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‚²¨Ö´¨¥ ¢´ÊÉ·¥´´¥£μ ¤ ¢²¥´¨Ö ´  ´ ÉÖ¦¥´¨¥ ¸¢ ·´ÒÌ ¸É·μÊ

�·¥¤¸É ¢²¥´Ò É¥μ·¥É¨Î¥¸±¨°  ´ ²¨§ ¨ ·¥§Ê²ÓÉ ÉÒ Ô±¸¶¥·¨³¥´É ²Ó´μ° ¶·μ-
¢¥·±¨ ¢²¨Ö´¨Ö ¢´ÊÉ·¥´´¥£μ ¤ ¢²¥´¨Ö ´  ´ ÉÖ¦¥´¨¥ ¸¢ ·´ÒÌ Éμ´±μ¸É¥´´ÒÌ É·Ê¡μ±
¨§ ³ °² ·  Å ¸É·μÊ, ¨¸¶μ²Ó§Ê¥³ÒÌ ¤²Ö ¸μ§¤ ´¨Ö É·¥±μ¢ÒÌ ¤¥É¥±Éμ·μ¢. ˆ¸¸²¥-
¤μ¢ ´¨Ö ¶μ± § ²¨, ÎÉμ ¶·¨ μ¶·¥¤¥²¥´´ÒÌ Ê¸²μ¢¨ÖÌ ´ ÉÖ¦¥´¨¥ ¸É·μÊ μ¸É ¥É¸Ö
¶μ¸ÉμÖ´´Ò³. ‘ÊÐ¥¸É¢¥´´μ¥ ¢²¨Ö´¨¥ ´  ´ ÉÖ¦¥´¨¥ μ± §Ò¢ ¥É ¶¥·¥¶ ¤ ¤ ¢²¥´¨Ö
´  Éμ·Í¥¢ÒÌ § £²ÊÏ± Ì. ‚ § ¢¨¸¨³μ¸É¨ μÉ ±μ´¸É·Ê±Í¨¨ μ¡¥¸¶¥Î¥´¨Ö ¸É·μÊ £ -
§μ¢μ° ¸³¥¸ÓÕ ¶¥·¥¶ ¤ ¤ ¢²¥´¨Ö ³μ¦¥É μÉ¸ÊÉ¸É¢μ¢ ÉÓ. �·¨ ÔÉ¨Ì Ê¸²μ¢¨ÖÌ ¢ ¢ -
±ÊÊ³¥ ¸É·μÊ ¡Ê¤¥É ¶μ¤¢¥·£ ÉÓ¸Ö ¢μ§¤¥°¸É¢¨Õ ¶μ¶¥·¥Î´μ£μ ´ ¶·Ö¦¥´¨Ö, ±μÉμ·μ¥
Î ¸É¨Î´μ Ê³¥´ÓÏ ¥É ¥¥ ¶μ²§ÊÎ¥¸ÉÓ, ÎÉμ Ê¢¥²¨Î¨¢ ¥É ¸·μ± ¸²Ê¦¡Ò ¸É·μÊ. � ²¨-
Î¨¥ ¶¥·¥¶ ¤  ¤ ¢²¥´¨Ö ³μ¦¥É ¢´μ¸¨ÉÓ ¢±² ¤ ¢ Ê¢¥²¨Î¥´¨¥ ¶μ²§ÊÎ¥¸É¨. �¥§Ê²ÓÉ ÉÒ
¶·μ¢¥·±¨ ¢²¨Ö´¨Ö ¤ ¢²¥´¨Ö ¶μ¤É¢¥·¦¤ ÕÉ ¶μ²ÊÎ¥´´Ò¥ § ¢¨¸¨³μ¸É¨, ´  ±μÉμ·Ò¥
³μ¦´μ μ¶¨· ÉÓ¸Ö ¶·¨ ¸μ§¤ ´¨¨ ¸É·μÊ ¤¥É¥±Éμ·μ¢ ¤²Ö · ¡μÉÒ ¢ ¢ ±ÊÊ³¥. �·¥¤-
²μ¦¥´  ´μ¢ Ö ³¥Éμ¤¨±  ¨§³¥·¥´¨Ö ±μÔËË¨Í¨¥´É  �Ê ¸¸μ´  £μÉμ¢μ° ¸É·μÊ, §´ -
Î¥´¨¥ ±μÉμ·μ£μ É·¥¡Ê¥É¸Ö ¤²Ö μÍ¥´±¨ ¢²¨Ö´¨Ö ¶¥·¥¶ ¤  ¤ ¢²¥´¨Ö ´  ´ ÉÖ¦¥´¨¥
¸¢ ·´ÒÌ ¸É·μÊ. „²Ö É·Ê¡μ± ¤¥É¥±Éμ·  COMET ¥£μ §´ Î¥´¨¥ · ¢´μ 0,338.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ¶·μ¡²¥³ ¨³. ‚.�. „¦¥²¥¶μ¢ 
�ˆŸˆ.

�·¥¶·¨´É �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. „Ê¡´ , 2017

Volkov A.D. et al. P13-2017-96
In	uence of Internal Pressure on Stress of Welded Straws

The theoretical analysis and results of testing the in	uence of internal pressure
on the tension of welded thin-wall tubes from Mylar Å straws, used for the creation
of track detectors Å are presented. Investigations have shown that under certain
conditions the straw tension remains constant. A signiˇcant effect on the straw
tension is exert by a pressure difference on the end caps. Depending on the design
of the gas supply, the pressure drop may be absent. Under this condition in a vacuum
straw will be affected by a transverse stress, which partially reduces its creep that
increases the service life of the straw. The presence of a pressure difference can
contribute to an increase in creep. The test results of the pressure in	uence conˇrm
the obtained dependences, which can be relied upon in the creation of straw detectors
for operation in vacuum. A speciˇc technique for measuring a real straw's Poisson
ratio is proposed. This value is required to evaluate the effect of pressure on the
tension of welded straws. Its value for the straw tubes of the COMET detector
is 0.338.

