
�¨áì¬  ¢ ���, 1997, â®¬ 23, ò 3 12 ä¥¢à «ï

03;12

�®¢¥ªâ¨¢ ï ¥ãáâ®©ç¨¢®áâì ¢à é îé¥©áï
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c© �.�. �ãæ¥â

�áâ¨âãâ â¥¯«®ä¨§¨ª¨ ¨¬.�.�.�ãâ â¥« ¤§¥ �� ���, �®¢®á¨¡¨àáª

�®áâã¯¨«® ¢ �¥¤ ªæ¨î 19 ¨î«ï 1996 £.

� ¡®â  ¯®á¢ïé¥  íªá¯¥à¨¬¥â «ì®¬ã ¨§ãç¥¨î § ¤ ç¨ ® ª®¢¥ªæ¨¨,
¢®§¨ª îé¥© ¢® ¢à é îé¥©áï ¦¨¤ª®áâ¨  ¤ ¡ëáâà®  £à¥â®© ¯®¢¥àå®-
áâìî.

� áâë© á«ãç © £¨¤à®¤¨ ¬¨ç¥áª®© ¥ãáâ®©ç¨¢®áâ¨ — ª®-
¢¥ªâ¨¢ ï ¥ãáâ®©ç¨¢®áâì, ç áâ® ¢áâà¥ç ¥âáï ¢ ¯à¨à®¤ëå [1] ¨
â¥å¨ç¥áª¨å [2,3] ¯à®æ¥áá å. �«®© ¦¨¤ª®áâ¨,  å®¤ïé¨©áï  ¤

à¥§ª®  £à¥â®© ¯®¢¥àå®áâìî ¢ ¯®«¥ âï¦¥áâ¨, â¥àï¥â à ¢®¢¥á¨¥

¯® ¨áâ¥ç¥¨¨ ¥ª®â®à®£® ¨â¥à¢ «  ¢à¥¬¥¨ ¯®á«¥  ç «   £à¥¢ ,
¨ ®¡ëç ï â¥¯«®¯à®¢®¤®áâì á¬¥ï¥âáï ª®¢¥ªâ¨¢ë¬ ¤¢¨¦¥¨¥¬.
�§¢¥áâë ¥áª®«ìª® à ¡®â [1,4] (á¬. â ª¦¥ ááë«ª¨ ¢ ¨å), ®â®áïé¨å
 ç «® ª®¢¥ªæ¨¨ ª ¯®â¥à¥ ¬¥å ¨ç¥áª®© ãáâ®©ç¨¢®áâ¨, «¨¡® ª

¢®§¤¥©áâ¢¨î á«ãç ©ëå ä«ãªâã æ¨© [5], «¨¡® ª ä §®¢®¬ã ¯¥à¥å®¤ã
¢â®à®£® à®¤  [6], £¤¥ ¯ à ¬¥âà®¬ ¯®àï¤ª  ¯à¨ïâ  áª®à®áâì ª®¢¥ª-
æ¨¨. � ¯à¥¤ë¤ãé¨å ¨áá«¥¤®¢ ¨ïå ¨á¯®«ì§®¢ «¨áì ¦¨¤ª®áâ¨ á à §-
«¨çë¬¨ ç¨á« ¬¨ �à ¤â«ï ¨ ¬ «ë¬¨ áª®à®áâï¬¨  £à¥¢  ¢ ¯®«¥

§¥¬®£® âï£®â¥¨ï. �  áâ®ïé¥© à ¡®â¥ ¨áá«¥¤ã¥âáï ª®¢¥ªâ¨¢ ï

¥ãáâ®©ç¨¢®áâì á«®ï ¦¨¤ª®£®  §®â ,  å®¤ïé¥£®áï ¢ â¢¥à¤®â¥«ì®¬
¢à é¥¨¨  ¤ ª®¥ç®© ¯à¥¤¥«ì® ¡ëáâà®  £à¥â®© ¯®¢¥àå®áâìî.
�§¬¥ï«áï ®¤¨ ¯ à ¬¥âà — ã£«®¢ ï áª®à®áâì ¢à é¥¨ï ω, çâ®
íª¢¨¢ «¥â®, ª ª ¡ã¤¥â ¯®ª § ® ¨¦¥, ¨§¬¥¥¨î â®«ìª® ãáª®à¥-
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�¨á. 1. �áæ¨««®£à ¬¬ë ¨§¬¥¥¨ï á®¯à®â¨¢«¥¨ï ¤ âç¨ª®¢ ¤«ï

Q = 6.9�â/á¬2 ¯à¨ à §«¨çëå η: 1 — 196, 2 — 345, 3 — 555, 4 — 818,
5 — 1535, 6 — 1958. �âà¥«ª ¬¨ ®¡®§ ç¥ë tc.

