
P13-2009-72

Œ.‚. �Ê² ¢¨´, …. �. ŠÊ² £¨´, ‘.�. ŠÊ²¨±μ¢, Š.�. ŒÊÌ¨´,
„. …. ˜ ¡ ²¨´, …. �. ˜ ¡ ²¨´

Œ�„…‹ˆ��‚��ˆ… ��…‚Œ�’���‘���’� ’‚…�„›•
˜��ˆŠ�‚ •�‹�„��ƒ� ‡�Œ…„‹ˆ’…‹Ÿ �…‰’����‚:
��‘��…„…‹…�ˆ… ‘Š���‘’ˆ ˆ ‚�…Œ…�ˆ „‚ˆ†…�ˆŸ



�Ê² ¢¨´ Œ.‚. ¨ ¤·. P13-2009-72
Œμ¤¥²¨·μ¢ ´¨¥ ¶´¥¢³μÉ· ´¸¶μ·É  É¢¥·¤ÒÌ Ï ·¨±μ¢ Ìμ²μ¤´μ£μ
§ ³¥¤²¨É¥²Ö ´¥°É·μ´μ¢: · ¸¶·¥¤¥²¥´¨¥ ¸±μ·μ¸É¨ ¨ ¢·¥³¥´¨ ¤¢¨¦¥´¨Ö

‚ ³μ¤¥·´¨§¨·μ¢ ´´μ³ ·¥ ±Éμ·¥ ˆ��-2Œ ¢ ¸μ¸É ¢ ±μ³¶²¥±¸  § ³¥¤²¨É¥²¥°
´¥°É·μ´μ¢ ¢Ìμ¤ÖÉ Ìμ²μ¤´Ò¥ § ³¥¤²¨É¥²¨, £¤¥ · ¡μÎ¨³ ¢¥Ð¥¸É¢μ³ Ö¢²ÖÕÉ¸Ö Ï -
·¨±¨ ¨§ É¢¥·¤μ° § ³μ·μ¦¥´´μ° ¸³¥¸¨  ·μ³ É¨Î¥¸±¨Ì Ê£²¥¢μ¤μ·μ¤μ¢ Å ³¥§¨É¨-
²¥´  ¨ m-±¸¨²μ² . ˜ ·¨±¨ ¡Ê¤ÊÉ ¤μ¸É ¢²ÖÉÓ¸Ö ¢ ± ³¥·Ê § ³¥¤²¨É¥²Ö ¶μÉμ±μ³
Ìμ²μ¤´μ£μ £¥²¨Ö. ‚ ¤ ´´μ° · ¡μÉ¥ ¶´¥¢³μÉ· ´¸¶μ·É Ï ·¨±μ¢ ³μ¤¥²¨·μ¢ ²¸Ö
¤¢¨¦¥´¨¥³ ¸É¥±²Ö´´ÒÌ Ï ·¨±μ¢ ¸  §μÉμ³ ±μ³´ É´μ° É¥³¶¥· ÉÊ·Ò ¢ ± Î¥¸É¢¥
É· ´¸¶μ·É¨·ÊÕÐ¥£μ £ § . ‚ÒÖ¢²¥´ ¸ÉμÌ ¸É¨Î¥¸±¨° Ì · ±É¥· ¤¢¨¦¥´¨Ö Ï ·¨±μ¢,
¨§³¥·¥´Ò Ì · ±É¥·¨¸É¨±¨ · §¡·μ¸  ¸±μ·μ¸É¥° ¨ ¢·¥³¥´¨ ¤¢¨¦¥´¨Ö Ï ·¨±μ¢ ´ 
É· ¸¸¥ ¤²¨´μ° 11,4 ³. �μ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¨¸¶μ²Ó§μ¢ ´Ò ¤²Ö ±μ··¥±É¨·μ¢±¨
· ¸Î¥É´μ° ³¥Éμ¤¨±¨.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ ´¥°É·μ´´μ° Ë¨§¨±¨ ¨³. ˆ.Œ. ”· ´± ,
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Modeling of Pneumatic Transport of the Solid Balls of the Cold
Neutron Moderator: the Distribution of Velocity and Traveling Time

In modernized reactor IBR-2M cold moderators are included into makeup of a
complex of neutron moderators where working substance are balls from the solid
frozen mix of aromatic hydrocarbons Å mesitylene and m-xylene. Balls will be
delivered into the chamber of moderator by 	ow of cold helium. In this work
pneumotransport of balls was modeled by movement of glass balls with nitrogen of
the room temperature as transporting gas. Stochastic character of movement of balls
is revealed, characteristics of dispersion of speeds and time of movement of balls
are measured for a line 11.4 m long. The obtained results are used for updating a
calculation method.

The investigation has been performed at the Frank Laboratory of Neutron Physics,
JINR.
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‚ ³μ¤¥·´¨§¨·μ¢ ´´μ³ ·¥ ±Éμ·¥ ˆ��-2Œ [1] ¡Ê¤¥É ¸μ§¤ ´ ´μ¢Ò° ±μ³-
¶²¥±¸ § ³¥¤²¨É¥²¥° ´¥°É·μ´μ¢, ¢ ¸μ¸É ¢ ±μÉμ·μ£μ ¢Ìμ¤ÖÉ É·¨ Ìμ²μ¤´ÒÌ § -
³¥¤²¨É¥²Ö [2]. � ¡μÎ¨³ ¢¥Ð¥¸É¢μ³ Ìμ²μ¤´ÒÌ § ³¥¤²¨É¥²¥° ¡Ê¤ÊÉ Ï ·¨±¨ ¨§
É¢¥·¤μ° § ³μ·μ¦¥´´μ° ¸³¥¸¨  ·μ³ É¨Î¥¸±¨Ì Ê£²¥¢μ¤μ·μ¤μ¢ Å ³¥§¨É¨²¥´  ¨
m-±¸¨²μ² . ˜ ·¨±¨ ¡Ê¤ÊÉ ¤μ¸É ¢²ÖÉÓ¸Ö ¢ ± ³¥·Ê § ³¥¤²¨É¥²Ö ¶μÉμ±μ³ Ìμ-
²μ¤´μ£μ £¥²¨Ö, ±μÉμ·Ò³ μ´¨ § É¥³ μÌ² ¦¤ ÕÉ¸Ö ¢ ¶·μÍ¥¸¸¥ · ¡μÉÒ ·¥ ±Éμ· .
ˆ§-§  ³ ²μ° Ê¤ ·´μ° ¶·μÎ´μ¸É¨ Ï ·¨±μ¢ ¸±μ·μ¸ÉÓ ¨Ì É· ´¸¶μ·É¨·μ¢±¨ ´¥
¤μ²¦´  ¶·¥¢μ¸Ìμ¤¨ÉÓ μ¶·¥¤¥²¥´´μ£μ ¶·¥¤¥² ,   ¸ ¤·Ê£μ° ¸Éμ·μ´Ò, ¢·¥³Ö § -
£·Ê§±¨ ± ³¥·Ò ´¥ ¤μ²¦´μ ¡ÒÉÓ ¸²¨Ï±μ³ ¤μ²£¨³. �μÔÉμ³Ê ¢ ¦´Ò³ ³μ³¥´Éμ³
· §· ¡μÉ±¨ ¸¨¸É¥³Ò ¶´¥¢³ É¨Î¥¸±μ° É· ´¸¶μ·É¨·μ¢±¨ Ï ·¨±μ¢ ¡Ò²μ ¨¸¸²¥-
¤μ¢ ´¨¥ ¤¢¨¦¥´¨Ö ¸É¥±²Ö´´ÒÌ Ï ·¨±μ¢ ´  ³ ±¥É¥ ¶´¥¢³μÉ· ¸¸Ò ¸ É¥¶²Ò³
 §μÉμ³ ¢ ± Î¥¸É¢¥ É· ´¸¶μ·É¨·ÊÕÐ¥£μ £ §  ¸ ¸μ¡²Õ¤¥´¨¥³ ¶·¨´Í¨¶  ¶μ¤μ-
¡¨Ö [3]. ‚ Ìμ¤¥ ¢Ò¶μ²´¥´¨Ö ÔÉ¨Ì ¨¸¸²¥¤μ¢ ´¨° ¡Ò² ¢ÒÖ¢²¥´ ¸ÉμÌ ¸É¨Î¥¸±¨°
Ì · ±É¥· ¤¢¨¦¥´¨Ö Ï ·¨±μ¢, μ¡Ê¸²μ¢²¥´´Ò° ¨Ì ¸Éμ²±´μ¢¥´¨Ö³¨ ¸μ ¸É¥´± ³¨
É·Ê¡Ò, ¨ ¢μ§´¨±²  ´¥μ¡Ìμ¤¨³μ¸ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´μ£μ μ¶·¥¤¥²¥´¨Ö ¢¥²¨Î¨´Ò
· §¡·μ¸  ¸±μ·μ¸É¥° ¨ ¢·¥³¥´¨ ¤¢¨¦¥´¨Ö Ï ·¨±μ¢ ¢ ·¥ ²Ó´μ° ¸É ²Ó´μ° É·Ê¡¥,
ÎÉμ ¨ Ö¢¨²μ¸Ó Í¥²ÓÕ ¤ ´´μ° · ¡μÉÒ. ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ¡Ò²  · §· ¡μÉ ´  É¥-
μ·¨Ö ¤¢¨¦¥´¨Ö ¨¤¥ ²Ó´ÒÌ Ï ·¨±μ¢ ¢ £² ¤±μ° É·Ê¡¥ ¨ ¶·¨¡²¨¦¥´´ Ö É¥μ·¨Ö
¢²¨Ö´¨Ö Ï¥·μÌμ¢ Éμ¸É¨ ¸É¥´μ± É·Ê¡Ò ¨ ´¥¸Ë¥·¨Î´μ¸É¨ Ï ·¨±  [3, 4].