The investigation has been performed at the Dzhelepov Laboratory of Nuclear
Problems, JINR.
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‚ É¥Ì´¨±¥ Ë¨§¨Î¥¸±μ£μ Ô±¸¶¥·¨³¥´É  Ï¨·μ±μ¥ ¶·¨³¥´¥´¨¥ ´ Ï²¨ ¤¥-
É¥±Éμ·Ò ´  μ¸´μ¢¥ Éμ´±μ¸É¥´´ÒÌ É·Ê¡μ± ¨§ ¶²¥´±¨ ³ °² ·  Å ¸É·μÊ. ‚ ¸μ-
¡· ´´μ³ ¢¨¤¥ ¸É·μÊ Ö¢²Ö¥É¸Ö Í¨²¨´¤·¨Î¥¸±¨³ ¤·¥°Ëμ¢Ò³ ¤¥É¥±Éμ·μ³. ‚´Ê-
É·¥´´ÖÖ ¶μ¢¥·Ì´μ¸ÉÓ ¶²¥´±¨ ¶μ±·Ò¢ ¥É¸Ö ³¥É ²²μ³, ±μÉμ·Ò° ¸²Ê¦¨É ± Éμ¤μ³
¤·¥°Ëμ¢μ£μ ¤¥É¥±Éμ· . �¤´μ¢·¥³¥´´μ ± Éμ¤ Ö¢²Ö¥É¸Ö Ô±· ´μ³, Ê³¥´ÓÏ ÕÐ¨³
¢§ ¨³´μ¥ ¢²¨Ö´¨¥ ¸· ¡μÉ ¢Ï¨Ì ¸É·μÊ. ‘¨£´ ²Ó´ Ö ¶·μ¢μ²μÎ±  ±·¥¶¨É¸Ö ¢
±μ´É ±É Ì, · ¸¶μ²μ¦¥´´ÒÌ ¢ § £²ÊÏ± Ì ¸É·μÊ. �μ³¨³μ ±μ´É ±Éμ¢ § £²ÊÏ±¨
¨³¥ÕÉ μÉ¢¥·¸É¨Ö ¤²Ö ¶μ¤ Î¨ · ¡μÎ¥° £ §μ¢μ° ¸³¥¸¨. ‚ ¶·μÍ¥¸¸¥ · ¡μÉÒ É·Ê¡± 
¤μ²¦´  ¸μÌ· ´ÖÉÓ ¸¢μÕ Ëμ·³Ê. ‚ ¶·μÉ¨¢´μ³ ¸²ÊÎ ¥ Ô²¥±É·¨Î¥¸±μ¥ ¶μ²¥ ¢´Ê-
É·¨ É·Ê¡±¨ ¡Ê¤¥É ´¥μ¤´μ·μ¤´Ò³, ÎÉμ ¶·¨¢¥¤¥É ± ¶μÉ¥·¥ ÉμÎ´μ¸É¨ μ¶·¥¤¥²¥-
´¨Ö ³¥¸Éμ¶μ²μ¦¥´¨Ö É·¥±  § ·Ö¦¥´´μ° Î ¸É¨ÍÒ, ¶·μ²¥É¥¢Ï¥° Î¥·¥§ É·Ê¡±Ê.
‚ ¸μ¢·¥³¥´´ÒÌ ¨¸¸²¥¤μ¢ ´¨ÖÌ, ± ± ¶· ¢¨²μ, ¤¥É¥±Éμ·Ò ¤μ²¦´Ò · ¡μÉ ÉÓ ¢
¢ ±ÊÊ³¥. �μÔÉμ³Ê ¤²Ö ¸μÌ· ´¥´¨Ö Ëμ·³Ò ¶μ¤ ¤¥°¸É¢¨¥³ ¶¥·¥¶ ¤  ¤ ¢²¥´¨Ö,
¸¨²Ò ÉÖ¦¥¸É¨ ¨ ¶μ²§ÊÎ¥¸É¨ ³ É¥·¨ ²  ¢μ ¢·¥³¥´¨ ¸É·μÊ ¤μ²¦´Ò ¡ÒÉÓ ¶·¥¤¢ -
·¨É¥²Ó´μ ´ ÉÖ´ÊÉÒ³¨. • · ±É¥·¨¸É¨±¨ ¨ ¶·¨´Í¨¶ · ¡μÉÒ ¸É·μÊ, ¸μ§¤ ´´ÒÌ
³¥Éμ¤μ³ ´ ¢¨¢±¨ ´  ¸É¥·¦¥´Ó ¤¢ÊÌ ¸²μ¥¢ ¶²¥´±¨ ¨ ¨Ì ¸±²¥¨¢ ´¨Ö, ¶·¨¢¥¤¥´Ò
¢ [1]. ‚ �ˆŸˆ · §· ¡μÉ ´  É¥Ì´μ²μ£¨Ö ¨§£μÉμ¢²¥´¨Ö ¸É·μÊ ³¥Éμ¤μ³ Ê²ÓÉ· -
§¢Ê±μ¢μ° ¸¢ ·±¨ [2]. ‘¢ ·´Ò¥ ¸É·μÊ μÉ²¨Î ÕÉ¸Ö ¢Ò¸μ±μ° ¶·μÎ´μ¸ÉÓÕ ¨ ³μ£ÊÉ
¤²¨É¥²Ó´μ · ¡μÉ ÉÓ ¢ ¢ ±ÊÊ³¥. �´¨ ´ Ï²¨ Ï¨·μ±μ¥ ¶·¨³¥´¥´¨¥ ¶·¨ ¸μ§¤ ´¨¨
±μμ·¤¨´ É´ÒÌ ¤¥É¥±Éμ·μ¢ [3Ä5]. ’¥³ ´¥ ³¥´¥¥ ¨¸¶μ²Ó§μ¢ ´¨¥ ¸É·μÊ ¢ Ê¸²μ-
¢¨ÖÌ ¶¥·¥¶ ¤  ¢´ÊÉ·¥´´¥£μ ¤ ¢²¥´¨Ö ¢ÒÖ¢¨²μ ´ ²¨Î¨¥ ´¥±μÉμ·ÒÌ ¶·μ¡²¥³,
μ¤´  ¨§ ±μÉμ·ÒÌ Å ¥£μ ¢²¨Ö´¨¥ ´  ´ ÉÖ¦¥´¨¥ ¸É·μÊ. �¢Éμ· [6] ¸Éμ²±´Ê²¸Ö
¸ ¶·μ¡²¥³μ° ¢· Ð¥´¨Ö ¸É·μÊ ¶μ¤ ¤¥°¸É¢¨¥³ ¢´ÊÉ·¥´´¥£μ ¤ ¢²¥´¨Ö, ¶·¨Î¨´ 
±μÉμ·μ£μ μ¸É ² ¸Ó ´¥¢ÒÖ¸´¥´´μ°. ‚· Ð¥´¨¥ ¸É·μÊ ¸É ²¨ ¡²μ±¨·μ¢ ÉÓ ¶ÊÉ¥³
¨Ì ¸±²¥¨¢ ´¨Ö ¢ μ¡Ð¨° ³ ¸¸¨¢ [7]. –¥²ÓÕ · ¡μÉÒ ¡Ò²μ ¶·μ¢¥¤¥´¨¥  ´ ²¨§ 
¢²¨Ö´¨Ö ¤ ¢²¥´¨Ö ´  ¸¢μ°¸É¢  ¸É·μÊ ¢ · ³± Ì É¥μ·¨¨ ¤¥Ëμ·³ Í¨¨ μ¡μ²μ-
Î¥± [8Ä11] ¨ Ô±¸¶¥·¨³¥´É ²Ó´μ° ¶·μ¢¥·±¨ ¶μ²ÊÎ¥´´ÒÌ § ¢¨¸¨³μ¸É¥°.
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�μ¢¥¤¥´¨¥ ¸É·μÊ ¶μ¤ ¤¥°¸É¢¨¥³ ¸¨² ¢ · ¡μÉ¥ · ¸¸³ É·¨¢ ¥É¸Ö ¸ ¨¸¶μ²Ó§μ-
¢ ´¨¥³ Ê· ¢´¥´¨Ö · ¢´μ¢¥¸´μ£μ ¸μ¸ÉμÖ´¨Ö Í¨²¨´¤·¨Î¥¸±μ° μ¡μ²μÎ±¨. �´ ²¨-
É¨Î¥¸±μ¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö · ¢´μ¢¥¸¨Ö μ¶¨¸Ò¢ ¥É ¨§³¥´¥´¨¥ · ¤¨Ê¸  ¸É·μÊ
¢¤μ²Ó μ¸¨ X ¶μ¤ ¤¥°¸É¢¨¥³ ¶·¨²μ¦¥´´ÒÌ ¸¨². �  ·¨¸. 1 ¶μ± § ´Ò ¸¨¸É¥³ 
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�¨¸. 1. „¥°¸É¢ÊÕÐ¨¥ ¸¨²Ò ¨ ³μ³¥´ÉÒ ¢ Í¨²¨´¤·¨Î¥¸±μ° μ¡μ²μÎ±¥

±μμ·¤¨´ É Ô²¥³¥´É  μ¡μ²μÎ±¨, ´ ¶· ¢²¥´¨¥ ¤¥°¸É¢ÊÕÐ¨Ì ¸¨² ¨ ³μ³¥´Éμ¢.
‚ μ¡Ð¥³ ¸²ÊÎ ¥ ± Ô²¥³¥´ÉÊ μ¡μ²μÎ±¨ ¶·¨²μ¦¥´Ò ¢´¥Ï´¨¥ · ¸¶·¥¤¥²¥´´Ò¥
´ £·Ê§±¨ qx ¨ qz ¨ ¢Ò§Ò¢ ¥³Ò¥ ¨³¨ ³μ³¥´ÉÒ Mx ¨ Mθ.

‘¨²Ò Nx ¨ Nθ Ì · ±É¥·¨§ÊÕÉ ¨Ì ¸Ê³³ ·´μ¥ ¢μ§¤¥°¸É¢¨¥ ¢ ¶μ¶¥·¥Î´μ³
¸¥Î¥´¨¨ μ¡μ²μÎ±¨. �·¨ · ¸¸³μÉ·¥´¨¨ ¶μ¢¥¤¥´¨Ö μ¡μ²μÎ±¨ ¶μ¤ ¢μ§¤¥°¸É¢¨¥³
¢´¥Ï´¨Ì ¸¨² ·¥§Ê²ÓÉ¨·ÊÕÐ¨¥ ¸¨²Ò Nx, Nθ ¨ ³μ³¥´ÉÒ Mx, Mθ ¶·¨±² ¤Ò-
¢ ÕÉ¸Ö ± ¥¥ ¸·¥¤¨´´μ³Ê ¸²μÕ. ‡´ Î¥´¨Ö ¸¨² μ¶·¥¤¥²ÖÕÉ¸Ö ¸μμÉ´μÏ¥´¨Ö³¨

Nx =
h/2∫

−h/2

σx dz ¨ Nθ =
h/2∫

−h/2

σθ dz, £¤¥ σx ¨ σθ Å ´ ¶·Ö¦¥´´μ¸É¨ ¢ ´ ¶· ¢²¥-

´¨¨ μ¸¥° X ¨ θ ´  ¢Ò¸μÉ¥ z. �¨¸. 1 ¨ Ê· ¢´¥´¨¥ · ¢´μ¢¥¸¨Ö μ¡μ²μÎ±¨ ¢§ÖÉÒ
¨§ · ¡μÉÒ [12]. �·¨³¥´¨É¥²Ó´μ ± · ¸¸³ É·¨¢ ¥³μ° § ¤ Î¥ ´  ¸É·μÊ ¢¤μ²Ó μ¸¨
X ¤¥°¸É¢Ê¥É ¸¨²  ´ ÉÖ¦¥´¨Ö T0, ¸μ§¤ ÕÐ Ö ´ ¶·Ö¦¥´¨¥ σx = qx. �¥·¥¶ ¤
¤ ¢²¥´¨Ö ´  ¸É¥´±Ê É·Ê¡±¨ ¢Ò§Ò¢ ¥É ´ ¶·Ö¦¥´¨¥ qz . ˆ§ Ê¸²μ¢¨Ö · ¢´μ¢¥¸¨Ö
Ô²¥³¥´É  μ¡· §Í  ¸²¥¤Ê¥É, ÎÉμ ¸¨²Ò ¨ ³μ³¥´ÉÒ ´  ¥£μ ±μ´Í Ì ¤μ²¦´Ò ¤¥°-
¸É¢μ¢ ÉÓ ¢ ¶·μÉ¨¢μ¶μ²μ¦´ÒÌ ´ ¶· ¢²¥´¨ÖÌ. „¥°¸É¢¨¥ ¸¨² ´ ÉÖ¦¥´¨Ö ¨ ¶¥·¥-
¶ ¤  ¤ ¢²¥´¨Ö Ö¢²Ö¥É¸Ö ¸¨³³¥É·¨Î´Ò³ μÉ´μ¸¨É¥²Ó´μ Í¥´É· ²Ó´μ° μ¸¨ ¸É·μÊ.
‚²¨Ö´¨¥ ¢¥¸  ¸É·μÊ ´¥ ÊÎ¨ÉÒ¢ ¥É¸Ö, É ± ± ± ¥£μ ¢¥²¨Î¨´  ¶μ ¸· ¢´¥´¨Õ ¸
¤¥°¸É¢ÊÕÐ¨³¨ ¸¨² ³¨ Ö¢²Ö¥É¸Ö ³ ²μ°. ‚ § ¢¨¸¨³μ¸É¨ μÉ · ¤¨Ê¸  ¨ Éμ²Ð¨´Ò
¸É¥´±¨ ¢¥¸ ¸É·μÊ ¸μ¸É ¢²Ö¥É 0,4−1,2 £/³.
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‚ ¤ ´´μ° · ¡μÉ¥ · ¸¸³ É·¨¢ ÕÉ¸Ö ¸É·μÊ ¸ ¨§μÉ·μ¶´Ò³¨ ¸¢μ°¸É¢ ³¨ ³ É¥-
·¨ ² , ¤²Ö ±μÉμ·ÒÌ ¡¥§ ÊÎ¥É  ¸¨²Ò ÉÖ¦¥¸É¨ Ê· ¢´¥´¨¥ · ¢´μ¢¥¸¨Ö ¨³¥¥É ¢¨¤

d4w

d4x
+ 4β4w =

1
D

(
qz − μ

R
Nx

)
, (1)

