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�Ê² ¢¨´ Œ.‚. ¨ ¤·. P13-2008-179
�¶·¥¤¥²¥´¨¥ É¥¶²μ¶·¨Éμ±μ¢ ± É·Ê¡μ¶·μ¢μ¤Ê ³¥§¨É¨²¥´μ¢ÒÌ
Ï ·¨±μ¢ ±·¨μ£¥´´μ£μ § ³¥¤²¨É¥²Ö ·¥ ±Éμ·  ˆ��-2Œ

‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¢ ‹ ¡μ· Éμ·¨¨ ´¥°É·μ´´μ° Ë¨§¨±¨ �¡Ñ¥¤¨´¥´´μ£μ ¨´-
¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨° ¶·μÌμ¤¨É ³μ¤¥·´¨§ Í¨Õ ·¥ ±Éμ· ˆ��-2. ‚ ¶² ´
³μ¤¥·´¨§ Í¨¨ ¢Ìμ¤¨É ±μ³¶²¥±¸ ±·¨μ£¥´´ÒÌ § ³¥¤²¨É¥²¥° ´  μ¸´μ¢¥ § ³μ·μ¦¥´-
´ÒÌ ³¥§¨É¨²¥´μ¢ÒÌ Ï ·¨±μ¢. ‡ £·Ê§±  Ï ·¨±μ¢ ¢ ± ³¥·Ò § ³¥¤²¨É¥²¥° ¡Ê¤¥É
¶·μ¨§¢μ¤¨ÉÓ¸Ö ¶ÊÉ¥³ ¨Ì ¶´¥¢³μÉ· ´¸¶μ·É¨·μ¢±¨ ¶μÉμ±μ³ Ìμ²μ¤´μ£μ £¥²¨Ö ¸ É¥³-
¶¥· ÉÊ·μ° 40Ä50 Š. ‚ · ¡μÉ¥ μ¶¨¸ ´Ò Ô±¸¶¥·¨³¥´ÉÒ ´  ³μ¤¥²¨ ¤²Ö μ¶·¥¤¥²¥´¨Ö
§ ¢¨¸¨³μ¸É¨ É¥¶²μ¶·¨Éμ±μ¢ ´  É· ´¸¶μ·É¨·ÊÕÐÊÕ É·Ê¡Ê μÉ ±μ²¨Î¥¸É¢  ¸²μ¥¢
É¥¶²μ¨§μ²¨·ÊÕÐ¥° ´ ³μÉ±¨ ¨ ¥¥ ±μ³¶μ§¨Í¨¨. �μ± § ´μ, ÎÉμ ³μ¦´μ μ¡¥¸¶¥Î¨ÉÓ
É¥¶²μ¶·¨Éμ± ´  ¥¤¨´¨ÍÊ ¤²¨´Ò É·Ê¡μ¶·μ¢μ¤  ´¥ ¡μ²¥¥ 1 ‚É/³.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ ´¥°É·μ´´μ° Ë¨§¨±¨ ¨³. ˆ.Œ. ”· ´± 
�ˆŸˆ.

‘μμ¡Ð¥´¨¥ �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. „Ê¡´ , 2008

Bulavin M. V. et al. P13-2008-179
Determination of Heat Leakage into the Pipeline of Mesitylene Balls
for Cryogenic Moderator of IBR-2M Reactor

The modernization reactor of IBR-2 takes place in the Laboratory of Neutron
Physics of the Joint Institute for Nuclear Research at present. The complex of cryo-
genic moderators based on frozen mesitylene balls is included in the modernization
plan of the reactor. The charge of the balls in the chamber of moderators will be
produced by pneumatic transport by cold helium 	ow with a temperature of about
40Ä50 K. The experiments for deˇnition of heat leakages on the transporting pipe
from the quantity of the thermal protection layers are presented. It is shown that the
heat leakage per unit surface, which can be achieved, is no more than 1 W/m.

The investigation has been performed at the Frank Laboratory of Neutron Physics,
JINR.

Communication of the Joint Institute for Nuclear Research. Dubna, 2008
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ˆ³¶Ê²Ó¸´Ò° ¨¸¸²¥¤μ¢ É¥²Ó¸±¨° ·¥ ±Éμ· ˆ��-2 (�ˆŸˆ, „Ê¡´ ) ¢¢¥¤¥´ ¢
Ô±¸¶²Ê É Í¨Õ ¢ 1984 £. ‚ Ìμ¤¥ · ¡μÉÒ ·¥ ±Éμ· ¤μ¸É¨£ ·¥¸Ê·¸´ÒÌ ¶μ± § É¥²¥°
Ô±¸¶²Ê É Í¨¨ μ¸´μ¢´μ£μ μ¡μ·Ê¤μ¢ ´¨Ö ¨ ¡Ò² μ¸É ´μ¢²¥´ ¢ ±μ´Í¥ 2006 £.

‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ·¥ ²¨§Ê¥É¸Ö · §· ¡μÉ ´´ Ö ¶·μ£· ³³  ³μ¤¥·´¨§ Í¨¨
·¥ ±Éμ· , ´ ¶· ¢²¥´´ Ö ´ :

• Ê²ÊÎÏ¥´¨¥ μ¸´μ¢´ÒÌ ¶ · ³¥É·μ¢ ·¥ ±Éμ· ;
• ¶μ¢ÒÏ¥´¨¥ ¡¥§μ¶ ¸´μ¸É¨ ¨ Ô±¸¶²Ê É Í¨μ´´μ° ´ ¤¥¦´μ¸É¨ ·¥ ±Éμ· ;
• μ¡´μ¢²¥´¨¥ μ¸´μ¢´μ£μ μ¡μ·Ê¤μ¢ ´¨Ö ·¥ ±Éμ· .
Š É ±μ³Ê μ¡μ·Ê¤μ¢ ´¨Õ μÉ´μ¸¨É¸Ö ±μ³¶²¥±¸ ±·¨μ£¥´´ÒÌ § ³¥¤²¨É¥²¥° ´ 

