixing ratio of the fuel components, the working 
pressure, and thepattern of the mixing elements taking into account the impulse operating 

conditions of the engine. It is shown that in order to increase the efficiency of the thruster, an 

intelligent control system of engine can be used, that allows change the engine parameters for some 
condition in order to obtain a high specific impulse on the one hand, and, on the other hand, to 

ensure a guaranteed availability of the thermal state of the combustion chamber wall. 

ɸʥʘʣʠʟ ʚʣʠʷʥʠʷ ʬʦʨʤʳ ʛʘʟʦʨʘʟʨʷʜʥʦʡ ʢʘʤʝʨʳ ʥʘ ʨʘʙʦʪʫ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ 

ʠʦʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ ʩ ʰʠʨʦʢʠʤ ʜʠʘʧʘʟʦʥʦʤ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʪʷʛʠ 

ɸʭʤʝʪʞʘʥʦʚ ʈ.ɺ., ɻʦʨʜʝʝʚ ʉ.ɺ., ʂʘʥʝʚ ʉ.ɺ., ʅʠʛʤʘʪʟʷʥʦʚ ɺ.ɺ., ʍʘʨʪʦʚ ʉ.ɸ. 

ʄɸʀ, ʛ. ʄʦʩʢʚʘ 
ɼʣʷ ʥʠʟʢʦʦʨʙʠʪʘʣʴʥʳʭ ʢʦʩʤʠʯʝʩʢʠʭ ʘʧʧʘʨʘʪʦʚ (ʅʆ ʂɸ) ʩʫʱʝʩʪʚʫʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ 

ʢʦʤʧʝʥʩʘʮʠʠ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʪʦʨʤʦʞʝʥʠʷ ʚʝʨʭʥʠʭ ʩʣʦʝʚ ʘʪʤʦʩʬʝʨʳ. ɼʣʷ ʨʝʰʝʥʠʷ 

ʜʘʥʥʦʡ ʟʘʜʘʯʠ ʤʦʛʫʪ ʧʨʠʤʝʥʷʪʴʩʷ ʵʣʝʢʪʨʦʨʘʢʝʪʥʳʝ ʜʚʠʛʘʪʝʣʠ. ʅʦ ʪʦʨʤʦʞʝʥʠʝ 
ʩʫʱʝʩʪʚʝʥʥʦ ʟʘʚʠʩʠʪ ʦʪ ʩʦʣʥʝʯʥʦʡ ʘʢʪʠʚʥʦʩʪʠ, ʠ, ʢʨʦʤʝ ʪʦʛʦ ʩʫʱʝʩʪʚʫʶʪ ʝʛʦ ʩʫʪʦʯʥʳʝ ʠ 

ʩʝʟʦʥʥʳʝ ʢʦʣʝʙʘʥʠʷ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʜʣʷ ʅʆ ʂɸ ʥʝʦʙʭʦʜʠʤʳ ʜʚʠʛʘʪʝʣʠ ʩ ʚʦʟʤʦʞʥʦʩʪʴʶ 

ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʪʷʛʠ ʚ ʜʦʩʪʘʪʦʯʥʦ ʰʠʨʦʢʠʭ ʧʨʝʜʝʣʘʭ. ɺ ʅʀʀ ʇʄʕ ʄɸʀ ʚʝʜʫʪʩʷ 
ʨʘʟʨʘʙʦʪʢʠ ʤʥʦʛʦʨʝʞʠʤʥʦʛʦ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ ʠʦʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ (ɺʏʀɼ), ʧʨʠʤʝʥʠʤʦʛʦ 

ʜʣʷ ʨʝʰʝʥʠʷ ʧʦʜʦʙʥʦʡ ʟʘʜʘʯʠ. ʈʝʛʫʣʠʨʦʚʘʥʠʝ ʪʷʛʠ ʚ ʪʘʢʦʤ ʜʚʠʛʘʪʝʣʝ ʤʦʞʝʪ 

ʦʩʫʱʝʩʪʚʣʷʪʴʩʷ ʠʟʤʝʥʝʥʠʝʤ ʨʘʩʭʦʜʘ, ʘʤʧʣʠʪʫʜʥʦʛʦ ʟʥʘʯʝʥʠʷ ʪʦʢʘ ʚ ʠʥʜʫʢʪʦʨʝ ʠ 
ʧʦʪʝʥʮʠʘʣʦʚ ʵʣʝʢʪʨʦʜʦʚ ʠʦʥʥʦ-ʦʧʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ. ʆʜʥʠʤ ʠʟ ʬʘʢʪʦʨʦʚ, ʚʣʠʷʶʱʠʭ ʥʘ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʙʦʪʳ ʜʚʠʛʘʪʝʣʷ, ʷʚʣʷʝʪʩʷ ʬʦʨʤʘ ʛʘʟʦʨʘʟʨʷʜʥʦʡ ʢʘʤʝʨʳ. ʆʥʘ ʚʣʠʷʝʪ ʥʘ 

ʧʨʦʮʝʩʩʳ ʨʝʢʦʤʙʠʥʘʮʠʠ ʠʦʥʦʚ ʥʘ ʩʪʝʥʢʘʭ, ʘ ʪʘʢʞʝ ʥʘ ʢʦʥʬʠʛʫʨʘʮʠʶ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 
ʚʥʫʪʨʠ ʢʘʤʝʨʳ. ʇʨʠ ʨʘʟʣʠʯʥʳʭ ʨʝʞʠʤʘʭ ʨʘʙʦʪʳ ʜʚʠʛʘʪʝʣʷ ʥʘʠʙʦʣʝʝ ʧʨʠʝʤʣʝʤʳʤʠ ʩ 

ʪʦʯʢʠ ʟʨʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʙʦʯʠʭ ʧʨʦʮʝʩʩʦʚ ʚ ʜʚʠʛʘʪʝʣʝ ʤʦʛʫʪ ʦʢʘʟʘʪʴʩʷ ʨʘʟʣʠʯʥʳʝ 

ʬʦʨʤʳ ʛʘʟʦʨʘʟʨʷʜʥʦʡ ʢʘʤʝʨʳ. ɺ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʚʣʠʷʥʠʷ ʬʦʨʤʳ ʛʘʟʦʨʘʟʨʷʜʥʦʡ 
ʢʘʤʝʨʳ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ ʠʦʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ ʥʘ ʝʛʦ ʫʜʝʣʴʥʳʝ ʧʘʨʘʤʝʪʨʳ ʚ ʰʠʨʦʢʦʤ 

ʜʠʘʧʘʟʦʥʝ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʪʷʛʠ. ɼʣʷ ʘʥʘʣʠʟʘ ʙʳʣʘ ʨʝʘʣʠʟʦʚʘʥʘ ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ 

ʢʘʤʝʨʳ ɺʏʀɼ ʚ ʧʘʢʝʪʝ COMSOL Multiphysics 5.2. ʇʨʦʠʟʚʦʜʠʣʦʩʴ ʩʨʘʚʥʝʥʠʝ ʨʘʟʣʠʯʥʳʭ 
ʬʦʨʤ ʢʘʤʝʨʳ ʧʦ ʮʝʥʝ ʠʦʥʠʟʘʮʠʠ ʚ ʜʠʘʧʘʟʦʥʝ ʨʘʩʭʦʜʦʚ ʦʪ 0,13 ʜʦ 0,53 ʤʛ/ʩ, ʧʨʠ ʨʘʟʣʠʯʥʳʭ 

ʪʦʢʘʭ ʠʥʜʫʢʪʦʨʘ. 
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ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠʦʥʠʟʘʮʠʠ ʚ ʢʘʤʝʨʝ 
ʧʦʣʫʩʬʝʨʠʯʝʩʢʦʡ ʬʦʨʤʳ ʧʨʝʚʦʩʭʦʜʠʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠʦʥʠʟʘʮʠʠ ʚ ʢʘʤʝʨʘʭ ʜʨʫʛʠʭ ʬʦʨʤ 

ʧʨʠ ʚʩʝʭ ʨʝʞʠʤʘʭ ʨʘʙʦʪʳ ʜʚʠʛʘʪʝʣʷ, ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʚ ʧʨʦʮʝʩʩʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʥʦ ʚ 

ʦʙʣʘʩʪʠ ʤʘʣʳʭ ʨʘʩʭʦʜʦʚ (0.13-0.16 ʤʛ/ʩ) ʤʦʞʥʦ ʧʦʜʦʙʨʘʪʴ ʢʦʥʠʯʝʩʢʫʶ ʢʘʤʝʨʫ, ʩ 
ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ, ʧʨʠʙʣʠʞʘʶʱʠʤʠʩʷ ʢ ʧʦʣʫʩʬʝʨʠʯʝʩʢʦʡ. ʈʘʙʦʪʳ ʚʳʧʦʣʥʝʥʳ ʚ ʨʘʤʢʘʭ 

ʨʝʘʣʠʟʘʮʠʠ ʌʝʜʝʨʘʣʴʥʦʡ ʮʝʣʝʚʦʡ ʧʨʦʛʨʘʤʤʳ çʀʩʩʣʝʜʦʚʘʥʠʷ ʠ ʨʘʟʨʘʙʦʪʢʠ ʧʦ 

ʧʨʠʦʨʠʪʝʪʥʳʤ ʥʘʧʨʘʚʣʝʥʠʷʤ ʨʘʟʚʠʪʠʷ ʥʘʫʯʥʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ ʈʦʩʩʠʠ ʥʘ 
2014-2020 ʛʦʜʳè (ʉʦʛʣʘʰʝʥʠʝ ˉ14.577.21.0248. ʋʥʠʢʘʣʴʥʳʡ ʠʜʝʥʪʠʬʠʢʘʪʦʨ ʨʘʙʦʪ 

(ʧʨʦʝʢʪʘ): RFMEFI57717X0248). 

Analysis of the effect of the gas-discharge chamber shape on the operation of a radio-

frequency ion thruster with a wide range of thrust variation 

Akhmetzhanov R.V., Gordeev S.V., Kanev S.V., Nigmatzyanov V.V., Khartov S.A. 

MAI, Moscow 
For a low orbit spacecraft there is a need in counteracting the aerodynamic drag of the upper 

layers of the atmosphere. Electric propulsion thrusters may be used for solving this problem. But 

the drag depends significantly on the solar activity, and in addition there are daily and seasonal 

drag fluctuations. Thus, a low orbit spacecraft needs thrusters with the ability of regulating thrust 

in a sufficiently wide range. At the RIAME MAI, a multimode radio-frequency ion thruster is 
being developed. Thrust control in such thrusters can be provided by changing the mass flow 

rate, the current amplitude in the inductor and the potential of the first positive grid of the ion-

extraction system. One of the factors influencing the efficiency of the thruster is a gas-discharge 
chamber shape. It affects the recombination of ions on the walls, as well as the configuration of 

the magnetic field inside the chamber. The effect of the shape of the gas-discharge chamber of a 

radio-frequency ion thruster on its specific parameters in a wide range of thrust regulation is 
analyzed. For analysis, the chamber mathematical model was implemented in the COMSOL 

Multiphysics 5.2 software package. Ionization efficiency for gas-discharge chambers of different 

shapes was compared. Mass flow rate was varied from 0.13 mg/s to 0.53 mg/s. An amplitude 
value of current in the inductor varied from 3 A to 10 A. 

The works have been fulfilled within the frames of implementation of the Federal Targeted 

Program ñResearch and Development in the priority fields of the  science and technology sector 
growth in Russia for 2014-2020ò (Agreement No. 14.577.21.0248. The  unique identifier of work 

(project) RFMEFI57717X0248). 

ʇʦʚʳʰʝʥʠʝ ʤʘʩʩʦʚʦʛʦ ʩʦʚʝʨʰʝʥʩʪʚʘ ʩʠʣʦʚʳʭ ʵʣʝʤʝʥʪʦʚ ʜʚʠʛʘʪʝʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ 

ʟʘ ʩʯʸʪ ʚʥʝʜʨʝʥʠʷ ʘʜʜʠʪʠʚʥʳʭ ʪʝʭʥʦʣʦʛʠʡ 

ʉʠʣʫʷʥʦʚʘ ʄ.ɺ., ɼʟʛʦʝʚ ʊ.ʈ. 

ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ʂʦʨʧʫʩʥʳʝ ʜʝʪʘʣʠ ʜʚʠʛʘʪʝʣʝʡ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʘ ʠʤʝʶʪ ʚʝʩʴʤʘ ʩʣʦʞʥʫʶ 

ʛʝʦʤʝʪʨʠʯʝʩʢʫʶ ʬʦʨʤʫ, ʜʝʣʘʶʱʫʶ ʠʟʛʦʪʦʚʣʝʥʠʝ ʮʝʣʴʥʳʭ ʦʙʨʘʟʮʦʚ ʤʝʪʦʜʦʤ ʣʠʪʴʷ ʠʣʠ 

ʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʥʝʚʦʟʤʦʞʥʳʤ ʠʣʠ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʜʦʨʦʛʦʩʪʦʷʱʠʤ. ʂʘʢ 
ʩʣʝʜʩʪʚʠʝ, ʜʝʪʘʣʠ ʧʨʠʭʦʜʠʪʩʷ ʠʟʛʦʪʦʚʣʷʪʴ ʠʟ ʥʝʩʢʦʣʴʢʠʭ ʩʦʩʪʘʚʥʳʭ ʯʘʩʪʝʡ, ʧʦʜʣʝʞʘʱʠʭ 

ʩʚʘʨʢʝ ʚ ʝʜʠʥʦʝ ʮʝʣʦʝ. ʀʤʝʥʥʦ ʩʚʘʨʦʯʥʳʝ ʰʚʳ, ʢʘʢ ʧʨʘʚʠʣʦ, ʦʢʘʟʳʚʘʶʪʩʷ ʩʣʘʙʳʤ ʟʚʝʥʦʤ 

ʟʘ ʩʯʝʪ ʥʘʨʫʰʝʥʠʷ ʦʜʥʦʨʦʜʥʦʩʪʠ ʩʪʨʫʢʪʫʨʳ ʤʘʪʝʨʠʘʣʘ ʠʣʠ ʦʢʩʠʜʘʮʠʠ ʧʨʠ ʩʚʘʨʢʝ. 
ɸʜʜʠʪʠʚʥʦʝ ʧʨʦʠʟʚʦʜʩʪʚʦ ʞʝ ʥʝ ʦʛʨʘʥʠʯʝʥʦ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʩʣʦʞʥʦʩʪʴʶ 

ʠʟʛʦʪʦʚʣʷʝʤʳʭ ʜʝʪʘʣʝʡ ï ʧʨʘʢʪʠʯʝʩʢʠ ʣʶʙʘʷ ʬʦʨʤʘ ʤʦʞʝʪ ʙʳʪʴ ʚʳʧʦʣʥʝʥʘ ʙʝʟ 

ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʧʦʩʣʝʜʫʶʱʝʡ ʩʙʦʨʢʠ ʠʣʠ ʩʚʘʨʢʠ. 
ʇʦʚʳʰʝʥʠʝ ʧʨʦʯʥʦʩʪʠ ʢʦʥʩʪʨʫʢʮʠʠ ʧʨʦʠʩʭʦʜʠʪ ʟʘ ʩʯʝʪ ʦʪʩʫʪʩʪʚʠʷ ʩʚʘʨʥʳʭ ʰʚʦʚ. 

ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ ʧʨʠ ʠʟʛʦʪʦʚʣʝʥʠʠ ʢʦʨʧʫʩʥʳʭ ʜʝʪʘʣʝʡ ʠʟʛʦʪʦʚʣʝʥʥʳʭ ʥʘ 3D ʧʨʠʥʪʝʨʝ, 

ʧʨʦʯʥʦʩʪʴ ʩʠʣʦʚʳʭ ʵʣʝʤʝʥʪʦʚ ʜʚʠʛʘʪʝʣʷ ʧʦʚʳʩʠʪʩʷ ʥʘ 5-10 %. 
ʆʜʥʦʡ ʠʟ ʛʣʘʚʥʳʭ ʟʘʜʘʯ ʚ ʘʚʠʘ- ʠ ʨʘʢʝʪʦʩʪʨʦʝʥʠʠ ʷʚʣʷʝʪʩʷ ʫʤʝʥʴʰʝʥʠʝ ʚʝʩʘ ʩʠʣʦʚʦʡ 

ʫʩʪʘʥʦʚʢʠ. ʉ ʥʘʯʘʣʘ 2010 ʛʦʜʘ ʠʥʪʝʥʩʠʚʥʦ ʥʘʯʘʣʠ ʨʘʟʚʠʚʘʪʴʩʷ ʪʝʭʥʦʣʦʛʠʠ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʪʨʸʭʤʝʨʥʳʭ ʦʙʲʝʢʪʦʚ ʥʝ ʧʫʪʸʤ ʫʜʘʣʝʥʠʷ ʤʘʪʝʨʠʘʣʘ (ʪʦʯʝʥʠʝ, ʬʨʝʟʝʨʦʚʘʥʠʝ, 
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ʵʣʝʢʪʨʦʵʨʦʟʠʦʥʥʘʷ ʦʙʨʘʙʦʪʢʘ) ʠʣʠ ʠʟʤʝʥʝʥʠʷ ʬʦʨʤʳ ʟʘʛʦʪʦʚʢʠ (ʢʦʚʢʘ, ʰʪʘʤʧʦʚʢʘ, 
ʧʨʝʩʩʦʚʢʘ), ʘ ʧʫʪʸʤ ʧʦʩʪʝʧʝʥʥʦʛʦ ʥʘʨʘʱʠʚʘʥʠʷ (ʜʦʙʘʚʣʝʥʠʷ) ʤʘʪʝʨʠʘʣʘ. 

ɺ 2015 ʛʦʜʫ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʨʘʙʦʪʳ ʧʦ ʦʧʪʠʤʠʟʘʮʠʠ ʩʠʣʦʚʦʛʦ ʵʣʝʤʝʥʪʘ 

ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʫʩʪʘʥʦʚʢʠ ʢʦʩʤʠʯʝʩʢʠʭ ʢʦʨʘʙʣʝʡ ʥʦʚʦʛʦ ʧʦʢʦʣʝʥʠʷ, ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ 
ʢʦʪʦʨʳʭ ʙʳʣʦ ʚʳʷʚʣʝʥʦ, ʯʪʦ ʧʝʨʝʭʦʜ ʦʪ ʢʣʘʩʩʠʯʝʩʢʦʛʦ ʤʝʪʦʜʘ ʠʟʛʦʪʦʚʣʝʥʠʷ ʜʝʪʘʣʝʡ ʢ 

ʠʩʧʦʣʴʟʦʚʘʥʠʶ 3D ʧʝʯʘʪʠ ʟʥʘʯʠʪʝʣʴʥʦ ʫʤʝʥʴʰʘʝʪ ʩʨʦʢʠ ʠʟʛʦʪʦʚʣʝʥʠʷ, ʘ ʪʘʢʞʝ 

ʩʧʦʩʦʙʩʪʚʫʶʪ ʫʤʝʥʴʰʝʥʠʶ ʚʝʩʘ ʜʝʪʘʣʠ ʜʦ 35%. 
ʇʨʠʤʝʥʝʥʠʝ ʘʜʜʠʪʠʚʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʚ ʘʚʠʘʩʪʨʦʝʥʠʠ ʧʦʟʚʦʣʷʝʪ ʨʝʰʠʪʴ ʩʣʦʞʥʳʝ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʧʨʦʙʣʝʤʳ. ʉʫʱʝʩʪʚʫʶʱʠʝ ʪʝʭʥʦʣʦʛʠʠ ʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʠʤʝʶʪ 

ʨʷʜ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʦʛʨʘʥʠʯʝʥʠʡ. ʆʜʥʘʢʦ, ʩʢʚʦʟʥʦʝ ʮʠʬʨʦʚʦʝ ʧʨʦʝʢʪʠʨʦʚʘʥʠʝ ʠ 
ʧʨʦʠʟʚʦʜʩʪʚʦ, ʠʩʧʦʣʴʟʫʶʱʝʝʩʷ ʜʣʷ ʚʳʧʫʩʢʘ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʠʟʜʝʣʠʡ ʩʦ ʩʣʦʞʥʳʤʠ 

ʚʥʫʪʨʝʥʥʠʤʠ ʩʪʨʫʢʪʫʨʘʤʠ ʠ ʧʦʣʦʩʪʷʤʠ, ʧʦʟʚʦʣʷʝʪ ʵʬʬʝʢʪʠʚʥʦ ʠʭ ʧʨʝʦʜʦʣʝʚʘʪʴ. 

ʈʘʟʚʠʪʠʝ ʘʜʜʠʪʠʚʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʚ ʩʬʝʨʝ ʘʚʠʘ- ʠ ʨʘʢʝʪʦʩʪʨʦʝʥʠʠ ʩʧʦʩʦʙʩʪʚʫʶʪ 
ʨʝʰʝʥʠʶ ʨʷʜʘ ʚʦʧʨʦʩʦʚ, ʢʦʪʦʨʳʝ ʨʘʥʴʰʝ ʥʝ ʤʦʛʣʠ ʙʳʪʴ ʨʝʰʝʥʳ ʧʨʠ ʧʦʤʦʱʠ 

ʢʣʘʩʩʠʯʝʩʢʦʛʦ ʤʝʪʦʜʘ ʠʟʛʦʪʦʚʣʝʥʠʷ ʜʝʪʘʣʝʡ. 

Increase of mass perfection of power elements of the propulsion system due to 

introduction of additive technologies  

Siluyanova M.V., Dzgoev T.R. 
MAI, Moscow 

The housing parts of aircraft engines have a very complex geometric shape, making the 

manufacture of solid samples by casting or machining impossible or extremely costly. As a 
consequence, parts have to be made from several components, which are to be welded together. It 

is welding seams, as a rule, are a weak link due to the disruption of the homogeneity of the 

structure of the material or oxidation during welding. 
Additive production is not limited to the geometric complexity of the parts produced ï 

virtually any form can be performed without the need for subsequent assembly or welding. 

The strength of the structure is increased due to the absence of welds. Accordingly, in the 
manufacture of body parts manufactured on a 3D printer, the strength of engine power elements 

will increase by 5-10%. 

One of the main tasks in aviation and rocket construction is to reduce the weight of the power 
plant. From the beginning of 2010, the technology of forming three-dimensional objects began to 

develop intensively, not by removing material (turning, milling, EDM) or changing the shape of 

the workpiece (forging, stamping, pressing), but by gradually increasing (adding) the material. 
In 2015, work was carried out to optimize the power element of the power plant of new-

generation spacecraft, according to which it was revealed that the transition from the classical 

method of manufacturing parts to the use of 3D printing significantly reduces the production 
time, and also helps to reduce the weight of the part to 35%. 

The use of additive technologies in aircraft building allows solving complex technological 

problems. Existing machining technologies have a number of technological limitations. 
However, end-to-end digital design and production used to produce metal products with complex 

internal structures and cavities allows them to be effectively overcome. 

The development of additive technologies in the field of aircraft and rocket construction 

contributes to solving a number of issues that could not previously be solved using the classical 

method of manufacturing parts. 

ʈʘʩʯʝʪʥʦ-ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʯʠʩʣʘ ʈʝʡʥʦʣʴʜʩʘ ʠ ʢʣʦʢʠʥʛʘ 

ʨʦʪʦʨʦʚ ʠ ʩʪʘʪʦʨʦʚ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʳʩʦʢʦʥʘʛʨʫʞʝʥʥʦʛʦ ʜʚʫʭʩʪʫʧʝʥʯʘʪʦʛʦ 

ʢʦʤʧʨʝʩʩʦʨʘ ʥʘ ʩʪʝʧʝʥʴ ʩʞʘʪʠʷ 3.7  

ɼʨʫʞʠʥʠʥ ʗ.ʄ., ʄʠʣʝʰʠʥ ɺ.ʀ., ʂʦʞʝʤʷʢʦ ʇ.ɻ., ʉʝʤʸʥʢʠʥ ɺ.ɻ. 
ʎʀɸʄ, ʛ. ʄʦʩʢʚʘ 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʠ ʨʘʩʯʝʪʥʦʛʦ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʚʣʠʷʥʠʷ ʯʠʩʣʘ Re ʥʘ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 
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ʚʳʩʦʢʦʥʘʛʨʫʞʝʥʥʦʛʦ 2-ʩʪʫʧʝʥʯʘʪʦʛʦ ʢʦʤʧʨʝʩʩʦʨʘ ʅʈʉ-2, ʤʦʜʝʣʠʨʫʶʱʝʛʦ ʜʚʝ ʧʝʨʚʳʝ 
ʩʪʫʧʝʥʠ ʂɺɼ ʧʝʨʩʧʝʢʪʠʚʥʦʛʦ ʜʚʠʛʘʪʝʣʷ.  

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʅʈʉ-2 ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʩʪʝʥʜʝ ʎ-3 ʎʀɸʄ ʧʨʠ 

ʠʟʤʝʥʝʥʠʠ ʯʠʩʣʘ ʈʝʡʥʦʣʴʜʩʘ ʧʫʪʝʤ ʫʤʝʥʴʰʝʥʠʷ ʜʘʚʣʝʥʠʷ ʥʘ ʚʭʦʜʝ ʦʪ ʘʪʤʦʩʬʝʨʥʦʡ 
ʚʝʣʠʯʠʥʳ ʜʦ 0.2 ʘʪʤ ʠ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʢʣʦʢʠʥʛ ʨʘʩʧʦʣʦʞʝʥʠʷ ʨʦʪʦʨʥʳʭ ʠ ʩʪʘʪʦʨʥʳʭ 

ʚʝʥʮʦʚ ʚ ʦʧʪʠʤʘʣʴʥʳʭ ʪʦʯʢʘʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʥʘ ʜʚʫʭ ʯʘʩʪʦʪʘʭ ʚʨʘʱʝʥʠʷ ʨʦʪʦʨʘ ǹʧʨ=0.7 ʠ 

0.88. ʂʣʦʢʠʥʛ ʩʪʘʪʦʨʥʳʭ ʚʝʥʮʦʚ ʙʳʣ ʪʘʢʞʝ ʨʘʩʩʤʦʪʨʝʥ ʥʘ ʜʚʫʭ ʜʨʫʛʠʭ ʯʘʩʪʦʪʘʭ ʚʨʘʱʝʥʠʷ 

ʨʦʪʦʨʘ ǹʧʨ=0.8 ʠ 1.00. 

ʀʩʧʳʪʘʥʠʷ ʢʦʤʧʨʝʩʩʦʨʘ ʅʈʉ-2 ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʝ ʫʤʝʥʴʰʝʥʠʝ ʜʘʚʣʝʥʠʷ 

ʥʘ ʚʭʦʜʝ ʦʪ 1.0 ʜʦ 0.7, 0.4, 0.2 ʦʪ ʘʪʤʦʩʬʝʨʥʦʛʦ (ʫʤʝʥʴʰʝʥʠʝ ʯʠʩʣʘ Re ʦʪ 17.85Ö105 ʜʦ 

2.94Ö105) ʧʨʠʚʦʜʠʪ ʢ ʤʦʥʦʪʦʥʥʦʤʫ ʩʥʠʞʝʥʠʶ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʂʇɼ ʢʦʤʧʨʝʩʩʦʨʘ ʥʘ 1% ʠ 

ʩʤʝʱʝʥʠʶ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʢʦʤʧʨʝʩʩʦʨʘ ʥʘ ʤʝʥʴʰʠʝ ʚʝʣʠʯʠʥʳ ʨʘʩʭʦʜʘ ʚʦʟʜʫʭʘ ʥʘ 2%. 

ʈʘʩʯʝʪʥʳʝ ʚʝʣʠʯʠʥʳ ʚʣʠʷʥʠʷ ʯʠʩʣʘ Re ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʦʤʧʨʝʩʩʦʨʘ ʧʦ 3D ʤʦʜʝʣʠ 
ʪʝʯʝʥʠʷ ʙʝʟ ʫʯʝʪʘ ʪʦʯʢʠ ʧʝʨʝʭʦʜʘ ʣʘʤʠʥʘʨʥʦʛʦ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʚ ʪʫʨʙʫʣʝʥʪʥʳʡ 

ʟʥʘʯʠʪʝʣʴʥʦ ʧʨʝʚʳʰʘʶʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʧʦ ʢʧʜ ʠ ʨʘʩʭʦʜʫ ʠ ʩʦʩʪʘʚʣʷʶʪ 4% 

ʧʦ ʤʘʢʩʠʤʘʣʴʥʦʤʫ ʂʇɼ ʠ 3% ʧʦ ʨʘʩʭʦʜʫ ʚʦʟʜʫʭʘ. 
ʈʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʢʦʤʧʨʝʩʩʦʨʦʚ ʩʦʚʨʝʤʝʥʥʳʭ ʜʚʠʛʘʪʝʣʝʡ 

ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʟʥʘʯʠʪʝʣʴʥʫʶ ʨʦʣʴ ʚ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠ ʫʩʪʦʡʯʠʚʦʩʪʠ ʨʘʙʦʪʳ 

ʢʦʤʧʨʝʩʩʦʨʦʚ ʠʛʨʘʶʪ ʥʝʩʪʘʮʠʦʥʘʨʥʳʝ ʧʨʦʮʝʩʩʳ.  
ʆʜʥʠʤ ʠʟ ʤʝʪʦʜʦʚ ʫʧʨʘʚʣʝʥʠʷ ʥʝʩʪʘʮʠʦʥʘʨʥʳʤ ʪʝʯʝʥʠʝʤ ʚ ʢʦʤʧʨʝʩʩʦʨʘʭ ʷʚʣʷʝʪʩʷ 

ʢʣʦʢʠʥʛ-ʵʬʬʝʢʪ. ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʢʣʦʢʠʥʛ-ʵʬʬʝʢʪ ʩʪʘʪʦʨʦʚ ʠ ʨʦʪʦʨʦʚ ʙʳʣ ʧʦʜʨʦʙʥʦ 

ʠʩʩʣʝʜʦʚʘʥ ʥʘ ʧʨʠʤʝʨʝ ʜʚʫʭʩʪʫʧʝʥʯʘʪʦʛʦ ʢʦʤʧʨʝʩʩʦʨʘ ʅʈʉ-2 (p*ʢ=3.7) ʚ ʫʩʣʦʚʠʷʭ ʅ=0; 

ʄ=0. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʜʣʷ ʢʦʤʧʨʝʩʩʦʨʘ ʅʈʉ-2 ʧʨʦʚʝʜʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʯʠʩʣʘ 

ʈʝʡʥʦʣʴʜʩʘ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʦʤʧʨʝʩʩʦʨʘ ʧʨʠ ʢʣʦʢʠʥʛ-ʵʬʬʝʢʪʝ ʨʦʪʦʨʦʚ ʠ ʩʪʘʪʦʨʦʚ. 
ʀʩʧʳʪʘʥʠʷ ʢʦʤʧʨʝʩʩʦʨʘ ʅʈʉ-2 ʧʦʢʘʟʘʣʠ, ʯʪʦ ʩ ʫʤʝʥʴʰʝʥʠʝʤ ʜʘʚʣʝʥʠʷ ʥʘ ʚʭʦʜʝ ʠ ʩ 

ʠʟʤʝʥʝʥʠʝʤ ʯʠʩʣʘ Re ʩʫʤʤʘʨʥʳʡ ʢʣʦʢʠʥʛ ʵʬʬʝʢʪ ʨʦʪʦʨʦʚ ʠ ʩʪʘʪʦʨʦʚ ʫʩʠʣʠʚʘʝʪʩʷ ʠ 

ʩʦʩʪʘʚʣʷʝʪ 0.9 % ʧʦ ʂʇɼ ʧʨʠ ʘʪʤʦʩʬʝʨʥʳʭ ʫʩʣʦʚʠʷʭ ʥʘ ʚʭʦʜʝ ʠ ʜʦʩʪʠʛʘʝʪ 1.5 % ʧʨʠ 
ʫʤʝʥʴʰʝʥʠʠ ʜʘʚʣʝʥʠʷ ʥʘ ʚʭʦʜʝ ʜʦ 0.2 ʦʪ ʘʪʤʦʩʬʝʨʥʦʡ ʚʝʣʠʯʠʥʳ. 

Numerical and Experimental Studies of Reynolds Number and Rotor-Stator Clocking 

Effect on Performance of a High-loaded Two-stage Compressor with 3.7 Total Pressure Ratio  

Druzhinin Ya.M., Mileshin V.I., Kozhemyako P.G., Semenkin V.G. 

CIAM, Moscow 

This work presents the results of experimental and numerical investigations of Re number effect 
on gas-dynamic characteristics of a high-loaded two-stage compressor (HPC-2), simulating the first 

two stages of the HPC for an advanced engine.  

The experimental study of HPC-2 is carried out at the CIAMôs C-3 test facility when changing 
the Reynolds number by decreasing pressure at the inlet from 1 bar to 0.2 bar and changing the 

clocking position of rotor and stator rows at optimal points of performances at two rotational 

speeds (0.7 and 0.88). Clocking of stator rows was also investigated at another two rotational 
speeds (0.8 and 1.00)  

Tests of HPC-2 compressor show that a stepwise decrease of the inlet pressure from 1.0 to 0.7, 

0.4, 0.2 bar (a decrease in Re number from 1785000 to 294000) leads to a smooth decrease in 

maximum compressor efficiency by 1% and a shift of compressor characteristics towards lower air 

flow rates (by 2%). The calculated values of Re effect on the compressor characteristics for the 3D 

flow model without reference to the laminar-turbulent boundary layer conversion point are much 
higher than the experimental values for efficiency and flow, and are 4% for max. efficiency, and 

3% for air flow. 

The experimental studies of compressors for present-day engines show that unsteady processes 
play a key role in compressor efficiency and stability. 

One way to control unsteady flow in compressors is clocking effect [1-4]. Recently clocking 

effect of stators and rotors has been investigated in details using the HPC-2 two-stage compressor 
(total pressure ratio 3.7) in H = 0; M = 0 conditions. The effect of Reynolds number on compressor 
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characteristics is studied in this work for the HPC-2 compressor with account of the rotor and stator 
clocking effect. Tests of HPC-2 compressor show that a decrease in the inlet pressure and changes 

in Re number result in a more severe total clocking effect and is 0.9% in terms of efficiency under 

atmospheric conditions at the inlet and 1.5 % with a decrease in the inlet pressure from atmospheric 
pressure down to 0.2 bar. 

ʆ ʢʦʥʮʝʧʮʠʷʭ ʧʨʠʤʝʥʝʥʠʷ ʜʚʠʛʘʪʝʣʝʡ ʢʦʨʨʝʢʮʠʠ ʠ ʜʦʚʳʚʝʜʝʥʠʷ  

ɽʨʤʦʰʢʠʥ ʖ.ʄ., ʗʢʠʤʦʚ ɽ.ʅ. 
ʀʉʉ, ʛ. ɾʝʣʝʟʥʦʛʦʨʩʢ 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʟʘʤʝʪʥʦ ʚʦʟʨʘʩʪʘʶʪ ʤʘʩʰʪʘʙʳ ʧʨʠʤʝʥʝʥʠʷ ʵʣʝʢʪʨʦʨʝʘʢʪʠʚʥʳʭ 

ʜʚʠʛʘʪʝʣʝʡ ʚ ʩʦʩʪʘʚʝ ʢʦʩʤʠʯʝʩʢʠʭ ʘʧʧʘʨʘʪʦʚ ʨʘʟʣʠʯʥʦʛʦ ʥʘʟʥʘʯʝʥʠʷ [1]. ʇʨʠʤʝʥʠʪʝʣʴʥʦ ʢ 
ʛʝʦʩʪʘʮʠʦʥʘʨʥʳʤ ʩʧʫʪʥʠʢʘʤ ʩʫʱʝʩʪʚʫʶʪ ʜʚʝ ʦʩʥʦʚʥʳʝ ʟʘʜʘʯʠ ʜʣʷ ʙʦʨʪʦʚʦʡ 

ʵʣʝʢʪʨʦʨʝʘʢʪʠʚʥʦʡ ʜʚʠʛʘʪʝʣʴʥʦʡ ʧʦʜʩʠʩʪʝʤʳ (ʕʈɼʇ): ʜʦʚʳʚʝʜʝʥʠʝ ʥʘ ɻʉʆ ʩ ʧʝʨʝʭʦʜʥʦʡ 

ʦʨʙʠʪʳ ʠ ʢʦʨʨʝʢʮʠʷ ʦʨʙʠʪʳ ʚ ʪʝʯʝʥʠʝ ʩʨʦʢʘ ʩʣʫʞʙʳ. ʇʝʨʚʘʷ ʟʘʜʘʯʘ ʪʨʝʙʫʝʪ ʤʘʢʩʠʤʘʣʴʥʦ 
ʚʦʟʤʦʞʥʦʡ ʪʷʛʠ ʜʚʠʛʘʪʝʣʝʡ ʜʣʷ ʩʦʢʨʘʱʝʥʠʷ ʜʣʠʪʝʣʴʥʦʩʪʠ ʤʘʥʝʚʨʘ, ʚʪʦʨʘʷ ï 

ʤʘʢʩʠʤʘʣʴʥʦʡ ʵʢʦʥʦʤʠʯʥʦʩʪʠ ʧʨʠ ʦʛʨʘʥʠʯʝʥʥʦʡ ʪʷʛʝ ʠ ʧʦʪʨʝʙʣʷʝʤʦʡ ʤʦʱʥʦʩʪʠ. ʈʝʰʝʥʠʝ 
ʵʪʠʭ ʟʘʜʘʯ ʚʦʟʤʦʞʥʦ ʜʚʫʤʷ ʧʫʪʷʤʠ: ʘ) ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʚʫʭʨʝʞʠʤʥʳʝ ʜʚʠʛʘʪʝʣʠ ï ʥʘ ʵʪʘʧʝ 

ʜʦʚʳʚʝʜʝʥʠʷ ʚ ʨʝʞʠʤʝ ʤʘʢʩʠʤʘʣʴʥʦʡ ʪʷʛʠ, ʘ ʦʩʪʘʣʴʥʦʝ ʚʨʝʤʷ ï ʚ ʨʝʞʠʤʝ ʦʛʨʘʥʠʯʝʥʥʦʡ 

ʪʷʛʠ, ʙ) ʜʣʷ ʜʦʚʳʚʝʜʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʚʠʛʘʪʝʣʠ ʧʦʚʳʰʝʥʥʦʡ ʪʷʛʠ, ʘ ʦʩʪʘʣʴʥʦʝ ʚʨʝʤʷ ï 
ʚʳʩʦʢʦʵʢʦʥʦʤʠʯʥʳʝ ʜʚʠʛʘʪʝʣʠ ʦʛʨʘʥʠʯʝʥʥʦʡ ʪʷʛʠ. ʇʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ ʚʦʧʨʦʩ ʦ ʪʦʤ, 

ʢʘʢʘʷ ʠʟ ʵʪʠʭ ʢʦʥʮʝʧʮʠʡ ʚʳʛʦʜʥʝʝ ʧʦ ʢʨʠʪʝʨʠʶ ʩʫʤʤʘʨʥʦʡ ʤʘʩʩʳ ʟʘʧʨʘʚʣʝʥʥʦʡ ʕʈɼʇ. 

ʉʨʘʚʥʝʥʠʝ ʚʘʨʠʘʥʪʦʚ ʤʦʞʥʦ ʧʨʦʚʝʩʪʠ, ʥʘʧʨʠʤʝʨ, ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʠʟʜʝʣʠʶ ʥʘ ʙʘʟʝ 
ʧʣʘʪʬʦʨʤʳ çʕʢʩʧʨʝʩʩ-1000è. ɺ ʦʙʦʠʭ ʚʘʨʠʘʥʪʘʭ ʚ ʢʘʯʝʩʪʚʝ ʜʚʠʛʘʪʝʣʷ ʜʦʚʳʚʝʜʝʥʠʷ 

ʚʳʙʨʘʥ ʉʇɼ-140ɼ ʚ ʨʝʞʠʤʝ 4.5 ʢɺʪ ʩ ʪʷʛʦʡ 290 ʤʅ [2]. ɺ ʧʝʨʚʦʤ ʚʘʨʠʘʥʪʝ ʵʪʦʪ ʞʝ ʪʠʧ 

ʜʚʠʛʘʪʝʣʷ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʢʦʨʨʝʢʮʠʠ ʦʨʙʠʪʳ ʚ ʨʝʞʠʤʝ 3 ʢɺʪ ʧʨʠ ʪʷʛʝ 180 ʤʅ. ɺʦ ʚʪʦʨʦʤ 
ʚʘʨʠʘʥʪʝ ʜʣʷ ʢʦʨʨʝʢʮʠʠ ʦʨʙʠʪʳ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚʳʩʦʢʦʠʤʧʫʣʴʩʥʳʡ ʜʚʠʛʘʪʝʣʴ ʂʄ-75 ʪʷʛʦʡ 

95 ʤʅ ʧʨʠ ʤʦʱʥʦʩʪʠ 2.3 ʢɺʪ. ʉʫʤʤʘʨʥʳʡ ʠʤʧʫʣʴʩ ʜʣʷ ʜʦʚʳʚʝʜʝʥʠʷ ʠ ʜʣʷ ʢʦʨʨʝʢʮʠʠ 

ʦʨʙʠʪʳ ʩʦʦʪʥʦʩʷʪʩʷ ʢʘʢ 0.6 ʢ 1. ʆʮʝʥʢʠ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʤʘʩʩʘ ʚʘʨʠʘʥʪʘ ʩ ʦʪʜʝʣʴʥʳʤʠ 
ʜʚʠʛʘʪʝʣʷʤʠ ʜʣʷ ʜʦʚʳʚʝʜʝʥʠʷ ʠ ʢʦʨʨʝʢʮʠʠ ʦʨʙʠʪʳ ʧʨʠ ʜʘʥʥʳʭ ʫʩʣʦʚʠʷʭ ʤʝʥʴʰʝ 

ʧʨʠʤʝʨʥʦ ʥʘ 160 ʢʛ. ʊʘʢʦʝ ʧʨʝʠʤʫʱʝʩʪʚʦ ʜʦʩʪʠʛʘʝʪʩʷ ʟʘ ʩʯʝʪ ʙʦʣʝʝ ʣʝʛʢʠʭ ʠ ʵʢʦʥʦʤʠʯʥʳʭ 

ʜʚʠʛʘʪʝʣʝʡ ʢʦʨʨʝʢʮʠʠ ʦʨʙʠʪʳ. ɺʘʨʠʘʥʪ ʩ ʝʜʠʥʳʤʠ ʜʚʠʛʘʪʝʣʷʤʠ ʧʨʦʠʛʨʳʚʘʝʪ ʟʘ ʩʯʝʪ ʠʭ 
ʙʦʣʴʰʝʡ ʤʘʩʩʳ, ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʴʰʝʛʦ ʟʘʧʘʩʘ ʢʩʝʥʦʥʘ ʠ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʙʘʢʘ ʜʣʷ ʝʛʦ 

ʨʘʟʤʝʱʝʥʠʷ.  

 ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʛʝʦʩʪʘʮʠʦʥʘʨʥʳʭ ʂɸ ʩ ʬʫʥʢʮʠʝʡ ʜʦʚʳʚʝʜʝʥʠʷ 
ʧʨʠ ʚʳʙʨʘʥʥʳʭ ʫʩʣʦʚʠʷʭ ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʢʦʥʮʝʧʮʠʶ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʭ 

ʜʚʠʛʘʪʝʣʝʡ ʜʣʷ ʜʦʚʳʚʝʜʝʥʠʷ ʠ ʢʦʨʨʝʢʮʠʠ ʦʨʙʠʪʳ.  
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On the concepts of thruster application for orbit control and orbit raising 

Ermoshkin Y.M., Yakimov E.N. 

ISS, Zheleznogorsk 

We are witnessing a noticeable growth in the use of electric propulsion thrusters for spacecraft 
of various applications.[1] Speaking of Geostationary satellites, two main challenges need to be 

addressed in terms of the electric propulsion subsystem (EPS): orbit raising from Transfer orbit 

to GSO, and orbit control during spacecraft lifetime. The first requires maximum possible thrust 
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in order to minimize the duration of the manoeuver, while the latter calls for economical 
operation while limiting thrust and power consumption. There are two possible solutions: a) to 

use thrusters with two modes of operation, i.e. maximum thrust mode for orbit raising, and 

limited thrust mode at all other times; and b) use designated augmented thrusters for orbit raising, 
and economical thrusters with limited thrust for other operations. Of particular concern, 

obviously, is the matter of choosing the more advantageous solution in terms of cumulative mass 

of a fueled EPS. The following comparison is made for an Express-1000 based spacecraft. To 
illustrate the pros and cons of both solutions, we have chosen the SPD-140D thruster at 4.5 kW, 

290 mN thrust.[2] In the first scenario, this same type thruster is used for orbit control in 3 kW, 

180 mN mode. In the second scenario, a high-impulse KM-75 thruster with 95 mN thrust at 2.3 
kW. The overall impulse for orbit raising and control presents as a ratio of 0.6 to 1. Based on our 

evaluation, under such conditions the mass in the second scenario (with designated thrusters for 

orbit raising and control) will be approximately 160 kg less than the mass in the first scenario. 
Such advantage is achieved by use of lighter, more efficient, orbit control thrusters. The scenario 

where single thrusters are used is rendered inefficient by greater thruster mass, sufficiently 
greater xenon supply, and an additional xenon storage tank. 

Thus, it is recommended to use the concept of designated orbit raising and orbit control 

thrusters for the design of geostationary satellites with orbit raising capability.  
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ʈʘʩʯʝʪʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʥʘʜʨʦʪʦʨʥʳʭ ʫʩʪʨʦʡʩʪʚ ʣʘʙʠʨʠʥʪʥʦʛʦ ʪʠʧʘ ʥʘ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʟʘʤʳʢʘʶʱʝʡ ʩʪʫʧʝʥʠ ʢʦʤʧʨʝʩʩʦʨʘ 

ɾʜʘʥʦʚ ɺ.ɺ., ʄʠʣʝʰʠʥ ɺ.ʀ. 

ʎʀɸʄ, ʛ. ʄʦʩʢʚʘ 

ɺʳʩʦʢʠʝ ʩʪʝʧʝʥʠ ʧʦʚʳʰʝʥʠʷ ʜʘʚʣʝʥʠʷ ʚ ʩʦʚʨʝʤʝʥʥʳʭ ʦʩʝʚʳʭ ʢʦʤʧʨʝʩʩʦʨʘʭ ʧʨʠʚʦʜʷʪ ʢ 

ʫʤʝʥʴʰʝʥʠʶ ʚʳʩʦʪʳ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʢ ʫʤʝʥʴʰʝʥʠʶ ʚʳʩʦʪʳ ʣʦʧʘʪʦʢ ʚ 

ʧʦʩʣʝʜʥʠʭ ʩʪʫʧʝʥʷʭ ʢʦʤʧʨʝʩʩʦʨʘ. ɿʘʟʦʨ ʥʘ ʧʝʨʠʬʝʨʠʠ ʣʦʧʘʪʢʠ ʥʝ ʤʦʞʝʪ ʙʳʪʴ ʩʥʠʞʝʥ ʧʦ 
ʦʪʥʦʰʝʥʠʶ ʢ ʚʳʩʦʪʝ ʠʣʠ ʜʣʠʥʝ ʭʦʨʜʳ ʣʦʧʘʪʢʠ ʥʘ ʪʘʢʫʶ ʞʝ ʦʪʥʦʩʠʪʝʣʴʥʫʶ ʚʝʣʠʯʠʥʫ, ʯʪʦ ʠ 

ʚ ʧʝʨʚʳʭ ʩʪʫʧʝʥʷʭ. ɹʦʣʝʝ ʪʦʛʦ, ʨʘʙʦʪʘ ʢʦʤʧʨʝʩʩʦʨʘ ʥʘ ʧʝʨʝʭʦʜʥʳʭ ʨʝʞʠʤʘʭ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ 

ʢ ʫʚʝʣʠʯʝʥʠʶ ʟʘʟʦʨʦʚ ʥʘ ʧʝʨʠʬʝʨʠʠ, ʪʘʢ ʯʪʦ ʚ ʧʦʩʣʝʜʥʠʭ ʩʪʫʧʝʥʷʭ ʟʥʘʯʝʥʠʷ ʟʘʟʦʨʦʚ ʙʫʜʫʪ 
ʟʘʤʝʪʥʦ ʚʳʰʝ ʦʙʳʯʥʳʭ. ʕʪʦ ʤʦʞʝʪ ʧʦʚʣʠʷʪʴ ʥʘ ʜʠʘʧʘʟʦʥ ʨʘʙʦʯʠʭ ʨʝʞʠʤʦʚ ʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʩʝʛʦ ʢʦʤʧʨʝʩʩʦʨʘ. ʅʘʜʨʦʪʦʨʥʦʝ ʫʩʪʨʦʡʩʪʚʦ (ʅʈʋ) ʣʘʙʠʨʠʥʪʥʦʛʦ ʪʠʧʘ 

ʤʦʞʝʪ ʙʳʪʴ ʦʜʥʠʤ ʠʟ ʩʨʝʜʩʪʚ ʧʘʨʠʨʦʚʘʥʠʷ ʥʝʛʘʪʠʚʥʳʭ ʧʦʩʣʝʜʩʪʚʠʡ, ʩʚʷʟʘʥʥʳʭ ʩ 
ʫʚʝʣʠʯʝʥʠʝʤ ʟʘʟʦʨʘ ʥʘ ʧʝʨʠʬʝʨʠʠ ʨʦʪʦʨʘ. 

ʆʙʲʝʢʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʩʪʫʧʝʥʴ ɼ-77ʄ ï ʢʨʫʧʥʦʛʘʙʘʨʠʪʥʘʷ (1 ʤ) 

ʤʦʜʝʣʴ ʧʦʩʣʝʜʥʝʡ ʩʪʫʧʝʥʠ ʂɺɼ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʘʷ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʩʦʙʝʥʥʦʩʪʝʡ ʪʝʯʝʥʠʷ ʚ 

ʦʩʝʚʳʭ ʩʪʫʧʝʥʷʭ ʩ ʙʦʣʴʰʠʤ ʦʪʥʦʩʠʪʝʣʴʥʳʤ ʜʠʘʤʝʪʨʦʤ ʚʪʫʣʢʠ d̀ʚʪ=0,925. ʆʥʘ ʩʦʩʪʦʠʪ ʠʟ 3-

ʭ ʣʦʧʘʪʦʯʥʳʭ ʚʝʥʮʦʚ: ʚʭʦʜʥʦʡ ʥʘʧʨʘʚʣʷʶʱʠʡ ʘʧʧʘʨʘʪ, ʢʦʪʦʨʳʡ ʩʦʟʜʘʸʪ ʟʘʢʨʫʪʢʫ, ʧʦʜʦʙʥʦ 

ʟʘʢʨʫʪʢʝ ʚ ʨʝʘʣʴʥʦʤ ʢʦʤʧʨʝʩʩʦʨʝ, ʨʘʙʦʯʝʝ ʢʦʣʝʩʦ ʠ ʜʚʫʭʨʷʜʥʳʡ ʥʘʧʨʘʚʣʷʶʱʠʡ ʘʧʧʘʨʘʪ. 
ʉʪʫʧʝʥʴ ɼ-77ʄ ʠʤʝʝʪ ʩʣʝʜʫʶʱʠʝ ʧʨʦʝʢʪʥʳʝ ʧʘʨʘʤʝʪʨʳ: Gʚ.ʧʨ.=15,4 ʢʛ/ʩ; Uʢ.ʧʨ=264 ʤ/ʩ; 

p*=1,24. 

ʎʝʣʴʶ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʙʦʨʦʟʜʦʢ ʅʈʋ ʙʳʣʦ ʚʦʩʩʪʘʥʦʚʠʪʴ ʟʘʧʘʩʳ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʦʡ 
ʫʩʪʦʡʯʠʚʦʩʪʠ ʠ ʤʘʢʩʠʤʘʣʴʥʳʡ ʫʨʦʚʝʥʴ ʂʇɼ, ʢʦʪʦʨʳʝ ʫʤʝʥʴʰʠʣʠʩʴ ʠʟ-ʟʘ ʫʚʝʣʠʯʝʥʠʷ 

ʨʘʜʠʘʣʴʥʦʛʦ ʟʘʟʦʨʘ. ɹʳʣʠ ʨʘʩʩʤʦʪʨʝʥʳ ʜʚʘ ʟʥʘʯʝʥʠʷ ʨʘʜʠʘʣʴʥʦʛʦ ʟʘʟʦʨʘ: ʘ) 0,4 ʤʤ ï 

ʧʨʦʝʢʪʥʘʷ ʚʳʩʦʪʘ ʨʘʜʠʘʣʴʥʦʛʦ ʟʘʟʦʨʘ ʠ ʙ) 0,8 ʤʤ ï ʫʚʝʣʠʯʝʥʥʘʷ ʚʝʣʠʯʠʥʘ ʨʘʜʠʘʣʴʥʦʛʦ 
ʟʘʟʦʨʘ. ʈʘʟʤʝʨʳ ʠ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʙʦʨʦʟʜʢʘʤʠ ʚʳʙʠʨʘʣʠʩʴ ʩ ʫʯʝʪʦʤ ʚʦʟʤʦʞʥʦʩʪʠ ʠʭ 
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ʜʘʣʴʥʝʡʰʝʛʦ ʠʟʛʦʪʦʚʣʝʥʠʷ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʯʠʩʣʝʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ 
ʥʝʩʢʦʣʴʢʠʭ ʢʦʥʬʠʛʫʨʘʮʠʡ ʅʈʋ ʣʘʙʠʨʠʥʪʥʦʛʦ ʪʠʧʘ ʩ ʨʘʟʣʠʯʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʙʦʨʦʟʜʦʢ, 

ʢʦʪʦʨʳʝ ʨʘʩʧʦʣʘʛʘʣʠʩʴ ʚ ʦʙʣʘʩʪʠ ʧʝʨʝʜʥʝʡ ʢʨʦʤʢʠ ʠʣʠ ʥʘʜ ʚʩʝʡ ʭʦʨʜʦʡ ʨʘʙʦʯʝʛʦ ʢʦʣʝʩʘ. 

