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ÂÂÅÄÅÍÈÅ

Ç Ì‡ÒÚÓfl˘ÂÂ ‚ÂÏfl ÒÛ˘ÂÒÚ‚ÛÂÚ fl‰ ÏÓÌÓ„‡ÙËÈ, Û˜Â·-
ÌËÍÓ‚ Ë Û˜Â·Ì˚ı ÔÓÒÓ·ËÈ, ÔÓÒ‚fl˘ÂÌÌ˚ı „Ë‰Ó‰ËÌ‡ÏË-
ÍÂ ·ÛÂÌËfl. éÒÓ·ÂÌÌÓÒÚ¸ ÔÂ‰Î‡„‡ÂÏÓ„Ó Û˜Â·ÌÓ„Ó ÔÓÒÓ-
·Ëfl Ó·ÛÒÎÓ‚ÎÂÌ‡ ÌÂÒÍÓÎ¸ÍËÏË Ó·ÒÚÓflÚÂÎ¸ÒÚ‚‡ÏË. íÓÎ¸ÍÓ
‚ Ô‡ÍÚËÍÂ ‡Á‚Â‰Ó˜ÌÓ„Ó ·ÛÂÌËfl ËÒÔÓÎ¸ÁÛÂÚÒfl ÔÓ‚Ó‰-
Í‡ ÒÍ‚‡ÊËÌ Ò ÔÓÏÓ˘¸˛ ‰‚ÓÈÌ˚ı ·ÛËÎ¸Ì˚ı ÍÓÎÓÌÌ
ÔË ÌÂÔÂ˚‚ÌÓÏ ÓÚ·ÓÂ ÍÂÌ‡. ÅÛÂÌËÂ Ú‡ÍËı ÒÍ‚‡-
ÊËÌ ÓÒÛ˘ÂÒÚ‚ÎflÂÚÒfl Ó·‡ÚÌÓÈ ˆËÍÛÎflˆËÂÈ Ë ı‡‡ÍÚÂ-
ËÁÛÂÚÒfl ‚˚ÒÓÍËÏË ÏÂı‡ÌË˜ÂÒÍËÏË ÒÍÓÓÒÚflÏË ÔÓ-
ıÓ‰ÍË (ÌÂÒÍÓÎ¸ÍÓ ÒÓÚÂÌ ÏÂÚÓ‚ ‚ ˜‡Ò) ÔË ÓÚÌÓÒËÚÂÎ¸ÌÓ
Ï‡Î˚ı ÔÓÔÂÂ˜Ì˚ı „‡·‡ËÚ‡ı ·ÛËÎ¸Ì˚ı ÚÛ·, ˜ÚÓ ÔË-
‚Ó‰ËÚ Í ÌÂÓ·ıÓ‰ËÏÓÒÚË Â¯ÂÌËfl „Ë‰Ó‰ËÌ‡ÏË˜ÂÒÍËı
Á‡‰‡˜ ÔÓ ÓÔÂ‰ÂÎÂÌË˛ ‡ÒıÓ‰‡ Ë ÂÓÎÓ„Ë˜ÂÒÍËı Ò‚ÓÈÒÚ‚
ÊË‰ÍÓÒÚË, Ó·ÛÒÎÓ‚ÎË‚‡˛˘Ëı ‚˚ÌÓÒ ÍÂÌ‡ ËÎË ‚˚·Û-
ÂÌÌÓÈ ÔÓÓ‰˚ ‚ Á‡‚ËÒËÏÓÒÚË ÓÚ ÏÂı‡ÌË˜ÂÒÍÓÈ ÒÍÓÓ-
ÒÚË ÔÓıÓ‰ÍË; ÔÓÏ˚‚Ó˜Ì˚Â ÊË‰ÍÓÒÚË ÔÂ‰ÒÚ‡‚Îfl˛Ú
ÒÓ·ÓÈ ‡ÁÎË˜ÌÓ„Ó Ó‰‡ ÒÛÒÔÂÌÁËË, ÒÓÒÚ‡‚ÎÂÌÌ˚Â ËÁ ‚Ó-
‰˚ Ë ‚˚·ÛÂÌÌÓÈ ÔÓÓ‰˚ ËÎË „‡ÁÓÊË‰ÍÓÒÚÌÓÈ ÒÏÂÒË Ò
Ú‚Â‰ÓÈ Ù‡ÁÓÈ. èË ˝ÚÓÏ ‚ Í‡˜ÂÒÚ‚Â ‡·Ó˜Â„Ó ‡„ÂÌÚ‡
ÏÓ„ÛÚ ËÒÔÓÎ¸ÁÓ‚‡Ú¸Òfl ‡˝ËÓ‚‡ÌÌ˚Â „ÎËÌËÒÚ˚Â ‡ÒÚ‚Ó-
˚.

èË ‡ÒÒÏÓÚÂÌËË ÛÍ‡Á‡ÌÌÓ„Ó ÍÓÏÔÎÂÍÒ‡ Á‡‰‡˜ ‚‡Ê-
ÌÛ˛ ÓÎ¸ Ë„‡ÂÚ ÙÓÏ‡ÎËÁ‡ˆËfl ÛÒÎÓ‚ËÈ, ÔË ÍÓÚÓ˚ı
‰‡‚ÎÂÌËÂ Ì‡ Á‡·ÓÂ ‰ÓÒÚË„‡ÂÚ ÏËÌËÏÛÏ‡. çÂÓ·ıÓ‰ËÏÓÒÚ¸
Â¯ÂÌËfl ‡Ì‡ÎÓ„Ë˜ÌÓÈ Á‡‰‡˜Ë ‚ÓÁÌËÍ‡ÂÚ Ë ÔË ·ÛÂÌËË
ÒÍ‚‡ÊËÌ˚ ÒÓ Ò˙ÂÏÌ˚Ï ÍÂÌÓÔËÂÏÌËÍÓÏ.

è‡ÍÚËÍ‡ ÌÂÙÚÂ- Ë „‡ÁÓ‰Ó·˚˜Ë ÔÓÍ‡Á‡Î‡ ‚˚ÒÓÍÛ˛
˝ÙÙÂÍÚË‚ÌÓÒÚ¸ ËÒÔÓÎ¸ÁÓ‚‡ÌËfl „ÓËÁÓÌÚ‡Î¸Ì˚ı ÒÍ‚‡-
ÊËÌ. Ç Ò‚flÁË Ò ˝ÚËÏ ‚ÓÁÌËÍ‡ÂÚ ÌÂÓ·ıÓ‰ËÏÓÒÚ¸ ËÁÛ˜ÂÌËfl
‚ÓÔÓÒÓ‚ „Ë‰Ó‰ËÌ‡ÏËÍË ÔË ‰‚ËÊÂÌËË „Ë‰ÓÒÏÂÒÂÈ
‡ÁÎË˜ÌÓ„Ó Ó‰‡ ‚ „ÓËÁÓÌÚ‡Î¸ÌÓÈ ÚÛ·Â.

ÑÎfl Â¯ÂÌËfl „Ë‰Ó‰ËÌ‡ÏË˜ÂÒÍËı Á‡‰‡˜ ÔÓ ‰‚ËÊÂÌË˛
„Ë‰ÓÒÏÂÒÂÈ („‡ÁËÓ‚‡ÌÌ˚ı Ë ‰‚ÛıÍÓÏÔÓÌÂÌÚÌ˚ı, ‡
Ú‡ÍÊÂ Ó·‡ÁÓ‚‡ÌÌ˚ı Ì‡ ÓÒÌÓ‚Â ‚flÁÍÓÈ Ë ‚flÁÍÓÔÎ‡ÒÚË˜-
ÌÓÈ ÊË‰ÍÓÒÚÂÈ) ‡Á‡·ÓÚ‡Ì˚ ÔËÌˆËÔË‡Î¸Ì˚Â ÍÓÌˆÂÔ-
ˆËË, ÒÔ‡‚Â‰ÎË‚ÓÒÚ¸ ÍÓÚÓ˚ı ÔÓ‰Ú‚ÂÊ‰‡ÂÚÒfl Ò‡‚ÌÂÌË-
ÂÏ ‡Ò˜ÂÚÌ˚ı Ë ˝ÍÒÔÂËÏÂÌÚ‡Î¸Ì˚ı ‰‡ÌÌ˚ı.
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àÁ‚ÂÒÚÌÓ, ˜ÚÓ ÚÓÎ¸ÍÓ ‚ ‡Á‚Â‰Ó˜ÌÓÏ ·ÛÂÌËË ËÒÔÓÎ¸-
ÁÛÂÚÒfl ÔÓıÓ‰Í‡ ÒÓ Ò˙ÂÏÌ˚Ï ÍÂÌÓÔËÂÏÌËÍÓÏ. èË
˝ÚÓÏ ‚ÓÁÌËÍ‡ÂÚ ÌÂÓ·ıÓ‰ËÏÓÒÚ¸ ‚ ÓÔÂ‰ÂÎÂÌËË ÒÍÓÓÒÚË
‰‚ËÊÂÌËfl ÍÂÌÓÔËÂÏÌËÍ‡ Í‡Í ÔÓ‰ ‚ÓÁ‰ÂÈÒÚ‚ËÂÏ ÒÓ·ÒÚ-
‚ÂÌÌÓ„Ó ‚ÂÒ‡, Ú‡Í Ë Ò ÔÓÏÓ˘¸˛ Á‡Í‡˜Ë‚‡ÂÏÓÈ ÊË‰ÍÓÒÚË.

èÓ‰˙ÂÏ ÍÂÌÓÔËÂÏÌËÍ‡ ÔË ÓÔÂ‰ÂÎÂÌÌ˚ı ÛÒÎÓ‚Ëflı
ÏÓÊÂÚ ‚˚Á‚‡Ú¸ ÒÌËÊÂÌËÂ Á‡·ÓÈÌÓ„Ó ‰‡‚ÎÂÌËfl ÌËÊÂ ‰ÓÔÛ-
ÒÚËÏÓ„Ó ÁÌ‡˜ÂÌËfl, ˜ÚÓ ÔË‚Â‰ÂÚ Í ‚ÓÁÌËÍÌÓ‚ÂÌË˛ ‡‚‡-
ËÈÌÓÈ ÒËÚÛ‡ˆËË („‡ÁÓ, ÌÂÙÚÂ- Ë ‚Ó‰ÓÔÓfl‚ÎÂÌËfl, ‚˚·Ó-
Ò˚ Ë ‰.). àÁ-Á‡ Ï‡ÎÓ„Ó Á‡ÁÓ‡ ÏÂÊ‰Û ÍÂÌÓÔËÂÏÌËÍÓÏ
Ë ÍÓÎÓÌÌÓÈ ÚÛ· ‚ÓÁÏÓÊÌ˚ ·ÓÎ¸¯ËÂ ÔÓÚÂË ‰‡‚ÎÂÌËfl Ì‡
˝ÚÓÏ ÓÚÌÓÒËÚÂÎ¸ÌÓ ÍÓÓÚÍÓÏ Û˜‡ÒÚÍÂ, ˜ÚÓ Ó·ÛÒÎÓ‚ËÚ ÌÂ-
ÊÂÎ‡ÚÂÎ¸Ì˚È ˝ÌÂ„ÂÚË˜ÂÒÍËÈ ·‡Î‡ÌÒ.

ÅÛÂÌËÂ ‡Á‚Â‰Ó˜Ì˚ı ÒÍ‚‡ÊËÌ Ì‡ Ú‚Â‰˚Â ÔÓÎÂÁÌ˚Â
ËÒÍÓÔ‡ÂÏ˚Â ı‡‡ÍÚÂËÁÛÂÚÒfl Í‡Í Ï‡Î˚Ï ‰Ë‡ÏÂÚÓÏ
ÒÚ‚ÓÎ‡, Ú‡Í Ë Ï‡Î˚Ï Á‡ÁÓÓÏ ÏÂÊ‰Û ÍÓÎÓÌÌÓÈ ÚÛ· Ë
ÒÚÂÌÍ‡ÏË ÒÍ‚‡ÊËÌ˚. ùÚÓ Ó·ÒÚÓflÚÂÎ¸ÒÚ‚Ó ÔË‚Ó‰ËÚ Í ÚÓ-
ÏÛ, ˜ÚÓ Ô‡ÍÚË˜ÂÒÍË ‚ÒÂ ÔÓÚÂË ‰‡‚ÎÂÌËfl ÙÓÏËÛ˛ÚÒfl ‚
ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â. èË ‚˚·ÓÂ ‡ÒıÓ‰‡ ÔÓÏ˚-
‚Ó˜ÌÓÈ ÊË‰ÍÓÒÚË ÌÂÓ·ıÓ‰ËÏÓ Û˜ÂÒÚ¸ fl‚ÎÂÌËÂ „Ë‰‡‚ÎË˜Â-
ÒÍÓ„Ó ÔÓ‰ÔÓ‡ ËÎË ‚Á‚Â¯Ë‚‡ÌËfl ÍÓÎÓÌÌ˚ ·ÛËÎ¸Ì˚ı
ÚÛ· ‚ÓÒıÓ‰fl˘ËÏ ÔÓÚÓÍÓÏ ÊË‰ÍÓÒÚË ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ-
‡ÌÒÚ‚Â. ÑÎfl Â¯ÂÌËfl ˝ÚËı ‚ÓÔÓÒÓ‚ ‚ÓÁÌËÍÎ‡ ÌÂÓ·ıÓ-
‰ËÏÓÒÚ¸ ÓÔÂ‰ÂÎÂÌËfl ÁÌ‡˜ÂÌËÈ ÍËÚË˜ÂÒÍÓ„Ó Ô‡‡ÏÂÚ‡
êÂÈÌÓÎ¸‰Ò‡ ÔË ÚÂ˜ÂÌËË ‚flÁÍÓÈ Ë ‚flÁÍÓÔÎ‡ÒÚË˜ÌÓÈ ÊË‰-
ÍÓÒÚÂÈ ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â ÔË Ï‡ÎÓÏ Á‡ÁÓÂ.

èÂÂ˜ËÒÎÂÌÌ˚Â Ë ÌÂÍÓÚÓ˚Â ‰Û„ËÂ ‚ÓÔÓÒ˚ ÒÓÒÚ‡‚-
Îfl˛Ú ÓÒÌÓ‚Û ÔÂ‰Î‡„‡ÂÏÓ„Ó Û˜Â·ÌÓ„Ó ÔÓÒÓ·Ëfl.
Ä‚ÚÓ˚ ‚˚‡Ê‡˛Ú ·Î‡„Ó‰‡ÌÓÒÚ¸ à.Ä. ä‡ÎÂ‰Â Á‡ ÔÓ-

ÏÓ˘¸, ÓÍ‡Á‡ÌÌÛ˛ ÔË ËÒÒÎÂ‰Ó‚‡ÌËË ÔÓ·ÎÂÏ, Ò‚flÁ‡ÌÌ˚ı
Ò „Ë‰Ó‰ËÌ‡ÏËÍÓÈ „Ë‰ÓÒÏÂÒÂÈ.
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ÎÁÙÈÅ ÑÂÅÄÅÍÈß Î ÃÈÄÐÎÑÌÅÑßÕ
ÂÎÏÐÎÑÛ ÃÈÄÐÎÄÈÍÀÌÈÊÈ
ÂßÇÊÎÏËÀCÒÈ×ÍÛÕ ÑÓÑÏÅÍÇÈÉ

àÁ ‚ÒÂı „Ë‰ÓÒÏÂÒÂÈ Ì‡Ë·ÓÎÂÂ ËÒÒÎÂ‰Ó‚‡Ì˚ ÒÛÒÔÂÌÁËË. ÉË‰-
ÓÒÏÂÒflÏ, ÒÓÒÚ‡‚ÎÂÌÌ˚Ï ËÁ ÊË‰ÍÓÒÚË Ò ‚ÍÎ˛˜ÂÌËflÏË Ú‚Â‰ÓÈ
Ù‡Á˚ ÓÚÌÓÒËÚÂÎ¸ÌÓ ·ÓÎ¸¯Ó„Ó ‡ÁÏÂ‡, ‡ Ú‡ÍÊÂ ÒÓ‰ÂÊ‡˘ËÏ
ÔÓÏËÏÓ Ú‚Â‰ÓÈ Ë „‡ÁÓÓ·‡ÁÌÛ˛ Ù‡ÁÛ, Û‰ÂÎÂÌÓ ÌÂ‰ÓÒÚ‡ÚÓ˜ÌÓÂ
‚ÌËÏ‡ÌËÂ. ëÛ˘ÂÒÚ‚Û˛˘ËÂ ‡Ò˜ÂÚÌ˚Â Á‡‚ËÒËÏÓÒÚË ‰Îfl ÓÔÂ-
‰ÂÎÂÌËfl ÔÓÚÂ¸ ‰‡‚ÎÂÌËfl ÔË ‰‚ËÊÂÌËË „Ë‰ÓÒÏÂÒÂÈ ÒÓ‰ÂÊ‡Ú
ˆÂÎ˚È fl‰ ÍÓ˝ÙÙËˆËÂÌÚÓ‚, ÁÌ‡˜ÂÌËfl ÍÓÚÓ˚ı ÏÓ„ÛÚ ·˚Ú¸
Ì‡È‰ÂÌ˚ ËÁ ˝ÍÒÔÂËÏÂÌÚ‡Î¸Ì˚ı ËÒÒÎÂ‰Ó‚‡ÌËÈ. ùÚÓ Ó·ÒÚÓfl-
ÚÂÎ¸ÒÚ‚Ó ‰ÂÎ‡ÂÚ ÌÂ‚ÓÁÏÓÊÌ˚Ï ËÒÔÓÎ¸ÁÓ‚‡ÌËÂ ÔÓ‰Ó·Ì˚ı ÙÓ-
ÏÛÎ ‰Îfl „Ë‰‡‚ÎË˜ÂÒÍËı ‡Ò˜ÂÚÓ‚ ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘Ëı ÔÓˆÂÒÒÓ‚
Ì‡ ÒÚ‡‰ËË ÔÓÂÍÚËÓ‚‡ÌËfl.

Ç ‰‡ÌÌÓÏ Û˜Â·ÌÓÏ ÔÓÒÓ·ËË ‚˚‚Â‰ÂÌ˚ ÙÓÏÛÎ˚ ‰Îfl ÓÔÂ-
‰ÂÎÂÌËfl ÔÓÚÂ¸ ‰‡‚ÎÂÌËfl ÔË ‰‚ËÊÂÌËË „Ë‰ÓÒÏÂÒÂÈ ÔÓ ‚Â-
ÚËÍ‡Î¸Ì˚Ï Ë „ÓËÁÓÌÚ‡Î¸Ì˚Ï ÚÛ·‡Ï. èË ˝ÚÓÏ ËÒıÓ‰ËÎË ËÁ
ÛÒÎÓ‚Ëfl, ˜ÚÓ Ú‚Â‰‡fl Ë ÊË‰Í‡fl Ù‡Á˚ ‰‚Ë„‡˛ÚÒfl Ò Ó‰ËÌ‡ÍÓ‚˚-
ÏË ÒÍÓÓÒÚflÏË, ‡ ‚˚‚Ó‰ ‡Ò˜ÂÚÌÓÈ Á‡‚ËÒËÏÓÒÚË ÓÒÌÓ‚˚‚‡ÂÚÒfl
Ì‡ ÙÓÏÛÎ‡ı Ñ‡ÒË – ÇÂÈÒ·‡ı‡, ÅÎ‡ÁËÛÒ‡ Ë íÓÏ‡Ò‡, Á‡ÔËÒ‡Ì-
Ì˚ı ‰Îfl ÒÏÂÒË ÊË‰ÍÓÒÚ¸ – Ú‚Â‰‡fl Ù‡Á‡. ëÓÔÓÒÚ‡‚ÎÂÌËÂ Â-
ÁÛÎ¸Ú‡ÚÓ‚ ‡Ò˜ÂÚÓ‚, ÔÓÎÛ˜ÂÌÌ˚ı ÔÓ ‚˚‚Â‰ÂÌÌ˚Ï ÙÓÏÛÎ‡Ï, Ò
ÏÌÓ„Ó˜ËÒÎÂÌÌ˚ÏË ˝ÍÒÔÂËÏÂÌÚ‡Î¸Ì˚ÏË ËÒÒÎÂ‰Ó‚‡ÌËflÏË, ÔÓ-
‚Â‰ÂÌÌ˚ÏË Ì‡ ÚÛ·‡ı ÚÂı ‰Ë‡ÏÂÚÓ‚ (150, 200 Ë 300"ÏÏ) Ë
‰ÎËÌÓÈ 15, 6 Ë 40"Ï, ÔÓÍ‡Á‡ÎÓ, ˜ÚÓ ÓÌË ÌÂÁÌ‡˜ËÚÂÎ¸ÌÓ ÓÚÎË-
˜‡˛ÚÒfl ‰Û„ ÓÚ ‰Û„‡. ÄÌ‡ÎËÁ ÔÂ‰ÎÓÊÂÌÌ˚ı ‡Ò˜ÂÚÌ˚ı Á‡‚Ë-
ÒËÏÓÒÚÂÈ ÔÓÁ‚ÓÎËÎ ‚˚‚ÂÒÚË ÙÓÏÛÎÛ ‰Îfl ÓÔÂ‰ÂÎÂÌËfl ‡ÒıÓ‰‡
ÊË‰ÍÓÒÚË, Ó·ÂÒÔÂ˜Ë‚‡˛˘Â„Ó ÏËÌËÏÛÏ ÔÓÚÂ¸ ‰‡‚ÎÂÌËfl ÔË
‰‚ËÊÂÌËË „Ë‰ÓÒÏÂÒË ‚ ‚ÂÚËÍ‡Î¸ÌÓÈ Ë „ÓËÁÓÌÚ‡Î¸ÌÓÈ ÚÛ-
·‡ı.

éÒÌÓ‚˚‚‡flÒ¸ Ì‡ ËÒÒÎÂ‰Ó‚‡ÌËflı Ä.Ä. ÄÏ‡Ì‰‡, Û‰‡ÎÓÒ¸ ÔÓ-
ÎÛ˜ËÚ¸ ‡Ò˜ÂÚÌÛ˛ Á‡‚ËÒËÏÓÒÚ¸ ‰Îfl ÓÔÂ‰ÂÎÂÌËfl ÔÓÚÂ¸ ‰‡‚ÎÂ-
ÌËfl ÔË ‰‚ËÊÂÌËË „‡ÁÓÊË‰ÍÓÒÚÌÓÈ ÒÏÂÒË ‚ ‚ÂÚËÍ‡Î¸ÌÓÈ
ÚÛ·Â. ÑÎfl ÚÓ„Ó, ˜ÚÓ·˚ ËÒÔÓÎ¸ÁÓ‚‡Ú¸ ÔÓÎÛ˜ÂÌÌ˚Â ÒÓÓÚÌÓ¯Â-
ÌËfl ‚ ÒÎÛ˜‡Â ‰‚ËÊÂÌËfl ÒÏÂÒË „‡Á – ÊË‰ÍÓÒÚ¸ – Ú‚Â‰‡fl Ù‡-

1
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Á‡, ‡ÒıÓ‰, ‚flÁÍÓÒÚ¸ Ë Û‰ÂÎ¸Ì˚È ‚ÂÒ ÊË‰ÍÓÒÚË, ÙÓÏËÛ˛˘ËÂ
ÔÓÚÂË Ó‰ÌÓÓ‰ÌÓÈ ÊË‰ÍÓÒÚË, Á‡ÏÂÌfl˛ÚÒfl ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÏË
ÁÌ‡˜ÂÌËflÏË ‰Îfl ÒÏÂÒË ÊË‰ÍÓÒÚ¸ – Ú‚Â‰‡fl Ù‡Á‡. ñËÍÎ ˝ÚËı
Á‡‰‡˜ Â¯‡ÂÚÒfl ‰Îfl ‚flÁÍÓÈ Ë ‚flÁÍÓÔÎ‡ÒÚË˜ÌÓÈ ÊË‰ÍÓÒÚÂÈ ÔË
ËÁÓÚÂÏË˜ÂÒÍÓÏ ‡Ò¯ËÂÌËË „‡Á‡, ‡ Ú‡ÍÊÂ Ò Û˜ÂÚÓÏ ‡ÒÚ‚Ó-
ËÏÓÒÚË „‡Á‡ ‚ ÊË‰ÍÓÒÚË. Ç˚‚Â‰ÂÌÌ˚Â ÍÓÎË˜ÂÒÚ‚ÂÌÌ˚Â ÒÓÓÚ-
ÌÓ¯ÂÌËfl ‰Îfl ‡Ò˜ÂÚ‡ „Ë‰ÓÒÏÂÒË ·˚ÎË ËÒÔÓÎ¸ÁÓ‚‡Ì˚ Ò ˆÂÎ¸˛
ÓÔÂ‰ÂÎÂÌËfl ‰‡‚ÎÂÌËfl Ì‡„ÌÂÚ‡ÌËfl ÔË ·ÛÂÌËË ÒÍ‚‡ÊËÌ˚
‰‚ÓÈÌÓÈ ·ÛËÎ¸ÌÓÈ ÍÓÎÓÌÌÓÈ ‚ ÒÎÛ˜‡Â, ÍÓ„‰‡ ÔÓÏ˚‚Í‡
ÒÍ‚‡ÊËÌ˚ ÓÒÛ˘ÂÒÚ‚ÎflÂÚÒfl ‚Ó‰ÓÈ Ë „ÎËÌËÒÚ˚Ï ‡ÒÚ‚ÓÓÏ, ‡
‚ÓÒıÓ‰fl˘ËÈ ÔÓÚÓÍ ‚ ˆÂÌÚ‡Î¸ÌÓÈ ÍÓÎÓÌÌÂ ÚÛ· ÔÂ‰ÒÚ‡‚ÎflÂÚ
ÒÓ·ÓÈ ÔÓÎË‰ËÒÔÂÒÌÛ˛ „Ë‰ÓÒÏÂÒ¸.

éÒÓ·ÓÂ ÏÂÒÚÓ Á‡ÌËÏ‡˛Ú Á‡‰‡˜Ë, Ò‚flÁ‡ÌÌ˚Â Ò ‰‚ËÊÂÌËÂÏ
“ÍÛÒÍÓ‚ÓÈ” „Ë‰ÓÒÏÂÒË. Ç Ó·˘ÂÏ ÒÎÛ˜‡Â ‚˚‚Ó‰ ‡Ò˜ÂÚÌ˚ı
ÚÂÓÂÚË˜ÂÒÍËı Á‡‚ËÒËÏÓÒÚÂÈ ‰Îfl Ú‡ÍÓÈ „Ë‰ÓÒÏÂÒË ‚fl‰ ÎË
‚ÓÁÏÓÊÂÌ ËÁ-Á‡ ÌÂÓÔÂ‰ÂÎÂÌÌÓÒÚË ÙÓÏ˚ Ú‚Â‰ÓÈ Ù‡Á˚. á‡-
‰‡˜‡ Ó·ÎÂ„˜‡ÂÚÒfl, ÍÓ„‰‡ Ú‚Â‰‡fl Ù‡Á‡, Ó·‡ÁÛ˛˘‡fl “ÍÛÒÍÓ‚Û˛”
„Ë‰ÓÒÏÂÒ¸, ËÏÂÂÚ Ô‡‚ËÎ¸ÌÛ˛ „ÂÓÏÂÚË˜ÂÒÍÛ˛ ÙÓÏÛ. àÏÂÌ-
ÌÓ ˝ÚÓÚ ÒÎÛ˜‡È Ë ‡ÒÒÏ‡ÚË‚‡ÂÚÒfl ‰‡ÎÂÂ, Ú.Â. Â¯‡ÂÚÒfl Á‡‰‡˜‡
ÔÓ ÓÔÂ‰ÂÎÂÌË˛ ‡ÒıÓ‰‡ ÊË‰ÍÓÒÚË Ë ÒÍÓÓÒÚË ÔÓ‰˙ÂÏ‡ ÔÓ-
Ó‰˚ ˆËÎËÌ‰Ë˜ÂÒÍÓÈ ÙÓÏ˚ ‚ ÚÛ·Â ‚ Á‡‚ËÒËÏÓÒÚË ÓÚ ÏÂ-
ı‡ÌË˜ÂÒÍÓÈ ÒÍÓÓÒÚË ÔÓıÓ‰ÍË ÔË ·ÛÂÌËË ÒÍ‚‡ÊËÌ˚ ‰‚ÓÈ-
ÌÓÈ ·ÛËÎ¸ÌÓÈ ÍÓÎÓÌÌÓÈ. é˜Â‚Ë‰ÌÓ, ˜ÚÓ ‡ÒıÓ‰ ÔÓÏ˚‚Ó˜-
ÌÓÈ ÊË‰ÍÓÒÚË ‰ÓÎÊÂÌ Ó·ÂÒÔÂ˜ËÚ¸ ÔÓÎÌÓÂ Û‰‡ÎÂÌËÂ ‚ÒÂÈ ‚˚-
·ÛÂÌÌÓÈ ÔÓÓ‰˚ Ò Á‡·Ófl ÒÍ‚‡ÊËÌ˚.

Ç‡ÊÌÓÒÚ¸ ˝ÚÓ„Ó Ó·ÒÚÓflÚÂÎ¸ÒÚ‚‡ ÒÚ‡ÌÓ‚ËÚÒfl Ó˜Â‚Ë‰ÌÓÈ, ÂÒÎË
Û˜ÂÒÚ¸, ˜ÚÓ ÏÂı‡ÌË˜ÂÒÍ‡fl ÒÍÓÓÒÚ¸ ÔÓıÓ‰ÍË ‰ÓÒÚË„‡ÂÚ
800"Ï/˜. áÌ‡˜ËÚÂÎ¸Ì˚È ‡ÒıÓ‰ Ú‚Â‰ÓÈ Ù‡Á˚ ‚Ó ‚ÌÛÚÂÌÌÂÈ
ÔÓÎÓÒÚË ˆÂÌÚ‡Î¸ÌÓÈ ÍÓÎÓÌÌ˚ Ó·ÛÒÎÓ‚ÎË‚‡ÂÚ ‚˚ÒÓÍÓÂ ‰‡‚ÎÂ-
ÌËÂ Ì‡„ÌÂÚ‡ÌËfl. èÓ˝ÚÓÏÛ ‚ÓÔÓÒ ËÒÔÓÎ¸ÁÓ‚‡ÌËfl ‡˝ËÓ‚‡Ì-
Ì˚ı ÊË‰ÍÓÒÚÂÈ ÔË ÔÓ‚Ó‰ÍÂ ÒÍ‚‡ÊËÌ˚ ‰‚ÓÈÌÓÈ ·ÛËÎ¸ÌÓÈ
ÍÓÎÓÌÌÓÈ fl‚ÎflÂÚÒfl ‡ÍÚÛ‡Î¸Ì˚Ï.

á‡‰‡˜Ë, Ò‚flÁ‡ÌÌ˚Â Ò ‰‚ËÊÂÌËÂÏ ÔÓÓ‰˚ ˆËÎËÌ‰Ë˜ÂÒÍÓÈ
ÙÓÏ˚ (ÍÂÌ‡), Â¯‡˛ÚÒfl ÔË Î‡ÏËÌ‡ÌÓÏ, ÚÛ·ÛÎÂÌÚÌÓÏ Ë
ÒÚÛÍÚÛÌÓÏ ÂÊËÏ‡ı ÚÂ˜ÂÌËfl ÔÓÏ˚‚Ó˜ÌÓÈ ÊË‰ÍÓÒÚË ‚
ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â, Ú.Â. ‚ ÔÓÒÚ‡ÌÒÚ‚Â ÏÂÊ‰Û ÍÂÌÓÏ Ë
‚ÌÛÚÂÌÌÂÈ ÔÓÎÓÒÚ¸˛ ˆÂÌÚ‡Î¸ÌÓÈ ÍÓÎÓÌÌ˚.

èË Î‡ÏËÌ‡ÌÓÏ ÂÊËÏÂ Á‡‰‡˜‡ Â¯‡ÂÚÒfl ÔÓ ÒËÒÚÂÏÂ
‰ËÙÙÂÂÌˆË‡Î¸Ì˚ı Û‡‚ÌÂÌËÈ ç‡‚¸Â – ëÚÓÍÒ‡ Ë Û‡‚ÌÂÌË˛
ÌÂ‡Á˚‚ÌÓÒÚË Ò ÒÓ·Î˛‰ÂÌËÂÏ ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘Ëı „‡ÌË˜Ì˚ı
ÛÒÎÓ‚ËÈ.

èË ÚÛ·ÛÎÂÌÚÌÓÏ ÂÊËÏÂ ÚÂ˜ÂÌËfl ÊË‰ÍÓÒÚË ‚ ÍÓÎ¸ˆÂ‚ÓÏ
ÔÓÒÚ‡ÌÒÚ‚Â Á‡‰‡˜‡ Â¯‡ÂÚÒfl Ò ÔÓÏÓ˘¸˛ ÒÚÂÔÂÌÌÓ„Ó Á‡ÍÓÌ‡
‡ÒÔÂ‰ÂÎÂÌËfl ÒÍÓÓÒÚÂÈ Ë ÏÂÚÓ‰‡ “Ò¯Ë‚‡ÌËfl”.
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í‡Í Í‡Í ÔÓ‚Â‰ÂÌËÂ ‡Ò˜ÂÚÓ‚ ÔË ÚÛ·ÛÎÂÌÚÌÓÏ ÂÊËÏÂ
ÚÂ˜ÂÌËfl ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â Ò‚flÁ‡ÌÓ Ò ÓÔÂ‰ÂÎÂÌÌ˚ÏË
ÒÎÓÊÌÓÒÚflÏË, ·˚ÎË ‚˚ÔÓÎÌÂÌ˚ ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÂ ‡ÔÔÓÍÒË-
Ï‡ˆËË Ë ÔÂ‰ÎÓÊÂÌ˚ ÔË·ÎËÊÂÌÌ˚Â ÙÓÏÛÎ˚, ÔÓÁ‚ÓÎfl˛˘ËÂ
Ò ‚˚ÒÓÍÓÈ ÚÓ˜ÌÓÒÚ¸˛ ÔÓ‚Ó‰ËÚ¸ ÌÂÓ·ıÓ‰ËÏ˚Â ‚˚˜ËÒÎÂÌËfl.

èË ÒÚÛÍÚÛÌÓÏ ÂÊËÏÂ ÚÂ˜ÂÌËfl ÊË‰ÍÓÒÚË ‚ ÍÓÎ¸ˆÂ‚ÓÏ
ÔÓÒÚ‡ÌÒÚ‚Â Á‡‰‡˜‡ Â¯‡ÂÚÒfl ÒÓ„Î‡ÒÌÓ ÏÓ‰ÂÎË ò‚Â‰Ó‚‡ –
ÅËÌ„‡Ï‡ ‰ÂÎÂÌËÂÏ ÔÓÚÓÍ‡, ‰‚ËÊÛ˘Â„ÓÒfl ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ-
‡ÌÒÚ‚Â, Ì‡ fl‰Ó Ë Ó·Î‡ÒÚË Ò ÔÓÎÓÊËÚÂÎ¸Ì˚Ï Ë ÓÚËˆ‡ÚÂÎ¸-
Ì˚Ï „‡‰ËÂÌÚ‡ÏË ÒÍÓÓÒÚË.

Ç ÂÁÛÎ¸Ú‡ÚÂ ·˚Î‡ ÔÓÎÛ˜ÂÌ‡ ÒËÒÚÂÏ‡ Û‡‚ÌÂÌËÈ, ËÒÔÓÎ¸ÁÓ-
‚‡ÌËÂ ÍÓÚÓÓÈ ‰Îfl ÓÔÂ‰ÂÎÂÌËfl ÒÍÓÓÒÚË ‰‚ËÊÂÌËfl ÍÂÌ‡ Ë
‡ÒıÓ‰‡ ÊË‰ÍÓÒÚË Ò‚flÁ‡ÌÓ Ò ·ÓÎ¸¯ËÏ Ó·˙ÂÏÓÏ ‚˚˜ËÒÎËÚÂÎ¸-
Ì˚ı ÓÔÂ‡ˆËÈ, Ó·ÛÒÎÓ‚ÎÂÌÌ˚ı ÌÂÓ·ıÓ‰ËÏÓÒÚ¸˛ Ì‡ıÓÊ‰ÂÌËfl
‡‰ËÛÒÓ‚ fl‰‡.

ùÚÓ Ó·ÒÚÓflÚÂÎ¸ÒÚ‚Ó ÔÓ·Û‰ËÎÓ ‚˚‚ÂÒÚË ÛÔÓ˘ÂÌÌ˚Â ‡Ò-
˜ÂÚÌ˚Â ÒÓÓÚÌÓ¯ÂÌËfl, ÔÓÁ‚ÓÎfl˛˘ËÂ ÓÔÂ‰ÂÎflÚ¸ ÌÂÓ·ıÓ‰ËÏ˚Â
‚ÂÎË˜ËÌ˚ Ò ÌÂÁÌ‡˜ËÚÂÎ¸ÌÓÈ ÔÓ„Â¯ÌÓÒÚ¸˛ ÔÓ Ò‡‚ÌÂÌË˛ Ò
ÚÓ˜ÌÓÈ ÒËÒÚÂÏÓÈ Û‡‚ÌÂÌËÈ.

ëÏÂÒ¸ ÊË‰ÍÓÒÚË Ò Ú‡ÌÒÔÓÚËÛÂÏ˚Ï Ï‡ÚÂË‡ÎÓÏ ÔËÌflÚÓ
Ì‡Á˚‚‡Ú¸ „Ë‰ÓÒÏÂÒ¸˛.

Ç Á‡‚ËÒËÏÓÒÚË ÓÚ ‡ÁÏÂÓ‚ Ú‡ÌÒÔÓÚËÛÂÏ˚ı Ï‡ÚÂË‡ÎÓ‚
„Ë‰ÓÒÏÂÒË ‰ÂÎflÚÒfl Ì‡:

1) ÒÛÒÔÂÌÁËË Ò ‰Ë‡ÏÂÚÓÏ ˜‡ÒÚËˆ ‰Ó 0,074"ÏÏ;
2) ÚÓÌÍÓ‰ËÒÔÂÒÌ˚Â, ‰Ë‡ÏÂÚ ˜‡ÒÚËˆ ÍÓÚÓ˚ı ÍÓÎÂ·ÎÂÚÒfl ‚

ÔÂ‰ÂÎ‡ı 0,074–0,150"ÏÏ;
3) „Û·Ó‰ËÒÔÂÒÌ˚Â, Ò ‰Ë‡ÏÂÚÓÏ ˜‡ÒÚËˆ 0,150"–3"ÏÏ;
4) ÌÂÓ‰ÌÓÓ‰ÌÓ ‰ËÒÔÂÒÌ˚Â, Ò ‡ÁÏÂÓÏ ˜‡ÒÚËˆ ·ÓÎÂÂ

3"ÏÏ;
5) ÔÓÎË‰ËÒÔÂÒÌ˚Â, Ò ˜‡ÒÚËˆ‡ÏË ·ÓÎÂÂ 0"ÏÏ.
àÁ ÔÂÂ˜ËÒÎÂÌÌ˚ı ÔflÚË ‚Ë‰Ó‚ „Ë‰ÓÒÏÂÒÂÈ ÒÛÒÔÂÌÁËË ÔÓ

Ò‚ÓËÏ Ò‚ÓÈÒÚ‚‡Ï, ÒÚÂÔÂÌË ËÁÛ˜ÂÌÌÓÒÚË Ë „Ë‰Ó‰ËÌ‡ÏË˜ÂÒÍËÏ
ÓÒÓ·ÂÌÌÓÒÚflÏ ÂÁÍÓ ÓÚÎË˜‡˛ÚÒfl ÓÚ ÓÒÚ‡Î¸Ì˚ı. éÚÎË˜ËÂ Á‡-
ÍÎ˛˜‡ÂÚÒfl ‚ ÒÔÓÒÓ·ÌÓÒÚË Ó·‡ÁÓ‚˚‚‡Ú¸ ÒÚÛÍÚÛÛ ÔË ÒÔÓ-
ÍÓÈÌÓÏ ÒÓÒÚÓflÌËË ÊË‰ÍÓÒÚË.

ÇÂÎË˜ËÌ‡ Í‡Ò‡ÚÂÎ¸ÌÓ„Ó Ì‡ÔflÊÂÌËfl, ÔË ÍÓÚÓÓÏ ÊË‰-
ÍÓÒÚ¸ ‚˚‚Ó‰ËÚÒfl ËÁ ÒÓÒÚÓflÌËfl ‡‚ÌÓ‚ÂÒËfl, Ì‡Á˚‚‡ÂÚÒfl ÒÚ‡-
ÚË˜ÂÒÍËÏ Ì‡ÔflÊÂÌËÂÏ Ò‰‚Ë„‡ θ.

ä ÒÛÒÔÂÌÁËflÏ Ë ÍÓÎÎÓË‰Ì˚Ï ‡ÒÚ‚Ó‡Ï ÏÓÊÌÓ ÓÚÌÂÒÚË
„ÎËÌËÒÚ˚Â Ë ˆÂÏÂÌÚÌ˚Â ‡ÒÚ‚Ó˚, ÚÓÙ Ë ÚÓÙÓÏ‡ÒÒ˚, Ô‡-
‡ÙËÌËÒÚ˚Â ÌÂÙÚË, ÌÂÙÚË ÔË ÌËÁÍËı ÚÂÏÔÂ‡ÚÛ‡ı Ë ‰.

é‰ÌÓÈ ËÁ ÓÒÓ·ÂÌÌÓÒÚÂÈ „ÎËÌËÒÚ˚ı ‡ÒÚ‚ÓÓ‚ (ÒÛÒÔÂÌÁËÈ)
fl‚ÎflÂÚÒfl ÚËÍÒÓÚÓÔËfl, Ú.Â. ÒÔÓÒÓ·ÌÓÒÚ¸ ÔËÌËÏ‡Ú¸ ‡ÁÊË-
ÊÂÌÌÓÂ ÒÓÒÚÓflÌËÂ ÔÓÒÎÂ ÔÂÂÏÂ¯Ë‚‡ÌËfl. íËÍÒÓÚÓÔÌÓÂ ÒÓ-
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ÒÚÓflÌËÂ ÔÓÍÓfl Ë ‡ÁÊËÊÂÌËfl ÔË ‡ÁÛ¯ÂÌËË ÒÚÛÍÚÛ˚
ËÏÂÂÚ Ó·‡ÚËÏ˚È ı‡‡ÍÚÂ.

ÇÂÎË˜ËÌ‡  ÒÚ‡ÚË˜ÂÒÍÓ„Ó  Ì‡ÔflÊÂÌËfl  Ò‰‚Ë„‡  ÏÓÊÂÚ ÁÌ‡-
˜ËÚÂÎ¸ÌÓ ËÁÏÂÌflÚ¸Òfl ‚ Á‡‚ËÒËÏÓÒÚË ÓÚ ‚ÂÏÂÌË ÔÂ·˚‚‡ÌËfl
‡ÒÚ‚Ó‡  ‚ ÔÓÍÓÂ.  ÑÎfl  ÔË·ÎËÊÂÌÌÓ„Ó  ÓÔÂ‰ÂÎÂÌËfl  ı‡-
‡ÍÚÂ‡  ÚËÍÒÓÚÓÔÌ˚ı ËÁÏÂÌÂÌËÈ ÔËÌflÚÓ ÓÔÂ‰ÂÎflÚ¸ ÒÚ‡-
ÚË˜ÂÒÍÓÂ Ì‡ÔflÊÂÌËÂ Ò‰‚Ë„‡ ˜ÂÂÁ 1"ÏËÌ (θ1) Ë ˜ÂÂÁ 10"ÏËÌ
(θ10).

àÁ‚ÂÒÚÌÓ, ˜ÚÓ Í‡Ò‡ÚÂÎ¸ÌÓÂ Ì‡ÔflÊÂÌËÂ τ ‚flÁÍËı ÊË‰ÍÓÒ-
ÚÂÈ ÓÔÂ‰ÂÎflÂÚÒfl ÔÓ Á‡ÍÓÌÛ ç¸˛ÚÓÌ‡, ÒÓ„Î‡ÒÌÓ ÍÓÚÓÓÏÛ ‚Â-
ÎË˜ËÌ‡ τ ÔflÏÓ ÔÓÔÓˆËÓÌ‡Î¸ÌÓ Á‡‚ËÒËÚ ÓÚ „‡‰ËÂÌÚ‡ ÒÍÓ-
ÓÒÚË du/dr, Ú.Â.

    
τ µ= du

dr
, (1.1)

„‰Â µ – ÍÓ˝ÙÙËˆËÂÌÚ ‰ËÌ‡ÏË˜ÂÒÍÓÈ ‚flÁÍÓÒÚË; u – ÒÍÓÓÒÚ¸
ÊË‰ÍÓÒÚË ‚ ‡ÒÒÏ‡ÚË‚‡ÂÏÓÈ ÚÓ˜ÍÂ; r – ‡ÒÒÚÓflÌËÂ ÓÚ ÓÒË
‰Ó ‰‡ÌÌÓÈ ÚÓ˜ÍË.

àÁ ‚˚‡ÊÂÌËfl (1.1) ÒÎÂ‰ÛÂÚ, ˜ÚÓ ÂÒÎË „‡‰ËÂÌÚ ÒÍÓÓÒÚË
‡‚ÂÌ ÌÛÎ˛ (ÒÓÒÚÓflÌË˛ ÔÓÍÓfl ÊË‰ÍÓÒÚË), ÚÓ Í‡Ò‡ÚÂÎ¸ÌÓÂ Ì‡-
ÔflÊÂÌËÂ Ú‡ÍÊÂ ‡‚ÌÓ ÌÛÎ˛, Ú.Â. Á‡‚ËÒËÏÓÒÚ¸ τ = f(du/dr)
‚˚‡Ê‡ÂÚÒfl ÔflÏÓÈ, ÔÓıÓ‰fl˘ÂÈ ˜ÂÂÁ Ì‡˜‡ÎÓ ÍÓÓ‰ËÌ‡Ú Ò
Û„ÎÓ‚˚Ï ÍÓ˝ÙÙËˆËÂÌÚÓÏ µ. í‡ÍËÏ Ó·‡ÁÓÏ, Ì¸˛ÚÓÌÓ‚ÒÍ‡fl
ÊË‰ÍÓÒÚ¸ ‚˚‚Ó‰ËÚÒfl ËÁ ÒÓÒÚÓflÌËfl ‡‚ÌÓ‚ÂÒËfl ÔË Î˛·ÓÏ
du/dr.

ç‡ÎË˜ËÂ ÒÚ‡ÚË˜ÂÒÍÓ„Ó Ì‡ÔflÊÂÌËfl Ò‰‚Ë„‡ ‰ÂÎ‡ÂÚ ÌÂ‚ÓÁ-
ÏÓÊÌ˚Ï ËÒÔÓÎ¸ÁÓ‚‡ÌËÂ Á‡ÍÓÌ‡ (1.1). ÑÎfl Ô‡ÍÚË˜ÂÒÍËı ‡Ò˜Â-
ÚÓ‚ ‚flÁÍÓÔÎ‡ÒÚË˜Ì˚ı ÊË‰ÍÓÒÚÂÈ ÂÍÓÏÂÌ‰ÛÂÚÒfl ÔÓÎ¸ÁÓ‚‡Ú¸Òfl
Á‡ÍÓÌÓÏ ò‚Â‰Ó‚‡ – ÅËÌ„‡Ï‡:

    
τ η τ= +du

dr 0, (1.2)

„‰Â η – ÒÚÛÍÚÛÌ‡fl ‚flÁÍÓÒÚ¸, fl‚Îfl˛˘‡flÒfl ‡Ì‡ÎÓ„ÓÏ µ; τ0 –
‰ËÌ‡ÏË˜ÂÒÍÓÂ Ì‡ÔflÊÂÌËÂ Ò‰‚Ë„‡.

èÓÒÎÂ ‚˚‚Ó‰‡ ÊË‰ÍÓÒÚË ËÁ ‡‚ÌÓ‚ÂÒËfl ÒÚ‡ÚË˜ÂÒÍÓÂ Ì‡Ôfl-
ÊÂÌËÂ Ò‰‚Ë„‡ θ Ú‡ÌÒÙÓÏËÛÂÚÒfl ‚ ‰ËÌ‡ÏË˜ÂÒÍÓÂ Ì‡ÔflÊÂ-
ÌËÂ τ0; Ó˜Â‚Ë‰ÌÓ, ˜ÚÓ τ0 ≠ θ. í‡ÍËÏ Ó·‡ÁÓÏ, Á‡‚ËÒËÏÓÒÚ¸ τ =
= f(du/dr) ‰Îfl ‚flÁÍÓÔÎ‡ÒÚË˜Ì˚ı ÊË‰ÍÓÒÚÂÈ ÏÓÊÌÓ ÔÂ‰ÒÚ‡-
‚ËÚ¸ ‚ ‚Ë‰Â ÔflÏÓÈ, ÓÚÒÂÍ‡˛˘ÂÈ ÔË du/dr = 0 Ì‡ ÓÒË τ ÌÂ-
ÍÓÚÓ˚È ÓÚÂÁÓÍ, ‡‚Ì˚È ‚ÂÎË˜ËÌÂ ÒÚ‡ÚË˜ÂÒÍÓ„Ó Ì‡ÔflÊÂÌËfl
Ò‰‚Ë„‡.

ç‡ÎË˜ËÂ ÒÚ‡ÚË˜ÂÒÍÓ„Ó Ë ‰ËÌ‡ÏË˜ÂÒÍÓ„Ó Ì‡ÔflÊÂÌËfl Ò‰‚Ë„‡
ÔÓfl‚ÎflÂÚÒfl ‚ ÚÓÏ, ˜ÚÓ ÔË ‰‚ËÊÂÌËË ÊË‰ÍÓÒÚË ˜‡ÒÚ¸ ÔÓÚÓÍ‡,
Ì‡Á˚‚‡ÂÏ‡fl fl‰ÓÏ, ÔÂÂÏÂ˘‡ÂÚÒfl Í‡Í Ú‚Â‰ÓÂ ÚÂÎÓ; ÓÒÚ‡‚¯‡-
flÒfl ˜‡ÒÚ¸ ÊË‰ÍÓÒÚË, Á‡ÍÎ˛˜ÂÌÌ‡fl ÏÂÊ‰Û ÒÚÂÌÍ‡ÏË Í‡Ì‡Î‡ Ë



9

„‡ÌËˆ‡ÏË fl‰‡, Ì‡Á˚‚‡ÂÚÒfl „‡‰ËÂÌÚÌ˚Ï ÒÎÓÂÏ. é˜Â‚Ë‰ÌÓ,
˜ÚÓ ‚ Ó·Î‡ÒÚË fl‰‡ ÔÓÚÓÍ‡ ÒÍÓÓÒÚË ˜‡ÒÚËˆ ÌÂ ÓÚÎË˜‡˛ÚÒfl
ÏÂÊ‰Û ÒÓ·ÓÈ, Ú.Â. „‡‰ËÂÌÚ ÒÍÓÓÒÚË ‡‚ÂÌ ÌÛÎ˛.

êÂÊËÏ ÚÂ˜ÂÌËfl, ÔË ÍÓÚÓÓÏ ‰‚ËÊÂÌËÂ ı‡‡ÍÚÂËÁÛÂÚÒfl
Ì‡ÎË˜ËÂÏ fl‰‡, Ì‡Á˚‚‡ÂÚÒfl ÒÚÛÍÚÛÌ˚Ï.

1.1. ÓÑÒÀÍÎÂÈÂØÅÅÑß ÄÂÈÆÅÍÈÅ
ÂßÇÊÎÏËÀÑÒÈ×ÍÎÉ ÑÓÑÏÅÍÇÈÈ Â ÒÐÓÁÅ
ÊÐÓÃËÎÃÎ ÏÎÏÅÐÅ×ÍÎÃÎ ÑÅ×ÅÍÈß

ê‡ÒÒÏÓÚËÏ ËÁ‚ÂÒÚÌÛ˛ Á‡‰‡˜Û Ó ÚÂ˜ÂÌËË ‚flÁÍÓÈ Ë ‚flÁÍÓÔÎ‡Ò-
ÚË˜ÌÓÈ ÊË‰ÍÓÒÚË ‚ Ú Û·Â ‡‰ËÛÒÓÏ R Ë ‰ÎËÌÓÈ l ÔË Î‡ÏË-
Ì‡ÌÓÏ Ë ÒÚÛÍÚÛÌÓÏ ÂÊËÏ‡ı.

ëÌ‡˜‡Î‡ ‡ÒÒÏÓÚËÏ ÚÂ˜ÂÌËÂ ‚flÁÍÓÈ ÊË‰ÍÓÒÚË ÔË Î‡ÏË-
Ì‡ÌÓÏ ÂÊËÏÂ.

Ñ‚ÛÏfl ÒÂ˜ÂÌËflÏË I–I Ë II–II, ÔÓ‚Â‰ÂÌÌ˚ÏË ÔÓ ÍÓÌˆ‡Ï
ÚÛ·˚, ‚˚‰ÂÎËÏ ÓÚÒÂÍ, ‚ÍÎ˛˜‡˛˘ËÈ ‚ ÒÂ·fl ‚Ò˛ ÊË‰ÍÓÒÚ¸,
‰‚ËÊÛ˘Û˛Òfl ‚ ÚÛ·Â.

ÇÌÛÚË ‚˚‰ÂÎÂÌÌÓ„Ó ÓÚÒÂÍ‡ Ï˚ÒÎÂÌÌÓ ÔÓ‚Â‰ÂÏ ÔÓ‚Âı-
ÌÓÒÚ¸ ‡‰ËÛÒÓÏ r (r < R) Ë ÒÓÒÚ‡‚ËÏ Û‡‚ÌÂÌËÂ ‡‚ÌÓ‚ÂÒËfl
ÒËÎ, ‰ÂÈÒÚ‚Û˛˘Ëı Ì‡ ÊË‰ÍÓÒÚ¸.

ÖÒÎË ‰‡‚ÎÂÌËÂ ‚ ÒÂ˜ÂÌËflı I–I Ë II–II ÒÓÒÚ‡‚ÎflÂÚ 1 Ë 2  
(1 > 2), ÚÓ ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÂ ÒËÎ˚ ‰‡‚ÎÂÌËfl ·Û‰ÛÚ πr21 Ë
πr22.

ëËÎ‡ ÚÂÌËfl ÔÓ ·ÓÍÓ‚ÓÈ ÔÓ‚ÂıÌÓÒÚË ˆËÎËÌ‰‡ ‡‰ËÛÒÓÏ
r ÒÓÒÚ‡‚ÎflÂÚ
í = –2πrlτ. (1.3)

á‰ÂÒ¸ ÁÌ‡Í “ÏËÌÛÒ” Ò‚Ë‰ÂÚÂÎ¸ÒÚ‚ÛÂÚ Ó· ÛÏÂÌ¸¯ÂÌËË ‚ÎÂ-
ÍÛ˘ÂÈ ÒËÎ˚. É‡‰ËÂÌÚ ÒÍÓÓÒÚË ‚ ‰‡ÌÌÓÏ ÒÎÛ˜‡Â fl‚ÎflÂÚÒfl ÓÚ-
Ëˆ‡ÚÂÎ¸Ì˚Ï Ë ÔÓ˝ÚÓÏÛ ÒÓ„Î‡ÒÌÓ (1.1)

    
τ µ=− du

dr
. (1.4)

áÌ‡˜ËÚ,

    
T rl du

dr
= 2π µ . (1.5)

ëÓ„Î‡ÒÌÓ ÔËÌˆËÔÛ Ñ′ÄÎ‡Ï·Â‡, ‡Î„Â·‡Ë˜ÂÒÍ‡fl ÒÛÏÏ‡ ÒËÎ,
ÔÓÂÍÚËÛÂÏ˚ı Ì‡ ÓÒ¸ ÔÓÚÓÍ‡, ‰ÓÎÊÌ‡ ‡‚ÌflÚ¸Òfl ÌÛÎ˛; ÔÓ-
˝ÚÓÏÛ

    
π π µr p rl du

dr
2 2 0∆ + = ,

„‰Â ∆ = 1 – 2.
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ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ,

    
du drr p

l
= ∆

2µ

ËÎË

    
u cpr

l
= − +∆ 2

14µ
. (1.6)

èË r = R u = 0, Ë ÚÓ„‰‡ ÔÓËÁ‚ÓÎ¸Ì‡fl ÔÓÒÚÓflÌÌ‡fl Ò1 Ì‡-
ıÓ‰ËÚÒfl Í‡Í

    
c Rp

l1
2

4
= ∆

µ
. (1.7)

áÌ‡˜ËÚ, ÒÓ„Î‡ÒÌÓ (1.6) Ë (1.7) ÒÍÓÓÒÚ¸ ‚ Î˛·ÓÈ ÚÓ˜ÍÂ ÔÓ-
ÔÂÂ˜ÌÓ„Ó ÒÂ˜ÂÌËfl ÚÛ·˚ ÏÓÊÌÓ ÓÔÂ‰ÂÎËÚ¸ Ú‡Í:

    
u R rp

l
= −∆

4
2 2

µ
( ). (1.8)

í‡ÍËÏ Ó·‡ÁÓÏ, ÔÓÎÛ˜ÂÌ Ô‡‡·ÓÎË˜ÂÒÍËÈ Á‡ÍÓÌ ‡ÒÔÂ‰Â-
ÎÂÌËfl ÒÍÓÓÒÚÂÈ.

ê‡ÒıÓ‰ ÊË‰ÍÓÒÚË Ì‡È‰ÂÏ ÔÓ ‚˚‡ÊÂÌË˛

    
q rudr

R

= ∫2
0

π . (1.9)

íÓ„‰‡ ÔÓ (1.8) Ë (1.9)

    
q Rp

l
= π

µ

∆

8
4. (1.10)

ëÓÓÚÌÓ¯ÂÌËÂ (1.10) ËÁ‚ÂÒÚÌÓ ÔÓ‰ Ì‡Á‚‡ÌËÂÏ ÙÓÏÛÎ˚ èÛ-
‡ÁÂÈÎfl.

íÂÔÂ¸ ‡ÒÒÏÓÚËÏ ÚÂ˜ÂÌËÂ ‚flÁÍÓÔÎ‡ÒÚË˜ÌÓÈ ÊË‰ÍÓÒÚË ‚
ÚÛ·Â.

ëÎÂ‰Ûfl Á‡ÍÓÌÛ ò‚Â‰Ó‚‡ – ÅËÌ„‡Ï‡ (1.2), ÔÓ ‡Ì‡ÎÓ„ËË Ò
(1.5) ÏÓÊÂÏ Á‡ÔËÒ‡Ú¸:

    
T rl

du

dr
= − − +









2 0π η τ . (1.11)

áÌ‡˜ËÚ, ‚ ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò ÔËÌˆËÔÓÏ Ñ′ÄÎ‡Ï·Â‡ Û‡‚ÌÂ-
ÌËÂ ‰ËÌ‡ÏË˜ÂÒÍÓ„Ó ‡‚ÌÓ‚ÂÒËfl ÒËÎ ÔËÏÂÚ ‚Ë‰

    
π π η τr p rl

du

dr

2
02 0∆ − − +









 = .

éÚÒ˛‰‡
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du rdr drp

l
= − +∆

2
0

η

τ

η
.

áÌ‡˜ËÚ,

    
u r r cp

l
= − + +∆

4
2 0

η

τ

η
. (1.12)

èË r = R u = 0.
íÓ„‰‡

    
c RpR

l
= −∆ 2

0

4η

τ

η
.

ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ÒÍÓÓÒÚ¸ ‚ Î˛·ÓÈ ÚÓ˜ÍÂ ÏÓÊÌÓ Ì‡ÈÚË ÔÓ
ÙÓÏÛÎÂ

    
u R rp R r

l
= − −−∆ ( ) ( ).

2 2
0

4η

τ

η
(1.13)

èË τ0 = 0 ‚˚‡ÊÂÌËfl (1.8) Ë (1.13) ÒÓ‚Ô‡‰‡˛Ú ÏÂÊ‰Û ÒÓ-
·ÓÈ.

é˜Â‚Ë‰ÌÓ, ˜ÚÓ Ì‡ ÔÓ‚ÂıÌÓÒÚË fl‰‡ ‡‰ËÛÒÓÏ ρ ÒÍÓÓÒÚ¸
ÊË‰ÍÓÒÚË ‚ ‰‡ÌÌÓÈ ÚÓ˜ÍÂ ÔÂÂıÓ‰ËÚ ‚ ÒÍÓÓÒÚ¸ fl‰‡ u0, Ú.Â.
ÔË r = ρ u = u0 Ë, ÁÌ‡˜ËÚ,

    
u R Rp

l0
2 2 0

4
= − − −∆

η

τ

η
ρ ρ( ( ).) (1.14)

ê‡‰ËÛÒ fl‰‡ ÏÓÊÌÓ Ì‡ÈÚË ËÁ Û‡‚ÌÂÌËfl ‰ËÌ‡ÏË˜ÂÒÍÓ„Ó
‡‚ÌÓ‚ÂÒËfl fl‰‡

πρ2∆p = 2πρlτ0.

éÚÒ˛‰‡

    
ρ τ= 2 0l

p∆
. (1.15)

ê‡ÒıÓ‰ ÊË‰ÍÓÒÚË ‚ Ó·Î‡ÒÚË „‡‰ËÂÌÚÌÓ„Ó ÒÎÓfl Ë fl‰‡ ÔÓ-
ÚÓÍ‡

    
q rudr

R

„ = ∫
ρ

; (1.16)

    q u0 = πρ2
0. (1.17)

é˜Â‚Ë‰ÌÓ, ˜ÚÓ ‡ÒıÓ‰ ÊË‰ÍÓÒÚË ˜ÂÂÁ ‚ÒÂ ÔÓÔÂÂ˜ÌÓÂ ÒÂ-
˜ÂÌËÂ ÒÓÒÚ‡‚ÎflÂÚ

q = q„ + q0. (1.18)

íÓ„‰‡ ÔÓ ‚˚‡ÊÂÌËflÏ (1.13) – (1.18) ÔÓÎÛ˜ËÏ:
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q R p
l R R

= − +










π

η

ρ ρ4 4

48
4
3

1
3

1∆ . (1.19)

îÓÏÛÎ‡ (1.19) ‚ÔÂ‚˚Â ·˚Î‡ ÔÓÎÛ˜ÂÌ‡ ÅÛÍËÌ„‡ÏÓÏ Ë ÔË
τ0 = 0, Ú.Â. ρ = 0, ÔÂÂıÓ‰ËÚ ‚ ËÁ‚ÂÒÚÌÛ˛ ÙÓÏÛÎÛ èÛ‡ÁÂÈÎfl
(1.10).

àÁ ‰ËÌ‡ÏË˜ÂÒÍÓ„Ó ‡‚ÌÓ‚ÂÒËfl ÊË‰ÍÓÒÚË, ÒÓÒÚ‡‚ÎÂÌÌÓ„Ó ‰Îfl
ÒÎÛ˜‡fl, ÍÓ„‰‡ fl‰Ó Á‡ÌËÏ‡ÂÚ Ô‡ÍÚË˜ÂÒÍË ‚Ò˛ ÔÎÓ˘‡‰¸ ÔÓÚÓ-
Í‡, ËÏÂÂÏ:

    
∆p l

R0 =
2 0τ . (1.20)

íÓ„‰‡ ÔÓ ‚˚‡ÊÂÌËflÏ (1.15) Ë (1.20) ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸:

    

∆

∆

p

p R
0 = ρ (1.21)

ËÎË

    
y l

R p
= 2 0τ

∆
, (1.22)

„‰Â 
    
y p

p
= ∆

∆
0 .

áÌ‡˜ËÚ, ‚˚‡ÊÂÌËÂ (1.19) ÏÓÊÌÓ ÔÂÂÔËÒ‡Ú¸ Ú‡Í:

    

q R p
l

p

p

p

p
= − +



























π

η

4
0 0

4

8
4
3

1
3

1∆ ∆

∆

∆

∆
. (1.23)

èÂ‰ÒÚ‡‚ËÏ ‚˚‡ÊÂÌËÂ (1.23) ‚ ÒÎÂ‰Û˛˘ÂÏ “·ÂÁ‡ÁÏÂÌÓÏ”
‚Ë‰Â:

    
′ = − +









q p

p

p

p
1 4

3
1
3

0 0
4

∆

∆

∆

∆
(1.24)

ËÎË

    
′ = − +q y y1 4

3
1
3

4, (1.25)

„‰Â 
    
′ =q lq

R p

8
4

η

π ∆
.

ÖÒÎË

    
1 4

3
1
3

0 0
4

− >>










∆

∆

∆

∆

p

p

p

p
,

ÚÓ ÙÓÏÛÎÛ (1.24) ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸ Ú‡Í:
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′ = −q y1 4

3
. (1.26)

Ç˚‡ÊÂÌËÂ (1.26) ËÁ‚ÂÒÚÌÓ ÔÓ‰ Ì‡Á‚‡ÌËÂÏ ÛÔÓ˘ÂÌÌÓÈ
ÙÓÏÛÎ˚ ÅÛÍËÌ„‡Ï‡.

Ç Ú‡·Î. 1.1 ÔË‚Â‰ÂÌ˚ ÁÌ‡˜ÂÌËfl q′, Ì‡È‰ÂÌÌ˚Â ÔÓ (1.25) Ë

(1.26) ÔË ‡ÁÎË˜Ì˚ı 
    
y y p

p
=











∆

∆
0 ; Á‰ÂÒ¸ ÊÂ ‰‡ÌÓ ÁÌ‡˜ÂÌËÂ ÔÓ-

„Â¯ÌÓÒÚË ∆, ÓÔÂ‰ÂÎflÂÏÓÈ Í‡Í

    
∆ = ′ − ′

′

q q
q

( . ) ( . )
( . )

,1 25 1 26
1 25

100

„‰Â q′(1.25) Ë q′(1.26) – ÁÌ‡˜ÂÌËfl q′, Ì‡È‰ÂÌÌ˚Â ÒÓÓÚ‚ÂÚÒÚ‚ÂÌ-
ÌÓ ÔÓ (1.25) Ë (1.26).

àÁ Ú‡·Î. 1.1 ‚Ë‰ÌÓ, ˜ÚÓ ÔË y ≥ 0,54 ËÒÔÓÎ¸ÁÓ‚‡ÌËÂ ÔË-
·ÎËÊÂÌÌÓÈ ÙÓÏÛÎ˚ ÅÛÍËÌ„‡Ï‡ ÏÓÊÂÚ ÔË‚ÂÒÚË Í ÒÛ˘ÂÒÚ-
‚ÂÌÌÓÈ ÔÓ„Â¯ÌÓÒÚË. ó‡ÒÚÓ ‚ Ô‡ÍÚË˜ÂÒÍËı ‡Ò˜ÂÚ‡ı ‚ÓÁÌË-
Í‡ÂÚ ÌÂÓ·ıÓ‰ËÏÓÒÚ¸ ÓÔÂ‰ÂÎÂÌËfl ∆ ÔÓ Á‡‰‡ÌÌÓÏÛ ‡ÒıÓ‰Û
ÊË‰ÍÓÒÚË.

ÖÒÎË ˝ÚÛ Á‡‰‡˜Û Â¯‡Ú¸ ÔÓ ÛÔÓ˘ÂÌÌÓÈ ÙÓÏÛÎÂ ÅÛÍËÌ„‡-
Ï‡ (1.26), ÚÓ ÔÓÎÛ˜ËÏ:

    
∆p l

R
q

R
= +











8
33
0η

π

τ . (1.27)

É‡ÌËˆ˚ ÔËÏÂÌËÏÓÒÚË ÙÓÏÛÎ˚ (1.27) ÓÔÂ‰ÂÎfl˛ÚÒfl ‰‡Ì-
Ì˚ÏË Ú‡·Î. 1.1. éÔÂ‰ÂÎÂÌË˛ ∆ ÔÓ ÚÓ˜ÌÓÈ ÙÓÏÛÎÂ ÅÛÍËÌ-
„‡Ï‡ ÔÓÒ‚fl˘ÂÌ‡ ‡·ÓÚ‡ É.Ñ."êÓÁÂÌ·Â„‡ Ë Å.à."åËÚÂÎ¸Ï‡Ì‡.

í ‡ · Î Ë ̂  ‡  1.1

y q′(1.25) q′(1.26) ∆, % q′(1.28) ∆1, %
0 1,00000 1,00000 0,00 1,00000 0,00

0,10 0,86670 0,86667 0,00 0,86230 0,51
0,20 0,73386 0,73333 0,07 0,72987 0,55
0,30 0,60270 0,60000 0,45 0,60270 0,00
0,40 0,47520 0,46667 1,80 0,48081 1,18
0,50 0,35417 0,33333 6,04 0,36416 2,82
0,51 0,34255 0,32000 6,58 0,35278 2,99
0,52 0,33104 0,30667 7,36 0,34146 3,15
0,53 0,31964 0,29333 8,23 0,33019 3,30
0,54 0,30834 0,28000 9,19 0,31898 3,45
0,55 0,29717 0,26667 10,26 0,30781 3,58
0,56 0,28611 0,25333 11,46 0,29670 3,70
0,57 0,27519 0,24000 12,79 0,28564 3,80
0,58 0,26439 0,22667 14,27 0,27464 3,88
0,59 0,25372 0,21333 15,92 0,26368 3,93
0,60 0,24320 0,20000 17,76 0,25278 3,90
0,70 0,14670 0,06667 54,55 0,14667 0,00
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èË ˝ÚÓÏ ÔÓÎÛ˜‡ÂÚÒfl ‰ÓÒÚ‡ÚÓ˜ÌÓ ÒÎÓÊÌÓÂ ‚˚‡ÊÂÌËÂ, Á‡-
ÚÛ‰ÌËÚÂÎ¸ÌÓÂ ‰Îfl Ô‡ÍÚË˜ÂÒÍÓ„Ó ËÒÔÓÎ¸ÁÓ‚‡ÌËfl.

ÑÎfl ÔÓÎÛ˜ÂÌËfl ·ÓÎÂÂ ÔÓÒÚÓ„Ó ÒÓÓÚÌÓ¯ÂÌËfl, ËÏÂ˛˘Â„Ó
ÓÚÌÓÒËÚÂÎ¸ÌÓ ‚˚ÒÓÍËÈ ‰Ë‡Ô‡ÁÓÌ ÔËÏÂÌËÏÓÒÚË, ÌÂÓ·ıÓ‰ËÏ‡
‡ÔÔÓÍÒËÏ‡ˆËfl ÙÓÏÛÎ˚ (1.25) ‚˚‡ÊÂÌËÂÏ, ÍÓÚÓÓÂ ÔÓÁ‚Ó-
ÎËÚ Ì‡ÈÚË ∆ ‚ fl‚ÌÓÏ ‚Ë‰Â Ë ÔË ˝ÚÓÏ ÌÂ ÔË‚Â‰ÂÚ Í ÔÓ-
„Â¯ÌÓÒÚË ·ÓÎÂÂ 3–4"%.

îÓÏÛÎ‡ (1.25) ·˚Î‡ ‡ÔÔÓÍÒËÏËÓ‚‡Ì‡ Ú‡Í:

q′ = 1 – 1,403297y + 0,263225y2. (1.28)

Ç Ú‡·Î. 1.1 ÔË‚Ó‰flÚÒfl ÁÌ‡˜ÂÌËfl q′ ÔÓ (1.28). àÁ Ú‡·ÎËˆ˚
‚Ë‰ÌÓ, ˜ÚÓ ÔË 0 ≤ y ≤ 0,70 ÔÓ„Â¯ÌÓÒÚ¸ ÔÓ ÙÓÏÛÎÂ (1.28) ∆1

ÌÂ ÔÂ‚˚¯‡ÂÚ 4"%, ˜ÚÓ ÁÌ‡˜ËÚÂÎ¸ÌÓ ÌËÊÂ ÔÓ„Â¯ÌÓÒÚË, ÔÓÎÛ-
˜‡ÂÏÓÈ ÔÓ ÔË·ÎËÊÂÌÌÓÈ ÙÓÏÛÎÂ ÅÛÍËÌ„‡Ï‡.

èÓ‰ÒÚ‡‚Ë‚ ‚ ÒÓÓÚÌÓ¯ÂÌËÂ (1.28) ‚˚‡ÊÂÌËfl ‰Îfl q′ Ë y, Á‡-
ÔË¯ÂÏ:

    

8
4

0 0
2

1 2 8066 1 0529η

π

τ τlq

R p

l

R p

l

R p∆ ∆ ∆
= − +









, , .

í‡ÍËÏ Ó·‡ÁÓÏ, ÓÚÌÓÒËÚÂÎ¸ÌÓ ∆ ËÏÂÂÏ Í‚‡‰‡ÚÌÓÂ Û‡‚-
ÌÂÌËÂ, Â¯Ë‚ ÍÓÚÓÓÂ ÔÓÎÛ˜ËÏ:

    

∆p l q

R R
q

R R R
= + + + −



































2

8 8
4

0
4

0
2

0
2

2 8066 2 8066 4 2116η

π

τ η

π

τ τ, , , . (1.29)

èË ÓÔÂ‰ÂÎÂÌÌ˚ı ÛÒÎÓ‚Ëflı ÒÚÛÍÚÛÌ˚È ÂÊËÏ ÚÂ˜ÂÌËfl
ÔÂÂıÓ‰ËÚ ‚ ÚÛ·ÛÎÂÌÚÌ˚È. Ç ÒÎÛ˜‡Â ‚flÁÍÓÈ ÊË‰ÍÓÒÚË ÛÒÎÓ‚Ëfl
ÔÂÂıÓ‰‡ Î‡ÏËÌ‡ÌÓ„Ó ÂÊËÏ‡ ‚ ÚÛ·ÛÎÂÌÚÌ˚È ÓÔÂ‰ÂÎfl˛ÚÒfl
ÔÓ Ô‡‡ÏÂÚÛ êÂÈÌÓÎ¸‰Ò‡

    
Re ,= 2vR

ν
(1.30)

„‰Â ν – ÍËÌÂÏ‡ÚË˜ÂÒÍ‡fl ‚flÁÍÓÒÚ¸ ÊË‰ÍÓÒÚË, ν = µg/γ.
àÒÒÎÂ‰Ó‚‡ÌËflÏË é."êÂÈÌÓÎ¸‰Ò‡ ·˚ÎÓ ÛÒÚ‡ÌÓ‚ÎÂÌÓ, ˜ÚÓ ÍË-

ÚË˜ÂÒÍÓÂ ÁÌ‡˜ÂÌËÂ Ô‡‡ÏÂÚ‡ êÂÈÌÓÎ¸‰Ò‡ ÒÓÒÚ‡‚ÎflÂÚ ReÍ =
= 2320.

ÖÒÎË Re < ReÍ, ÚÓ ÔÓËÒıÓ‰ËÚ ‰‚ËÊÂÌËÂ ÊË‰ÍÓÒÚË ‚ Î‡-
ÏËÌ‡ÌÓÏ ÂÊËÏÂ; ‚ ÔÓÚË‚ÌÓÏ ÒÎÛ˜‡Â ÓÒÛ˘ÂÒÚ‚ÎflÂÚÒfl ÚÛ-
·ÛÎÂÌÚÌÓÂ ÚÂ˜ÂÌËÂ.

ìÒÚ‡ÌÓ‚ËÏ ÛÒÎÓ‚Ëfl ÒÛ˘ÂÒÚ‚Ó‚‡ÌËfl ÒÚÛÍÚÛÌÓ„Ó Ë ÚÛ·Û-
ÎÂÌÚÌÓ„Ó ÂÊËÏÓ‚ ‰‚ËÊÂÌËfl ‚flÁÍÓÔÎ‡ÒÚË˜ÌÓÈ ÊË‰ÍÓÒÚË ‚
ÚÛ·Â ÍÛ„ÎÓ„Ó ÔÓÔÂÂ˜ÌÓ„Ó ÒÂ˜ÂÌËfl.
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åÓÊÌÓ ÔÂ‰ÔÓÎÓÊËÚ¸, ˜ÚÓ Ì‡ÎË˜ËÂ Ú‚Â‰ÓÈ Ù‡Á˚ ‚ ÊË‰-
ÍÓÒÚË „‡ÒËÚ ÚÛ·ÛÎÂÌÚÌÛ˛ ÔÛÎ¸Ò‡ˆË˛, Ë ÔÓ˝ÚÓÏÛ ÒÎÂ‰ÛÂÚ
ÓÊË‰‡Ú¸ ·ÓÎÂÂ ÔÓÁ‰Ì˛˛ ÚÛ·ÛÎÂÌÚÌÓÒÚ¸ ‚ Ò‡‚ÌÂÌËË Ò ‚flÁÍÓÈ
ÊË‰ÍÓÒÚ¸˛.

1.2. ÐÅÆÈÌÛ ÒÅ×ÅÍÈß ÑÓÑÏÅÍÇÈÈ
(ÂßÇÊÎÏËÀÑÒÈ×ÍÎÉ ÆÈÄÊÎÑÒÈ) Â ÒÐÓÁÅ

êÂ¯ËÏ Á‡‰‡˜Û, ÔÓÎ¸ÁÛflÒ¸ ÏÂÚÓ‰ÓÏ ‡ÁÏÂÌÓÒÚÂÈ.
èË ÚÂ˜ÂÌËË ÒÛÒÔÂÌÁËË ‚ ÚÛ·Â ÍËÚË˜ÂÒÍ‡fl ÒÍÓÓÒÚ¸ Á‡-

‚ËÒËÚ ÓÚ ‰Ë‡ÏÂÚ‡ d, ÔÎÓÚÌÓÒÚË ÊË‰ÍÓÒÚË ρ, ÒÚÛÍÚÛÌÓÈ
‚flÁÍÓÒÚË η, ‡ Ú‡ÍÊÂ ‰ËÌ‡ÏË˜ÂÒÍÓ„Ó Ì‡ÔflÊÂÌËfl Ò‰‚Ë„‡ τ0.

ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ÙËÁË˜ÂÒÍÓÂ Û‡‚ÌÂÌËÂ ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸
Ú‡Í:

vÍ = f(d, ρ, η, τ0). (1.31)

í‡Í Í‡Í d, ρ Ë η fl‚Îfl˛ÚÒfl ‚ÂÎË˜ËÌ‡ÏË, ËÏÂ˛˘ËÏË ÌÂÁ‡‚Ë-
ÒËÏ˚Â ‡ÁÏÂÌÓÒÚË, ÚÓ Ì‡ ÓÒÌÓ‚‡ÌËË π-ÚÂÓÂÏ˚ ËÏÂÂÏ

    

v

d dx y z x y z

Í

ρ η

τ

ρ η
ϕ=










0

1 1 1
. (1.32)

éÔÂ‰ÂÎË‚ ÔÓÍ‡Á‡ÚÂÎË ÒÚÂÔÂÌË ËÁ ÛÒÎÓ‚Ëfl ‡‚ÂÌÒÚ‚‡ ‡Á-
ÏÂÌÓÒÚÂÈ ˜ËÒÎËÚÂÎfl Ë ÁÌ‡ÏÂÌ‡ÚÂÎfl, ÙÛÌÍˆËÓÌ‡Î¸ÌÛ˛ Á‡‚Ë-
ÒËÏÓÒÚ¸ (1.32) ÔÂÂÔË¯ÂÏ Ú‡Í:

ReÍ = f1(He), (1.33)

„‰Â çÂ – Ô‡‡ÏÂÚ ïÂ‰ÒÚÂÏ‡.

    
He = τ ρ

η

0
2

2

d .

ïÂÌÍÒ ÚÂÓÂÚË˜ÂÒÍË ÛÒÚ‡ÌÓ‚ËÎ Á‡‚ËÒËÏÓÒÚ¸ Re = f1(çÂ),
ÔÓ‰Ú‚ÂÊ‰ÂÌÌÛ˛ ÏÌÓ„Ó˜ËÒÎÂÌÌ˚ÏË ˝ÍÒÔÂËÏÂÌÚ‡Î¸Ì˚ÏË ËÒ-
ÒÎÂ‰Ó‚‡ÌËflÏË ÚÂ˜ÂÌËfl „ÎËÌËÒÚ˚ı Ë ˆÂÏÂÌÚÌ˚ı ‡ÒÚ‚ÓÓ‚ Ò
ËÁÏÂÌfl˛˘ËÏËÒfl ‚ ¯ËÓÍÓÏ ‰Ë‡Ô‡ÁÓÌÂ ÂÓÎÓ„Ë˜ÂÒÍËÏË Ò‚ÓÈ-
ÒÚ‚‡ÏË (Ú‡·Î. 1.2).

àÁ ÚÂÓËË ÚÛ·ÛÎÂÌÚÌÓÒÚË ËÁ‚ÂÒÚÌÓ Ó Ú‡Í Ì‡Á˚‚‡ÂÏÓÈ ‰Ë-
Ì‡ÏË˜ÂÒÍÓÈ ÒÍÓÓÒÚË

    
v w

‰ËÌ =
τ

ρ
, (1.34)

„‰Â τw – Í‡Ò‡ÚÂÎ¸ÌÓÂ Ì‡ÔflÊÂÌËÂ Ì‡ ÒÚÂÌÍÂ ÚÛ·˚.



16

í ‡ · Î Ë ̂  ‡  1.2

çÂ ReÍ ë çÂ ReÍ ë
9"952 3 329 33,38 101 427 6 897 21,65
14 694 3 698 30,51 157 500 8 032 20,24
21 382 4 116 28,14 254 545 9 673 19,18
31 111 4 629 26,25 435 555 11 760 17,82
45 542 5 251 24,60 807 692 14 522 16,16
67 200 5 980 23,09 1 680 000 18 480 14,26

Ç ÏÌÓ„Ó˜ËÒÎÂÌÌ˚ı ËÒÒÎÂ‰Ó‚‡ÌËflı, ÔÓÒ‚fl˘ÂÌÌ˚ı ÓÔÂ‰ÂÎÂ-
ÌË˛ ÛÒÎÓ‚ËÈ ÔÂÂıÓ‰‡ ÒÚÛÍÚÛÌÓ„Ó ÂÊËÏ‡ ‚ ÚÛ·ÛÎÂÌÚÌ˚È,
‚ÂÎË˜ËÌ‡ τw Á‡ÏÂÌÂÌ‡ Ì‡ τ0, Ë ÍËÚË˜ÂÒÍÛ˛ ÒÍÓÓÒÚ¸ ÏÓÊÌÓ
ÔÂ‰ÒÚ‡‚ËÚ¸ Í‡Í

    
v CÍ =

τ

ρ

0 , (1.35)

„‰Â ë – ÍÓ˝ÙÙËˆËÂÌÚ, ÓÔÂ‰ÂÎflÂÏ˚È ËÁ ˝ÍÒÔÂËÏÂÌÚ‡.
ìÏÌÓÊË‚ ÎÂ‚Û˛ Ë Ô‡‚Û˛ ˜‡ÒÚË (1.35) Ì‡ ρd/η, ÔÓÎÛ˜ËÏ

    Re .Í He=C (1.36)

Ç Ú‡·Î. 1.2 ÍÓ˝ÙÙËˆËÂÌÚ ë Ì‡È‰ÂÌ ÔÓ ÙÓÏÛÎÂ (1.36) ÔË
ReÍ, ‡‚ÌÓÏ ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÏ ÁÌ‡˜ÂÌËflÏ, ‚ÁflÚ˚Ï ËÁ ˝ÚÓÈ
Ú‡·ÎËˆ˚ ÔË ÚÓÏ ËÎË ËÌÓÏ Ô‡‡ÏÂÚÂ ïÂ‰ÒÚÂÏ‡.

Ç Ì‡ÒÚÓfl˘ÂÂ ‚ÂÏfl ÔËÌflÚÓ Ò˜ËÚ‡Ú¸, ˜ÚÓ ÔË 2⋅104 ≤ çÂ ≤
≤ 1,6⋅105 C = 25, Ú.Â.

  Re .Í He=25 (1.37)

é‰Ì‡ÍÓ, ÂÒÎË Ò‡‚ÌËÚ¸ ÁÌ‡˜ÂÌËÂ ë = 25 ‚ ÛÍ‡Á‡ÌÌÓÏ ‰Ë‡-
Ô‡ÁÓÌÂ Ô‡‡ÏÂÚ‡ ïÂ‰ÒÚÂÏ‡ Ò ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÏË ë, ÔË‚Â-
‰ÂÌÌ˚ÏË ‚ Ú‡·Î. 1.2, ÚÓ ÎÂ„ÍÓ Û·Â‰ËÚ¸Òfl, ˜ÚÓ ÓÌË ÏÓ„ÛÚ ÒÛ˘Â-
ÒÚ‚ÂÌÌÓ ÓÚÎË˜‡Ú¸Òfl ÓÚ 25. ùÚÓ ‡ÒıÓÊ‰ÂÌËÂ ‰ÓÒÚË„‡ÂÚ 25"%.

èÓÏËÏÓ ˝ÚÓ„Ó Ú‡Í‡fl “ÍÓÌÒÚÛÍˆËfl” ÙÓÏÛÎ (1.36) Ë (1.37)
ÒÛ˘ÂÒÚ‚ÂÌÌÓ ÒÛÊ‡ÂÚ Ó·Î‡ÒÚ¸ Ëı ÔËÏÂÌÂÌËfl Ë ÌÂ ı‡‡ÍÚÂË-
ÁÛÂÚÒfl ‰ÓÒÚ‡ÚÓ˜ÌÓÈ ÚÓ˜ÌÓÒÚ¸˛.

ÑÎfl ÛÒÚ‡ÌÂÌËfl ˝ÚËı ÌÂ‰ÓÒÚ‡ÚÍÓ‚ ÔÓ ‰‡ÌÌ˚Ï Ú‡·Î. 1.2 ·˚-
Î‡ ÔÓÒÚÓÂÌ‡ ÍË‚‡fl Á‡‚ËÒËÏÓÒÚË ReÍ = f(çÂ), ‡ÔÔÓÍÒËÏ‡-
ˆËfl ÍÓÚÓÓÈ ÔÓÁ‚ÓÎËÎ‡ ÔÓÎÛ˜ËÚ¸ ÙÓÏÛÎÛ

ReÍ = 145,842çÂ0,33498. (1.38)

ê‡Ò˜ÂÚ˚ ÔÓ ÙÓÏÛÎÂ (1.38) ÔÓÍ‡Á‡ÎË, ˜ÚÓ ÔË 9952 ≤ çÂ ≤  
≤ 1"680"000 Ï‡ÍÒËÏ‡Î¸ÌÓÂ ÓÚÍÎÓÌÂÌËÂ ReÍ ÓÚ ÂÁÛÎ¸Ú‡ÚÓ‚,
ÔË‚Â‰ÂÌÌ˚ı ‚ Ú‡·Î. 1.2, ÌÂ ÔÂ‚˚¯‡ÂÚ 4,5"%.
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1.3. ÊÎÝÔÔÈÖÈÅÍÒ
ÃÈÄÐÀÂËÈ×ÅCÊÎÃÎ ÑÎÏÐÎÒÈÂËÅÍÈß
ÏÐÈ ÒÓÐÁÓËÅÍÒÍÎÌ ÐÅÆÈÌÅ ÒÅ×ÅÍÈß
ÂßÇÊÎÏËÀÑÒÈ×ÍÎÉ ÑÓCÏÅÍÇÈÈ

ÑÎfl „Ë‰‡‚ÎË˜ÂÒÍËı ‡Ò˜ÂÚÓ‚ ÔË ÚÛ·ÛÎÂÌÚÌÓÏ ÂÊËÏÂ ÚÂ˜Â-
ÌËfl „ÎËÌËÒÚÓ„Ó ‡ÒÚ‚Ó‡ ·˚ÎË ÔÓÎÛ˜ÂÌ˚ ‡ÁÎË˜Ì˚Â ˝ÏÔËË-
˜ÂÒÍËÂ ÒÓÓÚÌÓ¯ÂÌËfl. èË‚Â‰ÂÏ ÌÂÍÓÚÓ˚Â ËÁ ÌËı, ÔÓÎÛ˜Ë‚-
¯ËÂ Ì‡Ë·ÓÎ¸¯Û˛ ËÁ‚ÂÒÚÌÓÒÚ¸.

ÑÎfl ‡Ò˜ÂÚÓ‚ ÔË 2500 ≤ RÂ∗ ≤ 50"000 ÂÍÓÏÂÌ‰ÛÂÚÒfl ÙÓ-
ÏÛÎ‡ Å.à."åËÚÂÎ¸Ï‡Ì‡

  λå Re= ∗0 08 7, / , (1.39)

„‰Â

    

Re∗ =
+

Re ,
1

6
0τ

η

d

v

ËÎË

  
Re

He
∗ =

+

6
6

2Re
Re

.

ê.à."òË˘ÂÌÍÓ Ë ä.Ä."à·‡ÚÛÎÓ‚ ÔÂ‰ÎÓÊËÎË ÒÎÂ‰Û˛˘Û˛
Á‡‚ËÒËÏÓÒÚ¸, ÂÍÓÏÂÌ‰ÛÂÏÛ˛ ‚ ‰Ë‡Ô‡ÁÓÌÂ 2500 ≤ Re∗ ≤ 50"000:

  

λò =
∗

0 075
8

,

Re
. (1.40)

Å.ë."îËÎ‡ÚÓ‚˚Ï ÔÓÎÛ˜ÂÌÓ ‚˚‡ÊÂÌËÂ

  
λî  

=
∗

0 1
015

,

Re ,
, (1.41)

ÒÔ‡‚Â‰ÎË‚ÓÂ ‰Îfl ÌÂÛÚflÊÂÎÂÌÌ˚ı ‡ÒÚ‚ÓÓ‚ ÔË 0,05 ≤ η ≤
≤"0,2"è‡⋅Ò, τ0 < 20"è‡.

É.Ä."å‡Ú‡Â‚˚Ï ÔÂ‰ÎÓÊÂÌÓ ÒÓÓÚÌÓ¯ÂÌËÂ

  

1 1 2 3
λ

λ
å‡

å‡= +∗





, lg Re . (1.42)

ç.à."ãÂ˘ËÈ Ë Ñ.û."åÓ˜ÂÌ˛Í ÔÓÎÛ˜ËÎË ‚˚‡ÊÂÌËÂ

  

1 1 23 2 6
λ

λ
ã

ã= +∗





, lg Re , . (1.43)
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äÓ˝ÙÙËˆËÂÌÚ „Ë‰‡‚ÎË˜ÂÒÍËı ÒÓÔÓÚË‚ÎÂÌËÈ ÔË ÚÛ·Û-
ÎÂÌÚÌÓÏ ÂÊËÏÂ ÚÂ˜ÂÌËfl ‚flÁÍÓÈ ÊË‰ÍÓÒÚË ÓÔÂ‰ÂÎflÂÚÒfl ÔÓ
ÙÓÏÛÎÂ çËÍÛ‡‰ÁÂ

  
λç = +0 0032 0 221

0 237
, .,

Re ,
(1.44)

Ç Ú‡·Î. 1.3 ÔË‚Â‰ÂÌ˚ ÂÁÛÎ¸Ú‡Ú˚ ‡Ò˜ÂÚÓ‚ ÔÓ ÙÓÏÛÎ‡Ï
(1.39) – (1.44) ÔË ‡ÁÎË˜Ì˚ı ÁÌ‡˜ÂÌËflı Re Ë çÂ.

í ‡ · Î Ë ̂  ‡  1.3

Re⋅10–3 Re∗⋅10–3 λç
  

λ

λ
î

ç   

λ

λ
ò

ç   

λ

λ
å

ç   

λ

λ
å‡

ç   

λ

λ
ã

ç

çÂ = 40"000

6 2,84 0,03131 0,96860 0,88628 0,82022 0,86214 0,92601
10 6,00 0,02811 0,96471 0,89932 0,82125 0,85375 0,92490
20 15,00 0,02433 0,97121 0,92635 0,83221 0,86287 0,94505
30 24,54 0,02240 0,98004 0,94635 0,84273 0,89283 0,93747
40 34,29 0,03113 0,98793 0,96198 0,85155 0,89897 0,94629
50 44,12 0,02021 0,99475 0,97474 0,85897 0,89059 0,98954
60 54,00 0,01949 1,00066 0,98550 0,86532 0,92346 0,97476
64 57,96 0,01924 1,00281 0,98937 0,86762 0,93532 0,98729

çÂ = 80"000

6 1,86 0,03131 1,03209 0,93439 0,87129 0,89408 0,98987
10 4,29 0,02811 1,01465 0,93795 0,86169 0,88932 0,96047
20 12,00 0,02433 1,00427 0,95256 0,85916 0,90396 0,94505
30 20,77 0,02240 1,00491 0,96632 0,86309 0,89283 0,98211
40 30,00 0,02113 1,00792 0,97817 0,86795 0,89897 0,99360
50 39,47 0,02021 1,01148 0,98839 0,87273 0,89059 0,98954
60 49,09 0,01949 1,01507 0,99731 0,87700 0,92346 0,97760
64 52,96 1,01924 1,01646 1,00058 0,87887 0,93532 0,98729

çÂ = 120"000

6 1,38 0,03131 1,07899 0,96964 0,90896 0,95794 1,05373
10 3,33 0,02811 1,05363 0,96788 0,89313 0,92490 0,99604
20 10,00 0,02433 1,03211 0,97451 0,88184 0,90396 0,98614
30 18,00 0,02240 1,02671 0,98376 0,88091 0,89283 0,98211
40 26,67 0,02113 1,02588 0,99268 0,88268 0,89897 0,99360
50 35,71 0,02021 1,02678 1,00083 0,88530 0,94007 0,98954
60 45,00 0,01949 1,02840 1,00822 0,88816 0,92326 0,97886
64 48,76 0,01924 1,02915 1,01098 0,88931 0,93532 0,98729

çÂ = 140"000

6 1,23 0,03131 1,09869 0,98437 0,92476 0,95794 1,08566
10 3,00 0,02811 1,07042 0,98071 0,90673 0,92490 1,03162
20 9,23 0,02433 1,04458 0,98431 0,89198 0,90396 0,98614
30 16,87 0,02240 1,03678 0,99173 0,88907 0,93747 0,98211
40 25,26 0,02113 1,03424 0,99941 0,88952 0,94629 0,99360
50 34,09 0,02021 1,03397 1,00667 0,89120 0,94007 0,98954
60 43,20 0,01949 1,03472 1,01338 0,89335 0,92346 1,02606
64 46,90 0,01924 1,03517 1,01591 0,89427 0,93532 0,98729
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àÁ Ú‡·Î. 1.3 ÒÎÂ‰ÛÂÚ, ˜ÚÓ ÔË ÚÛ·ÛÎÂÌÚÌÓÏ ÂÊËÏÂ ÚÂ˜Â-
ÌËfl ÏÂı‡ÌËÁÏ˚ ÚÂ˜ÂÌËfl ‚flÁÍÓÈ Ë ‚flÁÍÓÔÎ‡ÒÚË˜ÌÓÈ ÊË‰ÍÓÒÚÂÈ
ÌÂ ÓÚÎË˜‡˛ÚÒfl ÏÂÊ‰Û ÒÓ·ÓÈ.

èÓÙ. ê.à."òË˘ÂÌÍÓ ÛÒÚ‡ÌÓ‚ÎÂÌÓ, ˜ÚÓ ÔË ÚÂ˜ÂÌËË ‚flÁ-
ÍÓÔÎ‡ÒÚË˜ÌÓÈ ÊË‰ÍÓÒÚË ‚ ÓÚÍ˚ÚÓÏ ÎÓÚÍÂ Û‚ÂÎË˜ÂÌËÂ ÒÍÓÓ-
ÒÚË ÔË‚Ó‰ËÚ Í ÔÓÒÚÂÔÂÌÌÓÏÛ ÛÏÂÌ¸¯ÂÌË˛ ‡ÁÏÂÓ‚ fl‰‡ Ë
ÔË ÓÔÂ‰ÂÎÂÌÌ˚ı ÛÒÎÓ‚Ëflı ÒÚÛÍÚÛÌ˚È ÂÊËÏ ÔÂÂıÓ‰ËÚ ‚
“Í‚‡ÁËÎ‡ÏËÌ‡Ì˚È”, Ú.Â. ÔÓÙËÎ¸ ÒÍÓÓÒÚÂÈ ÒÚ‡ÌÓ‚ËÚÒfl
Ô‡ÍÚË˜ÂÒÍË Ô‡‡·ÓÎË˜ÂÒÍËÏ Ë ÔË ˝ÚÓÏ ‚ÎËflÌËÂ τ0 Ì‡ „Ë‰-
Ó‰ËÌ‡ÏË˜ÂÒÍËÂ ÔÓÍ‡Á‡ÚÂÎË ÛÏÂÌ¸¯‡ÂÚÒfl [26]. Ñ‡Î¸ÌÂÈ¯ÂÂ
Û‚ÂÎË˜ÂÌËÂ ÒÍÓÓÒÚË ÔË‚Ó‰ËÚ Í ÔÂÂıÓ‰Û ‚ ÚÛ·ÛÎÂÌÚÌ˚È
ÂÊËÏ Ë Í Ô‡ÍÚË˜ÂÒÍË ÔÓÎÌÓÏÛ ÓÚÒÛÚÒÚ‚Ë˛ ‚ÎËflÌËfl ‰ËÌ‡ÏË-
˜ÂÒÍÓ„Ó Ì‡ÔflÊÂÌËfl Ò‰‚Ë„‡ Ì‡ ÔÓÚÂË ‰‡‚ÎÂÌËfl.

ó‡ÒÚÓ ‚flÁÍÓÔÎ‡ÒÚË˜Ì‡fl ÒÛÒÔÂÌÁËfl ËÒÔÓÎ¸ÁÛÂÚÒfl ‚ Í‡˜ÂÒÚ‚Â
ÔÓÏ˚‚Ó˜ÌÓÈ ÊË‰ÍÓÒÚË ÔË ·ÛÂÌËË ÒÍ‚‡ÊËÌ˚. Ç Ò‚flÁË Ò
˝ÚËÏ ‚ÓÁÌËÍ‡ÂÚ ÌÂÓ·ıÓ‰ËÏÓÒÚ¸ ÓÔÂ‰ÂÎÂÌËfl ‡ÒıÓ‰‡ ÊË‰ÍÓÒ-
ÚË Ë ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ÂÈ ÒÂ‰ÌÂÈ ÒÍÓÓÒÚË, ‰ÓÒÚ‡ÚÓ˜Ì˚ı ‰Îfl
‚˚ÌÓÒ‡ ‚˚·ÛÂÌÌÓÈ ÔÓÓ‰˚.

é˜Â‚Ë‰ÌÓ, ˜ÚÓ ÒÂ‰Ìflfl ÒÍÓÓÒÚ¸ ÔÓÚÓÍ‡ ‰ÓÎÊÌ‡ ·˚Ú¸ ÌÂ
ÌËÊÂ ÒÍÓÓÒÚË Ò‚Ó·Ó‰ÌÓ„Ó ÓÒ‡Ê‰ÂÌËfl ˜‡ÒÚËˆ˚.

èÂ‰ÒÚ‡‚ÎflÂÚ Ú‡ÍÊÂ ËÌÚÂÂÒ Â¯ÂÌËÂ Á‡‰‡˜Ë ÔÓ ÓÔÂ‰ÂÎÂ-
ÌË˛ ÒÍÓÓÒÚË Ò‚Ó·Ó‰ÌÓ„Ó ÓÒ‡Ê‰ÂÌËfl ˜‡ÒÚËˆ˚ ‚ ‚flÁÍÓÈ ÊË‰-
ÍÓÒÚË.

Ç ÔÓÒÎÂ‰ÌËÂ „Ó‰˚ ÒÚ‡ÎË ‡ÍÚÛ‡Î¸Ì˚ÏË ‚ÓÔÓÒ˚, Ò‚flÁ‡ÌÌ˚Â
Ò ·ÛÂÌËÂÏ „ÓËÁÓÌÚ‡Î¸Ì˚ı ÒÍ‚‡ÊËÌ, ÒÓÒÚÓfl˘Ëı ËÁ ‚ÂÚË-
Í‡Î¸ÌÓ„Ó, Ì‡ÍÎÓÌÌÓ„Ó Ë ÒÓ·ÒÚ‚ÂÌÌÓ „ÓËÁÓÌÚ‡Î¸ÌÓ„Ó Û˜‡ÒÚ-
ÍÓ‚. èÓ˝ÚÓÏÛ ‚ÓÁÌËÍ‡ÂÚ ÌÂÓ·ıÓ‰ËÏÓÒÚ¸ ÓÔÂ‰ÂÎÂÌËfl ‡ÒıÓ‰‡
ÊË‰ÍÓÒÚË Ë ÒÂ‰ÌÂÈ ÒÍÓÓÒÚË ÔÓÚÓÍ‡, ‰ÓÒÚ‡ÚÓ˜ÌÓÈ ‰Îfl Ò‰‚Ë„‡
‚˚·ÛÂÌÌÓÈ ˜‡ÒÚËˆ˚, Ì‡ıÓ‰fl˘ÂÈÒfl Ì‡ „ÓËÁÓÌÚ‡Î¸ÌÓÏ Û˜‡ÒÚ-
ÍÂ ÒÚ‚ÓÎ‡.
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ÄÂÈÆÅÍÈÅ ÒÂÅÐÄÎÉ ×ÀÑÒÈÖÛ
Â ÂßÇÊÎÉ ÆÈÄÊÎÑÒÈ

2.1. ÎÏÐÅÄÅËÅÍÈÅ ÑÊÎÐÎÑÒÈ ÑÂÎÁÎÄÍÎÃÎ
ÎÑÀÆÄÅÍÈß ×ÀÑÒÈÖÛ ØÀÐÎÎÁÐÀÇÍÎÉ
ÔÎÐÌÛ Â ÍÅÏÎÄÂÈÆÍÎÉ ÂßÇÊÎÉ ÆÈÄÊÎÑÒÈ

ê‡ÒÒÏÓÚËÏ Á‡‰‡˜Û, ÔÓÎ¸ÁÛflÒ¸ ÏÂÚÓ‰ÓÏ ‡ÁÏÂÌÓÒÚÂÈ.
àÁ ÙËÁË˜ÂÒÍËı ÒÓÓ·‡ÊÂÌËÈ Ó˜Â‚Ë‰ÌÓ, ˜ÚÓ ÒÍÓÓÒÚ¸ Ò‚Ó-

·Ó‰ÌÓ„Ó ÓÒÂ‰‡ÌËfl Á‡‚ËÒËÚ ÓÚ ‰Ë‡ÏÂÚ‡ ˜‡ÒÚËˆ˚ dÚ, ‰ËÌ‡ÏË˜Â-
ÒÍÓÈ ‚flÁÍÓÒÚË ÊË‰ÍÓÒÚË µ, ‡ÁÌÓÒÚË ÏÂÊ‰Û ÔÎÓÚÌÓÒÚ flÏË ˜‡Ò-
ÚËˆ Ë ÊË‰ÍÓÒÚË ∆ρ (∆ρ = ρÚ – ρ, „‰Â ρÚ, ρ – ÔÎÓÚÌÓÒÚ¸ ÒÓ-
ÓÚ‚ÂÚÒÚ‚ÂÌÌÓ ˜‡ÒÚËˆ˚ Ë ÊË‰ÍÓÒÚË) Ë ÛÒÍÓÂÌËfl Ò‚Ó·Ó‰ÌÓ„Ó
Ô‡‰ÂÌËfl g. áÌ‡˜ËÚ, ÏÓÊÌÓ ÒÓÒÚ‡‚ËÚ¸ ÒÎÂ‰Û˛˘ÂÂ ÙËÁË˜ÂÒÍÓÂ
Û‡‚ÌÂÌËÂ:

vs = ϕ(dÚ, µ, ∆ρ, g). (2.1)

Ç ‰‡ÌÌÓÏ ÒÎÛ˜‡Â dÚ, µ Ë ∆ρ – ‚ÂÎË˜ËÌ˚, ËÏÂ˛˘ËÂ ÌÂÁ‡‚Ë-
ÒËÏ˚Â ‡ÁÏÂÌÓÒÚË.

áÌ‡˜ËÚ, ÒÓ„Î‡ÒÌÓ π-ÚÂÓÂÏÂ

    

v

d

g

d
s

x y z x y zf
Ú Úµ ρ µ ρ

=








1 1 1∆
. (2.2)

ÑÎfl ÓÔÂ‰ÂÎÂÌËfl x, y Ë z Á‡ÔË¯ÂÏ:

[vs] = [dÚ]
x[µ]y[ρ]z.

ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ,

    

Ï
Ò

Ï ç c ç c

Ï Ï

y

Û
=

x y z z

yz

2

2
.

éÚÒ˛‰‡ ‰Îfl Ì‡ıÓÊ‰ÂÌËfl x, y Ë z ÒÓÒÚ‡‚ËÏ ÒÎÂ‰Û˛˘ËÂ ÚË
Û‡‚ÌÂÌËfl, ÓËÂÌÚËÛflÒ¸ Ì‡ ÔÓÍ‡Á‡ÚÂÎË ÒÚÂÔÂÌË ÔË ç, Ï Ë Ò
‚ Ô‡‚ÓÈ Ë ‚ ÎÂ‚ÓÈ ˜‡ÒÚflı:

2
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Ï.................................... 1 = ı – 2y – 4z
ç ................................... 0 = z + y
c..................................... 1 = –y – 2z

Ç ÂÁÛÎ¸Ú‡ÚÂ Â¯ÂÌËfl ˝ÚËı Û‡‚ÌÂÌËÈ ·˚ÎÓ ÔÓÎÛ˜ÂÌÓ
ı = –1, y = 1, z = –1.

áÌ‡˜ËÚ, ‚ ÎÂ‚ÓÈ ˜‡ÒÚË Û‡‚ÌÂÌËfl (2.2) ·Û‰ÂÏ ËÏÂÚ¸ ·ÂÁ‡Á-
ÏÂÌ˚È ÍÓÏÔÎÂÍÒ

    

v ds∆ρ

µ
Ú .

áÌ‡˜ÂÌËfl ı1, y1 Ë z1 ÓÔÂ‰ÂÎfl˛ÚÒfl ËÁ ÛÒÎÓ‚Ëfl

    [ ] [ ] [ ] [ ]g d x y z= Ú
1 1 1µ ρ∆

ËÎË

    

Ï

Ò

Ï ç c ç c

Ï Ï2

y1

Û1
=

x y z z

yz

1 1 1 2 1

2 1
.

áÌ‡˜ËÚ, ‰Îfl ÚÓ„Ó, ˜ÚÓ·˚ Ì‡ÈÚË ı1, y1 Ë z1, ÌÂÓ·ıÓ‰ËÏÓ ÒÓ-
ÒÚ‡‚ËÚ¸ ÒÎÂ‰Û˛˘ËÂ Û‡‚ÌÂÌËfl:

Ï....................................... 1 = ı1 – 2y1 – 4z1
ç ...................................... 0 = y1 + z1
c........................................ 2 = –y1 – 2z1

ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ı1 = –3, y1 = 2, z1 = –2, ‡ Ô‡‚‡fl ˜‡ÒÚ¸
ÙÛÌÍˆËÓÌ‡Î¸ÌÓÈ Á‡‚ËÒËÏÓÒÚË (2.2) Á‡ÔËÒ˚‚‡ÂÚÒfl ‚ ‚Ë‰Â ·ÂÁ-

‡ÁÏÂÌÓ„Ó ÍÓÏÔÎÂÍÒ‡ 
    

gdÚ
3∆ρ

µ

2

2
.

í‡ÍËÏ Ó·‡ÁÓÏ, ‚ÏÂÒÚÓ Û‡‚ÌÂÌËfl (2.2) ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸:

    

v d gds∆ ∆ρ

µ

ρ

µ

Ú Ú
3

=ë
2

2
.

éÚÒ˛‰‡

    
v Cs

gd= −Ú
2

Ú( ) .ρ ρ

µ
(2.3)

èÓÎ‡„‡ÂÏ, ˜ÚÓ ë ÔÓ ‡Ì‡ÎÓ„ËË Ò ÍÓ˝ÙÙËˆËÂÌÚÓÏ „Ë‰‡‚ÎË-
˜ÂÒÍËı ÒÓÔÓÚË‚ÎÂÌËÈ ÔË ÚÂ˜ÂÌËË ÊË‰ÍÓÒÚË λ ÏÓÊÌÓ ÓÔÂ-
‰ÂÎËÚ¸ Í‡Í

    
C b

n
=

Re
. (2.4)

í‡Í Í‡Í ‚ ‰‡ÌÌÓÏ ÒÎÛ˜‡Â Ô‡‡ÏÂÚ êÂÈÌÓÎ¸‰Ò‡
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Re ,= v d

g
s Úγ

µ
(2.5)

ÚÓ ÔÓ (2.3) – (2.5) ÔÓÎÛ˜ËÏ:

    

v s

n
n

n n
n

n

n
n

n
n

b d g=
+ + + +

+

−

+

−
1
1 1

1
1 1

1
1
1

Ú

2

Ú( ) .γ γ

γ µ

(2.6)

á‡ÏÂÌË‚ 
    
n m

m
= −1 , ‚˚‡ÊÂÌËÂ (2.6) ÏÓÊÌÓ ÔÂÂÔËÒ‡Ú¸ Ú‡Í:

    

v bs
m

m

m

m m

m

d g=
−

−

−

−

−Ú Ú
3 1

2 1

1

1µ

γ γ

γ

( ) . (2.7)

ë˜ËÚ‡ÂÏ, ˜ÚÓ 
    
b am= 4

3

1

.

íÓ„‰‡ ÒÓÓÚÌÓ¯ÂÌËÂ (2.7) ÔËÌËÏ‡ÂÚ ‚Ë‰:

    

v as

m m

m

m m

m

d g=










−−

−

−

−

4
3

3 1

2 1

1

1
Ú Ú

µ

γ γ

γ

( ) . (2.8)

á‰ÂÒ¸ ‡ Ë m – ÍÓ˝ÙÙËˆËÂÌÚ˚, ÁÌ‡˜ÂÌËfl ÍÓÚÓ˚ı ‚ Á‡‚Ë-
ÒËÏÓÒÚË ÓÚ Re ÔË‚Â‰ÂÌ˚ ‚ Ú‡·Î. 2.1.

îÓÏÛÎ‡ (2.8) ‚ÔÂ‚˚Â ·˚Î‡ ÔÓÎÛ˜ÂÌ‡ ñÂÈ‰ÎÂÓÏ [19].
èË Re > 1500 ‚˚‡ÊÂÌËÂ (2.8) ÔÂÂıÓ‰ËÚ ‚ ËÁ‚ÂÒÚÌÛ˛

ÙÓÏÛÎÛ êÂÚËÌ„Â‡, ‡ ÔË Re ≤ 1 ËÏÂÂÏ ÙÓÏÛÎÛ ëÚÓÍÒ‡.

2.2. ÓÑËÎÂÈß, ÍÅÎÁÕÎÄÈÌÛÅ ÄËß ÑÄÂÈÃÀ
×ÀÑÒÈÖÛ, ÍÀÕÎÄßÙÅÉÑß
ÍÀ ÃÎÐÈÇÎÍÒÀËÜÍÎÉ ÏËÎCÊÎÑÒÈ

ëÓ„Î‡ÒÌÓ Ä.Ç."ÇÂÎËÍ‡ÌÓ‚Û, Ú‚Â‰‡fl ˜‡ÒÚËˆ‡, Ì‡ıÓ‰fl˘‡flÒfl Ì‡
‰ÌÂ „ÓËÁÓÌÚ‡Î¸ÌÓ„Ó ÎÓÚÍ‡, ÔÓ‰‚Â„‡ÂÚÒfl ÎÓ·Ó‚ÓÏÛ ÒÓÔÓÚË‚-
ÎÂÌË˛, ‡ Ú‡ÍÊÂ ‚ÓÁ‰ÂÈÒÚ‚Ë˛ ÔÓ‰˙ÂÏÌÓÈ ÒËÎ˚. ëÍÓÓÒÚ¸, ÌÂ-
Ó·ıÓ‰ËÏ‡fl ‰Îfl Ò‰‚Ë„‡, ÓÔÂ‰ÂÎflÂÚÒfl ÔÓ ÙÓÏÛÎÂ [3]

í ‡ · Î Ë ̂  ‡  2.1

äÓ˝ÙÙË- Re
ˆËÂÌÚ ≤ 1 2–15 15–80 80–1500 1500

a 0,0417 0,049 0,172 0,441 0,575
m 1,0000 0,782 0,612 0,516 0,500
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    v a gd= Ú , (2.9)

„‰Â ‡ – ÍÓ˝ÙÙËˆËÂÌÚ, ÓÔÂ‰ÂÎflÂÏ˚È ËÁ ˝ÍÒÔÂËÏÂÌÚ‡Î¸Ì˚ı
ËÒÒÎÂ‰Ó‚‡ÌËÈ.

ëÓ„Î‡ÒÌÓ ˝ÍÒÔÂËÏÂÌÚ‡Ï, ÔÓ‚Â‰ÂÌÌ˚Ï Ä.Ç."ÇÂÎËÍ‡ÌÓ‚˚Ï
Ë ç.Ç."ÅÓ˜ÍÓ‚˚Ï,

    
a

d
= +6 15

Ú
. (2.10)

áÌ‡˜ËÚ,

    

v gd
d

= +








Ú

Ú

6 15 , (2.11)

„‰Â dÚ – ‰Ë‡ÏÂÚ ˜‡ÒÚËˆ˚, ÏÏ; g – ÛÒÍÓÂÌËÂ Ò‚Ó·Ó‰ÌÓ„Ó
Ô‡‰ÂÌËfl, ÏÏ/Ò2; v – ÌÂÓ·ıÓ‰ËÏ‡fl ÒÍÓÓÒÚ¸ ÊË‰ÍÓÒÚË, ÏÏ/Ò.

îÓÏÛÎ˚ (2.9) – (2.11) ·˚ÎË ÔÓÎÛ˜ÂÌ˚ ‰Îfl Ò‰‚Ë„‡ ˜‡ÒÚËˆ˚
ÔÓÓ‰˚ Û‰ÂÎ¸Ì˚Ï ‚ÂÒÓÏ γ Ú = 2,65⋅104"ç/Ï3, Ì‡ıÓ‰fl˘ÂÈÒfl ‚
‚Ó‰Â Û‰ÂÎ¸Ì˚Ï ‚ÂÒÓÏ γ = 104"ç/Ï3.

èÓ˝ÚÓÏÛ ‰Îfl ÊË‰ÍÓÒÚË, ÓÚÎË˜‡˛˘ÂÈÒfl ÓÚ ‚Ó‰˚, ÏÓÊÌÓ
ÔË·ÎËÊÂÌÌÓ Á‡ÔËÒ‡Ú¸:

    

v gd
d

= + −

















Ú

Ú

Ú6 1
1 65

15 1γ

γ ,
. (2.12)

Ç˚‚Â‰ÂÏ ÙÓÏÛÎÛ ‰Îfl ÓÔÂ‰ÂÎÂÌËfl ÒÍÓÓÒÚË, ÌÂÓ·ıÓ‰ËÏÓÈ
‰Îfl Ò‰‚Ë„‡ ˜‡ÒÚËˆ˚ ¯‡ÓÓ·‡ÁÌÓÈ ÙÓÏ˚, ËÒıÓ‰fl ËÁ „Ë‰Ó-
‰ËÌ‡ÏË˜ÂÒÍÓÈ ÚÂÓËË Ó ÒËÎÂ ‰‡‚ÎÂÌËfl ÒÚÛË ê Ì‡ ÔÂ„‡‰Û.

ëÓ„Î‡ÒÌÓ ˝ÚÓÈ ÚÂÓËË

ê = ρqv(1 – cosα), (2.13)

„‰Â α – Û„ÓÎ, Ò ÍÓÚÓÓÈ ÒÚÛfl ÒıÓ‰ËÚ Ò ¯‡ÓÓ·‡ÁÌÓÈ ˜‡Ò-
ÚËˆ˚; q – ‡ÒıÓ‰ ÊË‰ÍÓÒÚË.

í‡Í Í‡Í

    
q vd= π Ú

2

4
,

ÚÓ

    
P vd

g
= −π γ αÚ

2
2

4
1( cos ). (2.14)

èÂ‰ÂÎ¸Ì‡fl ÒËÎ‡ ÚÂÌËfl, ‚ÓÁÌËÍ‡˛˘‡fl ÔË ÒÚÂÏÎÂÌËË
Ò‰‚ËÌÛÚ¸ ¯‡ÓÓ·‡ÁÌÓÂ ÚÂÎÓ, ÓÔÂ‰ÂÎflÂÚÒfl Í‡Í
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F fd= −π γ γÚ

0 Ú

3

6
( ), (2.15)

„‰Â f0 – ÍÓ˝ÙÙËˆËÂÌÚ ÚÂÌËfl, 0 ≤ f0 < 1.
àÁ ‡‚ÂÌÒÚ‚‡ (2.14) Ë (2.15) ÔÓÎÛ˜ËÏ ÒÎÂ‰Û˛˘ÂÂ ‚˚‡ÊÂÌËÂ

‰Îfl ÓÔÂ‰ÂÎÂÌËfl ÒÍÓÓÒÚË, ÔË ÍÓÚÓÓÈ ÔÓËÒıÓ‰ËÚ Ò‰‚Ë„
˜‡ÒÚËˆ˚:

    
v f d g= −

−

2

3 1
0 Ú Ú( )

( cos )
.γ γ

γ α
(2.16)

é˜Â‚Ë‰ÌÓ, ˜ÚÓ α Ë f0 ‰ÓÎÊÌ˚ ·˚Ú¸ Ì‡È‰ÂÌ˚ ËÁ ˝ÍÒÔÂË-
ÏÂÌÚ‡Î¸Ì˚ı ËÒÒÎÂ‰Ó‚‡ÌËÈ.

åÓÊÌÓ ÔÓÎ‡„‡Ú¸, ˜ÚÓ ÔË Ó·ÚÂÍ‡ÌËË ˜‡ÒÚËˆ˚ ¯‡ÓÓ·‡Á-
ÌÓÈ ÙÓÏ˚ α < 45°. èÂ‰ÒÚ‡‚ÎÂÌËÂ Ó ÁÌ‡˜ÂÌËË ÍÓ˝ÙÙËˆËÂÌ-
Ú‡ ÚÂÌËfl ‰Îfl ÌÂÍÓÚÓ˚ı ÚÂÎ ‰‡˛Ú ÒÎÂ‰Û˛˘ËÂ ‰‡ÌÌ˚Â:

ÑÂÂ‚Ó ÔÓ ‰ÂÂ‚Û ............................ f0 = 0,4 – 0,7
åÂÚ‡ÎÎ ÔÓ ÏÂÚ‡ÎÎÛ.......................... f0 = 0,15 – 0,25
ëÚ‡Î¸ ÔÓ Î¸‰Û.................................... f0 = 0,027

Ç Ú‡·Î. 2.2 ÔË‚Â‰ÂÌ˚ ÁÌ‡˜ÂÌËfl v, Ì‡È‰ÂÌÌ˚Â ÔÓ ÙÓÏÛÎÂ
(2.16) ÔË γ Ú = 2,64⋅104"ç/Ï3, γ  = 1,2⋅104"ç/Ï3, dÚ = 0,01"Ï,
‡ÁÎË˜Ì˚ı α Ë f0.

é˜Â‚Ë‰ÌÓ, ˜ÚÓ ‡ÒıÓ‰ ÊË‰ÍÓÒÚË ‰ÓÎÊÂÌ Ó·ÛÒÎÓ‚ËÚ¸ ÒÍÓ-
ÓÒÚ¸, Ó·ÂÒÔÂ˜Ë‚‡˛˘Û˛  ‚˚ÌÓÒ  ‚˚·ÛÂÌÌÓÈ  ÔÓÓ‰˚ Ì‡ „Ó-
ËÁÓÌÚ‡Î¸ÌÓÏ,  Ì‡ÍÎÓÌÌÓÏ  Ë ‚ÂÚËÍ‡Î¸ÌÓÏ Û˜‡ÒÚÍ‡ı ÒÚ‚ÓÎ‡.

èÂ‰ÒÚ‡‚ÎflÂÚ ËÌÚÂÂÒ Ì‡ÈÚË ÒÍÓÓÒÚ¸ Ò‚Ó·Ó‰ÌÓ„Ó ÓÒ‡Ê‰Â-
ÌËfl, ‡ ÁÌ‡˜ËÚ, Ë ÌÂÓ·ıÓ‰ËÏÛ˛ ÒÍÓÓÒÚ¸ ÔÓÚÓÍ‡ Ì‡ ‚ÂÚËÍ‡Î¸-
ÌÓÏ Û˜‡ÒÚÍÂ, Á‡ÔÓÎÌÂÌÌÓÏ ‚flÁÍÓÔÎ‡ÒÚË˜ÌÓÈ ÒÛÒÔÂÌÁËÂÈ, Ë
ÒÓÔÓÒÚ‡‚ËÚ¸ ÒÓ ÒÍÓÓÒÚ¸˛, ÓÔÂ‰ÂÎflÂÏÓÈ ÔÓ ÙÓÏÛÎÂ (2.16).
ê‡ÒıÓ‰ ÊË‰ÍÓÒÚË ‰ÓÎÊÂÌ ÓÔÂ‰ÂÎflÚ¸Òfl Ò ÓËÂÌÚ‡ˆËÂÈ Ì‡ ÚÛ
ËÁ ˝ÚËı ‰‚Ûı ÒÍÓÓÒÚÂÈ, ÍÓÚÓ‡fl ËÏÂÂÚ ÓÚÌÓÒËÚÂÎ¸ÌÓ ·ÓÎ¸-
¯ÂÂ ÁÌ‡˜ÂÌËÂ.

í ‡ · Î Ë ̂  ‡  2.2

α, „‡‰. v, Ï/Ò
f0 = 0,2 f0 = 0,3 f0 = 0,5

20 0,5443 0,6668 0,8608
25 0,3653 0,5350 0,6906
30 0,3440 0,4474 0,5775
35 0,2764 0,3850 0,4971
40 0,2470 0,3385 0,4370
45 0,2237 0,3026 0,3906



25

2.3. ÎÏÐÅÄÅËÅÍÈÅ ÑÊÎÐÎÑÒÈ ÄÂÈÆÅÍÈß
ÒÂÅÐÄÎÉ ×ÀÑÒÈÖÛ Â ÂßÇÊÎÏËÀÑÒÈ×ÍÎÉ
ÑÓÑÏÅÍÇÈÈ (ÃËÈÍÈÑÒÎÌ ÐÀÑÒÂÎÐÅ)

Ç ÂÁÛÎ¸Ú‡ÚÂ ˝ÍÒÔÂËÏÂÌÚ‡Î¸Ì˚ı ËÒÒÎÂ‰Ó‚‡ÌËÈ, ÔÓ‚Â‰ÂÌÌ˚ı
ê.à."òË˘ÂÌÍÓ, ·˚ÎË ÔÓÎÛ˜ÂÌ˚ ‡ÁÎË˜Ì˚Â ÒÓÓÚÌÓ¯ÂÌËfl ‰Îfl
ÓÔÂ‰ÂÎÂÌËfl ÒÍÓÓÒÚË ‰‚ËÊÂÌËfl ˜‡ÒÚËˆ˚ ‚ Á‡‚ËÒËÏÓÒÚË ÓÚ
ÂÊËÏ‡ Ó·ÚÂÍ‡ÌËfl. èË Ó·ÚÂÍ‡ÌËË ˜‡ÒÚËˆ˚ ‚ Ó·Î‡ÒÚË ÒÚÛÍ-
ÚÛÌÓ„Ó ÂÊËÏ‡ ËÏÂÂÏ:

    

v ds
d
d

= −








0 66 10

0
3

2

, ,Ú
Úτ

η
(2.17)

„‰Â d0 – ‰Ë‡ÏÂÚ ÌÂÚÓÌÛ˘ÂÈ ˜‡ÒÚËˆ˚.
àÁ Û‡‚ÌÂÌËfl ‰ËÌ‡ÏË˜ÂÒÍÓ„Ó ‡‚ÌÓ‚ÂÒËfl ¯‡‡

    

π γ γ π τd md0
3

0
2

06
( ) .Ú − =

éÚÒ˛‰‡

    
d m

0
06=

−

τ

γ γÚ
, (2.18)

„‰Â m – ÍÓ˝ÙÙËˆËÂÌÚ ÙÓÏ˚, Á‡‚ËÒfl˘ËÈ ÓÚ d0 Ë ÓÔÂ‰ÂÎÂÌ-
Ì˚È ÔÓ ÍË‚ÓÈ [26, 27], ‡ÔÔÓÍÒËÏ‡ˆËfl ÍÓÚÓÓÈ ÔÓÁ‚ÓÎËÎ‡
ÔÓÎÛ˜ËÚ¸ ‚˚‡ÊÂÌËÂ

    

m
d

= 0 7574

0
0 21085

,
,

. (2.19)

á‰ÂÒ¸ ÁÌ‡˜ÂÌËÂ d0 ‰‡ÌÓ ‚ ÏÂÚ‡ı.
èÓ ‚˚‡ÊÂÌËflÏ (2.19) Ë (2.18) ÔÓÎÛ˜ËÏ

    
d0

0
0 82559

4 544=
−









, .

,
τ

γ γÚ
(2.20)

Ç ÙÓÏÛÎÛ (2.20) ÌÂÓ·ıÓ‰ËÏÓ ÔÓ‰ÒÚ‡‚ÎflÚ¸ ÁÌ‡˜ÂÌËfl τ0, γ Ú Ë
γ, ‚˚‡ÊÂÌÌ˚Â ‚ Â‰ËÌËˆ‡ı ëà; ÚÓ„‰‡ d0 ÔÓÎÛ˜ËÏ ‚ ÏÂÚ‡ı.

ëÍÓÓÒÚ¸ Ô‡‰ÂÌËfl ˜‡ÒÚËˆ˚ ‚ Ó·Î‡ÒÚË ÚÛ·ÛÎÂÌÚÌÓ„Ó Ó·ÚÂ-
Í‡ÌËfl ˜‡ÒÚËˆ˚ ÂÍÓÏÂÌ‰ÛÂÚÒfl ÓÔÂ‰ÂÎflÚ¸ ÔÓ ÙÓÏÛÎÂ êÂÚËÌ-
„Â‡

    
v s

g

c

d= −4

3 0

Ú Ú( ) ,γ γ

γ
(2.21)

„‰Â Ò0 – ÍÓ˝ÙÙËˆËÂÌÚ ÒÓÔÓÚË‚ÎÂÌËfl.
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ëÓ„Î‡ÒÌÓ ËÒÒÎÂ‰Ó‚‡ÌËflÏ ê.à."òË˘ÂÌÍÓ [27] ÁÌ‡˜ÂÌËÂ Ò0

ÔË ÚÛ·ÛÎÂÌÚÌÓÏ Ó·ÚÂÍ‡ÌËË ÓÔÂ‰ÂÎflÂÚÒfl Ú‡Í:
‰Îfl ˜‡ÒÚËˆ ¯‡ÓÓ·‡ÁÌÓÈ ÙÓÏ˚

    
c g d

d0
0

0 442758

0 197233 1= −










−

, ;
,

Ú (2.22)

‰Îfl ÔÎÓÒÍËı ˜‡ÒÚËˆ

    
c g d

d0
0

0 8027

0643014 1= −










−

, .
,

Ú (2.23)

Ç ÙÓÏÛÎ‡ı (2.22) Ë (2.23) ÁÌ‡˜ÂÌËfl g ‰‡Ì˚ ‚ ÏÂÚ‡ı Ì‡ ÒÂ-
ÍÛÌ‰Û ‚ Í‚‡‰‡ÚÂ (Ï/Ò2).

Ç ÒÎÛ˜‡Â Ô‡‰ÂÌËfl ˜‡ÒÚËˆ˚ ÔË ÂÊËÏÂ ÚÛ·ÛÎÂÌÚÌÓÈ ‡‚ÚÓ-
ÏÓ‰ÂÎ¸ÌÓÒÚË ËÏÂÂÏ:

‰Îfl ˜‡ÒÚËˆ ¯‡ÓÓ·‡ÁÌÓÈ ÙÓÏ˚

Ò0 = 0,8175; (2.24)

‰Îfl ˜‡ÒÚËˆ ‚ ÙÓÏÂ ÔÎ‡ÒÚËÌ

Ò0 = 1,453. (2.25)

êÂÊËÏ Ó·ÚÂÍ‡ÌËfl ÛÒÚ‡Ì‡‚ÎË‚‡ÂÚÒfl ‚ Á‡‚ËÒËÏÓÒÚË ÓÚ ÓÚÌÓ-
¯ÂÌËfl ‰Ë‡ÏÂÚ‡ ˜‡ÒÚËˆ˚ dÚ Í d0.

èË

    

d

d
Ú

0
3 0≤ , (2.26)

Ì‡·Î˛‰‡ÂÚÒfl ÒÚÛÍÚÛÌÓÂ Ó·ÚÂÍ‡ÌËÂ.
èË

    
3 0 7 0

0
, ,< ≤d

d
Ú (2.27)

Ó·ÚÂÍ‡ÌËÂ ÔÓËÒıÓ‰ËÚ ÔË ÚÛ·ÛÎÂÌÚÌÓÏ ÂÊËÏÂ.
èË

    

d

d
Ú

0
7 0> , (2.28)

Ó·ÚÂÍ‡ÌËÂ ÓÒÛ˘ÂÒÚ‚ÎflÂÚÒfl ‚ Ó·Î‡ÒÚË ÚÛ·ÛÎÂÌÚÌÓÈ ‡‚ÚÓÏÓ-
‰ÂÎ¸ÌÓÒÚË.

í‡ÍËÏ Ó·‡ÁÓÏ, ‰Îfl ÚÓ„Ó ˜ÚÓ·˚ Ì‡ÈÚË vs, ÌÂÓ·ıÓ‰ËÏÓ ÔË
Á‡‰‡ÌÌ˚ı τ0, γ Ú Ë γ  ÔÓ (2.20) ÓÔÂ‰ÂÎËÚ¸ ‰Ë‡ÏÂÚ ÌÂÚÓÌÛ˘ÂÈ
˜‡ÒÚËˆ˚ d0, ‡ Á‡ÚÂÏ ‚ Á‡‚ËÒËÏÓÒÚË ÓÚ ÓÚÌÓ¯ÂÌËfl dÚ/d0 ‚˚-
ÔÓÎÌËÚ¸ ‡Ò˜ÂÚ ÔÓ Ó‰ÌÓÈ ËÁ ÔË‚Â‰ÂÌÌ˚ı ÙÓÏÛÎ.

Ç Ú‡·Î. 2.3 ‰‡Ì˚ "ÂÁÛÎ¸Ú‡Ú˚  ‡Ò˜ÂÚÓ‚,  ÔÓ‚Â‰ÂÌÌ˚ı  ÔË
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í ‡ · Î Ë ̂  ‡  2.3

τ0, è‡ d0, 10–3 Ï
    

d

d
Ú

0
Ò0 vs, Ï/Ò

0,5 0,726 13,774 0,8175 0,4382
1,0 1,287 7,770 0,8175 0,4382
2,0 2,281 4,384 1,1274 0,3731
3,0 3,188 3,137 1,3824 0,3361

γÚ = 2,64⋅104"ç/Ï3, γ = 1,2⋅104"ç/Ï3, dÚ = 0,01"Ï Ë ‡ÁÎË˜Ì˚ı
τ0 ‚ ÒÎÛ˜‡Â Ó·ÚÂÍ‡ÌËfl ÊË‰ÍÓÒÚË ‚ ÂÊËÏÂ ÚÛ·ÛÎÂÌÚÌÓÈ ‡‚-
ÚÓÏÓ‰ÂÎ¸ÌÓÒÚË Ë ÚÛ·ÛÎÂÌÚÌÓÏ ÂÊËÏÂ.

Ç Ú‡·Î. 2.4 ÔË‚Â‰ÂÌ˚ ÁÌ‡˜ÂÌËfl vs, Ì‡È‰ÂÌÌ˚Â ÔÓ ÙÓÏÛÎÂ
(2.17), Ú.Â. ÔË ÒÚÛÍÚÛÌÓÏ ÂÊËÏÂ Ó·ÚÂÍ‡ÌËfl.

ë‡‚ÌË‚‡fl ÁÌ‡˜ÂÌËfl v Ë vs, ÔË‚Â‰ÂÌÌ˚Â ‚ Ú‡·Î. 2.2, 2.3,
‚Ë‰ËÏ, ˜ÚÓ ‡ÒıÓÊ‰ÂÌËÂ ÏÂÊ‰Û ÌËÏË ÌÂÁÌ‡˜ËÚÂÎ¸ÌÓÂ. é‰Ì‡ÍÓ,
Û˜ËÚ˚‚‡fl ÌÂ‰ÓÒÚ‡ÚÓ˜ÌÛ˛ ËÁÛ˜ÂÌÌÓÒÚ¸ ‚ÓÔÓÒ‡ ÔÓ ÓÔÂ‰ÂÎÂ-
ÌË˛ v, Ú.Â. ÒÍÓÓÒÚË, ÌÂÓ·ıÓ‰ËÏÓÈ ‰Îfl ÒÚ‡„Ë‚‡ÌËfl ˜‡ÒÚËˆ˚,
ˆÂÎÂÒÓÓ·‡ÁÌÓ ‚ ‰‡Î¸ÌÂÈ¯ÂÏ ÓËÂÌÚËÓ‚‡Ú¸Òfl Ì‡ vs, Ú.Â. Ì‡
ÒÍÓÓÒÚ¸ Ò‚Ó·Ó‰ÌÓ„Ó ÓÒ‡Ê‰ÂÌËfl.

íÂÔÂ¸ Ó·‡·ÓÚ‡ÂÏ ÂÁÛÎ¸Ú‡Ú˚ ˝ÍÒÔÂËÏÂÌÚ‡Î¸Ì˚ı ËÒÒÎÂ-
‰Ó‚‡ÌËÈ, ÔÓ‚Â‰ÂÌÌ˚ı ê.à."òË˘ÂÌÍÓ, ÔÓÎ¸ÁÛflÒ¸ ÚÂÓËÂÈ
‡ÁÏÂÌÓÒÚÂÈ.

îËÁË˜ÂÒÍÓÂ Û‡‚ÌÂÌËÂ ÔÓ ‡Ì‡ÎÓ„ËË Ò (2.1) Á‡ÔË¯ÂÚÒfl Ú‡Í:

vs = ϕ(dÚ, η, τ0, ∆ρ, g). (2.29)

í‡Í Í‡Í dÚ, η Ë ∆ρ fl‚Îfl˛ÚÒfl ‚ÂÎË˜ËÌ‡ÏË, ËÏÂ˛˘ËÏË ÌÂÁ‡-
‚ËÒËÏ˚Â ‡ÁÏÂÌÓÒÚË, ÚÓ ÙÛÌÍˆËÓÌ‡Î¸ÌÛ˛ Á‡‚ËÒËÏÓÒÚ¸ (2.29)
ÏÓÊÌÓ ÔÂ‰ÒÚ‡‚ËÚ¸ ‚ ‚Ë‰Â

    

v

d

g

d d
s

x y z x y z x y z
Ú Ú Ú

 
η ρ η ρ

τ

η ρ
ψ

∆ ∆ ∆
=









1 1 1

0

2 2 2
, . (2.30)

í ‡ · Î Ë ̂  ‡  2.4

η, 10–3"è‡⋅Ò vs, Ï/Ò

τ0 = 3,5"è‡ τ0 = 4,0"è‡ τ0 = 5,0"è‡ τ0 = 6,0"è‡
2 1,873 1,637 1,224 0,870
4 0,937 0,817 0,612 0,435
6 0,624 0,544 0,408 0,290
8 0,468 0,408 0,306 0,217
10 0,375 0,327 0,245 0,174
12 0,312 0,272 0,204 0,145
14 0,268 0,233 0,175 0,124
16 0,234 0,204 0,153 0,109
18 0,208 0,181 0,136 0,097
20 0,187 0,163 0,123 0,087
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éÔÂ‰ÂÎË‚ ÔÓÍ‡Á‡ÚÂÎË ÒÚÂÔÂÌË, ÔÓÎÛ˜ËÏ

    

v d gd ds∆ ∆ ∆ρ

η

ρ

η

τ ρ

η
ψÚ

1
Ú Ú =











3 2

2
0

2

2
, . (2.31)

ÖÒÎË Ò‡‚ÌËÚ¸ (2.31) Ò (2.3), ÚÓ ÏÓÊÌÓ Û·Â‰ËÚ¸Òfl ‚ ÚÓÏ, ˜ÚÓ
vs∆ρdÚ/η Á‡‚ËÒËÚ ÔflÏÓ ÔÓÔÓˆËÓÌ‡Î¸ÌÓ ÓÚ     gdÚ

3 2 2∆ρ η/ .
íÓ„‰‡ ÏÓÊÂÏ Á‡ÔËÒ‡Ú¸:

    

v d gd ds∆ ∆ ∆ρ

η

ρ

η

τ ρ

η
ψÚ Ú

2
Ú=











3 2

2
0

2

2

ËÎË

    v s
∗ ∗= ψ τ3 0( ), (2.32)

„‰Â 
    

v s
sv

gd

∗ = η

ρÚ
2∆

; 
    
τ τ ρ

η
0

0
2

2
∗ = dÚ∆ .

èÓ ‚˚‡ÊÂÌËflÏ (2.17) – (2.20) ·˚ÎË ‡ÒÒ˜ËÚ‡Ì˚ ÁÌ‡˜ÂÌËfl
vs ‚ Á‡‚ËÒËÏÓÒÚË ÓÚ dÚ ÔË η = 0,010"è‡⋅Ò, τ0 = 2"è‡, γ Ú =
="2,65⋅104"ç/Ï3, γ = 1,2⋅104"ç/Ï3.

èË Á‡‰‡ÌÌ˚ı ËÒıÓ‰Ì˚ı ‰‡ÌÌ˚ı Ì‡È‰ÂÌ˚ ÒÓÓÚ‚ÂÚÒÚ‚Û˛-
˘ËÂ   v s

∗  Ë   τ0
∗  (Ú‡·Î. 2.5).

ÄÔÔÓÍÒËÏ‡ˆËfl ÂÁÛÎ¸Ú‡ÚÓ‚, ÔË‚Â‰ÂÌÌ˚ı ‚ Ú‡·Î. 2.5, ÔÓÁ-
‚ÓÎËÚ ÔÓÎÛ˜ËÚ¸ ÒÎÂ‰Û˛˘Û˛ ÙÓÏÛÎÛ:

    v s
∗ ∗= −0 0003196 4000

0 3032, ( ) .,τ (2.33)

Ç Ú‡·Î. 2.5

    

∆=
∗ ∗

∗

−v v

v

s s

s

(˝ÍÒÔ) (2.33)

(˝ÍÒÔ)

100.

í ‡ · Î Ë ̂  ‡  2.5

  v s
∗

dÚ, Ï vs, Ï/Ò   τ0
∗ ÔÓ ˝ÍÒÔÂ-

ËÏÂÌÚÛ
ÔÓ ÙÓÏÛ-

ÎÂ
(2.33)

∆, %

0,005 0,0600 739,04 0,00165 0,00187 –13,3
0,006 0,1146 1056,88 0,00220 0,00228 –3,6
0,008 0,2847 1878,90 0,00307 0,00292 4,9
0,010 0,5349 2935,78 0,00370 0,00344 7,0
0,012 0,8653 4227,52 0,00415 0,00390 6,0
0,014 1,2756 5754,13 0,00449 0,00431 4,0
0,016 1,7649 7515,60 0,00476 0,00470 1,3
0,018 2,3324 9511,92 0,00497 0,00507 –2,0
0,020 2,9772 11743,12 0,00514 0,00542 –5,4
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á‰ÂÒ¸     v s(˝ÍÒÔ)
∗  Ë     v s(2.33)

∗  – ÁÌ‡˜ÂÌËfl   v s
∗  ÔÓ ˝ÍÒÔÂËÏÂÌÚ‡Î¸-

Ì˚Ï ËÒÒÎÂ‰Ó‚‡ÌËflÏ Ë ÙÓÏÛÎÂ (2.33).
àÁ Ú‡·Î. 2.5 ‚Ë‰ÌÓ, ˜ÚÓ ÔË 900 ≤   τ0

∗ "≤ 11"000 Ï‡ÍÒËÏ‡Î¸ÌÓÂ
‡ÒıÓÊ‰ÂÌËÂ ÏÂÊ‰Û ÁÌ‡˜ÂÌËflÏË   v s

∗ , ÔÓÎÛ˜‡ÂÏ˚ÏË ÔÓ ÙÓÏÛÎÂ
(2.33) Ë ˝ÍÒÔÂËÏÂÌÚ‡ÏË ê.à."òË˘ÂÌÍÓ, ÌÂ ÔÂ‚˚¯‡ÂÚ 5,4"%.

2.4. ÎÏÐÅÄÅËÅÍÈÅ ÐÅÎËÎÃÈ×ÅÑÊÈÕ ÑÂÎÉÑÒÂ
ÂßÇÊÎÏËÀÑÒÈ×ÍÛÕ ÑÓÑÏÅÍÇÈÉ

êÂÓÎÓ„Ë˜ÂÒÍËÂ Ò‚ÓÈÒÚ‚‡ ‚flÁÍÓÔÎ‡ÒÚË˜Ì˚ı ÒÛÒÔÂÌÁËÈ ‚ Î‡·Ó-
‡ÚÓÌ˚ı ÛÒÎÓ‚Ëflı ÓÔÂ‰ÂÎfl˛ÚÒfl Ò ÔÓÏÓ˘¸˛ Í‡ÔËÎÎflÌÓ„Ó Ë
ÓÚ‡ˆËÓÌÌÓ„Ó ‚ËÒÍÓÁËÏÂÚÓ‚.

éÒÚ‡ÌÓ‚ËÏÒfl Ì‡ ÓÔÂ‰ÂÎÂÌËË τ0 Ë η Ò ÔÓÏÓ˘¸˛ Í‡ÔËÎÎfl-
ÌÓ„Ó ‚ËÒÍÓÁËÏÂÚ‡.

éÔÂ‰ÂÎÂÌËÂ τ0 Ë η ‚ ‰‡ÌÌÓÏ ÒÎÛ˜‡Â Ò‚flÁ‡ÌÓ Ò ÚÂ˜ÂÌËÂÏ
‚flÁÍÓÔÎ‡ÒÚË˜ÌÓÈ ÒÛÒÔÂÌÁËË ‚ ÚÛ·Â ÍÛ„ÎÓ„Ó ÔÓÔÂÂ˜ÌÓ„Ó
ÒÂ˜ÂÌËfl.

íÂÓÂÚË˜ÂÒÍËÂ ËÒÒÎÂ‰Ó‚‡ÌËfl ‰‡ÌÌÓÈ Á‡‰‡˜Ë, ÔÓ‚Â‰ÂÌÌ˚Â
ÅÛÍËÌ„‡ÏÓÏ, ÔÓÁ‚ÓÎËÎË ÔÓÎÛ˜ËÚ¸ Á‡‚ËÒËÏÓÒÚ¸ (1.26), ÍÓÚÓÛ˛
ÏÓÊÌÓ ÔÂ‰ÒÚ‡‚ËÚ¸ Ú‡Í:

    
q R p

l

R= −π

η

π τ

η

4 3
0

8 3
∆ . (2.33)

ëÓ„Î‡ÒÌÓ (2.33) ÔË q = 0

    
∆p l

dÒÚ =
16
3

0τ .

éÚÒ˛‰‡

    
τ0

ÒÚ= 3

16

d p

l

∆ . (2.34)

áÌ‡˜ÂÌËÂ ∆ÒÚ ÓÔÂ‰ÂÎflÂÚÒfl ˝ÍÒÚ‡ÔÓÎflˆËÂÈ ÂÓÎÓ„Ë˜ÂÒÍÓÈ
ÍË‚ÓÈ ∆ = f(q) Ë fl‚ÎflÂÚÒfl ÓÚÂÁÍÓÏ, ÓÚÒÂÍ‡˛˘ËÏ Ì‡ ÓÒË
∆ ÔË q = 0.

àÁ ÙÓÏÛÎ˚ (2.33) ÔÓÎÛ˜ËÏ

    
η τπ= −











d
q

d p
l

3

024
3
16
∆ . (2.35)

í‡ÍËÏ Ó·‡ÁÓÏ, ÔË ËÁ‚ÂÒÚÌÓÈ ÂÓÎÓ„Ë˜ÂÒÍÓÈ ÍË‚ÓÈ ∆
Ë q, ‡ Ú‡ÍÊÂ Ì‡È‰ÂÌÌÓÏ ‡ÌÂÂ ÁÌ‡˜ÂÌËË τ0 ÔÓ ÙÓÏÛÎÂ (2.35)
ÏÓÊÌÓ ÓÔÂ‰ÂÎËÚ¸ η.
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áÌ‡˜ÂÌËfl τ0 Ë η ÓÔÂ‰ÂÎfl˛ÚÒfl Ú‡ÍÊÂ Ò ÔÓÏÓ˘¸˛ ÓÚ‡ˆË-
ÓÌÌ˚ı ‚ËÒÍÓÁËÏÂÚÓ‚. ÑÎfl ˝ÚÓ„Ó ËÒÔ˚Ú˚‚‡ÂÏÛ˛ ÊË‰ÍÓÒÚ¸
Ì‡ÎË‚‡˛Ú ‚ ÔÓÒÚ‡ÌÒÚ‚Ó ÏÂÊ‰Û ‰‚ÛÏfl ÍÓ‡ÍÒË‡Î¸Ì˚ÏË ˆËÎËÌ-
‰‡ÏË ‡‰ËÛÒ‡ÏË r0 Ë r1 (r1 > r0), Ó‰ËÌ ËÁ ÍÓÚÓ˚ı (Ì‡ÔËÏÂ,
‚ÌÂ¯ÌËÈ) ‚‡˘‡ÂÚÒfl Ò ÓÔÂ‰ÂÎÂÌÌÓÈ Û„ÎÓ‚ÓÈ ÒÍÓÓÒÚ¸˛ ω .
Ç‡˘‡˛˘ËÈ ÏÓÏÂÌÚ å ÓÔÂ‰ÂÎflÂÚÒfl ÔÓ Û„ÎÛ Á‡ÍÛ˜Ë‚‡ÌËfl ϕ
ÔÓ‚ÓÎÓÍË, Ì‡ ÍÓÚÓÓÈ ÔÓ‰‚Â¯ÂÌ ˆËÎËÌ‰:

M = c′ϕ, (2.36)

„‰Â c′ – ÔÓÒÚÓflÌÌ‡fl ÔÓ‚ÓÎÓÍË, Ú.Â. ÍÛÚfl˘ËÈ ÏÓÏÂÌÚ, ÒÓÓÚ-
‚ÂÚÒÚ‚Û˛˘ËÈ Á‡ÍÛ˜Ë‚‡ÌË˛ ÔÓ‚ÓÎÓÍË Ì‡ 1°.