μ¸´μ¢¥ § ³μ·μ¦¥´´ÒÌ ³¥§¨É¨²¥´μ¢ÒÌ Ï ·¨±μ¢. ‡ £·Ê§±  Ï ·¨±μ¢ ¢ ± ³¥·Ò
§ ³¥¤²¨É¥²¥° ¡Ê¤¥É ¶·μ¨§¢μ¤¨ÉÓ¸Ö ¶ÊÉ¥³ ¨Ì ¶´¥¢³μÉ· ´¸¶μ·É¨·μ¢±¨ ¶μÉμ±μ³
Ìμ²μ¤´μ£μ £¥²¨Ö ¸ É¥³¶¥· ÉÊ·μ° 30Ä40 K. „²Ö ÔÉμ£μ ¡Ê¤¥É ¨¸¶μ²Ó§μ¢ ÉÓ¸Ö
É·Ê¡μ¶·μ¢μ¤ É¨¶  ®É·Ê¡  ¢ É·Ê¡¥¯. ‚μ ¢·¥³Ö ¶´¥¢³μÉ· ´¸¶μ·É¨·μ¢±¨ ¢´Ê-
É·¥´´¨° É·Ê¡μ¶·μ¢μ¤ ¨, ¸μμÉ¢¥É¸É¢¥´´μ, Ï ·¨±¨, ¡Ê¤ÊÉ ¨¸¶ÒÉÒ¢ ÉÓ É¥¶²μ¢μ¥
¢μ§¤¥°¸É¢¨¥ ¨§ μ±·Ê¦ ÕÐ¥° ¸·¥¤Ò. ’¥³¶¥· ÉÊ·  Ï ·¨±μ¢ ¨ É· ´¸¶μ·É¨·ÊÕ-
Ð¥£μ £ §  ¤μ²¦´  ¡ÒÉÓ μ£· ´¨Î¥´  μ¶·¥¤¥²¥´´Ò³ ¨´É¥·¢ ²μ³ (40Ä50 Š), ¤ ¡Ò
μ¡¥¸¶¥Î¨ÉÓ ¶μ¸ÉμÖ´¸É¢μ £ §μ¤¨´ ³¨Î¥¸±μ£μ ´ ¶μ·  ¨ ¸μÌ· ´¨ÉÓ É¢¥·¤μ¸ÉÓ Ï -
·¨±μ¢. „²Ö Éμ£μ ÎÉμ¡Ò μ¶·¥¤¥²¨ÉÓ ÔÉμ É¥¶²μ¢μ¥ ¢μ§¤¥°¸É¢¨¥ (É¥¶²μ¶·¨Éμ±¨),
¡Ò²  ¸μ§¤ ´  ³μ¤¥²Ó É·Ê¡μ¶·μ¢μ¤  ¶μ¤¢μ¤  ³¥§¨É¨²¥´ . �  ³μ¤¥²¨ ¶·μ¢¥¤¥´
·Ö¤ Ô±¸¶¥·¨³¥´Éμ¢ ¤²Ö μ¶·¥¤¥²¥´¨Ö ¢¥²¨Î¨´Ò É¥¶²μ¶·¨Éμ±μ¢ ¢ § ¢¨¸¨³μ¸É¨
μÉ ±μ²¨Î¥¸É¢  ¸²μ¥¢ É¥¶²μ¨§μ²¨·ÊÕÐ¥° ´ ³μÉ±¨ ¨ ¥¥ ±μ³¶μ§¨Í¨¨. �¨¦¥ ¶·¨-
¢¥¤¥´Ò ³¥Éμ¤¨±¨ Ô±¸¶¥·¨³¥´É  ¨ μ¡· ¡μÉ±¨ ¶μ²ÊÎ¥´´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
¤ ´´ÒÌ, ·¥§Ê²ÓÉ ÉÒ ¨ ¢Ò¢μ¤Ò ¨§ · ¡μÉÒ.

1. ���…„…‹…�ˆ… Œ�Š‘ˆŒ�‹œ��
„��“‘’ˆŒ�ƒ� ’…�‹���ˆ’�Š�

Œ ±¸¨³ ²Ó´μ ¤μ¶Ê¸É¨³Ò° É¥¶²μ¶·¨Éμ± Å É¥¶²μ¶·¨Éμ±, ¶μ¸ÉÊ¶ ÕÐ¨°
¨§ μ±·Ê¦ ÕÐ¥° ¸·¥¤Ò ± ¢´ÊÉ·¥´´¥° É·Ê¡¥ ¶μ¤¢μ¤  ³¥§¨É¨²¥´  (¤ ²¥¥ ®É·Ê-
¡μ¶·μ¢μ¤ ¯), ±μÉμ·μ³Ê ¸μμÉ¢¥É¸É¢Ê¥É §´ Î¥´¨¥ ´ £·¥¢  ¶μÉμ±  É· ´¸¶μ·É¨·Ê-
¥³μ£μ £ §  μÉ ¢Ìμ¤  ¤μ ¢ÒÌμ¤  É·Ê¡μ¶·μ¢μ¤  dT = 5 Š. �·¨ É ±μ³ §´ Î¥´¨¨
dT ¸μÌ· ´Ö¥É¸Ö É¢¥·¤μ¸ÉÓ Ï ·¨±μ¢.
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�¶·¥¤¥²¨³ ³ ±¸¨³ ²Ó´μ ¤μ¶Ê¸É¨³Ò° É¥¶²μ¶·¨Éμ±. ˜ ·¨±¨ ¤¢¨¦ÊÉ¸Ö ¸
¶μÉμ±μ³ £¥²¨Ö, ±μÉμ·Ò° ¶μ¤ ¥É¸Ö ¢μ ¢´ÊÉ·¥´´ÕÕ É·Ê¡Ê ±·¨μ£¥´´μ£μ É·Ê¡μ-
¶·μ¢μ¤ . ‘±μ·μ¸ÉÓ, ¸ ±μÉμ·μ° £¥²¨° ¡Ê¤¥É ¤¢¨£ ÉÓ¸Ö ¢´ÊÉ·¨ É·Ê¡Ò, ¸μ¸É ¢²Ö¥É
vHe = 6 ³/¸. ’¥³¶¥· ÉÊ·  £¥²¨Ö ´  ¢Ìμ¤¥ ¢ É·Ê¡Ê Å 40 Š. „¨ ³¥É· Ï -
·¨±  dÏ = 5 ³³, ¤²¨´  É·Ê¡μ¶·μ¢μ¤  lÉ· = 20 ³, ¢´ÊÉ·¥´´¨° ¤¨ ³¥É· É·Ê¡Ò
d¢´ = 16 ³³.

Œ ±¸¨³ ²Ó´μ ¤μ¶Ê¸É¨³Ò° É¥¶²μ¶·¨Éμ± ¢ É·Ê¡¥ ¡Ê¤¥É μ¶·¥¤¥²ÖÉÓ¸Ö ¶μ
Ëμ·³Ê²¥ dQ = dT ·G·CpHe·ρHe, £¤¥ G Å μ¡Ñ¥³´Ò° · ¸Ìμ¤ £¥²¨Ö, dT Å ´ £·¥¢
£¥²¨Ö ¶·¨ ¤¢¨¦¥´¨¨ ¶μ É·Ê¡¥ (¶·¨´¨³ ¥³ · ¢´Ò³ 5 Š), CpHe Å É¥¶²μ¥³±μ¸ÉÓ
£¥²¨Ö, ρHe Å ¶²μÉ´μ¸ÉÓ £¥²¨Ö. ’ ±¨³ μ¡· §μ³, ³ ±¸¨³ ²Ó´μ ¤μ¶Ê¸É¨³Ò°
É¥¶²μ¶·¨Éμ± ´  ¥¤¨´¨ÍÊ ¤²¨´Ò · ¢¥´ dQ

lÉ·
≈ 1 ‚É/³.

