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Ç ÔÓÒÎÂ‰ÌÂÂ ‰ÂÒflÚËÎÂÚËÂ ·˚ÎË ‰ÓÒÚË„ÌÛÚ˚
·ÓÎ¸¯ËÂ ÛÒÔÂıË ‚ Ó·Î‡ÒÚË ÏÓ‰ÂÎËÓ‚‡ÌËfl ÔÓˆÂÒ-
ÒÓ‚ ‰ËÌ‡ÏÓ [1]. Ç Ì‡ÒÚÓfl˘ÂÂ ‚ÂÏfl ÍÛÔÌÓÏ‡Ò-
¯Ú‡·Ì˚Â ÏÓ‰ÂÎË ‰ËÌ‡ÏÓ ‚ ÒÓÒÚÓflÌËË “Í‡˜ÂÒÚ‚ÂÌ-
ÌÓ” ‚ÓÒÔÓËÁ‚Ó‰ËÚ¸ ÏÌÓ„ËÂ fl‚ÎÂÌËfl: ËÌ‚ÂÒËË Ï‡„-
ÌËÚÌÓ„Ó ÔÓÎfl, ÒÔÂÍÚ ‚‡Ë‡ˆËÈ Ï‡„ÌËÚÌÓ„Ó ÔÓÎfl,
‚ÓÒÚÓ˜ÌÓÂ Ì‡Ô‡‚ÎÂÌËÂ ‚‡˘ÂÌËfl Ú‚Â‰Ó„Ó fl‰‡
áÂÏÎË [1, 2]. ç‡ ÔÓ‚ÂÒÚÍÛ ‰Ìfl ‚ÒÚ‡Î ‰ÂÚ‡Î¸Ì˚È ÍÓ-
ÎË˜ÂÒÚ‚ÂÌÌ˚È ‡Ì‡ÎËÁ ËÒÔÓÎ¸ÁÛÂÏ˚ı Ô‡‡ÏÂÚÓ‚
Ë ÌÂ ÏÂÌÂÂ ‰ÂÚ‡Î¸Ì˚È ‡Ì‡ÎËÁ ÔÓÎÛ˜‡ÂÏ˚ı ÂÁÛÎ¸-
Ú‡ÚÓ‚. èÓÒÍÓÎ¸ÍÛ Ì‡ ÔÓ‚ÂıÌÓÒÚË áÂÏÎË ‰Îfl Ì‡-
·Î˛‰‡ÚÂÎfl ‰ÓÒÚÛÔÌ‡ ÎË¯¸ ÍÛÔÌÓÏ‡Ò¯Ú‡·Ì‡fl
˜‡ÒÚ¸ ÒÔÂÍÚ‡ Ï‡„ÌËÚÌÓ„Ó ÔÓÎfl (Ò ÔÓÒÚ‡ÌÒÚ‚ÂÌ-
Ì˚Ï ‡ÁÂ¯ÂÌËÂÏ ÌÂ ·ÓÎÂÂ 10–14 „‡ÏÓÌËÍ ‚ ‡Á-
ÎÓÊÂÌËË ÔÓ ÒÙÂË˜ÂÒÍËÏ ÙÛÌÍˆËflÏ Ë ‚‡Ë‡ˆËË Ò
‚ÂÏÂÌÌ˚ÏË ÔÂËÓ‰‡ÏË ÌÂ ÏÂÌÂÂ 10 ÎÂÚ), ‡ ÒÔÂÍÚ
ÔÓÎfl ÒÍÓÓÒÚË, ÚÂÏÔÂ‡ÚÛ˚ Ë Ï‡„ÌËÚÌÓ„Ó ÔÓÎfl
ÏÓÊÂÚ Û·˚‚‡Ú¸ ÒÛ˘ÂÒÚ‚ÂÌÌÓ ÏÂ‰ÎÂÌÌÂÂ, ˜ÂÏ ÍÓÎ-
ÏÓ„ÓÓ‚ÒÍËÈ ÒÔÂÍÚ ÚÛ·ÛÎÂÌÚÌÓÒÚË, ËÒÒÎÂ‰Ó‚‡-
ÌËÂ ÔÓ‚Â‰ÂÌËfl ÒËÒÚÂÏ˚ ‚ ÏÂÎÍÓÏ‡Ò¯Ú‡·ÌÓÈ ̃ ‡ÒÚË
ÒÔÂÍÚ‡, Ú‡ÍÊÂ ÌÂ‰ÓÒÚÛÔÌÓÈ ÔflÏÓÏÛ ̃ ËÒÎÂÌÌÓÏÛ
ÏÓ‰ÂÎËÓ‚‡ÌË˛, fl‚ÎflÂÚÒfl Ó‰ÌÓÈ ËÁ Ì‡Ë·ÓÎÂÂ ‡Í-
ÚÛ‡Î¸Ì˚ı Á‡‰‡˜ „ÂÓ‰ËÌ‡ÏÓ.

