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ON THE ISSUE OF INCREASING EFFICIENCY OF MINING
AND PROCESSING OF MINERAL RAW MATERIALS BY CONTROLLING
THE PARAMETERS OF DRILLING AND BLASTING OPERATIONS
TO ACHIEVE QUALITY REQUIREMENTS

Domozhirov D.V.

Nosov Magnitogorsk State Technical University, Magnitogorsk, Russia

Abstract. Problem Statement (Relevance). The article proposes the concept of a selective preparation of mineral raw
materials by controlling the parameters of drilling and blasting operations, taking into account the quality requirements
at the stages of extraction and processing. The requirements for the quality of the preparation for excavation are consid-
ered from three main positions: geometry of receiving openings, requirements for the quality of mineral raw materials
and types of commercial products, and safety of blasting operations. The parameters of drilling and blasting operations
are determined based on the cyclic transformation of disintegration products in the processes of preparation of mineral
raw materials during extraction and processing. Disintegration is understood in this research as the selective destruction
(softening) of an array (structural parting) into individual particles (fragments) or lumps with formed contrasting struc-
tural elements of exposure and separation. Objectives. The article is aimed at providing a rationale for the parameters
of drilling and blasting operations used to disintegrate mineral raw materials in compliance with the principle of the
selective formation of a contrasting structural element of exposure and separation for every process of the preparation of
open geotechnology and the dressing stage. Methods Applied. An integrated approach was used to achieve this objec-
tive. Such integrated approach within the framework of the study includes methods of scientific analysis of published
Russian and foreign studies, analysis of analytical and empirical dependencies for comparison with the results of practi-
cal research. Result. The proposed concept of the selective preparation contributes to increasing efficiency of extraction
and processing of mineral raw materials by controlling the parameters of drilling and blasting operations.

Keywords: mineral raw materials, preparation, drilling and blasting operations, disintegration, texture, structure, extraction,
processing, quality parameters
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ɺʚʝʜʝʥʠʝ

ɺ ʩʦʚʨʝʤʝʥʥʳʭ ʫʩʣʦʚʠʷʭ ʧʦʢʘʟʘʪʝʣʠ ʢʘʯʝ-
ʩʪʚʘ ʧʨʦʮʝʩʩʘ ʧʦʜʛʦʪʦʚʢʠ ʛʦʨʥʳʭ ʧʦʨʦʜ ʢ ʚʳʝʤ-
ʢʝ (ʚʳʭʦʜ ʥʝʛʘʙʘʨʠʪʘ, ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ ʢʫʩʢʘ)
ʦʧʨʝʜʝʣʷʶʪʩʷ ʣʠʰʴ ʛʝʦʤʝʪʨʠʟʘʮʠʝʡ ʧʨʠʝʤʥʳʭ
ʝʤʢʦʩʪʝʡ ʛʦʨʥʦʪʨʘʥʩʧʦʨʪʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ ʠ
ʧʨʠʝʤʥʳʭ ʦʪʚʝʨʩʪʠʡ ʧʝʨʝʨʘʙʘʪʳʚʘʶʱʠʭ ʢʦʤ-
ʧʣʝʢʩʦʚ. ʇʦʜʛʦʪʦʚʢʘ ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳʨʴʷ ʥʘ
ʩʪʘʜʠʠ ʧʝʨʝʨʘʙʦʪʢʠ (ʜʨʦʙʣʝʥʠʝ, ʨʘʟʫʧʨʦʯʥʝʥʠʝ
ʠ ʜʝʟʠʥʪʝʛʨʘʮʠʷ) ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ ʵʥʝʨʛʦʝʤ-
ʢʠʤ ʧʨʦʮʝʩʩʦʤ ʠ ʠʤʝʝʪ ʥʠʟʢʠʝ ʧʦʢʘʟʘʪʝʣʷʤʠ
ʧʦʣʥʦʪʳ ʠ ʢʦʤʧʣʝʢʩʥʦʩʪʠ ʦʩʚʦʝʥʠʷ ʟʘʧʘʩʦʚ. ʕʪʦ
ʩʚʷʟʘʥʦ ʩ ʥʝʜʦʩʪʘʪʦʯʥʦʩʪʴʶ ʧʨʦʨʘʙʦʪʢʠ ʚʦʧʨʦʩʘ
ʩʝʣʝʢʪʠʚʥʦʛʦ ʨʘʟʨʫʰʝʥʠʷ (ʜʝʟʠʥʪʝʛʨʘʮʠʠ) ʧʨʠ
ʧʦʜʛʦʪʦʚʢʝ ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳʨʴʷ ʥʘ ʩʪʘʜʠʠ ʜʦ-
ʙʳʯʠ. ʊʘʢ, ʪʝʢʩʪʫʨʘ (ʩʪʨʫʢʪʫʨʘ) ʧʦʣʝʟʥʦʛʦ ʠʩʢʦ-
ʧʘʝʤʦʛʦ, ʬʦʨʤʘ ʧʦʣʝʟʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ, ʩʚʦʡʩʪʚʘ
ʤʠʥʝʨʘʣʦʚ ʦʢʘʟʳʚʘʶʪ ʚʘʞʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʵʬʬʝʢ-
ʪʠʚʥʦʩʪʴ ʨʘʩʢʨʳʪʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʤʠʥʝʨʘʣʦʚ ʠ
ʚʩʝʛʦ ʦʙʦʛʘʪʠʪʝʣʴʥʦʛʦ ʧʝʨʝʜʝʣʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ,

ʧʨʠ ʦʨʛʘʥʠʟʘʮʠʠ ʢʦʤʧʣʝʢʩʥʦʡ ʧʝʨʝʨʘʙʦʪʢʠ ʤʠ-
ʥʝʨʘʣʴʥʦʛʦ ʠ ʪʝʭʥʦʛʝʥʥʦʛʦ ʩʳʨʴʷ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ
ʨʘʮʠʦʥʘʣʴʥʦʡ ʧʦʜʛʦʪʦʚʢʠ ʧʦʣʝʟʥʦʛʦ ʠʩʢʦʧʘʝʤʦ-
ʛʦ ʥʝ ʩʦʙʣʶʜʘʝʪʩʷ ʪʨʘʜʠʮʠʦʥʥʳʡ ʧʦʜʭʦʜ ʪʝʭʥʦ-
ʣʦʛʦʚ-ʦʙʦʛʘʪʠʪʝʣʝʡ «ʥʝ ʜʨʦʙʠʪʴ ʠ ʥʝ ʦʙʦʛʘʱʘʪʴ
ʥʠʯʝʛʦ ʣʠʰʥʝʛʦ», ʯʪʦ ʷʚʣʷʝʪʩʷ ʩʣʝʜʩʪʚʠʝʤ ʧʦ-
ʚʳʰʝʥʥʦʡ ʵʥʝʨʛʦʝʤʢʦʩʪʠ ʠ ʥʝʵʬʬʝʢʪʠʚʥʦʛʦ
ʧʨʦʮʝʩʩʘ ʧʦʜʛʦʪʦʚʢʠ ʜʣʷ ʜʘʣʴʥʝʡʰʝʛʦ ʦʙʦʛʘʱʝ-
ʥʠʷ [1, 2]. ʇʦʵʪʦʤʫ ʘʢʪʫʘʣʴʥʳʤ ʷʚʣʷʝʪʩʷ ʥʝʦʙ-
ʭʦʜʠʤʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʥʘ ʥʘʯʘʣʴʥʳʭ ʩʪʘʜʠʷʭ
ʜʦʙʳʯʠ ʠ ʧʝʨʝʨʘʙʦʪʢʠ ʩʝʣʝʢʪʠʚʥʦʡ ʧʦʜʛʦʪʦʚʢʠ
ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳʨʴʷ.

ɺ ʧʦʩʣʝʜʥʝʝ ʜʝʩʷʪʠʣʝʪʠʝ ʚ ʪʝʦʨʠʠ ʠ ʧʨʘʢʪʠʢʝ
ʚʟʨʳʚʥʦʛʦ ʜʝʣʘ ʘʢʪʠʚʥʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʪʝʨʤʠʥ
«ʜʝʟʠʥʪʝʛʨʘʮʠʷ». ɺ ʨʘʤʢʘʭ ʜʘʥʥʦʡ ʥʘʫʯʥʦ-
ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʡ ʨʘʙʦʪʳ ʧʦʜ ʜʝʟʠʥʪʝʛʨʘʮʠʝʡ
ʧʦʥʠʤʘʝʪʩʷ ʩʝʣʝʢʪʠʚʥʦʝ ʨʘʟʨʫʰʝʥʠʝ (ʨʘʟʫʧʨʦʯ-
ʥʝʥʠʝ) ʤʘʩʩʠʚʘ (ʩʪʨʫʢʪʫʨʥʦʡ ʦʪʜʝʣʴʥʦʩʪʠ) ʥʘ
ʦʪʜʝʣʴʥʳʝ ʯʘʩʪʠʮʳ (ʬʨʘʛʤʝʥʪʳ) ʠʣʠ ʢʫʩʢʠ ʩ
ʩʬʦʨʤʠʨʦʚʘʥʥʳʤʠ ʢʦʥʪʨʘʩʪʥʳʤʠ ʩʪʨʫʢʪʫʨʥʳʤʠ
ʵʣʝʤʝʥʪʘʤʠ ʨʘʩʢʨʳʪʠʷ ʠ ʨʘʟʜʝʣʝʥʠʷ.
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ʇʦʜʛʦʪʦʚʢʘ ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳʨʴʷ ʚ ʩʦʚʨʝʤʝʥ-
ʥʳʭ ʫʩʣʦʚʠʷʭ – ʵʪʦ ʧʨʦʮʝʩʩ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʡ
ʩʝʣʝʢʪʠʚʥʫʶ ʜʝʟʠʥʪʝʛʨʘʮʠʶ ʟʘ ʩʯʝʪ ʬʦʨʤʠʨʦʚʘ-
ʥʠʷ ʬʨʘʛʤʝʥʪʦʚ (ʢʫʩʢʦʚ) ʩ ʢʦʥʪʨʘʩʪʥʳʤʠ ʩʪʨʫʢ-
ʪʫʨʥʳʤʠ ʵʣʝʤʝʥʪʘʤʠ ʨʘʩʢʨʳʪʠʷ ʠ ʨʘʟʜʝʣʝʥʠʷ ʧʨʠ
ʜʦʙʳʯʝ ʠ ʧʝʨʝʨʘʙʦʪʢʝ. ʊʦ ʝʩʪʴ ʩʝʣʝʢʪʠʚʥʘʷ ʜʝʟ-
ʠʥʪʝʛʨʘʮʠʷ – ʵʪʦ ʛʨʫʧʧʠʨʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʥʳʭ
ʵʣʝʤʝʥʪʦʚ ʨʘʟʜʝʣʝʥʠʷ ʜʣʷ ʩʣʝʜʫʶʱʝʛʦ ʵʪʘʧʘ ʜʝʟ-
ʠʥʪʝʛʨʘʮʠʠ ʩ ʫʯʝʪʦʤ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʪʝʭʥʠʢʠ
(ʤʝʭʘʥʠʟʤʦʚ) ʠ ʪʝʭʥʦʣʦʛʠʠ. ʊʘʢʦʝ ʧʦʩʣʝʜʦʚʘ-
ʪʝʣʴʥʦʝ ʛʨʫʧʧʠʨʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʥʳʭ ʵʣʝʤʝʥʪʦʚ
ʨʘʩʢʨʳʪʠʷ ʠ ʨʘʟʜʝʣʝʥʠʷ ʥʘ ʚʩʝʭ ʵʪʘʧʘʭ ʧʦʜʛʦʪʦʚ-
ʢʠ ʧʨʠ ʦʪʢʨʳʪʦʡ ʛʝʦʪʝʭʥʦʣʦʛʠʠ ʠ ʦʙʦʛʘʪʠʪʝʣʴʥʦ-
ʛʦ ʧʝʨʝʜʝʣʘ ʧʦʟʚʦʣʷʝʪ ʢʦʤʧʣʝʢʩʥʦ ʦʩʚʘʠʚʘʪʴ ʤʠ-
ʥʝʨʘʣʴʥʦʝ ʩʳʨʴʝ ʟʘ ʩʯʝʪ ʨʘʩʰʠʨʝʥʠʷ ʩʧʝʢʪʨʘ ʛʦ-
ʪʦʚʦʡ ʧʨʦʜʫʢʮʠʠ ʛʦʨʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ. ʇʦʣʫʯʘ-
ʝʤ, ʯʪʦ ʜʣʷ ʨʘʟʥʦʡ ʪʦʚʘʨʥʦʡ ʧʨʦʜʫʢʮʠʠ ʩʦʦʪʚʝʪ-
ʩʪʚʫʶʱʠʡ ʩʦʩʪʘʚ ʠ ʨʘʟʤʝʨʳ ʩʪʨʫʢʪʫʨʥʳʭ ʵʣʝʤʝʥ-
ʪʦʚ. ʊʦ ʝʩʪʴ ʦʧʨʝʜʝʣʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʙʫʨʦʚʟʨʳʚ-
ʥʳʭ ʨʘʙʦʪ (ɹɺʈ) ʚ ʩʦʚʨʝʤʝʥʥʳʭ ʫʩʣʦʚʠʷʭ ʧʨʝʜ-
ʧʦʣʘʛʘʝʪ ʮʠʢʣʠʯʥʦʩʪʴ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʧʨʦʜʫʢʪʦʚ
ʜʝʟʠʥʪʝʛʨʘʮʠʠ ʚ ʧʨʦʮʝʩʩʘʭ ʧʦʜʛʦʪʦʚʢʠ ʤʠʥʝʨʘʣʴ-
ʥʦʛʦ ʩʳʨʴʷ ʧʨʠ ʜʦʙʳʯʝ ʠ ʧʝʨʝʨʘʙʦʪʢʝ (ʨʠʩ. 1).

ʊʘʢ, ʫʨʦʚʝʥʴ ʠʝʨʘʨʭʠʠ I – ʵʪʦ ʧʦʜʛʦʪʦʚʢʘ
ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳʨʴʷ ʢ ʚʳʝʤʢʝ ʩ ʧʦʤʦʱʴʶ ɹɺʈ
(ʧʝʨʚʳʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʧʨʦʮʝʩʩ ʦʪʢʨʳʪʦʡ ʛʝʦ-
ʪʝʭʥʦʣʦʛʠʠ), ʛʜʝ ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʥʳʭ
ʵʣʝʤʝʥʪʦʚ ʥʘʯʠʥʘʝʪʩʷ ʩ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʭ
ʩʚʦʡʩʪʚ ʛʦʨʥʦʡ ʤʘʩʩʳ ʠ ʪʝʢʩʪʫʨʥʦ-ʩʪʨʫʢʪʫʨʥʳʭ
ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʘʩʩʠʚʘ ʠ ʟʘʢʘʥʯʠʚʘʝʪʩʷ ʩ ʫʩʨʝʜ-
ʥʝʥʠʝʤ ʚ ʛʨʫʧʧʳ ʧʦ ʨʘʟʨʫʰʘʝʤʦʤʫ ʦʙʲʝʤʫ.

ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʯʠʩʣʘ ʪʦʚʘʨʥʳʭ ʛʨʫʧʧ ʧʨʠ
ʜʝʟʠʥʪʝʛʨʘʮʠʠ ʥʘ ʩʪʘʜʠʷʭ ʜʦʙʳʯʠ ʠ ʧʝʨʝʨʘʙʦʪʢʠ
ʚʦʟʨʘʩʪʘʝʪ ʨʦʣʴ ʪʝʢʩʪʫʨʥʦ-ʩʪʨʫʢʪʫʨʥʳʭ ʭʘʨʘʢʪʝ-
ʨʠʩʪʠʢ ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳʨʴʷ ʠ ʦʪʜʝʣʴʥʳʭ ʤʠʥʝ-
ʨʘʣʦʚ ʟʘ ʩʯʝʪ ʫʤʝʥʴʰʝʥʠʷ ʨʘʟʤʝʨʦʚ ʦʪʜʝʣʴʥʳʭ
ʬʨʘʛʤʝʥʪʦʚ, ʯʪʦ ʚʝʜʝʪ ʢ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʦʙʦʩʥʦ-
ʚʘʥʠʷ ʪʝʭʥʠʢʠ (ʤʝʭʘʥʠʟʤʦʚ) ʠ ʨʝʞʠʤʦʚ ʪʝʭʥʦʣʦ-
ʛʠʠ ʜʨʦʙʣʝʥʠʷ ʥʘ ʚʩʝʭ ʵʪʘʧʘʭ ʨʘʟʨʫʰʝʥʠʷ.  ʇʦ-
ʣʫʯʘʝʤ, ʯʪʦ ʧʦʜʛʦʪʦʚʢʘ ʧʨʠ ʜʦʙʳʯʝ ʠ ʧʝʨʝʨʘʙʦʪ-
ʢʝ ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳʨʴʷ – ʵʪʦ ʮʠʢʣʠʯʥʦʩʪʴ ʧʦ-
ʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ ʢʦʥʪʨʘʩʪʥʳʭ
ʩʪʨʫʢʪʫʨʥʳʭ ʵʣʝʤʝʥʪʦʚ ʨʘʩʢʨʳʪʠʷ (ʤʘʩʩʠʚ ʩʦ
ʩʚʦʝʡ ʪʝʢʩʪʫʨʦʡ ʠ ʩʪʨʫʢʪʫʨʦʡ) ʚ ʩʪʨʫʢʪʫʨʥʳʝ
ʵʣʝʤʝʥʪʳ ʨʘʟʜʝʣʝʥʠʷ (ʨʘʟʜʨʦʙʣʝʥʥʳʝ ʢʫʩʢʠ, ʦʪ-
ʜʝʣʴʥʳʝ ʬʨʘʛʤʝʥʪʳ), ʠ ʜʘʣʝʝ ʩʪʨʫʢʪʫʨʥʳʝ ʵʣʝ-
ʤʝʥʪʳ ʨʘʟʜʝʣʝʥʠʷ – ʵʪʦ ʢʦʥʪʨʘʩʪʥʳʝ ʩʪʨʫʢʪʫʨ-
ʥʳʝ ʵʣʝʤʝʥʪʳ ʨʘʩʢʨʳʪʠʷ ʩʣʝʜʫʶʱʝʛʦ ʮʠʢʣʘ ʠ ʪ.
ʜ. ʜʦ ʚʩʝʭ ʚʠʜʦʚ ʪʦʚʘʨʥʦʡ ʧʨʦʜʫʢʮʠʠ (ʧʨʝʜʢʦʥ-
ʮʝʥʪʨʘʮʠʦʥʥʳʝ ʧʨʦʜʫʢʪʳ).

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ ʩʣʦʞʥʦʡ ʩʪʨʫʢʪʫʨʝ ʤʠʥʝ-
ʨʘʣʴʥʦʛʦ ʩʳʨʴʷ ʠ ʥʝʨʘʚʥʦʤʝʨʥʦʩʪʠ ʬʠʟʠʢʦ-
ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʦʜʛʦʪʦʚʢʫ ʧʦʣʝʟʥʦʛʦ ʠʩ-
ʢʦʧʘʝʤʦʛʦ ʢ ʧʝʨʝʨʘʙʦʪʢʝ ʩʣʝʜʫʝʪ ʥʘʯʠʥʘʪʴ ʩ
ʥʘʯʘʣʴʥʦʡ ʩʪʘʜʠʠ ʜʝʟʠʥʪʝʛʨʘʮʠʠ, ʪʦ ʝʩʪʴ ʩ ʧʨʦ-
ʮʝʩʩʘ ʧʦʜʛʦʪʦʚʢʠ ʛʦʨʥʦʡ ʧʦʨʦʜʳ ʢ ʚʳʝʤʢʝ ʩ ʧʦ-
ʤʦʱʴʶ ɹɺʈ.

ɺ ʧʨʝʜʣʘʛʘʝʤʦʡ ʢʦʥʮʝʧʮʠʠ ʢʘʯʝʩʪʚʝʥʥʘʷ ʧʦʜ-
ʛʦʪʦʚʢʘ ʢ ʚʳʝʤʢʝ ʩ ʧʦʤʦʱʴʶ ʩʝʣʝʢʪʠʚʥʦʛʦ ʨʘʟ-
ʨʫʰʝʥʠʷ (ʜʝʟʠʥʪʝʛʨʘʮʠʠ) ʤʘʩʩʠʚʘ ʷʚʣʷʝʪʩʷ ʦʩ-
ʥʦʚʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʧʦʚʳʰʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦ-
ʩʪʠ ʜʦʙʳʯʠ ʠ ʧʝʨʝʨʘʙʦʪʢʠ ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳʨʴʷ.

ʈʠʩ. 1. ʎʠʢʣʠʯʥʦʩʪʴ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʧʨʦʜʫʢʪʦʚ ʩʝʣʝʢʪʠʚʥʦʛʦ ʨʘʟʨʫʰʝʥʠʷ (ʜʝʟʠʥʪʝʛʨʘʮʠʠ) ʠ ʠʝʨʘʨʭʠʷ
ʚ ʧʨʦʮʝʩʩʘʭ ʧʦʜʛʦʪʦʚʢʠ ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳʨʴʷ ʧʨʠ ʜʦʙʳʯʝ ʠ ʧʝʨʝʨʘʙʦʪʢʝ

Fig. 1. Cyclic transformation of products of the selective destruction (disintegration) and hierarchy in the processes
of preparation of mineral raw materials during extraction and processing



ʈɸɿʈɸɹʆʊʂɸ ʇʆʃɽɿʅʓʍ ʀʉʂʆʇɸɽʄʓʍ

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––   ɺʝʩʪʥʠʢ ʄɻʊʋ ʠʤ. ɻ.ʀ. ʅʦʩʦʚʘ. 2023. ʊ.21. ˉ18

ʄʝʪʦʜʦʣʦʛʠʷ ʠʩʩʣʝʜʦʚʘʥʠʷ
ɺ ʩʦʚʨʝʤʝʥʥʳʭ ʫʩʣʦʚʠʷʭ ʙʫʨʦʚʟʨʳʚʥʘʷ ʧʦʜʛʦ-

ʪʦʚʢʘ ʧʦʨʦʜ ʢ ʚʳʝʤʢʝ ʧʨʠ ʦʪʢʨʳʪʦʡ ʛʝʦʪʝʭʥʦʣʦ-
ʛʠʠ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʳʤ ʩʧʦʩʦʙʦʤ ʧʦʜʛʦʪʦʚʢʠ
ʩʢʘʣʴʥʳʭ ʠ ʧʦʣʫʩʢʘʣʴʥʳʭ ʛʦʨʥʳʭ ʧʦʨʦʜ ʢ ʚʳʝʤʢʝ.
ɼʘʥʥʳʡ ʩʧʦʩʦʙ ʦʙʲʝʤʥʦʛʦ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ
ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʤʘʩʩʠʚ ʛʦʨʥʦʡ ʧʦʨʦʜʳ ʩʧʦʩʦʙ-
ʩʪʚʫʝʪ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʠ ʨʘʟʚʠʪʠ  ʁʤʘʢʨʦ- ʠ ʤʠʢ-
ʨʦʨʘʟʨʫʰʝʥʠʡ ʜʦ ʦʪʜʝʣʴʥʦʩʪʝʡ ʦʪ ʜʦʣʝʡ ʤʝʪʨʘ ʜʦ
ʜʦʣʝʡ ʤʠʣʣʠʤʝʪʨʘ ʥʘ ʚʩʝʭ ʪʝʢʩʪʫʨʥʦ-ʩʪʨʫʢʪʫʨʥʳʭ
ʫʨʦʚʥʷʭ ʠʝʨʘʨʭʠʠ. ʕʥʝʨʛʦʝʤʢʦʩʪʴ ʚʟʨʳʚʥʦʡ ʧʦʜ-
ʛʦʪʦʚʢʠ ʚ ʥʝʩʢʦʣʴʢʦ ʨʘʟ ʥʠʞʝ ʵʥʝʨʛʦʝʤʢʦʩʪʠ ʧʨʦ-
ʮʝʩʩʦʚ ʜʨʦʙʣʝʥʠʷ ʧʨʠ ʧʝʨʝʨʘʙʦʪʢʝ, ʥʝʩʤʦʪʨʷ ʥʘ
ʟʥʘʯʠʪʝʣʴʥʫ  ʁ ʨʘʟʥʠʮʫ ʚ ʩʪʦʠʤʦʩʪʠ ʵʣʝʢʪʨʦʵʥʝʨ-
ʛʠʠ ʠ ʵʥʝʨʛʠʠ ʭʠʤʠʯʝʩʢʦʛʦ ʧʨʝʚʨʘʱʝʥʠʷ ʚʟʨʳʚʯʘ-
ʪʳʭ ʚʝʱʝʩʪʚ [3, 4]. ʇʦʣʫʯʘʝʤ, ʯʪʦ ʩʝʣʝʢʪʠʚʥʦʝ
ʨʘʟʨʫʰʘʶʱʝʝ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʩʪʘʜʠʠ ʚʟʨʳʚʥʦʡ
ʧʦʜʛʦʪʦʚʢʠ ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ ʜʣʷ ʦʧ-
ʪʠʤʠʟʘʮʠʠ ʩʫʤʤʘʨʥʳʭ ʵʥʝʨʛʦʟʘʪʨʘʪ ʧʨʦʮʝʩʩʦʚ
ʧʦʜʛʦʪʦʚʢʠ ʠ ʧʝʨʝʨʘʙʦʪʢʠ ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳʨʴʷ.

ʆʧʪʠʤʠʟʘʮʠʝʡ ʧʘʨʘʤʝʪʨʦʚ ɹɺʈ ʜʣʷ ʜʦʩʪʠʞʝ-
ʥʠʷ ʢʘʯʝʩʪʚʝʥʥʳʭ ʧʦʢʘʟʘʪʝʣʝʡ ʜʦʙʳʯʠ ʤʠʥʝʨʘʣʴ-

ʥʦʛʦ ʩʳʨʴʷ ʠ ʩʥʠʞʝʥʠʷ ʵʥʝʨʛʦʝʤʢʦʩʪʠ ʧʨʦʮʝʩʩʘ
ʧʝʨʝʨʘʙʦʪʢʠ ʟʘʥʠʤʘʣʠʩʴ ʤʥʦʛʠʝ ʫʯʝʥʳʝ XX ʠ
ʍʍI ʚʝʢʦʚ [5-8]. ʆʜʥʘʢʦ ʚ ʜʘʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷ
ʥʝ ʚ ʧʦʣʥʦʡ ʤʝʨʝ ʨʘʩʩʤʦʪʨʝʥʘ ʢʦʥʮʝʧʮʠʷ ʢʦʤ-
ʧʣʝʢʩʥʦʛʦ ʦʩʚʦʝʥʠʷ ʥʝʜʨ, ʛʜʝ ʚ ʦʩʥʦʚʝ ʟʘʣʦʞʝʥʳ
ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʧʨʠʥʮʠʧʳ ʚ ʩʦʚʦʢʫʧʥʦʩʪʠ ʩ
ʪʝʭʥʠʢʦ-ʵʢʦʥʦʤʠʯʝʩʢʠʤʠ ʤʦʜʝʣʷʤʠ. ʇʨʠ ʵʪʦʤ
ʜʦʢʘʟʘʥʦ, ʯʪʦ ɹɺʈ ʷʚʣʷʶʪʩʷ ʩʘʤʳʤ ʦʙʲʝʤʥʳʤ ʠ
ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʤ ʚʦʟʜʝʡʩʪʚʠʝʤ ʥʘ ʛʦʨʥʳʡ
ʤʘʩʩʠʚ ʧʨʦʮʝʩʩʘ ʧʦʜʛʦʪʦʚʢʠ ʢ ʚʳʝʤʢʝ, ʢʦʪʦʨʳʡ
ʩʧʦʩʦʙʝʥ ʩʥʠʞʘʪʴ ʩʫʤʤʘʨʥʫʶ ʵʥʝʨʛʦʝʤʢʦʩʪʴ ʥʘ
ʚʩʝʭ ʧʦʩʣʝʜʫʶʱʠʭ ʧʨʦʮʝʩʩʘʭ ʜʝʟʠʥʪʝʛʨʘʮʠʠ.

ʇʨʝʜʣʘʛʘʝʤʘʷ ʢʦʥʮʝʧʮʠʷ ʩʝʣʝʢʪʠʚʥʦʡ ʧʦʜʛʦ-
ʪʦʚʢʠ ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳʨʴʷ ʧʨʠ ʦʪʢʨʳʪʦʡ ʛʝʦʪʝʭ-
ʥʦʣʦʛʠʠ ʩ ʧʦʤʦʱʴʶ ɹɺʈ ʩʪʘʚʠʪ ʟʘʜʘʯʫ ʥʝ ʪʦʣʴʢʦ
ʦʪʜʝʣʝʥʠʷ ʦʪ ʤʘʩʩʠʚʘ, ʚʳʧʦʣʥʝʥʠʝ ʛʝʦʤʝʪʨʠʯʝ-
ʩʢʠʭ ʫʩʣʦʚʠʡ, ʥʦ ʠ ʩʝʣʝʢʪʠʚʥʦʝ ʨʘʟʨʫʰʝʥʠʝ
(ʜʝʟʠʥʪʝʛʨʘʮʠʷ) ʩʢʘʣʴʥʦʛʦ ʠ ʧʦʣʫʩʢʘʣʴʥʦʛʦ ʤʘʩ-
ʩʠʚʘ ʥʘ ʟʘʜʘʥʥʳʝ ʦʪʜʝʣʴʥʳʝ ʢʫʩʢʠ (ʛʨʘʥʩʦʩʪʘʚ
ʦʧʨʝʜʝʣʝʥʥʳʭ ʬʨʘʢʮʠʡ) ʩʦʛʣʘʩʥʦ ʪʝʢʩʪʫʨʥʦʤʫ
(ʩʪʨʫʢʪʫʨʥʦʤʫ) ʩʪʨʦʝʥʠʶ ʠ ʪʨʝʙʦʚʘʥʠʷʤ ʢ ʢʘʯʝ-
ʩʪʚʫ (ʪʘʙʣ. 1).

ʊʘʙʣʠʮʘ 1. ʂʦʨʨʝʣʷʮʠʷ ʧʦʢʘʟʘʪʝʣʝʡ ʢʘʯʝʩʪʚʘ ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳʨʴʷ ʚ ʧʨʦʮʝʩʩʘʭ  ʧʦʜʛʦʪʦʚʢʠ ʧʨʠ ʜʦʙʳʯʝ
ʠ ʧʝʨʝʨʘʙʦʪʢʝ

T a b l e  1 .  Correlation between the quality parameters of mineral raw materials in the preparation processes
during extraction and processing

ʇʦʢʘʟʘʪʝʣʠ ʢʘʯʝʩʪʚʘ ʤʠʥʝʨʘʣʴʥʦʛʦ
ʩʳʨʴʷ ʧʨʦʮʝʩʩʘ ʧʦʜʛʦʪʦʚʢʠ ʢ ʚʳʝʤʢʝ

(ʜʦʙʳʯʘ)

ʇʦʢʘʟʘʪʝʣʠ ʢʘʯʝʩʪʚʘ ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳʨʴʷ ʥʘ ʩʪʘʜʠʷʭ ʜʨʦʙʣʝʥʠʷ
ʠ ʠʟʤʝʣʴʯʝʥʠʷ (ʧʝʨʝʨʘʙʦʪʢʘ)

ʈʫʜʥʳʝ ʧʦʣʝʟʥʳʝ ʠʩʢʦʧʘʝʤʳʝ ʅʝʨʫʜʥʳʝ ʧʦʣʝʟʥʳʝ ʠʩʢʦʧʘʝʤʳʝ
ʆʛʨʘʥʠʯʠʚʘʶʱʠʝ

ʫʩʣʦʚʠʷ ʇʦʢʘʟʘʪʝʣʠ ʆʛʨʘʥʠʯʠʚʘʶʱʠʝ
ʫʩʣʦʚʠʷ ʇʦʢʘʟʘʪʝʣʠ ʆʛʨʘʥʠʯʠʚʘʶʱʠʝ

ʫʩʣʦʚʠʷ ʇʦʢʘʟʘʪʝʣʠ ʄʝʩʪʦʨʦʞʜʝʥʠʷ

ɻʝʦʤʝʪʨʠʯʝʩʢʠʝ
ʫʩʣʦʚʠʷ (ʛʝʦʤʝʪʨʠ-
ʟʘʮʠʷ ʧʨʠʝʤʥʳʭ
ʝʤʢʦʩʪʝʡ ʛʦʨʥʦ-
ʪʨʘʥʩʧʦʨʪʥʦʛʦ
ʦʙʦʨʫʜʦʚʘʥʠʷ ʠ
ʦʪʚʝʨʩʪʠʡ ʧʝʨʝʨʘ-
ʙʘʪʳʚʘʶʱʠʭ ʢʦʤ-
ʧʣʝʢʩʦʚ)

– ʢʦʥʜʠʮʠʦʥʥʳʡ
ʨʘʟʤʝʨ ʢʫʩʢʘ

– ʉʪʨʫʢʪʫʨʘ
(ʪʝʢʩʪʫʨʘ)
ʧʦʣʝʟʥʦʛʦ
ʠʩʢʦʧʘʝʤʦʛʦ

– ʉʪʨʫʢʪʫʨʥʳʝ
ʵʣʝʤʝʥʪʳ
ʨʘʩʢʨʳʪʠʷ
ʠ ʨʘʟʜʝʣʝʥʠʷ

– ʩʦʜʝʨʞʘʥʠʝ
ʧʦʣʝʟʥʦʛʦ
ʢʦʤʧʦʥʝʥʪʘ

ʂʦʥʜʠʮʠʠ,
ʪʦʚʘʨʥʘʷ
ʧʨʦʜʫʢʮʠʷ
(ʩʦʨʪʥʦʩʪʴ)

– ʟʦʣʴʥʦʩʪʴ ʋʛʦʣʴʥʳʝ

– ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ
ʢʫʩʢʘ

– ʩʦʜʝʨʞʘʥʠʝ
ʚʨʝʜʥʳʭ ʧʨʠʤʝʩʝʡ – ʣʝʱʘʜʥʦʩʪʴ ʉʪʨʦʠʪʝʣʴʥʦʛʦ

ʢʘʤʥʷ (ʱʝʙʝʥʴ)
– ʚʳʭʦʜ
ʥʝʛʘʙʘʨʠʪʘ – ʩʪʝʧʝʥʴ ʜʨʦʙʣʝʥʠʷ – ʙʝʣʠʟʥʘ  ɹʝʣʦʛʦ ʤʨʘʤʦʨʘ

– ʧʝʨʝʠʟʤʝʣʴʯʝʥʠʝ – ʧʝʨʝʠʟʤʝʣʴʯʝʥʠʝ – ʚʨʝʜʥʳʝ
(ʢʚʘʨʮʝ-
ʚʳʝ)
ʚʢʣʶʯʝʥʠʷ

ʂʨʦʚʝʣʴʥʳʭ
ʩʣʘʥʮʝʚ– ʩʪʝʧʝʥʴ

ʜʨʦʙʣʝʥʠʷ
– ʛʨʘʥʫʣʦʤʝʪʨʠʯʝ-
ʩʢʠʡ ʩʦʩʪʘʚ

– ʛʨʘʥʫʣʦʤʝʪʨʠ-
ʯʝʩʢʠʡ ʩʦʩʪʘʚ – ʧʦʪʝʨʠ – ʛʣʠʥʠ-

ʟʘʮʠʷ ʀʟʚʝʩʪʥʷʢʦʚʳʝ

ʂʘʯʝʩʪʚʝʥʥʳʝ
ʫʩʣʦʚʠʷ
(ʦʪʨʘʙʦʪʢʘ ʢʦʥ-
ʪʘʢʪʥʳʭ ʟʦʥ ʩʣʦʞ-
ʥʦ-ʩʪʨʫʢʪʫʨʥʳʭ
ʤʝʩʪʦʨʦʞʜʝʥʠʡ)

– ʧʦʪʝʨʠ – ʨʘʟʫʙʦʞʠʚʘʥʠʝ
– ʩʪʝʧʝʥʴ
ʜʨʦʙʣʝʥʠʷ

ɼʣʷ ʚʩʝʭ ʪʠʧʦʚ
ʤʝʩʪʦʨʦʞʜʝʥʠʷ

– ʨʘʟʫʙʦʞʠʚʘʥʠʝ – ʧʝʨʝʠʟʤʝʣʴʯʝʥʠʝ
– ʪʝʢʩʪʫʨʥʦ-
ʩʪʨʫʢʪʫʨʥʳʝ
(ʪʨʝʱʠʥʦʚʘʪʦʩʪʴ,
ʟʦʥʳ ʢʘʯʝʩʪʚʝʥ-
ʥʳʭ ʭʘʨʘʢʪʝʨʠ-
ʩʪʠʢ ʧʦʣʝʟʥʦʛʦ
ʠʩʢʦʧʘʝʤʦʛʦ,
ʟʦʥʳ ʚʤʝʱʘʶʱʠʭ
ʧʦʨʦʜ ʠ ʚʨʝʜʥʳʭ
ʚʢʣʶʯʝʥʠʡ)

– ʚʳʭʦʜ ʧʨʦʜʫʢʪʘ – ʛʨʘʥʫʣʦʤʝʪʨʠ-
ʯʝʩʢʠʡ ʩʦʩʪʘʚ

– ʠʟʚʣʝʯʝʥʠʝ
ʧʦʣʝʟʥʦʛʦ
ʢʦʤʧʦʥʝʥʪʘ

– ʧʦʪʝʨʠ

– ʨʘʟʫʙʦʞʠʚʘʥʠʝ

ʇʨʠʤʝʯʘʥʠʝ. ʆʙʣʘʩʪʠ ʢʦʨʨʝʣʷʮʠʠ ʧʦʢʘʟʘʪʝʣʝʡ ʢʘʯʝʩʪʚʘ ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳʨʴʷ ʚ ʧʨʦʮʝʩʩʘʭ ʧʦʜʛʦʪʦʚʢʠ ʧʨʠ ʜʦʙʳʯʝ ʠ ʧʝʨʝʨʘʙʦʪʢʝ:
 – ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʫʩʣʦʚʠʷ (ʚ ʙʦʣʴʰʝʡ ʩʪʝʧʝʥʠ ʜʣʷ ʆɻʈ, ʯʝʤ ʜʣʷ ʆʇʀ);
 – ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʫʩʣʦʚʠʷ (ʚ ʙʦʣʴʰʝʡ ʩʪʝʧʝʥʠ ʜʣʷ ʆʇʀ, ʯʝʤ ʜʣʷ ʆɻʈ);
 – ʢʘʯʝʩʪʚʝʥʥʳʝ ʫʩʣʦʚʠʷ (ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ);
 – ʢʘʯʝʩʪʚʝʥʥʳʝ ʫʩʣʦʚʠʷ (ʪʝʢʩʪʫʨʥʦ-ʩʪʨʫʢʪʫʨʥʳʝ).
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ʀʜʝʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʩʥʦʚʳʚʘʝʪʩʷ ʥʘ ʪʦʤ, ʯʪʦ
ʪʝʢʩʪʫʨʥʦ-ʩʪʨʫʢʪʫʨʥʦʝ ʩʪʨʦʝʥʠʝ ʛʦʨʥʳʭ ʧʦʨʦʜ
ʩʚʷʟʘʥʦ ʩ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʨʘʟʥʳʭ ʚʠʜʦʚ ʤʠʥʝ-
ʨʘʣʴʥʦʛʦ ʩʳʨʴʷ (ʧʦʣʝʟʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʠ ʩʦʨ-
ʪʦʚ) ʚ ʦʙʲʝʤʝ ʨʘʟʨʫʰʘʝʤʦʛʦ ʤʘʩʩʠʚʘ. ɹɺʈ ʧʨʠ
ʦʙʲʝʤʥʦʤ ʚʦʟʜʝʡʩʪʚʠʠ ʥʘ ʤʘʩʩʠʚ ʚʳʟʳʚʘʝʪ ʜʝʟ-
ʠʥʪʝʛʨʘʮʠʶ ʥʘ ʦʪʜʝʣʴʥʳʝ ʵʣʝʤʝʥʪʳ (ʬʨʘʛʤʝʥʪʳ)
ʩ ʥʝʢʦʪʦʨʦʡ ʫʢʨʫʧʥʝʥʥʦʡ ʩʦʚʦʢʫʧʥʦʩʪʴʶ ʦʙʲ-
ʝʜʠʥʷʶʱʠʭ ʧʨʠʟʥʘʢʦʚ ʚ ʢʨʫʧʥʳʭ ʢʫʩʢʘʭ ʧʨʦ-
ʜʫʢʪʦʚ ʚʟʨʳʚʘ, ʪʘʢʠʭ ʢʘʢ:

¶ ʩʦʨʪʥʦʩʪʴ ʧʦʣʝʟʥʦʛʦ ʠʩʢʦʧʘʝʤʦʛʦ, ʩʦʜʝʨ-
ʞʘʥʠʝ ʧʦʣʝʟʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ (ʠʟʚʣʝʢʘʝʤʳʭ ʤʠ-
ʥʝʨʘʣʦʚ) ʠ ʠʭ ʛʨʫʧʧ;

¶ ʩʦʜʝʨʞʘʥʠʝ ʚʨʝʜʥʳʭ ʚʢʣʶʯʝʥʠʡ (ʧʨʠʤʝ-
ʩʝʡ) ʠ ʠʭ ʛʨʫʧʧ.

ʆʩʥʦʚʥʳʤ ʬʘʢʪʦʨʦʤ, ʚʣʠʷʶʱʠʤ ʥʘ ʜʝʟʠʥʪʝ-
ʛʨʘʮʠʶ ʧʦ ʩʣʘʛʘʶʱʠʤ ʪʝʢʩʪʫʨʥʳʤ ʙʣʦʢʘʤ ʤʘʩ-
ʩʠʚʘ ʩ ʨʘʟʣʠʯʥʳʤʠ ʘʢʫʩʪʠʯʝʩʢʠʤʠ ʞʝʩʪʢʦʩʪʷʤʠ,
ʷʚʣʷʝʪʩʷ ʪʨʝʱʠʥʦʚʘʪʦʩʪʴ (ʙʣʦʯʥʦʩʪʴ), ʘ ʪʘʢʞʝ
ʤʝʭʘʥʠʟʤʳ ʜʠʥʘʤʠʯʝʩʢʦʡ ʠ ʚʦʣʥʦʚʦʡ ʪʝʦʨʠʠ
ʚʟʨʳʚʘ. ʊʘʢ, ʧʦʨʰʥʝʚʦʝ ʜʘʚʣʝʥʠʝ ʛʘʟʦʦʙʨʘʟʥʳʭ
ʧʨʦʜʫʢʪʦʚ ʚʟʨʳʚʘ ʦʢʘʟʳʚʘʝʪ ʦʩʥʦʚʥʦʝ ʨʘʟʨʫʰʘ-
ʶʱʝʝ ʜʝʡʩʪʚʠʝ ʚ ʤʝʣʢʦʪʨʝʱʠʥʦʚʘʪʳʭ ʛʦʨʥʳʭ
ʧʦʨʦʜʘʭ, ʘ ʚ ʩʨʝʜʥʝ- ʠ ʢʨʫʧʥʦʙʣʦʯʥʳʭ ʧʦʨʦʜʘʭ
ʨʘʟʨʫʰʝʥʠʝ ʧʨʦʠʩʭʦʜʠʪ ʢʘʢ ʟʘ ʩʯʝʪ ʚʦʣʥ ʥʘʧʨʷ-
ʞʝʥʠʡ, ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʭʩʷ ʦʪ ʟʘʨʷʜʘ ʚ ʩʪʦʨʦʥʫ
ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʚʦ ʚʩʝ ʩʪʦʨʦʥʳ, ʪʘʢ ʠ
ʟʘ ʩʯʝʪ ʚʦʣʥʳ, ʦʪʨʘʞʝʥʥʦʡ ʦʪ ʩʚʦʙʦʜʥʦʡ ʧʦ-
ʚʝʨʭʥʦʩʪʠ [9-11].

ʅʘʧʨʷʞʝʥʠʷ, ʛʝʥʝʨʠʨʫʝʤʳʝ ʚʟʨʳʚʦʤ ʩʢʚʘ-
ʞʠʥʥʦʛʦ ʟʘʨʷʜʘ, ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʳ ʩʢʦʨʦʩʪʠ
ʩʤʝʱʝʥʠʷ ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʪʦʯʢʘʭ ʤʘʩʩʠʚʘ ʠ
ʘʢʫʩʪʠʯʝʩʢʦʡ ʞʝʩʪʢʦʩʪʠ:

0ʩʞ(ʨ) p ʩʞ(ʨ)ů ɟ ,C V=                      (1)

ʛʜʝ ʩʞ(ʨ)ů  – ʜʝʡʩʪʚʫʶʱʠʝ ʩʞʠʤʘʶʱʠʝ (ʨʘʩʪʷʛʠ-
ʚʘʶʱʠʝ) ʥʘʧʨʷʞʝʥʠʷ, ʇʘ; 0ɟ  – ʫʜʝʣʴʥʘʷ ʤʘʩʩʘ

ʛʦʨʥʦʡ ʧʦʨʦʜʳ, ʢʛ/ʤ3; pC  – ʩʢʦʨʦʩʪʴ ʨʘʩʧʨʦ-
ʩʪʨʘʥʝʥʠʷ ʧʨʦʜʦʣʴʥʦʡ ʫʧʨʫʛʦʡ ʚʦʣʥʳ ʚ ʤʘʩʩʠʚʝ
(ʦʙʨʘʟʮʝ), ʤ/ʩ; ʩʞ(ʨ)V  – ʩʢʦʨʦʩʪʴ ʩʤʝʱʝʥʠʷ ʤʘʩʩʠ-
ʚʘ ʧʨʠ ʜʝʡʩʪʚʠʠ ʩʞʠʤʘʶʱʠʭ (ʨʘʩʪʷʛʠʚʘʶʱʠʭ)
ʥʘʧʨʷʞʝʥʠʡ, ʤ/ʩ.

ʂʨʠʪʠʯʝʩʢʘʷ ʩʢʦʨʦʩʪʴ ʩʤʝʱʝʥʠʷ ʩʨʝʜʳ ʩʚʷ-
ʟʘʥʘ ʩ ʜʝʡʩʪʚʫʶʱʠʤ ʥʘʧʨʷʞʝʥʠʝʤ ʧʦʩʨʝʜʩʪʚʦʤ
ʩʣʝʜʫʶʱʝʡ ʟʘʚʠʩʠʤʦʩʪʠ [12, 13]:
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ʛʜʝ ʜK  – ʢʦʵʬʬʠʮʠʝʥʪ ʜʠʥʘʤʠʯʥʦʩʪʠ.

ʋʩʣʦʚʠʝʤ ʩʝʣʝʢʪʠʚʥʦʛʦ ʨʘʟʨʫʰʝʥʠʷ ʩʨʝʜʳ,
ʦʪʜʝʣʝʥʠʝ ʦʪ ʤʘʩʩʠʚʘ ʠ ʧʝʨʝʤʝʱʝʥʠʷ ʷʚʣʷʝʪʩʷ
ʨʘʚʝʥʩʪʚʦ ʠʣʠ ʧʨʝʚʳʰʝʥʠʝ ʚʦʟʥʠʢʘʶʱʠʭ ʧʨʠ
ʚʟʨʳʚʥʦʤ ʥʘʛʨʫʞʝʥʠʠ ʤʘʩʩʠʚʘ ʩʢʦʨʦʩʪʝʡ ʩʤʝ-
ʱʝʥʠʷ ʢʨʠʪʠʯʝʩʢʠʤ ʟʥʘʯʝʥʠʷʤ:

ʩʞ(ʨ)
ʩʞ(ʨ) ʢʨ ,V V²                        (3)

ʛʜʝ ʩʞ(ʨ)V  – ʩʢʦʨʦʩʪʴ ʩʤʝʱʝʥʠʷ ʩʨʝʜʳ ʧʨʠ ʚʦʟ-
ʜʝʡʩʪʚʠʠ ʩʞʠʤʘʶʱʠʭ (ʨʘʩʪʷʛʠʚʘʶʱʠʭ) ʜʠʥʘʤʠ-
ʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ, ʤ/ʩ; ʩʞ(ʨ)

ʢʨV  – ʤʠʥʠʤʘʣʴʥʳʝ
(ʢʨʠʪʠʯʝʩʢʠʝ) ʟʥʘʯʝʥʠʷ ʩʢʦʨʦʩʪʠ ʩʤʝʱʝʥʠʷ ʤʘʩ-
ʩʠʚʘ, ʧʨʠ ʢʦʪʦʨʦʡ ʧʨʦʠʩʭʦʜʠʪ ʨʘʟʨʫʰʝʥʠʝ ʟʘ ʩʯʝʪ
ʩʞʠʤʘʶʱʠʭ (ʨʘʩʪʷʛʠʚʘʶʱʠʭ) ʥʘʧʨʷʞʝʥʠʡ, ʤ/ʩ.

ɺʦʟʥʠʢʘʶʱʠʝ ʧʨʠ ʚʟʨʳʚʝ ʩʢʦʨʦʩʪʠ ʩʤʝʱʝ-
ʥʠʷ ʤʘʩʩʠʚʘ ʚ ʜʘʥʥʦʡ ʪʦʯʢʝ [14, 15] ʦʧʨʝʜʝʣʷʶʪ-
ʩʷ ʢʘʢ

ʩʞ(ʨ) ɜ ,V k r n-=                        (4)

ʛʜʝ ɜk  – ʩʝʡʩʤʠʯʝʩʢʠʡ ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʦʧʦʨʮʠ-
ʦʥʘʣʴʥʦʩʪʠ, ʟʘʚʠʩʷʱʠʡ ʦʪ ʫʧʨʫʛʠʭ ʧʘʨʘʤʝʪʨʦʚ
ʨʘʟʨʫʰʘʝʤʳʭ ʛʦʨʥʳʭ ʧʦʨʦʜ [3],

22 2
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å õå õ+ æ ö= = -æ ö æ ö-ç ÷ ç ÷
     (5)

ɛ  – ʢʦʵʬʬʠʮʠʝʥʪ ʇʫʘʩʩʦʥʘ; ɜ = 2,25 – ʧʦʢʘʟʘ-
ʪʝʣʴ ʩʪʝʧʝʥʠ; r  – ʵʢʚʠʚʘʣʝʥʪʥʦʝ ʧʨʠʚʝʜʝʥʥʦʝ

ʨʘʩʩʪʦʷʥʠʝ, ʤ/
1
3ʢʛ .

ʕʢʚʠʚʘʣʝʥʪʥʦʝ ʧʨʠʚʝʜʝʥʥʦʝ ʨʘʩʩʪʦʷʥʠʝ [4]
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,nrr
Q

=                            (6)

ʛʜʝ nr  – ʨʘʩʩʪʦʷʥʠʝ ʦʪ ʠʩʩʣʝʜʫʝʤʦʡ ʪʦʯʢʠ ʜʦ
ʮʝʥʪʨʘ ʪʷʞʝʩʪʠ ʵʢʚʠʚʘʣʝʥʪʥʦʛʦ ʟʘʨʷʜʘ, ʤ; ʵʢʚQ  –
ʵʢʚʠʚʘʣʝʥʪʥʘʷ ʤʘʩʩʘ ʟʘʨʷʜʘ, ʢʛ.

ʇʦʣʫʯʘʝʤ, ʯʪʦ ʧʨʠ ʧʦʜʛʦʪʦʚʢʝ ʛʦʨʥʦʡ ʧʦʨʦʜʳ
ʢ ʚʳʝʤʢʝ ʧʫʪʝʤ ɹɺʈ ʨʘʟʤʝʨʳ ʪʝʢʩʪʫʨʥʦ-
ʩʪʨʫʢʪʫʨʥʳʭ ʦʪʜʝʣʴʥʦʩʪʝʡ ʩʦʠʟʤʝʨʠʤʳ ʩ ʜʣʠʥʘ-
ʤʠ ʫʧʨʫʛʠʭ ʚʦʣʥ, ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʭʩʷ ʚ ʥʝʦʜʥʦ-
ʨʦʜʥʳʭ ʠ ʪʨʝʱʠʥʦʚʘʪʳʭ ʤʠʥʝʨʘʣʴʥʳʭ ʩʨʝʜʘʭ.
ʇʦʵʪʦʤʫ ʧʨʠ ʧʨʦʷʚʣʝʥʠʠ ʨʝʟʦʥʘʥʩʥʳʭ ʷʚʣʝʥʠʡ ʚ
ʦʪʜʝʣʴʥʦʩʪʷʭ ʩʪʨʫʢʪʫʨʥʦʡ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʩʦʦʪ-
ʚʝʪʩʪʚʫʶʱʝʛʦ ʤʘʩʰʪʘʙʘ ʤʝʭʘʥʠʟʤ ʨʘʟʨʫʰʝʥʠʷ
ʚʦʣʥʦʚʦʡ ʪʝʦʨʠʠ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʳʤ, ʩʧʦʩʦʙʥʳʤ
ʫʩʠʣʠʪʴ ʵʬʬʝʢʪ ʩʝʣʝʢʪʠʚʥʦʡ ʜʝʟʠʥʪʝʛʨʘʮʠʠ ʤʘʩ-
ʩʠʚʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʦʛʣʘʩʥʦ ʚʦʣʥʦʚʦʡ ʪʝʦʨʠʠ
ʚʟʨʳʚʥʦʛʦ ʨʘʟʨʫʰʝʥʠʷ ʚ ʤʘʩʩʠʚʝ ʩʦʟʜʘʝʪʩʷ ʩʛʝʥʝ-
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ʨʠʨʦʚʘʥʥʘʷ ʫʧʨʫʛʘʷ ʚʦʣʥʘ ʨʘʟʣʠʯʥʦʡ ʜʣʠʥʳ, ʨʝ-
ʛʫʣʠʨʦʚʘʥʥʘʷ ʧʘʨʘʤʝʪʨʘʤʠ ʚʟʨʳʚʥʦʛʦ ʠʤʧʫʣʴʩʘ ʠ
ʚ ʮʝʣʦʤ ʙʫʨʦʚʟʨʳʚʥʳʤʠ ʨʘʙʦʪʘʤʠ:

¶ ʤʘʩʩʘ ʟʘʨʷʜʘ ʚʟʨʳʚʯʘʪʳʭ ʚʝʱʝʩʪʚ;
¶ ʪʠʧʳ ʚʟʨʳʚʯʘʪʳʭ ʚʝʱʝʩʪʚ ʠ ʢʦʥʩʪʨʫʢʮʠʷ

ʠʭ ʟʘʨʷʜʦʚ;
¶ ʛʝʦʤʝʪʨʠʷ ʩʝʪʢʠ ʩʢʚʘʞʠʥ;
¶ ʥʦʤʠʥʘʣʳ ʠʥʪʝʨʚʘʣʦʚ ʟʘʤʝʜʣʝʥʠʷ ʠ ʯʠʩʣʦ

ʩʪʫʧʝʥʝʡ ʟʘʤʝʜʣʝʥʠʷ.
ʊʦ ʝʩʪʴ ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʟʨʳʚʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠ  ̫ʥʘ

ʤʘʩʩʠʚ ʚʦʟʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʛʨʘʥʫʣʦʤʝʪʨʠʯʝʩʢʠʡ
ʩʦʩʪʘʚ ʩ ʬʨʘʢʮʠʷʤʠ ʢʫʩʢʦʚ ʥʝ ʚ ʚʠʜʝ ʭʘʦʪʠʯʥʦʛʦ
ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʛʨʫʧʧ, ʘ ʩ ʨʘʟʤʝʨʘʤʠ ʨʷʜʘ, ʩʦʦʪʚʝʪ-
ʩʪʚʫʶʱʝʛʦ ʪʝʢʩʪʫʨʥʦ-ʩʪʨʫʢʪʫʨʥʳʤ ʥʝʦʜʥʦʨʦʜʥʦ-
ʩʪʷʤ ʚ ʤʘʩʩʠʚʝ ʜʣʷ ʧʦʩʣʝʜʫʶʱʝʡ ʧʝʨʝʨʘʙʦʪʢʠ.

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʝʣʝʢʪʠʚʥʦʝ ʨʘʟʨʫʰʝʥʠʝ
(ʜʝʟʠʥʪʝʛʨʘʮʠʷ) ʧʨʠ ɹɺʈ – ʵʪʦ ʥʝ ʪʦʣʴʢʦ ʢʘʯʝ-
ʩʪʚʝʥʥʳʡ ʧʨʦʮʝʩʩ ʦʪʜʝʣʝʥʠʷ ʦʪ ʤʘʩʩʠʚʘ, ʥʦ ʠ
ʫʧʨʘʚʣʝʥʠʝ ʢʘʯʝʩʪʚʦʤ ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳʨʴʷ ʠ
ʵʥʝʨʛʦʟʘʪʨʘʪʘʤʠ ʥʘ ʩʪʘʜʠʷʭ ʜʦʙʳʯʠ ʠ ʧʝʨʝʨʘ-
ʙʦʪʢʠ ʧʫʪʝʤ ʬʦʨʤʠʨʦʚʘʥʠʷ ʪʝʢʩʪʫʨʥʳʭ ʵʣʝʤʝʥ-
ʪʦʚ ʨʘʟʜʝʣʝʥʠʷ, ʧʨʠʛʦʜʥʳʭ ʜʣʷ ʧʝʨʚʠʯʥʦʡ ʩʪʘ-
ʜʠʠ ʧʝʨʝʨʘʙʦʪʢʠ ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳʨʴʷ ʧʦ ʪʨʝʙʫ-
ʝʤʳʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ (ʧʨʠʟʥʘʢʘʤ) ʢʘʯʝʩʪʚʘ.

ʊʘʢ, ʥʘ ʧʝʨʚʦʡ ʩʪʘʜʠʠ ʧʦʜʛʦʪʦʚʢʠ ʧʦʣʝʟʥʦʛʦ
ʠʩʢʦʧʘʝʤʦʛʦ ʢ ʚʳʝʤʢʝ ʠʟ ʚʟʦʨʚʘʥʥʦʡ ʛʦʨʥʦʡ ʤʘʩ-
ʩʳ ʚʳʜʝʣʷʶʪʩʷ ʢʫʩʢʠ ʠʣʠ ʪʘʢ ʥʘʟʳʚʘʝʤʳʝ ʪʝʢ-
ʩʪʫʨʥʦ-ʩʪʨʫʢʪʫʨʥʳʝ ʙʣʦʢʠ ʨʘʟʤʝʨʦʤ ʦʪ 500 ʤʤ ʠ
ʥʠʞʝ ʩ ʩʝʣʝʢʪʠʚʥʦ ʩʢʦʥʮʝʥʪʨʠʨʦʚʘʥʥʳʤʠ ʨʘʟʜʝ-
ʣʠʪʝʣʴʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ (ʧʨʠʟʥʘʢʘʤʠ). ɹɺʈ
ʢʨʦʤʝ ʨʘʟʫʧʨʦʯʥʝʥʠʷ ʤʘʩʩʠʚʘ ʧʘʨʘʣʣʝʣʴʥʦ ʨʝʰʘ-
ʶʪ ʟʘʜʘʯʫ ʫʚʝʣʠʯʝʥʠʷ ʤʠʢʨʦʪʨʝʱʠʥ (ʤʠʢʨʦʥʘʨʫ-
ʰʝʥʠʡ), ʪʦ ʝʩʪʴ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʠʟʙʠʨʘʪʝʣʴʥʦʛʦ
ʨʘʟʫʧʨʦʯʥʝʥʠʷ ʫʞʝ ʩʨʝʜʠ ʤʠʥʝʨʘʣʴʥʳʭ ʛʨʫʧʧ ʥʘ
ʙʦʣʝʝ ʥʠʟʢʦʤ ʩʪʨʫʢʪʫʨʥʦʤ ʫʨʦʚʥʝ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ
ʩʥʠʟʠʪʴ ʵʥʝʨʛʦʝʤʢʦʩʪʴ ʧʦʩʣʝʜʫʶʱʠʭ ʩʪʘʜʠʡ ʧʝʨʝ-
ʨʘʙʦʪʢʠ – ʤʝʣʢʦʛʦ ʜʨʦʙʣʝʥʠʷ ʠ ʠʟʤʝʣʴʯʝʥʠʷ.

ʉʦʚʨʝʤʝʥʥʳʝ ʧʦʜʭʦʜʳ ʠ ʤʝʪʦʜʠʢʠ ʚ ʪʝʦʨʠʠ
ʠ ʧʨʘʢʪʠʢʝ ɹɺʈ ʧʦʟʚʦʣʷʶʪ ʦʮʝʥʠʚʘʪʴ ʤʘʢʨʦ-
ʩʚʦʡʩʪʚʘ ʛʦʨʥʳʭ ʧʦʨʦʜ (ʪʨʝʱʠʥʦʚʘʪʦʩʪʴ), ʦʧʠ-
ʩʳʚʘʪʴ ʠ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʪʴ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʢʘʢ
ʚ ʤʘʩʩʠʚʝ, ʪʘʢ ʠ ʚ ʨʘʟʚʘʣʝ ʠ ʠʤʝʶʪ ʚʩʝ ʧʨʝʜʧʦ-
ʩʳʣʢʠ ʜʣʷ ʩʝʣʝʢʪʠʚʥʦʡ ʜʦʙʳʯʠ ʠ ʧʝʨʝʨʘʙʦʪʢʠ
ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳʨʴʷ. ɸ ʩʦʚʨʝʤʝʥʥʳʝ ʛʝʦʣʦʛʠʯʝ-
ʩʢʠʝ ʠ ʛʝʦʤʝʭʘʥʠʯʝʩʢʠʝ ʤʦʜʝʣʠ ʤʘʩʩʠʚʘ ʧʦʟʚʦ-
ʣʷʶʪ ʦʧʨʝʜʝʣʷʪʴ ʜʦʧʦʣʥʝʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʥʝʦʜ-
ʥʦʨʦʜʥʦʩʪʠ ʧʦ ʪʝʢʩʪʫʨʥʳʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ
ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʤʠʥʝʨʘʣʦʚ ʠ ʤʠʥʝʨʘʣʴʥʳʭ ʢʦʤ-
ʧʣʝʢʩʦʚ ʧʦ ʨʘʟʣʠʯʥʳʤ ʩʪʨʫʢʪʫʨʥʳʤ ʵʣʝʤʝʥʪʘʤ
ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʠ ʠʭ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʤ
ʩʚʦʡʩʪʚʘʤ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ
ʪʝʭʥʦʣʦʛʠʠ ʠ ʦʧʨʝʜʝʣʝʥʠʝ ʨʘʮʠʦʥʘʣʴʥʳʭ ʧʘʨʘ-
ʤʝʪʨʦʚ ɹɺʈ ʧʦ ʢʨʠʪʝʨʠʶ ʪʝʢʩʪʫʨʥʦ-ʩʪʨʫʢʪʫʨʥʦʡ
ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʦʡ ʟʘʜʘʯʝʡ ʩʝ-

ʣʝʢʪʠʚʥʦʛʦ ʨʘʟʨʫʰʝʥʠʷ (ʜʝʟʠʥʪʝʛʨʘʮʠʠ) ʧʦ ʪʝʢ-
ʩʪʫʨʥʳʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ ʩ ʛʝʥʝʨʘʮʠʝʡ ʤʠʢʨʦ-
ʪʨʝʱʠʥ ʥʘ ʩʪʨʫʢʪʫʨʥʦʤ ʫʨʦʚʥʝ.

ɼʣʷ ʤʥʦʛʦʩʦʨʪʦʚʳʭ (ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ)
ʧʦʣʝʟʥʳʭ ʠʩʢʦʧʘʝʤʳʭ ʧʨʝʜʣʘʛʘʝʤʳʡ ʧʦʜʭʦʜ ʧʦʟ-
ʚʦʣʷʝʪ ʫʞʝ ʥʘ ʩʪʘʜʠʠ ʧʦʜʛʦʪʦʚʢʠ ʩ ʧʦʤʦʱʴʶ ɹɺʈ
ʧʦʣʫʯʘʪʴ ʟʘʜʘʚʘʝʤʫʶ ʩʦʚʦʢʫʧʥʦʩʪʴ ʧʨʦʜʫʢʪʦʚ,
ʧʨʠʛʦʜʥʳʭ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʨʘʟʥʳʭ ʢʦʥʮʝʥʪʨʠ-
ʨʦʚʘʥʥʦ-ʫʩʨʝʜʥʝʥʥʳʭ ʚ ʧʨʝʜʝʣʘʭ ʨʘʟʜʝʣʷʝʤʳʭ
ʢʫʩʢʦʚ ʛʦʨʥʦʡ ʤʘʩʩʳ ʧʦ ʩʦʨʪʘʤ, ʩʦʜʝʨʞʘʥʠʶ ʠʟ-
ʚʣʝʢʘʝʤʳʭ ʧʦʣʝʟʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ, ʤʠʥʝʨʘʣʦʚ ʠ
ʤʠʥʝʨʘʣʴʥʳʭ ʢʦʤʧʣʝʢʩʦʚ. ɼʘʥʥʳʡ ʧʦʜʭʦʜ ʨʝʘʣʠ-
ʟʫʝʤ ʪʘʢʞʝ ʠ ʜʣʷ ʦʜʥʦʢʦʤʧʦʥʝʥʪʥʳʭ ʤʝʩʪʦʨʦʞ-
ʜʝʥʠʡ, ʪʦ ʝʩʪʴ ʩ ʦʜʥʦʨʦʜʥʦʡ ʪʝʢʩʪʫʨʦʡ ʠ ʩʪʨʫʢʪʫ-
ʨʦʡ. ʇʨʠ ʵʪʦʤ ʵʪʦ ʤʦʞʝʪ ʙʳʪʴ ʤʘʢʨʦʩʪʨʫʢʪʫʨʥʘʷ
ʪʝʢʩʪʫʨʥʘʷ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʚ ʤʘʩʩʠʚʝ ʟʘ ʩʯʝʪ
ʚʨʝʜʥʳʭ ʧʨʠʤʝʩʝʡ ʠ ʚʢʣʶʯʝʥʠʡ [16], ʢʦʪʦʨʘʷ ʚʦ
ʤʥʦʛʦʤ ʦʧʨʝʜʝʣʷʝʪ ʢʘʯʝʩʪʚʝʥʥʳʝ ʩʚʦʡʩʪʚʘ ʩʦʨʪʦʚ
ʧʦʣʝʟʥʦʛʦ ʠʩʢʦʧʘʝʤʦʛʦ ʠ ʷʚʣʷʝʪʩʷ ʬʘʢʪʦʨʦʤ ʩʝ-
ʣʝʢʪʠʚʥʦʡ ʧʦʜʛʦʪʦʚʢʠ ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳʨʴʷ ʥʘ
ʵʪʘʧʝ ɹɺʈ. ʊʘʢ, ʪʝʢʩʪʫʨʥʦ-ʩʪʨʫʢʪʫʨʥʳʝ ʭʘʨʘʢʪʝ-
ʨʠʩʪʠʢʠ ʧʦʣʝʟʥʦʛʦ ʠʩʢʦʧʘʝʤʦʛʦ, ʚʣʠʷʶʱʠʝ ʥʘ
ʧʨʦʮʝʩʩ ʦʙʦʛʘʪʠʪʝʣʴʥʦʛʦ ʧʝʨʝʜʝʣʘ, ʷʚʣʷʶʪʩʷ ʢʨʠ-
ʪʝʨʠʝʤ ʩʝʣʝʢʪʠʚʥʦʛʦ ʚʳʜʝʣʝʥʠʷ ʠʭ ʚ ʤʘʩʩʠʚʝ ʧʨʠ
ʚʟʨʳʚʥʦʡ ʧʦʜʛʦʪʦʚʢʝ. ʇʨʠ ʵʪʦʤ ʦʧʪʠʤʠʟʘʮʠʷ
ʵʥʝʨʛʦʝʤʢʦʩʪʠ ʧʨʦʮʝʩʩʦʚ ʜʘʣʴʥʝʡʰʝʡ ʜʝʟʠʥʪʝ-
ʛʨʘʮʠʠ ʜʦʣʞʥʘ ʦʩʫʱʝʩʪʚʣʷʪʴʩʷ ʧʦ ʵʬʬʝʢʪʠʚʥʳʤ
ʨʝʞʠʤʘʤ ʜʨʦʙʣʝʥʠʷ ʠ ʠʟʤʝʣʴʯʝʥʠʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ
ʦʪ ʩʝʣʝʢʪʠʚʥʦ ʦʪʦʙʨʘʥʥʳʭ ʛʨʫʧʧ ʩ ʩʦʦʪʚʝʪʩʪʚʫ-
ʶʱʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ.

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʝʣʝʢʪʠʚʥʫʶ ʧʦʜʛʦʪʦʚʢʫ ʧʦ-
ʣʝʟʥʦʛʦ ʠʩʢʦʧʘʝʤʦʛʦ ʥʝʦʙʭʦʜʠʤʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ
ʢʘʢ ʠʝʨʘʨʭʠʶ ʩʪʨʫʢʪʫʨ ʠ ʧʨʦʮʝʩʩʦʚ ʨʘʟʨʫʰʝʥʠʷ
ʧʨʠ ʜʦʙʳʯʝ ʠ ʧʝʨʝʨʘʙʦʪʢʝ, ʛʜʝ ɹɺʈ ʠʤʝʶʪ ʙʦʣʝʝ
ʚʳʩʦʢʠʡ ʤʘʩʰʪʘʙʥʳʡ ʫʨʦʚʝʥʴ (ʩʤ. ʨʠʩ. 1). ʊʦ
ʝʩʪʴ ʩʝʣʝʢʪʠʚʥʘʷ ʧʦʜʛʦʪʦʚʢʘ ʧʦʣʝʟʥʦʛʦ ʠʩʢʦʧʘʝ-
ʤʦʛʦ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʢʘʢ ʩʦʚʦʢʫʧʥʦʩʪʴ ʪʝʭʥʦ-
ʣʦʛʠʡ ʜʦʙʳʯʠ ʠ ʧʝʨʝʨʘʙʦʪʢʠ ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳ-
ʨʴʷ ʩ ʫʯʝʪʦʤ ʩʪʘʜʠʡʥʦʩʪʠ ʩʝʣʝʢʪʠʚʥʦʡ ʜʝʟʠʥʪʝ-
ʛʨʘʮʠʠ ʧʦ ʰʠʨʦʢʦʤʫ ʩʧʝʢʪʨʫ ʨʘʟʜʝʣʠʪʝʣʴʥʳʭ
ʭʘʨʘʢʪʝʨʠʩʪʠʢ (ʪʝʢʩʪʫʨʥʳʤ, ʩʪʨʫʢʪʫʨʥʳʤ ʠ ʬʠ-
ʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʤ ʩʚʦʡʩʪʚʘʤ), ʬʦʨʤʠʨʫʶʱʠʭ
ʨʘʟʣʠʯʥʳʝ ʛʨʫʧʧʳ ʛʦʨʥʦʡ ʤʘʩʩʳ ʥʘ ʚʩʝʭ ʩʪʘʜʠ-
ʷʭ, ʥʘʯʠʥʘʷ ʩ ɹɺʈ. ʇʦʵʪʦʤʫ ʥʘ ʵʪʘʧʝ ʧʨʦʝʢʪʥʦʡ
ʜʦʢʫʤʝʥʪʘʮʠʠ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʮʠʦʥʘʣʴʥʳʭ
ʧʘʨʘʤʝʪʨʦʚ ɹɺʈ ʥʝʦʙʭʦʜʠʤʦ ʚʳʧʦʣʥʷʪʴ ʨʘʡʦʥʠ-
ʨʦʚʘʥʠʝ ʢʘʨʴʝʨʥʦʛʦ ʧʦʣʷ ʧʦ ʛʝʦʣʦʛʠʯʝʩʢʠʤ ʜʘʥ-
ʥʳʤ (ʩʚʦʡʩʪʚʘ ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʟʘʣʝʛʘʥʠʷ ʧʦ-
ʣʝʟʥʦʛʦ ʠʩʢʦʧʘʝʤʦʛʦ).

ʉʝʣʝʢʪʠʚʥʦʝ ʨʘʟʨʫʰʝʥʠʝ ʧʨʠ ʜʦʙʳʯʝ ʠ ʧʝʨʝ-
ʨʘʙʦʪʢʝ ʥʝʦʙʭʦʜʠʤʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʥʝ ʪʦʣʴʢʦ ʩ
ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ, ʥʦ ʠ ʩ ʪʝʭʥʠʢʦ-
ʵʢʦʥʦʤʠʯʝʩʢʦʡ, ʩ ʫʚʷʟʢʦʡ ʙʫʨʦʚʟʨʳʚʥʦʡ ʧʦʜʛʦ-
ʪʦʚʢʠ ʚ ʝʜʠʥʫʶ ʵʢʦʥʦʤʠʯʝʩʢʫʶ ʤʦʜʝʣʴ ʧʝʨʝʨʘʩ-
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ʧʨʝʜʝʣʝʥʠʷ ʟʘʪʨʘʪ (ʤʘʪʝʨʠʘʣʴʥʳʭ, ʪʨʫʜʦʚʳʭ,
ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ, ʬʠʥʘʥʩʦʚʳʭ ʠ ʦʨʛʘʥʠʟʘʮʠʦʥ-
ʥʳʭ), ʧʨʝʜʧʦʣʘʛʘʶʱʫʶ ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ ʪʦʚʘʨ-
ʥʦʡ ʧʨʦʜʫʢʮʠʠ. ʇʨʠ ʵʪʦʤ ʧʦʚʳʰʝʥʠʝ ʟʘʪʨʘʪ ʥʘ
ʢʘʯʝʩʪʚʝʥʥʦʝ ʧʨʦʚʝʜʝʥʠʝ ɹɺʈ ʚʝʜʝʪ ʢ ʩʥʠʞʝʥʠʶ
ʟʘʪʨʘʪ ʥʘ ʜʘʣʴʥʝʡʰʠʭ ʧʝʨʝʜʝʣʘʭ ʜʝʟʠʥʪʝʛʨʘʮʠʠ
ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʢ ʧʦʚʳʰʝʥʠʶ ʵʢʦʥʦʤʠʯʝʩʢʦʡ
ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʝʨʝʨʘʙʦʪʢʠ ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳ-
ʨʴʷ. ɼʘʥʥʘʷ ʤʦʜʝʣʴ ʩʦʚʦʢʫʧʥʦʩʪʠ ʚʩʝʛʦ ʮʠʢʣʘ
ʧʝʨʝʨʘʙʦʪʢʠ ʧʦʣʝʟʥʦʛʦ ʠʩʢʦʧʘʝʤʦʛʦ ʧʦʟʚʦʣʠʪ
ʧʝʨʝʨʘʩʧʨʝʜʝʣʠʪʴ ʨʝʩʫʨʩʳ ʧʦ ʨʘʟʣʠʯʥʳʤ ʧʝʨʝ-
ʜʝʣʘʤ ʠ ʩʦʟʜʘʪʴ ʦʧʪʠʤʘʣʴʥʫʶ ʪʝʭʥʦʣʦʛʠʶ ʜʦʙʳ-
ʯʠ ʠ ʧʝʨʝʨʘʙʦʪʢʠ ʧʦ ʪʝʭʥʠʢʦ-ʵʢʦʥʦʤʠʯʝʩʢʠʤ
ʢʨʠʪʝʨʠʷʤ. ʄʘʪʝʤʘʪʠʯʝʩʢʘʷ ʟʘʧʠʩʴ ʧʨʝʜʣʘʛʘʝ-
ʤʦʡ ʤʦʜʝʣʠ ʩ ʮʝʣʝʚʦʡ ʬʫʥʢʮʠʝʡ ʠ ʩʠʩʪʝʤʦʡ
ʦʛʨʘʥʠʯʝʥʠʡ ʠʤʝʝʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ:

ʧʦʜʛ ʢʦʤʧʕ (ʌʄ,ʂ,ʊ,ʉ ) max,f= ­     (7)

ʢʦʤʧ

ʌʄ (ʪʨʝʱʠʥʦʚʘʪʦʩʪʴ, ʢʨʝʧʦʩʪʴ);
ʂ (ʪʝʢʩʪʫʨʘ (ʩʪʨʫʢʪʫʨʘ), ʩʦʜʝʨʞʘʥʠʝ (ʧ.ʢ.,ʧʨʠʤʝʩʠ), ʧʦʪʝʨʠ, ʟʘʩʦʨʝʥʠʝ);
ʊ (ɹɺʈ, ʄʇ(ʆɻʈ), ʄʇ(ʆʇʀ);
ʉ (ʧʨʦʜʫʢʮʠ ,̫ ʩʦʨʪʥʦʩʪʴ, ʮʝʥʘ).

f
f
f

f

=ë
î =î
ì =î
î =í

ʛʜʝ ʧʦʜʛʕ – ʵʬʬʝʢʪ ʟʘ ʩʯʝʪ ʩʝʣʝʢʪʠʚʥʦʡ ʧʦʜʛʦ-
ʪʦʚʢʠ ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳʨʴʷ; ʌʄ – ʬʠʟʠʢʦ-ʤʝʭʘ-
ʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʛʦʨʥʳʭ ʧʦʨʦʜ (ʪʨʝʱʠʥʦʚʘ-
ʪʦʩʪʴ ʠ ʙʣʦʯʥʦʩʪʴ, ʢʨʝʧʦʩʪʴ) ʚ ʤʘʩʩʠʚʝ, ʦʧʨʝʜʝ-
ʣʷʶʱʠʝ ʚʠʜ ʪʦʚʘʨʥʦʡ ʧʨʦʜʫʢʮʠʠ ʤʠʥʝʨʘʣʴʥʦʛʦ
ʩʳʨʴʷ; ʊ – ʪʝʭʥʦʣʦʛʠʷ ʧʦʜʛʦʪʦʚʢʠ ʤʠʥʝʨʘʣʴʥʦʛʦ
ʩʳʨʴʷ ʧʨʠ ʜʦʙʳʯʝ ʠ ʧʝʨʝʨʘʙʦʪʢʝ; ɹɺʈ – ʙʫʨʦ-
ʚʟʨʳʚʥʘʷ ʧʦʜʛʦʪʦʚʢʘ ʢ ʚʳʝʤʢʝ ʤʠʥʝʨʘʣʴʥʦʛʦ
ʩʳʨʴʷ; ʄʇ(ʆɻʈ) – ʤʝʭʘʥʠʯʝʩʢʘʷ ʧʦʜʛʦʪʦʚʢʘ ʤʠ-
ʥʝʨʘʣʴʥʦʛʦ ʩʳʨʴʷ ʧʨʠ ʦʪʢʨʳʪʦʡ ʛʝʦʪʝʭʥʦʣʦʛʠʠ;
ʄʇ(ʆʇʀ) – ʤʝʭʘʥʠʯʝʩʢʘʷ ʧʦʜʛʦʪʦʚʢʘ ʤʠʥʝʨʘʣʴ-
ʥʦʛʦ ʩʳʨʴʷ ʧʨʠ ʦʙʦʛʘʪʠʪʝʣʴʥʦʤ ʧʝʨʝʜʝʣʝ; ʉʢʦʤʧ –
ʩʦʚʦʢʫʧʥʘ  ̫ʮʝʥʥʦʩʪʴ ʪʦʚʘʨʥʦʡ ʧʨʦʜʫʢʮʠʠ.

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʩʫʤʤʘʨʥʦʡ ʮʝʥʥʦʩʪʠ ʚʩʝʭ
ʚʠʜʦʚ ʪʦʚʘʨʥʦʡ ʧʨʦʜʫʢʮʠʠ ʧʨʝʜʣʦʞʝʥʘ ʤʝʪʦʜʠ-
ʢʘ ʨʘʩʯʝʪʘ, ʦʩʥʦʚʘʥʥʘʷ ʥʘ ʠʥʪʝʛʨʠʨʦʚʘʥʠʠ ʚʠʜʦʚ
(ʩʦʨʪʦʚ) ʪʦʚʘʨʥʦʡ ʧʨʦʜʫʢʮʠʠ ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳ-
ʨʴʷ ʠ ʬʨʘʢʮʠʦʥʥʦʩʪʠ ʱʝʙʥʷ (ʚʤʝʱʘʶʱʠʝ ʧʦʨʦ-
ʜʳ), ʧʦʩʪʫʧʘʶʱʝʛʦ ʥʘ ʧʝʨʝʨʘʙʦʪʢʫ:

( )ʢʦʤʧ ʤ
1
1

ʉ ɼ ʎ ɼ ʎ ,

n i
ʪ j

i i j j
i
j

V

=
=

=
=

= +ä           (8)

ʧʨʠ ʵʪʦʤ
1 1

ɼ ɼ ) 1,
i

m n
i j

j= =

å õ
æ ö+ ¢
æ ö
ç ÷
ä ä                (9)

1 1
1 ɼ ɼ ʇ,

m n
i j

i j= =

å õ
æ ö- + =
æ ö
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ä ä                 (10)

ʛʜʝ Vʤ – ʙʘʣʘʥʩʦʚʳʝ ʟʘʧʘʩʳ, ʪ (ʤ3); ɼi – ʜʦʣʷ
ʦʙʲʝʤʘ i-ʛʦ ʚʠʜʘ (ʩʦʨʪʘ) ʪʦʚʘʨʥʦʡ ʧʨʦʜʫʢʮʠʠ;
ʎi – ʩʪʦʠʤʦʩʪʴ ʝʜʠʥʠʮʳ i-ʛʦ ʚʠʜʘ (ʩʦʨʪʘ) ʪʦʚʘʨ-
ʥʦʡ ʧʨʦʜʫʢʮʠʠ; ɼj – ʜʦʣʷ ʦʙʲʝʤʘ j-ʛʦ ʬʨʘʢʮʠʦʥ-
ʥʦʛʦ ʩʦʩʪʘʚʘ ʚ ʦʙʱʝʤ ʦʙʲʝʤʝ ʚʤʝʱʘʶʱʠʭ ʧʦ-
ʨʦʜ; ʎj – ʩʪʦʠʤʦʩʪʴ ʝʜʠʥʠʮʳ j-ʡ ʬʨʘʢʮʠʠ,
ʨʫʙ./ʪ(ʤ3); n – ʯʠʩʣʦ ʬʨʘʢʮʠʡ ʚ ʦʙʲʝʤʝ ʚʤʝʱʘʶ-
ʱʠʭ ʧʦʨʦʜ; ʇ – ʧʦʪʝʨʠ, ʜʦʣʠ ʝʜ.

ʇʨʦʮʝʜʫʨʘ ʚʳʙʦʨʘ ʪʝʭʥʦʣʦʛʠʠ ʧʦʜʛʦʪʦʚʢʠ
ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳʨʴʷ ʧʨʠ ʜʦʙʳʯʝ ʠ ʧʝʨʝʨʘʙʦʪʢʝ
ʚʳʧʦʣʥʷʝʪʩʷ ʩ ʫʯʝʪʦʤ ʤʠʥʠʤʘʣʴʥʳʭ ʫʜʝʣʴʥʳʭ
ʟʘʪʨʘʪ:

ʫ ɹɺʈ ʄʇ(ʆɻʈ) ɺ-ʇ

ʪʨ-ʪ ʄʇ(ʆʇʀ)

ɿ (ɿ ɿ ɿ

ɿ ɿ ) min,

= + + +

+ + ­
         (11)

ʛʜʝ ɿɹɺʈ – ʫʜʝʣʴʥʳʝ ʟʘʪʨʘʪʳ ʧʨʠ ʪʝʭʥʦʣʦʛʠʠ ʧʦʜ-
ʛʦʪʦʚʢʠ ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳʨʴʷ ʢ ʚʳʝʤʢʝ ʩ ʠʩʧʦʣʴ-
ʟʦʚʘʥʠʝʤ ɹɺʈ, ʨʫʙ./ʪ(ʤ3); ɿʄʇ(ʆɻʈ) – ʫʜʝʣʴʥʳʝ
ʟʘʪʨʘʪʳ ʧʨʠ ʪʝʭʥʦʣʦʛʠʠ ʤʝʭʘʥʠʯʝʩʢʦʡ ʧʦʜʛʦ-
ʪʦʚʢʠ ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳʨʴʷ ʢ ʚʳʝʤʢʝ, ʨʫʙ./ʪ(ʤ3);
ɿɺ-ʇ – ʫʜʝʣʴʥʳʝ ʟʘʪʨʘʪʳ ʧʨʠ ʚʳʝʤʦʯʥʦ-ʧʦʛʨʫʟʦʯ-
ʥʳʭ ʨʘʙʦʪʘʭ, ʨʫʙ./ʪ(ʤ3); ɿʪʨ-ʪ – ʫʜʝʣʴʥʳʝ ʟʘʪʨʘʪʳ
ʥʘ ʪʨʘʥʩʧʦʨʪʠʨʦʚʘʥʠʝ (ʣʦʛʠʩʪʠʢʘ), ʨʫʙ./ʪ(ʤ3);
ɿʄʇ(ʆʇʀ) – ʫʜʝʣʴʥʳʝ ʟʘʪʨʘʪʳ ʥʘ ʩʪʘʜʠʠ ʪʝʭʥʦʣʦ-
ʛʠʠ ʧʦʜʛʦʪʦʚʢʠ ʧʨʠ ʧʝʨʝʨʘʙʦʪʢʝ ʤʠʥʝʨʘʣʴʥʦʛʦ
ʩʳʨʴʷ, ʨʫʙ./ʪ(ʤ3).

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚʩʝ ʚʠʜʳ
ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳʨʴʷ, ʦʙʣʘʜʘʶʱʠʝ ʧʦʪʨʝʙʠʪʝʣʴ-
ʩʢʦʡ ʮʝʥʥʦʩʪʴʶ, ʠʤʝʶʪ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʪʝʭ-
ʥʦʣʦʛʠʠ ʠ ʪʝʭʥʠʢʦ-ʵʢʦʥʦʤʠʯʝʩʢʠʝ ʤʦʜʝʣʠ ʠʭ
ʜʦʙʳʯʠ ʠ ʧʝʨʝʨʘʙʦʪʢʠ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʦʚʨʝ-
ʤʝʥʥʦʤʫ ʚʘʨʠʘʥʪʫ ʢʦʤʧʣʝʢʩʥʦʡ ʦʪʨʘʙʦʪʢʠ ʤʝ-
ʩʪʦʨʦʞʜʝʥʠʷ, ʢʦʛʜʘ ʚʤʝʱʘʶʱʠʝ ʧʦʨʦʜʳ ʠ ʥʠʟ-
ʢʦʩʦʨʪʥʦʝ ʩʳʨʴʝ ʷʚʣʷʶʪʩʷ ʦʩʥʦʚʦʡ ʜʣʷ ʧʨʦʠʟ-
ʚʦʜʩʪʚʘ ʤʘʪʝʨʠʘʣʦʚ ʜʦʨʦʞʥʦʡ ʠ ʩʪʨʦʠʪʝʣʴʥʦʡ
ʦʪʨʘʩʣʠ ʠ ʵʪʦ ʜʦʧʦʣʥʷʝʪ ʚʘʞʥʦʩʪʴ ʨʘʟʚʠʪʠʷ ʩʠ-
ʩʪʝʤʳ ʨʘʮʠʦʥʘʣʴʥʦʛʦ ʥʝʜʨʦʧʦʣʴʟʦʚʘʥʠʷ ʚ ʈʦʩ-
ʩʠʠ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʩʝʣʝʢʪʠʚʥʘʷ ʧʦʜʛʦʪʦʚʢʘ ʧʨʠ
ʜʦʙʳʯʝ ʠ ʧʝʨʝʨʘʙʦʪʢʝ ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳʨʴʷ ʩ
ʪʦʯʢʠ ʟʨʝʥʠʷ ʩʝʣʝʢʪʠʚʥʦʡ ʜʝʟʠʥʪʝʛʨʘʮʠʠ ʥʘ ʚʩʝʭ
ʩʪʘʜʠʷʭ ʧʝʨʝʜʘʣʘ – ʵʪʦ ʦʜʠʥ ʠʟ ʦʩʥʦʚʥʳʭ ʘʩʧʝʢ-
ʪʦʚ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʝʛʦ ʚ ʢʘʯʝʩʪʚʝ ʠʥʩʪʨʫʤʝʥʪʘ
ʨʘʮʠʦʥʘʣʴʥʦʛʦ ʠ ʢʦʤʧʣʝʢʩʥʦʛʦ ʥʝʜʨʦʧʦʣʴʟʦʚʘ-
ʥʠʷ. ɼʝʟʠʥʪʝʛʨʘʮʠʷ ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳʨʴʷ ʚ ʧʨʦ-
ʮʝʩʩʘʭ ʧʦʜʛʦʪʦʚʢʠ ʧʨʠ ʜʦʙʳʯʝ ʠ ʧʝʨʝʨʘʙʦʪʢʝ
(ʨʠʩ. 2) ʩʦʩʪʦʠʪ ʚ ʩʣʝʜʫʶʱʝʤ:
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¶ ʥʘ ʧʝʨʚʦʤ ʫʨʦʚʥʝ ʪʝʢʩʪʫʨʥʦ-ʩʪʨʫʢʪʫʨʥʦʡ
ʠʝʨʘʨʭʠʠ ʜʝʟʠʥʪʝʛʨʘʮʠʠ ʤʘʩʩʠʚʘ ʛʦʨʥʦʡ ʧʦʨʦʜʳ
ʦʧʨʝʜʝʣʷʶʪʩʷ ʨʘʮʠʦʥʘʣʴʥʳʝ ʧʘʨʘʤʝʪʨʳ ɹɺʈ, ʚ
ʨʝʟʫʣʴʪʘʪʝ ʢʦʪʦʨʳʭ ʚ ʛʨʘʥʩʦʩʪʘʚʝ ʨʘʟʨʫʰʝʥʥʦʡ
ʛʦʨʥʦʡ ʤʘʩʩʳ ʚʳʜʝʣʷʶʪʩʷ ʨʘʟʣʠʯʥʳʝ ʛʨʫʧʧʳ,
ʩʢʦʥʮʝʥʪʨʠʨʦʚʘʥʥʳʝ ʧʦ ʩʦʨʪʘʤ ʠ ʤʠʥʝʨʘʣʴʥʳʤ
ʢʦʤʧʣʝʢʩʘʤ ʢʨʫʧʥʦʩʪʴʶ ʜʦ 500 ʤʤ (ʩʝʣʝʢʪʠʚʥʳʤʠ
ʧʘʨʘʤʝʪʨʘʤʠ ʩʪʨʫʢʪʫʨʥʳʭ ʵʣʝʤʝʥʪʦʚ ʨʘʟʜʝʣʝʥʠʷ);

¶ ʠʟ ʧʨʦʜʫʢʪʦʚ ʩʪʘʜʠʠ ʙʫʨʦʚʟʨʳʚʥʦʡ ʧʦʜʛʦ-
ʪʦʚʢʠ ʜʣʷ ʢʘʞʜʦʡ ʩʢʦʥʮʝʥʪʨʠʨʦʚʘʥʥʦʡ ʛʨʫʧʧʳ
ʚʳʙʠʨʘʝʪʩʷ ʪʝʭʥʦʣʦʛʠʷ ʧʦʜʛʦʪʦʚʢʠ ʧʨʠ ʧʝʨʝʨʘ-
ʙʦʪʢʝ, ʦʧʨʝʜʝʣʷʝʪʩʷ ʨʝʞʠʤ ʜʝʟʠʥʪʝʛʨʘʮʠʠ ʚ ʩʦ-
ʦʪʚʝʪʩʪʚʠʠ ʩ ʠʭ ʠʥʜʠʚʠʜʫʘʣʴʥʳʤʠ ʪʝʢʩʪʫʨʥʦ-
ʩʪʨʫʢʪʫʨʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ;

¶ ʥʘ ʚʪʦʨʦʤ ʫʨʦʚʥʝ ʠʟ ʧʨʦʜʫʢʪʦʚ ʧʝʨʚʠʯʥʦʡ
ʜʝʟʠʥʪʝʛʨʘʮʠʠ (ɹɺʈ) ʬʦʨʤʠʨʫʶʪʩʷ ʚʪʦʨʠʯʥʳʝ
ʛʨʫʧʧʳ ʩ ʙʦʣʝʝ ʚʳʩʦʢʠʤ ʫʨʦʚʥʝʤ ʢʦʥʮʝʥʪʨʠʨʦʚʘ-
ʥʠʷ ʠʟʚʣʝʢʘʝʤʳʭ ʧʦʣʝʟʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ, ʤʠʥʝ-
ʨʘʣʦʚ ʠʣʠ ʤʠʥʝʨʘʣʴʥʳʭ ʢʦʤʧʣʝʢʩʦʚ, ʘ ʪʘʢʞʝ ʩʦʨ-

ʪʦʚ ʧʦʣʝʟʥʦʛʦ ʠʩʢʦʧʘʝʤʦʛʦ, ʢʦʪʦʨʳʝ ʷʚʣʷʶʪʩʷ
ʥʦʚʦʡ ʩʦʚʦʢʫʧʥʦʩʪʴʶ ʩʪʨʫʢʪʫʨʥʳʭ ʵʣʝʤʝʥʪʦʚ
ʨʘʩʢʨʳʪʠ  ̫ʥʘ ʩʣʝʜʫʶʱʠʭ ʩʪʘʜʠʷʭ ʜʝʟʠʥʪʝʛʨʘʮʠʠ;

¶ ʥʘ ʢʘʞʜʦʤ ʧʦʩʣʝʜʫʶʱʝʤ ʫʨʦʚʥʝ ʬʦʨʤʠ-
ʨʫʶʪʩʷ ʛʨʫʧʧʳ ʩ ʤʝʥʴʰʝʡ ʜʠʩʧʝʨʩʠʝʡ ʧʘʨʘʤʝʪ-
ʨʦʚ ʩʪʨʫʢʪʫʨʳ ʠ ʨʘʟʜʝʣʠʪʝʣʴʥʳʭ ʧʨʠʟʥʘʢʦʚ, ʩʚʦʷ
ʪʝʭʥʦʣʦʛʠʷ ʠ ʫʩʪʨʦʡʩʪʚʘ ʧʦʜʛʦʪʦʚʢʠ, ʨʝʞʠʤ
ʜʝʟʠʥʪʝʛʨʘʮʠʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʪʨʫʢʪʫʨʳ ʵʣʝ-
ʤʝʥʪʘ ʨʘʩʢʨʳʪʠʷ ʠ ʩʦʦʪʥʦʰʝʥʠʷ ʬʠʟʠʢʦ-
ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʩʣʘʛʘʶʱʠʭ ʤʠʥʝʨʘʣʦʚ ʠ
ʩʦʨʪʦʚ ʧʦʣʝʟʥʦʛʦ ʠʩʢʦʧʘʝʤʦʛʦ;

¶ ʮʠʢʣʠʯʥʦʩʪʴ ʧʨʦʮʝʜʫʨ ʧʦʜʛʦʪʦʚʢʠ ʥʘ ʩʪʘ-
ʜʠʠ ʦʙʦʛʘʪʠʪʝʣʴʥʦʛʦ ʧʝʨʝʜʝʣʘ ʜʦ ʟʘʜʘʥʥʦʛʦ ʩʧʝʢ-
ʪʨʘ ʪʦʚʘʨʥʦʡ ʧʨʦʜʫʢʮʠʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʯʝʩʪʚʦʤ
ʩʝʣʝʢʪʠʚʥʦʡ ʧʦʜʛʦʪʦʚʢʠ ʥʘ ʩʪʘʜʠʠ ʜʦʙʳʯʠ, ʪʦ
ʝʩʪʴ ʥʘ ʧʝʨʚʦʤ ʫʨʦʚʥʝ ʪʝʢʩʪʫʨʥʦ-ʩʪʨʫʢʪʫʨʥʦʡ
ʠʝʨʘʨʭʠʠ ʜʝʟʠʥʪʝʛʨʘʮʠʠ ʟʘ ʩʯʝʪ ʦʧʨʝʜʝʣʝʥʠʷ ʪʝʭ-
ʥʦʣʦʛʠʠ ʠ ʨʘʮʠʦʥʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ɹɺʈ.

ʈʠʩ. 2. ʄʝʪʦʜʠʢʘ ʩʝʣʝʢʪʠʚʥʦʛʦ ʨʘʟʨʫʰʝʥʠʷ (ʜʝʟʠʥʪʝʛʨʘʮʠʠ) ʚ ʧʨʦʮʝʩʩʘʭ ʧʦʜʛʦʪʦʚʢʠ ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳʨʴʷ
ʧʨʠ ʜʦʙʳʯʝ ʠ ʧʝʨʝʨʘʙʦʪʢʝ ʟʘ ʩʯʝʪ ʫʧʨʘʚʣʝʥʠʷ ʧʘʨʘʤʝʪʨʘʤʠ ʙʫʨʦʚʟʨʳʚʥʳʭ ʨʘʙʦʪ ʧʨʠ ʜʦʩʪʠʞʝʥʠʠ
ʪʨʝʙʦʚʘʥʠʡ ʢ ʢʘʯʝʩʪʚʫ

Fig. 2. The method of the selective destruction (disintegration) in the processes of the preparation of mineral raw
materials during extraction and processing by controlling the parameters of drilling and blasting operations,
while achieving quality requirements
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ɿʘʢʣʶʯʝʥʠʝ

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʝʜʣʘʛʘʝʤʘʷ ʢʦʥʮʝʧʮʠʷ ʩʝ-
ʣʝʢʪʠʚʥʦʡ ʧʦʜʛʦʪʦʚʢʠ ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳʨʴʷ ʧʦʟ-
ʚʦʣʷʝʪ ʧʦʚʳʩʠʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʜʦʙʳʯʠ ʠ ʧʝʨʝ-
ʨʘʙʦʪʢʠ ʟʘ ʩʯʝʪ ʦʙʦʩʥʦʚʘʥʠʷ ʨʘʮʠʦʥʘʣʴʥʳʭ ʧʘʨʘ-
ʤʝʪʨʦʚ ɹɺʈ, ʬʦʨʤʠʨʫʶʱʠʭ ʤʠʥʝʨʘʣʴʥʳʝ ʢʦʤ-
ʧʣʝʢʩʳ ʩ ʟʘʜʘʥʥʦʡ ʢʨʫʧʥʦʩʪʴʶ ʠ ʩʝʣʝʢʪʠʚʥʳʤʠ
ʧʘʨʘʤʝʪʨʘʤʠ (ʧʨʠʟʥʘʢʘʤʠ) ʩʪʨʫʢʪʫʨʥʳʭ ʵʣʝʤʝʥ-
ʪʦʚ ʨʘʟʜʝʣʝʥʠʷ (ʧʦ ʪʝʢʩʪʫʨʥʦ-ʩʪʨʫʢʪʫʨʥʳʤ ʠ ʬʠ-
ʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ) ʚ ʩʦʚʦʢʫʧ-
ʥʦʩʪʴ ʮʝʥʥʳʭ ʪʦʚʘʨʥʳʭ ʧʨʦʜʫʢʪʦʚ ʜʣʷ ʚʳʙʦʨʘ
ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʩʭʝʤ, ʦʙʦʨʫʜʦʚʘʥʠʷ ʠ ʨʝʞʠʤʦʚ
ʥʘ ʩʣʝʜʫʶʱʠʭ ʩʪʘʜʠʷʭ ʜʝʟʠʥʪʝʛʨʘʮʠʠ.
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ɸʥʥʦʪʘʮʠʷ. ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ (ʘʢʪʫʘʣʴʥʦʩʪʴ ʨʘʙʦʪʳ). ɺ ʩʦʚʨʝʤʝʥʥʦʤ ʤʠʨʝ ʩʫʱʝʩʪʚʫʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʨʘʮʠ-
ʦʥʘʣʠʟʘʮʠʠ ʩʧʦʩʦʙʦʚ ʜʦʙʳʯʠ ʧʦʣʝʟʥʳʭ ʠʩʢʦʧʘʝʤʳʭ ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʫʚʝʣʠʯʝʥʠʠ  ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʭ ʤʦʱʥʦʩʪʝʡ
ʢʘʨʴʝʨʦʚ. ʅʘ ʩʦʚʨʝʤʝʥʥʳʭ ʢʘʨʴʝʨʘʭ ʧʨʠʤʝʥʷʶʪʩʷ ʨʘʟʣʠʯʥʳʝ ʚʠʜʳ ʛʦʨʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ ʜʣʷ ʚʳʝʤʦʯʥʦ-
ʧʦʛʨʫʟʦʯʥʳʭ ʨʘʙʦʪ: ʢʘʥʘʪʥʳʝ (ʪʨʦʩʦʚʳʝ) ʵʢʩʢʘʚʘʪʦʨʳ, ʛʠʜʨʘʚʣʠʯʝʩʢʠʝ ʵʢʩʢʘʚʘʪʦʨʳ ʪʠʧʘ ʧʨʷʤʘʷ ʠ ʦʙʨʘʪʥʘʷ ʣʦʧʘ-
ʪʘ, ʬʨʦʥʪʘʣʴʥʳʝ ʧʦʛʨʫʟʯʠʢʠ ʠ ʪ.ʜ. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʦʜʥʦʢʦʚʰʦʚʳʝ ʵʢʩʢʘʚʘʪʦʨʳ ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʷʚʣʷʶʪʩʷ
ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʦʡ ʚʳʝʤʦʯʥʦ-ʧʦʛʨʫʟʦʯʥʦʡ ʪʝʭʥʠʢʦʡ. ɿʘ ʩʯʝʪ ʩʚʦʠʭ ʢʦʥʩʪʨʫʢʪʠʚʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʜʘʥ-
ʥʦʝ ʦʙʦʨʫʜʦʚʘʥʠʝ ʧʦʟʚʦʣʷʝʪ ʧʨʠʤʝʥʷʪʴ ʨʘʟʥʳʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʩʭʝʤʳ ʨʘʟʨʘʙʦʪʢʠ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʦʪʢʨʳʪʳʤ
ʩʧʦʩʦʙʦʤ. ʌʨʦʥʪʘʣʴʥʳʝ ʧʦʛʨʫʟʯʠʢʠ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʧʨʠʤʝʥʷʶʪʩʷ ʚ ʦʩʥʦʚʥʦʤ ʚ ʢʘʯʝʩʪʚʝ ʚʩʧʦʤʦʛʘʪʝʣʴʥʦʛʦ ʦʙʦ-
ʨʫʜʦʚʘʥʠ .̫ ʆʜʥʘʢʦ ʬʨʦʥʪʘʣʴʥʳʝ ʧʦʛʨʫʟʯʠʢʠ ʤʦʛʫʪ ʧʨʠʤʝʥʷʪʴʩʷ ʥʘ ʜʦʙʳʯʥʳʭ ʨʘʙʦʪʘʭ ʚ ʪʝʭ ʩʣʫʯʘʷʭ, ʢʦʛʜʘ ʪʝʭʥʦ-
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ʥʳʭ ʨʘʙʦʪ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʥʘ ʤʝʩʪʦʨʦʞʜʝʥʠʠ ʜʣʷ ʦʙʦʩʥʦʚʘʥʠʷ ʚʳʙʦʨʘ ʚʳʝʤʦʯʥʦ-ʧʦʛʨʫʟʦʯʥʦʡ ʪʝʭʥʠʢʠ, ʨʘʙʦʪʘ-
ʶʱʝʡ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʟʘʙʦʝ.
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RESEARCH ON TECHNICAL CHARACTERISTICS
OF MASS-PRODUCED MODELS OF EXTRACTION
AND LOADING EQUIPMENT OF VARIOUS TYPES

Loginov E.V., Masalskiy S.S.

Saint Petersburg Mining University, Saint Petersburg, Russia

Abstract. Problem Statement (Relevance). In today’s world there is a need for rationalizing the methods of mining with a
constant increase in the production capacity of open pits. In the existing open pits, extraction and loading operations are
conducted by using various types of mining equipment: rope shovels, face and backhoe hydraulic shovels, front-end load-
ers, etc. It should be noted that power shovels are currently the most widespread extraction and loading equipment. Due to
its design features, various plans of open pit mining may be used. Front-end loaders, in turn, are mainly used as auxiliary
equipment. However, front-end loaders can be used in extraction operations, when process flow charts and design features
contribute to achieving maximum efficiency. In some mining conditions, it may be more appropriate to use front-end load-
ers than other types of mining equipment. Originality. The use of extraction and loading equipment has been described by
many scientists, but some data are outdated, while the current research is relevant for modern mining machinery. Results.
Data analysis and integration have shown a potential use of front-end loaders as main extraction and loading equipment in
open pits. The studies resulted in establishing dependences between digging height and dump height, bucket breakout force
and bucket capacity for shovels and front-end loaders. Practical Relevance. The obtained data can be applied both in de-
signing and making corrections to mining operations directly on deposits to provide rationale for choosing extraction and
loading equipment operating at a face.

Keywords: mining shovels, front-end loaders, dump height, digging height, breakout force, extraction and loading, face,
process flow chart
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ɺʚʝʜʝʥʠʝ

ʇʨʠ ʨʘʟʨʘʙʦʪʢʝ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʧʦʣʝʟʥʳʭ
ʠʩʢʦʧʘʝʤʳʭ ʦʪʢʨʳʪʳʤ ʩʧʦʩʦʙʦʤ ʚʳʝʤʦʯʥʦ-
ʧʦʛʨʫʟʦʯʥʳʝ ʨʘʙʦʪʳ ʷʚʣʷʶʪʩʷ ʦʩʥʦʚʥʳʤ ʪʝʭʥʦ-
ʣʦʛʠʯʝʩʢʠʤ ʧʨʦʮʝʩʩʦʤ. ʆʪ ʢʘʯʝʩʪʚʝʥʥʦʛʦ ʚʝʜʝ-
ʥʠʷ ʜʘʥʥʦʛʦ ʧʨʦʮʝʩʩʘ ʟʘʚʠʩʠʪ ʦʩʥʦʚʥʦʡ ʧʦʢʘʟʘ-
ʪʝʣʴ ʨʘʟʨʘʙʦʪʢʠ, ʘ ʠʤʝʥʥʦ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ
ʧʨʝʜʧʨʠʷʪʠʷ ʧʦ ʧʦʣʝʟʥʦʤʫ ʠʩʢʦʧʘʝʤʦʤʫ, ʢʦʪʦ-
ʨʘʷ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʚʣʠʷʝʪ ʥʘ ʵʢʦʥʦʤʠʯʝʩʢʫʶ
ʧʨʠʛʦʜʥʦʩʪʴ ʢʘʨʴʝʨʘ.

