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ê‡ÒÒÏ‡ÚË‚‡ÂÚÒfl ‰‚‡ ÒÎÛ˜‡fl ‰‚ËÊÂÌËfl ÌÂÛ‡‚ÌÓ‚Â¯ÂÌÌÓ„Ó „ËÓÒÚ‡Ú‡: Úfl-
ÊÂÎÓ„Ó ‰ËÌ‡ÏË˜ÂÒÍË ÒËÏÏÂÚË˜ÌÓ„Ó „ËÓÒÚ‡Ú‡ Ò ÔÓËÁ‚ÓÎ¸Ì˚Ï ‚ÌÛÚÂÌÌËÏ
ÏÓÏÂÌÚÓÏ ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl Ë Ò‚Ó·Ó‰ÌÓ„Ó „ËÓÒÚ‡Ú‡ ÔË Ì‡ÎË˜ËË ‚ÌÛÚÂÌÌÂ„Ó
ÏÓÏÂÌÚ‡ ÒÔÂˆË‡Î¸ÌÓ„Ó ‚Ë‰‡. ÑÎfl ÚflÊÂÎÓ„Ó „ËÓÒÚ‡Ú‡ ÔÓÎÛ˜ÂÌ˚ Ó·˘ËÂ Â¯Â-
ÌËfl Û‡‚ÌÂÌËÈ ‰‚ËÊÂÌËfl ‚ ˝ÎÎËÔÚË˜ÂÒÍËı ÙÛÌÍˆËflı üÍÓ·Ë Ë ËÒÒÎÂ‰Ó‚‡Ì Â-
ÊËÏ “ÎÛÌÌÓ„Ó” ‰‚ËÊÂÌËfl. ê‡ÒÒÏ‡ÚË‚‡ÂÚÒfl ‰‚ËÊÂÌËÂ Ò‚Ó·Ó‰ÌÓ„Ó „ËÓÒÚ‡Ú‡,
Û ÍÓÚÓÓ„Ó ÓÚÓ ‚‡˘‡ÂÚÒfl ‚ÓÍÛ„ „Î‡‚ÌÓÈ ÓÒË ËÌÂˆËË ÚÂÎ‡-ÌÓÒËÚÂÎfl, ÒÓ-
ÓÚ‚ÂÚÒÚ‚Û˛˘ÂÈ Ì‡Ë·ÓÎ¸¯ÂÏÛ ÏÓÏÂÌÚÛ ËÌÂˆËË, ÔÓ‰ ‰ÂÈÒÚ‚ËÂÏ ÏÓÏÂÌÚ‡ ÒÔÂ-
ˆË‡Î¸ÌÓ„Ó ‚Ë‰‡. Ç ˝ÚÓÏ ÒÎÛ˜‡Â Â¯ÂÌËfl ‰ËÌ‡ÏË˜ÂÒÍËı Û‡‚ÌÂÌËÈ ‰‚ËÊÂÌËfl
Ú‡ÍÊÂ Ì‡ıÓ‰flÚÒfl ‚ ˝ÎÎËÔÚË˜ÂÒÍËı ÙÛÌÍˆËflı, ‰ÓÔÛÒÍ‡˛˘Ëı ÔÓÒÎÂ‰Û˛˘ÂÂ Â-
¯ÂÌËÂ Á‡‰‡˜Ë Ñ‡·Û. èÓÎÛ˜ÂÌÌ˚Â Â¯ÂÌËfl ÏÓ„ÛÚ ·˚Ú¸ ËÒÔÓÎ¸ÁÓ‚‡Ì˚ ‚ ÔË-
ÍÎ‡‰Ì˚ı Á‡‰‡˜‡ı ÏÂı‡ÌËÍË ÍÓÒÏË˜ÂÒÍÓ„Ó ÔÓÎÂÚ‡, ‚ ˜‡ÒÚÌÓÒÚË, ‚ Á‡‰‡˜‡ı ÒÔÛÒ-
Í‡ ÍÓÒÏË˜ÂÒÍÓ„Ó ‡ÔÔ‡‡Ú‡ (äÄ) ‚ ‡ÚÏÓÒÙÂÂ, ÓÔËÒ‡ÌËfl ‰‚ËÊÂÌËfl Ë ÔÓ-
ÒÚ‡ÌÒÚ‚ÂÌÌÓÈ ÔÂÂÓËÂÌÚ‡ˆËË ÒÔÛÚÌËÍ‡-„ËÓÒÚ‡Ú‡.

 

1. ì‡‚ÌÂÌËfl ‰‚ËÊÂÌËfl „ËÓÒÚ‡Ú‡.

 

 ÉËÓÒÚ‡Ú Í‡Í ÒËÒÚÂÏ‡ Ú‚Â‰˚ı ÚÂÎ, ÒÓÒÚÓfl˘‡fl ËÁ
ÚÂÎ‡-ÌÓÒËÚÂÎfl Ë ÚÂÎ-ÓÚÓÓ‚, ‚‡˘‡˛˘ËıÒfl ‚ÓÍÛ„ ÌÂÔÓ‰‚ËÊÌ˚ı ÓÒÂÈ ‚ ÚÂÎÂ-ÌÓÒËÚÂÎÂ,
‡ÒÒÏ‡ÚË‚‡ÂÚÒfl ‚ ‡·ÓÚ‡ı [1–20]. Ç [1, 2] ÔÓ‚Ó‰flÚÒfl ËÒÒÎÂ‰Ó‚‡ÌËfl, Ò‚flÁ‡ÌÌ˚Â Ò ‡Ì‡ÎË-
ÁÓÏ Ú‚Â‰˚ı ÚÂÎ, ÒÓ‰ÂÊ‡˘Ëı ÔÓÎÓÒÚË Ò ÊË‰ÍÓÒÚ¸˛, Ë ÔÓÍ‡Á‡ÌÓ, ˜ÚÓ Ï‡ÚÂÏ‡ÚË˜ÂÒÍËÂ
ÏÓ‰ÂÎË ‰‚ËÊÂÌËfl Ú‡ÍËı ÒËÒÚÂÏ, ‡Ì‡ÎÓ„Ë˜Ì˚ Ï‡ÚÂÏ‡ÚË˜ÂÒÍËÏ ÏÓ‰ÂÎflÏ ‰‚ËÊÂÌËfl “˝Í‚Ë-
‚‡ÎÂÌÚÌÓ„Ó” Ú‚Â‰Ó„Ó ÚÂÎ‡ Ò ÔËÒÓÂ‰ËÌÂÌÌ˚ÏË ÓÚÓ‡ÏË.

ì‡‚ÌÂÌËfl ‰‚ËÊÂÌËfl „ËÓÒÚ‡ÚÓ‚ ‚ÓÍÛ„ ÌÂÔÓ‰‚ËÊÌÓÈ ÚÓ˜ÍË ËÎË ˝Í‚Ë‚‡ÎÂÌÚÌ˚ı
Ú‚Â‰˚ı ÚÂÎ Ò ÔÓÎÓÒÚflÏË, ÒÓ‰ÂÊ‡˘ËÏË ÊË‰ÍÓÒÚ¸, ÏÓ„ÛÚ ·˚Ú¸ ÔÂ‰ÒÚ‡‚ÎÂÌ˚ ‚ ‚ÂÍÚÓ-
ÌÓÏ ‚Ë‰Â [4]:

(1.1)

„‰Â 

 

J

 

 – ÚÂÌÁÓ ËÌÂˆËË „ËÓÒÚ‡Ú‡ Í‡Í ÒËÒÚÂÏ˚ ÚÂÎ‡-ÌÓÒËÚÂÎfl ‚ÏÂÒÚÂ Ò ÓÚÓ‡ÏË, ÎË·Ó
ÚÂÌÁÓ ËÌÂˆËË ˝Í‚Ë‚‡ÎÂÌÚÌÓ„Ó ÚÂÎ‡ ‚ÏÂÒÚÂ Ò ÊË‰ÍËÏË Ï‡ÒÒ‡ÏË (“ÊËÓÒÚ‡Ú‡” [1]); 

 

w

 

 –
‚ÂÍÚÓ ‡·ÒÓÎ˛ÚÌÓÈ Û„ÎÓ‚ÓÈ ÒÍÓÓÒÚË ÚÂÎ‡-ÌÓÒËÚÂÎfl; 

 

h

 

 – ÒÛÏÏ‡Ì˚È ÍËÌÂÚË˜ÂÒÍËÈ ÏÓ-
ÏÂÌÚ ‚‡˘‡˛˘ËıÒfl ÓÚÓÓ‚ ‚ Ëı ‰‚ËÊÂÌËË ÓÚÌÓÒËÚÂÎ¸ÌÓ ÚÂÎ‡-ÌÓÒËÚÂÎfl; 

 

M

 

 – ÏÓÏÂÌÚ
‚ÌÂ¯ÌËı ÒËÎ. àÁ Û‡‚ÌÂÌËfl ÒÎÂ‰ÛÂÚ, ˜ÚÓ ÏÓÊÌÓ ÔÂÂÈÚË ÓÚ ÒËÒÚÂÏ˚ ÓÚÓÓ‚ Í Ó‰ÌÓÏÛ
ÓÚÓÛ Ò ˝Í‚Ë‚‡ÎÂÌÚÌ˚Ï ÓÚÌÓÒËÚÂÎ¸Ì˚Ï ÍËÌÂÚË˜ÂÒÍËÏ ÏÓÏÂÌÚÓÏ 

 

h

 

. Ç [4, 8, 18] ‡ÒÒÏ‡Ú-
Ë‚‡˛ÚÒfl ÒÎÛ˜‡Ë, ÍÓ„‰‡ ÒÛÏÏ‡Ì˚È ÍËÌÂÚË˜ÂÒÍËÈ ÏÓÏÂÌÚ ‚‡˘‡˛˘ËıÒfl ÓÚÓÓ‚ ÓÚÌÓ-
ÒËÚÂÎ¸ÌÓ ÚÂÎ‡-ÌÓÒËÚÂÎfl fl‚ÎflÂÚÒfl Á‡‰‡ÌÌÓÈ ÙÛÌÍˆËÂÈ ‚ÂÏÂÌË 

 

h

 

 = 

 

h

 

(

 

t

 

). Ç ‡·ÓÚ‡ı [4, 6,
16] ËÒÒÎÂ‰ÛÂÚÒfl ‰‚ËÊÂÌËÂ Û‡‚ÌÓ‚Â¯ÂÌÌÓ„Ó „ËÓÒÚ‡Ú‡, ÍÓ„‰‡ ÓÚÌÓÒËÚÂÎ¸Ì‡fl Û„ÎÓ‚‡fl
ÒÍÓÓÒÚ¸ ÔÓ‰‰ÂÊË‚‡ÂÚÒfl ÔÓÒÚÓflÌÌÓÈ Ë ‚ÂÍÚÓ ÍËÌÂÚË˜ÂÒÍÓ„Ó ÏÓÏÂÌÚ‡ ËÏÂÂÚ ÔÓÒÚÓflÌ-
Ì˚Â ÍÓÏÔÓÌÂÌÚ˚ ‚ ·‡ÁËÒÂ, Ò‚flÁ‡ÌÌÓÏ Ò ÚÂÎÓÏ-ÌÓÒËÚÂÎÂÏ. 

Ñ‚ËÊÂÌËÂ ÌÂÛ‡‚ÌÓ‚Â¯ÂÌÌÓ„Ó ÓÚÓ‡ ÓÔËÒ˚‚‡ÂÚÒfl Ò ÔÓÏÓ˘¸˛ ÚÂÓÂÏ˚ Ó· ËÁÏÂÌÂ-
ÌËË ÍËÌÂÚË˜ÂÒÍÓ„Ó ÏÓÏÂÌÚ‡ [21]:

(1.2)

J ẇ⋅ ḣ w J w⋅ h+( )×+ + M=

d
dt
----- Jr w s+( )⋅[ ] Mr Mr

e+=
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„‰Â 

 

J

 

r

 

 – ÚÂÌÁÓ ËÌÂˆËË ÓÚÓ‡ ÓÚÌÓÒËÚÂÎ¸ÌÓ ÌÂÔÓ‰‚ËÊÌÓÈ ÚÓ˜ÍË, 

 

s

 

 – ‚ÂÍÚÓ ÓÚÌÓÒË-
ÚÂÎ¸ÌÓÈ Û„ÎÓ‚ÓÈ ÒÍÓÓÒÚË ÓÚÓ‡ (ÔÓ ÓÚÌÓ¯ÂÌË˛ Í ÚÂÎÛ-ÌÓÒËÚÂÎ˛), 

 

M

 

r

 

 – ÏÓÏÂÌÚ ÒËÎ,

‰ÂÈÒÚ‚Û˛˘Ëı Ì‡ ÓÚÓ ÒÓ ÒÚÓÓÌ˚ ÚÂÎ‡-ÌÓÒËÚÂÎfl;  – ÏÓÏÂÌÚ ‚ÌÂ¯ÌËı ÒËÎ, ‰ÂÈÒÚ‚Û˛-

˘Ëı Ì‡ ÓÚÓ. 
ÅÛ‰ÂÏ ‡ÒÒÏ‡ÚË‚‡Ú¸ ‰‚‡ ÒÎÛ˜‡fl ‰‚ËÊÂÌËfl ÌÂÛ‡‚ÌÓ‚Â¯ÂÌÌÓ„Ó „ËÓÒÚ‡Ú‡: ÚflÊÂÎÓ„Ó

‰ËÌ‡ÏË˜ÂÒÍË ÒËÏÏÂÚË˜ÌÓ„Ó Ë Ò‚Ó·Ó‰ÌÓ„Ó ÔË Ì‡ÎË˜ËË ÒÔÂˆË‡Î¸ÌÓ„Ó ‚ÌÛÚÂÌÌÂ„Ó ÏÓ-
ÏÂÌÚ‡ ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl. 

