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ÇÇÖÑÖçàÖ

 

ë Ò‡ÏÓ„Ó Ì‡˜‡Î‡ ÍÓÌÒÚÛËÓ‚‡ÌËfl Ú‚Â‰ÓÚÓÔ-
ÎË‚Ì˚ı ‡ÍÂÚÌ˚ı ‰‚Ë„‡ÚÂÎÂÈ ÓÍ‡Á‡ÎÓÒ¸, ˜ÚÓ Ì‡
ÙÓÌÂ ‡Ò˜ÂÚÌÓ„Ó ÒÚ‡ˆËÓÌ‡ÌÓ„Ó ÂÊËÏ‡ Ëı ‡·Ó-
Ú˚ ‚ÓÁÌËÍ‡˛Ú ‡ÁÎË˜ÌÓ„Ó Ó‰‡ ÌÂÒÚ‡ˆËÓÌ‡Ì˚Â
˝ÙÙÂÍÚ˚, Ì‡ÔËÏÂ Ïfl„ÍÓÂ ËÎË ÊÂÒÚÍÓÂ ‚ÓÁ·ÛÊ-
‰ÂÌËÂ ÍÓÎÂ·‡ÌËÈ ÒÍÓÓÒÚË „ÓÂÌËfl Ë ‰‡‚ÎÂÌËfl.
òËÓÍÓÂ ÔËÏÂÌÂÌËÂ ‰‚Ë„‡ÚÂÎÂÈ Ì‡ Ú‚Â‰ÓÏ ÚÓÔ-
ÎË‚Â Ò‚Ë‰ÂÚÂÎ¸ÒÚ‚ÛÂÚ Ó ÚÓÏ, ˜ÚÓ, ÔÓ-‚Ë‰ËÏÓÏÛ, Û
ÍÓÌÒÚÛÍÚÓÓ‚ ÂÒÚ¸ ‰ÓÒÚ‡ÚÓ˜ÌÓ ˝ÙÙÂÍÚË‚Ì˚Â ˝Ï-
ÔËË˜ÂÒÍËÂ ÏÂÚÓ‰˚ ·Ó¸·˚ Ò ̋ ÚËÏË ̃ ‡˘Â ‚ÒÂ„Ó ÌÂ-
ÊÂÎ‡ÚÂÎ¸Ì˚ÏË fl‚ÎÂÌËflÏË, ÍÓÚÓ˚Â Ó·˚˜ÌÓ ‚ÓÁ-
ÌËÍ‡˛Ú ÛÊÂ Ì‡ ÒÚ‡‰ËË ÔÓÂÍÚËÓ‚‡ÌËfl. çÂÒÍÓÎ¸-
ÍÓ ÒÚ‡ÚÂÈ ‚ Ò·ÓÌËÍÂ [1] ÔÓÒ‚fl˘ÂÌ˚ ËÏÂÌÌÓ ̋ ÚÓÏÛ
‡ÒÔÂÍÚÛ ÔÓ·ÎÂÏ˚ ÌÂÛÒÚÓÈ˜Ë‚ÓÒÚË ‡·ÓÚ˚ Ú‚Â-
‰ÓÚÓÔÎË‚ÌÓ„Ó ‰‚Ë„‡ÚÂÎfl. í‡Ï ÊÂ ÛÍ‡Á˚‚‡ÂÚÒfl,
˜ÚÓ ÛÒÔÂıË ‚ ÔÓÌËÏ‡ÌËË ÔÓ·ÎÂÏ˚ Ë ÚÂÓÂÚË˜Â-
ÒÍÓÏ Ó·˙flÒÌÂÌËË ‡ÁÎË˜Ì˚ı ÌÂÒÚ‡ˆËÓÌ‡Ì˚ı fl‚-
ÎÂÌËÈ, Ì‡·Î˛‰‡ÂÏ˚ı ‚ Î‡·Ó‡ÚÓÌ˚ı ËÒÒÎÂ‰Ó‚‡-
ÌËflı Ë ÔË Ô‡ÍÚË˜ÂÒÍÓÏ ÔËÏÂÌÂÌËË Ú‚Â‰˚ı ‡-
ÍÂÚÌ˚ı ÚÓÔÎË‚, ‚ÂÒ¸Ï‡ ÒÍÓÏÌ˚.

èÓÔ˚ÚÍË ÔÓÒÚÓËÚ¸ ÔÓÒÎÂ‰Ó‚‡ÚÂÎ¸ÌÛ˛ ÚÂÓ-
Ë˛ ÌÂÒÚ‡ˆËÓÌ‡Ì˚ı ÔÓˆÂÒÒÓ‚ ‚ Í‡ÏÂÂ Ò„Ó‡-
ÌËfl Ú‚Â‰ÓÚÓÔÎË‚ÌÓ„Ó ‡ÍÂÚÌÓ„Ó ‰‚Ë„‡ÚÂÎfl ÔÓ-
‰ÓÎÊ‡˛ÚÒfl ÛÊÂ ‚ ÚÂ˜ÂÌËÂ ÔflÚË‰ÂÒflÚË ÎÂÚ. ÅÓÎ¸-
¯ËÌÒÚ‚Ó ÔÛ·ÎËÍ‡ˆËÈ, Ó·ÁÓ ÍÓÚÓ˚ı ÏÓÊÌÓ Ì‡ÈÚË
‚ [2], ÔËÌ‡‰ÎÂÊËÚ ËÒÒÎÂ‰Ó‚‡ÚÂÎflÏ ËÁ ëòÄ. ÇÒÂ
˝ÚË ÔÓÔ˚ÚÍË ÓÍ‡Á‡ÎËÒ¸ ·ÂÁÛÒÔÂ¯Ì˚ÏË, ÔÓÒÍÓÎ¸ÍÛ
‰Îfl ÓÔËÒ‡ÌËfl ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl ‡ÍÛÒÚËÍË Ë „ÓÂÌËfl
‡ÏÂËÍ‡ÌÒÍËÂ ‡‚ÚÓ˚ ËÒÔÓÎ¸ÁÛ˛Ú Ó˜ÂÌ¸ ÛÔÓ˘ÂÌ-
Ì˚È ÔÓ‰ıÓ‰.

ÇÓ-ÔÂ‚˚ı, ‡ÒÒÏ‡ÚË‚‡ÂÚÒfl ÚÓÎ¸ÍÓ ÎËÌÂÈÌ˚È
ÓÚÍÎËÍ ÒÍÓÓÒÚË „ÓÂÌËfl ÔÓÓı‡ Ì‡ ÏÂÌfl˛˘ÂÂÒfl
‰‡‚ÎÂÌËÂ. é˜Â‚Ë‰ÌÓ, ˜ÚÓ ÎËÌÂÈÌ˚È ‡Ì‡ÎËÁ ÔÓ-
·ÎÂÏ˚ ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl ÔÓˆÂÒÒ‡ „ÓÂÌËfl ÔÓÓı‡
Ò ‡ÍÛÒÚË˜ÂÒÍËÏ ÔÓÎÂÏ ÏÓÊÂÚ ·˚Ú¸ ËÒÔÓÎ¸ÁÓ‚‡Ì
(‚ ÒÓ‚ÓÍÛÔÌÓÒÚË Ò ÔË·ÎËÊÂÌËÂÏ ÎËÌÂÈÌÓÈ ‡ÍÛ-
ÒÚËÍË) ‰Îfl ‚˚flÒÌÂÌËfl ÛÒÎÓ‚ËÈ ÛÒÚÓÈ˜Ë‚ÓÒÚË ÒÚ‡-
ˆËÓÌ‡ÌÓ„Ó ÂÊËÏ‡ „ÓÂÌËfl ‚ Í‡ÏÂÂ Ò„Ó‡ÌËfl.
é‰Ì‡ÍÓ ‰Îfl ËÒÒÎÂ‰Ó‚‡ÌËfl ÔÓˆÂÒÒÓ‚ Ò ÍÓÌÂ˜ÌÓÈ
‡ÏÔÎËÚÛ‰ÓÈ ‰‡‚ÎÂÌËfl ÌÂÓ·ıÓ‰ËÏÓ ‚˚ÈÚË ËÁ ‡-
ÏÓÍ ÎËÌÂÈÌÓ„Ó ÔË·ÎËÊÂÌËfl.

ÇÓ-‚ÚÓ˚ı, ÔË ËÒÒÎÂ‰Ó‚‡ÌËË ‰‚Ë„‡ÚÂÎÂÈ Ò Í‡-
Ì‡Î¸Ì˚Ï Á‡fl‰ÓÏ ÔÂÌÂ·Â„‡ÂÚÒfl ‚ÎËflÌËÂÏ Ú‡Ì-
„ÂÌˆË‡Î¸ÌÓ„Ó ÔÓÚÓÍ‡ Ì‡ ÒÍÓÓÒÚ¸ „ÓÂÌËfl ÚÓÔÎË-
‚‡ (˝ÓÁËÓÌÌ˚È ˝ÙÙÂÍÚ).

ìÍ‡Á‡ÌÌ˚Â Ó·ÒÚÓflÚÂÎ¸ÒÚ‚‡ Ë fl‰ ÔÎÓıÓ Ó·ÓÒ-
ÌÓ‚‡ÌÌ˚ı ÔÂ‰ÔÓÎÓÊÂÌËÈ, ÔËÌflÚ˚ı ÔË Â¯Â-
ÌËË ÔÓ·ÎÂÏ˚, ÔË‚ÂÎË ËÒÒÎÂ‰Ó‚‡ÚÂÎÂÈ ËÁ ëòÄ
Í ‚˚‚Ó‰Û [3], ˜ÚÓ ÔÓÎÛ˜ÂÌÌ˚Â ‚ ıÓ‰Â ÏÌÓ„ÓÎÂÚÌËı
ËÒÒÎÂ‰Ó‚‡ÌËÈ ÂÁÛÎ¸Ú‡Ú˚ ÌÂ ÏÓ„ÛÚ Ò˜ËÚ‡Ú¸Òfl Â-
¯ÂÌËÂÏ ÔÓ·ÎÂÏ˚ ÌÂÒÚ‡ˆËÓÌ‡ÌÓ„Ó „ÓÂÌËfl ‚
Ú‚Â‰ÓÚÓÔÎË‚ÌÓÏ ‰‚Ë„‡ÚÂÎÂ Ò Í‡Ì‡Î¸Ì˚Ï Á‡fl-
‰ÓÏ. éÚÏÂÚËÏ ‚ ˝ÚÓÈ Ò‚flÁË, ˜ÚÓ ‚ Ì‡¯Ëı ÌÂ‰‡‚ÌËı
‡·ÓÚ‡ı [4, 5] ÔÓÍ‡Á‡ÌÓ, ˜ÚÓ ˝ÓÁËÓÌÌ˚È ˝ÙÙÂÍÚ
Ë„‡ÂÚ Â¯‡˛˘Û˛ ÓÎ¸ ‚ ÚÂÓËË ÌÂÒÚ‡ˆËÓÌ‡-
Ì˚ı fl‚ÎÂÌËÈ ‚ ‰‚Ë„‡ÚÂÎÂ Ì‡ Ú‚Â‰ÓÏ ÚÓÔÎË‚Â.