1. Œ…’�„ˆŠ� �Š‘�…�ˆŒ…�’�


±¸¶¥·¨³¥´ÉÒ ¶·μ¢μ¤¨²¨¸Ó ¸μ ¸É¥±²Ö´´Ò³¨ Ï ·¨± ³¨ ¢ ¸É ²Ó´μ° ±·Ê£-
²μ° É·Ê¡¥, É· ´¸¶μ·É¨·Ê¥³Ò³¨ ¶μÉμ±μ³ £ §   §μÉ  ±μ³´ É´μ° É¥³¶¥· ÉÊ·Ò.
�¥§Ê²ÓÉ ÉÒ É ±μ£μ ³μ¤¥²¨·μ¢ ´¨Ö ²¥£±μ ¶¥·¥´μ¸ÖÉ¸Ö ´  ¸²ÊÎ ° ¤¢¨¦¥´¨Ö Ï -
·¨±μ¢ ¨§ ³¥§¨É¨²¥´  ¢ ¶μÉμ±¥ Ìμ²μ¤´μ£μ £¥²¨Ö ¢¸²¥¤¸É¢¨¥ ¨¤¥´É¨Î´μ¸É¨ ¨²¨
¡²¨§μ¸É¨ μ¶·¥¤¥²ÖÕÐ¨Ì ¶ · ³¥É·μ¢ ¤¢¨¦¥´¨Ö: Î¨¸¥² �¥°´μ²Ó¤¸ , ±μ³¶²¥±-
¸μ¢ ρgas/(ρballdball), dball/D ¨ (1 + k)μ, £¤¥ ρgas, ρball Å ¶²μÉ´μ¸É¨ ¸μμÉ¢¥É-
¸É¢¥´´μ £ §  ¨ Ï ·¨± , dball ¨ D Å ¤¨ ³¥É·Ò Ï ·¨±  ¨ É·Ê¡Ò; k Å ±μÔË-
Ë¨Í¨¥´ÉÒ ¢μ¸¸É ´μ¢²¥´¨Ö ¸±μ·μ¸É¨ ¶·¨ Ê¤ ·¥; μ Å ±μÔËË¨Í¨¥´ÉÒ É·¥´¨Ö
¸±μ²Ó¦¥´¨Ö (¸³. [3, 4]).

‘Ì¥³  Ô±¸¶¥·¨³¥´É ²Ó´μ° Ê¸É ´μ¢±¨ ¶·¥¤¸É ¢²¥´  ´  ·¨¸. 1 ¨ 2.
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�¨¸. 1. 
±¸¶¥·¨³¥´É ²Ó´ Ö Ê¸É ´μ¢±  ¸ ¶·Ö³Ò³ ÊÎ ¸É±μ³ É·Ê¡Ò: 1 Å ¡ ²²μ´ ¸μ
¸¦ ÉÒ³  §μÉμ³; 2 Å ¶·μ³¥¦ÊÉμÎ´Ò° ¡ ²²μ´; 3 Å ¶μ¶² ¢±μ¢Ò° · ¸Ìμ¤μ³¥·; 4 Å
Ê§±¨° É·Ê¡μ¶·μ¢μ¤; 5 Å § £·Ê§μÎ´μ¥ Ê¸É·μ°¸É¢μ; 6 Å μ¸Í¨²²μ£· Ë ¸ ¶Ó¥§μ±·¨¸É ²²μ³;
7 Å ¶·Ö³μ° ÊÎ ¸Éμ± ¸É ²Ó´μ° É·Ê¡Ò; 8 Å ¸É¥±²Ö´´ Ö É·Ê¡ ; 9 Å ² ³¶Ò; 10 Å
ËμÉμ¢¨¤¥μ± ³¥· 