 

2. Ñ‚ËÊÂÌËÂ ÚflÊÂÎÓ„Ó ÌÂÛ‡‚ÌÓ‚Â¯ÂÌÌÓ„Ó „ËÓÒÚ‡Ú‡ Ò ÔÓËÁ‚ÓÎ¸Ì˚Ï ÏÓÏÂÌÚÓÏ
‚ÌÛÚÂÌÌÂ„Ó ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl.

 

 Ç‚Â‰ÂÏ ÒÎÂ‰Û˛˘ËÂ ÒËÒÚÂÏ˚ ÍÓÓ‰ËÌ‡Ú: 

 

Oxyz

 

 – ÔÓ‰‚ËÊÌ‡fl
ÒËÒÚÂÏ‡, ÊÂÒÚÍÓ Ò‚flÁ‡ÌÌ‡fl Ò ÚÂÎÓÏ-ÌÓÒËÚÂÎÂÏ, Ò Ì‡˜‡ÎÓÏ ‚ ÌÂÔÓ‰‚ËÊÌÓÈ ÚÓ˜ÍÂ é;

 

OXYZ

 

 – ÌÂÔÓ‰‚ËÊÌ‡fl ‚ ‡·ÒÓÎ˛ÚÌÓÏ ÔÓÒÚ‡ÌÒÚ‚Â ÒËÒÚÂÏ‡ ÍÓÓ‰ËÌ‡Ú; ÓÒ¸ 

 

OZ

 

 Ì‡Ô‡‚ÎÂ-
Ì‡ ‚ ÒÚÓÓÌÛ, ÔÓÚË‚ÓÔÓÎÓÊÌÛ˛ ÒËÎÂ ÚflÊÂÒÚË. åÓÏÂÌÚ ÒËÎ˚ ÚflÊÂÒÚË ‚ ÔÓÂÍˆËflı Ì‡
ÔÓ‰‚ËÊÌ˚Â ÓÒË ‡‚ÂÌ

(2.1)

„‰Â 

 

P

 

 – ‚ÂÒ „ËÓÒÚ‡Ú‡, 

 

a

 

 – ‡ÒÒÚÓflÌËÂ ÓÚ ˆÂÌÚ‡ ÚflÊÂÒÚË „ËÓÒÚ‡Ú‡ ‰Ó ÌÂÔÓ‰‚ËÊÌÓÈ ÚÓ˜-
ÍË 

 

O

 

, 

 

γ

 

i

 

 – Ì‡Ô‡‚Îfl˛˘ËÂ ÍÓÒËÌÛÒ˚ Â‰ËÌË˜ÌÓ„Ó ‚ÂÍÚÓ‡ ‚ÂÚËÍ‡Î¸ÌÓÈ ÌÂÔÓ‰‚ËÊÌÓÈ
ÓÒË 

 

OZ

 

 ‚ ÔÓ‰‚ËÊÌÓÈ ÒËÒÚÂÏÂ 

 

Oxyz

 

 (

 

i

 

 = 1, 2, 3). éÒ¸ ‚‡˘ÂÌËfl ÓÚÓ‡ ÒÓ‚Ô‡‰‡ÂÚ Ò ÓÒ¸˛ ‰Ë-
Ì‡ÏË˜ÂÒÍÓÈ ÒËÏÏÂÚËË 

 

z

 

 „ËÓÒÚ‡Ú‡ Ë ÚÓ˜Í‡ 

 

O

 

 ÔËÌ‡‰ÎÂÊËÚ ˝ÚÓÈ ÓÒË. 
ÑËÌ‡ÏË˜ÂÒÍËÂ Û‡‚ÌÂÌËfl ‰‚ËÊÂÌËfl ÚflÊÂÎÓ„Ó ÒËÏÏÂÚË˜ÌÓ„Ó „ËÓÒÚ‡Ú‡ ‚ ÓÒflı ÒËÒÚÂ-

Ï˚ ÍÓÓ‰ËÌ‡Ú 

 

Oxyz

 

, ÒÓ„Î‡ÒÌÓ (1.1), (1.2) Ë (2.1) Á‡ÔË¯ÛÚÒfl ‚ ‚Ë‰Â

(2.2)

„‰Â 

 

A

 

 = 

 

A

 

n

 

 + 

 

A

 

r

 

, 

 

C

 

 = 

 

C

 

n

 

 + 

 

C

 

r

 

 – ÏÓÏÂÌÚ˚ ËÌÂˆËË „ËÓÒÚ‡Ú‡ ‚ ÒËÒÚÂÏÂ 

 

Oxyz

 

; 

 

A

 

n

 

 = 

 

B

 

n

 

, 

 

C

 

n

 

 –
„Î‡‚Ì˚Â ÏÓÏÂÌÚ˚ ËÌÂˆËË ÚÂÎ‡-ÌÓÒËÚÂÎfl; 

 

A

 

r

 

 = 

 

B

 

r

 

, 

 

C

 

r

 

 – ÏÓÏÂÌÚ˚ ËÌÂˆËË ÓÚÓ‡;

 

w

 

 = (

 

p

 

, 

 

q

 

, 

 

r

 

) – Û„ÎÓ‚‡fl ÒÍÓÓÒÚ¸ ÌÂÒÛ˘Â„Ó ÚÂÎ‡, 

 

σ

 

 – ÓÚÌÓÒËÚÂÎ¸Ì‡fl Û„ÎÓ‚‡fl ÒÍÓÓÒÚ¸ ‚‡-
˘ÂÌËfl ÓÚÓ‡. 

äËÌÂÏ‡ÚË˜ÂÒÍËÂ Û‡‚ÌÂÌËfl ‚ÍÎ˛˜‡˛Ú ‚ ÒÂ·fl Û‡‚ÌÂÌËÈ èÛ‡ÒÒÓÌ‡ [21] Ë Û‡‚ÌÂÌËÂ
‰Îfl Û„Î‡ ‚‡˘ÂÌËfl ÓÚÓ‡ ÓÚÌÓÒËÚÂÎ¸ÌÓ ÌÂÒÛ˘Â„Ó ÚÂÎ‡

(2.3)

èÓ ‡Ì‡ÎÓ„ËË Ò [21] Á‡ÔË¯ÂÏ ÚË ÔÂ‚˚ı ËÌÚÂ„‡Î‡ ÒËÒÚÂÏ˚ Û‡‚ÌÂÌËÈ (2.2) Ë (2.3):

(2.4)

(2.5)

(2.6)

àÌÚÂ„‡Î˚ (2.5) Ë (2.6) ÓÔÂ‰ÂÎfl˛Ú ÒÓı‡ÌÂÌËÂ ÔÓÂÍˆËÈ ÍËÌÂÚË˜ÂÒÍÓ„Ó ÏÓÏÂÌÚ‡ Ì‡ ÌÂ-
ÔÓ‰‚ËÊÌÛ˛ ‚ÂÚËÍ‡Î¸ 

 

OZ

 

 Ë Ì‡ ÓÒ¸ ‰ËÌ‡ÏË˜ÂÒÍÓÈ ÒËÏÏÂÚËË „ËÓÒÚ‡Ú‡ 

 

Oz

 

.
ÑÎfl ÔÓËÒÍ‡ ˜ÂÚ‚ÂÚÓ„Ó ËÌÚÂ„‡Î‡ ‚ÓÒÔÓÎ¸ÁÛÂÏÒfl ÚÂÓÂÏÓÈ Ó· ËÁÏÂÌÂÌËË ÍËÌÂÚË˜Â-

ÒÍÓÈ ˝ÌÂ„ËË [21]:

(2.7)

Mr
e

M Paγ2 Paγ1– 0, ,( )=

A ṗ C A–( )qr Crqσ+ + Paγ2=

Aq̇ A C–( ) pr Cr pσ–+ Paγ1–=

Cṙ Crσ̇+ 0, Cr ṙ σ̇+( ) Mr= =

γ̇1 rγ2 qγ3, γ̇2– pγ3 rγ1, γ̇3– qγ1 pγ2, δ̇– σ= = = =

γ1
2 γ2

2 γ3
2+ + 1=

A pγ1 qγ2+( ) Cr Crσ+( )γ3+ KZ=

Cr Crσ+ Kz=

1
2
--- A p2 q2+( ) Cnr2 Cr r σ+( )2+ +[ ] T0– Paγ3– Mr δd

0

δ

∫+=
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„‰Â T0 – Ì‡˜‡Î¸Ì‡fl ‚ÂÎË˜ËÌ‡ ÍËÌÂÚË˜ÂÒÍÓÈ ˝ÌÂ„ËË. èÂ‰ÒÚ‡‚ËÏ ÔÓÒÎÂ‰ÌËÂ ‰‚‡ Û‡‚ÌÂ-
ÌËfl ÒËÒÚÂÏ˚ (2.2) ‚ ‚Ë‰Â 

(2.8)

ìÏÌÓÊ‡fl ÔÂ‚ÓÂ Û‡‚ÌÂÌËÂ Ì‡ r, ‡ ‚ÚÓÓÂ – Ì‡ (r + σ):

Ë ÒÍÎ‡‰˚‚‡fl ‰‚‡ ÔÓÒÎÂ‰ÌËı ÒÓÓÚÌÓ¯ÂÌËfl, ÔÓÎÛ˜ËÏ ‡·ÓÚÛ ‚ÌÛÚÂÌÌÂ„Ó ÏÓÏÂÌÚ‡

ëÓÔÓÒÚ‡‚Îflfl ˝ÚÛ ÙÓÏÛÎÛ Ë ‚˚‡ÊÂÌËÂ, Á‡ÔË¯ÂÏ ˜ÂÚ‚ÂÚ˚È ËÌÚÂ„‡Î ‚ ‚Ë‰Â:

(2.9)

èÂ‚˚Â ËÌÚÂ„‡Î˚ (2.4)–(2.6) Ë (2.9) ÒÓ‚Ô‡‰‡˛Ú Ò ‡Ì‡ÎÓ„Ë˜Ì˚ÏË ÔÂ‚˚ÏË ËÌÚÂ„‡Î‡-
ÏË ‰‚ËÊÂÌËfl ÚflÊÂÎÓ„Ó Ú‚Â‰Ó„Ó ÚÂÎ‡ ‚ ÒÎÛ˜‡Â ã‡„‡ÌÊ‡ [21]. é˜Â‚Ë‰ÌÓ, ˜ÚÓ ‰ËÌ‡ÏË˜Â-
ÒÍË ÒËÏÏÂÚË˜Ì˚È ÚflÊÂÎ˚È Û‡‚ÌÓ‚Â¯ÂÌÌ˚È „ËÓÒÚ‡Ú ÒÓ‚Â¯‡ÂÚ ‰‚ËÊÂÌËÂ, ÔÓ‰Ó·ÌÓÂ
‰‚ËÊÂÌË˛ ÚflÊÂÎÓ„Ó ÓÒÂÒËÏÏÂÚË˜ÌÓ„Ó Ú‚Â‰Ó„Ó ÚÂÎ‡. ê‡ÌÂÂ ‚ ‡·ÓÚ‡ı [15, 18] Í‡˜Â-
ÒÚ‚ÂÌÌÓ ÔÓÍ‡Á˚‚‡Î‡Ò¸ ‚ÓÁÏÓÊÌÓÒÚ¸ Ó·Ó·˘ÂÌËfl Á‡‰‡˜Ë Ó ‰‚ËÊÂÌËË ÚflÊÂÎÓ„Ó ÚÂÎ‡ ‚ ÒÎÛ-
˜‡Â ã‡„‡ÌÊ‡ ‰Îfl Û‡‚ÌÓ‚Â¯ÂÌÌÓ„Ó „ËÓÒÚ‡Ú‡ Ë ‰‚ËÊÂÌËfl ÚÂÎ‡ ‚ ÊË‰ÍÓÒÚË. 