2. ��ˆ‘��ˆ… Œ�„…‹ˆ ’�“�����‚�„� ��„‚�„� Œ…‡ˆ’ˆ‹…��

�  ·¨¸. 1 ¶·¥¤¸É ¢²¥´  ³μ¤¥²Ó É·Ê¡μ¶·μ¢μ¤  ¶μ¤¢μ¤  ³¥§¨É¨²¥´ .
�Ò²¨ μ¶·¥¤¥²¥´Ò Î ¸É¨ ³μ¤¥²¨ É·Ê¡μ¶·μ¢μ¤ , Î¥·¥§ ±μÉμ·Ò¥ É¥¶²μ¶·¨-

Éμ±¨ ¶μ¸ÉÊ¶ ÕÉ ¢μ ¢´ÊÉ·¥´´ÕÕ É·Ê¡Ê,   ¨³¥´´μ:
1) É¥¶²μ¢μ° ³μ¸É Å ¨¸¶μ²Ó§Ê¥É¸Ö ¤²Ö ¸μ¥¤¨´¥´¨Ö Ë² ´Í  ¨ ³¥¤´μ° É·Ê¡Ò;
2) · ¸¶μ·±¨ Å Î ¸É¨ É·Ê¡μ¶·μ¢μ¤ , Ë¨±¸¨·ÊÕÐ¨¥ ¢´ÊÉ·¥´´ÕÕ É·Ê¡Ê ¢

¢¥·É¨± ²Ó´μ³ ¶μ²μ¦¥´¨¨; ¶·¨¸ÊÉ¸É¢¨¥ É¥¶²μ¶·¨Éμ±  Î¥·¥§ · ¸¶μ·±¨ μ¡ÑÖ¸-
´Ö¥É¸Ö É¥³, ÎÉμ μ´¨ ¸μ¶·¨± ¸ ÕÉ¸Ö ¸ ¢´ÊÉ·¥´´¥° ¸É¥´±μ° ¢´¥Ï´¥° É·Ê¡Ò.

’ ±¦¥ É¥¶²μ¶·¨Éμ±¨ ¢μ ¢´ÊÉ·¥´´ÕÕ É·Ê¡Ê ¶μ¸ÉÊ¶ ²¨ §  ¸Î¥É ¨§²ÊÎ¥´¨Ö
¨ É¥¶²μ¶·μ¢μ¤´μ¸É¨ μ¸É ÉμÎ´ÒÌ £ §μ¢.

�·¨ ¨§£μÉμ¢²¥´¨¨ ³μ¤¥²¨ É·Ê¡μ¶·μ¢μ¤  ¨¸¶μ²Ó§μ¢ ²¨ ³¥¤´ÊÕ É·Ê¡Ê, ¶μ-
¸±μ²Ó±Ê ¤²Ö ¶·μ¢¥¤¥´¨Ö Ô±¸¶¥·¨³¥´É  ´¥μ¡Ìμ¤¨³ ¡Ò² ³ É¥·¨ ² ¸ ¡μ²ÓÏμ°
É¥¶²μ¶·μ¢μ¤´μ¸ÉÓÕ.

�¨¸. 1. Œμ¤¥²Ó É·Ê¡μ¶·μ¢μ¤  ¶μ¤¢μ¤  ³¥§¨É¨²¥´ :   Å ¢¥·Ì´ÖÖ Î ¸ÉÓ, ¡ Å ´¨¦´ÖÖ
Î ¸ÉÓ
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±¸¶¥·¨³¥´É ¶·μ¢μ¤¨²¨ ¸ ´ ³μÉ± ³¨ É·¥Ì É¨¶μ¢: ¢ ¢¨¤¥ É¥¶²μ¨§μ²¨·ÊÕ-
Ð¥£μ ³ É¥·¨ ²  ¨§ Ëμ²Ó£μ¶² ¸É  (¶²μÉ´ Ö  ²Õ³¨´¨¥¢ Ö Ëμ²Ó£  ¸ ¶·¨±²¥¥´´μ°
± ´¥° ¸É¥±²μ¸¥É±μ°),  ²Õ³¨´¨¥¢μ° Ëμ²Ó£¨ (¶¨Ð¥¢μ°) ¨  ²Õ³¨´¨¥¢μ° Ëμ²Ó£¨
(¶¨Ð¥¢μ°) ¸ ¶·μ±² ¤±μ° ¨§ ¸É¥±²μ¢Ê ²¨. ’¥¶²μ¨§μ²¨·ÊÕÐ¨¥ ³ É¥·¨ ²Ò ´ -
³ ÉÒ¢ ²¨ ¶μ ¸¶¨· ²¨ ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ [8].

3. �–…�Šˆ ’…�‹���ˆ’�Š�‚ �’ ’…�‹�‚�ƒ� Œ�‘’�
ˆ —…�…‡ ��‘���Šˆ

�μ¸±μ²Ó±Ê ¢ ·¥ ²Ó´μ³ É·Ê¡μ¶·μ¢μ¤¥ É¥¶²μ¢μ£μ ³μ¸É  ¨ · ¸¶μ·μ± ´¥ ¶·¥-
¤Ê¸³μÉ·¥´μ, Éμ ¢¥²¨Î¨´Ò É¥¶²μ¶·¨Éμ±μ¢ §  ¸Î¥É ÔÉ¨Ì Î ¸É¥° ¡Ò²¨ · ¸¸Î¨É ´Ò
É¥μ·¥É¨Î¥¸±¨. �μ²ÊÎ¥´´Ò¥ É¥μ·¥É¨Î¥¸±¨¥ §´ Î¥´¨Ö É¥¶²μ¶·¨Éμ±μ¢ ¢ÒÎ¨É -
²¨¸Ó ¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ.

3.1. � ¸Î¥É É¥¶²μ¶·¨Éμ±  μÉ É¥¶²μ¢μ£μ ³μ¸É . �·μ¨§¢¥¤¥³ · ¸Î¥É É¥-
¶²μ¶·¨Éμ±  ¢ ³¥¤´ÊÕ É·Ê¡Ê μÉ ¸¨²ÓËμ´ . ‡ ¶¨Ï¥³ μ¡Ð¨° ¢¨¤ Ê· ¢´¥´¨Ö
É¥¶²μ¶·μ¢μ¤´μ¸É¨ [1]:

div (λ (T ) gradT ) + qv = 0, (1)

£¤¥ qv Å ¶²μÉ´μ¸ÉÓ É¥¶²μ¢μ£μ ¶μÉμ±  μÉ ¢´ÊÉ·¥´´¨Ì ¨¸ÉμÎ´¨±μ¢ É¥¶²  (qv =
0); λ(T ) Å ±μÔËË¨Í¨¥´É É¥¶²μ¶·μ¢μ¤´μ¸É¨ ¸É ²¨ 12•18�10’, ¨§ ±μÉμ-
·μ° ¨§£μÉμ¢²¥´ ¸¨²ÓËμ´, ‚É/³ · K; cp Å É¥¶²μ¥³±μ¸ÉÓ ¸É ²¨ 12•18�10’
„¦/£ · K. �μ²ÊÎ ¥³

1
r

∂

∂r

(
r · λ(Tc)

∂Tc

∂r

)
+

∂

∂z
λ(Tc)

∂Tc

∂z
= 0, (2)

£¤¥ Tc(r, z) Å É¥³¶¥· ÉÊ·  ¸¨²ÓËμ´ . ‘μ¸É ¢¨³ £· ´¨Î´Ò¥ Ê¸²μ¢¨Ö:

z = 0, Tc(0) = T ±¨¶
N2

= 77 Š, £¤¥ T ±¨¶
N2

Å É¥³¶¥· ÉÊ·  ±¨¶¥´¨Ö  §μÉ ;

z = Lc, Tc(Lc) = T0 = 293 Š Å É¥³¶¥· ÉÊ·  μ±·Ê¦ ÕÐ¥° ¸·¥¤Ò;

r = Rc, q¨ = λ(T ) ∂Tc/∂r = εσ
(
T 4

0 − T 4
c (R, z)