¨ï ¯®«ï âï£®â¥¨ï g ¯à¨ ¯à ªâ¨ç¥áª¨ ¥¨§¬¥®¬ ®â®è¥¨¨ á¨«ë

�®à¨®«¨á  ª á¨«¥ ¢ï§ª®áâ¨ (ç¨á«® �¥©«®à  D).

�ªá¯¥à¨¬¥âë ¯à®¢®¤¨«¨áì ¢® ¢à é îé¥¬áï ªà¨®áâ â¥ [7] á

¤¨ ¬¥âà®¬ à ¡®ç¥£® æ¨«¨¤à  0.2 ¬. �¥¯«®®â¤ îé¥© ¯®¢¥àå®áâìî
á«ã¦¨«   ¨¡®«ìè ï ¯«®áª®áâì áâ¥ª«ï®© ¯« áâ¨ë á à §¬¥à ¬¨

50×4.76×3.2¬¬,   ª®â®à®© ¡ë«   ¯ë«¥  ¯à®¢®¤ïé ï â®ª ¯«¥ª 
â®«é¨®© 1000 � á á®¯à®â¨¢«¥¨¥¬, ¥ § ¢¨áïé¥¬ ®â â¥¬¯¥à âãàë.
�  ¯«¥ªã ª«¥¥¬ ��-2  ª«¥¨¢ « áì ¡ã¬ £  â®«é¨®© 15 ¬ª, ª
ª®â®à®© ¢¤®«ì ¯à®¤®«ì®© ®á¨ ¯®¢¥àå®áâ¨   à ¢ëå à ááâ®ï¨-
ïå  ª«¥¥ë ¯ïâì ¬¨¨ âîàëå ªà¥¬¨¥¢ëå ¤ âç¨ª®¢ â¥¬¯¥à -
âãàë   ®á®¢¥ ¡¥áª®à¯ãáëå âà §¨áâ®à®¢ ��324� á à §¬¥à ¬¨

0.3 × 0.3 × 0.5¬¬. �®«é¨  ªà¥¬¨¥¢®© ¯« áâ¨ª¨, ¯à¨ª«¥¥®©
ª ¯®¢¥àå®áâ¨ â¥¯«®®â¤ ç¨, á®áâ ¢«ï«  0.1 ¬¬,   ®¡é ï â®«é¨ 

¯®ªàëâ¨ï ¯«¥ª¨ — 30 ¬ª. �â¥ª«ï ï ¯« áâ¨  à §¬¥é « áì

  æ¨«¨¤à¨ç¥áª®© ¯®¢¥àå®áâ¨ à ¡®ç¥£® ®¡ê¥¬  ªà¨®áâ â  ¢¤®«ì

®¡à §ãîé¥©, â¥¯«®®â¤ îé¥© ¯®¢¥àå®áâìî ®¡à é¥®© ª ®á¨ ¢à -
é¥¨ï. �®«é¨  á«®ï ¦¨¤ª®£®  §®â   ¤ ¯« áâ¨®© ¡ë«  ¯®áâ®ï-
®© ¨ à ¢ï« áì 13.4 ¬¬.

� ¬®¬¥â ¢à¥¬¥¨, ¯à¨ïâë© §   ç «® ®âáç¥â , ç¥à¥§ ¯à®¢®¤ï-
éãî ¯«¥ªã áâã¯¥ìª®© ¯®¤ ¢ «áï ¯®áâ®ïë© â®ª.� âç¨ª¨, ¡« £®-
¤ àï çã¢áâ¢¨â¥«ì®áâ¨ p−n ¯¥à¥å®¤  ª ¨§¬¥¥¨î â¥¬¯¥à âãàë, ¨§-
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�¨á. 2. � ¢¨á¨¬®áâì Rac ®â Dc: 1 — à áç¥â ¯® «¨¥©®© â¥®à¨¨ ãáâ®©ç¨-
¢®áâ¨ [11], 2 — ª¢ §¨áâ æ¨® àë¥ ¨§¬¥à¥¨ï [11], 3 —  è¨ ¨§¬¥à¥¨ï.
�  ¢áâ ¢ª¥ ¯®ª § ë  è¨ ¨§¬¥à¥¨ï ¢ ã¢¥«¨ç¥®¬ ¬ áèâ ¡¥.