ç‡È‰ÂÏ Ó·˘ËÂ Â¯ÂÌËfl Û‡‚ÌÂÌËÈ ‰‚ËÊÂÌËfl ÚflÊÂÎÓ„Ó ÌÂÛ‡‚ÌÓ‚Â¯ÂÌÌÓ„Ó ‰ËÌ‡ÏË-
˜ÂÒÍË ÒËÏÏÂÚË˜ÌÓ„Ó „ËÓÒÚ‡Ú‡. èÂÂÈ‰ÂÏ ÓÚ Ì‡Ô‡‚Îfl˛˘Ëı ÍÓÒËÌÛÒÓ‚ Í Û„Î‡Ï ùÈÎÂ‡
[21], Á‡ÔËÒ‡ÌÌ˚Ï ‰Îfl ÚÂÎ‡-ÌÓÒËÚÂÎfl 

Ë Á‡ÏÂÌËÏ Û‡‚ÌÂÌËfl èÛ‡ÒÒÓÌ‡ (2.3) Ì‡ ÍËÌÂÏ‡ÚË˜ÂÒÍËÂ Û‡‚ÌÂÌËfl ùÈÎÂ‡

(2.10)

Ñ‡ÎÂÂ ‚ÓÒÔÓÎ¸ÁÛÂÏÒfl ‡Ì‡ÎÓ„ËÂÈ Ò Á‡‰‡˜ÂÈ Ó ‰‚ËÊÂÌËË ÚflÊÂÎÓ„Ó Ú‚Â‰Ó„Ó ÚÂÎ‡ [21–23]. ë
ÔÓÏÓ˘¸˛ Û‡‚ÌÂÌËÈ (2.10) ËÌÚÂ„‡Î˚ (2.5) Ë (2.9) ÔË‚Â‰ÂÏ Í ‚Ë‰Û

(2.11)

èÓÒÎÂ Á‡ÏÂÌ˚ ÔÂÂÏÂÌÌ˚ı u = cosθ ‚ÚÓ‡fl ÙÓÏÛÎ‡ ËÁ (2.11) ÔÂ‚‡˘‡ÂÚÒfl ‚ ÍÛ·Ë-
˜ÂÒÍËÈ ÏÌÓ„Ó˜ÎÂÌ ÓÚÌÓÒËÚÂÎ¸ÌÓ u, ËÏÂ˛˘ËÈ ÚË ‚Â˘ÂÒÚ‚ÂÌÌ˚ı ÍÓÌfl: u1, u2, Ë u'
(–1 < u1 ≤ u0 ≤ u2 < 1 < u' < ∞), u0 = cosθ0):

(2.12)

é˜Â‚Ë‰ÌÓ, ˜ÚÓ ÔÂÂÏÂÌÌ‡fl u ‰ÓÎÊÌ‡ ËÁÏÂÌflÚ¸Òfl ‚ ÔÂ‰ÂÎ‡ı u1 ≤ u ≤ u2. ë ÔÓÏÓ˘¸˛ ‚‚Â-
‰ÂÌËfl ÌÓ‚ÓÈ ÔÂÂÏÂÌÌÓÈ ξ:

(2.13)

Ì‡ ÓÒÌÓ‚‡ÌËË ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸

(2.14)

Cnṙ Mr, Cr ṙ σ̇+( )– Mr= =

1/2Cndr2 Mrrdt, 1/2Crd r σ+( )2– Mr r σ+( )dt= =

Mr δd

0

δ

∫ 1
2
--- Cnr2 Cr r σ+( )2+[ ] const dδ σ td=( )+=

1/2A p2 q2+( ) Paγ3+ const=

γ1 θ ϕ, γ2sinsin θ ϕ, γ3cossin θcos= = =

p ψ̇ θ ϕsinsin θ̇ ϕ , qcos+ ψ̇ θ ϕcossin θ̇ ϕ , rsin– ψ̇ θcos ϕ̇+= = =

ψ̇ θsin
2

R θcos+ G, θ̇
2

ψ̇2 θsin
2

2g θcos+ + H= =

g Pa/A, R Kz/A, G KZ/A= = =

du
dt
------ 

  2

f u( ) H 2gu–( ) 1 u2–( ) G Ru–( )2– 2g u u1–( ) u u2–( ) u u'–( )= = =

u u1 ξcos
2

u2 ξsin
2

+=

dξ
dt
------ β 1 k2 ξsin

2
–( ) β g u' u1–( )/2, k2 u2 u1–

u' u1–
----------------, 0 k2 1<≤= = 

 ±=
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àÌÚÂ„ËÓ‚‡ÌËÂ ‰‡ÂÚ ÒÎÂ‰Û˛˘ËÈ ÂÁÛÎ¸Ú‡Ú: 

„‰Â ξ0 Ì‡ıÓ‰ËÚÒfl ËÁ Û‡‚ÌÂÌËfl cosθ0 = u1cos2ξ0 + u2sin2ξ0, ‡ ÁÌ‡Í ÔÂÂ‰ ËÌÚÂ„‡ÎÓÏ ‚ Ô‡-
‚ÓÈ ˜‡ÒÚË ÓÔÂ‰ÂÎflÂÚÒfl Ì‡˜‡Î¸Ì˚ÏË ÛÒÎÓ‚ËflÏË ‰‚ËÊÂÌËfl. 

ë ÔÓÏÓ˘¸˛ ‡ÏÔÎËÚÛ‰˚ üÍÓ·Ë ÔÓÒÎÂ‰ÌÂÂ ‚˚‡ÊÂÌËÂ ÏÓÊÌÓ ÔÂÂÔËÒ‡Ú¸ ‚ ‚Ë‰Â

ÚÓ„‰‡ Ó·˘ÂÂ Â¯ÂÌËÂ ‰Îfl Û„Î‡ ÌÛÚ‡ˆËË ÔËÏÂÚ ‚Ë‰

(2.15)

ä‚‡‰‡ÚÛ‡ ‰Îfl Û„Î‡ ÔÂˆÂÒÒËË ÒÎÂ‰ÛÂÚ ËÁ ÔÂ‚Ó„Ó ÒÓÓÚÌÓ¯ÂÌËfl (2.11) Ë Â¯Â-
ÌËfl (2.15) Ë ÔË‚Ó‰ËÚÒfl Í ÍÓÏ·ËÌ‡ˆËË ÌÂÔÓÎÌ˚ı ˝ÎÎËÔÚË˜ÂÒÍËı ËÌÚÂ„‡ÎÓ‚ ÚÂÚ¸Â„Ó
Ó‰‡ [23]:

(2.16)

„‰Â (ξ, n, k) – ÌÂÔÓÎÌ˚È ˝ÎÎËÔÚË˜ÂÒÍËÈ ËÌÚÂ„‡Î ÚÂÚ¸Â„Ó Ó‰‡.
àÁ ÍËÌÂÏ‡ÚË˜ÂÒÍËı Û‡‚ÌÂÌËÈ ùÈÎÂ‡ ÔÓÒÎÂ ‚ÁflÚËfl ‡Ì‡ÎÓ„Ë˜Ì˚ı Í‚‡‰‡ÚÛ ÒÎÂ‰ÛÂÚ

Á‡‚ËÒËÏÓÒÚ¸ ‰Îfl Û„Î‡ ÒÓ·ÒÚ‚ÂÌÌÓ„Ó ‚‡˘ÂÌËfl

(2.17)

ξd

1 k2 ξsin
2

–
-------------------------------

ξ0

ξ

∫ β td

0

t

∫±=

ξ am βt α+ k,( ), α ξd

1 k2 ξsin
2

–
-------------------------------

0

ξ0

∫ const= = =

θcos u2 u1–( )sn2 βt α+ k,( ) u1+=

ψ ψ0–
G R θcos–

θsin
2

-------------------------- td

0

t

∫ GI1 RI2–= =

I1
1

2β u2 u1–( )
---------------------------- n1Π ξ n1 k, ,( ) n2Π ξ n2 k, ,( )–( )=

I2
1–

2β u2 u1–( )
---------------------------- n1Π ξ n1 k, ,( ) n2Π ξ n2 k, ,( )+( )=

ξ am z k,( ), z βt α+= =

n1

u2 u1–

1 u1+
----------------, n2

u2 u1–

1 u1–
----------------–= =

Π ξ n k, ,( ) Π ξ n k, ,( ) Π ξ 0 n k, ,( )–=

Π ξ n k, ,( ) ξd

1 n ξsin
2

+( ) 1 k2 ξsin
2

–
--------------------------------------------------------------

0

ξ

∫=

Π

ϕ ϕ 0– r t( ) ψ̇ θcos–( ) td

0

t

∫ r t( ) G T θcos–

θsin
2

-------------------------- θcos– 
  t  =d

0

t

∫= =

=  r t( ) td

0

t

∫ GI2– R I1 t–( )+
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é˜Â‚Ë‰ÌÓ, ˜ÚÓ Â¯ÂÌËÂ ‰Îfl Û„Î‡ ÒÓ·ÒÚ‚ÂÌÌÓ„Ó ‚‡˘ÂÌËfl ÚÂÎ‡-ÌÓÒËÚÂÎfl Á‡‚ËÒËÚ ÓÚ ÔÓ-
‰ÓÎ¸ÌÓÈ ÍÓÏÔÓÌÂÌÚ˚ Û„ÎÓ‚ÓÈ ÒÍÓÓÒÚË r(t), ÍÓÚÓ‡fl ÓÔÂ‰ÂÎflÂÚÒfl ÏÓÏÂÌÚÓÏ ‚ÌÛÚÂÌÌÂ-
„Ó ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl ÒÓÓÒÌ˚ı ÚÂÎ Mr(t). 

èÛÒÚ¸, Ì‡ÔËÏÂ, ÏÂÊ‰Û ÚÂÎÓÏ-ÌÓÒËÚÂÎÂÏ Ë ÓÚÓÓÏ ‰ÂÈÒÚ‚ÛÂÚ ÔÓÒÚÓflÌÌ˚È ÏÓÏÂÌÚ:
Mr = M = const. àÁ ‰‚Ûı ÔÓÒÎÂ‰ÌËı Û‡‚ÌÂÌËÈ ÒËÒÚÂÏ˚ ÒÎÂ‰Û˛Ú Á‡‚ËÒËÏÓÒÚË ‰Îfl Û„ÎÓ‚˚ı
ÒÍÓÓÒÚÂÈ r, σ Ë Û„Î‡ ÓÚÌÓÒËÚÂÎ¸ÌÓ„Ó ‚‡˘ÂÌËfl δ:

íÓ„‰‡ ÔË ‰ÂÈÒÚ‚ËË ÔÓÒÚÓflÌÌÓ„Ó ‚ÌÛÚÂÌÌÂ„Ó ÏÓÏÂÌÚ‡ Â¯ÂÌËÂ (2.17) Á‡ÔË¯ÂÚÒfl ‚ ‚Ë‰Â:

(2.18)

ÄÌ‡ÎÓ„Ë˜Ì˚Ï Ó·‡ÁÓÏ ÏÓÊÌÓ Ì‡ÈÚË Â¯ÂÌËfl ÔË ‰ÂÈÒÚ‚ËË ËÌ˚ı ‚ÌÛÚÂÌÌËı ÏÓÏÂÌÚÓ‚. 
Ç˚·Ó ‚Ë‰‡ ‚ÌÛÚÂÌÌÂ„Ó ÏÓÏÂÌÚ‡ ÔÓÁ‚ÓÎflÂÚ Â‡ÎËÁÓ‚˚‚‡Ú¸ Á‡‰‡ÌÌ˚Â ÒÎÛ˜‡Ë ‰‚ËÊÂ-

ÌËfl „ËÓÒÚ‡Ú‡, Ì‡ÔËÏÂ, “ÎÛÌÌÓÂ” ‰‚ËÊÂÌËÂ, ÔË ÍÓÚÓÓÏ ÌÂÒÛ˘ÂÂ ÚÂÎÓ ‚ÒÂ„‰‡ Ó·‡˘Â-
ÌÓ Ó‰ÌÓÈ ÒÚÓÓÌÓÈ Í ÌÂÔÓ‰‚ËÊÌÓÈ ‚ÂÚËÍ‡Î¸ÌÓÈ ÓÒË OZ. ç‡È‰ÂÏ ‚Ë‰ ‚ÌÛÚÂÌÌÂ„Ó ÏÓ-
ÏÂÌÚ‡, Ó·ÂÒÔÂ˜Ë‚‡˛˘Â„Ó “ÎÛÌÌÓÂ” ‰‚ËÊÂÌËÂ ÔË ÍÓÚÓÓÏ  = r – cosθ = 0. íÓ„‰‡
Ì‡ ÓÒÌÓ‚‡ÌËË ÔÂ‚Ó„Ó Û‡‚ÌÂÌËfl (2.8) ÛÍ‡Á‡ÌÌ˚È ÏÓÏÂÌÚ ÓÔÂ‰ÂÎflÂÚÒfl ÒÎÂ‰Û˛˘ËÏ
Ó·‡ÁÓÏ

ë Û˜ÂÚÓÏ Â¯ÂÌËfl (2.15) ÔÓÎÛ˜ËÏ

(2.19)

ä‡Í ÒÎÂ‰ÛÂÚ ËÁ Â¯ÂÌËfl (2.17), ÔË Ú‡ÍÓÏ ‚ÌÛÚÂÌÌÂÏ ÏÓÏÂÌÚÂ Û„ÓÎ ÒÓ·ÒÚ‚ÂÌÌÓ„Ó ‚‡-
˘ÂÌËfl ·Û‰ÂÚ ÎËÌÂÈÌÓÈ ÙÛÌÍˆËÂÈ ‚ÂÏÂÌË

(2.20)

êÂÊËÏ “ÎÛÌÌÓ„Ó” ‰‚ËÊÂÌËfl Â‡ÎËÁÛÂÚÒfl ÔË ÔÓÒÚÓflÌÒÚ‚Â Û„Î‡ ÒÓ·ÒÚ‚ÂÌÌÓ„Ó ‚‡˘ÂÌËfl
(ϕ = const). ùÚÓ ‚ÓÁÏÓÊÌÓ, Í‡Í ÒÎÂ‰ÛÂÚ ËÁ (2.20), ÔË r0 – s = 0, ˜ÚÓ ‡‚ÌÓÒËÎ¸ÌÓ ÒÎÂ‰Û˛-
˘ÂÏÛ ÛÒÎÓ‚Ë˛, Ì‡ÍÎ‡‰˚‚‡ÂÏÓÏÛ Ì‡ Ì‡˜‡Î¸Ì˚Â Ô‡‡ÏÂÚ˚ ‰‚ËÊÂÌËfl

(2.21)