ÇÒÂ ÒÍ‡Á‡ÌÌÓÂ ‚˚¯Â ÔÓÁ‚ÓÎflÂÚ ÛÚ‚ÂÊ‰‡Ú¸,
˜ÚÓ ‚ Ì‡ÒÚÓfl˘ÂÂ ‚ÂÏfl ÓÚÒÛÚÒÚ‚ÛÂÚ Â¯ÂÌËÂ ÔÓ-
·ÎÂÏ˚ ÌÂÒÚ‡ˆËÓÌ‡Ì˚ı fl‚ÎÂÌËÈ ‚ ‰‚Ë„‡ÚÂÎÂ Ò Í‡-
Ì‡Î¸Ì˚Ï Á‡fl‰ÓÏ. î‡ÍÚË˜ÂÒÍË ÌÂÚ ‰‡ÊÂ Ë ÒÍÓÎ¸-
ÍÓ-ÌË·Û‰¸ ‡ÁÛÏÌÓÈ ÔÓÒÚ‡ÌÓ‚ÍË Á‡‰‡˜Ë.
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Ç ‡ÏÍ‡ı ÙÂÌÓÏÂÌÓÎÓ„Ë˜ÂÒÍÓÈ ÚÂÓËË ÌÂÒÚ‡ˆËÓÌ‡ÌÓ„Ó „ÓÂÌËfl ËÒÒÎÂ‰Ó‚‡Ì˚ ‚ÓÁÏÓÊÌ˚Â ÂÊËÏ˚
„ÓÂÌËfl ‚ Ú‚Â‰ÓÚÓÔÎË‚ÌÓÏ ‡ÍÂÚÌÓÏ ‰‚Ë„‡ÚÂÎÂ Ò ÚÓˆÂ‚˚Ï ‡ÒÔÓÎÓÊÂÌËÂÏ Á‡fl‰‡. ëÙÓÏÛÎËÓ-
‚‡Ì‡ ÒËÒÚÂÏ‡ Û‡‚ÌÂÌËÈ, ÔÓÁ‚ÓÎfl˛˘‡fl ÏÓ‰ÂÎËÓ‚‡Ú¸ ‚Á‡ËÏÓ‰ÂÈÒÚ‚ËÂ „ÓÂÌËfl Ë ‡ÍÛÒÚËÍË ‚ Í‡ÏÂÂ
Ò„Ó‡ÌËfl. éÒÓ·ÂÌÌÓÒÚ¸˛ Á‡‰‡˜Ë fl‚ÎflÂÚÒfl Ì‡ÎË˜ËÂ ‰‚Ûı ı‡‡ÍÚÂÌ˚ı ‚ÂÏÂÌ – ‡ÍÛÒÚË˜ÂÒÍÓ„Ó Ë ‚Â-
ÏÂÌË ËÁÏÂÌÂÌËfl ‡ÏÔÎËÚÛ‰˚ ÍÓÎÂ·‡ÌËÈ ‰‡‚ÎÂÌËfl. ùÚË ‚ÂÏÂÌ‡ ÓÚÎË˜‡˛ÚÒfl ÔËÏÂÌÓ Ì‡ ÚË ÔÓfl‰-
Í‡, ˜ÚÓ ÚÂ·ÛÂÚ ‚˚ÒÓÍÓÈ ÚÓ˜ÌÓÒÚË ˜ËÒÎÂÌÌÓ„Ó ‡Ò˜ÂÚ‡. Ç Í‚‡‰‡ÚË˜ÌÓÏ ÔË·ÎËÊÂÌËË ÔÓ ‡ÏÔÎËÚÛ‰Â
ÍÓÎÂ·‡ÌËÈ ÔÂ‰ÎÓÊÂÌ ·ÓÎÂÂ ÔÓÒÚÓÈ ÏÂÚÓ‰ Â¯ÂÌËfl Á‡‰‡˜Ë, ‚ ÍÓÚÓÓÏ Û˜ËÚ˚‚‡˛ÚÒfl ÚÓÎ¸ÍÓ ˝Ù-
ÙÂÍÚ˚, Ò‚flÁ‡ÌÌ˚Â Ò ı‡‡ÍÚÂÌ˚Ï ‚ÂÏÂÌÂÏ ËÁÏÂÌÂÌËfl ‡ÏÔÎËÚÛ‰˚ ÍÓÎÂ·‡ÌËÈ. óËÒÎÂÌÌ˚Â ÂÁÛÎ¸-
Ú‡Ú˚ ÔÓÎÛ˜ÂÌ˚ ‰Îfl ÔÓÒÚÂÈ¯ÂÈ ÏÓ‰ÂÎË ÔÓÓı‡, ÒÓ‰ÂÊ‡˘ÂÈ ÏËÌËÏ‡Î¸ÌÓÂ ˜ËÒÎÓ Ô‡‡ÏÂÚÓ‚, Ë ÔË
ÓÚÒÛÚÒÚ‚ËË ˝ÌÚÓÔËÈÌ˚ı ‚ÓÎÌ ‚ ÔÓ‰ÛÍÚ‡ı Ò„Ó‡ÌËfl. ç‡È‰ÂÌ˚ ÂÊËÏ˚, ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÂ ÛÒÚÓÈ˜Ë-
‚ÓÏÛ Ë ÌÂÛÒÚÓÈ˜Ë‚ÓÏÛ „ÓÂÌË˛, ‚ ÔÓÒÎÂ‰ÌÂÏ ÒÎÛ˜‡Â ÌÂÎËÌÂÈÌ˚Â ˝ÙÙÂÍÚ˚ ÏÓ„ÛÚ ÔË‚ÂÒÚË Í Ó·‡-
ÁÓ‚‡ÌË˛ Û‰‡Ì˚ı ‚ÓÎÌ ‚ Í‡ÏÂÂ Ò„Ó‡ÌËfl.
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ñÂÎ¸ Ì‡ÒÚÓfl˘ÂÈ ‡·ÓÚ˚ – ËÒÒÎÂ‰Ó‚‡Ú¸ Ó·ÒÛÊ-
‰‡ÂÏÛ˛ ÔÓ·ÎÂÏÛ ‰Îfl Ú‚Â‰ÓÚÓÔÎË‚ÌÓ„Ó ‰‚Ë„‡ÚÂ-
Îfl Ò ÚÓˆÂ‚˚Ï Á‡fl‰ÓÏ. èË ˝ÚÓÏ Á‡‰‡˜‡ ÒÚ‡ÌÓ-
‚ËÚÒfl ÔÓÒÚ‡ÌÒÚ‚ÂÌÌÓ Ó‰ÌÓÏÂÌÓÈ, ˝ÓÁËÓÌÌ˚È
˝ÙÙÂÍÚ ÓÚÒÛÚÒÚ‚ÛÂÚ, ‡ ÌÂÎËÌÂÈÌ˚È ÓÚÍÎËÍ ÒÍÓÓ-
ÒÚË „ÓÂÌËfl Ì‡ ËÁÏÂÌfl˛˘ÂÂÒfl ‰‡‚ÎÂÌËÂ ÏÓÊÂÚ
·˚Ú¸ Ì‡È‰ÂÌ ‚ ‡ÏÍ‡ı ÚÂÓËË áÂÎ¸‰Ó‚Ë˜‡–çÓ‚Ó-
ÊËÎÓ‚‡ [6–8].

å‡ÚÂÏ‡ÚË˜ÂÒÍ‡fl ÔÓÒÚ‡ÌÓ‚Í‡ Á‡‰‡˜Ë, ÔË‚Â‰ÂÌ-
Ì‡fl ‚ ÒÎÂ‰Û˛˘ÂÏ ‡Á‰ÂÎÂ ‡·ÓÚ˚, ‚ÍÎ˛˜‡ÂÚ ÌÂ-
ÎËÌÂÈÌ˚Â Û‡‚ÌÂÌËfl ‡ÍÛÒÚËÍË Ë ÌÂÒÚ‡ˆËÓÌ‡Ì˚Â
Á‡ÍÓÌ˚ „ÓÂÌËfl ‰Îfl ÍÓÌÍÂÚÌÓÈ ÏÓ‰ÂÎË ÔÓÓı‡,
ÍÓÚÓ‡fl ı‡‡ÍÚÂËÁÛÂÚÒfl ÏËÌËÏ‡Î¸Ì˚Ï ÍÓÎË˜Â-
ÒÚ‚ÓÏ Ô‡‡ÏÂÚÓ‚. Ç Á‡‰‡˜Â ÔËÒÛÚÒÚ‚Û˛Ú ‰‚‡ ı‡-
‡ÍÚÂÌ˚ı ‚ÂÏÂÌË – “·˚ÒÚÓÂ” ‡ÍÛÒÚË˜ÂÒÍÓÂ Ë
“ÏÂ‰ÎÂÌÌÓÂ” ‚ÂÏfl ËÁÏÂÌÂÌËfl ‡ÏÔÎËÚÛ‰˚ ÍÓÎÂ-
·‡ÌËÈ. éÌË ÓÚÎË˜‡˛ÚÒfl ÔËÏÂÌÓ Ì‡ ÚË ÔÓfl‰Í‡,
˜ÚÓ ‚˚‰‚Ë„‡ÂÚ ‚˚ÒÓÍËÂ ÚÂ·Ó‚‡ÌËfl Í ÚÓ˜ÌÓÒÚË
˜ËÒÎÂÌÌÓ„Ó ‡Ò˜ÂÚ‡.

Ç ÚÂÚ¸ÂÏ ‡Á‰ÂÎÂ Ì‡ÒÚÓfl˘ÂÈ ‡·ÓÚ˚ ÔÂ‰ÎÓ-
ÊÂÌ ·ÓÎÂÂ ÔÓÒÚÓÈ ÏÂÚÓ‰ Â¯ÂÌËfl Á‡‰‡˜Ë. Ç Í‚‡‰-
‡ÚË˜ÌÓÏ ÔË·ÎËÊÂÌËË ÔÓ ‡ÏÔÎËÚÛ‰Â ÍÓÎÂ·‡ÌËÈ
‰‡‚ÎÂÌËfl ÔÓÎÛ˜ÂÌ‡ ÒËÒÚÂÏ‡ Ó·˚ÍÌÓ‚ÂÌÌ˚ı ‰ËÙ-
ÙÂÂÌˆË‡Î¸Ì˚ı Û‡‚ÌÂÌËÈ ‰Îfl ‡ÏÔÎËÚÛ‰ ‡ÁÎË˜-
Ì˚ı ÏÓ‰ ÍÓÎÂ·‡ÌËÈ. Ç ˝ÚÓÈ ÒËÒÚÂÏÂ ÓÚÒÛÚÒÚ‚Û˛Ú
˝ÙÙÂÍÚ˚, Ò‚flÁ‡ÌÌ˚Â Ò ·˚ÒÚ˚Ï ‡ÍÛÒÚË˜ÂÒÍËÏ
‚ÂÏÂÌÂÏ, ˜ÚÓ ÔÓÁ‚ÓÎflÂÚ ÒÛ˘ÂÒÚ‚ÂÌÌÓ ÒÓÍ‡ÚËÚ¸
‚ÂÏfl ˜ËÒÎÂÌÌ˚ı ‡Ò˜ÂÚÓ‚.

Ç ÔÓÒÎÂ‰ÌÂÏ ‡Á‰ÂÎÂ ÔË‚Â‰ÂÌ˚ ÔËÏÂ˚ ÌÂ-
ÒÚ‡ˆËÓÌ‡Ì˚ı ÂÊËÏÓ‚ „ÓÂÌËfl. ç‡È‰ÂÌ˚ ÂÊË-
Ï˚, ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÂ ÛÒÚÓÈ˜Ë‚ÓÏÛ Ë ÌÂÛÒÚÓÈ˜Ë-
‚ÓÏÛ „ÓÂÌË˛, ‚ ÔÓÒÎÂ‰ÌÂÏ ÒÎÛ˜‡Â ÌÂÎËÌÂÈÌ˚Â
˝ÙÙÂÍÚ˚ ÏÓ„ÛÚ ÔË‚ÂÒÚË Í Ó·‡ÁÓ‚‡ÌË˛ Û‰‡Ì˚ı
‚ÓÎÌ ‚ Í‡ÏÂÂ Ò„Ó‡ÌËfl. á‰ÂÒ¸ ÊÂ ÔÓ‚Â‰ÂÌÓ Ò‡‚-
ÌÂÌËÂ ÂÁÛÎ¸Ú‡ÚÓ‚, ÔÓÎÛ˜ÂÌÌ˚ı Â¯ÂÌËÂÏ ÔÓÎ-
ÌÓÈ Á‡‰‡˜Ë Ë ÔË·ÎËÊÂÌÌ˚Ï ÏÂÚÓ‰ÓÏ.