ʂʘʯʝʩʪʚʦ ʠ ʩʢʦʨʦʩʪʴ ʚʳʝʤʦʯʥʦ-ʧʦʛʨʫʟʦʯʥʳʭ
ʨʘʙʦʪ ʟʘʚʠʩʷʪ ʦʪ ʪʝʭʥʠʢʠ, ʪʝʭʥʦʣʦʛʠʠ ʠ ʠʥʜʠʚʠ-
ʜʫʘʣʴʥʳ ʜʣʷ ʢʦʥʢʨʝʪʥʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ [1-3].
ʅʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤ ʦʙʦʨʫʜʦʚʘʥʠʝʤ,
ʧʨʠʤʝʥʷʝʤʳʤ ʥʘ ʢʘʨʴʝʨʘʭ, ʷʚʣʷʶʪʩʷ ʦʜʥʦʢʦʚ-
ʰʦʚʳʝ ʵʢʩʢʘʚʘʪʦʨʳ. ʄʥʦʛʦʢʦʚʰʦʚʳʝ ʵʢʩʢʘʚʘʪʦ-
ʨʳ ʚ ʦʩʥʦʚʥʦʤ ʧʨʠʤʝʥʷʶʪʩʷ ʥʘ ʤʦʱʥʳʭ ʤʝʩʪʦ-
ʨʦʞʜʝʥʠʷʭ ʧʦʣʦʛʦʛʦ ʠ ʛʦʨʠʟʦʥʪʘʣʴʥʦʛʦ ʟʘʣʝʛʘ-
ʥʠʷ. ɺ ʩʧʝʮʠʘʣʴʥʫʶ ʛʨʫʧʧʫ ʚʳʝʤʦʯʥʦ-ʧʦʛʨʫ-
ʟʦʯʥʦʡ ʪʝʭʥʠʢʠ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʬʨʦʥʪʘʣʴʥʳʝ
ʧʦʛʨʫʟʯʠʢʠ. ɼʘʥʥʦʝ ʦʙʦʨʫʜʦʚʘʥʠʝ ʚ ʙʦʣʴʰʠʥ-
ʩʪʚʝ ʩʣʫʯʘʝʚ ʧʨʠʤʝʥʷʝʪʩʷ ʢʘʢ ʚʩʧʦʤʦʛʘʪʝʣʴʥʦʝ.
ʆʜʥʘʢʦ ʚ ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ ʬʨʦʥʪʘʣʴʥʳʝ ʧʦ-

ʛʨʫʟʯʠʢʠ ʤʦʛʫʪ ʙʳʪʴ ʧʨʠʤʝʥʝʥʳ ʚ ʢʘʯʝʩʪʚʝ ʦʩ-
ʥʦʚʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʟʘʙʦʷ.

ʀʟʫʯʝʥʠʝʤ ʬʨʦʥʪʘʣʴʥʳʭ ʧʦʛʨʫʟʯʠʢʦʚ, ʢʘʨʴ-
ʝʨʥʳʭ ʦʜʥʦʢʦʚʰʦʚʳʭ ʵʢʩʢʘʚʘʪʦʨʦʚ ʠ ʠʭ ʧʨʠʤʝ-
ʥʝʥʠʝʤ ʟʘʥʠʤʘʣʠʩʴ ʤʥʦʛʠʝ ʫʯʝʥʥʳʝ: ʧʨʦʬ. ʈʝ-
ʧʠʥ ʅ.ʗ., ʧʨʦʬ. ʈʝʧʠʥ ʃ.ʅ., ʧʨʦʬ. ʍʦʣʦʜʥʷʢʦʚ ɻ.ɸ.,
ʧʨʦʬ. ʍʦʨʝʰʦʢ ɸ.ɸ., ʧʨʦʬ. ʌʦʤʠʥ ʉ.ʀ., ʢ.ʪ.ʥ.
ʃʠʛʦʮʢʠʡ ɼ.ʅ., ʢ.ʪ.ʥ. ɾʫʨʘʚʣʸʚ ɸ.ɻ., ʢ.ʪ.ʥ. ʃʦ-
ʛʠʥʦʚ ɽ.ɺ., ʢ.ʪ.ʥ. ʄʘʢʘʨʦʚ ɺ.ʅ. ʠ ʜʨ. [4-6]. ʀʟʫ-
ʯʝʥʠʝʤ ʚʳʝʤʦʯʥʦ-ʧʦʛʨʫʟʦʯʥʦʡ ʪʝʭʥʠʢʠ ʪʘʢʞʝ
ʟʘʥʠʤʘʣʠʩʴ ʠʥʦʩʪʨʘʥʥʳʝ ʫʯʸʥʳʝ [7-9]. ɺ ʩʚʦʠʭ
ʪʨʫʜʘʭ ʠʩʩʣʝʜʦʚʘʪʝʣʠ ʦʧʨʝʜʝʣʠʣʠ ʦʙʣʘʩʪʴ ʧʨʠ-
ʤʝʥʝʥʠʷ ʜʘʥʥʳʭ ʛʦʨʥʳʭ ʤʘʰʠʥ, ʢ ʧʨʠʤʝʨʫ,
ɾʫʨʘʚʣʸʚ ɸ.ɻ. ʦʙʦʩʥʦʚʘʣ, ʢʘʢ ʟʘʚʠʩʠʪ ʧʨʦʠʟʚʦ-
ʜʠʪʝʣʴʥʦʩʪʴ ʬʨʦʥʪʘʣʴʥʳʭ ʧʦʛʨʫʟʯʠʢʦʚ ʦʪ ʨʘʩ-
ʩʪʦʷʥʠʷ ʪʨʘʥʩʧʦʨʪʠʨʦʚʘʥʠʷ ʧʨʠ ʠʭ ʠʩʧʦʣʴʟʦʚʘ-
ʥʠʠ ʚ ʢʘʯʝʩʪʚʝ ʚʳʝʤʦʯʥʦ-ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʦʙʦʨʫ-
ʜʦʚʘʥʠʷ [10]. ʋʯʝʥʳʝ ʪʘʢʞʝ ʟʘʥʠʤʘʣʠʩʴ ʦʙʦʩ-
ʥʦʚʘʥʠʝʤ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʨʘʩʯʸʪʦʚ ʜʣʷ ʛʦʨʥʳʭ
ʤʘʰʠʥ, ʦʧʨʝʜʝʣʝʥʠʝʤ ʩʭʝʤ ʨʘʙʦʪʳ ʚʳʝʤʦʯʥʦʛʦ
ʦʙʦʨʫʜʦʚʘʥʠʷ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʫʩʣʦʚʠʷʭ [11-13].
ʃʠʛʦʮʢʠʡ ɼ.ʅ. ʦʧʠʩʘʣ ʩʭʝʤʳ ʧʨʠʤʝʥʝʥʠʷ ʵʢʩ-
ʢʘʚʘʪʦʨʦʚ ʠ ʧʦʛʨʫʟʯʠʢʦʚ ʥʘ ʩʪʨʦʠʪʝʣʴʥʳʭ ʢʘʨʴ-
ʝʨʘʭ [14, 15].
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ɺ ʫʯʝʙʥʦʤ ʧʦʩʦʙʠʠ «ɺʳʝʤʦʯʥʦ-ʧʦʛʨʫʟʦʯʥʳʝ
ʨʘʙʦʪʳ» ʧʨʦʬ. ʈʝʧʠʥ ʅ.ʗ. ʠ ʧʨʦʬ. ʈʝʧʠʥ ʃ.ʅ.
ʦʧʠʩʘʣʠ ʦʙʣʘʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʬʨʦʥʪʘʣʴʥʳʭ ʧʦ-
ʛʨʫʟʯʠʢʦʚ. ʇʨʠ ʥʝʙʦʣʴʰʠʭ ʦʙʲʝʤʘʭ ʜʦʙʳʯʥʳʭ
ʨʘʙʦʪ ʬʨʦʥʪʘʣʴʥʳʝ ʧʦʛʨʫʟʯʠʢʠ ʤʦʛʫʪ ʧʨʠʤʝʥʷʪʴ-
ʩʷ ʚ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʦʛʦ ʚʳʝʤʦʯʥʦ-ʧʦʛʨʫʟʦʯʥʦʛʦ
ʦʙʦʨʫʜʦʚʘʥʠʷ ʚ ʢʦʤʧʣʝʢʩʝ ʩ ʘʚʪʦʩʘʤʦʩʚʘʣʘʤʠ.
ʇʨʠ ʥʝʙʦʣʴʰʦʡ ʜʘʣʴʥʦʩʪʠ ʧʝʨʝʚʦʟʢʠ ʧʦʨʦʜ ʦʥʠ
ʫʩʧʝʰʥʦ ʨʘʙʦʪʘʶʪ ʢʘʢ ʚʳʝʤʦʯʥʦ-ʪʨʘʥʩʧʦʨʪʠʨʫʶ-
ʱʠʝ ʤʘʰʠʥʳ, ʟʘʤʝʥʷʷ ʩʦʙʦʡ ʵʢʩʢʘʚʘʪʦʨʳ ʠ ʘʚʪʦ-
ʩʘʤʦʩʚʘʣʳ. ɺʝʩʴʤʘ ʵʬʬʝʢʪʠʚʥʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ
ʧʦʛʨʫʟʯʠʢʦʚ ʚ ʢʦʤʧʣʝʢʩʝ ʩ ʤʝʭʘʥʠʯʝʩʢʠʤʠ ʨʳʭ-
ʣʠʪʝʣʷʤʠ ʠ ʙʫʣʴʜʦʟʝʨʘʤʠ – ʢʦʛʜʘ ʙʫʣʴʜʦʟʝʨʳ
ʬʦʨʤʠʨʫʶʪ ʰʪʘʙʝʣʠ ʠʟ ʨʘʟʨʳʭʣʝʥʥʦʡ ʧʦʨʦʜʳ, ʘ
ʧʦʛʨʫʟʯʠʢʠ ʦʩʫʱʝʩʪʚʣʷʶʪ ʝʝ ʧʦʛʨʫʟʢʫ ʚ ʪʨʘʥʩ-
ʧʦʨʪʥʳʝ ʩʨʝʜʩʪʚʘ. ʅʘ ʢʨʫʧʥʳʭ ʢʘʨʴʝʨʘʭ ʧʦʛʨʫʟ-
ʯʠʢʠ ʨʘʙʦʪʘʶʪ ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʤʦʱʥʳʤʠ ʵʢʩʢʘʚʘ-
ʪʦʨʘʤʠ, ʚ ʯʘʩʪʥʦʩʪʠ, ʧʨʠ ʩʝʣʝʢʪʠʚʥʦʡ ʨʘʟʨʘʙʦʪʢʝ
ʩʣʦʞʥʳʭ ʟʘʙʦʝʚ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʨʘʟʥʦʩʦʨʪʥʳʤʠ
ʨʫʜʘʤʠ, ʧʨʠ ʚʳʝʤʦʯʥʦ-ʧʦʛʨʫʟʦʯʥʳʭ ʨʘʙʦʪʘʭ ʚ
ʩʪʝʩʥʝʥʥʳʭ ʫʩʣʦʚʠʷʭ, ʛʜʝ ʟʘʪʨʫʜʥʝʥʘ ʨʘʙʦʪʘ ʵʢʩ-
ʢʘʚʘʪʦʨʦʚ, ʜʣʷ ʨʘʙʦʪʳ ʥʘ ʧʝʨʝʛʨʫʟʦʯʥʳʭ ʧʫʥʢʪʘʭ,
ʩʢʣʘʜʘʭ ʠ ʜʨ. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʢʦʤʙʠʥʠʨʦʚʘʥ-
ʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʧʦʛʨʫʟʯʠʢʠ ʫʩʧʝʰʥʦ ʩʧʨʘʚʣʷʶʪ-
ʩʷ ʩ ʜʦʩʪʘʚʢʦʡ ʛʦʨʥʦʡ ʤʘʩʩʳ ʦʪ ʟʘʙʦʝʚ ʢ ʚʥʫʪʨʠ-
ʢʘʨʴʝʨʥʳʤ ʜʨʦʙʠʣʴʥʦ-ʧʝʨʝʛʨʫʟʦʯʥʳʤ ʧʫʥʢʪʘʤ,
ʨʫʜʦʩʧʫʩʢʘʤ, ʢ ʧʝʨʝʛʨʫʟʦʯʥʳʤ ʫʩʪʨʦʡʩʪʚʘʤ
ʩʢʠʧʦʚʳʭ ʧʦʜʲʝʤʥʠʢʦʚ [16].

ʆʧʠʩʘʥʠʝ ʧʨʠʤʝʥʝʥʠʷ ʬʨʦʥʪʘʣʴʥʳʭ ʧʦʛʨʫʟ-
ʯʠʢʦʚ ʤʦʞʥʦ ʥʘʟʚʘʪʴ ʧʦʣʥʳʤ, ʦʜʥʘʢʦ ʠʩʩʣʝʜʦʚʘ-
ʥʠʷ ʧʨʦʠʟʚʦʜʠʣʠʩʴ ʚ ʦʩʥʦʚʥʦʤ ʜʦ 2010 ʛʦʜʘ [17-
19] ʠ ʥʝʢʦʪʦʨʳʝ ʜʘʥʥʳʝ ʷʚʣʷʶʪʩʷ ʫʩʪʘʨʝʚʰʠʤʠ.
ʂ ʧʨʠʤʝʨʫ, ʚ ʢʥʠʛʝ «ɺʳʝʤʦʯʥʦ-ʧʦʛʨʫʟʦʯʥʳʝ ʨʘ-
ʙʦʪʳ» ʫʢʘʟʳʚʘʝʪʩʷ, ʯʪʦ ʥʘʠʙʦʣʴʰʠʡ ʦʙʲʸʤ ʢʦʚʰʘ
ʜʣʷ ʬʨʦʥʪʘʣʴʥʳʭ ʧʦʛʨʫʟʯʠʢʦʚ ʨʘʚʝʥ 21 ʤ3, ʦʜʥʘ-
ʢʦ ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʧʦʛʨʫʟʯʠʢ WE2350-2 ʬʠʨ-
ʤʳ  Komatsu ʧʨʠ ʢʦʤʧʣʝʢʪʘʮʠʠ super high lift
ʠʤʝʝʪ ʢʦʚʰ ʦʙʲʸʤʦʤ 53,5 ʤ3.

ʄʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ

ʇʨʦʚʝʜʝʥʳ ʘʥʘʣʠʟ ʠ ʠʟʫʯʝʥʠʝ ʣʠʪʝʨʘʪʫʨʳ,
ʪʝʦʨʠʠ ʠ ʧʨʘʢʪʠʢʠ ʧʨʠʤʝʥʝʥʠʷ ʢʘʥʘʪʥʳʭ, ʛʠʜʨʘʚ-
ʣʠʯʝʩʢʠʭ ʵʢʩʢʘʚʘʪʦʨʦʚ ʠ ʬʨʦʥʪʘʣʴʥʳʭ ʧʦʛʨʫʟʯʠ-
ʢʦʚ ʥʘ ʢʘʨʴʝʨʘʭ. ʊʘʢʞʝ ʘʥʘʣʠʟ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥ-
ʥʦʡ ʣʠʪʝʨʘʪʫʨʳ ʬʠʨʤ ʧʨʦʠʟʚʦʜʠʪʝʣʝʡ ʢʘʨʴʝʨʥʦʡ
ʪʝʭʥʠʢʠ ʩ ʮʝʣʴʶ ʩʙʦʨʘ ʦʩʥʦʚʥʳʭ ʪʝʭʥʠʯʝʩʢʠʭ
ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʧʨʠʤʝʥʝʥʠʝ ʮʠʬʨʦʚʳʭ ʪʝʭʥʦʣʦ-
ʛʠʡ ʜʣʷ ʘʥʘʣʠʪʠʯʝʩʢʦʛʦ ʩʨʘʚʥʝʥʠʷ ʜʘʥʥʳʭ ʠ ʛʨʘ-
ʬʠʯʝʩʢʦʛʦ ʦʪʦʙʨʘʞʝʥʠʷ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ.

ɼʘʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʦʩʚʷʱʝʥʦ ʦʙʦʩʥʦʚʘ-
ʥʠʶ ʧʘʨʘʤʝʪʨʦʚ ʩʠʩʪʝʤʳ ʨʘʟʨʘʙʦʪʢʠ ʧʨʠ ʠʩʧʦʣʴ-
ʟʦʚʘʥʠʠ ʚʳʝʤʦʯʥʦ-ʧʦʛʨʫʟʦʯʥʦʡ ʪʝʭʥʠʢʠ, ʘ ʠʤʝʥ-

ʥʦ ʦʜʥʦʢʦʚʰʦʚʳʭ ʵʢʩʢʘʚʘʪʦʨʦʚ ʠ ʬʨʦʥʪʘʣʴʥʳʭ
ʧʦʛʨʫʟʯʠʢʦʚ. ʆʜʥʦʢʦʚʰʦʚʳʝ ʵʢʩʢʘʚʘʪʦʨʳ, ʧʨʠ-
ʤʝʥʷʝʤʳʝ ʧʨʠ ʚʳʝʤʦʯʥʦ-ʧʦʛʨʫʟʦʯʥʳʭ ʨʘʙʦʪʘʭ,
ʠʤʝʶʪ ʙʦʣʴʰʦʡ ʩʧʝʢʪʨ ʧʨʠʤʝʥʝʥʠʡ ʠ ʜʝʣʷʪʩʷ ʧʦ
ʭʘʨʘʢʪʝʨʫ ʧʨʠʚʝʜʝʥʠʷ ʩʪʨʝʣʳ ʚ ʜʝʡʩʪʚʠʝ ʥʘ ʩʣʝ-
ʜʫʶʱʠʝ ʚʠʜʳ: ʪʨʦʩʦʚʳʝ (ʢʘʥʘʪʥʳʝ) ʤʝʭʘʥʠʯʝ-
ʩʢʠʝ ʣʦʧʘʪʳ, ʛʠʜʨʘʚʣʠʯʝʩʢʠʝ ʵʢʩʢʘʚʘʪʦʨʳ ʩ ʧʨʷ-
ʤʦʡ ʠʣʠ ʦʙʨʘʪʥʦʡ ʣʦʧʘʪʦʡ [20-22].

ʊʨʦʩʦʚʳʝ (ʢʘʥʘʪʥʳʝ) ʵʢʩʢʘʚʘʪʦʨʳ ʧʨʠʤʝʥʷ-
ʶʪʩʷ ʧʨʠ ʚʳʝʤʢʝ ʧʦʨʦʜ ʚʝʨʭʥʠʤ ʯʝʨʧʘʥʠʝʤ ʠ
ʨʘʟʛʨʫʟʢʦʡ ʢʦʚʰʘ ʢʘʢ ʥʘ ʫʨʦʚʥʝ ʫʩʪʘʥʦʚʢʠ ʵʢʩʢʘ-
ʚʘʪʦʨʘ (ʚ ʩʪʘʥʜʘʨʪʥʦʤ ʠʩʧʦʣʥʝʥʠʠ ʨʘʙʦʯʝʛʦ ʦʙʦ-
ʨʫʜʦʚʘʥʠʷ), ʪʘʢ ʠ ʥʘ ʫʨʦʚʥʝ ʚʝʨʭʥʝʡ ʧʣʦʱʘʜʢʠ
ʫʩʪʫʧʘ (ʧʨʠ ʫʜʣʠʥʸʥʥʦʤ ʨʘʙʦʯʝʤ ʦʙʦʨʫʜʦʚʘʥʠʠ)
[23-25]. ɻʠʜʨʘʚʣʠʯʝʩʢʠʝ ʵʢʩʢʘʚʘʪʦʨʳ ʪʠʧʘ ʧʨʷʤʘʷ
ʣʦʧʘʪʘ – ʚʝʨʭʥʝʝ ʯʝʨʧʘʥʠʝ ʩ ʨʘʟʛʨʫʟʢʦʡ ʥʘ ʫʨʦʚʥʝ
ʵʢʩʢʘʚʘʪʦʨʘ, ʘ ʦʙʨʘʪʥʳʝ ʣʦʧʘʪʳ – ʢʘʢ ʥʠʞʥʝʝ, ʪʘʢ
ʠ ʚʝʨʭʥʝʝ ʯʝʨʧʘʥʠʝ ʩ ʨʘʟʛʨʫʟʢʦʡ ʠ ʥʘ ʫʨʦʚʥʝ ʩʪʦ-
ʷʥʠʷ, ʠ ʥʘ ʥʠʞʥʶʶ ʧʣʦʱʘʜʢʫ ʫʩʪʫʧʘ [26].

ʌʨʦʥʪʘʣʴʥʳʝ ʧʦʛʨʫʟʯʠʢʠ, ʚ ʩʠʣʫ ʩʪʨʦʝʥʠʷ ʠ
ʢʦʥʩʪʨʫʢʮʠʠ, ʤʦʛʫʪ ʧʨʠʤʝʥʷʪʴʩʷ ʪʦʣʴʢʦ ʧʨʠ
ʚʝʨʭʥʝʤ ʯʝʨʧʘʥʠʠ. ʈʘʟʛʨʫʟʢʘ ʧʨʦʠʟʚʦʜʠʪʩʷ ʥʘ
ʫʨʦʚʥʝ ʫʩʪʘʥʦʚʢʠ ʧʦʛʨʫʟʯʠʢʘ, ʦʜʥʘʢʦ ʜʣʷ ʨʘʩʰʠ-
ʨʝʥʠʷ ʪʝʭʥʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʦʞʝʪ ʧʨʠʤʝ-
ʥʷʪʴʩʷ ʦʙʦʨʫʜʦʚʘʥʠʝ super high lift, ʯʪʦ ʧʦʟʚʦʣʷʝʪ
ʫʚʝʣʠʯʠʪʴ ʚʳʩʦʪʫ ʨʘʟʛʨʫʟʢʠ.

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ

ʆʩʥʦʚʥʦʡ ʠʜʝʝʡ ʜʘʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷ-
ʝʪʩʷ ʩʨʘʚʥʝʥʠʝ ʪʝʭʥʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʝ-
ʨʠʡʥʦ ʚʳʧʫʩʢʘʝʤʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ, ʢʦʪʦʨʦʝ
ʧʨʠʤʝʥʷʝʪʩʷ ʥʘ ʚʳʝʤʦʯʥʦ-ʧʦʛʨʫʟʦʯʥʳʭ ʨʘʙʦʪʘʭ.
ʂʦʣʣʝʢʪʠʚʦʤ ʘʚʪʦʨʦʚ ʧʨʝʜʣʦʞʝʥʳ ʩʣʝʜʫʶʱʠʝ
ʦʙʦʟʥʘʯʝʥʠʷ: ʪʨʦʩʦʚʳʡ (ʢʘʥʘʪʥʳʡ) ʵʢʩʢʘʚʘʪʦʨ
ʪʠʧʘ ʧʨʷʤʘʷ ʤʝʭʘʥʠʯʝʩʢʘʷ ʣʦʧʘʪʘ – ʕʂ, ʛʠʜʨʘʚ-
ʣʠʯʝʩʢʠʡ ʵʢʩʢʘʚʘʪʦʨ ʪʠʧʘ ʧʨʷʤʘʷ ʣʦʧʘʪʘ – ʕɻ,
ʛʠʜʨʘʚʣʠʯʝʩʢʠʡ ʵʢʩʢʘʚʘʪʦʨ ʪʠʧʘ ʦʙʨʘʪʥʘʷ ʣʦʧʘ-
ʪʘ – ʕɻʆ, ʬʨʦʥʪʘʣʴʥʳʡ ʧʦʛʨʫʟʯʠʢ – ʌʇ. ɹʳʣʠ
ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʦʩʥʦʚʥʳʝ ʪʝʭʥʠʯʝʩʢʠʝ ʭʘ-
ʨʘʢʪʝʨʠʩʪʠʢʠ ʦʜʥʦʢʦʚʰʦʚʳʭ ʵʢʩʢʘʚʘʪʦʨʦʚ
ʬʠʨʤ TYHI, HITACHI, Caterpillar, Liebherr,
Komatsu, ʋɿʊʄ-ʂɸʈʊʕʂʉ ʠ ʬʨʦʥʪʘʣʴʥʳʭ ʧʦ-
ʛʨʫʟʯʠʢʦʚ, ʧʨʦʠʟʚʦʜʠʤʳʭ ʢʦʤʧʘʥʠʷʤʠ «ɹʝʣɸɿ»,
Caterpillar, HITACHI, Liebherr, Komatsu. ɼʘʥʥʦʝ
ʦʙʦʨʫʜʦʚʘʥʠʝ ʙʳʣʦ ʨʘʟʜʝʣʝʥʦ ʧʦ ʚʤʝʩʪʠʤʦʩʪʠ
ʢʦʚʰʘ ʥʘ 7 ʛʨʫʧʧ: ~5, ~8, ~11,5, ~23, ~33, ~40,
~50 ʤ3, ʦʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ
ʪʘʙʣ. 1-7.

ʀʟ ʪʘʙʣ. 1 ʚʠʜʥʦ, ʯʪʦ ʌʇ ʫʩʪʫʧʘʶʪ ʕʂ ʧʦ
ʚʩʝʤ ʪʝʭʥʠʯʝʩʢʠʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ, ʧʨʠʯʸʤ ʯʸʪ-
ʢʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʨʘʟʥʠʮʳ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʦʪ ʦʙʲ-
ʸʤʘ ʢʦʚʰʘ ʥʝ ʧʨʦʩʤʘʪʨʠʚʘʝʪʩʷ.
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ʊʘʙʣʠʮʘ 1. ʄʦʜʝʣʴʥʳʡ ʨʷʜ ʬʨʦʥʪʘʣʴʥʳʭ ʧʦʛʨʫʟʯʠʢʦʚ, ʦʜʥʦʢʦʚʰʦʚʳʭ ʢʘʨʴʝʨʥʳʭ ʵʢʩʢʘʚʘʪʦʨʦʚ
ʠ ʠʭ ʪʝʭʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʠ ʚʤʝʩʪʠʤʦʩʪʠ ʢʦʚʰʘ ~5 ʤ3

T a b l e  1 .  Model range of front-end loaders, power shovels and their performance at a bucket capacity of ~5 m3

ɺʠʜ ʌʠʨʤʘ ʄʦʜʝʣʴ ɺʤʝʩʪʠʤʦʩʪʴ
ʢʦʚʰʘ, ʤ3

ʋʩʠʣʠʝ
ʦʪʨʳʚʘ, ʢʅ

ɺʳʩʦʪʘ
ʨʘʟʛʨʫʟʢʠ, ʤ

ɺʳʩʦʪʘ
ʯʝʨʧʘʥʠʷ, ʤ

ʌʇ Caterpillar 986K
(High Lift) 5,1 313 3,54 7,28

ʌʇ HITACHI ZW550-6 5,4 377 3,80 7,34
ʕɻ Liebherr R 980 SME 5,1 500 8,00 11,00

ʕɻʆ Caterpillar 395 5.2 383 9,25 13,54
ʕʂ TYHI WK-4D 4,0 – 6,30 10,10

ʕʂ ʋɿʊʄ-
ʂɸʈʊʕʂʉ ʕʂɻ-5ɸ 5,2 500 6,70 10,30

ʊʘʙʣʠʮʘ 2. ʄʦʜʝʣʴʥʳʡ ʨʷʜ ʬʨʦʥʪʘʣʴʥʳʭ ʧʦʛʨʫʟʯʠʢʦʚ, ʦʜʥʦʢʦʚʰʦʚʳʭ ʢʘʨʴʝʨʥʳʭ ʵʢʩʢʘʚʘʪʦʨʦʚ
ʠ ʠʭ ʪʝʭʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʠ ʚʤʝʩʪʠʤʦʩʪʠ ʢʦʚʰʘ ~8 ʤ3

T a b l e  2 .  Model range of front-end loaders, power shovels and their performance at a bucket capacity of ~8 m3

ɺʠʜ ʌʠʨʤʘ ʄʦʜʝʣʴ ɺʤʝʩʪʠʤʦʩʪʴ
ʢʦʚʰʘ, ʤ3

ʋʩʠʣʠʝ
ʦʪʨʳʚʘ, ʢʅ

ɺʳʩʦʪʘ
ʨʘʟʛʨʫʟʢʠ, ʤ

ɺʳʩʦʪʘ
ʯʝʨʧʘʥʠʷ, ʤ

ʌʇ Caterpillar 988K
(High Lift) 8,0 381 4,04 8,22

ʌʇ Liebherr L 586 XPower
(High Lift) 8,5 240 5,10 7,70

ʕɻ Liebherr R 9150 G7 8,3 720 8,80 13,20
ʕɻʆ Caterpillar 6015 8,1 538 – 12,80

ʕʂ ʋɿʊʄ-
ʂɸʈʊʕʂʉ ʕʂɻ-8ʀ 8,0 – 8,6 13,2

ʊʘʙʣʠʮʘ 3. ʄʦʜʝʣʴʥʳʡ ʨʷʜ ʬʨʦʥʪʘʣʴʥʳʭ ʧʦʛʨʫʟʯʠʢʦʚ, ʦʜʥʦʢʦʚʰʦʚʳʭ ʢʘʨʴʝʨʥʳʭ ʵʢʩʢʘʚʘʪʦʨʦʚ
ʠ ʠʭ ʪʝʭʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʠ ʚʤʝʩʪʠʤʦʩʪʠ ʢʦʚʰʘ ~11,5 ʤ3

T a b l e  3 . Model range of front-end loaders, power shovels and their performance at a bucket capacity of ~11.5 m3

ɺʠʜ ʌʠʨʤʘ ʄʦʜʝʣʴ ɺʤʝʩʪʠʤʦʩʪʴ
ʢʦʚʰʘ, ʤ3

ʋʩʠʣʠʝ
ʦʪʨʳʚʘ, ʢʅ

ɺʳʩʦʪʘ
ʨʘʟʛʨʫʟʢʠ, ʤ

ɺʳʩʦʪʘ
ʯʝʨʧʘʥʠʷ, ʤ

ʌʇ ɹʝʣʘʟ 78250 11,5 – 3,80 7,34
ʌʇ Komatsu WA800-8 11,5 690 4,61 9,50
ʕɻ HITACHI EX1200-7 12,0 709 10,35 14,67

ʕɻʆ Caterpillar 6020B 12,0 730 – 13,90
ʕʂ TYHI WK-12ʉ 12,0 – 8,60 13,53

ʕʂ ʋɿʊʄ-
ʂɸʈʊʕʂʉ ʕʂɻ-12ʂ 12,0 – 8,3 14,0

ʊʘʙʣʠʮʘ 4. ʄʦʜʝʣʴʥʳʡ ʨʷʜ ʬʨʦʥʪʘʣʴʥʳʭ ʧʦʛʨʫʟʯʠʢʦʚ, ʦʜʥʦʢʦʚʰʦʚʳʭ ʢʘʨʴʝʨʥʳʭ ʵʢʩʢʘʚʘʪʦʨʦʚ
ʠ ʠʭ ʪʝʭʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʠ ʚʤʝʩʪʠʤʦʩʪʠ ʢʦʚʰʘ ~23 ʤ3

T a b l e  4 .  Model range of front-end loaders, power shovels and their performance at a bucket capacity of ~23 m3

ɺʠʜ ʌʠʨʤʘ ʄʦʜʝʣʴ ɺʤʝʩʪʠʤʦʩʪʴ
ʢʦʚʰʘ, ʤ3

ʋʩʠʣʠʝ
ʦʪʨʳʚʘ, ʢʅ

ɺʳʩʦʪʘ
ʨʘʟʛʨʫʟʢʠ, ʤ

ɺʳʩʦʪʘ
ʯʝʨʧʘʥʠʷ, ʤ

ʌʇ Komatsu WE1350-3 22,9 978 6,42 11,40
ʌʇ Caterpillar 994K 24,5 1 206 6,10 11,77
ʕɻ HITACHI EX3600-7 22,0 1 030 10,99 16,75

ʕɻʆ Liebherr R 9400 G6 24,0 1 000 10,60 15,70
ʕʂ Komatsu 2300XPC AC 25,0 – 8,50 13,50

ʕʂ ʋɿʊʄ-
ʂɸʈʊʕʂʉ ʕʂɻ-20ʂʄ 25 – 10,0 16,8
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ʊʘʙʣʠʮʘ 5. ʄʦʜʝʣʴʥʳʡ ʨʷʜ ʬʨʦʥʪʘʣʴʥʳʭ ʧʦʛʨʫʟʯʠʢʦʚ, ʦʜʥʦʢʦʚʰʦʚʳʭ ʢʘʨʴʝʨʥʳʭ ʵʢʩʢʘʚʘʪʦʨʦʚ
ʠ ʠʭ ʪʝʭʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʠ ʚʤʝʩʪʠʤʦʩʪʠ ʢʦʚʰʘ  ~33 ʤ3

T a b l e  5 .  Model range of front-end loaders, power shovels and their performance at a bucket capacity of ~33 m3

ɺʠʜ ʌʠʨʤʘ ʄʦʜʝʣʴ ɺʤʝʩʪʠʤʦʩʪʴ
ʢʦʚʰʘ, ʤ3

ʋʩʠʣʠʝ
ʦʪʨʳʚʘ, ʢʅ

ɺʳʩʦʪʘ
ʨʘʟʛʨʫʟʢʠ, ʤ

ɺʳʩʦʪʘ
ʯʝʨʧʘʥʠʷ, ʤ

ʌʇ Komatsu WE1850-3 32,9 1 075 6,48 12,57
ʕɻ Caterpillar 6060 AC FS 34,0 1 730 11,60 15,50

ʕɻʆ HITACHI EX5600-6 34,0 1 480 12,20 19,70

ʕʂ ʋɿʊʄ-
ʂɸʈʊʕʂʉ ʕʂɻ-32ʈ 35,0 – 11,8 18,3

ʊʘʙʣʠʮʘ 6. ʄʦʜʝʣʴʥʳʡ ʨʷʜ ʬʨʦʥʪʘʣʴʥʳʭ ʧʦʛʨʫʟʯʠʢʦʚ, ʦʜʥʦʢʦʚʰʦʚʳʭ ʢʘʨʴʝʨʥʳʭ ʵʢʩʢʘʚʘʪʦʨʦʚ
ʠ ʠʭ ʪʝʭʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʠ ʚʤʝʩʪʠʤʦʩʪʠ ʢʦʚʰʘ ~40 ʤ3

T a b l e  6 .  Model range of front-end loaders, power shovels and their performance at a bucket capacity of ~40 m3

ɺʠʜ ʌʠʨʤʘ ʄʦʜʝʣʴ ɺʤʝʩʪʠʤʦʩʪʴ
ʢʦʚʰʘ, ʤ3

ʋʩʠʣʠʝ
ʦʪʨʳʚʘ, ʢʅ

ɺʳʩʦʪʘ
ʨʘʟʛʨʫʟʢʠ, ʤ

ɺʳʩʦʪʘ
ʯʝʨʧʘʥʠʷ, ʤ

ʌʇ Komatsu WE2350-2 40,5 1 173 7,03 13,39
ʕɻ Liebherr R 9800 G6 42,0 2 395 12,40 19,90

ʕɻʆ HITACHI EX8000-6 43,0 2 020 11,90 19,00
ʕʂ Caterpillar 7295 39,0 – 8,40 13,70

ʕʂ ʋɿʊʄ-
ʂɸʈʊʕʂʉ ʕʂɻ-35 35,0 – 12,3 19,30

ʊʘʙʣʠʮʘ 7. ʄʦʜʝʣʴʥʳʡ ʨʷʜ ʬʨʦʥʪʘʣʴʥʳʭ ʧʦʛʨʫʟʯʠʢʦʚ, ʦʜʥʦʢʦʚʰʦʚʳʭ ʢʘʨʴʝʨʥʳʭ ʵʢʩʢʘʚʘʪʦʨʦʚ
ʠ ʠʭ ʪʝʭʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʠ ʚʤʝʩʪʠʤʦʩʪʠ ʢʦʚʰʘ ~50 ʤ3

T a b l e  7 .  Model range of front-end loaders, power shovels and their performance at a bucket capacity of ~50 m3

ɺʠʜ ʌʠʨʤʘ ʄʦʜʝʣʴ ɺʤʝʩʪʠʤʦʩʪʴ
ʢʦʚʰʘ, ʤ3

ʋʩʠʣʠʝ
ʦʪʨʳʚʘ, ʢʅ

ɺʳʩʦʪʘ
ʨʘʟʛʨʫʟʢʠ, ʤ

ɺʳʩʦʪʘ
ʯʝʨʧʘʥʠʷ, ʤ

ʌʇ Komatsu WE2350-2
(Super High Lift) 53,5 980 9,53 15,85

ʕʂ TYHI WK-55 55,0 – 10,06 18,10
ʕʂ Komatsu 4100C BOSS 49,0 – 9,50 16,90
ʕʂ Caterpillar 7395 55,8 – 9,40 14,90
ʕʂ Caterpillar 7495 62,7 – 10,06 16,30

ʀʩʭʦʜʷ ʠʟ ʩʦʙʨʘʥʥʳʭ ʜʘʥʥʳʭ, ʬʠʨʤʘ ʧʨʦʠʟʚʦ-
ʜʠʪʝʣʴ Komatsu ʷʚʣʷʝʪʩʷ ʝʜʠʥʩʪʚʝʥʥʦʡ ʢʦʤʧʘʥʠʝʡ
ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ, ʧʨʦʠʟʚʦʜʷʱʝʡ ʬʨʦʥʪʘʣʴʥʳʝ
ʧʦʛʨʫʟʯʠʢʠ ʩ ʚʤʝʩʪʠʤʦʩʪʴʶ ʢʦʚʰʘ ʙʦʣʝʝ 25 ʤ3.

ʇʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʢʘʨʴʝʨʦʚ ʥʝʦʙʭʦʜʠʤʦ
ʦʙʦʩʥʦʚʳʚʘʪʴ ʚʳʩʦʪʫ ʫʩʪʫʧʦʚ. ɺ ʦʩʥʦʚʥʦʤ ʚʳ-
ʩʦʪʘ ʫʩʪʫʧʘ ʟʘʜʘʝʪʩʷ ʧʨʦʝʢʪʦʤ ʥʘ ʩʪʘʜʠʠ ʧʨʦʝʢ-
ʪʠʨʦʚʘʥʠʷ ʠ ʦʩʪʘʝʪʩʷ ʧʦʩʪʦʷʥʥʦʡ ʥʘ ʚʝʩʴ ʩʨʦʢ
ʦʪʨʘʙʦʪʢʠ ʠʣʠ ʢʦʨʨʝʢʪʠʨʫʝʪʩʷ ʥʘ ʦʧʨʝʜʝʣʝʥʥʦʤ
ʵʪʘʧʝ ʨʘʟʨʘʙʦʪʢʠ [27]. ɺʳʩʦʪʘ ʫʩʪʫʧʘ ʚʣʠʷʝʪ ʥʘ
ʩʢʦʨʦʩʪʴ ʫʛʣʫʙʢʠ ʢʘʨʴʝʨʘ ʠ ʪʠʧ ʧʨʠʤʝʥʷʝʤʦʡ
ʪʝʭʥʠʢʠ. ʆʩʥʦʚʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʚʳʝʤʦʯʥʦʡ
ʪʝʭʥʠʢʠ, ʟʘʚʠʩʷʱʝʡ ʦʪ ʚʳʩʦʪʳ ʫʩʪʫʧʘ, ʷʚʣʷʝʪʩʷ
ʚʳʩʦʪʘ ʯʝʨʧʘʥʠʷ. ɺ ʭʦʜʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʠ
ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʦʩʥʦʚʥʳʝ ʩʝʨʠʡʥʦ ʚʳʧʫʩʢʘʝ-

ʤʳʝ ʤʦʜʝʣʠ ʌʇ, ʕʂ, ʕɻ, ʠ ʕɻʆ. ʊʘʢ ʢʘʢ ʧʨʦʘʥʘ-
ʣʠʟʠʨʦʚʘʥʥʳʝ ʪʝʭʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʛʠʜ-
ʨʘʚʣʠʯʝʩʢʠʭ ʵʢʩʢʘʚʘʪʦʨʦʚ ʪʠʧʘ ʧʨʷʤʘʷ ʠ ʦʙʨʘʪ-
ʥʘʷ ʣʦʧʘʪʘ ʩʭʦʞʠ, ʧʦʵʪʦʤʫ ʕɻ ʠ ʕɻʆ ʙʳʣʠ ʚʳ-
ʜʝʣʝʥʳ ʚ ʦʜʥʫ ʛʨʫʧʧʫ. ɺ ʭʦʜʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳ-
ʣʘ ʧʦʣʫʯʝʥʘ ʥʝʣʠʥʝʡʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʚʳʩʦʪʳ
ʯʝʨʧʘʥʠʷ ʦʪ ʚʤʝʩʪʠʤʦʩʪʠ ʢʦʚʰʘ (ʨʠʩ. 1).

ʅʘ ʨʠʩ. 1 ʤʦʞʥʦ ʥʘʛʣʷʜʥʦ ʫʚʠʜʝʪʴ, ʢʘʢ ʩʪʘ-
ʪʠʩʪʠʯʝʩʢʠ ʚʳʛʣʷʜʠʪ ʨʘʟʥʠʮʘ ʤʝʞʜʫ ʚʳʩʦʪʦʡ
ʯʝʨʧʘʥʠʷ ʫ ʬʨʦʥʪʘʣʴʥʳʭ ʧʦʛʨʫʟʯʠʢʦʚ ʠ ʢʘʨʴʝʨ-
ʥʳʭ ʵʢʩʢʘʚʘʪʦʨʦʚ. ʇʨʦʘʥʘʣʠʟʠʨʦʚʘʚ ʨʠʩ. 1, ʧʨʠ-
ʭʦʜʠʤ ʢ ʚʳʚʦʜʫ, ʯʪʦ ʬʨʦʥʪʘʣʴʥʳʝ ʧʦʛʨʫʟʯʠʢʠ
ʠʤʝʶʪ ʤʝʥʴʰʫʶ ʚʳʩʦʪʫ ʯʝʨʧʘʥʠʷ, ʥʦ ʜʣʷ ʥʝʢʦ-
ʪʦʨʳʭ ʪʠʧʦʨʘʟʤʝʨʦʚ ʨʘʟʥʠʮʘ ʥʝʩʫʱʝʩʪʚʝʥʥʘʷ,
(ʥʘʧʨʠʤʝʨ, ʚ ʢʣʘʩʩʝ ʙʦʣʝʝ 50 ʤ3 ʜʘʥʥʦʝ ʟʥʘʯʝʥʠʝ



ʈɸɿʈɸɹʆʊʂɸ ʇʆʃɽɿʅʓʍ ʀʉʂʆʇɸɽʄʓʍ

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––   ɺʝʩʪʥʠʢ ʄɻʊʋ ʠʤ. ɻ.ʀ. ʅʦʩʦʚʘ. 2023. ʊ.21. ˉ120

ʜʣʷ ʌʇ ʧʨʘʢʪʠʯʝʩʢʠ ʦʜʠʥʘʢʦʚʦʝ ʩ ʕʂ). ɺ ʠʪʦʛʝ
ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʧʨʠ ʨʘʩʩʤʦʪʨʝʥʠʠ
ʪʦʣʴʢʦ ʚʳʩʦʪʳ ʯʝʨʧʘʥʠʷ, ʢʘʢ ʦʩʥʦʚʥʦʛʦ ʬʘʢʪʦʨʘ
ʤʝʞʜʫ ʜʚʫʤʷ ʚʠʜʘʤʠ ʪʝʭʥʠʢʠ, ʬʨʦʥʪʘʣʴʥʳʝ ʧʦ-
ʛʨʫʟʯʠʢʠ ʬʠʨʤʳ Komatsu ʩ ʦʙʲʸʤʦʤ ʢʦʚʰʘ ʙʦ-
ʣʝʝ 20 ʤ3 ʤʦʛʫʪ ʩʦʧʝʨʥʠʯʘʪʴ ʩ ʥʝʢʦʪʦʨʳʤʠ ʕʂ –
ʧʨʠ ʧʦʪʝʨʝ ʚʳʩʦʪʳ ʯʝʨʧʘʥʠʷ ʚ ʜʠʘʧʘʟʦʥʝ
(2,5-18,5)%. ʏʪʦ ʠʥʪʝʨʝʩʥʦ, ʚ ʢʣʘʩʩʝ ʦʙʲʝʤʘ
ʢʦʚʰʘ ʩʚʳʰʝ 50 ʤ3 ʬʨʦʥʪʘʣʴʥʳʡ ʧʦʛʨʫʟʯʠʢ
WE2350-2 (ʩ ʦʙʦʨʫʜʦʚʘʥʠʝʤ super high lift) ʠʤʝ-
ʝʪ ʙʦʣʴʰʫʶ ʥʘ 0,95 ʤ ʚʳʩʦʪʫ ʯʝʨʧʘʥʠʷ, ʪʦ ʝʩʪʴ
ʥʘ 6,4%, ʯʝʤ ʫ ʢʘʥʘʪʥʦʛʦ ʵʢʩʢʘʚʘʪʦʨʘ ʬʠʨʤʳ
Caterpillar, ʧʨʠ ʚʦʟʤʦʞʥʦʩʪʠ ʥʦʤʠʥʘʣʴʥʦʛʦ
ʫʨʘʚʥʠʚʘʥʠʷ ʚʤʝʩʪʠʤʦʩʪʝʡ ʠʭ ʢʦʚʰʝʡ.

ɺ ʩʨʝʜʥʝʤ ʞʝ ʚʳʩʦʪʘ ʯʝʨʧʘʥʠʷ ʌʇ ʦʪʣʠʯʘʝʪ-
ʩʷ ʥʘ 32,2% ʦʪ ʕʂ ʠ ʥʘ 54,5% ʦʪ ʕɻ ʠ ʕɻʆ.

ɺʳʩʦʪʘ ʨʘʟʛʨʫʟʢʠ ʚʳʝʤʦʯʥʦ-ʧʦʛʨʫʟʦʯʥʦʛʦ
ʦʙʦʨʫʜʦʚʘʥʠʷ ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ ʚʘʞʥʦʡ ʭʘʨʘʢʪʝʨʠ-
ʩʪʠʢʦʡ ʧʨʠ ʵʬʬʝʢʪʠʚʥʦʡ ʨʘʙʦʪʝ ʢʘʨʴʝʨʘ. ɼʘʥʥʘʷ
ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʥʝʦʙʭʦʜʠʤʘ ʜʣʷ ʵʬʬʝʢʪʠʚʥʦʡ
ʨʘʙʦʪʳ ʟʚʝʥʘ ʵʢʩʢʘʚʘʪʦʨ/ʧʦʛʨʫʟʯʠʢ – ʘʚʪʦʩʘʤʦ-
ʩʚʘʣ, ʦʩʥʦʚʘʥʥʦʡ ʥʘ ʚʦʟʤʦʞʥʦʩʪʠ ʟʘʛʨʫʟʢʠ
ʪʨʘʥʩʧʦʨʪʥʳʭ ʩʨʝʜʩʪʚ (ʫʯʠʪʳʚʘʶʪʩʷ ʛʘʙʘʨʠʪʥʳʝ
ʨʘʟʤʝʨʳ ʘʚʪʦʪʨʘʥʩʧʦʨʪʘ). ɽʩʣʠ ʚʳʩʦʪʘ ʨʘʟʛʨʫʟʢʠ
ʥʝʜʦʩʪʘʪʦʯʥʘʷ, ʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʘʚʪʦʩʘʤʦʩʚʘʣʦʚ
ʙʦʣʴʰʦʡ ʛʨʫʟʦʧʦʜʲʝʤʥʦʩʪʠ ʙʫʜʝʪ ʥʝʚʦʟʤʦʞʥʦ.
ʅʘ ʦʩʥʦʚʘʥʠʠ ʩʦʧʦʩʪʘʚʣʝʥʠʷ ʠʥʬʦʨʤʘʮʠʠ ʙʳʣʘ
ʧʦʣʫʯʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʚʳʩʦʪʳ ʨʘʟʛʨʫʟʢʠ ʦʪ ʚʤʝ-
ʩʪʠʤʦʩʪʠ ʢʦʚʰʘ (ʨʠʩ. 2).

ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʴ ʩʨʝʜʥʠʭ ʟʥʘʯʝʥʠʡ ʚʳʩʦʪʳ ʯʝʨʧʘʥʠʷ ʌʇ, ʕʂ, ʕɻ ʠ ʕɻʆ ʦʪ ʚʤʝʩʪʠʤʦʩʪʠ ʠʭ ʢʦʚʰʘ
Fig. 1. Dependence between average values of digging height of the front-end loader, the open pit excavator,

the caterpillar shovel and the backhoe shovel and their bucket capacity

ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʴ ʩʨʝʜʥʠʭ ʟʥʘʯʝʥʠʡ ʚʳʩʦʪʳ ʨʘʟʛʨʫʟʢʠ ʌʇ, ʕʂ, ʕɻ ʠ ʕɻʆ ʦʪ ʚʤʝʩʪʠʤʦʩʪʠ ʠʭ ʢʦʚʰʘ
Fig. 2. Dependence between average values of breakout force of the front-end loader, the open pit excavator,

the caterpillar shovel and the backhoe shovel and their bucket capacity

ʩʨʝʜʥʠʝ ʟʥʘʯʝʥʠʷ ʜʣʷ ʌʇ ʩʨʝʜʥʠʝ ʟʥʘʯʝʥʠʷ ʜʣʷ ʕʂ ʩʨʝʜʥʠʝ ʟʥʘʯʝʥʠʷ ʜʣʷ ʕɻ, ʕɻʆ

ʩʨʝʜʥʠʝ ʟʥʘʯʝʥʠʷ ʜʣʷ ʌʇ ʩʨʝʜʥʠʝ ʟʥʘʯʝʥʠʷ ʜʣʷ ʕʂ ʩʨʝʜʥʠʝ ʟʥʘʯʝʥʠʷ ʜʣʷ ʕɻ, ʕɻʆ
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ʌʨʦʥʪʘʣʴʥʳʝ ʧʦʛʨʫʟʯʠʢʠ ʩʦ ʩʪʘʥʜʘʨʪʥʳʤ
ʦʙʦʨʫʜʦʚʘʥʠʝʤ ʦʙʲʝʢʪʠʚʥʦ ʫʩʪʫʧʘʶʪ ʚ ʚʳʩʦʪʝ
ʨʘʟʛʨʫʟʢʠ ʵʢʩʢʘʚʘʪʦʨʘʤ ʚ ʩʠʣʫ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ
ʦʩʦʙʝʥʥʦʩʪʝʡ. ɺ ʩʨʝʜʥʝʤ ʵʪʘ ʨʘʟʥʠʮʘ ʨʘʚʥʘ
4,26 ʤ – 70,4% (ʩʤ. ʨʠʩ. 2). ʆʜʥʘʢʦ ʵʪʫ ʨʘʟʥʠʮʫ
ʤʦʞʥʦ ʫʤʝʥʴʰʠʪʴ ʙʣʘʛʦʜʘʨʷ ʦʙʦʨʫʜʦʚʘʥʠʶ
«high lift», «super high lift». ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʦʙʦ-
ʨʫʜʦʚʘʥʠʝ «high lift» ʧʨʠʩʫʱʝ ʢʘʢ ʌʇ, ʪʘʢ ʠ ʢʘ-
ʨʴʝʨʥʳʤ ʵʢʩʢʘʚʘʪʦʨʘʤ. ɼʘʥʥʦʝ ʦʙʦʨʫʜʦʚʘʥʠʝ
ʧʦʟʚʦʣʷʝʪ ʫʚʝʣʠʯʠʪʴ ʚʳʩʦʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ
ʪʝʭʥʠʢʠ. ʇʨʠ ʚʤʝʩʪʠʤʦʩʪʠ ʢʦʚʰʘ ʙʦʣʝʝ 50 ʤ3

ʦʙʦʨʫʜʦʚʘʥʠʝ «super high lift» ʧʦʟʚʦʣʷʝʪ ʦʙʝʩʧʝ-
ʯʠʪʴ ʨʘʚʥʳʝ ʧʘʨʘʤʝʪʨʳ ʚʳʩʦʪʳ ʨʘʟʛʨʫʟʢʠ ʬʨʦʥ-
ʪʘʣʴʥʦʛʦ ʧʦʛʨʫʟʯʠʢʘ ʠ ʢʘʨʴʝʨʥʦʛʦ ʵʢʩʢʘʚʘʪʦʨʘ, ʘ
ʚ ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ ʜʘʞʝ ʧʨʝʚʳʩʠʪʴ ʝʝ.

ʊʘʢʞʝ ʩʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚʳʩʦʪʘ ʨʘʟʛʨʫʟʢʠ
ʜʣʷ ʛʠʜʨʘʚʣʠʯʝʩʢʠʭ ʵʢʩʢʘʚʘʪʦʨʦʚ ʠ ʜʣʷ ʕʂ ʚ
ʩʨʝʜʥʝʤ ʦʪʣʠʯʘʝʪʩʷ ʥʘ 24,0%, ʯʪʦ ʥʘ 10% ʙʦʣʴ-
ʰʝ, ʯʝʤ ʧʨʠ ʠʭ ʩʨʘʚʥʝʥʠʠ ʧʦ ʚʳʩʦʪʝ ʯʝʨʧʘʥʠʷ.
ɺʳʩʦʪʘ ʯʝʨʧʘʥʠʷ ʌʇ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʤʝʥʴʰʝ,
ʯʝʤ ʕɻ, ʕɻʆ, ʥʘ 100,7% ʠ ʥʘ 54,3%, ʯʝʤ ʕʂ.

ɿʘʢʣʶʯʠʪʝʣʴʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʚʳʝʤʦʯʥʦ-
ʧʦʛʨʫʟʦʯʥʦʡ ʪʝʭʥʠʢʠ, ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʚ ʜʘʥ-
ʥʦʤ ʠʩʩʣʝʜʦʚʘʥʠʠ, ʷʚʣʷʝʪʩʷ ʫʩʠʣʠʝ ʦʪʨʳʚʘ. ʆʪ
ʟʥʘʯʝʥʠʡ ʫʩʠʣʠʷ ʦʪʨʳʚʘ ʟʘʚʠʩʷʪ ʩʧʦʩʦʙʳ ʤʝʭʘ-
ʥʠʟʘʮʠʠ ʦʩʥʦʚʥʳʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ:
ʥʝʢʦʪʦʨʳʝ ʧʦʨʦʜʳ ʤʦʛʫʪ ʨʘʟʨʘʙʘʪʳʚʘʪʴʩʷ ʚʳʝ-
ʤʦʯʥʦ-ʧʦʛʨʫʟʦʯʥʦʡ ʪʝʭʥʠʢʦʡ ʩʘʤʦʩʪʦʷʪʝʣʴʥʦ
(ʙʝʟ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʨʳʭʣʝʥʠʷ) ʠʣʠ ʥʘʩʢʦʣʴʢʦ
ʭʦʨʦʰʦ ʜʦʣʞʝʥ ʙʳʪʴ ʧʦʜʛʦʪʦʚʣʝʥ ʤʘʩʩʠʚ (ʠʩ-
ʧʦʣʴʟʦʚʘʥʠʝ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʧʦʜʛʦʪʦʚʢʠ).

ʅʘ ʦʩʥʦʚʝ ʘʥʘʣʠʟʘ ʩʝʨʠʡʥʦ ʚʳʧʫʩʢʘʝʤʳʭ ʤʦ-
ʜʝʣʝʡ ʛʠʜʨʘʚʣʠʯʝʩʢʠʭ ʵʢʩʢʘʚʘʪʦʨʦʚ, ʢʘʢ ʧʨʷʤʦʡ
ʣʦʧʘʪʳ (ʕɻ), ʪʘʢ ʠ ʦʙʨʘʪʥʦʡ (ʕɻʆ), ʠ ʬʨʦʥʪʘʣʴ-
ʥʳʭ ʧʦʛʨʫʟʯʠʢʦʚ (ʌʇ) ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʟʘʚʠʩʠ-
ʤʦʩʪʴ ʩʨʝʜʥʠʭ ʟʥʘʯʝʥʠʡ ʫʩʠʣʠʷ ʦʪʨʳʚʘ ʦʪ ʚʤʝ-
ʩʪʠʤʦʩʪʠ ʠʭ ʢʦʚʰʘ (ʨʠʩ. 3).

ʀʩʭʦʜʷ ʠʟ ʨʠʩ. 3, ʨʘʟʥʠʮʘ ʤʝʞʜʫ ʩʨʝʜʥʠʤʠ
ʟʥʘʯʝʥʠʷʤʠ ʫʩʠʣʠʷ ʦʪʨʳʚʘ ʤʝʞʜʫ ʠʩʩʣʝʜʫʝʤʦʡ
ʪʝʭʥʠʢʦʡ ʧʨʠ ʚʤʝʩʪʠʤʦʩʪʠ ʢʦʚʰʘ ~11,5 ʠ ~23 ʤ3

ʙʣʠʟʢʘ ʢ ʥʫʣʶ. ʆʜʥʘʢʦ ʦʥʘ ʥʘʯʠʥʘʝʪ ʨʝʟʢʦ ʨʘʩ-
ʪʠ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʦʙʲʸʤʘ ʢʦʚʰʘ ʠ ʢ ~40 ʤ3 ʟʥʘ-
ʯʝʥʠʷ ʚ ʩʨʝʜʥʝʤ ʦʪʣʠʯʘʶʪʩʷ ʥʘ 1042 ʢʅ, ʯʪʦ ʥʘ
88,8% ʙʦʣʴʰʝ, ʯʝʤ ʫʩʠʣʠʝ ʢʦʧʘʥʠʷ ʌʇ ʧʨʠ
ʜʘʥʥʦʡ ʚʤʝʩʪʠʤʦʩʪʠ ʢʦʚʰʘ.

ʀʟ ʵʪʠʭ ʜʘʥʥʳʭ ʩʣʝʜʫʝʪ, ʯʪʦ ʮʝʣʝʩʦʦʙʨʘʟ-
ʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʬʨʦʥʪʘʣʴʥʳʭ ʧʦʛʨʫʟʯʠʢʦʚ ʩ
ʚʤʝʩʪʠʤʦʩʪʴʶ ʢʦʚʰʘ ʙʦʣʝʝ 20 ʤ3 ʧʨʠ ʚʳʝʤʦʯ-
ʥʦ-ʧʦʛʨʫʟʦʯʥʳʭ ʨʘʙʦʪʘʭ ʥʘ ʤʝʩʪʦʨʦʞʜʝʥʠʷʭ ʩ
ʢʨʝʧʢʠʤʠ ʧʦʨʦʜʘʤʠ ʥʘʭʦʜʠʪʩʷ ʧʦʜ ʚʦʧʨʦʩʦʤ,
ʪʘʢ ʢʘʢ ʟʘʪʨʘʪʳ ʥʘ ʙʫʨʦʚʟʨʳʚʥʳʝ ʨʘʙʦʪʳ ʫʚʝ-
ʣʠʯʘʪʩʷ, ʪʝʤ ʥʝ ʤʝʥʝʝ ʤʝʥʴʰʘʷ ʚ ʥʝʩʢʦʣʴʢʦ ʨʘʟ
ʩʪʦʠʤʦʩʪʴ ʧʦʛʨʫʟʯʠʢʦʚ ʦʪʥʦʩʠʪʝʣʴʥʦ ʵʢʩʢʘʚʘ-
ʪʦʨʦʚ ʤʦʞʝʪ ʦʢʫʧʠʪʴ ʵʪʠ ʚʣʦʞʝʥʠʷ.

ɺʘʞʥʳʤ ʬʘʢʪʦʨʦʤ ʧʨʠʤʝʥʝʥʠʷ ʛʦʨʥʦʜʦʙʳ-
ʚʘʶʱʝʡ ʪʝʭʥʠʢʠ ʷʚʣʷʝʪʩʷ ʩʨʦʢ ʩʣʫʞʙʳ. ʉʨʦʢ
ʵʢʩʧʣʫʘʪʘʮʠʠ ʢʘʨʴʝʨʥʦʛʦ ʵʢʩʢʘʚʘʪʦʨʘ ʦʧʨʝʜʝʣʷ-
ʝʪʩʷ ʧʦ ʥʦʨʤʘʪʠʚʥʦʡ, ʢʦʥʩʪʨʫʢʪʦʨʩʢʦʡ ʠ ʵʢʩʧʣʫ-
ʘʪʘʮʠʦʥʥʦʡ ʜʦʢʫʤʝʥʪʘʮʠʠ ʥʘ ʢʘʨʴʝʨʥʳʡ ʵʢʩʢʘ-
ʚʘʪʦʨ, ʘ ʪʘʢʞʝ ʧʦ ʩʪʘʥʜʘʨʪʘʤ ʠ ʧʨʘʚʠʣʘʤ ʙʝʟ-
ʦʧʘʩʥʦʩʪʠ. ʉʨʦʢ ʵʢʩʧʣʫʘʪʘʮʠʠ ʜʣʷ ʢʘʨʴʝʨʥʳʭ
ʪʨʦʩʦʚʳʭ ʵʢʩʢʘʚʘʪʦʨʦʚ ʩʦʩʪʘʚʣʷʝʪ 15-20 ʣʝʪ, ʚ
ʪʦ ʚʨʝʤʷ ʢʘʢ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʡ ʩʨʦʢ ʠʩʧʦʣʴʟʦ-
ʚʘʥʠʷ ʛʠʜʨʘʚʣʠʯʝʩʢʠʭ ʵʢʩʢʘʚʘʪʦʨʦʚ ʥʝ ʧʨʝʚʳ-
ʰʘʝʪ 10-12 ʣʝʪ. ʉʨʝʜʥʠʡ ʩʨʦʢ ʩʣʫʞʙʳ ʬʨʦʥ-
ʪʘʣʴʥʦʛʦ ʧʦʛʨʫʟʯʠʢʘ ʥʘ ʛʦʨʥʦʤ ʧʨʝʜʧʨʠʷʪʠʠ
ʦʢʦʣʦ 7-8 ʣʝʪ.

ʇʦʣʥʦʩʪʴʶ ʟʘʤʝʥʠʪʴ ʦʜʠʥ ʚʠʜ ʪʝʭʥʠʢʠ ʜʨʫ-
ʛʠʤ ʥʝʚʦʟʤʦʞʥʦ, ʧʦʵʪʦʤʫ ʠʟʫʯʝʥʠʝ ʪʝʭʥʠʯʝ-
ʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠ ʧʨʠʤʝʥʝʥʠʝ ʚʳʝʤʦʯʥʦ-
ʧʦʛʨʫʟʦʯʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ ʨʘʟʥʳʭ ʪʠʧʦʚ ʧʦʟ-
ʚʦʣʠʪ ʧʦʚʳʩʠʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʦʪʢʨʳʪʦʡ ʨʘʟ-
ʨʘʙʦʪʢʠ.

ʈʠʩ. 3. ɿʘʚʠʩʠʤʦʩʪʴ ʩʨʝʜʥʠʭ ʟʥʘʯʝʥʠʡ ʫʩʠʣʠʷ ʦʪʨʳʚʘ ʌʇ ʠ ʵʢʩʢʘʚʘʪʦʨʦʚ ʕɻ, ʕɻʆ ʦʪ ʚʤʝʩʪʠʤʦʩʪʠ ʠʭ ʢʦʚʰʘ
Fig. 3. Dependence between average values of dump height of the front-end loader and the open pit excavator,

the backhoe shovel and their bucket capacity

ʩʨʝʜʥʠʝ ʟʥʘʯʝʥʠʷ ʜʣʷ ʌʇ ʩʨʝʜʥʠʝ ʟʥʘʯʝʥʠʷ ʜʣʷ ʕɻ, ʕɻʆ
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ɿʘʢʣʶʯʝʥʠʝ

1. ʉʨʦʢ ʩʣʫʞʙʳ ʢʘʥʘʪʥʳʭ ʵʢʩʢʘʚʘʪʦʨʦʚ ʧʦ-
ʯʪʠ ʚ 2 ʨʘʟʘ ʙʦʣʴʰʝ, ʯʝʤ ʫ ʕɻ ʠ ʌʇ.

2. ɻʠʜʨʘʚʣʠʯʝʩʢʠʝ ʵʢʩʢʘʚʘʪʦʨʳ ʣʠʜʠʨʫʶʪ ʧʦ
ʫʩʠʣʠʶ ʦʪʨʳʚʘ.

3. ʂʘʥʘʪʥʳʝ ʠ ʛʠʜʨʘʚʣʠʯʝʩʢʠʝ ʵʢʩʢʘʚʘʪʦʨʳ
ʟʘʥʠʤʘʶʪ ʣʠʜʠʨʫʶʱʠʝ ʧʦʟʠʮʠʠ ʧʦ ʚʳʩʦʪʝ ʯʝʨ-
ʧʘʥʠʷ, ʚʳʩʦʪʝ ʨʘʟʛʨʫʟʢʝ.

4. ʌʨʦʥʪʘʣʴʥʳʝ ʧʦʛʨʫʟʯʠʢʠ ʩ ʚʤʝʩʪʠʤʦʩʪʴʶ
ʢʦʚʰʘ ʦʪ ~23 ʜʦ ~50 ʤ3 ʤʦʛʫʪ ʢʦʥʢʫʨʠʨʦʚʘʪʴ ʧʦ
ʪʝʭʥʠʯʝʩʢʠʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ ʕʂ ʩʦ ʩʭʦʜʥʳʤʠ
ʢʦʚʰʘʤʠ.

5. ʇʨʠ ʪʠʧʦʨʘʟʤʝʨʝ ʙʦʣʝʝ 50 ʤ3 ʨʘʟʥʠʮʘ
ʤʝʞʜʫ ʌʇ ʕʂ ʤʠʥʠʤʘʣʴʥʘ, ʵʪʦ ʦʙʫʩʣʦʚʣʝʥʦ
ʧʨʠʤʝʥʝʥʠʝʤ ʢʦʥʬʠʛʫʨʘʮʠʠ ʦʙʦʨʫʜʦʚʘʥʠʷ Super
High Lift.
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ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʟʦʣʦʪʘ ʧʫʪʝʤ ʦʢʦʥʪʫʨʠʚʘʥʠʷ ʟʦʥ ʙʦʛʘʪʳʭ ʧʝʩʢʦʚ, ʧʦʜʙʦʨʘ ʢʦʤʧʣʝʢʩʘ ʦʙʦʨʫʜʦʚʘʥʠ  ̫ʜʣʷ ʦʙʝʩʧʝʯʝ-
ʥʠʷ ʠʭ ʢʘʯʝʩʪʚʝʥʥʦʡ ʦʧʝʨʝʞʘʶʱʝʡ ʚʳʝʤʢʠ, ʦʪʨʘʙʦʪʢʠ ʟʦʥ ʨʷʜʦʚʳʭ ʠ ʙʝʜʥʳʭ ʧʝʩʢʦʚ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʪʝʭʥʦʣʦʛʠʠ
ʩʢʚʘʞʠʥʥʦʛʦ ʚʳʱʝʣʘʯʠʚʘʥʠ .̫ ʈʝʟʫʣʴʪʘʪʳ. ɺ ʩʪʘʪʴʝ ʧʨʝʜʣʘʛʘʝʪʩʷ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʥʘʷ ʪʝʭʥʦʣʦʛʠʷ ʨʘʟʨʘʙʦʪʢʠ,
ʟʘʢʣʶʯʘʶʱʘʷʩ  ̫ʚ ʚʳʷʚʣʝʥʠʠ ʟʦʥ ʙʦʛʘʪʳʭ ʧʝʩʢʦʚ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʫʪʦʯʥʝʥʠʝʤ ʠʭ ʢʦʥʪʫʨʦʚ, ʦʧʝʨʝʞʘʶʱʝʡ ʤʝʭʘʥʠ-
ʯʝʩʢʦʡ ʚʳʝʤʢʠ ʙʦʛʘʪʳʭ ʧʝʩʢʦʚ, ʩʦʜʝʨʞʘʱʠʭ ʩʫʱʝʩʪʚʝʥʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʦʪʥʦʩʠʪʝʣʴʥʦ ʢʨʫʧʥʦʛʦ ʟʦʣʦʪʘ, ʧʦʩʨʝʜ-
ʩʪʚʦʤ ʚʳʝʤʦʯʥʦʛʦ ʤʦʜʫʣʷ, ʩ ʜʦʨʘʙʦʪʢʦʡ ʦʩʪʘʚʰʝʡʩʷ ʯʘʩʪʠ ʙʦʛʘʪʳʭ ʧʝʩʢʦʚ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʩʢʚʘʞʠʥʥʦʡ ʛʠʜʨʦʜʦ-
ʙʳʯʠ, ʘ ʨʷʜʦʚʳʭ ʠ ʙʝʜʥʳʭ ʫʯʘʩʪʢʦʚ – ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʢʚʘʞʠʥʥʦʛʦ ʚʳʱʝʣʘʯʠʚʘʥʠʷ. ɺʳʝʤʦʯʥʳʡ ʤʦʜʫʣʴ ʫʩʪʘ-
ʥʘʚʣʠʚʘʝʪʩʷ ʥʘ ʰʪʘʥʛʫ ʙʫʨʦʚʦʡ ʫʩʪʘʥʦʚʢʠ ʠ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʨʝʞʫʱʠʝ ʵʣʝʤʝʥʪʳ, ʪʷʛʠ, ʛʠʜʨʦʧʨʠʚʦʜ, ʙʘʜʴʶ. ʀʟ-
ʚʣʝʯʝʥʥʳʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʙʦʛʘʪʳʝ ʧʝʩʢʠ ʥʘʧʨʘʚʣʷʶʪʩʷ ʥʘ ʤʥʦʛʦʩʪʘʜʠʡʥʦʝ ʦʙʦʛʘʱʝʥʠʝ. ʆʩʪʘʚʰʠʡʩʷ ʦʩʥʦʚʥʦʡ
ʦʙʲʝʤ ʟʘʣʝʞʠ ʦʪʨʘʙʘʪʳʚʘʝʪʩʷ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʩʢʚʘʞʠʥʥʦʛʦ ʚʳʱʝʣʘʯʠʚʘʥʠʷ ʨʘʩʪʚʦʨʘʤʠ ʩ ʘʜʘʧʪʠʚʥʳʤʠ ʢʦʥʮʝʥ-
ʪʨʘʮʠʷʤʠ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʤʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʳʩʦʢʦʝ ʠʟʚʣʝʯʝʥʠʝ ʟʦʣʦʪʘ ʚ ʧʨʦʜʫʢʪʠʚʥʳʡ ʨʘʩʪʚʦʨ. ɺʳʚʦʜʳ. ʇʨʠ-
ʤʝʥʝʥʠʝ ʧʨʝʜʣʘʛʘʝʤʦʡ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʧʦʟʚʦʣʠʪ ʩʫʱʝʩʪʚʝʥʥʦ ʩʦʢʨʘʪʠʪʴ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʧʦʪʝʨʠ ʠ
ʫʚʝʣʠʯʠʪʴ ʠʟʚʣʝʯʝʥʠʝ ʤʝʪʘʣʣʘ ʠʟ ʧʝʩʢʦʚ ʩʣʦʞʥʦʩʪʨʫʢʪʫʨʥʳʭ ʛʣʫʙʦʢʦʟʘʣʝʛʘʶʱʠʭ ʨʦʩʩʳʧʝʡ ʧʨʠ ʦʜʥʦʚʨʝʤʝʥʥʦʤ
ʩʥʠʞʝʥʠʠ ʫʜʝʣʴʥʦʡ ʩʝʙʝʩʪʦʠʤʦʩʪʠ ʜʦʙʳʯʠ ʟʦʣʦʪʘ.
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COMBINED TECHNOLOGY FOR THE DEVELOPMENT
OF COMPLEX STRUCTURE DEEP GOLD PLACERS

Cheban A.Yu., Sekisov A.G.

Mining Institute of the Khabarovsk Federal Research Center of the Far Eastern Branch of the Russian Academy
of Sciences, Khabarovsk, Russia

Abstract. Problem Statement (Relevance). Alluvial gold deposits mainly have a complex structure with a significant varia-
bility in the content of the useful component and the size of gold grains in sands of the producing formation, and, therefore,
their development, using conventional processing technologies focused predominantly on gold recovered by gravity with a
size of over 0.5 mm, leads to large losses of gold. The known technologies for the development of deep-seated placers are not
focused on the selective extraction of sands with different levels of gold content and size; therefore, they do not provide the
possibility of flexible changes in process flow charts, modes and parameters of processing the mineral mass, which is not uni-
form in its quality. A necessary condition for the use of the selective extraction of sands and their separate processing is the
identification of the exact contours of rich zones, containing gold of a higher size, for their prior extraction. Objective. The
research is aimed at improving the technology for the combined development of complex-structural alluvial gold deposits by
delineating rich sand zones, selecting a set of equipment to ensure their high-quality prior extraction, mining of ordinary and
poor sand zones using in-situ leaching technology. Results. The paper proposes an improved development technology, which
consists in identifying zones of rich sands and subsequent refinement of their contours, prior mechanical extraction of rich
sands, containing a significant amount of relatively coarse gold using an extraction module, with the extraction of the rest of
the rich sands using hydraulic borehole mining, and ordinary and poor areas using in-situ leaching. The extraction module is
installed on the stem of the drilling rig and includes cutting elements, rods, a hydraulic drive, and a bucket. The rich sands
extracted to the surface are supplied for multi-stage enrichment. The remaining main volume of the deposit is mined using in-
situ leaching solutions with adaptive concentrations that provide a relatively high recovery of gold into the product solution.
Conclusions. The use of the proposed combined technology will significantly reduce technological losses and increase the
extraction of gold from the sands of complex-structured deep-seated placers, while reducing the unit cost of gold mining.

Keywords: producing formation, rich sands, gold recovered by gravity, fine-grained gold, extraction module, mechani-
cal extraction, hydraulic borehole mining, in-situ leaching
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ɺʚʝʜʝʥʠʝ

ʆʩʚʦʝʥʠʝ ʨʦʩʩʳʧʥʳʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʟʦʣʦʪʘ
ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʨʫʜʥʳʤʠ ʪʨʝʙʫʝʪ ʟʥʘʯʠʪʝʣʴʥʦ
ʤʝʥʴʰʠʭ ʢʘʧʠʪʘʣʴʥʳʭ ʠ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʭ ʟʘ-
ʪʨʘʪ ʥʘ ʜʦʙʳʯʫ ʠ ʧʝʨʝʨʘʙʦʪʢʫ ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳ-
ʨʴʷ, ʚ ʩʚʷʟʠ ʩ ʯʝʤ ʚ ʦʪʨʘʙʦʪʢʫ ʤʦʛʫʪ ʚʦʚʣʝʢʘʪʴʩʷ
ʧʝʩʢʠ, ʩʦʜʝʨʞʘʥʠʝ ʟʦʣʦʪʘ ʚ ʢʦʪʦʨʳʭ ʚ ʥʝʩʢʦʣʴʢʦ
ʨʘʟ ʤʝʥʴʰʝ, ʯʝʤ ʚ ʨʫʜʘʭ [1-4]. ʅʝʩʤʦʪʨʷ ʥʘ ʩʫ-
ʱʝʩʪʚʝʥʥʳʡ ʨʦʩʪ ʦʙʲʝʤʦʚ ʜʦʙʳʯʠ ʟʦʣʦʪʘ ʠʟ
ʨʫʜʥʳʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ, ʚ ʈʦʩʩʠʠ ʚ 2018-2021 ʛʛ.
ʥʘ ʨʦʩʩʳʧʥʳʭ ʤʝʩʪʦʨʦʞʜʝʥʠʷʭ ʜʦʙʳʚʘʣʦʩʴ ʦʢʦ-
ʣʦ 26-29% ʤʝʪʘʣʣʘ, ʧʨʠ ʵʪʦʤ ʚ ʪʘʢʠʭ ʢʨʫʧʥʳʭ
ʟʦʣʦʪʦʜʦʙʳʚʘʶʱʠʭ ʨʝʛʠʦʥʘʭ, ʢʘʢ ʄʘʛʘʜʘʥʩʢʘʷ ʠ
ɸʤʫʨʩʢʘʷ ʦʙʣʘʩʪʠ, ʨʝʩʧʫʙʣʠʢʘ ʉʘʭʘ (ʗʢʫʪʠʷ),
ʜʦʣʷ ʨʦʩʩʳʧʥʦʛʦ ʟʦʣʦʪʘ ʚ ʦʙʱʝʡ ʜʦʙʳʯʝ ʩʫʱʝ-
ʩʪʚʝʥʥʦ ʧʨʝʚʳʰʘʣʘ 30% [5]. ʇʦ ʧʨʠʯʠʥʝ ʠʩʪʦ-
ʱʝʥʠʷ ʤʠʥʝʨʘʣʴʥʦ-ʩʳʨʴʝʚʦʡ ʙʘʟʳ ʨʦʩʩʳʧʥʳʭ
ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʟʦʣʦʪʘ ʥʝʜʨʦʧʦʣʴʟʦʚʘʪʝʣʠ ʚʳ-

ʥʫʞʜʝʥʳ ʨʘʙʦʪʘʪʴ ʚʦ ʚʩʝ ʙʦʣʝʝ ʩʣʦʞʥʳʭ ʛʦʨʥʦ-
ʛʝʦʣʦʛʠʯʝʩʢʠʭ ʠ ʛʦʨʥʦʪʝʭʥʠʯʝʩʢʠʭ ʫʩʣʦʚʠʷʭ,
ʟʘʢʣʶʯʘʶʱʠʭʩʷ ʚ ʫʚʝʣʠʯʝʥʠʠ ʛʣʫʙʠʥʳ ʟʘʣʝʛʘ-
ʥʠʷ ʧʨʦʜʫʢʪʠʚʥʳʭ ʧʣʘʩʪʦʚ ʠ ʫʩʣʦʞʥʝʥʠʠ ʠʭ
ʛʨʘʥʠʮ, ʘ ʪʘʢʞʝ ʫʤʝʥʴʰʝʥʠʠ ʩʦʜʝʨʞʘʥʠʷ ʠ
ʢʨʫʧʥʦʩʪʠ ʟʦʣʦʪʘ ʚ ʧʝʩʢʘʭ [6-8]. ɺ ʥʘʩʪʦʷʱʝʝ
ʚʨʝʤʷ ʚ ʩʚʷʟʠ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʚʩʝ ʙʦʣʝʝ ʤʦʱʥʦʛʦ
ʛʦʨʥʦʜʦʙʳʚʘʶʱʝʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ ʠ ʢʦʤʧʣʝʢʩ-
ʥʦʡ ʤʝʭʘʥʠʟʘʮʠʠ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʭ ʧʨʦʮʝʩʩʦʚ
ʛʣʫʙʠʥʘ ʦʪʢʨʳʪʦʡ ʨʘʟʨʘʙʦʪʢʠ ʨʦʩʩʳʧʝʡ ʧʦʩʪʝ-
ʧʝʥʥʦ ʚʦʟʨʘʩʪʘʝʪ, ʯʪʦ ʧʨʝʜʦʧʨʝʜʝʣʷʝʪ ʟʥʘʯʠ-
ʪʝʣʴʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʦʙʲʝʤʘ ʚʩʢʨʳʰʥʳʭ ʨʘʙʦʪ ʠ
ʦʢʘʟʳʚʘʝʪ ʩʫʱʝʩʪʚʝʥʥʦʝ ʦʪʨʠʮʘʪʝʣʴʥʦʝ ʚʣʠʷʥʠʝ
ʥʘ ʦʢʨʫʞʘʶʱʫʶ ʩʨʝʜʫ [9-12].

ʉʦʩʪʦʷʥʠʝ ʚʦʧʨʦʩʘ ʠ ʧʦʩʪʘʥʦʚʢʘ ʧʨʦʙʣʝʤʳ

ʇʝʨʩʧʝʢʪʠʚʳ ʨʦʩʪʘ ʜʦʙʳʯʠ ʨʦʩʩʳʧʥʦʛʦ ʟʦ-
ʣʦʪʘ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʩʚʷʟʘʥʳ ʩ ʦʩʚʦʝʥʠ-
ʝʤ ʟʘʧʘʩʦʚ ʛʣʫʙʦʢʦʟʘʣʝʛʘʶʱʠʭ ʨʦʩʩʳʧʝʡ, ʨʘʟʨʘ-
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ʙʦʪʢʘ ʢʦʪʦʨʳʭ ʚʝʜʝʪʩʷ ʧʦʜʟʝʤʥʳʤ ʩʧʦʩʦʙʦʤ, ʘ
ʪʘʢʞʝ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʩʢʚʘʞʠʥʥʦʛʦ ʚʳʱʝʣʘʯʠʚʘ-
ʥʠʷ ʠʣʠ ʩʢʚʘʞʠʥʥʦʡ ʛʠʜʨʦʜʦʙʳʯʠ. ʈʝʘʣʠʟʘʮʠʷ
ʧʦʜʟʝʤʥʦʛʦ ʩʧʦʩʦʙʘ ʜʦʙʳʯʠ ʪʨʝʙʫʝʪ ʙʦʣʴʰʠʭ
ʢʘʧʠʪʘʣʴʥʳʭ ʚʣʦʞʝʥʠʡ ʠ ʮʝʣʝʩʦʦʙʨʘʟʥʘ ʧʨʠ
ʦʩʚʦʝʥʠʠ ʙʦʛʘʪʳʭ ʧʝʩʢʦʚ, ʟʘʣʝʛʘʶʱʠʭ ʚ ʙʣʘʛʦ-
ʧʨʠʷʪʥʳʭ ʜʣʷ ʧʦʜʟʝʤʥʦʡ ʨʘʟʨʘʙʦʪʢʠ ʫʩʣʦʚʠʷʭ.
ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʦʪʜʝʣʴʥʳʭ, ʦʩʦʙʦ
ʙʦʛʘʪʳʭ ʟʦʥʘʭ ʧʨʦʜʫʢʪʠʚʥʦʛʦ ʧʣʘʩʪʘ ʩʦʜʝʨʞʘʥʠʝ
ʟʦʣʦʪʘ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ ʦʪ ʥʝʩʢʦʣʴʢʠʭ ʜʝʩʷʪʢʦʚ
ʜʦ ʥʝʩʢʦʣʴʢʠʭ ʩʦʪʝʥ ʛ/ʤ3 [13, 14]. ʆʜʥʘʢʦ ʥʫʞʥʦ
ʫʯʠʪʳʚʘʪʴ, ʯʪʦ ʜʣʷ ʨʦʩʩʳʧʝʡ ʭʘʨʘʢʪʝʨʥʘ ʥʝʦʜ-
ʥʦʨʦʜʥʦʩʪʴ ʛʦʨʥʦ-ʛʝʦʣʦʛʠʯʝʩʢʠʭ ʫʩʣʦʚʠʡ ʦʪʨʘ-
ʙʦʪʢʠ: ʟʥʘʯʠʪʝʣʴʥʦʝ ʠʟʤʝʥʝʥʠʝ ʤʦʱʥʦʩʪʠ ʧʨʦ-
ʜʫʢʪʠʚʥʦʛʦ ʧʣʘʩʪʘ ʠ ʩʦʜʝʨʞʘʥʠʷ ʤʝʪʘʣʣʘ;
ʫʩʣʦʞʥʝʥʠʝ ʤʦʨʬʦʣʦʛʠʠ ʧʣʘʩʪʘ; ʫʤʝʥʴʰʝʥʠʝ
ʢʨʫʧʥʦʩʪʠ ʟʦʣʦʪʠʥ ʠ ʩʚʷʟʘʥʥʳʡ ʩ ʵʪʠʤ ʨʦʩʪ ʧʦ-
ʪʝʨʴ ʤʝʪʘʣʣʘ ʧʨʠ ʧʨʦʤʳʚʢʝ; ʫʚʝʣʠʯʝʥʠʝ ʦʙʲʝʤʦʚ
ʧʝʨʝʨʘʙʘʪʳʚʘʝʤʦʡ ʛʦʨʥʦʡ ʤʘʩʩʳ ʥʘ ʝʜʠʥʠʮʫ ʠʟ-
ʚʣʝʢʘʝʤʦʛʦ ʤʝʪʘʣʣʘ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʧʦʜʟʝʤʥʳʤ
ʩʧʦʩʦʙʦʤ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʧʨʝʠʤʫʱʝ-
ʩʪʚʝʥʥʦ ʧʝʩʢʦʚ ʩ ʚʳʩʦʢʠʤ ʩʦʜʝʨʞʘʥʠʝʤ ʧʦʣʝʟ-
ʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʠʟ ʜʦʩʪʘʪʦʯʥʦ ʤʦʱʥʳʭ ʧʨʦʜʫʢ-
ʪʠʚʥʳʭ ʧʣʘʩʪʦʚ, ʚ ʪʦ ʞʝ ʚʨʝʤʷ ʠʟʚʣʝʢʘʪʴ ʪʘʢʠʤ
ʩʧʦʩʦʙʦʤ ʧʝʩʢʠ, ʠʤʝʶʱʠʝ ʨʷʜʦʚʳʝ ʠ ʥʠʟʢʠʝ ʩʦ-
ʜʝʨʞʘʥʠʷ ʟʦʣʦʪʘ, ʤʘʣʦʵʬʬʝʢʪʠʚʥʦ ʠ ʵʢʦʥʦʤʠʯʝ-
ʩʢʠ ʥʝʮʝʣʝʩʦʦʙʨʘʟʥʦ.

ʋʤʝʥʴʰʠʪʴ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʝ ʠ ʢʘʧʠʪʘʣʴʥʳʝ
ʟʘʪʨʘʪʳ, ʦʙʝʩʧʝʯʠʪʴ ʚʦʟʤʦʞʥʦʩʪʴ ʨʝʥʪʘʙʝʣʴʥʦʡ
ʦʪʨʘʙʦʪʢʠ ʥʝʙʦʣʴʰʠʭ ʛʣʫʙʦʢʦʟʘʣʝʛʘʶʱʠʭ ʨʦʩʩʳ-
ʧʝʡ ʠʣʠ ʠʭ ʦʪʜʝʣʴʥʳʭ ʫʯʘʩʪʢʦʚ ʧʦʟʚʦʣʷʶʪ ʪʝʭʥʦ-
ʣʦʛʠʠ ʩʢʚʘʞʠʥʥʦʡ ʜʦʙʳʯʠ. ʊʝʭʥʦʣʦʛʠ  ̫ ʩʢʚʘʞʠʥ-
ʥʦʡ ʛʠʜʨʦʜʦʙʳʯʠ ʚʢʣʶʯʘʝʪ ʚʩʢʨʳʪʠʝ ʧʨʦʜʫʢʪʠʚ-
ʥʦʛʦ ʧʣʘʩʪʘ ʛʠʜʨʦʤʦʥʠʪʦʨʥʳʤʠ ʠ ʛʠʜʨʦʵʣʝʚʘʪʦʨ-
ʥʳʤʠ ʩʢʚʘʞʠʥʘʤʠ, ʛʠʜʨʦʨʘʟʤʳʚ ʠ ʧʦʜʲʝʤ ʧʝʩʢʦʚ ʚ
ʚʠʜʝ ʧʫʣʴʧʳ ʯʝʨʝʟ ʩʢʚʘʞʠʥʳ ʥʘ ʜʥʝʚʥʫʶ ʧʦʚʝʨʭ-
ʥʦʩʪʴ ʠ ʜʘʣʝʝ ʢ ʧʨʦʤʳʚʦʯʥʦʤʫ ʧʨʠʙʦʨʫ [12, 15].
ʅʝʜʦʩʪʘʪʢʦʤ ʩʢʚʘʞʠʥʥʦʡ ʛʠʜʨʦʜʦʙʳʯʠ ʷʚʣʷʶʪʩʷ
ʩʫʱʝʩʪʚʝʥʥʳʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʧʦʪʝʨʠ ʤʝʪʘʣʣʘ ʚ
ʥʝʜʨʘʭ, ʧʨʠ ʵʪʦʤ ʧʦʪʝʨʠ ʩʫʱʝʩʪʚʝʥʥʦ ʚʦʟʨʘʩʪʘʶʪ
ʚ ʩʣʫʯʘʝ ʥʘʣʠʯʠʷ ʚ ʧʝʩʢʘʭ ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ
ʢʨʫʧʥʦʛʦ ʟʦʣʦʪʘ ʠ ʩʘʤʦʨʦʜʢʦʚ, ʢʦʪʦʨʳʝ ʥʝ ʚ ʧʦʣ-
ʥʦʡ ʤʝʨʝ ʧʦʜʥʠʤʘʶʪʩʷ ʛʠʜʨʦʧʦʪʦʢʦʤ. ɺ ʨʷʜʝ ʩʣʫ-
ʯʘʝʚ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʨʦʩʩʳʧʝʡ, ʟʘʧʘʩʳ ʢʦʪʦʨʳʭ ʚ
ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʤʝʣʢʠʤ,
«ʪʦʥʢʠʤ» ʠ ʜʠʩʧʝʨʩʥʳʤ ʟʦʣʦʪʦʤ, ʧʨʠʤʝʥʝʥʠʝ
ʪʨʘʜʠʮʠʦʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʷʚʣʷʝʪʩʷ ʥʝʨʝʥʪʘʙʝʣʴ-
ʥʳʤ ʧʦ ʧʨʠʯʠʥʝ ʙʦʣʴʰʠʭ ʧʦʪʝʨʴ ʤʝʪʘʣʣʘ ʧʨʠ
ʧʨʦʤʳʚʢʝ [16-18]. ʇʝʨʩʧʝʢʪʠʚʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ
ʦʩʚʦʝʥʠʷ ʧʦʜʦʙʥʳʭ ʨʦʩʩʳʧʝʡ ʷʚʣʷʝʪʩʷ ʧʨʠʤʝʥʝ-
ʥʠʝ ʪʝʭʥʦʣʦʛʠʠ ʩʢʚʘʞʠʥʥʦʛʦ ʚʳʱʝʣʘʯʠʚʘʥʠ ,̫
ʚʢʣʶʯʘʶʱʝʡ ʙʫʨʝʥʠʝ ʟʘʢʘʯʥʳʭ ʠ ʦʪʢʘʯʥʳʭ ʩʢʚʘ-
ʞʠʥ, ʧʦʜʘʯʫ ʨʘʩʪʚʦʨʘ ʚ ʧʨʦʜʫʢʪʠʚʥʳʡ ʧʣʘʩʪ, ʚʳ-

ʱʝʣʘʯʠʚʘʥʠʝ ʤʝʪʘʣʣʘ, ʩʦʜʝʨʞʘʱʝʛʦʩʷ ʚ ʧʝʩʢʘʭ,
ʦʪʢʘʯʢʫ ʠ ʧʝʨʝʨʘʙʦʪʢʫ ʧʨʦʜʫʢʪʠʚʥʦʛʦ ʨʘʩʪʚʦʨʘ
[17]. ʉʫʱʝʩʪʚʝʥʥʳʤ ʥʝʜʦʩʪʘʪʢʦʤ ʩʢʚʘʞʠʥʥʦʛʦ
ʚʳʱʝʣʘʯʠʚʘʥʠ  ̫ ʷʚʣʷʝʪʩʷ ʥʝʧʦʣʥʦʝ ʨʘʩʪʚʦʨʝʥʠʝ
ʢʨʫʧʥʳʭ ʟʦʣʦʪʠʥ ʨʘʟʤʝʨʦʤ ʙʦʣʝʝ 1-1,5 ʤʤ, ʘ ʪʘʢ-
ʞʝ ʟʦʣʦʪʠʥ ʥʝʚʳʩʦʢʦʡ ʧʨʦʙʥʦʩʪʠ (ʤʝʥʝʝ 0,800).

ʇʦʚʳʰʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʟʨʘʙʦʪʢʠ ʛʣʫ-
ʙʦʢʦʟʘʣʝʛʘʶʱʠʭ ʩʣʦʞʥʦʩʪʨʫʢʪʫʨʥʳʭ ʨʦʩʩʳʧʝʡ
ʟʘ ʩʯʝʪ ʩʦʢʨʘʱʝʥʠʷ ʪʨʫʜʦʝʤʢʦʩʪʠ ʠ ʩʝʙʝʩʪʦʠʤʦ-
ʩʪʠ ʨʘʙʦʪ, ʘ ʪʘʢʞʝ ʧʦʚʳʰʝʥʠʷ ʠʟʚʣʝʯʝʥʠʷ ʤʝ-
ʪʘʣʣʘ ʠʟ ʥʝʜʨ ʚʦʟʤʦʞʥʦ ʜʦʩʪʠʯʴ ʧʫʪʝʤ ʧʨʠʤʝʥʝ-
ʥʠʷ ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ. ʊʘʢ, ʚ ʨʘʙʦʪʝ
[10] ʧʨʝʜʣʘʛʘʝʪʩʷ ʩʧʦʩʦʙ ʦʩʚʦʝʥʠʷ ʨʦʩʩʳʧʝʡ,
ʧʦʟʚʦʣʷʶʱʠʡ ʩʥʠʟʠʪʴ ʦʙʲʝʤ ʧʝʨʝʤʝʱʘʝʤʦʡ
ʛʦʨʥʦʡ ʤʘʩʩʳ, ʟʘʢʣʶʯʘʶʱʠʡʩʷ ʚʦ ʚʩʢʨʳʪʠʠ
ʧʨʦʜʫʢʪʠʚʥʦʛʦ ʧʣʘʩʪʘ ʨʘʟʨʝʟʥʦʡ ʪʨʘʥʰʝʝʡ ʩ
ʨʘʟʤʝʱʝʥʠʝʤ ʚ ʥʝʡ ʛʠʜʨʦʵʣʝʚʘʪʦʨʘ ʠ ʧʫʣʴʧʦ-
ʧʨʦʚʦʜʘ, ʘ ʪʘʢʞʝ ʚ ʧʨʦʭʦʜʢʝ ʫʩʪʘʥʦʚʢʦʡ ʥʘʧʨʘʚ-
ʣʝʥʥʦʛʦ ʛʦʨʠʟʦʥʪʘʣʴʥʦʛʦ ʙʫʨʝʥʠʷ ʧʠʦʥʝʨʥʦʡ
ʩʢʚʘʞʠʥʳ ʩ ʧʦʚʝʨʭʥʦʩʪʠ ʯʝʨʝʟ ʧʨʦʜʫʢʪʠʚʥʳʡ
ʧʣʘʩʪ ʢ ʜʥʫ ʨʘʟʨʝʟʥʦʡ ʪʨʘʥʰʝʠ. ʇʦʩʣʝ ʨʘʩʰʠʨʝ-
ʥʠʷ ʩʢʚʘʞʠʥʳ ʧʦʩʨʝʜʩʪʚʦʤ ʦʙʨʘʪʥʦʛʦ ʙʫʨʝʥʠʷ ʚ
ʥʝʡ ʨʘʟʤʝʱʘʝʪʩʷ ʛʠʜʨʦʤʦʥʠʪʦʨ ʠ ʪʨʫʙʦʧʨʦʚʦʜ
ʜʣʷ ʧʦʜʘʯʠ ʚʦʜʳ ʩ ʜʥʝʚʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. ʈʘʟʤʳ-
ʪʳʝ ʛʠʜʨʦʤʦʥʠʪʦʨʦʤ ʧʨʠ ʦʪʩʪʫʧʘʶʱʝʡ ʚʳʝʤʢʝ
ʧʝʩʢʠ ʧʨʦʜʫʢʪʠʚʥʦʛʦ ʧʣʘʩʪʘ ʚ ʧʦʪʦʢʝ ʧʫʣʴʧʳ
ʩʪʝʢʘʶʪ ʧʦ ʜʥʠʱʫ ʬʦʨʤʠʨʫʝʤʦʡ ʚʳʨʘʙʦʪʢʠ ʚ
ʟʫʤʧʬ, ʨʘʩʧʦʣʦʞʝʥʥʳʡ ʚ ʨʘʟʨʝʟʥʦʡ ʪʨʘʥʰʝʝ,
ʦʪʢʫʜʘ ʧʫʣʴʧʘ ʛʠʜʨʦʵʣʝʚʘʪʦʨʦʤ ʪʨʘʥʩʧʦʨʪʠʨʫʝʪ-
ʩʷ ʧʦ ʧʫʣʴʧʦʧʨʦʚʦʜʫ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʢ ʧʨʦʤʳ-
ʚʦʯʥʳʤ ʧʨʠʙʦʨʘʤ. ʀʟʚʝʩʪʥʳ ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʝ
ʪʝʭʥʦʣʦʛʠʠ ʦʪʨʘʙʦʪʢʠ ʨʦʩʩʳʧʝʡ, ʩʦʚʤʝʱʘʶʱʠʝ
ʩʢʚʘʞʠʥʥʫʶ ʛʠʜʨʦʜʦʙʳʯʫ ʠ ʩʢʚʘʞʠʥʥʦʝ ʚʳʱʝ-
ʣʘʯʠʚʘʥʠʝ [15, 19], ʧʨʠ ʵʪʦʤ ʩʢʚʘʞʠʥʥʦʤʫ ʚʳ-
ʱʝʣʘʯʠʚʘʥʠʶ ʧʦʜʚʝʨʛʘʶʪʩʷ ʫʯʘʩʪʢʠ ʧʨʦʜʫʢʪʠʚ-
ʥʦʛʦ ʧʣʘʩʪʘ ʩ ʧʝʩʢʘʤʠ, ʩʦʜʝʨʞʘʱʠʤʠ ʧʨʝʠʤʫʱʝ-
ʩʪʚʝʥʥʦ ʤʝʣʢʦʝ, «ʪʦʥʢʦʝ» ʠ ʜʠʩʧʝʨʩʥʦʝ ʟʦʣʦʪʦ, ʘ
ʧʦʩʨʝʜʩʪʚʦʤ ʩʢʚʘʞʠʥʥʦʡ ʛʠʜʨʦʜʦʙʳʯʠ ʚʝʜʝʪʩʷ
ʧʦʜʲʝʤ ʧʝʩʢʦʚ, ʩʦʜʝʨʞʘʱʠʭ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ
ʛʨʘʚʠʦʙʦʛʘʪʠʤʦʝ ʟʦʣʦʪʦ. ʅʝʜʦʩʪʘʪʢʦʤ ʩʧʦʩʦʙʦʚ
[10, 15, 19] ʷʚʣʷʶʪʩʷ ʩʫʱʝʩʪʚʝʥʥʳʝ ʧʦʪʝʨʠ ʤʝ-
ʪʘʣʣʘ ʧʨʠ ʛʠʜʨʦʨʘʟʤʳʚʝ ʠ ʧʦʜʲʝʤʝ ʙʦʛʘʪʳʭ ʧʝʩ-
ʢʦʚ, ʩʦʜʝʨʞʘʱʠʭ ʢʨʫʧʥʦʝ ʟʦʣʦʪʦ ʠ ʩʘʤʦʨʦʜʢʠ.

ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʩʚʷʟʠ ʩ ʥʝʨʘʚ-
ʥʦʤʝʨʥʦʩʪʴʶ ʩʦʩʨʝʜʦʪʦʯʝʥʠʷ ʟʘʧʘʩʦʚ ʩʣʦʞʥʦ-
ʩʪʨʫʢʪʫʨʥʳʭ ʧʣʘʩʪʦʚ ʚ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʠʭ
ʦʙʲʝʤʘʭ ʧʝʩʢʦʚ ʤʦʞʝʪ ʥʘʭʦʜʠʪʴʩʷ ʩʫʱʝʩʪʚʝʥʥʘʷ
ʯʘʩʪʴ ʟʦʣʦʪʘ. ʊʘʢ, ʠʩʩʣʝʜʦʚʘʥʠʷ [12] ʧʦʢʘʟʘʣʠ,
ʯʪʦ ʥʘ ʦʜʥʦʤ ʠʟ ʫʯʘʩʪʢʦʚ ʂʫʨʘʥʘʭʩʢʦʛʦ ʟʦʣʦʪʦ-
ʨʦʩʩʳʧʥʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ ʚ 1,9% ʦʙʲʝʤʘ ʧʝʩ-
ʢʦʚ ʩʦʜʝʨʞʠʪʩʷ 19% ʤʝʪʘʣʣʘ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ
ʤʦʞʝʪ ʙʳʪʴ ʮʝʣʝʩʦʦʙʨʘʟʥʦʡ ʦʧʝʨʝʞʘʶʱʘʷ ʣʦ-
ʢʘʣʴʥʘʷ ʤʝʭʘʥʠʯʝʩʢʘʷ ʚʳʝʤʢʘ ʥʘʠʙʦʣʝʝ ʙʦʛʘʪʳʭ
ʧʝʩʢʦʚ. ɺ ʨʘʙʦʪʝ [20] ʧʨʝʜʣʘʛʘʝʪʩʷ ʩʧʦʩʦʙ ʨʘʟʨʘ-
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ʙʦʪʢʠ ʨʦʩʩʳʧʝʡ, ʟʘʢʣʶʯʘʶʱʠʡʩʷ ʚ ʨʘʩʰʠʨʝʥʠʠ
ʰʥʝʢʦʤ ʥʘ ʚʩʶ ʛʣʫʙʠʥʫ ʩʢʚʘʞʠʥ, ʚʳʷʚʠʚʰʠʭ ʚ
ʭʦʜʝ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʦʡ ʨʘʟʚʝʜʢʠ ʟʦʥʳ ʙʦʛʘʪʳʭ
ʧʝʩʢʦʚ, ʩʦʜʝʨʞʘʱʠʭ ʢʨʫʧʥʦʝ ʩʘʤʦʨʦʜʥʦʝ ʟʦʣʦʪʦ,
ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ ʨʘʩʰʠʨʝʥʠʝʤ
ʜʘʥʥʳʭ ʩʢʚʘʞʠʥ ʩʧʝʮʠʘʣʴʥʳʤ ʮʠʣʠʥʜʨʠʯʝʩʢʠʤ
ʢʦʚʰʦʤ ʥʘ ʫʨʦʚʥʝ ʟʘʣʝʛʘʥʠʷ ʧʨʦʜʫʢʪʠʚʥʦʛʦ ʧʣʘ-
ʩʪʘ ʩ ʣʦʢʘʣʴʥʦʡ ʚʳʝʤʢʦʡ ʙʦʛʘʪʳʭ ʧʝʩʢʦʚ, ʠʭ
ʧʦʜʲʝʤʦʤ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʠ ʧʦʜʘʯʝʡ ʥʘ ʧʨʦʤʳʚ-
ʢʫ, ʘ ʪʘʢʞʝ ʦʪʨʘʙʦʪʢʫ ʦʩʪʘʚʰʠʭʩʷ ʧʝʩʢʦʚ ʧʨʦ-
ʜʫʢʪʠʚʥʦʛʦ ʧʣʘʩʪʘ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʪʝʭʥʦʣʦʛʠʠ
ʩʢʚʘʞʠʥʥʦʛʦ ʚʳʱʝʣʘʯʠʚʘʥʠʷ. ʅʝʜʦʩʪʘʪʢʘʤʠ
ʜʘʥʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʷʚʣʷʶʪʩʷ ʦʪʩʫʪʩʪʚʠʝ ʫʪʦʯ-
ʥʝʥʥʳʭ ʜʘʥʥʳʭ ʧʦ ʢʦʥʪʫʨʘʤ ʟʦʥ ʙʦʛʘʪʳʭ ʧʝʩʢʦʚ,
ʦʩʪʘʚʣʝʥʠʝ ʩʫʱʝʩʪʚʝʥʥʦʡ ʯʘʩʪʠ ʙʦʛʘʪʳʭ ʧʝʩʢʦʚ
ʚ ʥʝʜʨʘʭ, ʥʝʚʦʟʤʦʞʥʦʩʪʴ ʚʝʩʪʠ ʚʳʝʤʢʫ ʙʦʛʘʪʳʭ
ʧʝʩʢʦʚ ʠʟ ʥʝʨʦʚʥʦʩʪʝʡ ʠ ʪʨʝʱʠʥ ʧʣʦʪʠʢʘ, ʩʫʱʝ-
ʩʪʚʝʥʥʳʝ ʧʦʪʝʨʠ ʤʝʪʘʣʣʘ ʠʟ-ʟʘ ʥʝʧʦʣʥʦʛʦ ʨʘʩ-
ʪʚʦʨʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʢʨʫʧʥʳʭ ʟʦʣʦʪʠʥ, ʩʦ-
ʜʝʨʞʘʱʠʭʩʷ ʚ ʨʷʜʦʚʳʭ ʧʝʩʢʘʭ ʠ ʦʩʪʘʚʰʝʡʩʷ ʚ
ʥʝʜʨʘʭ ʯʘʩʪʠ ʙʦʛʘʪʳʭ ʧʝʩʢʦʚ.

ʎʝʣʴʶ ʜʘʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʩʦʚʝʨ-
ʰʝʥʩʪʚʦʚʘʥʠʝ ʪʝʭʥʦʣʦʛʠʠ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʡ ʨʘʟ-

ʨʘʙʦʪʢʠ ʩʣʦʞʥʦʩʪʨʫʢʪʫʨʥʳʭ ʛʣʫʙʦʢʦʟʘʣʝʛʘʶʱʠʭ
ʨʦʩʩʳʧʥʳʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʟʦʣʦʪʘ ʧʫʪʝʤ ʫʪʦʯʥʝ-
ʥʠʷ ʢʦʥʪʫʨʦʚ ʟʦʥ ʙʦʛʘʪʳʭ ʧʝʩʢʦʚ, ʧʦʜʙʦʨʘ ʢʦʤ-
ʧʣʝʢʩʘ ʦʙʦʨʫʜʦʚʘʥʠʷ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʠʭ ʢʘʯʝ-
ʩʪʚʝʥʥʦʡ ʦʧʝʨʝʞʘʶʱʝʡ ʚʳʝʤʢʠ, ʦʪʨʘʙʦʪʢʠ ʟʦʥ
ʨʷʜʦʚʳʭ ʠ ʙʝʜʥʳʭ ʧʝʩʢʦʚ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʪʝʭʥʦ-
ʣʦʛʠʠ ʩʢʚʘʞʠʥʥʦʛʦ ʚʳʱʝʣʘʯʠʚʘʥʠʷ ʨʘʩʪʚʦʨʘʤʠ ʩ
ʘʜʘʧʪʠʚʥʳʤʠ ʢʦʥʮʝʥʪʨʘʮʠʷʤʠ, ʦʙʝʩʧʝʯʠʚʘʶʱʠ-
ʤʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʳʩʦʢʦʝ ʠʟʚʣʝʯʝʥʠʝ ʟʦʣʦʪʘ.

ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ

ɺ ʀʥʩʪʠʪʫʪʝ ʛʦʨʥʦʛʦ ʜʝʣʘ ɼɺʆ ʈɸʅ ʨʘʟʨʘ-
ʙʦʪʘʥʘ ʢʦʤʙʠʥʠʨʦʚʘʥʥʘʷ ʪʝʭʥʦʣʦʛʠʷ ʦʩʚʦʝʥʠʷ
ʩʣʦʞʥʦʩʪʨʫʢʪʫʨʥʳʭ ʛʣʫʙʦʢʦʟʘʣʝʛʘʶʱʠʭ ʨʦʩ-
ʩʳʧʝʡ, ʦʙʝʩʧʝʯʠʚʘʶʱʘʷ ʧʦʚʳʰʝʥʠʝ ʪʦʯʥʦʩʪʠ
ʦʢʦʥʪʫʨʠʚʘʥʠʷ ʠ ʫʚʝʣʠʯʝʥʠʝ ʧʦʣʥʦʪʳ ʠʟʚʣʝ-
ʯʝʥʠʷ ʟʦʣʦʪʘ ʠʟ ʥʝʜʨ. ɺ ʭʦʜʝ ʵʢʩʧʣʫʘʪʘʮʠʦʥ-
ʥʦʡ ʨʘʟʚʝʜʢʠ ʛʣʫʙʦʢʦʟʘʣʝʛʘʶʱʝʛʦ ʧʨʦʜʫʢʪʠʚ-
ʥʦʛʦ ʧʣʘʩʪʘ 1 ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʙʫʨʝʥʠʝ ʨʘʟʚʝ-
ʜʦʯʥʳʭ ʩʢʚʘʞʠʥ ʩ ʟʘʛʣʫʙʣʝʥʠʝʤ ʚ ʧʣʦʪʠʢ ʩ
ʚʳʷʚʣʝʥʠʝʤ ʟʦʥ ʙʦʛʘʪʳʭ, ʨʷʜʦʚʳʭ ʠ ʙʝʜʥʳʭ
ʧʝʩʢʦʚ (ʨʠʩ. 1).

ʈʠʩ. 1. ʉʭʝʤʘ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʡ ʨʘʟʨʘʙʦʪʢʠ ʩʣʦʞʥʦʩʪʨʫʢʪʫʨʥʳʭ ʛʣʫʙʦʢʦʟʘʣʝʛʘʶʱʠʭ ʨʦʩʩʳʧʝʡ:
I – ʪʦʨʬ; II, III, IV – ʟʦʥʳ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʙʦʛʘʪʳʭ, ʨʷʜʦʚʳʭ ʠ ʙʝʜʥʳʭ ʧʝʩʢʦʚ; V – ʦʙʦʛʘʱʝʥʥʘʷ ʟʦʥʘ
ʩ ʨʫʜʥʳʤ ʟʦʣʦʪʦʤ ʚ ʧʣʦʪʠʢʝ; VI – ʧʣʦʪʠʢ

Fig. 1. Process flow chart of combined development for complex structure deep-seated placers: I is peat;
II, III, IV are zones of rich, ordinary and poor sands, respectively; V is an enriched zone with ore gold
in the bedrock; VI is a bedrock
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ʇʨʠ ʚʳʷʚʣʝʥʠʠ ʙʦʛʘʪʳʭ ʧʝʩʢʦʚ, ʩʫʱʝʩʪʚʝʥ-
ʥʘʷ ʯʘʩʪʴ ʤʝʪʘʣʣʘ ʚ ʢʦʪʦʨʳʭ ʧʨʝʜʩʪʘʚʣʝʥʘ ʦʪʥʦ-
ʩʠʪʝʣʴʥʦ ʢʨʫʧʥʳʤʠ ʟʦʣʦʪʠʥʘʤʠ ʨʘʟʤʝʨʦʤ ʙʦʣʝʝ
1,5-2 ʤʤ, ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʚʪʦʨʘʷ ʩʪʘʜʠʷ ʨʘʟʚʝʜʢʠ
ʩʦ ʩʛʫʱʝʥʠʝʤ ʩʝʪʠ ʩʢʚʘʞʠʥ ʠ ʫʪʦʯʥʝʥʠʝʤ ʢʦʥ-
ʪʫʨʦʚ ʟʦʥ ʙʦʛʘʪʳʭ ʧʝʩʢʦʚ. ʆʧʝʨʝʞʘʶʱʘʷ ʚʳʝʤʢʘ
ʙʦʛʘʪʳʭ ʧʝʩʢʦʚ ʩ ʦʪʥʦʩʠʪʝʣʴʥʦ ʢʨʫʧʥʳʤ ʩʘʤʦ-
ʨʦʜʥʳʤ ʟʦʣʦʪʦʤ ʚʝʜʝʪʩʷ ʤʝʭʘʥʠʯʝʩʢʠʤ ʩʧʦʩʦ-
ʙʦʤ ʧʫʪʝʤ ʧʝʨʚʠʯʥʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʨʘʟʚʝʜʦʯʥʦʡ
ʩʢʚʘʞʠʥʳ ʥʘ ʚʩʶ ʛʣʫʙʠʥʫ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʰʥʝʢʘ
ʙʦʣʴʰʦʛʦ ʜʠʘʤʝʪʨʘ (ʥʘ ʨʠʩ. 1 ʥʝ ʧʦʢʘʟʘʥ). ʇʦʩʣʝ
ʯʝʛʦ ʰʥʝʢ ʥʘ ʰʪʘʥʛʝ 2 ʙʫʨʦʚʦʡ ʫʩʪʘʥʦʚʢʠ 3 ʟʘ-
ʤʝʥʷʝʪʩʷ ʥʘ ʜʠʩʪʘʥʮʠʦʥʥʦ ʫʧʨʘʚʣʷʝʤʳʡ ʚʳʝ-
ʤʦʯʥʳʡ ʤʦʜʫʣʴ 4, ʦʩʫʱʝʩʪʚʣʷʶʱʠʡ ʧʦʚʪʦʨʥʦʝ
ʨʘʩʰʠʨʝʥʠʝ ʩʢʚʘʞʠʥʳ 5 ʥʘ ʛʦʨʠʟʦʥʪʝ ʧʨʦʜʫʢ-
ʪʠʚʥʦʛʦ ʧʣʘʩʪʘ 1. ɺʳʝʤʦʯʥʳʡ ʤʦʜʫʣʴ 4 ʚʢʣʶʯʘ-
ʝʪ ʨʝʞʫʱʠʝ ʵʣʝʤʝʥʪʳ 6 ʩ ʪʷʛʘʤʠ 7 ʠ ʧʦʜʚʠʞʥʦʡ
ʚʪʫʣʢʦʡ 8, ʙʘʜʴʶ 9, ʘ ʪʘʢʞʝ ʧʫʩʪʦʪʝʣʫʶ ʥʘʧʨʘʚ-
ʣʷʶʱʫʶ 10, ʚʥʫʪʨʠ ʢʦʪʦʨʦʡ ʨʘʟʤʝʱʝʥ ʛʠʜʨʦʮʠ-
ʣʠʥʜʨ 11. ʇʨʠ ʧʦʛʨʫʞʝʥʠʠ ʠʣʠ ʧʦʜʲʝʤʝ ʚʳʝ-
ʤʦʯʥʦʛʦ ʤʦʜʫʣʷ 4 ʛʠʜʨʦʮʠʣʠʥʜʨ 11 ʧʦʣʥʦʩʪʴʶ
ʚʳʜʚʠʥʫʪ, ʧʦʜʚʠʞʥʘʷ ʚʪʫʣʢʘ 8 ʧʦʜʥʷʪʘ ʚ ʢʨʘʡ-
ʥʝʝ ʚʝʨʭʥʝʝ ʧʦʣʦʞʝʥʠʝ, ʘ ʪʷʛʠ 7 ʠ ʨʝʞʫʱʠʝ ʵʣʝ-
ʤʝʥʪʳ 6 ʚʳʪʷʥʫʪʳ ʚʜʦʣʴ ʧʫʩʪʦʪʝʣʦʡ ʥʘʧʨʘʚʣʷ-
ʶʱʝʡ 10. ʇʦʩʣʝ ʜʦʩʪʠʞʝʥʠʷ ʚʳʝʤʦʯʥʳʤ ʤʦʜʫ-
ʣʝʤ 4 ʛʦʨʠʟʦʥʪʘ ʧʨʦʜʫʢʪʠʚʥʦʛʦ ʧʣʘʩʪʘ 1 ʛʠʜʨʦ-
ʮʠʣʠʥʜʨ 11 ʯʘʩʪʠʯʥʦ ʚʪʷʛʠʚʘʝʪʩʷ, ʧʦʜʚʠʞʥʘʷ
ʚʪʫʣʢʘ 8 ʥʘʯʠʥʘʝʪ ʦʧʫʩʢʘʪʴʩʷ, ʧʨʠ ʵʪʦʤ ʨʝʞʫʱʠʝ
ʵʣʝʤʝʥʪʳ 6 ʧʦʩʨʝʜʩʪʚʦʤ ʪʷʛ 7 ʥʘʯʠʥʘʶʪ ʧʦʚʦʨʘ-
ʯʠʚʘʪʴʩʷ, ʦʜʥʦʚʨʝʤʝʥʥʦ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʚʨʘʱʝ-
ʥʠʝ ʚʳʝʤʦʯʥʦʛʦ ʤʦʜʫʣʷ 4 ʥʘ ʰʪʘʥʛʝ 2 ʩ ʝʛʦ ʤʝʜ-
ʣʝʥʥʳʤ ʧʦʛʨʫʞʝʥʠʝʤ. ʇʦʚʪʦʨʥʦʝ ʨʘʩʰʠʨʝʥʠʝ
ʩʢʚʘʞʠʥʳ 5 ʧʨʦʠʟʚʦʜʠʪʩʷ ʪʦʥʢʠʤʠ ʚʝʨʪʠʢʘʣʴ-
ʥʳʤʠ ʩʣʦʷʤʠ, ʪʦʣʱʠʥʘ ʢʦʪʦʨʳʭ ʦʧʨʝʜʝʣʷʝʪʩʷ ʠʟ
ʫʩʣʦʚʠʷ ʟʘʧʦʣʥʝʥʠʷ ʙʘʜʴʠ 9 ʧʨʠ ʧʝʨʝʤʝʱʝʥʠʠ
ʚʳʝʤʦʯʥʦʛʦ ʤʦʜʫʣʷ 4 ʚ ʧʨʝʜʝʣʘʭ ʤʦʱʥʦʩʪʠ ʧʨʦ-
ʜʫʢʪʠʚʥʦʛʦ ʧʣʘʩʪʘ 1:
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ʛʜʝ ɹV  – ʦʙʲʝʤ ʙʘʜʴʠ, ʤ3; iʅ  – ʚʳʩʦʪʘ ʫʯʘʩʪʢʘ
ʧʦʚʪʦʨʥʦ ʨʘʩʰʠʨʷʝʤʦʡ ʩʢʚʘʞʠʥʳ ʩ ʫʯʝʪʦʤ ʛʝʦ-
ʤʝʪʨʠʠ ʧʝʨʝʤʝʱʝʥʠʷ ʨʝʞʫʱʠʭ ʵʣʝʤʝʥʪʦʚ, ʤ;

iD  – ʪʝʢʫʱʠʡ ʜʠʘʤʝʪʨ ʧʦʚʪʦʨʥʦ ʨʘʩʰʠʨʷʝʤʦʡ

ʩʢʚʘʞʠʥʳ, ʤ; pʂ  – ʢʦʵʬʬʠʮʠʝʥʪ ʨʘʟʨʳʭʣʝʥʠʷ
ʧʝʩʢʦʚ.

ʇʦʜʥʠʤʘʝʤʳʝ ʚ ʙʘʜʴʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʙʦʛʘ-
ʪʳʝ ʧʝʩʢʠ ʢʦʥʪʨʦʣʠʨʫʶʪʩʷ ʧʦ ʩʦʜʝʨʞʘʥʠʶ ʠ
ʢʨʫʧʥʦʩʪʠ ʧʦʣʝʟʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ. ʇʦʚʪʦʨʥʦʝ
ʨʘʩʰʠʨʝʥʠʝ ʩʢʚʘʞʠʥʳ ʧʨʦʜʦʣʞʘʝʪʩʷ ʜʦ ʩʥʠʞʝ-

ʥʠʷ ʢʘʯʝʩʪʚʘ ʠʟʚʣʝʢʘʝʤʦʡ ʤʠʥʝʨʘʣʴʥʦʡ ʤʘʩʩʳ ʜʦ
ʫʩʪʘʥʦʚʣʝʥʥʦʛʦ ʫʨʦʚʥʷ. ʇʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ
ʙʫʨʦʚʦʡ ʫʩʪʘʥʦʚʢʠ, ʤ3/ʯ, ʧʦ ʠʟʚʣʝʯʝʥʠʶ ʙʦʛʘʪʳʭ
ʧʝʩʢʦʚ ʧʨʠ ʨʘʩʰʠʨʝʥʠʠ ʩʢʚʘʞʠʥ ʦʧʨʝʜʝʣʷʝʪʩʷ
ʧʦ ʬʦʨʤʫʣʝ
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ʛʜʝ ʥʂ  – ʢʦʵʬʬʠʮʠʝʥʪ ʥʘʧʦʣʥʝʥʠʷ ʙʘʜʴʠ; ʚʂ  –
ʢʦʵʬʬʠʮʠʝʥʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʙʫʨʦʚʦʡ ʫʩʪʘʥʦʚʢʠ
ʧʦ ʚʨʝʤʝʥʠ; ʦit , ʧit  – ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʚʨʝʤʷ
ʦʧʫʩʢʘʥʠʷ ʠ ʧʦʜʲʝʤʘ ʚʳʝʤʦʯʥʦʛʦ ʤʦʜʫʣʷ ʚ ʟʘʚʠ-
ʩʠʤʦʩʪʠ ʦʪ ʛʣʫʙʠʥʳ ʥʘʭʦʞʜʝʥʠʷ ʧʨʦʜʫʢʪʠʚʥʦʛʦ
ʧʣʘʩʪʘ, ʤʠʥ; ʧʦʚit  – ʚʨʝʤʷ ʧʦʚʦʨʦʪʘ ʨʝʞʫʱʠʭ
ʵʣʝʤʝʥʪʦʚ ʚ ʨʘʙʦʯʝʝ ʠ ʪʨʘʥʩʧʦʨʪʥʦʝ ʧʦʣʦʞʝʥʠʝ
ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʝʣʠʯʠʥʳ ʨʘʩʰʠʨʝʥʠʷ ʩʢʚʘʞʠ-
ʥʳ, ʤʠʥ; ʨt  – ʚʨʝʤʷ ʨʝʟʘʥʠʷ ʧʝʩʢʦʚ ʜʦ ʟʘʧʦʣʥʝ-

ʥʠʷ ʙʘʜʴʠ, ʤʠʥ; ʚt  – ʚʨʝʤʷ ʚʳʛʨʫʟʢʠ ʧʝʩʢʘ ʠʟ
ʙʘʜʴʠ, ʤʠʥ.

ɼʣʷ ʦʩʫʱʝʩʪʚʣʝʥʠʷ ʤʝʭʘʥʠʯʝʩʢʦʡ ʚʳʝʤʢʠ
ʧʝʩʢʦʚ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʙʫʨʦʚʳʝ ʫʩʪʘʥʦʚʢʠ
ʪʠʧʘ Bauer. ʊʘʢ, ʫʩʪʘʥʦʚʢʘ Bauer MBG-12 ʧʨʠ
ʤʘʩʩʝ 34,5 ʪ ʠʤʝʝʪ ʤʘʢʩʠʤʘʣʴʥʳʡ ʜʠʘʤʝʪʨ ʙʫʨʝ-
ʥʠʷ ʰʥʝʢʦʤ 1,3 ʤ ʥʘ ʛʣʫʙʠʥʫ ʜʦ 36 ʤ, ʜʘʥʥʦʝ
ʦʙʦʨʫʜʦʚʘʥʠʝ ʩ 2006 ʛʦʜʘ ʚʳʧʫʩʢʘʝʪʩʷ ʚ ʛ. ʂʫʨ-
ʛʘʥʝ. ʇʨʝʜʚʘʨʠʪʝʣʴʥʳʝ ʨʘʩʯʝʪʳ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ
ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʙʫʨʦʚʦʡ ʫʩʪʘʥʦʚʢʠ Bauer
MBG-12, ʦʩʥʘʱʝʥʥʦʡ ʚʳʝʤʦʯʥʳʤ ʤʦʜʫʣʝʤ
ʧʨʝʜʣʘʛʘʝʤʦʡ ʢʦʥʩʪʨʫʢʮʠʠ, ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʧʨʦ-
ʜʫʢʪʠʚʥʦʛʦ ʧʣʘʩʪʘ, ʟʘʣʝʛʘʶʱʝʛʦ ʥʘ ʛʣʫʙʠʥʝ
35 ʤ, ʩʦʩʪʘʚʠʪ 18-20 ʤ3/ʯ. ʇʦʩʣʝ ʚʳʝʤʢʠ ʙʦʛʘʪʳʭ
ʧʝʩʢʦʚ ʧʨʦʠʟʚʦʜʠʪʩʷ ʦʪʨʘʙʦʪʢʘ ʦʙʦʛʘʱʝʥʥʦʡ
ʟʦʥʳ ʩ ʨʫʜʥʳʤ ʟʦʣʦʪʦʤ ʚ ʧʣʦʪʠʢʝ, ʧʦʜʥʷʪʘʷ ʛʦʨ-
ʥʘʷ ʤʘʩʩʘ ʥʘʧʨʘʚʣʷʝʪʩʷ ʦʙʦʛʘʱʝʥʠʝʤ ʩ ʠʟʚʣʝʯʝ-
ʥʠʝʤ ʟʦʣʦʪʘ ʛʨʘʚʠʪʘʮʠʦʥʥʳʤ ʠʣʠ ʬʣʦʪʦʛʨʘʚʠʪʘ-
ʮʠʦʥʥʳʤ ʩʧʦʩʦʙʦʤ.

ɼʣʷ ʚʳʝʤʢʠ ʦʩʪʘʚʰʠʭʩʷ ʙʦʛʘʪʳʭ ʧʝʩʢʦʚ ʚ ʨʘ-
ʥʝʝ ʩʬʦʨʤʠʨʦʚʘʥʥʳʭ ʧʦʣʦʩʪʷʭ ʨʘʟʤʝʱʘʶʪ ʢʦʣ-
ʣʝʢʪʦʨʳ 12 ʩ ʧʝʨʬʦʨʠʨʦʚʘʥʥʳʤʠ ʩʪʝʥʢʘʤʠ, ʘ ʪʘʢ-
ʞʝ ʧʦʛʨʫʞʥʳʝ ʛʠʜʨʦʤʦʥʠʪʦʨʳ 13 ʠ ʚʦʜʥʳʤʠ
ʩʪʨʫʷʤʠ ʧʝʨʝʤʝʱʘʶʪ ʤʠʥʝʨʘʣʴʥʫ  ʁʤʘʩʩʫ ʙʦʛʘʪʳʭ
ʧʝʩʢʦʚ ʩ ʦʩʘʞʜʝʥʠʝʤ ʠ ʥʘʢʦʧʣʝʥʠʝʤ ʚʥʫʪʨʠ ʢʦʣ-
ʣʝʢʪʦʨʦʚ 12 ʢʨʫʧʥʦʟʝʨʥʠʩʪʦʛʦ ʟʦʣʦʪʘ ʠ ʰʣʠʭʦʚʳʭ
ʤʘʪʝʨʠʘʣʦʚ. ʂʦʣʣʝʢʪʦʨʳ 12 ʧʝʨʠʦʜʠʯʝʩʢʠ ʧʦʜʥʠ-
ʤʘʶʪ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʜʣʷ ʠʟʚʣʝʯʝʥʠʷ ʢʨʫʧʥʦʟʝʨ-
ʥʠʩʪʦʛʦ ʟʦʣʦʪʘ. ɼʦʙʳʪʳʝ ʤʝʭʘʥʠʯʝʩʢʠʤ ʠ ʛʠʜʨʘʚ-
ʣʠʯʝʩʢʠʤ ʩʧʦʩʦʙʦʤ ʙʦʛʘʪʳʝ ʧʝʩʢʠ ʥʘʧʨʘʚʣʷʶʪʩʷ
ʥʘ ʤʥʦʛʦʩʪʘʜʠʡʥʦʝ ʦʙʦʛʘʱʝʥʠʝ, ʦʙʝʩʧʝʯʠʚʘʶʱʝʝ
ʥʘʠʙʦʣʝʝ ʧʦʣʥʦʝ ʠʟʚʣʝʯʝʥʠʝ ʛʨʘʚʠʦʙʦʛʘʪʠʤʦʛʦ
ʟʦʣʦʪʘ, ʧʨʠ ʵʪʦʤ ʭʚʦʩʪʳ ʦʙʦʛʘʱʝʥʠʷ, ʩʦʜʝʨʞʘʱʠʝ
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ʥʝʜʦʠʟʚʣʝʯʝʥʥʦʝ «ʪʦʥʢʦʝ» ʠ ʜʠʩʧʝʨʩʥʦʝ ʟʦʣʦʪʦ,
ʧʦʜʘʶʪʩʷ ʚ ʩʬʦʨʤʠʨʦʚʘʥʥʳʝ ʧʦʣʦʩʪʠ 14 ʧʣʘʩʪʘ
ʧʝʩʢʦʚ ʜʣʷ ʧʦʩʣʝʜʫʶʱʝʛʦ ʚʳʱʝʣʘʯʠʚʘʥʠ  ̫ ʠ ʟʘ-
ʢʣʘʜʢʠ ʚʳʨʘʙʦʪʘʥʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ.

ʇʦʩʣʝ ʦʧʝʨʝʞʘʶʱʝʡ ʚʳʝʤʢʠ ʦʙʦʛʘʱʝʥʥʳʭ
ʫʯʘʩʪʢʦʚ ʨʦʩʩʳʧʠ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʦʜʛʦʪʦʚʢʘ
ʦʩʪʘʚʰʝʡʩʷ ʯʘʩʪʠ ʟʘʣʝʞʠ ʢ ʩʢʚʘʞʠʥʥʦʤʫ ʚʳʱʝ-
ʣʘʯʠʚʘʥʠʶ ʧʫʪʝʤ ʚʩʢʨʳʪʠʷ ʧʨʦʜʫʢʪʠʚʥʦʛʦ ʧʣʘʩʪʘ
ʧʝʩʢʦʚ ʟʘʢʘʯʥʳʤʠ 15 ʠ ʦʪʢʘʯʥʳʤʠ 16 ʩʢʚʘʞʠʥʘ-
ʤʠ. ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʩʢʚʘʞʠʥʥʦʛʦ
ʚʳʱʝʣʘʯʠʚʘʥʠʷ ʧʨʠ ʦʪʨʘʙʦʪʢʝ ʫʯʘʩʪʢʦʚ ʨʷʜʦʚʳʭ
ʧʝʩʢʦʚ, ʩʦʜʝʨʞʘʱʠʭ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʩʨʝʜʥʝ-
ʨʘʟʤʝʨʥʦʝ ʠ ʤʝʣʢʦʝ ʟʦʣʦʪʦ, ʯʝʨʝʟ ʟʘʢʘʯʥʳʝ ʩʢʚʘ-
ʞʠʥʳ ʧʦʜʘʝʪʩʷ ʘʢʪʠʚʠʨʦʚʘʥʥʳʡ ʛʠʧʦʭʣʦʨʠʪʥʦ-
ʭʣʦʨʠʜʥʳʡ ʨʘʩʪʚʦʨ ʩ ʧʦʚʳʰʝʥʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ
ʢʦʤʧʣʝʢʩʦʦʙʨʘʟʦʚʘʪʝʣʝʡ ʜʣʷ ʟʦʣʦʪʘ [17]. ʇʨʦʜʫʢ-
ʪʠʚʥʳʡ ʨʘʩʪʚʦʨ, ʧʦʜʥʷʪʳʡ ʯʝʨʝʟ ʦʪʢʘʯʥʳʝ ʩʢʚʘ-
ʞʠʥʳ ʥʘ ʜʥʝʚʥʫʶ ʧʦʚʝʨʭʥʦʩʪʴ, ʧʦʜʘʝʪʩʷ ʢ ʩʦʨʙ-
ʮʠʦʥʥʳʤ ʢʦʣʦʥʥʘʤ 17. ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʦ ʚʳʱʝʣʘ-
ʯʠʚʘʥʠʶ ʟʦʣʦʪʦʩʦʜʝʨʞʘʱʠʭ ʧʝʩʢʦʚ ʘʢʪʠʚʠʨʦʚʘʥ-
ʥʳʤʠ ʨʘʩʪʚʦʨʘʤʠ, ʧʨʦʚʝʜʝʥʥʳʝ ʘʚʪʦʨʘʤʠ, ʧʦʢʘ-
ʟʘʣʠ ʚʦʟʤʦʞʥʦʩʪʴ ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʧʦʚʳʰʝʥʠʷ ʠʟ-
ʚʣʝʯʝʥʠʷ ʤʝʪʘʣʣʘ (ʥʘ 17-20%) ʟʘ ʩʯʝʪ ʠʥʪʝʥʩʠʚ-
ʥʦʛʦ ʦʢʠʩʣʝʥʠʷ ʤʠʥʝʨʘʣʴʥʳʭ ʤʘʪʨʠʮ ʤʘʛʥʝʪʠʪʘ ʠ
ʧʠʨʠʪʘ, ʩʦʜʝʨʞʘʱʠʭ ʠʥʢʘʧʩʫʣʠʨʦʚʘʥʥʦʝ ʠ ʜʠʩ-
ʧʝʨʩʥʦʝ ʟʦʣʦʪʦ (ʨʠʩ. 2).

ʈʠʩ. 2. ɻʨʘʬʠʢʠ ʟʘʚʠʩʠʤʦʩʪʠ ʠʟʚʣʝʯʝʥʠʷ ʟʦʣʦʪʘ
ʠʟ ʧʝʩʢʦʚ ʚ ʧʨʦʜʫʢʪʠʚʥʳʡ ʨʘʩʪʚʦʨ
ʦʪ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ ʚʳʱʝʣʘʯʠʚʘʥʠʷ:
1 – ʭʣʦʨʠʜʥʳʡ ʨʘʩʪʚʦʨ; 2 – ʛʠʧʦʭʣʦʨʠʪʥʦ-
ʭʣʦʨʠʜʥʳʡ ʨʘʩʪʚʦʨ, ʧʦʣʫʯʝʥʥʳʡ
ʚ ʵʣʝʢʪʨʦʬʦʪʦʭʠʤʠʯʝʩʢʦʤ ʨʝʘʢʪʦʨʝ

Fig. 2. Dependence diagrams of gold extraction from
sands into a product solution and the duration
of leaching: 1 is a chloride solution;
2 is a hypochlorite-chloride solution produced
in an electrophotochemical reactor

ɼʣʷ ʚʳʱʝʣʘʯʠʚʘʥʠʷ ʫʯʘʩʪʢʦʚ ʙʝʜʥʳʭ ʧʝʩʢʦʚ,
ʩʦʜʝʨʞʘʱʠʭ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʤʝʣʢʦʝ, «ʪʦʥʢʦʝ»
ʠ ʜʠʩʧʝʨʩʥʦʝ ʟʦʣʦʪʦ, ʧʨʝʜʣʘʛʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʪʴ
ʤʘʪʦʯʥʳʡ ʨʘʩʪʚʦʨ, ʨʝʘʢʪʠʚʠʨʦʚʘʥʥʳʡ ʠ ʜʦ-
ʫʢʨʝʧʣʝʥʥʳʡ ʢʦʤʧʣʝʢʩʦʦʙʨʘʟʦʚʘʪʝʣʝʤ.

ɺʳʚʦʜʳ

ɸʚʪʦʨʘʤʠ ʧʨʝʜʣʦʞʝʥʘ ʪʝʭʥʦʣʦʛʠʷ ʢʦʤʙʠʥʠ-
ʨʦʚʘʥʥʦʡ ʨʘʟʨʘʙʦʪʢʠ ʩʣʦʞʥʦʩʪʨʫʢʪʫʨʥʳʭ ʛʣʫʙʦ-
ʢʦʟʘʣʝʛʘʶʱʠʭ ʨʦʩʩʳʧʝʡ ʩ ʦʧʝʨʝʞʘʶʱʝʡ ʚʳʝʤ-
ʢʦʡ ʙʦʛʘʪʳʭ ʧʝʩʢʦʚ. ʄʝʭʘʥʠʯʝʩʢʘʷ ʚʳʝʤʢʘ ʦʩ-
ʥʦʚʥʦʛʦ ʦʙʲʝʤʘ ʙʦʛʘʪʳʭ ʧʝʩʢʦʚ, ʩʦʜʝʨʞʘʱʠʭ
ʦʪʥʦʩʠʪʝʣʴʥʦ ʢʨʫʧʥʦʝ ʩʘʤʦʨʦʜʥʦʝ ʟʦʣʦʪʦ ʩ ʧʨʠ-
ʤʝʥʝʥʠʝʤ ʙʫʨʦʚʦʛʦ ʘʛʨʝʛʘʪʘ, ʦʙʦʨʫʜʦʚʘʥʥʦʛʦ
ʚʳʝʤʦʯʥʳʤ ʤʦʜʫʣʝʤ, ʧʦʟʚʦʣʠʪ ʩʫʱʝʩʪʚʝʥʥʦ ʩʦ-
ʢʨʘʪʠʪʴ ʧʦʪʝʨʠ ʤʝʪʘʣʣʘ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʧʦʣʥʦ-
ʩʪʴʶ ʩʢʚʘʞʠʥʥʦʡ ʛʠʜʨʦʜʦʙʳʯʝʡ. ʂʦʥʩʪʨʫʢʮʠʷ
ʚʳʝʤʦʯʥʦʛʦ ʤʦʜʫʣʷ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʩʫʱʝ-
ʩʪʚʝʥʥʦ ʨʘʩʰʠʨʷʪʴ ʜʠʘʤʝʪʨ ʩʢʚʘʞʠʥ ʠ ʧʨʦʚʦ-
ʜʠʪʴ ʚʳʝʤʢʫ ʢʘʢ ʧʝʩʢʦʚ ʧʨʦʜʫʢʪʠʚʥʦʛʦ ʧʣʘʩʪʘ,
ʪʘʢ ʠ ʦʙʦʛʘʱʝʥʥʦʡ ʨʫʜʥʦʡ ʟʦʥʳ ʧʣʦʪʠʢʘ. ʅʘʣʠ-
ʯʠʝ ʩʢʚʘʞʠʥ, ʦʩʪʘʚʰʠʭʩʷ ʧʦʩʣʝ ʤʝʭʘʥʠʯʝʩʢʦʡ
ʚʳʝʤʢʠ, ʧʦʟʚʦʣʠʪ ʩʫʱʝʩʪʚʝʥʥʦ ʫʤʝʥʴʰʠʪʴ ʨʘʩ-
ʭʦʜʳ ʜʣʷ ʦʨʛʘʥʠʟʘʮʠʠ ʧʦʩʣʝʜʫʶʱʝʡ ʩʢʚʘʞʠʥʥʦʡ
ʛʠʜʨʦʜʦʙʳʯʠ ʦʩʪʘʚʰʠʭʩʷ ʦʙʲʝʤʦʚ ʙʦʛʘʪʳʭ ʧʝʩ-
ʢʦʚ. ʇʦʜʥʷʪʳʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʙʦʛʘʪʳʝ ʧʝʩʢʠ
ʥʘʧʨʘʚʣʷʶʪʩʷ ʥʘ ʜʦʨʦʛʦʩʪʦʷʱʝʝ ʤʥʦʛʦʩʪʘʜʠʡʥʦʝ
ʦʙʦʛʘʱʝʥʠʝ, ʦʙʝʩʧʝʯʠʚʘʶʱʝʝ ʤʘʢʩʠʤʘʣʴʥʦʝ ʠʟ-
ʚʣʝʯʝʥʠʝ ʤʝʪʘʣʣʘ ʠʟ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʦʛʦ
ʦʙʲʝʤʘ ʧʝʩʢʦʚ. ʆʩʥʦʚʥʦʡ ʦʙʲʝʤ ʟʘʣʝʞʠ, ʧʨʝʜ-
ʩʪʘʚʣʝʥʥʳʡ ʨʷʜʦʚʳʤʠ ʠ ʙʝʜʥʳʤʠ ʧʝʩʢʘʤʠ, ʠʤʝ-
ʶʱʠʤʠ ʩʫʱʝʩʪʚʝʥʥʦ ʤʝʥʴʰʝʝ ʩʦʜʝʨʞʘʥʠʝ ʤʝ-
ʪʘʣʣʘ, ʧʨʝʜʩʪʘʚʣʝʥʥʦʛʦ, ʢʨʦʤʝ ʪʦʛʦ, ʤʝʥʴʰʠʤʠ
ʢʣʘʩʩʘʤʠ ʢʨʫʧʥʦʩʪʠ ʟʦʣʦʪʠʥ, ʦʪʨʘʙʘʪʳʚʘʝʪʩʷ ʩ
ʧʨʠʤʝʥʝʥʠʝʤ ʩʢʚʘʞʠʥʥʦʛʦ ʚʳʱʝʣʘʯʠʚʘʥʠʷ ʨʘʩ-
ʪʚʦʨʘʤʠ ʩ ʘʜʘʧʪʠʚʥʳʤʠ ʢʦʥʮʝʥʪʨʘʮʠʷʤʠ, ʦʙʝʩ-
ʧʝʯʠʚʘʶʱʠʤʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʳʩʦʢʦʝ ʠʟʚʣʝʯʝʥʠʝ
ʟʦʣʦʪʘ ʚ ʧʨʦʜʫʢʪʠʚʥʳʡ ʨʘʩʪʚʦʨ. ʉʨʘʚʥʠʪʝʣʴʥʳʝ
ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦ ʚʳʱʝʣʘʯʠ-
ʚʘʥʠʶ ʟʦʣʦʪʘ ʧʝʩʢʦʚ ʨʦʩʩʳʧʝʡ ʧʦʢʘʟʘʣʠ ʩʫʱʝ-
ʩʪʚʝʥʥʦʝ ʧʦʚʳʰʝʥʠʝ ʠʟʚʣʝʯʝʥʠʷ ʤʝʪʘʣʣʘ ʧʨʠ
ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʘʢʪʠʚʠʨʦʚʘʥʥʦʛʦ ʨʘʩʪʚʦʨʘ ʚ
ʩʨʘʚʥʝʥʠʠ ʪʨʘʜʠʮʠʦʥʥʳʤ. ʇʨʦʚʝʜʝʥʥʳʝ ʫʢʨʫʧ-
ʥʝʥʥʳʝ ʨʘʩʯʝʪʳ ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʦʜʥʦʡ ʠʟ
ʩʣʦʞʥʦʩʪʨʫʢʪʫʨʥʳʭ ʛʣʫʙʦʢʦʟʘʣʝʛʘʶʱʠʭ ʨʦʩʩʳ-
ʧʝʡ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʨʠʤʝʥʝʥʠʝ ʧʨʝʜʣʘʛʘʝʤʦʡ
ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʧʦʟʚʦʣʠʪ ʫʚʝʣʠ-
ʯʠʪʴ ʠʟʚʣʝʯʝʥʠʝ ʤʝʪʘʣʣʘ ʠʟ ʧʝʩʢʦʚ ʩʣʦʞʥʦ-
ʩʪʨʫʢʪʫʨʥʦʡ ʨʦʩʩʳʧʠ ʥʘ 12-15% ʧʨʠ ʩʥʠʞʝʥʠʠ
ʫʜʝʣʴʥʦʡ ʩʝʙʝʩʪʦʠʤʦʩʪʠ ʜʦʙʳʯʠ ʟʦʣʦʪʘ ʥʘ 4-5%.
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ʀʉʉʃɽɼʆɺɸʅʀɽ ʄɽʍɸʅʀʏɽʉʂʀʍ ʍɸʈɸʂʊɽʈʀʉʊʀʂ
ʀ ʄʆʈʌʆʃʆɻʀʀ ʇʆɺɽʈʍʅʆʉʊʀ ʈɸɿʈʋʐɽʅʀʗ ʉʇʃɸɺɸ ɸʂ5ʄ2,
ʇʆɺɽʈʍʅʆʉʊʅʆ ʄʆɼʀʌʀʎʀʈʆɺɸʅʅʆɻʆ ʊʀʊɸʅʆʄ
ʉʝʨʝʙʨʷʢʦʚʘ ɸ.ɸ.1, ɿʘʛʫʣʷʝʚ ɼ.ɺ.1, ʐʣʷʨʦʚ ɺ.ɺ.1, ʐʣʷʨʦʚʘ ʖ.ɸ.1, ʀʚʘʥʦʚ ʖ.ʌ.2, ʋʩʪʠʥʦʚ ɸ.ʄ.3

1 ʉʠʙʠʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʠʥʜʫʩʪʨʠʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʅʦʚʦʢʫʟʥʝʮʢ, ʈʦʩʩʠʷ
2 ʀʥʩʪʠʪʫʪ ʩʠʣʴʥʦʪʦʯʥʦʡ ʵʣʝʢʪʨʦʥʠʢʠ ʉʠʙʠʨʩʢʦʝ ʦʪʜʝʣʝʥʠʝ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ, ʊʦʤʩʢ, ʈʦʩʩʠʷ
3 ʊʦʤʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʘʨʭʠʪʝʢʪʫʨʥʦ-ʩʪʨʦʠʪʝʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʊʦʤʩʢ, ʈʦʩʩʠʷ

ɸʥʥʦʪʘʮʠʷ. ɸʢʪʫʘʣʴʥʦʩʪʴ ʨʘʙʦʪʳ. ʇʨʠʤʝʥʝʥʠʝ ʤʦʜʠʬʠʮʠʨʦʚʘʥʠ  ̫ ʤʝʪʘʣʣʦʚ ʠ ʩʧʣʘʚʦʚ ʤʝʪʦʜʘʤʠ ʚʥʝʰʥʠʭ
ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʚʦʟʜʝʡʩʪʚʠʡ ʧʦʟʚʦʣʷʝʪ ʣʦʢʘʣʴʥʦ ʫʧʨʦʯʥʠʪʴ ʧʦʚʝʨʭʥʦʩʪʥʳʡ ʩʣʦʡ ʜʝʪʘʣʝʡ ʠ ʫʟʣʦʚ, ʠʟʛʦʪʘʚʣʠʚʘʝ-
ʤʳʭ ʠʟ ʘʣʶʤʠʥʠʝʚʳʭ ʩʧʣʘʚʦʚ. ʎʝʣʴ ʨʘʙʦʪʳ. ɺʳʷʚʣʝʥʠʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʚʣʠʷʥʠʷ ʨʝʞʠʤʦʚ ʵʣʝʢʪʨʦʥʥʦ-
ʧʫʯʢʦʚʦʡ ʦʙʨʘʙʦʪʢʠ ʥʘ ʤʝʭʘʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠ ʤʦʨʬʦʣʦʛʠʶ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʨʫʰʝʥʠʷ ʩʧʣʘʚʘ ɸʂ5ʄ2,
ʧʦʚʝʨʭʥʦʩʪʥʦ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʪʠʪʘʥʦʤ. ʀʩʧʦʣʴʟʫʝʤʳʝ ʤʝʪʦʜʳ. ʇʨʠʤʝʥʝʥʳ ʩʦʚʨʝʤʝʥʥʳʝ ʤʝʪʦʜʳ ʬʠʟʠʯʝ-
ʩʢʦʛʦ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ. ɺʳʧʦʣʥʝʥʦ ʧʦʚʝʨʭʥʦʩʪʥʦʝ ʤʦʜʠʬʠʮʠʨʦʚʘʥʠʝ ʩʧʣʘʚʘ ɸʂ5ʄ2 ʧʣʝʥʢʦʡ Ti ʚʘʢʫʫʤʥʦ-
ʜʫʛʦʚʳʤ ʤʝʪʦʜʦʤ. ʄʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ ʦʙʨʘʟʮʳ ʩʧʣʘʚʘ ɸʂ5ʄ2 ʦʙʣʫʯʘʣʠʩʴ ʠʥʪʝʥʩʠʚʥʳʤ ʠʤʧʫʣʴʩʥʳʤ ʵʣʝʢʪʨʦʥ-
ʥʳʤ ʧʫʯʢʦʤ ʧʨʠ ʨʝʞʠʤʘʭ, ʦʪʣʠʯʘʶʱʠʭʩʷ ʧʣʦʪʥʦʩʪʴʶ ʵʥʝʨʛʠʠ ʧʫʯʢʘ ʵʣʝʢʪʨʦʥʦʚ (ʦʪ 10 ʜʦ 50 ɼʞ/ʩʤ2). ʄʝʭʘʥʠʯʝ-
ʩʢʠʝ ʠʩʧʳʪʘʥʠʷ ʧʨʦʚʝʜʝʥʳ ʧʫʪʝʤ ʦʜʥʦʦʩʥʦʛʦ ʨʘʩʪʷʞʝʥʠʷ ʜʦ ʨʘʟʨʫʰʝʥʠʷ ʦʙʨʘʟʮʦʚ ʩʧʣʘʚʘ ʚ ʠʩʭʦʜʥʦʤ ʩʦʩʪʦʷʥʠʠ,
ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʜʦ ʠ ʧʦʩʣʝ ʦʙʣʫʯʝʥʠʷ ʧʦ 5-ʪʠ ʨʝʞʠʤʘʤ. ʄʝʪʦʜʘʤʠ ʩʢʘʥʠʨʫʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢ-
ʨʦʩʢʦʧʠʠ ʧʨʦʚʝʜʝʥ ʬʨʘʢʪʦʛʨʘʬʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʨʫʰʝʥʠʷ ʦʙʨʘʟʮʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʘʩ-
ʪʷʞʝʥʠʷ. ʅʦʚʠʟʥʘ. ʈʘʟʨʘʙʦʪʢʘ ʫʥʠʢʘʣʴʥʦʛʦ ʩʧʦʩʦʙʘ ʤʦʜʠʬʠʢʘʮʠʠ ʩʧʣʘʚʘ ɸʂ5ʄ2 ʧʦʟʚʦʣʷʝʪ ʫʣʫʯʰʠʪʴ ʝʛʦ ʧʨʦʯ-
ʥʦʩʪʥʳʝ ʠ ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʤʘʪʝʨʠʘʣʦʤ ʚ ʠʩʭʦʜʥʦʤ ʩʦʩʪʦʷʥʠʠ. ʈʝʟʫʣʴʪʘʪʳ. ɺ ʨʝʟʫʣʴ-
ʪʘʪʝ ʤʝʭʘʥʠʯʝʩʢʠʭ ʠʩʧʳʪʘʥʠʡ ʫʩʪʘʥʦʚʣʝʥʳ ʟʥʘʯʝʥʠʷ ʧʨʝʜʝʣʘ ʪʝʢʫʯʝʩʪʠ, ʚʨʝʤʝʥʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ, ʦʪʥʦʩʠʪʝʣʴ-
ʥʦʛʦ ʦʩʪʘʪʦʯʥʦʛʦ ʫʜʣʠʥʝʥʠʷ ʠ ʩʫʞʝʥʠʷ ʧʨʠ ʨʘʟʨʳʚʝ. ʋʩʪʘʥʦʚʣʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʠʟʤʝʥʝʥʠʷ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʭʘ-
ʨʘʢʪʝʨʠʩʪʠʢ ʠ ʩʪʨʫʢʪʫʨʳ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʨʫʰʝʥʠʷ ʦʪ ʨʝʞʠʤʦʚ ʕʇʆ. ʅʘ ʦʩʥʦʚʘʥʠʠ ʧʨʦʚʝʜʝʥʥʳʭ ʠʩʧʳʪʘʥʠʡ ʦʙ-
ʨʘʟʮʦʚ ʩʧʣʘʚʘ ɸʂ5ʄ2, ʧʦʚʝʨʭʥʦʩʪʥʦ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʪʠʪʘʥʦʤ, ʚʳʷʚʣʝʥ ʨʝʞʠʤ ʵʣʝʢʪʨʦʥʥʦ-ʧʫʯʢʦʚʦʡ ʦʙʨʘ-
ʙʦʪʢʠ, ʧʨʠʚʦʜʷʱʠʡ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʚ ʧʦʚʝʨʭʥʦʩʪʥʦʤ ʩʣʦʝ ʩʪʨʫʢʪʫʨʳ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʡʩʷ ʧʦʚʳʰʝʥʥʳʤʠ ʤʝʭʘ-
ʥʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ. ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ. ʇʦʚʝʨʭʥʦʩʪʥʦʝ ʤʦʜʠʬʠʮʠʨʦʚʘʥʠʝ ʪʠʪʘʥʦʤ ʩʧʣʘʚʘ ɸʂ5ʄ2
ʧʦʩʣʝ ʵʣʝʢʪʨʦʥʥʦ-ʧʫʯʢʦʚʦʡ ʦʙʨʘʙʦʪʢʠ ʧʨʠ ʨʝʞʠʤʝ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʧʣʦʩʪʥʦʩʪʠ ʵʥʝʨʛʠʠ ʧʫʯʢʘ ʵʣʝʢʪʨʦʥʦʚ
30 ɼʞ/ʩʤ2 ʧʨʠʚʦʜʠʪ ʢ ʧʦʚʳʰʝʥʠʶ ʧʨʦʯʥʦʩʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ʇʘʨʘʤʝʪʨʳ ʜʘʥʥʦʛʦ ʨʝʞʠʤʘ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ
ʜʣ  ̫ʣʦʢʘʣʴʥʦʛʦ ʫʧʨʦʯʥʝʥʠʷ ʜʝʪʘʣʝʡ, ʠʟʛʦʪʦʚʣʝʥʥʳʭ ʠʟ ʜʘʥʥʦʛʦ ʩʧʣʘʚʘ, ʥʘʧʨʠʤʝʨ ʚʪʫʣʦʯʥʳʭ ʧʦʜʰʠʧʥʠʢʦʚ.

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʦʜʠʬʠʢʘʮʠʷ ʩʧʣʘʚʦʚ, ʵʣʝʢʪʨʦʥʥʦ-ʧʫʯʢʦʚʘʷ ʦʙʨʘʙʦʪʢʘ, ʚʘʢʫʫʤʥʦ-ʜʫʛʦʚʦʡ ʤʝʪʦʜ, ʤʝʭʘʥʠʯʝ-
ʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ɸʂ5ʄ2, ʬʨʘʢʪʦʛʨʘʬʠʷ

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ ˉ 19-79-10059, https://rscf.ru/project/19-79-
10059/.

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʦʨʫʜʦʚʘʥʠʷ ʎʂʇ «ʄʘʪʝʨʠʘʣʦʚʝʜʝʥʠʝ» ʌɻɹʆʋ ɺʆ «ʉʠʙɻʀʋ».

Ò  ʉʝʨʝʙʨʷʢʦʚʘ ɸ.ɸ., ɿʘʛʫʣʷʝʚ ɼ.ɺ., ʐʣʷʨʦʚ ɺ.ɺ., ʐʣʷʨʦʚʘ ʖ.ɸ., ʀʚʘʥʦʚ ʖ.ʌ., ʋʩʪʠʥʦʚ ɸ.ʄ., 2023
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STUDY ON MECHANICAL CHARACTERISTICS
AND FRACTURE SURFACE MORPHOLOGY OF THE Ti
SURFACE-MODIFIED AK5M2 ALLOY
Serebryakova A.A.1, Zaguliaev D.V.1, Shlyarov V.V.1, Shliarova Yu.A.1, Ivanov Yu.F.2, Ustinov A.M.3
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Abstract. Problem Statement (Relevance). The modification of metals and alloys by the external energy deposition
methods makes it possible to locally strengthen the surface layer of parts and assemblies made of aluminum alloys. Objec-
tive. This study is aimed at revealing the regularities of the effect of electron beam processing modes on the mechanical
characteristics and fracture surface morphology of the Ti surface-modified AK5M2 alloy. Methods Applied. The authors
used the methods of modern physical materials science. The surface of the AK5M2 alloy was modified with a Ti film by
the vacuum arc method. The modified samples of the AK5M2 alloy were irradiated with an intense pulse electron beam in
modes differing in the energy density of the electron beam (from 10 to 50 J/cm2). Mechanical tests were carried out by
uniaxial tension to fracture of the alloy samples in the original state, the modified samples before and after the irradiation
in 5 modes. Using scanning electron microscopy, the authors carried out a fractographic analysis of the fracture surface of
the samples obtained as a result of tension. Originality. The development of a unique method for modifying the AK5M2
alloy makes it possible to improve its strength and morphological properties compared to the material in its original state.
Results. As a result of the mechanical tests, the authors determined the values of yield strength, ultimate tensile strength,
relative residual elongation and reduction at fracture. The dependence between the change in the deformation characteris-
tics and the structure of the fracture surface on the electron-beam processing modes was established. Based on the tests
performed on the samples of the Ti surface-modified AK5M2 alloy, the authors revealed a mode of electron-beam pro-
cessing, leading to the formation of a surface structure characterized by higher mechanical properties. Practical Rele-
vance. The Ti surface modification of the AK5M2 alloy after electron-beam processing in a mode using an electron beam
energy density of 30 J/cm2 results in the increase in the strength characteristics. The parameters of this mode can be used
for local hardening of parts made of this alloy, for example, bush bearings.

Keywords: modification of alloys, electron-beam processing, vacuum arc method, mechanical characteristics of
AK5M2, fractography
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ɺʚʝʜʝʥʠʝ

ʄʦʜʠʬʠʢʘʮʠʷ ʩʚʦʡʩʪʚ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʝʚ
ʣʝʛʢʠʭ ʤʝʪʘʣʣʦʚ ʠ ʩʧʣʘʚʦʚ, ʪʘʢʠʭ ʢʘʢ ʩʠʣʫʤʠʥ
[1, 2], ʷʚʣʷʝʪʩʷ ʥʝ ʪʦʣʴʢʦ ʚʝʩʴʤʘ ʨʘʩʧʨʦʩʪʨʘʥʝʥ-
ʥʦʡ ʦʙʣʘʩʪʴʶ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʥʦ ʠ ʘʢʪʫʘʣʴʥʦʡ ʚ
ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ [3]. ʆʙʱʝʠʟʚʝʩʪʥʦ, ʯʪʦ
ʥʘʠʙʦʣʴʰʫʶ ʥʘʛʨʫʟʢʫ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʨʘʟʨʫ-
ʰʝʥʠʝ ʜʝʪʘʣʠ ʥʘʯʠʥʘʝʪʩʷ ʠʤʝʥʥʦ ʩ ʧʦʚʝʨʭʥʦʩʪʠ.
ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʪʨʝʙʦʚʘʥʠʷ, ʧʨʝʜʲʷʚʣʷʝʤʳʝ ʢ ʢʘ-
ʯʝʩʪʚʫ ʧʦʜʛʦʪʦʚʢʠ, ʩʚʦʡʩʪʚʘʤ ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ
ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʝʚ ʦʪʚʝʪʩʪʚʝʥʥʳʭ ʠʟʜʝʣʠʡ,
ʥʝʫʢʣʦʥʥʦ ʫʚʝʣʠʯʠʚʘʶʪʩʷ. ɸʣʶʤʠʥʠʝʚʳʝ ʩʧʣʘʚʳ
ʩʠʩʪʝʤʳ Al-Si ʥʘʠʙʦʣʝʝ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ
ʥʘʰʣʠ ʚ ʘʚʪʦʤʦʙʠʣʝʩʪʨʦʝʥʠʠ [4-6] ʠ ʘʚʠʘʢʦʩʤʠ-

ʯʝʩʢʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ [7]. ʉʚʦʡʩʪʚʘ ʧʦʚʝʨʭ-
ʥʦʩʪʥʳʭ ʩʣʦʝʚ ʠʟʜʝʣʠʡ, ʧʨʠʤʝʥʷʝʤʳʭ ʚ ʜʘʥʥʳʭ
ʦʪʨʘʩʣʷʭ, ʜʦʣʞʥʳ ʦʙʝʩʧʝʯʠʚʘʪʴ ʚʳʩʦʢʫʶ ʥʘʜʝʞ-
ʥʦʩʪʴ ʠ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ. ʌʘʢʪʦʨʘʤʠ, ʦʧʨʝʜʝʣʷ-
ʶʱʠʤʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʙʦʪʳ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ
ʩʣʦʷ ʠʟʜʝʣʠʡ, ʷʚʣʷʶʪʩʷ ʧʨʦʯʥʦʩʪʴ ʠ ʪʚʝʨʜʦʩʪʴ
ʫʧʨʦʯʥʝʥʥʦʡ ʟʦʥʳ, ʦʜʥʦʨʦʜʥʦʩʪʴ ʩʪʨʫʢʪʫʨʳ ʠ
ʩʚʦʡʩʪʚ, ʚʳʩʦʢʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʨʘʟʨʫʰʝʥʠʶ,
ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʪʨʝʱʠʥʳ [8].

ʅʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʚ ʦʙʣʘʩʪʠ ʬʠʟʠʯʝʩʢʦʛʦ ʤʘ-
ʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʫʜʝʣʷʝʪʩʷ ʙʦʣʴʰʦʝ ʚʥʠʤʘʥʠʝ ʧʦ-
ʚʳʰʝʥʠʶ ʩʚʦʡʩʪʚ ʤʝʪʘʣʣʦʚ ʠ ʩʧʣʘʚʦʚ ʟʘ ʩʯʝʪ ʦʙ-
ʨʘʙʦʪʢʠ ʢʦʥʮʝʥʪʨʠʨʦʚʘʥʥʳʤʠ ʧʦʪʦʢʘʤʠ ʵʥʝʨʛʠʠ
[9, 10]. ʂ ʤʝʪʦʜʘʤ ʤʦʜʠʬʠʮʠʨʦʚʘʥʠʷ ʧʦʚʝʨʭʥʦʩʪ-
ʥʳʭ ʩʚʦʡʩʪʚ ʦʪʥʦʩʷʪʩʷ: ʠʦʥʥʳʝ ʧʫʯʢʠ, ʦʙʨʘʙʦʪʢʘ
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ʧʨʠ ʧʦʤʦʱʠ ʧʣʘʟʤʳ ʠ ʫʣʴʪʨʘʟʚʫʢʘ ʠ ʜʨ. ʆʜʥʠʤ ʠʟ
ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʭ ʠ ʵʢʦʣʦʛʠʯʥʳʭ ʤʝʪʦʜʦʚ
ʷʚʣʷʝʪʩʷ ʵʣʝʢʪʨʦʥʥʦ-ʧʫʯʢʦʚʘʷ ʦʙʨʘʙʦʪʢʘ (ʕʇʆ)
[11-13]. ʇʨʝʠʤʫʱʝʩʪʚʘʤʠ ʕʇʆ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ
ʦʩʪʘʣʴʥʳʤʠ ʤʝʪʦʜʘʤʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʠʷ ʤʦʞʥʦ
ʥʘʟʚʘʪʴ: ʚʳʩʦʢʫʶ ʵʥʝʨʛʝʪʠʯʝʩʢʫʶ ʵʬʬʝʢʪʠʚ-
ʥʦʩʪʴ, ʙʦʣʝʝ ʚʳʩʦʢʫʶ ʦʜʥʦʨʦʜʥʦʩʪʴ ʧʣʦʪʥʦʩʪʠ
ʵʥʝʨʛʠʠ ʧʦ ʩʝʯʝʥʠʶ ʧʦʪʦʢʘ, ʭʦʨʦʰʫʶ ʚʦʩʧʨʦʠʟ-
ʚʦʜʠʤʦʩʪʴ ʠʤʧʫʣʴʩʦʚ ʠ ʚʳʩʦʢʫʶ ʯʘʩʪʦʪʫ ʠʭ ʩʣʝ-
ʜʦʚʘʥʠ .̫ ʕʪʦ ʥʘʧʨʘʚʣʝʥʠʝ ʨʘʟʚʠʚʘʝʪʩʷ ʥʘ ʙʘʟʝ
ʩʦʟʜʘʥʥʳʭ ʫʩʪʘʥʦʚʦʢ «Solo» [14-16], «Gesa» [17-
19] ʠ «Nadezhda» [20-22].

ʀʟʚʝʩʪʝʥ ʪʘʢʞʝ ʩʧʦʩʦʙ ʣʝʛʠʨʦʚʘʥʠʷ ʧʦʚʝʨʭ-
ʥʦʩʪʥʦʛʦ ʩʣʦʷ ʩ ʧʦʤʦʱʴʶ ʥʘʧʳʣʝʥʠʷ ʪʦʥʢʦʡ
ʧʣʝʥʢʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ ʠ ʧʦʩʣʝʜʫʶ-
ʱʝʛʦ ʧʝʨʝʧʣʘʚʣʝʥʠʷ ʧʣʝʥʢʠ ʩ ʧʦʚʝʨʭʥʦʩʪʥʳʤ
ʩʣʦʝʤ (ʧʦʜʣʦʞʢʦʡ) ʚʘʢʫʫʤʥʦ-ʜʫʛʦʚʳʤ ʤʝʪʦʜʦʤ
[23]. ʂʘʢ ʧʦʢʘʟʳʚʘʶʪ ʩʦʚʨʝʤʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘ-
ʥʠʷ, ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʵʬʬʝʢʪʘ ʚ ʤʦʜʠʬʠʮʠʨʦʚʘ-
ʥʠʠ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʝʚ ʤʝʪʘʣʣʦʚ ʠ ʩʧʣʘʚʦʚ
ʤʦʞʥʦ ʜʦʩʪʠʛʥʫʪʴ ʙʣʘʛʦʜʘʨʷ ʢʦʤʧʣʝʢʩʥʦʡ ʦʙʨʘ-
ʙʦʪʢʝ ʠ ʢʦʤʙʠʥʠʨʦʚʘʥʠʶ ʤʝʪʦʜʦʚ ʵʥʝʨʛʝʪʠʯʝ-
ʩʢʠʭ ʚʦʟʜʝʡʩʪʚʠʡ [24-28]. ʆʜʥʠʤ ʠʟ ʚʠʜʦʚ ʢʦʤ-
ʧʣʝʢʩʥʦʡ ʦʙʨʘʙʦʪʢʠ ʷʚʣʷʝʪʩʷ ʢʦʤʙʠʥʠʨʦʚʘʥʠʝ
ʣʝʛʠʨʦʚʘʥʠʷ ʧʫʪʝʤ ʥʘʥʝʩʝʥʠʷ ʧʣʝʥʢʠ ʥʘ ʧʦʚʝʨʭ-
ʥʦʩʪʴ ʠʩʩʣʝʜʫʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ ʤʝʪʦʜʦʤ ʠʦʥʥʦ-
ʧʣʘʟʤʝʥʥʦʛʦ ʥʘʧʳʣʝʥʠʷ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʧʝʨʝ-
ʧʨʘʚʣʝʥʠʝʤ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʩʣʦʷ ʵʣʝʢʪʨʦʥ-
ʥʳʤ ʧʫʯʢʦʤ. ʇʨʠʤʝʥʝʥʠʝ ʜʘʥʥʳʭ ʠʥʥʦʚʘʮʠʦʥ-
ʥʳʭ ʤʝʪʦʜʦʚ ʦʙʨʘʙʦʪʢʠ ʧʦʟʚʦʣʷʝʪ ʧʦʚʳʩʠʪʴ
ʧʨʦʯʥʦʩʪʥʳʝ ʩʚʦʡʩʪʚʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʘʪʝʨʠʘʣʦʚ
ʠ ʩʧʣʘʚʦʚ, ʘ ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʠ ʫʚʝʣʠʯʠʪʴ ʤʝʭʘʥʠ-
ʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʠʟʛʦʪʦʚʣʝʥʥʳʭ ʠʟ ʥʠʭ ʜʝʪʘʣʝʡ.

ɺ ʩʚʷʟʠ ʩ ʚʳʰʝʧʝʨʝʯʠʩʣʝʥʥʳʤ ʜʘʥʥʘʷ ʨʘʙʦʪʘ
ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ, ʪʘʢ ʢʘʢ ʝʝ ʮʝʣʴ ʩʦʩʪʦʠʪ ʚ ʠʩ-
ʩʣʝʜʦʚʘʥʠʠ ʚʣʠʷʥʠ  ̫ ʦʙʣʫʯʝʥʠʷ ʵʣʝʢʪʨʦʥʥʳʤ ʧʫʯ-
ʢʦʤ ʥʘ ʩʧʣʘʚ ɸʂ5ʄ2 ʩ ʧʦʚʝʨʭʥʦʩʪʥʦ ʤʦʜʠʬʠʮʠʨʦ-
ʚʘʥʥʳʤ ʩʣʦʝʤ Ti, ʘ ʠʤʝʥʥʦ ʥʘ ʠʟʤʝʥʝʥʠʝ ʤʝʭʘʥʠ-
ʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʨʠ ʨʘʩʪʷʞʝʥʠʠ, ʘ ʪʘʢʞʝ ʠʟʤʝʥʝʥʠʝ
ʬʨʘʢʪʦʛʨʘʬʠʠ ʠʟʣʦʤʦʚ ʨʘʟʨʫʰʝʥʥʳʭ ʦʙʨʘʟʮʦʚ.

ʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ

ɺ ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʘ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠʩʧʦʣʴ-
ʟʦʚʘʥ ʩʧʣʘʚ ɸʂ5ʄ2, ʦʙʨʘʟʮʳ ʚ ʬʦʨʤʝ ʧʨʦʧʦʨ-
ʮʠʦʥʘʣʴʥʳʭ ʣʦʧʘʪʦʢ ʚ ʣʠʪʦʤ ʩʦʩʪʦʷʥʠʠ. ɺ ʣʠʪʦʤ
ʩʦʩʪʦʷʥʠʠ ʦʙʨʘʟʮʳ ʠʤʝʣʠ ʩʣʝʜʫʶʱʠʝ ʨʘʟʤʝʨʳ:
ʪʦʣʱʠʥʘ 2,48 ʤʤ; ʰʠʨʠʥʘ 9,1 ʤʤ; ʜʣʠʥʘ ʨʘʙʦʯʝʡ
ʯʘʩʪʠ 15,0 ʤʤ.

ʌʦʨʤʠʨʦʚʘʥʠʝ ʢʦʤʧʦʟʠʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʧʨʦ-
ʠʩʭʦʜʠʣʦ ʚʘʢʫʫʤʥʦ-ʜʫʛʦʚʳʤ ʤʝʪʦʜʦʤ ʥʘ ʘʚʪʦʤʘ-
ʪʠʟʠʨʦʚʘʥʥʦʡ ʚʘʢʫʫʤʥʦʡ ʠʦʥʥʦ-ʧʣʘʟʤʝʥʥʦʡ ʫʩʪʘ-
ʥʦʚʢʝ «ʂʚʠʥʪʘ» [29]. ʅʘ ʦʙʨʘʟʮʳ ʩʧʣʘʚʘ ɸʂ5ʄ2
ʥʘʧʳʣʷʣʠ ʧʣʝʥʢʫ ʪʠʪʘʥʘ ʪʦʣʱʠʥʦʡ (0,5-1) ʤʢʤ ʩ
ʧʦʤʦʱʴʶ ʜʫʛʦʚʦʛʦ ʠʩʧʘʨʠʪʝʣʷ ʧʨʠ ʩʣʝʜʫʶʱʠʭ
ʧʘʨʘʤʝʪʨʘʭ ʧʨʦʮʝʩʩʘ: ʦʙʨʘʟʮʳ ʨʘʩʧʦʣʘʛʘʣʠʩʴ

ʥʘʧʨʦʪʠʚ ʜʫʛʦʚʦʛʦ ʠʩʧʘʨʠʪʝʣʷ, ʥʘʧʳʣʝʥʠʝ ʧʨʦʠʟ-
ʚʦʜʠʣʦʩʴ ʙʝʟ ʚʨʘʱʝʥʠʷ ʦʙʨʘʟʮʘ, ʪʦʢ ʜʫʛʦʚʦʛʦ ʠʩ-
ʧʘʨʠʪʝʣʷ Iɼ = 80 ɸ (ʪʦʢ ʵʣʝʢʪʨʦʜʠʥʘʤʠʯʝʩʢʦʡ
ʩʪʦʡʢʦʩʪʠ), Iʇ = 20 ɸ (ʧʫʩʢʦʚʦʡ ʪʦʢ), Iʥ = 135 ɸ
(ʥʦʤʠʥʘʣʴʥʳʡ ʪʦʢ), g = 75 %, Uʩʤ =35 ɺ, ʨ = 0,3 ʇʘ,
t = 10 ʤʠʥ.

ʆʙʣʫʯʝʥʠʝ ʠʤʧʫʣʴʩʥʳʤ ʵʣʝʢʪʨʦʥʥʳʤ ʧʫʯʢʦʤ
ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʫʩʪʘʥʦʚʢʝ «ʉʦʣʦ» [30]. ɺ ʭʦʜʝ
ʵʢʩʧʝʨʠʤʝʥʪʘ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʨʘʙʦʪʳ ʫʩʪʘ-
ʥʦʚʢʠ ʧʨʠ ʦʙʣʫʯʝʥʠʠ ʙʳʣʠ ʩʣʝʜʫʶʱʠʝ: ʵʥʝʨʛʠʷ
ʫʩʢʦʨʝʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ U = 17 ʢʵɺ, ʧʣʦʪʥʦʩʪʴ
ʵʥʝʨʛʠʠ ʧʫʯʢʘ ʵʣʝʢʪʨʦʥʦʚ ES =10, 20, 30, 40,
50 ɼʞ/ʩʤ2, ʜʣʠʪʝʣʴʥʦʩʪʴ ʠʤʧʫʣʴʩʦʚ Ű = 200 ʤʢʩ,
ʢʦʣʠʯʝʩʪʚʦ ʠʤʧʫʣʴʩʦʚ n = 3, ʯʘʩʪʦʪʘ ʩʣʝʜʦʚʘʥʠʷ
ʠʤʧʫʣʴʩʦʚ f = 0,3 ʩ-1; ʜʘʚʣʝʥʠʝ ʦʩʪʘʪʦʯʥʦʛʦ ʛʘʟʘ
(ʘʨʛʦʥ) ʚ ʨʘʙʦʯʝʡ ʢʘʤʝʨʝ ʫʩʪʘʥʦʚʢʠ p = 2·10-2 ʇʘ.
ɼʘʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʷʚʣʷʶʪʩʷ ʨʘʮʠʦʥʘʣʴʥʳʤʠ
ʧʘʨʘʤʝʪʨʘʤʠ ʵʣʝʢʪʨʦʥʥʦ-ʧʫʯʢʦʚʦʡ ʦʙʨʘʙʦʪʢʠ,
ʧʨʠʚʦʜʷʱʠʤʠ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʚ ʤʦʜʠʬʠʮʠʨʦ-
ʚʘʥʥʦʤ ʩʣʦʝ ʛʨʘʜʠʝʥʪʥʳʭ, ʤʥʦʛʦʵʣʝʤʝʥʪʥʳʭ,
ʤʥʦʛʦʬʘʟʥʳʭ, ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʩʦʩʪʦʷ-
ʥʠʡ ʩ ʫʥʠʢʘʣʴʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ. ʀʟʤʝʥʝʥʠʝ ʵʪʠʭ
ʧʘʨʘʤʝʪʨʦʚ ʚ ʤʝʥʴʰʫʶ ʣʠʙʦ ʙʦʣʴʰʫʶ ʩʪʦʨʦʥʫ
ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʪʘʢʦʤʫ ʨʝʟʫʣʴʪʘʪʫ. ɺʳʙʦʨ ʧʨʝʜ-
ʩʪʘʚʣʝʥʥʳʭ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʝʞʠʤʦʚ ʕʇʆ ʦʙʫ-
ʩʣʦʚʣʝʥ ʰʠʨʦʢʠʤ ʦʙʲʝʤʦʤ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʧʦʜ-
ʪʚʝʨʜʠʚʰʠʭ ʥʘ ʧʨʘʢʪʠʢʝ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʜʘʥʥʳʭ
ʧʘʨʘʤʝʪʨʦʚ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʨʫʛʠʤʠ. ʈʝʟʫʣʴʪʘʪʳ
ʠʩʩʣʝʜʦʚʘʥʠʡ, ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʱʠʝ ʦ ʚʳʩʦʢʦʡ
ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʜʘʥʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʧʨʠ ʧʦʚʳ-
ʰʝʥʠʠ ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ, ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʠ, ʧʨʝʜ-
ʩʪʘʚʣʝʥʳ ʚ ʤʦʥʦʛʨʘʬʠʠ [31].

ʄʝʭʘʥʠʯʝʩʢʠʝ ʠʩʧʳʪʘʥʠ  ̫ ʩʧʣʘʚʘ ɸʂ5ʄ2, ʧʦ-
ʚʝʨʭʥʦʩʪʥʦ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ Ti, ʦʩʫʱʝʩʪʚʣʷʣʠ
ʧʫʪʝʤ ʦʜʥʦʦʩʥʦʛʦ ʨʘʩʪʷʞʝʥʠʷ ʦʙʨʘʟʮʦʚ ʥʘ ʠʩʧʳ-
ʪʘʪʝʣʴʥʦʡ ʤʘʰʠʥʝ «Instron 3386» ʩ ʧʦʩʪʦʷʥʥʦʡ
ʩʢʦʨʦʩʪʴʶ 1,25 ʤʤ/ʤʠʥ [32]. ʆʜʥʦʦʩʥʦʤʫ ʨʘʩʪʷ-
ʞʝʥʠʶ ʧʦʜʚʝʨʛʘʣʠʩʴ ʦʙʨʘʟʮʳ ʩʧʣʘʚʘ ɸʂ5ʄ2 ʚ
ʣʠʪʦʤ ʩʦʩʪʦʷʥʠʠ, ɸʂ5ʄ2, ʧʦʚʝʨʭʥʦʩʪʥʦ ʤʦʜʠʬʠ-
ʮʠʨʦʚʘʥʥʳʡ Ti, ʠ ɸʂ5ʄ2, ʧʦʚʝʨʭʥʦʩʪʥʦ ʤʦʜʠʬʠ-
ʮʠʨʦʚʘʥʥʳʡ Ti ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʕʇʆ, ʧʦ ʨʝʞʠ-
ʤʘʤ: 1 ʨʝʞʠʤ – ʧʣʦʪʥʦʩʪʴ ʵʥʝʨʛʠʠ ʧʫʯʢʘ ʵʣʝʢʪʨʦ-
ʥʦʚ ES = 10 ɼʞ/ʩʤ2, 2 ʨʝʞʠʤ – ES = 20 ɼʞ/ʩʤ2,
3 ʨʝʞʠʤ – ES = 30 ɼʞ/ʩʤ2, 4 ʨʝʞʠʤ – ES = 40 ɼʞ/ʩʤ2,
5 ʨʝʞʠʤ – ES = 50 ɼʞ/ʩʤ2. ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʦʚʝʨʭ-
ʥʦʩʪʠ ʨʘʟʨʫʰʝʥʠʷ ʧʨʦʚʦʜʠʣʠ ʤʝʪʦʜʘʤʠ ʩʢʘʥʠʨʫ-
ʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ [33-35], ʠʩʧʦʣʴ-
ʟʫʷ ʧʨʠʙʦʨ «Philips SEM-515» ʩ ʤʠʢʨʦʘʥʘʣʠʟʘʪʦ-
ʨʦʤ EDAX ECON IV.

ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ

ɺ ʨʝʟʫʣʴʪʘʪʝ ʤʝʭʘʥʠʯʝʩʢʠʭ ʠʩʧʳʪʘʥʠʡ ʩʧʣʘʚʘ
ɸʂ5ʄ2 ʚ ʣʠʪʦʤ ʩʦʩʪʦʷʥʠʠ, ʩʧʣʘʚʘ ɸʂ5ʄ2, ʧʦ-
ʚʝʨʭʥʦʩʪʥʦ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ Ti, ʠ ʩʧʣʘʚʘ
ɸʂ5ʄ2, ʧʦʚʝʨʭʥʦʩʪʥʦ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ Ti ʩ



ʉʝʨʝʙʨʷʢʦʚʘ ɸ.ɸ., ɿʘʛʫʣʷʝʚ ɼ.ɺ., ʐʣʷʨʦʚ ɺ.ɺ., ʐʣʷʨʦʚʘ ʖ.ɸ., ʀʚʘʥʦʚ ʖ.ʌ., ʋʩʪʠʥʦʚ ɸ.ʄ.

www.vestnik.magtu.ru        –––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 35

ʧʦʩʣʝʜʫʶʱʠʤ ʦʙʣʫʯʝʥʠʝʤ ʵʣʝʢʪʨʦʥʥʳʤ ʧʫʯʢʦʤ
ʧʦ 5-ʪʠ ʨʝʞʠʤʘʤ, ʙʳʣʠ ʫʩʪʘʥʦʚʣʝʥʳ ʨʝʞʠʤʳ, ʧʨʠ
ʢʦʪʦʨʳʭ ʥʘʙʣʶʜʘʝʪʩʷ ʠʟʤʝʥʝʥʠʝ ʤʝʭʘʥʠʯʝʩʢʠʭ
ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʧʣʘʚʘ. ʅʘ ʨʠʩ. 1 ʧʨʝʜʩʪʘʚʣʝʥʳ
ʜʝʬʦʨʤʘʮʠʦʥʥʳʝ ʢʨʠʚʳʝ ʨʘʟʨʫʰʝʥʠʷ ʤʘʪʝʨʠʘʣʘ ʚ
ʢʦʦʨʜʠʥʘʪʘʭ «ʥʘʧʨʷʞʝʥʠʝ (ʄʇʘ) – ʜʝʬʦʨʤʘʮʠʷ
(%)» ʜʣʷ ʩʧʣʘʚʘ ɸʂ5ʄ ʚ ʠʩʭʦʜʥʦʤ ʩʦʩʪʦʷʥʠʠ,
ɸʂ5ʄ2, ʧʦʚʝʨʭʥʦʩʪʥʦ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ Ti, ʠ
ɸʂ5ʄ2, ʧʦʚʝʨʭʥʦʩʪʥʦ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ Ti ʩ
ʧʦʩʣʝʜʫʶʱʠʤ ʕʇʆ (ES = 30 ɼʞ/ʩʤ2).

ʅʘ ʨʠʩ. 1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʝʬʦʨʤʘʮʠʦʥʥʳʝ
ʢʨʠʚʳʝ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʦʜʥʦʦʩʥʦʛʦ
ʨʘʩʪʷʞʝʥʠʷ ʦʙʨʘʟʮʦʚ ʩʧʣʘʚʘ ɸʂ5ʄ2 ʚ ʨʘʟʣʠʯ-
ʥʦʤ ʩʦʩʪʦʷʥʠʠ. ʂʨʠʚʘʷ 1 ʧʦʢʘʟʳʚʘʝʪ ʧʨʦʮʝʩʩ
ʨʘʩʪʷʞʝʥʠʷ ʜʦ ʨʘʟʨʫʰʝʥʠʷ ʦʙʨʘʟʮʘ ʩʧʣʘʚʘ
ɸʂ5ʄ2 ʚ ʣʠʪʦʤ ʩʦʩʪʦʷʥʠʠ, ʥʘʧʨʷʞʝʥʠʝ ʧʨʠ ʨʘʟ-
ʨʫʰʝʥʠʠ ʩʦʩʪʘʚʠʣʦ 118 ʄʇʘ. ʂʨʠʚʘʷ 2 ʧʦʣʫʯʝʥʘ
ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʘʩʪʷʞʝʥʠʷ ʜʦ ʨʘʟʨʫʰʝʥʠʷ ʩʧʣʘʚʘ
ɸʂ5ʄ2 ʩ ʧʦʚʝʨʭʥʦʩʪʥʦ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤ
ʩʣʦʝʤ Ti, ʥʘʧʨʷʞʝʥʠʝ ʧʨʠ ʨʘʟʨʫʰʝʥʠʠ ʜʘʥʥʦʛʦ

ʦʙʨʘʟʮʘ ʩʦʩʪʘʚʣʷʝʪ 155 ʄʇʘ. ʂʨʠʚʘʷ 3 ʧʦʣʫʯʝʥʘ
ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʘʩʪʷʞʝʥʠʷ ʜʦ ʨʘʟʨʫʰʝʥʠʷ ʩʧʣʘʚʘ
ɸʂ5ʄ2, ʧʦʚʝʨʭʥʦʩʪʥʦ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ Ti ʩ
ʧʦʩʣʝʜʫʶʱʠʤ ʦʙʣʫʯʝʥʠʝʤ ʵʣʝʢʪʨʦʥʥʳʤ ʧʫʯʢʦʤ
ʧʦ ʨʝʞʠʤʫ 3 (ES = 30 ɼʞ/ʩʤ2), ʥʘʧʨʷʞʝʥʠʝ ʧʨʠ
ʨʘʟʨʫʰʝʥʠʠ ʩʦʩʪʘʚʠʣʦ 140 ʄʇʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ,
ʧʦ ʜʝʬʦʨʤʘʮʠʦʥʥʳʤ ʢʨʠʚʳʤ ʥʘʙʣʶʜʘʝʪʩʷ ʫʚʝ-
ʣʠʯʝʥʠʝ ʟʥʘʯʝʥʠʷ ʥʘʧʨʷʞʝʥʠʷ ʧʨʠ ʨʘʟʨʫʰʝʥʠʠ
ʦʙʨʘʟʮʦʚ ʩʧʣʘʚʘ ɸʂ5ʄ2 ʩ ʧʦʚʝʨʭʥʦʩʪʥʦ ʤʦʜʠ-
ʬʠʮʠʨʦʚʘʥʥʳʤ ʩʣʦʝʤ Ti (ʩʤ. ʨʠʩ. 1, ʢʨʠʚʘʷ 2) ʠ
ʩʧʣʘʚʘ ɸʂ5ʄ2, ʧʦʚʝʨʭʥʦʩʪʥʦ ʤʦʜʠʬʠʮʠʨʦʚʘʥ-
ʥʦʛʦ Ti ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʦʙʣʫʯʝʥʠʝʤ ʵʣʝʢʪʨʦʥ-
ʥʳʤ ʧʫʯʢʦʤ (ʩʤ. ʨʠʩ. 1, ʢʨʠʚʘʷ 3) ʚ ʨʝʞʠʤʝ ˉ3,
ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ ʟʥʘʯʝʥʠʷʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʧʨʠ
ʨʘʟʨʫʰʝʥʠʠ ʦʙʨʘʟʮʘ ʩʧʣʘʚʘ ɸʂ5ʄ2 ʚ ʣʠʪʦʤ ʩʦ-
ʩʪʦʷʥʠʠ (ʩʤ. ʨʠʩ. 1, ʢʨʠʚʘʷ 1).

ɸʥʘʣʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʝʭʘʥʠʯʝ-
ʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʪʘʢʠʭ ʢʘʢ ʚʨʝʤʝʥʥʦʝ ʩʦʧʨʦ-
ʪʠʚʣʝʥʠʝ ʠ ʧʨʝʜʝʣ ʪʝʢʫʯʝʩʪʠ, ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ
ʛʠʩʪʦʛʨʘʤʤʘʭ (ʨʠʩ. 2).

ʈʠʩ. 1. ɼʝʬʦʨʤʘʮʠʦʥʥʳʝ ʢʨʠʚʳʝ ʨʘʟʨʫʰʝʥʠʷ ʤʘʪʝʨʠʘʣʘ
Fig. 1. Stress-strain curves of the material

ʘ ʙ

ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʴ ʚʨʝʤʝʥʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ (ʘ) ʠ ʠʟʤʝʥʝʥʠʝ ʧʨʝʜʝʣʘ ʪʝʢʫʯʝʩʪʠ (ʙ) ʚ ʟʘʚʠʩʠʤʦʩʪʠ
ʦʪ ʟʥʘʯʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʧʫʯʢʘ ʵʣʝʢʪʨʦʥʦʚ ʦʪ ʨʝʞʠʤʘ ʦʙʨʘʙʦʪʢʠ

Fig. 2. Relationship between ultimate tensile strength (ʘ) and the change in yield strength (ʙ), and the electron
beam density in the processing mode
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ɺ ʧʨʦʮʝʩʩʝ ʤʝʭʘʥʠʯʝʩʢʠʭ ʠʩʧʳʪʘʥʠʡ ʧʫʪʝʤ
ʦʜʥʦʦʩʥʦʛʦ ʨʘʩʪʷʞʝʥʠʷ ʙʳʣʠ ʨʘʟʨʫʰʝʥʳ ʦʙʨʘʟʮʳ
ʩʧʣʘʚʘ ɸʂ5ʄ2 ʚ ʣʠʪʦʤ ʩʦʩʪʦʷʥʠʠ, ʦʙʨʘʟʮʳ ʩʧʣʘ-
ʚʘ ɸʂ5ʄ2, ʧʦʚʝʨʭʥʦʩʪʥʦ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ Ti,
ʠ ʦʙʨʘʟʮʳ ʩʧʣʘʚʘ ɸʂ5ʄ2, ʧʦʚʝʨʭʥʦʩʪʥʦ ʤʦʜʠʬʠ-
ʮʠʨʦʚʘʥʥʦʛʦ Ti ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʦʙʣʫʯʝʥʠʝʤ
ʵʣʝʢʪʨʦʥʥʳʤ ʧʫʯʢʦʤ ʧʦ 5-ʪʠ ʨʝʞʠʤʘʤ, ʦʧʠʩʘʥ-
ʥʳʤ ʚʳʰʝ. ɺʨʝʤʝʥʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʩʠʩʪʝʤʳ
ʧʣʝʥʢʘ(ʪʠʪʘʥ)/ʧʦʜʣʦʞʢʘ(ʩʠʣʫʤʠʥ) ʩʦʩʪʘʚʠʣ 155,3
ʄʇʘ, ʯʪʦ ʥʘ 31,2% ʙʦʣʴʰʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʣʠʪʳʤ
ʩʦʩʪʦʷʥʠʝʤ. ɼʘʣʝʝ ʧʦ ʨʝʞʠʤʘʤ 2 ʠ 4 ʥʘʙʣʶʜʘʝʪʩʷ
ʩʥʠʞʝʥʠʝ ʚʨʝʤʝʥʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʦʙʣʫʯʝʥʥʳʭ
ʦʙʨʘʟʮʦʚ ʥʘ 8,4 ʠ 5% ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɿʥʘʯʝʥʠʝ
ʚʨʝʤʝʥʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʧʦ ʨʝʞʠʤʫ 5 ʕʇʆ
ʥʘʭʦʜʠʪʩʷ ʚ ʨʘʤʢʘʭ ʧʦʛʨʝʰʥʦʩʪʠ ʩ ʨʝʞʠʤʦʤ 4.
ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʫʪʚʝʨʞʜʘʪʴ, ʯʪʦ ʧʨʠ ʜʘʥʥʦʤ ʨʝ-
ʞʠʤʝ ʦʙʣʫʯʝʥʠʷ ʧʨʦʠʩʭʦʜʠʪ ʫʚʝʣʠʯʝʥʠʝ ʠʩʩʣʝʜʫ-
ʝʤʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʥʝ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚʦʟʤʦʞ-
ʥʳʤ. ʇʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ, ʩʥʠʞʝʥʠʝ ʚʨʝʤʝʥʥʦʛʦ
ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʤʘʪʝʨʠʘʣʘ ʩʚʷʟʘʥʦ ʩ ʨʘʟʫʧʨʦʯʥʝ-
ʥʠʝʤ ʤʘʪʝʨʠʘʣʘ ʧʦʜ ʚʣʠʷʥʠʝʤ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ
ʚʦʟʜʝʡʩʪʚʠʷ. ʆʙʣʫʯʝʥʠʝ ʵʣʝʢʪʨʦʥʥʳʤ ʧʫʯʢʦʤ
ʚʣʠʷʝʪ ʥʘ ʧʨʦʮʝʩʩ ʨʘʟʫʧʨʦʯʥʝʥʠʷ ʧʦʩʨʝʜʩʪʚʦʤ
ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʷ ʪʦʯʝʯʥʳʭ ʜʝʬʝʢʪʦʚ ʠ ʜʠʩʣʦ-
ʢʘʮʠʡ ʚ ʩʧʣʘʚʝ, ʦʙʨʘʟʫʶʱʠʭʩʷ ʧʨʠ ʧʣʘʩʪʠʯʝʩʢʦʡ
ʜʝʬʦʨʤʘʮʠʠ ʦʙʨʘʟʮʦʚ.

ʇʦ ʨʝʞʠʤʘʤ 1 ʠ 3 ʕʇʆ ʩʠʩʪʝʤʳ ʧʣʝʥ-
ʢʘ(ʪʠʪʘʥ)/ʧʦʜʣʦʞʢʘ(ʩʠʣʫʤʠʥ) ʚʳʷʚʣʷʝʪʩʷ ʨʦʩʪ
ʚʨʝʤʝʥʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʤʘ-
ʪʝʨʠʘʣʦʤ ʚ ʣʠʪʦʤ ʩʦʩʪʦʷʥʠʠ (ʨʝʞʠʤ 1 – 16,5%;
ʨʝʞʠʤ 3 – 18,8%). ʂʘʢ ʧʦʢʘʟʘʥʦ ʚ ʨʘʙʦʪʝ [36],
ʩʫʱʝʩʪʚʫʝʪ ʜʚʝ ʧʨʠʯʠʥʳ ʠʟʤʥʝʥʠʷ ʧʨʦʯʥʦʩʪʥʳʭ
ʠ ʧʣʘʩʪʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʧʣʘʚʘ ɸʂ5ʄ2
ʧʨʠ ʕʇʆ: 1) ʦʙʨʘʟʦʚʘʥʠʝ ʷʯʝʠʩʪʦʡ, ʩʫʙʤʠʢʨʦ-

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʡ
ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ; 2) ʨʘʩʪʚʦʨʝʥʠʝ ʠʥʝʪʨʤʘʪʘʣʣʠ-
ʜʦʚ ʚ ʦʙʣʫʯʝʥʥʦʤ ʩʣʦʝ.

ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʤʝʭʘʥʠʯʝʩʢʠʭ ʠʩʧʳʪʘʥʠʡ
ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʟʥʘʯʝʥʠʷ ʧʨʝʜʝʣʘ ʪʝʢʫʯʝʩʪʠ ʧʦ
ʚʩʝʤ ʨʝʞʠʤʘʤ ʕʇʆ (ʩʤ. ʨʠʩ. 2, ʙ).

ʇʨʠ ʦʜʥʦʦʩʥʦʤ ʨʘʩʪʷʞʝʥʠʠ ʦʙʨʘʟʮʘ ʩʠʣʫʤʠʥʘ
ɸʂ5ʄ2 ʚ ʣʠʪʦʤ ʩʦʩʪʦʷʥʠʠ ʧʨʝʜʝʣ ʪʝʢʫʯʝʩʪʠ ʩʦ-
ʩʪʘʚʠʣ 28,91 ʄʇʘ. ʇʨʠ ʨʘʟʨʫʰʝʥʠʠ ʢʦʤʧʦʟʠʪʥʦ-
ʛʦ ʤʘʪʝʨʠʘʣʘ ʙʝʟ ʕʇʆ ʧʨʝʜʝʣ ʪʝʢʫʯʝʩʪʠ ʨʘʚʝʥ
21,5 ʄʇʘ. ʇʨʠ ʚʩʝʭ ʨʝʞʠʤʘʭ ʦʙʣʫʯʝʥʠʷ ʥʘʙʣʶ-
ʜʘʝʪʩʷ ʩʥʠʞʝʥʠʝ ʧʨʝʜʝʣʘ ʪʝʢʫʯʝʩʪʠ. ʄʘʢʩʠʤʘʣʴ-
ʥʳʡ ʵʬʬʝʢʪ ʚʣʠʷʥʠʷ ʥʘ ʟʥʘʯʝʥʠʷ ʧʨʝʜʝʣʘ ʪʝʢʫʯʝ-
ʩʪʠ ʦʢʘʟʳʚʘʝʪ ʨʝʞʠʤ 3, ʧʨʝʜʝʣ ʪʝʢʫʯʝʩʪʠ ʩʦʩʪʘ-
ʚʠʣ 17,2 ʄʇʘ (ʕʇʆ ʩ ʧʣʦʪʥʦʩʪʴʶ ʧʫʯʢʘ ʵʣʝʢʪʨʦ-
ʥʦʚ 30 ɼʞ/ʩʤ2), ʯʪʦ ʥʘ 40% ʤʝʥʴʰʝ, ʯʝʤ ʚ ʣʠʪʦʤ
ʩʦʩʪʦʷʥʠʠ. ʉʥʠʞʝʥʠʝ ʧʨʝʜʝʣʘ ʪʝʢʫʯʝʩʪʠ ʩʧʣʘʚʘ
ʧʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ ʩʚʷʟʘʥʦ ʩ ʠʟʤʝʥʝʥʠʷʤʠ ʝʛʦ
ʩʪʨʫʢʪʫʨʥʳʭ ʩʚʦʡʩʪʚ ʚ ʨʝʟʫʣʴʪʘʪʝ ʦʙʨʘʙʦʪʢʠ
ʵʣʝʢʪʨʦʥʥʳʤ ʧʫʯʢʦʤ. ɺ ʧʨʦʮʝʩʩʝ ʦʙʨʘʙʦʪʢʠ ʧʨʦ-
ʠʩʭʦʜʠʪ ʠʟʤʝʥʝʥʠʝ ʜʠʩʣʦʢʘʮʠʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ
ʠʩʩʣʝʜʫʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʯʪʦ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ,
ʚʣʠʷʝʪ ʥʘ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʥʘʧʨʷʞʝʥʠʡ, ʧʨʠ ʢʦʪʦ-
ʨʳʭ ʦʩʪʘʪʦʯʥʘʷ ʜʝʬʦʨʤʘʮʠ  ̫ ʚ ʦʙʨʘʟʮʝ ʨʘʩʧʨʝʜʝ-
ʣʷʝʪʩʷ ʨʘʚʥʦʤʝʨʥʦ ʧʦ ʝʛʦ ʨʘʙʦʯʝʡ ʯʘʩʪʠ, ʧʨʠ ʚʨʝ-
ʤʝʥʥʦʤ ʧʦʩʪʦʷʥʩʪʚʝ ʨʘʩʪʷʛʠʚʘʶʱʝʛʦ ʫʩʠʣʠ  ̫[37].

ʇʦʩʣʝ ʠʩʧʳʪʘʥʠʡ ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʜʦ ʨʘʟʨʫʰʝ-
ʥʠʷ ʚʳʯʠʩʣʝʥʳ ʧʘʨʘʤʝʪʨʳ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʦʩʪʘ-
ʪʦʯʥʦʛʦ ʫʜʣʠʥʝʥʠʷ (ʨʠʩ. 3, ʘ) ʠ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ
ʦʩʪʘʪʦʯʥʦʛʦ ʩʫʞʝʥʠʷ (ʨʠʩ. 3, ʙ) ʧʨʠ ʨʘʟʨʳʚʝ ʦʙ-
ʨʘʟʮʦʚ ʩʠʣʫʤʠʥʘ, ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʧʦ ʚʩʝʤ
ʧʨʝʜʩʪʘʚʣʝʥʥʳʤ ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʨʝʞʠʤʘʤ.
ɼʘʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʷʚʣʷʶʪʩʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ
ʧʣʘʩʪʠʯʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ [38].

ʘ ʙ
ʈʠʩ. 3. ʆʪʥʦʩʠʪʝʣʴʥʦʝ ʦʩʪʘʪʦʯʥʦʝ ʫʜʣʠʥʝʥʠʝ (a) ʠ ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʦʩʪʘʪʦʯʥʦʝ ʩʫʞʝʥʠʝ ʦʙʨʘʟʮʦʚ (ʙ)

ʧʨʠ ʨʘʟʨʫʰʝʥʠʠ ʚ ʣʠʪʦʤ ʩʦʩʪʦʷʥʠʠ ʠ ʧʦʩʣʝ ʵʣʝʢʪʨʦʥʥʦ-ʧʫʯʢʦʚʦʡ ʦʙʨʘʙʦʪʢʠ
Fig. 3. Relative residual elongation (a) and relative reduction at fracture of the samples (ʙ) in the original state

and after electron-beam processing
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ɺ ʣʠʪʦʤ ʩʦʩʪʦʷʥʠʠ ʧʨʦʮʝʥʪ ʦʩʪʘʪʦʯʥʦʛʦ ʫʜʣʠ-
ʥʝʥʠʷ ʦʙʨʘʟʮʘ ʧʨʠ ʨʘʟʨʳʚʝ ʩʦʩʪʘʚʠʣ ŭ=6,1% (ʢʨʘʩ-
ʥʘʷ ʣʠʥʠ  ̫ʥʘ ʨʠʩ. 3, ʘ). ʇʦ ʨʝʞʠʤʘʤ 1 ʠ 3 ʚʳʷʚʣʷ-
ʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝ ʟʥʘʯʝʥʠʡ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʦʩʪʘʪʦʯ-
ʥʦʛʦ ʫʜʣʠʥʝʥʠʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʣʠʪʳʤ ʩʦʩʪʦʷʥʠʝʤ.
ʇʨʠ ʥʫʣʝʚʦʤ ʟʥʘʯʝʥʠʠ ʧʣʦʪʥʦʩʪʠ ʵʥʝʨʛʠʠ ʧʫʯʢʘ
ʵʣʝʢʪʨʦʥʦʚ (ʨʘʟʨʫʰʝʥʠʝ ʥʝʦʙʣʫʯʝʥʥʦʛʦ ʦʙʨʘʟʮʘ
ʩʧʣʘʚʘ ɸʂ5ʄ2, ʧʦʚʝʨʭʥʦʩʪʥʦ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ
Ti), ʟʥʘʯʝʥʠʝ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʦʩʪʘʪʦʯʥʦʛʦ ʫʜʣʠʥʝ-
ʥʠʷ ʫʚʝʣʠʯʠʣʦʩʴ ʜʦ ŭ=10,5%. ʇʨʠ ʨʘʩʪʷʞʝʥʠʠ ʦʙ-
ʨʘʟʮʦʚ, ʦʙʣʫʯʝʥʥʳʭ ʧʦ ʨʝʞʠʤʫ 1, ʟʥʘʯʝʥʠʝ ʦʪʥʦʩʠ-
ʪʝʣʴʥʦʛʦ ʦʩʪʘʪʦʯʥʦʛʦ ʫʜʣʠʥʝʥʠʷ ʩʦʩʪʘʚʠʣʦ 8,7%.
ʇʨʠ ʨʝʞʠʤʘʭ 2, 4 ʠ 5 ʥʝ ʚʳʷʚʣʝʥʦ ʠʟʤʝʥʝʥʠʡ ʟʥʘ-
ʯʝʥʠʷ ʚ ʧʨʝʜʝʣʘʭ ʧʦʛʨʝʰʥʦʩʪʠ ʠʟʤʝʨʝʥʠʷ. ʇʦʩʣʝ
ʦʙʣʫʯʝʥʠʷ ʧʦ ʨʝʞʠʤʫ 3 ʟʥʘʯʝʥʠʝ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ
ʦʩʪʘʪʦʯʥʦʛʦ ʫʜʣʠʥʝʥʠʷ ʩʦʩʪʘʚʠʣʦ ŭ=9,8%.

ʅʘ ʦʩʥʦʚʘʥʠʠ ʤʝʭʘʥʠʯʝʩʢʠʭ ʠʩʧʳʪʘʥʠʡ ʧʦʣʫ-
ʯʝʥʳ ʜʘʥʥʳʝ ʦ ʟʥʘʯʝʥʠʷʭ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʦʩʪʘ-
ʪʦʯʥʦʛʦ ʫʜʣʠʥʝʥʠʷ ʦʙʨʘʟʮʦʚ (ʩʤ. ʨʠʩ. 3, ʙ). ɺ ʣʠ-
ʪʦʤ ʩʦʩʪʦʷʥʠʠ (ʢʨʘʩʥʘʷ ʣʠʥʠʷ ʥʘ ʨʠʩ. 3, ʙ) ʦʙʨʘ-
ʟʝʮ ɸʂ5ʄ2 ʠʤʝʝʪ ʟʥʘʯʝʥʠʝ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʦʩʪʘ-
ʪʦʯʥʦʛʦ ʩʫʞʝʥʠʷ ɣ = 0,880%. ʇʨʠ ʨʘʩʪʷʞʝʥʠʠ ʥʝ-
ʦʙʣʫʯʝʥʥʦʛʦ ʦʙʨʘʟʮʘ ʢʦʤʧʦʟʠʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ,
ʩʦʩʪʦʷʱʝʛʦ ʠʟ ʧʦʜʣʦʞʢʠ, ʠʟʛʦʪʦʚʣʝʥʥʦʡ ʠʟ ʩʧʣʘʚʘ
ɸʂ5ʄ2 ʩ ʧʦʚʝʨʭʥʦʩʪʥʦ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤ ʩʣʦ-
ʝʤ Ti, ʦʩʪʘʪʦʯʥʦʝ ʩʫʞʝʥʠʝ ʦʙʨʘʟʮʦʚ ʧʨʠ ʨʘʟʨʫʰʝ-
ʥʠʠ ɣ = 0,845. ɼʘʣʝʝ ʧʦʣʫʯʝʥʳ ʟʥʘʯʝʥʠʷ ʧʦ ʨʝʞʠ-
ʤʘʤ: ʨʝʞʠʤ 1 – ɣ = 0,858; ʨʝʞʠʤ 2 – ɣ = 0,869;
ʨʝʞʠʤ 3 – ɣ = 0,850, ʨʝʞʠʤ 4 – ɣ = 0,870, ʨʝʞʠʤ
5 – ɣ = 0,868. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʚ
ʧʦʣʫʯʝʥʥʳʝ ʟʥʘʯʝʥʠʷ, ʤʦʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʟʥʘ-
ʯʝʥʠʷ ʦʩʪʘʪʦʯʥʦʛʦ ʩʫʞʝʥʠʷ ʦʙʨʘʟʮʘ ʚ ʧʨʦʮʝʩʩʝ
ʤʝʭʘʥʠʯʝʩʢʠʭ ʠʩʧʳʪʘʥʠʡ ʥʘʭʦʜʷʪʩʷ ʚ ʧʨʝʜʝʣʘʭ
ʧʦʛʨʝʰʥʦʩʪʠ ʠʟʤʝʨʝʥʠʡ. ʆʪʩʫʪʩʪʚʠʝ ʠʟʤʝʥʝʥʠʡ ʚ
ʧʨʝʜʝʣʘʭ ʧʦʛʨʝʰʥʦʩʪʠ ʠʟʤʝʨʝʥʠʡ ʧʦʟʚʦʣʷʝʪ
ʫʪʚʝʨʞʜʘʪʴ ʦ ʪʦʤ, ʯʪʦ ʠʟʤʝʥʝʥʠʝ ʧʣʦʪʥʦʩʪʠ ʵʥʝʨ-
ʛʠʠ ʧʫʯʢʘ ʵʣʝʢʪʨʦʥʦʚ ʥʝ ʦʢʘʟʳʚʘʝʪ ʚʣʠʷʥʠʷ ʥʘ
ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʦʩʪʘʪʦʯʥʦʝ ʩʫʞʝʥʠʝ ʦʙʨʘʟʮʘ.

ɺ ʠʩʩʣʝʜʦʚʘʥʠʠ [39] ʩ ʧʦʤʦʱʴʶ ʈʌɸ ʠ
ʉʕʄ-ʘʥʘʣʠʟʘ ʚʳʷʚʣʝʥʘ ʜʠʥʘʤʠʢʘ ʤʦʨʬʦʣʦʛʠʠ
ʧʦʚʝʨʭʥʦʩʪʠ ʩʧʣʘʚʘ ɸʂ5ʄ2, ʤʦʜʠʬʠʮʠʨʦʚʘʥ-
ʥʦʛʦ Ti. ʇʨʠ ʨʝʞʠʤʘʭ 1 ʠ 2 ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ
ʩʧʣʘʚʘ ɸʂ5ʄ2, ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ Ti, ʉʕʄ-
ʘʥʘʣʠʟ ʚʳʷʚʠʣ ʥʘʣʠʯʠʝ ʥʝ ʧʦʣʥʦʩʪʴʶ ʨʘʩʪʚʦ-
ʨʝʥʥʳʭ ʢʘʧʝʣʴ ʪʠʪʘʥʘ (ʩʦʩʪʘʚ ʥʘ ʨʝʥʪʛʝʥʦʛʨʘʤ-
ʤʝ), ʯʪʦ ʛʦʚʦʨʠʪ ʦ ʥʝʜʦʩʪʘʪʦʯʥʦʩʪʠ ʵʥʝʨʛʠʠ
ʧʣʦʪʥʦʩʪʠ ʧʫʯʢʘ ʵʣʝʢʪʨʦʥʦʚ ʜʣʷ ʦʙʨʘʟʦʚʘʥʠʷ
ʦʜʥʦʨʦʜʥʦʛʦ ʧʦʢʨʳʪʠʷ. ʈʝʞʠʤʳ 4 ʠ 5, ʭʘʨʘʢʪʝ-
ʨʠʟʫʶʱʠʝʩʷ ʙʦʣʴʰʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʧʣʦʪʥʦʩʪʠ
ʵʥʝʨʛʠʠ ʧʫʯʢʘ ʵʣʝʢʪʨʦʥʦʚ, ʥʘʧʨʦʪʠʚ, ʧʨʠʚʦʜʷʪ
ʢ ʯʨʝʟʤʝʨʥʦʤʫ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤʫ ʧʝʨʝ-
ʧʣʘʚʣʝʥʠʶ ʤʘʪʝʨʠʘʣʘ. ɼʘʥʥʳʡ ʧʨʦʮʝʩʩ ʩʧʦʩʦʙ-
ʩʪʚʫʝʪ ʦʙʨʘʟʦʚʘʥʠʶ ʢʨʘʪʝʨʦʚ, ʪʨʝʱʠʥ, ʤʠʢʨʦ-
ʫʛʣʫʙʣʝʥʠʡ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʚ ʩʣʦʝ ʤʘʪʝʨʠʘʣʘ,
ʯʪʦ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʨʘʟʨʫʰʝʥʠʶ ʤʘʪʝʨʠʘʣʘ ʚ
ʧʨʦʮʝʩʩʝ ʵʢʩʧʣʫʘʪʘʮʠʠ. Hʘ ʦʩʥʦʚʘʥʠʠ ʨʝʟʫʣʴʪʘ-
ʪʦʚ ʈʌɸ ʠ ʉʕʄ-ʘʥʘʣʠʟʘ ʩʧʣʘʚʘ ɸʂ5ʄ2 ʧʦʩʣʝ
ʥʘʧʳʣʝʥʠʷ ʥʘ ʝʛʦ ʧʦʚʝʨʭʥʦʩʪʴ ʧʣʝʥʢʠ ʪʠʪʘʥʘ ʩ
ʧʦʩʣʝʜʫʶʱʝʡ ʦʙʨʘʙʦʪʢʦʡ ʵʣʝʢʪʨʦʥʥʳʤ ʧʫʯʢʦʤ
ʧʦ ʨʘʟʣʠʯʥʳʤ ʨʝʞʠʤʘʤ ʚʳʷʚʣʝʥ ʨʝʞʠʤ ʦʙʨʘ-
ʙʦʪʢʠ, ʧʨʠ ʢʦʪʦʨʦʤ ʦʙʨʘʟʫʝʪʩʷ ʦʜʥʦʨʦʜʥʘʷ
ʤʝʣʢʦʟʝʨʥʠʩʪʘʷ ʩʪʨʫʢʪʫʨʘ ʙʝʟ ʪʨʝʱʠʥ, ʤʠʢʨʦ-
ʫʛʣʫʙʣʝʥʠʡ ʠ ʜʨʫʛʠʭ ʜʝʬʝʢʪʦʚ. ʆʯʝʚʠʜʥʦ, ʯʪʦ
ʜʘʥʥʳʡ ʨʝʞʠʤ ʚʦʟʜʝʡʩʪʚʠʷ (ʨʝʞʠʤ 3) ʧʨʠʚʝʜʝʪ
ʢ ʩʫʱʝʩʪʚʝʥʥʦʡ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʩʚʦʡʩʪʚ ʤʘʪʝ-
ʨʠʘʣʘ ʚ ʩʪʦʨʦʥʫ ʠʭ ʫʣʫʯʰʝʥʠʷ.

ʅʠʞʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʩʢʘʥʠʨʫʶ-
ʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʠʟʣʦʤʦʚ ʦʙʨʘʟ-
ʮʦʚ ʩʧʣʘʚʘ ɸʂ5ʄ2, ʧʦʚʝʨʭʥʦʩʪʥʦ ʤʦʜʠʬʠʮʠʨʦ-
ʚʘʥʥʦʛʦ Ti ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʨʝʞʠʤʘʭ ʦʙʣʫʯʝʥʠʷ.

ʅʘ ʨʠʩ. 4 ʠʟʦʙʨʘʞʝʥʳ ʬʨʘʢʪʦʛʨʘʤʤʳ ʠʟʣʦ-
ʤʦʚ ʦʙʨʘʟʮʦʚ ʩʧʣʘʚʘ ɸʂ5ʄ2, ʧʦʚʝʨʭʥʦʩʪʥʦ ʤʦ-
ʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ Ti ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʦʙʣʫʯʝʥʠ-
ʝʤ ʵʣʝʢʪʨʦʥʥʳʤ ʧʫʯʢʦʤ ʩ ʧʣʦʪʥʦʩʪʴʶ ʵʥʝʨʛʠʠ
ʧʫʯʢʘ ʵʣʝʢʪʨʦʥʦʚ 10 ɼʞ/ʩʤ2.