£¤¥ w Å ¢¥²¨Î¨´  ¤¥Ëμ·³ Í¨¨ ¸·¥¤¨´´μ£μ ¸²μÖ ¸É·μÊ, · ¢´ Ö ¨§³¥´¥´¨Õ ¥¥
· ¤¨Ê¸  ¶μ¤ ¤¥°¸É¢¨¥³ ¸¨²; β Å Ì · ±É¥·´Ò° ¶ · ³¥É· ¸É·μÊ; D Å Í¨²¨´-
¤·¨Î¥¸± Ö ¦¥¸É±μ¸ÉÓ ¸É·μÊ ´  ¨§£¨¡; μ Å ±μÔËË¨Í¨¥´É �Ê ¸¸μ´  ³ É¥·¨ ² 
¸É·μÊ, Ì · ±É¥·¨§ÊÕÐ¨° μÉ´μ¸¨É¥²Ó´ÊÕ ¤¥Ëμ·³ Í¨Õ É¥²  ¢ μ·Éμ£μ´ ²Ó´μ³
´ ¶· ¢²¥´¨¨ ¶μ¤ ¤¥°¸É¢¨¥³ μÉ´μ¸¨É¥²Ó´μ° ¤¥Ëμ·³ Í¨¨ ¢ ¶·μ¤μ²Ó´μ³ ´ ¶· -
¢²¥´¨¨; qz Å ´ ¶·Ö¦¥´´μ¸ÉÓ ¸¨²Ò, ¤¥°¸É¢ÊÕÐ¥° ´  É·Ê¡±Ê ¢ · ¤¨ ²Ó´μ³
´ ¶· ¢²¥´¨¨; Nx Å ¸¨² , ¤¥°¸É¢ÊÕÐ Ö ¢¤μ²Ó μ¸¨ X ¢ ¸É·μÊ; R Å ¢´ÊÉ·¥´-
´¨° · ¤¨Ê¸ ¸É·μÊ; E Å ³μ¤Ê²Ó Ê¶·Ê£μ¸É¨ ³ É¥·¨ ²  ¸É·μÊ; h Å Éμ²Ð¨´ 
¸É¥´±¨ ¸É·μÊ. –¨²¨´¤·¨Î¥¸± Ö ¦¥¸É±μ¸ÉÓ D ¨ ¶ · ³¥É· β ¢Ò· ¦ ÕÉ¸Ö ¸μμÉ-
´μÏ¥´¨Ö³¨

D = Eh3/12(1− μ2), (2)

β4 = 3(1 − μ2)/R2h2. (3)

‚ · ¡μÉ¥ μ¸´μ¢´μ¥ ¢´¨³ ´¨¥ ¡Ò²μ Ê¤¥²¥´μ ¨¸¸²¥¤μ¢ ´¨Õ ¸¢¥·ÌÉμ´±¨Ì ¸É·μÊ
¸μ ¸²¥¤ÊÕÐ¨³¨ ¶ · ³¥É· ³¨: h = 20 ³±³, R = 4,9 ³³; ³μ¤Ê²Ó Ê¶·Ê£μ¸É¨
E = 4,44 · 109 �/³2 ¨ ±μÔËË¨Í¨¥´É �Ê ¸¸μ´  μ = 0,338. Œμ¤Ê²Ó 
´£ 
¡Ò² μ¶·¥¤¥²¥´ ¶μ § ¢¨¸¨³μ¸É¨ μÉ´μ¸¨É¥²Ó´μ° ¤¥Ëμ·³ Í¨¨ μÉ ¢¥²¨Î¨´Ò ¶·¨-
²μ¦¥´´μ£μ ´ ¶·Ö¦¥´¨Ö [13]. �·¨ Ê± § ´´ÒÌ ¶ · ³¥É· Ì ¸É·μÊ §´ Î¥´¨Ö D

¨ β4 ¸μ¸É ¢²ÖÕÉ D = 3,3392 · 10−6 � ·³, β4 = 2,767 · 1014 ³−4. ’·Ê¡±¨ ¸
É ±¨³¨ ¸¢μ°¸É¢ ³¨ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¶·¨ ¸μ§¤ ´¨¨ ¸É·μÊ ¤¥É¥±Éμ·  ¤²Ö ¶¥·¢μ°
Ë §Ò Ô±¸¶¥·¨³¥´É  COMET [4].

‚ Ê· ¢´¥´¨¥ (1) ¢Ìμ¤¨É ´ ¶·Ö¦¥´´μ¸ÉÓ qz, ±μÉμ· Ö · ¢´  · §´μ¸É¨ ¢´Ê-
É·¥´´¥£μ ¨ ¢´¥Ï´¥£μ ¤ ¢²¥´¨Ö ´  ¸É¥´±Ê, ¨ ¶·μ¤μ²Ó´ Ö ¸¨²  Nx, μ¶·¥¤¥²Ö¥³ Ö
´ ÉÖ¦¥´¨¥³ ¸É·μÊ T0. �·¨ · ¡μÉ¥ ¸É·μÊ ¸ ¶¥·¥¶ ¤μ³ ¤ ¢²¥´¨Ö P ( É³) ´ ¶·Ö-
¦¥´´μ¸ÉÓ qz = P . ‚ É¥μ·¨¨ μ¡μ²μÎ¥± ¸¨²Ò ¢Ò· ¦ ÕÉ¸Ö ´  ¥¤¨´¨ÍÊ ¤²¨´Ò
¨²¨ ¶²μÐ ¤¨ ¥¥ ¤¥°¸É¢¨Ö [12], ¶μÔÉμ³Ê ¶²μÉ´μ¸ÉÓ ¸¨²Ò Nx ¢ Ê· ¢´¥´¨¨ (1)
¸μ¸É ¢¨É Nx = T0/2πR. ‘ ÊÎ¥Éμ³ §´ Î¥´¨° Nx ¨ qz Ê· ¢´¥´¨¥ (1) ¶·¨³¥É ¢¨¤

d4w

d4x
+ 4β4w =

1
D

(
P − μ

2πR2
T0

)
. (4)
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�¥Ï¥´¨¥ Ê· ¢´¥´¨Ö (4) ¢±²ÕÎ ¥É ·¥Ï¥´¨¥ μ¤´μ·μ¤´μ£μ Ê· ¢´¥´¨Ö w1(x)
¨ Î ¸É´μ¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö w2(x). �¥Ï¥´¨¥ μ¤´μ·μ¤´μ£μ Ê· ¢´¥´¨Ö (5)
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¶·¨¢¥¤¥´μ ¢ [14]:

d4w

d4x
+ 4β4w = 0, (5)

w1(x) =
e−βx[βMx(sin βx − cosβx) − Q0 cosβx]

2β3D
. (6)

ˆ§£¨¡ ÕÐ¨° ³μ³¥´É Mx ¨ ¶²μÉ´μ¸ÉÓ ¶μ¶¥·¥Î´μ° ¸¨²Ò Q0 μ¶·¥¤¥²ÖÕÉ¸Ö ¸μ-
μÉ´μÏ¥´¨Ö³¨ Mx = −D(d2w/dx2) ¨ Qx = −D(d3w/dx3) [13]. ‡´ Î¥´¨Ö Mx

¨ Qx ´ Ìμ¤ÖÉ¸Ö ¨§ Ê¸²μ¢¨Ö · ¢¥´¸É¢  ´Ê²Õ ¶·μ£¨¡  ¨ ´ ±²μ´  ¸É·μÊ ¢ ÉμÎ± Ì
±·¥¶²¥´¨Ö x = 0, L. ‚ ÔÉ¨Ì ÉμÎ± Ì §´ Î¥´¨Ö Mx ¨ Qx ¤μ¸É¨£ ÕÉ ³ ±¸¨-
³ ²Ó´μ° ¢¥²¨Î¨´Ò: M0 = P/2β2, Q0 = −P/β. „²Ö ¸É·μÊ ¸ Ê± § ´´Ò³¨
¶ · ³¥É· ³¨ ¨§³¥´¥´¨¥ · ¤¨Ê¸  ¢ ÉμÎ± Ì ±·¥¶²¥´¨Ö ¸μ£² ¸´μ (6) · ¢´μ

(w1)x=0,L = −(βM0 + Q0)/2β3D = 26,5 ³±³. (7)

�¥Ï¥´¨¥ μ¤´μ·μ¤´μ£μ Ê· ¢´¥´¨Ö w1(x) ¸μ¤¥·¦¨É ³´μ¦¨É¥²Ó e−βx, ¢¸²¥¤¸É¢¨¥
Î¥£μ ¢¥²¨Î¨´  w1(x) ¢¤μ²Ó μ¸¨ X ¡Ò¸É·μ Ê³¥´ÓÏ ¥É¸Ö. �·¨ βx > 3 ¢±² -
¤μ³ w1(x) ³μ¦´μ ¶·¥´¥¡·¥ÎÓ. “¸²μ¢¨¥ ¢Ò¶μ²´Ö¥É¸Ö ´  · ¸¸ÉμÖ´¨¨ x > 2 ³³,
¶μÔÉμ³Ê ¤¥°¸É¢¨¥ ³μ³¥´É  Mx ¨ ¸¨²Ò Qx ÊÎ¨ÉÒ¢ ¥É¸Ö Éμ²Ó±μ ¢ ÉμÎ± Ì ±·¥¶-
²¥´¨Ö x = 0, L. ‘μ£² ¸´μ ³μ³¥´É´μ° É¥μ·¨¨ μ¡μ²μÎ¥± μ¤´μ¢·¥³¥´´μ ¸ ³μ³¥´-
Éμ³ Mx ¢ μ¡μ²μÎ±¥ ¢μ§´¨± ¥É Ê£²μ¢μ° ³μ³¥´É Mθ, · ¢´Ò° Mθ = μMx [8, 10].
„¥°¸É¢¨¥ ÔÉμ£μ ³μ³¥´É  ¡Ê¤¥É ¢Ò§Ò¢ ÉÓ ¢· Ð¥´¨¥ ¸É·μÊ ¸μ ¸¢μ¡μ¤´Ò³¨ ±μ´-
Í ³¨. �ÉμÉ ÔËË¥±É ¶·μÖ¢²Ö¥É¸Ö ¢ ¤¥É¥±Éμ· Ì ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ´ ÉÖ¦¥´¨Ö
¸É·μÊ §  ¸Î¥É ¢´ÊÉ·¥´´¥£μ ¤ ¢²¥´¨Ö [6].