Ç ÂÁÛÎ¸Ú‡ÚÂ ÚÂÓÂÚË˜ÂÒÍÓ„Ó Â¯ÂÌËfl Á‡‰‡˜Ë ÔÓ ÓÔÂ‰ÂÎÂ-
ÌË˛ ÏÓÏÂÌÚ‡ å ÔË ÍÛ„Ó‚ÓÏ ‚‡˘‡ÚÂÎ¸ÌÓÏ ‰‚ËÊÂÌËË ÊË‰-
ÍÓÒÚË, Ó·ÛÒÎÓ‚ÎÂÌÌÓÏ ‚‡˘ÂÌËÂÏ ‚ÌÂ¯ÌÂ„Ó ˆËÎËÌ‰‡ Ò ÔÓ-
ÒÚÓflÌÌÓÈ Û„ÎÓ‚ÓÈ ÒÍÓÓÒÚ¸˛ ω , ÔÓÎÛ˜ÂÌÓ ÒÎÂ‰Û˛˘ÂÂ ‚˚‡-
ÊÂÌËÂ [21, 26]:

    

M lr r

r r

r

r
= +

−











4 1
2

0
2

1
2

0
2

0 1

0

πµ τ

η
ω ln , (2.37)

„‰Â l – ‚˚ÒÓÚ‡ ‚ÌÛÚÂÌÌÂ„Ó ˆËÎËÌ‰‡.
àÁ ‡‚ÂÌÒÚ‚‡ ÁÌ‡˜ÂÌËÈ å ÔÓ ÙÓÏÛÎ‡Ï (2.36) Ë (2.37) ÔÓÎÛ-

˜ËÏ:

    
A r

r
ϕ ηω τ= + 0

1

0
ln , (2.38)

„‰Â Ä – ÔÓÒÚÓflÌÌ‡fl ÔË·Ó‡,

    
A c r r

lr
= ′ −( ) .1

2
0
2

14π

áÌ‡˜ÂÌËfl τ0 Ë η ÓÔÂ‰ÂÎfl˛ÚÒfl ÔÓ Á‡‚ËÒËÏÓÒÚË Äϕ = f(ω),
ÔÓÒÚÓÂÌÌÓÈ ‚ ÂÁÛÎ¸Ú‡ÚÂ Î‡·Ó‡ÚÓÌ˚ı Á‡ÏÂÓ‚. ùÍÒÚ‡ÔÓ-
ÎflˆËÂÈ Ì‡ ÓÒË Äϕ Ì‡ıÓ‰ËÏ ÓÚÂÁÓÍ ‡, ‡‚Ì˚È ÒÓ„Î‡ÒÌÓ (2.38)
ÔË ω = 0

    
a r

r
= τ0

1

0
ln .

éÚÒ˛‰‡

    

τ0
1

0

= a
r

r
ln

.

íÓ„‰‡ ÔË ËÁ‚ÂÒÚÌ˚ı ω , ϕ, Ä Ë Ì‡È‰ÂÌÌÓÏ τ0 ÒÓ„Î‡ÒÌÓ
ÙÓÏÛÎÂ (2.38) ÌÂ ÔÂ‰ÒÚ‡‚ÎflÂÚ ÚÛ‰‡ Ì‡ÈÚË η:
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η

ϕ τ

ω
=

−A
r

r0
1

0
ln

. (2.39)

í‡ÍËÏ Ó·‡ÁÓÏ, ‰Îfl ÓÔÂ‰ÂÎÂÌËfl η Ë τ0 Ò ÔÓÏÓ˘¸˛ ÒÛ˘Â-
ÒÚ‚Û˛˘Ëı ‚ Ì‡ÒÚÓfl˘ÂÂ ‚ÂÏfl ÒÔÓÒÓ·Ó‚ ÌÂÓ·ıÓ‰ËÏÓ ˝ÍÒÔÂË-
ÏÂÌÚ‡Î¸ÌÛ˛ Á‡‚ËÒËÏÓÒÚ¸ ˝ÍÒÚ‡ÔÓÎËÓ‚‡Ú¸ ‰Ó ÔÂÂÒÂ˜ÂÌËfl Ò
‚ÂÚËÍ‡Î¸ÌÓÈ ÓÒ¸˛ ÔË q = 0 (‚ ÒÎÛ˜‡Â Í‡ÔËÎÎflÌÓ„Ó ‚ËÒÍÓ-
ÁËÏÂÚ‡) Ë ω = 0 (‚ ÒÎÛ˜‡Â ÓÚ‡ˆËÓÌÌÓ„Ó ‚ËÒÍÓÁËÏÂÚ‡), ÔÓ-
ÎÛ˜‡fl ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÂ ÓÚÂÁÍË, ÔÓ ÍÓÚÓ˚Ï ÏÓÊÌÓ Ì‡ÈÚË
‰ËÌ‡ÏË˜ÂÒÍÓÂ Ì‡ÔflÊÂÌËÂ Ò‰‚Ë„‡. éÒÌÓ‚ÌÓÈ ÌÂ‰ÓÒÚ‡ÚÓÍ ˝ÚËı
ÒÔÓÒÓ·Ó‚ Á‡ÍÎ˛˜‡ÂÚÒfl ‚ ÚÓÏ, ˜ÚÓ ÔÓÎÛ˜‡ÂÏÓÂ ÁÌ‡˜ÂÌËÂ τ0 ÌÂ
fl‚ÎflÂÚÒfl ‰ËÌ‡ÏË˜ÂÒÍËÏ Ì‡ÔflÊÂÌËÂÏ Ò‰‚Ë„‡, ÔÓÒÍÓÎ¸ÍÛ ÓÌÓ
ÓÔÂ‰ÂÎflÂÚÒfl ËÁ ÛÒÎÓ‚Ëfl ÒÚ‡ÚËÍË, Ú.Â. ÔË ÓÚÒÛÚÒÚ‚ËË ‰‚ËÊÂ-
ÌËfl ËÒÔ˚Ú˚‚‡ÂÏÓÈ ÊË‰ÍÓÒÚË Í‡Í ‚ Í‡ÔËÎÎflÌÓÏ, Ú‡Í Ë ‚ Ó-
Ú‡ˆËÓÌÌÓÏ ‚ËÒÍÓÁËÏÂÚÂ. Ç Ò‚flÁË Ò ˝ÚËÏ ÔÓÏËÏÓ ËÒÍ‡ÊÂÌÌÓ-
„Ó ÁÌ‡˜ÂÌËfl τ0 ÔÓÎÛ˜‡ÂÏ Ú‡ÍÊÂ ÌÂ‚ÂÌÓÂ ÁÌ‡˜ÂÌËÂ ‰ËÌ‡ÏË˜ÂÒ-
ÍÓÈ ËÎË ÒÚÛÍÚÛÌÓÈ ‚flÁÍÓÒÚË ÊË‰ÍÓÒÚË. ùÚËÏ Ó·ÒÚÓflÚÂÎ¸ÒÚ-
‚ÓÏ Ó·˙flÒÌflÂÚÒfl Ë ÚÓÚ Ù‡ÍÚ, ˜ÚÓ ÍË‚‡fl ∆ = f(q), ÔÓÒÚÓ-
ÂÌÌ‡fl ÔÓ ËÁÏÂÂÌÌ˚Ï η Ë τ0, ÌÂ ÒÓ‚Ô‡‰‡ÂÚ Ò ÍË‚ÓÈ ∆ =Φ(q),
ÔÓÎÛ˜ÂÌÌÓÈ ÔflÏ˚ÏË ËÁÏÂÂÌËflÏË.

ÑÎfl ÛÒÚ‡ÌÂÌËfl ÔÂÂ˜ËÒÎÂÌÌ˚ı ÌÂ‰ÓÒÚ‡ÚÍÓ‚ Ë ÓÔÂ‰ÂÎÂÌËfl
‰ÓÒÚÓ‚ÂÌ˚ı ÁÌ‡˜ÂÌËÈ τ0 Ë η ÔÂ‰ÎÓÊÂÌ˚ ‰‚‡ ÒÔÓÒÓ·‡ ÓÔÂ-
‰ÂÎÂÌËfl ÂÓÎÓ„Ë˜ÂÒÍËı Ò‚ÓÈÒÚ‚ Ò ÔÓÏÓ˘¸˛ ÚÛ·ÌÓ„Ó Ë ÓÚ‡-
ˆËÓÌÌÓ„Ó ‚ËÒÍÓÁËÏÂÚÓ‚ [13].

Ç˚¯Â ·˚ÎÓ ÔÓÍ‡Á‡ÌÓ, ˜ÚÓ ÔË ÚÛ·ÛÎÂÌÚÌÓÏ ÂÊËÏÂ ÚÂ˜Â-
ÌËfl ‚flÁÍÓÔÎ‡ÒÚË˜ÌÓÈ ÊË‰ÍÓÒÚË ÔÓÚÂË ‰‡‚ÎÂÌËfl Ì‡ ÚÂÌËÂ ÌÂ
Á‡‚ËÒflÚ ÓÚ ‰ËÌ‡ÏË˜ÂÒÍÓ„Ó Ì‡ÔflÊÂÌËfl Ò‰‚Ë„‡ Ë ‰Îfl „Ë‰‡‚ÎË-
˜ÂÒÍËı ‡Ò˜ÂÚÓ‚ ‚ÔÓÎÌÂ ÔËÏÂÌËÏ˚ ÙÓÏÛÎ˚, ÒÔ‡‚Â‰ÎË‚˚Â
ÔË ÚÂ˜ÂÌËË ‚flÁÍÓÈ ÊË‰ÍÓÒÚË.

ÑÎfl ÓÔÂ‰ÂÎÂÌËfl ÂÓÎÓ„Ë˜ÂÒÍËı Ò‚ÓÈÒÚ‚ Ò ÔÓÏÓ˘¸˛ ÚÛ·-
ÌÓ„Ó ‚ËÒÍÓÁËÏÂÚ‡ ËÒÔ˚Ú˚‚‡ÂÏ‡fl ÊË‰ÍÓÒÚ¸ Ò ËÁ‚ÂÒÚÌÓÈ
ÔÎÓÚÌÓÒÚ¸˛ ÔÓÍ‡˜Ë‚‡ÂÚÒfl Ì‡ÒÓÒÓÏ ÔÓ ÚÛ·Â ÓÔÂ‰ÂÎÂÌÌÓ„Ó
‰Ë‡ÏÂÚ‡ d ‰ÎËÌÓÈ l [10, 11].

èË Í‡Ê‰ÓÏ q ÓÔÂ‰ÂÎfl˛Ú ÔÓÚÂË ‰‡‚ÎÂÌËfl ∆ Ì‡ Û˜‡ÒÚÍÂ
‰ÎËÌÓÈ l, ‚ ÂÁÛÎ¸Ú‡ÚÂ ˜Â„Ó ÒÚÓflÚ Á‡‚ËÒËÏÓÒÚ¸ ∆ = f(q).
É‡ÙËÍ ∆ = f(q) ‰ÂÎflÚ Ì‡ ‰‚‡ Û˜‡ÒÚÍ‡, Ì‡ Ó‰ÌÓÏ ËÁ ÍÓÚÓ˚ı
Ì‡·Î˛‰‡ÂÚÒfl Ô‡ÍÚË˜ÂÒÍË ÎËÌÂÈÌ‡fl Á‡‚ËÒËÏÓÒÚ¸ ∆ ÓÚ q, ‡ Ì‡
‰Û„ÓÏ Á‡‚ËÒËÏÓÒÚ¸ ∆ = f(q) ËÁÏÂÌflÂÚÒfl ÔÓ ÌÂÍÓÚÓÓÈ ÍË-
‚ÓÈ. é˜Â‚Ë‰ÌÓ, ˜ÚÓ ÍË‚ÓÎËÌÂÈÌ˚È Û˜‡ÒÚÓÍ ÒÓÓÚ‚ÂÚÒÚ‚ÛÂÚ
ÚÛ·ÛÎÂÌÚÌÓÏÛ ÂÊËÏÛ ÚÂ˜ÂÌËfl.

Ç Ó·Î‡ÒÚË ÚÛ·ÛÎÂÌÚÌÓ„Ó ÂÊËÏ‡ Á‡‰‡ÂÏÒfl Í‡ÍËÏ-ÎË·Ó
ÁÌ‡˜ÂÌËÂÏ q = qÚ Ë Ì‡ıÓ‰ËÏ ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ÂÂ ∆ = ∆Ú.

ëÓ„Î‡ÒÌÓ ÙÓÏÛÎ‡Ï Ñ‡ÒË – ÇÂÈÒ·‡ı‡ Ë çËÍÛ‡‰ÁÂ ÏÓ-
ÊÂÏ Á‡ÔËÒ‡Ú¸:
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∆p dg

q

lq

gd
Ú

Ú

Ú
2

2
= +



























0 0032 0 221
4

8
0 237

5
, , .

,
π η

γ

γ

π
(2.40)

êÂ¯‡fl ‚˚‡ÊÂÌËÂ (2.40) ÓÚÌÓÒËÚÂÎ¸ÌÓ η, ÔÓÎÛ˜ËÏ:

    

η π

γ

γ

π
= −

























1
0 221 8

42 5
1

0 237

0 0032
,

, .
,gd p

lq

q

gd

∆ Ú

Ú
2

Ú (2.41)

í‡ÍËÏ Ó·‡ÁÓÏ, ÔË ËÁ‚ÂÒÚÌ˚ı ÁÌ‡˜ÂÌËflı ∆Ú Ë qÚ ÔÓ
ÙÓÏÛÎÂ (2.41) ÓÔÂ‰ÂÎflÂÏ η; ÔÓ ÛÔÓ˘ÂÌÌÓÈ ÙÓÏÛÎÂ ÅÛÍËÌ-
„‡Ï‡ (2.33)

    
τ η

π
0 4

3
16

128= −










d
l

lq

d
p∆ c

c , (2.42)

„‰Â ∆Ò Ë qÒ – ÔÓÚÂË ‰‡‚ÎÂÌËfl Ë ‡ÒıÓ‰ ÊË‰ÍÓÒÚË, ÒÓÓÚ‚ÂÚ-
ÒÚ‚Û˛˘ËÂ ÚÓ˜ÍÂ Á‡‚ËÒËÏÓÒÚË, Ì‡ıÓ‰fl˘ÂÈÒfl ‚ Ó·Î‡ÒÚË ÒÚÛÍ-
ÚÛÌÓ„Ó ÂÊËÏ‡ ÚÂ˜ÂÌËfl.

ê‡ÒÒÏÓÚÂÌÌ˚Ï ÒÔÓÒÓ·ÓÏ ·˚ÎË Ì‡È‰ÂÌ˚ ÁÌ‡˜ÂÌËfl τ0 Ë η
‰Îfl ·ÓÎ¸¯Ó„Ó ˜ËÒÎ‡ „ÎËÌËÒÚ˚ı ‡ÒÚ‚ÓÓ‚, ËÒÔÓÎ¸ÁÛÂÏ˚ı ÔË
·ÛÂÌËË ÒÍ‚‡ÊËÌ. èÓ ÔÓÎÛ˜ÂÌÌ˚Ï ÁÌ‡˜ÂÌËflÏ τ0 Ë η, ‡ Ú‡ÍÊÂ
ÙÓÏÛÎ‡Ï Ñ‡ÒË – ÇÂÈÒ·‡ı‡, çËÍÛ‡‰ÁÂ Ë ÅÛÍËÌ„‡Ï‡ ÔÓÒÚ-
ÓÂÌ‡ Á‡‚ËÒËÏÓÒÚ¸ ∆ = ϕ(q), ÍÓÚÓ‡fl Ò‡‚ÌË‚‡Î‡Ò¸ Ò ‡Ì‡ÎÓ-
„Ë˜ÌÓÈ Á‡‚ËÒËÏÓÒÚ¸˛, Ì‡È‰ÂÌÌÓÈ ‚ ÂÁÛÎ¸Ú‡ÚÂ ˝ÍÒÔÂËÏÂÌ-
Ú‡Î¸Ì˚ı ËÒÒÎÂ‰Ó‚‡ÌËÈ.

ÇÓ ‚ÒÂı ÒÎÛ˜‡flı ‡Ò˜ÂÚÌ˚Â Á‡‚ËÒËÏÓÒÚË ÓÍ‡Á‡ÎËÒ¸ ·ÎËÁÍË
Í ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÏ ˝ÍÒÔÂËÏÂÌÚ‡Î¸Ì˚Ï ÍË‚˚Ï. ùÚÓ Ò‚Ë‰Â-
ÚÂÎ¸ÒÚ‚ÛÂÚ Ó ÔËÏÂÌËÏÓÒÚË ÔÂ‰ÎÓÊÂÌÌÓ„Ó ÒÔÓÒÓ·‡ ÓÔÂ‰Â-
ÎÂÌËfl τ0 Ë η.

ê‡ÒÒÏÓÚËÏ ‚ÚÓÓÈ ÒÔÓÒÓ·. éÔÂ‰ÂÎÂÌËÂ ÂÓÎÓ„Ë˜ÂÒÍËı
Ò‚ÓÈÒÚ‚ Ò ÔÓÏÓ˘¸˛ ÓÚ‡ˆËÓÌÌ˚ı ‚ËÒÍÓÁËÏÂÚÓ‚ ÔÓ ÒÛ˘ÂÒÚ-
‚Û˛˘ÂÈ ‚ Ì‡ÒÚÓfl˘ÂÂ ‚ÂÏfl ÏÂÚÓ‰ËÍÂ ÌÂ ‰‡ÂÚ ÔÓÎÓÊËÚÂÎ¸Ì˚ı
ÂÁÛÎ¸Ú‡ÚÓ‚, Ú‡Í Í‡Í ‡Ò˜ÂÚÌ‡fl ÍË‚‡fl ∆ = Φ(q) ‰Îfl ÚÂ˜ÂÌËfl
ÊË‰ÍÓÒÚË ‚ ÍÛ„ÎÓÈ ÚÛ·Â, ÔÓÒÚÓÂÌÌ‡fl ÔÓ Ì‡È‰ÂÌÌ˚Ï τ0 Ë η,
ÌÂ ÒÓ‚Ô‡‰‡ÂÚ Ò ‡Ì‡ÎÓ„Ë˜ÌÓÈ, ˝ÍÒÔÂËÏÂÌÚ‡Î¸ÌÓ ÓÔÂ‰ÂÎÂÌÌÓÈ
Á‡‚ËÒËÏÓÒÚ¸˛.

Ç ËÒÒÎÂ‰Ó‚‡ÌËflı [13, 14] ÔÓÍ‡Á‡ÌÓ, ˜ÚÓ ÔË ÓÔÂ‰ÂÎÂÌËË τ0

Ë η ÓÚ‡ˆËÓÌÌ˚Ï ‚ËÒÍÓÁËÏÂÚÓÏ Ì‡·Î˛‰‡ÂÚÒfl ‰‚ËÊÂÌËÂ
ÊË‰ÍÓÒÚË ÎË·Ó ÔË ÒÚÛÍÚÛÌÓÏ, ÎË·Ó ÔË Í‚‡ÁËÎ‡ÏËÌ‡ÌÓÏ
ÂÊËÏ‡ı.

ìÒÚ‡ÌÓ‚ÎÂÌÓ, ˜ÚÓ Á‡ÍÓÌ˚ Ó‰ÌÓÏÂÌÓ„Ó ÔflÏÓÎËÌÂÈÌÓ„Ó
ÚÂ˜ÂÌËfl ÏÓÊÌÓ ËÒÔÓÎ¸ÁÓ‚‡Ú¸ ‰Îfl Â¯ÂÌËfl Á‡‰‡˜Ë Ó ÍÛ„Ó‚ÓÏ
‚‡˘‡ÚÂÎ¸ÌÓÏ ‰‚ËÊÂÌËË ÊË‰ÍÓÒÚË ÏÂÊ‰Û ‰‚ÛÏfl ˆËÎËÌ‰‡ÏË
[13, 14].
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êÂ¯ËÏ ˝ÚÛ Á‡‰‡˜Û ÔË Í‚‡ÁËÎ‡ÏËÌ‡ÌÓÏ ÂÊËÏÂ ÚÂ˜ÂÌËfl.
Ç ‰‡ÌÌÓÏ ÒÎÛ˜‡Â ∆ = 0. èÓ‚ÂıÌÓÒÚ¸˛ ‡‰ËÛÒÓÏ ρ ‚ÒÂ

ÍÓÎ¸ˆÂ‚ÓÂ ÔÓÒÚ‡ÌÒÚ‚Ó ‰ÂÎËÏ Ì‡ ‰‚Â Ó·Î‡ÒÚË.
ÑÎfl ÓÔÂ‰ÂÎÂÌËfl ÒÍÓÓÒÚË ‚ Î˛·ÓÈ ÚÓ˜ÍÂ ÔÂ‚ÓÈ Ë ‚ÚÓÓÈ

Ó·Î‡ÒÚË ÒÓ„Î‡ÒÌÓ ÒËÒÚÂÏÂ ‰ËÙÙÂÂÌˆË‡Î¸Ì˚ı Û‡‚ÌÂÌËÈ ÉÂÌ-
ÍË – àÎ¸˛¯ËÌ‡ ÔÓÎÛ˜ËÏ:

    
u r c r c1

0
1 2= − + +τ

η
ln ; (2.43)

    
u r c r c2

0
3 4= + +τ

η
ln . (2.44)

èË r = ρ u1 = umax; ÔË r = r0 u1 = 0.
íÓ„‰‡

    

c u

r

r

r

1

0

0 0

0

= + −max

ln ln
;

ρ

τ

η

ρ

ρ
(2.45)

    

c r r rr

r

u

r

2
0

0

0

0

0= − −−



















τ

η

ρ

ρ ρ
0

0 max

ln ln
ln ln , (2.46)

„‰Â ρ – ‡‰ËÛÒ ÔÓ‚ÂıÌÓÒÚË, Ì‡ ÍÓÚÓÓÈ ÒÍÓÓÒÚ¸ ‰ÓÒÚË„‡ÂÚ
Ï‡ÍÒËÏÛÏ‡.

ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ÔÓ (2.43), (2.45) Ë (2.46) ÔÓÎÛ˜ËÏ

    

u r rr

r

r
r

u

r

r
r

1
0

0

0

0

0

= + − +−



















τ

η

ρ

ρ ρ
0

0 max

ln ln
ln ln . (2.47)

á‰ÂÒ¸ Ë ÌËÊÂ Û„ÎÓ‚Û˛ ÒÍÓÓÒÚ¸ ‚ Ó·Î‡ÒÚË Í‚‡ÁËÎ‡ÏËÌ‡ÌÓ-
„Ó Ë ÒÚÛÍÚÛÌÓ„Ó ÂÊËÏÓ‚ ·Û‰ÂÏ Ó·ÓÁÌ‡˜‡Ú¸ ω = ωÍ Ë ω  =
= ωÒ.

èÓËÁ‚ÓÎ¸Ì˚Â ÔÓÒÚÓflÌÌ˚Â Ò3 Ë c4 Ì‡È‰ÂÏ ËÁ ÒÎÂ‰Û˛˘Ëı
„‡ÌË˜Ì˚ı ÛÒÎÓ‚ËÈ: ÔË r = ρ u2 = umax; ÔË r = r1 u2 =   
= ωÍr1.

áÌ‡˜ËÚ,

    

c r

r

r

r

u

r3
1

1

0 1

1 1
= − −−ω

ρ

τ

η

ρ

ρ ρ

Í

ln ln ln

max ; (2.48)
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c r r r ru

r

r

r

r

r4
1

1
0

1
1 1 1

1

1
1= + − + −−





































max

ln ln

ln

ln

ln ln .

ρ

τ

η

ρ

ρ ρ

ω1
Í (2.49)

í‡ÍËÏ Ó·‡ÁÓÏ,

    

u r r r ur

r

r

r

r

r

r

r
r2

0 1

1

1
1

1

1

1
= − + + +−



















τ

η

ρ

ρ

ρ

ρ ρ

ω1 Í

ln

ln

ln

ln

ln

ln .max (2.50)

èÓ ÒÓÓÚÌÓ¯ÂÌËflÏ (2.50) Ë (2.47) ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸:

    

du

dr

r
r

r

r

r

u

r
r

2 0

1
1

1

1

1 1=

= + −
− +

ρ

τ

η

ρ
ρ

ρ

ρ
ρ

ω

ρ
ρ

ρ
ρ

ln

ln ln ln

max ;Í (2.51)

    

du

dr

u

r

r
r

r
r

1

0

0 0
0

0

=

= −
− +

ρ ρ
ρ

τ

η

ρ
ρ

ρ

ρ
ρ

max

ln

ln

ln
. (2.52)

àÏÂÂÏ

    

du

dr

du

dr
r r

1

1

2

2= =

=
ρ ρ

. (2.53)

èÓ (2.51) – (2.53) ÓÔÂ‰ÂÎflÂÏ Ï‡ÍÒËÏ‡Î¸ÌÛ˛ ÒÍÓÓÒÚ¸

    

u r r
r

r

r

r r r r

r
max

ln

ln ln ln ln ln= + − + +










τ

η ρ

ρ ρ ρ

ρ
ρ ρ0

1

0

1

0

2

0 1
1

0
0

11 2

    

+ω

ρ

Ír
r

r

r

1
0

1

0

ln

ln

. (2.54)

ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ,

    

u r r r
r

r

r

r
r
r

r

r

r r
r

r

r1
0

1

0

0
0

1

0

1

0

1

0

1 2 2= + − + − +










τ

η ρ
ρ ρ

ln

ln ln ln ln ln ln1
1

    

+ωÍr

r
r

r

r

1
0

1

0

ln

ln

; (2.55)
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u r r
r r

r

r

r

r r

r r

r

r r2
0

1 1

0

0

1
1

1

0

1

1

1 2= + + +





τ

η

ρ

ρ

ρ ρρ
ln ln

ln ln ln ln ln ln1

    
+ − + +




2

0

1

0

1
0

1ρ
ρ

ρ ρ

ρ
ln ln ln ln ln ln lnr

r

r

r r

r

r

r r

r
r r1
1

1

    

+
+

ω ρ

ρ

ρ

Ír

r

r
r

r

r

r

r

r

r1

1

0 0

1

1

0

1

ln ln ln ln

ln ln

. (2.56)

ëÓÒÚ‡‚ËÏ Û‡‚ÌÂÌËÂ ‰ËÌ‡ÏË˜ÂÒÍÓ„Ó ‡‚ÌÓ‚ÂÒËfl ÊË‰ÍÓÒÚË,
‰‚ËÊÛ˘ÂÈÒfl ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â:

    2 21 2 0 1
π τ π τr l r lw w= , (2.57)

„‰Â     τ τw w1 2
−  – Í‡Ò‡ÚÂÎ¸Ì˚Â Ì‡ÔflÊÂÌËfl Ì‡ ÔÓ‚ÂıÌÓÒÚflı

‚ÌÂ¯ÌÂ„Ó Ë ‚ÌÛÚÂÌÌÂ„Ó ˆËÎËÌ‰Ó‚ ‡‰ËÛÒ‡ÏË r1 Ë r0.
ëÓ„Î‡ÒÌÓ Á‡ÍÓÌÛ ò‚Â‰Ó‚‡ – ÅËÌ„‡Ï‡

    

τ η τw
r r

du

dr1
1

0

0= +
=

; (2.58)

    

τ η τw
r r

du

dr2
2

1

0= +
=

. (2.59)

èÓ ‚˚‡ÊÂÌËflÏ (2.55) – (2.59) ÔÓÎÛ˜ËÏ ρ = r1.
ùÚÓ ÓÁÌ‡˜‡ÂÚ, ˜ÚÓ Á‡ÍÓÌ ‡ÒÔÂ‰ÂÎÂÌËfl ÒÍÓÓÒÚÂÈ ‚ ÍÓÎ¸-

ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â ‚˚‡Ê‡ÂÚÒfl Ó‰ÌÓÈ ÙÓÏÛÎÓÈ

    

u r r r r
r

r

r

r
r
r

r

r

r
r

r

r

= + − +










τ

η
ω0

1

0

0 1
0

1

0
1

0

1

0

1

ln

ln

ln

ln ln ln .1
Í (2.60)

ãÂ„ÍÓ ÛÒÚ‡ÌÓ‚ËÚ¸, ˜ÚÓ ‚ ÙÓÏÛÎÂ (2.60) ‚˚ÔÓÎÌfl˛ÚÒfl „‡-
ÌË˜Ì˚Â ÛÒÎÓ‚Ëfl, Ú.Â. ÔË r = r1 u = ωr1, ‡ ÔË r = r0 u0 =
= 0.

ä‡Ò‡ÚÂÎ¸ÌÓÂ Ì‡ÔflÊÂÌËÂ Ì‡ ÔÓ‚ÂıÌÓÒÚË ‚ÌÛÚÂÌÌÂ„Ó ˆË-
ÎËÌ‰‡ ÓÔÂ‰ÂÎflÂÚÒfl Ú‡Í:

    

τ ηϕr
r r

du
dr

u
r

= −






=

 
0

. (2.61)

áÌ‡˜ËÚ, ÔÓ ‚˚‡ÊÂÌËflÏ (2.60) Ë (2.61) ÔÓÎÛ˜ËÏ:
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τ ϕ
τ ηω

r r

r

r

r

r

r

r

r
r

r

= − − +










0

1

0

1

0

1

0

1

0
1

0

1
ln ln

ln .Í (2.62)

ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ÏÓÏÂÌÚ Ì‡ ÔÓ‚ÂıÌÓÒÚË ‚ÌÛÚÂÌÌÂ„Ó ˆË-
ÎËÌ‰‡

    

M
r r l

r

r

r

r

r

r

r

r
= − − +























2 0
2

1
2

1

0

0 0

1

1

0

1

0
1

π τ

η
η ω

ln

ln .Í (2.63)

ì„ÓÎ Á‡ÍÛ˜Ë‚‡ÌËfl ÔÓ‚ÓÎÓÍË ‚ Ó·Î‡ÒÚË ‰ÂÈÒÚ‚Ëfl Í‚‡ÁËÎ‡-
ÏËÌ‡ÌÓ„Ó ÂÊËÏ‡ Ó·ÓÁÌ‡˜ËÏ ϕ = ϕÍ. íÓ„‰‡ ÔÓ ‡Ì‡ÎÓ„ËË Ò
(2.36) ÏÓÊÂÏ Á‡ÔËÒ‡Ú¸:

å = ÒϕÍ. (2.64)

àÁ ‡‚ÂÌÒÚ‚‡ ÏÓÏÂÌÚÓ‚, Ì‡È‰ÂÌÌ˚ı ÔÓ ÙÓÏÛÎ‡Ï (2.63) Ë
(2.64), ÔÓÎÛ˜ËÏ:

    

A r r

r r
r

r

r

r

r

r

r

r
ϕ τ ηωÍ Í= − − +− 





















1
2

0
2

1 0
1

0

0
0

1

1

0

1

02

1
ln

ln . (2.65)

Ç ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò ÙÓÏÛÎÓÈ (2.38)

    
A r

r
ϕ ηω τc c= + 0

1

0
ln . (2.66)

àÁ ‚˚‡ÊÂÌËÈ (2.65) Ë (2.66) ÏÓÊÂÏ Á‡ÔËÒ‡Ú¸:

    

τ ϕ ηω0
1

0

1= −
ln

( )
r

r

A c c ; (2.67)

    

η
ω

ω
= ×

− − −

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






A
r

r

r

r

r

r r
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Í
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1 ln
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× − − −
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

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
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






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




ϕ ϕ
Í

c
2 1 0

1

0

1
2

0
2

0

1

1

0

1

0 1

0

1
r r

r

r

r r

r

r

r

r

r

r r

r

ln

ln

ln . (2.68)

áÌ‡˜ËÚ, ÂÓÎÓ„Ë˜ÂÒÍËÂ Ò‚ÓÈÒÚ‚‡ ‚ ‰‡ÌÌÓÏ ÒÎÛ˜‡Â ÓÔÂ‰ÂÎfl-
˛ÚÒfl ÒÎÂ‰Û˛˘ËÏ Ó·‡ÁÓÏ.

ùÍÒÔÂËÏÂÌÚ‡Î¸ÌÓ ÛÒÚ‡Ì‡‚ÎË‚‡˛Ú Á‡‚ËÒËÏÓÒÚ¸ ϕ = f(ω),
ÒÓÒÚÓfl˘Û˛ ËÁ ‰‚Ûı Ô‡ÍÚË˜ÂÒÍË ÎËÌÂÈÌ˚ı ˜‡ÒÚÂÈ Ò ‡ÁÎË˜-



37

Ì˚ÏË Û„Î‡ÏË Ì‡ÍÎÓÌ‡. èÂ‚‡fl ˜‡ÒÚ¸ Á‡‚ËÒËÏÓÒÚË, ÛÒÚ‡ÌÓ‚ÎÂÌ-
Ì‡fl ÔË ÓÚÌÓÒËÚÂÎ¸ÌÓ ÏÂÌ¸¯Ëı ÁÌ‡˜ÂÌËflı ω , ÒÓÓÚ‚ÂÚÒÚ‚ÛÂÚ
ÒÚÛÍÚÛÌÓÏÛ ÂÊËÏÛ, ‚ÚÓ‡fl ˜‡ÒÚ¸ – Í‚‡ÁËÎ‡ÏËÌ‡ÌÓÏÛ
ÂÊËÏÛ ÚÂ˜ÂÌËfl.

Ç Ó·Î‡ÒÚË ÒÚÛÍÚÛÌÓ„Ó Ë Í‚‡ÁËÎ‡ÏËÌ‡ÌÓ„Ó ÂÊËÏÓ‚ ‚˚-
·Ë‡˛Ú ÔÓ Ó‰ÌÓÈ ÚÓ˜ÍÂ Ë ÛÒÚ‡Ì‡‚ÎË‚‡˛Ú ϕÒ, ωÒ Ë ϕÍ, ωÍ. Ñ‡ÎÂÂ
ÔË ËÁ‚ÂÒÚÌ˚ı r1, r0, l Ë Ä ÔÓ ÙÓÏÛÎ‡Ï (2.67) Ë (2.68) ÓÔÂ‰Â-
Îfl˛Ú η Ë τ0.

Ç˚¯Â ·˚Î‡ ÔË‚Â‰ÂÌ‡ ÒÛ˘ÂÒÚ‚Û˛˘‡fl ÍÎ‡ÒÒËÙËÍ‡ˆËfl „Ë‰-
ÓÒÏÂÒÂÈ Ë ËÒÒÎÂ‰Ó‚‡Ì˚ ÌÂÍÓÚÓ˚Â ‚ÓÔÓÒ˚ „Ë‰Ó‰ËÌ‡ÏËÍË,
Í‡Ò‡˛˘ËÂÒfl ‚flÁÍÓÔÎ‡ÒÚË˜Ì˚ı ÒÛÒÔÂÌÁËÈ.

íÂÔÂ¸ ‡ÒÒÏÓÚËÏ „Ë‰Ó‰ËÌ‡ÏË˜ÂÒÍËÂ Á‡‰‡˜Ë, Ò‚flÁ‡ÌÌ˚Â
Ò ‰‚ËÊÂÌËÂÏ ÚÓÌÍÓ- Ë „Û·Ó‰ËÒÔÂÒÌ˚ı, ‡ Ú‡ÍÊÂ ÌÂÓ‰ÌÓÓ‰-
ÌÓ ‰ËÒÔÂÒÌ˚ı Ë ÔÓÎË‰ËÒÔÂÒÌ˚ı „Ë‰ÓÒÏÂÒÂÈ.

Ç Ì‡ÒÚÓfl˘ÂÂ ‚ÂÏfl ÔÓÚÂË ‰‡‚ÎÂÌËfl ÔË ‰‚ËÊÂÌËË „Ë‰Ó-
ÒÏÂÒÂÈ ÓÔÂ‰ÂÎfl˛Ú Ú‡Í: Ì‡ıÓ‰flÚ ÔÓÚÂË ÔË ‰‚ËÊÂÌËË Ó‰ÌÓ-
Ó‰ÌÓÈ ÊË‰ÍÓÒÚË ∆0, ‡ Á‡ÚÂÏ ‰Ó·‡‚Îfl˛Ú Í ÌËÏ ‚ ‚Ë‰Â ÒÓ-
ÏÌÓÊËÚÂÎfl ËÎË ÒÎ‡„‡ÂÏÓ„Ó ÌÂÍÓÚÓÛ˛ ‚ÂÎË˜ËÌÛ, Û˜ËÚ˚‚‡˛-
˘Û˛ ı‡‡ÍÚÂÌ˚Â ÓÒÓ·ÂÌÌÓÒÚË ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ÂÈ „ÛÔÔ˚ „Ë-
‰ÓÒÏÂÒË (ÍÓÏÂ ÒÛÒÔÂÌÁËË).

Ç ‡·ÓÚ‡ı [1, 2] ÔÓÍ‡Á‡ÌÓ, ˜ÚÓ ÔÓÚÂË ‰‡‚ÎÂÌËfl ÔË ‰‚Ë-
ÊÂÌËË „‡ÁËÓ‚‡ÌÌ˚ı ÒÏÂÒÂÈ ÏÓÊÌÓ Ì‡ÈÚË Ò ÔÓÏÓ˘¸˛ ÙÓ-
ÏÛÎ˚ Ñ‡ÒË – ÇÂÈÒ·‡ı‡ Ò ÔÓÔ‡‚ÍÓÈ, Û˜ËÚ˚‚‡˛˘ÂÈ ËÒÚËÌ-
ÌÛ˛ ÍÓÌˆÂÌÚ‡ˆË˛ „‡Á‡ ‚ ÊË‰ÍÓÒÚË.

í‡ÍËÏ ÊÂ ÔÛÚÂÏ ÏÓÊÌÓ ÔÓ‚Ó‰ËÚ¸ ËÒÒÎÂ‰Ó‚‡ÌËfl Ë ÔË ‚˚-
‚Ó‰Â „Ë‰Ó‰ËÌ‡ÏË˜ÂÒÍËı ÙÓÏÛÎ ÔË ‰‚ËÊÂÌËË „Ë‰ÓÒÏÂÒÂÈ.
ÑÓÒÚÓ‚ÂÌÓÒÚ¸ ÔÓÎÛ˜ÂÌÌ˚ı ÒÓÓÚÌÓ¯ÂÌËÈ ‰ÓÎÊÌ‡ ·˚Ú¸ ÛÒÚ‡-
ÌÓ‚ÎÂÌ‡ ËÁ ÒÓÔÓÒÚ‡‚ÎÂÌËfl ÂÁÛÎ¸Ú‡ÚÓ‚ ‡Ò˜ÂÚÓ‚ Ò ‰‡ÌÌ˚ÏË
˝ÍÒÔÂËÏÂÌÚ‡Î¸Ì˚ı ËÒÒÎÂ‰Ó‚‡ÌËÈ.

Ñ‚ËÊÂÌËÂ „Ë‰ÓÒÏÂÒÂÈ ‚ ‚ÂÚËÍ‡Î¸Ì˚ı Ë „ÓËÁÓÌÚ‡Î¸Ì˚ı
ÚÛ·‡ı ÓÚÎË˜‡ÂÚÒfl ÒËÎ‡ÏË, ‰ÂÈÒÚ‚Û˛˘ËÏË Ì‡ ÔÓÚÓÍ. ê‡ÁÎË˜Ì˚
Ú‡ÍÊÂ ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÂ ‚˚‡ÊÂÌËfl ‰Îfl ÓÔÂ‰ÂÎÂÌËfl ‡ÒıÓ‰‡
ÊË‰ÍÓÒÚË, Ó·ÂÒÔÂ˜Ë‚‡˛˘Â„Ó ÏËÌËÏÛÏ ÔÓÚÂ¸ ‰‡‚ÎÂÌËfl. èÓ-
˝ÚÓÏÛ ˆÂÎÂÒÓÓ·‡ÁÌÓ ‡ÒÒÏÓÚÂÚ¸ ˝ÚË Á‡‰‡˜Ë ÓÚ‰ÂÎ¸ÌÓ.
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ÄÂÈÆÅÍÈÅ ÃÈÄÐÎÑÌÅCÅÉ
Â ÂÅÐÒÈÊÀËÜÍÛÕ ÒÐÓÁÀÕ

èÛÒÚ¸ ‚ ‚ÂÚËÍ‡Î¸ÌÓÈ ÚÛ·Â ‰ÎËÌÓÈ l Ë ‰Ë‡ÏÂÚÓÏ d ÔÓËÒ-
ıÓ‰ËÚ ‚ÓÒıÓ‰fl˘ÂÂ ‰‚ËÊÂÌËÂ „Ë‰ÓÒÏÂÒË. Ñ‡‚ÎÂÌËfl Û ‚ÂıÌÂ„Ó
Ë ÌËÊÌÂ„Ó ÚÓˆÓ‚ ÒÓÒÚ‡‚Îfl˛Ú 1 Ë 2.

ÖÒÎË ∆Ú – ÔÓÚÂË ‰‡‚ÎÂÌËfl Ì‡ ÔÂÓ‰ÓÎÂÌËÂ ÒËÎ ÚÂÌËfl,
‡ ∆ = 1 – 2, ÚÓ, ÔË‰ÂÊË‚‡flÒ¸ ÔËÌˆËÔ‡ Ñ′ÄÎ‡Ï·Â‡,
ÏÓÊÌÓ ÒÓÒÚ‡‚ËÚ¸ ÒÎÂ‰Û˛˘ÂÂ Û‡‚ÌÂÌËÂ ‰ËÌ‡ÏË˜ÂÒÍÓ„Ó ‡‚ÌÓ-
‚ÂÒËfl:

∆ = γÒÏl + ∆Ú, (3.1)

„‰Â γÒÏ – Û‰ÂÎ¸Ì˚È ‚ÂÒ „Ë‰ÓÒÏÂÒË.
í‡Í Í‡Í Û‰ÂÎ¸Ì˚È ‚ÂÒ – ˝ÚÓ ‚ÂÒ Â‰ËÌËˆ˚ Ó·˙ÂÏ‡, ÚÓ

    
γ γ γ

ÒÏ
Ê Ê Ú Ú

Ê Ú
= +

+

V V

V V
, (3.2)

„‰Â VÊ Ë VÚ – Ó·˙ÂÏ ÊË‰ÍÓÈ Ë Ú‚Â‰ÓÈ Ù‡Á ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ.
á‡ÏÂÌË‚ VÊ Ë VÚ ‡ÒıÓ‰ÓÏ ÊË‰ÍÓÒÚË qÊ Ë Ú‚Â‰ÓÈ Ù‡Á˚

qÚ, ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸:

    
γ γ γ

ÒÏ
Ê Ê Ú Ú

Ê Ú
= +

+

q q

q q
. (3.3)

ëÓÓÚÌÓ¯ÂÌËÂ (3.3) Ô‡‚ÓÏÂÌÓ ‚ ÒÎÛ˜‡Â ÓÚÒÛÚÒÚ‚Ëfl ÓÚÌÓ-
ÒËÚÂÎ¸ÌÓ„Ó ‰‚ËÊÂÌËfl ˜‡ÒÚËˆ˚, Ú.Â. ÔË ‚˚ÌÓÒÂ Ú‚Â‰ÓÈ Ù‡Á˚.
Ç˚‡ÊÂÌËÂ (3.3) ÏÓÊÌÓ Ú‡ÍÊÂ ÔÓÎÛ˜ËÚ¸, ÔÓÎ¸ÁÛflÒ¸ ÔÓÌflÚËflÏË
Ó·˙ÂÏÌÓÈ αı Ë ‡ÒıÓ‰ÌÓÈ α0 ÍÓÌˆÂÌÚ‡ˆËÈ.

àÒÚËÌÌ‡fl, ËÎË Ó·˙ÂÏÌ‡fl, ÍÓÌˆÂÌÚ‡ˆËfl ÓÔÂ‰ÂÎflÂÚÒfl Í‡Í

    
αx

V

V V
=

+
Ú

Ú Ê
. (3.4)

ê‡ÒıÓ‰Ì‡fl ÍÓÌˆÂÌÚ‡ˆËfl

    
α0 =

+

q

q q
Ú

Ú Ê
. (3.5)

èÓˆÂÒÒ ‚˚ÌÓÒ‡ Ú‚Â‰ÓÈ Ù‡Á˚ ı‡‡ÍÚÂËÁÛÂÚÒfl ÛÒÎÓ‚ËÂÏ

αx = α0. (3.6)

3
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ì‰ÂÎ¸Ì˚È ‚ÂÒ ÒÏÂÒË

γÒÏ = γÊ(1 – α0) + γÚα0. (3.7)

áÌ‡˜ËÚ, ÔÓ (3.5) Ë (3.6)

    
γ γ γÒÏ Ê

Ê

Ú Ê
Ú

Ú

Ú Ê
= +

+ +

q

q q

q

q q
. (3.8)

í‡ÍËÏ Ó·‡ÁÓÏ, ÔÓ (3.3) Ë (3.8) ÔÓÎÛ˜‡ÂÏ Ó‰ÌÓ Ë ÚÓ ÊÂ ‚˚-
‡ÊÂÌËÂ ‰Îfl γÒÏ.

ëÎÂ‰Ûfl ÙÓÏÛÎÂ Ñ‡ÒË – ÇÂÈÒ·‡ı‡, ÔÓÚÂË ‰‡‚ÎÂÌËfl Ì‡
ÚÂÌËÂ ÔË ‰‚ËÊÂÌËË „Ë‰ÓÒÏÂÒË Ì‡È‰ÂÏ Ú‡Í:

    
∆p lv

gdÚ
ÒÏ ÒÏ ÒÏ

2
= λ γ

2
, (3.9)

„‰Â vÒÏ – ÒÍÓÓÒÚ¸ ‰‚ËÊÂÌËfl ÒÏÂÒË; λÒÏ – ÍÓ˝ÙÙËˆËÂÌÚ „Ë‰-
‡‚ÎË˜ÂÒÍËı ÒÓÔÓÚË‚ÎÂÌËÈ „Ë‰ÓÒÏÂÒÂÈ.

ëÓ„Î‡ÒÌÓ ÙÓÏÛÎÂ ÅÎ‡ÁËÛÒ‡

  

λ ÒÏ
ÒÏ
0,25

= 0 3164,

Re
,

„‰Â ReÒÏ – Ô‡‡ÏÂÚ êÂÈÌÓÎ¸‰Ò‡ ÔË ‰‚ËÊÂÌËË „Ë‰ÓÒÏÂÒË.
í‡Í Í‡Í

    
Re ,ÒÏ

ÒÏ ÒÏ

ÒÏ
= v d

g

γ

µ

ÚÓ

    
λ µ

γ
ÒÏ

ÒÏ

ÒÏ ÒÏ
=









03164

025

, .
,

g

v d
(3.10)

áÌ‡˜ËÚ, ÔÓ (3.9) Ë (3.10)

    

∆p lv

g d
Ú

ÒÏ
0,25

ÒÏ
0,75

ÒÏ
1,75

= 0 1582
0 75 125

,
, ,

,µ γ (3.11)

„‰Â µÒÏ – ‰ËÌ‡ÏË˜ÂÒÍ‡fl ‚flÁÍÓÒÚ¸ „Ë‰ÓÒÏÂÒË.
ëÓ„Î‡ÒÌÓ ÙÓÏÛÎÂ ùÈÌ¯ÚÂÈÌ‡ ËÏÂÂÏ [22]

  

µ µ α

α
ÒÏ =

+

−

1 0 5

1
0

0
2

,

( )
. (3.12)

èÓ ‚˚‡ÊÂÌËflÏ (3.5) Ë (3.12)

    

µ µÒÏ
Ú Ê Ú Ê

Ê
2

= + +( , )( ) .1 5q q q q

q
(3.13)
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ó‡ÒÚÓ ÔË Â¯ÂÌËË Ô‡ÍÚË˜ÂÒÍËı ‚ÓÔÓÒÓ‚ ‡Ò˜ÂÚ˚ ‚Â‰ÛÚ
ÔÓ ÔË·ÎËÊÂÌÌÓÈ ÙÓÏÛÎÂ ùÈÌ¯ÚÂÈÌ‡

µÒÏ = µ(1 + 2,5α0). (3.14)

ëÓ„Î‡ÒÌÓ (3.12) Ë (3.14) ÓÚÌÓ¯ÂÌËÂ µÒÏ, Ì‡È‰ÂÌÌÓÂ ÔÓ ÚÓ˜-
ÌÓÈ Ë ÔË·ÎËÊÂÌÌÓÈ ÙÓÏÛÎ‡Ï, ÒÓÒÚ‡‚ÎflÂÚ:

  

µ

µ

α

α α α

ÒÏ

ÒÏ

( . )

( . )

,

( ) ( , )
,3 12

3 14

1 0 5

1 2 1 2 5
0

0 0
2 2

0

= +

− + +

ËÎË

  

µ

µ

α

α α α

ÒÏ

ÒÏ

( . )

( . )

,

, ,

3 12

3 14

1 0 5

1 0 5 4 2 5
0

0 0
2

0
3

= +

+ − +
. (3.15)

Ç Ú‡·Î. 3.1 ÔË‚Â‰ÂÌ˚ ÁÌ‡˜ÂÌËfl µÒÏ (3.12)/µÒÏ (3.14) ÔË ‡Á-
ÎË˜Ì˚ı α0.

îÓÏÛÎ‡ ùÈÌ¯ÚÂÈÌ‡ ÂÍÓÏÂÌ‰ÛÂÚÒfl ‰Îfl Ô‡ÍÚË˜ÂÒÍËı ‡Ò-
˜ÂÚÓ‚ ÔË α0 ≤ 0,10. àÁ Ú‡·Î. 3.1 ‚Ë‰ÌÓ, ˜ÚÓ ‡ÒıÓÊ‰ÂÌËÂ
ÏÂÊ‰Û µÒÏ, Ì‡È‰ÂÌÌ˚ÏË ÔÓ (3.12) Ë (3.14), ÌÂ ÔÂ‚˚¯‡ÂÚ 3,7"%.

èË ÍÓÌˆÂÌÚ‡ˆËË ·ÓÎÂÂ 10"% ‚flÁÍÓÒÚ¸ ÒÏÂÒË ˆÂÎÂÒÓÓ·-
‡ÁÌÓ ‡ÒÒ˜ËÚ˚‚‡Ú¸ ÔÓ ÙÓÏÛÎÂ íÓÏ‡Ò‡

    µ µ α α α
ÒÏ = + + +( , , , ).,1 2 5 10 05 0 002730 0

2 16 6 0e (3.16)

éÔÂ‰ÂÎËÏ, Ì‡ÒÍÓÎ¸ÍÓ ÓÚÎË˜‡˛ÚÒfl ÏÂÊ‰Û ÒÓ·ÓÈ ÁÌ‡˜ÂÌËfl
µÒÏ, Ì‡È‰ÂÌÌ˚Â ÔÓ ÚÓ˜ÌÓÈ ÙÓÏÛÎÂ ùÈÌ¯ÚÂÈÌ‡ (3.12) Ë ÔÓ
Á‡‚ËÒËÏÓÒÚË (3.16). êÂÁÛÎ¸Ú‡Ú˚ ‡Ò˜ÂÚÓ‚ ÔË‚Â‰ÂÌ˚ ‚ Ú‡·Î.
3.2.

í ‡ · Î Ë ̂  ‡  3.1

α0
  

µ

µ
ÒÏ

ÒÏ

( . )

( . )

3 12

3 14
α0

  

µ

µ
ÒÏ

ÒÏ

( . )

( . )

3 12

3 14

0,02 1,0016 0,06 1,0136
0,03 1,0035 0,07 1,0184
0,04 1,0062 0,08 1,0239
0,05 1,0095 0,10 1,0370

í ‡ · Î Ë ̂  ‡  3.2

α0

èÓ (3.16)

  

µ

µ
ÒÏ

èÓ (3.12)

  

µ

µ
ÒÏ   

µ

µ
ÒÏ

ÒÏ

( . )

( . )

3 16

3 12 α0

èÓ (3.16)

  

µ

µ
ÒÏ

èÓ (3.12)

  

µ

µ
ÒÏ   

µ

µ
ÒÏ

ÒÏ

( . )

( . )

3 16

3 12

0,02 1,0578 1,0516 1,0059 0,14 1,5749 1,4467 1,0886
0,04 1,1214 1,1068 1,0132 0,18 1,7838 1,6211 1,1004
0,06 1,1936 1,1659 1,0238 0,22 2,1417 1,8245 1,1739
0,08 1,2746 1,2287 1,0373 0,26 2,5338 2,0635 1,2279
0,10 1,3649 1,2963 1,0529 0,30 3,0516 2,3469 1,3003
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àÁ Ú‡·Î. 3.2 ‚Ë‰ÌÓ, ˜ÚÓ ÁÌ‡˜ÂÌËfl µÒÏ, ‚˚˜ËÒÎÂÌÌ˚Â ÔÓ
ÙÓÏÛÎÂ íÓÏ‡Ò‡, ÌÂÒÛ˘ÂÒÚ‚ÂÌÌÓ ÓÚÎË˜‡˛ÚÒfl ÓÚ Ú‡ÍÓ‚˚ı, ÓÔ-
Â‰ÂÎÂÌÌ˚ı ÔÓ ÙÓÏÛÎÂ ùÈÌ¯ÚÂÈÌ‡ ÔË ÍÓÌˆÂÌÚ‡ˆËË α0 ≤
≤"10"%; ‡Ò˜ÂÚ˚ ÔÓ ÙÓÏÛÎÂ íÓÏ‡Ò‡ ÏÓÊÌÓ ‚ÂÒÚË ‚ ÁÌ‡˜Ë-
ÚÂÎ¸ÌÓÏ ‰Ë‡Ô‡ÁÓÌÂ ËÁÏÂÌÂÌËfl α0.

èË 0 < α0 ≤ 0,22 ÙÓÏÛÎÛ (3.16) Ò ÚÓ˜ÌÓÒÚ¸˛ ‰Ó 6"% ÏÓÊ-
ÌÓ Á‡ÔËÒ‡Ú¸ ·ÂÁ ÔÓÒÎÂ‰ÌÂ„Ó ÒÎ‡„‡ÂÏÓ„Ó ‚ ÍÛ„Î˚ı ÒÍÓ·Í‡ı
ÙÓÏÛÎ˚ (3.16), Ú.Â.

  µ µ α αÒÏ = + +( , , ).1 2 5 10 050 0
2 (3.17)

èÓ (3.5) Ë (3.17)

    

µ µÒÏ
Ú

Ú Ê

Ú

Ú Ê
= + +

+ +



























1 10 052 5
2

, , ,q

q q

q

q q

ËÎË

    

µ µÒÏ
Ú
2

Ú Ê Ê
2

Ú Ê

= + +

+

13 55 4 5
2

, ,

( )
.q q q q

q q
(3.18)

ëÂ‰Ìflfl ÒÍÓÓÒÚ¸ ÒÏÂÒË

    
v q q

d
ÒÏ

Ê Ú= +4
2

( ).
π

(3.19)

í‡ÍËÏ Ó·‡ÁÓÏ, ÔÓ ÙÓÏÛÎ‡Ï (3.3), (3.11), (3.18) Ë (3.19)
ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸:

    

∆p q q q ql

g d
Ú Ú

2
Ú Ê Ê

2= + + ×0 241434 0 25

0 75 4 75
0 2513 55 4 5, ,

, ,
,( , , )µ

    × + + Ê Ê Ú Ú Ê Ú( ) ( ) ., ,γ γq q q q0 75 0 5 (3.20)

ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ÔÓ ÙÓÏÛÎ‡Ï (3.1), (3.3) Ë (3.20) ÒÓÒÚ‡‚ËÏ
ÒÎÂ‰Û˛˘ÂÂ ‚˚‡ÊÂÌËÂ ‰Îfl ÓÔÂ‰ÂÎÂÌËfl ÔÂÂÔ‡‰‡ ‰‡‚ÎÂÌËfl:

    

∆p l q q q qq q

q q
l

g d
= + + + ×+

+

γ γ µÊ Ê Ú Ú

Ê Ú
Ú
2

Ú Ê Ê
20 24143 0 25

0 75 4 75
0 2513 55 4 5, ,

, ,
,( , , )

    × + + Ê Ê Ú Ú Ê Ú( ) ( ) ., ,γ γq q q q0 75 0 5 (3.21)

èÓ ÙÓÏÛÎÂ (3.21) Ì‡È‰ÂÏ Á‡‚ËÒËÏÓÒÚ¸ ∆ = f(qÊ) ÔË     
γÚ = 2,40⋅104"ç/Ï3, γÊ = 104"ç/Ï3, qÚ = 0,0010"Ï3/Ò, l = 100"Ï
Ë d = 0,05"Ï.

íÓ„‰‡, ÔÓ‰ÒÚ‡‚Ë‚ ÔËÌflÚ˚Â ËÒıÓ‰Ì˚Â ‰‡ÌÌ˚Â ‚ (3.21), ÔÓÎÛ-
˜ËÏ
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∆p q qq

q
= + ⋅ + + ×+

+
⋅Ê

Ê
Ê Ê

20 0024

0 0010
10 11718 10 0 00001355 0 00456 8 025,

,
, ( , , ) ,

    × + + Ê Ê( , ) ( , ) ., ,q q0 0024 0 0010 75 0 5 (3.22)

Ç Ú‡·Î. 3.3 ÔË‚Â‰ÂÌ˚ ÁÌ‡˜ÂÌËfl ∆ ÔË ‡ÁÎË˜Ì˚ı qÊ. àÁ
Ú‡·ÎËˆ˚ ‚Ë‰ÌÓ, ˜ÚÓ ÔÓÚÂË ‰‡‚ÎÂÌËfl ËÏÂ˛Ú ÏËÌËÏÛÏ ÓÚÌÓÒË-
ÚÂÎ¸ÌÓ ‡ÒıÓ‰‡ ÊË‰ÍÓÒÚË qÊ. Ç ‰‡ÌÌÓÏ ÒÎÛ˜‡Â ÓÔÚËÏ‡Î¸Ì˚È
‡ÒıÓ‰ ÒÓÒÚ‡‚ÎflÂÚ qÊ = 0,0045"Ï3/Ò, ˜ÚÓ ÒÓÓÚ‚ÂÚÒÚ‚ÛÂÚ ÍÓÌ-
ˆÂÌÚ‡ˆËË

    
α0

Ú

Ú Ê
= = =

+

q

q q
0 001
0 0055

0 1818,
,

, .

ç‡ÎË˜ËÂ ÏËÌËÏÛÏ‡ ∆ Ó·˙flÒÌflÂÚÒfl ÚÂÏ, ˜ÚÓ ÙÓÏËÓ‚‡ÌËÂ
‡ÁÌÓÒÚË ‰‡‚ÎÂÌËfl ÔÓ ÍÓÌˆ‡Ï ‚ÂÚËÍ‡Î¸ÌÓ ‚ÓÒıÓ‰fl˘Â„Ó ÔÓ-
ÚÓÍ‡ ÔÓËÒıÓ‰ËÚ Á‡ Ò˜ÂÚ ‰‚Ûı ÒËÎ – „‡‚ËÚ‡ˆËÓÌÌÓÈ ÒÓÒÚ‡‚-
Îfl˛˘ÂÈ Ë ÒËÎ ÚÂÌËfl. ë Û‚ÂÎË˜ÂÌËÂÏ ‡ÒıÓ‰‡ ÊË‰ÍÓÒÚË ÔÓ-
ËÒıÓ‰ËÚ ÛÏÂÌ¸¯ÂÌËÂ ÒËÎ ÚflÊÂÒÚË Ë Ó‰ÌÓ‚ÂÏÂÌÌÓ Ì‡‡ÒÚ‡˛Ú
ÒËÎ˚ ÚÂÌËfl, ‡ ÒÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ÔË Â‰ËÌÒÚ‚ÂÌÌÓÏ ÁÌ‡˜ÂÌËË qÊ

‚ÂÎË˜ËÌ‡ ∆ ‰ÓÒÚË„‡ÂÚ ÏËÌËÏÛÏ‡.
èÂ‰ÒÚ‡‚ÎflÂÚ ËÌÚÂÂÒ Ì‡ÈÚË ‚˚‡ÊÂÌËÂ ‰Îfl ÓÔÂ‰ÂÎÂÌËfl

‡ÒıÓ‰‡ ÊË‰ÍÓÒÚË, Ó·ÂÒÔÂ˜Ë‚‡˛˘Â„Ó ÏËÌËÏÛÏ ‡ÁÌÓÒÚË ‰‡‚-
ÎÂÌËfl. ë ˝ÚÓÈ ˆÂÎ¸˛ ‚ÓÒÔÓÎ¸ÁÛÂÏÒfl ÛÒÎÓ‚ËÂÏ

    

∂

∂

∆p
qÊ

=0. (3.23)

èÓ ÙÓÏÛÎÂ (3.21) Ë ÛÒÎÓ‚Ë˛ (3.23) ÔÓÎÛ˜ËÏ:

    

− + +−

+

+ +

+ +














q

q q g d

q q q q

q q q q
Ú Ú Ê

Ê Ú

Ú Ê Ê Ê Ú Ú

Ú
2

Ú Ê Ê
2

( )

( )

, , ( , )( )

( , , )

,

, ,

,

,

γ γ µ γ γ
2

0 25

0 75 4 75

0 75

0 75

0 24143 0 50 2 25

13 55 4 5

    

+ + ++ +

+








 Ê Ú
2

Ú Ê Ê
2

Ê Ê Ú Ú
Ê Ú

075 13 55 4 5 025

0 25
0 5, ( , , )

( )

,

,
,( )γ

γ γ

q q q q

q q
q q

    

+ =+ + +

+






 Ú

2
Ú Ê Ê

2
Ê Ê Ú Ú

Ê Ú

0 5 13 55 4 5 025 0 75

0 5
0, ( , , ) ( )

( )

, ,

,

q q q q q q

q q

γ γ

í ‡ · Î Ë ̂  ‡  3.3

qÊ, Ï3/Ò ∆, 105 è‡ qÊ, Ï3/Ò ∆, 105 è‡ qÊ, Ï3/Ò ∆, 105 è‡

0,0030 14,644 0,0040 14,357 0,0050 14,358
0,0032 14,556 0,0042 14,339 0,0052 14,382
0,0034 14,484 0,0044 14,330 0,0054 14,414
0,0036 14,429 0,0046 14,332 0,0056 14,452
0,0038 14,387 0,0048 14,341 0,0058 14,495
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ËÎË

    

− + ×+ + + +

−
1 0 24143 13 55 40 25

0 75 4 75

0 25 0 75 2 5, ( , ) ( ) ( )

( )

,

, ,

, , ,µ γ γ

γ γg d

q q q q q q q q

q
Ú
2

Ú Ê Ê
2

Ê Ê Ú Ú Ê Ú

Ú Ú Ê

    

× + + =+

+ + + +











1125 0 5

13 55 4 5

0 75 0 5 0, ,

, ,

, , .q q

q q q q q q q q
Ú Ê

Ú
2

Ú Ê Ê
2

Ê

Ê Ê Ú Ú Ê Ú

γ

γ γ
(3.24)

èË‚Â‰ÂÏ ‚˚‡ÊÂÌËÂ (3.24) Í “·ÂÁ‡ÁÏÂÌÓÏÛ” ‚Ë‰Û:

    

− + + + + + ×
∗

∗ ∗ ∗ ∗ ∗

−
1 13 55 4 1

1

2 0 25 0 75 15A q q q q
γ

γ
Ú

Ê Ê Ê Ú Ê( , ) ( ) ( ), , ,

    

× + + =+ +

+ +

+

+















∗ ∗

∗ ∗

∗

∗ ∗
 Ê Ê

Ê Ê

Ê

Ê Ú

1125 0 5 1

13 55 4 5

0 751
2

0 5 0, , )( )

, ,

, ( ) , ,q q

q q

q

q γ
(3.25)

„‰Â 
    

A q

g d
= 0 24143 0 25 175

0 25 0 75 4 75

, , ,

, , ,
;µ

γ

Ú

Ê

 
    
q q

qÊ
Ê

Ú

∗ = ; 
  
γ γ

γ
Ú

Ú

Ê

∗ = .

í‡ÍËÏ Ó·‡ÁÓÏ, ÔË Á‡‰‡ÌÌ˚ı Ä Ë   γ Ú
∗  ÔÓ Ú‡ÌÒˆÂÌ‰ÂÌÚÌÓ-

ÏÛ Û‡‚ÌÂÌË˛ (3.25) ÏÂÚÓ‰ÓÏ ÔÓÒÎÂ‰Ó‚‡ÚÂÎ¸Ì˚ı ÔË·ÎËÊÂÌËÈ
(ÏÂÚÓ‰ ËÚÂ‡ˆËÈ) ÏÓÊÌÓ Ì‡ÈÚË ÁÌ‡˜ÂÌËfl     qÊ

∗  Ë ÔÓÒÚÓËÚ¸ Á‡-
‚ËÒËÏÓÒÚ¸     q f AÊ Ú ∗ ∗= ( , ).γ

é‰Ì‡ÍÓ, ÔÂÊ‰Â ˜ÂÏ ÔÓ‚Ó‰ËÚ¸ ˝ÚË ‡Ò˜ÂÚ˚, ˆÂÎÂÒÓÓ·‡Á-
ÌÓ Û·Â‰ËÚ¸Òfl ‚ ‰ÓÒÚÓ‚ÂÌÓÒÚË ÙÓÏÛÎ˚ (3.21); ‰Îfl ˝ÚÓ„Ó ÌÂ-
Ó·ıÓ‰ËÏÓ ÒÓÔÓÒÚ‡‚ËÚ¸ ÔÓÎÛ˜‡ÂÏ˚Â ÔÓ ‡Ò˜ÂÚÛ ÁÌ‡˜ÂÌËfl ∆ Ò
ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÏË ˝ÍÒÔÂËÏÂÌÚ‡Î¸Ì˚ÏË ‰‡ÌÌ˚ÏË.

Ç ‡·ÓÚÂ [23] ÔË‚Â‰ÂÌ˚ ÂÁÛÎ¸Ú‡Ú˚ ˝ÍÒÔÂËÏÂÌÚ‡Î¸Ì˚ı
ËÒÒÎÂ‰Ó‚‡ÌËÈ ÔÓ ÓÔÂ‰ÂÎÂÌË˛ ∆  ÔË Á‡Í‡˜ÍÂ ÔÓÎË‰ËÒÔÂÒ-
ÌÓÈ „Ë‰ÓÒÏÂÒË, ÒÓÒÚÓfl˘ÂÈ ËÁ ÊÂÎÂÁÌÓÈ Û‰˚ Ë ‚Ó‰˚, ÔÓ
ÚÛ·‡Ï ‰ÎËÌÓÈ 15,6"Ï Ë ‰Ë‡ÏÂÚ‡ÏË 0,15; 0,20 Ë 0,30"Ï. Ç Í‡˜Â-
ÒÚ‚Â ÊË‰ÍÓÈ Ù‡Á˚ ËÒÔÓÎ¸ÁÓ‚‡Î‡Ò¸ ‚Ó‰‡, Ú.Â. Û‰ÂÎ¸Ì˚È ‚ÂÒ
ÊË‰ÍÓÒÚË Ë Ú‚Â‰ÓÈ Ù‡Á˚ ÒÓÒÚ‡‚ÎflÎ
γÊ = 104"ç/Ï3;  γÚ = 3,4⋅104"ç/Ï3; µ = 10–3 è‡⋅Ò.

çËÊÂ ÔË‚Ó‰ËÚÒfl „‡ÌÛÎÓÏÂÚË˜ÂÒÍËÈ ÒÓÒÚ‡‚ ÊÂÎÂÁÌ˚ı
Û‰, ËÒÔÓÎ¸ÁÓ‚‡ÌÌ˚ı ‚ ˝ÍÒÔÂËÏÂÌÚÂ.

ÑÎfl Û‰Ó·ÒÚ‚‡ ‡Ò˜ÂÚ‡ ÔÓ‰ÒÚ‡‚ËÏ ËÒıÓ‰Ì˚Â ‰‡ÌÌ˚Â ‚ (3.21).
íÓ„‰‡ ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸:  

äÛÔÌÓÒÚ¸ ÍÎ‡ÒÒ‡, ÏÏ ó‡ÒÚÌ˚È ‚˚ıÓ‰ ÍÎ‡ÒÒ‡ ÔÓ ‚ÂÒÛ, %
50

25–50
12–25
8–12
6–8
3–6

0,053–3
0–0,053

"7,10
20,20
12,60
" 5,85
 "5,70
11,15
19,85
17,55



44

    
∆p q q qq q

q q d
q= + + ×+

+
+156 000 13 55 43 4 120 827

475
0 25 Ê Ú

Ê Ú
Ú
2

Ú Ê Ê
2, ,

,
,( , )

    × + + Ê Ú Ê Ú( , ) ( ) ., ,q q q q3 4 0 75 0 5 (3.26)

Ç Ú‡·Î. 3.4 ÔË‚Â‰ÂÌ˚ ÂÁÛÎ¸Ú‡Ú˚ ‡Ò˜ÂÚÓ‚ ÔÓ ÙÓÏÛÎÂ
(3.26) Ë ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÂ ÁÌ‡˜ÂÌËfl ∆, ÔÓÎÛ˜ÂÌÌ˚Â Á‡ÏÂ‡ÏË.

í ‡ · Î Ë ̂  ‡  3.4

α0 qÊ, Ï3/Ò qÚ, Ï
3/Ò ReÒÏ

∆, 105 è‡ ∆, %
ÔÓ (3.26) ÔÓ Á‡ÏÂÛ

D = 150 Ï
0,004 0,05876 0,000236 511"202 1,6456 1,639 0,41
0,008 0,05654 0,000456 494"391 1,6570 1,752 5,42
0,015 0,08471 0,001290 747"000 1,7562 1,802 2,54
0,019 0,09614 0,001862 851"067 1,8089 1,720 5,17
0,020 0,09408 0,001920 833"664 1,8067 1,859 2,81
0,023 0,08500 0,002001 755"115 1,7918 1,817 1,39
0,026 0,03799 0,001014 338"531 1,6934 1,761 3,84
0,029 0,05049 0,001508 451"072 1,7285 1,7850 3,16
0,031 0,09399 0,003007 823"336 1,8555 1,8590 0,19
0,033 0,05903 0,00208 529"598 1,7677 1,7800 0,69
0,035 0,07430 0,002695 643"534 1,8120 1,8170 0,28
0,036 0,05880 0,002200 528"166 1,7750 1,7790 0,19
0,037 0,06645 0,002553 585"909 1,7987 1,7610 2,14
0,038 0,06253 0,002470 551"737 1,7928 1,8350 2,30
0,039 0,08745 0,003549 787"063 1,8695 1,8120 3,17
0,040 0,08736 0,003640 787"071 1,8736 1,8830 0,50
0,042 0,09101 0,003990 820"656 1,8947 1,9040 0,49
0,043 0,08709 0,004095 787"348 1,8944 1,8980 0,19
0,045 0,08404 0,00396 759"128 1,8927 1,9050 0,64
0,046 0,04384 0,002162 396"638 1,7864 1,8200 1,85
0,047 0,08863 0,004371 801"462 1,9088 1,9330 1,25
0,050 0,03230 0,001700 292"525 1,7771 1,8836 5,65
0,050 0,09310 0,004900 843"162 1,9380 1,9750 1,91
0,054 0,08690 0,004914 772"842 1,9337 1,9660 1,64
0,066 0,08032 0,005676 717"840 1,9542 2,0100 2,78
0,070 0,08835 0,006650 805"660 2,0113 2,0630 2,51
0,070 0,04000 0,003010 364"752 1,8676 1,9510 4,27
0,072 0,07795 0,006048 711"106 1,9655 2,042 3,75
0,097 0,07946 0,008530 743"411 2,0990 2,1810 3,71
0,100 0,07650 0,008500 698"575 2,1010 2,1890 4,02
0,105 0,07697 0,009030 702"434 2,1251 2,2140 4,02
0,133 0,07369 0,011305 667"889 2,2379 2,2680 1,36
0,176 0,05026 0,010736 447"173 2,3299 2,5360 8,12

D = 200 Ï
0,043 0,12441 0,00559 841"875 1,7994 1,8190 1,08
0,046 0,05342 0,00258 362"131 1,7530 1,8130 3,31
0,047 0,11817 0,00583 861"454 1,8089 1,8350 1,42
0,050 0,08645 0,00455 587"204 1,7907 1,8240 1,82
0,051 0,10154 0,00546 690"050 1,8078 1,8410 1,80
0,057 0,13485 0,00844 920"590 1,8192 1,9260 5,54
0,059 0,08187 0,00513 547"564 1,7969 1,8730 4,06
0,071 0,08082 0,00618 552"881 1,8674 1,9470 4,09
0,073 0,06304 0,00496 431"366 1,8600 1,981 6,11
0,076 0,09979 0,00821 683"224 1,9051 1,983 3,93
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è  Ó ‰ Ó Î Ê Â Ì Ë Â  Ú ‡ · Î. 3.4

α0 qÊ, Ï3/Ò qÚ, Ï
3/Ò ReÒÏ

∆, 105 è‡ ∆, %
ÔÓ (3.26) ÔÓ Á‡ÏÂÛ

0,078 0,08575 0,00725 587"201 1,8993 1,984 4,27
0,080 0,10304 0,00896 705"815 1,9257 2,007 4,05
0,139 0,09299 0,01501 630"756 2,1495 2,332 7,83

D = 300 Ï

0,028 0,05929 0,001708 264"623 1,6679 1,797 7,18
0,031 0,17926 0,005735 820"012 1,6976 1,729 1,82
0,033 0,09573 0,003267 428"976 1,6899 1,823 7,30
0,034 0,21445 0,007548 961"967 1,7156 1,744 1,63
0,039 0,24602 0,00998 1"107"090 1,7431 1,768 1,41
0,042 0,20405 0,00895 991"996 1,7441 1,768 1,35
0,045 0,23111 0,01089 1"043"802 1,7621 1,797 1,94
0,048 0,23038 0,011612 1"042"168 1,7627 1,819 3,09
0,071 0,26384 0,02016 1"203"204 1,8406 1,933 4,70
0,075 0,24975 0,02025 1"139"772 1,8852 1,960 3,82
0,079 0,19617 0,01683 895"724 1,8854 2,005 5,96
0,164 0,29678 0,05822 1"327"974 2,2608 2,457 7,93

àÁ Ú‡·Î. 3.4 ‚Ë‰ÌÓ, ˜ÚÓ ÔË 260"000 ≤ ReÒÏ ≤ 1"320"000 Ë 0 <
< α0 ≤ 17,6"% ‡ÒıÓÊ‰ÂÌËÂ ÏÂÊ‰Û ÁÌ‡˜ÂÌËflÏË ∆, ÔÓÎÛ˜‡Â-
Ï˚ÏË ÔÓ Á‡ÏÂÛ Ë ÔÓ ‡Ò˜ÂÚÛ, ÌÂ ÔÂ‚˚¯‡ÂÚ 8"%.

éÔÂ‰ÂÎÂÌËÂ ‡ÒıÓ‰‡ ÊË‰ÍÓÒÚË, Ó·ÂÒÔÂ˜Ë‚‡˛˘Â„Ó ÏËÌË-
ÏÛÏ ÔÂÂÔ‡‰‡ ‰‡‚ÎÂÌËfl, ËÏÂÂÚ ·ÓÎ¸¯ÓÂ Ô‡ÍÚË˜ÂÒÍÓÂ ÁÌ‡˜Â-
ÌËÂ. ìÍ‡Á‡ÌÌ˚È ‡ÒıÓ‰ ‡ÒÒ˜ËÚ˚‚‡˛Ú ÔÓ Ú‡ÌÒˆÂÌ‰ÂÌÚÌÓÏÛ
Û‡‚ÌÂÌË˛ (3.25).

ÑÎfl ÓÔÂ‡ÚË‚ÌÓ„Ó Ì‡ıÓÊ‰ÂÌËfl ÓÔÚËÏ‡Î¸ÌÓ„Ó ‡ÒıÓ‰‡, ‡ ÔÓ
Û‡‚ÌÂÌË˛ (3.25) ·˚ÎË ÔÓ‚Â‰ÂÌ˚ ‡Ò˜ÂÚ˚, ÂÁÛÎ¸Ú‡Ú˚ ÍÓÚÓ-
˚ı Ò‚Â‰ÂÌ˚ ‚ Ú‡·Î. 3.5.

í ‡ · Î Ë ̂  ‡  3.5

qÊ
áÌ‡˜ÂÌËfl Ä ÔË   γ Ú

∗

2,4 2,6 2,8 3,0 3,2 3,4
1,0 0,08511 0,09529 0,10506 0,11444 0,12348 0,13217
1,5 0,04927 0,05533 0,06118 0,06683 0,07229 0,07758
2,0 0,03122 0,03513 0,03893 0,04261 0,04618 0,04965
2,5 0,02110 0,02378 0,02640 0,02894 0,03141 0,03382
3,0 0,01497 0,01690 0,01878 0,02061 0,02240 0,02415
3,5 0,01103 0,01246 0,01386 0,01523 0,01657 0,01788
4,0 0,00838 0,00947 0,01055 0,01160 0,01263 0,01364
4,5 0,00652 0,00738 0,00823 0,00905 0,00987 0,01066
5,0 0,00519 0,00587 0,00655 0,00721 0,00786 0,00851
5,5 0,00420 0,00476 0,00531 0,00585 0,00638 0,00690
6,0 0,00345 0,00391 0,00436 0,00481 0,00520 0,00560
6,5 0,00287 0,00325 0,00363 0,00401 0,00434 0,00474
7,0 0,00249 0,00274 0,00306 0,00338 0,00366 0,00400
7,5 0,00205 0,00233 0,00261 0,00288 0,00312 0,00341
8,0 0,00176 0,00200 0,00224 0,00247 0,00268 0,00293
8,5 0,00153 0,00173 0,00194 0,00214 0,00232 0,00254
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è  Ó ‰ Ó Î Ê Â Ì Ë Â  Ú ‡ · Î. 3.5

qÊ áÌ‡˜ÂÌËfl Ä ÔË   γ Ú
∗

2,4 2,6 2,8 3,0 3,2 3,4
9,0 0,00133 0,00151 0,00169 0,00187 0,00203 0,00221
9,5 0,00117 0,00134 0,00148 0,00168 0,00178 0,00194
10,0 0,00103 0,00117 0,00131 0,00145 0,00157 0,00173
10,5 0,00091 0,00104 0,00116 0,00128 0,00140 0,00152
11,0 0,00081 0,00092 0,00103 0,00114 0,00125 0,00136
11,5 0,00073 0,00083 0,00083 0,00102 0,00112 0,00122
12,0 0,00065 0,00074 0,00083 0,00092 0,00101 0,00110
12,5 0,00059 0,00067 0,00075 0,00083 0,00091 0,00099
13,0 0,00054 0,00061 0,00068 0,00076 0,00083 0,00090
13,5 0,00049 0,00055 0,00062 0,00069 0,00075 0,00089
14,0 0,00044 0,00051 0,00057 0,00063 0,00069 0,00075
14,5 0,00041 0,00046 0,00052 0,00057 0,00063 0,00068
15,0 0,00037 0,00042 0,00048 0,00053 0,00058 0,00063

í‡·Î. 3.5 ÒÎÂ‰ÛÂÚ ÔÓÎ¸ÁÓ‚‡Ú¸Òfl Ú‡Í: ÔË Á‡‰‡ÌÌ˚ı ÁÌ‡˜ÂÌË-
flı µ, qÚ, γÊ, γ Ú, d ÓÔÂ‰ÂÎfl˛Ú Ä Ë   γ Ú

∗ , ˜ÚÓ ÔÓÁ‚ÓÎflÂÚ Ì‡ÈÚË

    qÊ
∗ , ‡ ÁÌ‡˜ËÚ, Ë     q q qÊ Ê Ú= ∗ .
èÓÍ‡ÊÂÏ ËÁÎÓÊÂÌÌÓÂ Ì‡ ÍÓÌÍÂÚÌÓÏ ÔËÏÂÂ. èÛÒÚ¸ µ =

= 10–3"è‡⋅Ò, qÚ = 0,001"Ï3/Ò, γÊ = 104"ç/Ï3, γ Ú =             
= 2,4⋅104"ç/Ï3, d = 0,05"Ï.

íÓ„‰‡

    
A= = = =⋅ ⋅ ⋅

⋅ ⋅ ⋅

⋅−

−
∗0 24143 0177828 5 62 10

10 5 5431 0 661 10

2 4 10

10

6

6

4

4
0 00658 2 4, , ,

, ,

,, , , . Úγ

èÓ Ú‡·Î. 3.5 Ì‡ıÓ‰ËÏ, ˜ÚÓ ‚˚˜ËÒÎÂÌÌ˚Ï Ä Ë   γ Ú
∗  ÒÓÓÚ‚ÂÚÒÚ-

‚ÛÂÚ     qÊ
∗  = 4,5 ËÎË qÊ = 4,5⋅0,001 = 0,0045"Ï3/Ò, ˜ÚÓ ÒÓ‚Ô‡‰‡-

ÂÚ ÒÓ ÁÌ‡˜ÂÌËÂÏ qÊ, Ì‡È‰ÂÌÌ˚Ï ÔÓ ‡Ò˜ÂÚÛ, ÔË‚Â‰ÂÌÌÓÏÛ ‚
Ú‡·Î. 3.3.

àÁ ËÁÎÓÊÂÌÌÓ„Ó ÒÎÂ‰ÛÂÚ, ˜ÚÓ ÙÓÏÛÎÛ (3.26) Ë Û‡‚ÌÂÌËÂ
(3.25) ËÎË Ú‡·Î. 3.5 ÏÓÊÌÓ ÂÍÓÏÂÌ‰Ó‚‡Ú¸ ‰Îfl ÔÓ‚Â‰ÂÌËfl „Ë‰-
‡‚ÎË˜ÂÒÍËı ‡Ò˜ÂÚÓ‚ ÔË ‰‚ËÊÂÌËË ÔÓÎË‰ËÒÔÂÒÌ˚ı „Ë‰Ó-
ÒÏÂÒÂÈ ‚ ‚ÂÚËÍ‡Î¸Ì˚ı ÚÛ·‡ı.

ÑÎfl ÚÓ„Ó, ˜ÚÓ·˚ ÂÍÓÏÂÌ‰Ó‚‡Ú¸ ÛÍ‡Á‡ÌÌ˚Â ÒÓÓÚÌÓ¯ÂÌËfl
‰Îfl ‡Ò˜ÂÚÓ‚ ‰Û„Ëı ‚Ë‰Ó‚ „Ë‰ÓÒÏÂÒÂÈ, ÌÂÓ·ıÓ‰ËÏÓ ÔÓ‚ÂÒÚË
‡Ì‡ÎÓ„Ë˜Ì˚Â ÒÓÔÓÒÚ‡‚ÎÂÌËfl Ò ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÏË ˝ÍÒÔÂËÏÂÌ-
Ú‡Î¸Ì˚ÏË ËÒÒÎÂ‰Ó‚‡ÌËflÏË.

èË Â¯ÂÌËË ‰‡ÌÌÓÈ Á‡‰‡˜Ë „Î‡‚ÌÛ˛ ÚÛ‰ÌÓÒÚ¸ ÔÂ‰ÒÚ‡‚-
ÎflÂÚ ÓÔÂ‰ÂÎÂÌËÂ ÔÓÚÂ¸ ‰‡‚ÎÂÌËfl Ì‡ ÚÂÌËÂ ∆Ú. Ç ÎËÚÂ‡-
ÚÛÂ ËÁ‚ÂÒÚÌ˚ ‡ÁÎË˜Ì˚Â ÙÓÏÛÎ˚ ‰Îfl ‡Ò˜ÂÚ‡ ˝ÚÓÈ ‚ÂÎË-  
˜ËÌ˚.
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Ç ÒÎÛ˜‡Â, ÍÓ„‰‡ ÒÂ‰Ìflfl ÒÍÓÓÒÚ¸ ÒÏÂÒË vÒÏ ‚˚¯Â ÍËÚË˜Â-
ÒÍÓÈ vÍ, ‚ ‡·ÓÚÂ [16] ÁÌ‡˜ÂÌËÂ ∆Ú ÔÂ‰Î‡„‡ÂÚÒfl ÓÔÂ‰ÂÎflÚ¸
Ú‡Í:

    

∆ ∆p

l

p

l
cÚ

ÒÏ Ê

c Ú Ê

Ê
c

γ γ

λ

λ

γ γ

γ
α α= + +−











0
0

1

0
11 ( ) , (3.27)

„‰Â Ò0 – ˝ÏÔËË˜ÂÒÍËÈ ÍÓ˝ÙÙËˆËÂÌÚ, Ò0 = 1,2–1,8; αÒ Ë   
α1 – Ó·˙ÂÏÌ‡fl ÍÓÌˆÂÌÚ‡ˆËfl ‚ „Ë‰ÓÒÏÂÒË ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ
ÚÓÌ˜‡È¯Ëı (0–0,074"ÏÏ) Ë ÚÓÌÍËı (0,074–0,15"ÏÏ) Ù‡ÍˆËÈ;
λ1Ò – ÍÓ˝ÙÙËˆËÂÌÚ „Ë‰‡‚ÎË˜ÂÒÍËı ÒÓÔÓÚË‚ÎÂÌËÈ ÔË ‰‚Ë-
ÊÂÌËË ÒÏÂÒË. ëÓ„Î‡ÒÌÓ [16]

  

λ1 2

1

1 8 1 52
c

ÒÏ

=
−( , lgRe , )

. (3.28)

á‰ÂÒ¸ ∆0 – ÔÓÚÂË ‰‡‚ÎÂÌËfl ÔË ‰‚ËÊÂÌËË Ó‰ÌÓÓ‰ÌÓÈ
ÊË‰ÍÓÒÚË.

îÓÏÛÎÓÈ (3.27) ÂÍÓÏÂÌ‰ÛÂÚÒfl ÔÓÎ¸ÁÓ‚‡Ú¸Òfl ÔË v =     
= (1,15–1,20)vÍ.

èÓ‰ ÍËÚË˜ÂÒÍÓÈ ÒÍÓÓÒÚ¸˛ ÔÓÌËÏ‡ÂÚÒfl Ú‡ÍÓÂ ÁÌ‡˜ÂÌËÂ
vÍ, ÔË ÍÓÚÓÓÏ ÌÂ ÔÓËÒıÓ‰ËÚ ‰‚ËÊÂÌËfl Ú‚Â‰˚ı ˜‡ÒÚËˆ ‚
Ó·‡ÚÌÓÏ Ì‡Ô‡‚ÎÂÌËË.

èË ÒÍÓÓÒÚflı ‰‚ËÊÂÌËfl v > 1,2vÍ ‡Ò˜ÂÚ˚ ÔÂ‰Î‡„‡ÂÚÒfl
‚ÂÒÚË ÔÓ ÙÓÏÛÎÂ

    

∆ ∆p

l

p

l
cÚ

ÒÏ Ê

c Ú Ê

Êγ γ

λ

λ

γ γ

γ
α= + −









0
0

1

0
01 . (3.29)

ëÎÂ‰ÛÂÚ ÓÚÏÂÚËÚ¸, ˜ÚÓ ÙÓÏÛÎ‡ÏË (3.27) Ë (3.29) ÌÂÎ¸Áfl
ÔÓÎ¸ÁÓ‚‡Ú¸Òfl Ì‡ ÒÚ‡‰ËË ÔÓÂÍÚËÓ‚‡ÌËfl, Ú‡Í Í‡Í ÌÂÓ·ıÓ‰ËÏÓ
ÔÂ‰‚‡ËÚÂÎ¸ÌÓ ÔÓ‚ÂÒÚË ˝ÍÒÔÂËÏÂÌÚ‡Î¸Ì˚Â ËÒÒÎÂ‰Ó‚‡ÌËfl Ë
ÓÔÂ‰ÂÎËÚ¸ Ò0. çÂ ÒÓ‚ÒÂÏ Ú‡ÍÊÂ ÔÓÌflÚÌÓ, ÔÓ˜ÂÏÛ ‚ ÛÍ‡Á‡ÌÌ˚ı
Á‡‚ËÒËÏÓÒÚflı Û˜ËÚ˚‚‡ÂÚÒfl ÚÓÎ¸ÍÓ ÍÓÌˆÂÌÚ‡ˆËfl ÚÓÌ˜‡È¯Ëı Ë
ÚÓÌÍËı Ù‡ÍˆËÈ.

èË ÒÓ‰ÂÊ‡ÌËË ‚ ÒÏÂÒË ÚÓÌÍÓ‰ËÒÔÂÒÌ˚ı Ù‡ÍˆËÈ ‰Ó
20"% ‡Ò˜ÂÚ˚ ÔÂ‰Î‡„‡ÂÚÒfl ‚ÂÒÚË ÔÓ ÙÓÏÛÎÂ Ä.Ö."ëÏÓÎ‰˚Â‚‡
[16]

    

∆ ∆p

l

p

l
Ú

ÒÏ Ê

Ú Ê

Êγ γ

γ γ

γ
α= + −









0
01

ËÎË

    
∆ ∆p pÚ

ÒÏ

Ê

Ú Ê

Ê
= + −







0 01γ

γ

γ γ

γ
α . (3.30)
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èÓ ÙÓÏÛÎ‡Ï (3.7) Ñ‡ÒË – ÇÂÈÒ·‡ı‡ Ë ÅÎ‡ÁËÛÒ‡ ‚˚‡ÊÂ-
ÌËÂ (3.30) ÏÓÊÌÓ ÔÂÂÔËÒ‡Ú¸ Ú‡Í:

    

∆p lv

g d
Ú

Ê Ú

Ê

Ú Ê

Ê
= +− + −









0 1582 10 25 175

0 75 175
0 0
0 25 01, ( ), ,

, , ,

µ γ α γ α

γ

γ γ

γ
α ,

ËÎË

    

∆p l v

g d
Ú

Ê Ú

Ê

Ú Ê

Ê
= − + +











−









0 1582 0 25 0 75 175

0 75 125 0 0 01 1, , , ,

, ,

µ γ γ

γ

γ γ

γ
α α α . (3.31)

í‡Í Í‡Í

    
v q

d
= 4

2
Ê

π
,

ÚÓ ÙÓÏÛÎÛ (3.31) ÏÓÊÌÓ ÔÂ‰ÒÚ‡‚ËÚ¸ ‚ ÒÎÂ‰Û˛˘ÂÏ ‚Ë‰Â:

    

∆p l q

g d
Ú

Ê Ê Ú

Ê

Ú Ê

Ê
= − + +











−









0 24143 0 25 0 75 175

0 75 4 75 0 0 01 1, , , ,

, ,

µ γ γ

γ

γ γ

γ
α α α . (3.32)

Ç˚‡ÊÂÌËÂ (3.20) ÔË‚Â‰ÂÏ Í ‚Ë‰Û

    

∆p l q

g d
Ú

Ê Ê
0= + + ×

−







0 24143

1

0 25 0 75 175

0 75 4 75
0

0
2

0 25
1 2 5 10 05,

( )

, , ,

, ,

,
, ,µ γ

α
α α

  
× +

−









 Ú

Ê
1 0

0

075

1

γ

γ

α

α

,

. (3.33)

ÑÎfl ÚÓ„Ó, ˜ÚÓ·˚ ÓÔÂ‰ÂÎËÚ¸ ‚ÂÎË˜ËÌÛ ‡ÒıÓÊ‰ÂÌËfl ÏÂÊ‰Û
ÁÌ‡˜ÂÌËflÏË ∆Ú, ‡ÒÒ˜ËÚ‡ÌÌ˚ÏË ÔÓ ÙÓÏÛÎ‡Ï (3.33) Ë (3.32),
Ì‡È‰ÂÏ

    
∆

∆

∆
=

p

p
Ú"(3.33)

Ú"(3.32)
,

„‰Â ∆Ú"(3.33) Ë ∆Ú"(3.32) – ÔÓÚÂË ‰‡‚ÎÂÌËfl Ì‡ ÚÂÌËÂ, ‚˚˜ËÒ-
ÎÂÌÌ˚Â ÔÓ ÙÓÏÛÎ‡Ï (3.33) Ë (3.32).

áÌ‡˜ËÚ,

  

∆ =
+ +






 +

−


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





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Ú

Ê

Ú

Ê

. (3.34)

Ç Ú‡·Î. 3.6 ÔË‚Â‰ÂÌ˚ ÁÌ‡˜ÂÌËfl ∆ ÔË ‡ÁÎË˜Ì˚ı α0 Ë
γÚ/γÊ.
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í ‡ · Î Ë ̂  ‡  3.6

α0
áÌ‡˜ÂÌËfl ∆ ÔË ‡ÁÎË˜Ì˚ı γÚ/γÊ

2,6 2,8 3,0 3,2 3,4 3,6
0,04 1,0216 1,0120 1,0027 0,9934 0,9844 0,9755
0,06 1,0370 1,0230 1,0093 0,9960 0,9829 0,9702
0,08 1,0555 1,0370 1,0192 1,0019 0,9851 0,9688
0,10 1,0768 1,0540 1,0321 1,0110 0,9906 0,9710
0,12 1,1009 1,0743 1,0484 1,0235 0,9997 0,9769
0,14 1,1279 1,0965 1,0666 1,0381 1,0110 0,9851
0,16 1,1570 1,1219 1,0880 1,0559 1,0255 0,9966
0,17 1,1738 1,1357 1,0998 1,0659 1,0339 1,0035
0,18 1,1906 1,1503 1,1123 1,0766 1,0429 1,0110
0,19 1,2082 1,1656 1,1256 1,0880 1,0527 1,0193
0,20 1,2265 1,1816 1,1395 1,1001 1,0631 1,0282
0,21 1,2457 1,1984 1,1543 1,1130 1,0743 1,0379
0,22 1,2657 1,2160 1,1698 1,1266 1,0862 1,0483

ê‡Ò˜ÂÚ˚, ÔË‚Â‰ÂÌÌ˚Â ‚ Ú‡·Î. 3.6, Ó„‡ÌË˜ÂÌ˚ α0 = 0,22,
Ú‡Í Í‡Í ÒÓÓÚÌÓ¯ÂÌËÂ (3.22) ÓÒÌÓ‚‡ÌÓ Ì‡ ÛÔÓ˘ÂÌÌÓÈ ÙÓÏÛ-
ÎÂ íÓÏ‡Ò‡ (3.17), ÍÓÚÓ‡fl ÂÍÓÏÂÌ‰Ó‚‡Ì‡ ‚ ‰Ë‡Ô‡ÁÓÌÂ 0 ≤ α0 ≤
≤ 0,22.

èÂ‰ÒÚ‡‚ÎflÂÚ ËÌÚÂÂÒ ÒÓÒÚ‡‚ËÚ¸ ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ÂÂ ‚˚‡ÊÂ-
ÌËÂ ‰Îfl ÓÔÂ‰ÂÎÂÌËfl ∆Ú, ÓÒÌÓ‚˚‚‡flÒ¸ Ì‡ ÚÓ˜ÌÓÈ ÙÓÏÛÎÂ
íÓÏ‡Ò‡, Ë ÔÓ‚ÂÒÚË Ò‡‚ÌËÚÂÎ¸Ì˚Â ‡Ò˜ÂÚ˚ Ò ÒÓÓÚÌÓ¯ÂÌËÂÏ
(3.32).

èÓ ‚˚‡ÊÂÌËflÏ (3.7), (3.11) Ë (3.16) ÔÓÎÛ˜ËÏ ÒÎÂ‰Û˛˘ÂÂ ÒÓ-
ÓÚÌÓ¯ÂÌËÂ ‰Îfl ÓÔÂ‰ÂÎÂÌËfl ÔÓÚÂ¸ ‰‡‚ÎÂÌËfl Ì‡ ÚÂÌËÂ:
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Ê
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. (3.35)

íÓ„‰‡ ÔÓ ÙÓÏÛÎ‡Ï (3.35) Ë (3.32) ÏÓÊÂÏ Á‡ÔËÒ‡Ú¸:
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α α

α
γ

γ
α

αe , (3.36)

„‰Â 
    
∆

∆

∆
1

Ú"(3.35)

Ú"(3.32)
=

p

p
.

Ç Ú‡·Î. 3.7 ÔË‚Â‰ÂÌ˚ ÂÁÛÎ¸Ú‡Ú˚ ‡Ò˜ÂÚÓ‚ ∆1 ÔÓ ÙÓÏÛÎÂ
(3.36) ÔË ‡ÁÎË˜Ì˚ı α0 Ë γÚ/γÊ.

àÁ Ú‡·Î. 3.6 Ë 3.7 ‚Ë‰ÌÓ, ˜ÚÓ ÁÌ‡˜ÂÌËfl ∆ Ë ∆1 ‚ÓÁ‡ÒÚ‡˛Ú
ÔÓ ÏÂÂ Û‚ÂÎË˜ÂÌËfl ÍÓÌˆÂÌÚ‡ˆËË Ú‚Â‰ÓÈ Ù‡Á˚ α0.
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í ‡ · Î Ë ̂  ‡  3.7

α0
∆1 ÔË ‡ÁÎË˜Ì˚ı γÚ/γÊ

2,6 2,8 3,0 3,2 3,4 3,6
0,04 1,0228 1,0133 1,0039 0,9947 0,9856 0,9767
0,06 1,0387 1,0246 1,0191 0,9975 0,9845 0,9717
0,08 1,0576 1,0392 1,0213 1,0039 0,9871 0,9708
0,10 1,0780 1,0568 1,0348 1,0137 0,9933 0,9736
0,12 1,1047 1,0775 1,0515 1,0266 1,0028 0,9799
0,14 1,1329 1,1014 1,0713 1,0427 1,0155 0,9895
0,16 1,1637 1,1284 1,0944 1,0621 1,0315 1,0024
0,17 1,1795 1,1447 1,1085 1,0744 1,0420 1,0114
0,18 1,1968 1,1589 1,1207 1,0847 1,0575 1,0186
0,19 1,2106 1,1756 1,1352 1,0973 1,0617 1,0280
0,20 1,2385 1,1932 1,1507 1,1109 1,0735 1,0383
0,21 1,2569 1,2118 1,1671 1,1254 1,0862 1,0495
0,22 1,2700 1,2314 1,1846 1,1408 1,0999 1,0616
0,23 1,3051 1,2523 1,2031 1,1574 1,1147 1,0747
0,24 1,3300 1,2743 1,2229 1,1750 1,1305 1,0889
0,25 1,3559 1,2976 1,2438 1,1939 1,1474 1,1011
0,26 1,3834 1,3225 1,2661 1,2140 1,1656 1,1206
0,27 1,4126 1,3487 1,2899 1,2355 1,1851 1,1383
0,28 1,4512 1,3767 1,3152 1,2585 1,2060 1,1574
0,29 1,4764 1,4065 1,3422 1,2831 1,2285 1,1779
0,30 1,5114 1,4382 1,3711 1,3094 1,2526 1,2001

í‡ÍÓÈ ÂÁÛÎ¸Ú‡Ú fl‚ÎflÂÚÒfl ‚ÔÓÎÌÂ Á‡ÍÓÌÓÏÂÌ˚Ï, Ú‡Í Í‡Í ‚
ÙÓÏÛÎÂ (3.30), ‡ ÁÌ‡˜ËÚ, Ë (3.32) ∆Ú ÓÔÂ‰ÂÎflÂÚÒfl ‚ Á‡‚ËÒË-
ÏÓÒÚË ÓÚ ∆0 Ë, ÒÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ÓÚ ÍÓ˝ÙÙËˆËÂÌÚ‡ ‰ËÌ‡ÏË˜ÂÒ-
ÍÓÈ ‚flÁÍÓÒÚË ‰Îfl Ó‰ÌÓÓ‰ÌÓÈ ÊË‰ÍÓÒÚË.

éÚÏÂÚËÏ, ˜ÚÓ ÙÓÏÛÎ‡ ÔÓ Ò‚ÓÂÈ ÒÚÛÍÚÛÂ, ÔÓıÓÊ‡fl Ì‡
(3.30), ·˚Î‡ ‡ÌÂÂ ÔÂ‰ÎÓÊÂÌ‡ Ñ˛‡ÌÓÏ Ë ËÏÂÂÚ ‚Ë‰:

    
∆ ∆p pÚ

ÒÏ

Ê
= +0 01γ

γ
ϕα( ), (3.37)

„‰Â ϕ – ÍÓ˝ÙÙËˆËÂÌÚ ÔÓÔÓˆËÓÌ‡Î¸ÌÓÒÚË, Á‡‚ËÒfl˘ËÈ ÓÚ
ÍÛÔÌÓÒÚË Ú‡ÌÒÔÓÚËÛÂÏÓ„Ó Ï‡ÚÂË‡Î‡, ‡ Ú‡ÍÊÂ ÓÚ ÒÍÓÓ-
ÒÚË ÒÏÂÒË Ë ‰Ë‡ÏÂÚ‡ ÚÛ·ÓÔÓ‚Ó‰‡.

èÓÒÎÂ Ó·‡·ÓÚÍË ÂÁÛÎ¸Ú‡ÚÓ‚ ˝ÍÒÔÂËÏÂÌÚ‡Î¸Ì˚ı ËÒÒÎÂ‰Ó-
‚‡ÌËÈ Ñ˛‡ÌÓÏ ·˚ÎÓ ÔÓÎÛ˜ÂÌÓ ‚˚‡ÊÂÌËÂ

    

∆ ∆p p K
gD

v

u

gd
Ú

ÒÏ

Ê ÒÏ Ò

= +





































∗
0 0

3 15

1γ

γ
α

,

, (3.38)

„‰Â ä – ÍÓ˝ÙÙËˆËÂÌÚ ÔÓÔÓˆËÓÌ‡Î¸ÌÓÒÚË; u∗ – „Ë‰‡‚ÎË-
˜ÂÒÍ‡fl ÍÛÔÌÓÒÚ¸; vÒÏ – ÒÍÓÓÒÚ¸ ‰‚ËÊÂÌËfl ÒÏÂÒË; dÒ –
ÒÂ‰ÌÂ‚Á‚Â¯ÂÌÌ˚È ‰Ë‡ÏÂÚ ˜‡ÒÚËˆ˚
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d d qi i
i

i n

Ò =
=

=

∑1
100

1

.

á‰ÂÒ¸ qi – Ï‡ÒÒÓ‚ÓÂ ÔÓˆÂÌÚÌÓÂ ÒÓ‰ÂÊ‡ÌËÂ ˜‡ÒÚËˆ ÒÂ‰-
ÌËÏ ‰Ë‡ÏÂÚÓÏ di.

îÓÏÛÎÓÈ (3.38) ÌÂ‚ÓÁÏÓÊÌÓ ÔÓÎ¸ÁÓ‚‡Ú¸Òfl Ì‡ ÒÚ‡‰ËË ÔÓ-
ÂÍÚËÓ‚‡ÌËfl, Ú‡Í Í‡Í ä ÓÔÂ‰ÂÎflÂÚÒfl ËÁ ˝ÍÒÔÂËÏÂÌÚ‡.
Ä.è. ûÙËÌ˚Ï [24] ·˚ÎÓ ÔÂ‰ÎÓÊÂÌÓ ÒÎÂ‰Û˛˘ÂÂ ‚˚‡ÊÂ-

ÌËÂ ‰Îfl ÓÔÂ‰ÂÎÂÌËfl ÔÓÚÂ¸ ‰‡‚ÎÂÌËfl ÔË ‚ÓÒıÓ‰fl˘ÂÏ ‰‚ËÊÂ-
ÌËË „Ë‰ÓÒÏÂÒË ‚ ‚ÂÚËÍ‡Î¸ÌÓÈ ÚÛ·Â:

    

∆ ∆p p
D gD v

q q

s
Ú

ÒÏ

Ê Ú Ê

= +
⋅

+













0

2 5

2
1 9 0625γ

γ

π α
,

( )
, (3.39)

„‰Â ∆0 – ÔÓÚÂË ‰‡‚ÎÂÌËfl ÔË ‰‚ËÊÂÌËË ‚Ó‰˚ ‚ ÚÛ·Â; vs –
ÒÍÓÓÒÚ¸ Ò‚Ó·Ó‰ÌÓ„Ó ÓÒ‡Ê‰ÂÌËfl ˜‡ÒÚËˆ; α – ÍÓÌˆÂÌÚ‡ˆËfl
Ú‚Â‰˚ı ˜‡ÒÚËˆ ‚ ÊË‰ÍÓÒÚË.

Ç ÒÎÛ˜‡Â Ó·ÚÂÍ‡ÌËfl ÔË Re > 1500 ÁÌ‡˜ÂÌËÂ vs ÓÔÂ‰ÂÎflÂÚÒfl
ÔÓ ÙÓÏÛÎÂ

    
v s

d g= −0 6639, ( )Ú Úγ γ

γ
. (3.40)

ëÓ„Î‡ÒÌÓ ÙÓÏÛÎÂ Ñ‡ÒË – ÇÂÈÒ·‡ı‡

    

∆p lq

gD
0 2 5

8= λγ

π

Ê Ê
2

. (3.41)

Ç ‡·ÓÚÂ [14] ÍÓ˝ÙÙËˆËÂÌÚ „Ë‰‡‚ÎË˜ÂÒÍËı ÒÓÔÓÚË‚ÎÂÌËÈ
ÔÂ‰Î‡„‡ÂÚÒfl ÓÔÂ‰ÂÎflÚ¸ Í‡Í

    
λ π ν= +









0 004843 0 426321

0 3

, ,
,

D

q
Ê

Ê4
. (3.42)

Ç ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò ‰‡ÌÌ˚ÏË Ó ÍÛÔÌÓÒÚË Ú‚Â‰˚ı ˜‡ÒÚËˆ
ÒÂ‰ÌÂ‚Á‚Â¯ÂÌÌ˚È ‰Ë‡ÏÂÚ „Ë‰ÓÒÏÂÒË, ‰Îfl ÍÓÚÓÓÈ ÒÓÒÚ‡‚-
ÎÂÌ‡ Ú‡·Î. 3.4, dÚ = 0,01518 Ï.

èÓ ÙÓÏÛÎ‡Ï (3.39) – (3.42) Ì‡È‰ÂÏ ∆ ÔË D = 0,150"Ï,   
l = 15,6"Ï, νÊ = 10–6"Ï2/Ò, γÊ = 104"ç/Ï3, γ Ú = 3,4⋅104"ç/Ï3,
Ú.Â. ÔË ÚÂı ÊÂ ËÒıÓ‰Ì˚ı ‰‡ÌÌ˚ı, ÔÓ ÍÓÚÓ˚Ï ·˚Î‡ ‡ÒÒ˜Ë-
Ú‡Ì‡ Ú‡·Î. 3.4.

èÓ ÙÓÏÛÎÂ (3.40)

vs = 0,3969"Ï/Ò;

    
Re , .Ú

Ú

Ê
= =v ds

ν
6024 9
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í‡Í Í‡Í ReÚ > 1500, ÚÓ ÔÓ‰Ò˜ËÚ‡ÌÌÓÂ ÁÌ‡˜ÂÌËÂ vs ÔËÌËÏ‡-
ÂÚÒfl.

ëÓ„Î‡ÒÌÓ (3.39)

    

∆ ∆p p
q q

Úp 0
Ú Ê

= + +
+















( , ) ,

( )
1 2 4 1 0 00327

2
α α . (3.43)

èÓ ‚˚‡ÊÂÌË˛ (3.41)

    ∆p q0 Ê
2= ⋅1697 59 105, .λ (3.44)

Ç ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò (3.42)

    

λ = +0 004843 0 003557, ,

qÊ
0,3

. (3.45)

àÏÂÂÏ Ú‡ÍÊÂ

γÒÏl = 15,6⋅104(1 + 2,4α). (3.46)

é˜Â‚Ë‰ÌÓ, ˜ÚÓ

∆p = γÒÏl + ∆pÚ. (3.47)

èÓ ÙÓÏÛÎ‡Ï (3.43) – (3.47) ·˚ÎË ÔÓ‚Â‰ÂÌ˚ ‡Ò˜ÂÚ˚ ÔÓ
ÓÔÂ‰ÂÎÂÌË˛ ∆p (Ú‡·Î. 3.8). Ç ˝ÚÓÈ Ú‡·ÎËˆÂ ÔË‚Â‰ÂÌÓ ÓÚÌÓ-
¯ÂÌËÂ ∆p Í ÔÂÂÔ‡‰Û ‰‡‚ÎÂÌËfl, ÛÒÚ‡ÌÓ‚ÎÂÌÌÓÏÛ ˝ÍÒÔÂËÏÂÌ-
Ú‡Î¸ÌÓ, ∆p˝ÍÒÔ, ÁÌ‡˜ÂÌËfl ÍÓÚÓÓ„Ó Á‡ËÏÒÚ‚Ó‚‡Ì˚ ËÁ Ú‡·Î. 3.4.

àÁ Ò‡‚ÌÂÌËfl ‰‡ÌÌ˚ı Ú‡·Î. 3.4 Ë 3.8 ‚Ë‰ÌÓ, ˜ÚÓ ÂÁÛÎ¸Ú‡-
Ú˚, ÔÓÎÛ˜ÂÌÌ˚Â ÔÓ ÙÓÏÛÎ‡Ï (3.26) Ë Ä.è."ûÙËÌ‡, ·ÎËÁÍË
ÏÂÊ‰Û ÒÓ·ÓÈ Ë ÌÂÁÌ‡˜ËÚÂÎ¸ÌÓ ÓÚÎË˜‡˛ÚÒfl ÓÚ ∆˝ÍÒÔ. í‡ÍËÂ ÊÂ
ÂÁÛÎ¸Ú‡Ú˚ ÔÓÎÛ˜‡˛ÚÒfl Ë ÔË d = 0,2"Ï, ‡ Ú‡ÍÊÂ d = 0,3"Ï.

í ‡ · Î Ë ̂  ‡  3.8

∆,
105 è‡ ∆/∆˝ÍÒÔ

∆,
105 è‡ ∆/∆˝ÍÒÔ

∆,
105 è‡ ∆/∆˝ÍÒÔ

∆,
105 è‡ ∆/∆˝ÍÒÔ

1,6532 1,0087 1,8716 1,0068 1,9081 1,0021 1,9693 0,9797
1,6639 0,9497 1,7700 0,9944 1,8978 0,9999 2,0158 0,9771
1,7724 0,9836 1,8215 1,0025 1,8953 0,9949 1,8726 0,9598
1,8297 1,0638 1,7814 1,0013 1,7863 0,9815 1,9864 0,9728
1,8263 0,9824 1,8062 1,0257 1,9202 1,0067 2,0944 0,9603
1,8068 0,9944 1,7993 0,9805 1,7807 0,9454 2,0958 0,9574
1,6964 0,9633 1,8823 1,0388 1,9500 0,9873 2,1180 0,9566
1,7335 0,9711 1,8863 1,0017 1,9432 1,0037 2,2044 0,9720
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ÄÂÈÆÅÍÈÅ ÃÈÄÐÎÑÌÅÑÈ
Â ÃÎÐÈÇÎÍÒÀËÜÍÎÉ ÒÐÓÁÅ1

çËÊÂ ‚˚‚Â‰ÂÌ˚ ‡Ò˜ÂÚÌ˚Â ÒÓÓÚÌÓ¯ÂÌËfl ‰Îfl ÓÔÂ‰ÂÎÂÌËfl
‡ÁÌÓÒÚË ‰‡‚ÎÂÌËfl ÔÓ ÍÓÌˆ‡Ï ÚÛ·ÓÔÓ‚Ó‰‡, ‡ Ú‡ÍÊÂ ‡ÒıÓ‰‡
ÊË‰ÍÓÒÚË, ÔË ÍÓÚÓÓÏ ‚ÂÎË˜ËÌ‡ ∆ ‰ÓÒÚË„‡ÂÚ ÏËÌËÏÛÏ‡.

ê‡ÌÂÂ ·˚ÎÓ ÔÓÍ‡Á‡ÌÓ, ˜ÚÓ ÔË ‰‚ËÊÂÌËË „Ë‰ÓÒÏÂÒË ‚
‚ÂÚËÍ‡Î¸ÌÓÈ ÚÛ·Â ‡ÁÌÓÒÚ¸ ‰‡‚ÎÂÌËÈ ÔÓ ÍÓÌˆ‡Ï ÚÛ·˚ ∆ ‚
Á‡‚ËÒËÏÓÒÚË ÓÚ ‡ÒıÓ‰‡ ÊË‰ÍÓÒÚË ËÏÂÂÚ ÏËÌËÏÛÏ, Ì‡ÎË˜ËÂ
ÍÓÚÓÓ„Ó Ó·˙flÒÌflÂÚÒfl “ÔÓÚË‚Ó·ÓÒÚ‚ÓÏ” „‡‚ËÚ‡ˆËÓÌÌ˚ı ÒËÎ
Ë ÒËÎ ÚÂÌËfl.

èË ÚÂ˜ÂÌËË „Ë‰ÓÒÏÂÒË ‚ „ÓËÁÓÌÚ‡Î¸ÌÓÈ ÚÛ·Â „‡‚ËÚ‡-
ˆËÓÌÌ‡fl ÒÓÒÚ‡‚Îfl˛˘‡fl ÓÚÒÛÚÒÚ‚ÛÂÚ. ê‡ÒÒÏÓÚËÏ ‚ÓÔÓÒ Ì‡ÎË-
˜Ëfl ÏËÌËÏÛÏ‡ ‚ ‰‡ÌÌÓÏ ÒÎÛ˜‡Â.

ÑÎfl ÔÓÒÚÓÚ˚ Â¯ÂÌËfl Á‡‰‡˜Ë ‰ÓÔÛÒÚËÏ, ˜ÚÓ ÚÂ˜ÂÌËÂ „Ë‰-
ÓÒÏÂÒË ÔÓËÒıÓ‰ËÚ ÔË Î‡ÏËÌ‡ÌÓÏ ÂÊËÏÂ.

íÓ„‰‡ ÔÓ ÙÓÏÛÎ‡Ï Ñ‡ÒË – ÇÂÈÒ·‡ı‡ Ë ëÚÓÍÒ‡

    
∆p lv

d
= 32

2

µ ÒÏ ÒÏ . (4.1)

ÑÓÔÛÒÚËÏ, ˜ÚÓ µÒÏ ÓÔÂ‰ÂÎflÂÚÒfl ÔÓ ÙÓÏÛÎÂ ùÈÌ¯ÚÂÈÌ‡
(3.13). í‡Í Í‡Í vÒÏ = 4(qÊ + qÚ)/πd

2, ÚÓ ÔÓ (4.1) ÔÓÎÛ˜ËÏ

    

∆p q q q ql

d q
= + +128

4
215µ

π Ê
2 Ú Ê Ú Ê( , )( ) . (4.2)

éÚÒ˛‰‡

    

∆p q q q q q ql

d q
= + + +128

4
15 4 3 5µ

π Ê
2 Ú

3
Ú
2

Ê Ú Ê
2

Ê
3( , , ). (4.3)

ëÓ„Î‡ÒÌÓ (4.3) Ë ÛÒÎÓ‚Ë˛ (3.23)

    ( ) ( , , ) ,4 7 3 15 4 3 5 2 0q q q q q q q q q q q qÚ
2

Ú Ê Ê
2

Ê
2

Ú
3

Ú
2

Ê Ú Ê
2

Ê
3

Ê+ + − + + + =

ËÎË

    q q q qÊ
3

Ê Ú
2

Ú
3− − =4 3 0. (4.4)

ÑÎfl ÚÓ„Ó ˜ÚÓ·˚ ‰ÓÍ‡Á‡Ú¸ Ì‡ÎË˜ËÂ ÏËÌËÏÛÏ‡ ∆ ÓÚÌÓÒË-
ÚÂÎ¸ÌÓ qÊ, Ì‡È‰ÂÏ

1ÉÎ‡‚‡ Ì‡ÔËÒ‡Ì‡ ÒÓ‚ÏÂÒÚÌÓ Ò ÒÓÚÛ‰ÌËÍÓÏ åÉÉÄ å.Ç. ëÚ‡ÍÓ‚˚Ï.

4
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∂

∂

2
0∆p

qÊ
2
= . (4.5)

íÓ„‰‡ ÔÓ (4.4) Ë ÛÒÎÓ‚Ë˛ (4.5)

    
q qÊ Ú= 4

3
. (4.6)

í‡ÍËÏ Ó·‡ÁÓÏ, ∂2∆/∂q2 fl‚ÎflÂÚÒfl ÔÓÎÓÊËÚÂÎ¸ÌÓÈ ‚ÂÎË˜Ë-
ÌÓÈ, ‡ ÒÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ∆ ËÏÂÂÚ ÏËÌËÏÛÏ ÓÚÌÓÒËÚÂÎ¸ÌÓ qÊ.

í‡Í Í‡Í

    
α0

Ú

Ú Ê
=

+

q

q q
,

ÚÓ

    
q q

Ú
Ê=
−

α

α
0

01
. (4.7)

áÌ‡˜ËÚ, ÔÓ (4.4) Ë (4.7) ÏÓÊÂÏ Á‡ÔËÒ‡Ú¸:

  2 3 1 00α α α0
3

0
2− − + = . (4.8)

Ç ÂÁÛÎ¸Ú‡ÚÂ ‡Ò˜ÂÚÓ‚ ÔÓ Û‡‚ÌÂÌË˛ (4.8) ÔÓÎÛ˜ËÏ

α0 = 0,32.

íÂÔÂ¸ ÔÓ‚Â‰ÂÏ ‡Ì‡ÎÓ„Ë˜Ì˚Â ËÒÒÎÂ‰Ó‚‡ÌËfl, ÔÓÎ¸ÁÛflÒ¸
ÙÓÏÛÎÓÈ íÓÏ‡Ò‡ (3.16). ùÚÓ ÚÂÏ ·ÓÎÂÂ ÓÔ‡‚‰‡ÌÓ, ˜ÚÓ ÍÓÌ-
ˆÂÌÚ‡ˆËfl, ÔË ÍÓÚÓÓÈ ∆ ‰ÓÒÚË„‡ÂÚ ÏËÌËÏÛÏ‡, ÒÓÒÚ‡‚ÎflÂÚ
0,32, Ú.Â. α0 > 0,1, ‡ ÙÓÏÛÎ‡ ùÈÌ¯ÚÂÈÌ‡ ÂÍÓÏÂÌ‰ÛÂÚÒfl ‰Îfl
ËÒÔÓÎ¸ÁÓ‚‡ÌËfl ÔË α0 < 0,1.

áÌ‡˜ËÚ, ÔÓÎ¸ÁÛflÒ¸ ÙÓÏÛÎ‡ÏË (3.16) Ë (4.1), ÏÓÊÌÓ Á‡ÔË-
Ò‡Ú¸:

      

∆p q q l

d

q

q q

q

q q

q
q q= + + ++

+ +

















+128 10 05
4 2

166

1 2 5 0 00273µ

π

( ) ,

( )
,, ,

,
Ê Ú Ú

Ú Ê

Ú
2

Ú Ê

Ú
Ú Êe

ËÎË

      

∆p q q q ql

d

q

q q

q
q q= + + + +

+

















+128 10 05
4

166

3 5 0 00273µ

π
Ê Ú

Ú
2

Ú Ê
Ê Ú

Ú
Ú Ê, , ( ),
,

e . (4.9)

ëÓ„Î‡ÒÌÓ (4.9) Ì‡È‰ÂÏ ∆ = f(qÊ) ÔË µ = 0,05"è‡⋅Ò, l=    
= 300"Ï, d = 0,1"Ï Ë qÚ = 0,01"Ï3/Ò. èË ˝ÚËı ËÒıÓ‰Ì˚ı
‰‡ÌÌ˚ı ‚˚‡ÊÂÌËÂ (4.9) ÔËÏÂÚ ‚Ë‰
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∆p q q
q

q= + + + +
+

















+6 111 549 9 0 035 0 00273 0 010 001005
0 01

0166
0 01  Ê

Ê
Ê

Ê, , , ( , ),
,

,
,e .

(4.10)

Ç Ú‡·Î. 4.1 ÔË‚Â‰ÂÌ˚ ÁÌ‡˜ÂÌËfl ∆ ÔË ‡ÁÎË˜Ì˚ı ÁÌ‡˜Â-
ÌËflı ‡ÒıÓ‰‡ ÊË‰ÍÓÒÚË.

àÁ ‚˚‡ÊÂÌËfl (4.10) ÒÎÂ‰ÛÂÚ, ˜ÚÓ ∆ ‰ÓÒÚË„‡ÂÚ ÏËÌËÏÛÏ‡
ÔË qÊ = 0,0327"Ï3/Ò, ˜ÚÓ ÒÓÓÚ‚ÂÚÒÚ‚ÛÂÚ ÍÓÌˆÂÌÚ‡ˆËË α0 =
= 0,2372.

ëÓ„Î‡ÒÌÓ ÛÒÎÓ‚Ë˛ (3.23) Ë ÙÓÏÛÎÂ (4.9) ÔÓÎÛ˜‡ÂÏ ÒÎÂ‰Û˛-
˘ÂÂ ‚˚‡ÊÂÌËÂ ‰Îfl ÓÔÂ‰ÂÎÂÌËfl ‡ÒıÓ‰‡ ÊË‰ÍÓÒÚË, ÔË ÍÓ-
ÚÓÓÏ ÔÓÚÂË ‰‡‚ÎÂÌËfl ‰ÓÒÚË„‡˛Ú ÏËÌËÏÛÏ‡:
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
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

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

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Ê
2 Ú

Ê

Ú
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e (4.11)

èÓ (4.7) Ë (4.11) ÏÓÊÂÏ Á‡ÔËÒ‡Ú¸:

    1 10 05 0 00273 1 16 6 00
2 16 6

0− + − =, , ( , ) .,α ααe 0 (4.12)

êÂ¯Ë‚ Ú‡ÌÒˆÂÌ‰ÂÌÚÌÓÂ Û‡‚ÌÂÌËÂ (4.12), ÔÓÎÛ˜ËÏ

α0 = 0,2342.

ç‡ÎË˜ËÂ ÏËÌËÏÛÏ‡ ∆ ÓÚÌÓÒËÚÂÎ¸ÌÓ qÊ Ó·˙flÒÌflÂÚÒfl ‚ ‰‡Ì-
ÌÓÏ ÒÎÛ˜‡Â Ú‡Í: Ò Û‚ÂÎË˜ÂÌËÂÏ ‡ÒıÓ‰‡ ÊË‰ÍÓÒÚË ÔÓËÒıÓ‰ËÚ
ÛÏÂÌ¸¯ÂÌËÂ ‚flÁÍÓÒÚË ÒÏÂÒË, ˜ÚÓ ÒÔÓÒÓ·ÒÚ‚ÛÂÚ ÒÌËÊÂÌË˛ ∆;
Ò ‰Û„ÓÈ ÒÚÓÓÌ˚, ÔÓ‚˚¯ÂÌËÂ qÊ ÔË‚Ó‰ËÚ Í Û‚ÂÎË˜ÂÌË˛ ÔÂ-
ÂÔ‡‰‡ ‰‡‚ÎÂÌËfl.

í‡Í Í‡Í Á‡‰‡˜‡ ‡ÒÒÏ‡ÚË‚‡ÂÚÒfl ‰Îfl ÒÎÛ˜‡fl, ÍÓ„‰‡ ‡ÒıÓ‰-

í ‡ · Î Ë ̂  ‡  4.1

qÊ, Ï3/Ò ∆,
105 è‡ qÊ, Ï3/Ò ∆,

105 è‡ qÊ, Ï3/Ò ∆,
105 è‡ qÊ, Ï3/Ò ∆,

105 è‡
0,0100 19,248 0,0225 6,300 0,0326 5,923 0,0350 5,943
0,0125 11,639 0,0250 6,227 0,0327 5,921 0,0375 5,985
0,0150 8,704 0,0275 5,980 0,0330 5,925 0,0400 6,043
0,0175 7,362 0,0300 5,931 0,0335 5,928 0,0425 6,113
0,0200 6,675 0,0325 5,923 0,0340 5,932 0,0450 6,194



56

Ì‡fl ÍÓÌˆÂÌÚ‡ˆËfl ‡‚Ì‡ Ó·˙ÂÏÌÓÈ, Ú.Â. ÓÚÒÛÚÒÚ‚ÛÂÚ ÓÚÌÓÒË-
ÚÂÎ¸Ì‡fl ÒÍÓÓÒÚ¸ ˜‡ÒÚËˆ˚, ÔÂÂÔ‡‰ ‰‡‚ÎÂÌËfl ÏÓÊÌÓ ‡ÒÒ˜Ë-
Ú‡Ú¸ ÔÓ ÙÓÏÛÎÂ (3.35), ÍÓÚÓÛ˛, ÔÓÎ¸ÁÛflÒ¸ ‚˚‡ÊÂÌËÂÏ ‰Îfl
α0, ÏÓÊÌÓ ÔÂ‰ÒÚ‡‚ËÚ¸ Ú‡Í:

    

∆p
l q q q

g d

q

q q

q

q qÚ
Ê
0,75

Ê
0,75

Ê Ú Ú

Ú Ê

Ú

Ú Ê
=

+

+ +



















+ + +0 24143 2 5025

0 75 4 75

2

1 10 05, ( ) ,,

, ,
,µ γ

      

+ ++
















0 00273 1

166
025

0 75

,
,

,
,

e
q

q q q

q

Ú
Ú Ê Ú Ú

Ê Ê

γ

γ
. (4.13)

èÓ ÒÓÓÚÌÓ¯ÂÌË˛ (4.13) Ë ÛÒÎÓ‚Ë˛ (3.23) Ì‡È‰ÂÏ ÒÎÂ‰Û˛˘ÂÂ
‚˚‡ÊÂÌËÂ ‰Îfl ÓÔÂ‰ÂÎÂÌËfl ‡ÒıÓ‰‡ ÊË‰ÍÓÒÚË, Ó·ÂÒÔÂ˜Ë‚‡-
˛˘Â„Ó ÏËÌËÏÛÏ ÔÓÚÂ¸ ‰‡‚ÎÂÌËfl:
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àÎË, ‚‚Â‰fl ÍÓÌˆÂÌÚ‡ˆË˛ α0, Û‡‚ÌÂÌËÂ (4.14) ÔÂÂÔË¯ÂÏ
Ú‡Í:
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èÓ Û‡‚ÌÂÌË˛ (4.15) ·˚ÎË ÔÓ‚Â‰ÂÌ˚ ‡Ò˜ÂÚ˚ ÔÓ ÓÔÂ‰Â-
ÎÂÌË˛ α0 ÔË ‡ÁÎË˜Ì˚ı γÚ/γÊ (Ú‡·Î. 4.2).

àÁ Ú‡·Î. 4.2 ‚Ë‰ÌÓ, ˜ÚÓ ÔË 1,4 ≤ γÚ/γÊ ≤ 3,8 ËÏÂÂÏ     
0,1776 ≤ α0 ≤ 0,1685, Ú.Â. ÍÓÌˆÂÌÚ‡ˆËfl α0 ËÁÏÂÌflÂÚÒfl ÒÎ‡·Ó Ë
Ò ‰ÓÒÚ‡ÚÓ˜ÌÓÈ ÚÓ˜ÌÓÒÚ¸˛ ÏÓÊÌÓ Ò˜ËÚ‡Ú¸ ÁÌ‡˜ÂÌËÂ α0 ÔÓÒÚÓ-
flÌÌ˚Ï, ‡ ËÏÂÌÌÓ α0 = 0,17.

é˜Â‚Ë‰ÌÓ, ˜ÚÓ ÔË ÛÒÚ‡ÌÓ‚Ë‚¯ÂÏÒfl ‰‚ËÊÂÌËË „Ë‰ÓÒÏÂÒË
ÔÓ „ÓËÁÓÌÚ‡Î¸Ì˚Ï ÚÛ·‡Ï ∆Ú = ∆ Ë ‚˚‡ÊÂÌËÂ (4.13)
ÏÓÊÌÓ ÔÂÂÔËÒ‡Ú¸ Ú‡Í:

    

∆p lq

g d
= ×0 24143 025

0 75 4 75

, ,

, ,

µ γ ÒÏ
0,75

ÒÏ
1,75

    × + + + 0
0( , , , ) ., ,1 2 5 10 05 0 002730

2 16 6 0 25α α αe (4.16)

áÌ‡˜ÂÌËfl ∆ ÔË Á‡‰‡ÌÌ˚ı qÒÏ Ë γÒÏ Á‡ÏÂflÎËÒ¸ ‚ ÂÁÛÎ¸-
Ú‡ÚÂ ˝ÍÒÔÂËÏÂÌÚ‡Î¸Ì˚ı ËÒÒÎÂ‰Ó‚‡ÌËÈ, ÍÓÚÓ˚Â ·˚ÎË ÔÓ‚Â-
‰ÂÌ˚ Ì‡ ÒÔÂˆË‡Î¸ÌÓÏ ÒÚÂÌ‰Â, ÒÓÒÚÓfl˘ÂÏ ËÁ „ÓËÁÓÌÚ‡Î¸Ì˚ı
ÚÛ· ‰Ë‡ÏÂÚÓÏ 0,15; 0,20; 0,30"Ï Ë ‰ÎËÌÓÈ l = 40,05"Ï. ÉË‰-
ÓÒÏÂÒ¸ ·˚Î‡ ÒÓÒÚ‡‚ÎÂÌ‡ ËÁ ËÁ‚ÂÒÚÌflÍ‡ Ò ‚Ó‰ÓÈ.

é·‡ÁÓ‚‡ÌËÂ „Ë‰ÓÒÏÂÒË ÔÓËÒıÓ‰ËÎÓ ‚ ÁÛÏÔÙÂ, ÍÛ‰‡ ‚Ó-
‰flÌ˚Ï Ì‡ÒÓÒÓÏ ÔÓ‰‡‚‡ÎÓÒ¸ ÌÂÓ·ıÓ‰ËÏÓÂ ÍÓÎË˜ÂÒÚ‚Ó ‚Ó‰˚ Ë
Ú‚Â‰Ó„Ó ‚Â˘ÂÒÚ‚‡. ëÏÂÒ¸ ÔÛÎ¸ÔÓÌ‡ÒÓÒÓÏ Ì‡Ô‡‚ÎflÎ‡Ò¸ ‚ ÚÛ-
·Û. èÂÂÔ‡‰ ‰‡‚ÎÂÌËfl ËÁÏÂflÎË Ò ÔÓÏÓ˘¸˛ ‰ËÙÏ‡ÌÓÏÂÚ‡.
ì‰ÂÎ¸Ì˚È ‚ÂÒ ÒÏÂÒË ÓÔÂ‰ÂÎflÎË ‚ÂÒÓ‚˚Ï ÒÔÓÒÓ·ÓÏ, ‡ÒıÓ‰
ÒÏÂÒË – ÔÓ Á‡ÏÂÂÌÌÓÏÛ Ó·˙ÂÏÛ Á‡ ËÁ‚ÂÒÚÌ˚È ÔÂËÓ‰ ‚Â-
ÏÂÌË.

èË Á‡ÏÂÂÌÌÓÏ Û‰ÂÎ¸ÌÓÏ ‚ÂÒÂ ÒÏÂÒË γÒÏ ËÒÚËÌÌÛ˛ ÍÓÌ-
ˆÂÌÚ‡ˆË˛ ÏÓÊÌÓ Ì‡ÈÚË Ú‡Í:

    
α γ γ

γ γ
x =

−

−
ÒÏ Ê

Ú Ê
. (4.17)

êÂÁÛÎ¸Ú‡Ú˚ ˝ÍÒÔÂËÏÂÌÚ‡Î¸Ì˚ı ËÒÒÎÂ‰Ó‚‡ÌËÈ Ó·‡·‡Ú˚‚‡-
ÎË Ò ËÒÔÓÎ¸ÁÓ‚‡ÌËÂÏ ÏÂÚÓ‰‡ ‡ÁÏÂÌÓÒÚÂÈ.

ë˜ËÚ‡ÂÏ, ˜ÚÓ ÔÓÚÂË ‰‡‚ÎÂÌËfl ∆ Á‡‚ËÒflÚ ÓÚ ÒÍÓÓÒÚË
‰‚ËÊÂÌËfl ÒÏÂÒË vÒÏ, ‰Ë‡ÏÂÚ‡ ÚÛ· d, ÔÎÓÚÌÓÒÚË ρÒÏ Ë ‚flÁÍÓÒ-
ÚË ÒÏÂÒË µÒÏ, ‡ Ú‡ÍÊÂ ‰ÎËÌ˚ ÚÛ·ÓÔÓ‚Ó‰‡ l. íÓ„‰‡ ÙËÁË˜ÂÒ-
ÍÓÂ Û‡‚ÌÂÌËÂ ·Û‰ÂÚ ËÏÂÚ¸ ‚Ë‰

í ‡ · Î Ë ̂  ‡  4.2

γÚ/γÊ α0 γÚ/γÊ α0 γÚ/γÊ α0 γÚ/γÊ α0

1,4 0,1776 2,0 0,1748 2,6 0,1728 3,2 0,1697
1,6 0,1762 2,2 0,1740 2,8 0,1720 3,6 0,1691
1,8 0,1753 2,4 0,1732 3,0 0,1712 3,8 0,1685
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∆ = f(vÒÏ, d, ρÒÏ, µÒÏ, l). (4.18)

í‡Í Í‡Í vÒÏ, d Ë ρÒÏ fl‚Îfl˛ÚÒfl ‚ÂÎË˜ËÌ‡ÏË, ËÏÂ˛˘ËÏË ÌÂÁ‡-
‚ËÒËÏ˚Â ‡ÁÏÂÌÓÒÚË, ÚÓ ÒÓ„Î‡ÒÌÓ π-ÚÂÓÂÏÂ ÏÓÊÌÓ Á‡ÔË-
Ò‡Ú¸:

    

∆ Φp

v d v d

l

v dx y z x y z x y z
ÒÏ ÒÏ

ÒÏ

ÒÏ ÒÏ ÒÏ ÒÏ

 
ρ

µ

ρ ρ
=









1 1 1 2 2 2

, .

éÔÂ‰ÂÎË‚ ÔÓÍ‡Á‡ÚÂÎË ÒÚÂÔÂÌË ËÁ ‡‚ÂÌÒÚ‚‡ ‡ÁÏÂÌÓÒÚÂÈ
˜ËÒÎËÚÂÎfl Ë ÁÌ‡ÏÂÌ‡ÚÂÎfl, Á‡ÔË¯ÂÏ

    

∆ Φp

v

l
dρ ÒÏ

1
ÒÏ

 
2

1=








Re

, . (4.19)

Ç ÂÁÛÎ¸Ú‡ÚÂ Ó·‡·ÓÚÍË ˝ÍÒÔÂËÏÂÌÚ‡Î¸Ì˚ı ËÒÒÎÂ‰Ó‚‡ÌËÈ
ÒÓ„Î‡ÒÌÓ (4.19) ·˚ÎË ÔÓÎÛ˜ÂÌ˚ ÒÎÂ‰Û˛˘ËÂ ‚˚‡ÊÂÌËfl:

‰Îfl ÚÛ· ‰Ë‡ÏÂÚÓÏ d = 0,15"Ï, Ú.Â. l/d = 267,

    

∆p v

g d
˝ÍÒÔ

ÒÏ
0,817

ÒÏ
1,817

ÒÏ
0,183

= 18 866
0 817 0183

, ;
, ,

γ µ (4.20)

‰Îfl ÚÛ· ‰Ë‡ÏÂÚÓÏ d = 0,20"Ï, Ú.Â. l/d = 200,25,

    

∆p v

g d
˝ÍÒÔ

ÒÏ
0,817

ÒÏ
1,817

ÒÏ
0,183

= 14 150
0 817 0183

, ;
, ,

γ µ (4.21)

‰Îfl ÚÛ· ‰Ë‡ÏÂÚÓÏ d = 0,30"Ï, Ú.Â. l/d = 133,5,

    

∆p v

g d
˝ÍÒÔ

ÒÏ
0,817

ÒÏ
1,817

ÒÏ
0,1813

= 9 433
0 817 0183

, .
, ,

γ µ (4.22)

í‡Í Í‡Í

    
v q

d
ÒÏ

ÒÏ= 4
2π

,

‡ µÒÏ ÓÔÂ‰ÂÎflÂÚÒfl ÔÓ (3.16), ÚÓ
ÔË d = 0,15"Ï

    

∆p q

g d
˝ÍÒÔ

ÒÏ
0,817

ÒÏ
1,817

= ×29 264
0183

0 817 3 817
,

,

, ,

γ µ

    × + + + 0
0( , , , ) ;, ,1 2 5 10 05 0 002730

2 16 6 0183α α αe (4.23)

ÔË d = 0,20"Ï

    

∆p q

g d
˝ÍÒÔ

ÒÏ
0,817

ÒÏ
1,817

= ×21 949
0183

0 817 3 817
,

,

, ,

γ µ

    × + + + 0
0( , , , ) ;, ,1 2 5 10 05 0 002730

2 16 6 0183α α αe (4.24)
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ÔË d = 0,30"Ï

    

∆p q

g d
˝ÍÒÔ

ÒÏ
0,817

ÒÏ
1,817

= ×14 632
0183

0 817 3 817
,

,

, ,

γ µ

    × + + + 0
0( , , , ) ., ,1 2 5 10 05 0 002730

2 16 6 0183α α αe (4.25)

Ç ÙÓÏÛÎ‡ı (4.16), (4.23) – (4.25)

γÒÏ = γÊ(1 – α0)+γÚα0. (4.26)

èË l = 40,05"Ï Ë d = 0,15"Ï ÔÓ (4.16) Ë (4.23) ËÏÂÂÏ:

    ∆p q= + + +2542 186 1 2 5 10 05 0
2, ( , ,γ α αÒÏ

0,75
ÒÏ
1,75

0

    + 0 00273 16 6 0 25, ) ;, ,e α0 (4.27)

    ∆p q˝ÍÒÔ ÒÏ
0,817

ÒÏ
1,817

0= + + +1786 486 1 2 5 10 05 0
2, ( , ,γ α α

    + 0 00273 16 6 0 183, ) ., ,e α0 (4.28)

Ç Ú‡·Î. 4.3 ÔË‚Â‰ÂÌ˚ ÂÁÛÎ¸Ú‡Ú˚ ‡Ò˜ÂÚÓ‚ ÔÓ ÙÓÏÛÎ‡Ï
(4.27) Ë (4.28).

èË l = 40,05"Ï Ë d = 0,20"Ï ÒÓ„Î‡ÒÌÓ (4.16) Ë (4.24) ÏÓ-
ÊÂÏ Á‡ÔËÒ‡Ú¸:

      ∆p q= + + +648 26 1 2 5 10 05 0 02730 0
2 16 6 0 0 25, ( , , , ) ;, ,γ α α α

ÒÏ
0,75

ÒÏ
1,75 e (4.29)

    ∆p q˝ÍÒÔ ÒÏ
0,817

ÒÏ
1,817= + + +446 88 1 2 5 10 050 0

2, ( , ,γ α α

    +0 0273 16 6 0 0183, ) ., ,e α (4.30)

êÂÁÛÎ¸Ú‡Ú˚ ‡Ò˜ÂÚÓ‚ ÔÓ ÙÓÏÛÎ‡Ï (4.29) Ë (4.30) ÔË‚Â‰ÂÌ˚
‚ Ú‡·Î. 4.4.

ëÓ„Î‡ÒÌÓ (4.16) Ë (4.25) ÔË l = 40,05"Ï Ë d = 0,30"Ï

      ∆p q= + + +94 47 1 2 5 10 05 0 002730 0
2 16 6 0 0 25, ( , , , ) ;, ,γ α α α

ÒÏ
0,75

ÒÏ
1,75 e (4.31)

    ∆p q˝ÍÒÔ ÒÏ
0,817

ÒÏ
0,817= + +63 38 1 2 5 0, ( ,γ α

    + +10 05 0 002730
2 16 6 0 0183, , ) ., ,α αe (4.32)

Ç Ú‡·Î. 4.5 ÔË‚Â‰ÂÌ˚ ÂÁÛÎ¸Ú‡Ú˚ ‡Ò˜ÂÚÓ‚ ÔÓ ÙÓÏÛÎ‡Ï
(4.31) Ë (4.32)

àÁ Ú‡·Î. 4.3 – 4.5 ÒÎÂ‰ÛÂÚ, ˜ÚÓ ÔË 35"000 ≤ ReÒÏ ≤ 470"000
Ë α0 ≤ 0,20 ‡ÒıÓÊ‰ÂÌËÂ ÏÂÊ‰Û ÁÌ‡˜ÂÌËflÏË ∆p, ÓÔÂ‰ÂÎÂÌÌ˚-
ÏË ÔÓ ÙÓÏÛÎÂ (4.31) Ë ‚ ˝ÍÒÔÂËÏÂÌÚ‡Î¸Ì˚ı ËÒÒÎÂ‰Ó‚‡ÌËflı,
ÌÂ ÔÂ‚˚¯‡ÂÚ 10"%.
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ÃÈÄÐÎÒÐÀÍÑÏÎÐÒ
Ñ ÏÎÌÎÙÜÞ ÝÐËÈÔÒÀ

Ç ÌÂÍÓÚÓ˚ı ÒÎÛ˜‡flı „Ë‰ÓÚ‡ÌÒÔÓÚ „Ë‰ÓÒÏÂÒÂÈ ˆÂÎÂÒÓÓ·-
‡ÁÌÓ ÓÒÛ˘ÂÒÚ‚ÎflÚ¸ ˝ÎËÙÚÓÏ. ë ˝ÚÓÈ ˆÂÎ¸˛ ÔÓ ‚ÓÁ‰ÛıÓÔÓ-
‚Ó‰Û ‚ ÒÏÂÒËÚÂÎ¸ ÔÓ‰‡ÂÚÒfl ÒÊ‡Ú˚È ‚ÓÁ‰Ûı, ÍÓÚÓ˚È ‰‡ÎÂÂ,
ÒÏÂ¯‡‚¯ËÒ¸ Ò „Ë‰ÓÒÏÂÒ¸˛, ÔÓÒÚÛÔ‡ÂÚ ‚ ÔÓ‰˙ÂÏÌ˚Â ÚÛ·˚.
íÂ·ÛÂÚÒfl ÓÔÂ‰ÂÎËÚ¸ ‰‡‚ÎÂÌËÂ Û ·‡¯Ï‡Í‡ ÔÓ‰˙ÂÏÌ˚ı ÚÛ· ‚
Á‡‚ËÒËÏÓÒÚË ÓÚ ‡ÒıÓ‰‡ ÊË‰ÍÓÒÚË, Ú‚Â‰ÓÈ Ù‡Á˚ Ë ‚ÓÁ‰Ûı‡.

á‡‰‡˜Û ·Û‰ÂÏ Â¯‡Ú¸ ‰Îfl ÒÎÛ˜‡fl, ÍÓ„‰‡ ‡ÁÌÓÒÚ¸ ÏÂÊ‰Û
ÒÂ‰ÌËÏË ÒÍÓÓÒÚflÏË ÊË‰ÍÓÒÚË Ë Ú‚Â‰ÓÈ Ù‡Á˚ ‡‚Ì‡ ÌÛÎ˛.

àÁ‚ÂÒÚÌÓ, ˜ÚÓ ‰Îfl Â¯ÂÌËfl Á‡‰‡˜Ë ÔÓ ‰‚ËÊÂÌË˛ ‡˝ËÓ-
‚‡ÌÌÓÈ ÊË‰ÍÓÒÚË ÔÓÎ¸ÁÛ˛ÚÒfl Ó·˙ÂÏÌÓÈ ÍÓÌˆÂÌÚ‡ˆËÂÈ „‡Á‡ ‚
ÒÏÂÒË „‡Á – ÊË‰ÍÓÒÚ¸

    
ϕ =

+

V

V V
„

„ Ê
,

„‰Â VÊ – Ó·˙ÂÏ ÊË‰ÍÓÒÚË; V„ – Ó·˙ÂÏ „‡Á‡ ÔË ‰‡ÌÌÓÏ ‰‡‚-
ÎÂÌËË.

ëÓ„Î‡ÒÌÓ Ä.Ä.#ÄÏ‡Ì‰Û, ë.É.#íÂÎÂÎÂÚÓ‚Û Ë ‰., Ó·˙ÂÏÌÓÂ
„‡ÁÓÒÓ‰ÂÊ‡ÌËÂ ÔË ‰‚ËÊÂÌËË ‚Ó‰Ó‚ÓÁ‰Û¯ÌÓÈ ÒÏÂÒË ‚ ‚ÂÚË-
Í‡Î¸Ì˚ı ÚÛ·‡ı ÓÔÂ‰ÂÎflÂÚÒfl Ú‡Í:

ÔË ÁÌ‡˜ÂÌËË Ô‡‡ÏÂÚ‡ îÛ‰‡ Fr > 3,72

ϕ = 0,81β. (5.1)

á‰ÂÒ¸

    

Fr Ê
2

=
−

v

gd( )
;

1 2β
(5.2)

β – ‡ÒıÓ‰ÌÓÂ „‡ÁÓÒÓ‰ÂÊ‡ÌËÂ:

    
β=

+

q

q q
„

„ Ê
, (5.3)

„‰Â qÊ Ë q„ – ‡ÒıÓ‰ ÊË‰ÍÓÒÚË Ë „‡Á‡ ÔË ‰‡ÌÌÓÏ ‰‡‚ÎÂÌËË.
èË ËÁÓÚÂÏË˜ÂÒÍÓÏ ‡Ò¯ËÂÌËË Ë‰Â‡Î¸ÌÓ„Ó „‡Á‡

    
q q p

p„ a
a= , (5.4)

5
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„‰Â ‡ – ‡ÚÏÓÒÙÂÌÓÂ ‰‡‚ÎÂÌËÂ;  – ‰‡‚ÎÂÌËÂ ‚ ‰‡ÌÌÓÏ ÒÂ˜Â-
ÌËË; q‡ – ‡ÒıÓ‰ „‡Á‡ ÔË ÌÓÏ‡Î¸Ì˚ı ÛÒÎÓ‚Ëflı.

í‡ÍËÏ Ó·‡ÁÓÏ, ÔÓ (5.1), (5.3) Ë (5.4) ÔÓÎÛ˜ËÏ

    
ϕ= a a

a a Ê

0 81, .q p
q p q p+

(5.5)

èË Fr < 3,72 ‡Ò˜ÂÚ˚ ÔÓ ÓÔÂ‰ÂÎÂÌË˛ ËÒÚËÌÌÓÈ ÍÓÌˆÂÌÚ-
‡ˆËË ÔÓ‚Ó‰flÚÒfl Ú‡Í:

  
ϕ β=

+

2 2
1 2 2

,
,

Fr
Fr

. (5.6)

ÖÒÎË Ò˜ËÚ‡Ú¸, ˜ÚÓ ÒÍÓÓÒÚ¸ ÒÏÂÒË ÊË‰ÍÓÒÚË Ë Ú‚Â‰ÓÈ Ù‡-
Á˚ ÒÓÒÚ‡‚ÎflÂÚ vÒÏ.Ú = 3#Ï/Ò, ÚÓ, ÔËÌfl‚ vÒÏ.Ú = vÒÏ, Ë ÔË d =
=#0,15#Ï ÔÓÎÛ˜ËÏ

FrÒÏ = 6,12.

áÌ‡˜ËÚ, ‚ ‡ÒÒÏ‡ÚË‚‡ÂÏÓÈ Á‡‰‡˜Â Ó·˙ÂÏÌÛ˛ (ËÒÚËÌÌÛ˛)
ÍÓÌˆÂÌÚ‡ˆË˛ ·Û‰ÂÏ Ì‡ıÓ‰ËÚ¸ ÔÓ ÙÓÏÛÎÂ (5.5).