CÉ ²Ó´ Ö É· ´¸¶μ·É´ Ö É·Ê¡  ¤²¨´μ° 11,4 ³ ¨ ¢´ÊÉ·¥´´¨³ ¤¨ ³¥É·μ³
16 ³³ ¡Ò²  ¸μ¸É ¢²¥´  ¨§ ¤¢ÊÌ · ¢´ÒÌ μÉ·¥§±μ¢, ¸μ¥¤¨´¥´´ÒÌ ¡¥§ ¶μ·μ£ .
�·¥¦¤¥ Î¥³ ¶μ¶ ¸ÉÓ ¢ É· ´¸¶μ·É´ÊÕ É·Ê¡Ê, £ § ¨§ ¡ ²²μ´  ¡μ²ÓÏμ£μ ¤ ¢²¥-
´¨Ö Î¥·¥§ ¶μ´¨¦ ÕÐ¨° ·¥£Ê²¨·Ê¥³Ò° ·¥¤Ê±Éμ· ¶·μÌμ¤¨² Î¥·¥§ Ê§±¨° É·Ê¡μ-
¶·μ¢μ¤ 4 ¨ ¶·μ³¥¦ÊÉμÎ´Ò° ¡ ²²μ´ 2, ±μÉμ·Ò¥ ¸²Ê¦¨²¨ Ë¨²ÓÉ·μ³ ±μ²¥¡ ´¨°
· ¸Ìμ¤ . �Ê¦´ Ö ¸±μ·μ¸ÉÓ £ §  (· ¸Ìμ¤) ±μ´É·μ²¨·μ¢ ² ¸Ó ¶μ¶² ¢±μ¢Ò³ · ¸-
Ìμ¤μ³¥·μ³, ¶·μ£· ¤Ê¨·μ¢ ´´Ò³ ¶μ ¤¨ËË¥·¥´Í¨ ²Ó´μ³Ê ³ ´μ³¥É·Ê ¸ É·Ê¡±μ°
�¨Éμ. ‚ É· ´¸¶μ·É´ÊÕ É·Ê¡Ê Ï ·¨± ¶μ¸ÉÊ¶ ² ¨§ § £·Ê§μÎ´μ£μ Ê¸É·μ°¸É¢ .
‘É ·É Ï ·¨±  ¡Ò² ¸¨´Ì·μ´¨§¨·μ¢ ´ ¶μ ¢·¥³¥´¨ ¸ § ¶Ê¸±μ³ μ¸Í¨²²μ£· Ë ,
±μÉμ·Ò° ·¥£¨¸É·¨·μ¢ ² ¨³¶Ê²Ó¸Ò ¶Ó¥§μ±·¨¸É ²² , ¶·¨±·¥¶²¥´´μ£μ ± É·Ê¡¥.
ˆ³¶Ê²Ó¸Ò ¢μ§´¨± ÕÉ ¶μ¸ÉμÖ´´μ, ¶μ±  Ï ·¨± ¤¢¨¦¥É¸Ö ¢ É·Ê¡¥, ¨§-§  É·¥´¨Ö
¨ Ê¤ ·μ¢ Ï ·¨±  μ ¸É¥´±¨. 
Éμ ¶μ§¢μ²Ö²μ μ¶·¥¤¥²ÖÉÓ ¢·¥³Ö ¤¢¨¦¥´¨Ö Ï ·¨± 
¶μ É·Ê¡¥. �·¨³¥·´μ μ¤´μ¢·¥³¥´´μ ¸μ ¸É ·Éμ³ Ï ·¨±  ¢±²ÕÎ ²¨ ·¥¦¨³ ¢¨¤¥μ-
¸Ñ¥³±¨ ´  ¢¨¤¥μ± ³¥·¥ 10. ‚¨¤¥μ± ³¥·  ·¥£¨¸É·¨·μ¢ ²  ¤¢¨¦¥´¨¥ Ï ·¨±  ¶μ
¸É¥±²Ö´´μ° É·Ê¡¥ ¤¨ ³¥É·μ³ 17 ³³, ±μÉμ· Ö Ö¢²Ö² ¸Ó ¶·μ¤μ²¦¥´¨¥³ ¸É ²Ó´μ°
É·Ê¡Ò. „ ´´Ò¥ ¸ ¢¨¤¥μ± ³¥·Ò ¶¥·¥´μ¸¨²¨ ¢ ±μ³¶ÓÕÉ¥·, ¨ ¶μ¸²¥ μ¡· ¡μÉ±¨
¸ ¶μ³μÐÓÕ ¶·μ£· ³³ ®Imagen¯ ¨ ®Origin¯ ¶μ²ÊÎ ²¨ §´ Î¥´¨¥ ±μ´¥Î´μ°
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�¨¸. 2. 
±¸¶¥·¨³¥´É ²Ó´ Ö Ê¸É ´μ¢±  ¸ ÊÎ ¸É±μ³ ¶μ¤Ñ¥³ : 1 Å ¡ ²²μ´ ¸ ¸¦ ÉÒ³
 §μÉμ³; 2 Å ¶·μ³¥¦ÊÉμÎ´Ò° ¡ ²²μ´; 3 Å ¶μ¶² ¢±μ¢Ò° · ¸Ìμ¤μ³¥·; 4 Å Ê§±¨° É·Ê-
¡μ¶·μ¢μ¤; 5 Å § £·Ê§μÎ´μ¥ Ê¸É·μ°¸É¢μ; 6 Å ÊÎ ¸Éμ± ¶μ¤Ñ¥³ ; 7 Å ¶·Ö³μ° ÊÎ ¸Éμ±
¸É ²Ó´μ° É·Ê¡Ò

¸±μ·μ¸É¨ Ï ·¨± . ’ ±¨³ μ¡· §μ³ ¡Ò²¨ ¶μ²ÊÎ¥´Ò · ¸¶·¥¤¥²¥´¨Ö ¸±μ·μ¸É¥° ¨
¢·¥³¥´¨ ¤¢¨¦¥´¨Ö ¶μ ¶·Ö³μ° É·Ê¡¥ ¸É¥±²Ö´´ÒÌ Ï ·¨±μ¢ ¨ μ¸±μ²±μ¢ Ï ·¨±μ¢
· §´μ£μ · §³¥·  ¶·¨ · §´μ³ · ¸Ìμ¤¥ £ § .

�μ¸±μ²Ó±Ê ¢ ·¥ ²Ó´μ³ Ï ·¨±μ¢μ³ É·Ê¡μ¶·μ¢μ¤¥ ¨³¥ÕÉ¸Ö ´ ±²μ´´Ò¥ Î -
¸É¨ Å ¶μ¤Ñ¥³Ò, ´¥μ¡Ìμ¤¨³μ ¡Ò²μ Ê¸É ´μ¢¨ÉÓ ¶·¥¤¥²Ó´ÊÕ ¸±μ·μ¸ÉÓ £ § , ¶·¨
±μÉμ·μ° Ï ·¨± ¶·¥μ¤μ²¥¢ ¥É ¶μ¤Ñ¥³. � ¨¡μ²ÓÏ¨° ¶μ¤Ñ¥³ (´  ¢Ò¸μÉÊ 70 ¸³)
¨¤¥É ¶μ¤ Ê£²μ³ 30◦ ± £μ·¨§μ´ÉÊ ¸ § Ìμ¤μ³ ¨ ¢ÒÌμ¤μ³ ¨§ ¶μ¤Ñ¥³  · ¤¨Ê¸μ³
40 ¸³. �μ¤Ñ¥³ É ±μ° ¦¥ £¥μ³¥É·¨¨ ³μ¤¥²¨·μ¢ ²¸Ö ¨§μ£´ÊÉμ° ¸É ²Ó´μ° É·Ê¡μ°,
±μÉμ· Ö Ê¸É ´ ¢²¨¢ ² ¸Ó ¢³¥¸Éμ ¸É¥±²Ö´´μ° É·Ê¡Ò (¸³. ·¨¸. 2). ‚ Ô±¸¶¥·¨³¥´-
É Ì ¶μ ¶·μÌμ¦¤¥´¨Õ Ï ·¨± ³¨ ¶μ¤Ñ¥³  Ë¨±¸¨·μ¢ ²¸Ö Éμ²Ó±μ Ë ±É ¢ÒÌμ¤ 
Ï ·¨±  ¨§ É·Ê¡Ò ¨ ´¥ Ë¨±¸¨·μ¢ ²¨¸Ó ¸±μ·μ¸ÉÓ ¨ ¢·¥³Ö ¤¢¨¦¥´¨Ö Ï ·¨± .