—�‘’��… �…˜…�ˆ… “��‚�…�ˆŸ ��‚��‚…‘ˆŸ ‘’��“

„²Ö · ¢´μ¢¥¸´μ£μ ¶μ²μ¦¥´¨Ö ¸É·μÊ ¨´É¥·¥¸ ¶·¥¤¸É ¢²Ö¥É Î ¸É´μ¥ ·¥Ï¥-
´¨¥ w2(x). “Î¨ÉÒ¢ Ö, ÎÉμ ¨§³¥´¥´¨¥ · ¤¨Ê¸  ¸É·μÊ ¶μ ±μμ·¤¨´ É¥ x Ö¢²Ö¥É¸Ö
¶² ¢´μ ³¥´ÖÕÐ¥°¸Ö ËÊ´±Í¨¥° ³ ²μ°  ³¶²¨ÉÊ¤Ò, ¤²Ö ´ Ìμ¦¤¥´¨Ö Î ¸É´μ£μ
·¥Ï¥´¨Ö Î²¥´μ³ d4w/d4x ³μ¦´μ ¶·¥´¥¡·¥ÎÓ. �·¨ ÔÉ¨Ì ¶·¥¤¶μ²μ¦¥´¨ÖÌ
Î ¸É´μ¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö (4) ¡Ê¤¥É ¨³¥ÉÓ ¢¨¤

w2(x) =
1

4β4D

(
P − μ

2πR2
T0

)
. (8)

‚Ò· ¦¥´¨¥ (8) ¶μ± §Ò¢ ¥É, ÎÉμ w2(x) ¶μ¸ÉμÖ´´μ ¶μ ¤²¨´¥ ¸É·μÊ ¨ § ¢¨¸¨É μÉ
¥¥ · ¤¨Ê¸ , ¸¢μ°¸É¢ ³ É¥·¨ ² , ´ ÉÖ¦¥´¨Ö T0 ¨ ¶¥·¥¶ ¤  ¤ ¢²¥´¨Ö P . �¥·¥-
¶ ¤ ¤ ¢²¥´¨Ö ¢Ò§Ò¢ ¥É Ê¢¥²¨Î¥´¨¥ ¤¨ ³¥É·  ¸É·μÊ,   ¥¥ ´ ÉÖ¦¥´¨¥ ¶·¨¢μ¤¨É
± Ê³¥´ÓÏ¥´¨Õ ¤¨ ³¥É· . �·¨ μÉ¸ÊÉ¸É¢¨¨ ´ ÉÖ¦¥´¨Ö (T0 = 0) ¶¥·¥¶ ¤ ¤ ¢²¥-
´¨Ö P ¢ 1  É³ ¢Ò§Ò¢ ¥É Ê¢¥²¨Î¥´¨¥ · ¤¨Ê¸  ¸É·μÊ §  ¸Î¥É w2(x) = 26,5 ³±³.
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ˆ§³¥´¥´¨¥ · ¤¨Ê¸  ³μ¦´μ μÍ¥´¨ÉÓ ¨ ¨¸Ìμ¤Ö ¨§ ± ¸ É¥²Ó´μ£μ ´ ¶·Ö¦¥´¨Ö
¸É·μÊ, · ¢´μ£μ σθ = PR/h [12]. �É´μ¸¨É¥²Ó´ Ö ¤¥Ëμ·³ Í¨Ö ε ¢ Ê¶·Ê£μ°
μ¡² ¸É¨ μ¶·¥¤¥²Ö¥É¸Ö § ±μ´μ³ ƒÊ± : ε = σθ/E. ‘ ÊÎ¥Éμ³ ¶·¨¢¥¤¥´´ÒÌ ¸μ-
μÉ´μÏ¥´¨° Ê¢¥²¨Î¥´¨¥ · ¤¨Ê¸  ¶μ¤ ¤¥°¸É¢¨¥³ ¤ ¢²¥´¨Ö P = 1  É³ ¸μ¸É ¢¨É
w2(x) = εR = PR2/hE = 26,497 ³±³. ‡´ Î¥´¨Ö (w1)x=0,L ¨ w2(x) ¸μ¢¶ -
¤ ÕÉ, μÉ±Ê¤  ¸²¥¤Ê¥É, ÎÉμ §  ¨¸±²ÕÎ¥´¨¥³ ±· ¥¢ÒÌ ÔËË¥±Éμ¢ · ¤¨Ê¸ ¸É·μÊ
¡Ê¤¥É ¶μ¸ÉμÖ´´Ò³. �Í¥´±  ¢¥²¨Î¨´Ò ¨§³¥´¥´¨Ö · ¤¨Ê¸  ¸É·μÊ · §´Ò³¨ ³¥Éμ-
¤ ³¨ ¤ ¥É Ìμ·μÏ¥¥ ¸μ£² ¸¨¥, ÎÉμ ¶μ¤É¢¥·¦¤ ¥É ¶· ¢¨²Ó´μ¸ÉÓ ¸μμÉ´μÏ¥´¨Ö (8).
� ¶·¨³¥·, ´ ÉÖ¦¥´¨¥ ¸É·μÊ ¸¨²μ° ¢ 1,2 ±£ ¶·¨ μÉ¸ÊÉ¸É¢¨¨ ¶¥·¥¶ ¤  ¤ ¢²¥´¨Ö
(P = 0) ¸μ£² ¸´μ (8) Ê³¥´ÓÏ ¥É ¥¥ ¤¨ ³¥É· ´  7,1 ³±³. ‚ ¢ ±ÊÊ³¥ ´ ÉÖ¦¥´¨¥
¡Ê¤¥É Î ¸É¨Î´μ ±μ³¶¥´¸¨·μ¢ ÉÓ Ê¢¥²¨Î¥´¨¥ ¤¨ ³¥É·  ¶μ¤ ¤¥°¸É¢¨¥³ ¢´ÊÉ·¥´-
´¥£μ ¤ ¢²¥´¨Ö. � ÉÖ¦¥´¨¥ T0 = 2πR2P/μ = 4,46 ±£ ¶μ²´μ¸ÉÓÕ ±μ³¶¥´-
¸¨·Ê¥É ¨§³¥´¥´¨¥ ¤¨ ³¥É·  ¸É·μÊ ¶μ¤ ¤¥°¸É¢¨¥³ ¶¥·¥¶ ¤  ¤ ¢²¥´¨Ö ¢ 1  É³.
‚ ÔÉμ³ ¸²ÊÎ ¥ w2(x) = 0 ¨ ¨§³¥´¥´¨¥ ¤¨ ³¥É·  ¸É·μÊ ¡Ê¤¥É ¶·μ¨¸Ìμ¤¨ÉÓ
¸μ£² ¸´μ w1(x), Éμ²Ó±μ ´  · ¸¸ÉμÖ´¨¨ 2 ³³ μÉ ÉμÎ±¨ ±·¥¶²¥´¨Ö.

‚‹ˆŸ�ˆ… ‚�“’�…��…ƒ� „�‚‹…�ˆŸ �� ��’Ÿ†…�ˆ… ‘’��“

‚²¨Ö´¨¥ ¢´ÊÉ·¥´´¥£μ ¤ ¢²¥´¨Ö ´  ´ ÉÖ¦¥´¨¥ ¸É·μÊ ¨¸¸²¥¤μ¢ ²μ¸Ó ´ 
¸É¥´¤¥ (·¨¸. 2). �μ ¸· ¢´¥´¨Õ ¸μ ¸É¥´¤μ³, ¶·¥¤¸É ¢²¥´´Ò³ ¢ [15], μ´ ¢±²ÕÎ ²
¢Éμ·μ° É¥´§μ¤ ÉÎ¨± D ¤²Ö ¨§³¥·¥´¨Ö ¸Ê³³ ·´μ° ¢¥²¨Î¨´Ò ± ¸ É¥²Ó´μ£μ ´ -
¶·Ö¦¥´¨Ö ¨ ´ ¶·Ö¦¥´¨Ö ¸¨²Ò Q0.

�·£ ´¨§ Í¨Ö ¸É¥´¤ . ‚ ±μ´ÍÒ ¸É·μÊ ¢±²¥¨¢ ²¨¸Ó Í¨²¨´¤·¨Î¥¸± Ö Î ¸ÉÓ
§ £²ÊÏ±¨ ‘ (e1) ¨ § £²ÊÏ±  e2. �¡· É´ Ö ¸Éμ·μ´  § £²ÊÏ±¨ ‘ ¸μ¥¤¨´Ö² ¸Ó
¸ ¤ ÉÎ¨±μ³ Tm. ‡ £²ÊÏ±  e2 Ë¨±¸¨·μ¢ ² ¸Ó ¢ ¶² ´±¥ …, ±μÉμ· Ö ¨³¥²  ¸¢μ-
¡μ¤Ê ¶¥·¥³¥Ð¥´¨Ö ¶μ μ¸´μ¢ ´¨Õ ‚ ¨ ¦¥¸É±μ ¸μ¥¤¨´Ö² ¸Ó ¸ É¥´§μ¤ ÉÎ¨±μ³ D.
�¥·¥¤ ¨¸¶ÒÉ ´¨¥³ ¸É·μÊ ¶μ¤¢¥·£ ² ¸Ó ´ ÉÖ¦¥´¨Õ ¸ ¸¨²μ° T0, ±μÉμ·μ¥ § ¤ -
¢ ²μ¸Ó ¶ÊÉ¥³ ¶¥·¥³¥Ð¥´¨Ö ¤ ÉÎ¨±  D ¶·¨ Ë¨±¸¨·μ¢ ´´μ³ ¶μ²μ¦¥´¨¨ É¥´§μ-
¤ ÉÎ¨±  Tm. �·¨ ÔÉμ³ μ¡  ¤ ÉÎ¨±  ¨§³¥·Ö²¨ ´ ÉÖ¦¥´¨¥.