í‡ÍËÏ Ó·‡ÁÓÏ, ‰ËÙÙÂÂÌˆË‡Î¸ÌÓ Ï‡ÎÓÂ ÁÌ‡˜ÂÌËÂ „‡‚Ë-
Ú‡ˆËÓÌÌÓÈ ÒÓÒÚ‡‚Îfl˛˘ÂÈ ÔË ‰‚ËÊÂÌËË ‚Ó‰Ó‚ÓÁ‰Û¯ÌÓÈ ÒÏÂ-
ÒË ÏÓÊÌÓ ÓÔÂ‰ÂÎËÚ¸ ËÁ ‚˚‡ÊÂÌËfl

dpG = [γÊ(1 – ϕ) + γ„ϕ]dx, (5.7)

„‰Â γÊ Ë γ „ – Û‰ÂÎ¸Ì˚È ‚ÂÒ ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ ÊË‰ÍÓÒÚË Ë „‡Á‡
ÔË ‰‡ÌÌÓÏ ‰‡‚ÎÂÌËË.

í‡Í Í‡Í ‚ÚÓÓÂ ÒÎ‡„‡ÂÏÓÂ ‚ Í‚‡‰‡ÚÌ˚ı ÒÍÓ·Í‡ı Ì‡ÏÌÓ„Ó
ÏÂÌ¸¯Â ÔÂ‚Ó„Ó, ÚÓ Ò ‚˚ÒÓÍÓÈ ÚÓ˜ÌÓÒÚ¸˛ ËÏÂÂÏ:
dpG = γÊ(1 – ϕ)dx. (5.8)

íÓ„‰‡ ÔÓ (5.5) Ë (5.8)

    
dp dxG

q p q p

q p q p
= +

+
γ Ê

a a Ê

a a Ê

0 19, . (5.9)

é˜Â‚Ë‰ÌÓ, ˜ÚÓ ‰Îfl ÓÔÂ‰ÂÎÂÌËfl „‡‚ËÚ‡ˆËÓÌÌÓÈ ÒÓÒÚ‡‚Îfl˛-
˘ÂÈ „‡ÁËÓ‚‡ÌÌÓÈ „Ë‰ÓÒÏÂÒË ÌÂÓ·ıÓ‰ËÏÓ Á‡ÏÂÌËÚ¸ ‚ (5.9)
γÊ = γÒÏ (γÒÏ – Û‰ÂÎ¸Ì˚È ‚ÂÒ „Ë‰ÓÒÏÂÒË). íÓ„‰‡ ÔÓ (3.8) Ë
(5.9) ÏÓÊÂÏ Á‡ÔËÒ‡Ú¸:

    
dp dxG

q q

q q

q p q p

q p q p
= +

+

+

+

γ γÊ Ê Ú Ú

Ú Ê

a a Ê

a a Ê

0 19, . (5.10)

àÁ‚ÂÒÚÌÓ, ˜ÚÓ ÔÓÚÂË ‰‡‚ÎÂÌËfl Ì‡ ÚÂÌËÂ ÔË ‰‚ËÊÂÌËË
‚Ó‰Ó‚ÓÁ‰Û¯ÌÓÈ ÒÏÂÒË Ì‡ ‰ËÙÙÂÂÌˆË‡Î¸ÌÓ Ï‡ÎÓÏ Û˜‡ÒÚÍÂ
‰ÎËÌÓÈ dx ‚ ‚ÂÚËÍ‡Î¸ÌÓÈ ÚÛ·Â ÔË β < 0,9 ÓÔÂ‰ÂÎfl˛ÚÒfl [1,
2] ÔÓ ÙÓÏÛÎÂ
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dp dpÚ Ú 0=
−

1

1 153( ) ,ϕ
, (5.11)

„‰Â dpÚ#0 – ÔÓÚÂË ‰‡‚ÎÂÌËfl Ì‡ ÚÂÌËÂ Ì‡ ‰ËÙÙÂÂÌˆË‡Î¸ÌÓ
Ï‡ÎÓÏ Û˜‡ÒÚÍÂ dx ÔË ‰‚ËÊÂÌËË Ó‰ÌÓÓ‰ÌÓÈ ÊË‰ÍÓÒÚË.

ëÓ„Î‡ÒÌÓ ÙÓÏÛÎ‡Ï Ñ‡ÒË – ÇÂÈÒ·‡ı‡ Ë ÅÎ‡ÁËÛÒ‡

    

dp dxq

g d
Ú 0

Ê
0,75

Ê
1,75

= 0 241434 0 25

0 75 4 75

, ,

, ,
.µ γ (5.12)

áÌ‡˜ËÚ, ÔÓ (5.5), (5.11) Ë (5.12)

    

dp dxq

g d

q p q p

q p q pÚ
Ê
0,75

Ê
1,75

a a Ê

a a Ê
= +

+











0 241434

0 19

0 25

0 75 4 75

153
,

,

,

, ,

,

.µ γ (5.13)

ÑÎfl ÚÓ„Ó, ˜ÚÓ·˚ ËÒÔÓÎ¸ÁÓ‚‡Ú¸ ÙÓÏÛÎÛ (5.13) ‚ ÒÎÛ˜‡Â ‰‚Ë-
ÊÂÌËfl ‡˝ËÓ‚‡ÌÌÓÈ „Ë‰ÓÒÏÂÒË, ÔÓÎÓÊËÏ     q q qÊ

1,75
Ê Ú= +( ) ,,1 75

‡ Ú‡ÍÊÂ µ = µÒÏ, γÊ = γÒÏ. íÓ„‰‡, ÔÓÎ¸ÁÛflÒ¸ ‚˚‡ÊÂÌËflÏË
(3.8), (3.16), Á‡ÔË¯ÂÏ:

      

dp
g d

q

q q

q

q q

q
q q

Úp
Ê
0,25

Ú

Ú Ê

Ú

Ú Ê

Ú
Ú Ê = + + + ×

+ +



























+0 241434 2 5
0 75 4 75

2 16 6
0 25

1 10 05 0 00273, ,
, ,

,
,

, ,µ e

    
× ++

+











+

+









 Ê Ê Ú Ú

Ê Ú
Ê Ú

a a Ê

a a Ê

γ γq q

q q

q p q p

q p q p
q q dx

0 75
175

153

0 19

,
,

,

( ) .
,

(5.14)

é˜Â‚Ë‰ÌÓ, ˜ÚÓ Û‡‚ÌÂÌËÂ ‡‚ÌÓ‚ÂÒËfl ‰Îfl ‰ËÙÙÂÂÌˆË‡Î¸ÌÓ
Ï‡ÎÓ„Ó Ó·˙ÂÏ‡, Ó„‡ÌË˜ÂÌÌÓ„Ó ‰Ë‡ÏÂÚÓÏ ÚÛ· Ë ‰ÎËÌÓÈ dx,
Á‡ÔË¯ÂÏ ‚ ÒÎÂ‰Û˛˘ÂÏ ‚Ë‰Â:

dp = dpG + dpÚ.

áÌ‡˜ËÚ, ÔÓ (5.10) Ë (5.14) ÏÓÊÂÏ ÒÓÒÚ‡‚ËÚ¸ ‰ËÙÙÂÂÌˆË‡Î¸-
ÌÓÂ Û‡‚ÌÂÌËÂ

    

dp q q

q q

q p q p

q p q p g d

q

q q
= + + ++

+

+

+ +













γ γ µÊ Ê Ú Ú

Ê Ú

a a Ê

a a Ê

Ê
0,25

Ú

Ú Ê

0 19 0 241434 2 5
0 75 4 75

1, , ,
, ,

      

+ + + ×
+



















+

+











+  Ú

Ú Ê

Ú
Ú Ê Ê Ê Ú Ú

Ê Ú
Ê Ú10 05 0 00273

2 16 6
0 25

0 75
175, , ( )

,
,

,
,q

q q

q q

q q

q
q q q qe γ γ

× 

    

q p q p

q p q p
dxa a Ê

a a Ê
 

+

+

















0 19

153

,

,

.
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ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ‡Á‰ÂÎË‚ ÔÂÂÏÂÌÌ˚Â, ÔÓÎÛ˜ËÏ:

    

γ Ê

a a Ê

a a Ê

a a Ê

a a Ê

a

·‡¯

l dp

a
q p q p

q p q p
b

q p q p

q p q p
p

p

=
+

+
+

+

+











∫
019

019

153
,

,

,
, (5.15)

„‰Â 
    
a

q q

q q
=

+

+

Ê Ú
Ú

Ê

Ê Ú

γ

γ ;

      

b
g d

q

q q

q

q q

q
q q= + + + ×

+ +



























+0 241434 2 5
075 4 75

2 16 6
0 25

1 10 05 0 00273, ,
, ,

,
,

, ,µ

γ

Ê
0,25

Ê
0,25

Ú

Ú Ê

Ú

Ú Ê

Ê
Ú Ê e

    
× + +









 Ê

Ú

Ê
Ú Ê Úq q q qγ

γ

0 75,

( ).

Ç˚‡ÊÂÌËÂ (5.15) ÔÂÂÔË¯ÂÏ Ú‡Í:

    

γ Ê
a a Ê

a a Ê
a a Ê

a a Ê

a

·‡¯

l
a

q p q p dp

q p q p b
a

q p q p

q p q p
p

p

= +

+ +
+

+



























∫1

019 1
019

253

( )

( , )
,

,
. (5.16)

ãÂ„ÍÓ ÛÒÚ‡ÌÓ‚ËÚ¸, ˜ÚÓ

    

b
a

q p q p

q p q p
a a Ê

a a Ê

+

+









 <<

0 19

2 53

1
,

,

.

íÓ„‰‡ Ò ‰ÓÒÚ‡ÚÓ˜ÌÓÈ ÚÓ˜ÌÓÒÚ¸˛ ÏÓÊÌÓ Á‡ÏÂÌËÚ¸ (5.16) ÒÎÂ-
‰Û˛˘ËÏ ‚˚‡ÊÂÌËÂÏ:

    

γ Ê
Ê

a a

Ê

a a
a

·‡¯

Ê

a a
a

·‡¯
Ê

a a

Ê

a a

·‡¯

l b dp
a

dp
q p

q p

q

aq p
pdp

q p

q p

q p

q p

q p

q p
p

p

p

p

pa

p

= + −
+ +

+

+



















∫ ∫ ∫1

019 019

1

019

353

, , ,

,

.(5.17)

ÑÎfl ÚÓ„Ó ˜ÚÓ·˚ ‡ÒÍ˚Ú¸ ÚÂÚËÈ ËÌÚÂ„‡Î Ô‡‚ÓÈ ˜‡ÒÚË
‚˚‡ÊÂÌËfl (5.17), ÔÓËÁ‚Â‰ÂÏ Á‡ÏÂÌÛ:

    

ξ =
+

+

1

0 19

q p

q p

q p

q p

Ê

a a

Ê

a a
,

.
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íÓ„‰‡

    

p
q

q p

= −

−

019 1

1

,

( )

.ξ

ξÊ

a a

éÚÒ˛‰‡

    

dp dq p

q
= −

−

0 81

1 2

,

( )
.a a

Ê ξ
ξ

íÓ„‰‡

    

− =
+

+



















−∫ ∫ 

Ê

a a

Ê

a a

a a

Ê
b dp

q p

q p

q p

q p

bq p

q
d

1

019

0 81

1

3 53

3 53

2
,

,

( )

,

,
.ξ ξ

ξ

èÓËÁ‚Â‰ÂÏ Â˘Â Ó‰ÌÛ Á‡ÏÂÌÛ:

ξ = y2.

íÓ„‰‡

ξ3,53 ≈ y7;

dξ = 2ydy.

ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ,

    

− =
+

+



















−∫ ∫ 

Ê

a a

Ê

a a

a a

Ê
b dp

q p

q p

q p

q p

bq p

q

y dy

y

1

019

162

1

3 53

8

2 2
,

,

( )

,

.

í‡Í Í‡Í

    

y

y y

y

y y
y y

8

2 4
4 2

2

2 2 2 21 2

4

1

3

1
2 3

− + − −
= + + + −

( ) ( )
,

ÚÓ

    

− = + + + −
+

+



















−






∫ ∫ 

Ê

a a

Ê

a a
a

·‡¯
a a

Ê
b dp y y

q p

q p

q p

q p

bq p

q

y

y
p

p 1

019

161 4

1

3 53

4 2
2

2 2
2 3

,

,

( )

,

    

− = + + + − +
−













 −

+

− −

3

1

1 62

5
2
3

4

1

1

1

3

212 2

5
3

2 2
3

( )

,

( )
ln

y

bq p

q

y

y

y

y

y

y
dy y ya a

Ê
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+ +

−







 1
2

1

1
ln y

y
,

ËÎË, ÔÂÂıÓ‰fl ÓÚ y Í ξ, ÔÓÎÛ˜ËÏ:

    

− = + − +
+

+



















− 




















∫ 

Ê

a a

Ê

a a
a
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ξ

ξ

ξ ξ
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‡
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ln .

ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ÔÓ (5.17)

    

γ Ê
a a

Ê

Ê ·‡¯

a a

Ê

a

·‡¯ ‡
a a

Ê
l p p

a

q p

q
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

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
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

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
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
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
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Ê
·‡¯ ‡ ·‡¯ ‡
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5
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5
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+
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‡

‡
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3
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ξ ξ

ξ

ξ

ξ

ξ

ξ

ξ

ξ

ξ

ξ

ξ
ln ln

,

  

+ +
−

+





−





−





+














1 5

1
1
2

1 1

1 1

,
ln

ξ

ξ

ξ ξ

ξ ξ

‡

‡

·‡¯ ‡

·‡¯ ‡

. (5.18)

í‡ÍËÏ Ó·‡ÁÓÏ, ÔË Á‡‰‡ÌÌ˚ı qÊ, qÚ, qa, pa, l, d, µÊ Ë γÊ

ÔÓ Û‡‚ÌÂÌË˛ (5.18) ÏÓÊÌÓ ÓÔÂ‰ÂÎËÚ¸ ·‡¯, Ú.Â. ‰‡‚ÎÂÌËÂ Û
ÌËÊÌÂ„Ó ÚÓˆ‡ ÍÓÎÓÌÌ˚ ÚÛ·; Ó˜Â‚Ë‰ÌÓ, ˜ÚÓ ‡Ò˜ÂÚ˚ ÔÓ ÓÔ-
Â‰ÂÎÂÌË˛ ·‡¯ ‚˚ÔÓÎÌfl˛ÚÒfl ÏÂÚÓ‰ÓÏ ÔÓÒÎÂ‰Ó‚‡ÚÂÎ¸Ì˚ı ÔË-
·ÎËÊÂÌËÈ.
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ÑÎfl Û‰Ó·ÒÚ‚‡ ÔÓ‚Â‰ÂÌËfl ‡Ò˜ÂÚÓ‚ ÔÂ‰ÒÚ‡‚ËÏ Û‡‚ÌÂÌËÂ
(5.18) ‚ “·ÂÁ‡ÁÏÂÌÓÏ” ‚Ë‰Â:

    

γ

α
γ

γ
α

γ

γ

Ê

a Ú

Ê

a

Ê

Ê

a

·‡¯

a

Ê

a
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Ê

l

p
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p
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
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


1

1 1
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1 10 0
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,

,
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+


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












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


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


p

p

q

q
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q

q

q q

q
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a

a

Ê

Ê ·‡¯
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Ê

a

Ê
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a

Ê
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Ê
1 1019

019
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0 388708

1
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0
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,
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,

α

α

γ

γ
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
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









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
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
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
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‡
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, (5.19)

„‰Â 
    

q q

g d
Ê

Ê
1/7

Ê

Ê
1/7

= µ

γ 3 7 19 7/ /
;

    

ξ·‡¯

Ê

a

·‡¯

a

Ê

a

·‡¯

a

=
+

+

1

0 19

q

q

p

p

q

q

p

p
,

;

    

ξ‡

Ê

a

Ê

a

=
+

+

1

0 19

q

q

q

q
,

.

ê‡Ò˜ÂÚ˚ ÔÓ Û‡‚ÌÂÌË˛ (5.19) ÏÓÊÌÓ ÔÓ‚Ó‰ËÚ¸ Ú‡Í: ÔË

ÔËÌflÚ˚ı 
    

q

q
a

Ê
, 

  

γ

γ
Ú

Ê
, α0 Á‡‰‡ÂÏÒfl ‡ÁÎË˜Ì˚ÏË ·‡¯/‡ Ë

ÓÔÂ‰ÂÎflÂÏ ÁÌ‡˜ÂÌËÂ γÊl/p‡.

Ç˚ÔÓÎÌËÏ ‡Ò˜ÂÚ˚ ÔË γÚ/γÊ = 2,6, α0 = 0,1, 
    

q

q
‡

Ê
 = 20,
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    qÊ = 0,13 Ë ‡ÁÎË˜Ì˚ı ·‡¯/‡. èË ÔËÌflÚ˚ı ËÒıÓ‰Ì˚ı
‰‡ÌÌ˚ı Û‡‚ÌÂÌËÂ (5.19) ÔËÌËÏ‡ÂÚ ‚Ë‰
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a ·‡¯

a

l

p

p

p p

p
= + − −

+



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êÂÁÛÎ¸Ú‡Ú˚ ‡Ò˜ÂÚÓ‚ ÔÓ ‚˚‡ÊÂÌË˛ (5.20) ÔË‚Â‰ÂÌ˚ ‚
Ú‡·Î. 5.1.

íÂÔÂ¸ Ì‡È‰ÂÏ ‰‡‚ÎÂÌËÂ Ì‡„ÌÂÚ‡ÌËfl.
èÂÂÔ‡‰ ‰‡‚ÎÂÌËfl dp Ì‡ ‰ËÙÙÂÂÌˆË‡Î¸ÌÓ Ï‡ÎÓÏ Û˜‡ÒÚÍÂ

dx ÓÔÂ‰ÂÎflÂÚÒfl Í‡Í

dp = γ„dx, (5.21)

„‰Â γ„ – Û‰ÂÎ¸Ì˚È ‚ÂÒ „‡Á‡ ÔË ‰‡ÌÌÓÏ ‰‡‚ÎÂÌËË.
èË ËÁÓÚÂÏË˜ÂÒÍÓÏ ‡Ò¯ËÂÌËË Ë‰Â‡Î¸ÌÓ„Ó „‡Á‡

    
γ γ„ ‡

a
= p

p
, (5.22)

„‰Â γ‡ – Û‰ÂÎ¸Ì˚È ‚ÂÒ „‡Á‡ ÔË ÌÓÏ‡Î¸Ì˚ı ÛÒÎÓ‚Ëflı;  Ë  
‡ – ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ ‰‡‚ÎÂÌËÂ ‚ ‰‡ÌÌÓÏ ÒÂ˜ÂÌËË Ë ‡ÚÏÓÒ-
ÙÂÌÓÂ ‰‡‚ÎÂÌËÂ.

áÌ‡˜ËÚ, ÔÓ (5.21) Ë (5.22) ËÏÂÂÏ

    
ln p

p

l

p
Ì

·‡¯

‡

a
= γ .

éÚÒ˛‰‡

      p p
l

p
Ì ·‡¯

a
a= e

γ

, (5.23)

„‰Â Ì – ‰‡‚ÎÂÌËÂ Ì‡„ÌÂÚ‡ÌËfl.
Ç˚‡ÊÂÌËÂ (5.23) ËÁ‚ÂÒÚÌÓ Í‡Í ÙÓÏÛÎ‡ ã‡ÔÎ‡Ò‡. êÂ‡Î¸Ì˚Â

„‡Á˚ ‚ ÓÚÎË˜ËÂ ÓÚ Ë‰Â‡Î¸Ì˚ı ÔÓ‰˜ËÌfl˛ÚÒfl Û‡‚ÌÂÌË˛
ÒÓÒÚÓflÌËfl

    

p zRT
γ „

= , (5.24)

„‰Â z – ÍÓ˝ÙÙËˆËÂÌÚ ÒÊËÏ‡ÂÏÓÒÚË „‡Á‡; ÓÔÂ‰ÂÎflÂÚÒfl ‚
ÂÁÛÎ¸Ú‡ÚÂ ˝ÍÒÔÂËÏÂÌÚ‡Î¸Ì˚ı ËÒÒÎÂ‰Ó‚‡ÌËÈ Ë Á‡‚ËÒËÚ ÓÚ
ÚÂÏÔÂ‡ÚÛ˚ Ë ‰‡‚ÎÂÌËfl.

ÖÒÎË ÔËÌflÚ¸, ˜ÚÓ z – ‚ÂÎË˜ËÌ‡ ÔÓÒÚÓflÌÌ‡fl Ë ÓÔÂ‰Â-
ÎflÂÚÒfl ÔË ÒÂ‰ÌËı ÁÌ‡˜ÂÌËflı  Ë í, ÚÓ Û‡‚ÌÂÌËÂ ã‡ÔÎ‡Ò‡
ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸ Ú‡Í:

í ‡ · Î Ë ̂  ‡  5.1

    

p

p
·‡¯

a     

γ Ê

a

l

p     

p

p
·‡¯

a     

γ Ê

a

l

p     

p

p
·‡¯

a     

γ Ê

a

l

p     

p

p
·‡¯

a     

γ Ê

a

l

p

10 19,430 35 53,832 60 80,736 85 105,161
15 27,679 40 59,529 65 85,762 90 109,870
20 34,967 45 65,038 70 90,708 95 114,622
25 41,558 50 70,392 75 95,584 100 119,161
30 47,894 55 75,617 80 100,400 105 123,758
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      p p
lT

T p z
Ì ·‡¯

a a
cp a cp= e
γ

, (5.25)

„‰Â zÒ – ÁÌ‡˜ÂÌËÂ z, Ì‡È‰ÂÌÌÓÂ ÔË ÒÂ‰ÌÂÏ ‰‡‚ÎÂÌËË  Ë
ÚÂÏÔÂ‡ÚÛÂ íÒ.

èÂ‰ÒÚ‡‚ËÏ ‚˚‡ÊÂÌËÂ (5.23) ‚ ‚Ë‰Â

      p p
l

p
Ì ·‡¯

a Ê
Ê a= e

γ γ

γ . (5.26)

ÖÒÎË ÔËÌflÚ¸, ˜ÚÓ 
  

γ

γ
‡

Ê
 =0,001, ÚÓ

      

p

p

p

p

l
pÌ

a

·‡¯

a

Ê
a= e

0 001,
γ

. (5.27)

èË ‡ÁÎË˜Ì˚ı 
    

p

p
·‡¯

a
 Ë ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘Ëı 

    

γ Ê

a

l

p
, ‚ÁflÚ˚ı ËÁ

Ú‡·Î. 5.1, ÔÓ ÙÓÏÛÎÂ (5.27) ·˚ÎË ÔÓ‚Â‰ÂÌ˚ ‡Ò˜ÂÚ˚ ‰Îfl

ÓÔÂ‰ÂÎÂÌËfl 
    

p

p
Ì

a
 (Ú‡·Î. 5.2).

èÓ‚ÂËÏ ÔË ÔËÌflÚ˚ı qÊ Ë qÚ, ·Û‰ÂÚ ÎË ‚˚ÌÓÒËÚ¸Òfl
Ú‚Â‰‡fl ˜‡ÒÚËˆ‡.

ëÓ„Î‡ÒÌÓ ÔËÌflÚ˚Ï ËÒıÓ‰Ì˚Ï ‰‡ÌÌ˚Ï, ‡ Ú‡ÍÊÂ γÊ =   
= 104 ç/Ï3, µÊ = 10–3 è‡⋅Ò, d = 0,15#Ï Ë     qÊ = 0,13 ËÏÂÂÏ:

    

q g d q
Ê

Ê

1
7

Ê

Ê

1
7

= = =⋅ ⋅ ⋅γ

µ

3
7

19
7 3 7276 2 6607 0 0058033 0 13

0 3727595
0 02, , , ,

,
,  Ï3/Ò.

áÌ‡˜ËÚ, ÒÂ‰Ìflfl ÒÍÓÓÒÚ¸ ÊË‰ÍÓÒÚË Û ÌËÊÌÂ„Ó ÚÓˆ‡
ÍÓÎÓÌÌ˚

    

v q

d
Ê

Ê=
−

4

12π ϕ( )
,

í ‡ · Î Ë ̂  ‡  5.2
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p
·‡¯
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p

p
Ì

a     

p

p
·‡¯

a     

p

p
Ì

a     

p

p
·‡¯

a     

p

p
Ì

a     

p

p
·‡¯

a     

p

p
Ì

a

10 10,196 35 36,936 60 65,045 85 94,42
15 16,765 40 42,453 65 70,820 90 100,45
20 20,711 45 48,024 70 76,646 95 106,54
25 26,061 50 53,646 75 82,523 100 112,66
30 31,472 55 59,320 80 88,449 105 116,62
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ËÎË

    

v q

d
Ê

Ê=
−

4

1 0 812π β( , )
.

Ç ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò (5.3) Ë (5.4)

    

β =
+

q

q

p

p

q

q

p

p

a

Ê

a

·‡¯

a

Ê

a

·‡¯
1

.

èË Ì‡¯Ëı ËÒıÓ‰Ì˚ı ‰‡ÌÌ˚ı

  

β =
+

20
80

20
80

1
;

β = 0,2.

ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ,

    
vÊ = ⋅

⋅

4 0 02

0 15 0 8382

,

, ,π
;

vÊ = 1,35 Ï/Ò.

ëÓ„Î‡ÒÌÓ ÙÓÏÛÎÂ (2.8) ÔË Re > 1500 ÒÍÓÓÒÚ¸ Ò‚Ó·Ó‰ÌÓ-
„Ó Ô‡‰ÂÌËfl ˜‡ÒÚËˆ˚

    
v s

d g= −0 66395, ( )Ú Úγ γ

γ
. (5.28)

èË γÚ = 2,6⋅104 ç/Ï3 Ë γ = 104 ç/Ï3

    v ds = 2 63045, . Ú (5.29)

Ç Ú‡·Î. 5.3 ÔË‚Â‰ÂÌ˚ ÁÌ‡˜ÂÌËfl vs ÔË ‡ÁÎË˜Ì˚ı dÚ.
Ç Ú‡·Î. 5.3 ÔË‚Ó‰ËÚÒfl Ú‡ÍÊÂ Ô‡‡ÏÂÚ êÂÈÌÓÎ¸‰Ò‡, ÓÔÂ-

‰ÂÎflÂÏ˚È ÔÓ ÙÓÏÛÎÂ

    
Re = v ds Ú

ν
.

í ‡ · Î Ë ̂  ‡  5.3

dÚ, Ï vs, Ï/Ò Re dÚ, Ï vs, Ï/Ò Re
0,010 0,2630 2#630 0,028 0,4402 12#326
0,013 0,2999 3#898 0,031 0,4631 14#356
0,016 0,3327 5#323 0,034 0,4850 16#450
0,019 0,3626 6#889 0,037 0,5060 18#722
0,022 0,3902 8#584 0,040 0,5261 21#044
0,025 0,4159 10#397 0,043 0,5455 23#456
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í‡Í Í‡Í Re > 1500, ÚÓ ÔÓÎÛ˜ÂÌÌ˚Â ÁÌ‡˜ÂÌËfl vs ÏÓÊÌÓ
ÔËÌflÚ¸. àÁ Ò‡‚ÌÂÌËfl ÁÌ‡˜ÂÌËÈ vs, ÔË‚Â‰ÂÌÌ˚ı ‚ Ú‡·Î. 5.3,
Ë vÊ ‚Ë‰ÌÓ, ˜ÚÓ ‚Ó ‚ÒÂı ÒÎÛ˜‡flı vÊ > vs, Ú.Â. ‚˚ÌÓÒ ˜‡ÒÚËˆ˚
·Û‰ÂÚ Ó·ÂÒÔÂ˜ÂÌ ‰‡ÊÂ Û ·‡¯Ï‡Í‡ (ÌËÊÌÂ„Ó ÚÓˆ‡); ‚ ÒÂ˜ÂÌËflı
Ò ÏÂÌ¸¯ËÏË  ËÏÂÂÏ ·ÓÎÂÂ ‚˚ÒÓÍÓÂ „‡ÁÓÒÓ‰ÂÊ‡ÌËÂ, ‡
ÁÌ‡˜ËÚ, Ë ÓÚÌÓÒËÚÂÎ¸ÌÓ ·ÓÎ¸¯ËÂ vÊ.

Ç ÒÎÛ˜‡Â, ÂÒÎË ‰‡‚ÎÂÌËÂ Û ‚ÂıÌÂ„Ó ÚÓˆ‡ ‚ÂÚËÍ‡Î¸ÌÓÈ
ÍÓÎÓÌÌ˚ Û ÌÂ ‡‚ÌÓ ‡ÚÏÓÒÙÂÌÓÏÛ ‡, ÔÓ ‡Ì‡ÎÓ„ËË Ò (5.19)
ÔÓÎÛ˜ËÏ
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, (5.30)

„‰Â 

    

ξÛ

Ê

‡

Û

a

Ê

‡

Û

a

=
+

+

1

0 19

q

q

p

p

q

q

p

p
,

.

Ç˚¯ÂÔË‚Â‰ÂÌÌ˚Â ÒÓÓÚÌÓ¯ÂÌËfl ÔËÏÂÌËÏ˚, ÍÓ„‰‡ ÔÓ
‚ÒÂÈ ‰ÎËÌÂ ÎËÙÚ‡ β < 0,9.

Ñ‡‚ÎÂÌËÂ ′, ‡Á‰ÂÎfl˛˘ÂÂ ‚ÂÒ¸ ÔÓÚÓÍ Ì‡ ‰‚Â ˜‡ÒÚË –
‰ÎËÌÓÈ l1, „‰Â β ≤ 0,9, Ë ‰ÎËÌÓÈ l2, „‰Â β > 0,9, – ÓÔÂ‰ÂÎflÂÚÒfl
ËÁ ‚˚‡ÊÂÌËfl ‰Îfl β ÔË ÛÒÎÓ‚ËË β = 0,9, Ú.Â.

    

q
p

p

q
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p
q

a
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a
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′

′
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= 0 9, .
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éÚÒ˛‰‡

    
′ =p q

q

p‡

Ê

‡

9
, (5.31)

„‰Â ′ – ‰‡‚ÎÂÌËÂ ‚ ÒÂ˜ÂÌËË, „‰Â β = 0,9.
Ç ‡·ÓÚÂ [9] ·˚ÎÓ ÛÒÚ‡ÌÓ‚ÎÂÌÓ, ˜ÚÓ ËÒÚËÌÌÓÂ

„‡ÁÓÒÓ‰ÂÊ‡ÌËÂ ÔË β > 0,9 ÏÓÊÂÚ ·˚Ú¸ Ì‡È‰ÂÌÓ Ú‡Í:

ϕ = 2,503β – 1,503. (5.32)

èÓÚÂË ‰‡‚ÎÂÌËfl Ì‡ ÚÂÌËÂ Ì‡ ‰ËÙÙÂÂÌˆË‡Î¸ÌÓ Ï‡ÎÓÏ
Û˜‡ÒÚÍÂ ‰ÎËÌÓÈ dx ÒÓ„Î‡ÒÌÓ [9]

    

dp dpÚ Ú#0=
−

1

1 2( )
,

ϕ
(5.33)

„‰Â dpÚ#0 – ÔÓÚÂË ‰‡‚ÎÂÌËfl Ì‡ ÚÂÌËÂ ÔË ‰‚ËÊÂÌËË
Ó‰ÌÓÓ‰ÌÓÈ ÊË‰ÍÓÒÚË.

íÓ„‰‡ ÔÓ ÙÓÏÛÎ‡Ï Ñ‡ÒË – ÇÂÈÒ·‡ı‡, ÅÎ‡ÁËÛÒ‡ Ë (5.32)

    

dp dxq
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Ê
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, (5.34)

ËÎË ÔÓ (5.32) Ë (5.34)
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ëÓÒÚ‡‚Ë‚ Û‡‚ÌÂÌËÂ ‰ËÌ‡ÏË˜ÂÒÍÓ„Ó ‡‚ÌÓ‚ÂÒËfl ‰Îfl
‰ËÙÙÂÂÌˆË‡Î¸ÌÓ Ï‡ÎÓ„Ó Û˜‡ÒÚÍ‡ dx Ë ËÒÔÓÎ¸ÁÓ‚‡‚ (5.32) Ë
(5.35), ÔÓÎÛ˜ËÏ:
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. (5.36)

á‰ÂÒ¸ l2 – ‰ÎËÌ‡ Û˜‡ÒÚÍ‡ ÚÛ·, Ì‡ ÍÓÚÓÓÏ ‡ÒıÓ‰ÌÓÂ
„‡ÁÓÒÓ‰ÂÊ‡ÌËÂ β > 0,9.
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Ç˚‡ÊÂÌËÂ (5.36) ÔÂ‰ÒÚ‡‚ËÏ Ú‡Í:
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2,503y1 – 1 = V.
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Ç ÂÁÛÎ¸Ú‡ÚÂ ËÌÚÂ„ËÓ‚‡ÌËfl Ë ÔÓ‚Â‰ÂÌËfl Ó·‡ÚÌ˚ı Á‡-
ÏÂÌ ÔÓÎÛ˜ËÏ
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ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ÔÓ ‚˚‡ÊÂÌËflÏ (5.38) Ë (5.39)
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ÑÎfl ÚÓ„Ó ˜ÚÓ·˚ ËÒÔÓÎ¸ÁÓ‚‡Ú¸ ÙÓÏÛÎÛ (5.40) ‚ ÒÎÛ˜‡Â „Ë‰-
ÓÚ‡ÌÒÔÓÚ‡ „Ë‰ÓÒÏÂÒË, ÌÂÓ·ıÓ‰ËÏÓ Á‡ÏÂÌËÚ¸ γÊ Û‰ÂÎ¸Ì˚Ï
‚ÂÒÓÏ ÒÏÂÒË ÊË‰ÍÓÒÚË Ë Ú‚Â‰ÓÈ Ù‡Á˚, ÓÔÂ‰ÂÎflÂÏÓÈ ÒÓ„Î‡Ò-
ÌÓ (3.7), ‚flÁÍÓÒÚ¸ ÊË‰ÍÓÒÚË µÊ – ‚flÁÍÓÒÚ¸˛ ÒÏÂÒË ‚ ÒÓÓÚ‚ÂÚ-
ÒÚ‚ËË Ò ÙÓÏÛÎÓÈ íÓÏ‡Ò‡ (3.16), ‡ Ú‡ÍÊÂ     qÊ

1,75 = (qÊ + qÚ)
1,75.

áÌ‡˜ËÚ, ÔÓ (5.40), (3.7) Ë (3.16) ÏÓÊÂÏ Á‡ÔËÒ‡Ú¸:
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é˜Â‚Ë‰ÌÓ, ˜ÚÓ Ó·˘Û˛ ‰ÎËÌÛ ÎËÙÚ‡ ÏÓÊÌÓ ÔÂ‰ÒÚ‡‚ËÚ¸ Í‡Í
l = l1 + l2. (5.42)

íÓ„‰‡, ÔÓÎ‡„‡fl, ˜ÚÓ l1 ÓÔÂ‰ÂÎflÂÚÒfl ÔÓ (5.30), ‚
ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò (5.41) Ë (5.42) ÔË ÛÒÎÓ‚ËË Û = ′ Ë ξÛ = ξ′
ÔÓÎÛ˜ËÏ:
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q
p
p

p
p

p

p

q q

q

=

+ −










′ ′









+ −






















+ − + ×1

1 1
2 503

0 006151

1 10 0

,

,ln

    
× + + + ×

−















 1+ 0

0
0

α

α
α α α

1
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0
2 16 6 0

0 25
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,
,

,
, , , e

    

× − − + + −′









































 ′

+ ′

′

+







 2 Ê

‡ ‡

Ê Û

‡ ‡

Û a a Ê

Ê

a a Ê Û

Ê Û

q p

q p

q p

q p

p

p

q p q p

q p

q p q p

q p

3 3

4 6ln +

    

+ − + − + ×
′



































 ′











































 + −











2 a a

Ê

‡ ‡

Ê Û

a a

Ê

‡ ‡

Ê Û Ú

Ê

q p

q p

q p

q p

q p

q p

q p

q p

2 2 3 3

0

1
3

0 81

1 1

,

α
γ

γ

    

× + + ×
+

′
+

− ′

+ −






















q

q

q

q

p

p

q

q
p
p

p p

p

q

q
qa

Ê

Ê

a

·‡¯

a

Ê

a a

·‡¯

a
Ú

Ê

Ê
1,75 a

Ê
ln ,

,

,

0 19

0 19 1 10

0 3887
α

γ

γ

    
× + + + ×

−















 1+ 0

0

Ú

Ê
0

α

α

γ

γ
α α α

1
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0
2 16 6 0

0 25
1 2 5 10 05 0 00273
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,

,
, , , e

  

× − ′ + − ′ + − ′ + ×








































 −

 ·‡¯

5
2

·‡¯

3
2

·‡¯
·‡¯

·‡¯1
1
5

2
3

5
2

3
2 3ξ ξ ξ ξ ξ ξ

ξ

ξ
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× − − + +
+

−

′

− ′

′ +

′ − −

′

− ′
ln ln

, ,ξ

ξ

ξ

ξ

ξ

ξ

ξ

ξ

ξ

ξ
·‡¯

·‡¯

·‡¯

·‡¯1

1

1 1

1

1

15 15

1

  

+
+( ) ′ −( )
−( ) ′ +( )









1
2

1 1

1 1
ln ,

ξ ξ

ξ ξ

·‡¯

·‡¯

(5.43)

„‰Â 

    

′ =
+

′

+
′

ξ
1

0 19

q

q
p
p

q

q
p
p

Ê

a a

Ê

a a
,

.

ê‡Ò˜ÂÚ˚ ÔÓÍ‡Á‡ÎË, ˜ÚÓ ‚ÚÓ˚Ï ÒÎ‡„‡ÂÏ˚Ï Ô‡‚ÓÈ ˜‡ÒÚË
‚˚‡ÊÂÌËfl (5.43) ÏÓÊÌÓ ÔÂÌÂ·Â˜¸ ‚‚Ë‰Û Â„Ó ÓÚÌÓÒËÚÂÎ¸ÌÓÈ
Ï‡ÎÓÒÚË. íÓ„‰‡ ÔÓÎÛ˜‡ÂÏ ÒÎÂ‰Û˛˘ÂÂ ‡Ò˜ÂÚÌÓÂ ÒÓÓÚÌÓ¯ÂÌËÂ:

    

γ

α
γ

γ
α

γ

γ

Ê

a Ú

Ê

a

Ê Û ‡

Û

‡ Ú

Ê

‡

Ê

l

p

q

q
p
p

p
p

p

p

q

q
=

+ −










′ ′









+ −










+ − + ×1

1 1
2 503

0 81

1 10 0
,

,ln

    

× + + ×
+

′
+

− ′
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





















ln ,
,

,

q

q

p

p

q

q
p
p

p p

p

q

q
q

Ê

a

·‡¯

a

Ê

a a

·‡¯

a
Ú

Ê

Ê
1,75 a

Ê

019

019 1 10

03887
α

γ

γ

    
× + + + ×

−















 1+ 0

0

Ú

Ê
0

α

α

γ

γ
α α α

1
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0
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,
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× − ′ + − ′ + − ′ + ×








































 −

 ·‡¯

5
2

·‡¯

3
2

·‡¯
·‡¯

·‡¯1
1
5

2
3

5
2

3
2 3ξ ξ ξ ξ ξ ξ

ξ

ξ

  

× − − + +
+

−

′

− ′

′ +

′ − −

′

− ′
ln ln

, ,ξ

ξ

ξ

ξ

ξ

ξ

ξ

ξ

ξ

ξ
·‡¯

·‡¯

·‡¯

·‡¯1

1

1 1

1

1

15 15

1

  

+
+( ) ′ −( )
−( ) ′ +( )









1
2

1 1

1 1
ln .

ξ ξ

ξ ξ

·‡¯

·‡¯

(5.44)

èÓ‚Â‰ÂÏ ‡Ò˜ÂÚ˚ ÔÓ (5.44) Ë Ò‡‚ÌËÏ ÔÓÎÛ˜‡ÂÏ˚Â ÔË
˝ÚÓÏ ÂÁÛÎ¸Ú‡Ú˚ Ò ‰‡ÌÌ˚ÏË, ÔË‚Â‰ÂÌÌ˚ÏË ‚ Ú‡·Î. 5.1. ê‡Ò-
˜ÂÚ˚ ‚˚ÔÓÎÌËÏ ÔË γÚ/γÊ = 2,6, α0 = 0,1, q‡/qÊ = 20,   q  =
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= 0,13 Ë Û = p‡. ëÓ„Î‡ÒÌÓ ÙÓÏÛÎÂ (5.31) 
    

′ = =p
pa

20
9

2 22, ;

ËÏÂÂÏ Ú‡ÍÊÂ

  

′ = =
+

+

ξ
1

2 222
20

0 19
2 222
20

3 6900

,

,
,

, .

íÓ„‰‡ Û‡‚ÌÂÌËÂ (5.44) ÏÓÊÌÓ ÔÂÂÔËÒ‡Ú¸ ‚ ‚Ë‰Â

    

γ Ê

a

·‡¯

a ·‡¯

a

l

p

p

p p

p
= + + − +

+








6 5539 13 9655 2 22

3 8

6 0222
1
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, , ln ,
,

, ,

  

+ − + − + − +










































 ·‡¯

5
2

·‡¯

3
2

·‡¯0 28607 26 15 7 038 3 1 92091
5

2
3

, , , ,ξ ξ ξ

  

+ − − +
−

+

− −

+( )
−









ξ

ξ

ξ

ξ

ξ

ξ

ξ

ξ

·‡¯

·‡¯

·‡¯

·‡¯

·‡¯

·‡¯

·‡¯

·‡¯1
ln , ln

, ,1

1

15

1
1
2

0 31528 1

1
024686 . (5.45)

Ç Ú‡·Î. 5.4 ÔË‚Â‰ÂÌ˚ ÂÁÛÎ¸Ú‡Ú˚ ‡Ò˜ÂÚÓ‚ ÔÓ ‚˚‡ÊÂÌË˛
(5.45) ÔË ‡ÁÎË˜Ì˚ı ·‡¯/‡.

àÁ Ò‡‚ÌÂÌËfl ‰‡ÌÌ˚ı, ÔË‚Â‰ÂÌÌ˚ı ‚ Ú‡·Î. 5.1 Ë 5.4,
‚Ë‰ÌÓ, ˜ÚÓ ÔË ÁÌ‡˜ËÚÂÎ¸Ì˚ı ‰‡‚ÎÂÌËflı Û ÌËÊÌÂ„Ó ÚÓˆ‡
ÍÓÎÓÌÌ˚ ·‡¯ ‡ÒıÓÊ‰ÂÌËÂ ÏÂÊ‰Û γÊl/p‡ fl‚ÎflÂÚÒfl ÌÂÁÌ‡˜Ë-
ÚÂÎ¸Ì˚Ï.

í ‡ · Î Ë ̂  ‡  5.4

    

p

p
·‡¯

a     

γ Ê

a

l

p     

p

p
·‡¯

a     

γ Ê

a

l

p     

p

p
·‡¯

a     

γ Ê

a

l

p     

p

p
·‡¯

a     

γ Ê

a

l

p

10 15,539 35 48,566 60 75,955 85 101,034
15 22,370 40 54,345 65 81,094 90 105,996
20 29,587 45 59,944 70 86,154 95 110,585
25 36,268 50 65,398 75 91,085 100 115,334
30 42,562 55 70,728 80 96,081 105 120,046
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5.1. ÃÈÄHÎÄÈÍÀÌÈÊÀ ÝÐËÈÔÒÀ
Ñ Ó×ÅÒÎÌ ÐÀCÒÂÎÐÈÌÎÑÒÈ ÂÎÇÄÓÕÀ
(ÃÀÇÀ)  Â ÆÈÄÊÎÑÒÈ

ëÔÓÒÓ·ÌÓÒÚ¸ „‡Á‡ ‡ÒÚ‚ÓflÚ¸Òfl ‚ ÊË‰ÍÓÒÚË ÓÔÂ‰ÂÎflÂÚÒfl ÍÓ-
˝ÙÙËˆËÂÌÚÓÏ ‡ÒÚ‚ÓËÏÓÒÚË Ω , ÔÂ‰ÒÚ‡‚Îfl˛˘ËÏ ÒÓ·ÓÈ ÓÚ-
ÌÓ¯ÂÌËÂ Ó·˙ÂÏ‡ ‡ÒÚ‚ÓÂÌÌÓ„Ó „‡Á‡, ÔËıÓ‰fl˘Â„ÓÒfl Ì‡ ‰‡‚-
ÎÂÌËÂ 0,1#åè‡  Í Ó·˙ÂÏÛ ÊË‰ÍÓÒÚË. ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ÍÓÎË˜ÂÒÚ-
‚Ó ‡ÒÚ‚ÓÂÌÌÓ„Ó „‡Á‡ ÒÓÒÚ‡‚ÎflÂÚ

ΩpqÊ.

é·ÓÁÌ‡˜ËÏ ÓÚÌÓ¯ÂÌËÂ ‡ÒıÓ‰‡ ‚ÓÁ‰Ûı‡ ÔË ÌÓÏ‡Î¸Ì˚ı
ÛÒÎÓ‚Ëflı q‡ Í ‡ÒıÓ‰Û ÊË‰ÍÓÒÚË qÊ ˜ÂÂÁ Γ, Ú.Â.

    
Γ = q

q
a

Ê
.

áÌ‡˜ËÚ, ÂÒÎË „‡Á ÌÂ ‡ÒÚ‚ÓflÂÚÒfl ‚ ÊË‰ÍÓÒÚË, ÚÓ ‡ÒıÓ‰
„‡Á‡ qÊΓ.

í‡ÍËÏ Ó·‡ÁÓÏ, ‡ÒıÓ‰ Ë‰Â‡Î¸ÌÓ„Ó „‡Á‡, ÔËÌËÏ‡˛˘Â„Ó
Û˜‡ÒÚËÂ ‚ ‰‚ËÊÂÌËË ÔË ËÁÓÚÂÏË˜ÂÒÍÓÏ ‡Ò¯ËÂÌËË „‡Á‡,
ÏÓÊÌÓ ÓÔÂ‰ÂÎËÚ¸ Í‡Í

    
q q pp

p„ Ê a= −Γ Ω .

íÓ„‰‡ ‡ÒıÓ‰ÌÓÂ „‡ÁÓÒÓ‰ÂÊ‡ÌËÂ

    

β =

−

−
+

q
p

p
p

q
p

p
p q

Ê a

Ê a Ê

Γ Ω

Γ Ω
,

ËÎË

    

β = −

− +

Γ Ω

Γ Ω

p

p
p
pa

. (5.46)

ê‡ÒÒÏÓÚËÏ Û˜‡ÒÚÓÍ ÍÓÎÓÌÌ˚ ÚÛ· ‰ÎËÌÓÈ l1, Ì‡ ÍÓÚÓÓÏ
β < 0,9.

Ç ˝ÚÓÏ ÒÎÛ˜‡Â ÔÓ (5.1) Ë (5.46)

    

ϕ = −

− +

0 81, ( )Γ Ω

Γ Ω

p

p
p
pa

. (5.47)

èÓ‰ÒÚ‡‚Ë‚ (5.47) ‚ (5.7) ÔË ÛÒÎÓ‚ËË
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γ„ϕ << γÊ(1 – ϕ),

ÏÓÊÂÏ Á‡ÔËÒ‡Ú¸:

    

dp dxG
p

p
p
p

= − −

− +





















γ Ê

a

 1 0 81, ( )Γ Ω

Γ Ω

,

ËÎË

    

dp dxG

p
p
p

p
p
p

=
− +













− +

γ Ê
a

a

0 19, ( )Γ Ω

Γ Ω

. (5.48)

ÑÎfl ÓÔÂ‰ÂÎÂÌËfl dpG ‚ ÒÎÛ˜‡Â ‰‚ËÊÂÌËfl ‡˝ËÓ‚‡ÌÌÓÈ
„Ë‰ÓÒÏÂÒË ÌÂÓ·ıÓ‰ËÏÓ ‚ (5.48) Á‡ÏÂÌËÚ¸ γÊ ÁÌ‡˜ÂÌËÂÏ γÒÏ,
‚˚‡Ê‡ÂÏ˚Ï ÒÓ„Î‡ÒÌÓ (3.8), ÚÓ„‰‡ ÔÓÎÛ˜ËÏ

    

dp dxG
q q

q q

p
p
p

p
p
p

= +

+

− +

− +

γ γÊ Ê Ú Ú

Ú Ê

a

a

0 19, ( )Γ Ω

Γ Ω

. (5.49)

Ç Ó·˘ÂÏ ÒÎÛ˜‡Â ÍÓ˝ÙÙËˆËÂÌÚ ‡ÒÚ‚ÓËÏÓÒÚË Ω  Á‡‚ËÒËÚ
ÓÚ ‰‡‚ÎÂÌËfl.

ÑÎfl ÛÔÓ˘ÂÌËfl Â¯ÂÌËfl Á‡‰‡˜Ë ÔÂ‰Î‡„‡ÂÚÒfl ÓÚ ÍË‚ÓÈ
Á‡‚ËÒËÏÓÒÚË

Ω = f(p)

ÔÂÂÈÚË Í ÙÛÌÍˆËË

Ωp = Φ(p),

˜ÚÓ ÔÓÁ‚ÓÎflÂÚ Ω Á‡ÏÂÌËÚ¸ ÒÂ‰ÌÂËÌÚÂ„‡Î¸Ì˚Ï ÁÌ‡˜ÂÌËÂÏ

    

Ω Ωp pdp
p p

p

p

=
− ∫1

·‡¯ Û
Û

·‡¯

. (5.50)

íÓ„‰‡ ‰ËÙÙÂÂÌˆË‡Î¸ÌÓ Ï‡ÎÓÂ ÁÌ‡˜ÂÌËÂ „‡‚ËÚ‡ˆËÓÌÌÓÈ
ÒÓÒÚ‡‚Îfl˛˘ÂÈ Á‡ÔË¯ÂÚÒfl Ú‡Í:

    

dp dxG
q q

q q

p p p

p p p
= +

+

− +

− +

γ γÊ Ê Ú Ú

Ú Ê

a

a

0 19, ( )

( )
.Γ Ω

Γ Ω
(5.51)

ÑËÙÙÂÂÌˆË‡Î¸ÌÓ Ï‡ÎÓÂ ÁÌ‡˜ÂÌËÂ ÔÓÚÂ¸ ‰‡‚ÎÂÌËfl Ì‡
ÚÂÌËÂ Ì‡ Û˜‡ÒÚÍÂ ‰ÎËÌÓÈ dx ÔË ‰‚ËÊÂÌËË „‡ÁÓÊË‰ÍÓÒÚÌÓÈ
ÒÏÂÒË ÒÓ„Î‡ÒÌÓ ÙÓÏÛÎ‡Ï (5.11), (5.12) Ë (5.47) Ì‡È‰ÂÏ Ú‡Í:
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dp dxq

g d

p
p
p

p
p
p

Ú
Ê
0,25

Ê
0,75

Ê
1,75

a

a

=
− +

− +





















0241434
075 475

153

019
, .

, ,

,

, ( )

µ γ
Γ Ω

Γ Ω

àÎË, ÔËÌËÏ‡fl Ω ‡‚Ì˚Ï ÒÂ‰ÌÂËÌÚÂ„‡Î¸ÌÓÏÛ ÁÌ‡˜ÂÌË˛

  Ωp , ÏÓÊÂÏ Á‡ÔËÒ‡Ú¸:

    

dp dxq

g d

p p p

p p p
Ú

Ê
0,25

Ê
0,75

Ê
1,75

a

a

= − +

− +















0241434
075 475

153

019
, .

, ,

,
( )

, ( )

µ γ Γ Ω

Γ Ω
(5.52)

ÑÎfl ÚÓ„Ó ˜ÚÓ·˚ ËÒÔÓÎ¸ÁÓ‚‡Ú¸ (5.52) ‚ ÒÎÛ˜‡Â „Ë‰ÓÚ‡ÌÒ-
ÔÓÚ‡ „Ë‰ÓÒÏÂÒÂÈ Ò ÔÓÏÓ˘¸˛ ˝ÎËÙÚ‡, ÌÂÓ·ıÓ‰ËÏÓ ‚ÏÂÒÚÓ
γÊ ÔÓ‰ÒÚ‡‚ËÚ¸ γÒÏ ÔÓ (3.8), qÊ Á‡ÏÂÌËÚ¸ ‡ÒıÓ‰ÓÏ ÒÏÂÒË Ú‚Â-
‰ÓÈ Ë ÊË‰ÍÓÈ Ù‡Á˚, ‡ µÊ ÔË‡‚ÌflÚ¸ Í µÒÏ, ÓÔÂ‰ÂÎflÂÏÓÈ ÔÓ
ÙÓÏÛÎÂ (3.16).

íÓ„‰‡ ÔÓÎÛ˜ËÏ

    

dp q

g d
Ú

Ê Ú Ê
1,75

Ê
0,25= + + +− +0 241434 1 0 0

0 75

0 75 4 75 0 0
21 2 5 10 05, [ ( ) ] ,

, ,
( , ,γ α γ α µ α α

      

+ − +

− +















 a

a

0 00273 16 6 0 0 25

153

019
, ) ., ,

,
( )

, ( )
e α Γ Ω

Γ Ω

p p p

p p p
dx (5.53)

áÌ‡˜ËÚ, ÔÓ (5.51) Ë (5.53) ÏÓÊÂÏ ÒÓÒÚ‡‚ËÚ¸ ÒÎÂ‰Û˛˘ÂÂ Û‡‚-
ÌÂÌËÂ:

    

dp p p p

p p p
= − + +− +

− +






[ ( ) ] , ( )

( )
γ α γ αÊ Ú

a

a

1 0 0
019 Γ Ω

Γ Ω

    

+ + + +− +

−

0 241434 1

1
0 0

0 75

0 75 4 75
0
175 0 0

21 2 5 10 05, [ ( ) ]

( )

,

, , ,
( , ,γ α γ α µ

α
α αÊ Ú Ê

1,75
Ê
0,25q

g d

      

+ − +

− +























 a

a

 0 00273 16 6 0 0 25

153

019
, ) ., ,

,
( )

, ( )
e α Γ Ω

Γ Ω

p p p

p p p
dx

êÂ¯Ë‚ ‰ËÙÙÂÂÌˆË‡Î¸ÌÓÂ Û‡‚ÌÂÌËÂ, ÔÓÎÛ˜ËÏ:

    

γ α αγ

γ
Ê 1

Ú

Ê

·‡¯
a

a

l
p

p
p p p

p p p
= − + +

















− +

− +
′
∫ 1 0 0

019, ( )

( )

Γ Ω

Γ Ω
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+ + + +
− +











−

0 241434 1

1

0 0

0 75

0
175 0 0

21 2 5 10 05
,

( )

,

,
( , ,

α
γ

γ
α

α
α α

Ú

0
Ê
1,75q

      

+ − +

− +























−

 a

a

 0 00273 16 6 0 0 25

153
1

019
, ), ,

,
( )

, ( )
e α Γ Ω

Γ Ω

p p p

p p p
dp ,

ËÎË

    

γ Ê 1

a

a
1

a

a

·‡¯

A Å

l dp

p p p

p p p

p p p

p p p

p

p

=
− +

− +
+

− +

− +















′
∫

1

153
019

019

, ( )

( )

( )

, ( )

,
,

Γ Ω

Γ Ω

Γ Ω

Γ Ω

(5.54)

„‰Â

  
Ä1

Ú

Ê
= + −









1 10α

γ

γ
;

      

Å1

Ú

Ê
Ê
1,75

= + + +
− +











−

0 241434 1

1

0 0

0 75

0
175 0 0

2 16 6 01 2 5 10 05 0 00273
,

( )

,

,
,( , , , ).

α
γ

γ
α

α
α α α

q

e

Ç˚‡ÊÂÌËÂ (5.54) ÔÂ‰ÒÚ‡‚ËÏ ‚ ‚Ë‰Â

    

γ Ê 1

a

a
1 a

a

·‡¯

A
Å

A

l
p p p dp

p p p
p p p

p p p

p

p

=
− +





− +





+
− +

− +































′
∫1

019 1
019

1

1

2 53

( )

, ( )
( )

, ( )

,
.

Γ Ω

Γ Ω
Γ Ω

Γ Ω

(5.55)

èÓ Ô‡‚ËÎÛ ÔË·ÎËÊÂÌÌÓ„Ó ‚˚˜ËÒÎÂÌËfl

    

1
a x a

x

a+
= −1

2
. (5.56)

Ç˚‡ÊÂÌËÂÏ (5.56) ÏÓÊÌÓ ÔÓÎ¸ÁÓ‚‡Ú¸Òfl ÔË ı << ‡.
Ç Ì‡¯ÂÏ ÒÎÛ˜‡Â

a = 1; 
    

x p p p

p p p
= − +

− +















Å

A
1 a

a1

2 53

019

( )

, ( )

,
Γ Ω

Γ Ω
.

íÓ„‰‡ ÙÓÏÛÎÛ (5.55) ÏÓÊÌÓ ÔÂÂÔËÒ‡Ú¸ Ú‡Í:
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γ Ê 1
a

a

1 a

a

·‡¯

A

Å

A
l p p p

p p p

p p p

p p pp

p

= −− +

− +

− +

− +





























′

∫1

019 0191 1

2 53

1( )

, ( )

( )

, ( )

,

.Γ Ω

Γ Ω

Γ Ω

Γ Ω
(5.57)

Ç˚‡ÊÂÌËÂ ÒÔ‡‚Â‰ÎË‚Ó, Ú‡Í Í‡Í

    

Å

A
1 a

a1

2 53

019
1( )

, ( )

,

.Γ Ω

Γ Ω

− +

− +















<<p p p

p p p

èÓ (5.5) ËÏÂÂÏ:

    

γ Ê 1
a

a a

·‡¯·‡¯

A A
l p p dp

p p p

pdp

p p pp

p

p

p

= + −−

− + − +
′′
∫∫1

019

1

0191 1

( )

, ( ) , ( )

Γ Ω

Γ Ω Γ Ω

    

− − +

− +















′
∫

Å

A
 1

1
2

a

a

·‡¯
( )

, ( )

,

.Γ Ω

Γ Ω

p p p

p p pp

p

dp
019

353

(5.58)

á‡ÏÂÌËÏ

    

z p p p

p p p
= − +

− +

( )

, ( )

Γ Ω

Γ Ω

a

a019
.

íÓ„‰‡

    
p p p z

z
= − −

−

( ) ( , )Γ Ω a 0 19 1

1
.

ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ,

    
dp dzp p

z
=− −

−

0 81

1 2

, ( )

( )
.Γ Ω a

í‡ÍËÏ Ó·‡ÁÓÏ,

    

− =− +

− +















−

−
′ ′
∫ ∫

Å

A
 

Å

A
1

1
2

a

a

·‡¯
a 1

1
2

·‡¯
( )

, ( )

( )

( )

,
,

,Γ Ω

Γ Ω

Γ Ωp p p

p p p

p p z dz
z

p

p

p

p

dp
019 1

3 53
3 53

2
081 .

èÓ‚Â‰ÂÏ Â˘Â Ó‰ÌÛ Á‡ÏÂÌÛ:

    z x= 1
2 .

áÌ‡˜ËÚ,

    z x3 53, ≈ 1
7 ;

dz = 2x1dx1.

íÓ„‰‡
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− = −− +

− +













 −

′
∫ ∫

Å

A
 

Å

A
1

1
2

a

a

·‡¯

a
1

1
2

( )

, ( ) ( )

,

, ( )Γ Ω

Γ Ω
Γ Ωp p p

p p p

x dx

x
p

p

dp p p
019 1

3 53

1
8

1

1
2 2

162 .

í‡Í Í‡Í

    

x

x

x

x x
x x1

8

1
2 2 1

4
1
2 1

2

1
2 2

1
2 21

4

1
3

1
2 3

( ) ( ) ( )− − −
= + + + − ,

ÚÓ

    

− = − ×− +

− +















′
∫

Å

A

Å

A
1

1
2

a

a

·‡¯

a
1

1
2

( )

, ( )

,

, ( )Γ Ω

Γ Ω
Γ Ωp p p

p p pp

p

dp p p
019

353

162

    
× + + + −

− −











∫ x x dxx

x x
1
4

1
2 1

2

1
2 2

1
2 2 12 3 4

1

3

1( ) ( )
 .

èÂÂıÓ‰fl ÓÚ ı1 Í z, ÔÓÎÛ˜ËÏ:

    

− = − +− +

− +















− ′







′

∫
Å

A

Å

A
1

1
2

a

a

·‡¯

a
1

1
2

·‡¯

5
2( )

, ( )

,

, ( )Γ Ω

Γ Ω
Γ Ωp p p

p p p

z z

p

p

dp p p
019 5

353 5
2

162

    

+ − + − ′ + −′










 ( )

−

+

−
2
3 1

1

1

3
2 3z z

z

z

z

z
z z·‡¯

3
2

·‡¯
·‡¯

·‡¯

·‡¯

·‡¯

ln

    

− − + +′
− ′

′ +

′ − −
′

− ′

+( ) ′ −( )
−( ) ′ +( )









z
z

z
z

z

z
z
z

z z

z z1
1
1

3

2 1
3

2 1
1
2

1 1

1 1
ln ln ,

( ) ( )
·‡¯

·‡¯

·‡¯

·‡¯

„‰Â 
    

z p p p

p p p
·‡¯

a ·‡¯

a ·‡¯

= − +

− +

( )

, ( )

Γ Ω

Γ Ω019
; 

    
′= − + ′

− + ′
z p p p

p p p

( )

, ( )

Γ Ω

Γ Ω

a

a019
.

í‡ÍËÏ Ó·‡ÁÓÏ, ‰ÎËÌ‡ Û˜‡ÒÚÍ‡ ÚÛ·˚ l1, Ì‡ ÍÓÚÓÓÏ β <  
< 0,9 Ë ‰‡‚ÎÂÌËÂ Ì‡ıÓ‰ËÚÒfl ‚ ÔÂ‰ÂÎ‡ı ′ ≤  ≤ ·‡¯,
ÓÔÂ‰ÂÎflÂÚÒfl Ú‡Í:

    

γ Ê 1 a
a ·‡¯

a
·‡¯A

 

A
l p p p pp p p

p p p
= − + − ′ +− +

− + ′

0 81 019

019

1

1 1

, , ( )

, ( )
( ) ln ( )Γ Ω Γ Ω

Γ Ω

    

+ − + − + − ′ +
− ′










′










 ( )162 3

5
2 3

2
5

2
3

, ( )Γ Ωp z zp z z
z za 1

1
2

·‡¯

5
2

·‡¯

3
2

·‡¯
Å

A
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+ − − + +
−

+

−

′
− ′

′ +

′ − −
′

− ′

z

z

z

z
z
z

z
z

z

z
z
z

·‡¯

·‡¯

·‡¯

·‡¯

·‡¯

·‡¯1

1

1 1
1
1

3

21
3

21
ln ln

( ) ( )

    

+
+( ) ′ −( )
−( ) ′ +( )

1
2

1 1

1 1
ln

z z

z z

·‡¯

·‡¯

. (5.59)

íÂÔÂ¸ Ì‡È‰ÂÏ ‰ÎËÌÛ Û˜‡ÒÚÍ‡ ÚÛ· l2, Ì‡ ÍÓÚÓÓÏ β > 0,9 Ë
‰‡‚ÎÂÌËÂ ËÁÏÂÌflÂÚÒfl ‚ ÔÂ‰ÂÎ‡ı ′ ≤  ≤ Û.

ëÓ„Î‡ÒÌÓ (5.46) Ë (5.32) ËÒÚËÌÌ‡fl ÍÓÌˆÂÌÚ‡ˆËfl ÔË

  Ω Ωp p=  ÓÔÂ‰ÂÎflÂÚÒfl Í‡Í

    

ϕ = − −

− +

( ) ,

( )

Γ Ω

Γ Ω

p p p

p p p

a

a

1 503 . (5.60)

áÌ‡˜ËÚ, ÔÓ ‚˚‡ÊÂÌËflÏ (5.8) Ë (5.60) ‰ËÙÙÂÂÌˆË‡Î¸ÌÓ
Ï‡ÎÓÂ ÁÌ‡˜ÂÌËÂ „‡‚ËÚ‡ˆËÓÌÌÓÈ ÒÓÒÚ‡‚Îfl˛˘ÂÈ ÔË ‰‚ËÊÂÌËË
‡˝ËÓ‚‡ÌÌÓÈ ÊË‰ÍÓÒÚË

    

dp dxG
p

p p p
=

− +

2 503,

( )
.γ Ê

aΓ Ω
(5.61)

ÖÒÎË ‚ (5.61) ‚ÏÂÒÚÓ γÊ ÔÓ‰ÒÚ‡‚ËÚ¸ Û‰ÂÎ¸Ì˚È ‚ÂÒ ÒÏÂÒË
ÊË‰ÍÓÒÚË Ë Ú‚Â‰ÓÈ Ù‡Á˚, ÓÔÂ‰ÂÎflÂÏ˚È ÔÓ ÙÓÏÛÎÂ (5.9),
ÚÓ ÔÓÎÛ˜ËÏ ‰ËÙÙÂÂÌˆË‡Î¸ÌÓ Ï‡ÎÓÂ ÁÌ‡˜ÂÌËÂ ÔÂÂÔ‡‰‡
‰‡‚ÎÂÌËfl ÔË ‰‚ËÊÂÌËË „Ë‰ÓÒÏÂÒË

    

dp dxG
p

p p p
= − +

− +

2 503 1 0 0
,

( )
[ ( ) ] .

Γ Ω a
Ê Ú  γ α γ α (5.62)

èÓ ÒÓÓÚÌÓ¯ÂÌËflÏ (5.33) Ë (5.60)

    

dp dp p p p

pÚ Ú#0
a= − +













( )

,

Γ Ω

2 503

2

. (5.63)

èÓ ÙÓÏÛÎ‡Ï (5.63) Ñ‡ÒË – ÇÂÈÒ·‡ı‡ Ë ÅÎ‡ÁËÛÒ‡ ÔÓÎÛ˜ËÏ

    

dp dxq

g d

p p p

pÚ
Ê
0,25

Ê
0,75

Ê
1,75

a= − +













0 24143

2 503075 4 75

2
, ( )

,, ,
.µ γ Γ Ω (5.64)

èÓ‰ÒÚ‡‚Ë‚ ‚ (5.64) µÊ = µÒÏ ÔÓ ÙÓÏÛÎÂ íÓÏ‡Ò‡ (3.16), ‡Ò-
ıÓ‰ ÊË‰ÍÓÒÚË, ‡‚Ì˚È ‡ÒıÓ‰Û ÒÏÂÒË ÊË‰ÍÓÒÚË Ë Ú‚Â‰ÓÈ
Ù‡Á˚, ‡ Ú‡ÍÊÂ ÁÌ‡˜ÂÌËÂ γÊ, ‡‚ÌÓÂ Û‰ÂÎ¸ÌÓÏÛ ‚ÂÒÛ ÒÏÂÒË
ÊË‰ÍÓÈ Ë Ú‚Â‰ÓÈ Ù‡Á˚, ÔÓÎÛ˜ËÏ ÒÎÂ‰Û˛˘ÂÂ ‚˚‡ÊÂÌËÂ ‰Îfl
ÓÔÂ‰ÂÎÂÌËfl ‰ËÙÙÂÂÌˆË‡Î¸ÌÓ Ï‡Î˚ı ÔÓÚÂ¸ ‰‡‚ÎÂÌËfl Ì‡
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ÚÂÌËÂ ÔË ‰‚ËÊÂÌËË ‡˝ËÓ‚‡ÌÌÓÈ „Ë‰ÓÒÏÂÒË Ì‡ Û˜‡ÒÚÍÂ
‰ÎËÌÓÈ dx:

    

dp q p p p

pÚ
Ú

Ê
Ê
1,75 a= − − + +

−













− +













0 24143

1 2 503
0
175 0

0 75 2

01 1 1 2 5,

( )

( )

,,

,

( ) ( ,
α

γ

γ
α αΓ Ω

      + +10 05 0 002730
2 16 6 0 0 25, , ) ., ,α γαe Êdx (5.65)

èÓ ‚˚‡ÊÂÌËflÏ (5.62) Ë (5.65) ÏÓÊÌÓ ÒÓÒÚ‡‚ËÚ¸ ‰ËÙÙÂ-
ÂÌˆË‡Î¸ÌÓÂ Û‡‚ÌÂÌËÂ

    

dp
p

p p p

q
p p p

p
= + ×

− −












− +

− −












−














− +













2 503 1 1 0 24143 1 1

1 2 503

0 0

075

0
175

2, ( )

( )

, ( )

( )

( )

,

,

,

γ

γ
α

γ

γ
α

α

Ú

Ê

a

Ú

Ê
Ê
1,75

a

Γ Ω

Γ Ω

      

× + + +










 Ê( , , , ) ., ,1 2 5 10 05 0 002730 0
2 16 6 0 0 25α α γαe dx (5.66)

éÚÒ˛‰‡

    

γ
γ

γ
α

Ê

a

Ú

Ê
3

aÛ
A

l
p p p dp

p
p p p

p

p

p

2

0

3

1
2 503

1 1 1
2 503

=
− +





− −












+
− +





























′

∫,

( )

( )
( )

,

Γ Ω

Γ Ω

, (5.67)

„‰Â

    

A3
Ê
1,75

Ú

Ê

= + + +⋅

− −












0 09646

1 1 0

0 25 0 0
2

0
16 6 0 0 251 2 5 10 05 0 00273,

( )
,

, ,( , , , )q

γ

γ
α

α α α α .

í‡Í Í‡Í

    

A3
a( )

,
,Γ Ω− +












<<p p p

p2 503

3

1

ÚÓ ÔÓ ‡Ì‡ÎÓ„ËË Ò ÚÂÏ, Í‡Í ÒÓÒÚ‡‚ÎflÎÓÒ¸ ‚˚‡ÊÂÌËÂ (5.67),
ÏÓÊÂÏ Á‡ÔËÒ‡Ú¸:

    

γ
γ
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ËÎË
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p

p p p

p

p p p

p

p

p
a

Û

a a Û

Û

Û

    

− +′

−













 −























2 2
3 3

p

p p

p

p p( ) ( )Γ Ω Γ Ωa

Û

a

. (5.68)

í‡ÍËÏ Ó·‡ÁÓÏ, ÔÓÒÛÏÏËÓ‚‡‚ γÊl1 Ë γÊl2, ÔÓ ÙÓÏÛÎ‡Ï
(5.59) Ë (5.68) ÔÓÎÛ˜ËÏ:
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áÌ‡˜ËÚ, ÔË Á‡‰‡ÌÌ˚ı γ Ú, γÊ, α0, µÊ, l, qÊ, qa, qÚ Ë   Ωp ÔÓ
Û‡‚ÌÂÌË˛ (5.69) ÏÓÊÌÓ Ì‡ÈÚË ‰‡‚ÎÂÌËÂ Û ÌËÊÌÂ„Ó ÚÓˆ‡
ÍÓÎÓÌÌ˚ ÚÛ·, Ú.Â. ·‡¯.

Ç ÌÂÍÓÚÓ˚ı ÒÎÛ˜‡flı „Ë‰ÓÚ‡ÌÒÔÓÚ Ú‚Â‰˚ı ÚÂÎ ÏÓÊÂÚ
ÓÒÛ˘ÂÒÚ‚ÎflÚ¸Òfl Ò ÔÓÏÓ˘¸˛ ‚flÁÍÓÔÎ‡ÒÚË˜ÌÓÈ ÊË‰ÍÓÒÚË. èË
˝ÚÓÏ ‰‚ËÊÂÌËÂ ÒÏÂÒË ‚ÓÁÏÓÊÌÓ Í‡Í ÔË ÒÚÛÍÚÛÌÓÏ, Ú‡Í Ë
ÔË ÚÛ·ÛÎÂÌÚÌÓÏ ÂÊËÏÂ ÚÂ˜ÂÌËfl.

é˜Â‚Ë‰ÌÓ, ˜ÚÓ Ë ‚ ‰‡ÌÌÓÏ ÒÎÛ˜‡Â ‚ÓÁÌËÍ‡ÂÚ ÌÂÓ·ıÓ‰ËÏÓÒÚ¸
ÓÔÂ‰ÂÎÂÌËfl ÔÓÚÂ¸ ‰‡‚ÎÂÌËfl, ‡ Ú‡ÍÊÂ ‚˚‚Ó‰‡ ÙÓÏÛÎ ‰Îfl
‡Ò˜ÂÚ‡ ÓÔÚËÏ‡Î¸ÌÓ„Ó ‡ÒıÓ‰‡ ÊË‰ÍÓÒÚË ÔË „Ë‰ÓÚ‡ÌÒÔÓ-
ÚÂ ÔÓ ‚ÂÚËÍ‡Î¸Ì˚Ï Ë „ÓËÁÓÌÚ‡Î¸Ì˚Ï ÚÛ·‡Ï, ‡ Ú‡ÍÊÂ ‡Ò-
˜ÂÚ‡ ˝ÎËÙÚ‡ Ò Û˜ÂÚÓÏ ÓÒÓ·ÂÌÌÓÒÚÂÈ ‚flÁÍÓÔÎ‡ÒÚË˜ÌÓÈ ÊË‰ÍÓ-
ÒÚË.
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ÃÈÄÐÎÒÐÀÍÑÏÎÐÒ ÃÈÄÐÎÑÌÅÑTÉ
Ñ ÏÎÌÎÙÜÞ ÂßÇÊÎÏËÀÑÒÈ×ÍÛÕ
ÆÈÄÊÎCÒÅÉ

6.1. ÎÏÐÅÄÅËÅÍÈÅ ÐÅÆÈÌÀ ÒÅ×ÅÍÈß
ÂßÇÊÎÏËÀÑÒÈ×ÍÎÉ ÃÈÄÐÎÑÌÅÑÈ

Ç˚¯Â ·˚ÎÓ ÔÓÍ‡Á‡ÌÓ, ˜ÚÓ ÍËÚË˜ÂÒÍËÈ Ô‡‡ÏÂÚ êÂÈÌÓÎ¸‰Ò‡
ÔË ‰‚ËÊÂÌËË «Ó‰ÌÓÓ‰ÌÓÈ» ‚flÁÍÓÔÎ‡ÒÚË˜ÌÓÈ ÊË‰ÍÓÒÚË ÓÔ-
Â‰ÂÎflÂÚÒfl ÔÓ ÙÓÏÛÎÂ (1.38).

é˜Â‚Ë‰ÌÓ, ˜ÚÓ ÙËÁË˜ÂÒÍÓÂ Û‡‚ÌÂÌËÂ ‰Îfl vÍ ÔË ‰‚ËÊÂÌËË
‚flÁÍÓÔÎ‡ÒÚË˜ÌÓÈ „Ë‰ÓÒÏÂÒË Á‡ÔË¯ÂÚÒfl ÔÓ ‡Ì‡ÎÓ„ËË Ò (1.31) Ò
Á‡ÏÂÌÓÈ ρ = ρÒÏ Ë η = ηÒÏ (ρÒÏ Ë ηÒÏ  ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ ÔÎÓÚ-
ÌÓÒÚ¸ Ë ÒÚÛÍÚÛÌ‡fl ‚flÁÍÓÒÚ¸ ÒÏÂÒË ‚flÁÍÓÔÎ‡ÒÚË˜ÌÓÈ ÊË‰ÍÓ-
ÒÚË Ë Ú‚Â‰˚ı ˜‡ÒÚËˆ).

íÓ„‰‡ ÔÓÎÛ˜ËÏ ÙÛÌÍˆËÓÌ‡Î¸ÌÛ˛ Á‡‚ËÒËÏÓÒÚ¸

ReÍ.Í.Ô = φ(çÂÒÏ), (6.1)

„‰Â 
    

Re  HeÍ.ÒÏ
Í.ÒÏ ÒÏ

ÒÏ
ÒÏ

ÒÏ

ÒÏ

= =
v d

g
d

g

γ

η

τ γ

η
; .0

2

2

åÓÊÌÓ ÔÂ‰ÔÓÎÓÊËÚ¸, ˜ÚÓ ‚ ÒÎÛ˜‡Â ÓÚÒÛÚÒÚ‚Ëfl ‡ÒıÓÊ‰Â-
ÌËfl ÏÂÊ‰Û ÒÍÓÓÒÚflÏË ÊË‰ÍÓÈ Ë Ú‚Â‰ÓÈ Ù‡Á˚ ‰‡ÌÌ˚Â, ÔË-
‚Â‰ÂÌÌ˚Â ‚ Ú‡·Î. 1.2, ÏÓÊÌÓ Ò˜ËÚ‡Ú¸ ÒÔ‡‚Â‰ÎË‚˚ÏË, ‡ ÁÌ‡-
˜ËÚ, ÔÓ ‡Ì‡ÎÓ„ËË Ò (1.38) ÏÓÊÂÏ Á‡ÔËÒ‡Ú¸:

ReÍ.ÒÏ = 145,842  HeÒÏ
0,33498. (6.2)

èË ÓÔÂ‰ÂÎÂÌËË ReÒÏ Ë çÂÒÏ ÁÌ‡˜ÂÌËÂ γÒÏ Ì‡ıÓ‰flÚ ÔÓ ÙÓ-
ÏÛÎÂ

γÒÏ = γ(1–α0)+γÚα0, (6.3)

‡ ÒÚÛÍÚÛÌÛ˛ ‚flÁÍÓÒÚ¸  ÔÓ ÙÓÏÛÎÂ íÓÏ‡Ò‡ (3.16):

ηÒÏ = η( 1+2,5α0+ 10,05    α
α

0
2 0 00273+ ,          ),e16,6 0 (6.4)

„‰Â γ Ë η – ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ Û‰ÂÎ¸Ì˚È ‚ÂÒ Ë ÒÚÛÍÚÛÌ‡fl ‚flÁ-
ÍÓÒÚ¸ Ó‰ÌÓÓ‰ÌÓÈ ‚flÁÍÓÔÎ‡ÒÚË˜ÌÓÈ ÊË‰ÍÓÒÚË.

6
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îÓÏÛÎÛ (6.4) ÏÓÊÌÓ ÔÂ‰ÒÚ‡‚ËÚ¸ ‚ ÒÎÂ‰Û˛˘ÂÏ ‚Ë‰Â:

      

η ηÒÏ
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Ú
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q
q q

q

q qe
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(6.5)

í‡ÍËÏ Ó·‡ÁÓÏ, ÂÒÎË

Re < ReÍ.Í.Ô,

ÚÓ „Ë‰ÓÒÏÂÒ¸ ‰‚ËÊÂÚÒfl ÔË ÒÚÛÍÚÛÌÓÏ ÂÊËÏÂ; ‚ ÔÓÚË‚-
ÌÓÏ ÒÎÛ˜‡Â Ì‡·Î˛‰‡ÂÚÒfl ÚÛ·ÛÎÂÌÚÌ˚È ÔÓÚÓÍ.

6.2. LÄÂÈÆÅÍÈÅ ÃÈÄÐÎÑÌÅÑÈ
ÏÎ ÂÅÐÒÈÊÀËÜÍÛÌ È ÃÎÐÈÇÎÍÒÀËÜÍÛÌ
ÒÐÓÁÀÌ ÏÐÈ ÑÒÐÓÊÒÓÐÍÎÌ ÐÅÆÈÌÅ ÒÅ×ÅÍÈß

èÓÚÂË ‰‡‚ÎÂÌËfl Ì‡ ÚÂÌËÂ Ô Ë ‰‚ËÊÂÌËË «Ó‰ÌÓÓ‰ÌÓÈ» ‚flÁ-
ÍÓÔÎ‡ÒÚË˜ÌÓÈ ÊË‰ÍÓÒÚË ÓÔÂ‰ÂÎfl˛ÚÒfl ÔÓ ÙÓÏÛÎÂ (1.29).

èÓ ‡Ì‡ÎÓ„ËË Ò ‡Ò˜ÂÚÌÓÈ ÏÓ‰ÂÎ¸˛ ‰Îfl „Ë‰ÓÒÏÂÒË, ÒÓÒÚ‡‚-
ÎÂÌÌÓÈ ËÁ ‚Ó‰˚ Ë Ú‚Â‰ ̊ ı ˜‡ÒÚËˆ, ‚ ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò (1.29) ÏÓ-
ÊÂÏ Á‡ÔËÒ‡Ú¸:

    

∆p l q q

R RÚ
ÒÏ Ê Ú= + ++







2

8
4

02 8066η

π

τ( ) ,

    

+ + −+



























8
4

0
2

0
2

2 8066 4 2116η

π

τ τÒÏ Ê Ú  ( ) , , .q q

R R R
(6.6)

É‡‚ËÚ‡ˆËÓÌÌ‡fl ÒÓÒÚ‡‚Îfl˛˘‡fl ÓÔÂ‰ÂÎflÂÚÒfl ‚ ÒÓÓÚ‚ÂÚÒÚ-
‚ËË Ò ÙÓÏÛÎÓÈ (6.3).

íÓ„‰‡ ÔÓ (6.3) Ë (6.6) ‡ÁÌÓÒÚ¸ ‰‡‚ÎÂÌËÈ ÔÓ ÍÓÌˆ‡Ï ÍÓÎÓÌ-
Ì˚ ÚÛ·
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(6.7)

é˜Â‚Ë‰ÌÓ, ˜ÚÓ Ë ‚ ‰‡ÌÌÓÏ ÒÎÛ˜‡Â ∆ ËÏÂÂÚ ÏËÌËÏÛÏ ÓÚÌÓ-
ÒËÚÂÎ¸ÌÓ qÊ, Ú.Â. ÒÔ‡‚Â‰ÎË‚Ó ÛÒÎÓ‚ËÂ (3.23).
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áÌ‡˜ËÚ, ÔÓ ÙÓÏÛÎÂ (6.7) Ë ÛÒÎÓ‚Ë˛ (3.23) ÔÓÎÛ˜ËÏ ÒÎÂ‰Û˛-
˘ÂÂ ‚˚‡ÊÂÌËÂ ‰Îfl ÓÔÂ‰ÂÎÂÌËfl qÊ, Ó·ÂÒÔÂ˜Ë‚‡˛˘Â„Ó ÏËÌË-
ÏÛÏ ‰‡‚ÎÂÌËfl Û ÌËÊÌÂ„Ó ÚÓˆ‡ ‚ÂÚËÍ‡Î¸ÌÓÈ ÍÓÎÓÌÌ˚:
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ëÓ„Î‡ÒÌÓ (6.5)
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áÌ‡˜ËÚ, ÔÓ (6.9) Ë (6.8) ËÏÂÂÏ:
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Ú

Ú Ê

q q

R R
q

q q
q

q q
, , ,

      

+ + =+























0 045318 0
6

, .
,

#
Ú

Ú Ê
ÒÏe

16 q
q q η (6.10)

í‡Í Í‡Í

    
α0 = +

q
q q

Ú

Ú Ê
,

ÚÓ Û‡‚ÌÂÌËÂ (6.10) ÏÓÊÌÓ ÔÂÂÔËÒ‡Ú¸ Ú‡Í:

        
− + − + +  + +− 









( ) , ,  ,γ γ α

π
α η α ηαÚ 0

Ê
ÒÏ#0

4 0 0
4 2 5  201 0 045318

q R
e16 6  0,
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+ + − +
−































 −






−

8 1
1

8 1
14

0

0
2

0
2

1
2

4
0

2 8066 4 211η

π α

τ τ η

π α
ÒÏ Ê ÒÏ Ê, ,q

R R R
q

R

        

+ − + +  + =





















2 8066 2 5 20 1 0 045318 00

0 0, , , ,  .
τ α η α ηα

R 
# ÒÏe16 6  0, (6.11)

áÌ‡˜ËÚ, ÔË Á‡‰‡ÌÌ˚ı α, γÚ, γÊ, R, η Ë τ0 ÔÓ Ú‡ÌÒˆÂÌ‰ÂÌÚ-
ÌÓÏÛ Û‡‚ÌÂÌË˛ (6.11) ÏÂÚÓ‰ÓÏ ÔÓÒÎÂ‰Ó‚‡ÚÂÎ¸Ì˚ı ÔË·ÎËÊÂ-
ÌËÈ ÏÓÊÌÓ Ì‡ÈÚË ‡ÒıÓ‰ ÊË‰ÍÓÒÚË qÊ, Ó·ÂÒÔÂ˜Ë‚‡˛˘ËÈ ÏË-
ÌËÏÛÏ ‡ÁÌÓÒÚË ‰‡‚ÎÂÌËÈ ÔÓ ÍÓÌˆ‡Ï ‚ÂÚËÍ‡Î¸ÌÓÈ ÚÛ·˚.

èÓ ‚˚˜ËÒÎÂÌÌÓÏÛ qÊ Ë Á‡‰‡ÌÌÓÈ ÍÓÌˆÂÌÚ‡ˆËË ÓÔÂ‰ÂÎflÂÏ
‡ÒıÓ‰ Ú‚Â‰˚ı ˜‡ÒÚËˆ

    
q q

Ú
Ê=

−

α

α
0

01

Ë Û‰ÂÎ¸Ì˚È ‚ÂÒ ÒÏÂÒË

γÒÏ =γ(1–α0)+γÚα0.

á‡ÚÂÏ, ÁÌ‡fl ÒÓ„Î‡ÒÌÓ ÙÓÏÛÎÂ íÓÏ‡Ò‡ ηÒÏ, Ì‡ıÓ‰ËÏ
Ô‡‡ÏÂÚ êÂÈÌÓÎ¸‰Ò‡ ÒÏÂÒË:

    
ReÒÏ

Ê Ú ÒÏ

ÒÏ
= +2( ) .q q

R
γ

π η
(6.12)

Ñ‡ÎÂÂ ÓÔÂ‰ÂÎflÂÏ Ô‡‡ÏÂÚ ïÂ‰ÒÚÂÏ‡ ÒÏÂÒË:

    

çÂÒÏ
ÒÏ

ÒÏ

= τ γ

η

0
2

2

d

g
, (6.13)

˜ÚÓ ÔÓÁ‚ÓÎflÂÚ ÔÓ ÙÓÏÛÎÂ (6.2) Ì‡ÈÚË ReÍ.ÒÏ.
ÖÒÎË ReÒÏ < ReÍ.ÒÏ, ÚÓ ‡Ò˜ÂÚ˚ ÔÓ‰ÓÎÊ‡ÂÏ Ë Ì‡ıÓ‰ËÏ ÒÓ-

„Î‡ÒÌÓ (2.20) ‰Ë‡ÏÂÚ ÌÂÚÓÌÛ˘ÂÈ ˜‡ÒÚËˆ˚ d0. èÓ Ù‡ÍˆËÓÌÌÓ-
ÏÛ ÒÓÒÚ‡‚Û ÛÒÚ‡Ì‡‚ÎË‚‡ÂÏ ÒÂ‰ÌÂ‚Á‚Â¯ÂÌÌ˚È ‰Ë‡ÏÂÚ ˜‡ÒÚË-
ˆ˚ Ë ÒÓ„Î‡ÒÌÓ ÌÂ‡‚ÂÌÒÚ‚‡Ï (2.26)–(2.28) ÓÔÂ‰ÂÎflÂÏ ÂÊËÏ
Ó·ÚÂÍ‡ÌËfl.

Ñ‡ÎÂÂ ÔÓ ÙÓÏÛÎ‡Ï (2.17), (2.21)–(2.25) ‚ Á‡‚ËÒËÏÓÒÚË ÓÚ
ÂÊËÏ‡ Ó·ÚÂÍ‡ÌËfl Ì‡ıÓ‰ËÏ ÒÍÓÓÒÚ¸ Ò‚Ó·Ó‰ÌÓ„Ó Ô‡‰ÂÌËfl ˜‡-
ÒÚËˆ˚ vs. Ç˚˜ËÒÎË‚ ÔÓ Ì‡È‰ÂÌÌÓÏÛ ÓÔÚËÏ‡Î¸ÌÓÏÛ qÊ ÒÂ‰-
Ì˛˛ ÒÍÓÓÒÚ¸ ÊË‰ÍÓÒÚË vÊ, Ò‡‚ÌË‚‡ÂÏ vÊ Ë vs; ÔË vÊ > vs

Ì‡È‰ÂÌÌÓÂ ÁÌ‡˜ÂÌËÂ qÊ ÔËÌËÏ‡ÂÚÒfl. Ç ÔÓÚË‚ÌÓÏ ÒÎÛ˜‡Â ‡Ò-
˜ÂÚ˚ ÔÓ‚ÚÓflÂÏ ÔË ·ÓÎÂÂ ‚˚ÒÓÍÓÏ ÁÌ‡˜ÂÌËË ‰ËÌ‡ÏË˜ÂÒÍÓ„Ó
Ì‡ÔflÊÂÌËfl Ò‰‚Ë„‡.

ÖÒÎË Ì‡È‰ÂÌÌÓÂ ÔÓ (6.12) ReÒÏ ÓÍ‡Á˚‚‡ÂÚÒfl ·ÓÎ¸¯Â ÍËÚË-
˜ÂÒÍÓ„Ó ˜ËÒÎ‡ êÂÈÌÓÎ¸‰Ò‡ ReÍ.ÒÏ, ‚˚˜ËÒÎÂÌÌÓ„Ó ÔÓ (6.2), ÚÓ „Ë-
‰ÓÒÏÂÒ¸ ‰‚ËÊÂÚÒfl ÔË ÚÛ·ÛÎÂÌÚÌÓÏ ÂÊËÏÂ.
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ê‡ÌÂÂ ·˚ÎÓ ÔÓÍ‡Á‡ÌÓ, ˜ÚÓ ÔË ÚÛ·ÛÎÂÌÚÌÓÏ ÂÊËÏÂ ÏÂ-
ı‡ÌËÁÏ ‰‚ËÊÂÌËfl ‚flÁÍÓÔÎ‡ÒÚË˜ÌÓÈ Ë ‚flÁÍÓÈ ÊË‰ÍÓÒÚÂÈ Ó‰ËÌ
Ë ÚÓÚ ÊÂ. Ç ˝ÚÓÏ ÒÎÛ˜‡Â ÔÂÂÔ‡‰ ‰‡‚ÎÂÌËfl ÓÔÂ‰ÂÎflÂÚÒfl ÔÓ
ÙÓÏÛÎÂ (3.21), ‡ ÓÔÚËÏ‡Î¸Ì˚È ‡ÒıÓ‰ ÊË‰ÍÓÒÚË – ÔÓ Û‡‚-
ÌÂÌË˛ (3.25).

èË ‰‚ËÊÂÌËË ‚flÁÍÓÔÎ‡ÒÚË˜ÌÓÈ „Ë‰ÓÒÏÂÒË ÔÓ „ÓËÁÓÌ-
Ú‡Î¸ÌÓÈ ÚÛ·Â ‡Ò˜ÂÚ˚ ‚Â‰ÛÚÒfl ÔÓ ÙÓÏÛÎÂ (6.6) ÔË ÛÒÎÓ‚ËË,
˜ÚÓ ∆Ú = ∆.

íÓ„‰‡ ÔÓ ÛÒÎÓ‚Ë˛ (3.23) ÔÓÎÛ˜ËÏ ÒÎÂ‰Û˛˘ÂÂ ‚˚‡ÊÂÌËÂ ‰Îfl
ÓÔÂ‰ÂÎÂÌËfl ÓÔÚËÏ‡Î¸ÌÓ„Ó ‡ÒıÓ‰‡ ÊË‰ÍÓÒÚË:

    
− + +  +



α η α ηα

0 02 5  201 0 045318, ,  ,  # 0
ÒÏe16 6,

    

+ +
−











8 1
14

0

η

π α
ÒÏ Êq

R

    

+ −























−

2 8066 42110
2

0
2

1
2

, ,τ τ

R R     

η

π α

τ α ηÒÏ Êq

R R4
0

0
0

1
1

2 8066 2 5
−













 (+ − +, ,

      

+ +  + =












20 1 0 045318 00, ,  .α η
α

# ÒÏe
16 6  

0
, 

(6.14)

í‡ÍËÏ Ó·‡ÁÓÏ, ÔË Á‡‰‡ÌÌ˚ı α0,η Ë R ÔÓ Û‡‚ÌÂÌË˛
(6.14) ÏÂÚÓ‰ÓÏ ÔÓÒÎÂ‰Ó‚‡ÚÂÎ¸Ì˚ı ÔË·ÎËÊÂÌËÈ ÏÓÊÌÓ Ì‡ÈÚË
ÓÔÚËÏ‡Î¸ÌÓÂ ÁÌ‡˜ÂÌËÂ qÊ.

6.3. ÐÀÑ×ÅÒ ÝÐËÈÔÒÀ ÏÐÈ ÄBÈÆÅÍÈÈ
ÂßÇÊÎÏËÀÑÒÈ×ÍÎÉ ÃÈÄÐÎÑÌÅÑÈ
ÏÎ ÂÅÐÒÈÊÀËÜÍÎÉ ÒÐÓÁÅ

ç‡ÎË˜ËÂ Û ‚flÁÍÓÔÎ‡ÒÚË˜Ì˚ı ÊË‰ÍÓÒÚÂÈ ‰ËÌ‡ÏË˜ÂÒÍÓ„Ó Ì‡Ôfl-
ÊÂÌËfl Ò‰‚Ë„‡ τ0 ÒÌËÊ‡ÂÚ ‚ÓÁÏÓÊÌÓÒÚ¸ ÔÓÒÍ‡Î¸Á˚‚‡ÌËfl ÔÛ-
Á˚¸ÍÓ‚ ‚ÓÁ‰Ûı‡ ÓÚÌÓÒËÚÂÎ¸ÌÓ ÊË‰ÍÓÒÚË, Ë ÔË ÓÔÂ‰ÂÎÂÌ-
Ì˚ı ÛÒÎÓ‚Ëflı ÊË‰ÍÓÒÚ¸ Ë ‚ÓÁ‰Ûı ·Û‰ÛÚ ‰‚Ë„‡Ú¸Òfl Ô‡ÍÚË˜ÂÒ-
ÍË Ò Ó‰ËÌ‡ÍÓ‚ÓÈ ÒÍÓÓÒÚ¸˛. í‡ÍËÏ Ó·‡ÁÓÏ, ‚flÁÍÓÔÎ‡ÒÚË˜-
ÌÛ˛ ‡˝ËÓ‚‡ÌÌÛ˛ ÒÏÂÒ¸ ÏÓÊÌÓ ‡ÒÒÏ‡ÚË‚‡Ú¸ Í‡Í «Í‚‡ÁË„Ó-
ÏÓ„ÂÌÌÛ˛», Ú.Â. ËÒÚËÌÌ‡fl (Ó·˙ÂÏÌ‡fl) Ë ‡ÒıÓ‰Ì‡fl ÍÓÌˆÂÌÚ‡-
ˆËË ‡‚Ì˚ ÏÂÊ‰Û ÒÓ·ÓÈ:

ϕ = β. (6.15)

åÓ‰ÂÎ¸ Í‚‡ÁË„ÓÏÓ„ÂÌÌÓÈ ‚flÁÍÓÔÎ‡ÒÚË˜ÌÓÈ ‡˝ËÓ‚‡ÌÌÓÈ
ÒÏÂÒË ‚ÔÂ‚˚Â ·˚Î‡ ÔÂ‰ÎÓÊÂÌ‡ ê.à. òË˘ÂÌÍÓ [26].
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ÑÎfl ÚÓ„Ó ˜ÚÓ·˚ ÒÓÒÚ‡‚ËÚ¸ Û‡‚ÌÂÌËÂ ‰ËÌ‡ÏË˜ÂÒÍÓ„Ó ‡‚ÌÓ-
‚ÂÒËfl ÒËÎ, ‰ÂÈÒÚ‚Û˛˘Ëı ‚ ‰ËÙÙÂÂÌˆË‡Î¸ÌÓ Ï‡ÎÓÏ ÓÚÒÂÍÂ,
Ó„‡ÌË˜ÂÌÌÓÏ ‰ÎËÌÓÈ dx, ÌÂÓ·ıÓ‰ËÏÓ ÒÓÒÚ‡‚ËÚ¸ ‚˚‡ÊÂÌËÂ
‰Îfl „‡‚ËÚ‡ˆËÓÌÌÓÈ ÒÓÒÚ‡‚Îfl˛˘ÂÈ dpG Ë ÒËÎ ÚÂÌËfl dpÚ.

Ç ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò (6.15)

dpG = γÊ(1–β)dx + γ„dx. (6.16)

í‡Í Í‡Í

γ „ <<  γÊ ,

ÚÓ Ò ‚˚ÒÓÍÓÈ ÚÓ˜ÌÓÒÚ¸˛ ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸:

dpG = γÊ(1–β)dx. (6.17)

ëÓ„Î‡ÒÌÓ (5.3), (5.4)

    
dp dxG

p
p p

=
+

γÊ

‡Γ
, (6.18)

„‰Â Γ = q‡/qÊ.
èÓÚÂË ‰‡‚ÎÂÌËfl Ì‡ ÚÂÌËÂ Ì‡ ‰ËÙÙÂÂÌˆË‡Î¸ÌÓ Ï‡ÎÓÏ

Û˜‡ÒÚÍÂ ‰ÎËÌÓÈ dx Ì‡ıÓ‰ËÏ ÔÓ ÙÓÏÛÎÂ [17]

    

dp v v dx
gd

v

v v
Ú

Ê
Ê

Ú

Ê
„

„

Ê

„

Ê
„

Ê
„

= + + −




















+





















λγ γ

γ

γ

γ γ

γ

2

2

1 1

ËÎË Ò ‚˚ÒÓÍÓÈ ÚÓ˜ÌÓÒÚ¸˛ ÔÓ ‚˚‡ÊÂÌË˛

    

dp dxv
gd

v

v

v
vÚ

Ê Ê
2

„

Ê

„

Ê

„

Ê
= + +




















λγ γ

γ2
1 1

2

.

áÌ‡˜ËÚ,

    

dp dxv
gd

q

q

q
qÚ

Ê Ê
2

„

Ê

„

Ê

„

Ê
= + +




















λγ γ

γ2
1 1

2

. (6.19)

àÁ ÓÔÂ‰ÂÎÂÌËfl ‡ÒıÓ‰ÌÓ„Ó „‡ÁÓÒÓ‰ÂÊ‡ÌËfl

    
q q

„
Ê=
−

β

β1
. (6.20)

èÓ (6.19) Ë (6.20)

    
dp dxv

gdÚ
Ê Ê

„

Ê=
− +

−

λγ
β

γ

γ
β

β

2

22

1

1( )
.
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í‡Í Í‡Í γ„ << γÊ, ÚÓ

    
dp dxv

gdÚ
Ê Ê

2
=

−

λγ

β2
1

1
. (6.21)

ëÓ„Î‡ÒÌÓ ÙÓÏÛÎÂ ÅÎ‡ÁËÛÒ‡

    
λ η

γ
=









0 297858

0 25

, .
,

#
Ê Ê

gd
q

(6.22)

í‡Í Í‡Í vÊ = 4qÊ/πd2, ÚÓ ÔÓ (6.21) Ë (6.22) ÔÓÎÛ˜ËÏ

    

dp q

g d

dx
Ú

Ê Ê=
−

0 241435
1

0 25 1 75 0 75

0 75 4 75

, , , ,

, ,
.η γ

β
(6.23)

àÁ ÓÔÂ‰ÂÎÂÌËfl ‰Îfl β ÒÎÂ‰ÛÂÚ, ˜ÚÓ ÔË ËÁÓÚÂÏË˜ÂÒÍÓÏ
‡Ò¯ËÂÌËË „‡Á‡

    
1− =

+
β p

p pΓ ‡
. (6.24)

èÓ ‚˚‡ÊÂÌËflÏ (6.23) Ë (6.24) ËÏÂÂÏ:

    
dp dxq

g d

p p
pÚ

Ê Ê ‡= +0 241435 0 25 1 75 0 75

0 75 4 75

, , , ,

, ,
.η γ Γ (6.25)

í‡Í Í‡Í

dp = dpG + dpÚ, (6.26)

ÚÓ ÔÓ (6.18), (6.25) Ë (6.26) ÏÓÊÂÏ Á‡ÔËÒ‡Ú¸:

    

dp dxp
p p

q

g d

p p
p

= +
+

+







Γ

Γ

‡

Ê

Ê

‡
Ê

0 241435 0 25 1 75

0 75 4 75 0 25

, , ,

, , ,
.η

γ
γ

áÌ‡˜ËÚ,

    

γÊ
Û

·‡¯

‡

‡Ä

l
p

p

dp

p
p p

p p
p

= ∫
+

+
+

























Γ

Γ
1 4

2
, (6.27)

„‰Â 
    

Ä4
Ê

Ê

= 0 241435 0 25 1 75

0 75 4 75 0 25

, , ,

, , ,
.η

γ

q

g d

èÓ ‚˚‡ÊÂÌË˛ (6.27)
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γ Ê
Û

·‡¯

‡

a

(

A
l

p

p

p p p dp

p p p
= ∫ +

+ +

Γ

Γ

2

2
4

2

)

( )
,

ËÎË

    

γÊ
Û

·‡¯

‡

‡ 4 a

(

A A A
l

p

p

p p p dp

p p p p
= ∫ +

+ + +

Γ

Γ Γ

2

4
2

4
21 2

)

( ) ( )
.

éÚÒ˛‰‡

    

γÊ ‡
‡ 4 a

Û

·‡¯

A A A
l p pdp

p p p p
p

p

= +
+ + +∫Γ

Γ Γ( ) ( )4
2

4
21 2

    

+
+ + +∫

p dp

p p p p
p

p
2

4
2

4
21 2( ) ( )
.

A A A‡ 4 a
Û

·‡¯

Γ Γ
(6.28)

ÑÎfl ÚÓ„Ó ˜ÚÓ·˚ ‡ÒÍ˚Ú¸ ËÌÚÂ„‡Î˚ ‚ (6.28), ÌÂÓ·ıÓ‰ËÏÓ
ÒÌ‡˜‡Î‡ ÓÔÂ‰ÂÎËÚ¸ ÁÌ‡Í ÔË ÍÓ˝ÙÙËˆËÂÌÚÂ ∆:

∆ = 4(Ä4+1)Ä4(Γ‡)
2–4  Ä4

2(Γ‡)
2,

ËÎË

∆ = 4Ä4(Γ‡)
2. (6.29)

í‡Í Í‡Í Ä4 > 0, ÚÓ Ë ∆ > 0.
íÓ„‰‡, ‡ÒÍ˚‚ ËÌÚÂ„‡Î˚ ‚ (6.28), ÔÓÎÛ˜ËÏ:

    

γ
Ê

·‡¯ Û ‡ ·‡¯ ‡ ·‡¯ 4 ‡

Û ‡ Û ‡
A

A

A

A A A

A A A
lnl

p p p p p p p

p p p p
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−

+

−

+

+ + +

+ + +4

4

4
2

4
2

4
2

4
2

4 4
21

1

2 1

1 2

1 2

Γ Γ Γ

Γ Γ
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( ) ( )
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− −
+

+ + + +













2

1

1 14

4
2

4 4

4

4 4

4

Γ Γ

Γ

Γ

Γ

p p p

p

p p

p

‡ ·‡¯ ‡

‡

Û ‡

‡

A

A

(A A

A

(A A

A
arctg arctg

( )

) )
. (6.30)

ÑÎfl ÚÓ„Ó ˜ÚÓ·˚ ËÒÔÓÎ¸ÁÓ‚‡Ú¸ Û‡‚ÌÂÌËÂ (6.30) ‚ ÒÎÛ˜‡Â „Ë‰-
ÓÚ‡ÌÒÔÓÚ‡ ‚flÁÍÓÔÎ‡ÒÚË˜ÌÓÈ ÒÏÂÒË Ò ÔÓÏÓ˘¸˛ ˝ÎËÙÚ‡,
ÌÂÓ·ıÓ‰ËÏÓ ÔÓ‰ÒÚ‡‚ËÚ¸ ‚ ˝ÚÓ ‚˚‡ÊÂÌËÂ ‚ÏÂÒÚÓ γÊ Û‰ÂÎ¸Ì˚È
‚ÂÒ ÒÏÂÒË ÊË‰ÍÓÒÚË Ë Ú‚Â‰ÓÈ Ù‡Á˚, Ú.Â.

γÊ(1–α0)+γÚα0,
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‚ÏÂÒÚÓ ‡ÒıÓ‰‡ ÊË‰ÍÓÒÚË  ‡ÒıÓ‰ ÒÏÂÒË ÊË‰ÍÓÒÚË Ë Ú‚Â-
‰ÓÈ Ù‡Á˚

qÊ + qÚ

Ë ‚ÏÂÒÚÓ ÒÚÛÍÚÛÌÓÈ ‚flÁÍÓÒÚË ÊË‰ÍÓÒÚË – ÒÚÛÍÚÛÌÛ˛
‚flÁÍÓÒÚ¸ ‚flÁÍÓÔÎ‡ÒÚË˜ÌÓÈ ÊË‰ÍÓÒÚË Ë Ú‚Â‰ÓÈ Ù‡Á˚ ÔÓ ÙÓ-
ÏÛÎÂ íÓÏ‡Ò‡.

èÓ‚Â‰ÂÏ ‡Ò˜ÂÚ˚ ÔÓ ÓÔÂ‰ÂÎÂÌË˛ l ÔË ÒÎÂ‰Û˛˘Ëı ËÒ-
ıÓ‰Ì˚ı ‰‡ÌÌ˚ı: γÊ = 1,2⋅104 ç/Ï3, γ Ú = 2,6⋅104 ç/Ï3, α0 =
= 0,15, η = 0,01 è‡⋅Ò, Û = 105 è‡, qÊ = 0,02 Ï3/Ò, qÚ =     
= 0,003529 Ï3/Ò, d = 0,15 Ï, ‡ Ú‡ÍÊÂ ÔË ‡ÁÎË˜Ì˚ı ÁÌ‡˜Â-
ÌËflı ·‡¯ Ë Γ.

Ç (6.30) ‚ÏÂÒÚÓ γÊ ÔÓ‰ÒÚ‡‚ÎflÂÏ γÒÏ#=#1,2⋅104⋅(1–0,15)+2,6×
×104⋅0,15 = 1,41⋅104 ç/Ï3.

óÚÓ·˚ Ì‡ÈÚË Ä4, ‚˚˜ËÒÎËÏ ηÒÏ ÔÓ (3.16):

ηÒÏ = 0,01⋅(1+0,375+0,2261+0,03293) = 0,01634 è‡⋅Ò;

qÒÏ = 0,023529 Ï3/Ò.

íÓ„‰‡

  
Ä4 = =⋅ ⋅

⋅ ⋅
0 241435 0 3575 0 0014136
5 54309 0 000122 10 8969

0 01656, , ,
, , ,

, .

èË ÔËÌflÚ˚ı ËÒıÓ‰Ì˚ı ‰‡ÌÌ˚ı, ÔÓ‰Ò˜ËÚ‡ÌÌÓÏ Ä4, ‡
Ú‡ÍÊÂ Á‡ÏÂÌÂ γÊ Ì‡ γÒÏ ‚˚‡ÊÂÌËÂ (6.30) ÔÂÂÔË¯ÂÚÒfl Ú‡Í:

    
1 41 10 0 47583 104

5
510

1 01656
, ,

,
⋅ = + ⋅ ×−l p·‡¯ Γ

    
× −+ ⋅ + ⋅

⋅ + ⋅ + ⋅
ln 56# ·‡¯

2
·‡¯1 016 0 03312 10 0 01656 10

1 01656 10 0 03312 10 0 01656 10

5 10 2

10 10 10 2

, , ,

, , ,

p pΓ Γ

Γ Γ

    

− ⋅ −+ ⋅

⋅






0 06646 105
5

5

0 01656 10

0 128686 10
, ,

,
Γ Γ

Γ
arctg 1, 01656 ·‡¯p

  
−




arctg 1, 01656+ 0,01656

0,128686
Γ

Γ
. (6.31)

Ç Ú‡·Î. 6.1 ÔË‚Â‰ÂÌ˚ ÂÁÛÎ¸Ú‡Ú˚ ‡Ò˜ÂÚÓ‚ ÔÓ Û‡‚ÌÂÌË˛
(6.31).

í‡ÍËÏ Ó·‡ÁÓÏ, ÔË Á‡‰‡ÌÌÓÈ ‰ÎËÌÂ ÍÓÎÓÌÌ˚ ÚÛ· Ë Γ =
= q‡/qÊ ÔÓ Ú‡·Î. 6.1 ÏÓÊÌÓ Ì‡ÈÚË ‰‡‚ÎÂÌËÂ Û ÌËÊÌÂ„Ó ÚÓˆ‡
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ÍÓÎÓÌÌ˚  ÚÛ·.  àÁ  Ú‡·ÎËˆ˚  ‚Ë‰ÌÓ, ˜ÚÓ ÔË Ó‰ÌÓÏ Ë ÚÓÏ
ÊÂ  l  Û‚ÂÎË˜ÂÌËÂ Γ ÔË‚Ó‰ËÚ Í Á‡ÏÂÚÌÓÏÛ ÒÌËÊÂÌË˛ ‰‡‚ÎÂ-
ÌËfl Û ÌËÊÌÂ„Ó ÚÓˆ‡ ·‡¯, ‡ ÒÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ‰‡‚ÎÂÌËfl Ì‡„ÌÂÚ‡-
ÌËfl Ì.

í ‡ · Î Ë ̂  ‡  6.1

·‡¯,
105 è‡

áÌ‡˜ÂÌËÂ l, Ï, ÔË ‡ÁÎË˜Ì˚ı
Γ, Ï3/Ï3

·‡¯,
105 è‡

áÌ‡˜ÂÌËÂ l, Ï, ÔË
‡ÁÎË˜Ì˚ı Γ, Ï3/Ï3

20 30 40 20 30 40
20 217,4 448,4 487,2 65 859,1 992,8 1103,2
25 453,3 525,8 577,7 70 903,9 1042,5 1157,7
30 512,1 595,6 657,8 75 948,0 1091,1 1210,9
35 567,4 661,0 732,2 80 991,6 1138,9 1262,9
40 620,0 722,1 801,5 85 1034,6 1186,0 1313,9
45 670,5 780,2 867,1 90 1077,1 1232,3 1363,9
50 719,4 870,9 929,5 95 1119,3 1278,0 1413,2
55 767,0 889,8 989,4 100 1161,0 1323,2 1461,8
60 813,5 942,0 1047,2
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ÄÂÈÆÅÍÈÅ ÃÈÄÐÎÑÌÅÑÈ
ÏÎ ÒÐÓÁÀÌ, ÏÎÊÐÛÒÛÌ ÝÌÀËÜÞ

ëÌËÊÂÌËÂ ÔÓÚÂ¸ ‰‡‚ÎÂÌËfl Ì‡ ÚÂÌËÂ ËÏÂÂÚ ·ÓÎ¸¯ÓÂ Ô‡ÍÚË-
˜ÂÒÍÓÂ ÁÌ‡˜ÂÌËÂ ‚ Ò‚flÁË Ò ÌÂÓ·ıÓ‰ËÏÓÒÚ¸˛ ÛÏÂÌ¸¯ÂÌËfl ˝ÌÂ-
„ÂÚË˜ÂÒÍËı Á‡Ú‡Ú.

Ç ‡·ÓÚÂ [15] ÔÓÍ‡Á‡ÌÓ, ˜ÚÓ ÔË ËÒÔÓÎ¸ÁÓ‚‡ÌËË ÚÛ·, ÔÓ-
Í˚Ú˚ı ˝Ï‡Î¸˛, ÁÌ‡˜ËÚÂÎ¸ÌÓ ÒÌËÊ‡˛ÚÒfl ÔÓÚÂË ‰‡‚ÎÂÌËfl Ì‡
ÚÂÌËÂ, ËÎË ÛÏÂÌ¸¯‡ÂÚÒfl ‰Ë‡ÏÂÚ, ËÎË Û‚ÂÎË˜Ë‚‡ÂÚÒfl ÔÓÔÛ-
ÒÍÌ‡fl ÒÔÓÒÓ·ÌÓÒÚ¸ ÚÛ·. àÒÒÎÂ‰Ó‚‡ÌËfl ·˚ÎË ÔÓ‚Â‰ÂÌ˚ ‰Îfl
ÒÎÛ˜‡fl, ÍÓ„‰‡ ÔÓ ÚÛ·Â ‰‚ËÊÂÚÒfl ÎË·Ó ‚Ó‰‡, ÎË·Ó ‚ÓÁ‰Ûı. àÒ-
ÔÓÎ¸ÁÛÂÏ ÂÁÛÎ¸Ú‡Ú˚, ÔË‚Â‰ÂÌÌ˚Â ‚ ‡·ÓÚÂ [15], ‰Îfl Â¯Â-
ÌËfl „Ë‰Ó‰ËÌ‡ÏË˜ÂÒÍËı Á‡‰‡˜, Ò‚flÁ‡ÌÌ˚ı Ò ‰‚ËÊÂÌËÂÏ „Ë‰Ó-
ÒÏÂÒË ÔÓ ‚ÂÚËÍ‡Î¸Ì˚Ï Ë „ÓËÁÓÌÚ‡Î¸Ì˚Ï ÚÛ·‡Ï.

ùÍÒÔÂËÏÂÌÚ‡Î¸Ì˚ÏË ËÒÒÎÂ‰Ó‚‡ÌËflÏË, ÔÓÒ‚fl˘ÂÌÌ˚ÏË ‰‚Ë-
ÊÂÌË˛ ‚Ó‰˚ ÔÓ ÚÛ·Â, ÔÓÍ˚ÚÓÈ ˝Ï‡Î¸˛, ·˚ÎÓ ÛÒÚ‡ÌÓ‚ÎÂÌÓ,
˜ÚÓ ÍÓ˝ÙÙËˆËÂÌÚ „Ë‰‡‚ÎË˜ÂÒÍËı ÒÓÔÓÚË‚ÎÂÌËÈ ÔË ÚÛ·Û-
ÎÂÌÚÌÓÏ ÂÊËÏÂ ÚÂ˜ÂÌËfl ÓÔÂ‰ÂÎflÂÚÒfl ÔÓ ÙÓÏÛÎÂ

  
λ = 0 2028, .

Re0,25
(7.1)

Ç˚¯Â ·˚ÎÓ ÔÓÍ‡Á‡ÌÓ, ˜ÚÓ ‰Îfl ‡Ò˜ÂÚ‡ ÔÓÚÂ¸ ‰‡‚ÎÂÌËfl Ì‡
ÚÂÌËÂ ÔË ‰‚ËÊÂÌËË „Ë‰ÓÒÏÂÒË ÏÓÊÌÓ ËÒÔÓÎ¸ÁÓ‚‡Ú¸ ‚˚‡-
ÊÂÌËÂ ‰Îfl ÓÔÂ‰ÂÎÂÌËfl λ ÔË ÚÂ˜ÂÌËË Ó‰ÌÓÓ‰ÌÓÈ ÊË‰ÍÓÒÚË
Ò Á‡ÏÂÌÓÈ ÍËÚÂËfl êÂÈÌÓÎ¸‰Ò‡ Re Ì‡ ÍËÚÂËÈ êÂÈÌÓÎ¸‰Ò‡
ÔÓ ÒÏÂÒË ReÒÏ.

áÌ‡˜ËÚ, ÔÓ ‡Ì‡ÎÓ„ËË Ò (3.11) Ò ÔÓÏÓ˘¸˛ (7.1) ÏÓÊÌÓ Á‡ÔË-
Ò‡Ú¸:

    
λ µ

γÒÏ
ÒÏ

ÒÏ ÒÏ
 #=








0 2028

0 25

, .
,

g
v d

(7.2)

íÓ„‰‡ ÔÓ (3.9) Ë (7.2)

    
∆p lv

g d
Ú

ÒÏ ÒÏ ÒÏ= 0 1014 0 25 0 75 1 75

0 75 1 25

, , , ,

, ,
.µ γ (7.3)

èÓ ÙÓÏÛÎÂ (7.3) Ë ÛÒÎÓ‚Ë˛ (3.23) ÔÓÎÛ˜ËÏ ‚˚‡ÊÂÌËÂ ‰Îfl

7
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ÓÔÂ‰ÂÎÂÌËfl ‡ÒıÓ‰‡ ÊË‰ÍÓÒÚË, Ó·ÂÒÔÂ˜Ë‚‡˛˘Â„Ó ÏËÌËÏÛÏ
ÔÓÚÂ¸ ‰‡‚ÎÂÌËfl:

    

− + ×
+ +



 +( ) +( )

−
1 0 154747 13 55 40 25

0 75 4 75

2 2
0 25 0 75 2 5

, ,

( )

,

, ,

, , ,

µ γ γ

γ γg d

q q q q q q q q

q

Ú Ú Ê Ê Ê Ê Ú Ú Ê Ú

Ú Ú Ê

    

× + + =+

+ + + +











q q

q q q q q q q q
Ú Ê

Ú Ú Ê Ê

Ê

Ê Ê Ú Ú Ê Ú

0 5

13 55 4

0 75 0 5
2 2

0,

,

, ,γ

γ γ
(7.4)

ËÎË

    

− + +
+ +



 +



 +





−

+



 +





+ +









∗ ∗ ∗ ∗ ∗

∗

∗ ∗

∗ ∗
1

13 55 4 1

1

1 0 5 1

13 55 4 4

2
025 0 75 15

Ä1

Ê Ê Ê Ú Ê

Ú

Ê Ê

Ê Ê
2

, ,

,

, , ,
q q q q q q

q q

γ

γ

    

+ + =
+





+









∗

∗ ∗

0 75 1
0 5 0

,
, ,

# Ê

Ê Ú

q

q γ
(7.5)

„‰Â 
    

Ä   . 1
Ú

Ê
Ê Ê Ú Ú Ú Ê= = =∗ ∗0154747 025 175

0 25 0 75 4 75

, , ,

, , ,
; / ; /µ

γ
γ γ γq

g d
q q q

ì‡‚ÌÂÌËÂ (7.5) ÒÓ‚Ô‡‰‡ÂÚ Ò (3.25); ‡ÒıÓÊ‰ÂÌËÂ ÏÂÊ‰Û ÌË-
ÏË Á‡ÍÎ˛˜‡ÂÚÒfl ‚ ‡ÁÎË˜ËË ÁÌ‡˜ÂÌËÈ Ä.

é˜Â‚Ë‰ÌÓ, ˜ÚÓ ‰Îfl ÓÔÂ‰ÂÎÂÌËfl ÓÔÚËÏ‡Î¸ÌÓ„Ó     qÊ
∗  ÔÓ Û‡‚-

ÌÂÌË˛ (7.5) ÏÓÊÌÓ ËÒÔÓÎ¸ÁÓ‚‡Ú¸ ÂÁÛÎ¸Ú‡Ú˚, ÔË‚Â‰ÂÌÌ˚Â ‚
Ú‡·Î. 3.5, ÔË ÛÒÎÓ‚ËË Ä = Ä1.

èÓÚÂË ‰‡‚ÎÂÌËfl ÔË ‰‚ËÊÂÌËË „Ë‰ÓÒÏÂÒË ÔÓ „ÓËÁÓÌ-
Ú‡Î¸ÌÓÈ ÚÛ·Â, ÔÓÍ˚ÚÓÈ ˝Ï‡Î¸˛, ÔÓ ‡Ì‡ÎÓ„ËË Ò (4.16) Ë Ò
Û˜ÂÚÓÏ (7.2) ÏÓÊÌÓ Ì‡ÈÚË Ú‡Í:

    

∆p lq

g d
= ×0154747

0 25 0 75 1 75

0 75 4 75
,

, , ,

, ,

µ γ ÒÏ ÒÏ

    
× + + +





1 2 5 10 05 0 002730 0
2 16 6

0 25
, , ,  .,

,
α α αe 0 (7.6)

ìÒÎÓ‚ËÂ, ÔË ÍÓÚÓÓÏ ÒÓ·Î˛‰‡ÂÚÒfl ÏËÌËÏÛÏ ÔÓÚÂ¸ ‰‡‚ÎÂ-
ÌËfl, ‚ ‰‡ÌÌÓÏ ÒÎÛ˜‡Â ÓÔÂ‰ÂÎflÂÚÒfl Ú‡ÍÊÂ ÔÓ Û‡‚ÌÂÌË˛ (4.15)
ËÎË ‰‡ÌÌ˚Ï Ú‡·Î. 4.2.

ÑÎfl „Ë‰Ó‰ËÌ‡ÏË˜ÂÒÍËı ‡Ò˜ÂÚÓ‚ ˝ÎËÙÚ‡ ‚ ÒÎÛ˜‡Â ËÒÔÓÎ¸-
ÁÓ‚‡ÌËfl ÚÛ·, ÔÓÍ˚Ú˚ı ˝Ï‡Î¸˛, ‡Ò˜ÂÚ˚ ÒÎÂ‰ÛÂÚ ÔÓ‚Ó‰ËÚ¸
ÔÓ Û‡‚ÌÂÌË˛ (5.19) ÔË ÛÒÎÓ‚ËË, ˜ÚÓ ÍÓ˝ÙÙËˆËÂÌÚ 0,388708
ÛÏÂÌ¸¯‡ÂÚÒfl ‚ 1,56 ‡Á‡. áÌ‡˜ËÚ, ÔÓÎÛ˜‡ÂÏ:
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γ

α
γ

γ
α

γ

γ

Ê

‡ Ú

Ê

‡

Ê

Ê

‡

·‡¯

‡

Ê
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Ú

Ê

lnl
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q
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q
q

= + ×
+ −











+

+ + −










1

1 1

0 19

0 19

1

1 10 0

,

,

    

× − − + + ×
+

+



















−











∗p
p

q
q

q
q

p
p

q
q

q q
q

·‡¯

‡

‡

Ê

Ê

‡

·‡¯

‡

Ê

‡

Ê
1,75

‡

Ê

Ú

Ê
ln1 019 1

0 19

0 19

0 24917
1

0

0

0 75

,
,

,

,
,

α

α

γ

γ

      
× +  +  +  ×



1 2 5  10 05 0 002730 0

2 
0 25

, , ,
,

# # # 0α α αe16 6,

  

× − + − +





























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

1
5

2
3

5
2
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2

3
2

3
2ξ ξ ξ ξ·‡¯  ‡ ·‡¯  ‡ 

  
3# ·‡¯ ‡ξ ξ− +





  

+ − − +
−

+

− −

+

− −

ξ

ξ

ξ

ξ

ξ

ξ

ξ

ξ

ξ

ξ
·‡¯

·‡¯

·‡¯

·‡¯

‡

‡

‡

‡

·‡¯

·‡¯
ln ln

1

1

1 1

1

1

1 5

1

,

  

+ +
−

+





−





−





+














1 5

1
1
2

1 1

1 1

,
ln .

ξ

ξ

ξ ξ

ξ ξ

‡

‡

·‡¯ ‡

·‡¯ ‡

(7.7)

èÓ ‚ÒÂÏ ‚˚¯ÂÔË‚Â‰ÂÌÌ˚Ï Û‡‚ÌÂÌËflÏ ÏÓÊÌÓ ÔÓ‚Ó‰ËÚ¸
ÌÂÓ·ıÓ‰ËÏ˚Â ‡Ò˜ÂÚ˚ Ú‡Í, Í‡Í ˝ÚÓ ·˚ÎÓ ÔÓÍ‡Á‡ÌÓ ‰Îfl ÚÛ·,
Ò‚Ó·Ó‰Ì˚ı ÓÚ ÔÓÍ˚ÚËfl.

èÂ‰ÎÓÊÂÌÌ˚Â ‚˚‡ÊÂÌËfl, ÔÓÎÛ˜ÂÌÌ˚Â ‰Îfl ÌÂ„‡ÁËÓ‚‡Ì-
Ì˚ı „Ë‰ÓÒÏÂÒÂÈ, ÏÓ„ÛÚ ·˚Ú¸ ËÒÔÓÎ¸ÁÓ‚‡Ì˚ ÔË Â¯ÂÌËË
ÚÂıÌÓÎÓ„Ë˜ÂÒÍËı ‚ÓÔÓÒÓ‚, Ò‚flÁ‡ÌÌ˚ı Ò ·ÛÂÌËÂÏ ÒÍ‚‡ÊËÌ Ò
ÔÓÏÓ˘¸˛ ‰‚ÓÈÌÓÈ ·ÛËÎ¸ÌÓÈ ÍÓÎÓÌÌ˚.

Ç ˝ÚÓÏ ÒÎÛ˜‡Â „Ë‰ÓÚ‡ÌÒÔÓÚ ‚˚·ÛÂÌÌÓÈ ÔÓÓ‰˚ ÓÒÛ˘Â-
ÒÚ‚ÎflÂÚÒfl Ó·‡ÚÌÓÈ ˆËÍÛÎflˆËÂÈ ÔÓÏ˚‚Ó˜ÌÓÈ ÊË‰ÍÓÒÚË,
Ú.Â. ÊË‰ÍÓÒÚ¸ Á‡Í‡˜Ë‚‡ÂÚÒfl ‚ ÔÓÒÚ‡ÌÒÚ‚Ó ÏÂÊ‰Û ‚ÌÂ¯ÌÂÈ Ë
ˆÂÌÚ‡Î¸ÌÓÈ ÍÓÎÓÌÌ‡ÏË ·ÛËÎ¸Ì˚ı ÚÛ·, ‡ ‚˚ÌÓÒ ‡Á·ÛÂÌ-
ÌÓÈ ÔÓÓ‰˚ ÔÓËÒıÓ‰ËÚ ÔÓ ˆÂÌÚ‡Î¸ÌÓÈ ÍÓÎÓÌÌÂ. èÓÏËÏÓ
˝ÚÓ„Ó ·ÛÂÌËÂ ÒÍ‚‡ÊËÌ˚ ‰‚ÓÈÌÓÈ ·ÛËÎ¸ÌÓÈ ÍÓÎÓÌÌÓÈ     
ÏÓÊÂÚ ÒÓÔÓ‚ÓÊ‰‡Ú¸Òfl ÌÂÔÂ˚‚Ì˚Ï ‚˚ÌÓÒÓÏ ÍÂÌ‡, ÒÙÓ-
ÏËÓ‚‡ÌÌÓ„Ó ‚ ‚Ë‰Â ˆËÎËÌ‰‡ ÓÔÂ‰ÂÎÂÌÌÓÈ ‰ÎËÌ˚ Ë ‰Ë‡ÏÂÚ-
‡.
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ÇÓÁÌËÍ‡ÂÚ ÌÂÓ·ıÓ‰ËÏÓÒÚ¸ Â¯ËÚ¸ ÒÎÂ‰Û˛˘ËÂ Á‡‰‡˜Ë:     
1) ÓÔÂ‰ÂÎËÚ¸ ÔÓÚÂË ‰‡‚ÎÂÌËfl, ‡ ÁÌ‡˜ËÚ, Ë ‰‡‚ÎÂÌËÂ Ì‡„ÌÂÚ‡-
ÌËfl ‚ Á‡‚ËÒËÏÓÒÚË ÓÚ ÏÂı‡ÌË˜ÂÒÍÓÈ ÒÍÓÓÒÚË ÔÓıÓ‰ÍË Ë
‡ÒıÓ‰‡ ÔÓÏ˚‚Ó˜ÌÓÈ ÊË‰ÍÓÒÚË ‚ ÒÎÛ˜‡Â, ÍÓ„‰‡ ‚˚·ÛÂÌÌ‡fl
ÔÓÓ‰‡ ÔÂ‰ÒÚ‡‚ÎÂÌ‡ ‚ ‚Ë‰Â «¯Î‡Ï‡»; 2) ‚˚˜ËÒÎËÚ¸ ÒÍÓÓÒÚ¸
‰‚ËÊÂÌËfl ÍÂÌ‡; 3) ‡ÒÒ˜ËÚ‡Ú¸ ‡ÒıÓ‰ ÊË‰ÍÓÒÚË, ÔË ÍÓÚÓ-
ÓÏ ÔÓËÒıÓ‰ËÚ ˝ÙÙÂÍÚË‚Ì˚È „Ë‰ÓÚ‡ÌÒÔÓÚ ÍÂÌ‡; 4) ÓÔ-
Â‰ÂÎËÚ¸ Á‡ÁÓ ÏÂÊ‰Û ‚ÌÂ¯ÌÂÈ Ë ˆÂÌÚ‡Î¸ÌÓÈ ÍÓÎÓÌÌ‡ÏË  
·ÛËÎ¸Ì˚ı ÚÛ·, ÔË ÍÓÚÓÓÏ ÔÓÚÂË ‰‡‚ÎÂÌËfl ÏËÌËÏ‡Î¸Ì˚;  
5) ‡ÒÒÏÓÚÂÚ¸ ÔÂÂ˜ËÒÎÂÌÌ˚Â Á‡‰‡˜Ë Í‡Í ÔË ÔÓÏ˚‚ÍÂ
ÒÍ‚‡ÊËÌ˚ ‚Ó‰ÓÈ, Ú‡Í Ë ‚ ÒÎÛ˜‡Â ËÒÔÓÎ¸ÁÓ‚‡ÌËfl „ÎËÌËÒÚÓ„Ó
‡ÒÚ‚Ó‡.
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ÂÎÏÐÎÑÛ ÃÈÄÐÎÒÐÀÍÑÏÎÐÒÀ
ÏÐÈ ÁÓÐÅÍÈÈ ÑÊÂÀÆÈÍ
ÄÂÎÉÍÎÉ ÁÓÐÈËÜÍÎÉ ÊÎËÎÍÍÎÉ

8.1. ÃÈÄÐÎÄÈÍÀÌÈ×ÅÑÊÈÅ ÑÎÎÒÍÎØÅÍÈß
Â ÑËÓ×ÀÅ, ÊÎÃÄÀ ÂÛÁÓÐÅÍÍÀß ÏÎÐÎÄÀ
ÏÐÅÄÑÒÀÂËÅÍÀ Â ÂÈÄÅ "ØËÀÌÀ"

Ñ‡‚ÎÂÌËÂ Û ÌËÊÌÂ„Ó ÚÓˆ‡ ‰‚ÓÈÌÓÈ ·ÛËÎ¸ÌÓÈ ÍÓÎÓÌÌ˚, ËÎË
Á‡·ÓÈÌÓÂ ‰‡‚ÎÂÌËÂ, ÒÓ„Î‡ÒÌÓ ÙÓÏÛÎÂ (3.21) ÏÓÊÌÓ Ì‡ÈÚË Ú‡Í:

    

p l q q q qq q

q q

l

g d
Á‡·

Ê Ê Ú Ú

Ê Ú
Ú
2

Ú Ê Ê
2= + + + ×+

+






γ γ µ0 24143 025

0 75 4 75

0 25
13 55 4 5, ,

, ,

,
, ,

    
× + +( ) ( )γ γÊ Ê Ú Ú Ê Úq q q q

0 75 0 5, ,
. (8.1)

èË ÏÂı‡ÌË˜ÂÒÍÓÈ ÒÍÓÓÒÚË ÔÓıÓ‰ÍË vÏÂı ‡ÒıÓ‰ ‚˚·Û-
ÂÌÌÓÈ ÔÓÓ‰˚ qÚ ÓÔÂ‰ÂÎËÏ Í‡Í

qÚ = πR2vÏÂı(1–m), (8.2)

„‰Â m – ÔÓËÒÚÓÒÚ¸ ‚˚·ÛË‚‡ÂÏÓÈ ÔÓÓ‰˚.
ë ‰Û„ÓÈ ÒÚÓÓÌ˚,

Á‡· = Ì + γÊl – ∆Í.Ô, (8.3)

„‰Â Ì – ‰‡‚ÎÂÌËÂ Ì‡„ÌÂÚ‡ÌËfl; ∆Í.Ô – ÔÓÚÂË ‰‡‚ÎÂÌËfl ‚
ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â, Ó·‡ÁÓ‚‡ÌÌÓÏ ÏÂÊ‰Û ‚ÌÂ¯ÌÂÈ Ë
ˆÂÌÚ‡Î¸ÌÓÈ ÍÓÎÓÌÌ‡ÏË ·ÛËÎ¸Ì˚ı ÚÛ·.

ÖÒÎË r3 – ‡‰ËÛÒ ‚ÌÛÚÂÌÌÂÈ ÔÓÎÓÒÚË ‚ÌÂ¯ÌÂÈ ÍÓÎÓÌÌ˚, ‡
r2 – ‡‰ËÛÒ ‚ÌÂ¯ÌÂÈ ÔÓ‚ÂıÌÓÒÚË ˆÂÌÚ‡Î¸ÌÓÈ ÍÓÎÓÌÌ˚, ÚÓ
‰Îfl ÓÔÂ‰ÂÎÂÌËfl ∆Í.Ô ÔË ÛÒÎÓ‚ËË ÚÛ·ÛÎÂÌÚÌÓ„Ó ÂÊËÏ‡
ÚÂ˜ÂÌËfl ‚ ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò ÙÓÏÛÎÓÈ Ñ‡ÒË–ÇÂÈÒ·‡ı‡ ÏÓÊÂÏ
ÒÓÒÚ‡‚ËÚ¸ ÒÎÂ‰Û˛˘ÂÂ ‚˚‡ÊÂÌËÂ:

    
∆p lv

g r rÍ.Ô Í.Ô
Ê Í.Ô=

−
λ γ 2

3 24 ( )
. (8.4)

ëÓ„Î‡ÒÌÓ ÙÓÏÛÎÂ ÅÎ‡ÁËÛÒ‡

    
λ µ

γÍ.Ô
Ê

Í.Ô Ê
=

−













0 3164
2 3 2

0 25

, .
( )

,
g

v r r
(8.5)

8
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íÓ„‰‡

    

∆p lv

r r g
Í.Ô

Ê
0,25

Ê
0,75

Í.Ô
1,75

=
−

0 066515

3 2
125 0 75

,

( ) , ,
.µ γ (8.6)

í‡Í Í‡Í

    

v q

r r
Í.Ô

Ê=
−π( )

,
3
2

2
2

ÚÓ

    

∆p lq

r r r r g
Í.Ô

Ê
0,25

Ê
0,75

Ê
1,75

=
− −

0 066515
175

3
2

2
2 175

3 2
125 0 75

,

( ) ( ), , , ,
.µ γ

π
(8.7)

áÌ‡˜ËÚ, ÔÓ (8.7) Ë (8.3)

    

p p l lq

r r r r g
Á‡· Ì Ê

Ê
0,25

Ê
0,75

Ê
1,75

= + −
− −

γ µ γ

π

0 066515
175

3
2

2
2 175

3 2
125 0 75

,

( ) ( ), , , ,
. (8.8)

àÁ ‡‚ÂÌÒÚ‚‡ ÁÌ‡˜ÂÌËÈ Á‡·, ‡ÒÒ˜ËÚ‡ÌÌ˚ı ÔÓ (8.1) Ë (8.8),
ÔÓÎÛ˜ËÏ ÒÎÂ‰Û˛˘ÂÂ ‚˚‡ÊÂÌËÂ ‰Îfl ÓÔÂ‰ÂÎÂÌËfl ‰‡‚ÎÂÌËfl
Ì‡„ÌÂÚ‡ÌËfl:

    

p q l q
q q

lq

r r r r g

l

g d
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Ú

Ê
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Ê
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
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q q q q q q qÚ Ê Ê

2
Ê Ê Ú Ú Ê Úγ γ (8.9)

èË ÁÌ‡˜ÂÌËË vÏÂı, ‡ ÒÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, Ë qÚ ÁÌ‡˜ÂÌËÂ Á‡· ÔÓ
‡Ì‡ÎÓ„ËË Ò (3.21) ËÏÂÂÚ ÏËÌËÏÛÏ ÓÚÌÓÒËÚÂÎ¸ÌÓ qÊ. í‡ÍËÏ Ó·-
‡ÁÓÏ, ‡ÒıÓ‰ ÊË‰ÍÓÒÚË ÏÓÊÌÓ ÓÔÂ‰ÂÎËÚ¸ ÔÓ Û‡‚ÌÂÌË˛
(3.25). áÌ‡˜ËÚ, ÔË Á‡‰‡ÌÌ˚ı vÏÂı Ë m ÔÓ ÙÓÏÛÎÂ (8.2) Ì‡ıÓ-
‰ËÏ qÚ, ˜ÚÓ ÔÓÁ‚ÓÎflÂÚ ‚˚˜ËÒÎËÚ¸

    

Ä= 0 24143 175

0 25 0 75 4 75

, ,

, , ,
.µ

γ

Ê
0,25

Ú

Ê

q

g d

íÓ„‰‡ ÔÓ Ú‡ÌÒˆÂÌ‰ÂÌÚÌÓÏÛ Û‡‚ÌÂÌË˛ (3.25) ÓÔÂ‰ÂÎflÂÏ
‡ÒıÓ‰ ÊË‰ÍÓÒÚË. éÚÏÂÚËÏ, ˜ÚÓ ÏÌÓ„ËÏË ËÒÒÎÂ‰Ó‚‡ÚÂÎflÏË
·˚Î‡ ÛÒÚ‡ÌÓ‚ÎÂÌ‡ Á‡‚ËÒËÏÓÒÚ¸ ÏÂÊ‰Û ·ÛËÏÓÒÚ¸˛ ÔÓÓ‰˚ Ë
Á‡·ÓÈÌ˚Ï ‰‡‚ÎÂÌËÂÏ, Ú.Â. Ù‡ÍÚ Û‚ÂÎË˜ÂÌËfl vÏÂı Ò ÛÏÂÌ¸¯ÂÌË-
ÂÏ Á‡·.

Ç Ú‡·Î. 8.1 ÔË‚Â‰ÂÌ˚ ÁÌ‡˜ÂÌËfl qÚ, Ì‡È‰ÂÌÌ˚Â ÔË m = 0,2
Ë ‡ÁÎË˜Ì˚ı R Ë vÏÂı, ÔÂ‰ÒÚ‡‚Îfl˛˘Ëı ËÌÚÂÂÒ ‰Îfl Ô‡ÍÚËÍË
ÔÓ‚Ó‰ÍË ÒÍ‚‡ÊËÌ ‰‚ÓÈÌÓÈ Ë ·ÛËÎ¸ÌÓÈ ÍÓÎÓÌÌÓÈ.
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í ‡ · Î Ë ̂  ‡  8.1

R, Ï qÚ, Ï
3/Ò, ÔË ‡ÁÎË˜Ì˚ı vÏÂı, Ï/˜

100 200 300 400 500 600 700
0,0420 0,000123 0,000246 0,000369 0,000492 0,000616 0,000738 0,000861
0,0465 0,000151 0,000302 0,000453 0,000604 0,000755 0,000906 0,001057
0,0560 0,000219 0,000438 0,000657 0,000876 0,001095 0,001314 0,001533
0,0755 0,000398 0,000796 0,001194 0,001599 0,001990 0,002388 0,002786
0,0960 0,000643 0,001287 0,001930 0,002574 0,003217 0,003860 0,004504

àÁ Ú‡·Î. 8.1 ‚Ë‰ÌÓ, ˜ÚÓ ‡ÒıÓ‰ Ú‚Â‰ÓÈ Ù‡Á˚ ÏÓÊÂÚ ·˚Ú¸
ÁÌ‡˜ËÚÂÎ¸Ì˚Ï.

èÓ Û‡‚ÌÂÌË˛ (3.25) Ì‡È‰ÂÏ ÓÔÚËÏ‡Î¸Ì˚Â ÁÌ‡˜ÂÌËfl     qÊ
∗  ÔË

µÊ = 10–3 è‡⋅Ò, γÊ = 104 ç/Ï3, 
  
γ Ú

∗  = 2,6 Ë ‡ÁÎË˜Ì˚ı vÏÂı, R

Ë ‚ÌÛÚÂÌÌÂÏ ‰Ë‡ÏÂÚÂ d ˆÂÌÚ‡Î¸ÌÓÈ ÍÓÎÓÌÌ˚ (Ú‡·Î. 8.2).
í‡Í Í‡Í     qÊ

∗  = qÊ/qÚ, ÚÓ ÔÓ ‰‡ÌÌ˚Ï, ÔË‚Â‰ÂÌÌ˚Ï ‚ Ú‡·Î.
8.1 Ë 8.2, ·˚ÎË Ì‡È‰ÂÌ˚ ÁÌ‡˜ÂÌËfl qÊ, ÔË‚Â‰ÂÌÌ˚Â ‚ Ú‡·Î. 8.3.

í ‡ · Î Ë ̂  ‡  8.2

R, Ï     qÊ
∗  ÔË ‡ÁÎË˜Ì˚ı vÏÂı, Ï/˜

100 200 300 400 500 600 700

d = 0,042 Ï

0,0420 15,1 9,4 7,4 5,6 4,8 4,3 3,7
0,0465 13,5 8,4 6,1 4,7 4,1 3,5 3,0

d = 0,054 Ï

0,0560 15,5 10,5 7,8 6,3 5,2 4,5 3,9
0,0755 11,0 6,7 4,7 3,9 3,2 2,7 2,4

d = 0,065 Ï

0,0960 11,4 6,7 4,9 3,9 3,3 2,8 2,5

í ‡ · Î Ë ̂  ‡  8.3

R, Ï qÊ,10–3 Ï3/Ò, ÔË ‡ÁÎË˜Ì˚ı vÏÂı, Ï/˜

100 200 300 400 500 600 700

d = 0,042 Ï

0,0420 1,857 2,312 2,731 2,755 2,957 3,173 3,186
0,0465 2,038 2,537 2,763 2,838 3,095 3,171 3,171

d = 0,054 Ï

0,0560 3,394 4,595 5,125 5,519 5,694 5,913 5,979
0,0755 4,376 5,333 5,612 6,209 6,368 6,448 6,668

d = 0,065 Ï

0,0960 7,330 8,622 9,457 10,039 10,616 10,808 11,260
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Ñ‡ÌÌ˚Â, ÔË‚Â‰ÂÌÌ˚Â ‚ Ú‡·Î. 8.1 Ë 8.3, ÔÓÁ‚ÓÎfl˛Ú ÔÓ ÙÓ-
ÏÛÎÂ (7.9) ÓÔÂ‰ÂÎËÚ¸ ‰‡‚ÎÂÌËÂ Ì‡„ÌÂÚ‡ÌËfl. ÑÎfl ÔÓ‚Â‰ÂÌËfl
‡Ò˜ÂÚÓ‚ ÔËÌflÚÓ, ˜ÚÓ ÔË d = 0,042 Ï ËÎË r2 = 0,024 Ï r3 =
= 0,0305 Ï; ÔË d = 0,054 Ï ËÎË r2 = 0,030 Ï r3 = 0,0385 Ï;
ÔË d = 0,065 Ï ËÎË r2 = 0,0375 Ï r3 = 0,048 Ï. ê‡Ò˜ÂÚ˚
ÔÓ‚Ó‰ËÎËÒ¸ ÔË γ Ú = 2,6⋅104 ç/Ï3, γÊ = 104 ç/Ï3, µ =      
= 0,001 è‡⋅Ò, l = 100 Ï.

é˜Â‚Ë‰ÌÓ, ˜ÚÓ ÔË l ≠ 100 Ï ÁÌ‡˜ÂÌËÂ Ì ËÁÏÂÌflÂÚÒfl ‚
Í‡ÚÌÓÂ ˜ËÒÎÓ ‡Á ÔÓ Ò‡‚ÌÂÌË˛ Ò ‰‡ÌÌ˚ÏË, ÔË‚Â‰ÂÌÌ˚ÏË ‚
Ú‡·Î. 8.4.

ëÓ„Î‡ÒÌÓ (2.8) ÔË Re > 1500 ÒÍÓÓÒÚ¸ Ò‚Ó·Ó‰ÌÓ„Ó Ô‡‰ÂÌËfl
˜‡ÒÚËˆ˚ ‰Ë‡ÏÂÚÓÏ dÚ ÏÓÊÌÓ ÓÔÂ‰ÂÎËÚ¸ ÔÓ ÙÓÏÛÎÂ

    
v s

d g= −066395, .( )Ú Úγ γ

γ
(8.10)

Ç Ú‡·Î. 8.5 ÔË‚Â‰ÂÌ˚ ÁÌ‡˜ÂÌËfl vs ÔË ‡ÁÎË˜Ì˚ı dÚ. á‰ÂÒ¸
ÊÂ ‰‡Ì˚ ÁÌ‡˜ÂÌËfl Ô‡‡ÏÂÚ‡ êÂÈÌÓÎ¸‰Ò‡ Re ÔË Ó·ÚÂÍ‡ÌËË
˜‡ÒÚËˆ˚

    
Re= Úv d

g
s γ

µ
.

èÓ ‰‡ÌÌ˚Ï, ÔË‚Â‰ÂÌÌ˚Ï ‚ Ú‡·Î. 8.3, ·˚ÎË Ì‡È‰ÂÌ˚
ÁÌ‡˜ÂÌËfl ÒÂ‰ÌÂÈ ÒÍÓÓÒÚË ‰‚ËÊÂÌËfl ÊË‰ÍÓÒÚË ‚ ÚÛ·Â v
(Ú‡·Î. 8.6).

í ‡ · Î Ë ̂  ‡  8.4

R, Ï Ì,10
5 è‡, ÔË ‡ÁÎË˜Ì˚ı vÏÂı, Ï/˜

100 200 300 400 500 600 700

d = 0,042 Ï
0,0420 2,555 3,942 5,235 5,991 6,716 7,302 8,554
0,0465 2,973 4,575 5,810 6,726 7,878 8,761 9,516

d = 0,054 Ï

0,0560 2,527 4,439 5,508 6,925 6,974 7,760 8,400
0,0755 3,289 4,963 7,190 8,754 9,926 10,971 12,142

d = 0,065 Ï

0,0960 3,289 4,963 6,365 7,618 8,829 9,870 11,000

í ‡ · Î Ë ̂  ‡  8.5

dÚ, Ï vs, Ï/Ò Re dÚ, Ï vs, Ï/Ò Re

0,007 0,22007 1570,33 0,014 0,31123 4416,11
0,008 0,23527 1918,61 0,016 0,33272 5426,6
0,010 0,26304 2681,34 0,018 0,35290 6475,23
0,012 0,28815 3524,77 0,020 0,37199 758#300



110

í ‡ · Î Ë ̂  ‡  8.6

R, Ï v, Ï/Ò, ÔË ‡ÁÎË˜Ì˚ı vÏÂı, Ï/˜

100 200 300 400 500 600 700

d = 0,042 Ï

0,0420 1,340 1,669 1,971 1,988 2,134 2,290 2,300
0,0465 1,471 1,831 1,994 2,048 2,234 2,289 2,289

d = 0,054 Ï

0,0560 1,482 2,006 2,238 2,410 2,486 2,582 2,611
0,0755 1,911 2,327 2,450 2,711 2,780 2,815 2,911

d = 0,065 Ï

0,0960 2,227 2,598 2,850 3,025 3,199 3,257 3,393

àÁ Ò‡‚ÌÂÌËfl ‰‡ÌÌ˚ı, ÔË‚Â‰ÂÌÌ˚ı ‚ Ú‡·Î. 8.5 Ë 8.6, ‚Ë‰-
ÌÓ, ˜ÚÓ ‚Ó ‚ÒÂı ÒÎÛ˜‡flı v > vs, Ú.Â. ËÏÂÂÚ ÏÂÒÚÓ ‚˚ÌÓÒ ‚˚·Û-
ÂÌÌÓÈ ˜‡ÒÚËˆ˚.