ç‡Ë·ÓÎ¸¯ËÂ ÚÛ‰ÌÓÒÚË ‚ ÏÓ‰ÂÎËÓ‚‡ÌËË Ò‚flÁ‡Ì˚
Ò Â¯ÂÌËÂÏ Á‡‰‡˜Ë ÚÂÔÎÓ‚ÓÈ ÍÓÌ‚ÂÍˆËË, ÔÓÒÍÓÎ¸ÍÛ
‰Ë‡Ô‡ÁÓÌ ÔÓÒÚ‡ÌÒÚ‚ÂÌÌÓ-‚ÂÏÂÌÌ ı Ï‡Ò¯Ú‡·Ó‚
ÔÓÎfl ÒÍÓÓÒÚË Ë ÚÂÏÔÂ‡ÚÛ˚ Ì‡ ÏÌÓ„Ó ÔÓfl‰ÍÓ‚
ÔÂ‚ÓÒıÓ‰ËÚ ÔÓÚflÊÂÌÌÓÒÚ¸ ÒÔÂÍÚ‡ Ï‡„ÌËÚÌÓ„Ó ÔÓ-
Îfl ‚ ÊË‰ÍÓÏ fl‰Â, ˜ÚÓ ÒÎÂ‰ÛÂÚ ËÁ ÒÓÓÚÌÓ¯ÂÌËfl Re,
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 [3]. àÁ ‡ÒËÏÔÚÓÚË˜ÂÒÍÓ„Ó
‡Ì‡ÎËÁ‡ ÏÓ‰ÂÎÂÈ ÅÛÒÒËÌÂÒÍ‡ Ì‡ ÔÓÓ„Â ÍÓÌ‚ÂÍˆËË
ËÁ‚ÂÒÚÌÓ [4–6], ̃ ÚÓ ·˚ÒÚÓÂ ‚‡˘ÂÌËÂ áÂÏÎË ÔË-
‚Ó‰ËÚ Í ÔÓfl‚ÎÂÌË˛ ‚˚ÚflÌÛÚ˚ı ‚ Ì‡Ô‡‚ÎÂ- ÌËË
ÓÒË ‚‡˘ÂÌËfl ÒÚÛÍÚÛ (ÍÓÎÓÌÓÍ), ÔÓÔÂÂ˜Ì˚È
Ï‡Ò¯Ú‡· ÍÓÚÓ˚ı ÛÊÂ Ì‡ ÔÓÓ„Â ÚÂÔÎÓ‚ÓÈ ÍÓÌ-
‚ÂÍˆËË ÏÌÓ„Ó ÏÂÌ¸¯Â Ï‡Ò¯Ú‡·‡ ÚËÔË˜ÌÓ ËÒÔÓÎ¸-
ÁÛÂÏ˚ı ÒÂÚÓÍ. èÓÒÎÂ‰ÌÂÂ ÔË‚Ó‰ËÚ Í ÔÓfl‚ÎÂÌË˛
˜ËÒÎÂÌÌ˚ı ÌÂÛÒÚÓÈ˜Ë‚ÓÒÚÂÈ. Ç ÔÂ‰Î‡„‡ÂÏÓÈ ‡-
·ÓÚÂ Ë‰ÂË ‡ÒËÏÔÚÓÚË˜ÂÒÍÓ„Ó ‡Ì‡ÎËÁ‡ ËÒÔÓÎ¸ÁÓ‚‡-
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Ì˚ ÔË ÒÓÁ‰‡ÌËË Í‡ÒÍ‡‰Ì˚ı ÏÓ‰ÂÎÂÈ ÚÂÔÎÓ‚ÓÈ ÚÛ-
·ÛÎÂÌÚÌÓÒÚË. Ç ‡·ÓÚÂ ÔË‚Â‰ÂÌ˚ ÒÔÂÍÚ‡Î¸Ì˚Â
ı‡‡ÍÚÂËÒÚËÍË ÚÛ·ÛÎÂÌÚÌ˚ı ÔÓÎÂÈ Ë ÓˆÂÌÍË ÁÌ‡-
˜ÂÌËÈ ÔÓ‰ÒÂÚÓ˜ÌÓÈ ‚flÁÍÓÒÚË, ËÒÔÓÎ¸ÁÛÂÏÓÈ ‚ ÏÓ-
‰ÂÎflı ÍÛÔÌÓÏ‡Ò¯Ú‡·ÌÓÈ ÚÂÔÎÓ‚ÓÈ ÍÓÌ‚ÂÍˆËË. 

ê‡ÒÒÏÓÚËÏ Û‡‚ÌÂÌËfl ÚÂÔÎÓ‚ÓÈ ÍÓÌ‚ÂÍˆËË
‰Îfl ÔÓ‰Ó„Â‚‡ÂÏÓÈ ÒÌËÁÛ ÌÂÒÊËÏ‡ÂÏÓÈ ÊË‰ÍÓÒÚË
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 = 0) ‚ ÔË·ÎËÊÂÌËË ÅÛÒÒËÌÂÒÍ‡ ‚Ó ‚‡˘‡˛-
˘ÂÈÒfl ‚ÓÍÛ„ ÓÒË 

 

z

 

 Ò Û„ÎÓ‚ÓÈ ÒÍÓÓÒÚ¸˛ 

 

Ω

 

 ‰ÂÍ‡-
ÚÓ‚ÓÈ ÒËÒÚÂÏÂ ÍÓÓ‰ËÌ‡Ú. Ç‚Â‰fl ÒÎÂ‰Û˛˘ËÂ Â‰ËÌË-
ˆ˚ ËÁÏÂÂÌËfl ‰Îfl ÒÍÓÓÒÚË 
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˝ÙÙËˆËÂÌÚ ÏÓÎÂÍÛÎflÌÓÈ ÚÂÔÎÓÔÓ‚Ó‰ÌÓÒÚË, 

 

ρ

 

 –
ÔÎÓÚÌÓÒÚ¸ ‚Â˘ÂÒÚ‚‡, Á‡ÔË¯ÂÏ Û‡‚ÌÂÌËfl ‚ ‚Ë‰Â 

(1)