2. �Š‘�…�ˆŒ…�’�‹œ�›… „���›…

�¥§Ê²ÓÉ ÉÒ Ô±¸¶¥·¨³¥´Éμ¢ ¶μ ¨§³¥·¥´¨Õ · ¸¶·¥¤¥²¥´¨Ö ±μ´¥Î´ÒÌ ¸±μ-
·μ¸É¥° ¨ ¢·¥³¥´¨ ¤¢¨¦¥´¨Ö ±·Ê£²ÒÌ ¸É¥±²Ö´´ÒÌ Ï ·¨±μ¢ ¤¨ ³¥É·μ³ 5 ³³ ¨
μ¸±μ²±μ¢ ¶μ¸²¥ ¶·μÌμ¦¤¥´¨Ö ¶μ ¶·Ö³μ° ¸É ²Ó´μ° É·Ê¡¥ ¤¨ ³¥É·μ³ 16 ³³ ¨
¤²¨´μ° 11,4 ³ ¶·¨ · §´ÒÌ ¸±μ·μ¸ÉÖÌ É· ´¸¶μ·É¨·ÊÕÐ¥£μ £ §   §μÉ  ¶·¥¤¸É -
¢²¥´Ò ´  ·¨¸. 3Ä11 ¨ ¢ É ¡²¨Í¥.
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�Ò²¨ É ±¦¥ ¶·μ¢¥¤¥´Ò Ô±¸¶¥·¨³¥´ÉÒ ¶μ ¤¢¨¦¥´¨Õ Ï ·¨±μ¢ ´  ÊÎ ¸É±¥
¶μ¤Ñ¥³  É·Ê¡μ¶·μ¢μ¤  ´  30◦ ´  ¢Ò¸μÉÊ 70 ¸³ (¸μμÉ¢¥É¸É¢¥´´μ, ¤²¨´  ¶μ¤Ñ-
¥³  Å 1,4 ³). ƒ² ¢´μ° § ¤ Î¥° ÔÉ¨Ì μ¶ÒÉμ¢ ¡Ò²μ μ¶·¥¤¥²¨ÉÓ, ¶·¨ ± ±μ°
¸±μ·μ¸É¨ £ §  Ï ·¨± ¶·¥μ¤μ²¥¢ ¥É ¶μ¤Ñ¥³.

�Ò² μ¸ÊÐ¥¸É¢²¥´ ¶μμÎ¥·¥¤´Ò° ¶Ê¸± ¢μ¸Ó³¨ Ï ·¨±μ¢, ±μÉμ·Ò° ¶μ± § ²,
ÎÉμ §´ Î¥´¨¥ ¸±μ·μ¸É¨ £ § , ¶·¨ ±μÉμ·μ° Ï ·¨± ¶·¥μ¤μ²¥¢ ¥É ¶μ¤Ñ¥³, · ¢´ 
6,6 ³/¸. ‘±μ·μ¸ÉÓ £ § , ´¥μ¡Ìμ¤¨³ Ö ¤²Ö ¶·¥μ¤μ²¥´¨Ö ¶μ¤Ñ¥³  Ï ·¨±μ³ ¸ ´Ê-
²¥¢μ° ´ Î ²Ó´μ° ¸±μ·μ¸ÉÓÕ Ê ¥£μ μ¸´μ¢ ´¨Ö, É. ¥. ¢ É¥Ì ¸²ÊÎ ÖÌ, ±μ£¤  Ï ·¨±
¸· §Ê ´¥ ¶·¥μ¤μ²¥² ¶μ¤Ñ¥³, · ¢´  11,4 ³/¸.

�Ò²μ ¶·μ¢¥¤¥´μ É ±¦¥ Ï¥¸ÉÓ ¶Ê¸±μ¢ ¶ · Ï ·¨±μ¢. �ÖÉÓ ¶ · ¶·¥μ¤μ²¥-
¢ ²¨ ¶μ¤Ñ¥³ ¶·¨ ¸±μ·μ¸É¨ £ §  8,2 ³/¸ ¨ ¢ÒÏ¥, ¨§ Ï¥¸Éμ° ¶ ·Ò, ¶ÊÐ¥´´μ°
¶·¨ ¸±μ·μ¸É¨ £ §  7,4 ³/¸, ¶μ¤Ñ¥³ ¶·¥μ¤μ²¥² Éμ²Ó±μ μ¤¨´ Ï ·¨± . �·¨ μ¤-
´μ¢·¥³¥´´μ³ ¶Ê¸±¥ É·¥Ì Ï ·¨±μ¢ ¢¸¥ μ´¨ ¶·¥μ¤μ²¥²¨ ¶μ¤Ñ¥³ ¶·¨ ¸±μ·μ¸É¨

‡ ¢¨¸¨³μ¸ÉÓ ¸±μ·μ¸É¨ Ï ·¨±  (μ¸±μ²±  Ï ·¨± ) μÉ £ ¡ ·¨É´ÒÌ · §³¥·μ¢ Ï ·¨± 
(μ¸±μ²±  Ï ·¨± ) ¨ ¸±μ·μ¸É¨ £ § 

ƒ ¡ -
·¨É´Ò¥

· §-
³¥·Ò,
³³

‘±μ·μ¸ÉÓ
£ § ,
³/¸

V³¨´,
³/¸

V¸·¥¤´¥¥,
³/¸

V³ ±¸,
³/¸ V¸·¥¤/V£ § V³¨´/V£ § V³ ±¸/V£ §

5
(±·Ê£²Ò°
Ï ·¨±)

6 1,62 2,69 3,26 0,27 0,45 0,54

8 2,01 3,34 4,14 0.25 0.42 0.52
10 2,88 3,88 4,95 0,29 0,39 0,50

13 3,48 5,29 6,3 0,27 0,41 0,48

4,5×
×5 × 5
(¸·¥§ ´-

´Ò°
Ï ·¨±)

8 1,14 2,49 3,69 0,14 0,31 0,46

3,5×
×4×3,5

8 1,2 2,3 3,36 0,15 0,29 0,42

1,5×
×4×1,5

8 1,05 1,53 2,01 0,13 0,19 0,25

13 1,95 3,46 4,92 0,15 0,27 0,38
1 × 2 × 1 8 1,41 1,94 2,49 0,18 0,24 0,31

13 2,4 3,73 5,76 0,18 0,29 0,44
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�¨¸. 3. � ¸¶·¥¤¥²¥´¨¥ ±μ´¥Î´μ° ¸±μ·μ¸É¨ ¤¢¨¦¥´¨Ö ±·Ê£²ÒÌ Ï ·¨±μ¢ ¶μ É·Ê¡¥ ¤²¨´μ°
11,4 ³ ¶·¨ ¸±μ·μ¸É¨ É· ´¸¶μ·É¨·ÊÕÐ¥£μ £ §  6 ³/¸ (N Å ±μ²¨Î¥¸É¢μ Ï ·¨±μ¢ ¢
¨´É¥·¢ ²¥ ¸±μ·μ¸É¥° 0,2 ³/¸; ¶μ²´μ¥ Î¨¸²μ Ï ·¨±μ¢ Å 164)