í‡ÍËÏ Ó·‡ÁÓÏ, ÔË‚Â‰ÂÌÌ˚Â ÒÓÓÚÌÓ¯ÂÌËfl ÔÓÁ‚ÓÎfl˛Ú
‡ÒÒ˜ËÚ‡Ú¸ ‚ÒÂ ÚÂıÌÓÎÓ„Ë˜ÂÒÍËÂ Ô‡‡ÏÂÚ˚, Ò‚flÁ‡‚ Ëı Ò ÏÂı‡-
ÌË˜ÂÒÍÓÈ ÒÍÓÓÒÚ¸˛ ÔÓıÓ‰ÍË ÒÍ‚‡ÊËÌ˚.

àÁ ‰‡ÌÌ˚ı Ú‡·Î. 8.4 ÒÎÂ‰ÛÂÚ, ˜ÚÓ Ò Û‚ÂÎË˜ÂÌËÂÏ „ÎÛ·ËÌ˚
ÒÍ‚‡ÊËÌ˚ ‰‡‚ÎÂÌËÂ Ì‡„ÌÂÚ‡ÌËfl ÏÓÊÂÚ ‚ÓÁ‡ÒÚË Ë Ó„‡ÌË˜ËÚ¸
ÚÂÏ Ò‡Ï˚Ï ‚ÓÁÏÓÊÌÓÒÚ¸ ËÒÔÓÎ¸ÁÓ‚‡ÌËfl ‰‚ÓÈÌÓÈ ·ÛËÎ¸ÌÓÈ
ÍÓÎÓÌÌ˚.

èÓ˝ÚÓÏÛ ÔÂ‰ÒÚ‡‚ÎflÂÚÒfl ˆÂÎÂÒÓÓ·‡ÁÌ˚Ï ËÒÒÎÂ‰Ó‚‡Ú¸ ‚ÓÁ-
ÏÓÊÌÓÒÚ¸ ÔËÏÂÌÂÌËfl ‡˝ËÓ‚‡ÌÌ˚ı ÒÏÂÒÂÈ, ˜ÚÓ ‰ÓÎÊÌÓ
Ó·ÛÒÎÓ‚ËÚ¸ ÒÌËÊÂÌËÂ ·‡¯, ‡ ÁÌ‡˜ËÚ, Ë Ì.

8.1.1. ÃÈÄÐÎÄÈÍÀÌÈ×ÅÑÊÈÅ ÐÀÑ×ÅÒÛ
Â ÑËÓ×ÀÅ ÁÓÐÅÍÈß ÑÊÂÀÆÈÍÛ ÄÂÎÉÍÎÉ 
ÁÓÐÈËÜÍÎÉ ÊÎËÎÍÍÎÉ Ñ ÈÑÏÎËÜÇÎÂÀÍÈÅÌ
ÀÝÐÈÐÎÂÀÍÍÛÕ ÑÌÅÑÅÉ

Ç ‰‡ÌÌÓÏ ÒÎÛ˜‡Â ÌËÒıÓ‰fl˘ËÈ ÔÓÚÓÍ ‡˝ËÓ‚‡ÌÌÓÈ ÒÏÂÒË,
‰‚ËÊÛ˘ÂÈÒfl ‚ ÔÓÒÚ‡ÌÒÚ‚Â ÏÂÊ‰Û ‚ÌÂ¯ÌÂÈ Ë ˆÂÌÚ‡Î¸ÌÓÈ
ÍÓÎÓÌÌ‡ÏË, ÌÂ ÒÓ‰ÂÊËÚ Ú‚Â‰ÓÈ Ù‡Á˚; ‚ ‚ÌÛÚÂÌÌÂÈ ÔÓÎÓÒ-
ÚË Ì‡·Î˛‰‡ÂÚÒfl ‰‚ËÊÂÌËÂ ÒÏÂÒË, ÒÓÒÚÓfl˘ÂÈ ËÁ ‚ÓÁ‰Ûı‡ („‡Á),
ÊË‰ÍÓÒÚË Ë ‚˚·ÛÂÌÌÓÈ ÔÓÓ‰˚ ‰ÓÒÚ‡ÚÓ˜ÌÓ ‚˚ÒÓÍÓÈ ÍÓÌ-
ˆÂÌÚ‡ˆËË.

ÑÎfl ‡Ò˜ÂÚ‡ ÌËÒıÓ‰fl˘Â„Ó ÔÓÚÓÍ‡ ËÒÚËÌÌ‡fl (Ó·˙ÂÏÌ‡fl) ÍÓÌ-
ˆÂÌÚ‡ˆËfl ÔÓ ÙÓÏÛÎÂ ç.É. ãÂÓÌÓ‚‡ Ë Ç.à. àÒ‡Â‚‡ ÓÔÂ‰ÂÎfl-
ÂÚÒfl Ú‡Í:
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ϕ β=

−

Fr

Fr 0, 45
, (8.11)

„‰Â Fr – Ô‡‡ÏÂÚ îÛ‰‡,

    

Fr= Êq

g r r r r

2

2
3 2 3

2
2
2

2 2
2 1π β−( ) −



 −( )

. (8.12)

í‡Í Í‡Í

    

β =
+

q

q

p

p
q

q

p

p

‡

Ê

‡

‡

Ê

‡ 1

, (8.13)

ÚÓ ‚˚‡ÊÂÌËÂ (8.12) ÏÓÊÂÏ ÔÂÂÔËÒ‡Ú¸ ‚ ÒÎÂ‰Û˛˘ÂÏ ‚Ë‰Â:

    

Fr=
Ê

‡

Ê

‡

2
3 2 3

2
2
2

2

q
q
q

p
p

g r r r r

2
2

1

2

+










−( ) −



π

. (8.14)

èË r3 = 0,0305 Ï Ë r2 = 0,024 Ï

    
Fr=6330939,88 1 .Ê

2 ‡

Ê

‡
2

# # #q q
q

p
p
+









 (8.15)

àÁ (8.14) ÒÎÂ‰ÛÂÚ, ˜ÚÓ ‰‡ÊÂ ÔË q‡/qÊ = 20, /‡ = 30, ‡
Ú‡ÍÊÂ qÊ ≥ 0,001 Ï3/Ò ÏÓÊÌÓ Á‡ÏÂÌËÚ¸

  

Fr

Fr –0,45
≈ 1.

ä Ú‡ÍÓÏÛ ÊÂ ÂÁÛÎ¸Ú‡ÚÛ ÏÓÊÂÏ ÔËÈÚË ÔË r2 = 0,027 Ï Ë
r3 = 0,0385 Ï, ‡ Ú‡ÍÊÂ ÔË r2 = 0,0325 Ï Ë r3 = 0,048 Ï.

èÓ˝ÚÓÏÛ ‚ ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò (8.11) Á‡ÔË¯ÂÏ

ϕ = β. (8.16)

áÌ‡˜ËÚ, ÒÓ„Î‡ÒÌÓ (5.11), (5.12) Ë (8.16)

    

dp dxq

g D d

p p
pÚ

Ê Ê

Ì

‡=
−

+







0 241434

0 25 0 75

0 75 4 75

1 53

, ,
, ,

, ,

,

( )

µ γ Γ (8.17)

„‰Â D – ‚ÌÛÚÂÌÌËÈ ‰Ë‡ÏÂÚ ‚ÌÂ¯ÌÂÈ ÍÓÎÓÌÌ˚ ·ÛËÎ¸Ì˚ı
ÚÛ·; dÌ – Ì‡ÛÊÌ˚È ‰Ë‡ÏÂÚ ‚ÌÛÚÂÌÌÂÈ ÚÛ·˚.

ÑÎfl ‰ËÙÙÂÂÌˆË‡Î¸ÌÓ Ï‡ÎÓ„Ó Ó·˙ÂÏ‡ ÒÏÂÒË, Ó„‡ÌË˜ÂÌÌÓ-
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„Ó ‚˚ÒÓÚÓÈ, ÒÓÒÚ‡‚ËÏ ÒÎÂ‰Û˛˘ÂÂ Û‡‚ÌÂÌËÂ ‰ËÌ‡ÏË˜ÂÒÍÓ„Ó
‡‚ÌÓ‚ÂÒËfl:

–dp + γÊ(1 – ϕ)dx – dpÚ = 0. (8.18)

íÓ„‰‡ ÔÓ (8.16) – (8.18)

    

dp dx
p

p p

q

g D d

p p

p
= 








+
−

−

+
















γ µ γÊ

‡

Ê Ê ‡

Γ

Γ0 241434 0 25 0 75 1 75

0 75 4 75

1 53
,

( )

, , ,

, ,

,

.

ê‡Á‰ÂÎË‚ ÔÂÂÏÂÌÌ˚Â, ÔÓÎÛ˜ËÏ

    

γÊ
‡

‡Ì

·‡¯

l p p dp

p a
p p

p
p

p

= +

−
+

























∫
( )

,
,Γ

Γ
1 1

2 53
(8.19)

„‰Â 
    

a q

g D d
1

0 25 175

0 75 4 75

0 241434=
−

,

( )

, ,

, ,
.µ

γ

Ê

Ì Ê
0,25

åÓÊÌÓ Û·Â‰ËÚ¸Òfl ‚ ÚÓÏ, ˜ÚÓ

    
a p p

p1

2 53

1Γ ‡ +







 <<

,

.

ëÓÓÚÌÓ¯ÂÌËÂ (7.19) Á‡ÏÂÌËÏ ‚˚‡ÊÂÌËÂÏ

    

γÊ ‡

Û

·‡¯
‡

Û

·‡¯

Û

·‡¯

l p dp a dpdp
p

p p
p

p

p

p

p

p

p

= + +∫ ∫∫
+







Γ Γ

1

3 53,

. (8.20)

ÑÎfl ÚÓ„Ó ˜ÚÓ·˚ ‡ÒÍ˚Ú¸ ÚÂÚËÈ ËÌÚÂ„‡Î Ô‡‚ÓÈ ˜‡ÒÚË
‚˚‡ÊÂÌËfl (7.20), ÔÓ‚Â‰ÂÏ ÔÓÒÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ ÒÎÂ‰Û˛˘ËÂ ‰‚Â
Á‡ÏÂÌ˚:

    
χ χ= +Γp p

p
y‡  =, .12

íÓ„‰‡ ÔÓÎÛ˜ËÏ

    

a dp a p
p

p

p p
p1

3 53
5
2 3

22 3
5

2
3

∫ +









− 













= − + − + −












Ì

·‡¯

‡
a

·‡¯ Ì

5
2

·‡¯ Ì

3
2

·‡¯#Γ Γ
,

χ χ χ χ χ

  

− + − − +)
−

+

− −

+

− − −
χ

χ

χ

χ

χ

χ

χ

χ

χ

χ

χ

χ

χ
Ì

·‡¯

·‡¯

·‡¯

·‡¯

Ì

Ì

Ì

Ì

·‡¯

·‡¯

Ì

Ì
ln ln +

1

1

1 1

1

1

3

21

3

21( ) ( )
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+
+





−





−





+














1
2

1 1

1 1
ln

·‡¯ Ì

·‡¯ Ì

χ χ

χ χ
.

ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ÔÓ (8.20) ÏÓÊÂÏ Á‡ÔËÒ‡Ú¸:

    

γ χ χ
χ χÊ

‡

·‡¯

Ì

·‡¯

‡

Ì

‡
Ê

·‡¯ Ì

5
2

·‡¯ Ì

3
2ln #l

p

p

p

p

p

p

p
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
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
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


− 











Γ Γ0 482868 175

5
2 3

2

5
2
3

, ,

  

+ − + − −



 −

+

− −

+

− −
3

1

1

1 1

1

1

3

2 1
# ln ln +

·‡¯ Ì
·‡¯

·‡¯

·‡¯

·‡¯

Ì

Ì

Ì

Ì

·‡¯

·‡¯
χ χ

χ

χ

χ

χ

χ

χ

χ

χ

χ
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+ +
−

+( ) −( )
−( ) +( )









3

21
1
2

1 1

1 1

χ

χ

χ χ

χ χ

Ì

Ì

·‡¯ Ì

·‡¯ Ì

ln
( )

, (8.21)

„‰Â 

    

χ χ µ

γ

·‡¯
‡ ·‡¯

·‡¯
Ì

‡ Ì

Ì
Ê

Ê

Ê Ì

  = = =+ +

−

∗∗Γ Γp p
p

p p
p

q

g D d

q; ; .

( ) /

1

7

1

7

3

7 19 7

ÑÎfl ‚ÓÒıÓ‰fl˘Â„Ó ÔÓÚÓÍ‡, ÒÓÒÚÓfl˘Â„Ó ËÁ ÊË‰ÍÓÒÚË, „‡Á‡ Ë
‚˚·ÛÂÌÌ˚ı ˜‡ÒÚËˆ, ÔÓÎÛ˜ËÏ Û‡‚ÌÂÌËÂ (5.19). á‰ÂÒ¸ ÍÓÌˆÂÌÚ-
‡ˆËfl Ú‚Â‰ÓÈ Ù‡Á˚ ‚ ÊË‰ÍÓÒÚË ‚ ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò (8.2) ÓÔÂ-
‰ÂÎflÂÚÒfl Ú‡Í:

    

α π

π
0

ÏÂı

ÏÂı Ê

= −

− +

R v m

R v m q

2

2

1

1

( )

( )
. (8.22)

í‡Í Í‡Í ÁÌ‡˜ÂÌËfl 
    

γ Ê

‡

l
p

, Ì‡È‰ÂÌÌ˚Â ÔÓ ‚˚‡ÊÂÌËflÏ (5.44) Ë

(8.21), ‡‚Ì˚, ÚÓ ÔÓÎÛ˜ËÏ ÒÎÂ‰Û˛˘ÂÂ ÒÓÓÚÌÓ¯ÂÌËÂ ‰Îfl ÓÔÂ-
‰ÂÎÂÌËfl ‰‡‚ÎÂÌËfl Ì‡„ÌÂÚ‡ÌËfl:

    

1

1 1
2 503

0 81

1 1

019

0190 0+ −










′ ′








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









+

′
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γ
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γ
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p
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p
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p
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p
p

Γ
Γ

Γ
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


















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
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+ − ′ + − ′ + − ′ +
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
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

 ′ −





−



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






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


1
2

1 1

1 1
ln

·‡¯

·‡¯

ξ ξ

ξ ξ     
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
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
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
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
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. (8.23)

ê‡Ò˜ÂÚ˚ ÔÓ ÓÔÂ‰ÂÎÂÌË˛ ·‡¯ Ë Ì ÔÓ‚Ó‰flÚÒfl Ú‡Í.
èË Á‡‰‡ÌÌ˚ı R, vÏÂı Ë m ÔÓ (8.22) ÓÔÂ‰ÂÎflÂÏ α0. Ñ‡ÎÂÂ

ÔË ËÁ‚ÂÒÚÌ˚ı µ, qÊ, γÚ, γÊ, Γ, d ËÎË r2 Á‡‰‡ÂÏÒfl ‡ÁÎË˜Ì˚ÏË
·‡¯/‡  Ë ÔÓ Û‡‚ÌÂÌË˛ (5.44) ‡ÒÒ˜ËÚ˚‚‡ÂÏ ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÂ
ÁÌ‡˜ÂÌËfl γÊl/‡. áÌ‡fl γÊl/‡, Ì‡ıÓ‰ËÏ ·‡¯. Ñ‡ÎÂÂ, ÔÓ‰ÒÚ‡‚Ë‚
Ì‡È‰ÂÌÌÓÂ ÁÌ‡˜ÂÌËÂ ·‡¯ ‚ (8.23), ÏÂÚÓ‰ÓÏ ÔÓÒÎÂ‰Ó‚‡ÚÂÎ¸Ì˚ı
ÔË·ÎËÊÂÌËÈ ÓÔÂ‰ÂÎflÂÏ ‰‡‚ÎÂÌËÂ Ì‡„ÌÂÚ‡ÌËfl Ì.

Ç ËÁÎÓÊÂÌÌÓÈ ÔÓÒÎÂ‰Ó‚‡ÚÂÎ¸ÌÓÒÚË Ì‡È‰ÂÏ ·‡¯ Ë Ì ÔË
vÏÂı = 200 Ï/˜ = 0,0555 Ï/Ò, m = 0,2, R = 0,042 Ï, r2 =    
= 0,021 Ï ËÎË dÌ = 0,048 Ï, D = 0,061 Ï ËÎË r3 = 0,0305 Ï,
µ = 10–3 è‡⋅Ò, qÊ = 0,001 Ï3/Ò, γ Ú = 2,6⋅104 ç/Ï3, γÊ =     
= 104 ç/Ï3, Γ = 20 Ï3/Ï3, d = 0,042 Ï, Û = ‡.

ëÓ„Î‡ÒÌÓ (8.22) α0 = 0,1976.
èËÌËÏ‡ÂÏ α0 = 0,2.
àÏÂÂÏ   Ú‡ÍÊÂ
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ëÓ„Î‡ÒÌÓ (5.44)
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, ( , , ) ,

,

,

    
+ + ⋅ + + ×− ⋅p

p
·‡¯

‡
#2 222 10

132

5
0250 485527 14558 15 0 402 0 07551,

,
, , ( , , , ) ,

  

× − + − + − + ×






































1
5

2
3

5
2

3
226156 7 0882 3 1 9209ξ

ξ

ξ
ξ ξ·‡¯ ·‡¯ ·‡¯

·‡¯

·‡¯
#

1–
, , ,

  

× − ⋅ − + +
+

− −

+





−










#ln ln·‡¯

·‡¯

·‡¯

·‡¯

·‡¯

·‡¯

ξ

ξ

ξ

ξ

ξ

ξ

1

1

1 5

1
1
2

1 0 31527

1
0 71410 11543 1 0711, , ,

, ,
,

ËÎË

    

γÊ

‡

·‡¯

‡lnl
p

p
p= +

+

5 7763 12 2723
20 0 19

44 6344
, ,

,

,     
+ + ×− ⋅p

p
·‡¯

‡#

2 222 10

132

5
08382,

,
,

  

× − + + + − +









−

+

− −

ξ
ξ

ξ

ξ

ξ

ξ

ξ

ξ
ξ·‡¯

·‡¯ ·‡¯
·‡¯

·‡¯

·‡¯

·‡¯

·‡¯

·‡¯5
ln

5

2
3

215 4724 32
3 1

1

1

1 5

1
,

,

  

+
+





−









1
2

0 31527 1

1
ln

# ·‡¯

·‡¯

,
.

ξ

ξ
(8.24)

Ç Ú‡·Î. 8.7 ÔË‚Â‰ÂÌ˚ ÁÌ‡˜ÂÌËfl γÊl/‡, Ì‡È‰ÂÌÌ˚Â ÔÓ ‚˚-
‡ÊÂÌË˛ (8.24) ÔË ‡ÁÎË˜Ì˚ı ·‡¯/‡.

èÂÂÈ‰ÂÏ Í ‡Ò˜ÂÚÛ ‰‡‚ÎÂÌËfl Ì‡„ÌÂÚ‡ÌËfl.
ÑÓÔÛÒÚËÏ, ˜ÚÓ ‰ÎËÌ‡ ÍÓÎÓÌÌ˚ ÚÛ· ÒÓÒÚ‡‚ÎflÂÚ 490 Ï. íÓ„‰‡

ÒÓ„Î‡ÒÌÓ Ú‡·Î. 8.4 ·‡¯ = 30⋅105 è‡. ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, χ·‡¯ =  
= 1,667;   χ·‡¯ = 1,2911, ξ·‡¯ = 1,4793;   ξ·‡¯ = 1,216, ′ξ =  
= 1,9209. àÏÂÂÏ Ú‡ÍÊÂ q∗∗ = 4,9479.
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í ‡ · Î Ë ̂  ‡  8.7

    

p

p
·‡¯

‡     

γÊ

‡

l
p

    

p

p
·‡¯

‡     

γÊ

‡

l
p

    

p

p
·‡¯

‡     

γÊ

‡

l
p

    

p

p
·‡¯

‡     

γÊ

‡

l
p

10 23,776 40 58,872 70 84,664 100 107,580
15 31,331 45 63,496 75 88,661 105 111,266
20 37,787 50 67,609 80 92,516 110 114,845
25 43,608 55 72,283 85 96,347 115 118,403
30 48,987 60 76,527 90 100,589 120 122,050
35 54,050 65 80,624 95 103,917 125 125,521

Ç ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò (8.23) ÔÓÎÛ˜ËÏ:

    

18 311 20 158 524 2 152330 3 5879
5

2
3

5
2 3

2, ln , ,,− + + + − +− 




















p
p
pÌ

Ì

‡

Ì
Ì# χ χ

  

+ − − − + +







−

+

− −
3 5 4772 109023

1

1

1

3

21
# lnÌ

Ì

Ì

Ì

Ì

Ì

Ì
, ,

( )
χ

χ

χ

χ

χ

χ

χ

  

+ =
+( )

−









1
2

7 87049 1

1
0ln

# Ì

Ì

,
.

χ

χ
(8.25)

åÂÚÓ‰ÓÏ ÔÓÒÎÂ‰Ó‚‡ÚÂÎ¸Ì˚ı ÔË·ÎËÊÂÌËÈ ÔÓ Û‡‚ÌÂÌË˛
(8.25) ÔÓÎÛ˜ÂÌÓ Ì = 6,7⋅105 è‡.

èÂ‰ÒÚ‡‚ÎflÂÚ ËÌÚÂÂÒ ÔË ÔËÌflÚ˚ı ËÒıÓ‰Ì˚ı ‰‡ÌÌ˚ı ÓÔ-
Â‰ÂÎËÚ¸ ‰‡‚ÎÂÌËÂ Ì‡„ÌÂÚ‡ÌËfl ‚ ÒÎÛ˜‡Â ÔÓÏ˚‚ÍË ‚Ó‰ÓÈ, ‡ ÌÂ
‡˝ËÓ‚‡ÌÌÓÈ ÒÏÂÒ¸˛.

èË ÔËÌflÚÓÏ α0 = 0,2 Ë qÊ = 0,001 Ï3/Ò Ì‡ıÓ‰ËÏ qÚ =

    
= =α

α
0qÊ

01–
0,00029 Ï3/Ò.

íÓ„‰‡ ÔÓ ÙÓÏÛÎÂ (8.9) ÔË l = 490 Ï ÔÓÎÛ˜ËÏ

    
pÌ = + +⋅ ⋅ ⋅ ⋅ ⋅ ⋅

− ⋅

1 6 10 0 00029 490
0 00129

0 00118282 1000 490 0 000005623

7 4133 0 00093025 0 000578 0 001846 5 5431

4

1 75

, ,
,

, ,

, ( , , ) , ,,

  
+ ⋅ + ⋅ + ⋅ + ×

⋅ ⋅ −
− − −21 03717

5 5431 0 289 10 6
5 5 5 0 25 0 750114 10 01309 10 01 10 10 7 54,

, ,
( , , , ) ( , ), ,

× 0,035917;

Ì = 17,625⋅105 + 4,7434⋅105+1,7421⋅105 = 24,11⋅105 è‡.
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ä‡Í Ë ÒÎÂ‰Ó‚‡ÎÓ ÓÊË‰‡Ú¸, Ò ÔÂÂıÓ‰ÓÏ Ì‡ ·ÛÂÌËÂ ÒÍ‚‡-
ÊËÌ˚ ‡˝ËÓ‚‡ÌÌÓÈ ÒÏÂÒ¸˛ Ì‡·Î˛‰‡ÂÚÒfl ÁÌ‡˜ËÚÂÎ¸ÌÓÂ ÒÌË-
ÊÂÌËÂ ‰‡‚ÎÂÌËfl Ì‡„ÌÂÚ‡ÌËfl.
ÄÌ‡ÎÓ„Ë˜ÌÓ ÏÓÊÌÓ ‚˚ÔÓÎÌËÚ¸ ‡Ò˜ÂÚ˚ ÔË Î˛·˚ı ‰Û„Ëı

ËÒıÓ‰Ì˚ı ‰‡ÌÌ˚ı.
é˜Â‚Ë‰ÌÓ, ˜ÚÓ Ë ‚ ‰‡ÌÌÓÏ ÒÎÛ˜‡Â ·‡¯ ËÎË Á‡· ËÏÂÂÚ ÏËÌË-

ÏÛÏ ÓÚÌÓÒËÚÂÎ¸ÌÓ qÊ. í‡Í Í‡Í ·‡¯ = f(qÊ) ‚˚‡Ê‡ÂÚÒfl ÌÂ ‚
fl‚ÌÓÏ ‚Ë‰Â, ‡ ÏÓÊÂÚ ·˚Ú¸ ÛÒÚ‡ÌÓ‚ÎÂÌÓ ËÁ Ú‡ÌÒˆÂÌ‰ÂÌÚÌÓ„Ó
Û‡‚ÌÂÌËfl (5.44), ÚÓ ‰Îfl ÓÔÂ‰ÂÎÂÌËfl ÓÔÚËÏ‡Î¸ÌÓ„Ó qÊ (ÔË
Á‡‰‡ÌÌÓÏ Γ = q‡/qÊ) ÒÎÂ‰ÛÂÚ ÔÓ‚ÂÒÚË ÒÂË˛ ‡Ò˜ÂÚÓ‚ Ë, ÔÓ-
ÒÚÓË‚ „‡ÙËÍ Á‡‚ËÒËÏÓÒÚË ·‡¯ = f(qÊ), Ì‡ÈÚË ‡ÒıÓ‰ ÊË‰-
ÍÓÒÚË, Ó·ÂÒÔÂ˜Ë‚‡˛˘ËÈ ÏËÌËÏÛÏ ·‡¯ ËÎË Á‡· .

8.2. ÃÈÄÐÎÄÈÍÀÌÈ×ÅÑÊÈÅ ÑÎÎÒÍÎØÅÍÈß
ÏÐÈ ÁÓÐÅÍÈÈ ÑÊÂÀÆÈÍÛ ÃËÈÍÈÑÒÛÌ
ÐÀÑÒÂÎÐÎÌ

ê‡ÌÂÂ ·˚ÎÓ ÔÓÍ‡Á‡ÌÓ, ˜ÚÓ ÔË ÚÂ˜ÂÌËË ‚flÁÍÓÔÎ‡ÒÚË˜ÌÓÈ ÊË‰-
ÍÓÒÚË ‚ ÚÛ·Â ÍËÚË˜ÂÒÍÓÂ ÁÌ‡˜ÂÌËÂ Ô‡‡ÏÂÚ‡ êÂÈÌÓÎ¸‰Ò‡
ÓÔÂ‰ÂÎflÂÚÒfl ÔÓ ÙÓÏÛÎÂ (1.38).

áÌ‡˜ÂÌËÂ ÍËÚË˜ÂÒÍÓ„Ó Ô‡‡ÏÂÚ‡ êÂÈÌÓÎ¸‰Ò‡ ÔË ÚÂ˜ÂÌËË
‚flÁÍÓÈ ÊË‰ÍÓÒÚË ‚ ÔÓÒÚ‡ÌÒÚ‚Â ÏÂÊ‰Û ‰‚ÛÏfl ˆËÎËÌ‰‡ÏË
Ì‡ıÓ‰ËÏ ÒÎÂ‰Û˛˘ËÏ Ó·‡ÁÓÏ [14]:

ÔË 0 < r‡ ≤ 0,690

ReÍ.Í.Ô = 2320 –1976,577r‡; (8.26)

ÔË 0,700 ≤ r‡ ≤ 0,995

ReÍ.Í.Ô = – 6740,7 + 10#958,324r‡, (8.27)

„‰Â r‡ = r2/r3.
ë˜ËÚ‡ÂÏ, ˜ÚÓ ÔË ‰ËÌ‡ÏË˜ÂÒÍÓÏ Ì‡ÔflÊÂÌËË Ò‰‚Ë„‡ τ0 =

= 0, Ú.Â. ÔË Ô‡‡ÏÂÚÂ ïÂ‰ÒÚÂÏ‡ ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ-
‚Â çÂÍ.Ô = 0 ‚˚‡ÊÂÌËfl (8.26) Ë (8.27) fl‚Îfl˛ÚÒfl ËÒıÓ‰Ì˚ÏË
‰Îfl ÓÔÂ‰ÂÎÂÌËfl ReÍ.Í.Ô ÔË ÚÂ˜ÂÌËË ‚flÁÍÓÔÎ‡ÒÚË˜ÌÓÈ ÊË‰ÍÓ-
ÒÚË.

Ç ‡·ÓÚÂ [14] ÔÓÍ‡Á‡ÌÓ, ˜ÚÓ ÔË r‡ → 0 ÒÓÓÚÌÓ¯ÂÌËÂ,
ÒÔ‡‚Â‰ÎË‚ÓÂ ‰Îfl ÍÓÎ¸ˆÂ‚Ó„Ó ÔÓÒÚ‡ÌÒÚ‚‡, ÔÂÂıÓ‰ËÚ ‚ ‡Ò-
˜ÂÚÌÛ˛ ÙÓÏÛÎÛ ‰Îfl ÚÛ·˚. ùÚÓ Ó·ÒÚÓflÚÂÎ¸ÒÚ‚Ó ‰‡ÂÚ ÓÒÌÓ‚‡-
ÌËÂ Ò˜ËÚ‡Ú¸, ˜ÚÓ ÔÓ ÙÓÏÛÎÂ (1.38) ÏÓÊÌÓ Ì‡ÈÚË ReÍ.Í.Ô ÔË
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ÚÂ˜ÂÌËË ‚flÁÍÓÔÎ‡ÒÚË˜ÌÓÈ ÊË‰ÍÓÒÚË ‰Îfl ˜‡ÒÚÌÓ„Ó ÒÎÛ˜‡fl, Ú.Â.
r‡ = 0.

í‡ÍËÏ Ó·‡ÁÓÏ, ‚˚˜ËÒÎË‚ ÔÓ ÙÓÏÛÎÂ (1.38) fl‰ ÁÌ‡˜ÂÌËÈ
ReÍ.Í.Ô ÔË Á‡‰‡ÌÌ˚ı çÂÍ.Ô Ë ÓÚÎÓÊË‚ Ëı Ì‡ ‚ÂÚËÍ‡Î¸ÌÓÈ
ÓÒË, ÓÚ ÔÓÎÛ˜ÂÌÌ˚ı Ú‡ÍËÏ Ó·‡ÁÓÏ ÚÓ˜ÂÍ ÔÓ‚Ó‰ËÏ ÒÓÓÚ‚ÂÚ-
ÒÚ‚Û˛˘ËÂ ÍË‚˚Â, ˝Í‚Ë‰ËÒÚ‡ÌÚÌ˚Â Í ÍË‚ÓÈ, ÔÓÒÚÓÂÌÌÓÈ
ÔË çÂÍ.Ô = 0.
ÄÔÔÓÍÒËÏ‡ˆËfl ÔÓÎÛ˜ÂÌÌ˚ı Ú‡ÍËÏ Ó·‡ÁÓÏ Á‡‚ËÒËÏÓÒÚÂÈ

ÔÓÁ‚ÓÎËÎ‡ ÒÓÒÚ‡‚ËÚ¸ ÒÎÂ‰Û˛˘ËÂ ‡Ò˜ÂÚÌ˚Â ÒÓÓÚÌÓ¯ÂÌËfl ‰Îfl
ÓÔÂ‰ÂÎÂÌËfl ÍËÚË˜ÂÒÍÓ„Ó Ô‡‡ÏÂÚ‡ êÂÈÌÓÎ¸‰Ò‡ ÔË ÚÂ˜ÂÌËË
‚flÁÍÓÔÎ‡ÒÚË˜ÌÓÈ ÊË‰ÍÓÒÚË ÏÂÊ‰Û ‰‚ÛÏfl ˆËÎËÌ‰‡ÏË [14]:

ÔË 0 ≤ r‡ ≤ 0,690

ReÍ.Í.Ô = 2320 + 32,2556   çÂÍ.Ô
0 43043, – 1976,577r‡; (8.28)

ÔË 0,700 ≤ r‡ ≤ 0,990

ReÍ.Í.Ô ë(çÂÍ.Ô) + 10958,324r‡,

„‰Â 
    

çÂÍ.Ô =
−4 0 3 2

2

2

τ γ

η

( ) .r r

g

áÌ‡˜ÂÌËfl ë(çÂÍ.Ô) ÔË‚Â‰ÂÌ˚ ‚ Ú‡·Î. 8.8.
ÄÔÔÓÍÒËÏ‡ˆËfl ‰‡ÌÌ˚ı, ÔË‚Â‰ÂÌÌ˚ı ‚ Ú‡·Î. 8.8, ÔÓÁ‚ÓÎË-

Î‡ ÔÓÎÛ˜ËÚ¸ ‚˚‡ÊÂÌËÂ

ë(çeÍ.Ô) = – 6740,7 + 29,05  çÂÍ.Ô
0 4406, .

Ç Ú‡·Î. 8.9 ÔË‚Â‰ÂÌ˚ ÁÌ‡˜ÂÌËfl r‡ ÔË ‡ÁÎË˜Ì˚ı r3 Ë r2,
ÔÂ‰ÒÚ‡‚Îfl˛˘Ëı ËÌÚÂÂÒ ‰Îfl Ô‡ÍÚËÍË ÔÓ‚Ó‰ÍË ÒÍ‚‡ÊËÌ
‰‚ÓÈÌÓÈ ·ÛËÎ¸ÌÓÈ ÍÓÎÓÌÌÓÈ.

àÁ Ú‡·Î. 8.9 ‚Ë‰ÌÓ, ˜ÚÓ ÔË Â¯ÂÌËË Á‡‰‡˜, Ò‚flÁ‡ÌÌ˚ı Ò
·ÛÂÌËÂÏ ÒÍ‚‡ÊËÌ ‰‚ÓÈÌÓÈ ÍÓÎÓÌÌÓÈ, ÂÊËÏ ÚÂ˜ÂÌËfl ÛÒÚ‡-
Ì‡‚ÎË‚‡ÂÚÒfl ÔÓ ÙÓÏÛÎÂ (8.29) Ë Ú‡·Î. 8.8.

Ç ˆËÍÛÎflˆËÓÌÌÓÈ ÒËÒÚÂÏÂ ÒÍ‚‡ÊËÌ˚ ÔË ÛÒÎÓ‚ËË, ˜ÚÓ
„ÎËÌËÒÚ˚È ‡ÒÚ‚Ó Ì‡ ÔÓ‚ÂıÌÓÒÚË ÔÓ‰‚Â„‡ÂÚÒfl Ó˜ËÒÚÍÂ, Ì‡-

í ‡ · Î Ë ̂  ‡  8.8

çÂÍ.Ô ë(çÂÍ.Ô) çÂÍ.Ô ë(çÂÍ.Ô)
0 –6740,70 1 000 000 5770,03

10 000 –5059,56 1 200 000 6709,64
100 000 –2250,56 1 400 000 7705,03
200 000 –447,66 1 600 000 8314,02
400 000 1826,67 1 700 000 8672,30
800 000 4695,46 – –

í ‡ · Î Ë ̂  ‡  8.9

r3, Ï r2, Ï r‡

0,0305 0,0240 0,78688
0,0385 0,0300 0,77922
0,0450 0,0375 0,83333
0,0480 0,0375 0,78125



119

·Î˛‰‡˛ÚÒfl ÌËÒıÓ‰fl˘ÂÂ ‰‚ËÊÂÌËÂ „ÎËÌËÒÚÓ„Ó ‡ÒÚ‚Ó‡ ‚
ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â (Á‰ÂÒ¸ ‡ÒÚ‚Ó Ò‚Ó·Ó‰ÂÌ ÓÚ ‚˚·ÛÂÌ-
ÌÓÈ ÔÓÓ‰˚) Ë ‚ÓÒıÓ‰fl˘ËÈ ÔÓÚÓÍ, Ì‡Ò˚˘ÂÌÌ˚È «¯Î‡ÏÓÏ».

é˜Â‚Ë‰ÌÓ, ˜ÚÓ Ô‡‡ÏÂÚ êÂÈÌÓÎ¸‰Ò‡ ÔË ÚÂ˜ÂÌËË „ÎËÌËÒÚÓ-
„Ó ‡ÒÚ‚Ó‡ ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â Ì‡ıÓ‰ËÏ Í‡Í

    
Re .

( )Í.Ô
Ê Ê=
+

2

3 2

γ

π η

q
r r g

(8.30)

èË ReÍ.Ô < ReÍ.Í.Ô ‰‚ËÊÂÌËÂ „ÎËÌËÒÚÓ„Ó ‡ÒÚ‚Ó‡ ‚ ÍÓÎ¸-
ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â ÔÓËÒıÓ‰ËÚ ÔË ÒÚÛÍÚÛÌÓÏ ÂÊËÏÂ, ‚
ÔÓÚË‚ÌÓÏ ÒÎÛ˜‡Â – ÔË ÚÛ·ÛÎÂÌÚÌÓÏ ÂÊËÏÂ.

äËÚË˜ÂÒÍÓÂ ÁÌ‡˜ÂÌËÂ Ô‡‡ÏÂÚ‡ êÂÈÌÓÎ¸‰Ò‡ ÔË ÚÂ˜ÂÌËË
ÒÏÂÒË „ÎËÌËÒÚÓ„Ó ‡ÒÚ‚Ó‡ Ò ‚˚·ÛÂÌÌÓÈ ÔÓÓ‰ÓÈ ‚˚˜ËÒÎfl˛Ú
ÔÓ ÙÓÏÛÎÂ (6.2).

ÑÎfl ÓÔÂ‰ÂÎÂÌËfl ÂÊËÏ‡ ÚÂ˜ÂÌËfl ÒÏÂÒË ÌÂÓ·ıÓ‰ËÏÓ Ì‡ÈÚË
Ô‡‡ÏÂÚ êÂÈÌÓÎ¸‰Ò‡:

    
Re .( )

ÒÏ
Ê Ú ÒÏ

ÒÏ
= +4 q q

d g
γ

π η
(8.31)

àÁ Ò‡‚ÌÂÌËfl ReÒÏ Ë ReÍ ÔÓ (6.2) ÓÔÂ‰ÂÎflÂÏ ÂÊËÏ ÚÂ˜Â-
ÌËfl ÒÏÂÒË „ÎËÌËÒÚÓ„Ó ‡ÒÚ‚Ó‡ Ò ‚˚·ÛÂÌÌÓÈ ÔÓÓ‰ÓÈ ‚Ó
‚ÌÛÚÂÌÌÂÈ ÔÓÎÓÒÚË ˆÂÌÚ‡Î¸ÌÓÈ ÍÓÎÓÌÌ˚.

ì˜ËÚ˚‚‡fl ÁÌ‡˜ËÚÂÎ¸Ì˚È ‰Ë‡Ô‡ÁÓÌ ËÁÏÂÌÂÌËfl γÊ, γÒÏ, ηÊ,
ηÒÏ, τ0 Ë qÒÏ, ÏÓÊÌÓ Ò‰ÂÎ‡Ú¸ ‚˚‚Ó‰, ˜ÚÓ ÚÂ˜ÂÌËÂ ÊË‰ÍÓÒÚË ‚
ˆËÍÛÎflˆËÓÌÌÓÈ ÒËÒÚÂÏÂ „ÎËÌËÒÚÓ„Ó ‡ÒÚ‚Ó‡ ‚ÓÁÏÓÊÌÓ ÔË
‡ÁÎË˜Ì˚ı ÒÓ˜ÂÚ‡ÌËflı ÂÊËÏÓ‚ ‰‚ËÊÂÌËfl ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓ-
ÒÚ‡ÌÒÚ‚Â Ë ‚ÌÛÚÂÌÌÂÈ ÔÓÎÓÒÚË ÍÓÎÓÌÌ˚ ÚÛ·. ç‡Ë·ÓÎÂÂ ‚Â-
ÓflÚÌ˚ÏË ÒÓ˜ÂÚ‡ÌËflÏË ÏÓ„ÛÚ ·˚Ú¸ ÚÂ˜ÂÌËÂ ÔË ÒÚÛÍÚÛÌÓÏ
ÂÊËÏÂ ÚÂ˜ÂÌËfl ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â Ë ÚÛ·Â, ÒÚÛÍÚÛ-
ÌÓÏ ÂÊËÏÂ ÚÂ˜ÂÌËfl ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â Ë ÚÛ·ÛÎÂÌÚ-
ÌÓÏ ÂÊËÏÂ ‚ ˆÂÌÚ‡Î¸ÌÓÈ ÍÓÎÓÌÌÂ, ÚÛ·ÛÎÂÌÚÌÓÏ ÂÊËÏÂ
ÚÂ˜ÂÌËfl Í‡Í ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â, Ú‡Í Ë ‚Ó ‚ÌÛÚÂÌÌÂÈ
ÔÓÎÓÒÚË ·ÛËÎ¸Ì˚ı ÚÛ·.

8.2.1. ÓÑÒÀÍÎÂÈÂØÅÅÑß ÄÂÈÆÅÍÈÅ
ÃËÈÍÈÑÒÎÃÎ ÐÀÑÒÂÎÐÀ ÌÅÆÄÓ
ÄÂÓÌß ÊÎÍÖÅÍÒÐÈ×ÍÎ ÐÀÑÏÎËÎÆÅÍÍÛÌÈ
ÖÈËÈÍÄÐÀÌÈ ÏÐÈ ÑÒÐÓÊÒÓÐÍÎÌ ÐÅÆÈÌÅ

èË ÒÚÛÍÚÛÌÓÏ ÚÂ˜ÂÌËË ‚flÁÍÓÔÎ‡ÒÚË˜ÌÓÈ ÊË‰ÍÓÒÚË ˜‡ÒÚ¸
ÍÓÎ¸ˆÂ‚Ó„Ó ÔÓÒÚ‡ÌÒÚ‚‡ Á‡ÌflÚ‡ fl‰ÓÏ ÔÓÚÓÍ‡, ‚ ÔÂ‰ÂÎ‡ı
ÍÓÚÓÓ„Ó ÒÍÓÓÒÚ¸ ÌÂ ËÁÏÂÌflÂÚÒfl ËÎË „‡‰ËÂÌÚ ÒÍÓÓÒÚË ‡-
‚ÂÌ ÌÛÎ˛. ÇÂÎË˜ËÌ‡ fl‰‡ ı‡‡ÍÚÂËÁÛÂÚÒfl Â„Ó ‡‰ËÛÒ‡ÏË ρ1 Ë
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ρ2(ρ2 > ρ1). ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ‚ Ó·Î‡ÒÚË, Á‡ÍÎ˛˜ÂÌÌÓÈ ÏÂÊ‰Û ‡-
‰ËÛÒ‡ÏË ρ1 Ë r2(r2 – ‚ÌÂ¯ÌËÈ ‡‰ËÛÒ ˆÂÌÚ‡Î¸ÌÓÈ ÍÓÎÓÌÌ˚),

„‡‰ËÂÌÚ ÒÍÓÓÒÚË 
    

du
dr
1 > 0, ‡ ‚ Ó·Î‡ÒÚË ÏÂÊ‰Û ‡‰ËÛÒ‡ÏË ρ2 Ë

r3(r3  ‚ÌÛÚÂÌÌËÈ ‡‰ËÛÒ ‚ÌÂ¯ÌÂÈ ÍÓÎÓÌÌ˚) Ì‡·Î˛‰‡ÂÚÒfl

‰‚ËÊÂÌËÂ ÔË ÓÚËˆ‡ÚÂÎ¸ÌÓÏ „‡‰ËÂÌÚÂ ÒÍÓÓÒÚË, Ú.Â. 
    

du
dr

2 <

< 0.
ÑÎfl Â¯ÂÌËfl Á‡‰‡˜Ë ÌÂÓ·ıÓ‰ËÏÓ ÓÔÂ‰ÂÎËÚ¸ ÒÍÓÓÒÚ¸ ‚

Î˛·ÓÈ ÚÓ˜ÍÂ ÔÓÎÓÊËÚÂÎ¸ÌÓ„Ó Ë ÓÚËˆ‡ÚÂÎ¸ÌÓ„Ó „‡‰ËÂÌÚÌÓ„Ó
ÒÎÓfl Ë fl‰‡ ÔÓÚÓÍ‡. èÓ Ì‡È‰ÂÌÌ˚Ï ÁÌ‡˜ÂÌËflÏ ÒÍÓÓÒÚË ‡Ò-
Ò˜ËÚ˚‚‡˛Ú ‡ÒıÓ‰˚ ˜ÂÂÁ ÔÂÂ˜ËÒÎÂÌÌ˚Â Ó·Î‡ÒÚË, ˜ÚÓ ÔÓÁ‚Ó-
ÎflÂÚ ÓÔÂ‰ÂÎËÚ¸ ‡ÒıÓ‰ ˜ÂÂÁ ‚ÒÂ ÔÓÔÂÂ˜ÌÓÂ ÒÂ˜ÂÌËÂ ÍÓÎ¸ˆÂ-
‚Ó„Ó ÔÓÒÚ‡ÌÒÚ‚‡.

êÂ¯ËÏ Á‡‰‡˜Û, ÔÓÎ¸ÁÛflÒ¸ ÒËÒÚÂÏÓÈ ‰ËÙÙÂÂÌˆË‡Î¸Ì˚ı
Û‡‚ÌÂÌËÈ ÉÂÌÍË–àÎ¸˛¯ËÌ‡. èÓÒÍÓÎ¸ÍÛ ‡ÒÒÏ‡ÚË‚‡ÂÚÒfl
ÔflÏÓÎËÌÂÈÌÓÂ ÒËÏÏÂÚË˜ÌÓÂ ‰‚ËÊÂÌËÂ, ÚÓ

ur = uϕ = 0, 
    

∂

∂ϕ

u = 0.

àÁ Û‡‚ÌÂÌËfl ÌÂ‡Á˚‚ÌÓÒÚË

    

∂

∂

u
z
= 0.

ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ‚ ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò ÒËÒÚÂÏÓÈ ‰ËÙÙÂÂÌˆË-
‡Î¸Ì˚ı Û‡‚ÌÂÌËÈ ÉÂÌÍË–àÎ¸˛¯ËÌ‡ ‰Îfl ‚ÌÛÚÂÌÌÂ„Ó Ë
‚ÌÂ¯ÌÂ„Ó „‡‰ËÂÌÚÌ˚ı ÒÎÓÂ‚ ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸:

    

η ρ∂

∂

∂

∂

τ2
1
2

1 0
2 1

1u

r r
u
r r

p
l

r r+ + = − ≤ ≤










∆
 ( ); (8.32)

    

η ρ∂

∂

∂

∂

τ2
2
2

2 0
2 3

1u

r r

u

r r
p
l

r r+ + =− ≤ ≤










∆
 ( ), (8.33)

„‰Â r – ‡ÒÒÚÓflÌËÂ ÓÚ ÓÒË ˆËÎËÌ‰‡ ‰Ó ‡ÒÒÏ‡ÚË‚‡ÂÏÓÈ
ÚÓ˜ÍË.

ì‡‚ÌÂÌËÂ (8.32) ÔÂ‰ÒÚ‡‚ËÏ ‚ ‚Ë‰Â

    

η τ

r
d
dr

du
dr r

p
l

r 1 0







 + = − ∆ .

éÚÒ˛‰‡

    
u r c r cpr

l1

2
0

1 24
= − − + +∆

η

τ

η
ln . (8.34)
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ÄÌ‡ÎÓ„Ë˜ÌÓ ËÁ Û‡‚ÌÂÌËfl (8.33) ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸:

    
u r c r cpr

l2

2
0

3 44
= − + + +∆

η

τ

η
ln . (8.35)

ÑÎfl ÓÔÂ‰ÂÎÂÌËfl ÔÓËÁ‚ÓÎ¸Ì˚ı ÔÓÒÚÓflÌÌ˚ı Ë ‡‰ËÛÒÓ‚
fl‰‡ ÌÂÓ·ıÓ‰ËÏÓ ÒÓ·Î˛‰‡Ú¸ ÒÎÂ‰Û˛˘ËÂ „‡ÌË˜Ì˚Â ÛÒÎÓ‚Ëfl: 1)
ÒÍÓÓÒÚ¸ ÊË‰ÍÓÒÚË ‚Ó ‚ÌÛÚÂÌÌÂÏ „‡‰ËÂÌÚÌÓÏ ÒÎÓÂ Ì‡ ÔÓ-
‚ÂıÌÓÒÚË ‚ÌÛÚÂÌÌÂ„Ó ˆËÎËÌ‰‡ ‡‚Ì‡ ÌÛÎ˛; 2) „‡‰ËÂÌÚ
ÒÍÓÓÒÚË ‚Ó ‚ÌÛÚÂÌÌÂÏ „‡‰ËÂÌÚÌÓÏ ÒÎÓÂ Ì‡ „‡ÌËˆÂ fl‰‡
‡‚ÂÌ ÌÛÎ˛; 3) „‡‰ËÂÌÚ ÒÍÓÓÒÚË ‚Ó ‚ÌÂ¯ÌÂÏ „‡‰ËÂÌÚÌÓÏ
ÒÎÓÂ Ì‡ ÔÓ‚ÂıÌÓÒÚË fl‰‡ ‡‚ÂÌ ÌÛÎ˛; 4) ÒÍÓÓÒÚ¸ ÊË‰ÍÓÒÚË
‚Ó ‚ÌÂ¯ÌÂÏ „‡‰ËÂÌÚÌÓÏ ÒÎÓÂ Ì‡ ÔÓ‚ÂıÌÓÒÚË ‚ÌÂ¯ÌÂ„Ó ˆË-
ÎËÌ‰‡ ‡‚Ì‡ ÌÛÎ˛; 5) ÒÍÓÓÒÚ¸ ÊË‰ÍÓÒÚË ‚Ó ‚ÌÛÚÂÌÌÂÏ Ë
‚ÌÂ¯ÌÂÏ „‡‰ËÂÌÚÌ˚ı ÒÎÓflı Ì‡ „‡ÌËˆÂ fl‰‡ ÔÂÂıÓ‰ËÚ ‚
ÒÍÓÓÒÚ¸ Ò‡ÏÓ„Ó fl‰‡.

èÂÂ˜ËÒÎÂÌÌ˚Â ÛÒÎÓ‚Ëfl Ï‡ÚÂÏ‡ÚË˜ÂÒÍË Á‡ÔËÒ˚‚‡˛ÚÒfl Ú‡Í:

ÔË r = r0  u1 = 0, (8.36)

    

∂

∂ ρ
u
r r
1

1 0= = ; (8.37)

ÔË r = r1  u2 = 0, (8.38)

    
u ur r1 1 2 2= ==ρ ρ . (8.39)

àÒÔÓÎ¸ÁÛfl (8.36)–(8.39), Ì‡ıÓ‰ËÏ

    
c p

l1 1
2 0

12
= +∆

η

τ

η
ρ ρ ; (8.40)

    
c r r r rp

l2 2
2

1
2

2
0

2 1 24
2= − + −





∆
η

τ

η
ρ ρ# ln ln( ); (8.41)

    
c p

l3 2
2 0

22
= −∆

η

τ

η
ρ ρ ; (8.42)

    
c r r r rp

l4 3
2

2
2

3
0

3 2 34
2= − −( )∆

η

τ

η
ρ ρ# ln ln– ( ). (8.43)

í‡ÍËÏ Ó·‡ÁÓÏ, ÔÓ (8.34), (8.35) Ë (8.40)–(8.43) ÔÓÎÛ˜ËÏ

    
u r r r rp

l
r
r

r
r1 2

2
1
2

2
2

0
1

2
24

2= + − + + −




















∆
η

τ

η
ρ ρ# ln ln ; (8.44)

    
u r r r rp

l
r
r

r
r2 3

2 2
2
2 3 0

3 2
3

4
2= − − − −
















∆

η

τ

η
ρ ρ– .# ln ln (8.45)
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èÓ ÙÓÏÛÎ‡Ï (8.44), (8.45) Ë „‡ÌË˜ÌÓÏÛ ÛÒÎÓ‚Ë˛ (8.39)

    
u r rp

l r r0 2
2

1
2

1
2 1

2

0
2 1

1

24
2= − + + −





















∆

η

ρ τ

η

ρρ ρ ρ ρln + ln1 ; (8.46)

    
u r rp

l
r r

0 3
2

2
2

2
2 3

2

0
3 2 2

3

24
2= − − − − −





















∆
η ρ

τ

η ρ
ρ ρ ρ ρ# ln ln . (8.47)

ëÓÒÚ‡‚ËÏ Û‡‚ÌÂÌËÂ ‰ËÌ‡ÏË˜ÂÒÍÓ„Ó ‡‚ÌÓ‚ÂÒËfl fl‰‡

    
π ρ ρ π ρ ρ τ2

2
1
2

2 1 02−( ) = +∆p l( ) .

éÚÒ˛‰‡

    
∆p l=

−

2 0

2 1

τ

ρ ρ
. (8.48)

àÁ ‡‚ÂÌÒÚ‚‡ Ô‡‚˚ı ˜‡ÒÚÂÈ ‚˚‡ÊÂÌËÈ (8.46) Ë (8.47) Ò
Û˜ÂÚÓÏ ÒÓÓÚÌÓ¯ÂÌËfl (8.48) ÔÓÎÛ˜ËÏ

    
ρ ρ ρ ρ ρ ρρ

ρa b
b

b a b ar
r rln a

‡
a a= − + − − + −





1
2

2 2 21 1( )( ), (8.49)

„‰Â ρ‡ = ρ1/r3; ρb =ρ2/r3; r‡ = r2/r3.
éÔÂ‰ÂÎËÏ ‡ÒıÓ‰ ÊË‰ÍÓÒÚË ˜ÂÂÁ ÍÓÎ¸ˆÂ‚ÓÂ ÔÓÒÚ‡ÌÒÚ-

‚Ó, ËÒÔÓÎ¸ÁÛfl ÒÎÂ‰Û˛˘ÂÂ ‚˚‡ÊÂÌËÂ:

    

q ru dr u ru dr
r

r

= + −( ) + ∫∫2 1 2
2

1
2

0 2

2

3

2

1

π π ρ ρ
ρ

ρ

. (8.50)

àÁ ÒÓÓÚÌÓ¯ÂÌËÈ (8.44)–(8.46) Ë (8.50)

    
q r r

r p

l
b a a b b a a b= + − − − −


−( ) + ( ) ( ) −π

η
ρ ρ ρ ρ ρ ρ ρ ρ1

4
4 4 4 2 2

8

1
3

2
3

1 2 1
∆

a a
2# ##

–
    
4
3

1 3ρ ρb a r−( ) +( )]a . (8.51)

Ç˚‡ÊÂÌËÂ (8.48) ÔÂ‰ÒÚ‡‚ËÏ ‚ ‚Ë‰Â

    
∆p l

r a
=

−

2 0

1

τ

ρ ρ( )
.

b
(8.52)

èÓ ÙÓÏÛÎ‡Ï (8.49), (8.51) Ë (8.52), ÔÓÎÛ˜ÂÌÌ˚Ï ‚ÔÂ‚˚Â
å.è. ÇÓÎ‡Ó‚Ë˜ÂÏ Ë Ä.å. ÉÛÚÍËÌ˚Ï, ÏÓÊÌÓ ÛÒÚ‡ÌÓ‚ËÚ¸ Á‡‚Ë-
ÒËÏÓÒÚ¸ ‡ÒıÓ‰‡ ÓÚ ÔÓÚÂ¸ ‰‡‚ÎÂÌËfl.

á‡‰‡˜‡ Â¯‡ÂÚÒfl Ú‡Í. åÂÚÓ‰ÓÏ ÔÓÒÎÂ‰Ó‚‡ÚÂÎ¸Ì˚ı ÔË·ÎË-
ÊÂÌËÈ ÔÓ Û‡‚ÌÂÌË˛ (8.49) Ì‡ıÓ‰ËÏ Á‡‚ËÒËÏÓÒÚ¸ ρ‡ = f(ρb).
ÄÌ‡ÎÓ„Ë˜ÌÛ˛ Á‡‚ËÒËÏÓÒÚ¸ ρ‡ = f1(ρb) ÓÔÂ‰ÂÎflÂÏ ÔÓ ÙÓÏÛÎÂ
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(8.52). íÓ˜Í‡ ÔÂÂÒÂ˜ÂÌËfl ρ‡ = f(ρb) Ë ρ‡ = f1(ρb) ‰‡ÒÚ ÁÌ‡˜ÂÌËfl
ρ‡ Ë ρb, ÔÓ‰ÒÚ‡‚Ë‚ ÍÓÚÓ˚Â ‚ (8.51), ‚˚˜ËÒÎËÏ ‡ÒıÓ‰ ÊË‰ÍÓÒ-
ÚË.

éÒÌÓ‚Ì‡fl ÚÛ‰ÌÓÒÚ¸ ÔË Â¯ÂÌËË Á‡‰‡˜Ë Á‡ÍÎ˛˜‡ÂÚÒfl ‚
Ì‡ıÓÊ‰ÂÌËË ‡‰ËÛÒÓ‚ fl‰‡. éÚÒÛÚÒÚ‚ËÂ Á‡‚ËÒËÏÓÒÚË ‚ fl‚ÌÓÏ
‚Ë‰Â Á‡ÚÛ‰ÌflÂÚ ÔÓ‚Â‰ÂÌËÂ ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘Â„Ó ‡Ì‡ÎËÁ‡ ÔÓ-
ˆÂÒÒ‡. èÓ˝ÚÓÏÛ ‚ÓÁÌËÍÎ‡ ÌÂÓ·ıÓ‰ËÏÓÒÚ¸ ‚˚‚Ó‰‡ ÔË·ÎËÊÂÌ-
ÌÓÈ ÙÓÏÛÎ˚, ÔÓÁ‚ÓÎfl˛˘ÂÈ Ò ‰ÓÒÚ‡ÚÓ˜ÌÓÈ ÚÓ˜ÌÓÒÚ¸˛ Ì‡ıÓ-
‰ËÚ¸ ∆ ‚ fl‚ÌÓÏ ‚Ë‰Â.

ÖÒÎË ÊË‰ÍÓÒÚ¸ ‚flÁÍ‡fl, ÚÓ ÏÂÒÚÓÔÓÎÓÊÂÌËÂ ÔÓ‚ÂıÌÓÒÚË ‚
ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â, Ì‡ ÍÓÚÓÓÈ ÒÍÓÓÒÚ¸ ‰ÓÒÚË„‡ÂÚ
Ï‡ÍÒËÏÛÏ‡, ÓÔÂ‰ÂÎflÂÚÒfl ÔÓ ÙÓÏÛÎÂ [12]

    

ρ∗ = −1 2r

r

a

a
2ln

1
, (8.53)

„‰Â ρ∗ = ρ/r3.
ë˜ËÚ‡ÂÏ, ˜ÚÓ ‚ÌÛÚÂÌÌflfl Ë ‚ÌÂ¯Ìflfl „‡ÌËˆ˚ fl‰‡ Ì‡ıÓ-

‰flÚÒfl Ì‡ Ó‰ËÌ‡ÍÓ‚ÓÏ ‡ÒÒÚÓflÌËË ∆ρ ÓÚ ÔÓ‚ÂıÌÓÒÚË, ı‡‡Í-
ÚÂËÁÛ˛˘ÂÈÒfl Ï‡ÍÒËÏ‡Î¸ÌÓÈ ÒÍÓÓÒÚ¸˛, Ú.Â.

ρ1 = ρ – ∆ρ; (8.54)

ρ2 = ρ + ∆ρ. (8.55)

ëÓ„Î‡ÒÌÓ ‚˚‡ÊÂÌËflÏ (8.52), (8.54) Ë (8.55)

    
∆

∆
ρ τ= 0l

p
. (8.56)

àÁ ÒÓÓÚÌÓ¯ÂÌËÈ (8.51), (8.54)–(8.56) ÔÓÎÛ˜ËÏ ÒÎÂ‰Û˛˘ÂÂ
‚˚‡ÊÂÌËÂ ‰Îfl ÓÔÂ‰ÂÎÂÌËfl ÔÓÚÂ¸ ‰‡‚ÎÂÌËfl ÔË ÒÚÛÍÚÛ-
ÌÓÏ ÂÊËÏÂ ÚÂ˜ÂÌËfl ‚flÁÍÓÔÎ‡ÒÚË˜ÌÓÈ ÊË‰ÍÓÒÚË ‚ ÍÓÎ¸ˆÂ‚ÓÏ
ÔÓÒÚ‡ÌÒÚ‚Â:

    

∆p r q r q rl
r rÍ.Ô

0

‡ 3
‡ ‡ ‡= − − ′ + − ′ −[ ] [ ]












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2τ

ϕ
ψ ψ φ
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( ) ( ) ( ) ,

„‰Â

    
ψ πρ π( ) ;r ra a= +∗ − 





16
3

8
3

3 31

    
′ =q q

r

4

0 3
3

η

τ
;

    
φ π ρ( ) ;r r ra a a= − + −










∗8 1 1 22 2
2

2 2
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ϕ π ρ( ) .r r ra a a= − + −










∗4 1 1 22 2 2

ë‡‚ÌËÚÂÎ¸Ì˚Â ‡Ò˜ÂÚ˚ ÔÓ ÔË·ÎËÊÂÌÌÓÈ ÙÓÏÛÎÂ (8.57)
Ë ÚÓ˜ÌÓÈ ÒËÒÚÂÏÂ Û‡‚ÌÂÌËÈ (8.49), (8.51), (8.52) ÔÓÍ‡Á˚‚‡˛Ú,
˜ÚÓ ÔÓÎÛ˜‡ÂÏ˚Â ÂÁÛÎ¸Ú‡Ú˚ ÓÚÎË˜‡˛ÚÒfl ÌÂÁÌ‡˜ËÚÂÎ¸ÌÓ.

8.2.2. ÎÏÐÅÄÅËÅÍÈÅ ÄÀÂËÅÍÈß ÍÀÃÍÅÒÀÍÈß
Ó ÁÀØÌÀÊÀ ÊÎËÎÍÍÛ
ÏÐÈ ÐÀÇËÈ×ÍÛÕ ÑÎ×ÅÒÀÍÈßÕ ÐÅÆÈÌÎÂ ÒÅ×ÅÍÈß
Â ÊÎËÜÖÅÂÎÌ ÏÐÎÑÒÐÀÍÑÒÂÅ È ÂÍÓÒÐÅÍÍÅÉ ÏÎËÎÑÒÈ
ÖÅÍÒÐÀËÜÍÎÉ ÊÎËÎÍÍÛ

àÁ Û‡‚ÌÂÌËfl ‰ËÌ‡ÏË˜ÂÒÍÓ„Ó ‡‚ÌÓ‚ÂÒËfl ÊË‰ÍÓÒÚË, ‰‚ËÊÛ-
˘ÂÈÒfl ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â, ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸:

Ì = ·‡¯ + ∆Í.Ô – γÊl. (8.58)

áÌ‡˜ËÚ, ÔÓ (8.57) Ë (8.58)

    
p p l r q r q rl

r rÌ ·‡¯ Ê
0

‡ 3
‡ ‡ ‡= − + − − ′ + − ′ −[ ] [ ]











γ ψ ψ φτ

ϕ

2 2 2 2

( )
( ) ( ) ( ) . (8.59)

ÖÒÎË ‰‡‚ÎÂÌËÂ Û ‚ÂıÌÂ„Ó ÚÓˆ‡ ˆÂÌÚ‡Î¸ÌÓÈ ÍÓÎÓÌÌ˚ ‡‚-
ÌÓ ‡ÚÏÓÒÙÂÌÓÏÛ, ÚÓ ÒÓ„Î‡ÒÌÓ (6.7)

    

p q l

q q

q l

q q
l q q

r r·‡¯
Ê Ê

Ê Ú

Ú Ú

Ê Ú

ÒÏ Ê Ú= + + + +
+ +

+





γ γ η

π

τ

2

8 2 8066

1
4

0

1

( ) ,

    

+ + −+































8

1
4

0

1

2

0

1

2

2 8066 42116η

π

τ τÒÏ Ê Ú( ) , , .q q

r r r
(8.60)

èÓ (8.59) Ë (8.60) ÒÓÒÚ‡‚ËÏ ‚˚‡ÊÂÌËÂ

    

p r r rq l

q q

l

r r

q

r

q

r
Ì

Ú Ú Ê

Ê Ú ‡
‡

Ê Ê
‡

Ê Ê
‡= + − − + − − +−

+













































( )

( )
( ) ( ) ( )γ γ τ

ϕ

η

τ

η

τ
ψ ψ φ2 8 80

3 0 3
3

0 3
3

2

    

+ + ++





l q q

r r2

8

1
4

0

1
2 8066η

π

τÒÏ Ê Ú( ) ,

    

+ + −+































8

1
4

0

1

2

0

1

2

2 8066 42116η

π

τ τÒÏ Ê Ú( )
., ,q q

r r r
(8.61)
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èÓÎÓÊË‚ ‚ ÙÓÏÛÎÂ (6.11) R = r1, Ì‡È‰ÂÏ ÓÔÚËÏ‡Î¸ÌÓÂ ÁÌ‡-
˜ÂÌËÂ qÊ, Ú.Â. ‡ÒıÓ‰ ÊË‰ÍÓÒÚË, Ó·ÂÒÔÂ˜Ë‚‡˛˘ËÈ ÔË Á‡‰‡Ì-
ÌÓÏ ÁÌ‡˜ÂÌËË vÏÂı, ‡ ÒÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, Ë qÚ ÏËÌËÏÛÏ ‰‡‚ÎÂÌËfl Û
·‡¯Ï‡Í‡ ÍÓÎÓÌÌ˚, ‡ ÁÌ‡˜ËÚ, Ë Á‡·ÓÈÌÓ„Ó ‰‡‚ÎÂÌËfl.

íÂÔÂ¸ ‰ÓÔÛÒÚËÏ, ˜ÚÓ ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â Ì‡·Î˛‰‡-
ÂÚÒfl ÒÚÛÍÚÛÌ˚È ÂÊËÏ, ‡ ‚ ˆÂÌÚ‡Î¸ÌÓÈ ÍÓÎÓÌÌÂ ·ÛËÎ¸-
Ì˚ı ÚÛ· ÔÓËÒıÓ‰ËÚ ÚÛ·ÛÎÂÌÚÌÓÂ ‰‚ËÊÂÌËÂ. í‡Í Í‡Í ÔË
ÚÛ·ÛÎÂÌÚÌÓÏ ÂÊËÏÂ ÏÂı‡ÌËÁÏ ‰‚ËÊÂÌËfl ‚flÁÍÓÈ Ë ‚flÁÍÓ-
ÔÎ‡ÒÚË˜ÌÓÈ ÊË‰ÍÓÒÚË Ó‰ËÌ Ë ÚÓÚ ÊÂ, ‰‡‚ÎÂÌËÂ Û ·‡¯Ï‡Í‡ ÓÔ-
Â‰ÂÎflÂÚÒfl ÔÓ ÙÓÏÛÎÂ (3.48). áÌ‡˜ËÚ, ÔÓ (3.48) Ë (8.59) ‰‡‚ÎÂ-
ÌËÂ Ì‡„ÌÂÚ‡ÌËfl Ì‡È‰ÂÏ Ú‡Í:

    

p l q

g d
Ì Ú Ê 0

Ê Ê= − + + + ×
− −









 −















( ) ,,

( )

, ,

, , ,

,

γ γ α η

α

α

α

α

α

0 24143

1 1
4

1

0 25 1 75

0 75 4 75
0

0 5
0

0

2
0

0

0 25

13 55 1

  
× + +

−









γ γ α

α
Ê Ú

0

0

0 75

1

,

    

2 80

3 0 3
3

l
r r

q

r
rτ

ϕ

η

τ
ψ

( )
( )

‡
‡

Ê− − +


















    

+ −











−






ψ φ

η

τ
( ) ( ) .r r

q

r
a

Ê

0
a

8

3
3

2

(8.62)

èË ÚÛ·ÛÎÂÌÚÌÓÏ ÂÊËÏÂ ÚÂ˜ÂÌËfl „ÎËÌËÒÚÓ„Ó ‡ÒÚ‚Ó‡ ‚
ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â Ë ‚ ˆÂÌÚ‡Î¸ÌÓÈ ÔÓÎÓÒÚË ‰‡‚ÎÂÌËÂ Û
·‡¯Ï‡Í‡ (ËÎË Á‡·ÓÈÌÓÂ ‰‡‚ÎÂÌËÂ), ‡ Ú‡ÍÊÂ ‰‡‚ÎÂÌËÂ Ì‡„ÌÂÚ‡-
ÌËfl ÓÔÂ‰ÂÎfl˛Ú ÔÓ ÙÓÏÛÎ‡Ï (8.1) Ë (8.9) Ò Á‡ÏÂÌÓÈ µ = η.
èË ˝ÚÓÏ Ì‡‰Ó Û˜ÂÒÚ¸, ˜ÚÓ

    
q qÚ Ê=

−

α

α
0

01
.

áÌ‡˜ÂÌËÂ α0 Ì‡ıÓ‰flÚ ÔÓ ÙÓÏÛÎÂ (8.22).
èÓ‚Ó‰Í‡ ÒÍ‚‡ÊËÌ˚ ‰‚ÓÈÌÓÈ ·ÛËÎ¸ÌÓÈ ÍÓÎÓÌÌÓÈ ÔÓÁ‚Ó-

ÎflÂÚ ÓÒÛ˘ÂÒÚ‚ÎflÚ¸ ÚÂıÌÓÎÓ„Ë˜ÂÒÍËÈ ÔÓˆÂÒÒ ÔË ÌÂÔÂ˚‚-
ÌÓÏ ‚˚ÌÓÒÂ ÍÂÌ‡, ÒÓ‚ÏÂ˘‡fl Â„Ó ‚Ó ‚ÂÏÂÌË Ò ‡·ÓÚÓÈ   
ÔÓÓ‰Ó‡ÁÛ¯‡˛˘Â„Ó ËÌÒÚÛÏÂÌÚ‡. ÑÎfl ÛÒÔÂ¯ÌÓ„Ó ÔÓÂÍÚË-
Ó‚‡ÌËfl ÚÂıÌÓÎÓ„ËË ÔÓˆÂÒÒ‡ ÌÂÓ·ıÓ‰ËÏÓ Â¯ËÚ¸ fl‰ ‚ÓÔÓ-
ÒÓ‚, ‚ ˜‡ÒÚÌÓÒÚË, ÛÒÚ‡ÌÓ‚ËÚ¸, Í‡Í Ò‚flÁ‡Ì˚ ÏÂÊ‰Û ÒÓ·ÓÈ ÒÍÓ-
ÓÒÚ¸ ÔÓ‰˙ÂÏ‡ ÍÂÌ‡, ‡ÒıÓ‰ ÊË‰ÍÓÒÚË Ë ÏÂı‡ÌË˜ÂÒÍ‡fl ÒÍÓ-
ÓÒÚ¸ ÔÓıÓ‰ÍË, ‡ Ú‡ÍÊÂ ‚˚flÒÌËÚ¸, Í‡Í Ì‡ÈÚË ‰‡‚ÎÂÌËÂ Ì‡„ÌÂ-
Ú‡ÌËfl Ë ‰‡‚ÎÂÌËÂ Ì‡ Á‡·ÓÂ ÒÍ‚‡ÊËÌ˚ Ë Í‡Í ÓÔÂ‰ÂÎËÚ¸ ÓÔÚË-
Ï‡Î¸Ì˚È Á‡ÁÓ ÏÂÊ‰Û ˆÂÌÚ‡Î¸ÌÓÈ Ë ‚ÌÂ¯ÌÂÈ ÍÓÎÓÌÌ‡ÏË.

ùÚË ‚ÓÔÓÒ˚ ‡ÒÒÏ‡ÚË‚‡˛ÚÒfl ÌËÊÂ ‰Îfl ÒÎÛ˜‡Â‚ ÔÓÏ˚‚-
ÍË ÒÍ‚‡ÊËÌ˚ ‚Ó‰ÓÈ Ë „ÎËÌËÒÚ˚Ï ‡ÒÚ‚ÓÓÏ.
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8.3. ÂÎÏÐÎÑÛ ÃÈÄÐÎÄÈÍÀÌÈÊÈ
ÏÐÈ ÃÈÄÐÎÒÐÀÍCÏÎÐÒÅ ÊÅÐÍÀ

êÂ¯ËÏ ÒÌ‡˜‡Î‡ Á‡‰‡˜Ë ‰Îfl ÒÎÛ˜‡fl ÔÓÏ˚‚ÍË ÒÍ‚‡ÊËÌ˚ ‚Ó‰ÓÈ.
èÂ‰ÒÚ‡‚ËÏ ÍÂÌ Ë ‚ÌÛÚÂÌÌ˛˛ ÔÓÎÓÒÚ¸ ˆÂÌÚ‡Î¸Ì˚ı

ÚÛ· ‚ ‚Ë‰Â ‰‚Ûı ˆËÎËÌ‰Ó‚ ‡‰ËÛÒ‡ÏË r1 Ë r0 (r1 > r0).
ÑÎfl "ÓÔÂ‰ÂÎÂÌËfl "ÒÍÓÓÒÚË "‰‚ËÊÂÌËfl"" ÍÂÌ‡  ÌÂÓ·ıÓ‰Ë-

ÏÓ "‡ÒÒÏÓÚÂÚ¸" Á‡‰‡˜Û Ó ÚÂ˜ÂÌËË "ÊË‰ÍÓÒÚË "ÏÂÊ‰Û  "‰‚ÛÏfl
ˆËÎËÌ‰‡ÏË, Ó‰ËÌ ËÁ ÍÓÚÓ˚ı – ‚ÌÛÚÂÌÌËÈ – ‰‚ËÊÂÚÒfl Ò
ÔÓÒÚÓflÌÌÓÈ ÒÍÓÓÒÚ¸˛ uÚ.

ÑÓÔÛÒÚËÏ, ˜ÚÓ ÚÂ˜ÂÌËÂ ÊË‰ÍÓÒÚË ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ-
‚Â ÔÓËÒıÓ‰ËÚ ÔË Î‡ÏËÌ‡ÌÓÏ ÂÊËÏÂ.

í‡Í Í‡Í ‡ÒÒÏ‡ÚË‚‡ÂÚÒfl ÛÒÚ‡ÌÓ‚Ë‚¯ÂÂÒfl ‰‚ËÊÂÌËÂ ÍÂÌ‡
Ë ÊË‰ÍÓÒÚË, ÚÓ ‚ ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò ÒËÒÚÂÏÓÈ ‰ËÙÙÂÂÌˆË‡Î¸-
Ì˚ı Û‡‚ÌÂÌËÈ ç‡‚¸Â–ëÚÓÍÒ‡ ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸:

    

1 1

r

d

dr

du

dr

dp

dz
r




=
µ

, (8.63)

„‰Â r – ‡ÒÒÚÓflÌËÂ ÓÚ ÓÒË ‚ÌÛÚÂÌÌÂÈ (ˆÂÌÚ‡Î¸ÌÓÈ) ÍÓÎÓÌ-
Ì˚ ‰Ó ‰‡ÌÌÓÈ ÚÓ˜ÍË; u – ÒÍÓÓÒÚ¸ ‚ ‰‡ÌÌÓÈ ÚÓ˜ÍÂ.

êÂ¯Ë‚ ‰ËÙÙÂÂÌˆË‡Î¸ÌÓÂ Û‡‚ÌÂÌËÂ (8.63), ÔÓÎÛ˜ËÏ

    
u r c r cdp

dz
= + +1

4

2
1 2

µ
ln . (8.64)

èÓËÁ‚ÓÎ¸Ì˚Â ÔÓÒÚÓflÌÌ˚Â Ò1 Ë Ò2 ÓÔÂ‰ÂÎfl˛ÚÒfl ËÁ ÒÎÂ‰Û-
˛˘Ëı „‡ÌË˜Ì˚ı ÛÒÎÓ‚ËÈ: ÒÍÓÓÒÚ¸ ÊË‰ÍÓÒÚË Ì‡ ÔÓ‚ÂıÌÓÒ-
ÚË ˆÂÌÚ‡Î¸ÌÓÈ ÚÛ·˚ ‡‚Ì‡ ÌÛÎ˛, ‡ Ì‡ ÔÓ‚ÂıÌÓÒÚË ÍÂ-  
Ì‡ – ÒÍÓÓÒÚË Ò‡ÏÓ„Ó ÍÂÌ‡, Ú.Â. ÔË r = r1 u = 0, ‡ ÔË   
r = r0 u = uÚ.

íÓ„‰‡

    

c dp
dz

r r

r

r

u

r

r

1
1
2

0
2

1

0

1

0

1
4

=− −−

µ
ln ln

Ú ; (8.65)

    

c r r udp
dz

r r
r
r

r
r
r

2 1
2 1

2
0
2

1

0

1
1

0

1
4

= − − +−
















µ ln

ln

ln
ln Ú . (8.66)

áÌ‡˜ËÚ, ÒÓ„Î‡ÒÌÓ (8.64)–(8.66) ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸:
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u r r udp
dz

r r

r

r

r

r

r

r
r

r

=− − − +−



















1
4 1

2 1
2

0
2

1

0

1 2

1

1

0

µ
ln

ln

ln

ln Ú . (8.67)

ê‡ÒıÓ‰ ÊË‰ÍÓÒÚË ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â

    

q rudr
r

r

= ∫2
0

1

π . (8.68)

èÓ‰ÒÚ‡‚Ë‚ (8.67) ‚ (8.68), ÔÓÎÛ˜ËÏ

    

q r r u rp l
l

r r

r

r

r r

r

r

= − − + −− −

























−



















π γ

µ
π( ) ,∆

8 1

4

0

4
1
2

0
2

2

1

0

1
2

0
2

1

0

0

2

ln 2ln
Ú (8.69)

„‰Â ∆ – ‡ÁÌÓÒÚ¸ ‰‡‚ÎÂÌËÈ ÔÓ ÍÓÌˆ‡Ï ÍÂÌ‡ ‰ÎËÌÓÈ l.
ê‡ÒıÓ‰ ÊË‰ÍÓÒÚË Q, Á‡Í‡˜Ë‚‡ÂÏÓÈ ‚ ÒÍ‚‡ÊËÌÛ, ˜‡ÒÚË˜ÌÓ

Á‡Ú‡˜Ë‚‡ÂÚÒfl Ì‡ Á‡ÔÓÎÌÂÌËÂ Ó·˙ÂÏ‡     πr u0
2

Ú, ÓÒ‚Ó·ÓÊ‰‡ÂÏÓ„Ó
ÍÂÌÓÏ ‚ ÂÁÛÎ¸Ú‡ÚÂ Â„Ó ÔÓ‰˙ÂÏ‡, ‡ ˜‡ÒÚË˜ÌÓ ÛıÓ‰ËÚ ˜ÂÂÁ
ÍÓÎ¸ˆÂ‚ÓÂ ÔÓÒÚ‡ÌÒÚ‚Ó Ò ‡ÒıÓ‰ÓÏ q.

áÌ‡˜ËÚ, ÏÓÊÌÓ ÒÓÒÚ‡‚ËÚ¸ ÒÎÂ‰Û˛˘ÂÂ Û‡‚ÌÂÌËÂ Ï‡ÚÂË‡Î¸-
ÌÓ„Ó ·‡Î‡ÌÒ‡:

    Q r u q− − =π 0
2 0Ú . (8.70)

èÓ ÙÓÏÛÎ‡Ï (8.69) Ë (8.70)

    

Q r r up l
l

r r

r

r

r r

r

r

− − − − =− −

























−π γ

µ
π( ) .∆

8 1
4

0
4

1
2

0
2

2

1

0

1
2

0
2

1

0

0
ln 2ln

Ú (8.71)

ÇÂÎË˜ËÌ‡ ∆ Á‡‚ËÒËÚ ÓÚ ÒËÎ˚ ÚÂÌËfl Ì‡ ÔÓ‚ÂıÌÓÒÚË ÚÂ-
ÌËfl, ‡ ÁÌ‡˜ËÚ, Ë ÓÚ ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘Â„Ó „‡‰ËÂÌÚ‡ ÒÍÓÓÒÚË.

É‡‰ËÂÌÚ ÒÍÓÓÒÚË Ì‡ ÔÓ‚ÂıÌÓÒÚË ÍÂÌ‡ ÒÓ„Î‡ÒÌÓ ÙÓÏÛ-
ÎÂ (8.67) ÏÓÊÌÓ Ì‡ÈÚË Ú‡Í:

    

du
dr

p l
l

r r

r
r

r

u

r
r

r
r r

r
=

= − −− −

















0

1
2

0
2

0
1

0

0

0
1

0

4
2∆ γ

µ
ln ln

Ú . (8.72)

ëÓ„Î‡ÒÌÓ Á‡ÍÓÌÛ ç¸˛ÚÓÌ‡ Í‡Ò‡ÚÂÎ¸ÌÓÂ Ì‡ÔflÊÂÌËÂ Ì‡
ÒÚÂÌÍÂ ÍÂÌ‡
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τ µw
r r

du
dr

=
= 0

. (8.73)

íÓ„‰‡ ÔÓ (8.72) Ë (8.73) ÔÓÎÛ˜ËÏ

    

τ γ µ
w

p l
l

r r

r
r
r

u

r
r
r

r= − −− −
















∆

4
1
2

0
2

0
1

0

0

0
1

0

2
ln ln

Ú . (8.74)

ëÓÒÚ‡‚ËÏ Û‡‚ÌÂÌËÂ ‰ËÌ‡ÏË˜ÂÒÍÓ„Ó ‡‚ÌÓ‚ÂÒËfl ÍÂÌ‡:

    2 00 0
2

0
2π τ π π γr l r p r lw + − =∆ Ú , (8.75)

„‰Â γÚ  Û‰ÂÎ¸Ì˚È ‚ÂÒ ÍÂÌ‡.
àÁ ‚˚‡ÊÂÌËÈ (8.74) Ë (8.75) ÏÓÊÌÓ ÓÔÂ‰ÂÎËÚ¸

    
∆p l l

r
r
r

u

r r
− =

+

−
γ

γ µ

2
0
2 1

0

1
2

0
2

2Ú Úln
. (8.76)

ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ÔÓ ‚˚‡ÊÂÌËflÏ (8.71) Ë (8.76) ÔÓÎÛ˜ËÏ ÒÓ-
ÓÚÌÓ¯ÂÌËÂ ‰Îfl ‡Ò˜ÂÚ‡ ÒÍÓÓÒÚË ‰‚ËÊÂÌËfl ÍÂÌ‡

    

u r r r rQ

r r

r

r r

r
rÚ

Ú ln= − − − −
+( )

−

−( ) ( ) ( )









2

21
2

0
2

0
2

1
4

0
4 1

4
0
4 1

0
1
2

0
2 2

π

γ γ

µ

( ) . (8.77)

ê‡ÒıÓ‰ ÔÓÓ‰˚ ‚ ÚÛ·Â

    q r uÚ Ú= π 0
2 . (8.78)

èÓ ‚˚‡ÊÂÌËflÏ (8.77) Ë (8.78) ÔÓÎÛ˜ËÏ

    

q r r r rr Q

r r

r

r r

r
rÚ

Ú ln= − − − −
+

−

−( ) ( ) ( )









2

2
0
2

1
2

0
2

0
4

1
4

0
4 1

4
0
4 1

0
1
2

0
2 2π γ γ

µ

( ) . (8.79)

ë ‰Û„ÓÈ ÒÚÓÓÌ˚, ‡ÒıÓ‰ ÔÓÓ‰˚, ÔÓÒÚÛÔ‡˛˘ÂÈ ‚ ÚÛ·Û,
ÏÓÊÌÓ Ì‡ÈÚË ÔÓ ÙÓÏÛÎÂ (8.2).

ë Û˜ÂÚÓÏ ‡‚ÂÌÒÚ‚‡ ÁÌ‡˜ÂÌËÈ qÚ, ÔÓÎÛ˜ÂÌÌ˚ı ÔÓ ÙÓÏÛÎ‡Ï
(8.2) Ë (8.79), Á‡ÔË¯ÂÏ ÒÎÂ‰Û˛˘ÂÂ ‚˚‡ÊÂÌËÂ ‰Îfl ÓÔÂ‰ÂÎÂÌËfl
‡ÒıÓ‰‡ ÊË‰ÍÓÒÚË, ÔË ÍÓÚÓÓÏ Ó·˙ÂÏ ‡ÁÛ¯‡ÂÏÓÈ ÔÓÓ-
‰˚, ÔÓÒÚÛÔ‡˛˘ÂÈ ‚ ·ÛËÎ¸ÌÛ˛ ÍÓÎÓÌÌÛ ‚ ‚Ë‰Â ÍÂÌ‡, ·Û‰ÂÚ
‡‚ÂÌ Ó·˙ÂÏÛ ÍÂÌ‡, Ú‡ÌÒÔÓÚËÛÂÏÓ„Ó ˜ÂÂÁ ‚ÌÛÚÂÌÌ˛˛
ÔÓÎÓÒÚ¸ ˆÂÌÚ‡Î¸ÌÓÈ ÍÓÎÓÌÌ˚ ·ÛËÎ¸Ì˚ı ÚÛ·:

    

Q R m v r r r rr r

r

r

r r

r
r
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−( ) ( ) ( )








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
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
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0
2
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0
4 1

4
0
4 1

0
1
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0
2 2

2 2
1π π γ γ

µ
( ) .( )

ÏÂı
Ú ln (8.80)
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ê‡ÒıÓ‰ ÊË‰ÍÓÒÚË Q = QÍ, ÔË ÍÓÚÓÓÏ ÔÓËÒıÓ‰ËÚ “Á‡‚Ë-
Ò‡ÌËÂ” ÍÂÌ‡, ÏÓÊÌÓ Ì‡ÈÚË ÔÓ ‚˚‡ÊÂÌË˛ (8.77), ÔÓÎÓÊË‚
uÚ = 0. íÓ„‰‡ ÔÓÎÛ˜ËÏ

    
Q r r r

rÍ ‡
Ú

a
a

aln∗ = + − −−








 ( ) ( )









2 2 21
11 1γ

γ
, (8.81)

„‰Â 
    
Q

Q

r
Í

Í

Ú

∗ =
4

1
4

µ

π γ
.

Ç˚‡ÊÂÌËÂ (8.80) ÏÓÊÌÓ ÔÂ‰ÒÚ‡‚ËÚ¸ ‚ ‚Ë‰Â

    
Q v Q

r

r

∗ ∗ ∗= +
+1 a

2

a
2 ÏÂı Í, (8.82)

„‰Â 
    

v mR v

r
ÏÂı

ÏÂı

Ú

∗ = −2 2

1
4

1µ

γ
( ).

Ç Ú‡·Î. 8.10 ÔË‚Â‰ÂÌ˚ ÁÌ‡˜ÂÌËfl     QÍ
∗  ÔË ‡ÁÎË˜Ì˚ı r‡, ‡

Ú‡ÍÊÂ QÍ, Re Ë ReÍ.Í.Ô, Ì‡È‰ÂÌÌ˚Â ÔË r1 = 0,021 Ï, γ Ú =
="2,64⋅104 ç/Ï3 Ë ν = 10–6 Ï2/Ò; ÁÌ‡˜ÂÌËfl ReÍ.Í.Ô ÓÔÂ‰ÂÎÂÌ˚
ÔÓ ÙÓÏÛÎÂ (8.27).

í ‡ · Î Ë ̂  ‡  8.10

r‡     QÍ
∗ ⋅103 QÍ, 10–3 Ï3/Ò Re ReÍ.Í.Ô

0,943 0,11291 0,45530 7103,7 3593,0
0,944 0,10732 0,43276 6748,6 3604,0
0,945 0,10179 0,41045 6397,4 3614,9
0,946 0,09650 0,38913 6061,9 3625,9
0,947 0,09145 0,36876 5741,7 3636,8
0,948 0,08648 0,34874 5427,1 3647,8
0,949 0,08159 0,32903 5117,8 3658,7
0,950 0,07703 0,31060 4828,7 3669,7
0,951 0,07177 0,28939 4496,7 3680,7
0,952 0,06831 0,27568 4281,5 3691,6
0,953 0,06432 0,25936 4026,0 3702,6
0,954 0,06041 0,24361 3779,4 3713,5
0,955 0,05666 0,22481 3542,9 3725,0
0,956 0,05307 0,21402 3316,9 3735,5
0,957 0,04949 0,19956 3091,3 3746,4
0,958 0,04625 0,18652 2887,9 3757,4
0,959 0,04307 0,17369 2687,8 3768,3
0,960 0,04002 0,16136 2495,8 3779,3
0,961 0,03721 0,15003 2319,4 3790,2
0,962 0,03445 0,13890 2146,2 3801,2
0,963 0,03174 0,12798 1976,2 3812,2
0,964 0,02927 0,11802 1821,7 3823,1
0,965 0,02704 0,10904 1682,2 3834,0
0,966 0,02472 0,09470 1460,0 3845,0
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àÁ Ú‡·Î. 8.10 ‚Ë‰ÌÓ, ˜ÚÓ ‚ ‰‡ÌÌÓÏ ÒÎÛ˜‡Â Î‡ÏËÌ‡Ì˚È Â-
ÊËÏ ÚÂ˜ÂÌËfl ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â ÛÒÚ‡ÌÓ‚ËÚÒfl ÔË r‡ ≥
≥"0,955, Ë ÚÓ„‰‡, ˜ÚÓ·˚ «‚Á‚ÂÒËÚ¸» ÍÂÌ, ÔÓÚÂ·Û˛ÚÒfl ÓÚÌÓÒË-
ÚÂÎ¸ÌÓ ÌÂ‚˚ÒÓÍËÂ ‡ÒıÓ‰˚.

é‰Ì‡ÍÓ Ì‡ Ô‡ÍÚËÍÂ ÓÚÌÓ¯ÂÌËÂ ‰Ë‡ÏÂÚ‡ ÍÂÌ‡ Í ‰Ë‡ÏÂÚ-
Û ‚ÌÛÚÂÌÌÂÈ ÔÓÎÓÒÚË ÍÓÎÓÌÌ˚ ·ÛËÎ¸Ì˚ı ÚÛ· Á‡ÏÂÚÌÓ
ÏÂÌ¸¯Â, ˜ÂÏ r‡ = 0,955. Ç Ú‡ÍÓÏ ÒÎÛ˜‡Â ÔÓÏ˚‚Ó˜Ì‡fl ÊË‰-
ÍÓÒÚ¸ ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â ‰‚ËÊÂÚÒfl ÔË ÚÛ·ÛÎÂÌÚÌÓÏ
ÂÊËÏÂ ÚÂ˜ÂÌËfl.

8.3.1. ÃÈÄÐÎÄÈÍÀÌÈ×ÅÑÊÅ ÐÀÑ×ÅÒÛ, ÑÂßÇÀÍÍÛÅ
Ñ ÄÂÈÆÅÍÈÅÌ ÊÅÐÍÀ ÏÐÈ ÒÓÐÁÓËÅÍÒÍÎÌ ÐÅÆÈÌÅ
ÒÅ×ÅÍÈß ÆÈÄÊÎCÒÈ Â ÊÎËÜÖÅÂÎÌ ÏÐÎÑÒÐÀÍÑÒÂÅ

àÁ‚ÂÒÚÌÓ, ˜ÚÓ Á‡‰‡˜‡ Î‡ÏËÌ‡ÌÓ„Ó ÂÊËÏ‡ ÚÂ˜ÂÌËfl Â¯‡ÂÚÒfl
Ò ÔÓÏÓ˘¸˛ ÒËÒÚÂÏ˚ ‰ËÙÙÂÂÌˆË‡Î¸Ì˚ı Û‡‚ÌÂÌËÈ ç‡‚¸Â–
ëÚÓÍÒ‡.

Ç Ì‡ÒÚÓfl˘ÂÂ ‚ÂÏfl ÌÂ ÒÛ˘ÂÒÚ‚ÛÂÚ Á‡ÏÍÌÛÚÓÈ ÒËÒÚÂÏ˚
‰ËÙÙÂÂÌˆË‡Î¸Ì˚ı Û‡‚ÌÂÌËÈ, ÔÓÁ‚ÓÎfl˛˘ÂÈ Â¯‡Ú¸ Á‡‰‡˜Ë
ÚÛ·ÛÎÂÌÚÌÓ„Ó ÚÂ˜ÂÌËfl.

ëÍÓÓÒÚ¸ ‚ Î˛·ÓÈ ÚÓ˜ÍÂ ÔÓÔÂÂ˜ÌÓ„Ó ÒÂ˜ÂÌËfl ÚÛ·˚ ÔË
ÚÛ·ÛÎÂÌÚÌÓÏ ÂÊËÏÂ ÓÔÂ‰ÂÎflÂÚÒfl ÔÓ ÒÚÂÔÂÌÌÓÏÛ Ë ÎÓ„‡-
ËÙÏË˜ÂÒÍÓÏÛ Á‡ÍÓÌ‡Ï.

ê‡Á‡·ÓÚ‡Ì ÏÂÚÓ‰ «Ò¯Ë‚‡ÌËfl», ÔÓÁ‚ÓÎfl˛˘ËÈ ËÒÔÓÎ¸ÁÓ‚‡Ú¸
ÒÚÂÔÂÌÌÓÈ Ë ÎÓ„‡ËÙÏË˜ÂÒÍËÈ Á‡ÍÓÌ˚ ‰Îfl Â¯ÂÌËfl Á‡‰‡˜,
Ò‚flÁ‡ÌÌ˚ı Ò ÚÛ·ÛÎÂÌÚÌ˚Ï ÚÂ˜ÂÌËÂÏ ÊË‰ÍÓÒÚË ‚ ÔÓÒÚ‡ÌÒÚ-
‚Â ÏÂÊ‰Û ‰‚ÛÏfl ˆËÎËÌ‰‡ÏË ÔË Î˛·ÓÏ ˝ÍÒˆÂÌÚËÒËÚÂÚÂ Ë
‡ÁÎË˜Ì˚ı ÛÒÎÓ‚Ëflı [7, 8].

è‡‚ÓÏÂÌÓÒÚ¸ ËÒÔÓÎ¸ÁÓ‚‡ÌËfl ˝ÚÓ„Ó ÏÂÚÓ‰‡ ·˚Î‡ ‰ÓÍ‡Á‡Ì‡
ÒÓÔÓÒÚ‡‚ÎÂÌËÂÏ ‡Ò˜ÂÚÌ˚ı ÁÌ‡˜ÂÌËÈ ÒÍÓÓÒÚË ‰‚ËÊÂÌËfl ˆË-
ÎËÌ‰‡ ‚ ÔÓÚË‚ÓÚÓÍÂ ÊË‰ÍÓÒÚË, ÔÓÎÛ˜ÂÌÌ˚ı Ì‡ ÓÒÌÓ‚Â ÒÚÂ-
ÔÂÌÌÓ„Ó Á‡ÍÓÌ‡, Ò ÂÁÛÎ¸Ú‡Ú‡ÏË ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘Ëı ˝ÍÒÔÂË-
ÏÂÌÚ‡Î¸Ì˚ı ËÒÒÎÂ‰Ó‚‡ÌËÈ.

èËÌˆËÔ ÏÂÚÓ‰‡ «Ò¯Ë‚‡ÌËfl» ÓÒÌÓ‚˚‚‡ÂÚÒfl Ì‡ Ì‡ÎË˜ËË ‚
ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â Ú‡Í Ì‡Á˚‚‡ÂÏÓÈ ÌÂÈÚ‡Î¸ÌÓÈ ÔÓ-
‚ÂıÌÓÒÚË, Ú.Â. ÔÓ‚ÂıÌÓÒÚË, Ì‡ ÍÓÚÓÓÈ Í‡Ò‡ÚÂÎ¸ÌÓÂ Ì‡Ôfl-
ÊÂÌËÂ ‡‚ÌÓ ÌÛÎ˛.

ìÍ‡Á‡ÌÌÓÈ ÌÂÈÚ‡Î¸ÌÓÈ ÔÓ‚ÂıÌÓÒÚ¸˛, ‡ÒÔÓÎÓÊÂÌÌÓÈ Ì‡
‡ÒÒÚÓflÌËË ‡ ÓÚ ÔÓ‚ÂıÌÓÒÚË ÍÂÌ‡, ‚ÒÂ ÍÓÎ¸ˆÂ‚ÓÂ ÔÓÒÚ‡Ì-
ÒÚ‚Ó ‰ÂÎËÚÒfl Ì‡ ‰‚Â Ó·Î‡ÒÚË Ë ‰Îfl Í‡Ê‰ÓÈ ËÁ ÌËı ÒÓ„Î‡ÒÌÓ
Á‡ÍÓÌÛ ÍÓÌfl ÒÂ‰¸ÏÓÈ ÒÚÂÔÂÌË ÒÓÒÚ‡‚Îfl˛ÚÒfl ÒÎÂ‰Û˛˘ËÂ ‚˚-
‡ÊÂÌËfl ‰Îfl ÓÔÂ‰ÂÎÂÌËfl ÒÍÓÓÒÚË ‚ Î˛·ÓÈ ÚÓ˜ÍÂ:
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‰Îfl I Ó·Î‡ÒÚË

    
u ug y

I Ú= +
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





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874 1

4
7 1

1
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, ;τ

γ ν
(8.83)

‰Îfl II Ó·Î‡ÒÚË

    
u g y

II =


















874 2

4
7 2

1
7

, ,τ

γ ν
(8.84)

„‰Â ν – ÍËÌÂÏ‡ÚË˜ÂÒÍ‡fl ‚flÁÍÓÒÚ¸; Û1 – ‡ÒÒÚÓflÌËÂ ÓÚ ÔÓ-
‚ÂıÌÓÒÚË ÍÂÌ‡ ‰Ó ‰‡ÌÌÓÈ ÚÓ˜ÍË ‚ ÔÂ‰ÂÎ‡ı I Ó·Î‡ÒÚË (0 ≤   
≤ Û1 ≤ ‡); Û2 – ‡ÒÒÚÓflÌËÂ ÓÚ ‚ÌÛÚÂÌÌÂÈ ÔÓÎÓÒÚË ˆÂÌÚ‡Î¸-
ÌÓÈ ÚÛ·˚ ‰Ó ‰‡ÌÌÓÈ ÚÓ˜ÍË ‚ ÔÂ‰ÂÎ‡ı II Ó·Î‡ÒÚË (0 ≤ Û2 ≤   
≤ r1–r0–‡); τ1 Ë τ2 – Í‡Ò‡ÚÂÎ¸Ì˚Â Ì‡ÔflÊÂÌËfl ÒÓÓÚ‚ÂÚÒÚ‚ÂÌ-
ÌÓ Ì‡ ÔÓ‚ÂıÌÓÒÚflı ÍÂÌ‡ Ë Ì‡ ‚ÌÛÚÂÌÌÂÈ ÔÓÎÓÒÚË ˆÂÌÚ-
‡Î¸ÌÓÈ ÍÓÎÓÌÌ˚ ÚÛ·.

ç‡ ÌÂÈÚ‡Î¸ÌÓÈ ÔÓ‚ÂıÌÓÒÚË, Ú.Â. ÔË Û1 = ‡ Ë Û2 = r1–
–r0–‡, ‰ÓÎÊÌÓ ‚˚ÔÓÎÌflÚ¸Òfl ÛÒÎÓ‚ËÂ uI = uII, ˜ÚÓ ‰‡ÂÚ

    

τ
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ν δ
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,
, (8.85)

„‰Â δ = r1 – r0.
ëÓÒÚ‡‚ËÏ Û‡‚ÌÂÌËÂ ‰ËÌ‡ÏË˜ÂÒÍÓ„Ó ‡‚ÌÓ‚ÂÒËfl ÊË‰ÍÓÒÚË,

Á‡ÍÎ˛˜ÂÌÌÓÈ ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â ÏÂÊ‰Û ÚÛ·ÓÈ Ë ˆË-
ÎËÌ‰Ë˜ÂÒÍÓÈ ÔÓ‚ÂıÌÓÒÚ¸˛, Ì‡ ÍÓÚÓÓÈ Í‡Ò‡ÚÂÎ¸ÌÓÂ Ì‡Ôfl-
ÊÂÌËÂ ‡‚ÌÓ ÌÛÎ˛:

    
2 01 2 1

2
0

2
1
2

0
2π τ π γ πr l r r a l r r a p+ − + − − + =











( ) ( ) ,∆

„‰Â l – ‰ÎËÌ‡ ÍÂÌ‡; ∆ = 2–1; 2 Ë 1 – ‰‡‚ÎÂÌËÂ ÔÓ
ÍÓÌˆ‡Ï ÍÂÌ‡.

íÓ„‰‡

    
τ γ2

1
2

0
2

12
= −− +r r a

r l
p l( ) ( ).∆ (8.86)

á‡ÔË¯ÂÏ Û‡‚ÌÂÌËÂ ‰ËÌ‡ÏË˜ÂÒÍÓ„Ó ‡‚ÌÓ‚ÂÒËfl ÊË‰ÍÓÒÚË,
Á‡ÍÎ˛˜ÂÌÌÓÈ ‚ ÔÓÒÚ‡ÌÒÚ‚Â ÏÂÊ‰Û ÍÂÌÓÏ Ë ‚ÌÛÚÂÌÌÂÈ ÔÓ-
ÎÓÒÚ¸˛ ˆÂÌÚ‡Î¸ÌÓÈ ·ÛËÎ¸ÌÓÈ ÍÓÎÓÌÌ˚:

    
2 2 01 2 0 1 1

2
0
2π τ π τ π γr l r l r r p l+ − −( ) − =( ) .∆

áÌ‡˜ËÚ,

    

τ γ τ2
1
2

0
2

1

0

1
12

= − −−r r

r l

r

r
p l( ) .∆ (8.87)



1 3 2

àÁ ‚˚‡ÊÂÌËÈ (8.86) Ë (8.87)

    
τ γ1

0

0

2
2

= −+a r a
r l

p l( ) ( ).∆ (8.88)

ëÓÒÚ‡‚ËÏ Û‡‚ÌÂÌËÂ ‰ËÌ‡ÏË˜ÂÒÍÓ„Ó ‡‚ÌÓ‚ÂÒËfl ÔÓ ‚ÌÛÚ-
ÂÌÌÂÈ ÔÓÎÓÒÚË ·ÛËÎ¸Ì˚ı ÚÛ·, ‚˚‰ÂÎË‚ ÔË ˝ÚÓÏ ÍÓÎ¸ˆÓ
ÊË‰ÍÓÒÚË ‚ÓÍÛ„ ÍÂÌ‡ Ë Ò‡Ï ÍÂÌ ‚ÂÒÓÏ G:

    
2 01 2 1

2
0
2

1
2π τ π γ πr l r r l G r p+ −( ) + − =∆ . (8.89)

á‰ÂÒ¸

    G r l= π γ0
2

Ú , (8.90)

„‰Â γÚ – Û‰ÂÎ¸Ì˚È ‚ÂÒ ÍÂÌ‡.
ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ÔÓ ‚˚‡ÊÂÌËflÏ (8.86), (8.90) Ë Û‡‚ÌÂÌË˛

(8.89) ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸:

    

∆p l
l

r

r a

−

+














= −

∗
∗γ

γ
γ‡

‡
Ú

2

1 , (8.91)

„‰Â 
  
γ γ

γ
Ú

Ú∗ = ; r‡ = r0/r1; ‡
∗ = ‡/r1.

èÓ‰ÒÚ‡‚Ë‚ (8.86), (8.88) Ë (8.91) ‚ (8.85), ÔÓÎÛ˜ËÏ

    

u r aa

r a

a r a
r

a
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Ú
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1 1 2 (8.92)

„‰Â 
    

u u
r g

Ú Ú=










1
874

16

1
5 4

1
7

,
;ν  δ∗ = 1–r‡.

ê‡ÒıÓ‰" ÊË‰ÍÓÒÚË "‚ "ÍÓÎ¸ˆÂ‚ÓÏ" ÔÓÒÚ‡ÌÒÚ‚Â,  Ó·‡ÁÓ-
‚‡ÌÌÓÏ ÍÂÌÓÏ Ë ‚ÌÛÚÂÌÌÂÈ ÔÓÎÓÒÚ¸˛ ˆÂÌÚ‡Î¸ÌÓÈ ÍÓÎÓÌ-
Ì˚,

    
q r y udy r y u dy

a a

= + + −












∫ ∫
−

2 0 1 1

0

1 2 2

0

π
δ

( ) ( ) .I II (8.93)

èÓÒÎÂ ÔÓ‰ÒÚ‡ÌÓ‚ÍË (8.83), (8.84), (8.86) Ë (8.88) ‚ (8.93) ÏÓÊ-
ÌÓ Á‡ÔËÒ‡Ú¸:
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ËÎË ÔÓ (8.91)

    

q r r g r

r a

a r a
r

a
a
r

= − +








 +









 ( ) +











+

























∗
∗

∗ ∗
∗

∗

15 295 10 1

12
7

4
1
7

8
7

4
7

4
7

8
7

15
7

16
2 8

15
, ( )π γ

ν
‡

‡
Ú

‡

‡ ‡

    

+ − + − − + +∗
∗ ∗

∗ ∗ ∗
∗

[ ] − 























1 1 22

4
7

8
7

1
28

15 2
( ) ( )( )

,r a a r a r ua
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a
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‡
‡ Ú

δ δ π (8.94)

„‰Â δ∗ =δ/r1 ËÎË δ∗ =1–r‡.
ëÓ„Î‡ÒÌÓ Û‡‚ÌÂÌË˛ Ï‡ÚÂË‡Î¸ÌÓ„Ó ·‡Î‡ÌÒ‡ (8.70) Ë ‚˚‡-

ÊÂÌË˛ (8.94)
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àÁ ‡‚ÂÌÒÚ‚‡ ÁÌ‡˜ÂÌËÈ     uÚ , Ì‡È‰ÂÌÌ˚ı ÔÓ ÙÓÏÛÎ‡Ï (8.92)
Ë (8.95), ÔÓÎÛ˜ËÏ ÒÎÂ‰Û˛˘ÂÂ Ú‡ÌÒˆÂÌ‰ÂÌÚÌÓÂ Û‡‚ÌÂÌËÂ ‰Îfl
ÓÔÂ‰ÂÎÂÌËfl ‡∗:

    

Q

r a

r

r a

r a
r( ) ( ) /

‡

‡

‡
Ú

‡

‡+ +
( ) +














∗ ∗

∗
∗

− −2

15
7

22 7

4
7

4
77

4

21γ
    

a a

r
∗

∗

+ +












12
7 1 8

15 ‡

    

+ − + − − − − ×∗
∗ ∗

∗ ∗

∗

∗

∗ ∗





− 














−





+






1 12

4
7

8
7

4
7

8
7

1
78

15

1
( ) ( ) ( )( )

( )

r a a aa
r

r a
‡

‡

Ú

‡

δ
γ

δ δ
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



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

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
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



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72( ) .r a ar a

r‡
‡

‡
(8.96)

èÓ Û‡‚ÌÂÌË˛ (8.96) ÔË   γ Ú
∗  = 2,6 ·˚ÎË ÔÓ‚Â‰ÂÌ˚ ‡Ò˜Â-

Ú˚"ÔÓ"ÓÔÂ‰ÂÎÂÌË˛"‡∗ ‚ ‰Ë‡Ô‡ÁÓÌÂ 0,7"≤"r‡"≤"0,95 Ë 0"≤"  Q "≤ 0,4.
ÄÔÔÓÍÒËÏ‡ˆËfl ÔÓÒÚÓÂÌÌ˚ı Á‡‚ËÒËÏÓÒÚÂÈ ÔÓÁ‚ÓÎËÎ‡ ÔÓ-

ÎÛ˜ËÚ¸ ‚˚‡ÊÂÌËÂ

‡∗ = –0,64885r‡ + 0,634848 – r‡(–0,628809 + 3,54653r‡ –

–    3 1033 2, ) .r Qa (8.97)

ê‡ÒıÓÊ‰ÂÌËÂ ÏÂÊ‰Û ÁÌ‡˜ÂÌËflÏË ‡∗, ÔÓÎÛ˜ÂÌÌ˚ÏË ÔÓ
Ú‡ÌÒˆÂÌ‰ÂÌÚÌÓÏÛ Û‡‚ÌÂÌË˛ (8.96) Ë ÔÓ ÙÓÏÛÎÂ (8.97), ÌÂ
ÔÂ‚˚¯‡ÂÚ 2 %.

èÓ ÙÓÏÛÎ‡Ï (8.95) Ë (8.97) ÔË   γ Ú
∗  = 2,6 ‚˚ÔÓÎÌÂÌ˚ ‡Ò-

˜ÂÚ˚ ÔÓ ÓÔÂ‰ÂÎÂÌË˛ Á‡‚ËÒËÏÓÒÚË     u f Q rÚ a = ( , ). ÄÔÔÓÍÒËÏ‡-
ˆËÂÈ ÂÁÛÎ¸Ú‡ÚÓ‚ ‡Ò˜ÂÚ‡ ÔÓÎÛ˜ÂÌ‡ ÙÓÏÛÎ‡

    u r Q r r rÚ ‡ ‡ ‡ ‡= − + − − +( , , ) ( , , , ).1 02088 2 03913 3 4898 6 87753 3 38794 2 (8.98)

èÓÎÓÊË‚ ‚ ÙÓÏÛÎÂ (8.98)     uÚ = 0, ÔÓÎÛ˜ËÏ ‚˚‡ÊÂÌËÂ ‰Îfl
ÓÔÂ‰ÂÎÂÌËfl ‡ÒıÓ‰‡ ÊË‰ÍÓÒÚË QÍ, ÔË ÍÓÚÓÓÏ ÔÓËÒıÓ‰ËÚ
Á‡‚ËÒ‡ÌËÂ ÍÂÌ‡:

    
Q r r r

rÍ
a a a

a
= − +

−

( , , , )

, ,
.3 48981 6 87753 3 38794

2 03913 102088

2
(8.99)

Ç Ú‡·Î. 8.11 ÔË‚Â‰ÂÌ˚ ÁÌ‡˜ÂÌËfl QÍ ÔË ‡ÁÎË˜Ì˚ı r‡.
áÌ‡˜ÂÌËfl QÍ, ÔË‚Â‰ÂÌÌ˚Â ‚ Ú‡·Î. 8.11, ·˚ÎË Ì‡È‰ÂÌ˚ ÔÓ

ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÏ     QÍ ÔË ν = 10–6 Ï2/Ò Ë r1 = 0,021 Ï.



1 3 5

í ‡ · Î Ë ̂  ‡  8.11

r‡     QÍ QÍ, 10–3 Ï3/Ò Re ReÍ.Í.Ô

0,70 0,177377 2,420 21577,3 930,1
0,80 0,102134 1,398 11772,4 2025,9
0,85 0,066535 0,911 7464,1 2573,9
0,90 0,035551 0,487 3885,1 3121,8
0,95 0,012230 0,167 1298,1 3669,7

áÌ‡˜ÂÌËfl ReÍ.Í.Ô ÓÔÂ‰ÂÎflÎËÒ¸ ÔÓ ÙÓÏÛÎÂ

    
Re

a
=

+
4
11

Q
r rπ ν( )

, (8.100)

‡ ÍËÚË˜ÂÒÍÓÂ ÁÌ‡˜ÂÌËÂ Ô‡‡ÏÂÚ‡ êÂÈÌÓÎ¸‰Ò‡ – ÔÓ ÙÓÏÛÎÂ
(8.27).

àÁ Ú‡·Î. 8.11 ÒÎÂ‰ÛÂÚ, ˜ÚÓ ÔË r1 = 0,021 Ï Ë ν = 10–6 Ï2/Ò
‚Ó ‚ÒÂı ÒÎÛ˜‡flı, ÍÓÏÂ r‡ = 0,95, ÓÒÛ˘ÂÒÚ‚ÎflÂÚÒfl ÚÛ·ÛÎÂÌÚ-
Ì˚È ÂÊËÏ ÚÂ˜ÂÌËfl ÊË‰ÍÓÒÚË (Re > ReÍ.Í.Ô); ‚ ÒÎÛ˜‡Â r‡ =   
= 0,95 Ì‡·Î˛‰‡ÂÚÒfl ÚÂ˜ÂÌËÂ ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â ÔË
Î‡ÏËÌ‡ÌÓÏ ÂÊËÏÂ. ëÓ„Î‡ÒÌÓ ÙÓÏÛÎ‡Ï (8.78) Ë (8.98) Ó·˙-
ÂÏÌ˚È ‡ÒıÓ‰ ÍÂÌ‡ (ÔÓÓ‰˚) ‚Ó ‚ÌÛÚÂÌÌÂÈ ÔÓÎÓÒÚË
ˆÂÌÚ‡Î¸ÌÓÈ ÍÓÎÓÌÌ˚ ·ÛËÎ¸Ì˚ı ÚÛ·
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r r r
a a a
( , , , ) .3 48981 6 8775 3 3879 2 (8.101)

àÒıÓ‰fl ËÁ ‡‚ÂÌÒÚ‚‡ ÁÌ‡˜ÂÌËÈ qÚ, ÓÔÂ‰ÂÎÂÌÌ˚ı ÔÓ ÙÓ-
ÏÛÎ‡Ï (8.2) Ë (8.101), Á‡ÔË¯ÂÏ ÒÎÂ‰Û˛˘ÂÂ ‚˚‡ÊÂÌËÂ ‰Îfl ÓÔ-
Â‰ÂÎÂÌËfl ‡ÒıÓ‰‡ ÊË‰ÍÓÒÚË Q, Ó·ÂÒÔÂ˜Ë‚‡˛˘Â„Ó ÔÓÎÌ˚È „Ë-
‰ÓÚ‡ÌÒÔÓÚ ÍÂÌ‡:
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−3 3879 2 0391 10209 1, ( , , )) .r r ra
2

a
–2

a (8.102)

Ç Ú‡·Î. 8.12–8.14 ÔË‚Â‰ÂÌ˚ ÁÌ‡˜ÂÌËfl Q, Ì‡È‰ÂÌÌ˚Â ÔÓ
ÙÓÏÛÎÂ (8.102) ÔË ‡ÁÎË˜Ì˚ı r1, R, r‡ Ë vÏÂı; ‡Ò˜ÂÚ˚ ÔÓ‚Ó-
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‰ËÎËÒ¸ ÔË ν = 10–6 Ï2/Ò. á‰ÂÒ¸ ‰‡Ì˚ Ú‡ÍÊÂ ÁÌ‡˜ÂÌËfl q Ë uÚ,
‡ÒÒ˜ËÚ‡ÌÌ˚Â ÔÓ ÙÓÏÛÎ‡Ï (8.70) Ë (8.99) ÔË ‡ÁÎË˜Ì˚ı R Ë
r1. àÒÔÓÎ¸ÁÛfl ÁÌ‡˜ÂÌËfl q, ÓÔÂ‰ÂÎËÎË ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÂ Ô‡‡-
ÏÂÚ˚ êÂÈÌÓÎ¸‰Ò‡ Re, ‡ Ú‡ÍÊÂ ReÍ.Í.Ô. àÁ Ò‡‚ÌÂÌËfl Re Ë
ReÍ.Í.Ô ‚Ë‰ÌÓ,  ˜ÚÓ ‚Ó ‚ÒÂı ÒÎÛ˜‡flı Re > ReÍ.Í.Ô, Ú.Â. Ì‡·Î˛‰‡-
ÂÚÒfl ÚÛ·ÛÎÂÌÚÌ˚È ÂÊËÏ ÚÂ˜ÂÌËfl.

í ‡ · Î Ë ̂  ‡  8.12

R = 0,042 Ï, r1 = 0,021 Ï

vÏÂı,
Ï/˜

Q, 10–3

Ï3/Ò
q, 10–3

Ï3/Ò
Re uÚ, Ï/Ò Q, 10–3

Ï3/Ò
q, 10–3

Ï3/Ò
Re uÚ, Ï/Ò

r‡ = 0,75, ReÍ.Í.Ô = 1478,0 r‡ = 0,78, ReÍ.Í.Ô = 1806,8

50 2,0218 1,945 33693 0,099 1,7050 1,628 27726 0,091
60 2,0432 1,951 33797 0,118 1,7252 1,633 27812 0,109
70 2,0647 1,957 33901 0,138 1,7465 1,639 27914 0,128
80 2,0867 1,963 34005 0,158 1,7670 1,643 27982 0,147
90 2,1077 1,969 34109 0,178 1,7873 1,648 28067 0,165
100 2,1292 1,976 34230 0,197 1,8066 1,653 28152 0,182
110 2,1507 1,982 34337 0,217 1,8281 1,658 28237 0,202
120 2,1722 1,987 34221 0,237 1,8484 1,663 28323 0,220
130 2,1937 1,993 34525 0,257 1,8678 1,668 28408 0,237
140 2,2151 2,000 34646 0,276 1,8881 1,673 28493 0,255
150 2,2375 2,006 34750 0,297 1,9095 1,678 28578 0,275
160 2,2581 2,012 34854 0,316 1,9298 1,683 28663 0,293
170 2,2796 2,018 34958 0,336 1,9502 1,688 28748 0,311
180 2,3011 2,024 35062 0,355 1,9695 1,693 28833 0,328
190 2,3226 2,030 35166 0,375 1,9898 1,697 28902 0,347
200 2,3441 2,036 35270 0,395 2,0102 1,702 28987 0,365

r‡ = 0,80, ReÍ.Í.Ô = 2026,0 r‡ = 0,83, ReÍ.Í.Ô = 2354,7

50 1,4969 1,420 23913 0,087 1,1942 1,118 18520 0,080
60 1,5166 1,424 23982 0,104 1,2130 1,121 18570 0,096
70 1,5361 1,429 24067 0,121 1,2317 0,124 18620 0,113
80 1,5559 1,433 24134 0,139 1,2505 1,127 19669 0,129
90 1,5756 1,437 24202 0,156 1,2692 1,131 18736 0,145
100 1,5953 1,442 24286 0,173 1,2880 1,134 18785 0,161
110 1,6150 1,445 24336 0,191 1,3067 1,138 18852 0,177
120 1,6346 1,450 24420 0,208 1,3255 1,141 18901 0,193
130 1,6544 1,454 24488 0,226 1,3443 1,145 18969 0,209
140 1,6740 1,458 24555 0,243 1,3630 1,147 19001 0,226
150 1,6937 1,463 24639 0,260 1,3817 1,151 19067 0,242
160 1,7133 1,467 24707 0,278 1,4005 1,154 19117 0,258
170 1,7330 1,471 24774 0,295 1,4192 1,157 19166 0,274
180 1,7527 1,476 24858 0,312 1,4380 1,161 19233 0,290
190 1,7724 1,480 24926 0,330 1,4567 1,165 19299 0,306
200 1,7920 1,484 24993 0,347 1,4755 1,168 19349 0,322

r‡ = 0,85, ReÍ.Í.Ô = 2573,9 r‡ = 0,88, ReÍ.Í.Ô = 2902,6

50 1,0020 0,925 15158 0,077 0,7330 0,657 10594 0,071
60 1,0202 0,928 15207 0,092 0,7503 0,659 10626 0,085
70 1,0384 0,931 15256 0,107 0,7678 0,660 10643 0,100
80 1,0565 0,933 15289 0,123 0,7852 0,663 10691 0,114
90 1,0747 0,936 15338 0,138 0,8027 0,665 10723 0,128
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è  Ó ‰ Ó Î Ê Â Ì Ë Â Ú ‡ · Î. 8.12

R = 0,042 Ï, r1 = 0,021 Ï

vÏÂı,
Ï/˜

Q, 10–3

Ï3/Ò
q, 10–3

Ï3/Ò
Re uÚ, Ï/Ò Q, 10–3

Ï3/Ò
q, 10–3

Ï3/Ò
Re uÚ, Ï/Ò

r‡ = 0,85, ReÍ.Í.Ô = 2573,9 r‡ = 0,88, ReÍ.Í.Ô = 2902,6

100 1,0929 0,940 15403 0,153 0,8201 0,667 10755 0,143
110 1,1112 0,943 15453 0,169 0,8375 0,669 10788 0,157
120 1,1293 0,945 15485 0,184 0,8548 0,671 10820 0,171
130 1,1476 0,947 15518 0,200 0,8724 0,673 10852 0,186
140 1,1659 0,951 15584 0,215 0,8898 0,675 10884 0,200
150 1,1838 0,954 15633 0,230 0,9072 0,678 10933 0,214
160 1,2021 0,956 15666 0,246 0,9246 0,679 10949 0,229
170 1,2203 0,959 15715 0,261 0,9421 0,681 10981 0,243
180 1,2384 0,962 15764 0,276 0,9595 0,684 11029 0,257
190 1,2566 0,964 15797 0,292 0,9769 0,685 11046 0,272
200 1,2718 0,966 15829 0,305 0,9941 0,687 11078 0,286

í ‡ · Î Ë ̂  ‡  8.13

R = 0,0755 Ï, r1 = 0,0270 Ï

vÏÂı,
Ï/˜

Q, 10–3

Ï3/Ò
q, 10–3

Ï3/Ò
Re uÚ, Ï/Ò Q, 10–3

Ï3/Ò
q, 10–3

Ï3/Ò
Re uÚ, Ï/Ò

r‡ = 0,75, ReÍ.Í.Ô = 1478,0 r‡ = 0,78, ReÍ.Í.Ô = 1806,8

50 4,1339 3,885 52344 0,193 3,5003 3,256 43130 0,175
60 4,2034 3,906 52627 0,231 3,5661 3,274 43369 0,210
70 4,2728 3,925 52883 0,266 3,6319 3,289 43567 0,246
80 4,3423 3,951 53233 0,304 3,6976 3,305 43779 0,282
90 4,4117 3,969 53476 0,343 3,7634 3,320 43978 0,318
100 4,4812 3,990 53759 0,381 3,8292 3,339 44230 0,353
110 4,5506 4,010 54028 0,420 3,8950 3,353 44415 0,383
120 4,6201 4,029 54284 0,459 3,9608 3,370 44640 0,424
130 4,6895 4,049 54554 0,497 4,0266 3,386 44852 0,460
140 4,7590 4,068 54810 0,536 4,0924 3,401 45051 0,496
150 4,8284 4,089 55093 0,574 4,1582 3,417 45263 0,532
160 4,8978 4,108 55349 0,613 4,2240 3,434 45488 0,567
170 4,9673 4,127 55605 0,652 4,2897 3,449 45687 0,603
180 5,0367 4,148 55888 0,690 4,3555 3,465 45899 0,639
190 5,1062 4,167 56144 0,729 4,4213 3,482 46124 0,674
200 5,1756 4,186 56400 0,768 4,4871 3,498 46336 0,710

r‡ = 0,80, ReÍ.Í.Ô = 2025,9 r‡ = 0,83, ReÍ.Í.Ô = 2354,7

50 3,0844 2,842 37228 0,166 2,4800 1,844 23752 0,403
60 3,1480 2,855 37398 0,200 2,5406 1,846 23785 0,440
70 3,2116 2,864 37516 0,237 2,6012 1,847 23797 0,478
80 3,2752 2,882 37752 0,268 2,6618 1,849 23823 0,515
90 3,3387 2,896 37935 0,302 2,7224 1,850 23836 0,553
100 3,4023 2,910 38119 0,336 2,7830 1,852 23862 0,590
110 3,4659 2,924 38302 0,370 2,8435 1,853 23875 0,628
120 3,5295 2,937 38472 0,404 2,9041 1,854 23875 0,666
130 3,5931 2,951 38656 0,438 2,9647 1,855 23901 0,703
140 3,6567 2,965 38839 0,472 3,0253 1,856 23913 0,741
150 3,7203 2,980 39035 0,505 3,0859 1,859 23952 0,778
160 3,7838 2,992 39193 0,540 3,1465 1,859 23952 0,816
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è  Ó ‰ Ó Î Ê Â Ì Ë Â  Ú ‡ · Î. 8.13

R = 0,0755 Ï, r1 = 0,0270 Ï

vÏÂı,
Ï/˜

Q, 10–3

Ï3/Ò
q, 10–3

Ï3/Ò
Re uÚ, Ï/Ò Q, 10–3

Ï3/Ò
q, 10–3

Ï3/Ò
Re uÚ, Ï/Ò

r‡ = 0,80, ReÍ.Í.Ô = 2025,9 r‡ = 0,83, ReÍ.Í.Ô = 2354,7

170 3,8474 3,006 39376 0,574 3,2071 1,861 23978 0,853
180 3,9110 3,020 39559 0,608 3,2677 1,862 23991 0,891
190 3,9746 3,034 39743 0,642 3,3283 1,863 24004 0,929
200 4,0382 3,049 39939 0,675 3,3888 1,865 24029 0,966

r‡ = 0,85, ReÍ.Í.Ô = 2573,9 r‡ = 0,88, ReÍ.Í.Ô = 2902,6

50 2,0961 1,848 23553 0,150 1,5604 1,312 16455 0,140
60 2,1549 1,857 23668 0,180 1,6167 1,319 16543 0,168
70 2,2137 1,866 23782 0,210 1,6730 1,325 16618 0,196
80 2,2725 1,875 23897 0,240 1,7293 1,332 16706 0,224
90 2,3313 1,885 24025 0,270 1,7856 1,339 16793 0,252
100 2,3900 1,894 24139 0,300 1,8419 1,345 16869 0,280
110 2,4488 1,903 24254 0,330 1,8982 1,352 16956 0,308
120 2,5076 1,912 24369 0,360 1,9546 1,359 17044 0,336
130 2,5664 1,919 24458 0,391 2,0109 1,365 17119 0,364
140 2,6252 1,929 24585 0,421 2,0672 1,372 17208 0,392
150 2,6839 1,938 24700 0,451 2,1235 1,379 17295 0,420
160 2,7427 1,947 24815 0,481 2,1798 1,385 17370 0,448
170 2,8015 1,956 24929 0,511 2,2361 1,390 17433 0,477
180 2,8603 1,965 25044 0,541 2,2924 1,397 17521 0,505
190 2,9190 1,974 25159 0,571 2,3487 1,403 17596 0,533
200 2,9778 1,983 25274 0,601 2,4050 1,410 17684 0,561

í ‡ · Î Ë ̂  ‡  8.14

R = 0,160 Ï, r1 = 0,0325 Ï

vÏÂı,
Ï/˜

Q, 10–3

Ï3/Ò
q, 10–3

Ï3/Ò
Re uÚ, Ï/Ò Q, 10–3

Ï3/Ò
q, 10–3

Ï3/Ò
Re uÚ, Ï/Ò

r‡ = 0,75, ReÍ.Í.Ô = 1478,0 r‡ = 0,78, ReÍ.Í.Ô = 1806,8

50 7,8228 6,707 75073 0,598 6,7229 5,606 61692 0,553
60 8,1347 6,794 76048 0,718 7,0184 5,678 62484 0,664
70 8,4466 6,882 77032 0,838 7,3138 5,751 63288 0,774
80 8,7514 6,969 78006 0,955 7,6093 5,823 64080 0,885
90 9,0703 7,060 79024 1,077 7,9047 5,894 64861 0,996
100 9,3822 7,148 80010 1,197 8,2002 5,967 64935 1,106
110 9,6941 7,238 81017 1,316 8,4956 6,039 66457 1,217
120 10,0060 7,326 82002 1,436 8,7911 6,110 67238 1,328
130 10,3178 7,413 82976 1,556 9,0866 6,183 68042 1,438
140 10,6247 7,503 83983 1,675 9,3820 6,255 68834 1,549
150 10,9416 7,591 84968 1,795 9,6775 6,326 69615 1,660
160 11,2535 7,679 85953 1,915 9,9736 6,398 70408 1,771
170 11,5654 7,767 86938 2,035 10,2684 6,471 71211 1,881
180 11,8773 7,857 87946 2,154 10,5639 6,542 71992 1,992
190 12,1892 7,945 88931 2,274 10,8593 6,616 72807 2,102
200 12,5272 8,040 89994 2,404 11,1548 6,687 73588 2,213

r‡ = 0,80, ReÍ.Í.Ô = 2025,9 r‡ = 0,83, ReÍ.Í.Ô = 2354,7

50 6,0038 4,887 53182 0,526 4,8228 3,819 40878 0,439
60 6,2893 4,949 53857 0,631 5,2337 3,894 41681 0,586
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è  Ó ‰ Ó Î Ê Â Ì Ë Â  Ú ‡ · Î. 8.14

R = 0,160 Ï, r1 = 0,0325 Ï

vÏÂı,
Ï/˜

Q, 10–3

Ï3/Ò
q, 10–3

Ï3/Ò
Re uÚ, Ï/Ò Q, 10–3

Ï3/Ò
q, 10–3

Ï3/Ò
Re uÚ, Ï/Ò

r‡ = 0,80, ReÍ.Í.Ô = 2025,9 r‡ = 0,83, ReÍ.Í.Ô = 2354,7

70 6,5749 5,012 54542 0,736 5,5058 3,942 42195 0,684
80 6,8604 5,074 55217 0,841 5,7779 3,993 42741 0,781
90 7,1460 5,135 55881 0,947 6,0500 4,041 43255 0,879
100 7,4316 5,197 56556 1,052 6,3221 4,089 43769 0,977
110 7,7171 5,260 57241 1,157 6,5942 4,137 44282 1,075
120 8,0027 5,322 57916 1,262 6,8663 4,187 44818 1,172
130 8,2883 5,385 58602 1,367 7,1384 4,235 45331 1,270
140 8,5738 5,446 59265 1,473 7,4105 4,283 45845 1,368
150 8,8594 5,508 59940 1,578 7,6827 4,331 46359 1,466
160 9,1449 5,571 60626 1,683 7,9548 4,382 46905 1,563
170 9,4305 5,633 61300 1,788 8,2269 4,430 47419 1,661
180 9,7161 5,696 61986 1,893 8,4990 4,478 47932 1,759
190 10,0016 5,756 62639 1,999 8,7711 4,528 48468 1,856
200 10,2872 5,819 63325 2,104 9,0432 4,576 48981 1,954

r‡ = 0,85, ReÍ.Í.Ô = 2573,9 r‡ = 0,88, ReÍ.Í.Ô = 2902,6

50 4,3009 3,184 33713 0,466 3,3797 2,264 23972 0,434
60 4,5649 3,225 34147 0,559 3,6326 2,294 24289 0,521
70 4,8289 3,266 34583 0,652 3,8855 2,323 24596 0,608
80 5,0929 3,307 35015 0,745 4,1384 2,352 24904 0,695
90 5,3568 3,348 35449 0,838 4,3913 2,382 25221 0,782
100 5,6208 3,386 35852 0,932 4,6442 2,411 25528 0,869
110 5,8848 3,427 36286 1,025 4,8971 2,440 25835 0,956
120 6,1488 3,468 36720 1,118 5,1500 2,470 26135 1,043
130 6,4128 3,509 37154 1,211 5,4029 2,499 26460 1,130
140 6,6767 3,550 37588 1,304 5,6558 2,528 26767 1,217
150 6,9407 3,591 38022 1,397 5,9087 2,558 27085 1,304
160 7,2047 3,630 38435 1,491 6,1616 2,587 27392 1,391
170 7,4687 3,671 38869 1,584 6,4145 2,616 27699 1,478
180 7,7327 3,712 39304 1,677 6,6674 2,646 28017 1,565
190 7,9966 3,753 39738 1,770 6,9250 2,677 28345 1,653
200 8,2606 3,794 40172 1,863 7,2850 2,719 28789 1,777

àÁ Ú‡·Î. 8.12–8.14 ÒÎÂ‰ÛÂÚ, ˜ÚÓ Á‡‚ËÒËÏÓÒÚ¸ Q = f(vÏÂı)
ÒÚ‡ÌÓ‚ËÚÒfl ·ÓÎÂÂ ‚˚‡ÊÂÌÌÓÈ ÔË ÓÚÌÓÒËÚÂÎ¸ÌÓ ·ÓÎ¸¯Ëı
‡‰ËÛÒ‡ı ÒÍ‚‡ÊËÌ. èÓÏËÏÓ ˝ÚÓ„Ó Ò Û‚ÂÎË˜ÂÌËÂÏ r‡, Ú.Â. ÓÚÌÓ-
¯ÂÌËfl ‡‰ËÛÒ‡ ÍÂÌ‡ Í ‡‰ËÛÒÛ ‚ÌÛÚÂÌÌÂÈ ÔÓÎÓÒÚË ˆÂÌÚ-
‡Î¸ÌÓÈ ÍÓÎÓÌÌ˚, ÒÍÓÓÒÚ¸ ‰‚ËÊÂÌËfl ÍÂÌ‡ ÒÌËÊ‡ÂÚÒfl ‚ Ò‚fl-
ÁË Ò ÛÏÂÌ¸¯‡˛˘ËÏÒfl ÔÓÚÂ·Ì˚Ï ‡ÒıÓ‰ÓÏ ÊË‰ÍÓÒÚË.

èË‚Â‰ÂÌÌ˚Â Á‰ÂÒ¸ ÒÓÓÚÌÓ¯ÂÌËfl ÏÓ„ÛÚ ·˚Ú¸ ËÒÔÓÎ¸ÁÓ‚‡-
Ì˚ Ë ÔË ÔÓÏ˚‚ÍÂ ÒÍ‚‡ÊËÌ˚ „ÎËÌËÒÚ˚Ï ‡ÒÚ‚ÓÓÏ, ÂÒÎË
ÂÊËÏ ÚÂ˜ÂÌËfl ‚ ÔÓÒÚ‡ÌÒÚ‚Â ÏÂÊ‰Û ÍÂÌÓÏ Ë ‚ÌÛÚÂÌÌÂÈ
ÔÓÎÓÒÚ¸˛ ˆÂÌÚ‡Î¸ÌÓÈ ÍÓÎÓÌÌ˚ fl‚ÎflÂÚÒfl ÚÛ·ÛÎÂÌÚÌ˚Ï.

ÖÒÎË ∆ – ÚÓÎ˘ËÌ‡ ÒÚÂÌÍË ˆÂÌÚ‡Î¸ÌÓÈ ÍÓÎÓÌÌ˚, δ0 – ‡-
‰Ë‡Î¸Ì˚È Á‡ÁÓ ÏÂÊ‰Û ÍÓÎÓÌÌ‡ÏË ÚÛ·, ÚÓ

r3 = r1 + ∆ + δ0
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Ë, ÁÌ‡˜ËÚ,

r1 = r3 – ∆ – δ0. (8.103)

íÓ„‰‡ ÒÍÓÓÒÚ¸ ‰‚ËÊÂÌËfl ÍÂÌ‡ uÚ ‚ ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò (8.98)
Ë (8.103) ÏÓÊÌÓ ÓÔÂ‰ÂÎËÚ¸ Ú‡Í:
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àÁ ‚˚‡ÊÂÌËfl (8.104) ‚Ë‰ÌÓ, ˜ÚÓ uÚ Á‡‚ËÒËÚ ÓÚ ‡‰Ë‡Î¸ÌÓ„Ó
Á‡ÁÓ‡ δ0, Ú.Â. Á‡ÁÓ‡ ÏÂÊ‰Û ‚ÌÂ¯ÌÂÈ Ë ‚ÌÛÚÂÌÌÂÈ ÍÓÎÓÌÌ‡-
ÏË ÚÛ·. áÌ‡˜ÂÌËÂ δ0 Ó·ÛÒÎÓ‚ÎË‚‡ÂÚ ‰‡‚ÎÂÌËÂ Ì‡„ÌÂÚ‡ÌËfl Ì‡
Ì‡ÒÓÒÂ Ì ËÎË „Ë‰‡‚ÎË˜ÂÒÍËÂ ÒÓÔÓÚË‚ÎÂÌËfl ‚ ÒËÒÚÂÏÂ. èË
ÌÂÁÌ‡˜ËÚÂÎ¸Ì˚ı δ0 Ì‡·Î˛‰‡˛ÚÒfl ‚˚ÒÓÍËÂ ÔÓÚÂË ‰‡‚ÎÂÌËfl ‚
ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â ∆Í.Ô ÏÂÊ‰Û ˆÂÌÚ‡Î¸ÌÓÈ Ë ‚ÌÂ¯ÌÂÈ
ÍÓÎÓÌÌ‡ÏË ·ÛËÎ¸Ì˚ı ÚÛ· Ë ÓÚÌÓÒËÚÂÎ¸ÌÓ ÌËÁÍËÂ ÔÓÚÂË
‚Ó ‚ÌÛÚÂÌÌÂÈ ÔÓÎÓÒÚË ˆÂÌÚ‡Î¸Ì˚ı ÚÛ· ∆Ú. èË ÓÚÌÓÒË-
ÚÂÎ¸ÌÓ ‚˚ÒÓÍËı δ0 Í‡ÚËÌ‡ Ó·‡ÚÌ‡fl.

áÌ‡˜ËÚ, Ì ËÏÂÂÚ ÏËÌËÏÛÏ ÓÚÌÓÒËÚÂÎ¸ÌÓ δ0, Ú.Â. ‚˚ÔÓÎÌfl-
ÂÚÒfl ÛÒÎÓ‚ËÂ

    

∂

∂δ

pÌ

0
0= . (8.105)

ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ˜ÚÓ·˚ ÓÔÂ‰ÂÎËÚ¸ ÓÔÚËÏ‡Î¸ÌÓÂ ÁÌ‡˜ÂÌËÂ
δ0, ÌÂÓ·ıÓ‰ËÏÓ ÒÓÒÚ‡‚ËÚ¸ ‚˚‡ÊÂÌËÂ ‰Îfl ‡Ò˜ÂÚ‡ Ì Ë ‚˚ÔÓÎ-
ÌËÚ¸ ÛÒÎÓ‚ËÂ (8.105).

8.3.2. ÎÏÐÅÄÅËÅÍÈÅ ÎÑÍÎÂÍÛÕ ÒÅÕÍÎËÎÃÈ×ÅÑÊÈÕ
ÏÀÐÀÌÅÒÐÎÂ ÏÐÈ ÎÏÒÈÌÀËÜÍÎÌ ÇÍÀ×ÅÍÈÈ
ÐÀÄÈÀËÜÍÎÃÎ ÇÀÇÎÐÀ ÌÅÆÄÓ ÂÍÅØÍÅÉ
È ÖÅÍÒÐÀËÜÍÎÉ ÊÎËÎÍÍÀÌÈ ÁÓÐÈËÜÍÛÕ ÒÐÓÁ

ÖÒÎË ‰ÎËÌÛ ÍÓÎÓÌÌ˚ ÚÛ· Ó·ÓÁÌ‡˜ËÚ¸ l, Û‰ÂÎ¸Ì˚È ‚ÂÒ ÔÓÏ˚-
‚Ó˜ÌÓÈ ÊË‰ÍÓÒÚË ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â – γ, ‡ Á‡·ÓÈÌÓÂ
‰‡‚ÎÂÌËÂ – Á‡·, ÚÓ ÏÓÊÌÓ ÒÓÒÚ‡‚ËÚ¸ ÒÎÂ‰Û˛˘ÂÂ Û‡‚ÌÂÌËÂ
‰ËÌ‡ÏË˜ÂÒÍÓ„Ó ‡‚ÌÓ‚ÂÒËfl:

Ì + γl – ∆Í.Ô – Á‡· = 0. (8.106)
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é·ÓÁÌ‡˜Ë‚ Û‰ÂÎ¸Ì˚È ‚ÂÒ ÊË‰ÍÓÒÚË ‚Ó ‚ÌÛÚÂÌÌÂÈ ÔÓÎÓÒÚË
ˆÂÌÚ‡Î¸ÌÓÈ ÍÓÎÓÌÌ˚ ·ÛËÎ¸Ì˚ı ÚÛ· γ Ú, ÏÓÊÌÓ ÒÓÒÚ‡‚ËÚ¸
Û‡‚ÌÂÌËÂ ‡‚ÌÓ‚ÂÒËfl:

Á‡· + γÚl – ∆Ú = 0. (8.107)

áÌ‡˜ËÚ, ÓÔÂ‰ÂÎË‚ ÔÓ (1.6) Á‡· Ë ÔÓ‰ÒÚ‡‚Ë‚ Â„Ó ‚ (8.106),
ÔÓÎÛ˜ËÏ

Ì = (γÚ – γ)l + ∆Í.Ô + ∆Ú. (8.108)

ëÓ„Î‡ÒÌÓ ÙÓÏÛÎÂ Ñ‡ÒË–ÇÂÈÒ·‡ı‡

    
∆p lv

grÚ
Ú Ú= λ γ 2

14
, (8.109)

„‰Â λÚ – ÍÓ˝ÙÙËˆËÂÌÚ „Ë‰‡‚ÎË˜ÂÒÍËı ÒÓÔÓÚË‚ÎÂÌËÈ ÔË
ÚÂ˜ÂÌËË ÊË‰ÍÓÒÚË ‚ ÚÛ·Â; vÚ – ÒÂ‰Ìflfl ÒÍÓÓÒÚ¸ ‰‚ËÊÂÌËfl
ÊË‰ÍÓÒÚË ‚ ÚÛ·Â.

ëÓ„Î‡ÒÌÓ ÙÓÏÛÎÂ ÅÎ‡ÁËÛÒ‡

  

λ Ú
Ú
0,25Re

= 0 3164, . (8.110)

í‡Í Í‡Í

    
ReÚ

Ú= 2 1v r

ν
, (8.111)

ÚÓ ÔÓ (8.109)–(8.111)

    

∆p lv

gr
Ú

Ú

Ú

=0 066515
025 175

125
,

, ,

,

ν γ

ËÎË Ò Û˜ÂÚÓÏ (8.103)

    

∆
∆

p lv

g r
Ú

Ú=
− −( )

0 066515
025 175

3 0
125

, .
, ,

,

ν γ

δ
(8.112)

ëÂ‰Ì˛˛ ÒÍÓÓÒÚ¸ ÏÓÊÌÓ ‚˚‡ÁËÚ¸ ˜ÂÂÁ ‡ÒıÓ‰ ‚ ÒÎÂ‰Û-
˛˘ÂÏ ‚Ë‰Â:

    

v Q

r
Ú =

− −( )π δ3 0
2

∆
. (8.113)

íÓ„‰‡ ÔÓ (8.112) Ë (8.113)

    

∆
∆

p lQ

g r
Ú =

− −( )
0 066515

025 175

175
3 0

4 75
, .

, ,

, ,

ν γ

π δ
(8.114)

Ç ‡·ÓÚ‡ı [10–14] ÔÓÍ‡Á‡ÌÓ, ˜ÚÓ ÔË ÚÛ·ÛÎÂÌÚÌÓÏ ÂÊË-



1 4 2

ÏÂ ÚÂ˜ÂÌËfl ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â ÔÓÚÂË ‰‡‚ÎÂÌËfl ÏÓ„ÛÚ
·˚Ú¸ Ì‡È‰ÂÌ˚ ÔÓ ÙÓÏÛÎÂ Ñ‡ÒË–ÇÂÈÒ·‡ı‡, ÒÓÒÚ‡‚ÎÂÌÌÓÈ Ò
ÔÓÏÓ˘¸˛ „Ë‰‡‚ÎË˜ÂÒÍÓ„Ó ‡‰ËÛÒ‡:

    
∆p lv

gRh
Í.Ô

Í.Ô Í.Ô= λ γ 2

8
, (8.115)

„‰Â λÍ.Ô – ÍÓ˝ÙÙËˆËÂÌÚ „Ë‰‡‚ÎË˜ÂÒÍËı ÒÓÔÓÚË‚ÎÂÌËÈ ÔË
ÚÂ˜ÂÌËË ÊË‰ÍÓÒÚË ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â; vÍ.Ô – ÒÂ‰Ìflfl
ÒÍÓÓÒÚ¸ ÚÂ˜ÂÌËfl ÊË‰ÍÓÒÚË ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â; Rh –
„Ë‰‡‚ÎË˜ÂÒÍËÈ ‡‰ËÛÒ.

èË ÚÂ˜ÂÌËË ÊË‰ÍÓÒÚË ˜ÂÂÁ ÍÓÎ¸ˆÂ‚ÓÂ ÔÓÒÚ‡ÌÒÚ‚Ó

    
Rh

r r= −3 2

2
, (8.116)

„‰Â r2 – ‡‰ËÛÒ ‚ÌÂ¯ÌÂÈ ÔÓ‚ÂıÌÓÒÚË ˆÂÌÚ‡Î¸ÌÓÈ ÍÓÎÓÌÌ˚,
r2 = r1 + ∆.

áÌ‡˜ËÚ, ÔÓ (8.115) Ë (8.116)

    
∆p lv

g r rÍ.Ô
Í.Ô Í.Ô=

−( )
λ γ 2

3 24
.

èÓ ÙÓÏÛÎÂ ÅÎ‡ÁËÛÒ‡

  

λÍ.Ô
Í.ÔRe

= 0 3164
025

,
,

, (8.118)

„‰Â ReÍ.Ô – ÍËÚÂËÈ êÂÈÌÓÎ¸‰Ò‡ ÔË ÚÂ˜ÂÌËË ÊË‰ÍÓÒÚË ˜Â-
ÂÁ ÍÓÎ¸ˆÂ‚ÓÂ ÔÓÒÚ‡ÌÒÚ‚Ó,

    
ReÍ.Ô

Í.Ô
=

−( )2 3 2v r r

ν
. (8.119)

ëÓ„Î‡ÒÌÓ (8.117)–(8.119)

    

∆p lv

g r r
Í.Ô

Í.Ô=
−( )

0 066515
025 175

3 2
125

, .
, ,

,

ν γ (8.120)

í‡Í Í‡Í

    

v Q

r r
Í.Ô =

−



π 3

2
2
2

, (8.121)

ÚÓ

    

∆p lQ

r r r r g
Í.Ô =

−( ) +( )
0 066515 0 25 175

175
3 2

3
3 2

175
, , ,

, ,
.ν γ

π
(8.122)



1 4 3

àÏÂfl ‚ ‚Ë‰Û, ˜ÚÓ
r3 – r0 = δ0, (8.123)

ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸:

    

∆p lQ

r
Í.Ô =

−( )
0 066515

2

025 175

175
0
3

3 0
175

, , ,

, ,
.ν γ

π δ δ
(8.124)

ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ÒÓ„Î‡ÒÌÓ ‚˚‡ÊÂÌËflÏ (8.108), (8.114) Ë
(8.124) ‰‡‚ÎÂÌËÂ Ì‡„ÌÂÚ‡ÌËfl ÏÓÊÌÓ ÓÔÂ‰ÂÎËÚ¸ ÔÓ ÙÓÏÛÎÂ

    

p l l Q

g r r
Ì Ú= − + +( )

−( ) − −( )

















γ γ γ ν

π δ δ δ
0 066515

025 175

175
0
3

3 0
175

3 0
4 75

1

2

1, .
, ,

, , ,
∆

(8.125)

í‡Í Í‡Í ÍÓÌˆÂÌÚ‡ˆËfl Ú‚Â‰ÓÈ Ù‡Á˚ ‚ ÊË‰ÍÓÒÚË ÓÔÂ‰Â-
ÎflÂÚÒfl ÔÓ ÙÓÏÛÎÂ (8.22), ‡ Û‰ÂÎ¸Ì˚È ‚ÂÒ ÒÏÂÒË ‚ ÚÛ·Â Ì‡ıÓ-
‰ËÚÒfl Í‡Í
γÚ = γÊ(1–α0)+ γÔα0,

ÚÓ

    

γ
π γ γ

π
Ú

ÏÂı Ô Ê

ÏÂı

=
−( )+
−( )+

R v m Q

R v m Q

2

2

1

1
, (8.126)

„‰Â γÔ – Û‰ÂÎ¸Ì˚È ‚ÂÒ ÍÂÌ‡.
èÓ ‚˚‡ÊÂÌËflÏ (8.125) Ë (8.126)

    
p

R v m l

R v m Q
Ì

ÏÂı Ô

ÏÂı
= +

−( ) −( )
−( ) +

π γ γ

π

2

2

1

1
    

0 066515 025

175
175, ,

,
,γ ν

π

l

g
Q

    

1

20
3

3 0
175

δ δr −( )









+
,

    

+
− −( )









1

3 0
475

r δ ∆
,

. (8.127)

èÓ ÙÓÏÛÎÂ (8.127) Ë ÛÒÎÓ‚Ë˛ (8.105) ËÏÂÂÏ:

    

3

2

175

2

475

0
4

3 0
175

0
3

3 0
2 75

3 0
5 75

0
δ δ δ δ δr r r−( ) −( ) − −( )

+ − =
, , ,

, , .
∆

(8.128)

èÓ Ú‡ÌÒˆÂÌ‰ÂÌÚÌÓÏÛ Û‡‚ÌÂÌË˛ (8.128) ·˚ÎË Ì‡È‰ÂÌ˚
ÁÌ‡˜ÂÌËfl δ0 ‰Îfl ‚˚ÔÛÒÍ‡ÂÏ˚ı ‚ Ì‡ÒÚÓfl˘ÂÂ ‚ÂÏfl ÚÛ·, ÒÓ-
ÒÚ‡‚Îfl˛˘Ëı ‚ÌÂ¯Ì˛˛ ÔÓ‚ÂıÌÓÒÚ¸ ÍÓÎÓÌÌ˚ ·ÛËÎ¸Ì˚ı ÚÛ·
(Ú‡·Î. 8.15). á‰ÂÒ¸ ÊÂ ÔË‚Â‰ÂÌ˚ ÒÛ˘ÂÒÚ‚Û˛˘ËÂ ÁÌ‡˜ÂÌËfl δ0 Ë
ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÂ ‚ÂÎË˜ËÌ˚ r1.