�μ¸²¥ Ê¸É ´μ¢±¨ É·¥¡Ê¥³μ£μ ´ ÉÖ¦¥´¨Ö ¤ ÉÎ¨± D ±·¥¶¨²¸Ö ± μ¸´μ¢ ´¨Õ.
‡ É¥³ Î¥·¥§ § £²ÊÏ±Ê e2 ¢´ÊÉ·Ó ¸É·μÊ S ¤²¨´μ° L ¶μ¤ ¢ ²¸Ö ¶μ¤ ¤ ¢²¥´¨¥³ P
£ §. ’¥´§μ¤ ÉÎ¨±¨ Tm ¨ D ¨§³¥·Ö²¨ ·¥§Ê²ÓÉ¨·ÊÕÐÊÕ ¸¨² ´ ÉÖ¦¥´¨Ö T0 ¨ ¢´Ê-

�¨¸. 2. ‘É¥´¤ ¤²Ö ¨¸¸²¥¤μ¢ ´¨Ö ¢²¨Ö´¨Ö ´  ¸É·μÊ ¶¥·¥¶ ¤  ¤ ¢²¥´¨Ö
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É·¥´´¥£μ ¤ ¢²¥´¨Ö, ±μÉμ·μ¥ ¢±²ÕÎ ¥É ¢ ¸¥¡Ö ¤¥°¸É¢¨¥ ¤ ¢²¥´¨Ö ´  ¸Éμ·μ´Ê e1,
± ¸ É¥²Ó´μ¥ ¢μ§¤¥°¸É¢¨¥ ¶μ μ±·Ê¦´μ¸É¨ ¸É·μÊ ¸ ´ ¶·Ö¦¥´¨¥³ σθ ¨ ¤¥°¸É¢¨¥
´  ±μ´Í Ì ¸É·μÊ ¶μ¶¥·¥Î´μ° ¸¨²Ò Q0. ‡ £²ÊÏ±  e2 ¸ μ¡¥¨Ì ¸Éμ·μ´ ´ Ìμ¤¨É¸Ö
¶μ¤ μ¤¨´ ±μ¢Ò³ ¤ ¢²¥´¨¥³ P , ¶μÔÉμ³Ê ¥£μ ¤¥°¸É¢¨¥ ´¥ μ± §Ò¢ ¥É ¢²¨Ö´¨Ö ´ 
´ ÉÖ¦¥´¨¥ ¸É·μÊ. �²¥³¥´ÉÒ ¸μ¥¤¨´¥´¨° ¨³¥ÕÉ ³ ²ÊÕ ¢¥²¨Î¨´Ê ¶·μ¤μ²Ó´μ°
¤¥Ëμ·³ Í¨¨, ±μÉμ· Ö ¶·¨  ´ ²¨§¥ ´¥ ÊÎ¨ÉÒ¢ ² ¸Ó. „ ÉÎ¨± Tm [16] ·¥£¨¸É·¨-
·μ¢ ² Éμ²Ó±μ · ¢´μ¤¥°¸É¢ÊÕÐÊÕ ¸¨²Ê · ¸ÉÖ¦¥´¨Ö,   ¤ ÉÎ¨± D ³μ£ ¨§³¥·ÖÉÓ
¨ · ¢´μ¤¥°¸É¢ÊÕÐÊÕ ¸¨²Ê ¸¦ É¨Ö [17]. „²Ö ¨¸±²ÕÎ¥´¨Ö ¢²¨Ö´¨Ö ¢¥¸  § -
£²ÊÏ±¨ ‘ ¨ ¤ ÉÎ¨±  D μ´¨ ¶μ³¥Ð ²¨¸Ó ´  ¶μ¤¸É ¢±¨, ±μÉμ·Ò¥ μ¡¥¸¶¥Î¨¢ ²¨
¸μμ¸´μ¸ÉÓ Í¥´É·  ¸É·μÊ ¸ ÉμÎ±μ° ¶·¨²μ¦¥´¨Ö ¸¨² ± É¥´§μ¤ ÉÎ¨± ³.

�Í¥´±  ¢²¨Ö´¨Ö ¤ ¢²¥´¨Ö. ‚²¨Ö´¨¥ ¤ ¢²¥´¨Ö μÍ¥´¨¢ ²μ¸Ó ¶μ ¨§³¥´¥-
´¨Õ ¶μ± § ´¨° É¥´§μ¤ ÉÎ¨±  Tm. ‡  ¶μ²μ¦¨É¥²Ó´μ¥ ´ ¶· ¢²¥´¨¥ ¤¥°¸É¢¨Ö
¸¨² ¨ ¢Ò§Ò¢ ¥³ÒÌ ¨³¨ ´ ¶·Ö¦¥´¨° ¢Ò¡· ´μ ´ ¶· ¢²¥´¨¥ · ¸ÉÖ¦¥´¨Ö ¤ É-
Î¨±  Tm, ±μÉμ·μ¥ ¢Ò§Ò¢ ¥É¸Ö ·¥ ±Í¨¥° ´ ÉÖ´ÊÉμ° ¸É·μÊ. �·μ¤μ²Ó´μ¥ ´ -
¶·Ö¦¥´¨¥, ¢Ò§Ò¢ ¥³μ¥ ¶·¥¤¢ ·¨É¥²Ó´Ò³ ´ ÉÖ¦¥´¨¥³ ¸É·μÊ, · ¢´μ σT0 =
T0/2πRh. ‚´ÊÉ·¥´´¥¥ ¤ ¢²¥´¨¥ ¤¥°¸É¢Ê¥É ´  ¸Éμ·μ´Ê e1 ¸ ¸¨²μ° FS = PπR2.
�É´μ¸¨É¥²Ó´μ ¸É·μÊ ÔÉÊ ¸¨²Ê ³μ¦´μ μ¶¨¸ ÉÓ ´ ¶·Ö¦¥´¨¥³ σS , ±μÉμ·μ¥ · ¢´μ
σS = PπR2/2πRh = PR/2h. „¥°¸É¢¨¥ ¸¨²Ò FS ¨ ´ ¶·Ö¦¥´¨Ö σS ´ ¶· -
¢²¥´μ ´  ¸¦ É¨¥ É¥´§μ¤ ÉÎ¨± , ¶μÔÉμ³Ê ¥£μ ¢±² ¤ ¢ ·¥§Ê²ÓÉ¨·ÊÕÐ¥¥ ´ ¶·Ö¦¥-
´¨¥ ¡¥·¥É¸Ö ¸ μÉ·¨Í É¥²Ó´Ò³ §´ ±μ³. Š ¸ É¥²Ó´μ¥ ´ ¶·Ö¦¥´¨¥ σθ = PR/h
¢ ¶·μ¤μ²Ó´μ³ ´ ¶· ¢²¥´¨¨ ¢Ò§Ò¢ ¥É ´ ¶·Ö¦¥´¨¥ ¢¥²¨Î¨´μ° μσθ, ±μÉμ·μ¥
¸μ£² ¸´μ (12) ´ ¶· ¢²¥´μ ´  ¸¦ É¨¥ ¸É·μÊ,   ¤ ÉÎ¨± Tm ¶μ¤¢¥·£ ¥É¸Ö · ¸ÉÖ-
¦¥´¨Õ. „¥°¸É¢¨¥ ¶μ¶¥·¥Î´μ° ¸¨²Ò Q0 ¢ ¶·μ¤μ²Ó´μ³ ´ ¶· ¢²¥´¨¨ ¸¢μ¤¨É¸Ö
± ¸¦ É¨Õ É¥´§μ¤ ÉÎ¨±  ¨ ¢Ò§Ò¢ ¥É μÉ·¨Í É¥²Ó´μ¥ ´ ¶·Ö¦¥´¨¥ σQ0 . ‘¨²  Q0

¨³¥¥É · §³¥·´μ¸ÉÓ ¶²μÉ´μ¸É¨. „²Ö μ¶·¥¤¥²¥´¨Ö ¥¥ ´ ¶·Ö¦¥´¨Ö ¸¨²Ê É·¥¡Ê-
¥É¸Ö ¶μ¤¥²¨ÉÓ ´  Éμ²Ð¨´Ê ¸É¥´±¨ ¸É·μÊ σQ0 = P/βh. �μ¸±μ²Ó±Ê σQ0 ¤¥°-
¸É¢Ê¥É μ·Éμ£μ´ ²Ó´μ μ¸¨ X , ¢ ¶·μ¤μ²Ó´μ³ ´ ¶· ¢²¥´¨¨ ÔÉμ ´ ¶·Ö¦¥´¨¥ ¢Ò-
§μ¢¥É Ê³¥´ÓÏ¥´¨¥ ·¥§Ê²ÓÉ¨·ÊÕÐ¥£μ ´ ¶·Ö¦¥´¨Ö ´  ¢¥²¨Î¨´Ê μσQ0 = μP/βh.
�¥§Ê²ÓÉ¨·ÊÕÐ¥¥ ´ ¶·Ö¦¥´¨¥ σm, ¤¥°¸É¢ÊÕÐ¥¥ ´  ¤ ÉÎ¨±¨ Tm ¨ D, · ¢´μ
σm = Fm/2πRh, £¤¥ Fm Å · ¢´μ¤¥°¸É¢ÊÕÐ Ö ¸¨², ¶·¨²μ¦¥´´ÒÌ ± É¥´-
§μ¤ ÉÎ¨±Ê. � ¢´μ¤¥°¸É¢ÊÕÐ Ö ¤²Ö ± ¦¤μ£μ ¤ ÉÎ¨±  ¡Ê¤¥É μ¤¨´ ±μ¢μ°,   ¥¥
´ ¶·Ö¦¥´¨¥ σm, ¶¥·¥¤ ¢ ¥³μ¥ ¸É·μÊ, ¸μ¸É ¢¨É

σm = σT0 − σS + μσθ − μσQ0 . (9)

‚Ò· ¦ Ö ´ ¶·Ö¦¥´¨¥ Î¥·¥§ ¤¥°¸É¢ÊÕÐ¨¥ ¸¨²Ò ¨ Ê³´μ¦ Ö ´  2πRh, ¶μ²ÊÎ¨³

Fm = T0 − πR2P + 2πR2μP (1 − 1/Rβ). (10)

‚ ¢Ò· ¦¥´¨¨ (10) ¢¸¥ ¢¥²¨Î¨´Ò, §  ¨¸±²ÕÎ¥´¨¥³ ±μÔËË¨Í¨¥´É  �Ê ¸¸μ´ ,
³μ¦´μ ¨§³¥·¨ÉÓ, ÎÉμ ¶μ§¢μ²Ö¥É μ¶·¥¤¥²¨ÉÓ ¥£μ §´ Î¥´¨¥ ¤²Ö ³ É¥·¨ ² 
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£μÉμ¢μ° ¸É·μÊ:

μ =
Fm − T0 + πR2P

2πRP (R − 1/β)
=

0,5
(

1 − ΔT

PπR2

)
(

1 − 0,76

√
h

R

/
4
√

1 − μ2

) , (11)