„‰Â 
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 – ‚ÓÁÏÛ˘ÂÌËÂ ÚÂÏÔÂ‡ÚÛ˚ ÓÚÌÓÒËÚÂÎ¸ÌÓ
‡‚ÌÓ‚ÂÒÌÓ„Ó ‡ÒÔÂ‰ÂÎÂÌËfl ÚÂÏÔÂ‡ÚÛ˚ 
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. ÅÂÁ‡ÁÏÂÌ˚Â ˜ËÒÎ‡ è‡Ì‰ÚÎfl, ùÍÏ‡Ì‡ Ë

ê˝ÎÂfl Á‡‰‡Ì˚ ‚ ‚Ë‰Â Pr = , E = , Ra =

=

 

 

 

, „‰Â 
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 – ÍÓ˝ÙÙËˆËÂÌÚ Ó·˙ÂÏÌÓ„Ó ‡Ò-

¯ËÂÌËfl, 

 

g

 

 – ÛÒÍÓÂÌËÂ Ò‚Ó·Ó‰ÌÓ„Ó Ô‡‰ÂÌËfl, 

 

δ

 

T

 

 –
Â‰ËÌËˆ‡ ÚÂÏÔÂ‡ÚÛ˚. ëÎÂ‰Ûfl [4], ËÒÍÎ˛˜ËÏ ‰‡‚ÎÂ-
ÌËÂ ËÁ (1), ÔËÏÂÌË‚ ÓÔÂ‡ˆËË ÓÚÓ Ë ÓÚÓ–ÓÚÓ
Í Û‡‚ÌÂÌË˛ ç‡‚¸Â–ëÚÓÍÒ‡ Ë ÓÚ·ÓÒË‚ ÌÂÎËÌÂÈÌ˚Â
˜ÎÂÌ˚, Ï‡Î˚Â Ì‡ ÔÓÓ„Â „ÂÌÂ‡ˆËË, ÔÓÎÛ˜ËÏ 
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êÂ¯ÂÚÌflÍ
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èÓ‰ÒÚ‡ÌÓ‚Í‡ (
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‚ (2) ÔË‚Ó‰ËÚ Í 
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y

 

 

 

�

 

 

 

k

 

z

 

 ~ 1, ‡ ËÁ ÛÒÎÓ‚Ëfl ·ÂÁ‰Ë‚Â-
„ÂÌÚÌÓÒÚË 

 

v

 

i

 

k

 

i

 

 = 0 ÒÎÂ‰ÛÂÚ, ˜ÚÓ 

 

vx � –vy. Ç Ï‡ÚË˜-
ÌÓÈ ÙÓÏÂ (3) ËÏÂÂÚ ‚Ë‰ A · (vz, ξ, θ)T = 0, „‰Â 

(4)

ìÒÎÓ‚ËÂ ‡ÁÂ¯ËÏÓÒÚË (DetA = 0) ‰‡ÂÚ

àÁ ÛÒÎÓ‚Ëfl  = 0 ËÏÂÂÏ

ÄÌ‡ÎÓ„Ë˜ÌÓ

(ÛÒÎÓ‚ËÂ  = 0 ‰‡ÂÚ ÚÂ ÊÂ ÂÁÛÎ¸Ú‡Ú˚). ä‡Í

‚Ë‰ÌÓ ËÁ ÔË‚Â‰ÂÌÌÓ„Ó ‡Ì‡ÎËÁ‡, ÔË E → 0 (‚ ÊË‰-
ÍÓÏ fl‰Â áÂÏÎË EEarth ~ 10–14, Pr ~ 10–1), Ì‡ ÔÓÓ„Â
„ÂÌÂ‡ˆËË ÓÚÌÓ¯ÂÌËÂ ÔÓ‰ÓÎ¸ÌÓ„Ó Ë ÔÓÔÂÂ˜ÌÓ-
„Ó Ï‡Ò¯Ú‡·Ó‚ ÒÓÒÚ‡‚ÎflÂÚ ~E–1/3, ˜ÚÓ fl‚ÎflÂÚÒfl
·ÓÎ¸¯ÓÈ ÚÛ‰ÌÓÒÚ¸˛ ‰Îfl ÔflÏÓ„Ó ̃ ËÒÎÂÌÌÓ„Ó ÏÓ-
‰ÂÎËÓ‚‡ÌËfl. í‡Í, ÔÓÒÎÂ ËÒÍÎ˛˜ÂÌËfl ˝ÙÙÂÍÚÓ‚
ÒÛÔÂ‚flÁÍÓÒÚË ‚ ÏÓ‰ÂÎË [7] Û‰‡ÎÓÒ¸ ÔÓ‚ÂÒÚË ‡Ò-
˜ÂÚ˚ ÎË¯¸ ‰Îfl E ~ 10–4. ë ‰Û„ÓÈ ÒÚÓÓÌ˚, ‰Îfl
ËÁÛ˜ÂÌËfl ÔÓˆÂÒÒÓ‚ Ì‡ Ï‡Î˚ı Ï‡Ò¯Ú‡·‡ı ÏÓ„ÛÚ
·˚Ú¸ ËÒÔÓÎ¸ÁÓ‚‡Ì˚ ÒÔÂˆË‡Î¸Ì˚Â ÏÓ‰ÂÎË ÚÛ·Û-
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cr 3 21/3Pr4/3 Pr 1+( ) 1/3– E 1/3– ,⋅=
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cr 2 1/3– Pr