èÂ‰ÒÚ‡‚ÎflÂÚ ËÌÚÂÂÒ ÓÔÂ‰ÂÎflÚ¸ ÁÌ‡˜ÂÌËfl Q, v, uÚ Ë Ì

ÔË ËÒıÓ‰Ì˚ı ‰‡ÌÌ˚ı, ÔË‚Â‰ÂÌÌ˚ı ‚ Ú‡·Î. 8.16.



1 4 4

í ‡ · Î Ë ̂  ‡  8.15

δ0, Ï r1, Ï
r3, Ï ÔÓ Û‡‚ÌÂ-

ÌË˛ (8.128)
ÒÛ˘ÂÒÚ‚Û˛-

˘ËÂ
ÔÓ ÙÓÏÛÎÂ

(8.103)
ÒÛ˘ÂÒÚ‚Û˛-

˘ËÂ
0,0305 0,01010 0,0065 0,01740 0,0210
0,0385 0,01303 0,0085 0,02247 0,0270
0,0450 0,01544 0,0075 0,02656 0,0325
0,0480 0,01660 0,0105 0,02840 0,0325

í ‡ · Î Ë ̂  ‡  8.16

r3, Ï r1, Ï R, Ï r3, Ï r1, Ï R, Ï
0,0305 0,01740 0,0850 0,0480 0,02840 0,0850

0,0950 0,0950
0,0385 0,02247 0,0850 0,1100

0,0950 0,1225
0,1100 0,1600

0,0450 0,02656 0,0850
0,0950
0,1100
0,1225
0,1600

Ç Ú‡·Î. 8.17–8.24 ÔË‚Â‰ÂÌ˚ ÂÁÛÎ¸Ú‡Ú˚ ‡Ò˜ÂÚÓ‚ ÔÓ ÓÔÂ-
‰ÂÎÂÌË˛ ∆Ú, ∆Í.Ô Ë Ì, ÓÚÌÂÒÂÌÌ˚ı Ì‡ 1 Ï ‰‚ÓÈÌÓÈ ·ÛËÎ¸-
ÌÓÈ ÍÓÎÓÌÌ˚. á‰ÂÒ¸ ÊÂ ‰‡Ì˚ ÁÌ‡˜ÂÌËfl Q Ë uÚ, Ì‡È‰ÂÌÌ˚Â ÔÓ
(8.102) Ë (8.98).

é˜Â‚Ë‰ÌÓ, ˜ÚÓ Í Ì ÌÂÓ·ıÓ‰ËÏÓ ÔË·‡‚ËÚ¸ ÔÓÚÂË ‰‡‚ÎÂ-
ÌËfl ‚ ÏÛÙÚÓ‚˚ı ∆ÏÛÙ Ë Á‡ÏÍÓ‚˚ı ∆Á‡Ô ÒÓÂ‰ËÌÂÌËflı:

    

∆p
d r

r d

Q

g r r r r
ÏÛÙ

ÏÛÙ

ÏÛÙ

= +
−

−





























 −



 −( )

0 05
2

2
2

3
2 2

2
2

2
3
2

2
2

2

3 2

4

4 4

, ;γ

π

(8.129)

    

∆p Q

g d rÁ‡Ï
Á‡Ï

= −




































8 1 1
2

2

2

2

1

2
2

γ

π
, (8.130)

„‰Â dÏÛÙ – ‰Ë‡ÏÂÚ ÏÛÙÚ˚; dÁ‡Ï – Ì‡ËÏÂÌ¸¯ËÈ ‚ÌÛÚÂÌÌËÈ
‰Ë‡ÏÂÚ ÔÓıÓ‰ÌÓ„Ó ÒÂ˜ÂÌËfl ‚ Á‡ÏÍÓ‚ÓÏ ÒÓÂ‰ËÌÂÌËË.

ë‡‚ÌÂÌËÂ ÂÁÛÎ¸Ú‡ÚÓ‚ ‡Ò˜ÂÚÓ‚ ÔÓ ‚˚‚Â‰ÂÌÌ˚Ï ‚˚¯Â
ÙÓÏÛÎ‡Ï Ò ‰‡ÌÌ˚ÏË Ô‡ÍÚË˜ÂÒÍËı Ì‡·Î˛‰ÂÌËÈ ÔÓÍ‡Á˚‚‡ÂÚ,
˜ÚÓ ÓÌË ÌÂÁÌ‡˜ËÚÂÎ¸ÌÓ ÓÚÎË˜‡˛ÚÒfl ÏÂÊ‰Û ÒÓ·ÓÈ.

Ç˚‚Â‰ÂÌÌ˚Â Á‰ÂÒ¸ ÍÓÎË˜ÂÒÚ‚ÂÌÌ˚Â ÒÓÓÚÌÓ¯ÂÌËfl ÔÓÎÛ˜ÂÌ˚
ÔË ÛÒÎÓ‚ËË, ˜ÚÓ ÔÓÏ˚‚Í‡ ÒÍ‚‡ÊËÌ˚ ÔÓ‚Ó‰ËÚÒfl ‚Ó‰ÓÈ.



1 4 5

í ‡ · Î Ë ̂  ‡  8.17

δ, Ï Q,
10–3 Ï3/Ò v, Ï/Ò uÚ, Ï/Ò ∆pÍ.Ô/l,

105 è‡/Ï
∆pÚ/l,

105 è‡/Ï
pÌ/l,

105 è‡/Ï

vÏÂı = 100 Ï/˜

0,0010 0,852 0,8962 0,7497 0,002187 0,00083 0,003018
0,0015 0,980 1,0306 0,7982 0,002794 0,00357 0,006369
0,0020 1,134 1,1922 0,8506 0,003608 0,00461 0,008226
0,0025 1,308 1,3752 0,9071 0,004631 0,00592 0,010556
0,0030 1,500 1,5770 1,0536 0,005886 0,00753 0,013416

vÏÂı = 200 Ï/˜

0,0010 1,511 1,5886 1,4959 0,005961 0,00763 0,013588
0,0015 1,663 1,7484 1,5923 0,007050 0,00902 0,016070
0,0020 1,842 1,9366 1,7052 0,008431 0,01079 0,019220
0,0025 2,046 2,1511 1,8110 0,010132 0,01296 0,023100
0,0030 2,271 2,3876 1,9390 0,012162 0,01556 0,027722

vÏÂı = 400 Ï/˜

0,0010 2,830 2,9753 2,9893 0,017876 0,022870 0,040745
0,0015 3,028 3,1835 3,1798 0,020122 0,025743 0,045864
0,0020 3,260 3,4274 3,3889 0,022897 0,029293 0,052190
0,0025 3,522 3,7029 3,6187 0,026213 0,033536 0,059749
0,0030 3,813 4,0088 3,8751 0,030120 0,038534 0,068654

vÏÂı = 600 Ï/˜

0,0010 4,148 4,3610 4,4815 0,034903 0,044653 0,079556
0,0015 4,393 4,6186 4,7674 0,038590 0,049370 0,087960
0,0020 4,677 4,9172 5,0806 0,043061 0,055090 0,098151
0,0025 4,999 5,2557 5,4277 0,048382 0,061898 0,110280
0,0030 5,354 5,6290 5,8099 0,054554 0,069794 0,124348

vÏÂı = 800 Ï/˜

0,0010 5,466 5,7467 5,9738 0,056567 0,007237 0,128936
0,0015 5,758 6,0537 6,3550 0,061961 0,079269 0,141230
0,0020 6,095 6,4080 6,7736 0,068446 0,087565 0,156011
0,0025 6,475 6,8076 7,2354 0,076087 0,097342 0,173429
0,0030 6,896 7,2502 7,7460 0,084955 0,108686 0,193641

í ‡ · Î Ë ̂  ‡  8.18

r1 = 0,0174 ì, R = 0,0950 ì, r3 = 0,0305 ì

δ, Ï Q,
10–3 Ï3/Ò

v, Ï/Ò uÚ, Ï/Ò ∆pÍ.Ô/l,
105 è‡/Ï

∆pÚ/l,
105 è‡/Ï

pÌ/l, 105

è‡/Ï

vÏÂı = 100 Ï/˜

0,0010 1,0166 1,0688 0,9361 0,002980 0,003812 0,006791
0,0015 1,1503 1,2094 0,9960 0,003699 0,004732 0,008933
0,0020 1,3099 1,3772 1,0606 0,004643 0,005940 0,010583
0,0025 1,4920 1,5686 1,1325 0,005831 0,007460 0,013291
0,0030 1,6921 1,7790 1,2121 0,007267 0,009298 0,016565

vÏÂı = 200 Ï/˜

0,0010 1,8399 1,9344 1,8683 0,008415 0,010765 0,019180
0,0015 2,0030 2,1059 1,9877 0,009763 0,012490 0,022253



1 4 6

è  Ó ‰ Ó Î Ê Â Ì Ë Â  Ú ‡ · Î . 8.18

δ, Ï Q,
10–3 Ï3/Ò

v, Ï/Ò uÚ, Ï/Ò ∆pÍ.Ô/l,
105 è‡/Ï

∆pÚ/l,
105 è‡/Ï

pÌ/l,
105 è‡/Ï

vÏÂı = 200 Ï/˜

0,0020 2,1953 2,3080 2,1177 0,011462 0,014664 0,026126
0,0025 2,4140 2,5380 2,2617 0,013534 0,017315 0,030849
0,0030 2,6550 2,7914 2,4211 0,015986 0,020452 0,036438

vÏÂı = 400 Ï/˜

0,0010 3,4864 3,6655 3,7324 0,025751 0,03294 0,058691
0,0015 3,7082 3,8986 3,9709 0,028686 0,03670 0,065386
0,0020 3,9661 4,1698 4,2319 0,032268 0,04128 0,073548
0,0025 4,2581 4,4768 4,5202 0,036540 0,04675 0,083290
0,0030 4,5808 4,8161 4,8391 0,041523 0,05312 0,094643

vÏÂı = 600 Ï/˜

0,0010 5,1330 5,3966 5,5967 0,050675 0,06483 0,115505
0,0015 5,4135 5,6915 6,0247 0,055620 0,07116 0,126780
0,0020 5,7370 6,0316 6,3462 0,061566 0,07876 0,140325
0,0025 6,1021 6,4155 6,7787 0,068585 0,08774 0,156325
0,0030 6,5066 6,8408 7,2571 0,076738 0,09817 0,174908

vÏÂı = 800 Ï/˜

0,0010 6,7795 7,1277 7,4609 0,082549 0,10549 0,187949
0,0015 7,1188 7,4844 7,9377 0,089816 0,11491 0,204726
0,0020 7,5078 7,0934 8,4603 0,098580 0,12612 0,22470
0,0025 7,9461 8,3542 9,0371 0,108871 0,13928 0,248151
0,0030 8,4324 8,7655 9,6751 0,120797 0,15454 0,275337

í ‡ · Î Ë ̂  ‡  8.19

r1 = 0,02247 ì, R = 0,0850 ì, r3 = 0,0385 ì

δ, Ï Q,
10–3 Ï3/Ò

v, Ï/Ò uÚ, Ï/Ò ∆pÍ.Ô/l,
105 è‡/Ï

∆pÚ/l,
105 è‡/Ï

pÌ/l,
105 è‡/Ï

vÏÂı = 100 Ï/˜

0,0010 0,9610 0,6058 0,4404 0,000843 0,001025 0,001868
0,0015 1,1149 0,7029 0,4594 0,001093 0,001330 0,002423
0,0020 1,3030 0,8215 0,4836 0,001436 0,001747 0,003183
0,0025 1,5202 0,9584 0,5076 0,001881 0,002288 0,004169
0,0030 1,7619 1,1108 0,5336 0,002435 0,002962 0,005397

vÏÂı = 200 Ï/˜

0,0010 1,6103 1,0152 0,8758 0,002080 0,002530 0,004610
0,0015 1,7813 1,1230 0,9128 0,002482 0,003019 0,005501
0,0020 1,9880 1,2533 0,9625 0,003008 0,003659 0,006666
0,0025 2,2255 1,4030 1,0109 0,003664 0,004458 0,008122
0,0030 2,4893 1,5693 1,0630 0,004458 0,005423 0,009881

vÏÂı = 400 Ï/˜

0,0010 2,9089 1,8339 1,7466 0,005855 0,007122 0,012977
0,0015 3,1140 1,9632 1,8256 0,006596 0,008025 0,014621
0,0020 3,3580 2,1170 1,9205 0,007527 0,009157 0,016684
0,0025 3,6361 2,2923 2,0174 0,008652 0,010525 0,019177
0,0030 3,9441 2,4865 2,1219 0,009975 0,012135 0,022110



1 4 7

è  Ó ‰ Ó Î Ê Â Ì Ë Â  Ú ‡ · Î. 8.19

δ, Ï Q,
10–3 Ï3/Ò

v, Ï/Ò uÚ, Ï/Ò ∆pÍ.Ô/l,
105 è‡/Ï

∆pÚ/l,
105 è‡/Ï

pÌ/l,
105 è‡/Ï

vÏÂı = 600 Ï/˜

0,0010 4,2075 2,6526 2,6174 0,011170 0,013588 0,024760
0,0015 4,4468 2,8034 2,7385 0,012305 0,014969 0,027274
0,0020 4,7280 2,9807 2,8784 0,031699 0,016665 0,030365
0,0025 5,0467 3,1816 3,0239 0,015350 0,018680 0,034035
0,0030 5,3909 3,3986 3,1750 0,017234 0,020967 0,038202

vÏÂı = 800 Ï/˜

0,0010 5,5060 3,4712 3,4882 0,017884 0,021756 0,039640
0,0015 5,7796 3,6437 3,6513 0,019468 0,023683 0,043151
0,0020 6,0981 3,8445 3,8364 0,021384 0,026014 0,047398
0,0025 6,4573 4,0709 4,0305 0,023636 0,028755 0,052391
0,0030 6,8531 4,3208 4,2396 0,026233 0,031914 0,058147

í ‡ · Î Ë ̂  ‡  8.20

r1 = 0,02247 ì, R = 0,095 ì, r3 = 0,0385 ì

δ, Ï Q,
10–3 Ï3/Ò v, Ï/Ò uÚ, Ï/Ò ∆pÍ.Ô/l,

105 è‡/Ï
∆pÚ/l,

105 è‡/Ï
pÏ/l,

105 è‡/Ï

vÏÂı = 100 Ï/˜

0,0010 1,1483 0,7239 0,5492 0,001151 0,001400 0,002551
0,0015 1,2809 0,8075 0,5701 0,001394 0,001695 0,003084
0,0020 1,4736 0,9290 0,6029 0,001781 0,002167 0,004808
0,0025 1,6959 1,0692 0,6330 0,002277 0,002771 0,005048
0,0030 1,9432 1,2251 0,6655 0,002890 0,003516 0,006406

vÏÂı = 200 Ï/˜

0,0010 1,9339 1,2192 1,0928 0,002866 0,003486 0,006352
0,0015 2,1132 1,3322 1,1402 0,003347 0,004072 0,007419
0,0020 2,3293 1,4685 1,2012 0,003969 0,00483 0,008799
0,0025 2,5769 1,6246 1,2616 0,004736 0,00576 0,010496
0,0030 2,8518 1,7979 1,3269 0,005655 0,00688 0,012535

vÏÂı = 400 Ï/˜

0,0010 3,5559 2,2418 2,1805 0,008321 0,01012 0,018441
0,0015 3,7781 2,3819 2,2805 0,009252 0,01125 0,020502
0,0020 4,0406 2,5474 2,3978 0,010406 0,01266 0,023066
0,0025 4,3390 2,7355 2,5189 0,011788 0,01434 0,026122
0,0030 4,6690 2,9435 2,6495 0,013401 0,01630 0,029701

vÏÂı = 600 Ï/˜

0,0010 5,1780 3,2644 3,2682 0,016061 0,01954 0,035601
0,0015 5,4429 3,4314 3,4207 0,017527 0,02132 0,038841
0,0020 5,7520 3,6263 3,5944 0,019305 0,02349 0,042795
0,0025 6,1010 3,8463 3,7755 0,021402 0,02604 0,047438
0,0030 6,4862 4,0892 3,9722 0,024468 0,02898 0,053449



1 4 8

è  Ó ‰ Ó Î Ê Â Ì Ë Â  Ú ‡ · Î . 8.20

δ, Ï Q,
10–3 Ï3/Ò

v, Ï/Ò uÚ, Ï/Ò ∆pÍ.Ô/l,
105 è‡/Ï

∆pÚ/l,
105 è‡/Ï

pÌ/l,
105 è‡/Ï

vÏÂı = 800 Ï/˜

0,0010 6,8001 4,2871 4,3560 0,025876 0,03148 0,057346
0,0015 7,1077 4,4810 4,5609 0,027959 0,03401 0,06197
0,0020 7,4633 4,7052 4,7910 0,030452 0,03705 0,06750
0,0025 7,8630 4,9571 5,0335 0,033364 0,040588 0,07395
0,0030 8,3034 5,2348 5,2949 0,036702 0,044650 0,08135

í ‡ · Î Ë ̂  ‡  8.21

r1 = 0,02247 ì, R = 0,110 ì, r3 = 0,0385 ì

δ, Ï Q,
10–3 Ï3/Ò

v, Ï/Ò uÚ, Ï/Ò ∆pÍ.Ô/l,
105 è‡/Ï

∆pÚ/l,
105 è‡/Ï

pÌ/l,
105 è‡/Ï

vÏÂı = 100 Ï/˜

0,0010 1,3991 0,8820 0,7342 0,001626 0,001980 0,003606
0,0015 1,5645 0,9863 0,7683 0,001978 0,002408 0,004386
0,0020 1,7652 1,1128 0,8067 0,002443 0,002975 0,005418
0,0025 1,9961 1,2584 0,8472 0,003029 0,003689 0,006718
0,0030 2,2527 1,4202 0,8908 0,003743 0,004558 0,008301

vÏÂı = 200 Ï/˜

0,0010 2,4865 1,5676 1,4634 0,004449 0,005418 0,009867
0,0015 2,6805 1,6899 1,5287 0,005074 0,006179 0,011253
0,0020 2,9124 1,8361 1,6089 0,005867 0,007145 0,013012
0,0025 3,1773 2,0031 1,6900 0,006833 0,008320 0,015153
0,0030 3,4710 2,1883 1,7776 0,007976 0,009713 0,017684

vÏÂı = 400 Ï/˜

0,0010 4,6661 2,9417 2,9250 0,013389 0,016301 0,029690
0,0015 4,9126 3,0971 3,0575 0,014648 0,017837 0,032485
0,0020 5,2068 3,2826 3,2132 0,016218 0,019749 0,035967
0,0025 5,5397 3,4924 3,3757 0,018076 0,022011 0,040087
0,0030 5,9073 3,7242 3,5509 0,020227 0,024630 0,044857

vÏÂı = 600 Ï/˜

0,0010 6,8381 4,3110 4,3815 0,026129 0,031818 0,057947
0,0015 7,1657 4,5175 4,6007 0,028359 0,034534 0,062893
0,0020 7,5013 4,7291 4,8176 0,030724 0,037413 0,068137
0,0025 7,9021 4,9818 5,0614 0,033654 0,040981 0,074635
0,0030 8,3436 5,2601 5,3242 0,037014 0,045072 0,082086

vÏÂı = 800 Ï/˜

0,0010 9,2376 5,8237 5,9905 0,044230 0,053860 0,098090
0,0015 9,6092 6,0580 6,2742 0,047391 0,057709 0,105100
0,0020 10,0350 6,3265 6,5892 0,051127 0,062258 0,113385
0,0025 10,5105 6,6262 6,9226 0,055441 0,067512 0,122953
0,0030 11,0338 6,9561 7,2823 0,060362 0,073503 0,133865



1 4 9

í ‡ · Î Ë ̂  ‡  8.22

r1 = 0,02656 ì, R = 0,085 ì, r3 = 0,0450 ì

δ, Ï Q,
10–3 Ï3/Ò

v, Ï/Ò uÚ, Ï/Ò ∆pÍ.Ô/l,
105 è‡/Ï

∆pÚ/l,
105 è‡/Ï

pÌ/l,
105 è‡/Ï

vÏÂı = 100 Ï/˜

0,0010 1,1000 0,6935 0,3222 0,000491 0,000587 0,001078
0,0015 1,2767 0,8049 0,3341 0,000637 0,000762 0,001400
0,0020 1,4943 0,9421 0,3469 0,000839 0,001033 0,001842
0,0025 1,7484 1,1023 0,3609 0,001104 0,001320 0,002424
0,0030 2,0317 1,2809 0,3750 0,001436 0,001718 0,003154

vÏÂı = 200 Ï/˜

0,0010 1,7442 1,0996 0,6293 0,001099 0,001543 0,002642
0,0015 1,9350 1,2218 0,6538 0,001318 0,001576 0,002894
0,0020 2,1676 1,3665 0,6796 0,001608 0,001923 0,003531
0,0025 2,4379 1,5370 0,7076 0,001975 0,002362 0,004337
0,0030 2,7386 1,7265 0,7365 0,002421 0,002896 0,005317

vÏÂı = 400 Ï/˜

0,0010 3,0329 1,9121 1,2438 0,002895 0,003463 0,006358
0,0015 3,2516 2,0499 1,2929 0,003270 0,003911 0,007181
0,0020 3,5143 2,2156 1,3451 0,003746 0,004481 0,008227
0,0025 3,8169 2,4063 1,4010 0,004329 0,005178 0,009507
0,0030 4,1524 2,6178 1,4970 0,005017 0,006008 0,011025

vÏÂı = 600 Ï/˜

0,0010 4,3215 2,7244 1,8582 0,005380 0,006435 0,011815
0,0015 4,5682 2,8800 1,9321 0,005928 0,007090 0,013018
0,0020 4,8610 3,0646 2,0106 0,006609 0,007905 0,014514
0,0025 5,1960 3,2758 2,0944 0,007427 0,008834 0,016310
0,0030 5,5663 3,5092 2,1829 0,008378 0,010021 0,018400

vÏÂı = 800 Ï/˜

0,0010 5,6101 3,5369 2,4726 0,008493 0,010158 0,018651
0,0015 5,8848 3,7100 2,5713 0,009234 0,011045 0,020279
0,0020 6,2077 3,9136 2,6760 0,010139 0,012127 0,022266
0,0025 6,5750 4,1451 2,7878 0,011212 0,013411 0,024620
0,0030 6,9801 4,4005 2,9060 0,012449 0,014890 0,027340

í ‡ · Î Ë ̂  ‡  8.23

r1 = 0,02656 ì, R = 0,095 ì, r3 = 0,0450 ì

δ, Ï Q,
10–3 Ï3/Ò

v, Ï/Ò uÚ, Ï/Ò ∆pÍ.Ô/l,
105 è‡/Ï

∆pÚ/l,
105 è‡/Ï

pÌ/l,
105 è‡/Ï

vÏÂı = 100 Ï/˜
0,0010 1,2605 0,5688 0,3987 0,000623 0,000745 0,00137
0,0015 1,4407 0,6501 0,4138 0,000787 0,000941 0,00173
0,0020 1,6620 0,7499 0,4298 0,001014 0,001208 0,00222
0,0025 1,9201 0,8664 0,4472 0,001301 0,001556 0,00286
0,0030 2,2078 0,9962 0,4650 0,001661 0,001986 0,00365

vÏÂı = 200 Ï/˜
0,0010 2,0653 0,9319 0,7825 0,001478 0,001768 0,00324
0,0015 2,2630 1,0211 0,8130 0,001734 0,002074 0,00381



1 5 0

è  Ó ‰ Ó Î Ê Â Ì Ë Â  Ú ‡ · Î . 8.23

δ, Ï Q,

10–3 Ï3/Ò

v, Ï/Ò uÚ, Ï/Ò ∆pÍ.Ô/l,
105 è‡/Ï

∆pÚ/l,
105 è‡/Ï

pÌ/l,
105 è‡/Ï

vÏÂı = 200 Ï/˜

0,0020 2,5031 1,1295 0,8454 0,002069 0,002474 0,00454
0,0025 2,7814 1,2550 0,8803 0,002488 0,002976 0,00546
0,0030 3,0908 1,3946 0,9167 0,002992 0,003579 0,00657

vÏÂı = 400 Ï/˜

0,0010 3,6750 1,6582 1,5500 0,004051 0,004846 0,00890
0,0015 3,9076 1,7632 1,6114 0,004510 0,005395 0,00991
0,0020 4,1854 1,8886 1,6767 0,005087 0,006084 0,01117
0,0025 4,5041 2,0324 1,7465 0,005784 0,006918 0,01270
0,0030 4,8569 2,1916 1,8200 0,006600 0,007894 0,01449

vÏÂı = 600 Ï/˜

0,010 5,2849 2,3847 2,3176 0,007651 0,009151 0,01680
0,015 5,5523 2,5053 2,4098 0,008341 0,009977 0,01832
0,020 5,8676 2,6476 2,5080 0,009187 0,010989 0,02018
0,025 6,2267 2,8096 2,6127 0,010194 0,012193 0,02239
0,030 6,6230 2,9885 2,7234 0,011356 0,013583 0,02494

vÏÂı = 800 Ï/˜

0,0010 6,8943 3,1109 3,0849 0,012183 0,014572 0,026754
0,0015 7,1969 3,2474 3,2083 0,013134 0,015709 0,028840
0,0020 7,5498 3,4067 3,3392 0,014281 0,017082 0,031364
0,0025 7,9493 3,5869 3,4788 0,015630 0,018695 0,034325
0,0030 8,3890 3,7853 3,6267 0,017174 0,020542 0,037716

í ‡ · Î Ë ̂  ‡  8.24

r1 = 0,02656 ì, R = 0,110 ì, r3 = 0,0450 ì

δ, Ï Q,
10–3 Ï3/Ò

v, Ï/Ò uÚ, Ï/Ò ∆pÍ.Ô/l,
105 è‡/Ï

∆pÚ/l,
105 è‡/Ï

pÌ/l,
105 è‡/Ï

vÏÂı = 100 Ï/˜

0,0010 1,5347 0,6925 0,5295 0,00088 0,00105 0,00113
0,0015 1,7209 0,7765 0,5498 0,00107 0,00128 0,00235
0,0020 1,9486 0,8793 0,5714 0,00133 0,00160 0,00293
0,0025 2,2136 0,9988 0,5948 0,00167 0,00200 0,00387
0,0030 2,5087 1,1320 0,6219 0,00208 0,00248 0,00456

vÏÂı = 200 Ï/˜

0,0010 2,6138 1,1794 1,0440 0,00223 0,00264 0,00490
0,0015 2,8234 1,2740 1,0850 0,00255 0,00305 0,00560
0,0020 3,0764 1,3881 1,1287 0,00297 0,00355 0,00652
0,0025 3,3684 1,5199 1,1755 0,00348 0,00416 0,00764
0,0030 3,6926 1,6662 1,2245 0,00408 0,00489 0,00897

vÏÂı = 400 Ï/˜

0,0010 4,7719 2,1532 2,0730 0,00640 0,00765 0,01405
0,0015 5,0283 2,2689 2,1555 0,00701 0,00839 0,01540
0,0020 5,3317 2,4058 2,2432 0,00777 0,00929 0,01706
0,0025 5,6779 2,5620 2,3367 0,00867 0,01037 0,01904
0,0030 6,0604 2,7346 2,4356 0,00972 0,01163 0,02135



1 5 1

è  Ó ‰ Ó Î Ê Â Ì Ë Â  Ú ‡ · Î . 8.24

δ, Ï Q,
10–3 Ï3/Ò

v, Ï/Ò uÚ, Ï/Ò ∆pÍ.Ô/l,
105 è‡/Ï

∆pÚ/l,

105 è‡/Ï

pÌ/l,
105 è‡/Ï

vÏÂı = 600 Ï/˜

0,0010 6,9300 3,1270 3,1007 0,01229 0,01470 0,02699
0,0015 7,2541 3,2733 3,2360 0,01332 0,01593 0,02925
0,0020 7,5871 3,4235 3,3577 0,01440 0,01723 0,03163
0,0025 7,9875 3,6042 3,4980 0,01576 0,01885 0,03461
0,0030 8,4282 3,8030 3,6466 0,01731 0,02071 0,03802

vÏÂı = 800 Ï/˜

0,0010 9,0881 4,1008 4,1310 0,01976 0,02363 0,04339
0,0015 9,4383 4,2588 4,2964 0,02111 0,02525 0,04636
0,0020 9,8424 4,4411 4,4721 0,02271 0,02717 0,04988
0,0025 10,2970 4,6463 4,6593 0,02458 0,02940 0,05398
0,0030 10,7959 4,8714 4,8578 0,02670 0,03194 0,05864

Ç ÌÂÍÓÚÓ˚ı ÒÎÛ˜‡flı ‚ÓÁÌËÍ‡ÂÚ ÌÂÓ·ıÓ‰ËÏÓÒÚ¸ ËÒÔÓÎ¸ÁÓ-
‚‡ÌËfl ‚ Í‡˜ÂÒÚ‚Â ÔÓÏ˚‚Ó˜ÌÓÈ ÊË‰ÍÓÒÚË „ÎËÌËÒÚÓ„Ó ‡ÒÚ‚Ó-
‡. èË ˝ÚÓÏ Ì‡Ë·ÓÎ¸¯ËÈ ËÌÚÂÂÒ ‚˚Á˚‚‡ÂÚ ÓÔÂ‰ÂÎÂÌËÂ
ÁÌ‡˜ÂÌËÈ Q, uÚ Ë Ì ÔË ÒÚÛÍÚÛÌÓÏ ÂÊËÏÂ ÚÂ˜ÂÌËfl ‚flÁÍÓ-
ÔÎ‡ÒÚË˜ÌÓÈ ÊË‰ÍÓÒÚË ‚ ÔÓÒÚ‡ÌÒÚ‚Â ÏÂÊ‰Û ÍÂÌÓÏ Ë ‚ÌÛÚ-
ÂÌÌÂÈ ÔÓÎÓÒÚ¸˛ ˆÂÌÚ‡Î¸ÌÓÈ ÍÓÎÓÌÌ˚.

8.3.3. ÃÈÄÐÎÄÈÍÀÌÈ×ÅÑÊÈÅ ÐÀÑ×ÅÒÛ
ÏÐÈ ÑÒÐÓÊÒÓÐÍÎÌ ÐÅÆÈÌÅ ÒÅ×ÅÍÈß ÃËÈÍÈÑÒÎÃÎ
ÄÐÀÑÒÂÎÐÀ Â ÏÐÎÑÒÐÀÍÑÒÂÅ ÌÅÆÄÓ ÊÅÐÍÎÌ
È ÂÍÓÒÐÅÍÍÅÉ ÏÎÂÅÐÕÍÎÑÒÜÞ ÖÅÍÒÐÀËÜÍÎÉ
ÊÎËÎÍÍÛ

íÂ˜ÂÌËÂ ÊË‰ÍÓÒÚË ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â ı‡‡ÍÚÂËÁÛÂÚÒfl
ÚÂÏfl Ó·Î‡ÒÚflÏË. ñÂÌÚ‡Î¸Ì‡fl ˜‡ÒÚ¸ ÍÓÎ¸ˆÂ‚Ó„Ó ÔÓÒÚ‡ÌÒÚ‚‡
Á‡ÌflÚ‡ fl‰ÓÏ ÔÓÚÓÍ‡, Ú.Â. Ó·Î‡ÒÚ¸˛, ‰‚ËÊÛ˘ÂÈÒfl Í‡Í Ú‚Â‰ÓÂ
ÚÂÎÓ, ÁÌ‡˜ËÚ, ‚ ÔÂ‰ÂÎ‡ı fl‰‡ „‡‰ËÂÌÚ ÒÍÓÓÒÚË ‡‚ÂÌ ÌÛÎ˛.
ê‡ÁÏÂ˚ fl‰‡ ÓÔÂ‰ÂÎfl˛ÚÒfl ‚ÌÛÚÂÌÌËÏ ρ1 Ë ‚ÌÂ¯ÌËÏ ρ2 ‡-
‰ËÛÒÓÏ fl‰‡ (ρ2 > ρ1). Ç Î˛·ÓÈ ÚÓ˜ÍÂ, ‡ÒÔÓÎÓÊÂÌÌÓÈ ‚
ÔÓÒÚ‡ÌÒÚ‚Â ÏÂÊ‰Û ‚ÌÛÚÂÌÌËÏ ‡‰ËÛÒÓÏ fl‰‡ Ë ÔÓ‚Âı-
ÌÓÒÚ¸˛ ÍÂÌ‡, ÊË‰ÍÓÒÚ¸ ‰‚ËÊÂÚÒfl ÔË ÔÓÎÓÊËÚÂÎ¸ÌÓÏ „‡-
‰ËÂÌÚÂ ÒÍÓÓÒÚË. Ç ÔÓÒÚ‡ÌÒÚ‚Â ÏÂÊ‰Û ‚ÌÂ¯ÌËÏ ‡‰ËÛÒÓÏ
fl‰‡ Ë ‚ÌÛÚÂÌÌÂÈ ÔÓÎÓÒÚ¸˛ ˆÂÌÚ‡Î¸ÌÓÈ ÍÓÎÓÌÌ˚ ÚÛ·
‰‚ËÊÂÌËÂ ÊË‰ÍÓÒÚË ÔÓËÒıÓ‰ËÚ ÔË ÓÚËˆ‡ÚÂÎ¸ÌÓÏ „‡-
‰ËÂÌÚÂ ÒÍÓÓÒÚË.

èÎÓÒÍÓÒÚflÏË I–I Ë II–II, ÔÂÔÂÌ‰ËÍÛÎflÌ˚ÏË ÓÒË ÚÛ·˚,
‚˚‰ÂÎËÏ ÓÚÒÂÍ, ‚ÍÎ˛˜‡˛˘ËÈ ‚ ÒÂ·fl ÍÂÌ Ë ÊË‰ÍÓÒÚ¸ ‚ÓÍÛ„



1 5 2

ÍÂÌ‡. Ç ÔÂ‰ÂÎ‡ı ‚˚‰ÂÎÂÌÌÓ„Ó ÓÚÒÂÍ‡ ‚ Ó·Î‡ÒÚË ÔÓÎÓ-
ÊËÚÂÎ¸ÌÓ„Ó „‡‰ËÂÌÚ‡ ÒÍÓÓÒÚË ÔÓ‚Â‰ÂÏ ˆËÎËÌ‰Ë˜ÂÒÍÛ˛
ÔÓ‚ÂıÌÓÒÚ¸ ‡‰ËÛÒÓÏ r Ë ÓÒÚ‡ÌÓ‚ËÏÒfl Ì‡ ‰ÂÈÒÚ‚Û˛˘Ëı
ÒËÎ‡ı. ç‡ ÌËÊÌËÈ Ë ‚ÂıÌËÈ ÚÓˆ˚ ˆËÎËÌ‰‡ ‰ÂÈÒÚ‚Û˛Ú
ÒËÎ˚ ‰‡‚ÎÂÌËfl πr2p2 Ë – πr2p1.

ç‡ ‚ÂÚËÍ‡Î¸ÌÛ˛ ÓÒ¸ ·Û‰ÛÚ ÔÓÂˆËÓ‚‡Ú¸Òfl Ú‡ÍÊÂ ÒËÎ‡
‚ÂÒ‡ ÊË‰ÍÓÒÚË     π γ( )r r l2

0
2−  Ë ÒËÎ‡ ‚ÂÒ‡ ÍÂÌ‡     π γr l0

2
Ô .

èÓ ·ÓÍÓ‚ÓÈ ÔÓ‚ÂıÌÓÒÚË ˆËÎËÌ‰‡ ‡‰ËÛÒÓÏ r ‰ÂÈÒÚ‚ÛÂÚ
ÒËÎ‡ ÚÂÌËfl. ëÍÓÓÒÚ¸ ‚ÌÂ¯ÌÂ„Ó ÔÓ ÓÚÌÓ¯ÂÌË˛ Í ˆËÎËÌ‰Û
‡‰ËÛÒÓÏ r ÒÎÓfl ÊË‰ÍÓÒÚË ·ÓÎ¸¯Â ÒÍÓÓÒÚË ‚ÌÛÚÂÌÌÂ„Ó
ÒÎÓfl. ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ÒËÎ‡ ÚÂÌËfl ËÏÂÂÚ ÔÓÎÓÊËÚÂÎ¸ÌÓÂ
Ì‡Ô‡‚ÎÂÌËÂ Ë ÒÓÒÚ‡‚ÎflÂÚ

í = 2πrlτ.

É‡‰ËÂÌÚ ÒÍÓÓÒÚË ‚ ‰‡ÌÌÓÏ ÒÎÛ˜‡Â ÚÓÊÂ fl‚ÎflÂÚÒfl ÔÓÎÓ-
ÊËÚÂÎ¸Ì˚Ï, Ë ÚÓ„‰‡ ÒÓ„Î‡ÒÌÓ Á‡ÍÓÌÛ ò‚Â‰Ó‚‡ – ÅËÌ„‡Ï‡

    
τ η τ= +du

dr
1

0

ËÏÂÂÏ

    
T rl du

dr
= +









2 1

0π η τ ,

„‰Â u1 – ÒÍÓÓÒÚ¸ Î˛·ÓÈ ÚÓ˜ÍË ÊË‰ÍÓÒÚË ‚ Ó·Î‡ÒÚË
ÔÓÎÓÊËÚÂÎ¸ÌÓ„Ó „‡‰ËÂÌÚÌÓ„Ó ÒÎÓfl.

áÌ‡˜ËÚ, ÒÓ„Î‡ÒÌÓ ÔËÌˆËÔÛ Ñ′ÄÎ‡Ï·Â‡ ÏÓÊÌÓ ÒÓÒÚ‡‚ËÚ¸
Û‡‚ÌÂÌËÂ ‰ËÌ‡ÏË˜ÂÒÍÓ„Ó ‡‚ÌÓ‚ÂÒËfl

    
π π π γ π γ π η τr p r p r r l r l rl

du
dr

2
2

2
1

2
0
2

0
2 1

02 0− − −( ) − + +








 =Ô

ËÎË

    
du rdr drp p l

l
r dr

r1
2 1 0

2
0

2 2
= − + −− − −γ

η

γ γ

η

τ

η

( ) .Ô

èÓÒÎÂ ËÌÚÂ„ËÓ‚‡ÌËfl ÔÓÎÛ˜ËÏ

    
u r r r cp p l

l

r
1

2 1 2 0
2

0
14 2

= − + − +− − −γ

η

γ γ

η

τ

η

( ) ln .Ô (8.131)

èË r = r0 u1 = u0. íÓ„‰‡

    
c r r r up p l

l
r

1
2 1

0
2 0

2

0
0

04 2
= − + +− − −γ

η

γ γ

η

τ

η

( ) ln .Ô
Ú (8.132)

áÌ‡˜ËÚ, ÔÓ (8.131) Ë (8.132)



1 5 3

    
u r r r r up p l

l

r r
r1

2 1 2
0
2 0

2

0

0
04 2

= − − + − − +− − 





−γ

η

γ γ

η

τ

η

( ) ln ( ) .Ô
Ú (8.133)

èË r = ρ1 u1 = u0 (u0 – ÒÍÓÓÒÚ¸ ‰‚ËÊÂÌËfl fl‰‡). íÓ„‰‡

    
u r r up p l

l

r

r0
2 1

1
2

0
2 0

2
1

0

0
1 04 2

= − − + − − +− − 





−γ

η

γ γ

η

ρ τ

η
ρ ρ( ) ln ( ) .Ô

Ú (8.134)

ëÓÒÚ‡‚ËÏ ‡Ì‡ÎÓ„Ë˜ÌÓÂ Û‡‚ÌÂÌËÂ ‰ËÌ‡ÏË˜ÂÒÍÓ„Ó ‡‚ÌÓ‚Â-
ÒËfl, ÔÓ‚Â‰fl ˆËÎËÌ‰Ë˜ÂÒÍÛ˛ ÔÓ‚ÂıÌÓÒÚ¸ ÔÓ ‚ÌÂ¯ÌÂÏÛ „‡-
‰ËÂÌÚÌÓÏÛ ÒÎÓ˛:

    
− − +









 − −( ) − + − =2 02

0
2

0
2

0
2 2

2 1π η τ π γ π γ πrl r r l r l r p p
du
dr Ô ( ) .

éÚÒ˛‰‡

    
du drp p l rdr

l

r dr
r2

2 1 0
2

0

2 2
= − + +− − −( ) ( ) .γ

η

γ γ

η

τ

η
Ô

ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ,

    
u r r r cp p l

l

r
2

2 1 2 0
2

0
24 2

= − + + +− − −γ

η

γ γ

η

τ

η

( ) ln .Ô (8.135)

èË r = r1 u2 = 0. íÓ„‰‡

    
c r r rp p l

l

r
2

2 1
1
2 0

2

1
0

14 2
= − −− − −γ

η

γ γ

η

τ

η

( ) ln .Ô (8.136)

ëÓ„Î‡ÒÌÓ (8.135) Ë (8.136) ÒÍÓÓÒÚ¸ ‚ Î˛·ÓÈ ÚÓ˜ÍÂ ‚ÌÂ¯-
ÌÂ„Ó (ÓÚËˆ‡ÚÂÎ¸ÌÓ„Ó) „‡‰ËÂÌÚÌÓ„Ó ÒÎÓfl ÏÓÊÌÓ ÓÔÂ‰ÂÎËÚ¸
Ú‡Í:

    
u r r r rp p l

l

r r

r2
2 1

1
2 2 0

2
1 0

14 2
= − − − −− − 





−γ

η

γ γ

η

τ

η

( ) ln ( ).Ô (8.137)

ç‡ „‡ÌËˆÂ Ò fl‰ÓÏ ÔÓÚÓÍ‡ ÒÍÓÓÒÚ¸ u2 ÒÚ‡ÌÓ‚ËÚÒfl ‡‚ÌÓÈ
ÒÍÓÓÒÚË fl‰‡, Ú.Â. ÔË r = ρ2 u2 = u0. íÓ„‰‡

    
u r rp p l

l

r r
0

2 1
1
2

2
2 0

2
1

2

0
1 24 2

= − − − −− − 





−γ

η

γ γ

η ρ

τ

η
ρ ρ( ) ln ( ).Ô (8.138)

í‡Í Í‡Í fl‰Ó ‰‚ËÊÂÚÒfl Í‡Í Ú‚Â‰ÓÂ ÚÂÎÓ, ÚÓ ÁÌ‡˜ÂÌËfl u0,
ÓÔÂ‰ÂÎflÂÏ˚Â ÔÓ (8.134) Ë (8.138), ‡‚Ì˚ ÏÂÊ‰Û ÒÓ·ÓÈ Ë

    
u r rp p l

l
r r

rÚ
Ô= − + − − −− − 





−2 1
1
2

2
2

1
2

0
2 0

2
1 1

0 24 2
γ

η

γ γ

η

ρ

ρ
ρ ρ ( ) ln



1 5 4

–
    

τ

η
ρ ρ0

1 2 1 0( ).r r− − + (8.139)

ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ÔÓ ‚˚‡ÊÂÌËflÏ (8.133) Ë (8.139) ÔÓÎÛ˜ËÏ

    
u r rp p l

l
r r

r1
Ô= − + − + −− − 





−2 1
1
2

2
2

1
2 2 0

2
2

1 14 2
γ

η

γ γ

η

ρ

ρ
ρ ρ ( ) ln

– 
    

τ

η
ρ ρ0

1 2 1( ).r r− − + (8.140)

áÌ‡˜ËÚ, ÔÓ ÙÓÏÛÎ‡Ï (8.137) – (8.140) ÏÓÊÌÓ ÓÔÂ‰ÂÎËÚ¸
ÒÍÓÓÒÚ¸ ‚ Î˛·ÓÈ ÚÓ˜ÍÂ ‚ÌÂ¯ÌÂ„Ó „‡‰ËÂÌÚÌÓ„Ó ÒÎÓfl, fl‰Â
ÔÓÚÓÍ‡, ÒÍÓÓÒÚ¸ ÍÂÌ‡ (‚ÌÛÚÂÌÌÂ„Ó ˆËÎËÌ‰‡) Ë ‚ÌÛÚÂÌÌÂ-
„Ó „‡‰ËÂÌÚÌÓ„Ó ÒÎÓfl.

é‰Ì‡ÍÓ ‚Ó ‚ÒÂ ÔÂÂ˜ËÒÎÂÌÌ˚Â Á‡‚ËÒËÏÓÒÚË ‚ıÓ‰flÚ ‡ÁÏÂ-
˚ fl‰‡ „ÎËÌËÒÚÓ„Ó ‡ÒÚ‚Ó‡, ‡ Ú‡ÍÊÂ ÁÌ‡˜ÂÌËfl 2 – 1, ÍÓ-
ÚÓ˚Â ÔÓÍ‡ fl‚Îfl˛ÚÒfl ÌÂËÁ‚ÂÒÚÌ˚ÏË, Ë ‰ËÌ‡ÏË˜ÂÒÍÓÂ Ì‡Ôfl-
ÊÂÌËÂ Ò‰‚Ë„‡ τ0. üÒÌÓ, ˜ÚÓ ‡‰ËÛÒ˚ fl‰‡ „ÎËÌËÒÚÓ„Ó ‡ÒÚ‚Ó‡
Ó·ÛÒÎÓ‚ÎÂÌ˚ ÓÔÂ‰ÂÎÂÌÌ˚Ï τ0, ÍÓÚÓ˚È ‚ Ò‚Ó˛ Ó˜ÂÂ‰¸ ‚ÎËfl-
ÂÚ Ì‡ ÁÌ‡˜ÂÌËÂ 2 – 1. èÓ˝ÚÓÏÛ ˆÂÎÂÒÓÓ·‡ÁÌÓ ˝ÚË ‚ÂÎË˜Ë-
Ì˚, Ú.Â. 2 – 1 Ë τ0, ‚˚‡ÁËÚ¸ ‚ Á‡‚ËÒËÏÓÒÚË ÓÚ ‡ÁÏÂÓ‚
fl‰‡ „ÎËÌËÒÚÓ„Ó ‡ÒÚ‚Ó‡.

ë ˝ÚÓÈ ˆÂÎ¸˛ ÒÓÒÚ‡‚ËÏ Û‡‚ÌÂÌËÂ ‡‚ÌÓ‚ÂÒËfl ÒÓÓÚ‚ÂÚÒÚ-
‚ÂÌÌÓ ÔÓ ‚ÌÛÚÂÌÌÂÏÛ Ë Ì‡ÛÊÌÓÏÛ ‡‰ËÛÒ‡Ï fl‰‡ „ÎËÌËÒÚÓ-
„Ó ‡ÒÚ‚Ó‡. é˜Â‚Ë‰ÌÓ, ˜ÚÓ „‡‰ËÂÌÚ ÒÍÓÓÒÚË ‚ Ó·ÓËı ÒÎÛ˜‡-
flı ‡‚ÂÌ ÌÛÎ˛, Í‡Ò‡ÚÂÎ¸ÌÓÂ Ì‡ÔflÊÂÌËÂ ‚ ÔÂ‚ÓÏ ÒÎÛ˜‡Â ·Û-
‰ÂÚ ÔÓÎÓÊËÚÂÎ¸Ì˚Ï, ‡ ‚Ó ‚ÚÓÓÏ – ÓÚËˆ‡ÚÂÎ¸Ì˚Ï. í‡Í Í‡Í
ÁÌ‡ÍË ÓÒÚ‡Î¸Ì˚ı ÒËÎ ÓÔÂ‰ÂÎËÚ¸ ÌÂÚÛ‰ÌÓ, ÚÓ, ÌÂ ÓÒÚ‡Ì‡‚ÎË-
‚‡flÒ¸ Ì‡ ÌËı, ÛÍ‡Á‡ÌÌ˚Â Û‡‚ÌÂÌËfl ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸ ‚ ÒÎÂ‰Û˛-
˘ÂÏ ‚Ë‰Â:

    2 01 0 1
2

2 1 1
2

0
2

0
2πρ τ πρ π ρ γ π γl p p r l r l+ − − − − =( ) ( ) ;Ô (8.141)

    − + − − − − =2 02 0 2
2

2 1 2
2

0
2

0
2πρ τ πρ π ρ γ π γl p p r l r l( ) ( ) .Ô (8.142)

êÂ¯Ë‚ ÒÓ‚ÏÂÒÚÌÓ Û‡‚ÌÂÌËfl (8.141) Ë (8.142), ÔÓÎÛ˜ËÏ

    

p p l

l

r2 1 0
2

1 2

− − = −γ

ρ ρ
γ γ( );Ô (8.143)

    
τ ρ ργ γ

ρ ρ
0

Ô
2 1= −−( ) ( ).r0

2

1 22
(8.144)

èÓ ‚˚‡ÊÂÌËflÏ (8.143) Ë (8.144), ‡ Ú‡ÍÊÂ ÙÓÏÛÎ‡Ï (8.137),
(8.138), (8.140) ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸:



1 5 5

    
u r r rr

1
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r ; (8.145)

    
u r r r rr r
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Ô= − − + − − −− 


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0
2

1 2
1
2

1 2 1 2 1 1 2
1 2

4
2 2 2( ) ( ) ( )γ γ

ηρ ρ
ρ ρ ρ ρ ρ ρ ln ; (8.146)

    
u r rr r
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







0
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1 2
1
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2
2

1 2
1

2
1 2 1 1 24

2 2 2( ) ( )γ γ

ηρ ρ ρ
ρ ρ ρ ρ ρ ρ ρln . (8.147)

í‡Í Í‡Í ÒÍÓÓÒÚ¸ ‚ Î˛·ÓÈ ÚÓ˜ÍÂ ÍÓÎ¸ˆÂ‚Ó„Ó ÔÓÒÚ‡ÌÒÚ‚‡
ÓÔÂ‰ÂÎflÂÚÒfl ÌÂ Â‰ËÌÓÈ ÙÓÏÛÎÓÈ, Í‡Í ‚ ÒÎÛ˜‡Â ‰‚ËÊÂÌËfl
‚flÁÍÓÈ ÊË‰ÍÓÒÚË, ‡ ÚÂÏfl ‚˚‡ÊÂÌËflÏË, ÚÓ Ë ‡ÒıÓ‰ ÓÔÂ‰Â-
ÎflÂÚÒfl Í‡Í
q = q1 + q0 + q2, (8.148)

„‰Â q1 Ë q2 – ‡ÒıÓ‰ ÊË‰ÍÓÒÚË ‚ Ó·Î‡ÒÚË ÔÓÎÓÊËÚÂÎ¸ÌÓ„Ó Ë
ÓÚËˆ‡ÚÂÎ¸ÌÓ„Ó „‡‰ËÂÌÚÓ‚ ÒÍÓÓÒÚÂÈ ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ; q0 –
‡ÒıÓ‰ ‚ Ó·Î‡ÒÚË fl‰‡ ÔÓÚÓÍ‡.

é˜Â‚Ë‰ÌÓ, ˜ÚÓ

    

q ru dr
r

1 1

0

1

2= ∫π
ρ

; (8.149)

    q u0 2
2

1
2

0= −π ρ ρ( ) ; (8.150)

    

q ru dr
r

2 2
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. (8.151)

èÓ ÙÓÏÛÎ‡Ï (8.145) Ë (8.149) ÔÓÎÛ˜ËÏ
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r . (8.152)

ëÓ„Î‡ÒÌÓ (8.151) Ë (8.146)

    

q r r rr r r r
2

Ô= − − + + − − +− 




π γ γ

ηρ ρ

ρ ρ ρ ρ ρ ρ ρ0
2

1 2

1
4

1
2

2
2

1
3

2
1 2

3
1
3

1 1 1 2
2

2
4

2 4 2 3
1
3

5
12

( )



1 5 6

    

+ − +





7
6 21 2

3 1
2

1 2
1 2

3 1

2
ρ ρ ρ ρρ ρ

ρ

r rln . (8.153)

Ç ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò ‚˚‡ÊÂÌËflÏË (8.147) Ë (8.150) ‡ÒıÓ‰
ÊË‰ÍÓÒÚË ‚ Ó·Î‡ÒÚË fl‰‡ ÒÓÒÚ‡‚ÎflÂÚ
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ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ÔÓ ÒÓÓÚÌÓ¯ÂÌËflÏ (8.148), (8.152) – (8.154)
‡ÒıÓ‰ ÊË‰ÍÓÒÚË ˜ÂÂÁ ÔÓÒÚ‡ÌÒÚ‚Ó ÏÂÊ‰Û ÍÂÌÓÏ Ë ‚ÌÛÚ-
ÂÌÌÂÈ ÔÓÎÓÒÚ¸˛ ˆÂÌÚ‡Î¸ÌÓÈ ÍÓÎÓÌÌÓÈ Ì‡È‰ÂÏ Ú‡Í:
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ëÍÓÓÒÚ¸ ‰‚ËÊÂÌËfl ÍÂÌ‡ uÚ ÒÓ„Î‡ÒÌÓ (8.139), (8.143) Ë
(8.144) ÓÔÂ‰ÂÎflÂÚÒfl ÔÓ ÙÓÏÛÎÂ
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ì‡‚ÌÂÌËÂ Ï‡ÚÂË‡Î¸ÌÓ„Ó ·‡Î‡ÌÒ‡ Á‡ÔËÒ˚‚‡ÂÚÒfl ÒÓ„Î‡ÒÌÓ
(8.70). áÌ‡˜ËÚ, ÔÓ ‚˚‡ÊÂÌËflÏ (8.155) Ë (8.70) ÏÓÊÂÏ ÒÓÒÚ‡-
‚ËÚ¸ ÒÎÂ‰Û˛˘ÂÂ ÒÓÓÚÌÓ¯ÂÌËÂ:
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àÁ ‡‚ÂÌÒÚ‚‡ uÚ ÔÓ ÙÓÏÛÎ‡Ï (8.156) Ë (8.157) Ì‡È‰ÂÏ
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2 4 3 12 2

( ) ( ) ( )Ô
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− − + −







r1
3

2 1
1 2

2
2

1
2

3 6
( ) ( )ρ ρ ρ ρρ ρ . (8.158)

Ç ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò (8.156) ‡ÒıÓ‰ ÔÓÓ‰˚ ‚Ó ‚ÌÛÚÂÌÌÂÈ
ÔÓÎÓÒÚË ˆÂÌÚ‡Î¸ÌÓÈ ÍÓÎÓÌÌ˚

    
q r r r rr r

rÚ
Ô= − − − − + −− 









π γ γ

ηρ ρ

ρ

ρ
ρ ρ ρ ρ ρ ρ0

4

1 2
1 2

2
1 0

2
1 2

1 1

0 2
1 1 0 24

2 2( ) ( ) ( ) ( ) .ln (8.159)

àÁ ‡‚ÂÌÒÚ‚‡ ‡ÒıÓ‰Ó‚ qÚ, Ì‡È‰ÂÌÌ˚ı ÔÓ ÙÓÏÛÎ‡Ï (8.2) Ë
(8.159), ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸:

    
v r rr

m R

r
rÏÂı

Ô( )

( )
( ) ( ) ln= − − − − +−

−






0
4

1 2
2 1 2

2
1 0

2
1 2

1 1

0 24 1
2γ γ

ηρ ρ

ρ

ρ
ρ ρ ρ ρ

    
+ − ]2 1 1 0 2( )r rρ ρ . (8.160)

îÓÏÛÎ˚ (8.157), (8.158) Ë (8.160) ÔÂ‰ÒÚ‡‚ËÏ ‚ ·ÂÁ‡ÁÏÂ-
ÌÓÏ ‚Ë‰Â:

    

u r r rQ

ra a b

b a
b a a a

a b
aÚ = − + − + − − − +− 














2

4 4
2 3 21

12
2
3

1
3 2

1
ρ ρ

ρ ρ ρ ρρ ρ( ) ( )

    

+ − + − −− 
















1
4 2 3

1 2 2
2 2

2 2( ) lnr r ra
b a a b

a a b a
a b

a

rρ ρ ρ ρ ρ

ρ
ρ ρ ; (8.161)

    

Q rr r ra

a b

a a
b a

b a a b
a b a= − − + − − − − +− −






2 4 3 4 4
21

4 3 12 2
1
3

1
ρ ρ

ρ ρ ρ ρρ ρ ρ ρ( ) ( ) ( )

    
+ −







1
6

2 2ρ ρ ρ ρa b b a( ) ; (8.162)

    
v r rr

r
a

a b
b a a a b

a

a b
a a bÏÂı = − − − − + −













4
2 21 2 2

ρ ρ

ρ

ρ
ρ ρ ρ ρ ρ ρ( ) ( ) ln ( ) , (8.163)

„‰Â 
    

u u

r
Ú

Ú

Ô

=
−

2

1
2

η

γ γ( )
; 

    

Q Q

r
=

−

2

1
4

η

π γ γ( )Ô

, 
    

v v R m

r
ÏÂı

ÏÂı

Ô

= −

−

4 12

1
4

η

γ γ

( )

( )
.

ëÓ„Î‡ÒÌÓ (8.144)

    
τ ρ ρ

ρ ρ
0

2

2
∗ = −ra b a

a b

( ) , (8.164)

„‰Â 
    
τ τ

γ γ
0

0

1

∗ =
−( )Ô r

.

ëËÒÚÂÏ‡ Û‡‚ÌÂÌËÈ (8.161)"–"(8.164) Â¯‡ÂÚÒfl Ú‡Í: ÔË
Á‡‰‡ÌÌ˚ı ÁÌ‡˜ÂÌËflı     vÏÂı Ë r‡ ÔÓ (8.163) Ì‡ıÓ‰ËÏ ρ‡ = f(ρb), ˜ÚÓ
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ÔÓÁ‚ÓÎflÂÚ ÔÓ ‚˚‡ÊÂÌË˛ (8.164) ‚˚˜ËÒÎËÚ¸ ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÂ

  τ0
∗ . èÓ‰ÒÚ‡‚Ë‚ Ì‡È‰ÂÌÌ˚Â ρ‡ Ë ρb, ‡ ÒÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, Ë   τ0

∗  ‚

(8.162), Ì‡È‰ÂÏ     Q f= ∗( ),τ0  ˜ÚÓ ‰‡ÂÚ ‚ÓÁÏÓÊÌÓÒÚ¸ ÔÓ (8.161)

ÛÒÚ‡ÌÓ‚ËÚ¸     u QÚ  = ∗Φ( , )τ0  ÔË Á‡‰‡ÌÌ˚ı ‡ÌÂÂ     vÏÂı Ë r‡.
ÄÌ‡ÎÓ„Ë˜Ì˚Â ‡Ò˜ÂÚ˚ ÔÓ‚Ó‰flÚÒfl Ë ÔË ‰Û„Ëı     vÏÂı .

é˜Â‚Ë‰ÌÓ, ˜ÚÓ ÔË Q = QÍ ÔÓËÒıÓ‰ËÚ “Á‡‚ËÒ‡ÌËÂ”
ÍÂÌ‡. ÑÎfl ÓÔÂ‰ÂÎÂÌËfl QÍ ÔÓÎÓÊËÏ ‚ (8.161)     uÚ  = 0. íÓ„‰‡

    

Q r rr ra

a b

a
b a

b a
a b a a b a

a b
Í = − − + + − + − − ×−





2 2
2 2

4 4
2 3

2 12
2
3 2ρ ρ

ρ ρ ρ ρρ ρ ρ ρ ρ ρ( ) ( ) ( )

    
× − − − + − + − −




( ) ( ) ( ) ( )1 11

3
1
4 6

2 2 2 2 2r r rb a a
a b

b a a b a
a b

a

r
‡
2 ρ ρ ρ ρ ρ ρρ ρ ρ

ρ
ln . (8.165)

ëÓ„Î‡ÒÌÓ (8.165) Ë (8.162) ÔÓÎÛ˜ËÏ:

    
− − + + − − − =r r ra

b a a a
a

a a b a
a b

a
r r r r

2
2 2 2

2
2 2

2 2
1 1 0( ) ( ) ( ) ln .ρ ρ ρ ρ ρ

ρ
(8.166)

í‡ÍËÏ Ó·‡ÁÓÏ, Á‡‚ËÒËÏÓÒÚ¸     Q fÍ = ∗( )τ0  ÔÓ ÒËÒÚÂÏÂ Û‡‚ÌÂ-
ÌËÈ (8.164)–(8.166) ÓÔÂ‰ÂÎflÂÚÒfl Ú‡Í. èË Á‡‰‡ÌÌÓÏ r‡ ÔÓ
Û‡‚ÌÂÌË˛ (8.166) Ì‡ıÓ‰ËÏ ρ‡ = f(ρb), ˜ÚÓ ÔÓÁ‚ÓÎflÂÚ ÔÓ (8.164)
‡ÒÒ˜ËÚ‡Ú¸     ρ ϕ τa = ∗( )0 . èÓ‰ÒÚ‡‚Ë‚ Ì‡È‰ÂÌÌ˚Â Á‡‚ËÒËÏÓÒÚË ‚

(8.165), ÛÒÚ‡Ì‡‚ÎË‚‡ÂÏ     Q fÍ = ∗
1 0( )τ . äÓÏÂ ÚÓ„Ó, ÔÓ‚Â‰ÂÌÌ˚Â

‡Ò˜ÂÚ˚ ÔÓÁ‚ÓÎfl˛Ú ÔÓ ÙÓÏÛÎÂ (8.163) ÓÔÂ‰ÂÎËÚ¸     τ0
∗ = f v( ),ÏÂı

Ú.Â. Ì‡ÈÚË ‰ËÌ‡ÏË˜ÂÒÍÓÂ Ì‡ÔflÊÂÌËÂ Ò‰‚Ë„‡, ÍÓÚÓÓÂ ÔË Á‡-
‰‡ÌÌÓÏ     vÏÂı Ó·ÂÒÔÂ˜ËÚ “Á‡‚ËÒ‡ÌËÂ” ÍÂÌ‡, Ó·ÛÒÎÓ‚ÎÂÌÌÓÂ
‡ÒıÓ‰ÓÏ     QÍ , Ì‡È‰ÂÌÌ˚Ï ÔÓ Á‡‚ËÒËÏÓÒÚË     Q fÍ = ∗

1 0( ).τ
èË r‡ = 0,85 ‚ ÛÍ‡Á‡ÌÌÓÈ ÔÓÒÎÂ‰Ó‚‡ÚÂÎ¸ÌÓÒÚË ·˚ÎË Ì‡È-

‰ÂÌ˚ ÁÌ‡˜ÂÌËfl ρ‡, ρb Ë   τ0
∗ , ‡ Ú‡ÍÊÂ     QÍ (Ú‡·Î. 8.25).

àÁ Ú‡·Î. 8.25 ‚Ë‰ÌÓ, ˜ÚÓ Ò ÛÏÂÌ¸¯ÂÌËÂÏ ‰ËÌ‡ÏË˜ÂÒÍÓ„Ó
Ì‡ÔflÊÂÌËfl Ò‰‚Ë„‡ τ0 ÁÌ‡˜ÂÌËÂ ÍËÚË˜ÂÒÍÓ„Ó ‡ÒıÓ‰‡
Û‚ÂÎË˜Ë‚‡ÂÚÒfl.

Ç Ú‡·Î. 8.26 ÔË‚Â‰ÂÌ˚ ÂÁÛÎ¸Ú‡Ú˚ ‡Ò˜ÂÚÓ‚ ÔÓ ÓÔÂ‰ÂÎÂ-

ÌË˛ ρ‡, ρb,   Q Ë uÚ, ‚˚ÔÓÎÌÂÌÌ˚ı ÔË r‡ = 0,85, R = 0,085"Ï,
r1 = 0,0174"Ï, vÏÂı = 400"Ï/˜ = 0,1111"Ï/Ò, η = 0,010"è‡⋅Ò,  
γÔ = 2,6⋅104"ç/Ï3, γ  = 1,2⋅104"ç/Ï3 Ë m = 0,2 ÔÓ ÒËÒÚÂÏÂ
Û‡‚ÌÂÌËÈ (8.161)–(8.163).

ÄÌ‡ÎÓ„Ë˜ÌÓ ÏÓÊÌÓ Ì‡ÈÚË ÁÌ‡˜ÂÌËfl   Q Ë     uÚ  Ë ÔË ‰Û„Ëı
ËÒıÓ‰Ì˚ı ‰‡ÌÌ˚ı, ‚ ÚÓÏ ˜ËÒÎÂ     vÏÂı .
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í ‡ · Î Ë ̂  ‡  8.25 í ‡ · Î Ë ̂  ‡  8.26

ρ‡ ρb   τ0
∗

    QÍ
ρ‡ ρb   τ0

∗
  Q     uÚ

0,87 0,0785 0,04604 0,0000923 0,855 0,8766 0,01041 0,012754 0,013866
0,89 0,9579 0,02877 0,0003236 0,860 0,8762 0,00777 0,012762 0,013878
0,90 0,9477 0,02020 0,0004761 0,865 0,8755 0,00501 0,012771 0,013900
0,91 0,9377 0,01172 0,0006407 0,870 0,8742 0,00199 0,012890 0,013966
0,92 0,9272 0,00334 0,0008108

é‰Ì‡ÍÓ ‡Ò˜ÂÚ˚ ÔÓ ÔÂ‰Î‡„‡ÂÏÓÈ ÒËÒÚÂÏÂ Ò‚flÁ‡Ì˚ Ò ·ÓÎ¸-
¯ËÏ Ó·˙ÂÏÓÏ ‚˚˜ËÒÎËÚÂÎ¸Ì˚ı ÓÔÂ‡ˆËÈ. èÓ˝ÚÓÏÛ ‚ÓÁÌËÍÎ‡
ÌÂÓ·ıÓ‰ËÏÓÒÚ¸ ‚˚‚Ó‰‡ ·ÓÎÂÂ ÔÓÒÚÓÈ, ÌÓ ÔË·ÎËÊÂÌÌÓÈ
ÙÓÏÛÎ˚, ÔÓÁ‚ÓÎfl˛˘ÂÈ ÓÔÂ‡ÚË‚ÌÓ ‚˚ÔÓÎÌflÚ¸ ÌÂÓ·ıÓ‰ËÏ˚Â
‡Ò˜ÂÚ˚.

à‰Âfl ‚˚‚Ó‰‡ Á‡ÍÎ˛˜‡ÂÚÒfl ‚ ÚÓÏ, ˜ÚÓ ÔË Î‡ÏËÌ‡ÌÓÏ Â-
ÊËÏÂ ‚flÁÍÓÈ ÊË‰ÍÓÒÚË ‚ ÔÓÒÚ‡ÌÒÚ‚Â ÏÂÊ‰Û ÍÂÌÓÏ Ë ‚ÌÛÚ-
ÂÌÌÂÈ ÔÓÎÓÒÚ¸˛ ÒÛ˘ÂÒÚ‚ÛÂÚ ÔÓ‚ÂıÌÓÒÚ¸ ‡‰ËÛÒÓÏ ρ0, Ì‡ ÍÓ-
ÚÓÓÈ ÒÍÓÓÒÚ¸ ‰ÓÒÚË„‡ÂÚ Ï‡ÍÒËÏÛÏ‡.

ë˜ËÚ‡ÂÏ, ˜ÚÓ fl‰Ó „ÎËÌËÒÚÓ„Ó ‡ÒÚ‚Ó‡ ‡ÒÔÓÎ‡„‡ÂÚÒfl Ì‡
‡ÒÒÚÓflÌËË ∆ρ ÒËÏÏÂÚË˜ÌÓ ÛÍ‡Á‡ÌÌÓÈ ÔÓ‚ÂıÌÓÒÚË ‡‰ËÛ-
ÒÓÏ ρ0.

8.3.4. ÏÐÈÁËÈÆÅÍÍÎÅ ÐÅØÅÍÈÅ ÇÀÄÀ×È
ÏÎ ÎÏÐÅÄÅËÅÍÈÞ ÑÊÎÐÎÑÒÈ ÄÂÈÆÅÍÈß ÊÅÐÍÀ
È ÐÀÑÕÎÄÀ ÆÈÄÊÎÑÒÈ ÏÐÈ ÑÒÐÓÊÒÓÐÍÎÌ ÐÅÆÈÌÅ
ÒÅ××ÅÍÈß ÃËÈÍÈÑÒÎÃÎ ÐÀÑÒÂÎÐÀ
Â ÊÎËÜÖÅÂÎÌ ÏÐÎÑÒÐÀÍÑÒÂÅ

ëÍÓÓÒÚ¸ ‚ Î˛·ÓÈ ÚÓ˜ÍÂ ÏÂÊ‰Û ÍÂÌÓÏ Ë ÍÓÎÓÌÌÓÈ (ÍÓÎ¸-
ˆÂ‚ÓÂ ÔÓÒÚ‡ÌÒÚ‚Ó) ÔË ÚÂ˜ÂÌËË ‚flÁÍÓÈ ÊË‰ÍÓÒÚË ÒÓ„Î‡ÒÌÓ
ÙÓÏÛÎ‡Ï (8.67) Ë (8.76) ÏÓÊÌÓ Ì‡ÈÚË Ú‡Í:

    

u r r ur

r

r

r r

r r

r

r

r

r

r r

r r
= − − +

−

−



















−

−

γ

µ
Ú

Ú
0
2

1

0

1
2

0
2 1

2 1
2

0
2

1

0

1 2 1
2 2

1
2

0
22

ln

ln

ln . (8.167)

èÓ ‚˚‡ÊÂÌËflÏ (8.77) Ë (8.167), Á‡ÏÂÌË‚ µ = η, ÔÓÎÛ˜ËÏ

    
u r

r r r r
r
r

r r

Q r r

r r
= +

− + +

+

−

−

γ

η π
Ú 0

2 1
2 2

1
2

0
2

1

1
2

0
2

1
2 2

1
4

0
42

2
( )

( )

( )

ln
. (8.168)

í‡Í Í‡Í ÒÍÓÓÒÚ¸ ÊË‰ÍÓÒÚË Ì‡ ÔÓ‚ÂıÌÓÒÚË, ı‡‡ÍÚÂËÁÛ-
˛˘ÂÈÒfl ‡‰ËÛÒÓÏ r = ρ0, ‰ÓÒÚË„‡ÂÚ Ï‡ÍÒËÏÛÏ‡, ÚÓ
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du
dr r=

=
ρ 0

0. (8.169)

èÓ ÙÓÏÛÎÂ (8.168) Ë ÛÒÎÓ‚Ë˛ (8.169) ÔÓÎÛ˜ËÏ

    

ρ
η

πγ

0

4

2 2

1
4

1

2 1
4

∗ = −

− +












ra a

a a

r

r r
Q

r
( )

Ú

. (8.170)

àÁ Û‡‚ÌÂÌËfl ‰ËÌ‡ÏË˜ÂÒÍÓ„Ó ‡‚ÌÓ‚ÂÒËfl fl‰‡

    π ρ ρ γ π ρ ρ τ( )( ) ( ) .2
2

1
2

2 1 02− − = +∆p l l (8.171)

ë˜ËÚ‡ÂÏ, ˜ÚÓ

ρ2 = ρ0 + ∆ρ; (8.172)

ρ1 = ρ0 – ∆ρ. (8.173)

íÓ„‰‡ ÔÓ (8.171)–(8.173) ÔÓÎÛ˜ËÏ

    
∆

∆
p l l− =γ τ

ρ
0 . (8.174)

ëÓ„Î‡ÒÌÓ ÙÓÏÛÎÂ (8.143)

    

∆
∆

p l lr− = −

−
γ γ γ

ρ ρ

0
2

0
2 2

( )Ô . (8.175)

àÁ ‡‚ÂÌÒÚ‚‡ Ô‡‚˚ı ˜‡ÒÚÂÈ ‚˚‡ÊÂÌËÈ (8.174) Ë (8.175)
ÔÓÎÛ˜ËÏ

    

τ

ρ

γ γ

ρ ρ

0 0
2

0
2 2∆ ∆

= −

−

r ( )Ô .

éÚÒ˛‰‡

    

∆ρ
τ ρ

τ

∗
∗ ∗

∗
=
− + +r ra a

2 4
0
2

0
2

0

4

2
, (8.176)

„‰Â 
    
∆ ∆ρ ρ∗ =

r1
; 

    
∆ρ ρ

0
0

1

∗ =
r

.

èÓÎ¸ÁÛflÒ¸ ‚˚‡ÊÂÌËflÏË (8.172) Ë (8.173), ÙÓÏÛÎÛ (8.161)
ÏÓÊÌÓ ÔÂÂÔËÒ‡Ú¸ ‚ ÒÎÂ‰Û˛˘ÂÏ ‚Ë‰Â:

    

u r rQ

r
Ú

a
a a= − + + + − −

∗ ∗
∗ ∗ ∗ ∗ ∗

−









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



2

0
2 2 0

2 2
0

2 31 2
3

2
3

1
3

2
ρ ρ

ρ ρ ρ ρ ρ
∆

∆ ∆( )
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− − + − + − −
∗ ∗

∗ ∗
∗ ∗− −


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




ρ ρ ρ ρρ ρ0
2 2

2 2 2
0
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1
4 3

1 1 2∆ ∆∆( ) ( )r r ra a a
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−








( ) ln ( )ρ ρ ρ ρ

ρ ρ
0
2 2 2 0
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∆ ∆

∆
r r
a

a . (8.177)

ëÓ„Î‡ÒÌÓ (8.177)

    
q Q r rr

r

r r
Ú
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∆
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aln . (8.178)

àÁ ‡‚ÂÌÒÚ‚‡ ÁÌ‡˜ÂÌËÈ qÚ, ‡ÒÒ˜ËÚ‡ÌÌ˚ı ÔÓ ÙÓÏÛÎ‡Ï (8.2)
Ë (8.178), ÒÎÂ‰ÛÂÚ:

    
Q m vR r

r
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ρ ρ
ρ ρ0

2 2
2

0
2 2 2 0

0
3

∆ ∆

∆
∆r r r( ) ln ( ) . (8.179)

åÓÊÌÓ Û·Â‰ËÚ¸Òfl ‚ ÚÓÏ, ˜ÚÓ ÔË r1 ≥ 0,02247"Ï, r‡ ≤ 0,85, ‡
Ú‡ÍÊÂ η, Q, ÔÂ‰ÒÚ‡‚Îfl˛˘Ëı ËÌÚÂÂÒ ‰Îfl Ô‡ÍÚËÍË ·ÛÂÌËfl
ÒÍ‚‡ÊËÌ˚ ‰‚ÓÈÌÓÈ ·ÛËÎ¸ÌÓÈ ÍÓÎÓÌÌÓÈ, ËÏÂÂÏ

    

r r Q

r
a a

Ú

2 2

1
4

1 4( )− >> η

πγ
.

íÓ„‰‡ ÔÓ (8.170) ÔÓÎÛ˜ËÏ

    
ρ0

21

2
∗ = + ra . (8.180)

èÂÂÔË¯ÂÏ ÙÓÏÛÎÛ (8.177) ‚ ‚Ë‰Â

    

u r rQ

r

r
Ú

1

Ô
a a= − + + + − −−

−















∗ ∗

∗ ∗ ∗ ∗ ∗

π

γ γ

η ρ ρ
ρ ρ ρ ρ ρ

2
1
2

0
2 2 0

2 2
0

2 3

2

2
3

2
3

1
3

2( )

( )
( )

∆
∆ ∆
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− − + − + − −
∗ ∗

∗ ∗
∗ ∗− −









ρ ρ ρ ρρ ρ0
2 2

2 2 2
0

0
2 2

2

2
1
4 3

1 1 2∆ ∆∆( ) ( )r r ra a a

    
− −∗ ∗

∗ ∗

∗ ∗
+

−







( ) ( )ρ ρ ρ ρ

ρ ρ
0
2 2 2 0

0
∆ ∆

∆
r r
a

aln . (8.181)

á‡‰‡˜‡ Â¯‡ÂÚÒfl ‚ ÒÎÂ‰Û˛˘ÂÈ ÔÓÒÎÂ‰Ó‚‡ÚÂÎ¸ÌÓÒÚË: ÔË
Á‡‰‡ÌÌ˚ı ra, r1, R, γÔ, γ , η Ë τ0 ÔÓ ÙÓÏÛÎ‡Ï (8.176), (8.179) Ë
(8.180) Ì‡ıÓ‰ËÏ Á‡‚ËÒËÏÓÒÚ¸ Q = f(vÏÂı), ˜ÚÓ ÔÓÁ‚ÓÎflÂÚ
ÒÓ„Î‡ÒÌÓ ‚˚‡ÊÂÌË˛ (8.181) ÓÔÂ‰ÂÎËÚ¸ uÚ = f(vÏÂı).

èÓ‚Â‰ÂÏ ‡Ò˜ÂÚ˚ ÔË ÒÎÂ‰Û˛˘Ëı ËÒıÓ‰Ì˚ı ‰‡ÌÌ˚ı: r‡ =
= 0,85, r1 = 0,02247"Ï, R = 0,085"Ï, γÔ = 2,6⋅104"ç/Ï3, γ  =
= 1,2⋅104"ç/Ï3, η = 0,01"è‡⋅Ò, τ0 =3"è‡, r0 = rar1 =              
= 0,019099"Ï.

ëÓ„Î‡ÒÌÓ (8.180)   ρ0
∗ = 0,928036. àÏÂÂÏ Ú‡ÍÊÂ

    
τ τ

γ γ
0

0

1
0 009536∗ = =

−( )
, .

Ô r

íÓ„‰‡ ÔÓ ÙÓÏÛÎÂ (8.176)

  
∆ρ∗ = =− + +0 7225 0 52201 0 0003133

0 019072
0 011503, , ,

,
, .

ëÓ„Î‡ÒÌÓ ‚˚‡ÊÂÌË˛ (8.179) ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸:

    
Q v= + +⋅ ⋅ ⋅

−




−

0 0314176 086125080 255 10 14 000
0 02 0 8612508 0 0001323

2
3

6
, ( ,,

, ( , , )ÏÂı
 π

  
+ + + − −






0 0001323 0 0106752 0 023006 07225 0 409417 1

3
, ) , , , ,

  
− + + ×−0 8612508 0 0001323

2
0 2775 0 01925156 0 0213504, , , , ,

  
× − −







 ( , , ) , ln ,
,

0 2870394 0 7225 0 622158 0 7986081
0 916533

ËÎË

Q = 0,0314176vÏÂı + 0,00043306. (8.182)

èÓ‰ÒÚ‡‚Ë‚ ËÒıÓ‰Ì˚Â ‰‡ÌÌ˚Â ‚ (8.181), ÔÓÎÛ˜ËÏ

    
u Q

Ú = −
0 0015862

0 27236
,

, . (8.183)

èÓ ÙÓÏÛÎ‡Ï (8.182) Ë (8.183) ·˚ÎË Ì‡È‰ÂÌ˚ ÁÌ‡˜ÂÌËfl ‡Ò-
ıÓ‰‡ ÔÓÏ˚‚Ó˜ÌÓÈ ÊË‰ÍÓÒÚË Q Ë ÒÍÓÓÒÚË ÔÓ‰˙ÂÏ‡ ÍÂÌ‡ uÚ

‚ Á‡‚ËÒËÏÓÒÚË ÓÚ ÏÂı‡ÌË˜ÂÒÍÓÈ ÒÍÓÓÒÚË ÔÓıÓ‰ÍË vÏÂı
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(Ú‡·Î. 8.27). ê‡Ò˜ÂÚ˚ ÔÓ‚Ó‰ËÎËÒ¸ ÔË r‡ = 0,85. ÄÌ‡ÎÓ„Ë˜ÌÓ
ÏÓ„ÛÚ ·˚Ú¸ ‚˚ÔÓÎÌÂÌ˚ ‡Ò˜ÂÚ˚ Ë ÔË ‰Û„Ëı ÁÌ‡˜ÂÌËflı r‡.

Ñ‡ÌÌ˚Â Ú‡·Î. 8.27 ‡ÒÒ˜ËÚ‡Ì˚ ÔË ÛÒÎÓ‚ËË ÒÚÛÍÚÛÌÓ„Ó
ÂÊËÏ‡ ÚÂ˜ÂÌËfl „ÎËÌËÒÚÓ„Ó ‡ÒÚ‚Ó‡ ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ-
‡ÌÒÚ‚Â.

èÓ‚ÂËÏ, ‚˚ÔÓÎÌflÂÚÒfl ÎË ˝ÚÓ ÛÒÎÓ‚ËÂ. ÑÎfl ˝ÚÓ„Ó Ì‡È‰ÂÏ
Ô‡‡ÏÂÚ ïÂ‰ÒÚÂÏ‡ ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â ÏÂÊ‰Û
ÍÂÌÓÏ Ë ÔÓ‚ÂıÌÓÒÚ¸˛ ˆÂÌÚ‡Î¸ÌÓÈ ÍÓÎÓÌÌ˚:

    

HeÍ.Ô =
−4 0 1 0

2

2

τ γ

η

( ) .r r

g
(8.184)

áÌ‡˜ËÚ,

  
HeÍ.Ô

 = =⋅ −

⋅

4 3 0 02247 0 019099 12 000

9 81 0 01

2

2 1668 06( , , )

, ,
, .

íÓ„‰‡ ÔÓ ÙÓÏÛÎÂ (8.29) Ë Ú‡·Î. 8.8 ÍËÚË˜ÂÒÍÓÂ ÁÌ‡˜ÂÌËÂ
Ô‡‡ÏÂÚ‡ êÂÈÌÓÎ¸‰Ò‡

ReÍ.Í.Ô = –6400 + 9314,57,

ReÍ.Í.Ô = 2914,6.

ëÓ„Î‡ÒÌÓ Û‡‚ÌÂÌË˛ ÌÂ‡Á˚‚ÌÓÒÚË ‡ÒıÓ‰ ÊË‰ÍÓÒÚË ‚
ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â

    q Q r u= − π 0
2

Ú.

éÚÒ˛‰‡ ÒÂ‰Ìflfl ÒÍÓÓÒÚ¸ ‰‚ËÊÂÌËfl ÊË‰ÍÓÒÚË

    

v uQ

r r

r

r r
Í.Ô Ú= −

− −π( )
.

1
2

0
2

0
2

1
2

0
2

ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, Ô‡‡ÏÂÚ êÂÈÌÓÎ¸‰Ò‡ ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ-
‡ÌÒÚ‚Â

    

Re .
( )Í.Ô

Ú= −
+ +















2

1 0

0
2

1 0

γ

η πg
Q

r r

r u

r r
(8.185)

èË ÔËÌflÚ˚ı ËÒıÓ‰Ì˚ı ‰‡ÌÌ˚ı

í ‡ · Î Ë ̂  ‡  8.27

vÏÂı, Ï/˜ Q, Ï3/Ò uÚ, Ï/Ò vÏÂı, Ï/˜ Q, Ï3/Ò uÚ, Ï/Ò

100 0,0013058 0,5503 500 0,0047966 2,7510
200 0,0021785 1,1005 600 0,0056693 3,3012
300 0,0030512 1,6506 700 0,0065425 3,8517
400 0,0039239 1,9279 800 0,0074147 4,4016
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Re , , .

,Í.Ô Ú= −








244648 3 0 008775

0130593
Q u (8.186)

ê‡Ò˜ÂÚ˚ ÔÓ ÙÓÏÛÎÂ (8.186) ÔÓÍ‡Á˚‚‡˛Ú, ˜ÚÓ ÔË vÏÂı ≥    
≥ 500"Ï/˜ ËÏÂÂÏ ReÍ.Ô > 2914,6, Ú.Â. ÚÂ˜ÂÌËÂ ‚ ÍÓÎ¸ˆÂ‚ÓÏ
ÔÓÒÚ‡ÌÒÚ‚Â ÔÓËÒıÓ‰ËÚ ÔË ÚÛ·ÛÎÂÌÚÌÓÏ ÂÊËÏÂ.

èÓ‚ÚÓËÏ ‡Ò˜ÂÚ˚ ÔË ·ÓÎ¸¯Ëı ÁÌ‡˜ÂÌËflı τ0 Ë η, ‡
ËÏÂÌÌÓ: τ0 = 15"è‡⋅Ò, η = 0,1"è‡⋅Ò. í‡Í Í‡Í r‡ ÌÂ
ËÁÏÂÌËÎÓÒ¸, ÚÓ   ρ0

∗ = 0,928036. Ç ‰‡ÌÌÓÏ ÒÎÛ˜‡Â

  
τ0

15
14 000 0 02247

0 047683∗ = =
⋅ ,

, .

áÌ‡˜ËÚ, ÔÓ (8.176)

  
∆ρ∗ = =− + +0 7225 0 52201 0 00783267

0 095366
0 056655, , ,

,
, .

èÓ (8.179) Ë (8.181)

Q = 0,0314176vÏÂı + 0,3455⋅10–5; (8.187)

    
u Q

Ú = −
0 001586193

0 002177531
,

, . (8.188)

è‡‡ÏÂÚ ïÂ‰ÒÚÂÏ‡ ÔÓ (8.184) çÂÍ.Ô = 83,402.
íÓ„‰‡ ÔÓ ‚˚‡ÊÂÌË˛ (8.29) Ë Ú‡·Î. 8.8

ReÍ.Í.Ô = –6700 + 9314,58,

ReÍ.Í.Ô = 2614,6.

è‡‡ÏÂÚ êÂÈÌÓÎ¸‰Ò‡ ÒÓ„Î‡ÒÌÓ (8.185) Ì‡È‰ÂÏ Ú‡Í:

    
Re , ,

,Í.Ô Ú= −








24464 8 0 008775

0130593
Q u . (8.189)

Ç Ú‡·Î. 8.28 ÔË‚Â‰ÂÌ˚ ÂÁÛÎ¸Ú‡Ú˚ ‡Ò˜ÂÚÓ‚ ÔÓ (8.187),
(8.189) ÔË ‡ÁÎË˜Ì˚ı vÏÂı.

àÁ Ú‡·Î. 8.28 ‚Ë‰ÌÓ, ˜ÚÓ ‚Ó ‚ÒÂı ÒÎÛ˜‡flı ReÍ.Ô < 2614,6, Ú.Â.
„ÎËÌËÒÚ˚È ‡ÒÚ‚Ó ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â ‰‚ËÊÂÚÒfl ÔË
ÒÚÛÍÚÛÌÓÏ ÂÊËÏÂ.

í ‡ · Î Ë ̂  ‡  8.28

vÏÂı, Ï/˜ Q,
10–3"Ï3/Ò uÚ, Ï/Ò ReÍ.Ô vÏÂı, Ï/˜ Q,

10–3"Ï3/Ò uÚ, Ï/Ò ReÍ.Ô

100 0,876 0,550 46,0 500 4,367 2,751 227,5
200 1,749 1,100 91,5 600 5,240 3,301 237,0
300 2,622 1,651 136,8 700 6,112 3,851 320,2
400 3,494 2,201 182,01 800 6,985 4,401 363,7
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8.4. ÃÈÄÐÎÄÈÍÀÌÈ×ÅÑÊÈÅ ÐÀÑ×ÅÒÛ
ÏÐÈ ÈÑÏÎËÜÇÎÂÀÍÈÈ
Â ÊÀ×ÅÑÒÂÅ ÐÀÁÎ×ÅÃÎ ÀÃÅÍÒÀ ÂÎÇÄÓÕÀ

ÑÎËÌ‡ ÍÂÌÓÔËÂÏÌËÍ‡ l Ì‡ÏÌÓ„Ó ÏÂÌ¸¯Â „ÎÛ·ËÌ˚ ÒÍ‚‡ÊË-
Ì˚, ÔÓ˝ÚÓÏÛ ‚ ÔÂ‰ÂÎ‡ı l ÏÓÊÌÓ ÔËÌflÚ¸, ˜ÚÓ Û‰ÂÎ¸Ì˚È ‚ÂÒ
„‡Á‡ (‚ÓÁ‰Ûı‡) ‡‚ÂÌ ÌÂÍÓÚÓÓÈ ÒÂ‰ÌÂÈ ‚ÂÎË˜ËÌÂ γÒ. àÁ‚ÂÒÚ-
ÌÓ, ˜ÚÓ ‰‡‚ÎÂÌËÂ „‡Á‡ ‚ Î˛·ÓÈ ÚÓ˜ÍÂ, Ì‡ıÓ‰fl˘ÂÈÒfl ‚ Ó·Î‡ÒÚË
ÍÂÌÓÔËÂÏÌËÍ‡, ÌÂÔÂ˚‚ÌÓ ËÁÏÂÌflÂÚÒfl ÔÓ „ÎÛ·ËÌÂ. èÓ-
˝ÚÓÏÛ ÔË ÒÓÒÚ‡‚ÎÂÌËË Û‡‚ÌÂÌËÈ (8.86), (8.87), (8.89) ÌÂÓ·ıÓ-
‰ËÏÓ, ÒÚÓ„Ó „Ó‚Ófl, ‡ÒÒÏ‡ÚË‚‡Ú¸ ‰ËÙÙÂÂÌˆË‡Î¸ÌÓ Ï‡Î˚È
Û˜‡ÒÚÓÍ dx, ‚ ÔÂ‰ÂÎ‡ı ÍÓÚÓÓ„Ó ËÏÂÂÏ ‰ËÙÙÂÂÌˆË‡Î¸ÌÓ
Ï‡ÎÓÂ ËÁÏÂÌÂÌËÂ ‰‡‚ÎÂÌËfl dp = ∆.

íÓ„‰‡ Ò Û˜ÂÚÓÏ ˝ÚËı ‰ÓÔÛ˘ÂÌËÈ ‡Ò˜ÂÚ˚ ÏÓÊÌÓ ‚ÂÒÚË Ò
ÔÓÏÓ˘¸˛ ÒËÒÚÂÏ˚ (8.35), (8.96) Ë (8.102).

Ç ˝ÚËı ‚˚‡ÊÂÌËflı ‡ÒıÓ‰ „‡Á‡ (‚ÓÁ‰Ûı‡) Q, Û‰ÂÎ¸Ì˚È ‚ÂÒ
γ  Ë ÍËÌÂÏ‡ÚË˜ÂÒÍ‡fl ‚flÁÍÓÒÚ¸ ν fl‚Îfl˛ÚÒfl ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÏË
‚ÂÎË˜ËÌ‡ÏË ÔË ‰‡ÌÌÓÏ ‰‡‚ÎÂÌËË.

èË ËÁÓÚÂÏË˜ÂÒÍÓÏ ‡Ò¯ËÂÌËË „‡Á‡ ÒÓ„Î‡ÒÌÓ Á‡ÍÓÌÛ
ÉÂÌË

    
γ γ= a

a

p
p

; (8.190)

    
Q Q p

p
= a

a ; (8.191)

    
ν µ

γ
= gp

p
a

a
; (8.192)

    
γ γ

γ
Ô

Ô a

a

∗ = p

p
. (8.193)

íÓ„‰‡ ÔÓ (8.95), (8.96) Ë (8.102), ‡ Ú‡ÍÊÂ (8.190)

    

u Q p

r r a p

r

r a

r g p

p

r

r a

p

pÚ
a a

a

a

a

a

a

a

a

Ô a

a
= − − ×

+ +









 +



















∗ ∗ ∗π

γ

µ

γ

γ
1
2 2 2

1
5 3

1
7

8
7

4
715 295

16
1

( )

,

( )

    

× + + − + ×
∗ ∗ ∗ ∗

∗
∗ ∗+



















 [ ] −










a r a
r

a
r

a
r

a r a( ) ( )( )2 8
15

4
7

8
7 2

4
7

8
7

1 1a

a a
a

a

δ

×#
    

1 8
15

− − ∗
















( )δa a ; (8.194)
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Q

r r g

p

p

r

r a

p

p

r a

r
aa

a

a a
15/7

a

Ô a

a

a

a874

16 7

4

2

1
2

1
5 3

1
7

8
7

22 7

4
7

4
7 12

71
, ( ) /π

µ

γ

γ

γ





















+











+














− − ×

∗

∗ ∗

×#

    

1 1 18
15

8
15

12
4
7

8
7

8 7
+ + − + − − − ×

∗
∗

∗ ∗
∗ ∗

∗









 





− 




















+

a
r

a
r r a

r a a
a

a
a a

( ) ( )( )

( ) /

δ δ

×#

    

γ

γ
δÔ a

a
a

a

a

p

p

r a

r
a r a a− − − + − =

















+
















∗ ∗ ∗
∗ ∗

1 1 0

4
7

1
7 2

4
7

5
72( ) ( ) ; (8.195)

    

Q R v m r r rp
p

r g p

pa
a

ÏÂı
a

a
a a= − + − +











π π γ

µ
2

1
2 1

5 3
1
7

31 8 74 3 48981 6 8775
16

( ) , ( , ,

    
+ −] − −3 3879 2 0391 1 02092 2 1, ) ( , , )r r ra a a . (8.196)

Ç ‚˚‡ÊÂÌËflı (8.194) – (8.196)  – ‰‡‚ÎÂÌËÂ ‚ ‰‡ÌÌÓÏ
‡ÒÒÏ‡ÚË‚‡ÂÏÓÏ ÒÂ˜ÂÌËË ˆÂÌÚ‡Î¸ÌÓÈ ÍÓÎÓÌÌ˚ ÚÛ·.

èÓ Û‡‚ÌÂÌË˛ ‡‚ÌÓ‚ÂÒËfl ‰ËÙÙÂÂÌˆË‡Î¸ÌÓ Ï‡ÎÓ„Ó Ó·˙Â-
Ï‡ „‡Á‡, ÒÓÒÚ‡‚ÎÂÌÌÓ„Ó ËÁ ÛÒÎÓ‚Ëfl ÒÚ‡ÚËÍË, ËÏÂÂÏ

γdx = dp. (8.197)

ëÓ„Î‡ÒÌÓ (8.130) Ë (8.197) ÔÓÎÛ˜ËÏ

      p p
H

p
Áa· ·ÛÙ

a
a= e

γ

. (8.198)

èÓ ÙÓÏÛÎÂ (8.198) ÔË γ‡ = 10#ç/Ï3, ‡ = 105 è‡

      p p
H

Áa· ·ÛÙ= e104 . (8.199)

Ç Ú‡·Î. 8.29 ÔË‚Â‰ÂÌ˚ ÁÌ‡˜ÂÌËfl Á‡· ÔË ‡ÁÎË˜Ì˚ı ·ÛÙ Ë
ç, ‡ÒÒ˜ËÚ‡ÌÌ˚Â ÔÓ ÙÓÏÛÎÂ (8.199).

àÁ Ú‡·Î. 8.29 ‚Ë‰ÌÓ, ˜ÚÓ ÔË ç ≤ 800#Ï Ë ·ÛÙ ≤ 20⋅105#è‡ Ò
‰ÓÒÚ‡ÚÓ˜ÌÓÈ ÚÓ˜ÌÓÒÚ¸˛ ÏÓÊÌÓ ÔËÌflÚ¸ ·ÛÙ = Á‡·.

í‡ÍËÏ Ó·‡ÁÓÏ, Û‰ÂÎ¸Ì˚È ‚ÂÒ „‡Á‡ ‚Ó ‚ÒÂÈ ÍÓÎÓÌÌÂ ÚÛ·

ÏÓÊÌÓ ÔËÌflÚ¸ ÔÓÒÚÓflÌÌ˚Ï Ë ‡‚Ì˚Ï 
    
γ a

·ÛÙ

a

p

p
.

áÌ‡˜ËÚ, Á‡·ÓÈÌÓÂ ‰‡‚ÎÂÌËÂ ÔÓ ‡Ì‡ÎÓ„ËË Ò ÓÒÌÓ‚Ì˚Ï Û‡‚-
ÌÂÌËÂÏ „Ë‰ÓÒÚ‡ÚËÍË ÏÓÊÌÓ ÓÔÂ‰ÂÎËÚ¸ ÔÓ ÙÓÏÛÎÂ

    
p p H

p

pÁa· ·ÛÙ a
·ÛÙ

a
= + γ
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í ‡ · Î Ë ̂  ‡  8.29

Á‡·, 10
5 è‡

ç, Ï ·ÛÙ =
= 5⋅105 è‡

·ÛÙ =

=10⋅105 è‡

·ÛÙ =

=15⋅105 è‡

·ÛÙ =
=20⋅105 è‡

100 5,050 10,100 15,150 20,200
200 5,101 10,202 15,303 20,404
300 5,152 10,304 15,456 20,608
400 5,204 10,408 15,612 20,816
500 5,256 10,512 15,718 21,024
600 5,309 10,618 15,927 21,236
700 5,362 10,724 16,086 21,448
800 5,416 10,832 16,248 21,664

ËÎË

    
p p H

pÁa· ·ÛÙ
a

a
= +









1 γ . (8.200)

Ç Ú‡·Î. 8.30 ÔË‚Â‰ÂÌ˚ ÂÁÛÎ¸Ú‡Ú˚ ‡Ò˜ÂÚÓ‚ ÔÓ ÙÓÏÛÎÂ
(8.200).

àÁ Ò‡‚ÌÂÌËfl ‰‡ÌÌ˚ı, ÔË‚Â‰ÂÌÌ˚ı ‚ Ú‡·Î. 8.29 Ë 8.30,
‚Ë‰ÌÓ, ˜ÚÓ ‡ÒıÓÊ‰ÂÌËÂ ÏÂÊ‰Û ÂÁÛÎ¸Ú‡Ú‡ÏË, ÔÓÎÛ˜ÂÌÌ˚ÏË
ÔÓ ÙÓÏÛÎ‡Ï (8.199) Ë (8.200), Ô‡ÍÚË˜ÂÒÍË ÓÚÒÛÚÒÚ‚ÛÂÚ.

Ç ‡ÒÒÏ‡ÚË‚‡ÂÏÓÏ ÒÎÛ˜‡Â ‚ ˆÂÌÚ‡Î¸ÌÓÈ ÍÓÎÓÌÌÂ ËÏÂÂÏ
ÌÂ ÚÓÎ¸ÍÓ „‡Á, ÌÓ Ë ÍÂÌ Ò ÍÓÌˆÂÌÚ‡ˆËÂÈ α0:

    

α0
Ô

Ô a
a

=
+

q

q Q
p

p

. (8.201)

í‡Í Í‡Í

    q R v mÔ ÏÂı= −π 2 1( ),

ÚÓ ÔË  = ·ÛÙ

í ‡ · Î Ë ̂  ‡  8.30

Á‡·, 10
5 è‡

ç, Ï ·ÛÙ =

= 5⋅105 è‡

·ÛÙ =

= 10⋅105 è‡

·ÛÙ =

= 15⋅105 è‡

·ÛÙ =

= 20⋅105 è‡
100 5,050 10,100 15,150 20,200
200 5,100 10,200 15,300 20,400
300 5,150 10,300 15,450 20,600
400 5,200 10,400 15,600 20,800
500 5,250 10,500 15,750 21,000
600 5,300 10,600 15,900 21,200
700 5,350 10,700 16,050 21,400
800 5,400 10,800 16,200 21,600
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α π

π
0

ÏÂı

ÏÂı a
a

·ÛÙ

= −

− +

R v m

R v m Q
p

p

2

2

1

1

( )

( )

.

èÂÌÂ·Â„‡fl ‚ÂÒÓÏ „‡Á‡, ‰‡‚ÎÂÌËÂ Ì‡ Á‡·ÓÂ ÏÓÊÌÓ Ì‡ÈÚË
Í‡Í

Á‡· = ·ÛÙ + γÔα0ç (8.202)

ËÎË ÔÓ (8.201) Ë (8.202)

    

p p H R v m

R v m Q
p

p

Á‡· ·ÛÙ Ô
ÏÂı

ÏÂı a
a

·ÛÙ

= + −

− +

γ π

π

2

2

1

1

( )

( )

. (8.203)

ì˜ËÚ˚‚‡fl, ˜ÚÓ ÔË ç ≤ 500#Ï Ë Ì ≤ 50⋅105#è‡ Á‡·ÓÈÌÓÂ
‰‡‚ÎÂÌËÂ Ô‡ÍÚË˜ÂÒÍË ‡‚ÌÓ ‰‡‚ÎÂÌË˛ Ì‡„ÌÂÚ‡ÌËfl, ÒÓ„Î‡ÒÌÓ
(8.203) ËÏÂÂÏ

    

p p R Hv m

R v m Q
p

p

Ì ·ÛÙ
Ô ÏÂı

ÏÂı a
a

·ÛÙ

= + −

− +

π γ

π

2

2

1

1

( )

( )

. (8.204)

ç‡ ÓÒÌÓ‚‡ÌËË ËÁÎÓÊÂÌÌÓ„Ó ÏÓÊÌÓ Ò˜ËÚ‡Ú¸, ˜ÚÓ ‡Ò˜ÂÚ˚
ÔÓ ‚˚‡ÊÂÌËflÏ (8.194)–(8.196) ˆÂÎÂÒÓÓ·‡ÁÌÓ ÔÓ‚Ó‰ËÚ¸ ÔË
ÔÓÒÚÓflÌÌÓÏ ‰‡‚ÎÂÌËË  = ·ÛÙ.

í‡ÍËÏ Ó·‡ÁÓÏ, ÒËÒÚÂÏ‡ Û‡‚ÌÂÌËÈ (8.194)–(8.196) Ë (8.204)
ÔÓÁ‚ÓÎflÂÚ Ì‡ÈÚË ÁÌ‡˜ÂÌËfl uÚ, Q‡, Ì, Ó·ÂÒÔÂ˜Ë‚‡˛˘ËÂ ‚˚ÌÓÒ
ÍÂÌ‡ ÔË Á‡‰‡ÌÌÓÈ ÏÂı‡ÌË˜ÂÒÍÓÈ ÒÍÓÓÒÚË ÔÓıÓ‰ÍË vÏÂı Ë
‰Û„Ëı ËÒıÓ‰Ì˚ı ‰‡ÌÌ˚ı.

èÓ‚Â‰ÂÏ ‡Ò˜ÂÚ˚ ÔË ç = 300#Ï, γ‡ = 10#ç/Ï3, r1 =     
= 0,02247#Ï, r‡ = 0,95, µ = 100⋅10–6#è‡⋅Ò, γÔ = 2,6⋅104#ç/Ï3,
vÏÂı = 400#Ï/˜, R = 0,085, m = 0,2, ·ÛÙ = 5⋅105#è‡.

èÓ‰ÒÚ‡‚Ë‚ ËÒıÓ‰Ì˚Â ‰‡ÌÌ˚Â ‚ (8.196), ÔÓÎÛ˜ËÏ

    
Qa = + ⋅ ⋅ ×[50 0 0020176 0 0138633 1077837 0857375, , , ,

  
× − + =]

⋅
( , , , ) ,

, ,
3 48981 6 53362 3 05758 0 113681

0 9025 1 069245
 Ï/Ò.

àÏÂfl ‚ ‚Ë‰Û, ˜ÚÓ δ∗ = 1 – r‡ = 0,05, ‚ ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò
ÔËÌflÚ˚ÏË ËÒıÓ‰Ì˚ÏË ‰‡ÌÌ˚ÏË Û‡‚ÌÂÌËÂ (8.195) ÏÓÊÌÓ
ÔÂ‰ÒÚ‡‚ËÚ¸ ‚ ÒÎÂ‰Û˛˘ÂÏ ‚Ë‰Â:

    

0 1521575 1 0 56140314 827137

0 95

1 9
0 9522

7

4
7 12

7, ( , ),

( , )

,
,

− + +

+

+













∗

∗ ∗ ∗

a

a a a
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+ − + − − − ×∗
∗

∗

∗

[ ] − 













 +

1 0 95 1 0 052
4
7

8
7

8
7

0 05
0 95

8
15

9 4570217

0 95

( , ) ( , )( , )
,

,

( , )

a aa

a

×#

    

( , ) ( , ) .,
,

0 05 1 0 95 0
1
7 2

4
7

4
7 5

71 9
0 95

− − + − =∗ ∗
∗ ∗





+



























a a aa (8.205)

Ç ÂÁÛÎ¸Ú‡ÚÂ ‡Ò˜ÂÚÓ‚ ÔÓ Û‡‚ÌÂÌË˛ (8.205) ÏÂÚÓ‰ÓÏ ÔÓ-
ÒÎÂ‰Ó‚‡ÚÂÎ¸Ì˚ı ÔË·ÎËÊÂÌËÈ ·˚ÎÓ ÔÓÎÛ˜ÂÌÓ ‡∗ = 0,0236.

í‡ÍËÏ Ó·‡ÁÓÏ, ÔÓ ÙÓÏÛÎÂ (8.194) ÔË  = ·ÛÙ =       
= 50⋅105#è‡ ÔÓÎÛ˜ËÏ

    
uÚ = − ⋅ ⋅ ×1 512157 0 97234 9 45702 0 17592 0 013818814 64422

0 947897
, , , ( , ,,

,

  × + ⋅ ⋅ =1 013249 0 18483 0 0165346 0 98592 0 734, , , , ) ,  Ï/Ò.

áÌ‡˜ËÚ, ‰‡‚ÎÂÌËÂ Ì‡„ÌÂÚ‡ÌËfl ÔÓ (8.204) ÏÓÊÌÓ Ì‡ÈÚË Ú‡Í:

    
pÌ = ⋅ + = ⋅ + ⋅

+
50 10 50 10 36 673 105 5 515737 2848

0 0020176 0 0022736
,

, ,
, ,

pÌ = 86,673⋅105 è‡.

ÄÌ‡ÎÓ„Ë˜Ì˚Â ‡Ò˜ÂÚ˚ ·˚ÎË ÔÓ‚Â‰ÂÌ˚ ÔË ‡ÁÎË˜Ì˚ı ·ÛÙ

(Ú‡·Î. 8.31) Ë ÔË ‰Û„Ëı ÁÌ‡˜ÂÌËflı r‡.
ê‡Ò˜ÂÚ˚ ÔÓÍ‡Á‡ÎË, ˜ÚÓ ÔÓˆÂÒÒ ·ÛÂÌËfl ÒÍ‚‡ÊËÌ˚ Ò Ó‰ÌÓ-

‚ÂÏÂÌÌ˚Ï ÔÌÂ‚ÏÓÚ‡ÌÒÔÓÚÓÏ ÍÂÌ‡ ‚ÓÁÏÓÊÂÌ ÔË ‰ÓÒÚ‡-
ÚÓ˜ÌÓ Ï‡Î˚ı Á‡ÁÓ‡ı ÏÂÊ‰Û ÍÂÌÓÏ Ë ‚ÌÛÚÂÌÌÂÈ ÔÓÎÓÒÚ¸˛
ˆÂÌÚ‡Î¸ÌÓÈ ÍÓÎÓÌÌ˚. è‡ÍÚË˜ÂÒÍ‡fl Â‡ÎËÁ‡ˆËfl Ú‡ÍÓ„Ó Â-
ÁÛÎ¸Ú‡Ú‡ ‚ÓÁÏÓÊÌ‡, Ó˜Â‚Ë‰ÌÓ, ÔË ËÒÔÓÎ¸ÁÓ‚‡ÌËË ÚÛ·, ÔÓ-
Í˚Ú˚ı ˝Ï‡Î¸˛.

í ‡ · Î Ë ̂  ‡  8.31

·ÛÙ, 105 è‡ ‡∗ Q‡, 10
–3#Ï3/Ò uÚ, Ï/Ò Ì, 10

5 è‡

15 0,02475 0,03367 0,0916 51,922
20 0,02450 0,04523 0,2591 56,866
30 0,02428 0,06867 0,4833 62,067
40 0,02390 0,09189 0,5720 76,585
50 0,02360 0,11368 0,7340 86,673
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ÂÎÏÐÎCÛ ÃÈÄÐÎÄÈÍÀÌÈÊÈ
ÑÚÅÌÍÎÃÎ ÊÅÐÍÎÏÐÈÅÌÍÈÊÀ

àÒÔÓÎ¸ÁÓ‚‡ÌËÂ Ò˙ÂÏÌÓ„Ó ÍÂÌÓÔËÂÏÌËÍ‡ ‚ ÍÓÎÓÌÍÓ‚ÓÏ
(‡Á‚Â‰Ó˜ÌÓÏ) ·ÛÂÌËË ÔÓÁ‚ÓÎËÎÓ ÁÌ‡˜ËÚÂÎ¸ÌÓ ÔÓ‚˚ÒËÚ¸ ˝Ù-
ÙÂÍÚË‚ÌÓÒÚ¸ ÔÓˆÂÒÒ‡, Ú‡Í Í‡Í ËÁ‚ÎÂ˜ÂÌËÂ ÍÂÌÓÔËÂÏÌËÍ‡
ËÁ ÒÍ‚‡ÊËÌ˚ ÌÂ Ò‚flÁ‡ÌÓ ÒÓ ÒÔÛÒÍÓÔÓ‰˙ÂÏÌ˚ÏË ÓÔÂ‡ˆËflÏË
·ÛËÎ¸ÌÓÈ ÍÓÎÓÌÌ˚.

äÂÌÓÔËÂÏÌËÍ ‚ÍÎ˛˜‡ÂÚ ‚ ÒÂ·fl ÏÂı‡ÌËÁÏ ÙËÍÒ‡ˆËË,
ÔÓ‰‚ÂÒÍÛ, ÍÂÌÓÔËÂÏÌÛ˛ ÚÛ·Û Ë ÍÂÌÓ‚‡ÚÂÎ¸. àÁ‚ÎÂ˜ÂÌËÂ
Ò˙ÂÏÌÓ„Ó ÍÂÌÓÔËÂÏÌËÍ‡ ËÁ ÍÓÎÓÌÍÓ‚ÓÈ ÚÛ·˚ ÓÒÛ˘ÂÒÚ‚Îfl-
ÂÚÒfl ÎÓ‚ËÚÂÎÂÏ, ÔËÒÓÂ‰ËÌÂÌÌ˚Ï Í Í‡Ì‡ÚÛ ÎÂ·Â‰ÍË.

èË Â¯ÂÌËË ÚÂıÌË˜ÂÒÍËı Ë ÚÂıÌÓÎÓ„Ë˜ÂÒÍËı Á‡‰‡˜ ‚ÓÁ-
ÌËÍ‡ÂÚ ÌÂÓ·ıÓ‰ËÏÓÒÚ¸ ÓÔÂ‰ÂÎËÚ¸ ÒÍÓÓÒÚ¸ ‰‚ËÊÂÌËfl ÍÂÌÓ-
ÔËÂÏÌËÍ‡ ‚ ÔÓˆÂÒÒÂ Â„Ó ÒÔÛÒÍ‡ (Ô‡‰ÂÌËfl) Ë „Ë‰Ó‰ËÌ‡ÏË˜Â-
ÒÍÓÂ ‰‡‚ÎÂÌËÂ Ì‡ Á‡·ÓÂ, Ó·ÛÒÎÓ‚ÎÂÌÌÓÂ ËÁ‚ÎÂ˜ÂÌËÂÏ ÍÂÌÓ-
ÔËÂÏÌËÍ‡.

9.1. ÎÏÐÅÄÅËÅÍÈÅ ÑÊÎÐÎÑÒÈ ÄÂÈÆÅÍÈß
ÊÅÐÍÎÏÐÈÅÌÍÈÊÀ 
Â ÍÅÏÎÄÂÈÆÍÎÉ ÆÈÄÊÎÑÒÈ
ÏÐÈ ÒÓÐÁÓËÅÍÒÍÎÌ ÐÅÆÈÌÅ ÒÅ×ÅÍÈß

èÛÒÚ¸ ‚ ÍÓÎÓÌÌÂ ·ÛËÎ¸Ì˚ı ÚÛ· ‡‰ËÛÒÓÏ r1 ‰‚ËÊÂÚÒfl ÔÓ‰
‰ÂÈÒÚ‚ËÂÏ ÒÓ·ÒÚ‚ÂÌÌÓ„Ó ‚ÂÒ‡ ÍÂÌÓÔËÂÏÌËÍ Ò Ì‡ÛÊÌ˚Ï
‡‰ËÛÒÓÏ r0, ‚ÂÒÓÏ Ë ‰ÎËÌÓÈ ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ G Ë l. äÓÎÓÌÌ‡
·ÛËÎ¸Ì˚ı ÚÛ· Á‡ÔÓÎÌÂÌ‡ ÊË‰ÍÓÒÚ¸˛, ËÏÂ˛˘ÂÈ ÍËÌÂÏ‡ÚË-
˜ÂÒÍÛ˛ ‚flÁÍÓÒÚ¸ ν Ë Û‰ÂÎ¸Ì˚È ‚ÂÒ γ.

Ñ‚ËÊÂÌËÂ ÍÂÌÓÔËÂÏÌËÍ‡ Ó·ÛÒÎÓ‚ÎË‚‡ÂÚ ÚÂ˜ÂÌËÂ ÊË‰ÍÓ-
ÒÚË ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â ÏÂÊ‰Û ‚ÌÂ¯ÌÂÈ ÔÓ‚ÂıÌÓÒÚ¸˛
ÍÂÌÓÔËÂÏÌËÍ‡ Ë ‚ÌÛÚÂÌÌÂÈ ÔÓÎÓÒÚ¸˛ ÍÓÎÓÌÌ˚ ÚÛ·. Ç
Á‡‚ËÒËÏÓÒÚË ÓÚ „‡·‡ËÚÓ‚ ÍÓÎÓÌÌ˚ ÚÛ· Ë ÍÂÌÓÔËÂÏÌËÍ‡,
‡ Ú‡ÍÊÂ ÙËÁË˜ÂÒÍËı Ò‚ÓÈÒÚ‚ ÊË‰ÍÓÒÚË ÚÂ˜ÂÌËÂ ‚ ÍÓÎ¸ˆÂ‚ÓÏ
ÔÓÒÚ‡ÌÒÚ‚Â ‚ÓÁÏÓÊÌÓ ÔË ÚÛ·ÛÎÂÌÚÌÓÏ ËÎË Î‡ÏËÌ‡ÌÓÏ
ÂÊËÏ‡ı. á‡‰‡˜‡ Â¯‡ÂÚÒfl ÏÂÚÓ‰ÓÏ “Ò¯Ë‚‡ÌËfl”.

ñËÎËÌ‰Ë˜ÂÒÍÓÈ ÔÓ‚ÂıÌÓÒÚ¸˛, Ì‡ıÓ‰fl˘ÂÈÒfl Ì‡ ‡ÒÒÚÓfl-

9
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ÌËË ‡ ÓÚ ÔÓ‚ÂıÌÓÒÚË ÍÂÌÓÔËÂÏÌËÍ‡, ‚ÒÂ ÍÓÎ¸ˆÂ‚ÓÂ ÔÓ-
ÒÚ‡ÌÒÚ‚Ó ‰ÂÎËÚÒfl Ì‡ ‰‚Â Ó·Î‡ÒÚË.

ëÍÓÓÒÚ¸ ‚ Î˛·ÓÈ ÚÓ˜ÍÂ ˝ÚËı Ó·Î‡ÒÚÂÈ Ò ÔÓÏÓ˘¸˛ Á‡ÍÓÌ‡
ÍÓÌfl ÒÂ‰¸ÏÓÈ ÒÚÂÔÂÌË ÓÔÂ‰ÂÎflÂÚÒfl ÒÎÂ‰Û˛˘ËÏ Ó·‡ÁÓÏ:

‚ ÔÂ‚ÓÈ Ó·Î‡ÒÚË, Ú.Â. Ó·Î‡ÒÚË, ÔËÏ˚Í‡˛˘ÂÈ Í ÔÓ‚Âı-
ÌÓÒÚË ÍÂÌÓÔËÂÏÌËÍ‡,

    
u ug y

I Ú= −


















8 74 1

4
7 1

1
7

, τ

γ ν
; (9.1)

‚Ó ‚ÚÓÓÈ Ó·Î‡ÒÚË, Ú.Â. Ó·Î‡ÒÚË, ÔËÏ˚Í‡˛˘ÂÈ Í ÔÓ‚Âı-
ÌÓÒÚË ÍÓÎÓÌÌ˚ ·ÛËÎ¸Ì˚ı ÚÛ·,

    
u g y

II =


















8 74 2

4
7 2

1
7

, τ

γ ν
. (9.2)

á‰ÂÒ¸ τ1 Ë τ2 – Í‡Ò‡ÚÂÎ¸ÌÓÂ Ì‡ÔflÊÂÌËÂ Ì‡ ÔÓ‚ÂıÌÓÒÚflı
ÍÂÌÓÔËÂÏÌËÍ‡ Ë ÍÓÎÓÌÌ˚ ·ÛËÎ¸Ì˚ı ÚÛ· ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ;
y1 – ‡ÒÒÚÓflÌËÂ ÓÚ ÔÓ‚ÂıÌÓÒÚË ÍÂÌÓÔËÂÏÌËÍ‡ ‰Ó ‡ÒÒÏ‡-
ÚË‚‡ÂÏÓÈ ÚÓ˜ÍË, 0 ≤ y1 ≤ ‡; y2 – ‡ÒÒÚÓflÌËÂ ÓÚ ÔÓ‚ÂıÌÓÒÚË
ÍÓÎÓÌÌ˚ ·ÛËÎ¸Ì˚ı ÚÛ· ‰Ó ‡ÒÒÏ‡ÚË‚‡ÂÏÓÈ ÚÓ˜ÍË, 0 ≤ y2 ≤
≤ δ – ‡; δ = r1 – r0; uÚ – ÒÍÓÓÒÚ¸ ‰‚ËÊÂÌËfl ÍÂÌÓÔËÂÏ-
ÌËÍ‡.

ç‡ ˆËÎËÌ‰Ë˜ÂÒÍÓÈ ÔÓ‚ÂıÌÓÒÚË, ‡ÒÔÓÎÓÊÂÌÌÓÈ Ì‡ ‡Ò-
ÒÚÓflÌËË ‡ ÓÚ ÍÂÌÓÔËÂÏÌËÍ‡, Í‡Ò‡ÚÂÎ¸ÌÓÂ Ì‡ÔflÊÂÌËÂ ‡‚-
ÌÓ ÌÛÎ˛, Ë ÔÓ˝ÚÓÏÛ ÛÍ‡Á‡ÌÌ‡fl ÔÓ‚ÂıÌÓÒÚ¸ Ì‡Á˚‚‡ÂÚÒfl ÌÂÈÚ-
‡Î¸ÌÓÈ.

ÑÎfl ÔÎ‡‚ÌÓ„Ó ÒÏ˚Í‡ÌËfl ÔÓÙËÎÂÈ ‚ ÔÂ‚ÓÈ Ë ‚ÚÓÓÈ Ó·-
Î‡ÒÚflı ÒÍÓÓÒÚË uI Ë uII Ì‡ ÌÂÈÚ‡Î¸ÌÓÈ ÔÓ‚ÂıÌÓÒÚË ‰ÓÎÊÌ˚
·˚Ú¸ ‡‚Ì˚ ÏÂÊ‰Û ÒÓ·ÓÈ, Ú.Â.

ÔË y1 = ‡ Ë y2 = δ – ‡

uI = uII. (9.3)

íÓ„‰‡ ÔÓ (9.1)–(9.3) ÔÓÎÛ˜ËÏ

    
8 74 8 741
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1
7 2

4
7

1
7

, ,τ

γ ν

τ

γ

δ

ν

g a g au






























−







− =Ú . (9.4)

ëÓÒÚ‡‚ËÏ Û‡‚ÌÂÌËÂ ‡‚ÌÓ‚ÂÒËfl ˆËÎËÌ‰‡:

    2 00 1 0
2π τ πr l G r p− + =∆ , (9.5)

„‰Â G – ‚ÂÒ ˆËÎËÌ‰‡ ‚ ÔÛÒÚÓÚÂ; ∆ – ‡ÁÌÓÒÚ¸ ‰‡‚ÎÂÌËÈ ÔÓ
ÍÓÌˆ‡Ï ÍÂÌÓÔËÂÏÌËÍ‡ (ˆËÎËÌ‰‡).

Ñ‚ÛÏfl ÒÂ˜ÂÌËflÏË I–I Ë II–II Ó„‡ÌË˜ËÏ ÓÚÒÂÍ ÊË‰ÍÓÒÚË,
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Ì‡ıÓ‰fl˘ÂÈÒfl ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â. ÇÌÛÚË ÛÍ‡Á‡ÌÌÓ„Ó
ÓÚÒÂÍ‡ ÔÓ‚Â‰ÂÏ ˆËÎËÌ‰Ë˜ÂÒÍËÂ ÔÓ‚ÂıÌÓÒÚË ÔÓ ‚ÌÛÚÂÌÌÂÈ
ÔÓÎÓÒÚË ÍÓÎÓÌÌ˚ ·ÛËÎ¸Ì˚ı ÚÛ·, ‡ Ú‡ÍÊÂ ÔÓ ÌÂÈÚ‡Î¸ÌÓÈ
ÔÓ‚ÂıÌÓÒÚË Ë ÒÓÒÚ‡‚ËÏ ÒÎÂ‰Û˛˘ÂÂ Û‡‚ÌÂÌËÂ ‰ËÌ‡ÏË˜ÂÒÍÓ„Ó
‡‚ÌÓ‚ÂÒËfl:

    
2 00 2 0

2
0

2π δ τ π δ γ( ) ( ) ( ) ( ) .r l r r a p l+ − + − + − =[ ] ∆ (9.6)

ëÓÒÚ‡‚ËÏ Ú‡ÍÊÂ Û‡‚ÌÂÌËÂ ‰ËÌ‡ÏË˜ÂÒÍÓ„Ó ‡‚ÌÓ‚ÂÒËfl ‚ÒÂÈ
ÊË‰ÍÓÒÚË, Ì‡ıÓ‰fl˘ÂÈÒfl ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â:

    
2 2 00 2 0 1 0

2
0
2π δ π τ π δ γτ( ) ) ( ) .(r l r r p ll r+ + − + − − =[ ] ∆ (9.7)

ê‡ÒıÓ‰ ÊË‰ÍÓÒÚË ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â

    

q u r y dy r y u dy
a a

= + + + −∫ ∫
−

2 20 1 1 0 2

0

2π π δ
δ

I

0

II( ) ( .) (9.8)

èÓ ÒÓÓÚÌÓ¯ÂÌËflÏ (9.1), (9.2) Ë (9.8) ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸:

    

q r a a r ag= + + + − −
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ν
γ

τ τ δ δ

    

− − − +













7
15

15
7

02( ) ( ).δ πa u a r aÚ (9.9)

èÓ ÒÓÓÚÌÓ¯ÂÌË˛ (9.6) ÔÓÎÛ˜ËÏ ÒÎÂ‰Û˛˘ÂÂ ‚˚‡ÊÂÌËÂ ‰Îfl
ÓÔÂ‰ÂÎÂÌËfl Í‡Ò‡ÚÂÎ¸ÌÓ„Ó Ì‡ÔflÊÂÌËfl Ì‡ ÔÓ‚ÂıÌÓÒÚË ÍÓ-
ÎÓÌÌ˚ ·ÛËÎ¸Ì˚ı ÚÛ·:

    
τ

δ γ

δ2
0

2
0

2

02
=

+ − +[ ] −

+

( ) ( ) ( )

( )

r r a p l

r l

∆
. (9.10)

èÓ‰ÒÚ‡‚Ë‚ (9.10) ‚ (9.7), ÔÓÎÛ˜ËÏ ÙÓÏÛÎÛ ‰Îfl ÓÔÂ‰ÂÎÂÌËfl
Í‡Ò‡ÚÂÎ¸ÌÓ„Ó Ì‡ÔflÊÂÌËfl Ì‡ ÔÓ‚ÂıÌÓÒÚË ÍÂÌÓÔËÂÏÌËÍ‡

    
τ γ1

0
2

0
2

02
= −+ −( ) ( )r a r

r l
p l∆ . (9.11)

èÓ ‚˚‡ÊÂÌËflÏ (9.11) Ë (9.5) ÔÂÂÔ‡‰ ‰‡‚ÎÂÌËfl ÔÓ ÍÓÌˆ‡Ï
ÍÂÌÓÔËÂÏÌËÍ‡ ÏÓÊÌÓ Ì‡ÈÚË Ú‡Í:

    

∆p
G r a r l

r a
=

+ + −





+

π γ

π

( )

( )

0
2

0
2

0
2

. (9.12)

áÌ‡˜ËÚ, ÔÓ (9.10)–(9.12)
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τ π γ

π
1

0
2

0
2

0

0
2

0
22

= + − −

+

( )

( )

r a r

r l

G r l

r a
; (9.13)

    

τ δ

δ

π γ

π
2

0
2

0
2

0

0
2

0
22

= + − +

+

−

+

( ) ( )

( ) ( )

r r a

r l

G r l

r a
. (9.14)

èÓ ÒÓÓÚÌÓ¯ÂÌËflÏ (9.4), (9.13) Ë (9.14) ÒÓÒÚ‡‚ËÏ ÒÎÂ‰Û˛˘ÂÂ
‚˚‡ÊÂÌËÂ ‰Îfl ÓÔÂ‰ÂÎÂÌËfl ÒÍÓÓÒÚË ‰‚ËÊÂÌËfl ÍÂÌÓÔËÂÏ-
ÌËÍ‡:

    

u ag G r l

r a l

r a r

r

r r a

rÚ = − ×
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× −






( )δ a

1
7 . (9.15)

Ç ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò (9.9), (9.13) Ë (9.14) Á‡ÔË¯ÂÏ ‚˚‡ÊÂÌËÂ
‰Îfl ÓÔÂ‰ÂÎÂÌËfl ‡ÒıÓ‰‡ ÊË‰ÍÓÒÚË:
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δ δ δ

    − +πu a r aÚ ( ).2 0 (9.16)

ê‡ÒıÓ‰ ÊË‰ÍÓÒÚË ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â ÒÓ„Î‡ÒÌÓ
Û‡‚ÌÂÌË˛ Ï‡ÚÂË‡Î¸ÌÓ„Ó ·‡Î‡ÌÒ‡ ÏÓÊÌÓ ‚˚‡ÁËÚ¸ Ú‡Í:

    q r u= π 0
2

Ú . (9.17)

àÒıÓ‰fl ËÁ ‡‚ÂÌÒÚ‚‡ ‡ÒıÓ‰Ó‚, ÓÔÂ‰ÂÎÂÌÌ˚ı ÔÓ ‚˚‡ÊÂ-
ÌËflÏ (9.17) Ë (9.16), ÏÓÊÌÓ ÒÓÒÚ‡‚ËÚ¸ ÒÎÂ‰Û˛˘ÂÂ ÒÓÓÚÌÓ¯ÂÌËÂ
‰Îfl ‡Ò˜ÂÚ‡ ÒÍÓÓÒÚË ‰‚ËÊÂÌËfl ÍÂÌÓÔËÂÏÌËÍ‡:
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àÁ ‡‚ÂÌÒÚ‚‡ Ô‡‚˚ı ˜‡ÒÚÂÈ ÒÓÓÚÌÓ¯ÂÌËÈ (9.18) Ë (9.15)
ÒÎÂ‰ÛÂÚ:
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1
7r aa (9.19)

áÌ‡˜ËÚ, ÔË Á‡‰‡ÌÌÓÏ r‡ ÔÓ Ú‡ÌÒˆÂÌ‰ÂÌÚÌÓÏÛ Û‡‚ÌÂÌË˛
(9.19) ÏÓÊÌÓ Ì‡ÈÚË ÁÌ‡˜ÂÌËÂ ‡∗, ÔÓ‰ÒÚ‡‚Ë‚ ÍÓÚÓÓÂ ‚ (9.18),
ÓÔÂ‰ÂÎfl˛Ú uÚ.

çËÊÂ ÔË‚Â‰ÂÌ˚ ÁÌ‡˜ÂÌËfl ‡∗, ‡ÒÒ˜ËÚ‡ÌÌ˚Â ÔÓ Û‡‚ÌÂÌË˛
(9.19) ÔË ‡ÁÎË˜Ì˚ı r‡.

ÄÔÔÓÍÒËÏËÛfl ˝ÚË ‰‡ÌÌ˚Â Û‡‚ÌÂÌËÂÏ ÔflÏÓÈ ‚ ÓÚÂÁ-
Í‡ı, ÔÓÎÛ˜ËÏ
‡∗ = 0,658 – 0,67r‡. (9.20)

Ç˚‡ÊÂÌËÂ (9.15) ÔÂ‰ÒÚ‡‚ËÏ ‚ ‚Ë‰Â
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„‰Â

    

f r a r a r a

r a

r a r

r
( ) ( ) ( )

( )

( )
a

a

a a
2

a
a a= − − + − −

+





+ −



































∗

∗ ∗ ∗ ∗1

2 2
4
7

2
4
7 1

7 2
4
7

1
71 1 .

(9.22)

çËÊÂ ÔË‚Â‰ÂÌ˚ ÁÌ‡˜ÂÌËfl f(r‡), Ì‡È‰ÂÌÌ˚Â ÔÓ ‚˚‡ÊÂÌË˛
(9.22) Ë ÙÓÏÛÎÂ (9.20).

r‡ ......................... 0,80 0,82 0,84 0,86 0,88 0,90
‡∗......................... 0,122 0,108 0,094 0,082 0,068 0,050

r‡ ......................... 0,80 0,82 0,84 0,86 0,88 0,90
f(r‡) ..................... 0,08124 0,06756 0,05384 0,0464 0,03250 0,02152
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Ç ÂÁÛÎ¸Ú‡ÚÂ ‡ÔÔÓÍÒËÏ‡ˆËË ÔÓÎÛ˜ÂÌÓ

f(r‡) = 0,56316 – 0,6024r‡. (9.23)

èÓ (9.23) Ë (9.21)

    

u r
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g G r l
lÚ a= −
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π γ
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(9.24)

ç‡È‰ÂÏ uÚ ÔÓ ÙÓÏÛÎÂ (9.24) ‰Îfl ÍÂÌÓÔËÂÏÌËÍ‡ äëëä-
95 ÔË Ì‡ÛÊÌÓÏ Ë ‚ÌÛÚÂÌÌÂÏ ‰Ë‡ÏÂÚÂ ÍÓÎÓÌÌ˚ ·ÛËÎ¸-
Ì˚ı ÚÛ· ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ 0,080 Ë 0,067#Ï (r1 = 0,0335#Ï), Ì‡-
ÛÊÌÓÏ ‰Ë‡ÏÂÚÂ ÍÂÌÓÔËÂÏÌËÍ‡ 0,060#Ï (r0 = 0,030#Ï), ‚ÂÒÂ
Ë ‰ÎËÌÂ ÍÂÌÓÔËÂÏÌËÍ‡ G = 68,4#Í„ = 671#ç, l = 13,71#Ï.

èË ÛÍ‡Á‡ÌÌ˚ı ËÒıÓ‰Ì˚ı ‰‡ÌÌ˚ı Ë γ  = 104#ç/Ï3 ÔÓ
ÙÓÏÛÎÂ (9.24) ÔÓÎÛ˜ËÏ

uÚ = 0,358#Ï/Ò.

èÓ ÙÓÏÛÎÂ (9.24) ·˚ÎË ‚˚˜ËÒÎÂÌ˚ ÁÌ‡˜ÂÌËfl uÚ ÔË ‰‚Ë-
ÊÂÌËË ÍÂÌÓÔËÂÏÌËÍ‡ ‚ „ÎËÌËÒÚÓÏ ‡ÒÚ‚ÓÂ Ò γ  =         
= 1,2⋅104#ç/Ï3. ê‡Ò˜ÂÚ˚ ÔÓ‚Ó‰ËÎËÒ¸ ÔË ‡ÁÎË˜Ì˚ı ν (Ú‡·Î.
9.1).

èË ÔÓ˜Ëı ‡‚Ì˚ı ÛÒÎÓ‚Ëflı ‰ÓÔÛÒÚËÏ, ˜ÚÓ ‚ÌÛÚÂÌÌËÈ
‰Ë‡ÏÂÚ ÍÓÎÓÌÌ˚ ·ÛËÎ¸Ì˚ı ÚÛ· ÒÓÒÚ‡‚ÎflÂÚ 0,070#Ï (r1 =   
= 0,035#Ï).

áÌ‡˜ËÚ, 
    
ra =

0 030
0 035
,
,

 = 0,857143 Ë f(r‡) = 0,046817.

íÓ„‰‡ ÔÓ ÙÓÏÛÎÂ (9.24)

    

uÚ =
⋅ −









8 74 3 686956

0 2377

671 0 038764
43 0712351

7
4
7

4
7
0 046817057, ,

,

,
,

,

ν γ

ËÎË

    

uÚ = −( )0 7391507
1
7

4
7

4
7671 0 038764, ,

ν γ

γ . (9.25)

ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ÔË ËÒÔÓÎ¸ÁÓ‚‡ÌËË ‚ Í‡˜ÂÒÚ‚Â ÔÓÏ˚‚Ó˜-
ÌÓÈ ÊË‰ÍÓÒÚË ‚Ó‰˚ ‚ ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò (9.25) ËÏÂÂÏ

uÚ = 0,694#Ï/Ò.

íÂÔÂ¸ ÔÓ (9.24) Ì‡È‰ÂÏ uÚ ÔË ‰‚ËÊÂÌËË ÍÂÌÓÔËÂÏÌËÍ‡
‚ „ÎËÌËÒÚÓÏ ‡ÒÚ‚ÓÂ ‚ ÒÎÛ˜‡Â γ = 1,2⋅10

4#ç/Ï3 Ë ‡ÁÎË˜Ì˚ı ν.
êÂÁÛÎ¸Ú‡Ú˚ ‡Ò˜ÂÚÓ‚ ÔË‚Â‰ÂÌ˚ ‚ Ú‡·Î. 9.2.



1 7 6

í ‡ · Î Ë ̂  ‡  9.1 í ‡ · Î Ë ̂  ‡  9.2

ν, 10–6

Ï2/Ò uÚ, Ï/Ò ν, 10–6

Ï2/Ò uÚ, Ï/Ò ν, 10–6

Ï2/Ò uÚ, Ï/Ò ν, 10–6

Ï2/Ò uÚ, Ï/Ò

5 0,2135 25 0,1697 5 0,4141 20 0,3397
10 0,1934 20 0,1752 10 0,3750 25 0,3290
15 0,1825 30 0,1653 15 0,3539 30 0,3206

àÁ Ú‡·Î. 9.2 ÒÎÂ‰ÛÂÚ, ˜ÚÓ ÒÍÓÓÒÚ¸ ‰‚ËÊÂÌËfl ÍÂÌÓÔËÂÏ-
ÌËÍ‡ ÔË ÓÚÌÓÒËÚÂÎ¸ÌÓ ·ÓÎ¸¯ÓÏ Á‡ÁÓÂ ÒÛ˘ÂÒÚ‚ÂÌÌÓ ‚ÓÁ‡Ò-
Ú‡ÂÚ, ÓÒÚ‡‚‡flÒ¸ ÔË ˝ÚÓÏ ÌÂ‰ÓÒÚ‡ÚÓ˜ÌÓ ‚˚ÒÓÍÓÈ.

ê‡ÌÂÂ ·˚ÎÓ ÔÓÍ‡Á‡ÌÓ, ˜ÚÓ ÔË ËÒÔÓÎ¸ÁÓ‚‡ÌËË ÚÛ·, ÔÓ-
Í˚Ú˚ı ˝Ï‡Î¸˛, ÔÓËÒıÓ‰ËÚ Û‚ÂÎË˜ÂÌËÂ ÔÓÔÛÒÍÌÓÈ ÒÔÓÒÓ·-
ÌÓÒÚË Á‡ Ò˜ÂÚ ÒÍÓÎ¸ÊÂÌËfl ÊË‰ÍÓÒÚË ÔÓ ÒÚÂÌÍÂ, Ú.Â. ÒÍÓÓÒÚ¸
Ì‡ ÒÚÂÌÍÂ ÌÂ ‡‚Ì‡ ÌÛÎ˛, ‡ ÒÓÒÚ‡‚ÎflÂÚ ÌÂÍÓÚÓÛ˛ ‚ÂÎË˜ËÌÛ u0

[14]. ùÍÒÔÂËÏÂÌÚ‡Î¸Ì˚ÏË ËÒÒÎÂ‰Ó‚‡ÌËflÏË ÛÒÚ‡ÌÓ‚ÎÂÌÓ, ˜ÚÓ
ÔË ÚÂ˜ÂÌËË ‚Ó‰˚ ‚ ÚÛ·Â

u0 = 0,21v, (9.26)

„‰Â v – ÒÂ‰Ìflfl ÒÍÓÓÒÚ¸ ‰‚ËÊÂÌËfl ÊË‰ÍÓÒÚË.
èË ÚÂ˜ÂÌËË ÊË‰ÍÓÒÚË ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â ÔÓ ‡Ì‡-

ÎÓ„ËË Ò (9.26) Ò˜ËÚ‡ÂÏ, ˜ÚÓ ÒÍÓÓÒÚ¸ ‰‚ËÊÂÌËfl ÊË‰ÍÓÒÚË Ì‡
ÔÓ‚ÂıÌÓÒÚË ÍÂÌÓÔËÂÏÌËÍ‡

u0 = AvÍ.Ô, (9.27)

„‰Â vÍ.Ô – ÒÂ‰Ìflfl ÒÍÓÓÒÚ¸ ‰‚ËÊÂÌËfl ÊË‰ÍÓÒÚË ‚ ÍÓÎ¸ˆÂ‚ÓÏ
ÔÓÒÚ‡ÌÒÚ‚Â; Ä – ÍÓ˝ÙÙËˆËÂÌÚ, ÓÔÂ‰ÂÎflÂÏ˚È ËÁ ˝ÍÒÔÂË-
ÏÂÌÚ‡Î¸Ì˚ı ËÒÒÎÂ‰Ó‚‡ÌËÈ.

ëÍÓÓÒÚ¸ ÊË‰ÍÓÒÚË ‚ Î˛·ÓÈ ÚÓ˜ÍÂ ÔÂ‚ÓÈ Ë ‚ÚÓÓÈ Ó·Î‡-
ÒÚË ÍÓÎ¸ˆÂ‚Ó„Ó ÔÓÒÚ‡ÌÒÚ‚‡ ÓÔÂ‰ÂÎflÂÚÒfl ÔÓ ÒÎÂ‰Û˛˘ËÏ
ÙÓÏÛÎ‡Ï:

    
u u ug y

I Ú= − +


















8 74 1

4
7 1

1
7

0, ;τ

γ ν
(9.28)

    
u g y

II =


















8 74 2

4
7 2

1
7

, .τ

γ ν
(9.29)

ëÓ„Î‡ÒÌÓ (9.28), (9.29) Ë ÛÒÎÓ‚Ë˛ (9.3)

    
8 74 8 741

4
7

1
7

0
2

4
7 1 0

1
7

, , .τ

γ ν

τ

γ ν

g a g r r au u






























− −







− + =Ú (9.30)

èÓ ‡Ì‡ÎÓ„ËË Ò (9.16) ÔÓÎÛ˜ËÏ
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δ δ δ

    − + −πa r a u u( )( ).2 0 0Ú (9.31)

Ç ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò (9.27) Ë (9.17) ‚˚‡ÊÂÌËÂ (9.31) ÏÓÊÌÓ
ÔÂÂÔËÒ‡Ú¸ ‚ ÒÎÂ‰Û˛˘ÂÏ ‚Ë‰Â:

    

q r a ag G r l

l r a

r a r

r
= + +











−

+















+ −




































17 48

2

7
8

7
151

7

4
7 0

2

0
2

4
7

0
2

0
2

0

4
7

0

8
7

15
7,

( )

( )π

ν
γ

π γ

π

    

+ + − − − −+ − +

+








































( ) ( ) ( )( ) ( )r r a

r
r a a0

2
0

2

0

4
7

0

8
7

15
77

8
7
15

δ

δ
δ δ δ

    

− + −
−









πu a r a A r

r r
Ú ( ) .2 10

0
2

1
2

0
2

(9.32)

àÁ ‡‚ÂÌÒÚ‚‡ ‡ÒıÓ‰Ó‚, ÓÔÂ‰ÂÎÂÌÌ˚ı ÔÓ ÙÓÏÛÎ‡Ï (9.17)
Ë (9.32), ÒÎÂ‰ÛÂÚ
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èÓ ÒÓÓÚÌÓ¯ÂÌËflÏ (9.30), (9.13) Ë (9.14) ÒÍÓÓÒÚ¸ ‰‚ËÊÂÌËfl
ÍÂÌÓÔËÂÏÌËÍ‡ ÒÓÒÚ‡‚ÎflÂÚ
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ëÓ„Î‡ÒÌÓ (9.17) Ë (9.27)
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. (9.35)

áÌ‡˜ËÚ, ‚ ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò (9.35) Ë (9.34)
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í‡Í Í‡Í ÁÌ‡˜ÂÌËfl uÚ, ‡ÒÒ˜ËÚ‡ÌÌ˚Â ÔÓ (9.33) Ë (9.36), ‡‚Ì˚
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Ç˚‡ÊÂÌËÂ (9.36) ÔÂÂÔË¯ÂÏ ‚ ‚Ë‰Â
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í‡ÍËÏ Ó·‡ÁÓÏ, ÔË Á‡‰‡ÌÌ˚ı Ä Ë r‡ ÔÓ Û‡‚ÌÂÌË˛ (9.37)
Ì‡ıÓ‰ËÏ ‡∗, ˜ÚÓ ÔÓÁ‚ÓÎflÂÚ ÔË ËÁ‚ÂÒÚÌ˚ı G, r1, γ , ν Ë l ÒÓ-
„Î‡ÒÌÓ (9.38) ÛÒÚ‡ÌÓ‚ËÚ¸ uÚ.

èÓ‚Â‰ÂÏ ‡Ò˜ÂÚ˚ ÔË r1 = 0,0335#Ï, r0 = 0,030#Ï (r‡ =   
= 0,895524 Ï), Ä = 0,15, G = 671#ç, γ  = 104#ç/Ï3, l =
13,71#Ï, ν = 10–6#Ï2/Ò.

ÑÎfl ÔËÌflÚ˚ı ËÒıÓ‰Ì˚ı ‰‡ÌÌ˚ı Û‡‚ÌÂÌËÂ (9.37) ÔÂÂÔË-
¯ÂÏ Ú‡Í:
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Ç ÂÁÛÎ¸Ú‡ÚÂ ‡Ò˜ÂÚÓ‚ ÔÓ Ú‡ÌÒˆÂÌ‰ÂÌÚÌÓÏÛ Û‡‚ÌÂÌË˛
(9.39) ÔÓÎÛ˜ÂÌÓ ÁÌ‡˜ÂÌËÂ ‡∗ = 0,054. íÓ„‰‡ ÔÓ (9.38) ËÏÂÂÏ    
uÚ = 0,3960#Ï/Ò.

ùÚË ‡Ò˜ÂÚ˚ ÔÓ‚Ó‰ËÎËÒ¸ ÔË Ä = 0,15. ÖÒÎË ÔÓ‚ÂÒÚË
‡Ì‡ÎÓ„Ë˜Ì˚Â ‚˚˜ËÒÎÂÌËfl ÔË ÔÓ˜Ëı ‡‚Ì˚ı ÛÒÎÓ‚Ëflı Ë Ä =
= 0,20, Ú.Â. Ô‡ÍÚË˜ÂÒÍË ÔË Ú‡ÍÓÏ ÊÂ ÁÌ‡˜ÂÌËË, ÍÓÚÓÓÂ
·˚ÎÓ ÓÔÂ‰ÂÎÂÌÓ ‚ ÂÁÛÎ¸Ú‡ÚÂ ˝ÍÒÔÂËÏÂÌÚ‡Î¸Ì˚ı ËÒÒÎÂ‰Ó‚‡-
ÌËÈ ‚ ÒÎÛ˜‡Â ‰‚ËÊÂÌËfl ‚Ó‰˚ ‚ ÚÛ·Â, ÚÓ ÔÓÎÛ˜ËÏ ‡∗ = 0,0525
Ë uÚ = 0,5602#Ï/Ò.

éÚÒ˛‰‡ ‚Ë‰ÌÓ, ˜ÚÓ ÔË ËÒÔÓÎ¸ÁÓ‚‡ÌËË ÍÂÌÓÔËÂÏÌËÍ‡,
ÔÓÍ˚ÚÓ„Ó ˝Ï‡Î¸˛, ÁÌ‡˜ÂÌËÂ uÚ Á‡ÏÂÚÌÓ ·ÓÎ¸¯Â, ˜ÂÏ ‚ ÒÎÛ˜‡Â
ÍÂÌÓÔËÂÏÌËÍ‡ ·ÂÁ ÔÓÍ˚ÚËfl. äÓÏÂ ÚÓ„Ó, Ì‡ ‚ÂÎË˜ËÌÛ uÚ

ÓÍ‡Á˚‚‡ÂÚ ÒËÎ¸ÌÓÂ ‚ÎËflÌËÂ ÔËÌflÚÓÂ ÁÌ‡˜ÂÌËÂ Ä.
àÁ  ÔË‚Â‰ÂÌÌÓ„Ó  ‚˚¯Â  Ú‡ÍÊÂ  ÒÎÂ‰ÛÂÚ,  ˜ÚÓ ‚ fl‰Â ÒÎÛ-

˜‡Â‚  ‰Îfl  Û‚ÂÎË˜ÂÌËfl# uÚ ˆÂÎÂÒÓÓ·‡ÁÌÓ ÔÓˆÂÒÒ ‰‚ËÊÂÌËfl
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ÍÂÌÓÔËÂÏÌËÍ‡  ÒÓÔÓ‚ÓÊ‰‡Ú¸  Á‡Í‡˜ÍÓÈ ‚Ó ‚ÌÛÚÂÌÌ˛˛
ÔÓÎÓÒÚ¸  ÍÓÎÓÌÌ˚ ÚÛ· ÊË‰ÍÓÒÚË ÔË  ‡ÒıÓ‰Â  Q.  ÇÓÁÌËÍ‡-
ÂÚ #Á‡‰‡˜‡# Ó Ò‚flÁË uÚ = f(Q), Â¯ÂÌËÂ ÍÓÚÓÓÈ ÔË‚Â‰ÂÌÓ
ÌËÊÂ.

