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1. ÇÇÖÑÖçàÖ

 

Ç ÔÓÒÎÂ‰ÌÂÂ ‚ÂÏfl ‚ Ò‚flÁË Ò ÔÓ·ÎÂÏÓÈ ‰ËÒÚ‡Ì-
ˆËÓÌÌÓÈ ‰Ë‡„ÌÓÒÚËÍË ‰ÎËÌÌ˚ı ÔÓ‚ÂıÌÓÒÚÌ˚ı
‚ÓÎÌ ËÌÚÂÌÒË‚ÌÓ ËÁÛ˜‡ÂÚÒfl ‚Á‡ËÏÓ‰ÂÈÒÚ‚ËÂ ÏÂÊ-
‰Û ‰ÎËÌÌ˚ÏË Ë ÍÓÓÚÍËÏË ÔÓ‚ÂıÌÓÒÚÌ˚ÏË ‚ÓÎ-
Ì‡ÏË (ÒÏ. Ó·ÁÓ [1] Ë ÒÒ˚ÎÍË ‚ ÌÂÏ). àÁ‚ÂÒÚÌÓ, ˜ÚÓ
ÍÓÓÚÍËÂ ÔÓ‚ÂıÌÓÒÚÌ˚Â ‚ÓÎÌ˚ Ò‡ÌÚËÏÂÚÓ‚Ó„Ó
‰Ë‡Ô‡ÁÓÌ‡ ‚˚Á˚‚‡˛Ú Ó·‡ÚÌÓÂ ‡ÒÒÂflÌËÂ ‡‰ËÓ-
‚ÓÎÌ ÓÚ ÏÓÒÍÓÈ ÔÓ‚ÂıÌÓÒÚË Á‡ Ò˜ÂÚ ÏÂı‡ÌËÁÏ‡
ÅÂ„„‡, ÔÓ˝ÚÓÏÛ Ú‡ÌÒÙÓÏ‡ˆËfl Ëı ÒÔÂÍÚ‡ ÔÓ-
ÎÂÏ ‰ÎËÌÌ˚ı ‚ÓÎÌ, ËÎË „Ë‰Ó‰ËÌ‡ÏË˜ÂÒÍ‡fl ÏÓ‰Û-
ÎflˆËfl, fl‚ÎflÂÚÒfl Ó‰ÌÓÈ ËÁ ‚‡ÊÌ˚ı ÔË˜ËÌ ‚‡Ë‡-
ˆËË ‡ÒÒÂflÌÌÓ„Ó ‡‰ËÓÒË„Ì‡Î‡. Ç ÚÓÏ ÒÎÛ˜‡Â, ÂÒÎË
‰ÎËÌÌ˚Â ÔÓ‚ÂıÌÓÒÚÌ˚Â ‚ÓÎÌ˚ ‡ÒÔÓÒÚ‡Ìfl˛Ú-
Òfl Ì‡‰ ÔÓ‰‚Ó‰Ì˚Ï ÔÂÔflÚÒÚ‚ËÂÏ, Ó·ÚÂÍ‡ÂÏ˚Ï ÔÓ-
ÚÓÍÓÏ ÊË‰ÍÓÒÚË (Ì‡ÔËÏÂ, ÔËÎË‚Ì˚Ï ÚÂ˜ÂÌË-
ÂÏ), Ëı Ô‡‡ÏÂÚ˚ ÏÓ‰ÛÎËÛ˛ÚÒfl ÔÓÎÂÏ ÚÂ˜ÂÌËÈ,
‚ÓÁÌËÍ‡˛˘ËÏ ÔË Ó·ÚÂÍ‡ÌËË ÔÂÔflÚÒÚ‚Ëfl. í‡ÍËÏ
Ó·‡ÁÓÏ, ËÌÙÓÏ‡ˆËfl Ó ÔÂÔflÚÒÚ‚ËË ˜ÂÂÁ ÔÓÎÂ
‰ÎËÌÌ˚ı ÔÓ‚ÂıÌÓÒÚÌ˚ı ‚ÓÎÌ ÔÂÂÌÓÒËÚÒfl ‚
ÒÔÂÍÚ ÍÓÓÚÍËı ‚ÓÎÌ, ‡ Á‡ÚÂÏ ÔÓfl‚ÎflÂÚÒfl ‚ ‡Ò-
ÒÂflÌÌÓÏ ‡‰ËÓÒË„Ì‡ÎÂ. 

äÓÎË˜ÂÒÚ‚ÂÌÌ‡fl ÓˆÂÌÍ‡ ÓÔËÒ‡ÌÌÓ„Ó ˝ÙÙÂÍÚ‡
‡Á‰ÂÎflÂÚÒfl Ì‡ ÚË ˝Ú‡Ô‡. èÂ‚˚È ËÁ ÌËı Ò‚flÁ‡Ì Ò
‡Ò˜ÂÚÓÏ ÌÂÓ‰ÌÓÓ‰ÌÓ„Ó ÔÓÎfl ÚÂ˜ÂÌËÈ, ‚˚Á‚‡ÌÌÓ-
„Ó Ó·ÚÂÍ‡ÌËÂÏ ÔÓ‰‚Ó‰ÌÓ„Ó ÔÂÔflÚÒÚ‚Ëfl. Ç Á‡‚ËÒË-
ÏÓÒÚË ÓÚ Ô‡‡ÏÂÚÓ‚ ÔÓÚÓÍ‡ Á‰ÂÒ¸ ‚ÓÁÏÓÊÌ˚ ‡Á-
ÎË˜Ì˚Â ÂÊËÏ˚ Ó·ÚÂÍ‡ÌËfl ÔÂÔflÚÒÚ‚Ëfl. Ç ‡Á‰Â-
ÎÂ 2 ‡ÒÒÏÓÚÂÌ˚ ‰‚‡ ÒÎÛ˜‡fl: ÔÓÎÂ ‚ÌÛÚÂÌÌËı
‚ÓÎÌ, ˝ÙÙÂÍÚË‚ÌÓ „ÂÌÂËÛÂÏ˚ı ÔË ˜ËÒÎ‡ı
îÛ‰‡ ÔÓfl‰Í‡ Â‰ËÌËˆ˚, Ë ÚÛ·ÛÎÂÌÚÌ˚È ÒÎÂ‰,
ÙÓÏËÛ˛˘ËÈÒfl ÔË ·ÓÎ¸¯Ëı ˜ËÒÎ‡ı îÛ‰‡. 

ÇÚÓÓÈ ̋ Ú‡Ô Ò‚flÁ‡Ì Ò ‡Ò˜ÂÚÓÏ Ú‡ÌÒÙÓÏ‡ˆËË
‰ÎËÌÌ˚ı ÔÓ‚ÂıÌÓÒÚÌ˚ı ‚ÓÎÌ Ì‡ ÌÂÓ‰ÌÓÓ‰ÌÓÏ
ÔÓÎÂ ÚÂ˜ÂÌËÈ. í‡ÍÓÈ ‡Ò˜ÂÚ, ÓÒÌÓ‚‡ÌÌ˚È Ì‡ ËÒ-
ÔÓÎ¸ÁÓ‚‡ÌËË Á‡ÍÓÌÓ‚ ÒÓı‡ÌÂÌËfl ˜‡ÒÚÓÚ˚ Ë ‚ÓÎ-

ÌÓ‚Ó„Ó ‰ÂÈÒÚ‚Ëfl ÔÓ‚ÂıÌÓÒÚÌ˚ı ‚ÓÎÌ, ÔË‚Â‰ÂÌ ‚
3 ‡Á‰ÂÎÂ.

ç‡ ÚÂÚ¸ÂÏ ˝Ú‡ÔÂ ÔÓËÁ‚Ó‰ËÚÒfl ‡Ò˜ÂÚ ÏÓ‰Û-
ÎflˆËË ÍÓÓÚÍËı ÔÓ‚ÂıÌÓÒÚÌ˚ı ‚ÓÎÌ, ÍÓÚÓ˚Â
ÓÔÂ‰ÂÎfl˛Ú ·Â„„Ó‚ÒÍÓÂ ‡ÒÒÂflÌËÂ ‡‰ËÓ‚ÓÎÌ
ÔË ÙÓÏËÓ‚‡ÌËË ‡‰ËÓËÁÓ·‡ÊÂÌËfl ÏÓÒÍÓÈ
ÔÓ‚ÂıÌÓÒÚË [2]. ê‡Ò˜ÂÚ ÔÓ‚Ó‰ËÚÒfl ‚ ‡ÏÍ‡ı Í‚‡-
ÁËÎËÌÂÈÌÓÈ ÏÓ‰ÂÎË ÏÓ‰ÛÎflˆËË ÍÓÓÚÍËı ‚ÂÚÓ-
‚˚ı ‚ÓÎÌ ÍÓÌÂ˜ÌÓÈ ‡ÏÔÎËÚÛ‰˚ ‚ ÔËÒÛÚÒÚ‚ËË
‰ÎËÌÌ˚ı, Û˜ËÚ˚‚‡˛˘ÂÈ Í‡Í ÍËÌÂÏ‡ÚË˜ÂÒÍËÈ ˝Ù-
ÙÂÍÚ ÌÂÓ‰ÌÓÓ‰ÌÓ„Ó ÚÂ˜ÂÌËfl ‚ ‰ÎËÌÌÓÈ ‚ÓÎÌÂ,
Ú‡Í Ë ÏÓ‰ÛÎflˆË˛ ‚ÂÚÓ‚Ó„Ó

ÚÛ·ÛÎÂÌÚÌÓ„Ó Ì‡ÔflÊÂÌËfl, ‚˚Á‚‡ÌÌÓ„Ó ‰ÎËÌ-
ÌÓÈ ‚ÓÎÌÓÈ [3]. èË ˝ÚÓÏ ÔËÌËÏ‡ÂÚÒfl ‚Ó ‚ÌËÏ‡-
ÌËÂ, ˜ÚÓ ‰ÎËÌÌ‡fl ÔÓ‚ÂıÌÓÒÚÌ‡fl ‚ÓÎÌ‡, ‚˚Á˚‚‡˛-
˘‡fl ÏÓ‰ÛÎflˆË˛ ÍÓÓÚÍÓÈ, Ò‡Ï‡ ÏÓ‰ÛÎËÓ‚‡Ì‡
ÍÛÔÌÓÏ‡Ò¯Ú‡·Ì˚Ï ÚÂ˜ÂÌËÂÏ (‚ÌÛÚÂÌÌÂÈ ‚ÓÎ-
ÌÓÈ ËÎË ‰Û„ËÏ ÌÂÓ‰ÌÓÓ‰Ì˚Ï ÚÂ˜ÂÌËÂÏ). 