 

èéëíÄçéÇäÄ áÄÑÄóà 

 

ê‡ÒÒÏ‡ÚË‚‡ÂÚÒfl Ú‚Â‰ÓÚÓÔÎË‚Ì˚È ‡ÍÂÚÌ˚È
‰‚Ë„‡ÚÂÎ¸ Ò ÚÓˆÂ‚˚Ï ‡ÒÔÓÎÓÊÂÌËÂÏ Á‡fl‰‡. á‡‰‡-
˜‡ ÔÓÒÚ‡ÌÒÚ‚ÂÌÌÓ Ó‰ÌÓÏÂÌ‡, ÔË˜ÂÏ ÍÓÓ‰ËÌ‡Ú‡

 

x

 

 = 0 ÒÓÓÚ‚ÂÚÒÚ‚ÛÂÚ ÔÓ‚ÂıÌÓÒÚË „ÓÂÌËfl ÚÓÔÎË‚‡,
‡ 

 

x

 

 = 

 

L

 

 – ÍÓÓ‰ËÌ‡ÚÂ ÔÓÎÓÊÂÌËfl ÒÓÔÎ‡. ìÚÓ˜ÌËÏ,
˜ÚÓ ‚ ÔÓÌflÚËÂ ÔÓ‚ÂıÌÓÒÚË „ÓÂÌËfl ‚ÍÎ˛˜‡ÂÚÒfl Ë
ÚÓÌÍ‡fl ÁÓÌ‡, ‚ ÍÓÚÓÓÈ ÔÓÚÂÍ‡˛Ú ıËÏË˜ÂÒÍËÂ ÔÂ-
‚‡˘ÂÌËfl ‚ ÍÓÌ‰ÂÌÒËÓ‚‡ÌÌÓÈ Ù‡ÁÂ Ë „‡ÁÓÙ‡ÁÌ˚Â
Â‡ÍˆËË. àÌ˚ÏË ÒÎÓ‚‡ÏË, ÍÓÓ‰ËÌ‡Ú‡ 

 

x

 

 = 0 ÒÓÓÚ‚ÂÚ-
ÒÚ‚ÛÂÚ Ó·Î‡ÒÚË, ÎÂÊ‡˘ÂÈ ÏÂÊ‰Û Ì‡˜‡ÎÓÏ Â‡ÍˆËÈ ‚
ÍÓÌ‰ÂÌÒËÓ‚‡ÌÌÓÈ Ù‡ÁÂ Ë Ó·‡ÁÓ‚‡ÌËÂÏ ÍÓÌÂ˜Ì˚ı
ÔÓ‰ÛÍÚÓ‚ „ÓÂÌËfl ÔË 0 

 

≤

 

 

 

t

 

 

 

≤

 

 

 

∞

 

.

Ç „‡ÁÓ‚ÓÈ Ù‡ÁÂ ÔË 0 

 

≤

 

 

 

x

 

 

 

≤

 

 

 

L

 

 ÒËÒÚÂÏ‡, ÓÔËÒ˚‚‡˛-
˘‡fl ÌÂÒÚ‡ˆËÓÌ‡Ì˚Â ‡ÍÛÒÚË˜ÂÒÍËÂ fl‚ÎÂÌËfl, ‚ÍÎ˛-

˜‡ÂÚ Û‡‚ÌÂÌËÂ ÌÂÔÂ˚‚ÌÓÒÚË, Û‡‚ÌÂÌËÂ ùÈÎÂ‡
Ë ÛÒÎÓ‚ËÂ ‡‰Ë‡·‡ÚË˜ÌÓÒÚË:

(1)

á‰ÂÒ¸ 

 

ρ

 

, 

 

p

 

 Ë 

 

g

 

 – ÔÎÓÚÌÓÒÚ¸, ‰‡‚ÎÂÌËÂ Ë ÒÍÓÓÒÚ¸
‰‚ËÊÂÌËfl „‡Á‡ ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ, 

 

γ

 

 – ÔÓÒÚÓflÌÌ‡fl
‡‰Ë‡·‡Ú˚ Ë 

 

a

 

 – ÒÍÓÓÒÚ¸ Á‚ÛÍ‡. ÇÂıÌËÈ ÌÛÎÂ‚ÓÈ
ËÌ‰ÂÍÒ ÓÁÌ‡˜‡ÂÚ ÒÚ‡ˆËÓÌ‡ÌÓÂ ÁÌ‡˜ÂÌËÂ ‚ÂÎË˜Ë-
Ì˚. á‰ÂÒ¸ ÔËÌflÚÓ, ˜ÚÓ ÚÂÏÔÂ‡ÚÛ‡ ÔÓ‰ÛÍÚÓ‚
Ò„Ó‡ÌËfl 

 

T

 

b

 

 Ò‡ÁÛ ÊÂ ÔÓÒÎÂ ÓÍÓÌ˜‡ÌËfl „‡ÁÓÙ‡ÁÌ˚ı
Â‡ÍˆËÈ ÔÓ‰˜ËÌflÂÚÒfl ÛÒÎÓ‚Ë˛ ‡‰Ë‡·‡ÚË˜ÌÓÒÚË:

í‡ÍÓÂ ÔË·ÎËÊÂÌËÂ ËÒÍÎ˛˜‡ÂÚ ÔÓfl‚ÎÂÌËÂ ˝ÌÚÓ-
ÔËÈÌ˚ı ‚ÓÎÌ, ˜ÚÓ ÒÛ˘ÂÒÚ‚ÂÌÌÓ ÛÔÓ˘‡ÂÚ ‡Ì‡ÎËÁ
ÔÓ·ÎÂÏ˚ – ÌÂ ÌÛÊÌÓ ‡ÒÒÏ‡ÚË‚‡Ú¸ Û‡‚ÌÂÌËÂ
ÚÂÔÎÓÔÓ‚Ó‰ÌÓÒÚË ‚ „‡ÁÓ‚ÓÈ Ù‡ÁÂ. ùÚÓ ÔÂ‰ÔÓÎÓ-
ÊÂÌËÂ ÌÂ ‚ÌÓÒËÚ ·ÓÎ¸¯ÓÈ Ó¯Ë·ÍË. ä‡Í ÔÓÍ‡Á‡ÌÓ
‚ [8], ÓÚÌÓÒËÚÂÎ¸Ì‡fl Ó¯Ë·Í‡ ËÏÂÂÚ ÚÓÚ ÊÂ ÔÓfl-
‰ÓÍ, ˜ÚÓ Ë ÓÚÌÓ¯ÂÌËÂ ÔÂÂÔ‡‰‡ ÚÂÏÔÂ‡ÚÛ ‚ ÍÓÌ-
‰ÂÌÒËÓ‚‡ÌÌÓÈ Ù‡ÁÂ Í ÔÓÎÌÓÏÛ ËÁÏÂÌÂÌË˛ ÚÂÏ-
ÔÂ‡ÚÛ˚ ‚ ‚ÓÎÌÂ „ÓÂÌËfl.

èÓˆÂÒÒ „ÓÂÌËfl ‡ÒÒÏ‡ÚË‚‡ÂÚÒfl ‚ ‡ÏÍ‡ı
ÙÂÌÓÏÂÌÓÎÓ„Ë˜ÂÒÍÓÈ ÚÂÓËË ÌÂÒÚ‡ˆËÓÌ‡ÌÓ„Ó
„ÓÂÌËfl [6–8]. éÌ‡ ÔÂ‰ÔÓÎ‡„‡ÂÚ Â¯ÂÌËÂ Û‡‚ÌÂ-
ÌËfl ÚÂÔÎÓÔÓ‚Ó‰ÌÓÒÚË ‚ ÍÓÌ‰ÂÌÒËÓ‚‡ÌÌÓÈ Ù‡ÁÂ
(–

 

∞

 

 < 

 

x

 

 

 

≤

 

 0)

(2)

„‰Â 

 

u

 

 – ÎËÌÂÈÌ‡fl ÒÍÓÓÒÚ¸ „ÓÂÌËfl (ÒÍÓÓÒÚ¸ ‰‚Ë-
ÊÂÌËfl ÍÓÌ‰ÂÌÒËÓ‚‡ÌÌÓÈ Ù‡Á˚ ‚ ‚˚·‡ÌÌÓÈ ÒË-
ÒÚÂÏÂ ÍÓÓ‰ËÌ‡Ú, ÔË ˝ÚÓÏ ÒËÒÚÂÏ‡ Ò‚flÁ‡Ì‡ Ò „‡-
ÌËˆÂÈ ‡Á‰ÂÎ‡ Ù‡Á), ‡ 

 

˚

 

 – ÍÓ˝ÙÙËˆËÂÌÚ ÚÂÏÔÂ‡-
ÚÛÓÔÓ‚Ó‰ÌÓÒÚË ÍÓÌ‰ÂÌÒËÓ‚‡ÌÌÓÈ Ù‡Á˚.

çÂÓ·ıÓ‰ËÏ˚Ï ˝ÎÂÏÂÌÚÓÏ ÚÂÓËË fl‚Îfl˛ÚÒfl
ÒÚ‡ˆËÓÌ‡Ì˚Â Á‡‚ËÒËÏÓÒÚË ÒÍÓÓÒÚË „ÓÂÌËfl Ë
ÚÂÏÔÂ‡ÚÛ˚ ÔÓ‚ÂıÌÓÒÚË ÓÚ ‰‡‚ÎÂÌËfl 

 

p

 

 Ë Ì‡-
˜‡Î¸ÌÓÈ ÚÂÏÔÂ‡ÚÛ˚ 

 

T

 

a

 

.
çËÊÂ ËÒÒÎÂ‰ÛÂÚÒfl ÍÓÌÍÂÚÌ‡fl ÏÓ‰ÂÎ¸ Ú‚Â‰Ó-

„Ó ÚÓÔÎË‚‡. éÌ‡ ‚˚·‡Ì‡ Ú‡Í, ˜ÚÓ·˚ Á‡‰‡˜‡ ÒÓ-
‰ÂÊ‡Î‡ ÏËÌËÏ‡Î¸ÌÓÂ ˜ËÒÎÓ Ô‡‡ÏÂÚÓ‚. èÓ-
ÒÚÂÈ¯‡fl ÏÓ‰ÂÎ¸, Û‰Ó‚ÎÂÚ‚Ófl˛˘‡fl ˝ÚÓÏÛ ÛÒÎÓ-
‚Ë˛, ÓÔÂ‰ÂÎflÂÚÒfl ÒÎÂ‰Û˛˘ËÏË ÒÚ‡ˆËÓÌ‡Ì˚ÏË
Á‡‚ËÒËÏÓÒÚflÏË:

(3)

„‰Â 

 

A

 

, 

 

B

 

, 

 

ν

 

, 

 

β

 

 Ë 

 

β

 

s

 