£¤¥ ΔT = T0 − Fm Å ¢¥²¨Î¨´  ¨§³¥´¥´¨Ö ¶μ± § ´¨° É¥´§μ¤ ÉÎ¨±  Tm ¶μ¤
¤¥°¸É¢¨¥³ ¢´ÊÉ·¥´´¥£μ ¤ ¢²¥´¨Ö. ‡´ Î¥´¨¥ ±μÔËË¨Í¨¥´É  �Ê ¸¸μ´  ³μ¦´μ
¶μ²ÊÎ¨ÉÓ ²¨¡μ ·¥Ï¥´¨¥³ ¡¨±¢ ¤· É´μ£μ Ê· ¢´¥´¨Ö (11), ²¨¡μ ³¥Éμ¤μ³ ¶μ-
¸²¥¤μ¢ É¥²Ó´μ£μ ¶·¨¡²¨¦¥´¨Ö. ‚ ÔÉμ³ ¸²ÊÎ ¥ §´ Î¥´¨Õ μ ¶μ¤ ±μ·´¥³ ¶·¨-
¸¢ ¨¢ ¥É¸Ö §´ Î¥´¨¥ μ1 ¢ ¨´É¥·¢ ²¥ 0,3−0,4 ¨ ¶μ Ëμ·³Ê²¥ (11) ¢ÒÎ¨¸²Ö¥É¸Ö
¢¥²¨Î¨´  μ = μ2. …¸²¨ §´ Î¥´¨Ö ´¥ ¸μ¢¶ ¤ ÕÉ, μ1 �= μ2, ¢¥²¨Î¨´Ê μ1 ±μ··¥±-
É¨·ÊÕÉ ¨ ¶μ¢Éμ·ÖÕÉ ¸²¥¤ÊÕÐ¨° Ï £ ¨É¥· Í¨¨. �¡ÒÎ´μ Î¥ÉÒ·¥ Ï £  ¨É¥· -
Í¨¨ ¤μ¸É ÉμÎ´μ ¤²Ö ¶μ²ÊÎ¥´¨Ö §´ Î¥´¨Ö ±μÔËË¨Í¨¥´É  �Ê ¸¸μ´  ¸ ÉμÎ´μ¸ÉÓÕ
±0,001. ˆ§ ¸μμÉ´μÏ¥´¨Ö (11) ¸²¥¤Ê¥É, ÎÉμ §´ Î¥´¨¥ ±μÔËË¨Í¨¥´É  �Ê ¸¸μ´ 
³¥´¥¥ 0,5, ÎÉμ ¸μ£² ¸Ê¥É¸Ö ¸ É¥μ·¥É¨Î¥¸±¨³¨ ¶·¥¤¸± § ´¨Ö³¨ [18]. ‚¥²¨Î¨´Ê
¨§³¥´¥´¨Ö ¶μ± § ´¨° É¥´§μ¤ ÉÎ¨±  ΔT ³μ¦´μ ¨§³¥·¨ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´μ
¨²¨, §´ Ö §´ Î¥´¨¥ μ ¨ ¨¸¶μ²Ó§ÊÖ ¢Ò· ¦¥´¨¥ (11), ¢ÒÎ¨¸²¨ÉÓ ¶μ Ëμ·³Ê²¥

ΔT = πR2P [1 − 2μ + 1,52μ
√

h/R
/

4
√

1 − μ2]. (12)

ˆ§ ¸μμÉ´μÏ¥´¨Ö (12) ¸²¥¤Ê¥É, ÎÉμ ¸É·μÊ ³ ²μ£μ ¤¨ ³¥É·  ¶μ¤¢¥·¦¥´Ò ³¥´Ó-
Ï¥³Ê ¢²¨Ö´¨Õ ¤ ¢²¥´¨Ö. � ¶·¨³¥·, Ê³¥´ÓÏ¥´¨¥ ¶μ± § ´¨Ö É¥´§μ¤ ÉÎ¨±  ¤²Ö
¸É·μÊ ¸ ¶·¨¢¥¤¥´´Ò³¨ ¶ · ³¥É· ³¨ ¶·¨ ¶¥·¥¶ ¤¥ ¤ ¢²¥´¨Ö ¢ 1  É³ ¸μ¸É ¢²Ö¥É
274 £¸/ É³,   ¤²Ö É·Ê¡μ± ¤¨ ³¥É·μ³ 5 ³³ Ê³¥´ÓÏ¥´¨¥ ¸μ¸É ¢¨É 95 £¸/ É³. Š·¨-
É¨Î¥¸± Ö ¢¥²¨Î¨´  ¤ ¢²¥´¨Ö Pcr, ¶·¨ ±μÉμ·μ³ ¶μ± § ´¨¥ É¥´§μ¤ ÉÎ¨±  · ¢´μ
´Ê²Õ Fm = 0, ´ Ìμ¤¨É¸Ö ¨§ ¸μμÉ´μÏ¥´¨Ö (10):

Pcr = T0/πR2[1 − 2μ(1 − 1/βR)]. (13)

�Š‘�…�ˆŒ…�’�‹œ��Ÿ ���‚…�Š� ‚‹ˆŸ�ˆŸ „�‚‹…�ˆŸ
�� ��’Ÿ†…�ˆ… ‘’��“

‚²¨Ö´¨¥ ¤ ¢²¥´¨Ö ´  ´ ÉÖ¦¥´¨¥ ¸É·μÊ ¸ ¶·¨¢¥¤¥´´Ò³¨ ¶ · ³¥É· ³¨ ¡Ò²μ
¶·μ¢¥·¥´μ ¶·¨ · §´ÒÌ §´ Î¥´¨ÖÌ ¥¥ ´ ÉÖ¦¥´¨Ö T0: 1 Å 2220 £¸, 2 Å 1380 £¸,
3 Å 927 £¸ (·¨¸. 3). ‘É¥´¤ ¸ É·Ê¡±μ° ´ Ìμ¤¨²¸Ö ¶·¨  É³μ¸Ë¥·´μ³ ¤ ¢²¥´¨¨.
‚´ÊÉ·Ó É·Ê¡±¨ ¸ Ï £μ³ 0,5  É³ ¶μ¤ ¢ ²μ¸Ó ¤ ¢²¥´¨¥ £ § . �·¨ ± ¦¤μ³ §´ -
Î¥´¨¨ ¤ ¢²¥´¨Ö ·¥£¨¸É·¨·μ¢ ²μ¸Ó ¶μ± § ´¨¥ É¥´§μ¤ ÉÎ¨±  Tm. �¥§Ê²ÓÉ ÉÒ
¨§³¥·¥´¨°, μÉ³¥Î¥´´Ò¥ ´  ·¨¸. 3 ±·Ê¦± ³¨, ¡Ò²¨  ¶¶·μ±¸¨³¨·μ¢ ´Ò ²¨´¥°-
´Ò³¨ § ¢¨¸¨³μ¸ÉÖ³¨. ‹¨´¥°´ Ö  ¶¶·μ±¸¨³ Í¨Ö ¤ ´´ÒÌ ¶μ¢ÒÏ ¥É ÉμÎ´μ¸ÉÓ
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�¨¸. 3. �μ± § ´¨¥ É¥´§μ¤ ÉÎ¨±  Tm ¶·¨ ¤¥°¸É¢¨¨ ¶¥·¥¶ ¤  ¤ ¢²¥´¨Ö

μ¶·¥¤¥²¥´¨Ö ΔT . ‚μ ¢¸¥Ì ¸²ÊÎ ÖÌ ´ ±²μ´ ¶·Ö³ÒÌ ¸μ¸É ¢¨² 274 £¸/É³. ”¨-
É¨·μ¢ ´¨¥ ¤ ´´ÒÌ Ê³¥´ÓÏ¨²μ μÏ¨¡±Ê ¨§³¥·¥´¨Ö ΔT ´  4 %, ÎÉμ ¶μ§¢μ²¨²μ
¡μ²¥¥ ÉμÎ´μ μ¶·¥¤¥²¨ÉÓ ¥£μ ¢¥²¨Î¨´Ê, ´¥μ¡Ìμ¤¨³ÊÕ ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ±μÔË-
Ë¨Í¨¥´É  �Ê ¸¸μ´ . �Ï¨¡±  μ¡Ê¸²μ¢²¥´  ·¥² ±¸ Í¨¥° ´ ÉÖ¦¥´¨Ö ¸É·μÊ ¢μ
¢·¥³¥´¨. ˆ¸¶μ²Ó§ÊÖ ¶μ²ÊÎ¥´´μ¥ §´ Î¥´¨¥ ΔT , · ¢´μ¥ 274 £¸/ É³, ³¥Éμ¤μ³
¶·¨¡²¨¦¥´¨Ö ¡Ò² μ¶·¥¤¥²¥´ ±μÔËË¨Í¨¥´É �Ê ¸¸μ´ . …£μ §´ Î¥´¨¥ ¸μ¸É ¢¨²μ
μ = 0,338.