í‡ÍËÏ Ó·‡ÁÓÏ, “ÎÛÌÌÓÂ” ‰‚ËÊÂÌËÂ Â‡ÎËÁÛÂÚÒfl ÔË ‰ÂÈÒÚ‚ËË ‚ÌÛÚÂÌÌÂ„Ó ÏÓÏÂÌÚ‡
‚Ë‰‡ (2.19) Ë Ì‡˜‡Î¸Ì˚ı Ô‡‡ÏÂÚ‡ı, Ó·ÂÒÔÂ˜Ë‚‡˛˘Ëı ÛÒÎÓ‚ËÂ (2.21). Ç Ô‡ÍÚË˜ÂÒÍËı

r t( ) r0 Mt/Cn, σ t( )–
MC

CnCr
------------t σ0, δ t( )+

MC
2CnCr
---------------t2 σ0t δ0+ += = =

ϕ ϕ 0–
1

2β u2 u1–( )
---------------------------- n1Π ξ n1 k, ,( ) G R+( ) +[=

+ n2Π ξ n2 k, ,( ) G R–( ) ] r0 R–( )t
Mt2

2Cn
---------–+

ϕ̇ ψ̇

Mr Cnṙ– Cn
d
dt
----- ψ̇ θcos( )– Cn

d
dt
----- G R θcos–

θsin
2

-------------------------- θcos 
   =–= = =

=  
2R θcos G θcos

2
– G–

θsin
3

------------------------------------------------------θ̇Cn–

Mr

2 u1 u2–( )sn2 βt α+ k,( ) u1+( )
2

2R G u2 u1–( )sn2 βt α+ k,( ) u1+( )–( )

1 u2 u1–( )sn2 βt α+ k,( ) u1+( )–( )
2

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ ×=

× u2 u1–( )βcn βt α+ k,( )dn βt α+ k,( )

ϕ t( ) r0 s–( )t ϕ0 s
G θ0cos R θ0cos

2
–

θ0sin
2

---------------------------------------------=
 
 
 

+=

θ0

p0 ϕ0sin q0 ϕ0cos+

r0
-----------------------------------------------arctg=
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Á‡‰‡˜‡ı ÏÂı‡ÌËÍË ÍÓÒÏË˜ÂÒÍÓ„Ó ÔÓÎÂÚ‡ ÂÊËÏ “ÎÛÌÌÓ„Ó” ‰‚ËÊÂÌËfl ÏÓÊÂÚ ÓÍ‡Á‡Ú¸Òfl ÔÓ-
ÎÂÁÌ˚Ï ‚ Ó‰ÌËı ÒÎÛ˜‡flı Ë ÓÔ‡ÒÌ˚Ï ‚ ‰Û„Ëı. èËÏÂÌËÚÂÎ¸ÌÓ Í Á‡‰‡˜Â ÌÂÛÔ‡‚ÎflÂÏÓ„Ó
ÒÔÛÒÍ‡ äÄ ‚ ‡ÚÏÓÒÙÂÂ [23], ÍÓ„‰‡ Â‡ÎËÁÛÂÚÒfl ‰‚ËÊÂÌËÂ ÔÓ‰ ‰ÂÈÒÚ‚ËÂÏ ‚ÓÒÒÚ‡Ì‡‚ÎË‚‡-
˛˘Â„Ó ‡˝Ó‰ËÌ‡ÏË˜ÂÒÍÓ„Ó ÏÓÏÂÌÚ‡, ‡Ì‡ÎÓ„Ë˜ÌÓÂ ‰‚ËÊÂÌË˛ ‚ ÒÎÛ˜‡Â ã‡„‡ÌÊ‡, “ÎÛÌ-
Ì˚È” ÂÊËÏ fl‚ÎflÂÚÒfl ÓÔ‡ÒÌ˚Ï. ùÚÓ Ò‚flÁ‡ÌÓ Ò ÚÂÏ, ˜ÚÓ äÄ ‚ÒÂ„‰‡ Ó·‡˘ÂÌ Í Ì‡·Â„‡˛-
˘ÂÏÛ ÔÓÚÓÍÛ Ó‰ÌÓÈ ÒÚÓÓÌÓÈ, ˜ÚÓ ÔË‚Ó‰ËÚ Í ÌÂ‡‚ÌÓÏÂÌÓÏÛ Ó·„‡Û Â„Ó ÚÂÔÎÓÁ‡˘ËÚ-
ÌÓ„Ó ÔÓÍ˚ÚËfl, ‡, ÒÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, Í ‡Á‚ËÚË˛ ÌÂÒËÏÏÂÚË˜ÌÓÒÚË äÄ, ‚ÓÁÌËÍÌÓ‚ÂÌË˛
ÂÁÓÌ‡ÌÒÌ˚ı ÂÊËÏÓ‚ ‰‚ËÊÂÌËfl, ÎË·Ó Í ‡ÁÛ¯ÂÌË˛. èËÏÂÓÏ ÔÓÎÂÁÌÓ„Ó ËÒÔÓÎ¸ÁÓ‚‡-
ÌËfl ÎÛÌÌÓ„Ó ÂÊËÏ‡ fl‚ÎflÂÚÒfl ‰‚ËÊÂÌËÂ Á‡flÊÂÌÌÓ„Ó (Ï‡„ÌËÚÌÓ„Ó) ÒÔÛÚÌËÍ‡-„ËÓÒÚ‡Ú‡
‚ Ó‰ÌÓÓ‰ÌÓÏ Ï‡„ÌËÚÌÓÏ ÔÓÎÂ, ÍÓ„‰‡ ‚ÓÁÌËÍ‡˛˘‡fl ‡‚ÌÓÏÂÌ‡fl ÔÂˆÂÒÒËfl (Ú‡Í Ì‡Á˚‚‡-
ÂÏ‡fl ÔÂˆÂÒÒËfl ã‡ÏÓ‡ [24]) ÔÓÁ‚ÓÎflÂÚ ÒÓı‡ÌflÚ¸ Ó‰ÌÓÒÚÓÓÌÌ˛˛ Ì‡Ô‡‚ÎÂÌÌÓÒÚ¸ ‡-
·Ó˜Ëı ˝ÎÂÏÂÌÚÓ‚ ÒÔÛÚÌËÍ‡ (‡ÌÚÂÌÌ, Ô‡ÌÂÎÂÈ ÒÓÎÌÂ˜Ì˚ı ·‡Ú‡ÂÈ Ë Ô.).

èË ÓÚÒÛÚÒÚ‚ËË ÏÓÏÂÌÚ‡ ‚ÌÛÚÂÌÌÂ„Ó ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl ËÏÂÂÚ ÏÂÒÚÓ Û‡‚ÌÓ‚Â¯ÂÌÌ˚È
„ËÓÒÚ‡Ú (σ(t) = σ0 = const) Ë Â„Ó ‰‚ËÊÂÌËÂ ·Û‰ÂÚ ‡Ì‡ÎÓ„Ë˜ÌÓ ‰‚ËÊÂÌË˛ Ú‚Â‰Ó„Ó ÚÂÎ‡ ‚
ÒÎÛ˜‡Â ã‡„‡ÌÊ‡ Ò ˝Í‚Ë‚‡ÎÂÌÚÌ˚ÏË ËÌÂˆËÓÌÌÓ-Ï‡ÒÒÓ‚˚ÏË Ô‡‡ÏÂÚ‡ÏË Ë Û„ÎÓ‚˚ÏË
ÒÍÓÓÒÚflÏË. 

èË‚Â‰ÂÏ Ò‡‚ÌËÚÂÎ¸Ì˚Â ÂÁÛÎ¸Ú‡Ú˚ (ÙË„. 1), ÔÓÎÛ˜ÂÌÌ˚Â ˜ËÒÎÂÌÌ˚Ï ËÌÚÂ„ËÓ-
‚‡ÌËÂÏ Û‡‚ÌÂÌËÈ (2.2), (2.3) (ÔÓÍ‡Á‡Ì˚ Ò‚ÂÚÎ˚ÏË ÚÓ˜Í‡ÏË) Ë ÔÓ ‡Ì‡ÎËÚË˜ÂÒÍËÏ ÙÓ-
ÏÛÎ‡Ï (2.15), (2.16) Ë (2.18) (ÔÓÍ‡Á‡Ì˚ ÒÔÎÓ¯Ì˚ÏË ÎËÌËflÏË). ê‡Ò˜ÂÚ˚ ÔÓ‚Ó‰ËÎËÒ¸ ÔË
ÒÎÂ‰Û˛˘Ëı ËÌÂˆËÓÌÌÓ-Ï‡ÒÒÓ‚˚ı Ë Ì‡˜‡Î¸Ì˚ı Ô‡‡ÏÂÚ‡ı ‰‚ËÊÂÌËfl: A = 5, Cn = 1.5,
Cr = 2 [Í„ · Ï2]; P = 100 [H]; l = 0.2 [Ï]; å = const = 1 [ç · Ï]; p0 = 1, q0 = 0, r0 = 2,
σ0 = 6π [‡‰/Ò]; θ0 = 0.47, ϕ0 = ψ0 = δ0 = 0 [‡‰].

é˜Â‚Ë‰ÌÓ, ˜ÚÓ ‰‚ËÊÂÌËÂ Ò ‰Û„ËÏË Á‡ÍÓÌ‡ÏË ËÁÏÂÌÂÌËfl Û„Î‡ ÒÓ·ÒÚ‚ÂÌÌÓ„Ó ‚‡˘ÂÌËfl
ÏÓÊÌÓ Â‡ÎËÁÓ‚‡Ú¸ ‚˚·ÓÓÏ ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘Â„Ó ‚ÌÛÚÂÌÌÂ„Ó ÏÓÏÂÌÚ‡.

3. Ñ‚ËÊÂÌËfl Ò‚Ó·Ó‰ÌÓ„Ó ÌÂÛ‡‚ÌÓ‚Â¯ÂÌÌÓ„Ó „ËÓÒÚ‡Ú‡ ÔË Ì‡ÎË˜ËË ÛÔ‡‚Îfl˛˘Â„Ó
ÏÓÏÂÌÚ‡ ÒÔÂˆË‡Î¸ÌÓ„Ó ‚Ë‰‡. ÅÛ‰ÂÏ ‡ÒÒÏ‡ÚË‚‡Ú¸ Ò‚Ó·Ó‰Ì˚È ÌÂÛ‡‚ÌÓ‚Â¯ÂÌÌ˚È „ËÓ-
ÒÚ‡Ú, ÒÓÒÚÓfl˘ËÈ ËÁ ÚÂÎ‡-ÌÓÒËÚÂÎfl Ò ÚÂıÓÒÌ˚Ï ˝ÎÎËÔÒÓË‰ÓÏ ËÌÂˆËË Ë ‰ËÌ‡ÏË˜ÂÒÍË
ÒËÏÏÂÚË˜ÌÓ„Ó ÓÚÓ‡, ‚‡˘‡˛˘Â„ÓÒfl ÓÚÌÓÒËÚÂÎ¸ÌÓ „Î‡‚ÌÓÈ ÓÒË ËÌÂˆËË „ËÓÒÚ‡Ú‡ z.
ëÓ„Î‡ÒÌÓ (1.1) Ë (1.2) Û‡‚ÌÂÌËfl ‰‚ËÊÂÌËfl Ò‚Ó·Ó‰ÌÓ„Ó „ËÓÒÚ‡Ú‡ ÔËÏÛÚ ‚Ë‰

(3.1)
A ṗ C B–( )qr Crqσ+ + 0, Bq̇= A C–( ) pr Cr pσ–+ 0=

Cṙ Crσ̇ B A–( ) pq+ + 0, Cr ṙ σ̇+( ) Mr= =

2

1

0

ψ
ϕ
θ

1.5 3.0 4.5 t

ψ

ϕ

θ

îË„. 1
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àÒÒÎÂ‰Ó‚‡ÌËÂ Û‡‚ÌÓ‚Â¯ÂÌÌÓ„Ó Ò‚Ó·Ó‰ÌÓ„Ó „ËÓÒÚ‡Ú‡ ÔÓ‚Â‰ÂÌÓ ‚ ‡·ÓÚÂ [4], ‚ ÍÓÚÓ-
ÓÈ ËÁ Ó·‡˘ÂÌËfl ˝ÎÎËÔÚË˜ÂÒÍÓ„Ó ËÌÚÂ„‡Î‡ ÔÂ‚Ó„Ó Ó‰‡ ÒÎÂ‰Û˛Ú Ô‡‡ÏÂÚËÁÓ‚‡ÌÌ˚Â
Á‡‚ËÒËÏÓÒÚË ‰Îfl Û„ÎÓ‚˚ı ÒÍÓÓÒÚÂÈ ÚÂÎ‡-ÌÓÒËÚÂÎfl. åÓÊÌÓ ÔÂ‰ÔÓÎÓÊËÚ¸, ˜ÚÓ Ë ‚ ÌÂÍÓ-
ÚÓ˚ı ÒÎÛ˜‡flı ‰‚ËÊÂÌËfl ÌÂÛ‡‚ÌÓ‚Â¯ÂÌÌÓ„Ó „ËÓÒÚ‡Ú‡ Â¯ÂÌËfl ‰Îfl Ô‡‡ÏÂÚÓ‚ ÔÓ-
ÒÚ‡ÌÒÚ‚ÂÌÌÓÈ ÓËÂÌÚ‡ˆËË Ú‡ÍÊÂ Á‡ÔË¯ÛÚÒfl ‚ ˝ÎÎËÔÚË˜ÂÒÍËı ÙÛÌÍˆËflı. èÓÒÚ‡‚ËÏ Á‡‰‡-
˜Û ÓÔÂ‰ÂÎÂÌËfl ‚Ë‰‡ ÏÓÏÂÌÚÓ‚ ‚ÌÛÚÂÌÌÂ„Ó ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl ÚÂÎ‡-ÌÓÒËÚÂÎfl Ë ÓÚÓ‡, ‰Ó-
ÒÚ‡‚Îfl˛˘Ëı ‰ËÌ‡ÏË˜ÂÒÍËÏ Û‡‚ÌÂÌËflÏ ‰‚ËÊÂÌËfl ‡Ì‡ÎËÚË˜ÂÒÍËÂ Â¯ÂÌËfl ‚
˝ÎÎËÔÚË˜ÂÒÍËı ÙÛÌÍˆËflı. 