2. ñÂÎ¸˛ ‡Ò˜ÂÚÓ‚, ÔÓ‚Ó‰ËÏ˚ı Ì‡ ÚÂÚ¸ÂÏ
˝Ú‡ÔÂ (‡Á‰ÂÎ 4), fl‚ÎflÂÚÒfl ÓÔÂ‰ÂÎÂÌËÂ ÔÓfl‚ÎÂÌËfl
ÏÓ‰ÛÎflˆËË ‰ÎËÌÌ˚ı ‚ÓÎÌ ‚ ÔÓÎÂ ÍÓÓÚÍËı ‚ÓÎÌ.
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ÑÓÎËÌ‡, íÓËˆÍ‡fl

 

Ç ̋ ÚÓÏ ÒÎÛ˜‡Â Á‡ ÔÂÔflÚÒÚ‚ËÂÏ ‚ÓÁÌËÍ‡ÂÚ ÌÂÓ‰ÌÓ-
Ó‰ÌÓÂ ÚÂ˜ÂÌËÂ, ÒÓÁ‰‡‚‡fl ‚ÓÁÏÛ˘ÂÌËfl ÒÍÓÓÒÚË ‚
ÔÓÚÓÍÂ 
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‰ÎËÌÓÈ ·ÓÎÂÂ 10 Ï) ‰Îfl ÔÓÒÚÓÚ˚ Ò „‡ÏÓÌË˜ÂÒ-
ÍËÏ ‚ÓÁ‚˚¯ÂÌËÂÏ ÔÓ‚ÂıÌÓÒÚË
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. èÛÒÚ¸ Ì‡ ÙÓ-
ÌÂ ‰ÎËÌÌÓÈ ‚ÓÎÌ˚ ‡ÒÔÓÒÚ‡Ìfl˛ÚÒfl ÍÓÓÚÍËÂ
‚ÓÎÌ˚. Ç ÒÔÂÍÚÂ ÍÓÓÚÍËı ‚ÓÎÌ ËÏÂ˛ÚÒfl ‚ ÚÓÏ
˜ËÒÎÂ Ë “·Â„„Ó‚ÒÍËÂ” ÍÓÏÔÓÌÂÌÚ˚, ÍÓÚÓ˚Â ‡Ò-
ÒÂË‚‡˛Ú ‡‰ËÓ‚ÓÎÌ˚. àı ‰ÎËÌ‡ ÒÓÒÚ‡‚ÎflÂÚ ÓÚ ÌÂ-
ÒÍÓÎ¸ÍËı Ò‡ÌÚËÏÂÚÓ‚ ‰Ó ÌÂÒÍÓÎ¸ÍËı ‰ÂˆËÏÂÚÓ‚
‚ Á‡‚ËÒËÏÓÒÚË ÓÚ ‰ÎËÌ˚ ‚ÓÎÌ˚ ËÁÎÛ˜ÂÌËfl ‡‰ËÓ-
ÎÓÍ‡ÚÓ‡. åÓ˘ÌÓÒÚ¸ ‡ÒÒÂflÌÌ˚ı ‡‰ËÓ‚ÓÎÌ 
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‰ÛÎËÓ‚‡Ì‡ Ò ÔÓÒÚ‡ÌÒÚ‚ÂÌÌ˚ÏË Ë ‚ÂÏÂÌÌ˚ÏË
Ï‡Ò¯Ú‡·‡ÏË ‰ÎËÌÌ˚ı ‚ÓÎÌ, ÍÓÚÓ˚Â, ‚ Ò‚Ó˛ Ó˜Â-
Â‰¸, ÏÓ‰ÛÎËÛ˛ÚÒfl ÔÓÎÂÏ ‚ÓÁÏÛ˘ÂÌËÈ 
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 – ÌÂ‚ÓÁÏÛ˘ÂÌÌ‡fl ‡ÒÒÂflÌÌ‡fl ÏÓ˘ÌÓÒÚ¸. 
ùÚ‡ ‚‡Ë‡ˆËfl ‡ÒÒÂflÌÌÓ„Ó ‡‰ËÓÒË„Ì‡Î‡ ı‡‡Í-

ÚÂËÁÛÂÚÒfl ÏÓ‰ÛÎflˆËÓÌÌÓÈ ÔÂÂ‰‡ÚÓ˜ÌÓÈ ÙÛÌÍˆË-
ÂÈ (åèî), ÍÓÚÓ‡fl ÔÂ‰ÒÚ‡‚ÎflÂÚ ÒÓ·ÓÈ ÍÓÏÔÎÂÍÒ-
ÌÛ˛ ‚ÂÎË˜ËÌÛ Ò ÏÓ‰ÛÎÂÏ 
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. ë˜ËÚ‡fl
‡ÏÔÎËÚÛ‰Û ‰ÎËÌÌÓÈ ‚ÓÎÌ˚ Ï‡ÎÓÈ, ·Û‰ÂÏ ‡ÒÒÏ‡Ú-
Ë‚‡Ú¸ ÚÓÎ¸ÍÓ „Ë‰Ó‰ËÌ‡ÏË˜ÂÒÍÛ˛ ÏÓ‰ÛÎflˆË˛,
ÍÓÚÓ‡fl ÓÔËÒ˚‚‡ÂÚ Ú‡ÌÒÙÓÏ‡ˆË˛ ÒÔÂÍÚ‡ ·Â„-
„Ó‚ÒÍËı ÍÓÓÚÍËı ‚ÓÎÌ „Ë‰Ó‰ËÌ‡ÏË˜ÂÒÍËÏË ÔÓÎfl-
ÏË ‰ÎËÌÌÓÈ ‚ÓÎÌ˚. ä‡Í ÔÓÍ‡Á‡ÌÓ ‚ [2], „Ë‰Ó‰ËÌ‡-
ÏË˜ÂÒÍ‡fl ÏÓ‰ÛÎflˆËfl ‚ÌÓÒËÚ ÓÒÌÓ‚ÌÓÈ ‚ÍÎ‡‰ ‚
åèî ‰Îfl ÔÓ‚ÂıÌÓÒÚÌ˚ı ‚ÓÎÌ Ò ÔÂËÓ‰‡ÏË ·ÓÎÂÂ
3–5 Ò. 

ÑÎfl ‡Ò˜ÂÚ‡ ÍÓ˝ÙÙËˆËÂÌÚ‡ ÏÓ‰ÛÎflˆËË ÒÔÂÍÚ-
‡ ÍÓÓÚÍËı ‚ÂÚÓ‚˚ı ‚ÓÎÌ 
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‚Ó‰ÌÓÈ ÔÓ‚ÂıÌÓÒÚË 
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, ËÒÔÓÎ¸ÁÛÂÏ Í‚‡ÁËÎËÌÂÈ-
ÌÛ˛ ÏÓ‰ÂÎ¸ Ò Û˜ÂÚÓÏ Á‡‚ËÒËÏÓÒÚË ‚ÂÚÓ‚Ó„Ó ËÌ-
ÍÂÏÂÌÚ‡ ÓÚ ‡ÏÔÎËÚÛ‰˚ ‚ÓÎÌ Ì‡ ‚Ó‰Â [3]. ä‡Í ÔÓ-
Í‡Á‡ÌÓ ‚ [3], ‰Îfl ÌËÁÍÓ˜‡ÒÚÓÚÌÓÈ ‚ÓÎÌ˚ Á˚·Ë (Ò
˜‡ÒÚÓÚÓÈ ÏÌÓ„Ó ÏÂÌ¸¯ÂÈ ˜‡ÒÚÓÚ˚ ÔËÍ‡ ‚ ÒÔÂÍÚÂ
‚ÂÚÓ‚˚ı ‚ÓÎÌ˚), ˝Ú‡ ÏÓ‰ÂÎ¸ ‰‡ÂÚ ÁÌ‡˜ÂÌËfl ÏÓ‰Û-
Îfl Ë Ù‡Á˚ åèî, Û‰Ó‚ÎÂÚ‚ÓËÚÂÎ¸ÌÓ ÒÓÓÚ‚ÂÚÒÚ‚Û-
˛˘ËÂ ˝ÍÒÔÂËÏÂÌÚ‡Î¸Ì˚Ï ‰‡ÌÌ˚Ï. 

ë˜ËÚ‡fl ‚ÓÁÏÛ˘ÂÌËfl ÒÍÓÓÒÚË ÚÂ˜ÂÌËfl ‚ ÔÓÚÓ-

ÍÂ Á‡ ÔÂÔflÚÒÚ‚ËÂÏ Ï‡Î˚ÏË 

 

u

 

 

 

�

 

 

 

c

 

0

 

 (

 

c

 

0

 

 =  –
Ù‡ÁÓ‚‡fl ÒÍÓÓÒÚ¸ ÔÓ‚ÂıÌÓÒÚÌÓÈ ‚ÓÎÌ˚ ‚ ÓÚÒÛÚ-
ÒÚ‚ËÂ ‚ÓÁÏÛ˘ÂÌËÈ) Ë ‡ÒÍÎ‡‰˚‚‡fl ÙÛÌÍˆË˛ 

 

M

 

 ‚
fl‰ ÔÓ ÒÚÂÔÂÌflÏ 

 

u

 

/

 

c

 

0

 

,

(4)

ÓÔÂ‰ÂÎËÏ ‚ÂÎË˜ËÌÛ 

 

M

 

0

 

 

 

≡ 

 

M

 

|

 

u

 

 = 0

 

 Í‡Í ÍÓÌÚ‡ÒÚ ‚
ÒÔÂÍÚÂ ‚ÂÚÓ‚Ó„Ó ‚ÓÎÌÂÌËfl ‚ ÓÚÒÛÚÒÚ‚ËÂ ÔÂÔflÚ-

η a kx1 ω1t–( ).cos=

P P0 1 kaM kx1 ω1t– φMTF–( )cos+( ),=

g/k0

M M0 Mu'
u
c0
----,+=

 

ÒÚ‚Ëfl, ‡ 

 

u

 

/

 

c

 

0

 

 Í‡Í ÍÓÌÚ‡ÒÚ, ÒÓÁ‰‡‚‡ÂÏ˚È ÂÎ¸Â-
ÙÓÏ ‰Ì‡.

 

3. ÇéáåìôÖçàü Ç èéíéäÖ ÜàÑäéëíà 
áÄ ÑÇìåÖêçõå èêÖèüíëíÇàÖå 

 

èË Ó·ÚÂÍ‡ÌËË ‰‚ÛÏÂÌÓ„Ó ÔÂÔflÚÒÚ‚Ëfl, ‡ÒÔÓ-
ÎÓÊÂÌÌÓ„Ó Ì‡ ‰ÌÂ ÊË‰ÍÓÒÚË, ÔÓÚÓÍÓÏ, ÒÚ‡ÚËÙË-
ˆËÓ‚‡ÌÌ˚Ï ÔÓ ÔÎÓÚÌÓÒÚË, ‚ÓÁÌËÍ‡ÂÚ ÌÂÓ‰ÌÓÓ‰-
ÌÓÂ ÚÂ˜ÂÌËÂ, Ô‡‡ÏÂÚ˚ ÍÓÚÓÓ„Ó ÓÔÂ‰ÂÎfl˛ÚÒfl
˜ËÒÎÓÏ îÛ‰‡, Fr = 

 

U

 

/

 

C

 

, „‰Â 

 

U

 

 – ÒÍÓÓÒÚ¸ Ì‡·Â„‡˛-

˘Â„Ó ÔÓÚÓÍ‡, ‡ 

 

C

 

 =  –
Ï‡ÍÒËÏ‡Î¸Ì‡fl Ù‡ÁÓ‚‡fl ÒÍÓÓÒÚ¸ ‚ÌÛÚÂÌÌËı ‚ÓÎÌ.
ÖÒÎË Fr 

 

≤

 

 1, ÚÓ ˝ÙÙÂÍÚË‚ÌÓ ‚ÓÁ·ÛÊ‰‡˛ÚÒfl ‚ÌÛÚÂÌ-
ÌËÂ ‚ÓÎÌ˚. èË 

 

F

 

r 

 

�

 

 1 ‡Á‚Ë‚‡ÂÚÒfl ÚÛ·ÛÎÂÌÚÌ˚È
ÒÎÂ‰. ùÚË ‰‚‡ ÒÎÛ˜‡fl Ë ‡ÒÒÏ‡ÚË‚‡˛ÚÒfl ÌËÊÂ.