Pr 1+
-------------- 

 
2/3

2 3Pr2–( )1/2
E 2/3–=

dRa3

dk
------------

ÎÂÌÚÌÓÒÚË, ‚ ˜‡ÒÚÌÓÒÚË, Í‡ÒÍ‡‰Ì˚Â ÏÓ‰ÂÎË. ê‡Ò-
ÒÏÓÚËÏ ÒËÒÚÂÏÛ Ó·˚ÍÌÓ‚ÂÌÌ˚ı ‰ËÙÙÂÂÌˆË-
‡Î¸Ì˚ı Û‡‚ÌÂÌËÈ (i = 0, 1, …, imax, j = 0, 1, …, jmax),
fl‚Îfl˛˘Û˛Òfl Ó·Ó·˘ÂÌËÂÏ ÏÓ‰ÂÎË (2) Ì‡ ÌÂÎËÌÂÈ-
Ì˚È ÒÎÛ˜‡È, Á‡ÔËÒ‡ÌÌÛ˛ ‚ ÚÂÏËÌ‡ı Í‡ÒÍ‡‰Ì˚ı
ÏÓ‰ÂÎÂÈ (ÒÏ. Ó·ÁÓ ‚ [8]): 

(5)

„‰Â (un, wn) – x- Ë z-ÍÓÏÔÓÌÂÌÚ˚ ÔÓÎfl ÒÍÓÓÒÚË, θn –
ÚÂÏÔÂ‡ÚÛ‡ ‚ ‚ÓÎÌÓ‚ÓÏ ÔÓÒÚ‡ÌÒÚ‚Â (kxn, kzn), ÔË-

˜ÂÏ ξ = i , Á‚ÂÁ‰Ó˜Í‡ – ÁÌ‡Í ÍÓÏÔÎÂÍÒÌÓ„Ó ÒÓÔfl-

ÊÂÌËfl, kn + 1 = 2kn, k0 = 1. á‰ÂÒ¸ ε ~ E1/3 ÔË uijkxi � wijkzj

Ë ε ~ 1 ‚ ÔÓÚË‚ÌÓÏ ÒÎÛ˜‡Â. ÄÔÔÓÍÒËÏ‡ˆËfl ÓÚ‰ÂÎ¸-
Ì˚ı ÌÂÎËÌÂÈÌ˚ı ˜ÎÂÌÓ‚ ËÒÔÓÎ¸ÁÓ‚‡Ì‡ ‚ Ú‡‰ËˆË-
ÓÌÌÓÈ ‰Îfl Í‡ÒÍ‡‰Ì˚ı ÏÓ‰ÂÎÂÈ ÙÓÏÂ [3, 8–10].
ãÂ„ÍÓ Û·Â‰ËÚ¸Òfl, ̃ ÚÓ ‚ ÔÂ‰ÂÎÂ Ï‡Î˚ı ÍÓ˝ÙÙËˆË-
ÂÌÚÓ‚ ‰ËÙÙÛÁËË (Ë ÓÚÒÛÚÒÚ‚ËË ÒËÎ˚ ÄıËÏÂ‰‡,
Ra = 0) ÒËÒÚÂÏ‡ (5) ÒÓı‡ÌflÂÚ ÍËÌÂÚË˜ÂÒÍÛ˛ EÍ =

= |uij|2 + |wij|2 Ë ÚÂÔÎÓ‚Û˛ EH =  ̋ ÌÂ„ËË. 

èÓÒÍÓÎ¸ÍÛ ‰‡ÊÂ ‰Îfl Í‡ÒÍ‡‰Ì˚ı ÏÓ‰ÂÎÂÈ ÚÛ-
·ÛÎÂÌÚÌÓÒÚË ÏÓ‰ÂÎËÓ‚‡ÌËÂ ÔÓˆÂÒÒÓ‚ Ò EEarth =
= 10–14 fl‚ÎflÂÚÒfl ÒÎÓÊÌÓÈ Á‡‰‡˜ÂÈ, ‚ ‡·ÓÚÂ ‡Ò-
ÒÏÓÚÂÌ fl‰ ÂÊËÏÓ‚ Ò E > EEarth Ë ı‡‡ÍÚÂÌ˚Ï
‰Îfl áÂÏÎË ÓÚÌÓ¯ÂÌËÂÏ ˜ËÒÎ‡ ê˝ÎÂfl Í Â„Ó ÍËÚË-
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  2E kxi
2 kzj

2+( )uij–
uij

kxi

------,–

Pr 1– E
dwij

dt
---------- = Pr 1– Ei kzj wij 1+* wij 2+* 1

4
---wij 1–* wij 1+* ––



–
1
8
---wij 2–* wij 1–* 

 2εkxi
1
2
---wi 1 j–* uij* 2wi 1 j+* uij*+ 

  –+

– 2kzj
1
2
---uij 1–* wij* 2uij 1+* uij*+ 

  –

– E kxi
2 kzj

2+( )wij

uij

kxi

------ Raθij+ ,–

dθij

dt
--------- ikzj wij 1+* θij 2+* wij 1–* θij 1+* 1

2
---wij 2–* θij 1–* +–+

=

+ wij 2+* θij 1+* 1
2
---wij 1+* θij 1–*–

1
4
---wij 1–* θij 2–*– 

 –

– kxi
2 kzj

2+( )θij wij,+

u
2k
------

2
ij

∑ θij
2

ij

∑



ÑéäãÄÑõ ÄäÄÑÖåàà çÄìä      ÚÓÏ 400      ‹ 1     2005

éñÖçäÄ íìêÅìãÖçíçéâ Çüáäéëíà ÜàÑäéÉé üÑêÄ áÖåãà 3

˜ÂÒÍÓÏÛ ÁÌ‡˜ÂÌË˛ Racr(E): R =  ~ 500 [11] (Ú.Â.