ÅÛ‰ÂÏ ÔÓÎ‡„‡Ú¸, ˜ÚÓ A < B < C, ‡ Ú‡ÍÊÂ, ˜ÚÓ ÓÔËÒ‡ÌËÂ ‰‚ËÊÂÌËfl Ì‡˜ËÌ‡ÂÚÒfl Ò ÏÓÏÂÌÚ‡
‚ÂÏÂÌË, ÍÓ„‰‡ ÍÓÏÔÓÌÂÌÚ‡ Û„ÎÓ‚ÓÈ ÒÍÓÓÒÚË q ÔÓıÓ‰ËÚ ˜ÂÂÁ ÌÓÎ¸ (q0 = 0). èÓ‚Â‰ÂÏ
ËÒÒÎÂ‰Ó‚‡ÌËÂ ‰‚ËÊÂÌËfl „ËÓÒÚ‡Ú‡ ‡Ì‡ÎÓ„Ë˜ÌÓ ÍÎ‡ÒÒË˜ÂÒÍÓÏÛ ÒÎÛ˜‡˛ ùÈÎÂ‡ ‰‚ËÊÂÌËfl
Ú‚Â‰Ó„Ó ÚÂÎ‡ Ë Â„Ó „ÂÓÏÂÚË˜ÂÒÍÓÈ ËÌÚÂÔÂÚ‡ˆËË èÛ‡ÌÒÓ [21]. ä‡Í ËÁ‚ÂÒÚÌÓ, ËÏÂÂÚÒfl
ÚË ÒÎÛ˜‡fl ‡ÒÔÓÎÓÊÂÌËfl ÔÓÎÓ‰ËË ÓÚÌÓÒËÚÂÎ¸ÌÓ ˝ÎÎËÔÒÓË‰‡ ËÌÂˆËË: 1) ÍÓÌÛÒ ÔÓÎÓ‰ËË
(Ë Ò‡Ï‡ ÔÓÎÓ‰Ëfl) ÒÓ‰ÂÊËÚ ‚ÌÛÚË ÓÒ¸ z „ËÓÒÚ‡Ú‡, ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘Û˛ ÓÒË Ì‡Ë·ÓÎ¸¯Â„Ó
ÏÓÏÂÌÚ‡ ËÌÂˆËË; 2) ÍÓÌÛÒ ÔÓÎÓ‰ËË ÒÓ‰ÂÊËÚ ‚ÌÛÚË ÓÒ¸ Ox, ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘Û˛ Ì‡Ë-
ÏÂÌ¸¯ÂÏÛ ÏÓÏÂÌÚÛ ËÌÂˆËË; 3) ÍÓÌÛÒ ÔÓÎÓ‰ËË ‡ÒÔ‡‰‡ÂÚÒfl Ì‡ ‰‚Â ÔÎÓÒÍÓÒÚË, ÔË ˝ÚÓÏ
Ò‡ÏË ÔÓÎÓ‰ËË ÔÂÂıÓ‰flÚ ‚ ‰‚‡ ˝ÎÎËÔÒ‡, ‡ Ï„ÌÓ‚ÂÌÌ‡fl ÓÒ¸ ‚‡˘ÂÌËfl ‡ÒËÏÔÚÓÚË˜ÂÒÍË
ÒÚÂÏËÚÒfl Í ÓÒË ÒÂ‰ÌÂ„Ó ÏÓÏÂÌÚ‡ ËÌÂˆËË. ìÒÎÓ‚ËflÏË Â‡ÎËÁ‡ˆËË ÒÎÛ˜‡Â‚ (1)–(3) fl‚Îfl-
˛ÚÒfl [25, 21] ÒÎÂ‰Û˛˘ËÂ ÌÂ‡‚ÂÌÒÚ‚‡, ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ

(3.2)

(3.3)

(3.4)

„‰Â D = K2/(2T), K – ‚ÂÎË˜ËÌ‡ ÍËÌÂÚË˜ÂÒÍÓ„Ó ÏÓÏÂÌÚ‡, T – ÍËÌÂÚË˜ÂÒÍ‡fl ˝ÌÂ„Ëfl Ú‚Â‰Ó-
„Ó ÚÂÎ‡. ìÍ‡Á‡ÌÌ˚Ï ÒÎÛ˜‡flÏ ÒÓÓÚ‚ÂÚÒÚ‚Û˛Ú ÚË ‚Ë‰‡ Â¯ÂÌËÈ ‰Îfl ÍÓÏÔÓÌÂÌÚ Û„ÎÓ‚˚ı
ÒÍÓÓÒÚÂÈ Ú‚Â‰Ó„Ó ÚÂÎ‡ ‚ ˝ÎÎËÔÚË˜ÂÒÍËı ÙÛÌÍˆËflı [21]. 

èË ËÒÒÎÂ‰Ó‚‡ÌËË ‰‚ËÊÂÌËfl „ËÓÒÚ‡Ú‡ ÒÎÂ‰ÛÂÚ Û˜ÂÒÚ¸ ÛÍ‡Á‡ÌÌ˚Â ‡ÁÎË˜Ëfl ‚ ‡ÒÔÓÎÓ-
ÊÂÌËË ÔÓÎÓ‰ËÈ. ä‡Í ·Û‰ÂÚ ‚Ë‰ÌÓ ËÁ ÒÎÂ‰Û˛˘Ëı ÌËÊÂ Â¯ÂÌËÈ, ÒÎÛ˜‡Ë (1)–(3) ‰Îfl „ËÓ-
ÒÚ‡Ú‡ Â‡ÎËÁÛ˛ÚÒfl ÔË ÛÒÎÓ‚Ëflı (3.2), (3.3) Ë (3.4), ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ, Ò ÚÓÈ ÎË¯¸ ‡ÁÌËˆÂÈ,
˜ÚÓ

(3.5)

éÚÏÂÚËÏ, ˜ÚÓ ‚ ‚˚‡ÊÂÌËË (3.5) ÒÍ‡ÎflÌÓÂ ÔÓËÁ‚Â‰ÂÌËÂ w · K ÌÂ fl‚ÎflÂÚÒfl Û‰‚ÓÂÌÌÓÈ
ÍËÌÂÚË˜ÂÒÍÓÈ ˝ÌÂ„ËÂÈ „ËÓÒÚ‡Ú‡, Í‡Í ‚ ÒÎÛ˜‡Â ‰Îfl Ú‚Â‰Ó„Ó ÚÂÎ‡, Ú‡Í Í‡Í K ÔÂ‰ÒÚ‡‚-
ÎflÂÚ ÒÓ·ÓÈ ÍËÌÂÚË˜ÂÒÍËÈ ÏÓÏÂÌÚ ÒËÒÚÂÏ˚ ‰‚Ûı ÚÂÎ, ‡ w – Û„ÎÓ‚Û˛ ÒÍÓÓÒÚ¸ ÚÓÎ¸ÍÓ ÚÂ-
Î‡-ÌÓÒËÚÂÎfl.

ê‡ÒÒÏÓÚËÏ Í‡Ê‰˚È ËÁ ÛÍ‡Á‡ÌÌ˚ı ‚˚¯Â ÒÎÛ˜‡Â‚ (1)–(3). èÛÒÚ¸ ‚˚ÔÓÎÌflÂÚÒfl ÛÒÎÓ-
‚ËÂ (3.2). èÓÒÚÛÔËÏ ‡Ì‡ÎÓ„Ë˜ÌÓ [25] Ë ·Û‰ÂÏ ËÒÍ‡Ú¸ Â¯ÂÌËfl ‰Îfl ÍÓÏÔÓÌÂÌÚ Û„ÎÓ‚˚ı
ÒÍÓÓÒÚÂÈ ‚ ‚Ë‰Â ÒÎÂ‰Û˛˘Ëı Á‡‚ËÒËÏÓÒÚÂÈ, ÓÔÂ‰ÂÎflÂÏ˚ı ˝ÎÎËÔÚË˜ÂÒÍËÏË ÙÛÌÍˆËflÏË

(3.6)

„‰Â p0, r0, σ0 – Ì‡˜‡Î¸Ì˚Â ÁÌ‡˜ÂÌËfl ÒÍÓÓÒÚÂÈ, ‡ Ô‡‡ÏÂÚ˚ λ, k Ë b ÔÓ‰ÎÂÊ‡Ú ÓÔÂ‰ÂÎÂ-
ÌË˛. èÓÍ‡ÊÂÏ, ˜ÚÓ ËÒÍÓÏ˚Â Ô‡‡ÏÂÚ˚ λ, ÏÓ‰ÛÎ¸ ˝ÎÎËÔÚË˜ÂÒÍËı ÙÛÌÍˆËÈ k Ë ‡ÏÔÎËÚÛ-
‰‡ ‚ ÔÓÂÍˆËË Û„ÎÓ‚ÓÈ ÒÍÓÓÒÚË Ì‡ ÓÒ¸ Oy ·Û‰ÛÚ Ó‰ÌÓÁÌ‡˜ÌÓ ÓÔÂ‰ÂÎflÚ¸Òfl ËÁ Ì‡˜‡Î¸Ì˚ı
ÛÒÎÓ‚ËÈ ‰‚ËÊÂÌËfl. ÑÎfl ÚÓÊ‰ÂÒÚ‚ÂÌÌÓ„Ó ‚˚ÔÓÎÌÂÌËfl ÔÓÒÎÂ‰ÌÂ„Ó Û‡‚ÌÂÌËfl ÒËÒÚÂ-

D B>

D B<

D B=

D
K2

w K⋅
-------------

A2 p0
2 Cr0 Crσ0+( )2+

A p0
2 Cr0 Crσ0+( )r0+

------------------------------------------------------= =

p t( ) p0cn λ t k,( ), q t( ) bsn λ t k,( )= =

r t( ) r0dn λ t k,( ), σ t( ) σ0dn λ t k,( )= =
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Ï˚ (3.1) ÔË ‚˚·‡ÌÌ˚ı Â¯ÂÌËflı (3.6) ÌÂÓ·ıÓ‰ËÏÓ, ˜ÚÓ·˚ ÏÓÏÂÌÚ ‚ÌÛÚÂÌÌÂ„Ó ‚Á‡Ë-
ÏÓ‰ÂÈÒÚ‚Ëfl ËÏÂÎ ‚Ë‰

(3.7)

èÓ‰ÒÚ‡‚Îflfl ‚˚‡ÊÂÌËfl (3.6) ‚ ÔÂ‚˚Â ÚË Û‡‚ÌÂÌËfl (3.1), ÔÓÎÛ˜ËÏ ÒÎÂ‰Û˛˘Û˛ ÒËÒÚÂÏÛ
‡Î„Â·‡Ë˜ÂÒÍËı Û‡‚ÌÂÌËÈ:

(3.8)

àÁ ÒËÒÚÂÏ˚ (3.8) ËÏÂÂÏ ÒÎÂ‰Û˛˘ËÂ ÙÓÏÛÎ˚ ‰Îfl ËÒÍÓÏ˚ı Ô‡‡ÏÂÚÓ‚:

(3.9)

„‰Â Kz(0) = Cr0 + Crσ0 – Ì‡˜‡Î¸Ì‡fl ‚ÂÎË˜ËÌ‡ ÔÓÂÍˆËË ÍËÌÂÚË˜ÂÒÍÓ„Ó ÏÓÏÂÌÚ‡ Ì‡ ÔÓ-
‰ÓÎ¸ÌÛ˛ ÓÒ¸ z. é˜Â‚Ë‰ÌÓ, ˜ÚÓ ÏÓ‰ÛÎ¸ k ÌÂ ‰ÓÎÊÂÌ ÔÂ‚˚¯‡Ú¸ Â‰ËÌËˆ˚, ˜ÚÓ ÒÓÓÚ‚ÂÚÒÚ‚Û-
ÂÚ ÛÒÎÓ‚Ë˛ Ò Û˜ÂÚÓÏ ‚˚‡ÊÂÌËfl (3.5).