 

3.1. ÇÌÛÚÂÌÌËÂ ‚ÓÎÌ˚.

 

 Ç ÎËÌÂÈÌÓÈ ÔÓÒÚ‡ÌÓ‚-
ÍÂ ‰‚ËÊÂÌËÂ ÊË‰ÍÓÒÚË ‚ Í‡Ê‰ÓÏ ËÁ ÒÎÓÂ‚ ÓÔËÒ˚-
‚‡ÂÚÒfl Û‡‚ÌÂÌËflÏË ã‡ÔÎ‡Ò‡ [4]: 

(5)

Ò „‡ÌË˜Ì˚ÏË ÛÒÎÓ‚ËflÏË: 

ÔË 

 

z

 

 = 0  = ,

(6)

ÔË 

 

z

 

 = 

 

h

 

(7)

ÔË 

 

z = –H (8)

á‰ÂÒ¸ Φ1, 2 – ÔÓÚÂÌˆË‡Î˚ ‚ÓÁÏÛ˘ÂÌËÈ ‚ Í‡Ê‰ÓÏ ËÁ
ÒÎÓÂ‚ ÊË‰ÍÓÒÚË.

ë ÔÓÏÓ˘¸˛ ÔÂÓ·‡ÁÓ‚‡ÌËÈ îÛ¸Â Ì‡ıÓ‰ËÏ
‚˚‡ÊÂÌËÂ ‰Îfl ÔÓÎfl ÒÍÓÓÒÚË ÚÂ˜ÂÌËÈ Ì‡ ÔÓ‚Âı-
ÌÓÒÚË ÊË‰ÍÓÒÚË, ÒÓÁ‰‡‚‡ÂÏÓ„Ó ‚ÌÛÚÂÌÌËÏË ‚ÓÎ-

Ì‡ÏË u =  ÔË z = h:

(9)

„‰Â ∆ = s( H + ε h) – s0, ε = ρ1/ρ2, s0 = g(ρ2 –
– ρ1)/ρ2U2, fs – ÒÔÂÍÚ ËÒÚÓ˜ÌËÍ‡ ‚ÓÁÏÛ˘ÂÌËÈ:

(10)

àÌÚÂ„‡Î ‚ (9) ‚˚˜ËÒÎflÂÚÒfl Ò ÔÓÏÓ˘¸˛ ÚÂÓËË
‚˚˜ÂÚÓ‚. éÔÛÒÍ‡fl ‰ÂÚ‡ÎË ‚˚˜ËÒÎÂÌËÈ (ÒÏ., Ì‡ÔË-
ÏÂ, [4]), ÔÓÎÛ˜‡ÂÏ 

Mu'

g ρ2 ρ1–( )Hh/ ρ1H ρ2h+( )

∆Φ1 2, 0, H z h< <–( )=

∂Φ1

∂z
----------

∂Φ2

∂z
----------

g ρ2 ρ1–( )
∂Φ1

∂z
---------- U2 ρ1

∂2Φ1

∂x2
------------ ρ2

∂2Φ2

∂x2
------------–

 
 
 

,=

∂Φ1

∂z
---------- 0,=

∂Φ2

∂z
---------- Ud f x.=

∂Φ1

∂x
----------

u
Ud
2π
-------

f s
2eisx sd

∆  ( ) H hshsh
-------------------------------,

∞–

∞

∫=

scth scth

f s f x( )eisx x.d

∞–

∞

∫=
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(11)

„‰Â u0 – ‡ÏÔÎËÚÛ‰‡ ‚ÌÛÚÂÌÌÂÈ ‚ÓÎÌ˚, ‡ s∗  – ÍÓ-
ÂÌ¸ Û‡‚ÌÂÌËfl ∆(s∗ ) = 0, ÍÓÚÓ˚È ÒÛ˘ÂÒÚ‚ÛÂÚ ÔË
ÛÒÎÓ‚ËË Fr ≤ 1.

ÑÎfl ÍÓÎÓÍÓÎÓÓ·‡ÁÌÓ„Ó ÔÂÔflÚÒÚ‚Ëfl,

ËÁ (10) ËÏÂÂÏ fs = bπes–sb. èÛÒÚ¸ b = 100 Ï, d = 30 Ï,
(ρ2 – ρ1)/ρ2 = 2 · 10–3. íÓ„‰‡ ÔË h = 20 Ï, H = 200 Ï,
U = 0.55 Ï/Ò ÔÓÎÛ˜‡ÂÏ u0 = 0.2 Ï/Ò, ‡ ‰ÎËÌ‡ ËÁÎÛ˜‡-
ÂÏÓÈ ‚ÓÎÌ˚ ÒÓÒÚ‡‚ËÚ λ∗  = 2π/s∗  ≈ 430 Ï.

3.2. íìêÅìãÖçíçõâ ëãÖÑ

ÖÒÎË ÒÍÓÓÒÚ¸ Ó·ÚÂÍ‡ÌËfl ÔÂÔflÚÒÚ‚Ëfl Û‚ÂÎË-
˜Ë‚‡ÂÚÒfl Ë ‰ÓÒÚË„‡ÂÚÒfl ÂÊËÏ ·ÓÎ¸¯Ëı ˜ËÒÂÎ
îÛ‰‡ Fr > 1, ÚÓ Á‡ ÔÂÔflÚÒÚ‚ËÂÏ ‡Á‚Ë‚‡ÂÚÒfl ÚÛ-
·ÛÎÂÌÚÌ˚È ÒÎÂ‰ (Ú‡Í Í‡Í ‚ Ì‡ÚÛÌ˚ı ÛÒÎÓ‚Ëflı
˜ËÒÎÓ êÂÈÌÓÎ¸‰Ò‡ Re = Ud/ν ≥ 107). ÑÎfl ¯ËËÌ˚
‰‚ÛÏÂÌÓ„Ó ÒÎÂ‰‡ ËÏÂÂÏ [ 5]: 

(12)

‡ ÒÂ‰Ìflfl ÒÍÓÓÒÚ¸ ‚ ÒÎÂ‰Â Ô‡‰‡ÂÚ ÔÓ Á‡ÍÓÌÛ 

(13)

„‰Â cx – ÍÓ˝ÙÙËˆËÂÌÚ ÒÓÔÓÚË‚ÎÂÌËfl. 

ÅÛ‰ÂÏ ÔÂ‰ÔÓÎ‡„‡Ú¸, ˜ÚÓ ÒÎÂ‰ ‡Ò¯ËflÂÚÒfl ‰Ó
ÒÎÓfl ÒÍ‡˜Í‡, ÍÓÚÓ˚Ï Â„Ó ‡Ò¯ËÂÌËÂ ÚÓÏÓÁËÚ-
Òfl. Ç ‰‡Î¸ÌÂÈ¯ÂÏ, ÒÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ÒÍÓÓÒÚ¸ ‚ ÒÎÂ-
‰Â ÒÓı‡ÌflÂÚÒfl ÔÓÒÚÓflÌÌÓÈ: 

á‰ÂÒ¸ x0 – ‡ÒÒÚÓflÌËÂ ÓÚ ÔÂÔflÚÒÚ‚Ëfl ‰Ó ÚÓ˜ÍË ÔÂ-
ÂÒÂ˜ÂÌËfl ÒÎÂ‰ÓÏ ÒÍ‡˜Í‡ ÔÎÓÚÌÓÒÚË. èÂ‰ÔÓÎ‡-
„‡fl, ˜ÚÓ ÔË x = x0 l = H, ÔÓÎÛ˜ËÏ ÓˆÂÌÍÛ ‚ÓÁÏÛ˘Â-
ÌËÈ ÒÍÓÓÒÚË ‚ ÒÎÂ‰Â 

(14)

ùÚ‡ ÒÍÓÓÒÚ¸ ‰ÓÒÚË„‡ÂÚÒfl Ì‡ ‡ÒÒÚÓflÌËË x0 ≈ H2/cxd.
ÇÓÁ¸ÏÂÏ ‰Îfl ÓˆÂÌÍË U ≈ 1–2 Ï/Ò, d/H ≈ 0.2–0.5, cx ≈ 0.6
(‰Îfl ̂ ËÎËÌ‰Ë˜ÂÒÍÓ„Ó ÔÂÔflÚÒÚ‚Ëfl). Ç ÂÁÛÎ¸Ú‡ÚÂ
ÔÓÎÛ˜‡ÂÏ u ≈ 0.12–0.6 Ï/Ò.

u
2Ud f ss*

2 xsin
∆' s*H s*hshsh
-------------------------------------– u0 s*x, x 0>( ),sin–= =

f x( ) b2

b2 x2+
----------------,=

l cxd
x
d
---,≈

u cxU
d
x
---,≈

u0 U cx
d
x0
-----.≈

u
cxUd

H
------------.≈

4. àáåÖçÖçàÖ èÄêÄåÖíêéÇ 
Ñãàççéâ èéÇÖêïçéëíçéâ Çéãçõ

ê‡ÒÒÏÓÚËÏ Ú‡ÌÒÙÓÏ‡ˆË˛ ‰ÎËÌÌ˚ı ÔÓ‚Âı-
ÌÓÒÚÌ˚ı ‚ÓÎÌ Ì‡ ÌÂÓ‰ÌÓÓ‰ÌÓÏ ÔÓÎÂ ÚÂ˜ÂÌËÈ Á‡
ÔÂÔflÚÒÚ‚ËÂÏ. ÅÛ‰ÂÏ ‡ÒÒÏ‡ÚË‚‡Ú¸ ÔÓ‚ÂıÌÓÒÚ-
Ì˚Â ‚ÓÎÌ˚, ‰ÎËÌ‡ ‚ÓÎÌ˚ ÍÓÚÓ˚ı 2π/k ÏÌÓ„Ó
ÏÂÌ¸¯Â „ÓËÁÓÌÚ‡Î¸ÌÓ„Ó Ï‡Ò¯Ú‡·‡ ËÁÏÂÌÂÌËfl
ÔÓÎÂÈ ÚÂ˜ÂÌËfl, ÒÓÁ‰‡ÌÌ˚ı ‚ÌÛÚÂÌÌËÏË ‚ÓÎÌ‡ÏË
2π/s∗  ËÎË ÚÛ·ÛÎÂÌÚÌ˚Ï ÒÎÂ‰ÓÏ. íÓ„‰‡ ‰Îfl ‡Ò˜Â-
Ú‡ ËÁÏÂÌÂÌËfl Ô‡‡ÏÂÚÓ‚ ÔÓ‚ÂıÌÓÒÚÌÓÈ ‚ÓÎÌ˚
ÏÓÊÂÚ ·˚Ú¸ ËÒÔÓÎ¸ÁÓ‚‡ÌÓ ÔË·ÎËÊÂÌËÂ „ÂÓÏÂÚ-
Ë˜ÂÒÍÓÈ ÓÔÚËÍË, ÍÓÚÓÓÂ Ù‡ÍÚË˜ÂÒÍË ÔËÏÂÌË-
ÏÓ ÔË k/s∗  ≥ 3. éˆÂÌÍË ÔÓÍ‡Á˚‚‡˛Ú, ˜ÚÓ ÔË λ∗  =
= 430 Ï (ÒÏ. ‚˚¯Â) ÛÒÎÓ‚ËÂ ÔËÏÂÌËÏÓÒÚË ‚˚ÔÓÎ-
ÌflÂÚÒfl ‰Îfl ‚ÓÎÌ Á˚·Ë Ò ‰ÎËÌ‡ÏË ÏÂÌ¸¯Â ~150 Ï Ë
˜‡ÒÚÓÚ‡ÏË ‚˚¯Â 0.1 Éˆ. ä‡Í ËÁ‚ÂÒÚÌÓ [6], ‰Îfl ÒÚ‡-
ˆËÓÌ‡Ì˚ı ÔÓ‚ÂıÌÓÒÚÌ˚ı ‚ÓÎÌ ‚ ˝ÚÓÏ ÒÎÛ˜‡Â
‚˚ÔÓÎÌfl˛ÚÒfl Á‡ÍÓÌ˚ ÒÓı‡ÌÂÌËfl ˜‡ÒÚÓÚ˚