)
, Rc Å · ¤¨Ê¸ ¢´¥Ï-

´¥° ¶μ¢¥·Ì´μ¸É¨ ¸¨²ÓËμ´ , ³; ε Å ±μÔËË¨Í¨¥´É É¥¶²μ¢μ£μ ¨§²ÊÎ¥´¨Ö (¸É¥-
¶¥´Ó Î¥·´μÉÒ) É¥¶²μ¨§μ²¨·ÊÕÐ¥£μ ³ É¥·¨ ²  ( ²Õ³¨´¨Ö); σ Å ¶μ¸ÉμÖ´´ Ö
‘É¥Ë ´ Ä�μ²ÓÍ³ ´ , ‚É/³2K4; r = Rc−δc, λ(T )∂Tc/∂r = α (Tc(z) − Ta(z)) ,
£¤¥ Ta(z) Å ¸·¥¤´ÖÖ É¥³¶¥· ÉÊ·   §μÉ  ¢´ÊÉ·¨ É·Ê¡Ò, Š; δc = 0,45 ³³ Å Éμ²-
Ð¨´  ¸É¥´±¨ ¸¨²ÓËμ´ .

�·¥μ¡· §Ê¥³ Ê· ¢´¥´¨¥ (3), Ê¸·¥¤´¨¢ É¥³¶¥· ÉÊ·Ê ¶μ · ¤¨Ê¸Ê, ¤²Ö Î¥£μ
¶·μ¨´É¥£·¨·Ê¥³ Ê· ¢´¥´¨¥ ¶μ r:
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d

dz
λ(Tc)

dTc

dz
+

1
Rcδc

(
Rcεσ

(
T 4

o − T 4
c (R, z)

)
−

− α

(
Tc(z) − Ta(z)

)
(Rc − δc)

)
= 0, (3)

z = 0, Tc(r, 0) = T ′
a = 77 K,

z = Lc, Tc(r, Lc) = T ′′
a = T0 = 293 K.

’¥¶¥·Ó ¢ÒÎ¨¸²¨³ §´ Î¥´¨¥ ±μÔËË¨Í¨¥´É  É¥¶²μμÉ¤ Î¨ α. � ¸¸Î¨É ¥³
Î¨¸²μ �¥°´μ²Ó¤¸  Å ±·¨É¥·¨° ·¥¦¨³  É¥Î¥´¨Ö, ¸²Ê¦ Ð¨° ³¥·μ° μÉ´μÏ¥´¨Ö
¸¨² ¨´¥·Í¨¨ ¨ ¸¨² ¢Ö§±μ¸É¨ (¢´ÊÉ·¥´´¥£μ É·¥´¨Ö) ¢ ¶μÉμ±¥:

Re =
wadc

υ
=

ρwadc

μ
,

£¤¥ υ = μ
ρ Å ±¨´¥³ É¨Î¥¸± Ö ¢Ö§±μ¸ÉÓ, ³2/¸; μ Å ±μÔËË¨Í¨¥´É ¤¨´ ³¨Î¥-

¸±μ° ¢Ö§±μ¸É¨, H · c/³2; dc Å ¤¨ ³¥É· ¸¨²ÓËμ´ , ³. �¡Ñ¥³´Ò° · ¸Ìμ¤  §μÉ 
Î¥·¥§ ¸¥Î¥´¨¥ ¸¨²ÓËμ´ : Vn = Scwa.

Vn = Scwa ⇒ wa = Vn/Sc, ¸ ¤·Ê£μ° ¸Éμ·μ´Ò, ṁn = N/r¨,Vn = N/r¨ρa,
£¤¥ ṁa Å ³ ¸¸  ¨¸¶ ·¨¢Ï¥£μ¸Ö  §μÉ  ( §μÉ, ±μÉμ·Ò° ¨¸¶ ·¨²¸Ö ¢ ·¥§Ê²Ó-
É É¥ ¶·μ¢¥¤¥´¨Ö Ô±¸¶¥·¨³¥´É ), N Å ³ ±¸¨³ ²Ó´μ ¤μ¶Ê¸É¨³Ò° É¥¶²μ¶·¨Éμ±
´  ¥¤¨´¨ÍÊ ¤²¨´Ò ³¥¤´μ° É·Ê¡Ò, r¨ Ä É¥¶²μÉ  ¨¸¶ ·¥´¨Ö, ρa Å ¶²μÉ´μ¸ÉÓ
£ §μμ¡· §´μ£μ  §μÉ .

�É¸Õ¤  Re = 764. �μ²ÊÎ ¥³, ÎÉμ Re < 2000, É. ¥. ¨³¥¥³ ² ³¨´ ·´Ò°
·¥¦¨³ É¥Î¥´¨Ö. „²Ö ² ³¨´ ·´μ£μ ·¥¦¨³  É¥Î¥´¨Ö μ¶·¥¤¥²¨³ ±μÔËË¨Í¨¥´É
É¥¶²μμÉ¤ Î¨  §μÉ  ¶μ Î¨¸²Ê �Ê¸¸¥²ÓÉ  [1]:

Nu =
dcα

λa
⇒ α =

λaNu
dc

=
8 · 10−3 ‚É

³Š · 4
18 · 10−3³

= 1, 8
‚É

³2Š
.

�·¨³¥³ α = 0. �É¸Õ¤  μ±μ´Î É¥²Ó´μ ¶μ²ÊÎ ¥³ Ê¶·μÐ¥´´μ¥ Ê· ¢´¥´¨¥
É¥¶²μ¶·μ¢μ¤´μ¸É¨ ¤²Ö ¸¨²ÓËμ´ :

d

dz
λ(Tc)

dTc

dz
+

1
δc

εσ
(
T 4

0 − T 4
c (z)

)
= 0, (4)

£¤¥ ε =
(

1
ε1

+ 1
ε2

− 1 + n
(

2
εe

− 1
))−1

Å ¶·¨¢¥¤¥´´ Ö ¸É¥¶¥´Ó Î¥·´μÉÒ, ε1 =
ε2 = 0,8 Å ±μÔËË¨Í¨¥´ÉÒ É¥¶²μ¢μ£μ ¨§²ÊÎ¥´¨Ö (¸É¥¶¥´¨ Î¥·´μÉÒ) ³¥¤¨ ¨
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´¥·¦ ¢¥ÕÐ¥° ¸É ²¨ ¸μμÉ¢¥É¸É¢¥´´μ, εe = 0,05 Å ±μÔËË¨Í¨¥´É É¥¶²μ¢μ£μ
¨§²ÊÎ¥´¨Ö Ô±· ´  [2].

ƒ· ´¨Î´Ò¥ Ê¸²μ¢¨Ö:

z = 0, Tc (0) = Ta = 77 K,

z = Lc, Tc(Lc) = T0 = 293 K.