¬¥ï«¨ á®¯à®â¨¢«¥¨¥ ¯à®¯®àæ¨® «ì® ¨§¬¥¥¨î áà¥¤¥© ¢ ®¡ê-
¥¬¥ 0.015 ¬¬3 â¥¬¯¥à âãà¥. � ¯ §¤ë¢ ¨¥ ¤ âç¨ª®¢ ¥ ¯à¥¢ëè «®
50 ¬ªá. �®¯à®â¨¢«¥¨¥ p−n ¯¥à¥å®¤  ¨§¬¥àï«®áì ç¥âëà¥å¯à®¢®¤®©
áå¥¬®©, ¨ ¨§¬¥¥¨¥ á®¯à®â¨¢«¥¨ï ä¨ªá¨à®¢ «®áì § ¯®¬¨ îé¨¬
®áæ¨««®£à ä®¬. �áæ¨««®£à ¬¬ë ¤«ï ä¨ªá¨à®¢ ®©  ¬¯«¨âã¤ë

â®ª  ç¥à¥§ ¯«¥ªã ¨ à §ëå ω  ª« ¤ë¢ «¨áì ®¤    ¤àã£ãî.
�ª« ¤ë¢ îé ïáï ª àâ¨  ¥ § ¢¨á¥«  ®â  ¯à ¢«¥¨ï ¢à é¥¨ï

¨ ®¬¥à  ¤ âç¨ª . �¨¯¨çë© ¯à¨¬¥à ¯à¨¢¥¤¥   à¨á. 1. �®

¬®¬¥â  ¢à¥¬¥¨ tc, § ¢¨áïé¥£® ®â ω, ®áæ¨««®£à ¬¬ë á®¢¯ ¤ «¨

¬¥¦¤ã á®¡®© ¨ á«¥¤®¢ «¨ ¨§¬¥¥¨î â¥¬¯¥à âãàë â¥¯«®®â¤ îé¥©

¯®¢¥àå®áâ¨, ¯à¥¤áª § ®¬ã à¥è¥¨¥¬ ãà ¢¥¨ï â¥¯«®¯à®¢®¤®-
áâ¨ ¤«ï ¡¥áª®¥ç®£® á®áâ ¢®£® â¥«  (áâ¥ª«®, ¯«¥ª , ¯®ªàëâ¨¥,
 §®â). �®á«¥ tc(ω) â¥¬¯¥à âãà  ¯®¢¥àå®áâ¨ â¥¯«®®â¤ ç¨ ¯¥à¥áâ ¥â
á«¥¤®¢ âì ãà ¢¥¨î â¥¯«®¯à®¢®¤®áâ¨, çâ® £®¢®à¨â ®  àãè¥¨¨
à ¢®¢¥á¨ï ¦¨¤ª®£® á«®ï. �®ç®¥ à¥è¥¨¥ ãà ¢¥¨ï â¥¯«®¯à®¢®¤-
®áâ¨ á ¯®¤å®¤ïé¨¬¨ ¤«ï à áá¬ âà¨¢ ¥¬®© § ¤ ç¨  ç «ìë¬¨ ¨

£à ¨çë¬¨ ãá«®¢¨ï¬¨ ¡ë«® ¯®«ãç¥® ¯à¨ ¯®¬®é¨ ¯à¥®¡à §®¢ -
¨ï � ¯« á . �«ï ¨â¥à¢ «®¢ ¢à¥¬¥¨, ¬®£® ¡®«ìè¨å § ¤¥à¦ª¨

δ2/4κ1, ¢ë§¢ ®©  «¨ç¨¥¬ ¯®ªàëâ¨ï   ¯à®¢®¤ïé¥© ¯«¥ª¥,
®â¡à®á¨¢ ¢ â®ç®¬ à¥è¥¨¨ ã¡ë¢ îé¨¥ á® ¢à¥¬¥¥¬ ç«¥ë, ¯®«ãç¨¬
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 á¨¬¯â®â¨ªã ¨§¬¥¥¨ï â¥¬¯¥à âãàë ¦¨¤ª®áâ¨

T (x, t) =
4a1Q

π1/2(a1 + a2)(a1 + a3)

{
t1/2 −

π1/2

2

[
δ/κ1/2

1 + x/κ1/2
2

]}
(1)