ʘ ʙ
ʈʠʩ. 4. ʀʟʦʙʨʘʞʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʠʟʣʦʤʦʚ ʦʙʨʘʟʮʦʚ ʩʧʣʘʚʘ ɸʂ5ʄ2, ʧʦʚʝʨʭʥʦʩʪʥʦ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ Ti

ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʦʙʣʫʯʝʥʠʝʤ ʵʣʝʢʪʨʦʥʥʳʤ ʧʫʯʢʦʤ ʩ ʧʣʦʪʥʦʩʪʴʶ ʵʥʝʨʛʠʠ ʧʫʯʢʘ ʵʣʝʢʪʨʦʥʦʚ 10 ɼʞ/ʩʤ2

Fig. 4. Image of the fracture structure of the samples of the Ti surface-modified AK5M2 alloy followed by electron
beam irradiation with an electron beam energy of 10 J/cm2

20 ʤʢʤ50 ʤʢʤ
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ɸʥʘʣʠʟ ʠʟʣʦʤʘ ʦʙʨʘʟʮʦʚ ʩʧʣʘʚʘ ɸʂ5ʄ2, ʧʦ-
ʚʝʨʭʥʦʩʪʥʦ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ Ti ʩ ʧʦʩʣʝʜʫ-
ʶʱʠʤ ʦʙʣʫʯʝʥʠʝʤ ʩ ʧʣʦʪʥʦʩʪʴʶ ʵʥʝʨʛʠʠ ʧʫʯʢʘ
ʵʣʝʢʪʨʦʥʦʚ 10 ɼʞ/ʩʤ2, ʧʦʢʘʟʳʚʘʝʪ ʩʪʫʧʝʥʯʘʪʳʡ
ʪʠʧ ʤʠʢʨʦʨʝʣʴʝʬʘ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʨʫʰʝʥʠʷ,
ʭʘʨʘʢʪʝʨʥʳʡ ʜʣʷ ʭʨʫʧʢʦʛʦ ʠʟʣʦʤʘ. ʎʚʝʪ ʤʠʢʨʦ-
ʨʝʣʴʝʬʘ ʧʝʧʝʣʴʥʦ-ʩʝʨʳʡ, ʙʝʟ ʙʣʝʩʢʘ. ʉʪʫʧʝʥʴʢʠ
ʠʟʦʛʥʫʪʦʡ ʬʦʨʤʳ ʨʘʩʧʦʣʦʞʝʥʳ ʥʘ ʨʘʟʣʠʯʥʦʤ
ʫʨʦʚʥʝ ʜʨʫʛ ʦʪ ʜʨʫʛʘ (ʨʠʩ. 4, ʘ). ʇʨʝʜʧʦʣʦʞʠ-
ʪʝʣʴʥʦ, ʦʙʨʘʟʦʚʘʥʠʝ ʪʘʢʦʛʦ ʵʣʝʤʝʥʪʘ ʤʠʢʨʦʨʝ-
ʣʴʝʬʘ, ʢʘʢ ʩʪʫʧʝʥʴʢʘ, ʤʦʞʝʪ ʧʨʦʠʩʭʦʜʠʪʴ ʚ ʨʝ-
ʟʫʣʴʪʘʪʝ ʩʢʦʣʘ ʚʜʦʣʴ ʛʨʘʥʠʮ ʜʚʦʡʥʠʢʦʚ [40, 41].
ʅʘ ʨʠʩ. 4, ʙ ʥʘʙʣʶʜʘʝʪʩʷ ʩʣʦʡ Ti, ʧʦʩʪʝʧʝʥʥʦ
ʨʘʩʪʚʦʨʷʶʱʝʛʦʩʷ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʕʇʆ.

ʅʘ ʨʠʩ. 5 ʠʟʦʙʨʘʞʝʥʳ ʬʨʘʢʪʦʛʨʘʤʤʳ ʠʟʣʦ-
ʤʦʚ ʦʙʨʘʟʮʦʚ ʩʧʣʘʚʘ ɸʂ5ʄ2, ʧʦʚʝʨʭʥʦʩʪʥʦ ʤʦ-
ʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ Ti ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʦʙʣʫʯʝʥʠ-
ʝʤ ʵʣʝʢʪʨʦʥʥʳʤ ʧʫʯʢʦʤ ʩ ʧʣʦʪʥʦʩʪʴʶ ʵʥʝʨʛʠʠ
ʧʫʯʢʘ ʵʣʝʢʪʨʦʥʦʚ 20 ɼʞ/ʩʤ2.

ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʧʣʦʪʥʦʩʪʠ ʵʥʝʨʛʠʠ ʧʫʯʢʘ
ʵʣʝʢʪʨʦʥʦʚ ʜʦ 20 ɼʞ/ʩʤ2 ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʩʧʣʘʚʘ
ɸʂ5ʄ2, ʧʦʚʝʨʭʥʦʩʪʥʦ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ Ti,
ʥʘʙʣʶʜʘʶʪʩʷ ʠʟʤʝʥʝʥʠʷ ʤʦʨʬʦʣʦʛʠʠ ʧʦʚʝʨʭʥʦ-
ʩʪʠ ʠʟʣʦʤʘ. ʂʘʢ ʚʠʜʥʦ ʥʘ ʨʠʩ. 5, ʥʘʧʳʣʝʥʥʳʡ
ʩʣʦʡ Ti ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʕʇʆ ʩʪʘʥʦʚʠʪʩʷ ʙʦʣʝʝ
ʦʜʥʦʨʦʜʥʳʤ ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ ʩʧʣʘʚʘ ɸʂ5ʄ2.
ʉʪʫʧʝʥʠ ʠ ʛʨʝʙʥʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʠʟʣʦʤʘ ʭʘʨʘʢ-
ʪʝʨʠʟʫʶʪʩʷ ʙʦʣʴʰʠʤ ʨʘʟʤʝʨʦʤ (ʨʠʩ. 5, ʘ), ʧʦ
ʩʨʘʚʥʝʥʠʶ ʩ ʧʨʝʜʳʜʫʱʠʤ ʉʕʄ-ʠʟʦʙʨʘʞʝʥʠʝʤ
ʠʟʣʦʤʘ ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʩ ʤʝʥʴʰʝʡ ʧʣʦʪʥʦʩʪʴʶ

ʵʥʝʨʛʠʠ ʧʫʯʢʘ ʵʣʝʢʪʨʦʥʦʚ, ʠ ʩʦʩʪʘʚʣʷʝʪ ʦʪ 40 ʜʦ
70 ʤʢʤ. ʈʘʟʤʝʨ ʥʘʧʳʣʝʥʥʦʛʦ ʩʣʦʷ ʩʦʩʪʘʚʣʷʝʪ
ʦʢʦʣʦ 20 ʤʢʤ (ʨʠʩ. 5, ʙ, ʩʪʨʝʣʢʠ).

ʅʘ ʨʠʩ. 6 ʠʟʦʙʨʘʞʝʥʳ ʬʨʘʢʪʦʛʨʘʤʤʳ ʠʟʣʦ-
ʤʦʚ ʦʙʨʘʟʮʦʚ ʩʧʣʘʚʘ ɸʂ5ʄ2, ʧʦʚʝʨʭʥʦʩʪʥʦ ʤʦ-
ʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ Ti ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʦʙʣʫʯʝʥʠ-
ʝʤ ʵʣʝʢʪʨʦʥʥʳʤ ʧʫʯʢʦʤ ʩ ʧʣʦʪʥʦʩʪʴʶ ʵʥʝʨʛʠʠ
ʧʫʯʢʘ ʵʣʝʢʪʨʦʥʦʚ 30 ɼʞ/ʩʤ2.

ʀʩʩʣʝʜʦʚʘʥʠʷ ʤʦʨʬʦʣʦʛʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʠʟ-
ʣʦʤʘ ʦʙʨʘʟʮʘ ʩʧʣʘʚʘ ɸʂ5ʄ2, ʧʦʚʝʨʭʥʦʩʪʥʦ ʤʦ-
ʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ Ti ʠ ʦʙʣʫʯʝʥʥʦʛʦ ʩ ʧʣʦʪʥʦ-
ʩʪʴʶ ʵʥʝʨʛʠʠ ʧʫʯʢʘ ʵʣʝʢʪʨʦʥʦʚ 30 ɼʞ/ʩʤ2, ʚʳ-
ʷʚʣʷʶʪ ʥʘʠʤʝʥʴʰʫʶ ʩʪʫʧʝʥʯʘʪʦʩʪʴ ʤʠʢʨʦʨʝʣʴ-
ʝʬʘ ʠʟʣʦʤʘ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʠʟʣʦʤʘʤʠ ʦʙʨʘʟʮʦʚ,
ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʜʚʫʭ ʧʨʝʜʳʜʫʱʠʭ ʨʝʞʠʤʘʭ
ʦʙʨʘʙʦʪʢʠ. ʈʘʟʤʝʨ ʥʘʧʳʣʝʥʥʦʛʦ ʩʣʦʷ ʩʦʩʪʘʚʣʷ-
ʝʪ 20-23 ʤʢʤ (ʨʠʩ. 6, ʘ). ʉʪʨʫʢʪʫʨʘ ʠʟʣʦʤʘ ʩʪʘ-
ʥʦʚʠʪʩʷ ʙʦʣʝʝ ʦʜʥʦʨʦʜʥʦʡ, ʙʝʟ ʷʨʢʦ ʚʳʨʘʞʝʥ-
ʥʳʭ ʛʨʝʙʥʝʡ ʠ ʩʪʫʧʝʥʝʡ. ɺʳʷʚʣʝʥʦ ʦʙʨʘʟʦʚʘʥʠʝ
ʷʯʝʠʩʪʦʛʦ ʩʪʨʦʝʥʠʷ ʠʟʣʦʤʘ (ʨʠʩ. 6, ʙ, ʩʪʨʝʣʢʠ),
ʩ ʨʘʟʤʝʨʘʤʠ ʷʯʝʝʢ ʦʪ 0,5 ʤʢʤ. ʊʘʢʞʝ ʥʘʙʣʶʜʘ-
ʝʪʩʷ ʦʙʨʘʟʦʚʘʥʠʝ ʷʤʦʢ (ʤʠʢʨʦʫʛʣʫʙʣʝʥʠʷ)
ʚʥʫʪʨʠ ʠʟʣʦʤʘ (ʨʠʩ. 6, ʙ, ʦʚʘʣʳ). ɼʘʥʥʳʡ ʚʠʜ
ʤʠʢʨʦʫʛʣʫʙʣʝʥʠʡ ʦʙʨʘʟʫʝʪʩʷ ʧʨʠ ʧʣʘʩʪʠʯʝʩʢʦʤ
ʪʝʯʝʥʠʠ ʩʧʣʘʚʘ ʚ ʧʨʦʮʝʩʩʝ ʨʘcʪʷʞʝʥʠʷ [30].

ʅʘ ʨʠʩ. 7 ʠʟʦʙʨʘʞʝʥʳ ʬʨʘʢʪʦʛʨʘʤʤʳ ʠʟʣʦ-
ʤʦʚ ʦʙʨʘʟʮʦʚ ʩʧʣʘʚʘ ɸʂ5ʄ2, ʧʦʚʝʨʭʥʦʩʪʥʦ ʤʦ-
ʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ Ti ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʦʙʣʫʯʝʥʠ-
ʝʤ ʵʣʝʢʪʨʦʥʥʳʤ ʧʫʯʢʦʤ ʩ ʧʣʦʪʥʦʩʪʴʶ ʵʥʝʨʛʠʠ
ʧʫʯʢʘ ʵʣʝʢʪʨʦʥʦʚ 40 ʠ 50 ɼʞ/ʩʤ2.

ʘ ʙ

ʈʠʩ. 5. ʀʟʦʙʨʘʞʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʠʟʣʦʤʦʚ ʦʙʨʘʟʮʦʚ ʩʧʣʘʚʘ ɸʂ5ʄ2, ʧʦʚʝʨʭʥʦʩʪʥʦ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ Ti
ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʦʙʣʫʯʝʥʠʝʤ ʵʣʝʢʪʨʦʥʥʳʤ ʧʫʯʢʦʤ ʩ ʧʣʦʪʥʦʩʪʴʶ ʵʥʝʨʛʠʠ ʧʫʯʢʘ ʵʣʝʢʪʨʦʥʦʚ 20 ɼʞ/ʩʤ2

Fig. 5. Image of the fracture structure of the samples of the Ti surface-modified AK5M2 alloy followed
by electron beam irradiation with an electron beam energy of 20 J/cm2

20 ʤʢʤ 10 ʤʢʤ
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ʘ ʙ

ʈʠʩ. 6. ʀʟʦʙʨʘʞʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʠʟʣʦʤʦʚ ʦʙʨʘʟʮʦʚ ʩʧʣʘʚʘ ɸʂ5ʄ2, ʧʦʚʝʨʭʥʦʩʪʥʦ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ Ti
ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʦʙʣʫʯʝʥʠʝʤ ʵʣʝʢʪʨʦʥʥʳʤ ʧʫʯʢʦʤ ʩ ʧʣʦʪʥʦʩʪʴʶ ʵʥʝʨʛʠʠ ʧʫʯʢʘ ʵʣʝʢʪʨʦʥʦʚ 30 ɼʞ/ʩʤ2

Fig. 6. Image of the fracture structure of the samples of the Ti surface-modified AK5M2 alloy followed by electron
beam irradiation with an electron beam energy of 30 J/cm2

ʘ ʙ

ʈʠʩ. 7. ʀʟʦʙʨʘʞʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʠʟʣʦʤʦʚ ʦʙʨʘʟʮʦʚ ʩʧʣʘʚʘ ɸʂ5ʄ2, ʧʦʚʝʨʭʥʦʩʪʥʦ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ Ti
ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʦʙʣʫʯʝʥʠʝʤ ʵʣʝʢʪʨʦʥʥʳʤ ʧʫʯʢʦʤ ʩ ʧʣʦʪʥʦʩʪʴʶ ʵʥʝʨʛʠʠ ʧʫʯʢʘ ʵʣʝʢʪʨʦʥʦʚ 40 ɼʞ/ʩʤ2 (ʘ)
ʠ 50 ɼʞ/ʩʤ2 (ʙ)

Fig. 7. Image of the fracture structure of the samples of the Ti surface-modified AK5M2 alloy followed by electron
beam irradiation with an electron beam energy of 40 J/cm2 (ʘ) and 50 J/cm2 (ʙ)

ʋʚʝʣʠʯʝʥʠʝ ʧʣʦʪʥʦʩʪʠ ʵʥʝʨʛʠʠ ʧʫʯʢʘ ʵʣʝʢ-
ʪʨʦʥʦʚ ʜʦ 40 ɼʞ/ʩʤ2 ʧʨʠ ʦʙʣʫʯʝʥʠʠ ʩʧʣʘʚʘ
ɸʂ5ʄ2, ʧʦʚʝʨʭʥʦʩʪʥʦ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ Ti,
ʧʨʠʚʝʣʦ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʥʝʦʜʥʦʨʦʜʥʦʡ ʧʦʚʝʨʭ-
ʥʦʩʪʠ ʠʟʣʦʤʘ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ,
ʧʦʣʫʯʝʥʥʦʡ ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʩ ʧʣʦʪʥʦʩʪʴʶ ʵʥʝʨ-
ʛʠʠ ʧʫʯʢʘ ʵʣʝʢʪʨʦʥʦʚ 30 ɼʞ/ʩʤ2. ʈʘʟʤʝʨ ʥʘʧʳ-
ʣʝʥʥʦʛʦ ʩʣʦʷ ʩʦʩʪʘʚʣʷʝʪ 20-50 ʤʢʤ (ʨʠʩ. 7, ʘ,
ʩʪʨʝʣʢʠ). ɺ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘʧʳʣʝʥʥʦʛʦ ʩʣʦʷ ʚʳ-
ʷʚʣʷʶʪʩʷ ʫʛʣʫʙʣʝʥʠʷ (ʧʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ ʪʨʝ-
ʱʠʥʳ), ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ ʦʯʘʛʦʤ ʨʘʟʨʫʰʝʥʠʷ
ʤʘʪʝʨʠʘʣʘ (ʨʠʩ. 7, ʘ, ʦʚʘʣ). ɺ ʩʣʦʝ ʩʧʣʘʚʘ
ɸʂ5ʄ2 ʚʳʷʚʣʷʶʪʩʷ ʷʤʢʠ ʨʘʟʤʝʨʘʤʠ ʦʢʦʣʦ 100
ʤʢʤ. ʄʦʨʬʦʣʦʛʠʷ ʠʟʣʦʤʘ ʦʙʨʘʟʮʘ ʩʧʣʘʚʘ
ɸʂ5ʄ2, ʧʦʚʝʨʭʥʦʩʪʥʦ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ Ti ʠ
ʦʙʣʫʯʝʥʥʦʛʦ ʩ ʤʘʢʩʠʤʘʣʴʥʳʤ (ʠʟ ʧʨʝʜʩʪʘʚʣʝʥ-

ʥʳʭ ʨʝʞʠʤʦʚ) ʟʥʘʯʝʥʠʝʤ ʵʥʝʨʛʠʠ ʧʫʯʢʘ ʵʣʝʢ-
ʪʨʦʥʦʚ 50 ɼʞ/ʩʤ2, ʧʨʝʜʩʪʘʚʣʝʥʘ ʨʘʟʥʦʦʙʨʘʟʥʳʤ
ʩʪʨʦʝʥʠʝʤ, ʚʢʣʶʯʘʶʱʠʤ ʪʨʝʱʠʥʳ (ʨʠʩ. 7, ʙ),
ʨʘʟʣʠʯʥʳʤʠ ʚʳʝʤʢʘʤʠ ʠ ʚʳʩʪʫʧʘʤʠ. ʈʘʟʤʝʨ
ʥʘʧʳʣʝʥʥʦʛʦ ʩʣʦʷ ʪʘʢʞʝ ʥʝʦʜʥʦʨʦʜʥʳʡ.

ɿʘʢʣʶʯʝʥʠʝ

1. ɺ ʧʨʦʮʝʩʩʝ ʦʜʥʦʦʩʥʦʛʦ ʨʘʩʪʷʞʝʥʠʷ ʜʦ ʨʘʟ-
ʨʫʰʝʥʠʷ ʦʙʨʘʟʮʦʚ ʚ ʨʘʟʥʦʤ ʩʦʩʪʦʷʥʠʠ ʧʦʣʫʯʝʥʳ
ʢʨʠʚʳʝ ʧʨʦʮʝʩʩʘ ʜʝʬʦʨʤʘʮʠʠ ʩʧʣʘʚʘ ɸʂ5ʄ2. ʇʨʠ
ʨʘʩʪʷʞʝʥʠʠ ʦʙʨʘʟʮʦʚ ʩʧʣʘʚʘ ɸʂ5ʄ2, ʤʦʜʠʬʠʮʠ-
ʨʦʚʘʥʥʦʛʦ Ti ʠ ʦʙʣʫʯʝʥʥʦʛʦ ʵʣʝʢʪʨʦʥʥʳʤ ʧʫʯʢʦʤ
ʩ ʧʣʦʪʥʦʩʪʴʶ ʵʥʝʨʛʠʠ 30 ɼʞ/ʩʤ2 (ʨʝʞʠʤ 3), ʚʳʷʚ-
ʣʝʥ ʤʘʢʩʠʤʘʣʴʥʳʡ ʧʦʢʘʟʘʪʝʣʴ ʚʨʝʤʝʥʥʦʛʦ ʩʦ-
ʧʨʦʪʠʚʣʝʥʠʷ sʧ = 140,7 ʄʇʘ, ʢʦʪʦʨʳʡ ʧʨʝʚʳʩʠʣ
ʧʦʢʘʟʘʪʝʣʴ ʠʩʭʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʥʘ 18,8%, ʯʪʦ

20 ʤʢʤ 5 ʤʢʤ

50 ʤʢʤ 20 ʤʢʤ
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ʛʦʚʦʨʠʪ ʦ ʧʦʚʳʰʝʥʠʠ ʧʨʦʯʥʦʩʪʠ ʠʩʩʣʝʜʫʝʤʦʛʦ
ʤʘʪʝʨʠʘʣʘ ʙʣʘʛʦʜʘʨʷ ʵʣʝʢʪʨʦʥʥʦ-ʧʫʯʢʦʚʦʡ ʦʙʨʘ-
ʙʦʪʢʝ ʧʨʠ ʵʪʦʤ ʨʝʞʠʤʝ. ʂʨʦʤʝ ʪʦʛʦ, ʧʨʠ ʦʙʣʫʯʝ-
ʥʠʠ ʧʦ ʨʝʞʠʤʫ 3 (30 ɼʞ/ʩʤ2) ʧʨʝʜʝʣ ʪʝʢʫʯʝʩʪʠ
ʩʠʩʪʝʤʳ ʩʥʠʟʠʣʩʷ ʜʦ sʪ = 17,2 ʄʇʘ, ʚ ʩʨʘʚʥʝʥʠʠ
ʩ ʣʠʪʳʤ ʩʦʩʪʦʷʥʠʝʤ ʟʥʘʯʝʥʠʝ ʫʤʝʥʴʰʠʣʦʩʴ ʥʘ
40%. ʇʘʨʘʤʝʪʨ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʦʩʪʘʪʦʯʥʦʛʦ
ʫʜʣʠʥʝʥʠʷ ʦʙʨʘʟʮʘ, ʧʦʚʝʨʭʥʦʩʪʥʦ ʤʦʜʠʬʠʮʠʨʦ-
ʚʘʥʥʦʛʦ ʪʠʪʘʥʦʤ ʠ ʦʙʣʫʯʝʥʥʦʛʦ ʧʨʠ ʨʝʞʠʤʝ 3,
ʜʦʩʪʠʛ ʟʥʘʯʝʥʠʷ ŭ = 9,8%, ʧʨʝʚʳʩʠʚ ʟʥʘʯʝʥʠʝ ʚ
ʣʠʪʦʤ ʩʦʩʪʦʷʥʠʠ ʥʘ 60%. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ
ʩʦʛʣʘʩʥʦ ɻʆʉʊ 1583-93 ʪʠʧʦʚʳʤʠ ʨʝʞʠʤʘʤʠ
ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʩʧʣʘʚʘ ɸʂ5ʄ2 ʷʚʣʷʶʪʩʷ ʨʝʞʠʤʳ
ʊ5 (ʟʘʢʘʣʢʘ ʠ ʢʨʘʪʢʦʚʨʝʤʝʥʥʦʝ (ʥʝʧʦʣʥʦʝ) ʠʩʢʫʩ-
ʩʪʚʝʥʥʦʝ ʩʪʘʨʝʥʠʝ) ʠ ʊ8 (ʟʘʢʘʣʢʘ ʠ ʩʤʷʛʯʘʶʱʠʡ
ʦʪʧʫʩʢ), ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʦʪʦʨʳʭ ʜʦʩʪʠʛʘʝʪʩʷ ʟʥʘʯʝ-
ʥʠʝ ʚʨʝʤʝʥʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʨʘʟʨʳʚʫ ʚ 206 ʠ
147 ʄʇʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʆʜʥʘʢʦ ʪʝʨʤʦʦʙʨʘʙʦʪʢʘ
ʩʧʣʘʚʦʚ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʩʪʨʫʢʪʫʨʳ ʠ
ʩʚʦʡʩʪʚ ʚʩʝʛʦ ʦʙʲʝʤʘ ʤʘʪʝʨʠʘʣʘ, ʠ ʢ ʪʦʤʫ ʞʝ ʧʨʦ-
ʮʝʩʩ ʷʚʣʷʝʪʩʷ ʦʯʝʥʴ ʜʣʠʪʝʣʴʥʳʤ ʧʦ ʚʨʝʤʝʥʠ, ʪʦ-
ʛʜʘ ʢʘʢ ʕʇʆ ʧʦʟʚʦʣʷʝʪ ʣʦʢʘʣʴʥʦ ʠʟʤʝʥʷʪʴ ʬʠʟʠ-
ʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʟʘ ʩʯʝʪ ʩʦʟʜʘʥʠʷ
ʛʨʘʜʠʝʥʪʘ ʪʝʤʧʝʨʘʪʫʨ (106-107 K/c) ʤʝʞʜʫ ʦʙʨʘ-
ʙʘʪʳʚʘʝʤʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ ʠ ʦʙʲʝʤʦʤ ʤʘʪʝʨʠʘʣʘ.

2. ʌʨʘʢʪʦʛʨʘʬʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʠʟʣʦʤʘ ʦʙʨʘʟ-
ʮʦʚ ʧʦʟʚʦʣʠʣʘ ʚʳʷʚʠʪʴ, ʯʪʦ ʧʨʠ ʨʝʞʠʤʘʭ 1 ʠ 2
ʚʝʣʠʯʠʥʘ ʧʣʦʪʥʦʩʪʠ ʵʥʝʨʛʠʠ ʧʫʯʢʘ ʵʣʝʢʪʨʦʥʦʚ
ʷʚʣʷʝʪʩʷ ʥʝʜʦʩʪʘʪʦʯʥʦʡ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʦʜ-
ʥʦʨʦʜʥʦʛʦ ʤʘʪʝʨʠʣʘ, ʩʪʨʫʢʪʫʨʘ ʠʟʣʦʤʘ ʦʙʨʘʟʮʦʚ,
ʦʙʣʫʯʝʥʥʳʭ ʧʦ ʜʘʥʥʳʤ ʨʝʞʠʤʘʤ, ʭʘʨʘʢʪʝʨʠʟʫ-
ʝʪʩʷ ʚʳʩʦʢʦʡ ʩʪʫʧʝʥʯʘʪʦʩʪʴʶ. ʇʨʠ ʨʝʞʠʤʝ 3
ʩʪʫʧʝʥʯʘʪʳʡ ʭʘʨʘʢʪʝʨ ʠʟʣʦʤʘ ʩʥʠʞʘʝʪʩʷ, ʧʨʦʠʩ-
ʭʦʜʠʪ ʬʦʨʤʠʨʦʚʘʥʠʝ ʨʦʚʥʦʛʦ ʦʜʥʦʨʦʜʥʦʛʦ ʧʦ-
ʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ. ʉʪʨʫʢʪʫʨʘ ʩʪʘʥʦʚʠʪʩʷ ʤʝʣʢʦ-
ʷʯʝʠʩʪʦʡ, ʙʝʟ ʪʨʝʱʠʥ, ʷʤʦʢ ʠ ʤʠʢʨʦʫʛʣʫʙʣʝʥʠʡ,
ʯʪʦ ʛʦʚʦʨʠʪ ʦʙ ʫʚʝʣʠʯʝʥʠʠ ʧʨʦʯʥʦʩʪʥʳʭ ʭʘʨʘʢ-
ʪʝʨʠʩʪʠʢ ʤʘʪʝʨʠʘʣʘ. ʈʝʞʠʤʳ 4 ʠ 5 ʧʨʠʚʦʜʷʪ ʢ
ʦʙʨʘʟʦʚʘʥʠʶ ʛʣʫʙʦʢʠʭ ʪʨʝʱʠʥ ʠ ʢʨʘʪʝʨʦʚ, ʚʳ-
ʷʚʣʝʥʥʳʭ ʚ ʩʪʨʫʢʪʫʨʝ ʠʟʣʦʤʘ. ʇʨʦʠʩʭʦʜʠʪ ʧʝʨʝ-
ʧʣʘʚʣʝʥʠʝ ʤʘʪʝʨʠʘʣʘ, ʦʙʨʘʙʦʪʢʘ ʧʦ ʜʘʥʥʳʤ ʨʝ-
ʞʠʤʘʤ ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʵʬʬʝʢʪʠʚ-
ʥʦʛʦ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ. ʅʘʣʠʯʠʝ ʚ ʧʨʝʜʧʦ-
ʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʷʭ ʤʘʪʝʨʠʘʣʘ ʜʝʬʝʢʪʦʚ ʩʪʨʫʢʪʫ-
ʨʳ, ʢ ʢʦʪʦʨʳʤ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʤʠʢʨʦʪʨʝʱʠʥʳ ʠ
ʷʤʢʠ, ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʤʝʭʘʥʠʟʤʦʤ, ʩʦʛʣʘʩʥʦ
ʢʦʪʦʨʦʤʫ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʥʳʭ ʵʣʝʤʝʥ-
ʪʦʚ ʧʨʦʠʩʭʦʜʠʪ ʚʩʣʝʜʩʪʚʠʝ ʨʘʟʨʫʰʝʥʠʷ ʧʣʘʩʪʠʥ
ʢʨʝʤʥʠʷ ʠʟ-ʟʘ ʨʘʟʣʠʯʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʣʠʥʝʡ-
ʥʦʛʦ ʪʝʨʤʠʯʝʩʢʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʤʘʪʨʠʮʳ ʠ
ʚʢʣʶʯʝʥʠʷ. ʊʘʢ ʢʘʢ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʘʣʶʤʠʥʠʝ-
ʚʦʡ ʤʘʪʨʠʮʝʡ ʦʙʲʝʤʥʘʷ ʜʦʣʷ ʧʣʘʩʪʠʥ ʢʨʝʤʥʠʷ

ʤʘʣʘ, ʪʦ ʦʩʥʦʚʥʦʡ ʚʢʣʘʜ ʚ ʪʝʧʣʦʚʦʝ ʨʘʩʰʠʨʝʥʠʝ
ʚʥʦʩʠʪ ʘʣʶʤʠʥʠʝʚʘʷ ʤʘʪʨʠʮʘ. ʂʦʵʬʬʠʮʠʝʥʪ ʣʠ-
ʥʝʡʥʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʘʣʶʤʠʥʠʷ ʚ 4 ʨʘʟʘ ʙʦʣʴʰʝ,
ʯʝʤ ʢʨʝʤʥʠʷ. ɺ ʵʪʦʡ ʩʚʷʟʠ ʪʝʧʣʦʚʳʝ ʨʘʩʰʠʨʝʥʠʷ
(ʩʞʘʪʠʷ) ʜʚʫʭ ʬʘʟ ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʥʝʩʦʚ-
ʤʝʩʪʥʳ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʥʝʠʟʙʝʞʥʦʤʫ ʚʦʟʥʠʢʥʦ-
ʚʝʥʠʶ ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʤʝʞʜʫ ʬʘʟʘʤʠ.
ɺʢʣʶʯʝʥʠʷ ʢʨʝʤʥʠʷ ʩʧʦʩʦʙʥʳ ʘʩʩʠʤʠʣʠʨʦʚʘʪʴ
ʪʦʣʴʢʦ 1/4 ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ (ʩʞʘʪʠʷ), ʧʝ-
ʨʝʜʘʚʘʝʤʦʛʦ ʘʣʶʤʠʥʠʝʚʦʡ ʤʘʪʨʠʮʝʡ, ʯʝʨʝʟ ʩʦʙ-
ʩʪʚʝʥʥʦʝ ʪʝʧʣʦʚʦʝ ʨʘʩʰʠʨʝʥʠʝ (ʩʞʘʪʠʝ).
ʆʩʪʘʣʴʥʘʷ ʯʘʩʪʴ ʠʜʝʪ ʥʘ ʜʝʬʦʨʤʘʮʠʶ ʤʘʪʨʠʮʳ ʠ
ʨʘʟʨʫʰʝʥʠʝ ʧʣʘʩʪʠʥ ʢʨʝʤʥʠʷ (ʚʩʣʝʜʩʪʚʠʝ ʠʭ
ʭʨʫʧʢʦʩʪʠ). ɺʦʟʥʠʢʥʦʚʝʥʠʝ ʪʨʝʱʠʥ ʦʙʫʩʣʦʚʣʝʥʦ
ʥʝʦʜʥʦʨʦʜʥʦʩʪʷʤʠ ʧʦʚʝʨʭʥʦʩʪʠ ʚʢʣʶʯʝʥʠʷ. ʆʙ-
ʨʘʟʦʚʘʚʰʠʝʩʷ ʪʨʝʱʠʥʳ ʙʫʜʫʪ ʷʚʣʷʪʴʩʷ ʢʘʧʠʣʣʷ-
ʨʘʤʠ ʜʣʷ ʘʪʦʤʦʚ ʘʣʶʤʠʥʠʷ. ʄʝʭʘʥʠʯʝʩʢʠʝ
ʥʘʧʨʷʞʝʥʠʷ, ʩʦʟʜʘʚʘʝʤʳʝ ʪʨʝʱʠʥʘʤʠ, ʙʫʜʫʪ
ʘʥʘʣʦʛʘʤʠ ʢʘʧʠʣʣʷʨʥʳʭ ʩʠʣ, ʧʝʨʝʤʝʱʘʶʱʠʭ
ʘʪʦʤʳ ʤʘʪʨʠʮʳ ʚ ʦʙʨʘʟʦʚʘʚʰʠʝʩʷ ʧʨʦʤʝʞʫʪʢʠ
ʤʝʞʜʫ ʚʢʣʶʯʝʥʠʷʤʠ, ʘ ʚ ʦʙʨʘʪʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ
ʠʜʫʪ ʧʦʪʦʢʠ ʚʘʢʘʥʩʠʡ ʠ ʘʪʦʤʦʚ ʢʨʝʤʥʠʷ.

3. ʋʚʝʣʠʯʝʥʠʝ ʚʨʝʤʝʥʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ
ʤʦʞʥʦ ʩʚʷʟʘʪʴ ʩ ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʚʥʫʪʨʠ ʤʘʪʝʨʠ-
ʘʣʘ ʦʜʥʦʨʦʜʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʚʳʷʚʣʝʥʥʦʡ ʧʦ ʨʝ-
ʟʫʣʴʪʘʪʘʤ ʬʨʘʢʪʦʛʨʘʬʠʠ. ʆʪʩʫʪʩʪʚʠʝ ʚ ʤʘʪʝʨʠʘ-
ʣʝ ʢʦʥʮʝʥʪʨʘʪʦʨʦʚ ʥʘʧʨʷʞʝʥʠʡ ʚ ʚʠʜʝ ʨʘʟʣʠʯ-
ʥʳʭ ʜʝʬʝʢʪʦʚ (ʪʨʝʱʠʥʳ, ʷʤʢʠ, ʢʨʘʪʝʨʳ) ʦʙʫ-
ʩʣʘʚʣʠʚʘʝʪ ʩʧʦʩʦʙʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ ʩʦʧʨʦʪʠʚ-
ʣʷʪʴʩʷ ʨʘʟʨʫʰʝʥʠʶ.

4. ʅʘ ʦʩʥʦʚʘʥʠʠ ʧʨʦʚʝʜʝʥʥʳʭ ʠʩʧʳʪʘʥʠʡ ʦʙ-
ʨʘʟʮʦʚ ʩʧʣʘʚʘ ɸʂ5ʄ2, ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ Ti c
ʧʦʩʣʝʜʫʶʱʠʤ ʦʙʣʫʯʝʥʠʝʤ ʵʣʝʢʪʨʦʥʥʳʤ ʧʫʯʢʦʤ,
ʚʳʷʚʣʝʥ ʨʝʞʠʤ ʵʣʝʢʪʨʦʥʥʦ-ʧʫʯʢʦʚʦʡ ʦʙʨʘʙʦʪʢʠ,
ʧʨʠʚʦʜʷʱʠʡ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʚ ʧʦʚʝʨʭʥʦʩʪʥʦʤ
ʩʣʦʝ ʩʠʣʫʤʠʥʘ ʩʪʨʫʢʪʫʨʳ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʡʩʷ
ʧʦʚʳʰʝʥʥʳʤʠ ʤʝʭʘʥʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʚʳ-
ʷʚʣʝʥʥʳʤʠ ʧʨʠ ʦʜʥʦʦʩʥʦʤ ʨʘʩʪʷʞʝʥʠʠ ʦʙʨʘʟ-
ʮʦʚ. ʈʝʞʠʤ 3 ʦʙʣʘʜʘʝʪ ʥʘʠʙʦʣʝʝ ʚʳʛʦʜʥʳʤ ʩʦʯʝ-
ʪʘʥʠʝʤ ʧʘʨʘʤʝʪʨʦʚ ʦʙʨʘʙʦʪʢʠ: ʵʥʝʨʛʠʷ ʫʩʢʦʨʝʥ-
ʥʳʭ ʵʣʝʢʪʨʦʥʦʚ U = 17 ʢʵɺ, ʧʣʦʪʥʦʩʪʴ ʵʥʝʨʛʠʠ
ʧʫʯʢʘ ʵʣʝʢʪʨʦʥʦʚ ES = 30 ɼʞ/ʩʤ2, ʜʣʠʪʝʣʴʥʦʩʪʴ
ʠʤʧʫʣʴʩʦʚ Ű = 200 ʤʢʩ, ʢʦʣʠʯʝʩʪʚʦ ʠʤʧʫʣʴʩʦʚ
n = 3, ʯʘʩʪʦʪʘ ʩʣʝʜʦʚʘʥʠʷ ʠʤʧʫʣʴʩʦʚ f = 0,3 ʩ-1,
ʜʘʚʣʝʥʠʝ ʦʩʪʘʪʦʯʥʦʛʦ ʛʘʟʘ (ʘʨʛʦʥ) ʚ ʨʘʙʦʯʝʡ ʢʘ-
ʤʝʨʝ ʫʩʪʘʥʦʚʢʠ p = 2·10-2 ʇʘ.

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʜʦʢʘʟʘʥʦ
ʚʣʠʷʥʠʝ ʵʣʝʢʪʨʦʥʥʦ-ʧʫʯʢʦʚʦʡ ʦʙʨʘʙʦʪʢʠ ʥʘ ʧʦ-
ʚʳʰʝʥʠʝ ʧʨʦʯʥʦʩʪʠ, ʧʣʘʩʪʠʯʥʦʩʪʠ, ʠʟʤʝʥʝʥʠʝ
ʤʦʨʬʦʣʦʛʠʠ ʠʩʩʣʝʜʫʝʤʦʛʦ ʩʧʣʘʚʘ ɸʂ5ʄ2, ʧʦ-
ʚʝʨʭʥʦʩʪʥʦ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ Ti.
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ɸʥʥʦʪʘʮʠʷ. ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ (ʘʢʪʫʘʣʴʥʦʩʪ  ɹʨʘʙʦʪʳ). ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʧʨʠʤʝʥʷʶʪʩʷ
ʧʨʦʤʳʰʣʝʥʥʳʝ ʨʦʙʦʪʳ ʚ ʩʦʩʪʘʚʝ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʳʭ ʢʦʤʧʣʝʢʩʦʚ ʜʣʷ ʦʙʨʘʙʦʪʢʠ ʢʨʫʧʥʦʛʘʙʘʨʠʪʥʳʭ ʜʝʪʘʣʝʡ, ʠʟʛʦ-
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ʚʨʘʱʘʶʱʠʤʠʩʷ ʠʥʩʪʨʫʤʝʥʪʘʤʠ ʥʘ ʙʘʟʝ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʳʭ ʢʦʤʧʣʝʢʩʦʚ ʦʩʥʦʚʘʥ  rʥʘ ʵʤʧʠʨʠʯʝʩʢʦʤ ʧʦʜʙʦʨʝ ʨʝʞʠ-
ʤʦʚ ʨʝʟʘʥʠʷ ʜʣʷ ʢʘʞʜʦʛʦ ʢʦʥʢʨʝʪʥʦʛʦ ʠʟʜʝʣʠ  ̫ʠ ʦʛʨʘʥʠʯʝʥʳ ʚ ʫʥʠʚʝʨʩʘʣʴʥʦʩʪʠ ʧʨʠʤʝʥʝʥʠ .̫ ʆʪʩʫʪʩʪʚʠʝ ʤʝʪʦʜʠʢ
ʦʙʦʩʥʦʚʘʥʥʦʛʦ ʥʘʟʥʘʯʝʥʠʷ ʨʝʞʠʤʦʚ ʨʝʟʘʥʠ  ̫ʠ ʚʳʙʦʨʘ ʨʝʞʫʱʝʛʦ ʠʥʩʪʨʫʤʝʥʪʘ, ʫʯʠʪʳʚʘʶʱʠʭ ʦʮʝʥʢʫ ʢʦʣʝʙʘʪʝʣʴʥʦ-
ʛʦ ʧʨʦʮʝʩʩʘ ʚ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʩʠʩʪʝʤʝ ʚ ʧʨʦʮʝʩʩʝ ʦʙʨʘʙʦʪʢʠ ʥʘ ʙʘʟʝ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʳʭ ʢʦʤʧʣʝʢʩʦʚ ʥʝʛʘʪʠʚʥʦ
ʩʢʘʟʳʚʘʝʪʩʷ ʢʘʢ ʥʘ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʦʙʨʘʙʦʪʢʠ (ʟʘʥʠʞʝʥʠʝ ʨʝʞʠʤʦʚ ʦʙʨʘʙʦʪʢʠ ʩ ʮʝʣʴʶ ʦʙʝʩʧʝʯʝʥʠʷ ʪʦʯʥʦʩʪʠ ʠ
ʢʘʯʝʩʪʚʘ), ʪʘʢ ʠ ʥʘ ʚʨʝʤ  ̫ʚʥʝʜʨʝʥʠʷ ʜʝʪʘʣʠ ʚ ʧʨʦʠʟʚʦʜʩʪʚʦ. ʀʩʧʦʣʴʟʫʝʤʳʝ ʤʝʪʦʜʳ. ɺ ʨʘʙʦʪʝ ʧʨʦʠʟʚʝʜʝʥʳ ʠʩʩʣʝ-
ʜʦʚʘʥʠʷ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʧʨʦʮʝʩʩʦʚ ʚ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʩʠʩʪʝʤʝ ʠ ʚʦʟʤʦʞʥʦʩʪʠ ʠʭ ʫʯʝʪʘ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʤʝʪʦʜʠʢʠ
ʧʨʦʝʢʪʠʨʦʚʘʥʠ  ̫ ʦʧʝʨʘʮʠʠ ʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʚʨʘʱʘʶʱʠʤʠʩʷ ʠʥʩʪʨʫʤʝʥʪʘʤʠ ʥʘ ʙʘʟʝ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʦʛʦ
ʢʦʤʧʣʝʢʩʘ. ʅʦʚʠʟʥʘ. ʇʨʦʠʟʚʝʜʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʢʦʣʝʙʘʥʠʡ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʚ ʧʨʦʮʝʩʩʝ ʦʙʨʘʙʦʪʢʠ
ʢʨʫʧʥʦʛʘʙʘʨʠʪʥʳʭ ʥʝʞʝʩʪʢʠʭ ʜʝʪʘʣʝʡ ʚʨʘʱʘʶʱʠʤʩʷ ʠʥʩʪʨʫʤʝʥʪʦʤ ʩ ʮʝʣʴʶ ʦʧʨʝʜʝʣʝʥʠʷ ʞʝʩʪʢʦʩʪʠ ʪʝʭʥʦʣʦʛʠʯʝ-
ʩʢʦʡ ʩʠʩʪʝʤ .r ʈʝʟʫʣʴʪʘʪ. ʆʧʨʝʜʝʣʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʢʦʣʝʙʘʥʠʡ ʥʘ ʰʧʠʥʜʝʣʝ ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʨʦʙʦʪʘ ʥʘ ʤʠʢʨʦʧʝʨʝ-
ʤʝʱʝʥʠ  ̫ ʟʘʛʦʪʦʚʢʠ, ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʧʨʦʠʟʚʝʩʪʠ ʨʘʩʯʝʪ ʞʝʩʪʢʦʩʪʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʩʠʩʪʝʤ  r ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʦʛʦ
ʢʦʤʧʣʝʢʩʘ. ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪ .ɹ ʇʨʦʠʟʚʝʜʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠ  ̫ ʧʦʟʚʦʣʷʶʪ ʦʧʨʝʜʝʣʷʪʴ ʞʝʩʪʢʦʩʪʴ ʪʝʭʥʦʣʦ-
ʛʠʯʝʩʢʦʡ ʩʠʩʪʝʤ  rʨʦʙʦʪʠʟʠʨʦʚʘʥʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʧʫʪʝʤ ʪʝʩʪʦʚʦʡ ʦʙʨʘʙʦʪʢʠ ʜʝʪʘʣʝʡ, ʯʪʦ ʧʦʟʚʦʣʠʪ ʚ ʜʘʣʴʥʝʡʰʝʤ
ʥʘʟʥʘʯʘʪʴ ʨʝʞʠʤ  rʨʝʟʘʥʠʷ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʝ ʟʘʜʘʥʥʫʶ ʪʦʯʥʦʩʪʴ ʧʨʠ ʤʘʢʩʠʤʘʣʴʥʦʡ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ.
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STUDY ON OSCILLATIONS OF THE TECHNOLOGICAL SYSTEM
OF A ROBOTIC COMPLEX TO IMPLEMENT THE TECHNIQUE
OF DESIGNING ROTARY MACHINING OPERATIONS

Guzeev V.I., Sergeev S.V., Nurkenov A.Kh., Batuev V.V., Sergeev Yu.S., Nesteryuk E.V.

South Ural State University (National Research University), Chelyabinsk, Russia

Abstract. Problem Statement (Relevance). Currently, industrial robots are used in the industry as part of robotic com-
plexes for machining large-sized parts made from composite materials and metals. For example, control panels of electric
locomotives, three-dimensional curved shells, etc. The existing methods for designing a rotary machining operation based
on robotic complexes follow the empirical selection of cutting conditions for every specific product; therefore, they are
limited in their versatility. The lack of methods for the reasonable assignment of cutting modes and the choice of a cutting
tool, taking into account the assessment of the oscillatory process in the technological system during machining on the
basis of robotic complexes, negatively influences both the output of machining (downgrading of machining modes in order
to ensure accuracy and quality) and time required to introduce the parts into production. Methods Applied. The paper
studies the oscillatory processes in the technological system and the possibility of taking them into account when develop-
ing a methodology for designing a machining operation with rotating tools based on a robotic complex. Originality. A
study examined oscillations of a robotic complex during rotary machining of large-sized non-rigid parts with a rotating tool
in order to determine rigidity of the technological system. Result. The authors determined the dependence between oscilla-
tions on the spindle of an industrial robot and micro-displacements of the workpiece, contributing to calculating rigidity of
the technological system of the robotic complex. Practical Relevance. The research carried out makes it possible to de-
termine rigidity of the technological system of the robotic complex by test machining of parts, which will contribute to a
subsequent assignment of cutting modes that provide the specified accuracy at maximum performance.

Keywords: machining, rotating tool, robotic complex, oscillatory process, micro-displacements, industrial robot, milling
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ɺʚʝʜʝʥʠʝ

ʉʦʚʨʝʤʝʥʥʳʝ ʤʘʰʠʥʦʩʪʨʦʠʪʝʣʴʥʳʝ ʧʨʝʜʧʨʠ-
ʷʪʠʷ ʜʣʷ ʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʠʟʜʝʣʠʡ ʘʢʪʠʚ-
ʥʦ ʠʩʧʦʣʴʟʫʶʪ ʧʨʦʤʳʰʣʝʥʥʳʭ ʨʦʙʦʪʦʚ, ʦʩʥʘ-
ʱʝʥʥʳʭ ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʳʤʠ ʰʧʠʥʜʝʣʷʤʠ [1-8].
ɻʠʙʢʘʷ ʧʝʨʝʥʘʣʘʜʢʘ ʦʙʦʨʫʜʦʚʘʥʠ ,̫ ʛʘʙʘʨʠʪʥʳʝ
ʨʘʟʤʝʨʳ ʠ ʧʘʨʘʤʝʪʨʳ ʨʘʙʦʯʝʡ ʟʦʥʳ ʧʦʟʚʦʣʷʶʪ ʠʭ
ʵʬʬʝʢʪʠʚʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʦʙʨʘʙʦʪʢʠ ʥʝʞʝʩʪ-
ʢʠʭ ʢʦʥʩʪʨʫʢʮʠʡ ʠʟ ʢʦʤʧʦʟʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ
ʤʝʪʘʣʣʦʚ. ʆʜʥʘʢʦ ʘʥʘʣʠʟ ʥʘʫʯʥʳʭ ʠʩʪʦʯʥʠʢʦʚ
ʧʦʢʘʟʘʣ, ʯʪʦ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʨʝʰʝʥʠʷ ʠʤʝʶʪ
ʯʘʩʪʥʳʡ ʭʘʨʘʢʪʝʨ ʠ ʥʝ ʤʦʛʫʪ ʩʣʫʞʠʪʴ ʚ ʢʘʯʝʩʪʚʝ
ʫʥʠʚʝʨʩʘʣʴʥʳʭ ʨʝʢʦʤʝʥʜʘʮʠʡ ʜʣʷ ʦʙʨʘʙʦʪʢʠ ʰʠ-
ʨʦʢʦʡ ʥʦʤʝʥʢʣʘʪʫʨʳ ʤʘʰʠʥʦʩʪʨʦʠʪʝʣʴʥʦʡ ʧʨʦ-
ʜʫʢʮʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʘʢʦʛʦ ʧʨʦʛʨʝʩʩʠʚʥʦʛʦ
ʦʙʦʨʫʜʦʚʘʥʠ ,̫ ʢʘʢ ʧʨʦʤʳʰʣʝʥʥʳʝ ʨʦʙʦʪʳ, ʦʩʥʘ-
ʱʝʥʥʳʝ ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʳʤʠ ʰʧʠʥʜʝʣʷʤʠ. ɺʤʝʩʪʝ
ʩ ʵʪʠʤ ʠʟ-ʟʘ ʥʝʜʦʩʪʘʪʦʯʥʦʡ ʠʟʫʯʝʥʥʦʩʪʠ ʢʦʣʝʙʘ-
ʪʝʣʴʥʳʭ ʧʨʦʮʝʩʩʦʚ, ʚʦʟʥʠʢʘʶʱʠʭ ʚ ʧʨʦʮʝʩʩʝ ʨʘ-
ʙʦʪʳ ʜʘʥʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠ ,̫ ʠ ʠʭ ʚʣʠʷʥʠʷ ʥʘ ʪʦʯ-

ʥʦʩʪʴ ʠ ʢʘʯʝʩʪʚʦ ʦʙʨʘʙʘʪʳʚʘʝʤʳʭ ʜʝʪʘʣʝʡ [9-20]
ʦʪʩʫʪʩʪʚʫʶʪ ʨʝʢʦʤʝʥʜʘʮʠʠ ʧʦ ʥʘʫʯʥʦ ʦʙʦʩʥʦʚʘʥ-
ʥʦʤʫ ʥʘʟʥʘʯʝʥʠʶ ʨʝʞʠʤʦʚ ʨʝʟʘʥʠʷ, ʚʳʙʦʨʫ ʨʝ-
ʞʫʱʝʛʦ ʠʥʩʪʨʫʤʝʥʪʘ ʠ ʪ.ʜ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʧʨʦ-
ʝʢʪʥʳʝ ʨʝʰʝʥʠʷ ʜʘʣʝʢʠ ʦʪ ʩʦʚʝʨʰʝʥʩʪʚʘ ʠ ʧʨʠ-
ʚʦʜʷʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʫʚʝʣʠʯʝʥʠʶ ʵʪʘʧʘ ʚʥʝʜʨʝ-
ʥʠʷ ʜʝʪʘʣʝʡ ʚ ʧʨʦʠʟʚʦʜʩʪʚʦ, ʩʚʷʟʘʥʥʦʤʫ ʩ ʧʦʠʩ-
ʢʦʤ ʨʘʟʣʠʯʥʳʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʨʝʰʝʥʠʡ, ʧʦʟʚʦ-
ʣʷʶʱʠʭ ʦʙʝʩʧʝʯʠʪʴ ʪʨʝʙʫʝʤʳʝ ʧʘʨʘʤʝʪʨʳ ʪʦʯʥʦ-
ʩʪʠ ʠ ʢʘʯʝʩʪʚʘ ʦʙʨʘʙʘʪʳʚʘʝʤʳʭ ʜʝʪʘʣʝʡ.

ʈʘʥʝʝ ʨʝʘʣʠʟʦʚʘʥʥʦʝ ʘʚʪʦʨʘʤʠ ʵʢʩʧʝʨʠʤʝʥ-
ʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʦʟʚʦʣʠʣʦ ʫʩʪʘʥʦʚʠʪʴ, ʯʪʦ
ʞʝʩʪʢʦʩʪʴ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʠʟʤʝʥʷʝʪʩʷ ʚ
ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ [21]. ʇʨʠ ʵʪʦʤ ʞʝʩʪʢʦʩʪʴ ʜʝ-
ʪʘʣʠ ʧʨʠ ʠʤʧʫʣʴʩʥʦʡ ʥʘʛʨʫʟʢʝ ʦʪʣʠʯʘʝʪʩʷ ʦʪ
ʞʝʩʪʢʦʩʪʠ ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʚʨʘʱʘʶʱʠʤʩʷ ʠʥʩʪʨʫ-
ʤʝʥʪʦʤ ʥʝ ʤʝʥʝʝ ʯʝʤ ʥʘ ʧʦʨʷʜʦʢ, ʘ ʞʝʩʪʢʦʩʪʴ
ʰʧʠʥʜʝʣʷ ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʚʨʘʱʘʶʱʠʤʩʷ ʠʥʩʪʨʫ-
ʤʝʥʪʦʤ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʞʝʩʪʢʦʩʪʠ ʜʝʪʘʣʠ ʥʝ ʤʝʥʝʝ
ʯʝʤ ʥʘ ʜʚʘ ʧʦʨʷʜʢʘ. ʕʪʦ ʦʢʘʟʳʚʘʝʪ ʟʥʘʯʠʪʝʣʴʥʦʝ
ʚʣʠʷʥʠʝ ʥʘ ʪʦʯʥʦʩʪʴ ʠ ʢʘʯʝʩʪʚʦ ʠʟʛʦʪʘʚʣʠʚʘʝʤʳʭ
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ʜʝʪʘʣʝʡ, ʦʩʦʙʝʥʥʦ ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʢʨʫʧʥʦʛʘʙʘʨʠʪ-
ʥʳʭ ʥʝʞʝʩʪʢʠʭ ʜʝʪʘʣʝʡ. ʀʩʭʦʜʷ ʠʟ ʵʪʦʛʦ, ʨʘʟʨʘ-
ʙʦʪʢʘ ʨʝʢʦʤʝʥʜʘʮʠʡ ʧʦ ʥʘʟʥʘʯʝʥʠʶ ʨʝʞʠʤʦʚ ʨʝ-
ʟʘʥʠʷ, ʦʩʥʦʚʘʥʥʳʭ ʥʘ ʫʯʝʪʝ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦ-
ʜʝʣʠʨʦʚʘʥʠʷ ʞʝʩʪʢʦʩʪʠ ʵʣʝʤʝʥʪʦʚ ʪʝʭʥʦʣʦʛʠʯʝ-
ʩʢʦʡ ʩʠʩʪʝʤʳ, ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʟʘʛʦʪʦʚʦʢ ʚʨʘʱʘʶ-
ʱʠʤʩʷ ʠʥʩʪʨʫʤʝʥʪʦʤ ʚ ʫʩʣʦʚʠʷʭ ʥʝʞʝʩʪʢʦʡ ʪʝʭ-
ʥʦʣʦʛʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʦʛʦ ʢʦʤ-
ʧʣʝʢʩʘ ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ.

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʮʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷ-
ʣʦʩʴ ʠʩʩʣʝʜʦʚʘʥʠʝ ʢʦʣʝʙʘʥʠʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ
ʩʠʩʪʝʤʳ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʠ ʠʭ ʚʣʠ-
ʷʥʠʷ ʥʘ ʝʝ ʞʝʩʪʢʦʩʪʴ ʜʣʷ ʧʦʩʣʝʜʫʶʱʝʡ ʨʘʟʨʘʙʦʪ-
ʢʠ ʨʝʢʦʤʝʥʜʘʮʠʡ ʧʦ ʚʳʙʦʨʫ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʘ-
ʨʘʤʝʪʨʦʚ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʪʨʝʙʫʝʤʳʝ ʪʦʯʥʦʩʪʴ ʠ
ʢʘʯʝʩʪʚʦ ʠʟʛʦʪʦʚʣʝʥʠʷ ʜʝʪʘʣʝʡ ʩ ʦʙʝʩʧʝʯʝʥʠʝʤ
ʟʘʜʘʥʥʦʡ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ.

ʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ
ʆʮʝʥʢʘ ʢʦʣʝʙʘʪʝʣʴʥʦʛʦ ʧʨʦʮʝʩʩʘ ʵʣʝʤʝʥʪʦʚ

ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʧʨʦʠʟʚʦʜʠʣʘʩʴ ʧʫʪʝʤ
ʪʝʩʪʦʚʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ ʚʠʙʨʘʮʠʡ ʥʘ ʰʧʠʥʜʝʣʝ
ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʠ ʢʦʩʚʝʥʥʦʡ
ʦʮʝʥʢʠ ʤʠʢʨʦʧʝʨʝʤʝʱʝʥʠʡ ʥʘ ʦʙʨʘʟʮʝ. ɼʣʷ ʵʪʦ-
ʛʦ ʧʨʦʚʝʜʝʥ ʨʷʜ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʩ ʧʨʦʚʝʨʢʦʡ ʛʠ-
ʧʦʪʝʟʳ ʦ ʚʦʟʤʦʞʥʦʩʪʠ ʠʟʤʝʨʝʥʠʷ ʚʠʙʨʘʮʠʡ ʥʘ
ʜʝʪʘʣʠ. ʇʦʢʘʟʘʥʠʷ ʢʦʣʝʙʘʥʠʡ ʩʥʠʤʘʣʠʩʴ ʧʨʠ
ʧʦʤʦʱʠ ʜʘʪʯʠʢʘ, ʟʘʢʨʝʧʣʝʥʥʦʛʦ ʥʘ ʰʧʠʥʜʝʣʝ
ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʦʛʦ ʢʦʤʧʣʝʢʩʘ KUKA. ɼʣʷ ʧʨʦ-
ʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ ʩʧʨʦʝʢʪʠʨʦʚʘʥʦ ʧʨʠʩʧʦ-
ʩʦʙʣʝʥʠʝ ʜʣʷ ʙʘʟʠʨʦʚʘʥʠʷ ʠ ʟʘʢʨʝʧʣʝʥʠʷ ʦʙʨʘʟ-
ʮʦʚ, ʦʙʝʩʧʝʯʠʚʘʶʱʝʝ ʪʨʝʙʫʝʤʦʝ ʧʦʣʦʞʝʥʠʝ ʦʪ-
ʥʦʩʠʪʝʣʴʥʦ ʩʠʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪ ʧʦʚʦʨʦʪʥʦʛʦ
ʩʪʦʣʘ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʦʛʦ ʢʦʤʧʣʝʢʩʘ (ʨʠʩ. 1).
ʆʙʨʘʙʦʪʢʘ ʦʙʨʘʟʮʦʚ ʧʨʦʠʟʚʦʜʠʣʘʩʴ ʧʦʩʣʝʜʦʚʘ-
ʪʝʣʴʥʳʤ ʬʨʝʟʝʨʦʚʘʥʠʝʤ ʦʢʦʥ ʠ ʩʪʝʥʦʢ ʚ ʨʘʟʣʠʯ-
ʥʳʭ ʥʘʧʨʘʚʣʝʥʠʷʭ (ʨʠʩ. 2). ʈʝʞʠʤʳ ʨʝʟʘʥʠʷ
ʥʘʟʥʘʯʝʥʳ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩʦ ʩʧʨʘʚʦʯʥʳʤʠ ʥʦʨ-
ʤʘʪʠʚʘʤʠ ʦʪ ʧʨʦʠʟʚʦʜʠʪʝʣʷ ʠʥʩʪʨʫʤʝʥʪʘ Cerin
(ʪʘʙʣ. 1).

ʈʠʩ. 1. ʉʪʘʥʦʯʥʦʝ ʧʨʠʩʧʦʩʦʙʣʝʥʠʝ ʜʣʷ ʦʙʨʘʙʦʪʢʠ
ʦʙʨʘʟʮʦʚ ʥʘ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʦʤ ʢʦʤʧʣʝʢʩʝ

Fig. 1. A machine tool for machining samples
on a robotic complex

ʘ

ʙ

ʚ

ʈʠʩ. 2. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʦʙʨʘʙʦʪʢʠ: ʘ – ʩʭʝʤʘ
ʦʙʨʘʙʦʪʢʠ ʦʙʨʘʟʮʦʚ; ʙ – ʫʯʘʩʪʦʢ ʦʙʨʘʙʦʪʢʠ
ʚ CAM-ʩʠʩʪʝʤʝ; ʚ – ʦʙʱʠʡ ʚʠʜ
ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʦʛʦ ʢʦʤʧʣʝʢʩʘ

Fig. 2. Machining simulation: a is a sample machining
diagram, b is a machining area in the CAM
system, c is a general view of the robotic complex
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ʊʘʙʣʠʮʘ 1. ʈʝʞʠʤʳ ʨʝʟʘʥʠ  ̫ʠʥʩʪʨʫʤʝʥʪʘ Cerin
T a b l e  1 .  Cutting modes of the Cerin tool

ʅʘʠʤʝʥʦʚʘʥʠʝ ʧʘʨʘʤʝʪʨʘ ʈʝʞʠʤʳ ʨʝʟʘʥʠʷ

ʉʢʦʨʦʩʪʴ ʨʝʟʘʥʠʷ Vc 160 ʤ/ʤʠʥ

ʄʠʥʫʪʥʘʷ ʧʦʜʘʯʘ F 800 ʤʤ/ʤʠʥ

ɻʣʫʙʠʥʘ ʬʨʝʟʝʨʦʚʘʥʠʷ t 3 ʤʤ

ɺ ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʛʣʘʚʥʦʡ ʟʘʜʘʯʝʡ ʙʳʣʦ
ʠʟʤʝʨʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʚʠʙʨʦʫʩʢʦʨʝʥʠʡ ʥʘ ʦʙʨʘʟ-
ʮʝ ʠ ʰʧʠʥʜʝʣʝ ʚ ʧʨʦʮʝʩʩʝ ʦʙʨʘʙʦʪʢʠ. ɼʣʷ ʟʘʤʝʨʦʚ
ʘʤʧʣʠʪʫʜʥʦ-ʯʘʩʪʦʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠʩʧʦʣʴʟʦ-
ʚʘʣʠʩʴ ʘʢʩʝʣʝʨʦʤʝʪʨʳ, ʟʘʢʨʝʧʣʝʥʥʳʝ ʥʘ ʰʧʠʥʜʝ-
ʣʝ ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʨʦʙʦʪʘ ʠ ʩʪʘʥʦʯʥʦʤ ʧʨʠʩʧʦ-
ʩʦʙʣʝʥʠʠ (ʨʠʩ. 3). ʀʟʤʝʨʝʥʠʷ ʧʨʦʠʟʚʦʜʠʣʠʩʴ ʚ
ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ ʦʙʦʨʫʜʦʚʘʥʠ  ̫ʧʦ ʦʩʷʤ X, Y.

ʈʠʩ. 3. ʉʭʝʤʘ ʫʩʪʘʥʦʚʢʠ ʘʢʩʝʣʝʨʦʤʝʪʨʦʚ
ʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʝ

Fig. 3. A scheme of installation of accelerometers
on the experimental facility

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ

ɺ ʭʦʜʝ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦʣʫʯʝʥʳ
ʜʠʘʛʨʘʤʤʳ ʚʠʙʨʦʫʩʢʦʨʝʥʠʡ, ʚʦʟʥʠʢʘʶʱʠʭ ʥʘ
ʰʧʠʥʜʝʣʝ ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʨʦʙʦʪʘ ʠ ʦʙʨʘʟʮʝ
(ʨʠʩ. 4). ʉ ʮʝʣʴʶ ʜʘʣʴʥʝʡʰʝʛʦ ʘʥʘʣʠʟʘ ʨʝʟʫʣʴ-
ʪʘʪʦʚ ʠʟʤʝʨʝʥʠʡ ʧʨʦʠʟʚʝʜʝʥʘ ʠʭ ʩʪʘʪʠʩʪʠʯʝʩʢʘʷ
ʦʙʨʘʙʦʪʢʘ.

ʆʙʨʘʙʦʪʢʘ ʨʝʟʫʣʴʪʘʪʦʚ ʠʟʤʝʨʝʥʠʡ ʦʩʫ-
ʱʝʩʪʚʣʷʣʘʩʴ ʚ ʩʣʝʜʫʶʱʝʤ ʧʦʨʷʜʢʝ:

1. ʉʨʘʚʥʠʚʘʣʠʩʴ ʧʨʝʜʝʣʴʥʳʝ ʤʘʢʩʠʤʘʣʴʥʳʝ
ʟʥʘʯʝʥʠʷ ʥʘ ʜʠʘʛʨʘʤʤʘʭ 1x  ʠ 2x  ʚ ʠʥʪʝʨʚʘʣʝ ʧʦ
20 ʩʝʢʫʥʜ ( 1x  – ʤʘʢʩʠʤʫʤ ʥʘ ʦʙʨʘʟʮʝ, 2x  – ʤʘʢ-

ʩʠʤʫʤ ʥʘ ʰʧʠʥʜʝʣʝ).
2. ʆʧʨʝʜʝʣʷʣʠʩʴ ʦʪʥʦʰʝʥʠʷ ʤʘʢʩʠʤʘʣʴʥʦʛʦ

ʟʥʘʯʝʥʠʷ 1x  ʥʘ ʤʘʢʩʠʤʘʣʴʥʳʡ 2x  ʚ ʢʘʞʜʦʤ ʠʥ-
ʪʝʨʚʘʣʝ 1k :

1

2

.
x i

ki
x i

= (1)

3. ʅʘʭʦʜʠʣʦʩʴ ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʢʦʵʬʬʠʮʠ-
ʝʥʪʘ ʢʦʨʨʝʣʷʮʠʠ:

ʩʨ ,
15
kiki =    (2)

ʛʜʝ ʩʨki  – ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʢʦʨ-
ʨʝʣʷʮʠʠ.

ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʦʙʨʘʙʦʪʘʥʥʳʭ ʠʟʤʝʨʝʥʠʡ
ʧʦʩʪʨʦʝʥʳ ʛʨʘʬʠʢʠ ʠʟʤʝʥʝʥʠʷ ʢʦʣʝʙʘʥʠʡ ʪʝʭ-
ʥʦʣʦʛʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʥʘ ʰʧʠʥʜʝʣʝ ʧʨʦʤʳʰ-
ʣʝʥʥʦʛʦ ʨʦʙʦʪʘ ʠ ʦʙʨʘʟʮʝ (ʨʠʩ. 5). ʀʟ ʛʨʘʬʠʢʦʚ
ʚʠʜʥʦ ʟʥʘʯʠʪʝʣʴʥʳʡ ʚʩʧʣʝʩʢ ʘʤʧʣʠʪʫʜʳ ʢʦʣʝ-
ʙʘʥʠʡ ʚ ʥʘʯʘʣʴʥʳʡ ʤʦʤʝʥʪ ʠʟʤʝʨʝʥʠʷ, ʢʦʪʦ-
ʨʳʡ ʦʙʫʩʣʦʚʣʝʥ ʧʨʝʜʝʣʴʥʳʤʠ ʚʠʙʨʘʮʠʷʤʠ,
ʚʦʟʥʠʢʘʶʱʠʤʠ ʚ ʧʨʦʮʝʩʩʝ ʚʨʝʟʘʥʠʷ ʚʨʘʱʘʶ-
ʱʝʛʦʩʷ ʠʥʩʪʨʫʤʝʥʪʘ ʚ ʦʙʨʘʟʝʮ ʠ ʩʪʘʙʠʣʠʟʠʨʫ-
ʶʱʠʤʠʩʷ ʚ ʜʘʣʴʥʝʡʰʝʤ ʧʨʠ ʩʪʘʙʠʣʠʟʘʮʠʠ
ʫʩʣʦʚʠʡ ʨʝʟʘʥʠʷ.

ɼʣʷ ʦʮʝʥʢʠ ʤʠʢʨʦʧʝʨʝʤʝʱʝʥʠʡ ʥʘ ʰʧʠʥʜʝ-
ʣʝ ʠ ʦʙʨʘʟʮʝ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʩʠʣʳ ʨʝʟʘʥʠʷ ʧʨʦ-
ʠʟʚʝʜʝʥʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʧʦ ʤʝʪʦʜʫ ʌʫʨʴʝ. ʈʝ-
ʟʫʣʴʪʘʪʳ ʧʦʢʘʟʘʣʠ ʩʨʝʜʥʠʝ ʟʥʘʯʝʥʠʷ ʤʠʢʨʦʧʝ-
ʨʝʤʝʱʝʥʠʡ (ʪʘʙʣ. 2) ʠ ʞʝʩʪʢʦʩʪʠ ʦʙʨʘʟʮʘ ʠ
ʰʧʠʥʜʝʣʷ (ʪʘʙʣ. 3).

ɸʥʘʣʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʧʦʢʘʟʘʣ, ʯʪʦ ʞʝʩʪʢʦʩʪʴ
ʦʙʨʘʟʮʘ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʞʝʩʪʢʦʩʪʠ ʰʧʠʥʜʝʣʷ ʚ
ʧʨʦʮʝʩʩʝ ʦʙʨʘʙʦʪʢʠ ʥʘ ʦʜʠʥ ʧʦʨʷʜʦʢ. ʀʟ ʵʪʦʛʦ
ʩʣʝʜʫʝʪ, ʯʪʦ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʜʘʥʥʫʶ
ʨʘʟʥʠʮʫ ʥʘ ʩʪʘʜʠʠ ʪʝʩʪʦʚʦʡ ʦʙʨʘʙʦʪʢʠ.

ʉ ʮʝʣʴʶ ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʦʙʨʘʙʦʪʢʠ ʨʝʟʫʣʴ-
ʪʘʪʦʚ ʠʟʤʝʨʝʥʠʡ ʨʘʟʨʘʙʦʪʘʥ ʘʣʛʦʨʠʪʤ (ʨʠʩ. 6) ʠ
ʧʨʦʛʨʘʤʤʥʳʡ ʤʦʜʫʣʴ ʜʣʷ ʨʘʩʯʝʪʘ ʤʠʢʨʦʧʝʨʝ-
ʤʝʱʝʥʠʡ ʥʘ ʦʙʨʘʟʮʝ ʠ ʰʧʠʥʜʝʣʝ ʨʦʙʦʪʠʟʠʨʦ-
ʚʘʥʥʦʛʦ ʢʦʤʧʣʝʢʩʘ, ʢʦʪʦʨʳʡ ʧʦʟʚʦʣʷʝʪ ʚ ʘʚʪʦ-
ʤʘʪʠʯʝʩʢʦʤ ʨʝʞʠʤʝ ʧʦ ʟʘʜʘʥʥʳʤ ʧʦʣʴʟʦʚʘʪʝ-
ʣʝʤ ʘʤʧʣʠʪʫʜʥʦ-ʯʘʩʪʦʪʥʳʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ (ʚ
ʚʠʜʝ ʤʘʩʩʠʚʦʚ ʜʘʥʥʳʭ) ʧʨʦʠʟʚʦʜʠʪʴ ʨʘʩʯʝʪ ʠ
ʩʪʨʦʠʪʴ ʛʨʘʬʠʢʠ ʟʥʘʯʝʥʠʡ ʜʝʢʨʝʤʝʥʪʘ ʟʘʪʫʭʘ-
ʥʠʷ ʢʦʣʝʙʘʥʠʡ.
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ʈʠʩ. 4. ɼʠʘʛʨʘʤʤʘ ʚʠʙʨʦʫʩʢʦʨʝʥʠʡ ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʜʝʪʘʣʠ ʚʨʘʱʘʶʱʠʤʩʷ ʠʥʩʪʨʫʤʝʥʪʦʤ
ʥʘ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʦʤ ʢʦʤʧʣʝʢʩʝ

Fig. 4. A diagram of vibration accelerations when machining a part with a rotating tool on the robotic complex

ʈʠʩ. 5. ɻʨʘʬʠʢʠ ʠʟʤʝʥʝʥʠʷ ʢʦʣʝʙʘʥʠʡ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʵʣʝʤʝʥʪʦʚ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ
Fig. 5. Graphs of changes in oscillations of the technological system components under study

ʊʘʙʣʠʮʘ 2. ʉʨʝʜʥʠʝ ʟʥʘʯʝʥʠʷ ʤʠʢʨʦʧʝʨʝʤʝʱʝʥʠʡ ʦʙʨʘʟʮʘ ʠ ʰʧʠʥʜʝʣʷ ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʨʦʙʦʪʘ
T a b l e  2 .  Average values of micro-displacements of the sample and the spindle of an industrial robot

ʅʦʤʝʨ ʥʘʧʨʘʚʣʝʥʠʷ
ʉʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʤʠʢʨʦʧʝʨʝʤʝʱʝʥʠʡ, ʤʤ

ʥʘ ʦʙʨʘʟʮʝ ʥʘ ʰʧʠʥʜʝʣʝ
1 0,2364 0,0490
2 0,3752 0,0400
3 0,4075 0,0624
4 0,3774 0,0251
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ʊʘʙʣʠʮʘ 3. ʉʨʝʜʥʠʝ ʟʥʘʯʝʥʠʷ ʞʝʩʪʢʦʩʪʠ ʦʙʨʘʟʮʘ ʠ ʰʧʠʥʜʝʣʷ ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʨʦʙʦʪʘ
T a b l e  3 .  Average stiffness values of the sample and the spindle of an industrial robot

ʅʦʤʝʨ ʥʘʧʨʘʚʣʝʥʠʷ
ʉʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʞʝʩʪʢʦʩʪʠ, ʅ/ʤ

ʦʙʨʘʟʮʘ ʰʧʠʥʜʝʣʷ
1 1,91Ā106 1,89Ā107

2 2,11Ā106 2,19Ā107

3 1,50Ā106 1,80Ā107

4 2,36Ā106 1,79Ā107

ʈʠʩ. 6. ɸʣʛʦʨʠʪʤ ʧʨʦʛʨʘʤʤʥʦʛʦ ʤʦʜʫʣʷ ʚ C#
Fig. 6. POU algorithm in C#
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ɺ ʙʣʦʢʘʭ ʘʣʛʦʨʠʪʤʘ ʚʳʧʦʣʥʷʶʪʩʷ ʩʣʝʜʫʶ-
ʱʠʝ ʜʝʡʩʪʚʠʷ:

1 – ʟʘʜʘʶʪʩʷ ʥʘʯʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ
ʩʦʩʪʦʷʥʠʷ ʧʨʦʛʨʘʤʤʳ;

2 ʙʣʦʢ – ʧʨʦʠʩʭʦʜʠʪ ʚʚʦʜ ʠʩʭʦʜʥʳʭ ʜʘʥʥʳʭ –
ʚʳʙʦʨ ʪʝʢʩʪʦʚʳʭ ʬʘʡʣʦʚ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʠʟʤʝʨʝ-
ʥʠʡ, ʢʦʪʦʨʳʝ ʙʫʜʫʪ ʦʙʨʘʙʘʪʳʚʘʪʴʩʷ ʚ ʧʨʦʛʨʘʤʤ-
ʥʦʤ ʤʦʜʫʣʝ;

3-13 ʙʣʦʢʠ – ʦʪʨʘʙʘʪʳʚʘʝʪʩʷ ʠʪʝʨʘʪʠʚʥʳʡ
ʮʠʢʣ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʬʘʡʣʘʤʠ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ
ʠʟʤʝʨʝʥʠʡ ʠʟ ʧʝʨʝʯʥʷ ʠʩʭʦʜʥʳʭ ʜʘʥʥʳʭ;

4 ʙʣʦʢ – ʦʪʢʨʳʚʘʝʪʩʷ ʪʘʙʣʠʯʥʳʡ ʬʘʡʣ ʩ ʨʝ-
ʟʫʣʴʪʘʪʘʤʠ ʠʟʤʝʨʝʥʠʡ ʠ ʠʟ ʥʝʛʦ ʩʯʠʪʳʚʘʶʪʩʷ ʘʤ-
ʧʣʠʪʫʜʳ ʚ ʤʘʩʩʠʚ ʚʥʫʪʨʝʥʥʝʡ ʧʘʤʷʪʠ ʧʨʠʣʦʞʝʥʠʷ;

5 ʙʣʦʢ – ʜʘʥʥʳʝ ʵʪʦʛʦ ʤʘʩʩʠʚʘ ʠʥʪʝʨʧʦʣʠ-
ʨʫʶʪʩʷ ʢʫʙʠʯʝʩʢʠʤ ʩʧʣʘʡʥʦʤ ʢʫʩʦʯʥʦ-ʣʠʥʝʡʥʦʡ
ʬʫʥʢʮʠʠ, ʧʦʩʪʨʦʝʥʥʦʡ ʧʦ ʪʦʯʢʘʤ ʩ ʢʦʦʨʜʠʥʘʪʘ-
ʤʠ ʘʤʧʣʠʪʫʜʳ ʠ ʯʘʩʪʦʪʳ;

6 ʙʣʦʢ – ʦʧʨʝʜʝʣʷʝʪʩʷ ʨʝʟʦʥʘʥʩʥʘʷ (ʧʠʢʦʚʘʷ)
ʘʤʧʣʠʪʫʜʘ ʠ ʘʤʧʣʠʪʫʜʘ, ʚʝʣʠʯʠʥʘ ʢʦʪʦʨʦʡ ʨʘʚʥʘ
0,707 ʦʪ ʨʝʟʦʥʘʥʩʥʦʡ;

7 ʙʣʦʢ – ʦʧʨʝʜʝʣʷʶʪʩʷ ʯʘʩʪʦʪʳ, ʧʨʠ ʢʦʪʦʨʳʭ
ʨʝʟʦʥʘʥʩʥʘʷ ʢʨʠʚʘʷ ʧʝʨʝʩʝʢʘʝʪ ʛʦʨʠʟʦʥʪʘʣʴʥʳʝ
ʣʠʥʠʠ ʥʘ ʫʨʦʚʥʝ ʨʝʟʦʥʘʥʩʥʦʡ ʘʤʧʣʠʪʫʜʳ ʠ 0,707
ʦʪ ʥʝʝ;

8 ʙʣʦʢ – ʧʨʦʠʟʚʦʜʠʪʩʷ ʨʘʩʯʝʪ ʜʝʢʨʝʤʝʥʪʘ ʟʘ-
ʪʫʭʘʥʠʷ ʧʦ ʚʝʣʠʯʠʥʝ ʨʝʟʦʥʘʥʩʥʦʡ ʘʤʧʣʠʪʫʜʳ ʠ
ʰʠʨʠʥʝ ʠʥʪʝʨʚʘʣʘ ʥʘ ʫʨʦʚʥʝ 0,707 ʦʪ ʨʝʟʦʥʘʥʩ-
ʥʦʛʦ ʧʠʢʘ;

9 ʙʣʦʢ – ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʞʝʩʪʢʦʩʪʴ ʜʝʪʘʣʠ;
10 ʙʣʦʢ – ʩʪʨʦʷʪʩʷ ʛʨʘʬʠʢʠ ʢʫʩʦʯʥʦ-

ʣʠʥʝʡʥʦʡ ʬʫʥʢʮʠʠ ʠ ʬʫʥʢʮʠʠ ʠʥʪʝʨʧʦʣʷʮʠʠ ʢʫ-
ʙʠʯʝʩʢʠʤ ʩʧʣʘʡʥʦʤ, ʚʝʨʪʠʢʘʣʴʥʳʝ ʠ ʛʦʨʠʟʦʥ-
ʪʘʣʴʥʳʝ ʣʠʥʠʠ, ʧʨʦʭʦʜʷʱʠʝ ʯʝʨʝʟ ʪʦʯʢʫ ʨʝʟʦ-
ʥʘʥʩʥʦʡ ʘʤʧʣʠʪʫʜʳ ʠ ʪʦʯʢʫ ʘʤʧʣʠʪʫʜʳ 0,707 ʦʪ
ʨʝʟʦʥʘʥʩʥʦʡ;

11 ʙʣʦʢ – ʬʦʨʤʠʨʫʝʪʩʷ ʩʪʨʘʥʠʮʘ ʦʪʯʝʪʘ ʚ Mi-
crosoftWord, ʚʢʣʶʯʘʷ ʚʳʚʦʜ ʠʩʭʦʜʥʳʭ ʜʘʥʥʳʭ,
ʢʦʤʧʣʝʢʩʘ ʛʨʘʬʠʢʦʚ ʬʫʥʢʮʠʡ ʠ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩ-
ʯʝʪʦʚ;

14 ʙʣʦʢ – ʚ ʠʩʭʦʜʥʫʶ ʧʘʧʢʫ ʧʨʠʣʦʞʝʥʠʷ ʩʦ-
ʭʨʘʥʷʝʪʩʷ ʬʘʡʣ ʩ ʦʪʯʝʪʦʤ ʦ ʨʝʟʫʣʴʪʘʪʘʭ ʠʟʤʝʨʝ-
ʥʠʡ ʘʤʧʣʠʪʫʜʥʦ-ʯʘʩʪʦʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʘ
ʪʘʢʞʝ ʦʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʚʳʯʠʩʣʝʥʠʡ;

15 ʙʣʦʢ – ʟʘʚʝʨʰʘʶʪʩʷ ʚʩʝ ʧʨʦʮʝʩʩʳ ʧʨʠʣʦ-
ʞʝʥʠʷ ʠ ʦʥʦ ʟʘʢʨʳʚʘʝʪʩʷ.

ɿʘʢʣʶʯʝʥʠʝ

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʮʝʣʴʶ ʵʢʩ-
ʧʝʨʠʤʝʥʪʘ ʫʩʪʘʥʦʚʣʝʥʦ:

1. ɾʝʩʪʢʦʩʪʴ ʦʙʨʘʟʮʘ ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʚʨʘ-
ʱʘʶʱʠʤʩʷ ʠʥʩʪʨʫʤʝʥʪʦʤ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʞʝʩʪ-
ʢʦʩʪʠ ʰʧʠʥʜʝʣʷ ʙʦʣʝʝ ʯʝʤ ʚ 10 ʨʘʟ, ʯʪʦ ʚʳʟʳ-
ʚʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʫʯʝʪʘ ʵʪʠʭ ʧʘʨʘʤʝʪʨʦʚ ʧʨʠ
ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʦʧʝʨʘʮʠʠ.

2. ʇʦ ʟʥʘʯʝʥʠʷʤ ʞʝʩʪʢʦʩʪʠ ʪʝʭʥʦʣʦʛʠʯʝ-
ʩʢʦʡ ʩʠʩʪʝʤʳ ʦʧʨʝʜʝʣʝʥʳ ʟʥʘʯʝʥʠʷ ʤʠʢʨʦʧʝʨʝ-
ʤʝʱʝʥʠʡ ʥʘ ʦʙʨʘʟʮʝ ʠ ʰʧʠʥʜʝʣʝ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ
ʠʩʧʦʣʴʟʦʚʘʪʴ ʠʭ ʥʘ ʵʪʘʧʝ ʧʦʜʛʦʪʦʚʢʠ ʧʨʦʠʟʚʦʜ-
ʩʪʚʘ ʜʣʷ ʥʘʟʥʘʯʝʥʠʷ ʨʘʮʠʦʥʘʣʴʥʳʭ ʨʝʞʠʤʦʚ
ʨʝʟʘʥʠʷ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʟʘʜʘʥʥʳʝ ʪʦʯʥʦʩʪʴ ʠ
ʢʘʯʝʩʪʚʦ ʦʙʨʘʙʘʪʳʚʘʝʤʦʡ ʜʝʪʘʣʠ.

3. ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʞʝʩʪʢʦʩʪʠ ʢʦʥʢʨʝʪʥʦʡ
ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʦʛʦ
ʢʦʤʧʣʝʢʩʘ ʠ ʜʘʣʴʥʝʡʰʝʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʦʣʫ-
ʯʝʥʥʳʭ ʜʘʥʥʳʭ ʧʨʠ ʨʘʩʯʝʪʝ ʨʝʞʠʤʦʚ ʨʝʟʘʥʠʷ
ʧʨʝʜʣʘʛʘʝʪʩʷ ʪʝʩʪʦʚʘʷ ʦʙʨʘʙʦʪʢʘ ʦʙʨʘʟʮʘ ʧʦ
ʧʨʠʚʝʜʝʥʥʦʡ ʚʳʰʝ ʤʝʪʦʜʠʢʝ.

4. ɼʣʷ ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʧʨʦʮʝʩʩʘ ʦʙʨʘʙʦʪʢʠ
ʜʘʥʥʳʭ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʨʝʟʫʣʴʪʘʪʝ ʪʝʩʪʦʚʦʡ ʦʙʨʘ-
ʙʦʪʢʠ ʦʙʨʘʟʮʘ, ʨʘʟʨʘʙʦʪʘʥ ʧʨʦʛʨʘʤʤʥʳʡ ʤʦʜʫʣʴ.

ʉ ʮʝʣʴʶ ʬʦʨʤʠʨʦʚʘʥʠʷ ʙʘʟʳ ʟʥʘʥʠʡ ʧʘʨʘʤʝʪ-
ʨʦʚ ʞʝʩʪʢʦʩʪʠ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʳʭ ʢʦʤʧʣʝʢʩʦʚ
ʩʣʝʜʫʝʪ ʬʦʨʤʠʨʦʚʘʪʴ ʤʘʩʩʠʚʳ ʜʘʥʥʳʭ ʜʣʷ ʨʘʟ-
ʣʠʯʥʳʭ ʪʠʧʦʚ ʟʘʛʦʪʦʚʦʢ ʠ ʦʙʨʘʙʘʪʳʚʘʝʤʳʭ ʤʘʪʝ-
ʨʠʘʣʦʚ, ʯʪʦ ʧʦʟʚʦʣʠʪ ʚ ʜʘʣʴʥʝʡʰʝʤ ʧʨʦʠʟʚʦʜʠʪʴ
ʤʘʰʠʥʥʦʝ ʦʙʫʯʝʥʠʝ ʩʠʩʪʝʤʳ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ
ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʧʦʜʛʦʪʦʚʢʠ ʧʨʦʠʟʚʦʜʩʪʚʘ.

ʉʧʠʩʦʢ ʠʩʪʦʯʥʠʢʦʚ

1. ɸʬʦʥʠʥ ɺ.ʃ. ʈʦʙʦʪʦʪʝʭʥʠʯʝʩʢʠʝ ʢʦʤʧʣʝʢʩʳ ʜʣʷ
ʬʠʥʠʰʥʦʡ ʦʙʨʘʙʦʪʢʠ ʧʝʨʘ ʣʦʧʘʪʦʢ ɻʊɼ // ʕʢʩ-
ʪʨʝʤʘʣʴʥʘʷ ʨʦʙʦʪʦʪʝʭʥʠʢʘ. 2017. ˉ1. ʉ. 382-386.

2. ʀʥʪʝʣʣʝʢʪʫʘʣʴʥʳʡ ʨʦʙʦʪʦʪʝʭʥʠʯʝʩʢʠʡ ʢʦʤʧʣʝʢʩ
ʜʣʷ ʬʠʥʠʰʥʦʡ ʦʙʨʘʙʦʪʢʠ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ʣʦʧʘ-
ʪʦʢ ʛʘʟʦʪʫʨʙʠʥʥʳʭ ʜʚʠʛʘʪʝʣʝʡ / ɺ.ʃ. ɸʬʦʥʠʥ,
ʖ.ɺ. ʀʣʶʭʠʥ, ʄ.ɻ. ʗʢʦʚʣʝʚ ʠ ʜʨ. // ɺʝʩʪʥʠʢ
ʄɻʊʋ «ʉʪʘʥʢʠʥ». 2019. ˉ3. ʉ. 49-56.

3. ɻʦʨʠʩʝʚ ʉ.ɸ., ɽʬʨʝʤʝʥʢʦ ɸ.ʇ. ɺʦʟʤʦʞʥʦʩʪʠ
CAM-ʩʠʩʪʝʤʳ Autodesk PowerMill 2018 ʚ ʤʘʰʠ-
ʥʦʩʪʨʦʝʥʠʠ // ʊʝʭʥʦʣʦʛʠʷ ʤʘʰʠʥʦʩʪʨʦʝʥʠʷ ʠ ʤʘ-
ʪʝʨʠʘʣʦʚʝʜʝʥʠʝ. 2018. ˉ2. ʉ. 6-8.

4. ʀʟʛʦʪʦʚʣʝʥʠʝ ʣʠʪʝʡʥʦʛʦ ʤʦʜʝʣʴʥʦʛʦ ʢʦʤʧʣʝʢʪʘ ʩ
ʧʨʠʤʝʥʝʥʠʝʤ ʩʪʘʥʢʘ-ʨʦʙʦʪʘ FANUC / ʃ.ɻ. ʉʘʨʘ-
ʥʠʥ, ʇ.ʀ. ʄʘʣʝʥʢʦ, ʉ.ʂ. ɿʘʭʘʨʦʚ, ɼ.ʂ. ɹʝʣʦʚ, ʆ.ɺ.
ʂʦʩʪʳʛʦʚʘ // ʀʟʚʝʩʪʠʷ ʊʫʣʴʩʢʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ.
ʊʝʭʥʠʯʝʩʢʠʝ ʥʘʫʢʠ. 2018. ˉ12. ʉ. 519-527.

5. ʈʘʩʩʢʘʟʯʠʢʦʚ ʅ.ɻ. ʇʨʠʤʝʥʝʥʠʝ ʧʨʦʤʳʰʣʝʥʥʳʭ
ʨʦʙʦʪʦʚ ʥʘ ʦʧʝʨʘʮʠʷʭ ʘʙʨʘʟʠʚʥʦʡ ʟʘʯʠʩʪʢʠ // ʄʝ-
ʭʘʪʨʦʥʠʢʘ, ʘʚʪʦʤʘʪʠʢʘ ʠ ʨʦʙʦʙʦʪʝʭʥʠʢʘ. 2019.
ˉ3. ʉ. 10-13.

6. ɼʫʜʘʨʝʚ ɸ.ʉ. ʀʥʥʦʚʘʮʠʦʥʥʦʝ ʧʨʠʤʝʥʝʥʠʝ ʨʦʙʦʪʦʚ
ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʠʟʜʝʣʠʡ ʠʟ ʧʦʣʠʤʝʨʥʳʭ ʢʦʤʧʦ-
ʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ // ʉʊʀʅ. 2018. ˉ10. ʉ. 2-6.

7. Perez R., Gutiérrez S.C., Zotovic R. A study on robot
arm machining: Advance and future challenges // 29th
International DAAAM Symposium on Intelligent
Manufacturing and Automation. Croatia: Danube
Adria Association for Automation and Manufactur-
ing. 2018, pp. 931-940.



ʊɽʍʅʆʃʆɻʀʀ ʆɹʈɸɹʆʊʂʀ ʄɸʊɽʈʀɸʃʆɺ

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––   ɺʝʩʪʥʠʢ ʄɻʊʋ ʠʤ. ɻ.ʀ. ʅʦʩʦʚʘ. 2023. ʊ.21. ˉ152

8. Bo T., XingWei Z., Han D. Mobile-robotic machining
for large complex components: A review study // Sci-
ence China Technological Sciences. 2019, vol. 62, no. 8,
pp. 1388-1400.

9. Iglesias I., Ares J.E., González-Gaya C., Morales F.,
Rosales V.F. Predictive Methodology for Dimension-
al Path Precision in Robotic Machining Operations //
IEEE Access. 2018, vol. 6, no. 3, pp. 49217-49223.

10. Peng J.F., Ding Y., Zhang G., Ding H. Smoothness-
oriented path optimization for robotic milling pro-
cesses // Science China Technological Sciences. 2020,
vol. 63, no. 9, pp. 1751-1763.

11. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʞʸʩʪʢʦʩʪʠ
ʩʪʘʥʢʘ-ʨʦʙʦʪʘ / ɹ.ɸ. ɽʥʠʢʝʝʚ, ɸ.ʈ. ʉʘʡʜʫʛʘʥʦʚ,
ʆ.ʂ. ɸʢʤʘʝʚ, ʈ.ɻ. ʂʫʜʦʷʨʦʚ // ʉʪʘʥʢʦʩʪʨʦʝʥʠʝ ʠ
ʠʥʥʦʚʘʮʠʦʥʥʦʝ ʤʘʰʠʥʦʩʪʨʦʝʥʠʝ: ʤʘʪʝʨʠʘʣʳ ʚʩʝ-
ʨʦʩʩʠʡʩʢʦʡ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ.
ʋʬʘ: ʀʟʜ-ʚʦ ʋɻɸʊʋ, 2019. ʉ. 273-276.

12. ɹʫʪʝʥʢʦ ɺ.ʀ., ɼʘʚʳʜʦʚʘ ʀ.ɺ., ɸʪʦʷʥ ʊ.ɺ. ɺʣʠʷʥʠʝ
ʜʠʥʘʤʠʯʝʩʢʦʡ ʞʸʩʪʢʦʩʪʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʨʦʙʦʪʘ
ʥʘ ʢʘʯʝʩʪʚʦ ʦʙʨʘʙʦʪʘʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʜʝʪʘʣʠ //
ɺʝʩʪʥʠʢ ɹʨʷʥʩʢʦʛʦ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʪʝʭʥʠʯʝʩʢʦ-
ʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ. 2019. ˉ2(75). ʉ. 21-27.

13. ʂʫʜʦʷʨʦʚ ʈ.ɻ., ʌʝʮʘʢ ʉ.ʀ., ɹʘʰʘʨʦʚ ʈ.ʈ. ʄʝʪʦʜʠ-
ʢʘ ʠʟʤʝʨʝʥʠʡ ʚʠʙʨʦʫʩʪʦʡʯʠʚʦʩʪʠ ʩʪʘʥʢʘ-ʨʦʙʦʪʘ //
ʉʪʘʥʢʦʩʪʨʦʝʥʠʝ ʠ ʠʥʥʦʚʘʮʠʦʥʥʦʝ ʤʘʰʠʥʦʩʪʨʦʝ-
ʥʠʝ: ʤʘʪʝʨʠʘʣʳ ʚʩʝʨʦʩʩʠʡʩʢʦʡ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩ-
ʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ. ʋʬʘ: ʀʟʜ-ʚʦ ʋɻɸʊʋ, 2019.
ʉ. 292-296.

14. He F.-X., Liu Y., Liu K. A chatter-free path optimiza-
tion algorithm based on stiffness orientation method
for robotic milling // International Journal of Ad-
vanced Manufacturing Technology. 2019, vol. 101,
no. 9-12, pp. 2739-2750.

15. Mamedov S., Popov D., Mikhel S., Klimchik A. In-
creasing Machining Accuracy of Industrial Manipula-
tors Using Reduced Elastostatic Model // Lecture
Notes in Electrical Engineering. 2020, vol. 613,
pp. 384-406.

16. Klimchik A., Pashkevich A., Chablat D. MSA-
technique for stiffness modeling of manipulators with
complex and hybrid structures // IFAC-PapersOnLine.
2018, vol. 51, no. 22, pp. 37-43.

17. ɻʘʙʠʪʦʚ ɸ.ɸ., ʂʘʣʷʰʠʥʘ ɸ.ɺ. ɸʥʘʣʠʟ ʦʙʝʩʧʝʯʝʥʠʷ
ʪʦʯʥʦʩʪʠ ʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʷ ʧʨʦʤʳʰʣʝʥʥʳʭ ʨʦ-
ʙʦʪʦʚ // ɺʝʩʪʥʠʢ ʂʘʟʘʥʩʢʦʛʦ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ
ʪʝʭʥʠʯʝʩʢʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ ʠʤ. ɸ.ʅ. ʊʫʧʦʣʝʚʘ.
2018. ˉ4. ʉ. 49-54.

18. ʀʟʤʝʨʝʥʠʝ ʩʦʙʩʪʚʝʥʥʳʭ ʠ ʚʳʥʫʞʜʝʥʥʳʭ ʯʘʩʪʦʪ
ʨʦʙʦʪʘ-ʩʪʘʥʢʘ ʠ ʩʪʘʥʢʘ ʤʦʜʝʣʠ 500V/5 / ɸ.ʌ. ɻʘʡ-
ʤʘʣʦʚ, ɹ.ɸ. ɽʥʠʢʝʝʚ, ɸ.ʅ. ʊʠʧʝʝʚ, ʉ.ʀ. ʌʝʮʘʢ,
ʖ.ɺ. ʀʜʨʠʩʦʚʘ // ʉʪʘʥʢʦʩʪʨʦʝʥʠʝ ʠ ʠʥʥʦʚʘʮʠʦʥʥʦʝ
ʤʘʰʠʥʦʩʪʨʦʝʥʠʝ: ʤʘʪʝʨʠʘʣʳ ʚʩʝʨʦʩʩʠʡʩʢʦʡ ʥʘʫʯ-
ʥʦ-ʪʝʭʥʠʯʝʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ. ʋʬʘ: ʀʟʜ-ʚʦ ʋɻɸʊʋ,
2019. ʉ. 318-224.

19. Barnfather J.D., Goodfellow M.J., Abram ʊ. Achiev-
able tolerances in robotic feature machining opera-
tions using a low-cost hexapod // International Journal

of Advanced Manufacturing Technology. 2018,
vol. 95, no. 1-4, pp. 1421.

20. Xiong G., Ding Y., Zhu L. Stiffness-based pose opti-
mization of an industrial robot for five-axis milling //
Robotics and Computer-Integrated Manufacturing.
2019, vol. 55, pp. 19-28.

21. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʞʝʩʪʢʦʩʪʠ
ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʥʘ ʙʘʟʝ ʧʨʦʤʳʰʣʝʥʥʦ-
ʛʦ ʨʦʙʦʪʘ KUKA KR 300 R2500 ULTRA / ʅʫʨʢʝ-
ʥʦʚ ɸ.ʍ., ɻʫʟʝʝʚ ɺ.ʀ., ɹʘʪʫʝʚ ɺ.ɺ., ʅʝʩʪʝʨʶʢ ɽ.ɺ.,
ʇʘʚʣʦʚ ʉ.ɸ. // ɺʝʩʪʥʠʢ ʖʞʥʦ-ʋʨʘʣʴʩʢʦʛʦ ʛʦʩʫ-
ʜʘʨʩʪʚʝʥʥʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ. ʉʝʨʠʷ: ʄʘʰʠʥʦʩʪʨʦ-
ʝʥʠʝ. 2022. ʊ. 22. ˉ 1. ʉ. 48-58.

References

1. Afonin V.L. Robotic complexes for finishing of gas-
turbine engine blades. Ekstremalnaya robototekhnika
[Extreme Robotics]. 2017;(1):382-386. (In Russ.)

2. Afonin V.L., Ilyukhin Yu.V., Yakovlev M.G. et al.
The intelligent robotic complex for finishing the flow
path of the blades of gas-turbine engines. Vestnik
MGTU Stankin [Bulletin of STANKIN Moscow State
University of Technology]. 2019;(3):49-56. (In Russ.)

3. Gorisev S.A., Efremenko A.P. Autodesk PowerMill
2018 capabilities in mechanical engineering.
Tekhnologiya mashinostroeniya i materialovedeniya
[Mechanical Engineering Technology and Materials
Science]. 2018;(2):6-8. (In Russ.)

4. Saranin L.G., Malenko P.I., Zakharov S.K., Belov
D.K., Kostygova O.V. Manufacturing a casting and
molding set using a FANUC robot]. Izvestiya
Tulskogo universiteta. Tekhnicheskie nauki [Proceed-
ings of Tula University. Engineering Sciences].
2018;(12):519-527. (In Russ.)

5. Rasskazchikov N.G. The use of industrial robots in
abrasive cleaning operations]. Mekhatronika,
avtomatika i robototekhnika [Mechatronics, Automa-
tion and Robotics]. 2019;(3):10-13. (In Russ.)

6. Dudarev A.S. Innovative application of robots for the
production of products from polymer composite mate-
rials. STIN [Machines and Tools]. 2018;(10):2-6.
(In Russ.)

7. Perez R., Gutiérrez S.C., Zotovic R. A study on robot
arm machining: Advance and future challenges. 29th
International DAAAM Symposium on Intelligent
Manufacturing and Automation. Croatia: Danube
Adria Association for Automation and Manufactur-
ing. 2018;931-940.

8. Bo T., XingWei Z., Han D. Mobile-robotic machining
for large complex components: A review study. Science
China Technological Sciences. 2019;62(8):1388-1400.

9. Iglesias I., Ares J.E., González-Gaya C., Morales F.,
Rosales V.F. Predictive methodology for dimensional
path precision in robotic machining operations. IEEE
Access. 2018;6(3):49217-49223.

10. Peng J.F., Ding Y., Zhang G., Ding H. Smoothness-
oriented path optimization for robotic milling pro-
cesses. Science China Technological Sciences.
2020;63(9):1751-1763.



ɻʫʟʝʝʚ ɺ.ʀ., ʉʝʨʛʝʝʚ ʉ.ɺ., ʅʫʨʢʝʥʦʚ ɸ.ʍ., ɹʘʪʫʝʚ ɺ.ɺ., ʉʝʨʛʝʝʚ ʖ.ʉ., ʅʝʩʪʝʨʶʢ ɽ.ɺ.

www.vestnik.magtu.ru        –––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 53

11. Enikeev B.A., Sayduganov A.R., Akmaev O.K.,
Kudoyarov R.G. Experimental studies on rigidity of a
robot machine. Machine Tool Building and Innovative
Mechanical Engineering: Proceedings of the All-Russian
Scientific and Technical Conference. Ufa: Ufa State
Aviation Technical University; 2019;273-276. (In Russ.)

12. Butenko V.I., Davydova I.V., Atoyan T.V. Influence
of dynamic rigidity of a technological robot on the
quality of the machined surface of parts. Vestnik Bry-
anskogo gosudarstvennogo tekhnicheskogo universi-
teta [Bulletin of Bryansk State Technical University].
2019;(2(75)):21-27. (In Russ.)

13. Kudoyarov R.G., Fetsak S.I., Basharov R.R. A method
for measuring the vibration resistance of a robot ma-
chine]. Machine Tool Building and Innovative Mechan-
ical Engineering: Proceedings of the All-Russian Scien-
tific and Technical Conference. Ufa: Ufa State Aviation
Technical University; 2019;292-296. (In Russ.)

14. He F.-X., Liu Y., Liu K. A chatter-free path optimization
algorithm based on stiffness orientation method for ro-
botic milling. International Journal of Advanced Manu-
facturing Technology. 2019;101(9-12):2739-2750.

15. Mamedov S., Popov D., Mikhel S., Klimchik A. In-
creasing machining accuracy of industrial manipula-
tors using reduced elastostatic model. Lecture Notes
in Electrical Engineering. 2020;613:384-406.

16. Klimchik A., Pashkevich A., Chablat D. MSA-
technique for stiffness modeling of manipulators with
complex and hybrid structures. IFAC-PapersOnLine.
2018;51(22):37-43.

17. Gabitov ɸ.ɸ., Kalyashina A.V. Analysis of ensuring
positioning accuracy of industrial robots. Vestnik
Kazanskogo gosudarstvennogo tekhnicheskogo uni-
versiteta im. A.N. Tupoleva [Bulletin of Tupolev Ka-
zan State Technical University]. 2018;(4):49-54.
(In Russ.)

18. Gaimalov A.F., Enikeev B.A., Tipeev A.N., Fetsak
S.I., Idrisova Yu.V. Measurement of natural and
forced frequencies of a robot machine and the 500V/5
model machine. Machine Tool Building and Innova-
tive Mechanical Engineering: Proceedings of the All-
Russian Scientific and Technical Conference. Ufa:
Ufa State Aviation Technical University; 2019;318-
324. (In Russ.)

19. Barnfather J.D., Goodfellow M.J., Abram ʊ. Achieva-
ble tolerances in robotic feature machining operations
using a low-cost hexapod. International Journal of Ad-
vanced Manufacturing Technology. 2018;95(1-4):
1421-1436.

20. Xiong G., Ding Y., Zhu L. Stiffness-based pose opti-
mization of an industrial robot for five-axis milling.
Robotics and Computer-Integrated Manufacturing.
2019;55:19-28.

21. Nurkenov A.Kh., Guzeev V.I., Batuev V.V., Nest-
eryuk E.V., Pavlov S.A. Experimental study on rigidi-
ty of a technological system based on KUKA KR 300
R2500 ULTRA industrial robot. Vestnik Yuzhno-
Uralskogo gosudarstvennogo universiteta. Seriya:
Mashinostroenie [Bulletin of South Ural State Uni-
versity]. 2022;22(1):48-58. (In Russ.)