èËÏÂÏ ‰Îfl ÓÔÂ‰ÂÎÂÌÌÓÒÚË, ˜ÚÓ r0 > 0. ÑÎfl ÚÓ„Ó ˜ÚÓ·˚ Ô‡‡ÏÂÚ˚ b, λ Ë k ·˚ÎË ÌÂ-
ÌÛÎÂ‚˚ÏË Ó„‡ÌË˜ÂÌÌ˚ÏË ‰ÂÈÒÚ‚ËÚÂÎ¸Ì˚ÏË ˜ËÒÎ‡ÏË ÌÂÓ·ıÓ‰ËÏÓ, Í‡Í ˝ÚÓ ÒÎÂ‰ÛÂÚ ËÁ
(3.9), ÒÓ‚ÏÂÒÚÌÓÂ ‚˚ÔÓÎÌÂÌËÂ ÒÎÂ‰Û˛˘Ëı ÛÒÎÓ‚ËÈ:

(3.10)

(3.11)

í‡Í Í‡Í A < B < C Ë r0 > 0, ÚÓ ÒÓ‚ÏÂÒÚÌÓÂ ‚˚ÔÓÎÌÂÌËÂ ÛÒÎÓ‚ËÈ (3.10) Ë (3.11) Ó·ÂÒÔÂ˜Ë‚‡-
ÂÚÒfl ‚˚ÔÓÎÌÂÌËÂÏ Ó‰ÌÓ„Ó ËÁ ‡‚ÌÓÒËÎ¸Ì˚ı ÌÂ‡‚ÂÌÒÚ‚

(3.12)

ìÒÎÓ‚ËÂ (3.2) ÏÓÊÌÓ Ú‡ÍÊÂ Á‡ÔËÒ‡Ú¸ ‚ ‚Ë‰Â

ÍÓÚÓÓÂ Ò‚Ó‰ËÚÒfl Í ÒÎÂ‰Û˛˘ËÏ ‡‚ÌÓÒËÎ¸Ì˚Ï ÌÂ‡‚ÂÌÒÚ‚‡Ï:

(3.13)

(3.14)

èÓÎÛ˜ÂÌÌ˚Â ÌÂ‡‚ÂÌÒÚ‚‡ (3.13) (ËÎË (3.2)) Óı‚‡Ú˚‚‡˛Ú ÛÒÎÓ‚Ëfl (3.12) Ë ÔÓ˝ÚÓÏÛ fl‚Îfl˛Ú-
Òfl ÓÔÂ‰ÂÎfl˛˘ËÏË. áÌ‡Í Ô‡‡ÏÂÚ‡ b Á‡‚ËÒËÚ ÓÚ ÁÌ‡Í‡ λ Ë ‚˚·Ë‡ÂÚÒfl Ì‡ ÓÒÌÓ‚‡ÌËË
ÔÂ‚Ó„Ó ÒÓÓÚÌÓ¯ÂÌËfl ËÁ (3.8).

Mr Crk
2λ r0 σ0+( )snλ tcnλ t–=

A p0λ– C B–( )br0 Crbσ0+ + 0=

Bb0λ A C–( ) p0r0 Cr p0σ0–+ 0=

Cr0k2λ– B A–( )b p0 Crk
2λσ0–+ 0=

b2 C A–( )r0 Crσ0+( ) p0
2A

C B–( )r0 Crσ0+( )B
---------------------------------------------------------

Kz 0( ) Ar0–( )A p0
2

Kz 0( ) Vr0–( )B
--------------------------------------------= =

λ2 1
AB
------- C B–( )r0 Crσ0+( ) C A–( )r0 Crσ0+( ) Kz 0( ) Br0–( ) Kz 0( ) Ar0–( )= =

k2 p0
2A B A–( )

C B–( )r0 Crσ0+( ) Cr0 Crσ0+( )
--------------------------------------------------------------------------------

p0
2A B A–( )

Kz 0( ) Br0–( )Kz 0( )
------------------------------------------------= =

Kz 0( ) Br0–( ) Kz 0( ) Ar0–( ) 0>

Kz 0( ) Br0–( )Kz 0( ) 0>

Kz 0( ) 0, Kz 0( ) Br0><

Kz
2

0( ) Br0Kz 0( )– A B A–( ) p0
2>

Kz 0( ) α , Kz 0( )< β>

α 1/2 Br0 d–( ), β 1/2 Br0 d+( ), d B2r0
2

4A B A–( ) p0
2+ 0>= = =
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èÓ‚Ó‰fl ‡Ì‡ÎÓ„Ë˜Ì˚Â ‡ÒÒÛÊ‰ÂÌËfl ‰Îfl ÒÎÛ˜‡fl ÍÓ„‰‡ r0 < 0, ÏÓÊÌÓ ÔÓÍ‡Á‡Ú¸, ˜ÚÓ ‚Â-
ÎË˜ËÌ˚ b, λ, k Ú‡ÍÊÂ ·Û‰ÛÚ ‰ÂÈÒÚ‚ËÚÂÎ¸Ì˚ÏË Ë |k| < 1, ÍÓ„‰‡ ‚˚ÔÓÎÌflÂÚÒfl Ó‰ÌÓ ËÁ ‡‚ÌÓ-
ÒËÎ¸Ì˚ı ÌÂ‡‚ÂÌÒÚ‚ (3.13), Ò ÚÂÏ ÎË¯¸ Á‡ÏÂ˜‡ÌËÂÏ, ˜ÚÓ ‚ ˝ÚÓÏ ÒÎÛ˜‡Â ‚ÂÎË˜ËÌ˚ α Ë β
‚˚˜ËÒÎfl˛ÚÒfl ÒÎÂ‰Û˛˘ËÏ Ó·‡ÁÓÏ 

(3.15)

àÚ‡Í, ÂÒÎË Ì‡˜‡Î¸Ì˚Â Ô‡‡ÏÂÚ˚ ‰‚ËÊÂÌËfl Û‰Ó‚ÎÂÚ‚Ófl˛Ú ÌÂ‡‚ÂÌÒÚ‚‡Ï (3.13), ÚÓ
·Û‰ÛÚ ÒÔ‡‚Â‰ÎË‚˚ Â¯ÂÌËfl (3.6) ÔË ‰ÂÈÒÚ‚ËË ‚ÌÛÚÂÌÌÂ„Ó ÏÓÏÂÌÚ‡ (3.7). Ç˚ÔÓÎÌÂÌËÂ
ÌÂ‡‚ÂÌÒÚ‚ ÏÓÊÌÓ Ó·ÂÒÔÂ˜ËÚ¸ ‚˚·ÓÓÏ Ì‡˜‡Î¸ÌÓÈ ‚ÂÎË˜ËÌ˚ Kz ÔÛÚÂÏ Á‡‰‡ÌËfl Ì‡˜‡Î¸-
ÌÓÈ Û„ÎÓ‚ÓÈ ÒÍÓÓÒÚË ÓÚÓ‡ σ0, ÎË·Ó ÚÂÎ‡-ÌÓÒËÚÂÎfl r0. 

éÚÏÂÚËÏ, ˜ÚÓ Â¯ÂÌËfl (3.6) ÏÓÊÌÓ ‡ÒÒÏ‡ÚË‚‡Ú¸ Í‡Í Ô‡‡ÏÂÚËÁ‡ˆË˛ ÔÓÒÚ‡Ì-
ÒÚ‚ÂÌÌÓÈ ÍË‚ÓÈ, ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ÂÈ ÔÓÎÓ‰ËË, ÓÚÍÛ‰‡ ÒÎÂ‰ÛÂÚ, ˜ÚÓ ÔÓÎÓ‰Ëfl ÒÓ‰ÂÊËÚ
‚ÌÛÚË ÓÒ¸ z. ìÒÎÓ‚ËÂ (3.2) ÒÛ˘ÂÒÚ‚Ó‚‡ÌËfl Â¯ÂÌËÈ (3.6) fl‚ÎflÂÚÒfl ÛÒÎÓ‚ËÂÏ ‰‚ËÊÂÌËfl Ò
ÍÓÌÛÒÓÏ ÔÓÎÓ‰ËÈ, ÒÓ‰ÂÊ‡˘ËÏ ÓÒ¸ Ì‡Ë·ÓÎ¸¯Â„Ó ÏÓÏÂÌÚ‡ ËÌÂˆËË. 

ê‡ÒÒÏÓÚËÏ ÒÎÛ˜‡È ‰‚ËÊÂÌËfl 2), ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÈ ÛÒÎÓ‚Ë˛ (3.3). èË ˝ÚÓÏ Â¯ÂÌËfl
‰Îfl Û„ÎÓ‚˚ı ÒÍÓÓÒÚÂÈ Ë Ó·ÂÒÔÂ˜Ë‚‡˛˘ËÈ Ëı ‚ÌÛÚÂÌÌËÈ ÏÓÏÂÌÚ Ë˘ÛÚÒfl ‚ ‚Ë‰Â

(3.16)

èÓÒÎÂ ÔÓ‰ÒÚ‡ÌÓ‚ÍË ‚˚‡ÊÂÌËÈ (3.16) ‚ ‰ËÌ‡ÏË˜ÂÒÍÛ˛ ÒËÒÚÂÏÛ (3.1), Á‡ÔËÒË Ë Â¯ÂÌËfl
‡Î„Â·‡Ë˜ÂÒÍÓÈ ÒËÒÚÂÏ˚, ‡Ì‡ÎÓ„Ë˜ÌÓÈ (3.8), ÏÓÊÌÓ ÓÔÂ‰ÂÎËÚ¸ ÒÎÂ‰Û˛˘ËÂ ‚ÂÎË˜ËÌ˚:

(3.17)

Ç ˝ÚÓÏ ÒÎÛ˜‡Â ÛÒÎÓ‚ËÂ (3.3) Ó·ÂÒÔÂ˜Ë‚‡ÂÚ k2 < 1, Ó‰Ì‡ÍÓ ÌÂ Ó·ÂÒÔÂ˜Ë‚‡ÂÚ ÔÓÎÓÊËÚÂÎ¸ÌÓ-
ÒÚË Ô‡‚˚ı ˜‡ÒÚÂÈ (3.17) Ë, ÒÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ‰ÂÈÒÚ‚ËÚÂÎ¸Ì˚ı ÁÌ‡˜ÂÌËÈ ËÒÍÓÏ˚ı Ô‡‡ÏÂÚ-
Ó‚ b, λ, k. 

ÄÌ‡ÎÓ„Ë˜ÌÓ ÒÎÛ˜‡˛ 1) ÏÓÊÌÓ ÔÓÍ‡Á‡Ú¸, ˜ÚÓ ÔË r0 > 0 ‚ÒÂ ËÒÍÓÏ˚Â Ô‡‡ÏÂÚ˚ ÌÂÌÛ-
ÎÂ‚˚Â Ë ‰ÂÈÒÚ‚ËÚÂÎ¸Ì˚Â Ë k2 < 1, ÍÓ„‰‡ ‚˚ÔÓÎÌflÂÚÒfl Ó‰ÌÓ ËÁ ‡‚ÌÓÒËÎ¸Ì˚ı ÌÂ‡‚ÂÌÒÚ‚:

„‰Â ‚ÂÎË˜ËÌ˚ α Ë β ‚˚˜ËÒÎÂÌ˚ ÔÓ ÙÓÏÛÎ‡Ï (3.14), ‡ ÔË r0 < 0 – ÍÓ„‰‡ ‚˚ÔÓÎÌflÂÚÒfl Ó‰-
ÌÓ ËÁ ÌÂ‡‚ÂÌÒÚ‚

„‰Â ‚ÂÎË˜ËÌ˚ α Ë β ‚˚˜ËÒÎÂÌ˚ ÔÓ ÙÓÏÛÎ‡Ï (3.15).
Ç ÒÎÛ˜‡Â (3), ÍÓ„‰‡ ‚˚ÔÓÎÌflÂÚÒfl ÛÒÎÓ‚ËÂ (3.4), ËÏÂÂÚ ÏÂÒÚÓ ‡‚ÂÌÒÚ‚Ó k = 1. èË ˝ÚÓÏ

˝ÎÎËÔÚË˜ÂÒÍËÂ ÙÛÌÍˆËË ËÁ (3.16) Ò‚Ó‰flÚÒfl Í „ËÔÂ·ÓÎË˜ÂÒÍËÏ

(3.18)

α 1/2 B r0– d–( ), β 1/2 B r0 d+–( )= =

p t( ) p0dn λ t k,( ), q t( ) bsn λ t k,( )= =

r t( ) r0cn λ t k,( ), σ t( ) σ0cn λ t k,( )= =

Mr Crλ r0 σ0+( )snλ tdnλ t–=

b2 Kz 0( ) Ar0–( )Kz 0( )
B B A–( )

------------------------------------------------=

λ2 p0
2 B A–( ) Kz 0( ) Ar0–( )

BKz 0( )
-----------------------------------------------------------=

k2 Kz 0( ) Ar0–( )Kz 0( )

p0
2A B A–( )

------------------------------------------------=

α Kz 0( ) 0, Br0 Kz 0( ) β< < < <

α Kz 0( ) B r0 , 0– Kz 0( ) β<< < <

p
p0

λ tch
------------, q b λ t, rth

r0

λ tch
------------= = =

σ
σ0

λ tch
------------, Mr Crλ r0 σ0+( ) λ tth

λ tch
------------–= =
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èÓ‰ÒÚ‡ÌÓ‚Í‡ (3.18) ‚ Û‡‚ÌÂÌËfl (3.1) ÔË‚Ó‰ËÚ Í ‡Î„Â·‡Ë˜ÂÒÍÓÈ ÒËÒÚÂÏÂ, Â¯ÂÌËÂ ÍÓÚÓ-
ÓÈ ÔÓ‚ÚÓflÂÚ ‚˚‡ÊÂÌËfl (3.17) Ò ÚÓÈ ‡ÁÌËˆÂÈ, ˜ÚÓ k = 1. ÇÂÎË˜ËÌ˚ b Ë λ ÔË ˝ÚÓÏ fl‚-
Îfl˛ÚÒfl ‰ÂÈÒÚ‚ËÚÂÎ¸Ì˚ÏË, ÍÓ„‰‡ ‚˚ÔÓÎÌflÂÚÒfl Ó‰ÌÓ ËÁ ‡‚ÌÓÒËÎ¸Ì˚ı ‡‚ÂÌÒÚ‚

(3.19)

„‰Â ‚ÂÎË˜ËÌ˚ α Ë β ‚ ÒÎÛ˜‡Â r0 > 0 ‚˚˜ËÒÎfl˛ÚÒfl ÔÓ ÙÓÏÛÎ‡Ï (3.14), ‡ ‚ ÒÎÛ˜‡Â r0 < 0 – ÔÓ
ÙÓÏÛÎ‡Ï (3.15). àÁ Â¯ÂÌËÈ (3.18) ÒÎÂ‰ÛÂÚ, ˜ÚÓ Ò ÚÂ˜ÂÌËÂÏ ‚ÂÏÂÌË ÍÓÏÔÓÌÂÌÚ˚ Û„ÎÓ-
‚ÓÈ ÒÍÓÓÒÚË p, r → 0, ‡ q → b λ), ˜ÚÓ ÓÁÌ‡˜‡ÂÚ ÒÚÂÏÎÂÌËÂ Ï„ÌÓ‚ÂÌÌÓÈ ÓÒË ‚‡˘Â-
ÌËfl Í ÓÒË ÒÂ‰ÌÂ„Ó ÏÓÏÂÌÚ‡ ËÌÂˆËË.