 – ÍÓÌÒÚ‡ÌÚ˚.
Ç ÌÂÒÚ‡ˆËÓÌ‡ÌÓÈ ÚÂÓËË „ÓÂÌËfl ÍÓÌ‰ÂÌÒËÓ-

‚‡ÌÌ˚ı ˝ÌÂ„ÂÚË˜ÂÒÍËı ÒËÒÚÂÏ ÒÚ‡ˆËÓÌ‡Ì˚Â Á‡ÍÓ-

∂ρ
∂t
------ ∂ρg

∂x
---------+ 0, ρ ∂g

∂t
------ g

∂g
∂x
------+⎝ ⎠

⎛ ⎞ ∂p
∂x
------– ,= =

ρ γ p0

a2
-------- p

p0
-----⎝ ⎠

⎛ ⎞
1
γ
---

, a2 γ p0

ρ0
--------.= =

x 0,
Tb

Tb
0

----- p

p0
-----⎝ ⎠

⎛ ⎞ γ 1–( )/γ
.= =

∂T
∂t
------ ˚

∂2T

∂x2
--------- u

∂T
∂x
------,–=

u0 A p0( )ν βTa( ), u0exp B βsTs
0( ),exp= =
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Ì˚ „ÓÂÌËfl (3) ‰ÓÎÊÌ˚ ·˚Ú¸ ÔÂÂ‚Â‰ÂÌ˚ ‚ ÌÂÒÚ‡ˆË-
ÓÌ‡Ì˚Â. ÑÎfl ˝ÚÓ„Ó, ÔÂÊ‰Â ‚ÒÂ„Ó, ËÁ ÏËıÂÎ¸ÒÓÌÓ‚-
ÒÍÓ„Ó ‚˚‡ÊÂÌËfl ‰Îfl ÒÚ‡ˆËÓÌ‡ÌÓ„Ó ‡ÒÔÂ‰ÂÎÂÌËfl
ÚÂÏÔÂ‡ÚÛ ‚ ÍÓÌ‰ÂÌÒËÓ‚‡ÌÌÓÈ Ù‡ÁÂ

„‰Â  – ÚÂÏÔÂ‡ÚÛ‡ ‡Á‰ÂÎ‡ Ù‡Á, Ì‡È‰ÂÏ Ò‚flÁ¸
Ì‡˜‡Î¸ÌÓÈ ÚÂÏÔÂ‡ÚÛ˚ Ë „‡‰ËÂÌÚ‡ ÚÂÏÔÂ‡ÚÛ-
˚ ÌÂÔÓÒÂ‰ÒÚ‚ÂÌÌÓ Û „‡ÌËˆ˚ ‡Á‰ÂÎ‡ Ù‡Á

á‡ÏÂÌ‡ ‚ (3) Ì‡˜‡Î¸ÌÓÈ ÚÂÏÔÂ‡ÚÛ˚ Ì‡ ÂÂ ‚˚‡-
ÊÂÌËÂ ˜ÂÂÁ „‡‰ËÂÌÚ Ë ËÒÍÎ˛˜ÂÌËÂ ËÌ‰ÂÍÒ‡ ÒÚ‡-
ˆËÓÌ‡ÌÓ„Ó ÂÊËÏ‡ ÔË‚Ó‰ËÚ Í ËÒÍÓÏ˚Ï ÌÂÒÚ‡-
ˆËÓÌ‡Ì˚Ï Á‡ÍÓÌ‡Ï „ÓÂÌËfl:

(4)

èÂÂÈ‰ÂÏ Í ÙÓÏÛÎËÓ‚ÍÂ „‡ÌË˜Ì˚ı ÛÒÎÓ-
‚ËÈ. Ç ËÒıÓ‰ÌÓÏ ÒÓÒÚÓflÌËË ÚÓÔÎË‚Ó ËÏÂÂÚ Ì‡˜‡Î¸-
ÌÛ˛ ÚÂÏÔÂ‡ÚÛÛ, ÔÓ˝ÚÓÏÛ

 

x

 

  –

 

∞

 

,

 

T

 

 = 

 

T

 

a

 

. (5)

ç‡ ÔÓ‚ÂıÌÓÒÚË ‡Á‰ÂÎ‡ Ù‡Á ÚÂÏÔÂ‡ÚÛ‡ ÍÓÌ‰ÂÌ-
ÒËÓ‚‡ÌÌÓÈ Ù‡Á˚ ‡‚Ì‡ ÔÓ ÓÔÂ‰ÂÎÂÌË˛ ÚÂÏÔÂ-
‡ÚÛÂ ÔÓ‚ÂıÌÓÒÚË, ‡ ÔÓÚÓÍ Ï‡ÒÒ˚ ÌÂÔÂ˚‚ÂÌ:

 

x

 

 = 0,

 

T

 

 = 

 

T

 

s

 

(

 

t

 

);

 

x

 

 = 0,

 

ρ

 

c

 

u

 

 = 

 

ρ

 

g

 

, (6)

„‰Â 

 

ρ

 

c

 

 – ÔÎÓÚÌÓÒÚ¸ ÍÓÌ‰ÂÌÒËÓ‚‡ÌÌÓÈ Ù‡Á˚.
ç‡ÍÓÌÂˆ, „‡ÌË˜ÌÓÂ Û‡‚ÌÂÌËÂ ÔË ‚ıÓ‰Â „‡Á‡

‚ ÒÓÔÎÓ ËÏÂÂÚ ‚Ë‰ [9]

(7)

„‰Â 

 

S

 

min

 

 Ë 

 

S

 

 – ÔÎÓ˘‡‰Ë ÒÂ˜ÂÌËfl ÒÓÔÎ‡ Ë Í‡ÏÂ˚ Ò„Ó-
‡ÌËfl.

ÑÎfl ‰‡Î¸ÌÂÈ¯Â„Ó ‡Ì‡ÎËÁ‡ ÔÂÂ‚Â‰ÂÏ ÔÓÒÚ‡ÌÓ‚-
ÍÛ Á‡‰‡˜Ë ‚ ·ÂÁ‡ÁÏÂÌÛ˛ ÙÓÏÛ. èË ˝ÚÓÏ Û‰Ó·-
ÌÓ ‡ÒÒÏ‡ÚË‚‡Ú¸ ‚ÂÎË˜ËÌ˚, ÍÓÚÓ˚Â ÔÂ‰ÒÚ‡‚-
Îfl˛Ú ÒÓ·Ó˛ ‰Ó·‡‚ÍË Í ÒÚ‡ˆËÓÌ‡Ì˚Ï ÁÌ‡˜ÂÌËflÏ
‚ÂÎË˜ËÌ.

é·ÂÁ‡ÁÏÂË‚‡ÌËÂ ÔÓÒÚ‡ÌÒÚ‚ÂÌÌ˚ı ÍÓÓ‰Ë-
Ì‡Ú ÔÓËÁ‚Ó‰ËÚÒfl ÔË ÔÓÏÓ˘Ë ı‡‡ÍÚÂÌ˚ı ‚ÂÎË-
˜ËÌ: 

 

˚

 

/

 

u

 

0

 

 – ‰Îfl ÍÓÌ‰ÂÌÒËÓ‚‡ÌÌÓÈ Ù‡Á˚ Ë 

 

L – ‰Îfl
„‡ÁÓ‚ÓÈ. ÇÂÏfl Ó·ÂÁ‡ÁÏÂË‚‡ÂÚÒfl Ì‡ ı‡‡ÍÚÂ-
ÌÓÂ ‚ÂÏfl „‡ÁÓ‚ÓÈ Ù‡Á˚ L/a:

T0 x( ) Ta Ts
0 Ta–( ) u0x/˚( ),exp+=

Ts
0

Ta Ts
0 ˚ f 0

u0
---------, f 0–

∂T0

∂x
---------

x 0=

.= =

u A pν β Ts
˚ f
u

-------–⎝ ⎠
⎛ ⎞ , u B βsTs( ).exp=exp=

x L, u Γ γp
ρ
-----, Γ 2

γ 1+
------------⎝ ⎠

⎛ ⎞
γ 1+

2 γ 1–( )
--------------------

Smin

S
---------,= = =

∞ x 0, ξ u0

˚
-----x, ∞ ξ 0;≤<–=≤<–

0 x L, ξ x
L
---, 0 ξ 1;≤ ≤=≤ ≤

τ a
L
---t.=

çËÊÂ ËÒÔÓÎ¸ÁÛ˛ÚÒfl ÒÎÂ‰Û˛˘ËÂ ·ÂÁ‡ÁÏÂÌ˚Â
ÙÛÌÍˆËË, Ëı ‡„ÛÏÂÌÚ˚ Ë ÓÔÂ‰ÂÎfl˛˘ËÂ Á‡‰‡˜Û
Ô‡‡ÏÂÚ˚:

(8)

á‰ÂÒ¸ M – ˜ËÒÎÓ å‡ı‡ ‰Îfl ÔÓ‰ÛÍÚÓ‚ „ÓÂÌËfl, ‡
χ – ‡ÔÔ‡‡ÚÛÌ‡fl ÍÓÌÒÚ‡ÌÚ‡, Ú.Â. ÓÚÌÓ¯ÂÌËÂ ı‡-
‡ÍÚÂÌÓ„Ó ‡ÍÛÒÚË˜ÂÒÍÓ„Ó ‚ÂÏÂÌË L/a Í ı‡‡Í-
ÚÂÌÓÏÛ ‚ÂÏÂÌË ÍÓÌ‰ÂÌÒËÓ‚‡ÌÌÓÈ Ù‡Á˚ ̊ /(u0)2. 

Ç ˝ÚËı ÔÂÂÏÂÌÌ˚ı Û‡‚ÌÂÌËfl (1) Ë (2) ÔË τ ≥ 0
ÔËÌËÏ‡˛Ú ‚Ë‰

(9)

çÂÒÚ‡ˆËÓÌ‡Ì˚Â Á‡ÍÓÌ˚ „ÓÂÌËfl (4) Á‡ÔËÒ˚-
‚‡˛ÚÒfl Í‡Í

(10)

„‰Â

ç‡ÍÓÌÂˆ, ‰Îfl „‡ÌË˜Ì˚ı ÛÒÎÓ‚ËÈ (5)–(7) ËÏÂÂÏ

(11)

ëËÒÚÂÏ‡ (9)–(11) ‚ÍÎ˛˜‡ÂÚ ‚ ÒÂ·fl ÌÂËÁ‚ÂÒÚÌ˚Â
ÙÛÌÍˆËË v(τ), ϑ(τ), ϕ(τ), θ(ξ, τ), η(ξ, τ), g(ξ, τ) Ë Ô‡-
‡ÏÂÚ˚ ν, k, r, γ, M, χ.

θ T T0–

T0 Ta–
-----------------, ϑ

Ts Ts
0–

Ts
0 Ta–

-----------------, ϕ f

f 0
----- 1,–= = =

v
u

u0
----- 1, ζ– γ g g0–

a
--------------, η p

p0
----- 1,–= = =

M
g0

a
-----, χ u0( )2

L
˚a

---------------.= =

∞ ξ 0,≤<–

1
χ
---∂θ

∂τ
------ ∂2θ

∂ξ2
-------- 1 v+( )∂θ

∂ξ
------ v ξ( ),exp––=

0 ξ 1,≤ ≤

γ ∂
∂τ
----- 1 η+( )

1
γ
--- ∂

∂ξ
------ 1 η+( )

1
γ
---

ζ γM+( )+ 0,=

1 η+( )
1
γ
--- ∂ζ

∂τ
------ ζ

γ
-- M+⎝ ⎠

⎛ ⎞ ∂ζ
∂ξ
------+

∂η
∂ξ
------.–=

v 1 p+( )ν k
ϑ v ϕ– ϑv+ +

1 v+
--------------------------------------⎝ ⎠

⎛ ⎞ 1,–exp=

v
k
r
--ϑ⎝ ⎠

⎛ ⎞exp 1,–=

k β Ts
0 Ta–( ), r β/βs.= =

ξ ∞, θ– 0;=

ξ 0, θ ϑ,= =

1 η+( )
1
γ
---

ζ γM+( ) γM 1 v+( );=

ξ 1, ζ γM 1 η+( )
γ 1–
2γ

-----------

1– .= =
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çÓ‚ÓÊËÎÓ‚ Ë ‰.