9.2. ÄÂÈÆÅÍÈÅ ÊÅÐÍÎÏÐÈÅÌÍÈÊÀ
ÏÐÈ ÎÄÍÎÂÐÅÌÅÍÍÎÉ ÇÀÊÀ×ÊÅ
ÏÐÎÌÛÂÎ×ÍÎÉ ÆÈÄÊÎÑÒÈ
ÂÎ ÂÍÓÒÐÅÍÍÞÞ ÏÎËÎÑÒÜ ÊÎËÎÍÍÛ
ÁÓÐÈËÜÍÛÕ ÒÐÓÁ ÏÐÈ ÒÓÐÁÓËÅÍÒÍÎÌ
ÐÅÆÈÌÅ Â ÊÎËÜÖÅÂÎÌ ÏÐÎÑÒÐÀÍÑÒÂÅ

êÂ¯ËÏ Á‡‰‡˜Û ÓÚÌÓÒËÚÂÎ¸ÌÓ ÔÓ‰‚ËÊÌ˚ı ÍÓÓ‰ËÌ‡Ú.
ëÍÓÓÒÚ¸ ÊË‰ÍÓÒÚË ‚ Î˛·ÓÈ ÚÓ˜ÍÂ ÔÂ‚ÓÈ Ë ‚ÚÓÓÈ Ó·Î‡-
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í‡Í Í‡Í ÒÓ·Î˛‰‡ÂÚÒfl ÛÒÎÓ‚ËÂ (9.3), ÚÓ ÔÓ ‡Ì‡ÎÓ„ËË Ò (9.4)
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ëÓı‡Ìfl˛ÚÒfl Ú‡ÍÊÂ Û‡‚ÌÂÌËfl (9.5)–(9.7).
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(9.40), (9.41) Ë (9.8) ÒÓÒÚ‡‚ËÚ
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èÓ ÒÓÓÚÌÓ¯ÂÌËflÏ (9.42), (9.13) Ë (9.14) ÔÓÎÛ˜ËÏ ÒÎÂ‰Û˛˘ÂÂ
‚˚‡ÊÂÌËÂ ‰Îfl ÓÔÂ‰ÂÎÂÌËfl ÒÍÓÓÒÚË ‰‚ËÊÂÌËfl ÍÂÌÓÔËÂÏ-
ÌËÍ‡:
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Ç ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò (9.43), (9.13) Ë (9.14) ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸:
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ëÓ„Î‡ÒÌÓ Û‡‚ÌÂÌË˛ Ï‡ÚÂË‡Î¸ÌÓ„Ó ·‡Î‡ÌÒ‡ ÔÓÎÛ˜ËÏ:

    πr u Q q1
2

Ú = +

ËÎË

    q r u Q= −π 1
2

Ú . (9.46)

àÁ ‡‚ÂÌÒÚ‚‡ ‡ÒıÓ‰Ó‚ ÔÓ ‚˚‡ÊÂÌËflÏ (9.46) Ë (9.45) ÒÎÂ‰Û-
ÂÚ:
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ëÓÓÚÌÓ¯ÂÌËÂ (9.44) ÔÂ‰ÒÚ‡‚ËÏ ‚ ‚Ë‰Â
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í‡Í Í‡Í Ô‡‚˚Â ˜‡ÒÚË ‚˚‡ÊÂÌËÈ (9.47) Ë (9.48) ‡‚Ì˚
ÏÂÊ‰Û ÒÓ·ÓÈ,  ÚÓ
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u u

g r

Ú
Ú

8,74

∗ = ν
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.

í‡ÍËÏ Ó·‡ÁÓÏ, ‰Îfl ÚÓ„Ó ˜ÚÓ·˚ ÓÔÂ‰ÂÎËÚ¸ uÚ ÌÂÓ·ıÓ‰ËÏÓ
ÒÌ‡˜‡Î‡ ÔË Á‡‰‡ÌÌ˚ı r1, Q, ν Ë ra Ì‡ÈÚË ÔÓ Û‡‚ÌÂÌË˛ (9.49)
a∗, ˜ÚÓ ÔÓÁ‚ÓÎËÚ ÔÓ ÙÓÏÛÎÂ (9.50) ÛÒÚ‡ÌÓ‚ËÚ¸ ÒÍÓÓÒÚ¸ ‰‚Ë-
ÊÂÌËfl ÍÂÌÓÔËÏÂÌËÍ‡ uÚ.

ç‡È‰ÂÏ uÚ ÔË ÒÎÂ‰Û˛˘Ëı ËÒıÓ‰Ì˚ı ‰‡ÌÌ˚ı: r1 = 0,0335 Ï,
r0 = 0,030 Ï, γ  = 104 ç/Ï3, ν = 10–6 Ï2/Ò, Q = 0,001 Ï3/Ò,   
ra = 0,89552, G = 68,4 Í„ = 671 ç, l = 13,71 Ï.
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





−a a

    

− − + + =∗ ∗














1 089552 010448 02
4
7

1
7( , ) ( , ) .a a (9.51)

Ç Ú‡·Î. 9.2 ÔË‚Â‰ÂÌ˚ ÁÌ‡˜ÂÌËfl ÎÂ‚ÓÈ ˜‡ÒÚË Û‡‚ÌÂÌËfl
(9.51), Ú.Â. f(a∗) ÔË ‡ÁÎË˜Ì˚ı a∗.

àÁ Ú‡·Î. 9.2 ‚Ë‰ÌÓ, ˜ÚÓ ÏÓÊÌÓ ÔËÌflÚ¸ a∗ = 0,064.
íÓ„‰‡ ÔÓ ÙÓÏÛÎÂ (9.50)

    
uÚ
∗ = + ⋅ + +

− ⋅ [0 013835
1 0 04046 1 9592

2 1722 0 51994 0 315172 0 0338624 0 0013343,
, ,

, , , ( , , )

  
+ − =]0 2350067 0 022401802 0 00048364 0 03372, ( , , ) , .

áÌ‡˜ËÚ,

    

u
g r u

Ú
Ú

1

7

= = =
∗

⋅ ⋅ ⋅874 874 3 686956 0 0884016 0 03372
01389496

4

7
1

5

7

0 684
, , , , ,

,
,

ν

 Ï/Ò.

àÁ Ò‡‚ÌÂÌËfl ÂÁÛÎ¸Ú‡ÚÓ‚ ‡Ò˜ÂÚÓ‚ ÒÎÂ‰ÛÂÚ, ˜ÚÓ ÔË ‰‚Ë-
ÊÂÌËË ÍÂÌÓÔËÂÏÌËÍ‡, ÒÓÔÓ‚ÓÊ‰‡ÂÏÓÏ Á‡Í‡˜ÍÓÈ ÊË‰ÍÓÒÚË
‚Ó ‚ÌÛÚÂÌÌ˛˛ ÔÓÎÓÒÚ¸ ·ÛËÎ¸ÌÓÈ ÍÓÎÓÌÌ˚, ‚ÓÁÏÓÊÌÓ ÁÌ‡-
˜ËÚÂÎ¸ÌÓÂ ‚ÓÁ‡ÒÚ‡ÌËÂ uÚ ÔÓ Ò‡‚ÌÂÌË˛ ÒÓ ÒÍÓÓÒÚ¸˛ ÍÂÌÓ-
ÔËÂÏÌËÍ‡ ÔÓ‰ ‰ÂÈÒÚ‚ËÂÏ ÚÓÎ¸ÍÓ ÒÓ·ÒÚ‚ÂÌÌÓ„Ó ‚ÂÒ‡.

Ç ‰‡ÌÌÓÏ ÒÎÛ˜‡Â ˆÂÎÂÒÓÓ·‡ÁÌÓ Â¯‡Ú¸ Á‡‰‡˜Û Ú‡ÍÊÂ ‚
ÒÎÂ‰Û˛˘ÂÈ ÔÓÒÚ‡ÌÓ‚ÍÂ: ÓÔÂ‰ÂÎËÚ¸, ÔË Í‡ÍÓÏ ‡ÒıÓ‰Â ÊË‰-
ÍÓÒÚË Q ÏÓÊÌÓ Ó·ÂÒÔÂ˜ËÚ¸ ‰‚ËÊÂÌËÂ ÍÂÌÓÔËÂÏÌËÍ‡ Ò Á‡-
‰‡ÌÌÓÈ ÒÍÓÓÒÚ¸˛ uÚ.

í ‡ · Î Ë ̂  ‡  9.2

a∗ f(a∗) a∗ f(a∗)
0,050 0,0622 0,063 0,005928
0,060 0,0142 0,064 0,000034
0,061 0,0135 0,065 –0,004501
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èÓ Û‡‚ÌÂÌËflÏ (9.49) Ë (9.50) ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸:

    

Q r a aG r r l

lr r a

r a r

r
∗

∗
∗ ∗=− +−

+















+ ∗ −

































2 1
2

1
2 2

4
7 2

4
7 8

7
15
7

2
7
8

7
15

π γ

πγ

a
2

a

a a
2

a
a

( )

( ) +

    

+ − + − − −∗ ∗ ∗





−







−












1 1 12

4
7

8
7

15
77

8
7
15

( ) ( ) ( )r a r a r aa a a +

    

+ − − + + ×−

+













−[ ]∗
∗ ∗G r r l

lr r a
r a r aπ γ

πγ
a
2

a
a a

1
2

1
2 2

4
7

2
1 1 1

( )
( )( )

    

×














− − +





− −
+ − 

































∗
∗ ∗ ∗( ) ( ) ;r a r

r
a r a r aa a

a
a a

2 2

4
7 1

7 2

4
7

1
71 1 (9.52)

    
Q u r a r a∗ ∗ ∗ ∗= − − − + + −



Ú a a1 1 1( )( )

    

− +−

+















+ −


















+











∗

∗
∗ ∗2 1

2

1
2 2

4
7 2

4
7 8

7
15
7

2
7
8

7
15

G r r l

lr r a

r a r

r
r a aπ γ

πγ

a
2

a

a a
2

a
a

( )

( )

    

+ − + − + − +∗ ∗ ∗[ ] −



















1 1 12

4
7

8
7

15
77

8
7
15

( ) ( ) ( ) .r a r a r aa a a (9.53)

àÁ ÁÌ‡˜ÂÌËÈ Q∗, ‚˚˜ËÒÎÂÌÌ˚ı ÔÓ ÙÓÏÛÎ‡Ï (9.52) Ë (9.53),
ÔÓÎÛ˜ËÏ ÒÎÂ‰Û˛˘ÂÂ Û‡‚ÌÂÌËÂ ‰Îfl ÓÔÂ‰ÂÎÂÌËfl a∗:

    
u r a r aÚ a a
∗ − − − + +




−∗ ∗1 1 1( )( )

–
    

G r r l

lr r a
r a r a−

+












[ ]∗

∗ ∗− − − + + ×π γ

πγ
a
2

a
a a

1
2

1
2 2

4
7

2
1 1 1

( )
( )( )

    

×














− − +





− − =
+ − 

































∗
∗ ∗ ∗( ) ( ) .r a r

r
a r a r aa a

a
a a

2 2

4
7 1

7 2

4
7

1
71 1 0 (9.54)
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í‡ÍËÏ Ó·‡ÁÓÏ, ÔË Á‡‰‡ÌÌ˚ı G, γ, l, r1, ra, ν Ë uÚ (Ú.Â.     uÚ
∗)

ÔÓ Û‡‚ÌÂÌË˛ (9.54) ÓÔÂ‰ÂÎflÂÏ a∗, ˜ÚÓ ÔÓÁ‚ÓÎflÂÚ ÒÓ„Î‡ÒÌÓ
ÙÓÏÛÎÂ (9.53) ‚˚˜ËÒÎËÚ¸ Q∗, ‡ ÁÌ‡˜ËÚ, Ë Q.

èÓ‚Â‰ÂÏ ‡Ò˜ÂÚ˚ ÔË ÒÎÂ‰Û˛˘Ëı ËÒıÓ‰Ì˚ı ‰‡ÌÌ˚ı: r1 =
= 0,0335 Ï, r0 = 0,030 Ï, γ  = 104 ç/Ï3, l = 13,71 Ï, ν =    
= 10–6 Ï2/Ò, G = 671 ç, uÚ = 1 Ï/Ò.

áÌ‡˜ËÚ,

    
u rÚ a ∗ = = =⋅

⋅ ⋅
0138949618 1

874 3 68696 0 08840169
0 048777 0895521,

, , ,
, ; , ;

    

G r r l

lr r a a

−

+















=

+
∗

∗

π γ

πγ

a
2

a

1
2

1
2 2

4
7

8
72

0 4959609

0895521( )

,

( , )

.

íÓ„‰‡ ÔÓ Û‡‚ÌÂÌË˛ (9.54)

    

0 048777 1 0104479 1895521 0 4959609

0 895521
8
7

, ( , )( , ) ,

( , )

− − + − ×∗ ∗

∗







+

a a
a

    

× − − + ×∗ ∗
∗

[ ] + −
















1 0104479 1895521 0 89552 0 801958

0 895521

2
4
7

( , )( , ) ( , ) ,
,

a a a

    

× − − + − =
∗

∗ ∗[ ]





a a a

1
7 2

4
7

1
71 0 895521 0104479 0( , ) ( , ) . (9.55)

Ç ÂÁÛÎ¸Ú‡ÚÂ ‡Ò˜ÂÚÓ‚ ÔÓ Û‡‚ÌÂÌË˛ (9.55) ÏÂÚÓ‰ÓÏ ÔÓÒÎÂ-
‰Ó‚‡ÚÂÎ¸Ì˚ı ÔË·ÎËÊÂÌËÈ ÔÓÎÛ˜ÂÌÓ

a∗ = 0,07.

èÓ ÙÓÏÛÎÂ (9.53) ËÏÂÂÏ

Q∗ = 0,02798.

ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ,

    

Q r g Q
= =

∗874 1

19
7

4
7

1
7

0 00202, ,π

ν

 Ï3/Ò.

í‡ÍËÏ Ó·‡ÁÓÏ, ÂÒÎË ÔË ‡ÒıÓ‰Â Á‡Í‡˜Ë‚‡ÂÏÓÈ ÊË‰ÍÓÒÚË
Q = 1 Î/Ò ÒÍÓÓÒÚ¸ ‰‚ËÊÂÌËfl ÍÂÌÓÔËÂÏÌËÍ‡ ‡‚Ì‡           

0,684 Ï/Ò, ÚÓ, ÔËÌfl‚  uÚ = 1 Ï/Ò, ÔÓÎÛ˜ËÏ Q = 2 Î/Ò.
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íÂÔÂ¸ ‡ÒÒÏÓÚËÏ Á‡‰‡˜Û ÔË ÛÒÎÓ‚ËË, ˜ÚÓ ÔÓ‚ÂıÌÓÒÚ¸
ÍÂÌÓÔËÂÏÌËÍ‡ ÔÓÍ˚Ú‡ ˝Ï‡Î¸˛.

á‡‰‡˜Û ·Û‰ÂÏ Â¯‡Ú¸ ÓÚÌÓÒËÚÂÎ¸ÌÓ ÔÓ‰‚ËÊÌ˚ı ÍÓÓ‰ËÌ‡Ú.
ëÍÓÓÒÚ¸ ‚ Î˛·ÓÈ ÚÓ˜ÍÂ ÍÓÎ¸ˆÂ‚Ó„Ó ÔÓÒÚ‡ÌÒÚ‚‡ ÒÓ„Î‡ÒÌÓ
ÒÚÂÔÂÌÌÓÏÛ Á‡ÍÓÌÛ Ì‡ıÓ‰ËÏ Ú‡Í:

‚ ÔÂ‚ÓÈ Ó·Î‡ÒÚË, Ó„‡ÌË˜ÂÌÌÓÈ ÌÂÈÚ‡Î¸ÌÓÈ ÔÓ‚ÂıÌÓÒ-
Ú¸˛ Ë ÔÓ‚ÂıÌÓÒÚ¸˛ ÍÂÌÓÔËÂÏÌËÍ‡,

    
u

g y
I =


















8 74 1

4
7

1

1
7

, ;
τ
γ ν (9.56)

‚Ó ‚ÚÓÓÈ Ó·Î‡ÒÚË, Ó„‡ÌË˜ÂÌÌÓÈ ÔÓ‚ÂıÌÓÒÚ¸˛ ·ÛËÎ¸-
Ì˚ı ÚÛ· Ë ÌÂÈÚ‡Î¸ÌÓÈ ÔÓ‚ÂıÌÓÒÚ¸˛,

    
u u ug y

II Ú= + +













8 74 2

4
7 2

1
7

0, .τ
γ ν (9.57)

í‡Í Í‡Í ÒÓ·Î˛‰‡ÂÚÒfl ‡‚ÂÌÒÚ‚Ó ÒÍÓÓÒÚÂÈ Ì‡ ÌÂÈÚ‡Î¸ÌÓÈ
ÔÓ‚ÂıÌÓÒÚË, ÚÓ ÒÓ„Î‡ÒÌÓ (9.56) Ë (9.57)

    
8 74 8 741

4
7

1
7 2

4
7

1 0

1
7

0, , .
τ
γ ν

τ
γ ν

g g r r aa u u














=

















 + +

− −
Ú (9.58)

Ç ‰‡ÌÌÓÏ ÒÎÛ˜‡Â ÒÓı‡Ìfl˛ÚÒfl  Ú‡ÍÊÂ Û‡‚ÌÂÌËfl (9.5)–(9.7).
ê‡ÒıÓ‰ ÊË‰ÍÓÒÚË ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â ÓÔÂ‰ÂÎflÂÚÒfl ÔÓ
(9.8). íÓ„‰‡ ÔÓ (9.56), (9.57) Ë (9.8) ÔÓÎÛ˜ËÏ

    

q r a a r r r a r r ag= + + − − − − − +
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
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
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
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15
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, π

ν
γ τ τ

    + + − − − +( )( )( )π u u r r a r r aÚ 0 1 0 1 0 . (9.59)

èÓ ÒÓÓÚÌÓ¯ÂÌËflÏ (9.59), (9.13) Ë (9.14) ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸:
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+ +( ) − −( ) + +( )π u u r r a r r aÚ 0 1 0 1 0 . (9.60)

ëÓ„Î‡ÒÌÓ (9.27) Ë (9.60)

    
q r r a r r a ur r A r r a r r a

r r
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( ( .) ) (9.61)

èÓ Û‡‚ÌÂÌË˛ Ï‡ÚÂË‡Î¸ÌÓ„Ó ·‡Î‡ÌÒ‡ (9.46) ÎÂ‚Û˛ ˜‡ÒÚ¸
‚˚‡ÊÂÌËfl (9.61) ÏÓÊÌÓ ÔÂÂÔËÒ‡Ú¸ ‚ ÒÎÂ‰Û˛˘ÂÏ ‚Ë‰Â:

    
q r r a r r a u
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. (9.62)
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áÌ‡˜ËÚ, ÔÓ (9.61) Ë (9.62) ÏÓÊÌÓ ÒÓÒÚ‡‚ËÚ¸ ‚˚‡ÊÂÌËÂ ‰Îfl
ÓÔÂ‰ÂÎÂÌËfl ÒÍÓÓÒÚË ‰‚ËÊÂÌËfl ÍÂÌÓÔËÂÏÌËÍ‡:
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
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2
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+ ×










−

+















17 48

21
7

4
7 0

2

0
2

4
7,

( )
ν

γ

π γ

π

g G r l

r a l

    

×



























+








 +

−

− − + +

+ −

− − + −

r r

r r r r r a r r a Ar r r

r a r

r
r a a1

2

0

2

1

2

1

2

0

2

1 0 1 0 1

2

1

2

0

2

0

2

0

2

0

4
7

0

8
7

15
77

8

7

15( ) ( )( )( )

( )

    

+ − − − − −− +

































( ( )
.( ) ( )r r a

r
r r r a r r a1

2
0

2

1

4
7

1 1 0

8
7

1 0

15
77

8
7
15

(9.63)

Ç ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò (9.58), (9.13) Ë (9.14)

    
u u

Ú
+ =

0

    

874

21
7

4
7 0

2

0
2

4
7,

( )
ν

γ

π γ

π

g G r l

l r a











−

+












×

    

× − − −+ −













− +






















( ) ( )
.( )r a r

r

r r a

r
a r r a0

2
0
2

0

4
7 1

7 1
2

0
2

1

4
7

1 0

1
7 (9.64)

ëÓ„Î‡ÒÌÓ (9.27) Ë (9.46)

    
u A r u Q

r r
0

1
2

1
2

0
2= −

−

( )

( )
.

π

π
Ú

áÌ‡˜ËÚ,

    

u u u r A r

r r

AQ

r r
Ú Ú+ = −+ −

− −
0

1
2

0
2

1
2

0
2

1
2

0
2

1( )

( )
.

π
(9.65)

èÓ ÒÓÓÚÌÓ¯ÂÌËflÏ (9.65) Ë (9.64) ÏÓÊÌÓ ÒÓÒÚ‡‚ËÚ¸ ‚˚‡ÊÂ-
ÌËÂ



1 9 0

    

u AQ

r A r

r r

r A r

g G r l

l r a
Ú = +

[ ]
×

+ −





−

+ −









−

+















π

ν
γ

π γ

π
1
2

0
2

1
2

0
2

1
7

1
2

0
2

4
7 0

2

0
2

4
7

1

874

1
2( )

, ( )

( )
( )

    

× − −+ −











−
− +



























( ) ( ) ( ) .r a r
r

r r a
r

a r r a0
2

0
2

0

1
7 1

2
0

2

1

4
7

1 0

1
7 (9.66)

í‡Í Í‡Í ÁÌ‡˜ÂÌËfl uÚ ÔÓ ‚˚‡ÊÂÌËflÏ (9.63) Ë (9.66) ‡‚Ì˚
ÏÂÊ‰Û ÒÓ·ÓÈ, ÚÓ ÔÓÎÛ˜ËÏ

    

Q r A r a r a

r r a r a A r

G r r l

lr r a l
1

2
1
2

1
2 2

4
7

1 1 1

1 1 1 1 2
2∗

∗ ∗

∗ ∗ ∗



















− − − − + +

− − − − + + + −

−

+
+ ×a

2
a a

a
2

a a a
2

a

a
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( )( )( ) ( )

π γ

π γ

    

× + +−

− − − − + + + −
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
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







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


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


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







∗ ∗

∗
∗ ∗1

1 1 1 1

4
7 7

8

8
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7r

r r a r a A r

r a r

r
r a aa

2

a
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a a a
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a a
2

a
a
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






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



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


































−1 1 1
2

4
7 8

7
5
77

8
7
15

r a r a r aa a a

    

− − ×
∗

∗+ −

−

+ −

−

+















AQ

A r

r

A r

G r r l

r r a l1

1

1 22

2 2

2 2

4
7

a

a
2

a
2

a 1

1 a

π γ

π γ( )

    

× − − + − − =+ −





































∗
∗ ∗ ∗( ) ( ) ( ) .r a r

r
a r a r aa a

a
a a

2 2
4
7 1

7 2
4
7

1
71 1 0 (9.67)

ëÓ„Î‡ÒÌÓ ‚˚‡ÊÂÌË˛ (9.66)

    

u AQ

A r
Ú

a

∗
∗

= +
+ −1 2
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1 2
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1
2 2

1
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4
7

−
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−
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















×r
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G r r l
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

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

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
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a
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2 2 1
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4

7
1
71 1 . (9.68)
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áÌ‡˜ËÚ, ÓÔÂ‰ÂÎË‚ ÔÓ Û‡‚ÌÂÌË˛ (9.67) ‚ÂÎË˜ËÌÛ a∗, ÏÓÊÌÓ
ÔÓ ÙÓÏÛÎÂ (9.68) Ì‡ÈÚË ÒÍÓÓÒÚ¸ ‰‚ËÊÂÌËfl ÍÂÌÓÔËÂÏÌËÍ‡
uÚ.

ç‡È‰ÂÏ uÚ ÔË ÒÎÂ‰Û˛˘Ëı ËÒıÓ‰Ì˚ı ‰‡ÌÌ˚ı: r1 = 0,0335 Ï,
r0 = 0,030 Ï, γ  = 104 ç/Ï3, ν =–10_6 Ï2/Ò, Q = 0,001 Ï3/Ò,    
r‡ = 0,89552, G = 671 ç, A = 0,15, l = 13,71 Ï. áÌ‡˜ËÚ, ‚ ‰‡Ì-
ÌÓÏ ÒÎÛ˜‡Â Q∗ = 0,0138349.

íÓ„‰‡ ÔÓ Û‡‚ÌÂÌË˛ (9.67) ÔÓÎÛ˜ËÏ:

    

0 013839 01980440 801956 015 010448 1 89552
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(9.69)

Ç ÂÁÛÎ¸Ú‡ÚÂ ‡Ò˜ÂÚÓ‚ ÔÓ Û‡‚ÌÂÌË˛ (9.69) ·˚ÎÓ ÔÓÎÛ˜ÂÌÓ
a∗ = 0,100.

íÓ„‰‡ ÔÓ (9.68)

    
uÚ
∗ = + ×⋅

+ −

−







015 0 0138349
1 015 0 80195607

01980439
0 3480439

671 387 639
958 0913

4
7, ,

, ,
,
,

,
,

  

× − ⋅−

























0 9910601 0 8019561
0 89552

4
7 071968573 0 067504663 0 461815356, ,

,
, , , ,

    uÚ
∗ =0 080745, .

ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ,
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u

Ú
= =⋅ ⋅ ⋅874 3 686956 0 0884017 0 0807451

0138949616
16554, , , ,

,
,  Ï/Ò.

èË ÔËÌflÚ˚ı ËÒıÓ‰Ì˚ı ‰‡ÌÌ˚ı, ÌÓ ÔË ÛÒÎÓ‚ËË, ˜ÚÓ
ÍÂÌÓÔËÂÏÌËÍ Ò‚Ó·Ó‰ÂÌ ÓÚ ÔÓÍ˚ÚËfl, ‡ÌÂÂ ·˚ÎÓ ÔÓÎÛ˜ÂÌÓ
uÚ = 9,684 Ï/Ò. í‡ÍËÏ Ó·‡ÁÓÏ, ÛÒÚ‡ÌÓ‚ÎÂÌÓ ÁÌ‡˜ËÚÂÎ¸ÌÓÂ
‚ÓÁ‡ÒÚ‡ÌËÂ ÁÌ‡˜ÂÌËfl uÚ ‚ ÒÎÛ˜‡Â ËÒÔÓÎ¸ÁÓ‚‡ÌËfl ÍÂÌÓÔËÂÏ-
ÌËÍ‡, ÔÓÍ˚ÚÓ„Ó ˝Ï‡Î¸˛.

9.3. ÄÂÈÆÅÍÈÅ ÊÅÐÍÎÏÐÈÅÌÍÈÊÀ
ÏÎÄ ÄÅÉÑÒÂÈÅÌ ÑÎÁÑÒÂÅÍÎÃÎ ÂÅÑÀ
ÏÐÈ ËÀÌÈÍÀÐÍÎÌ  È ÑÒÐÓÊÒÓÐÍÎÌ ÐÅÆÈÌÀÕ
ÒÅ×ÅÍÈß ÆÈÄÊÎÑÒÈ Â ÊÎËÜÖÅÂÎÌ  

ÏÐÎÑÒÐÀÍÑÒÂÅ

èË Ó‰ÌÓÏÂÌÓÏ ÚÂ˜ÂÌËË ‚flÁÍÓÈ ÊË‰ÍÓÒÚË ‚‰ÓÎ¸ ÓÒË z ÒÓ-
„Î‡ÒÌÓ ÒËÒÚÂÏÂ ‰ËÙÙÂÂÌˆË‡Î¸Ì˚ı Û‡‚ÌÂÌËÈ ç‡‚¸Â–ëÚÓÍÒ‡
ËÏÂÂÏ

    

1 1
r

d
dr

du
dr

dp
dz

r





 =

µ
. (9.70)

Ç ÂÁÛÎ¸Ú‡ÚÂ Â¯ÂÌËfl Û‡‚ÌÂÌËfl (9.70) ÔÓÎÛ˜ËÏ

    
u r c cdp

dz
= + +1

4
2

1 2
µ

ln . (9.71)

ç‡È‰ÂÏ ÔÓËÁ‚ÓÎ¸Ì˚Â ÔÓÒÚÓflÌÌ˚Â c1 Ë c2 ËÒıÓ‰fl ËÁ ÒÎÂ‰Û-
˛˘Ëı „‡ÌË˜Ì˚ı ÛÒÎÓ‚ËÈ:

ÔË r = r1 u = 0;

ÔË r = r0 u = –uÚ.

áÌ‡˜ËÚ,

    

c dp
dz

r r

r
r

u

r

r

1
1
2

0
2

1

0
1

0

1
4

=−
−

+
µ

ln ln

;Ú (9.72)

    

c r r rdp
dz

r r

r
r

u

r

r

2 1
2 1

2
0
2

1

0

1
1

0

1
1
4

=− − −
−



















µ
ln ln

ln ln .Ú (9.73)
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íÓ„‰‡ ÔÓ (9.71)–(9.73) ÔÓÎÛ˜ËÏ

    

u r r udp
dz

r r

r
r

r
r

r

r
r
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
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4 1

2 2 1
2

0
2

1

0

1
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1

0

µ
ln

n
ln

ln

l .Ú (9.74)

ê‡ÒıÓ‰ ÊË‰ÍÓÒÚË ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â

    

q rudr
r

r

= ∫2

0

1

π . (9.75)

áÌ‡˜ËÚ, ÔÓ (9.74) Ë (9.75)

    

q r r r dzdp
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ln ln

    

−
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−







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
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



∫
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21

0

1
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0
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1

0

1
πu

r

r

r r
r r dr

r

r

Ú

ln

ln ln . (9.76)

Ç ÂÁÛÎ¸Ú‡ÚÂ ËÌÚÂ„ËÓ‚‡ÌËfl ÔË 
  
− =dp

dz
p
l
∆  ÏÓÊÌÓ Á‡ÔË-

Ò‡Ú¸:

    

q r r r u
r rp

l

r r r r

r r

r

r

r

= − − − −
−







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


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
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





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









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
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
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


−



















π
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4 2
2 2

1
2

0
2 1

2
0
2

1
2

0
2

1

0

0
2 1

2
0
2

1

0

0
2

ln ln

.Ú (9.77)

ì‡‚ÌÂÌËÂ ‡‚ÌÓ‚ÂÒËfl ÍÂÌÓÔËÂÏÌËÍ‡ Á‡ÔË¯ÂÚÒfl ‚ ÒÎÂ‰Û-
˛˘ÂÏ ‚Ë‰Â:

    T r p G+ − =π 0
2 0∆ , (9.78)

„‰Â T – ÒËÎ‡ ÚÂÌËfl Ì‡ ‚ÌÂ¯ÌÂÈ ÔÓ‚ÂıÌÓÒÚË ÍÂÌÓÔËÂÏÌË-
Í‡.

Ç ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò (9.74)
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íÓ„‰‡
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+
π π µ0

0
1
2

0
2

0
1

0

1
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2

22∆

ln ln
.Ú (9.79)

èÓ ‚˚‡ÊÂÌËflÏ (9.78) Ë (9.79) ÔÂÂÔ‡‰ ‰‡‚ÎÂÌËfl ÔÓ ÍÓÌˆ‡Ï
ÍÂÌÓÔËÂÏÌËÍ‡ ÏÓÊÌÓ Ì‡ÈÚË Ú‡Í:

    

∆P G
r r

r

r

lu

r

r
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











−

+2 2

1
2

0
2

1

0 1

0

π

πµln 

ln

 .Ú (9.80)

ëÓ„Î‡ÒÌÓ (9.77 Ë (9.80)

    

q G r r u r

r

r

l

lu

r

r

r r

r

r

r r

r

r

= + + −−



















−
−



















−
−



















ln

ln ln ln

Ú

0

Ú
1

0

1

0

1
1
2

0
2 1

2
0
2

1

0

1
2

0
2

0
2

4

2

2
µ

πµ π  . (9.81)

àÁ ‡‚ÂÌÒÚ‚‡ ‡ÒıÓ‰Ó‚ ÊË‰ÍÓÒÚË, ÛÒÚ‡ÌÓ‚ÎÂÌÌ˚ı ÔÓ ‚˚-
‡ÊÂÌËflÏ (9.17) Ë (9.81), ÔÓÎÛ˜ËÏ ÒÎÂ‰Û˛˘Û˛ ÙÓÏÛÎÛ ‰Îfl
ÓÔÂ‰ÂÎÂÌËfl ÒÍÓÓÒÚË ÍÂÌÓÔËÂÏÌËÍ‡:

    

u G

l r
r

r
rÚ

a
2

a
a

a
2ln 1  .= + −

+









 −















2 1

1 12

πµ
(9.82)

ëÚÛÍÚÛÌ˚È ÂÊËÏ ÚÂ˜ÂÌËfl ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â
ı‡‡ÍÚÂËÁÛÂÚÒfl Ì‡ÎË˜ËÂÏ fl‰‡ ÔÓÚÓÍ‡, ‚ ÔÂ‰ÂÎ‡ı ÍÓÚÓÓ„Ó
„‡‰ËÂÌÚ ÒÍÓÓÒÚË ‡‚ÂÌ ÌÛÎ˛, ‡ Ú‡ÍÊÂ ‰‚ÛÏfl „‡‰ËÂÌÚÌ˚ÏË
ÒÎÓflÏË. èÂ‚˚È „‡‰ËÂÌÚÌ˚È ÒÎÓÈ Ì‡ıÓ‰ËÚÒfl ÏÂÊ‰Û ÔÓ‚Âı-
ÌÓÒÚflÏË, Ó„‡ÌË˜ÂÌÌ˚ÏË ‚ÌÛÚÂÌÌËÏ ‡‰ËÛÒÓÏ fl‰‡ ρ1 Ë ‡-
‰ËÛÒÓÏ ÍÂÌÓÔËÂÏÌËÍ‡; Á‰ÂÒ¸ „‡‰ËÂÌÚÌ˚È ÒÎÓÈ ÔÓÎÓÊË-
ÚÂÎ¸Ì˚È. ÇÚÓÓÈ „‡‰ËÂÌÚÌ˚È ÒÎÓÈ ‡ÒÔÓÎÓÊÂÌ ÏÂÊ‰Û ÔÓ-
‚ÂıÌÓÒÚ¸˛, Ó„‡ÌË˜ÂÌÌÓÈ ‚ÌÂ¯ÌËÏ ‡‰ËÛÒÓÏ fl‰‡ ρ2 Ë ‡‰Ë-
ÛÒÓÏ ÍÓÎÓÌÌ˚ ÚÛ· r1; Á‰ÂÒ¸ „‡‰ËÂÌÚ ÒÍÓÓÒÚË ÓÚËˆ‡ÚÂÎ¸-
Ì˚È.

ëÓÒÚ‡‚ËÏ Û‡‚ÌÂÌËÂ ‰ËÌ‡ÏË˜ÂÒÍÓ„Ó ‡‚ÌÓ‚ÂÒËfl, ÔÓ‚Ó‰fl
ˆËÎËÌ‰Ë˜ÂÒÍÛ˛ ÔÓ‚ÂıÌÓÒÚ¸ ‚Ó ‚ÌÛÚÂÌÌÂÏ „‡‰ËÂÌÚÌÓÏ
ÒÎÓÂ:



1 9 5

    
2 01

0
2

0
2 2π τ π γ πηr r r l G r pl

du

dr
+ − − + =









 −





 ∆  , (9.83)

„‰Â ∆p = p2 – p1 (p2 Ë p1 – ‰‡‚ÎÂÌËÂ ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ ÌËÊÌÂ-
„Ó Ë ‚ÂıÌÂ„Ó ÚÓˆÓ‚ ÍÂÌÓÔËÂÏÌËÍ‡).

êÂ¯Ë‚ ‰ËÙÙÂÂÌˆË‡Î¸ÌÓÂ Û‡‚ÌÂÌËÂ (9.83), ÔÓÎÛ˜ËÏ

    
u r r r cp l

l
G r l

l1 ln= − − +−
+

−∆ γ

η

π γ

πη

τ

η4 2
2 0

2
0

1. (9.84)

èË r = r0  u1 = –uÚ.
áÌ‡˜ËÚ,

    
c u r r rp l

l
G r l

l1 0
2 0

2

0
0

04 2
= − + +−

−
−

Ú ln∆ γ

η

π γ

πη

τ

η
. (9.85)

íÓ„‰‡ ÔÓ (9.84) Ë (9.85)

    

u r r r
r

r r up l
l

G r l
l1 ln Ú= − − + − − −− 





− ( )∆ γ

η

π γ

πη

τ

η4 2
2

0
2 0

2

0

0
0

. (9.86)

èË r = ρ1 ÒÍÓÓÒÚ¸ ÊË‰ÍÓÒÚË ‚Ó ‚ÌÛÚÂÌÌÂÏ „‡‰ËÂÌÚ-
ÌÓÏ ÒÎÓÂ ÒÚ‡ÌÓ‚ËÚÒfl ‡‚ÌÓÈ ÒÍÓÓÒÚË fl‰‡ u0. ëÓ„Î‡ÒÌÓ (9.86)

    

u r r up l
l

G r l

l r0 1
2

0
2 0

2

0

0
1 04 2

=− − + − − −− 







− ( )∆ γ

η

π γ

πη

ρ τ

η
ρ ρln 1

Ú
. (9.87)

ëÓÒÚ‡‚ËÏ Û‡‚ÌÂÌËÂ ‰ËÌ‡ÏË˜ÂÒÍÓ„Ó ‡‚ÌÓ‚ÂÒËfl, ÔÓ‚Â‰fl
ˆËÎËÌ‰Ë˜ÂÒÍÛ˛ ÔÓ‚ÂıÌÓÒÚ¸ ‚Ó ‚ÌÂ¯ÌÂÏ „‡‰ËÂÌÚÌÓÏ ÒÎÓÂ:

    
− − + − − − + =















2 02

0
2

0
2 2π η τ π γ πr r r l G r pl

du

dr
∆ . (9.88)

Ç ÂÁÛÎ¸Ú‡ÚÂ Â¯ÂÌËfl ‰ËÙÙÂÂÌˆË‡Î¸ÌÓ„Ó Û‡‚ÌÂÌËfl (9.88)
ÔÓÎÛ˜ËÏ

    
u r r r cp l

l

G r l

l2
2 0

2
0

24 2
=− + + +− −∆ γ

η

π γ

πη

τ

η
ln . (9.89)

èË r = r1 u2 = 0, ÚÓ„‰‡

    
c r r rp l

l

G r l

l2 1
2 0

2

1
0
14 2

= − −− −∆ γ

η

π γ

πη

τ

η
ln . (9.90)

ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ,

    
u r r

r

r
r rp l

l
G r l

l2 1
2 2 0

2
1 0

14 2
= − − − −− 





− ( )∆ γ

η

π γ

πη

τ

η
ln . (9.91)

èË r = ρ2 u2 = u0. áÌ‡˜ËÚ,
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u r rp l

l
G r l

l

r
0 1

2
2
2 0

2
1

2

0
1 24 2

= − − − −− 





− ( )∆ γ

η

π γ

πη ρ
τ

η
ρ ρln . (9.92)

í‡Í Í‡Í ÁÌ‡˜ÂÌËfl u0, Ì‡È‰ÂÌÌ˚Â ÔÓ ÙÓÏÛÎ‡Ï (9.87) Ë (9.92)
‡‚Ì˚ ÏÂÊ‰Û ÒÓ·ÓÈ, ÚÓ ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸:

    
u r r r rp l

l
G r l

l

r
rÚ ln 1= − − + − + − − − +− ( ) − ( )∆ γ

η

π γ

πη

ρ

ρ
τ

η
ρ ρ ρ ρ

4 21
2

0
2

1
2

2
2 0

2
1

0 2

0
1 0 1 2 .

(9.93)
ëÓ„Î‡ÒÌÓ (9.86) Ë (9.93)

    

u r rp l
l

G r l

l

r

r1
2

1

ln=− − − + + −− 







−∆ γ

η

π γ

πη

ρ

ρ
ρ ρ

4 2
2

1
2

1
2

2
2 0

2

1

    
− − + −( )τ

η
ρ ρ0
1 1 2

r r . (9.94)

ÑÎfl ÚÓ„Ó ˜ÚÓ·˚ ÛÒÚ‡ÌÓ‚ËÚ¸ Ò‚flÁ¸ ÏÂÊ‰Û ‡‰ËÛÒ‡ÏË fl‰‡, ‡
Ú‡ÍÊÂ ∆p Ë τ0, ÒÓÒÚ‡‚ËÏ Û‡‚ÌÂÌËfl ‰ËÌ‡ÏË˜ÂÒÍÓ„Ó ‡‚ÌÓ‚ÂÒËfl
ÔÓ ‚ÌÛÚÂÌÌÂÏÛ Ë ‚ÌÂ¯ÌÂÏÛ ‡‰ËÛÒ‡Ï fl‰‡:

    
2 01 0 1

2
1
2

0
2πρ πρ π ρ γτl p r l G+ − − − =



∆ ; (9.95)

    
– .2 02 0 2

2
2
2

0
2πρ τ πρ π ρ γl p r l G+ − − − =



∆ (9.96)

êÂ¯Ë‚ ÒÓ‚ÏÂÒÚÌÓ Û‡‚ÌÂÌËfl (9.95) Ë (9.96), ÔÓÎÛ˜ËÏ:

    
∆p l G r l− = −γ π γ

πρ ρ
0
2

1 2
 ; (9.97)

    
τ ρ ρπ γ

πρ ρ0
0
2

1 2
2 12

=
− ( )−G r l

l
 . (9.98)

íÓ„‰‡ ÔÓ (9.97), (9.98), ‡ Ú‡ÍÊÂ (9.92), (9.94) Ë (9.96) ÏÓÊÌÓ
Á‡ÔËÒ‡Ú¸:

    
u r r r r

G r l

l

r

r
1

0
2

1 2
1
2 2

2
2

1
2

1 2
2

1 1
2 1 1 2 1

4
2 2 2= − + − + − −( )− −( )









− π γ

πη ρ ρ

ρ

ρ
ρ ρ ρ ρ ρ ρ ρ ρln ;

(9.99)

    
u r r r rG r l

l
r
r2

0
2

1 2
1
2

2 1 1 1 2
1 2

4
2 2=

− ( )( )







− − − − −π γ

πη ρ ρ
ρ ρ ρ ρ ln ; (9.100)

    
u r rG r l

l
r

0
0
2

1 2
1
2

2
2

1 2
1

2
1 1 1 1 24

2 2 2=
− ( )







+ − − − −π

πη ρ ρ ρ

γ ρ ρ ρ ρ ρ ρ ρln . (9.101)
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ê‡ÒıÓ‰ ÊË‰ÍÓÒÚË ˜ÂÂÁ ÍÓÎ¸ˆÂ‚ÓÂ ÔÓÒÚ‡ÌÒÚ‚Ó ÔÓ ÙÓ-
ÏÛÎ‡Ï (8.148)–(8.151), ‡ Ú‡ÍÊÂ (9.99)–(9.101) ÓÔÂ‰ÂÎflÂÚÒfl Ú‡Í:

    

q r r rG r l

l

r= − − + + − + − −− 





− ( ) ( )







π γ

η ρ ρ

ρ ρρ ρ ρ ρ ρ ρ0
2

1 2

0
2

2
2

1
2 2

4
1
4

1 0
2

2 1 0
3

2 12 2 12
2
3

    
− −





ρ ρ1 2
1
2

0
2

2
r r

    
− −( ) + ( )

+ −( )− 




−r r r r

r
r1

3

2 1

1
2

0
2

1 2
2
2

1
2

1 2 0
2 0 2

1 13 4 6
ρ ρ ρ ρ ρ ρ

ρ ρ ρ

ρ
ln .

(9.102)
Ç ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò (9.93), (9.97) Ë (9.101) ÒÍÓÓÒÚ¸ ‰‚ËÊÂÌËfl

ÍÂÌÓÔËÂÏÌËÍ‡

    
u r r r rG r l

l
r
rÚ
1ln= + − + + − +− ( ) −( )









π γ

πη ρ ρ

ρ

ρ
ρ ρ ρ ρ ρ ρ0

2

1 2
1 2

1

2 0
0
2

1
2

1 0 2 1 2
2

1
2

4
2 2 . (9.103)

áÌ‡˜ËÚ, ÒÓ„Î‡ÒÌÓ (9.17) Ë (9.103) ‡ÒıÓ‰ ÊË‰ÍÓÒÚË ‚ ÍÓÎ¸ˆÂ-
‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â ÏÓÊÌÓ ‚˚‡ÁËÚ¸ Í‡Í

    
q r r r r r r r

G r l

l

r

r
= + −( ) + +( )×




− π γ

η ρ ρ

ρ

ρ
ρ ρ0

2

1 2
1 2 0

2 1

2 0
0
2

1
2

0
2

0

2
1 0

4
2 2ln 1

    
× − −−( ) 







ρ ρ ρ ρ2 1 0

2
2
2

1
2r . (9.104)

àÁ ‡‚ÂÌÒÚ‚‡ ‡ÒıÓ‰Ó‚, Ì‡È‰ÂÌÌ˚ı ÔÓ (9.101) Ë (9.104), ÔÓ-
ÎÛ˜ËÏ:

    
ρ ρ ρ ρ ρ ρ ρ ρ ρ ρ2

4
1
4

0
3

2 0
3
1 1 2 1

2
1 2 0

2
1
3

2 14 4 6 6 4− − + − + − − +( )r r r r r

    + + − − = 3 2 2 3 01
4

1 2
3

1
3

2 0
4r rρ ρ ρ ρ

ËÎË

    
ρ ρ ρ ρ ρ ρ ρ ρ‚ ‚ ‡ ‚ ‚

4 4
a a− − − − − − − + +( ) 



 ( )a a ar r4 6 1 4 33 2

    
+ − − =



2 3 02ρ ρ ρ ρa a ar‚ ‚

2 4 , (9.105)

„‰Â
ρ‡ = ρ1/r1, ρ‚/r1.

ì‡‚ÌÂÌËÂ (9.105) ÒÓ‚Ô‡‰‡ÂÚ Ò ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ÂÈ Á‡‚ËÒËÏÓÒ-
Ú¸˛, ÔÓÎÛ˜ÂÌÌÓÈ ÔË Â¯ÂÌËË Á‡‰‡˜Ë ÔÓ ÓÔÂ‰ÂÎÂÌË˛ ÒÍÓÓ-
ÒÚË ‚ÒÔÎ˚‚‡ÌËfl ÔÛÁ˚¸Í‡ ˆËÎËÌ‰Ë˜ÂÒÍÓÈ ÙÓÏ˚ Ë „Ë‰Ó‰Ë-
Ì‡ÏË˜ÂÒÍÓ„Ó ‰‡‚ÎÂÌËfl ÔË ÒÔÛÒÍÂ ËÎË ÔÓ‰˙ÂÏÂ ÍÓÎÓÌÌ˚ ÚÛ·
‚ ÒÍ‚‡ÊËÌÂ, Á‡ÔÓÎÌÂÌÌÓÈ ‚flÁÍÓÔÎ‡ÒÚË˜ÌÓÈ ÊË‰ÍÓÒÚ¸˛ [9].
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ëÓ„Î‡ÒÌÓ (9.98)

    

ρ ρ π τ ρ

π γ
‡ 2G – r
= +











−

‚
a

2 1 0

1
2

1

1r l

r l
b . (9.106)

Ç˚‡ÊÂÌËÂ (9.103) ÔË‚Â‰ÂÏ Í ‚Ë‰Û

    
u r rG r r l

l ra

a
aÚ

a

a
a a

2 2=
− ( )( )











+ − + + − − +π γ

πη ρ ρ

ρ

ρ
ρ ρ ρ ρ ρ ρ

2
1
2

2

4
2 1 2 1

‚
‡ ‚

‚
‚ a ‚ln .

áÌ‡˜ËÚ, Â¯‡ÂÏ Á‡‰‡˜Û ÔÓ ÒËÒÚÂÏÂ Û‡‚ÌÂÌËÈ (9.105) –
(9.107) Ú‡Í: ÔË Á‡‰‡ÌÌ˚ı r0, r1, γ, l, G, η Ë τ0 ÔÓ ÒÓÓÚÌÓ¯ÂÌË-
flÏ (9.105) Ë (9.106) Ì‡ıÓ‰ËÏ ρ‡ Ë ρ‚, ÔÓ‰ÒÚ‡‚Ë‚ ÍÓÚÓ˚Â ‚
ÙÓÏÛÎÛ (9.107) ÓÔÂ‰ÂÎflÂÏ uÚ.

ç‡È‰ÂÏ uÚ ÔË ÒÎÂ‰Û˛˘Ëı ËÒıÓ‰Ì˚ı ‰‡ÌÌ˚ı; r1 = 0,0335 Ï,
r0 = 0,030 Ï, γ = 1,2⋅104 ç/Ï3, τ0 = 5 è‡, η = 0,02 è‡⋅Ò, l =
= 13,71 Ï, G = 671 ç. Ç ‰‡ÌÌÓÏ ÒÎÛ˜‡Â ra = r0/r1 = 0,89552.

íÓ„‰‡ ÔÓ (9.105) Ë (9.106) ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸:

    
ρ ρ ρ ρ ρ ρ‚ ‡ ‚ ‡ ‡ ‚

4 4− − − − +( )6 87267 118826, ,

+
    
107076 2 0, ;+ − =



ρ ρ ρ ρ‡ ‚ ‚ ‡

2 2 (9.108)

    
ρ ρ

ρ
‡

‚

‚
=
1 + 0,060383

. (9.109)

é˜Â‚Ë‰ÌÓ, ˜ÚÓ ra < ρ‚ <1.
Ç ÂÁÛÎ¸Ú‡ÚÂ ‡Ò˜ÂÚÓ‚ ÔÓ (9.108) Ë (9.109) ÔÓÎÛ˜ÂÌÓ

ρ‡ = 0,9214042, ρ‚ = 0,9757.

íÓ„‰‡ ÔÓ ÙÓÏÛÎÂ (9.107) ÒÍÓÓÒÚ¸ ÍÂÌÓÔËÂÏÌËÍ‡

    
uÚ =

− ( + − + −671 4651668
3 0977654

0 095485727 0 80195607 1 0 205799639,
,

, , ,

– 0,95199049 + 0,849004128),

uÚ = 0,016948 Ï/Ò.

Ç ‰‡ÌÌÓÏ ÒÎÛ˜‡Â ÔÓÎÛ˜ÂÌ‡ ÌÂÁÌ‡˜ËÚÂÎ¸Ì‡fl ‚ÂÎË˜ËÌ‡ uÚ. ÑÎfl
ÚÓ„Ó ˜ÚÓ·˚ ÓÔÂ‰ÂÎËÚ¸ ‚ÎËflÌËÂ η Ë τ0 Ì‡ uÚ, ÔÓ‚Â‰ÂÏ ‡Ì‡ÎÓ-
„Ë˜Ì˚Â ‡Ò˜ÂÚ˚ ÔË ‡ÁÎË˜Ì˚ı ÁÌ‡˜ÂÌËflı ÒÚÛÍÚÛÌÓÈ ‚flÁ-
ÍÓÒÚË Ë ‰ËÌ‡ÏË˜ÂÒÍÓ„Ó Ì‡ÔflÊÂÌËfl Ò‰‚Ë„‡.

ëÓ„Î‡ÒÌÓ (9.106) ‰Îfl ËÒıÓ‰Ì˚ı ‰‡ÌÌ˚ı ÔË‚Â‰ÂÌÌÓ„Ó ‚˚¯Â
ÔËÏÂ‡ ËÏÂÂÏ

    
ρ ρ

τ ρ
‡

‚

‚
=
1 + 0,01402013 0

. (9.110)
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èÓ ‚˚‡ÊÂÌË˛ (9.107)

    

uÚ ln
0,89552

=







− +11947254 2 019804393, ,
ηρ ρ

ρ

ρ
ρ ρ

‡ ‚
‡ ‚

a

‚

    
+ − − +( ) ]3 79104 2, ρ ρ ρ ρ‚ ‡ ‚ ‡

2 . (9.111)

ê‡Ò˜ÂÚ˚ ÔÓ‚Ó‰flÚÒfl Ò ËÒÔÓÎ¸ÁÓ‚‡ÌËÂÏ Û‡‚ÌÂÌËfl (9.108).
èÂ‰ÒÚ‡‚ÎflÂÚ Ú‡ÍÊÂ ËÌÚÂÂÒ ÔÓ ‡ÒÒ˜ËÚ‡ÌÌ˚Ï ÁÌ‡˜ÂÌËflÏ

uÚ ÛÒÚ‡ÌÓ‚ËÚ¸ ÂÊËÏ ÚÂ˜ÂÌËfl ‚flÁÍÓÔÎ‡ÒÚË˜ÌÓÈ ÊË‰ÍÓÒÚË ‚
ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â.

í‡Í Í‡Í ÒÂ‰Ìflfl ÒÍÓÓÒÚ¸ ‰‚ËÊÂÌËfl ÊË‰ÍÓÒÚË ‚ ÍÓÎ¸ˆÂ‚ÓÏ
ÔÓÒÚ‡ÌÒÚ‚Â ÒÓ„Î‡ÒÌÓ (8.78) ÓÔÂ‰ÂÎflÂÚÒfl Í‡Í

    

u r u

r r
Í.Ô

0 Ú

1
2

=
−

2

0
2
,

ÚÓ Ô‡‡ÏÂÚ êÂÈÌÓÎ¸‰Ò‡

    

ReÍ.Ô.
Ú

a

=
+( )

2

1
1

2r r u

r g
a γ

η
. (9.112)

Ç ÂÁÛÎ¸Ú‡ÚÂ ‡ÔÔÓÍÒËÏ‡ˆËË ‰‡ÌÌ˚ı Ú‡·Î. 8.8 ÔÓÎÛ˜ÂÌÓ

    
C He çÂÍ.Ô Í.Ô

0,4406( )=− +67407 29 05, , . (9.113)

íÓ„‰‡ ÔÓ (8.29) Ë (9.113)

    

ReÍ.Í.Ô
‡

a=− + +−













67407 29 05 109583244 10 1
2 2

2

0 4406

, , ,( )
.

,
τ γ

η

r r

g
r (9.114)

Ç Ú‡·Î. 9.3 ÔË‚Â‰ÂÌ˚ ÂÁÛÎ¸Ú‡Ú˚ ‡Ò˜ÂÚÓ‚ ÔÓ ÙÓÏÛÎ‡Ï
(9.108), (9.110), (9.111), (9.112) Ë (9.114).

àÁ Ú‡·Î. 9.3 ‚Ë‰ÌÓ, ˜ÚÓ ÔË ‚ÒÂı η Ë τ0 ReÍ.Ô < ReÍ.Í.Ô, Ú.Â.
‚flÁÍÓÔÎ‡ÒÚË˜Ì‡fl #ÊË‰ÍÓÒÚ¸ ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â ‰‚Ë-
ÊÂÚÒfl# ÔË #ÒÚÛÍÚÛÌÓÏ #ÂÊËÏÂ. #àÁ Ú‡·ÎËˆ˚ #Ú‡ÍÊÂ ÒÎÂ‰Û-
ÂÚ, #˜ÚÓ #ÍÂÌÓÔËÂÏÌËÍ# ‰‡ÊÂ ÔË ÓÚÌÓÒËÚÂÎ¸ÌÓ Ï‡Î˚ı η Ë
τ0# ‰‚ËÊÂÚÒfl# Ò# ÌÂÁÌ‡˜ËÚÂÎ¸ÌÓÈ #ÒÍÓÓÒÚ¸˛. #Ñ‡ÌÌ˚Â, ÔË‚Â-
‰ÂÌÌ˚Â ‚ Ú‡·Î. 9.3, ıÓÓ¯Ó ÒÓ„Î‡ÒÛ˛ÚÒfl Ò ‚ÂÎË˜ËÌÓÈ uÚ =    
= 0,358 Ï/Ò, ÛÒÚ‡ÌÓ‚ÎÂÌÌÓÈ ‡ÌÂÂ ÔË ‰‚ËÊÂÌËË ÍÂÌÓÔË-
ÂÏÌËÍ‡ ‚ ‚Ó‰Â.

í‡ÍËÏ Ó·‡ÁÓÏ, ‚ÓÁÌËÍ‡ÂÚ ÌÂÓ·ıÓ‰ËÏÓÒÚ¸ Â¯ÂÌËfl Á‡‰‡˜Ë
ÔÓ ÓÔÂ‰ÂÎÂÌË˛ ÁÌ‡˜ÂÌËfl uÚ ÔË Ó‰ÌÓ‚ÂÏÂÌÌÓÈ Á‡Í‡˜ÍÂ ‚flÁ-
ÍÓÔÎ‡ÒÚË˜ÌÓÈ ÊË‰ÍÓÒÚË ‚Ó ‚ÌÛÚÂÌÌ˛˛ ÔÓÎÓÒÚ¸ ·ÛËÎ¸ÌÓÈ
ÍÓÎÓÌÌ˚.



2 0 0

í ‡ · Î Ë ̂  ‡  9.3

η, 10–3

è‡⋅Ò
τ0 = 0,5 è‡ τ0 = 1,5 è‡

ρ‡ = 0,946024, ρ‚ = 0,95234 ρ‡ = 0,93956086, ρ‚ = 0,95850

uÚ, Ï/Ò ReÍ.Ô ReÍ.Í.Ô uÚ, Ï/Ò ReÍ.Ô ReÍ.Í.Ô

4 0,2527 2191 3876 0,2053 1780 4377
6 0,1685 974 3635 0,1369 791 3985
8 0,1263 547 3509 0,1027 445 3781
10 0,1011 351 3431 0,0821 285 3654
12 0,0895 259 3378 0,0684 198 3568
14 0,0767 190 3339 0,0587 145 3505
16 0,0632 137 3310 0,0513 111 3457
18 0,0561 108 3286 0,0456 88 3419
20 0,0505 87 3267 0,0411 71 3388
22 0,0459 72 3252 0,0373 59 3363
24 0,0421 61 3238 0,0342 49 3342
26 0,0389 52 3227 0,0316 42 3323
28 0,0361 45 3217 0,0293 36 3307
30 0,0337 39 3209 0,0274 32 3294
32 0,0316 34 3201 0,0257 28 3281
34 0,0297 30 3195 0,0242 25 3270
36 0,0281 27 3189 0,0228 22 3261
38 0,0266 24 3183 0,0216 20 3252
40 0,0253 22 3178 0,0205 18 3244
42 0,0241 19 3174 0,0195 16 3237
44 0,0230 18 3170 0,0187 15 3230
46 0,0220 17 3166 0,0178 13 3224
48 0,0211 15 3163 0,0171 12 3219
50 0,0202 14 3159 0,0164 11 3213
52 0,0194 13 3156 0,0158 10 3209
54 0,0187 12 3154 0,0152 10 3204

êÂ¯ËÏ Á‡‰‡˜Û ‚ ÔÓ‰‚ËÊÌÓÈ ÒËÒÚÂÏÂ ÍÓÓ‰ËÌ‡Ú.
ëÓÒÚ‡‚Ë‚ Û‡‚ÌÂÌËÂ ‡‚ÌÓ‚ÂÒËfl ‚Ó ‚ÌÛÚÂÌÌÂÏ „‡‰ËÂÌÚ-

ÌÓÏ ÒÎÓÂ, ÔÓÎÛ˜ËÏ ‚˚‡ÊÂÌËÂ (9.84).
ÑÎfl ÓÔÂ‰ÂÎÂÌËfl ÔÓËÁ‚ÓÎ¸ÌÓÈ ÔÓÒÚÓflÌÌÓÈ c1 ‚ÓÒÔÓÎ¸ÁÛ-

ÂÏÒfl ÛÒÎÓ‚ËÂÏ ÔË r = r0  u = 0.
íÓ„‰‡

    
c r rp l

l
r

G r l

l1 0
2 0

2

0
0

04 2
=

−
−

−
+

∆ γ

η

π γ

πη

τ

η
ln . (9.115)

èÓ (9.84) Ë (9.115) ÔÓÎÛ˜ËÏ

    

u r r r rp l
l

G r l

l

r

r1
2

0
2 0

2
0

0

0
04 2

= −
− 



 +

−
− ( )− −∆ γ

η

π γ

πη

τ

η
ln  ; (9.116)

èË r = ρ1 u1 = u0. íÓ„‰‡



2 0 1

    

u r rp l
l

G r l

l r0 1
2

0
2 0

2
1

0

0
1 04 2

=− − + − −− 





− ( )∆ γ

η

π γ

πη

ρ τ

η
ρ ρln . (9.117)

àÁ Û‡‚ÌÂÌËfl ‰ËÌ‡ÏË˜ÂÒÍÓ„Ó ‡‚ÌÓ‚ÂÒËfl ÔÓ ‚ÌÛÚÂÌÌÂÏÛ
„‡‰ËÂÌÚÌÓÏÛ ÒÎÓ˛ ÔÓÎÛ˜ËÏ (9.89).

èË r = r1 u2 = uÚ. áÌ‡˜ËÚ,

    
c u r r rp l

l

G r l

l2 1
2 0

2
0
14 2

= + − −− −
Ú ln

1
∆ γ

η

π γ

πη

τ

η
. (9.118)

ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ÔÓ (9.89) Ë (9.118)

    
u r r r r up l

l

G r l

l

r

r2
1ln Ú = − − − − +− 





− ( )∆ γ

η

π γ

πη

τ

η4 21
2 2 0

2
0

1 . (9.119)

èË r = ρ2 u2 = u0. íÓ„‰‡

    

u r r up l
l

G r l

l

r
0

1ln Ú = − − − − +− 







− ( )∆ γ

η

π γ

πη ρ

τ

η
ρ ρ

4 21
2

2
2 0

2

2

0
1 2

. (9.120)

ëÓ„Î‡ÒÌÓ (9.117) Ë (9.120) ÔÓÎÛ˜ËÏ, ˜ÚÓ uÚ ÓÔÂ‰ÂÎflÂÚÒfl ÔÓ
(9.93).

íÓ„‰‡ ‚ ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò (9.119) Ë (9.93)

    

u r rp l
l

G r l
l

r

r2 0
2

2
2

1
2 2 0

2

2 0
4 2

= + − − −− ( ) + −∆ γ

η

π γ

πη

ρ

ρ
ρ ρ ln 1

    
− − + −( )
τ

η
ρ ρ0
1 0 2r r . (9.121)

ëÓÒÚ‡‚Ë‚ Û‡‚ÌÂÌËfl ‰ËÌ‡ÏË˜ÂÒÍÓ„Ó ‡‚ÌÓ‚ÂÒËfl ÔÓ ‚ÌÛÚ-
ÂÌÌÂÈ Ë ‚ÌÂ¯ÌÂÈ „‡ÌËˆÂ fl‰‡, ÔÓÎÛ˜ËÏ (9.97) Ë (9.98).

Ç ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò (9.97), (9.98), (9.116), (9.117) Ë (9.121) ÏÓÊ-
ÌÓ Á‡ÔËÒ‡Ú¸:

    

u r r r rG r l

l
r
r1

0
2

1 2
0 2 1 0

2
2 1

2
1 2

0
4

2 2= − + − − − +− ( ) ( )
















π γ

πη ρ ρ
ρ ρ ρ ρ ρ ρ2 ln ; (9.122)

    
u r r r rG r l

l2
0
2

1 2
0 2 1 0

2
2 1

2

4
2= − + + − − +− ( ) ( )




π γ

πη ρ ρ
ρ ρ ρ ρ2

    

+ − +








2
1 2

2 0
2
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1
2ρ ρ ρ ρ

ρ

ρ
ln 1

r

r
; (9.123)
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l r0

0
2

1 2
1
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0
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1 2
0

0 2 14
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


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
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
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π γ

πη ρ ρ

ρ
ρ ρ ρ ρ ρln 1 . (9.124)

ëÓ„Î‡ÒÌÓ (8.148) – (8.151), ‡ Ú‡ÍÊÂ (9.122) – (9.124)

    
q r rG r l

l
r r r r

1
0
2

1 2
0 1

2
2

0
3

2 0
3
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0 1
3 1

2
0
2
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22 3 3 2 4
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12 21
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ρ ρ ρρ ρ ρr

r
ln  ;1 (9.125)

    
q r r r r r r rG r l
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r r r
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, (9.126)
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0 1 2
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32 2 2 2 (9.127)

    

q r r r rG r l
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r r r= − − − + − +− 
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ρ
ln .1 (9.128)

èÓ Û‡‚ÌÂÌË˛ Ï‡ÚÂË‡Î¸ÌÓ„Ó ·‡Î‡ÌÒ‡ (9.46) Ë ÙÓÏÛÎÂ
(9.93)
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áÌ‡˜ËÚ, ÒÓ„Î‡ÒÌÓ (9.97), (9.98) Ë (9.129) ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸:
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0 1 1
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1ρ ρ ρ ρ . (9.130)

í‡Í Í‡Í ‡ÒıÓ‰˚, Ì‡È‰ÂÌÌ˚Â ÔÓ ÙÓÏÛÎ‡Ï (9.128) Ë (9.130),
‡‚Ì˚ ÏÂÊ‰Û ÒÓ·ÓÈ, ÚÓ ËÏÂÂÏ
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áÌ‡˜ËÚ, ‡Ò˜ÂÚ˚ ÔÓ ÓÔÂ‰ÂÎÂÌË˛ ÒÍÓÓÒÚË ÍÂÌÓÔËÂÏÌË-
Í‡ ÔÓ‚Ó‰flÚÒfl ÒÓ„Î‡ÒÌÓ ‚˚‡ÊÂÌËflÏ (9.106), (9.107) Ë (9.131).

èË Q = 0,001 Ï3/Ò, G = 671 H, l = 13,71 Ï, r1 = 0,0335 Ï,
ra = 0,89552 Û‡‚ÌÂÌËÂ (9.106) ÔÂÓ·‡ÁÛÂÚÒfl Í ‚Ë‰Û (9.110), ‡
(9.131) ÔËÏÂÚ ‚Ë‰

    
01187046 0 572722567 0 089216615, , ,ηρ ρ ρ ρ‡ ‚ ‚ ‡− − + +( )

    
+ − −( )1

6 12
2

4
ρ ρ ρ ρ ρ

‡ ‚ ‚
2

a
a

    
− + = 0 099021965 0, .ρ ρ ρ

‡ ‚
‚
4

12
(9.132)

ê‡Ò˜ÂÚ˚ ÔÓ ‚˚‡ÊÂÌËflÏ (9.110) Ë (9.132) ÔË η = 0,04 è‡⋅Ò
ÔÓÁ‚ÓÎËÎË ÔÓÎÛ˜ËÚ¸ ρ‡ = 0,948353, ρ‚ = 0,96. íÓ„‰‡ ‚ ÒÓÓÚ‚ÂÚ-
ÒÚ‚ËË Ò (9.111) Ì‡È‰ÂÏ uÚ = 0,5549 Ï/Ò.

èË ÔËÌflÚ˚ı ËÒıÓ‰Ì˚ı ‰‡ÌÌ˚ı Q = 0. ëÓ„Î‡ÒÌÓ Ú‡·Î.
9.3 ËÏÂÂÏ uÚ = 0,2527 Ï/Ò.

í‡ÍËÏ Ó·‡ÁÓÏ, ‚ Á‡‚ËÒËÏÓÒÚË ÓÚ ÌÂÓ·ıÓ‰ËÏÓÈ ÒÍÓÓÒÚË
ÍÂÌÓÔËÏÌËÍ‡ ÏÓÊÌÓ ÔÓ‰Ó·‡Ú¸ ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ÂÂ ÁÌ‡˜ÂÌËÂ
‡ÒıÓ‰‡ ÊË‰ÍÓÒÚË Q.
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9.4. ÃÈÄÐÎÄÈÍÀÌÈ×ÅÑÊÎÅ ÄÀÂËÅÍÈÅ,
ÂÎÇÍÈÊÀÞÙÅÅ Â ÑÊÂÀÆÈÍÅ  Â ÏÐÎÖÅÑCÅ 
ÏÎÄÚÅÌÀ ÊÅÐÍÎÏÐÈÅÌÍÈÊÀ
ÏÐÈ ÐÀÇËÈ×ÍÛÕ ÐÅÆÈÌÀÕ ÒÅ×ÅÍÈß
ÆÈÄÊÎÑÒÈ

êÂ¯ÂÌË˛ ‡ÒÒÏ‡ÚË‚‡ÂÏÓÈ Á‡‰‡˜Ë ÔÂ‰¯ÂÒÚ‚Ó‚‡ÎÓ ËÁÛ˜ÂÌËÂ
ÔÓ·ÎÂÏ˚ ÓÔÂ‰ÂÎÂÌËfl „Ë‰Ó‰ËÌ‡ÏË˜ÂÒÍÓ„Ó ‰‡‚ÎÂÌËfl Ì‡ Á‡-
·ÓÂ ÒÍ‚‡ÊËÌ˚ ÔË ÒÔÛÒÍÂ ËÎË ÔÓ‰˙ÂÏÂ ÍÓÎÓÌÌ˚ ÚÛ·.

ÇÔÂ‚˚Â ÔÓ·ÎÂÏ‡ ËÁÏÂÌÂÌËfl ‰‡‚ÎÂÌËfl Ì‡ Á‡·ÓÂ ÒÍ‚‡ÊËÌ˚
·˚Î‡ ÔÓÒÚ‡‚ÎÂÌ‡ ‚ ‡·ÓÚÂ [25]. èË ˝ÚÓÏ ‡‚ÚÓ˚ ‡·ÓÚ˚ ËÒ-
ıÓ‰ËÎË ËÁ ÚÓ„Ó, ˜ÚÓ „ÎËÌËÒÚ˚È ‡ÒÚ‚Ó Ì‡˜ÌÂÚ ‰‚Ë„‡Ú¸Òfl ÔÓ-
ÒÎÂ ÚÓ„Ó, Í‡Í ·Û‰ÂÚ ÔÂÓ‰ÓÎÂÌ‡ ÒËÎ‡ ÒÓÔÓÚË‚ÎÂÌËfl, Ó·ÛÒÎÓ‚-
ÎÂÌÌ‡fl Ì‡ÎË˜ËÂÏ ÒÚ‡ÚË˜ÂÒÍÓ„Ó Ì‡ÔflÊÂÌËfl Ò‰‚Ë„‡ θ. í‡Í, Ì‡-
ÔËÏÂ, ‰Îfl ÚÓ„Ó ˜ÚÓ·˚ ÔË‚ÂÒÚË ‚ ‰‚ËÊÂÌËÂ „ÎËÌËÒÚ˚È ‡Ò-
Ú‚Ó, Ì‡ıÓ‰fl˘ËÈÒfl ‚ ÚÛ·Â ‡‰ËÛÒÓÏ R  Ë ‰ÎËÌÓÈ l, ÌÂÓ·ıÓ-
‰ËÏÓ ÔÂÓ‰ÓÎÂÚ¸ ‰ÓÔÓÎÌËÚÂÎ¸Ì˚È ÔÂÂÔ‡‰ ‰‡‚ÎÂÌËfl ∆p, ÓÔÂ-
‰ÂÎflÂÏ˚È ËÁ Û‡‚ÌÂÌËfl ‡‚ÌÓ‚ÂÒËfl

πR2∆p = 2πRlθ.

éÚÒ˛‰‡

    
∆p l

R
= 2 θ . (9.133)

èË ÔÓ‰˙ÂÏÂ ÍÓÎÓÌÌ˚ ÚÛ· ËÁ ÒÍ‚‡ÊËÌ˚ ÓÒ‚Ó·ÓÊ‰‡ÂÏ˚È
Ó·˙ÂÏ ‰ÓÊÂÌ Á‡ÔÓÎÌflÚ¸Òfl ÊË‰ÍÓÒÚ¸˛, Ì‡ıÓ‰fl˘ÂÈÒfl ‚ ÍÓÎ¸ˆÂ-
‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â. ÑÎfl ‚ÓÁÌËÍÌÓ‚ÂÌËfl Ú‡ÍÓ„Ó ÚÂ˜ÂÌËfl ÌÂÓ·-
ıÓ‰ËÏÓ ÔÂÓ‰ÓÎÂÚ¸ ÔÂÂÔ‡‰ ‰‡‚ÎÂÌËfl, ÍÓÚÓ˚È ‡Ì‡ÎÓ„Ë˜ÌÓ
(9.133) ÓÔÂ‰ÂÎflÂÚÒfl ÔÓ ÙÓÏÛÎÂ

    
∆p l

R r
=

−

2 θ

ÒÍ‚ ·.Ú
, (9.134)

„‰Â RÒÍ‚ Ë r·.Ú – ‡‰ËÛÒ ÒÍ‚‡ÊËÌ˚ Ë ÍÓÎÓÌÌ˚ ·ÛËÎ¸Ì˚ı ÚÛ·
ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ.

ëÓÓÚÌÓ¯ÂÌËÂ (9.134), ÛÒÚ‡ÌÓ‚ÎÂÌÌÓÂ ËÁ ÒÚ‡ÚË˜ÂÒÍËı ÒÓÓ·-
‡ÊÂÌËÈ, ÌÂ Û˜ËÚ˚‚‡ÂÚ „Ë‰Ó‰ËÌ‡ÏË˜ÂÒÍËÂ Ù‡ÍÚÓ˚, ‡ ËÏÂÌ-
ÌÓ – ‚ÎËflÌËÂ ÒÍÓÓÒÚË Ë ÒÚÛÍÚÛÌÓÈ ‚flÁÍÓÒÚË Ì‡ ‚ÂÎË˜ËÌÛ
∆p.

êÂ¯ÂÌËÂ ‰‡ÌÌÓÈ ÔÓ·ÎÂÏ˚ ‚ „Ë‰Ó‰ËÌ‡ÏË˜ÂÒÍÓÈ ÔÓÒÚ‡-
ÌÓ‚ÍÂ ‚ÔÂ‚˚Â ·˚ÎÓ ÔÂ‰ÎÓÊÂÌÓ ‚ ‡·ÓÚ‡ı [5, 6]; ÒÔ‡‚Â‰ÎË-
‚ÓÒÚ¸ ÔÓÎÛ˜ÂÌÌ˚ı ÙÓÏÛÎ ÔÓ‰Ú‚ÂÊ‰ÂÌ‡ ÏÌÓ„Ó˜ËÒÎÂÌÌ˚ÏË
˝ÍÒÔÂËÏÂÌÚ‡Î¸Ì˚ÏË ËÒÒÎÂ‰Ó‚‡ÌËflÏË. ê‡Ò˜ÂÚ˚ ÔÓÍ‡Á‡ÎË, ˜ÚÓ
‰‡‚ÎÂÌËÂ Ì‡ Á‡·ÓÂ ÒÍ‚‡ÊËÌ˚ ‚ Á‡‚ËÒËÏÓÒÚË ÓÚ „ÂÓÏÂÚË˜ÂÒ-
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ÍËı ‡ÁÏÂÓ‚ ÍÓÎ¸ˆÂ‚Ó„Ó ÔÓÒÚ‡ÌÒÚ‚‡, ÒÍÓÓÒÚË ‰‚ËÊÂÌËfl
ÍÓÎÓÌÌ˚ ÚÛ· Ë ÂÓÎÓ„Ë˜ÂÒÍËı Ò‚ÓÈÒÚ‚ ÊË‰ÍÓÒÚË ÏÓÊÂÚ ÒÛ-
˘ÂÒÚ‚ÂÌÌÓ ËÁÏÂÌËÚ¸Òfl, ˜ÚÓ ÔË‚Ó‰ËÚ Í ‡ÁÎË˜ÌÓ„Ó Ó‰‡ ÓÒ-
ÎÓÊÌÂÌËflÏ (‚˚·ÓÒ‡Ï, ÔÓ„ÎÓ˘ÂÌËflÏ, Í‡Ú‡ÒÚÓÙË˜ÂÒÍÓÏÛ
ÛıÓ‰Û ˆËÍÛÎflˆËË Ë Ú.‰.).
ÄÌ‡ÎÓ„Ë˜Ì‡fl Á‡‰‡˜‡ ‚ÓÁÌËÍ‡ÂÚ Ë ÔË ÔÓ‰˙ÂÏÂ ÍÂÌÓÔËÂÏ-

ÌËÍ‡ ËÁ ÒÍ‚‡ÊËÌ˚.
èÛÒÚ¸ l1 – ‡ÒÒÚÓflÌËÂ ÓÚ ‚ÂıÌÂ„Ó ÚÓˆ‡ ÍÂÌÓÔËÂÏÌËÍ‡

‰Ó ÛÒÚ¸fl ÒÍ‚‡ÊËÌ˚, l – ‰ÎËÌ‡ ÍÂÌÓÔËÂÏÌËÍ‡, H – Ó·˘‡fl
‰ÎËÌ‡ ·ÛËÎ¸Ì˚ı ÚÛ·. íÓ„‰‡ ÔË ÔÓ‰˙ÂÏÂ ÍÂÌÓÔËÂÏÌËÍ‡
Ì‡ Û˜‡ÒÚÍ‡ı, ËÏÂ˛˘Ëı ‰ÎËÌ˚ l1, l Ë H, ‚ÓÁÌËÍ‡ÂÚ ‰‚ËÊÂÌËÂ
ÊË‰ÍÓÒÚË, Ó·ÛÒÎÓ‚ÎË‚‡˛˘ÂÂ ÓÔÂ‰ÂÎÂÌÌÓÂ „Ë‰Ó‰ËÌ‡ÏË˜ÂÒ-
ÍÓÂ ‰‡‚ÎÂÌËÂ Ì‡ Á‡·ÓÂ ÒÍ‚‡ÊËÌ˚ p2, ÓÚÎË˜‡˛˘ÂÂÒfl ÓÚ „Ë‰Ó-
ÒÚ‡ÚË˜ÂÒÍÓ„Ó γç.

çËÊÂ ÔË‚Ó‰flÚÒfl ÙÓÏÛÎ˚ ‰Îfl ÓÔÂ‰ÂÎÂÌËfl p2, ‡ ÁÌ‡˜ËÚ, Ë
‡ÁÌÓÒÚË γç – p2 ÔË ‡ÁÎË˜Ì˚ı  ÂÊËÏ‡ı ÚÂ˜ÂÌËfl ‚flÁÍÓÈ Ë
‚flÁÍÓÔÎ‡ÒÚË˜ÌÓÈ ÊË‰ÍÓÒÚË.

9.4.1. ÃÈÄÐÎÄÈÍÀÌÈ×ÅÑÊÎÅ ÄÀÂËÅÍÈÅ,
ÏÐÈ ËÀÌÈÍÀÐÍÎÌ ÐÅÆÈÌÅ ÒÅ×ÅÍÈß ÆÈÄÊÎÑÒÈ
Â ÊÎËÜÖÅÂÎÌ ÏÐÎÑÒÐÀÍÑÒÂÅ, ÎÁÐÀÇÎÂÀÍÍÎÌ
ÊÅÐÍÎÏÐÈÅÌÍÈÊÎÌ È ÊÎËÎÍÍÎÉ ÁÓÐÈËÜÍÛÕ ÒÐÓÁ
À ÒÀÊÆÅ ÂÎ ÂÍÓÒÐÅÍÍÅÉ ÏÎËÎÑÒÈ ÒÐÓÁ
È ÇÀÒÐÓÁÍÎÌ ÏÐÎÑÒÐÀÍÑÒÂÅ

ê‡ÒÒÏÓÚËÏ ÒÌ‡˜‡Î‡ Û˜‡ÒÚÓÍ ‰ÎËÌÓÈ l, ÔÂ‰ÒÚ‡‚Îfl˛˘ÂÈ ÒÓ·ÓÈ
ÍÓÎ¸ˆÂ‚ÓÂ ÔÓÒÚ‡ÌÒÚ‚Ó ÏÂÊ‰Û ÍÂÌÓÔËÂÏÌËÍÓÏ Ë ÍÓÎÓÌ-
ÌÓÈ ÚÛ·. èË Ó‰ÌÓÏÂÌÓÏ ÛÒÚ‡ÌÓ‚Ë‚¯ÂÏÒfl ‰‚ËÊÂÌËË ‚‰ÓÎ¸
ÓÒË oz ÒÓ„Î‡ÒÌÓ ÒËÒÚÂÏÂ ‰ËÙÙÂÂÌˆË‡Î¸Ì˚ı Û‡‚ÌÂÌËÈ ç‡-
‚¸Â–ëÚÓÍÒ‡ ÔÓÎÛ˜ËÏ ‚˚‡ÊÂÌËÂ (9.71). èÓËÁ‚ÓÎ¸Ì˚Â ÔÓÒÚÓ-
flÌÌ˚Â Ò1 Ë Ò2 ‚ ‚˚‡ÊÂÌËË (9.71) Ì‡È‰ÂÏ ËÁ „‡ÌË˜Ì˚ı ÛÒÎÓ-
‚ËÈ, ÒÓ„Î‡ÒÌÓ ÍÓÚÓ˚Ï ÒÍÓÓÒÚ¸ ÊË‰ÍÓÒÚË u Ì‡ ‚ÌÛÚÂÌÌÂÈ
ÔÓ‚ÂıÌÓÒÚË ÍÓÎÓÌÌ˚ ÚÛ· ‡‚Ì‡ ÌÛÎ˛, ‡ Ì‡ ÔÓ‚ÂıÌÓÒÚË
ÍÂÌÓÔËÂÏÌËÍ‡ ‡‚Ì‡ ÒÍÓÓÒÚË Ò‡ÏÓ„Ó ÍÂÌÓÔËÂÏÌËÍ‡ uÚ,
Ú.Â.

ÔË r$= r1 u = 0;

ÔË r$= r0 u = –uÚ.

Ç ÂÁÛÎ¸Ú‡ÚÂ Â¯ÂÌËfl ‰ËÙÙÂÂÌˆË‡Î¸ÌÓ„Ó Û‡‚ÌÂÌËfl (9.71)
ÔË ÛÍ‡Á‡ÌÌ˚ı „‡ÌË˜Ì˚ı ÛÒÎÓ‚Ëflı ÔÓÎÛ˜ËÏ:
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c u

r

r

dp
dz

r r

r

r

1
1

0

1
2

0
2

1

0

1
4

= − −Ú

ln
µ

ln

; (9.135)

    

c r rdp
dz

r r

r

r

u

r

r

r2 1
2 1

2
0
2

1

0

1
1

0

1
1
4

=− − −−



















µ
ln ln

ln ln .Ú (9.136)

áÌ‡˜ËÚ, ÔÓ (9.71), ‡ Ú‡ÍÊÂ (9.135) Ë (9.136) ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸
‚˚‡ÊÂÌËÂ ‰Îfl ÓÔÂ‰ÂÎÂÌËfl ÒÍÓÓÒÚË ÊË‰ÍÓÒÚË ‚ Î˛·ÓÈ ÚÓ˜-
ÍÂ ÍÓÎ¸ˆÂ‚Ó„Ó ÔÓÒÚ‡ÌÒÚ‚‡:

    

u r rdp
dz

r r

r

r

r

r
u

r

r

r

r=− − − −−



















1
4 1

2 1
2

0
2

1

0

1 2

1

0

1

µ
ln ln

ln ln .Ú (9.137)

ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ‡ÒıÓ‰ ÊË‰ÍÓÒÚË ‚ ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò (9.137)
ÏÓÊÌÓ ÓÔÂ‰ÂÎËÚ¸ Ú‡Í:

    

q r u
p l p

l
r

r r

r

r

r r

r

r

r= − − − −
+ − −































−


















π γ

µ
π

( )

ln ln

,1 2
1
4

0
4

1
2

0
2

2

1

0

1
2

0
2

1

0

0
2

8 2
Ú (9.138)

„‰Â p1 Ë p2 – ‰‡‚ÎÂÌËÂ ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ Û ‚ÂıÌÂ„Ó Ë ÌËÊÌÂ„Ó
ÚÓˆÓ‚ ÍÂÌÓÔËÂÏÌËÍ‡ (p1 < p2).

èÓ‰ÌËÏ‡ÂÏ˚È ÍÂÌÓÔËÂÏÌËÍ ‚˚ÚÂÒÌflÂÚ Ò‚ÓËÏ ‚ÂıÌËÏ
ÚÓˆÓÏ ÓÔÂ‰ÂÎÂÌÌ˚È Ó·˙ÂÏ Ë ÒÓÁ‰‡ÂÚ ‡ÒıÓ‰ Q1; ˜‡ÒÚ¸ ÊË‰-
ÍÓÒÚË ÛÚÂÍ‡ÂÚ ˜ÂÂÁ Á‡ÁÓ Ò ‡ÒıÓ‰ÓÏ q.

áÌ‡˜ËÚ, ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸ ÒÎÂ‰Û˛˘ÂÂ Û‡‚ÌÂÌËÂ Ï‡ÚÂË‡Î¸-
ÌÓ„Ó ·‡Î‡ÌÒ‡:

    πr u Q q0
2

Ú 1= + . (9.139)

í‡Í Í‡Í ‰‡‚ÎÂÌËÂ Ì‡‰ ‚ÂıÌËÏ ÚÓˆÓÏ ÍÂÌÓÔËÂÏÌËÍ‡
ÒÓÒÚ‡‚ÎflÂÚ p1, ‡ ‰‡‚ÎÂÌËÂ Ì‡ ÛÒÚ¸Â ‡‚ÌÓ ‡ÚÏÓÒÙÂÌÓÏÛ, ÚÓ,
ÓÔÂ‰ÂÎË‚ ÔÓÚÂË ‰‡‚ÎÂÌËfl Ì‡ Û˜‡ÒÚÍÂ ‰ÎËÌÓÈ l1, ÒÓ„Î‡ÒÌÓ
ÙÓÏÛÎÂ èÛ‡ÁÂÈÎfl Á‡ÔË¯ÂÏ:

    

p l l Q

r
1

1 1

1
4

8= +γ µ

π
. (9.140)

Ç ÂÁÛÎ¸Ú‡ÚÂ ÔÓ‰˙ÂÏ‡ ÍÂÌÓÔËÂÏÌËÍ‡ ÊË‰ÍÓÒÚ¸ Ò ‡ÒıÓ-
‰ÓÏ Q2 ÔÓÒÚÛÔ‡ÂÚ ËÁ Á‡ÚÛ·ÌÓ„Ó ÔÓÒÚ‡ÌÒÚ‚‡ ‚Ó ‚ÌÛÚÂÌÌ˛˛
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ÔÓÎÓÒÚ¸ ·ÛËÎ¸Ì˚ı ÚÛ· Ë, ‚ ˜‡ÒÚÌÓÒÚË, ÔÓ‰ ÌËÊÌËÈ ÚÓÂˆ
ÍÂÌÓÔËÂÏÌËÍ‡. ë˛‰‡ ÊÂ ÔÓÒÚÛÔ‡ÂÚ ÊË‰ÍÓÒÚ¸ Ò ‡ÒıÓ‰ÓÏ q.

íÓ„‰‡ ‚ ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò Û‡‚ÌÂÌËÂÏ Ï‡ÚÂË‡Î¸ÌÓ„Ó ·‡Î‡ÌÒ‡

    Q q r u2 0
2 0+ − =π Ú . (9.141)

èË Î‡ÏËÌ‡ÌÓÏ ÂÊËÏÂ ÚÂ˜ÂÌËfl ‚ Á‡ÚÛ·ÌÓÏ ÔÓÒÚ‡ÌÒÚ-
‚Â ÒÓ„Î‡ÒÌÓ ÙÓÏÛÎÂ ã.ë. ãÂÈ·ÂÌÁÓÌ‡ [18] ÔÓÎÛ˜ËÏ

    

p H R rHQ R r

R
r

2
2 4

2 2

1

8= − − − −



















−

γ µ

π
Ì
4 Ì

2

Ì

( )

ln
, (9.142)

„‰Â rÌ – Ì‡ÛÊÌ˚È ‡‰ËÛÒ ÍÓÎÓÌÌ˚ ·ÛËÎ¸Ì˚ı ÚÛ·; R –
‡‰ËÛÒ ‰ÓÎÓÚ‡ ËÎË ÒÚÂÌÓÍ ÒÍ‚‡ÊËÌ˚.

ëÓ„Î‡ÒÌÓ (9.142)

    

Q R rH p

H

R r

R
r

2
2 4

2 2

8
= − −− −



















π γ

µ

( ) ( )

ln
.Ì

4 Ì
2

Ì

(9.143)

í‡ÍËÏ Ó·‡ÁÓÏ, ‰Îfl Â¯ÂÌËfl Á‡‰‡˜Ë ‡ÒÔÓÎ‡„‡ÂÏ ÔflÚ¸˛
Û‡‚ÌÂÌËflÏË" (9.138)–(9.142) "ËÎË (9.143) Ò ÔflÚ¸˛ ÌÂËÁ‚ÂÒÚÌ˚-
ÏË – q, p2, p1 Q1 Ë Q2, Ú.Â. ËÏÂÂÏ Á‡ÏÍÌÛÚÛ˛ ÒËÒÚÂÏÛ.

ëÓ„Î‡ÒÌÓ (9.139)

    Q r u q1 0
2= −π Ú .

íÓ„‰‡ (ÔÓ (9.140)

    

p l r u ql

r
1 1

1

1
4 0

28= + −



γ πµ

π
Ú . (9.144)

ëÓ„Î‡ÒÌÓ (9.141)

    Q r u q2 0
2= −π Ú . (9.145)

áÌ‡˜ËÚ, ÔÓ (9.143) Ë (9.145)

    

q r u R rH p

H

R r

R
r

= − − −− −



















π π γ

µ0
2 2 4

2 2

8Ú Ì
4 Ì

2

Ì

( ) ( )

ln
. (9.146)

Ç ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò (9.144) Ë (9.146) ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸:

    

p l H p R r
l

H
R r

R
r

1 1
1

2

2

= + − − −
−



















γ γ( ) ,
( )

ln
a
4

c
4 a

2
c
2

c

(9.147)

„‰Â Ra = R/r1, rc = rÌ/r1.
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èË·‡‚Ë‚ Í Ó·ÂËÏ ˜‡ÒÚflÏ ‚˚‡ÊÂÌËfl (9.147) ‚ÂÎË˜ËÌÛ γ l –
– p2 Ë ËÏÂfl ‚ ‚Ë‰Û, ˜ÚÓ l + l1 = H, ÔÓÎÛ˜ËÏ

    

γ γl p p ç p R r
l

H

R r

R

r

− + = − + − −( ) −












































2 1 2
1

2

1
a
4

c
4 a

2
c
2

a

c

( )

ln

. (9.148)

àÁ ‡‚ÂÌÒÚ‚‡ Ô‡‚˚ı ˜‡ÒÚÂÈ ‚˚‡ÊÂÌËÈ (9.137) Ë (9.145), ‡
Ú‡ÍÊÂ Ò ÔÓÏÓ˘¸˛ (9.148) ÔÓÎÛ˜ËÏ ÒÎÂ‰Û˛˘ÂÂ ÒÓÓÚÌÓ¯ÂÌËÂ
‰Îfl ÓÔÂ‰ÂÎÂÌËfl ËÁÏÂÌÂÌËfl „Ë‰Ó‰ËÌ‡ÏË˜ÂÒÍÓ„Ó ‰‡‚ÎÂÌËfl Ì‡
Á‡·ÓÂ ÒÍ‚‡ÊËÌ˚:

    

γ
µ

H p r r

r

R r
u r H

r r

H
l R

l

H

R r

R

r

− = − −
−

+ −
−

































−
−




































2

2
1

2 24 1

1

11 1Ú a
2

1
2

a

a
4 a

2

a

a
4

c
4 a c

2

a

c

( )

ln

(

ln

( )

ln

)




+

    

+ − − −













R r R r

R

r

a c
4 a c

2

a

c

4
2 2( )

ln

, (9.149)

„‰Â ra = r0/r1.
èÓ ÙÓÏÛÎÂ (9.149) ÔÓ‚Â‰ÂÏ ‡Ò˜ÂÚ˚ ÔË ÒÎÂ‰Û˛˘Ëı ËÒ-

ıÓ‰Ì˚ı ‰‡ÌÌ˚ı: r1 = 0,0335 Ï, r0 = 0,030 Ï, R = 0,0475 Ï,   
H = 1000 Ï, l = 9 Ï, µ = 10–3 è‡"⋅"Ò. áÌ‡˜ËÚ, ‚ ‰‡ÌÌÓÏ ÒÎÛ-
˜‡Â r‡ = 0,895522, rÒ = 1,19403, Rc = 1,4179.

èÓ‰ÒÚ‡‚Ë‚ ËÒıÓ‰Ì˚Â ‰‡ÌÌ˚Â ‚ (9.149), ÔÓÎÛ˜ËÏ

γH – p2 = 0,35025 ⋅ 105 uÚ. (9.150)

çËÊÂ ÔË‚Â‰ÂÌ˚ ÁÌ‡˜ÂÌËfl ∆p = γH – p2 ÔË ‡ÁÎË˜Ì˚ı
uÚ, ÔÓÎÛ˜ÂÌÌ˚Â ÔÓ ÙÓÏÛÎÂ (9.150).

èË ÔÓ˜Ëı ‡‚Ì˚ı ÛÒÎÓ‚Ëflı Ë H = 4000 Ï ÒÓ„Î‡ÒÌÓ
(9.149) ÔÓÎÛ˜ËÏ

γH – p2 = 0,35025 ⋅ 105 uÚ. (9.151)

çËÊÂ ÔË‚Â‰ÂÌ˚ ÁÌ‡˜ÂÌËfl ∆p, ‡ÒÒ˜ËÚ‡ÌÌ˚Â ÔÓ ÙÓÏÛÎÂ
(9.151) ÔË ‡ÁÎË˜Ì˚ı uÚ.

uÚ, Ï/Ò ............. 1 2 3 4
∆p, 105 è‡ ...... 0,3502 0,7004 1,0506 1,4004

uÚ, Ï/Ò .............. 1 2 3 4
∆p, 105 è‡ ....... 0,3808 0,7616 1,1421 1,5232
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ê‡Ò˜ÂÚ˚ ÔÓÍ‡Á˚‚‡˛Ú, ˜ÚÓ Ò Û‚ÂÎË˜ÂÌËÂÏ „ÎÛ·ËÌ˚ ÒÍ‚‡ÊË-
Ì˚ ÔÓËÒıÓ‰ËÚ ÌÂÁÌ‡˜ËÚÂÎ¸ÌÓÂ ÔÓ‚˚¯ÂÌËÂ ∆p.

éÔÂ‰ÂÎËÏ ÂÊËÏ ÚÂ˜ÂÌËfl ÊË‰ÍÓÒÚË ‚ ÔÓÒÚ‡ÌÒÚ‚Â ÏÂÊ-
‰Û ÍÂÌÓÔËÂÏÌËÍÓÏ Ë ·ÛËÎ¸Ì˚ÏË ÚÛ·‡ÏË. ë ˝ÚÓÈ ˆÂÎ¸˛
ÌÂÓ·ıÓ‰ËÏÓ ‡ÒÒ˜ËÚ‡Ú¸ ÛÚÂ˜ÍË ÊË‰ÍÓÒÚË qÛÚ, Ú.Â. Â¯ËÚ¸ Á‡-
‰‡˜Û ‚ ÔÓ‰‚ËÊÌ˚ı ÍÓÓ‰ËÌ‡Ú‡ı.

Ç "˝ÚÓÏ ÒÎÛ˜‡Â  ÔÓËÁ‚ÓÎ¸Ì˚Â ÔÓÒÚÓflÌÌ˚Â Ò1 Ë Ò2 ‚ ‚˚‡-
ÊÂÌËË  (9.71)  ÓÔÂ‰ÂÎfl˛ÚÒfl  ËÁ  ÒÎÂ‰Û˛˘Ëı  „‡ÌË˜Ì˚ı  ÛÒ-
ÎÓ‚ËÈ:

ÔË r = r0 u = 0;

ÔË r = r1 u = uÚ.

íÓ„‰‡ ‚ ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò (9.71)

    

c
u

r

r

dp
dz

r r

r

r

1
1

0

1
2

0
2

1

0

1
4

= −
−

Ú

ln ln

;
µ

(9.152)

    

c r r rdp
dz

r r

r

r

u

r

r

2
1
2

0
2

1

0

0 0
2

1

0

0
1
4

= − −
−





















µ
ln ln

ln ln .Ú (9.153)

áÌ‡˜ËÚ, ÔÓ (9.152), (9.153) Ë (9.71) ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸:

    

u r rdp
dz

r r

r

r

r
r

u

r

r

r
r

=− − + +
−





















1
4

1
2

0
2

1

0

0

2
0
2

1

0

0µ
ln ln

ln ln .Ú (9.154)

ëÓ„Î‡ÒÌÓ (9.137) Ë (9.154), ÔÓÎÓÊË‚ q = qÛÚ, ÔÓÎÛ˜ËÏ ÒÎÂ‰Û-
˛˘ÂÂ ‚˚‡ÊÂÌËÂ ‰Îfl ÓÔÂ‰ÂÎÂÌËfl ÛÚÂ˜ÂÍ ÊË‰ÍÓÒÚË:

    

q r r u r
r r p l p

l

r r

r

r

r r

r

r

ÛÚ Ú= − − + −
−









 + −( ) −



















−



















π γ

µ
π

1
2

0
2

1 2

1
2

0
2 1

2
0
2

1

0

1
2 1

2
0
2

1

0

8 2ln ln

. (9.155)

ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ÔÓ (9.148) Ë (9.154)



210

    

q r H p R r
r r

l

r

r

l

HÛÚ

a

a
a

a

a
4

c= + − − + − −
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







 −
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


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
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

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




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














−






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







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1 1

ln

.π (9.156)

è‡‡ÏÂÚ êÂÈÌÓÎ¸‰Ò‡ ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â

    
Re .

( )ÍÔ
ÛÚ

a
=

+

2

11

q

r rπ ν
(9.157)

èË r1 = 0,0335 Ï, r0 = 0,030 Ï, R = 0,0475 Ï, H = 1000 Ï,
l = 9 Ï, ν = 10–6 Ï2/Ò ÒÓ„Î‡ÒÌÓ (9.156) Ë (9.157) ÏÓÊÌÓ Á‡ÔË-
Ò‡Ú¸:

qÛÚ = 0,00805302 ⋅ 10–5(γH – p2) + 0,0003619uÚ; (9.158)

ReÍ.Ô = 10,0255 ⋅ 106qÛÚ. (9.159)

äËÚË˜ÂÒÍÓÂ ÁÌ‡˜ÂÌËÂ Ô‡‡ÏÂÚ‡ êÂÈÌÓÎ¸‰Ò‡, Ú.Â. ReÍ.Í.Ô

ÓÔÂ‰ÂÎflÂÚÒfl ÔÓ ÙÓÏÛÎÂ (8.27).

Ç ‰‡ÌÌÓÏ ÒÎÛ˜‡Â, Ú.Â. ÔË ra = 0,895522, ReÍ.Í.Ô = 3072,7.
ë ÔÓÏÓ˘¸˛ Ì‡È‰ÂÌÌ˚ı ‡ÌÂÂ ÁÌ‡˜ÂÌËÈ ∆p = γH – p2 Ë

ÒÓ„Î‡ÒÌÓ (9.158) Ë (9.159) ·˚ÎË ‚˚˜ËÒÎÂÌ˚ qÛÚ Ë ReÍ.Ô (Ú‡·Î.
9.4).

àÁ Ú‡·Î. 9.4 ‚Ë‰ÌÓ, ˜ÚÓ ‚Ó ‚ÒÂı ÒÎÛ˜‡flı ReÍ.Ô > ReÍ.Í.Ô, Ú.Â.
‰‚ËÊÂÌËÂ ÏÂÊ‰Û ÍÂÌÓÔËÂÏÌËÍÓÏ Ë ÍÓÎÓÌÌÓÈ ·ÛËÎ¸Ì˚ı
ÚÛ· ÔÓËÒıÓ‰ËÚ ÔË ÚÛ·ÛÎÂÌÚÌÓÏ ÂÊËÏÂ.

í ‡ · Î Ë ̂  ‡  9.4

uÚ, Ï/Ò ∆p, 105 è‡ qÛÚ, 10–3

Ï3/Ò
ReÍ.Ô

1 0,3502 0,001349 13529,6
2 0,7004 0,002699 27059,3
3 1,0506 0,004049 40588,9
4 1,4004 0,005397 54107,2
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9.4.2. ÎÏÐÅÄÅËÅÍÈÅ ÃÈÄÐÎÄÈÍÀÌÈ×ÅÑÊÎÃÎ ÄÀÂËÅÍÈß
ÍÀ ÇÀÁÎÅ ÏÐÈ ÏÎÄÚÅÌÅ ÊÅÐÍÎÏÐÈÅÌÍÈÊÀ
Â ÑËÓ×ÀÅ ÒÓÐÁÓËÅÍÒÍÎÃÎ ÐÅÆÈÌÀ ÒÅ×ÅÍÍÈß ÆÈÄÊÎCÒÈ
Â ÊÎËÜÖÅÂÎÌ ÏÐÎCÒÐÀÍÑÒÂÅ È ËÀÌÈÍÀÐÍÎÌ ÐÅÆÈÌÅ
Â ÇÀÒÐÓÁÍÎÌ ÏÐÎÑÒÐÀÍÑÒÂÅ, À ÒÀÊÆÅ
ÂÎ ÂÍÓÒÐÅÍÍÅÉ ÏÎËÎÑÒÈ ÁÓÐÈËÜÍÛÕ ÒÐÓÁ

êÂ¯ËÏ Á‡‰‡˜Û, ÔÓÎ¸ÁÛflÒ¸ Á‡ÍÓÌÓÏ ÍÓÌfl ÒÂ‰¸ÏÓÈ ÒÚÂÔÂÌË Ë
ÏÂÚÓ‰ÓÏ “Ò¯Ë‚‡ÌËfl”.

ëÍÓÓÒÚ¸ ‚ Î˛·ÓÈ ÚÓ˜ÍÂ ÔÂ‚ÓÈ Ë ‚ÚÓÓÈ Ó·Î‡ÒÚÂÈ ÓÔÂ-
‰ÂÎflÂÚÒfl ÔÓ ÙÓÏÛÎ‡Ï (9.1) Ë (9.2).

ÑÎfl ÔÎ‡‚ÌÓ„Ó ÒÏ˚Í‡ÌËfl ÔÓÙËÎÂÈ Â‡ÎËÁÛÂÚÒfl ÛÒÎÓ‚ËÂ
(9.3). íÓ„‰‡ ÔÓ (9.1)–(9.3) ÔÓÎÛ˜ËÏ (9.4).

Ñ‚ÛÏfl ÒÂ˜ÂÌËflÏË I–II Ë II–II Ó„‡ÌË˜ËÏ ÓÚÒÂÍ ÊË‰ÍÓÒÚË,
Ì‡ıÓ‰fl˘ÂÈÒfl ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â. ÇÌÛÚË ÛÍ‡Á‡ÌÌÓ„Ó
ÓÚÒÂÍ‡ ÔÓ‚Â‰ÂÏ ˆËÎËÌ‰Ë˜ÂÒÍËÂ ÔÓ‚ÂıÌÓÒÚË ÔÓ ‚ÌÛÚÂÌÌÂÈ
ÔÓÎÓÒÚË ÍÓÎÓÌÌ˚ ·ÛËÎ¸Ì˚ı ÚÛ·, ‡ Ú‡ÍÊÂ ÔÓ ÌÂÈÚ‡Î¸ÌÓÈ
ÔÓ‚ÂıÌÓÒÚË Ë ÒÓÒÚ‡‚ËÏ ÒÎÂ‰Û˛˘ÂÂ Û‡‚ÌÂÌËÂ ‰ËÌ‡ÏË˜ÂÒÍÓ„Ó
‡‚ÌÓ‚ÂÒËfl:

    
− + − + − + =( )



( )2 01 2 1

2 2
2 1π τ π γr l r r a l p p0 . (9.160)

íÂÔÂ¸ ÒÓÒÚ‡‚ËÏ Û‡‚ÌÂÌËÂ ‰ËÌ‡ÏË˜ÂÒÍÓ„Ó ‡‚ÌÓ‚ÂÒËfl, ‚˚-
‰ÂÎË‚ ‰Îfl ˝ÚÓ„Ó ‚Ò˛ ÊË‰ÍÓÒÚ¸, Ì‡ıÓ‰fl˘Û˛Òfl ‚ ÍÓÎ¸ˆÂ‚ÓÏ
ÔÓÒÚ‡ÌÒÚ‚Â:

    
− − + −( ) − +( )=2 2 01 2 0 1 1

2
0
2

2 1π τ π τ π γr l r l r r l p p . (9.161)

èÓ Û‡‚ÌÂÌËflÏ (9.160) Ë (9.161) ÔÓÎÛ˜ËÏ

    
τ γ1

0
2

0
2

0
2 12

= − ++ − ( )( ) ;r a r
r l

l p p (9.162)

    
τ γ2

1
2

0
2

1
2 12

= − +− + ( )r r a
r l

l p p( )
. (9.163)

èÓ (9.1), (9.2), (9.162) Ë (9.163) ÔÓÎÛ˜ËÏ ÒÎÂ‰Û˛˘ËÂ ‚˚‡ÊÂ-
ÌËfl ‰Îfl ÓÔÂ‰ÂÎÂÌËfl ÒÍÓÓÒÚË ‚ Î˛·ÓÈ ÚÓ˜ÍÂ ÔÂ‚ÓÈ Ë ‚ÚÓ-
ÓÈ Ó·Î‡ÒÚÂÈ:

    

u g l p p ur a r
r l

y
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
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


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, ;( )

γ νγ (9.164)
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u g l p pr r a
r l

y
II = − +− + ( )
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, .( )

γ νγ (9.165)

ê‡ÒıÓ‰ ÊË‰ÍÓÒÚË ÔÓ (9.8), (9.164) Ë (9.165) ÏÓÊÌÓ ÓÔÂ‰Â-
ÎËÚ¸ Ú‡Í:
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èÓ Û‡‚ÌÂÌËflÏ (9.139) Ë (9.141)

Q1 = Q2. (9.167)

ëÓ„Î‡ÒÌÓ (9.167), (9.143)
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. (9.168)

Ç ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò (9.140), (9.167) Ë (9.143)
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. (9.169)

àÁ ‡‚ÂÌÒÚ‚‡ ‡ÒıÓ‰Ó‚ ÊË‰ÍÓÒÚË, Ì‡È‰ÂÌÌ˚ı ÔÓ ‚˚‡ÊÂ-
ÌËflÏ (9.166) Ë (9.169), Ò ËÒÔÓÎ¸ÁÓ‚‡ÌËÂÏ ÙÓÏÛÎ˚ (9.169) ÔÓÎÛ-
˜ËÏ
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„‰Â a∗ = a/r1.
ëÓ„Î‡ÒÌÓ (9.162), (9.163) Ë (9.4)
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èÓ‰ÒÚ‡‚Ë‚ (9.169) ‚ (9.171), ÔÓÎÛ˜ËÏ
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í‡Í Í‡Í Ô‡‚˚Â ˜‡ÒÚË ‚˚‡ÊÂÌËÈ (9.170) Ë (9.172) ‡‚Ì˚
ÏÂÊ‰Û ÒÓ·ÓÈ, ÚÓ ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸
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áÌ‡˜ËÚ, ‰Îfl Â¯ÂÌËfl Á‡‰‡˜Ë ÌÂÓ·ıÓ‰ËÏÓ ÔË Á‡‰‡ÌÌ˚ı µ,
H, r1, γ , l, Ra, rc ÔÓ ÙÓÏÛÎÂ (9.173) ÔÓÒÚÓËÚ¸ Á‡‚ËÒËÏÓÒÚ¸
γH – p2 = f(a∗), ÔÓ‰ÒÚ‡‚Ë‚ ÍÓÚÓÛ˛ ‚ (9.172) Ì‡ÈÚË     u aÚ

∗ ∗=ϕ( );
ÒÓ‚ÏÂ˘‡fl ˝ÚË ÍË‚˚Â, ÏÓÊÌÓ ÛÒÚ‡ÌÓ‚ËÚ¸ γH – p2 = ψ(uÚ).

èÓ‚Â‰ÂÏ ‡Ò˜ÂÚ˚ ÔË r1 = 0,0335 Ï, rÌ = 0,040 Ï, r0 =  
= 0,030 Ï, R = 0,0475 Ï, H = 1000 Ï, l = 9 Ï.

í‡ÍËÏ Ó·‡ÁÓÏ, ÔÓ‰ÒÚ‡‚Ë‚ ËÒıÓ‰Ì˚Â ‰‡ÌÌ˚Â ‚ (9.173) Ë
(9.172), ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ ÔÓÎÛ˜ËÏ:
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u H p aa
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Ç Ú‡·Î. 9.5 ÔË‚Â‰ÂÌ˚ ÂÁÛÎ¸Ú‡Ú˚ ‡Ò˜ÂÚÓ‚ ÔÓ (9.174) Ë
(9.175) ÔË ‡ÁÎË˜Ì˚ı a∗.

í‡·Î. 9.6 ÒÓ‰ÂÊËÚ  ÂÁÛÎ¸Ú‡Ú˚ ‡Ò˜ÂÚÓ‚ ÔÓ ÓÔÂ‰ÂÎÂÌË˛
Á‡‚ËÒËÏÓÒÚË „Ë‰Ó‰ËÌ‡ÏË˜ÂÒÍÓ„Ó ‰‡‚ÎÂÌËfl ÓÚ ÒÍÓÓÒÚË
ÔÓ‰˙ÂÏ‡ ÍÂÌÓÔËÂÏÌËÍ‡, ÔÓ‚Â‰ÂÌÌ˚ı ÔÓ ÙÓÏÛÎ‡Ï (9.172)
Ë (9.173) ÔË ÔÓ˜Ëı ‡‚Ì˚ı ÛÒÎÓ‚Ëflı Ë H = 4000 Ï.

àÁ Ú‡·Î. 9.5 Ë 9.6 ‚Ë‰ÌÓ, ˜ÚÓ ÔÓ‰˙ÂÏ ÍÂÌÓÔËÂÏÌËÍ‡ ‚
ÒÍ‚‡ÊËÌÂ Ò ÓÚÌÓÒËÚÂÎ¸ÌÓÈ ·ÓÎ¸¯ÂÈ „ÎÛ·ËÌ˚ ÒÓÔÓ‚ÓÊ‰‡ÂÚÒfl
Û‚ÂÎË˜ÂÌËÂÏ  ∆p, ‚ÓÁ‡ÒÚ‡˛˘ËÏ Ò ÔÓ‚˚¯ÂÌËÂÏ ÒÍÓÓÒÚË
ÔÓ‰˙ÂÏ‡  ÍÂÌÓÔËÂÏÌËÍ‡.  í‡Í,  Ì‡ÔËÏÂ,  ÂÒÎË  ÔË  H  =    

í ‡ · Î Ë ̂  ‡  9.5

a∗ ∆p, 105 è‡ uÚ, Ï/Ò a∗ ∆p, 105 è‡ uÚ, Ï/Ò
0,0590 0,028 0,0754 0,0640 2,667 1,6680
0,0595 0,080 0,1461 0,0650 3,111 1,9010
0,0600 0,164 0,2333 0,0660 3,678 2,2823
0,0605 0,284 0,3373 0,0670 4,049 2,6160
0,0610 0,443 0,4582 0,0680 4,525 2,9655
0,0615 0,643 0,5956 0,0690 5,045 3,3455
0,0620 0,872 0,7431 0,0700 5,488 3,7104
0,0630 1,487 1,1008 0,0710 5,978 4,1068

í ‡ · Î Ë ̂  ‡  9.6

a∗ ∆p, 105 è‡ uÚ, Ï/Ò a∗ ∆p, 105 è‡ uÚ, Ï/Ò
0,0585 0,1315 0,1712 0,0597 3,4425 1,2853
0,0586 0,2233 0,2347 0,0598 3,9724 1,4111
0,0587 0,3439 0,3044 0,0599 4,5409 1,5408
0,0588 0,4947 0,3797 0,0600 5,1532 1,6752
0,0589 0,6775 0,4603 0,0602 6,5119 1,9581
0,0590 0,9018 0,5490 0,0604 8,0548 2,2600
0,0591 1,1444 0,6371 0,0606 9,4873 2,5806
0,0592 1,3124 0,6976 0,0608 11,7141 2,9201
0,0593 1,7563 0,8347 0,0610 13,8408 3,2787
0,0594 2,1187 0,9399 0,0612 16,1727 3,6604
0,0595 2,5211 1,0496 0,0614 18,7118 4,0535
0,0596 2,9491 1,1629 0,0616 21,4649 4,4698

0,0618 24,1811 4,8764



216

="1000 Ï Ë uÚ = 1 Ï/Ò ËÁÏÂÌÂÌËÂ „Ë‰Ó‰ËÌ‡ÏË˜ÂÒÍÓ„Ó ‰‡‚ÎÂ-
ÌËfl Ì‡ Á‡·ÓÂ ∆p = 1,487 ⋅ 105 è‡, ÚÓ ÔË H = 4000 Ï Ë Ô‡Í-
ÚË˜ÂÒÍË ÚÓÈ ÊÂ ÒÍÓÓÒÚË (Ú.Â. uÚ = 1,1 Ï/Ò) ËÏÂÂÏ ∆p = 2,9 ×
×"105 è‡. ë ÔÓ‚˚¯ÂÌËÂÏ ÒÍÓÓÒÚË ÔÓ‰˙ÂÏ‡ ÍÂÌÓÔËÂÏÌËÍ‡
‰Ó uÚ = 2,62 Ï/Ò ÔË H = 1000 Ï ∆p ÒÓÒÚ‡‚ÎflÂÚ  4,049 ⋅105 è‡,
‡ ÔË H = 4000 Ï  ∆p ≈ 10 ⋅ 105 è‡.

èËÌˆËÔË‡Î¸ÌÓ Á‡‚ËÒËÏÓÒÚ¸ ∆p = f(H) Ó·˙flÒÌflÂÚÒfl ÚÂÏ,
˜ÚÓ ÔË ÒÓÒÚ‡‚ÎÂÌËË Û‡‚ÌÂÌËfl Ï‡ÚÂË‡Î¸ÌÓ„Ó ·‡Î‡ÌÒ‡ Û˜Ë-
Ú˚‚‡ÂÚÒfl ‡ÒıÓ‰ ÊË‰ÍÓÒÚË Q2, ÔÓÒÚÛÔ‡˛˘ÂÈ ËÁ Á‡ÚÛ·ÌÓ„Ó
ÔÓÒÚ‡ÌÒÚ‚‡ ‚Ó ‚ÌÛÚÂÌÌ˛˛ ÔÓÎÓÒÚ¸ ÍÓÎÓÌÌ˚ ·ÛËÎ¸Ì˚ı
ÚÛ·; ‚ÂÎË˜ËÌ‡ Q2 ‚ Ò‚Ó˛ Ó˜ÂÂ‰¸ Á‡‚ËÒËÚ ÓÚ H (ÒÏ. ÙÓÏÛÎÛ
(9.143)).

ê‡Ò˜ÂÚ˚, ÂÁÛÎ¸Ú‡Ú˚ ÍÓÚÓ˚ı ÔË‚Â‰ÂÌ˚ ‚ Ú‡·Î. 9.5 Ë 9.6,
·˚ÎË ‚˚ÔÓÎÌÂÌ˚ ÔË Î‡ÏËÌ‡ÌÓÏ ÂÊËÏÂ ÚÂ˜ÂÌËfl ‚ Á‡ÚÛ·-
ÌÓÏ ÔÓÒÚ‡ÌÒÚ‚Â Ë ‚Ó ‚ÌÛÚÂÌÌÂÈ ÔÓÎÓÒÚË ·ÛËÎ¸Ì˚ı ÚÛ·.

ÑÎfl ÔÓ‚ÂÍË ÒÔ‡‚Â‰ÎË‚ÓÒÚË ÔËÌflÚÓ„Ó ÔÂ‰ÔÓÎÓÊÂÌËfl
Ì‡È‰ÂÏ Ô‡‡ÏÂÚ êÂÈÌÓÎ¸‰Ò‡ ReÍ.Ô ÔË ÚÂ˜ÂÌËË ÊË‰ÍÓÒÚË ‚
Á‡ÚÛ·ÌÓÏ ÔÓÒÚ‡ÌÒÚ‚Â:

    
Re .
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2 2Q
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áÌ‡˜ËÚ, ÔÓ (9.143) Ë (9.176)
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. (9.177)

í‡Í Í‡Í ÒÓ„Î‡ÒÌÓ (9.167) ‡ÒıÓ‰˚ ÊË‰ÍÓÒÚË Ì‡‰ ‚ÂıÌËÏ
ÚÓˆÓÏ ‰‚ËÊÛ˘Â„ÓÒfl ÍÂÌÓÔËÂÏÌËÍ‡ Q1 Ë ÔÓÒÚÛÔ‡˛˘Â„Ó ËÁ
Á‡ÚÛ·ÌÓ„Ó ÔÓÒÚ‡ÌÒÚ‚‡ Q2 ‡‚Ì˚ ÏÂÊ‰Û ÒÓ·ÓÈ, ÚÓ ÏÓÊÌÓ
ÒÓÒÚ‡‚ËÚ¸ ‚˚‡ÊÂÌËÂ ‰Îfl ÓÔÂ‰ÂÎÂÌËfl Ô‡‡ÏÂÚ‡ êÂÈÌÓÎ¸‰Ò‡
‚Ó ‚ÌÛÚÂÌÌÂÈ ÔÓÎÓÒÚË ·ÛËÎ¸Ì˚ı ÚÛ·:
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(9.178)

äËÚË˜ÂÒÍÓÂ ÁÌ‡˜ÂÌËÂ Ô‡‡ÏÂÚ‡ êÂÈÌÓÎ¸‰Ò‡ ÔË ÚÂ˜ÂÌËË
ÊË‰ÍÓÒÚË ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â ReÍ.Í.Ô ÓÔÂ‰ÂÎflÂÚÒfl ÔÓ
ÙÓÏÛÎÂ (8.27).

ç‡È‰ÂÏ ReÍ.Ô Ë ReÚ ÔË γ = 104 ç/Ï3, µ = 10–3 è‡ ⋅ Ò, R =
= 0,0475 Ï, rÌ = 0,040 Ï, r1 = 0,0335 Ï. Ç ‰‡ÌÌÓÏ ÒÎÛ˜‡Â R‡ =
= 1,4179,  r‡ = 0,895552, rÒ = 1,1903. éÚÏÂÚËÏ, ˜ÚÓ ÔË ˝ÚËı
ËÒıÓ‰Ì˚ı ‰‡ÌÌ˚ı ÒÓÒÚ‡‚ÎÂÌ˚ Ú‡·Î. 9.5 Ë 9.6.

áÌ‡˜ËÚ, ÔÓ (9.177) Ë (9.77)



217

    
Re , ;Í.Ô =753581∆p

H
(9.179)

    
Re , .

Ú
=196 459 ∆p

H
(9.180)

èË"‡Ò˜ÂÚÂ"ÔÓ"(8.27)"ÌÂÓ·ıÓ‰ËÏÓ"ÔÓÎÓÊËÚ¸ 
    
ra

r

R
= =Ì 0842105, ,

ÚÓ„‰‡

ReÍ.Í.Ô = 2487,4.

Ç Ú‡·Î. 9.7 ÔË‚Â‰ÂÌ˚ ÁÌ‡˜ÂÌËfl ReÍ.Ô Ë ReÚ ‰Îfl H =1000 Ï
Ë H = 4000 Ï. ëÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÂ uÚ Ë ∆p ‚ÁflÚ˚ ËÁ Ú‡·Î. 9.5 Ë
9.6.

àÁ Ú‡·Î. 9.7 ‚Ë‰ÌÓ, ˜ÚÓ ‰‚ËÊÂÌËÂ ÍÂÌÓÔËÂÏÌËÍ‡ ÔË
ÒÍÓÓÒÚflı uÚ ≤ 0,2 Ï/Ò ÔÓËÒıÓ‰ËÚ ÔË Î‡ÏËÌ‡ÌÓÏ ÂÊËÏÂ
‰‚ËÊÂÌËfl ÒÚÓÎ·Ó‚ ÊË‰ÍÓÒÚË ‚ ÍÓÎÓÌÌÂ ·ÛËÎ¸Ì˚ı ÚÛ· Ë ‚
Á‡ÚÛ·ÌÓÏ ÔÓÒÚ‡ÌÒÚ‚Â. èË uÚ > 0,2 Ï/Ò  ÍÂÌÓÔËÂÏÌËÍ
‰‚ËÊÂÚÒfl ÔË ÚÛ·ÛÎÂÌÚÌÓÏ ÂÊËÏÂ ÚÂ˜ÂÌËfl ÊË‰ÍÓÒÚË ‚
ÍÓÎ¸ˆÂ‚ÓÏ Ë Á‡ÚÛ·ÌÓÏ ÔÓÒÚ‡ÌÒÚ‚Â, ‡ Ú‡ÍÊÂ ‚Ó ‚ÌÛÚÂÌÌÂÈ
ÔÓÎÓÒÚË ·ÛËÎ¸Ì˚ı ÚÛ·.

í ‡ · Î Ë ̂  ‡  9.7

H = 1000 Ï H = 4000 Ï

uÚ, Ï/Ò ∆p,
105 è‡

ReÍ.Ô ReÚ uÚ, Ï/Ò ∆p,
105 è‡

ReÍ.Ô ReÚ

0,0754 0,028 211,0 550,3 0,1712 0,1315 247,7 646,1
0,1461 0,080 602,9 1572,4 0,2347 0,2233 420,7 1097,2
0,2333 0,164 1235,9 3223,4 0,3044 0,3439 647,9 1689,8
0,3371 0,284 2140,2 5582,0 0,3797 0,4947 932,0 2430,8
0,4582 0,443 3338,4 8707,1 0,4603 0,6775 1276,4 3329,0
0,5956 0,643 4855,2 12638,1 0,5490 0,9018 1698,9 4431,2
0,7431 0,872 6571,2 17139,1 0,6371 1,1444 2156^0 5623,2
1,1008 1,487 11205,2 29226,8 0,6976 1,3124 2472,5 6448,8
1,6680 2,667 20098,0 52419,6 0,8342 1,7563 3308,8 8630,0
1,9640 3,111 23443,9 61146,4 0,9399 2,1187 3991,5 10410,7
2,8223 3,578 26963,1 70235,2 1,0496 2,5211 4749,6 12388,0
2,6160 4,049 30512,5 79582,6 1,1629 2,9491 5556,0 14491,1
2,9650 4,525 34099,5 88938,4 1,2853 3,4425 6485,5 16915,5
3,3456 5,045 38018,2 99159,0 1,4111 3,9724 7483,8 19519,3
3,7104 5,488 41356,5 107866,1 1,5408 4,5409 8554,8 22312,7
4,1068 5,978 45049,7 117497,0 1,6752 5,1532 9708,4 25321,4
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9.4.3. ÃÈÄÐÎÄÈÍÀÌÈ×ÅÑÊÎÅ ÄÀÂËÅÍÈÅ
ÏÐÈ ÏÎÄÚÅÌÅ ÊÅÐÍÎÏÐÈÅÌÍÈÊÀ Â ÑËÓ×ÀÅ 
ÒÓÐÁÓËÅÍÒÍÎÃÎ ÐÅÆÈÌÀ ÒÅ×ÅÍÈß ÆÈÄÊÎÑÒÈ
Â ÊÎËÜÖÅÂÎÌ È ÇÀÒÐÓÁÍÎÌ ÏÐÎÑÒÐÀÍÑÒÂÅ ,
À ÒÀÊÆÅ ÂÎ ÂÍÓÒÐÅÍÍÅÉ ÏÎËÎÑÒÈ ÊÎËÎÍÍÛ ÒÐÓÁ

ê‡ÒÒÏ‡ÚË‚‡fl ÒÚÓÎ· ÊË‰ÍÓÒÚË Ì‡‰ ÍÂÌÓÔËÂÏÌËÍÓÏ ÔË
ÚÛ·ÛÎÂÌÚÌÓÏ ÂÊËÏÂ ÚÂ˜ÂÌËfl ‚ Ó·Î‡ÒÚË ‰ÂÈÒÚ‚Ëfl Á‡ÍÓÌ‡
ÅÎ‡ÁËÛÒ‡, ‚ ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò ÙÓÏÛÎÓÈ Ñ‡ÒË–ÇÂÈÒ·‡ı‡ ÔÓÎÛ-
˜ËÏ:

    

Q p lg r

l
1

175 0 75
1
4 75

0 25 0 75
1

1 1

4
715 0342

= −( )














, , , ,

, ,
;π

µ γ
γ (9.181)

    

p l l Q

g r1 1

0 25 0 75
1 1

175

175 0 75
1
4 75

0 066515
= +γ

µ γ

π

, , , ,

, , ,
. (9.182)

ëÓÒÚ‡‚Ë‚ Û‡‚ÌÂÌËÂ ‰ËÌ‡ÏË˜ÂÒÍÓ„Ó ‡‚ÌÓ‚ÂÒËfl ÊË‰ÍÓÒÚË,
‰‚ËÊÛ˘ÂÈÒfl ‚ Á‡ÚÛ·ÌÓÏ ÔÓÒÚ‡ÌÒÚ‚Â ÔË ÚÛ·ÛÎÂÌÚÌÓÏ Â-
ÊËÏÂ, ÔÓÎÛ˜ËÏ

    

p H HQ

g R r R r
2

0 25 0 75
2
175

175 0 75 125 2 2
175

0 066515
= −

−( ) −





γ
µ γ

π

, , , ,

, , , ,

Ì Ì

(9.183)

ËÎË

    

Q
g R r R r H p

H
2

175 0 75 125 2 2
175

2

0 25 0 75

4
7

15 0342
=

−( ) −



 −( )



















, , , , ,

, ,
.

π γ

µ γ

Ì Ì
(9.184)

áÌ‡˜ÂÌËÂ Q2 ÏÓÊÌÓ Ú‡ÍÊÂ Ì‡ÈÚË ËÁ Û‡‚ÌÂÌËfl Ï‡ÚÂË‡Î¸-
ÌÓ„Ó ·‡Î‡ÌÒ‡ (9.145). àÁ ‡‚ÂÌÒÚ‚‡ Ô‡‚˚ı ˜‡ÒÚÂÈ ‚˚‡ÊÂÌËÈ
(9.145) Ë (9.184) ÒÎÂ‰ÛÂÚ:

    

q r u
g R r R r

H
H p= −

−( ) −( )
−( )

















π
π

µ γ
γ0

2
175 0 75 125 2 2 175

0 25 0 75 2

4
7

15 0342
Ú

Ì Ì, , , , ,

, ,
. (9.185)

ëÓ„Î‡ÒÌÓ Û‡‚ÌÂÌË˛ Ï‡ÚÂË‡Î¸ÌÓ„Ó ·‡Î‡ÌÒ‡ (9.139) Ë ÙÓ-
ÏÛÎÂ (9.182)
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p l r u ql

g r1 1

0 25 0 75
1

175 0 75
1
4 75 0

2
1750 066515= + −



γ πµ γ

π

, , ,

, , ,

,
.Ú (9.186)

áÌ‡˜ËÚ, ÒÓ„Î‡ÒÌÓ (9.185) Ë (9.186) ÔÓÎÛ˜ËÏ

    
p l H p R r R r

l

H1 1
1

2

1 25 2 2
1 75

= + − − −( )( ) 





γ γ

a c a c

, ,

. (9.187)

èË·‡‚Ë‚ Í Ô‡‚ÓÈ Ë ÎÂ‚ÓÈ ˜‡ÒÚflÏ γ l – p2, ÏÓÊÌÓ Á‡ÔË-
Ò‡Ú¸:

    

γ γl p p H p R r R r
l

H
− + = − + − −( ) ( ) 

















2 1 2
1 1 25 2 2

1 75
1 a c a c

, ,
. (9.188)

àÁ ‡‚ÂÌÒÚ‚‡ ‡ÒıÓ‰Ó‚ q ÔÓ ÙÓÏÛÎ‡Ï (9.166) Ë (9.185), ‡
Ú‡ÍÊÂ (9.188) ÔÓÎÛ˜ËÏ

    

u R r R r
g r H p

r a l

l

HÚ

a

a c a c
= + −( ) −


















×

−( )
+





















∗

1176316 1

3
7

1

5
7

2

4
7

2 1
7

3
7

4
7

1 1 25 2 2
1 75

4
7

,
, ,γ

µ γ

    

× + + − − − + ×
+ −




















































∗
∗ ∗

∗ ∗
( )

( )
r a r

r
r a a r a r aa a

2

a
a a a

2

4
7

8
7

8

7 2
4

77
8

7
15

1 1

    

× − − −











 + − −∗















 ( ) 


















7
8

7
15

1 0 4
4
7 5

7
2

r a R r R rl
Ha a c a c

2
, . (9.189)

èÓ ‚˚‡ÊÂÌËflÏ (9.171) Ë (9.188)

    

u H p R r R r
g r H p

l

l

HÚ a c a c
= − + −( ) −


















×

−( ) ( )













58816 1

3
7

1

5
7

2

4
7

1
7

3
7

4
7

2

4
7 1 1 25 2 2

1 75

4
7

,
, ,γ

µ γ

γ

    

× − − −





− −
+ −





























































∗
∗ ∗ ∗

( )
.

r a r

r
a r a r aa a

2

a
a a

2

4
7

1
7

2

4
7 1

71 1 (9.190)
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í‡Í Í‡Í ÁÌ‡˜ÂÌËfl uÚ, ‡ÒÒ˜ËÚ‡ÌÌ˚Â ÔÓ (9.189) Ë (9.190), ‡‚-
Ì˚ ÏÂÊ‰Û ÒÓ·ÓÈ, ÚÓ ÔÓÎÛ˜ËÏ ÒÎÂ‰Û˛˘ÂÂ Ú‡ÌÒˆÂÌ‰ÂÌÚÌÓÂ
Û‡‚ÌÂÌËÂ ‰Îfl ÓÔÂ‰ÂÎÂÌËfl a∗:

    

1 21 125 2 2
1 75

4
7 2 2

4
7

8
77

8
7
15

+ −( ) −





+ +
















+ −



































∗
∗ ∗l

H

r a r

r
R r R r r a a

a c a c
a a

a
a

, , ( )

    
+ − − ∗







2 1 r aa

    

1 1
2

4
7

7
8

7
15

− + − − −




−∗ ∗





































r a r a
a a

    

( )r a r

r
aa a

2

a

+ −
















∗
∗
+

2

4
7 1

7

    

+ − − ∗

























1
2

4
7

r aa

    

1 08 0
1
7

4
7

5
7

− −





+ − − =∗




















 ( ) 







r a R r R rl

Ha a c a
2

c
2, . (9.191)

ëÓ„Î‡ÒÌÓ (9.185) ÏÓÊÌÓ ÔÓÎÛ˜ËÚ¸ ÒÎÂ‰Û˛˘ÂÂ ‚˚‡ÊÂÌËÂ
‰Îfl ÓÔÂ‰ÂÎÂÌËfl ËÁÏÂÌÂÌËfl „Ë‰Ó‰ËÌ‡ÏË˜ÂÒÍÓ„Ó ‰‡‚ÎÂÌËfl Ì‡
Á‡·ÓÂ:

    

γ µ γH p R r R r alu

g r

l
H

r a r
r

− = + − − −( ) ( )









+ −

















− ∗ ∗

2

1
4

3
4

3
4

1

5
4

1 125 175 1 2 2
4
7 1

71Ú

7
4

a c a
2

c
a a

a
22,213

, , ( )

    

− − − − −∗ ∗

−





































1 1
2

4
7 1

7

7
4

r a r aa a . (9.192)

áÌ‡˜ËÚ, Á‡‰‡˜‡ ÔÓ ÓÔÂ‰ÂÎÂÌË˛ „Ë‰Ó‰ËÌ‡ÏË˜ÂÒÍÓ„Ó ‰‡‚ÎÂ-
ÌËfl ÒÓ„Î‡ÒÌÓ (9.191) Ë (9.192) Â¯‡ÂÚÒfl Ú‡Í: ÔË Á‡‰‡ÌÌ˚ı l, l1,
H, R, rÌ, r1, r0, ‡ ÁÌ‡˜ËÚ, Ra, ra Ë rÒ ÔÓ Û‡‚ÌÂÌË˛ (9.191)
ÓÔÂ‰ÂÎflÂÚÒfl  a∗, ˜ÚÓ ÔÓÁ‚ÓÎflÂÚ ÔË ËÁ‚ÂÒÚÌ˚ı µ Ë γ  Ì‡ÈÚË
ÔÓ ‚˚‡ÊÂÌË˛ (9.187) ‚ÂÎË˜ËÌÛ γH – p2.

èÓ (9.191) Ë (9.192) ·˚ÎË ÔÓ‚Â‰ÂÌ˚ ‡Ò˜ÂÚ˚ ÔË
ÒÎÂ‰Û˛˘Ëı ËÒıÓ‰Ì˚ı ‰‡ÌÌ˚ı: r1 = 0,0335 Ï, r0 = 0,030 Ï,   
rÌ = 0,040 Ï, R = 0,0475, l = 9 "Ï Ë ‰‚Ûı ÁÌ‡˜ÂÌËflı H – 1000 Ë
4000 Ï. êÂÁÛÎ¸Ú‡Ú˚ Ò‚Â‰ÂÌ˚ ‚ Ú‡·Î. 9.8.

Ç Ú‡·Î. 9.9 ÔË‚Â‰ÂÌ˚ ÂÁÛÎ¸Ú‡Ú˚ ‡Ò˜ÂÚÓ‚, ÔÓ‚Â‰ÂÌÌ˚ı
ÔË ÔÓ˜Ëı ‡‚Ì˚ı ÛÒÎÓ‚Ëflı Ë l = 6 Ï.

àÁ Ò‡‚ÌÂÌËfl ‰‡ÌÌ˚ı, ÔË‚Â‰ÂÌÌ˚ı ‚ Ú‡·Î. 9.8 Ë 9,9,
‚Ë‰ÌÓ, "˜ÚÓ Ò ÛÏÂÌ¸¯ÂÌËÂÏ ‰ÎËÌ˚ ÍÂÌÓÔËÂÏÌËÍ‡ ÓÚ l = 9 Ï
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(ÒÏ. Ú‡·Î. 9.8) ‰Ó l = 6 Ï (ÒÏ. Ú‡·Î. 9.9) ÔÓËÒıÓ‰ËÚ Á‡ÏÂÚÌÓÂ
ÛÏÂÌ¸¯ÂÌËÂ γH – p2.

èË‚Â‰ÂÌÌ˚Â Á‡‰‡˜Ë ·˚ÎË Â¯ÂÌ˚ ‰Îfl ÒÎÛ˜‡fl, ÍÓ„‰‡ ‚ÌÛÚ-
ÂÌÌflfl ÔÓÎÓÒÚ¸ ÍÓÎÓÌÌ˚ ÚÛ· ÒÓÓ·˘‡ÂÚÒfl Ò Á‡ÚÛ·Ì˚Ï ÔÓ-
ÒÚ‡ÌÒÚ‚ÓÏ.

ÑÓÔÛÒÚËÏ, ˜ÚÓ Á‡ÚÛ·ÌÓÂ ÔÓÒÚ‡ÌÒÚ‚Ó ÔÓÎÌÓÒÚ¸˛ ËÁÓÎË-
Ó‚‡ÌÓ ÓÚ ‚ÌÛÚÂÌÌÂÈ ÔÓÎÓÒÚË ·ÛËÎ¸Ì˚ı ÚÛ·. íÓ„‰‡ ‰‡‚ÎÂ-
ÌËÂ Û ÌËÊÌÂ„Ó ÚÓˆ‡ ÔÓ‰ÌËÏ‡ÂÏÓ„Ó ÍÂÌÓÔËÂÏÌËÍ‡ ·Û‰ÂÚ
ÓÔÂ‰ÂÎflÚ¸Òfl ÔÓ ÙÓÏÛÎ‡Ï, ÓÚÎË˜‡˛˘ËÏÒfl ÓÚ ÔË‚Â‰ÂÌÌ˚ı
‚˚¯Â.

9.4.4. ÃÈÄÐÎÄÈÍÀÌÈ×ÅÑÊÎÅ ÄÀÂËÅÍÈÅ
Ó ÍÈÆÍÅÃÎ ÒÎÐÖÀ ÊÅÐÍÎÏÐÈÅÌÍÈÊÀ 
Â ÑËÓ×ÀÅ ÈÇÎËßÖÈÈ ÇÀÒÐÓÁÍÎÃÎ ÏÐÎÑÒÐÀÍCÒÂÀ
ÎÒ ÂÍÓÒÐÅÍÍÅÉ ÏÎËÎÑÒÈ
ÁÓÐÈËÜÍÛÕ ÒÐÓÁ

éÒ‚Ó·Ó‰Ë‚¯ËÈÒfl Ó·˙ÂÏ ‚Ó ‚ÌÛÚÂÌÌÂÈ ÔÓÎÓÒÚË ·ÛËÎ¸ÌÓÈ
ÍÓÎÓÌÌ˚ ‚ ÂÁÛÎ¸Ú‡ÚÂ ÔÓ‰˙ÂÏ‡ ÍÂÌÓÔËÂÏÌËÍ‡ Á‡ÔÓÎÌflÂÚÒfl
ÊË‰ÍÓÒÚ¸˛, ÒÚÂÍ‡˛˘ÂÈ ˜ÂÂÁ Á‡ÁÓ ÔË ‡ÒıÓ‰Â q. èÓ˝ÚÓÏÛ
‚ ‰‡ÌÌÓÏ ÒÎÛ˜‡Â ‚˚ÔÓÎÌflÂÚÒfl Û‡‚ÌÂÌËÂ Ï‡ÚÂË‡Î¸ÌÓ„Ó ·‡Î‡Ì-
Ò‡ (9.17).

èËÌËÏ‡ÂÏ

p1 = γl1.

ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ,

γl – p2 + p1 = γH – p2.

ê‡ÒıÓ‰˚ ÊË‰ÍÓÒÚË, Ì‡È‰ÂÌÌ˚Â ÔÓ (9.166) Ë (9.17)), ‡‚Ì˚
ÏÂÊ‰Û ÒÓ·ÓÈ. íÓ„‰‡ ÔÓ (9.166), (9.17) Ë (9.183) ÔÓÎÛ˜ËÏ

í ‡ · Î Ë ̂  ‡  9.9

uÚ, Ï/Ò γH – p2, 105 è‡

H = 1000 Ï H = 4000 Ï
0,5 0,469 0,590
1,0 1,576 1,985
1,5 3,204 4,037
2,0 5,301 6,678
2,5 7,834 9,869
3,0 10,778 13,578

í ‡ · Î Ë ̂  ‡  9.8

uÚ, Ï/Ò H = 1000 Ï,
a∗ = 0,05967

H = 4000 Ï,
a∗ = 0,05846

0,5 0,637 0,809
1,0 2,142 2,720
1,5 4,354 5,529
2,0 7,204 9,148
2,5 10,645 13,518
3,0 14,647 18,599
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èÓ ‚˚‡ÊÂÌËflÏ (9.198) Ë (9.171)
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7r a r aa a . (9.195)

í‡Í Í‡Í Ô‡‚˚Â ˜‡ÒÚË (9.194) Ë (9.195) ‡‚Ì˚ ÏÂÊ‰Û ÒÓ·ÓÈ,
ÚÓ ÔÓÎÛ˜ËÏ ÒÎÂ‰Û˛˘ÂÂ Ú‡ÌÒˆÂÌ‰ÂÌÚÌÓÂ Û‡‚ÌÂÌËÂ ‰Îfl ÓÔÂ-
‰ÂÎÂÌËfl a∗:
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r a r aa a . (9.196)

ê‡Ò˜ÂÚ˚ ÔÓ Û‡‚ÌÂÌË˛ (9.196) ÔÓÁ‚ÓÎËÎË Ì‡ÈÚË ÁÌ‡˜ÂÌËfl
a∗, ÔË‚Â‰ÂÌÌ˚Â ÌËÊÂ.

Ç ÂÁÛÎ¸Ú‡ÚÂ ‡ÔÔÓÍÒËÏ‡ˆËË ÔÓÎÛ˜ÂÌÓ

    

a r

r

∗ = −0 52905 1, .a

a
0,174

(9.197)

ê‡ÒıÓÊ‰ÂÌËÂ ÏÂÊ‰Û ÁÌ‡˜ÂÌËflÏË a∗, ÔÓÎÛ˜ÂÌÌ˚ÏË ÔÓ
Û‡‚ÌÂÌË˛ (9.196) Ë ÙÓÏÛÎÂ (9.197), ÌÂ ÔÂ‚˚¯‡ÂÚ 2 %.

ëÓ„Î‡ÒÌÓ (9.190) ‰‡‚ÎÂÌËÂ Û ÌËÊÌÂ„Ó ÚÓˆ‡ ÔÓ‰ÌËÏ‡ÂÏÓ„Ó
ÍÂÌÓÔËÂÏÌËÍ‡ ÓÔÂ‰ÂÎflÂÚÒfl Í‡Í

ra ....................... 0,80 0,83 0,86 0,89 0,93
a∗ ....................... 0,110 0,0925 0,0750 0,0583 0,0375
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. (9.198)

àÁ ÙÓÏÛÎ˚ (9.198) ‚Ë‰ÌÓ, ˜ÚÓ ÁÌ‡˜ÂÌËÂ γH – p2 ÌÂ
Á‡‚ËÒËÚ ÓÚ „ÎÛ·ËÌ˚ ÒÍ‚‡ÊËÌ˚.

ç‡È‰ÂÏ γH – p2 ÔË r1 = 0,0335 Ï, γ = 104 ç/Ï3, l = 9 Ï,
ν = 10–6 Ï2/Ò Ë ‡ÁÎË˜Ì˚ı ÁÌ‡˜ÂÌËflı uÚ, ‡ Ú‡ÍÊÂ r0.

èË ÛÍ‡Á‡ÌÌ˚ı ËÒıÓ‰Ì˚ı ‰‡ÌÌ˚ı ÙÓÏÛÎÛ (9.198)
ÔÂÂÔË¯ÂÏ Ú‡Í:

    

γH p u

r a r

r
a r a r a

− =

+



 −



















− − +

















− −

































∗
∗ ∗ ∗

2

2
2

4
7

1
7

2
4
7

1
7

7
4

911 2813

1 1

, .Ú

a a

a
a a

(9.199)

Ç Ú‡·Î. 9.10 ÔË‚Â‰ÂÌ˚ ÂÁÛÎ¸Ú‡Ú˚ ‡Ò˜ÂÚÓ‚ ÔÓ ‚˚‡ÊÂÌË-
flÏ (9.197) Ë (9.199).

àÁ Ò‡‚ÌÂÌËfl ÂÁÛÎ¸Ú‡ÚÓ‚ ‡Ò˜ÂÚÓ‚, ÔË‚Â‰ÂÌÌ˚ı ‚ Ú‡·Î.
9.8 Ë 9.10, ‚Ë‰ÌÓ, ˜ÚÓ ÔË ÔÓ˜Ëı ‡‚Ì˚ı ÛÒÎÓ‚Ëflı ÁÌ‡˜ÂÌËfl
p2 ‚ ÒÎÛ˜‡Â ÔÓ‰˙ÂÏ‡ ÍÂÌÓÔËÂÏÌËÍ‡, ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘Â„Ó ÒıÂ-
ÏÂ Á‡Í˚ÚÓ„Ó Á‡ÚÛ·ÌÓ„Ó ÔÓÒÚ‡ÌÒÚ‚‡, ÔË‚Ó‰ËÚ Í Á‡ÏÂÚÌÓ
·ÓÎ¸¯ÂÈ ‚ÂÎË˜ËÌÂ γH – p2 ÓÚÌÓÒËÚÂÎ¸ÌÓ ‡Ì‡ÎÓ„Ë˜ÌÓ„Ó ÁÌ‡˜Â-
ÌËfl, ÔÓÎÛ˜‡ÂÏÓ„Ó ÔË ÔÓ‰˙ÂÏÂ ÍÂÌÓÔËÂÏÌËÍ‡, ÍÓÚÓ˚È

í ‡ · Î Ë ̂  ‡  9.10

γH – p2, 105 è‡

r0, Ï uÚ = 0,5
Ï/Ò

uÚ = 1,0
Ï/Ò

uÚ = 1,5
Ï/Ò

uÚ = 2,0
Ï/Ò

uÚ = 2,5
Ï/Ò

uÚ = 3,0
Ï/Ò

0,0290 1,589 3,177 4,766 6,354 7,943 9,532
0,0295 2,047 4,095 6,142 8,190 10,237 12,285
0,0300 2,703 5,406 8,109 10,812 13,515 16,218
0,0302 3,080 6,161 9,241 12,322 15,402 18,483
0,0304 3,453 6,906 10,359 13,812 17,265 20,718
0,0306 3,926 7,853 11,779 15,706 19,632 23,559
0,0308 4,511 9,022 13,533 18,044 22,555 27,066
0,0310 5,614 11,229 16,843 22,458 28,072 33,687
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ÒÓÔÓ‚ÓÊ‰‡ÂÚÒfl ÔÂÂÚÓÍÓÏ ÊË‰ÍÓÒÚË ËÁ Á‡ÚÛ·ÌÓ„Ó ÔÓÒÚ-
‡ÌÒÚ‚‡ ‚Ó ‚ÌÛÚÂÌÌ˛˛ ÔÓÎÓÒÚ¸ ÍÓÎÓÌÌ˚ ·ÛËÎ¸Ì˚ı ÚÛ·. ë
Û‚ÂÎË˜ÂÌËÂÏ ÒÍÓÓÒÚË ‰‚ËÊÂÌËfl ÍÂÌÓÔËÂÏÌËÍ‡ ÛÍ‡Á‡ÌÌÓÂ
‡ÒıÓÊ‰ÂÌËÂ ÛÏÂÌ¸¯‡ÂÚÒfl.

àÒÒÎÂ‰Ó‚‡ÌËfl ÔÓ‚Ó‰ËÎËÒ¸ ÔË ËÒÔÓÎ¸ÁÓ‚‡ÌËË ‚ Í‡˜ÂÒÚ‚Â
ÔÓÏ˚‚Ó˜ÌÓÈ ÊË‰ÍÓÒÚË ‚Ó‰˚. èÂ‰ÒÚ‡‚ÎflÂÚ ËÌÚÂÂÒ ÔÓ‚Â‰Â-
ÌËÂ ‡Ì‡ÎÓ„Ë˜Ì˚ı ËÒÒÎÂ‰Ó‚‡ÌËÈ ‚ ÒÎÛ˜‡Â, ÍÓ„‰‡ ÔÓÏ˚‚Í‡
ÒÍ‚‡ÊËÌ˚ ÓÒÛ˘ÂÒÚ‚ÎflÂÚÒfl „ÎËÌËÒÚ˚Ï ‡ÒÚ‚ÓÓÏ.

9.4.5. ÃÈÄÐÎÄÈÍÀÌÈ×ÅÑÊÎÅ ÄÀÂËÅÍÈÅ ÏÐÈ ÏÎÄÚÅÌÅ
ÊÅÐÍÎÏÐÈÅÌÍÈÊÀ Â ÑËÓ×ÀÅ ÑÒÐÓÊÒÓÐÍÎÃÎ ÐÅÆÈÌÀ
ÒÅ×ÅÍÈß Â ÊÎËÜÖÅÂÎÌ ÏÐÎÑÒÐÀÍÑÒÂÅ È ÈÇÎËßÖÈÈ
ÇÀÒÐÓÁÍÎÃÎ ÏÐÎÑÐÀÍÑÒÂÀ ÎÒ ÂÍÓÒÐÅÍÍÅÉ ÏÎËÎÑÒÈ
ÁÓÐÈËÜÍÎÉ ÊÎËÎÍÍÛ

ÑÎfl Â¯ÂÌËfl Á‡‰‡˜Ë ÌÂÓ·ıÓ‰ËÏÓ Ì‡ÈÚË Á‡ÍÓÌ ‡ÒÔÂ‰ÂÎÂÌËfl
ÒÍÓÓÒÚÂÈ ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â Ë ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ÂÂ ‚˚-
‡ÊÂÌËÂ ‰Îfl ÓÔÂ‰ÂÎÂÌËfl ‡ÒıÓ‰‡ q.