ʊʘʢʦʡ ʚʳʙʦʨ ʩʚʷʟʘʥ ʩ ʪʝʤ, ʯʪʦ ʚ ʦʙʣʘʩʪʠ ʧʝʨʝʜʥʝʡ ʢʨʦʤʢʠ ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʚʠʭʨʴ ʦʪ 
ʧʝʨʝʪʝʢʘʥʠʷ ʯʝʨʝʟ ʨʘʜʠʘʣʴʥʳʡ ʟʘʟʦʨ, ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʢʦʪʦʨʦʛʦ ʟʥʘʯʠʪʝʣʴʥʦ ʚʦʟʨʘʩʪʘʝʪ ʩ 

ʫʚʝʣʠʯʝʥʠʝʤ ʵʪʦʛʦ ʟʘʟʦʨʘ. ɹʦʨʦʟʜʢʠ, ʥʘʭʦʜʷʱʠʝʩʷ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʦʙʣʘʩʪʠ ʧʝʨʝʜʥʝʡ 

ʢʨʦʤʢʠ ʨʘʟʙʠʚʘʶʪ ʦʩʥʦʚʥʦʡ ʚʠʭʨʴ ʥʘ ʥʝʩʢʦʣʴʢʦ ʙʦʣʝʝ ʤʝʣʢʠʭ ʠ ʩʥʠʞʘʶʪ ʝʛʦ ʠʥʪʝʥʩʠʚʥʦʩʪʴ, 
ʪʝ ʞʝ ʙʦʨʦʟʜʢʠ, ʢʦʪʦʨʳʝ ʨʘʩʧʦʣʘʛʘʶʪʩʷ ʦʢʦʣʦ ʟʘʜʥʝʡ ʢʨʦʤʢʠ ʦʢʘʟʳʚʘʶʪ ʩʣʘʙʦʝ ʚʣʠʷʥʠʝ ʥʘ 

ʪʝʯʝʥʠʝ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʥʘʠʙʦʣʴʰʠʡ ʧʨʠʨʦʩʪ ʂʇɼ, ʜʘʣʘ ʢʦʥʬʠʛʫʨʘʮʠʷ ʅʈʋ, ʩʦʩʪʦʷʱʘʷ ʠʟ 6 

ʙʦʨʦʟʜʦʢ, ʨʘʩʧʦʣʘʛʘʶʱʠʭʩʷ ʥʘʜ ʚʩʝʡ ʭʦʨʜʦʡ ʣʦʧʘʪʢʠ.  

Numerical study of the effect of circumferential grooves on HPC last stage performance 

Zhdanov V.V., Mileshin V.I. 

CIAM, Moscow 

High pressure ratios in advanced axial compressors lead to a decrease in height of the flow 

path and, consequently, a decreased blade height in HPC last stages. The blade tip clearance canôt 
be reduced relatively to the blade chord length or height by the same relative value as in first 

stages. Moreover, HPC operation in transient conditions can cause an increase in tip clearances, 

so that clearances in last stages can exceed normal values. This may affect the operating range 
and characteristics of the compressor as a whole. Circumferential groove casing treatments can 

be used to compensate for negative effects associated with an increase in tip clearances. 

The test unit used in this work is a D-77M stage ï the large-scale (1 m) model of the HPC last 
stage designed for studies of flow specifics in axial stages with a big hub-to-tip ratio equal to 

0.925. It consists of 3 blade rows: inlet guide vanes, which provide the same flow swirling as in 

an actual compressor, a rotor and a tandem stator. The D-77M stage has the following design 
parameters: mass air flow 15.4 kg/s; tip speed 264 m/s; total pressure ratio 1.24. 

The purpose of the circumferential grooves is recovery the stall margin, pressure ratio and 

maximum level of efficiency, which have decreased due to an increase in the tip clearance. Two 
values of the tip clearance are studied: a) 0.4 mm ï design value of the tip clearance, and b) 

0.8 mm ï increased value of the tip clearance. Dimensions and distances between the grooves are 

chosen in view of their subsequent manufacturing. Various configurations of casing treatments 
with different number of grooves located in the area of the leading edge or over the entire rotor 

chord are numerically studied in this work. This choice can be explained by the fact that vortex 

caused by leakages in the tip clearance is located in the area of the leading edge, and its intensity 
considerably increases with an increase in the tip clearance. Grooves located directly in the area 

of the leading edge split the main vortex into a number of small vortices and decrease its 

intensity, but similar grooves located near the trailing edge have a negligible effect on flow. 
Nevertheless, the casing treatment in the configuration with 6 grooves located over the entire 

blade chord results in max. increase in efficiency.  

ʇʝʨʝʭʦʜʥʳʝ ʧʨʦʮʝʩʩʳ ʚ ʨʘʟʨʷʜʥʦʡ ʮʝʧʠ ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʧʣʘʟʤʝʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ 

ʪʠʧʘ ʉʇɼ-140ɼ 

ʄʝʨʢʫʨʴʝʚ ɼ.ɺ., ʂʠʤ ɺ.ʇ., ɿʝʣʝʥʦʚʘ ɽ.ɺ., ʂʘʣʷʟʠʥ ɺ.ɻ. 

ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʣʦʩʴ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʝʨʝʭʦʜʥʳʭ ʧʨʦʮʝʩʩʦʚ ʚ ʨʘʟʨʷʜʝ 

ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʧʣʘʟʤʝʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ (ʉʇɼ) ʪʠʧʦʨʘʟʤʝʨʘ ʉʇɼ-140 ʧʨʠ ʝʛʦ ʟʘʧʫʩʢʝ, 

ʚʳʭʦʜʝ ʥʘ ʥʦʤʠʥʘʣʴʥʳʡ ʨʝʞʠʤ, ʘ ʪʘʢʞʝ ʧʨʠ ʦʪʢʣʶʯʝʥʠʠ. ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ 
ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʣʷ ʩʦʟʜʘʥʠʷ ʠʤʠʪʘʮʠʦʥʥʳʭ ʤʦʜʝʣʝʡ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʥʘ ʠʭ ʦʩʥʦʚʝ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʠʤʠʪʘʪʦʨʘ ʙʣʦʢʘ ʢʦʨʨʝʢʮʠʠ ʜʦʚʳʚʝʜʝʥʠʷ (ɹʂɼ), ʩʦʩʪʦʷʱʝʛʦ ʠʟ ʉʇɼ-140ɼ 

ʠ ʙʣʦʢʘ ʛʘʟʦʨʘʩʧʨʝʜʝʣʝʥʠʷ (ɹɻʈ). 
ɺʥʘʯʘʣʝ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʝʨʝʭʦʜʥʳʭ ʧʨʦʮʝʩʩʦʚ ʚ 

ʉʇɼ-140ɼ ʧʨʠ ʝʛʦ ʨʘʙʦʪʝ ʦʪ ʩʠʩʪʝʤʳ ʧʠʪʘʥʠʷ ʠ ʫʧʨʘʚʣʝʥʠʷ (ʉʇʋ). ɺʦ ʚʨʝʤʷ ʟʘʧʫʩʢʘ ʉʇɼ 

ʠ ʝʛʦ ʚʳʭʦʜʘ ʥʘ ʥʦʤʠʥʘʣʴʥʳʡ ʨʝʞʠʤ ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʦʩʮʠʣʣʦʛʨʘʬʠʨʦʚʘʥʠʝ ʦʩʥʦʚʥʳʭ 
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ʧʘʨʘʤʝʪʨʦʚ ɹʂɼ ʚ ʜʠʘʧʘʟʦʥʝ ʨʘʟʨʷʜʥʳʭ ʥʘʧʨʷʞʝʥʠʡ (280-315) ɺ. ʊʘʢʞʝ ʫʯʠʪʳʚʘʣʦʩʴ 
ʪʝʧʣʦʚʦʝ ʩʦʩʪʦʷʥʠʝ ʜʚʠʛʘʪʝʣʷ: ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʝʜʝʥʳ ʜʣʷ ʪʨʝʭ ʨʝʞʠʤʦʚ: 

Å çʭʦʣʦʜʥʳʡè ʜʚʠʛʘʪʝʣʴ ï ʩ ʤʦʤʝʥʪʘ ʧʨʝʜʳʜʫʱʝʛʦ ʟʘʧʫʩʢʘ ʧʨʦʰʣʦ ʥʝ ʤʝʥʝʝ ʪʨʝʭ 

ʯʘʩʦʚ; 
Å ʧʨʦʤʝʞʫʪʦʯʥʦʝ ʪʝʧʣʦʚʦʝ ʩʦʩʪʦʷʥʠʝ ï ʟʘʧʫʩʢ ʜʚʠʛʘʪʝʣʷ ʧʦʩʣʝ ʝʛʦ ʨʘʙʦʪʳ ʚ ʪʝʯʝʥʠʝ 

ʦʜʥʦʛʦ ʯʘʩʘ; 

Å çʛʦʨʷʯʠʡè ʜʚʠʛʘʪʝʣʴ ï ʟʘʧʫʩʢ ʜʚʠʛʘʪʝʣʷ ʧʦʩʣʝ ʝʛʦ ʚʳʭʦʜʘ ʥʘ ʫʩʪʘʥʦʚʠʚʰʝʡʩʷ 
ʪʝʧʣʦʚʦʡ ʨʝʞʠʤ. 

ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʘʥʘʣʠʟʘ ʢʦʣʝʙʘʥʠʡ ʨʘʟʨʷʜʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ɹʂɼ, 

ʘ ʪʘʢʞʝ ʚʣʠʷʥʠʝ ʜʘʥʥʳʭ ʢʦʣʝʙʘʥʠʡ ʥʘ ʜʨʫʛʠʝ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʮʝʧʠ ɹʂɼ. ʂʨʦʤʝ ʪʦʛʦ, 
ʘʥʘʣʠʟʠʨʦʚʘʣʦʩʴ ʚʣʠʷʥʠʝ ʧʝʨʝʭʦʜʥʳʭ ʧʨʦʮʝʩʩʦʚ ʚ ʨʘʟʨʷʜʥʦʡ ʮʝʧʠ ɹʂɼ ʥʘ ʙʦʨʪʦʚʫʶ 

ʩʠʩʪʝʤʫ ʵʣʝʢʪʨʦʧʠʪʘʥʠʷ ʢʦʩʤʠʯʝʩʢʦʛʦ ʘʧʧʘʨʘʪʘ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʥʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʤ ʠʥʩʪʠʪʫʪʝ ʧʨʠʢʣʘʜʥʦʡ ʤʝʭʘʥʠʢʠ ʠ 
ʵʣʝʢʪʨʦʜʠʥʘʤʠʢʠ ʄʦʩʢʦʚʩʢʦʛʦ ʘʚʠʘʮʠʦʥʥʦʛʦ ʠʥʩʪʠʪʫʪʘ (ʥʘʮʠʦʥʘʣʴʥʦʛʦ 

ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ) ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʥʘʫʢʠ ʈʌ 
ʚ ʨʘʤʢʘʭ ʜʦʛʦʚʦʨʘ ˉ 02.G25.31.0196 ʚ ʠʥʪʝʨʝʩʘʭ ɸʆ çʀʥʬʦʨʤʘʮʠʦʥʥʳʝ ʩʧʫʪʥʠʢʦʚʳʝ 

ʩʠʩʪʝʤʳ ʠʤʝʥʠ ʘʢʘʜʝʤʠʢʘ ʄ.ʌ. ʈʝʰʝʪʥʝʚʘè. 

Transient processes in discharge circuit of stationary plasma thruster type of SPT-140D 

Merkurev D.V., Kim V.P., Zelenova E.V., Kalyazin V.G. 

MAI, Moscow 

The goal of this work is to represent transient processes investigation in stationary plasma 
thruster discharge (type of SPT-140) in ignition moment, nominal mode, switching-off moment. 

This data are used in order to design the imitation models for an electrical imitator of orbital 

correction and injection block. 
The transient processes research of the SPT-140D operating is realized by the power 

processing unit (PPU). The oscilloscope measurements in the discharge voltage rage of (280-

315) V are provided in the moment of SPT-140D ignition and operating conditions reach. Also 
the heat condition of the thruster is taken into consideration; the following three modes 

distinguish: 

Å ñcoldò thruster ï after three hours of non-operating; 
Å medium heat thruster ï after one hour of operating; 

Å ñhotò thruster ï after three hours of operating (the stable heat mode). 

The obtained data are used for analysis of SPT-140D discharge parameter oscillations and the 
influence on other SPT-140D electrical circuits. In addition there are be analyzed the influence of 

the transient processes in SPT-140D discharge circuit on on-board electric power supply system. 

This work was undertaken in research institute of applied mechanics and electrodynamics 
ñMoscow Aviation Institute (National Research University)ò with the support of The Ministry of 

education and science of the Russian Federation under the agreement ˉ 02.G25.31.0196. The 

work performed in the interest of JSC ñInformation Satellite Systemsò Academician M.F. 
Reshetnev.ò 

ʈʘʟʨʘʙʦʪʢʘ ʠ ʠʩʩʣʝʜʦʚʘʥʠʝ ʪʨʘʥʩʧʠʨʘʮʠʦʥʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ ʣʦʧʘʪʦʢ 

ʚr ʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʛʘʟʦʚʳʭ ʪʫʨʙʠʥ  

ɿʝʤʣʷʥʘʷ ɺ.ɸ., ɺʠʢʫʣʠʥ ɸ.ɺ. 

ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ʉʫʱʝʩʪʚʫʶʱʠʝ ʠ ʜʦʩʪʘʪʦʯʥʦ ʦʪʨʘʙʦʪʘʥʥʳʝ ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʩʠʩʪʝʤʳ ʢʦʥʚʝʢʪʠʚʥʦ-
ʧʣʝʥʦʯʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ ʨʘʙʦʯʠʭ ʠ ʩʦʧʣʦʚʳʭ ʣʦʧʘʪʦʢ ʧʨʘʢʪʠʯʝʩʢʠ ʠʩʯʝʨʧʘʣʠ ʩʚʦʡ ʧʦʪʝʥʮʠʘʣ 

ʥʘ ʪʝʤʧʝʨʘʪʫʨʝ ʛʘʟʘ ʧʝʨʝʜ ʪʫʨʙʠʥʦʡ 1800-1900 ʂ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʜʣʷ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʛʘʟʦʚʳʭ ʪʫʨʙʠʥ ʦʩʪʘʝʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʦʡ ʪʨʘʥʩʧʠʨʘʮʠʦʥʥʘʷ (ʠʣʠ 
ʧʨʦʥʠʢʘʶʱʘʷ) ʩʠʩʪʝʤʘ ʦʭʣʘʞʜʝʥʠʷ ʣʦʧʘʪʦʢ. ɺ ʩʦʚʨʝʤʝʥʥʦʤ ʤʘʰʠʥʦʩʪʨʦʝʥʠʠ ʧʨʠ 

ʨʘʟʣʠʯʥʳʭ ʪʝʧʣʦʥʘʧʨʷʞʝʥʥʳʭ ʫʩʣʦʚʠʷʭ ʵʢʩʧʣʫʘʪʘʮʠʠ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʚ ʩʠʩʪʝʤʘʭ 

ʧʨʦʥʠʢʘʶʱʝʛʦ ʦʭʣʘʞʜʝʥʠʷ, ʥʘʰʣʠ ʧʨʠʤʝʥʝʥʠʝ ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʧʦʨʠʩʪʳʝ ʤʘʪʝʨʠʘʣʳ. ʆʜʥʘʢʦ 
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ʧʨʦʮʝʩʩʳ ʪʝʯʝʥʠʷ ʠ ʪʝʧʣʦʦʙʤʝʥʘ ʚ ʧʦʨʠʩʪʳʭ ʩʨʝʜʘʭ ʦʙʣʘʜʘʶʪ ʩʧʝʮʠʬʠʯʝʩʢʠʤʠ 
ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʠ ʥʝʜʦʩʪʘʪʦʯʥʦ ʠʩʩʣʝʜʦʚʘʥʳ. 

ɺ ʭʦʜʝ ʨʘʙʦʪʳ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʯʝʪʳʨʝʭ ʤʦʜʝʣʝʡ ʣʦʧʘʪʦʢ ʩ 

ʪʨʘʥʩʧʠʨʘʮʠʦʥʥʦʡ ʩʠʩʪʝʤʦʡ ʦʭʣʘʞʜʝʥʠʷ. ʀʩʩʣʝʜʫʝʤʳʝ ʤʦʜʝʣʠ ʠʤʝʶʪ ʨʘʟʣʠʯʥʳʡ 
ʚʥʫʪʨʝʥʥʠʡ ʜʠʘʤʝʪʨ, ʨʘʟʣʠʯʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʦʪʚʝʨʩʪʠʡ ʠ ʨʘʟʣʠʯʥʫʶ ʧʦʨʠʩʪʦʩʪʴ ʤʘʪʝʨʠʘʣʘ, 

ʧʨʝʜʩʪʘʚʣʷʶʱʝʛʦ ʩʦʙʦʡ ʩʧʝʯʝʥʥʳʝ ʚʦʣʦʢʥʘ ʠʟ ʥʝʨʞʘʚʝʶʱʝʡ ʩʪʘʣʠ. ʊʝʧʣʦʚʳʝ ʠʩʧʳʪʘʥʠʷ 

ʜʘʥʥʳʭ ʤʦʜʝʣʝʡ ʧʨʦʚʦʜʠʣʠʩʴ ʤʝʪʦʜʦʤ ʢʘʣʦʨʠʤʝʪʨʠʨʦʚʘʥʠʷ ʚ ʞʠʜʢʦʤʝʪʘʣʣʠʯʝʩʢʦʤ 
ʪʝʨʤʦʩʪʘʪʝ, ʘ ʛʠʜʨʘʚʣʠʯʝʩʢʠʝ ʠʩʧʳʪʘʥʠʷ ï ʤʝʪʦʜʦʤ ʛʦʨʷʯʠʭ ʧʨʦʜʫʚʦʢ. 

ɸʥʘʣʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦʢʘʟʘʣ, ʯʪʦ ʠʟʤʝʥʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʚʦʟʜʫʭʘ ʧʦ 

ʧʦʧʝʨʝʯʥʦʤʫ ʩʝʯʝʥʠʶ ʪʨʫʙʢʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʦʣʠʯʝʩʪʚʦʤ ʢʘʥʘʣʦʚ: ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʯʠʩʣʘ 
ʢʘʥʘʣʦʚ ʥʘʙʣʶʜʘʝʪʩʷ ʙʦʣʝʝ ʨʘʚʥʦʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʚʦʟʜʫʭʘ. ʈʘʚʥʦʤʝʨʥʦʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʚʦʟʜʫʭʘ ʧʦ ʧʦʧʝʨʝʯʥʦʤʫ ʩʝʯʝʥʠʶ ʠ ʫʚʝʣʠʯʝʥʠʝ ʪʝʧʣʦʦʙʤʝʥʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʤʦʜʝʣʝʡ ʧʨʠʚʦʜʠʪ ʢ ʚʦʟʨʘʩʪʘʥʠʶ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʪʝʧʣʦʦʪʜʘʯʠ. 
ʇʨʠ ʨʘʟʨʘʙʦʪʢʝ ʪʝʧʣʦʥʘʧʨʷʞʝʥʥʳʭ ʜʝʪʘʣʝʡ ʩ ʪʨʘʥʩʧʠʨʘʮʠʦʥʥʦʡ ʩʠʩʪʝʤʦʡ ʦʭʣʘʞʜʝʥʠʷ 

ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʬʦʨʤʠʨʦʚʘʪʴ ʩʪʨʫʢʪʫʨʳ ʩ ʙʦʣʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʧʨʦʜʦʣʴʥʳʭ ʢʘʥʘʣʦʚ. ʇʨʠ 
ʵʪʦʤ ʧʣʦʱʘʜʴ ʧʨʦʭʦʜʥʳʭ ʩʝʯʝʥʠʡ ʢʘʥʘʣʦʚ ʜʦʣʞʥʘ ʫʤʝʥʴʰʘʪʴʩʷ ʦʪ ʧʝʨʠʬʝʨʠʠ ʢ ʮʝʥʪʨʫ.  

ʆʩʥʦʚʥʦʝ ʧʨʝʠʤʫʱʝʩʪʚʦ ʧʨʦʥʠʢʘʶʱʝʛʦ ʩʧʦʩʦʙʘ ʦʭʣʘʞʜʝʥʠʷ ʣʦʧʘʪʦʢ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʛʘʟʦʚʳʭ ʪʫʨʙʠʥ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʫʤʝʥʴʰʝʥʠʠ ʨʘʩʭʦʜʘ ʦʭʣʘʜʠʪʝʣʷ 
ʚʩʣʝʜʩʪʚʠʝ ʙʦʣʝʝ ʨʘʟʚʠʪʦʡ ʢʦʥʪʘʢʪʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʪʝʧʣʦʦʙʤʝʥʘ. ʂʨʦʤʝ ʪʦʛʦ, ʟʜʝʩʴ 

ʥʘʙʣʶʜʘʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʳʡ ʵʬʬʝʢʪ ʩʥʠʞʝʥʠʷ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ ʧʨʠ ʚʜʫʚʝ ʦʭʣʘʜʠʪʝʣʷ ʚ 

ʧʦʛʨʘʥʠʯʥʳʡ ʩʣʦʡ. 
ʇʨʠʤʝʥʝʥʠʝ ʪʨʘʥʩʧʠʨʘʮʠʦʥʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ ʧʦʟʚʦʣʠʪ ʧʦʚʳʩʠʪʴ ʧʨʝʜʝʣʴʥʦ ʜʦʧʫʩʪʠʤʫʶ 

ʪʝʤʧʝʨʘʪʫʨʫ ʛʘʟʘ ʧʝʨʝʜ ʪʫʨʙʠʥʦʡ ʜʦ 2200 ʂ, ʘ ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʫʚʝʣʠʯʠʪʴ ʨʝʩʫʨʩ ʠ 

ʥʘʜʝʞʥʦʩʪʴ ʨʘʙʦʪʳ ʚʩʝʛʦ ʛʘʟʦʪʫʨʙʠʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ ʠʣʠ ʛʘʟʦʪʫʨʙʠʥʥʦʡ ʫʩʪʘʥʦʚʢʠ. 
ʇʦʣʫʯʝʥʥʳʝ ʪʝʧʣʦʛʠʜʨʘʚʣʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʜʣʷ ʨʘʥʝʝ ʥʝ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʢʦʥʩʪʨʫʢʮʠʡ 

ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʚ ʙʘʥʢʝ ʜʘʥʥʳʭ ʧʨʦʛʨʘʤʤʥʳʭ ʧʨʦʜʫʢʪʦʚ ʪʝʧʣʦʤʘʩʩʦʦʙʤʝʥʘ, ʯʪʦ 

ʧʦʟʚʦʣʠʪ ʩʥʠʟʠʪʴ ʪʨʫʜʦʝʤʢʦʩʪʴ ʠ ʚʨʝʤʷ ʨʘʟʨʘʙʦʪʢʠ ʪʫʨʙʠʥʳ ʩ ʪʨʘʥʩʧʠʨʘʮʠʦʥʥʳʤ 
ʦʭʣʘʞʜʝʥʠʝʤ ʣʦʧʘʪʦʢ.  

Development and research of transpiration cooling of blades for high-temperature gas 

turbines 

Zemlyanaya V.A., Vikulin A.V. 

MAI, Moscow 

The existing and sufficiently developed to date systems of convective-film cooling of blades 
and vanes have practically exhausted their potential at the turbine inlet gas temperature 1800-

1900 K. Currently, a transpiration (or penetrating) cooling system of blades remains promising 

for high-temperature gas turbines. In modern engineering at various heat-stressed service 
conditions, including in penetrating cooling systems, metal porous materials have found 

application. However the processes of flow and heat exchange in porous environments have 

specific features and are insufficiently studied. 
In the work researches of four models of blades with the transpiration cooling system were 

carried out. The studied models have various internal diameters, various numbers of holes and 

various porosity of the material, which is sintered stainless steel fibers. Thermal tests of these 

models were carried out by the calorimetric method in the liquid metal thermostat, and hydraulic 

tests were carried out by the method of hot purges. 

Analysis of the results of the experiments showed that the change in air temperature over the 
cross section of the tube is determined by the number of channels: more uniform distribution of 

air temperature is observed with the increase in the number of channels. Uniform distribution of 

air temperature over the cross section and increase in the heat- exchange surface of the models 
leads to an increase in the relative intensity of heat emission. In the development of heat-stressed 

parts with the transpiration cooling system it is expedient to form structures with a large number 

of longitudinal channels. Herewith the area of channel flow sections should decrease from the 
periphery to the center. 
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The main advantage of the penetrating cooling method of the blades of high-temperature gas 
turbines is the reduction of the coolant flow rate due to the more developed contact heat-

exchange surface. In addition, there is a significant effect of reducing the heat flow at the cooler 

injection into the boundary layer. 
The application of transpiration cooling will raise the maximum permissible turbine inlet gas 

temperature up to 2200 K, and consequently increase the service life and reliability of the entire 

gas turbine engine or gas turbine plant. The obtained thermal-hydraulic characteristics for 
previously not studied designs can be used in the databank of heat-exchange and mass-transfer 

software, which will reduce the laboriousness and development time of the turbine with the 

transpiration-cooled blades. 

ʇʦʚʳʰʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʙʦʪʳ ɻʊɼ ʟʘ ʩʯʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʘʜʘʧʪʠʚʥʦʡ 

ʩʠʩʪʝʤʳ ʧʦʜʘʯʠ ʦʭʣʘʞʜʘʶʱʝʛʦ ʚʦʟʜʫʭʘ 

ɿʦʣʦʪʫʭʠʥ ɸ.ɸ., ʉʠʣʫʷʥʦʚʘ ʄ.ɺ. 
ʄɸʀ, ʛ.ʄʦʩʢʚʘ 

ʈʘʟʚʠʪʠʝ ʠ ʤʦʜʝʨʥʠʟʘʮʠʷ ʢʦʥʩʪʨʫʢʮʠʡ ʩʦʚʨʝʤʝʥʥʳʭ ʜʚʠʛʘʪʝʣʝʡ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ 
ʚʘʞʥʝʡʰʠʭ ʬʘʢʪʦʨʦʚ ʚ ʨʘʟʚʠʪʠʠ ʩʦʚʨʝʤʝʥʥʦʛʦ ʛʘʟʦʪʫʨʙʦʩʪʨʦʝʥʠʷ. ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʢ 

ʩʦʚʨʝʤʝʥʥʳʤ ʜʚʠʛʘʪʝʣʷʤ 5-ʛʦ ʧʦʢʦʣʝʥʠʷ ʧʨʝʜʲʷʚʣʷʶʪʩʷ ʚʳʩʦʢʠʝ ʪʨʝʙʦʚʘʥʠʷ ʧʦ ʫʨʦʚʥʶ 

ʥʘʜʝʞʥʦʩʪʠ, ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʙʦʪʳ ʠ ʪ.ʜ.  
ɼʣʷ ʵʬʬʝʢʪʠʚʥʦʡ ʨʘʙʦʪʳ ʩʦʚʨʝʤʝʥʥʳʭ ɻʊɼ ʥʝʦʙʭʦʜʠʤʦ ʧʦʚʳʰʘʪʴ ʦʩʥʦʚʥʳʝ 

ʧʘʨʘʤʝʪʨʳ ʜʚʠʛʘʪʝʣʷ ʦʜʥʠʤ ʠʟ ʢʦʪʦʨʳʭ ʷʚʣʷʝʪʩʷ ʪʝʤʧʝʨʘʪʫʨʘ ʛʘʟʘ ʧʝʨʝʜ ʪʫʨʙʠʥʦʡ. 

ʇʦʚʳʰʝʥʠʝ ʵʪʦʛʦ ʧʘʨʘʤʝʪʨʘ ʷʚʣʷʝʪʩʷ ʩʣʦʞʥʦʡ ʠʥʞʝʥʝʨʥʦʡ ʟʘʜʘʯʝʡ ʪ.ʢ ʫʞʝ ʥʘ 
ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʤʘʪʝʨʠʘʣʳ, ʠʩʧʦʣʴʟʫʶʱʠʝʩʷ ʚ ʛʦʨʷʯʝʡ ʯʘʩʪʠ ʪʫʨʙʠʥʳ, ʨʘʙʦʪʘʶʪ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʳʰʝ ʩʚʦʠʭ ʤʘʢʩʠʤʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ. ɺ ʨʝʰʝʥʠʠ ʵʪʦʡ ʧʨʦʙʣʝʤʳ ʠʤ 

ʧʦʤʦʛʘʝʪ ʩʠʩʪʝʤʘ ʦʭʣʘʞʜʝʥʠʷ. 
ɼʣʷ ʩʠʩʪʝʤʳ ʦʭʣʘʞʜʝʥʠʷ ʦʜʥʠʤ ʠʟ ʚʘʞʥʝʡʰʠʭ ʧʘʨʘʤʝʪʨʦʚ ʷʚʣʷʝʪʩʷ ʦʙʱʠʡ ʨʘʩʭʦʜ 

ʚʦʟʜʫʭʘ. ɺʝʣʠʯʠʥʘ ʜʘʥʥʦʛʦ ʧʘʨʘʤʝʪʨʘ ʚʣʠʷʝʪ ʥʘ ʂʇɼ ʜʚʠʛʘʪʝʣʷ ʚ ʮʝʣʦʤ.  

ɺ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʤ ʜʚʠʛʘʪʝʣʝ ʦʭʣʘʞʜʝʥʠʝ ʪʫʨʙʠʥʳ ʧʨʦʠʩʭʦʜʠʪ ʥʘ ʚʩʝʭ ʨʝʞʠʤʘʭ ʝʝ 
ʨʘʙʦʪʳ. ʇʦʜʘʯʘ ʚʦʟʜʫʭʘ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʦ ʜʚʫʤ ʥʘʧʨʘʚʣʝʥʠʷʤ ʵʪʦ ʯʝʨʝʟ ʥʘʨʫʞʥʳʡ 

ʢʦʥʪʫʨ ʜʚʠʛʘʪʝʣʷ, ʧʨʦʭʦʜʷ ʯʝʨʝʟ ʩʪʦʡʢʠ, ʥʘʧʨʘʚʣʷʝʪʩʷ ʚ ʩʠʩʪʝʤʫ ʦʭʣʘʞʜʝʥʠʷ ʪʫʨʙʠʥʳ 

ʥʠʟʢʦʛʦ ʜʘʚʣʝʥʠʷ (ʊʅɼ) ʠ ʯʝʨʝʟ ʚʪʦʨʠʯʥʫʶ ʟʦʥʫ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ, ʚʦʟʜʫʭ ʠʟ ʢʦʪʦʨʦʡ 
ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ ʚʦʟʜʫʰʥʳʡ ʪʝʧʣʦʦʙʤʝʥʥʠʢ ʠ ʥʘʧʨʘʚʣʷʝʪʩʷ ʚ ʢʣʘʧʘʥʥʳʡ ʘʧʧʘʨʘʪ, ʢʦʪʦʨʳʡ 

ʨʝʛʫʣʠʨʫʝʪ ʧʦʜʘʯʫ ʦʭʣʘʞʜʘʶʱʝʛʦ ʚʦʟʜʫʭʘ ʚ ʪʫʨʙʠʥʫ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ (ʊɺɼ). 

ʈʝʛʫʣʠʨʦʚʢʘ ʧʨʠ ʵʪʦʤ ʠʤʝʝʪ ʚʩʝʛʦ 2 ʧʦʣʦʞʝʥʠʷ ʵʪʦ ʧʦʣʥʦʩʪʴʶ ʦʪʢʨʳʪ ʠ ʧʦʣʥʦʩʪʴʶ 
ʟʘʢʨʳʪ, ʧʦʩʣʝʜʥʠʡ ʠʩʧʦʣʴʟʫʝʪʩʷ ʥʘ ʤʠʥʠʤʘʣʴʥʳʭ ʨʝʞʠʤʘʭ ʨʘʙʦʪʳ ʜʚʠʛʘʪʝʣʷ, ʚʦ ʚʩʝʭ 

ʦʩʪʘʣʴʥʳʭ ʩʠʩʪʝʤʘ ʠʩʧʦʣʴʟʫʝʪ ʧʦʣʥʳʡ ʨʘʩʭʦʜ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʧʨʠ ʨʘʙʦʪʘʭ ʥʘ ʨʝʞʠʤʘʭ, 

ʢʦʪʦʨʳʝ ʥʝ ʪʘʢ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦ ʥʘʛʨʫʞʝʥʳ, ʥʦ ʧʨʠ ʵʪʦʤ ʨʘʙʦʪʘʶʪ ʧʨʠ ʧʦʣʥʦʤ 
ʦʭʣʘʞʜʝʥʠʠ, ʠʜʝʪ ʠʟʣʠʰʥʷʷ ʪʨʘʪʘ ʚʦʟʜʫʭʘ ʠʜʫʱʝʛʦ ʥʘ ʦʭʣʘʞʜʝʥʠʝ.  

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʝʥʥʦʡ ʨʘʙʦʪʝ ʧʦ ʤʦʜʝʨʥʠʟʘʮʠʠ ʫʯʘʩʪʢʘ ʩʠʩʪʝʤʳ ʦʭʣʘʞʜʝʥʠʷ, ʛʜʝ 

ʫʩʪʘʥʦʚʣʝʥ ʢʣʘʧʘʥʥʳʡ ʘʧʧʘʨʘʪ, ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʩʠʩʪʝʤʘ ʧʦʜʘʯʠ ʦʭʣʘʞʜʘʶʱʝʛʦ ʚʦʟʜʫʭʘ, 
ʢʦʪʦʨʘʷ ʧʦʟʚʦʣʷʝʪ ʨʝʛʫʣʠʨʦʚʘʪʴ ʚʝʣʠʯʠʥʫ ʧʦʜʘʯʠ ʦʭʣʘʞʜʘʶʱʝʛʦ ʚʦʟʜʫʭʘ ʥʘ ʚʩʝʭ ʨʝʞʠʤʘʭ 

ʨʘʙʦʪʳ ʜʚʠʛʘʪʝʣʷ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʩʦʭʨʘʥʠʪʴ ʚʦʟʜʫʭ ʚ ʩʠʩʪʝʤʝ ʠ ʧʫʩʪʠʪʴ ʝʛʦ ʚ ʨʘʙʦʪʫ, ʪʝʤ 

ʩʘʤʳʤ ʧʦʚʳʩʠʚ ʂʇɼ ʜʚʠʛʘʪʝʣʷ ʠ ʩʦʢʨʘʪʠʚ ʨʘʩʭʦʜ ʪʦʧʣʠʚʘ. ʊʘʢ ʞʝ ʨʝʛʫʣʠʨʦʚʘʥʠʝ ʧʦʜʘʯʠ 

ʚʦʟʜʫʭʘ ʥʘ ʦʭʣʘʞʜʝʥʠʝ ʥʝʠʟʙʝʞʥʦ ʙʫʜʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʧʦʚʳʰʝʥʠʶ ʪʝʤʧʝʨʘʪʫʨʳ ʨʦʪʦʨʘ 

ʊɺɼ, ʯʪʦ ʧʦʟʚʦʣʠʪ ʩʦʢʨʘʪʠʪʴ ʨʘʜʠʘʣʴʥʳʡ ʟʘʟʦʨ ʚ ʪʫʨʙʠʥʝ ʠ ʫʤʝʥʴʰʠʪʴ ʧʦʪʝʨʠ ʧʨʠ ʨʘʙʦʪʝ. 

Increasing the efficiency of the GTE by using an adaptive cooling air supply system 

Zolotukhin A.A., Siluyanova M.V. 

MAI, Moscow 

The development and modernization of modern engine designs is one of the most important 
factors in the development of modern gas turbine construction. To date, modern engines of the 

5th generation have high requirements for reliability, efficiency, etc. 
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For the efficient operation of modern gas turbine engines, it is necessary to increase the main 
parameters of the engine, one of which is the gas temperature in front of the turbine. The increase 

of this parameter is a complicated engineering problem. To this day, the materials used in the hot 

part of the turbine operate at temperatures above their maximum values. In solving this problem, 
the cooling system helps them. 

For the cooling system, one of the most important parameters is the total air flow. The value 

of this parameter affects the efficiency of the engine as a whole. 
In the engine under consideration, turbine cooling takes place in all modes of its operation. 

Air supply is carried out in two directions: it passes through the external circuit of the engine, 

passing through the columns, is directed to the cooling system of the low-pressure turbine (LPT) 
and through the secondary zone of the combustion chamber, the air from which passes through 

the air heat exchanger and is sent to the valve apparatus, which regulates the supply of cooling air 

into a high-pressure turbine (HPT). Adjustment thus has only 2 positions, it is fully open and 
completely closed, the latter is used for minimum engine operation, in all others the system uses 

the full flow rate. In this regard, when working on regimes that are not so high-temperature 
loaded, but at the same time work with complete cooling, there is an excessive expenditure of air 

going for cooling. 

As a result of the work on modernization of the cooling system section where the valve 
apparatus is installed, a cooling air supply system was developed that allows to regulate the 

amount of cooling air supply at all engine operating modes. This allows you to keep the air in the 

system and put it into operation, thereby increasing the efficiency of the engine and reducing fuel 
consumption. Similarly, the regulation of the air supply for cooling will inevitably lead to an 

increase in the temperature of the rotor of the turbine, which will reduce the radial clearance in 

the turbine and reduce the losses during operation. 

ʉʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʚʣʠʷʥʠʷ ʢʘʯʝʩʪʚʘ ʩʝʪʢʠ 3D-ʤʦʜʝʣʝʡ ʥʘ ʨʝʟʫʣʴʪʘʪʳ 

ʨʘʩʯʝʪʦʚ 

ɿʦʣʦʪʫʭʠʥʘ ɼ.ɸ., ʉʠʣʫʷʥʦʚʘ ʄ.ɺ. 
ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ɺ 21 ʚʝʢʝ ʫʨʦʚʝʥʴ ʤʠʨʦʚʦʡ ʵʢʦʥʦʤʠʢʠ ʵʪʦ ʦʜʠʥ ʠʟ ʦʩʥʦʚʥʳʭ ʧʦʢʘʟʘʪʝʣʝʡ ʫʨʦʚʥʷ ʞʠʟʥʠ, 

ʛʣʘʚʥʳʤ ʫʩʣʦʚʠʝʤ ʢʦʪʦʨʦʡ ʷʚʣʷʝʪʩʷ ʵʢʦʥʦʤʠʷ ʨʝʩʫʨʩʦʚ (ʤʘʪʝʨʠʘʣʴʥʳʭ, 
ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʳʭ, ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ ʠ ʚʨʝʤʝʥʥʳʭ). ʉʦʚʨʝʤʝʥʥʘʷ ʧʨʦʤʳʰʣʝʥʥʦʩʪʴ, ʠ 

ʜʚʠʛʘʪʝʣʝʩʪʨʦʝʥʠʝ ʚ ʯʘʩʪʥʦʩʪʠ, ʥʘʭʦʜʠʪʩʷ ʚ ʞʸʩʪʢʠʭ ʨʘʤʢʘʭ ʵʢʦʥʦʤʠʠ. ʀʩʧʳʪʘʥʠʷ 

ʠʟʜʝʣʠʷ ʪʨʝʙʫʶʪ ʦʛʨʦʤʥʳʭ ʤʘʪʝʨʠʘʣʴʥʳʭ ʟʘʪʨʘʪ, ʧʦʵʪʦʤʫ ʜʚʠʛʘʪʝʣʠ ʥʦʚʦʛʦ ʧʦʢʦʣʝʥʠʷ ʥʘ 
ʚʩʝʭ ʩʪʘʜʠʷʭ ʞʠʟʥʝʥʥʦʛʦ ʮʠʢʣʘ ʥʘʧʨʷʤʫʶ ʟʘʚʠʩʷʪ ʦʪ CALS-ʪʝʭʥʦʣʦʛʠʡ. ɺ ʯʘʩʪʥʦʩʪʠ, 

ʨʘʩʯʝʪʳ ʠʟʜʝʣʠʷ ʥʘ ʧʨʦʯʥʦʩʪʴ, ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʝ, ʪʝʧʣʦʚʳʝ ʠ ʪ.ʜ. ʠʛʨʘʶʪ ʚʘʞʥʫʶ ʨʦʣʴ ʚ 

ʵʢʦʥʦʤʠʠ ʩʨʝʜʩʪʚ. 
ʆʜʥʠʤ ʠʟ ʢʦʥʩʪʨʫʢʪʠʚʥʳʭ ʪʨʝʙʦʚʘʥʠʡ, ʧʨʝʜʲʷʚʣʷʝʤʳʭ ʢ ʩʦʚʨʝʤʝʥʥʦʡ ʪʫʨʙʠʥʝ 

ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ (ʊɺɼ) ʛʘʟʦʪʫʨʙʠʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ (ɻʊɼ), ʷʚʣʷʝʪʩʷ ʦʙʝʩʧʝʯʝʥʠʝ 

ʥʝʦʙʭʦʜʠʤʦʛʦ ʨʘʩʭʦʜʘ ʚʦʟʜʫʭʘ ʜʣʷ ʦʭʣʘʞʜʝʥʠʷ ʩʦʧʣʦʚʦʛʦ ʘʧʧʘʨʘʪʘ (ʉɸ) ʊɺɼ, ʧʨʠ 
ʪʝʤʧʝʨʘʪʫʨʝ ʛʘʟʘ ʚ ʛʦʨʣʝ ʉɸ ʙʣʠʟʢʦʡ ʢ 2000 ʂ. ʇʨʠʤʝʥʝʥʠʝ ʥʦʚʝʡʰʠʭ ʤʝʪʦʜʠʢ ʧʨʠ 

ʩʦʟʜʘʥʠʠ ʞʘʨʦʧʨʦʯʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʯʘʩʪʠʯʥʦ ʨʝʰʘʶʪ ʧʨʦʙʣʝʤʫ ʧʨʦʛʘʨʘ ʩʦʧʣʦʚʳʭ ʙʣʦʢʦʚ 

(ʉɹ). ʆʩʥʦʚʥʳʤ ʞʝ ʨʝʰʝʥʠʝʤ ʵʪʦʡ ʧʨʦʙʣʝʤʳ ʩʪʘʣʦ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ ʢʦʥʩʪʨʫʢʮʠʠ 

ʩʠʩʪʝʤʳ ʦʭʣʘʞʜʝʥʠʷ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣʦ ʨʘʩʩʤʦʪʨʝʥʦ ʜʚʝ 3D ʤʦʜʝʣʠ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ʉɹ (ʘʙʩʦʣʶʪʥʦ 

ʠʜʝʥʪʠʯʥʳʭ ʧʦ ʛʝʦʤʝʪʨʠʠ). ʏʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 
ʢʦʤʤʝʨʯʝʩʢʦʛʦ ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʤʧʣʝʢʩʘ CFX 14.5. ʉ ʧʦʤʦʱʴʶ ʧʘʢʝʪʘ ICEM CFD 14.5 

ʙʳʣʠ ʧʦʩʪʨʦʝʥʳ ʜʚʝ ʨʘʩʯʸʪʥʳʝ ʦʙʣʘʩʪʠ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ʉɹ ʊɺɼ. ʆʪʣʠʯʠʝ ʨʘʩʯʸʪʥʳʭ 

ʦʙʣʘʩʪʝʡ ʟʘʢʣʶʯʘʣʘʩʴ ʣʠʰʴ ʚ ʢʦʣʠʯʝʩʪʚʝ ʷʯʝʝʢ ʚ ʤʦʜʝʣʷʭ. ʇʝʨʚʘʷ ʤʦʜʝʣʴ ʠʤʝʣʘ ʦʢʦʣʦ 10 
ʤʣʥ ʵʣʝʤʝʥʪʦʚ, ʘ ʚʪʦʨʘʷ ʧʦʨʷʜʢʘ 19 ʤʣʥ. ɿʘʜʘʯʘ ʩʦʩʪʦʷʣʘ ʚ ʦʧʨʝʜʝʣʝʥʠʠ ʥʘʠʤʝʥʴʰʝʛʦ 

ʧʦʪʨʝʙʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʷʯʝʝʢ ʨʘʩʯʸʪʥʦʡ ʤʦʜʝʣʠ ʧʨʠ ʢʦʪʦʨʦʤ ʢʘʯʝʩʪʚʦ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩʯʸʪʘ 

ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʦ ʙʳ ʨʝʟʫʣʴʪʘʪʘʤ ʜʣʷ ʤʦʜʝʣʠ ʩ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ ʨʘʟʨʝʰʝʥʠʷ ʵʣʝʤʝʥʪʦʚ. 
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ɼʣʷ ʦʙʝʠʭ ʨʘʩʯʸʪʥʳʭ ʦʙʣʘʩʪʝʡ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʦʜʠʥʘʢʦʚʳʝ ʛʨʘʥʠʯʥʳʝ 
ʫʩʣʦʚʠʷ.ʂʨʠʪʠʯʝʩʢʠʭ ʦʰʠʙʦʢ ʚʳʷʚʣʝʥʦ ʥʝ ʙʳʣʦ. 

ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʨʘʩʯʸʪʘ, ʤʦʜʝʣʠ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʧʦ ʧʘʨʘʤʝʪʨʫ Y+, ʛʜʝ ʟʥʘʯʝʥʠʷ 

ʧʘʨʘʤʝʪʨʘ ʥʝ ʧʨʝʚʳʰʘʣʠ ʪʨʝʙʫʝʤʦʝ ʟʥʘʯʝʥʠʝ ʜʣʷ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ SST. ʅʘ 
ʧʨʝʜʩʪʘʚʣʝʥʥʦʤ ʠʟʦʙʨʘʞʝʥʠʠ ʠʟʦʣʠʥʠʡ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ, ʩʦ ʩʪʦʨʦʥʳ ʧʦʣʢʠ, 

ʚʠʜʥʦ, ʯʪʦ ʥʘ ʠʥʪʝʨʝʩʫʶʱʝʤ ʥʘʩ ʫʯʘʩʪʢʝ ʧʝʨʚʘʷ ʤʦʜʝʣʴ ʠʤʝʝʪ ʙʦʣʴʰʠʝ ʟʥʘʯʝʥʠʷ Y+, ʯʝʤ 

ʚʪʦʨʘʷ (ʥʝʦʙʭʦʜʠʤʦ ʚʚʝʩʪʠ ʠʥʪʝʨʚʘʣ, ʯʪʦʙʳ ʋ+ ʥʝ ʧʨʝʚʳʰʘʣʦ 2,5). 
ʇʦʩʪʨʦʠʚ ʪʝʧʣʦʚʫʶ ʜʠʘʛʨʘʤʤʫ, ʤʳ ʥʘʙʣʶʜʘʝʤ, ʯʪʦ ʦʙʣʘʩʪʴ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ 

ʪʝʤʧʝʨʘʪʫʨ (ʥʠʞʝ 900Áʉ) ʫ ʦʙʝʠʭ ʤʦʜʝʣʝʡ ʧʦ ʧʣʦʱʘʜʠ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʦʜʠʥʘʢʦʚʳʝ. ʅʦ 

ʝʩʣʠ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʦʥʢʨʝʪʥʳʝ ʟʦʥʳ, ʪʦ ʫ ʚʪʦʨʦʡ ʤʦʜʝʣʠ ʩʨʝʜʥʷʷ ʪʝʤʧʝʨʘʪʫʨʘ ʧʦ 
ʦʭʣʘʞʜʘʝʤʦʤʫ ʫʯʘʩʪʢʫ ʙʫʜʝʪ ʥʠʞʝ, ʯʝʤ ʫ ʧʝʨʚʦʡ. ʊʘʢʞʝ, ʧʨʠ ʥʘʣʦʞʝʥʠʠ ʚʝʢʪʦʨʘ 

ʩʢʦʨʦʩʪʠ, ʚʪʦʨʘʷ ʤʦʜʝʣʴ ʠʤʝʝʪ ʯʫʪʴ ʙʦʣʝʝ ʧʣʘʚʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʟʘʚʝʩʳ ʦʭʣʘʞʜʘʶʱʝʛʦ 

ʚʦʟʜʫʭʘ. 
ʀʟ ʩʨʘʚʥʠʪʝʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʜʚʫʭ ʤʦʜʝʣʝʡ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ. ʇʝʨʚʦʥʘʯʘʣʴʥʳʡ 

ʨʘʩʯʸʪ ʤʦʜʝʣʠ ʤʦʞʥʦ ʧʨʦʚʝʩʪʠ ʩ ʤʝʥʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʷʯʝʝʢ, ʪʘʢ ʢʘʢ ʚ ʮʝʣʦʤ ʚʣʠʷʥʠʝ 
ʢʘʯʝʩʪʚʘ ʩʝʪʢʠ ʥʝ ʢʨʠʪʠʯʥʦ. ʕʪʦ ʜʘʸʪ ʚʦʟʤʦʞʥʦʩʪʴ ʦʙʨʘʙʦʪʘʪʴ ʙʦʣʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ 

ʤʦʜʝʣʝʡ. ʅʦ ʚ ʜʘʣʴʥʝʡʰʝʡ ʨʘʙʦʪʝ ʩ ʚʳʙʨʘʥʥʦʡ ʤʦʜʝʣʴʶ, ʥʝʦʙʭʦʜʠʤʦ ʫʣʫʯʰʠʪʴ ʢʘʯʝʩʪʚʦ 

ʩʝʪʢʠ. 

Comparative analysis of the influence of grid quality of 3D-models  

on the results of calculations 

Zolotukhina D.A., Siluyanova M.V. 
MAI, Moscow 

In the 21st century, the level of the world economy is one of the main indicators of the 

standard of living, the main condition of which is the saving of resources (material, intellectual, 
information and time). Modern industry, and engine building in particular, is in a rigid 

framework of economy. Tests of the product require huge material costs, so the engines of the 

new generation at all stages of the life cycle directly depend on the CALS-technology. In 
particular, product calculations for strength, aerodynamic, thermal, etc. play an important role in 

saving money. 

One of the design requirements for a modern high-pressure turbine is to provide the necessary 
air flow for cooling the nozzle apparatus of the turbine engine, at a gas temperature in the throat 

of the nozzle apparatus close to 2000 K. The use of the latest techniques in the creation heat-

resistant materials partially solve the problem of burnout nozzle blocks. The main solution to this 
problem was the improvement of the cooling system design. 

In this paper, we examined two 3D models of the flow part of the SB (absolutely identical in 

geometry). Numerical simulation was carried out using the commercial software complex 
CFX14.5. With the help of the ICEM CFD 14.5 package, two-dimensional areas of the flow part 

of the high-pressure turbine were built. The difference between the calculated areas consisted 

only in the number of cells in the models. The first model had about 10 million elements, and the 
second one was about 19 million. The task was to determine the smallest required number of 

cells in the computational model in which the quality of the calculation results would correspond 

to the results for the model with a high degree of resolution of the elements. 

For both calculation areas, the same boundary conditions were used. No critical errors were 

identified. 

Based on the calculation results, the models were investigated using the Y+ parameter, where 
the parameter values did not exceed the required value for the SST turbulence model. In the 

presented image of the surface contour surface isolines, from the shelf side, it is evident that in 

the region of interest, the first model has larger Y+ values than the second one (it is necessary to 
enter an interval so that Y+ does not exceed 2.5). 

Having constructed a thermal diagram, we observe that the range of temperatures (below 

900ÁC) in both models is approximately the same in area. But if we consider specific zones, then 
in the second model the average temperature over the cooled section will be lower than the first. 
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Also, with the superposition of the velocity vector, the second model has a slightly smoother 
distribution of the air curtain. 

From the comparative analysis of the two models, one can draw a conclusion. The initial 

calculation of the model can be carried out with fewer cells, since, on the whole, the influence of 
the quality of the grid is not critical. This makes it possible to process more models. But in the 

future work with the chosen model, it is necessary to improve the quality of the grid. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʪʝʧʣʦʬʠʟʠʯʝʩʢʠʭ ʠ ʢʠʥʝʪʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʵʥʝʨʛʦʝʤʢʠʭ 

ʢʦʤʧʦʥʝʥʪʦʚ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʘʚʠʘʮʠʦʥʥʳʭ ʪʦʧʣʠʚ  

ʗʥʦʚʩʢʠʡ ʃ.ʉ.1, ʄʦʣʦʢʘʥʦʚ ɸ.ɸ.1, ʀʣʴʠʥʘ ʄ.ɸ.1, ɺʘʨʣʘʤʦʚʘ ʅ.ʀ.1,  

ʂʘʟʘʢʦʚ ɸ.ʀ.2, ɼʫʙʠʭʠʥ ɺ.ɺ.2., ʉʪʘʰʢʠʚ ʄ.ʉ.3 
1ʎʀɸʄ, 2ʀʇʍʌ ʈɸʅ, 3229 ɺʇ ʄʆʈʌ, ʛ. ʄʦʩʢʚʘ 

ʃʝʪʘʪʝʣʴʥʳʝ ʘʧʧʘʨʘʪʳ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ, ʢʘʢ ʧʨʘʚʠʣʦ, ʞʝʩʪʢʠʤʠ ʛʘʙʘʨʠʪʥʦ-ʤʘʩʩʦʚʳʤʠ 

ʦʛʨʘʥʠʯʝʥʠʷʤʠ, ʧʦʵʪʦʤʫ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʜʘʣʴʥʦʩʪʠ ʧʦʣʝʪʘ ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʧʨʠʤʝʥʷʪʴ 
ʛʦʨʶʯʠʝ ʩ ʧʦʚʳʰʝʥʥʦʡ ʦʙʲʝʤʥʦʡ ʪʝʧʣʦʪʚʦʨʥʦʡ ʩʧʦʩʦʙʥʦʩʪʴʶ. ʅʘʩʪʦʷʱʘʷ ʨʘʙʦʪʘ 

ʧʦʩʚʷʱʝʥʘ ʠʩʩʣʝʜʦʚʘʥʠʶ ʩʚʦʡʩʪʚ ʵʥʝʨʛʦʝʤʢʠʭ ʢʦʤʧʦʥʝʥʪʦʚ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʘʚʠʘʮʠʦʥʥʳʭ 
ʪʦʧʣʠʚ.  

ɺ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʫʶ ʤʘʥʦʤʝʪʨʠʯʝʩʢʫʶ ʫʩʪʘʥʦʚʢʫ ʚʢʣʶʯʘʶʱʫʶ 

ʪʝʨʤʦʩʪʘʪ, ʩʠʩʪʝʤʫ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʜʘʚʣʝʥʠʷ, ʠʩʧʳʪʘʪʝʣʴʥʫʶ ʢʘʤʝʨʫ, ʧʦʟʚʦʣʷʶʱʫʶ 
ʦʧʨʝʜʝʣʷʪʴ ʜʘʚʣʝʥʠʝ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ ʚ ʠʥʪʝʨʚʘʣʝ 0-40 ʘʪʤ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 0-

500 ʦʉ. ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʣʠ ʩʣʝʜʫʶʱʠʝ ʵʥʝʨʛʦʝʤʢʠʝ ʦʙʨʘʟʮʳ: ʧʝʥʪʘʣʘʥ, ʙʠʥʦʨ-s, ʎʇ 

ʙʠʥʦʨ-S. ʀʩʩʣʝʜʦʚʘʥʠʝ ʫʧʨʫʛʦʩʪʠ ʦʙʨʘʟʮʦʚ ʧʨʦʚʦʜʠʣʠ ʧʫʪʝʤ ʠʟʤʝʨʝʥʠʷ ʨʘʚʥʦʚʝʩʥʦʛʦ 
ʜʘʚʣʝʥʠʷ ʚ ʧʨʦʮʝʩʩʝ ʠʭ ʠʟʦʭʦʨʠʯʝʩʢʦʛʦ ʥʘʛʨʝʚʘʥʠʷ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʢʠʥʝʪʠʢʠ 

ʪʝʨʤʦʜʝʩʪʨʫʢʮʠʠ ʧʨʦʚʦʜʠʣʠ ʤʘʥʦʤʝʪʨʠʯʝʩʢʠʤ ʤʝʪʦʜʦʤ. 