ʇʦʩʪʫʧʠʣʘ 16.12.2022; ʧʨʠʥʷʪʘ ʢ ʧʫʙʣʠʢʘʮʠʠ 17.01.2023; ʦʧʫʙʣʠʢʦʚʘʥʘ 27.03.2023
Submitted 16/12/2022; revised 17/01/2023; published 27/03/23

ɻʫʟʝʝʚ ɺʠʢʪʦʨ ʀʚʘʥʦʚʠʯ – ʜʦʢʪʦʨ ʪʝʭʥʠʯʝʩʢʠʭ ʥʘʫʢ, ʧʨʦʬʝʩʩʦʨ,
ʖʞʥʦ-ʋʨʘʣʴʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ (ʅʀʋ), ʏʝʣʷʙʠʥʩʢ, ʈʦʩʩʠʷ.
ɽmail: guzeevvi@susu.ru. ORCID 0000-0002-8277-1217
ʉʝʨʛʝʝʚ ʉʝʨʛʝʡ ɺʘʩʠʣʴʝʚʠʯ – ʢʘʥʜʠʜʘʪ ʪʝʭʥʠʯʝʩʢʠʭ ʥʘʫʢ, ʧʨʦʬʝʩʩʦʨ,
ʖʞʥʦ-ʋʨʘʣʴʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ (ʅʀʋ), ʏʝʣʷʙʠʥʩʢ, ʈʦʩʩʠʷ.
ɽmail: sergeevsv@susu.ru. ORCID 0000-0001-7868-4295
ʅʫʨʢʝʥʦʚ ɸʥʪʦʥ ʍʘʣʠʣʝʚʠʯ – ʢʘʥʜʠʜʘʪ ʪʝʭʥʠʯʝʩʢʠʭ ʥʘʫʢ, ʜʦʮʝʥʪ,
ʖʞʥʦ-ʋʨʘʣʴʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ (ʅʀʋ), ʏʝʣʷʙʠʥʩʢ, ʈʦʩʩʠʷ.
ɽmail: nurkenovah@susu.ru. ORCID 0000-0002-5832-031X
ɹʘʪʫʝʚ ɺʠʢʪʦʨ ɺʠʢʪʦʨʦʚʠʯ – ʢʘʥʜʠʜʘʪ ʪʝʭʥʠʯʝʩʢʠʭ ʥʘʫʢ, ʜʦʮʝʥʪ,
ʖʞʥʦ-ʋʨʘʣʴʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ (ʅʀʋ), ʏʝʣʷʙʠʥʩʢ, ʈʦʩʩʠʷ.
ɽmail: batuevvv@susu.ru. ORCID 0000-0001-9969-4310
ʉʝʨʛʝʝʚ ʖʨʠʡ ʉʝʨʛʝʝʚʠʯ – ʢʘʥʜʠʜʘʪ ʪʝʭʥʠʯʝʩʢʠʭ ʥʘʫʢ, ʜʦʮʝʥʪ,
ʖʞʥʦ-ʋʨʘʣʴʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ (ʅʀʋ), ʏʝʣʷʙʠʥʩʢ, ʈʦʩʩʠʷ.
ɽmail: sergeevys@susu.ru. ORCID 0000-0003-1028-8346
ʅʝʩʪʝʨʶʢ ɽʛʦʨ ɺʣʘʜʠʤʠʨʦʚʠʯ – ʘʩʧʠʨʘʥʪ,
ʖʞʥʦ-ʋʨʘʣʴʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ (ʅʀʋ), ʏʝʣʷʙʠʥʩʢ, ʈʦʩʩʠʷ.
ɽmail: e1g9o9r@mail.ru. ORCID 0000-0001-6955-7702



ʊɽʍʅʆʃʆɻʀʀ ʆɹʈɸɹʆʊʂʀ ʄɸʊɽʈʀɸʃʆɺ

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––   ɺʝʩʪʥʠʢ ʄɻʊʋ ʠʤ. ɻ.ʀ. ʅʦʩʦʚʘ. 2023. ʊ.21. ˉ154

Viktor I. Guzeev – DrSc (Eng.), Professor,
South Ural State University (National Research University), Chelyabinsk, Russia.
ɽmail: guzeevvi@susu.ru. 0000-0002-8277-1217
Sergey V. Sergeev – PhD (Eng.), Professor,
South Ural State University (National Research University), Chelyabinsk, Russia.
ɽmail: sergeevsv@susu.ru. 0000-0001-7868-4295
Anton Kh. Nurkenov – PhD (Eng.), Associate Professor,
South Ural State University (National Research University), Chelyabinsk, Russia.
ɽmail: nurkenovah@susu.ru. 0000-0002-5832-031X
Viktor V. Batuev – PhD (Eng.), Associate Professor,
South Ural State University (National Research University), Chelyabinsk, Russia.
ɽmail: batuevvv@susu.ru. ORCID 0000-0001-9969-4310
Yury S. Sergeev – PhD (Eng.), Associate Professor,
South Ural State University (National Research University), Chelyabinsk, Russia.
ɽmail: sergeevys@susu.ru. ORCID 0000-0003-1028-8346
Egor V. Nesteryuk – postgraduate student,
South Ural State University (National Research University), Chelyabinsk, Russia.
ɽmail: e1g9o9r@mail.ru. ORCID 0000-0001-6955-7702



ʉʳʟʨʘʥʮʝʚ ɺ.ʅ., ʉʪʘʨʠʢʦʚ ɸ.ʀ.

www.vestnik.magtu.ru        –––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 55

ISSN 1995-2732 (Print), 2412-9003 (Online)
ʋɼʂ 621.833.2(31)
DOI: 10.18503/1995-2732-2023-21-1-55-64

ɻɽʆʄɽʊʈʀʗ ʈɽɿʎʆɺʆʁ ɻʆʃʆɺʂʀ ɼʃʗ ʄʆɼʀʌʀʂɸʎʀʀ
ʇʈʆʌʀʃʗ ɸʈʆʏʅʓʍ ɿʋɹʔɽɺ ʎʀʃʀʅɼʈʀʏɽʉʂʀʍ ʂʆʃɽʉ

ʉʳʟʨʘʥʮʝʚ ɺ.ʅ., ʉʪʘʨʠʢʦʚ ɸ.ʀ.

ʊʶʤʝʥʩʢʠʡ ʠʥʜʫʩʪʨʠʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʊʶʤʝʥʴ, ʈʦʩʩʠʷ

ɸʥʥʦʪʘʮʠʷ. ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ (ʘʢʪʫʘʣʴʥʦʩʪʴ ʨʘʙʦʪʳ). ʇʨʠʤʝʥʝʥʠʝ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʧʝʨʝʜʘʯ ʩ ʘʨʦʯʥʳʤʠ
ʟʫʙʴʷʤʠ ʚ ʧʨʠʚʦʜʘʭ ʣʦʢʦʤʦʪʠʚʦʚ, ʙʦʨʪʦʚʳʭ ʨʝʜʫʢʪʦʨʦʚ, ʚʝʨʭʥʠʭ ʧʨʠʚʦʜʦʚ ʙʫʨʦʚʳʭ ʫʩʪʘʥʦʚʦʢ ʧʦʟʚʦʣʷʝʪ ʢʨʘʪ-
ʥʦ ʫʚʝʣʠʯʠʪʴ ʨʝʩʫʨʩ ʨʘʙʦʪʳ ʧʝʨʝʜʘʯ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʨʷʤʦʟʫʙʳʤʠ ʠ ʢʦʩʦʟʫʙʳʤʠ ʢʦʣʝʩʘʤʠ. ʂ ʥʘʩʪʦʷʱʝʤʫ ʚʨʝ-
ʤʝʥʠ ʧʨʝʜʣʦʞʝʥʦ ʧʦʣʪʦʨʘ ʜʝʩʷʪʢʘ ʩʧʦʩʦʙʦʚ ʠʟʛʦʪʦʚʣʝʥʠʷ ʘʨʦʯʥʳʭ ʟʫʙʴʝʚ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʢʦʣʝʩ, ʦʪʣʠʯʘʶʱʠʭ-
ʩʷ ʠʥʩʪʨʫʤʝʥʪʘʤʠ ʠ ʜʚʠʞʝʥʠʷʤʠ ʬʦʨʤʦʦʙʨʘʟʦʚʘʥʠʷ. ʅʘʠʙʦʣʴʰʠʝ ʧʝʨʩʧʝʢʪʠʚʳ ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʦʩʚʦʝʥʠʷ ʧʨʦ-
ʠʟʚʦʜʩʪʚʘ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʧʝʨʝʜʘʯ ʩ ʘʨʦʯʥʳʤʠ ʟʫʙʴʷʤʠ ʠʤʝʝʪ ʩʧʦʩʦʙ ʥʘʨʝʟʘʥʠʷ ʘʨʦʯʥʳʭ ʟʫʙʴʝʚ ʨʝʟʮʦʚʳʤʠ
ʛʦʣʦʚʢʘʤʠ ʤʝʪʦʜʦʤ ʧʨʝʨʳʚʠʩʪʦʛʦ ʜʝʣʝʥʠʷ ʥʘ ʩʪʘʥʢʘʭ ʏʇʋ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʢʠʥʝʤʘʪʠʯʝʩʢʠʭ ʭʘ-
ʨʘʢʪʝʨʠʩʪʠʢ ʧʝʨʝʜʘʯ, ʟʫʙʴʷ ʢʦʪʦʨʳʭ ʥʘʨʝʟʘʥʳ ʜʘʥʥʳʤ ʩʧʦʩʦʙʦʤ, ʧʨʠ ʨʘʙʦʪʝ ʚ ʫʩʣʦʚʠʷʭ ʥʘʣʠʯʠʷ ʧʦʛʨʝʰʥʦʩʪʝʡ,
ʧʦʢʘʟʘʣʠ, ʯʪʦ ʬʫʥʢʮʠʷ ʧʦʣʦʞʝʥʠʷ ʠʤʝʝʪ ʧʠʣʦʦʙʨʘʟʥʫʶ ʬʦʨʤʫ ʠ ʟʫʙʴʷ ʚʭʦʜʷʪ ʚ ʟʘʮʝʧʣʝʥʠʝ ʩ ʫʜʘʨʦʤ. ɼʣʷ ʦʙʝʩ-
ʧʝʯʝʥʠʷ ʧʨʠʙʣʠʞʝʥʥʦʛʦ ʭʘʨʘʢʪʝʨʘ ʟʘʮʝʧʣʝʥʠʷ ʥʝʦʙʭʦʜʠʤʦ ʚʳʧʦʣʥʷʪʴ ʧʨʦʬʠʣʴʥʫʶ ʤʦʜʠʬʠʢʘʮʠʶ ʧʦʚʝʨʭʥʦʩʪʠ
ʟʫʙʘ ʧʫʪʝʤ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʨʝʟʮʦʚʦʡ ʛʦʣʦʚʢʠ ʩ ʙʦʣʝʝ ʩʣʦʞʥʦʡ, ʥʝʞʝʣʠ ʧʨʷʤʦʡ ʢʨʫʛʦʚʦʡ ʢʦʥʫʩ, ʧʨʦʠʟʚʦʜʷʱʝʡ
ʧʦʚʝʨʭʥʦʩʪʴʶ. ʀʩʧʦʣʴʟʫʝʤʳʝ ʤʝʪʦʜʳ. ʈʘʟʨʘʙʦʪʢʘ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʧʨʦʠʟʚʦʜʷʱʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʨʝʟʮʦ-
ʚʦʡ ʛʦʣʦʚʢʠ ʠ ʬʦʨʤʫʣ ʜʣʷ ʨʘʩʯʝʪʘ ʝʝ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚʳʧʦʣʥʝʥʘ ʥʘ ʦʩʥʦʚʝ ʤʝʪʦʜʦʚ ʜʠʬʬʝʨʝʥ-
ʮʠʘʣʴʥʦʡ ʛʝʦʤʝʪʨʠʠ ʠ ʤʝʪʦʜʦʚ ʪʝʦʨʠʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʟʫʙʯʘʪʳʭ ʟʘʮʝʧʣʝʥʠʡ. ʅʦʚʠʟʥʘ. ɼʣʷ ʢʨʫʛʦʚʦʡ ʨʝʟʮʦ-
ʚʦʡ ʛʦʣʦʚʢʠ ʩ ʧʨʦʠʟʚʦʜʷʱʝʡ ʧʦʚʝʨʭʥʦʩʪʴʶ ʚ ʚʠʜʝ ʦʜʥʦʧʦʣʦʩʪʥʦʛʦ ʛʠʧʝʨʙʦʣʦʠʜʘ ʧʦʣʫʯʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʜʣʷ
ʢʦʦʨʜʠʥʘʪ ʨʘʜʠʫʩ-ʚʝʢʪʦʨʘ ʠ ʦʨʪʘ ʥʦʨʤʘʣʠ, ʛʣʘʚʥʳʭ ʢʨʠʚʠʟʥ ʪʦʯʝʢ ʧʦʚʝʨʭʥʦʩʪʠ. ʈʝʟʫʣʴʪʘʪ. ʈʘʟʨʘʙʦʪʘʥʥʘʷ ʤʘ-
ʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʧʨʦʠʟʚʦʜʷʱʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʨʝʟʮʦʚʦʡ ʛʦʣʦʚʢʠ ʧʦʟʚʦʣʷʝʪ ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʚʦʛʥʫʪʦʡ ʩʪʦʨʦʥʳ
ʘʨʦʯʥʦʛʦ ʟʫʙʘ ʮʠʣʠʥʜʨʠʯʝʩʢʦʛʦ ʢʦʣʝʩʘ ʚʳʧʦʣʥʷʪʴ ʤʦʜʠʬʠʢʘʮʠʶ ʧʨʦʬʠʣʷ ʘʨʦʯʥʳʭ ʟʫʙʴʝʚ ʢʦʣʝʩ ʢʘʢ ʜʣʷ ʦʙʢʘʪ-
ʥʦʛʦ, ʪʘʢ ʠ ʧʦʣʫʦʙʢʘʪʥʦʛʦ ʚʘʨʠʘʥʪʘ ʧʝʨʝʜʘʯ. ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʢʨʫʛʦʚʳʭ ʨʝʟʮʦʚʳʭ
ʛʦʣʦʚʦʢ ʩ ʧʨʦʠʟʚʦʜʷʱʝʡ ʧʦʚʝʨʭʥʦʩʪʴʶ ʚ ʚʠʜʝ ʦʜʥʦʧʦʣʦʩʪʥʦʛʦ ʛʠʧʝʨʙʦʣʦʠʜʘ ʧʦʟʚʦʣʷʝʪ ʧʫʪʝʤ ʤʦʜʠʬʠʢʘʮʠʠ
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ʜʘʯʝ ʧʨʠʙʣʠʞʝʥʥʳʡ ʭʘʨʘʢʪʝʨ ʟʘʮʝʧʣʝʥʠʷ ʘʨʦʯʥʳʭ ʟʫʙʴʝʚ.
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CUTTER HEAD GEOMETRY TO MODIFY THE CYLINDRICAL
WHEEL ARC TEETH PROFILE

Syzrantsev V.N., Starikov A.I.

Tyumen Industrial University, Tyumen, Russia

Abstract. Problem Statement (Relevance). The use of cylindrical gears with arc teeth in locomotive drives, final reduction
gears, and upper drives of drilling rigs makes it possible to increase manifold the service life of gears in comparison with
spur and helical gears. There are currently proposed ten and a half methods of manufacturing arc teeth of cylindrical gears,
differing in tools and shaping movements. A method of cutting arc teeth with cutter heads using the irregular division meth-
od on CNC machines is most advanced for industrial manufacturing of cylindrical gears with arc teeth. At the same time,
studies on kinematic characteristics of gears, whose teeth are cut in this way, when working under conditions of errors, have
shown that the position function has a sawtooth shape, and the teeth clash when meshing. To ensure approximate gearing, it
is necessary to perform a profile modification of the tooth flank by using a cutter head with a more complex generating sur-
face, rather than a right circular cone. Methods Applied. A mathematical model of the cutter head generating surface and
formulae for calculating its geometric characteristics were developed by applying differential geometry and spatial gearing
theory methods. Originality. The authors obtained dependence for coordinates of a radius vector and a unit normal vector,
principal curvature of surface points, for the arc cutter head with the generating surface as the one-sheet hyperboloid. Result.
The developed mathematical model of the cutter head generating surface contributes to modifying the gear arc teeth profile
for both generating gear and gearing with rectilinear flank toothing options, when processing the concave side of the arc
tooth. Practical Relevance. The use of circular cutter heads with a one-sheet hyperboloid generating surface ensures ap-
proximate gearing by modifying the arc tooth profile subject to errors in the gear and pinion relative position.
Keywords: cylindrical gears, cutter head, arc teeth, profile modification
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ɺʚʝʜʝʥʠʝ

ʕʢʩʧʣʫʘʪʘʮʠʷ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʟʫʙʯʘʪʳʭ ʧʝ-
ʨʝʜʘʯ ʵʥʝʨʛʦʥʘʩʳʱʝʥʥʳʭ ʤʘʰʠʥ ʭʘʨʘʢʪʝʨʠʟʫ-
ʶʪʩʷ ʢʘʢ ʰʠʨʦʢʠʤ ʩʧʝʢʪʨʦʤ ʧʝʨʝʜʘʚʘʝʤʦʡ
ʚʥʝʰʥʝʡ ʥʘʛʨʫʟʢʠ, ʪʘʢ ʠ ʩʫʱʝʩʪʚʝʥʥʳʤʠ ʦʪʢʣʦ-
ʥʝʥʠʷʤʠ ʧʦʣʦʞʝʥʠʷ ʟʫʙʴʝʚ ʢʦʣʝʩ ʚ ʟʘʮʝʧʣʝʥʠʠ
ʦʪ ʥʦʤʠʥʘʣʴʥʦʛʦ, ʚʳʟʚʘʥʥʳʭ ʜʝʬʦʨʤʘʮʠʷʤʠ
ʵʣʝʤʝʥʪʦʚ ʢʦʨʧʫʩʘ ʠ ʧʝʨʝʜʘʯ. ɺ ʵʪʠʭ ʫʩʣʦʚʠʷʭ
ʧʨʷʤʦʟʫʙʳʝ, ʢʦʩʦʟʫʙʳʝ ʠ ʰʝʚʨʦʥʥʳʝ ʮʠʣʠʥʜʨʠ-
ʯʝʩʢʠʝ ʧʝʨʝʜʘʯʠ ʪʨʝʙʫʝʤʫʶ ʥʘʛʨʫʟʦʯʥʫʶ ʩʧʦ-
ʩʦʙʥʦʩʪʴ ʠ ʨʝʩʫʨʩ ʥʝ ʦʙʝʩʧʝʯʠʚʘʶʪ. ʈʝʰʝʥʠʝʤ
ʜʘʥʥʦʡ ʧʨʦʙʣʝʤʳ ʷʚʣʷʝʪʩʷ ʧʝʨʝʭʦʜ ʥʘ ʧʝʨʝʜʘʯʠ,
ʟʫʙʴʷ ʢʦʪʦʨʳʭ ʚ ʧʨʦʜʦʣʴʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʠʤʝʶʪ
ʘʨʦʯʥʫʶ ʬʦʨʤʫ (ʨʠʩ. 1, ʘ). ɺ ʨʝʟʫʣʴʪʘʪʝ ʙʦʣʝʝ
ʚʳʩʦʢʦʡ ʠʟʛʠʙʥʦʡ ʧʨʦʯʥʦʩʪʠ ʘʨʦʯʥʳʭ ʟʫʙʴʝʚ,
ʚʦʟʤʦʞʥʦʩʪʠ ʢʦʤʧʝʥʩʘʮʠʠ ʥʝʛʘʪʠʚʥʦʛʦ ʚʣʠʷʥʠʷ
ʫʛʣʘ ʧʝʨʝʢʦʩʘ ʠ ʥʝʧʘʨʘʣʣʝʣʴʥʦʩʪʠ ʧʫʪʝʤ ʦʧʨʝ-
ʜʝʣʝʥʥʦʡ ʩʘʤʦʫʩʪʘʥʦʚʢʠ ʢʦʣʝʩ ʧʨʠ ʧʝʨʝʜʘʯʝ
ʥʘʛʨʫʟʢʠ ʜʦʣʛʦʚʝʯʥʦʩʪʴ ʧʝʨʝʜʘʯ ʩ ʘʨʦʯʥʳʤʠ
ʟʫʙʴʷʤʠ ʢʘʢ ʧʦ ʢʦʥʪʘʢʪʥʦʡ, ʪʘʢ ʠ ʠʟʛʠʙʥʦʡ ʚʳ-
ʥʦʩʣʠʚʦʩʪʠ ʤʦʞʝʪ ʙʳʪʴ ʢʨʘʪʥʦ ʫʚʝʣʠʯʝʥʘ.

ɺ ʧʦʩʣʝʜʥʠʝ ʥʝʩʢʦʣʴʢʦ ʜʝʩʷʪʠʣʝʪʠʡ ʠʩʩʣʝ-
ʜʦʚʘʥʠʝʤ ʩʧʦʩʦʙʦʚ ʠʟʛʦʪʦʚʣʝʥʠʷ ʘʨʦʯʥʳʭ ʟʫʙʴʝʚ
ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʢʦʣʝʩ, ʛʝʦʤʝʪʨʠʝʡ ʠʭ ʟʘʮʝʧʣʝ-

ʥʠʷ ʠ ʨʘʩʯʝʪʦʤ ʥʘʛʨʫʟʦʯʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʟʘ ʨʫ-
ʙʝʞʦʤ ʟʘʥʠʤʘʶʪʩʷ ʫʯʝʥʳʝ ʨʘʟʣʠʯʥʳʭ ʩʪʨʘʥ
[1-4]. ʂ ʥʘʩʪʦʷʱʝʤʫ ʚʨʝʤʝʥʠ ʧʨʝʜʣʦʞʝʥʦ ʙʦʣʝʝ
ʜʝʩʷʪʢʘ ʩʧʦʩʦʙʦʚ ʬʦʨʤʦʦʙʨʘʟʦʚʘʥʠʷ ʘʨʦʯʥʳʭ
ʟʫʙʴʝʚ, ʦʪʣʠʯʘʶʱʠʭʩʷ ʬʦʨʤʦʦʙʨʘʟʫʶʱʠʤʠ ʜʚʠ-
ʞʝʥʠʷʤʠ ʠ ʧʨʠʤʝʥʷʝʤʳʤʠ ʠʥʩʪʨʫʤʝʥʪʘʤʠ [1, 3].
ʆʩʦʙʝʥʥʦ ʰʠʨʦʢ ʧʝʨʝʯʝʥʴ ʩʪʘʪʝʡ ʢʠʪʘʡʩʢʠʭ
ʫʯʝʥʳʭ, ʛʜʝ ʠʩʩʣʝʜʦʚʘʥʠʝʤ ʧʝʨʝʜʘʯ ʩ ʘʨʦʯʥʳʤʠ
ʟʫʙʴʷʤʠ ʟʘʥʠʤʘʶʪʩʷ ʚ ʥʝʩʢʦʣʴʢʠʭ ʫʥʠʚʝʨʩʠʪʝ-
ʪʘʭ [5-11]. ɺ ʉʉʉʈ, ʥʘʯʠʥʘʷ ʩʦ ʚʪʦʨʦʡ ʧʦʣʦʚʠʥʳ
ʧʨʦʰʣʦʛʦ ʚʝʢʘ, ʠ ʚ ʜʘʣʴʥʝʡʰʝʤ ʚ ʈʌ ʧʦ ʥʘʩʪʦʷ-
ʱʝʝ ʚʨʝʤʷ ʦʪʝʯʝʩʪʚʝʥʥʳʤʠ ʫʯʝʥʳʤʠ ʚʳʧʦʣʥʷ-
ʶʪʩʷ ʢʦʤʧʣʝʢʩʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʮʠʣʠʥʜʨʠʯʝ-
ʩʢʠʭ ʧʝʨʝʜʘʯ [1, 2, 12-15].

ʅʘʠʙʦʣʴʰʠʝ ʧʝʨʩʧʝʢʪʠʚʳ ʚʥʝʜʨʝʥʠʷ ʚ ʧʨʦ-
ʠʟʚʦʜʩʪʚʦ ʠʤʝʝʪ ʩʧʦʩʦʙ ʥʘʨʝʟʘʥʠʷ ʘʨʦʯʥʳʭ
ʟʫʙʴʝʚ ʢʨʫʛʦʚʦʡ ʨʝʟʮʦʚʦʡ ʛʦʣʦʚʢʦʡ ʤʝʪʦʜʦʤ ʦʙ-
ʢʘʪʘ ʩ ʝʜʠʥʠʯʥʳʤ ʜʝʣʝʥʠʝʤ (ʨʠʩ. 1, ʙ) [1, 2, 13].
ɺ ʵʪʦʤ ʩʧʦʩʦʙʝ ʧʦʩʪʫʧʘʪʝʣʴʥʦʝ ʜʚʠʞʝʥʠʝ 0V
ʠʥʩʪʨʫʤʝʥʪʘ ʩʦʛʣʘʩʦʚʘʥʦ ʩ ʚʨʘʱʝʥʠʝʤ ɤk  ʟʘʛʦ-

ʪʦʚʢʠ, ʜʝʣʝʥʠʝ ʧʨʝʨʳʚʠʩʪʦʝ. ʇʦʜʘʯʘ ʚʨʝʟʘʥʠʷ sV
ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʟʘ ʩʯʝʪ ʦʩʝʚʦʛʦ ʧʝʨʝʤʝʱʝʥʠʷ
ʠʥʩʪʨʫʤʝʥʪʘ, ʘ ʩʢʦʨʦʩʪʴ ʨʝʟʘʥʠʷ ʚʝʣʠʯʠʥʦʡ 0ɤ .
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ʈʠʩ. 1. ʇʝʨʝʜʘʯʠ ʩ ʘʨʦʯʥʳʤʠ ʟʫʙʴʷʤʠ (ʘ) ʠ ʨʘʩʯʝʪʥʘʷ ʩʭʝʤʘ ʥʘʨʝʟʘʥʠʷ ʟʫʙʴʝʚ ʨʝʟʮʦʚʦʡ ʛʦʣʦʚʢʦʡ (ʙ)
Fig. 1. Gears with arc teeth (ʘ) and the design diagram of toothing with a cutter head (ʙ)

ʇʦ ʘʥʘʣʦʛʠʠ ʩ ʢʦʥʠʯʝʩʢʠʤʠ ʧʝʨʝʜʘʯʘʤʠ ʵʪʠʤ
ʩʧʦʩʦʙʦʤ ʤʦʛʫʪ ʙʳʪʴ ʠʟʛʦʪʦʚʣʝʥʳ ʧʦʣʫʦʙʢʘʪʥʳʝ
ʮʠʣʠʥʜʨʠʯʝʩʢʠʝ ʧʝʨʝʜʘʯʠ, ʢʦʛʜʘ ʢʦʣʝʩʦ ʥʘʨʝʟʘ-
ʝʪʩʷ ʙʝʟ ʦʙʢʘʪʢʠ, ʤʝʪʦʜʦʤ ʢʦʧʠʨʦʚʘʥʠʷ [12, 15].
ɺ ʨʘʙʦʪʘʭ ʢʘʢ ʦʪʝʯʝʩʪʚʝʥʥʳʭ [1, 2, 13], ʪʘʢ ʠ ʟʘ-
ʨʫʙʝʞʥʳʭ ʫʯʝʥʳʭ [3, 4, 11, 16] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʦʙ-
ʨʘʙʦʪʢʘ ʘʨʦʯʥʳʭ ʟʫʙʴʝʚ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʢʦʣʝʩ
ʜʘʥʥʳʤ ʩʧʦʩʦʙʦʤ ʚʦʟʤʦʞʥʘ ʥʘ ʯʝʪʳʨʝʭʢʦʦʨʜʠ-
ʥʘʪʥʳʭ ʩʪʘʥʢʘʭ ʩ ʯʠʩʣʦʚʳʤ ʧʨʦʛʨʘʤʤʥʳʤ
ʫʧʨʘʚʣʝʥʠʝʤ. ʇʨʠʤʝʥʷʝʤʳʝ ʚ ʩʧʦʩʦʙʝ ʨʝʟʮʦʚʳʝ
ʛʦʣʦʚʢʠ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʧʨʠ ʥʘʨʝʟʘʥʠʠ
ʢʨʫʛʦʚʳʭ ʟʫʙʴʝʚ ʢʦʥʠʯʝʩʢʠʭ ʢʦʣʝʩ, ʪʝʭʥʦʣʦʛʠʷ
ʠʭ ʠʟʛʦʪʦʚʣʝʥʠʷ ʠ ʢʦʥʪʨʦʣʷ ʭʦʨʦʰʦ ʦʪʨʘʙʦʪʘʥʘ.

ʋʯʠʪʳʚʘʷ ʚʳʰʝʦʪʤʝʯʝʥʥʦʝ ʩ ʧʦʟʠʮʠʡ ʨʝʘʣʠ-
ʟʘʮʠʠ, ʜʘʥʥʳʡ ʩʧʦʩʦʙ ʠʤʝʝʪ ʟʥʘʯʠʤʳʝ ʪʝʭʥʦʣʦ-
ʛʠʯʝʩʢʠʝ ʧʨʝʠʤʫʱʝʩʪʚʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʨʫʛʠʤʠ
ʩʧʦʩʦʙʘʤʠ ʥʘʨʝʟʘʥʠʷ ʘʨʦʯʥʳʭ ʟʫʙʴʝʚ ʮʠʣʠʥʜʨʠ-
ʯʝʩʢʠʭ ʢʦʣʝʩ [1, 3]. ʇʨʦʙʣʝʤʳ ʩʧʦʩʦʙʘ ʟʘʢʣʶʯʘ-
ʶʪʩʷ ʚ ʜʨʫʛʦʤ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ
ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʟʘʮʝʧʣʝʥʠʷ ʘʨʦʯʥʳʭ ʟʫʙʴʝʚ, ʥʘʨʝ-
ʟʘʥʥʳʭ ʢʨʫʛʦʚʳʤʠ ʨʝʟʮʦʚʳʤʠ ʛʦʣʦʚʢʘʤʠ, ʧʦʢʘ-
ʟʘʣʠ, ʯʪʦ ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ ʧʦʛʨʝʰʥʦʩʪʝʡ ʠʟʛʦʪʦʚ-
ʣʝʥʠʷ ʠ ʩʙʦʨʢʠ ʢʦʣʝʩʘ ʠ ʰʝʩʪʝʨʥʠ ʧʝʨʝʜʘʯʠ ʷʚ-
ʣʷʶʪʩʷ ʩʦʧʨʷʞʝʥʥʳʤʠ. ʉʠʪʫʘʮʠʷ ʠʟʤʝʥʷʝʪʩʷ
ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʢʘʢ ʜʣʷ ʦʙʢʘʪʥʳʭ, ʪʘʢ ʠ ʧʦʣʫʦʙ-
ʢʘʪʥʳʭ ʧʝʨʝʜʘʯ ʚ ʩʣʫʯʘʝ ʠʭ ʨʘʙʦʪʳ ʚ ʫʩʣʦʚʠʷʭ
ʦʪʢʣʦʥʝʥʠʡ ʢʦʣʝʩʘ ʠ ʰʝʩʪʝʨʥʠ ʦʪ ʥʦʤʠʥʘʣʴʥʳʭ
ʧʦʣʦʞʝʥʠʡ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʦʪʦʨʳʭ ʘʢʪʠʚʥʘʷ ʜʝʡ-
ʩʪʚʫʶʱʘʷ ʣʠʥʠʷ ʟʘʮʝʧʣʝʥʠʷ ʘʨʦʯʥʳʭ ʟʫʙʴʝʚ

ʩʣʫʯʘʡʥʳʤ ʦʙʨʘʟʦʤ ʩʤʝʱʘʝʪʩʷ ʠʟ ʩʨʝʜʥʝʛʦ ʩʝʯʝ-
ʥʠʷ ʟʫʙʘ. ʇʝʨʝʜʘʪʦʯʥʘʷ ʬʫʥʢʮʠʷ ʧʨʠʦʙʨʝʪʘʝʪ
ʧʠʣʦʦʙʨʘʟʥʫʶ ʬʦʨʤʫ, ʧʝʨʝʜʘʯʘ ʩʪʘʥʦʚʠʪʩʷ ʥʝ-
ʩʦʧʨʷʞʝʥʥʦʡ ʠ ʟʫʙʴʷ ʚ ʟʘʮʝʧʣʝʥʠʝ ʚʭʦʜʷʪ ʩ ʫʜʘ-
ʨʦʤ. ʇʦʜʦʙʥʘʷ ʩʠʪʫʘʮʠʷ ʠʟʚʝʩʪʥʘ ʚ ʢʦʥʠʯʝʩʢʠʭ
ʧʝʨʝʜʘʯʘʭ ʠ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʠʭ ʨʘʙʦʪʦʩʧʦʩʦʙ-
ʥʦʩʪʠ ʧʫʪʝʤ ʨʝʘʣʠʟʘʮʠʠ ʧʨʠʙʣʠʞʝʥʥʦʛʦ ʭʘʨʘʢ-
ʪʝʨʘ ʟʘʮʝʧʣʝʥʠʷ ʟʫʙʴʝʚ ʥʝʦʙʭʦʜʠʤʦ ʨʝʰʘʪʴ ʟʘ-
ʜʘʯʫ ʩʠʥʪʝʟʘ ʛʝʦʤʝʪʨʠʠ ʧʦʚʝʨʭʥʦʩʪʝʡ ʢʨʫʛʦʚʳʭ
ʟʫʙʴʝʚ [14]. ɺʦʟʤʦʞʥʦʩʪʠ ʠʟʤʝʥʝʥʠʷ ʛʝʦʤʝʪʨʠʠ
ʘʨʦʯʥʳʭ ʟʫʙʴʝʚ ʚ ʨʘʤʢʘʭ ʩʧʦʩʦʙʘ ʬʦʨʤʦʦʙʨʘʟʦ-
ʚʘʥʠʷ ʘʨʦʯʥʳʭ ʟʫʙʴʝʚ ʨʝʟʮʦʚʳʤʠ ʛʦʣʦʚʢʘʤʠ
ʧʨʘʢʪʠʯʝʩʢʠ ʦʪʩʫʪʩʪʚʫʶʪ. ɼʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ
ʥʝʦʙʭʦʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʙʦʣʝʝ ʩʣʦʞʥʫʶ, ʥʝʞʝ-
ʣʠ ʧʨʷʤʦʡ ʢʨʫʛʦʚʦʡ ʢʦʥʫʩ, ʧʨʦʠʟʚʦʜʷʱʫʶ ʧʦ-
ʚʝʨʭʥʦʩʪʴ ʨʝʟʮʦʚʦʡ ʛʦʣʦʚʢʠ.

ʎʝʣʴ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʦʣʫ-
ʯʝʥʠʠ ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʜʣʷ ʨʘʩʯʝʪʘ
ʧʨʦʝʢʮʠʡ ʢʦʦʨʜʠʥʘʪ ʨʘʜʠʫʩʘ ʚʝʢʪʦʨʘ ʠ ʦʨʪʘ ʥʦʨ-
ʤʘʣʠ ʧʨʦʠʟʚʦʜʷʱʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʨʝʟʮʦʚʦʡ ʛʦʣʦʚ-
ʢʠ, ʧʦʟʚʦʣʷʶʱʝʡ ʚ ʨʘʤʢʘʭ ʠʩʩʣʝʜʫʝʤʦʛʦ ʩʧʦʩʦʙʘ
ʥʘʨʝʟʘʥʠʷ ʘʨʦʯʥʳʭ ʟʫʙʴʝʚ ʦʙʝʩʧʝʯʠʪʴ ʧʨʠʙʣʠ-
ʞʝʥʥʳʡ ʭʘʨʘʢʪʝʨ ʠʭ ʟʘʮʝʧʣʝʥʠʷ ʚʩʣʝʜʩʪʚʠʝ ʤʦ-
ʜʠʬʠʢʘʮʠʠ ʧʨʦʬʠʣʷ ʘʨʦʯʥʦʛʦ ʟʫʙʘ. ʆʧʨʝʜʝʣʝʥʠʝ
ʚʳʨʘʞʝʥʠʡ ʜʣʷ ʨʘʩʯʝʪʘ ʛʣʘʚʥʳʭ ʢʨʠʚʠʟʥ ʧʨʦʠʟ-
ʚʦʜʷʱʝʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʥʝʦʙʭʦʜʠʤʳʭ ʧʨʠ ʠʩʩʣʝ-
ʜʦʚʘʥʠʠ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʠ ʢʠʥʝʤʘʪʠʯʝʩʢʠʭ ʭʘ-
ʨʘʢʪʝʨʠʩʪʠʢ ʟʘʮʝʧʣʝʥʠʷ ʘʨʦʯʥʳʭ ʟʫʙʴʝʚ ʧʦʣʫʦʙ-
ʢʘʪʥʦʛʦ ʚʘʨʠʘʥʪʘ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʧʝʨʝʜʘʯʠ.
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ʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ

ʀʩʧʦʣʴʟʫʝʤʳʝ ʜʣʷ ʥʘʨʝʟʘʥʠʷ ʘʨʦʯʥʳʭ ʟʫʙʴʝʚ
ʢʦʣʝʩʘ ʢʨʫʛʦʚʳʝ ʨʝʟʮʦʚʳʝ ʛʦʣʦʚʢʠ ʩʦʜʝʨʞʘʪ
ʨʝʟʮʳ ʩ ʧʨʷʤʦʣʠʥʝʡʥʳʤʠ ʨʝʞʫʱʠʤʠ ʢʨʦʤʢʘʤʠ,
ʨʘʩʧʦʣʦʞʝʥʥʳʤʠ ʚ ʧʣʦʩʢʦʩʪʠ, ʧʨʦʭʦʜʷʱʝʡ ʯʝʨʝʟ
ʦʩʴ ʚʨʘʱʝʥʠʷ ʨʝʟʮʦʚʦʡ ʛʦʣʦʚʢʠ [1-3, 13]. ɼʣʷ
ʧʨʦʬʠʣʴʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʟʫʙʘ ʢʦ-
ʣʝʩʘ ʠʩʧʦʣʴʟʫʝʤ ʙʦʣʝʝ ʩʣʦʞʥʫʶ ʧʦʚʝʨʭʥʦʩʪʴ
ʦʜʥʦʧʦʣʦʩʪʥʳʡ ʛʠʧʝʨʙʦʣʦʠʜ, ʢʦʪʦʨʘʷ ʦʙʨʘʟʫʝʪ-
ʩʷ ʚʨʘʱʝʥʠʝʤ ʚʦʢʨʫʛ ʦʩʠ ʨʝʟʮʦʚʦʡ ʛʦʣʦʚʢʠ ʧʨʷ-
ʤʦʣʠʥʝʡʥʦʡ ʨʝʞʫʱʝʡ ʢʨʦʤʢʠ, ʨʘʩʧʦʣʦʞʝʥʥʦʡ ʚ
ʧʣʦʩʢʦʩʪʠ ʧʘʨʘʣʣʝʣʴʥʦʡ ʦʩʠ ʚʨʘʱʝʥʠʷ ʠ ʦʪʩʪʦ-
ʷʱʝʡ ʦʪ ʥʝʝ ʥʘ ʚʝʣʠʯʠʥʫ ŭ  (ʨʠʩ. 2).

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʧʨʦʝʢʮʠʡ ʢʦʦʨʜʠʥʘʪ
, ,ʨ ʨ ʨx y z  ʨʘʜʠʫʩ-ʚʝʢʪʦʨʘ ( ), ,ʨ ʨ ʨ ʨr x y z  ʧʨʦʠʟ-

ʚʦʜʷʱʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʚʦʩʧʦʣʴʟʫʝʤʩʷ ʤʘʪʨʠʯʥʳʤ
ʚʳʨʘʞʝʥʠʝʤ [12, 15]:

( ) ( ) ( ),, .ʨ kp kr u A r uJ J= !! !                  (1)

ɺ ʬʦʨʤʫʣʝ (1) ( )kr u! , ( ),ʨr u J!  – ʤʘʪʨʠʮʳ-
ʩʪʦʣʙʮʳ, ʩʦʩʪʘʚʣʝʥʥʳʝ ʠʟ ʢʦʦʨʜʠʥʘʪ ʩʦʦʪʚʝʪ-
ʩʪʚʝʥʥʦ ʨʘʜʠʫʩ-ʚʝʢʪʦʨʦʚ kr : ,kx u= 0,ky =

0,pz =  ʛʜʝ u  – ʣʠʥʝʡʥʳʡ ʧʘʨʘʤʝʪʨ ʧʨʷʤʦʣʠ-

ʥʝʡʥʦʡ ʢʨʦʤʢʠ, ʠ ʨr : , ,ʨ ʨ ʨx y z ; ( ),p kA J!  – ʤʘʪ-
ʨʠʮʘ ʧʝʨʝʭʦʜʘ ʯʝʪʚʝʨʪʦʛʦ ʧʦʨʷʜʢʘ, ʦʧʠʩʳʚʘʶ-
ʱʘʷ ʧʝʨʝʭʦʜ ʠʟ ʩʠʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪ ( , , )k k k kS x y z ,
ʞʝʩʪʢʦ ʩʚʷʟʘʥʥʦʡ ʩ ʨʝʞʫʱʝʡ ʢʨʦʤʢʦʡ, ʚ ʩʠʩʪʝʤʫ
ʢʦʦʨʜʠʥʘʪ ( , , )ʨ ʨ ʨ ʨS x y z , ʞʝʩʪʢʦ ʩʚʷʟʘʥʥʫʶ ʩ
ʨʝʟʮʦʚʦʡ ʛʦʣʦʚʢʦʡ, ʧʦʚʦʨʘʯʠʚʘʶʱʝʡʩʷ ʥʘ ʫʛʦʣ
J  (ʫʛʣʦʚʦʡ ʧʘʨʘʤʝʪʨ ʧʨʦʠʟʚʦʜʷʱʝʡ ʧʦʚʝʨʭʥʦ-
ʩʪʠ) ʚʦʢʨʫʛ ʦʩʠ ʨy  (ʩʤ. ʨʠʩ. 2).

ʈʠʩ. 2. ʉʠʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪ ʜʣʷ ʦʧʠʩʘʥʠʷ ʧʨʦʠʟʚʦʜʷʱʝʡ ʧʦʚʝʨʭʥʦʩʪʠ
Fig. 2. Coordinate systems used to describe the generating surface

ʅʘ ʦʩʥʦʚʘʥʠʠ ʧʦʩʪʨʦʝʥʠʡ ʥʘ ʨʠʩ. 2 ʤʘʪʨʠʮʘ ( ),p kA J!  ʠʤʝʝʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ:

( )

( )

( )

2

,
2

cos ;cos( ɚ)sin Ŭ; cos( ɚ)cosŬ; sin ɚ ;
cosŬ; sin Ŭ; 0; 0;

,
sin ;sin( ɚ)cosŬ; cos( ɚ);sin ɚ sin Ŭ;  

0; 0;0; 1;

g

p k
g

r

A
r

JJ J J

J
JJ JJ

-+ - + - +

=
-- + ++

!                     (2)

ʛʜʝ 2gr  – ʨʘʩʯʝʪʥʳʡ ʨʘʜʠʫʩ ʨʝʟʮʦʚʦʡ ʛʦʣʦʚʢʠ; ɚ  – ʫʛʦʣ ʨʘʟʚʦʨʦʪʘ ʧʣʦʩʢʦʩʪʠ, ʚ ʢʦʪʦʨʦʡ ʟʘʜʘʥʘ ʨʝ-

ʞʫʱʘʷ ʢʨʦʤʢʘ; ŭ  – ʩʤʝʱʝʥʠʝ ʧʣʦʩʢʦʩʪʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʨy .
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2

ŭɚ arcsin .
gr

å õ
= æ öæ ö

ç ÷
                    (3)

ʈʘʩʢʨʳʚʘʷ (1), ʥʘʡʜʝʤ:

( )

( )

2

2

cos ɚ sin Ŭ cos ;

cosŬ;

sin ɚ sinŬ sin .

p g

p

p g

x u r

y u

z u r

J J

J J

= + -

=

= + -

      (4)

ʇʨʠ ɚ 0=  ʧʦʚʝʨʭʥʦʩʪʴ (4) ʚʳʨʦʞʜʘʝʪʩʷ ʚ
ʧʦʚʝʨʭʥʦʩʪʴ ʧʨʷʤʦʛʦ ʢʨʫʛʦʚʦʛʦ ʢʦʥʫʩʘ ʩ ʫʛʣʦʤ

0Ŭ Ŭ= , 0Ŭ  – ʫʛʦʣ ʠʩʭʦʜʥʦʛʦ ʧʨʦʠʟʚʦʜʷʱʝʛʦ
ʢʦʥʪʫʨʘ.

ʆʧʨʝʜʝʣʠʤ ʪʝʢʫʱʠʡ ʨʘʜʠʫʩ ʧʦʚʝʨʭʥʦʩʪʠ
ʚʨʘʱʝʥʠʷ (4):

2 2

2 2 2
22sin Ŭ 2 sinŬcos ɚ ,

p p

gg

D x y

u ur r

= + =

= - +
      (5)

ʢʦʪʦʨʳʡ ʧʦʟʚʦʣʷʝʪ ʧʨʝʦʙʨʘʟʦʚʘʪʴ ʚʳʨʘʞʝʥʠʷ
(4) ʢ ʚʠʜʫ:

cos ;px D J= sinŬ;py u= sin .pz D J=       (6)

ɼʣʷ ʨʘʩʯʝʪʘ ʧʨʦʝʢʮʠʡ , , x y zn n n  ʥʦʨʤʘʣʠ ʧʦ-
ʚʝʨʭʥʦʩʪʠ (4) ʠʩʧʦʣʴʟʫʝʤ ʟʘʚʠʩʠʤʦʩʪʠ [12, 15]:

;

;

,

x pu p p pu

y pu p p pu

z pu p p pu

n y z y z

n x z x z

n x y x y

J J

J J

J J

= -

= - +

= -

                 (7)

ʛʜʝ ,pux ,puy ,puz ,px J ,py J pz J  – ʯʘʩʪʥʳʝ

ʧʨʦʠʟʚʦʜʥʳʝ ʚʳʨʘʞʝʥʠʡ (6) ʧʦ ʧʘʨʘʤʝʪʨʘʤ u  ʠ .J

2

2

sin Ŭ( sin Ŭ cos ɚ) cos
;

cos Ŭ;

sin Ŭ( sin Ŭ cos ɚ)sin
.

g
pu

pu

g
pu

u r
x

D
y

u r
z

D

J

J

-
=

=

-
=

          (8)

sin ;px DJ J= - 0;py J = cos .pz DJ J=      (9)

ʈʘʩʢʨʳʚʘʷ (7) ʥʘ ʦʩʥʦʚʝ (8), (9), ʫʩʪʘʥʦʚʠʤ:

2

cos cos ;
sin Ŭ( sin Ŭ cos ɚ);

cos Ŭsin .

x

y g

z

n D
n u r

n D

a J

J

=
= - -

=

     (10)

ʆʧʨʝʜʝʣʠʤ ʤʦʜʫʣʴ ʥʦʨʤʘʣʠ:

2 2 2

2 2
2 2( sinŬ cosɚ) ( cosŬsin ɚ) ,

x y z

g g

N n n n

u r r

= + + =

= - +
   (11)

ʫʯʠʪʳʚʘʷ ʢʦʪʦʨʳʡ, ʧʦ ʬʦʨʤʫʣʘʤ (10) ʧʦʣʫʯʠʤ
ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʦʨʪʘ ʥʦʨʤʘʣʠ ʧʦʚʝʨʭʥʦʩʪʠ (4):

2

cosŬcos ;

sinŬ( sinŬ cosɚ)
;

cosŬsin .

x

g
y

z

Dm
N

u r
m

N
Dm

N

J

J

=

- -
=

=

          (12)

ɺʚʝʜʝʤ ʦʙʦʟʥʘʯʝʥʠʷ:

2

cosŬcos ;

sinŬ( sinŬ cosɚ)
sin .g

D
N

u r
N

x

x

=

-
=

        (13)

ʕʪʠ ʚʳʨʘʞʝʥʠʷ ʧʦʟʚʦʣʷʶʪ ʜʣʷ ʦʨʪʘ ʥʦʨʤʘʣʠ
(12) ʧʦʣʫʯʠʪʴ ʟʘʚʠʩʠʤʦʩʪʠ:

cos cos ;
sin ;

cos sin .

x

y

z

m
m

m

x J
x

x J

=
= -

=

                   (14)

ɺ ʚʳʨʘʞʝʥʠʷʭ (13) ʠ (14) ʫʛʦʣ x  ʷʚʣʷʝʪʩʷ
ʧʝʨʝʤʝʥʥʳʤ ʫʛʣʦʤ ʧʨʦʬʠʣʷ ʧʨʦʠʟʚʦʜʷʱʝʡ ʧʦ-
ʚʝʨʭʥʦʩʪʠ ʨʝʟʮʦʚʦʡ ʛʦʣʦʚʢʠ (6). ɿʥʘʥʠʝ ʵʪʦʛʦ
ʫʛʣʘ ʧʦʟʚʦʣʷʝʪ ʚ ʣʶʙʦʡ ʪʝʢʫʱʝʡ ʪʦʯʢʝ M  ʧʦ-
ʚʝʨʭʥʦʩʪʠ (6) ʠʤʝʪʴ ʩʠʩʪʝʤʫ ʢʦʦʨʜʠʥʘʪ

)( , , ,M M M MS x y z  ʜʚʝ ʦʩʠ ʢʦʪʦʨʦʡ Mx  ʠ Mz
ʦʧʨʝʜʝʣʷʶʪ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ (6) ʛʣʘʚʥʳʝ
ʥʘʧʨʘʚʣʝʥʠʷ, ʘ ʦʩʴ My  ʥʘʧʨʘʚʣʝʥʘ ʧʦ ʥʦʨʤʘʣʠ
ʢ ʧʦʚʝʨʭʥʦʩʪʠ (6) (ʨʠʩ. 3). ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʩʠ-
ʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪ )( , , ,M M M MS x y z  ʧʦʟʚʦʣʷʝʪ
ʩʫʱʝʩʪʚʝʥʥʦ ʫʧʨʦʩʪʠʪʴ ʨʘʩʯʝʪ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ
ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦʚʝʨʭʥʦʩʪʝʡ ʘʨʦʯʥʳʭ ʟʫʙʴʝʚ.
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ʈʠʩ. 3. ʇʝʨʝʭʦʜʳ ʦʪ ʩʠʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪ )( , ,M M M MS x y z  ʢ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ ( , , )ʨ ʨ ʨ ʨS x y z

Fig. 3. Transitions from the coordinate system )( , ,M M M MS x y z  to the coordinate system ( , , )ʨ ʨ ʨ ʨS x y z

ɺʦʩʧʦʣʴʟʫʝʤʩʷ ʨʠʩ. 3, ʥʘ ʦʩʥʦʚʝ ʢʦʪʦʨʦʛʦ ʦʧʨʝʜʝʣʠʤ ʤʘʪʨʠʮʫ ʧʝʨʝʭʦʜʘ § ,M pA  ʦʪ ʩʠʩʪʝʤʳ ʢʦ-

ʦʨʜʠʥʘʪ ( , , )ʨ ʨ ʨ ʨS x y z  ʢ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ )( , , :M M M MS x y z

§ ( ),

cos sin ; cos ; sin sin ;  sin cos cos ;
cos cos ; sin ; sin cos ; cos cos sin ;

, .
sin ; 0; cos ; 0;
0; 0; 0; 1;

M pA

D u
D u

u

J x x J x x a x
J x x J x x a x

J
J J

Ö Ö Ö - Ö Ö
- Ö - Ö - Ö - Ö Ö

=
-

                  (15)

ɺʘʞʥʝʡʰʝʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʧʨʦʠʟʚʦʜʷʱʝʡ ʧʦ-
ʚʝʨʭʥʦʩʪʠ ʠʥʩʪʨʫʤʝʥʪʘ ʷʚʣʷʶʪʩʷ ʝʝ ʛʣʘʚʥʳʝ ʢʨʠ-
ʚʠʟʥʳ 1k  ʠ 2k . ʀʭ ʦʧʨʝʜʝʣʝʥʠʝ ʷʚʣʷʝʪʩʷ ʨʝʟʫʣʴʪʘ-
ʪʦʤ ʨʝʰʝʥʠʷ ʩʣʝʜʫʶʱʠʭ ʜʚʫʭ ʫʨʘʚʥʝʥʠʡ [12, 15]:

1 2
1 2k k D + D+ =

D
 ʠ 3

1 2 ,k k DÖ =
D

       (16)

ʛʜʝ ȹ, ȹ1, ȹ2, ȹ3 – ʦʧʨʝʜʝʣʠʪʝʣʠ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ.

1; ;
M M M M
pu p pu p
M M M M
pu p zu z

x x x x

z z m m
J J

J J

D = D =

2 3; ,
M M M M
xu x xu x
M M M M
pu p zu z

m m m m

z z m m
J J

J J

D = D =

ʵʣʝʤʝʥʪʳ ʢʦʪʦʨʳʭ M
pux , M

puz , M
px J , M

pz J  ʷʚʣʷʶʪ-

ʩʷ ʧʨʦʠʟʚʦʜʥʳʤʠ ʧʦ ʧʘʨʘʤʝʪʨʘʤ u  ʠ J  ʦʪ ʢʦ-
ʦʨʜʠʥʘʪ ʨʘʜʠʫʩ-ʚʝʢʪʦʨʘ (6) ʧʨʦʠʟʚʦʜʷʱʝʡ ʧʦ-

ʚʝʨʭʥʦʩʪʠ, ʧʝʨʝʧʠʩʘʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ʤʘʪʨʠʮʳ
(15) ʠʟ ʩʠʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪ ( , , )ʨ ʨ ʨ ʨS x y z  ʚ ʩʠ-

ʩʪʝʤʫ ʢʦʦʨʜʠʥʘʪ )( , ,M M M MS x y z ; M
xum , M

zum ,
M
xm J , M

zm J  – ʧʨʦʠʟʚʦʜʥʳʝ ʧʦ ʧʘʨʘʤʝʪʨʘʤ u  ʠ J
ʦʪ ʧʨʦʝʢʮʠʡ ʦʨʪʘ ʥʦʨʤʘʣʠ (14) ʧʨʦʠʟʚʦʜʷʱʝʡ
ʧʦʚʝʨʭʥʦʩʪʠ, ʧʝʨʝʧʠʩʘʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ʤʘʪʨʠ-
ʮʳ (15) ʠʟ ʩʠʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪ ( , , )ʨ ʨ ʨ ʨS x y z  ʚ

ʩʠʩʪʝʤʫ ʢʦʦʨʜʠʥʘʪ )( , , .M M M MS x y z
ʇʨʦʠʟʚʦʜʥʳʝ ʦʪ ʧʨʦʝʢʮʠʡ ʨʘʜʠʫʩ-ʚʝʢʪʦʨʘ

(6) ʠ ʧʨʦʝʢʮʠʡ ʦʨʪʘ ʥʦʨʤʘʣʠ (14) ʚ ʩʠʩʪʝʤʝ ʢʦ-
ʦʨʜʠʥʘʪ )( , ,M M M MS x y z  ʠʤʝʶʪ ʚʠʜ:

sin cos cosŬ; 0;

0; ; ;

0; 0; cos ,

M M
pu pu

M M M
p p xu

M M M
zu x z

ux D z

dx z D m
du

m m m

J J

J J

x x
x

x

= - Ö + Ö =

= = - = -

= = =

     (17)
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ʛʜʝ uD  – ʧʨʦʠʟʚʦʜʥʘʷ ʧʦ u  ʚʝʣʠʯʠʥʳ D  (5), ʘ
d
d u

x  – ʧʨʦʠʟʚʦʜʥʘʷ ʧʦ ʧʘʨʘʤʝʪʨʫ u  ʫʛʣʘ x  (13):

2

2
2

3

sinŬ ( sinŬ cosɚ)
,

( cosŬ sinɚ sinŬ)
.

g
u

g

u r
D

D
rd

du N
x

Ö Ö - Ö
=

Ö Ö Ö
=

          (18)

ʅʘ ʦʩʥʦʚʝ ʟʘʚʠʩʠʤʦʩʪʝʡ (17), (18) ʦʧʨʝʜʝ-
ʣʠʤ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʦʧʨʝʜʝʣʠʪʝʣʝʡ (16):

( )
( )1

2

3

sin cos cosŬ ;

sin cos cosŬ cos ;

;

cos .

u

u

D D

D

dD
du

d
du

x x

x x x
x

xx

D = -

D = - -

D =

D = -

       (19)

ʇʦʜʩʪʘʚʣʷʷ ʧʦʣʫʯʝʥʥʳʝ ʜʣʷ ȹ, ȹ1, ȹ2, ȹ3 ʟʘ-
ʚʠʩʠʤʦʩʪʠ (19) ʚ ʜʚʘ ʣʠʥʝʡʥʳʭ ʫʨʘʚʥʝʥʠʷ (16)

( )1 2
cos ,

sin cos cosŬu

d
duk k

D D D

x
x

x x
+ = - -

- Ö + Ö Ö

( )1 2

cos

sin cos cosŬu

d
duk k

D D

xx

x x

Ö
Ö = -

- Ö + Ö Ö

ʠ ʨʝʰʘʷ ʠʭ ʦʪʥʦʩʠʪʝʣʴʥʦ 1k  ʠ 2k , ʥʘʡʜʝʤ:

( )

1

2

cos cosŬ ;

.
sin cos cosŬu

k
D N

d
D dduk

D D N du

x

x
x

x x

= - = -

= - = Ö
- Ö + Ö Ö

  (20)

ʇʨʠ ɚ 0=  ʠ 0Ŭ Ŭ=  ʟʘʚʠʩʠʤʦʩʪʠ (20) ʩʦʦʪ-
ʚʝʪʩʪʚʫʶʪ ʛʣʘʚʥʳʤ ʢʨʠʚʠʟʥʘʤ ʧʨʷʤʦʛʦ ʢʨʫʛʦ-
ʚʦʛʦ ʢʦʥʫʩʘ:

0
1

0 2

cosŬ
sinŬ g

k
u r

= -
Ö -

    ʠ 2 0.k =

ɺ ʨʘʩʯʝʪʥʦʡ ʪʦʯʢʝ ʧʨʦʠʟʚʦʜʷʱʝʡ ʧʦʚʝʨʭʥʦ-
ʩʪʠ (6) ʨʝʟʮʦʚʦʡ ʛʦʣʦʚʢʠ 0u= . ɺ ʨʘʩʯʝʪʥʦʡ
ʪʦʯʢʝ ʧʦʚʝʨʭʥʦʩʪʠ ʘʨʦʯʥʦʛʦ ʟʫʙʘ ʚʝʣʠʯʠʥʘ ʫʛʣʘ
x  ʜʦʣʞʥʘ ʩʦʦʪʚʝʪʩʪʚʦʚʘʪʴ ʫʛʣʫ ʧʨʦʬʠʣʷ ʠʩ-

ʭʦʜʥʦʛʦ ʧʨʦʠʟʚʦʜʷʱʝʛʦ ʢʦʥʪʫʨʘ 0Ŭ . ɼʣʷ ʪʦʛʦ
ʯʪʦʙʳ ʚ ʨʘʩʯʝʪʥʦʡ ʪʦʯʢʝ ʢʘʩʘʪʝʣʴʥʘʷ ʢ ʧʦʚʝʨʭ-
ʥʦʩʪʠ (6) ʚ ʧʣʦʩʢʦʩʪʠ, ʧʨʦʭʦʜʷʱʝʡ ʯʝʨʝʟ ʦʩʴ
ʚʨʘʱʝʥʠʷ ʛʦʣʦʚʢʠ, ʩʦʩʪʘʚʣʷʣʘ ʩ ʵʪʦʡ ʦʩʴʶ ʫʛʦʣ

0Ŭ , ʥʝʦʙʭʦʜʠʤʦ ʫʛʦʣ ʧʨʦʬʠʣʷ ʨʝʟʮʦʚ Ŭ  ʟʫʙʦ-
ʨʝʟʥʦʡ ʛʦʣʦʚʢʠ ʩʢʦʨʨʝʢʪʠʨʦʚʘʪʴ. ʀʩʧʦʣʴʟʫʷ
ʚʳʨʘʞʝʥʠʷ ʜʣʷ sinx  (13) ʧʨʠ 0u= , ʟʘʧʠʰʝʤ

02 2 2

sinŬ cosɚsin sinŬ
cos ɚ cos Ŭ sin ɚ

.x Ö= =
+ Ö

   (21)

ʈʝʰʘʷ ʵʪʦ ʫʨʘʚʥʝʥʠʝ ʦʪʥʦʩʠʪʝʣʴʥʦ ʫʛʣʘ Ŭ  –
ʥʘʢʣʦʥʘ ʨʝʞʫʱʝʡ ʢʨʦʤʢʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʩʠ
ʚʨʘʱʝʥʠʷ ʨʝʟʮʦʚʦʡ ʛʦʣʦʚʢʠ ,py  ʥʘʡʜʝʤ

0

0
2 2 2

sinŬsinŬ .
cos ɚ sin ɚ sin Ŭ

=
+ Ö

           (22)

ʇʦʣʫʯʝʥʥʳʝ ʬʦʨʤʫʣʳ ʧʨʠ 0Ŭ  > 0 ʩʦʦʪʚʝʪ-
ʩʪʚʫʶʪ ʧʨʦʠʟʚʦʜʷʱʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʫʛʦʚʦʡ
ʨʝʟʮʦʚʦʡ ʛʦʣʦʚʢʠ, ʠʩʧʦʣʴʟʫʝʤʦʡ ʜʣʷ ʦʙʨʘʙʦʪʢʠ
ʚʳʧʫʢʣʦʡ ʩʪʦʨʦʥʳ ʘʨʦʯʥʦʛʦ ʟʫʙʘ ʢʦʣʝʩʘ, ʘ ʧʨʠ

0Ŭ  < 0 – ʚʦʛʥʫʪʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʘʨʦʯʥʦʛʦ ʟʫʙʘ.
ʈʝʟʮʦʚʘʷ ʛʦʣʦʚʢʘ ʩ ʧʨʦʠʟʚʦʜʷʱʝʡ ʧʦʚʝʨʭʥʦ-
ʩʪʴʶ ʚ ʚʠʜʝ (6) ʧʨʠ ɚ 0¸  ʠ 0Ŭ  < 0 ʧʦʟʚʦʣʷʝʪ
ʚʦʛʥʫʪʫʶ ʧʦʚʝʨʭʥʦʩʪʴ ʘʨʦʯʥʦʛʦ ʟʫʙʘ ʢʦʣʝʩʘ
ʚʳʧʦʣʥʠʪʴ ʩ ʤʦʜʠʬʠʢʘʮʠʝʡ ʧʨʦʬʠʣʷ.

ʇʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʤ ʟʥʘʯʝʥʠʠ const,u =
ʫʯʠʪʳʚʘʷ (5) ʠ (22), ʚʝʣʠʯʠʥʘ ʦʪʢʣʦʥʝʥʠʷ uD
ʧʦʚʝʨʭʥʦʩʪʠ (6) ʦʪ ʦʙʨʘʟʫʶʱʝʡ ʧʨʷʤʦʛʦ ʢʨʫʛʦ-
ʚʦʛʦ ʢʦʥʫʩʘ ʧʨʠ ʟʘʜʘʥʥʳʭ 2gr , ɚ  ʠ 0Ŭ  ʨʘʩʩʯʠ-
ʪʳʚʘʝʪʩʷ ʧʦ ʚʳʨʘʞʝʥʠʶ

( )0 2

2 2 2
2 2

ȹ  tgŬ

tg Ŭ 2 tgŬ cos ɚ .

u g

g g

u r

u ur r

= - -

- - +
     (23)

ʅʘ ʨʠʩ. 4 ʜʣʷ ʧʨʦʠʟʚʦʜʷʱʝʡ ʧʦʚʝʨʭʥʦʩʪʠ (6)
ʨʝʟʮʦʚʦʡ ʛʦʣʦʚʢʠ, ʠʤʝʶʱʝʡ 2gr  = 100 ʤʤ,
Ŭ0 = 0,34907, ɚ = 0,31416(H );0,2618(V );0,17453(I )
(ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ Ŭ  = 0,36551;0,36036;0,35401) ʚ
ʧʨʝʜʝʣʘʭ -5 ʤʤ ¢ u ¢  5 ʤʤ, ʧʦʢʘʟʘʥʳ ʦʪʢʣʦʥʝ-
ʥʠʷ uD  ʦʪ ʦʙʨʘʟʫʶʱʝʡ ʧʨʷʤʦʛʦ ʢʨʫʛʦʚʦʛʦ ʢʦ-
ʥʫʩʘ, ʘ ʥʘ ʨʠʩ. 5 ʚ ʧʨʝʜʝʣʘʭ ʵʪʦʡ ʦʙʨʘʟʫʶʱʝʡ
ʨʘʩʩʯʠʪʘʥʥʳʝ ʟʥʘʯʝʥʠʷ ʢʨʠʚʠʟʥʳ ʧʦ ʧʨʦʬʠʣʶ

2k  ʧʦʚʝʨʭʥʦʩʪʠ (6).
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ʈʠʩ. 4. ʆʪʢʣʦʥʝʥʠʝ uD  ʧʦ ʚʳʩʦʪʝ ʦʙʨʘʟʫʶʱʝʡ                 ʈʠʩ. 5.  ʀʟʤʝʥʝʥʠʝ 2k  ʧʦ ʚʳʩʦʪʝ ʦʙʨʘʟʫʶʱʝʡ
Fig. 4. Deviation uD  in height of the generatrix Fig. 5.  Change 2k  in height of the generatrix

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ

ʈʝʟʮʦʚʳʝ ʛʦʣʦʚʢʠ ʩ ʥʘʨʫʞʥʳʤʠ ʨʝʟʮʘʤʠ,
ʧʨʦʝʢʮʠʠ ʨʘʜʠʫʩ-ʚʝʢʪʦʨʘ ʠ ʦʨʪʘ ʥʦʨʤʘʣʠ ʧʨʦ-
ʠʟʚʦʜʷʱʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʢʦʪʦʨʳʭ ʧʦʣʫʯʝʥʳ ʚ
ʩʪʘʪʴʝ, ʚ ʧʨʦʮʝʩʩʝ ʬʦʨʤʦʦʙʨʘʟʦʚʘʥʠʷ ʚʦʛʥʫʪʳʭ
ʩʪʦʨʦʥ ʘʨʦʯʥʳʭ ʟʫʙʴʝʚ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʢʦʣʝʩ
ʦʙʢʘʪʥʳʭ ʧʝʨʝʜʘʯ ʧʦʟʚʦʣʷʶʪ ʦʩʫʱʝʩʪʚʠʪʴ ʪʨʝ-
ʙʫʝʤʫʶ ʤʦʜʠʬʠʢʘʮʠʶ ʧʨʦʬʠʣʷ, ʠʩʢʣʶʯʘʶʱʫʶ
ʫʜʘʨ ʧʨʠ ʚʭʦʜʝ ʟʫʙʴʝʚ ʚ ʟʘʮʝʧʣʝʥʠʝ. ɼʣʷ ʘʨʦʯ-
ʥʳʭ ʟʫʙʴʝʚ ʢʦʣʝʩ ʧʦʣʫʦʙʢʘʪʥʳʭ ʧʝʨʝʜʘʯ, ʥʘʨʝ-
ʟʘʥʠʝ ʢʦʪʦʨʳʭ ʚʳʧʦʣʥʷʝʪʩʷ ʤʝʪʦʜʦʤ ʢʦʧʠʨʦʚʘ-
ʥʠʷ, ʚʳʨʘʞʝʥʠʷ ʨʘʜʠʫʩ-ʚʝʢʪʦʨʘ ʠ ʦʨʪʘ ʥʦʨʤʘʣʠ
ʧʨʦʠʟʚʦʜʷʱʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʨʝʟʮʦʚʦʡ ʛʦʣʦʚʢʠ,
ʧʝʨʝʧʠʩʘʥʥʳʝ ʚ ʩʠʩʪʝʤʫ ʢʦʦʨʜʠʥʘʪ, ʞʝʩʪʢʦ ʩʚʷ-
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ʚʘʥʠʝ ʉʄʂ ʚ ʫʩʣʦʚʠʷʭ ʥʦʚʦʡ ʵʢʦʥʦʤʠʯʝʩʢʦʡ ʩʨʝʜʳ. ʂʣʶʯʝʚʳʤ ʨʝʟʫʣʴʪʘʪʦʤ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʧʨʝʜʣʦʞʝʥʥʳʡ
ʘʚʪʦʨʩʢʠʡ ʧʦʜʭʦʜ ʧʦ ʚʥʝʜʨʝʥʠʶ ʉʄʂ, ʩʧʦʩʦʙʥʳʡ ʦʙʝʩʧʝʯʠʪʴ ʦʨʛʘʥʠʟʘʮʠʷʤ ʜʦʩʪʠʞʝʥʠʝ ʩʚʦʠʭ ʩʪʨʘʪʝʛʠʯʝʩʢʠʭ
ʮʝʣʝʡ ʚ ʫʩʣʦʚʠʷʭ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʵʢʦʥʦʤʠʢʠ. ʆʪʤʝʯʘʝʪʩʷ ʚʘʞʥʦʩʪʴ ʫʯʝʪʘ ʣʠʯʥʦʩʪʥʦʛʦ ʬʘʢʪʦʨʘ ʨʫʢʦʚʦʜʠʪʝʣʝʡ
ʠ ʩʦʙʩʪʚʝʥʥʠʢʦʚ ʙʠʟʥʝʩʘ ʧʨʠ ʫʧʨʘʚʣʝʥʠʠ ʉʄʂ, ʘ ʪʘʢʞʝ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʬʦʨʤʠʨʦʚʘʥʠʷ ʪʝʩʥʦʡ ʚʟʘʠʤʦʩʚʷʟʠ
ʉʄʂ ʩ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʤ ʤʝʥʝʜʞʤʝʥʪʦʤ.

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʠʩʪʝʤʘ ʤʝʥʝʜʞʤʝʥʪʘ ʢʘʯʝʩʪʚʘ, ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʉʄʂ, ʥʦʚʘʷ ʵʢʦʥʦʤʠʯʝʩʢʘʷ ʩʨʝʜʘ, ʢʘʯʝʩʪʚʦ,
ʘʥʘʣʠʟ ʉʄʂ

Ò  ɼʨʘʥʢʦʚʘ ʅ.ɸ., ɼʝʥʠʩʦʚʘ ʗ.ɺ., 2023

ɼʣʷ ʮʠʪʠʨʦʚʘʥʠʷ
ɼʨʘʥʢʦʚʘ ʅ.ɸ., ɼʝʥʠʩʦʚʘ ʗ.ɺ. ʇʨʦʙʣʝʤʳ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʩʠʩʪʝʤʳ ʤʝʥʝʜʞʤʝʥʪʘ ʢʘʯʝʩʪʚʘ ʠ ʧʫʪʠ ʠʭ ʨʝʰʝʥʠʷ

ʚ ʫʩʣʦʚʠʷʭ ʥʦʚʦʡ ʵʢʦʥʦʤʠʯʝʩʢʦʡ ʩʨʝʜʳ // ɺʝʩʪʥʠʢ ʄʘʛʥʠʪʦʛʦʨʩʢʦʛʦ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʪʝʭʥʠʯʝʩʢʦʛʦ ʫʥʠʚʝʨʩʠ-
ʪʝʪʘ ʠʤ. ɻ.ʀ. ʅʦʩʦʚʘ. 2023. ʊ. 21. ˉ1. ʉ. 65-73. https://doi.org/10.18503/1995-2732-2023-21-1-65-73

ʂʦʥʪʝʥʪ ʜʦʩʪʫʧʝʥ ʧʦʜ ʣʠʮʝʥʟʠʝʡ Creative Commons Attribution 4.0 License.
The content is available under Creative Commons Attribution 4.0 License.



ʉʊɸʅɼɸʈʊʀɿɸʎʀʗ, ʉɽʈʊʀʌʀʂɸʎʀʗ ʀ ʋʇʈɸɺʃɽʅʀɽ ʂɸʏɽʉʊɺʆʄ

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––   ɺʝʩʪʥʠʢ ʄɻʊʋ ʠʤ. ɻ.ʀ. ʅʦʩʦʚʘ. 2023. ʊ.21. ˉ166

PROBLEMS OF EFFICIENCY OF THE QUALITY
MANAGEMENT SYSTEM AND WAYS TO SOLVE THEM
IN THE NEW ECONOMIC ENVIRONMENT

Drankova N.A., Denisova Ya.V.

Kazan National Research Technological University, Kazan, Russia

Abstract. The difficult economic conditions faced by this country now are characterized by a structural transformation
of the economy, changing internal and external development conditions, which, in turn, imply continuing the creation of
technological sovereignty of goods and services, strategic change of financial and economic policy, stimulation of de-
velopment of all the sectors of the national economy. To implement this restructuring, it is necessary to “launch” a
number of mechanisms that contribute to accelerating the transformation processes. One of such mechanisms, according
to the authors, is clear and efficient functioning of the quality management system, ensuring the coherence of all the
elements of the production system. The authors of this article propose an approach to the introduction and efficient
functioning of QMS in the new economic reality. The study uses data obtained during audits of suppliers carrying out
their activities in the engineering industry, as well as a manufacturer of control and measuring devices, CJSC Electronic
and Mechanical Measuring Systems (in Chelyabinsk). The results of this study have led to the following: the authors
have identified the requirements for enterprises and their products in the new economic conditions, analyzed the reasons
for low efficiency and effectiveness of QMS common for most organizations, and identified factors influencing the ef-
fective implementation and efficient functioning of QMS in the new economic environment.  The key result of the study
is the proposed author’s approach to implementing QMS, providing organizations with the achievement of their strate-
gic goals in the economic transformation condition. The authors note that it is important to factor into the personal fac-
tor of directors and owners in the management of QMS, and it is required to form a close relationship between QMS
and production management.

Keywords: quality management system, QMS efficiency, new economic environment, quality, QMS analysis
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ɺʚʝʜʝʥʠʝ

ʉʣʦʞʠʚʰʘʷʩʷ ʚ ʥʘʰʝʡ ʩʪʨʘʥʝ ʧʦʣʠʪʠʢʦ-
ʵʢʦʥʦʤʠʯʝʩʢʘʷ ʩʠʪʫʘʮʠ ,̫ ʩʦʧʨʦʚʦʞʜʘʶʱʘʷʩʷ ʙʝʩ-
ʧʨʝʮʝʜʝʥʪʥʳʤʠ ʩʘʥʢʮʠʷʤʠ ʠ ʞʝʩʪʦʯʘʡʰʠʤ ʜʘʚ-
ʣʝʥʠʝʤ ʥʘ ʵʢʦʥʦʤʠʢʫ, ʜʘʣʘ ʪʦʣʯʦʢ ʨʘʟʚʠʪʠʶ ʤʥʦ-
ʛʠʭ ʦʪʝʯʝʩʪʚʝʥʥʳʭ ʦʪʨʘʩʣʝʡ ʠ ʦʙʫʩʣʦʚʠʣʘ ʧʝʨʝʭʦʜ
ʢ ʩʦʟʜʘʥʠ  ʁ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʩʫʚʝʨʝʥʠʪʝʪʘ.
ʊʨʘʥʩʬʦʨʤʘʮʠ  ̫ʵʢʦʥʦʤʠʯʝʩʢʦʡ ʩʨʝʜʳ ʧʦʜʨʘʟʫʤʝ-
ʚʘʝʪ ʠʟʤʝʥʝʥʠʝ ʧʨʠʥʮʠʧʦʚ, ʤʝʪʦʜʦʚ ʠ ʩʨʝʜʩʪʚ ʦʨ-
ʛʘʥʠʟʘʮʠʦʥʥʦ-ʵʢʦʥʦʤʠʯʝʩʢʦʛʦ ʫʧʨʘʚʣʝʥʠʷ, ʨʝʦʨ-
ʛʘʥʠʟʘʮʠ  ʁʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʭ ʧʨʦʮʝʩʩʦʚ, ʫʩʣʦʚʠʡ
ʵʢʦʥʦʤʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠ  ̫ ʠ ʧʝʨʝʨʘʩʧʨʝʜʝ-
ʣʝʥʠʝ ʨʝʩʫʨʩʦʚ. ɺʩ  yʵʪʦ ʥʘʮʝʣʝʥʦ ʥʘ ʬʦʨʤʠʨʦʚʘ-
ʥʠʝ ʥʦʚʦʡ ʵʢʦʥʦʤʠʯʝʩʢʦʡ ʩʨʝʜʳ, ʥʝʟʘʚʠʩʠʤʦʡ ʦʪ
ʟʘʨʫʙʝʞʥʳʭ ʢʦʥʪʨʘʛʝʥʪʦʚ ʠ ʩʧʦʩʦʙʥʦʡ ʦʙʝʩʧʝʯʠʪʴ
ʧʦʩʪʫʧʘʪʝʣʴʥʦʝ ʫʩʪʦʡʯʠʚʦʝ ʨʘʟʚʠʪʠʝ.

ʅʦʚʳʝ ʵʢʦʥʦʤʠʯʝʩʢʠʝ ʫʩʣʦʚʠʷ ʪʨʝʙʫʶʪ ʧʝ-
ʨʝʩʪʨʦʡʢʠ ʤʥʦʛʠʭ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʭ ʠ ʭʦʟʷʡ-
ʩʪʚʝʥʥʳʭ ʧʨʦʮʝʩʩʦʚ, ʢʦʨʨʝʢʪʠʨʦʚʢʠ ʧʨʦʮʝʩʩʦʚ

ʦʙʤʝʥʘ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ, ʨʝʰʝʥʠʷ ʚʦʧʨʦʩʦʚ ʪʝʭ-
ʥʦʣʦʛʠʯʝʩʢʦʛʦ ʭʘʨʘʢʪʝʨʘ, ʠʟʤʝʥʝʥʠʷ ʚʟʘʠʤʦʦʪ-
ʥʦʰʝʥʠʡ ʥʘ ʧʨʦʠʟʚʦʜʩʪʚʝ. ʕʪʦ ʩʦʧʨʷʞʝʥʦ ʩ ʨʝ-
ʰʝʥʠʝʤ ʩʣʝʜʫʶʱʠʭ ʟʘʜʘʯ:

– ʧʦʚʳʰʝʥʠʝ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʪʨʫʜʘ.
ʈʦʩʩʠʷ ʩʝʛʦʜʥʷ ʧʦ ʜʘʥʥʦʤʫ ʧʦʢʘʟʘʪʝʣʶ ʦʪʩʪʘʝʪ
ʦʪ ʤʥʦʛʠʭ ʧʨʦʤʳʰʣʝʥʥʦ-ʨʘʟʚʠʪʳʭ ʩʪʨʘʥ, ʠ ʙʝʟ
ʩʥʠʞʝʥʠʷ ʟʘʪʨʘʪ, ʦʧʪʠʤʠʟʘʮʠʠ ʧʨʦʮʝʩʩʦʚ, ʫʣʫʯ-
ʰʝʥʠʷ ʪʝʭʥʦʣʦʛʠʡ ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʦʙʦʨʫʜʦʚʘ-
ʥʠʷ, ʦʪʚʝʯʘʶʱʝʛʦ ʥʘʩʫʱʥʳʤ ʧʦʪʨʝʙʥʦʩʪʷʤ, ʩʠ-
ʪʫʘʮʠʷ ʤʦʞʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʫʭʫʜʰʠʪʴʩʷ;

– ʚʥʝʜʨʝʥʠʝ ʠʥʥʦʚʘʮʠʦʥʥʳʭ ʧʨʦʝʢʪʦʚ, ʢʦʪʦ-
ʨʳʝ ʜʘʜʫʪ ʠʤʧʫʣʴʩ ʵʢʦʥʦʤʠʯʝʩʢʦʤʫ ʨʘʟʚʠʪʠʶ ʠ
ʦʢʘʞʫʪ ʩʫʱʝʩʪʚʝʥʥʫʶ ʧʦʜʜʝʨʞʢʫ ʬʦʨʤʠʨʦʚʘ-
ʥʠʶ ʠʥʞʝʥʝʨʥʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʥʘʫʯʥʳʭ ʰʢʦʣ;

– ʫʩʠʣʝʥʠʝ ʨʦʣʠ ʥʘʫʯʥʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ
ʤʝʥʝʜʞʤʝʥʪʘ, ʙʝʟ ʢʦʪʦʨʦʛʦ ʥʝʚʦʟʤʦʞʥʦ ʩʦʟʜʘ-
ʥʠʝ ʥʦʚʳʭ ʵʬʬʝʢʪʠʚʥʳʭ ʠ ʚʳʩʦʢʦʪʝʭʥʦʣʦʛʠʯ-
ʥʳʭ ʧʨʦʠʟʚʦʜʩʪʚ. ɺ ʈʦʩʩʠʠ ʜʘʥʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ
ʥʘʭʦʜʠʪʩʷ ʥʘ ʜʦʩʪʘʪʦʯʥʦ ʥʠʟʢʦʤ ʫʨʦʚʥʝ ʠ, ʢʘʢ
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ʩʣʝʜʩʪʚʠʝ ʵʪʦʛʦ, ʠʥʚʝʩʪʠʮʠʦʥʥʘʷ ʠ ʠʥʥʦʚʘʮʠʦʥ-
ʥʘʷ ʘʢʪʠʚʥʦʩʪʴ ʚ ʨʝʘʣʴʥʦʤ ʩʝʢʪʦʨʝ ʵʢʦʥʦʤʠʢʠ
ʦʩʪʘʚʣʷʝʪ ʞʝʣʘʪʴ ʣʫʯʰʝʛʦ ʧʦ ʧʨʠʯʠʥʝ ʥʝʟʥʘʯʠ-
ʪʝʣʴʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʩʧʝʮʠʘʣʠʩʪʦʚ, ʩʧʦʩʦʙʥʳʭ
ʦʮʝʥʠʪʴ ʢʦʤʤʝʨʯʝʩʢʠʡ ʧʦʪʝʥʮʠʘʣ ʧʨʦʠʟʚʦʜ-
ʩʪʚʝʥʥʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʝʢʪʦʚ ʠ ʵʬʬʝʢʪʠʚ-
ʥʦ ʝʛʦ ʠʩʧʦʣʴʟʦʚʘʪʴ [1];

– ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʝ ʜʦʣʛʦʩʨʦʯʥʦʛʦ ʩʧʨʦʩʘ ʥʘ
ʧʨʦʜʫʢʮʠʶ ʠ ʫʩʣʫʛʠ. ʆʥʦ ʷʚʣʷʝʪʩʷ ʥʝʦʙʭʦʜʠʤʳʤ
ʧʨʠ ʧʣʘʥʠʨʦʚʘʥʠʠ, ʨʘʟʨʘʙʦʪʢʘʭ ʠ ʢʦʤʤʝʨʮʠʘʣʠ-
ʟʘʮʠʠ ʥʦʚʦʡ ʧʨʦʜʫʢʮʠʠ, ʘ ʪʘʢʞʝ ʜʣʷ ʨʝʰʝʥʠʷ
ʩʪʨʘʪʝʛʠʯʝʩʢʠʭ ʠ ʪʘʢʪʠʯʝʩʢʠʭ ʮʝʣʝʡ ʦʨʛʘʥʠʟʘʮʠʠ;

– ʮʠʬʨʦʚʠʟʘʮʠʷ ʧʨʦʠʟʚʦʜʩʪʚʘ. ɺ ʩʦʚʨʝʤʝʥ-
ʥʳʭ ʫʩʣʦʚʠʷʭ ʮʠʬʨʦʚʠʟʘʮʠʷ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ
ʛʣʘʚʥʳʭ ʬʘʢʪʦʨʦʚ ʜʣʷ ʩʦʟʜʘʥʠʷ ʚʳʩʦʢʦʪʝʭʥʦʣʦ-
ʛʠʯʥʦʛʦ ʙʠʟʥʝʩʘ, ʫʣʫʯʰʝʥʠʷ ʢʘʯʝʩʪʚʘ ʧʨʦʜʫʢʮʠʠ
ʠ ʧʦʚʳʰʝʥʠʷ ʝ  y ʢʦʥʢʫʨʝʥʪʦʩʧʦʩʦʙʥʦʩʪʠ, ʙʘʟʦʡ
ʜʣʷ ʚʥʝʜʨʝʥʠʷ ʠʥʥʦʚʘʮʠʦʥʥʦʡ ʉʄʂ [2];

– ʫʚʝʣʠʯʝʥʠʝ ʵʣʝʢʪʨʦʥʥʦʡ ʢʦʤʤʝʨʮʠʠ, ʩ ʧʦ-
ʤʦʱʴʶ ʢʦʪʦʨʦʡ ʤʦʞʥʦ ʦʙʝʩʧʝʯʠʪʴ ʩʦʢʨʘʱʝʥʠʝ
ʠʟʜʝʨʞʝʢ ʠ ʧʦʚʳʩʠʪʴ ʧʨʦʟʨʘʯʥʦʩʪʴ ʮʝʥ.

ɺʳʧʦʣʥʝʥʠʝ ʚʳʰʝʧʝʨʝʯʠʩʣʝʥʥʳʭ ʟʘʜʘʯ ʙʫ-
ʜʝʪ ʪʘʢʞʝ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʨʝʰʝʥʠʶ ʛʣʘʚʥʦʛʦ
ʪʨʝʙʦʚʘʥʠʷ, ʧʨʝʜʲʷʚʣʷʝʤʦʛʦ ʢ ʧʨʦʜʫʢʮʠʠ, ʩʦʟʜʘ-
ʚʘʝʤʦʡ ʥʦʚʦʡ ʵʢʦʥʦʤʠʯʝʩʢʦʡ ʩʨʝʜʦʡ, – ʥʝʜʦʧʫ-
ʱʝʥʠʝ ʫʭʫʜʰʝʥʠʷ ʢʘʯʝʩʪʚʘ ʚʩʣʝʜʩʪʚʠʝ ʥʘʨʫʰʝʥ-
ʥʳʭ ʵʢʦʥʦʤʠʯʝʩʢʠʭ ʩʚʷʟʝʡ ʠ ʨʘʟʨʘʙʦʪʢʘ ʧʫʪʝʡ
ʝʛʦ ʫʣʫʯʰʝʥʠʷ. ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʵʪʠʤ ʉʄʂ
ʜʦʣʞʥʘ ʩʦʦʪʚʝʪʩʪʚʦʚʘʪʴ ʫʩʣʦʚʠʷʤ ʥʦʚʦʡ ʵʢʦʥʦ-
ʤʠʯʝʩʢʦʡ ʩʨʝʜʳ ʠ ʦʙʝʩʧʝʯʠʚʘʪʴ ʩʪʘʙʠʣʴʥʦʩʪʴ
ʨʘʙʦʪʳ ʩʠʩʪʝʤʳ ʧʨʠ ʚʦʟʤʦʞʥʦʡ ʥʝʜʦʩʪʘʪʦʯʥʦ-
ʩʪʠ ʨʝʩʫʨʩʦʚ: ʬʠʥʘʥʩʦʚʳʭ, ʤʘʪʝʨʠʘʣʴʥʳʭ, ʠʥ-
ʬʦʨʤʘʮʠʦʥʥʳʭ, ʯʝʣʦʚʝʯʝʩʢʠʭ.

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʢʘʯʝʩʪʚʦ ʚʦʩʧʨʠʥʠʤʘʝʪʩʷ
ʥʝ ʪʦʣʴʢʦ ʢʘʢ ʥʘʙʦʨ ʦʧʨʝʜʝʣʝʥʥʳʭ ʩʚʦʡʩʪʚ ʧʦ
ʫʤʦʣʯʘʥʠʶ, ʥʦ ʠ ʢʘʢ ʩʦʚʦʢʫʧʥʦʩʪʴ ʪʨʝʙʦʚʘʥʠʡ,
ʧʦʣʥʦʩʪʴʶ ʦʪʨʘʞʘʶʱʠʭ ʦʞʠʜʘʥʠʷ ʧʦʪʨʝʙʠʪʝʣʝʡ
[3]. ʈʝʟʫʣʴʪʘʪʦʤ ʵʪʦʛʦ ʷʚʣʷʝʪʩʷ ʚʳʩʦʢʠʡ ʩʧʨʦʩ
ʥʘ ʘʜʨʝʩʥʳʝ, ʮʝʣʝʚʳʝ ʧʨʦʜʫʢʪʳ, ʧʨʝʜʥʘʟʥʘʯʝʥ-
ʥʳʝ ʜʣʷ ʦʧʨʝʜʝʣʝʥʥʳʭ ʛʨʫʧʧ ʧʦʪʝʥʮʠʘʣʴʥʳʭ
ʧʦʪʨʝʙʠʪʝʣʝʡ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʠʭ ʦʧʨʝʜʝʣʝʥ-
ʥʳʤ ʧʦʪʨʝʙʥʦʩʪʷʤ ʠ ʧʨʝʜʧʦʯʪʝʥʠʷʤ. ʈʫʢʦʚʦʜʠ-
ʪʝʣʠ ʤʥʦʛʠʭ ʦʨʛʘʥʠʟʘʮʠʡ ʩʯʠʪʘʶʪ, ʯʪʦ ʟʘ ʧʦ-
ʩʣʝʜʥʠʝ ʛʦʜʳ ʠʥʪʝʨʝʩ ʢ ʘʜʨʝʩʥʳʤ, ʮʝʣʝʚʳʤ ʧʨʦ-
ʜʫʢʪʘʤ ʫ ʧʦʪʨʝʙʠʪʝʣʝʡ ʟʥʘʯʠʪʝʣʴʥʦ ʚʳʨʦʩ [3].
ɺʦʟʤʦʞʥʦ, ʜʘʥʥʳʡ ʠʥʪʝʨʝʩ ʩʚʷʟʘʥ ʩ ʨʘʟʚʠʪʠʝʤ
ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʩʝʢʪʦʨʘ ʚ ʩʬʝʨʝ ʧʦʪʨʝʙʣʝʥʠʷ
(ʙʳʪʦʚʘʷ ʪʝʭʥʠʢʘ, ʛʘʜʞʝʪʳ, «ʫʤʥʳʝ ʜʦʤʘ» ʠ ʪ.ʜ.)
ʠ ʪʝʤ, ʯʪʦ ʧʦʪʨʝʙʠʪʝʣʴ ʩʪʘʣ ʙʦʣʝʝ «ʫʟʢʦ ʩʝʛʤʝʥ-
ʪʠʨʦʚʘʥʥʳʤ» ʠ ʪʝʭʥʠʯʝʩʢʠ ʛʨʘʤʦʪʥʳʤ ʧʨʠ ʚʳ-
ʙʦʨʝ ʧʨʦʜʫʢʮʠʠ/ʫʩʣʫʛʠ. ʇʦʵʪʦʤʫ ʜʣʷ ʚʳʧʫʩʢʘ
ʘʜʨʝʩʥʳʭ, ʮʝʣʝʚʳʭ ʧʨʦʜʫʢʪʦʚ ʦʨʛʘʥʠʟʘʮʠʷʤ
ʥʝʦʙʭʦʜʠʤʦ ʙʦʣʝʝ ʪʱʘʪʝʣʴʥʦ ʠʟʫʯʘʪʴ ʩʚʦʝʛʦ ʧʦ-

ʪʨʝʙʠʪʝʣʷ ʠ ʝʛʦ ʧʨʝʜʧʦʯʪʝʥʠʷ. ʂʨʦʤʝ ʪʦʛʦ, ʜʣʷ
ʦʙʝʩʧʝʯʝʥʠʷ ʚʳʩʦʢʦʛʦ ʢʘʯʝʩʪʚʘ ʚʘʞʥʦ ʚʳʩʪʨʘʠ-
ʚʘʪʴ ʩʠʩʪʝʤʫ ʤʝʥʝʜʞʤʝʥʪʘ ʢʘʯʝʩʪʚʘ ʥʘ ʧʨʝʜʧʨʠʷ-
ʪʠʠ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʦʥʘ ʙʳʣʘ ʜʦʩʪʘʪʦʯʥʦ
ʛʠʙʢʦʡ ʠ ʧʦʟʚʦʣʷʣʘ ʜʦʩʪʠʛʘʪʴ ʞʝʣʘʝʤʳʭ ʢʦʤʤʝʨ-
ʯʝʩʢʠʭ ʧʦʢʘʟʘʪʝʣʝʡ. ʅʦ, ʢ ʩʦʞʘʣʝʥʠʶ, ʤʥʦʛʠʝ
ʧʨʝʜʧʨʠʷʪʠʷ, «ʚʥʝʜʨʷʷ ʩʪʘʥʜʘʨʪ ISO 9001:2015
(ɻʆʉʊ ʈ ʀʉʆ 9001-2015) «ʉʠʩʪʝʤʳ ʤʝʥʝʜʞʤʝʥ-
ʪʘ ʢʘʯʝʩʪʚʘ. ʊʨʝʙʦʚʘʥʠʷ», ʪʘʢ ʠ ʥʝ ʧʦʣʫʯʘʶʪ
ʥʘʤʝʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ» ʚʩʣʝʜʩʪʚʠʝ ʜʦʧʫʩʢʘʝ-
ʤʳʭ ʠʤʠ ʩʪʘʥʜʘʨʪʥʳʭ ʦʰʠʙʦʢ [4].

ɺʦʧʨʦʩ ʦ ʪʦʤ, ʯʪʦ ʞʝ ʩʣʝʜʫʝʪ ʩʜʝʣʘʪʴ ʚʦ ʠʟ-
ʙʝʞʘʥʠʝ ʪʘʢʠʭ ʦʰʠʙʦʢ, ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʳʤ,
ʪʘʢ ʢʘʢ ʥʘ ʤʦʤʝʥʪ ʥʘʧʠʩʘʥʠʷ ʜʘʥʥʦʡ ʩʪʘʪʴʠ ʚ
ʧʦʠʩʢʦʚʦʡ ʩʠʩʪʝʤʝ Google ʧʦ ʫʢʘʟʘʥʥʦʡ ʪʝʤʝ
ʥʘʩʯʠʪʳʚʘʝʪʩʷ ʦʢʦʣʦ 24 800 ʟʘʧʨʦʩʦʚ. ɸʚʪʦʨʳ
ʘʥʘʣʠʟʠʨʫʶʪ ʠ ʧʨʝʜʣʘʛʘʶʪ ʩʚʦʸ ʚʠʜʝʥʠʝ ʦʰʠ-
ʙʦʢ, ʥʦ ʚʩʝ ʦʥʠ ʪʘʢ ʠʣʠ ʠʥʘʯʝ ʩʚʦʜʷʪʩʷ ʢ ʩʣʝʜʫ-
ʶʱʝʤʫ ʧʝʨʝʯʥʶ ʧʨʠʯʠʥ:

– ʆʪʩʪʨʘʥʝʥʥʦʩʪʴ ʚʳʩʰʝʛʦ ʨʫʢʦʚʦʜʩʪʚʘ.
– ʌʦʨʤʘʣʴʥʦʝ ʦʪʥʦʰʝʥʠʝ ʢ ʨʘʟʨʘʙʦʪʢʝ ʠ

ʚʥʝʜʨʝʥʠʶ ʩʠʩʪʝʤʳ (ʩ ʮʝʣʴʶ ʧʦʣʫʯʝʥʠʷ ʩʝʨʪʠ-
ʬʠʢʘʪʘ ʩʦʦʪʚʝʪʩʪʚʠʷ ʚ ʤʘʢʩʠʤʘʣʴʥʦ ʢʦʨʦʪʢʠʝ
ʩʨʦʢʠ) [4].

– ʅʝʧʦʣʥʘʷ ʨʝʘʣʠʟʘʮʠʷ ʧʨʦʮʝʩʩʥʦʛʦ ʧʦʜʭʦʜʘ.
– ʈʘʟʣʠʯʥʦʝ ʧʦʥʠʤʘʥʠʝ ʪʨʝʙʦʚʘʥʠʡ ʠ, ʢʘʢ

ʩʣʝʜʩʪʚʠʝ ʵʪʦʛʦ, ʩʦʜʝʨʞʘʥʠʝ ʥʝ ʚ ʧʦʣʥʦʤ ʦʙʲʝʤʝ
ʪʨʝʙʦʚʘʥʠʡ ʚʦ ʚʥʫʪʨʝʥʥʝʡ ʜʦʢʫʤʝʥʪʘʮʠʠ ʣʠʙʦ
ʩʦʜʝʨʞʘʥʠʝ ʠʟʣʠʰʥʝ ʜʝʪʘʣʠʟʠʨʦʚʘʥʥʳʭ ʪʨʝʙʦ-
ʚʘʥʠʡ, ʢʦʪʦʨʳʝ ʧʨʦʷʚʣʷʶʪʩʷ ʚ ʙʦʣʴʰʦʤ ʢʦʣʠʯʝ-
ʩʪʚʝ ʦʪʯʝʪʥʳʭ, ʜʫʙʣʠʨʫʶʱʠʭ ʬʦʨʤ, ʧʝʨʝʛʨʫ-
ʞʝʥʥʳʭ ʙʣʘʥʢʦʚ ʠ ʪ.ʜ. [5-7].

– ʅʝʜʦʩʪʘʪʦʯʥʦʝ ʧʨʠʤʝʥʝʥʠʝ ʤʘʪʝʤʘʪʠʢʦ-
ʩʪʘʪʠʩʪʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʘʥʘʣʠʟʘ ʧʨʦʮʝʩʩʦʚ [8].

ʏʪʦʙʳ ʨʘʟʦʙʨʘʪʴʩʷ ʚ ʧʦʜʥʷʪʦʡ ʧʨʦʙʣʝʤʝ,
ʥʝʦʙʭʦʜʠʤʦ ʦʙʨʘʪʠʪʴ ʚʥʠʤʘʥʠʝ ʥʘ ʪʦʪ ʬʘʢʪ, ʯʪʦ ʚ
ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʥʝ ʩʫʱʝʩʪʚʫʝʪ ʝʜʠʥʦʡ ʫʥʠʚʝʨ-
ʩʘʣʴʥʦʡ ʤʝʪʦʜʠʢʠ ʨʘʩʯʝʪʘ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʩʠʩʪʝʤ
ʢʘʯʝʩʪʚʘ, ʢʦʪʦʨʘʷ ʙʳʣʘ ʙʳ ʧʦʜʭʦʜʷʱʝʡ ʜʣʷ ʣʶʙʦ-
ʛʦ ʧʨʝʜʧʨʠʷʪʠʷ ʠ ʚʠʜʘ ʜʝʷʪʝʣʴʥʦʩʪʠ. ɸʚʪʦʨʳ, ʟʘ-
ʥʠʤʘʶʱʠʝʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝʤ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʩʠ-
ʩʪʝʤ ʢʘʯʝʩʪʚʘ, ʚ ʢʘʯʝʩʪʚʝ ʧʨʠʯʠʥ ʥʠʟʢʦʡ ʵʬʬʝʢ-
ʪʠʚʥʦʩʪʠ ʠ ʨʝʟʫʣʴʪʘʪʠʚʥʦʩʪʠ ʉʄʂ, ʢʘʢ ʧʨʘʚʠʣʦ,
ʥʘʟʳʚʘʶʪ ʪʦ, ʯʪʦ ʥʝʦʙʭʦʜʠʤʦ ʜʣʷ ʧʦʜʪʚʝʨʞʜʝʥʠʷ
ʚʳʜʚʠʛʘʝʤʦʡ ʠʤʠ ʛʠʧʦʪʝʟʳ, ʠ ʠʛʥʦʨʠʨʫʶʪ ʚʩʝ
ʧʨʦʯʠʝ ʬʘʢʪʦʨʳ. ʇʦʵʪʦʤʫ ʟʘʯʘʩʪʫʶ ʤʝʪʦʜʳ, ʧʨʠ-
ʤʝʥʷʝʤʳʝ ʜʣʷ ʚʥʝʜʨʝʥʠʷ ʠ ʵʬʬʝʢʪʠʚʥʦʛʦ ʬʫʥʢ-
ʮʠʦʥʠʨʦʚʘʥʠʷ ʉʄʂ ʚ ʦʜʥʦʡ ʦʨʛʘʥʠʟʘʮʠʠ, ʥʝ ʜʘ-
ʶʪ ʨʝʟʫʣʴʪʘʪʘ ʧʨʠ ʚʥʝʜʨʝʥʠʠ ʚ ʜʨʫʛʦʡ.

ʇʦʤʠʤʦ ʚʳʰʝʠʟʣʦʞʝʥʥʦʛʦ, ʪʘʢʞʝ ʚʘʞʥʦ
ʧʦʤʥʠʪʴ, ʯʪʦ ʩʦʟʜʘʥʠʝ ʨʝʘʣʴʥʦ ʜʝʡʩʪʚʫʶʱʝʡ
ʉʄʂ – ʠʥʜʠʚʠʜʫʘʣʴʥʳʡ ʧʨʦʮʝʩʩ ʜʣʷ ʢʘʞʜʦʡ
ʦʨʛʘʥʠʟʘʮʠʠ, ʧʨʠ ʢʦʪʦʨʦʤ ʥʝʦʙʭʦʜʠʤʦ ʥʝ ʧʨʦ-



ʉʊɸʅɼɸʈʊʀɿɸʎʀʗ, ʉɽʈʊʀʌʀʂɸʎʀʗ ʀ ʋʇʈɸɺʃɽʅʀɽ ʂɸʏɽʉʊɺʆʄ
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ʩʪʦ ʚʳʜʝʣʷʪʴ ʦʩʥʦʚʥʳʝ ʬʘʢʪʦʨʳ, ʢʦʪʦʨʳʝ ʙʫʜʫʪ
ʦʜʥʦʟʥʘʯʥʦ ʚʣʠʷʪʴ ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʩʠʩʪʝʤʳ,
ʥʦ ʪʘʢʞʝ ʘʥʘʣʠʟʠʨʦʚʘʪʴ ʧʨʠʯʠʥʥʦ-ʩʣʝʜʩʪʚʝʥ-
ʥʳʝ ʩʚʷʟʠ ʚʪʦʨʦʛʦ, ʪʨʝʪʴʝʛʦ ʫʨʦʚʥʷ ʠ ʪ.ʜ., ʪʘʢʠʤ
ʦʙʨʘʟʦʤ ʨʘʟʙʠʨʘʷ ʧʨʦʮʝʩʩ ʜʦ ʤʝʣʴʯʘʡʰʠʭ ʜʝʪʘ-
ʣʝʡ. ʅʦ ʜʘʞʝ ʵʪʦ ʥʝ ʙʫʜʝʪ ʛʘʨʘʥʪʠʨʦʚʘʪʴ 100%-ʶ
ʧʨʝʜʩʢʘʟʫʝʤʦʩʪʴ ʩʠʩʪʝʤʳ, ʪʘʢ ʢʘʢ ʩʣʦʞʥʳʝ ʩʠ-
ʩʪʝʤʳ ʩʣʦʞʥʦ ʧʨʝʜʩʢʘʟʫʝʤʳ, ʘ ʥʘ ʤʠʢʨʦʫʨʦʚʥʝ
ʤʥʦʛʠʝ ʩʦʙʳʪʠʷ ʷʚʣʷʶʪʩʷ ʩʣʫʯʘʡʥʳʤʠ. ʂʨʦʤʝ
ʪʦʛʦ, ʚ ʢʘʞʜʦʤ ʩʦʙʳʪʠʠ, ʢʦʪʦʨʦʝ ʘʥʘʣʠʟʠʨʫʝʪ-
ʩʷ, ʩʫʱʝʩʪʚʫʶʪ ʬʘʢʪʦʨʳ, ʥʘ ʢʦʪʦʨʳʝ ʚʦʟʤʦʞʥʦ
ʧʦʚʣʠʷʪʴ, ʠ ʬʘʢʪʦʨʳ, ʢʦʪʦʨʳʝ ʥʘʭʦʜʷʪʩʷ ʚʥʝ
ʟʦʥʳ ʚʣʠʷʥʠʷ. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʯʝʤ ʙʦʣʴʰʝ
ʚʦʟʤʦʞʥʳʭ ʘʣʴʪʝʨʥʘʪʠʚ, ʪʝʤ ʙʦʣʴʰʝʝ ʢʦʣʠʯʝ-
ʩʪʚʦ ʬʘʢʪʦʨʦʚ ʪʨʝʙʫʝʪʩʷ ʦʮʝʥʠʪʴ ʠ ʧʨʦʘʥʘʣʠ-
ʟʠʨʦʚʘʪʴ [9].

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ
ɺ ʜʘʥʥʦʡ ʩʪʘʪʴʝ ʧʨʠ ʨʘʩʩʤʦʪʨʝʥʠʠ ʚʦʧʨʦʩʘ

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʉʄʂ ʘʚʪʦʨʘʤʠ ʙʳʣʦ ʨʝʰʝʥʦ ʦʪ-
ʩʪʫʧʠʪʴ ʦʪ ʨʘʩʩʤʦʪʨʝʥʠʷ ʧʨʠʯʠʥ, ʩʚʷʟʘʥʥʳʭ ʩ
ʩʦʙʣʶʜʝʥʠʝʤ ʚ ʦʨʛʘʥʠʟʘʮʠʷʭ ʚ ʧʦʣʥʦʤ ʦʙʲʝʤʝ
ʪʨʝʙʦʚʘʥʠʡ ʨʝʛʣʘʤʝʥʪʠʨʫʶʱʝʛʦ ʜʦʢʫʤʝʥʪʘ
ISO 9001:2015 (ɻʆʉʊ ʈ ʀʉʆ 9001-2015), ʘ ʦʙʨʘ-
ʪʠʪʴ ʚʥʠʤʘʥʠʝ ʥʘ ʣʠʯʥʦʩʪʥʳʡ ʧʦʜʭʦʜ ʢ ʫʧʨʘʚ-
ʣʝʥʠʶ ʠ ʦʪʥʦʰʝʥʠʶ ʢ ʉʄʂ ʠʩʧʦʣʥʠʪʝʣʴʥʳʤʠ
ʜʠʨʝʢʪʦʨʘʤʠ ʠ ʩʦʙʩʪʚʝʥʥʠʢʘʤʠ ʙʠʟʥʝʩʘ.

ʇʨʠ ʨʘʟʨʘʙʦʪʢʝ ʜʘʥʥʦʛʦ ʧʦʜʭʦʜʘ ʘʚʪʦʨʘʤʠ
ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʘʥʥʳʝ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʪʝʯʝ-
ʥʠʝ 4-ʣʝʪʥʝʛʦ ʧʝʨʠʦʜʘ ʚ ɿɸʆ «ʕʣʝʢʪʨʦʥʥʳʝ ʠ
ʤʝʭʘʥʠʯʝʩʢʠʝ ʠʟʤʝʨʠʪʝʣʴʥʳʝ ʩʠʩʪʝʤʳ» (ʜʘʣʝʝ
ɿɸʆ «ʕʄʀʉ»).

ɺ ʫʢʘʟʘʥʥʦʡ ʦʨʛʘʥʠʟʘʮʠʠ ʥʘ ʧʨʦʪʷʞʝʥʠʠ
ʦʙʦʟʥʘʯʝʥʥʦʛʦ ʧʝʨʠʦʜʘ ʚʨʝʤʝʥʠ ʝʞʝʛʦʜʥʦ ʧʨʦ-
ʚʦʜʠʣʠʩʴ ʘʫʜʠʪʳ ʧʦʩʪʘʚʱʠʢʦʚ ʩ ʮʝʣʴʶ ʧʦʜʪʚʝʨ-
ʞʜʝʥʠʷ ʠʭ ʩʧʦʩʦʙʥʦʩʪʠ ʦʙʝʩʧʝʯʠʪʴ ʚʳʧʦʣʥʝʥʠʝ
ʫʩʪʘʥʦʚʣʝʥʥʳʭ ʪʨʝʙʦʚʘʥʠʡ ʟʘʢʘʟʯʠʢʦʚ, ʚʥʫʪʨʝʥ-
ʥʠʭ ʠ ʚʥʝʰʥʠʭ ʪʨʝʙʦʚʘʥʠʡ (ʚ ʪʦʤ ʯʠʩʣʝ ɻʆʉʊ ʈ
ʀʉʆ/ʄʕʂ 80079-34-2013), ʘ ʪʘʢʞʝ ʧʦʩʪʘʚʣʷʪʴ
ʧʨʦʜʫʢʮʠʶ, ʦʪʚʝʯʘʶʱʫʶ ʩʚʦʝʤʫ ʥʘʟʥʘʯʝʥʠʶ.
ɸʫʜʠʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʩ ʯʘʩʪʦʪʦʡ ʥʝ ʨʝʞʝ ʦʜʥʦʛʦ
ʨʘʟʘ ʚ ʛʦʜ, ʥʦ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʢʦʣʠʯʝʩʪʚʘ ʥʝʩʦ-
ʦʪʚʝʪʩʪʚʫʶʱʝʡ ʧʨʦʜʫʢʮʠʠ, ʚʳʷʚʣʷʝʤʦʡ ʥʘ
ʚʭʦʜʥʦʤ ʢʦʥʪʨʦʣʝ, ʧʨʦʚʦʜʠʣʠʩʴ ʪʘʢʞʝ ʚʥʝʧʣʘ-
ʥʦʚʳʝ ʘʫʜʠʪʳ.