�·¨´¨³ ¥³ § ¢¨¸¨³μ¸ÉÓ ±μÔËË¨Í¨¥´É  É¥¶²μ¶·μ¢μ¤´μ¸É¨ ¸É ²¨ μÉ É¥³-
¶¥· ÉÊ·Ò ± ±

λ (Tc (z)) = λ∞ − λ∗ · exp
(
−Tc (z)

T∗

)
. (5)

£¤¥ λ∞ = 17,44 ‚É/³Š, λ∗ = 16,42 ‚É/³Š, T∗ = 154,2 K.
�¥²¨´¥°´μ¥ Ê· ¢´¥´¨¥ (4) ·¥Ï ¥³ ¢ ¶·μ£· ³³¥ MathCAD [6]. �μ²ÊÎ ¥³

Tc = 277,8 Š ¨ ¶μ²ÊÎ ¥³ ¶²μÉ´μ¸ÉÓ É¥¶²μ¢μ£μ ¶μÉμ±  qu = εσ
(
T 4

0 − T 4
c

)
/

2δcLc = 187, ¶·¨Éμ± É¥¶²  §  ¸Î¥É ¨§²ÊÎ¥´¨Ö

Qu = 2πRcδcqu = 0, 005 ‚É.

�¶·¥¤¥²¨³ ±μ²¨Î¥¸É¢  É¥¶² , ¶¥·¥¤ ´´μ£μ ³¥¤´μ° É·Ê¡¥ §  ¸Î¥É É¥¶²μ-
¶·μ¢μ¤´μ¸É¨ ¸¨²ÓËμ´ . ’¥¶²μ¢μ° ¶μÉμ± §  ¸Î¥É É¥¶²μ¶·μ¢μ¤´μ¸É¨ ¸É ²¨

qλ =
(T0 − Ta)λ∞ − T∗ (λ (T0) − λ (Ta))

Lc
.

qλ = 10350 ‚É/³2. �μ¸±μ²Ó±Ê É¥¶²μ¢Ò¥ ¶μÉμ±¨ ¤²Ö ¨§²ÊÎ¥´¨Ö ¨ É¥-
¶²μ¶·μ¢μ¤´μ¸É¨ ¢μ ³´μ£μ · § ¡μ²ÓÏ¥ É¥¶²μμÉ¤ Î¨, Éμ §´ Î¥´¨¥ α = 0 ¡Ò²μ
¶·¨´ÖÉμ ¢¥·´μ. ’μ£¤  Qλ = 2πRcδcqλ = 0,269 ‚É.

‘Ê³³ ·´Ò° É¥¶²μ¶·¨Éμ±, ¶¥·¥¤ ´´Ò° ³¥¤´μ° É·Ê¡¥ ¸¨²ÓËμ´μ³, É ±μ¢:
Qc = 0,274 ‚É. Š ± ¢¨¤´μ ¨§ ¶μ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éμ¢, μ¸´μ¢´ÊÕ Î ¸ÉÓ ¸μ¸É -
¢²Ö¥É É¥¶²μ¶·¨Éμ± §  ¸Î¥É É¥¶²μ¶·μ¢μ¤´μ¸É¨ ¸É ²¨.

3.2. �Í¥´±¨ É¥¶²μ¶·¨Éμ±  Î¥·¥§ · ¸¶μ·±¨. „²Ö Ê¶·μÐ¥´¨Ö · ¸Î¥Éμ¢ § -
μ¸É·¥´´Ò° ±μ´¥Í · ¸¶μ·±¨ § ³¥´Ö¥É¸Ö ¶·μ¤μ²¦¥´¨¥³ ¥¥ Í¨²¨´¤·¨Î¥¸±μ° Î -
¸É¨ Å ÔÉμ Ê¢¥²¨Î¨¢ ¥É μÍ¥´±Ê É¥¶²μ¶·¨Éμ±μ¢. ’μ£¤  Ê· ¢´¥´¨¥ É¥¶²μ¶·μ¢μ¤-
´μ¸É¨ ¤²Ö · ¸¶μ·±¨:

d

dx
λ (T )

dT

dx
= 0. (6)

ƒ· ´¨Î´Ò¥ Ê¸²μ¢¨Ö: x = 0, T (0) = Ta;

x = l, T (l) = TR; λ (TR)
dT

dx
= αT (T0 − TR) .
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‚¢¥¤¥³ ËÊ´±Í¨Õ

H =

T (x)∫
Ta

λ (T )dT → dH

dx
= λ (T )

dT

dx
= 0,

μÉ¸Õ¤  ¶μ²ÊÎ¨³ d2H/dx2 = 0, dH/dx = A, H(x) = Ax + B, £¤¥ A ¨
B Å ±μ´¸É ´ÉÒ. ‡ ¢¨¸¨³μ¸ÉÓ ±μÔËË¨Í¨¥´É  É¥¶²μ¶·μ¢μ¤´μ¸É¨ ¸É ²¨ μÉ
É¥³¶¥· ÉÊ·Ò μ¶·¥¤¥²Ö¥É¸Ö (5).

’¥¶¥·Ó ¶μ²ÊÎ¨³

Tc∫
T a

λ (Tc)dTc = − 1
2δc

εσT 4
0 z2 + Az,

H (x) =

T (x)∫
Ta

(
λ∞ − λ∗ · exp

(
−T (x)

T∗

))
dTc =

= λ∞ (T (x) − Ta) − λ∗T∗

(
exp

(
−Ta

T∗

)
− exp

(
−T (x)

T∗

))
=Ax+B. (7)

ˆ¸¶μ²Ó§ÊÖ ¶¥·¢μ¥ £· ´¨Î´μ¥ Ê¸²μ¢¨¥, ¶μ²ÊÎ¨³ B = 0. ’ ±¨³ μ¡· §μ³, ËÊ´±-
Í¨Õ H(x) ³μ¦´μ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

λ∞ (T (x) − Ta) − T∗ (λ (Ta) − λ (T (x))) = Ax.

ˆ§ ¢Éμ·μ£μ £· ´¨Î´μ£μ Ê¸²μ¢¨Ö ¶μ²ÊÎ¨³ Ê· ¢´¥´¨¥ ¤²Ö ¢ÒÎ¨¸²¥´¨Ö TR:

λ∞
l

(TR − Ta) +
T∗
l

(λ (Ta) − λ (TR)) = αT (T0 − TR) . (8)

�¨¸. 2. ‘Ì¥³  ¸É ²Ó´μ° · ¸¶μ·±¨
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‡¤¥¸Ó = 1/RT = 100 ‚É/³2 Å ±μÔËË¨Í¨¥´É É¥¶²μμÉ¤ Î¨ ¢ μ¡² ¸É¨
±μ´É ±É  ¸É ²Ó´μ° · ¸¶μ·±¨ ¸ ¢´ÊÉ·¥´´¥° ¶μ¢¥·Ì´μ¸ÉÓÕ ¸É ²Ó´μ° É·Ê¡±¨ ¨
RT Å ±μ´É ±É´μ¥ ¸μ¶·μÉ¨¢²¥´¨¥.

“· ¢´¥´¨¥ (7) ´¥²¨´¥°´μ¥, ¨ ¶μÔÉμ³Ê ·¥Ï¥´¨¥ ¥£μ ´ Ìμ¤¨³, ¨¸¶μ²Ó§ÊÖ
¶·μ£· ³³Ê MathCAD [6]. �·¨ § ¤ ´´ÒÌ ¶ · ³¥É· Ì ·¥Ï¥´¨¥ ¥£μ ¡Ê¤¥É TR =
100 Š. ’μ£¤  ³μ¦´μ ´ °É¨ É¥¶²μ¢μ° ¶μÉμ±, ±μÉμ·Ò° ¶μ¸ÉÊ¶ ¥É ± · ¸¶μ·±¥
μÉ É¥¶²μ° ¸É¥´±¨ ¸É ²Ó´μ° É·Ê¡Ò:

qr = αT (T0 − TR) = 100 · (293 − 100) = 1, 93 · 104 ‚É/³2.