Ç ÒÚ‡ˆËÓÌ‡ÌÓÏ ÂÊËÏÂ ‚ÒÂ ÔÂÂ˜ËÒÎÂÌÌ˚Â
‚˚¯Â ÙÛÌÍˆËË ‡‚Ì˚ ÌÛÎ˛.

èêàÅãàÜÖççõâ åÖíéÑ

êÂ¯ÂÌËÂ Á‡‰‡˜Ë (9)–(11) ÓÚ ÌÂÍÓÚÓ˚ı Ì‡˜‡Î¸-
Ì˚ı ÛÒÎÓ‚ËÈ ÔÂ‰ÒÚ‡‚ÎflÂÚ ÒÓ·Ó˛ ÍÓÎÂ·‡ÌËfl ‰‡‚-
ÎÂÌËfl Ë ‰Û„Ëı ‚ÂÎË˜ËÌ Ò ÔÂËÓ‰ÓÏ ÔÓfl‰Í‡ ‡ÍÛ-
ÒÚË˜ÂÒÍÓ„Ó ‚ÂÏÂÌË. ÄÏÔÎËÚÛ‰‡ ÊÂ ÍÓÎÂ·‡ÌËÈ
ËÁÏÂÌflÂÚÒfl „Ó‡Á‰Ó ÏÂ‰ÎÂÌÌÂÂ, ‡ ËÏÂÌÌÓ ÓˆÂÌË‚‡-
ÂÚÒfl Í‡Í ı‡‡ÍÚÂÌÓÂ ‚ÂÏfl ËÁÏÂÌÂÌËfl ÔÓfl‰Í‡
‡ÍÛÒÚË˜ÂÒÍÓ„Ó ‚ÂÏÂÌË, ‰ÂÎÂÌÌÓÂ Ì‡ ˜ËÒÎÓ å‡ı‡.
(ÑÎfl ‡ÒÒÏ‡ÚË‚‡ÂÏ˚ı ÒËÒÚÂÏ ˜ËÒÎÓ å‡ı‡ ‡‚ÌÓ
~10–3.) ç‡ÎË˜ËÂ ‰‚Ûı Ú‡Í ÒËÎ¸ÌÓ ‡ÁÎË˜‡˛˘ËıÒfl
Ï‡Ò¯Ú‡·Ó‚ ‚ÂÏÂÌË ÔË‚Ó‰ËÚ Í ÁÌ‡˜ËÚÂÎ¸Ì˚Ï
ÚÛ‰ÌÓÒÚflÏ ÔË ˜ËÒÎÂÌÌÓÏ ËÒÒÎÂ‰Ó‚‡ÌËË Á‡‰‡˜Ë.

ñÂÎ¸ Ì‡ÒÚÓfl˘Â„Ó ‡Á‰ÂÎ‡ ÒÓÒÚÓËÚ ‚ ÔË·ÎË-
ÊÂÌÌÓÏ Â¯ÂÌËË Á‡‰‡˜Ë, ÓÒÌÓ‚‡ÌÌÓÏ Ì‡ ‡ÒÒÏÓÚ-
ÂÌËË ÚÓÎ¸ÍÓ ÏÂ‰ÎÂÌÌÓ„Ó ËÁÏÂÌÂÌËfl ‡ÏÔÎËÚÛ‰˚
ÍÓÎÂ·‡ÌËÈ.

Ç ‡ÍÛÒÚË˜ÂÒÍÓÏ ÔË·ÎËÊÂÌËË (ÓÚÒÛÚÒÚ‚ËÂ Û‰‡-
Ì˚ı ‚ÓÎÌ) ‡ÏÔÎËÚÛ‰˚ ÍÓÎÂ·‡ÌËÈ ÒÍÓÓÒÚË „‡Á‡ Ë
‰‡‚ÎÂÌËfl Ï‡Î˚. èÓ˝ÚÓÏÛ ‡ÒÒÏ‡ÚË‚‡ÂÚÒfl ÌËÁ¯ÂÂ
ÌÂÎËÌÂÈÌÓÂ ÔË·ÎËÊÂÌËÂ, ‡ ËÏÂÌÌÓ Í‚‡‰‡ÚË˜ÌÓÂ
ÔÓ ‡ÏÔÎËÚÛ‰Â ÍÓÎÂ·‡ÌËÈ ‰‡‚ÎÂÌËfl „‡Á‡.

ì˜ÂÚ ‰‚ËÊÂÌËfl ÒÂ‰˚ ÔË‚Ó‰ËÚ Í ÔÓÔ‡‚Í‡Ï ‚
ÍÓÏÔÎÂÍÒÌÓÈ ˜‡ÒÚÓÚÂ ÍÓÎÂ·‡ÌËÈ ÔÓfl‰Í‡ Í‚‡‰‡-
Ú‡ ˜ËÒÎ‡ å‡ı‡. ùÚËÏË ÔÓÔ‡‚Í‡ÏË ÔÂÌÂ·Â„‡ÂÏ
Ë ‚ Û‡‚ÌÂÌËflı „Ë‰Ó‰ËÌ‡ÏËÍË ÓÔÛÒÍ‡ÂÏ ˜ÎÂÌ˚,
Ò‚flÁ‡ÌÌ˚Â Ò ‰‚ËÊÂÌËÂÏ ÒÂ‰˚.

é·‡ÚËÏÒfl ÔÂÊ‰Â ‚ÒÂ„Ó Í Û‡‚ÌÂÌËflÏ, ÓÔËÒ˚-
‚‡˛˘ËÏ ‡ÍÛÒÚË˜ÂÒÍÓÂ ‰‚ËÊÂÌËÂ. àÁ (9) ‚ ÎËÌÂÈ-
ÌÓÏ ÔË·ÎËÊÂÌËË ÔÓÎÛ˜‡ÂÏ Û‡‚ÌÂÌËÂ ÌÂÔÂ˚‚-
ÌÓÒÚË Ë Û‡‚ÌÂÌËÂ ùÈÎÂ‡ ‚ ‚Ë‰Â

(12)

Ç Í‚‡‰‡ÚË˜ÌÓÏ ÊÂ ÔË·ÎËÊÂÌËË ËÏÂÂÏ

àÒÔÓÎ¸ÁÛfl ÎËÌÂÈÌ˚Â ÒÓÓÚÌÓ¯ÂÌËfl (12), ÔË‚Â‰ÂÏ
˝ÚË Û‡‚ÌÂÌËfl Í ‚Ë‰Û

(13)

Ç ÔÓÒÚÂÈ¯ÂÏ ÒÎÛ˜‡Â ÍÎ‡ÒÒË˜ÂÒÍÓÈ ‡ÍÛÒÚËÍË,
„‰Â Û‡‚ÌÂÌËfl ÎËÌÂÈÌ˚, ‡ Ì‡ „‡ÌËˆ‡ı Á‡‰‡Ì˚ ÌÛ-
ÎÂ‚˚Â ÛÒÎÓ‚Ëfl ‰Îfl ‚ÓÁÏÛ˘ÂÌËÈ ÒÍÓÓÒÚË „‡Á‡, Â-
¯ÂÌËÂ ÔÂ‰ÒÚ‡‚ÎflÂÚÒfl ÒÛÏÏÓÈ „‡ÏÓÌËÍ:

∂η
∂τ
------ ∂ζ

∂ξ
------+ 0, ∂ζ

∂τ
------ ∂η

∂ξ
------+ 0.= =

∂η
∂τ
------ ∂ζ

∂ξ
------+

γ 1–
2γ

-----------∂η2

∂τ
--------- 1

γ
---∂ηζ

∂ξ
----------,–=

∂ζ
∂τ
------ ∂η

∂ξ
------+

1
γ
---η∂ζ

∂τ
------ 1

2γ
------∂ζ2

∂ξ
--------.––=

∂η
∂τ
------ ∂ζ

∂ξ
------+

1
2γ
------ ∂

∂τ
----- γ η2 ζ2+( ),=

∂ζ
∂τ
------ ∂η

∂ξ
------+

1
2γ
------ ∂

∂ξ
------ η2 ζ2–( ).=

á‰ÂÒ¸ ÒËÏ‚ÓÎ Ò.Ò. ÓÁÌ‡˜‡ÂÚ ÍÓÏÔÎÂÍÒÌÓÂ ÒÓÔflÊÂ-
ÌËÂ, ‡ Pn – ÔÓÒÚÓflÌÌ˚Â ‡ÏÔÎËÚÛ‰˚, ÁÌ‡˜ÂÌËfl ÍÓÚÓ-
˚ı ‚ ÎËÌÂÈÌÓÏ ÔË·ÎËÊÂÌËË ÌÂ ÓÔÂ‰ÂÎÂÌ˚; ˜‡-
ÒÚÓÚ˚ Ë ‚ÓÎÌÓ‚˚Â ‚ÂÍÚÓ˚ ‰Îfl Î˛·ÓÈ „‡ÏÓÌËÍË ‚
‚˚·‡ÌÌ˚ı ·ÂÁ‡ÁÏÂÌ˚ı ÔÂÂÏÂÌÌ˚ı Ó‰ËÌ‡ÍÓ‚˚:

(14)

Ç ‡ÒÒÏ‡ÚË‚‡ÂÏÓÈ Ì‡ÏË Á‡‰‡˜Â „‡ÌË˜Ì˚Â
ÛÒÎÓ‚Ëfl Ì‡ ÔÓ‚ÂıÌÓÒÚË „ÓÂÌËfl (ξ = 0) Ë Ì‡ ÒÓÔÎÂ
(ξ = 1) ËÒÍÎ˛˜‡˛Ú ‚ÓÁÏÓÊÌÓÒÚ¸ ‚ÓÁÌËÍÌÓ‚ÂÌËfl
ÛÁÎÓ‚ ‚ÓÁÏÛ˘ÂÌËÈ ÒÍÓÓÒÚË „‡Á‡ Ì‡ „‡ÌËˆ‡ı Í‡-
ÏÂ˚ Ò„Ó‡ÌËfl, ÍÓÚÓ˚Â ËÏÂ˛Ú ÔÓfl‰ÓÍ ˜ËÒÎ‡
å‡ı‡. ùÚÓ Ó·ÒÚÓflÚÂÎ¸ÒÚ‚Ó Ë ÌÂÎËÌÂÈÌÓÒÚ¸ Û‡‚-
ÌÂÌËÈ ‡ÍÛÒÚËÍË ÔË‚Ó‰ËÚ Í Á‡‚ËÒËÏÓÒÚË ‡ÏÔÎËÚÛ‰
ÍÓÎÂ·‡ÌËÈ ‰‡‚ÎÂÌËfl Ë ÒÍÓÓÒÚË „‡Á‡ ÓÚ ‚ÂÏÂÌË.
ÅÛ‰ÂÏ ËÒÍ‡Ú¸ Â¯ÂÌËÂ Á‡‰‡˜Ë ‚ ‚Ë‰Â

(15)

„‰Â ηn(τ) – ‡ÏÔÎËÚÛ‰˚, ËÁÏÂÌÂÌËfl ÍÓÚÓ˚ı ÒÓ ‚Â-
ÏÂÌÂÏ ÔÓËÒıÓ‰ËÚ ‚ Ï‡Ò¯Ú‡·Â ÏÂ‰ÎÂÌÌÓ„Ó ‚ÂÏÂ-
ÌË, ‡ f(τ) – ÙÛÌÍˆËË ÔÓfl‰Í‡ ηn, ÒÓ‰ÂÊ‡˘ËÂ Í‡Í
ÏÂ‰ÎÂÌÌÓÂ, Ú‡Í Ë ·˚ÒÚÓÂ ‚ÂÏfl. àı fl‚Ì˚È ‚Ë‰ ‚
‰‡Î¸ÌÂÈ¯ÂÏ ÌÂ ÔÓÌ‡‰Ó·ËÚÒfl.