ɻʝʦʛʨʘʬʠʯʝʩʢʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʦʨʛʘʥʠʟʘʮʠʡ-
ʧʦʩʪʘʚʱʠʢʦʚ ʧʦ ʯʠʩʣʫ ʧʨʝʜʧʨʠʷʪʠʡ (ʨʠʩ. 1), ʚ
ʢʦʪʦʨʳʭ ʧʨʦʚʦʜʠʣʠʩʴ ʘʫʜʠʪʳ, ʧʨʝʜʩʪʘʚʣʝʥʦ ʩʣʝ-
ʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ – 40%, ʏʝ-
ʣʷʙʠʥʩʢ – 20%, ʏʝʣʷʙʠʥʩʢʘʷ ʦʙʣʘʩʪʴ – 20%,
ʄʦʩʢʚʘ – 10%, ʈʦʩʪʦʚ-ʥʘ-ɼʦʥʫ – 10%.

ʅʘ ʦʩʥʦʚʘʥʠʠ ʧʨʦʚʝʜʝʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ
ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʜʘʥʥʳʝ, ʢʦʪʦʨʳʝ ʧʨʦʪʠʚʦʨʝʯʘʪ
ʫʪʚʝʨʞʜʝʥʠʷʤ ʥʝʢʦʪʦʨʳʭ ʘʚʪʦʨʦʚ [10] ʦ ʪʦʤ, ʯʪʦ
ʚ ʨʝʛʠʦʥʘʭ ʥʝʜʦʦʮʝʥʠʚʘʝʪʩʷ ʟʥʘʯʝʥʠʝ ʉʄʂ ʠ ʝʝ
ʚʣʠʷʥʠʝ ʥʘ ʧʦʢʘʟʘʪʝʣʠ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʦ-ʭʦʟʷʡʩʪ-
ʚʝʥʥʦʡ ʜʝʷʪʝʣʴʥʦʩʪʠ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʪʘʤ ʪʨʝ-
ʙʫʝʪʩʷ ʚʩʝʩʪʦʨʦʥʥʝʝ ʨʘʟʚʠʪʠʝ ʤʝʥʝʜʞʤʝʥʪʘ ʢʘʯʝ-
ʩʪʚʘ ʠ ʧʨʠʤʝʥʝʥʠʝ «ʥʦʚʘʪʦʨʩʢʦʛʦ ʧʦʜʭʦʜʘ». ʂʘʢ
ʧʦʢʘʟʘʣ ʘʥʘʣʠʟ ʧʦʩʪʘʚʱʠʢʦʚ, ʧʨʦʚʝʜʝʥʥʳʡ ʚ ɿɸʆ
«ʕʄʀʉ», ʛʝʦʛʨʘʬʠʯʝʩʢʦʝ ʨʘʩʧʦʣʦʞʝʥʠʝ ʠ ʨʘʟʤʝʨ
ʥʘʩʝʣʝʥʥʦʛʦ ʧʫʥʢʪʘ ʥʝ ʦʢʘʟʳʚʘʶʪ ʟʥʘʯʠʤʦʛʦ ʚʣʠ-
ʷʥʠʷ ʥʘ ʧʦʥʠʤʘʥʠʝ ʨʫʢʦʚʦʜʠʪʝʣʷʤʠ ʚʘʞʥʦʡ ʨʦʣʠ
ʉʄʂ ʜʣʷ ʠʭ ʦʨʛʘʥʠʟʘʮʠʠ.

ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʥʝʦʙʭʦʜʠʤʦ ʫʢʘʟʘʪʴ, ʯʪʦ ʘʫʜʠʪ
ʧʨʦʚʦʜʠʣʩʷ ʚ ʦʩʥʦʚʥʦʤ ʚ ʦʨʛʘʥʠʟʘʮʠʷʭ (90% ʦʪ
ʦʙʱʝʛʦ ʯʠʩʣʘ), ʧʦʩʪʘʚʣʷʶʱʠʭ ʧʨʦʜʫʢʮʠʶ, ʢ ʢʦ-
ʪʦʨʦʡ ʩʫʱʝʩʪʚʫʶʪ ʚʳʩʦʢʠʝ ʪʨʝʙʦʚʘʥʠʷ ʧʦ ʧʦʢʘ-
ʟʘʪʝʣʷʤ ʥʘʜʝʞʥʦʩʪʠ, ʙʝʟʦʧʘʩʥʦʩʪʠ ʠ ʚʟʨʳʚʦʟʘ-
ʱʠʱʸʥʥʦʩʪʠ, ʩʦʛʣʘʩʥʦ ʚʥʝʰʥʝʡ ʥʦʨʤʘʪʠʚʥʦʡ
ʜʦʢʫʤʝʥʪʘʮʠʠ ʠ ʪʨʝʙʦʚʘʥʠʷʤ ʟʘʢʘʟʯʠʢʦʚ. ʂ ʧʨʦ-
ʜʫʢʮʠʠ ʦʩʪʘʚʰʝʡʩʷ ʯʘʩʪʠ ʧʦʩʪʘʚʱʠʢʦʚ (10% ʦʪ
ʦʙʱʝʛʦ ʯʠʩʣʘ) ʪʘʢʠʝ ʪʨʝʙʦʚʘʥʠʷ ʦʪʩʫʪʩʪʚʫʶʪ ʚ
ʩʠʣʫ ʭʘʨʘʢʪʝʨʘ ʧʦʩʪʘʚʣʷʝʤʦʡ ʠʤʠ ʧʨʦʜʫʢʮʠʠ. ɺ
ʭʦʜʝ ʘʫʜʠʪʦʚ ʙʳʣʘ ʚʳʷʚʣʝʥʘ ʟʘʢʦʥʦʤʝʨʥʦʩʪʴ,
ʟʘʢʣʶʯʘʶʱʘʷʩʷ ʚ ʪʦʤ, ʯʪʦ ʯʝʤ ʙʦʣʴʰʝ ʪʨʝʙʦʚʘ-
ʥʠʡ ʧʨʝʜʲʷʚʣʷʝʪʩʷ ʢ ʧʨʦʜʫʢʮʠʠ ʚ ʯʘʩʪʠ ʥʘʜʝʞ-
ʥʦʩʪʠ, ʙʝʟʦʧʘʩʥʦʩʪʠ ʠ ʦʙʝʩʧʝʯʝʥʠʠ ʚʟʨʳʚʦʟʘ-
ʱʠʱʝʥʥʦʩʪʠ, ʪʝʤ ʙʦʣʝʝ ʦʪʚʝʪʩʪʚʝʥʥʦ ʠ ʦʩʦʟʥʘʥ-
ʥʦ ʦʪʥʦʩʷʪʩʷ ʨʫʢʦʚʦʜʠʪʝʣʠ ʦʨʛʘʥʠʟʘʮʠʡ ʢ ʚʥʝʜ-
ʨʝʥʠʶ ʉʄʂ.

ʅʘ ʨʠʩ. 2 ʧʨʝʜʩʪʘʚʣʝʥʘ ʦʮʝʥʢʘ ʨʫʢʦʚʦʜʠʪʝʣʷ-
ʤʠ ʦʨʛʘʥʠʟʘʮʠʡ-ʧʦʩʪʘʚʱʠʢʦʚ ʩʪʝʧʝʥʠ ʚʘʞʥʦʩʪʠ
ʚʥʝʜʨʝʥʠʷ ʉʄʂ. ʂʘʢ ʚʠʜʥʦ ʠʟ ʛʨʘʬʠʢʘ, 90% ʧʦ-
ʩʪʘʚʱʠʢʦʚ ʢʦʤʧʣʝʢʪʫʶʱʠʭ, ʢ ʢʦʪʦʨʳʤ ʧʨʝʜʲʷʚ-
ʣʷʣʠʩʴ ʩʫʱʝʩʪʚʝʥʥʳʝ ʪʨʝʙʦʚʘʥʠʷ ʧʦ ʧʦʢʘʟʘʪʝʣʷʤ
ʢʘʯʝʩʪʚʘ, ʫʙʝʞʜʝʥʳ ʚ ʪʦʤ, ʯʪʦ ʥʘʣʠʯʠʝ ʉʄʂ –
ʩʢʦʨʝʝ ʚʘʞʥʦ ʠ ʦʯʝʥʴ ʚʘʞʥʦ. ʀ ʪʦʣʴʢʦ 10% ʧʦ-
ʩʪʘʚʱʠʢʦʚ, ʢ ʧʨʦʜʫʢʮʠʠ ʢʦʪʦʨʳʭ ʧʨʝʜʲʷʚʣʷʣʠʩʴ
ʥʝʩʫʱʝʩʪʚʝʥʥʳʝ ʪʨʝʙʦʚʘʥʠʷ, ʦʪʤʝʯʘʶʪ, ʯʪʦ ʜʣʷ
ʥʠʭ ʥʘʣʠʯʠʝ ʉʄʂ ʩʢʦʨʝʝ ʥʝʚʘʞʥʦ ʠ ʙʦʣʴʰʝ ʷʚʣʷ-
ʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴʶ ʚʳʭʦʜʘ ʥʘ ʥʦʚʳʝ ʨʳʥʢʠ ʠ/ʠʣʠ
ʪʨʝʙʦʚʘʥʠʝʤ ʢʨʫʧʥʦʛʦ ʟʘʢʘʟʯʠʢʘ (ʢʣʠʝʥʪʘ).

ʂʨʦʤʝ ʪʦʛʦ, ʦʢʘʟʘʣʦʩʴ, ʯʪʦ ʚʘʞʥʦʩʪʴ ʠ ʟʥʘʯʝ-
ʥʠʝ ʉʄʂ ʦʩʦʟʥʘʶʪ ʪʝ ʨʫʢʦʚʦʜʠʪʝʣʠ, ʢʦʪʦʨʳʝ
ʥʘʯʘʣʠ ʟʘʥʠʤʘʪʴʩʷ ʧʨʝʜʧʨʠʥʠʤʘʪʝʣʴʩʢʦʡ ʜʝʷ-
ʪʝʣʴʥʦʩʪʴʶ ʝʱʝ ʚ 90-ʝ ʛʦʜʳ XX ʚʝʢʘ. ɺ ʪʦʪ ʥʝ-
ʧʨʦʩʪʦʡ ʜʣʷ ʩʪʨʘʥʳ ʧʝʨʠʦʜ ʩʪʘʥʦʚʣʝʥʠʷ ʨʳʥʦʯ-
ʥʦʡ ʵʢʦʥʦʤʠʢʠ ʩʬʦʨʤʠʨʦʚʘʣʩʷ ʮʝʣʳʡ ʧʣʘʩʪ
ʞʝʩʪʢʠʭ ʠ ʚʦʣʝʚʳʭ ʨʫʢʦʚʦʜʠʪʝʣʝʡ, ʚ ʨʝʟʫʣʴʪʘʪʝ
ʯʝʛʦ ʠʤʝʥʥʦ ʪʘʢʠʝ ʪʦʧ-ʤʝʥʝʜʞʝʨʳ ʩ ʚʳʩʦʢʦʡ
ʥʘʮʝʣʝʥʥʦʩʪʴʶ ʥʘ ʨʝʟʫʣʴʪʘʪ ʩʪʘʣʠ ʚʦʟʛʣʘʚʣʷʪʴ
ʤʥʦʛʠʝ ʫʩʧʝʰʥʳʝ ʨʦʩʩʠʡʩʢʠʝ ʢʦʤʧʘʥʠʠ.
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ʈʠʩ. 1. ɻʝʦʛʨʘʬʠʯʝʩʢʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʦʨʛʘʥʠʟʘʮʠʡ-ʧʦʩʪʘʚʱʠʢʦʚ, ʚ ʢʦʪʦʨʳʭ ʧʨʦʚʦʜʠʣʩʷ ʘʫʜʠʪ, %
Fig. 1. Geographical distribution of audited suppliers, %

ʈʠʩ. 2. ʆʮʝʥʢʘ ʩʪʝʧʝʥʠ ʚʘʞʥʦʩʪʠ ʚʥʝʜʨʝʥʠʷ ʉʄʂ ʨʫʢʦʚʦʜʠʪʝʣʷʤʠ ʦʨʛʘʥʠʟʘʮʠʡ, %
Fig. 2. Assessment of importance of QMS implementation by heads of organizations, %

ʊʘʢʞʝ ʧʨʠ ʧʦʤʦʱʠ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʫʪʦʯʥʷ-
ʶʱʠʭ ʚʦʧʨʦʩʦʚ ʫʜʘʣʦʩʴ ʚʳʷʩʥʠʪʴ, ʢ ʢʘʢʦʤʫ ʪʠʧʫ
ʨʫʢʦʚʦʜʠʪʝʣʝʡ ʧʦ ʩʧʠʨʘʣʴʥʦʡ ʜʠʥʘʤʠʢʝ ʂʣʝʨʘ
ɻʨʝʡʚʟʘ ʦʪʥʦʩʠʪʩʷ ʙʦʣʴʰʠʥʩʪʚʦ ʠʟ ʦʧʨʦʰʝʥʥʳʭ
ʨʫʢʦʚʦʜʠʪʝʣʝʡ. ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʜʘʥʥʦʡ ʤʦʜʝʣʴʶ
ʣʶʙʘʷ ʞʠʚʘʷ ʩʠʩʪʝʤʘ (ʯʝʣʦʚʝʢ, ʦʙʱʝʩʪʚʦ, ʦʨʛʘʥʠ-
ʟʘʮʠ  ̫ ʠʣʠ ʩʪʨʘʥʘ) ʧʨʦʭʦʜʠʪ ʧʨʠʤʝʨʥʦ ʦʜʥʠ ʠ ʪʝ
ʞʝ ʫʨʦʚʥʠ ʨʘʟʚʠʪʠʷ ʠ, ʟʥʘʷ ʠʭ, ʤʦʞʥʦ ʧʦʥʷʪʴ ʮʝʣʠ
ʠ ʧʨʠʦʨʠʪʝʪʳ ʞʠʚʦʡ ʩʠʩʪʝʤʳ [11]. ɼʨʫʛʠʤʠ ʩʣʦ-
ʚʘʤʠ, ʜʘʥʥʘʷ ʪʝʦʨʠʷ ʩʧʦʩʦʙʩʪʚʫʝʪ ʧʦʥʠʤʘʥʠ  ʁʮʝ-
ʣʝʡ, ʞʠʟʥʝʥʥʳʭ ʮʝʥʥʦʩʪʝʡ ʠ ʧʨʠʦʨʠʪʝʪʦʚ ʢʘʞʜʦʛʦ
ʯʝʣʦʚʝʢʘ. ʂ. ɻʨʝʡʚʟ ʚʳʜʝʣʠʣ 9 ʫʨʦʚʥʝʡ ʩʦʮʠʦ-
ʢʫʣʴʪʫʨʥʦʛʦ ʨʘʟʚʠʪʠ  ̫ʯʝʣʦʚʝʢʘ, ʢʘʞʜʦʤʫ ʠʟ ʢʦʪʦ-
ʨʳʭ ʧʨʠʩʚʦʠʣ ʦʧʨʝʜʝʣʝʥʥʳʡ ʮʚʝʪ. ʆʢʘʟʘʣʦʩʴ, ʯʪʦ
ʙʦʣʴʰʠʥʩʪʚʦ ʠʟ ʦʧʨʦʱʝʥʥʳʭ ʨʫʢʦʚʦʜʠʪʝʣʝʡ, ʚ
ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʜʘʥʥʦʡ ʤʦʜʝʣʴʶ, ʦʪʥʦʩʷʪʩʷ ʢ
ʫʨʦʚʥʶ «ʢʨʘʩʥʳʡ», ʠ ʠʤ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʪʘʢʠʝ

ʯʝʨʪʳ, ʢʘʢ ʟʜʦʨʦʚʘʷ ʘʛʨʝʩʩʠ ,̫ ʙʫʥʪ, ʯʪʦ ʩʧʦʩʦʙ-
ʩʪʚʫʝʪ ʥʘʨʘʱʠʚʘʥʠ  ʁ ʵʛʦ ʠ ʫʚʝʨʝʥʥʦʩʪʠ ʚ ʩʝʙʝ.
ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʨʫʢʦʚʦʜʠʪʝʣʠ ʩ ʤʳʰʣʝʥʠʝʤ
«ʢʨʘʩʥʦʛʦ» ʫʨʦʚʥ  ̫ ʟʘʠʥʪʝʨʝʩʦʚʘʥʳ ʙʦʣʴʰʝ ʚ ʜʦ-
ʩʪʠʞʝʥʠʠ ʢʨʘʪʢʦʩʨʦʯʥʳʭ ʮʝʣʝʡ, ʥʦ ʥʘ ʜʦʣʛʦʩʨʦʯ-
ʥʳʝ ʮʝʣʠ ʦʥʠ, ʢʘʢ ʧʨʘʚʠʣʦ, ʥʝ ʦʨʠʝʥʪʠʨʦʚʘʥʳ.

ʇʦʵʪʦʤʫ ʦʥʠ ʩʯʠʪʘʶʪ, ʯʪʦ ʚʥʝʜʨʝʥʠʝ ʉʄʂ
ʧʨʠʟʚʘʥʦ ʨʝʰʠʪʴ ʩʣʝʜʫʶʱʠʝ ʟʘʜʘʯʠ:

ī ʫʜʦʚʣʝʪʚʦʨʝʥʠʝ ʪʨʝʙʦʚʘʥʠʡ ʟʘʢʘʟʯʠʢʦʚ ʧʨʠ
ʟʘʢʣʶʯʝʥʠʠ ʢʦʥʪʨʘʢʪʦʚ (ʜʦʛʦʚʦʨʦʚ);

ī ʩʪʨʝʤʣʝʥʠʝ ʧʦʚʳʩʠʪʴ ʢʦʥʢʫʨʝʥʪʦʩʧʦʩʦʙ-
ʥʦʩʪʴ ʧʨʦʜʫʢʮʠʠ;

ī ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʩʦʦʪʚʝʪʩʪʚʦʚʘʪʴ ʫʩʣʦʚʠʷʤ
ʫʯʘʩʪʠ  ̫ʚ ʪʝʥʜʝʨʘʭ, ʢʦʥʢʫʨʩʘʭ ʠ ʧʦʜʦʙʥʳʭ ʤʝʨʦ-
ʧʨʠʷʪʠʷʭ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʟʘʢʦʥʯʠʪʴʩʷ ʢʦʥʪʨʘʢʪʦʤ
ʠ ʩʣʫʞʘʪ ʨʝʢʣʘʤʦʡ ʦʨʛʘʥʠʟʘʮʠʠ;
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ʉʊɸʅɼɸʈʊʀɿɸʎʀʗ, ʉɽʈʊʀʌʀʂɸʎʀʗ ʀ ʋʇʈɸɺʃɽʅʀɽ ʂɸʏɽʉʊɺʆʄ
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ī ʫʩʣʦʚʠʝ ʧʦʣʫʯʝʥʠʷ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʢʘ-
ʟʘ, ʣʴʛʦʪʥʦʛʦ ʢʨʝʜʠʪʦʚʘʥʠʷ ʠʣʠ ʩʪʨʘʭʦʚʘʥʠʷ [6].

ɼʦʧʦʣʥʠʪʝʣʴʥʳʤ ʧʦʜʪʚʝʨʞʜʝʥʠʝʤ ʩʜʝʣʘʥ-
ʥʳʭ ʚʳʚʦʜʦʚ ʩʪʘʣʠ ʩʚʝʜʝʥʠʷ, ʧʦʣʫʯʝʥʥʳʝ ʠʟ
ʦʪʯʝʪʥʦʡ ʜʦʢʫʤʝʥʪʘʮʠʠ «ɸʥʘʣʠʟ ʩʦ ʩʪʦʨʦʥʳ
ʨʫʢʦʚʦʜʩʪʚʘ». ʋ ʧʦʩʪʘʚʱʠʢʦʚ ʩ ʚʥʝʜʨʝʥʥʦʡ
ʉʄʂ ʦʪʯʝʪ ʩʦʜʝʨʞʘʣ ʚʭʦʜʥʳʝ ʜʘʥʥʳʝ, ʧʝʨʝ-
ʯʠʩʣʝʥʥʳʝ ʚ ʧ. 9.3.2 ɻʆʉʊ ʈ ʀʉʆ 9001-2015,
ʩʨʝʜʠ ʢʦʪʦʨʳʭ:

ī ʩʪʘʪʫʩ ʜʝʡʩʪʚʠʡ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʧʨʝʜʳ-
ʜʫʱʠʭ ʘʥʘʣʠʟʦʚ ʩʦ ʩʪʦʨʦʥʳ ʨʫʢʦʚʦʜʩʪʚʘ;

ī ʠʟʤʝʥʝʥʠʷ ʚʦ ʚʥʝʰʥʠʭ ʠ ʚʥʫʪʨʝʥʥʠʭ ʬʘʢʪʦ-
ʨʘʭ, ʢʘʩʘʶʱʠʭʩʷ ʩʠʩʪʝʤʳ ʤʝʥʝʜʞʤʝʥʪʘ ʢʘʯʝʩʪʚʘ;

ī ʠʥʬʦʨʤʘʮʠ  ̫ ʦ ʨʝʟʫʣʴʪʘʪʘʭ ʜʝʷʪʝʣʴʥʦʩʪʠ ʠ
ʨʝʟʫʣʴʪʘʪʠʚʥʦʩʪʠ ʩʠʩʪʝʤʳ ʤʝʥʝʜʞʤʝʥʪʘ ʢʘʯʝʩʪʚʘ.

ɸ ʪʘʢʞʝ ʚʳʭʦʜʥʳʝ ʜʘʥʥʳʝ (ʧ. 9.3.3 ɻʆʉʊ ʈ
ʀʉʆ 9001-2015):

ī ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʫʣʫʯʰʝʥʠʷ;
ī ʠʟʤʝʥʝʥʠʷ ʚ ʩʠʩʪʝʤʝ ʤʝʥʝʜʞʤʝʥʪʘ ʢʘʯʝʩʪʚʘ;
ī ʧʦʪʨʝʙʥʦʩʪʠ ʚ ʨʝʩʫʨʩʘʭ.
ʆʜʥʘʢʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʰʠʨʦʢʠʡ ʢʨʫʛ ʧʨʝʜ-

ʩʪʘʚʣʝʥʥʳʭ ʢʨʠʪʝʨʠʝʚ, ʨʫʢʦʚʦʜʠʪʝʣʠ ʫʢʘʟʳʚʘ-
ʣʠ, ʯʪʦ ʜʣʷ ʥʠʭ ʧʨʠ ʚʥʝʜʨʝʥʠʠ ʉʄʂ ʚ ʦʩʥʦʚʥʦʤ
ʷʚʣʷʶʪʩʷ ʚʘʞʥʳʤʠ ʪʦʣʴʢʦ ʜʚʘ ʘʩʧʝʢʪʘ – ʵʪʦ ʧʦ-
ʢʘʟʘʪʝʣʠ ʫʜʦʚʣʝʪʚʦʨʝʥʥʦʩʪʠ ʧʦʪʨʝʙʠʪʝʣʝʡ ʠ
ʢʦʣʠʯʝʩʪʚʦ ʥʝʩʦʦʪʚʝʪʩʪʚʠʡ, ʚʳʷʚʣʝʥʥʳʭ ʥʘ
ʚʥʝʰʥʠʭ ʠ ʚʥʫʪʨʝʥʥʠʭ ʘʫʜʠʪʘʭ. ʅʘ ʦʩʥʦʚʘʥʠʠ
ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ
ʦ ʪʦʤ, ʯʪʦ ʠʩʪʠʥʥʘʷ ʮʝʣʴ ʚʥʝʜʨʝʥʠʷ ʉʄʂ ʚʦ
ʤʥʦʛʠʭ ʦʨʛʘʥʠʟʘʮʠʷʭ, ʢ ʙʦʣʴʰʦʤʫ ʩʦʞʘʣʝʥʠʶ,
ʥʝ ʷʚʣʷʝʪʩʷ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝʤ ʫʧʨʘʚʣʝʥʠʷ
ʦʨʛʘʥʠʟʘʮʠʝʡ ʚ ʮʝʣʷʭ ʧʦʚʳʰʝʥʠʷ ʢʘʯʝʩʪʚʘ ʧʨʦ-
ʜʫʢʮʠʠ ʠ ʫʩʣʫʛ, ʘ ʚʥʝʜʨʝʥʠʝ ʉʄʂ ʚ ʨʝʟʫʣʴʪʘʪʝ
ʦʩʦʟʥʘʥʥʦʛʦ ʠ ʚʩʝʩʪʦʨʦʥʥʝ ʧʨʦʜʫʤʘʥʥʦʛʦ ʨʝ-
ʰʝʥʠʷ ʚʩʪʨʝʯʘʝʪʩʷ ʨʝʜʢʦ.

ʏʪʦ ʞʝ ʥʫʞʥʦ ʜʝʣʘʪʴ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʦʨʛʘ-
ʥʠʟʘʮʠʷ ʧʨʠ ʚʥʝʜʨʝʥʠʠ ʉʄʂ ʜʦʩʪʠʛʘʣʘ ʞʝʣʘʝ-
ʤʳʭ ʨʝʟʫʣʴʪʘʪʦʚ?

ɺʦ-ʧʝʨʚʳʭ, ʥʘ ʥʘʰ ʚʟʛʣʷʜ, ʦʜʥʠʤ ʠʟ ʢʣʶʯʝ-
ʚʳʭ ʬʘʢʪʦʨʦʚ ʷʚʣʷʝʪʩʷ ʦʩʦʟʥʘʥʥʦʝ ʧʨʠʥʷʪʠʝ
ʨʝʰʝʥʠʷ ʦ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʚʥʝʜʨʝʥʠʷ ʉʄʂ
ʠʤʝʥʥʦ ʚʣʘʜʝʣʴʮʝʤ ʙʠʟʥʝʩʘ, ʘ ʥʝ ʠʩʧʦʣʥʠʪʝʣʴ-
ʥʳʤ ʜʠʨʝʢʪʦʨʦʤ, ʢʦʪʦʨʦʤʫ ʧʝʨʝʜʘʥʦ ʨʫʢʦʚʦʜ-
ʩʪʚʦ. ʃʠʮʦ, ʢʦʪʦʨʦʝ ʦʩʫʱʝʩʪʚʣʷʝʪ ʨʫʢʦʚʦʜʩʪʚʦ
ʪʝʢʫʱʝʡ ʜʝʷʪʝʣʴʥʦʩʪʴʶ, ʟʘʠʥʪʝʨʝʩʦʚʘʥʦ ʚ ʜʦ-
ʩʪʠʞʝʥʠʠ ʧʨʝʞʜʝ ʚʩʝʛʦ ʦʧʨʝʜʝʣʝʥʥʳʭ ʬʠʥʘʥ-
ʩʦʚʦ-ʵʢʦʥʦʤʠʯʝʩʢʠʭ ʧʦʢʘʟʘʪʝʣʝʡ, ʢʦʪʦʨʳʝ ʠ
ʷʚʣʷʶʪʩʷ ʦʩʥʦʚʥʳʤʠ ʢʨʠʪʝʨʠʷʤʠ ʦʮʝʥʢʠ ʝʛʦ
ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʢʘʢ ʤʝʥʝʜʞʝʨʘ. ʊʘʢʠʝ ʚʘʞʥʳʝ
ʨʝʟʫʣʴʪʘʪʳ ʦʪ ʚʥʝʜʨʝʥʠʷ ʉʄʂ, ʢʘʢ ʵʬʬʝʢʪʠʚ-
ʥʦʝ ʫʧʨʘʚʣʝʥʠʝ ʨʝʩʫʨʩʘʤʠ, ʨʠʩʢʘʤʠ, ʧʨʦʤʳʰ-

ʣʝʥʥʦʡ ʠ ʵʢʦʣʦʛʠʯʝʩʢʦʡ ʙʝʟʦʧʘʩʥʦʩʪʴʶ, ʧʝʨʩʦ-
ʥʘʣʦʤ, ʷʚʣʷʶʪʩʷ ʦʪʩʨʦʯʝʥʥʳʤʠ ʧʦ ʚʨʝʤʝʥʠ, ʥʦ
ʚ ʢʦʥʝʯʥʦʤ ʠʪʦʛʝ ʦʢʘʟʳʚʘʶʪ ʩʠʩʪʝʤʥʳʡ, ʘ ʪʘʢ-
ʞʝ ʩʠʥʝʨʛʝʪʠʯʝʩʢʠʡ ʵʬʬʝʢʪ, ʠ ʫʚʝʣʠʯʠʚʘʶʪ
ʢʦʥʢʫʨʝʥʪʦʩʧʦʩʦʙʥʦʩʪʴ ʢʘʢ ʧʨʦʜʫʢʮʠʠ, ʪʘʢ ʠ
ʩʘʤʦʛʦ ʧʨʝʜʧʨʠʷʪʠʷ.

ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʝʩʣʠ ʨʝʟʫʣʴʪʘʪ ʦʪ ʚʥʝʜʨʝ-
ʥʠʷ ʉʄʂ ʥʝ ʚʠʜʝʥ ʩʨʘʟʫ, ʪʦ ʩʦ ʩʪʦʨʦʥʳ ʠʩʧʦʣ-
ʥʠʪʝʣʴʥʦʛʦ ʜʠʨʝʢʪʦʨʘ ʤʦʞʝʪ ʥʘʙʣʶʜʘʪʴʩʷ ʩʥʠ-
ʞʝʥʠʝ ʟʘʠʥʪʝʨʝʩʦʚʘʥʥʦʩʪʠ ʚ ʜʘʥʥʦʤ ʚʦʧʨʦʩʝ.
ʇʦʵʪʦʤʫ ʜʣʷ ʥʝʛʦ ʚʥʝʜʨʝʥʠʝ ʉʄʂ ʤʦʞʝʪ ʧʨʝʜ-
ʩʪʘʚʣʷʪʴ ʠʥʪʝʨʝʩ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ
ʥʘʣʠʯʠʷ ʩʝʨʪʠʬʠʢʘʪʘ, ʪʘʢʞʝ ʩʧʦʩʦʙʩʪʚʫʶʱʝʛʦ
ʫʚʝʣʠʯʝʥʠʶ ʩʙʳʪʘ ʧʨʦʜʫʢʮʠʠ.  ɺʘʞʥʦ ʧʦʤʥʠʪʴ,
ʯʪʦ ʧʝʨʚʳʝ ʨʝʟʫʣʴʪʘʪʳ ʦʪ ʚʥʝʜʨʝʥʠʷ ʣʶʙʦʡ ʩʠ-
ʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʤʦʞʥʦ ʦʱʫʪʠʪʴ ʪʦʣʴʢʦ ʯʝʨʝʟ
6-15 ʤʝʩʷʮʝʚ [12], ʘ ʦʪ ʚʥʝʜʨʝʥʠʷ ʉʄʂ, ʢʘʢ
ʧʨʘʚʠʣʦ, ʯʝʨʝʟ ʪʨʠ ʛʦʜʘ. ʇʦʪʝʨʷ ʠʥʪʝʨʝʩʘ ʩʦ
ʩʪʦʨʦʥʳ ʨʫʢʦʚʦʜʩʪʚʘ ʤʦʞʝʪ ʥʘʙʣʶʜʘʪʴʩʷ ʪʘʢʞʝ
ʠ ʧʦʩʣʝ ʧʦʣʫʯʝʥʠʷ ʩʝʨʪʠʬʠʢʘʪʘ ʩʦʦʪʚʝʪʩʪʚʠʷ ʥʘ
ʉʄʂ, ʪʘʢ ʢʘʢ ʩʦʟʜʘʝʪʩʷ ʦʱʫʱʝʥʠʝ, ʯʪʦ ʮʝʣʴ
ʜʦʩʪʠʛʥʫʪʘ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʧʦʣʫʯʝʥʠʝ ʩʝʨʪʠʬʠ-
ʢʘʪʘ ʥʝ ʷʚʣʷʝʪʩʷ ʛʘʨʘʥʪʦʤ ʪʦʛʦ, ʯʪʦ ʩʠʩʪʝʤʘ ʚʳ-
ʩʪʨʦʝʥʘ ʠ ʙʦʣʴʰʝ ʥʝ ʥʫʞʜʘʝʪʩʷ ʚ ʫʧʨʘʚʣʝʥʠʠ,
ʧʦʵʪʦʤʫ ʥʝʦʙʭʦʜʠʤʦ ʧʨʦʚʦʜʠʪʴ ʧʦʩʪʦʷʥʥʳʡ
ʤʦʥʠʪʦʨʠʥʛ ʠ ʢʦʨʨʝʢʪʠʨʦʚʘʪʴ ʧʨʦʮʝʩʩʳ ʧʦ ʤʝ-
ʨʝ ʥʝʦʙʭʦʜʠʤʦʩʪʠ.

ɺʦ-ʚʪʦʨʳʭ, ʥʘ ʯʪʦ ʩʣʝʜʫʝʪ ʦʙʨʘʪʠʪʴ ʚʥʠʤʘ-
ʥʠʝ, ʥʘ ʥʘʰ ʚʟʛʣʷʜ, ʵʪʦ ʪʦ, ʯʪʦ ʚʣʘʜʝʣʝʮ ʙʠʟʥʝ-
ʩʘ, ʦʩʥʦʚʳʚʘʷʩʴ ʥʘ ʠʩʪʠʥʥʳʭ ʤʦʪʠʚʘʭ ʚʥʝʜʨʝ-
ʥʠʷ ʉʄʂ, ʜʦʣʞʝʥ ʟʘʨʘʥʝʝ ʦʧʨʝʜʝʣʠʪʴ ʨʝʟʫʣʴʪʘ-
ʪʳ, ʢʦʪʦʨʳʝ ʦʥ ʧʣʘʥʠʨʫʝʪ ʧʦʣʫʯʠʪʴ ʦʪ ʝʝ ʬʫʥʢ-
ʮʠʦʥʠʨʦʚʘʥʠʷ. ʊʘʢʞʝ ʥʝʦʙʭʦʜʠʤʦ ʜʦʚʝʩʪʠ
ʦʞʠʜʘʝʤʳʝ ʨʝʟʫʣʴʪʘʪʳ ʦʪ ʚʥʝʜʨʝʥʠʷ ʉʄʂ ʜʦ
ʩʦʪʨʫʜʥʠʢʦʚ ʠ ʩʧʝʮʠʘʣʠʩʪʦʚ, ʢʦʪʦʨʳʝ ʙʫʜʫʪ
ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʟʘʥʠʤʘʪʴʩʷ ʨʘʟʨʘʙʦʪʢʦʡ ʉʄʂ.

ɺ-ʪʨʝʪʴʠʭ, ʥʝʤʘʣʦʚʘʞʥʳʤ ʬʘʢʪʦʨʦʤ ʜʣʷ
ʵʬʬʝʢʪʠʚʥʦʛʦ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʉʄʂ, ʥʘ ʥʘʰ
ʚʟʛʣʷʜ, ʷʚʣʷʝʪʩʷ ʪʘʢʞʝ ʧʨʠʥʘʜʣʝʞʥʦʩʪʴ ʨʫʢʦʚʦ-
ʜʠʪʝʣʝʡ ʦʨʛʘʥʠʟʘʮʠʡ ʢ «ʞʝʣʪʳʤ» ʠʣʠ «ʟʝʣʝ-
ʥʳʤ» ʫʨʦʚʥʷʤ ʩʦʛʣʘʩʥʦ ʩʧʠʨʘʣʴʥʦʡ ʜʠʥʘʤʠʢʝ
ʂʣʝʨʘ ɻʨʝʡʚʟʘ, ʪʦ ʝʩʪʴ ʢ ʪʝʤ ʣʶʜʷʤ, ʢʦʪʦʨʳʤ
ʧʨʠʩʫʱʘ ʛʠʙʢʦʩʪʴ ʤʳʰʣʝʥʠʷ, ʦʱʫʱʝʥʠʝ ʤʠʩ-
ʩʠʠ, ʥʘʣʠʯʠʝ ʚʥʫʪʨʝʥʥʝʡ ʤʦʪʠʚʘʮʠʠ, ʚʦʟʤʦʞ-
ʥʦʩʪʴ ʤʳʩʣʠʪʴ ʚ ʛʣʦʙʘʣʴʥʳʭ ʤʘʩʰʪʘʙʘʭ. ʕʪʦ
ʥʝʦʙʭʦʜʠʤʦ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʧʦʤʦʯʴ ʚʳʡʪʠ ʦʨ-
ʛʘʥʠʟʘʮʠʷʤ ʥʘ ʥʦʚʳʡ ʫʨʦʚʝʥʴ ʨʘʟʚʠʪʠʷ ʠ ʩʬʦʨ-
ʤʠʨʦʚʘʪʴ ʩʪʨʘʪʝʛʠʶ ʥʦʚʦʛʦ ʦʙʨʘʟʮʘ.

ɺ-ʯʝʪʚʝʨʪʳʭ, ʨʫʢʦʚʦʜʠʪʝʣʷʤ ʦʨʛʘʥʠʟʘʮʠʡ
ʥʝʦʙʭʦʜʠʤʦ ʙʦʣʝʝ ʛʣʫʙʦʢʦ ʘʥʘʣʠʟʠʨʦʚʘʪʴ ʉʄʂ
ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʢʨʠʪʝʨʠʷʤʠ, ʦʙʦʟʥʘʯʝʥʥʳʤʠ ʚ



ɼʨʘʥʢʦʚʘ ʅ.ɸ., ɼʝʥʠʩʦʚʘ ʗ.ɺ.

www.vestnik.magtu.ru        –––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 71

ʨʘʟʜʝʣʝ 9 «ʆʮʝʥʢʘ ʨʝʟʫʣʴʪʘʪʦʚ ʜʝʷʪʝʣʴʥʦʩʪʠ»
ɻʆʉʊ ʈ ʀʉʆ 9001-2015.

ʇʦ ʥʘʰʝʤʫ ʤʥʝʥʠʶ, ʥʝ ʩʣʝʜʫʝʪ ʫʜʝʣʷʪʴ ʧʦ-
ʚʳʰʝʥʥʦʝ ʚʥʠʤʘʥʠʝ ʧʦʢʘʟʘʪʝʣʷʤ, ʦʪʨʘʞʘʶʱʠʤ
ʫʜʦʚʣʝʪʚʦʨʝʥʥʦʩʪʴ ʧʦʪʨʝʙʠʪʝʣʝʡ, ʪʘʢ ʢʘʢ ʟʘʯʘ-
ʩʪʫʶ ʘʥʢʝʪʳ, ʟʘʨʘʥʝʝ ʟʘʛʦʪʦʚʣʝʥʥʳʝ ʚ ʦʨʛʘʥʠ-
ʟʘʮʠʠ, ʥʝ ʟʘʪʨʘʛʠʚʘʶʪ ʚʦʧʨʦʩʳ, ʢʦʪʦʨʳʝ ʜʝʡ-
ʩʪʚʠʪʝʣʴʥʦ ʚʘʞʥʳ ʜʣʷ ʧʦʪʨʝʙʠʪʝʣʷ. ʉʣʝʜʦʚʘ-
ʪʝʣʴʥʦ, ʧʦʜʦʙʥʳʝ ʘʥʢʝʪʳ ʥʝ ʜʘʶʪ ʦʙʲʝʢʪʠʚʥʦʛʦ
ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʦʙ ʦʞʠʜʘʥʠʷʭ ʠ ʪʨʝʙʦʚʘʥʠʷʭ ʧʦ-
ʪʨʝʙʠʪʝʣʝʡ. ʏʘʱʝ ʚʩʝʛʦ ʧʨʠ ʘʥʘʣʠʟʝ ʪʘʢʠʭ ʜʘʥ-
ʥʳʭ ʤʦʞʥʦ ʧʦʯʝʨʧʥʫʪʴ ʩʚʝʜʝʥʠʷ ʣʠʰʴ ʦʙ ʦʮʝʥ-
ʢʝ ʢʘʯʝʩʪʚʘ ʦʪʜʝʣʴʥʳʭ ʩʦʩʪʘʚʣʷʶʱʠʭ ʨʘʙʦʪʳ
ʦʨʛʘʥʠʟʘʮʠʠ. ʂʨʦʤʝ ʪʦʛʦ, ʠʥʦʛʜʘ ʘʥʢʝʪʳ ʜʣʷ
ʟʘʧʦʣʥʝʥʠʷ ʧʦʧʘʜʘʶʪ ʚ ʨʫʢʠ ʫʟʢʦʧʨʦʬʠʣʴʥʳʭ ʠ
ʥʝʜʦʩʪʘʪʦʯʥʦ ʢʦʤʧʝʪʝʥʪʥʳʭ ʩʦʪʨʫʜʥʠʢʦʚ, ʯʪʦ
ʪʘʢʞʝ ʥʝ ʩʧʦʩʦʙʩʪʚʫʝʪ ʫʩʪʘʥʦʚʣʝʥʠʶ ʠʪʦʛʦʚʦʡ
ʦʙʲʝʢʪʠʚʥʦʡ ʦʮʝʥʢʠ.

ʉʣʝʜʫʶʱʠʤ ʬʘʢʪʦʨʦʤ, ʟʥʘʯʝʥʠʝ ʢʦʪʦʨʦʛʦ
ʥʝ ʩʪʦʠʪ ʩʠʣʴʥʦ ʧʨʝʫʚʝʣʠʯʠʚʘʪʴ, ʷʚʣʷʝʪʩʷ ʢʦ-
ʣʠʯʝʩʪʚʦ ʥʝʩʦʦʪʚʝʪʩʪʚʠʡ, ʚʳʷʚʣʝʥʥʳʭ ʥʘ ʚʥʝʰ-
ʥʠʭ ʠ ʚʥʫʪʨʝʥʥʠʭ ʘʫʜʠʪʘʭ. ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʩ
ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʜʘʥʥʳʡ ʧʦʢʘʟʘʪʝʣʴ ʷʚʣʷʝʪʩʷ
ʥʝʤʘʣʦʚʘʞʥʳʤ ʠ ʟʘʩʣʫʞʠʚʘʶʱʠʤ ʚʥʠʤʘʥʠʷ.
ʅʦ ʥʝʦʙʭʦʜʠʤʦ ʧʦʥʠʤʘʪʴ, ʯʪʦ ʧʨʠ ʘʥʘʣʠʟʝ ʜʘʥ-
ʥʦʛʦ ʘʩʧʝʢʪʘ ʦʩʦʙʫʶ ʚʘʞʥʦʩʪʴ ʧʨʝʜʩʪʘʚʣʷʝʪ ʥʝ
ʢʦʣʠʯʝʩʪʚʦ ʚʳʷʚʣʝʥʥʳʭ ʥʝʩʦʦʪʚʝʪʩʪʚʠʡ, ʘ ʪʝ
ʧʦʩʣʝʜʩʪʚʠʷ, ʢ ʢʦʪʦʨʳʤ ʦʥʦ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ.
ʇʦʵʪʦʤʫ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳ-
ʚʘʪʴ, ʢ ʢʘʢʦʤʫ ʨʦʜʫ ʜʝʷʪʝʣʴʥʦʩʪʠ ʦʨʛʘʥʠʟʘʮʠʠ
ʦʪʥʦʩʠʪʩʷ ʚʳʷʚʣʝʥʥʦʝ ʥʝʩʦʦʪʚʝʪʩʪʚʠʝ. ʅʘʧʨʠ-
ʤʝʨ, ʪʘʢʠʝ ʥʝʩʦʦʪʚʝʪʩʪʚʠʷ, ʦʪʥʦʩʷʱʠʝʩʷ ʢ
ʫʧʨʘʚʣʝʥʠʶ ʜʦʢʫʤʝʥʪʘʮʠʝʡ, ʢʘʢ ʯʠʩʣʦ ʜʦʧʫ-
ʱʝʥʥʳʭ ʦʰʠʙʦʢ, ʠʤʝʶʪ ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʝʝ ʩʝ-
ʨʴʝʟʥʳʝ ʧʦʩʣʝʜʩʪʚʠʷ, ʯʝʤ ʪʝ, ʢʦʪʦʨʳʝ ʚʳʷʚʣʷ-
ʶʪʩʷ ʥʘ ʵʪʘʧʘʭ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʦʛʦ ʧʨʦʮʝʩʩʘ
ʠʣʠ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʫ ʧʦʪʨʝʙʠʪʝʣʷ.

ɼʝʡʩʪʚʠʪʝʣʴʥʦ ʩʝʨʴʝʟʥʦʝ ʚʥʠʤʘʥʠʝ ʜʦʣʞʥʦ
ʙʳʪʴ ʫʜʝʣʝʥʦ ʩʣʝʜʫʶʱʠʤ ʬʘʢʪʦʨʘʤ:

ī ʧʨʠʯʠʥʳ ʥʝʚʳʧʦʣʥʝʥʠʷ ʟʘʧʣʘʥʠʨʦʚʘʥʥʳʭ
ʤʝʨʦʧʨʠʷʪʠʡ, ʘ ʪʘʢʞʝ ʤʝʨʦʧʨʠʷʪʠʡ, ʢʦʪʦʨʳʝ «ʧʝ-
ʨʝʭʦʜʷʪ» ʠʟ ʦʪʯʝʪʘ ʚ ʦʪʯʝʪ, ʥʦ ʥʝ ʚʳʧʦʣʥʷʶʪʩʷ;

ī ʧʨʠʯʠʥʳ ʥʝʜʦʩʪʠʞʝʥʠʷ ʮʝʣʝʡ ʚ ʦʙʣʘʩʪʠ
ʢʘʯʝʩʪʚʘ;

ī ʢʦʣʠʯʝʩʪʚʦ ʧʦʚʪʦʨʥʳʭ ʥʝʩʦʦʪʚʝʪʩʪʚʠʡ ʠ
ʧʨʠʥʘʜʣʝʞʥʦʩʪʴ ʥʝʩʦʦʪʚʝʪʩʪʚʠ  ̫ ʢ ʪʨʝʙʦʚʘʥʠʷʤ
ʩʪʘʥʜʘʨʪʘ ISO 9001:2015 (ɻʆʉʊ ʈ ʀʉʆ 9001-2015);

ī ʨʝʟʫʣʴʪʘʪʳ ʘʫʜʠʪʘ ʚʥʝʰʥʠʭ ʧʦʩʪʘʚʱʠʢʦʚ;
ī ʜʦʩʪʘʪʦʯʥʦʩʪʴ ʨʝʩʫʨʩʦʚ.
ʂʨʦʤʝ ʪʦʛʦ, ʧʨʠ ʚʥʝʜʨʝʥʠʠ ʉʄʂ ʥʝʦʙʭʦʜʠ-

ʤʦ ʩʜʝʣʘʪʴ ʦʩʦʙʳʡ ʘʢʮʝʥʪ ʥʘ ʵʬʬʝʢʪʠʚʥʫʶ ʨʘ-

ʙʦʪʫ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʦʛʦ ʤʝʥʝʜʞʤʝʥʪʘ, ʥʘʧʨʘʚ-
ʣʝʥʥʫʶ ʥʘ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ ʜʝʷʪʝʣʴʥʦʩʪʠ
ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʭ ʩʠʩʪʝʤ. ɿʘ ʩʯʝʪ ʪʝʩʥʦʡ ʚʟʘʠ-
ʤʦʩʚʷʟʠ ʉʄʂ ʠ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʦʛʦ ʤʝʥʝʜʞʤʝʥ-
ʪʘ ʩʠʩʪʝʤʘ ʫʧʨʘʚʣʝʥʠʷ ʙʫʜʝʪ ʦʙʣʘʜʘʪʴ ʩʣʝʜʫʶ-
ʱʠʤʠ ʧʨʠʟʥʘʢʘʤʠ:

1) ʮʝʣʦʩʪʥʦʩʪʴ;
2) ʛʠʙʢʦʩʪʴ;
3) ʦʪʢʨʳʪʦʩʪʴ;
4) ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʦʩʪʴ;
5) ʨʝʟʫʣʴʪʘʪʠʚʥʦʩʪʴ.
ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʥʘʣʠʯʠʝ ʩʦʚʦʢʫʧʥʦʩʪʠ ʫʢʘ-

ʟʘʥʥʳʭ ʧʨʠʟʥʘʢʦʚ ʧʦʟʚʦʣʠʪ ʩʠʩʪʝʤʝ ʫʧʨʘʚʣʷʪʴ
ʣʶʙʳʤʠ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʤʠ ʧʨʦʮʝʩʩʘʤʠ ʙʦʣʝʝ
ʵʬʬʝʢʪʠʚʥʦ ʠ ʨʘʮʠʦʥʘʣʴʥʦ, ʯʪʦ ʧʨʠʦʙʨʝʪʘʝʪ
ʦʩʦʙʫʶ ʟʥʘʯʠʤʦʩʪʴ ʚ ʧʝʨʠʦʜ ʪʨʘʥʩʬʦʨʤʘʮʠʠ
ʦʪʝʯʝʩʪʚʝʥʥʦʡ ʵʢʦʥʦʤʠʢʠ ʚ ʫʩʣʦʚʠʷʭ ʥʦʚʦʡ
ʵʢʦʥʦʤʠʯʝʩʢʦʡ ʩʨʝʜʳ. ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʢʦʥ-
ʮʝʧʮʠʝʡ TQM, ʣʝʞʘʱʝʡ ʚ ʦʩʥʦʚʝ ʩʦʚʨʝʤʝʥʥʦʡ
ʪʝʦʨʠʠ ʋʧʨʘʚʣʝʥʠʷ ʢʘʯʝʩʪʚʦʤ, ʧʨʦʠʟʚʦʜʠʪʝʣʠ
ʜʦʣʞʥʳ ʧʦʩʪʦʷʥʥʦ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʪʴ ʢʘʢ ʢʘʯʝ-
ʩʪʚʦ ʧʨʦʠʟʚʦʜʠʤʦʡ ʠʤʠ ʧʨʦʜʫʢʮʠʠ, ʪʘʢ ʠ ʢʘʯʝ-
ʩʪʚʦ ʚʩʝʭ ʧʨʦʮʝʩʩʦʚ. ʇʨʠʥʠʤʘʷ ʚʦ ʚʥʠʤʘʥʠʝ
ʩʣʦʞʠʚʰʠʡʩʷ ʚʦ ʤʥʦʛʠʭ ʦʪʨʘʩʣʷʭ ʵʢʦʥʦʤʠʢʠ
ʜʝʬʠʮʠʪ ʬʠʥʘʥʩʦʚʳʭ, ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ, ʤʘʪʝ-
ʨʠʘʣʴʥʳʭ ʨʝʩʫʨʩʦʚ, ʢʘʜʨʦʚ, ʯʘʩʪʦ ʩʪʘʥʦʚʠʪʩʷ
ʧʨʦʙʣʝʤʘʪʠʯʥʳʤ ʚʳʧʫʩʢʘʪʴ ʧʨʦʜʫʢʮʠʶ «ʪʦʯʥʦ
ʚ ʩʨʦʢ» ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩʦ ʚʩʝʤʠ ʪʨʝʙʦʚʘʥʠʷʤʠ
ʟʘʢʘʟʯʠʢʘ. ɻʠʙʢʦʩʪʴ ʩʠʩʪʝʤʳ ʠ ʚʦʟʤʦʞʥʦʩʪʴ
ʙʳʩʪʨʦʡ ʘʜʘʧʪʘʮʠʠ ʢ ʠʟʤʝʥʷʶʱʠʤʩʷ ʫʩʣʦʚʠʷʤ
ʧʦʟʚʦʣʠʪ ʧʨʝʜʧʨʠʷʪʠʷʤ ʥʝ ʪʦʣʴʢʦ «ʚʳʞʠʪʴ», ʥʦ
ʠ ʥʘʨʘʩʪʠʪʴ ʩʚʦʡ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʡ ʠ ʬʠʥʘʥʩʦ-
ʚʳʡ ʧʦʪʝʥʮʠʘʣ.

ʋʢʘʟʘʥʥʳʡ ʧʦʜʭʦʜ ʧʦ ʚʥʝʜʨʝʥʠʶ ʉʄʂ ʚ ʚʠ-
ʜʝ ʙʦʣʴʰʠʥʩʪʚʘ ʧʨʝʜʣʦʞʝʥʥʳʭ ʨʝʢʦʤʝʥʜʘʮʠʡ
ʙʳʣ ʨʝʘʣʠʟʦʚʘʥ ʚ ɿɸʆ «ʕʣʝʢʪʨʦʥʥʳʝ ʠ ʤʝʭʘʥʠ-
ʯʝʩʢʠʝ ʠʟʤʝʨʠʪʝʣʴʥʳʝ ʩʠʩʪʝʤʳ» ʠ ʧʦʜʪʚʝʨʜʠʣ
ʩʚʦʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ. ɹʣʘʛʦʜʘʨʷ ʛʨʘʤʦʪʥʳʤ ʜʝʡ-
ʩʪʚʠʷʤ ʠ ʢʦʦʨʜʠʥʘʮʠʠ ʨʘʟʣʠʯʥʳʭ ʩʣʫʞʙ ʧʨʝʜ-
ʧʨʠʷʪʠʷ ʚʳʩʪʨʦʝʥʥʘʷ ʉʄʂ ʩʪʘʣʘ ʦʙʣʘʜʘʪʴ ʚʳ-
ʰʝʧʝʨʝʯʠʩʣʝʥʥʳʤʠ ʧʨʠʟʥʘʢʘʤʠ ʩʠʩʪʝʤʳ ʫʧʨʘʚ-
ʣʝʥʠʷ. ʅʝʩʤʦʪʨʷ ʥʘ ʩʣʦʞʥʫʶ ʩʠʪʫʘʮʠʶ, ʧʨʝʜ-
ʧʨʠʷʪʠʝ ʟʘ 4 ʛʦʜʘ ʩ ʤʦʤʝʥʪʘ ʚʥʝʜʨʝʥʠʷ ʉʄʂ
ʩʤʦʛʣʦ ʫʚʝʣʠʯʠʪʴ ʦʙʲʝʤ ʚʳʧʫʩʢʘʝʤʦʡ ʧʨʦʜʫʢ-
ʮʠʠ ʙʦʣʝʝ ʯʝʤ ʥʘ 60%. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʩʫʱʝ-
ʩʪʚʝʥʥʦ ʚʳʨʦʩʣʘ ʠ ʚʳʨʫʯʢʘ ʦʪ ʨʝʘʣʠʟʘʮʠʠ, ʚ ʪʦʤ
ʯʠʩʣʝ ʟʘ ʩʯʝʪ ʩʚʦʝʚʨʝʤʝʥʥʦʛʦ ʜʦʙʘʚʣʝʥʠʷ ʚ ʤʘʪ-
ʨʠʮʫ ʚʳʧʫʩʢʘʝʤʦʡ ʧʨʦʜʫʢʮʠʠ ʚʳʩʦʢʦ ʤʘʨʞʠ-
ʥʘʣʴʥʦʡ, ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʦ-ʸʤʢʦʡ ʠ ʩʣʦʞʥʦʡ
ʧʨʦʜʫʢʮʠʠ (ʨʠʩ. 3), ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʧʨʝʜʧʨʠʷʪʠʶ
ʟʘʥʷʪʴ ʣʠʜʠʨʫʶʱʝʝ ʤʝʩʪʦ ʚ ʦʪʨʘʩʣʠ.
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ʈʠʩ. 3. ɼʠʥʘʤʠʢʘ ʦʙʲʝʤʘ ʚʳʧʫʩʢʘʝʤʦʡ ʧʨʦʜʫʢʮʠʠ (ʚ ʥʘʪʫʨʘʣʴʥʦʤ ʚʳʨʘʞʝʥʠʠ) ʠ ʚʳʨʫʯʢʠ ʚ ɿɸʆ «ʕʄʀʉ»
Fig. 3. Trends in the output (in kind) and receipts of ʉJSC EMIS

ɿʘʢʣʶʯʝʥʠʝ

ʇʦʜʚʦʜʷ ʠʪʦʛʠ, ʭʦʯʝʪʩʷ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʜʘʞʝ ʚ
ʩʣʫʯʘʝ ʯʘʩʪʠʯʥʦʡ ʨʝʘʣʠʟʘʮʠʠ ʧʨʝʜʣʦʞʝʥʥʳʡ
ʧʦʜʭʦʜ ʧʦ ʚʥʝʜʨʝʥʠʶ ʉʄʂ ʜʘʩʪ ʧʦʣʦʞʠʪʝʣʴʥʳʡ
ʨʝʟʫʣʴʪʘʪ ʠ ʧʦʟʚʦʣʠʪ ʦʨʛʘʥʠʟʘʮʠʷʤ ʦʧʪʠʤʠʟʠʨʦ-
ʚʘʪʴ ʧʨʦʮʝʩʩʳ, ʫʣʫʯʰʠʪʴ ʢʘʯʝʩʪʚʦ ʚʳʧʫʩʢʘʝʤʦʡ
ʧʨʦʜʫʢʮʠʠ, ʨʝʘʣʠʟʦʚʘʪʴ ʚʳʙʨʘʥʥʫʶ ʩʪʨʘʪʝʛʠʶ ʠ
ʜʦʩʪʠʛʥʫʪʴ ʥʘʤʝʯʝʥʥʳʭ ʮʝʣʝʡ.
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ʙʣʝʤʦʡ, ʢʦʪʦʨʘʷ ʚʦʟʥʠʢʘʝʪ ʧʦ ʧʨʠʯʠʥʝ ʪʦʛʦ, ʯʪʦ ʜʣʷ ʵʪʦʛʦ ʩʣʝʜʫʝʪ ʧʨʠʥʠʤʘʪʴ ʚʦ ʚʥʠʤʘʥʠʝ ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʦʝ
ʢʦʣʠʯʝʩʪʚʦ ʬʘʢʪʦʨʦʚ, ʢʦʪʦʨʳʝ ʧʨʠʚʦʜʷʪ ʢ ʧʦʷʚʣʝʥʠʶ ʧʨʠʯʠʥ ʧʦʪʝʨʠ ʢʘʯʝʩʪʚʘ ʠʟʜʝʣʠ .̫ ʇʦ ʵʪʦʡ ʧʨʠʯʠʥʝ ʩʝʛʦʜʥʷ
ʥʝʦʙʭʦʜʠʤʳ ʩʦʚʨʝʤʝʥʥʳʝ ʤʝʪʦʜʳ, ʩʧʦʩʦʙʥʳʝ ʨʝʰʠʪʴ ʫʢʘʟʘʥʥʫʶ ʧʨʦʙʣʝʤʫ. ʎʝʣʴ ʨʘʙʦʪʳ. ɺ ʨʘʤʢʘʭ ʜʘʥʥʦʛʦ ʠʩ-
ʩʣʝʜʦʚʘʥʠ  ̫ʘʚʪʦʨʳ ʩʪʘʚʷʪ ʮʝʣʴʶ ʧʨʦʚʝʜʝʥʠʝ ʘʥʘʣʠʟʘ ʦʩʦʙʝʥʥʦʩʪʝʡ ʧʨʠʤʝʥʝʥʠʷ ʠʝʨʘʨʭʠʯʝʩʢʠʭ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ
ʜʣʷ ʦʮʝʥʢʠ ʢʘʯʝʩʪʚʘ ʠʟʜʝʣʠʡ. ʀʩʧʦʣʴʟʫʝʤʳʝ ʤʝʪʦʜʳ. ɺ ʩʪʘʪʴʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʦʙʱʝʥʘʫʯʥʳʝ ʤʝʪʦʜʳ ʠ ʤʝʪʦʜʳ
ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ, ʧʨʝʞʜʝ ʚʩʝʛʦ ʧʦʜʭʦʜʳ ʠ ʤʝʪʦʜʳ ʩʠʩʪʝʤʥʦʛʦ ʘʥʘʣʠʟʘ ʠ ʦʙʱʝʡ ʪʝʦʨʠʠ ʩʠʩʪʝʤ, ʘʥʘʣʠʟ ʠ
ʩʠʥʪʝʟ, ʘ ʪʘʢʞʝ ʩʨʘʚʥʝʥʠʷ ʠ ʦʙʦʙʱʝʥʠʷ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʤʝʪʦʜʦʚ ʧʦʟʚʦʣʠʣʦ ʧʨʦʚʝʩʪʠ ʢʨʠʪʠʯʝ-
ʩʢʠʡ ʘʥʘʣʠʟ ʪʦʯʝʢ ʟʨʝʥʠʷ ʥʘ ʦʩʦʙʝʥʥʦʩʪʠ ʧʨʠʤʝʥʝʥʠʷ ʠʝʨʘʨʭʠʯʝʩʢʠʭ ʥʝʡʨʦʩʝʪʝʚʳʭ ʤʝʪʦʜʦʚ ʚ ʢʦʥʪʨʦʣʝ ʢʘʯʝʩʪʚʘ.
ʅʦʚʠʟʥʘ. ʇʨʝʜʩʪʘʚʣʝʥ ʘʚʪʦʨʩʢʠʡ ʘʥʘʣʠʟ ʧʨʠʤʝʥʝʥʠʷ ʠʝʨʘʨʭʠʯʝʩʢʠʭ ʥʝʡʨʦʩʝʪʝʚʳʭ ʤʝʪʦʜʦʚ ʩ ʮʝʣʴʶ ʢʦʥʪʨʦʣʷ
ʢʘʯʝʩʪʚʘ ʠʟʜʝʣʠʡ. ʈʝʟʫʣʴʪʘʪʳ. ʋʧʨʘʚʣʝʥʠʝ ʢʘʯʝʩʪʚʦʤ ʠʟʜʝʣʠʡ ʤʘʩʩʦʚʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʠʝʨʘʨʭʠ-
ʯʝʩʢʠʭ ʥʝʡʨʦʩʝʪʝʡ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʵʬʬʝʢʪʠʚʥʳʤ, ʯʪʦ ʜʦʢʘʟʳʚʘʝʪʩʷ ʩʝʛʦʜʥʷ ʨʷʜʦʤ ʠʩʩʣʝʜʦʚʘʥʠʡ. ʕʪʦʪ ʤʝʪʦʜ ʧʨʠ-
ʤʝʥʷʝʪʩʷ ʚ ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʷʭ ʜʝʷʪʝʣʴʥʦʩʪʠ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʚ ʤʘʰʠʥʦʩʪʨʦʝʥʠʠ. ʉʜʝʣʘʥʳ ʚʳʚʦʜʳ ʦ ʚʦʟʤʦʞʥʦʩʪʷʭ
ʥʝʡʨʦʩʝʪʝʚʦʛʦ ʤʝʪʦʜʘ, ʝʛʦ ʧʨʝʠʤʫʱʝʩʪʚʘʭ ʠ ʥʝʜʦʩʪʘʪʢʘʭ. ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪ .ɹ ʈʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ ʤʦʛʫʪ
ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʧʨʝʜʧʨʠʷʪʠʷʤʠ ʩ ʮʝʣʴʶ ʢʦʥʪʨʦʣʷ ʢʘʯʝʩʪʚʘ ʧʨʦʠʟʚʦʜʠʤʳʭ ʠʟʜʝʣʠʡ.
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ANALYSIS OF THE USE OF HIERARCHICAL NEURAL NETWORK
METHODS IN QUALITY CONTROL
Prytkova E.A., Davydov V.M.

Pacific National University, Khabarovsk, Russia

Abstract. Relevance. Today, quite high quality requirements are imposed on mass-produced products. To exercise opera-
tional control of the technological process, when manufacturing products, it is necessary to receive objective information
timely. However, now this is a certain problem that arises due to the fact that it is necessary to take into account a suffi-
ciently large number of factors that lead to causes of loss of product quality. Thus, there is a current need for modern
methods that can solve this problem. Objectives. Within the framework of this study, the authors aim to analyze the fea-
tures of the use of hierarchical neural networks to assess the quality of products. Methods Applied. The article describes
general scientific and mathematical analysis methods, primarily approaches and methods of a system analysis and a gen-
eral theory of systems, analysis and synthesis, as well as comparisons and generalizations. The presented methods made it
possible to conduct a critical analysis of the points of view on the peculiarities of the use of hierarchical neural network
methods in quality control. Originality. The article presents the authors’ analysis of the application of hierarchical neural
network methods for product quality control. Result. Quality management of mass-produced products using hierarchical
neural networks seems to be efficient, which is proved today by a number of studies. This method is used today in various
fields of activity, including mechanical engineering. The article contains the conclusions drawn about the possibilities of
the neural network method, its advantages and disadvantages. Practical Relevance. The results of the study can be used
by enterprises for quality control of manufactured products.

Keywords: product quality, hierarchical neural networks, neuron, automation, perceptron
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ɺʚʝʜʝʥʠʝ ʠ ʧʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ

ʆʮʝʥʢʘ ʢʘʯʝʩʪʚʘ ʠʟʜʝʣʠʡ ʩʝʛʦʜʥʷ ʷʚʣʷʝʪʩʷ
ʜʦʩʪʘʪʦʯʥʦ ʘʢʪʫʘʣʴʥʦʡ ʧʨʦʙʣʝʤʦʡ, ʢʦʪʦʨʘʷ ʪʨʝ-
ʙʫʝʪ ʧʦʩʪʦʷʥʥʦʛʦ ʧʦʠʩʢʘ ʥʦʚʳʭ ʩʧʦʩʦʙʦʚ ʠ ʤʝ-
ʪʦʜʦʚ. ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʜʦʩʪʘʪʦʯʥʦ ʯʘʩʪʦ
ʧʨʠʤʝʥʷʶʪʩʷ ʠʥʬʦʨʤʘʮʠʦʥʥʳʝ ʙʘʟʳ, ʢʦʪʦʨʳʝ
ʦʩʥʦʚʘʥʳ ʥʘ ʨʘʟʨʘʙʦʪʢʝ ʢʦʤʧʣʝʢʩʦʚ ʤʘʪʝʤʘʪʠ-
ʯʝʩʢʠʭ ʠ ʠʥʬʦʨʤʘʮʠʦʥʥʦ-ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʤʦʜʝ-
ʣʝʡ. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʤʦʜʝ-
ʣʝʡ ʧʨʠʤʝʥʷʶʪʩʷ ʤʝʪʦʜʳ ʢʦʨʨʝʣʷʮʠʦʥʥʦʛʦ ʠ
ʨʝʛʨʝʩʩʠʦʥʥʦʛʦ ʘʥʘʣʠʟʘ. ʅʘ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʭ
ʫʯʘʩʪʢʘʭ ʪʘʢʠʝ ʤʝʪʦʜʳ ʧʨʠʤʝʥʠʪʴ ʩʝʛʦʜʥʷ ʫʞʝ
ʥʝʩʣʦʞʥʦ. ʆʩʥʦʚʥʦʡ ʟʘʜʘʯʝʡ ʧʨʠ ʵʪʦʤ ʷʚʣʷʝʪʩʷ
ʧʦʣʫʯʝʥʠʝ ʩʣʫʯʘʡʥʳʭ ʜʘʥʥʳʭ, ʢʦʪʦʨʳʝ ʙʫʜʫʪ
ʧʨʘʚʠʣʴʥʦ ʨʘʩʧʨʝʜʝʣʝʥʳ ʠʩʭʦʜʷ ʠʟ ʧʘʨʘʤʝʪʨʦʚ
ʢʘʯʝʩʪʚʘ ʧʨʦʠʟʚʦʜʩʪʚʘ ʠʟʜʝʣʠʡ.

ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʭ ʤʝʪʦʜʦʚ ʠʩ-
ʧʦʣʴʟʦʚʘʥʠʷ ʪʘʢʠʭ ʤʦʜʝʣʝʡ ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ ʠʩ-
ʢʫʩʩʪʚʝʥʥʳʭ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ (ʀʅʉ). ɺʳʧʦʣʥʝʥ-
ʥʳʝ ʨʘʥʝʝ ʠʩʩʣʝʜʦʚʘʥʠʷ [8, 11, 12] ʧʦʢʘʟʳʚʘʶʪ,
ʯʪʦ ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʦʮʝʥʢʠ ʢʘʯʝʩʪʚʘ ʠʟʜʝʣʠʡ
ʜʘʥʥʳʡ ʤʝʪʦʜ ʠʩʧʦʣʴʟʫʝʪʩʷ ʦʯʝʥʴ ʯʘʩʪʦ. ʕʬʬʝʢ-
ʪʠʚʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʤʝʪʦʜʦʚ
ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʦʙʝʩʧʝʯʝʥʠʷ ʢʘʯʝʩʪʚʘ ʧʦʜ-
ʪʚʝʨʞʜʘʝʪʩʷ ʨʝʟʫʣʴʪʘʪʘʤʠ ʥʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝ-
ʣʴʩʢʦʡ ʠ ʧʨʘʢʪʠʯʝʩʢʦʡ ʜʝʷʪʝʣʴʥʦʩʪʠ.

ɺ ʜʘʥʥʦʡ ʩʪʘʪʴʝ ʘʥʘʣʠʟʠʨʫʝʪʩʷ ʧʨʠʤʝʥʝʥʠʝ
ʤʝʪʦʜʘ ʠʩʢʫʩʩʪʚʝʥʥʳʭ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ ʜʣʷ
ʦʮʝʥʢʠ ʢʘʯʝʩʪʚʘ ʠʟʜʝʣʠʷ, ʜʝʣʘʶʪʩʷ ʚʳʚʦʜʳ ʦ
ʧʨʝʠʤʫʱʝʩʪʚʘʭ ʠ ʥʝʜʦʩʪʘʪʢʘʭ ʪʘʢʦʛʦ ʤʝʪʦʜʘ.

ʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ
ɺ ʩʪʘʪʴʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʦʙʱʝʥʘʫʯʥʳʝ ʤʝʪʦʜʳ

ʠ ʤʝʪʦʜʳ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ, ʧʨʝʞʜʝ ʚʩʝ-
ʛʦ ʧʦʜʭʦʜʳ ʠ ʤʝʪʦʜʳ ʩʠʩʪʝʤʥʦʛʦ ʘʥʘʣʠʟʘ ʠ ʦʙ-
ʱʝʡ ʪʝʦʨʠʠ ʩʠʩʪʝʤ, ʘʥʘʣʠʟ ʠ ʩʠʥʪʝʟ, ʘ ʪʘʢʞʝ
ʩʨʘʚʥʝʥʠʷ ʠ ʦʙʦʙʱʝʥʠʷ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʧʨʝʜ-
ʩʪʘʚʣʝʥʥʳʭ ʤʝʪʦʜʦʚ ʧʦʟʚʦʣʠʣʦ ʧʨʦʚʝʩʪʠ ʢʨʠʪʠ-
ʯʝʩʢʠʡ ʘʥʘʣʠʟ ʪʦʯʝʢ ʟʨʝʥʠʷ ʥʘ ʦʩʦʙʝʥʥʦʩʪʠ ʧʨʠ-
ʤʝʥʝʥʠʷ ʠʝʨʘʨʭʠʯʝʩʢʠʭ ʥʝʡʨʦʩʝʪʝʚʳʭ ʤʝʪʦʜʦʚ ʚ
ʢʦʥʪʨʦʣʝ ʢʘʯʝʩʪʚʘ.

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ

ɼʣʷ ʤʥʦʛʠʭ ʫʯʝʥʳʭ ʠ ʩʧʝʮʠʘʣʠʩʪʦʚ ʚ ʦʙʣʘ-
ʩʪʠ ʫʧʨʘʚʣʝʥʠʷ ʢʘʯʝʩʪʚʦʤ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦ-
ʮʝʩʩʦʚ ʧʦʥʷʪʠʝ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ ʠ ʧʨʠʤʝʥʝʥʠʷ
ʥʝʡʨʦʩʝʪʝʚʳʭ ʪʝʭʥʦʣʦʛʠʡ ʷʚʣʷʝʪʩʷ ʤʘʣʦʠʟʫʯʝʥ-
ʥʳʤ. ɺ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʥʝʦʙʭʦʜʠʤʦ ʦʙʲʷʩʥʠʪʴ
ʧʦʥʷʪʠʝ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ.

ʉʦʛʣʘʩʥʦ ʦʜʥʦʤʫ ʠʟ ʦʩʥʦʚʥʳʭ ʦʧʨʝʜʝʣʝʥʠʡ
ʵʪʠ ʩʝʪʠ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʶ ʤʝʪʦʜ ʤʦʜʝʣʠʨʦʚʘ-
ʥʠʷ, ʩ ʧʦʤʦʱʴʶ ʢʦʪʦʨʦʛʦ ʤʦʞʥʦ ʚʦʩʧʨʦʠʟʚʦʜʠʪʴ
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ʩʣʦʞʥʳʝ ʥʝʣʠʥʝʡʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ. ʆʙʨʘʙʦʪʢʘ
ʠʥʬʦʨʤʘʮʠʠ ʚ ʪʘʢʦʡ ʤʦʜʝʣʠ ʧʨʦʠʩʭʦʜʠʪ ʧʘʨʘʣ-
ʣʝʣʴʥʦ ʨʘʩʧʨʝʜʝʣʝʥʥʦʡ ʩʪʨʫʢʪʫʨʝ ʠ ʩʦʩʪʦʠʪ ʠʟ
ʥʝʡʨʦʥʦʚ, ʩʚʷʟʘʥʥʳʭ ʤʝʞʜʫ ʩʦʙʦʶ ʩʚʷʟʷʤʠ [2].

ʅʘ ʨʠʩ. 1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʚʦʡʩʪʚʘ ʥʝʡʨʦʥʥʳʭ
ʩʝʪʝʡ (ʩʦʩʪʘʚʣʝʥʦ ʥʘ ʦʩʥʦʚʘʥʠʠ [8, c. 37]).

ɺ ʩʣʫʯʘʝ ʥʘʣʠʯʠʷ ʙʦʣʴʰʦʛʦ ʯʠʩʣʘ ʧʝʨʝʤʝʥ-
ʥʳʭ ʤʝʞʜʫ ʧʘʨʘʤʝʪʨʘʤʠ ʩ ʥʝʣʠʥʝʡʥʳʤʠ ʩʚʷʟʷʤʠ
ʤʦʞʥʦ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʠʩʢʫʩʩʪʚʝʥʥʳʭ
ʥʝʡʨʦʥʦʚ ʩʤʦʜʝʣʠʨʦʚʘʪʴ ʩʣʦʞʥʳʡ ʪʝʭʥʦʣʦʛʠʯʝ-
ʩʢʠʡ ʧʨʦʮʝʩʩ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʪʘʢʦʛʦ ʤʝʪʦʜʘ ʩʝ-
ʛʦʜʥʷ ʰʠʨʦʢʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʦ ʚ ʨʘʟʣʠʯʥʳʭ ʩʬʝ-
ʨʘʭ ʠ ʦʪʨʘʩʣʷʭ, ʚ ʪʦʤ ʯʠʩʣʝ ʚ ʫʧʨʘʚʣʝʥʠʠ ʪʝʭʥʦ-
ʣʦʛʠʯʝʩʢʠʤʠ ʧʨʦʮʝʩʩʘʤʠ ʚ ʨʘʤʢʘʭ ʦʧʨʝʜʝʣʝʥʠʷ
ʢʘʯʝʩʪʚʘ ʠʟʜʝʣʠʡ.

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ ʷʚʣʷʝʪʩʷ
ʦʜʥʠʤ ʠʟ ʩʦʚʨʝʤʝʥʥʳʭ ʠ ʤʦʱʥʳʭ ʠʥʩʪʨʫʤʝʥʪʦʚ
ʫʧʨʘʚʣʝʥʠʷ ʢʘʯʝʩʪʚʦʤ ʧʨʦʜʫʢʮʠʠ, ʧʨʦʮʝʩʩʦʚ ʠ

ʫʩʣʫʛ, ʢʦʪʦʨʳʡ ʤʦʞʝʪ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʪʴ ʩʚʦʶ
ʧʨʦʛʥʦʩʪʠʯʝʩʢʫʶ ʩʧʦʩʦʙʥʦʩʪʴ ʩ ʝʝ ʧʘʨʘʣʣʝʣʴ-
ʥʳʤ ʦʙʫʯʝʥʠʝʤ. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʥʝʡʨʦʥʥʳʭ
ʩʝʪʝʡ ʩʫʱʝʩʪʚʫʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʦʩʫʱʝʩʪʚʣʷʪʴ
ʫʧʨʘʚʣʝʥʠʝ ʢʘʯʝʩʪʚʦʤ ʧʨʦʜʫʢʮʠʠ ʧʦʩʨʝʜʩʪʚʦʤ
ʧʨʝʜʫʧʨʝʞʜʝʥʠʷ ʧʦʪʝʥʮʠʘʣʴʥʦʛʦ ʚʦʟʥʠʢʥʦʚʝʥʠʷ
ʩʠʪʫʘʮʠʠ (ʨʠʩʢʘ), ʚʣʝʢʫʱʝʡ ʟʘ ʩʦʙʦʡ ʥʝʩʦʦʪʚʝʪ-
ʩʪʚʠʝ ʧʨʦʜʫʢʮʠʠ, ʧʨʦʮʝʩʩʦʚ ʠ ʫʩʣʫʛ. ʇʨʠ ʵʪʦʤ
ʚʦʟʤʦʞʥʦ ʦʧʨʝʜʝʣʷʪʴ ʢʦʨʨʝʣʷʮʠʶ ʚʦʟʥʠʢʥʦʚʝ-
ʥʠʷ ʪʘʢʦʡ ʩʠʪʫʘʮʠʠ ʩ ʚʟʘʠʤʦʩʚʷʟʘʥʥʳʤʠ ʬʘʢʪʦ-
ʨʘʤʠ (ʘ ʪʘʢʞʝ ʠʭ ʠʜʝʥʪʠʬʠʢʘʮʠʶ) ʠ ʥʘ ʦʩʥʦʚʘ-
ʥʠʠ ʜʘʥʥʦʡ ʠʥʬʦʨʤʘʮʠʠ ʧʨʠʥʠʤʘʪʴ ʨʝʰʝʥʠʷ.

ʀʩʢʫʩʩʪʚʝʥʥʳʡ ʥʝʡʨʦʥ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʳʤ
ʵʣʝʤʝʥʪʦʤ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ. ʆʥ ʩʯʠʪʘʝʪʩʷ ʧʨʷ-
ʤʳʤ ʘʥʘʣʦʛʦʤ ʙʠʦʣʦʛʠʯʝʩʢʦʛʦ ʥʝʡʨʦʥʘ, ʪʦʣʴʢʦ
ʧʨʝʜʩʪʘʚʣʝʥ ʚ ʚʠʜʝ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ.
ʉʭʝʤʘʪʠʯʝʩʢʠ ʩʪʨʫʢʪʫʨʘ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʥʝʡʨʦ-
ʥʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 2.

ʈʠʩ. 1. ʉʚʦʡʩʪʚʘ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ
Fig. 1. Properties of neural networks
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ʈʠʩ. 2. ʉʭʝʤʘ ʠʩʩʢʫʩʪʚʝʥʥʦʛʦ ʥʝʡʨʦʥʘ
Fig. 2. Diagram of an artificial neuron

ʆʩʦʙʝʥʥʦʩʪʴ ʵʪʦʡ ʤʦʜʝʣʠ ʚ ʪʦʤ, ʯʪʦ ʦʥʘ ʭʘ-
ʨʘʢʪʝʨʠʟʫʝʪʩʷ ʥʘʣʠʯʠʝʤ ʥʝʩʢʦʣʴʢʠʭ ʚʭʦʜʦʚ ʠ
ʠʤʝʝʪ ʪʦʣʴʢʦ ʦʜʠʥ ʚʳʭʦʜ. ʋʩʠʣʝʥʠʝ ʩʠʛʥʘʣʘ
ʚʦʟʤʦʞʥʦ ʟʘ ʩʯʝʪ ʠʥʜʠʚʠʜʫʘʣʴʥʦʛʦ ʢʦʵʬʬʠʮʠʝʥ-
ʪʘ, ʢʦʪʦʨʳʡ ʠʥʜʠʚʠʜʫʘʣʝʥ ʜʣʷ ʢʘʞʜʦʛʦ ʚʭʦʜʘ.
ɸʢʪʠʚʥʘʷ ʬʫʥʢʮʠʷ ʥʝʡʨʦʥʘ ʚʦʟʥʠʢʘʝʪ ʥʘ ʦʩʥʦ-
ʚʘʥʠʠ ʩʫʤʤʠʨʦʚʘʥʠʷ ʚʭʦʜʥʳʭ ʚʦʟʙʫʜʠʪʝʣʝʡ ʚ
ʪʝʣʝ ʥʝʡʪʨʦʥʘ [10, c. 43].

ʇʝʨʝʜ ʪʝʤ ʢʘʢ ʧʦʩʪʨʦʠʪʴ ʠʩʢʫʩʩʪʚʝʥʥʫʶ
ʥʝʡʨʦʥʥʫʶ ʩʝʪʴ, ʥʝʦʙʭʦʜʠʤʦ ʧʦʜʛʦʪʦʚʠʪʴ ʚʩʝ
ʜʘʥʥʳʝ. ʀʭ ʧʦʣʫʯʝʥʠʝ ʧʨʦʠʩʭʦʜʠʪ ʥʘ ʢʘʞʜʦʤ
ʵʪʘʧʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʦʧʝʨʘʮʠʠ ʚʦ ʚʨʝʤʷ ʠʟʤʝ-
ʨʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʢʘʯʝʩʪʚʘ. ʋʚʝʣʠʯʠʪʴ ʩʢʦʨʦʩʪʴ
ʦʙʫʯʝʥʠʷ ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ ʤʦʞʥʦ ʧʨʠ ʫʩʪʨʘʥʝʥʠʠ
ʧʘʨʘʤʝʪʨʦʚ, ʢʦʪʦʨʳʝ ʟʘʤʝʪʥʦ ʚʳʜʝʣʷʶʪʩʷ ʚ
ʩʨʘʚʥʝʥʠʠ ʩ ʜʨʫʛʠʤʠ. ʌʫʥʢʮʠʷ ʥʝʡʨʦʥʘ ʚ ʜʘʣʴ-
ʥʝʡʰʝʤ ʚʣʠʷʝʪ ʥʘ ʚʳʙʦʨ ʛʨʘʥʠʮ ʤʘʩʰʪʘʙʠʨʦʚʘ-
ʥʠʷ. ʇʨʠ ʵʪʦʤ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʦʛʦ, ʢʘʢʦʝ ʤʘʩ-
ʰʪʘʙʠʨʦʚʘʥʠʝ ʙʳʣʦ ʥʘ ʚʭʦʜʝ, ʙʫʜʝʪ ʟʘʚʠʩʝʪʴ,
ʢʘʢʠʤʠ ʙʫʜʫʪ ʧʘʨʘʤʝʪʨʳ ʥʘ ʚʳʭʦʜʝ.

ʇʦʩʪʨʦʝʥʠʝ ʀʅʉ ʚʦʟʤʦʞʥʦ ʪʦʣʴʢʦ ʧʦʩʣʝ ʟʘ-
ʚʝʨʰʝʥʠʷ ʚʩʝʭ ʧʨʝʜʳʜʫʱʠʭ ʵʪʘʧʦʚ. ʉʘʤ ʫʢʘʟʘʥ-
ʥʳʡ ʧʨʦʮʝʩʩ ʧʨʝʜʧʦʣʘʛʘʝʪ ʚʳʙʦʨ ʪʠʧʘ ʥʝʡʨʦʥ-
ʥʦʡ ʩʝʪʠ ʠ ʧʦʜʙʦʨ ʚʝʩʦʚ. ʆʙʳʯʥʦ ʚʳʜʝʣʷʶʪ ʪʨʠ
ʦʩʥʦʚʥʳʭ ʪʠʧʘ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ, ʦʪʣʠʯʘʶʱʠʭʩʷ
ʩʪʨʫʢʪʫʨʦʡ ʠ ʥʘʟʥʘʯʝʥʠʝʤ:

– ʠʝʨʘʨʭʠʯʝʩʢʠʝ ʩʝʪʠ;
– ʣʦʢʘʣʴʥʳʝ ʩʝʪʠ;
– ʜʠʚʝʨʛʝʥʪʥʳʝ ʩʝʪʠ ʩ ʦʜʥʠʤ ʚʭʦʜʦʤ.
ɺʩʝ ʦʥʠ ʦʪʣʠʯʘʶʪʩʷ ʤʝʞʜʫ ʩʦʙʦʡ ʚʠʜʦʤ ʧʝ-

ʨʝʜʘʯʠ ʠʥʬʦʨʤʘʮʠʠ.
ʄʥʦʛʦʢʨʘʪʥʦʝ ʜʫʙʣʠʨʦʚʘʥʠʝ ʠʥʬʦʨʤʘʮʠʦʥ-

ʥʳʭ ʧʫʪʝʡ, ʷʚʣʷʶʱʝʝʩʷ ʨʝʰʘʶʱʠʤ ʬʘʢʪʦʨʦʤ,
ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʟʘ ʩʯʝʪ ʩʦʯʝʪʘʥʠʷ ʢʦʥʚʝʨʛʝʥʪʥʳʭ
ʠ ʜʠʚʝʨʛʝʥʪʥʳʭ ʩʦʝʜʠʥʝʥʠʡ.

ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʝ ʬʦʨʤʠʨʦʚʘʥʠʝ ʫʨʦʚʥʝʡ
ʠʝʨʘʨʭʠʯʝʩʢʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʩʝʪʠ ʦʧʨʝʜʝʣʷʝʪ

ʢʦʥʝʯʥʫʶ ʮʝʣʴ. ʇʨʠ ʵʪʦʤ ʪʘʢʦʝ ʩʪʘʥʝʪ ʚʦʟʤʦʞ-
ʥʳʤ ʪʦʣʴʢʦ ʪʦʛʜʘ, ʢʦʛʜʘ ʥʘ ʢʘʞʜʦʤ ʠʟ ʰʘʛʦʚ ʙʫ-
ʜʝʪ ʩʜʝʣʘʥ ʚʳʙʦʨ ʧʦʜʤʥʦʞʝʩʪʚʘ ʵʣʝʤʝʥʪʦʚ, ʯʪʦ ʚ
ʠʪʦʛʝ ʧʨʠʚʝʜʝʪ ʢ ʧʦʣʥʦʤʫ ʧʦʢʨʳʪʠʶ ʥʠʤʠ ʩʝʪʠ.

ɸʜʘʧʪʠʚʥʘʷ ʩʠʩʪʝʤʘ ʠʝʨʘʨʭʠʯʝʩʢʦʡ ʘʨʭʠʪʝʢ-
ʪʫʨʳ, ʢʦʪʦʨʘʷ ʘʥʘʣʠʟʠʨʫʝʪʩʷ, ʩʦʩʪʦʠʪ ʠʟ Ps

ʠʝʨʘʨʭʠʯʝʩʢʠʭ ʫʨʦʚʥʝʡ, ʢʘʞʜʦʤʫ ʠʟ ʢʦʪʦʨʳʭ
ʩʚʦʡʩʪʚʝʥʝʥ ʨʷʜ ʵʣʝʤʝʥʪʦʚ Lp-ʢʦʤʧʦʥʝʥʪʦʚ
(ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ). ʃʶʙʳʤ ʠʟ ʢʦʤʧʦʥʝʥʪʦʚ, ʧʝ-
ʨʝʜʘʶʱʠʤ ʚʝʢʪʦʨʳ ʚʳʭʦʜʥʳʭ ʩʠʛʥʘʣʦʚ, ʤʦʛʫʪ
ʧʦʣʫʯʘʪʴʩʷ ʚʝʢʪʦʨʳ ʚʭʦʜʥʳʭ ʩʠʛʥʘʣʦʚ [4].

ʀʜʝʥʪʠʬʠʢʘʮʠʷ ʢʘʞʜʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʧʨʦʠʩ-
ʭʦʜʠʪ ʥʘ ʦʩʥʦʚʘʥʠʠ ʜʚʫʭ ʠʥʜʝʢʩʦʚ (p, l) (1Ò p ÒPs,
1ÒlÒLp). ʉʚʝʨʭʫ ʚʥʠʟ ʧʨʦʠʩʭʦʜʠʪ ʥʫʤʝʨʘʮʠʷ
ʠʝʨʘʨʭʠʯʝʩʢʠʭ ʫʨʦʚʥʝʡ. ʅʦʤʝʨ ʚʝʨʭʥʝʛʦ ʫʨʦʚ-
ʥʷ – 1, ʘ ʥʦʤʝʨ ʥʠʞʥʝʛʦ – Ps.

ɽʩʣʠ ʝʩʪʴ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʧʦʩʪʨʦʝʥʠʷ ʧʨʦʠʟ-
ʚʦʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʩʚʷʟʝʡ ʚ ʠʝʨʘʨʭʠʯʝʩʢʦʡ ʩʠ-
ʩʪʝʤʝ, ʪʦ ʠʩʧʦʣʴʟʫʶʪ ʤʘʪʨʠʮʳ ʠʣʠ ʪʘʙʣʠʮʳ.

ʀʥʜʝʢʩ, ʢʦʤʧʦʥʝʥʪʘ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʩʠʩʪʝ-
ʤʳ – (p, l).

ɺʝʢʪʦʨʳ ʚʳʭʦʜʥʳʭ ʩʠʛʥʘʣʦʚ ( ,
ɜŬ r m ), ʙʫʜʫʪ

ʧʨʝʜʩʪʘʚʣʝʥʳ ʠʥʜʝʢʩʘʤʠ (r, m) (1Òr ÒPs, 1Ò mÒLp).
ɿʜʝʩʴ (ɜ) (1Ò ɜ ÒVp,l) – ʥʦʤʝʨ ʚʝʢʪʦʨʘ ʚʭʦʜʥʳʭ
ʩʠʛʥʘʣʦʚ ʜʣʷ ʢʦʤʧʦʥʝʥʪʘ (p, l), ʘ Vp,l – ʦʙʱʝʝ
ʯʠʩʣʦ ʚʝʢʪʦʨʦʚ ʚʭʦʜʥʳʭ ʩʠʛʥʘʣʦʚ ʜʣʷ ʢʦʤʧʦ-
ʥʝʥʪʘ (p, l).

ʊʦʛʜʘ ʚʭʦʜʥʳʝ ʚʝʢʪʦʨʳ ʜʣʷ ʢʦʤʧʦʥʝʥʪʘ (p, l)

ʬʦʨʤʠʨʫʶʪʩʷ ʦʙʲʝʜʠʥʝʥʠʝʤ ʚʝʢʪʦʨʦʚ ( ,
ɜŬ r m ):

,
, ,

ɜ
ɜ 1

Ŭ .
p lVp l r mB
=

= G                           (1)

ʈʘʩʩʤʦʪʨʠʤ ʧʨʠʤʝʨ ʢʦʥʢʨʝʪʥʦʡ ʨʝʘʣʠʟʘʮʠʠ
ʠʝʨʘʨʭʠʯʝʩʢʦʡ ʘʨʭʠʪʝʢʪʫʨʳ (ʨʠʩ. 3).
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ʈʠʩ. 3. ʇʨʠʤʝʨ ʪʨʝʭʫʨʦʚʥʝʚʦʡ ʠʝʨʘʨʭʠʯʝʩʢʦʡ
ʘʨʭʠʪʝʢʪʫʨʳ ʠʟ ʚʦʩʴʤʠ ʥʝʡʨʦʩʝʪʝʡ (ʚʝʢʪʦʨʳ
ʚʥʝʰʥʠʭ ʚʭʦʜʥʳʭ ʩʠʛʥʘʣʦʚ ʥʝ ʧʦʢʘʟʘʥʳ)

Fig. 3. An example of a three-level hierarchical
architecture of eight neural networks (vectors
of external input signals are not shown)

ɽʩʣʠ ʛʦʚʦʨʠʪʴ ʦ ʨʘʙʦʪʝ ʦʙʫʯʘʶʱʝʛʦ ʘʣʛʦ-
ʨʠʪʤʘ, ʪʦ ʦʥ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʚʳʙʦʨʘ ʚʠʜʘ ʥʝʣʠʥʝʡ-
ʥʦʩʪʠ ʥʝʡʨʦʥʘ, ʯʪʦ ʤʦʞʝʪ ʧʨʦʠʩʭʦʜʠʪʴ ʚʦʦʙʱʝ ʚ
ʧʨʦʠʟʚʦʣʴʥʦʤ ʧʦʨʷʜʢʝ [4].

ʊʘʙʣʠʮʳ ʠʥʜʝʢʩʦʚ ʚʣʠʷʶʱʠʭ ʢʦʤʧʦʥʝʥʪʦʚ
ʜʣʷ ʢʘʞʜʦʛʦ ʠʟ ʫʨʦʚʥʝʡ ʠʝʨʘʨʭʠʠ ʥʘ ʨʠʩ. 3 ʙʫ-
ʜʫʪ ʚʳʛʣʷʜʝʪʴ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ (ʪʘʙʣ. 1-3).
ʊʘʙʣʠʮʘ 1. ʀʥʜʝʢʩʳ ʚʣʠʷʶʱʠʭ ʢʦʤʧʦʥʝʥʪʦʚ (r, m)

1-ʛʦ ʫʨʦʚʥʷ ʠʝʨʘʨʭʠʠ (p = 1)
T a b l e  1 .  Indexes of influencing components (r, m)

of the 1st level of the hierarchy (p = 1)

p 1
l 1
v 1 2 3
r 2 2 2
m 1 2 3

ʊʘʙʣʠʮʘ 2. ʀʥʜʝʢʩʳ ʚʣʠʷʶʱʠʭ ʢʦʤʧʦʥʝʥʪʦʚ (r, m)
2-ʛʦ ʫʨʦʚʥʷ ʠʝʨʘʨʭʠʠ (p = 2)

T a b l e  2 .  Indexes of influencing components (r, m)
of the 2nd level of the hierarchy (p = 2)

p 2
l 1 2 3
v 1 2 3 4 5 1 2 3 4 5 1 2 3
r 1 2 3 3 3 1 2 3 3 3 2 3 3
m 1 2 1 2 3 1 3 2 3 4 1 3 4

ʊʘʙʣʠʮʘ 3. ʀʥʜʝʢʩʳ ʚʣʠʷʶʱʠʭ ʢʦʤʧʦʥʝʥʪʦʚ (r, m)
3-ʛʦ ʫʨʦʚʥʷ ʠʝʨʘʨʭʠʠ (p = 3)

T a b l e  3 .  Indexes of influencing components (r, m)
of the 3rd level of the hierarchy (p = 3)

p 3
l 1 2 3 4
v 1 2 1 1 2 3 1
r 1 3 3 1 3 3 3
m 1 3 1 1 2 4 2

ɺ ʩʣʫʯʘʝ ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʟʤʝʨʘ ʧʦʜʤʥʦʞʝʩʪʚʘ
ʝʛʦ ʣʫʯʰʝ ʜʝʣʘʪʴ ʥʘʠʤʝʥʴʰʠʤ. ʊʦ ʝʩʪʴ ʯʠʩʣʦ
ʩʤʝʞʥʳʭ ʵʣʝʤʝʥʪʦʚ ʨʝʢʦʤʝʥʜʫʝʪʩʷ ʙʨʘʪʴ ʥʝʙʦʣʴ-
ʰʦʝ. ʇʨʠʯʠʥʘ ʪʘʢʦʡ ʩʠʪʫʘʮʠʠ ʚ ʪʦʤ, ʯʪʦ ʚʦʟʤʦʞ-
ʥʦ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʨʘʟʤʝʨʘ ʦʙʫʯʘ-
ʶʱʝʡʩʷ ʚʳʙʦʨʢʠ ʟʘ ʩʯʝʪ ʪʦʛʦ, ʯʪʦ ʧʨʦʠʟʦʡʜʝʪ
ʨʦʩʪ ʚʝʨʰʠʥʳ ʠ, ʢʘʢ ʠʪʦʛ, ʨʦʩʪ ʜʣʠʥʳ ʚʝʢʪʦʨʘ.

ʂʦʛʜʘ ʧʨʦʠʩʭʦʜʠʪ ʦʧʨʝʜʝʣʝʥʠʝ ʪʠʧʘ ʩʝʪʠ, ʪʦ
ʦʙʨʘʱʘʶʪ ʚʥʠʤʘʥʠʝ ʧʨʝʞʜʝ ʚʩʝʛʦ ʥʘ ʜʦʩʪʘʪʦʯʥʦ
ʠʟʫʯʝʥʥʳʝ ʘʨʭʠʪʝʢʪʫʨʳ, ʪʘʢʠʝ ʢʘʢ ʥʝʡʨʦʥʥʳʝ
ʩʝʪʠ ʩ ʨʝʛʨʝʩʩʠʝʡ, ʩʝʪʠ ʂʦʭʦʥʝʥʘ.

ʆʧʨʝʜʝʣʝʥʠʝ ʬʫʥʢʮʠʠ ʘʢʪʠʚʘʮʠʠ, ʘ ʪʘʢʞʝ
ʯʠʩʣʘ ʩʣʦʝʚ ʩʝʪʠ ʠ ʥʝʡʨʦʥʦʚ ʚ ʢʘʞʜʦʤ ʠʟ ʪʘʢʠʭ
ʩʣʦʝʚ ʧʨʦʠʩʭʦʜʠʪ ʥʘ ʵʪʦʤ ʵʪʘʧʝ. ʆʧʨʝʜʝʣʝʥʠʝ ʚʭʦ-
ʜʷʱʠʭ ʧʘʨʘʤʝʪʨʦʚ ʧʨʠ ʵʪʦʤ ʩʯʠʪʘʝʪʩʷ ʦʜʥʠʤ ʠʟ
ʩʘʤʳʭ ʚʘʞʥʳʭ ʤʦʤʝʥʪʦʚ, ʪʘʢ ʢʘʢ ʵʪʦ ʙʫʜʝʪ ʦʧʨʝ-
ʜʝʣʷʪʴ ʪʝ ʧʘʨʘʤʝʪʨʳ, ʢʦʪʦʨʳʝ ʧʦʷʚʷʪʩʷ ʥʘ ʚʳʭʦʜʝ.

ʇʦʜʙʦʨ ʚʝʩʦʚ ʧʨʦʠʩʭʦʜʠʪ ʥʘ ʦʩʥʦʚʘʥʠʠ ʦʙʫ-
ʯʝʥʠʷ ʪʦʡ ʘʨʭʠʪʝʢʪʫʨʳ, ʢʦʪʦʨʘʷ ʙʳʣʘ ʚʳʙʨʘʥʘ.
ʅʘʩʪʨʦʡʢʘ ʠʭ ʧʨʦʠʩʭʦʜʠʪ ʥʘ ʦʩʥʦʚʘʥʠʠ ʩʧʝʮʠ-
ʘʣʴʥʳʭ ʘʣʛʦʨʠʪʤʦʚ, ʚ ʯʠʩʣʝ ʢʦʪʦʨʳʭ ʤʦʞʥʦ ʚʳ-
ʜʝʣʠʪʴ ʤʝʪʦʜ ʦʙʨʘʪʥʦʛʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʦʰʠʙ-
ʢʠ. ʆʙʷʟʘʪʝʣʴʥʳʤ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʙʫʜʝʪ ʥʘʣʠʯʠʝ
ʤʘʩʩʠʚʘ ʚʭʦʜʥʳʭ ʠ ʚʳʭʦʜʥʳʭ ʜʘʥʥʳʭ. ʉʬʦʨʤʠ-
ʨʦʚʘʪʴ ʠʭ ʤʦʞʥʦ ʟʘ ʩʯʝʪ ʠʟʤʝʨʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ
ʢʘʯʝʩʪʚʘ ʠʟʜʝʣʠʡ ʥʘ ʨʘʟʥʳʭ ʵʪʘʧʘʭ ʪʝʭʥʦʣʦʛʠʯʝ-
ʩʢʦʛʦ ʧʨʦʮʝʩʩʘ. ʕʪʠ ʧʘʨʘʤʝʪʨʳ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ
ʢʦʥʪʨʦʣʴʥʳʭ ʢʘʨʪʘʭ ʠʣʠ ʣʠʩʪʢʘʭ. ʆʪ ʧʦʣʥʦʪʳ
ʠʩʭʦʜʥʳʭ ʜʘʥʥʳʭ ʙʫʜʝʪ ʟʘʚʠʩʝʪʴ ʢʘʯʝʩʪʚʦ ʦʙʫ-
ʯʝʥʠʷ ʠʩʢʫʩʩʪʚʝʥʥʦʡ ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ.

ʉʣʝʜʫʝʪ ʪʘʢʞʝ ʦʙʨʘʪʠʪʴ ʚʥʠʤʘʥʠʝ ʥʘ ʩʨʝʜ-
ʩʪʚʘ ʉɸʇʈ [6], ʩ ʧʦʤʦʱʴʶ ʢʦʪʦʨʳʭ ʧʨʦʚʦʜʷʪʩʷ
ʩʣʦʞʥʳʝ ʚʳʯʠʩʣʝʥʠʷ ʠ ʧʦʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ
ʦʙʨʘʙʘʪʳʚʘʪʴ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʠʥʬʦʨʤʘʮʠʠ.
ɺ ʩʣʫʯʘʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʉɸʇʈ ʧʨʠ ʩʦʟʜʘʥʠʠ
ʥʘʙʦʨʘ ʙʘʟʦʚʳʭ ʧʨʦʛʨʘʤʤʥʳʭ ʤʦʜʝʣʝʡ-ʙʣʦʢʦʚ
ʧʦʣʝʟʥʳʤʠ ʩʪʘʥʦʚʷʪʩʷ ʠʤʝʥʥʦ ʥʝʡʨʦʩʝʪʝʚʳʝ
ʪʝʭʥʦʣʦʛʠʠ.

ʊʘʢʞʝ ʩʪʦʠʪ ʦʙʨʘʪʠʪʴ ʚʥʠʤʘʥʠʝ ʠ ʥʘ ʧʨʦ-
ʛʨʘʤʤʥʳʝ ʧʘʢʝʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʉʨʝʜʠ ʥʘʠʙʦ-
ʣʝʝ ʠʟʚʝʩʪʥʳʭ ʠ ʜʦʩʪʫʧʥʳʭ ʧʨʦʛʨʘʤʤʥʳʭ ʧʘʢʝ-
ʪʦʚ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ ʘʥʘʣʠʟʘ ʜʘʥʥʳʭ, ʚʢʣʶʯʘ-
ʶʱʠʭ ʥʝʡʨʦʩʝʪʝʚʫʶ ʤʝʪʦʜʠʢʫ, ʩʣʝʜʫʝʪ ʚʳʜʝ-
ʣʠʪʴ STATISTICA (Statsoft, ʉʐɸ) [14, c. 18].

ʉ ʧʦʤʦʱʴʶ ʠʝʨʘʨʭʠʯʝʩʢʠʭ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ
ʩʝʛʦʜʥʷ ʩʪʘʣʦ ʚʦʟʤʦʞʥʳʤ ʧʨʦʚʦʜʠʪʴ ʦʮʝʥʢʫ ʢʘ-
ʯʝʩʪʚʘ ʧʨʦʜʫʢʮʠʠ.

ʊʨʝʭʩʣʦʡʥʳʡ ʧʝʨʩʝʧʪʨʦʥ ʩ ʦʧʨʝʜʝʣʝʥʥʳʤʠ
ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ – ʵʪʦ ʚʠʜ ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ, ʢʦ-
ʪʦʨʳʡ ʤʦʞʥʦ ʨʘʟʨʘʙʦʪʘʪʴ, ʠʤʝʷ ʚ ʥʘʣʠʯʠʠ ʜʘʥʥʳʝ
ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʨʘʟʥʳʭ ʤʦʜʝʣʝʡ ʀʅʉ.

ʅʝʣʠʥʝʡʥʘʷ ʬʫʥʢʮʠʷ ʘʢʪʠʚʘʮʠʠ ʚ ʜʘʥʥʦʤ ʩʣʫ-
ʯʘʝ – ʩʠʛʤʦʠʜʘʣʴʥʘʷ ʬʫʥʢʮʠʷ p(s) = 1/(1+exp(-as))
ʩ ʧʘʨʘʤʝʪʨʦʤ a = 1.
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ʉʪʨʫʢʪʫʨʘ ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ
ʨʠʩ. 4.

ʈʠʩ. 4. ʉʪʨʫʢʪʫʨʘ ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ
Fig. 4. Neural network structure

ɽʩʣʠ ʛʦʚʦʨʠʪʴ ʧʨʦ ʦʮʝʥʢʫ ʢʘʯʝʩʪʚʘ ʠʟʜʝʣʠʷ ʩ
ʧʦʤʦʱʴʶ ʥʝʡʨʦʩʝʪʝʚʳʭ ʤʦʜʝʣʝʡ, ʨʝʘʣʠʟʘʮʠʷ ʢʦ-
ʪʦʨʳʭ ʧʨʦʠʩʭʦʜʠʪ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʥʦʛʦ
ʦʙʝʩʧʝʯʝʥʠʷ, ʪʦ ʥʘʠʙʦʣʝʝ ʧʦʜʭʦʜʷʱʝʡ ʷʚʣʷʝʪʩʷ
STATISTICA Automated Neural Networks (SANN).
ɺ STATISTICA Automated Neural Networks
(SANN) ʨʝʘʣʠʟʦʚʘʥʳ ʤʦʱʥʳʝ ʠ ʦʧʪʠʤʠʟʠʨʦʚʘʥ-
ʥʳʝ ʘʣʛʦʨʠʪʤʳ ʦʙʫʯʝʥʠʷ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ. ɺ ʪʦʤ
ʯʠʩʣʝ ʟʜʝʩʴ ʩʪʦʠʪ ʦʪʤʝʪʠʪʴ ʪʘʢʠʝ ʤʝʪʦʜʳ, ʢʘʢ ʤʝ-
ʪʦʜʳ ʩʦʧʨʷʞʝʥʥʳʭ ʛʨʘʜʠʝʥʪʦʚ, ʘʣʛʦʨʠʪʤ ʃʝʚʝʥ-
ʙʝʨʛʘ-ʄʘʨʢʘʨʘ, BFGS, ʘʣʛʦʨʠʪʤ ʂʦʭʦʥʝʥʘ.