�¨¸. 4. � ¸¶·¥¤¥²¥´¨¥ ±μ´¥Î´μ° ¸±μ·μ¸É¨ ¤¢¨¦¥´¨Ö ±·Ê£²ÒÌ Ï ·¨±μ¢ ¶·¨ ¸±μ·μ¸É¨
É· ´¸¶μ·É¨·ÊÕÐ¥£μ £ §  8 ³/¸ (N Å ±μ²¨Î¥¸É¢μ Ï ·¨±μ¢ ¢ ¨´É¥·¢ ²¥ ¸±μ·μ¸É¥°
0,2 ³/¸; ¶μ²´μ¥ Î¨¸²μ Ï ·¨±μ¢ Å 146)
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�¨¸. 5. � ¸¶·¥¤¥²¥´¨¥ ¢·¥³¥´¨ ¤¢¨¦¥´¨Ö ±·Ê£²ÒÌ Ï ·¨±μ¢ ¶μ É·Ê¡¥ ¤²¨´μ° 11,4 ³
¶·¨ ¸±μ·μ¸É¨ £ §  8 ³/¸ (¶μ²´μ¥ Î¨¸²μ Ï ·¨±μ¢ Å 113)

�¨¸. 6. � ¸¶·¥¤¥²¥´¨¥ ±μ´¥Î´μ° ¸±μ·μ¸É¨ ¤¢¨¦¥´¨Ö μ¸±μ²±μ¢ ±·Ê£²ÒÌ Ï ·¨±μ¢ ¸
£ ¡ ·¨É´Ò³¨ · §³¥· ³¨ 4,5 × 5 × 5 ³³ (Ï · ¸μ ¸·¥§ ´´μ° ¢¥·ÌÊÏ±μ°) ¶·¨ ¸±μ·μ¸É¨
£ §  8 ³/¸ ( ¶μ²´μ¥ Î¨¸²μ Ï ·¨±μ¢ Å 100)
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�¨¸. 7. � ¸¶·¥¤¥²¥´¨¥ ±μ´¥Î´μ° ¸±μ·μ¸É¨ ¤¢¨¦¥´¨Ö μ¸±μ²±μ¢ ±·Ê£²ÒÌ Ï ·¨±μ¢ ´¥-
¶· ¢¨²Ó´μ° Ëμ·³Ò ¸ £ ¡ ·¨É´Ò³¨ · §³¥· ³¨ 3,5 × 4 × 3,5 ³³ ¶·¨ ¸±μ·μ¸É¨ É· ´¸-
¶μ·É¨·ÊÕÐ¥£μ £ §  8 ³/¸ (¶μ²´μ¥ Î¨¸²μ Ï ·¨±μ¢ Å 44)

�¨¸. 8. � ¸¶·¥¤¥²¥´¨¥ ±μ´¥Î´μ° ¸±μ·μ¸É¨ ¤¢¨¦¥´¨Ö μ¸±μ²±μ¢ ±·Ê£²ÒÌ Ï ·¨±μ¢ ´¥-
¶· ¢¨²Ó´μ° Ëμ·³Ò ¸ £ ¡ ·¨É´Ò³¨ · §³¥· ³¨ 1,5×4×1,5 ³³ ¶·¨ ¸±μ·μ¸É¨ £ §  8 ³/¸
(¶μ²´μ¥ Î¨¸²μ Ï ·¨±μ¢ Å 51)
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�¨¸. 9. � ¸¶·¥¤¥²¥´¨¥ ±μ´¥Î´μ° ¸±μ·μ¸É¨ ¤¢¨¦¥´¨Ö μ¸±μ²±μ¢ ±·Ê£²ÒÌ Ï ·¨±μ¢ ´¥-
¶· ¢¨²Ó´μ° Ëμ·³Ò ¸ £ ¡ ·¨É´Ò³¨ · §³¥· ³¨ 1,5×4×1,5 ³³ ¶·¨ ¸±μ·μ¸É¨ £ §  13 ³/¸
(¶μ²´μ¥ Î¨¸²μ Ï ·¨±μ¢ Å 49)

�¨¸. 10. � ¸¶·¥¤¥²¥´¨¥ ±μ´¥Î´μ° ¸±μ·μ¸É¨ ¤¢¨¦¥´¨Ö μ¸±μ²±μ¢ ±·Ê£²ÒÌ Ï ·¨±μ¢ ´¥-
¶· ¢¨²Ó´μ° Ëμ·³Ò ¸ £ ¡ ·¨É´Ò³¨ · §³¥· ³¨ 1 × 2 × 1 ³³ ¶·¨ ¸±μ·μ¸É¨ £ §  8 ³/¸
(¶μ²´μ¥ Î¨¸²μ Ï ·¨±μ¢ Å 48)
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�¨¸. 11. � ¸¶·¥¤¥²¥´¨¥ ±μ´¥Î´μ° ¸±μ·μ¸É¨ ¤¢¨¦¥´¨Ö μ¸±μ²±μ¢ ±·Ê£²ÒÌ Ï ·¨±μ¢ ´¥-
¶· ¢¨²Ó´μ° Ëμ·³Ò ¸ £ ¡ ·¨É´Ò³¨ · §³¥· ³¨ 1 × 2 × 1 ³³ ¶·¨ ¸±μ·μ¸É¨ £ §  13 ³/¸
(¶μ²´μ¥ Î¨¸²μ Ï ·¨±μ¢ Å 50)

£ §  7,72 ³/¸; ¶·¨ ¸±μ·μ¸É¨ £ §  7,4 ³/¸ ¢Ò²¥É¥² Éμ²Ó±μ μ¤¨´ Ï ·¨±,   ¤¢ 
¤·Ê£¨Ì ¢ÒÏ²¨ Éμ²Ó±μ ¶·¨ ¸±μ·μ¸É¨ £ §  16 ³/¸.

3. ���‹ˆ‡ �Š‘�…�ˆŒ…�’�‹œ�›• „���›•

�·μ¢¥¤¥´´Ò¥ μ¶ÒÉÒ ¶μ¤É¢¥·¦¤ ÕÉ ¢Ò¢μ¤ ¶·¥¤¢ ·¨É¥²Ó´ÒÌ Ô±¸¶¥·¨³¥´-
Éμ¢ ¶μ É· ´¸¶μ·ÉÊ Ï ·¨±μ¢ ´  ±μ·μÉ±μ³ ¸É¥±²Ö´´μ³ É·Ê¡μ¶·μ¢μ¤¥ [3] μ ´¥-
·¥£Ê²Ö·´μ³ ¤¢¨¦¥´¨¨ Ï ·¨±μ¢ ¢ Í¨²¨´¤·¨Î¥¥¸±μ° ·¥ ²Ó´μ° É·Ê¡¥. � §¡·μ¸
§´ Î¥´¨° ±μ´¥Î´ÒÌ ¸±μ·μ¸É¥° ¤¢¨¦¥´¨Ö ¶μ É·Ê¡¥ ¤²¨´μ° 11,4 ³ §´ Î¨É¥²¥´
(¸³. É ¡². ¨ ·¨¸. 3, 4) Å 54Ä64% μÉ ¸·¥¤´¥£μ §´ Î¥´¨Ö ¸±μ·μ¸É¨ Ï ·¨± 
¶·¨ ¸±μ·μ¸É¨ £ §  6Ä10 ³/¸. � §¡·μ¸ ¢·¥³¥´¨ ¤¢¨¦¥´¨Ö ³¥´ÓÏ¥ Å 43 %, ¨
ÔÉμ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É μ Éμ³, ÎÉμ ¤¢¨¦¥´¨¥ ± ¦¤μ£μ ¨´¤¨¢¨¤Ê ²Ó´μ£μ Ï ·¨± 
´¥ ³μ´μÉμ´´μ. �  £· Ë¨±¥ ·¨¸. 12 ¢¨¤´μ Ö¢´μ¥ μÉ¸ÊÉ¸É¢¨¥ § ¢¨¸¨³μ¸É¨ ±μ-
´¥Î´μ° ¸±μ·μ¸É¨ μÉ ¢·¥³¥´¨ ¤¢¨¦¥´¨Ö ¶μ¤μ¡´μ ¨§μ¡· ¦¥´´μ° ´  ·¨¸Ê´±¥
É·¥Ê£μ²Ó´¨± ³¨.