ç‡È‰ÂÏ Û‡‚ÌÂÌËfl ‰Îfl ÍÓÏÔÎÂÍÒÌ˚ı ‡ÏÔÎËÚÛ‰
ÍÓÎÂ·‡ÌËÈ ηn.

ìÏÌÓÊËÏ Û‡‚ÌÂÌËÂ ÌÂÔÂ˚‚ÌÓÒÚË (13) Ì‡
cosknξ Ë ÔÓËÌÚÂ„ËÛÂÏ ÔÓ ÔÓÒÚ‡ÌÒÚ‚ÂÌÌÓÈ ÍÓ-
Ó‰ËÌ‡ÚÂ ÓÚ ÌÛÎfl ‰Ó Â‰ËÌËˆ˚, ËÒÔÓÎ¸ÁÛfl ‡ÁÎÓÊÂ-
ÌËfl (15). èË ˝ÚÓÏ ËÌÚÂ„‡Î ÓÚ ÔÓËÁ‚Ó‰ÌÓÈ ÔÓ ÍÓ-
Ó‰ËÌ‡ÚÂ ËÌÚÂ„ËÛÂÏ ÔÓ ˜‡ÒÚflÏ. ëÓÍ‡˘‡fl Â-
ÁÛÎ¸Ú‡Ú Ì‡ ÏÌÓÊËÚÂÎ¸ exp(iωnτ), ‚˚‰ÂÎËÏ ÚÂÏ
Ò‡Ï˚Ï ÏÂ‰ÎÂÌÌÓÂ ‰‚ËÊÂÌËÂ. Ç ÂÁÛÎ¸Ú‡ÚÂ ÔÓÎÛ˜ËÏ

η cl( ) Pne
iωnτ

c.c.+( ) knξ,cos
n 1=

∞

∑=

ζ cl( ) iPne
iωnτ

c.c.+–( ) knξ.sin
n 1=

∞

∑=

ωn nπ, kn nπ.= =

η ηn τ( )e
iωnτ

c.c.+( )[ knξ +cos
n 1=

∞

∑=

+ M f η τ( ) knξ ],sin

ζ iη– n τ( )e
iωnτ

c.c.+( )[ knξ +sin
n 1=

∞

∑=

+ M f ζ τ( ) knξ ],cos

1
2
---

dηn

dτ
--------- ζ knξ ξ 1= ζ ξ 0= +∫+cos–=

+
iωn

2γ
-------- γ η2 ζ2+( ) knξcos ξd

0

1

∫
ωn

,
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„‰Â ‚˚‡ÊÂÌËÂ Ò ËÌ‰ÂÍÒÓÏ ωn ÓÁÌ‡˜‡ÂÚ, ̃ ÚÓ ÓÌÓ fl‚-
ÎflÂÚÒfl ÍÓ˝ÙÙËˆËÂÌÚÓÏ ÔË ÏÌÓÊËÚÂÎÂ exp(iωnτ).

èÓÒÚÛÔ‡fl ‡Ì‡ÎÓ„Ë˜Ì˚Ï Ó·‡ÁÓÏ Ò Û‡‚ÌÂÌËÂÏ
ùÈÎÂ‡ (13), ËÏÂÂÏ

ëÎÓÊÂÌËÂ ‰‚Ûı ÔÓÒÎÂ‰ÌËı ÒÓÓÚÌÓ¯ÂÌËÈ ‰‡ÂÚ
Û‡‚ÌÂÌËÂ ‰Îfl ‡ÏÔÎËÚÛ‰˚ ÍÓÎÂ·‡ÌËÈ:

(16)

íË ˜ÎÂÌ‡ Ô‡‚ÓÈ ˜‡ÒÚË ÒÓÓÚ‚ÂÚÒÚ‚Û˛Ú ‚ÍÎ‡‰‡Ï
ÓÚ ÒÓÔÎ‡, ÔÓ‚ÂıÌÓÒÚË „ÓÂÌËfl Ë ‡ÍÛÒÚË˜ÂÒÍÓÈ ÌÂ-
ÎËÌÂÈÌÓÒÚË.

Ç Á‡‰‡˜Â ÔËÒÛÚÒÚ‚Û˛Ú ‰‚Â Ï‡Î˚Â ‚ÂÎË˜ËÌ˚ –
˜ËÒÎÓ å‡ı‡ Ë ‡ÏÔÎËÚÛ‰‡ ÍÓÎÂ·‡ÌËÈ. Ç ‰‡Î¸ÌÂÈ-
¯ÂÏ Û‰ÂÊË‚‡ÂÏ ˜ÎÂÌ˚ ÔÓfl‰Í‡ Maηk Ë ηkηi.

àÒÔÓÎ¸ÁÛfl „‡ÌË˜ÌÓÂ ÛÒÎÓ‚ËÂ Ì‡ ÒÓÔÎÂ (11),
‰Îfl ÔÂ‚Ó„Ó ˜ÎÂÌ‡ Ô‡‚ÓÈ ˜‡ÒÚË Û‡‚ÌÂÌËfl (16)
Ì‡ıÓ‰ËÏ

(17)

ÑÎfl ‚˚˜ËÒÎÂÌËfl ÚÂÚ¸Â„Ó ˜ÎÂÌ‡ Ô‡‚ÓÈ ˜‡ÒÚË
Û‡‚ÌÂÌËfl (16) ËÒÔÓÎ¸ÁÛÂÏ ÒÓÒÚ‡‚Îfl˛˘ËÂ (15), ÌÂ
ÒÓ‰ÂÊ‡˘ËÂ ˜ËÒÎ‡ å‡ı‡. èÓÒÚ˚Â ‚˚˜ËÒÎÂÌËfl
ÔË‚Ó‰flÚ Í ÒÎÂ‰Û˛˘ÂÏÛ ÂÁÛÎ¸Ú‡ÚÛ:

(18)

„‰Â ˜ÂÚ‡ ‚ Ô‡‚ÓÈ ˜‡ÒÚË (18) ÓÁÌ‡˜‡ÂÚ ÍÓÏÔÎÂÍÒ-
ÌÓÂ ÒÓÔflÊÂÌËÂ.

èË ‚˚˜ËÒÎÂÌËË ‚ÚÓÓ„Ó ˜ÎÂÌ‡ Ô‡‚ÓÈ ˜‡ÒÚË
Û‡‚ÌÂÌËfl (16), ÓÔËÒ˚‚‡˛˘Â„Ó „ÓÂÌËÂ, ‚ÓÁÌËÍ‡-
˛Ú ˜ÎÂÌ˚ ÔÓfl‰Í‡ MUksηkηs, ÒÓ‰ÂÊ‡˘ËÂ ÌÂÎË-
ÌÂÈÌÛ˛ ÙÛÌÍˆË˛ ÓÚÍÎËÍ‡ ÒÍÓÓÒÚË „ÓÂÌËfl Ì‡
ÓÒˆËÎÎËÛ˛˘ÂÂ ‰‡‚ÎÂÌËÂ Uks. ä‡Í ÔÓÍ‡Á‡ÌÓ ‚ [10],
ÓÌ‡ ÏÓÊÂÚ ·˚Ú¸ ‰ÓÒÚ‡ÚÓ˜ÌÓ ‚ÂÎËÍ‡. èÓ˝ÚÓÏÛ ‚Â-
ÎË˜ËÌ˚ ÛÍ‡Á‡ÌÌÓ„Ó ÔÓfl‰Í‡ ÚÓÊÂ Û‰ÂÊË‚‡˛ÚÒfl
‚ ‰‡Î¸ÌÂÈ¯Ëı ‚˚˜ËÒÎÂÌËflı.

àÁ (11) Ì‡ıÓ‰ËÏ ‚ ‡ÒÒÏ‡ÚË‚‡ÂÏÓÏ ÔË·ÎËÊÂ-
ÌËË Ò‚flÁ¸ ÏÂÊ‰Û ËÁÏÂÌÂÌËflÏË ÒÍÓÓÒÚË „‡Á‡ Ì‡

1
2
---

dηn

dτ
---------

ikn

2γ
------ η2 ζ2–( ) knξcos ξd

0

1

∫
ωn

.–=

dηn

dτ
--------- –ζ knξ ξ 1= ζ ξ 0=+cos ∫+

⎩
⎨
⎧

=

+
iωn

2γ
-------- γ 1–( )η2 2ζ2+[ ] knξcos ξd

0

1

∫ ⎭
⎬
⎫

ωn

.

ζ knξ ξ 1=cos–{ }ωn
M

γ 1–
2

-----------ηn.–=

iωn

2γ
-------- γ 1–( )η2 2ζ2+[ ] knξcos ξd

0

1

∫⎩ ⎭
⎨ ⎬
⎧ ⎫

ωn

 =

=  
inπ γ 1+( )

2γ
-------------------------- ηsηn s– 2 ηsηn s+

s 1=

∞

∑+
s 1=

n 1–

∑⎝ ⎠
⎜ ⎟
⎛ ⎞

,

ÔÓ‚ÂıÌÓÒÚË „ÓÂÌËfl ζ, ÎËÌÂÈÌÓÈ ÒÍÓÓÒÚ¸˛ „Ó-
ÂÌËfl ÚÓÔÎË‚‡ v Ë ‰‡‚ÎÂÌËfl η:

Ç ‡·ÓÚÂ [10] ÔÓÍ‡Á‡ÌÓ, ˜ÚÓ

„‰Â Us Ë Uk, s – Ú‡Í Ì‡Á˚‚‡ÂÏ˚Â ÎËÌÂÈÌ‡fl Ë Í‚‡‰‡-
ÚË˜Ì‡fl ÙÛÌÍˆËË ÓÚÍÎËÍ‡ ÒÍÓÓÒÚË „ÓÂÌËfl ÚÓÔÎË-
‚‡ Ì‡ „‡ÏÓÌË˜ÂÒÍË ÏÂÌfl˛˘ÂÂÒfl ‰‡‚ÎÂÌËÂ. àÏÂfl ‚
‚Ë‰Û ‚˚¯ÂÛÍ‡Á‡ÌÌ˚Â ÒÓÓÚÌÓ¯ÂÌËfl, ‰Îfl ‚ÚÓÓ„Ó
˜ÎÂÌ‡ Ô‡‚ÓÈ ˜‡ÒÚË Û‡‚ÌÂÌËfl (16) Ì‡ıÓ‰ËÏ

(19)

èÓÎÛ˜ÂÌÌ˚Â ÒÓÓÚÌÓ¯ÂÌËfl (17)–(19) ÔË‚Ó‰flÚ
Í ÓÍÓÌ˜‡ÚÂÎ¸ÌÓÏÛ ‚Ë‰Û Û‡‚ÌÂÌËfl ‰Îfl ÍÓÏÔÎÂÍÒ-
ÌÓÈ ‡ÏÔÎËÚÛ‰˚ ÍÓÎÂ·‡ÌËÈ ‰‡‚ÎÂÌËfl:

(20)

ÔË˜ÂÏ m – ˜ËÒÎÓ ‡ÒÒÏ‡ÚË‚‡ÂÏ˚ı „‡ÏÓÌËÍ.
ãËÌÂÈÌ˚Â Ë Í‚‡‰‡ÚË˜Ì˚Â ÙÛÌÍˆËË ÓÚÍÎËÍ‡

‰Îfl ÏÓ‰ÂÎË „ÓÂÌËfl (3) ËÏÂ˛Ú ‚Ë‰ [10]

(21)

ÔË˜ÂÏ δs, l – ÒËÏ‚ÓÎ äÓÌÂÍÂ‡, ‡ ÎËÌÂÈÌ‡fl ÙÛÌÍ-
ˆËfl ÓÚÍÎËÍ‡ Ë ı‡‡ÍÚÂËÒÚË˜ÂÒÍËÂ ÍÓÌË zn, Ì‡È-

ζ γM v
η
γ
---–⎝ ⎠
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∞

∑ ,+ +=

ζ ξ 0={ }ωn
M γ Un 1–( )ηn ∑+=
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⎜ ⎟
⎛ ⎞
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çÓ‚ÓÊËÎÓ‚ Ë ‰.