…¸²¨ ¶·¨´ÖÉÓ ¶²μÐ ¤Ó ±μ´É ±É  · ¢´μ° ¶μ¶¥·¥Î´μ³Ê ¸¥Î¥´¨Õ · ¸¶μ·±¨
(d = 2 ³³), Éμ ¶μ²ÊÎ¨³ ³ ±¸¨³ ²Ó´ÊÕ É¥¶²μ¢ÊÕ ³μÐ´μ¸ÉÓ, ¶μ¸ÉÊ¶ ÕÐÊÕ ±
³¥¤´μ° É·Ê¡¥ Î¥·¥§ Î¥ÉÒ·¥ · ¸¶μ·±¨: Qr = 4πd2/4 · qr = 0,243 ‚É.

’ ± ± ± ±μ´¥Í · ¸¶μ·±¨ § μ¸É·¥´ ¨ ¶²μÐ ¤Ó ±μ´É ±É  §´ Î¨É¥²Ó´μ ³¥´ÓÏ¥
¸¥Î¥´¨Ö · ¸¶μ·±¨, Éμ, ¸μμÉ¢¥É¸É¢¥´´μ, ¨ Qr ³´μ£μ ³¥´ÓÏ¥, Î¥³ 0,243 ‚É. ’ -
±¨³ μ¡· §μ³, É¥¶²μ¶·¨Éμ± Î¥·¥§ · ¸¶μ·±¨ ³μ¦´μ ´¥ ÊÎ¨ÉÒ¢ ÉÓ.

4. ’…•��‹�ƒˆ—…‘Š�Ÿ ‘•…Œ� Œ�„…‹ˆ ’�“�����‚�„�
ˆ ‘•…Œ� ���‚…„…�ˆŸ 	Š‘�…�ˆŒ…�’�

�  ·¨¸. 3 ¶·¥¤¸É ¢²¥´  É¥Ì´μ²μ£¨Î¥¸± Ö ¸Ì¥³  Ê¸É ´μ¢±¨.
„²Ö ¶μ¤£μÉμ¢±¨ ³μ¤¥²¨ ± · ¡μÉ¥ ´¥μ¡Ìμ¤¨³μ:
• ¤μ¸É¨ÎÓ ¢ ³¥¦É·Ê¡´μ³ ¶·μ¸É· ´¸É¢¥ ¢ ±ÊÊ³  ¶μ·Ö¤±  10−2 �  ¸ ¶μ³μ-

ÐÓÕ Ëμ·¢ ±ÊÊ³´μ£μ ¨ ¤¨ËËÊ§¨μ´´μ£μ ´ ¸μ¸μ¢;

�¨¸. 3. ’¥Ì´μ²μ£¨Î¥¸± Ö ¸Ì¥³  Ê¸É ´μ¢±¨
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�¨¸. 4. Œμ¤¥²Ó É·Ê¡μ¶·μ¢μ¤  ¶μ¤¢μ¤ 
³¥§¨É¨²¥´ 

• Ê¡¥¤¨ÉÓ¸Ö ¢ μÉ¸ÊÉ¸É¢¨¨ ´¥¶²μÉ-
´μ¸É¥° ¢ ¸¨¸É¥³¥, Î¥·¥§ ±μÉμ·Ò¥ ¶·¨
¶·μ¢¥¤¥´¨¨ Ô±¸¶¥·¨³¥´É  ³μ¦¥É ÊÌμ-
¤¨ÉÓ ¨¸¶ ·ÖÕÐ¨°¸Ö  §μÉ, ÎÉμ ³μ¦¥É
¸± § ÉÓ¸Ö ´  ¤μ¸Éμ¢¥·´μ¸É¨ Ô±¸¶¥·¨-
³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ.

�μ¸²¥ ÔÉμ£μ ³μ¦´μ ¶·¨¸ÉÊ¶ ÉÓ ±
¶·μ¢¥¤¥´¨Õ ´¥¶μ¸·¥¤¸É¢¥´´μ Ô±¸¶¥·¨-
³¥´É . �  ·¨¸. 4 ³μ¦´μ ¢¨¤¥ÉÓ ¸Ì¥³Ê
É·Ê¡μ¶·μ¢μ¤  ¸μ ¢¸¥³¨ ¸μ¸É ¢´Ò³¨ Î -
¸ÉÖ³¨.

’¥Ì´¨±  ¶·μ¢¥¤¥´¨Ö Ô±¸¶¥·¨³¥´É 
¸μ¸Éμ¨É ¢ ¸²¥¤ÊÕÐ¥³: ¢ ³¥¤´ÊÕ É·Ê¡Ê
¸ ¶μ³μÐÓÕ ¤²¨´´μ° ²¥°±¨ § ²¨-
¢ ²¨ ¦¨¤±¨°  §μÉ. —¥·¥§ ´¥±μÉμ·μ¥
¢·¥³Ö ³¥¤´ Ö É·Ê¡  § Ìμ² ¦¨¢ ² ¸Ó
¶μ ¢¸¥³Ê μ¡Ñ¥³Ê (¶μ± § ´¨Ö É¥³¶¥· -
ÉÊ·´μ£μ ¤ ÉÎ¨±  ¢´¨§Ê ¨ ¢¢¥·ÌÊ ¢´Ê-
É·¥´´¥° É·Ê¡Ò ¡Ò²¨ μ¤¨´ ±μ¢Ò³¨ Å
·¨¸. 3). �μ¸²¥ ÔÉμ£μ § ±·Ò¢ ²¨ ³¥¤´ÊÕ
É·Ê¡Ê. ‘ É¥Î¥´¨¥³ ¢·¥³¥´¨ ¤ ¢²¥´¨¥
´  ³ ´μ³¥É·¥ ¶μ¢ÒÏ ²μ¸Ó (§  ¸Î¥É ¨¸-
¶ ·¥´¨Ö  §μÉ ). 
±¸¶¥·¨³¥´É ¡Ò²μ ·¥-
Ï¥´μ ¶·μ¢μ¤¨ÉÓ ¤μ 40 ¤¥²¥´¨° (1 ¤¥²¥´¨¥ ¸μμÉ¢¥É¸É¢Ê¥É 1348 � ). ‚¸¥ ¶μ²Ê-
Î¥´´Ò¥ ¤ ´´Ò¥ Ë¨±¸¨·μ¢ ²¨¸Ó ¨ ¢´μ¸¨²¨¸Ó ¢ ±μ³¶ÓÕÉ¥·, ¶μ¸²¥ Î¥£μ μ¡· ¡ -
ÉÒ¢ ²¨¸Ó.