�¡´ ·Ê¦¥´´Ò° Ô±¸¶¥·¨³¥´É ²Ó´Ò° Ë ±É ²¨´¥°´μ° § ¢¨¸¨³μ¸É¨ ±μ´¥Î-
´μ° ¸±μ·μ¸É¨ (± ± ³¨´¨³ ²Ó´μ°, É ± ¨ ³ ±¸¨³ ²Ó´μ°) μÉ ¸±μ·μ¸É¨ £ §  (¸³.
¶¥·¢Ò¥ Î¥ÉÒ·¥ ¸É·μ±¨ ¢ É ¡²¨Í¥) ¨³¥¥É ¡μ²ÓÏμ¥ §´ Î¥´¨¥ ¤²Ö ¶μ¸É·μ¥´¨Ö
¸ÉμÌ ¸É¨Î¥¸±μ° É¥μ·¨¨ ¤¢¨¦¥´¨Ö Ï ·¨± . ’ ± Ö § ¢¨¸¨³μ¸ÉÓ ³μ¦¥É ¡ÒÉÓ
Éμ²Ó±μ ¢ Éμ³ ¸²ÊÎ ¥, ¥¸²¨ ÔËË¥±É¨¢´Ò° (É. ¥. ¸ ÊÎ¥Éμ³ ¶μÉ¥·¨ ¸±μ·μ¸É¨ ´ 
Ï¥·μÌμ¢ Éμ¸ÉÖÌ É·Ê¡Ò ¨ ¢¸²¥¤¸É¢¨¥ ´¥¸Ë¥·¨Î´μ¸É¨ Ï ·¨± ) ¤¨´ ³¨Î¥¸±¨°
±μÔËË¨Í¨¥´É É·¥´¨Ö ¶·μ¶μ·Í¨μ´ ²¥´ ±¢ ¤· ÉÊ É¥±ÊÐ¥° ¸±μ·μ¸É¨ Ï ·¨± .
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�¨¸. 12. „¨ £· ³³  ±μ´¥Î´ÒÌ ¸±μ·μ¸É¥° V ¨ ¢·¥³¥´¨ ¤¢¨¦¥´¨Ö Ï ·¨±μ¢ T ´  ¶ÊÉ¨
11,4 ³. Š·¥¸É¨±¨ Å Ô±¸¶¥·¨³¥´É, É·¥Ê£μ²Ó´¨±¨ Å · ¸Î¥É ¶·¨ ¶μ¸ÉμÖ´´μ³ Ê¸±μ·¥´¨¨
(§ ¢¨¸ÖÐ¥³ μÉ ±μ´¥Î´μ° ¸±μ·μ¸É¨)

„¥°¸É¢¨É¥²Ó´μ, Ê¸É ´μ¢¨¢Ï¥¥¸Ö (´  ± ±μ³-Éμ ´¥¡μ²ÓÏμ³ ±μ´¥Î´μ³ μÉ·¥§±¥
¶ÊÉ¨) §´ Î¥´¨¥ ³¨´¨³ ²Ó´μ° ¸±μ·μ¸É¨ ³μ¦´μ μ¶¨¸ ÉÓ Ê· ¢´¥´¨¥³

0, 5925 · ρgas

ρballdball
· V 2

gas ·
(
1 − ax + bx2

)
= μ · g. (1)

‡¤¥¸Ó x = Vmin/Vgas, ±μÔËË¨Í¨¥´ÉÒ a ¨ b · ¢´Ò ¸μμÉ¢¥É¸É¢¥´´μ 1,8 ¨ 0,708
¤²Ö ¸É¥±²Ö´´ÒÌ Ï ·¨±μ¢, ¤¢¨¦¨³ÒÌ  §μÉμ³,   ±μÔËË¨Í¨¥´É μ Å ¤¨´ ³¨Î¥-
¸±¨° ±μÔËË¨Í¨¥´É É·¥´¨Ö [4]. Š ± ¸²¥¤Ê¥É ¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ,
¢¥²¨Î¨´  x ´¥ § ¢¨¸¨É μÉ Vgas. � ÔÉμ ¢μ§³μ¦´μ Éμ²Ó±μ Éμ£¤ , ±μ£¤  ¤¨´ -
³¨Î¥¸±¨° ±μÔËË¨Í¨¥´É É·¥´¨Ö μ ∼ μ0(Vball)2. “· ¢´¥´¨¥ (1) ¶·¨μ¡·¥É ¥É
Éμ£¤  ¸²¥¤ÊÕÐ¨° ¢¨¤:

0, 5925 · ρgas

ρballdball
·
(
1 − 1, 8x + 0, 708x2

)
= μ0 · x2 · g. (2)

�μ¤¸É ¢²ÖÖ ¨§¢¥¸É´Ò¥ ¨§ μ¶¨¸ ´´ÒÌ ¢ÒÏ¥ μ¶ÒÉμ¢ ¶ · ³¥É·Ò (xmin = 0,27,
¶²μÉ´μ¸ÉÓ Ï ·¨±μ¢ 2600 ±£/³3, ¤¨ ³¥É· Ï ·¨±μ¢ 5 ³³), ´ Ìμ¤¨³ ¨§ (2) §´ -
Î¥´¨¥ ±μÔËË¨Í¨¥´É  μ0 = (0,043 ± 10%) ¸2/³2 ¤²Ö ¸É¥±²Ö´´ÒÌ Ï ·¨±μ¢ ¢
¸É ²Ó´μ° É·Ê¡¥; ¸μμÉ¢¥É¸É¢¥´´μ, μ = 0,043 · (Vball)2. Œμ¦´μ § ³¥É¨ÉÓ, ÎÉμ
¸É É¨Î¥¸±¨° ±μÔËË¨Í¨¥´É É·¥´¨Ö ¸É¥±²  ¶μ ¸É ²¨ · ¢¥´ 0,404 [3], É. ¥. ¤²Ö
Vball � 3 ³/¸ μ´ ¡μ²ÓÏ¥ ¤¨´ ³¨Î¥¸±μ£μ. �  ³¥´ÓÏ¥¥ §´ Î¥´¨¥ ¤¨´ ³¨Î¥-
¸±μ£μ ±μÔËË¨Í¨¥´É  É·¥´¨Ö ¶μ ¸· ¢´¥´¨Õ ¸μ ¸É É¨Î¥¸±¨³ Ê± §Ò¢ ¥É¸Ö ¨ ¢
Í¨É¨·Ê¥³μ° ²¨É¥· ÉÊ·¥ [5].
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…¸É¥¸É¢¥´´μ, §´ Î¥´¨¥ ¶ · ³¥É·  μ0 ´¥ ³μ¦¥É ¡ÒÉÓ ¶μ¸ÉμÖ´´μ° ¢¥²¨Î¨-
´μ° ¢ ¶·μÍ¥¸¸¥ ¤¢¨¦¥´¨Ö Ï ·¨± ; ¥£μ ¸²¥¤Ê¥É ¸Î¨É ÉÓ ¸²ÊÎ °´μ° ¢¥²¨Î¨´μ°.
ˆ§ ¸¤¥² ´´ÒÌ μ¶ÒÉμ¢ ³μ¦´μ ¨§¢²¥ÎÓ Éμ²Ó±μ μ¤´Ê Ì · ±É¥·¨¸É¨±Ê ¸²ÊÎ °´μ£μ
¶·μÍ¥¸¸  ¨§³¥´¥´¨Ö μ0 Å ÔÉμ Éμ, ÎÉμ ¥£μ §´ Î¥´¨¥ ³μ¦¥É ¨§³¥´ÖÉÓ¸Ö ¶·¨-
³¥·´μ ¢ 15Ä16 · § Å μÉ Ê± § ´´μ£μ ¢ÒÏ¥ ³ ±¸¨³ ²Ó´μ£μ §´ Î¥´¨Ö 0,043 ¤μ
∼ 0,0026Ä0,003. �μ¸²¥¤´¨° ·¥§Ê²ÓÉ É ¤μ¸É¨£´ÊÉ ¶ÊÉ¥³ ¶μ¤¡μ·  §´ Î¥´¨Ö μ0