ʄʝʭʘʥʠʟʤ ʢʦʥʪʨʦʣʴʥʦʡ ʢʨʦʩʩ-ʧʨʦʚʝʨʢʠ ʧʨʠ-
ʤʝʥʷʝʪʩʷ ʚ ʩʣʫʯʘʝ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʨʝʰʝʥʠʷ ʧʨʦ-
ʙʣʝʤʳ ʧʝʨʝʦʙʫʯʝʥʠʷ.

ʉʨʝʜʠ ʚʦʟʤʦʞʥʦʩʪʝʡ STATISTICA ʤʦʞʥʦ
ʚʳʜʝʣʠʪʴ ʛʝʥʝʨʘʮʠʶ ʠʩʭʦʜʥʦʛʦ ʩʠʩʪʝʤʥʦʛʦ ʧʨʦ-
ʛʨʘʤʤʥʦʛʦ ʢʦʜʘ ʥʘ ʨʘʟʣʠʯʥʳʭ ʷʟʳʢʘʭ ʧʨʦʛʨʘʤ-
ʤʠʨʦʚʘʥʠʷ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʢʦʜʘ ʧʦʟʚʦʣʷʝʪ ʠʥʪʝ-
ʛʨʠʨʦʚʘʪʴ ʥʝʡʨʦʩʝʪʝʚʦʡ ʘʥʘʣʠʟ ʚ ʥʝʟʘʚʠʩʠʤʳʝ
ʚʥʝʰʥʠʝ ʧʨʠʣʦʞʝʥʠʷ.

ɺ SAAN ʧʨʠʤʝʥʷʝʪʩʷ ʢʣʘʩʪʝʨʥʳʡ ʘʥʘʣʠʟ,
ʢʦʪʦʨʳʡ ʧʨʦʚʦʜʠʪʩʷ ʩ ʧʦʤʦʱʴʶ ʩʝʪʝʡ ʂʦʭʦʥʝʥʘ.

ʅʘ ʨʠʩ. 5 ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʣʦʠ ʩʝʪʠ ʂʦʭʦʥʝʥʘ.

ʈʠʩ. 5. ʉʣʦʠ ʩʝʪʠ ʂʦʭʦʥʝʥʘ
Fig. 5. Kohonen network layers

ʉ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʧʨʠ-
ʙʣʠʞʝʥʠʡ ʧʨʦʠʩʭʦʜʠʪ ʦʙʫʯʝʥʠʝ ʩʝʪʠ ʂʦʭʦʥʝʥʘ.
ɸʣʛʦʨʠʪʤ ʫʣʫʯʰʘʝʪʩʷ ʩ ʮʝʣʴʶ ʣʫʯʰʝʛʦ ʫʣʦʚʘ
ʢʣʘʩʪʝʨʠʟʘʮʠʠ ʦʙʫʯʘʝʤʳʭ ʜʘʥʥʳʭ. ʇʨʠ ʵʪʦʤ ʚ
ʧʨʦʮʝʩʩʝ ʦʙʫʯʝʥʠʷ ʧʨʠʥʠʤʘʶʪ ʫʯʘʩʪʠʝ ʥʝʡʨʦʥʳ
ʚʭʦʜʥʦʛʦ ʩʣʦʷ.

ʅʘ ʨʠʩ. 6 ʧʨʝʜʩʪʘʚʣʝʥ ʧʨʠʤʝʨ ʀʅʉ, ʢʦʪʦʨʘʷ
ʙʳʣʘ ʧʦʩʪʨʦʝʥʘ ʥʘ ʦʩʥʦʚʘʥʠʠ ʪʨʝʭ ʚʭʦʜʥʳʭ ʧʘ-
ʨʘʤʝʪʨʦʚ ʠ ʠʤʝʝʪ ʪʨʠ ʚʳʭʦʜʥʳʭ ʧʨʦʛʥʦʟʠʨʫʝ-

ʤʳʭ ʧʘʨʘʤʝʪʨʘ ʢʘʯʝʩʪʚʘ ʠʟʜʝʣʠʷ (ʇʨʠʤʝʯʘʥʠʝ.
ɸʨʭʠʪʝʢʪʫʨʘ: ʄʇ 3:3-10-3:3 N = 80. ʇʨʦʠʟʚʦʜʠ-
ʪʝʣʴʥʦʩʪʴ ʦʙʫʯʝʥʠʷ = 0,024980 ʂʦʥʪʨ. ʇʨʦʠʟʚʦ-
ʜʠʪʝʣʴʥʦʩʪʴ = 0,022427 ʊʝʩʪ. ʇʨʦʠʟʚʦʜʠʪʝʣʴ-
ʥʦʩʪʴ = 0,999973).

ʈʠʩ. 6. ʇʨʠʤʝʨ ʘʨʭʠʪʝʢʪʫʨʳ ʀʅʉ
Fig. 6. Hierarchical neural network architecture

for reference

ʆʧʝʨʘʪʦʨ, ʧʦʩʣʝ ʪʦʛʦ ʢʘʢ ʧʦʣʫʯʠʣ ʜʘʥʥʳʝ ʧʦ
ʧʨʦʛʥʦʟʫ ʢʘʯʝʩʪʚʘ, ʜʦʣʞʝʥ ʟʘʥʝʩʪʠ ʠʭ ʚ ʧʨʦ-
ʛʨʘʤʤʫ. ʉʦʚʤʝʩʪʥʦ ʩʦ ʩʣʫʞʙʦʡ ʫʧʨʘʚʣʝʥʠʷ ʢʘʯʝ-
ʩʪʚʦʤ ʦʧʝʨʘʪʦʨ ʥʘ ʦʩʥʦʚʘʥʠʠ ʧʨʦʛʥʦʟʥʳʭ ʜʘʥ-
ʥʳʭ ʧʦ ʢʘʯʝʩʪʚʫ ʜʝʣʘʝʪ ʩʨʘʚʥʝʥʠʝ ʩ ʜʦʧʫʩʪʠʤʳ-
ʤʠ ʟʥʘʯʝʥʠʷʤʠ. ʇʨʦʚʝʜʝʥʠʝ ʘʥʘʣʠʟʘ ʥʝʦʙʭʦʜʠʤʦ
ʚ ʪʦʤ ʩʣʫʯʘʝ, ʝʩʣʠ ʙʫʜʝʪ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʦ-
ʛʥʦʟʥʳʝ ʜʘʥʥʳʝ ʥʘʭʦʜʷʪʩʷ ʟʘ ʧʨʝʜʝʣʘʤʠ ʜʦʧʫ-
ʩʪʠʤʳʭ ʟʥʘʯʝʥʠʡ. ʂʨʦʤʝ ʵʪʦʛʦ, ʩ ʮʝʣʴʶ ʫʣʫʯʰʝ-
ʥʠʷ ʢʘʯʝʩʪʚʘ ʛʦʪʦʚʦʡ ʧʨʦʜʫʢʮʠʠ ʠʟʜʝʣʠʷ ʩʦ ʟʥʘ-
ʯʝʥʠʷʤʠ, ʚʳʭʦʜʷʱʠʤʠ ʟʘ ʧʨʝʜʝʣʳ, ʫʙʠʨʘʶʪʩʷ.
ʊʦʣʴʢʦ ʚ ʩʣʫʯʘʝ ʧʦʣʦʞʠʪʝʣʴʥʳʭ ʟʥʘʯʝʥʠʡ ʧʨʦ-
ʠʩʭʦʜʠʪ ʧʝʨʝʭʦʜ ʥʘ ʜʘʣʴʥʝʡʰʠʡ ʵʪʘʧ.

ʅʘ ʦʩʥʦʚʘʥʠʠ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʠʥʬʦʨʤʘʮʠʠ
ʤʦʞʝʤ ʚʳʜʝʣʠʪʴ ʨʷʜ ʧʨʝʠʤʫʱʝʩʪʚ ʠ ʥʝʜʦʩʪʘʪʢʦʚ
ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ (ʨʠʩ. 7).

ʈʠʩ. 7. ʇʨʝʠʤʫʱʝʩʪʚʘ ʠ ʥʝʜʦʩʪʘʪʢʠ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ
Fig. 7. Advantages and disadvantages of neural networks

ɺʭʦʜʥʦʡ ʩʣʦʡ
(ʦʜʠʥ ʥʝʡʨʦʥ
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ʧʝʨʝʤʝʥʥʫʶ)

ɺʳʭʦʜʥʦʡ ʩʣʦʡ
(ʥʝʡʨʦʥʳ ʫʧʦʨʷʜʦʯʝʥʳ

ʚ ʦʜʥʦʤʝʨʥʫʶ ʠʣʠ
ʜʚʫʭʤʝʨʥʫʶ ʨʝʰʝʪʢʫ) ʇʨʝʠʤʫʱʝʩʪʚʘ ʅʝʜʦʩʪʘʪʢʠ

ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʧʨʝʜʚʘʨʠʪʝʣʴ-
ʥʦʡ ʥʘʩʪʨʦʡʢʠ ʥʝʡʨʦʥʳʭ ʩʝʪʝʡ
ʠ ʧʨʝʜʚʘʨʠʪʝʣʴʥʘʷ ʦʙʨʘʙʦʪʢʘ
ʠʩʭʦʜʥʳʭ ʜʘʥʥʳʭ ʧʦ ʚʳʷʚʣʝ-
ʥʠʶ ʦʰʠʙʦʢ ʠ ʚʳʙʨʦʩʦʚ

– ʦʪʢʘʟ ʦʪ ʜʦʨʦʛʦʩʪʦʷʱʠʭ
   ʧʨʠʙʦʨʦʚ
– ʩʦʢʨʘʱʝʥʠʝ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ
   ʠʟʤʝʨʝʥʠʡ
– ʩʦʢʨʘʱʝʥʠʝ ʚʨʝʤʝʥʠ
   ʥʘ ʧʦʜʛʦʪʦʚʢʫ, ʨʝʛʠʩʪʨʘʮʠʶ
   ʠ ʦʙʨʘʙʦʪʢʫ ʠʟʤʝʨʝʥʠʡ
– ʧʦʚʳʰʝʥʠʝ ʦʙʲʝʢʪʠʚʥʦʩʪʠ
– ʧʦʟʚʦʣʷʝʪ ʩʪʨʦʠʪʴ
   ʵʬʬʝʢʪʠʚʥʳʝ ʣʠʥʝʡʥʳʝ ʤʦʜʝʣʠ



ʉʊɸʅɼɸʈʊʀɿɸʎʀʗ, ʉɽʈʊʀʌʀʂɸʎʀʗ ʀ ʋʇʈɸɺʃɽʅʀɽ ʂɸʏɽʉʊɺʆʄ
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ɼʣʷ ʩʦʟʜʘʥʠʷ ʧʨʦʛʥʦʟʘ ʧʦ ʧʦʢʘʟʘʪʝʣʷʤ ʢʘʯʝ-
ʩʪʚʘ ʧʨʦʜʫʢʮʠʠ ʚ ʨʘʟʥʳʭ ʩʬʝʨʘʭ ʥʝʦʙʭʦʜʠʤʦ
ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʦʡ ʠʥʪʝʣʣʝʢʪʫ-
ʘʣʴʥʦʡ ʪʝʭʥʦʣʦʛʠʠ, ʘ ʠʤʝʥʥʦ ʥʝʡʨʦʩʝʪʝʡ.

ɿʘʢʣʶʯʝʥʠʝ

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʦʙʣʝʤʘ ʦʮʝʥʢʠ ʢʘʯʝʩʪʚʘ ʠʟ-
ʜʝʣʠʷ ʚ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʤ ʧʨʦʮʝʩʩʝ ʷʚʣʷʝʪʩʷ ʩʝʛʦ-
ʜʥʷ ʜʦʩʪʘʪʦʯʥʦ ʘʢʪʫʘʣʴʥʦʡ. ɼʣʷ ʝʝ ʨʝʰʝʥʠʷ ʠʩ-
ʩʣʝʜʦʚʘʪʝʣʠ ʠ ʧʨʘʢʪʠʢʠ ʧʦʩʪʦʷʥʥʦ ʥʘʭʦʜʷʪʩʷ ʚ
ʧʦʠʩʢʝ ʨʘʟʣʠʯʥʳʭ ʨʝʰʝʥʠʡ, ʦʜʥʠʤ ʠʟ ʢʦʪʦʨʳʭ
ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ. ʅʝʡʨʦʩʝʪʝʚʳʝ
ʪʝʭʥʦʣʦʛʠʠ ʚ ʤʘʰʠʥʦʩʪʨʦʝʥʠʠ ʧʨʝʜʦʩʪʘʚʣʷʶʪ
ʙʦʣʴʰʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʧʦʠʩʢʘ ʵʬʬʝʢʪʠʚʥʳʭ
ʨʝʰʝʥʠʡ ʰʠʨʦʢʦʛʦ ʩʧʝʢʪʨʘ ʟʘʜʘʯ.

ʇʦʜʚʦʜʷ ʠʪʦʛ ʚʳʰʝʠʟʣʦʞʝʥʥʦʤʫ, ʩʣʝʜʫʝʪ ʦʪ-
ʤʝʪʠʪʴ, ʯʪʦ ʫʧʨʘʚʣʝʥʠʝ ʢʘʯʝʩʪʚʦʤ ʠʟʜʝʣʠʡ ʤʘʩʩʦ-
ʚʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʠʝʨʘʨʭʠʯʝʩʢʠʭ
ʥʝʡʨʦʩʝʪʝʡ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʵʬʬʝʢʪʠʚʥʳʤ, ʯʪʦ
ʜʦʢʘʟʳʚʘʝʪʩʷ ʨʷʜʦʤ ʠʩʩʣʝʜʦʚʘʥʠʡ. ʕʪʦʪ ʤʝʪʦʜ
ʩʝʛʦʜʥʷ ʧʨʠʤʝʥʷʝʪʩʷ ʚ ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʷʭ ʜʝʷ-
ʪʝʣʴʥʦʩʪʠ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʤʘʰʠʥʦʩʪʨʦʝʥʠʠ. ʄʝʪʦʜ
ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ ʠʤʝʝʪ ʢʘʢ ʧʨʝʠʤʫʱʝʩʪʚʘ, ʪʘʢ ʠ
ʥʝʜʦʩʪʘʪʢʠ, ʢʦʪʦʨʳʝ ʧʦʢʘʟʘʥʳ ʚʳʰʝ. ʀʩʧʦʣʴʟʦ-
ʚʘʥʠʝ ʠʝʨʘʨʭʠʠ ʟʥʘʯʠʪʝʣʴʥʦ ʨʘʩʰʠʨʷʝʪ ʚʦʟʤʦʞ-
ʥʦʩʪʠ ʩʫʱʝʩʪʚʫʶʱʠʭ ʥʝʡʨʦʩʝʪʝʡ.
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ʈɸɿʈɸɹʆʊʂɸ ʄʆɼɽʃʀ ɼʃʗ ʇɽʏɸʊʀ ʃʆʇɸʊʆʂ ʊʋʈɹʀʅ
ʅɸ 3D-ʇʈʀʅʊɽʈɽ

ɽʨʦʰʝʥʢʦ ɺ.ʆ.1, ʄʘʣʴʢʦʚʘ ʄ.ʖ.1, ɿʘʜʠʨʘʥʦʚ ɸ.ʅ.2, ʄʝʱʝʨʷʢʦʚ ɸ.ɺ.2

1 ʈʦʩʩʠʡʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʜʨʫʞʙʳ ʥʘʨʦʜʦʚ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ
2 ɸʢʘʜʝʤʠʷ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʡ ʧʨʦʪʠʚʦʧʦʞʘʨʥʦʡ ʩʣʫʞʙʳ ʄʏʉ ʈʦʩʩʠʠ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ

ɸʥʥʦʪʘʮʠʷ. ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʤʦʜʝʣʠ ʜʣʷ ʧʝʯʘʪʠ ʣʦʧʘʪʦʢ ʪʫʨʙʠʥ ʥʘ 3D-ʧʨʠʥʪʝʨʝ, ʯʪʦ ʦʩʦ-
ʙʝʥʥʦ ʘʢʪʫʘʣʴʥʦ ʧʨʠ ʠʟʛʦʪʦʚʣʝʥʠʠ ʜʝʪʘʣʝʡ ʩʣʦʞʥʦʡ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʬʦʨʤʳ, ʠʩʧʳʪʳʚʘʶʱʠʭ ʚʦʟʜʝʡʩʪʚʠʝ ʟʥʘ-
ʯʠʪʝʣʴʥʳʭ ʩʪʘʪʠʯʝʩʢʠʭ, ʜʠʥʘʤʠʯʝʩʢʠʭ, ʪʝʧʣʦʚʳʭ ʥʘʛʨʫʟʦʢ ʠ ʨʘʙʦʪʘʶʱʠʭ ʚ ʘʛʨʝʩʩʠʚʥʳʭ ʩʨʝʜʘʭ. ɹʦʣʴʰʦʡ ʨʘʟ-
ʙʨʦʩ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ, ʢʦʪʦʨʳʡ ʤʦʞʝʪ ʚʦʟʥʠʢʥʫʪʴ ʚ ʨʝʟʫʣʴʪʘʪʝ ʥʝʜʦʩʪʘʪʦʯʥʦʡ ʧʦʜʛʦʪʦʚʢʠ ʢ ʘʜʜʠʪʠʚʥʦʤʫ
ʠʟʛʦʪʦʚʣʝʥʠʶ ʜʝʪʘʣʠ, ʫʢʘʟʳʚʘʝʪ ʥʘ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩ ʮʝʣʴʶ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʤʝʭʘʥʠʯʝʩʢʠʭ
ʩʚʦʡʩʪʚ ʣʦʧʘʪʢʠ ʛʘʟʦʪʫʨʙʠʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʪʘʥʦʚʠʪʩʷ ʦʯʝʚʠʜʥʦ, ʯʪʦ ʧʨʠʤʝʥʝʥʠʝ ʤʦʜʝʣʠʨʦʚʘ-
ʥʠʷ ʤʝʭʘʥʠʯʝʩʢʠʭ ʠʩʧʳʪʘʥʠʡ ʠ ʩʚʦʡʩʪʚ 3D-ʧʝʯʘʪʥʳʭ ʦʙʲʝʢʪʦʚ ʷʚʣʷʝʪʩʷ ʥʝʦʙʭʦʜʠʤʳʤ ʫʩʣʦʚʠʝʤ ʠʟʛʦʪʦʚʣʝʥʠʷ
ʢʘʯʝʩʪʚʝʥʥʳʭ ʜʝʪʘʣʝʡ. ʆʩʥʦʚʥʦʡ ʟʘʜʘʯʝʡ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʤʦʜʝʣʠ ʣʦʧʘʪʢʠ ʛʘʟʦʪʫʨʙʠʥʥʦʛʦ
ʜʚʠʛʘʪʝʣʷ, ʦʙʣʘʜʘʶʱʝʡ ʜʦʩʪʘʪʦʯʥʦʡ ʧʨʦʯʥʦʩʪʴʶ, ʫʩʪʦʡʯʠʚʦʩʪʴʶ ʢ ʚʠʙʨʘʮʠʦʥʥʳʤ ʥʘʛʨʫʟʢʘʤ, ʪʝʤʧʝʨʘʪʫʨʥʳʤ
ʢʦʣʝʙʘʥʠʷʤ, ʢʦʪʦʨʘʷ ʧʨʠ ʵʪʦʤ ʙʫʜʝʪ ʩʦʭʨʘʥʷʪʴ ʪʨʘʝʢʪʦʨʠʶ ʜʚʠʞʝʥʠʷ ʚ ʧʦʪʦʢʝ ʠ ʦʙʣʘʜʘʪʴ ʤʠʥʠʤʘʣʴʥʦ ʚʦʟʤʦʞ-
ʥʦʡ ʤʘʩʩʦʡ. ʇʦʩʪʨʦʝʥʘ ʪʨʝʭʤʝʨʥʘʷ ʢʦʤʧʴʶʪʝʨʥʘʷ ʤʦʜʝʣʴ ʜʣʷ ʧʝʯʘʪʠ ʣʦʧʘʪʦʢ ʛʘʟʦʚʳʭ ʪʫʨʙʠʥ ʥʘ 3D-ʧʨʠʥʪʝʨʝ.
ʈʘʟʨʘʙʦʪʘʥʦ ʢʨʠʪʝʨʠʘʣʴʥʦʝ ʠ ʘʣʛʦʨʠʪʤʠʯʝʩʢʦʝ ʩʦʧʨʦʚʦʞʜʝʥʠʝ ʧʨʦʮʝʩʩʘ ʧʝʯʘʪʠ ʣʦʧʘʪʦʢ ʪʫʨʙʠʥ ʥʘ
3D-ʧʨʠʥʪʝʨʝ. ʇʦʣʫʯʝʥʘ ʤʦʜʝʣʴ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʪʝʧʣʦʚʦʛʦ ʧʦʣʷ ʜʝʪʘʣʠ ʧʨʠ ʝʝ ʠʟʛʦʪʦʚʣʝʥʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ
ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʤʧʣʝʢʩʘ Ansys. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʣʷ ʥʝʦʙʭʦʜʠʤʦ ʥʝ ʪʦʣʴʢʦ ʜʣʷ ʦʮʝʥʢʠ ʧʣʦʪ-
ʥʦʩʪʠ ʜʝʪʘʣʠ ʠ ʝʝ ʩʧʣʦʰʥʦʩʪʠ, ʥʦ ʠ ʨʝʘʢʮʠʠ ʤʝʪʘʣʣʘ ʠʟʜʝʣʠʷ ʥʘ ʙʳʩʪʨʳʡ ʥʘʛʨʝʚ ʠ ʦʭʣʘʞʜʝʥʠʝ. ʇʦʣʫʯʝʥʘ ʤʦ-
ʜʝʣʴ ʥʘʧʨʷʞʝʥʥʦ-ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ ʩʠʥʪʝʟʠʨʫʝʤʦʤ ʠʟʜʝʣʠʠ. ʉʨʘʚʥʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʤʦʜʝʣʠʨʦʚʘ-
ʥʠʷ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʚʘʣʠʜʘʮʠʠ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʤʦʜʝʣʠ. ʇʨʝʜʣʘʛʘʝʤʳʡ ʧʦʜ-
ʭʦʜ ʢ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʧʦʟʚʦʣʷʝʪ ʩʧʨʦʛʥʦʟʠʨʦʚʘʪʴ ʟʦʥʳ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ, ʢʦʪʦʨʦʝ
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DEVELOPMENT OF A MODEL FOR 3D PRINTING
OF TURBINE BLADES

Eroshenko V.O.1, Malkova M.Yu.1, Zadiranov A.N.2, Meshcheryakov A.V.2
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Abstract. The study is aimed at developing a model for printing turbine blades on a 3D printer, which is especially im-
portant, when manufacturing complex geometry parts exposed to significant static, dynamic, thermal loads and operat-
ing in aggressive environment. A wide spread of mechanical properties, which may arise as a result of insufficient prep-
aration for additive manufacturing of parts, indicates the need for modeling to forecast mechanical properties of a gas
turbine engine blade. Thus, it becomes obvious that the use of simulation of mechanical tests and properties of 3D
printed objects is a prerequisite for manufacturing high-quality parts. A main objective of the study is to develop a
model of a gas turbine engine blade that has sufficient strength, resistance to vibration loads, temperature fluctuations,
while maintaining the trajectory of movement in the flow and having minimum possible weight. The authors designed a
three-dimensional computer model for printing gas turbine blades on a 3D printer and developed criteria and algorithm
support of the process of printing turbine blades. A model of the distribution of the thermal field of the part during its
manufacturing is designed using the Ansys software suite. It is required to simulate the temperature field to assess not
only density of the part and its continuity, but also the reaction of the metal of the product to quick heating and cooling.
The authors obtained a model of the stress-strain state in the synthesized product. A comparison of the simulation re-
sults with experimental data indicates validation of the developed model. The proposed approach to modeling makes it
possible to forecast zones of maximum stress, which can lead to a crack point in the product.

Keywords: gas turbine engine (GTE) blade, additive technologies, optimization, modeling, 3D printing
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ɺʚʝʜʝʥʠʝ

ɺʩʝ ʙʦʣʝʝ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ ʤʘʰʠʥʦ-
ʩʪʨʦʠʪʝʣʴʥʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʘʜʜʠʪʠʚʥʳʭ
ʪʝʭʥʦʣʦʛʠʡ ʦʙʫʩʣʦʚʣʝʥʦ ʚʦʟʤʦʞʥʦʩʪʴʶ ʧʦʣʫ-
ʯʝʥʠʷ ʠʟʜʝʣʠʡ ʧʦʚʳʰʝʥʥʦʛʦ ʢʘʯʝʩʪʚʘ ʠ ʩ ʟʘ-
ʜʘʥʥʳʤ ʥʘʙʦʨʦʤ ʩʚʦʡʩʪʚ, ʯʪʦ ʦʩʦʙʝʥʥʦ ʘʢʪʫ-
ʘʣʴʥʦ ʧʨʠ ʠʟʛʦʪʦʚʣʝʥʠʠ ʜʝʪʘʣʝʡ ʩʣʦʞʥʦʡ ʛʝʦ-
ʤʝʪʨʠʯʝʩʢʦʡ ʬʦʨʤʳ, ʨʘʙʦʪʘʶʱʠʭ ʧʦʜ ʚʦʟʜʝʡ-
ʩʪʚʠʝʤ ʢʦʤʧʣʝʢʩʘ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʬʘʢʪʦʨʦʚ ʚ
ʚʳʩʦʢʠʭ ʧʨʝʜʝʣʘʭ ʩʪʝʧʝʥʠ ʚʣʠʷʥʠʷ. ɸʚʪʦʨʘʤʠ
ʨʘʙʦʪʳ ʧʦʩʪʘʚʣʝʥʘ ʮʝʣʴ ʧʝʨʝʚʦʜʘ ʚ ʘʜʜʠʪʠʚʥʦʝ
ʧʨʦʠʟʚʦʜʩʪʚʦ ʪʝʭʥʦʣʦʛʠʠ ʠʟʛʦʪʦʚʣʝʥʠʷ ʣʦʧʘʪʦʢ
ʛʘʟʦʪʫʨʙʠʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ (ɻʊɼ). ʃʶʙʦʝ ʠʥʥʦ-
ʚʘʮʠʦʥʥʦʝ ʧʨʘʢʪʠʯʝʩʢʦʝ ʨʝʰʝʥʠʝ ʥʝʚʦʟʤʦʞʥʦ
ʙʝʟ ʨʘʟʨʘʙʦʪʢʠ ʢʨʠʪʝʨʠʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʦʧ-
ʪʠʤʠʟʘʮʠʠ ʧʨʦʮʝʩʩʘ ʠ ʦʮʝʥʢʠ ʠʭ ʚʣʠʷʥʠʷ ʥʘ
ʞʠʟʥʝʥʥʳʡ ʮʠʢʣ ʛʦʪʦʚʦʡ ʜʝʪʘʣʠ [1-5]. ʇʦʵʪʦʤʫ
ʚʘʞʥʳʤʠ ʟʘʜʘʯʘʤʠ ʨʘʟʨʘʙʦʪʢʠ ʧʦʜʦʙʥʦʡ ʪʝʭʥʦ-
ʣʦʛʠʠ ʷʚʣʷʝʪʩʷ ʧʦʵʪʘʧʥʘʷ ʧʨʦʨʘʙʦʪʢʘ ʚʩʝʭ ʩʪʘ-
ʜʠʡ ʧʦʜʛʦʪʦʚʠʪʝʣʴʥʦʛʦ ʵʪʘʧʘ ʢ ʘʜʜʠʪʠʚʥʦʤʫ
ʠʟʛʦʪʦʚʣʝʥʠʶ ʣʦʧʘʪʦʢ ɻʊɼ ʠ ʨʘʟʨʘʙʦʪʢʘ ʨʘʙʦ-

ʯʝʡ ʤʦʜʝʣʠ ʜʣʷ ʧʝʯʘʪʠ ʣʦʧʘʪʦʢ ʪʫʨʙʠʥ ʥʘ 3D-
ʧʨʠʥʪʝʨʝ ʩ ʫʯʝʪʦʤ ʚʩʝʭ ʥʝʦʙʭʦʜʠʤʳʭ ʪʨʝʙʦʚʘ-
ʥʠʡ ʥʘʜʝʞʥʦʩʪʠ.

ʄʦʜʝʣʴ ʧʝʯʘʪʠ ʣʦʧʘʪʦʢ ʪʫʨʙʠʥ ʥʘ 3D-
ʧʨʠʥʪʝʨʝ ʧʦʜʨʘʟʫʤʝʚʘʝʪ ʨʘʟʨʘʙʦʪʢʫ ʨʷʜʘ ʢʨʠʪʝ-
ʨʠʝʚ, ʢʦʪʦʨʳʝ ʥʝʦʙʭʦʜʠʤʦ ʩʦʙʣʶʩʪʠ ʧʨʠ ʧʦʣʫ-
ʯʝʥʠʠ ʛʦʪʦʚʦʡ ʜʝʪʘʣʠ ʩ ʮʝʣʴʶ ʜʦʩʪʠʞʝʥʠʷ ʤʘʢ-
ʩʠʤʘʣʴʥʦʡ ʩʪʝʧʝʥʠ ʢʘʯʝʩʪʚʘ. ʀ ʨʝʯʴ ʚ ʜʘʥʥʦʤ
ʩʣʫʯʘʝ ʠʜʝʪ ʢʘʢ ʦ ʜʦʩʪʠʞʝʥʠʠ ʤʘʢʩʠʤʘʣʴʥʦʛʦ
ʩʦʦʪʚʝʪʩʪʚʠʷ ʬʦʨʤʳ ʠ ʨʘʟʤʝʨʦʚ ʣʦʧʘʪʦʢ, ʪʘʢ ʠ ʦ
ʪʝʭʥʠʯʝʩʢʠʭ ʩʪʘʥʜʘʨʪʘʭ ʛʦʪʦʚʳʭ ʤʦʜʝʣʝʡ, ʚ ʪʦʤ
ʯʠʩʣʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʭ ʤʘʪʝʨʠʘʣʘ ʜʣʷ ʠʟʛʦʪʦʚ-
ʣʝʥʠʷ ʛʦʪʦʚʦʛʦ ʠʟʜʝʣʠʷ.

ʅʝʦʙʭʦʜʠʤʦ ʚʳʜʝʣʠʪʴ ʨʷʜ ʫʧʨʘʚʣʷʶʱʠʭ ʧʘ-
ʨʘʤʝʪʨʦʚ ʥʘʜʝʞʥʦʩʪʠ. ɺʚʠʜʫ ʪʦʛʦ, ʯʪʦ ʥʘʜʝʞ-
ʥʦʩʪʴ ʷʚʣʷʝʪʩʷ ʠʟʤʝʥʷʶʱʝʡʩʷ ʚʦ ʚʨʝʤʝʥʠ ʭʘʨʘʢ-
ʪʝʨʠʩʪʠʢʦʡ, ʛʨʫʧʧʘ ʫʧʨʘʚʣʷʶʱʠʭ ʧʘʨʘʤʝʪʨʦʚ
ʜʦʣʞʥʘ ʥʦʩʠʪʴ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʜʠʥʘʤʠʯʝʩʢʠʡ
ʭʘʨʘʢʪʝʨ ʠ ʩʧʦʩʦʙʥʦʩʪʴ ʢ ʧʨʝʦʙʨʘʟʦʚʘʥʠʶ, ʢʦʪʦ-
ʨʦʝ ʥʝ ʪʦʣʴʢʦ ʤʦʞʥʦ ʦʪʩʣʝʜʠʪʴ ʠ ʟʘʬʠʢʩʠʨʦʚʘʪʴ,
ʥʦ ʠ ʚʳʜʝʣʠʪʴ ʚʣʠʷʥʠʝ ʢʦʥʢʨʝʪʥʦʛʦ ʬʘʢʪʦʨʘ ʥʘ
ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʝ ʠʟʜʝʣʠʝ.
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ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ ʠʩʩʣʝʜʦʚʘʥʠʷ

ɼʚʫʤʝʨʥʳʝ ʵʬʬʝʢʪʳ ʜʘʚʣʝʥʠʷ ʧʦʪʦʢʘ ʚ ʧʣʦ-
ʱʘʜʠ ʧʦʧʝʨʝʯʥʦʛʦ ʩʝʯʝʥʠʷ ʣʦʧʘʪʦʢ ɻʊɼ ʩʚʷʟʘʥʳ
ʩ ʦʧʪʠʤʘʣʴʥʦʡ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴʶ, ʜʦʩʪʠʛʘʝ-
ʤʦʡ ʣʦʧʘʪʢʘʤʠ ʪʫʨʙʠʥʳ. ɼʣʷ ʧʣʘʚʥʦʛʦ ʚʨʘʱʝʥʠʷ
ʣʦʧʘʪʢʠ ʪʫʨʙʠʥʳ ʦʙʳʯʥʦ ʧʨʦʝʢʪʠʨʫʶʪʩʷ ʩ ʠʤʝ-
ʶʱʠʤʠʩʷ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʤʠ ʧʨʦʬʠʣʷʤʠ [6].
ʇʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʪʦʣʱʠʥʳ ʠ ʜʣʠʥʳ ʭʦʨʜʳ
ʣʦʧʘʪʦʢ ʪʫʨʙʠʥʳ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʢʦʥ-
ʩʪʨʫʢʪʠʚʥʫʶ ʧʨʦʯʥʦʩʪʴ ʣʦʧʘʪʦʢ. ʅʘ ʧʨʝʜʚʘʨʠ-
ʪʝʣʴʥʦʤ ʵʪʘʧʝ ʩʦʟʜʘʥʠʷ ʣʦʧʘʪʢʠ ʪʫʨʙʠʥʳ ʥʝʦʙʭʦ-
ʜʠʤʦ ʧʦʩʪʨʦʠʪʴ ʪʨʝʭʤʝʨʥʫʶ ʢʦʤʧʴʶʪʝʨʥʫʶ ʤʦ-
ʜʝʣʴ. ʈʘʟʤʝʨ ʣʦʧʘʪʢʠ ʪʫʨʙʠʥʳ ʤʦʞʝʪ ʙʳʪʴ ʣʠʙʦ
ʧʦʣʫʯʝʥ ʠʟ ʠʩʭʦʜʥʳʭ ʜʘʥʥʳʭ (ʩʧʨʘʚʦʯʥʠʢʦʚ /
ʪʝʭʥʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʟʘʜʘʥʥʳʭ ʧʨʦʠʟʚʦʜʠ-
ʪʝʣʝʤ), ʣʠʙʦ ʨʘʩʩʯʠʪʘʥ ʧʫʪʝʤ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩ
ʫʯʝʪʦʤ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʠ ʠʥʞʝʥʝʨʥʦʡ
ʫʧʨʫʛʦʩʪʠ ʣʦʧʘʪʢʠ ʪʫʨʙʠʥʳ. ʀʩʧʦʣʴʟʫʝʤʳʝ ʜʣʷ
ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ
ʪʘʙʣ. 1. ʋʩʠʣʠʝ ʥʘ ʣʦʧʘʪʢʘʭ ʪʫʨʙʠʥʳ ʠʟʤʝʨʷʝʪʩʷ
ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʚʳʭʦʜʥʦʡ ʤʦʱʥʦʩʪʠ ʜʚʠʛʘ-
ʪʝʣʷ, ʘ ʨʘʩʯʝʪʥʘʷ ʥʘʛʨʫʟʢʘ ʥʘ ʣʦʧʘʪʢʫ ʠʩʧʦʣʴʟʫʝʪ-
ʩʷ ʚ ʢʘʯʝʩʪʚʝ ʫʩʣʦʚʠʷ ʤʝʪʦʜʘ ʘʥʘʣʠʟʘ ʢʦʥʝʯʥʳʭ
ʵʣʝʤʝʥʪʦʚ ʜʣʷ ʘʥʘʣʠʟʘ ʣʦʧʘʪʢʠ ɻʊɼ [7].

ʊʘʙʣʠʮʘ 1. ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʠʩʧʦʣʴʟʫʝʤʳʝ
ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʣʦʧʘʪʢʠ ɻʊɼ

T a b l e  1 . Characteristics used for modeling GTE
blades

ʅʘʠʤʝʥʦʚʘʥʠʝ ʇʘʨʘʤʝʪʨ

ʄʘʪʝʨʠʘʣ ɺ ʟʘʚʠʩʠʤʦʩʪʠ
ʦʪ ʤʦʜʝʣʠ ɻʊɼ

ʂʦʣʠʯʝʩʪʚʦ ʤʦʜʝʣʝʡ
ʥʘ ʨʘʟʦʚʦʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ
ʤʦʜʝʣʝʡ

ɼʦ 10 000

ʇʣʦʪʥʦʩʪʴ ʠʟʜʝʣʠʷ ɺ ʟʘʚʠʩʠʤʦʩʪʠ
ʦʪ ʤʦʜʝʣʠ ɻʊɼ

ʇʨʝʜʝʣ ʪʝʢʫʯʝʩʪʠ 20 ʄʇʘ
ʇʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ
ʥʘ ʨʘʩʪʷʞʝʥʠʝ 29,6 ʄʇʘ

ʄʦʜʫʣʴ ʖʥʛʘ 2,24 ɻʇa
ʂʦʵʬʬʠʮʠʝʥʪ ʇʫʘʩʩʦʥʘ 0,38
ʄʦʜʫʣʴ ʩʜʚʠʛʘ 0,811594 ɻʇa

ʂʨʦʤʝ ʪʦʛʦ, ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʥʝʦʙʭʦʜʠʤ
ʨʘʩʯʝʪ ʩʨʝʜʳ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʪʝʦʨʠʠ ʚʷʟʢʦʛʦ ʪʝ-
ʯʝʥʠʷ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʫʨʘʚʥʝʥʠʝʤ ʈʝʡʥʦʣʴʜʩʘ
(RANS), ʩʦʛʣʘʩʥʦ ʢʦʪʦʨʦʤʫ ʦʜʥʦʨʦʜʥʳʡ ʧʦʪʦʢ
ʜʣʷ ʧʦʜʜʝʨʞʘʥʠʷ ʦʧʨʝʜʝʣʝʥʥʦʡ ʩʢʦʨʦʩʪʠ ʚʦʢʨʫʛ
ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʷʚʣʷʝʪʩʷ ʪʠʧʠʯʥʦʡ ʪʨʝʭʤʝʨʥʦʡ
ʥʝʩʞʠʤʘʝʤʦʡ ʪʫʨʙʫʣʝʥʪʥʦʡ ʞʠʜʢʦʩʪʴʶ [8]. ɺʳ-
ʨʘʞʝʥʠʝ RANS ʜʣʷ ʚʩʝʛʦ ʚʳʯʠʩʣʠʪʝʣʴʥʦʛʦ ʧʦʣʷ
ʧʦʪʦʢʘ ʚʳʛʣʷʜʠʪ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ:
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    (2)

ʛʜʝ ɟ ig  – ʦʩʨʝʜʥʝʥʥʳʝ ʚʥʝʰʥʠʝ ʩʠʣʳ;

ɛ ji

j i

uu
x x

å õµµ +æ öæ öµ µç ÷
 – ʚʷʟʢʦʩʪʥʳʝ ʩʠʣʳ; ' 'ɟ i ju u  –

ʥʘʧʨʷʞʝʥʠʷ ʈʝʡʥʦʣʴʜʩʘ, ʪʫʨʙʫʣʝʥʪʥʳʝ ʥʘʧʨʷ-
ʞʝʥʠʷ; ɟ  – ʧʣʦʪʥʦʩʪʴ.

ʆʙʣʘʩʪʴ ʨʘʩʯʝʪʘ ʧʦʪʦʢʘ ʜʦʣʞʥʘ ʚʢʣʶʯʘʪʴ ʜʚʝ
ʯʘʩʪʠ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʠ ʚʨʘʱʘʶʱʝʡʩʷ ʦʙʣʘʩʪʠ,
ʯʪʦʙʳ ʦʙʝʩʧʝʯʠʪʴ ʨʘʩʯʝʪ ʚ ʥʦʨʤʘʣʴʥʦʤ ʩʦʩʪʦʷ-
ʥʠʠ. ʂʦʥʩʪʨʫʢʮʠʷ ʛʝʦʤʝʪʨʠʠ 3D-ʤʦʜʝʣʠʨʦʚʘʥʠʷ
ʜʦʣʞʥʘ ʙʳʪʴ ʟʘʜʘʥʘ ʢʘʢ ʥʝʧʦʜʚʠʞʥʳʡ ʦʙʲʝʢʪ ʚ
ʧʦʜʚʠʞʥʦʤ, ʘ ʣʦʧʘʩʪʠ ʪʫʨʙʠʥʳ ʫʩʪʘʥʦʚʣʝʥʳ ʚʦ
ʚʨʘʱʝʥʠʝ [9]. ʅʘʙʦʨ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʚʝʨʭ-
ʥʦʩʪʠ ʣʦʧʘʩʪʝʡ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ ʥʝʩʢʦʣʴʟʷʱʘʷ
ʧʦʚʝʨʭʥʦʩʪʴ, ʣʦʧʘʪʢʘ ʪʫʨʙʠʥʳ, ʧʦʤʝʱʝʥʥʘʷ ʚ
ʧʦʪʦʢ, ʠ ʨʘʟʤʝʨ ʣʦʧʘʩʪʠ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʨʘʟʤʝ-
ʨʦʤ ʘʢʚʘʨʠʫʤʘ (ʨʠʩ. 1). ʇʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ
ʪʦʣʱʠʥʘ ʣʦʧʘʪʢʠ ʪʫʨʙʠʥʳ ʨʝʢʦʤʝʥʜʦʚʘʥʘ ʢ
ʫʩʪʘʥʦʚʢʝ ʥʘ 2,5 ʤʤ, ʤʘʪʝʨʠʘʣ ʥʘʙʦʨʘ ʤʦʜʝʣʠʨʦ-
ʚʘʥʠʷ ʥʝ ʦʧʨʝʜʝʣʝʥ.

ʈʠʩ. 1. ʇʨʠʤʝʨ ʚʦʟʤʦʞʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʣʦʧʘʪʢʠ
Fig. 1. An example of a possible blade modeling

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʦʮʝʩʩ ʩʦʟʜʘʥʠʷ ʤʦʜʝʣʠ ʣʦ-
ʧʘʪʢʠ ʪʨʝʙʫʝʪ ʫʯʝʪʘ ʥʝ ʪʦʣʴʢʦ ʧʘʨʘʤʝʪʨʦʚ ʣʦ-
ʧʘʪʢʠ, ʥʦ ʠ ʚʥʝʰʥʠʭ ʚʦʟʜʝʡʩʪʚʠʡ, ʦʢʘʟʳʚʘʝʤʳʭ
ʥʘ ʣʦʧʘʪʢʫ.



ɽʨʦʰʝʥʢʦ ɺ.ʆ., ʄʘʣʴʢʦʚʘ ʄ.ʖ., ɿʘʜʠʨʘʥʦʚ ɸ.ʅ., ʄʝʱʝʨʷʢʦʚ ɸ.ɺ.

www.vestnik.magtu.ru        –––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 85

ʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ

1. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʧʦʣʝʡ
ʚ ʩʠʥʪʝʟʠʨʫʝʤʦʤ ʠʟʜʝʣʠʠ. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ
ʪʝʭʥʦʣʦʛʠʠ 3D-ʧʝʯʘʪʠ ʥʘ ʢʘʯʝʩʪʚʦ ʛʦʪʦʚʦʡ ʜʝ-
ʪʘʣʠ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʝʪ ʧʝʯʘʪʘʶʱʘʷ ʛʦ-
ʣʦʚʢʘ, ʢʦʪʦʨʘʷ ʦʧʨʝʜʝʣʷʝʪ ʢʘʯʝʩʪʚʦ ʧʝʯʘʪʠ [10].
ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʤʘʪʝʨʠʣʘ ʝʝ
ʥʝʦʙʭʦʜʠʤʦ ʥʘʛʨʝʪʴ ʜʦ ʩʪʘʙʠʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫ-
ʨʳ ʦʪ 275°C. ʄʝʪʘʣʣ ʠʣʠ ʤʝʪʘʣʣʠʯʝʩʢʠʡ ʩʧʣʘʚ
ʧʦʜʘʝʪʩʷ ʚ ʧʝʯʘʪʘʶʱʫʶ ʛʦʣʦʚʢʫ ʚ ʚʠʜʝ ʧʨʦʚʦ-
ʣʦʢʠ, ʦʙʳʯʥʦ ʜʠʘʤʝʪʨʦʤ 3 ʠʣʠ 1,75 ʤʤ. ʇʦʜʘʯʘ
ʤʘʪʝʨʠʘʣʘ ʥʘ ʧʝʯʘʪʘʶʱʫʶ ʛʦʣʦʚʢʫ ʦʩʫʱʝʩʪʚʣʷ-
ʝʪʩʷ ʧʨʠʚʦʜʦʤ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʤ ʧʦʜʘʯʫ. ʉʢʦ-
ʨʦʩʪʴ ʧʦʜʘʯʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʢʦʨʦʩʪʴʶ ʧʝʯʘʪʘ-
ʶʱʝʡ ʛʦʣʦʚʢʠ ʠ ʚʳʭʦʜʥʳʤ ʜʠʘʤʝʪʨʦʤ ʩʪʨʫʠ ʧʦ
ʬʦʨʤʫʣʝ [11]

2

min 2 ,f
df f
D

=                          (3)

ʛʜʝ ff  – ʩʢʦʨʦʩʪʴ ʧʦʜʘʯʠ ʤʘʪʝʨʠʘʣʘ; m inf  –

ʩʢʦʨʦʩʪʴ ʧʦʜʘʯʠ ʧʝʯʘʪʘʶʱʝʡ ʛʦʣʦʚʢʠ; d  –
ʜʠʘʤʝʪʨ ʚʳʭʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ; D  – ʜʠʘʤʝʪʨ
ʧʨʦʚʦʣʦʢʠ.

ʀʩʭʦʜʷ ʠʟ ʦʨʛʘʥʠʟʘʮʠʠ ʧʨʦʮʝʩʩʘ ʧʦʣʫʯʝʥʠʷ
ʜʝʪʘʣʠ ʠ ʥʘʭʦʞʜʝʥʠʷ ʝʝ ʚ ʢʘʤʝʨʝ, ʤʦʞʥʦ ʧʨʝʜ-
ʧʦʣʦʞʠʪʴ, ʯʪʦ ʪʝʧʣʦʚʦʝ ʧʦʣʝ ʙʫʜʝʪ ʨʘʩʧʨʝʜʝʣʝʥʦ
ʪʘʢ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 2 [12].

ʈʠʩ. 2. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʪʝʧʣʦʚʦʛʦ ʧʦʣʷ ʜʝʪʘʣʠ
ʧʨʠ ʝʝ ʠʟʛʦʪʦʚʣʝʥʠʠ

Fig. 2. Distribution of the thermal field
of the part during its manufacturing

ɺ ʛʣʦʙʘʣʴʥʦʡ ʜʝʢʘʨʪʦʚʦʡ ʩʠʩʪʝʤʝ ʤʦʞʥʦ
ʦʧʨʝʜʝʣʠʪʴ ʫʨʘʚʥʝʥʠʝ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ:
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"""
  (4)

ʛʜʝ q"""  – ʪʝʧʣʦ, ʚʳʜʝʣʷʝʤʦʝ ʚ ʩʠʩʪʝʤʝ; x, y, z –
ʥʘʧʨʘʚʣʝʥʠʝ ʜʝʢʘʨʪʦʚʦʡ ʩʠʩʪʝʤʳ; T  – ʪʝʤʧʝʨʘ-
ʪʫʨʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʦʨʜʠʥʘʪ ʠ ʚʨʝʤʝʥʠ, °C,
K; t – ʚʨʝʤʷ, ʩ; ʩ  – ʫʜʝʣʴʥʘʷ ʪʝʧʣʦʝʤʢʦʩʪʴ,
ɼʞ · ʢʛ-1 · K-1; ɟ  – ʧʣʦʪʥʦʩʪʴ, ʢʛ · ʤ-3; K  – ʪʝʧ-
ʣʦʧʨʦʚʦʜʥʦʩʪʴ, ɺʪ ·ʤ-1 ·K-1.

ʇʦʪʝʨʠ ʵʥʝʨʛʠʠ ʠʟ-ʟʘ ʠʟʣʫʯʝʥʠʷ ʤʦʞʥʦ
ʦʧʨʝʜʝʣʠʪʴ ʫʨʘʚʥʝʥʠʝʤ ʉʠʛʘʣʘ-ʍʘʫʵʣʣʘ:
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Ů
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ä ä    (5)

ʛʜʝ N  – ʢʦʣʠʯʝʩʪʚʦ ʠʟʣʫʯʘʶʱʠʭ ʧʦʚʝʨʭʥʦʩʪʝʡ;
ŭ ji  – ʩʠʤʚʦʣ ʂʨʦʥʝʢʝʨʘ ( ŭ ji  = 1 ʜʣʷ i = j, ʠʥʘʯʝ

ŭ ji  = 0); Ů i  – ʵʬʬʝʢʪʠʚʥʘʷ ʠʟʣʫʯʘʪʝʣʴʥʘʷ ʩʧʦ-

ʩʦʙʥʦʩʪʴ; jiF  – ʜʦʣʷ ʵʥʝʨʛʠʠ, ʠʟʣʫʯʘʝʤʦʡ ʦʪ ʧʦ-
ʚʝʨʭʥʦʩʪʠ i ʢ ʧʦʚʝʨʭʥʦʩʪʠ j; iA  – ʧʣʦʱʘʜʴ ʧʦ-
ʚʝʨʭʥʦʩʪʠ i; iQ  – ʧʦʪʝʨʠ ʵʥʝʨʛʠʠ ʧʦʚʝʨʭʥʦʩʪʠ i;
ŭ  – ʧʦʩʪʦʷʥʥʘʷ ʉʪʝʬʘʥʘ-ɹʦʣʴʮʤʘʥʘ; iT  – ʘʙʩʦ-
ʣʶʪʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʚʝʨʭʥʦʩʪʠ i.

ɼʣʷ ʨʘʩʯʝʪʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ
ʧʦʣʷ ʚʦʟʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʨʦʛʨʘʤʤʥʳʝ ʢʦʤ-
ʧʣʝʢʩʳ ʧʦ ʪʠʧʫ Ansys. ɼʣʷ ʨʘʩʯʝʪʘ ʜʦʣʞʝʥ ʠʩ-
ʧʦʣʴʟʦʚʘʪʴʩʷ «ʫʩʪʘʥʦʚʠʚʰʠʡʩʷ ʪʝʧʣʦʚʦʡ ʤʦ-
ʜʫʣʴ», ʪʘʢ ʢʘʢ ʜʘʥʥʳʡ ʤʦʜʫʣʴ ʦʜʥʦʪʠʧʝʥ ʜʣʷ
ʧʨʦʛʨʘʤʤʥʳʭ ʢʦʤʧʣʝʢʩʦʚ ʪʘʢʦʛʦ ʨʦʜʘ. ɺ ʧʝʨʚʫʶ
ʦʯʝʨʝʜʴ ʦʮʝʥʠʚʘʣʦʩʴ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʪʝʤʧʝʨʘ-
ʪʫʨʥʦʛʦ ʧʦʣʷ ʚʥʫʪʨʠ ʠʟʜʝʣʠʷ [13].

ʇʨʠ ʨʘʩʯʝʪʘʭ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʪʘʢʠʝ
ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʦʚ, ʢʘʢ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʠ
ʪʝʧʣʦʦʪʜʘʯʘ, ʚʢʣʶʯʘʷ ʪʝʧʣʦʦʙʤʝʥ ʤʝʞʜʫ ʦʪ-
ʜʝʣʴʥʳʤ ʪʝʣʦʤ ʠ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʦʡ. ʂʨʦʤʝ
ʪʦʛʦ, ʨʝʟʫʣʴʪʠʨʫʶʱʘʷ ʪʝʧʣʦʧʝʨʝʜʘʯʘ ʟʘʚʠʩʠʪ ʦʪ
ʬʦʨʤʳ ʪʝʣʘ ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʝʛʦ ʧʦʚʝʨʭʥʦʩʪʠ.

ʇʨʦʛʨʝʩʩ ʪʝʤʧʝʨʘʪʫʨʳ ʜʣʷ ʣʦʧʘʪʦʢ ʨʘʩʩʯʠ-
ʪʳʚʘʣʩʷ ʠʩʭʦʜʷ ʠʟ ʜʚʫʭ ʚʘʨʠʘʥʪʦʚ ʠʩʭʦʜʥʳʭ
ʜʘʥʥʳʭ [14]:

ʘ) ʟʘ ʠʩʭʦʜʥʫʶ ʧʨʠʥʠʤʘʣʘʩʴ ʪʝʤʧʝʨʘʪʫʨʘ ʩʘ-
ʤʦʡ ʧʝʯʘʪʘʶʱʝʡ ʛʦʣʦʚʢʠ;

ʙ) ʟʘ ʠʩʭʦʜʥʫʶ ʧʨʠʥʠʤʘʣʘʩʴ ʪʝʤʧʝʨʘʪʫʨʘ
ʧʨʦʚʦʣʦʢʠ.

ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦʣʝʡ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 3.
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ʈʠʩ. 3. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʪʝʧʣʦʚʳʭ ʧʦʣʝʡ ʚ ʟʘʚʠʩʠʤʦʩʪʠ
ʦʪ ʧʫʪʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ

Fig. 3. Distribution of thermal fields depending
on the modeling path

ʅʘ ʧʝʨʚʳʡ ʚʟʛʣʷʜ, ʨʠʩʫʥʢʠ ʧʨʘʢʪʠʯʝʩʢʠ
ʠʜʝʥʪʠʯʥʳ, ʥʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʦ ʧʘʨʘʤʝʪʨʫ (ʘ)
ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʦ, ʯʪʦ ʪʝʤʧʝʨʘʪʫʨʥʦʝ ʧʦʣʝ ʤʝʥʝʝ
ʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʨʝʜʝʣʝʥʦ ʧʦ ʩʝʯʝʥʠʶ ʜʝʪʘʣʠ,
ʠʤʝʶʪʩʷ ʙʦʣʝʝ ʢʦʥʪʨʘʩʪʥʳʝ ʫʯʘʩʪʢʠ. ʉʚʷʟʘʥʦ
ʵʪʦ ʩ ʢʦʥʩʪʨʫʢʪʠʚʥʳʤʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʛʦʣʦʚʦʢ.
ʅʘʧʨʠʤʝʨ, ʜʣʷ ʯʘʩʪʝʡ ʧʝʯʘʪʘʶʱʝʡ ʛʦʣʦʚʢʠ, ʧʦʜ-
ʚʝʨʛʘʶʱʠʭʩʷ ʤʝʭʘʥʠʯʝʩʢʦʡ ʥʘʛʨʫʟʢʝ, ʚʤʝʩʪʦ
ʤʘʪʝʨʠʘʣʘ PTFE ʤʦʞʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʤʘʪʝʨʠʘʣ
PEEK ʩ ʮʝʣʴʶ ʫʣʫʯʰʝʥʠʷ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ
ʧʝʯʘʪʘʶʱʝʡ ʛʦʣʦʚʢʠ. ʆʙʘ ʤʘʪʝʨʠʘʣʘ ʠʤʝʶʪ
ʦʜʠʥʘʢʦʚʫʶ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʠ ʠʭ ʤʦʞʥʦ ʠʩ-
ʧʦʣʴʟʦʚʘʪʴ ʚ ʢʘʯʝʩʪʚʝ ʪʝʧʣʦʠʟʦʣʷʮʠʠ ʤʝʪʘʣʣʠʯʝ-
ʩʢʠʭ ʯʘʩʪʝʡ ʧʝʯʘʪʘʶʱʝʡ ʛʦʣʦʚʢʠ [15].

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʪʝʤʧʝʨʘʪʫʨ-
ʥʦʛʦ ʧʦʣʷ ʥʝʦʙʭʦʜʠʤʦ ʥʝ ʪʦʣʴʢʦ ʜʣʷ ʦʮʝʥʢʠ
ʧʣʦʪʥʦʩʪʠ ʜʝʪʘʣʝʡ ʠ ʠʭ ʩʧʣʦʰʥʦʩʪʠ, ʥʦ ʠ ʨʝʘʢ-
ʮʠʠ ʤʝʪʘʣʣʘ ʥʘ ʙʳʩʪʨʳʡ ʥʘʛʨʝʚ ʠ ʦʭʣʘʞʜʝʥʠʝ
[16]. ʀʟʫʯʠʚ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ
ʧʦʣʷ ʧʫʪʝʤ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʤʦʞʥʦ ʧʦʜʦʙʨʘʪʴ
ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʦʮʝʩʩʘ: ʬʦʨʩʫʥʢʫ ʧʦʜʘʯʠ ʤʘ-
ʪʝʨʠʘʣʘ, ʭʘʨʘʢʪʝʨ ʧʦʜʘʯʠ ʤʘʪʝʨʠʘʣʘ, ʨʘʩʩʪʦʷʥʠʝ
ʜʦ ʧʣʘʪʬʦʨʤʳ, ʩʢʦʨʦʩʪʴ ʧʦʜʘʯʠ ʪʝʤʧʝʨʘʪʫʨʳ ʠ
ʜʨʫʛʠʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʧʨʦʮʝʩʩʘ,
ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʪ ʧʦʣʫʯʠʪʴ ʢʘʯʝʩʪʚʝʥʥʳʡ ʨʝ-
ʟʫʣʴʪʘʪ ʜʘʞʝ ʧʨʠ ʨʘʙʦʪʝ ʩ ʥʦʚʳʤʠ ʜʝʪʘʣʷʤʠ. ʀʩ-
ʧʦʣʴʟʦʚʘʥʠʝ ʩʪʘʥʜʘʨʪʥʳʭ ʧʦʜʭʦʜʦʚ ʬʠʟʠʯʝʩʢʦʛʦ
ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʧʨʦʛʨʘʤʤʥʳʤʠ
ʢʦʤʧʣʝʢʩʘʤʠ ʧʦʟʚʦʣʠʪ ʧʦʣʫʯʠʪʴ ʤʦʜʝʣʴ ʠ ʭʘʨʘʢ-
ʪʝʨʠʩʪʠʢʠ ʧʨʦʮʝʩʩʘ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʦʧʪʠʤʘʣʴ-
ʥʦʛʦ ʨʝʟʫʣʴʪʘʪʘ.

2. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʥʘʧʨʷʞʝʥʥʦ-ʜʝʬʦʨʤʘ-
ʮʠʦʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ ʩʠʥʪʝʟʠʨʫʝʤʦʤ ʠʟʜʝʣʠʠ.
ʅʘ ʧʨʘʢʪʠʢʝ ʜʦʢʘʟʘʥʦ, ʯʪʦ ʧʣʦʪʥʦʩʪʴ ʥʘʧʦʣʥʝ-
ʥʠʷ ʠ ʬʦʨʤʘ ʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʶʪ ʥʘ ʤʝʭʘʥʠʯʝ-
ʩʢʠʝ ʩʚʦʡʩʪʚʘ ʦʙʨʘʟʮʦʚ ʣʦʧʘʪʦʢ ɻʊɼ, ʩʦʟʜʘʥʥʳʭ
ʩ ʧʦʤʦʱʴʶ 3D-ʧʨʠʥʪʝʨʘ. ʀʟ ʦʩʥʦʚ ʪʝʦʨʝʪʠʯʝ-

ʩʢʦʡ ʤʝʭʘʥʠʢʠ ʠ ʩʦʧʨʦʤʘʪʘ ʩʣʝʜʫʝʪ, ʯʪʦ ʧʨʦʯ-
ʥʦʩʪʴ ʥʘ ʨʘʟʨʳʚ ʠ ʵʣʘʩʪʠʯʥʦʩʪʴ ʧʨʷʤʦ ʧʨʦʧʦʨ-
ʮʠʦʥʘʣʴʥʘ ʧʣʦʪʥʦʩʪʠ ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ
ʠ ʯʪʦ ʜʝʪʘʣʠ ʩ ʢʦʥʮʝʥʪʨʠʯʝʩʢʠʤʠ ʯʘʩʪʷʤʠ ʚʥʫʪ-
ʨʝʥʥʝʡ ʬʦʨʤʳ ʠʤʝʶʪ ʩʘʤʫʶ ʚʳʩʦʢʫʶ ʧʨʦʯʥʦʩʪʴ
ʥʘ ʨʘʟʨʳʚ ʠ ʵʣʘʩʪʠʯʥʦʩʪʴ ʩʨʝʜʠ ʦʙʨʘʟʮʦʚ ʣʠʥʝʡ-
ʥʦʡ, ʨʝʰʝʪʯʘʪʦʡ ʠʣʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʦʨʤʳ.
ɼʣʷ ʣʦʧʘʪʦʢ ɻʊɼ, ʧʨʦʠʟʚʝʜʝʥʥʳʭ ʢʣʘʩʩʠʯʝʩʢʠʤ
ʩʧʦʩʦʙʦʤ, ʜʦʢʘʟʘʥʦ, ʯʪʦ ʦʙʨʘʟʮʳ ʦʙʣʘʜʘʣʠ
ʙʦʣʴʰʝʡ ʧʨʦʯʥʦʩʪʴʶ ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʧʨʠ ʥʘʛʨʫʟ-
ʢʝ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʵʢʩʪʨʫʟʠʠ. ʇʦʩʣʝ ʧʨʦʚʝʜʝʥʠʷ
ʠʩʧʳʪʘʥʠʡ ʥʘ ʦʜʥʦʦʩʥʦʝ ʨʘʩʪʷʞʝʥʠʝ ʦʙʨʘʟʮʦʚ
ʜʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʝʜʝʣ ʨʘʩʪʷʞʝʥʠʷ ʷʚʣʷʝʪʩʷ ʢʣʶ-
ʯʝʚʳʤ ʧʘʨʘʤʝʪʨʦʤ ʵʥʝʨʛʠʠ, ʥʝʦʙʭʦʜʠʤʦʡ ʜʣʷ
ʤʝʞʩʣʦʝʚʦʛʦ ʨʘʟʨʫʰʝʥʠʷ. ʊʘʢʞʝ ʙʳʣʦ ʦʙʥʘʨʫ-
ʞʝʥʦ, ʯʪʦ ʨʘʩʪʷʛʠʚʘʶʱʠʝ ʦʩʪʘʪʦʯʥʳʝ ʥʘʧʨʷʞʝ-
ʥʠʷ ʠ ʧʣʦʱʘʜʴ ʤʝʞʩʣʦʝʚʦʛʦ ʢʦʥʪʘʢʪʘ ʩʫʱʝ-
ʩʪʚʝʥʥʦ ʚʣʠʷʶʪ ʥʘ ʵʥʝʨʛʠʶ ʨʘʟʨʫʰʝʥʠʷ [17].

ɹʦʣʴʰʦʡ ʨʘʟʙʨʦʩ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ, ʢʦ-
ʪʦʨʳʡ ʤʦʞʝʪ ʚʦʟʥʠʢʥʫʪʴ ʚ ʨʝʟʫʣʴʪʘʪʝ ʥʝʜʦʩʪʘ-
ʪʦʯʥʦʡ ʧʦʜʛʦʪʦʚʢʠ ʢ ʘʜʜʠʪʠʚʥʦʤʫ ʠʟʛʦʪʦʚʣʝ-
ʥʠʶ ʜʝʪʘʣʠ, ʫʢʘʟʳʚʘʝʪ ʥʘ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʤʦʜʝ-
ʣʠʨʦʚʘʥʠʷ ʩ ʮʝʣʴʶ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʤʝʭʘʥʠʯʝ-
ʩʢʠʭ ʩʚʦʡʩʪʚ ʣʦʧʘʪʢʠ ɻʊɼ [18]. ɼʣʷ ʦʧʨʝʜʝʣʝ-
ʥʠʷ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʘ ʦʙʳʯʥʦ
ʠʩʧʦʣʴʟʫʶʪ ʥʝʩʢʦʣʴʢʦ ʤʝʪʦʜʦʚ ʪʝʩʪʠʨʦʚʘʥʠʷ.
ʅʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʝ ʤʝʭʘʥʠʯʝʩʢʠʝ ʠʩ-
ʧʳʪʘʥʠʷ ʚʢʣʶʯʘʶʪ ʠʩʧʳʪʘʥʠʷ ʥʘ ʦʜʥʦʦʩʥʦʝ
ʩʞʘʪʠʝ, ʩʞʘʪʠʝ ʧʨʠ ʧʣʦʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʠ ʦʜ-
ʥʦʦʩʥʦʝ ʨʘʩʪʷʞʝʥʠʝ. ʀʩʧʳʪʘʥʠʝ ʥʘ ʦʜʥʦʦʩʥʦʝ
ʨʘʩʪʷʞʝʥʠʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʥʘʠʙʦʣʝʝ ʯʘʩʪʦ ʠ
ʦʙʝʩʧʝʯʠʚʘʝʪ ʪʦʯʥʳʝ ʟʥʘʯʝʥʠʷ ʢʣʶʯʝʚʳʭ ʤʝʭʘ-
ʥʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ, ʪʘʢʠʭ ʢʘʢ ʤʦʜʫʣʴ ʖʥʛʘ,
ʧʨʝʜʝʣ ʪʝʢʫʯʝʩʪʠ, ʧʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ ʧʨʠ ʨʘʩʪʷ-
ʞʝʥʠʠ, ʫʜʣʠʥʝʥʠʝ ʧʨʠ ʨʘʟʨʳʚʝ ʠ ʢʦʵʬʬʠʮʠʝʥʪ
ʇʫʘʩʩʦʥʘ. ʊʝʤ ʥʝ ʤʝʥʝʝ ʧʦʣʫʯʝʥʳ ʚʳʚʦʜʳ, ʯʪʦ
ʠʩʧʦʣʴʟʫʝʤʳʝ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʧʨʦʮʝʜʫʨʳ
ʦʮʝʥʢʠ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 3D-ʧʝʯʘʪʥʳʭ
ʦʙʲʝʢʪʦʚ ʩ ʜʘʣʴʥʝʡʰʠʤ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʝ-
ʟʫʣʴʪʘʪʦʚ ʧʨʠ ʢʦʨʨʝʢʪʠʨʦʚʢʝ ʧʨʦʛʨʘʤʤʳ ʧʝʯʘʪʠ
ʥʝ ʛʘʨʘʥʪʠʨʫʶʪ ʧʦʣʫʯʝʥʠʝ ʠʟʜʝʣʠʷ ʩ ʥʝʦʙʭʦʜʠ-
ʤʳʤ ʢʦʤʧʣʝʢʩʦʤ ʧʘʨʘʤʝʪʨʦʚ, ʢʦʪʦʨʳʝ ʥʝʣʴʟʷ
ʙʳʣʦ ʙʳ ʵʬʬʝʢʪʠʚʥʦ ʫʩʪʘʥʦʚʠʪʴ ʚ ʯʠʩʣʝʥʥʦʤ
ʤʦʜʝʣʠʨʦʚʘʥʠʠ [19]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʪʘʥʦʚʠʪʩʷ
ʦʯʝʚʠʜʥʦ, ʯʪʦ ʧʨʠʤʝʥʝʥʠʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʝ-
ʭʘʥʠʯʝʩʢʠʭ ʠʩʧʳʪʘʥʠʡ ʠ ʩʚʦʡʩʪʚ 3D-ʧʝʯʘʪʥʳʭ
ʦʙʲʝʢʪʦʚ ʷʚʣʷʝʪʩʷ ʥʝʦʙʭʦʜʠʤʳʤ ʫʩʣʦʚʠʝʤ ʠʟ-
ʛʦʪʦʚʣʝʥʠʷ ʢʘʯʝʩʪʚʝʥʥʳʭ ʜʝʪʘʣʝʡ. ʄʥʦʛʦʯʠʩ-
ʣʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʫʢʘʟʳʚʘʶʪ ʥʘ ʧʨʦʙʣʝʤʳ,
ʩʚʷʟʘʥʥʳʝ ʩ ʪʦʯʥʳʤ ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ ʤʝʭʘʥʠ-
ʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʣʦʧʘʪʦʢ ɻʊɼ, ʧʦʜʯʝʨʢʠʚʘʷ
ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ
ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ.
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ʊʨʝʭʤʝʨʥʘʷ ʤʦʜʝʣʴ ʦʙʨʘʟʮʘ ʤʦʞʝʪ ʙʳʪʴ ʧʦ-
ʩʪʨʦʝʥʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʣʶʙʦʛʦ ʧʨʦʛʨʘʤʤʥʦʛʦ
ʦʙʝʩʧʝʯʝʥʠʷ, ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʜʣʷ ʵʪʠʭ ʮʝʣʝʡ, ʚ
ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʛʝʦʤʝʪʨʠʝʡ ʠʩʧʳʪʫʝʤʦʛʦ ʦʙʨʘʟʮʘ
(ʨʠʩ. 4). ʇʦʩʢʦʣʴʢʫ ʦʙʨʘʟʝʮ ʣʦʧʘʪʢʠ ɻʊɼ, ʥʘʧʝ-
ʯʘʪʘʥʥʳʡ ʥʘ 3D-ʧʨʠʥʪʝʨʝ, ʷʚʣʷʝʪʩʷ ʪʦʥʢʦʩʪʝʥ-
ʥʳʤ, ʜʣʷ ʫʧʨʦʱʝʥʠʷ ʨʘʩʯʝʪʦʚ, ʩʦʢʨʘʱʝʥʠʷ ʚʨʝ-
ʤʝʥʠ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʠ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʧʦʪʝʥ-
ʮʠʘʣʴʥʳʭ ʧʨʦʙʣʝʤ ʩ ʩʝʪʢʦʡ ʚʦʟʤʦʞʥʦ ʠʩʧʦʣʴʟʦ-
ʚʘʪʴ ʤʦʜʝʣʴ ʩʨʝʜʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ [20].

ʈʠʩ. 4. ʆʙʨʘʟʝʮ ʣʦʧʘʪʢʠ ɻʊɼ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ
Fig. 4. A sample of a GTE blade for modeling

ʉʝʪʢʘ ʢʨʠʚʦʣʠʥʝʡʥʳʭ ʫʯʘʩʪʢʦʚ ʠʤʝʝʪ ʙʦʣʴ-
ʰʝ ʫʟʣʦʚ, ʯʝʤ ʩʪʘʥʜʘʨʪʠʟʠʨʦʚʘʥʥʘʷ ʩʝʪʢʘ ʧʨʦ-
ʛʨʘʤʤʳ, ʦʥʘ ʩʧʦʩʦʙʩʪʚʫʝʪ ʧʦʣʫʯʝʥʠʶ ʚʳʩʦʢʦ-
ʪʦʯʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ. ʉʢʦʨʦʩʪʴ ʜʝʬʦʨʤʘʮʠʠ ʤʦ-
ʞʝʪ ʙʳʪʴ ʫʩʪʘʥʦʚʣʝʥʘ ʥʘ ʣʶʙʦʤ ʫʨʦʚʥʝ, ʧʦʣʫ-
ʯʝʥʥʦʤ ʚ ʭʦʜʝ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʣʦʧʘ-
ʪʦʢ, ʥʘʧʨʠʤʝʨ ʥʘ ʫʨʦʚʥʝ 3 ʤʤ/ʤʠʥ. ʅʝʦʙʭʦʜʠʤʦ
ʦʪʤʝʪʠʪʴ, ʯʪʦ ʥʘʠʙʦʣʝʝ ʦʧʪʠʤʘʣʴʥʳʤ ʚ ʪʘʢʦʤ
ʩʣʫʯʘʝ ʷʚʣʷʝʪʩʷ ʫʩʪʘʥʦʚʣʝʥʠʝ ʤʘʢʩʠʤʘʣʴʥʦ ʚʦʟ-
ʤʦʞʥʳʭ ʠ ʥʝʙʣʘʛʦʧʨʠʷʪʥʳʭ ʥʘʛʨʫʟʦʢ [21]. ʄʦ-
ʜʝʣʴ ʩʪʨʦʠʪʩʷ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʨʘʩʪʷʛʠʚʘ-
ʶʱʘʷ ʥʘʛʨʫʟʢʘ ʧʨʠʢʣʘʜʳʚʘʣʘʩʴ ʢ ʦʙʨʘʟʮʫ ʩʚʝʨ-
ʭʫ, ʘ ʥʠʞʥʷʷ ʯʘʩʪʴ ʬʠʢʩʠʨʦʚʘʣʘʩʴ ʜʣʷ ʠʤʠʪʘʮʠʠ
ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʦʜʥʦʦʩʥʦʛʦ ʜʚʠʞʝʥʠʷ ʤʝʞʜʫ
ʚʝʨʭʥʠʤ ʠ ʥʠʞʥʠʤ ʟʘʭʚʘʪʘʤʠ ʤʘʰʠʥʳ ʜʣʷ ʠʩʧʳ-
ʪʘʥʠʷ ʥʘ ʨʘʩʪʷʞʝʥʠʝ [22].

ʏʠʩʣʝʥʥʳʡ ʤʝʪʦʜ ʩ ʧʦʩʪʨʦʝʥʠʝʤ ʩʝʪʢʠ ʠ ʛʨʘ-
ʥʠʯʥʳʤʠ ʫʩʣʦʚʠʷʤʠ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩ. 5. ʄʦ-
ʜʝʣʴ ʧʣʘʩʪʠʯʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʬʦʥ ʄʠʟʝʩʘ ʤʦʞʝʪ

ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʘ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʥʝʣʠʥʝʡʥʦʛʦ
ʧʦʚʝʜʝʥʠʷ ʤʘʪʝʨʠʘʣʘ. ʄʦʜʝʣʴ ʤʘʪʝʨʠʘʣʘ ʤʦʞʝʪ
ʙʳʪʴ ʧʦʩʪʨʦʝʥʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʭʘʥʠʯʝʩʢʠʭ
ʠ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʠ ʜʘʥʥʳʭ ʢʨʠʚʦʡ ʥʘʧʨʷʞʝ-
ʥʠʷ-ʜʝʬʦʨʤʘʮʠʠ, ʚʟʷʪʳʭ ʠʟ ʣʠʪʝʨʘʪʫʨʥʳʭ ʠʩʪʦʯ-
ʥʠʢʦʚ [23]. ʇʨʝʜʝʣ ʪʝʢʫʯʝʩʪʠ ʦʧʨʝʜʝʣʝʥ ʥʘ ʦʩʥʦ-
ʚʝ ʜʝʬʦʨʤʘʮʠʠ ʩʤʝʱʝʥʠʷ ʠ ʩʦʩʪʘʚʣʷʝʪ 0,2%.

ɿʘʜʘʜʠʤ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʣʦʧʘʪʢʠ
ɻʊɼ, ʥʘʧʨʠʤʝʨ, ʣʦʧʘʪʢʠ ʪʫʨʙʠʥʳ ʪʦʣʱʠʥʦʡ 2,5,
2 ʠ 3 ʤʤ. ʕʬʬʝʢʪʠʚʥʘʷ ʜʝʬʦʨʤʘʮʠʷ ʨʘʚʥʦʤʝʨʥʦ
ʨʘʩʧʨʝʜʝʣʷʝʪʩʷ ʥʘ ʢʨʦʤʢʝ ʪʫʨʙʠʥʥʦʡ ʣʦʧʘʪʢʠ ʩ
ʤʠʥʠʤʘʣʴʥʦʡ ʵʬʬʝʢʪʠʚʥʦʡ ʜʝʬʦʨʤʘʮʠʝʡ 0,005 ʠ
ʤʘʢʩʠʤʘʣʴʥʦʡ ʵʬʬʝʢʪʠʚʥʦʡ ʜʝʬʦʨʤʘʮʠʝʡ 5,97.
ʄʠʥʠʤʘʣʴʥʦʝ ʵʬʬʝʢʪʠʚʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʩʦʩʪʘʚ-
ʣʷʝʪ 0,0001 ʄʇʘ, ʘ ʤʘʢʩʠʤʘʣʴʥʦʝ – 0,1436 ʄʇʘ.

ʈʠʩ. 5. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʣʦʧʘʪʢʠ ʠ ʩʦʟʜʘʥʠʝ ʩʝʪʢʠ
Fig. 5. Blade modeling and meshing

ɼʣʷ ʫʯʝʪʘ ʨʘʟʨʫʰʘʶʱʠʭ ʜʝʬʦʨʤʘʮʠʡ ʠ
ʥʘʧʨʷʞʝʥʠʡ ʤʦʞʝʪ ʙʳʪʴ ʧʨʠʤʝʥʝʥʘ ʩʧʝʢʪʨʘʣʴ-
ʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ. ʉʨʘʚʥʝʥʠʝ ʧʦʣʫʯʝʥʥʳʭ
ʜʘʥʥʳʭ ʥʘ ʧʝʨʚʦʥʘʯʘʣʴʥʳʭ ʵʪʘʧʘʭ ʜʦʣʞʥʦ ʧʨʦ-
ʠʟʚʦʜʠʪʴʩʷ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʩ ʨʝʘʣʴʥʳʤʠ ʜʘʥʥʳ-
ʤʠ ʜʦ ʩʦʟʜʘʥʠʷ ʧʦʣʥʦʩʪʴʶ ʥʝʟʘʚʠʩʠʤʦʡ ʩʠʩʪʝ-
ʤʳ. ʆʙʷʟʘʪʝʣʴʥʳʤ ʷʚʣʷʝʪʩʷ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʨʘʩ-
ʪʷʛʠʚʘʶʱʝʡ ʥʘʛʨʫʟʢʠ ʥʘ ʦʙʨʘʟʝʮ ʜʦ ʪʦʯʢʠ ʥʝʧʦ-
ʩʨʝʜʩʪʚʝʥʥʦ ʧʝʨʝʜ ʨʘʟʨʫʰʝʥʠʝʤ.

ʆʙʩʫʞʜʝʥʠʝ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ

ɸʥʘʣʠʟ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʩʝʪʢʠ ʧʨʦʚʦʜʠʪʩʷ
ʜʣʷ ʦʮʝʥʢʠ ʚʣʠʷʥʠʷ ʨʘʟʤʝʨʘ ʩʝʪʢʠ ʥʘ ʥʘʧʨʷʞʝ-
ʥʠʝ ʧʦ ʄʠʟʝʩʫ ʠ ʨʝʟʫʣʴʪʠʨʫʶʱʝʝ ʩʤʝʱʝʥʠʝ. ʈʝ-
ʟʫʣʴʪʘʪʳ ʘʥʘʣʠʟʘ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʥʘ ʨʠʩ. 6, ʧʦ-
ʢʘʟʳʚʘʶʪ, ʯʪʦ ʧʦʢʘʟʘʪʝʣʠ ʥʘʧʨʷʞʝʥʠʷ ʠ ʩʤʝʱʝ-
ʥʠʷ ʩʫʱʝʩʪʚʝʥʥʦ ʥʝ ʠʟʤʝʥʷʶʪʩʷ ʚ ʧʨʝʜʝʣʘʭ ʠʥ-
ʪʝʨʝʩʫʶʱʝʛʦ ʜʠʘʧʘʟʦʥʘ ʵʣʝʤʝʥʪʦʚ ʩʝʪʢʠ, ʯʪʦ
ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʥʘʜʝʞʥʦʩʪʠ ʠʟʜʝʣʠʷ.
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ʈʠʩ. 6. ʄʘʢʩʠʤʘʣʴʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʧʦ ʄʠʟʝʩʫ
ʠ ʤʘʢʩʠʤʘʣʴʥʦʝ ʨʝʟʫʣʴʪʠʨʫʶʱʝʝ ʩʤʝʱʝʥʠʝ
ʣʦʧʘʪʢʠ ɻʊɼ, ʨʘʩʩʯʠʪʘʥʥʳʝ ʧʦ ʩʝʪʢʝ

Fig. 6. Maximum von Mises stress and maximum
resulting displacement of the GTE blade
calculated by the mesh

ʀʟ ʨʠʩ. 6 ʚʠʜʥʦ, ʯʪʦ ʤʘʢʩʠʤʘʣʴʥʦʝ ʥʘʧʨʷʞʝ-
ʥʠʝ ʧʦ ʄʠʟʝʩʫ ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʚʘʨʴʠʨʫʝʪʩʷ ʚ ʟʘ-
ʚʠʩʠʤʦʩʪʠ ʦʪ ʨʝʟʫʣʴʪʘʪʦʚ ʠʩʧʳʪʘʥʠʡ ʥʘ ʩʤʝʱʝ-
ʥʠʝ [24]. ɸʥʘʣʠʟ ʨʠʩʫʥʢʘ ʪʘʢʞʝ ʧʦʟʚʦʣʷʝʪ ʩʜʝ-
ʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʢʘʯʝʩʪʚʦ ʨʘʟʙʠʪʦʡ ʩʝʪʢʠ ʧʨʠʝʤ-
ʣʝʤʦ ʪʦʣʴʢʦ ʜʣʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʜʝʪʘʣʠ, ʛʜʝ
ʰʠʨʠʥʘ ʜʝʪʘʣʠ ʤʝʥʴʰʝ, ʯʝʤ ʝʝ ʜʣʠʥʘ. ʉ ʜʨʫʛʦʡ
ʩʪʦʨʦʥʳ, ʜʠʘʛʨʘʤʤʘ ʗʢʦʙʠ (ʨʠʩ. 7) ʧʦʢʘʟʘʣʘ ʧʦ-
ʣʦʞʠʪʝʣʴʥʳʝ ʟʥʘʯʝʥʠʷ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ
ʪʦʤ, ʯʪʦ ʚ ʣʦʧʘʪʢʝ, ʧʦʣʫʯʝʥʥʦʡ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ
ʜʘʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʠʩʢʘʞʝʥʠʷ ʠʣʠ ʜʨʫʛʠʝ
ʥʘʨʫʰʝʥʠʷ ʦʪʩʫʪʩʪʚʫʶʪ.

ʈʠʩ. 7. ʂʦʥʪʨʦʣʴʥʳʝ ʜʠʘʛʨʘʤʤʳ ʩʝʪʢʠ, ʠʩʧʦʣʴʟʫʝʤʳʝ
ʚ ʤʦʜʝʣʠʨʦʚʘʥʠʠ: ʩʦʦʪʥʦʰʝʥʠʝ ʩʪʦʨʦʥ
(ʩʣʝʚʘ), ʷʢʦʙʠʘʥ (ʩʧʨʘʚʘ)

Fig. 7. Mesh control diagrams used in modeling:
aspect ratio (left), Jacobian (right)

ʊʘʢʞʝ ʤʦʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʪʦʯʢʘ ʤʘʢʩʠʤʘʣʴ-
ʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʙʳʣʘ ʨʘʩʧʦʣʦʞʝʥʘ ʥʘ ʩʨʝʜʥʝʡ
ʣʠʥʠʠ ʦʙʨʘʟʮʘ ʚ ʟʦʥʝ ʩʫʞʝʥʠʷ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ
ʨʠʩ. 7. ʀʩʧʦʣʴʟʫʷ ʜʘʥʥʳʡ ʧʦʜʭʦʜ ʢ ʤʦʜʝʣʠʨʦʚʘ-
ʥʠʶ, ʤʦʞʥʦ ʩʧʨʦʛʥʦʟʠʨʦʚʘʪʴ ʟʦʥʳ ʤʘʢʩʠʤʘʣʴʥʦ-
ʛʦ ʥʘʧʨʷʞʝʥʠʷ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʧʨʠʚʝʩʪʠ ʢ ʧʦʷʚ-
ʣʝʥʠʶ ʪʦʯʢʠ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʪʨʝʱʠʥʳ [25].

ʂʨʠʚʳʝ «ʥʘʧʨʷʞʝʥʠʝ – ʜʝʬʦʨʤʘʮʠʷ», ʩʤʦʜʝ-
ʣʠʨʦʚʘʥʥʳʝ ʤʝʪʦʜʦʤ ʥʘʠʤʝʥʴʰʠʭ ʢʚʘʜʨʘʪʦʚ,
ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩ. 8.

ʈʠʩ. 8. ɿʘʚʠʩʠʤʦʩʪʴ ʤʘʢʩʠʤʘʣʴʥʳʭ ʜʠʥʘʤʠʯʝʩʢʠʭ
ʥʘʧʨʷʞʝʥʠʡ ʚ ʣʦʧʘʪʢʘʭ ʦʪ ʤʦʜʫʣʷ ʖʥʛʘ ɽ:
1 ī ʨʘʩʯʝʪʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ; 2 – ʨʘʩʯʝʪ
ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ANSYS

Fig. 8. Dependence between maximum dynamic
stresses in the blades and Young’s modulus E:
1 is calculated dependence; 2 is calculation
using ANSYS

ʂʘʢ ʠ ʦʞʠʜʘʣʦʩʴ, ʢʨʠʚʘʷ ʦʜʥʦʦʩʥʦʛʦ ʨʘʩʪʷ-
ʞʝʥʠʷ ʥʘʯʠʥʘʝʪʩʷ ʩ ʫʧʨʫʛʦʡ ʟʦʥʳ, ʚ ʢʦʪʦʨʦʡ ʨʘʩ-
ʪʷʛʠʚʘʶʱʝʝ ʥʘʧʨʷʞʝʥʠʝ ʠʤʝʝʪ ʣʠʥʝʡʥʫʶ ʟʘʚʠ-
ʩʠʤʦʩʪʴ ʦʪ ʧʨʠʣʦʞʝʥʥʦʡ ʜʝʬʦʨʤʘʮʠʠ. ʃʠʥʝʡʥʘʷ
ʟʦʥʘ ʫʢʘʟʳʚʘʝʪ ʥʘ ʜʠʘʧʘʟʦʥ ʥʘʧʨʷʞʝʥʠʷ-ʜʝʬʦʨ-
ʤʘʮʠʠ, ʚ ʢʦʪʦʨʦʤ ʤʘʪʝʨʠʘʣ ʚʦʩʩʪʘʥʘʚʣʠʚʘʝʪ ʩʚʦʶ
ʧʝʨʚʦʥʘʯʘʣʴʥʫʶ ʬʦʨʤʫ ʧʦʩʣʝ ʩʥʷʪʠʷ ʧʨʠʣʦʞʝʥ-
ʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʠʣʠ ʜʝʬʦʨʤʘʮʠʠ. ʃʠʥʝʡʥʘʷ ʟʦʥʘ
ʧʨʦʜʦʣʞʘʝʪ ʚʳʭʦʜʠʪʴ ʟʘ ʛʨʘʥʠʮʳ ʧʨʝʜʝʣʘ ʪʝʢʫʯʝ-
ʩʪʠ, ʧʦ ʜʦʩʪʠʞʝʥʠʠ ʢʦʪʦʨʦʛʦ ʚ ʦʙʨʘʟʮʝ ʧʨʦʠʩʭʦ-
ʜʠʪ ʧʣʘʩʪʠʯʝʩʢʘʷ ʜʝʬʦʨʤʘʮʠʷ ʠ ʦʥ ʥʝ ʤʦʞʝʪ ʚʦʩ-
ʩʪʘʥʦʚʠʪʴ ʧʝʨʚʦʥʘʯʘʣʴʥʫʶ ʬʦʨʤʫ ʜʘʞʝ ʧʦʩʣʝ
ʩʥʷʪʠʷ ʧʨʠʣʦʞʝʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ / ʜʝʬʦʨʤʘʮʠʠ.
ɿʦʥʘ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʧʨʦʜʦʣʞʘʝʪʩʷ ʜʦ
ʨʘʟʨʳʚʘ ʦʙʨʘʟʮʘ. ʇʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ ʧʨʠ ʨʘʩʪʷʞʝ-
ʥʠʠ ʩʦʩʪʘʚʠʣ 46,18 ʄʇʘ, ʘ ʧʨʝʜʝʣ ʪʝʢʫʯʝʩʪʠ, ʢʦ-
ʪʦʨʳʡ ʙʳʣ ʦʮʝʥʝʥ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʩʤʝ-
ʱʝʥʠʷ 0,2%, ʩʦʩʪʘʚʠʣ 15,7 ʄʇʘ [26].

ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩ. 9, ʩʤʦʜʝʣʠʨʦʚʘʥʥʳʡ ʠ
ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʣʫʯʝʥʥʳʡ ʧʨʦʬʠʣʠ ʥʘʧʨʷ-
ʞʝʥʠʷ-ʜʝʬʦʨʤʘʮʠʠ ʧʦʯʪʠ ʧʝʨʝʢʨʳʚʘʣʠʩʴ ʠ ʜʝ-
ʤʦʥʩʪʨʠʨʦʚʘʣʠ ʦʜʠʥʘʢʦʚʳʝ ʥʘʢʣʦʥʳ ʠ ʪʝʥʜʝʥ-
ʮʠʠ ʚʦ ʚʩʝʤ ʜʠʘʧʘʟʦʥʝ. ɿʥʘʯʝʥʠʷ ʪʝʢʫʯʝʩʪʠ ʠ
ʧʨʝʜʝʣʘ ʧʨʦʯʥʦʩʪʠ ʦʯʝʥʴ ʙʣʠʟʢʠ ʜʨʫʛ ʢ ʜʨʫʛʫ.

ůmax, ʄʇʘ
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ʈʠʩ. 9. ʇʨʦʬʠʣʴ ʥʘʧʨʷʞʝʥʠʷ-ʜʝʬʦʨʤʘʮʠʠ
ʧʦ ʩʪʘʪʠʩʪʠʯʝʩʢʠʤ ʜʘʥʥʳʤ (ʘ)
ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʣʫʯʝʥʥʳʡ ʧʨʦʬʠʣʴ
ʥʘʧʨʷʞʝʥʠʷ-ʜʝʬʦʨʤʘʮʠʠ (ʙ)

Fig. 9. Stress-strain profile according to statistical
data (a) and the experimentally obtained
stress-strain profile (ʙ)

ɿʥʘʯʠʪʝʣʴʥʳʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʧʦʜʦʙʥʦʛʦ
ʧʦʜʭʦʜʘ ʢ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʧʨʠ
ʝʛʦ ʧʨʠʤʝʥʝʥʠʠ ʦʰʠʙʢʘ ʚ ʦʧʨʝʜʝʣʝʥʠʠ ʧʨʝʜʝʣʘ
ʪʝʢʫʯʝʩʪʠ ʩʦʩʪʘʚʣʷʝʪ ~ 2%, ʘ ʧʦʛʨʝʰʥʦʩʪʴ ʧʨʝʜʝ-
ʣʘ ʧʨʦʯʥʦʩʪʠ ʧʨʠ ʨʘʩʪʷʞʝʥʠʠ – ʦʢʦʣʦ 7%. ʕʪʠ
ʨʝʟʫʣʴʪʘʪʳ ʫʢʘʟʳʚʘʶʪ ʥʘ ʚʘʣʠʜʘʮʠʶ ʤʦʜʝʣʠ, ʧʦ-
ʣʫʯʝʥʥʦʡ ʫʢʘʟʘʥʥʳʤ ʩʧʦʩʦʙʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʷ.

ɺʳʚʦʜʳ

ʈʘʟʨʘʙʦʪʘʥʘ ʪʨʝʭʤʝʨʥʘʷ ʢʦʤʧʴʶʪʝʨʥʘʷ ʤʦ-
ʜʝʣʴ ʜʣʷ ʧʝʯʘʪʠ ʣʦʧʘʪʦʢ ʛʘʟʦʚʳʭ ʪʫʨʙʠʥ ʥʘ 3D-
ʧʨʠʥʪʝʨʝ. ɼʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʦʚʝʜʝʥ ʨʘʩʯʝʪ
ʩʨʝʜʳ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʪʝʦʨʠʠ ʚʷʟʢʦʛʦ ʪʝʯʝʥʠʷ ʚ
ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʫʨʘʚʥʝʥʠʝʤ ʈʝʡʥʦʣʴʜʩʘ (RANS).
ʇʦʣʫʯʝʥʦ ʫʨʘʚʥʝʥʠʝ RANS ʜʣʷ ʚʩʝʛʦ ʚʳʯʠʩʣʠ-
ʪʝʣʴʥʦʛʦ ʧʦʣʷ. ʇʦʣʫʯʝʥʘ ʤʦʜʝʣʴ ʨʘʩʧʨʝʜʝʣʝʥʠʷ
ʪʝʧʣʦʚʦʛʦ ʧʦʣʷ ʜʝʪʘʣʠ ʧʨʠ ʝʝ ʠʟʛʦʪʦʚʣʝʥʠʠ ʩ
ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʤʧʣʝʢʩʘ Ansys.

ʇʨʦʛʨʝʩʩ ʪʝʤʧʝʨʘʪʫʨʳ ʜʣʷ ʣʦʧʘʪʦʢ ʨʘʩʩʯʠ-
ʪʳʚʘʣʩʷ ʠʩʭʦʜʷ ʠʟ ʜʚʫʭ ʚʘʨʠʘʥʪʦʚ ʠʩʭʦʜʥʳʭ
ʜʘʥʥʳʭ: ʚ ʧʝʨʚʦʤ ʚʘʨʠʘʥʪʝ ʟʘ ʠʩʭʦʜʥʫʶ ʧʨʠʥʠ-
ʤʘʣʘʩʴ ʪʝʤʧʝʨʘʪʫʨʘ ʩʘʤʦʡ ʧʝʯʘʪʘʶʱʝʡ ʛʦʣʦʚʢʠ,
ʚʦ ʚʪʦʨʦʤ ʚʘʨʠʘʥʪʝ – ʪʝʤʧʝʨʘʪʫʨʘ ʧʨʦʚʦʣʦʢʠ.

ʇʦʩʪʨʦʝʥʘ ʤʦʜʝʣʴ ʥʘʧʨʷʞʝʥʥʦ-ʜʝʬʦʨʤʘ-
ʮʠʦʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ ʩʠʥʪʝʟʠʨʫʝʤʦʤ ʠʟʜʝʣʠʠ ʩ
ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʦʜʝʣʠ ʩʨʝʜʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ.
ʈʝʟʫʣʴʪʘʪʳ ʘʥʘʣʠʟʘ ʤʦʜʝʣʠ ʧʦ ʄʠʟʝʩʫ ʩʚʠʜʝ-
ʪʝʣʴʩʪʚʫʶʪ ʦ ʥʘʜʝʞʥʦʩʪʠ ʠʟʜʝʣʠʷ. ɸʥʘʣʠʟ ʤʦʜʝ-
ʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʠʘʛʨʘʤʤʳ ʗʢʦʙʠ ʪʘʢʞʝ
ʧʦʢʘʟʘʣ ʦʪʩʫʪʩʪʚʠʝ ʠʩʢʘʞʝʥʠʡ ʚ ʣʦʧʘʪʢʝ, ʧʦʣʫ-
ʯʝʥʥʦʡ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʜʘʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ.
ʉʤʦʜʝʣʠʨʦʚʘʥʥʳʡ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʣʫ-
ʯʝʥʥʳʡ ʧʨʦʬʠʣʠ ʥʘʧʨʷʞʝʥʠʷ-ʜʝʬʦʨʤʘʮʠʠ ʧʨʦ-
ʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʦʜʠʥʘʢʦʚʳʝ ʪʝʥʜʝʥʮʠʠ ʚʦ ʚʩʝʤ
ʜʠʘʧʘʟʦʥʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʯʪʦ ʛʦʚʦʨʠʪ ʦ  ʚʘʣʠ-
ʜʘʮʠʠ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʤʦʜʝʣʠ. ɿʥʘʯʠʪʝʣʴʥʳʤ
ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʧʦʜʦʙʥʦʛʦ ʧʦʜʭʦʜʘ ʢ ʤʦʜʝʣʠʨʦ-

ʚʘʥʠʶ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʧʨʠ ʝʛʦ ʧʨʠʤʝʥʝʥʠʠ
ʦʰʠʙʢʘ ʚ ʦʧʨʝʜʝʣʝʥʠʠ ʧʨʝʜʝʣʘ ʪʝʢʫʯʝʩʪʠ ʩʦ-
ʩʪʘʚʣʷʝʪ ~ 2%, ʘ ʧʦʛʨʝʰʥʦʩʪʴ ʧʨʝʜʝʣʘ ʧʨʦʯʥʦʩʪʠ
ʧʨʠ ʨʘʩʪʷʞʝʥʠʠ – ʦʢʦʣʦ 7%. ʇʨʝʜʣʘʛʘʝʤʳʡ ʧʦʜ-
ʭʦʜ ʢ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʧʦʟʚʦʣʷʝʪ ʩʧʨʦʛʥʦʟʠʨʦ-
ʚʘʪʴ ʟʦʥʳ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ, ʢʦʪʦʨʳʝ
ʤʦʛʫʪ ʧʨʠʚʝʩʪʠ ʢ ʧʦʷʚʣʝʥʠʶ ʪʦʯʢʠ ʚʦʟʥʠʢʥʦʚʝ-
ʥʠʷ ʪʨʝʱʠʥʳ ʚ ʠʟʜʝʣʠʠ.

ʉʧʠʩʦʢ ʠʩʪʦʯʥʠʢʦʚ

1. ʃʝʭʦʚ ʆ.ʉ., ʄʠʭʘʣʝʚ ɸ.ɺ., ɹʠʣʘʣʦʚ ɼ.ʍ. ʀʩʩʣʝʜʦʚʘ-
ʥʠʝ ʩʦʚʤʝʱʝʥʥʦʛʦ ʧʨʦʮʝʩʩʘ ʧʦʣʫʯʝʥʠʷ ʩʦʨʪʦʚʳʭ ʟʘ-
ʛʦʪʦʚʦʢ ʥʘ ʫʩʪʘʥʦʚʢʝ ʥʝʧʨʝʨʳʚʥʦʛʦ ʣʠʪʴʷ ʠ ʜʝʬʦʨ-
ʤʘʮʠʠ // ɺʝʩʪʥʠʢ ʄʘʛʥʠʪʦʛʦʨʩʢʦʛʦ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦ-
ʛʦ ʪʝʭʥʠʯʝʩʢʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ ʠʤ. ɻ.ʀ. ʅʦʩʦʚʘ. 2020.
ʊ. 18. ˉ2. ʉ. 56-61. https://doi.org/10.18503/1995-
2732-2020-18-2-56-61

2. ʆʩʦʙʝʥʥʦʩʪʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚʳʩʦʢʦʵʬʬʝʢʪʠʚ-
ʥʦʡ ʤʥʦʛʦʩʪʫʧʝʥʯʘʪʦʡ ʧʘʨʦʢʦʤʧʨʝʩʩʠʦʥʥʦʡ ʪʝʧ-
ʣʦʥʘʩʦʩʥʦʡ ʫʩʪʘʥʦʚʢʠ / ɸʥʪʠʧʦʚ ʖ.ɸ., ʐʘʪʘʣʦ-
ʚʘ ʀ.ʀ., ʐʢʘʨʠʥ ʂ.ɺ. ʠ ʜʨ. // ɺʝʩʪʥʠʢ ʈʦʩʩʠʡʩʢʦ-
ʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ ʜʨʫʞʙʳ ʥʘʨʦʜʦʚ. ʉʝʨʠʷ: ʀʥʞʝʥʝʨ-
ʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ. 2021. ʊ. 22. ˉ4. C. 339-347.
DOI: 10.22363/2312-8143-2021-22-4-339-347

3. ʄʘʤʘʝʚ ɺ.ʂ., ɺʠʥʦʛʨʘʜʦʚ ʃ.ɺ., ʆʱʝʧʢʦʚ ʇ.ʇ. ʄʦ-
ʜʝʣʠʨʦʚʘʥʠʝ ʨʝʰʝʪʢʠ ʧʨʦʬʠʣʝʡ ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʛʘ-
ʟʦʪʫʨʙʠʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ // ɺʝʩʪʥʠʢ ʈʦʩʩʠʡʩʢʦʛʦ
ʫʥʠʚʝʨʩʠʪʝʪʘ ʜʨʫʞʙʳ ʥʘʨʦʜʦʚ. ʉʝʨʠ :̫ ʀʥʞʝʥʝʨʥʳʝ
ʠʩʩʣʝʜʦʚʘʥʠʷ. 2019. ʊ. 20. ˉ2. C. 140-146.
DOI: 10.22363/2312-8143-2019-20-2-140-146

4. ʂʦʨʥʠʣʦʚʘ ɸ.ɺ., ɿʘʷʨ ʏ. ʆʧʨʝʜʝʣʝʥʠʝ ʜʦʧʫʩʪʠʤʳʭ
ʧʘʨʘʤʝʪʨʦʚ ʜʝʬʝʢʪʦʚ ʚ ʙʘʟʦʚʳʭ ʜʝʪʘʣʷʭ ʢʫʟʥʝʯ-
ʥʦ-ʧʨʝʩʩʦʚʳʭ ʤʘʰʠʥ // ɺʝʩʪʥʠʢ ʈʦʩʩʠʡʩʢʦʛʦ
ʫʥʠʚʝʨʩʠʪʝʪʘ ʜʨʫʞʙʳ ʥʘʨʦʜʦʚ. ʉʝʨʠʷ: ʀʥʞʝʥʝʨ-
ʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ. 2019. ʊ. 20. ˉ4. C. 308-315.
DOI: 10.22363/2312-8143-2019-20-4-308-315

5. ʈʘʩʯʝʪʥʦʝ ʦʧʨʝʜʝʣʝʥʠʝ ʫʩʠʣʠʷ ʥʘʯʘʣʘ ʧʣʘʩʪʠʯʝ-
ʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʧʨʠ ʠʟʛʠʙʝ ʧʘʣʴʮʘ ʰʘʨʦʚʦʛʦ
ʥʘʨʫʞʥʦʛʦ ʨʫʣʝʚʦʛʦ ʥʘʢʦʥʝʯʥʠʢʘ ʘʚʪʦʤʦʙʠʣʷ ʧʦ-
ʩʨʝʜʩʪʚʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʦʮʝʩʩʘ ʩʪʘʪʠʯʝʩʢʠʭ
ʠʩʧʳʪʘʥʠʡ / ɻʫʥ ʀ.ɻ., ɺʘʭʠʪʦʚ ɸ.ʈ., ʉʪʦʣʷʨʦʚ ʌ.ɸ.,
ʉʤʠʨʥʦʚ ɸ.ɺ., ʄʠʭʘʡʣʦʚʩʢʠʡ ʀ.ɸ. // ɺʝʩʪʥʠʢ ʄʘʛ-
ʥʠʪʦʛʦʨʩʢʦʛʦ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʪʝʭʥʠʯʝʩʢʦʛʦ ʫʥʠ-
ʚʝʨʩʠʪʝʪʘ ʠʤ. ɻ.ʀ. ʅʦʩʦʚʘ. 2021. ʊ. 19. ˉ2. ʉ. 23-31.
https://doi.org/10.18503/1995-2732-2021-19-2-23-31

6. Dawoud M., Taha I., and Ebeid S.J. Mechanical behav-
iour of ABS: An experimental study using FDM and
injection moulding techniques // Journal of Manufac-
turing Processes. 2016, vol. 21, pp. 39-45.

7. Geng L., Wu W., Sun L., Fang D. Damage characteri-
zations and simulation of selective laser melting fabri-
cated 3D re-entrant lattices based on in-situ CT testing
and geometric reconstruction // Int J Mech Sci. 2019,
vol. 157-158, pp. 231-242.

8. Iñigo Flores Ituarte, Eric Coatanea, Mika Salmi, Jukka
Tuomi, Jouni Partanen, Additive manufacturing in pro-
duction: a study case applying technical requirements //
Physics Procedia. 2015, vol. 78, pp. 357-366.

ʘ ʙ



ʄʆɼɽʃʀʈʆɺɸʅʀɽ ʄɽʊɸʃʃʋʈɻʀʏɽʉʂʀʍ ʇʈʆʎɽʉʉʆɺ

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––   ɺʝʩʪʥʠʢ ʄɻʊʋ ʠʤ. ɻ.ʀ. ʅʦʩʦʚʘ. 2023. ʊ.21. ˉ190

9. Li C., Denlinger E.R., Gouge M.F., Irwin J.E., Micha-
leris P. Numerical veriýcation of an Octree mesh
coarsening strategy for simulating additive manufactur-
ing processes // Additive Manuf. 2019, vol. 30, no. 3,
pp. 100903.

10. Liu J., Sun L., Xu W., Wang Q., Yu S., Sun J. Current
advances and future perspectives of 3D-printing natu-
ral-derived biopolymers // Carbohyd Polym. 2019,
vol. 207, pp. 297-316.

11. Montero M., et al. Material characterization of fused
deposition modeling (FDM) ABS by designed experi-
ments // Society of Manufacturing Engineers, 2001,
vol. 10 (13552540210441166).

12. Pastor-Artigues M.-M., Roure-Fernández F., Ayneto-
Gubert X., Bonada-Bo J., Pérez-Guindal E., Buj-Corral
I. Elastic Asymmetry of PLA Material in FDM-Printed
Parts: Considerations Concerning Experimental Char-
acterisation for Use in Numerical Simulations // Mate-
rials. 2020, vol. 13, no. 1, p. 15.

13. Quan H., Zhang T., Xu H., Luo S., Nie J., Zhu X. Pho-
to-curing 3D printing technique and its challenges //
Bioactive Materials. 2020, vol. 5, pp. 110-115.

14. RodrēӢguez J.F., Thomas J.P., and Renaud J.E. Design
of Fused-Deposition ABS Components for Stiffness
and Strength // Journal of Mechanical Design, 2003,
vol. 125, no. 3, pp. 545-551.

15. Sood A.K., Ohdar R.K., and Mahapatra S.S. Parametric
appraisal of mechanical property of fused deposition
modelling processed parts // Materials & Design, 2010,
vol. 31, no. 1, pp. 287-295.

16. Seno T., Ohtake Y., Kikuch I.Y., Saito N., Suzuki H.,
Nagai Y. 3D scanning based mold correction for planar
and cylindrical parts in aluminum die casting // Journal
of Computational Design and Engineering. 2015,
vol. 2, no. 2, pp. 96-104.