ʋʧʨʫʛʦʩʪʠ ʧʘʨʦʚ ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʦʚ ʚ ʨʘʙʦʪʝ ʦʧʨʝʜʝʣʷʣʠ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 
100-400Áʉ. ʇʨʠ ʢʘʞʜʦʤ ʦʧʨʝʜʝʣʝʥʠʠ ʜʘʚʣʝʥʠʷ ʠʩʧʳʪʘʪʝʣʴʥʫʶ ʢʘʤʝʨʫ ʚʳʜʝʨʞʠʚʘʣʠ ʧʨʠ 

ʟʘʜʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʚ ʪʝʯʝʥʠʝ 2 ʯʘʩʦʚ, ʜʘʚʣʝʥʠʝ ʧʨʠ ʵʪʦʤ ʥʝ ʠʟʤʝʥʷʣʦʩʴ, ʪ.ʝ. ʨʝʘʢʮʠʷ 

ʪʝʨʤʠʯʝʩʢʦʛʦ ʨʘʟʣʦʞʝʥʠʷ ʩ ʚʳʜʝʣʝʥʠʝʤ ʛʘʟʦʚ ʥʝ ʥʘʙʣʶʜʘʣʘʩʴ. ɺ ʨʘʙʦʪʝ ʧʦʢʘʟʘʥʦ, ʯʪʦ 
ʜʘʚʣʝʥʠʷ ʥʘʩʳʱʝʥʥʦʛʦ ʧʘʨʘ ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʦʚ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʠʥʪʝʨʚʘʣʝ 100-400Áʉ 

ʧʦʜʯʠʥʷʶʪʩʷ ʟʘʢʦʥʫ ʂʣʘʧʝʡʨʦʥʘ-ʂʣʘʟʠʫʩʘ. 

ʂʠʥʝʪʠʢʫ ʪʝʨʤʦʜʝʩʪʨʫʢʮʠʠ ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʦʚ ʠʟʫʯʘʣʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 420-
450Áʉ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʩʢʦʨʦʩʪʴ ʛʘʟʦʚʳʜʝʣʝʥʠʷ ʚ ʨʝʘʢʮʠʠ ʪʝʨʤʠʯʝʩʢʦʛʦ ʨʘʟʣʦʞʝʥʠʷ 

ʧʦʩʣʝʜʥʠʭ ʧʨʦʪʝʢʘʝʪ ʧʦ ʤʝʭʘʥʠʟʤʫ ʨʘʜʠʢʘʣʴʥʳʭ ʮʝʧʥʳʭ ʥʝʨʘʟʚʝʪʚʣʝʥʥʳʭ ʨʝʘʢʮʠʡ ʠ 

ʷʚʣʷʝʪʩʷ ʨʝʘʢʮʠʝʡ 1-ʛʦ ʧʦʨʷʜʢʘ.  
ɺ ʨʘʙʦʪʝ ʜʣʷ ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʦʚ ʦʧʨʝʜʝʣʝʥʳ ʵʥʪʘʣʴʧʠʠ ʠ ʵʥʪʨʦʧʠʠ ʠʩʧʘʨʝʥʠʷ, 

ʪʝʤʧʝʨʘʪʫʨʳ ʢʠʧʝʥʠʷ ʠ ʢʨʠʪʠʯʝʩʢʠʝ ʪʝʤʧʝʨʘʪʫʨʳ, ʧʨʝʜʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʝ ʤʥʦʞʠʪʝʣʠ ʠ 

ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ ʫʨʘʚʥʝʥʠʷ ɸʨʨʝʥʠʫʩʘ. 

Study of thermophysical and kinetic characteristics of energy-intensive components of 

promising aviation fuels 

Yanovsky L.S.1, Molokanov A.A.1, Ilina M.A.1, Varlamova N.I.1 

Kazakov A.I.2, Dubihin V.V.2., Stashkiv M.S. 
1CIAM, 2IPCP RAS, Moscow 

Aircrafts are characterized by rigid overall-mass restrictions, therefore for increase of flight 
range it is expedient to use combustible with increased volumetric calorific value. The present 

work is devoted to the study of the properties of energy-intensive components of advanced 

aviation fuels. 
The experimental manometric installation included the thermostat, the pressure regulation 

system, the test chamber, which makes it possible to determine a pressure of test sample in the 

range of 0-40 atm at temperatures of 0-500ʦʉ. The following energy-intensive samples were 
studied: pentalane (M13), binor-s (M18), CP-binor-s (M20). Investigation of of the samples was 

carried out by measuring the equilibrium pressure during their isochoric heating. Investigation of 

the kinetics of thermal destruction was carried out by a manometric method. 
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 The vapor pressures of the test samples were determined in the temperature range 100-400ÁC. 
At each pressure measurement, the test chamber was held at a given temperature for 2 hours, the 

pressure did not change, i.e. the reaction of thermal decomposition with evolution of gases was 

not observed. It is shown that the saturated vapor pressures of the samples under study on the 
temperature range 100-400ÁC are subject to the Clapeyron-Clazius law. 

 The kinetics of the thermal degradation of the investigated samples was studied at 

temperatures 420-450ÁC. It is established that the rate of gas evolution in the thermal 
decomposition reaction of the latter proceeds according radical chain unbranched a first-order 

reactions mechanism. 

 In the study, enthalpies and entropies of evaporation, boiling points and critical temperatures, 
pre-exponential factors and activation energies of the Arrhenius equation were determined for the 

test samples under. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ ʠʦʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ ʩ 

ʰʠʨʦʢʠʤ ʜʠʘʧʘʟʦʥʦʤ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʪʷʛʠ 

ʂʘʰʠʨʠʥ ɼ.ɸ. 

ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚ ʤʠʨʝ ʨʘʟʨʘʙʘʪʳʚʘʝʪʩʷ ʠ ʩʦʟʜʘʝʪʩʷ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʤʘʣʳʭ 

ʢʦʩʤʠʯʝʩʢʠʭ ʘʧʧʘʨʘʪʦʚ (ʄʂɸ), ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʭ ʜʣʷ ʨʝʰʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʟʘʜʘʯ ʥʘ ʥʠʟʢʠʭ 

ʦʨʙʠʪʘʭ. ʆʜʥʘ ʠʟ ʦʩʥʦʚʥʳʭ ʧʨʦʙʣʝʤ ʵʢʩʧʣʫʘʪʘʮʠʠ ʄʂɸ ï ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʦʡ ʩʨʦʢ 
ʘʢʪʠʚʥʦʛʦ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʘʧʧʘʨʘʪʘ ʚʩʣʝʜʩʪʚʠʝ ʪʦʨʤʦʞʝʥʠʷ ʚ ʦʩʪʘʪʦʯʥʦʡ ʘʪʤʦʩʬʝʨʝ. ɼʣʷ 

ʢʦʤʧʝʥʩʘʮʠʠ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʪʦʨʤʦʞʝʥʠʷ ʥʝʦʙʭʦʜʠʤʦ ʦʩʥʘʩʪʠʪʴ ʄʂɸ ʜʚʠʛʘʪʝʣʴʥʦʡ 

ʫʩʪʘʥʦʚʢʦʡ (ɼʋ) ʤʘʣʦʡ ʪʷʛʠ. ʊʘʢʘʷ ɼʋ ʤʦʞʝʪ ʙʳʪʴ ʩʦʟʜʘʥʘ ʥʘ ʙʘʟʝ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ 
ʠʦʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ (ɺʏʀɼ) ʤʘʣʦʡ ʤʦʱʥʦʩʪʠ, ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʦʙʨʘʟʝʮ ʢʦʪʦʨʦʛʦ ʙʳʣ 

ʨʘʟʨʘʙʦʪʘʥ ʠ ʩʦʟʜʘʥ ʚ ʅʀʀ ʇʄʕ ʄɸʀ. 

ʂʦʥʮʝʥʪʨʘʮʠʷ ʯʘʩʪʠʮ ʦʩʪʘʪʦʯʥʦʡ ʘʪʤʦʩʬʝʨʳ ʥʘ ʥʠʟʢʠʭ ʦʢʦʣʦʟʝʤʥʳʭ ʦʨʙʠʪʘʭ, ʦʪ 

ʢʦʪʦʨʦʡ ʟʘʚʠʩʠʪ ʚʝʣʠʯʠʥʘ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʪʦʨʤʦʞʝʥʠʷ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʣʥʝʯʥʦʡ ʠ 
ʛʝʦʤʘʛʥʠʪʥʦʡ ʘʢʪʠʚʥʦʩʪʠ ʤʦʞʝʪ ʠʟʤʝʥʷʪʴʩʷ ʙʦʣʝʝ, ʯʝʤ ʥʘ ʧʦʨʷʜʦʢ. ʊʘʢ, ʜʠʘʧʘʟʦʥ 

ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʪʷʛʠ ʜʚʠʛʘʪʝʣʷ ʊ-5, ʫʩʪʘʥʦʚʣʝʥʥʦʛʦ ʥʘ ʄʂɸ GOCE, ʩʦʩʪʘʚʣʷʣ ʦʪ 1 ʤʅ ʜʦ 

20 ʤʅ. ʇʦʵʪʦʤʫ ʧʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ɼʋ ʜʦʣʞʥʘ ʙʳʪʴ ʧʨʝʜʫʩʤʦʪʨʝʥʘ ʚʦʟʤʦʞʥʦʩʪʴ 
ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʪʷʛʠ ʚ ʰʠʨʦʢʠʭ ʧʨʝʜʝʣʘʭ. 

ɼʦʢʣʘʜ ʧʦʩʚʷʱʝʥ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʠʩʩʣʝʜʦʚʘʥʠʷʤ ɺʏʀɼ ʤʘʣʦʡ ʤʦʱʥʦʩʪʠ ʩ 

ʰʠʨʦʢʠʤ ʜʠʘʧʘʟʦʥʦʤ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʪʷʛʠ. ɺ ʜʦʢʣʘʜʝ ʧʨʠʚʝʜʝʥʳ ʦʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ 

ʜʘʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʜʪʚʝʨʞʜʝʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʪʷʛʠ 
ɺʏʀɼ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ. ɼʣʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʦʙʨʘʟʮʘ ɺʏʀɼ ʤʘʣʦʡ ʤʦʱʥʦʩʪʠ 

ʵʪʦʪ ʜʠʘʧʘʟʦʥ ʩʦʩʪʘʚʠʣ ʦʪ 0,5 ʤʅ ʜʦ 12,5 ʤʅ. 

Experimental research of radio-frequency ion thruster with a wide range of thrust 

regulation 

Kashirin D.A. 

MAI, Moscow 

Currently, a large number of small satellites, intended to solve various problems in low orbits, 

are being developed and created in the world. One of the main problems of operating the small 

satellites is a relatively short period of active existence of the satellite due to braking in the 

residual atmosphere. It is necessary to equip the small satellite with a thrust propulsion system to 
compensate the aerodynamic braking. Such system can be created on the basis of low-power 

radio-frequency ion thruster (RIT), an experimental sample of which was developed and created 

at the RIAME MAI. 

The concentration of particles of the residual atmosphere in low orbits, on which the value of 
aerodynamic braking depends, can vary by more than an order, depending on the solar and 

geomagnetic activity. Thus, the range of thrust regulation for the T-5 thruster installed on the 
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GOCE satellite was from 1 mN to 20 mN. Therefore, when designing a propulsion system, it 
should be possible to regulate the thrust within a wide range. 

The report is devoted to the experimental research of RIT with a wide range of thrust 

regulation. The report presents the main results of these research. The possibility of regulation 

the thrust of the RIT in a wide range was experimentally confirmed. For the experimental sample 
of low-power RIT this range was from 0.5 mN to 12.5 mN. 

ɼʠʘʛʥʦʩʪʠʢʘ ʨʘʟʨʫʰʝʥʠʡ ʠ ʦʮʝʥʢʘ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʨʘʙʦʯʠʭ 

ʪʫʨʙʠʥʥʳʭ ʣʦʧʘʪʦʢ ʘʚʠʘʮʠʦʥʥʳʭ ʜʚʠʛʘʪʝʣʝʡ 

ʂʠʩʝʣʝʚ ʌ.ɼ. 

ʎʅʀʀ ɺɺʉ ʄʆ ʈʌ, ʛ. ʑʸʣʢʦʚʦ 

ɺʘʞʥʝʡʰʝʡ ʩʦʩʪʘʚʥʦʡ ʯʘʩʪʴʶ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦ ʫʩʪʘʥʦʚʣʝʥʠʶ ʧʨʠʯʠʥʳ ʨʘʟʨʫʰʝʥʠʷ 
ʜʝʪʘʣʝʡ ʘʚʠʘʮʠʦʥʥʦʡ ʪʝʭʥʠʢʠ ʚ ʵʢʩʧʣʫʘʪʘʮʠʠ ʷʚʣʷʝʪʩʷ ʜʠʘʛʥʦʩʪʠʢʘ ʨʘʟʨʫʰʝʥʠʡ ʩ 

ʧʨʠʤʝʥʝʥʠʝʤ ʤʝʪʦʜʦʚ ʤʝʪʘʣʣʦʬʠʟʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʩʪʨʦʝʥʠʷ ʠʟʣʦʤʘ, ʩʪʨʫʢʪʫʨʳ ʠ ʩʦʩʪʘʚʘ 
ʤʘʪʝʨʠʘʣʘ, ʜʝʬʝʢʪʦʩʢʦʧʠʯʝʩʢʦʛʦ ʢʦʥʪʨʦʣʷ, ʦʧʨʝʜʝʣʝʥʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʝʭʘʥʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ, ʘʥʘʣʠʟʘ ʧʨʦʯʥʦʩʪʠ ʠ ʞʠʚʫʯʝʩʪʠ ʜʝʪʘʣʝʡ. 

ɺ ʜʦʢʣʘʜʝ ʠʟʣʘʛʘʝʪʩʷ ʤʝʪʦʜʠʢʠ ʠ ʨʝʟʫʣʴʪʘʪʳ ʧʨʦʚʝʜʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦ 
ʜʠʘʛʥʦʩʪʠʢʝ ʨʘʟʨʫʰʝʥʠʡ ʨʘʙʦʯʠʭ ʪʫʨʙʠʥʥʳʭ ʣʦʧʘʪʦʢ ʘʚʠʘʮʠʦʥʥʳʭ ʜʚʠʛʘʪʝʣʝʡ, 

ʫʩʪʘʥʦʚʣʝʥʥʳʝ ʧʨʠ ʵʪʦʤ ʧʨʠʯʠʥʳ ʨʘʟʨʫʰʝʥʠʡ ʣʦʧʘʪʦʢ ʪʫʨʙʠʥ ʠ ʬʘʢʪʦʨʳ, 

ʩʧʦʩʦʙʩʪʚʫʶʱʠʝ ʨʘʟʨʫʰʝʥʠʶ, ʨʘʩʩʤʦʪʨʝʥʳ ʦʩʦʙʝʥʥʦʩʪʠ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʦʡ 
ʧʦʚʨʝʞʜʘʝʤʦʩʪʠ, ʟʘʯʘʩʪʫʶ ʦʪʣʠʯʘʶʱʠʝʩʷ ʦʪ ʩʪʝʥʜʦʚʦʡ, ʢʨʠʪʠʯʝʩʢʠʝ ʟʦʥʳ ʥʝʢʦʪʦʨʳʭ 

ʤʦʜʠʬʠʢʘʮʠʡ ʪʫʨʙʠʥʥʳʭ ʣʦʧʘʪʦʢ, ʨʝʟʫʣʴʪʘʪʳ ʩʠʩʪʝʤʘʪʠʟʘʮʠʠ ʚʟʘʠʤʦʩʚʷʟʠ ʚʠʜʦʚ 

ʥʘʛʨʫʞʝʥʠʷ, ʤʝʭʘʥʠʟʤʦʚ ʨʘʟʨʫʰʝʥʠʷ ʠ ʪʠʧʦʚ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʭ ʠʟʣʦʤʦʚ ʨʘʙʦʯʠʭ ʣʦʧʘʪʦʢ 
ʪʫʨʙʠʥ ɻʊɼ. 

ʋ ʦʪʝʯʝʩʪʚʝʥʥʳʭ ʜʚʠʛʘʪʝʣʝʩʪʨʦʠʪʝʣʝʡ ʷʚʥʦ ʥʝʜʦʩʪʘʪʦʯʥʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ 

ʧʦ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ ʮʠʢʣʠʯʝʩʢʦʡ ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʠ ʠ, ʚ ʯʘʩʪʥʦʩʪʠ, ʩʢʦʨʦʩʪʠ ʨʦʩʪʘ 
ʫʩʪʘʣʦʩʪʥʳʭ ʪʨʝʱʠʥ ʚ ʞʘʨʦʧʨʦʯʥʳʭ ʩʧʣʘʚʘʭ ʥʘ ʥʠʢʝʣʝʚʦʡ ʦʩʥʦʚʝ. ʇʨʘʢʪʠʯʝʩʢʠ 

ʦʪʩʫʪʩʪʚʫʶʪ ʢʠʥʝʪʠʯʝʩʢʠʝ ʜʠʘʛʨʘʤʤʳ ʫʩʪʘʣʦʩʪʥʦʛʦ ʨʘʟʨʫʰʝʥʠʷ ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ 

ʫʩʣʦʚʠʷʤ ʨʘʙʦʪʳ ʤʘʪʝʨʠʘʣʘ ʚ ʢʨʠʪʠʯʝʩʢʠʭ ʟʦʥʘʭ ʣʦʧʘʪʦʢ, ʥʝʦʙʭʦʜʠʤʳʝ ʜʣʷ ʦʮʝʥʢʠ 

ʫʩʪʘʣʦʩʪʥʦʡ ʞʠʚʫʯʝʩʪʠ ʣʦʧʘʪʦʢ. ʕʪʦ ʢʘʩʘʝʪʩʷ ʢʘʢ ʨʘʚʥʦʦʩʥʳʭ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

ʩʧʣʘʚʦʚ, ʪʘʢ ʠ ʩʧʣʘʚʦʚ ʩ ʥʘʧʨʘʚʣʝʥʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʝʡ, ʚ ʪʦʤ ʯʠʩʣʝ ʚ 

ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ ʠʩʧʦʣʥʝʥʠʠ.  
ɺ ʜʦʢʣʘʜʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʮʠʢʣʠʯʝʩʢʦʡ 

ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʠ ʤʘʪʝʨʠʘʣʘ ʣʦʧʘʪʦʢ ï ʩʧʣʘʚʳ ɺɾʃ12ʋ (ʨʘʚʥʦʦʩʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ) ʠ 

ɾʉ26, ɾʉ32 (ʥʘʧʨʘʚʣʝʥʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʠ ʚ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ ʠʩʧʦʣʥʝʥʠʠ). 
ʆʧʨʝʜʝʣʝʥʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʤʘʪʝʨʠʘʣʘ ʣʦʧʘʪʦʢ ʫʩʪʘʣʦʩʪʥʦʤʫ ʨʘʟʨʫʰʝʥʠʶ 

ʩ ʧʦʩʪʨʦʝʥʠʝʤ ʢʠʥʝʪʠʯʝʩʢʠʭ ʜʠʘʛʨʘʤʤ (ʟʘʚʠʩʠʤʦʩʪʠ ʩʢʦʨʦʩʪʠ ʨʦʩʪʘ ʪʨʝʱʠʥʳ ʦʪ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʘʧʨʷʞʝʥʠʡ) ʧʨʦʚʦʜʠʣʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 850 Üʉ ʩ 
ʥʘʛʨʫʞʝʥʠʝʤ ʦʙʨʘʟʮʦʚ ʥʘ ʚʠʙʨʦʩʪʝʥʜʝ (ʯʘʩʪʦʪʳ ʩʦʙʩʪʚʝʥʥʳʭ ʢʦʣʝʙʘʥʠʡ ʦʙʨʘʟʮʦʚ 

ʩʦʩʪʘʚʣʷʣʠ 70..120 ɻʮ) ʠ ʧʦ ʩʭʝʤʝ ʧʫʣʴʩʠʨʫʶʱʝʛʦ ʨʘʩʪʷʞʝʥʠʷ ʩ ʯʘʩʪʦʪʦʡ 50 ɻʮ. ɿʥʘʯʝʥʠʷ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʘʩʠʤʤʝʪʨʠʠ ʮʠʢʣʘ ʚ ʦʙʦʠʭ ʩʣʫʯʘʷʭ ʩʦʩʪʘʚʣʷʣʠ 0,15 ʠ 0,35.  
ɺ ʜʦʢʣʘʜʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʤʝʪʦʜʠʯʝʩʢʠʝ ʘʩʧʝʢʪʳ ʠ ʨʝʟʫʣʴʪʘʪʳ ʜʠʘʛʥʦʩʪʠʢʠ ʨʘʟʨʫʰʝʥʠʡ, 

ʦʮʝʥʢʠ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʪʫʨʙʠʥʥʳʭ ʣʦʧʘʪʦʢ ʘʚʠʘʮʠʦʥʥʳʭ 

ʜʚʠʛʘʪʝʣʝʡ, ʨʘʟʨʘʙʦʪʘʥʥʳʝ ʨʝʢʦʤʝʥʜʘʮʠʠ ʧʦ ʢʦʥʪʨʦʣʶ ʩʪʨʫʢʪʫʨʳ ʤʘʪʝʨʠʘʣʘ ʠ 
ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʟʘʱʠʪʥʳʭ ʧʦʢʨʳʪʠʡ ʣʦʧʘʪʦʢ ʜʣʷ ʦʮʝʥʢʠ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʦʡ 

ʧʦʚʨʝʞʜʘʝʤʦʩʪʠ, ʧʨʠʚʝʜʝʥʳ ʤʝʨʦʧʨʠʷʪʠʷ, ʚʥʝʜʨʝʥʥʳʝ ʜʣʷ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʩʣʫʯʘʝʚ 

ʫʩʪʘʣʦʩʪʥʳʭ ʨʘʟʨʫʰʝʥʠʡ ʣʦʧʘʪʦʢ ʚ ʵʢʩʧʣʫʘʪʘʮʠʠ, ʧʦʚʳʰʝʥʠʷ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʦʡ 
ʥʘʜʝʞʥʦʩʪʠ ʠ ʨʝʩʫʨʩʘ ʥʝʢʦʪʦʨʳʭ ʤʦʜʠʬʠʢʘʮʠʡ ʨʘʙʦʯʠʭ ʣʦʧʘʪʦʢ ʪʫʨʙʠʥ ʘʚʠʘʜʚʠʛʘʪʝʣʝʡ 

ʩʘʤʦʣʝʪʦʚ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʡ ʘʚʠʘʮʠʠ. 

Diagnosis of damage and assessment of operational health of workers turbine blades of 

aircraft engines 

Kiselev F.D. 
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The most important part of the research aimed at establishing the causes of the destruction of 

parts of aircraft in operation is the diagnosis of damage using metal-physical methods of analysis 

of the structure of fracture, structure and composition of the material, flaw detection control, the 
characterization of mechanical properties, analysis of the strength and vitality of the parts. 

The report describes methods and results of studies on the diagnosis of the destruction of the 

working turbine blades of aircraft engines, established the reasons of destruction of the turbine 
blades, and the factors contributing to the destruction, the peculiarities of operational damage are 

often different from the bench, the critical zone some modifications to the turbine blades, the 

results of the systematization of the relationship types of loading, failure mechanisms and types 
of fractures of the operational turbine blades of GTE. 

Domestic engine builders clearly insufficient experimental data on the characteristics of cyclic 

crack resistance and, in particular, the rate of growth of fatigue cracks in heat-resistant alloys on 
a Nickel basis. Virtually no kinetic diagrams of fatigue fracture in relation to the working 

conditions of the material in critical areas of the blades, necessary for assessing the fatigue 

durability of the blades. This applies to both equiaxed polycrystalline alloys, and alloys, 

directional crystallization, including single-crystal performance.  

The report presents the results of experimental studies of cyclic crack resistance of the 
material of blades ï alloys VZHL12ʋ (equiaxed crystallization) and ZHS26, ZHS32 (directional 

solidification and single crystal version). Characterization of resistance of the material of the 

blade fatigue failure with the construction of the kinetic diagrams (dependence of crack growth 
rate against stress intensity factor) was carried out at a temperature of 850 Á C by loading the 

samples on a shaker (vibration frequency of the samples was 70..120 Hz) and the scheme of 

pulsating tension with a frequency of 50 Hz. The values of the coefficient of cycle asymmetry in 
both cases was 0,15 and 0,35.  

The report presents methodological aspects and results of diagnostics of damage and 

assessment of operational efficiency of turbine blades of aircraft engines, developed 
recommendations for the control of material structure and characteristics of protective coatings 

on the blades to assess operating damage, the given actions implemented to prevent fatigue 

failure of the blades in operation, improve the operational reliability and service life of some 
modifications of the working turbine blades of aircraft engines aircraft state aviation. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʟʤʝʨʝʥʠʷ ʠ ʯʠʩʣʝʥʥʳʡ ʨʘʩʯʝʪ ʪʝʤʧʝʨʘʪʫʨ ʚ 

ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʠʦʥʥʳʭ ʜʚʠʛʘʪʝʣʷʭ  

ʂʨʫʛʣʦʚ ʂ.ʀ., ɸʙʛʘʨʷʥ ɺ.ʂ., ɸʭʤʝʪʞʘʥʦʚ ʈ.ɺ., ɹʘʣʘʰʦʚ ɺ.ɺ.  

ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ʇʨʦʚʝʜʝʥʳ ʠʟʤʝʨʝʥʠʷ ʪʝʧʣʦʚʠʟʦʨʦʤ ʠ ʪʝʨʤʦʧʘʨʘʤʠ ʪʝʤʧʝʨʘʪʫʨ ʚ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʤ 
ʠʦʥʥʦʤ ʜʚʠʛʘʪʝʣʝ ɺʏʀɼ ï 8 ʤʦʱʥʦʩʪʴʶ ʜʦ 1ʢɺʪ ʠ ɺʏʀɼ ï 16 ʤʦʱʥʦʩʪʴʶ ʜʦ 3 ʢɺʪ ʧʨʠ 

ʨʘʙʦʪʝ ʥʘ ʨʘʟʣʠʯʥʳʭ ʨʝʞʠʤʘʭ ʤʦʱʥʦʩʪʠ. ʈʘʩʯʝʪʳ ʪʝʤʧʝʨʘʪʫʨ ʚ ʨʘʟʨʘʙʘʪʳʚʘʝʤʳʭ ʚ ʅʀʀ 

ʇʄʕ ʄɸʀ ʜʚʠʛʘʪʝʣʷʭ ɺʏʀɼ ï 8, ɺʏʀɼ ï 16 ʠ ʜʚʠʛʘʪʝʣʷ ɺʏʀɼ ï 49 ʄ ʩ ʧʦʚʳʰʝʥʥʦʡ 
ʤʦʱʥʦʩʪʴʶ 15é20 ʢɺʪ ʚʳʧʦʣʥʝʥʳ ʩ ʧʦʤʦʱʴʶ ʨʘʥʝʝ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʯʠʩʣʝʥʥʦʡ ʪʝʧʣʦʚʦʡ 

ʤʦʜʝʣʴʶ. ɼʦʩʪʠʛʥʫʪʦ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦʝ ʩʦʛʣʘʩʠʝ ʨʘʩʩʯʠʪʘʥʥʳʭ ʠ ʠʟʤʝʨʝʥʥʳʭ ʟʥʘʯʝʥʠʡ 

ʪʝʤʧʝʨʘʪʫʨ, ʯʪʦ ʦʧʨʝʜʝʣʷʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʨʘʩʯʝʪʥʦʡ ʤʦʜʝʣʠ ʜʣʷ 
ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʪʝʧʣʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʠʦʥʥʳʭ ʜʚʠʛʘʪʝʣʝʡ (ɺʏʀɼ) ʥʘ 

ʩʪʘʜʠʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ. 

ʅʘ ʦʩʥʦʚʝ ʧʨʦʚʝʜʝʥʥʦʡ ʩʝʨʠʠ ʯʠʩʣʝʥʥʳʭ ʨʘʩʯʝʪʦʚ ʪʝʤʧʝʨʘʪʫʨ ʚ ɺʏʀɼ ʨʘʟʣʠʯʥʦʡ 
ʨʘʟʤʝʨʥʦʩʪʠ ʚʳʨʘʙʦʪʘʥʳ ʨʝʢʦʤʝʥʜʘʮʠʠ ʧʦ ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʪʠʪʘʥʦʚʦʛʦ ʩʧʣʘʚʘ ɺʊ-14 ʚ 

ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʘ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʵʤʠʩʩʠʦʥʥʦʛʦ ʵʣʝʢʪʨʦʜʘ ʠʦʥʥʦ-ʦʧʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ 

ɺʏʀɼ - ʥʘʠʙʦʣʝʝ ʢʨʠʪʠʯʝʩʢʦʛʦ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʵʣʝʤʝʥʪʘ 
ʢʦʥʩʪʨʫʢʮʠʠ ɺʏʀɼ. ʆʧʨʝʜʝʣʝʥʳ ʧʨʝʜʝʣʴʥʳʝ ʨʘʙʦʯʠʝ ʨʝʞʠʤʳ ʨʘʙʦʪʳ ʜʚʠʛʘʪʝʣʝʡ ɺʏʀɼ ï 

16 ʠ ɺʏʀɼ ï 49 ʄ, ʧʨʠ ʢʦʪʦʨʳʭ ʚʦʟʤʦʞʥʦ ʧʨʠʤʝʥʝʥʠʝ ʩʧʣʘʚʘ ɺʊ-14 ʚʦʟʤʦʞʥʦ.  
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ʇʨʝʜʣʦʞʝʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʫʤʝʥʴʰʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʵʤʠʩʩʠʦʥʥʦʛʦ ʵʣʝʢʪʨʦʜʘ ʠʦʥʥʦ-
ʦʧʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ, ʢʘʢ ʥʘʠʙʦʣʝʝ ʥʘʛʨʝʪʦʛʦ ʵʣʝʤʝʥʪʘ ɺʏʀɼ, ʧʫʪʝʤ ʥʘʥʝʩʝʥʠʷ ʥʘ ʝʛʦ 

ʧʦʚʝʨʭʥʦʩʪʴ ʧʦʢʨʳʪʠʷ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʩʪʝʧʝʥʠ ʯʝʨʥʦʪʳ Ůʕʕ, ʯʪʦʙʳ ʫʚʝʣʠʯʠʪʴ ʣʫʯʠʩʪʳʡ 

ʩʙʨʦʩ ʪʝʧʣʘ. ʋʚʝʣʠʯʝʥʠʝ ʩʪʝʧʝʥʠ ʯʝʨʥʦʪʳ ʧʦʚʝʨʭʥʦʩʪʠ ʵʤʠʩʩʠʦʥʥʦʛʦ ʵʣʝʢʪʨʦʜʘ 
ʚʦʟʤʦʞʥʦ, ʥʘʧʨʠʤʝʨ, ʦʢʩʠʜʠʨʦʚʘʥʠʝʤ ʠʣʠ ʛʨʘʬʠʪʠʟʘʮʠʝʡ ʧʦʚʝʨʭʥʦʩʪʠ. ʅʘʣʠʯʠʝ ʤʦʜʝʣʠ 

ʨʘʩʯʝʪʘ ʪʝʤʧʝʨʘʪʫʨ ʧʦʟʚʦʣʠʣʦ ʧʨʦʚʝʨʠʪʴ ʪʘʢʫʶ ʨʝʢʦʤʝʥʜʘʮʠʶ. ɹʳʣ ʚʳʧʦʣʥʝʥ ʨʘʩʯʝʪ 

ʪʝʤʧʝʨʘʪʫʨ ʚ ɺʏʀɼ-16, ʛʜʝ ʚʤʝʩʪʦ Ůʕʕ=0.3, ʧʨʠʥʷʪʦʛʦ ʜʣʷ ʵʤʠʩʩʠʦʥʥʦʛʦ ʵʣʝʢʪʨʦʜʘ, 
ʠʟʛʦʪʦʚʣʝʥʥʦʛʦ ʠʟ Mo, ʙʳʣʦ ʠʩʧʦʣʴʟʦʚʘʥʦ ʟʥʘʯʝʥʠʝ Ůʕʕ=0.95. ʈʘʩʯʝʪ ʧʦʢʘʟʘʣ, ʯʪʦ 

ʪʝʤʧʝʨʘʪʫʨʘ ʵʤʠʩʩʠʦʥʥʦʛʦ ʵʣʝʢʪʨʦʜʘ ʫʤʝʥʴʰʠʣʘʩʴ ʥʘ ʧʦʯʪʠ 40Ü ʂ, ʯʪʦ ʜʦʚʦʣʴʥʦ 

ʩʫʱʝʩʪʚʝʥʥʦ. ʊʝʤʧʝʨʘʪʫʨʘ ʫʩʢʦʨʷʶʱʝʛʦ ʵʣʝʢʪʨʦʜʘ ʧʨʠ ʵʪʦʤ ʫʚʝʣʠʯʠʣʘʩʴ ʣʠʰʴ ʥʘ 10Ü ʂ 
ʠʟ-ʟʘ ʫʚʝʣʠʯʝʥʠʷ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ ʥʘ ʫʩʢʦʨʷʶʱʠʡ ʵʣʝʢʪʨʦʜ ʦʪ ʵʤʠʩʩʠʦʥʥʦʛʦ ʵʣʝʢʪʨʦʜʘ 

ʠʟ-ʟʘ ʧʦʚʳʰʝʥʠʷ ʩʪʝʧʝʥʠ ʯʝʨʥʦʪʳ ʧʦʩʣʝʜʥʝʛʦ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʠʩʣʝʥʥʳʡ ʨʘʩʯʝʪ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣ ʚʦʟʤʦʞʥʦʩʪʴ ʟʘʤʝʪʥʦʛʦ ʫʤʝʥʴʰʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʵʤʠʩʩʠʦʥʥʦʛʦ 
ʵʣʝʢʪʨʦʜʘ ʧʨʠ ʥʘʥʝʩʝʥʠʠ ʥʘ ʝʛʦ ʧʦʚʝʨʭʥʦʩʪʴ ʧʦʢʨʳʪʠʷ ʩ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ ʯʝʨʥʦʪʳ. 

Experimental measurements and numerical calculation of temperatures in high 

frequency ion thrusters 

Kruglov K.I., Abgaryan V.K., Akhmetzhanov R.V., Balashov V.V.  

MAI, Moscow 

Temperatures in the radio-frequency ion thrusters RIT-8 with the power of up to 1 kW and 

RIT-16 with the power of up to 3 kW were measured by infrared imager and thermal couples 

during the thruster operation in different power modes. Temperature calculations for the thrusters 
RIT-8, RIT-16 and RIT-49M with the increased power of 15é20 kW being developed at 

RIAME MAI were made using the numerical thermal model developed earlier. Satisfactory 

agreement of the calculated and measured temperature values was achieved that stipulating 
possibility for the application of computational model to predict thermal state of radio-frequency 

ion thrusters (RIT) at the design stage. 

Based on a series of numerical calculations for temperatures in RIT of different sizes, the 
recommendations are elaborated on the use of titanium alloy VT-14 as a material for the 

production of emissive electrode of the RIT ion-extraction system that is the most critical 

element of RIT structure from the point of view of thermomechanical deformation. Maximum 
permissible operation conditions are defined for the thrusters RIT-16 and RITï49ʄ, at which 

application of the alloy VT-14 is possible.  

A possibility is proposed to reduce temperature of the emissive electrode of the ion-extraction 
system as of the most heated element of RIT by covering its surface with a coating with the 

purpose to raise its emissivity factor ŮEE, and thus to increase the heat release by radiation. For 

example, it is possible to increase the emissivity factor of the emissive electrode surface by 
oxidizing or graphitizing the surface. Availability of the temperature calculation model allowed 

verifying such recommendation. Temperature calculations were made for RIT-16, for which we 

used ŮEE=0.95 instead of ŮEE=0.3 that had been assumed for the emissive electrode made of Mo. 
According to calculations, the emissive electrode temperature decreased by nearly 40Üʂ that is 

rather essential. At that, temperature of the accelerating electrode increased by 10Ü ʂ only due to 

the growth of heat flow onto the accelerating electrode from the emissive one because of the 

increase in the emissivity factor of the latter. Thus, numerical calculation has demonstrated a 

possibility for the noticeable reduction of the emissive electrode temperature in the case of its 

surface covering with a coating characterized by high emissivity factor. 

ʈʘʩʯʝʪ ʩʦʙʩʪʚʝʥʥʳʭ ʯʘʩʪʦʪ ʠ ʬʦʨʤ ʢʦʣʝʙʘʥʠʡ ʣʦʧʘʪʦʢ ʧʨʷʤʦʪʦʯʥʦʛʦ ʜʠʬʬʫʟʦʨʘ ʩ 

ʧʨʠʤʝʥʝʥʠʝʤ MSC.Patran/Nastran 

ʂʫʟʥʝʮʦʚʘ ʊ.ʉ., ʂʘʟʘʢʙʘʝʚʘ ɸ.ʗ., ʈʳʙʘʢʦʚʘ ʄ.ʈ. 
ʄʦʩʢʦʚʩʢʠʡ ʇʦʣʠʪʝʭ, ʛ. ʄʦʩʢʚʘ 

ʉʦʚʨʝʤʝʥʥʳʝ ʛʘʟʦʪʫʨʙʠʥʥʳʝ ʜʚʠʛʘʪʝʣʠ ʥʘʭʦʜʷʪ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ ʨʘʟʣʠʯʥʳʭ 

ʦʙʣʘʩʪʷʭ ʪʝʭʥʠʢʠ ʠ ʧʨʝʞʜʝ ʚʩʝʛʦ ʚ ʩʢʦʨʦʩʪʥʦʡ ʘʚʠʘʮʠʠ. ʆʜʥʠʤ ʠʟ ʚʘʞʥʝʡʰʠʭ ʫʟʣʦʚ 
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ʛʘʟʦʪʫʨʙʠʥʥʳʭ ʜʚʠʛʘʪʝʣʝʡ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʷʚʣʷʝʪʩʷ ʥʘʧʨʘʚʣʷʶʱʠʡ ʘʧʧʘʨʘʪ ʩ 
ʦʩʝʩʠʤʤʝʪʨʠʯʥʦ ʫʩʪʘʥʦʚʣʝʥʥʳʤʠ ʥʘʧʨʘʚʣʷʶʱʠʤʠ ʣʦʧʘʪʢʘʤʠ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʤʠ ʜʣʷ 

ʩʦʟʜʘʥʠʷ ʟʘʢʨʫʪʢʠ ʚʦʟʜʫʭʘ, ʧʦʩʪʫʧʘʶʱʝʛʦ ʥʘ ʨʘʙʦʯʠʝ ʣʦʧʘʪʢʠ ʩʪʫʧʝʥʝʡ ʢʦʤʧʨʝʩʩʦʨʘ ʩ 

ʮʝʣʴʶ ʩʥʠʞʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʩʢʦʨʦʩʪʝʡ ʠ ʧʦʣʫʯʝʥʠʷ ʫʛʣʦʚ ʥʘʙʝʛʘʥʠʷ ʧʦʪʦʢʘ ʛʘʟʘ ʥʘ 
ʧʨʦʬʠʣʴ ʨʘʙʦʯʝʡ ʣʦʧʘʪʢʠ. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʘʚʪʦʨʘʤʠ ʙʳʣʘ ʧʨʝʜʧʨʠʥʷʪʘ ʧʦʧʳʪʢʘ ʠʟʫʯʝʥʠʷ ʯʘʩʪʦʪ ʠ ʬʦʨʤ 

ʩʦʙʩʪʚʝʥʥʳʭ ʢʦʣʝʙʘʥʠʡ ʣʦʧʘʪʦʢ ʥʘʧʨʘʚʣʷʶʱʝʛʦ ʘʧʧʘʨʘʪʘ ʢʦʤʧʨʝʩʩʦʨʘ ʘʚʠʘʮʠʦʥʥʦʛʦ 
ʜʚʠʛʘʪʝʣʷ ɸʃ-31ʌ ʩ ʮʝʣʴʶ ʚʳʨʘʙʦʪʢʠ ʧʨʝʜʣʦʞʝʥʠʡ, ʥʘʧʨʘʚʣʝʥʥʳʭ ʥʘ ʧʦʚʳʰʝʥʠʝ 

ʥʘʜʝʞʥʦʩʪʠ ʠ ʫʣʫʯʰʝʥʠʝ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʜʠʬʬʫʟʦʨʘ ʜʚʠʛʘʪʝʣʷ. 

ʇʦʩʪʨʦʝʥʠʝ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʣʦʧʘʪʢʠ ʙʳʣʦ ʦʩʫʱʝʩʪʚʣʝʥʦ ʚ ʧʨʝʧʨʦʮʝʩʩʦʨʝ 
Patran/Nastran, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʚ ʧʝʨʝʤʝʱʝʥʠʷʭ, 

ʨʝʘʣʠʟʦʚʘʥʥʦʛʦ ʚ ʪʨʝʭʤʝʨʥʳʝ ʧʦʩʪʘʥʦʚʢʠ ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʢʦʤʧʣʝʢʩʝ Ansis. 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʜʚʘ ʵʪʘʧʘ. ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʥʘʭʦʜʠʣʠ ʯʘʩʪʦʪʳ 
ʩʦʙʩʪʚʝʥʥʳʭ ʢʦʣʝʙʘʥʠʡ ʣʦʧʘʪʢʠ (Modal analis) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʝʰʝʥʠʷ sol 103 ʧʨʠ 

ʟʘʜʘʥʠʠ ʛʨʘʥʠʯʥʦʛʦ ʫʩʣʦʚʠʷ ʚ ʚʠʜʝ ʟʘʜʝʣʢʠ. ʅʘ ʚʪʦʨʦʤ ʵʪʘʧʝ ʨʘʙʦʪʳ ʠʟʫʯʘʣʠʩʴ 
ʦʩʦʙʝʥʥʦʩʪʠ ʢʦʣʝʙʘʥʠʡ ʣʦʧʘʪʢʠ ʜʠʬʬʫʟʦʨʘ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʜʘʚʣʝʥʠʷ ʦʪ ʥʘʙʝʛʘʶʱʝʛʦ 

ʧʦʪʦʢʘ ʛʘʟʘ. 

ʅʘ ʦʩʥʦʚʳ ʜʘʥʥʳʭ ʧʨʦʚʝʜʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʙʳʣʦ ʦʩʫʱʝʩʪʚʣʝʥʦ ʧʦʩʪʨʦʝʥʠʝ 
ʜʠʘʛʨʘʤʤʳ ʂʵʤʧʙʝʣʣʘ, ʘʥʘʣʠʟ ʢʦʪʦʨʦʡ ʧʦʟʚʦʣʷʝʪ ʙʦʣʝʝ ʦʙʦʩʥʦʚʘʥʥʦ ʧʦʜʭʦʜʠʪʴ ʢ 

ʧʨʦʝʢʪʠʨʦʚʘʥʠʶ ʜʠʬʬʫʟʦʨʦʚ ʛʘʟʦʪʫʨʙʠʥʥʳʭ ʜʚʠʛʘʪʝʣʝʡ ʠ ʚʳʙʦʨʫ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʠʭ 

ʠʟʛʦʪʦʚʣʝʥʠʷ. 

Calculation of own possibilities and forms of exchange of blades of a direct-flow diffuser 

using MSC.Patran/Nastran 

Kuznetsova T.S., Kazakbaeva A.Y., Rybakova M.R. 
Moscow Polytech, Moscow 

Modern gas turbine engines are widely used in various fields of technology and, above all, in 

high-speed aviation. One of the most important units of gas turbine engines of various types is a 
directing device with axisymmetrically mounted guide vanes designed to create a twist of air 

entering the working blades of the compressor stages in order to reduce the relative velocities and 

to obtain the angles of the gas flow on the profile of the working blade. 
In this work, the authors attempted to study the frequencies and forms of natural oscillations 

of the blades of the directing apparatus of the AL-31F aircraft engine compressor in order to 

develop proposals aimed at improving the reliability and improving the performance 
characteristics of the engine diffuser. The geometry of the blade was constructed in the Patran / 

Nastran preprocessor, using the finite element method in displacements, implemented in three-

dimensional settings in the Ansis software package. 
The research was carried out in two stages. At the first stage, the frequencies of the 

oscillations of the blade (Modal analis) were found using the sol 103 solution when setting the 

boundary condition in the form of a seal. At the second stage of the work, the features of 
oscillations of the diffuser blade under the influence of pressure from the oncoming gas flow 

were studied. 

On the basis of these studies, a Campbell diagram was constructed, the analysis of which 

makes it possible to more appropriately approach the design of diffusers of gas turbine engines 

and the choice of materials for their manufacture. 

ʄʝʪʦʜ ʦʧʪʠʤʠʟʘʮʠʠ ʧʨʦʝʢʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʡ ʜʚʠʛʘʪʝʣʴʥʦʡ 

ʫʩʪʘʥʦʚʢʠ ʢʦʩʤʠʯʝʩʢʦʛʦ ʘʧʧʘʨʘʪʘ ʧʨʠ ʧʨʦʭʦʞʜʝʥʠʠ ʧʦʷʩʦʚ ɺʘʥ ɸʣʣʝʥʘ 

ʂʫʨʛʫʟʦʚ ɸ.ɺ. 

ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʥʘʤʝʪʠʣʘʩʴ ʪʝʥʜʝʥʮʠʷ ʢ ʚʳʧʦʣʥʝʥʠʶ ʦʧʝʨʘʮʠʠ ʧʝʨʝʭʦʜʘ ʥʘ ɻʉʆ ʩ 

ʧʦʤʦʱʴʶ ʵʣʝʢʪʨʦʨʘʢʝʪʥʳʭ ʜʚʠʛʘʪʝʣʴʥʳʭ ʫʩʪʘʥʦʚʦʢ. ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ ʭʠʤʠʯʝʩʢʠʤʠ 

ʜʚʠʛʘʪʝʣʴʥʳʤʠ ʫʩʪʘʥʦʚʢʘʤʠ, ʵʣʝʢʪʨʦʨʘʢʝʪʥʳʝ ʜʚʠʛʘʪʝʣʴʥʳʝ ʫʩʪʘʥʦʚʢʠ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦ 
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ʠʩʧʦʣʴʟʫʶʪ ʤʘʩʩʫ ʨʘʙʦʯʝʛʦ ʪʝʣʘ, ʯʪʦ ʫʚʝʣʠʯʠʚʘʝʪ ʤʘʩʩʫ ʧʦʣʝʟʥʦʡ ʥʘʛʨʫʟʢʠ, ʚʳʚʦʜʠʤʦʡ ʥʘ 
ʮʝʣʝʚʫʶ ʦʨʙʠʪʫ. ʆʜʥʘʢʦ, ʪʷʛʘ ʵʣʝʢʪʨʦʨʘʢʝʪʥʳʭ ʜʚʠʛʘʪʝʣʝʡ ʩʧʦʩʦʙʥʘ ʦʙʝʩʧʝʯʠʪʴ ʣʠʰʴ 

ʤʘʣʦʝ ʫʩʢʦʨʝʥʠʝ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʚʨʝʤʝʥʠ ʚʳʧʦʣʥʝʥʠʷ ʤʘʥʝʚʨʘ ʠ ʥʝ ʚʩʝʛʜʘ 

ʷʚʣʷʝʪʩʷ ʧʨʠʝʤʣʝʤʳʤ. 
ɺ ʧʨʦʮʝʩʩʝ ʧʝʨʝʭʦʜʘ ʥʘ ɻʉʆ, ʥʘʭʦʜʷʩʴ ʚʥʝ ʟʘʱʠʪʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ɿʝʤʣʠ, 

ʢʦʩʤʠʯʝʩʢʠʡ ʘʧʧʘʨʘʪ ʧʦʜʚʝʨʛʘʝʪʩʷ ʚʦʟʜʝʡʩʪʚʠʶ ʢʦʩʤʠʯʝʩʢʦʡ ʨʘʜʠʘʮʠʠ. ɺʦʟʜʝʡʩʪʚʠʝ 

ʨʘʜʠʘʮʠʠ ʚʦ ʚʨʝʤʷ ʜʣʠʪʝʣʴʥʦʛʦ ʧʝʨʝʭʦʜʘ ʩ ʧʦʤʦʱʴʶ ʪʦʣʴʢʦ ʵʣʝʢʪʨʦʨʘʢʝʪʥʦʡ 
ʜʚʠʛʘʪʝʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ, ʧʨʠʚʦʜʠʪ ʢ ʥʘʢʦʧʣʝʥʠʶ ʚ ʵʣʝʤʝʥʪʘʭ ʢʦʩʤʠʯʝʩʢʦʛʦ ʘʧʧʘʨʘʪʘ 

ʨʘʜʠʘʮʠʦʥʥʳʭ ʧʦʚʨʝʞʜʝʥʠʡ, ʯʪʦ ʩʦʢʨʘʱʘʝʪ ʩʨʦʢ ʘʢʪʠʚʥʦʛʦ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʢʦʩʤʠʯʝʩʢʦʛʦ 

ʘʧʧʘʨʘʪʘ ʠ ʚʳʥʫʞʜʘʝʪ ʟʘʢʣʘʜʳʚʘʪʴ ʚ ʢʦʥʩʪʨʫʢʮʠʶ ʟʘʧʘʩ, ʫʤʝʥʴʰʘʷ ʤʘʩʩʫ ʚʳʚʦʜʠʤʦʡ 
ʧʦʣʝʟʥʦʡ ʥʘʛʨʫʟʢʠ. 

ʅʘʠʙʦʣʝʝ ʟʘʤʝʪʥʦ ʚʦʟʜʝʡʩʪʚʠʝ ʨʘʜʠʘʮʠʠ ʥʘ ʩʦʣʥʝʯʥʳʝ ʙʘʪʘʨʝʠ, ʢʦʪʦʨʳʝ ʜʦʚʦʣʴʥʦ 

ʙʳʩʪʨʦ ʜʝʛʨʘʜʠʨʫʶʪ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʠʥʪʝʥʩʠʚʥʳʭ ʧʦʪʦʢʦʚ ʟʘʨʷʞʝʥʥʳʭ ʯʘʩʪʠʮ 
ʨʘʜʠʘʮʠʦʥʥʳʭ ʧʦʷʩʦʚ. ʉʧʦʩʦʙʥʦʩʪʴ ʩʦʣʥʝʯʥʳʭ ʙʘʪʘʨʝʡ ʛʝʥʝʨʠʨʦʚʘʪʴ ʵʣʝʢʪʨʠʯʝʩʢʫʶ 

ʤʦʱʥʦʩʪʴ, ʥʝʦʙʭʦʜʠʤʫʶ ʜʣʷ ʧʠʪʘʥʠʷ ʙʦʨʪʦʚʳʭ ʩʠʩʪʝʤ, ʟʘʤʝʪʥʦ ʩʥʠʞʘʝʪʩʷ ʦʪ ʚʦʟʜʝʡʩʪʚʠʷ 
ʨʘʜʠʘʮʠʠ ʚʦ ʚʨʝʤʷ ʧʝʨʝʭʦʜʘ ʥʘ ɻʉʆ ʩ ʧʦʤʦʱʴʶ ʵʣʝʢʪʨʦʨʘʢʝʪʥʳʭ ʜʚʠʛʘʪʝʣʝʡ. ʇʨʠʭʦʜʠʪʩʷ 

ʧʨʠʤʝʥʷʪʴ ʢʦʤʧʣʝʢʩ ʟʘʱʠʪʥʳʭ ʤʝʨ: ʧʨʝʜʦʭʨʘʥʷʪʴ ʩʣʦʡ ʢʨʝʤʥʠʷ ʩʪʝʢʣʦʤ, ʧʦʛʣʦʱʘʶʱʠʤ 

ʨʘʜʠʘʮʠʶ, ʧʦʚʳʰʘʪʴ ʧʣʦʱʘʜʴ ʩʦʣʥʝʯʥʳʭ ʙʘʪʘʨʝʡ ʜʣʷ ʢʦʤʧʝʥʩʘʮʠʠ ʜʝʛʨʘʜʘʮʠʠ, ʟʘʤʝʥʷʪʴ 
ʢʨʝʤʥʠʝʚʳʝ ʙʘʪʘʨʝʠ ʥʘ ʘʨʩʝʥʠʜ-ʛʘʣʣʠʝʚʳʝ, ʜʝʛʨʘʜʘʮʠʷ ʢʦʪʦʨʳʭ ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʴʰʝ, ʥʦ 

ʠʭ ʩʪʦʠʤʦʩʪʴ ʚʝʣʠʢʘ. 

ʉʪʨʫʢʪʫʨʘ ʤʘʛʥʠʪʦʩʬʝʨʳ ɿʝʤʣʠ ʦʧʨʝʜʝʣʷʝʪ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʧʦʷʩʦʚ ʩ ʧʦʚʳʰʝʥʥʳʤ 
ʫʨʦʚʥʝʤ ʨʘʜʠʘʮʠʠ, ʪʘʢ ʥʘʟʳʚʘʝʤʳʭ ʧʦʷʩʦʚ ɺʘʥ ɸʣʣʝʥʘ. ʉʦʢʨʘʱʝʥʠʝ ʚʨʝʤʝʥʠ ʥʘʭʦʞʜʝʥʠʷ 

ʢʦʩʤʠʯʝʩʢʦʛʦ ʘʧʧʘʨʘʪʘ ʚ ʵʪʠʭ ʟʦʥʘʭ ʧʦʟʚʦʣʷʝʪ ʩʥʠʟʠʪʴ ʚʣʠʷʥʠʝ ʨʘʜʠʘʮʠʠ, ʩʥʠʟʠʪʴ ʤʘʩʩʫ 

ʵʣʝʤʝʥʪʦʚ ʢʦʩʤʠʯʝʩʢʦʛʦ ʘʧʧʘʨʘʪʘ ʠ ʫʚʝʣʠʯʠʪʴ ʤʘʩʩʫ ʚʳʚʦʜʠʤʦʡ ʧʦʣʝʟʥʦʡ ʥʘʛʨʫʟʢʠ. 
ʉʦʢʨʘʪʠʪʴ ʚʨʝʤʷ ʧʨʝʙʳʚʘʥʠʷ ʢʦʩʤʠʯʝʩʢʦʛʦ ʘʧʧʘʨʘʪʘ ʚ ʟʦʥʝ ʩ ʧʦʚʳʰʝʥʥʳʤ ʫʨʦʚʥʝʤ 

ʨʘʜʠʘʮʠʠ ʤʦʞʥʦ, ʧʨʠʤʝʥʠʚ ʢʦʤʙʠʥʠʨʦʚʘʥʥʫʶ ʜʚʠʛʘʪʝʣʴʥʫʶ ʫʩʪʘʥʦʚʢʠ, ʩ ʜʚʠʛʘʪʝʣʷʤʠ 

ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ. 
ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʤʝʪʦʜ ʦʧʨʝʜʝʣʝʥʠʷ ʦʧʪʠʤʘʣʴʥʳʭ ʧʨʦʝʢʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ 

ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʡ ʜʚʠʛʘʪʝʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ ʜʣʷ ʦʙʦʟʥʘʯʝʥʥʳʭ ʚʳʰʝ ʫʩʣʦʚʠʡ. 