Pr = 0.1, Ra = 1.8 · 105,  =  = 10). ç‡ ËÒ. 1
ÔÂ‰ÒÚ‡‚ÎÂÌ˚ ÒÔÂÍÚ˚ ÔÓÎÂÈ u, w, θ ‰Îfl E = 10–10.
ëÔÂÍÚ˚ ‚˚ÚflÌÛÚ˚ ‚ ÔÓ‰ÓÎ¸ÌÓÏ (‚‰ÓÎ¸ ÓÒË z) Ì‡-
Ô‡‚ÎÂÌËË, ˜ÚÓ Ò‚flÁ‡ÌÓ Ò ·ÎÓÍËÓ‚‡ÌËÂÏ ÔÂÂÌÓÒ‡
˝ÌÂ„ËË ÔÓ ÒÔÂÍÚÛ ‚‡˘ÂÌËÂÏ ‚ ÔÂÔÂÌ‰ËÍÛÎfl-
ÌÓÏ Ì‡Ô‡‚ÎÂÌËË. Ç ÚÓ ÊÂ ‚ÂÏfl ‚ Ó·Î‡ÒÚË Ï‡ÍÒË-
ÏÛÏ‡ ‰Îfl ÒÔÂÍÚÓ‚ ı‡‡ÍÚÂÌÓ ÒÛ˘ÂÒÚ‚Ó‚‡ÌËÂ ËÌ-
ÚÂ‚‡Î‡ ÔÓÔÂÂ˜Ì˚ı ‚ÓÎÌÓ‚˚ı ˜ËÒÂÎ 0 � nx � nE,
nE = E–1/3 ≈ 10, Ì‡ ÍÓÚÓÓÏ ÒÔÂÍÚ ÔÓÒÚÓflÌÂÌ (‡Ò-
˜ÂÚ˚ ‰Îfl E = 10–6–10–9 ‰‡ÎË ‡Ì‡ÎÓ„Ë˜Ì˚Â ÂÁÛÎ¸-
Ú‡Ú˚). ùÚ‡ ÓÒÓ·ÂÌÌÓÒÚ¸ ÒÔÂÍÚÓ‚ „Ó‚ÓËÚ Ó ÒÓı‡-
ÌÂÌËË Ò‚ÓÈÒÚ‚ ÎËÌÂÈÌÓÈ ÒËÒÚÂÏ˚ (2), ‰Îfl ÍÓÚÓÓÈ
Ì‡Ë·ÓÎÂÂ ·˚ÒÚÓ ‡ÒÚÛ˘‡fl ÏÓ‰‡ ÒÓÓÚ‚ÂÚÒÚ‚ÛÂÚ
n = (nx, ny, nx = nE, ny ~ 1. ç‡ ËÒ. 2 ÔÂ‰ÒÚ‡‚ÎÂÌ˚ Ó‰-
ÌÓÏÂÌ˚Â ÔÓÔÂÂ˜Ì˚Â Si(nx) Ë ÔÓ‰ÓÎ¸Ì˚Â Sj(nz)
ÒÔÂÍÚ˚, ÔÓÎÛ˜ÂÌÌ˚Â ÒÛÏÏËÓ‚‡ÌËÂÏ ËÒıÓ‰Ì˚ı
‰‚ÛÏÂÌ˚ı ÒÔÂÍÚÓ‚ Sij ÔÓ Ó‰ÌÓÏÛ ËÁ ‚ÓÎÌÓ‚˚ı
˜ËÒÂÎ. Ç ÓÚÎË˜ËÂ ÓÚ ÔÓ‰ÓÎ¸ÌÓ„Ó ÒÔÂÍÚ‡ Sj(nz),

Ra

Racr
---------
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êËÒ. 1. Ñ‚ÛÏÂÌ˚Â ÒÔÂÍÚ˚ ÍÓÏÔÓÌÂÌÚ ÔÓÎfl ÒÍÓÓÒÚË
ln(uij ) (a), ln(wij ) (·) Ë ÚÂÏÔÂ‡ÚÛ˚ ln(θij ) (‚). uij* wij* θij*
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Sj
Si

n

w2/2

u2/2

θ2/2

êËÒ. 2. èÓ‰ÓÎ¸Ì˚Â (Sj) Ë ÔÓÔÂÂ˜Ì˚Â (Si) ÒÔÂÍÚ˚
ÍÓÏÔÓÌÂÌÚ ÔÓÎfl ÒÍÓÓÒÚË (u, w) Ë ÚÂÏÔÂ‡ÚÛ˚ θ.
èflÏ‡fl ÎËÌËfl ÒÓÓÚ‚ÂÚÒÚ‚ÛÂÚ ÒÔÂÍÚÛ äÓÎÏÓ„ÓÓ‚‡ “–
5/3”. 
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êÂ¯ÂÚÌflÍ