¨ â¥¯«®¢®© ¯®â®ª ¢ ¦¨¤ª®áâì   £à ¨æ¥ ¯®ªàëâ¨¥– §®â

q(0, t) = Q
2a1a2

(a1 + a2)(a1 + a3)
. (2)

�¤¥áì x — ª®®à¤¨ â , ®à¬ «ì ï ª ¯®¢¥àå®áâ¨ â¥¯«®®â¤ ç¨,
 ¯à ¢«¥ ï ¢ ¦¨¤ª®áâì, ai = (λiρiCpi)

1/2, i = 1, 2, 3 — ®¬¥à

áà¥¤ë, 1 — ¯®ªàëâ¨¥, 2 —  §®â, 3 — áâ¥ª«®, λi, Cpi, κi — ª®íää¨æ¨-
¥âë â¥¯«®¯à®¢®¤®áâ¨, â¥¯«®¥¬ª®áâ¨ ¨ â¥¬¯¥à âãà®¯à®¢®¤®áâ¨,
ρi — ¯«®â®áâ¨, δ — â®«é¨  ¯®ªàëâ¨ï, Q — â¥¯«®¢®© ¯®â®ª,
¢ë¤¥«ïîé¨©áï   ¯«¥ª¥ ¨ à ¢ë© ¢ íªá¯¥à¨¬¥â å 6.9 �â/á¬2.
�à¨ Q > 6.9�â/á¬2 ¨ ¬ «ëå ω  ¡«î¤ «®áì ¢áª¨¯ ¨¥ ¦¨¤ª®áâ¨.

�áâ®©ç¨¢®áâì à ¢®¢¥á¨ï ¢à é îé¥£áï æ¨«¨¤à¨ç¥áª®£®

á«®ï ¦¨¤ª®áâ¨ ¯® «¨¥©®© â¥®à¨¨ [8] ®¯à¥¤¥«ï¥âáï ¤¢ã¬ï

¡¥§à §¬¥àë¬¨ ¯ à ¬¥âà ¬¨: ç¨á« ¬¨ �í«¥ï Ra = gβ∆Th3/νκ2

¨ �¥©«®à  D = ωh2/ν, £¤¥ β, ν — ª®íää¨æ¨¥âë ®¡ê¥¬®£®

à áè¨à¥¨ï ¨ ª¨¥¬ â¨ç¥áª®© ¢ï§ª®áâ¨  §®â , ∆T, h — ¯¥à¥¯ ¤

â¥¬¯¥à âãàë ¨ «¨¥©ë© à §¬¥à, å à ªâ¥à¨§ãîé¨¥ £à ¤¨¥â

â¥¬¯¥à âãàë ¢ ¦¨¤ª®áâ¨. � ¢®¢¥á¨¥  àãè ¥âáï ¯à¨ ¤®áâ¨¦¥¨¨
ªà¨â¨ç¥áª®£® § ç¥¨ï ç¨á«  �í«¥ï Rac(Dc). � ª ª ª ¯à¨

á®¡«î¤¥¨¨ ¬¥å ¨ç¥áª®£® à ¢®¢¥á¨ï ¢ ¦¨¤ª®áâ¨ ¢ë¯®«ï¥âáï

(1), â®, á«¥¤ãï [1,4,5], ¥®¡å®¤¨¬® ¯à¨ïâì ∆T = T (0, t) ¨

T (n, t) = 0. �âªã¤  h = 2(κ2t/π)1/2 − δ(κ2/κ1)1/2. �¥«¨ç¨ë

∆T (tc), h(tc) ®¯à¥¤¥«ïîâ § ç¥¨ï Rac ¨ Dc. � â ¡«¨æ¥

¯à¨¢¥¤¥ë à¥§ã«ìâ âë à áç¥â®¢ ¯® ¨§¬¥à¥ë¬ § ç¥¨ï¬ tc(ω).