The method of optimizing the design parameters of the combined propulsion system of 

the spacecraft during the passage of Van Allens belts 

Kurguzov A.V. 

MAI, Moscow 

In recent years, there has been a tendency to carry out the operation of orbit raising to GSO 

using electric propulsion systems. Compared with chemical propulsion systems, electric 

propulsion systems more effectively use the mass of the working fluid, which increases the mass 
of the payload on the target orbit. However, the thrust of electric propulsion systems can only 

provide a small acceleration, which leads to a considerable time for maneuvering and is not 

always acceptable. 
In the process of transition to GSO, being outside the protective magnetic field of the Earth, 

the spacecraft is exposed to cosmic radiation. The impact of radiation during a long transition 

leads to the accumulation of radiation damage in the elements of the spacecraft, which shortens 

the life of the spacecraft and forces the construction of a reserve, reducing the mass of the output 

payload. 

Most noticeable is the effect of radiation on solar batteries, which degrade quite rapidly under 
the influence of intense fluxes of charged particles of radiation belts. The ability of solar panels 

to generate the electrical power needed to power on-board systems is noticeably reduced from 

exposure to radiation during the transition to GSO by electric propulsion systems. We have to 
apply a set of protective measures: to protect the silicon layer with glass absorbing radiation, to 

increase the area of solar cells to compensate for degradation, to replace silicon batteries by 

arsenide gallium, whose degradation is much smaller, but their cost is high. 
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The structure of the Earth's magnetosphere determines the existence of belts with an increased 
level of radiation, the so-called Van Allen belts. Reducing the residence time of a space vehicle 

in these areas can reduce the effect of radiation, reduce the mass of elements of the spacecraft 

and increase the mass of the output payload. 
Reducing the residence time of a space vehicle in a zone with an increased level of radiation 

can be done by using a combined propulsion system with engines of various types. 

The paper considers a method for determining the optimal design parameters of a combined 
propulsion system for the conditions mentioned above. 

ʇʨʠʤʝʥʝʥʠʝ ʤʝʪʦʜʘ ʨʘʩʯʝʪʥʦ-ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʦʮʝʥʢʠ ʚʣʠʷʥʠʷ ʧʨʝʧʘʨʘʮʠʠ 

ʣʦʧʘʪʦʢ ʛʘʟʦʪʫʨʙʠʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ ʥʘ ʠʭ ʚʠʙʨʘʮʠʦʥʥʦʝ ʧʦʚʝʜʝʥʠʝ  

ʃʳʩʝʥʢʦ ɸ.ɸ. 

ʆɼʂ-ʉʘʪʫʨʥ, ʛ. ʈʳʙʠʥʩʢ 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʦ ʧʨʠʤʝʥʝʥʠʝ ʤʝʪʦʜʘ ʦʮʝʥʢʠ ʚʣʠʷʥʠʷ ʦʪʢʣʦʥʝʥʠʡ 
ʛʝʦʤʝʪʨʠʠ ʣʦʧʘʪʦʢ ʥʘ ʠʭ ʚʠʙʨʘʮʠʦʥʥʦʝ ʧʦʚʝʜʝʥʠʝ [1] ʥʘ ʧʨʠʤʝʨʝ ʨʘʙʦʯʠʭ ʣʦʧʘʪʦʢ 

ʪʫʨʙʠʥʳ ʥʠʟʢʦʛʦ ʜʘʚʣʝʥʠʷ ʜʦʨʘʙʦʪʘʥʥʳʭ ʧʦʜ ʧʨʝʧʘʨʘʮʠʶ, ʩ ʥʘʢʣʝʝʥʥʳʤʠ ʥʘ ʥʠʭ 
ʪʝʥʟʦʜʘʪʯʠʢʘʤʠ ʠ ʧʨʦʚʦʜʘʤʠ. ʉʪʝʧʝʥʴ ʚʣʠʷʥʠʷ ʧʨʝʧʘʨʘʮʠʠ ʥʘ ʚʠʙʨʘʮʠʦʥʥʦʝ ʧʦʚʝʜʝʥʠʝ 

ʦʮʝʥʠʚʘʝʪʩʷ ʧʦ ʠʟʤʝʥʝʥʠʶ ʩʦʙʩʪʚʝʥʥʳʭ ʯʘʩʪʦʪ ʢʦʣʝʙʘʥʠʡ ʣʦʧʘʪʢʠ ʩ ʧʨʝʧʘʨʘʮʠʝʡ (ʧʦ 

ʥʘʠʙʦʣʝʝ ʢʨʠʪʠʯʥʳʤ ʬʦʨʤʘʤ) ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʣʦʧʘʪʢʦʡ ʠʩʭʦʜʥʦʡ ʛʝʦʤʝʪʨʠʠ.  
ʇʨʝʜʚʘʨʠʪʝʣʴʥʦ ʙʳʣ ʚʳʧʦʣʥʝʥ ʨʘʩʯʝʪ ʣʦʧʘʪʦʢ ʤʝʪʦʜʦʤ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ, 

ʦʧʨʝʜʝʣʝʥʳ ʠʭ ʬʦʨʤʳ ʠ ʯʘʩʪʦʪʳ ʩʦʙʩʪʚʝʥʥʳʭ ʢʦʣʝʙʘʥʠʡ, ʘ ʪʘʢʞʝ ʧʦʩʪʨʦʝʥʳ ʜʠʘʛʨʘʤʤʳ 

ʂʵʤʧʙʝʣʣʘ ʠ ʦʧʨʝʜʝʣʝʥʳ ʚʦʟʤʦʞʥʳʝ ʨʝʟʦʥʘʥʩʳ ʥʘʠʙʦʣʝʝ ʢʨʠʪʠʯʥʳʭ ʬʦʨʤ ʢʦʣʝʙʘʥʠʡ. 
ɼʘʣʝʝ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʩʦʙʩʪʚʝʥʥʳʭ ʯʘʩʪʦʪ ʢʦʣʝʙʘʥʠʡ 

ʜʘʥʥʳʭ ʣʦʧʘʪʦʢ. ʂʦʤʧʣʝʢʪ ʨʘʙʦʯʠʭ ʣʦʧʘʪʦʢ ʪʫʨʙʠʥʳ ʙʳʣ ʠʩʧʳʪʘʥ ʤʝʪʦʜʦʤ ʫʜʘʨʥʦʛʦ 

ʚʦʟʙʫʞʜʝʥʠʷ. ʉʦʙʩʪʚʝʥʥʳʝ ʯʘʩʪʦʪʳ ʢʦʣʝʙʘʥʠʡ ʣʦʧʘʪʦʢ ʬʠʢʩʠʨʦʚʘʣʠʩʴ ʧʦ ʟʚʫʢʦʚʦʤʫ 
ʩʠʛʥʘʣʫ, ʚʦʟʥʠʢʘʶʱʝʤʫ ʧʨʠ ʢʦʣʝʙʘʥʠʷʭ ʣʦʧʘʪʦʢ, ʩ ʧʦʤʦʱʴʶ ʤʠʢʨʦʬʦʥʘ. ʏʘʩʪʦʪʳ 

ʣʦʧʘʪʦʢ, ʦʧʨʝʜʝʣʝʥʥʳʝ ʧʨʠ ʧʠʥʛ-ʪʝʩʪʝ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʣʠʩʴ ʩ ʨʘʩʯʝʪʥʳʤʠ ʬʦʨʤʘʤʠ 

ʢʦʣʝʙʘʥʠʡ.  
ɿʘʪʝʤ ʚʳʧʦʣʥʷʣʘʩʴ ʜʦʨʘʙʦʪʢʘ ʠʩʭʦʜʥʳʭ ʣʦʧʘʪʦʢ ʧʦʜ ʧʨʝʧʘʨʘʮʠʶ, ʥʘʢʣʝʡʢʘ ʥʘ ʥʠʭ 

ʪʝʥʟʦʜʘʪʯʠʢʦʚ. ɿʘʧʨʝʧʘʨʠʨʦʚʘʥʥʳʝ ʣʦʧʘʪʢʠ ʠʩʧʳʪʳʚʘʣʠʩʴ ʤʝʪʦʜʦʤ ʧʠʥʛ-ʪʝʩʪʘ 

ʘʥʘʣʦʛʠʯʥʦ ʠʩʭʦʜʥʳʤ ʣʦʧʘʪʢʘʤ.  
ɼʘʣʝʝ ʦʧʨʝʜʝʣʷʣʦʩʴ ʤʘʢʩʠʤʘʣʴʥʦʝ ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʠʟʤʝʥʝʥʠʝ ʯʘʩʪʦʪ æfmax (%) 

ʠʩʭʦʜʥʳʭ ʠ ʜʦʨʘʙʦʪʘʥʥʳʭ ʣʦʧʘʪʦʢ. ɼʣʷ ʣʦʧʘʪʦʢ ʪʫʨʙʠʥʳ, ʥʘ ʢʦʪʦʨʳʭ ʙʳʣ ʧʨʠʤʝʥʝʥ 

ʜʘʥʥʳʡ ʩʧʦʩʦʙ æfmax (%) ʩʦʩʪʘʚʠʣʦ ʜʦ 3% ʧʦ ʚʩʝʤ ʠʩʩʣʝʜʦʚʘʥʥʳʤ ʬʦʨʤʘʤ. ʏʘʩʪʦʪʳ 
ʙʦʣʴʰʠʥʩʪʚʘ ʟʘʧʨʝʧʘʨʠʨʦʚʘʥʥʳʭ ʣʦʧʘʪʦʢ ʦʩʪʘʣʠʩʴ ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ ʠʩʭʦʜʥʳʭ ʣʦʧʘʪʦʢ.  

ʆʪʜʝʣʴʥʳʡ ʘʥʘʣʠʟ ʙʳʣ ʚʳʧʦʣʥʝʥ ʜʣʷ ʣʦʧʘʪʦʢ, ʫ ʢʦʪʦʨʳʭ ʯʘʩʪʦʪʘ ʧʦ ʢʘʢʦʡ ʣʠʙʦ ʬʦʨʤʝ 

ʢʦʣʝʙʘʥʠʡ ʧʦʩʣʝ ʥʘʢʣʝʡʢʠ ʜʘʪʯʠʢʦʚ ʚʳʰʣʘ ʟʘ ʧʨʝʜʝʣʳ ʜʠʘʧʘʟʦʥʘ ʯʘʩʪʦʪ ʠʩʭʦʜʥʳʭ 
ʣʦʧʘʪʦʢ. ɸʥʘʣʠʟ ʧʦʢʘʟʘʣ ʜʦʩʪʘʪʦʯʥʦʩʪʴ ʟʘʧʘʩʦʚ ʦʪ ʨʝʟʦʥʘʥʩʦʚ ʜʣʷ ʜʘʥʥʳʭ ʣʦʧʘʪʦʢ, ʯʪʦ 

ʙʳʣʦ ʧʦʜʪʚʝʨʞʜʝʥʦ ʧʨʠ ʧʨʦʚʝʜʝʥʠʠ ʪʝʥʟʦʤʝʪʨʠʨʦʚʘʥʠʷ - ʥʦʚʳʭ ʨʝʟʦʥʘʥʩʦʚ ʚʳʷʚʣʝʥʦ ʥʝ 

ʙʳʣʦ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘʣʠʯʠʝ ʧʨʝʧʘʨʘʮʠʠ ʥʘ ʨʘʙʦʯʠʭ ʣʦʧʘʪʢʘʭ ʪʫʨʙʠʥʳ ʥʝ ʧʨʠʚʝʣʦ ʢ 
ʠʟʤʝʥʝʥʠʶ ʨʝʟʦʥʘʥʩʥʳʭ ʯʘʩʪʦʪ, ʪ.ʝ. ʥʝ ʧʦʚʣʠʷʣʦ ʥʘ ʨʝʟʫʣʴʪʘʪʳ ʠʭ ʪʝʥʟʦʤʝʪʨʠʨʦʚʘʥʠʷ. 

ɺ ʟʘʢʣʶʯʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʨʘʙʦʪʳ ʜʘʶʪʩʷ ʥʝʢʦʪʦʨʳʝ ʨʝʢʦʤʝʥʜʘʮʠʠ ʧʦ ʠʥʳʤ 

ʥʘʧʨʘʚʣʝʥʠʷʤ ʧʨʠʤʝʥʝʥʠʷ ʤʝʪʦʜʘ. 
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Application of method for experiment-calculation assessment of impact of gas-turbine 

engine blades instrumentation on their vibration behavior 

Lysenko A.A. 

PJSC ñUEC-Saturnò, Rybinsk 
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This paper presents application of method for assessment of blades geometry deviations 
impact on their vibration behavior [1] by the example of low pressure turbine blades reworked 

for instrumentation with strain gauges and wires glued to them. Degree of instrumentation impact 

on vibration behavior is assessed using the change of natural frequencies of instrumented blade 
(for the most critical mode shapes) versus initial geometry blade.  

Preliminarily, calculation of blades was done using finite element method, their mode shapes 

and natural frequencies were determined and also Campbell diagrams were plotted to determine 
possible resonances of the most critical mode shapes. 

Then experimental analysis of these blades natural frequencies was performed. Set of turbine 

blades was tested using impact excitation method. Blades natural frequencies were determined 
via audio signals arising at blades vibration, which were recorded using microphone. Blades 

frequencies determined at ping-test were identified with calculated mode shapes.  

After that initial blades were reworked for instrumentation, and strain gauges were glued to 
them. Instrumented blades were tested using ping-test method similar to initial blades.  

Then maximum relative change of frequencies æfmax (%) of initial blades and reworked 
blades was determined. æfmax (%) for turbine blades used for this method was below 3% for all 

analyzed mode shapes. Frequencies of the majority of instrumented blades remained within 

initial blades frequency range.  
Individual analysis was performed for those blades, the frequency of which for any mode 

shape after strain gauge gluing was out of initial blades frequency range. The analysis 

demonstrated that resonance margins for those blades were sufficient and it was confirmed 
during strain-gauging - new resonances were not detected. Thus, presence of instrumentation on 

turbine blades did not result in change of resonance frequencies, i.e. it did not affect the results of 

their strain-gauging. 
Concluding part of the paper contains some recommendations for other method applications. 
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ʀʩʩʣʝʜʦʚʘʥʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ ʠʦʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ ʧʨʠ ʥʘʣʠʯʠʠ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʚʥʝʰʥʝʛʦ ʧʦʩʪʦʷʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ ʦʙʣʘʩʪʠ ɺʏ ʨʘʟʨʷʜʘ 
ʄʝʣʴʥʠʢʦʚ ɸ.ɺ., ʍʘʨʪʦʚ ʉ.ɸ. 

ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʣʦʩʴ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʫʣʫʯʰʝʥʠʷ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ ʠʦʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ (ɺʏ ʀɼ), ʧʫʪʸʤ ʥʘʣʦʞʝʥʠʷ ʚ ʦʙʣʘʩʪʴ 

ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ ʨʘʟʨʷʜʘ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ʉ ʵʪʦʡ ʮʝʣʴʶ, ʜʣʷ ʣʘʙʦʨʘʪʦʨʥʦʡ 
ʤʦʜʝʣʠ ɺʏ ʀɼ ʩ ʜʠʘʤʝʪʨʦʤ ʧʫʯʢʘ 100 ʤʤ, ʙʳʣʘ ʩʧʨʦʝʢʪʠʨʦʚʘʥʘ ʠ ʠʟʛʦʪʦʚʣʝʥʘ ʤʘʛʥʠʪʥʘʷ 

ʩʠʩʪʝʤʘ, ʫʩʪʘʥʘʚʣʠʚʘʶʱʘʷʩʷ ʩʥʘʨʫʞʠ ʠʥʜʫʢʪʦʨʘ ʠ ʚʢʣʶʯʘʶʱʘʷ ʚ ʩʝʙʷ ʤʘʛʥʠʪʦʧʨʦʚʦʜ ʠ 

ʯʝʪʳʨʝ ʦʙʤʦʪʢʠ. 
ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʭʦʜʠʣʠ ʚ ʯʝʪʳʨʝ ʵʪʘʧʘ. ʇʝʨʚʳʤ ʵʪʘʧʦʤ ʷʚʣʷʣʘʩʴ 

ʧʨʦʚʝʨʢʘ ʩʦʦʪʚʝʪʩʪʚʠʷ ʫʨʦʚʥʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ɺʏ ʀɼ ʜʦ ʠ ʧʦʩʣʝ ʚʥʝʩʸʥʥʳʭ ʚ ʢʦʥʩʪʨʫʢʮʠʶ 

ʠʟʤʝʥʝʥʠʡ. ɺ ʨʝʟʫʣʴʪʘʪʝ, ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʫʨʦʚʝʥʴ ʠʟʚʣʝʢʘʝʤʦʛʦ ʪʦʢʘ ʠʦʥʥʦʛʦ ʧʫʯʢʘ, 

ʧʨʠ ʫʩʪʘʥʦʚʢʝ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʢʦʥʩʪʨʫʢʮʠʠ, ʩʦʭʨʘʥʷʝʪʩʷ. ɺʪʦʨʳʤ ʵʪʘʧʦʤ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʣʦʩʴ ʨʝʛʠʩʪʨʘʮʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʜʚʠʛʘʪʝʣʷ ʚ ʩʣʫʯʘʝ ʦʪʩʫʪʩʪʚʠʷ ʚʥʝʰʥʝʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ɹʳʣʠ ʧʦʣʫʯʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʜʘʚʘʝʤʦʡ ʤʦʱʥʦʩʪʠ ʥʘ ʠʥʜʫʢʪʦʨ ʦʪ 
ʨʘʩʭʦʜʘ ʨʘʙʦʯʝʛʦ ʪʝʣʘ ʜʣʷ ʪʦʢʘ ʧʫʯʢʘ ʦʪ 50 ʜʦ 300 ʤɸ, ʭʘʨʘʢʪʝʨ ʢʦʪʦʨʳʭ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʜʘʥʥʳʤ ʫ ʜʨʫʛʠʭ ʘʚʪʦʨʦʚ. ɺ ʢʘʯʝʩʪʚʝ ʪʨʝʪʴʝʛʦ ʵʪʘʧʘ ʚʳʩʪʫʧʘʣʦ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ɺʏ ʀɼ ʧʨʠ ʥʘʣʠʯʠʠ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ ʦʙʣʘʩʪʠ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ 
(ɺʏ) ʨʘʟʨʷʜʘ. ʇʨʠ ʦʧʨʝʜʝʣʸʥʥʳʭ ʨʝʞʠʤʘʭ ʨʘʙʦʪʳ ʜʚʠʛʘʪʝʣʷ ʙʳʣʦ ʚʳʷʚʣʝʥʦ ʧʦʣʦʞʠʪʝʣʴʥʦʝ 

ʚʣʠʷʥʠʝ ï ʫʚʝʣʠʯʝʥʠʝ ʠʟʚʣʝʢʘʝʤʦʛʦ ʠʦʥʥʦʛʦ ʪʦʢʘ ʧʫʯʢʘ. ʀ ʯʝʪʚʸʨʪʳʤ ʵʪʘʧʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʙʳʣʦ ʩʨʘʚʥʝʥʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ɺʏ ʀɼ ʚ ʩʣʫʯʘʝ ʥʘʣʠʯʠʷ ʠ ʦʪʩʫʪʩʪʚʠʷ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ 
ʧʦʣʷ ʚ ʦʙʣʘʩʪʠ ɺʏ ʨʘʟʨʷʜʘ. 
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ʈʝʟʫʣʴʪʘʪʦʤ ʚʳʧʦʣʥʝʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʶʪʩʷ ʚʳʷʚʣʝʥʥʳʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʚʣʠʷʥʠʷ 
ʚʥʝʰʥʝʛʦ ʧʦʩʪʦʷʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʢʦʥʢʨʝʪʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ, ʥʘ ʧʘʨʘʤʝʪʨʳ 

ʣʘʙʦʨʘʪʦʨʥʦʡ ʤʦʜʝʣʠ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ ʠʦʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ. ʕʪʠ ʜʘʥʥʳʝ ʧʦʟʚʦʣʠʣʠ 

ʦʧʨʝʜʝʣʠʪʴ ʨʝʞʠʤʳ ʨʘʙʦʪʳ ʜʚʠʛʘʪʝʣʷ ʠ ʚʝʣʠʯʠʥʫ ʪʦʢʘ ʚ ʢʘʪʫʰʢʘʭ ʤʘʛʥʠʪʥʦʡ ʩʠʩʪʝʤʳ, ʧʨʠ 
ʢʦʪʦʨʳʭ ʠʤʝʝʪ ʤʝʩʪʦ ʥʘʠʙʦʣʴʰʝʝ ʧʨʠʨʘʱʝʥʠʝ ʠʟʚʣʝʢʘʝʤʦʛʦ ʪʦʢʘ ʠʦʥʥʦʛʦ ʧʫʯʢʘ. 

Research of characteristics of the high-frequency ion thruster in the presence of an 

additional external constant magnetic field in area of HF discharge 

Melnikov A.V., Khartov S.A. 

MAI, Moscow 

The purpose of this work was the research of a possibility of improvement of energy 
characteristics of the high-frequency ion thruster (RIT type), by superimposing external magnetic 

field in to the area of high-frequency discharge. For this purpose, for the laboratory model of RIT 

with a diameter of beam of 100 mm, the magnetic system settable on the outside of the inductor and 
including a magnetic conductor and four windings was designed and made. 

Experimental researches were conducted in four stages. The first stage was check of compliance 
of level of characteristics of RIT before and after changes made in a construction. As a result, was 

established that the level of the extractable current of ion beam, in the installation of additional 

elements of a construction, is preserved. The second stage of the research was the registration of the 
characteristics of the thruster in the case of absence of an external magnetic field. The dependences 

of the power supplied to the inductor on the consumption of the working medium for the beam 

current from 50 to 300 mA, the character of which corresponds to the data of other authors, were 
obtained. Research of the characteristics of the RIT in the presence of an external magnetic field in 

area of a high-frequency (HF) discharge acted as the third stage. At certain operating conditions of 

the thruster, a positive influence have been identified - an increase extractable ion current of beam. 
And the fourth stage of the research was a comparison of the characteristics of the RIT in the case 

of presence and absence of an external magnetic field in area of the HF discharge. 

The revealed regularities of the influence of an external constant magnetic field, a specific 
configuration, on the parameters of the laboratory model of the high-frequency ion thruster is the 

result of the work performed. These data made it possible to determine the operating conditions of 

the thruster and the amperage in the coils of the magnetic system, in which the largest increment of 
the extractable current of the ion beam takes place. 

ʊʚʝʨʜʦʪʝʣʴʥʳʝ ʆɺʌ-ʣʘʟʝʨʳ ʜʣʷ ʨʝʰʝʥʠʷ ʢʦʩʤʠʯʝʩʢʠʭ ʟʘʜʘʯ 

ɸʚʜʝʝʚ ɸ.ɺ.1, ʀʚʘʢʠʥ ʉ.ɺ.2,3, ʄʝʪʝʣʴʥʠʢʦʚ ɸ.ɸ.1, ʇʦʛʦʜʘ ɸ.ʇ.2,3 
2ɹɻʊʋ çɺʆɽʅʄɽʍè, 3ʅʇʇ çʃʘʟʝʨʥʳʝ ʩʠʩʪʝʤʳè, ʛ. ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ;  

1ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ɸʢʪʫʘʣʴʥʳʝ ʢʦʩʤʠʯʝʩʢʠʝ ʧʨʠʤʝʥʝʥʠʷ ʣʘʟʝʨʦʚ (ʣʠʜʘʨʳ, ʣʦʢʘʪʦʨʳ, ʩʠʩʪʝʤʳ ʫʜʘʣʝʥʠʷ 
ʢʦʩʤʠʯʝʩʢʦʛʦ ʤʫʩʦʨʘ ʩ ʦʢʦʣʦʟʝʤʥʳʭ ʦʨʙʠʪ ʠ ʜʨ.) ʪʨʝʙʫʶʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʠʩʪʦʯʥʠʢʦʚ 

ʠʟʣʫʯʝʥʠʷ ʩ ʵʥʝʨʛʠʝʡ ʦʪ 1 ʜʦ ʙʦʣʝʝ 100 ɼʞ, ʜʣʠʪʝʣʴʥʦʩʪʴʶ 0,1 ï 10 ʥʩ, ʯʘʩʪʦʪʦʡ 

ʩʣʝʜʦʚʘʥʠʷ ʠʤʧʫʣʴʩʦʚ 10 ï 100 ɻʮ ʠ ʢʘʯʝʩʪʚʦʤ ʧʫʯʢʘ ʄ 2 ~ 1,1 ï 1,5. ʅʝʦʙʭʦʜʠʤʳ 
ʢʦʤʧʘʢʪʥʳʝ ʠ ʥʘʜʝʞʥʳʝ ʠʩʪʦʯʥʠʢʠ ʠʟʣʫʯʝʥʠʷ ʚʳʩʦʢʦʡ ʷʨʢʦʩʪʠ. 

ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʫʩʧʝʰʥʳʭ ʧʫʪʝʡ ʨʝʰʝʥʠʷ ʦʙʝʩʧʝʯʝʥʠʷ ʙʦʣʴʰʦʡ ʵʥʝʨʛʠʠ ʚ ʠʤʧʫʣʴʩʝ 

ʠ ʦʜʥʦʚʨʝʤʝʥʥʦ ʧʨʝʜʝʣʴʥʦ ʤʘʣʦʡ ʨʘʩʭʦʜʠʤʦʩʪʠ ʷʚʣʷʝʪʩʷ ʥʝʣʠʥʝʡʥʳʡ ʵʬʬʝʢʪ ï 
ʦʙʨʘʱʝʥʠʝ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ (ʆɺʌ). ʂʣʶʯʝʚʳʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʣʘʟʝʨʦʚ ʥʘ ʦʩʥʦʚʝ 

ʵʬʬʝʢʪʘ ʆɺʌ ʷʚʣʷʝʪʩʷ ʫʩʪʨʘʥʝʥʠʝ ʪʨʘʜʠʮʠʦʥʥʦʛʦ ʧʦʥʠʞʝʥʠʷ ʢʘʯʝʩʪʚʘ ʠʟʣʫʯʝʥʠʷ ʧʨʠ 

ʫʚʝʣʠʯʝʥʠʠ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠʟʣʫʯʝʥʠʷ ʣʘʟʝʨʘ. 
ɺ ʣʘʙʦʨʘʪʦʨʠʠ ɹɻʊʋ çɺʆɽʅʄɽʍè ʠʤ. ɼ. ʌ. ʋʩʪʠʥʦʚʘ ʠʩʩʣʝʜʫʶʪʩʷ ʤʦʱʥʳʝ 

ʠʤʧʫʣʴʩʥʳʝ ʪʚʝʨʜʦʪʝʣʴʥʳʝ ʆɺʌ-ʣʘʟʝʨʳ ʥʘ ʦʩʥʦʚʝ ʢʚʘʥʪʨʦʥʦʚ ʩ ʘʢʪʠʚʥʳʤʠ ʣʘʟʝʨʥʳʤʠ 

ʢʨʠʩʪʘʣʣʘʤʠ Nd-YAG. ɺʳʩʦʢʦʝ ʦʧʪʠʯʝʩʢʦʝ ʢʘʯʝʩʪʚʦ, ʙʣʠʟʢʦʝ ʢ ʜʠʬʨʘʢʮʠʦʥʥʦʤʫ ʧʨʝʜʝʣʫ 
(ʧʘʨʘʤʝʪʨ ʢʘʯʝʩʪʚʘ ʠʟʣʫʯʝʥʠʷ ʄ2 =1,15), ʜʦʩʪʠʛʘʝʪʩʷ ʧʨʠ ʵʥʝʨʛʠʠ ʚ ʮʫʛʝ ʠʤʧʫʣʴʩʦʚ 

1,25 ɼʞ ʠ ʜʣʠʪʝʣʴʥʦʩʪʠ ʠʤʧʫʣʴʩʘ 240 ʤʢʩ ʚʤʝʩʪʦ ʪʨʘʜʠʮʠʦʥʥʳʭ ʜʣʷ ʨʝʞʠʤʘ ʩʚʦʙʦʜʥʦʡ 

ʛʝʥʝʨʘʮʠʠ 400-500 ʤʢʩ. ɺ ʨʝʞʠʤʝ ʧʘʩʩʠʚʥʦʡ ʤʦʜʫʣʷʮʠʠ ʜʦʙʨʦʪʥʦʩʪʠ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ 
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ʧʦʣʫʯʝʥʠʝ ʮʫʛʘ ʠʤʧʫʣʴʩʦʚ ʩ ʵʥʝʨʛʠʝʡ 2,55 ɼʞ ʧʨʠ ʧʠʢʦʚʦʡ ʤʦʱʥʦʩʪʠ 17,6 ʄɺʪ ʠ 
ʦʧʪʠʯʝʩʢʦʤ ʢʘʯʝʩʪʚʝ M2<1,3. ɼʘʣʴʥʝʡʰʝʝ ʧʦʚʳʰʝʥʠʝ ʵʥʝʨʛʠʠ ʚ ʠʤʧʫʣʴʩʝ ʣʘʟʝʨʘ 

ʚʦʟʤʦʞʥʦ ʧʫʪʝʤ ʧʦʚʳʰʝʥʠʷ ʵʥʝʨʛʠʠ ʥʘʢʘʯʢʠ ʠʣʠ ʧʫʪʝʤ ʩʣʦʞʝʥʠʷ, ʚ ʪʦʤ ʯʠʩʣʝ 

ʢʦʛʝʨʝʥʪʥʦʛʦ, ʵʥʝʨʛʠʠ ʥʝʩʢʦʣʴʢʠʭ ʣʘʟʝʨʦʚ. 
ɺʦʟʤʦʞʥʦʩʪʴ ʫʧʨʘʚʣʝʥʠʷ ʧʠʢʦʚʦʡ ʤʦʱʥʦʩʪʴʶ ʠ ʵʥʝʨʛʠʝʡ ʚ ʠʤʧʫʣʴʩʝ ʚ ʧʨʝʜʝʣʘʭ 

ʥʝʩʢʦʣʴʢʠʭ ʧʦʨʷʜʢʦʚ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʚ ʨʝʞʠʤʝ ʤʦʜʫʣʷʮʠʠ ʜʦʙʨʦʪʥʦʩʪʠ ʧʫʪʸʤ 

ʚʘʨʴʠʨʦʚʘʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʥʘʯʘʣʴʥʦʛʦ ʧʨʦʧʫʩʢʘʥʠʷ ʟʘʪʚʦʨʘ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʚʳʩʦʢʦʡ 
ʷʨʢʦʩʪʠ ʠʟʣʫʯʝʥʠʷ. ɺʦʟʥʠʢʘʶʱʘʷ ʝʩʪʝʩʪʚʝʥʥʘʷ ʩʝʣʝʢʮʠʷ ʝʜʠʥʩʪʚʝʥʥʦʡ ʧʨʦʜʦʣʴʥʦʡ ʤʦʜʳ 

ʚ ʠʤʧʫʣʴʩʝ ʠʟʣʫʯʝʥʠʷ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʦʜʠʥʦʯʥʳʝ ʠʤʧʫʣʴʩʳ ʩ ʰʠʨʠʥʦʡ ʧʦʣʦʩʳ 

ʧʦʨʷʜʢʘ 350 ʄɻʮ ʚʤʝʩʪʦ 30 ɻɻʮ ï ʰʠʨʠʥʳ ʧʦʣʦʩʳ ʛʝʥʝʨʘʮʠʠ ʣʘʟʝʨʘ ʩ ʣʠʥʝʡʥʳʤ 
ʨʝʟʦʥʘʪʦʨʦʤ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʣʘʟʝʨʳ ʩ ʆɺʌ ʷʚʣʷʶʪʩʷ ʠʥʩʪʨʫʤʝʥʪʦʤ, ʜʦʧʫʩʢʘʶʱʠʤ ʚʦʟʤʦʞʥʦʩʪʴ 

ʚʘʨʠʘʮʠʠ ʝʛʦ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʠ ʩʧʝʢʪʨʘʣʴʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚ ʰʠʨʦʢʠʭ ʧʨʝʜʝʣʘʭ. ʕʪʦ 
ʦʙʝʩʧʝʯʠʚʘʝʪ ʫʥʠʚʝʨʩʘʣʴʥʦʩʪʴ ʣʘʟʝʨʥʦʡ ʩʠʩʪʝʤʳ ʜʣʷ ʰʠʨʦʯʘʡʰʝʛʦ ʢʨʫʛʘ ʧʨʘʢʪʠʯʝʩʢʠʭ 

ʢʦʩʤʠʯʝʩʢʠʭ ʟʘʜʘʯ ʠ ʚʦʟʤʦʞʥʦʩʪʴ ʙʳʩʪʨʦʡ ʩʤʝʥʳ ʧʘʨʘʤʝʪʨʦʚ ʛʝʥʝʨʘʮʠʠ ʢʘʢ ʚ ʨʘʤʢʘʭ 
ʦʜʥʦʛʦ, ʪʘʢ ʠ ʥʝʩʢʦʣʴʢʠʭ ʧʨʠʣʦʞʝʥʠʡ. 

The solid-state lasers with WFR for space problem solving 

Avdeev A.V.1, Ivakin S.V.2,3, Metelnikov A.A.1, Pogoda A.P. 2,3 
2BSTU ñVOENMEKHò, 3Laser Systems LLC, St. Petersburg; 1MAI, Moscow 

Actual space applications of lasers (lidars, locators, cleaning terrestrial space, etc.) require 

radiation sources with energy from 1 to 100 J, pulse duration 0,1..10 ns, frequency 10-100 Hz 
and beam quality M2å1,1..1,5. So, compact and reliable sources with high-brightness radiation 

are needed. 

One of the ways of providing required impulse energy and radiation divergence is using wave 
front reversal (WFR). The key advantage of WFR is absence decreasing radiation quality with 

increasing energy radiation characteristics. 

In the laboratory BSTU ñVOENMEKHò named after D.F. Ustinov, powerful pulsed solid-
state WFR lasers based on quantrons with active Nd-YAG laser crystals are studying. A high 

optical quality M2 = 1.15 is achieved at an energy in a pulse train 1.25 J and pulse duration of 

240 microseconds (instead 400-500 microseconds in a free-running mode). In the passive Q-
switched mode, a pulse train with an energy of 2.55 J with a peak power of 17.6 MW and an 

optical quality of M2 <1.3 was demonstrated. Further energy increase of the laser pulse is 

possible by increasing the pump energy or coherent adding of few lasers. 
The ability to control of peak power and pulse energy control within several orders of 

magnitude is demonstrated in the Q-switching mode by varying the initial gate transmission 

coefficient while maintaining high brightness of the radiation. The natural selection of the 
longitudinal mode in the radiation pulse makes it possible to obtain single pulses with a 

bandwidth of the order of 350 MHz instead of width of the lasing band with a linear resonator 30 

GHz. 
So, energy and spectral characteristics of the laser with WFR can vary in wide range. This 

provides the versatility of the laser system for a wide range of actual space problems and the 

ability to quickly change the generation parameters for one or several applications. 

ɺʳʩʦʢʦʵʢʦʥʦʤʠʯʥʳʡ, ʧʦʣʥʦʩʪʴʶ ʫʨʘʚʥʦʚʝʰʝʥʥʳʡ ʧʦʨʰʥʝʚʦʡ ʘʚʠʘʮʠʦʥʥʳʡ 

ʜʚʠʛʘʪʝʣʴ, ʨʘʙʦʪʘʶʱʠʡ ʥʘ ʪʦʧʣʠʚʝ ʜʣʷ ʘʚʠʘʮʠʦʥʥʳʭ ʛʘʟʦʪʫʨʙʠʥʥʳʭ ʜʚʠʛʘʪʝʣʝʡ 

ʄʠʣʣʝʨ ɸ.ʆ. 
ɻʋɸʇ, ʛ. ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ 

ɸʚʠʘʮʠʦʥʥʳʡ ʧʦʨʰʥʝʚʦʡ ʜʚʠʛʘʪʝʣʴ (ɸʇɼ) ʜʦʣʞʝʥ ʩʦʦʪʚʝʪʩʪʚʦʚʘʪʴ ʙʦʣʴʰʦʤʫ 

ʢʦʣʠʯʝʩʪʚʫ ʪʨʝʙʦʚʘʥʠʡ, ʧʨʝʜʲʷʚʣʷʝʤʳʭ ʢ ʘʚʠʘʮʠʦʥʥʦʡ ʠ ʚʦʝʥʥʦʡ ʪʝʭʥʠʢʝ. 
ʂʨʦʤʝ ʵʪʦʛʦ, ʢ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ɸʇɼ ʧʨʝʜʲʷʚʣʷʝʪʩʷ ʨʷʜ ʦʩʥʦʚʥʳʭ ʪʨʝʙʦʚʘʥʠʡ: 

ʧʦʚʳʰʝʥʠʝ ʵʢʦʥʦʤʠʯʥʦʩʪʠ, ʧʦʚʳʰʝʥʠʝ ʣʠʪʨʦʚʦʡ ʤʦʱʥʦʩʪʠ, ʩʥʠʞʝʥʠʝ ʪʦʢʩʠʯʥʦʩʪʠ 

ʦʪʨʘʙʦʪʘʚʰʠʭ ʛʘʟʦʚ (ʆɻ) ʠ ʩʥʠʞʝʥʠʝ ʫʜʝʣʴʥʦʡ ʤʘʩʩʳ. 
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ʉʫʱʝʩʪʚʫʝʪ ʨʷʜ ʪʨʝʙʦʚʘʥʠʡ, ʢʦʪʦʨʳʤ ʩʦʚʨʝʤʝʥʥʳʝ ɸʇɼ ʫʜʦʚʣʝʪʚʦʨʠʪʴ ʥʝ ʤʦʛʫʪ: 
1. ʄʥʦʛʦʪʦʧʣʠʚʥʦʩʪʴ, ʪʦ ʝʩʪʴ ʩʧʦʩʦʙʥʦʩʪʴ ʵʬʬʝʢʪʠʚʥʦʡ ʨʘʙʦʪʳ ʥʘ ʜʦʩʪʫʧʥʳʭ, 

ʥʠʟʢʦʦʢʪʘʥʦʚʳʭ ʪʦʧʣʠʚʘʭ ʰʠʨʦʢʦʛʦ ʬʨʘʢʮʠʦʥʥʦʛʦ ʩʦʩʪʘʚʘ. 

2. ʈʝʩʫʨʩ ʥʝʢʦʪʦʨʳʭ ʘʚʠʘʜʚʠʛʘʪʝʣʝʡ ʥʝ ʧʨʝʚʳʰʘʝʪ 10ï2000 ʤʦʪʦʯʘʩʦʚ. 
3. ʋʨʘʚʥʦʚʝʰʝʥʥʦʩʪʴ ɸʇɼ. ɺ ʜʠʘʧʘʟʦʥʝ ʤʦʱʥʦʩʪʝʡ ʦʪ 5 ʜʦ 100 ʣ.ʩ., ʢʘʢ ʧʨʘʚʠʣʦ, 

ʧʨʠʤʝʥʷʶʪʩʷ ɸʇɼ ʩ ʯʠʩʣʦʤ ʮʠʣʠʥʜʨʦʚ ʜʦ 4 ʚʢʣʶʯʠʪʝʣʴʥʦ, ʠ ʜʘʞʝ ʦʧʧʦʟʠʪʥʳʡ 

ʯʝʪʳʨʝʭʮʠʣʠʥʜʨʦʚʳʡ ʜʚʠʛʘʪʝʣʴ ʥʝ ʷʚʣʷʝʪʩʷ ʧʦʣʥʦʩʪʴʶ ʜʠʥʘʤʠʯʝʩʢʠ ʫʨʘʚʥʦʚʝʰʝʥʥʳʤ. 
ʇʨʝʜʣʘʛʘʝʤʳʡ ɸʇɼ ʢʦʤʧʣʝʢʩʥʦ ʨʝʰʘʝʪ ʵʪʫ ʟʘʜʘʯʫ ʟʘ ʩʯʝʪ ʥʦʚʦʡ, ʧʝʨʝʜʦʚʦʡ 

ʦʨʛʘʥʠʟʘʮʠʠ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʠʤʤʝʪʨʠʯʥʦʛʦ ʙʝʩʰʘʪʫʥʥʦʛʦ ʩʠʣʦʚʦʛʦ 

ʤʝʭʘʥʠʟʤʘ (ɹʉʄ). 
ʇʨʝʜʣʘʛʘʝʤʳʡ ʨʘʙʦʯʠʡ ʧʨʦʮʝʩʩ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʨʠ ʦʧʪʠʤʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʘʭ, ʢ 

ʢʦʪʦʨʳʤ ʦʪʥʦʩʷʪʩʷ ʩʪʝʧʝʥʴ ʩʞʘʪʠʷ Ů=11ï13 ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʦ-ʢʘʯʝʩʪʚʝʥʥʦʝ ʨʝʛʫʣʠʨʦʚʘʥʠʝ 

ʤʦʱʥʦʩʪʠ ʩ ʧʦʚʳʰʝʥʠʝʤ ʢʦʵʬʬʠʮʠʝʥʪʘ ʠʟʙʳʪʢʘ ʚʦʟʜʫʭʘ ʥʘ ʯʘʩʪʠʯʥʳʭ ʥʘʛʨʫʟʢʘʭ ʜʦ 
Ŭå2,5. 

ɼʦʧʦʣʥʠʪʝʣʴʥʦʝ ʧʨʝʠʤʫʱʝʩʪʚʦ ʧʨʝʜʣʘʛʘʝʤʦʛʦ ɸʇɼ ï ʤʥʦʛʦʪʦʧʣʠʚʥʦʩʪʴ ʠ ʩʧʦʩʦʙʥʦʩʪʴ 
ʨʘʙʦʪʳ ʙʝʟ ʜʝʪʦʥʘʮʠʠ ʥʘ ʥʠʟʢʦʦʢʪʘʥʦʚʳʭ ʪʦʧʣʠʚʘʭ ʧʨʠ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʠ ʩʞʘʪʠʷ, ʨʘʚʥʦʡ 

11ï13, ʚʢʣʶʯʘʷ ʘʚʪʦʙʝʥʟʠʥ ɸï80 ʠ ʘʚʠʘʮʠʦʥʥʦʝ ʪʦʧʣʠʚʦ ʊʉï1 (ɻʆʉʊ 10227ï86). 

ɺ ʩʨʘʚʥʝʥʠʠ ʩ ʪʨʘʜʠʮʠʦʥʥʳʤʠ ʙʝʥʟʠʥʦʚʳʤʠ ʜʚʠʛʘʪʝʣʷʤʠ ʩʦ ʩʪʝʧʝʥʴʶ ʩʞʘʪʠʷ, ʨʘʚʥʦʡ 
8,5, ʣʠʪʨʦʚʘʷ ʤʦʱʥʦʩʪʴ ʧʨʝʜʣʘʛʘʝʤʦʛʦ ʜʚʠʛʘʪʝʣʷ ʥʘ 20% ʚʳʰʝ, ʘ ʫʜʝʣʴʥʳʡ ʨʘʩʭʦʜ 

ʪʦʧʣʠʚʘ ʥʠʞʝ: ʥʘ ʤʘʢʩʠʤʘʣʴʥʦʡ ʤʦʱʥʦʩʪʠ ʥʘ 12ï15%, ʥʘ ʥʦʤʠʥʘʣʴʥʦʡ ʤʦʱʥʦʩʪʠ ʥʘ 20ï

25%, ʥʘ ʨʝʞʠʤʝ ʭʦʣʦʩʪʦʛʦ ʭʦʜʘ ʥʘ 35ï40%. 
ʇʨʝʜʣʘʛʘʝʤʳʝ ʪʝʭʥʠʯʝʩʢʠʝ ʨʝʰʝʥʠʷ ʧʨʦʰʣʠ ʦʧʳʪʥʫʶ ʧʨʦʚʝʨʢʫ ʥʘ ʨʷʜʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʚʠʛʘʪʝʣʝʡ (ʧʘʪʝʥʪʳ ˉ2008478, 2117790, 2117791). 

High-efficiency completely steady piston aircraft engine fueled with turboshaft aircraft 

engine fuel 
Miller ɸ.ʆ. 

SUAI, Saint Petersburg 

Piston aircraft engine must meet a large number of requirements for aviation and military 

equipment. 

In addition, novel piston aircraft engines are presented with a number of basic requirements: 
efficiency improvement, increase of power per liter, reduction of toxicity of exhaust gases, and 

reduction of specific weight. 

There are a number of requirements that modern piston aircraft engines cannot meet: 
1. Multi -fuel capability, i.e. the ability of efficient work on available low-octane fuels of a wide 

fractional composition. 

2. The resource of some aircraft engines does not exceed 10ï2000 hours. 
3. Steadiness of the piston aircraft engine. In the power range from 5 to 100 hp piston aircraft 

engines with a number of cylinders up to 4 are usually used, and even the flat four-cylinder engine 

is not completely dynamically steady. 
The proposed piston aircraft engine comprehensively solves this problem by means of a new, 

advanced organization of the working process and the use of a symmetrical conrod-free power 

mechanism. 

The proposed working process is carried out at the optimal parameters, which include the 

compression ratio of 11ï13 and the quantitative-qualitative power regulation with the increase of 

excess air coefficient at partial loads to Ŭå2.5. 
An additional advantage of the proposed piston aircraft engine is multi-fuel capability and the 

ability to operate without detonation on low-octane fuels at a high compression ratio of 11ï13, 

including Aï80 gasoline and aircraft fuel TSï1 (GOST 10227ï86). 
In comparison with traditional gasoline engines with a compression ratio of 8.5, the power per 

liter of the proposed engine is 20% higher, while the specific fuel consumption is lower: at the 

maximum power by 12ï15%, at the nominal power by 20ï25%, at idling mode by 35ï40%. 



112 

 

The proposed technical solutions have been tested experimentally on a number of 
experimental engines (patent ˉ2008478, 2117790, 2117791). 

ʈʘʟʚʠʪʠʝ ʘʜʜʠʪʠʚʥʳʭ ʪʝʭʥʦʣʦʛʠʡ, ʠʩʧʦʣʴʟʫʶʱʠʭ ʥʠʪʝʚʠʜʥʳʝ ʤʘʪʝʨʠʘʣʳ 

ʅʘʚʝʪʢʠʥ ʄ.ɸ., ʀʣʴʠʥʩʢʘʷ ʆ.ʀ. 
ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

 ɸʜʜʠʪʠʚʥʳʝ ʪʝʭʥʦʣʦʛʠʠ (AM ï Additive Manufacturing), ʧʦʷʚʠʚʰʠʝʩʷ ʚ 80-ʳʭ ʛʦʜʘʭ 

ʧʨʦʰʣʦʛʦ ʚʝʢʘ, ʧʦʣʫʯʠʣʠ ʙʫʨʥʦʝ ʨʘʟʚʠʪʠʝ. ʅʘ ʜʘʥʥʦʤ ʵʪʘʧʝ ʦʥʠ ʚʧʦʣʥʝ ʤʦʛʫʪ 
ʢʦʥʢʫʨʠʨʦʚʘʪʴ ʩ ʪʨʘʜʠʮʠʦʥʥʳʤʠ ʪʝʭʥʦʣʦʛʠʷʤʠ ʚ ʤʝʣʢʦʩʝʨʠʡʥʦʤ ʧʨʦʠʟʚʦʜʩʪʚʝ 

ʩʣʦʞʥʳʭ ʠʟʜʝʣʠʡ, ʘ ʪʘʢ ʞʝ ʚ ʙʳʩʪʨʦʤ ʧʨʦʪʦʪʠʧʠʨʦʚʘʥʠʠ.  

ɹʦʣʴʰʠʥʩʪʚʦ ɸʄ-ʤʘʰʠʥ ʦʩʥʦʚʘʥʳ ʥʘ ʩʝʣʝʢʪʠʚʥʦʤ ʩʧʝʢʘʥʠʠ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ 
ʧʦʨʦʰʢʘ ʣʘʟʝʨʥʳʤ ʠʣʠ ʵʣʝʢʪʨʦʥʥʳʤ ʣʫʯʦʤ. ʕʪʦʪ ʤʝʪʦʜ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʩʘʤʳʭ 

ʧʨʦʩʪʳʭ ʠ ʧʦʟʚʦʣʷʝʪ ʩʦʟʜʘʚʘʪʴ ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʠʟʜʝʣʠʷ ʩʘʤʳʭ ʨʘʟʥʦʦʙʨʘʟʥʳʭ ʬʦʨʤ. ʅʦ 

ʦʩʥʦʚʥʳʤ ʥʝʜʦʩʪʘʪʢʦʤ ʵʪʦʡ ʪʝʭʥʦʣʦʛʠʠ ʷʚʣʷʶʪʩʷ ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʧʦʨʦʰʢʠ. 
ʀʟʛʦʪʦʚʣʝʥʠʝ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʧʦʨʦʰʢʦʚ ʷʚʣʷʝʪʩʷ ʪʨʫʜʦʝʤʢʠʤ ʧʨʦʮʝʩʩʦʤ ï 

ʪʝʭʥʦʣʦʛʠʠ ʛʘʟʦʚʦʡ, ʚʘʢʫʫʤʥʦʡ ʠ ʮʝʥʪʨʦʙʝʞʥʦʡ ʘʪʦʤʠʟʘʮʠʠ ʩʣʦʞʥʳ, ʠ, ʛʣʘʚʥʦʝ, ʥʝ 
ʦʩʚʦʝʥʳ ʦʪʝʯʝʩʪʚʝʥʥʳʤ ʧʨʦʠʟʚʦʜʩʪʚʦʤ. ʇʨʠʦʙʨʝʪʝʥʠʝ ʦʪʝʯʝʩʪʚʝʥʥʳʤʠ 

ʧʨʝʜʧʨʠʷʪʠʷʤʠ ɸʄ-ʤʘʰʠʥ ʟʘʨʫʙʝʞʥʳʭ ʬʠʨʤ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʧʣʘʯʝʚʥʳʤ 

ʧʦʩʣʝʜʩʪʚʠʷʤ ï ʠʟʛʦʪʦʚʠʪʝʣʠ ɸʄ-ʤʘʰʠʥ ʟʘʯʘʩʪʫʶ ʠʟʛʦʪʘʚʣʠʚʘʶʪ ʠ ʧʦʨʦʰʦʢ ʜʣʷ ʵʪʠʭ 
ʩʘʤʳʭ ʤʘʰʠʥ. ʇʨʠ ʧʦʧʳʪʢʝ ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʦʨʦʰʢʠ ʜʨʫʛʠʭ ʧʨʦʠʟʚʦʜʠʪʝʣʝʡ, ʥʠʢʪʦ ʥʝ 

ʛʘʨʘʥʪʠʨʫʝʪ ʩʦʭʨʘʥʝʥʠʝ ʢʘʯʝʩʪʚʘ ʠʟʛʦʪʦʚʣʷʝʤʦʡ ʧʨʦʜʫʢʮʠʠ. 

ʆʧʪʦʚʘʷ ʮʝʥʘ ʧʦʨʦʰʢʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʚʥʝʰʥʝʤ ʨʳʥʢʝ ʧʨʠʤʝʨʥʦ ʪʘʢʦʚʘ: ʯʠʩʪʳʡ 
ʪʠʪʘʥ ï ú230-400/ʢʛ; Ti-6Al-4V ï ú200-400/ʢʛ; ʩʧʣʘʚ Co-Cr ï ú150/ʢʛ; ʩʧʣʘʚʳ Al ï ú70-

90/ʢʛ; Inconel 625 ï ú75/ʢʛ (ʥʘ ʫʩʣʦʚʠʷʭ EXW, ʪ. ʝ. ʙʝʟ ʅɼʉ, ʪʘʤʦʞʝʥʥʳʭ, ʪʨʘʥʩʧʦʨʪʥʳʭ ʠ 

ʜʨʫʛʠʭ ʟʘʪʨʘʪ). ʈʦʩʩʠʡʩʢʠʤ ʧʦʪʨʝʙʠʪʝʣʷʤ ʦʥʠ ʦʙʭʦʜʷʪʩʷ ʢʘʢ ʤʠʥʠʤʫʤ ʚʜʚʦʝ, ʢʘʢ ʧʨʘʚʠʣʦ 
ï ʚʪʨʦʝ ʜʦʨʦʞʝ. ʇʨʠ ʵʪʦʤ ʩʫʱʝʩʪʚʫʝʪ ʤʠʥʠʤʘʣʴʥʳʡ ʧʨʝʜʝʣ ʟʘʢʘʟʘ ï ʦʪ 10 ʜʦ 50 ʢʛ. 

ʇʦʵʪʦʤʫ ʥʝʦʙʭʦʜʠʤʦ ʚ ʦʪʝʯʝʩʪʚʝʥʥʦʤ ʧʨʦʠʟʚʦʜʩʪʚʝ ʨʘʟʚʠʚʘʪʴ ɸʄ-ʪʝʭʥʦʣʦʛʠʠ, 

ʠʩʧʦʣʴʟʫʶʱʠʝ ʥʠʪʝʚʠʜʥʳʝ ʤʘʪʝʨʠʘʣʳ ï ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʧʨʫʪʢʠ ʠ ʧʨʦʚʦʣʦʢʫ. 
ʇʨʦʠʟʚʦʜʩʪʚʦ ʪʘʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʠʤʝʝʪ ʤʘʩʩʦʚʳʭ ʭʘʨʘʢʪʝʨ, ʚʩʷ ʧʨʦʜʫʢʮʠʷ 

ʩʪʘʥʜʘʨʪʠʟʦʚʘʥʘ, ʘ ʮʝʥʳ ʟʘ ʢʠʣʦʛʨʘʤʤ ʥʘ ʦʜʠʥ-ʜʚʘ ʧʦʨʷʜʢʘ ʥʠʞʝ, ʯʝʤ ʥʘ 

ʤʝʪʘʣʣʦʧʦʨʦʰʢʠ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʩʫʱʝʩʪʚʫʶʪ ʪʦʣʴʢʦ 2 ʢʦʤʧʘʥʠʠ, ʟʘʥʠʤʘʶʱʠʝʩʷ 
ʠʟʛʦʪʦʚʣʝʥʠʝʤ ɸʄ-ʤʘʰʠʥ, ʠʩʧʦʣʴʟʫʶʱʠʝ ʥʠʪʝʚʠʜʥʳʝ ʤʘʪʝʨʠʘʣʳ, ʥʦ ʵʪʠ ʤʘʰʠʥʳ 

ʦʪʣʠʯʘʶʪʩʷ ʢʨʘʡʥʝ ʥʠʟʢʦʡ ʪʦʯʥʦʩʪʴʶ ʠʟʛʦʪʦʚʣʝʥʠʷ. 