(15)

Ë ‡‰Ë‡·‡ÚË˜ÂÒÍÓ„Ó ËÌ‚‡Ë‡ÌÚ‡

(16)

„‰Â c„ = –  – „ÛÔÔÓ‚‡fl ÒÍÓÓÒÚ¸ ÔÓ‚ÂıÌÓ-

ÒÚÌ˚ı ‚ÓÎÌ, D(ω, k) = 0 – ‰ËÒÔÂÒËÓÌÌÓÂ Û‡‚ÌÂÌËÂ,

 – ÛÒÂ‰ÌÂÌÌ˚È Î‡„‡ÌÊË‡Ì,  =  – ‚ÓÎÌÓ‚ÓÂ

‰ÂÈÒÚ‚ËÂ, E – ÔÎÓÚÌÓÒÚ¸ ˝ÌÂ„ËË ‚ÓÎÌ˚.

4.1. àáåÖçÖçàÖ èÄêÄåÖíêéÇ Ñãàççéâ Çéãçõ
èêà ÇáÄàåéÑÖâëíÇàà ë èéãÖå ÇçìíêÖççàï Çéãç. í‡Í
Í‡Í ‰ÎËÌ‡ ÔÓ‚ÂıÌÓÒÚÌÓÈ ‚ÓÎÌ˚ ÏÌÓ„Ó ÏÂÌ¸¯Â ˜ÂÏ
‚ÌÛÚÂÌÌÂÈ, ÚÓ ÏÓÊÌÓ Ò˜ËÚ‡Ú¸, ˜ÚÓ ‚ÓÁÏÛ˘‡˛˘ÂÂ
ÚÂ˜ÂÌËÂ, ÒÓÁ‰‡‚‡ÂÏÓÂ ‚ÌÛÚÂÌÌËÏË ‚ÓÎÌ‡ÏË, ÌÂ Á‡-
‚ËÒËÚ ÓÚ „ÎÛ·ËÌ˚ ÔË kz ≤ 1 (ÒÏ. Ú‡ÍÊÂ [7]).

ÑËÒÔÂÒËÓÌÌÓÂ Û‡‚ÌÂÌËÂ ÔÓ‚ÂıÌÓÒÚÌÓÈ ‚ÓÎ-
Ì˚ Ì‡ ÔÓÚÓÍÂ ÒÓ ÒÍÓÓÒÚ¸˛ U ËÏÂÂÚ ‚Ë‰: 

(17)

Ú.Â. c„ = U ± . Ç Î‡·Ó‡ÚÓÌÓÈ ÒËÒÚÂÏÂ ÓÚ-

Ò˜ÂÚ‡ ÚÂ˜ÂÌËÂ ÊË‰ÍÓÒÚË ÒÚ‡ˆËÓÌ‡ÌÓ Ë ËÏÂÂÚ
ÒÍÓÓÒÚ¸ U + u(x). á‡ÔËÒ˚‚‡fl Á‡ÍÓÌ˚ ÒÓı‡ÌÂÌËfl
(15) Ë (16), ÔÓÎÛ˜‡ÂÏ:

(18)

(19)

ω const,=

c„
∂L
∂ω
------- const,=

∂D/∂k
∂D/∂ω
-----------------

L
∂L
∂ω
------- E

ω
----

ω kU–( )2 gk,=

1
2
--- g/k

ω1 k U u+( )+ ω0 k0U ,+=

a2

ω1
------ c

2
--- U u+ + 

  a0
2

ω0
------

c0

2
---- U+ 

  ,=
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ÑÓÎËÌ‡, íÓËˆÍ‡fl

„‰Â ω0 = ± , k0 Ë a0 – ÁÌ‡˜ÂÌËfl ̃ ‡ÒÚÓÚ˚, ‚ÓÎÌÓ‚Ó-
„Ó ˜ËÒÎ‡ Ë ‡ÏÔÎËÚÛ‰˚ ‚ ÚÓÈ ÚÓ˜ÍÂ Ù‡Á˚ ‚ÌÛÚÂÌÌÂÈ

‚ÓÎÌ˚, „‰Â u = 0; c0 = ± , c = ± , ω1 = ± .
àÁ (18) Ë (19) ÔÓÎÛ˜‡ÂÏ: 

ËÎË ÔË  � 1

(20)

á‡ÔËÒ˚‚‡fl Ô‡‡ÏÂÚ˚ ‰ÎËÌÌÓÈ ‚ÓÎÌ˚ ‚ ‚Ë‰Â 

(21)

„‰Â u' = u/c0 � 1, ÔÓÎÛ˜‡ÂÏ ‚ÂÎË˜ËÌ˚ ÔÓÔ‡‚ÓÍ:

(22)

í‡Í Í‡Í U < c � c0, ÚÓ Ò ıÓÓ¯ÂÈ ÚÓ˜ÌÓÒÚ¸˛
ÏÓÊÌÓ Ò˜ËÚ‡Ú¸ c1 = –ω01 = 1, a1 = k1 = –2. á‡ÏÂÚËÏ,
˜ÚÓ ÔÓÒÍÓÎ¸ÍÛ u ËÁÏÂÌflÂÚÒfl ‚ ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò (11),
ÚÓ Ô‡‡ÏÂÚ˚ ‰ÎËÌÌÓÈ ‚ÓÎÌ˚ ÏÓ‰ÛÎËÓ‚‡Ì˚ ÔÓ
„‡ÏÓÌË˜ÂÒÍÓÏÛ Á‡ÍÓÌÛ Ò ÔÂËÓ‰ÓÏ λ∗ .

àÁÏÂÌÂÌËÂ Ô‡‡ÏÂÚÓ‚ ‰ÊÎËÌÌÓÈ ‚ÓÎÌ˚ ÔË
‚Á‡ËÏÓ‰ÂÈÒÚ‚ËË Ò ÚÛ·ÛÎÂÌÚÌ˚Ï ÒÎÂ‰ÓÏ. éÚÎË-
˜ËÂ ‚ ÔÓÒÚ‡ÌÓ‚ÍÂ Á‡‰‡˜Ë ÓÚ ÔÂ‚Ó„Ó ÒÎÛ˜‡fl Á‡ÍÎ˛-
˜‡ÂÚÒfl ‚ ÚÓÏ, ˜ÚÓ ÒÍÓÓÒÚË ÔÓÚÓÍ‡ ‚ ‚ÂıÌÂÏ Ë ÌË-
ÊÌÂÏ ÒÎÓflı ÊË‰ÍÓÒÚË ÚÂÔÂ¸ ‡ÁÎË˜Ì˚. Ç ‚Âı-
ÌÂÏ ÒÎÓÂ ÒÍÓÓÒÚ¸ ‡‚Ì‡ U, ‡ ‚ ÌËÊÌÂÏ ÏÂ‰ÎÂÌÌÓ
(Ì‡ Ï‡Ò¯Ú‡·‡ı ‰ÎËÌ ÔÓ‚ÂıÌÓÒÚÌ˚ı ‚ÓÎÌ) ËÁÏÂÌfl-
ÂÚÒfl ÔÓ „ÓËÁÓÌÚ‡ÎË U2(x) < U.

Ñ‚ËÊÂÌËÂ ÊË‰ÍÓÒÚË ‚ Í‡Ê‰ÓÏ ËÁ ÒÎÓÂ‚ ÓÔËÒ˚-
‚‡ÂÚÒfl Û‡‚ÌÂÌËflÏË ã‡ÔÎ‡Ò‡: 

(23)

gk0

g/k0 g/k gk
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c0 2U+( )2

---------------------------

c
c0
---- 1

u
c0 2U+
------------------,

k
k0
----+ 1

2u
c0 2U+
------------------,–= =

ω1

ω0
------ 1 u

c0 2U+
------------------–=

a
a0
----- 1 u

2c0 3U+

c0 2U+( )2
-------------------------.–=

ω1 ω0 1 u'ω01+( ), k k0 1 u'k1+( ),= =

a a0 1 u'a1+( ), c c0 1 u'c1+( ),= =

c1 ω01–
c0

c0 2U+
------------------, a1

2c0 3U+( )c0

c0 2U+( )2
--------------------------------,–= = =

k1

2c0

c0 2U+
------------------.–=

∆Ψ1 2, 0, H z h< <–( )=

Ò „‡ÌË˜Ì˚ÏË ÛÒÎÓ‚ËflÏË:

ÔË z = h

(24)

ÔË z = 0

(25)

(26)

ÔË z = –H Ψ2 = 0.

á‰ÂÒ¸ Ψ1, 2 – ÙÛÌÍˆËfl ÚÓÍ‡ ‚ ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ÂÏ
ÒÎÓÂ ÊË‰ÍÓÒÚË.

èÓÒÎÂ ÌÂÒÎÓÊÌ˚ı ‚˚˜ËÒÎÂÌËÈ, Ò˜ËÚ‡fl ‰Îfl ÔÓ-
‚ÂıÌÓÒÚÌ˚ı ‚ÓÎÌ ÌËÊÌËÈ ÒÎÓÈ ÊË‰ÍÓÒÚË ·ÂÒÍÓ-
ÌÂ˜ÌÓ „ÎÛ·ÓÍËÏ (kH � 1), ÔÓÎÛ˜‡ÂÏ ‰ËÒÔÂÒËÓÌ-
ÌÓÂ Û‡‚ÌÂÌËÂ:

(27)

ã‡„‡ÌÊË‡Ì ‚˚˜ËÒÎflÂÚÒfl ÔÓ ÙÓÏÛÎÂ:

(28)

á‰ÂÒ¸ φ1 ≡ Ψ1 + dx, φ2 ≡ Ψ2 + dx.

èÓÒÎÂ ÌÂÒÎÓÊÌ˚ı ÔÂÓ·‡ÁÓ‚‡ÌËÈ ËÁ (28) ÔÓ-
ÎÛ˜‡ÂÏ

∂η
∂t
------ U

∂η
∂x
------+

∂Ψ1

∂x
----------,–=

∂2Ψ1

∂z∂t
------------ U

∂2Ψ1

∂z∂x
------------ g

∂η
∂x
------+ + 0,=

∂ζ
∂t
------ U

∂ζ
∂x
------+

∂Ψ1

∂x
----------,–=

∂ζ
∂t
------ U2

∂ζ
∂x
------+

∂Ψ2

∂x
----------,–=

ρ1
∂2Ψ1

∂z∂t
------------ U

∂2Ψ1

∂z∂x
------------ g

∂ζ
∂x
------+ + 

   =

=  ρ2
∂2Ψ2

∂z∂t
------------ U2

∂2Ψ2

∂z∂x
------------ g

∂ζ
∂x
------+ + 

  ,

D ω k,( ) 1 gk

ω kU–( )2
------------------------– 

  ×=

× ∆ρ
ρ

-------g
ω kU–( )2 ω kU2–( )2+

k
------------------------------------------------------– 1 ×---

+

× gk

ω kU–( )2
-----------------------

 ∆ρ
ρ

-------g
ω kU2–( )2 ω kU–( )2+

k
-------------------------------------------------------– e 2kh–  = 0.