ËÏÂ˛˘Â„Ó ÍÓÎÏÓ„ÓÓ‚ÒÍÓÂ ‡ÒÔÂ‰ÂÎÂÌËÂ, ‡ÏÔ-
ÎËÚÛ‰‡ ÔÓÔÂÂ˜ÌÓ„Ó ÒÔÂÍÚ‡ Si(nx) Ì‡ Ï‡Î˚ı Ï‡Ò-

¯Ú‡·‡ı  ~ lE lE =  Ò‡‚ÌËÏ‡ ÒÓ ÁÌ‡˜ÂÌËflÏË

ÒÔÂÍÚ‡ Ì‡ ·ÓÎ¸¯Ëı Ï‡Ò¯Ú‡·‡ı  ~ 1. í‡ÍËÏ Ó·-

‡ÁÓÏ, ÓˆÂÌË‚ ÍËÌÂÚË˜ÂÒÍÛ˛ ˝ÌÂ„Ë˛ ‰‚ËÊÂÌËÈ
Ì‡ ·ÓÎ¸¯Ëı Ï‡Ò¯Ú‡·‡ı ËÁ Ï‡„ÌËÚÌ˚ı ËÁÏÂÂÌËÈ
(Ì‡ÔËÏÂ, ËÁ ÒÍÓÓÒÚË Á‡Ô‡‰ÌÓ„Ó ‰ÂÈÙ‡ Ï‡„ÌËÚ-
ÌÓ„Ó ÔÓÎfl ËÎË ·ÎËÁÍËı ÔÓ ÔÓfl‰ÍÛ ‚ÂÎË˜ËÌ˚ ‚‡-
Ë‡ˆËÈ ‚ÂÍÓ‚Ó„Ó ÔÓÎfl ~0.2°/„Ó‰), ÏÓÊÌÓ ÓˆÂÌËÚ¸
Ë ‚ÂÎË˜ËÌÛ ‰ËÒÒËÔ‡ˆËË ˝ÌÂ„ËË, ÒÓÔÓÒÚ‡‚Ë‚ ÂÂ Ò
Ï‡Ò¯Ú‡·ÓÏ lE, ÌÂ‰ÓÒÚÛÔÌ˚ Í‡Í ‰Îfl Ì‡·Î˛‰ÂÌËÈ,
Ú‡Í Ë ‰Îfl ÔflÏÓ„Ó ÏÓ‰ÂÎËÓ‚‡ÌËfl ÒËÒÚÂÏ˚ (1).
èÓÒÍÓÎ¸ÍÛ ‚ z-Ì‡Ô‡‚ÎÂÌËË ÒÔÂÍÚ ÍÓÎÏÓ„ÓÓ‚-
ÒÍËÈ, ÚÓ ÓÒÌÓ‚ÌÓÈ ‚ÍÎ‡‰ ‚ ‰ËÒÒËÔ‡ˆË˛ ·Û‰ÂÚ Ò‚fl-
Á‡Ì Ò „‡‰ËÂÌÚ‡ÏË ÔÓÎÂÈ ‚ ÔÂÔÂÌ‰ËÍÛÎflÌ˚ı Ì‡-
Ô‡‚ÎÂÌËflı. çÂ ‚‰‡‚‡flÒ¸ ‚ ÚÂÌÁÓÌÛ˛ ÒÚÛÍÚÛÛ
ÍÓ˝ÙÙËˆËÂÌÚ‡ ÚÛ·ÛÎÂÌÚÌÓÈ ‚flÁÍÓÒÚË νt (‚ Ó·-
˘ÂÏ ÒÎÛ˜‡Â νt ÚÂÌÁÓ 4-„Ó ‡Ì„‡ [12]), ÓˆÂÌËÏ, Í‡-
ÍËÏ ‰ÓÎÊÂÌ ·˚Ú¸ ÔÓ ÔÓfl‰ÍÛ ‚ÂÎË˜ËÌ˚ νt, ˜ÚÓ·˚
ÒËÒÚÂÏ‡ (1) ‰‡‚‡Î‡ Ò‡ÏÓÒÓ„Î‡ÒÓ‚‡ÌÌÓÂ ÍÛÔÌÓÏ‡Ò-
¯Ú‡·ÌÓÂ Â¯ÂÌËÂ. Ç Í‡˜ÂÒÚ‚Â ÌÛÎÂ‚Ó„Ó ÔË·ÎË-
ÊÂÌËfl, ‡ÒÒÏÓÚËÏ ËÁÓÚÓÔÌÛ˛ ÏÓ‰ÂÎ¸ ëÏ‡„Ó-
ËÌÒÍÓ„Ó [13], ÒÓ„Î‡ÒÌÓ ÍÓÚÓÓÈ