ɺ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʩʫʱʝʩʪʚʫʶʱʠʭ ʘʜʜʠʪʠʚʥʳʭ ʪʝʭʥʦʣʦʛʠʡ, ʚʳʷʚʣʝʥʳ ʠʭ 
ʥʝʜʦʩʪʘʪʢʠ. ʇʨʝʜʣʦʞʝʥ ʤʝʪʦʜ ʧʦʩʣʦʡʥʦʛʦ ʩʦʟʜʘʥʠʷ ʠʟʜʝʣʠʡ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʥʘʛʨʝʪʦʡ 

ʩ ʧʦʤʦʱʴʶ ʠʥʜʫʢʪʦʨʘ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʧʨʦʚʦʣʦʢʦʡ. ʈʘʩʩʯʠʪʘʥʳ ʧʘʨʘʤʝʪʨʳ ʠʥʜʫʢʪʦʨʘ ʠ 

ʧʦʪʨʝʙʣʷʝʤʘʷ ʠʤ ʤʦʱʥʦʩʪʴ. ʈʘʩʩʤʦʪʨʝʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʩʢʨʝʧʣʝʥʠʷ ʩʣʦʝʚ ʤʝʞʜʫ ʩʦʙʦʡ 
ʨʘʟʣʠʯʥʳʤʠ ʚʠʜʘʤʠ ʩʚʘʨʢʠ. 

Development of additive technologies that use filamentary materials 

Navetkin M.A., Ilyinskaya, O.I. 
MAI, Moscow 

The technology of additive manufacturing (AM ï Additive Manufacturing), which appeared 

in 80-ies of the last century, gained rapid development. At this stage, they may compete with 
traditional technologies in small-scale production of complex products and rapid prototyping.  

The majority of AM-machines is based on the selective sintering of metallic powder laser or 

electron beam. This method is one of the easiest and allows you to create metal products of 
various shapes. But the main disadvantage of this technology are the metal powders. 

Manufacturer of metal powders is a time consuming process ï technology gas, vacuum and 

centrifugal atomization complex and, most importantly, not established domestic manufacturing. 
The acquisition of domestic enterprises AM machinery overseas firms may lead to disastrous 

consequences ï manufacturers of AM-machines are often made and powder to most of these 
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machines. When you try to use powders from other manufacturers, there is no guarantee the 
preservation of the quality of manufactured products. 

The wholesale price of powder materials in the foreign market is approximately as follows: 

pure titanium ï ú230-400/kg; Ti-6Al-4V ï ú200-400mg/kg; alloy Co-Cr ï ú150/kg; alloys of Al 
ï ú70-90/kg; Inconel 625 ï ú75/kg (EXW, i.e. without VAT, customs, transport and other costs). 

Russian consumers they cost at least twice, usually three times more expensive. While there is a 

minimum order limit from 10 to 50 kg. 
It is therefore necessary in the domestic manufacturing to develop the AM technologies using 

filamentary materials metal bars and wire. The production of such materials is massive, all 

products are standardized and price per kilogram by one to two orders of magnitude lower than 
metal powders. Currently, there are only 2 companies, engaged in the manufacture of AM-

machines that use filamentary materials, but these machines are extremely low precision. 

In work the analysis of existing additive technologies, their shortcomings are revealed. The 
proposed method of creating a layered products pre-heated by using the inductor metal wire. 

Calculated parameters of the inductor and power consumption. The possibility of bonding layers 
between the various types of welding. 

ʇʨʠʯʠʥʳ ʨʘʟʨʫʰʝʥʠʷ ʢʝʨʘʤʠʯʝʩʢʠʭ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʧʦʢʨʳʪʠʡ ʚ ʫʩʣʦʚʠʷʭ 

ʚʠʙʨʘʮʠʦʥʥʦʡ ʢʦʥʪʘʢʪʥʦʡ ʥʘʛʨʫʟʢʠ 

ʅʠʢʦʣʘʝʚ ʀ.ɸ.1, ʃʷʭʦʚʝʮʢʠʡ ʄ.ɸ.1, ʊʦʨʩʢʘʷ ɽ.ɺ.2, ʂʦʨʥʝʚ ʖ.ɺ.3 
1ʄɸʀ, 2ʀʇʄʝʭ ʈɸʅ, 3ʀʇʄ ʈɸʅ3, ʛ. ʄʦʩʢʚʘ 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʧʦʢʨʳʪʠʡ ʨʘʟʨʘʙʦʪʯʠʢʘʤʠ ʜʚʠʛʘʪʝʣʝʡ ʠ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʩʪʘʥʦʚʦʢ 
ʩʚʷʟʘʥʦ ʩ ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʧʦʚʳʩʠʪʴ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʝ ʩʚʦʡʩʪʚʘ, ʨʝʩʫʨʩ ʠ ʥʘʜʝʞʥʦʩʪʴ 

ʵʣʝʤʝʥʪʦʚ ʢʦʥʩʪʨʫʢʮʠʠ, ʨʘʙʦʪʘʶʱʠʭ ʚ ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ. ʇʨʠʤʝʥʝʥʠʝ ʨʘʟʣʠʯʥʳʭ 

ʚʠʜʦʚ ʢʝʨʘʤʠʯʝʩʢʠʭ ʧʦʢʨʳʪʠʡ ʧʦʟʚʦʣʷʝʪ ʫʚʝʣʠʯʠʪʴ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ, ʢʦʨʨʦʟʠʦʥʥʫʶ 
ʩʪʦʡʢʦʩʪʴ, ʞʘʨʦʩʪʦʡʢʦʩʪʴ ʠ ʜʨ. ʩʚʦʡʩʪʚʘ ʨʘʙʦʯʠʭ ʧʦʚʝʨʭʥʦʩʪʝʡ. ʆʜʥʠʤ ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ 

ʤʝʪʦʜʦʚ ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʝʨʘʤʠʯʝʩʢʠʭ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʧʦʢʨʳʪʠʡ ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ 

ʤʠʢʨʦʜʫʛʦʚʦʛʦ ʦʢʩʠʜʠʨʦʚʘʥʠʷ (ʄɼʆ), ʢʦʪʦʨʳʡ ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ ʘʣʶʤʠʥʠʝʚʳʭ, 
ʪʠʪʘʥʦʚʳʭ, ʤʘʛʥʠʝʚʳʭ, ʮʠʨʢʦʥʠʝʚʳʭ ʠ ʜʨ. ʩʧʣʘʚʦʚ, ʦʙʣʘʜʘʶʱʠʭ çʚʝʥʪʠʣʴʥʳʤè ʵʬʬʝʢʪʦʤ.  

ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʧʨʠʤʝʥʝʥʠʝ ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʢʦʤʧʣʝʢʩʥʦʩʪʴ ʚʦʟʜʝʡʩʪʚʠʷ 

ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʭ ʬʘʢʪʦʨʦʚ ʜʠʢʪʫʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʚ ʠʩʩʣʝʜʦʚʘʥʠʠ ʧʨʝʜʝʣʴʥʳʭ ʥʘʛʨʫʟʦʢ, 
ʧʨʠ ʢʦʪʦʨʳʭ ʩʠʩʪʝʤʘ çʤʝʪʘʣʣ/ʧʦʢʨʳʪʠʝè ʙʫʜʝʪ ʚʳʧʦʣʥʷʪʴ ʟʘʜʘʥʥʫʶ ʬʫʥʢʮʠʶ, ʠ ʧʨʠʯʠʥ 

ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʨʘʟʨʫʰʝʥʠʡ ʪʘʢʦʡ ʩʠʩʪʝʤʳ. ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʭ 

ʬʘʢʪʦʨʦʚ ʩʥʠʞʝʥʠʷ ʨʝʩʫʨʩʘ ʵʣʝʤʝʥʪʦʚ ɼʃɸ ʷʚʣʷʝʪʩʷ ʤʝʭʘʥʠʯʝʩʢʠʡ ʠʟʥʦʩ. ʇʦʵʪʦʤʫ ʮʝʣʴʶ 
ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʙʳʣʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʨʠʯʠʥ ʨʘʟʨʫʰʝʥʠʷ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ 

ʧʦʢʨʳʪʠʡ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʄɼʆ ʥʘ ʞʘʨʦʩʪʦʡʢʦʤ ʘʣʶʤʠʥʠʝʚʦʤ ʩʧʣʘʚʝ ɸʂ4-1, ʚ 

ʫʩʣʦʚʠʷʭ ʚʠʙʨʘʮʠʦʥʥʦʡ ʢʦʥʪʘʢʪʥʦʡ ʥʘʛʨʫʟʢʠ. 
ɺ ʢʘʯʝʩʪʚʝ ʦʙʨʘʟʮʦʚ ʜʣʷ ʠʩʧʳʪʘʥʠʡ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʠʩʢʠ ʠʟ ʘʣʶʤʠʥʠʝʚʦʛʦ ʩʧʣʘʚʘ 

ɸʂ4-1 ʜʠʘʤʝʪʨʦʤ 30 ʤʤ ʠ ʪʦʣʱʠʥʦʡ 5 ʤʤ ʩ ʄɼʆ ʧʦʢʨʳʪʠʝʤ ʠ ʙʝʟ. ʀʩʧʳʪʘʥʠʷ 

ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʤʘʰʠʥʝ ʪʨʝʥʠʷ ʤʦʜʝʣʠ 1401, ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʚ ʄɸʀ. ʈʝʘʣʠʟʫʝʤʦʛʦ 
ʜʚʠʞʝʥʠʝ ʧʨʠ ʪʨʝʥʠʠ ï ʚʦʟʚʨʘʪʥʦ-ʧʦʩʪʫʧʘʪʝʣʴʥʦʝ ʩʢʦʣʴʞʝʥʠʝ ʚ ʜʠʘʧʘʟʦʥʝ D = 10 ï 200 

ʤʢʤ, ʥʦʨʤʘʣʴʥʘʷ ʥʘʛʨʫʟʢʘ ʚ ʢʦʥʪʘʢʪʝ Fn = 200 ʅ, ʯʘʩʪʦʪʘ ʧʝʨʝʤʝʱʝʥʠʡ f = 20 ɻʮ, 

ʢʦʣʠʯʝʩʪʚʦ ʮʠʢʣʦʚ n = 105. 

ʅʘ ʦʩʥʦʚʝ ʨʝʰʝʥʠʷ ʢʦʥʪʘʢʪʥʦʡ ʟʘʜʘʯʠ ʜʣʷ ʪʝʣ ʩ ʧʦʢʨʳʪʠʷʤʠ ʦʧʨʝʜʝʣʝʥʳ ʥʘʧʨʷʞʝʥʠʷ ʚ 

ʧʦʢʨʳʪʠʠ, ʫʩʪʘʥʦʚʣʝʥʘ ʩʚʷʟʴ ʘʤʧʣʠʪʫʜʥʳʭ ʟʥʘʯʝʥʠʡ ʥʘʧʨʷʞʝʥʠʡ ʩ ʭʘʨʘʢʪʝʨʦʤ 

ʨʘʟʨʫʰʝʥʠʷ ʧʦʢʨʳʪʠʡ. ʇʦʩʢʦʣʴʢʫ ʫʚʝʣʠʯʝʥʠʝ ʘʤʧʣʠʪʫʜʳ ʚʦʟʚʨʘʪʥʦ-ʧʦʩʪʫʧʘʪʝʣʴʥʦʛʦ 
ʩʢʦʣʴʞʝʥʠʷ ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʥʘʛʨʫʟʢʝ ʩʦʧʨʦʚʦʞʜʘʣʦʩʴ ʧʝʨʝʭʦʜʦʤ ʢ ʙʦʣʝʝ ʞʝʩʪʢʦʤʫ 

ʨʝʞʠʤʫ ʨʘʟʨʫʰʝʥʠʷ ʙʳʣʦ ʚʳʩʢʘʟʘʥʦ ʧʨʝʜʧʦʣʦʞʝʥʠʝ, ʯʪʦ ʢʨʠʪʝʨʠʝʤ ʨʘʟʨʫʰʝʥʠʷ, 

ʧʨʠʚʦʜʷʱʝʛʦ ʢ ʧʦʷʚʣʝʥʠʶ ʪʨʝʱʠʥ ʚ ʧʦʢʨʳʪʠʠ, ʷʚʣʷʶʪʩʷ ʘʤʧʣʠʪʫʜʥʳʝ ʟʥʘʯʝʥʠʷ 
ʥʘʧʨʷʞʝʥʠʡ, ʧʦʩʢʦʣʴʢʫ ʪʝʧʣʦʚʳʝ ʵʬʬʝʢʪʳ ʧʨʠ ʠʤʝʚʰʠʭʩʷ ʟʥʘʯʝʥʠʷʭ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʪʨʝʥʠʷ ʧʨʝʥʝʙʨʝʞʠʤʦ ʤʘʣʳ. ɼʣʷ ʧʨʦʚʝʨʢʠ ʵʪʦʛʦ ʧʨʝʜʧʦʣʦʞʝʥʠʷ ʧʦʪʨʝʙʦʚʘʣʦʩʴ 

ʦʧʨʝʜʝʣʝʥʠʝ ʤʝʭʘʥʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʦʪʥʦʩʠʪʝʣʴʥʦ ʞʝʩʪʢʦʛʦ ʢʝʨʘʤʠʯʝʩʢʦʛʦ 
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ʧʦʢʨʳʪʠʷ ʠ ʨʘʩʯʝʪ ʥʘʧʨʷʞʝʥʠʡ, ʚ ʦʩʦʙʝʥʥʦʩʪʠ, ʠʭ ʘʤʧʣʠʪʫʜʳ ʧʨʠ ʨʘʟʥʳʭ ʟʥʘʯʝʥʠʷʭ 
ʧʨʠʣʦʞʝʥʥʦʡ ʥʘʛʨʫʟʢʠ. 

The reasons for the destruction of the ceramic composite coatings under vibration load 

contact  
Nikolaev I.A.1, Lyakhovetskiy M.A.1, Torskaya E.V.2, Kornev Yu.V.3  

1MAI,  2IPMech RAS, 3IPM RAS, Moscow  

Using developers coatings engines and power plants it is associated with the need to improve 
performance characteristics, life and reliability of the construction elements working in 

extreme conditions. The use of various types of ceramic coatings makes it possible to increase wear 

resistance, corrosion resistance, heat resistance and other properties of working surfaces. One of the 
promising methods for the formation of ceramic composite coatings is the microarc oxidation 

(MDO) method, which is used for aluminum, titanium, magnesium, zirconium and other alloys 

with a ñgateò effect. 
On the other hand, the application of new materials and integrated feedback operational factors 

dictate the need to study the limit load for which the system ñmetal/coatingò will perform the 
desired function, and causes the destruction of the system. One of the most common factors in 

reducing the life of the elements of the DLA is mechanical wear. Therefore, the aim of this study 

was to investigate the causes of the destruction of composite ceramic coatings produced by MAO in 
heat-resistant aluminum alloy AK4-1, under the vibrational contact load. 

The samples used for testing of the aluminum alloy wheels AK4-

 1 30 mm diameter and 5 mm thick coating and without MAO. The tests were carried out on a 
model 1401 friction machine developed at the MAI. Implemented in sliding motion ï reciprocating 

sliding in the range D = 10 - 200 microns, the normal load in the contact 200 Fn = H, f = frequency 

displacements of 20 Hz, the number n = 105 cycles. 
On the basis of the solution of the contact problem for bodies with coatings, the stresses in the 

coating are determined, the relationship between the amplitude values of the stresses and the nature 

of the destruction of the coatings is established. Since an increase in the reciprocal slip amplitude at 
a fixed load was accompanied by a transition to a more severe fracture regime, it was suggested 

that the fracture criterion leading to the appearance of cracks in the coating is the amplitude values 

of the stresses, since the thermal effects at the existing values of the friction coefficient are 
negligible. To verify this assumption, it was necessary to determine the mechanical characteristics 

of a relatively rigid ceramic coating and to calculate the stresses, in particular, their amplitudes for 

different values of the applied load. 

ʊʝʧʣʦʦʪʜʘʯʘ ʠ ʩʧʦʩʦʙʳ ʠʥʪʝʥʩʠʬʠʢʘʮʠʠ ʚ ʩʠʩʪʝʤʘʭ ʘʚʠʘʮʠʦʥʥʦʛʦ ʠ ʥʘʟʝʤʥʦʛʦ 

ʙʘʟʠʨʦʚʘʥʠʷ 
ʃʦʧʘʪʠʥ ɸ.ɸ., ʅʠʢʦʣʘʝʚʘ ɼ.ɺ. 
ʂʅʀʊʋ-ʂɸʀ, ʛ. ʂʘʟʘʥʴ 

ʅʘʨʷʜʫ ʩ ʚʦʧʨʦʩʘʤʠ ʵʥʝʨʛʦ-ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠ ʩʦʙʣʶʜʝʥʠʷ ʩʪʨʦʛʠʭ ʫʩʣʦʚʠʡ 

ʵʢʩʧʣʫʘʪʘʮʠʠ ʧʨʠʙʦʨʦʚ ʘʚʠʘʮʠʦʥʥʦʛʦ ʠ ʥʘʟʝʤʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ, ʥʝ ʪʝʨʷʶʱʠʤʠ 
ʘʢʪʫʘʣʴʥʦʩʪʴ ʷʚʣʷʶʪʩʷ ʚʦʧʨʦʩʳ ʦʙʝʩʧʝʯʝʥʠʷ ʥʝʦʙʭʦʜʠʤʳʭ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʨʝʞʠʤʦʚ ʪʘʢʠʭ 

ʫʩʪʨʦʡʩʪʚ, ʯʪʦ ʥʝʧʨʝʨʳʚʥʦ ʩʚʷʟʘʥʦ ʩ ʨʘʙʦʪʦʡ ʩʠʩʪʝʤ ʦʭʣʘʞʜʝʥʠʷ.  

ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʣʦʩʴ ʩʦʚʤʝʩʪʥʦʝ ʨʘʩʩʤʦʪʨʝʥʠʝ ʪʝʧʣʦʛʠʜʨʘʚʣʠʯʝʩʢʠʭ 
ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʨʦʮʝʩʩʦʚ ʪʝʧʣʦʦʪʜʘʯʠ ʚ ʚʦʟʜʫʰʥʳʭ ʧʦʪʦʢʘʭ ʧʨʠ ʝʩʪʝʩʪʚʝʥʥʦʡ ʢʦʥʚʝʢʮʠʠ 

ʚ ʧʨʦʮʝʩʩʘʭ ʦʭʣʘʞʜʝʥʠʷ ʙʦʨʪʦʚʦʛʦ ʨʘʜʠʦʵʣʝʢʪʨʦʥʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ.  

ɺ ʭʦʜʝ ʧʨʦʚʝʜʝʥʠʷ ʨʘʙʦʪʳ ʙʳʣ ʩʤʦʥʪʠʨʦʚʘʥ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʪʝʥʜ, ʩʦʩʪʦʷʱʠʡ ʠʟ 
ʠʤʠʪʘʪʦʨʘ ʥʘʛʨʝʚʘʪʝʣʷ; ʨʘʙʦʯʝʛʦ ʫʯʘʩʪʢʘ; ʢʦʞʫʭʘ, ʯʘʩʪʠʯʥʦ, ʣʠʙʦ ʧʦʣʥʦʩʪʴʶ 

ʦʧʫʩʢʘʶʱʝʛʦʩʷ ʥʘ ʨʘʙʦʯʠʡ ʫʯʘʩʪʦʢ, ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʠʥʪʝʥʩʠʬʠʮʠʨʦʚʘʪʴ 

ʥʘʙʝʛʘʶʱʠʡ ʧʦʪʦʢ ʚʦʟʜʫʭʘ. ɺ ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʪʨʠ ʨʘʙʦʯʠʭ ʫʯʘʩʪʢʘ: ʩ 
ʛʣʘʜʢʠʤʠ, ʣʫʥʦʯʥʳʤʠ ʠ ʨʘʟʨʝʟʥʳʤʠ ʨʝʙʨʘʤʠ. ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦʧʝʨʝʤʝʥʥʦ ʠʟʤʝʥʷʣʠʩʴ 

ʤʦʱʥʦʩʪʴ ʥʘʛʨʝʚʘ, ʚʳʩʦʪʘ ʧʦʜʥʷʪʠʷ ʢʦʞʫʭʘ ʥʘʜ ʨʘʙʦʯʠʤ ʫʯʘʩʪʢʦʤ, ʘ ʪʘʢʞʝ ʫʛʦʣ 

ʚʟʘʠʤʥʦʛʦ ʨʘʩʢʨʳʪʠʷ ʨʘʟʨʝʟʥʳʭ ʨʝʙʝʨ. ʇʦʩʣʝ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʨʘʙʦʪʝ 
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ʩʪʝʥʜʘ, ʙʳʣʠ ʥʘʡʜʝʥʳ ʯʠʩʣʘ ʧʦʜʦʙʠʷ ʅʫʩʩʝʣʴʪʘ ʠ ʈʘʣʝʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʧʨʦʮʝʩʩʦʚ, 
ʧʦʣʫʯʝʥʳ ʢʦʵʬʬʠʮʠʝʥʪʳ ʪʝʧʣʦʦʪʜʘʯʠ, ʘ ʪʘʢʞʝ ʦʧʨʝʜʝʣʝʥ ʨʝʞʠʤ ʪʝʯʝʥʠʷ ʛʘʟʘ. ɺ 

ʜʘʣʴʥʝʡʰʝʤ ʙʳʣ ʦʧʨʝʜʝʣʝʥ ʥʘʠʙʦʣʝʝ ʦʧʪʠʤʘʣʴʥʳʡ ʨʝʞʠʤ ʚʳʩʦʪʳ ʧʦʜʥʷʪʠʷ ʢʦʞʫʭʘ ʠ ʫʛʣʘ 

ʨʘʩʢʨʳʪʠʷ ʨʝʙʝʨ, ʘ ʪʘʢʞʝ ʧʦʣʫʯʝʥʘ ʢʨʠʪʝʨʠʘʣʴʥʘʷ ʬʦʨʤʫʣʘ ʦʙʦʙʱʝʥʠʷ ʜʘʥʥʳʭ ʧʨʦʮʝʩʩʦʚ. 
ʇʦʟʞʝ ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʚʠʟʫʘʣʠʟʘʮʠʷ ʠ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʠʚʝʜʝʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʚ 

ʧʨʦʛʨʘʤʤʥʦʤ ʢʦʤʧʣʝʢʩʝ ʃʆɻʆʉ ʠ Ansys: ʩʦʟʜʘʥʠʝ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ, ʩʝʪʦʯʥʦʡ ʤʦʜʝʣʠ, 

ʦʧʠʩʘʥʠʝ ʧʨʦʪʝʢʘʝʤʦʛʦ ʧʨʦʮʝʩʩʘ, ʟʘʜʘʥʠʝ ʥʘʯʘʣʴʥʳʭ ʫʩʣʦʚʠʡ ʠ ʧʨʦʛʨʘʤʤʥʳʡ ʨʘʩʯʝʪ. 
ʇʦʣʫʯʝʥʥʳʝ ʚ ʜʘʥʥʳʭ ʧʨʦʛʨʘʤʤʘʭ ʨʝʟʫʣʴʪʘʪʳ ʢʦʨʨʝʣʠʨʫʶʪʩʷ ʩ ʧʨʦʚʝʜʝʥʥʳʤʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ. 

ʇʨʦʚʝʜʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʳʚʘʶʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠ ʚʦʟʤʦʞʥʦʝ ʧʨʠʤʝʥʝʥʠʝ 
ʨʘʟʨʝʟʥʳʭ ʨʝʙʝʨ ʚ ʩʠʩʪʝʤʘʭ ʦʭʣʘʞʜʝʥʠʷ ʨʘʜʠʦʵʣʝʢʪʨʦʥʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ ʢʦʤʧʦʥʝʥʪʦʚ 

ʘʚʠʘʮʠʦʥʥʳʭ ʩʠʩʪʝʤ ʠ ʠʭ ʧʨʝʠʤʫʱʝʩʪʚʦ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʛʣʘʜʢʠʤʠ ʠ ʣʫʥʦʯʥʳʤʠ ʨʝʙʨʘʤʠ, 

ʢʘʢ ʚ ʦʙʣʘʩʪʠ ʪʝʧʣʦʛʠʜʨʘʚʣʠʯʝʩʢʠʭ, ʪʘʢ ʠ ʚ ʦʙʣʘʩʪʠ ʤʘʩʩʦʛʘʙʘʨʠʪʥʳʭ, ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʠ 
ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʩʪʘʚʣʝʥʥʘʷ ʮʝʣʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʘ 

ʚʳʧʦʣʥʝʥʘ. ɼʘʣʴʥʝʡʰʠʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʦʙʦʙʱʝʥʠʝ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ ʚ 
ʫʩʣʦʚʠʷʭ ʚʳʥʫʞʜʝʥʥʦʡ ʢʦʥʚʝʢʮʠʠ.  

Heat transfer and methods of intensification in aviation and ground-based systems 

Lopatin A.A., Nikolaeva D.V. 
KNITU-KAI, Kazan 

 Along with issues of energy efficiency and compliance with stringent operating conditions 

for aviation and land transport, the issues of ensuring the necessary temperature regimes of such 
devices, which are continuously connected with the operation of cooling systems, are not lost. 

 The purpose of this work was a joint examination of the thermal and hydraulic characteristics 

of heat transfer processes in air currents with natural convection in the cooling processes of on-
board radio electronic equipment. 

 In the course of the work, an experimental stand was assembled, 

consisting of a heater simulator; working area; the casing, partially, or completely descending 
to the working area, which made it possible to further intensify the oncoming air flow. In the 

course of the experiment, three working areas were investigated: with smooth, well and split fins. 

In experiments, the heating power, the height of the casing over the working area, and also the 
angle of mutual opening of the split ribs alternated. After processing the data obtained during the 

work of the stand, the Nuselt and Raleigh similarity numbers of the processes were found, the 

heat transfer coefficients were obtained, and the regime of gas flow was determined. In the 
future, the most optimal mode for the height of the casing lift and the angle of opening of the ribs 

was determined, and a criterial formula for generalizing these processes was obtained. Later, 

visualization and modeling of these processes in the LOGOS and Ansys software complex was 
made: creation of a calculation area, a grid model, a description of the process, the initial 

conditions and software calculation. The results obtained in these programs are correlated with 

the experimental data. 
 The conducted studies show the efficiency and possible use of split ribs in cooling systems of 

electronic equipment of aviation system components and their advantage in comparison with 

smooth and lunar ribs, both in the field of thermal hydraulics and in the field of mass-size, 

technological and operational characteristics. Thus, the goal of the research was fulfilled. The 

further direction of work is the generalization of the received data in conditions of the forced 

convection. 

ʋʧʨʘʚʣʝʥʠʝ ʚʝʢʪʦʨʦʤ ʪʷʛʠ ʩʝʨʚʠʩʥʦʛʦ ʢʦʩʤʠʯʝʩʢʦʛʦ ʘʧʧʘʨʘʪʘ ʧʨʠ ʫʚʦʜʝ ʦʙʲʝʢʪʘ 

ʢʦʩʤʠʯʝʩʢʦʛʦ ʤʫʩʦʨʘ ʠʟ ʦʙʣʘʩʪʠ ɻʉʆ 

ʆʙʫʭʦʚ ɺ.ɸ., ʇʦʢʨʳʰʢʠʥ ɸ.ʀ., ʉʚʦʪʠʥʘ ɺ.ɺ. 
ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ɼʣʷ ʦʯʠʩʪʢʠ ʦʢʦʣʦʟʝʤʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ ʦʪ ʢʦʩʤʠʯʝʩʢʦʛʦ ʤʫʩʦʨʘ ʚ ʦʙʣʘʩʪʠ ɻʉʆ ʤʦʞʝʪ 

ʙʳʪʴ ʫʩʧʝʰʥʦ ʠʩʧʦʣʴʟʦʚʘʥ ʩʧʦʩʦʙ ʙʝʩʢʦʥʪʘʢʪʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʫʚʦʜʠʤʳʡ ʠʟ ʆʂʇ 
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ʦʙʲʝʢʪ ʢʦʩʤʠʯʝʩʢʦʛʦ ʤʫʩʦʨʘ (ʆʂʄ). ɼʣʷ ʨʝʘʣʠʟʘʮʠʠ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ ʜʦʣʞʝʥ 
ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʩʝʨʚʠʩʥʳʡ ʢʦʩʤʠʯʝʩʢʠʡ ʘʧʧʘʨʘʪ (ʉʂɸ), ʦʩʥʘʱʝʥʥʳʡ ʵʣʝʢʪʨʦʨʘʢʝʪʥʦʡ 

ʜʚʠʛʘʪʝʣʴʥʦʡ ʫʩʪʘʥʦʚʢʦʡ (ʕʈɼʋ) ʠ ʠʦʥʥʳʤ ʠʥʞʝʢʪʦʨʦʤ (ʀʀ). ʀʀ ʩʦʟʜʘʝʪ ʠʦʥʥʳʡ ʧʫʯʦʢ, 

ʚʦʟʜʝʡʩʪʚʫʶʱʠʡ ʥʘ ʆʂʄ ʜʣʷ ʧʨʠʜʘʥʠʷ ʝʤʫ ʩʫʤʤʘʨʥʦʛʦ ʠʤʧʫʣʴʩʘ, ʥʝʦʙʭʦʜʠʤʦʛʦ ʜʣʷ 
ʫʚʦʜʘ ʥʘ ʙʝʟʦʧʘʩʥʫʶ ʦʨʙʠʪʫ [1, 2, 3]. 

ʇʨʦʙʣʝʤʘ ʫʩʪʦʡʯʠʚʦʩʪʠ ʧʨʦʮʝʩʩʘ ʫʧʨʘʚʣʝʥʠʷ ʜʚʠʞʝʥʠʝʤ ʩʚʷʟʢʠ: ʉʂɸ-ʆʂʄ, 

ʨʘʩʩʤʘʪʨʠʚʘʣʘʩʴ ʚ [1, 2]. ɺ ʵʪʠʭ ʨʘʙʦʪʘʭ ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 
ʜʠʥʘʤʠʢʠ ʜʚʠʞʝʥʠʷ ʩʚʷʟʢʠ ʜʚʫʭ ʦʙʲʝʢʪʦʚ. ʇʨʝʜʣʦʞʝʥʥʳʡ ʚ [1, 2] ʘʣʛʦʨʠʪʤ ʫʧʨʘʚʣʝʥʠʷ 

ʙʦʢʦʚʳʤ ʜʚʠʞʝʥʠʝʤ ʉʂɸ ʠʩʧʦʣʴʟʫʝʪ ʠʥʬʦʨʤʘʮʠʶ ʦ ʧʨʦʝʢʮʠʷʭ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʜʘʣʴʥʦʩʪʠ 

ʤʝʞʜʫ ʆʂʄ ʠ ʉʂɸ ʥʘ ʦʨʙʠʪʘʣʴʥʫʶ ʩʠʩʪʝʤʫ ʢʦʦʨʜʠʥʘʪ. ɹʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʫʩʣʦʚʠʷ ʧʨʠ 
ʢʦʪʦʨʳʭ ʧʨʝʜʣʦʞʝʥʥʳʡ ʘʣʛʦʨʠʪʤ ʫʧʨʘʚʣʝʥʠʷ ʧʦʟʚʦʣʷʝʪ ʩʜʝʣʘʪʴ ʧʨʦʮʝʩʩ ʫʧʨʘʚʣʝʥʠʷ 

ʫʩʪʦʡʯʠʚʳʤ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ, ʚ ʨʘʟʚʠʪʠʠ ʧʦʣʫʯʝʥʥʳʭ ʨʘʥʝʝ ʨʝʟʫʣʴʪʘʪʦʚ, ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʚʦʧʨʦʩʳ 
ʫʧʨʘʚʣʝʥʠʷ ʧʨʦʜʦʣʴʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʚʝʢʪʦʨʘ ʪʷʛʠ ʕʈɼʋ ʩ ʮʝʣʴʶ ʨʘʩʰʠʨʝʥʠʷ 

ʜʠʘʧʘʟʦʥʦʚ ʧʘʨʘʤʝʪʨʦʚ ʆʂʄ ʠ ʉʂɸ, ʜʣʷ ʢʦʪʦʨʳʭ ʧʨʦʮʝʩʩ ʫʧʨʘʚʣʝʥʠʷ ʙʫʜʝʪ ʫʩʪʦʡʯʠʚʳʤ. 
ʇʨʝʜʣʦʞʝʥʳ ʘʣʛʦʨʠʪʤʳ ʫʧʨʘʚʣʝʥʠʷ ʧʨʦʜʦʣʴʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʚʝʢʪʦʨʘ ʪʷʛʠ ʕʈɼʋ, ʘ 

ʪʘʢʞʝ ʢʦʥʩʪʨʫʢʪʠʚʥʘʷ ʩʭʝʤʘ ʨʘʩʧʦʣʦʞʝʥʠʷ ʜʚʠʛʘʪʝʣʝʡ ʩ ʫʯʝʪʦʤ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʡ 

ʜʦʧʫʩʪʠʤʳʭ ʫʛʣʦʚ ʧʦʚʦʨʦʪʘ ʜʚʠʛʘʪʝʣʝʡ ʚ ʜʚʫʭ ʧʣʦʩʢʦʩʪʷʭ. ʉʭʝʤʘ ʧʦʟʚʦʣʷʝʪ ʫʧʨʘʚʣʷʪʴ 
ʚʝʣʠʯʠʥʘʤʠ ʧʨʦʝʢʮʠʡ ʚʝʢʪʦʨʘ ʪʷʛʠ ʚ ʙʦʢʦʚʳʭ ʠ ʚ ʧʨʦʜʦʣʴʥʦʤ ʥʘʧʨʘʚʣʝʥʠʷʭ, ʘ ʪʘʢʞʝ 

ʫʧʨʘʚʣʷʪʴ ʟʥʘʢʦʤ ʤʦʤʝʥʪʘ, ʩʦʟʜʘʚʘʝʤʦʛʦ ʕʈɼʋ ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʨʦʜʦʣʴʥʦʡ ʦʩʠ ʉʂɸ, ʯʪʦ 

ʧʦʟʚʦʣʷʝʪ ʩʥʠʟʠʪʴ ʪʨʝʙʦʚʘʥʠʷ ʢ ʩʠʩʪʝʤʝ ʦʨʠʝʥʪʘʮʠʠ ʉʂɸ. 
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Control of a thrust vector of the service spacecraft in case of a space debris object 

removal from the GEO area 

Obukhov V.A., Pokryshkin A.I., Svotina V.V. 

MAI, Moscow 

For the GEO region cleaning from space debris objects (SDO) the contact less method based 
on the ion beam influence on SDO can be succsesfuly used. The service spacecraft (SSC) 

equipped with electrical propulsion unit (EPU) and ion injector (II) is needed for this method 

realization. II creates an ion beam interacting with SDO to apply momentum to SDO for inserting 

it into a safe orbit [1, 2, 3].  

The problem of SSC control and its stability was studied in [1, 2]. The study was made by 

numerical modeling for the dynamics of motion of a cluster consisting of two objects: SSC and 
SDO. The described in [1, 2] algorithm of the motion control used information about the relative 

SSC-SDO distance projections in the orbital coordinate system. Conditions were defined under 

which the SSC control by the proposed algorithm could be stable. 
In this paper, in development of the results received earlier, questions of control of a 

longitudinal component of the EPU thrust vector for the purpose of extension of the ranges of the 

SDO and SSC parameters for which the process of SDO removing will be steady are considered. 
Control algorithms of a longitudinal component of the EPU thrust vector as well as the thrustersô 
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layout, taking into account different values of admissible turning angles of the thrusters in two 
planes, are offered. The diagram allows to control values of projections of a thrust vector in side 

and in longitudinal directions under control the sign of the moment created by the thrusters 

relative to the SSC longitudinal axis that allows to lower requirements to the SSC orientation 
system. 
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ʆʮʝʥʢʘ ʚʣʠʷʥʠʷ ʪʝʭʥʦʣʦʛʠʠ ʠʟʛʦʪʦʚʣʝʥʠʷ ʠ ʦʙʨʘʙʦʪʢʠ ʘʣʶʤʠʥʠʝʚʦʛʦ ʩʧʣʘʚʘ ʥʘ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʘʥʦʜʘ ʚʦʟʜʫʰʥʦ-ʘʣʶʤʠʥʠʝʚʦʛʦ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʛʝʥʝʨʘʪʦʨʘ 
ʆʢʦʨʦʢʦʚʘ ʅ.ʉ., ʇʫʰʢʠʥ ʂ.ɺ., ʉʝʚʨʫʢ ʉ.ɼ., ʌʘʨʤʘʢʦʚʩʢʘʷ ɸ.ɸ. 

ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ʈʘʟʚʠʪʠʝ ʩʬʝʨʳ ʵʣʝʢʪʨʦʣʸʪʦʚ (ʧʣʘʥʝʨʦʚ ʠ ʤʫʣʴʪʠʢʦʧʪʝʨʦʚ) ʠ ʫʩʣʫʛ ʧʨʝʜʦʩʪʘʚʣʷʝʤʳʭ 

ʠʤʠ ʩʪʘʚʠʪ ʧʝʨʝʜ ʨʘʟʨʘʙʦʪʯʠʢʘʤʠ ʤʥʦʞʝʩʪʚʦ ʟʘʜʘʯ, ʚ ʪʦʤ ʯʠʩʣʝ ʢʘʩʘʶʱʠʭʩʷ 
ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʩʪʘʥʦʚʦʢ (ʕʋ) ʜʘʥʥʳʭ ʘʧʧʘʨʘʪʦʚ ʩ ʪʨʝʙʫʝʤʳʤʠ ʵʥʝʨʛʦʤʘʩʩʦʚʳʤʠ, 

ʵʢʦʥʦʤʠʯʝʩʢʠʤʠ ʠ ʜʨʫʛʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. ɺ ʢʘʯʝʩʪʚʝ ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʦʡ, 

ʵʢʦʣʦʛʠʯʝʩʢʠ ʙʝʟʦʧʘʩʥʦʡ ʕʋ ʤʦʞʝʪ ʩʣʫʞʠʪʴ ʫʩʪʘʥʦʚʢʘ ʥʘ ʦʩʥʦʚʝ ʚʦʟʜʫʰʥʦ-
ʘʣʶʤʠʥʠʝʚʦʛʦ ʭʠʤʠʯʝʩʢʦʛʦ ʠʩʪʦʯʥʠʢʘ ʪʦʢʘ (ɺɸ ʍʀʊ). 

ɺɸ ʍʀʊ ʩʦʩʪʦʠʪ ʠʟ ʘʣʶʤʠʥʠʝʚʦʛʦ ʘʥʦʜʘ, ʚʳʩʪʫʧʘʶʱʝʛʦ ʚ ʢʘʯʝʩʪʚʝ ʛʦʨʶʯʝʛʦ, ʠ 

ʛʘʟʦʜʠʬʬʫʟʠʦʥʥʦʛʦ ʢʘʪʦʜʘ (ɻɼʂ), ʯʝʨʝʟ ʢʦʪʦʨʳʡ ʧʦʜʘʝʪʩʷ ʢʠʩʣʦʨʦʜ ʠʟ ʚʦʟʜʫʭʘ. 
ʕʬʬʝʢʪʠʚʥʦʩʪʴ ɺɸ ʍʀʊ ʚʦ ʤʥʦʛʦʤ ʦʧʨʝʜʝʣʷʝʪʩʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʘʥʦʜʘ.  

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ, ʩ ʮʝʣʴʶ ʚʳʷʚʣʝʥʠʷ ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦʛʦ ʘʥʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʙʳʣʠ 

ʠʟʫʯʝʥʳ ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʝ ʠ ʢʦʨʨʦʟʠʦʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʙʨʘʟʮʦʚ Al-In ʩʧʣʘʚʦʚ 
ʠʟʛʦʪʦʚʣʝʥʥʳʭ ʧʦ ʨʘʟʣʠʯʥʳʤ ʪʝʭʥʦʣʦʛʠʷʤ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʠʤʝʶʱʠʭ ʨʘʟʣʠʯʥʳʡ ʩʦʩʪʘʚ 

ʠ ʩʪʨʫʢʪʫʨʫ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʱʝʣʦʯʥʳʭ ʨʘʩʪʚʦʨʘʭ (8ʄ NaOH c ʜʦʙʘʚʢʦʡ 

0,015ʄ Na2SnO3 ʠ 4M NaOH ʩ ʜʦʙʘʚʢʦʡ 0,06ʄ Na2SnO3) ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 333ʂ.  
ɺ ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʙʳʣʦ ʚʳʷʚʣʝʥʦ, ʯʪʦ ʚ ʧʦʣʷʨʠʟʘʮʠʦʥʥʦʤ ʦʪʥʦʰʝʥʠʠ ʣʫʯʰʝ ʩʝʙʷ 

ʚʝʜʝʪ ʩʧʣʘʚ ʩ ʥʝʨʘʚʥʦʤʝʨʥʦʡ ʩʪʨʫʢʪʫʨʦʡ. ʆʜʥʘʢʦ, ʫ ʚʩʝʭ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʦʙʨʘʟʮʦʚ, 

ʠʟʛʦʪʦʚʣʝʥʥʳʭ ʧʦ ʙʣʠʟʢʠʤ ʪʝʭʥʦʣʦʛʠʷʤ, ʨʘʟʥʠʮʘ ʚ ʧʦʢʘʟʘʥʠʷʭ ʥʝʚʝʣʠʢʘ, ʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚ 
ʦʩʥʦʚʥʦʤ ʩʦʩʪʘʚʦʤ ʩʧʣʘʚʘ, ʚ ʯʘʩʪʥʦʩʪʠ ʩʦʜʝʨʞʘʥʠʝʤ ʠʥʜʠʷ.  

ɺ ʢʦʨʨʦʟʠʦʥʥʦʤ ʦʪʥʦʰʝʥʠʠ ʫ ʚʩʝʭ ʦʙʨʘʟʮʦʚ ʥʘʙʣʶʜʘʣʩʷ ʧʦʣʦʞʠʪʝʣʴʥʳʡ ʜʠʬʬʝʨʝʥʮ-

ʵʬʬʝʢʪ. ʉʪʘʪʠʩʪʠʯʝʩʢʠ ʨʘʟʣʠʯʠʝ ʤʝʞʜʫ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʩʧʣʘʚʦʚ ʠʟʛʦʪʦʚʣʝʥʥʳʭ ʧʦ 

ʨʘʟʥʳʤ ʪʝʭʥʦʣʦʛʠʷʤ ʥʝ ʟʥʘʯʠʤʦ, ʘ ʩʦʜʝʨʞʘʥʠʝ ʠʥʜʠʷ ʟʥʘʯʠʪʝʣʴʥʦ ʩʢʘʟʳʚʘʝʪʩʷ ʪʦʣʴʢʦ ʧʨʠ 

ʢʦʥʮʝʥʪʨʘʮʠʷʭ ʙʦʣʴʰʝ 0,6ʤʘʩ.%. 

Evaluation of the influence of aluminum alloyôs manufacturing technology and its 

treatment on the anodeôs electrochemical characteristics for the air-aluminum 

electrochemical generator 

Okorokova N.S., Pushkin K.V., Sevruk S.D., Farmakovskaya A.A. 
MAI, Moscow 

The development of the electroplanes sphere (gliders and multicopters) and the services 

provided by them gives many tasks for the developers. It includes developing of the power plants 
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(PP) for these devices with the required energetic, economic and other characteristics. As a 
highly effective, environmentally friendly power plant, it is possible to use a PP based on an air-

aluminum chemical current source (AA CCS).  

AA CCS consists of an aluminum anode acting as a fuel, and a gas diffusion cathode (GDC), 
through which oxygen is supplied from the air. The efficiency of the AA CCS is largely 

determined by the characteristics of the anode. 

In this work, in order to identify the most effective anode material, the polarization and 
corrosion characteristics of Al-In alloys samples manufactured by different technologies and, 

accordingly, having different compositions and structures, were studied. The investigations were 

carried out in alkaline solutions (8M NaOH with the addition of 0.015M Na2SnO3 and 4M NaOH 
supplemented with 0.06M Na2SnO3) at a temperature of 333 K. 

In the experiments, it was found that the alloy with a nonuniform structure shows better 

characteristic from polarization point of view. However, for all the examined samples, which 
were manufactured by similar technologies, the difference in data is small, and is determined 

mainly by the composition of the alloy, in particular, by the quantity of indium. 
From corrosion point of view, all the samples shows a positive differentiation effect. 

Statistically, the difference between alloys manufactured by different technologies is not 

significant, and the quantity of indium is significantly affects on corrosion only with 
concentrations greater than 0.6 mass%. 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʨʘʙʦʪʳ ʢʨʫʧʥʦʤʘʩʰʪʘʙʥʦʛʦ ʩʪʝʥʜʘ ʊʈɼɼ ʩ ʚʨʘʱʘʶʱʠʤʩʷ 

ʚʠʥʪʦʚʝʥʪʠʣʷʪʦʨʦʤ 

ʇʘʚʣʠʢ ʉ.ɺ., ʂʘʞʘʥ ɽ.ɺ., ʃʳʩʝʥʢʦʚ ɸ.ɺ. 

ʎɸɻʀ, ʛ. ɾʫʢʦʚʩʢʠʡ 

ʆʜʥʦʡ ʠʟ ʦʩʥʦʚʥʳʭ ʟʘʜʘʯ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʩʦʚʨʝʤʝʥʥʳʭ ʜʚʠʛʘʪʝʣʝʡ, ʷʚʣʷʝʪʩʷ 
ʧʦʚʳʰʝʥʠʝ ʪʦʧʣʠʚʥʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ. ʆʜʠʥ ʠʟ ʩʧʦʩʦʙʦʚ ï ʧʦʚʳʰʝʥʠʝ ʩʪʝʧʝʥʠ 

ʜʚʫʭʢʦʥʪʫʨʥʦʩʪʠ ʩʠʣʦʚʦʡ ʫʩʪʘʥʦʚʢʠ. ɼʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʙʦʪʳ ʜʚʠʛʘʪʝʣʝʡ ʙʦʣʴʰʦʡ 

ʩʪʝʧʝʥʠ ʜʚʫʭʢʦʥʪʫʨʥʦʩʪʠ ʚ 1997ʛ ʚ ʎɸɻʀ ʙʳʣ ʩʦʟʜʘʥ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʪʝʥʜ, 
ʧʦʟʚʦʣʷʶʱʠʡ ʧʨʦʚʦʜʠʪʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʘ ʨʘʟʣʠʯʥʳʭ ʨʝʞʠʤʘʭ ʢʘʢ ʧʨʷʤʦʡ, ʪʘʢ ʠ ʦʙʨʘʪʥʦʡ 

ʪʷʛʠ, ʧʨʷʤʦʡ ʠ ʢʦʩʦʡ ʦʙʜʫʚʢʠ. ʆʩʥʦʚʳʚʘʷʩʴ ʥʘ ʥʘʢʦʧʣʝʥʥʦʤ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤ ʦʧʳʪʝ ʠ 

ʨʘʟʚʠʪʠʠ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʪʝʭʥʠʢʠ, ʩʪʘʣʠ ʚʦʟʤʦʞʥʳ ʚʘʣʠʜʘʮʠʷ ʠ ʚʝʨʠʬʠʢʘʮʠʷ ʯʠʩʣʝʥʥʦʡ 
ʤʝʪʦʜʠʢʠ ʨʘʩʯʸʪʘ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʊʈɼɼ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʫʝʪʩʷ ʤʦʜʝʣʴ ʊʈɼɼ ʙʦʣʴʰʦʡ ʩʪʝʧʝʥʠ ʜʚʫʭʢʦʥʪʫʨʥʦʩʪʠ 

(ʤʘʩʰʪʘʙ 1:4) ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʩʢʦʨʦʩʪʷʭ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ ʠ ʯʘʩʪʦʪʘʭ ʦʙʦʨʦʪʦʚ ʩ ʫʯʸʪʦʤ 
ʧʨʷʤʦʡ ʠ ʢʦʩʦʡ ʦʙʜʫʚʢʠ. ɺ ʨʘʩʯʸʪʝ ʧʨʠʩʫʪʩʪʚʫʶʪ ʦʩʥʦʚʥʳʝ ʵʣʝʤʝʥʪʳ ʢʦʥʩʪʨʫʢʮʠʠ: 

ʚʦʩʴʤʠʣʦʧʘʩʪʥʦʡ ʧʝʨʝʜʥʠʡ ʠ ʜʝʩʷʪʠʣʦʧʘʩʪʥʦʡ ʟʘʜʥʠʡ ʚʠʥʪʳ, ʤʦʪʦʛʦʥʜʦʣʘ, ʦʙʪʝʢʘʪʝʣʴ 

ʚʪʫʣʢʠ, ʢʦʣʴʮʝʚʦʡ ʚʭʦʜ ʚʦ ʚʥʫʪʨʝʥʥʠʡ ʢʘʥʘʣ. ɼʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʙʦʪʳ ʚʥʫʪʨʝʥʥʝʛʦ 
ʢʦʥʪʫʨʘ ʩʪʘʚʠʪʩʷ ʛʨʘʥʠʯʥʦʝ ʫʩʣʦʚʠʝ ʨʘʩʭʦʜʘ. 

ʈʘʩʯʸʪʳ ʧʨʦʚʦʜʷʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʝʰʘʪʝʣʷ RoS (ʉʚʠʜʝʪʝʣʴʩʪʚʦ ʦ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʡ 

ʨʝʛʠʩʪʨʘʮʠʠ ʧʨʦʛʨʘʤʤʳ ʜʣʷ ʕɺʄ ˉ 2016619700 ʦʪ 26 ʘʚʛʫʩʪʘ 2016 ʛʦʜʘ) ʇʇʇ EWT-
ʎɸɻʀ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʚ ʩʪʘʮʠʦʥʘʨʥʦʡ ʧʦʩʪʘʥʦʚʢʝ ʧʦ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ 

ʛʝʢʩʦʛʦʥʘʣʴʥʦʡ ʨʘʩʯʸʪʥʦʡ ʩʝʪʢʝ. ʈʝʰʘʝʪʩʷ ʩʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ ʈʝʡʥʦʣʴʜʩʘ, ʟʘʤʢʥʫʪʘʷ 

ʤʦʜʝʣʴʶ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ SST. ɺ ʨʘʩʯʸʪʝ ʚʳʯʠʩʣʷʶʪʩʷ ʢʘʢ ʨʘʩʧʨʝʜʝʣʸʥʥʳʝ (ʜʘʚʣʝʥʠʝ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʷʭ), ʪʘʢ ʠ ʠʥʪʝʛʨʘʣʴʥʳʝ (ʪʷʛʘ, ʤʦʤʝʥʪ, ʂʇɼ) ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʠʥʪʦʚʝʥʪʠʣʷʪʦʨʘ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʩʨʘʚʥʝʥʠʷ ʨʘʩʯʸʪʥʳʭ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʚʳʷʚʣʝʥʦ, ʯʪʦ ʨʘʩʭʦʜ 

ʚʦʟʜʫʭʘ ʯʝʨʝʟ ʚʦʟʜʫʭʦʟʘʙʦʨʥʠʢ, ʢʦʵʬʬʠʮʠʝʥʪ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʧʦʣʥʦʛʦ ʜʘʚʣʝʥʠʷ, ʘ ʪʘʢʞʝ 
ʩʪʝʧʝʥʴ ʩʞʘʪʠʷ ʚʝʥʪʠʣʷʪʦʨʘ ʤʦʜʝʣʠʨʫʶʪʩʷ ʩ ʜʦʩʪʘʪʦʯʥʦʡ ʪʦʯʥʦʩʪʴʶ (~1%). 

ʇʨʝʜʩʪʘʚʣʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʣʫʯʝʥʳ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʢʦʥʪʨʘʢʪʘ 

ʄʠʥʠʩʪʝʨʩʪʚʘ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʠ ʪʦʨʛʦʚʣʠ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ 
 ̄17112.1770290019.18.016 ʥʘ ʚʳʧʦʣʥʝʥʠʝ ʥʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʡ ʨʘʙʦʪʳ çʈʘʟʨʘʙʦʪʢʘ 

ʤʝʪʦʜʠʢʠ ʨʘʩʯʸʪʘ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚʭʦʜʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʠ ʚʝʥʪʠʣʷʪʦʨʘ 

ʊʈɼɼ ʙʦʣʴʰʦʡ ʪʷʛʠ ʩ ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ ʠʭ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠ ʝʸ 
ʧʨʠʤʝʥʝʥʠʝ ʜʣʷ ʦʧʪʠʤʠʟʘʮʠʠ ʚʭʦʜʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʩʠʣʦʚʦʡ ʫʩʪʘʥʦʚʢʠè, ʐʠʬʨ 
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çɺʦʟʜʫʭʦʟʘʙʦʨʥʠʢ-2è ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʡ ʧʨʦʛʨʘʤʤʳ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ 
çʈʘʟʚʠʪʠʝ ʘʚʠʘʮʠʦʥʥʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʥʘ 2013-2025 ʛʦʜʳè. 

Modeling the operation of a large-scale turbojet stand with a rotating propeller 

Pavlik S.V., Kazhan E.V., Lysenkov A.V. 
TsAGI, Zhukovsky 

One of the main tasks of designing modern engines is to improve fuel efficiency. One of the 

mean is to increase the degree of the two-circuit power plant. To simulate the operation of a 
large-scale two-circuit engine in 1997, an experimental test facility was created in TsAGI, which 

allows a research in various modes of direct and reverse thrust, direct and oblique blowing. 

Based on the accumulated experimental experience and the development of CFD technology, the 
validation and verification of the numerical methodology for calculating the aerodynamic 

characteristics of turbojet engines became possible. 

In this paper is investigated a model of turbojet with a large-scale of two-circuit (scale 1: 4) at 
different speeds of the incoming flow and the number of revolutions, taking into account the 

direct and oblique blowing. In the CFD simulation there are basic elements of the design: an 
eight-bladed front and ten-bladed rear propeller, a nacelle, a spinner, an annular entrance to the 

inner channel. To simulate the operation of the internal circuit, a mass flow rate boundary 

condition is set. 
The calculations are carried out using the RoS solver (Certificate of state registration of the 

computer program ˉ 2016619700 of August 26, 2016) of the EWT TsAGI. The research is 

carried out in a stationary mode on a structured hexogonal grid. The system of Reynolds 
equations closed by the SST turbulence model is solved. During the calculation, both the 

distributed (pressure on the surfaces) and the integral (thrust, torque, efficiency) of the propeller 

are calculated. 
As a result of comparing the calculations with the experimental data, it was found that the 

mass flow rate through the aircraft engine inlet, the recovery ratio of the total pressure, and the 

compression ratio of the fan are simulated with required accuracy (~ 1%). 
The presented results were obtained within the framework of the state contract of the Ministry 

of Industry and Trade of the Russian Federation ˉ 17112.1770290019.18.016 for the 

performance of the research work ñDevelopment of a technique for calculating the aerodynamic 
characteristics of the intake device and the fan of high thrust turbojet engines simulating their 

gas-dynamic interaction and its application for optimizing the inlet of the aircraft engineò, 

ñAircraft engine Inlet-2ò code number within the framework of the state program of the Russian 
Federation ñDevelopment of aviation th industry for 2013-2025 yearsò. 