L ρ2
∂φ2

∂t
--------

1
2
--- ∇φ 2

2 gz+ + 
  z +d

H–

ζ x t,( )

∫=

+ ρ1
∂φ1

∂t
--------

1
2
--- ∇φ 1

2 gz+ + 
  z.d

ζ x z,( )

h η x z,( )+

∫

U∫ U2∫

L
ρa3

4
-------- khekh 1

gk

ω kU–( )2
------------------------ khth– 

  D ω k,( ).ch=
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èË ÛÒÎÓ‚Ëflı  � 1 Ë  � 1 ‰ËÒÔÂÒË-

ÓÌÌÓÂ Û‡‚ÌÂÌËÂ Ë ÛÒÂ‰ÌÂÌÌ˚È Î‡„‡ÌÊË‡Ì ÔÂ-
Ó·‡ÁÛ˛ÚÒfl Í ‚Ë‰Û: 

(29)

(30)

„‰Â u = U – U2.
á‡ÔËÒ˚‚‡fl Á‡ÍÓÌ˚ ÒÓı‡ÌÂÌËfl (15) Ë (16), ÔÓ-

ÎÛ˜‡ÂÏ: 

(31)

(32)

àÁ (31) Ë (32) ÔÓÎÛ˜‡ÂÏ ‚ÂÎË˜ËÌ˚ ÔÓÔ‡‚ÓÍ: 

(33)

èË ÛÒÎÓ‚ËË k0h � 1 ‚˚‡ÊÂÌËfl (33) ÔÂÂıÓ‰flÚ ‚
(22) (Ò Û˜ÂÚÓÏ ÁÌ‡Í‡ ÒÍÓÓÒÚË u).

5. êÄëóÖí ÉàÑêéÑàçÄåàóÖëäéâ åèî
Ç êÄåäÄï äÇÄáàãàçÖâçéâ åéÑÖãà [3] 

ê‡ÒÒÏÓÚËÏ ÏÓ‰ÛÎflˆË˛ ÒÔÂÍÚ‡ ÍÓÓÚÍËı ‚ÂÚ-
Ó‚˚ı ‚ÓÎÌ, ‚˚Á‚‡ÌÌÛ˛ ‰ÎËÌÌÓÈ ÔÓ‚ÂıÌÓÒÚÌÓÈ
‚ÓÎÌÓÈ, ÍÓÚÓ‡fl, ‚ Ò‚Ó˛ Ó˜ÂÂ‰¸, ÏÓ‰ÛÎËÓ‚‡Ì‡
ÌÂÓ‰ÌÓÓ‰Ì˚Ï ÚÂ˜ÂÌËÂÏ. èË ˝ÚÓÏ ‚ÓÒÔÓÎ¸ÁÛÂÏ-
Òfl Í‚‡ÁËÎËÌÂÈÌÓÈ ÏÓ‰ÂÎ¸˛ [3], ‚ ÍÓÚÓÓÈ Û˜ËÚ˚-
‚‡ÂÚÒfl Í‡Í ÍËÌÂÏ‡ÚË˜ÂÒÍËÈ ˝ÙÙÂÍÚ ‰ÎËÌÌÓÈ ‚ÓÎ-
Ì˚, Ú‡Í Ë ÏÓ‰ÛÎflˆËfl ‰ÎËÌÌÓ‚ÓÎÌÓ‚Ó„Ó ÚÛ·ÛÎÂÌÚ-
ÌÓ„Ó Ì‡ÔflÊÂÌËfl. ëÎÂ‰ÛÂÚ Á‡ÏÂÚËÚ¸, ˜ÚÓ ÏÓ‰ÂÎ¸
[3] ÔËÏÂÌËÏ‡ ‚ ÚÓÏ ÒÎÛ˜‡Â, ÍÓ„‰‡ ‰ÎËÌÌ‡fl ÔÓ-
‚ÂıÌÓÒÚÌ‡fl ‚ÓÎÌ‡ ËÏÂÂÚ ı‡‡ÍÚÂÌ˚Â ‚ÂÏÂÌ-
Ì˚Â Ë ÔÓÒÚ‡ÌÒÚ‚ÂÌÌ˚Â Ï‡Ò¯Ú‡·˚, ÏÌÓ„Ó ·ÓÎ¸-
¯ËÂ, ̃ ÂÏ Ï‡Ò¯Ú‡·˚ ‚ÂÚÓ‚˚ı ‚ÓÎÌ Ë, Ú‡ÍËÏ Ó·‡-
ÁÓÏ, fl‚ÎflÂÚÒfl ‚ÓÎÌÓÈ Á˚·Ë. Ç ˝ÚÓÏ ÒÎÛ˜‡Â Ò
ËÒÔÓÎ¸ÁÓ‚‡ÌËÂÏ ÔÓÒÚÓÈ ÂÎ‡ÍÒ‡ˆËÓÌÌÓÈ ÏÓ‰ÂÎË
[8] ÏÓÊÌÓ ÔÓÎÛ˜ËÚ¸ ‚˚‡ÊÂÌËÂ ‰Îfl ‚ÓÁÏÛ˘ÂÌËÈ
ÒÔÂÍÚ‡ ‚ÓÁ‚˚¯ÂÌËÈ ‚Ó‰ÌÓÈ ÔÓ‚ÂıÌÓÒÚË F1:

(34)

U U2–
U

-----------------
U U2–

c
-----------------

ω kU gk e 2kh– uk,–±=

L
ρa2

2k
-------- gk ω kU–( )2– ku ω kU–( ) ×-–=

× 1 e 2kh– gk 1 e 2kh––( )
ω kU–( )2

-------------------------------–+ 
  ,

ω1 kU kue 2kh––+ ω0 k0U ,+=

a2

k
----- ω1 ku 1 e2 kh––( )+( ) U

c
2
--- ue 2kh– 1 2kh–( )–+ 

   =

=  
a0

2

k0
-----ω0 U

c0

2
----+ 

  ,

ω01 = 
c0e

2k0h–

2U c0+
------------------, c1 = 

c0e
2k0h–

2U c0+
------------------– , k1 = 

2c0e
2k0h–

2U c0+
---------------------,

a1 = 
3U 2c0+( )c0

2U c0+( )2
------------------------------e

2k0h– 1
2
--- 1 e

2k0h–
–( )–

2k0hc0

2U c0+
------------------e

2k0h–
.–

F1

iω1ka
βr iω1–
------------------- K

∂F0

∂K
--------- ηF0+ 

  2
δB0

δu*
2

---------T1

F0

βr iω1–
-------------------,+=

„‰Â K – ‚ÓÎÌÓ‚ÓÂ ˜ËÒÎÓ ÍÓÓÚÍÓÈ ‚ÓÎÌ˚, βr – ÒÍÓ-
ÓÒÚ¸ ÂÎ‡ÍÒ‡ˆËË ‚ÓÁÏÛ˘ÂÌÌÓ„Ó ÒÔÂÍÚ‡ Í ‡‚ÌÓ-
‚ÂÒÌÓÏÛ, B0 – ‚ÂÚÓ‚ÓÈ ËÌÍÂÏÂÌÚ ÍÓÓÚÍÓÈ ‚ÓÎÌ˚,

δ/δ  – Ó·ÓÁÌ‡˜‡ÂÚ ‚‡Ë‡ˆËÓÌÌÛ˛ ÔÓËÁ‚Ó‰ÌÛ˛,
u∗  – ÒÍÓÓÒÚ¸ ÚÂÌËfl ‚ÂÚ‡, η – “Ù‡ÍÚÓ ‡ÒÚflÊÂ-
ÌËfl”, ‚‚Â‰ÂÌÌ˚È ‚ [9, 10, 11], T1 – ‰ÎËÌÌÓ‚ÓÎÌÓ‚ÓÂ
‚ÓÁÏÛ˘ÂÌËÂ ÚÛ·ÛÎÂÌÚÌÓ„Ó ‚flÁÍÓ„Ó Ì‡ÔflÊÂÌËfl.
ä‡Í ÔÓÍ‡Á‡ÌÓ ‚ [3], 

(35)

„‰Â κ = 0.4 – ÔÓÒÚÓflÌÌ‡fl ä‡Ï‡Ì‡, νa – ÍËÌÂÏ‡ÚË-

˜ÂÒÍ‡fl ‚flÁÍÓÒÚ¸ ‚ÓÁ‰Ûı‡ (νa = 0.15 ÒÏ2/c),  = 0.15,
∆u1 – ‰Ó·‡‚Í‡ Í ÒÂ‰ÌÂÏÛ ÔÓÙËÎ˛ ÒÍÓÓÒÚË ‚ÂÚ-
‡, ‚ÓÁÌËÍ‡˛˘‡fl Á‡ Ò˜ÂÚ ÌÂÎËÌÂÈÌÓ„Ó ‚Á‡ËÏÓ‰ÂÈ-
ÒÚ‚Ëfl Ò ÔÓÎÂÏ ‚ÂÚÓ‚˚ı ‚ÓÎÌ (∆u1 < 0). ÑÎfl Ù‡ÍÚÓ-
‡ ‡ÒÚflÊÂÌËfl ËÒÔÓÎ¸ÁÛÂÏ ÙÓÏÛÎÛ 

(36)

ÒÔ‡‚Â‰ÎË‚Û˛ ÔË ÓÚÒÛÚÒÚ‚ËË ‰ÂÈÙÓ‚Ó„Ó ÚÂ˜Â-
ÌËfl, „‰Â cg = ∂Ω0/∂K – „ÛÔÔÓ‚‡fl, ‡ cf = Ω0/K – Ù‡-
ÁÓ‚‡fl ÒÍÓÓÒÚË ÍÓÓÚÍÓÈ ‚ÓÎÌ˚, Ω0 – ÒÓ·ÒÚ‚ÂÌÌ‡fl
˜‡ÒÚÓÚ‡ ÍÓÓÚÍÓÈ ‚ÓÎÌ˚. 