¢ Ê· ¢´¥´¨¨ ¤¢¨¦¥´¨Ö Ï ·¨± , ÎÉμ¡Ò ¶μ²ÊÎ¨ÉÓ ³ ±¸¨³ ²Ó´μ ´ ¡²Õ¤ ¥³ÊÕ
±μ´¥Î´ÊÕ ¸±μ·μ¸ÉÓ Ï ·¨±  (¢Ò¢μ¤ μ¶Ê¸± ¥³). �Î¥¢¨¤´μ, ÎÉμ ¤²Ö ¨¤¥ ²Ó´μ
£² ¤±μ° É·Ê¡Ò ¨ ¨¤¥ ²Ó´μ ¸Ë¥·¨Î¥¸±μ£μ Ï ·¨±  μ ´¥ § ¢¨¸¨É μÉ ¸±μ·μ¸É¨ ¨
· ¢´μ §´ Î¥´¨Õ ±μÔËË¨Í¨¥´É  É·¥´¨Ö ± Î¥´¨Ö.

�μ´ÖÉ´μ ¨ ´ ²¨Î¨¥ ³¨´¨³Ê³  ¸±μ·μ¸É¥° ¶·¨ ¶·μ³¥¦ÊÉμÎ´ÒÌ · §³¥· Ì
μ¸±μ²±μ¢ Ï ·¨±μ¢ 1,5× 4× 1,5 ³³ (¸³. É ¡²¨ÍÊ, ¢Ò¤¥²¥´´Ò¥ ¦¨·´Ò³ Ï·¨Ë-
Éμ³ Î¨¸² ). �μ²ÓÏ¨¥ μ¸±μ²±¨ ¤¢¨¦ÊÉ¸Ö ³¥¤²¥´´¥¥ Í¥²μ£μ Ï ·¨±  ¢¸²¥¤¸É¢¨¥
¶·¥¨³ÊÐ¥¸É¢¥´´μ£μ ¸±μ²Ó¦¥´¨Ö ¢³¥¸Éμ ± Î¥´¨Ö Í¥²μ£μ Ï ·¨± . �¤´ ±μ ¶·¨
³ ²ÒÌ · §³¥· Ì μ¸±μ²±  ¶μ¤Ñ¥³´ Ö £ §μ¤¨´ ³¨Î¥¸± Ö ¸¨²  ¸± §Ò¢ ¥É¸Ö ¢¸¥
¸¨²Ó´¥¥, ¨ É·¥´¨¥ μ ¸É¥´±¨ É·Ê¡Ò Ê³¥´ÓÏ ¥É¸Ö. � ±μ´¥Í, ¶·¨ μÎ¥´Ó ³ ²ÒÌ
· §³¥· Ì μ¸±μ²μ± Ê¦¥ ®¢¨É ¥É¯ ¢ £ §¥ , ¨ Éμ£¤  ¥£μ ¸±μ·μ¸ÉÓ ³μ¦¥É ¶·¥¢Ò¸¨ÉÓ
¸±μ·μ¸ÉÓ Í¥²μ£μ Ï ·¨± . ‘μ£² ¸´μ · ¡μÉ¥ [6] ¸±μ·μ¸ÉÓ £ § , ¢ÒÏ¥ ±μÉμ·μ°
É¥²μ Ê¦¥ ·¥¤±μ ± ¸ ¥É¸Ö ¸É¥´μ± (®¸±μ·μ¸ÉÓ ¢¨É ´¨Ö¯), μ¶¨¸Ò¢ ¥É¸Ö ¶·¨¡²¨-
¦¥´´Ò³ Ê· ¢´¥´¨¥³:

v = k ·
√

ρball

ρgas
d, (3)

£¤¥ ρball ¨ ρgas Å ¶²μÉ´μ¸É¨ É¥²  ¨ £ § , d Å · §³¥· É¥²  ¢ ³³, v Å ¸±μ·μ¸ÉÓ
®¢¨É ´¨Ö¯ ¢ ³/¸,   ±μÔËË¨Í¨¥´É § ¢¨¸¨É μÉ Ëμ·³Ò ¨ · §³¥·  É¥²  ¨ ¤²Ö
Ï ·  1Ä10 ³³ · ¢¥´ ∼ 5. �μ Ëμ·³Ê²¥ (3) · §³¥· ®¢¨É ÕÐ¥£μ¯ Ï ·¨±  ¤²Ö
v ≈ 9 ³/¸ (¸±μ·μ¸ÉÓ £ §  ¢ 1 ³³ μÉ ¸É¥´±¨ É·Ê¡Ò ¶·¨ ¸·¥¤´¥° ¸±μ·μ¸É¨ 13 ³/¸)
μÍ¥´¨¢ ¥É¸Ö ¢ ∼ 1,3 ³³ (μ¡Ñ¥³ Å 1,1 ³³3). ‡´ Î¨É, ³¨´¨³ ²Ó´Ò° · §³¥· ¨¸-
¸²¥¤μ¢ ´´ÒÌ μ¸±μ²±μ¢ Ê¦¥ ´¥ ´ ³´μ£μ ¡μ²ÓÏ¥, Î¥³ · §³¥· ®¢¨É ÕÐ¥£μ¯ É¥² 
¶·¨ ¸·¥¤´¥° ¸±μ·μ¸É¨ £ §  13 ³/¸.