ɺʣʠʷʥʠʝ ʠʟʤʝʥʝʥʠʷ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʩʦʩʪʦʷʥʠʷ ʢʦʥʩʪʨʫʢʪʠʚʥʳʭ ʵʣʝʤʝʥʪʦʚ ʥʘ 

ʧʨʦʜʦʣʴʥʫʶ ʘʢʫʩʪʠʯʝʩʢʫʶ ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ ʨʘʙʦʪʳ ʈɼʊʊ 

ʇʝʪʨʦʚʘ ɽ.ʅ., ʉʘʣʴʥʠʢʦʚ ɸ.ʌ., ʂʘʰʠʥʘ ʀ.ɸ. 

ʇʅʀʇʋ, ʛ. ʇʝʨʤʴ 

ɼʣʷ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʢʦʥʩʪʨʫʢʮʠʡ ʨʘʢʝʪʥʦʛʦ ʜʚʠʛʘʪʝʣʷ ʥʘ ʪʚʝʨʜʦʤ 
ʪʦʧʣʠʚʝ (ʈɼʊʊ) ʧʨʠ ʠʭ ʨʘʟʨʘʙʦʪʢʝ ʥʝʦʙʭʦʜʠʤ ʢʦʤʧʣʝʢʩʥʳʡ ʧʦʜʭʦʜ ʢ ʨʝʰʝʥʠʶ 

ʜʠʥʘʤʠʯʝʩʢʠʭ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʟʘʜʘʯ.  

ʆʩʥʦʚʥʦʡ ʟʘʜʘʯʝʡ, ʨʝʰʘʝʤʦʡ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ, ʷʚʣʷʝʪʩʷ ʫʯʝʪ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ 
ʦʩʦʙʝʥʥʦʩʪʝʡ ʠ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʢʦʥʩʪʨʫʢʪʠʚʥʳʭ ʵʣʝʤʝʥʪʦʚ ʨʘʢʝʪʥʦʛʦ 

ʜʚʠʛʘʪʝʣʷ ʥʘ ʪʚʝʨʜʦʤ ʪʦʧʣʠʚʝ ʥʘʨʷʜʫ ʩ ʫʯʝʪʦʤ ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʭ 

ʧʨʦʮʝʩʩʦʚ ʚ ʢʘʤʝʨʝ ʩʛʦʨʘʥʠʷ. ɼʣʷ ʘʥʘʣʠʟʘ ʠʟʤʝʥʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʜʠʥʘʤʠʯʝʩʢʦʛʦ 
ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʧʨʦʮʝʩʩʦʚ ʚ ʢʘʤʝʨʝ ʩʛʦʨʘʥʠʷ ʈɼʊʊ ʠ ʝʛʦ ʢʦʥʩʪʨʫʢʪʠʚʥʳʭ 

ʵʣʝʤʝʥʪʦʚ ʨʘʟʨʘʙʦʪʘʥ ʘʣʛʦʨʠʪʤ. 

ɺ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥʦ ʩʦʧʦʩʪʘʚʣʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʧʨʦʮʝʩʩʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 
(ʤʦʜʝʣʠ ʜʠʩʢʨʝʪʥʳʭ ʤʘʩʩ, ʤʦʜʝʣʠ ʩ ʨʘʩʧʨʝʜʝʣʝʥʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʠ ʤʦʜʝʣʠ ʩ 

ʨʘʩʧʨʝʜʝʣʝʥʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ çʈɼʊʊ ʚ ʩʦʩʪʘʚʝ ʃɸè) ʩ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʜʠʥʘʤʠʯʝʩʢʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʢʦʥʩʪʨʫʢʪʠʚʥʳʭ ʵʣʝʤʝʥʪʦʚ ʈɼʊʊ: 
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- ʙʳʣʘ ʚʳʷʚʣʝʥʘ ʚʝʨʦʷʪʥʦʩʪʴ ʧʦʷʚʣʝʥʠʝ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʚ ʨʘʙʦʪʝ ʈɼʊʊ ʚ ʧʨʦʮʝʩʩʝ 
ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦ ʘʣʛʦʨʠʪʤʫ ʤʦʜʝʣʠ ʜʠʩʢʨʝʪʥʳʭ ʤʘʩʩ; 

- ʜʘʥʥʳʝ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʧʨʦʮʝʩʩʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʘʣʛʦʨʠʪʤʘ ʩ ʨʘʩʧʨʝʜʝʣʝʥʥʳʤʠ 

ʧʘʨʘʤʝʪʨʘʤʠ, ʥʝ ʚʳʷʚʠʣʠ ʦʪʢʣʦʥʝʥʠʡ ʦʪ ʥʦʨʤʘʣʴʥʦʛʦ ʨʝʞʠʤʘ ʨʘʙʦʪʳ ʈɼʊʊ; 
- ʨʝʟʫʣʴʪʘʪʳ ʘʣʛʦʨʠʪʤʘ ʤʦʜʝʣʠ ʩ ʨʘʩʧʨʝʜʝʣʝʥʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ çʈɼʊʊ ʚ ʩʦʩʪʘʚʝ ʃɸè 

ʧʦʢʘʟʘʣʠ ʦʪʩʫʪʩʪʚʠʝ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʥʘ ʧʨʦʪʷʞʝʥʠʠ ʚʩʝʛʦ ʧʝʨʠʦʜʘ ʨʘʙʦʪʳ ʈɼʊʊ.  

ʇʨʦʚʝʜʝʥʘ ʦʮʝʥʢʘ ʫʩʣʦʚʠʡ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʢʦʥʩʪʨʫʢʪʠʚʥʳʭ ʵʣʝʤʝʥʪʦʚ ʩ 
ʧʝʨʚʦʡ ʧʨʦʜʦʣʴʥʦʡ ʤʦʜʦʡ ʢʦʣʝʙʘʥʠʡ ʛʘʟʘ ʚ ʢʘʤʝʨʝ ʩʛʦʨʘʥʠʷ ʜʣʷ ʨʝʘʣʴʥʦʛʦ ʜʚʠʛʘʪʝʣʷ, 

ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ɸʆ çʆʂɹ çʅʦʚʘʪʦʨè. ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʥʘ 3-4 ʩʝʢʫʥʜʝ 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʘʤʧʣʠʪʫʜʘ ʢʦʣʝʙʘʥʠʡ ʜʘʚʣʝʥʠʷ ʚ ʢʘʤʝʨʝ ʩʛʦʨʘʥʠʷ ʜʚʠʛʘʪʝʣʷ.  
ʇʦʛʨʝʰʥʦʩʪʴ ʠʟʤʝʥʝʥʠʷ ʚʝʣʠʯʠʥʳ ʜʘʚʣʝʥʠʷ ʚ ʢʘʤʝʨʝ ʩʛʦʨʘʥʠʷ ʩʦʩʪʘʚʣʷʝʪ 15%, ʧʦ 

ʘʤʧʣʠʪʫʜʝ ï 7%, ʧʦ ʯʘʩʪʦʪʝ ʢʦʣʝʙʘʥʠʡ ʛʘʟʘ ï 2%, ʯʪʦ ʚʧʦʣʥʝ ʜʦʩʪʘʪʦʯʥʦ ʜʣʷ ʥʘʯʘʣʴʥʳʭ 

ʠʥʞʝʥʝʨʥʳʭ ʨʘʩʯʝʪʦʚ. 

The effect of dynamic behavior change of constructive elements on the longitudinal 

acoustic instability of SPRE thrusting 

Petrova E.N., Salnikov A.F., Kashina I.A. 

PNRPU, Perm 

There is a need for integrated approach to solve the dynamic oscillation problem to predict 
working efficiency of solid-propellant rocket engine (SPRE) constructions during their 

development. 

The main task, which is solving in this paper, is geometric singularity account and physical-
mechanical characteristics of solid-propellant rocket engine constructive elements. In addition, 

with an account of unsteady gas-dynamic processes in the combustion chamber. To analyze the 

change of dynamic interaction coefficient of oscillation processes in SPRE combustion chamber 
and its constructive elements, the algorithm was developed. 

In this paper, there is the comparison of modelling process results (discrete mass models, 

models with distributed constants and models with distributed constants of ñSPRE in aircraft 
setñ) with dynamic interaction coefficient of SPRE constructive elements: 

Å identified the occurrence possibility of instability in SPRE thrusting, during  odeling 

process of discrete mass model algorithm; 
Å data, obtained in  odeling process of algorithm with distributed constants, did not identify 

the deviation from normal SPRE thrusting; 

Å algorithm results of model with distributed constant of ñSPRE in aircraft setò showed the 
instability absence during the whole period of SPRE thrusting. 

The estimation of dynamic interaction conditions of constructive elements with the first 

longitudinal mode of gas oscillation in combustion chamber for real engine of ñExperimental 
Design Bureau ñNovatorò Joint-Stock Company. Surveys have shown that the pressure 

oscillation amplitude in combustion chamber increases on the 3-4 seconds. 

The change inaccuracy of pressure level in combustion chamber is 15%, amplitude ï 7%, gas 
oscillation frequency ï 2%, which are enough for initial engineering calculations. 

ʈʘʟʨʘʙʦʪʢʠ ʚ ʦʙʣʘʩʪʠ ʜʝʪʦʥʘʮʠʦʥʥʳʭ ʜʚʠʛʘʪʝʣʝʡ ʠ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʛʦʨʝʥʠʶ 

ʞʠʜʢʠʭ ʢʘʧʝʣʴ ʚ ʫʩʣʦʚʠʷʭ ʤʠʢʨʦʛʨʘʚʠʪʘʮʠʠ 

ʌʨʦʣʦʚ ʉ.ʄ.2, ʇʠʯʫʛʠʥ ʉ.ɹ.1 
2ʀʍʌ ʈɸʅ, ʛ. ʄʦʩʢʚʘ; 1ʈʂʂ çʕʥʝʨʛʠʷè, ʛ. ʂʦʨʦʣʸʚ 

ʊʝʦʨʝʪʠʯʝʩʢʦʝ ʦʙʦʩʥʦʚʘʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʜʝʪʦʥʘʮʠʦʥʥʳʭ ʜʚʠʛʘʪʝʣʝʡ ʦʪʥʦʩʷʪ ʢ 
ʧʠʦʥʝʨʩʢʠʤ ʨʘʙʦʪʘʤ ʘʢʘʜʝʤʠʢʘ ɸʅ ʉʉʉʈ ʗ.ɹ. ɿʝʣʴʜʦʚʠʯʘ ʚ 40-ʭ ʛʦʜʘʭ XX ʚʝʢʘ [1]. ɺ ʈʌ 

ʀʥʩʪʠʪʫʪʦʤ ʭʠʤʠʯʝʩʢʦʡ ʬʠʟʠʢʠ ʠʤ. ʅ.ʅ. ʉʝʤʸʥʦʚʘ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ (ʀʍʌ 

ʈɸʅ) ʨʘʟʨʘʙʦʪʘʥʳ ʦʙʨʘʟʮʳ ʠʤʧʫʣʴʩʥʦ-ʜʝʪʦʥʘʮʠʦʥʥʳʝ ʜʚʠʛʘʪʝʣʝʡ (ʀɼɼ) ʠ ʥʝʧʨʝʨʳʚʥʦ-
ʜʝʪʦʥʘʮʠʦʥʥʳʭ ʜʚʠʛʘʪʝʣʝʡ (ʅɼɼ) ʜʣʷ ʢʦʨʨʝʢʮʠʠ ʦʨʙʠʪʳ ʩ ʪʷʛʦʡ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ ʜʝʩʷʪʢʦʚ 

ʛʨʘʤʤʦʚ ʜʦ ʩʦʪʝʥ ʢʠʣʦʛʨʘʤʤʦʚ. ʉʦʚʤʝʩʪʥʦ ʩ ʇɸʆ ʊʄʂɹ çʉʦʶʟè ʠʩʧʳʪʘʥ ʤʝʪʘʥʦ-

ʢʠʩʣʦʨʦʜʥʳʡ ʅɼɼ, ʧʦʢʘʟʘʚʰʠʡ ʫʜʝʣʴʥʳʡ ʠʤʧʫʣʴʩ ʥʘ ʟʝʤʣʝ 270 ʩ ʧʨʠ ʜʘʚʣʝʥʠʠ ʚ ʢʘʤʝʨʝ 
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ʩʛʦʨʘʥʠʷ 32 ʘʪʤ [2]. ʇʦʤʠʤʦ ʵʪʦʛʦ, ʪʘʢʞʝ, ʚ ʈʌ, ʀʥʩʪʠʪʫʪʦʤ ʛʠʜʨʦʜʠʥʘʤʠʢʠ ʠʤ. ʄ.ɸ. 
ʃʘʚʨʝʥʪʴʝʚʘ ʉʠʙʠʨʩʢʦʛʦ ʆʪʜʝʣʝʥʠʷ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ (ʀɻʠʃ ʉʆ ʈɸʅ) 

ʩʦʚʤʝʩʪʥʦ ʩ ʅʇʆ çʕʥʝʨʛʦʤʘʰè, ʚ ʨʘʤʢʘʭ ʧʨʦʝʢʪʘ çʀʬʨʠʪè ʌʦʥʜʘ ʧʝʨʩʧʝʢʪʠʚʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ, ʫʩʧʝʰʥʦ ʠʩʧʳʪʘʥʳ ʜʚʘ ʦʙʨʘʟʮʘ ʤʘʨʰʝʚʦʛʦ ʢʝʨʦʩʠʥʦ-ʢʠʩʣʦʨʦʜʥʦʛʦ ʅɼɼ 
[3]. ʆʩʪʘʸʪʩʷ ʦʪʢʨʳʪʳʤ ʚʦʧʨʦʩ ʦ ʪʦʤ, ʢʘʢ ʧʦʚʝʜʫʪ ʩʝʙʷ ʪʘʢʠʝ ʜʚʠʛʘʪʝʣʠ ʚ ʫʩʣʦʚʠʷʭ 

ʤʠʢʨʦʛʨʘʚʠʪʘʮʠʠ ʠ ʥʝʚʝʩʦʤʦʩʪʠ. 

ɼʣʷ ʵʪʦʛʦ ʚ 2017 ʛ. ʥʘ ʄʂʉ ʧʨʦʚʦʜʠʣʩʷ ʢʦʩʤʠʯʝʩʢʠʡ ʵʢʩʧʝʨʠʤʝʥʪ (ʂʕ) çɿʘʨʝʚʦè (çCool 
Flame Investigationè, CFI) ʇʦʩʪʘʥʦʚʱʠʢʦʤ ʂʕ ʷʚʣʷʣʦʩʴ ʌɻʋʇ ʎʅʀʀʄʘʰ. ɺ ʂʕ 

ʫʯʘʩʪʚʦʚʘʣʠ ʘʤʝʨʠʢʘʥʩʢʠʝ (ʅɸʉɸ ʠ ʨʷʜ ʫʥʠʚʝʨʩʠʪʝʪʦʚ) ʠ ʨʦʩʩʠʡʩʢʠʝ ʩʧʝʮʠʘʣʠʩʪʳ (ʦʪ 

ʇɸʆ çʈʂʂ çʕʥʝʨʛʠʷè ʠ ʀʍʌ ʈɸʅ) [4, 5]. 
ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ ʠʩʩʣʝʜʦʚʘʣʦʩʴ ʛʦʨʝʥʠʝ ʢʘʧʝʣʴ ʫʛʣʝʚʦʜʦʨʦʜʥʳʭ ʛʦʨʶʯʠʭ ʚ ʫʩʣʦʚʠʷʭ 

ʤʠʢʨʦʛʨʘʚʠʪʘʮʠʠ. ʋʞʝ ʥʘ ʵʪʘʧʝ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʫʜʘʣʦʩʴ ʧʦʣʫʯʠʪʴ ʚʘʞʥʫʶ 

ʠʥʬʦʨʤʘʮʠʶ ʧʦ ʩʧʦʩʦʙʘʤ ʬʠʢʩʘʮʠʠ ʢʘʧʣʠ ʚ ʦʙʲʸʤʝ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʧʨʠ ʠʟʤʝʥʝʥʠʠ 
ʜʘʚʣʝʥʠʷ, ʧʦ ʩʪʘʜʠʷʤ ʧʨʦʮʝʩʩʘ ʛʦʨʝʥʠʷ ʢʘʧʣʠ ʠ ʧʦ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ ʜʘʥʥʳʭ ʩʪʘʜʠʡ 

(ʪʝʤʧʝʨʘʪʫʨʝ, ʩʘʞʝʦʙʨʘʟʦʚʘʥʠʶ ʠ ʪ.ʜ.).  
ʃʠʪʝʨʘʪʫʨʘ: 

1. ɿʝʣʴʜʦʚʠʯ ʗ. ɹ. ʂ ʚʦʧʨʦʩʫ ʦʙ ʵʥʝʨʛʝʪʠʯʝʩʢʦʤ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʜʝʪʦʥʘʮʠʦʥʥʦʛʦ ʛʦʨʝʥʠʷ 
// ɾʫʨʥ. ʪʝʭʥ. ʬʠʟʠʢʠ. ð 1940. ð T. 10, ʚʳʧ. 17. ð C. 1455ï1461. 

2. ʉ. ʄ. ʌʨʦʣʦʚ, ɺ. ʉ. ɸʢʩʝʥʦʚ, ʇ. ɸ. ɻʫʩʝʚ, ɺ. ʉ. ʀʚʘʥʦʚ, ʉ. ʅ. ʄʝʜʚʝʜʝʚ ʀ. ʆ ʐʘʤʰʠʥ 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʪʝʥʜʦʚʳʭ ʦʙʨʘʟʮʦʚ ʜʚʠʛʘʪʝʣʝʡ ʩ ʥʝʧʨʝʨʳʚʥʦ-

ʜʝʪʦʥʘʮʠʦʥʥʳʤʠ ʢʘʤʝʨʘʤʠ ʩʛʦʨʘʥʠʷ// ɻʦʨʝʥʠʝ ʠ ʚʟʨʳʚ, 2015. ʊʦʤ 8, ˉ 1. ʩ. 151-163. 
3. ʈʦʩʩʠʡʩʢʠʡ ʨʘʢʝʪʥʳʡ ʜʝʪʦʥʘʮʠʦʥʥʳʡ ʜʚʠʛʘʪʝʣʴ ʥʘʟʚʘʣʠ ʚ ʯʝʩʪʴ ʜʝʤʦʥʘ ʦʛʥʷ// 

ʵʣʝʢʪʨʦʥʥʳʡ ʨʝʩʫʨʩ ʊɸʉʉ, ʦʧʫʙʣʠʢʦʚʘʥʦ 11 ʥʦʷʙʨʷ 2016, 14:52, http://tass.ru/armiya-i-

opk/3776698 
4. ʕʢʩʧʝʨʠʤʝʥʪ çɿʘʨʝʚʦè// ʵʣʝʢʪʨʦʥʥʳʡ ʨʝʩʫʨʩ ʂʦʦʨʜʠʥʘʮʠʦʥʥʦʛʦ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʦʛʦ 

ʩʦʚʝʪʘ ʧʦ ʧʨʦʛʨʘʤʤʘʤ ʥʘʫʯʥʦ-ʧʨʠʢʣʘʜʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʥʘ ʧʠʣʦʪʠʨʫʝʤʳʭ 

ʢʦʩʤʠʯʝʩʢʠʭ ʢʦʤʧʣʝʢʩʘʭ, http://knts.tsniimash.ru/ru/site/Experiment_q.aspx?idE=331 
5. ʈʦʩʩʠʡʩʢʠʝ ʢʦʩʤʦʥʘʚʪʳ ʫʩʪʨʦʷʪ ʧʦʜʞʦʛ ʥʘ ʄʂʉ// ʵʣʝʢʪʨʦʥʥʳʡ ʨʝʩʫʨʩ çBrain Teamè, 

ʦʧʫʙʣʠʢʦʚʘʥʦ 17.11.2016, http://brainteam.ru/ʨʦʩʩʠʡʩʢʠʝ-ʢʦʩʤʦʥʘʚʪʳ-ʫʩʪʨʦʷʪ-ʧʦʜʞʦ/. 

R&D in detonation engines and droplet combustion in microgravity experiment 
Frolov S.M.2, Pichugin S.B.1 

ICP RAS, Moscow; RSC ñEnergiaò, Korolev 

Theoretical basis on detonation engines was laid by Yan Zeldovich, a USSR academician in 
early 40-th of XX century [1].  

At Russian Academy of Science N.N. Semenov Institute of Chemical Physics, RAS (CHPH) 

succeed in development of pulse detonation engines (PDE) and rotating detonation engines 
(RDE) for orbital maneuvering with propulsion ranged within dozens of grams to hundreds of 

kilos. They, in alliance with Turayevo design bureau ñSoyuzò (TMKB ñSoyuzò, Ltd.), 

successfully tested engine, which has shown in the ground tests specific impulse of 270 seconds 
at 32 atmospheres of pressure in combustion chamber. Also at Russian Academy of Science 

Lavrentyev Institute of Hydrodynamics, Siberian Branch of the Russian Academy of Sciences 

(LIH), in alliance with V. P. Glushko NPO Energomash (NPO Energomash, Ltd.) and supported 

by Advanced Research Fund, have successfully tested two detonation sustainer engines in project 

named ñIfritò. So ground tests show high efficiency in ground tests, but still, it is unclear, how 

they can operate in microgravity and weightlessness in space. 
To clarify that, joint USïRussian space experiment, named Cool Flames Investigation (CFI, 

or, in Russian, Zarevo), was launched in 2017 on board of ISS. Principal was Central 

Engineering Research Institute TsNIIMash (ñTsNIIMashò). Participants on US Side were NASA 
and US universities University of California at San Diego (UCSD), University of South Carolina 

(USC). On the Russian side S.P. Korolev Rocket and Space Corporation Energia (RSC Energia) 

and CHPH participated in the investigation.  
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Process of combustion of droplets of heavy hydrocarbon fuels in microgravity was 
investigated. The investigation gave new knowledge on how combustion processes can be 

improved for future PDE-RDEs, and, besides, how to protect ISS against flames on its board. 

 The results of CFI are still in progress, and at present, it is clear that important knowledge is 
received on how to fix the drop in chamber when pressure raises, on which stages are in droplet 

combustion, what are their characteristics, etc.  
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ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʦʭʣʘʞʜʝʥʠʷ ʢʦʩʤʠʯʝʩʢʦʡ ʷʜʝʨʥʦʡ ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʫʩʪʘʥʦʚʢʠ ʩ 

ʰʘʨʦʚʳʤʠ ʪʝʧʣʦʚʳʜʝʣʷʶʱʠʤʠ ʵʣʝʤʝʥʪʘʤʠ  

ʈʦʤʘʰʦʚʘ ʄ.ʆ., ʇʣʘʪʦʥʦʚ ʀ.ʄ. 
ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ʉʪʘʥʜʘʨʪʥʳʡ ʪʝʧʣʦʚʳʜʝʣʷʶʱʠʡ ʵʣʝʤʝʥʪ ʚ ʷʜʝʨʥʦʡ ʫʩʪʘʥʦʚʢʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʩʙʦʨʢʫ ʠʟ ʩʪʝʨʞʥʝʡ. ʆʜʥʘʢʦ, ʙʦʣʝʝ ʠʥʪʝʨʝʩʥʦʡ ʬʦʨʤʦʡ ʪʝʧʣʦʚʳʜʝʣʷʶʱʝʛʦ ʵʣʝʤʝʥʪʘ 
ʷʚʣʷʝʪʩʷ ʩʬʝʨʘ. ɺ ʩʚʷʟʠ ʩ ʥʝʢʦʥʚʝʥʮʠʦʥʘʣʴʥʦʡ ʛʝʦʤʝʪʨʠʝʡ ʚʦʟʥʠʢʘʶʪ ʩʣʦʞʥʦʩʪʠ ʩ 

ʦʨʛʘʥʠʟʘʮʠʝʡ ʪʝʧʣʦʦʙʤʝʥʘ ʤʝʞʜʫ ʪʝʧʣʦʥʦʩʠʪʝʣʝʤ ʠ ʪʝʧʣʦʚʳʜʝʣʷʶʱʝʡ ʧʦʚʝʨʭʥʦʩʪʴʶ. ɺ 

ʜʘʥʥʦʤ ʠʩʩʣʝʜʦʚʘʥʠʠ ʨʘʩʩʤʘʪʨʠʚʘʣʘʩʴ ʢʦʥʩʪʨʫʢʮʠʷ, ʢʦʪʦʨʘʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʦʦʩʥʦ 
ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʮʠʣʠʥʜʨʳ, ʤʝʞʜʫ ʢʦʪʦʨʳʤʠ ʥʘʭʦʜʷʪʩʷ ʰʘʨʦʚʳʝ ʪʝʧʣʦʚʳʜʝʣʷʶʱʠʝ 

ʵʣʝʤʝʥʪʳ. ɻʘʟʦʚʳʡ ʪʝʧʣʦʥʦʩʠʪʝʣʴ ʧʦʩʪʫʧʘʝʪ ʚ ʨʘʟʜʘʪʦʯʥʳʡ ʢʦʣʣʝʢʪʦʨ, ʦʙʪʝʢʘʝʪ 

ʪʝʧʣʦʚʳʜʝʣʷʶʱʠʝ ʵʣʝʤʝʥʪʳ, ʘ ʟʘʪʝʤ ʚʳʭʦʜʠʪ ʠʟ ʩʙʦʨʥʦʛʦ ʢʦʣʣʝʢʪʦʨʘ. ʎʝʣʴʶ ʨʘʙʦʪʳ 
ʷʚʣʷʣʦʩʴ ʦʧʨʝʜʝʣʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʧʦʣʝʡ ʚ ʢʦʣʴʮʝʚʦʡ ʪʝʧʣʦʚʳʜʝʣʷʶʱʝʡ ʩʙʦʨʢʝ ʩ 

ʰʘʨʦʚʳʤʠ ʪʝʧʣʦʚʳʜʝʣʷʶʱʠʤʠ ʵʣʝʤʝʥʪʘʤʠ ʚ ʢʦʩʤʠʯʝʩʢʦʡ ʷʜʝʨʥʦʡ ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ 

ʫʩʪʘʥʦʚʢʝ, ʘ ʪʘʢʞʝ ʧʦʠʩʢ ʚʘʨʠʘʥʪʦʚ ʠʥʪʝʥʩʠʬʠʢʘʮʠʠ ʪʝʧʣʦʤʘʩʩʦʦʙʤʝʥʘ. ʇʦʩʣʝʜʥʝʝ 
ʟʘʚʠʩʠʪ ʦʪ ʤʥʦʞʝʩʪʚʘ ʬʘʢʪʦʨʦʚ: ʧʣʦʱʘʜʠ ʪʝʧʣʦʚʳʜʝʣʷʶʱʝʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ 

ʧʘʨʘʤʝʪʨʦʚ ʢʦʣʣʝʢʪʦʨʘ, ʩʚʦʡʩʪʚ ʪʝʧʣʦʥʦʩʠʪʝʣʷ, ʘ ʪʘʢʞʝ ʦʨʛʘʥʠʟʘʮʠʠ ʝʛʦ ʜʚʠʞʝʥʠʷ.  

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʟʚʦʣʠʣʦ ʦʮʝʥʠʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦʣʝʡ 
ʪʝʤʧʝʨʘʪʫʨʳ, ʩʢʦʨʦʩʪʠ ʠ ʜʘʚʣʝʥʠʷ, ʘ ʪʘʢʞʝ ʦʧʨʝʜʝʣʠʪʴ ʚʣʠʷʥʠʝ ʨʘʩʧʦʣʦʞʝʥʠʷ 

ʪʝʧʣʦʚʳʜʝʣʷʶʱʠʭ ʵʣʝʤʝʥʪʦʚ ʥʘ ʪʝʧʣʦʦʪʜʘʯʫ. ɺʘʣʠʜʘʮʠʷ ʨʘʩʯʝʪʦʚ ʧʨʦʚʦʜʠʣʘʩʴ ʧʦ 

ʠʟʚʝʩʪʥʳʤ ʵʢʩʧʝʨʠʤʝʥʪʘʤ, ʧʨʠ ʵʪʦʤ, ʩʨʘʚʥʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ 
ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʦʢʘʟʘʣʦ ʜʦʩʪʘʪʦʯʥʫʶ ʪʦʯʥʦʩʪʴ. 

ʇʨʠ ʤʘʪʝʤʘʪʠʯʝʩʢʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʨʘʟʣʠʯʥʳʝ ʚʘʨʠʘʥʪʳ 

ʦʨʛʘʥʠʟʘʮʠʠ ʦʙʪʝʢʘʥʠʷ ʪʝʧʣʦʚʳʜʝʣʷʶʱʠʭ ʵʣʝʤʝʥʪʦʚ ʧʦʪʦʢʦʤ ʛʘʟʘ. ʂʘʢ ʧʦʢʘʟʳʚʘʶʪ 

ʧʨʦʚʝʜʝʥʥʳʝ ʨʘʩʯʝʪʳ, ʚʳʙʦʨ ʧʨʘʚʠʣʴʥʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ 

ʪʝʧʣʦʚʳʜʝʣʷʶʱʠʭ ʵʣʝʤʝʥʪʦʚ ʠ ʠʭ ʨʘʩʧʦʣʦʞʝʥʠʝ ʚ ʘʢʪʠʚʥʦʡ ʟʦʥʝ, ʘ ʪʘʢʞʝ 

ʠʥʪʝʥʩʠʬʠʢʘʮʠʷ ʪʝʧʣʦʤʘʩʩʦʦʙʤʝʥʘ ʧʦʟʚʦʣʷʝʪ ʦʙʝʩʧʝʯʠʪʴ ʚʳʩʦʢʫʶ ʵʥʝʨʛʝʪʠʯʝʩʢʫʶ 
ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʷʜʝʨʥʦʡ ʵʥʝʨʛʦʫʩʪʘʥʦʚʢʠ. 

1. ɼʟʶʙʝʥʢʦ ɹ.ɺ., ʄʷʢʦʯʠʥ ɸ.ʉ., ʉʝʛʘʣʴ ʄ.ɼ., ʉʤʠʨʥʦʚ ʃ.ʇ. çʄʦʜʝʣʠʨʦʚʘʥʠʝ 

ʪʝʧʣʦʤʘʩʩʦʦʙʤʝʥʘ ʚ ʪʝʧʣʦʚʳʜʝʣʷʶʱʝʡ ʩʙʦʨʢʝ ʩ ʰʘʨʦʚʳʤʠ ʪʚʵʣʘʤʠ ʧʨʠ ʧʨʦʜʦʣʴʥʦ-
ʧʦʧʝʨʝʯʥʦʤ ʪʝʯʝʥʠʠ ʛʘʟʘ ʚ ʢʦʩʤʠʯʝʩʢʦʡ ʷʜʝʨʥʦʡ ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʫʩʪʘʥʦʚʢʝè. ʊʝʧʣʦʚʳʝ 

ʧʨʦʮʝʩʩʳ ʚ ʪʝʭʥʠʢʝ. 2011. ʊ.ɿ.ˉ1. ʉ. 2-8. 
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2. ʏʝʪʚʝʨʪʢʦʚʘ ʆ.ɺ., ʈʠʟʚʘʥʦʚ ʈ.ɻ., ʄʠʨʦʥʦʚ ɸ.ɺ., ʐʘʨʘʬʠʝʚ ʈ.ɻ. çɺʝʨʠʬʠʢʘʮʠʷ 
ʢʦʥʝʯʥʦ-ʵʣʝʤʝʥʪʥʦʡ ʤʦʜʝʣʠ ʢʦʞʫʭʦʪʨʫʙʯʘʪʦʛʦ ʪʝʧʣʦʦʙʤʝʥʥʦʛʦ ʘʧʧʘʨʘʪʘè. ʌɻɹʆʋ ɺʇʆ 

çʋʬʠʤʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʥʝʬʪʷʥʦʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪè, ʛ. ʋʬʘ. ʉʪʨ.452-465. 

Modeling the cooling of a space nuclear power plant with spherical fuel elements 

Romashova M.O., Platonov I.M. 

MAI, Moscow 

The standard fuel element in a nuclear installation is an assembly of rods. However, a more 
interesting form of the fuel element is the sphere. In connection with the nonconventional 

geometry, difficulties arise with the organization of heat exchange between the coolant and the 

fuel surface. In this study, we considered a design that is coaxially located cylinders, between 
which are ball fuel elements. The gas coolant enters the dispensing manifold, flows around the 

fuel elements, and then exits the collection manifold. The aim of the work was to determine the 

temperature fields in the annular fuel assembly with spherical fuel elements in a space nuclear 
power plant, as well as to search for heat and mass transfer intensification options. The latter 

depends on many factors: the area of the fuel surface, the geometric parameters of the reservoir, 
the properties of the coolant, and the organization of its movement. 

Using numerical simulation, it was possible to estimate the distribution of temperature, 

velocity, and pressure fields, and also to determine the effect of the location of fuel elements on 
heat transfer. Validation of calculations was carried out by known experiments, while 

comparison of the results of numerical simulation and experiment showed sufficient accuracy. 

At mathematical modeling various variants of the organization of flow of fuel elements by a 
stream of gas were considered. As shown by the calculations performed, the choice of the correct 

relationship between the geometric parameters of the fuel elements and their location in the core, 

and the intensification of heat and mass transfer makes it possible to ensure a high energy 
efficiency of the nuclear power plant. 

1. Dzyubenko B.V., Myakochin A.S., Segal M.D., Smirnov L.P. ñModeling of heat and mass 

transfer in a fuel assembly with spherical fuel elements for longitudinally transverse gas flow in a 
space nuclear power plantò. Thermal processes in engineering. 2011. TZ number 1. Pp. 2-8 

2. Chetvertkova O.V., Rizvanov R.G., Mironov A.V., Sharafiev R.G. ñVerification of the 

finite element model of the shell-and-tube heat exchangerò. FGBOU HPE ñUfa State Oil 
Technical Universityò, Ufa. P.452-465. 

ʈʘʩʯʝʪʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʯʠʩʣʘ ʈʝʡʥʦʣʴʜʩʘ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʝʨʚʦʡ 

ʪʠʧʦʚʦʡ ʚʳʩʦʢʦʥʘʛʨʫʞʝʥʥʦʡ ʩʪʫʧʝʥʠ ʂɺɼ 

ʉʝʤʥyʢʠʥ ɺ.ɻ., ʄʠʣʝʰʠʥ ɺ.ʀ. 

ʎʀɸʄ, ʛ. ʄʦʩʢʚʘ 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʣʠʷʥʠʷ ʯʠʩʣʘ Re 
ʥʘ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʳʩʦʢʦʥʘʛʨʫʞʝʥʥʦʡ ʧʝʨʚʦʡ ʩʪʫʧʝʥʠ ʢʦʤʧʨʝʩʩʦʨʘ 

ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ ʂ-8ɹ. 

ʇʨʦʚʝʜʝʥʦ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ 3D ʚʷʟʢʦʛʦ ʪʝʯʝʥʠʷ ʚ ʢʘʥʘʣʘʭ ʩʪʫʧʝʥʠ ʂɺɼ ʧʦ 
ʧʨʦʛʨʘʤʤʥʦʤʫ ʢʦʤʧʣʝʢʩʫ ANSYS CFX, ʨʝʰʘʣʠʩʴ ʦʩʨʝʜʥʝʥʥʳʝ ʧʦ ʈʝʡʥʦʣʴʜʩʫ ʫʨʘʚʥʝʥʠʷ 

ʅʘʚʴʝ-ʉʪʦʢʩʘ (3D RANS) ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ SST, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʧʦʩʪʘʥʦʚʢʝ ʩ ʧʦʣʥʦʩʪʴʶ ʪʫʨʙʫʣʝʥʪʥʳʤ ʧʦʛʨʘʥʠʯʥʳʤ ʩʣʦʝʤ, ʠ SST ʩʦʚʤʝʩʪʥʦ ʩ ɔ - Reɗ 
ʤʦʜʝʣʴʶ ʜʣʷ ʫʯʝʪʘ ʪʦʯʢʠ ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʘ. ʈʘʩʯʸʪʳ ʧʨʦʚʝʜʝʥʳ ʜʣʷ 

ʩʣʝʜʫʶʱʠʭ ʟʥʘʯʝʥʠʡ ʦʙʦʨʦʪʦʚ: Ncor=100% rpm, ʠ Ncor=95% rpm. ʄʦʜʝʣʠʨʦʚʘʥʠʝ 

ʩʥʠʞʝʥʠʷ ʯʠʩʣʘ ʈʝʡʥʦʣʴʜʩʘ ʧʨʦʚʦʜʠʣʦʩʴ ʫʩʪʘʥʦʚʢʦʡ ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʟʥʘʯʝʥʠʷ ʧʦʣʥʦʛʦ 
ʜʘʚʣʝʥʠʷ ʥʘ ʚʭʦʜʥʦʤ ʛʨʘʥʠʯʥʦʤ ʫʩʣʦʚʠʠ, ʨʝʟʫʣʴʪʘʪʳ ʧʦʣʫʯʝʥʳ ʧʨʠ ʜʘʚʣʝʥʠʠ ʥʘ ʚʭʦʜʝ 

Pin=P0 ʠ ʧʨʠ ʩʣʝʜʫʶʱʠʭ ʧʦʥʠʞʝʥʥʳʭ ʜʘʚʣʝʥʠʷʭ ʥʘ ʚʭʦʜʝ: Pin=0,72P0, Pin=0,29P0, 

Pin=0,21Po. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʩʪʘʮʠʦʥʘʨʥʦʡ ʧʦʩʪʘʥʦʚʢʝ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʪʝʭʥʦʣʦʛʠʠ Mixing 
plane ʜʣʷ ʩʦʛʣʘʩʦʚʘʥʠʷ ʨʝʰʝʥʠʡ ʥʘ ʨʦʪʦʨ-ʩʪʘʪʦʨ ʠʥʪʝʨʬʝʡʩʘʭ ʙʳʣʠ ʧʦʣʫʯʝʥʳ 

ʠʥʪʝʛʨʘʣʴʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠ ʧʦʣʷ ʪʝʯʝʥʠʡ ʩʪʫʧʝʥʠ ʂ-8ɹ. 
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ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʤʦʜʝʣʠ, ʫʯʠʪʳʚʘʶʱʝʡ ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʳʡ ʧʝʨʝʭʦʜ, ʦʙʫʩʣʦʚʣʝʥʦ 
ʙʦʣʝʝ ʥʠʟʢʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʂʇɼ ʠ ˊ* ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʵʢʩʧʝʨʠʤʝʥʪʦʤ ʧʨʠ 

ʚʩʝʭ ʟʥʘʯʝʥʠʷʭ ʚʭʦʜʥʦʛʦ ʧʦʣʥʦʛʦ ʜʘʚʣʝʥʠʷ, ʨʘʩʭʦʞʜʝʥʠʝ ʜʣʷ ʂʇɼ ʩʦʩʪʘʚʣʷʝʪ ~2 %, ʜʣʷ 

ʩʪʝʧʝʥʠ ʧʦʚʳʰʝʥʠʷ ʧʦʣʥʦʛʦ ʜʘʚʣʝʥʠʷ ~4%.  
ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʫʯʝʪ ʪʦʯʢʠ ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʦʛʦ 

ʧʝʨʝʭʦʜʘ ʧʦʟʚʦʣʷʝʪ ʧʨʠʙʣʠʟʠʪʴʩʷ ʢ ʵʢʩʧʝʨʠʤʝʥʪʫ ʧʦ ʟʥʘʯʝʥʠʷʤ ʂʇɼ, ʨʘʩʭʦʞʜʝʥʠʝ 

ʩʦʩʪʘʚʣʷʝʪ ~0.8%, ʠ ʧʦ ʩʪʝʧʝʥʠ ʧʦʚʳʰʝʥʠʷ ʧʦʣʥʦʛʦ ʜʘʚʣʝʥʠʷ ~2%. ʇʨʠ ʵʪʦʤ ʟʥʘʯʝʥʠʷ 
ʧʨʠʚʝʜʝʥʥʦʛʦ ʨʘʩʭʦʜʘ Gʧʨ ʟʘʚʳʰʝʥʳ ʢʘʢ ʦʪʥʦʩʠʪʝʣʴʥʦ ʵʢʩʧʝʨʠʤʝʥʪʘ, ʪʘʢ ʠ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʧʦʩʪʘʥʦʚʢʝ ʩ ʧʦʣʥʦʩʪʴʶ ʪʫʨʙʫʣʝʥʪʥʳʤ ʧʦʛʨʘʥʠʯʥʳʤ 

ʩʣʦʝʤ, ʥʘ 3% ʜʣʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʪʘʥʜʘʨʪʥʦʡ ʧʦʩʪʘʥʦʚʢʠ ʠ 4% ʜʣʷ ʤʦʜʝʣʠ ʩ ʫʯʝʪʦʤ 
ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʘ. 

Computational investigation of Reynolds number effect on the first highly loaded stage 

of high pressure compressor 

Semenkin V.G., Mileshin V.I. 

CIAM, Moscow 

The paper presents the results of the computational investigation of Reynolds number effect 

on the first stage of high pressure compressor K-8B. Simulations of 3D vicious flow in the 

passages of the stage were conducted using ANSYS CFX SOLVER MANAGER. Two cases 
were considered the first one is fully turbulent 3D RANS simulations with the Menter SST 

turbulence model and the second is 3D RANS simulations modeling the transition effects that 

take place on the airfoils of axial compressor using Menter SST turbulence model coupled with 
ɔ - Reɗ transition model by Langtry and Menter. 

The considered rotor speeds were 100% and 95%, the modeling of Reynolds number decrease 

was provided by setting the chosen values of total pressure on the inlet boundary condition, so 
the obtained results correspond to Pin=0,72P0, Pin=0,29P0, Pin=0,21Po. The rotor-stator interface 

was set to the ñstageò option that is Non Reflecting Mixing plane in other words. The transition 

model was included in to the simulations to rise the values of maximum efficiency and pressure 
ratio that are ~2 % and ~4% lower than the experimental data respectively. Using that model the 

mentioned characteristics were significantly improved so that the deviation from experiment 

became ~0.8% for efficiency and ~2% for pressure ratio. But for the other hand the 
characteristics shift towards higher values of the corrected air flow (Gcor) comparing with the 

experiment the deviation is 3% and comparing with the integral performances of fully turbulent 

case the value of deviation is ~4%. 

ɺʦʣʥʦʚʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʧʨʠ ʩʚʝʨʭʟʚʫʢʦʚʦʤ ʦʙʪʝʢʘʥʠʠ ʨʦʤʙʠʯʝʩʢʠʭ ʨʝʣʴʝʬʦʚ 

ʉʠʜʭʫ ɼʞ.ʉ.ʉ., ɺʦʣʢʦʚ ɺ.ɸ., ʉʝʤʝʥʦʚ ɺ.ɺ. 

ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ɺ ʨʘʤʢʘʭ ʣʠʥʝʡʥʦʡ ʪʝʦʨʠʠ ʪʦʯʥʦ ʨʝʰʝʥʘ ʟʘʜʘʯʘ ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʦʙʪʝʢʘʥʠʷ ʦʜʥʦʨʦʜʥʳʤ 

ʧʦʪʦʢʦʤ ʙʝʩʢʦʥʝʯʥʳʭ ʪʨʝʭʤʝʨʥʳʭ ʨʝʣʴʝʬʦʚ, ʟʘʜʘʥʥʳʭ ʚ ʚʠʜʝ ʩʫʤʤ ʧʣʦʩʢʠʭ 

ʩʠʥʫʩʦʠʜʘʣʴʥʳʭ ʚʦʣʥ. ɼʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʨʘʤʢʘʭ ʣʠʥʝʡʥʦʡ ʪʝʦʨʠʠ ʩʫʱʝʩʪʚʫʶʪ ʨʝʞʠʤʳ, 
ʥʘʟʚʘʥʥʳʝ ʢʨʠʪʠʯʝʩʢʠʤʠ, ʧʨʠ ʢʦʪʦʨʳʭ ʩʪʘʮʠʦʥʘʨʥʦʝ ʧʦʣʝ ʩʚʝʨʭʟʚʫʢʦʚʦʛʦ ʦʙʪʝʢʘʥʠʷ 

ʨʝʣʴʝʬʦʚ ʠʟʫʯʝʥʥʦʛʦ ʪʠʧʘ ʥʝ ʦʧʨʝʜʝʣʝʥʦ ʠʟ-ʟʘ ʜʝʣʝʥʠʷ ʥʘ ʥʦʣʴ.  

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʝʩʣʠ ʦʜʥʦʨʦʜʥʳʡ ʧʦʪʦʢ ʧʘʨʘʣʣʝʣʝʥ ʦʩʷʤ ʩʠʤʤʝʪʨʠʠ ʦʙʪʝʢʘʝʤʳʭ 
ʨʦʤʙʠʯʝʩʢʠʭ ʨʝʣʴʝʬʦʚ, ʪʦ ʧʨʠ ʚʩʷʢʦʤ ʩʚʝʨʭʟʚʫʢʦʚʦʤ ʯʠʩʣʝ ʄʘʭʘ ʠʤʝʝʪʩʷ ʪʦʣʴʢʦ ʦʜʠʥ 

ʟʘʚʠʩʷʱʠʡ ʦʪ ʥʝʛʦ ʢʨʠʪʠʯʝʩʢʠʡ ʫʛʦʣ ʨʦʤʙʘ, ʘ ʧʨʠ ʜʦʟʚʫʢʦʚʳʭ ʯʠʩʣʘʭ ʄʘʭʘ ʢʨʠʪʠʯʝʩʢʠʝ 

ʫʛʣʳ ʨʦʤʙʘ ʦʪʩʫʪʩʪʚʫʶʪ ʫ ʨʝʣʴʝʬʦʚ ʠʟʫʯʝʥʥʦʛʦ ʪʠʧʘ.  
ʉʨʘʚʥʝʥʠʝ ʪʝʦʨʠʠ ʩ ʜʘʥʥʳʤʠ ʠʩʧʳʪʘʥʠʡ ʨʦʤʙʠʯʝʩʢʠʭ ʨʝʣʴʝʬʦʚ ʥʘ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʡ 

ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʦʡ ʫʩʪʘʥʦʚʢʝ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʧʨʠ ʯʠʩʣʝ ʄʘʭʘ ʨʘʚʥʦʤ 2,5 ʪʝʦʨʝʪʠʯʝʩʢʠʡ 

ʢʨʠʪʠʯʝʩʢʠʡ ʫʛʣʘ ʨʦʤʙʘ ʦʪʣʠʯʘʣʩʷ ʥʘ 10% ʦʪ ʫʛʣʘ, ʧʨʠ ʢʦʪʦʨʦʤ ʥʘ ʜʠʩʢʨʝʪʥʦ-ʪʦʯʝʯʥʦʡ 
ʟʘʚʠʩʠʤʦʩʪʠ ʠʟʤʝʨʝʥʥʳʭ ʩʠʣ ʚʦʣʥʦʚʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʥʘʩʘʜʢʦʚ ʦʪ ʫʛʣʦʚ ʨʦʤʙʘ ʠʭ 

ʨʦʤʙʠʯʝʩʢʠʭ ʨʝʣʴʝʬʦʚ ʠʤʝʣʩʷ ʧʝʨʚʳʡ ʣʦʢʘʣʴʥʳʡ ʤʘʢʩʠʤʫʤ. ɼʘʥʥʦʝ ʦʪʣʠʯʠʝ, ʘ ʪʘʢʞʝ 

ʦʪʩʫʪʩʪʚʠʝ ʚʪʦʨʦʛʦ ʣʦʢʘʣʴʥʦʛʦ ʤʘʢʩʠʤʫʤʘ ʚ ʣʠʥʝʡʥʦʡ ʪʝʦʨʠʠ ʠ ʝʛʦ ʞʝ ʥʘʣʠʯʠʝ ʚ 
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ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʷʚʣʷʶʪʩʷ ʩʣʝʜʩʪʚʠʷʤʠ ʦʪʣʠʯʠʷ ʪʝʦʨʝʪʠʯʝʩʢʠ ʠʟʫʯʝʥʥʳʭ (ʛʣʘʜʢʠʭ) ʠ 
ʨʝʘʣʴʥʦ ʠʩʧʳʪʘʥʥʳʭ (ʩʪʫʧʝʥʯʘʪʳʭ) ʨʦʤʙʠʯʝʩʢʠʭ ʨʝʣʴʝʬʦʚ. ʆʩʥʦʚʥʦʝ ʜʦʧʫʱʝʥʠʝ 

ʣʠʥʝʡʥʦʡ ʪʝʦʨʠʠ ʦ ʥʝʦʪʨʳʚʥʦʩʪʠ ʦʙʪʝʢʘʥʠʠ ʥʠʢʦʛʜʘ ʥʝ ʚʳʧʦʣʥʷʝʪʩʷ ʚ ʩʣʫʯʘʝ ʩʪʫʧʝʥʯʘʪʳʭ 

ʨʝʣʴʝʬʦʚ, ʧʦʵʪʦʤʫ ʝʝ ʥʝʣʴʟʷ ʧʨʠʤʝʥʷʪʴ ʚ ʟʘʜʘʯʘʭ ʠʭ ʦʙʪʝʢʘʥʠʷ. 
ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʨʦʤʙʠʯʝʩʢʠʡ ʨʝʣʴʝʬ, ʪʨʝʭʤʝʨʥʦʝ ʩʚʝʨʭʟʚʫʢʦʚʦʝ ʦʙʪʝʢʘʥʠʝ, ʣʠʥʝʡʥʘʷ 

ʪʝʦʨʠʷ, ʢʨʠʪʠʯʝʩʢʠʡ ʫʛʦʣ, ʚʦʣʥʦʚʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ, ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ. 

Wave drag in supersonic flow over rhombic relief surfaces 
Sidhu J.S.S., Volkov V.A., Semenov V.V. 

MAI, Moscow 

Within the framework of linear theory, the stationary flow problem is solved exactly in the 
case of uniform free stream flow over infinite three-dimensional relief surfaces, given as the sum 

of plane sinusoidal waves. It is proved that within the framework of linear theory that there are 

regimes, called critical, by which the stationary supersonic flow field over the studied relief 
surfaces could not be determined due to division by zero. 

It is shown that if the supersonic freestream velocity is parallel to any of the two axes of 
symmetry of the studied rhombic reliefs, then there is only one critical value of its rhombus 

angle, which depends on the freestream flowôs Mach number. In the case of subsonic freestream 

velocity any critical values of rhombus angles of the studied rhombic reliefs are absent always.  
Comparison with available experimental data that was obtained during tests of the rhombic 

reliefs on the high-precision differential installation, shows that at Mach number of 2.5, the 

theoretically predicted critical rhombus angle differs 10% from the rhombus angle, by which the 
first local maximum is observed on the measured discrete-point dependence of wave resistances 

of the rhombic reliefs from their rhombus angles. Some implications of the difference between 

the experimentally tested and theoretically studied rhombic reliefs are explained, in particular, 
the presence of the second maximum in the experiments and its absence in the linear theory.  

Keywords: rhombic relief, three-dimensional supersonic flow, linear theory, critical angle, 

wave drag, experimental dependence. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʨʘʙʦʪʳ ʢʘʪʦʜʘ-ʥʝʡʪʨʘʣʠʟʘʪʦʨʘ ʩ 

ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʤ ʨʘʟʨʷʜʦʤ 
ʉʤʠʨʥʦʚʘ ʆ.ɺ., ʉʤʠʨʥʦʚ ʇ.ɽ., ʉʫʚʦʨʦʚ ʄ.ʆ., ʍʘʨʪʦʚ ʉ.ɸ. 

ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ɺʳʩʦʢʠʡ ʫʜʝʣʴʥʳʡ ʠʤʧʫʣʴʩ ʠ ʤʘʣʳʡ ʨʘʩʭʦʜ ʨʘʙʦʯʝʛʦ ʪʝʣʘ ʚ ʠʦʥʥʳʭ ʜʚʠʛʘʪʝʣʷʭ (ʀɼ) 

ʜʝʣʘʝʪ ʠʭ ʚʩʸ ʙʦʣʝʝ ʧʦʧʫʣʷʨʥʳʤ ʚʳʙʦʨʦʤ ʚ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʳ ʜʚʠʛʘʪʝʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ (ɼʋ) 
ʢʦʩʤʠʯʝʩʢʦʛʦ ʘʧʧʘʨʘʪʘ (ʂɸ). ʅʝʜʘʚʥʠʝ ʤʠʩʩʠʠ ʩ ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʦʢʘʟʳʚʘʶʪ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʪʘʢʠʭ ʫʩʪʨʦʡʩʪʚ ʚ ʟʘʜʘʯʘʭ ʢʦʨʨʝʢʮʠʠ ʦʨʙʠʪʳ, ʘ ʪʘʢʞʝ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʉʦʣʥʝʯʥʦʡ ʩʠʩʪʝʤʳ. ʂʨʦʤʝ ʪʦʛʦ ʧʨʦʨʘʙʘʪʳʚʘʶʪʩʷ ʠʜʝʠ ʩʦʟʜʘʥʠʷ ʂɸ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 
ʀɼ ʜʣʷ ʚʩʸ ʙʦʣʴʰʝʛʦ ʩʧʝʢʪʨʘ ʤʠʩʩʠʡ. ʆʜʥʘʢʦ, ʩʨʝʜʠ ʤʠʥʫʩʦʚ ʪʘʢʠʭ ʜʚʠʛʘʪʝʣʝʡ ʩʣʝʜʫʝʪ 

ʦʪʤʝʪʠʪʴ ʥʠʟʢʫʶ ʪʷʛʫ, ʥʘ ʫʨʦʚʥʝ ʥʝʩʢʦʣʴʢʠʭ ʤʅ, ʯʪʦ ʦʙʫʩʣʘʚʣʠʚʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ 

ʜʣʠʪʝʣʴʥʦʛʦ ʨʝʩʫʨʩʘ ɼʋ. 
ɺʳʭʦʜ ʠʟ ʩʪʨʦʷ ʪʘʢʠʭ ʫʩʪʨʦʡʩʪʚ ʯʘʱʝ ʚʩʝʛʦ ʩʚʷʟʘʥ ʩ ʨʘʟʨʫʰʝʥʠʝʤ ʠʦʥʥʦ ʦʧʪʠʯʝʩʢʦʡ 

ʩʠʩʪʝʤʳ ʜʚʠʛʘʪʝʣʷ, ʠʣʠ ʩ ʧʦʣʦʤʢʦʡ ʠʩʪʦʯʥʠʢʘ ʵʣʝʢʪʨʦʥʦʚ. ʀɼ ʚ ʩʚʦʝʡ ʨʘʙʦʪʝ ʪʨʝʙʫʶʪ 

ʠʩʪʦʯʥʠʢʠ ʵʣʝʢʪʨʦʥʦʚ ʚ ʢʘʯʝʩʪʚʝ ʛʣʘʚʥʦʛʦ ʢʘʪʦʜʘ (ʜʣʷ ʩʦʟʜʘʥʠʷ ʧʣʘʟʤʳ), ʘ ʪʘʢʞʝ ʚ 
ʢʘʯʝʩʪʚʝ ʢʘʪʦʜʘ-ʥʝʡʪʨʘʣʠʟʘʪʦʨʘ (ʜʣʷ ʥʝʡʪʨʘʣʠʟʘʮʠʠ ʧʦʪʝʥʮʠʘʣʘ ʢʦʨʧʫʩʘ ʘʧʧʘʨʘʪʘ ʠ 

ʚʳʧʫʩʢʘʝʤʦʛʦ ʧʫʯʢʘ ʠʦʥʦʚ). ʅʘʠʙʦʣʝʝ ʯʘʩʪʦ ʚ ʢʘʯʝʩʪʚʝ ʪʘʢʠʭ ʠʩʪʦʯʥʠʢʦʚ ʵʣʝʢʪʨʦʥʦʚ 

ʠʩʧʦʣʴʟʫʶʪ ʧʦʣʳʝ ʢʘʪʦʜʳ ʠʟ-ʟʘ ʠʭ ʥʠʟʢʦʛʦ ʧʦʪʨʝʙʣʝʥʠʷ ʨʘʙʦʯʝʛʦ ʪʝʣʘ ʠ ʚʳʩʦʢʦʡ 
ʧʣʦʪʥʦʩʪʠ ʵʣʝʢʪʨʦʥʥʦʛʦ ʪʦʢʘ. 