áÌ‡˜ÂÌËfl βr, B =  Ë ∆u1 ‚ ‡ÏÍ‡ı Í‚‡ÁË-

ÎËÌÂÈÌÓÈ ÏÓ‰ÂÎË ÓÔÂ‰ÂÎfl˛ÚÒfl ÒÍÓÓÒÚ¸˛ ‚ÂÚ‡

u*
2

T1
2κu*cka

3.15kcνa

κu*
2

----------------------γ0
+

 
 ln κ∆u1–

π
2
---i+

---------------------------------------------------------------------= ,

γ0
+

η
cg

c f

----- 1,–=

δB0

δu*
---------u*

–18
8

∆u1

N
12 16 20 24 28

–16

–14

–12

–10

–8

u * =
 10 ÒÏ

/Ò

u * =
 20 ÒÏ

/Ò

u * =
 30 ÒÏ

/Ò

êËÒ. 1. á‡‚ËÒËÏÓÒÚ¸ Ô‡‡ÏÂÚ‡ ∆u1 ÓÚ “‚ÓÁ‡ÒÚ‡” ‚ÂÚ-
Ó‚Ó„Ó ‚ÓÎÌÂÌËfl ÔË ‡ÁÎË˜Ì˚ı ÁÌ‡˜ÂÌËflı ÒÍÓÓÒÚË
ÚÂÌËfl ‚ÂÚ‡.
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ÑÓÎËÌ‡, íÓËˆÍ‡fl

Ë ÒÔÂÍÚÓÏ ‚ÂÚÓ‚˚ı ‚ÓÎÌ. èË ‡Ò˜ÂÚ‡ı ‡Ì‡ÎÓ-
„Ë˜ÌÓ [3] ËÒÔÓÎ¸ÁÓ‚‡ÎÒfl ÒÔÂÍÚ JONSWAP [12]: 

(37)

„‰Â αp = 0.57(Cp/u∗ )–3/2, γ = 3.3, σ = 0.1, Kp = g/ ,
Cp = Nu∗  – Ù‡ÁÓ‚‡fl ÒÍÓÓÒÚ¸ ˝ÌÂ„ÓÌÂÒÛ˘ÂÈ ÍÓÏ-
ÔÓÌÂÌÚ˚, N –Ú‡Í Ì‡Á˚‚‡ÂÏ˚È Ô‡‡ÏÂÚ “‚ÓÁ‡Ò-
Ú‡” ‚ÓÎÌÂÌËfl; ËÁ‚ÂÒÚÌÓ, ˜ÚÓ N ‡ÒÚÂÚ Ò Û‚ÂÎË˜ÂÌË-
ÂÏ ‡Á„ÓÌ‡. ïÓÓ¯Ó ËÁ‚ÂÒÚÌÓ [13], ˜ÚÓ Ò ÓÒÚÓÏ N
ÒÂ‰ÌËÈ ÛÍÎÓÌ ‚ ÒÔÂÍÚÂ ‚ÂÚÓ‚Ó„Ó ‚ÓÎÌÂÌËfl Ô‡-
‰‡ÂÚ, Ú‡ÍËÏ Ó·‡ÁÓÏ ‚ÓÎÌ˚ ÒÚ‡ÌÓ‚flÚÒfl “·ÓÎÂÂ ÎË-
ÌÂÈÌ˚ÏË”. á‡‚ËÒËÏÓÒÚË Ô‡‡ÏÂÚÓ‚ Á‡‰‡˜Ë βr = 2B0,

B =  Ë ∆u1 ÓÚ Ô‡‡ÏÂÚ‡ N ÔË ÌÂÒÍÓÎ¸ÍËı

ÁÌ‡˜ÂÌËflı ÒÍÓÓÒÚË ÚÂÌËfl ‚ÂÚ‡ ÔÂ‰ÒÚ‡‚ÎÂÌ˚
Ì‡ ËÒ. 1–3. àÁ ËÒ. 1 ‚Ë‰ÌÓ, ˜ÚÓ ÔË Ï‡Î˚ı N (ÏÓ-
ÎÓ‰ÓÂ ‚ÓÎÌÂÌËÂ) ÔÓÎÛ˜‡˛ÚÒfl ·ÓÎ¸¯ËÂ ÔÓ ‡·ÒÓÎ˛Ú-
ÌÓÈ ‚ÂÎË˜ËÌÂ ÁÌ‡˜ÂÌËfl ÓÚËˆ‡ÚÂÎ¸ÌÓÈ ‰Ó·‡‚ÍË Í
ÒÂ‰ÌÂÏÛ ÔÓÙËÎ˛ ÒÍÓÓÒÚË –∆u1, ‚˚Á‚‡ÌÌÓÈ ÌÂ-
ÎËÌÂÈÌ˚Ï ‚Á‡ËÏÓ‰ÂÈÒÚ‚ËÂÏ ÏÂÊ‰Û ‚ÂÚÓ‚˚ÏË
‚ÓÎÌ‡ÏË Ë ‚ÂÚÓ‚˚Ï ÚÂ˜ÂÌËÂÏ. ùÚÓ, Ó˜Â‚Ë‰ÌÓ,
Ó·ÛÒÎÓ‚ÎÂÌÓ ·ÓÎ¸¯ËÏË ÒÂ‰ÌËÏË ‡ÏÔÎËÚÛ‰‡ÏË
ÔÓÎfl ‚ÂÚÓ‚˚ı ‚ÓÎÌ ÔË ÏÂÌ¸¯Ëı N. ìÏÂÌ¸¯ÂÌËÂ
‚ÂÚÓ‚Ó„Ó ËÌÍÂÏÂÌÚ‡ ÍÓÓÚÍÓÈ ÔÓ‚ÂıÌÓÒÚÌÓÈ
‚ÓÎÌ˚ B0 ÔË ÛÏÂÌ¸¯ÂÌËË N (ÒÏ. ËÒ. 2) Ó·ÛÒÎÓ‚-
ÎÂÌÓ ÛÏÂÌ¸¯ÂÌËÂÏ ÒÂ‰ÌÂÈ ÒÍÓÓÒÚË ‚ÂÚ‡, ÓÔË-
Ò˚‚‡ÂÏÓÈ ‚ÂÎË˜ËÌÓÈ ∆u1.

çÂÎËÌÂÈÌÓÂ ‚Á‡ËÏÓ‰ÂÈÒÚ‚ËÂ ‚ÓÎÌ Ò ‚ÂÚÓÏ ‚˚-
Á˚‚‡ÂÚ ËÁÏÂÌÂÌËÂ Ë ÒÂ‰ÌÂÈ ÒÍÓÓÒÚË ‚ÂÚ‡. ÑÂÈ-
ÒÚ‚ËÚÂÎ¸ÌÓ, ÒÂ‰Ìflfl ÒÍÓÓÒÚ¸ ‚ÂÚ‡ U0 Û‰Ó‚ÎÂÚ‚Ó-
flÂÚ Û‡‚ÌÂÌË˛ [13]:

„‰Â τw – ÔÓÚÓÍ ËÏÔÛÎ¸Ò‡ ‚ ‚ÓÎÌ‡ı, ν(z) – ÍÓ˝ÙÙË-
ˆËÂÌÚ ÚÛ·ÛÎÂÌÚÌÓÈ ‚flÁÍÓÒÚË. àÌÚÂ„ËÓ‚‡ÌËÂ
˝ÚÓ„Ó Û‡‚ÌÂÌËfl ‰‡ÂÚ ÔË z � z0

„‰Â ‰Ó·‡‚Í‡ ∆u0 = dz Ó·ÛÒÎÓ‚ÎÂÌ‡ ÌÂÎËÌÂÈ-

Ì˚Ï ‚Á‡ËÏÓ‰ÂÈÒÚ‚ËÂÏ ‚ÓÎÌ Ë ‚ÂÚ‡ Ë ÓÔÂ‰ÂÎflÂÚ-
Òfl ÒÔÂÍÚÓÏ ‚ÂÚÓ‚˚ı ‚ÓÎÌ. éÚÒ˛‰‡ Ó˜Â‚Ë‰ÌÓ,
˜ÚÓ ÒÍÓÓÒÚ¸ ‚ÂÚ‡ Ì‡ ÒÚ‡Ì‰‡ÚÌÓÈ ‚˚ÒÓÚÂ 10 Ï
U10 ÔË ÙËÍÒËÓ‚‡ÌÌÓÈ ÒÍÓÓÒÚË ÚÂÌËfl u∗  ·Û‰ÂÚ
Á‡‚ËÒÂÚ¸ ÓÚ Ô‡‡ÏÂÚ‡ “‚ÓÁ‡ÒÚ‡” ‚ÓÎÌÂÌËfl N. á‡-
‚ËÒËÏÓÒÚ¸ U10 ÓÚ N ÔË ÚÂı ÁÌ‡˜ÂÌËflı u∗  ÔÂ‰-
ÒÚ‡‚ÎÂÌ‡ Ì‡ ËÒ. 4. 

ê‡Ò˜ÂÚ ÔÓËÁ‚Ó‰ËÎÒfl ‰Îfl ·Â„„Ó‚ÒÍÓÈ ‚ÓÎÌ˚ Ò
‰ÎËÌÓÈ ‚ÓÎÌ˚ 2.3 ÒÏ. ì˜ÚÂÏ, ˜ÚÓ ‚ ˝ÚÓÏ ‰Ë‡Ô‡ÁÓÌÂ
‰ÎËÌ ‚ÓÎÌ ÒÔÂÍÚ (37) ıÓÓ¯Ó ÓÔËÒ˚‚‡ÂÚÒfl Á‡ÍÓÌÓÏ
K–4, ‡ Ù‡ÍÚÓ ‡ÒÚflÊÂÌËfl ÔËÌËÏ‡ÂÚ ÁÌ‡˜ÂÌËÂ η = –
0.15. èÛÒÚ¸ ‰ÎËÌÌ‡fl ÔÓ‚ÂıÌÓÒÚÌ‡fl ‚ÓÎÌ‡ ‡ÒÔÓÒÚ-
‡ÌflÂÚÒfl Ì‡‰ ÔÓ‰‚Ó‰Ì˚Ï ÔÂÔflÚÒÚ‚ËÂÏ, ÚÓ„‰‡ ÂÂ Ô‡-
‡ÏÂÚ˚ ËÁÏÂÌfl˛ÚÒfl ‚ ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò (21). èÓ‰-
ÒÚ‡‚Îflfl ‡ÁÎÓÊÂÌËfl (21) ‚ ÙÓÏÛÎÛ (34), ÔÓÎÛ˜‡ÂÏ: 

F0 K( ) 1
2
---α pK 3– 5

4
---

K p

K
------ 

 
2

– γr,exp=

r
1
2
--- K K p–( )/σ K p( )2

– ,exp=

Cp
2

δB0

δu*
---------u*

ν z( )
dU0

dz
---------- τw+ u*

2 ,=

U0
u*
κ
------ z

z0
---- ∆u0,+ln=

τw

ν z( )
----------

0

∞∫

0
8

B0 (c
–1)

N
12 16 20 24 28

0.2

0.4

0.6

0.8

10

u *
 = 30

 ÒÏ
/Ò

u* =
 20 ÒÏ/Ò

u* = 10 ÒÏ/Ò

êËÒ. 2. á‡‚ËÒËÏÓÒÚ¸ ËÌÍÂÏÂÌÚ‡ ‚ÂÚÓ‚˚ı ‚ÓÎÌ Ò ‰ÎË-
ÌÓÈ ‚ÓÎÌ˚ 2.3 ÒÏ ÓÚ “‚ÓÁ‡ÒÚ‡” ‚ÂÚÓ‚Ó„Ó ‚ÓÎÌÂÌËfl
ÔË ‡ÁÎË˜Ì˚ı ÁÌ‡˜ÂÌËflı ÒÍÓÓÒÚË ÚÂÌËfl ‚ÂÚ‡.