“¢¥²¨Î¥´¨¥ ¶¥·¥¶ ¤  ¤ ¢²¥´¨Ö ¶·¨¢μ¤¨É ± Ê³¥´ÓÏ¥´¨Õ ¶μ± § ´¨° É¥´§μ-
¤ ÉÎ¨±  Tm, ÎÉμ ¸²¥¤Ê¥É ¨§ (10) ¨ ¸¢Ö§ ´μ ¸ É¥³, ÎÉμ ¸¨²  ¤ ¢²¥´¨Ö ´  e1 ¶·¥-
¢ÒÏ ¥É ¸¨²Ê ¤¥°¸É¢¨Ö ± ¸ É¥²Ó´μ£μ ´ ¶·Ö¦¥´¨Ö ¨ ¶μ¶¥·¥Î´μ° ¸¨²Ò. ‘²¥¤Ê¥É
μÉ³¥É¨ÉÓ, ÎÉμ ¤²Ö ¸É·μÊ ¸¨²  ´ ÉÖ¦¥´¨Ö, ¶·¨¢μ¤ÖÐ Ö ± ¤¥Ëμ·³ Í¨¨, ´¥ Ö¢²Ö-
¥É¸Ö  ¤¤¨É¨¢´μ°. �Éμ μ§´ Î ¥É, ÎÉμ ¶·¨ ´¥μ¤´μ¢·¥³¥´´μ³ ¤¥°¸É¢¨¨ ´  ¸É·μÊ
¸¨² ¢ μ¤´μ³ ´ ¶· ¢²¥´¨¨ (F1 . . . Fi) ³ ±¸¨³ ²Ó´ Ö ¤¥Ëμ·³ Í¨Ö ¡Ê¤¥É μ¶·¥¤¥-
²ÖÉÓ¸Ö ¸¨²μ° ´ ¨¡μ²ÓÏ¥° ¢¥²¨Î¨´Ò Fmax = max (F1 . . . Fi),   ´¥ ¨Ì ¸Ê³³μ°.
‚ ¤¨ ¶ §μ´¥ §´ Î¥´¨° ¤ ¢²¥´¨Ö, ¶·¨ ±μÉμ·ÒÌ ¢Ò¶μ²´Ö¥É¸Ö Ê¸²μ¢¨¥ ΔT < T0,
´ ÉÖ¦¥´¨¥ T0 Ö¢²Ö¥É¸Ö ³ ±¸¨³ ²Ó´μ ¤¥°¸É¢ÊÕÐ¥° ¸¨²μ°, ¶μÔÉμ³Ê ¤²¨´  ¨
´ ÉÖ¦¥´¨¥ ¸É·μÊ ¸ Ë¨±¸¨·μ¢ ´´Ò³¨ ±μ´Í ³¨ μ¸É ÕÉ¸Ö ´¥¨§³¥´´Ò³¨. �·¨
¤¥°¸É¢¨¨ ¤ ¢²¥´¨Ö ¸¨²  ΔT ¡Ê¤¥É Ê³¥´ÓÏ ÉÓ ¢μ§¤¥°¸É¢¨¥ ´ ÉÖ´ÊÉμ° ¸É·μÊ ´ 
É¥´§μ¤ ÉÎ¨± Tm, ¢Ò§Ò¢ Ö Ê³¥´ÓÏ¥´¨¥ ¥£μ ¶μ± § ´¨° Fm = T0 − ΔT . …¸²¨
¸¨²  ¤ ¢²¥´¨Ö ¶·¥¢Ò¸¨É ¸¨²Ê ´ ÉÖ¦¥´¨Ö ΔT > T0, ¸É·μÊ ¡Ê¤¥É ¶μ¤¢¥·¦¥´ 
· ¸ÉÖ¦¥´¨Õ ¨, ± ± ¸²¥¤¸É¢¨¥, ¶·μ£¨¡Ê. �·¨ ÔÉμ³ ´  ¤ ÉÎ¨± Tm ¡Ê¤¥É ¤¥°¸É¢μ-
¢ ÉÓ ·¥§Ê²ÓÉ¨·ÊÕÐ Ö ¸¨²  ¸¦ É¨Ö ¨ μ´ ¶μ± ¦¥É ´Ê²¥¢μ¥ §´ Î¥´¨¥. „ ´´Ò°
ÔËË¥±É ¡Ò² ¶·μ¢¥·¥´ Ô±¸¶¥·¨³¥´É ²Ó´μ. �·¨ ¤²¨´¥ ¸É·μÊ L = 1 ³, ´ ÉÖ-
¦¥´¨¨ T0 = 400 £¸ ¨ ¶·¥¢ÒÏ¥´¨¨ ±·¨É¨Î¥¸±μ£μ ¤ ¢²¥´¨Ö ´  0,25 � (25 £¸)
¶·μ£¨¡ ¢ Í¥´É·¥ ¸É·μÊ ¸μ¸É ¢¨² ¶μ·Ö¤±  6,5 ³³.
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�¨¸. 4. ‡ ¢¨¸¨³μ¸ÉÓ ΔT μÉ · ¤¨Ê¸  ¸É·μÊ

‡ ¢¨¸¨³μ¸ÉÓ ΔT μÉ ¶¥·¥¶ ¤  ¤ ¢²¥´¨Ö ¢ 1  É³ ¶·¨ · §´ÒÌ §´ Î¥´¨ÖÌ
· ¤¨Ê¸  ¸É·μÊ ¶·¨¢¥¤¥´  ´  ·¨¸. 4. ˆ¸¶ÒÉÒ¢ ²¨¸Ó ¸É·μÊ μ¤¨´ ±μ¢μ£μ ¸μ¸É ¢ 
· ¤¨Ê¸μ³ 5, 10 ¨ 20 ³³. ’μ²Ð¨´  ¸É¥´μ± ¸É·μÊ ¸μ¸É ¢²Ö²  20 ³±³. ‚¥²¨-
Î¨´  ΔT ¢μ§· ¸É ¥É ±¢ ¤· É¨Î´μ ¸ Ê¢¥²¨Î¥´¨¥³ · ¤¨Ê¸ , ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É
§ ¢¨¸¨³μ¸É¨ (12). �μÔÉμ³Ê ¨¸¶μ²Ó§μ¢ ´¨¥ ¢ Ô±¸¶¥·¨³¥´É¥ ¤¥É¥±Éμ·μ¢ ¸ É·Ê¡-
± ³¨ ³ ²μ£μ ¤¨ ³¥É·  Ö¢²Ö¥É¸Ö ¶·¥¤¶μÎÉ¨É¥²Ó´Ò³. ˆÌ ¶μ¢¥¤¥´¨¥ ¢ ¢ ±ÊÊ³¥
¡Ê¤¥É μ¸É ¢ ÉÓ¸Ö ¡μ²¥¥ ¸É ¡¨²Ó´Ò³.

�  ·¨¸. 5 ¶·¨¢¥¤¥´  § ¢¨¸¨³μ¸ÉÓ ΔT μÉ Éμ²Ð¨´Ò ¸É¥´μ± ¸É·μÊ ¶·¨ ¶¥-
·¥¶ ¤¥ ¤ ¢²¥´¨Ö ¢ 1  É³. ’¥¸É¨·μ¢ ²¨¸Ó ¸É·μÊ · ¤¨Ê¸μ³ 4,9 ³³ ¨ Éμ²Ð¨´μ°

�¨¸. 5. ‡ ¢¨¸¨³μ¸ÉÓ ΔT μÉ Éμ²Ð¨´Ò ¸É¥´±¨ ¸É·μÊ

9



¸É¥´μ± 12, 20 ¨ 36 ³±³. ’μ²Ð¨´  ¸É¥´±¨ μ± §Ò¢ ¥É ¸² ¡μ¥ ¢²¨Ö´¨¥ ´  ¨§³¥-
´¥´¨¥ ΔT . �·¨ ¨§³¥´¥´¨¨ Éμ²Ð¨´Ò ¸ 12 ¤μ 36 ³±³ ¨§³¥´¥´¨¥ ΔT ¸μ¸É ¢¨²μ
14,1 £¸, ÎÉμ ¸ ¢Ò¸μ±μ° ÉμÎ´μ¸ÉÓÕ ¸μμÉ¢¥É¸É¢Ê¥É § ¢¨¸¨³μ¸É¨ (12). ‚²¨Ö´¨¥
Éμ²Ð¨´Ò μ£· ´¨Î¨¢ ¥É¸Ö § ¢¨¸¨³μ¸ÉÓÕ μÉ · ¤¨Ê¸  ¸É·μÊ. ‚ ¢Ò· ¦¥´¨¥ (12)
μ´  ¢Ìμ¤¨É ¢ ¢¨¤¥ μÉ´μÏ¥´¨Ö

√
h/R, ±μÉμ·μ¥ Ö¢²Ö¥É¸Ö ³ ²Ò³ ¶ · ³¥É·μ³.

� ¤¨Ê¸ ¸É·μÊ, ¨¸¶μ²Ó§Ê¥³ÒÌ ¢ ¤¥É¥±Éμ· Ì, ¶·¥¢ÒÏ ¥É ¨Ì Éμ²Ð¨´Ê ¡μ²¥¥ Î¥³
¢ 100 · §.

�μ¶¥·¥Î´ Ö ¸¨²  Q0 ¸μ£² ¸´μ (10) Ê³¥´ÓÏ ¥É ¢²¨Ö´¨¥ ± ¸ É¥²Ó´μ£μ ´ -
¶·Ö¦¥´¨Ö ´  ¢¥²¨Î¨´Ê 1/Rβ ≈ 5 %. ˆ§³¥´¥´¨¥ ΔT , § ¢¨¸ÖÐ¥¥ μÉ ± ¸ -
É¥²Ó´μ£μ ´ ¶·Ö¦¥´¨Ö σθ ¨ ¸¨²Ò Q0, ¶·¨ § ¤ ´´μ³ ¶¥·¥¶ ¤¥ ¤ ¢²¥´¨Ö ³μ¦´μ
¢ÒÎ¨¸²¨ÉÓ ¶μ Ëμ·³Ê²¥ (12) ¨ ¨§³¥·¨ÉÓ ´  ¸É¥´¤¥. „²Ö ÔÉμ£μ ´¥μ¡Ìμ¤¨³μ ±μ³-
¶¥´¸¨·μ¢ ÉÓ ¤¥°¸É¢¨¥ ¤ ¢²¥´¨Ö ´  ¸Éμ·μ´Ê e1, ±μÉμ·μ¥ ¶·¨ ¶¥·¥¶ ¤¥ ¤ ¢²¥´¨Ö
¢ 1  É³ ¸μ¸É ¢²Ö¥É FP = PπR2 = 754,3 £¸. Šμ³¶¥´¸ Í¨Ö ¤ ¢²¥´¨Ö ¤μ¸É¨-
£ ¥É¸Ö ¶ÊÉ¥³ ¶·¨±² ¤Ò¢ ´¨Ö ± ¤ ÉÎ¨±Ê D ¸¨²Ò ¸¦ É¨Ö ¸É·μÊ ¢¥²¨Î¨´μ° FP ,
±μÉμ· Ö ¡Ê¤¥É ¢μ§¤¥°¸É¢μ¢ ÉÓ ¨ ´  É¥´§μ¤ ÉÎ¨± Tm. �·¨ ÔÉμ³ ¤ ÉÎ¨± Tm ¡Ê-
¤¥É ¨§³¥·ÖÉÓ ·¥§Ê²ÓÉ¨·ÊÕÐ¥¥ ´ ÉÖ¦¥´¨¥ ¸É·μÊ Tmc, ¢±²ÕÎ ÕÐ¥¥ T0, ¸¨²Ê Q0

¨ ± ¸ É¥²Ó´μ¥ ´ ¶·Ö¦¥´¨¥:

Tmc = T0 + 2πR2μP (1 − 1/Rβ). (14)