„‰Â Gij =  +  – ÚÂÌÁÓ ‚flÁÍËı Ì‡ÔflÊÂ-

ÌËÈ, vl – ‡ÏÔÎËÚÛ‰‡ ÒÍÓÓÒÚË Ì‡ Ï‡Ò¯Ú‡·Â ÒÂÚÍË l,
CS = 0.1–0.2 – ÍÓÌÒÚ‡ÌÚ‡ ëÏ‡„ÓËÌÒÍÓ„Ó (Á‰ÂÒ¸ vl

Ë l Á‡ÔËÒ‡Ì˚ ‚ ‡ÁÏÂÌÓÏ ‚Ë‰Â). Ñ‡ÌÌ‡fl ÏÓ‰ÂÎ¸
ıÓÓ¯Ó ÓÔËÒ˚‚‡ÂÚ ÍÓÎÏÓ„ÓÓ‚ÒÍÛ˛ ÚÛ·ÛÎÂÌÚ-

ÌÓÒÚ¸ Ò vn ~ vl  Ë ÔÓÒÎÂ ÔË‚Â‰ÂÌËfl Í ·ÂÁ‡Á-
ÏÂÌÓÏÛ ‚Ë‰Û ‰‡ÂÚ

Ç Ì‡Ô‡‚ÎÂÌËË z ‰Îfl ËÒÔÓÎ¸ÁÛÂÏ˚ı ÂÊËÏÓ‚ Ò R =
= 500 ‡ÒÔÂ‰ÂÎÂÌËÂ äÓÎÏÓ„ÓÓ‚‡ ÓÒÚ‡ÂÚÒfl ‚ ÒËÎÂ,
ÔÓ˝ÚÓÏÛ Ï˚ ÒÓı‡ÌËÏ ÏÓ‰ÂÎ¸ ëÏ‡„ÓËÌÒÍÓ„Ó ‰Îfl
ÔÓ‰ÓÎ¸ÌÓ„Ó Ì‡Ô‡‚ÎÂÌËfl. ÑÎfl ÔÓÔÂÂ˜ÌÓ„Ó Ì‡-
Ô‡‚ÎÂÌËfl ‚ ËÌÚÂ‚‡ÎÂ nl ≤ nx ≤ nE ËÏÂÂÏ (u, w) =

= const, „‰Â kl ~ . íÓ„‰‡ |G| ~ E–1/3|G0|. á‡ÔË¯ÂÏ ‰ËÒ-

ÒËÔ‡ˆËÓÌÌ˚È ˜ÎÂÌ Ú‡Í, ˜ÚÓ·˚ Et ÒÚÓflÎ ÔÂÂ‰ ÓÔÂ‡-

ÚÓÓÏ ã‡ÔÎ‡Ò‡: ∇ i∇ i, „‰Â Et = ( , ) ÛÊÂ ‡ÁÎË˜-

ÌÓ ‰Îfl Ì‡Ô‡‚ÎÂÌËÈ x Ë z: Et = (E , E2/3 )*, ‡ 

Á‡ÔËÒ‡ÌÓ ‚ ·ÂÁ‡ÁÏÂÌÓÏ ‚Ë‰Â  = CSPr–1vl l. éÚ-

* ÇÓÓ·˘Â „Ó‚Ófl, ÚÛ·ÛÎÂÌÚÌ‡fl ‰ËÙÙÛÁËfl ‚ Ì‡Ô‡‚ÎÂÌËË
ÓÒË z ÏÓÊÂÚ ·˚Ú¸ Ë ÌÂÒÍÓÎ¸ÍÓ ‚˚¯Â (ÒÏ. ËÒ. 1), ÌÓ ‚ÒÂ ÊÂ
ÒÛ˘ÂÒÚ‚ÂÌÌÓ ÏÂÌ¸¯Â, ˜ÂÏ ‚ ÔÂÔÂÌ‰ËÍÛÎflÌÓÏ Ì‡Ô‡‚ÎÂ-
ÌËË.

1
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
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t

ÏÂÚËÏ, ˜ÚÓ ‚ ÒÙÂË˜ÂÒÍÓÈ ÒËÒÚÂÏÂ ÍÓÓ‰ËÌ‡Ú ‰Îfl
‚ÒÂı ÚÂı Ì‡Ô‡‚ÎÂÌËÈ (r, ϑ , ϕ) (Ò ÚÓ˜ÌÓÒÚ¸˛ ‰Ó

ÍÓ˝ÙÙËˆËÂÌÚÓ‚, Á‡‚ËÒfl˘Ëı ÓÚ ϑ) Et ~ E2/3 , ˜ÚÓ
·˚ÎÓ ËÒÔÓÎ¸ÁÓ‚‡ÌÓ ‚ [14] Ë ÔÓÁ‚ÓÎËÎÓ ÔÓ‚ÂÒÚË
‚˚˜ËÒÎÂÌËfl ‚ ÍÛÔÌÓÏ‡Ò¯Ú‡·ÌÓÈ ÏÓ‰ÂÎË ÚÂÔÎÓ-

‚ÓÈ ÍÓÌ‚ÂÍˆËË ‰Îfl E = 1014. ÇÂÎË˜ËÌ‡  Á‡‚ËÒËÚ
Í‡Í ÓÚ ËÌÚÂÌÒË‚ÌÓÒÚË ÍÓÌ‚ÂÍˆËË R, Ú‡Í Ë ÓÚ ̄ ‡„‡ ËÒ-
ÔÓÎ¸ÁÛÂÏÓÈ ÒÂÚÍË l. ç‡ ÔÓÓ„Â ÍÓÌ‚ÂÍˆËË (R = 1) Ë
l � lE ÚÛ·ÛÎÂÌÚÌ‡fl ‚flÁÍÓÒÚ¸ Ò„Î‡ÊË‚‡ÂÚ ÍÓÎÓÌÓ-
Ë‰‡Î¸Ì˚Â ÒÚÛÍÚÛ˚, ÔÂ‰ÒÍ‡Á‡ÌÌ˚Â ÎËÌÂÈÌ˚Ï
‡Ì‡ÎËÁÓÏ [4, 5]. çËÊÌflfl ÓˆÂÌÍ‡ ˝ÙÙÂÍÚË‚ÌÓ„Ó ˜ËÒ-
Î‡ ùÍÏ‡Ì‡ ‰Îfl áÂÏÎË ‚ ÏÓ‰ÂÎË Ò ÒÂÚÍÓÈ l ~ 10–2, ÔÓÁ-
‚ÓÎfl˛˘ÂÈ ‡ÁÂ¯ËÚ¸ ÂÊËÏ˚ Ò ˜ËÒÎÓÏ ùÍÏ‡Ì‡
E ~ 10–4, ‰‡ÂÚ Et � (10–4, 10–9). ÑÎfl ‡ÔÔÓÍÒËÏ‡ˆËË
ÚÛ·ÛÎÂÌÚÌÓ„Ó ÍÓ˝ÙÙËˆËÂÌÚ‡ ÚÂÔÎÓÔÓ‚Ó‰ÌÓÒÚË
κt ‚ ÏÓ‰ÂÎflı ÅÛÒÒËÌÂÒÍ‡ ‰Îfl ÊË‰ÍËı ÏÂÚ‡ÎÎÓ‚
Ó·˚˜ÌÓ ËÒÔÓÎ¸ÁÛ˛Ú ÔÂ‰ÔÓÎÓÊÂÌËÂ, ˜ÚÓ ÚÛ·Û-