ʇʦʣʳʝ ʢʘʪʦʜʳ ʦʯʝʥʴ ʢʘʧʨʠʟʥʳ ʚ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʠ ʪʨʝʙʫʶʪ ʩʪʨʦʛʦʛʦ ʩʦʙʣʶʜʝʥʠʷ 

ʨʘʙʦʯʠʭ ʧʘʨʘʤʝʪʨʦʚ, ʠʟ-ʟʘ ʧʨʠʤʝʥʝʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʵʤʤʠʪʝʨʘ ʵʣʝʢʪʨʦʥʦʚ ʚʩʪʘʚʦʢ ʥʘ ʦʩʥʦʚʝ 
ʛʝʢʩʘʙʦʨʠʜʘ ʣʘʥʪʘʥʘ ʠ ʚʦʣʴʬʨʘʤʘ ʩ ʧʨʦʧʠʪʢʦʡ BaO. ʊʘʢ ʥʘʧʨʠʤʝʨ, ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ 

ʤʘʪʝʨʠʘʣʘ ʚʩʪʘʚʢʠ ʩ ʥʝʟʥʘʯʠʪʝʣʴʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʘʢʪʠʚʥʳʭ ʛʘʟʦʚ ʧʨʠʚʦʜʠʪ ʢ ʝʛʦ 

ʟʘʛʨʷʟʥʝʥʠʶ ʠ ʧʘʜʝʥʠʶ ʧʣʦʪʥʦʩʪʠ ʵʤʤʠʪʠʨʫʝʤʦʛʦ ʪʦʢʘ ʜʦ ʥʫʣʷ. ʕʪʦ ʧʨʠʚʥʦʩʠʪ ʚʳʩʦʢʠʝ 
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ʪʨʝʙʦʚʘʥʠʷ ʢ ʢʦʥʪʨʦʣʶ ʯʠʩʪʦʪʳ ʨʘʙʦʯʝʛʦ ʪʝʣʘ ʠ ʢ ʦʙʨʘʱʝʥʠʶ ʩ ʩʘʤʠʤ ʢʘʪʦʜʦʤ ʜʦ 
ʚʳʚʝʜʝʥʠʷ ʝʛʦ ʚ ʢʦʩʤʦʩ. ʂʨʦʤʝ ʪʦʛʦ ʵʤʤʠʪʝʨ ʜʦʣʞʝʥ ʙʳʪʴ ʥʘʛʨʝʪ ʜʦ 0,6-0,8 ʪʝʤʧʝʨʘʪʫʨʳ 

ʧʣʘʚʣʝʥʠʷ ʤʘʪʝʨʠʘʣʘ ʚʥʝʰʥʠʤ ʥʘʛʨʝʚʘʪʝʣʝʤ ʜʣʷ ʵʬʬʝʢʪʠʚʥʦʡ ʨʘʙʦʪʳ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʠʩʧʘʨʝʥʠʶ ʤʘʪʝʨʠʘʣʘ ʚʪʫʣʢʠ (ʩʦʢʨʘʱʝʥʠʝ ʨʝʩʫʨʩʘ), ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ ʵʥʝʨʛʦʟʘʪʨʘʪʘʤ, ʠ 
ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʡ ʧʨʦʮʝʜʫʨʝ ʟʘʧʫʩʢʘ ʢʘʪʦʜʘ. 

ɺʳʰʝʧʝʨʝʯʠʩʣʝʥʥʳʝ ʧʨʦʙʣʝʤʳ ʧʦʣʳʭ ʢʘʪʦʜʦʚ ʧʨʠʚʝʣʠ ʢ ʠʜʝʝ ʩʦʟʜʘʥʠʷ ʧʣʘʟʤʝʥʥʦʛʦ 

ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ (ɺʏ) ʢʘʪʦʜʘ. ɺ ʪʘʢʠʭ ʫʩʪʨʦʡʩʪʚʘʭ ʧʣʘʟʤʘ ʩʦʟʜʘʸʪʩʷ ʠ ʧʦʜʜʝʨʞʠʚʘʝʪʩʷ 
ʠʥʜʫʢʪʠʚʥʳʤ ʨʘʟʨʷʜʦʤ ʚʳʩʦʢʦʡ ʯʘʩʪʦʪʳ. ʕʤʠʪʪʝʨʦʤ ʵʣʝʢʪʨʦʥʦʚ ʷʚʣʷʝʪʩʷ ʚʝʩʴ 

ʧʣʘʟʤʝʥʥʳʡ ʦʙʲʸʤ, ʢʦʪʦʨʳʡ ʟʘ ʩʯʸʪ ʧʦʦʯʝʨʸʜʥʳʭ ʧʨʦʮʝʩʩʦʚ ʠʦʥʠʟʘʮʠʠ ʠ ʨʝʢʦʤʙʠʥʘʮʠʠ 

ʥʘ ʚʥʫʪʨʝʥʥʝʤ ʵʣʝʢʪʨʦʜʝ ʦʩʪʘʸʪʩʷ ʢʚʘʟʠʥʝʡʪʨʘʣʴʥʳʤ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʘ 
ʢʦʥʩʪʨʫʢʮʠʷ ʜʘʥʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ, ʘ ʪʘʢʞʝ ʨʝʟʫʣʴʪʘʪʳ ʝʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʦʪʨʘʙʦʪʢʠ. 

ɹʳʣʠ ʜʦʩʪʠʛʥʫʪʳ ʪʦʢʠ ʩʚʳʰʝ 1,8 ɸ ʧʨʠ ʧʦʜʘʚʘʝʤʦʡ ɺʏ ʤʦʱʥʦʩʪʠ 120 ɺʪ ʠ ʨʘʩʭʦʜʝ 6 sccm 

ʢʩʝʥʦʥʘ. ʂʨʦʤʝ ʪʦʛʦ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʦʮʝʥʢʘ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ɺʏ ʢʘʪʦʜʘ. 

Experimental study of Radio-frequency cathode-neutralizer 
Smirnova O.V., Smirnov P.E., Suvorov M.O., Khartov S.A. 

MAI, Moscow 

High specific impulse and little mass-flow rate of ion thrusters(IT) makes it the more popular 

choice as a propulsion system in spacecrafts. Recently missions show efficiency of such devices 
in a tasks of orbit correction and also exploration of Solar system. Besides, there are many 

developing ideas of creating spacecraft with IT for wider spectrum of missions. However, IT 

need to have a longer life cycle, because of small thrust (about several mN). 
Usually, failure of such devices takes place because of destruction of Ion Optics, or because of 

failure of electron source. IT needs electron sources as a main cathode (for plasma producing), 

and as a cathode-neutraliser (for neutralising of spacecraft and ion beam potential). Hollow 
cathodes are most used cathodes for Ion propulsion applications, because of low gas consumption 

and high electron current density. 

Using lanthanum hexaboride or tungsten with BaO impregnation as a material for electron 
emission insert, makes hollow cathodes require strict sustenance of operational parameters. For 

example, insert interaction with a little amount of active gases leads to polluting of its surface 

and lowering of extracting current up to 0. This makes more requirements for gas purity and 
hollow cathode handling before it occurs in the space. Besides, cathode insert must be heated up 

to 0,6-0,8 of its melting temperature by external heater for effective work, this leads to 

evaporation of insert material (life cycle reduction), addition power loss and prolonged cathode 
starting procedure. 

Listed above hollow cathode problems had led to idea of creating of radio-frequency plasma 

cathode. High frequency inductively coupled discharge is used to create and sustain plasma in 
such devices. The plasma volume acts as electron emitter. Quasineutrality in RF cathode 

achieved by consequential ionisation and recombination on inner electrode processes. In this 

work construction of such device, and also results of its experimental study are presented. 
Cathode achieved high performance, over 1,8 A at 120W RF power consumption and 6 sccm of 

Xe gas. Besides, efficiency evaluation of such device is presented. 

ʄʝʪʦʜ ʠʟʤʝʨʝʥʠʷ ʦʩʝʚʦʡ ʥʘʛʨʫʟʢʠ ʥʘ ʨʘʜʠʘʣʴʥʦ-ʫʧʦʨʥʳʡ ʧʦʜʰʠʧʥʠʢ ʧʨʠ ʧʦʤʦʱʠ 

ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʪʝʥʟʦʤʝʪʨʠʨʦʚʘʥʠʷ 

ʍʨʘʤʠʥ ʈ.ɺ., ʉʦʙʫʣʴ ɸ.ɺ., ʃʝʙʝʜʝʚ ʄ.ɺ., ʉʣʦʙʦʜʩʢʦʡ ɼ.ɸ. 

ʆɼʂ-ʉʘʪʫʨʥ, ʛ. ʈʳʙʠʥʩʢ 

ʇʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʠ ʜʦʚʦʜʢʝ ɻʊɼ ʦʩʥʦʚʥʳʤ ʬʘʢʪʦʨʦʤ, ʦʧʨʝʜʝʣʷʶʱʠʤ ʚʳʙʦʨ 

ʪʠʧʦʨʘʟʤʝʨʘ ʧʦʜʰʠʧʥʠʢʘ, ʷʚʣʷʶʪʩʷ ʜʝʡʩʪʚʫʶʱʠʝ ʥʘ ʥʝʛʦ ʩʠʣʦʚʳʝ (ʦʩʝʚʘʷ ʠ ʨʘʜʠʘʣʴʥʘʷ) ʠ 

ʪʝʧʣʦʚʳʝ ʥʘʛʨʫʟʢʠ. ɼʘʥʥʳʝ ʚʝʣʠʯʠʥʳ ʥʘʧʨʷʤʫʶ ʩʚʷʟʘʥʳ ʩ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʴʶ ʠ 
ʨʝʩʫʨʩʦʤ, ʢʘʢ ʩʘʤʠʭ ʧʦʜʰʠʧʥʠʢʦʚ, ʪʘʢ ʠ ɻʊɼ ʚ ʮʝʣʦʤ.  

ʀʟʤʝʨʝʥʠʝ ʦʩʝʚʦʛʦ ʫʩʠʣʠʷ ʷʚʣʷʝʪʩʷ ʦʙʷʟʘʪʝʣʴʥʳʤ ʪʨʝʙʦʚʘʥʠʝʤ ʟʘʱʠʪʳ ʢʦʥʩʪʨʫʢʮʠʠ 

ʧʦʜʰʠʧʥʠʢʦʚ ʠʟʜʝʣʠʷ ʧʨʠ ʧʨʦʚʝʜʝʥʠʠ ʩʪʝʥʜʦʚʳʭ ʠʩʧʳʪʘʥʠʡ (ɻʉʀ). ʈʘʥʝʝ ʜʣʷ ʠʟʤʝʨʝʥʠʷ 
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ʦʩʝʚʦʛʦ ʫʩʠʣʠʷ ʥʝʦʙʭʦʜʠʤʦ ʙʳʣʦ ʫʩʪʘʥʘʚʣʠʚʘʪʴ ʩʧʝʮʠʘʣʴʥʳʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʦʧʦʨʳ ʩ 
ʜʠʥʘʤʦʤʝʪʨʠʯʝʩʢʠʤʠ ʢʦʣʴʮʘʤʠ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʤʘʪʝʨʠʘʣʴʥʘʷ ʯʘʩʪʴ ʜʫʙʣʠʨʫʝʪʩʷ, ʘ 

ʩʝʨʪʠʬʠʢʘʮʠʦʥʥʳʝ ʠʩʧʳʪʘʥʠʷ ʚʧʦʩʣʝʜʩʪʚʠʠ ʧʦʚʪʦʨʷʶʪʩʷ ʩʦ ʰʪʘʪʥʳʤʠ ʦʧʦʨʘʤʠ. 

ʅʦʚʳʡ ʤʝʪʦʜ ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʦʜʠʪʴ ʠʟʤʝʨʝʥʠʷ ʦʩʝʚʦʡ ʥʘʛʨʫʟʢʠ ʙʝʟ ʟʥʘʯʠʪʝʣʴʥʳʭ 
ʠʟʤʝʥʝʥʠʡ ʪʠʧʦʚʦʡ ʢʦʥʩʪʨʫʢʮʠʠ, ʘ ʣʠʰʴ ʩ ʥʝʢʦʪʦʨʳʤʠ ʜʦʨʘʙʦʪʢʘʤʠ ʥʘʨʫʞʥʝʡ ʦʙʦʡʤʳ 

ʧʦʜʰʠʧʥʠʢʘ ʠ ʩʘʤʦʡ ʦʧʦʨʳ ʧʦʜ ʚʳʚʦʜ ʧʨʝʧʘʨʘʮʠʠ.  

ʇʨʝʜʣʘʛʘʝʤʳʡ ʤʝʪʦʜ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʜʠʥʘʤʠʯʝʩʢʦʝ ʪʝʥʟʦʤʝʪʨʠʨʦʚʘʥʠʝ ʥʘʨʫʞʥʦʡ 
ʦʙʦʡʤʳ ʧʦʜʰʠʧʥʠʢʘ. ɺ ʥʘʨʫʞʥʦʡ ʦʙʦʡʤʝ ʧʦʜʰʠʧʥʠʢʘ ʚʳʧʦʣʥʷʶʪʩʷ ʧʘʟʳ, ʚ ʢʦʪʦʨʳʝ 

ʫʩʪʘʥʘʚʣʠʚʘʶʪʩʷ ʪʝʥʟʦʨʝʟʠʩʪʦʨʳ 

ɼʣʷ ʧʨʦʚʝʨʢʠ ʢʦʨʨʝʢʪʥʦʩʪʠ ʦʧʨʝʜʝʣʝʥʠʷ ʦʩʝʚʳʭ ʥʘʛʨʫʟʦʢ ʤʝʪʦʜʦʤ ʜʠʥʘʤʠʯʝʩʢʦʛʦ 
ʪʝʥʟʦʤʝʪʨʠʨʦʚʘʥʠʷ ʥʘ ʦʜʥʦʤ ʠʟ ʜʚʠʛʘʪʝʣʝʡ ʚʳʧʦʣʥʝʥ ʧʘʨʘʣʣʝʣʴʥʳʡ ʟʘʤʝʨ 

çʢʣʘʩʩʠʯʝʩʢʠʤè ʤʝʪʦʜʦʤ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʠʥʘʤʦʤʝʪʨʠʯʝʩʢʠʭ ʢʦʣʝʮ. ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ 

ʠʟʤʝʨʝʥʠʡ ʧʦʣʫʯʝʥʘ ʚʳʩʦʢʘʷ ʩʭʦʜʠʤʦʩʪʴ ʠʟʤʝʨʝʥʥʳʭ ʜʚʫʤʷ ʩʧʦʩʦʙʘʤʠ ʚʝʣʠʯʠʥ ʥʘʛʨʫʟʦʢ, 
ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ ʢʦʨʨʝʢʪʥʦʩʪʴ ʠ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʴ ʤʝʪʦʜʘ ʜʠʥʘʤʠʯʝʩʢʦʛʦ 

ʪʝʥʟʦʤʝʪʨʠʨʦʚʘʥʠʷ. 
ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʟʚʦʣʷʶʪ ʤʝʨʷʪʴ ʦʩʝʚʦʝ ʫʩʠʣʠʝ, ʧʨʠʭʦʜʷʱʝʛʦʩʷ ʥʘ 

ʧʦʜʰʠʧʥʠʢ ʧʝʨʝʜʥʝʡ ʦʧʦʨʳ, ʚ ʩʦʩʪʘʚʝ ʰʪʘʪʥʦʡ ʦʧʦʨʳ ʜʚʠʛʘʪʝʣʷ. ʇʦʩʢʦʣʴʢʫ ʪʝʥʟʦʜʘʪʯʠʢʠ 

ʫʩʪʘʥʦʚʣʝʥʳ ʥʘ ʥʘʨʫʞʥʦʤ ʢʦʨʧʫʩʝ ʧʦʜʰʠʧʥʠʢʘ ʪʦ ʧʨʦʠʩʭʦʜʠʪ ʥʝ ʪʦʣʴʢʦ ʠʟʤʝʨʝʥʠʷ 
ʦʩʝʚʦʛʦ ʫʩʠʣʠʷ, ʥʦ ʠ ʜʨʫʛʠʭ ʧʨʦʮʝʩʩʦʚ ʧʨʦʠʩʭʦʜʷʱʠʭ ʚ ʜʚʠʛʘʪʝʣʝ. 

Dynamic strain gauging measuring method of axial force applied to thrust and radial 

bearing  

Khramin R.V., Sobul A.V., Lebedev M.V., Slobodskoy D.A. 

PJSC óUEC-Saturnô, Rybinsk 

The key factor determining the selection of bearing standard type during the phase of gas-
turbine engine design and development is the forces (axial and radial) and thermal loads applied 

to the engine. These values are directly connected to operability and life of bearings and gas-

turbine engine.  
Axial force measurement is a mandatory requirement for bearing design protection during 

bench tests. Earlier, the special technological supports with dynamometric rings were installed 

for axial force measurement. As a result, the redundant supports are being made as certification 
tests are performed with standard supports. 

The new method allows to measure the axial force without significant changes of Type 

design, with a slight rework of bearing outer race and support for the purpose of instrumentation 
routing.  

The proposed method is the dynamic strain gauging of bearing outer race. Slots for strain 

gauge installation are made on bearing outer races. 
To check the correctness of axial force measurement by dynamic strain gauging, the 

measurement by óclassical methodô with dynamometric rings was simultaneously performed on 

one of the engines. Based on results of the performed tests, the high reproducibility of values was 
obtained which confirms the correctness and working efficiency of dynamic strain gauging 

method. 

The results obtained allow to measure the axial force applied to the front support bearing 

using the engine standard support. The strain gauges are installed on the bearing outer race; 

therefore, not only axial force but also other processes going on in engine are measured. 

ɺʣʠʷʥʠʝ ʧʨʦʬʠʣʷ ʪʫʨʙʫʣʠʟʘʪʦʨʘ ʥʘ ʠʥʪʝʥʩʠʬʠʢʘʮʠʶ ʪʝʧʣʦʦʙʤʝʥʘ ʚ ʢʘʥʘʣʘʭ 

ʄʷʢʦʯʠʥ ɸ.ʉ., ʉʫʨʦʚʝʞʢʦ ɸ.ʉ. 

ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʟʘʜʘʯʠ ʫʤʝʥʴʰʝʥʠʷ ʤʘʩʩʦʛʘʙʘʨʠʪʥʳʭ ʠ ʵʢʦʥʦʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 
ʪʝʧʣʦʦʙʤʝʥʥʳʭ ʘʧʧʘʨʘʪʦʚ ʪʨʝʙʫʝʪ ʨʘʩʩʤʦʪʨʝʥʠʷ ʧʫʪʝʡ ʧʦʚʳh ʝʥʠʷ ʠʭ ʪʝʧʣʦʚʦʡ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ. 
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ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʚʳʷʚʣʝʥʠʝ ʚʣʠʷʥʠʷ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ 
ʠʩʢʫʩʩʪʚʝʥʥʳʭ ʪʫʨʙʫʣʠʟʘʪʦʨʦʚ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʦʧʪʠʤʘʣʴʥʦʡ ʠʥʪʝʥʩʠʬʠʢʘʮʠʠ 

ʪʝʧʣʦʦʙʤʝʥʘ ʚ ʢʘʥʘʣʘʭ ʨʘʟʣʠʯʥʳʭ ʪʝʧʣʦʦʙʤʝʥʥʳʭ ʘʧʧʘʨʘʪʦʚ.  

ʇʝʨʚʳʡ ʵʪʘʧ ʨʘʙʦʪʳ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʨʘʩʩʤʦʪʨʝʥʠʝ ʤʝʭʘʥʠʟʤʘ ʠʥʪʝʥʩʠʬʠʢʘʮʠʠ 
ʪʝʧʣʦʦʙʤʝʥʘ ʚ ʢʘʥʘʣʝ ʧʫʪʝʤ ʠʩʢʫʩʩʪʚʝʥʥʦʡ ʪʫʨʙʫʣʠʟʘʮʠʠ ʧʨʠʩʪʝʥʥʦʛʦ ʩʣʦʷ ʧʦʪʦʢʘ. 

ɼʘʝʪʩʷ ʦʙʟʦʨ ʠ ʩʨʘʚʥʝʥʠʝ ʠʤʝʶʱʠʭʩʷ ʵʤʧʠʨʠʯʝʩʢʠʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʚʣʠʷʥʠʷ 

ʬʦʨʤr ʪʫʨʙʫʣʠʟʘʪʦʨʘ ʥʘ ʦʪʥʦʰʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʪʝʧʣʦʦʪʜʘʯʠ ʠ ʢʦʵʬʬʠʮʠʝʥʪʦʚ 
ʛʠʜʨʘʚʣʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ, ʧʨʠʚʦʜʠʪʩʷ ʛʨʘʬʠʯʝʩʢʦʝ ʩʨʘʚʥʝʥʠʝ ʟʘʚʠʩʠʤʦʩʪʝʡ 

ʚʣʠʷʥʠʷ ʨʘʟʣʠʯʥʳʭ ʬʦʨʤ ʚʳʩʪʫʧʦʚ ʥʘ ʠʥʪʝʥʩʠʬʠʢʘʮʠʶ ʪʝʧʣʦʦʙʤʝʥʘ. ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ 

ʩʨʘʚʥʝʥʠʷ ʬʦʨʤ ʪʫʨʙʫʣʠʟʘʪʦʨʦʚ, ʜʝʣʘʝʪʩʷ ʚʳʚʦʜ, ʯʪʦ ʦʥʠ ʜʦʣʞʥʳ ʠʤʝʪʴ 
ʭʦʨʦʰʦʦʙʪʝʢʘʝʤʳʡ ʧʨʦʬʠʣʴ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʜʦʩʪʠʛʘʝʪʩʷ ʥʘʠʙʦʣʝʝ ʦʧʪʠʤʘʣʴʥʦʝ 

ʧʦʚʳʰʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʦʪʜʘʯʠ ʠ ʥʝʟʥʘʯʠʪʝʣʴʥʳʡ ʨʦʩʪ ʛʠʜʨʘʚʣʠʯʝʩʢʠʭ ʧʦʪʝʨʴ. 

ɺʪʦʨʳʤ ʵʪʘʧʦʤ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʚʳʷʚʣʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʨʠʤʝʥʝʥʠʷ 
ʠʥʪʝʥʩʠʬʠʢʘʮʠʠ ʪʝʧʣʦʦʙʤʝʥʘ ʥʘ ʧʨʠʤʝʨʝ ʩʨʘʚʥʝʥʠʷ ʤʘʩʩʦʛʘʙʘʨʠʪʥʳʭ ʠ ʵʢʦʥʦʤʠʯʝʩʢʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʜʚʫʭ ʪʝʧʣʦʦʙʤʝʥʥʳʭ ʘʧʧʘʨʘʪʦʚ, ʧʨʠ ʚʳʧʦʣʥʝʥʠʠ ʫʩʣʦʚʠʷ ʨʘʚʝʥʩʪʚʘ 
ʪʝʧʣʦʚʳʭ ʧʘʨʘʤʝʪʨʦʚ. ʇʝʨʚʳʡ ʪʝʧʣʦʦʙʤʝʥʥʳʡ ʘʧʧʘʨʘʪ ʚʳʧʦʣʥʝʥ ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʠʩʢʫʩʩʪʚʝʥʥʳʭ ʪʫʨʙʫʣʠʟʘʪʦʨʦʚ ʧʦʪʦʢʘ, ʘ ʚʪʦʨʦʡ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʟʘʚʠʩʠʤʦʩʪʝʡ ʜʣʷ ʢʘʥʘʣʦʚ ʩ ʢʦʣʴʮʝʚʳʤʠ ʥʘʢʘʪʢʘʤʠ. 
ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʨʘʙʦʪʳ ʚʳʷʚʣʝʥʦ, ʯʪʦ ʨʘʮʠʦʥʘʣʴʥʦʝ ʧʨʠʤʝʥʝʥʠʝ ʠʥʪʝʥʩʠʬʠʢʘʮʠʠ 

ʪʝʧʣʦʦʙʤʝʥʘ ʧʦʟʚʦʣʷʝʪ ʫʚʝʣʠʯʠʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʪʝʧʣʦʦʙʤʝʥʥʦʛʦ ʘʧʧʘʨʘʪʘ, ʪʦ ʝʩʪʴ 

ʫʤʝʥʴʰʠʪʴ ʝʛʦ ʤʘʩʩʫ, ʛʘʙʘʨʠʪʳ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʩʪʦʠʤʦʩʪʴ.  

Influence of the turbulators profile on the intensification of heat exchange in the ducts. 

Myakochin A.S., Surovezhko A.S. 

MAI, Moscow 

Actuality of the task of reducing the mass and dimensions and economic characteristics of 

heat exchangers requires consideration of ways to increase their thermal efficiency. 

Objective of this work is to reveal the influence of the geometric parameters of man-made 
turbulators in order to achieve the optimal intensification of heat exchange in the ducts of various 

heat exchangers. 

The first stage of the work is the consideration of the mechanism of intensification of heat 
exchange in the ducts by means of man-made turbulization of the wall layer of the flow. The 

review and comparison of the available empirical dependences from the point of view of the 

influence of the turbulizer shape on the ratios of heat transfer coefficients and hydraulic 
resistance coefficients is given, a graphical comparison of the dependences of the influence of 

various forms of protrusions on the intensification of heat transfer is given. Based on the results 

of the comparison, it is concluded that with an increase in the ratio of the radius of curvature of 
the turbulators to the diameter of the duct from 0.1 to 0.36, the heat exchange intensification is 

reduced by 8-15%, and the hydraulic resistance by 10-24%. In this case, the most optimal 

increase in the heat transfer coefficient and a slight increase in hydraulic losses are achieved. 
The second stage of the work is to identify the effectiveness of the application of heat 

exchange intensification by the example of comparing the mass and size characteristics of two 

heat exchangers, when the condition of equality of thermal capacities, coolant flow rates and 

pressure loss for their pumping is fulfilled. The first heat exchanger is made without use of 

artificial flow turbulators (smooth-channel), and the second is calculated using dependencies for 

ducts with ring rolls. 
According to the results of the work, it is revealed that the rational use of heat exchange 

intensification allows to increase the efficiency of the heat exchanger, that is, to reduce its weight 

and size characteristics by 41.5% and also to reduce the cost. 
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ʆʧʨʝʜʝʣʝʥʠʝ ʚʟʘʠʤʦʩʚʷʟʠ ʤʝʞʜʫ ʜʘʚʣʝʥʠʝʤ ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ ʠʟʦʙʨʘʞʝʥʠʷ ʚ 

ʛʘʟʦʚʦʤ ʧʦʪʦʢʝ 

ɸʙʘʰʝʚ ɺ.ʄ., ɹʦʜʨʳʰʝʚ ɺ.ɺ., ʊʘʨʘʩʝʥʢʦ ʆ.ʉ. 

ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ʇʨʠ ʨʘʟʨʘʙʦʪʢʝ ʢʦʥʩʪʨʫʢʮʠʡ, ʢʦʪʦʨʳʝ ʦʙʪʝʢʘʶʪʩʷ ʩʚʝʨʭʟʚʫʢʦʚʳʤ ʛʘʟʦʚʳʤ ʧʦʪʦʢʦʤ, 

ʢʨʘʡʥʝ ʘʢʪʫʘʣʴʥʦ ʧʨʝʜʩʪʘʚʣʷʪʴ ʧʦʣʥʫʶ ʢʘʨʪʠʥʫ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʦʩʥʦʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ 

ʛʘʟʦʚʦʛʦ ʧʦʪʦʢʘ (ʜʘʚʣʝʥʠʷ, ʧʣʦʪʥʦʩʪʠ ʠ ʪ.ʧ.) ʚʜʦʣʴ ʠʩʩʣʝʜʫʝʤʦʛʦ ʪʨʘʢʪʘ. ʀʟʚʝʩʪʥʳʡ ʪʝʥʝʚʦʡ 
ʤʝʪʦʜ ʜʘʝʪ ʜʚʫʭʤʝʨʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ, ʧʦ ʢʦʪʦʨʦʤʫ ʤʦʞʥʦ ʪʦʣʴʢʦ ʢʘʯʝʩʪʚʝʥʥʦ ʦʪʩʣʝʜʠʪʴ 

ʢʘʨʪʠʥʫ ʪʝʯʝʥʠʷ ʛʘʟʦʚʦʛʦ ʧʦʪʦʢʘ. ʇʨʝʜʣʘʛʘʝʪʩʷ ʤʝʪʦʜʠʢʘ, ʦʩʥʦʚʘʥʥʘʷ ʥʘ ʮʠʬʨʦʚʦʡ 

ʦʙʨʘʙʦʪʢʝ ʪʝʥʝʚʳʭ ʩʥʠʤʢʦʚ, ʢʦʪʦʨʘʷ ʧʦʟʚʦʣʷʝʪ ʧʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʟʥʘʯʝʥʠʷʤ ʜʘʚʣʝʥʠʷ 
ʚ çʜʠʩʢʨʝʪʥʳʭè ʪʦʯʢʘʭ ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʟʦʙʨʘʞʝʥʠʷ ʬʦʪʦʛʨʘʬʠʠ ʧʨʦʚʦʜʠʪʴ 

ʢʦʣʠʯʝʩʪʚʝʥʥʫʶ ʦʮʝʥʢʫ ʜʘʚʣʝʥʠʷ ʚʦ ʚʩʝʭ ʤʝʩʪʘʭ ʛʘʟʦʚʦʛʦ ʧʦʪʦʢʘ.  

ɿʘʜʘʯʘ ʨʘʩʧʘʜʘʝʪʩʷ ʥʘ ʜʚʝ ʯʘʩʪʠ:  
1. ʆʙʨʘʙʦʪʢʘ ʬʦʪʦʛʨʘʬʠʡ ʠʟʦʙʨʘʞʝʥʠʷ ʛʘʟʦʚʦʛʦ ʧʦʪʦʢʘ, ʩ ʚʳʷʚʣʝʥʠʝʤ ʟʘʜʘʥʥʦʛʦ 

ʢʘʯʝʩʪʚʘ ʠ ʨʘʟʤʝʨʦʚ ʠʟʦʙʨʘʞʝʥʠʷ, ʘ ʪʘʢʞʝ ʩʧʦʩʦʙʦʚ ʝʝ ʢʘʜʨʠʨʦʚʘʥʠʷ. ʇʨʠ ʵʪʦʤ ʢʦʦʨʜʠʥʘʪʳ 

ʭ, ʫ ʪʦʯʝʢ ʠʟʦʙʨʘʞʝʥʠʷ, ʘ ʪʘʢʞʝ ʷʨʢʦʩʪʠ (ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʮʚʝʪʘ) L ʩʪʘʥʦʚʷʪʩʷ ʜʠʩʢʨʝʪʥʳʤʠ ï 

ʭi, yi ʠ L
q(xi,yi). 

2.  ʈʘʟʨʘʙʦʪʢʘ ʤʝʪʦʜʠʢʠ ʧʦ ʢʦʨʨʝʣʷʮʠʦʥʥʦʡ ʚʟʘʠʤʦʩʚʷʟʠ ʤʝʞʜʫ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ 
ʠʟʦʙʨʘʞʝʥʠʷ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ, ʢʦʪʦʨʘʷ ʧʦ ʟʘʤʝʨʫ ʜʘʚʣʝʥʠʷ ʚ çʜʠʩʢʨʝʪʥʳʭè 

ʪʦʯʢʘʭ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʠʥʪʝʨʧʦʣʷʮʠʦʥʥʫʶ ʢʨʠʚʫʶ. ʉ ʧʦʤʦʱʴʶ ʜʘʥʥʦʡ ʢʨʠʚʦʡ 

ʧʨʝʦʙʨʘʟʦʚʘʪʴ ʤʘʩʩʠʚ xy ʩ ʟʘʜʘʥʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚ ʤʘʩʩʠʚ xy ʩ ʜʘʥʥʳʤʠ 
ʟʥʘʯʝʥʠʷʤʠ ʧʦ ʜʘʚʣʝʥʠʶ ʠ ʧʦʩʪʨʦʝʥʠʶ ʢʨʠʚʦʡ ʠʟʤʝʥʝʥʠʷ ʜʘʚʣʝʥʠʷ ʚ ʠʩʩʣʝʜʫʝʤʦʤ ʪʨʘʢʪʝ.  

ɼʘʚʣʝʥʠʝ ʈʩʪ ʥʘ ʚʭʦʜʝ ʚ ʢʘʤʝʨʫ ʩʛʦʨʘʥʠʷ ʧʨʘʢʪʠʯʝʩʢʠ ʣʠʥʝʡʥʦ ʚʟʘʠʤʦʩʚʷʟʘʥʦ ʩ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ ʧʦʪʦʢʘ. ʅʘ ʦʩʥʦʚʘʥʠʠ ʧʨʠʚʝʜʝʥʥʦʛʦ ʘʥʘʣʠʟʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ 
ʩ ʧʦʤʦʱʴʶ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʤʝʪʦʜʘ ʙʳʣʘ ʫʩʪʘʥʦʚʣʝʥʘ ʚʟʘʠʤʦʩʚʷʟʴ ʤʝʞʜʫ ʜʘʚʣʝʥʠʝʤ ʠ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ ʠʟʦʙʨʘʞʝʥʠʷ ʚ ʛʘʟʦʚʦʤ ʧʦʪʦʢʝ. 

Determination of the relationship between pressure and image intensity in a gas stream 

Abashev V.M., Bodryshev V.V., Tarasenko O.S. 

MAI, Moscow 

When designing structures that flow around a supersonic gas stream, it is extremely important 
to present a complete picture of the distribution of the main parameters of the gas flow (pressure, 

density, etc.) along the path under investigation. The well-known shadow method gives a two-

dimensional image, from which one can only qualitatively trace the flow pattern of the gas 
stream. A technique based on digital processing of shadow images is proposed, which makes it 

possible to quantify the pressure in all places of the gas flow from the experimental pressure 

values at the ñdiscreteò points and the image intensity of the photograph. 
The problem falls into two parts: 

1. Processing of images of the image of a gas stream, with detection of the given quality and 

image sizes, and also ways of its framing. In this case, the coordinates x, y of the image points, as 
well as the brightness (color intensity) L become discrete ï xi, yi and Lq (xi, yi). 

2. Development of a methodology for the correlation between the intensity of the image and 

the experimental data, which, from measuring the pressure at the ñdiscreteò points, makes it 
possible to obtain an interpolation curve. Using this curve, convert the array xy with the given 

intensity values to an array xy with the given pressure values and construct the pressure-change 

curve in the path under investigation. 
The pressure ʈʩʪ at the inlet to the combustion chamber is practically linearly interrelated with 

the intensity of the flow. On the basis of the above analysis of the experimental data, the 

relationship between the pressure and the image intensity in the gas stream was established using 
the developed method. 
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ʇʝʨʩʧʝʢʪʠʚʥʳʝ ʙʦʨʪʦʚʳʝ ʠʩʪʦʯʥʠʢʠ ʪʦʢʘ ʥʦʚʦʛʦ ʧʦʢʦʣʝʥʠʷ ʜʣʷ ʩʨʝʜʩʪʚ 

ʚʳʚʝʜʝʥʠʷ ʢʦʩʤʠʯʝʩʢʠʭ ʘʧʧʘʨʘʪʦʚ 

ɾʫʢ ɸ.ɿ.1, ʊʫʤʘʥʦʚ ɹ.ʀ.2, ʋʜʘʣʴʮʦʚ ɺ.ɻ.1 

1ʆʀɺʊ ʈɸʅ, ʛ. ʄʦʩʢʚʘ; 2ʅʇʂ çɸʣʴʪʕʥè, ʛ. ʕʣʝʢʪʨʦʫʛʣʠ 

ʎʝʣʴ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ï ʦʮʝʥʠʪʴ ʩʦʩʪʦʷʥʠʝ ʦʪʨʘʙʦʪʢʠ ʣʠʪʠʝʚʳʭ ʠʩʪʦʯʥʠʢʦʚ ʪʦʢʘ (ʀʊ) ʜʣʷ 

ʨʘʢʝʪ-ʥʦʩʠʪʝʣʝʡ (ʈʅ) ʠ ʨʘʟʛʦʥʥʳʭ ʙʣʦʢʦʚ (ʈɹ).  

ʅʘʨʷʜʫ ʪʨʘʜʠʮʠʦʥʥʳʤʠ ʩʝʨʝʙʨʷʥʦ-ʮʠʥʢʦʚʳʤʠ ʠ ʥʠʢʝʣʴ-ʢʘʜʤʠʝʚʳʤʠ ʘʢʢʫʤʫʣʷʪʦʨʘʤʠ ʚ 
ʢʦʩʤʠʯʝʩʢʦʡ ʪʝʭʥʠʢʝ ʩʪʘʣʠ ʧʨʠʤʝʥʷʪʴʩʷ ʧʝʨʚʠʯʥʳʝ ʣʠʪʠʡ-ʪʠʦʥʠʣ-ʭʣʦʨʠʜʥʳʝ (ʃʊʍ) ʠ 

ʬʪʦʨʫʛʣʝʨʦʜ-ʣʠʪʠʝʚʳʝ (ʌʋʃ) ʵʣʝʤʝʥʪʳ, ʘ ʪʘʢʞʝ ʣʠʪʠʡ-ʠʦʥʥʳʝ ʘʢʢʫʤʫʣʷʪʦʨʳ (ʃʀɸ). 

1. ʆʩʥʦʚʥʳʤ ʪʨʝʙʦʚʘʥʠʝʤ ʢ ʀʊ, ʧʨʠʤʝʥʷʝʤʳʤ ʚ ʈʅ, ʧʦʤʠʤʦ ʥʘʜʝʞʥʦʩʪʠ ʠ ʫʜʦʙʩʪʚʘ 
ʵʢʩʧʣʫʘʪʘʮʠʠ, ʷʚʣʷʝʪʩʷ ʚʳʩʦʢʘʷ ʫʜʝʣʴʥʘʷ ʤʦʱʥʦʩʪʴ. ʕʪʦ ʩʚʟ̫ʘʥʥʦ ʩ ʪʝʤ, ʯʪʦ ʜʣʠʪʝʣʴʥʦʩʪʴ 

ʨʘʙʦʪʳ ʈʅ ʩʦʩʪʘʚʣʷʝʪ ʤʠʥʫʪʳ, ʘ ʪʦʢʠ ʥʘʛʨʫʟʢʠ ʩʦʪʥʠ ɸʤʧʝʨ.  

ʃʠʪʠʡ-ʪʠʦʥʠʣʭ-ʣʦʨʠʜʥʳʝ ʙʘʪʘʨʝʠ ʨʘʟʨʘʙʦʪʘʥʥʳʝ ʬʠʨʤʦʡ çʆʨʠʦʥ-ʍʀʊè 
(ʛ.ʅʦʚʦʯʝʨʢʘʩʩʢ), ʦʙʣʘʜʘʶʪ ʫʜʝʣʴʥʦʡ ʤʦʱʥʦʩʪʴʶ ʦʪ 20 ʜʦ 100 ɺʪ/ʢʛ (ʠʤʧʫʣʴʩʥʦ ʜʦ 1000) ʠ 

ʫʜʝʣʴʥʦʡ ʵʥʝʨʛʦʝʤʢʦʩʪʴʶ ʦʪ 250 ʜʦ 150 ɺʪĀʯ/ʢʛ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʝʨʚʳʤ ʦʧʳʪʦʤ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʃʊʍ ʙʳʣʦ ʧʨʠʤʝʥʝʥʠʝ ʙʘʪʘʨʝʠ 10ɽʖ4ʈ8-2 ʜʣʷ ʩʠʩʪʝʤʳ ʙʝʟʦʧʘʩʥʦʩʪʠ ʈʅ 

çɼʥʝʧʨè, ʘ ʙʘʪʘʨʝʷ 9ɽʖ4ʈ-4 ʙʳʣʘ ʧʨʠʤʝʥʝʥʘ ʜʣʷ ʩʠʩʪʝʤʳ ʪʝʣʝʤʝʪʨʠʠ ʈʅ çʐʪʠʣʴè ʠ 

çɺʦʣʥʘè. 
 ʃʠʪʠʡ-ʠʦʥʥʳʝ ʘʢʢʫʤʫʣʷʪʦʨʥʳʝ ʙʘʪʘʨʝʡ 8Lion ʨʘʟʨʘʙʦʪʘʥʥʳʝ ʅʇʂ çɸʣʴʪʕʥè (ʛ. 

ʕʣʝʢʪʨʦʫʛʣʠ) ʦʙʣʘʜʘʶʪ ʫʜʝʣʴʥʦʡ ʤʦʱʥʦʩʪʴʶ ʦʪ 200 ʜʦ 850 ɺʪ/ʢʛ (ʠʤʧʫʣʴʩʥʦ ʜʦ 2500) ʠ 

ʫʜʝʣʴʥʦʡ ʵʥʝʨʛʦʝʤʢʦʩʪʴʶ ʦʪ 100 ʜʦ 80 ɺʪĀʯ/ʢʛ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.  
ʃʀɸ ʙʘʪʘʨʝʠ 8Lion ʥʘʰʣʠ ʧʨʘʢʪʠʯʝʩʢʦʝ ʧʨʠʤʝʥʝʥʠʝ (ʙʦʣʝʝ 30 ʧʫʩʢʦʚ) ʚ ʩʠʩʪʝʤʘʭ 

ʫʧʨʘʚʣʝʥʠʷ ʠ ʪʝʣʝʤʝʪʨʠʠ ʈʅ çʇʨʦʪʦʥ-ʄè, çɼʥʝʧʨè, ʈɹ çɹʨʠʟ-ʂʄè, ʈʅ çʈʦʢʦʪ-ʂè ʠ 

çɸʥʛʘʨʘè. ʇʨʠ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʟʘʨʷʜ ʠ ʨʘʟʨʷʜ ʙʘʪʘʨʝʡ ʧʨʦʠʟʚʦʜʠʪʩʷ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʥʘ 
ʙʦʨʪʫ.  

2. ʈʘʟʛʦʥʥʳʝ ʙʣʦʢʠ (ʈɹ) ʥʘʠʙʦʣʝʝ ʪʨʝʙʦʚʘʪʝʣʴʥʳ ʢ ʤʘʩʩʝ ʚʩʝʭ ʩʣʫʞʝʙʥʳʭ ʩʠʩʪʝʤ, 

ʫʩʪʘʥʦʚʣʝʥʥʳʭ ʥʘ ʥʠʭ.  
ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʈɹ ʩʝʨʠʠ DM (ʈʂʂ çʕʥʝʨʛʠʷè), ʈɹ çʌʨʝʛʘʪè ʠ ʈɹ çʌʨʝʛʘʪ-ʉɹè 

(ʅʇʆ ʠʤ ʉ. ɸ. ʃʘʚʦʯʢʠʥʘ) ʦʙʝʩʧʝʯʠʚʘʶʪʩʷ ʵʣʝʢʪʨʦʧʠʪʘʥʠʝʤ ʟʘ ʩʯʸʪ ʣʠʪʠʡ-ʪʠʦʥʠʣ-

ʭʣʦʨʠʜʥʳʭ ʙʘʪʘʨʝʡ ʪʠʧʘ 9ER14é ʧʨʦʠʟʚʦʜʩʪʚʘ çʆʨʠʦʥ-ʍʀʊè ʠ ʠʤʝʶʪ ʦʧʳʪ ʙʦʣʝʝ 40 
ʧʫʩʢʦʚ. 

ʅʇʂ çɸʣʴʪʕʥè ʚʳʧʫʩʢʘʝʪ ʪʠʧʦʨʘʟʤʝʨʥʳʡ ʨʷʜ ʠʩʪʦʯʥʠʢʦʚ ʧʠʪʘʥʠʷ ʥʘ ʦʩʥʦʚʝ 

ʬʪʦʨʫʛʣʝʨʦʜ-ʣʠʪʠʝʚʳʭ ʵʣʝʤʝʥʪʦʚ ʩʦʙʩʪʚʝʥʥʦʡ ʨʘʟʨʘʙʦʪʢʠ. ɹʘʪʘʨʝʠ ʩʝʨʠʠ ʌʋʃ ʠʤʝʶʪ 
ʫʜʝʣʴʥʫʶ ʵʥʝʨʛʦʝʤʢʦʩʪʴ ʦʪ 250 ʜʦ 350 ɺʪĀʯ/ʢʛ, ʦʙʣʘʜʘʶʪ ʩʦʭʨʘʥʷʝʤʦʩʪʴʶ ʥʝ ʤʝʥʝʝ 10 ʣʝʪ, 

ʧʨʠ ʵʪʦʤ ʧʦʪʝʨʷ ʝʤʢʦʩʪʠ ʠʟ-ʟʘ ʩʘʤʦʨʘʟʨʷʜʘ ʩʦʩʪʘʚʣʷʝʪ ʥʝ ʙʦʣʝʝ 1% ʚ ʛʦʜ. ɺ ʥʘʩʪʦʷʱʝʝ 

ʚʨʝʤʷ ʙʘʪʘʨʝʠ ʌʋʃ ʵʢʩʧʣʫʘʪʠʨʫʶʪʩʷ ʥʘ ʈɹ çɹʨʠʟ-ʄè ʠ çɹʨʠʟ-ʂʄè. 
ɺʳʚʦʜʳ. ʆʮʝʥʠʚ ʜʦʩʪʦʠʥʩʪʚʘ ʠ ʥʝʜʦʩʪʘʪʢʠ ʩʠʩʪʝʤ, ʩʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʦʪʝʯʝʩʪʚʝʥʥʘʷ 

ʧʨʦʤʳʰʣʝʥʥʦʩʪʴ ʚʳʧʫʩʢʘʝʪ ʮʝʣʳʡ ʩʧʝʢʪʨ ʩʦʚʨʝʤʝʥʥʳʭ ʣʠʪʠʝʚʳʝ ʀʊ ʢʦʪʦʨʳʝ ʩʧʦʩʦʙʥʳ 

ʟʘʤʝʥʠʪʴ ʪʨʘʜʠʮʠʦʥʥʳʝ ʘʢʢʫʤʫʣʷʪʦʨʳ ʧʨʘʢʪʠʯʝʩʢʠ ʥʘ ʚʩʝʭ ʩʨʝʜʩʪʚʘʭ ʚʳʚʝʜʝʥʠʷ 
ʢʦʩʤʠʯʝʩʢʠʭ ʘʧʧʘʨʘʪʦʚ.  

Prospective on-board current sources of a new generation for launch spaceship vehicles  

Zhuk A.Z.1, Tumanov B.I.2, Udaltsov V.G.1  
1OIVT RAS, Moscow; 2NPK ñAltEnò, Elektrougli 

The purpose of this work is to estimate the state of lithium current sources (CS) for carrier 

rockets (CR) and upper stages (US). 
Along with traditional silver-zinc and nickel-cadmium batteries, primary lithium-thionyl-

chloride (LTC) and fluorocarbon-lithium (FCL) elements, as well as lithium-ion cell (LIC), have 

begun to be used in space technology. 
1. The main requirement for CS, used in CR, in addition to reliability and ease of use, is a high 

specific power. It is connected to the fact that the duration of work of the CR is minutes, and the 

load currents are hundreds of Amperes. 
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Lithium-thionyl-chloride batteries developed by the company ñOrion-HITò (Novocherkassk), 
have specific power from 20 to 100 W/kg (pulse to 1000) and specific energy consumption from 

250 to 150 WĀh/kg respectively. The first experience of using the LTC was the use of the 

10EU4P8-2 battery for the CR ñDneprò safety system, and the 9EU4R-4 battery was used for the 
ñShtilò and ñVolnaò CR telemetry systems. 

Lithium-ion batteries 8Lion developed by NPK ñAltEnò (Electrougli) have specific power from 

200 to 850 W/kg (pulse to 2500) and specific energy consumption from 100 to 80 WĀh/kg 
respectively. 

LIC batteries 8Lion have found practical application (more than 30 launches) in the control and 

telemetry systems of the CR ñProton-Mò, CR ñDneprò, US ñBriz-KMò, CR ñRokot-Kò and 
ñAngaraò. If necessary, charge and discharge of batteries can be produced directly on board. 

2. Upper stages (US) are most demanding of the mass of all the service systems installed on 

them. 
At present, the US of the DM series (RSC ñEnergiaò), the US ñFregatò and the US ñFregat-

SBò (S.A.Lavochkin NPO) are powered by lithium-thionyl chloride batteries of the type 9ER14... 
produced by ñOrion- HITò and have experience of more than 40 launches. 

NPK ñAltEnò produces a standard range of power supplies based on fluorocarbon-lithium 

elements of its own design. The batteries of the FCL series have a specific energy capacity from 
250 to 350 WĀh/kg, they have a receptivity of at least 10 years, while the capacity loss due to 

self-discharge is no more than 1% per year. At present, FCL batteries are used at the US of ñBriz-

Mò and ñBriz-KMò. 
Conclusions. Having estimated the advantages and disadvantages of systems, it is worth 

noting that home industry produces a range of modern lithium CS that can replace traditional 

batteries on virtually all means of launching spacecraft. 

ʅʦʚʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʩʦʣʥʝʯʥʳʭ ʨʘʢʝʪʥʳʭ ʜʚʠʛʘʪʝʣʝʡ ʩ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʤʠ 

ʬʘʟʦʧʝʨʝʭʦʜʥʳʤʠ ʪʝʧʣʦʘʢʢʫʤʫʣʠʨʫʶʱʠʤʠ ʤʘʪʝʨʠʘʣʘʤʠ 

ʌʠʥʦʛʝʥʦʚ ʉ.ʃ., ʂʦʣʦʤʝʥʮʝʚ ɸ.ʀ. 
ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ʉʥʠʞʝʥʠʝ ʩʪʦʠʤʦʩʪʠ ʚʳʚʝʜʝʥʠʷ ʧʦʣʝʟʥʦʛʦ ʛʨʫʟʘ ʥʘ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʦʨʙʠʪʳ, 

ʚʢʣʶʯʘʷ ʛʝʦʩʪʘʮʠʦʥʘʨʥʫʶ ʦʨʙʠʪʫ (ɻʉʆ), ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ ʩʦʚʨʝʤʝʥʥʦʡ 
ʢʦʩʤʦʥʘʚʪʠʢʠ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʩʦʣʥʝʯʥʦʡ ʵʥʝʨʛʠʠ, ʢʘʢ ʜʦʩʪʫʧʥʦʛʦ ʚʥʝʰʥʝʛʦ ʨʝʩʫʨʩʘ, ʚ 

ʪʝʧʣʦʚʳʭ ʨʘʢʝʪʥʳʭ ʜʚʠʛʘʪʝʣʷʭ, ʧʦʟʚʦʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʧʦʚʳʩʠʪʴ ʵʥʪʘʣʴʧʠʶ ʨʘʢʝʪʥʦʛʦ 

ʪʦʧʣʠʚʘ ʠ ʥʘ 70é100% ʫʚʝʣʠʯʠʪʴ ʫʜʝʣʴʥʳʡ ʠʤʧʫʣʴʩ ʩʨʝʜʩʪʚ ʤʝʞʦʨʙʠʪʘʣʴʥʦʡ 
ʪʨʘʥʩʧʦʨʪʠʨʦʚʢʠ (ʉʄʊ) ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʨʘʜʠʮʠʦʥʥʳʤʠ ʞʠʜʢʦʩʪʥʳʤʠ ʩʨʝʜʩʪʚʘʤʠ 

ʚʳʚʝʜʝʥʠʷ, ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʩʫʱʝʩʪʚʝʥʥʦʝ ʧʨʠʨʘʱʝʥʠʝ ʤʘʩʩʳ ʧʦʣʝʟʥʦʡ ʥʘʛʨʫʟʢʠ (ʇʅ) ʥʘ 

ʦʨʙʠʪʝ ʥʘʟʥʘʯʝʥʠʷ.  
ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʦʙʦʩʥʦʚʘʥʠʝ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʪʝʧʣʦʘʢʢʫʤʫʣʠʨʫʶʱʠʭ ʤʘʪʝʨʠʘʣʦʚ (ʊɸʄ) ʥʘ ʦʩʥʦʚʝ ʬʘʟʦʚʳʭ 

ʧʝʨʝʭʦʜʦʚ çʧʣʘʚʣʝʥʠʝ-ʢʨʠʩʪʘʣʣʠʟʘʮʠʷè ʚ ʩʦʣʥʝʯʥʳʭ ʨʘʢʝʪʥʳʭ ʜʚʠʛʘʪʝʣʷʭ (ʉʈɼ) ʩ 
ʩʠʩʪʝʤʦʡ çʢʦʥʮʝʥʪʨʘʪʦʨ-ʧʨʠʝʤʥʠʢ-ʪʝʧʣʦʚʦʡ ʘʢʢʫʤʫʣʷʪʦʨè (ʂʇ-ʊɸ) ʧʨʠ ʨʝʰʝʥʠʠ 

ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʧʦʣʝʪʥʳʭ ʟʘʜʘʯ. ɼʣʷ ʵʪʦʛʦ ʧʨʝʜʣʘʛʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚ ʢʘʯʝʩʪʚʝ 

ʊɸʄ ʪʫʛʦʧʣʘʚʢʦʛʦ ʦʢʩʠʜʘ ʙʝʨʠʣʣʠʷ, ʢʘʢ ʜʦʩʪʘʪʦʯʥʦ ʵʥʝʨʛʦʝʤʢʦʛʦ ʠ ʦʙʣʘʜʘʶʱʝʛʦ 

ʪʨʝʙʫʝʤʳʤʠ ʪʝʧʣʦʬʠʟʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ. ɼʣʷ ʫʧʨʦʱʝʥʠʷ ʧʦʩʪʨʦʝʥʠʷ ʩʠʩʪʝʤʳ çʂʇ-

ʊɸè ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʜʦʞʠʛʘʥʠʝ ʥʘʛʨʝʪʦʛʦ ʚʦʜʦʨʦʜʘ ʬʪʦʨʦʤ ʠʣʠ ʢʠʩʣʦʨʦʜʦʤ, ʯʪʦ ʩʥʠʞʘʝʪ 

ʪʨʝʙʫʝʤʫʶ ʵʥʝʨʛʦʝʤʢʦʩʪʴ ʘʢʢʫʤʫʣʷʪʦʨʘ ʠ ʨʘʟʤʝʨʳ ʟʝʨʢʘʣʴʥʦʛʦ ʩʦʣʥʝʯʥʦʛʦ 
ʢʦʥʮʝʥʪʨʘʪʦʨʘ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʚʨʝʤʝʥʠ ʚʳʚʝʜʝʥʠʷ ʥʘ ɻʉʆ ʦʪ 20 ʜʦ 60 ʩʫʪʦʢ 

ʦʧʪʠʤʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʩʦʦʪʥʦʰʝʥʠʡ ʤʘʩʩʦʚʳʭ ʨʘʩʭʦʜʦʚ ʢʦʤʧʦʥʝʥʪʦʚ ʤʝʥʷʶʪʩʷ, ʧʨʠʯʝʤ 

ʤʝʥʴʰʝʤʫ ʚʨʝʤʝʥʠ ʧʦʣʝʪʘ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʜʦʞʠʛʘʥʠʝ ʩ ʙʦʣʴʰʝʡ ʤʘʩʩʦʚʦʡ ʜʦʣʝʡ 
ʦʢʠʩʣʠʪʝʣʷ. 