‚Ò· ¦¥´¨¥ (14) Ö¢²Ö¥É¸Ö ¸²¥¤¸É¢¨¥³ (9) ¶·¨ μÉ¸ÊÉ¸É¢¨¨ ¶¥·¥¶ ¤  ¤ ¢²¥-
´¨Ö ´  § £²ÊÏ± Ì σx = 0. „¥°¸É¢¨¥ ± ¸ É¥²Ó´μ£μ ´ ¶·Ö¦¥´¨Ö ¨ ¶μ¶¥·¥Î´μ°
¸¨²Ò ´ ¶· ¢²¥´μ μ·Éμ£μ´ ²Ó´μ ± μ¸¨ ¸É·μÊ, ¶μÔÉμ³Ê, ´¥¸³μÉ·Ö ´  ³¥´ÓÏÊÕ
Î¥³ T0 ¢¥²¨Î¨´Ê, μ´μ ¢²¨Ö¥É ´  ¤¥Ëμ·³ Í¨Õ ¨ ´ ÉÖ¦¥´¨¥. “¢¥²¨Î¥´¨¥ ¶μ-
± § ´¨° É¥´§μ¤ ÉÎ¨±  ¸μ¸É ¢¨²μ §´ Î¥´¨¥ 482 £¸/ É³, ±μÉμ·μ¥ ¸μμÉ¢¥É¸É¢Ê¥É
Ê¢¥²¨Î¥´¨Õ ´ ÉÖ¦¥´¨Ö ¸É·μÊ. �¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨° ¸μ£² ¸ÊÕÉ¸Ö ¸ μÍ¥´±μ°
¶μ Ëμ·³Ê²¥ (14), ±μÉμ· Ö ¤ ¥É Ê¢¥²¨Î¥´¨¥ ¶μ± § ´¨° ´  484 £¸/ É³. ’¥μ·¥É¨-
Î¥¸±¨°  ´ ²¨§ ¨ Ô±¸¶¥·¨³¥´É ²Ó´ Ö ¶·μ¢¥·±  Ê± §Ò¢ ÕÉ ´  ¤μ¸Éμ¢¥·´μ¸ÉÓ ¨
μÉ¸ÊÉ¸É¢¨¥ ¤·Ê£¨Ì ³¥Ì ´¨§³μ¢ ¢²¨Ö´¨Ö ¤ ¢²¥´¨Ö ´  ´ ÉÖ¦¥´¨¥ ¸É·μÊ. “¸²μ-
¢¨¥ (14) ¶μ§¢μ²Ö¥É μÍ¥´¨ÉÓ ´ ÉÖ¦¥´¨¥ ¸É·μÊ T0 ¶·¨ · ¡μÉ¥ ¢ ¢ ±ÊÊ³¥. ‚ ÔÉμ³
¸²ÊÎ ¥ ¶¥·¥¶ ¤ ¤ ¢²¥´¨Ö P ¢ ¶μ¶¥·¥Î´μ³ ´ ¶· ¢²¥´¨¨ ¸μ¸É ¢²Ö¥É 1  É³,  
¶·¨ μÉ¸ÊÉ¸É¢¨¨ ¶¥·¥¶ ¤  ¤ ¢²¥´¨Ö ´  § £²ÊÏ± Ì ¶¥·¢μ´ Î ²Ó´μ § ¤ ´´μ¥ ´ -
ÉÖ¦¥´¨¥ T0 ¸μ£² ¸´μ (14) Ê¢¥²¨Î¨É¸Ö ´  484 £¸. …¸²¨ ±μ´¸É·Ê±Í¨Ö £ §μμ¡¥¸-
¶¥Î¥´¨Ö ¸É·μÊ ¢±²ÕÎ ¥É ¶¥·¥¶ ¤ ¤ ¢²¥´¨Ö ´  § £²ÊÏ± Ì, ´ ÉÖ¦¥´¨¥ μ¸É ´¥É¸Ö
´¥¨§³¥´´Ò³.

‡�Š‹	—…�ˆ…

‘ ¨¸¶μ²Ó§μ¢ ´¨¥³ É¥μ·¨¨ μ¡μ²μÎ¥± ¢Ò¶μ²´¥´  ´ ²¨§ ¤¥Ëμ·³ Í¨¨ ¸É·μÊ
¶μ¤ ¤¥°¸É¢¨¥³ ¸¨² ´ ÉÖ¦¥´¨Ö ¨ ¢´ÊÉ·¥´´¥£μ ¤ ¢²¥´¨Ö. �μ²ÊÎ¥´Ò  ´ ²¨É¨-
Î¥¸±¨¥ § ¢¨¸¨³μ¸É¨ ¤¥Ëμ·³ Í¨¨, ±μÉμ·Ò¥ ¶·μ¢¥·¥´Ò Ô±¸¶¥·¨³¥´É ²Ó´μ. �μ-
± § ´μ ¢²¨Ö´¨¥ ¶¥·¥¶ ¤  ¤ ¢²¥´¨Ö ´  Éμ·Í¥¢μ° ¸Éμ·μ´¥ § £²ÊÏ±¨. �·¨ ¥£μ
μÉ¸ÊÉ¸É¢¨¨ ´ ÉÖ¦¥´¨¥ ¸É·μÊ Ê¢¥²¨Î¨¢ ¥É¸Ö ´  482 £¸/ É³. �¥·¥¶ ¤ ¤ ¢²¥´¨Ö
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´  § £²ÊÏ± Ì ¢ ¤¨ ¶ §μ´¥ P < Pcr ´¥ ¢²¨Ö¥É ´  ´ ÉÖ¦¥´¨¥ ¨ ¤¥Ëμ·³ Í¨Õ
¸É·μÊ. Š·¨É¨Î¥¸± Ö ¢¥²¨Î¨´  ¶¥·¥¶ ¤  ¤ ¢²¥´¨Ö Pcr § ¢¨¸¨É μÉ ´ ÉÖ¦¥´¨Ö T0,
· ¤¨Ê¸  ¨ Éμ²Ð¨´Ò ¸É·μÊ ¨ ¸¢μ°¸É¢ ¥¥ ³ É¥·¨ ² .

„μ¶Ê¸É¨³Ò° ¤¨ ¶ §μ´ ¶¥·¥¶ ¤  ¢´ÊÉ·¥´´¥£μ ¤ ¢²¥´¨Ö ΔP , ¢ ±μÉμ·μ³
´ ÉÖ¦¥´¨¥ ¸É·μÊ μ¸É ¥É¸Ö ¶μ¸ÉμÖ´´Ò³, ±¢ ¤· É¨Î´μ § ¢¨¸¨É μÉ ¥¥ · ¤¨Ê¸ .
�μÔÉμ³Ê ¨¸¶μ²Ó§μ¢ ´¨¥ ¢ ¤¥É¥±Éμ· Ì ¸É·μÊ ³ ²μ£μ ¤¨ ³¥É·  Ö¢²Ö¥É¸Ö ¶·¥¤-
¶μÎÉ¨É¥²Ó´Ò³. ’μ²Ð¨´  ¸É¥´μ± ¸É·μÊ ´¥ μ± §Ò¢ ¥É § ³¥É´μ£μ ¢²¨Ö´¨Ö ´  ¨§-
³¥´¥´¨¥ ´ ÉÖ¦¥´¨Ö ΔT . ’·μ¥±· É´μ¥ Ê¢¥²¨Î¥´¨¥ Éμ²Ð¨´Ò ¸É·μÊ ¤¨ ³¥É·μ³
9,8 ³³ ¶·¨¢¥²μ ± ¨§³¥´¥´¨Õ ΔT ¢¸¥£μ ´  14,1 £¸.

�É³¥Î¥´ ´¥¤μ¸É Éμ± É¥Ì´μ²μ£¨¨ ´ ÉÖ¦¥´¨Ö ¸É·μÊ §  ¸Î¥É ¢´ÊÉ·¥´´¥£μ
¤ ¢²¥´¨Ö, ±μÉμ·μ¥ ¢Ò§Ò¢ ¥É ¨Ì ¢· Ð¥´¨¥. ‚· Ð¥´¨¥ ¸É·μÊ ¶·¨¢μ¤¨É ± ¨Ì
¤¥Ëμ·³ Í¨¨ ¨ Ê³¥´ÓÏ¥´¨Õ ¸·μ±  · ¡μÉÒ ¢ Ô±¸¶¥·¨³¥´É¥. ‘±²¥¨¢ ´¨¥ ¸É·μÊ
¢ ³ ¸¸¨¢ Ê¢¥²¨Î¨¢ ¥É ±μ²¨Î¥¸É¢μ ¢¥Ð¥¸É¢  ´  ¶ÊÉ¨ ¶ÊÎ± , ±μÉμ·μ¥ ÊÌÊ¤Ï ¥É
±μμ·¤¨´ É´μ¥ · §·¥Ï¥´¨¥.

�·¥¤²μ¦¥´  ´μ¢ Ö ³¥Éμ¤¨±  μ¶·¥¤¥²¥´¨Ö ±μÔËË¨Í¨¥´É  �Ê ¸¸μ´  ³ É¥-
·¨ ²  £μÉμ¢μ° ¸É·μÊ, ¨ ¨§³¥·¥´  ¥£μ ¢¥²¨Î¨´ . „²Ö É·Ê¡μ± Éμ²Ð¨´μ° 20 ³±³,
¨¸¶μ²Ó§Ê¥³ÒÌ ¤²Ö ¸μ§¤ ´¨Ö ¸É·μÊ ¤¥É¥±Éμ·  ¤²Ö Ô±¸¶¥·¨³¥´É  COMET, ¥£μ
§´ Î¥´¨¥ · ¢´μ μ = 0,338.

�¥§Ê²ÓÉ ÉÒ · ¡μÉÒ ¨³¥ÕÉ ¢ ¦´μ¥ §´ Î¥´¨¥ ¤²Ö ¶μ´¨³ ´¨Ö ¶μ¢¥¤¥´¨Ö ¤¥-
É¥±Éμ·μ¢ ´  ¡ §¥ ¸¢ ·´ÒÌ ¸É·μÊ ¢ ¢ ±ÊÊ³¥, ¢Ò¡μ·  ¨Ì ¶ · ³¥É·μ¢ ¨ É¥Ì´μ²μ£¨¨
¸μ§¤ ´¨Ö.
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