0
8

u*dB0/du* (c
–1)

N
12 16 20 24 28

1.2

u *
 =

 30
 ÒÏ

/Ò

u* =
 20 ÒÏ/Ò

u* = 10 ÒÏ/Ò

0.8

0.4

êËÒ. 3. á‡‚ËÒËÏÓÒÚ¸ Ô‡‡ÏÂÚ‡ u∗ dB0/du∗  ‰Îfl ‚ÓÎÌ˚ Ò
‰ÎËÌÓÈ 2.3 ÒÏ ÓÚ “‚ÓÁ‡ÒÚ‡” ‚ÂÚÓ‚Ó„Ó ‚ÓÎÌÂÌËfl ÔË
‡ÁÎË˜Ì˚ı ÁÌ‡˜ÂÌËflı ÒÍÓÓÒÚË ÚÂÌËfl ‚ÂÚ‡.
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(38)M
F1

F0k0a0
----------------

4.15iω0 1 u' ω01 k1 a1+ +( )+( )– BT2c0 1 u' k1 a1 c1+ +( )+( )+
βr iω0 1 u'ω01+( )–

------------------------------------------------------------------------------------------------------------------------------------------------------,= =

„‰Â T2 = , B = .

Ç˚‡ÊÂÌËÂ ‰Îfl „Ë‰Ó‰ËÌ‡ÏË˜ÂÒÍÓÈ åèî ‚
ÓÚÒÛÚÒÚ‚ËÂ ÔÂÔflÚÒÚ‚Ëfl M0 ÔÓÎÛ˜‡ÂÚÒfl ËÁ (38) ÔË
u' = 0. 

ê‡ÁÎ‡„‡fl (38) ‚ fl‰ ÔÓ u', ÔÓÎÛ˜ËÏ ‚˚‡ÊÂÌËÂ

‰Îfl : 

(39)

êÂÁÛÎ¸Ú‡Ú˚ ‡Ò˜ÂÚ‡ „Ë‰Ó‰ËÌ‡ÏË˜ÂÒÍÓÈ åèî
ÔÂ‰ÒÚ‡‚ÎÂÌ˚ Ì‡ ËÒ. 5. äË‚˚Â ÓÚÎË˜‡˛ÚÒfl ÁÌ‡-
˜ÂÌËflÏË “‚ÓÁ‡ÒÚ‡” ‚ÓÎÌÂÌËfl Ë ÒÍÓÓÒÚË ÚÂÌËfl
‚ÂÚ‡. ÇË‰ÌÓ, ˜ÚÓ ‰Îfl ‚ÓÎÌ Á˚·Ë Ò ˜‡ÒÚÓÚÓÈ 0.1–

T1

kacu*
2

---------------
δB0

δu*
---------u*

M0'

Mu'
4.15iω0–
βr iω0–

---------------------- ω01 k1 a1
iω0ω01

βr iω0–
-------------------+ + + 

  +=

+
BT2c0

βr iω0–
------------------- k1 a1 c1

iω0ω01

βr iω0–
------------------- –

-
--+ + +







–
ω01

3.15ω0νa

κu*
2

----------------------γ0
+

 
 
 

ln κ∆u1– πi
2
-----+

----------------------------------------------------------------------









.

0.3 Éˆ ÏÓ‰ÛÎ¸ M0 Ô‡‰‡ÂÚ Ò ÓÒÚÓÏ ˜‡ÒÚÓÚ˚, Â„Ó ‚Â-
ÎË˜ËÌ‡ ÒÓÒÚ‡‚ÎflÂÚ ÔËÏÂÌÓ 5?15, Ù‡Á‡ M0 ËÁÏÂ-
ÌflÂÚÒfl ÓÚ –π/2 ‰Ó 0. 

èÓ‰ÒÚ‡‚Îflfl ‚ (39) ‚ÂÎË˜ËÌ˚ ÔÓÔ‡‚ÓÍ (22) Ë (33),

ÔÓÎÛ˜‡ÂÏ ÙÛÌÍˆË˛  ‰Îfl Í‡Ê‰Ó„Ó ËÁ ËÒÚÓ˜ÌËÍÓ‚
‚ÓÁÏÛ˘ÂÌËÈ. É‡ÙËÍË Á‡‚ËÒËÏÓÒÚË ÏÓ‰ÛÎfl Ë Ù‡-

Á˚  ÓÚ ˜‡ÒÚÓÚ˚ ‰ÎËÌÌÓÈ ‚ÓÎÌ˚ f0 ‰Îfl ÒÎÛ˜‡fl,
ÍÓ„‰‡ ËÒÚÓ˜ÌËÍÓÏ ‚ÓÁÏÛ˘ÂÌËÈ fl‚Îfl˛ÚÒfl ‚ÌÛÚ-
ÂÌÌËÂ ‚ÓÎÌ˚, ÔÂ‰ÒÚ‡‚ÎÂÌ˚ Ì‡ ËÒ. 6 (Ù‡Á‡ ‚ÌÛ-
ÚÂÌÌÂÈ ‚ÓÎÌ˚ s∗ x = 3π/2 + 2πn), ‡ ‰Îfl ÒÎÛ˜‡fl, ÍÓ„-
‰‡ ËÒÚÓ˜ÌËÍ ‚ÓÁÏÛ˘ÂÌËÈ – ÚÛ·ÛÎÂÌÚÌ˚È ÒÎÂ‰, Ì‡
ËÒ. 7.

Mu'

Mu'

1
8

U10 (Ï/c)

N
12 16 20 24 28

u* =
 30 ÒÏ/Ò

u* = 20 ÒÏ/Ò

u* = 10 ÒÏ/Ò2

4

5

6

3

êËÒ. 4. á‡‚ËÒËÏÓÒÚ¸ ÒÍÓÓÒÚË ‚ÂÚ‡ Ì‡ ‚˚ÒÓÚÂ 10 Ï ÓÚ
“‚ÓÁ‡ÒÚ‡” ‚ÓÎÌÂÌËfl ‰Îfl ‡ÁÎË˜Ì˚ı ÁÌ‡˜ÂÌËÈ ÒÍÓÓ-
ÒÚË ÚÂÌËfl ‚ÂÚ‡.

–2

0 0.1

ϕ
M

0

f0, Éˆ

–1

–3

0

0.2 0.3

5

6

4

1
2

3

(·)

5

M
0

20

0

5

6

4

1

2
3

(‡)

10

15

êËÒ. 5. á‡‚ËÒËÏÓÒÚË ÏÓ‰ÛÎfl (‡) Ë Ù‡Á˚ (·) „Ë‰Ó‰ËÌ‡-
ÏË˜ÂÒÍÓÈ åèî ÓÚ ˜‡ÒÚÓÚ˚ ‰ÎËÌÌÓÈ ‚ÓÎÌ˚. ëÍÓÓ-
ÒÚË ÚÂÌËfl ‚ÂÚ‡: ÍË‚˚Â 1, 4–0 ÒÏ/Ò; 2, 5–20 ÒÏ/Ò;
3, 6–30 ÒÏ/Ò. ÑÎËÌ‡ ÍÓÓÚÍÓÈ ‚ÓÎÌ˚ 2.3 ÒÏ. “ÇÓÁ‡ÒÚ”
‚ÓÎÌÂÌËfl N = 10 (1, 2, 3) Ë N = 25 (4, 5, 6).
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ÑÓÎËÌ‡, íÓËˆÍ‡fl

àÁ ËÒ. 6 Ë 7 ‚Ë‰ÌÓ, ˜ÚÓ ÏÓ‰ÛÎ¸ ÔÓËÁ‚Ó‰ÌÓÈ

, Ò‚flÁ‡ÌÌÓÈ Ò ‚ÌÛÚÂÌÌËÏË ‚ÓÎÌ‡ÏË, ‚ ‰Ë‡Ô‡ÁÓ-
ÌÂ ˜‡ÒÚÓÚ 0.1–0.3 Éˆ ËÁÏÂÌflÂÚÒfl ÓÚ 16 ‰Ó 30, ÛÏÂÌ¸-

¯‡flÒ¸ Ò ÓÒÚÓÏ ˜‡ÒÚÓÚ˚, Ù‡Á‡  ËÁÏÂÌflÂÚÒfl ÓÚ 0
‰Ó π. åÓ‰ÛÎ¸ ÔÓËÁ‚Ó‰ÌÓÈ, Ò‚flÁ‡ÌÌÓÈ Ò ÚÛ·ÛÎÂÌÚ-
Ì˚Ï ÒÎÂ‰ÓÏ, ‚ ‡ÒÒÏ‡ÚË‚‡ÂÏÓÏ ‰Ë‡Ô‡ÁÓÌÂ ˜‡Ò-
ÚÓÚ ËÁÏÂÌflÂÚÒfl ‚ ÔÂ‰ÂÎ‡ı 2–13, Ò ËÁÏÂÌÂÌËÂÏ Ù‡-
Á˚ ÓÚ –π/2 ‰Ó π. 

éÚÌÓÒËÚÂÎ¸Ì˚È ‚ÍÎ‡‰ ‰ÓÔÓÎÌËÚÂÎ¸ÌÓ„Ó ÍÓÌ-

Ú‡ÒÚ‡ ∆M/M0 = u0/c0M0 ÔÂ‰ÒÚ‡‚ÎÂÌ Ì‡ ËÒ. 8, 9.
àÁ ËÒ. 8 ‚Ë‰ÌÓ, ̃ ÚÓ ÓÚÌÓÒËÚÂÎ¸Ì‡fl ‰Ó·‡‚Í‡ Í ÍÓÌ-
Ú‡ÒÚÛ ÒÓÁ‰‡ÌÌÓÏÛ ‚ÌÛÚÂÌÌËÏË ‚ÓÎÌ‡ÏË, Á‡‚ËÒËÚ
ÔË·ÎËÁËÚÂÎ¸ÌÓ ÎËÌÂÈÌÓ ÓÚ ˜‡ÒÚÓÚ˚ Ë ÏÓÊÂÚ
·˚Ú¸ ÓÔËÒ‡Ì‡ Á‡‚ËÒËÏÓÒÚ¸˛ 

Mu'

Mu'

Mu'

ÖÂ ‚ÂÎË˜ËÌ‡ ÔË u0 = 0.2 Ï/c ÒÓÒÚ‡‚ÎflÂÚ 5–15%. 
éÚÌÓÒËÚÂÎ¸Ì˚È ‚ÍÎ‡‰ ‰ÓÔÓÎÌËÚÂÎ¸ÌÓ„Ó ÍÓÌ-

Ú‡ÒÚ‡, ÒÓÁ‰‡ÌÌÓ„Ó ÚÛ·ÛÎÂÌÚÌ˚Ï ÒÎÂ‰ÓÏ, ËÁÏÂ-
ÌflÂÚÒfl ·ÓÎÂÂ ÒÎÓÊÌ˚Ï Ó·‡ÁÓÏ. ÇÂÎË˜ËÌ‡ Â„Ó
ÔË u = 0.3 Ï/Ò (h = 5 Ï, U = 1 Ï/Ò) ÒÓÒÚ‡‚ÎflÂÚ 3–4%.
èË Û‚ÂÎË˜ÂÌËË ÒÍÓÓÒÚË ÔÓÚÓÍ‡ ÍÓ˝ÙÙËˆËÂÌÚ