èÓÎÛ˜ÂÌÌ˚Â ÂÁÛÎ¸Ú‡Ú˚ ıÓÓ¯Ó ËÎÎ˛ÒÚËÛ˛ÚÒfl ÒıÂÏÓÈ ËÌÚÂ‚‡ÎÓ‚ (ÙË„. 2), „‰Â
ÔÂ‰ÒÚ‡‚ÎÂÌ ÒÎÛ˜‡È, ÍÓ„‰‡ r0 > 0. èËÌfl‚ ‚ ‚Ë‰Â Ò‚Ó·Ó‰ÌÓÈ ‰Îfl ËÁÏÂÌÂÌËfl ‚ÂÎË˜ËÌÛ Kz(0)
(ËÎË ‚ÂÎË˜ËÌÛ σ0 = (Kz(0) – Cr0)/Cr) ÔË ÙËÍÒËÓ‚‡ÌÌ˚ı ÁÌ‡˜ÂÌËflı p0 Ë r0(q0 = 0) ÏÓÊÌÓ
‡Á‰ÂÎËÚ¸ Ó·Î‡ÒÚË Â‡ÎËÁ‡ˆËË ÛÒÎÓ‚ËÈ (3.2), (3.3) ËÎË (3.4). ÇÌÛÚË ËÌÚÂ‚‡Î‡ (0, Br0)
‰ÂÈÒÚ‚ËÚÂÎ¸Ì˚Â Â¯ÂÌËfl ÓÚÒÛÚÒÚ‚Û˛Ú. éÚÏÂÚËÏ, ˜ÚÓ Ô‡‡ÏÂÚ k = 0 ÔË Kz(0) → ±∞ Ë ‚
ÚÓ˜Í‡ı Kz(0) = Br0, Kz(0) = 0. èË ˝ÚÓÏ ‚ ÚÓ˜ÍÂ Kz(0) = Br0 ÔÓÂÍˆËfl Û„ÎÓ‚ÓÈ ÒÍÓÓÒÚË Ì‡
Ò‚flÁ‡ÌÌÛ˛ ÓÒ¸, ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘Û˛ ÏÓÏÂÌÚÛ ËÌÂˆËË Ä, ÔÓÒÚÓflÌÌ‡, ÔË˜ÂÏ Ô‡‡ÏÂÚ˚
‰‚ËÊÂÌËfl Ë ‚ÌÛÚÂÌÌËÈ ÏÓÏÂÌÚ ÓÒÚ‡˛ÚÒfl Ó„‡ÌË˜ÂÌÌ˚ÏË ‚ ÓÚÎË˜ËÂ ÓÚ ÓÒÚ‡Î¸Ì˚ı ÛÍ‡-
Á‡ÌÌ˚ı ÚÓ˜ÂÍ 

(3.20)

á‡‚ËÒËÏÓÒÚË (3.20) ÒÓÓÚ‚ÂÚÒÚ‚Û˛Ú ‡‚ÌÓÏÂÌÓÏÛ ‚‡˘ÂÌË˛ „ËÓÒÚ‡Ú‡ ‚ÓÍÛ„ ÓÒË Ox,
ÔË ‰ÂÈÒÚ‚ËË ÔÂËÓ‰Ë˜ÂÒÍÓ„Ó ‚ÌÛÚÂÌÌÂ„Ó ÏÓÏÂÌÚ‡.

èÂÂÈ‰ÂÏ Í Â¯ÂÌË˛ Á‡‰‡˜Ë Ñ‡·Û [8], Ú.Â. Í ÓÔÂ‰ÂÎÂÌË˛ ÔÓÒÚ‡ÌÒÚ‚ÂÌÌÓ„Ó ÔÓÎÓ-
ÊÂÌËfl „ËÓÒÚ‡Ú‡ ÔÓ ËÁ‚ÂÒÚÌ˚Ï Û„ÎÓ‚˚Ï ÒÍÓÓÒÚflÏ. Ç˚·ÂÂÏ ‚ Í‡˜ÂÒÚ‚Â ÌÂÔÓ‰‚ËÊÌÓÈ
ÓÒË, ÓÚ ÍÓÚÓÓÈ ÓÚ˜ËÚ˚‚‡ÂÚÒfl Û„ÓÎ ÌÛÚ‡ˆËË, ÌÂËÁÏÂÌÌÓÂ Ì‡Ô‡‚ÎÂÌËÂ, ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ÂÂ
ÔÓÒÚÓflÌÌÓÏÛ ‚ÂÍÚÓÛ ÍËÌÂÚË˜ÂÒÍÓ„Ó ÏÓÏÂÌÚ‡. íÓ„‰‡ Û„Î˚ ùÈÎÂ‡ Ì‡ıÓ‰flÚÒfl ÒÎÂ‰Û˛-
˘ËÏ Ó·‡ÁÓÏ [21]:

(3.21)

„‰Â K =  – ÌÂËÁÏÂÌÌ‡fl ‚ÂÎË˜ËÌ‡ ÍËÌÂÚË˜ÂÒÍÓ„Ó ÏÓÏÂÌÚ‡. 

ç‡ ÓÒÌÓ‚‡ÌËË (3.21) Á‡ÔË¯ÂÏ Â¯ÂÌËfl ‰Îfl Û„ÎÓ‚ ùÈÎÂ‡ ‰Îfl ‚ÒÂı ÚÂı Á‡‚ËÒËÏÓÒÚÂÈ
Û„ÎÓ‚˚ı ÒÍÓÓÒÚÂÈ (3.6), (3.16) Ë (3.18); ÔË ˝ÚÓÏ ‚ ÔÂ‚˚ı ‰‚Ûı ÒÎÛ˜‡flı Û„ÓÎ ÔÂˆÂÒÒËË
‚˚˜ËÒÎflÂÚÒfl Í‚‡‰‡ÚÛÓÈ ÓÚ ˝ÎÎËÔÚË˜ÂÒÍËı ÙÛÌÍˆËÈ, ‡ ‰Îfl ‚˚‡ÊÂÌËÈ (3.18) Ò‚Ó‰ËÚÒfl Í

Kz 0( ) α , Kz 0( ) β= =

(sign

b2 r0
2, λ2 p0

2 B A–( )2/B2, σ0 r0 B C–( )/Cr= = =

p t( ) p0, q t( ) b λ t, r t( )sin r0 λ t, σ t( )cos σ0 λ tcos= = = =

Mr p0r0 C B– Cr–( ) B A–( ) λ t/Bsin=

θcos
Kz

K
------, ϕtg

Ap
Bq
-------, ψ K

A p2 Bq2+

A2 p2 b2q2+
----------------------------- td∫= = =

A2 p0
2 Cr0 Crσ0+( )2

+

(3.4)

(3.2) (3.3) (3.3) (3.2)

(3.4)

α 0 βBr0 Kz(0)

îË„. 2
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˝ÎÂÏÂÌÚ‡Ì˚Ï ÙÛÌÍˆËflÏ. á‡‚ËÒËÏÓÒÚË Û„ÎÓ‚ ùÈÎÂ‡ ÓÚ ‚ÂÏÂÌË ‰Îfl ÒÓÓÚÌÓ¯ÂÌËÈ (3.6)
ËÏÂ˛Ú ‚Ë‰

(3.22)

ÑÎfl ÒÓÓÚÌÓ¯ÂÌËÈ (3.16) ËÏÂ˛Ú ÏÂÒÚÓ ÒÎÂ‰Û˛˘ËÂ Á‡‚ËÒËÏÓÒÚË:

(3.23)

‡ ‰Îfl ÒÓÓÚÌÓ¯ÂÌËÈ (3.18) ‡Ì‡ÎÓ„Ë˜ÌÓ ÏÓÊÌÓ Á‡ÔËÒ‡Ú¸

(3.24)

êÂ¯ÂÌËfl (3.24) ÒÓÓÚ‚ÂÚÒÚ‚Û˛Ú ‡ÒËÏÔÚÓÚË˜ÂÒÍÓÏÛ ÔË·ÎËÊÂÌË˛ ‰‚ËÊÂÌËfl ÒËÒÚÂÏ˚ Í
‚‡˘ÂÌË˛ ‚ÓÍÛ„ ÓÒË ÒÂ‰ÌÂ„Ó ÏÓÏÂÌÚ‡ ËÌÂˆËË; ÔË ˝ÚÓÏ Û„ÓÎ ÌÛÚ‡ˆËË ÒÚÂÏËÚÒfl Í
π/2, ‡ Û„ÓÎ ÒÓ·ÒÚ‚ÂÌÌÓ„Ó ‚‡˘ÂÌËfl – Í π.

á‡ÏÂÚËÏ, ˜ÚÓ ‚ ÒÎÛ˜‡Â ‰ËÌ‡ÏË˜ÂÒÍÓÈ ÒËÏÏÂÚËË (A = B) „ËÓÒÚ‡Ú ÒÓ‚Â¯‡ÂÚ ‡‚ÌÓ-
ÏÂÌ˚Â ‚‡˘ÂÌËfl ÒÓ„Î‡ÒÌÓ Á‡‚ËÒËÏÓÒÚflÏ, ÒÎÂ‰Û˛˘ËÏ ËÁ Â¯ÂÌËÈ (3.6), ÔË˜ÂÏ ‚ ˝ÚÓÏ
ÒÎÛ˜‡Â ÛÍ‡Á‡ÌÌ˚È ‚ÌÛÚÂÌÌËÈ ÏÓÏÂÌÚ ‚˚ÓÊ‰‡ÂÚÒfl (k = 0):

˜ÚÓ Ú‡ÍÊÂ ÒÎÂ‰ÛÂÚ ËÁ Â¯ÂÌËÈ â. ÇËÚÚÂÌ·Û„‡ [4] ‰Îfl ‰ËÌ‡ÏË˜ÂÒÍË ÒËÏÏÂÚË˜ÌÓÈ ÒË-
ÒÚÂÏ˚.

èÓÎÛ˜ÂÌÌ˚Â ÂÁÛÎ¸Ú‡Ú˚ ÏÓ„ÛÚ ·˚Ú¸ ËÒÔÓÎ¸ÁÓ‚‡Ì˚ ‚ ÔËÍÎ‡‰Ì˚ı Á‡‰‡˜‡ı ÏÂı‡ÌËÍË
ÍÓÒÏË˜ÂÒÍÓ„Ó ÔÓÎÂÚ‡, ‚ ˜‡ÒÚÌÓÒÚË, ‚ Á‡‰‡˜Â ËÁÏÂÌÂÌËfl ı‡‡ÍÚÂËÒÚËÍ ÔÓÒÚ‡ÌÒÚ‚ÂÌÌÓ-
„Ó ‰‚ËÊÂÌËfl Ë ÔÂÂÓËÂÌÚ‡ˆËË ÒÔÛÚÌËÍÓ‚-„ËÓÒÚ‡ÚÓ‚. ÇÓÁÏÓÊÂÌ ÒÎÂ‰Û˛˘ËÈ ‡Î„ÓËÚÏ
Â¯ÂÌËfl Á‡‰‡˜Ë. Ç ÒÎÛ˜‡Â, ÍÓ„‰‡ ÒÔÛÚÌËÍ-„ËÓÒÚ‡Ú Ì‡ıÓ‰ËÚÒfl ‚ Û‡‚ÌÓ‚Â¯ÂÌÌÓÏ ÂÊË-
ÏÂ, ‚˚ÔÓÎÌflfl Ò‚Ó˛ ˆÂÎÂ‚Û˛ ÙÛÌÍˆË˛, ÓÔËÒ‡ÌËÂ Â„Ó ‰‚ËÊÂÌËfl ÔÓ‚Ó‰ËÚÒfl Ì‡ ÓÒÌÓ‚Â Â-
¯ÂÌËÈ [4]. èË ÌÂÓ·ıÓ‰ËÏÓÒÚË ËÁÏÂÌÂÌËfl ı‡‡ÍÚÂËÒÚËÍ ‰‚ËÊÂÌËfl ËÎË ÔÂÂÓËÂÌÚ‡ˆËË
„ËÓÒÚ‡Ú ÔÂÂ‚Ó‰ËÚÒfl ‚ ÌÂÛ‡‚ÌÓ‚Â¯ÂÌÌ˚È ÂÊËÏ, ÍÓ„‰‡ ÒÓ ÒÚÓÓÌ˚ ÚÂÎ‡-ÌÓÒËÚÂÎfl Ì‡
ÓÚÓ ÔÓ‰‡ÂÚÒfl Ó‰ËÌ ËÁ ÛÍ‡Á‡ÌÌ˚ı ‚˚¯Â ‚ÌÛÚÂÌÌËı ÏÓÏÂÌÚÓ‚, ÍÓÚÓ˚Â Ó·ÂÒÔÂ˜Ë‚‡˛Ú
ÔÂÂıÓ‰ Í ‰‚ËÊÂÌË˛, ÓÔËÒ˚‚‡ÂÏÓÏÛ Ó‰ÌËÏ ËÁ Â¯ÂÌËÈ (3.6), (3.16) ÎË·Ó (3.18). èË ‰Ó-
ÒÚËÊÂÌËË ÚÂ·ÛÂÏ˚ı ı‡‡ÍÚÂËÒÚËÍ ÒÔÛÚÌËÍ-„ËÓÒÚ‡Ú ÔÂÂıÓ‰ËÚ ‚ ÂÊËÏ Û‡‚ÌÓ‚Â¯ÂÌ-