ÎÂÌÚÌÓÂ ˜ËÒÎÓ è‡Ì‰ÚÎfl Prt =  ~ 1. íÓ„‰‡ ÍÓ˝Ù-

ÙËˆËÂÌÚ ÔÂÂ‰ ÓÔÂ‡ÚÓÓÏ ã‡ÔÎ‡ÒÒ‡ ‚ Û‡‚ÌÂÌËË

ÚÂÔÎÓÔÓ‚Ó‰ÌÓÒÚË ÔËÏÂÚ ‚Ë‰ Pr(E–1/3 , ).

ê‡ÌÂÂ ‚ ÏÓ‰ÂÎË ëÏ‡„ÓËÌÒÍÓ„Ó Ï˚ ÏÓÎ˜‡ÎË‚Ó
ÔÓÎ‡„‡ÎË ÒÔ‡‚Â‰ÎË‚ÓÒÚ¸ „ËÔÓÚÂÁ˚ è‡Ì‰ÚÎfl Ó
‰ÎËÌÂ ÔÂÂÏÂ¯Ë‚‡ÌËfl: νt ~ vll. ùÚÛ ÓˆÂÌÍÛ ÎÂ„ÍÓ
ÔÓÎÛ˜ËÚ¸ ËÁ ÒÎÂ‰Û˛˘Â„Ó ·ÂÁ‡ÁÏÂÌÓ„Ó ‡Ì‡ÎËÁ‡.
éˆÂÌËÏ ‰ËÒÒËÔ‡ˆËÓÌÌ˚È Ï‡Ò¯Ú‡· äÓÎÏÓ„ÓÓ‚‡

~  ËÁ ·‡Î‡ÌÒ‡ ËÌÂˆËÓÌÌÓ„Ó Ë ‰ËÙÙÛÁËÓÌÌÓ„Ó

˜ÎÂÌÓ‚ ‚ Û‡‚ÌÂÌËË ç‡‚¸Â–ëÚÓÍÒ‡: Pr–1 kd ~ vs

ËÎË vd ~ Prkd. C˜ËÚ‡fl, ˜ÚÓ vd = vl , ÔÓÎÛ˜ËÏ

kd = (Pr–1vl )3/4. ëÍÓÓÒÚ¸ ˝ÌÂ„ËË ‰ËÒÒËÔ‡ˆËË

èÛÒÚ¸ ‰Îfl ÏÓ‰ÂÎË ÍÓÎÓÌÓÍ Ì‡ ËÌÚÂ‚‡ÎÂ ‚ÓÎ-
ÌÓ‚˚ı ˜ËÒÂÎ (kxE, kxd) ËÏÂÂÚÒfl ÒÔÂÍÚ äÓÎÏÓ„ÓÓ-
‚‡. íÓ„‰‡ ÔÓÎÛ˜‡ÂÏ ÛÊÂ ÁÌ‡ÍÓÏ˚È Ì‡Ï (Ò ÚÓ˜ÌÓÒ-
Ú¸˛ ‰Ó ÍÓ˝ÙÙËˆËÂÌÚ‡, Á‡‚ËÒfl˘Â„Ó ÓÚ Pr) ÂÁÛÎ¸-
Ú‡Ú:

„‰Â ËÒÔÓÎ¸ÁÓ‚‡ÌÓ vE ~ vl. 

Ç Á‡ÍÎ˛˜ÂÌËÂ ÓÚÏÂÚËÏ, ˜ÚÓ Û˜ÂÚ Ï‡„ÌËÚÌÓ„Ó
ÔÓÎfl ‚ÌÓÒËÚ ‰ÓÔÓÎÌËÚÂÎ¸ÌÛ˛ ‡ÌËÁÓÚÓÔË˛ [15],
˜ÚÓ ÏÓÊÂÚ ÒÛ˘ÂÒÚ‚ÂÌÌÓ ËÁÏÂÌËÚ¸ ˝ÌÂ„ÂÚË˜ÂÒ-
ÍËÈ ·‡Î‡ÌÒ ÒËÒÚÂÏ˚. é‰Ì‡ÍÓ ‰Îfl Ï‡Ò¯Ú‡·Ó‚ lE <

< lhydr < lm ~ , ‚ÎËflÌËÂ Ï‡„ÌËÚÌÓ„Ó ÔÓÎfl ·Û‰ÂÚ
ÔÂÌÂ·ÂÊËÏÓ Ï‡ÎÓ Ë ‰ËÒÒËÔ‡ˆËfl ˝ÌÂ„ËË ·Û‰ÂÚ
ÓÔÂ‰ÂÎflÚ¸Òfl ‡ÒÒÏÓÚÂÌÌÓÈ ‚˚¯Â ÏÓ‰ÂÎ¸˛. 
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