�´ ²¨§ Ô±¸¶¥·¨³¥´Éμ¢ ¶μ ¶μ¤Ñ¥³Ê Ï ·¨±μ¢ ¢ ´ ±²μ´´μ° É·Ê¡¥ ¶μ§¢μ²Ö¥É
¸¤¥² ÉÓ ¢Ò¢μ¤, ÎÉμ ¶·¥¤¥²Ó´ Ö ¸±μ·μ¸ÉÓ £ § , ¢ÒÏ¥ ±μÉμ·μ° Ï ·¨± ³μ¦¥É
¶·¥μ¤μ²¥ÉÓ ¶μ¤Ñ¥³ ¢ 30◦ ¶·¨ ´Ê²¥¢μ° ¸±μ·μ¸É¨ Ê μ¸´μ¢ ´¨Ö ¶μ¤Ñ¥³ , · ¢´ 
11,4 ³/¸. 
Éμ ÉμÎ´μ ¸μμÉ¢¥É¸É¢Ê¥É §´ Î¥´¨Õ, ¶μ²ÊÎ ÕÐ¥³Ê¸Ö É¥μ·¥É¨Î¥¸±¨
¸μ£² ¸´μ · ¡μÉ¥ [3]. „²Ö ¶μ¤Ñ¥³  ¤¢ÊÌ Ï ·¨±μ¢ ¨§ ¸μ¸ÉμÖ´¨Ö ¶μ±μÖ É·¥-
¡Ê¥É¸Ö ¸±μ·μ¸ÉÓ 16 ³/¸ Å ¶μÎÉ¨ ÉμÎ´μ ¢

√
2 · § ¡μ²ÓÏ¥, Î¥³ ¤²Ö ¶μ¤Ñ¥³ 

μ¤´μ£μ Ï ·¨± , É. ¥ . ¸¨² , ´¥μ¡Ìμ¤¨³ Ö ¤²Ö μ¤´μ¢·¥³¥´´μ£μ ¶μ¤Ñ¥³  ¤¢ÊÌ
Ï ·¨±μ¢, ÉμÎ´μ ¢ ¤¢  · §  ¡μ²ÓÏ¥. 
Éμ §´ Î¨É, ÎÉμ ¶·¨ μ¤´μ¢·¥³¥´´μ³ ¤¢¨-
¦¥´¨¨ ¤¢ÊÌ Ï ·¨±μ¢ μ´¨ ± ÉÖÉ¸Ö, ´¥ ± ¸ Ö¸Ó ¤·Ê£ ¤·Ê£ ; ¢ ¶·μÉ¨¢´μ³ ¸²ÊÎ ¥
É·¥¡μ¢ ² ¸Ó ¡Ò ¡μ²ÓÏ Ö ¸±μ·μ¸ÉÓ £ §  ¤²Ö ¶·¥μ¤μ²¥´¨Ö ¸¨²Ò É·¥´¨Ö ³¥¦¤Ê
Ï ·¨± ³¨. ’ ±μ¥ ¸É· ´´μ¥, ´  ¶¥·¢Ò° ¢§£²Ö¤, ¤¢¨¦¥´¨¥ ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ
É ±: ¶·¨ ¶μ¤Ñ¥³¥ ´ ¢¥·Ì Ï ·¨±, ´ Ìμ¤ÖÐ¨°¸Ö ´¨¦¥ (®¢¥¤ÊÐ¨°¯) ¢·¥³Ö μÉ
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¢·¥³¥´¨ Éμ²± ¥É ¶¥·¥¤´¨° (®¢¥¤μ³Ò°¯) Ï ·¨±, ¢¸²¥¤¸É¢¨¥ Î¥£μ ¢¥¤μ³Ò° Ï -
·¨± ¢·¥³¥´´μ ¤¢¨¦¥É¸Ö ¡Ò¸É·¥¥ ¢¥¤ÊÐ¥£μ. ‡ É¥³ μ´ É¥·Ö¥É ¸±μ·μ¸ÉÓ, É ± ± ±
´ Ìμ¤¨É¸Ö ¢ £ §μ¤¨´ ³¨Î¥¸±μ° ®É¥´¨¯ ¢¥¤ÊÐ¥£μ, ¨ ÉμÉ ¥£μ ¤μ£μ´Ö¥É. ‘±μ²Ó-
¦¥´¨¥ Ï ·¨±μ¢ É ±¦¥ ¨¸±²ÕÎ ¥É¸Ö, É ± ± ± ¶μ · ¸Î¥ÉÊ ¸ ÊÎ¥Éμ³ ±μÔËË¨Í¨-
¥´É  É·¥´¨Ö ¸±μ²Ó¦¥´¨Ö ¸É¥±²  ¶μ ¸É ²¨ 0,404 ¤²Ö ÔÉμ£μ É·¥¡Ê¥É¸Ö ¸±μ·μ¸ÉÓ
£ §  17,6 ³/¸ .

�μ¤É¢¥·¦¤¥´¨¥  ´ ²¨É¨Î¥¸±¨Ì Ëμ·³Ê² · ¡μÉÒ [3] ¶μ§¢μ²Ö¥É ¨¸¶μ²Ó§μ-
¢ ÉÓ ¨Ì ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ¸±μ·μ¸É¨ £ § , ´¥μ¡Ìμ¤¨³μ° ¤²Ö ¶μ¤Ñ¥³  ³¥§¨É¨²¥´μ-
¢μ£μ Ï ·¨±  ¶μÉμ±μ³ Ìμ²μ¤´μ£μ £¥²¨Ö ¶μ É·Ê¡¥, ´ ±²μ´¥´´μ° ¶μ¤ Ê£²μ³ 30◦.
�Ê¸ÉÓ É¥³¶¥· ÉÊ·  £¥²¨Ö Å 40 Š, ¤ ¢²¥´¨¥ Å 1,1 ¡ ·. �·¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¥°
¶²μÉ´μ¸É¨ £ §  1,3 ±£/³3 ¨ · §³¥·¥ ¨ ¶²μÉ´μ¸É¨ ³¥§¨É¨²¥´μ¢μ£μ Ï ·¨±  ¸μμÉ-
¢¥É¸É¢¥´´μ 4,4 ³³ ¨ 1000 ±£/³3 ¶μ²ÊÎ¨³ ¶·¥¤¥²Ó´ÊÕ ¸±μ·μ¸ÉÓ 6,3 ³/¸ ¢³¥¸Éμ
11,4 ³/¸ ¤²Ö ¸É¥±²Ö´´μ£μ Ï ·¨±  5 ³³, É· ´¸¶μ·É¨·Ê¥³μ£μ  §μÉμ³ ±μ³´ É´μ°
É¥³¶¥· ÉÊ·Ò.

‡�Š‹	—…�ˆ…

�μ²ÊÎ¥´´Ò¥ ¢ · ¡μÉ¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¤μ¶μ²´ÖÕÉ · ´¥¥ ¨§-
¢¥¸É´Ò¥ ¨ ¢ ¸μ¢μ±Ê¶´μ¸É¨ ¸  ´ ²¨É¨Î¥¸±¨³¨ · ¸Î¥É ³¨ ¶μ§¢μ²ÖÕÉ μÍ¥´¨¢ ÉÓ
· §¡·μ¸ ¸±μ·μ¸É¥° ¨ ¢·¥³¥´¨ ¶´¥¢³μÉ· ´¸¶μ·É  É¢¥·¤ÒÌ ³¥§¨É¨²¥´μ¢ÒÌ Ï -
·¨±μ¢ (¨ ¨Ì μ¸±μ²±μ¢) Ìμ²μ¤´ÒÌ § ³¥¤²¨É¥²¥° ·¥ ±Éμ·  ˆ��-2 ¶μ Í¨²¨´¤·¨-
Î¥¸±μ° É·Ê¡¥. �±μ´Î É¥²Ó´Ò° ¢Ò¢μ¤ μ ¢·¥³¥´¨ § £·Ê§±¨ Ï ·¨±μ¢ ¢ ± ³¥·Ê
§ ³¥¤²¨É¥²Ö ³μ¦´μ ¡Ê¤¥É ¸¤¥² ÉÓ ¶μ¸²¥ ¨¸¸²¥¤μ¢ ´¨° ¶´¥¢³μÉ· ´¸¶μ·É  ´ 
¸É¥´¤¥ ³ ±¥É  Ìμ²μ¤´μ£μ § ³¥¤²¨É¥²Ö.
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