5. ������’Š� 	Š‘�…�ˆŒ…�’�‹œ�›• „���›•
ˆ ��‹“—…��›… �…‡“‹œ’�’›

Š ± Ê¦¥ ¡Ò²μ ¸± § ´μ ¢ÒÏ¥, ± ¦¤μ³Ê ¤¥²¥´¨Õ ¤ ¢²¥´¨Ö dP ´  ³ ´μ-
³¥É·¥ ¸μμÉ¢¥É¸É¢Ê¥É ¸¢μ¥ ¢·¥³Ö dt. ’¥¶²μ¶·¨Éμ±¨, ±μÉμ·Ò¥ ¨¤ÊÉ ´  ¨¸¶ -
·¥´¨¥  §μÉ , ¸±² ¤Ò¢ ÕÉ¸Ö ¨§ É·¥Ì Î ¸É¥°: Q∑ = (Qn + QCu + Qe), £¤¥
Qn = CN2 · mN2 · ∂T/∂P · dP/dt Å É¥¶²μ¶·¨Éμ± §  ¸Î¥É ´ £·¥¢   §μÉ ,
QCu = CCu · mCu · ∂T/∂P · dP/dt Å É¥¶²μ¶·¨Éμ± §  ¸Î¥É ´ £·¥¢  ³¥¤-
´μ° É·Ê¡Ò ¨ Qe = dP/dt · riV · M0/R · T0 Å É¥¶²μ¶·¨Éμ± §  ¸Î¥É ¨¸¶ ·¥´¨Ö
 §μÉ . CN2¨ CCu Å É¥¶²μ¥³±μ¸É¨  §μÉ  ¨ ³¥¤¨ ¸μμÉ¢¥É¸É¢¥´´μ; mN2¨ mCu Å
³ ¸¸Ò  §μÉ´μ£μ ¸Éμ²¡  ¨ ³¥¤´μ° É·Ê¡Ò; ∂T/∂P ¨ dP/dt Å § ¢¨¸¨³μ¸É¨ É¥³-
¶¥· ÉÊ·Ò μÉ ¤ ¢²¥´¨Ö ¨ ¤ ¢²¥´¨Ö μÉ ¢·¥³¥´¨ ¸μμÉ¢¥É¸É¢¥´´μ; ri Å É¥¶²μÉ 
¨¸¶ ·¥´¨Ö ¦¨¤±μ£μ  §μÉ ; V Å μ¡Ñ¥³ ¡ ²²μ´ , ¢ ±μÉμ·Ò° ¨¸¶ ·Ö¥É¸Ö ¦¨¤±¨°
 §μÉ (V = 22 ²); M0 Å ³μ²Ö·´ Ö ³ ¸¸  ¢μ§¤ÊÌ ; R Å ¶μ¸ÉμÖ´´ Ö �μ²ÓÍ³ ´ ;
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‚¥²¨Î¨´Ò É¥¶²μ¶·¨Éμ±μ¢ (‚É/³) ¤²Ö · §²¨Î´μ£μ ±μ²¨Î¥¸É¢  ¸²μ¥¢ É¥¶²μ¨§μ²ÖÍ¨¨ ¨
¥¥ ±μ³¶μ§¨Í¨¨

Šμ²¨Î¥¸É¢μ ¸²μ¥¢ �²Õ³¨´¨°+¸É¥±²μ¢Ê ²Ó, �²Õ³¨´¨°, ”μ²Ó£μ¶² ¸É,
É¥¶²μ¨§μ²¨·ÊÕÐ¥£μ ³ É¥·¨ ²  ‚É/³ ‚É/³ ‚É/³

0 3,23 3,23 3,23
1 0,757 1,607 0,856
2 0,659 0,596 0,916
3 0,621 0,626 0,924
4 0,557 0,68 1,052
5∗ Å 0,827 Å

∗ ‚ ¨³¥ÕÐ¥°¸Ö ³μ¤¥²¨ ¤ ´´μ¥ ±μ²¨Î¥¸É¢μ ¸²μ¥¢ É¥Ì´μ²μ£¨Î¥¸±¨ ´ ³μÉ ÉÓ ´¥ ¶·¥¤¸É ¢²Ö¥É¸Ö

¢μ§³μ¦´Ò³.

�¨¸. 5. ‡ ¢¨¸¨³μ¸ÉÓ É¥¶²μ¶·¨Éμ±  μÉ ±μ²¨Î¥¸É¢  ¸²μ¥¢ É¥¶²μ¨§μ²¨·ÊÕÐ¥£μ ³ É¥·¨ ² :
1 Å  ²Õ³¨´¨°, 2 Å Ëμ²Ó£μ¶² ¸É, 3 Å  ²Õ³¨´¨° ¸μ ¸É¥±²μ¢Ê ²ÓÕ, N Å ±μ²¨Î¥¸É¢μ
¸²μ¥¢ É¥¶²μ¨§μ²ÖÍ¨¨

T0 Å É¥³¶¥· ÉÊ·  μ±·Ê¦ ÕÐ¥° ¸·¥¤Ò. �μ ÔÉ¨³ Ëμ·³Ê² ³ μ¡· ¡μÉ ´Ò ¢¸¥
Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥. �μ²ÊÎ¥´´Ò¥ ¤ ´´Ò¥ É¥¶²μ¶·¨Éμ±μ¢ §  ¢ÒÎ¥Éμ³
¨§ ´¨Ì É¥¶²μ¶·¨Éμ±μ¢ μÉ ¸¨²ÓËμ´  ¨ · ¸¶μ·μ± (· ¸¸Î¨É ´´Ò¥ É¥μ·¥É¨Î¥¸±¨)
¶·¨¢¥¤¥´Ò ¢ É ¡²¨Í¥ ¨ ´  ·¨¸. 5.

‚›‚�„›

�´ ²¨§¨·ÊÖ É ¡²¨ÍÊ ¨ ¶μ²ÊÎ¥´´Ò¥ £· Ë¨±¨, ³μ¦´μ ¸¤¥² ÉÓ ¸²¥¤ÊÕÐ¨¥
¢Ò¢μ¤Ò:

• �²Õ³¨´¨° ¨ ¸É¥±²μ¢Ê ²Ó: ¸ Ê¢¥²¨Î¥´¨¥³ ¸²μ¥¢ ´ ³μÉ±¨ É¥¶²μ¶·¨-
Éμ± Ê³¥´ÓÏ ¥É¸Ö. ’ ± ± ± ³ ±¸¨³ ²Ó´μ ¤μ¶Ê¸É¨³Ò° É¥¶²μ¶·¨Éμ± ¸μ¸É ¢²Ö¥É
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1 ‚É/³, Éμ ¨§ É ¡²¨ÍÒ ¢¨¤´μ, ÎÉμ ¤μ¸É ÉμÎ´μ μ¤´μ£μ ¸²μÖ ¤ ´´μ£μ ¢¨¤  ´ -
³μÉ±¨, ´μ, ÊÎ¨ÉÒ¢ Ö ±μÔËË¨Í¨¥´É § ¶ ¸ , ³μ¦´μ ·¥±μ³¥´¤μ¢ ÉÓ ´ ³ ÉÒ¢ ÉÓ
3Ä4 ¸²μÖ (¶²μÉ´μ¸ÉÓ ´ ³μÉ±¨ 10Ä12 ¸²μ¥¢ ´  1 ¸³). �¤´ ±μ ¨¸¶μ²Ó§μ¢ ´¨¥
¸É¥±²μ¢Ê ²¨ ¢ · ¤¨ Í¨μ´´ÒÌ Ê¸²μ¢¨ÖÌ ³μ¦¥É μ± § ÉÓ¸Ö ¶·μ¡²¥³ É¨Î´Ò³.