Ñ‡ÎÂÂ ÓÔÂ‰ÂÎflÂÚÒfl ‡ÒıÓ‰ ÊË‰ÍÓÒÚË ‚Ó ‚ÌÛÚÂÌÌÂÈ ÔÓÎÓÒ-
ÚË ·ÛËÎ¸Ì˚ı ÚÛ· Q1, ËÌËˆËËÛÂÏ˚È ÔÓ‰˙ÂÏÓÏ ÍÂÌÓÔË-
ÂÏÌËÍ‡, Ë ‡ÒıÓ‰ ÊË‰ÍÓÒÚË Q2 ‚ Á‡ÚÛ·ÌÓÏ ÔÓÒÚ‡ÌÒÚ‚Â.
êÂ¯ÂÌËÂ Á‡‰‡˜Ë ÔÓ‚Ó‰ËÚÒfl Ò ËÒÔÓÎ¸ÁÓ‚‡ÌËÂÏ Û‡‚ÌÂÌËÈ Ï‡-
ÚÂË‡Î¸ÌÓ„Ó ·‡Î‡ÌÒ‡ (9.139) Ë (9.141).

ëÓÒÚ‡‚ËÏ Û‡‚ÌÂÌËÂ ‰ËÌ‡ÏË˜ÂÒÍÓ„Ó ‡‚ÌÓ‚ÂÒËfl, ÔÓ‚Â‰fl
ˆËÎËÌ‰Ë˜ÂÒÍÛ˛ ÔÓ‚ÂıÌÓÒÚ¸ ÔÓ ‚ÌÛÚÂÌÌÂÏÛ „‡‰ËÂÌÚÌÓÏÛ
ÒÎÓ˛:
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2 1π η τ π γ πrl r r l G r p p Fdu
dr

+ + − + − − − =





 ( ) ( ) .

éÚÒ˛‰‡

    
u r r r c

l p p

l

F r l G

l
1

2 1 2 0
2

0
1

4 2
= − + − +

− + + −γ

η

π γ

πη

τ

η
ln . (9.200)

èË r = r0 u = – uÚ. íÓ„‰‡
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èË r = ρ1 u1 = u0 (u0 – ÒÍÓÓÒÚ¸ fl‰‡ ÔÓÚÓÍ‡). íÓ„‰‡ ÔÓ
(9.201)

    
u rl p p

l0
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ln .Ú (9.202)

ëÓ„Î‡ÒÌÓ Û‡‚ÌÂÌË˛ ‰ËÌ‡ÏË˜ÂÒÍÓ„Ó ‡‚ÌÓ‚ÂÒËfl ÔÓ ‚ÌÂ¯-
ÌÂÏÛ (ÓÚËˆ‡ÚÂÎ¸ÌÓÏÛ) „‡‰ËÂÌÚÌÓÏÛ ÒÎÓ˛

    
− − + + − + − − =





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 ( )2 00

2
0
2 2π η τ π γ πrl r r l G r p Fdu

dr
2 ∆ . (9.203)

Ç ÂÁÛÎ¸Ú‡ÚÂ Â¯ÂÌËfl ‰ËÙÙÂÂÌˆË‡Î¸ÌÓ„Ó Û‡‚ÌÂÌËfl
(9.203) ÔÓÎÛ˜ËÏ
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F r l G
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ln . (9.204)

èË r = r1 uÚ = 0. éÔÂ‰ÂÎË‚ Ò2, ÔÓÎÛ˜ËÏ
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èË r = ρ2 u2 = u0. áÌ‡˜ËÚ,
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àÁ ‡‚ÂÌÒÚ‚‡ ÁÌ‡˜ÂÌËÈ u0 ÔÓ (9.202) Ë (9.206) ÔÓÎÛ˜ËÏ
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ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ÒÓ„Î‡ÒÌÓ (9.201) Ë (9.207)
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ln . (9.208)

ëÓÒÚ‡‚ËÏ Û‡‚ÌÂÌËÂ ‰ËÌ‡ÏË˜ÂÒÍÓ„Ó ‡‚ÌÓ‚ÂÒËfl ÔÓ ‚ÌÛÚ-
ÂÌÌÂÈ Ë ‚ÌÂ¯ÌÂÈ „‡ÌËˆÂ fl‰‡:

    
2 01 0 1

2
0
2

1
2

2 1πρ τ π ρ γ πρl r l G p p F+ −( ) + − −( ) − = ; (9.209)

    
− + −( ) + − −( ) − =2 02 0 2

2
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2

2
2

2 1πρ τ π ρ γ πρl r l G p p F . (9.210)

Ç ÂÁÛÎ¸Ú‡ÚÂ ÒÓ‚ÏÂÒÚÌÓ„Ó Â¯ÂÌËfl Û‡‚ÌÂÌËÈ (9.209) Ë
(9.210) ÔÓÎÛ˜ËÏ

    
γ

τ

ρ ρ
l p p

l
− + =

−
2 1

0

2 1

2
; (9.211)
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. (9.212)

ëÓ„Î‡ÒÌÓ (9.211) Ë (9.212) ‚˚‡ÊÂÌËfl (9.203), (9.205), (9.206)
Ë (9.207) ÔÂÂÔË¯ÂÏ Ú‡Í:

    

u r r1= − − +
−( )

















τ

η ρ ρ
ρ ρ0

2 1
1
2

1 2 12
2

    

+ − − − − +
















ρ ρ ρ ρ ρ ρ
ρ

ρ2
2

1
2

2 1
2

1 2
2

1 1

2 2r r
r

r
ln ; (9.213)

    

u r r2 = − − +
−( )










τ

η ρ ρ
ρ ρ0

2 1
1
2

1 2 12
2

    

+ − − −
















2 2
2 1

2
1 2

1ρ ρ ρ ρr r
r

r
ln ; (9.214)

    

u r r
r

0 ln= − − − − +
−( )

























τ

η ρ ρ ρ
ρ ρ ρ ρ ρ ρ ρ0

2 1
1
2

1 2 1 1 2 1 2
1

2
2
2

2
2 2 2 ; (9.215)

    

u r r rÚ = − + + − − + +
−( ) ( )












τ

η ρ ρ
ρ ρ ρ ρ0

2 1
1
2

1 0 2 1 2
2

1
2

2
2

    
+




r r

r0
2

1
1 1

2 0
+2 ln2ρ ρ ρ

ρ
. (9.216)
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áÌ‡˜ËÚ, ‡ÒıÓ‰ ÊË‰ÍÓÒÚË ‚ Í‡Ê‰ÓÈ Ó·Î‡ÒÚË ÍÓÎ¸ˆÂ‚Ó„Ó
ÔÓÒÚ‡ÌÒÚ‚‡ ÒÓ„Î‡ÒÌÓ (8.148)–(8.151), ‡ Ú‡ÍÊÂ (9.213)–(9.215)
Ì‡È‰ÂÏ ÔÓ ÙÓÏÛÎ‡Ï:

    

q r rr r r
1 = − + − + +

−( )






− −
πτ

η ρ ρ

ρ ρ ρ ρρ ρ ρ ρ ρ0
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1
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2

1 1
3
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1
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6 2 12 2

    
+ − − + + − +r r r r r rr r

1 2 1 1
0
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2
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0
2
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2

0
3

2 0
3

12 2
2
3

2
3

ρ ρ ρ ρρ ρ
0
2

0
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+ + + −


















r r r

r

r
r0

4
0
2

1 2
1 2 0

2 1 1

2 0
1
2 1

2
4 2

ρ ρ ρ

ρ ρ
ρ ρ ρln ln ; (9.217)

    

q r rr r r
2 2

3= − − + + − − + +
−( )


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

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η ρ ρ

ρ ρ ρ
ρ ρ ρ ρ ρ ρ0
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2

1
2
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ρ ρ

ρ

ρ ρ
ln ; (9.218)

    

q r r rr r r
0

1
2

2
= − + − − + + −

−( )
−
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
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1 1
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1
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2
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ρ ρ ρ ρ ρ

ρ

ρ ρ
ln . (9.219)

ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ÒÛÏÏ‡Ì˚È ‡ÒıÓ‰ ÊË‰ÍÓÒÚË ‚ ÍÓÎ¸ˆÂ‚ÓÏ
ÔÓÒÚ‡ÌÒÚ‚Â

    

q r r r r
r r r

= + − − + − − +
−( )

−







πτ

η ρ ρ

ρ ρ ρ ρ
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
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1
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3 3 12 2 4
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r
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r r r r
ln . (9.220)
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ê‡ÒıÓ‰ ÊË‰ÍÓÒÚË ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â ÓÔÂ‰ÂÎflÂÚÒfl
ÔÓ ÙÓÏÛÎÂ (9.17). áÌ‡˜ËÚ, ÔÓ (9.216) Ë (9.17)

    

q r r rr r= − + + − −
−( ) ( )( )







πτ

η ρ ρ
ρ ρ0

2 1

1
2

0
2

0
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


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

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1 2
1 1

2 02 2

ρ ρ ρ

ρ
ρ ρ ln . (9.221)

àÁ ‡‚ÂÌÒÚ‚‡ ÁÌ‡˜ÂÌËÈ q, ‡ÒÒ˜ËÚ‡ÌÌ˚ı ÔÓ ‚˚‡ÊÂÌËflÏ
(9.220) Ë (9.221), ÔÓÎÛ˜ËÏ Û‡‚ÌÂÌËÂ (9.106), Ú.Â. ρ‡ = f(ρ‚).

èÓ ‚˚‡ÊÂÌË˛ (9.206) ÔË p1 = γl1 ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸:

    

γ τ

ρ ρ
H p l

r a

− =
−( )2
0

1

2

‚

. (9.222)

ëÓ„Î‡ÒÌÓ (9.216)

    

u r rr

ra
a a a

a

a
Ú a= − + + − − + + +

−( ) ( )( )
















τ

η ρ ρ

ρ

ρ
ρ ρ ρ ρ ρ ρ0 1 2 2 2

22
1 2 1 2

‚
‚ ‚ ‚

‚

ln . (9.223)

í‡ÍËÏ Ó·‡ÁÓÏ, ‰Îfl Â¯ÂÌËfl Á‡‰‡˜Ë ‡ÒÔÓÎ‡„‡ÂÏ ÚÂÏfl
Û‡‚ÌÂÌËflÏË – (9.105), (9.222) Ë (9.223) Ò  ÚÂÏfl  ÌÂËÁ‚ÂÒÚ-
Ì˚ÏË – ρ‡, ρ‚ Ë γH – p2. èË Á‡‰‡ÌÌÓÏ ra ÔÓ (9.105) Ì‡ıÓ‰ËÏ
ρ‡ = f(ρb), ˜ÚÓ ÔÓÁ‚ÓÎflÂÚ ÒÓ„Î‡ÒÌÓ (9.222) Ì‡ÈÚË γH – p2 =    
= f(ρa). á‡ÚÂÏ ÔÓ ‚˚‡ÊÂÌË˛ (9.223) ‚˚˜ËÒÎflÂÏ uÚ = φ(ρ‡).

ëÓ‚ÏÂ˘‡fl ˝ÚË ‰‚Â Á‡‚ËÒËÏÓÒÚË, Ì‡ıÓ‰ËÏ ËÁÏÂÌÂÌËÂ „Ë‰Ó-
‰ËÌ‡ÏË˜ÂÒÍÓ„Ó ‰‡‚ÎÂÌËfl ÔË ‡ÁÎË˜Ì˚ı ÒÍÓÓÒÚflı ÔÓ‰˙ÂÏ‡
ÍÂÌÓÔËÂÏÌËÍ‡, Ú.Â. γH – p2 = ϕ(uÚ).

 èÓ‚Â‰ÂÏ ‡Ò˜ÂÚ˚ ÔË ÒÎÂ‰Û˛˘Ëı ËÒıÓ‰Ì˚ı ‰‡ÌÌ˚ı:     
r1 = 0,0335 Ï, r0 = 0,030 Ï, l = 13,71 Ï, H = 2000 Ï, τ0 =       
= 5 è‡, η = 30 ⋅ 10–3 è‡ ⋅ Ò. áÌ‡˜ËÚ, ‚ ‰‡ÌÌÓÏ ÒÎÛ˜‡Â ra =   
= 0,895522.

èË ÔËÌflÚ˚ı ËÒıÓ‰Ì˚ı ‰‡ÌÌ˚ı Û‡‚ÌÂÌËÂ (9.106) ÔÂÂÔË-
¯ÂÚÒfl Ú‡Í:

    ρ ρ ρ ρ‚ ‚
4 4 6 87269− − − −a a, ( )

    − + + − =1188242 1 07058 2 02 2, , ( ) .ρ ρ ρ ρ ρ ρa a a‚ ‚ ‚ (9.224)

êÂÁÛÎ¸Ú‡Ú˚ ‡Ò˜ÂÚÓ‚ ÔÓ Û‡‚ÌÂÌË˛ (9.224) ÔË‚Â‰ÂÌ˚ ‚
Ú‡·Î. 9.11.
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èË ÔËÌflÚ˚ı ËÒıÓ‰Ì˚ı  ‰‡ÌÌ˚ı  ÒÓ„Î‡ÒÌÓ (9.222) Á‡ÔË-
¯ÂÏ:

    
γ

ρ ρ
H p

a

− =
−

2
4092 5373, .

‚

(9.225)

Ç Ú‡·Î. 9.12 ÔË‚Â‰ÂÌ˚ ÁÌ‡˜ÂÌËfl γH – p2, ÓÔÂ‰ÂÎÂÌÌ˚Â ÔÓ
(9.225).

èË ‡Ò˜ÂÚ‡ı ÔÓ (9.225) ·˚ÎË ËÒÔÓÎ¸ÁÓ‚‡Ì˚ ‰‡ÌÌ˚Â, ÔË-
‚Â‰ÂÌÌ˚Â ‚ Ú‡·Î. 9.11.

ÑÎfl ËÒıÓ‰Ì˚ı ‰‡ÌÌ˚ı Ì‡¯Â„Ó ÔËÏÂ‡ ÒÓ„Î‡ÒÌÓ (9.223)
ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸:

    

u
a

a aÚ = − + − − + +







−

2 79167 0 198040348 3 79104 2 2, , , ( )
ρ ρ

ρ ρ ρ ρ
‚

‚ ‚

    
+




2

0 89552
ρ ρ

ρ

ρ
a

a
‚

‚

ln .
,

(9.226)

Ç Ú‡·Î. 9.13 ÔË‚Â‰ÂÌ˚ ÁÌ‡˜ÂÌËfl uÚ, ‚˚˜ËÒÎÂÌÌ˚Â ÔÓ
ÙÓÏÛÎÂ (9.226), ‡Ò˜ÂÚ˚ ‚˚ÔÓÎÌÂÌ˚ Ò ÔÓÏÓ˘¸˛ ‰‡ÌÌ˚ı
Ú‡·Î. 9.11.

ëÓ‚ÏÂ˘‡fl ‰‡ÌÌ˚Â, ÔË‚Â‰ÂÌÌ˚Â ‚ Ú‡·Î. 9.12 Ë 9.13,
ÔÓÎÛ˜ËÏ ÁÌ‡˜ÂÌËfl γH – p2 ÔË ‡ÁÎË˜Ì˚ı uÚ (Ú‡·Î. 9.14).

àÁ ÒÚ‡ÚË˜ÂÒÍËı ÒÓÓ·‡ÊÂÌËÈ ËÏÂÂÏ

    
γ

τ
H p

l

r r
− =

−
2

0

1 0

2
. (9.227)

èË ÔËÌflÚ˚ı ËÒıÓ‰Ì˚ı ‰‡ÌÌ˚ı

    
γH p− = ⋅ ⋅

2
2 13 71 5

0 0035

,

,
.

í ‡ · Î Ë ̂  ‡  9.12

ρa γH – p2,
105 è‡

ρa γH – p2,
105 è‡

0,900 0,4276 0,9400 2,2863
0,905 0,4759 0,9450 5,0031
0,910 0,5364 0,9460 6,6009
0,915 0,6149 0,9465 7,7805
0,920 0,7201 0,9470 9,5620
0,925 0,8601 0,9475 12,4020
0,930 1,0951 0,9480 17,4890
0,935 1,4807 0,9485 30,0922

í ‡ · Î Ë ̂  ‡  9.11

ρa ρ‚ ρa ρ‚

0,900 0,99570 0,9400 0,95790
0,905 0,99100 0,9450 0,95318
0,910 0,98630 0,9460 0,95220
0,915 0,98156 0,9465 0,95176
0,920 0,97683 0,9470 0,95128
0,925 0,97258 0,9475 0,95080
0,930 0,96737 0,9480 0,95034
0,935 0,96264 0,9485 0,94986
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ËÎË

    γH p− = ⋅2
50 3917 10,  è‡.

í‡ÍËÏ Ó·‡ÁÓÏ, ÔË uÚ ≈ 0 ˝ÚÓ ÁÌ‡˜ÂÌËÂ γH – p2 ıÓÓ¯Ó
ÒÓ„Î‡ÒÛÂÚÒfl Ò ‚ÂÎË˜ËÌ‡ÏË, ÔË‚Â‰ÂÌÌ˚ÏË ‚ Ú‡·Î. 9.14.

èÂÂÔË¯ÂÏ ‚˚‡ÊÂÌËÂ (9.222) Ë (9.223) ‚ ÒÎÂ‰Û˛˘ÂÏ ‚Ë‰Â:

    
∆p

b a

∗∗ =
−

2

ρ ρ
; (9.228)

    
u r r

a
a a a

a

ar
Ú a a

2∗ ∗
+=

( )
− + +( ) −( )− + +










−

1

2
1 2 1 22 2

ρ ρ

ρ

ρ
ρ ρ ρ ρ ρ ρ

‚
‚ ‚ ‚

‚

ln , (9.229)

„‰Â 
    
∆

∆
p

pr

l

∗∗ = 1

0τ
;  

    
u

u

r
Ú

Ú∗∗
=

η

τ0 1

.

á‡‚ËÒËÏÓÒÚ¸ ρa = f(ρ‚) ÓÔÂ‰ÂÎflÂÚÒfl ÔÓ Û‡‚ÌÂÌË˛ (9.105).
Ç Ú‡·Î. 9.15 ÔË‚Ó‰flÚÒfl ÁÌ‡˜ÂÌËfl ρ‚ ÔË ‡ÁÎË˜Ì˚ı ρa  Ë ra,

‚˚˜ËÒÎÂÌÌ˚Â ÔÓ Û‡‚ÌÂÌË˛ (9.105).

í ‡ · Î Ë ̂  ‡  9.15

ra ρa ρ‚ ra ρa ρ‚ ra ρa ρ‚

0,4 0,410 0,99366 0,5 0,51 0,99306 0,6 0,610 0,99225
0,450 0,96817 0,53 0,97875 0,630 0,97674
0,500 0,93594 0,55 0,96454 0,650 0,96120
0,550 0,90335 0,57 0,95006 0,670 0,94564
0,600 0,87037 0,60 0,92880 0,700 0,92226
0,650 0,83706 0,63 0,90725 0,730 0,89883
0,700 0,80342 0,65 0,89284 0,750 0,88318
0,710 0,79666 0,67 0,87839 0,770 0,86751
0,720 0,78990 0,70 0,85666 0,780 0,85967
0,730 0,78309 0,75 0,82026 0,800 0,84397
0,740 0,77630 0,76 0,81295 0,810 0,83612
0,750 0,76948 0,78 0,79840 0,814 0,83297
0,755 0,76607 0,79 0,79100 0,820 0,82825

0,7 0,710 0,99165 0,8 0,81 0,99106 0,9 0,910 0,99052
0,730 0,97488 0,82 0,98211 0,916 0,98485
0,750 0,95813 0,83 0,97317 0,922 0,97912

í ‡ · Î Ë ̂  ‡  9.14

uÚ, Ï/Ò γH – p2,
105 è‡

uÚ, Ï/Ò γH – p2,
105 è‡

0,0002 0,4276 0,0932 2,2863
0,0011 0,4759 0,2424 5,0031
0,0029 0,5364 0,3270 6,6009
0,0058 0,6149 0,3947 7,7805
0,0104 0,7201 0,4915 9,5620
0,0204 0,8601 0,6458 12,4020
0,0292 1,0951 0,9273 17,4890
0,0497 1,4807 1,6158 30,0922

í ‡ · Î Ë ̂  ‡  9.13

ρ‡ uÚ, Ï/Ò ρ‡ uÚ, Ï/Ò
0,900 0,0002 0,9400 0,0932
0,905 0,0011 0,9450 0,2424
0,910 0,0029 0,9460 0,3270
0,915 0,0058 0,9465 0,3947
0,920 0,0104 0,9470 0,4915
0,925 0,0204 0,9475 0,6458
0,930 0,0260 0,9480 0,9273
0,935 0,0497 0,9485 1,6158
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è  Ó ‰ Ó Î Ê Â Ì Ë Â  Ú ‡ · Î . 9.15

ra ρa ρ‚ ra ρa ρ‚ ra ρa ρ‚

0,7 0,770 0,94136 0,8 0,84 0,96422 0,9 0,928 0,97343
0,800 0,91619 0,85 0,95526 0,932 0,96965
0,810 0,90779 0,86 0,94631 0,936 0,96585
0,830 0,89099 0,87 0,93736 0,940 0,96206
0,840 0,88259 0,88 0,92841 0,944 0,95827
0,850 0,87388 0,89 0,91946 0,948 0,95446

èÓ ‰‡ÌÌ˚Ï, ÔË‚Â‰ÂÌÌ˚Ï ‚ Ú‡·Î. 9.15, ÙÓÏÛÎ‡Ï (9.228) Ë
(9.229), ·˚ÎË Ì‡È‰ÂÌ˚ ∆p∗∗ Ë     uÚ

∗∗  (Ú‡·Î. 9.16).
éÒÌÓ‚Ì‡fl ÚÛ‰ÌÓÒÚ¸ ÔË Â¯ÂÌËË Á‡‰‡˜Ë „Ë‰Ó‰ËÌ‡ÏËÍË

‚flÁÍÓÔÎ‡ÒÚË˜ÌÓÈ ÊË‰ÍÓÒÚË ÔË ÒÚÛÍÚÛÌÓÏ ÂÊËÏÂ ÚÂ˜ÂÌËfl
Ò‚flÁ‡Ì‡ Ò Ì‡ÎË˜ËÂÏ fl‰‡, Ú.Â. Ó·Î‡ÒÚË, ‰‚ËÊÛ˘ÂÈÒfl ÔË „‡‰Ë-
ÂÌÚÂ ÒÍÓÓÒÚË, ‡‚ÌÓÈ ÌÛÎ˛, ËÎË Í‡Í Ú‚Â‰ÓÂ ÚÂÎÓ. ÉÓÏÓÁ‰-
ÍÓÒÚ¸ ÔÓÎÛ˜‡ÂÏ˚ı ÔË ˝ÚÓÏ ‚˚‡ÊÂÌËÈ Á‡ÚÛ‰ÌflÂÚ ‡Ò˜ÂÚ˚ Ë
ÔÓÒÎÂ‰Û˛˘ËÈ ‡Ì‡ÎËÁ, ÌÂÓ·ıÓ‰ËÏ˚È ‰Îfl ËÒÒÎÂ‰Ó‚‡ÌËfl ÔÓˆÂÒ-
Ò‡ Ë ‡Á‡·ÓÚÍË ÔÓ„ÂÒÒË‚Ì˚ı ÚÂıÌÓÎÓ„Ë˜ÂÒÍËı ÏÂÓÔËfl-
ÚËÈ. ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ‚ÓÁÌËÍ‡ÂÚ ÌÂÓ·ıÓ‰ËÏÓÒÚ¸ ‚ ‡Á‡·ÓÚÍÂ
ÔË·ÎËÊÂÌÌÓ„Ó ÒÔÓÒÓ·‡, ÔÓÎ¸ÁÛflÒ¸ ÍÓÚÓ˚Ï ÏÓÊÌÓ Â¯‡Ú¸
Á‡‰‡˜Ë „Ë‰Ó‰ËÌ‡ÏËÍË Ë ÔÓÎÛ˜‡Ú¸ ÓÚÌÓÒËÚÂÎ¸ÌÓ ÔÓÒÚ˚Â ‚˚-
‡ÊÂÌËfl, ‰‡˛˘ËÂ ÌÂÁÌ‡˜ËÚÂÎ¸ÌÛ˛ ÔÓ„Â¯ÌÓÒÚ¸ ÔÓ Ò‡‚ÌÂÌË˛
Ò ÚÓ˜Ì˚ÏË ÙÓÏÛÎ‡ÏË.

í ‡ · Î Ë ̂  ‡  9.16

ra ∆p∗∗
    uÚ
∗∗ ra ∆p∗∗

    uÚ
∗∗ ra ∆p∗∗

    uÚ
∗∗

0,4 3,4266 0,0002481 0,5 4,1403 0,000232 0,6 5,2322 0,000219
3,8597 0,006600 4,4568 0,002156 5,7680 0,002101
4,5878 0,029201 4,8246 0,006287 6,4267 0,006268
5,6601 0,075399 5,2623 0,012977 7,2558 0,011549
7,3973 0,154159 6,0827 0,029292 8,9985 0,031930
10,6918 0,340694 7,2137 0,055922 11,8462 0,066906
19,3386 0,820597 8,2359 0,082241 15,0173 0,108328
23,0787 1,029093 9,5974 0,119023 20,5107 0,182073
28,6123 1,337820 12,7665 0,208111 25,1035 0,244417
37,6719 1,842755 28,4657 0,662651 45,4856 0,522654
55,0964 2,814409 37,7715 0,933413 76,5697 0,947905
102,6694 5,465847 108,6956 3,000954 105,4296 1,342611
180,6685 9,812728 2000 56,559742 242,4242 3,216598

0,7 7,1010 0,000216 0,8 11,0461 0,000216 0,9 24,8385 0,000272
8,1673 0,002124 12,3381 0,000934 29,0487 0,000680
9,6094 0,006622 13,9694 0,002300 35,0140 0,001449
11,6713 0,014999 16,1005 0,004542 44,0238 0,002821
17,2132 0,041737 19,0006 0,008055 53,1208 0,004329
20,4520 0,058375 23,1723 0,013605 67,0017 0,006670
32,7923 0,123506 29,6912 0,022786 90,6618 0,010779
46,9594 0,199177 41,3138 0,039708 140,1542 0,019479
83,7521 0,392371 67,8887 0,079047 309,5975 0,048964
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9.4.6. ÏÐÈÁËÈÆÅÍÍÛÉ ÑÏÎÑÎÁ ÐÅØÅÍÈß ÇÀÄÀ×
ÃÈÄÐÎÄÈÍÀÌÈÊÈ ÂßÇÊÎÏËÀÑÒÈ×ÍÎÉ ÆÈÄÊÎÑÒÈ.
ÓÏÐÎÙÅÍÍÀß ÔÎÐÌÓËÀ ÄËß ÎÏÐÅÄÅËÅÍÈß ÄÀÂËÅÍÈß
ÍÀ ÇÀÁÎÅ ÏÐÈ ÏÎÄÚÅÌÅ ÊÅÐÍÎÏÐÈÅÌÍÈÊÀ

àÁ‚ÂÒÚÌÓ, ˜ÚÓ ÔË ÛÒÚ‡ÌÓ‚Ë‚¯ÂÏÒfl ‰‚ËÊÂÌËË ‚flÁÍÓÔÎ‡ÒÚË˜-
ÌÓÈ ÊË‰ÍÓÒÚË ‚ ÚÛ·Â ‡‰ËÛÒÓÏ R Ë ‰ÎËÌÓÈ l ‡ÒıÓ‰ ÊË‰ÍÓÒ-
ÚË ÒÓ„Î‡ÒÌÓ ÙÓÏÛÎÂ ÅÛÍËÌ„‡Ï‡ Ì‡ıÓ‰ËÚÒfl Ú‡Í [21, 26]:

    

q R p
l

l
p

l
pR

= − + 























π

η

τ τ4
0 0

4

8
8
3

1
3

21∆

∆ ∆
.

ó‡ÒÚÓ ÔÓÎ¸ÁÛ˛ÚÒfl ÛÔÓ˘ÂÌÌÓÈ ÙÓÏÛÎÓÈ ÅÛÍËÌ„‡Ï‡:

    
q R p

l

l

p
= −











π

η

τ4
0

8

8

3
1∆

∆
.

éÚÒ˛‰‡

    
∆p lq

R

l

R
= +8 8

34
0η

π

τ . (9.230)

àÁ ‚˚‡ÊÂÌËfl (9.230) ‚Ë‰ÌÓ, ˜ÚÓ ÔË τ0 = 0 ËÏÂÂÏ
ÙÓÏÛÎÛ ëÚÓÍÒ‡–èÛ‡ÁÂÈÎfl, ÒÔ‡‚Â‰ÎË‚Û˛ ÔË Î‡ÏËÌ‡ÌÓÏ
ÂÊËÏÂ ÚÂ˜ÂÌËfl ‚flÁÍÓÈ ÊË‰ÍÓÒÚË. èÎ‡ÒÚË˜ÂÒÍËÂ Ò‚ÓÈÒÚ‚‡
Û˜ËÚ˚‚‡˛ÚÒfl ‚˚‡ÊÂÌËÂÏ

    
∆p l

R‰ËÌ
= 8

3
0τ . (9.231)

èÓÚÂË ‰‡‚ÎÂÌËfl, ÌÂÓ·ıÓ‰ËÏ˚Â ‰Îfl Ò‰‚Ë„‡ ‚flÁÍÓÔÎ‡ÒÚË˜-
ÌÓÈ ÊË‰ÍÓÒÚË, ∆pÔÎ, Ì‡È‰ÂÏ, ÒÓÒÚ‡‚Ë‚ ÒÎÂ‰Û˛˘ÂÂ Û‡‚ÌÂÌËÂ
‡‚ÌÓ‚ÂÒËfl:

    π πθR p2 2∆ ÔÎ = ,

„‰Â θ – ÒÚ‡ÚË˜ÂÒÍÓÂ Ì‡ÔflÊÂÌËÂ Ò‰‚Ë„‡.
áÌ‡˜ËÚ,

    
∆p l

R
ÔÎ =

2 θ .

á‡ÏÂÌË‚ θ = τ0, ÔÓÎÛ˜ËÏ

    
∆p

l

R
ÔÎ =

2 0τ . (9.232)

ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ,
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∆ ∆p p‰ËÌ ÔÎ= 4

3
. (9.233)

é˜Â‚Ë‰ÌÓ,  ˜ÚÓ  ÍÓ˝ÙÙËˆËÂÌÚ  4/3  ‚  ÙÓÏÛÎÂ "(9.233)  Á‡-
‚ËÒËÚ ÓÚ ÙÓÏ˚ ÔÓÔÂÂ˜ÌÓ„Ó ÒÂ˜ÂÌËfl Í‡Ì‡Î‡ Ë „‡ÌË˜Ì˚ı
ÛÒÎÓ‚ËÈ.

Ç ÔÂ‚ÓÏ ÔË·ÎËÊÂÌËË ·Û‰ÂÏ Ò˜ËÚ‡Ú¸, ˜ÚÓ ÙÓÏÛÎ‡ (9.233)
fl‚ÎflÂÚÒfl ÛÌË‚ÂÒ‡Î¸ÌÓÈ. áÌ‡˜ËÚ, ‚ Í‡Ê‰ÓÈ ÍÓÌÍÂÚÌÓÈ Á‡‰‡˜Â
ÌÂÓ·ıÓ‰ËÏÓ ÛÍ‡Á‡Ú¸ ÔÂ‰ÂÎ˚ ÔËÏÂÌËÏÓÒÚË ÔÂ‰Î‡„‡ÂÏ˚ı
‚˚‡ÊÂÌËÈ Ë Ï‡ÍÒËÏ‡Î¸Ì˚È ÔÓˆÂÌÚ ÔÓ„Â¯ÌÓÒÚË ÓÚÌÓÒË-
ÚÂÎ¸ÌÓ ÂÁÛÎ¸Ú‡ÚÓ‚, ÔÓÎÛ˜‡ÂÏ˚ı ÔÓ ÚÓ˜Ì˚Ï ÙÓÏÛÎ‡Ï.

íÂÔÂ¸, ÔÓÎ¸ÁÛflÒ¸ ÏÂÚÓ‰ÓÏ ‡Á‰ÂÎ¸ÌÓ„Ó Û˜ÂÚ‡ ÒËÎ ‚flÁÍÓÒÚË
Ë ÔÎ‡ÒÚË˜ÌÓÒÚË, ‡ÒÒÏÓÚËÏ ÌÂÒÍÓÎ¸ÍÓ Á‡‰‡˜.

ç‡È‰ÂÏ ÔÓÚÂË ‰‡‚ÎÂÌËfl ÔË ‰‚ËÊÂÌËË ‚flÁÍÓÔÎ‡ÒÚË˜ÌÓÈ
ÊË‰ÍÓÒÚË ÏÂÊ‰Û ‰‚ÛÏfl ÌÂÔÓ‰‚ËÊÌ˚ÏË ˆËÎËÌ‰‡ÏË.

èË ‰‚ËÊÂÌËË ‚flÁÍÓÈ ÊË‰ÍÓÒÚË ÏÂÊ‰Û ‰‚ÛÏfl ÌÂÔÓ‰‚ËÊ-
Ì˚ÏË ˆËÎËÌ‰‡ÏË ÔÓÚÂË ‰‡‚ÎÂÌËfl  ∆p = ∆p‚, Ó·ÛÒÎÓ‚ÎÂÌ-
Ì˚Â Ì‡ÎË˜ËÂÏ ‚flÁÍËı Ò‚ÓÈÒÚ‚, ÏÓÊÌÓ Ì‡ÈÚË Í‡Í

    

∆p lq

r r
r

r

‚

a
a
2

a

=

− −
−



















8

1
1

11
4 4

2

µ

π
( )

ln

. (9.234)

îÓÏÛÎ‡ (9.234) ‚ÔÂ‚˚Â ·˚Î‡ ÔÓÎÛ˜ÂÌ‡ ã.ë. ãÂÈ·ÂÌÁÓÌÓÏ
[18]. Ç˚‡ÊÂÌËÂ (9.234) ÏÓÊÌÓ ÔÓÎÛ˜ËÚ¸ ËÁ (9.77) ÔË uÚ = 0.
èÓÚÂË ‰‡‚ÎÂÌËfl, Á‡Ú‡˜Ë‚‡ÂÏ˚Â Ì‡ ÔÂÓ‰ÓÎÂÌËÂ ÔÎ‡ÒÚË˜ÂÒ-
ÍËı Ò‚ÓÈÒÚ‚, Ì‡È‰ÂÏ, ÒÓÒÚ‡‚Ë‚ Û‡‚ÌÂÌËÂ

    
π π θr r p r r l1

2
0
2

1 02−( ) = +( )∆ ÔÎ .

íÓ„‰‡

    
∆p l

r r
ÔÎ =

−

2

1 0

θ . (9.235)

èÓÎ¸ÁÛflÒ¸ ÒÓÓÚÌÓ¯ÂÌËÂÏ (9.233) Ë ÔËÌfl‚ ‚ ÙÓÏÛÎÂ
(9.235) θ = τ0, ÔÓÎÛ˜ËÏ

    
∆p l

r r‰ËÌ
a

=
−

8
3 1

0τ

( )
. (9.236)

ëÓ„Î‡ÒÌÓ ÏÂÚÓ‰Û ‡Á‰ÂÎ¸ÌÓ„Ó Û˜ÂÚ‡ ÒËÎ ‚flÁÍÓÒÚË Ë ÔÎ‡Ò-
ÚË˜ÌÓÒÚË

    ∆ ∆ ∆p p p= +‚ ‰ËÌ . (9.237)
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íÓ„‰‡ ÔÓ (9.229), (9.231) Ë (9.232) ÔË µ = η ÔÓÎÛ˜ËÏ

    

∆p lq

r r
r

r

l

r r
= +

− −
−



















−

8

1
1

1

8
3 1

1
4

2

0

1

η

π

τ

a
4 a

2

a

a

( )

ln

( )
(9.238)

ËÎË

    

∆ ′= +′

− −
−



















−
p q

r
r

r

r

π 1
1

1

4
31

2

a
4 a

2

a

a

( )

ln

( )
, (9.239)

„‰Â 
    
∆ ∆′=p pr

l
1

02 τ
; 
    
′=q q

r

4

0 1
3

η

τ
.

å.è. ÇÓÎ‡Ó‚Ë˜ÂÏ Ë Ä.å. ÉÛÚÍËÌ˚Ï ·˚ÎÓ ÔÓÎÛ˜ÂÌÓ Â¯Â-
ÌËÂ ‰‡ÌÌÓÈ Á‡‰‡˜Ë ‚ ‚Ë‰Â ÒÎÂ‰Û˛˘ÂÈ ÒËÒÚÂÏ˚ ÚÂı Û‡‚ÌÂÌËÈ
[4]:

    
ρ ρ ρ ρ ρ ρρ

ρ
a

a

a
a a a ar

r r
‚

‚
‚ ‚ln ;= − + − − + −



 ( )( )1

2
12 2 2 1 (9.240)

    
∆ ′=

−
p

a

1
ρ ρ‚

; (9.241)

    
′= ′ − + − − − − −



 + 














q p r ra a a a a aπ ρ ρ ρ ρ ρ ρ ρ ρ∆ 1

3
2
3

4 4 4 2 2 21 2 1‚ ‚ ‚ ‚

    
− −( ) +( )


4

3
1 3ρ ρ‚ a ar . (9.242)

Ç Ú‡·Î. 9.17 ÔË‚Â‰ÂÌ˚ ÁÌ‡˜ÂÌËfl ∆p′, ‡ÒÒ˜ËÚ‡ÌÌ˚Â ÔÓ
ÚÓ˜ÌÓÈ ÒËÒÚÂÏÂ Û‡‚ÌÂÌËÈ (9.240)–(9.242), ‡ Ú‡ÍÊÂ ÔÓ ÔË-
·ÎËÊÂÌÌÓÈ ÙÓÏÛÎÂ (9.239).

àÁ Ú‡·Î. 9.17 ‚Ë‰ÌÓ, ˜ÚÓ ÔË r‡ ≥ 0,6 Ë q’ ≥ 0,05 ÔÓ„Â¯-
ÌÓÒÚ¸ ÔË ‡Ò˜ÂÚÂ ÔÓ ÙÓÏÛÎÂ (9.234) ÌÂ ÔÂ‚˚¯‡ÂÚ 11 %.

íÂÔÂ¸ ‚˚‚Â‰ÂÏ ÔË·ÎËÊÂÌÌÛ˛ ÙÓÏÛÎÛ ‰Îfl ÒÎÛ˜‡fl ‰‚ËÊÂ-
ÌËfl"‚flÁÍÓÔÎ‡ÒÚË˜ÌÓÈ ÊË‰ÍÓÒÚË ÏÂÊ‰Û ‰‚ÛÏfl ÔÎ‡ÒÚËÌ‡ÏË
(ÔÎÓÒÍ‡fl" ÚÛ·‡)," ‡ÒÔÓÎÓÊÂÌÌ˚ÏË" Ì‡ ‡ÒÒÚÓflÌËË "2h "‰Û„
ÓÚ ‰Û„‡.
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í ‡ · Î Ë ̂  ‡  9.17

∆p′ ÔÓ ÙÓÏÛÎ‡Ï
q′ ρa ρ‚ (9.240)–

(9.242) (9.239) ∆, %

ra = 0,6

0,02 0,625 0,968 2,924 – –
0,05 0,640 0,950 3,215 3,565 10,9
0,10 0,655 0,932 3,610 3,798 9,2
0,15 0,666 0,920 3,952 4,030 2,0
0,20 0,675 0,910 4,273 4,262 0,3
0,40 0,698 0,884 5,376 5,190 3,5
0,80 0,722 0,859 7,353 7,047 4,2
1,60 0,746 0,835 11,236 10,762 4,2
3,20 0,763 0,818 18,182 18,190 1,4

ra = 0,7

0,02 0,725 0,969 4,098 – –
0,05 0,740 0,953 4,695 4,963 5,7
0,10 0,753 0,939 5,376 5,482 2,0
0,15 0,763 0,928 6,061 6,001 1,0
0,20 0,770 0,920 6,667 6,520 2,2
0,40 0,788 0,901 8,845 8,597 2,8
0,80 0,809 0,881 13,889 12,749 8,2
1,60 0,823 0,867 22,727 21,053 7,4
3,20 0,832 0,856 41,667 37,662 10,6

ra = 0,8

0,02 0,828 0,970 7,042 – –
0,05 0,840 0,957 8,547 8,323 2,6
0,10 0,850 0,946 10,417 9,980 4,2
0,15 0,855 0,940 11,765 11,636 1,1
0,20 0,862 0,933 14,084 13,293 5,6
0,40 0,873 0,922 20,408 19,919 2,4
0,80 0,884 0,911 37,037 33,170 10,4
1,60 0,889 0,906 60,606 59,674 1,5
3,20 0,893 0,902 111,111 112,682 1,4

èÓÚÂË ‰‡‚ÎÂÌËfl ÔË ‰‚ËÊÂÌËË ‚flÁÍÓÈ ÊË‰ÍÓÒÚË ˜ÂÂÁ
ÔÎÓÒÍÛ˛ ÚÛ·Û ÓÔÂ‰ÂÎfl˛ÚÒfl ÔÓ ÙÓÏÛÎÂ

    
∆p q

h
‚ =

3

2 3

µl

‚
.

ÑÎfl ‚˚˜ËÒÎÂÌËfl ÔÓÚÂ¸ ‰‡‚ÎÂÌËfl Ì‡ ÔÂÓ‰ÓÎÂÌËÂ ÔÎ‡Ò-
ÚË˜Ì˚ı Ò‚ÓÈÒÚ‚ ÒÓÒÚ‡‚ËÏ ÒÎÂ‰Û˛˘ÂÂ Û‡‚ÌÂÌËÂ ‡‚ÌÓ‚ÂÒËfl:

2h‚∆pÔÎ = 2(‚ + h)lτ0,

„‰Â ‚ – ¯ËËÌ‡ ÔÎ‡ÒÚËÌ˚ (˘ÂÎË).
èË b >> h ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸:

    
∆p l

hÔÎ =
τ0 .
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ëÓ„Î‡ÒÌÓ (9.233)

    
∆p l

h‰ËÌ =
4
3

0τ .

áÌ‡˜ËÚ, ‚ ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò (9.237) ÔË µ=η

    
∆p lq

h

l

h
= +3

2

4

33
0η τ

‚
(9.243)

ËÎË

    
q h p

l

l

h p
= −











2
3

4

3

3
01‚∆
∆η

τ . (9.244)

Ç ÂÁÛÎ¸Ú‡ÚÂ ÚÓ˜ÌÓ„Ó Â¯ÂÌËfl Á‡‰‡˜Ë ÔÓÎÛ˜ËÏ [21, 27].

    

q h p
l

l

h p

l

ph
= − +



























2
3

1
3

3
0 0

3

1 15‚∆
∆ ∆η

τ τ, . (9.245)

ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ËÁ ÙÓÏÛÎ (9.244) Ë (9.245)

  

∆= −

− +

1 13333

1 15 0 333 3

,

, ,
,β

β β
(9.246)

„‰Â 
    
β τ= =0 9 244

9 245
l

h p
q
q∆

∆;  ( . )
( . )

.

á‰ÂÒ¸ q (9.244) Ë q!(9.245) – ‡ÒıÓ‰ ÊË‰ÍÓÒÚË, ÓÔÂ‰ÂÎflÂ-
Ï˚È ÔÓ ÙÓÏÛÎ‡Ï (9.244) Ë (9.245).

Ç Ú‡·Î. 9.18 ÔË‚Â‰ÂÌ˚ ÂÁÛÎ¸Ú‡Ú˚ ‡Ò˜ÂÚÓ‚ ÔÓ ÙÓÏÛÎÂ
(9.246).

íÂÔÂ¸ Â¯ËÏ Á‡‰‡˜Û ÔÓ ÓÔÂ‰ÂÎÂÌË˛ „Ë‰Ó‰ËÌ‡ÏË˜ÂÒÍÓ„Ó
‰‡‚ÎÂÌËfl ÔË ÔÓ‰˙ÂÏÂ ÍÂÌÓÔËÂÏÌËÍ‡ ‚ ÒÍ‚‡ÊËÌÂ, Á‡ÔÓÎ-
ÌÂÌÌÓÈ „ÎËÌËÒÚ˚Ï ‡ÒÚ‚ÓÓÏ.

àÁÏÂÌÂÌËÂ ‰‡‚ÎÂÌËfl Ì‡ Á‡·ÓÂ, ËÌËˆËËÛÂÏÓÂ ÔÓ‰˙ÂÏÓÏ
ÍÂÌÓÔËÂÏÌËÍ‡, ÔË Û˜ÂÚÂ ÚÓÎ¸ÍÓ ‚flÁÍËı Ò‚ÓÈÒÚ‚ ÊË‰ÍÓÒÚË
Ì‡ıÓ‰ËÚÒfl  ÔÓ ÙÓÏÛÎÂ ë.å. í‡„‡–Ä.å. èË‚Â‰flÌ‡

í ‡ · Î Ë ̂  ‡  9.18

β ∆ β ∆

0,01 0,0016 0,20 1,0280
0,04 1,0065 0,24 1,0316
0,08 1,0078 0,28 1,0339
0,12 1,0184 0,32 1,0347
0,16 1,0236 0,36 1,0335
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∆p lu

r r
r

r
‚

Ú

‡
2

‡
‡
21 + 

.=




 − −





4 1
1 11

2

η

ln
(9.247)

áÌ‡˜ÂÌËÂ ∆p‰ËÌ ÓÔÂ‰ÂÎflÂÚÒfl ÔÓ ÙÓÏÛÎÂ (9.236). íÓ„‰‡ ÔÓ
(9.236), (9.237) Ë (9.247) ËÁÏÂÌÂÌËÂ „Ë‰Ó‰ËÌ‡ÏË˜ÂÒÍÓ„Ó ‰‡‚ÎÂ-
ÌËfl ‚ ÒÍ‚‡ÊËÌÂ, Á‡ÔÓÎÌÂÌÌÓÈ „ÎËÌËÒÚ˚Ï ‡ÒÚ‚ÓÓÏ, ÔË ‰‚Ë-
ÊÂÌËË ‚ ÌÂÈ ÍÂÌÓÔËÂÏÌËÍ‡ ÒÓ ÒÍÓÓÒÚ¸˛ uÚ Ì‡È‰ÂÏ ÔÓ
ÒÎÂ‰Û˛˘ÂÈ ÔË·ÎËÊÂÌÌÓÈ ÙÓÏÛÎÂ:
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Ç˚‡ÊÂÌËÂ (9.248) ÔÂ‰ÒÚ‡‚ËÏ ‚ ÒÎÂ‰Û˛˘ÂÏ ‚Ë‰Â:
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∆ (9.249)

èÓ ÙÓÏÛÎÂ (9.249) ÔË ÁÌ‡˜ÂÌËflı ∆p∗∗, ÔË‚Â‰ÂÌÌ˚ı ‚
Ú‡·Î. 9.16, ·˚ÎË ‚˚ÔÓÎÌÂÌ˚ ‡Ò˜ÂÚ˚ ÔÓ ÓÔÂ‰ÂÎÂÌË˛     uÚ

∗∗

(Ú‡·Î. 9.19).

í ‡ · Î Ë ̂  ‡  9.19

∆p∗∗
    uÚ
∗∗ ∆, % ∆p∗∗

    uÚ
∗∗ ∆, %

r‡ = 0,4 r‡ = 0,5

7,3973 0,164546 6,738 6,0827 0,021813 2,5533
10,6918 0,348130 2,182 7,2137 0,054735 2,1232
19,3386 0,829967 1,142 8,2359 0,084489 2,7338
23,0787 1,077851 4,738 9,5974 0,124121 4,2828
28,6123 1,346737 0,666 12,7665 0,216368 3,8163
37,6719 1,851577 0,479 28,4655 0,673348 1,6143
55,0964 2,822545 0,289 37,7715 0,944226 1,1584
102,6694 5,473518 0,140 108,6956 3,008720 0,2588
180,6685 9,819964 0,074 2000,0000 58,061743 2,6556

r‡ = 0,6 r‡ = 0,7

8,9985 0,031901 0,090 11,6713 0,014918 0,543
11,8462 0,070860 5,900 17,2132 0,044630 6,932
20,5107 0,189396 4,022 20,4520 0,061995 6,200
45,4856 0,531071 1,610 32,7923 0,128156 3,765
76,5697 0,956323 0,888 46,9594 0,204112 2,478
242,4242 3,225331 0,271 83,7521 0,401373 2,294

r‡ = 0,8 r‡ = 0,9

16,1005 0,004120 9,293 35,0140 0,001466 1,178
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è  Ó ‰ Ó Î Ê Â Ì Ë Â  Ú ‡ · Î . 9.19

∆p∗∗

    uÚ
∗∗ ∆, % ∆p∗∗

    uÚ
∗∗ ∆, %

19,0006 0,008438 4,752 44,0238 0,003048 8,064
23,1723 0,014649 7,125 67,0017 0,007084 6,209
29,6912 0,024354 6,884 90,6618 0,011240 4,274
41,3138 0,041659 4,913 140,1542 0,019932 2,327
67,8887 0,081225 2,755 309,5975 0,049692 1,487

àÁ Ú‡·Î. 9.19 ÒÎÂ‰ÛÂÚ, ˜ÚÓ ÔË r‡ ≥ 0,4 Ë ÔÂ‰ÂÎ‡ı      uÚ
∗∗,

Ó·ÓÁÌ‡˜ÂÌÌ˚ı ‚ ‰‡ÌÌÓÈ Ú‡·ÎËˆÂ, ÔÓ„Â¯ÌÓÒÚ¸ ÔÓ ÔË·-     
ÎËÊÂÌÌÓÈ ÙÓÏÛÎÂ ‚ Ò‡‚ÌÂÌËË Ò ÂÁÛÎ¸Ú‡Ú‡ÏË, ÔÓÎÛ˜‡ÂÏ˚ÏË
ÔÓ ÚÓ˜ÌÓÈ ÒËÒÚÂÏÂ, ÌÂ ÔÂ‚˚¯‡ÂÚ 10 %.

èË r1 = 0,0335 Ï, r0 = 0,030 Ï (r‡ = 0,895522) Ë l = 13,71 Ï
ÔÓ ÙÓÏÛÎÂ (9.248) Ì‡È‰ÂÏ ‚ÎËflÌËÂ uÚ, η Ë τ0  Ì‡ ∆p.

èË ÔËÌflÚ˚ı ËÒıÓ‰Ì˚ı ‰‡ÌÌ˚ı Ë ÙÓÏÛÎÂ (9.248)

∆p = 608,4061⋅105 ηuÚ + 0,10445675⋅105 τ0.

Ç Ú‡·Î. 9.20 ÔË‚Â‰ÂÌ˚ ÂÁÛÎ¸Ú‡Ú˚ ‡Ò˜ÂÚÓ‚ ÔÓ ÓÔÂ‰ÂÎÂ-
ÌË˛ ∆p ÔË  ‡ÁÎË˜Ì˚ı ÁÌ‡˜ÂÌËflı uÚ, η Ë τ0.

í ‡ · Î Ë ̂  ‡  9.20

η, è‡⋅Ò τ0, è‡ ∆p,

105 è‡

τ0, è‡ ∆p,

105 è‡

τ0, è‡ ∆p,

105 è‡

τ0, è‡ ∆p,

105 è‡

uÚ = 0,5 Ï/Ò
0,010 2 3,2509 4 3,4599 6 3,6688 8 3,8777
0,015 4,7719 4,9809 5,1898 5,3987
0,020 6,2930 6,5019 6,7108 6,9197
0,025 7,8140 8,0229 8,2318 8,4407
0,030 9,3350 9,5439 9,7528 9,9617
0,035 10,8560 11,0649 11,2738 11,4828
0,040 12,3770 12,5859 12,7949 13,0038
0,045 13,8981 14,1070 14,3159 14,5248
0,050 15,4191 15,6280 15,8369 16,0458
0,055 16,9401 17,1490 17,3579 17,5668

uÚ = 0,8 Ï/Ò

0,010 2 5,0762 4 5,2851 6 5,4940 8 5,7029
0,015 7,5098 7,7187 7,9276 8,1365
0,020 9,9434 10,1523 10,3612 10,5701
0,025 12,3770 12,5859 12,7949 13,0038
0,030 14,8107 15,0196 15,2285 15,4374
0,035 17,2443 17,4532 17,6621 17,8710
0,040 19,6779 19,8868 20,0957 20,3046
0,045 22,1115 22,3205 22,5294 22,7383
0,050 24,5452 24,7541 24,9630 25,1719
0,055 26,9788 27,1877 27,3966 27,6055
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è  Ó ‰ Ó Î Ê Â Ì Ë Â  Ú ‡ · Î. 9.20

η, è‡⋅Ò τ0, è‡ ∆p,

105 è‡

τ0, è‡ ∆p,

105 è‡

τ0, è‡ ∆p,

105 è‡

τ0, è‡ ∆p,

105 è‡

uÚ = 1,0 Ï/Ò

0,010 2 6,2929 4 6,5019 6 6,7108 8 6,9197
0,015 9,2305 9,5439 9,7528 9,9617
0,020 12,3770 12,5859 12,7949 13,0038
0,025 15,4191 15,6280 15,8369 16,0458
0,030 18,4611 18,6700 18,8769 19,0878
0,035 21,5031 21,7120 21,9209 22,1299
0,040 24,5451 24,7541 24,9630 25,1719
0,045 27,5872 27,7961 28,0050 28,2139
0,050 30,6292 30,8381 31,0470 31,2560

àÁ Ú‡·Î. 9.20 ‚Ë‰ÌÓ, ˜ÚÓ ÔË r1 = 0,895522  Ì‡ ‚ÂÎË˜ËÌÛ ∆p
ÁÌ‡˜ËÚÂÎ¸ÌÓÂ ‚ÎËflÌËÂ ÓÍ‡Á˚‚‡˛Ú ËÁÏÂÌÂÌËÂ η Ë uÚ; ËÁÏÂ-
ÌÂÌËÂ τ0 ÓÚ 2 ‰Ó 8 è‡ ÌÂÒÛ˘ÂÒÚ‚ÂÌÌÓ ‚ÎËflÂÚ Ì‡ ∆p.

ÑÎfl ÚÓ„Ó ˜ÚÓ·˚ ÔÓÎÛ˜ËÚ¸ ‚ÓÁÏÓÊÌÓÒÚ¸ ÔÓ‰ÌËÏ‡Ú¸ ÍÂÌÓ-
ÔËÂÏÌËÍ ÔË ÓÚÌÓÒËÚÂÎ¸ÌÓ ‚˚ÒÓÍËı ÒÍÓÓÒÚflı (Ì‡ÔËÏÂ,
uÚ = 1 Ï/Ò),  ÌÂÓ·ıÓ‰ËÏÓ ÔÓ‰‰ÂÊË‚‡Ú¸ ÁÌ‡˜ÂÌËÂ ÒÚÛÍÚÛ-
ÌÓÈ ‚flÁÍÓÒÚË „ÎËÌËÒÚÓ„Ó ‡ÒÚ‚Ó‡ η ≤ 0,010 è‡⋅Ò.

9.4.7. ÏÎÒÅÐÈ ÄÀÂËÅÍÈß  Â ÏÐÎÑÒÐÀÍÑÒÂÅ
ÌÅÆÄÓ ÊÅÐÍÎÏÐÈÅÌÍÈÊÎÌ È ÊÎËÎÍÊÎÂÎÉ ÒÐÓÁÎÉ
Â ÏÐÎÖÅCÑÅ ÏÐÎÌÛÂÊÈ

ÑÎfl ‡Ò˜ÂÚ‡ ÔÓÚÂ¸ ‰‡‚ÎÂÌËfl ÌÂÓ·ıÓ‰ËÏÓ ÁÌ‡Ú¸ ÂÊËÏ
ÚÂ˜ÂÌËfl ‚flÁÍÓÈ Ë ‚flÁÍÓÔÎ‡ÒÚË˜ÌÓÈ ÊË‰ÍÓÒÚË ‚ ÍÓÎ¸ˆÂ‚ÓÏ
ÔÓÒÚ‡ÌÒÚ‚Â.

ëÓÒÚ‡‚ËÏ ÙËÁË˜ÂÒÍÓÂ Û‡‚ÌÂÌËÂ ‰Îfl ÓÔÂ‰ÂÎÂÌËfl ÍË-
ÚË˜ÂÒÍÓÈ ÒÍÓÓÒÚË vÍ ÔË ÚÂ˜ÂÌËË ‚flÁÍÓÈ ÊË‰ÍÓÒÚË ‚
ÔÓÒÚ‡ÌÒÚ‚Â ÏÂÊ‰Û ‰‚ÛÏfl ÍÓÌˆÂÌÚË˜ÌÓ ‡ÒÔÓÎÓÊÂÌÌ˚ÏË
ˆËÎËÌ‰‡ÏË ‰Ë‡ÏÂÚ‡ÏË d Ë D:
vÍ = f(D – d, µ, ρ, d),

„‰Â  µ Ë ρ – ‰ËÌ‡ÏË˜ÂÒÍ‡fl ‚flÁÍÓÒÚ¸ Ë ÔÎÓÚÌÓÒÚ¸ ÊË‰ÍÓÒÚË.
í‡Í Í‡Í D – d, ρ Ë µ – ‚ÂÎË˜ËÌ˚, ËÏÂ˛˘ËÂ ÌÂÁ‡‚ËÒËÏ˚Â

‡ÁÏÂÌÓÒÚË, ÚÓ ÒÓ„Î‡ÒÌÓ π-ÚÂÓÂÏÂ

    

v

D d

d
D dx y z x y z

Í

−( ) −













=
µ ρ µ ρ

Φ
( ) 1 1 1

. (9.250)

àÁ‚ÂÒÚÌÓ, ˜ÚÓ
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v D d[ ]= −[ ]=Ï

c  Ï,,

  
µ ρ[ ] ⋅ [ ] ⋅= =H c ç Ò

Ï
 .

2

4Ï2
,

íÓ„‰‡ ËÁ ÛÒÎÓ‚Ëfl ‡‚ÂÌÒÚ‚‡ ‡ÁÏÂÌÓÒÚÂÈ ˜ËÒÎËÚÂÎfl Ë ÁÌ‡-
ÏÂÌ‡ÚÂÎfl ÒÎÂ‰ÛÂÚ:

    

Ï
Ò =

Ï H H c
Ï Ï

2

2 4
 .

x y y z z

y z
c

ëÓÒÚ‡‚ËÏ ÚË Û‡‚ÌÂÌËfl Ò ÚÂÏfl ÌÂËÁ‚ÂÒÚÌ˚ÏË, ‡ÒÒÏ‡Ú-
Ë‚‡fl ÔÓÍ‡Á‡ÚÂÎË ÒÚÂÔÂÌË ÔË Ó‰ÌÓËÏÂÌÌ˚ı ÓÒÌÓ‚‡ÌËflı ‚
ÎÂ‚ÓÈ Ë Ô‡‚ÓÈ ˜‡ÒÚflı.

íÓ„‰‡ ‚ ÎÂ‚ÓÈ ˜‡ÒÚË ÙËÁË˜ÂÒÍÓ„Ó Û‡‚ÌÂÌËfl (9.250) ËÏÂÂÏ:

    

v D dÍ −( )ρ
µ

ËÎË

    

v D d

v
Í .

−( )

ê‡ÒÒÏ‡ÚË‚‡fl ‡Ì‡ÎÓ„Ë˜ÌÓ Ô‡‚Û˛ ˜‡ÒÚ¸ Û‡‚ÌÂÌËfl (9.250),
ÔÓÎÛ˜ËÏ

x1  = 1,  y1 = 0, z1 = 0.

áÌ‡˜ËÚ, ‚ ÎÂ‚ÓÈ ˜‡ÒÚË Û‡‚ÌÂÌËfl (9.250) ËÏÂÂÏ
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í‡ÍËÏ Ó·‡ÁÓÏ, ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸:
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=Φ (9.251)

Ï......................... 1 = x – 2y – 4
ç ........................ 0 = y
Ò.......................... 1 = –y – 2
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ãÂ‚‡fl ˜‡ÒÚ¸ ‚˚‡ÊÂÌËfl (9.251) ÔÂ‰ÒÚ‡‚ÎflÂÚ ÒÓ·ÓÈ ÍËÚË-
˜ÂÒÍËÈ "Ô‡‡ÏÂÚ "êÂÈÌÓÎ¸‰Ò‡ ‚ ÍÓÎ¸ˆÂ‚ÓÏ" ÔÓÒÚ‡ÌÒÚ‚Â, Ú.Â.

ReÍ.Í.Ô = Φ(r‡). (9.252)

çËÊÂ ÔË‚Â‰ÂÌ˚ ÂÁÛÎ¸Ú‡Ú˚ ˝ÍÒÔÂËÏÂÌÚ‡Î¸Ì˚ı ËÒÒÎÂ‰Ó-
‚‡ÌËÈ ãÓÌÒ‰ÂÎfl  ÔÓ ÓÔÂ‰ÂÎÂÌË˛ ReÍ.Í.Ô ÔË ‰‚ËÊÂÌËË ÊË‰-
ÍÓÒÚË ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â [28].

ë ˆÂÎ¸˛ ÓÔÂ‰ÂÎÂÌËfl ReÍ.Í.Ô ·˚ÎË ÔÓ‚Â‰ÂÌ˚ ÒÎÂ‰Û˛˘ËÂ
˝ÍÒÔÂËÏÂÌÚ˚. Ç ÒÍ‚‡ÊËÌÛ ‰Ë‡ÏÂÚÓÏ 0,059 Ï, ÔÓ‚Â‰ÂÌÌÛ˛ ‚
„‡ÌËÚÌ˚ı ÔÓÓ‰‡ı, ·˚ÎË ÒÔÛ˘ÂÌ˚ ·ÛËÎ¸Ì˚Â ÚÛ·˚ ‰Ë‡ÏÂ-
ÚÓÏ 0,054 Ï, ‰ÎËÌÓÈ 100 Ï. á‡ÚÂÏ Á‡Í‡˜Ë‚‡ÎË ‚Ó‰Û ÔË ‡Á-
ÎË˜Ì˚ı ‡ÒıÓ‰‡ı Ë ËÁÏÂflÎË ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ÂÂ ‰‡‚ÎÂÌËÂ Ì‡
ÒÚÓflÍÂ ËÎË ‰‡‚ÎÂÌËÂ Ì‡„ÌÂÚ‡ÌËfl pÌ. çËÊÂ ÔÓÍ‡Á‡ÌÓ, ˜ÚÓ ÔË
Ú‡ÍÓÏ ÒÓ˜ÂÚ‡ÌËË ‰Ë‡ÏÂÚÓ‚ ÒÍ‚‡ÊËÌ˚ Ë ·ÛËÎ¸Ì˚ı ÚÛ· ÔÓ-
ÚÂË ‰‡‚ÎÂÌËfl ‚ ·ÛËÎ¸Ì˚ı ÚÛ·‡ı ÔÂÌÂ·ÂÊËÏÓ Ï‡Î˚ ÔÓ
Ò‡‚ÌÂÌË˛ Ò ÔÓÚÂflÏË ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â ∆pÍ.Ô, Ú.Â. Ò
‚˚ÒÓÍÓÈ ÚÓ˜ÌÓÒÚ¸˛ ÏÓÊÌÓ ÔËÌflÚ¸ pÌ  = ∆pÍ.Ô..

èÓ‚Â‰ÂÌÌ˚Â Á‡ÏÂ˚ ÔÓÁ‚ÓÎËÎË ÔÓÒÚÓËÚ¸ „‡ÙËÍ Á‡‚ËÒË-
ÏÓÒÚË ∆pÍ.Ô = f(q). èÓ ÁÌ‡˜ÂÌË˛ ‡ÒıÓ‰‡, ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ÂÏÛ
ÚÓ˜ÍÂ ÔÂÂıÓ‰‡ ÔflÏÓÎËÌÂÈÌÓ„Ó Û˜‡ÒÚÍ‡ ‚ ÍË‚ÓÎËÌÂÈÌ˚È,
·˚ÎÓ ÛÒÚ‡ÌÓ‚ÎÂÌÓ, ˜ÚÓ ‚ ‰‡ÌÌÓÏ ÒÎÛ˜‡Â, Ú.Â. ÔË r‡ = 0,915
ËÏÂÂÏ ReÍ.Í.Ô = 3286.

ç‡ ÒÔ‡‚Â‰ÎË‚ÓÒÚ¸ ÔÓÎÛ˜ÂÌÌÓ„Ó ÁÌ‡˜ÂÌËfl ReÍ.Í.Ô ÛÍ‡Á˚‚‡˛Ú
Ú‡ÍÊÂ ÒÎÂ‰Û˛˘ËÂ Ó·ÒÚÓflÚÂÎ¸ÒÚ‚‡.

àÒıÓ‰fl ËÁ Ú‡‰ËˆËÓÌÌÓ„Ó ÔÂ‰ÒÚ‡‚ÎÂÌËfl Ó ÚÓÏ, ˜ÚÓ ÔË r‡

= = 0,0915 ReÍ..Í.Ô ≈ 1000, ·˚ÎË ÔÓ‚Â‰ÂÌ˚ ‡Ò˜ÂÚ˚ ÔÓ ÓÔÂ-
‰ÂÎÂÌË˛ pÌ ÔË ÁÌ‡˜ÂÌËflı 10 Î/ÏËÌ ≤ q ≤ 20 Î/ÏËÌ ‚ ÒÎÛ˜‡Â
·ÛÂÌËfl ÒÍ‚‡ÊËÌ ‰Ë‡ÏÂÚÓÏ 0,059 Ï ·ÛËÎ¸Ì˚ÏË ÚÛ·‡ÏË ‰Ë-
‡ÏÂÚÓÏ 0,054 Ï ÔË ÛÒÎÓ‚ËË, ˜ÚÓ ‚ Í‡˜ÂÒÚ‚Â ÔÓÏ˚‚Ó˜ÌÓÈ
ÊË‰ÍÓÒÚË ËÒÔÓÎ¸ÁÛÂÚÒfl ‚Ó‰‡.

Ç ˝ÚÓÏ ÒÎÛ˜‡Â ÔËıÓ‰ËÏ Í ‚˚‚Ó‰Û, ˜ÚÓ ‡Ò˜ÂÚ˚ ÌÂÓ·ıÓ-
‰ËÏÓ ÔÓ‚Ó‰ËÚ¸ ÔË ÚÛ·ÛÎÂÌÚÌÓÏ ÂÊËÏÂ ÚÂ˜ÂÌËfl ‚
ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â Ë ‡ÒÒ˜ËÚ‡ÌÌ˚Â ÁÌ‡˜ÂÌËfl pÌ ÒÛ˘ÂÒÚ-
‚ÂÌÌÓ ÓÚÎË˜‡˛ÚÒfl ÓÚ Ù‡ÍÚË˜ÂÒÍËı.

ÖÒÎË ‡Ò˜ÂÚ˚ ÔÓ‚Ó‰ËÚ¸, ÔÓÎÓÊË‚ ReÍ.Í.Ô = 3286, ÚÓ ∆pÍ.Ô

ÌÂÓ·ıÓ‰ËÏÓ ÓÔÂ‰ÂÎflÚ¸ ÔË Î‡ÏËÌ‡ÌÓÏ ÂÊËÏÂ ÚÂ˜ÂÌËfl ‚
ÍÓÎ¸ˆÂ‚ÓÏ "ÔÓÒÚ‡ÌÒÚ‚Â" Ë" ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÂ ÁÌ‡˜ÂÌËfl ‰‡‚-
ÎÂÌËfl" Ì‡„ÌÂÚ‡ÌËfl "ÌÂÁÌ‡˜ËÚÂÎ¸ÌÓ ÓÚÎË˜‡˛ÚÒfl ÓÚ Ù‡ÍÚË˜ÂÒ-
ÍËı.

ÖÒÎË Û˜ÂÒÚ¸, ˜ÚÓ ÔË  r‡ = 0 ÔÓÔÂÂ˜ÌÓÂ ÒÂ˜ÂÌËÂ Í‡Ì‡Î‡ ËÁ

r‡ ....................................... 0,315  0,418 0,514 0,639 0,683 0,719 0,758 0,803
ReÍ.Í.Ô ..............................  1400   1460 1350 1320  970  990 1220 1040
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ÍÓÎ¸ˆÂ‚Ó„Ó ÒÂ˜ÂÌËfl ÔÂ‚‡˘‡ÂÚÒfl ‚ ˆËÎËÌ‰Ë˜ÂÒÍÛ˛ ÚÛ·Û Ë
ÔË ˝ÚÓÏ ReÍ.Í.Ô = 2320, ‡ Ú‡ÍÊÂ ËÏÂÚ¸ ‚ ‚Ë‰Û ‰‡ÌÌ˚Â ãÓÌÒ-
‰ÂÎfl Ë ÁÌ‡˜ÂÌËÂ ReÍ.Í.Ô = 3286 ÔË r‡ = 0,915, ÚÓ ÏÓÊÌÓ Á‡-
ÏÂÚËÚ¸, ˜ÚÓ Ì‡ Û˜‡ÒÚÍÂ 0 ≤ r‡ ≤ 0,683 Ì‡·Î˛‰‡ÂÚÒfl ÛÏÂÌ¸¯ÂÌËÂ
ÍËÚË˜ÂÒÍÓ„Ó Ô‡‡ÏÂÚ‡ êÂÈÌÓÎ¸‰Ò‡. ä Ú‡ÍÓÏÛ ‚˚‚Ó‰Û ÏÓÊÌÓ
ÔËÈÚË, ËÒÍÎ˛˜Ë‚ ËÁ ‡ÒÒÏÓÚÂÌËfl ‰‡ÌÌ˚Â ãÓÌÒ‰ÂÎfl, ÔÓÎÛ-
˜ÂÌÌ˚Â ÔË r‡ = 0,315 Ë r‡ = 0,803.

èÓ ÔÓÎÛ˜ÂÌÌ˚Ï ‰‡ÌÌ˚Ï ·˚Î  ÔÓÒÚÓÂÌ „‡ÙËÍ Á‡‚ËÒËÏÓÒ-
ÚË ReÍ.Í.Ô = f(r‡),  ‡ÔÔÓÍÒËÏ‡ˆËfl ÍÓÚÓÓÈ ÔÓÁ‚ÓÎËÎ‡ ÔÓÎÛ-
˜ËÚ¸ ÙÓÏÛÎ˚ (8.26) Ë (8.27).

ìÚ‚ÂÊ‰ÂÌËÂ Ó ÚÓÏ, ˜ÚÓ ÔË r‡ → 0 ÍÓÎ¸ˆÂ‚ÓÂ ÔÓÒÚ‡ÌÒÚ-
‚Ó ÒÚÂÏËÚÒfl ÔÂÂÈÚË ‚ ÚÛ·Û, ÏÓÊÌÓ ‰ÓÍ‡Á‡Ú¸ Ú‡Í.

àÁ‚ÂÒÚÌÓ, ˜ÚÓ ÔÓÚÂË ‰‡‚ÎÂÌËfl ÔË Î‡ÏËÌ‡ÌÓÏ ÂÊËÏÂ
ÚÂ˜ÂÌËfl ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â ÓÔÂ‰ÂÎfl˛ÚÒfl ÔÓ ÙÓÏÛÎÂ
ã.ë. ãÂÈ·ÂÌÁÓÌ‡

    

∆p gl

r

r

r
r

r
Í.Ô

a

a
4

a
a
2

 

ln 1

1

,=
−



 − −





8

1 11
4 2

µ

π ln

(9.253)

„‰Â r1 – ‡‰ËÛÒ ‚ÌÂ¯ÌÂ„Ó ˆËÎËÌ‰‡  (‚ ‰‡ÌÌÓÏ ÒÎÛ˜‡Â ˝ÚÓ ‡-
‰ËÛÒ ÒÍ‚‡ÊËÌ˚).

èË ÚÂ˜ÂÌËË ÊË‰ÍÓÒÚË ˜ÂÂÁ ÚÛ·Û ‡‰ËÛÒÓÏ r1 ‚ ÒÓÓÚ-
‚ÂÚÒÚ‚ËË Ò ÙÓÏÛÎÓÈ èÛ‡ÁÂÈÎfl

    

∆p gl

r
Ú =

8

1
4

µ

π
. (9.254)

ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ,

    

∆

∆

p

p

r

r
r

r

Í.Ô

Ú

a

‡
4

a
a
2

ln

1 – ln

.=




 − −





1

1 1
2

(9.255)

çËÊÂ ÔË‚Â‰ÂÌ˚ ÁÌ‡˜ÂÌËfl ∆pÍ.Ô/∆pÚ ÔË ‡ÁÎË˜Ì˚ı ra.

éÚÒ˛‰‡ ÒÎÂ‰ÛÂÚ, ˜ÚÓ ÔË r‡ → 0 
    

∆

∆

p

p
Í.Ô

Ú
 → 1. áÌ‡˜ËÚ, ÛÚ‚ÂÊ-

‰ÂÌËÂ Ó ÚÓÏ, ˜ÚÓ ÔË r‡ = 0 ÏÓÊÌÓ ÔËÌflÚ¸ ReÍ.Í.Ô. = 2320
Ò˜ËÚ‡ÂÏ Ô‡‚ÓÏÂÌ˚Ï.

èË ÚÂ˜ÂÌËË ‚flÁÍÓÔÎ‡ÒÚË˜ÌÓÈ ÊË‰ÍÓÒÚË ‚ ÚÛ·Â ÍË-
ÚË˜ÂÒÍÓÂ ÁÌ‡˜ÂÌËÂ Ô‡‡ÏÂÚ‡ êÂÈÌÓÎ¸‰Ò‡ ÓÔÂ‰ÂÎflÂÚÒfl ÔÓ
ÙÓÏÛÎÂ (1.38), ‡ ÔË ‰‚ËÊÂÌËË ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â –

r‡ ......................... 10–1 10–10 10–50 10–80 10–99

∆pÍ.Ô/∆pÚ .......... 1,396 1,045 1,009 1,005 1,004
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ÔÓ ‚˚‡ÊÂÌËflÏ (8.28) Ë (8.29); ‚ ÒÎÛ˜‡Â ‚flÁÍÓÈ ÊË‰ÍÓÒÚË
‡Ò˜ÂÚ˚ ‚Â‰ÛÚ ÔÓ (8.26) Ë (8.27).

íÂÔÂ¸ ‚˚‚Â‰ÂÏ ÙÓÏÛÎ˚ ‰Îfl ÓÔÂ‰ÂÎÂÌËfl ÔÓÚÂ¸ ‰‡‚ÎÂÌËfl
‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â ÔË ‡ÁÎË˜Ì˚ı ÂÊËÏ‡ı ÚÂ˜ÂÌËfl.

èË ÛÒÚ‡ÌÓ‚Ë‚¯ÂÏÒfl Î‡ÏËÌ‡ÌÓÏ ÚÂ˜ÂÌËË ÊË‰ÍÓÒÚË ‚‰ÓÎ¸
ÓÒË oz ÒÓ„Î‡ÒÌÓ ÒËÒÚÂÏÂ ‰ËÙÙÂÂÌˆË‡Î¸Ì˚ı Û‡‚ÌÂÌËÈ
ç‡‚¸Â–ëÚÓÍÒ‡ Ë Û‡‚ÌÂÌË˛ ÌÂ‡Á˚‚ÌÓÒÚË ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸:

    

1 1
r

d
dr

r
du
dr

dp
dz









 = µ

.

éÚÒ˛‰‡

    
r cdu
dr

dp
dz

= +1
2 1
µ

.

ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ,

    
u r c r cdp

dz
= + +1

4
2

1 2µ
ln . (9.256)

èÓËÁ‚ÓÎ¸Ì˚Â ÔÓÒÚÓflÌÌ˚Â c1 Ë c2 Ì‡ıÓ‰ËÏ ËÁ „‡ÌË˜Ì˚ı
ÛÒÎÓ‚ËÈ:

ÔË r = r1 u = 0;

ÔË r = r0 u = 0.

áÌ‡˜ËÚ,

    

c dp
dz

r r
r
r

1
1
2

0
2

1

0

1
4

= − −

µ ln
;

    

c r rdp
dz

r r
r
r

2
1
2

0
2

1

0

1 1
21

4
= − −−



















µ ln
 ln .

íÓ„‰‡ ÒÍÓÓÒÚ¸ ‚ Î˛·ÓÈ ÚÓ˜ÍÂ ÍÓÎ¸ˆÂ‚Ó„Ó ÔÓÒÚ‡ÌÒÚ‚‡
ÏÓÊÌÓ Ì‡ÈÚË ÔÓ ÙÓÏÛÎÂ

    

u r rdp
dz

r r
r
r

r
r

= + −−
−



















1
4

1
2

0
2

1

0

1
2 2

µ ln
ln .

1
(9.257)

ê‡ÒıÓ‰ ÊË‰ÍÓÒÚË
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q rudr
r

r

= ∫2

0

1

π . (9.258)

èÓ ÙÓÏÛÎ‡Ï (9.257) Ë (9.258) ÔÓÎÛ˜ËÏ, ˜ÚÓ ÔÓÚÂË
‰‡‚ÎÂÌËfl ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â ÓÔÂ‰ÂÎfl˛ÚÒfl ÒÓ„Î‡ÒÌÓ
(9.253).

èÓ‚Â‰ÂÏ ‡Ò˜ÂÚ˚ ÔÓ ÙÓÏÛÎÂ (9.253) ÔË r1 = 0,0335 Ï,  
r0 = 0,0300 Ï, Ú.Â. r‡ = 0,895522, l = 13,71 Ï ‚ ÒÎÛ˜‡Â, ÍÓ„‰‡ ‚
Í‡˜ÂÒÚ‚Â ÔÓÏ˚‚Ó˜ÌÓÈ ÊË‰ÍÓÒÚË ËÒÔÓÎ¸ÁÛÂÚÒfl ‚Ó‰‡, Ú.Â. µ =
= 10–3 è‡⋅Ò. íÓ„‰‡ ÙÓÏÛÎÛ (9.253) ÏÓÊÌÓ ÔÂÂÔËÒ‡Ú¸ Ú‡Í:
∆pÍ.Ô  = 192,2924⋅105 q.

Ç Ú‡·Î. 9.21 ÔË‚Â‰ÂÌ˚ ÁÌ‡˜ÂÌËfl ∆pÍ.Ô. ÔË ‡ÁÎË˜Ì˚ı q.
ç‡È‰ÂÏ Ô‡‡ÏÂÚ êÂÈÌÓÎ¸‰Ò‡ ÔÓ ÙÓÏÛÎÂ

    
ReÍ.Ô

Í.Ô=
−2 1 0v r r

g
( ) .γ
µ

í‡Í Í‡Í

    

v q

r r
Í.Ô =

−



π 1

2
0
2

,

ÚÓ

    

ReÍ.Ô
‡

=
+( )

2

1

γ

πµ

q

g r
, (9.260)

ËÎË ‰Îfl ÔËÌflÚ˚ı ËÒıÓ‰Ì˚ı ‰‡ÌÌ˚ı

ReÍ.Ô.  = 1021968,33 q. (9.261)

êÂÁÛÎ¸Ú‡Ú˚ ‡Ò˜ÂÚÓ‚ ÔÓ ÙÓÏÛÎÂ (9.261) ÔË ÁÌ‡˜ÂÌËflı q,
ÔË‚Â‰ÂÌÌ˚ı ‚ Ú‡·Î. 9.21, ‚ ÒÓÔÓÒÚ‡‚ÎÂÌËË Ò ReÍ.Í.Ô ÔÓ
ÙÓÏÛÎÂ (8.29) ÔÓÍ‡Á˚‚‡˛Ú, ˜ÚÓ ‚Ó ‚ÒÂı ÒÎÛ˜‡flı ReÍ.Ô >       
> ReÍ.Í.Ô, Ú.Â. ‰‚ËÊÂÌËÂ ÊË‰ÍÓÒÚË ÔÓËÒıÓ‰ËÚ ÔË ÚÛ·Û-
ÎÂÌÚÌÓÏ ÂÊËÏÂ.

íÂÔÂ¸ ‚˚‚Â‰ÂÏ ‡Ò˜ÂÚÌ˚Â Á‡‚ËÒËÏÓÒÚË ‰Îfl ÓÔÂ‰ÂÎÂÌËfl
ÔÓÚÂ¸ ‰‡‚ÎÂÌËfl ÔË ÚÛ·ÛÎÂÌÚÌÓÏ ÂÊËÏÂ ÚÂ˜ÂÌËfl ‚
ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â.

ÑÎfl Â¯ÂÌËfl Á‡‰‡˜Ë ‚ÓÒÔÓÎ¸ÁÛÂÏÒfl ÏÂÚÓ‰ÓÏ “Ò¯Ë‚‡ÌËfl”
[7,8].

í ‡ · Î Ë ̂  ‡  9.21

q, 10–3 Ï3/Ò ∆p, 105 è‡ q, 10–3 Ï3/Ò ∆p, 105 è‡

0,6 0,1154 1,4 0,2692
0,8 0,1538 1,6 0,3077
1,0 0,1929 1,8 0,3461
1,2 0,2307 2,0 0,3846
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êÂ¯ËÏ Á‡‰‡˜Û ÒÓ„Î‡ÒÌÓ Á‡ÍÓÌÛ ÍÓÌfl ÒÂ‰¸ÏÓÈ ÒÚÂÔÂÌË.
ëÍÓÓÒÚ¸ ‚ Î˛·ÓÈ ÚÓ˜ÍÂ ÔÂ‚ÓÈ Ë ‚ÚÓÓÈ Ó·Î‡ÒÚÂÈ ÓÔÂ-

‰ÂÎflÂÚÒfl ÔÓ ÙÓÏÛÎ‡Ï

    
u g y

I

4
7

=


















874 1 1

1
7

, ;τ

γ ν
(9.262)

    
u g y

II

4
7

=


















874 1 2

1
7

, ,τ

γ ν
(9.263)

„‰Â τ1 Ë τ2 – Í‡Ò‡ÚÂÎ¸Ì˚Â Ì‡ÔflÊÂÌËfl Ì‡ ÒÚÂÌÍ‡ı ‚ÌÛÚ-
ÂÌÌÂ„Ó Ë ‚ÌÂ¯ÌÂ„Ó ˆËÎËÌ‰Ó‚; y1 – ‡ÒÒÚÓflÌËÂ ÓÚ ‚ÌÛÚÂÌ-
ÌÂ„Ó ˆËÎËÌ‰‡ ‰Ó ‡ÒÒÏ‡ÚË‚‡ÂÏÓÈ ÚÓ˜ÍË (0 ≤ y1 ≤ ‡); a –
‡ÒÒÚÓflÌËÂ ÓÚ ‚ÌÛÚÂÌÌÂÈ ÔÓ‚ÂıÌÓÒÚË ‰Ó ÌÂÈÚ‡Î¸ÌÓÈ
ÔÓ‚ÂıÌÓÒÚË; y2 – ‡ÒÒÚÓflÌËÂ ÓÚ ÔÓ‚ÂıÌÓÒÚË ‚ÌÂ¯ÌÂ„Ó
ˆËÎËÌ‰‡ ‰Ó ‡ÒÒÏ‡ÚË‚‡ÂÏÓÈ ÚÓ˜ÍË (0 ≤ y2 ≤ δ – a); δ –
Á‡ÁÓ ÏÂÊ‰Û ‰‚ÛÏfl ˆËÎËÌ‰‡ÏË, δ = r1 – r0.

í‡Í Í‡Í Ì‡ ÌÂÈÚ‡Î¸ÌÓÈ ÔÓ‚ÂıÌÓÒÚË, Ú.Â. ÔË

y1 = a Ë y2 = δ – a,

ËÏÂÂÏ

uI = uII,

‡ ÁÌ‡˜ËÚ, ÒÓ„Î‡ÒÌÓ (9.262) Ë (9.263) ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸:

  
τ τ

δ
2 1

1
7= 






‡

 – ‡
. (9.264)

ëÓÒÚ‡‚ËÏ Û‡‚ÌÂÌËÂ ‡‚ÌÓ‚ÂÒËfl ÍÓÎ¸ˆÂ‚Ó„Ó ÒÎÓfl ÏÂÊ‰Û
‚ÌÂ¯ÌËÏ ˆËÎËÌ‰ÓÏ Ë ÌÂÈÚ‡Î¸ÌÓÈ ÔÓ‚ÂıÌÓÒÚ¸˛:

    
2 00 2 0

2
0

2π δ τ π δ γr l r r a p l+ − + − + − =( ) ( ) ( )




( )∆ . (9.265)

á‡ÔË¯ÂÏ Û‡‚ÌÂÌËÂ ‡‚ÌÓ‚ÂÒËfl ÊË‰ÍÓÒÚË, Ì‡ıÓ‰fl˘ÂÈÒfl ‚
ÔÓÒÚ‡ÌÒÚ‚Â ÏÂÊ‰Û ‰‚ÛÏfl ˆËÎËÌ‰‡ÏË:

    
2 2 00 2 0 1 0

2

0
π δ τ π τ π δ γr l r l r r p l+ + − + − + − =( ) ( ) ( )







( )‡ ∆ . (9.266)

àÁ Û‡‚ÌÂÌËÈ (9.265) Ë (9.266) ÔÓÎÛ˜ËÏ ÒÎÂ‰Û˛˘ËÂ ÒÓÓÚ-
ÌÓ¯ÂÌËfl ‰Îfl ÓÔÂ‰ÂÎÂÌËfl Í‡Ò‡ÚÂÎ¸Ì˚ı Ì‡ÔflÊÂÌËÈ:

    
τ1

0

0

2

2
=

+( )a r a

r l
p∆ ; (9.267)
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τ2

1
2

0
2

1

2

2
=

− +( )r r a

r l
p∆ . (9.268)

èÓ ‚˚‡ÊÂÌËflÏ (9.264), (9.267) Ë (9.268) ÔÓÎÛ˜ËÏ ÒÎÂ‰Û˛˘ËÂ
ÒÓÓÚÌÓ¯ÂÌËfl ‰Îfl ÓÔÂ‰ÂÎÂÌËfl a, Ú.Â. ‡ÒÒÚÓflÌËfl ‰Ó ÌÂÈÚ‡Î¸-
ÌÓÈ ÔÓ‚ÂıÌÓÒÚË:

    

a r a

r r a

r a

a

a

a

∗ ∗

∗

∗

∗

+





− +

















=
− −









2

1

1
2

1
4

a

a , (9.269)

„‰Â a∗  = a/r1.
çËÊÂ ÔË‚Â‰ÂÌ˚ ÂÁÛÎ¸Ú‡Ú˚ ‡Ò˜ÂÚÓ‚ ÔÓ Û‡‚ÌÂÌË˛

(9.269).

ëÓ„Î‡ÒÌÓ [29] ËÏÂÂÏ

a∗ = 0,5(1 – ra)r‡. (9.270)

ëÓÔÓÒÚ‡‚ÎÂÌËÂ ÁÌ‡˜ÂÌËÈ a∗, ÔÓÎÛ˜ÂÌÌ˚ı ÔÓ ÙÓÏÛÎÂ
(9.270) Ë Û‡‚ÌÂÌË˛ (9.269), ÔÓÍ‡Á˚‚‡ÂÚ, ˜ÚÓ ‡ÒıÓÊ‰ÂÌËÂ
ÏÂÊ‰Û ÌËÏË Ô‡ÍÚË˜ÂÒÍË ÓÚÒÛÚÒÚ‚ÛÂÚ.

àÁ ‚˚‡ÊÂÌËÈ (9.262), (9.263), (9.267) Ë (9.268) ÔÓÎÛ˜ËÏ:

    

u p
a r a

r l

g y
I =

+( )





















874
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2

0

0

4
7

1

1
7

, ;∆
γ υ

(9.271)

    

u
r r a

r l

pg y
II =

− +( )





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







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



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
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2
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4
7

2

1
7

2
, ;∆

γ γ
(9.272)

ê‡ÒıÓ‰ ÊË‰ÍÓÒÚË ˜ÂÂÁ ÍÓÎ¸ˆÂ‚ÓÂ ÔÓÒÚ‡ÌÒÚ‚Ó

    

q u r y dy u dy
a a

r y= +( ) + + −( )∫ ∫
−

2 20 1

0

1 0 2

0

2π π δ

δ

I II . (9.273)

ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ÔÓ (9.271) – (9.273) ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸:

    

q g p
l

a r a

r
r a a= + +



















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+( )




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


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
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














1748 2 7
8

7
151

7

4
7

4
7 0

0

4
7

0

8
7

15
7π

υ
γ γ

∆

ra.............. 0,2   0,3      0,4           0,5    0,6        0,7         0,8
a∗ ............. 0,2737   0,2688     0,2457 0,2155    0,1795      0,1393      0,0956
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
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
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






















∗ ∗ a
r r a

r
r a r aa

1
2

0
2

1

4
7 8

7
15
77

8
1

7
15

1 .

éÚÒ˛‰‡

    

∆p
l

r a

r

r aq a

γ
= ⋅ +

∗ ∗ ∗





+







 +









5,9984 10–5

7
4 a

a

4
7

 
2a

12
7

8 15

    

+ − + − − −∗ ∗
∗

−
























− −


















1 1
2

4
7 8

7

7
4

1
8

1

15
r a r a r a
a a

a , (9.274)

„‰Â

    

q q

g r

= µ

γ

1
7

1
7

3
7

1

19
7

.

èÓ ÙÓÏÛÎÂ (9.274) Ë Û‡‚ÌÂÌË˛ (9.269) ·˚ÎË ‚˚˜ËÒÎÂÌ˚

  

∆p
lγ
 ‰Îfl fl‰‡   q  Ë ra (Ú‡·Î. 9.22)

ëÓ„Î‡ÒÌÓ ÙÓÏÛÎÂ Ñ‡ÒË – ÇÂÈÒ·‡ı‡, Á‡ÔËÒ‡ÌÌÓÈ Ò ÔÓ-
ÏÓ˘¸˛ „Ë‰‡‚ÎË˜ÂÒÍÓ„Ó ‡‰ËÛÒ‡, ‚ Ó·Î‡ÒÚË ‰ÂÈÒÚ‚Ëfl Á‡ÍÓÌ‡
ÅÎ‡ÁËÛÒ‡ ÔÓÎÛ˜ËÏ ÒÎÂ‰Û˛˘ÂÂ ‚˚‡ÊÂÌËÂ ‰Îfl ÓÔÂ‰ÂÎÂÌËfl
ÔÓÚÂ¸ ‰‡‚ÎÂÌËfl:

    

∆p
l

q

r r
γ
=

−



 −( )

0 008972

1 1

7
4

2
7
4

5
4

, .

a a

(9.275)

í ‡ · Î Ë ̂  ‡  9.22

  q

∆p/γl ÔË ra =
= 0,5 ÔÓ

ÙÓÏÛÎ‡Ï

∆p/γl ÔË ra = 06
ÔÓ ÙÓÏÛÎ‡Ï

∆p/γl ÔË ra =
= 0,7 ÔÓ

ÙÓÏÛÎ‡Ï

∆p/γl ÔË ra =
= 0,8 ÔÓ

ÙÓÏÛÎ‡Ï

(9.274) (9.275) (9.274) (9.275) (9.274) (9.275) (9.274) (9.275)
0,1 0,00064 0,00063 0,00111 0,00109 0,00237 0,00233 0,00725 0,00712
0,2 0,00214 0,00211 0,00374 0,00368 0,00798 0,00785 0,02440 0,02398
0,3 0,00435 0,00429 0,00761 0,00749 0,01623 0,01596 0,04960 0,04875
0,4 0,00720 0,00710 0,01259 0,01239 0,02686 0,02641 0,08206 0,08066
0,5 0,01065 0,01049 0,01860 0,01831 0,03969 0,03903 0,12126 0,11919
0,6 0,01465 0,01444 0,02559 0,02519 0,05460 0,05370 0,16684 0,16400
0,7 0,01918 0,01891 0,03352 0,03299 0,07150 0,07033 0,21850 0,21478
0,8 0,02423 0,02390 0,04234 0,04168 0,09034 0,09948 0,27602 0,27318
0,9 0,02978 0,02936 0,05203 0,05122 0,11102 0,10918 0,33920 0,33342
1,0 0,03581 0,03531 0,06256 0,06159 0,13349 0,13129 0,40788 0,40093
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Ç Ú‡·Î. 9.22 ÔË‚Â‰ÂÌ˚ Ú‡ÍÊÂ ÁÌ‡˜ÂÌËfl ∆p/γl, ‡ÒÒ˜ËÚ‡Ì-
Ì˚Â ÔÓ ÙÓÏÛÎÂ (9.275). àÁ ˝ÚÓÈ Ú‡·ÎËˆ˚ ‚Ë‰ÌÓ, ˜ÚÓ ÁÌ‡˜Â-
ÌËfl ∆p/γl, ÓÔÂ‰ÂÎÂÌÌ˚Â ÔÓ (9.274) Ë (9.275), Ô‡ÍÚË˜ÂÒÍË ÌÂ
ÓÚÎË˜‡˛ÚÒfl ÏÂÊ‰Û ÒÓ·ÓÈ. é‰Ì‡ÍÓ ÙÓÏÛÎ‡ (9.275) ·ÓÎÂÂ ÔÓ-
ÒÚ‡, Ë ÂÂ ÏÓÊÌÓ ÂÍÓÏÂÌ‰Ó‚‡Ú¸ ‰Îfl Ô‡ÍÚË˜ÂÒÍËı ‡Ò˜ÂÚÓ‚.

í‡ÍËÏ Ó·‡ÁÓÏ, ÔÓ ÙÓÏÛÎÂ (9.275)

    

∆p l

r r

q

g r

=

−



 −( )

















0 008972

1 12
7
4

5
4

1
7

1
7

3
7
1

19
7

7
4

, .γ µ

γa a

(9.276)

èË γ  = 104 ç/Ï3, µ  = 10–3 è‡⋅Ò, l = 13,71 Ï, r1 =     
= 0,0335 Ï Ë r‡ = 0,895522 ÙÓÏÛÎÛ (9.276) ÏÓÊÌÓ ÔÂÂÔËÒ‡Ú¸
Ú‡Í:

∆p = 1,1458714 ⋅ 1010     q
7
4 . (9.277)

Ç Ú‡·Î. 9.23 ÔË‚Â‰ÂÌ˚ ÁÌ‡˜ÂÌËfl ∆p, ‚˚˜ËÒÎÂÌÌ˚Â ÔÓ
(9.277) ÔË ‡ÁÎË˜Ì˚ı q.

àÁ Ú‡·Î. 9.23 ‚Ë‰ÌÓ, ˜ÚÓ ‚ ÒÎÛ˜‡Â ËÒÔÓÎ¸ÁÓ‚‡ÌËfl ‚ Í‡˜ÂÒÚ‚Â
ÔÓÏ˚‚Ó˜ÌÓÈ ÊË‰ÍÓÒÚË ‚Ó‰˚ ÔË q ≤ 0,002#Ï3/Ò ÔÓÚÂË ‰‡‚-
ÎÂÌËfl Ì‡ Û˜‡ÒÚÍÂ ÏÂÊ‰Û ÔÓ‚ÂıÌÓÒÚ¸˛ ÚÛ· Ë ÍÂÌÓÔËÂÏÌË-
ÍÓÏ ÌÂÒÛ˘ÂÒÚ‚ÂÌÌ˚. èË ËÒÔÓÎ¸ÁÓ‚‡ÌËË ‚ Í‡˜ÂÒÚ‚Â ÔÓÏ˚-
‚Ó˜ÌÓÈ ÊË‰ÍÓÒÚË „ÎËÌËÒÚÓ„Ó ‡ÒÚ‚Ó‡ ÔÓÚÂË ‰‡‚ÎÂÌËfl ‚
ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â ‚ ÒÎÛ˜‡Â ÒÚÛÍÚÛÌÓ„Ó ÂÊËÏ‡ ÚÂ˜Â-
ÌËfl ÓÔÂ‰ÂÎfl˛ÚÒfl ÔÓ ÙÓÏÛÎÂ (8.57).

èË r1 = 0,0335 Ï, r‡ = 0,895522, l = 13,71 Ï ÒÓ„Î‡ÒÌÓ
(8.53) ËÏÂÂÏ ρ∗ = 0,9472808.

íÓ„‰‡

ψ(r‡) = 14,242444 – 14,39412817 = –0,15168417;

φ(r‡) = 78,956835 ⋅#0,03922(1,8019596 – 1,7946818) = 0,022537;

ϕ(r‡)#=#12,5663706#⋅#0,1980403(1,8013596 – 1,7946818) =
0,018112.

áÌ‡˜ËÚ, ÔÓÎÓÊË‚ ‚ (8.57) r3 = r1, ÔË ÔËÌflÚ˚ı ËÒıÓ‰Ì˚ı
‰‡ÌÌ˚ı Ë Ì‡È‰ÂÌÌ˚ı ψ(r‡), φ(r‡) Ë ϕ(r‡) ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸:

í ‡ · Î Ë ̂  ‡  9.23

q,
10–3

#Ï
3/Ò

∆p,
105 è‡

q,
10–3

#Ï
3/Ò

∆p,
105 è‡

q,
10–3

#Ï
3/Ò

∆p,
105 è‡

q,
10–3

#Ï
3/Ò

∆p,
105 è‡

0,6 0,2636 1,0 1,1459 1,4 1,1611 1,8 1,8024
0,8 0,4361 1,2 0,8865 1,6 1,4667 2,0 2,1674
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∆p q= ⋅ − − +










451914456 015168417 21279292130
0

, , ,τ η

τ

    

+ − −








 −









 0 1516840 212792 13 0 022537
0

2

, , ,
η

τ

q . (9.278)

Ç Ú‡·Î. 9.24 ÔË‚Â‰ÂÌ˚ ÂÁÛÎ¸Ú‡Ú˚ ‡Ò˜ÂÚÓ‚ ÔÓ ÙÓÏÛÎÂ
(9.278) ÔË ‡ÁÎË˜Ì˚ı q, η Ë τ0.

ëÓ„Î‡ÒÌÓ ÙÓÏÛÎÂ (8.29) ÍËÚË˜ÂÒÍÓÂ ÁÌ‡˜ÂÌËÂ Ô‡‡ÏÂÚ‡
êÂÈÌÓÎ¸‰Ò‡ ÏÓÊÌÓ Ì‡ÈÚË Ú‡Í:

í ‡ · Î Ë ̂  ‡  9.24

q,
10–3

 Ï
3/Ò

τ0,
è‡

∆p,
105 è‡

τ0,
è‡

∆p,
105 è‡

τ0,
è‡

∆p,
105 è‡

τ0,
è‡

∆p,
105 è‡

τ0,
è‡

∆p,
105 è‡

η = 0,010#è‡⋅Ò

0,6 2 1,4151 4 1,6579 6 1,8888 8 2,1112 10 2,3271
0,8 1,8026 2,0511 2,2888 2,5184 2,7417
1,0 2,1891 2,4415 2,6841 2,9191 3,1480
1,2 2,5750 2,8303 3,0766 3,3159 3,5492
1,4 2,9606 3,2181 3,4674 3,7100 3,9469
1,6 3,3459 3,6052 3,8573 4,1022 4,3422
1,8 3,9235 3,9918 4,2454 4,4931 4,7357
2,0 4,1163 4,3781 4,6334 4,8830 5,1278

η = 0,020#è‡⋅Ò

0,6 2,5750 2,8303 3,0766 3,3159 3,5492
0,8 3,4374 3,6052 3,8569 4,1022 4,3422
1,0 4,1163 4,3781 4,6334 4,8830 5,1278
1,2 4,8863 5,1499 5,4078 5,6606 5,9089
1,4 5,6561 5,9211 6,1809 6,4362 6,6873
1,6 6,4258 6,6919 6,9519 6,9532 7,4638
1,8 7,1954 7,4623 7,7249 7,9837 8,2389
2,0 7,9650 8,2325 8,4962 8,7562 9,0130

η = 0,040#è‡⋅Ò

0,6 2 4,8956 4 5,1500 6 5,4078 8 5,6606 10 5,9089
0,8 6,4258 6,6919 6,9530 7,2104 7,4638
1,0 7,9650 8,2315 8,4962 8,7562 9,0130
1,2 9,5040 9,7726 10,0378 10,3000 10,5591
1,4 11,0429 11,3122 11,5786 11,8422 12,1033
1,6 12,5817 12,8516 13,1189 13,3837 13,6462
1,8 14,1205 14,3909 14,6589 14,9246 15,1882
2,0 15,6592 15,9300 16,1980 16,4651 16,7297
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Re 67407 29 05Í.Í.Ô.
0 1

2
‡

2
0 4406

4 1=− + +−













, , ( )
,

τ γ

η

r

g

r

    +10958324,  ar (9.279)

ËÎË ‰Îfl ÔËÌflÚ˚ı ËÒıÓ‰Ì˚ı ‰‡ÌÌ˚ı Ë γ#=#1,2⋅104#ç/Ï3

  

ReÍ.Í.Ô = +








3072 7202 8 4063 0

2

04406

, , .
,

τ

η
(9.280)

í‡Í Í‡Í

    
ReÍ.Ô

‡
=

+

2
11

γ

π η

q
r r g( )

.

áÌ‡˜ËÚ, ÔÓ‰ÒÚ‡‚Îflfl ÔËÌflÚ˚Â ÁÌ‡˜ÂÌËfl γ, r1 Ë r‡, ÔÓÎÛ˜ËÏ

    
Re .,

Í.Ô =
12263 62q

η
(9.281)

Ç Ú‡·Î. 9.25 Ë 9.26 ÔË‚Â‰ÂÌ˚ ÁÌ‡˜ÂÌËfl Re Ë ReÍ ÔË q, η
Ë τ0, ËÒÔÓÎ¸ÁÓ‚‡ÌÌ˚ı ‰Îfl ‡Ò˜ÂÚ‡ Ú‡·Î. 9.24. ê‡Ò˜ÂÚ˚ ÔÓ‚Ó-
‰ËÎËÒ¸ ÔÓ ÙÓÏÛÎ‡Ï (9.280) Ë (9.281).

àÁ ÒÓÔÓÒÚ‡‚ÎÂÌËfl ÁÌ‡˜ÂÌËÈ ReÍ.Ô Ë ReÍ. Í.Ô, ÔË‚Â‰ÂÌÌ˚ı ‚
Ú‡·Î. 9.25 Ë 9.26, ‚Ë‰ÌÓ, ˜ÚÓ ÔË ‚ÒÂı ËÒıÓ‰Ì˚ı ‰‡ÌÌ˚ı (q, η,
τ0), ‰Îfl ÍÓÚÓ˚ı ÒÓÒÚ‡‚ÎÂÌ‡ Ú‡·Î. 9.24, Ì‡·Î˛‰‡ÂÚÒfl ÒÚÛÍÚÛ-
Ì˚È ÂÊËÏ ÚÂ˜ÂÌËfl.

í ‡ · Î Ë ̂  ‡  9.26

τ0,
ReÍ.Í.Ô ÔË ‡ÁÎË˜Ì˚ı η,

10–3 è‡⋅Ò
è‡ 10 20 30
2 3732,9 3431,1 3323,4
4 3968,3 3559,1 3413,0
6 4143,9 3654,3 3479,5
8 4288,6 3732,9 3534,5
10 4414,3 3801,1 3582,2

í ‡ · Î Ë ̂  ‡  9.25

q,
ReÍ.Ô ÔË ‡ÁÎË˜Ì˚ı η,

10–3 è‡⋅Ò
10–3 Ï3/Ò 10 20 30

0,6 735,8 367,9 245,3
0,8 981,1 490,5 327,0
1,0 1226,4 613,2 408,8
1,2 1471,6 735,8 490,5
1,4 1716,9 858,4 572,3
1,6 1962,2 981,1 654,1
1,8 2207,4 1103,7 735,8
2,0 2452,7 1226,3 817,6
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Ñ‡ÌÌ˚Â Ú‡·Î. 9.24 Ò‚Ë‰ÂÚÂÎ¸ÒÚ‚Û˛Ú Ó ÁÌ‡˜ËÚÂÎ¸ÌÓÏ
‚ÎËflÌËË ÂÓÎÓ„Ë˜ÂÒÍËı Ò‚ÓÈÒÚ‚ Ì‡ ÔÓÚÂË ‰‡‚ÎÂÌËfl ‚
ÔÓÒÚ‡ÌÒÚ‚Â ÏÂÊ‰Û ÍÂÌÓÔËÂÏÌËÍÓÏ Ë ‚ÌÛÚÂÌÌÂÈ
ÔÓÎÓÒÚ¸˛ ÍÓÎÓÌÌ˚ ·ÛËÎ¸Ì˚ı ÚÛ·.

ÖÒÎË Û˜ÂÒÚ¸, ˜ÚÓ ‰‡‚ÎÂÌËÂ Ì‡„ÌÂÚ‡ÌËfl pÌ ÙÓÏËÛÂÚÒfl ËÁ
ÒÛÏÏ˚ „Ë‰‡‚ÎË˜ÂÒÍËı ÒÓÔÓÚË‚ÎÂÌËÈ ‚Ó ‚ÒÂÈ
ˆËÍÛÎflˆËÓÌÌÓÈ ÒËÒÚÂÏÂ, ÚÓ ÔË ÓÔÂ‰ÂÎÂÌÌ˚ı ÛÒÎÓ‚Ëflı
ÏÓÊÂÏ ËÏÂÚ¸ ÁÌ‡˜ËÚÂÎ¸ÌÓÂ pÌ. ç‡ ‚ÂÎË˜ËÌÛ pÌ Â¯‡˛˘ÂÂ
‚ÎËflÌËÂ ÓÍ‡Á˚‚‡ÂÚ ‡ÒıÓ‰ ÊË‰ÍÓÒÚË. áÌ‡˜ËÚ, ˆÂÎÂÒÓÓ·‡ÁÌÓ
‡Á‡·ÓÚ‡Ú¸ ÒËÒÚÂÏÛ Û‡‚ÌÂÌËÈ, Û‰Ó‚ÎÂÚ‚Ófl˛˘Û˛ ÓÔÂ‰Â-
ÎÂÌÌ˚Ï ÛÒÎÓ‚ËflÏ, ÔÓ ÍÓÚÓÓÈ ÏÓÊÌÓ ÓÔÂ‰ÂÎËÚ¸ q, η Ë τ0.
í‡ÍÛ˛ ÒËÒÚÂÏÛ Û‡‚ÌÂÌËÈ ·Û‰ÂÏ Ì‡Á˚‚‡Ú¸ „Ë‰‡‚ÎË˜ÂÒÍÓÈ
ÔÓ„‡ÏÏÓÈ.
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ÃÈÄÐÀÂËÈ×ÅCÊÀß ÏÐÎÃÐÀÌÌÀ 
ÏÐÈ ÁÓÐÅÍÈÈ ÑÊÂÀÆÈÍÛ 
ÑÎ ÑÚÅÌÍÛÌ ÊÅÐÍÎÏÐÈÅÌÍÈÊÎÌ
È ÄÂÎÉÍÎÉ ÁÓÐÈËÜÍÎÉ 
ÊÎËÎÍÍÎÉ

10.1. ÃÈÄÐÀÂËÈ×ÅCÊÀß ÏÐÎÃÐÀÌÌÀ
ÏÐÈ ÁÓÐÅÍÈÈ ÑÊÂÀÆÈÍÛ
ÑÎ ÑÚÅÌÍÛÌ ÊÅÐÍÎÏÐÈÅÌÍÈÊÎÌ

ê‡Ò˜ÂÚ˚ ÔÓ ÙÓÏÛÎÂ (9.248) ÔÓÍ‡Á‡ÎË, ˜ÚÓ ÔË ÔÓ‰˙ÂÏÂ ÍÂ-
ÌÓÔËÂÏÌËÍ‡ ËÁÏÂÌÂÌËÂ ‰‡‚ÎÂÌËfl Ì‡ Á‡·ÓÂ ÏÓÊÂÚ ‰ÓÒÚË„‡Ú¸
‚˚ÒÓÍËı ÁÌ‡˜ÂÌËÈ.

Ç ÂÁÛÎ¸Ú‡ÚÂ ‡Ò˜ÂÚÓ‚ ÔÓ ‚˚‡ÊÂÌË˛ (8.57) ·˚ÎÓ ÛÒÚ‡ÌÓ‚-
ÎÂÌÓ, ˜ÚÓ ÔË ‰‚ËÊÂÌËË ÔÓÏ˚‚Ó˜ÌÓÈ ÊË‰ÍÓÒÚË ‚ ÔÓÒÚ‡Ì-
ÒÚ‚Â ÏÂÊ‰Û ÍÂÌÓÔËÂÏÌËÍÓÏ Ë ‚ÌÛÚÂÌÌÂÈ ÔÓÎÓÒÚ¸˛ ·Û-
ËÎ¸Ì˚ı ÚÛ· ÏÓ„ÛÚ ‚ÓÁÌËÍÌÛÚ¸ ÁÌ‡˜ËÚÂÎ¸Ì˚Â ÔÓÚÂË ‰‡‚ÎÂ-
ÌËfl.

àÁ Ô‡ÍÚËÍË ·ÛÂÌËfl ËÁ‚ÂÒÚÌÓ, ˜ÚÓ ËÌÚÂÌÒË‚ÌÓÒÚ¸ ‡ÁÛ-
¯ÂÌËfl „ÓÌ˚ı ÔÓÓ‰, ‡ ÁÌ‡˜ËÚ, Ë ÏÂı‡ÌË˜ÂÒÍ‡fl ÒÍÓÓÒÚ¸
ÔÓıÓ‰ÍË vÏÂı ÚÂÏ ‚˚¯Â, ˜ÂÏ ÌËÊÂ ÔÂ‚˚¯ÂÌËÂ Á‡·ÓÈÌÓ„Ó
‰‡‚ÎÂÌËfl Ì‡‰ „Ë‰ÓÒÚ‡ÚË˜ÂÒÍËÏ.

í‡ÍËÏ Ó·‡ÁÓÏ, ÂÓÎÓ„Ë˜ÂÒÍËÂ Ò‚ÓÈÒÚ‚‡, Ú.Â. ‚ÂÎË˜ËÌ˚ η Ë
τ0, ‡ Ú‡ÍÊÂ ‡ÒıÓ‰ ÊË‰ÍÓÒÚË ·Û‰ÂÏ ÓÔÂ‰ÂÎflÚ¸ ËÁ ÒÎÂ‰Û˛˘Ëı
ÛÒÎÓ‚ËÈ:
1) ËÁÏÂÌÂÌËÂ „Ë‰Ó‰ËÌ‡ÏË˜ÂÒÍÓ„Ó ‰‡‚ÎÂÌËfl Ì‡ Á‡·ÓÂ ËÏÂÂÚ

ÒÚÓ„Ó ÓÔÂ‰ÂÎÂÌÌÓÂ ÁÌ‡˜ÂÌËÂ ÔË ÔÓ‰˙ÂÏÂ ÍÂÌÓÔËÂÏÌËÍ‡
Ò Á‡‰‡ÌÌÓÈ ÒÍÓÓÒÚ¸˛ uÚ;

2) ÔÓÚÂË ‰‡‚ÎÂÌËfl ‚ ÔÓÒÚ‡ÌÒÚ‚Â ÏÂÊ‰Û ÍÂÌÓÔËÂÏÌË-
ÍÓÏ Ë ‚ÌÛÚÂÌÌÂÈ ÔÓÎÓÒÚ¸˛ ·ÛËÎ¸Ì˚ı ÚÛ· ÒÓÒÚ‡‚Îfl˛Ú ∆p
(Ì‡ÔËÏÂ, ∆p = 2⋅105 è‡);

3) ÓÚÌÓ¯ÂÌËÂ Á‡·ÓÈÌÓ„Ó ‰‡‚ÎÂÌËfl Í „Ë‰ÓÒÚ‡ÚË˜ÂÒÍÓÏÛ ËÁ-
‚ÂÒÚÌÓ Ë ÒÓÒÚ‡‚ÎflÂÚ pÁ‡·/γl (Ì‡ÔËÏÂ, pÁ‡·/γl = 1,05).

ëÓ„Î‡ÒÌÓ (9.248) ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸:

10
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Ç ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò (8.57)
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èÓÎ¸ÁÛflÒ¸ ‚˚‡ÊÂÌËÂÏ (8.57), ÒÓÒÚ‡‚ËÏ ÙÓÏÛÎÛ ‰Îfl ÓÔÂ-
‰ÂÎÂÌËfl ÔÂ‚˚¯ÂÌËfl Á‡·ÓÈÌÓ„Ó ‰‡‚ÎÂÌËfl Ì‡‰ „Ë‰ÓÒÚ‡ÚË˜ÂÒ-
ÍËÏ:
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„‰Â lÍ Ë l – ‰ÎËÌ‡ ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ ÍÂÌÓÔËÂÏÌËÍ‡ Ë ÍÓÎÓÌ-
Ì˚ ·ÛËÎ¸Ì˚ı ÚÛ·; r‡ = r0/r1; r‡#Í = rÌ/R; rÌ Ë R – Ì‡ÛÊ-
Ì˚È ‡‰ËÛÒ ÍÓÎÓÌÌ˚ ·ÛËÎ¸Ì˚ı ÚÛ· Ë ‡‰ËÛÒ ÒÍ‚‡ÊËÌ˚
ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ.

éˆÂÌËÏ, Í‡ÍËÏË ÏÓ„ÛÚ ·˚Ú¸ r‡ Ë r‡ Í. àÁ‚ÂÒÚÌÓ, ˜ÚÓ ‰Îfl
ÍÂÌÓÔËÂÏÌËÍ‡ äëëä-95 ‡‰ËÛÒ ‚ÌÂ¯ÌÂÈ ÔÓ‚ÂıÌÓÒÚË r0 =
= 0,030 Ï. íÓ„‰‡ ÔË ‚ÌÛÚÂÌÌÂÏ ‡‰ËÛÒÂ ÍÓÎÓÌÌ˚ ·ÛËÎ¸-
Ì˚ı ÚÛ· r1 = 0,0335 Ï ËÏÂÂÏ r‡ = 0,895522. èËÌËÏ‡ÂÏ, ˜ÚÓ
ÚÓÎ˘ËÌ‡ ÒÚÂÌÍË ÍÓÎÓÌÌ˚ ·ÛËÎ¸Ì˚ı ÚÛ· ÒÓÒÚ‡‚ÎflÂÚ 5#ÏÏ.
íÓ„‰‡ rÌ = 0,0385 Ï. èË ‡‰ËÛÒÂ ÒÍ‚‡ÊËÌ˚ R = 0,0475 Ï r‡ Í =
= 0,810526. ÑÎfl Ó·ÎÂ„˜ÂÌËfl ‡Ò˜ÂÚÓ‚ ÔÓ ‚˚‡ÊÂÌËflÏ (10.2) Ë
(10.3) ˆÂÎÂÒÓÓ·‡ÁÌÓ ‡ÒÒ˜ËÚ‡Ú¸ ÁÌ‡˜ÂÌËfl ϕ(r‡), ψ(r‡) Ë φ(r‡),
ÍÓÚÓ˚Â ÓÚÎË˜‡˛ÚÒfl ÓÚ ψ(r‡#Í), ϕ(r‡#Í) Ë φ(r‡#Í) ÚÓÎ¸ÍÓ ÁÌ‡˜ÂÌËfl-
ÏË r‡. Ç Ú‡·Î. 10.1 ÔË‚Â‰ÂÌ˚ ÁÌ‡˜ÂÌËfl ϕ(r‡), ψ(r‡) Ë φ(r‡) ‚ ‰Ë-
‡Ô‡ÁÓÌÂ r‡ = 0,700–0,950.

í ‡ · Î Ë ̂  ‡  10.1

r‡ ψ(r‡) φ(r‡) ϕ(r‡) r‡ ψ(r‡) φ(r‡) ϕ(r‡)

0,699 –1,1293 1,2498 0,3890 0,700 –1,1225 1,2348 0,3858
0,701 –1,1156 1,2198 0,3817 0,702 –1,1088 1,2050 0,3781
0,703 –1,1021 1,1903 0,3745 0,704 –1,0953 1,1757 0,3710
0,705 –1,0885 1,1611 0,3674 0,706 –1,0818 1,1469 0,3689
0,707 –1,0751 1,1327 0,3604 0,708 –1,0684 1,1186 0,3569
0,709 –1,0617 1,1046 0,3535 0,710 –1,0550 1,0907 0,3501
0,711 –1,0483 1,0770 0,3457 0,712 –1,0417 1,0634 0,3433
0,713 –1,0351 1,0499 0,3399 0,714 –1,0285 1,0366 0,3365
0,715 –1,0219 1,0233 0,3332 0,716 –1,0153 1,0102 0,3299
0,717 –1,0087 0,9972 0,3266 0,718 –1,0022 0,9843 0,3233
0,719 –0,9957 0,9715 0,3201 0,720 –0,9892 0,9589 0,3169
0,721 –0,9827 0,9463 0,3137 0,722 –0,9762 0,9339 0,3105
0,723 –0,9698 0,9216 0,3073 0,724 –0,9633 0,9094 0,3042
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è  Ó ‰ Ó Î Ê Â Ì Ë Â  Ú ‡ · Î. 10.1

r‡ ψ(r‡) φ(r‡) ϕ(r‡) r‡ ψ(r‡) φ(r‡) ϕ(r‡)

0,725 –0,9569 0,8973 0,3011 0,726 –0,9505 0,8854 0,2979
0,727 –0,9441 0,8735 0,2949 0,728 –0,9378 0,8618 0,2918
0,729 –0,9314 0,8501 0,2888 0,730 –0,9251 0,8386 0,2857
0,731 –0,9188 0,8272 0,2827 0,732 –0,9125 0,8159 0,2797
0,733 –0,9062 0,8047 0,2769 0,734 –0,8999 0,7936 0,2738
0,735 –0,8937 0,7826 0,2709 0,736 –0,8875 0,7718 0,2680
0,737 –0,8812 0,7610 0,2651 0,738 –0,8751 0,7503 0,2633
0,739 –0,8689 0,7398 0,2594 0,740 –0,8627 0,7294 0,2566
0,741 –0,8566 0,7190 0,2538 0,742 –0,8505 0,7088 0,2510
0,743 –0,8444 0,6986 0,2482 0,744 –0,8383 0,6886 0,2455
0,745 –0,8322 0,6787 0,2427 0,746 –0,8262 0,6689 0,2400
0,747 –0,8202 0,6591 0,2373 0,748 –0,8141 0,6495 0,2347
0,749 –0,8082 0,6400 0,2320 0,750 –0,8022 0,6306 0,2294
0,751 –0,7962 0,6212 0,2268 0,752 –0,7903 0,6120 0,2242
0,753 –0,7844 0,6029 0,2216 0,754 –0,7785 0,5938 0,2190
0,755 –0,7726 0,5849 0,2165 0,756 –0,7667 0,5761 0,2140
0,757 –0,7609 0,5673 0,2115 0,758 –0,7551 0,5587 0,2090
0,759 –0,7493 0,5501 0,2065 0,760 –0,7435 0,5416 0,2041
0,761 –0,7377 0,5333 0,2016 0,762 –0,7320 0,5250 0,1992
0,763 –0,7262 0,5168 0,1968 0,764 –0,7205 0,5087 0,1945
0,765 –0,7148 0,5007 0,1921 0,766 –0,7092 0,4928 0,1898
0,767 –0,7035 0,4849 0,1875 0,768 –0,6979 0,4772 0,1852
0,769 –0,6923 0,4696 0,1829 0,770 –0,6867 0,4620 0,1806
0,771 –0,6811 0,4545 0,1784 0,772 –0,6755 0,4471 0,1761
0,773 –0,6700 0,4398 0,1739 0,774 –0,6645 0,4326 0,1717
0,775 –0,6590 0,4255 0,1696 0,776 –0,6535 0,4184 0,1674
0,777 –0,6480 0,4115 0,1653 0,778 –0,6426 0,3046 0,1631
0,779 –0,6372 0,3978 0,1610 0,780 –0,6318 0,3911 0,1589
0,781 –0,6264 0,3844 0,1569 0,782 –0,6210 0,3779 0,1548
0,783 –0,6157 0,3714 0,1528 0,784 –0,6104 0,3650 0,1508
0,785 –0,6051 0,3587 0,1488 0,786 –0,5958 0,3525 0,1468
0,787 –0,5945 0,3463 0,1448 0,788 –0,5893 0,3402 0,1430
0,789 –0,5841 0,3342 0,1409 0,790 –0,5789 0,3283 0,1390
0,791 –0,5737 0,3224 0,1371 0,792 –0,5685 0,3167 0,1352
0,793 –0,5634 0,3110 0,1335 0,794 –0,5582 0,3053 0,1315
0,795 –0,5531 0,2998 0,1298 0,796 –0,5481 0,2943 0,1278
0,797 –0,5430 0,2889 0,1260 0,798 –0,5380 0,2836 0,1243
0,799 –0,5329 0,2783 0,1225 0,800 –0,5280 0,2731 0,1207
0,801 –0,5230 0,2680 0,1190 0,802 –0,5180 0,2629 0,1173
0,803 –0,5131 0,2579 0,1156 0,804 –0,5082 0,2530 0,1139
0,805 –0,5033 0,2482 0,1121 0,806 –0,4984 0,2434 0,1105
0,807 –0,4935 0,2387 0,1089 0,808 –0,4887 0,2340 0,1073
0,809 –0,4839 0,2294 0,1057 0,810 –0,4791 0,2249 0,1041
0,811 –0,4731 0,2204 0,1029 0,812 –0,4696 0,2160 0,1009
0,813 –0,4649 0,2127 0,0994 0,814 –0,4602 0,2075 0,0879
0,815 –0,4555 0,2032 0,0963 0,816 –0,4508 0,1991 0,0948
0,817 –0,4462 0,1950 0,0933 0,818 –0,4415 0,1910 0,0919
0,819 –0,4369 0,1870 0,0904 0,820 –0,4324 0,1831 0,0890
0,821 –0,4278 0,1793 0,0875 0,822 –0,4233 0,1755 0,0861
0,823 –0,4188 0,1718 0,0847 0,824 –0,4143 0,1681 0,0834
0,825 –0,4098 0,1015 0,0820 0,826 –0,4053 0,1610 0,0806
0,827 –0,4009 0,1575 0,0793 0,828 –0,3965 0,1540 0,0780
0,820 –0,3921 0,1506 0,0767 0,830 –0,3878 0,1473 0,0754
0,831 –0,3834 0,1440 0,0741 0,832 –0,3791 0,1408 0,0728
0,833 –0,3748 0,1376 0,0716 0,834 –0,3705 0,1345 0,0703
0,835 –0,3663 0,1314 0,0691 0,836 –0,3620 0,1284 0,0679
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è  Ó ‰ Ó Î Ê Â Ì Ë Â  Ú ‡ · Î. 10.1

r‡ ψ(r‡) φ(r‡) ϕ(r‡) r‡ ψ(r‡) φ(r‡) ϕ(r‡)
0,837 –0,3578 0,1254 0,0667 0,838 –0,3537 0,1225 0,0655
0,839 –0,3495 0,1197 0,0643 0,840 –0,3454 0,1168 0,0632
0,841 –0,3412 0,1141 0,06203 0,842 –0,3371 0,1113 0,0609
0,843 –0,3331 0,1087 0,0598 0,844 –0,3290 0,1060 0,05867
0,845 –0,3250 0,1035 0,0576 0,846 –0,3210 0,1009 0,0565
0,847 –0,3170 0,0984 0,0554 0,848 –0,3130 0,0960 0,0544
0,849 –0,309 0,0936 0,0533 0,850 –0,3052 0,0912 0,0523
0,851 –0,3013 0,0889 0,0513 0,852 –0,2974 0,0867 0,0503
0,853 –0,2936 0,0844 0,0499 0,854 –0,2897 0,0822 0,0484
0,855 –0,2859 0,0801 0,0474 0,856 –0,2822 0,0780 0,0464
0,857 –0,2784 0,0759 0,0455 0,858 –0,2747 0,0739 0,0446
0,859 –0,2710 0,0719 0,0437 0,860 –0,2673 0,0700 0,0428
0,861 –0,2636 0,0681 0,0419 0,862 –0,2600 0,0662 0,0410
0,863 –0,2564 0,0644 0,0401 0,864 –0,2528 0,0626 0,0393
0,865 –0,2492 0,0608 0,0384 0,866 –0,2456 0,0591 0,0376
0,867 –0,2421 0,0574 0,0368 0,868 –0,2386 0,0558 0,0360
0,869 –0,2351 0,0542 0,0352 0,870 –0,2317 0,0526 0,0344
0,871 –0,2283 0,0510 0,0337 0,872 –0,2248 0,0495 0,0329
0,873 –0,2215 0,0480 0,0321 0,874 –0,2181 0,0466 0,0314
0,875 –0,2148 0,0452 0,0307 0,876 –0,2115 0,0438 0,0300
0,877 –0,2082 0,0425 0,0293 0,878 –0,2049 0,0411 0,0286
0,879 –0,2017 0,0398 0,0279 0,880 –0,1985 0,0386 0,0272
0,881 –0,1953 0,0374 0,0266 0,882 –0,1921 0,0361 0,0259
0,883 –0,1890 0,0350 0,0253 0,884 –0,1858 0,0338 0,0246
0,885 –0,1827 0,0327 0,0240 0,886 –0,1797 0,0316 0,0234
0,887 –0,1766 0,0306 0,0228 0,888 –0,1736 0,0295 0,0222
0,889 –0,1706 0,0285 0,0216 0,890 –0,1677 0,0275 0,0211
0,891 –0,1647 0,0266 0,0205 0,892 –0,1618 0,0256 0,0200
0,893 –0,1589 0,0247 0,0194 0,894 –0,1560 0,0238 0,0189
0,895 –0,1530 0,0229 0,0184 0,896 –0,1503 0,0221 0,0179
0,897 –0,1475 0,0213 0,0174 0,838 –0,1447 0,0205 0,0169
0,899 –0,1421 0,0198 0,0164 0,900 –0,1392 0,0190 0,0159
0,901 –0,1365 0,0183 0,0154 0,902 –0,1337 0,0175 0,0150
0,903 –0,1313 0,0169 0,0146 0,904 –0,1286 0,0162 0,0141
0,905 –0,1260 0,0155 0,0105 0,906 –0,1036 0,0105 0,0102
0,907 –0,1210 0,0143 0,0129 0,908 –0,1184 0,0137 0,0124
0,909 –0,1159 0,0131 0,0120 0,910 –0,1132 0,0126 0,0116
0,911 –0,1109 0,0120 0,0113 0,912 –0,1085 0,0115 0,0109
0,913 –0,1060 0,0110 0,0105 0,914 –0,1036 0,0105 0,0102
0,915 –0,1014 0,0101 0,0098 0,916 –0,0991 0,0096 0,0095
0,917 –0,0966 0,0091 0,0091 0,918 –0,0946 0,0088 0,0089
0,919 –0,0922 0,0083 0,0085 0,920 –0,0899 0,0079 0,0082
0,921 –0,0878 0,0076 0,0079 0,922 –0,0857 0,0072 0,0076
0,923 –0,0836 0,0068 0,0073 0,924 –0,0816 0,0065 0,0071
0,925 –0,0792 0,0061 0,0068 0,926 –0,0713 0,0059 0,0065
0,927 –0,0750 0,0055 0,0062 0,928 –0,0732 0,0053 0,0060
0,929 –0,0713 0,0050 0,0058 0,930 –0,0694 0,0047 0,0056
0,931 –0,0674 0,0044 0,0053 0,932 –0,0655 0,0042 0,0059
0,933 –0,0636 0,0040 0,0049 0,934 –0,0618 0,0037 0,0047
0,935 –0,0600 0,0035 0,0045 0,936 –0,0582 0,0033 0,0043
0,937 –0,0563 0,0031 0,0041 0,938 –0,0556 0,0030 0,0040
0,939 –0,0529 0,0027 0,0037 0,940 –0,0511 0,0025 0,0035
0,941 –0,0495 0,0024 0,0033 0,942 –0,0478 0,0022 0,0032
0,943 –0,0458 0,0021 0,0030 0,944 –0,0446 0,0019 0,0029
0,945 –0,0432 0,0018 0,0027 0,946 –0,0417 0,0017 0,0026
0,947 –0,0402 0,0016 0,0024 0,948 –0,0387 0,0015 0,0023
0,949 –0,0372 0,0013 0,0032 0,950 –0,0356 0,0012 0,0020
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èÓ ‚˚‡ÊÂÌËflÏ (10.2) Ë (10.3) ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸:
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àÁ ‡‚ÂÌÒÚ‚‡ ÁÌ‡˜ÂÌËÈ q, ‚˚˜ËÒÎÂÌÌ˚ı ÔÓ ‚˚‡ÊÂÌËflÏ
(10.4) Ë (10.5), ÔÓÎÛ˜ËÏ
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í‡ÍËÏ Ó·‡ÁÓÏ, ÓÔÂ‰ÂÎË‚ τ0 ÔÓ ÙÓÏÛÎÂ (10.6), ÏÓÊÌÓ ÒÓ-
„Î‡ÒÌÓ (10.1) Ì‡ÈÚË η, ˜ÚÓ ÔÓÁ‚ÓÎflÂÚ ÔÓ (10.4) Ë (10.5) ‚˚˜ËÒ-
ÎËÚ¸ ‡ÒıÓ‰ ÊË‰ÍÓÒÚË.

ç‡È‰ÂÏ η, τ0 Ë q ÔË ÒÎÂ‰Û˛˘Ëı ËÒıÓ‰Ì˚ı ‰‡ÌÌ˚ı: R =
= 0,0475 Ï; r1 = 0,0335 Ï, r0 = 0,0300 Ï, rÌ = 0,0385 Ï, lÍ =
= 13,71 Ï, l = 2500 Ï. áÌ‡˜ËÚ, ‚ ‰‡ÌÌÓÏ ÒÎÛ˜‡Â r‡ = 0,895522,
r‡#Í = 0,810526. íÓ„‰‡ ÒÓ„Î‡ÒÌÓ Ú‡·Î. 10.1 ψ(r‡) = –0,1530,
φ(r‡) = 0,0229, ϕ(r‡) = 0,0184, φ(r‡#Í) = 0,2249, ϕ(r‡#Í) = 0,1041,
ψ(r‡#Í) = –0,4791.
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èÓ‚Â‰ÂÏ ‡Ò˜ÂÚ˚ ÔÓ ÙÓÏÛÎÂ ÔË ‡ÁÎË˜Ì˚ı ÁÌ‡˜ÂÌËflı
pÁ‡·/γl.

í‡ÍËÏ Ó·‡ÁÓÏ,

    
A

p l p1

50 0050776 10
1

0 0023936= −⋅

−

−,
/

, ;
Á‡· Í.Ô.γ ∆

    B1
50 5698988 10= − ⋅ −, ;

    
C p l1

5 50 0017 10 1 0 5282 10= ⋅ −( ) − ⋅− −, / , .Á‡· γ

Ç Ú‡·Î. 10.2 ÔË‚Â‰ÂÌ˚ ÁÌ‡˜ÂÌËfl τ0, Ì‡È‰ÂÌÌ˚Â ÔÓ ÙÓÏÛÎÂ
(10.6) ÔË ‡ÁÎË˜Ì˚ı pÁ‡·/γl Ë ∆pÍ.Ô.

àÁ Ú‡·Î. 10.2 ‚Ë‰ÌÓ, ˜ÚÓ ÔË 1⋅105 è‡ ≤ ∆p ≤ 4⋅105 è‡ Ì‡-
·Î˛‰‡ÂÚÒfl ÌÂÁÌ‡˜ËÚÂÎ¸ÌÓÂ ËÁÏÂÌÂÌËÂ τ0. èÓ˝ÚÓÏÛ ‚ ‰‡Î¸ÌÂÈ-
¯ÂÏ ‰Îfl ÔÓÒÚÓÚ˚ ·Û‰ÂÏ ÓËÂÌÚËÓ‚‡Ú¸Òfl Ì‡ ÒÂ‰ÌËÂ ÁÌ‡˜Â-
ÌËfl τ0,  Ú.Â. Ì‡ τ0 ÔË ∆p = = 2,5⋅105 è‡.

ÑÎfl ÔËÌflÚ˚ı ËÒıÓ‰Ì˚ı ‰‡ÌÌ˚ı ÔÓ ÙÓÏÛÎÂ (10.1) ÏÓÊÌÓ
Á‡ÔËÒ‡Ú¸:

    
η τ= − ⋅( )⋅ −0 001643628 10 5

010445 67549
,

, .
u

p
Ú

∆ (10.7)

Ç Ú‡·Î. 10.3 ÔË‚Â‰ÂÌ˚ ÁÌ‡˜ÂÌËfl η, ‡ÒÒ˜ËÚ‡ÌÌ˚Â ÔÓ ÙÓ-
ÏÛÎÂ (10.7) ÔË ‡ÁÎË˜Ì˚ı uÚ, ∆p Ë p‡Á/γl.

í ‡ · Î Ë ̂  ‡  10.2

pÁ‡·/γl τ0, è‡, ÔË ‡ÁÎË˜Ì˚ı ÁÌ‡˜ÂÌËflı ∆pÍ.Ô, 10
5 è‡

1 1,5 2,0 2,5 3,0 3,5 4,0

1,030 4,443 4,157 4,149 4,144 4,140 4,138 4,136
1,035 4,770 4,747 4,736 4,729 4,725 4,722 4,719
1,040 5,366 5,336 5,321 5,313 5,307 5,303 5,300
1,045 5,962 5,924 5,906 5,895 5,887 5,882 5,878
1,050 6,559 6,513 6,490 6,476 6,467 6,460 6,455
1,055 7,158 7,101 7,074 7,057 7,046 7,040 7,032
1,060 7,758 7,691 7,657 7,660 7,625 7,615 7,608
1,065 8,360 8,281 8,242 8,244 8,203 8,192 8,058
1,070 8,965 8,872 8,827 8,830 8,782 8,769 8,760

í ‡ · Î Ë ̂  ‡  10.3

p‡Á/γl η, 10–3 è‡⋅Ò, ÔË ‡ÁÎË˜Ì˚ı ÁÌ‡˜ÂÌËflı uÚ, Ï/Ò

0,5 0,6 0,8 1,0 1,2 1,4

∆p = 2⋅105 è‡

1,030 5,151 4,292 3,219 2,576 2,147 1,840
1,035 4,940 4,125 3,094 2,475 2,062 1,768
1,040 4,750 3,958 2,969 2,375 1,979 1,696
1,045 4,550 3,792 2,844 2,275 1,896 1,625
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è  Ó ‰ Ó Î Ê Â Ì Ë Â  Ú ‡ · Î . 10.3

p‡Á/γl η, 10–3 è‡⋅Ò, ÔË ‡ÁÎË˜Ì˚ı ÁÌ‡˜ÂÌËflı uÚ, Ï/Ò

0,5 0,6 0,8 1,0 1,2 1,4

1,050 4,351 3,626 2,719 2,175 1,812 1,554
1,055 4,151 3,459 2,594 2,076 1,730 1,483
1,060 3,944 3,287 2,465 1,972 1,643 1,409
1,065 3,743 3,119 2,339 1,872 1,560 1,337
1,070 3,542 2,952 2,214 1,771 1,476 1,265

∆p = 4⋅105 è‡

1,030 11,726 9,772 7,239 5,863 4,886 4,188
1,035 11,526 9,605 7,204 5,763 4,802 4,116
1,040 11,324 9,437 7,077 5,662 4,718 4,044
1,045 11,124 9,270 6,952 5,562 4,635 3,973
1,050 10,926 9,105 6,829 5,463 4,552 3,902
1,055 10,726 8,938 6,704 5,363 4,469 3,831
1,060 10,518 8,765 6,574 5,259 4,382 3,756
1,065 10,318 8,598 6,449 5,159 4,299 3,685
1,070 10,116 8,430 6,322 5,058 4,215 3,612

∆p = 6⋅105 è‡

1,030 18,300 15,250 11,437 9,150 7,625 6,536
1,035 18,100 15,083 11,312 9,050 7,542 6,464
1,040 17,900 14,917 11,187 8,950 7,458 6,393
1,045 17,700 14,750 11,062 8,850 7,375 6,321
1,050 17,500 14,583 10,937 8,750 7,292 6,250
1,055 17,300 14,417 10,812 8,650 7,208 6,179
1,060 17,094 14,245 10,684 8,547 7,122 6,105
1,065 16,892 14,077 10,557 8,446 7,038 6,033
1,070 16,692 13,910 10,432 8,346 6,955 5,961

∆p = 8⋅105 è‡

1,030 24,874 20,728 15,546 12,437 10,364 8,884
1,035 24,674 20,562 15,421 12,337 10,281 8,812
1,040 24,474 20,395 15,296 12,237 10,197 8,741
1,045 24,274 20,228 15,171 12,137 10,114 8,669
1,050 24,074 20,062 15,016 12,037 10,031 8,598
1,055 23,874 19,895 14,921 11,937 9,947 8,526
1,060 23,668 19,723 14,792 11,834 9,862 8,453
1,065 23,468 19,556 14,667 11,734 9,778 8,381
1,070 23,266 19,388 14,541 11,633 9,694 8,309

∆p = 10⋅105 è‡

1,030 31,450 26,208 19,656 15,725 13,104 11,232
1,035 31,248 26,040 19,530 15,624 13,020 11,160
1,040 31,048 25,873 19,405 15,524 12,937 11,089
1,045 30,848 25,707 19,280 15,424 12,853 11,017
1,050 30,648 25,540 19,155 15,324 12,770 10,946
1,055 30,450 25,375 19,031 15,225 12,687 10,875
1,060 30,242 25,202 18,901 15,121 12,601 10,801
1,065 30,042 25,035 18,776 15,021 12,517 10,729
1,070 29,840 24,867 18,650 14,920 12,433 10,657

∆p = 12⋅105 è‡

1,030 38,024 31,687 23,765 19,012 15,843 13,580
1,035 37,824 31,520 23,640 18,912 15,760 13,509
1,040 37,622 31,352 23,514 18,811 15,676 13,436
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è  Ó ‰ Ó Î Ê Â Ì Ë Â  Ú ‡ · Î . 10.3

p‡Á/γl η, 10–3 è‡⋅Ò, ÔË ‡ÁÎË˜Ì˚ı ÁÌ‡˜ÂÌËflı uÚ, Ï/Ò

0,5 0,6 0,8 1,0 1,2 1,4

1,045 37,422 31,185 23,389 18,711 15,592 13,365
1,050 37,224 31,020 23,265 18,612 15,510 13,294
1,055 37,024 30,853 23,140 18,512 15,426 13,223
1,060 36,816 30,680 23,010 18,408 15,340 13,149
1,065 36,616 30,513 22,885 18,308 15,257 13,077
1,070 36,414 30,345 22,759 18,207 15,172 13,005

ê‡ÒıÓ‰ ÊË‰ÍÓÒÚË ‡ÒÒ˜ËÚ‡ÂÏ, ÔÓ‰ÒÚ‡‚Ë‚ ËÒıÓ‰Ì˚Â ‰‡ÌÌ˚Â
‚ ÙÓÏÛÎÛ (10.5):

    

q
p

l

p

l

p

l
= − − − +⋅

−


























































−0 226 10

1

29 6685 28428366
0
2

0

2

0
1 1 02249, , , , .τ

η
γ

τ γ τ γÁ‡·

Á‡· Á‡· (10.8)

Ç Ú‡·Î. 10.4 ÔË‚Â‰ÂÌ˚ ÂÁÛÎ¸Ú‡Ú˚ ‡Ò˜ÂÚÓ‚ ÔÓ ÙÓÏÛÎÂ
(10.8); ÁÌ‡˜ÂÌËfl τ0 ‚ÁflÚ˚ ËÁ Ú‡·Î. 10.2 ÔË ∆pÍÔ = 2,5#⋅#105#è‡,
‡ ÁÌ‡˜ÂÌËfl η – ËÁ Ú‡·Î. 10.3 ÔË ‡ÁÎË˜Ì˚ı ∆p.

í ‡ · Î Ë ̂  ‡  10.4

    

p

l
Á‡·

γ
q, 10–3#Ï3/Ò, ÔË ‡ÁÎË˜Ì˚ı ÁÌ‡˜ÂÌËflı uÚ, Ï/Ò

0,5 0,6 0,8 1,0 1,2 1,4

∆p = 2#⋅#105#è‡

1,030 1,6381 1,9660 2,6214 3,2757 2,6639 3,1084
1,035 1,8332 2,1954 2,9227 3,6591 3,0625 3,5717
1,040 2,0521 2,4628 3,2832 4,1043 3,6400 4,2323
1,045 2,2867 2,7439 3,6585 4,5735 4,3235 5,0445
1,050 2,5435 3,0520 4,0701 5,0881 5,2155 6,0814
1,055 2,8275 3,3932 4,5247 5,6537 6,3479 7,4051
1,060 3,1459 3,7747 5,0335 6,2919 8,8133 9,1110
1,065 3,4988 4,1986 5,5990 6,9958 9,6600 11,2712
1,070 3,8928 4,5942 6,2779 7,7857 12,0117 14,0152

∆p = 4#⋅#105#è‡

1,030 0,7196 0,8635 1,1657 1,439 1,7270 2,0149
1,035 0,7857 0,9428 1,2571 1,5714 1,8859 2,2002
1,040 0,8608 1,0329 1,3774 1,7216 2,0661 2,4104
1,045 0,9353 1,1224 1,4966 1,8707 2,2445 2,6188
1,050 1,0129 1,2154 1,6205 2,0257 2,4311 2,8361
1,055 1,0943 1,3132 1,7508 2,1885 2,6263 3,0645
1,060 1,1852 1,4222 1,8963 2,3704 2,8448 3,3034
1,065 1,2692 1,5232 2,0307 2,5385 3,0163 3,5511
1,070 1,3630 1,6356 2,1810 2,7261 3,2713 3,8174
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è  Ó ‰ Ó Î Ê Â Ì Ë Â  Ú ‡ · Î . 10.4

    

p

l
Á‡·

γ
q, 10–3#Ï3/Ò, ÔË ‡ÁÎË˜Ì˚ı ÁÌ‡˜ÂÌËflı uÚ, Ï/Ò

0,5 0,6 0,8 1,0 1,2 1,4

∆p = 6#⋅#105#è‡

1,030 0,4611 0,5533 0,7378 0,9222 1,1967 1,2910
1,035 0,5003 0,6004 0,8006 1,0007 1,2008 1,4010
1,040 0,5446 0,6535 0,8713 1,0891 1,3070 1,5247
1,045 0,5878 0,7054 0,9406 1,1757 1,4108 1,6460
1,050 0,6324 0,7589 1,0118 1,2650 1,5176 1,7706
1,055 0,6784 0,8139 1,0856 1,3569 1,6283 1,8995
1,060 0,7258 0,8710 1,1613 1,4517 1,7421 2,0324
1,065 0,7753 0,9309 1,2405 1,5496 1,8608 2,1707
1,070 0,8260 0,9912 1,3217 1,6519 1,9825 2,3131

∆p = 8#⋅#105#è‡

1,030 0,3392 0,4071 0,5428 0,6785 0,8142 0,9498
1,035 0,3670 0,4404 0,5873 0,7341 0,8801 1,0277
1,040 0,3983 0,4779 0,6373 0,7966 0,9559 1,1152
1,045 0,4286 0,5144 0,6858 0,8573 1,0287 1,2002
1,050 0,4597 0,5516 0,7355 0,9194 1,1032 1,2871
1,055 0,4916 0,5899 0,7866 0,9832 1,1800 1,3776
1,060 0,5242 0,6291 0,8388 1,0485 1,2581 1,4678
1,065 0,5580 0,6697 0,8929 1,1161 1,3393 1,5626
1,070 0,5926 0,7112 0,9482 1,1853 1,4224 1,6595

∆p = 10#⋅#105#è‡

1,030 0,2683 0,3220 0,4293 0,5366 0,6439 0,7513
1,035 0,2898 0,3478 0,4637 0,5796 0,6956 0,8115
1,040 0,3140 0,3767 0,5023 0,6279 0,7535 0,8790
1,045 0,3373 0,4047 0,5397 0,6746 0,8305 0,9689
1,050 0,3611 0,4333 0,5777 0,7222 0,8666 1,0110
1,055 0,3855 0,4625 0,6167 0,7709 0,9251 1,0790
1,060 0,4103 0,4923 0,6564 0,8205 0,9846 1,1487
1,065 0,4356 0,5231 0,6975 0,8719 1,0602 1,2206
1,070 0,4621 0,5544 0,7393 0,9242 1,1368 1,2938

∆p = 12#⋅#105#è‡

1,030 0,2219 0,2663 0,3551 0,4438 0,5326 0,6214
1,035 0,2394 0,2873 0,3831 0,4789 0,5746 0,6703
1,040 0,2591 0,3109 0,4145 0,5182 0,6218 0,7255
1,045 0,2780 0,3336 0,4448 0,5561 0,6673 0,7785
1,050 0,2973 0,3568 0,4757 0,5946 0,7135 0,8324
1,055 0,3107 0,3804 0,5072 0,6340 0,7691 0,8876
1,060 0,3370 0,4044 0,5392 0,6740 0,8088 0,9436
1,065 0,3577 0,4292 0,5723 0,7153 0,8584 1,001
1,070 0,3786 0,4544 0,6058 0,7573 0,9088 1,060

èÓÍ‡ÊÂÏ, Í‡Í ËÒÔÓÎ¸ÁÛ˛ÚÒfl Ú‡·Î. 10.2–10.4. èÛÒÚ¸ ÔÓ
ÚÂıÌÓÎÓ„Ë˜ÂÒÍËÏ ÒÓÓ·‡ÊÂÌËflÏ pÁ‡·/γl = 1,05, ÔÓÚÂË ‰‡‚ÎÂ-
ÌËfl ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â ÏÂÊ‰Û ÍÂÌÓÔËÂÏÌËÍÓÏ Ë
ÍÓÎÓÌÌÓÈ ÚÛ· ÒÓÒÚ‡‚Îfl˛Ú 4⋅105#è‡, ÒÍÓÓÒÚ¸ ÔÓ‰˙ÂÏ‡ ÍÂÌÓ-
ÔËÂÏÌËÍ‡ uÚ = 1#Ï/Ò, ‡ ËÁÏÂÌÂÌËÂ „Ë‰Ó‰ËÌ‡ÏË˜ÂÒÍÓ„Ó ‰‡‚-
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ÎÂÌËfl Ì‡ Á‡·ÓÂ ∆p = 2⋅105#è‡. íÓ„‰‡ ÒÓ„Î‡ÒÌÓ Ú‡·Î. 10.2 ‰Ë-
Ì‡ÏË˜ÂÒÍÓÂ Ì‡ÔflÊÂÌËÂ Ò‰‚Ë„‡ τ0 = 6,45#è‡, ÒÚÛÍÚÛÌ‡fl
‚flÁÍÓÒÚ¸ ‚ ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò Ú‡·Î. 10.3 η = 2,175⋅10–3#è‡⋅Ò, ‡
‡ÒıÓ‰ ÊË‰ÍÓÒÚË q = 5,088⋅10–3#Ï3/Ò. ÖÒÎË ÔË ÔÓ˜Ëı ‡‚-
Ì˚ı ÛÒÎÓ‚Ëflı ÒÓı‡ÌflÂÚÒfl ËÁÏÂÌÂÌËÂ „Ë‰Ó‰ËÌ‡ÏË˜ÂÒÍÓ„Ó
‰‡‚ÎÂÌËfl Ì‡ Á‡·ÓÂ ∆p = 4⋅105#è‡, ÚÓ, Í‡Í Ë ÔÂÊ‰Â,  τ0 =   
= 6,45#è‡, η = 0,005463⋅10–3#è‡⋅Ò, ‡ÒıÓ‰ ÊË‰ÍÓÒÚË q =    
= 2,1885⋅10–3#Ï3/Ò.