‰ÂÌÌ˚Â ‚ [11], ÔÂ‰ÒÚ‡‚Îfl˛ÚÒfl ‚˚‡ÊÂÌËflÏË

(22)

ÇÂ˘ÂÒÚ‚ÂÌÌ‡fl ˜‡ÒÚ¸ ÍÓ˝ÙÙËˆËÂÌÚ‡ Ln ÓÔÂ‰Â-
ÎflÂÚ ı‡‡ÍÚÂ ‡Á‚ËÚËfl ÍÓÎÂ·‡ÌËÈ ‚ ÎËÌÂÈÌÓÏ
ÔË·ÎËÊÂÌËË. ÖÒÎË ÓÌ‡ ÔÓÎÓÊËÚÂÎ¸Ì‡, ÍÓÎÂ·‡-
ÌËfl ‡ÒÍ‡˜Ë‚‡˛ÚÒfl, Ë Ì‡Ó·ÓÓÚ. é·ÓÁÌ‡˜ËÏ ËÌ-
ÍÂÏÂÌÚ ‡Á‚ËÚËfl ÍÓÎÂ·‡ÌËfl n-È „‡ÏÓÌËÍË Í‡Í
λn = ReLn.

ç‡ ËÒ. 1 ÔÓÍ‡Á‡Ì˚ ÓÚÌÓ¯ÂÌËfl ËÌÍÂÏÂÌÚ‡ Í
˜ËÒÎÛ å‡ı‡ ‰Îfl ÔÂ‚˚ı ̃ ÂÚ˚Âı „‡ÏÓÌËÍ ‚ Á‡‚ËÒË-
ÏÓÒÚË ÓÚ ‚ÂÎË˜ËÌ˚ ‡ÔÔ‡‡ÚÛÌÓÈ ÍÓÌÒÚ‡ÌÚ˚. èË
˝ÚÓÏ ÔËÌflÚ˚ ÒÎÂ‰Û˛˘ËÂ ÁÌ‡˜ÂÌËfl Ô‡‡ÏÂÚÓ‚,
ı‡‡ÍÚÂËÁÛ˛˘Ëı Á‡‰‡˜Û: ν = 0.7, k = 1.8, r = 0.35,

Un
v

1 zn 1–( ) r k/zn–( )+
--------------------------------------------------,=

zn
1
2
--- 1 1 4i

nπ
χ

------++⎝ ⎠
⎛ ⎞ .=

γ = 1.25. èË χ = 0.25 (ÚÓ˜Í‡ A) – ‚ÒÂ „‡ÏÓÌËÍË ‚
ÎËÌÂÈÌÓÏ ÔË·ÎËÊÂÌËË ÛÒÚÓÈ˜Ë‚˚. èË χ = 2/3
(ÚÓ˜Í‡ B) – ÔÂ‚‡fl „‡ÏÓÌËÍ‡ ‚ ÎËÌÂÈÌÓÏ ÔË·ÎË-
ÊÂÌËË ÌÂÛÒÚÓÈ˜Ë‚‡.

êÖáìãúíÄíõ êÄëóÖíéÇ

èË ˜ËÒÎÂÌÌÓÏ ËÌÚÂ„ËÓ‚‡ÌËË Á‡‰‡˜Ë (9)–(11)
‚ÓÁÌËÍ‡˛Ú ÚÛ‰ÌÓÒÚË, Ò‚flÁ‡ÌÌ˚Â Ò Ì‡ÎË˜ËÂÏ ‰‚Ûı
Ï‡Ò¯Ú‡·Ó‚ ‚ÂÏÂÌË, ÓÚÎË˜‡˛˘ËıÒfl Ì‡ ÚË ÔÓfl‰-
Í‡. èÓ˝ÚÓÏÛ ‰Îfl Ì‡ıÓÊ‰ÂÌËfl ˝ÙÙÂÍÚ‡ ËÁÏÂÌÂÌËfl
‡ÏÔÎËÚÛ‰˚ ÍÓÎÂ·‡ÌËÈ ÌÂÓ·ıÓ‰ËÏÓ ÔÓÒ˜ËÚ‡Ú¸
ÌÂÒÍÓÎ¸ÍÓ ÒÓÚ ÔÂËÓ‰Ó‚ ÍÓÎÂ·‡ÌËÈ. èË ˝ÚÓÏ
‰ÓÎÊÌ‡ ·˚Ú¸ ÒÓı‡ÌÂÌ‡ ÚÓ˜ÌÓÒÚ¸ ‚˚˜ËÒÎÂÌËfl Ì‡
Í‡Ê‰ÓÏ ÔÂËÓ‰Â. ë ˝ÚÓÈ ˆÂÎ¸˛ ·˚Î ÔËÏÂÌÂÌ ÏÂ-
ÚÓ‰ Ï‡ÚË˜ÌÓÈ ÔÓ„ÓÌÍË Ò ËÒÔÓÎ¸ÁÓ‚‡ÌËÂÏ ÌÂfl‚-
ÌÓÈ ‡ÁÌÓÒÚÌÓÈ ÒıÂÏ˚ ‚ÚÓÓ„Ó ÔÓfl‰Í‡ ÚÓ˜ÌÓÒÚË
ÔÓ ÔÓÒÚ‡ÌÒÚ‚Û Ë ÒıÂÏ˚ ‚ÚÓÓ„Ó ÔÓfl‰Í‡ ÚÓ˜ÌÓ-
ÒÚË ÔÓ ‚ÂÏÂÌË ‚ ÍÓÌ‰ÂÌÒËÓ‚‡ÌÌÓÈ Ù‡ÁÂ. èË ÒÓ-

1.00.50–0.5–1.0
lgχ
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A B

êËÒ. 1. á‡‚ËÒËÏÓÒÚ¸ ËÌÍÂÏÂÌÚ‡ ‡ÏÔÎËÚÛ‰˚ ÍÓÎÂ·‡-
ÌËÈ ÓÚ ‡ÔÔ‡‡ÚÛÌÓÈ ÍÓÌÒÚ‡ÌÚ˚. ñËÙ˚ Û ÍË‚˚ı
Ó·ÓÁÌ‡˜‡˛Ú ÌÓÏÂ‡ „‡ÏÓÌËÍË.

102101100 τ
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η(0)
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êËÒ. 2. ë‡‚ÌÂÌËÂ ÂÁÛÎ¸Ú‡ÚÓ‚ ‡Ò˜ÂÚ‡ ÔÓÎÌÓÈ Á‡‰‡˜Ë
Ë ÔË·ÎËÊÂÌÌÓ„Ó ÏÂÚÓ‰‡. Ç‡Ë‡ÌÚ B: 1 – ˜ËÒÎÂÌÌ˚È
Ò˜ÂÚ, 2 – ÔË·ÎËÊÂÌÌ˚È ÏÂÚÓ‰ ‰Îfl ‰‚Ûı „‡ÏÓÌËÍ, 3 –
ÔË·ÎËÊÂÌÌ˚È ÏÂÚÓ‰ ‰Îfl ‰ÂÒflÚË „‡ÏÓÌËÍ.
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êËÒ. 3. àÁÏÂÌÂÌËÂ ‡ÏÔÎËÚÛ‰˚ ÍÓÎÂ·‡ÌËÈ ‰‡‚ÎÂÌËfl ÒÓ
‚ÂÏÂÌÂÏ. Ç‡Ë‡ÌÚ A. 
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êËÒ. 4. ù‚ÓÎ˛ˆËfl ÙÓÏ˚ ÍÓÎÂ·‡ÌËÈ ÒÓ ‚ÂÏÂÌÂÏ. Ç‡-
Ë‡ÌÚ A. 
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Á‰‡ÌËË ‡Î„ÓËÚÏ‡ ˜ËÒÎÂÌÌÓ„Ó ËÌÚÂ„ËÓ‚‡ÌËfl Á‡-
‰‡˜Ë ÓÒÓ·ÓÂ ‚ÌËÏ‡ÌËÂ Û‰ÂÎflÎÓÒ¸ ÚÓ˜ÌÓÒÚË ‚˚˜ËÒ-
ÎÂÌËfl „‡‰ËÂÌÚ‡ ÚÂÏÔÂ‡ÚÛ˚ Ì‡ „‡ÌËˆÂ ‡Á‰ÂÎ‡
Ù‡Á. ë ̋ ÚÓÈ ̂ ÂÎ¸˛ ÒıÓ‰ËÏÓÒÚ¸ ËÚÂ‡ˆËÓÌÌÓ„Ó ÔÓ-
ˆÂÒÒ‡ Û˜ËÚ˚‚‡Î‡ ÌÂ ÚÓÎ¸ÍÓ ÙÛÌÍˆËË θ(ξ, τ), η(ξ, τ),
ζ(ξ, τ), v(τ), ÌÓ Ë ϕ(τ). èÓ„‡ÏÏ‡ ÔÂ‰ÔÓÎ‡„‡ÂÚ
ËÁÏÂÌÂÌËÂ ¯‡„‡ ÔÓ ‚ÂÏÂÌË ‚ Á‡‚ËÒËÏÓÒÚË ÓÚ ÒıÓ-
‰ËÏÓÒÚË ËÚÂ‡ˆËÓÌÌÓ„Ó ÔÓˆÂÒÒ‡. ò‡„ ÔÓÒÚ‡Ì-
ÒÚ‚ÂÌÌÓÈ ÒÂÚÍË ÔÓÒÚÓflÌÂÌ ‚ „‡ÁÓ‚ÓÈ Ù‡ÁÂ Ë ÏÓÊÂÚ
Û‚ÂÎË˜Ë‚‡Ú¸Òfl ‚ ÍÓÌ‰ÂÌÒËÓ‚‡ÌÌÓÈ Ù‡ÁÂ ÔÓ ÏÂÂ
Û‰‡ÎÂÌËfl ÓÚ „‡ÌËˆ˚ ‡Á‰ÂÎ‡ Ù‡Á. ê‡Ò˜ÂÚ Ó‰ÌÓ„Ó
‚‡Ë‡ÌÚ‡ ‰Ó ‚ÂÏÂÌË Ú˚Òfl˜ÌÓ„Ó ÔÓfl‰Í‡ ÚÂ·ÛÂÚ
ÌÂÒÍÓÎ¸ÍËı ˜‡ÒÓ‚ ‡·ÓÚ˚ ÍÓÏÔ¸˛ÚÂ‡ ÒÂ‰ÌÂÈ
ÏÓ˘ÌÓÒÚË.

èË ÔËÏÂÌÂÌËË ÔË·ÎËÊÂÌÌÓ„Ó ÏÂÚÓ‰‡ ÌÂÓ·-
ıÓ‰ËÏÓ Á‡‰‡Ú¸ ˜ËÒÎÓ ‡ÒÒÏ‡ÚË‚‡ÂÏ˚ı „‡ÏÓÌËÍ
m. å‡ÍÒËÏ‡Î¸ÌÓÂ ÁÌ‡˜ÂÌËÂ ˝ÚÓÈ ‚ÂÎË˜ËÌ˚ ‡‚Ìfl-
ÎÓÒ¸ ‰ÂÒflÚË. ê‡Ò˜ÂÚ Ó‰ÌÓ„Ó ‚‡Ë‡ÌÚ‡ Ò ÔËÏÂÌÂÌË-
ÂÏ Ô‡ÍÂÚ‡ ÔÓ„‡ÏÏ Mathematica ÚÂ·ÛÂÚ ‚ÒÂ„Ó
ÌÂÒÍÓÎ¸ÍËı ÒÂÍÛÌ‰.