• „²Ö  ²Õ³¨´¨Ö, ± ± ¢¨¤´μ ¨§ ¤ ´´ÒÌ É ¡²¨ÍÒ, É¥¶²μ¶·¨Éμ± ¸ Ê¢¥²¨Î¥-
´¨¥³ ±μ²¨Î¥¸É¢  ¸²μ¥¢ ´ ³μÉ±¨ ¸´ Î ²  Ê³¥´ÓÏ ¥É¸Ö ¨ ¤μ¸É¨£ ¥É ³¨´¨³ ²Ó-
´μ£μ §´ Î¥´¨Ö ¶·¨ N = 2,   § É¥³ Ê¢¥²¨Î¨¢ ¥É¸Ö. 
Éμ ³μ¦´μ μ¡ÑÖ¸´¨ÉÓ É¥³,
ÎÉμ ¸ Ê¢¥²¨Î¥´¨¥³ ±μ²¨Î¥¸É¢  ¸²μ¥¢ É¥¶²μ¨§μ²ÖÍ¨¨ É¥¶²μ¶·¨Éμ± §  ¸Î¥É ±μ´-
É ±Éμ¢ ³¥¦¤Ê ¸²μÖ³¨ ¡μ²ÓÏ¥, Î¥³ É¥¶²μ¶·¨Éμ± §  ¸Î¥É ¨§²ÊÎ¥´¨Ö, ±μÉμ·Ò°
¤μ¡ ¢²¥´´Ò¥ ¸²μ¨ μÉ· ¦ ÕÉ. “¢¥²¨Î¥´¨¥ É¥¶²μ¶·¨Éμ±  ¶·¨ N = 3−4 ¤²Ö ´ ¸
´¥ ±·¨É¨Î´μ, ¶μÔÉμ³Ê, ÊÎ¨ÉÒ¢ Ö ±μÔËË¨Í¨¥´É § ¶ ¸ , É ±¦¥ ·¥±μ³¥´¤Ê¥É¸Ö
´ ³ ÉÒ¢ ÉÓ 3Ä4 ¸²μÖ (¶²μÉ´μ¸ÉÓ ´ ³μÉ±¨ 10Ä12 ¸²μ¥¢ ´  ¸³).

• ”μ²Ó£μ¶² ¸É: ¶μ¸±μ²Ó±Ê Ëμ²Ó£μ¶² ¸É Å ÔÉμ ¶²μÉ´ Ö  ²Õ³¨´¨¥¢ Ö
Ëμ²Ó£  ¸ ¶·¨±²¥¥´´μ° ± μ¤´μ° ¨§ ¸Éμ·μ´ ¸É¥±²μ¸¥É±μ°, Éμ ´ ²¨Î¨¥ ±μ´É ±É-
´μ£μ É¥¶²μ¶·¨Éμ±  ³¥¦¤Ê ¸²μÖ³¨ ¸¢μ¤¨É¸Ö ± ³¨´¨³Ê³Ê. ’¥³ ´¥ ³¥´¥¥, ¤²Ö
Ëμ²Ó£μ¶² ¸É  ´ ¡²Õ¤ ¥É¸Ö ¶μ¸ÉμÖ´´μ¥ Ê¢¥²¨Î¥´¨¥ É¥¶²μ¶·¨Éμ±  ¸ ·μ¸Éμ³ ±μ-
²¨Î¥¸É¢  ¸²μ¥¢ É¥¶²μ¨§μ²ÖÍ¨¨ (¤²Ö N > 1). 
Éμ ³μ¦¥É ¡ÒÉÓ μ¡ÑÖ¸´¥´μ É¥³,
ÎÉμ ¢ ±ÊÊ³ ³¥¦¤Ê ¸²μÖ³¨ É¥¶²μ¨§μ²ÖÍ¨¨ ÌÊ¦¥, Î¥³ ¢ ¸¢μ¡μ¤´μ³ ³¥¦É·Ê¡´μ³
¶·μ¸É· ´¸É¢¥ ¨§-§  ¶μ¸ÉμÖ´´μ£μ ®£ ¦¥´¨Ö¯ Ëμ²Ó£μ¶² ¸É , ÎÉμ Ê¢¥²¨Î¨¢ ¥É ¶¥-
·¥´μ¸ É¥¶²  É¥¶²μ¶·μ¢μ¤´μ¸ÉÓÕ μ¸É ÉμÎ´ÒÌ £ §μ¢. �μÔÉμ³Ê ÔÉμÉ ³ É¥·¨ ² ¢
± Î¥¸É¢¥ ¢ ±ÊÊ³´μ° É¥¶²μ¨§μ²ÖÍ¨¨ ¨¸¶μ²Ó§μ¢ ÉÓ ´¥ ·¥±μ³¥´¤Ê¥É¸Ö, É¥³ ¡μ²¥¥
¢ · ¤¨ Í¨μ´´ÒÌ Ê¸²μ¢¨ÖÌ, ±μ£¤  ¶·μÍ¥¸¸ £ §μ¢Ò¤¥²¥´¨Ö ³μ¦¥É Ê¸±μ·¨ÉÓ¸Ö.

’ ±¨³ μ¡· §μ³, μ¶¨· Ö¸Ó ´  ·¥§Ê²ÓÉ ÉÒ ¤ ´´μ° · ¡μÉÒ,   É ±¦¥ ´  ³´μ-
£μ²¥É´ÕÕ ¶· ±É¨±Ê ¨¸¶μ²Ó§μ¢ ´¨Ö ³´μ£μ¸²μ°´μ° ¢ ±ÊÊ³´μ° ¨§μ²ÖÍ¨¨ [7],
·¥±μ³¥´¤Ê¥É¸Ö ¶μ ¢¸¥° ¤²¨´¥ É·Ê¡μ¶·μ¢μ¤  ³¥§¨É¨²¥´μ¢ÒÌ Ï ·¨±μ¢ ´ ³ ÉÒ-
¢ ÉÓ  ²Õ³¨´¨¥¢ÊÕ Ëμ²Ó£Ê. ’ ±¦¥ ·¥±μ³¥´¤Ê¥É¸Ö μ¸ÊÐ¥¸É¢²ÖÉÓ ³μ´É ¦ ¸²μ¥¢
¡¥§ μ¡¦ É¨Ö, ÎÉμ¡Ò ¨§¡¥¦ ÉÓ ÔËË¥±É  Ê¢¥²¨Î¥´¨Ö ±μÔËË¨Í¨¥´É  É¥¶²μ¶·μ-
¢μ¤´μ¸É¨ ³¥¦¤Ê ¸²μÖ³¨ É¥¶²μ¨§μ²ÖÍ¨¨.

�¢Éμ·Ò ¢Ò· ¦ ÕÉ ¡² £μ¤ ·´μ¸ÉÓ ….�.˜ ¡ ²¨´Ê §  ¶μ¸É ´μ¢±Ê § ¤ Î¨,
Í¥´´Ò¥ § ³¥Î ´¨Ö ¶·¨ μ¡· ¡μÉ±¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¨ ¶μ¤£μÉμ¢±¥
¸É ÉÓ¨.
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