ʇʨʠʚʝʜʝʥʳ ʩʨʘʚʥʠʪʝʣʴʥʳʝ ʧʦʣʝʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʉʈɼ ʜʣʷ ʨʘʩʩʤʦʪʨʝʥʥʳʭ 

ʦʢʠʩʣʠʪʝʣʝʡ, ʧʦʢʘʟʘʥʳ ʦʙʣʘʩʪʠ ʠʭ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ. ɺ ʢʘʯʝʩʪʚʝ 
ʦʩʥʦʚʥʳʭ ʦʧʪʠʤʠʟʠʨʫʝʤʳʭ ʧʘʨʘʤʝʪʨʦʚ ʙʳʣʠ ʚʳʙʨʘʥʳ ʧʘʨʘʤʝʪʨ ʪʦʯʥʦʩʪʠ ʟʝʨʢʘʣʴʥʦʛʦ 
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ʢʦʥʮʝʥʪʨʘʪʦʨʘ ʠ ʦʪʥʦʰʝʥʠʝ ʵʥʝʨʛʦʝʤʢʦʩʪʠ ʪʝʧʣʦʚʦʛʦ ʘʢʢʫʤʫʣʷʪʦʨʘ ʢ ʧʣʦʱʘʜʠ ʟʝʨʢʘʣʘ. 
ʇʨʦʚʝʜʝʥʥʘʷ ʦʧʪʠʤʠʟʘʮʠʷ ʧʘʨʘʤʝʪʨʦʚ ʉʈɼ ʩ ʩʠʩʪʝʤʦʡ çʂʇ-ʊɸè ʚ ʩʦʩʪʘʚʝ ʢʦʩʤʠʯʝʩʢʦʛʦ 

ʘʧʧʘʨʘʪʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʥʦʛʦʫʨʦʚʥʝʚʦʡ ʤʦʜʝʣʠ 

ʧʦʟʚʦʣʠʣʘ ʚʳʙʨʘʪʴ ʮʝʣʝʩʦʦʙʨʘʟʥʳʝ ʚʝʣʠʯʠʥʳ ʪʝʧʣʦʚʦʡ ʤʦʱʥʦʩʪʠ ʧʨʠʝʤʥʠʢʘ ʩʦʣʥʝʯʥʦʛʦ 
ʠʟʣʫʯʝʥʠʷ ʜʣʷ ʨʘʟʣʠʯʥʦʛʦ ʚʨʝʤʝʥʠ ʧʦʣʝʪʘ, ʦʙʝʩʧʝʯʠʚʘʶʱʝʡ ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ 

ʤʘʩʩʳ ʇʅ. ʆʧʪʠʤʠʟʘʮʠʷ ʧʨʦʚʦʜʠʣʘʩʴ ʤʝʪʦʜʦʤ ɻʘʫʩʩʘ-ɿʝʡʜʝʣʷ ʩ ʚʟʘʠʤʥʳʤ ʠʪʝʨʘʮʠʦʥʥʳʤ 

ʧʝʨʝʩʯʝʪʦʤ.  
ʇʨʦʚʝʜʝʥʥʳʡ ʘʥʘʣʠʟ ʧʦʢʘʟʘʣ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʉʈɼ ʩ ʦʢʩʠʜʦʤ ʙʝʨʠʣʣʠʷ 

ʚ ʢʘʯʝʩʪʚʝ ʊɸʄ ʧʨʠ ʜʦʞʠʛʘʥʠʠ ʚʦʜʦʨʦʜʘ ʨʘʩʩʤʦʪʨʝʥʥʳʤʠ ʦʢʠʩʣʠʪʝʣʷʤʠ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʘʣʴʪʝʨʥʘʪʠʚʥʳʤʠ ʉʈɼ ʠ ʜʨʫʛʠʤʠ ʪʠʧʘʤʠ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʉʄʊ ʧʨʠ ʩʦʧʦʩʪʘʚʠʤʦʤ ʠʣʠ 
ʤʝʥʴʰʝʤ ʚʨʝʤʝʥʠ ʧʦʣʝʪʘ. 

The new possibilities of solar rocket engines with high-temperature latent heat thermal 

energy storage substances 
Finogenov S.L., Kolomentsev A.I. 

MAI, Moscow 

Cost decrease of a payload delivery into high-energy orbits, such a geostationary earth orbit 

(GEO), is an actual problem of modern astronautics. Use of solar energy, as accessible external 

resource, in thermal rocket engines, allows to raise an enthalpy of a propellant considerably and 
70é100% increasing of specific impulse of means of inter-orbital transportation (MIOT) in 

comparison with conventional liquid propulsion, that provides an essential increment of payload 

weight at the final orbit.  
The purpose of the present paper is justification of availability of use of high-temperature 

phase-change thermal storage substanses (TSS), based on phase transitions ñfusion-

solidificationò, in solar rocket engines (SRE) with ñconcentrator-absorber-thermal storageò 
system (CATS) for carrying out the high-energy flight missions. Use of refractory beryllium 

oxide, as the TSS, as enough power-intensive and possessing the required thermal-physical 

properties is offered. For simplification of CATS building the afterburning of heated hydrogen by 
fluorine or oxygen is expedient to reduce the required power consumption of the thermal storage 

as well as the sizes of the mirror solar concentrator. It is shown that at insertion time to GEO 

from 20 to 60 days the optimum values of components mass flows ratio changes, and smaller 
flight time corresponds to afterburning with higher oxidizer mass fraction. 

Comparative flight characteristics of the SRE for the considered oxidizers are resulted; the 

intervals of their primary use are shown. As the principal optimized parameters, the mirror 
concentrator accuracy parameter and the correlation between power consumption of the thermal 

storage and the mirror area have been chosen. The conducted optimization of the parameters of 

the SRE, as a part of the space vehicle, with use of the developed mathematical multilevel model, 
allowed to choose expedient values of the absorber thermal power for various flight time, 

providing payload weight maximum value. Optimization was conducted by the Gauss-Seidel 

method with mutual iterative recalculation.  
The carried out analysis showed the availability of use of the SRE with beryllium oxide, as the 

TSS, at hydrogen afterburning by the considered oxidizers, in comparison with alternative SRE 

and other types of perspective MIOT at comparable or smaller flight time. 

ʂʦʥʩʪʨʫʢʪʠʚʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʩʤʝʩʠʪʝʣʴʥʦʡ ʛʦʣʦʚʢʠ ʞʠʜʢʦʩʪʥʦʛʦ ʨʘʢʝʪʥʦʛʦ 

ʜʚʠʛʘʪʝʣʷ ʧʝʨʚʦʡ ʩʪʫʧʝʥʠ  
ʌʨʦʣʦʚ ɸ.ɸ. 
ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ʉʤʝʩʠʪʝʣʴʥʘʷ ʛʦʣʦʚʢʘ ʧʨʝʜʥʘʟʥʘʯʝʥʘ ʜʣʷ ʚʚʦʜʘ ʢʦʤʧʦʥʝʥʪʦʚ ʪʦʧʣʠʚʘ ʚ ʦʛʥʝʚʦʝ 

ʧʨʦʩʪʨʘʥʩʪʚʦ ʢʘʤʝʨʳ ʠ ʧʝʨʚʦʥʘʯʘʣʴʥʦʛʦ ʠʭ ʧʝʨʝʤʝʰʠʚʘʥʠʷ ʤʝʞʜʫ ʩʦʙʦʡ.  
ʆʥʘ ʩʦʩʪʦʠʪ ʠʟ ʬʣʘʥʮʘ ʩ ʚʳʨʘʚʥʠʚʘʶʱʝʡ ʨʝʰʝʪʢʦʡ ʠ ʩʤʝʩʠʪʝʣʷ. ʉʤʝʩʠʪʝʣʴ ʩʦʩʪʦʠʪ ʠʟ 

ʢʦʨʧʫʩʘ ʩʤʝʩʠʪʝʣʷ, ʩʨʝʜʥʝʛʦ ʠ ʚʥʫʪʨʝʥʥʝʛʦ ʜʥʠʱ, ʦʩʥʦʚʥʳʭ ʠ ʚʳʩʪʫʧʘʶʱʠʭ ʬʦʨʩʫʥʦʢ. 
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ʉʤʝʩʠʪʝʣʴ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʘʷʥʦ-ʩʚʘʨʥʫʶ ʢʦʥʩʪʨʫʢʮʠʶ, ʧʨʠ ʵʪʦʤ ʚʥʫʪʨʝʥʥʝ 
ʚʥʫʪʨʝʥʥʝʝ ʜʥʠʱʝ, ʬʦʨʩʫʥʢʠ ʠ ʰʪʠʬʪʳ ʩʦʝʜʠʥʝʥʳ ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʩʦʧʨʷʛʘʝʤʳʤʠ 

ʜʝʪʘʣʷʤʠ ʧʨʠ ʧʦʤʦʱʠ ʧʘʡʢʠ ʩʝʨʝʙʨʷʥʳʤ ʧʨʠʧʦʝʤ, ʘ ʢʦʣʣʝʢʪʦʨ ʠ ʜʥʠʱʝ ʩʨʝʜʥʝʝ ʩ 

ʢʦʨʧʫʩʦʤ ï ʩʚʘʨʢʦʡ. 
ʉʤʝʩʠʪʝʣʴʥʘʷ ʛʦʣʦʚʢʘ ʠʤʝʝʪ ʜʚʝ ʧʦʣʦʩʪʠ: 

Å ʧʦʣʦʩʪʴ ʛʦʨʶʯʝʛʦ, ʦʙʨʘʟʦʚʘʥʥʫʶ ʩʨʝʜʥʠʤ ʠ ʚʥʫʪʨʝʥʥʠʤ ʜʥʠʱʘʤʠ ʠ ʢʦʨʧʫʩʦʤ 

ʩʤʝʩʠʪʝʣʷ; 
Å ʛʘʟʦʚʫʶ ʧʦʣʦʩʪʴ, ʦʙʨʘʟʦʚʘʥʥʫʶ ʬʣʘʥʮʝʤ ʩ ʚʳʨʘʚʥʠʚʘʶʱʝʡ ʨʝh ʝʪʢʦʡ ʠ ʩʨʝʜʥʠʤ 

ʜʥʠʱʝʤ. 

ʇʦʣʦʩʪʴ ʛʦʨʶʯʝʛʦ ʧʨʝʜʥʘʟʥʘʯʝʥʘ ʜʣʷ ʧʦʜʚʦʜʘ ʛʦʨʶʯʝʛʦ ʢ ʬʦʨʩʫʥʢʘʤ ʠ ʦʭʣʘʞʜʝʥʠʷ 
ʚʥʫʪʨʝʥʥʝʛʦ ʜʥʠʱʘ. ɼʣʷ ʫʣʫʯʰʝʥʠʷ ʦʭʣʘʞʜʝʥʠʷ ʥʘ ʪʦʨʮʝ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʯʘʩʪʠ 

ʚʥʫʪʨʝʥʥʝʛʦ ʜʥʠʱʘ ʠʤʝʶʪʩʷ ʪʘʥʛʝʥʮʠʘʣʴʥʳʝ ʦʪʚʝʨʩʪʠʷ, ʦʙʨʘʟʫʶʱʠʭ ʧʝʨʚʳʭ ʧʦʷʩ ʟʘʚʝʩʳ 

ʢʘʤʝʨʳ. 
ɻʘʟʦʚʘʷ ʧʦʣʦʩʪʴ ʧʨʝʜʥʘʟʥʘʯʝʥʘ ʜʣʷ ʧʦʜʚʦʜʘ ʦʢʠʩʣʠʪʝʣʴʥʦʛʦ ʛʘʟʘ ʢ ʬʦʨʩʫʥʢʘʤ. ɺ ʵʪʦʡ 

ʧʦʣʦʩʪʠ, ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʨʘʚʥʦʤʝʨʥʦʩʪʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʦʢʠʩʣʠʪʝʣʴʥʦʛʦ ʛʘʟʘ ʧʦ 
ʬʦʨʩʫʥʢʘʤ, ʫʩʪʘʥʦʚʣʝʥʘ ʚʳʨʘʚʥʠʚʘʶʱʘʷ ʨʝʰʝʪʢʘ. 

ʆʩʥʦʚʥʳʝ ʬʦʨʩʫʥʢʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʜʚʫʭʢʦʤʧʦʥʝʥʪʥʳʝ, ʩʪʨʫʡʥʦ-ʮʝʥʪʨʦʙʝʞʥʳʝ 

ʬʦʨʩʫʥʢʠ. 
ʆʢʠʩʣʠʪʝʣʴʥʳʡ ʛʘʟ ʧʦʩʪʫʧʘʝʪ ʚ ʬʦʨʩʫʥʢʫ ʯʝʨʝʟ ʞʠʢʣʝʨ ʠ ʜʘʣʝʝ ʯʝʨʝʟ ʮʝʥʪʨʘʣʴʥʳʡ 

ʢʘʥʘʣ ʢʦʨʧʫʩʘ ʚ ʢʘʤʝʨʳ, ʘ ʛʦʨʶʯʝʝ ï ʯʝʨʝʟ ʪʘʥʛʝʥʮʠʘʣʴʥʳʝ ʦʪʚʝʨʩʪʠʷ ʚʪʫʣʢʠ. 

ʂʦʨʧʫʩ ʮʝʥʪʨʘʣʴʥʦʡ ʦʩʥʦʚʥʦʡ ʬʦʨʩʫʥʢʠ ʚʳʧʦʣʥʝʥ ʟʘʧʦʜʣʠʮʦ ʩʦ ʩʨʝʜʥʝʤ ʜʥʠʱʝʤ ʜʣʷ 
ʦʙʝʩʧʝʯʝʥʠʷ ʩʣʠʚʘ ʢʦʤʧʦʥʝʥʪʘ ʠʟ ʛʘʟʦʚʦʡ ʧʦʣʦʩʪʠ ʤʝʞʜʫ ʧʫʩʢʘʤʠ. 

ɺʳʩʪʫʧʘʶʱʠʝ ʬʦʨʩʫʥʢʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʪʘʢʞʝ ʜʚʫʭʢʦʤʧʦʥʝʥʪʥʳʝ 

ʩʪʨʫʡʥʦʮʝʥʪʨʦʙʝʞʳʝ ʬʦʨʩʫʥʢʠ. ʆʢʠʩʣʠʪʝʣʴʥʳʡ ʛʘʟ ʧʦʩʪʫʧʘʝʪ ʚ ʢʘʤʝʨʫ ʯʝʨʝʟ 
ʮʝʥʪʨʘʣʴʥʳʡ ʢʘʥʘʣ ʢʦʨʧʫʩʘ, ʠʤʝʶʱʠʡ ʥʘ ʚʭʦʜʝ ʞʠʢʣʝʨ, ʘ ʛʦʨʶʯʝʝ ʯʝʨʝʟ ʞʠʜʢʦʩʪʥʦʡ 

ʪʨʘʢʪ, ʩʦʩʪʦʷʱʠʡ ʠʟ ʨʘʜʠʘʣʴʥʳʭ ʦʪʚʝʨʩʪʠʡ, ʦʨʝʙʨʝʥʥʦʛʦ ʫʯʘʩʪʢʘ ʠ ʰʥʝʢʦʚʦʛʦ 

ʟʘʚʠʭʨʠʪʝʣʷ. 
ʅʘ ʬʣʘʥʮʝ ʠʤʝʝʪʩʷ ʢʦʣʣʝʢʪʦʨ ʜʣʷ ʧʦʜʘʯʠ ʞʠʜʢʦʛʦ ʢʠʩʣʦʨʦʜʘ ʚ ʪʨʘʢʪ ʦʭʣʘʞʜʝʥʠʷ ʫʟʣʘ 

ʢʘʯʘʥʠʷ. 

ʅʘ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʯʘʩʪʠ ʚʥʫʪʨʝʥʥʝʛʦ ʜʥʠʱʘ ʠ ʥʘ ʩʨʝʜʥʝʤ ʜʥʠʱʝ ʩʦ ʩʪʦʨʦʥʳ ʛʘʟʦʚʦʜʘ 

ʥʘʥʝʩʝʥʦ ʧʦʢʨʳʪʠʝ ʠʟ ʛʘʣʴʚʘʥʠʯʝʩʢʦʛʦ ʥʠʢʝʣʷ. 

Design features of the mixing head of the liquid rocket engine of the first stage 

Frolov A.A. 
MAI, Moscow 

The mixing head is designed to inject fuel components into the fire chamber of the chamber 

and initially to mix them with each other. 
It consists of a flange with an equalizing grid and a mixer. The mixer consists of a mixer 

body, middle and inner bottoms, main and protruding nozzles. 

The mixer is a brazed-welded construction, with the inner inner bottom, nozzles and pins 
being connected to the respective mating parts by soldering with silver solder, and the collector 

and bottom are medium with the body welded. 

The mixing head has two cavities: 

Å A fuel cavity formed by the middle and inner bottoms and the body of the mixer; 

Å A gas cavity formed by a flange with an equalizing grid and a middle bottom. 

The fuel cavity is intended for supplying fuel to the injectors and cooling the inner bottom. To 
improve the cooling at the end of the cylindrical part of the inner bottom, there are tangential 

holes that form the first belt of the curtain of the chamber. 

The gas cavity is intended for supplying the oxidizing gas to the injectors. In this cavity, to 
ensure the uniformity of the distribution of oxidizing gas through the nozzles, an alignment grid 

is installed. 

The main nozzles are two-component, jet-centrifugal jets. 
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Oxidizing gas enters the nozzle through the jet and then through the central channel of the 
body into the chambers, and the fuel through the tangential bores of the bushing. 

The body of the central main nozzle is flush with the middle bottom to ensure that the 

component is drained from the gas cavity between the starts. 
The protruding nozzles are also two-component jet-centrifugal jets. Oxidizing gas enters the 

chamber through the central channel of the body, which has a jet at the inlet, and fuel through the 

liquid path, consisting of radial holes, finned section and a screw swirl. 
The flange has a collector for supplying liquid oxygen to the cooling path of the swing 

assembly. 

On the cylindrical part of the inner bottom and on the middle bottom from the side of the gas 
duct there is a coating of galvanic nickel. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʛʠʜʨʘʚʣʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʛʘʟʦʦʪʚʦʜʷʱʝʛʦ 

ʫʩʪʨʦʡʩʪʚʘ ʩ ʦʩʝʨʘʜʠʘʣʴʥʳʤ ʢʦʩʦ ʩʨʝʟʘʥʥʳʤ ʜʠʬʬʫʟʦʨʦʤ 
ʍʘʩʘʥʦʚ ʉ.ʄ., ʃʝʚʠʪʦʚʘ ʆ.ʅ. 

ʆɼʂ-ʉʘʪʫʨʥ, ʛ. ʈʳʙʠʥʩʢ 

ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʛʘʟʦʦʪʚʦʜʷʱʝʛʦ 

ʫʩʪʨʦʡʩʪʚʘ ʩ ʧʨʝʜʝʣʴʥʦ ʤʘʣʳʤ ʦʩʝʚʳʤ ʛʘʙʘʨʠʪʥʳʤ ʨʘʟʤʝʨʦʤ ʜʣʷ ʢʦʨʘʙʝʣʴʥʳʭ ʤʦʨʩʢʠʭ 

ʜʚʠʛʘʪʝʣʝʡ. ɻʠʜʨʘʚʣʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʫʣʠʪʦʯʥʳʭ ʛʘʟʦʦʪʚʦʜʷʱʠʭ ʫʩʪʨʦʡʩʪʚ 
ʦʧʨʝʜʝʣʝʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʳ Ansys CFX, ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʪʝʯʝʥʠʷ ʚ 

ʪʨʝʭʤʝʨʥʦʡ ʧʦʩʪʘʥʦʚʢʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ  

SST k-ɤ ʩ ʧʦʩʪʨʦʝʥʠʝʤ ʥʝ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ. 
ʈʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʳʭ ʨʘʩʯʸʪʦʚ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʪʝʯʝʥʠʷ ʚ 

ʢʘʥʘʣʝ ʛʘʟʦʦʪʚʦʜʷʱʝʛʦ ʫʩʪʨʦʡʩʪʚʘ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ ʧʨʠʢʣʘʜʥʦʡ ʛʘʟʦʜʠʥʘʤʠʢʠ 

Ansys CFX, ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʦ ʥʝ ʪʦʣʴʢʦ ʜʣʷ ʦʮʝʥʢʠ ʛʠʜʨʘʚʣʠʯʝʩʢʠʭ 
ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʥʦ ʠ ʜʣʷ ʦʧʪʠʤʠʟʘʮʠʠ ʛʝʦʤʝʪʨʠʠ ʧʨʦʝʢʪʠʨʫʝʤʳʭ ʛʘʟʦʦʪʚʦʜʷʱʝʛʦ 

ʫʩʪʨʦʡʩʪʚʘ. 

ʈʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ, ʧʦʟʚʦʣʠʣʠ ʦʧʨʝʜʝʣʠʪʴ ʚʣʠʷʥʠʝ 
ʢʦʥʩʪʨʫʢʮʠʠ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ʫʣʠʪʦʯʥʦʛʦ ʦʩʝʨʘʜʠʘʣʴʥʦʛʦ ʛʘʟʦʦʪʚʦʜʷʱʝʛʦ ʫʩʪʨʦʡʩʪʚʘ ʩ 

ʢʦʩʦ ʩʨʝʟʘʥʥʳʤ ʜʠʬʬʫʟʦʨʦʤ ʥʘ ʧʦʪʝʨʠ ʧʦʣʥʦʛʦ ʜʘʚʣʝʥʠʷ, ʘ ʪʘʢʞʝ ʦʧʨʝʜʝʣʠʪʴ ʩʫʤʤʘʨʥʳʝ 

ʪʝʧʣʦ-ʛʠʜʨʘʚʣʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ.  
ʀʩʧʦʣʴʟʦʚʘʥʥʘʷ ʤʝʪʦʜʠʢʘ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʧʦʟʚʦʣʷʝʪ ʨʘʟʨʘʙʘʪʳʚʘʪʴ ʢʦʥʩʪʨʫʢʮʠʠ 

ʛʘʟʦʦʪʚʦʜʷʱʠʭ ʫʩʪʨʦʡʩʪʚ ʢʦʨʘʙʝʣʴʥʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʩ ʤʠʥʠʤʘʣʴʥʳʤʠ ʦʩʝʚʳʤʠ ʠ 

ʨʘʜʠʘʣʴʥʳʤʠ ʛʘʙʘʨʠʪʥʳʤʠ ʨʘʟʤʝʨʘʤʠ ʩ ʜʦʩʪʘʪʦʯʥʦ ʥʠʟʢʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʧʦʪʝʨʴ ʧʦʣʥʦʛʦ 
ʜʘʚʣʝʥʠʷ, ʥʝ ʧʨʝʚʳʰʘʶʱʠʤʠ 2,5%, ʘ ʪʘʢʞʝ ʧʦʟʚʦʣʷʝʪ ʦʨʛʘʥʠʟʦʚʘʪʴ ʵʞʝʢʮʠʶ ʚʦʟʜʫʰʥʳʭ 

ʤʘʩʩ ʚ ʧʦʜʢʘʧʦʪʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ ʩ ʥʝʦʙʭʦʜʠʤʳʤ ʨʘʩʭʦʜʦʤ 10% ʦʪ ʨʘʩʭʦʜʘ ʛʘʟʘ. 

Analysis of hydraulic characteristics of snail-shaped exhaust duct with axial-radial  

obliquely cut diffuser 

Khasanov S.M., Levitova O.N. 

UEC-Saturn, Rybinsk 

In this article itôs described the possibility of developed exhausted duct with extremely small 

axial overall size for marine engines. Hydraulic characteristics of snail-shaped exhaust duct has 

been defined by using Ansys CFX program, simulation of flow in three-dimension model has 
been performed by using the turbulence model SST k-ɤ with making of not structured tetragonal 

rated operating conditions. 

Conducted studies have allowed to determine the combine influence of the major geometric 
parameters on the hydraulic characteristics of developed snail-shaped exhaust duct. 

The study analyzed the possible errors introduced in model and experiment which provided 

the acceptable calculated and experimental hydraulic characteristics of exhaust duct in operating 
range. 
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ʄʝʪʦʜʠʢʘ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʛʦʨʝʥʠʷ ʚ ɾʈɼ ʪʷʛʦʡ 

ʙʦʣʝʝ 4ʂʅ 

ʎʘʨʘʧʢʠʥ ʈ.ɸ.1, ʀʚʘʥʦʚ ɺ.ʅ.2 

 1ʄɸʀ, ʛ. ʄʦʩʢʚʘ; 2ʌʂʇ çʅʀʎ ʈʂʇè, ʛ. ʇʝʨʝʩʚʝʪ 

ʅʘʩʪʦʷʱʘʷ çʄʝʪʦʜʠʢʘè ʧʨʝʜʥʘʟʥʘʯʝʥʘ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʦʮʝʥʦʢ ʟʘʧʘʩʘ ʫʩʪʦʡʯʠʚʦʩʪʠ 

ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ (ʧʨʦʮʝʩʩʘ ʛʦʨʝʥʠʷ) ʚ ʢʘʤʝʨʘʭ ʠ ʛʘʟʦʛʝʥʝʨʘʪʦʨʘʭ ɾʈɼ ʢ çʞʸʩʪʢʦʤʫè 

ʚʦʟʙʫʞʜʝʥʠʶ ʧʝʨʠʦʜʠʯʝʩʢʠʭ ʘʢʫʩʪʠʯʝʩʢʠʭ ʘʚʪʦʢʦʣʝʙʘʥʠʡ. 
çʄʝʪʦʜʠʢʘè ʧʦʩʪʨʦʝʥʘ ʥʘ ʙʘʟʝ ʪʝʦʨʠʠ ʘʚʪʦʢʦʣʝʙʘʪʝʣʴʥʳʭ ʜʠʥʘʤʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʠ 

ʦʜʥʦʤʝʨʥʳʭ ʤʘʨʢʦʚʩʢʠʭ ʩʣʫʯʘʡʥʳʭ ʧʨʦʮʝʩʩʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʘʧʧʘʨʘʪʘ ʫʨʘʚʥʝʥʠʷ 

ʌʦʢʢʝʨʘ-ʇʣʘʥʢʘ-ʂʦʣʤʦʛʦʨʦʚʘ. 
çʄʝʪʦʜʠʢʘè ʨʝʘʣʠʟʫʝʪ ʦʮʝʥʢʫ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʜʝʤʧʬʠʨʦʚʘʥʠʷ ʠʩʩʣʝʜʫʝʤʦʡ 

ʜʠʥʘʤʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ (ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ) ʦʪ ʘʤʧʣʠʪʫʜʳ ʢʦʣʝʙʘʥʠʡ ʜʘʚʣʝʥʠʷ ʙʝʟ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʪʘʥʜʘʨʪʥʳʭ ʚʥʝʰʥʠʭ ʠʤʧʫʣʴʩʥʳʭ ʚʦʟʤʫʱʘʶʱʠʭ ʫʩʪʨʦʡʩʪʚ ʠ ʧʨʠʤʝʥʠʤʘ 
ʚ ʘʥʘʣʠʟʝ ʩʪʘʮʠʦʥʘʨʥʳʭ ʩʠʛʥʘʣʦʚ ʜʘʪʯʠʢʦʚ ʧʫʣʴʩʘʮʠʡ ʜʘʚʣʝʥʠʷ, ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʥʳʭ ʚ 

ʢʣʘʩʩʝ çʨʝʟʦʥʘʥʩʥʳʡ ʫʟʢʦʧʦʣʦʩʥʳʡ ʰʫʤ ʛʦʨʝʥʠʷè (ʈʋʐɻ). 

ʇʨʠ ʨʘʟʨʘʙʦʪʢʝ çʄʝʪʦʜʠʢʠè ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʩʣʝʜʫʶʱʠʝ ʩʪʘʥʜʘʨʪʥʳʝ ʘʣʛʦʨʠʪʤʳ 

(ʚʭʦʜʷʱʠʝ ʚ ʧʘʢʝʪ ʧʨʦʛʨʘʤʤ ʇʆʉ ʅʇʇ çʄʝʨʘè): 

Å ʦʮʝʥʢʠ ʘʤʧʣʠʪʫʜʥʦʛʦ ʩʧʝʢʪʨʘ ʩʠʛʥʘʣʘ; 
Å ʦʮʝʥʢʠ ʘʚʪʦʢʦʨʨʝʣʷʮʠʦʥʥʦʡ ʬʫʥʢʮʠʠ ʩʠʛʥʘʣʘ; 

Å ʨʝʢʫʨʩʠʚʥʦʡ ʧʦʣʦʩʦʚʦʡ ʬʠʣʴʪʨʘʮʠʠ ʩʠʛʥʘʣʘ; 

Å ʚʳʜʝʣʝʥʠʷ ʦʛʠʙʘʶʱʝʡ ʬʠʣʴʪʨʦʚʘʥʥʦʛʦ ʩʠʛʥʘʣʘ (ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ 
ɻʠʣʴʙʝʨʪʘ); 

Å ʦʮʝʥʢʠ ʧʣʦʪʥʦʩʪʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚʝʨʦʷʪʥʦʩʪʠ ʦʛʠʙʘʶʱʝʡ ʠ ʤʛʥʦʚʝʥʥʳʭ ʟʥʘʯʝʥʠʡ 

ʩʠʛʥʘʣʘ; 
ʊʝʦʨʝʪʠʯʝʩʢʠʝ ʧʦʣʦʞʝʥʠʷ çʤʝʪʦʜʠʢʠè ʚʝʨʠʬʠʮʠʨʦʚʘʥʳ ʥʘ ʩʠʛʥʘʣʘʭ ʤʦʜʝʣʴʥʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ. 

The technique for predicting the high-frequency instability of combustion in a liquid-

propellant engine thrust more than 4KN 

Tsarapkin R.A.1, Ivanov V.N.2 

1MAI, Moscow; 2FKP ñNIC RCPò, Peresvet  

This ñMethodologyò is intended for assessing the margin of stability of the working process 

(combustion process) in LRE chambers and gas generators to "hard" excitation of periodic 

acoustic self-oscillations. 
The ñtechniqueò is based on the theory of self-oscillatory dynamical systems and one-

dimensional Markov random processes using the apparatus of the Fokker-Planck-Kolmogorov 

equation. 
The ñmethodologyò realizes the dependence of the damping coefficient of the dynamic system 

(combustion chamber) under investigation on the amplitude of pressure fluctuations without the 

use of standard external impulse disturbances and is applicable in the analysis of stationary 
signals of pressure pulsation sensors identified in the class ñresonant narrow-band combustion 

noiseò (RNCN). 

When developing the ñMethodologyò, the following standard algorithms were used (included 
in the software package of the software POS NPP ñMeraò): 

Å estimates of the amplitude spectrum of the signal; 

Å estimates of the autocorrelation function of the signal; 
Å recursive band-pass signal filtering; 

Å the selection of the envelope of the filtered signal (using the Hilbert transform); 

Å estimates of the probability distribution density of the envelope and instantaneous signal 
values; 

The theoretical positions of the ñmethodologyò are verified on the signals of model 

experimental combustion chambers. 
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ɸʥʘʣʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʥʘʪʝʢʘʥʠʷ ʜʦʟʚʫʢʦʚʦʛʦ 

ʧʦʪʦʢʘ ʥʘ ʧʨʦʬʠʣʠ ʣʦʧʘʪʦʢ ʚ ʜʚʫʭʤʝʨʥʦʡ ʧʦʩʪʘʥʦʚʢʝ  

ʐʘ ʄʠʥʛʫʥ, ɸʛʫʣʴʥʠʢ ɸ.ɹ., ʗʢʦʚʣʝʚ ɸ.ɸ. 

ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʧʨʠʦʙʨʝʪʘʝʪ ʙʦʣʴʰʫʶ ʘʢʪʫʘʣʴʥʦʩʪʴ ʯʠʩʣʝʥʥʦʝ ʨʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʡ, 

ʦʧʠʩʳʚʘʶʱʠʭ ʤʘʪʝʤʘʪʠʯʝʩʢʠʝ ʤʦʜʝʣʠ ʦʙʪʝʢʘʥʠʷ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ ʠ ʠʭ ʯʘʩʪʝʡ. ʇʨʠ 

ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʵʣʝʤʝʥʪʦʚ, ʢʘʢ ʧʣʘʥʝʨʘ ʩʘʤʦʣʝʪʘ, ʪʘʢ ʠ ʘʚʠʘʮʠʦʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ ʰʠʨʦʢʦ 
ʧʨʠʤʝʥʷʶʪʩʷ ʤʝʪʦʜʳ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ɺ ʜʘʥʥʦʡ ʩʪʘʪʴʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ 

ʨʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʥʘʪʝʢʘʥʠʷ ʜʦʟʚʫʢʦʚʦʛʦ ʧʦʪʦʢʘ ʥʘ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʝ 

ʧʨʦʬʠʣʠ NAʉA-0012 ʠ NAʉA-0006 ʚ ʜʚʫʤʝʨʥʦʡ ʧʦʩʪʘʥʦʚʢʝ ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʢʦʤʧʣʝʢʩʝ 
Ansys ICEM-Fuent, ʤʦʞʥʦ ʨʘʩʧʨʦʩʪʨʘʥʠʪʴ ʥʘ ʨʘʩʯʝʪ ʣʦʧʘʪʦʯʥʳʭ ʤʘʰʠʥ ʩ ʜʦʟʚʫʢʦʚʳʤ 

ʧʨʦʬʠʣʝʤ ʣʦʧʘʪʢʠ.  

 ʉʜʝʣʘʥʦ ʩʨʘʚʥʝʥʠʝ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʩ 
ʨʝʟʫʣʴʪʘʪʘʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʧʨʦʜʫʚʦʢ ʠ ʩ ʯʠʩʣʝʥʥʳʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘʤʠ ʜʨʫʛʠʭ 

ʘʚʪʦʨʦʚ. ʀʩʧʦʣʴʟʦʚʘʣʠʩʴ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ Spalart-Allmaras, k-ɝ, k- -sst, Transition-

SST. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʦʣʫʯʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʜʲʝʤʥʦʡ 

ʩʠʣʳ ʉʫʘ, ʚʳʯʠʩʣʝʥʥʳʝ ʧʦ ʜʚʫʤ ʩʝʪʢʘʤ, ʧʨʘʢʪʠʯʝʩʢʠ ʩʦʚʧʘʜʘʶʪ. 

 ʅʘ ʚʩʝʭ ʨʘʩʯʝʪʥʳʭ ʨʝʞʠʤʘʭ ʥʘʙʣʶʜʘʝʪʩʷ ʭʦʨʦʰʝʝ ʢʘʯʝʩʪʚʝʥʥʦʝ ʩʦʚʧʘʜʝʥʠʝ ʨʝʟʫʣʴʪʘʪʘ, 
ʧʨʠ ʵʪʦʤ ʦʪʣʠʯʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʚ ʨʘʡʦʥʝ ʧʝʨʝʜʥʝʡ ʢʨʦʤʢʠ ʧʨʦʬʠʣʷ ʤʦʞʝʪ ʙʳʪʴ ʦʙʫʩʣʦʚʣʝʥʦ 

ʚʣʠʷʥʠʝʤ ʛʝʦʤʝʪʨʠʠ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ. 

 ʇʨʦʚʝʜʝʥʥʦʝ ʯʠʩʣʝʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʚʳʙʨʘʥʥʳʝ ʨʘʩʯʝʪʥʳʝ ʩʝʪʢʠ ʠ 
ʤʦʜʝʣʴ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʘʥʘʣʠʟʘ ʥʘʪʝʢʘʥʠʷ 

ʜʦʟʚʫʢʦʚʦʛʦ ʧʦʪʦʢʘ ʥʘ ʢʨʳʣʦʚʳʝ ʠ ʣʦʧʘʪʦʯʥʳʝ ʧʨʦʬʠʣʠ 

Analysis of mathematical modeling results of subsonic flow inleakageat subsonic profiles 

Sha M., Agulnik A.ɺ., Yakovlev A.A. 

MAI, Moscow 

Aerodynamic characteristics of blade machines can be determined with high accuracy 
by experimental studies of models in wind tunnels. However, the cost of such experiments is quite 

high and, in addition, this method of research does not allow full-scale optimization of all 

geometric parameters. In this connection, numerical modeling is becoming increasingly 
important. Studies in the numerical simulation of the flow of a subsonic flow over the NACA-0012 

profile were carried out on two grids that were created in the Ansys ICEM program. In the process 

of mathematical simulation of the subsonic flow over the NACA-0012 profile, a series of data was 
obtained and a comparison was made with the experiment.  

A comparison is made between the results obtained for various turbulence models with the 

results of experimental purges and with the numerical experiments of other authors. The models of 
turbulence Spalart-Allmaras, k-ɝ, k- -sst, Transition-SST were used. As a result of the numerical 

calculation, values were obtained on which the graphs of the dependence of the coefficient Cya 

on the angles of attack were plotted for different Reynolds numbers and turbulence models. In all 
calculation modes, a good qualitative coincidence of the result is observed, while the difference 

in the results in the region of the leading edge of the profile may be due to the influence of the 

geometry of the computational grid. The numerical study showed that the selected calculation grids 
and the turbulence model can be used to analyze the flow of subsonic flow over the wing and blade 

profiles. 

In all calculation modes, a good qualitative coincidence of the result is observed, while the 
difference in the results in the region of the leading edge of the profile may be due to the influence 

of the geometry of the computational grid. 

The numerical study has shown that the selected calculation grids and the turbulence model can 
be used to analyze the flow of a subsonic flow onto the wing and blade profiles 
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ʈʘʟʨʘʙʦʪʢʘ ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʧʣʘʟʤʝʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ ʪʠʧʦʨʘʟʤʝʨʘ ʉʇɼ-100 ʜʣʷ 

ʜʦʚʳʚʝʜʝʥʠʷ ʘʚʪʦʤʘʪʠʯʝʩʢʠʭ ʢʦʩʤʠʯʝʩʢʠʭ ʘʧʧʘʨʘʪʦʚ ʥʘ ʮʝʣʝʚʳʝ ʦʨʙʠʪʳ 

ʂʠʤ ɺ.ʇ., ʄʝʨʢʫʨʴʝʚ ɼ.ɺ., ʐʠʣʦʚ ɽ.ɸ., ɿʘʭʘʨʯʝʥʢʦ ɺ.ʉ. 

ʄɸʀ, ʛ. ʄʦʩʢʚʘ 

ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʧʣʘʟʤʝʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ 

(ʉʇɼ) ʤʘʩʰʪʘʙʘ ʉʇɼ-100 ʩ ʧʦʚʳʰʝʥʥʦʡ ʥʝ ʤʝʥʝʝ ʯʝʤ ʚ ʜʚʘ ʨʘʟʘ ʪʷʛʦʡ (ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʩʝʨʠʡʥʳʤ ʜʚʠʛʘʪʝʣʝʤ ʉʇɼ-100). ɸʢʪʫʘʣʴʥʦʩʪʴ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʦʙʫʩʣʦʚʣʝʥʘ ʪʝʥʜʝʥʮʠʷʤʠ 
ʨʘʟʚʠʪʠʷ ʢʦʩʤʠʯʝʩʢʦʡ ʦʪʨʘʩʣʠ, ʚ ʯʘʩʪʥʦʩʪʠ, ʫʚʝʣʠʯʝʥʠʷ ʤʘʩʩʳ ʩʚʷʟʥʳʭ ʛʝʦʩʪʘʮʠʦʥʘʨʥʳʭ 

ʩʧʫʪʥʠʢʦʚ ʩʚʷʟʠ. ɺ ʈʦʩʩʠʠ ʫʚʝʣʠʯʝʥʠʝ ʤʘʩʩʳ ʢʦʩʤʠʯʝʩʢʠʭ ʘʧʧʘʨʘʪʦʚ (ʂɸ) ʟʘ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʦʡ ʧʨʦʤʝʞʫʪʦʢ ʚʨʝʤʝʥʠ ʤʦʞʥʦ ʦʩʫʱʝʩʪʚʠʪʴ ʟʘ ʩʯʝʪ ʵʢʦʥʦʤʠʠ 
ʤʘʩʩʳ ʪʦʧʣʠʚʘ ʥʘ ʵʪʘʧʝ ʚʳʚʝʜʝʥʠʷ ʂɸ ʥʘ ʛʝʦʩʪʘʮʠʦʥʘʨʥʫʶ ʦʨʙʠʪʫ, ʙʣʘʛʦʜʘʨʷ ʧʝʨʝʭʦʜʫ ʢ 

ʠʭ ʜʦʚʳʚʝʜʝʥʠʶ ʩ ʧʦʤʦʱʴʶ ʉʇɼ. 

ɺʧʝʨʚʳʝ ʟʘʜʘʯʘ ʜʦʚʳʚʝʜʝʥʠʷ ʂɸ ʙʳʣʘ ʨʝʰʝʥʘ ʜʣʷ ʂɸ çʕʢʩʧʨʝʩʩ ɸʄ5è ʠ çʕʢʩʧʨʝʩʩ 
ɸʄ6è, ʜʣʷ ʯʝʛʦ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʩʝʨʠʡʥʳʝ ʜʚʠʛʘʪʝʣʠ ʉʇɼ-100 ʧʨʦʠʟʚʦʜʩʪʚʘ ʆʂɹ çʌʘʢʝʣè. 

ʅʦʤʠʥʘʣʴʥʳʝ ʧʘʨʘʤʝʪʨʳ ʉʇɼ-100 (ʪʛ̫ʘ 83 ʤʅ, ʤʦʱʥʦʩʪʴ 1,35 ʢɺʪ) ʧʦʟʚʦʣʷʶʪ 

ʦʩʫʱʝʩʪʚʠʪʴ ʜʦʚʳʚʝʜʝʥʠʷ ʂɸ ʟʘ ʜʦʩʪʘʪʦʯʥʦ ʜʣʠʥʥʳʝ ʠʥʪʝʨʚʘʣʳ ʚʨʝʤʝʥʠ (ʧʦʨʷʜʢʘ 7 ï 12 

ʤʝʩʷʮʝʚ), ʯʪʦ ʥʝ ʚʩʝʛʜʘ ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʪʨʝʙʦʚʘʥʠʷʤ ʠʟʛʦʪʦʚʠʪʝʣʝʡ ʠ ʦʧʝʨʘʪʦʨʦʚ ʩʚʷʟʥʳʭ 

ʂɸ. 
ʉʫʱʝʩʪʚʝʥʥʦ ʫʤʝʥʴʰʠʪʴ ʚʨʝʤʷ ʜʦʚʳʚʝʜʝʥʠʷ ʧʦʟʚʦʣʷʝʪ ʨʘʟʨʘʙʦʪʢʘ ʤʦʜʠʬʠʢʘʮʠʠ 

ʜʚʠʛʘʪʝʣʷ ʉʇɼ-100 ʩ ʪʷʛʦʡ ʥʝ ʤʝʥʝʝ 160 ʤʅ ʠ ʩ ʤʦʱʥʦʩʪʴʶ ʥʘ ʫʨʦʚʥʝ 3 ʢɺʪ.  

ɺ ʜʦʢʣʘʜʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʨʘʟʨʘʙʦʪʢʠ ʥʦʚʦʡ ʤʦʜʠʬʠʢʘʮʠʠ ʜʚʠʛʘʪʝʣʷ ʉʇɼ-
100ɺʊ ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʜʦʚʳʚʝʜʝʥʠʷ ʂɸ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʥʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʤ ʠʥʩʪʠʪʫʪʝ ʧʨʠʢʣʘʜʥʦʡ ʤʝʭʘʥʠʢʠ ʠ 

ʵʣʝʢʪʨʦʜʠʥʘʤʠʢʠ çʄʦʩʢʦʚʩʢʦʛʦ ʘʚʠʘʮʠʦʥʥʦʛʦ ʠʥʩʪʠʪʫʪʘ (ʥʘʮʠʦʥʘʣʴʥʦʛʦ 
ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ)è ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʥʘʫʢʠ ʈʌ 

ʚ ʨʘʤʢʘʭ ʉʦʛʣʘʰʝʥʠʷ ʦ ʧʨʝʜʦʩʪʘʚʣʝʥʠʷ ʩʫʙʩʠʜʠʠ ʄɸʀ ˉ 14.577.21.0231. ʋʥʠʢʘʣʴʥʳʡ 

ʠʜʝʥʪʠʬʠʢʘʪʦʨ ʧʨʦʝʢʪʘ ï RFMEFI57716X0231. 

Development of stationary plasma thruster of the SPT-100 standard size for the final 

injection of unmanned spacecraft 

Kim V.P., Merkuriev D.V., Shilov Ye.A., Zakharchenko V.S. 
MAI, Moscow 

The aim of the described work was to develop stationary plasma thruster (SPT) of the SPT-

100 standard size with the increased thrust, no less than twice as much comparing to the series-
production thruster. Urgency of this problem is stipulated by trends in the evolution of space 

branch, by the growth of mass of geostationary communication satellites, in particular. Increase 

for the spacecraft (SC) mass during a relatively short time period can be provided in Russia by 
saving the propellant mass at the stage of SC injection into the geostationary orbit through the 

implementation of SC final injection by SPT. 

The problem of SC final injection was for the first time solved for the spacecraft ñExpress 
ɸʄ5ò and ñExpress ɸʄ6ò. For that purpose, the series-production thrusters SPT-100 of the 

ñFakelò Experiential Design Bureau were used. Nominal performance of SPT-100 (thrust 83 mN, 

power 1.35 kW) allowed final SC injection during a rather long time periods (of about 7 ï 12 
months), that not always meeting the requirements of producers and operators of communication 

satellites. 

Development of the modified model of SPT-100 thruster with the thrust of 160 mN at least 
and power of about 3 kW should allow substantial decrease in the duration for final injection.  

The paper presents results of development of a new thruster modification SPT-100VT for 

solving the problems of the SC final injection. 
The described work was fulfilled at the Research Institute of Applied Mechanics and 

Electrodynamics of the Moscow Aviation Institute (National Research University) with the 

support from the Ministry of Education and Science of the Russian Federation within the frames 
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3. ʉʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ, ʠʥʬʦʨʤʘʪʠʢʘ ʠ 

ʵʣʝʢʪʨʦʵʥʝʨʛʝʪʠʢʘ 

3. Control Systems, Informatics and Power 

Engineering 

ʈʘʟʨʘʙʦʪʢʘ ʙʣʦʢʘ ʧʠʪʘʥʠʷ ʉɺʏ-ʛʝʥʝʨʘʪʦʨʘ 

ɸʣʝʭʠʥʘ ɺ.ɸ. 

ʄɸʀ, ʄʦʩʢʚʘ 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʉɺʏ-ʛʝʥʝʨʘʪʦʨʦʚ ʥʘʭʦʜʠʪ ʙʦʣʴʰʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ 
ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ, ʥʘʫʯʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʠ ʚ ʧʦʚʩʝʜʥʝʚʥʦʤ ʙʳʪʫ. ʕʪʠ ʫʩʪʨʦʡʩʪʚʘ 

ʧʨʠʤʝʥʷʶʪʩʷ ʚʦ ʤʥʦʛʠʭ ʧʨʠʙʦʨʘʭ ʚ ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʷʭ ʥʘʫʢʠ ʠ ʪʝʭʥʠʢʠ, ʪʘʢʠʭ ʢʘʢ: 

ʨʘʜʠʦʣʦʢʘʮʠʷ, ʩʚʷʟʴ, ʧʠʱʝʚʘʷ ʧʨʦʤʳʰʣʝʥʥʦʩʪʴ, ʚʦʝʥʥʘʷ ʪʝʭʥʠʢʘ, ʘʪʦʤʥʘʷ ʵʥʝʨʛʝʪʠʢʘ ʠ 

ʜʨ. [1]. 

ʐʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʉɺʏ-ʛʝʥʝʨʘʪʦʨʦʚ ʦʙʫʩʣʦʚʣʠʚʘʝʪ ʘʢʪʫʘʣʴʥʦʩʪʴ ʠʭ ʨʘʟʨʘʙʦʪʢʠ ʠ 
ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ. 

ɺʦʟʤʦʞʥʳʤ ʧʫʪʸʤ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʙʣʦʢʦʚ ʧʠʪʘʥʠʷ ʤʘʛʥʝʪʨʦʥʘ ʷʚʣʷʝʪʩʷ ʧʦʩʪʨʦʝʥʠʝ 

ʵʪʠʭ ʫʩʪʨʦʡʩʪʚ ʧʦ ʩʭʝʤʝ ʩ ʙʝʩʪʨʘʥʩʬʦʨʤʘʪʦʨʥʳʤ ʚʭʦʜʦʤ. ʇʦʩʪʨʦʝʥʠʝ ʙʣʦʢʘ ʧʠʪʘʥʠʷ ʧʦ 
ʪʘʢʦʡ ʩʭʝʤʝ ʧʦʟʚʦʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʩʥʠʟʠʪʴ ʤʘʩʩʫ ʠ ʛʘʙʘʨʠʪʳ ʪʨʘʥʩʬʦʨʤʘʪʦʨʘ, ʢʦʪʦʨʳʝ ʥʘ 

ʚʳʩʦʢʦʡ ʯʘʩʪʦʪʝ ʩʪʘʥʦʚʷʪʩʷ ʛʦʨʘʟʜʦ ʤʝʥʴʰʝ. ʊʘʢ ʢʘʢ ʪʨʝʙʦʚʘʥʠʷ ʢ ʤʘʩʩʝ ʠ ʛʘʙʘʨʠʪʘʤ 

ʵʣʝʢʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ ʚ ʪʘʢʠʭ ʦʪʨʘʩʣʷʭ, ʢʘʢ ʘʚʠʘʮʠʦʥʥʘʷ ʠ ʨʘʢʝʪʥʘʷ ʪʝʭʥʠʢʘ, 
ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʘ ʠ ʜʨʫʛʠʝ, ʩ ʢʘʞʜʳʤ ʛʦʜʦʤ ʫʚʝʣʠʯʠʚʘʶʪʩʷ, ʪʦ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣʦ 

ʨʝʰʝʥʦ ʧʦʩʪʨʦʠʪʴ ʩʭʝʤʫ ʙʣʦʢʘ ʧʠʪʘʥʠʷ ʠʤʝʥʥʦ ʧʦ ʦʧʠʩʘʥʥʦʡ ʨʘʥʝʝ ʩʭʝʤʝ. 

ɺ ʭʦʜʝ ʨʘʙʦʪʳ ʙʳʣʘ ʧʦʩʪʨʦʝʥʘ ʩʭʝʤʘ ʙʣʦʢʘ ʧʠʪʘʥʠʷ ʉɺʏ ʛʝʥʝʨʘʪʦʨʘ ʠ ʥʘ ʝʸ ʦʩʥʦʚʝ 
ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ [2]: 

Å ʧʨʦʝʢʪʠʨʦʚʘʥʠʝ ʠ ʨʘʩʯʸʪ ʪʦʨʦʠʜʘʣʴʥʦʛʦ ʪʨʘʥʩʬʦʨʤʘʪʦʨʘ; 

Å ʨʘʩʯʸʪ ʚʳʧʨʷʤʠʪʝʣʷ ʚ ʘʥʦʜʥʦʡ ʮʝʧʠ ʤʘʛʥʝʪʨʦʥʘ; 
Å ʨʘʩʯʸʪ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ ʠʥʚʝʨʪʦʨʘ ʠ ʬʠʣʴʪʨʘ; 

Å ʨʘʩʯʸʪ ʫʩʪʨʦʡʩʪʚʘ ʧʣʘʚʥʦʛʦ ʚʢʣʶʯʝʥʠʷ; 

Å ʨʘʩʯʸʪ ʩʝʪʝʚʦʛʦ ʚʳʧʨʷʤʠʪʝʣʷ ʠ ʬʠʣʴʪʨʘ; 
Å ʪʝʧʣʦʚʦʡ ʨʘʩʯʸʪ ʚʩʝʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʵʣʝʤʝʥʪʦʚ. 

ʅʘ ʦʩʥʦʚʘʥʠʠ ʧʨʦʚʝʜʸʥʥʳʭ ʨʘʩʯʸʪʦʚ ʙʳʣʠ ʚʳʙʨʘʥʳ ʚʩʝ ʥʝʦʙʭʦʜʠʤʳʝ ʵʣʝʢʪʨʦʥʥʳʝ 

ʢʦʤʧʦʥʝʥʪʳ. 
ʉʧʠʩʦʢ ʠʩʪʦʯʥʠʢʦʚ: 

1. ɸʨʭʘʥʛʝʣʴʩʢʠʡ ʖ.ʉ. ʉʧʨʘʚʦʯʥʘʷ ʢʥʠʛʘ ʧʦ ʉɺʏ ʵʣʝʢʪʨʦʪʝʨʤʠʠ: ʩʧʨʘʚʦʯʥʠʢ. ʄ.: 

ʅʘʫʯʥʘʷ ʢʥʠʛʘ, 2011, 553 ʩ.  
2. ɻ.ʉ. ʅʘʡʚʝʣʴʪ, ʂ.ɹ. ʄʘʟʝʣʴ, ʏ.ʀ. ʍʫʩʘʠʥʦʚ. ʀʩʪʦʯʥʠʢʠ ʵʣʝʢʪʨʦʧʠʪʘʥʠʷ ʈʕɸ: 

ʩʧʨʘʚʦʯʥʠʢ. ʄ.: ʈʘʜʠʦ ʠ ʩʚʷʟʴ, 1985 ʛ. - 573ʩ. 

Development of a power supply for a microwave generator 

Alekhina V.A. 

MAI, Moscow 

At present, the use of microwave generators finds great application in industry, scientific 
research and everyday life. These devices are used in many devices in various fields of science 

and technology, such as: radiolocation, communications, food industry, military equipment, 

nuclear energy, etc. [1]. 
Wide application of microwave generators determines the urgency of their development and 

improvement. 

The possible way to improve the power supplies of the magnetron is to build these devices in 
a circuit with a transformerless input. The construction of a power supply unit in this way allows 






























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