θcos
1
K
---- Cr0 Crσ0+( )dnλ t, ϕtg

A p0cnλ t

Bbsnλ t
---------------------= =

ψ K
A p0

2 Bb2 A p0
2–( )sn2λ t+

A
2
p0

2 B2b2 A2 p0
2–( )sn2λ t+

------------------------------------------------------------------- td∫=

θcos
1
K
---- Cr0 Crσ0+( )cnλ t, ϕtg

A p0dnλ t

Bbsnλ t
----------------------= =

ψ K
A p0

2dn2λ t Bb2sn2λ t+

A2 p0
2dn2λ t B2b2sn2λ t+

---------------------------------------------------------- td∫=

θcos
Cr0 Crσ0+

K λ tch
---------------------------, ϕtg

A p0

Bb λ tsh
-------------------= =

ψ
B A–( )A p0

2

λBd
-----------------------------

B2b2 A2 p0
2–

A2 p0
2

------------------------------ λ tth
 
 
 

arctg
1

2λB
---------- λ tth 1+

λ tth 1–
--------------------ln const+ +=

d A2 p0
2 B2b2 A2 p0

2–( )=

p t( ) p0 λ t, q t( )cos p0 λ t, r t( )sin r0, σ t( ) σ0= = = =

k 0, λ Cr0 Crσ0 Ar0, Mr–+ 0= = =
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ÌÓ„Ó ‰‚ËÊÂÌËfl. íÂ·ÛÂÏ˚Â ı‡‡ÍÚÂËÒÚËÍË ÔÓÒÚ‡ÌÒÚ‚ÂÌÌÓ„Ó ‰‚ËÊÂÌËfl ÏÓ„ÛÚ ‰ÓÒÚË-
„‡Ú¸Òfl ÔÓÒÂ‰ÒÚ‚ÓÏ ÒÂËË ÔÂÂıÓ‰Ó‚ ˜ÂÂÁ ‡ÁÎË˜Ì˚Â ÌÂÛ‡‚ÌÓ‚Â¯ÂÌÌ˚Â ÂÊËÏ˚,
ÙÓÏËÛÂÏ˚Â ÚÂÏfl ÛÍ‡Á‡ÌÌ˚ÏË ‚Ë‰‡ÏË ‚ÌÛÚÂÌÌËı ÏÓÏÂÌÚÓ‚. 

ÑÎfl ÔËÏÂ‡ ÔË‚Â‰ÂÏ (ÙË„. 3) ÂÁÛÎ¸Ú‡Ú˚ ˜ËÒÎÂÌÌÓ„Ó ËÌÚÂ„ËÓ‚‡ÌËfl ‰Îfl Û„Î‡ ÌÛ-
Ú‡ˆËË ‚ ÒÂËË ÔÂÂıÓ‰Ó‚ ˜ÂÂÁ Û‡‚ÌÓ‚Â¯ÂÌÌ˚Â Ë ÌÂÛ‡‚ÌÓ‚Â¯ÂÌÌ˚Â ÂÊËÏ˚ ‰‚ËÊÂ-
ÌËfl „ËÓÒÚ‡Ú‡. ê‡Ò˜ÂÚ ÔÓ‚Ó‰ËÎÒfl ‰Îfl ÒÎÂ‰Û˛˘Ëı ËÌÂˆËÓÌÌÓ-Ï‡ÒÒÓ‚˚ı Ô‡‡ÏÂÚÓ‚ „Ë-
ÓÒÚ‡Ú‡: A = 5, B = 6, C = 9, Cr = 2.5 [Í„ · Ï2]. ç‡˜‡Î¸Ì˚Â ÛÒÎÓ‚Ëfl ‰‚ËÊÂÌËfl, ÒÓÓÚ‚ÂÚÒÚ‚Û-
˛˘ËÂ ÚÓ˜Í‡Ï ÔÂÂıÓ‰‡ ÔË‚Â‰ÂÌ˚ ‚ Ú‡·ÎËˆÂ.

êÂÊËÏ˚ 1, 3, 5 Ë 6 (ÚÓÌÍËÂ ÎËÌËË) ÔÂ‰ÒÚ‡‚Îfl˛Ú ÒÓ·ÓÈ Û‡‚ÌÓ‚Â¯ÂÌÌ˚Â ÂÊËÏ˚, Ì‡
ÍÓÚÓ˚ı ÒÔ‡‚Â‰ÎË‚˚ Â¯ÂÌËfl ÇËÚÚÂÌ·Û„‡, ‡ ÂÊËÏ˚ 2 Ë 4 (ÔÓÎÛÊËÌ˚Â ÎËÌËË) fl‚Îfl-
˛ÚÒfl ÌÂÛ‡‚ÌÓ‚Â¯ÂÌÌ˚ÏË, Ì‡ ÍÓÚÓ˚ı ÒÔ‡‚Â‰ÎË‚˚ Â¯ÂÌËfl Ë (3.6) Ë (3.16), ÒÓÓÚ‚ÂÚ-
ÒÚ‚ÂÌÌÓ. äÓÌÂ˜Ì˚Â ÁÌ‡˜ÂÌËfl Í‡Ê‰Ó„Ó ÔÂ‰˚‰Û˘Â„Ó ÂÊËÏ‡ fl‚Îfl˛ÚÒfl Ì‡˜‡Î¸Ì˚ÏË ÁÌ‡-
˜ÂÌËflÏË ‰Îfl ÒÎÂ‰Û˛˘Â„Ó. íÓ˜ÍË L–Q fl‚Îfl˛ÚÒfl ÚÓ˜Í‡ÏË ÔÂÂıÓ‰Ó‚ ÏÂÊ‰Û ÂÊËÏ‡ÏË. Ç

π/2

θ

1

1

2 3

M

L
N P

4

6

Q

400 t

5

îË„. 3

í‡·ÎËˆ‡

p0, 1/Ò q0, 1/Ò r0, 1/Ò σ0, 1/Ò θ0 , ‡‰ ϕ0 , ‡‰ ψ0 , ‡‰ λ, 1/Ò b, 1/Ò k

L 3.5 0 1 1 0.989 1.571 0 1.092 3.473 0.984

M 1.307 –3.222 0.408 0.408 1.347 –3.468 36.591 – – –

N –3.435 0 1.218 0.408 0.962 –7.854 62.866 0.983 –3.431 0.975

P –3.435 0 1.218 0.408 0.962 –7.854 150.606 – – –

Q –3.154 1.394 –1.113 –0.373 2.121 –7.366 174.352 – – –
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ÚÓ˜ÍÂ L ‚˚ÔÓÎÌflÂÚÒfl ÛÒÎÓ‚ËÂ (3.2), Ú.Â. ÂÊËÏ 2 ÒÓÓÚ‚ÂÚÒÚ‚ÛÂÚ ‰‚ËÊÂÌË˛ Ò ÍÓÌÛÒÓÏ ÔÓ-
ÎÓ‰ËÈ, ÒÓ‰ÂÊ‡˘ËÏ ÓÒ¸ z, ‡ ‚ ÚÓ˜ÍÂ N ÒÔ‡‚Â‰ÎË‚Ó ÛÒÎÓ‚ËÂ (3.3), ÔÓ˝ÚÓÏÛ ‰Îfl ÂÊËÏ‡ 4
ı‡‡ÍÚÂÂÌ ÍÓÌÛÒ ÔÓÎÓ‰ËÈ, ÒÓ‰ÂÊ‡˘ËÈ ÓÒ¸ Ox. í‡ÍËÏ Ó·‡ÁÓÏ, ÔÓÒÂ‰ÒÚ‚ÓÏ ÔÂÂıÓ‰‡
2–3–4 ÓÒÛ˘ÂÒÚ‚ÎflÂÚÒfl ËÁÏÂÌÂÌËÂ ÔÓÎÓÊÂÌËfl ÍÓÌÛÒ‡ ÔÓÎÓ‰ËÈ. Ñ‡ÎÂÂ, ÔË ÔÂÂıÓ‰Â Ò Â-
ÊËÏ‡ 4 Ì‡ Û‡‚ÌÓ‚Â¯ÂÌÌ˚È ÂÊËÏ, ÍÓÌÛÒ ÔÓÎÓ‰ËÈ ‚ÓÁ‚‡˘‡ÂÚÒfl ‚ ÔÓÎÓÊÂÌËÂ, ÔË ÍÓ-
ÚÓÓÏ ÒÌÓ‚‡ ÒÓ‰ÂÊËÚ ÓÒ¸ Oz, Ó‰Ì‡ÍÓ ‚ Á‡‚ËÒËÏÓÒÚË ÓÚ ÏÓÏÂÌÚ‡ ‚ÂÏÂÌË, ÒÓÓÚ‚ÂÚÒÚ‚Û˛-
˘Â„Ó ÚÓ˜ÍÂ ÔÂÂıÓ‰‡, ÏÓÊÌÓ Ó·ÂÒÔÂ˜ËÚ¸ ÎË·Ó ‚ÓÁ‚‡˘ÂÌËÂ Í Ô‡‡ÏÂÚ‡Ï 3 ÂÊËÏ‡
(ÚÓ˜Í‡ P Ë ÂÊËÏ 5), ÎË·Ó ÓÒÛ˘ÂÒÚ‚ËÚ¸ ÔÂÂÓËÂÌÚ‡ˆË˛ „ËÓÒÚ‡Ú‡ (ÚÓ˜Í‡ Q Ë ÂÊËÏ 6).
Ç˚ıÓ‰ Ì‡ ÂÊËÏ 6 ÒÓÓÚ‚ÂÚÒÚ‚ÛÂÚ ÔÂÂÓËÂÌÚ‡ˆËË ÔÓ‰ÓÎ¸ÌÓÈ ÓÒË z „ËÓÒÚ‡Ú‡ ‚ ÔÓÚË-
‚ÓÔÓÎÓÊÌÛ˛ ÒÚÓÓÌÛ ÔÓ ÓÚÌÓ¯ÂÌË˛ Í ÌÂÔÓ‰‚ËÊÌÓÈ ÓÒË OZ. ìÍ‡Á‡ÌÌ˚È ÔËÏÂ ÔÓÍ‡-
Á˚‚‡ÂÚ ‚ÓÁÏÓÊÌÓÒÚ¸ ËÒÔÓÎ¸ÁÓ‚‡ÌËfl ÔÓÎÛ˜ÂÌÌ˚ı ÂÁÛÎ¸Ú‡ÚÓ‚ ‰Îfl Â¯ÂÌËfl Á‡‰‡˜ ÔÂÂ-
ÓËÂÌÚ‡ˆËË äÄ Ë ËÁÏÂÌÂÌËfl ı‡‡ÍÚÂËÒÚËÍ Â„Ó ÔÓÒÚ‡ÌÒÚ‚ÂÌÌÓ„Ó ‰‚ËÊÂÌËfl Á‡ Ò˜ÂÚ
ÏÓÏÂÌÚÓ‚ ‚ÌÛÚÂÌÌÂ„Ó ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl ÚÂÎ.

èÓÎÛ˜ÂÌÌ˚Â ‚ Ì‡ÒÚÓfl˘ÂÈ ‡·ÓÚÂ ÂÁÛÎ¸Ú‡Ú˚ ÏÓ„ÛÚ ·˚Ú¸ ËÒÔÓÎ¸ÁÓ‚‡Ì˚ ‰Îfl ‡Ì‡ÎËÁ‡
Ó·ËÚ‡Î¸ÌÓ„Ó Ë ‡ÚÏÓÒÙÂÌÓ„Ó ‰‚ËÊÂÌËfl ÍÓÒÏË˜ÂÒÍËı ‡ÔÔ‡‡ÚÓ‚ Ò ‰‚ÓÈÌ˚Ï ‚‡˘ÂÌËÂÏ
Ë ÒÔÛÚÌËÍÓ‚-„ËÓÒÚ‡ÚÓ‚.

ê‡·ÓÚ‡ ‚˚ÔÓÎÌÂÌ‡ ÔË ÔÓ‰‰ÂÊÍÂ êÓÒÒËÈÒÍÓ„Ó ÙÓÌ‰‡ ÙÛÌ‰‡ÏÂÌÚ‡Î¸Ì˚ı ËÒÒÎÂ‰Ó‚‡-
ÌËÈ (ÔÓÂÍÚ˚ 03-01-00151, 04-01-96500) Ë èÓ„‡ÏÏ˚ èÂÁË‰ÂÌÚ‡ êî ÔÓ ÔÓ‰‰ÂÊÍÂ
ÏÓÎÓ‰˚ı Û˜ÂÌ˚ı Ë ‚Â‰Û˘Ëı Ì‡Û˜Ì˚ı ¯ÍÓÎ êÓÒÒËÈÒÍÓÈ îÂ‰Â‡ˆËË (åä-2263.2004.8).
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