í‡Í Í‡Í ÒÂ‰Ìflfl ÒÍÓÓÒÚ¸ ÊË‰ÍÓÒÚË ‚ ÔÓÒÚ‡ÌÒÚ‚Â ÏÂÊ‰Û
‚ÌÂ¯ÌÂÈ ÔÓ‚ÂıÌÓÒÚ¸˛ ÍÓÎÓÌÌ˚ ·ÛËÎ¸Ì˚ı ÚÛ· Ë ÒÚÂÌÍ‡ÏË
ÒÍ‚‡ÊËÌ˚

    

v q

R r
=

−



π 2 2

Ì

,

ÚÓ ‰Îfl ÛÒÔÂ¯ÌÓ„Ó ‚˚ÌÓÒ‡ ‚˚·ÛÂÌÌÓÈ ÔÓÓ‰˚ ‰ÓÎÊÌÓ ÒÓ-
·Î˛‰‡Ú¸Òfl ÛÒÎÓ‚ËÂ, ÔË ÍÓÚÓÓÏ v ·ÓÎ¸¯Â ÒÍÓÓÒÚË Ò‚Ó·Ó‰-
ÌÓ„Ó ÓÒ‡Ê‰ÂÌËfl vs.

èÓÎ‡„‡ÂÏ, ˜ÚÓ Ó·ÚÂÍ‡ÌËÂ ˜‡ÒÚËˆ˚ ‰Ë‡ÏÂÚÓÏ dÚ ÔÓËÒıÓ-
‰ËÚ ÔË ÒÚÛÍÚÛÌÓÏ ÂÊËÏÂ. èË γ Ú = 2,64⋅104#ç/Ï3, γ  =    
= 1,2⋅104#ç/Ï3, τ0 = 6,45#è‡ ÒÓ„Î‡ÒÌÓ ÙÓÏÛÎÂ (2.20)

d0 = 0,00599#Ï.

íÓ„‰‡ ÔË ‰Ë‡ÏÂÚÂ ˜‡ÒÚËˆ˚ dÚ = 0,010#Ï

    

d

d
Ú

0
1 6671= , .

í‡Í Í‡Í

    

d

d
Ú

0
3 0≤ , ,

Ó·ÚÂÍ‡ÌËÂ ÔÓËÒıÓ‰ËÚ ÔË ÒÚÛÍÚÛÌÓÏ ÂÊËÏÂ. ëÓ„Î‡ÒÌÓ
ÙÓÏÛÎÂ (2.17) ÒÍÓÓÒÚ¸ Ò‚Ó·Ó‰ÌÓ„Ó ÓÒ‡Ê‰ÂÌËfl

    
v s =

0 00146854, .
η

áÌ‡˜ËÚ, ÔË η = 2,175#⋅#10–3#è‡⋅Ò Ë η = 5,463#⋅#10–3#è‡⋅Ò
ËÏÂÂÏ vs1 = 0,675#Ï/c Ë vs2 = 0,2688#Ï/Ò. ê‡ÒıÓ‰ ÊË‰ÍÓÒÚË
ÔË  η = 2,175#⋅#10–3#è‡⋅Ò ÒÓÒÚ‡‚ÎflÂÚ q1 = 5,088#⋅#10–3#Ï3/Ò, ‡
ÔË  η = 5,463#⋅#10–3#è‡⋅Ò q2 = 2,1885#⋅#10–3#Ï3/Ò. íÓ„‰‡ ÒÓÓÚ-
‚ÂÚÒÚ‚Û˛˘ËÂ ÁÌ‡˜ÂÌËfl ÒÂ‰ÌÂÈ ÒÍÓÓÒÚË v1 = 2,092#Ï/Ò, v2 =    
= 0,900#Ï/Ò.

í‡Í Í‡Í v1 > vs1 Ë v2 > vs2, ÚÓ ‚ ‡ÒÒÏ‡ÚË‚‡ÂÏ˚ı ÒÎÛ˜‡flı
‚˚·ÛÂÌÌ˚Â ˜‡ÒÚËˆ˚ ·Û‰ÛÚ ‚˚ÌÓÒËÚ¸Òfl.
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10.2. ÃÈÄÐÀÂËÈ×ÅÑÊÀß ÏÐÎÃÐÀÌÌÀ 
ÏÐÈ ÁÓÐÅÍÈÈ ÑÊÂÀÆÈÍÛ ÄÂÎÉÍÎÉ ÁÓÐÈËÜÍÎÉ 
ÊÎËÎÍÍÎÉ 

10.2.1. ÃÈÄÐÀÂËÈ×ÅÑÊÀß ÏÐÎÃÐÀÌÌÀ  Â ÑËÓ×ÀÅ,
ÊÎÃÄÀ ÐÀÇÁÓÐÅÍÍÀß ÏÎÐÎÄÀ 
ÏÎÑÒÓÏÀÅÒ ÂÎ ÂÍÓÒÐÅÍÍÞÞ  ÏÎËÎÑÒÜ
ÖÅÍÒÐÀËÜÍÎÉ ÊÎËÎÍÍÛ Â ÂÈÄÅ "ØËÀÌÀ"

í‡Í Í‡Í ÒÛ˘ÂÒÚ‚ÛÂÚ ÛÒÎÓ‚ËÂ (3.23) (ÏËÌËÏÛÏ ÔÓÚÂ¸ ‰‡‚ÎÂÌËfl
‚ Á‡‚ËÒËÏÓÒÚË ÓÚ ‡ÒıÓ‰‡ ÊË‰ÍÓÒÚË), ÚÓ ÎÓ„Ë˜ÌÓ ÔÓÎ‡„‡Ú¸,
˜ÚÓ Ë ‰‡‚ÎÂÌËÂ Ì‡„ÌÂÚ‡ÌËfl pÌ Ú‡ÍÊÂ ËÏÂÂÚ ÏËÌËÏÛÏ ÓÚÌÓÒË-
ÚÂÎ¸ÌÓ ‡ÒıÓ‰‡ ÊË‰ÍÓÒÚË.

èÛÒÚ¸ ÏÂı‡ÌË˜ÂÒÍ‡fl ÒÍÓÓÒÚ¸ ÔÓıÓ‰ÍË ÒÓÒÚ‡‚ÎflÂÚ vÌÂÚ =
= 400 Ï/˜, ‡‰ËÛÒ ÒÍ‚‡ÊËÌ˚ R = 0,042#Ï, ‡‰ËÛÒ˚ ‚ÌÛÚÂÌ-
ÌÂÈ ÔÓÎÓÒÚË ˆÂÌÚ‡Î¸ÌÓÈ Ë ‚ÌÂ¯ÌÂÈ ÍÓÎÓÌÌ˚ ÒÓÓÚ‚ÂÚÒÚ‚ÂÌ-
ÌÓ r1 = 0,021#Ï, r3 = 0,0305#Ï, Ì‡ÛÊÌ˚È ‡‰ËÛÒ ˆÂÌÚ‡Î¸ÌÓÈ
ÍÓÎÓÌÌ˚ r2 = 0,024#Ï, ÔÓËÒÚÓÒÚ¸ ‡Á·ÛË‚‡ÂÏÓÈ ÔÓÓ‰˚    
m = 0,2, ‚flÁÍÓÒÚ¸ ÊË‰ÍÓÒÚË Ë ‰ËÌ‡ÏË˜ÂÒÍÓÂ Ì‡ÔflÊÂÌËÂ
Ò‰‚Ë„‡ ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ ηÊ = 0,015#è‡⋅Ò, τ0 = 3 è‡, Û‰ÂÎ¸Ì˚È
‚ÂÒ ÔÓÓ‰˚ Ë ÔÓÏ˚‚Ó˜ÌÓÈ ÊË‰ÍÓÒÚË γÔ = 2,6#⋅#104#ç/Ï3,     
γ = 1,2#⋅#104#ç/Ï3, ‰ÎËÌ‡ ÍÓÎÓÌÌ˚ ÚÛ·˚ („ÎÛ·ËÌ‡ ÒÍ‚‡ÊËÌ˚)
l = 200#Ï.

íÓ„‰‡ ‡ÒıÓ‰ ‚˚·ÛÂÌÌÓÈ ÔÓÓ‰˚

    
q R v mÚ nex

3 Ï c= − = ⋅ =
⋅

π π2 21 0 042 0 000492
400 0 8

3600
( ) , , / .

,

áÌ‡˜ËÚ, ÒÓ„Î‡ÒÌÓ (6.5) ‚flÁÍÓÒÚ¸ ÒÏÂÒË ÔË ÔËÌflÚ˚ı ËÒ-
ıÓ‰Ì˚ı ‰‡ÌÌ˚ı ÓÔÂ‰ÂÎflÂÚÒfl Í‡Í

    
ηÒÏ

Ê

Ê Ê0,0004926
= + + +

+





 +









0 015 1 10 052 5 0 0004926

0 0004926

2

, ,, ,
,

q

q q

    

+
+
















 
Ê

0 00273 0 0081772
0 0004926

, exp .,
, q

(10.9)

àÏÂÂÏ Ú‡ÍÊÂ r‡ = 0,787. ëÓ„Î‡ÒÌÓ Ú‡·Î. 10.1 ψ(ra) =      
= –0,5945, φ(ra) = 0,3463, ϕ(ra) = 0,1448.

íÓ„‰‡ ÔÓ ‚˚‡ÊÂÌË˛ (8.61)

    
p q

qÌ
Ê

Ê= + + +
+

( )[1379 28
0 0004926

271714 5186 0 5945 43,
,

, ,
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+ + − + ×( ) 


 { Ê0 5945 43 0 3463 100 13 093722, , ,q

    
× +( ) + + Ê ÒÏ10 0 0004926 400 94296 q , ,η

    
+ ⋅ + + −( )[ ] 13,09372 106

Ê ÒÏq 0 0004926 400 9429
2

, ,η  →

→ 
  
− } 85951 02, . (10.10)

Ç Ú‡·Î. 10.5 ÔË‚Â‰ÂÌ˚ ÁÌ‡˜ÂÌËfl pÌ, ‚˚˜ËÒÎÂÌÌ˚Â ÔÓ ÙÓ-
ÏÛÎ‡Ï (10.9) Ë (10.10) ÔË ‡ÁÎË˜Ì˚ı qÊ.

àÁ Ú‡·Î. 10.5 ‚Ë‰ÌÓ, ˜ÚÓ pÌ ËÏÂÂÚ ÏËÌËÏÛÏ ÓÚÌÓÒËÚÂÎ¸ÌÓ
qÊ, Ú.Â. ‚˚ÔÓÎÌflÂÚÒfl ÛÒÎÓ‚ËÂ

    

∂

∂

p

q
Ì

Ê
= 0. (10.11)

áÌ‡˜ËÚ, ÒÓ„Î‡ÒÌÓ (8.61) Ë ÛÒÎÓ‚Ë˛ (10.11)

    

− + − + + +
−( )
+( ) ( )

( ) −

( ) −











− ( )





























( )
q

q q r r

r
q

r

r
q

r
r

r q
q qÚ Ú Ê

Ê Ú

Ê

a

a
Ê Ê

a
Ê Ê

a

ÒÏ

Ê
Ê Ú

γ γ η

ϕ

ψ
η

τ

ψ
η

τ
φ

π

∂η

∂
η2

3
4

0 3
2

0 3
2

2 1
4

16

8

8

41 ÒÏÒÏ








 ×

    

× +

+( )
+

+( )
+













−






































1

8
2 8066

8
2 8066 4 2116

1
4

0

1

1
4

0

1

2
0

1

2

η

π

τ

η

η

π

τ τ

ÒÏ Ê Ú

ÒÏ Ê Ú

q q

r

q q

r r r

,

, ,

. (10.12)

í ‡ · Î Ë ̂  ‡  10.5

qÊ, Ï3/Ò pÌ, 10
5#è‡ qÊ, Ï3/Ò pÌ, 10

5#è‡

0,0010 22,22 0,0040 20,42
0,0020 19,70 0,0050 21,48
0,0022 19,60 0,0060 22,72
0,0024 19,55 0,0090 26,94
0,0030 19,68 0,0100 28,43
0,0034 19,92 0,0110 29,93
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áÌ‡˜ÂÌËÂ ∂ηÒÏ/∂qÊ ÓÔÂ‰ÂÎflÂÚÒfl ÔÓ ÙÓÏÛÎÂ (6.9), ‡ ηÒÏ –
ÒÓ„Î‡ÒÌÓ (6.5).

èËÌËÏ‡fl ‚Ó ‚ÌËÏ‡ÌËÂ „ÂÓÏÂÚË˛ ÔÓÔÂÂ˜Ì˚ı ÒÂ˜ÂÌËÈ
Í‡Ì‡ÎÓ‚, ÏÓÊÌÓ ÔËÈÚË Í ‚˚‚Ó‰Û, ˜ÚÓ Â¯ÂÌËÂ ‰‡ÌÌÓÈ Á‡‰‡-
˜Ë ˆÂÎÂÒÓÓ·‡ÁÌÓ ÔÓ‚Ó‰ËÚ¸ ÔË ÒÓ˜ÂÚ‡ÌËflı ÂÊËÏÓ‚ ÚÂ˜Â-
ÌËfl, ÔË‚Â‰ÂÌÌ˚ı ÌËÊÂ.

á‰ÂÒ¸ ë Ë í – ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ ÒÚÛÍÚÛÌ˚È Ë ÚÛ·ÛÎÂÌÚ-
Ì˚È ÂÊËÏ˚ ÚÂ˜ÂÌËfl.

èË ÚÛ·ÛÎÂÌÚÌÓÏ ÂÊËÏÂ ÚÂ˜ÂÌËfl ‰‡‚ÎÂÌËÂ Û ÌËÊÌÂ„Ó
ÚÓˆ‡ ˆÂÌÚ‡Î¸ÌÓÈ ÍÓÎÓÌÌ˚

    
p l l q qq q

q q g r

q q
q q·‡¯

Ê Ê Ú Ú

Ê Ú

ÒÏ Ê Ê Ú Ú

Ê Ú
Ê Ú=

+

+

+

+









 ( )+ +γ γ η γ γ0 0089724 0 25

0 75
1
4 75

0 75
175, ,

, ,

,
, . (10.13)

áÌ‡˜ÂÌËÂ p·‡¯ ÏÓÊÌÓ ÓÔÂ‰ÂÎËÚ¸ ËÁ ‚˚‡ÊÂÌËfl (8.59), ÒÓ-
ÒÚ‡‚ÎÂÌÌÓ„Ó ‰Îfl ÒÚÛÍÚÛÌÓ„Ó ÂÊËÏ‡ ÚÂ˜ÂÌËfl ÊË‰ÍÓÒÚË ‚
ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â:

    

p p l l

r r
·‡¯ Ì Ê

a

= + − ×
( )

γ τ

ϕ

2 0

3

    

× − − + − −( )

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

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
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
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


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


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

ψ ψ φη
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η
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r r rq

r

q

r
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Ê

0
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Ê

0
a

8 8

3
3

3
3

2

. (10.14)

àÁ ÁÌ‡˜ÂÌËÈ p·‡¯, Ì‡È‰ÂÌÌ˚ı ÔÓ ÙÓÏÛÎ‡Ï (10.13) Ë (10.14),
ÔÓÎÛ˜ËÏ

    
p q l q q

q q g r

q q
q q

l
r rÌ Ú

Ú Ê

Ú Ê

ÒÏ Ê Ê Ú Ú

Ê Ú
Ê Ú

a
= + + + ×−

+

+

+









 ( ) ( )

γ γ η γ γ τ

ϕ

0 0089724 20 25
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1
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aψ ψ φη
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η
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r r rq

r

q

r

8 8

3
3

3
3
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. (10.15)

ëÓ„Î‡ÒÌÓ ÛÒÎÓ‚Ë˛ (10.11) Ë ‚˚‡ÊÂÌË˛ (10.15)

    

− + + −
−( )

+( )
+( ) ( )











q

q q

q q

g r q
q qÚ Ú Ê

Ú Ê
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1 ÒÏ
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Ê
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ñÂÌÚ‡Î¸Ì‡fl
ÚÛ·‡
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− + + ×
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+( ) +( )



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




 ( )
0 75 161 75

3
4

,
,
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γ γ
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a
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. (10.16)

ê‡Ò˜ÂÚ˚ ÔÓ Û‡‚ÌÂÌË˛ (10.16) ‚Â‰ÛÚÒfl Ò ÔÓÏÓ˘¸˛ ÙÓÏÛÎ
(6.9) Ë (6.5). íÂÔÂ¸ ÒÓÒÚ‡‚ËÏ ‚˚‡ÊÂÌËÂ ‰Îfl ÓÔÂ‰ÂÎÂÌËfl ‰‡‚-
ÎÂÌËfl Ì‡„ÌÂÚ‡ÌËfl ÔË ÚÛ·ÛÎÂÌÚÌÓÏ ÂÊËÏÂ ÚÂ˜ÂÌËfl ‚ ˆÂÌÚ-
‡Î¸ÌÓÈ ÍÓÎÓÌÌÂ ÚÛ· Ë ‚ ÔÓÒÚ‡ÌÒÚ‚Â ÏÂÊ‰Û ‚ÌÂ¯ÌÂÈ Ë
‚ÌÛÚÂÌÌÂÈ ·ÛËÎ¸ÌÓÈ ÍÓÎÓÌÌ˚.

Ñ‡‚ÎÂÌËÂ Û ÌËÊÌÂ„Ó ÚÓˆ‡ ÍÓÎÓÌÌ˚ ËÁ ‡ÒÒÏÓÚÂÌËfl ÚÂ-
˜ÂÌËfl ÒÏÂÒË ‚ ÚÛ·Â ÓÔÂ‰ÂÎflÂÚÒfl ÔÓ ‚˚‡ÊÂÌË˛ (10.13).

ëÓÒÚ‡‚Ë‚ Û‡‚ÌÂÌËÂ ‰ËÌ‡ÏË˜ÂÒÍÓ„Ó ‡‚ÌÓ‚ÂÒËfl ÊË‰ÍÓÒÚË,
‰‚ËÊÛ˘ÂÈÒfl ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â, Ò ÔÓÏÓ˘¸˛ ÙÓÏÛÎ
Ñ‡ÒË – ÇÂÈÒ·‡ı‡ Ë ÅÎ‡ÁËÛÒ‡ ÔÓÎÛ˜ËÏ

    

p p l lq

r r r r q
·‡¯ Ì Ê

Ê Ê= + −
−( ) −( )

γ η γ0 0089724 0 25 0 75 175

3
2

2
2 175

3 2
125 0 75

, , , ,

, , ,
. (10.17)

àÁ ‡‚ÂÌÒÚ‚‡ ÁÌ‡˜ÂÌËÈ  p·‡¯, Ì‡È‰ÂÌÌ˚ı ÔÓ ÙÓÏÛÎ‡Ï
(10.13) Ë (10.17), ÏÓÊÌÓ ÒÓÒÚ‡‚ËÚ¸ ÒÎÂ‰Û˛˘ÂÂ ‚˚‡ÊÂÌËÂ ‰Îfl
ÓÔÂ‰ÂÎÂÌËfl ‰‡‚ÎÂÌËfl Ì‡„ÌÂÚ‡ÌËfl:

    

p q q q q
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.Ê Êq
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(10.18)

èÓ ÛÒÎÓ‚Ë˛ (10.11) Ë ÙÓÏÛÎÂ (10.18) ÔÓÎÛ˜ËÏ
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+ + =
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+( ) −
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
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q q

q
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(10.19)

ç‡È‰ÂÏ, Í‡ÍÓÂ ËÁ ˝ÚËı ÚÂı ÒÓ˜ÂÚ‡ÌËÈ ÂÊËÏÓ‚ ÚÂ˜ÂÌËfl ‚
ÚÛ·Â Ë ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â Ì‡Ë·ÓÎÂÂ ˜‡ÒÚÓ ‚ÒÚÂ˜‡ÂÚÒfl
‚ Ô‡ÍÚËÍÂ ·ÛÂÌËfl ‰‚ÓÈÌÓÈ ÍÓÎÓÌÌÓÈ.

èÓ‚Â‰ÂÏ  ÒÌ‡˜‡Î‡ ‡Ò˜ÂÚ˚ ÔË r3 = 0,0305 Ï, r1 =       
= 0,0174#Ï, r2 = 0,0240 Ï.

ÇÒÂ ‡Ò˜ÂÚ˚ ÔÓ‚Â‰ÂÏ ÔË γ = 1,2#⋅#104#ç/Ï3.
é˜Â‚Ë‰ÌÓ, ˜ÚÓ ‰Îfl Â¯ÂÌËfl Á‡‰‡˜Ë ÌÂÓ·ıÓ‰ËÏÓ ÓÔÂ‰ÂÎËÚ¸

Ô‡‡ÏÂÚ êÂÈÌÓÎ¸‰Ò‡ ‚ ÚÛ·Â Ë ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â, Ú.Â.
ReÚ Ë ReÍ.Ô, ‡ Ú‡ÍÊÂ ÍËÚË˜ÂÒÍËÂ ÁÌ‡˜ÂÌËfl Ô‡‡ÏÂÚ‡ êÂÈ-
ÌÓÎ¸‰Ò‡ ReÍ.Ú Ë ReÍ.Í.Ô.

í‡ÍËÏ Ó·‡ÁÓÏ,

    

ReÍ.Ô
Ê Ê= =

+( )
2

3 2

142888γ

π η η

q

r r g

q, ; (10.20)

    
ReÚ

Ê Ê= =2

1
44755 2γ

π η η

q
r g

q, . (10.21)

Ç Ô‡ÍÚËÍÂ ·ÛÂÌËfl ‰‚ÓÈÌÓÈ ·ÛËÎ¸ÌÓÈ ÍÓÎÓÌÌÓÈ ÔÂ‰-
ÒÚ‡‚ÎflÂÚ ËÌÚÂÂÒ ÒÎÛ˜‡È r‡ = r2/r3 > 0,7. íÓ„‰‡ ÔÓ ÙÓÏÛÎÂ
(8.29) ÍËÚË˜ÂÒÍÓÂ ÁÌ‡˜ÂÌËÂ Ô‡‡ÏÂÚ‡ êÂÈÌÓÎ¸‰Ò‡ ‚ ÍÓÎ¸ˆÂ-
‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â ÓÔÂ‰ÂÎflÂÚÒfl Ú‡Í:

    

Re , , , .

,

Í.Í.Ô a = − + +
−( )















6740 7 29 05 10958 324
4 0 3 2

2

2

0 4406

τ γ

η

r r

g
r

í‡Í Í‡Í r‡ = r2/r3 = 0,78688, ÚÓ

  
Re , , .

,

Í.Í.Ô = +








1882 19 14 50477 0

2

0 4406
τ

η
(10.22)

ëÓ„Î‡ÒÌÓ ÙÓÏÛÎÂ (1.38) ÍËÚË˜ÂÒÍÓÂ ÁÌ‡˜ÂÌËÂ Ô‡‡ÏÂÚ‡
êÂÈÌÓÎ¸‰Ò‡

    
Re , , .

, ,

Í.Ú =








 =









145 842 166 3619

4 1
2

0
2

0 33498

0
2

0 33498
r

g

τ γ

η

τ

η
(10.23)

Ç Ú‡·Î. 10.6 ÔË‚Â‰ÂÌ˚ ÂÁÛÎ¸Ú‡Ú˚ ‡Ò˜ÂÚÓ‚ ÔÓ ÙÓÏÛÎ‡Ï
(10.20) Ë (10.21) ÔË ‡ÁÎË˜Ì˚ı qÊ Ë η.
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í ‡ · Î Ë ̂  ‡  10.6

qÊ,
ReÍ.Ô ÔË ‡ÁÎË˜Ì˚ı η,

10–3#è‡⋅Ò
ReÚ ÔË ‡ÁÎË˜Ì˚ı η,

10–3#è‡⋅Ò
10–3#Ï3/Ò 10 20 40 10 20 40

0,4 571,5 285,7 142,9 1790,2 895,1 447,5
0,5 714,4 357,2 178,6 2237,8 1118,9 559,4
0,6 857,2 428,6 214,3 2685,3 1342,6 671,3
0,7 1000,1 500,0 250,0 3132,9 1566,4 783,2
0,8 1143,0 571,5 285,7 3580,4 1790,2 895,3
0,9 1285,9 642,9 321,5 4028,0 2014,0 1007,0
1,0 1428,7 714,3 357,2 4475,5 2237,7 1118,9
1,1 1571,6 785,8 392,9 4923,1 2461,5 1230,8
1,2 1714,5 857,2 428,6 5370,6 2685,3 1342,6
1,3 1857,4 928,7 464,3 5818,2 2909,1 1454,5
1,4 2000,2 1000,1 500,0 6265,7 3132,8 1566,4

Ç Ú‡·Î. 10.7 ÔË‚Â‰ÂÌ˚ ÁÌ‡˜ÂÌËfl ReÍ.Í.Ô Ë ReÍ.Ú, Ì‡È‰ÂÌÌ˚Â
ÔÓ ÙÓÏÛÎ‡Ï (10.22) Ë (10.23) ÔË ‡ÁÎË˜Ì˚ı τ0 Ë η.
ÄÌ‡ÎÓ„Ë˜Ì˚Â ‡Ò˜ÂÚ˚ ÔÓ ÓÔÂ‰ÂÎÂÌË˛ ÂÊËÏ‡ ÚÂ˜ÂÌËfl

ÔÓ‚Â‰ÂÏ ÔË r3 = 0,0480 Ï, r1 = 0,0284 Ï, r2 = 0,0375 Ï.
áÌ‡˜ËÚ, ÒÓ„Î‡ÒÌÓ (10.20), (10,21), ‡ Ú‡ÍÊÂ (10.22) Ë (10.23)

ReÍ.Ô = 9108,07
    

qÊ

η
;

ReÚ = 27420,15
    

qÊ

η
;

ReÍ.Í.Ô = 1820,4906 + 22,1332
  

τ

η

0
2

0 4406










,

;

ReÍ.Ú = 230,994 
  

τ

η

0
2

0 33498










,

.

í ‡ · Î Ë ̂  ‡  10.7

τ0, è‡
ReÍ.Í.Ô ÔË ‡ÁÎË˜Ì˚ı η,

10–3#è‡⋅Ò
ReÍ.Ú ÔË ‡ÁÎË˜Ì˚ı η,

10–3#è‡⋅Ò
10 20 40 10 20 40

1 2721,5 2337,8 2129,6 3638,9 2287,2 1437,5
2 3021,2 2500,6 2217,9 4590,0 2884,9 1813,2
3 3244,0 2621,6 2283,6 5257,7 3304,6 2077,0
4 3428,1 2721,5 2337,8 3428,1 2721,4 2337,8
5 3587,8 2808,2 2384,9 3587,8 2808,2 2384,9
6 3730,4 2885,6 2427,0 3730,4 2885,6 2427,0
7 3860,3 2956,2 2465,3 3860,3 2956,2 2465,3
8 3980,2 3021,2 2500,6 3980,2 3021,2 2500,1
9 4092,0 3081,9 2533,5 4092,0 3081,9 2533,5
10 4197,0 3138,9 2564,5 4197,0 3138,9 2564,5
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Ç Ú‡·Î. 10.8 Ë 10.9 ÔË‚Â‰ÂÌ˚ ÁÌ‡˜ÂÌËfl ReÍ.Ô, ReÚ, ‡ Ú‡ÍÊÂ
ReÍ.Í.Ô, ReÍ.Ú ÔË ‡ÁÎË˜Ì˚ı qÊ, η Ë τ0.

àÁ Ò‡‚ÌÂÌËfl ‰‡ÌÌ˚ı, ÔË‚Â‰ÂÌÌ˚ı ‚ Ú‡·Î. 10.6–10.9,
‚Ë‰ÌÓ, ˜ÚÓ ‚ÂÓflÚÌ˚Ï ÒÓ˜ÂÚ‡ÌËÂÏ ÂÊËÏÓ‚ ÚÂ˜ÂÌËfl fl‚Îfl˛ÚÒfl:
1) ÒÚÛÍÚÛÌ˚È ÂÊËÏ ‰‚ËÊÂÌËfl „ÎËÌËÒÚÓ„Ó ‡ÒÚ‚Ó‡ ‚ ÍÓÎ¸-
ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â Ë ‚Ó ‚ÌÛÚÂÌÌÂÈ ÔÓÎÓÒÚË ˆÂÌÚ‡Î¸ÌÓÈ
ÍÓÎÓÌÌ˚; 2) ÒÚÛÍÚÛÌÓÂ ÚÂ˜ÂÌËÂ ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â Ë
‰‚ËÊÂÌËÂ ÔË ÚÛ·ÛÎÂÌÚÌÓÏ ÂÊËÏÂ ÚÂ˜ÂÌËfl ‚Ó ‚ÌÛÚÂÌÌÂÈ
ÔÓÎÓÒÚË ˆÂÌÚ‡Î¸ÌÓÈ ÍÓÎÓÌÌ˚.

Ç ˜ËÒÎÂ ‚˚‡ÊÂÌËÈ, ÒÓÒÚ‡‚Îfl˛˘Ëı „Ë‰‡‚ÎË˜ÂÒÍÛ˛ ÔÓ-
„‡ÏÏÛ, ÌÂÓ·ıÓ‰ËÏÓ ËÒÔÓÎ¸ÁÓ‚‡Ú¸ Û‡‚ÌÂÌËfl (6.10) ËÎË (6.11),
ÔÓÎÛ˜ÂÌÌ˚Â ËÁ ÛÒÎÓ‚Ëfl ÏËÌËÏÛÏ‡ ÔÓÚÂ¸ ‰‡‚ÎÂÌËfl ‚ ˆÂÌÚ-
‡Î¸ÌÓÈ ÍÓÎÓÌÌÂ.

é˜Â‚Ë‰ÌÓ, ˜ÚÓ Á‡Í‡˜Ë‚‡ÂÏ‡fl ÊË‰ÍÓÒÚ¸ ‰ÓÎÊÌ‡ Ó·ÂÒÔÂ˜Ë-
‚‡Ú¸ ÛÒÔÂ¯Ì˚È ‚˚ÌÓÒ ‚˚·ÛÂÌÌÓÈ ÔÓÓ‰˚.

í ‡ · Î Ë ̂  ‡  10.8

qÊ,
ReÍ.Ô ÔË ‡ÁÎË˜Ì˚ı η,

10–3#è‡⋅Ò
ReÚ ÔË ‡ÁÎË˜Ì˚ı η,

10–3#è‡⋅Ò
10–3#Ï3/Ò 10 20 40 10 20 40

0,4 364,3 182,1 91,1 1096,8 548,4 274,2
0,5 455,4 227,7 113,8 1371,0 685,5 342,7
0,6 546,5 273,2 136,6 1645,2 822,6 411,3
0,7 637,6 318,6 159,4 1919,4 959,7 479,8
0,8 728,6 364,3 182,1 2193,6 1096,8 548,4
0,9 819,7 409,8 204,9 2467,8 1233,9 616,9
1,0 910,8 455,4 227,7 2742,0 1371,0 685,5
1,1 1001,9 500,9 250,5 3016,2 1508,1 754,0
1,2 1093,0 546,5 273,2 3290,4 1645,2 822,6
1,3 1184,0 592,0 296,0 3564,6 1782,3 891,1
1,4 1275,0 637,5 318,7 3838,8 1919,4 959,7

í ‡ · Î Ë ̂  ‡  10.9

τ0, è‡
ReÍ.Í.Ô ÔË ‡ÁÎË˜Ì˚ı η,

10–3#è‡⋅Ò
ReÍ.Ú ÔË ‡ÁÎË˜Ì˚ı η,

10–3#è‡⋅Ò
10 20 40 10 20 40

1 3101,2 2515,8 2198,0 5052,7 3175,7 1996,0
2 3558,6 2764,1 2332,8 6373,2 4005,7 2517,7
3 3898,6 2948,7 2433,0 7300,4 4588,5 2884,0
4 4179,4 3101,2 2515,8 8038,9 5052,7 3175,7
5 4423,1 3233,5 2587,6 8662,9 5444,8 3422,2
6 4640,8 3351,7 2651,8 9208,4 5787,7 3637,7
7 4839,0 3459,3 2710,2 9696,4 6094,4 3830,5
8 5021,9 3558,6 2764,1 10140,0 6373,2 4005,7
9 5192,5 3651,2 2814,4 10548,1 6629,7 4167,0
10 5352,7 3738,2 2861,6 10927,0 6867,9 4316,6
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éÚÎË˜ËÚÂÎ¸ÌÓÈ ÓÒÓ·ÂÌÌÓÒÚ¸˛ ·ÛÂÌËfl ÒÍ‚‡ÊËÌ˚ ‰‚ÓÈÌÓÈ
·ÛËÎ¸ÌÓÈ ÍÓÎÓÌÌÓÈ fl‚Îfl˛ÚÒfl ÁÌ‡˜ËÚÂÎ¸Ì˚Â ‡ÒıÓ‰Ì˚Â ÍÓÌ-
ˆÂÌÚ‡ˆËË ‚˚·ÛÂÌÌÓÈ ÔÓÓ‰˚ ‚ ˆÂÌÚ‡Î¸ÌÓÈ ÍÓÎÓÌÌÂ. ÑÂÈ-
ÒÚ‚ËÚÂÎ¸ÌÓ, ÂÒÎË ‡ÒıÓ‰ ‚˚·ÛÂÌÌÓÈ ÔÓÓ‰˚

    
q R v mÚ ÏÂı= −( )π 2 1 ,

ÚÓ ‡ÒıÓ‰Ì‡fl ÍÓÌˆÂÌÚ‡ˆËfl

    

α
π

π
0

2

2

1

1
=

−( )
−( ) +

R v m

R v m q

ÏÂı

ÏÂı Ê

. (10.24)

ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ÔË R = 0,042 Ï Ë m = 0,2

    
α0

0 0044334=
+

, .v

v q
ÏÂı

ÏÂı Ê0,0044334

Ç Ú‡·Î. 10.10 ÔË‚Â‰ÂÌ˚ ÁÌ‡˜ÂÌËfl α0 ÔË ‡ÁÎË˜Ì˚ı qÊ Ë
vÏÂı.

àÁ Ú‡·Î. 10.10 ‚Ë‰ÌÓ, ˜ÚÓ α0 ÏÓÊÂÚ ‰ÓÒÚË„‡Ú¸ ·ÓÎ¸¯Ëı
ÁÌ‡˜ÂÌËÈ, Ë ÔÓ˝ÚÓÏÛ ÒÎÂ‰ÛÂÚ Û˜ËÚ˚‚‡Ú¸ Ù‡ÍÚÓ ÒÚÂÒÌÂÌÌÓ„Ó
‰‚ËÊÂÌËfl ‚˚·ÛÂÌÌ˚ı ˜‡ÒÚËˆ ‚ ÔÓÏ˚‚Ó˜ÌÓÈ ÊË‰ÍÓÒÚË.

èË Ó·˙ÂÏÌÓÈ (ËÒÚËÌÌÓÈ) ÍÓÌˆÂÌÚ‡ˆËË ‚˚·ÛÂÌÌÓÈ ÔÓ-
Ó‰˚ ‚ ÔÓÏ˚‚Ó˜ÌÓÈ ÊË‰ÍÓÒÚË αx ‡·ÒÓÎ˛ÚÌ‡fl ÒÍÓÓÒÚ¸ ‰‚Ë-

ÊÂÌËfl ÊË‰ÍÓÒÚË ‡‚Ì‡ 
    

q

f x

Ê

( )
,

1− α
 ‡ ‡·ÒÓÎ˛ÚÌ‡fl ÒÍÓÓÒÚ¸

“¯Î‡Ï‡” 
    

q

f x

Ú

( )
.

1− α

ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ÓÚÌÓÒËÚÂÎ¸ÌÛ˛ ÒÍÓÓÒÚ¸ ÓÒ‡Ê‰ÂÌËfl ˜‡ÒÚË-
ˆ˚ ÏÓÊÌÓ Ì‡ÈÚË Í‡Í

vr = 
    

q

f

q

fx x

Ê Ú

( ) ( )
,

1 1− −
−

α α
(10.25)

„‰Â f – ÔÎÓ˘‡‰¸ ÔÓÔÂÂ˜ÌÓ„Ó ÒÂ˜ÂÌËfl ˆÂÌÚ‡Î¸ÌÓÈ ÍÓÎÓÌÌ˚.
àÁ ÓÔÂ‰ÂÎÂÌËfl ‡ÒıÓ‰ÌÓÈ ÍÓÌˆÂÌÚ‡ˆËË

    
q q

Ú
Ê=

−

α

α
0

01
. (10.26)

í ‡ · Î Ë ̂  ‡  10.10

qÊ, α0 ÔË ‡ÁÎË˜Ì˚ı vÏÂı, Ï/Ò

10–3#Ï3/Ò 100 200 400 600 800
0,6 0,17030 0,29103 0,45085 0,55187 0,62156
0,8 0,13340 0,23540 0,38109 0,48015 0,55187
1,0 0,10965 0,19763 0,33003 0,42492 0,49627
1,2 0,09307 0,17030 0,29103 0,38109 0,45085
1,4 0,08085 0,14961 0,26028 0,34546 0,41305
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áÌ‡˜ËÚ, ÔÓ (10.25) Ë (10.26)

vr = 
    

q

f
x

x x

Ê α α

α α α

−

−( ) −( )
0

01 1
. (10.27)

ê‡Á‰ÂÎË‚ ÎÂ‚Û˛ Ë Ô‡‚Û˛ ˜‡ÒÚË ‚˚‡ÊÂÌËfl (10.27) Ì‡ ÒÍÓ-
ÓÒÚ¸ Ò‚Ó·Ó‰ÌÓ„Ó ÓÒ‡Ê‰ÂÌËfl vs, ÔÓÎÛ˜ËÏ

    

β α α

α α α
= ∗ −

−( ) −( )
q x

x x
Ê

0

01 1
, (10.28)

„‰Â 
    
β = =∗v

v

q

fv
r

s s
q; . Ê

Ê

ùÍÒÔÂËÏÂÌÚ‡Î¸Ì˚ÏË ËÒÒÎÂ‰Ó‚‡ÌËflÏË Ñ.å. åËÌˆ‡ Ë  
ë.Ä.#òÛ·ÂÚ‡ [20] ÔÓ ËÁÛ˜ÂÌË˛ ‚ÓÒıÓ‰fl˘Ëı ÔÓÚÓÍÓ‚ ÒÛÒÔÂÌ-
ÁËÈ, ÒÓÒÚ‡‚ÎÂÌÌ˚ı ËÁ ‚Ó‰˚ Ë Ú‚Â‰˚ı ˜‡ÒÚËˆ, ‰‚ËÊÛ˘ËıÒfl
˜ÂÂÁ ‚ÂÚËÍ‡Î¸Ì˚Â ÚÛ·˚, ·˚ÎÓ ÔÓÎÛ˜ÂÌÓ ÒÎÂ‰Û˛˘ÂÂ ‚˚‡-
ÊÂÌËÂ:

    

β αα α=− + + −








 ( )24 24

0 0

2
3

1z

c c
x x

xRe

z

Re
, (10.29)

„‰Â 
    
Re ;= v d

g
s Úγ

η

    

z
g

d= +
−( )

4 5 0 019
2

3
, , .

γ γ γ

η

πÚ Ú

6
(10.30)

á‰ÂÒ¸ c0 – ÍÓ˝ÙÙËˆËÂÌÚ ÒÓÔÓÚË‚ÎÂÌËfl.
áÌ‡˜ÂÌËÂ c ÓÔÂ‰ÂÎflÂÚÒfl ‚ Á‡‚ËÒËÏÓÒÚË ÓÚ ÂÊËÏ‡ Ó·ÚÂ-

Í‡ÌËfl ˜‡ÒÚËˆ˚; ÙÓÏÛÎ˚, ÔË‚Â‰ÂÌÌ˚Â ÌËÊÂ, ‚˚‚Â‰ÂÌ˚ ÒÓ-
„Î‡ÒÌÓ ˝ÍÒÔÂËÏÂÌÚ‡Î¸Ì˚Ï ËÒÒÎÂ‰Ó‚‡ÌËflÏ ÔÓÙ. ê.à. òË-
˘ÂÌÍÓ [26, 27].

èË ÒÚÛÍÚÛÌÓÏ ÂÊËÏÂ Ó·ÚÂÍ‡ÌËfl

    

c
g

d
d

d

0

2

0

3

4

0
2

3 0609

1

=
−( )

−












,
,

γ γ η

γ τ

Ú

Ú
Ú

(10.31)

„‰Â d0 – ‰Ë‡ÏÂÚ ÌÂÚÓÌÛ˘ÂÈ ˜‡ÒÚËˆ˚, ÓÔÂ‰ÂÎÂÌÌ˚È ÔÓ ‚˚-
‡ÊÂÌË˛ (2.20).

äÓ˝ÙÙËˆËÂÌÚ ÒÓÔÓÚË‚ÎÂÌËfl ÔË Ó·ÚÂÍ‡ÌËË ‚ ÒÎÛ˜‡Â ÚÛ-
·ÛÎÂÌÚÌÓ„Ó ÂÊËÏ‡ Ë ÂÊËÏ‡ ÚÛ·ÛÎÂÌÚÌÓÈ ‡‚ÚÓÏÓ‰ÂÎ¸ÌÓÒÚË
‚ Á‡‚ËÒËÏÓÒÚË ÓÚ ÙÓÏ˚ ˜‡ÒÚËˆ˚ Ì‡ıÓ‰ËÚÒfl ÔÓ ÙÓÏÛÎ‡Ï
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(2.22)–(2.25), ‡ ÂÊËÏ Ó·ÚÂÍ‡ÌËfl ÛÒÚ‡Ì‡‚ÎË‚‡ÂÚÒfl ÒÓ„Î‡ÒÌÓ
ÌÂ‡‚ÂÌÒÚ‚‡Ï (2.26)–(2.28).

àÁ ‡‚ÂÌÒÚ‚‡ ÁÌ‡˜ÂÌËÈ β, Ì‡È‰ÂÌÌ˚ı ÔÓ ÙÓÏÛÎ‡Ï (10.28)
Ë (10.29), ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸:

    
− + + − − =






 ( ) −( )

−( ) −( )

∗24 24
1 1

1 03 0

0

z
C

z
C

qx x
x

x

x x

α α α α

α α α
α

Re Re
Ê .

éÚÒ˛‰‡

    

q x x

x

x x
xC CÊ

∗ = − + + −
−( )

−






 ( )

















α α α

α α

α α α
1 1 24 240

0

2
31

( – )
.z

Re
z

Re
(10.32)

èÓ ÙÓÏÛÎÂ (10.32) Ì‡È‰ÂÏ Á‡‚ËÒËÏÓÒÚ¸ 
    
α αx f q= ( )∗ ,  0  ÔË

γÚ = 2,64#⋅#104#ç/Ï3, γ = 1,2#⋅#104#ç/Ï3, dÚ = 0,01#Ï, τ0 = 2#è‡,
η = 0,010#è‡⋅Ò.

ÑÎfl ÓÔÂ‰ÂÎÂÌËfl ÂÊËÏ‡ Ó·ÚÂÍ‡ÌËfl ‚˚˜ËÒÎËÏ ÔÓ ÙÓÏÛÎÂ
(2.20) ‰Ë‡ÏÂÚ ÌÂÚÓÌÛ˘ÂÈ ˜‡ÒÚËˆ˚

    
d0

0 82559
4 544 2
14400

0 002281= =⋅









,
,

,  Ï.

áÌ‡˜ËÚ,

    

d

d
Ú

0
3 3878= , .

í‡Í Í‡Í

    
3 0 7 0

0
, , ,≥ ≥

d

d
Ú

ÚÓ ÂÊËÏ Ó·ÚÂÍ‡ÌËfl ÒÚÛÍÚÛÌ˚È Ë ÒÓ„Î‡ÒÌÓ ÙÓÏÛÎÂ (2.17)
ÒÍÓÓÒÚ¸ Ò‚Ó·Ó‰ÌÓ„Ó ÓÒ‡Ê‰ÂÌËfl vs = 0,6625 Ï/Ò.

ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, Ô‡‡ÏÂÚ êÂÈÌÓÎ¸‰Ò‡

    
Re , ., , ,

, ,
= = =⋅ ⋅ ⋅

⋅

v d

g
s Úγ

η

0 6625 0 01 1 2 10
0 01 9 81

4
810 39

ëÓ„Î‡ÒÌÓ (10.19) ÍÓ˝ÙÙËˆËÂÌÚ Ó·ÚÂÍ‡ÌËfl C = 1,419684.
èÓ (10.29) z = 10,27019.
íÓ„‰‡ ÔÓ (10.20)

    
q x x

x
x x xÊ

∗ = − + + −
−( ) −( )

−
( )









α α α

α α
α α α

1 1 0

0

2 30 2142417 0 0458995 1, , . (10.33)

Ç Ú‡·Î. 10.11 ÔË‚Â‰ÂÌ˚ ÁÌ‡˜ÂÌËfl     qÊ
∗  ÔË ‡ÁÎË˜Ì˚ı α0 Ë

αx.
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í ‡ · Î Ë ̂  ‡  10.11

αx
    qÊ
∗  ÔË

α0 = 0,1 αx
    qÊ
∗  ÔË

α0 = 0,2 αx
    qÊ
∗  ÔË

α0 = 0,3 αx
    qÊ
∗  ÔË

α0 = 0,4

0,105 13,95 0,204 21,69 0,305 15,36 0,405 11,00
0,110 7,19 0,206 14,49 0,310 7,64 0,410 5,42
0,115 4,94 0,210 8,74 0,315 5,07 0,415 3,57
0,120 3,80 0,215 5,86 0,320 3,78 0,420 2,64
0,125 3,12 0,220 4,42 0,325 3,00 0,425 2,08
0,130 2,66 0,225 3,55 0,330 2,88 0,430 1,71
0,135 2,33 0,230 2,97 0,340 1,84 0,435 1,44
0,140 2,08 0,240 1,61 0,350 1,44 0,440 1,24

àÁ Ú‡·Î. 10.11 ‚Ë‰ÌÓ, ˜ÚÓ ÔË ‰‡ÌÌÓÏ α0 ÒÛ˘ÂÒÚ‚ÛÂÚ ÓÔÂ-
‰ÂÎÂÌÌÓÂ     q q∗ ∗= Í , ‚˚¯Â ÍÓÚÓÓ„Ó ÓÚÏÂ˜‡ÂÚÒfl ÒÎ‡·ÓÂ ÛÏÂÌ¸-

¯ÂÌËÂ αx, Ú.Â.     q q∗ ∗≥ Í  ÏÓÊÌÓ ÔËÌflÚ¸, ˜ÚÓ ÔÓËÒıÓ‰ËÚ ‚˚-
ÌÓÒ Ú‚Â‰ÓÈ ˜‡ÒÚËˆ˚.

çËÊÂ ÔË‚Â‰ÂÌ˚ ÁÌ‡˜ÂÌËfl     qÍ
∗  ÔË ‡ÁÎË˜Ì˚ı α0.

Ç ÂÁÛÎ¸Ú‡ÚÂ Ó·‡·ÓÚÍË ·˚Î‡ ÔÓÎÛ˜ÂÌ‡ ÒÎÂ‰Û˛˘‡fl Á‡‚ËÒË-
ÏÓÒÚ¸:

    q
∗ = +1 5 0α . (10.34)

àÏÂfl ‚ ‚Ë‰Û ‚˚‡ÊÂÌËÂ ‰Îfl α0, ÔÂÂÔË¯ÂÏ ÙÓÏÛÎÛ (10.34)
Ú‡Í:

    

q

fv

R v m

R v m qs

Í ÏÂı

ÏÂı Í

− − =
−( )

−( ) +
5 1

1

2

2 1 0
π

π
. (10.35)

áÌ‡˜ËÚ,

    

q fv fv R v m

fv
s s

s
Ê

ÏÂı= +
− −( )




2

12π

    

+ ( )










+ ( )− − −










fv R v m

fv

R v m

fv
s

s s

π π2 21 24 1ÏÂı ÏÂı . (10.36)

àÁ‚ÂÒÚÌÓ, ˜ÚÓ ÒÍÓÓÒÚ¸ Ò‚Ó·Ó‰ÌÓ„Ó ÓÒ‡Ê‰ÂÌËfl vs ÓÔÂ‰Â-
ÎflÂÚÒfl ÔÓ ÙÓÏÛÎÂ (2.21), ‡ ÍÓ˝ÙÙËˆËÂÌÚ ÒÓÔÓÚË‚ÎÂÌËfl ‚
Á‡‚ËÒËÏÓÒÚË ÓÚ ÂÊËÏ‡ Ó·ÚÂÍ‡ÌËfl – ÒÓ„Î‡ÒÌÓ Ó‰ÌÓÏÛ ËÁ
ÒÓÓÚÌÓ¯ÂÌËÈ (2.22)–(2.24).

α0 .......................   0     0,10   0,20  0,30 0,40
qÍ.......................   1     1,50   2,0  2,5 3,0
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èË ÒÚÛÍÚÛÌÓÏ Ó·ÚÂÍ‡ÌËË ÔÓ ÒÓÓÚÌÓ¯ÂÌËflÏ (2.17) Ë
(10.31)

    

v d ds = −−























0 66 10
0 82559

3

2

4 544
, .

,

,

Ú Ú
Úτ

η

γ γ (10.37)

ëÓ„Î‡ÒÌÓ (1.38) ËÎË (10.23) Ï‡ÍÒËÏ‡Î¸ÌÓ ‚ÓÁÏÓÊÌ˚È ‡ÒıÓ‰
ÊË‰ÍÓÒÚË, ÔË ÍÓÚÓÓÏ Â˘Â ÒÓı‡ÌflÂÚÒfl ÒÚÛÍÚÛÌ˚È Â-
ÊËÏ, ÓÔÂ‰ÂÎflÂÚÒfl Ú‡Í:

    
q r gÊ =

364 4957
0 665 1

1 67
0
0 335 0 665 0 33,

,
, , , ,

γ
τ η . (10.38)

í‡ÍËÏ Ó·‡ÁÓÏ, ‰Îfl ÒÓÒÚ‡‚ÎÂÌËfl „Ë‰‡‚ÎË˜ÂÒÍÓÈ ÔÓ„‡Ï-
Ï˚ ‡ÒÔÓÎ‡„‡ÂÏ ÚÂÏfl Û‡‚ÌÂÌËflÏË – (6.10), (10.36) Ë (10.37)
Ò ÚÂÏfl ÌÂËÁ‚ÂÒÚÌ˚ÏË – qÊ, η Ë τ0. ìÍ‡Á‡ÌÌ‡fl ÒËÒÚÂÏ‡ Â-
¯‡ÂÚÒfl Ú‡Í: ÔÓ Û‡‚ÌÂÌË˛ (6.11), ÔÓÎÛ˜ÂÌÌÓÏÛ ËÁ ÛÒÎÓ‚Ëfl ÏË-
ÌËÏÛÏ‡ ÔÓÚÂ¸ ‰‡‚ÎÂÌËfl ‚ ˆÂÌÚ‡Î¸ÌÓÈ ÍÓÎÓÌÌÂ, ÓÔÂ‰ÂÎflÂÏ
Á‡‚ËÒËÏÓÒÚ¸

qÊ = f
  
η τ, .0( ) (10.39)

ÄÌ‡ÎÓ„Ë˜ÌÛ˛ ÒÂË˛ ÍË‚˚ı ‡ÒÒ˜ËÚ˚‚‡ÂÏ ÒÓ„Î‡ÒÌÓ (11.38)
Ë ÔÓ ÒÓÚ‚ÂÚÒÚ‚Û˛˘ËÏ ÚÓ˜Í‡Ï ÔÂÂÒÂ˜ÂÌËfl Á‡‚ËÒËÏÓÒÚ¸˛
(10.38) Ë (10.39) Ì‡ıÓ‰ËÏ

  
η φ τ= ( )0 . (10.40)

èË‡‚Ìfl‚ Ô‡‚˚Â ˜‡ÒÚË ‚˚‡ÊÂÌËÈ (10.38) Ë (10.36), ÔÓÎÛ-
˜ËÏ

    

fv s
s

s

s

s s
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fv

fv R v m
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− −( ) − −( )











−( )
















+ + −
π π π2 2 2 21 1 24 1ÏÂı ÏÂı ÏÂı

    

− =728 9914
0 6615 1

1 667
0
0 335 0 665 0 33 0,

,
, , , , .

γ
τ ηr g (10.41)

èË R = 0,042 Ï, m = 0,2, vÏÂı = 400 Ï/˜, r1 = 0,0174, γÚ =
= 2,64#⋅#104 ç/Ï3, γ = 1,2#⋅#104 ç/Ï3 Ë ‡ÁÎË˜Ì˚ı τ0 ‚ ÂÁÛÎ¸-
Ú‡ÚÂ ÒÓ‚ÏÂÒÚÌÓ„Ó Â¯ÂÌËfl Û‡‚ÌÂÌËÈ (6.10) Ë (10.38) ·˚ÎË ÔÓ-
ÎÛ˜ÂÌ˚ ÁÌ‡˜ÂÌËfl η Ë τ0, ÔË‚Â‰ÂÌÌ˚Â ‚ Ú‡·Î. 10.12.

èË dÚ = 0,010 Ï Ë dÚ = 0,005 Ï, ‡ Ú‡ÍÊÂ ÔÓ˜Ëı ‡‚Ì˚ı
ËÒıÓ‰Ì˚ı ‰‡ÌÌ˚ı ÔÓ Û‡‚ÌÂÌË˛ (10.41) ÓÔÂ‰ÂÎÂÌ˚ ÁÌ‡˜ÂÌËfl
η ÔË Á‡‰‡ÌÌ˚ı τ0 (Ú‡·Î. 10.13).
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èÓ ‰‡ÌÌ˚Ï Ú‡·Î. 10.12 Ë 10.13 ·˚ÎË ÔÓÒÚÓÂÌ˚ ÍË‚˚Â Á‡-
‚ËÒËÏÓÒÚË η = f(τ0) Ë ÔÓ ÚÓ˜ÍÂ ÔÂÂÒÂ˜ÂÌËfl Ì‡È‰ÂÌ˚ η Ë τ0

ÔË dÚ = 0,01 Ë 0,005 Ï, ˜ÚÓ ÔÓÁ‚ÓÎËÎÓ ÔÓ ÙÓÏÛÎÂ (10.38)
‚˚˜ËÒÎËÚ¸ ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÈ ‡ÒıÓ‰ ÊË‰ÍÓÒÚË. êÂÁÛÎ¸Ú‡Ú˚
‡Ò˜ÂÚÓ‚ ÔË‚Â‰ÂÌ˚ ‚ Ú‡·Î. 10.14.

10.2.2. ÃÈÄÐÀÂËÈ×ÅÑÊÀß  ÏÐÎÃÐÀÌÌÀ Â ÑËÓ×ÀÅ,
ÊÎÃÄÀ ÃÈÄÐÀÂËÈ×ÅCÊÀß ÏÎÐÎÄÀ ÏÎÑÒÓÏÀÅÒ
Â ÖÅÍÒÐÀËÜÍÓÞ ÊÎËÎÍÍÓ Â ÂÈÄÅ ÊÅÐÍÀ

ê‡ÒıÓ‰ ÊË‰ÍÓÒÚË, ÌÂÓ·ıÓ‰ËÏ˚È ‰Îfl ‚˚ÌÓÒ‡ ÍÂÌ‡, ÓÔÂ-
‰ÂÎflÂÚÒfl ÔÓ ÙÓÏÛÎÂ (8.179), Ë ÔË ˝ÚÓÏ ∆ρ∗ Ë   ρ0

∗ ‡ÒÒ˜ËÚ˚-
‚‡˛ÚÒfl ÒÓ„Î‡ÒÌÓ (8.176) Ë (8.180). àÁ‚ÂÒÚÌÓ, ˜ÚÓ ÚÛ·ÛÎÂÌÚÌ˚È
ÂÊËÏ ÚÂ˜ÂÌËfl ı‡‡ÍÚÂËÁÛÂÚÒfl Ì‡ÎË˜ËÂÏ ÔÛÎ¸Ò‡ˆËË ÒÍÓÓ-

í ‡ · Î Ë ̂  ‡  10.12

τ0, è‡ η, è‡⋅Ò τ0, è‡ η, è‡⋅Ò

1,0 0,0675 3,0 0,0405
1,2 0,0612 4,0 0,0364
1,4 0,0570 6,0 0,0315
1,6 0,0532 8,0 0,0284
1,8 0,0498 10,0 0,0266
2,0 0,0472 15,0 0,0230
2,5 0,0434 20,0 0,0206

    í ‡ · Î Ë ̂  ‡  10.13

dÚ = 0,01 Ï dÚ = 0,005 Ï

τ0, è‡ η, è‡⋅Ò τ0, è‡ η, è‡⋅Ò

5,0 0,0280 1,0 0,0450
5,5 0,0290 1,2 0,0480
6,0 0,0300 1,4 0,0500
6,5 0,0308 1,6 0,0520
7,0 0,0317 1,8 0,0550
7,5 0,0324 2,0 0,0560
8,0 0,0330 2,5 0,0590
8,5 0,0339 3,0 0,0620
9,0 0,0347 4,0 0,0653
9,5 0,0353 5,0 0,0675
10,0 0,0360 10,0 0,0770

í ‡ · Î Ë ̂  ‡  10.14

dÚ, Ï τ0
η qÊ, Ï3/Ò

0,010 6,5 0,0308 0,00221
0,005 1,5 0,0530 0,00161
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ÒÚË Ë ‰‡‚ÎÂÌËfl, ‡ÏÔÎËÚÛ‰‡ ÍÓÚÓ˚ı ÏÓÊÂÚ ·˚Ú¸ ÁÌ‡˜ËÚÂÎ¸-
ÌÓÈ. àÏÂfl ‚ ‚Ë‰Û ˝ÚÓ Ó·ÒÚÓflÚÂÎ¸ÒÚ‚Ó, ÒÓı‡ÌÌÓÒÚ¸ ÍÂÌ‡ ÓÚ
Ó·ÎÓÏÓ‚ ·Û‰ÂÚ ·ÓÎÂÂ ‚˚ÒÓÍÓÈ, ÂÒÎË ÔÓ‰‰ÂÊË‚‡Ú¸ ÒÚÛÍÚÛ-
Ì˚È ÂÊËÏ ÚÂ˜ÂÌËfl ‚ ÚÛ·Â. íÓ„‰‡ Ï‡ÍÒËÏ‡Î¸ÌÓ ‚ÓÁÏÓÊÌ˚È
‡ÒıÓ‰, ÔË ÍÓÚÓÓÏ Â˘Â ÒÓı‡ÌflÂÚÒfl ÒÚÛÍÚÛÌ˚È ÂÊËÏ,
ÓÔÂ‰ÂÎflÂÚÒfl ÔÓ ÙÓÏÛÎÂ (10.38).

àÁ ÛÒÎÓ‚Ëfl ÏËÌËÏÛÏ‡ ‰‡‚ÎÂÌËfl Û ÌËÊÌÂ„Ó ÚÓˆ‡ ·ÛÓ‚Ó„Ó
ÒÌ‡fl‰‡ ËÎË ÏËÌËÏÛÏ‡ ÔÓÚÂ¸ ‰‡‚ÎÂÌËfl ‚ ˆÂÌÚ‡Î¸ÌÓÈ ÍÓ-
ÎÓÌÌÂ ·ÛËÎ¸Ì˚ı ÚÛ· ‡ÒÔÓÎ‡„‡ÂÏ Û‡‚ÌÂÌËÂÏ (6.10), ‚flÁ-
ÍÓÒÚ¸ ÒÏÂÒË Ú‚Â‰ÓÈ Ù‡Á˚ Ë ÊË‰ÍÓÒÚË Ì‡ıÓ‰ËÚÒfl ÔÓ ÙÓÏÛ-
ÎÂ (6.5).

ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, Á‡‰‡˜‡ ÔÓ ÓÔÂ‰ÂÎÂÌË˛ η, τ0, Q, ‡ ÒÎÂ‰Ó‚‡-
ÚÂÎ¸ÌÓ, Ë uÚ Â¯‡ÂÚÒfl Ú‡Í. á‡‰‡ÂÏÒfl vÏÂı, m, R, r0, r1, ‡ ÁÌ‡˜ËÚ,
Ë r‡(r‡ = r0/r1). èÓ ÙÓÏÛÎÂ (8.180) Ì‡ıÓ‰ËÏ   ρ0

∗ . èËÌËÏ‡ÂÏ
Í‡ÍÓÂ-ÎË·Ó τ0, ‡ ÒÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, Ë   τ0

∗  Ë ÔÓ ‚˚‡ÊÂÌË˛ (8.176)
ÓÔÂ‰ÂÎflÂÏ ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ÂÂ ÁÌ‡˜ÂÌËÂ ∆ρ∗ . Ñ‡ÎÂÂ, ‡ÒÒÏ‡Ú-
Ë‚‡fl ÒÓ‚ÏÂÒÚÌÓ ‚˚‡ÊÂÌËfl (8.179) Ë (10.38), ÏÂÚÓ‰ÓÏ ÔÓÒÎÂ-
‰Ó‚‡ÚÂÎ¸Ì˚ı ÔË·ÎËÊÂÌËÈ Ì‡ıÓ‰ËÏ η. ÄÌ‡ÎÓ„Ë˜Ì˚Â ‡Ò˜ÂÚ˚
‚˚ÔÓÎÌflÂÏ ÔË ‡ÁÎË˜Ì˚ı τ0 Ë ÓÔÂ‰ÂÎflÂÏ Á‡‚ËÒËÏÓÒÚ¸ η =
= f(τ0). äË‚Û˛ Á‡‚ËÒËÏÓÒÚË η = φ(τ0) ‡ÒÒ˜ËÚ˚‚‡ÂÏ Ú‡ÍÊÂ
ÔÓ ‚˚‡ÊÂÌËflÏ (6.5), (6.10) Ë (10.38). èÓ ÚÓ˜ÍÂ ÔÂÂÒÂ˜ÂÌËfl
ÍË‚˚ı η = f(τ0) Ë  η = φ(τ0) ÛÒÚ‡Ì‡‚ÎË‚‡ÂÏ Â‰ËÌÒÚ‚ÂÌÌ˚Â  
η Ë τ0, ˜ÚÓ ÔÓÁ‚ÓÎflÂÚ ÔÓ ÙÓÏÛÎÂ (10.38) Ì‡ÈÚË ‡ÒıÓ‰ ÊË‰-
ÍÓÒÚË, ‡ ÔÓ (8.177) – ÒÍÓÓÒÚ¸ ‰‚ËÊÂÌËfl ÍÂÌ‡.
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ÃÈÄÐÀÂËÈ×ÅCÊÈÅ ÐÀÑ×ÅÒÛ
ÏÐÈ ÁÓÐÅÍÈÈ ÑÊÂÀÆÈÍ
ÍÀ ÒÂÅÐÄÛÅ ÏÎËÅÇÍÛÅ
ÈÑÊÎÏÀÅÌÛÅ

ÑÎfl ·ÛÂÌËfl ÒÍ‚‡ÊËÌ Ì‡ Ú‚Â‰˚Â ÔÓÎÂÁÌ˚Â ËÒÍÓÔ‡ÂÏ˚Â ı‡-
‡ÍÚÂÂÌ ÌÂ·ÓÎ¸¯ÓÈ Á‡ÁÓ ÏÂÊ‰Û ÒÚÂÌÍ‡ÏË ÒÍ‚‡ÊËÌ˚ Ë ÍÓ-
ÎÓÌÌÓÈ ·ÛËÎ¸Ì˚ı ÚÛ·. èÓ˝ÚÓÏÛ ÓÒÌÓ‚Ì˚Â ÔÓÚÂË ‚ ˆËÍÛ-
ÎflˆËÓÌÌÓÈ ÒËÒÚÂÏÂ ·Û‰ÛÚ ÙÓÏËÓ‚‡Ú¸Òfl ÔË ÚÂ˜ÂÌËË ÊË‰-
ÍÓÒÚË ˜ÂÂÁ Á‡ÚÛ·ÌÓÂ ÔÓÒÚ‡ÌÒÚ‚Ó. è‡‚ËÎ¸ÌÓÒÚ¸ Ú‡ÍÓ„Ó
ÔÂ‰ÔÓÎÓÊÂÌËfl ÔÓ‰Ú‚ÂÊ‰‡ÂÚÒfl ÂÁÛÎ¸Ú‡Ú‡ÏË Ò‡‚ÌËÚÂÎ¸Ì˚ı
‡Ò˜ÂÚÓ‚.

èË Ì‡ÎË˜ËË ‰ÓÒÚÓ‚ÂÌ˚ı ÍÓÎË˜ÂÒÚ‚ÂÌÌ˚ı ÒÓÓÚÌÓ¯ÂÌËÈ
‰Îfl ÓÔÂ‰ÂÎÂÌËfl ÔÓÚÂ¸ ‰‡‚ÎÂÌËfl ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â
‰‡‚ÎÂÌËÂ Ì‡ Á‡·ÓÂ ÒÍ‚‡ÊËÌ˚ ÏÓÊÌÓ ÓÔÂ‰ÂÎflÚ¸ ÔÓ ‰‡‚ÎÂÌË˛
Ì‡ Ì‡ÒÓÒÂ, ÔÂ‰Ì‡ÁÌ‡˜ÂÌÌÓÏ ‰Îfl ÔÓÍ‡˜ÍË ÔÓÏ˚‚Ó˜ÌÓÈ
ÊË‰ÍÓÒÚË. áÌ‡˜ËÚÂÎ¸Ì˚Â „Ë‰‡‚ÎË˜ÂÒÍËÂ ÒÓÔÓÚË‚ÎÂÌËfl ‚
ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â, Û‚ÂÎË˜Ë‚‡˛˘ËÂÒfl Ò ÔÓ‚˚¯ÂÌËÂÏ
‡ÒıÓ‰‡ ÊË‰ÍÓÒÚË, Ë ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÂ ËÁÏÂÌÂÌËfl Á‡·ÓÈÌÓ„Ó
‰‡‚ÎÂÌËfl ÏÓ„ÛÚ ÔË‚ÂÒÚË Í Ú‡Í Ì‡Á˚‚‡ÂÏÓÏÛ „Ë‰‡‚ÎË˜ÂÒÍÓÏÛ
ÔÓ‰ÔÓÛ, ÔË ÍÓÚÓÓÏ ÍÓÎÓÌÌ‡ ÚÛ· ÎË·Ó Á‡‚ËÒ‡ÂÚ ‚ ÒÚ‚ÓÎÂ,
ÎË·Ó ‚˚Ú‡ÎÍË‚‡ÂÚÒfl ËÁ ÒÍ‚‡ÊËÌ˚.

èÂ‰ÒÚ‡‚ÎflÂÚ ËÌÚÂÂÒ Ì‡ÈÚË Ï‡ÍÒËÏ‡Î¸ÌÓ ‚ÓÁÏÓÊÌ˚È ‡Ò-
ıÓ‰ ÊË‰ÍÓÒÚË, ‚˚¯Â ÍÓÚÓÓ„Ó ·Û‰ÂÚ Ì‡·Î˛‰‡Ú¸Òfl „Ë‰‡‚ÎË˜ÂÒ-
ÍËÈ ÔÓ‰ÔÓ. àÒÒÎÂ‰Ó‚‡ÌËfl ÔÓÍ‡Á‡ÎË, ˜ÚÓ ‚‡˘ÂÌËÂ ÍÓÎÓÌÌ˚
ÔË ÓÚÓÌÓÏ ·ÛÂÌËË ÔË‚Ó‰ËÚ Í Û‚ÂÎË˜ÂÌË˛ ÔÓÚÂ¸ ‰‡‚ÎÂ-
ÌËfl ÔÓ Ò‡‚ÌÂÌË˛ Ò ‰‡‚ÎÂÌËÂÏ Ì‡ Ì‡ÒÓÒÂ ÔË ÔÓÏ˚‚ÍÂ
ÒÍ‚‡ÊËÌ˚. é˜Â‚Ë‰ÌÓ, ˜ÚÓ ÛÒÚ‡ÌÓ‚ÎÂÌËÂ ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘Ëı
‡Ò˜ÂÚÌ˚ı ÒÓÓÚÌÓ¯ÂÌËÈ ÔÂ‰ÒÚ‡‚ÎflÂÚ Ô‡ÍÚË˜ÂÒÍËÈ ËÌÚÂÂÒ.

11.1. ÑÎÎÒÍÎØÅÍÈß ÌÅÆÄÓ ÏÎÒÅÐßÌÈ
ÄÀÂËÅÍÈß Â ÐÀÇËÈ×ÍÛÕ ÇÂÅÍÜßÕ
ÖÈÐÊÓËßÖÈÎÍÍÎÉ ÑÈÑÒÅÌÛ

çÂÓ·ıÓ‰ËÏ‡fl ÏÓ˘ÌÓÒÚ¸ Ì‡ÒÓÒÓ‚, ÛÒÚ‡ÌÓ‚ÎÂÌÌ˚ı Ì‡ ·ÛÓ‚˚ı,
Á‡‚ËÒËÚ ÓÚ ‚ÂÎË˜ËÌ˚ ÔÓÚÂ¸ ‰‡‚ÎÂÌËfl ÔÓÏ˚‚Ó˜ÌÓÈ ÊË‰ÍÓÒ-

11
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ÚË, ‚ÓÁÌËÍ‡˛˘Ëı ÔË ÚÂ˜ÂÌËË ÂÂ ˜ÂÂÁ ‡ÁÎË˜Ì˚Â ÏÂÒÚÌ˚Â
ÒÓÔÓÚË‚ÎÂÌËfl (Ó·‚flÁÍ‡ Ì‡ÒÓÒ‡, ÒÛÊÂÌËfl Ë ‡Ò¯ËÂÌËfl ÔË
ÔÓıÓÊ‰ÂÌËË ˜ÂÂÁ ÏÛÙÚÓ‚˚Â ÒÓÂ‰ËÌÂÌËfl, ÔÓÏ˚‚Ó˜Ì˚Â ÓÚ-
‚ÂÒÚËfl ‰ÓÎÓÚ‡ Ë Ú.‰.), ‡ Ú‡ÍÊÂ ÔÓÚÂ¸ ‰‡‚ÎÂÌËfl ‚ ÎËÌÂÈÌÓÈ
˜‡ÒÚË, Ú.Â. ‚ ÔÓˆÂÒÒÂ ÔÓıÓÊ‰ÂÌËfl ÊË‰ÍÓÒÚË ‚ÌÛÚË ·ÛËÎ¸-
Ì˚ı ÚÛ· Ë ‚ Á‡ÚÛ·ÌÓÏ ÔÓÒÚ‡ÌÒÚ‚Â.

èÓÎÓÊÂÌËÂ Ó ÔÂ‚‡ÎËÓ‚‡ÌËË ÔÓÚÂ¸ ‰‡‚ÎÂÌËfl ‚ ÍÓÎ¸ˆÂ-
‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â Ì‡‰ „Ë‰‡‚ÎË˜ÂÒÍËÏË ÒÓÔÓÚË‚ÎÂÌËflÏË ‚
ÓÒÚ‡Î¸Ì˚ı Á‚ÂÌ¸flı ˆËÍÛÎflˆËÓÌÌÓÈ ÒËÒÚÂÏ˚ ÔÓ‰Ú‚ÂÊ‰‡ÂÚÒfl
Ò‡‚ÌËÚÂÎ¸Ì˚ÏË ‡Ò˜ÂÚ‡ÏË. Ç Ó·˘ÂÏ ÒÎÛ˜‡Â ‚ Í‡˜ÂÒÚ‚Â ÔÓ-
Ï˚‚Ó˜ÌÓÈ ÊË‰ÍÓÒÚË ÏÓÊÌÓ ËÒÔÓÎ¸ÁÓ‚‡Ú¸ ‚Ó‰Û (‚flÁÍ‡fl ÊË‰-
ÍÓÒÚ¸), „ÎËÌËÒÚ˚Â ‡ÒÚ‚Ó˚ (‚flÁÍÓÔÎ‡ÒÚË˜Ì˚Â ÒÂ‰˚), ˝ÏÛÎ¸-
ÒËË Ë ‡˝ËÓ‚‡ÌÌ˚Â ÒÏÂÒË.

èÓÒÚ‡‚ÎÂÌÌÛ˛ Á‡‰‡˜Û ·Û‰ÂÏ Â¯‡Ú¸ ‰Îfl ÒÎÛ˜‡fl ÔËÏÂÌÂÌËfl
‚ #Í‡˜ÂÒÚ‚Â ÔÓÏ˚‚Ó˜ÌÓÈ ÊË‰ÍÓÒÚË ‚Ó‰˚, Ú‡Í Í‡Í ÔÓÎÛ˜‡Â-
Ï˚Â#ÔË ˝ÚÓÏ##„Ë‰‡‚ÎË˜ÂÒÍËÂ#ÒÓÓÚÌÓ¯ÂÌËfl#ÓÚÎË˜‡˛ÚÒfl Ò‡‚-
ÌËÚÂÎ¸ÌÓÈ ÔÓÒÚÓÚÓÈ. é˜Â‚Ë‰ÌÓ, ˜ÚÓ ÂÒÎË ÔË ËÒÔÓÎ¸ÁÓ‚‡ÌËË
‚flÁÍÓÈ #ÊË‰ÍÓÒÚË #ÔÓÚÂË# ‰‡‚ÎÂÌËfl #‚ #ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡Ì-
ÒÚ‚Â ÓÍ‡ÊÛÚÒfl ÁÌ‡˜ËÚÂÎ¸ÌÓ ·ÓÎ¸¯Â ÒÛÏÏ˚ ‚ÒÂı ÓÒÚ‡Î¸Ì˚ı
„Ë‰‡‚ÎË˜ÂÒÍËı ÒÓÔÓÚË‚ÎÂÌËÈ, ÚÓ ÔË ÔËÏÂÌÂÌËË ‰Û„Ëı
ÔÓÏ˚‚Ó˜Ì˚ı ÊË‰ÍÓÒÚÂÈ („ÎËÌËÒÚ˚Â ‡ÒÚ‚Ó˚, ‡˝ËÓ‚‡Ì-
Ì˚Â ÒÏÂÒË, ˝ÏÛÎ¸ÒËË) ˝ÚÓÚ “‰ËÒ·‡Î‡ÌÒ” ÓÍ‡ÊÂÚÒfl Â˘Â ·ÓÎ¸-
¯ËÏ.

ÑÎfl ÓÔÂ‰ÂÎÂÌËfl ÔÓÚÂ¸ ‰‡‚ÎÂÌËfl ‚ ÚÛ·‡ı ‚ÓÒÔÓÎ¸ÁÛÂÏÒfl
‚˚‡ÊÂÌËÂÏ (9.71), ÔÓËÁ‚ÓÎ¸Ì˚Â ÔÓÒÚÓflÌÌ˚Â ‚ ÍÓÚÓÓÏ
Ì‡È‰ÂÏ ËÁ „‡ÌË˜Ì˚ı ÛÒÎÓ‚ËÈ: Ì‡ ÒÚÂÌÍÂ ÚÛ·˚ ‡‰ËÛÒÓÏ r2

ÒÍÓÓÒÚ¸ ÊË‰ÍÓÒÚË u ‡‚Ì‡ ÌÛÎ˛, ‡ Ì‡ ÓÒË ÔÓÚÓÍ‡ u ‰ÓÒÚË„‡-
ÂÚ Ï‡ÍÒËÏÛÏ‡, Ú.Â.

ÔË r = r2   u = 0;

ÔË r = 0   u = umax.

í‡Í Í‡Í ÎÓ„‡ËÙÏ ÌÛÎfl ÌÂ‚ÓÁÏÓÊÂÌ, ÚÓ ÒÓ„Î‡ÒÌÓ ‚ÚÓÓÏÛ
„‡ÌË˜ÌÓÏÛ ÛÒÎÓ‚Ë˛ ë1 = 0.

àÁ ÔÂ‚Ó„Ó „‡ÌË˜ÌÓ„Ó ÛÒÎÓ‚Ëfl Ë ‚˚‡ÊÂÌËfl (9.71)

    
C dp

dz
r2 2

21
4

= −
µ

. (11.1)

áÌ‡˜ËÚ, ÔÓ (9.71) Ë (11.1) ËÏÂÂÏ ÒÎÂ‰Û˛˘ËÈ Á‡ÍÓÌ ‡ÒÔÂ-
‰ÂÎÂÌËfl ÒÍÓÓÒÚÂÈ:

    
u r rdp

dz
= − −( )1

4 2
2 2

µ
. (11.2)
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àÏÂÂÏ Ú‡ÍÊÂ

    
− =dp

dz

p

l

∆ Ú .

íÓ„‰‡

    
u r rp

l
= −





∆ Ú

4 2
2 2

µ
, (11.4)

„‰Â     ∆pÚ  – ÔÓÚÂË ‰‡‚ÎÂÌËfl ‚ ÚÛ·Â.
ê‡ÒıÓ‰ ÊË‰ÍÓÒÚË ‚ ÚÛ·Â

    

q rudr
r

= ∫2
0

2

π . (11.5)

èÓ ‚˚‡ÊÂÌË˛ (11.4) Ë (11.5) ÔÓÎÛ˜ËÏ

    
q p r

l
= π

µ

∆ Ú 2
4

8
(11.6)

ËÎË

    

∆p lq

r
Ú =

8

2
4

µ

π
. (11.7)

îÓÏÛÎ˚ (11.6) Ë (11.7) ËÁ‚ÂÒÚÌ˚ ÔÓ‰ Ì‡Á‚‡ÌËÂÏ ÙÓÏÛÎ˚
èÛ‡ÁÂÈÎfl.

ÑÎfl ‡Ò˜ÂÚ‡ ÔÓÚÂ¸ ‰‡‚ÎÂÌËfl ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â
‚ÓÒÔÓÎ¸ÁÛÂÏÒfl Ú‡ÍÊÂ ‚˚‡ÊÂÌËÂÏ (9.17), ÓÔÂ‰ÂÎflfl ÔË ˝ÚÓÏ
ÔÓËÁ‚ÓÎ¸Ì˚Â ÔÓÒÚÓflÌÌ˚Â C1 Ë C2 ËÁ „‡ÌË˜Ì˚ı ÛÒÎÓ‚ËÈ,
ÒÓ„Î‡ÒÌÓ ÍÓÚÓ˚Ï ÒÍÓÓÒÚË Ì‡ ÔÓ‚ÂıÌÓÒÚË ÍÓÎÓÌÌ˚ ·Û-
ËÎ¸Ì˚ı ÚÛ· ‡‰ËÛÒÓÏ r0 Ë ÒÍ‚‡ÊËÌ˚ ‡‰ËÛÒÓÏ r1 ‡‚Ì˚
ÌÛÎ˛, Ú.Â.

ÔË r = r0   u = 0;

ÔË r = r1   u = 0.

íÓ„‰‡

C1 = –

    

1
4

1
2

0
2

1

0

µ

dp
dz

r r

r

r

−

ln

; (11.8)

C2 = –

    

1
4 1

2 1
2

0
2

1

0

1µ

dp
dz

r r
r
r

r r− −














ln

ln . (11.9)

ëÓ„Î‡ÒÌÓ ÙÓÏÛÎ‡Ï (9.71), (11.8) Ë (11.9) ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸:
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u r rdp
dz

r r
r
r

r
r

= − − −
−

















1
4 1

2 2 1
2

0
2

1

0

1

µ ln
ln . (11.10)

èÓ (9.75), (11.3) Ë (11.10) ÔÓÎÛ˜ËÏ ÒÎÂ‰Û˛˘ÂÂ ‚˚‡ÊÂÌËÂ
‰Îfl ÓÔÂ‰ÂÎÂÌËfl ÔÓÚÂ¸ ‰‡‚ÎÂÌËfl ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â:

    

∆p ql
r
r

r r
r
r

r r
Í.Ô =

−( ) − −( )
8

1

0

1
4

0
4 1

0
1
2

0
2 2

µ

π

ln

ln
. (11.11)

èÓ ÙÓÏÛÎ‡Ï (11.11) Ë (11.7)

    

∆

∆

p

p

r
r

r
r

r

Í.Ô

Ú

c
a

a
a

a1

=
−



 − −





4

4 2
2

1

1 1

ln

ln

, (11.12)

„‰Â ra = r0/r;   rÒ = r2/r1.
Ç Ú‡·Î. 11.1 ÔË‚Â‰ÂÌ˚ ‰Ë‡ÏÂÚ˚ ·ÛËÎ¸Ì˚ı ÚÛ· Ë ÒÍ‚‡-

ÊËÌ, ÔÂ‰ÒÚ‡‚Îfl˛˘Ëı ËÌÚÂÂÒ ‰Îfl ·ÛÂÌËfl Ì‡ Ú‚Â‰˚Â ÔÓ-
ÎÂÁÌ˚Â ËÒÍÓÔ‡ÂÏ˚Â.

Ç Ú‡·Î. 11.2 ÔË‚Â‰ÂÌ˚ ÓÚÌÓ¯ÂÌËfl ∆pÍ.Ô/∆pÚ ÔË ‡ÁÎË˜-
Ì˚ı r‡ Ë rÒ ‰Îfl ÒÍ‚‡ÊËÌ ‰Ë‡ÏÂÚ‡ÏË 46 Ë 59#ÏÏ Ë ·ÛËÎ¸Ì˚ı
ÚÛ·, ÛÍ‡Á‡ÌÌ˚ı ‚ Ú‡·Î. 11.1.

Ç Ú‡·Î. 11.3 ÔË‚Â‰ÂÌ˚ ÓÚÌÓ¯ÂÌËfl ∆pÍ.Ô/∆pÚ ÔË ÁÌ‡˜ÂÌËflı
r‡ Ë rÒ ‰Îfl ÒÍ‚‡ÊËÌ˚ ‰Ë‡ÏÂÚÓÏ 76 ÏÏ.

àÁ Ú‡·Î. 11.2 Ë 11.3 ÒÎÂ‰ÛÂÚ, ˜ÚÓ ÔÓÚÂË ‰‡‚ÎÂÌËfl ‚ ÍÓÎ¸ˆÂ-
‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â Ì‡ÏÌÓ„Ó ·ÓÎ¸¯Â ÔÓÚÂ¸ ‰‡‚ÎÂÌËfl ‚ ÚÛ·Â.
íÓÎ¸ÍÓ ÔË ‰‚Ûı ÁÌ‡˜ÂÌËflı r‡ (ÒÏ. Ú‡·Î. 11.3) ∆pÚ > ∆pÍ.Ô. é‰-

í ‡ · Î Ë ̂  ‡  11.1

íËÔ ç‡- íÓÎ- ÑË‡ÏÂÚ ÒÍ‚‡ÊËÌ˚, ÏÏ
·Û- ÛÊ- ˘Ë- 46 59 76
ËÎ¸-
Ì˚ı
ÚÛ·

Ì˚È
‰Ë‡-

ÏÂÚ,
ÏÏ

Ì‡
ÒÚÂÌ-
ÍË,
ÏÏ

r‡ rÒ r‡ rÒ r‡ rÒ

ëÅíç 42 5,0 0,9130 0,6956 0,7119 0,5424 0,5524 0,4210
ëÅíç 50 5,5 – – 0,8475 0,6610 0,6579 0,5132
ëÅíç 50 5,0 – – 0,8475 0,6780 0,6579 0,5663
ëÅíç 54 5,0 – – 0,9152 0,7458 0,7105 0,3684
ãÅíç 42 7,0 0,9130 0,6087 0,7119 0,4746 0,5526 0,3684
ãÅíç 54 9,0 – – 0,9152 0,6102 0,7105 0,5000
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Ì‡ÍÓ ‡Ò˜ÂÚ ÔÓÚÂ¸ ‰‡‚ÎÂÌËfl ‚ ˝ÚËı ÒÎÛ˜‡flı ÌÂ ÔÂ‰ÒÚ‡‚ÎflÂÚ
Ô‡ÍÚË˜ÂÒÍÓ„Ó ËÌÚÂÂÒ‡, Ú‡Í Í‡Í ÔË ÛÍ‡Á‡ÌÌ˚ı ÁÌ‡˜ÂÌËflı r‡

Ë rÒ ‰‡ÊÂ ÒÛÏÏ‡Ì˚Â ÔÓÚÂË, ÒÓÒÚ‡‚ÎÂÌÌ˚Â ËÁ ∆pÚ Ë ∆pÍ.Ô,
ÔÂÌÂ·ÂÊËÏÓ Ï‡Î˚.

Ç Ú‡·Î. 11.4 ÔË‚Â‰ÂÌ˚ ÁÌ‡˜ÂÌËfl ∆pÚ, ∆pÍ.Ô Ë ∆pÚ + ∆pÍ.Ô

ÔË ‰ÎËÌÂ ·ÛËÎ¸Ì˚ı ÚÛ· l = 100 Ï. é˜Â‚Ë‰ÌÓ, ˜ÚÓ ÔË ‰Û-
„Ëı l ÁÌ‡˜ÂÌËfl ËÁÏÂÌfl˛ÚÒfl ‚ Í‡ÚÌÓÂ ˜ËÒÎÓ ‡Á. Ç ˝ÚÓÈ Ú‡·-
ÎËˆÂ ÔË‚Ó‰flÚÒfl Ú‡ÍÊÂ Ô‡‡ÏÂÚ˚ êÂÈÌÓÎ¸‰Ò‡ ‚ ÚÛ·Â ReÚ Ë
ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â ReÍ.Ô, ‡ Ú‡ÍÊÂ ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÂ ÍË-
ÚË˜ÂÒÍËÂ ÁÌ‡˜ÂÌËfl ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â ReÍ.Í.Ô, ÍÓÚÓ˚Â
Ò‚Ë‰ÂÚÂÎ¸ÒÚ‚Û˛Ú Ó ÚÓÏ, ˜ÚÓ ÂÊËÏ ÚÂ˜ÂÌËfl ‚ ÛÍ‡Á‡ÌÌ˚ı ÔÓ-
ÎÓÒÚflı ‰ÂÈÒÚ‚ËÚÂÎ¸ÌÓ Î‡ÏËÌ‡Ì˚È.

ä‡Í ‚Ë‰ÌÓ ËÁ Ú‡·Î. 11.4, ÔÓÚÂflÏË ‰‡‚ÎÂÌËfl Ì‡ ÚÂÌËÂ ‚
‰‡ÌÌÓÏ ‰Ë‡Ô‡ÁÓÌÂ ‡ÒıÓ‰‡ ÊË‰ÍÓÒÚË ÔË ÔÓıÓÊ‰ÂÌËË ÂÂ
˜ÂÂÁ ÚÛ·Û Ë ÍÓÎ¸ˆÂ‚ÓÂ ÔÓÒÚ‡ÌÒÚ‚Ó ÏÓÊÌÓ ÔÂÌÂ·Â˜¸
‰‡ÊÂ ÔË „ÎÛ·ËÌÂ 2000–3000 Ï.

Ç Ú‡·Î. 11.5 ÔË‚Â‰ÂÌ˚ ÔÓÚÂË ‰‡‚ÎÂÌËfl ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓ-
ÒÚ‡ÌÒÚ‚Â Ë ÚÛ·Â ‰Îfl ¯ÂÒÚË ÁÌ‡˜ÂÌËÈ r‡ Ë rÒ. ê‡Ò˜ÂÚ˚ ÔÓ‚Ó-
‰ËÎËÒ¸ ÔË l = 100 Ï.

àÁ Ú‡·Î. 11.5 ‚Ë‰ÌÓ, ˜ÚÓ ÔÓÚÂË ‰‡‚ÎÂÌËfl ‚ ÍÓÎ¸ˆÂ‚ÓÏ
ÔÓÒÚ‡ÌÒÚ‚Â ÏÓ„ÛÚ ·˚Ú¸ ÒÛ˘ÂÒÚ‚ÂÌÌ˚ÏË, ÓÒÓ·ÂÌÌÓ ÔË „ÎÛ-
·ËÌÂ 1000 Ï Ë ·ÓÎÂÂ. èÓÏËÏÓ ˝ÚÓ„Ó Á‰ÂÒ¸ ÔÓÚÂË ‰‡‚ÎÂÌËfl ‚
·ÛËÎ¸Ì˚ı ÚÛ·‡ı ÔÂÌÂ·ÂÊËÏÓ Ï‡Î˚ ÔÓ Ò‡‚ÌÂÌË˛ Ò ∆pÍ.Ô.
èË ‡ÁÏÂ‡ı ·ÛËÎ¸Ì˚ı ÚÛ· Ë ÒÍ‚‡ÊËÌ˚, ‰Îfl ÍÓÚÓ˚ı ÒÓ-
ÒÚ‡‚ÎÂÌ‡ Ú‡·Î. 11.5, ˆÂÎÂÒÓÓ·‡ÁÌÓ ÔÓ‚ÂÒÚË ‡Ò˜ÂÚ˚ ÔÓ ÓÔ-
Â‰ÂÎÂÌË˛ ÔÓÚÂ¸ ‰‡‚ÎÂÌËfl Ì‡ ÚÂÌËÂ.

í ‡ · Î Ë ̂  ‡  11.2

r‡ rÒ

    

∆

∆

p

p
Í.Ô

Ú

r‡ rÒ

    

∆

∆

p

p
Í.Ô

Ú

0,9130 0,6956 278,9 0,9130 0,6087 163,5
0,8475 0,6610 43,8 0,8475 0,6780 48,3
0,9152 0,7458 401,9 0,9152 0,6102 155,3
0,7119 0,5424 3,2 0,7119 0,4746 1,8

í ‡ · Î Ë ̂  ‡  11.3

r‡ rÒ

    

∆

∆

p

p
Í.Ô

Ú

r‡ rÒ

    

∆

∆

p

p
Í.Ô

Ú

0,5524 0,4210 0,337 0,6579 0,5263 1,729
0,6579 0,5132 1,600 0,7105 0,5789 4,000
0,5526 0,3684 0,197 0,7105 0,5000 2,200
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í ‡ · Î Ë ̂  ‡  11.4

q,

r2 = 0,016 Ï,  r1 = 0,0295 Ï,
r‡ = 0,7119,  rÒ = 0,5420,

ReÍ.Í.Ô = 1060

r2 = 0,014 Ï,  r1 = 0,0295 Ï,
r‡ = 0,7119,  rÒ = 0,4746,

ReÍ.Í.Ô = 1060

Î/ÏËÌ
ReÚ ReÍ.Ô ∆pÚ, è‡ ∆pÍ.Ô,

è‡

∆pÚ#+
+∆pÍ.Ô,

è‡

ReÚ ReÍ.Ô ∆pÚ, è‡ ∆pÍ.Ô,
è‡

∆pÚ#+
+∆pÍ.Ô,

è‡

1 663,1 210,1 60 190 250 757,9 210,1 110 200 310
2 1326,2 420,3 130 420 550 1515,8 420,3 220 400 620
3 1989,3 630,3 190 610 800 2273,6 630,3 330 590 920

è  Ó ‰ Ó Î Ê Â Ì Ë Â  Ú ‡ · Î .  11.4

q,

r2 = 0,016 Ï,  r1 = 0,038 Ï,
r‡ = 0,5526,  rÒ = 0,4210,

ReÍ.Í.Ô = 1228

r2 = 0,0195 Ï,  r1 = 0,038 Ï,
r‡ = 0,6579,  rÒ = 0,5132,

ReÍ.Í.Ô = 1020

Î/ÏËÌ
ReÚ ReÍ.Ô ∆pÚ, è‡ ∆pÍ.Ô,

è‡

∆pÚ#+
+∆pÍ.Ô,

è‡

ReÚ ReÍ.Ô ∆pÚ,
è‡

∆pÍ.Ô,
è‡

∆pÚ#+
+∆pÍ.Ô,

è‡

1 663,1 179,8 600 20 80 544,1 168,4 30 50 80
2 1326,3 359,7 130 40 180 1088,2 336,8 60 100 160
3 1989,4 539,5 190 60 250 1632,3 505,2 90 140 230

è  Ó ‰ Ó Î Ê Â Ì Ë Â  Ú ‡ · Î .  11.4

q,

r2 = 0,014 Ï,  r1 = 0,038 Ï,
r‡ = 0,5526,  rÒ = 0,3684,

ReÍ.Í.Ô = 1228

r2 = 0,020 Ï,  r1 = 0,032 Ï,
r‡ = 0,6579,  rÒ = 0,5263,

ReÍ.Í.Ô = 1020

Î/ÏËÌ
ReÚ ReÍ.Ô. ∆pÚ, è‡ ∆pÍ.Ô.,

è‡

∆pÚ#+
+∆pÍ.Ô,

è‡

ReÚ ReÍ.Ô. ∆pÚ,
è‡

∆pÍ.Ô.,
è‡

∆pÚ#+
+∆pÍ.Ô,

è‡

1 757,9 179,8 110 20 130 530,5 168,4 30 50 80
2 1515,8 359,7 220 40 260 1061,0 336,8 50 90 140
3 2273,6 539,5 330 60 390 1591,5 505,2 80 140 220

è  Ó ‰ Ó Î Ê Â Ì Ë Â  Ú ‡ · Î .  11.4

q,

r2 = 0,022 Ï,  r1 = 0,038 Ï,
r‡ = 0,7105,  rÒ = 0,5789,

ReÍ.Í.Ô = 1045

r2 = 0,018 Ï,  r1 = 0,038 Ï,
r‡ = 0,7105,  rÒ = 0,500,

ReÍ.Í.Ô = 1045

Î/ÏËÌ
ReÚ ReÍ.Ô ∆pÚ, è‡ ∆pÍ.Ô,

è‡

∆pÚ#+
+∆pÍ.Ô,

è‡

ReÚ ReÍ.Ô ∆pÚ,
è‡

∆pÍ.Ô,
è‡

∆pÚ#+
+∆pÍ.Ô,

è‡

1 482,3 163,3 20 80 100 589,5 163,2 40 90 130
2 964,6 326,5 40 160 200 1178,9 326,5 80 180 260
3 1446,9 489,7 50 200 250 1768,4 489,7 120 260 380
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í ‡ · Î Ë ̂  ‡  11.5

q,
r2 = 0,016 Ï,  r1 = 0,023 Ï,

r‡ = 0,9130,  rÒ = 0,6956
r2 = 0,014 Ï,  r1 = 0,023 Ï,

r‡ = 0,9130,  rÒ = 0,6087

Î/ÏËÌ
ReÚ ReÍ.Ô ∆pÚ, è‡ ∆pÍ.Ô,

è‡

∆pÚ#+
+∆pÍ.Ô,

è‡

ReÚ ReÍ.Ô ∆pÚ,

è‡

∆pÍ.Ô,
è‡

∆pÚ#+
+∆pÍ.Ô,

è‡

1 663,1 241,1 60 18060 18120 757,9 241,2 110 18060 18170
2 1326,3 482,3 130 36120 36250 1515,8 482,4 220 36120 36340
3 1989,4 723,4 190 5418,0 54370 2273,6 723,8 330 54180 54510

è  Ó ‰ Ó Î Ê Â Ì Ë Â  Ú ‡ · Î .  11.5

q,
r2 = 0,016 Ï,  r1 = 0,023 Ï,

r‡ = 0,9130,  rÒ = 0,6956
r2 = 0,014 Ï,  r1 = 0,023 Ï,

r‡ = 0,9130,  rÒ = 0,6087

Î/ÏËÌ
ReÚ ReÍ.Ô ∆pÚ, è‡ ∆pÍ.Ô,

è‡

∆pÚ#+
+∆pÍ.Ô,

è‡

ReÚ ReÍ.Ô ∆pÚ,
è‡

∆pÍ.Ô,
è‡

∆pÚ#+
+∆pÍ.Ô,

è‡

1 530,5 194,7 26 1280 1306 544,1 194,7 30 1280 1310
2 1061,0 389,4 53 2560 2613 1088,2 289,4 58 2560 1618
3 1591,0 584,1 80 3840 3920 1632,3 584,1 88 3840 3928

è  Ó ‰ Ó Î Ê Â Ì Ë Â  Ú ‡ · Î .  11.5

q,
r2 = 0,020 Ï,  r1 = 0,0295 Ï,

r‡ = 0,9152,  rÒ = 0,7458
r2 = 0,018 Ï,  r1 = 0,0295 Ï,

r‡ = 0,9152,  rÒ = 0,6102

Î/ÏËÌ
ReÚ ReÍ.Ô ∆pÚ, è‡ ∆pÍ.Ô,

è‡

∆pÚ#+
+∆pÍ.Ô,

è‡

ReÚ ReÍ.Ô ∆pÚ,

è‡

∆pÍ.Ô,
è‡

∆pÚ#+
+∆pÍ.Ô,

è‡

1 482,3 187,8 18 7200 7218 589,4 187,8 40 7200 7240
2 964,6 375,6 36 14400 14430 1178,4 375,6 80 14400 14490
3 1446,8 563,4 54 21600 21654 1768,4 563,4 120 21600 21720

é‰Ì‡ÍÓ ÌÂ·ÓÎ¸¯ËÂ ÁÌ‡˜ÂÌËfl q, Ó·ÛÒÎÓ‚ÎË‚‡˛˘ËÂ Î‡ÏË-
Ì‡Ì˚È ÂÊËÏ ÚÂ˜ÂÌËfl ‚ ÚÛ·Â Ë ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â,
ÔÂ‰ÒÚ‡‚Îfl˛Ú Ó„‡ÌË˜ÂÌÌ˚È Ô‡ÍÚË˜ÂÒÍËÈ ËÌÚÂÂÒ. ë Û‚ÂÎË-
˜ÂÌËÂÏ q ÊË‰ÍÓÒÚ¸ ‚Ó ‚ÌÛÚÂÌÌÂÈ ÔÓÎÓÒÚË ÚÛ·˚ ‰‚ËÊÂÚÒfl
ÔË ÚÛ·ÛÎÂÌÚÌÓÏ ÂÊËÏÂ, ‡ ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â –
ÔË Î‡ÏËÌ‡ÌÓÏ.

èÓ˝ÚÓÏÛ ÔÂ‰ÒÚ‡‚ÎflÂÚÒfl ˆÂÎÂÒÓÓ·‡ÁÌ˚Ï ÓÔÂ‰ÂÎËÚ¸ ÔÓ-
ÚÂË ‰‡‚ÎÂÌËfl ÔË Î‡ÏËÌ‡ÌÓÏ ÚÂ˜ÂÌËË ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ-
‡ÌÒÚ‚Â Ë ÚÛ·ÛÎÂÌÚÌÓÏ ÂÊËÏÂ ‚Ó ‚ÌÛÚÂÌÌÂÈ ÔÓÎÓÒÚË ·Û-
ËÎ¸Ì˚ı ÚÛ·.

èÓÚÂË ‰‡‚ÎÂÌËfl ‚ ÚÛ·Â ÒÓ„Î‡ÒÌÓ ÙÓÏÛÎ‡Ï Ñ‡ÒË –
ÇÂÈÒ·‡ı‡ Ë ÅÎ‡ÁËÛÒ‡ ÓÔÂ‰ÂÎfl˛ÚÒfl Ú‡Í:
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∆p lq

g r
Ú = 0 0089723

0 25 0 75 1 75

0 75
2
4 75

, .
, , ,

, ,

µ γ (11.13)

ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ÔÓ ÙÓÏÛÎ‡Ï (11.11) Ë (11.13)

    

∆

∆

p

p

r g

q

r

r
r

r

rÍ.Ô

Ú
c

‡

a
a

a

=










−



 − −





283 8156 1
0 75

4 75

4 2
2

1

1
1

1

, .
,

,
ln

ln

µ

γ
(11.14)

Ç Ú‡·Î. 11.6 ÔË‚Â‰ÂÌ˚ ÁÌ‡˜ÂÌËfl ∆pÚ, ∆pÍ.Ô Ë ∆pÍ.Ô/∆pÚ ‰Îfl
fl‰‡ q Ë ‡ÁÎË˜Ì˚ı „ÂÓÏÂÚË˜ÂÒÍËı ‡ÁÏÂÓ‚ ÍÓÎÓÌÌ˚ ÚÛ·
Ë ÒÍ‚‡ÊËÌ˚. ê‡Ò˜ÂÚ˚ ÔÓ‚Ó‰ËÎËÒ¸ ÔË l = 100 Ï Ë ÛÒÎÓ‚ËË,
˜ÚÓ ÔÓÏ˚‚Í‡ ÓÒÛ˘ÂÒÚ‚ÎflÂÚÒfl ‚Ó‰ÓÈ.

àÁ Ú‡·Î. 11.6 ÒÎÂ‰ÛÂÚ, ˜ÚÓ ∆pÍ.Ô Ì‡ÏÌÓ„Ó ·ÓÎ¸¯Â ∆pÚ.
é‰Ì‡ÍÓ ÔÓÏËÏÓ ÔÓÚÂ¸ ‰‡‚ÎÂÌËfl ÔÓ ‰ÎËÌÂ ‚ ˆËÍÛÎflˆËÓÌ-

ÌÓÈ ÒËÒÚÂÏÂ ËÏÂ˛ÚÒfl Ú‡ÍËÂ ÏÂÒÚÌ˚Â ÒÓÔÓÚË‚ÎÂÌËfl, Í‡Í ÔÓ-
ÚÂË ‰‡‚ÎÂÌËfl ‚ Ó·‚flÁÍÂ ∆pÓ·‚, ÔÓÏ˚‚Ó˜Ì˚ı ÓÚ‚ÂÒÚËflı ‰Ó-
ÎÓÚ‡ ∆p‰ÓÎ, ÒÛÊÂÌËflı ÏÛÙÚÓ‚˚ı ÒÓÂ‰ËÌÂÌËÈ ∆pÏ. ê‡Ò˜ÂÚ˚ ÔÓ-
Í‡Á‡ÎË, ˜ÚÓ ‚‚Ë‰Û Ï‡ÎÓÒÚË ∆pÓ·‚, ∆p‰ÓÎ Ë ∆pÏ ÒÛÏÏ‡ ∆pÚ +       
+ ∆pÓ·‚ + ∆p‰ÓÎ + ∆pÏ Ú‡ÍÊÂ ÒÛ˘ÂÒÚ‚ÂÌÌÓ ÏÂÌ¸¯Â ∆pÍ.Ô.

11.2. ÎÏÐÅÄÅËÅÍÈÅ ÂÅÑÀ ÊÎËÎÍÍÛ ÒÐÓÁ
ÍÀ ÊÐÞÊÅ, À ÒÀÊÆÅ ÌÀÊÑÈÌÀËÜÍÎÃÎ 
ÐÀÑÕÎÄÀ ÆÈÄÊÎÑÒÈ, ÇÀÊÀ×ÈÂÀÅÌÎÉ
Â ÑÊÂÀÆÈÍÓ È ÈÑÊËÞ×ÀÞÙÅÉ 
ÃÈÄÐÀÂËÈ×ÅÑÊÈÉ ÏÎÄÏÎÐ   

êÂ¯ËÏ Á‡‰‡˜Û ÔË Î‡ÏËÌ‡ÌÓÏ ÂÊËÏÂ ÚÂ˜ÂÌËfl ‚flÁÍÓÈ ÊË‰-
ÍÓÒÚË ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â.

ëÓÒÚ‡‚ËÏ Û‡‚ÌÂÌËÂ ‰ËÌ‡ÏË˜ÂÒÍÓ„Ó ‡‚ÌÓ‚ÂÒËfl, ÔÓ‚Â‰fl
ÔË ˝ÚÓÏ ˆËÎËÌ‰Ë˜ÂÒÍÛ˛ ÔÓ‚ÂıÌÓÒÚ¸ ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ-
‡ÌÒÚ‚Â ‡‰ËÛÒÓÏ r:

    
2 2

2
2

0
2

0
2

2
2π τ π π γ π γrl r p r r l r r l+ − −( ) − −( ) −Ú

    − − + = Ìπ γ πr l r p F2
2

2
2 0, (11.15)

„‰Â pÌ Ë p2 – ‰‡‚ÎÂÌËÂ Ì‡„ÌÂÚ‡ÌËfl Ë Û ÌËÊÌÂ„Ó ÚÓˆ‡ ÍÓÎÓÌ-
Ì˚ ÚÛ· ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ; τ – Í‡Ò‡ÚÂÎ¸ÌÓÂ Ì‡ÔflÊÂÌËÂ ÔÓ
·ÓÍÓ‚ÓÈ ÔÓ‚ÂıÌÓÒÚË ˆËÎËÌ‰‡ ‡‰ËÛÒÓÏ r; F – ‚ÂÒ ÍÓÎÓÌ-
Ì˚ Ì‡ Í˛ÍÂ.
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ëÓ„Î‡ÒÌÓ Á‡ÍÓÌÛ ç¸˛ÚÓÌ‡

    
τ µ=

du

dr
. (11.16)

íÓ„‰‡ ÔÓ ‚˚‡ÊÂÌËflÏ (11.15) Ë (11.16), ÔÓÎ¸ÁÛflÒ¸ „‡ÌË˜-
Ì˚Ï ÛÒÎÓ‚ËÂÏ, ÒÓ„Î‡ÒÌÓ ÍÓÚÓÓÏÛ ÒÍÓÓÒÚ¸ ÊË‰ÍÓÒÚË Ì‡ ÔÓ-
‚ÂıÌÓÒÚË ÚÛ· ‡‚Ì‡ ÌÛÎ˛, ÔÓÎÛ˜ËÏ ÒÎÂ‰Û˛˘Û˛ ÙÓÏÛÎÛ ‰Îfl
ÓÔÂ‰ÂÎÂÌËfl ÒÍÓÓÒÚË ‚ Î˛·ÓÈ ÚÓ˜ÍÂ ÍÓÎ¸ˆÂ‚Ó„Ó ÔÓÒÚ‡ÌÒÚ-
‚‡:

    
u r rp l

l

r p r r l F

l
r
r

=− +−
−





+ −



 −( )−

2 2
0
2

2
2

0
2

2
2

04 2

γ

µ

π π γ γ

πµ

Ì Ú
ln . (11.17)

í ‡ · Î Ë ̂  ‡  11.6

q,

r2 = 0,016 Ï,  r1 = 0,023 Ï,
r‡ = 0,913,  rÒ = 0,6956,

ReÍ.Í.Ô = 3264

r2 = 0,014 Ï,  r1 = 0,023 Ï,
r‡ = 0,913,  rÒ = 0,6087,

ReÍ.Í.Ô = 3264

Î/ÏËÌ
ReÚ ReÍ.Ô ∆pÚ, è‡ ∆pÍ.Ô,

è‡     

∆

∆

p
p
Í.Ô

Ú
ReÚ ReÍ.Ô ∆pÚ,

è‡
∆pÍ.Ô,
è‡     

∆

∆

p
p
Í.Ô

Ú

1 3979 1445 980 108300 110,5 4547 1447 1840 108300 58,8
8 5305 1929 1610 144400 89,7 6063 1929 3040 144400 47,4
10 6631 2411 2380 180640 75,9 7579 2411 4500 180600 40,1
12 7957 2893 3280 216700 66,0 9095 2893 6190 216700 35,0

è  Ó ‰ Ó Î Ê Â Ì Ë Â  Ú ‡ · Î .  11.6

q,

r2 = 0,020 Ï,  r1 = 0,0295 Ï,
r‡ = 0,8475,  rÒ = 0,6780,

ReÍ.Í.Ô = 2546

r2 = 0,0195 Ï,  r1 = 0,0295 Ï,
r‡ = 0,8475,  rÒ = 0,6610,

ReÍ.Í.Ô = 2546

Î/ÏËÌ
ReÚ ReÍ.Ô ∆pÚ, è‡ ∆pÍ.Ô,

è‡     

∆

∆

p
p
Í.Ô

Ú
ReÚ ReÍ.Ô. ∆pÚ,

è‡
∆pÍ.Ô,
è‡     

∆

∆

p
p
Í.Ô

Ú

6 3184 1168 340 7690 22,6 3265 1168 380 7690 20,2
8 4244 1557 560 10250 18,3 4353 1557 630 10250 16,2
10 5305 1947 820 12820 15,6 5441 1947 930 12820 13,7
12 6366 2336 1130 15380 13,6 6529 2336 1280 15380 12,0

è  Ó ‰ Ó Î Ê Â Ì Ë Â  Ú ‡ · Î .  11.6

q,

r2 = 0,022 Ï,  r1 = 0,0295 Ï,
r‡ = 0,9152,  rÒ = 0,7458,

ReÍ.Í.Ô = 3288

r2 = 0,018 Ï,  r1 = 0,0295 Ï,
r‡ = 0,9152,  rÒ = 0,6102,

ReÍ.Í.Ô = 3288

Î/ÏËÌ
ReÚ ReÍ.Ô ∆pÚ, è‡ ∆pÍ.Ô,

è‡     

∆

∆

p
p
Í.Ô

Ú
ReÚ ReÍ.Ô ∆pÚ,

è‡
∆pÍ.Ô,
è‡     

∆

∆

p
p
Í.Ô

Ú

6 2894 1127 210 43200 205,7 3537 1127 550 43200 78,5
8 3858 1502 360 57600 161,8 4716 1502 920 57600 62,6
10 4823 1878 530 71980 137,0 5895 1878 1360 71980 52,9
12 5787 2254 740 86380 120,0 7073 2253 1870 86380 46,2
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í‡Í Í‡Í ÒÍÓÓÒÚ¸ ÊË‰ÍÓÒÚË Ì‡ ÒÚÂÌÍÂ ÒÍ‚‡ÊËÌ˚ ‡‚Ì‡ ÌÛ-
Î˛, Ú.Â. ÔË r = r1 u = 0, ÚÓ ‚ ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò (11.17) ÔÓÎÛ-
˜ËÏ

    

F r p r r l
p r r

r

r

= + − − −



 ( )

−





π π γ γ
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2
2

1
2

0
2
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2

Ì Ú

∆

ln

. (11.18)

Ç ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò (11.7), (11.11) Ë (11.18) ÏÓÊÌÓ ÒÓÒÚ‡‚ËÚ¸
ÒÎÂ‰Û˛˘ÂÂ ‚˚‡ÊÂÌËÂ ‰Îfl ÓÔÂ‰ÂÎÂÌËfl ‚ÂÒ‡ ÍÓÎÓÌÌ˚ Ì‡
Í˛ÍÂ:

    

F f r r r r lql
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r r
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, (11.19)

„‰Â

    

f r r

r
r

r
‡

‡

a
a

a

( )
−( ) − −( )

= 8
1

1
1

14 2 2π

ln

ln
. (11.20)

Ñ‡‚ÎÂÌËÂ Ì‡„ÌÂÚ‡ÌËfl ÔÓ (11.7) Ë (11.11)

    

p lq
r
r

r r
r
r

r r r
Ì = +
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. (11.21)

àÁ Û‡‚ÌÂÌËfl ‰ËÌ‡ÏË˜ÂÒÍÓ„Ó ‡‚ÌÓ‚ÂÒËfl ÊË‰ÍÓÒÚË, ‰‚Ë-
ÊÛ˘ÂÈÒfl ‚Ó ‚ÌÛÚÂÌÌÂÈ ÔÓÎÓÒÚË ÍÓÎÓÌÌ˚ ÚÛ· ÔË ÚÛ·Û-
ÎÂÌÚÌÓÏ ÂÊËÏÂ ÚÂ˜ÂÌËfl, ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸:

    

p p q l

r gÌ = +








∆ 0 3164

2

0 25 1 75

1 75
2
4 75

0 75
, , ,

, ,

,

.µ

π

γ (11.22)

íÓ„‰‡ ÔÓ ÙÓÏÛÎ‡Ï (11.11), (11.22) Ë (11.18) ÔÓÎÛ˜ËÏ ÒÎÂ‰Û-
˛˘ÂÂ ‚˚‡ÊÂÌËÂ ‰Îfl ÓÔÂ‰ÂÎÂÌËfl ‚ÂÒ‡ ÍÓÎÓÌÌ˚ ÔË ÚÛ·Û-
ÎÂÌÚÌÓÏ ÚÂ˜ÂÌËË ÊË‰ÍÓÒÚË ‚ ÍÓÎÓÌÌÂ ÚÛ· Ë Î‡ÏËÌ‡ÌÓÏ
‰‚ËÊÂÌËË ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â:

    

F f r r r lql

r
r

r r

r

r

= + − − +( ) −
−























 ( )πµ π γ γ

1
4 2

2 1
2

0
2

1

0

0
2

2
2

2
a Ú

ln
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+








0 3164 0 75

0 75 1 75

2
2 758

, .,
, ,

,
µ γ

πg
q

r
(11.23)

íÂÔÂ¸ Ì‡È‰ÂÏ ‚ÂÒ ÍÓÎÓÌÌ˚ Ì‡ Í˛ÍÂ ÔË ÚÛ·ÛÎÂÌÚÌÓÏ
ÂÊËÏÂ ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â Ë ÍÓÎÓÌÌÂ ÚÛ·. ëËÎ‡
ÚÂÌËfl Ì‡ ‚ÌÂ¯ÌÂÈ ÔÓ‚ÂıÌÓÒÚË ÍÓÎÓÌÌ˚ ÚÛ·

    T r l= 2 0 1π τ . (11.24)

ëÓ„Î‡ÒÌÓ [14] Í‡Ò‡ÚÂÎ¸ÌÓÂ Ì‡ÔflÊÂÌËÂ Ì‡ ‚ÌÂ¯ÌÂÈ ÔÓ-
‚ÂıÌÓÒÚË ÍÓÎÓÌÌ˚ ·ÛËÎ¸Ì˚ı ÚÛ· ÓÔÂ‰ÂÎflÂÚÒfl Ú‡Í:

    
τ1

0

0

2

2
=

+( )a r a p

r l

∆
. (11.25)

áÌ‡˜ËÚ,

    
T a r a p= +( )π 2 0 ∆ . (11.26)

àÁ Û‡‚ÌÂÌËfl ‰ËÌ‡ÏË˜ÂÒÍÓ„Ó ‡‚ÌÓ‚ÂÒËfl ÔÓ ‚ÌÂ¯ÌÂÈ ÔÓ-
‚ÂıÌÓÒÚË ÍÓÎÓÌÌ˚ ÚÛ· ËÏÂÂÏ

    
π π γ γ πr p r r l r p T F2

2
0
2

2
2

0
2 0Ì Ú Ì+ − − − =( )( ) – – . (11.26‡)     

íÓ„‰‡ (ÔÓ 11.22), (11.26) Ë (11.26‡) ÔÓÎÛ˜ËÏ:

    
F r r l r a r p= −( ) −( ) − +( ) −





+π γ γ π0
2

2
2

0

2

2
2

Ú ∆

    
+ 







0 3164

0 25 175

2
2 75

0 75

8
, .

, ,

,

,
µ γ

π

q l

r q
(11.27)

Ç ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò [10, 11, 14]

    

∆p f r a q

g
r

l= ∗













a , ,µ γ

1
7

7
4

3
4

1

19
4 3

41 (11.28)

    

f r a a r a

r

r a
a

‡

a

a

8
, ,∗ − ∗

∗ ∗











+







 +









= ⋅ +5998377 10 5

12
7

4
72

15

    

+ − +( )





− −( ) −


















∗ ∗
∗

−

− −
1 1

2
4
7

8
7

7
4

1

8

1

15
r a r a

r a
a a

a , (11.29)

„‰Â a∗ = a/r1 (a – ‡ÒÒÚÓflÌËÂ ÓÚ ÒÚÂÌÍË ÚÛ·˚ ‰Ó ÔÓ‚ÂıÌÓ-
ÒÚË ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â, Ì‡ ÍÓÚÓÓÈ Í‡Ò‡ÚÂÎ¸ÌÓÂ Ì‡-
ÔflÊÂÌËÂ ‡‚ÌÓ ÌÛÎ˛).
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áÌ‡˜ÂÌËÂ a∗ ÓÔÂ‰ÂÎflÂÚÒfl ËÁ Û‡‚ÌÂÌËfl

    

a r a

r r a

r a

a

∗ ∗

∗

∗

∗

+





− +

















− −







=

2

1

1
2

1
4a

a a

a . (11.30)

í‡ÍËÏ Ó·‡ÁÓÏ, ÔÓ ÙÓÏÛÎ‡Ï (11.27) Ë (11.28)

    

F r r l f r al
q

g r

= − − ×( )( ) − ( ){ ∗π γ γ γµ π
0
2

2
2

1
7

7
4

3
4

3
4

1

19
4

Ú a,

    

× +( ) −




−
( )







r a r

r
0

2

2
2

0 75

2
2 75

0 3164

8

,
, ,

.
π

(11.31)

íÂÔÂ¸ Ì‡È‰ÂÏ ‚ÂÒ ÍÓÎÓÌÌ˚ Ì‡ Í˛ÍÂ ÔË ÒÚÛÍÚÛÌÓÏ
ÂÊËÏÂ ÚÂ˜ÂÌËfl ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â Ë ÍÓÎÓÌÌÂ ÚÛ·.

ëÓÒÚ‡‚ËÏ Û‡‚ÌÂÌËÂ ‰ËÌ‡ÏË˜ÂÒÍÓ„Ó ‡‚ÌÓ‚ÂÒËfl ÒËÎ, ÔÓ-
‚Â‰fl Ï˚ÒÎÂÌÌÓ ˆËÎËÌ‰Ë˜ÂÒÍÛ˛ ÔÓ‚ÂıÌÓÒÚ¸ ‚Ó ‚ÌÛÚÂÌÌÂÏ
„‡‰ËÂÌÚÌÓÏ ÒÎÓÂ:

    
2 01

0
2

0
2

0
2

2
2

2
2

2
2 2

2π η π γ π γ π γ π πrl r r r l r r l r l F r p r p
du

dr
+









 − −( ) − −( ) − + − + =Ú Ì ,

„‰Â u1 – ÒÍÓÓÒÚ¸ ‚ Î˛·ÓÈ ÚÓ˜ÍÂ ‚ÌÛÚÂÌÌÂ„Ó „‡‰ËÂÌÚÌÓ„Ó
ÒÎÓfl.

ÑËÙÙÂÂÌˆË‡Î¸ÌÓÂ Û‡‚ÌÂÌËÂ Â¯‡ÂÚÒfl ÔË ÒÓ·Î˛‰ÂÌËË
ÒÎÂ‰Û˛˘Â„Ó „‡ÌË˜ÌÓ„Ó ÛÒÎÓ‚Ëfl: ÒÍÓÓÒÚ¸ ÊË‰ÍÓÒÚË Ì‡ ÔÓ-
‚ÂıÌÓÒÚË ÚÛ·˚ ‡‚Ì‡ ÌÛÎ˛, Ú.Â. ÔË r = r0  u1 = 0.

íÓ„‰‡ ÔÓÎÛ˜ËÏ

    
u r r r rp

l

F r r l r p

l
r
r1

2
0
2

0
2

2
2

2
2

0

0
04 2

= − − − − −





− −



 −( ) −

( )∆

η

π γ γ π

πη

τ

η

Ú Ì
ln . (11.32)

ç‡ ÔÓ‚ÂıÌÓÒÚË fl‰‡ ÒÍÓÓÒÚ¸ ÊË‰ÍÓÒÚË ‚Ó ‚ÌÛÚÂÌÌÂÏ
„‡‰ËÂÌÚÌÓÏ ÒÎÓÂ ÒÚ‡ÌÓ‚ËÚÒfl ‡‚ÌÓÈ ÒÍÓÓÒÚË Ò‡ÏÓ„Ó fl‰‡,
Ú.Â. ÔË r = ρ1   u1 = u0.

ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ,

    
u r rp

l

F r r l r p

l r0 1
2

0
2

0
2

2
2

2
2

1

0

0
1 04 2

= − − − −





− −



 −( ) −

( )∆

η
ρ

π γ γ π

πη

ρ τ

η
ρ

Ú Ì
ln . (11.33)
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ëÓÒÚ‡‚ËÏ Û‡‚ÌÂÌËÂ ‰ËÌ‡ÏË˜ÂÒÍÓ„Ó ‡‚ÌÓ‚ÂÒËfl, ÔÓ‚Â‰fl
ˆËÎËÌ‰Ë˜ÂÒÍÛ˛ ÔÓ‚ÂıÌÓÒÚ¸ ÔÓ ‚ÌÂ¯ÌÂÏÛ „‡‰ËÂÌÚÌÓÏÛ
ÒÎÓ˛:

    
− − +









 − −( ) − −( ) − +2 2

0
2

2
2

0
2

2
2

2
2π η τ π γ π γ π γrl r r l r r l r l

du

dr
Ú

    
+ + − =π πr p F r p2

2
2 02 Ì . (11.34)

ì‡‚ÌÂÌËÂ (11.34) Â¯‡ÂÚÒfl ÔË ÛÒÎÓ‚ËË, ˜ÚÓ ÒÍÓÓÒÚ¸
ÊË‰ÍÓÒÚË ‚Ó ‚ÌÂ¯ÌÂÏ „‡‰ËÂÌÚÌÓÏ ÒÎÓÂ Ì‡ ÔÓ‚ÂıÌÓÒÚË
‚ÌÂ¯ÌÂ„Ó ˆËÎËÌ‰‡ (ÒÍ‚‡ÊËÌ˚) ÒÚ‡ÌÓ‚ËÚÒfl ‡‚ÌÓÈ ÌÛÎ˛, Ú.Â.
ÔË r = r1  u2 = 0.

Ç ÂÁÛÎ¸Ú‡ÚÂ Â¯ÂÌËfl ÔÓÎÛ˜‡ÂÏ

    
u r r

p r r

l

F r r l r p

l

r

r2

1
2 2

0
2

2
2

2
2

1 0
14 2

= + − −
−



 − −



 −( )−

( )
∆

η

π γ γ π

πη

τ

η

Ú Ì
ln . (11.35)

ç‡ ÔÓ‚ÂıÌÓÒÚË fl‰‡ ÒÍÓÓÒÚ¸ ÊË‰ÍÓÒÚË ‚Ó ‚ÌÂ¯ÌÂÏ „‡-
‰ËÂÌÚÌÓÏ ÒÎÓÂ ÔÂÂıÓ‰ËÚ ‚ ÒÍÓÓÒÚ¸ Ò‡ÏÓ„Ó fl‰‡, Ú.Â. ÔË   
r = ρ2  u2 = u0.

áÌ‡˜ËÚ, ÔÓ (11.33)

    
u r rp

l

F r r l r p

l

r
0 1

2
2
2

0
2

2
2

2
2

1

2

0
1 24 2

= − + − −





− −



 −( )−

( )∆

η

π γ γ π

πη ρ

τ

η
ρ ρ

Ú Ì
ln . (11.36)

ëÓÒÚ‡‚ËÏ Û‡‚ÌÂÌËÂ ‰ËÌ‡ÏË˜ÂÒÍÓ„Ó ‡‚ÌÓ‚ÂÒËfl, ÔÓ‚Â‰fl
ˆËÎËÌ‰Ë˜ÂÒÍÛ˛ ÔÓ‚ÂıÌÓÒÚ¸ ÔÓ ‚ÌÛÚÂÌÌÂÈ „‡ÌËˆÂ fl‰‡
ÔÓÚÓÍ‡:

    
2 1 0 1

2
0
2

0
2

2
2

2
2πρ τ π ρ γ π γ π γl r l r r l r l− −( ) − −( ) − +Ú

    + + − =πρ π1
2

2 2
2 0p F r pÌ . (11.37)

ÄÌ‡ÎÓ„Ë˜ÌÓÂ Û‡‚ÌÂÌËÂ ÒÓÒÚ‡‚ËÏ, ÔÓ‚Â‰fl ˆËÎËÌ‰Ë˜ÂÒÍÛ˛
ÔÓ‚ÂıÌÓÒÚ¸ ÔÓ ‚ÌÂ¯ÌÂÈ „‡ÌËˆÂ fl‰‡:

–
    
2 2 0 2

2
0
2

0
2

2
2

2
2πρ τ π ρ γ π γ π γl r l r r l r l− −( ) − −( ) − +Ú

    + + − =πρ π2
2

2 2
2 0p F r pÌ . (11.38)

èÓ Û‡‚ÌÂÌËflÏ (11.37) Ë (11.38) ÔÓÎÛ˜ËÏ:

    

p l l

r b a
2

0

1

2− =
−( )

γ τ

ρ ρ
; (11.39)



289

    
F r r l r p

l
− −( ) −( ) − = −

−
π γ γ π

π ρ ρ τ

ρ ρ
0
2

2
2

2
2 1 2 0

2 1

2
Ú Ì . (11.40)

èÓ ‚˚‡ÊÂÌËflÏ (11.39) Ë (11.40) ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸:

    
F r p r r l r pa= + −( ) −( )−π π γ γ π ρ ρ2

2
0
2

2
2

1
2

Ì Ú ‚∆ . (11.41)

í‡Í Í‡Í ÁÌ‡˜ÂÌËfl u0, Ì‡È‰ÂÌÌ˚Â ÔÓ ÙÓÏÛÎ‡Ï (11.33) Ë
(11.36), ‡‚Ì˚ ÏÂÊ‰Û ÒÓ·ÓÈ, ÚÓ ÔÓÎÛ˜ËÏ ÒÎÂ‰Û˛˘ÂÂ Û‡‚ÌÂ-
ÌËÂ, ÛÒÚ‡Ì‡‚ÎË‚‡˛˘ÂÂ Ò‚flÁ¸ ÏÂÊ‰Û ‡‰ËÛÒ‡ÏË fl‰‡:

    
ρ ρ ρ ρ ρ ρ

ρ

ρ
a

a
a a a

r
r r‚

‚
‚ ‚ln

a
a= − + −( )− +( ) −( )1

2

2 2 21 1 , (11.42)

„‰Â 
    
ρ ρ ρ ρa r r= =1 1 2 1/ , / .‚

ê‡ÒıÓ‰ ÊË‰ÍÓÒÚË

    

q u ru drru dr

r

r

= ++ −( ) ∫∫2 21 2
2

1
2

0 2

2

1

0

1

π ππ ρ ρ

ρ

ρ

. (11.43)

èÓ ‚˚‡ÊÂÌËflÏ (11.32), (11.33), (11.35), (11.40) Ë (11.43) ÔÓ-
ÎÛ˜ËÏ ÒÎÂ‰Û˛˘ÂÂ ÒÓÓÚÌÓ¯ÂÌËÂ ‰Îfl ÓÔÂ‰ÂÎÂÌËfl ‡ÒıÓ‰‡
ÊË‰ÍÓÒÚË ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â:

    
q r r

r p
l a

a
a a= − + − + − − − −
































π
η ρ ρ ρ ρ ρ ρ ρ ρ1
4

4 4 4 2 2 2
8

1
3

2
31 2 1

∆
‚

‚
‚ ‚a a

    
− −( ) +( )


4

3
1 3ρ ρ‚ a ra . (11.44)

ëÓ„Î‡ÒÌÓ ÛÔÓ˘ÂÌÌÓÈ ÙÓÏÛÎÂ ÅÛÍËÌ„‡Ï‡ ‰‡‚ÎÂÌËÂ Ì‡„ÌÂ-
Ú‡ÌËfl pÌ ÔË ÒÚÛÍÚÛÌÓÏ ÂÊËÏÂ ÚÂ˜ÂÌËfl ‚ ÍÓÎ¸ˆÂ‚ÓÏ ÔÓ-
ÒÚ‡ÌÒÚ‚Â ÏÓÊÌÓ Ì‡ÈÚË Ú‡Í:

    

p p l q

r

l

rÌ = + +∆ 8 8

3
2
4

0

2

η

π

τ . (11.45)

áÌ‡˜ËÚ, ÔÓ ÙÓÏÛÎ‡Ï (11.41) Ë (11.45) ‚ÂÒ ÍÓÎÓÌÌ˚ ÒÓÒÚ‡‚ËÚ

    
F r r l r l r p rlq

r
a= −( ) −( ) + + − −( )π γ γ π τ π ρ ρη

0
2

2
2

2
2 2 0 1

2 28 8

3Ú c∆ ‚ , (11.46)

„‰Â  rÒ = r2/r1.
áÌ‡˜ËÚ, ‚ ÚÓ˜ÌÓÈ ÔÓÒÚ‡ÌÓ‚ÍÂ Á‡‰‡˜‡ Â¯‡ÂÚÒfl Ú‡Í: ÔË Á‡-

‰‡ÌÌ˚ı ÁÌ‡˜ÂÌËflı τ0, l, ∆p, r1 Ë r‡ ÔÓ ‚˚‡ÊÂÌËflÏ (11.39) Ë
(11.42) Ì‡ıÓ‰ËÏ ρ‡ Ë ρ‚, ÔÓ‰ÒÚ‡‚Ë‚ ÍÓÚÓ˚Â ‚ (11.46) ÓÔÂ‰ÂÎfl-
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ÂÏ F; ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÈ ‡ÒıÓ‰ ÊË‰ÍÓÒÚË ‚˚˜ËÒÎflÂÏ ÔÓ ÙÓ-
ÏÛÎÂ (11.44).

é‰Ì‡ÍÓ Ú‡ÍÓÈ ÔÛÚ¸ Ò‚flÁ‡Ì Ò ÔÓ‚Â‰ÂÌËÂÏ ·ÓÎ¸¯Ó„Ó Ó·˙Â-
Ï‡ ‚˚˜ËÒÎËÚÂÎ¸Ì˚ı ÓÔÂ‡ˆËÈ.

ÑÎfl ÔË·ÎËÊÂÌÌÓ„Ó Â¯ÂÌËfl Á‡‰‡˜Ë ∆p ·Û‰ÂÏ ÓÔÂ‰ÂÎflÚ¸
ÔÓ ÙÓÏÛÎÂ (8.57), ‡ ‡‰ËÛÒ˚ fl‰‡ Í‡Í

    

ρ τ
a

r

r

l

r p
= −−1

2
1

2
0

1

a

a
ln

;
∆

(11.47)

    

ρ τ
b

r

r

l

r p
= −

+
1

2
1

2
0

1

a

a
ln

.
∆

(11.48)

èÓ (11.46) – (11.48) ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸:

    
F r r l r l r p

lq

r
= −( ) −( ) + + − ×π γ γ π τ π

η
0
2

2
2

2
2 2 0 1

28 8

3
Ú ∆

    

× −
−








 −



















1 2
0

1

2

0
2r

r

l
r p

ra

a
2ln

1
τ

∆
. (11.49)

èÓ ÙÓÏÛÎ‡Ï (8.57) Ë (11.49) Ì‡È‰ÂÏ F ÔË ÒÎÂ‰Û˛˘Ëı ËÒ-
ıÓ‰Ì˚ı ‰‡ÌÌ˚ı: r1 = 0,0295 Ï, r2 = 0,018 Ï, r0 = 0,027 Ï,     
l = 1000 Ï, η = 10#⋅#10–3 è‡#⋅#Ò, τ0 = 3#è‡, γ  =              
= 1,2 ⋅ 104#ç/Ï3, γ = 7,85#⋅#104#ç/Ï3. í‡Í Í‡Í ‚ ‰‡ÌÌÓÏ ÒÎÛ˜‡Â   
r‡ = r0/r1 = 0,915, ÚÓ ÒÓ„Î‡ÒÌÓ Ú‡·Î. 10.1 ËÏÂÂÏ ψ (r‡) =      
= –0,1014, φ(r‡) = 0,0101, ϕ(r‡) = 0,0098.

íÓ„‰‡ ÔÓ ÙÓÏÛÎ‡Ï (8.57) Ë (11.47)

    
∆p q= ⋅ + +[207 54 10 0 1014 1038 735, , ,

    
+ +( ) −




0 1014 1038 73 0 0101

2
, , , .q (11.50)

    F q p= + − ×85063 329 246913 58 0 00273397, , , ∆

    

× −
























0 544143
101694 9

2

, .
,

∆p
(11.51)

Ç Ú‡·Î. 11.7 ÔË‚Â‰ÂÌ˚ ÂÁÛÎ¸Ú‡Ú˚ ‡Ò˜ÂÚÓ‚ ÔÓ ‚˚‡ÊÂÌË-
flÏ (11.50) Ë (11.51).
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Ç Ú‡·Î. 11.7

    
∆F r r l F= −( ) −( ) −π γ γ0

2
2
2

Ú ,

Ú.Â. ‡ÁÌÓÒÚ¸ ÏÂÊ‰Û ‚ÂÒÓÏ ÍÓÎÓÌÌ˚ ‚ Ì‡ıÓ‰fl˘ÂÈÒfl ‚ ÔÓÍÓÂ Ë
‰‚ËÊÛ˘ÂÈÒfl ÊË‰ÍÓÒÚË.

áÌ‡˜ÂÌËfl F Ë ∆F ÙÓÏËÛ˛ÚÒfl Á‡ Ò˜ÂÚ „Ë‰Ó‰ËÌ‡ÏË˜ÂÒÍËı
ÒËÎ, ‚˚Á‚‡ÌÌ˚ı ÔÓıÓÊ‰ÂÌËÂÏ ÔÓÏ˚‚Ó˜ÌÓÈ ÊË‰ÍÓÒÚË ˜ÂÂÁ
ÍÓÎ¸ˆÂ‚ÓÂ ÔÓÒÚ‡ÌÒÚ‚Ó.

é˜Â‚Ë‰ÌÓ, ˜ÚÓ Ì‡ ÔÓ‚ÂıÌÓÒÚË ÍÓÎÓÌÌ˚ ·ÛËÎ¸Ì˚ı ÚÛ·
ÏÓÊÂÚ Ó·‡ÁÓ‚‡Ú¸Òfl ÔÎÂÌÍ‡ ÚÓÎ˘ËÌÓÈ 1–1,5 ÏÏ, Ó·ÛÒÎÓ‚-
ÎÂÌÌ‡fl ÎË·Ó Ì‡ÌÂÒÂÌËÂÏ ÒÏ‡ÁÍË, ÎË·Ó Ì‡ÎËÔ‡ÌËÂÏ ‚˚·ÛÂÌ-
ÌÓÈ ÔÓÓ‰˚, „ÎËÌËÒÚÓ„Ó ‡ÒÚ‚Ó‡. Ç ˝ÚÓÏ ÒÎÛ˜‡Â ÁÌ‡˜ÂÌËfl F
Ë ∆F ÏÓ„ÛÚ ÒÛ˘ÂÒÚ‚ÂÌÌÓ ËÁÏÂÌËÚ¸Òfl.

ÖÒÎË Ó·ÓÁÌ‡˜ËÚ¸ ÚÓÎ˘ËÌÛ Ì‡ÎËÔ¯Â„Ó ÒÎÓfl ˜ÂÂÁ ∆ , ÚÓ ÒÓ-
„Î‡ÒÌÓ (11.49)

    
F r r l r l r plq

r
= − − + + − ×( ) ( )π γ γ π τ πη

0
2

2
2

2
2 2 0 1

28 8
3Ú ∆

    

× − −− 



























1

1

2

1

0

1

2

2
2r

r

l

r p
r‡1

a
2ln

τ

∆
, (11.52)

„‰Â r‡1 = (r0 + ∆)/r1.
áÌ‡˜ÂÌËÂ ∆p ÓÔÂ‰ÂÎflÂÚÒfl ÔÓ (8.57) ÔË ÛÒÎÓ‚ËË, ˜ÚÓ r‡ =

= r‡1. èÓ‚Â‰ÂÏ ‡Ò˜ÂÚ˚ ÔÓ ÓÔÂ‰ÂÎÂÌË˛ F Ë ∆F ÔË ÔËÌfl-
Ú˚ı ‡ÌÂÂ ËÒıÓ‰Ì˚ı ‰‡ÌÌ˚ı Ë ∆ = 0,001 Ï, Ú.Â. r‡1 =

=
  

0 027 0 001
0 0295

0 94315, ,
,

, .+ =  íÓ„‰‡ ρ∗ = 0,974464, ψ(r‡) = –

0,036946, φ(r‡) = 0,0013384, ϕ(r‡) = 0,00214916.
ëÓ„Î‡ÒÌÓ (8.57) Ë (11.50) ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸:

í ‡ · Î Ë ̂  ‡  11.7

q, Î/ÏËÌ F, ç ∆F, ç q, Î/ÏËÌ F, ç ∆F, ç

2 78042,4 7020,9 11 67639,0 17424,3
3 76765,8 8297,5 12 66542,1 18521,2
4 75552,7 9510,6 13 65445,2 19618,1
5 74376,5 10686,8 14 64356,8 20706,5
6 73223,8 1186,42 15 63268,8 21794,5
7 72987,8 12975,5 16 62183,3 22880,0
8 70963,8 14099,5 17 61101,4 23962,0
9 69848,9 15214,4 18 59451,2 25612,1
10 68741,6 16321,7 19 58933,6 26129,7
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∆p q= ⋅ + +[997 0673 10 0 0369461 1214 77165, , ,

    
+ +( ) −




0 0369461 1214 7716 0 0013389

2
, , , .q (11.53)

F = 85063,329 + 246913,58q – 0,00273397∆p ×

× 
    

0 577274 101694 9
2

, ,
.− 





















∆p

(11.54)

Ç Ú‡·Î. 11.8 ÔË‚Â‰ÂÌ˚ ÂÁÛÎ¸Ú‡Ú˚ ‡Ò˜ÂÚÓ‚ ÔÓ ÙÓÏÛÎ‡Ï
(11.53) Ë (11.54).

Ç ‰ÓÔÓÎÌÂÌËÂ Í ‰‡ÌÌ˚Ï, ÔË‚Â‰ÂÌÌ˚Ï ‚ Ú‡·Î. 11.8, ÛÍ‡-
ÊÂÏ, ˜ÚÓ ÔË q = 13 Î/ÏËÌ ËÏÂÂÏ F = –2601,83 ç, Ú.Â. ‚ÂÒ
Ì‡ Í˛ÍÂ ‡‚ÂÌ ÌÛÎ˛ Ë ÚÛ·˚ ‰‚ËÊÛÚÒfl ‚‚Âı. àÁ „‡ÙËÍ‡
Á‡‚ËÒËÏÓÒÚË F = f/(q), ÔÓÒÚÓÂÌÌÓ„Ó ÔÓ ‚ÒÂÏ ˝ÚËÏ ‰‡ÌÌ˚Ï,
ÒÎÂ‰ÛÂÚ, ˜ÚÓ ÔË q = 11,5 Î/ÏËÌ F = 0.

í‡ÍËÏ Ó·‡ÁÓÏ, ÂÒÎË ÔËÌflÚ¸ ‚ (8.57) Ë (11.52) F = 0 Ë      

    r‡= 
    
r‡1 , ÚÓ ÏÓÊÌÓ Ì‡ÈÚË ÛÒÎÓ‚Ëfl (q, ∆), ÔË ÍÓÚÓ˚ı ÍÓÎÓÌ-

Ì‡ ÚÛ· ·Û‰ÂÚ ÔÓÎÌÓÒÚ¸˛ ‚Á‚Â¯ÂÌ‡.
ÄÌ‡ÎÓ„Ë˜ÌÓ ÔÓ ÙÓÏÛÎ‡Ï (11.19) ËÎË (11.23) Ë (11.27) ‚ Á‡-

‚ËÒËÏÓÒÚË ÓÚ ÂÊËÏÓ‚ ÚÂ˜ÂÌËfl ‚ ÚÛ·Â Ë ÍÓÎ¸ˆÂ‚ÓÏ ÔÓÒÚ-
‡ÌÒÚ‚Â ÏÓÊÌÓ Ì‡ÈÚË Ï‡ÍÒËÏ‡Î¸ÌÓ ‚ÓÁÏÓÊÌ˚È ‡ÒıÓ‰ q Ë
ÚÓÎ˘ËÌÛ ‰ÓÔÛÒÚËÏÓ„Ó ÒÎÓfl ∆ , ÔË ÍÓÚÓ˚ı ‚ÂÒ ÍÓÎÓÌÌ˚
ÚÛ· Ì‡ Í˛ÍÂ ÒÚ‡ÌÓ‚ËÚÒfl ‡‚Ì˚Ï ÌÛÎ˛ ‚ ÒÎÛ˜‡Â, ÍÓ„‰‡ ÔÓ-
Ï˚‚Í‡ ÒÍ‚‡ÊËÌ˚ ÓÒÛ˘ÂÒÚ‚ÎflÂÚÒfl ‚Ó‰ÓÈ.

11.3. ÏÎÒÅÐÈ ÄÀÂËÅÍÈß, ÎÁÓÑËÎÂËÅÍÍÛÅ
ÂÐÀÙÅÍÈÅÌ ÊÎËÎÍÍÛ ÁÓÐÈËÜÍÛÕ ÒÐÓÁ

èÛÒÚ¸ ÍÓÎ¸ˆÂ‚ÓÂ ÔÓÒÚ‡ÌÒÚ‚Ó, Ó·‡ÁÓ‚‡ÌÌÓÂ ‰‚ÛÏfl ÍÓÌˆÂÌÚ-
Ë˜ÌÓ ‡ÒÔÓÎÓÊÂÌÌ˚ÏË ˆËÎËÌ‰‡ÏË, Á‡ÔÓÎÌÂÌÓ ‚flÁÍÓÈ ÊË‰-
ÍÓÒÚ¸˛. ÇÌÛÚÂÌÌËÈ ˆËÎËÌ‰ ‚‡˘‡ÂÚÒfl Ò ÔÓÒÚÓflÌÌÓÈ Û„ÎÓ-

í ‡ · Î Ë ̂  ‡  11.8

q, Î/ÏËÌ F, ç ∆F, ç q, Î/ÏËÌ F, ç ∆F, ç

2 62147,5 22915,8 7 29455,2 55608,1
3 55451,1 29612,2 8 23025,0 62038,3
4 48878,7 36184,6 9 16608,9 68454,4
5 42373,1 42690,3 10 10145,7 74917,6
6 35902,5 49160,8 11 3756,3 81307,1



293

‚ÓÈ ÒÍÓÓÒÚ¸˛ ω . íÂ·ÛÂÚÒfl ÓÔÂ‰ÂÎËÚ¸ ‰‡‚ÎÂÌËÂ ‚ Î˛·ÓÈ
ÚÓ˜ÍÂ ÔÓÔÂÂ˜ÌÓ„Ó ÒÂ˜ÂÌËfl ÍÓÎ¸ˆÂ‚Ó„Ó ÔÓÒÚ‡ÌÒÚ‚‡.

ê‡ÒÒÏÓÚËÏ Á‡‰‡˜Û ‚ ˆËÎËÌ‰Ë˜ÂÒÍÓÈ ÒËÒÚÂÏÂ ÍÓÓ‰ËÌ‡Ú
z, r, ϕ. é˜Â‚Ë‰ÌÓ, ˜ÚÓ Ú‡ÂÍÚÓËflÏË ‰‚ËÊÂÌËfl ˜‡ÒÚËˆ ÊË‰ÍÓ-
ÒÚË fl‚Îfl˛ÚÒfl ÍÓÌˆÂÌÚË˜Ì˚Â ÓÍÛÊÌÓÒÚË; ÒÓÒÚ‡‚Îfl˛˘ËÂ
ÒÍÓÓÒÚË ÔÓ ÓÒflÏ r Ë z ÓÚÒÛÚÒÚ‚Û˛Ú, ‡ ÒÛ˘ÂÒÚ‚ÛÂÚ ÎË¯¸ uϕ =
u, Á‡‚ËÒfl˘‡fl ÓÚ r. ÖÒÎË r0 Ë r1 – ‡‰ËÛÒ˚ ÍÓÎÓÌÌ˚ ·ÛËÎ¸-
Ì˚ı ÚÛ· Ë ÒÍ‚‡ÊËÌ˚, ÚÓ r0 ≤ r ≤ r1.

ëÓ„Î‡ÒÌÓ Û‡‚ÌÂÌË˛ ÌÂ‡Á˚‚ÌÓÒÚË

    

∂

∂ϕ

u
= 0. (11.55)

Ñ‡‚ÎÂÌËÂ ‚Ó ‚ÒÂı ÚÓ˜Í‡ı ‰‡ÌÌÓÈ ÓÍÛÊÌÓÒÚË, ÒÓÒÚ‡‚Îfl˛-
˘ÂÈ Ú‡ÂÍÚÓË˛ ‰‚ËÊÂÌËfl, ·Û‰ÂÚ Ó‰ËÌ‡ÍÓ‚˚Ï, Ú‡Í Í‡Í Ì‡
ÔÂÓ‰ÓÎÂÌËÂ ÒËÎ ÒÓÔÓÚË‚ÎÂÌËfl Á‡Ú‡˜Ë‚‡ÂÚÒfl ÌÂ ÔÓÚÂÌˆË-
‡Î¸Ì‡fl ˝ÌÂ„Ëfl ÊË‰ÍÓÒÚË, ‡ ÏÂı‡ÌË˜ÂÒÍ‡fl, ÔË‚Ó‰fl˘‡fl ˆË-
ÎËÌ‰ ‚Ó ‚‡˘ÂÌËÂ. èÓ˝ÚÓÏÛ ‚ ÔÎÓÒÍÓÒÚË rϕ ‰‡‚ÎÂÌËÂ ËÁÏÂ-

ÌflÂÚÒfl ÚÓÎ¸ÍÓ ÔÓ ‡‰ËÛÒÛ, Ú.Â. p = f(r) Ë 
    

∂

∂ϕ

u
= 0.íÓ„‰‡ ‚ ÒÓÓÚ-

‚ÂÚÒÚ‚ËË Ò ÒËÒÚÂÏÓÈ ‰ËÙÙÂÂÌˆË‡Î¸Ì˚ı Û‡‚ÌÂÌËÈ ç‡‚¸Â –
ëÚÓÍÒ‡

    

u
r

dp
dr

2 1=
ρ

; (11.56)

    

d u

dr r
du
dr

u

r

2

2 2

1 0+ − = . (11.57)

Ç˚‡ÊÂÌËÂ (11.57) ÔÂ‰ÒÚ‡‚ÎflÂÚ ÒÓ·ÓÈ ‰ËÙÙÂÂÌˆË‡Î¸ÌÓÂ
Û‡‚ÌÂÌËÂ ÚËÔ‡ ùÈÎÂ‡, Ë Â„Ó ˜‡ÒÚÌ˚Â Â¯ÂÌËfl ÒÎÂ‰ÛÂÚ ËÒ-
Í‡Ú¸ ‚ ÙÓÏÂ

    u rk= . (11.58)

àÁ Û‡‚ÌÂÌËÈ (11.57) Ë (11.58) ÔÓÎÛ˜ËÏ

    
k k r kr rk k k− + − =( ) − − −1 02 2 2 .

éÚÒ˛‰‡

    
k k k− + − =( )1 1 0.

ëÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ËÏÂÂÏ ‰‚‡ ÁÌ‡˜ÂÌËfl k:  k = 1,  k = –1 Ë

ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ ˜‡ÒÚÌ˚Â Â¯ÂÌËfl u1 = r Ë u2 = 
    

1

r
.
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