, Í‡Í ‚Ë‰ÌÓ ËÁ ÙÓÏÛÎ (33), ËÁÏÂÌflÂÚÒfl ÌÂÁÌ‡-
˜ËÚÂÎ¸ÌÓ, Ë ÔË U = 2 Ï/Ò ËÏÂÂÏ u = 0.6 Ï/Ò, Ë ÚÓ„‰‡
‰ÓÔÓÎÌËÚÂÎ¸Ì˚È ÍÓÌÚ‡ÒÚ ÒÓÒÚ‡‚ËÚ 6?8% . ë Û‚ÂÎË-
˜ÂÌËÂÏ ÚÓÎ˘ËÌ˚ ‚ÂıÌÂ„Ó ÒÎÓfl h ÍÓÌÚ‡ÒÚ Ì‡ Ï‡-
Î˚ı ̃ ‡ÒÚÓÚ‡ı (f0 ~ 0.1 Éˆ) Ô‡‰‡ÂÚ. í‡Í ÔË U = 2 Ï/Ò Ë
h = 0 (Ó·ÚÂÍ‡ÌËÂ ÔÂÔflÚÒÚ‚Ëfl Ó‰ÌÓÓ‰ÌÓÈ ÊË‰ÍÓ-

∆M
M0
--------- 4

u0

c0
-----–≈

Mu'

1

0 0.1
f0, Éˆ

3

0.2 0.3

5
6

4

1
2

3

(·)

2

4

20

0

5

6

4
1

2

3

(‡)

40

M
u'

ϕ
M

' 0

êËÒ. 6. á‡‚ËÒËÏÓÒÚË ÏÓ‰ÛÎfl (‡) Ë Ù‡Á˚ (·)  ÓÚ ˜‡ÒÚÓ-

Ú˚ ‰ÎËÌÌÓÈ ‚ÓÎÌ˚. ëÍÓÓÒÚË ÚÂÌËfl ‚ÂÚ‡: ÍË‚˚Â 1,
4−10 ÒÏ/Ò; 2, 5 – 20 ÒÏ/Ò; 3, 6 – 30 ÒÏ/Ò. ÑÎËÌ‡ ÍÓÓÚÍÓÈ
‚ÓÎÌ˚ 2.3 ÒÏ. “ÇÓÁ‡ÒÚ” ‚ÓÎÌÂÌËfl N = 10 (1, 2, 3) Ë N = 25
(4, 5, 6). àÒÚÓ˜ÌËÍ ‚ÓÁÏÛ˘ÂÌËÈ – ‚ÌÛÚÂÌÌflfl ‚ÓÎÌ‡.

Mu'

0

0 0.1

ϕ
M

' 0

f0, Éˆ

2

–2

4

0.2 0.3

5

6
4

1

2

3

(·)

20

M
u'

80

0

5

6

4

1

2

3

(‡)

40

60

êËÒ. 7. á‡‚ËÒËÏÓÒÚË ÏÓ‰ÛÎfl (‡) Ë Ù‡Á˚ (·)  ÓÚ ˜‡Ò-

ÚÓÚ˚ ‰ÎËÌÌÓÈ ‚ÓÎÌ˚. ëÍÓÓÒÚË ÚÂÌËfl ‚ÂÚ‡: ÍË‚˚Â
1, 4–10 ÒÏ/Ò; 2, 5–20 ÒÏ/Ò; 3, 6–30 ÒÏ/Ò. ÑÎËÌ‡ ÍÓÓÚÍÓÈ
‚ÓÎÌ˚ 2.3 ÒÏ. “ÇÓÁ‡ÒÚ ‚ÓÎÌÂÌËfl” N = 10(1, 2, 3) Ë N =
25 (4, 5, 6). àÒÚÓ˜ÌËÍ ‚ÓÁÏÛ˘ÂÌËÈ – ÚÛ·ÛÎÂÌÚÌ˚È
ÒÎÂ‰ ÔË U = 1 Ï/Ò, h = 5 Ï.

Mu'



àáÇÖëíàü Äç. îàáàäÄ ÄíåéëîÖêõ à éäÖÄçÄ      ÚÓÏ 38      ‹ 3      2002

ÇéáåéÜçéå åÖïÄçàáåÖ éíéÅêÄÜÖçàü êÖãúÖîÄ ÑçÄ 9

ÒÚ¸˛) ‰ÓÔÓÎÌËÚÂÎ¸Ì˚È ÍÓÌÚ‡ÒÚ ÒÓÒÚ‡‚ÎflÂÚ ‚ÂÎË-

˜ËÌÛ ÔÓfl‰Í‡ Â‰ËÌËˆ˚, ‡ ÔË h = 10 Ï u/c0 ~ 0.3.

6. áÄäãûóÖçàÖ

êÂÁÛÎ¸Ú‡Ú˚ ‡Ò˜ÂÚÓ‚ „Ë‰Ó‰ËÌ‡ÏË˜ÂÒÍÓÈ åèî
ÔÓ Í‚‡ÁËÎËÌÂÈÌÓÈ ÏÓ‰ÂÎË [3] ÔÓÍ‡Á˚‚‡˛Ú, ̃ ÚÓ ‚Â-
ÎË˜ËÌ‡ ‰ÓÔÓÎÌËÚÂÎ¸ÌÓ„Ó ÍÓÌÚ‡ÒÚ‡, ‚ÓÁÌËÍ‡˛-
˘Â„Ó ÔË Ó·ÚÂÍ‡ÌËË ÔÂÔflÚÒÚ‚Ëfl Ì‡ ‰ÌÂ ÊË‰ÍÓÒ-
ÚË, ÏÓÊÂÚ ‰ÓÒÚË„‡Ú¸ 15% ÓÚ ÔÓÎÌÓ„Ó ÁÌ‡˜ÂÌËfl
åèî ‚ ÂÁÛÎ¸Ú‡ÚÂ „ÂÌÂ‡ˆËË ÔÂÔflÚÒÚ‚ËÂÏ ‚ÌÛÚ-
ÂÌÌËı ‚ÓÎÌ. èË ˝ÚÓÏ Í‡ÚËÌ‡ ‚ÓÁÏÛ˘ÂÌËÈ Ì‡
ÔÓ‚ÂıÌÓÒÚË ÊË‰ÍÓÒÚË ·Û‰ÂÚ ÏÓ‰ÛÎËÓ‚‡Ì‡ Ò ÔÂ-
ËÓ‰ÓÏ ‚ÌÛÚÂÌÌÂÈ ‚ÓÎÌ˚. éÚÏÂÚËÏ, ˜ÚÓ ÌÂÔÓ-

Mu'
ÒÂ‰ÒÚ‚ÂÌÌÓÂ ‚ÓÁ‰ÂÈÒÚ‚ËÂ ‚ÌÛÚÂÌÌËı ‚ÓÎÌ Ì‡ ÍÓ-
ÓÚÍËÂ ÔÓ‚ÂıÌÓÒÚÌ˚Â ‚ÓÎÌ˚ ·Û‰ÂÚ Ï‡ÎÓ ËÁ-Á‡
ÌÂ‚ÓÁÏÓÊÌÓÒÚË ‚˚ÔÓÎÌÂÌËfl ÛÒÎÓ‚ËÈ ÒËÌıÓÌËÁ-
Ï‡: ‡‚ÂÌÒÚ‚‡ Ù‡ÁÓ‚ÓÈ ÒÍÓÓÒÚË ‚ÌÛÚÂÌÌËı Ë
„ÛÔÔÓ‚ÓÈ ÒÍÓÓÒÚË ÔÓ‚ÂıÌÓÒÚÌ˚ı ‚ÓÎÌ.

íÛ·ÛÎÂÌÚÌ˚È ÒÎÂ‰ ÔÓfl‚ÎflÂÚÒfl Ì‡ ÔÓ‚ÂıÌÓÒ-
ÚË ÊË‰ÍÓÒÚË ÒÎ‡·ÂÂ ËÁ-Á‡ Ì‡ÎË˜Ëfl ˝ÍÒÔÓÌÂÌˆË‡Î¸-
ÌÓ„Ó Ù‡ÍÚÓ‡, ÌÓ ‚ Ó‰ÌÓÓ‰ÌÓÈ ÊË‰ÍÓÒÚË Â„Ó ‚ÎË-
flÌËÂ ÒÓÔÓÒÚ‡‚ËÏÓ Ò ‚ÎËflÌËÂÏ ‚ÌÛÚÂÌÌËı ‚ÓÎÌ.
Ç ‰‡Î¸ÌÂÈ¯ÂÏ ÔÂ‰ÒÚ‡‚ÎflÂÚ ËÌÚÂÂÒ Û˜ÂÒÚ¸ ÔÓÒÚ-
‡ÌÒÚ‚ÂÌÌ˚È ı‡‡ÍÚÂ Á‡‰‡˜Ë.

ê‡·ÓÚ‡ ‚˚ÔÓÎÌÂÌ‡ ÔË ÙËÌ‡ÌÒÓ‚ÓÈ ÔÓ‰‰ÂÊÍÂ
êîîà (ÔÓÂÍÚ˚ ‹ 99-05-64368, 00-15-96772) Ë
„‡ÌÚ‡ INTAS (‹ 00-242). 
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êËÒ. 8. á‡‚ËÒËÏÓÒÚË ÏÓ‰ÛÎfl (‡) Ë Ù‡Á˚ (·) ÓÚÌÓÒËÚÂÎ¸-
ÌÓ„Ó ‚ÍÎ‡‰‡ ‰ÓÔÓÎÌËÚÂÎ¸ÌÓ„Ó ÍÓÌÚ‡ÒÚ‡ ÓÚ ˜‡ÒÚÓÚ˚
‰ÎËÌÌÓÈ ‚ÓÎÌ˚. ëÍÓÓÒÚË ÚÂÌËfl ‚ÂÚ‡: ÍË‚˚Â 1, 4–
10 ÒÏ/Ò; 2, 5–20 ÒÏ/Ò; 3, 6–30 ÒÏ/Ò. ÑÎËÌ‡ ÍÓÓÚÍÓÈ ‚ÓÎ-
Ì˚ 2.3 ÒÏ. “ÇÓÁ‡ÒÚ” ‚ÓÎÌÂÌËfl N = 10 (1, 2, 3) Ë N = 25
(4, 5, 6). àÒÚÓ˜ÌËÍ ‚ÓÁÏÛ˘ÂÌËÈ – ‚ÌÛÚÂÌÌflfl ‚ÓÎÌ‡.

êËÒ. 9. á‡‚ËÒËÏÓÒÚË ÏÓ‰ÛÎfl (‡) Ë Ù‡Á˚ (·) ÓÚÌÓÒËÚÂÎ¸-
ÌÓ„Ó ‚ÍÎ‡‰‡ ‰ÓÔÓÎÌËÚÂÎ¸ÌÓ„Ó ÍÓÌÚ‡ÒÚ‡ ÓÚ ˜‡ÒÚÓÚ˚
‰ÎËÌÌÓÈ ‚ÓÎÌ˚. ëÍÓÓÒÚË ÚÂÌËfl ‚ÂÚ‡: ÍË‚˚Â 1, 4 –
10 ÒÏ/Ò; 2, 5–20 ÒÏ/Ò; 3, 6–30 ÒÏ/Ò. ÑÎËÌ‡ ÍÓÓÚÍÓ‚ ‚ÓÎ-
Ì˚ 2.3 ÒÏ. “ÇÓÁ‡ÒÚ” ‚ÓÎÌÂÌËfl N = 10 (1, 2, 3) Ë N = 25
(4, 5, 6). àÒÚÓ˜ÌËÍ ‚ÓÁÏÛ˘ÂÌËÈ – ÚÛ·ÛÎÂÌÚÌ˚È ÒÎÂ‰
ÔË U = 1 Ï/Ò, h = 5 Ï.
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