17. Webb B and Doyle B.J. Parameter optimization for 3D
bioprinting of hydrogels // Bioprinting. 2017, vol. 8,
pp. 8-12.

18. Yao T., Ye J., Deng Z., Zhang K., Ma Y., Ouyang H.
Tensile failure strength and separation angle of FDM
3D printing PLA material: experimental and theoretical
analyses // Composites. Part B: Engineering. 2020,
vol. 188, pp. 107894.

19. Zou R., et al. Isotropic and anisotropic elasticity and
yielding of 3D printed material // Composites. Part B:
Engineering, 2016, vol. 99, pp. 506-513.

20. Rodríguez-Panes A., Claver J., Camacho M.A. The
inþuence of manufacturing parameters on the mechani-
cal behaviour of PLA and ABS pieces manufactured by
FDM: a comparative analysis, materials // J Manuf Ma-
ter Process. 2018, vol. 11, p. 64.

21. Petersmann S., Spoerk M., Van De Steene W., Üçal
M., Wiener J., Pinter G., Arbeiter F. Mechanical prop-
erties of polymeric implant materials produced by ex-
trusion-based additive manufacturing // J Mech Behav
Biomed Mater. 2020, vol. 104, p. 103611.

22. Ngo T.D., Kashani A., Imbalzano G., Nguyen KTQ,
Hui D. Additive manufacturing (3D printing): a review

of materials, methods, applications and challenges //
Composites. Part B: Engineering. 2018, vol. 143,
pp. 172-196.

23. Murr L.E. Frontiers of 3D Printing/Additive Manufac-
turing: from Human Organs to Aircraft Fabrication //
Journal of Materials Science & Technology. 2016,
vol. 32, iss. 10, pp. 987-995.

24. Kafara M., Kemnitzer J., Westermann H.H. and Stein-
hilper R. Influence of Binder Quantity on Dimensional
Accuracy and Resilience in 3D-Printing // Procedia
Manufacturing. 2018, vol. 21, pp. 638-646.

25. Hu Z., Chen F., Xu J., Nian Q., Line D., Chen C., Zhu
X., Chen Y. and Zhang M. 3D printing graphene-
aluminum nanocomposites // Journal of Alloys and
Compounds. 2018, vol. 746, pp. 269-276.

26. Melenka, G.W., et al. Evaluation and prediction of the
tensile properties of continuous fiber-reinforced 3D
printed structures // Composite Structures. 2016,
vol. 153, pp. 866-875.

References

1. Lekhov O.S., Mikhalev A.V., Bilalov D.Kh. Studies
on a combined process of producing billets on a con-
tinuous casting and deformation plant. Vestnik Magni-
togorskogo gosudarstvennogo tekhnicheskogo univer-
siteta im. G.I. Nosova [Vestnik of Nosov Magnito-
gorsk State Technical University]. 2020;18(2):56-61.
https://doi.org/10.18503/1995-2732-2020-18-2-56-61.
(In Russ.)

2. Antipov Yu.A., Shatalova I.I., Shkarin K.V. et al.
Features of modeling of a highly efficient multistage
vapor compression heat pump unit. Vestnik Rossiis-
kogo universiteta druzhby narodov. Seriya: Inzhe-
nernye issledovaniya [RUDN Journal of Engineering
Research]. 2021;22(4):339-347. DOI: 10.22363/2312-
8143-2021-22-4-339-347. (In Russ.)

3. Mamaev V.K., Vinogradov L.V., Oshchepkov P.P.
Modeling of the set of blade profiles of a gas turbine en-
gine. Vestnik Rossiiskogo universiteta druzhby narodov.
Seriya: Inzhenernye issledovaniya [RUDN Journal of
Engineering Research]. 2019;20(2):140-146. DOI:
10.22363/2312-8143-2019-20-2-140-146. (In Russ.)

4. Kornilova A.V., Zaya K. Determination of acceptable
parameters of defects in basic parts of forging and
pressing machines. Vestnik Rossiiskogo universiteta
druzhby narodov. Seriya: Inzhenernye issledovaniya
[RUDN Journal of Engineering Research].
2019;20(4):308-315. DOI: 10.22363/2312-8143-
2019-20-4-308-315. (In Russ.)

5. Gun I.G., Vakhitov A.R., Stolyarov F.A., Smirnov A.V.,
Mikhailovsky I.A. Calculation of starting force of plas-
tic deformation, when bending an outer tie rod ball
stud, by the simulation of static tests. Vestnik Magnito-
gorskogo gosudarstvennogo tekhnicheskogo universi-
teta im. G.I. Nosova [Vestnik of Nosov Magnitogorsk
State Technical University]. 2021;19(2):23-31.
https://doi.org/10.18503/1995-2732-2021-19-2-23-31.
(In Russ.)



ɽʨʦʰʝʥʢʦ ɺ.ʆ., ʄʘʣʴʢʦʚʘ ʄ.ʖ., ɿʘʜʠʨʘʥʦʚ ɸ.ʅ., ʄʝʱʝʨʷʢʦʚ ɸ.ɺ.

www.vestnik.magtu.ru        –––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 91

6. Dawoud M., Taha I., Ebeid S.J. Mechanical behaviour
of ABS: An experimental study using FDM and injec-
tion moulding techniques. Journal of Manufacturing
Processes. 2016;21:39-45.

7. Geng L., Wu W., Sun L., Fang D. Damage characteri-
zations and simulation of selective laser melting fab-
ricated 3D reentrant lattices based on in situ CT test-
ing and geometric reconstruction. Int J Mech Sci.
2019;157-158:231-242.

8. Iñigo Flores Ituarte, Eric Coatanea, Mika Salmi, Juk-
ka Tuomi, Jouni Partanen. Additive manufacturing in
production: a study case applying technical require-
ments. Physics Procedia. 2015;78:357-366.

9. Li C., Denlinger E.R., Gouge M.F., Irwin J.E., Micha-
leris P. Numerical verification of an Octree mesh
coarsening strategy for simulating additive manufactur-
ing processes. Additive Manuf. 2019;30(3):100903.

10. Liu J., Sun L., Xu W., Wang Q., Yu S., Sun J. Current
advances and future perspectives of 3D printing natu-
ral-derived biopolymers. Carbohyd Polym.
2019;207:297-316.

11. Montero M. et al. Material  characterization of fused
deposition modeling (FDM) ABS by designed exper-
iments. Society of Manufacturing Engineers. 2001;10
(13552540210441166).

12. Pastor-Artigues M.-M., Roure-Fernández F., Ayneto-
Gubert X., Bonada-Bo J., Pérez-Guindal E., Buj-
Corral I. Elastic asymmetry of PLA material in FDM-
Printed Parts: Considerations concerning experi-
mental characterisation for use in numerical simula-
tions. Materials. 2020;13(1):15.

13. Quan H., Zhang T., Xu H., Luo S., Nie J., Zhu X.
Photo-curing 3D printing technique and its challeng-
es. Bioactive Materials. 2020;5:110-115.

14. RodrēӢguez J.F., Thomas J.P., Renaud J.E. Design of
fused-deposition ABS components for stiffness and
strength. Journal of Mechanical Design.
2003;125(3):545-551.

15. Sood A.K., Ohdar R.K., Mahapatra S.S. Parametric
appraisal of mechanical property of fused deposition
modelling processed parts. Materials & Design.
2010;31(1):287-295.

16. Seno T., Ohtake Y., Kikuch I.Y., Saito N., Suzuki H.,
Nagai Y. 3D scanning based mold correction for pla-

nar and cylindrical parts in aluminum die casting.
Journal of Computational Design and Engineering.
2015;2(2):96-104.

17. Webb B., Doyle B.J. Parameter optimization for 3D
bioprinting of hydrogels. Bioprinting. 2017;8:8-12.

18. Yao T., Ye J., Deng Z., Zhang K., Ma Y., Ouyang H.
Tensile failure strength and separation angle of FDM
3D printing PLA material: experimental and theoreti-
cal analyses. Composites. Part B: Engineering.
2020;188:107894.

19. Zou R. et al. Isotropic and anisotropic elasticity and
yielding of 3D printed material. Composites. Part B:
Engineering. 2016;99:506-513.

20. Rodríguez-Panes A., Claver J., Camacho M.A. The
influence of manufacturing parameters on the me-
chanical behaviour of PLA and ABS pieces manufac-
tured by FDM: a comparative analysis, materials.
J Manuf Mater Process. 2018;11:64.

21. Petersmann S., Spoerk M., Van De Steene W., Üçal
M., Wiener J., Pinter G., Arbeiter F. Mechanical
properties of polymeric implant materials produced
by extrusion-based additive manufacturing. J Mech
Behav Biomed Mater. 2020;104:103611.

22. Ngo T.D., Kashani A., Imbalzano G., Nguyen T., Hui
D. Additive manufacturing (3D printing): a review of
materials, methods, applications and challenges.
Compos B Eng. 2018;143:172-196.

23. Murr L.E. Frontiers of 3D printing/additive manufac-
turing: from human organs to aircraft fabrication.
Journal of Materials Science & Technology.
2016;32(10):987-995.

24. Kafara M., Kemnitzer J., Westermann H.H., Stein-
hilper R. Influence of binder quantity on dimensional
accuracy and resilience in 3D-printing. Procedia
Manufacturing. 2018;21:638-646.

25. Hu Z., Chen F., Xu J., Nian Q., Line D., Chen C.,
Zhu X., Chen Y., Zhang M. 3D printing graphene-
aluminum nanocomposites. Journal of Alloys and
Compounds. 2018;746:269-276.

26. Melenka G.W. et al. Evaluation and prediction of the
tensile properties of continuous fiber-reinforced 3D
printed structures. Composite Structures.
2016;153:866-875.

ʇʦʩʪʫʧʠʣʘ 25.10.2022; ʧʨʠʥʷʪʘ ʢ ʧʫʙʣʠʢʘʮʠʠ 15.02.2023; ʦʧʫʙʣʠʢʦʚʘʥʘ 27.03.2023
Submitted 25/10/2022; revised 15/02/2023; published 27/03/2023

ɽʨʦʰʝʥʢʦ ɺʣʘʜʠʩʣʘʚ ʆʣʝʛʦʚʠʯ – ʘʩʧʠʨʘʥʪ ʢʘʬʝʜʨʳ ʤʘʰʠʥʦʩʪʨʦʠʪʝʣʴʥʳʭ ʪʝʭʥʦʣʦʛʠʡ,
ʈʦʩʩʠʡʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʜʨʫʞʙʳ ʥʘʨʦʜʦʚ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ. Email: vladrusty00@yandex.ru.
ORCID 0000-0002-3334-7241. SPIN ʈʀʅʎ 2029-5428. AuthorID 1167361.
ʄʘʣʴʢʦʚʘ ʄʘʨʠʘʥʥʘ ʖʨʴʝʚʥʘ – ʜʦʢʪʦʨ ʪʝʭʥʠʯʝʩʢʠʭ ʥʘʫʢ, ʧʨʦʬʝʩʩʦʨ, ʢʘʬʝʜʨʘ ʤʘʰʠʥʦʩʪʨʦʠʪʝʣʴʥʳʭ
ʪʝʭʥʦʣʦʛʠʡ, ʈʦʩʩʠʡʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʜʨʫʞʙʳ ʥʘʨʦʜʦʚ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ. Email: malkova-myu@rudn.ru.
ORCID 0000-0002-6939-1658. SPIN ʈʀʅʎ 2680-1505. AuthorID 613682. Scopus AuthorID 57214744555.
ɿʘʜʠʨʘʥʦʚ ɸʣʝʢʩʘʥʜʨ ʅʠʢʠʪʠʯ – ʜʦʢʪʦʨ ʪʝʭʥʠʯʝʩʢʠʭ ʥʘʫʢ, ʧʨʦʬʝʩʩʦʨ, ʢʘʬʝʜʨʘ ʧʨʦʮʝʩʩʦʚ ʛʦʨʝʥʠʷ
ʠ ʵʢʦʣʦʛʠʯʝʩʢʦʡ ʙʝʟʦʧʘʩʥʦʩʪʠ, ʋʯʝʙʥʦ-ʥʘʫʯʥʳʡ ʢʦʤʧʣʝʢʩ ʧʨʦʮʝʩʩʦʚ ʛʦʨʝʥʠʷ ʠ ʵʢʦʣʦʛʠʯʝʩʢʦʡ
ʙʝʟʦʧʘʩʥʦʩʪʠ, ɸʢʘʜʝʤʠʷ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʡ ʧʨʦʪʠʚʦʧʦʞʘʨʥʦʡ ʩʣʫʞʙʳ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ.
Email: zadiranov@mail.ru. ORCID 0000-0001-7787-8290. SPIN ʈʀʅʎ 2873-6465. AuthorID 323875.
Scopus Author ID: 57214856655.



ʄʆɼɽʃʀʈʆɺɸʅʀɽ ʄɽʊɸʃʃʋʈɻʀʏɽʉʂʀʍ ʇʈʆʎɽʉʉʆɺ

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––   ɺʝʩʪʥʠʢ ʄɻʊʋ ʠʤ. ɻ.ʀ. ʅʦʩʦʚʘ. 2023. ʊ.21. ˉ192

ʄʝʱʝʨʷʢʦʚ ɸʣʝʢʩʝʡ ɺʠʢʪʦʨʦʚʠʯ – ʢʘʥʜʠʜʘʪ ʪʝʭʥʠʯʝʩʢʠʭ ʥʘʫʢ, ʜʦʮʝʥʪ, ʢʘʬʝʜʨʘ ʧʨʦʮʝʩʩʦʚ ʛʦʨʝʥʠʷ
ʠ ʵʢʦʣʦʛʠʯʝʩʢʦʡ ʙʝʟʦʧʘʩʥʦʩʪʠ, ʫʯʝʙʥʦ-ʥʘʫʯʥʳʡ ʢʦʤʧʣʝʢʩ ʧʨʦʮʝʩʩʦʚ ʛʦʨʝʥʠʷ ʠ ʵʢʦʣʦʛʠʯʝʩʢʦʡ
ʙʝʟʦʧʘʩʥʦʩʪʠ, ɸʢʘʜʝʤʠʷ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʡ ʧʨʦʪʠʚʦʧʦʞʘʨʥʦʡ ʩʣʫʞʙʳ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ.
Email: malviktpp@gmail.com. ORCID 0000-0001-6620-8590. SPIN ʈʀʅʎ 1044-5995. AuthorID 656289.

Vladislav O. Eroshenko – postgraduate student, Department of Mechanical Engineering Technologies,
Peoples’ Friendship University of Russia, Moscow, Russia. Email: vladrusty00@yandex.ru.
ORCID 0000-0002-3334-7241. eLIBRARI SPIN code 2029-5428. AuthorID 1167361.
Marianna Yu. Malkova – DrSc (Eng.), Professor, Department of Mechanical Engineering Technologies,
Peoples’ Friendship University of Russia, Moscow, Russia. Email: malkova-myu@rudn.ru.
ORCID 0000-0002-6939-1658. eLIBRARI SPIN code 2680-1505. AuthorID 613682.
Scopus Author ID 57214744555.
Aleksandr N. Zadiranov – DrSc (Eng.), Professor, Department of Combustion Processes and Environmental
Safety, Educational and Scientific Complex of Combustion Processes and Environmental Safety,
State Fire Fighting Service Academy of EMERCOM of Russia, Moscow, Russia. Email: zadiranov@mail.ru.
ORCID 0000-0001-7787-8290. eLIBRARI SPIN code 2873-6465. AuthorID 323875.
Scopus Author ID 57214856655.
Aleksey V. Meshcheryakov – PhD (Eng.), Associate Professor, Department of Combustion Processes
and Environmental Safety, Educational and Scientific Complex of Combustion Processes and Environmental
Safety, State Fire Fighting Service Academy of EMERCOM of Russia, Moscow, Russia.
Email: malviktpp@gmail.com. ORCID 0000-0001-6620-8590. eLIBRARI SPIN code 1044-5995.
AuthorID 656289.



ʂʦʥʩʪʘʥʪʠʥʦʚ ɼ.ɺ., ʄʘʪʚʝʝʚ ʉ.ɺ., ʇʝʩʠʥ ɸ.ʄ., ʂʦʨʯʫʥʦʚ ɸ.ɻ., ʇʠʚʦʚʘʨʦʚʘ ʂ.ɻ.

www.vestnik.magtu.ru        –––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 93

ISSN 1995-2732 (Print), 2412-9003 (Online)
ʋɼʂ 691.7
DOI: 10.18503/1995-2732-2023-21-1-93-99

ʇʈʀʄɽʅɽʅʀɽ ʉɸʄʆɿɸʂʃʀʅʀɺɸʖʑʀʍʉʗ ʉʊʈʋʂʊʋʈ:
ɼɽʄʆʅʉʊʈɸʎʀʗ ʂʆʅʎɽʇʎʀʀ ʅɸ ʆʉʅʆɺɽ ʂʕ-ʄʆɼɽʃʀʈʆɺɸʅʀʗ

ʂʦʥʩʪʘʥʪʠʥʦʚ ɼ.ɺ.1, ʄʘʪʚʝʝʚ ʉ.ɺ.2, ʇʝʩʠʥ ɸ.ʄ.1, ʂʦʨʯʫʥʦʚ ɸ.ɻ.1, ʇʠʚʦʚʘʨʦʚʘ ʂ.ɻ.1

1 ʄʘʛʥʠʪʦʛʦʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ɻ.ʀ. ʅʦʩʦʚʘ, ʄʘʛʥʠʪʦʛʦʨʩʢ, ʈʦʩʩʠʷ
2 ʏʝʣʷʙʠʥʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʏʝʣʷʙʠʥʩʢ, ʈʦʩʩʠʷ

ɸʥʥʦʪʘʮʠʷ. ʉʦʚʨʝʤʝʥʥʦʝ ʨʘʟʚʠʪʠʝ ʪʝʭʥʠʢʠ ʧʨʝʜʲʷʚʣʷʝʪ ʚʩʝ ʙʦʣʴʰʠʝ ʪʨʝʙʦʚʘʥʠ  ̫ ʢ ʧʦʚʳʰʝʥʠʶ ʞʝʩʪʢʦʩʪʠ ʠ
ʥʘʜʝʞʥʦʩʪʠ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʤʘʪʝʨʠʘʣʦʚ ʠ ʢʦʥʩʪʨʫʢʮʠʡ. ʊʨʘʜʠʮʠʦʥʥʦ ʵʪʦ ʜʦʩʪʠʛʘʝʪʩʷ ʩʦʟʜʘʥʠʝʤ ʥʦʚʳʭ ʭʠʤʠ-
ʯʝʩʢʠʭ ʩʦʩʪʘʚʦʚ ʠʩʧʦʣʴʟʫʝʤʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʤʝʪʦʜʦʚ ʠʭ ʦʙʨʘʙʦʪʢʠ. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʥʘ ʦʩʥʦʚʝ ʢʦʤʧʴʶʪʝʨʥʦ-
ʛʦ ʢʦʥʝʯʥʦ-ʵʣʝʤʝʥʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʝʤʦʥʩʪʨʠʨʫʝʪʩʷ ʝʱʝ ʦʜʠʥ ʵʬʬʝʢʪʠʚʥʳʡ ʤʝʪʦʜ ʧʦʚʳʰʝʥʠʷ ʞʝʩʪʢʦʩʪʠ ʠ
ʥʘʜʝʞʥʦʩʪʠ ʤʘʪʝʨʠʘʣʦʚ ʠ ʢʦʥʩʪʨʫʢʮʠʡ ʟʘ ʩʯʝʪ ʧʦʜʙʦʨʘ ʨʘʮʠʦʥʘʣʴʥʦʡ ʛʝʦʤʝʪʨʠʠ ʵʣʝʤʝʥʪʦʚ ʩʪʨʫʢʪʫʨʳ ʠ ʫʩʣʦʚʠʡ
ʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʜʨʫʛ ʩ ʜʨʫʛʦʤ. ʊʘʢʠʝ ʩʪʨʫʢʪʫʨʳ ʙʳʣʠ ʚʧʝʨʚʳʝ ʧʨʝʜʣʦʞʝʥʳ ʤʘʪʝʤʘʪʠʢʘʤʠ ʠ ʧʦʣʫʯʠʣʠ ʥʘʟʚʘ-
ʥʠʝ ʩʘʤʦʟʘʢʣʠʥʠʚʘʶʱʠʭʩʷ. ʉʘʤʦʟʘʢʣʠʥʠʚʘʶʱʘʷʩʷ ʩʪʨʫʢʪʫʨʘ – ʵʪʦ ʥʘʙʦʨ ʚʳʧʫʢʣʳʭ ʪʝʣ, ʪʘʢʦʡ, ʯʪʦ ʣʶʙʦʝ ʙʝʩʢʦ-
ʥʝʯʥʦ ʤʘʣʦʝ ʜʚʠʞʝʥʠʝ ʦʜʥʦʛʦ ʠʟ ʥʠʭ ʚʦʟʤʦʞʥʦ ʣʠʰʴ ʢʘʢ ʯʘʩʪʴ ʩʦʚʤʝʩʪʥʦʛʦ ʜʚʠʞʝʥʠʷ ʚʩʝʭ ʪʝʣ ʚʤʝʩʪʝ (ʢʘʢ ʝʜʠʥʦ-
ʛʦ ʪʚʝʨʜʦʛʦ ʪʝʣʘ). ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʢʦʤʧʣʝʢʩʝ Abaqus ʩ ʮʝʣʴʶ ʜʝʤʦʥʩʪʨʘʮʠʠ ʢʦʥ-
ʮʝʧʪʫʘʣʴʥʦʛʦ ʧʦʜʭʦʜʘ ʢ ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʩʘʤʦʟʘʢʣʠʥʠʚʘʶʱʠʭʩʷ ʩʪʨʫʢʪʫʨ ʚ ʦʙʣʘʩʪʠ ʨʘʟʨʘʙʦʪʢʠ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ
ʤʘʪʝʨʠʘʣʦʚ ʨʘʟʣʠʯʥʦʛʦ ʥʘʟʥʘʯʝʥʠʷ. ʅʘ ʦʩʥʦʚʝ ʨʝʟʫʣʴʪʘʪʦʚ ʤʦʜʝʣʠʨʦʚʘʥʠ  ̫ʠʟʫʯʝʥʳ ʨʘʟʣʠʯʥʳʝ ʧʘʪʪʝʨʥʳ ʨʘʩʧʨʝ-
ʜʝʣʝʥʠʷ ʥʘʛʨʫʟʢʠ ʚ ʧʦʜʦʙʥʳʭ ʩʠʩʪʝʤʘʭ, ʩ ʧʦʤʦʱʴʶ ʢʦʪʦʨʳʭ ʚʳʜʚʠʥʫʪʳ ʪʝʦʨʠʠ ʦ ʠʭ ʧʨʠʤʝʥʝʥʠʠ ʚ ʙʫʜʫʱʠʭ ʠʩ-
ʩʣʝʜʦʚʘʥʠʷʭ. ɹʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʘʟʣʠʯʥʳʭ ʩʮʝʥʘʨʠʝʚ ʥʘʛʨʫʞʝʥʠʷ ʧʦʜʦʙʥʳʝ ʩʪʨʫʢʪʫʨʳ ʤʦ-
ʛʫʪ ʨʘʩʩʝʠʚʘʪʴ ʧʨʠʣʦʞʝʥʥʳʝ ʪʦʯʝʯʥʳʝ ʥʘʛʨʫʟʢʠ ʧʦ ʚʩʝʤʫ ʦʙʲʝʤʫ ʢʦʥʩʪʨʫʢʮʠʦʥʥʦʛʦ ʵʣʝʤʝʥʪʘ. ʊʘʢʞʝ ʧʨʦʜʝʤʦʥ-
ʩʪʨʠʨʦʚʘʥ ʧʦʪʝʥʮʠʘʣ ʦʧʪʠʤʠʟʘʮʠʠ ʛʝʦʤʝʪʨʠʠ ʦʪʜʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʩʘʤʦʟʘʢʣʠʥʠʚʘʶʱʠʭʩʷ ʩʪʨʫʢʪʫʨ, ʧʦʟʚʦʣʷʶ-
ʱʠʡ ʨʘʩʰʠʨʠʪʴ ʠʭ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʝ ʩʚʦʡʩʪʚʘ ʩ ʩʦʭʨʘʥʝʥʠʝʤ ʢʣʶʯʝʚʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ. ʅʘʫʯʥʦ ʦʙʦʩʥʦʚʘʥʦ ʙʫ-
ʜʫʱʝʝ ʧʨʠʤʝʥʝʥʠʝ ʧʦʜʦʙʥʳʭ ʩʪʨʫʢʪʫʨ ʜʣʷ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʘʛʨʫʟʦʢ ʢʘʢ ʚ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʘʭ, ʪʘʢ ʠ
ʚ ʰʠʨʦʢʦʤ ʩʧʝʢʪʨʝ ʠʥʩʪʨʫʤʝʥʪʦʚ.
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APPLICATION OF INTERLOCKING STRUCTURES:
FEM-BASED CONCEPT DEMONSTRATION
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Abstract. Modern development of machines demands increased hardness and reliability of materials and structures. Usually,
this is done by introducing new chemical compositions of materials and new methods of material treatment. Following the
computer finite element modeling, this paper demonstrates another efficient method of increasing hardness and reliability of
materials and structures by selecting the reasonable geometry of structure elements and conditions of their interactions. The-
se geometrical structures, first introduced by mathematicians, are called interlocking. An interlocking structure is a set of
convex bodies arranged so that any infinitely small movement of one of them is possible only as a part of a simultaneous
movement by all bodies (as if they were a single body). Modeling was carried out in the Abaqus software complex to
demonstrate a conceptual approach to the use of interlocking structures in the development of structural materials for various
purposes. Using the simulation results, the authors have studied various patterns of load distribution in such systems and put
forward theories about their application in future studies. It was found that depending on various loading scenarios, such
structures can dispel the applied point loads along the entire volume of the structural element. The paper also demonstrates
the potential for optimizing the geometry of individual elements of interlocking structures, contributing to expanding their
operational properties, while maintaining key features. The authors provide a scientific rationale for applying such structures
in future to redistribute loads both in structural materials and in a wide range of tools.
Keywords: interlocking structures, hardness, operational reliability, new materials, structures, finite element modeling,
stress redistribution
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ɺʚʝʜʝʥʠʝ

ʉʦʚʨʝʤʝʥʥʦʝ ʨʘʟʚʠʪʠʝ ʪʝʭʥʠʢʠ ʧʨʝʜʲʷʚʣʷʝʪ
ʚʩʝ ʙʦʣʴʰʠʝ ʪʨʝʙʦʚʘʥʠʷ ʢ ʧʦʚʳʰʝʥʠʶ ʞʝʩʪʢʦ-
ʩʪʠ ʠ ʥʘʜʝʞʥʦʩʪʠ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʤʘʪʝʨʠʘ-
ʣʦʚ ʠ ʢʦʥʩʪʨʫʢʮʠʡ. ʊʨʘʜʠʮʠʦʥʥʦ ʵʪʦ ʜʦʩʪʠʛʘʝʪ-
ʩʷ ʩʦʟʜʘʥʠʝʤ ʥʦʚʳʭ ʭʠʤʠʯʝʩʢʠʭ ʩʦʩʪʘʚʦʚ ʠʩ-
ʧʦʣʴʟʫʝʤʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʨʘʟʨʘʙʦʪʢʦʡ ʥʘʜʝʞ-
ʥʳʭ ʤʝʪʦʜʦʚ ʠʭ ʦʙʨʘʙʦʪʢʠ. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ
ʧʨʝʜʣʘʛʘʝʪʩʷ ʝʱʝ ʦʜʠʥ ʵʬʬʝʢʪʠʚʥʳʡ ʤʝʪʦʜ ʧʦ-
ʚʳʰʝʥʠʷ ʞʝʩʪʢʦʩʪʠ ʠ ʥʘʜʝʞʥʦʩʪʠ ʤʘʪʝʨʠʘʣʦʚ ʠ
ʢʦʥʩʪʨʫʢʮʠʡ ʟʘ ʩʯʝʪ ʧʦʜʙʦʨʘ ʨʘʮʠʦʥʘʣʴʥʦʡ ʛʝʦ-
ʤʝʪʨʠʠ ʵʣʝʤʝʥʪʦʚ ʩʪʨʫʢʪʫʨʳ ʠ ʫʩʣʦʚʠʡ ʠʭ ʚʟʘʠ-
ʤʦʜʝʡʩʪʚʠʷ ʜʨʫʛ ʩ ʜʨʫʛʦʤ. ʊʘʢʠʝ ʩʪʨʫʢʪʫʨʳ ʙʳ-
ʣʠ ʚʧʝʨʚʳʝ ʧʨʝʜʣʦʞʝʥʳ ʤʘʪʝʤʘʪʠʢʘʤʠ ʠ ʧʦʣʫ-
ʯʠʣʠ ʥʘʟʚʘʥʠʝ ʩʘʤʦʟʘʢʣʠʥʠʚʘʶʱʠʭʩʷ.

ʉʘʤʦʟʘʢʣʠʥʠʚʘʶʱʘʷʩʷ ʩʪʨʫʢʪʫʨʘ – ʵʪʦ ʥʘʙʦʨ
ʚʳʧʫʢʣʳʭ ʪʝʣ, ʪʘʢʦʡ, ʯʪʦ ʣʶʙʦʝ ʙʝʩʢʦʥʝʯʥʦ ʤʘʣʦʝ
ʜʚʠʞʝʥʠʝ ʦʜʥʦʛʦ ʠʟ ʥʠʭ ʚʦʟʤʦʞʥʦ ʣʠʰʴ ʢʘʢ ʯʘʩʪʴ
ʩʦʚʤʝʩʪʥʦʛʦ ʜʚʠʞʝʥʠʷ ʚʩʝʭ ʪʝʣ ʚʤʝʩʪʝ (ʢʘʢ ʝʜʠ-
ʥʦʛʦ ʪʚʝʨʜʦʛʦ ʪʝʣʘ). ʀʤʝʶʱʠʝʩʷ ʩʪʨʫʢʪʫʨʳ ʙʘʟʠ-
ʨʫʶʪʩʷ ʥʘ ʨʘʩʩʤʦʪʨʝʥʠʠ ʩʣʦʝʚ ʠʟ ʢʫʙʦʚ, ʪʝʪʨʘʵʜ-

ʨʦʚ ʠ ʦʢʪʘʵʜʨʦʚ ʠ ʜʨʫʛʠʭ ʦʙʲʝʤʥʳʭ ʪʝʣ. ʀʩʪʦʨʠʷ
ʦʪʢʨʳʪʠ  ̫ʩʘʤʦʟʘʢʣʠʥʠʚʘʶʱʠʭʩʷ ʩʪʨʫʢʪʫʨ, ʘ ʪʘʢʞʝ
ʠʭ ʧʨʠʤʝʨʳ ʠ ʧʨʠʣʦʞʝʥʠʷ ʰʠʨʦʢʦ ʦʧʫʙʣʠʢʦʚʘʥʳ
ʚ ʨʘʙʦʪʘʭ [1-3]. ɼʘʥʥʘʷ ʪʝʤʘ ʧʦʣʫʯʠʣʘ ʠʟʚʝʩʪʥʦʩʪʴ
ʢʘʢ ʚ ʦʙʣʘʩʪʠ ʯʠʩʪʦʡ ʤʘʪʝʤʘʪʠʢʠ, ʪʘʢ ʠ ʚ ʧʨʠʣʦ-
ʞʝʥʠʷʭ ʢʘʢ ʢ ʘʨʭʠʪʝʢʪʫʨʝ, ʪʘʢ ʠ ʢ ʝʩʪʝʩʪʚʝʥʥʳʤ
ʥʘʫʢʘʤ [4]. ɽʡ ʧʦʩʚʷʱʝʥ ʨʷʜ ʩʪʘʪʝʡ [1-3, 5-7] ʢʘʢ ʚ
ʧʦʧʫʣʷʨʥʳʭ [4], ʪʘʢ ʠ ʚ ʚʳʩʦʢʦʨʝʡʪʠʥʛʦʚʳʭ ʞʫʨ-
ʥʘʣʘʭ, ʚʢʣʶʯʘʷ “Nature” [8]. ɼʘʥʥʳʝ ʩʪʨʫʢʪʫʨʳ
ʦʙʣʘʜʘʶʪ ʛʣʘʚʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ: ʧʨʠ ʬʠʢʩʘʮʠʠ
ʛʨʘʥʠʮʳ ʧʦ ʧʝʨʠʤʝʪʨʫ ʩʪʨʫʢʪʫʨʘ ʩʪʘʥʦʚʠʪʩʷ
ʞʝʩʪʢʦʡ ʠ ʥʝ ʧʨʦʚʘʣʠʚʘʝʪʩʷ. ʇʦʤʠʤʦ ʢʚʘʟʠʧʣʦʩ-
ʢʠʭ ʩʪʨʫʢʪʫʨ, ʠʤʝʶʪʩʷ ʩʪʨʫʢʪʫʨʳ, ʚ ʢʦʪʦʨʳʭ ʟʘ-
ʢʣʠʥʠʚʘʥʠʝ ʧʨʦʠʩʭʦʜʠʪ ʚ ʥʝʩʢʦʣʴʢʠʭ ʩʣʦʷʭ ʦʜʥʦ-
ʚʨʝʤʝʥʥʦ. ʕʪʦ ʚʦʧʨʦʩʳ, ʦʪʥʦʩʷʱʠʝʩʷ ʢ ʦʙʣʠʮʦʚʢʝ
ʧʣʦʩʢʦʛʦ ʩʣʦʷ ʩ ʬʠʢʩʠʨʦʚʘʥʥʳʤ ʧʝʨʠʤʝʪʨʦʤ.
ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʙʦʣʴʰʠʥʩʪʚʦ ʠʩʩʣʝʜʦʚʘ-
ʥʠʡ ʩ ʩʘʤʦʟʘʢʣʠʥʠʚʘʶʱʠʤʠʩʷ ʩʪʨʫʢʪʫʨʘʤʠ ʙʳʣʦ
ʚʳʧʦʣʥʝʥʦ ʤʘʪʝʤʘʪʠʢʘʤʠ. ʇʦ ʜʘʥʥʦʡ ʪʝʤʘʪʠʢʝ
ʧʨʘʢʪʠʯʝʩʢʠ ʦʪʩʫʪʩʪʚʫʶʪ ʧʫʙʣʠʢʘʮʠʠ ʚ ʦʙʣʘʩʪʠ
ʤʝʪʘʣʣʫʨʛʠʠ, ʤʘʰʠʥʦʩʪʨʦʝʥʠʠ, ʩʪʨʦʠʪʝʣʴʩʪʚʝ.
ʅʘʯʠʥʘʷ ʩ 2019 ʛʦʜʘ, ʚ ʄʘʛʥʠʪʦʛʦʨʩʢʦʤ ʛʦʩʫʜʘʨ-
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ʩʪʚʝʥʥʦʤ ʪʝʭʥʠʯʝʩʢʦʤ ʫʥʠʚʝʨʩʠʪʝʪʝ ʠʤ. ɻ.ʀ. ʅʦ-
ʩʦʚʘ ʥʘ ʙʘʟʝ ʣʘʙʦʨʘʪʦʨʠʠ ʤʝʭʘʥʠʢʠ ʛʨʘʜʠʝʥʪʥʳʭ
ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʠʤ. ɸ.ʇ. ɾʠʣʷʝʚʘ ʙʳʣʘ ʩʦʟʜʘʥʘ
ʛʨʫʧʧʘ ʫʯʝʥʳʭ, ʤʝʪʘʣʣʫʨʛʦʚ, ʩʧʝʮʠʘʣʠʩʪʦʚ ʚ ʦʙ-
ʨʘʙʦʪʢʝ ʤʝʪʘʣʣʦʚ ʜʘʚʣʝʥʠʝʤ, ʤʘʪʝʤʘʪʠʢʦʚ, ʩʪʨʦʠ-
ʪʝʣʝʡ ʜʣʷ ʢʦʤʧʣʝʢʩʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠ  ̫ʚʦʟʤʦʞʥʦ-
ʩʪʠ ʧʨʠʤʝʥʝʥʠʷ ʩʘʤʦʟʘʢʣʠʥʠʚʘʶʱʠʭʩʷ ʩʪʨʫʢʪʫʨ ʚ
ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʷʭ ʪʝʭʥʠʢʠ. ɿʘ ʵʪʦ ʚʨʝʤʷ ʩʦʚ-
ʤʝʩʪʥʦ ʩ ʫʯʝʥʳʤʠ ʠʟ ɸʚʩʪʨʘʣʠʠ (ɼʠʩʢʠʥ ɸ., ʇʘ-
ʩʪʝʨʥʘʢ ɽ.) ʠ ʄʌʊʀ (ɹʝʣʦʚ ɸ.ʗ.) ʙʳʣʦ ʧʦʜʘʥʦ
ʩʝʤʴ ʟʘʷʚʦʢ ʥʘ ʠʟʦʙʨʝʪʝʥʠʷ ʈʌ, ʥʘ ʦʜʥʫ ʠʟ ʢʦʪʦ-
ʨʳʭ ʧʦʣʫʯʝʥ ʧʘʪʝʥʪ ʥʘ ʠʟʦʙʨʝʪʝʥʠʝ ʠ ʝʱʝ ʥʘ ʦʜʥʫ
ʨʝʰʝʥʠʝ ʦ ʚʳʜʘʯʝ ʧʘʪʝʥʪʘ ʥʘ ʠʟʦʙʨʝʪʝʥʠʝ [9-15].

ʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ

ɼʣʷ ʧʨʝʜʩʪʘʚʣʷʝʤʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʘ
ʨʘʟʨʘʙʦʪʘʥʘ ʢʦʤʧʴʶʪʝʨʥʘʷ ʤʦʜʝʣʴ ʩʘʤʦʟʘʢʣʠʥʠ-
ʚʘʶʱʝʡʩʷ ʩʪʨʫʢʪʫʨʳ, ʩʦʩʪʦʷʱʝʡ ʠʟ ʢʫʙʠʯʝʩʢʠʭ
ʵʣʝʤʝʥʪʦʚ (ʨʠʩ. 1).

ʈʠʩ. 1. ʆʙʱʠʡ ʚʠʜ ʢʦʥʝʯʥʦ-ʵʣʝʤʝʥʪʥʦʡ ʤʦʜʝʣʠ
Fig. 1. General view of the FEM model

ʂʫʙʠʯʝʩʢʠʝ ʵʣʝʤʝʥʪʳ ʨʘʩʧʦʣʘʛʘʣʠʩʴ ʚ ʧʨʦ-
ʩʪʨʘʥʩʪʚʝ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʩʝʯʝʥʠʷ ʢʘʞʜʦ-
ʛʦ ʢʫʙʘ, ʚ ʢʦʪʦʨʳʭ ʦʙʨʘʟʫʝʪʩʷ ʧʨʘʚʠʣʴʥʳʡ ʰʝ-
ʩʪʠʫʛʦʣʴʥʠʢ, ʣʝʞʘʣʠ ʚ ʦʜʥʦʡ ʧʣʦʩʢʦʩʪʠ, ʘ ʩʘʤʠ
ʢʫʙʳ ʩʦʧʨʠʢʘʩʘʣʠʩʴ. ʊʘʢʞʝ, ʩʦʛʣʘʩʥʦ ʛʨʘʥʠʯ-
ʥʳʤ ʫʩʣʦʚʠʷʤ, ʙʦʢʦʚʳʝ ʨʝʙʨʘ ʢʨʘʡʥʠʭ ʢʫʙʦʚ
ʞʝʩʪʢʦ ʬʠʢʩʠʨʦʚʘʣʠʩʴ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʩ ʮʝʣʴʶ
ʩʪʘʙʠʣʠʟʘʮʠʠ ʚʩʝʡ ʩʪʨʫʢʪʫʨʳ. ʄʝʞʜʫ ʧʦʚʝʨʭʥʦ-
ʩʪʷʤʠ ʢʫʙʦʚ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʢʦʥʪʘʢʪ ʪʠʧʘ General
Contact. ʄʦʜʝʣʴ ʟʘʩʝʠʚʘʣʘʩʴ ʢʫʙʠʯʝʩʢʠʤʠ ʵʣʝ-
ʤʝʥʪʘʤʠ (ʦʙʱʝʝ ʢʦʣʠʯʝʩʪʚʦ ʵʣʝʤʝʥʪʦʚ – 69 120).
ɺ ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʘ ʙʳʣʘ ʚʳʙʨʘʥʘ ʩʪʘʣʴ ʤʘʨʢʠ
80, ʧʨʠ ʵʪʦʤ ʵʪʦ ʥʝ ʠʤʝʣʦ ʧʨʠʥʮʠʧʠʘʣʴʥʦʛʦ ʟʥʘ-
ʯʝʥʠʷ ʩ ʧʦʟʠʮʠʠ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʪʘʢ ʢʘʢ ʛʣʘʚʥʦʡ
ʮʝʣʴʶ ʙʳʣʘ ʠʤʝʥʥʦ ʜʝʤʦʥʩʪʨʘʮʠʷ ʵʬʬʝʢʪʦʚ ʧʝ-
ʨʝʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʘʧʨʷʞʝʥʠʡ ʧʨʠ ʨʘʟʣʠʯʥʳʭ
ʰʘʙʣʦʥʘʭ ʥʘʛʨʫʞʝʥʠʷ.

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʘʧʨʷʞʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ
ʚʝʨʰʠʥʳ ʢʫʙʦʚ ʜʘʚʘʣʘʩʴ ʢʦʥʮʝʥʪʨʠʨʦʚʘʥʥʘʷ ʩʠ-

ʣʘ, ʥʘʧʨʘʚʣʝʥʥʘʷ ʩʪʨʦʛʦ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʧʣʦʩ-
ʢʦʩʪʠ, ʚ ʢʦʪʦʨʦʡ ʥʘʭʦʜʠʣʠʩʴ ʰʝʩʪʠʛʨʘʥʥʳʝ ʩʝ-
ʯʝʥʠʷ ʚʩʝʭ ʢʫʙʦʚ.

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ

ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʨʘʟʣʠʯʥʳʝ ʩʮʝʥʘʨʠʠ
ʥʘʛʨʫʞʝʥʠʷ ʩʤʦʜʝʣʠʨʦʚʘʥʥʦʡ ʩʪʨʫʢʪʫʨʳ. ɼʣʷ
ʢʘʞʜʦʛʦ ʩʣʫʯʘʷ ʧʨʝʜʩʪʘʚʣʝʥʳ ʪʨʠ ʤʦʤʝʥʪʘ
ʥʘʛʨʫʞʝʥʠʷ ʩ ʮʝʣʴʶ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʪʴ ʜʠʥʘ-
ʤʠʢʫ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʘʧʨʷʞʝʥʠʡ ʚ ʩʪʨʫʢʪʫʨʝ.

ʇʨʠ ʦʩʫʱʝʩʪʚʣʝʥʠʠ ʜʘʚʣʝʥʠʷ ʥʘ ʚʝʨʰʠʥʫ
ʮʝʥʪʨʘʣʴʥʦʛʦ ʢʫʙʘ ʥʘʯʠʥʘʝʪʩʷ ʧʨʦʮʝʩʩ ʨʘʩʧʨʝ-
ʜʝʣʝʥʠʷ ʥʘʧʨʷʞʝʥʠʡ ʚʦ ʚʩʝʭ ʙʣʠʟʣʝʞʘʱʠʭ ʢʦʤ-
ʧʦʥʝʥʪʘʭ ʩʪʨʫʢʪʫʨʳ (ʨʠʩ. 2). ɼʘʣʝʝ ʚ ʭʦʜʝ ʨʦʩʪʘ
ʜʘʚʣʝʥʠʷ ʥʘʯʠʥʘʝʪ ʬʦʨʤʠʨʦʚʘʪʴʩʷ ʷʨʢʦʚʳʨʘ-
ʞʝʥʥʘʷ ʥʘʧʨʘʚʣʝʥʥʦʩʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʘʛʨʫʟʢʠ
ʚ ʩʪʦʨʦʥʳ ʫʛʣʦʚ ʩʪʨʫʢʪʫʨʳ. ʇʨʠ ʵʪʦʤ ʧʨʠʤʝʯʘ-
ʪʝʣʴʥʦ, ʯʪʦ ʚ ʫʢʘʟʘʥʥʳʭ ʥʘʧʨʘʚʣʝʥʠʷʭ ʫʨʦʚʝʥʴ
ʥʘʧʨʷʞʝʥʠʷ ʄʠʟʝʩʘ ʚ ʢʘʞʜʦʤ ʧʦʩʣʝʜʫʶʱʝʤ ʢʫ-
ʙʝ ʩʥʠʞʘʝʪʩʷ ʚ ʘʙʩʦʣʶʪʥʳʭ ʚʝʣʠʯʠʥʘʭ ʧʨʠʤʝʨʥʦ
ʥʘ 10-15%, ʘ ʫʩʣʦʚʥʳʝ ʥʘʧʨʘʚʣʝʥʠʷ ʥʘ 4, 8 ʠ 12
ʯʘʩʦʚ ʦʩʪʘʶʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʟʘʜʝʡʩʪʚʦʚʘʥʳ.

ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʢʦʣʠʯʝʩʪʚʘ ʪʦʯʝʢ ʥʘʛʨʫʞʝ-
ʥʠʷ ʜʦ ʜʚʫʭ (ʨʠʩ. 3) ʧʘʪʝʨʥ ʨʘʩʩʝʠʚʘʥʠʷ ʥʘʛʨʫʟ-
ʢʠ ʠʟʤʝʥʷʝʪʩʷ. ɺʳʩʦʢʠʝ ʥʘʧʨʷʞʝʥʠʷ ʧʦʣʫʯʘʶʪ ʚ
ʩʚʦʠʭ ʚʝʨʰʠʥʘʭ ʢʫʙʳ, ʢʦʪʦʨʳʝ ʥʘʭʦʜʷʪʩʷ ʥʘ ʧʝ-
ʨʝʩʝʯʝʥʠʠ «ʨʘʩʩʝʠʚʘʶʱʠʭ» ʥʘʧʨʘʚʣʝʥʠʡ ʢʘʞʜʦ-
ʛʦ ʠʟ ʥʘʛʨʫʞʘʝʤʳʭ ʵʣʝʤʝʥʪʦʚ. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ,
ʯʪʦ ʦʩʦʙʝʥʥʦ ʷʨʢʦ ʜʘʥʥʳʡ ʬʘʢʪ ʥʘʙʣʶʜʘʝʪʩʷ ʚ
ʦʙʣʘʩʪʠ ʤʝʞʜʫ ʥʘʛʨʫʞʘʝʤʳʤʠ ʢʫʙʘʤʠ.

ʇʨʠ ʥʝʩʢʦʣʴʢʦ ʠʟʤʝʥʥʝʥʦʡ ʟʘʜʘʯʝ ʩ ʨʘʟʜʚʠ-
ʥʫʪʳʤʠ ʪʦʯʢʘʤʠ ʥʘʛʨʫʞʝʥʠʷ ʩʘʤʦʟʘʢʣʠʥʠʚʘʶ-
ʱʝʡʩʷ ʩʪʨʫʢʪʨʳ (ʨʠʩ. 4) ʨʘʥʝʝ ʦʧʠʩʘʥʥʳʡ ʵʬ-
ʬʝʢʪ ʥʘʙʣʶʜʘʝʪʩʷ ʤʝʥʝʝ ʚʳʨʘʞʝʥʦ. ʅʘʧʨʷʞʝʥʠʷ
ʄʠʟʝʩʘ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʨʘʩʩʝʠʚʘʶʪʩʷ ʧʦ ʩʪʨʫʢ-
ʪʫʨʝ ʙʦʣʝʝ ʨʘʚʥʦʤʝʨʥʦ.

ɺ ʩʣʫʯʘʝ ʜʘʣʴʥʝʡʰʝʛʦ ʫʚʝʣʠʯʝʥʠʷ ʯʠʩʣʘ ʪʦ-
ʯʝʢ ʥʘʛʨʫʞʝʥʠʷ (ʨʠʩ. 5) ʫʧʦʤʷʥʫʪʳʡ ʚʦ ʚʪʦʨʦʡ
ʤʦʜʝʣʠ ʪʨʝʥʜ ʜʝʤʦʥʩʪʨʠʨʫʝʪʩʷ ʙʦʣʝʝ ʥʘʛʣʷʜʥʦ.
ʂʫʙʳ, ʥʘʭʦʜʷʱʠʝʩʷ ʚʥʫʪʨʠ ʧʝʨʠʤʝʪʨʘ, ʦʯʝʨʯʝʥ-
ʥʦʛʦ ʥʘʛʨʫʞʝʥʥʳʤʠ ʵʣʝʤʝʥʪʘʤʠ, ʠʩʧʳʪʳʚʘʶʪ
ʤʘʢʩʠʤʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʥʘʧʨʷʞʝʥʠʡ, ʢʦʪʦʨʳʝ ʚ
ʦʧʨʝʜʝʣʝʥʥʳʡ ʤʦʤʝʥʪ ʧʨʘʢʪʠʯʝʩʢʠ ʩʨʘʚʥʠʚʘʶʪ-
ʩʷ ʧʦ ʘʙʩʦʣʶʪʥʳʤ ʟʥʘʯʝʥʠʷʤ ʩ ʥʘʛʨʫʞʘʝʤʳʤʠ.

ʋʚʝʣʠʯʝʥʠʝ ʪʦʯʝʢ ʧʨʠʣʦʞʝʥʠʷ ʜʘʚʣʝʥʠʷ ʜʦ
ʜʝʚʷʪʠ (ʨʠʩ. 6) ʥʘʛʣʷʜʥʦ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʵʣʝʤʝʥʪʳ
ʩʪʨʫʢʪʫʨʳ, ʥʘʭʦʜʷʱʠʝʩʷ ʚ ʝʝ ʫʛʣʘʭ, ʧʨʘʢʪʠʯʝʩʢʠ
ʥʝ ʨʘʩʧʨʝʜʝʣʷʶʪ ʥʘʛʨʫʟʢʫ ʥʘ ʩʦʩʝʜʥʠʝ ʢʫʙʳ. ɹʦ-
ʣʝʝ ʪʦʛʦ, ʢʦʥʮʝʥʪʨʠʨʦʚʘʥʠʝ ʚʩʝʭ ʜʝʚʷʪʠ ʥʘʛʨʫ-
ʞʘʝʤʳʭ ʵʣʝʤʝʥʪʦʚ ʚʙʣʠʟʠ ʜʨʫʛ ʦʪʥʦʩʠʪʝʣʴʥʦ
ʜʨʫʛʘ ʚ ʩʠʤʫʣʷʮʠʠ ʧʨʠʚʦʜʠʪ ʢ ʥʘʨʫʰʝʥʠʶ ʮʝ-
ʣʦʩʪʥʦʩʪʠ ʩʪʨʫʢʪʫʨʳ ʚ ʮʝʣʦʤ.
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ʈʠʩ. 2. ɼʠʥʘʤʠʢʘ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʘʧʨʷʞʝʥʠʡ ʄʠʟʝʩʘ ʚ ʩʘʤʦʟʘʢʣʠʥʠʚʘʶʱʝʡʩʷ ʩʪʨʫʢʪʫʨʝ
ʧʨʠ ʥʘʛʨʫʞʝʥʠʠ ʚ ʝʜʠʥʩʪʚʝʥʥʦʡ ʮʝʥʪʨʘʣʴʥʦʡ ʪʦʯʢʝ

Fig. 2. Dynamics of the von Mises stress redistribution in the interlocking structure,
when loading in one central point

ʈʠʩ. 3. ɼʠʥʘʤʠʢʘ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʘʧʨʷʞʝʥʠʡ ʄʠʟʝʩʘ ʚ ʩʘʤʦʟʘʢʣʠʥʠʚʘʶʱʝʡʩʷ ʩʪʨʫʢʪʫʨʝ
ʧʨʠ ʥʘʛʨʫʞʝʥʠʠ ʚ ʜʚʫʭ ʩʦʩʜʝʩʪʚʫʶʱʠʭ ʪʦʯʢʘʭ

Fig. 3. Dynamics of the von Mises stress redistribution in the interlocking structure, when loading
in two neighboring points

ʈʠʩ. 4. ɼʠʥʘʤʠʢʘ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʘʧʨʷʞʝʥʠʡ ʄʠʟʝʩʘ ʚ ʩʘʤʦʟʘʢʣʠʥʠʚʘʶʱʝʡʩʷ ʩʪʨʫʢʪʫʨʝ
ʧʨʠ ʥʘʛʨʫʞʝʥʠʠ ʚ ʜʚʫʭ ʫʜʘʣʝʥʥʳʭ ʪʦʯʢʘʭ

Fig. 4. Dynamics of the von Mises stress redistribution in the interlocking structure,
when loading in two remote points

ʈʠʩ. 5. ɼʠʥʘʤʠʢʘ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʘʧʨʷʞʝʥʠʡ ʄʠʟʝʩʘ ʚ ʩʘʤʦʟʘʢʣʠʥʠʚʘʶʱʝʡʩʷ ʩʪʨʫʢʪʫʨʝ
ʧʨʠ ʥʘʛʨʫʞʝʥʠʠ ʚ ʯʝʪʳʨʝʭ ʩʦʩʝʜʩʪʚʫʶʱʠʭ ʪʦʯʢʘʭ

Fig. 5. Dynamics of the von Mises stress redistribution in the interlocking structure,
when loading in four neighboring points
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ʈʠʩ. 6. ɼʠʥʘʤʠʢʘ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʘʧʨʷʞʝʥʠʡ ʄʠʟʝʩʘ ʚ ʩʘʤʦʟʘʢʣʠʥʠʚʘʶʱʝʡʩʷ ʩʪʨʫʢʪʫʨʝ
ʧʨʠ ʥʘʛʨʫʞʝʥʠʠ ʚ ʜʝʚʷʪʠ ʨʘʚʥʦʫʜʘʣʝʥʥʳʭ ʪʦʯʢʘʭ

Fig. 6. Dynamics of the von Mises stress redistribution in the interlocking structure,
when loading in nine equally spaced points

ʆʪʜʝʣʴʥʦ ʩʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʧʨʠʤʝʥʠʤʦʩʪʴ ʜʘʥ-
ʥʳʭ ʵʬʬʝʢʪʦʚ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʥʝ ʪʦʣʴʢʦ ʩʪʨʦʠ-
ʪʝʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ (ʚ ʪʦʤ ʯʠʩʣʝ ʜʣʷ ʩʣʦʞʥʦ
ʧʨʦʛʥʦʟʠʨʫʝʤʳʭ ʫʩʣʦʚʠʡ ʵʢʩʧʣʫʘʪʘʮʠʠ), ʥʦ ʨʘʟ-
ʣʠʯʥʦʛʦ ʨʦʜʘ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ.
ʅʘʧʨʠʤʝʨ, ʠʩʩʣʝʜʦʚʘʥʥʘʷ ʚ ʩʪʘʪʴʝ ʩʪʨʫʢʪʫʨʘ ʚ
ʚʘʨʠʘʮʠʠ ʩ ʫʩʝʯʝʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ (ʨʠʩ. 7) ʤʦ-
ʞʝʪ ʙʳʪʴ ʧʨʠʤʝʥʝʥʘ ʚ ʦʙʣʘʩʪʠ ʧʨʦʠʟʚʦʜʩʪʚʘ ʨʘʟ-
ʣʠʯʥʦʛʦ ʨʦʜʘ ʩʝʥʜʚʠʯ-ʧʘʥʝʣʝʡ ʩ ʮʝʣʴʶ ʧʝʨʝʨʘʩ-
ʧʨʝʜʝʣʝʥʠʷ ʣʦʢʘʣʴʥʳʭ ʥʘʛʨʫʟʦʢ ʧʦ ʙʦʣʴʰʦʡ
ʧʣʦʱʘʜʠ ʢʦʥʩʪʨʫʢʪʠʚʥʦʛʦ ʵʣʝʤʝʥʪʘ. ʊʘʢʞʝ ʜʦ-
ʧʦʣʥʠʪʝʣʴʥʦ ʩʣʝʜʫʝʪ ʠʩʩʣʝʜʦʚʘʪʴ ʚʦʧʨʦʩ ʤʥʦʛʦ-
ʩʣʦʡʥʦʡ ʨʘʙʦʪʳ ʧʦʜʦʙʥʳʭ ʩʪʨʫʢʪʫʨ.

ʈʠʩ. 7. ɺʘʨʠʘʮʠʷ ʩʘʤʦʟʘʢʣʠʥʠʚʘʶʱʝʡʩʷ ʩʪʨʫʢʪʫʨʳ
ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʩʝʥʜʚʠʯ-ʧʘʥʝʣʷʭ

Fig. 7. The interlocking structure used in sandwich
panels (for reference)

ʉ ʮʝʣʴʶ ʧʦʣʫʯʝʥʠʷ ʩʚʦʝʛʦ ʨʦʜʘ ʬʠʣʴʪʨʫʶ-
ʱʠʭ ʩʚʦʡʩʪʚ ʪʘʢʞʝ ʤʦʞʝʪ ʙʳʪʴ ʧʨʠʤʝʥʝʥʘ ʚʘʨʠ-
ʘʮʠʷ ʩʪʨʫʢʪʫʨʳ ʩ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʦʡ ʪʦʧʦʣʦʛʠʝʡ
ʢʫʙʘ (ʨʠʩ. 8).

ʈʠʩ. 8. ɺʘʨʠʘʮʠʷ ʩʘʤʦʟʘʢʣʠʥʠʚʘʶʱʝʡʩʷ ʩʪʨʫʢʪʫʨʳ
ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʛʝʦʪʝʢʩʪʠʣʝ

Fig. 8. The interlocking structure used in geotextile
(for reference)

ʇʦʜʦʙʥʘʷ ʚʘʨʠʘʮʠʷ ʤʦʞʝʪ ʫʩʧʝʰʥʦ ʠʩʧʦʣʴ-
ʟʦʚʘʪʴʩʷ ʚ ʨʘʟʣʠʯʥʦʛʦ ʨʦʜʘ ʛʝʦʙʘʨʴʝʨʘʭ ʜʣʷ ʦʜ-
ʥʦʚʨʝʤʝʥʥʦʛʦ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʘʛʨʫʟʢʠ ʠ
ʦʪʬʠʣʴʪʨʦʚʳʚʘʥʠʷ, ʥʘʧʨʠʤʝʨ, ʚʦʜ.

ɿʘʢʣʶʯʝʥʠʝ

ʅʘ ʦʩʥʦʚʝ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ
ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥ ʰʠʨʦʢʠʡ ʧʦʪʝʥʮʠʘʣ ʩʘʤʦʟʘ-
ʢʣʠʥʠʚʘʶʱʠʭʩʷ ʩʪʨʫʢʪʫʨ ʚ ʦʙʣʘʩʪʠ ʧʝʨʝʨʘʩʧʨʝ-
ʜʝʣʝʥʠʷ ʨʘʟʛʨʫʟʦʢ, ʯʪʦ ʠʤʝʝʪ ʚʘʞʥʦʝ ʟʥʘʯʝʥʠʝ
ʜʣʷ ʦʪʨʘʩʣʝʡ ʦʪʚʝʪʩʪʚʝʥʥʦʛʦ ʩʪʨʦʠʪʝʣʴʩʪʚʘ, ʘʚ-
ʪʦʤʦʙʠʣʝ- ʠ ʤʘʰʠʥʦʩʪʨʦʝʥʠʷ. ɺ ʮʝʣʦʤ ʧʦʣʫʯʝʥ-
ʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʩʣʫʞʘʪ ʟʘʜʝʣʦʤ ʜʣʷ ʜʘʣʴʥʝʡʰʝ-
ʛʦ ʧʨʠʢʣʘʜʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʘʤʦʟʘʢʣʠʥʠʚʘ-
ʶʱʠʭʩʷ ʩʪʨʫʢʪʫʨ ʚ ʩʪʨʦʠʪʝʣʴʥʦʡ ʦʪʨʘʩʣʠ ʠ ʠʩ-
ʩʣʝʜʦʚʘʥʠʷ ʠʭ ʚʦʟʤʦʞʥʦʩʪʝʡ ʠ ʦʛʨʘʥʠʯʝʥʠʡ.
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ʖʞʥʦ-ʋʨʘʣʴʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʏʝʣʷʙʠʥʩʢ, ʈʦʩʩʠʷ

ɸʥʥʦʪʘʮʠʷ. ʏʝʣʷʙʠʥʩʢʘʷ ʦʙʣʘʩʪʴ ʠʟʦʙʠʣʫʝʪ ʧʨʦʤʳʰʣʝʥʥʳʤʠ ʧʨʝʜʧʨʠʷʪʠʷʤʠ, ʥʘ ʢʦʪʦʨʳʭ ʠʩʧʦʣʴʟʫʶʪʩʷ ʨʘʟʣʠʯ-
ʥʳʝ ʪʝʧʣʦʤʘʩʩʦʦʙʤʝʥʥʳʝ ʘʧʧʘʨʘʪʳ – ʨʝʘʢʪʦʨʳ, ʚʭʦʜʷʱʠʝ ʚ ʩʦʩʪʘʚ ʬʴʶʤʠʥʛ-ʧʝʯʝʡ, ʢʦʥʚʝʨʪʝʨʦʚ, ʧʝʯʝʡ ʜʣʷ ʚʳ-
ʧʣʘʚʢʠ ʩʪʘʣʠ ʧʦʛʨʫʞʥʳʤ ʬʘʢʝʣʦʤ, ʙʘʨʙʦʪʘʞʥʳʭ ʢʦʣʦʥʥ, ʘʧʧʘʨʘʪʦʚ ʛʝʪʝʨʦʛʝʥʥʦʛʦ ʢʘʪʘʣʠʟʘ ʠ ʭʠʤʠʯʝʩʢʦʛʦ ʩʠʥʪʝʟʘ
ʠ ʜʨ. ɺ ʪʘʢʠʭ ʘʧʧʘʨʘʪʘʭ ʧʨʦʪʝʢʘʶʪ ʭʠʤʠʯʝʩʢʠʝ ʨʝʘʢʮʠʠ ʧʦʜ ʜʘʚʣʝʥʠʝʤ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʩʦʧʨʦʚʦʞʜʘʶ-
ʱʠʝʩʷ ʬʘʟʦʚʳʤʠ ʧʝʨʝʭʦʜʘʤʠ. ʇʨʦʜʫʢʪʳ ʨʝʘʢʮʠʠ ʚ ʥʠʭ ʩʦʩʪʘʚʣʷʶʪ ʩʫʱʝʩʪʚʝʥʥʫʶ ʜʦʣʶ ʚʨʝʜʥʳʭ ʚʳʭʣʦʧʦʚ ʚ ʦʢʨʫ-
ʞʘʶʱʫʶ ʩʨʝʜʫ ʚʦ ʚʨʝʤʷ ʟʘʛʨʫʟʢʠ ʩʳʧʫʯʝʛʦ ʤʘʪʝʨʠʘʣʘ ʚʦ ʚʥʫʪʨʝʥʥʶʶ ʧʦʣʦʩʪʴ ʨʝʘʢʪʦʨʘ. ʇʨʠ ʟʘʛʨʫʟʢʝ ʟʘʧʦʨʥʦʝ
ʤʝʭʘʥʠʯʝʩʢʦʝ ʫʩʪʨʦʡʩʪʚʦ ʦʪʢʨʳʪʦ. ʍʠʤʠʯʝʩʢʠʝ ʨʝʘʢʮʠʠ ʧʨʦʪʝʢʘʶʪ ʧʦʜ ʜʘʚʣʝʥʠʝʤ ʚʳʰʝ ʘʪʤʦʩʬʝʨʥʦʛʦ, ʯʪʦ ʧʨʠʚʦ-
ʜʠʪ ʢ ʚʳʭʣʦʧʫ ʘʛʨʝʩʩʠʚʥʳʭ ʛʘʟʦʚ ʯʝʨʝʟ ʟʘʛʨʫʟʦʯʥʦʝ ʦʪʚʝʨʩʪʠʝ. ɺʤʝʩʪʝ ʩ ʪʝʤ ʨʘʙʦʪʘ ʤʝʭʘʥʠʯʝʩʢʠʭ ʟʘʧʦʨʥʳʭ
ʫʩʪʨʦʡʩʪʚ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʯʘʩʪʳʤʠ ʚʳʭʦʜʘʤʠ ʠʟ ʩʪʨʦʷ. ɺ ʢʘʯʝʩʪʚʝ ʘʣʴʪʝʨʥʘʪʠʚʳ ʤʝʭʘʥʠʯʝʩʢʦʤʫ ʟʘʧʦʨʥʦʤʫ
ʫʩʪʨʦʡʩʪʚʫ ʧʨʝʜʣʘʛʘʝʪʩʷ ʫʩʪʘʥʦʚʢʘ ʧʥʝʚʤʘʪʠʯʝʩʢʦʛʦ ʟʘʧʦʨʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʵʞʝʢʮʠʦʥʥʦʛʦ ʪʠʧʘ, ʥʝ ʩʦʜʝʨʞʘʱʝʛʦ
ʧʦʜʚʠʞʥʳʭ ʤʝʭʘʥʠʯʝʩʢʠʭ ʯʘʩʪʝʡ. ʇʨʝʜʦʪʚʨʘʱʝʥʠʝ ʚʳʙʨʦʩʘ ʚʨʝʜʥʳʭ ʛʘʟʦʚ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʨʦʪʠʚʦʪʦʯʥʦʡ ʚʳʩʦʢʦ-
ʩʢʦʨʦʩʪʥʦʡ ʩʪʨʫʝʡ ʚʦʟʜʫʭʘ, ʠʩʪʝʢʘʶʱʝʡ ʠʟ ʩʦʧʣʘ ʟʘʧʦʨʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʚ ʟʘʛʨʫʟʦʯʥʫʶ ʪʨʫʙʫ, ʷʚʣʷʶʱʫʶʩʷ ʩʤʝʩʠ-
ʪʝʣʴʥʦʡ ʢʘʤʝʨʦʡ ʵʞʝʢʪʦʨʘ. ʕʪʦ ʩʫʱʝʩʪʚʝʥʥʦ ʩʥʠʞʘʝʪ ʟʘʛʨʷʟʥʝʥʠʝ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ. ɺʤʝʩʪʝ ʩ ʪʝʤ ʥʘʛʥʝʪʘʥʠʝ ʚ
ʨʝʘʢʪʦʨ ʯʝʨʝʟ ʵʞʝʢʪʦʨʥʦʝ ʫʩʪʨʦʡʩʪʚʦ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʚʦʟʜʫʭʘ ʠʥʪʝʥʩʠʬʠʮʠʨʫʝʪ ʭʠʤʠʯʝʩʢʠʝ ʧʨʦʮʝʩ-
ʩʳ ʚ ʨʝʘʢʪʦʨʝ. ɺ ʧʥʝʚʤʘʪʠʯʝʩʢʦʤ ʟʘʧʦʨʥʦʤ ʫʩʪʨʦʡʩʪʚʝ ʧʨʦʪʝʢʘʝʪ ʩʣʦʞʥʳʡ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʡ ʧʨʦʮʝʩʩ ʩʤʝʰʝʥʠʷ
ʘʢʪʠʚʥʦʛʦ ʠ ʧʘʩʩʠʚʥʦʛʦ ʧʦʪʦʢʦʚ ʛʘʟʘ ʠʣʠ ʩʤʝʩʠ. ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥ  ɹʦʪʩʫʪʩʪʚʫʝʪ ʪʝʦʨʠ  ̫ʨʘʩʯʝʪʘ ʧʥʝʚʤʘʪʠʯʝʩʢʠʭ
ʟʘʧʦʨʥʳʭ ʘʧʧʘʨʘʪʦʚ ʵʞʝʢʮʠʦʥʥʦʛʦ ʪʠʧʘ. ɺ ʜʘʥʥʦʡ ʩʪʘʪʴʝ ʧʨʝʜʣʦʞʝʥ  rʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʠ
ʤʝʪʦʜʠʢʘ ʨʘʩʯʝʪʘ ʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʧʥʝʚʤʘʪʠʯʝʩʢʦʛʦ ʟʘʧʦʨʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʵʞʝʢʮʠʦʥʥʦʛʦ ʪʠʧʘ, ʧʦʟʚʦʣʷʶʱʘʷ ʨʘʟ-
ʨʘʙʘʪʳʚʘʪʴ ʧʥʝʚʤʘʪʠʯʝʩʢʠʝ ʟʘʪʚʦʨʳ ʩ ʤʠʥʠʤʘʣʴʥʳʤ ʧʦʪʨʝʙʥʳʤ ʨʘʩʭʦʜʦʤ ʚʦʟʜʫʭʘ.
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RESEARCH AND DEVELOPMENT OF A PNEUMATIC SHUT-OFF
DEVICE OF AN EJECTION TYPE TO PREVENT THE EXHAUST
OF HAZARDOUS GASES
Spiridonov E.K., Ismagilov A.R., Khabarova D.F.

South Ural State University, Chelyabinsk, Russia

Abstract. The Chelyabinsk Region is home to many industrial companies, applying various heat and mass transfer facili-
ties, namely reactors of fuming furnaces, basic oxygen furnaces, bubble columns, heterogeneous catalysis and chemical
synthesis facilities, etc. The said facilities operate with chemical reactions at pressure and high temperatures accompanied
by phase transitions. The products of these reactions make up a significant share of hazardous environmental emissions
during the charging of bulk material into the internal chamber of the reactor. A mechanical shut-off device is open when
charging. The chemical reactions take place at excessive pressure, which leads to the exhaust of hazardous gases through
the charging opening. At the same time, the operation of mechanical shut-off devices is associated with relatively frequent
failures. The paper presents a pneumatic ejection-type shut-off device that does not contain moving mechanical parts as an
alternative to a mechanical shut-off device. Hazardous emissions are prevented by a countercurrent high-speed air jet from
the nozzle of the shut-off device into the charging tube, which is also a mixing chamber of the ejector. This significantly
reduces environmental pollution. Moreover, injection of additional air into the reactor through the ejector device intensifies
the chemical processes in the reactor. A complex gas-dynamic process of mixing active and passive gas or mixture flows
takes place in such pneumatic shut-off device. There is no available theory for calculating ejection-type pneumatic shut-off
devices. This paper presents a mathematical model of the operating process and a calculation method for designing an ejec-
tion-type pneumatic shut-off device, which allows developing pneumatic gates with minimum required air consumption.
Keywords: exhaust, hazardous gases, shut-off device, ejector, pneumatic gates, mathematical model, characteristics,
calculation method
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ɺʚʝʜʝʥʠʝ

ʄʥʦʛʠʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ ʥʘ ʧʨʦ-
ʤʳʰʣʝʥʥʳʭ ʧʨʝʜʧʨʠʷʪʠʷʭ ʏʝʣʷʙʠʥʩʢʦʡ ʦʙʣʘʩʪʠ
(ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʘʷ, ʭʠʤʠʯʝʩʢʘʷ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ
ʠ ʩʤʝʞʥʳʝ ʦʪʨʘʩʣʠ) ʩʦʧʨʦʚʦʞʜʘʶʪʩʷ ʚʳʭʣʦʧʘʤʠ
ʘʛʨʝʩʩʠʚʥʳʭ ʛʘʟʦʚ, ʫʭʫʜʰʘʶʱʠʭ ʵʢʦʣʦʛʠʯʝʩʢʫʶ
ʦʙʩʪʘʥʦʚʢʫ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ. ʈʘʩʩʤʘʪʨʠʚʘʝ-
ʤʳʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ ʩʦʧʨʦʚʦʞʜʘʶʪʩʷ
ʟʘʛʨʫʟʢʦʡ ʩʳʧʫʯʝʛʦ ʤʘʪʝʨʠʘʣʘ ʚʦ ʚʥʫʪʨʝʥʥʶʶ
ʧʦʣʦʩʪʴ ʨʝʘʢʪʦʨʘ (ʨʠʩ. 1). ʇʨʠ ʟʘʛʨʫʟʢʝ ʟʘʧʦʨʥʦʝ
ʤʝʭʘʥʠʯʝʩʢʦʝ ʫʩʪʨʦʡʩʪʚʦ ʦʪʢʨʳʪʦ. ʍʠʤʠʯʝʩʢʠʝ
ʨʝʘʢʮʠʠ ʧʨʦʪʝʢʘʶʪ ʧʦʜ ʜʘʚʣʝʥʠʝʤ ʚʳʰʝ ʘʪʤʦ-
ʩʬʝʨʥʦʛʦ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʚʳʭʣʦʧʫ ʘʛʨʝʩʩʠʚʥʳʭ
ʛʘʟʦʚ ʯʝʨʝʟ ʟʘʛʨʫʟʦʯʥʦʝ ʫʩʪʨʦʡʩʪʚʦ. ɺʤʝʩʪʝ ʩ ʪʝʤ
ʨʘʙʦʪʘ ʤʝʭʘʥʠʯʝʩʢʠʭ ʟʘʧʦʨʥʳʭ ʫʩʪʨʦʡʩʪʚ ʩʦʧʨʦ-
ʚʦʞʜʘʝʪʩʷ ʯʘʩʪʳʤʠ ʚʳʭʦʜʘʤʠ ʠʟ ʩʪʨʦʷ [1].

ʕʞʝʢʪʦʨ ʷʚʣʷʝʪʩʷ ʜʠʥʘʤʠʯʝʩʢʦʡ ʛʠʜʨʦʤʘ-
ʰʠʥʦʡ ʪʨʝʥʠʷ, ʨʘʙʦʪʘʶʱʝʡ, ʢʘʢ ʧʨʘʚʠʣʦ, ʚ ʥʝ-
ʧʨʝʨʳʚʥʦʤ ʨʝʞʠʤʝ [2-5]. ɼʘʥʥʳʡ ʘʧʧʘʨʘʪ ʥʝ ʩʦ-

ʜʝʨʞʠʪ ʧʦʜʚʠʞʥʳʭ ʯʘʩʪʝʡ, ʘ ʟʥʘʯʠʪ, ʝʛʦ ʢʦʥ-
ʩʪʨʫʢʮʠʷ ʷʚʣʷʝʪʩʷ ʚʳʩʦʢʦʥʘʜʸʞʥʦʡ [6-9]. ʋʩʪʘ-
ʥʦʚʢʘ ʧʥʝʚʤʘʪʠʯʝʩʢʦʛʦ ʟʘʧʦʨʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ
ʵʞʝʢʮʠʦʥʥʦʛʦ ʪʠʧʘ (ʨʠʩ. 2) ʧʨʝʜʦʪʚʨʘʪʠʪ ʚʳ-
ʭʣʦʧ ʘʛʨʝʩʩʠʚʥʳʭ ʛʘʟʦʚ ʧʨʦʪʠʚʦʪʦʢʦʤ ʛʘʟʘ ʠʣʠ
ʩʤʝʩʠ ʛʘʟʦʚ ʧʦʜ ʜʘʚʣʝʥʠʝʤ, ʨʘʚʥʳʤ ʠʣʠ ʧʨʝʚʳ-
ʰʘʶʱʠʤ ʜʘʚʣʝʥʠʝ ʚ ʨʝʘʢʪʦʨʝ.

ʈʘʩʯʸʪʥʘʷ ʤʦʜʝʣʴ ʧʥʝʚʤʘʪʠʯʝʩʢʦʛʦ
ʟʘʧʦʨʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ

ʇʨʦʮʝʩʩ ʟʘʛʨʫʟʢʠ ʨʝʘʢʪʦʨʘ ʩʳʧʫʯʠʤ ʤʘʪʝʨʠ-
ʘʣʦʤ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʧʦʚʳʰʝʥʥʳʤ ʧʨʦʪʠʚʦʜʘʚ-
ʣʝʥʠʝʤ ʨ5. ɺ ʨʝʘʢʪʦʨʝ ʧʨʦʠʩʭʦʜʷʪ ʥʝʧʨʝʨʳʚʥʳʝ
ʭʠʤʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ ʩ ʚʳʜʝʣʝʥʠʝʤ ʧʨʦʜʫʢʪʦʚ
ʩʛʦʨʘʥʠʷ ʚ ʪʚʸʨʜʦʡ ʠ ʛʘʟʦʚʦʡ ʬʘʟʦʚʳʭ ʩʦʩʪʦʷʥʠ-
ʷʭ. ɼʘʣʝʝ ʧʨʦʜʫʢʪʳ ʩʛʦʨʘʥʠʷ ʧʦʢʠʜʘʶʪ ʘʧʧʘʨʘʪ
ʯʝʨʝʟ ʚʝʨʭʥʠʡ ʢʘʥʘʣ (ʩʤ. ʨʠʩ. 1). ʇʨʠ ʟʘʛʨʫʟʢʝ
ʤʘʪʝʨʠʘʣʘ ʵʞʝʢʪʠʨʦʚʘʥʠʝ ʦʙʥʦʚʣʸʥʥʦʛʦ ʛʘʟʘ
ʧʨʝʢʨʘʱʘʝʪʩʷ ʠ ʜʘʣʴʥʝʡʰʝʝ ʧʝʨʝʤʝʱʝʥʠʝ ʩʳʧʫ-
ʯʝʛʦ ʤʘʪʝʨʠʘʣʘ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʦʜ ʜʝʡʩʪʚʠʝʤ
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ʩʠʣʳ ʪʷʞʝʩʪʠ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʫʚʝʣʠʯʝʥʠʷ ʜʘʚʣʝ-
ʥʠʷ (ʦʩʝʚʦʡ ʛʨʘʜʠʝʥʪ ʜʘʚʣʝʥʠʷ ʷʚʣʷʝʪʩʷ ʧʦʣʦʞʠ-
ʪʝʣʴʥʳʤ). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʘʩʯʸʪ ʘʧʧʘʨʘʪʘ ʨʘʩ-
ʩʤʘʪʨʠʚʘʝʪʩʷ ʧʨʠ ʤʘʢʩʠʤʘʣʴʥʦʤ ʧʝʨʝʧʘʜʝ ʜʘʚ-
ʣʝʥʠʡ ʤʝʞʜʫ ʧʦʣʦʩʪʴʶ ʨʝʘʢʪʦʨʘ ʠ ʚʭʦʜʦʤ ʚ
ʧʥʝʚʤʘʪʠʯʝʩʢʦʝ ʟʘʧʦʨʥʦʝ ʫʩʪʨʦʡʩʪʚʦ.

ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʥʝʜʦʩʪʘʪʦʯʥʦ ʠʟʫʯʝʥʳ
ʷʚʣʝʥʠʷ ʦʙʨʘʪʥʳʭ ʪʦʢʦʚ ʚ ʩʪʨʫʡʥʳʭ ʪʝʯʝʥʠʷʭ ʩ
ʧʦʣʦʞʠʪʝʣʴʥʳʤ ʦʩʝʚʳʤ ʛʨʘʜʠʝʥʪʦʤ ʜʘʚʣʝʥʠʷ ʠ

ʦʪʩʫʪʩʪʚʫʝʪ ʟʘʢʦʥʯʝʥʥʘʷ ʪʝʦʨʠ  ̫ ʨʘʩʯʝʪʘ ʧʥʝʚʤʘ-
ʪʠʯʝʩʢʠʭ ʘʧʧʘʨʘʪʦʚ ʵʞʝʢʮʠʦʥʥʦʛʦ ʪʠʧʘ.

ɼʣʷ ʨʘʩʯʝʪʘ ʧʥʝʚʤʘʪʠʯʝʩʢʦʛʦ ʟʘʧʦʨʥʦʛʦ
ʫʩʪʨʦʡʩʪʚʘ ʵʞʝʢʮʠʦʥʥʦʛʦ ʪʠʧʘ ʧʨʠʤʝʥʝʥʘ ʩʭʝʤʘ
ʛʘʟʦʚʦʛʦ ʵʞʝʢʪʦʨʘ ʩʦ ʩʚʝʨʭʟʚʫʢʦʚʳʤ ʩʦʧʣʦʤ
(ʩʤ. ʨʠʩ. 2) [10, 11]. ɽʛʦ ʨʘʙʦʪʘ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ
ʩʣʦʞʥʳʤ ʛʠʜʨʦʤʝʭʘʥʠʯʝʩʢʠʤ ʧʨʦʮʝʩʩʦʤ ʵʥʝʨ-
ʛʦʦʙʤʝʥʘ ʘʢʪʠʚʥʦʡ ʠ ʧʘʩʩʠʚʥʦʡ ʩʨʝʜʳ ʧʨʠ ʠʭ
ʩʤʝʰʝʥʠʠ ʚ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ʘʧʧʘʨʘʪʘ.

ʈʠʩ. 1. ʈʝʘʢʪʦʨ ʩ ʧʨʦʪʠʚʦʜʘʚʣʝʥʠʝʤ
Fig. 1. A back-pressure reactor

ʈʠʩ. 2. ʈʘʩʯʝʪʥʘʷ ʩʭʝʤʘ ʧʥʝʚʤʘʪʠʯʝʩʢʦʛʦ ʟʘʧʦʨʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʵʞʝʢʮʠʦʥʥʦʛʦ ʪʠʧʘ
Fig. 2. Calculation diagram of an ejection-type pneumatic shut-off device
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ʌʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ

ʈʘʟʨʘʙʦʪʘʥʘ ʬʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ
ʥʘ ʦʩʥʦʚʝ ʫʨʘʚʥʝʥʠʡ ʩʦʩʪʦʷʥʠʷ, ʩʦʭʨʘʥʝʥʠʷ ʤʘʩ-
ʩʳ, ʢʦʣʠʯʝʩʪʚʘ ʜʚʠʞʝʥʠʷ ʠ ʵʥʝʨʛʠʠ ʚ ʢʘʥʘʣʝ ʟʘ-
ʛʨʫʟʢʠ, ʨʘʙʦʯʝʡ ʢʘʤʝʨʝ ʠ ʢʘʥʘʣʝ ʚʳʭʣʦʧʘ:
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ʛʜʝ pi – ʜʘʚʣʝʥʠʝ ʧʦʪʦʢʦʚ ʚ i-ʤ ʩʝʯʝʥʠʠ; k – ʧʦʩʪʦ-
ʷʥʥʘʷ ʘʜʠʘʙʘʪʳ (ʜʣʷ ʚʦʟʜʫʭʘ k = 1,4); ʇʢʨ ʠ Ůʢʨ –
ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʝ ʬʫʥʢʮʠʠ (ʜʣʷ ʚʦʟʜʫʭʘ
ʇʢʨ = 0,528; Ůʢʨ = 0,634); dʢʨ, d3 – ʜʠʘʤʝʪʨʳ ʩʝʯʝ-
ʥʠʷ ʛʦʨʣʦʚʠʥʳ ʩʦʧʣʦʚʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʠ ʟʘʛʨʫʟʦʯ-
ʥʦʛʦ ʪʨʫʙʦʧʨʦʚʦʜʘ; ɣ = 0,831; ű = 1,143 – ʙʝʟʨʘʟ-
ʤʝʨʥʳʝ ʧʘʨʘʤʝʪʨʳ, ʫʯʠʪʳʚʘʶʱʠʝ ʧʦʪʝʨʠ ʫʜʝʣʴ-
ʥʦʡ ʵʥʝʨʛʠʠ ʧʦʪʦʢʘ ʚ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ʟʘʧʦʨʥʦʛʦ
ʫʩʪʨʦʡʩʪʚʘ. ʉʦʦʪʚʝʪʩʪʚʫʶʪ ʚʥʫʪʨʝʥʥʝʤʫ ʧʨʦʬʠ-
ʣʶ ʵʣʝʤʝʥʪʦʚ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ, ʦʙʪʝʢʘʥʠʝ ʢʦʪʦ-
ʨʳʭ ʩʨʝʜʦʡ ʧʨʦʠʩʭʦʜʠʪ ʩ ʤʠʥʠʤʘʣʴʥʳʤʠ ʧʦʪʝʨʷ-
ʤʠ ʵʥʝʨʛʠʠ; ɚ0 = u0 / uʢʨ – ʧʨʠʚʝʜʝʥʥʘʷ ʩʢʦʨʦʩʪʴ
ʧʦʪʦʢʘ ʚ ʚʳʭʦʜʥʦʤ ʩʝʯʝʥʠʠ ʩʦʧʣʘ, ʨʘʚʥʘʷ ʩʦʦʪ-
ʥʦʰʝʥʠʶ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ ʢ ʢʨʠʪʠʯʝʩʢʦʡ ʩʢʦʨʦ-
ʩʪʠ; ɜi = 1 / ɟi – ʫʜʝʣʴʥʳʡ ʦʙʲʸʤ ʛʘʟʘ ʚ i-ʤ ʩʝʯʝ-
ʥʠʠ; m1 – ʤʘʩʩʦʚʳʡ ʨʘʩʭʦʜ ʘʢʪʠʚʥʦʛʦ ʧʦʪʦʢʘ; S3 –
ʧʣʦʱʘʜʴ ʩʝʯʝʥʠʷ ʨʘʙʦʯʝʡ ʢʘʤʝʨʳ; uʢʨ – ʢʨʠʪʠʯʝ-
ʩʢʘʷ ʩʢʦʨʦʩʪʴ ʛʘʟʦʚʦʛʦ ʧʦʪʦʢʘ,
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                         (3)

R – ʛʘʟʦʚʘʷ ʧʦʩʪʦʷʥʥʘʷ (ʜʣʷ ʚʦʟʜʫʭʘ R =
= 287 ɼʞ/(ʢʛĀʂ)).

ʈʝʰʘʷ ʩʠʩʪʝʤʫ ʫʨʘʚʥʝʥʠʡ (1)-(3), ʨʘʩʩʤʘʪʨʠ-
ʚʘʷ ʤʦʜʝʣʴ ʩʦʚʝʨʰʝʥʥʦʛʦ ʛʘʟʘ, ʧʦʣʫʯʘʝʤ
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ʇʦʣʫʯʝʥʥʳʝ ʚʳʨʘʞʝʥʠʷ ʧʦʟʚʦʣʠʣʠ ʫʩʪʘʥʦ-
ʚʠʪʴ ʚʟʘʠʤʦʩʚʷʟʴ ʤʝʞʜʫ ʢʣʶʯʝʚʳʤʠ ʨʝʞʠʤʥʳʤʠ
ʠ ʛʝʦʤʝʪʨʠʯʝʩʢʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ:

¶ ʜʘʚʣʝʥʠʝʤ ʧʠʪʘʥʠʷ p1;
¶ ʤʘʩʩʦʚʳʤ ʨʘʩʭʦʜʦʤ ʘʢʪʠʚʥʦʛʦ ʧʦʪʦʢʘ ʛʘʟʘ m1;
¶ ʜʘʚʣʝʥʠʝʤ ʚ ʨʝʘʢʪʦʨʝ p5;
¶ ʜʘʚʣʝʥʠʝʤ ʚ ʧʨʠʸʤʥʦʡ ʢʘʤʝʨʝ p2;
¶ ʘʙʩʦʣʶʪʥʳʤʠ ʪʝʤʧʝʨʘʪʫʨʘʤʠ ʘʢʪʠʚʥʦʛʦ

ʧʦʪʦʢʘ T1 ʠ ʩʨʝʜʳ ʚ ʨʝʘʢʪʦʨʝ T5;
¶ ʩʦʦʪʥʦʰʝʥʠʝʤ ʧʣʦʱʘʜʝʡ ʩʝʯʝʥʠʷ ʛʦʨʣʦ-

ʚʠʥʳ ʩʦʧʣʦʚʦʛʦ ʫʩʪʨʦʡʩʪʚʘ Sʢʨ ʠ ʟʘʛʨʫʟʦʯʥʦʛʦ
ʪʨʫʙʦʧʨʦʚʦʜʘ S3:
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S d
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=                               (6)

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ

ʅʘ ʛʨʘʬʠʢʝ ʨʠʩ. 3 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ
ʨʘʩʯʸʪʦʚ, ʧʦʢʘʟʳʚʘʶʱʠʝ ʚʣʠʷʥʠʝ ʫʚʝʣʠʯʝʥʠʷ
ʪʝʤʧʝʨʘʪʫʨʳ ʘʢʪʠʚʥʦʛʦ ʧʦʪʦʢʘ T1, ʧʦʩʪʫʧʘʶʱʝ-
ʛʦ ʚ ʨʝʘʢʪʦʨ, ʥʘ ʝʛʦ ʤʘʩʩʦʚʳʡ ʨʘʩʭʦʜ m1 ʧʨʠ
ʨʘʟʣʠʯʥʳʭ ʜʠʘʤʝʪʨʘʭ ʛʦʨʣʦʚʠʥʳ ʩʦʧʣʦʚʦʛʦ
ʫʩʪʨʦʡʩʪʚʘ: dʢʨ = 60; 65; 70; 75; 80 ʤʤ. ʈʘʩʩʤʘʪ-
ʨʠʚʘʣʦʩʴ ʫʩʪʨʦʡʩʪʚʦ ʩ ʜʠʘʤʝʪʨʦʤ ʢʘʤʝʨʳ ʩʤʝ-
ʰʝʥʠʷ d3 = 300 ʤʤ, ʨʘʙʦʪʘʶʱʠʤ ʚ ʩʣʝʜʫʶʱʠʭ
ʫʩʣʦʚʠʷʭ: ʘʙʩʦʣʶʪʥʦʝ ʜʘʚʣʝʥʠʝ ʚ ʧʨʠʸʤʥʦʡ ʢʘ-
ʤʝʨʝ (ʟʘʛʨʫʟʦʯʥʘʷ ʸʤʢʦʩʪʴ) p2 = 100 ʢʇʘ, ʧʨʦʪʠ-
ʚʦʜʘʚʣʝʥʠʝ ʚ ʚʳʭʦʜʥʦʤ ʩʝʯʝʥʠʠ ʟʘʧʦʨʥʦʛʦ
ʫʩʪʨʦʡʩʪʚʘ (ʚʥʫʪʨʝʥʥʷʷ ʧʦʣʦʩʪʴ ʨʝʘʢʪʦʨʘ)
p5 = 115 ʢʇʘ. ʇʨʠʥʠʤʘʷ ʚʦ ʚʥʠʤʘʥʠʝ, ʯʪʦ ʦʩʫ-
ʱʝʩʪʚʣʷʝʪʩʷ ʨʝʢʫʧʝʨʘʮʠʷ ʪʝʧʣʦʚʦʡ ʵʥʝʨʛʠʠ ʧʫ-
ʪʸʤ ʥʘʧʨʘʚʣʝʥʠʷ ʝʸ ʩ ʨʝʘʢʪʦʨʘ ʥʘ ʚʭʦʜ ʟʘʧʦʨʥʦ-
ʛʦ ʫʩʪʨʦʡʩʪʚʘ, ʪʝʤʧʝʨʘʪʫʨʳ ʘʢʪʠʚʥʦʛʦ ʧʦʪʦʢʘ
T1 ʠ ʚ ʨʝʘʢʪʦʨʝ T5 ʨʘʚʥʳ.

ʀʟ ʛʨʘʬʠʢʘ ʥʘ ʨʠʩ. 3 ʚʠʜʥʦ, ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ
ʪʝʤʧʝʨʘʪʫʨʳ ʘʢʪʠʚʥʦʛʦ ʧʦʪʦʢʘ ʛʘʟʘ T1 ʫʤʝʥʴʰʘ-
ʝʪ ʝʛʦ ʤʘʩʩʦʚʳʡ ʨʘʩʭʦʜ m1 ʠ ʵʥʝʨʛʦʟʘʪʨʘʪʳ ʥʘ
ʨʘʙʦʪʫ ʧʥʝʚʤʘʪʠʯʝʩʢʦʛʦ ʟʘʪʚʦʨʘ ʵʞʝʢʮʠʦʥʥʦʛʦ
ʪʠʧʘ. ʋʩʪʘʥʦʚʢʘ ʫʩʪʨʦʡʩʪʚʘ ʚ ʨʝʘʢʪʦʨʝ ʧʦʟʚʦʣʠʪ
ʠʩʧʦʣʴʟʦʚʘʪʴ ʪʝʧʣʦʚʫʶ ʵʥʝʨʛʠʶ, ʪʘʢ ʢʘʢ ʨʘʙʦʯʠʝ
ʧʨʦʮʝʩʩʳ ʚ ʥʸʤ ʧʨʦʪʝʢʘʶʪ ʧʨʠ ʧʦʚʳʰʝʥʥʳʭ
ʪʝʤʧʝʨʘʪʫʨʘʭ, ʜʦʩʪʠʛʘʶʱʠʭ 1000°ʉ ʠ ʚʳʰʝ [1].
ɹʦʣʝʝ ʪʦʛʦ, ʯʝʨʝʟ ʧʥʝʚʤʘʪʠʯʝʩʢʦʝ ʟʘʧʦʨʥʦʝ
ʫʩʪʨʦʡʩʪʚʦ ʵʞʝʢʮʠʦʥʥʦʛʦ ʪʠʧʘ ʚʦʟʤʦʞʝʥ ʧʦʜʚʦʜ
ʥʦʚʦʛʦ ʚʦʟʜʫʭʘ, ʚ ʢʦʪʦʨʦʤ ʩʦʜʝʨʞʘʱʠʡʩʷ ʢʠʩʣʦ-
ʨʦʜ ʫʩʢʦʨʠʪ ʭʠʤʠʯʝʩʢʠʝ ʨʝʘʢʮʠʠ ʚ ʧʝʯʠ.

ʇʨʝʜʣʘʛʘʝʤʘʷ ʢʦʥʩʪʨʫʢʮʠʷ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ
ʨʠʩ. 4. ɿʜʝʩʴ ʧʦʜʚʦʜ ʥʘʛʨʝʪʦʛʦ ʛʘʟʘ ʦʩʫʱʝʩʪʚʣʷ-
ʝʪʩʷ ʠʟ ʧʦʣʦʩʪʠ, ʩʦʧʨʷʞʝʥʥʦʡ ʩ ʨʝʘʢʪʦʨʦʤ, ʯʝʨʝʟ
ʟʘʟʦʨ ʚ ʬʦʨʤʝ ʢʦʣʴʮʘ ʚ ʧʦʧʝʨʝʯʥʦʤ ʩʝʯʝʥʠʠ.
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ʈʠʩ. 3. ɺʣʠʷʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʜʠʘʤʝʪʨʘ ʛʦʨʣʦʚʠʥʳ ʩʦʧʣʦʚʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʥʘ ʤʘʩʩʦʚʳʡ ʨʘʩʭʦʜ
ʧʨʠ ʫʩʣʦʚʠʷʭ p1 = 400 ʢʇʘ, p2 = 100 ʢʇʘ, p5 = 115 ʢʇʘ, d3 = 300 ʤʤ

Fig. 3. Influence of temperature and nozzle throat diameter on mass flow at p1 = 400 kPa, p2 = 100 kPa,
p5 = 115 kPa, d3 = 300 mm

ʈʠʩ. 4. ʂʦʥʩʪʨʫʢʮʠʷ ʧʥʝʚʤʘʪʠʯʝʩʢʦʛʦ ʟʘʧʦʨʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʵʞʝʢʮʠʦʥʥʦʛʦ ʪʠʧʘ
Fig. 4. Design of an ejection-type pneumatic shut-off device

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʨʝʟʫʣʴʪʘʪʦʚ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ
ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʚ ʢʘʯʝʩʪʚʝ ʫʥʠʚʝʨʩʘʣʴʥʳʭ
ʨʝʢʦʤʝʥʜʘʮʠʡ ʧʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʫʩʪʨʦʡʩʪʚʘ
ʨʘʩʩʤʦʪʨʠʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢʫ ʩ ʩʦʦʪʥʦʰʝʥʠʷʤʠ
ʦʜʥʦʠʤʸʥʥʳʭ ʚʝʣʠʯʠʥ (ʨʠʩ. 5): ʩʪʝʧʝʥʴ ʨʘʩʰʠ-
ʨʝʥʠʷ ʧʦʪʦʢʘ ʨ1/ʨ2, ʩʪʝʧʝʥʴ ʩʞʘʪʠʷ ʛʘʟʘ ʨ5/ʨ2, ʩʦ-
ʦʪʥʦʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨ ʚ ʨʝʘʢʪʦʨʝ ʠ ʚʦ ʚʭʦʜʥʦʤ
ʢʘʥʘʣʝ ʊ5/ʊ1. ɼʘʥʥʳʝ ʩʦʦʪʥʦʰʝʥʠʷ ʬʠʟʠʯʝʩʢʠʭ
ʧʘʨʘʤʝʪʨʦʚ ʩʦʧʦʩʪʘʚʣʝʥʳ ʩ ʩʦʦʪʥʦʰʝʥʠʝʤ ʧʣʦ-
ʱʘʜʝʡ ʩʝʯʝʥʠʷ ʛʦʨʣʦʚʠʥʳ ʩʦʧʣʦʚʦʛʦ ʫʩʪʨʦʡʩʪʚʘ
ʠ ʟʘʛʨʫʟʦʯʥʦʛʦ ʪʨʫʙʦʧʨʦʚʦʜʘ Sʢʨ / S3.

ɻʨʘʬʠʢ ʥʘ ʨʠʩ. 5 ʧʦʢʘʟʳʚʘʝʪ ʚʟʘʠʤʦʩʚʷʟʴ
ʤʝʞʜʫ ʛʝʦʤʝʪʨʠʯʝʩʢʠʤʠ ʠ ʬʠʟʠʯʝʩʢʠʤʠ ʧʘʨʘ-
ʤʝʪʨʘʤʠ, ʘ ʠʤʝʥʥʦ ʤʝʞʜʫ ʩʦʦʪʥʦʰʝʥʠʝʤ ʧʣʦʱʘ-
ʜʝʡ ʩʝʯʝʥʠʷ ʛʦʨʣʦʚʠʥʳ ʩʦʧʣʦʚʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʠ
ʟʘʛʨʫʟʦʯʥʦʛʦ ʪʨʫʙʦʧʨʦʚʦʜʘ Sʢʨ / S3 ʠ ʩʪʝʧʝʥʠ
ʨʘʩʰʠʨʝʥʠʷ ʧʦʪʦʢʘ ʨ1/ʨ2 ʧʨʠ ʥʝʩʢʦʣʴʢʠʭ ʟʥʘʯʝ-
ʥʠʷʭ ʩʪʝʧʝʥʠ ʩʞʘʪʠʷ ʛʘʟʘ ʨ5/ʨ2, ʨʘʚʥʳʭ 1,05;
1,10; 1,15; 1,20. ʈʘʩʯʸʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʜʣʷ ʚʦʟʜʫ-
ʭʘ (k = 1,4; R = 287 ɼʞ/(ʢʛĀʂ)) ʧʨʠ ʨʘʚʥʳʭ ʪʝʤ-
ʧʝʨʘʪʫʨʘʭ ʘʢʪʠʚʥʦʛʦ ʧʦʪʦʢʘ ʛʘʟʘ ʊ1 ʠ ʩʨʝʜʳ ʚ
ʨʝʘʢʪʦʨʝ ʊ5, ʪʦ ʝʩʪʴ ʩʦʦʪʥʦʰʝʥʠʝ ʊ5/ʊ1 = 1.

ʉʳʧʫʯʠʡ ʤʘʪʝʨʠʘʣ

ʇʦʜʚʦʜ ʘʢʪʠʚʥʦʛʦ ʧʦʪʦʢʘ ʚʦʟʜʫʭʘ ʂʦʣʴʮʝʚʦʡ ʟʘʟʦʨ

dʢʨ = 80 ʤʤ

dʢʨ = 65 ʤʤ

dʢʨ = 75 ʤʤ

dʢʨ = 60 ʤʤ

dʢʨ= 70 ʤʤ
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ʅʘ ʛʨʘʬʠʢʝ (ʩʤ. ʨʠʩ. 5) ʚʠʜʥʦ, ʯʪʦ ʢʨʠʚʳʝ ʷʚ-
ʣʷʶʪʩʷ ʫʙʳʚʘʶʱʠʤʠ, ʪʦ ʝʩʪʴ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʩʪʝ-
ʧʝʥʠ ʨʘʩʰʠʨʝʥʠʷ ʧʦʪʦʢʘ ʨ1/ʨ2 ʧʦʪʨʝʙʥʦʝ ʩʦʦʪʥʦ-
ʰʝʥʠʝ ʧʣʦʱʘʜʝʡ Sʢʨ / S3 ʫʤʝʥʴʰʘʝʪʩʷ. ʇʨʠ ʫʚʝʣʠ-
ʯʝʥʠʠ ʩʪʝʧʝʥʠ ʩʞʘʪʠʷ ʛʘʟʘ ʨ5/ʨ2 ʢʨʠʚʳʝ ʨʘʩʧʦʣʘ-
ʛʘʶʪʩʷ ʚʳʰʝ, ʪʦ ʝʩʪʴ ʧʨʠ ʧʦʩʪʦʷʥʥʳʭ ʚʭʦʜʥʳʭ
ʟʘʪʨʘʪʘʭ ʵʥʝʨʛʠʠ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʘʢʪʠʚʥʦʛʦ ʛʘ-
ʟʦʚʦʛʦ ʧʦʪʦʢʘ (T1 = const, p1 = const) ʠ ʫʚʝʣʠʯʝʥʠʠ
ʧʨʦʪʠʚʦʜʘʚʣʝʥʠʷ p5 ʧʦʪʨʝʙʥʳʡ ʜʠʘʤʝʪʨ ʛʦʨʣʦʚʠ-
ʥʳ ʩʦʧʣʦʚʦʛʦ ʫʩʪʨʦʡʩʪʚʘ dʢʨ ʫʚʝʣʠʯʠʚʘʝʪʩʷ.

ɼʣʷ ʥʝʩʢʦʣʴʢʠʭ ʩʦʦʪʥʦʰʝʥʠʡ ʪʝʤʧʝʨʘʪʫʨʳ
ʘʢʪʠʚʥʦʛʦ ʧʦʪʦʢʘ ʛʘʟʘ ʠ ʩʨʝʜʳ ʚ ʨʝʘʢʪʦʨʝ
ʊ5 / ʊ1 = 1; 2; 3 ʥʘ ʨʠʩ. 6 ʧʨʝʜʩʪʘʚʣʝʥʳ ʭʘʨʘʢʪʝ-
ʨʠʩʪʠʢʠ, ʚʳʨʘʞʘʶʱʠʝ ʟʘʚʠʩʠʤʦʩʪʴ ʩʦʦʪʥʦʰʝ-
ʥʠʷ ʧʣʦʱʘʜʝʡ ʧʨʦʭʦʜʥʳʭ ʩʝʯʝʥʠʡ ʩʦʧʣʦʚʦʛʦ
ʫʩʪʨʦʡʩʪʚʘ ʠ ʟʘʛʨʫʟʦʯʥʦʡ ʪʨʫʙʳ Sʢʨ / S3 ʦʪ ʩʪʝʧʝ-

ʥʠ ʨʘʩʰʠʨʝʥʠʷ ʧʦʪʦʢʘ ʨ1/ʨ2. ʉʝʤʝʡʩʪʚʘ ʢʨʠʚʳʭ
ʠʟʦʙʨʘʞʝʥʳ ʜʣʷ ʩʪʝʧʝʥʝʡ ʩʞʘʪʠʷ ʛʘʟʘ ʨ5/ʨ2 = 1,1;
1,2. ɺʠʜʥʦ, ʯʪʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʩʦʦʪʥʦʰʝʥʠʷ ʊ5/ʊ1

ʢʨʠʚʘʷ ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʚʳʰʝ, ʪʦ ʝʩʪʴ ʧʦʪʨʝʙʥʘʷ
ʧʣʦʱʘʜʴ ʛʦʨʣʦʚʠʥʳ ʩʦʧʣʦʚʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʫʚʝ-
ʣʠʯʠʚʘʝʪʩʷ. ʂʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 3,
ʫʤʝʥʴʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʘʢʪʠʚʥʦʛʦ ʧʦʪʦʢʘ T1

ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʝʛʦ ʧʦʪʨʝʙʥʦʛʦ ʨʘʩʭʦʜʘ
m1. ʋʚʝʣʠʯʝʥʥʦʤʫ ʧʦʪʨʝʙʥʦʤʫ ʨʘʩʭʦʜʫ ʘʢʪʠʚʥʦ-
ʛʦ ʧʦʪʦʢʘ m1, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʫʚʝ-
ʣʠʯʝʥʥʘʷ ʧʨʦʧʫʩʢʥʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʩʦʧʣʦʚʦʛʦ
ʫʩʪʨʦʡʩʪʚʘ ʧʫʪʸʤ ʫʚʝʣʠʯʝʥʠʷ ʜʠʘʤʝʪʨʘ ʛʦʨʣʦʚʠ-
ʥʳ dʢʨ. ɼʣʷ ʦʜʥʦʛʦ ʠ ʪʦʛʦ ʞʝ ʫʩʪʨʦʡʩʪʚʘ
(Sʢʨ / S3 = const) ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ T5

ʚ ʨʝʘʢʪʦʨʝ ʧʦʪʨʝʙʫʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝ ʜʘʚʣʝʥʠʷ ʧʠ-
ʪʘʥʠʷ ʘʢʪʠʚʥʦʛʦ ʧʦʪʦʢʘ ʛʘʟʘ p1.

ʈʠʩ. 5. ɿʘʚʠʩʠʤʦʩʪʴ ʧʣʦʱʘʜʝʡ ʩʝʯʝʥʠʷ ʛʦʨʣʦʚʠʥʳ ʩʦʧʣʦʚʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʠ ʟʘʛʨʫʟʦʯʥʦʛʦ
ʪʨʫʙʦʧʨʦʚʦʜʘ ʦʪ ʩʪʝʧʝʥʠ ʨʘʩʰʠʨʝʥʠʷ ʩʪʨʫʠ ʘʢʪʠʚʥʦʛʦ ʧʦʪʦʢʘ ʧʨʠ ʫʩʣʦʚʠʷʭ
T5 = T1, k = 1,4, R = 287 ʢɼʞ/(ʢʛĀʂ)

Fig. 5. Dependence between the nozzle throat and charging tube cross-section areas and the active
flow jet expansion ratio at T5 = T1, k = 1,4, R = 287 kJ/(kgĀK)

ʨ5/ʨ2 = 1,15 ʨ5/ʨ2 = 1,10 ʨ5/ʨ2 = 1,05ʨ5/ʨ2 = 1,20

ʨ1/ʨ2












































