η 196 345 555 818 1221 1958

tc, 10−3 á 60.6 50 40.9 37.9 33.3 27.3

∆Tc, K 11.3 9.96 8.66 8.2 7.46 6.4

hc, 10−6 ¬ 59.4 52.2 45.4 43 39.1 33.6

Rac 1788 1883 1732 2054 2097 1831

Dc 2.71 2.78 2.66 2.90 2.93 2.74
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�¤¥áì η = g/g0, g0 — ãáª®à¥¨¥ §¥¬®£® âï£®â¥¨ï. �® [9,10]
a1 = 146, a2 = 470, a3 = 460�¦/¬2 · �á1/2, κ1 = 1.97 · 10−7 ¬2/á,
κ2 = 8 ·10−8 ¬2/á. �®£à¥è®áâì ¨§¬¥à¥¨© ¨ à áç¥â®¢ ¥ ¯à¥¢ëè « 
15%. �à¨ ¬®®â®®¬ ã¢¥«¨ç¥¨¨ á¨«ë âï¦¥áâ¨ ¬ë  ¡«î¤ ¥¬

ã¬¥ìè¥¨¥ tc, ∆Tc, hc ¨ ¥ ¬®®â®®¥ ¨§¬¥¥¨¥ Rac ¨ Dc ¢

¯à¥¤¥« å 20%. �¥¬ ¥ ¬¥¥¥ § ¢¨á¨¬®áâì Rac(Dc) á«¥¤ã¥â (à¨á. 2) ¢
¯à¥¤¥« å ¯®£à¥è®áâ¨ ¨§¬¥à¥¨© ¯à®£®§ã «¨¥©®© â¥®à¨¨ ãáâ®©-
ç¨¢®áâ¨ [11] ¤«ï ¢à é îé¥©áï ïç¥©ª¨ �í«¥ï–�¥ à . �âà®£® £®¢®-
àï, à áá¬ âà¨¢ ¥¬ ï § ¤ ç  ¨ ¯à®¡«¥¬  �í«¥ï–�¥ à  ª ç¥áâ¢¥®
®â«¨ç îâáï  «¨ç¨¥¬ ¢ ¯¥à¢®© § ¢¨á¨¬®áâ¨ «¨¥©®£® ¬ áèâ ¡  ®â

¢à¥¬¥¨, ¯®íâ®¬ã ¯®«ãç¥ë© ¢ íªá¯¥à¨¬¥â¥ à¥§ã«ìâ â ã¦¤ ¥âáï
¢ â¥®à¥â¨ç¥áª®¬ ®¡êïá¥¨¨, çâ® ï¢«ï¥âáï ¯à¥¤¬¥â®¬ ¤ «ì¥©è¨å

¨áá«¥¤®¢ ¨©.
� ç «® ª®¢¥ªæ¨¨ ®¯à¥¤¥«ï¥âáï ¢  è¥¬ íªá¯¥à¨¬¥â¥ ¯® ®âª«®-

¥¨î ¨§¬¥¥¨ï â¥¬¯¥à âãàë ¯®¢¥àå®áâ¨ â¥¯«®®â¤ ç¨ ®â à¥è¥¨ï

ãà ¢¥¨ï â¥¯«®¯à®¢®¤®áâ¨. �ç¥¢¨¤®, çâ® ¯®áâà®¥®¥ ¢ ¬®¬¥â
¢à¥¬¥¨ tc ç¨á«® �ãáá¥«ìâ  Nuc = qhc/λ2∆Tc = 1,   Rac ∼ 103,
®¤ ª® ¨å á¢ï§ë¢ ¥â á®®â®è¥¨¥ Nuc = CT (Rac)

1/3, £¤¥ ª®íää¨-
æ¨¥â CT , ¢ëç¨á«¥ë© ¯® § ç¥¨ï¬ Rac ¨§ â ¡«¨æë, ¨§¬¥ï¥âáï
¢ ¤¨ ¯ §®¥ 0.078–0.086 ¨ ®ª §ë¢ ¥âáï ¡«¨§ª¨¬ ª § ç¥¨î 0.085,
 ¡«î¤ ¥¬®¬ã ¯à¨ Ra > 105 ¤«ï à §¢¨â®© âãà¡ã«¥â®© ª®¢¥ª-
æ¨¨ [12]. �®§¬®¦®, çâ® íâ® ¢¥è¥¥ áå®¤áâ¢® ¨¬¥¥â ä¨§¨ç¥áªãî
¯à¨à®¤ã, á¢ï§ ãî á à §¢¨â¨¥¬ ª®¢¥ªâ¨¢®£® ¤¢¨¦¥¨ï ¢ á«®¥ á

¨§¬¥ïîé¨¬áï á® ¢à¥¬¥¥¬ «¨¥©ë¬ ¬ áèâ ¡®¬.

�  ï à ¡®â  ¯®¤¤¥à¦   £à â®¬ ���� ò 96–2–19401.
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