Ç Í‡˜ÂÒÚ‚Â Ì‡˜‡Î¸ÌÓ„Ó ÛÒÎÓ‚Ëfl Á‡‰‡‚‡ÎÓÒ¸
‚ÓÁÏÛ˘ÂÌËÂ ÔÂ‚ÓÈ „‡ÏÓÌËÍË ÒÍÓÓÒÚË „‡Á‡.
èË Â¯ÂÌËË ÔÓÎÌÓÈ Á‡‰‡˜Ë ˝ÚÓ ÛÒÎÓ‚ËÂ Á‡ÔËÒ˚-
‚‡ÂÚÒfl ‚ ‚Ë‰Â

„‰Â Z – ‡ÏÔÎËÚÛ‰‡ ‚ÓÁÏÛ˘ÂÌËfl. èË ËÒÔÓÎ¸ÁÓ‚‡-
ÌËË ÔË·ÎËÊÂÌÌÓ„Ó ÏÂÚÓ‰‡ Ì‡˜‡Î¸ÌÓÂ ÛÒÎÓ‚ËÂ
Á‡ÔËÒ˚‚‡ÂÚÒfl Í‡Í

çËÊÂ ÔË‚Ó‰flÚÒfl ÂÁÛÎ¸Ú‡Ú˚ ‡Ò˜ÂÚÓ‚ ‰Îfl
‰‚Ûı ‚‡Ë‡ÌÚÓ‚ A Ë B. ÑÎfl Ó·ÓËı ‚‡Ë‡ÌÚÓ‚ ν = 0.7,
k = 1.8, r = 0.35 Ë γ = 1.25. Ç ‚‡Ë‡ÌÚÂ A ÔËÌËÏ‡-
ÎÓÒ¸: χ = 0.25, M = 4 · 10–3 Ë Z = 4 · 10–3, ‚ ‚‡Ë‡ÌÚÂ
B – χ = 2/3, M = 2 · 10–3 Ë Z = 5 · 10–3.

ζ ξ 0,( ) Z πξ,sin=

η1 0( ) i
2
---Z .=

ç‡ ËÒ. 2 ÔÓ‚Â‰ÂÌ ÂÁÛÎ¸Ú‡Ú Ò˜ÂÚ‡ ÔÓÎÌÓÈ Á‡-
‰‡˜Ë Ë Ò‡‚ÌÂÌËÂ Â„Ó Ò ÔË·ÎËÊÂÌÌ˚Ï ÏÂÚÓ‰ÓÏ.
èËÏÂÌÂÌËÂ ‰‚ÛıÏÓ‰Ó‚Ó„Ó ÔË·ÎËÊÂÌËfl ‰‡ÂÚ
Ó¯Ë·ÍÛ ÔÓfl‰Í‡ ‰‚Ûı ‰ÂÒflÚÍÓ‚ ÔÓˆÂÌÚÓ‚. èË
ËÒÔÓÎ¸ÁÓ‚‡ÌËË ‰ÂÒflÚË „‡ÏÓÌËÍ ÒÓ‚Ô‡‰ÂÌËÂ Ô‡Í-
ÚË˜ÂÒÍË ÔÓÎÌÓÂ.
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êËÒ. 5. àÁÏÂÌÂÌËÂ ‡ÏÔÎËÚÛ‰˚ ÍÓÎÂ·‡ÌËÈ ‰‡‚ÎÂÌËfl ÒÓ
‚ÂÏÂÌÂÏ. Ç‡Ë‡ÌÚ B. 
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êËÒ. 6. ù‚ÓÎ˛ˆËfl ÙÓÏ˚ ÍÓÎÂ·‡ÌËÈ ÒÓ ‚ÂÏÂÌÂÏ. Ç‡-
Ë‡ÌÚ B. 
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êËÒ. 7. Ñ‚ËÊÂÌËÂ ÙÓÌÚ‡ ‚ÓÁÏÛ˘ÂÌËfl ‰‡‚ÎÂÌËfl. Ç‡-
Ë‡ÌÚ B. τ: 1 – 170.00, 2 – 170.25, 3 – 170.50, 4 – 170.75,
5 – 171.00, 6 – 171.25, 7 – 171.50, 8 – 171.75, 9 – 172.00.
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ëÎÂ‰Û˛˘ËÂ ‰‚‡ ËÒÛÌÍ‡ ËÎÎ˛ÒÚËÛ˛Ú ‚Â-
ÏÂÌÌÛ˛ Á‡‚ËÒËÏÓÒÚ¸ ‚ÓÁÏÛ˘ÂÌËÈ ‰‡‚ÎÂÌËfl ‰Îfl
‚‡Ë‡ÌÚ‡ A. éÌË ÔÓÒÚÓÂÌ˚ ‚ ‡ÁÎË˜Ì˚ı Ï‡Ò¯Ú‡-
·‡ı ‚ÂÏÂÌË. ç‡ ËÒ. 3 ËÁÓ·‡ÊÂÌ‡ ÔÓÎÌ‡fl Í‡ÚË-
Ì‡, Ì‡ ÍÓÚÓÓÈ ÌÂ ÏÓ„ÛÚ ·˚Ú¸ ‡ÁÂ¯ÂÌ˚ ÓÚ‰ÂÎ¸-
Ì˚Â ÔÂËÓ‰˚ ÍÓÎÂ·‡ÌËÈ. êËÒ. 4 ËÎÎ˛ÒÚËÛÂÚ
˝‚ÓÎ˛ˆË˛ ÍÓÎÂ·‡ÌËÈ ‚ ‡ÁÎË˜Ì˚ı ‚ÂÏÂÌÌ˚ı
ËÌÚÂ‚‡Î‡ı. üÒÌÓ ‚Ë‰ÂÌ ÌÂÎËÌÂÈÌ˚È ı‡‡ÍÚÂ ÍÓ-
ÎÂ·‡ÌËÈ.

ÄÌ‡ÎÓ„Ë˜Ì˚Â „‡ÙËÍË ‰Îfl ‚‡Ë‡ÌÚ‡ B ÔË‚Â-
‰ÂÌ˚ Ì‡ ËÒ. 5 Ë 6. Ç ˝ÚÓÏ ‚‡Ë‡ÌÚÂ ÔÓËÒıÓ‰ËÚ
Û‚ÂÎË˜ÂÌËÂ ‡ÏÔÎËÚÛ‰˚ ÒÓ ‚ÂÏÂÌÂÏ, ÒÓÔÓ‚ÓÊ‰‡-
˛˘ÂÂÒfl ‚ÓÁÌËÍÌÓ‚ÂÌËÂÏ ÍÛÚ˚ı ÙÓÌÚÓ‚ ‚ÓÁÏÛ-
˘ÂÌËÈ ‰‡‚ÎÂÌËfl, ‚ ÂÁÛÎ¸Ú‡ÚÂ ˜Â„Ó ÏÓ„ÛÚ ‚ÓÁÌËÍ-
ÌÛÚ¸ Û‰‡Ì˚Â ‚ÓÎÌ˚. èÓ ˝ÚÓÈ ÔË˜ËÌÂ ÚÓ˜ÌÓÒÚ¸
Ò˜ÂÚ‡ ÒÓ ‚ÂÏÂÌÂÏ Ô‡‰‡ÂÚ. Ç ÔË·ÎËÊÂÌÌÓÏ ÊÂ
ÏÂÚÓ‰Â ‚ÓÁ‡ÒÚ‡ÂÚ ÓÎ¸ ‚˚Ò¯Ëı „‡ÏÓÌËÍ.

é·‡ÁÓ‚‡ÌËÂ ÍÛÚ˚ı ÙÓÌÚÓ‚ ‚ÓÁÏÛ˘ÂÌËÈ ‰‡‚-
ÎÂÌËfl ÔÓËÎÎ˛ÒÚËÓ‚‡ÌÓ Ì‡ ËÒ. 7‡ Ë ·. èÂ‚˚È
ËÁ ÌËı ÓÔËÒ˚‚‡ÂÚ ÒÎÛ˜‡È ÓÚ‡ÊÂÌËfl ‚ÓÎÌ˚ ‰‡‚ÎÂ-
ÌËfl ÓÚ ÒÓÔÎ‡, ‚ÚÓÓÈ – ÓÚ ÔÓ‚ÂıÌÓÒÚË „ÓÂÌËfl.

Ä‚ÚÓ˚ ‚˚‡Ê‡˛Ú ÔËÁÌ‡ÚÂÎ¸ÌÓÒÚ¸ Ç.ë. èÓ-
Ò‚flÌÒÍÓÏÛ Á‡ Ó·ÒÛÊ‰ÂÌËÂ ÏÂÚÓ‰‡ ˜ËÒÎÂÌÌÓ„Ó Ò˜Â-
Ú‡ Ë ÔÓÎÂÁÌ˚Â ÒÓ‚ÂÚ˚.

ê‡·ÓÚ‡ ÔÓ‰‰ÂÊ‡Ì‡ êÓÒÒËÈÒÍËÏ ÙÓÌ‰ÓÏ ÙÛÌ‰‡-
ÏÂÌÚ‡Î¸Ì˚ı ËÒÒÎÂ‰Ó‚‡ÌËÈ („‡ÌÚ ‹ 05-03-33093).

ëèàëéä ãàíÖêÄíìêõ

1. Combustion Stability of Solid-Propellant/De Luca L.,
Price E.W., Summerfield M., eds. Progress in Astronau-
rics and Aeronautics. V. 143. Washington: AIAA, 1992.

2. Culick F.E.C., Yang V. // Combustion Stability of Solid-
Propellant/De Luca L., Price E.W., Summerfield M.,
eds. Progress in Astronaurics and Aeronautics. V. 143,
Washington: AIAA, 1992. P. 719.

3. Culick F.E.C. AIAA-2000-3178, 36th AIAA Propulsion
Conf. and Exhibit. Huntsville, Alabama, 2000.

4. çÓ‚ÓÊËÎÓ‚ Å.Ç. // îËÁËÍ‡ „ÓÂÌËfl Ë ‚Á˚‚‡. 2007.
í. 43. ‹ 4. ë. 66.

5. çÓ‚ÓÊËÎÓ‚ Å.Ç., ä‡„‡ÌÓ‚‡ á.à., ÅÂÎflÂ‚ Ä.Ä. //
ïËÏ. ÙËÁËÍ‡. 2007. í. 26. ‹ 3. ë. 34.

6. áÂÎ¸‰Ó‚Ë˜ ü.Å. // Üùíî. 1942. í. 12. ë. 498. 

7. çÓ‚ÓÊËÎÓ‚ Å.Ç. // Üèåíî. 1965. ‹ 4. ë. 157.

8. çÓ‚ÓÊËÎÓ‚ Å.Ç. çÂÒÚ‡ˆËÓÌ‡ÌÓÂ „ÓÂÌËÂ Ú‚Â‰˚ı
‡ÍÂÚÌ˚ı ÚÓÔÎË‚. å.: ç‡ÛÍ‡, 1973.

9. ã‡Ì‰‡Û ã.Ñ., ãËÙ¯Ëˆ Ö.å. ÉË‰Ó‰ËÌ‡ÏËÍ‡. å.:
ç‡ÛÍ‡, 1986.

10. çÓ‚ÓÊËÎÓ‚ Å.Ç. // ïËÏ. ÙËÁËÍ‡. 2006. í. 25. ‹ 8.
ë. 32.

11. çÓ‚ÓÊËÎÓ‚ Å.Ç. // Üèåíî. 1965. ‹ 6. ë. 141.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


