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ˆ¸¸²¥¤μ¢ ´¨¥ ¢μ§³μ¦´μ¸É¨ ¨¸¶μ²Ó§μ¢ ´¨Ö ¤μ§ Éμ· 
¶ ¸¸¨¢´μ£μ É¨¶  ¤²Ö Ï ·¨±μ¢μ£μ Ìμ²μ¤´μ£μ § ³¥¤²¨É¥²Ö ´¥°É·μ´μ¢
·¥ ±Éμ·  ˆ��-2Œ

�·μ¢¥¤¥´μ ¨¸¸²¥¤μ¢ ´¨¥ ¶μ¢¥¤¥´¨Ö Ï ·¨±μ¢ ¢ ¶ ¸¸¨¢´μ³ ¤μ§ Éμ·¥ (É¨¶  ¶¥-
¸μÎ´ÒÌ Î ¸μ¢) ¤²Ö ¶·μ¥±É¨·Ê¥³μ£μ Ìμ²μ¤´μ£μ § ³¥¤²¨É¥²Ö ·¥ ±Éμ·  ˆ��-2Œ
´  μ¸´μ¢¥ ¶·μ£· ³³Ò PFC-3D, ¶·¥¤´ §´ Î¥´´μ° ¤²Ö ·¥Ï¥´¨Ö ³´μ£μÎ ¸É¨Î´ÒÌ
§ ¤ Î DEM-³¥Éμ¤μ³. —¨¸²¥´´Ò³¨ Ô±¸¶¥·¨³¥´É ³¨ ¶μ± § ´μ, ÎÉμ ¶·¨ · §³¥·¥
Ï ·¨±μ¢ 4 ³³ ¨ ¤¨ ³¥É·¥ ¢Ò¶Ê¸±´μ° É·Ê¡±¨ ¤μ§ Éμ·  ¡μ²ÓÏ¥ 13 ³³ § Éμ·Ò
¤¢¨¦¥´¨Ö Ï ·¨±μ¢ ´¥ ¢μ§´¨± ÕÉ ¢μ ¢¸¥Ì Î ¸ÉÖÌ ¤μ§ Éμ· . ’ ±¦¥ ¢ÒÎ¨¸²¥´μ,
ÎÉμ ±· °´¨¥ Ï ·¨±¨ ¢ÒÌμ¤ÖÉ ¨§ ¤μ§ Éμ·  ¢ 1,3Ä1,4 · §  ³¥¤²¥´´¥¥, Î¥³ Í¥´-
É· ²Ó´Ò¥. � °¤¥´  ¸¶¥Í¨ ²Ó´ Ö £¥μ³¥É·¨Ö ¨ · §³¥·Ò ¢Ò¶Ê¸±´μ° É·Ê¡±¨ ¤μ-
§ Éμ· , μ¡¥¸¶¥Î¨¢ ÕÐ¨¥ ´¥μ¡Ìμ¤¨³Ò° (¸ ÉμÎ±¨ §·¥´¨Ö ¤μ¶Ê¸É¨³μ£μ ¢·¥³¥´¨
¶·¥¡Ò¢ ´¨Ö ³¥É ´μ¢ÒÌ Ï ·¨±μ¢ ¢ ± ³¥·¥ § ³¥¤²¨É¥²Ö) · ¸Ìμ¤ Ï ·¨±μ¢ Å
1Ä1,2 Ï ·¨±  ¢ ¸¥±Ê´¤Ê.

� ¡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¡´ , 2010

Ryom Kwang Chol, Shabalin E. P. P16-2010-41
Possibility Research to Use a Passive Type Feeder
for the Pelletized Cold Neutron Moderator
of the IBR-2M Pulsed Reactor

The investigation of the behavior of balls in a passive feeder (of a sandwatch
type) for the prospective cold moderator of the IBR-2M pulsed reactor on the basis
of the PFC-3D program intended for the analysis of multiparticle problems with the
so-called DEM method has been carried out. Numerical experiments have shown
that no jams of the 	ow of 4 mm balls occured, provided that the diameter of
a discharging tube is more than 13 mm. And it is also shown that balls of the
boundary layer come out of the feeder at 1.3Ä1.4 times more slowly than balls of
the central position. Eventually, special geometry and sizes of the discharging tube
ensuring needed (in view of admissible residence time of methane in a moderator
chamber) 	ow rate of balls 1Ä1.2 balls per second are obtained.

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

Communication of the Joint Institute for Nuclear Research. Dubna, 2010
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‚ ·¥ ±Éμ·¥ ˆ��-2Œ Ï ·¨±¨ § ³¥¤²¨É¥²Ö (¨§ É¢¥·¤μ£μ ³¥§¨É¨²¥´  ¨²¨
³¥É ´ ) ¤¨ ³¥É·μ³ 4 ³³ ¤μ²¦´Ò ¶μ¸ÉÊ¶ ÉÓ ¢ ¸¨¸É¥³Ê Ìμ²μ¤´μ£μ § ³¥¤²¨É¥²Ö
¸μ ¸·¥¤´¨³ · ¸Ìμ¤μ³ 1Ä2 Ï ·¨±  ¢ ¸¥±Ê´¤Ê. � §· ¡μÉ ´´Ò° ¢ ´ ¸ÉμÖÐ¥¥
¢·¥³Ö ¤μ§ Éμ· μ¸´μ¢ ´ ´  ¶·¨´Í¨¶¥ ¶·μ¶Ê¸± ´¨Ö Ï ·¨±μ¢ Î¥·¥§ μÉ¢¥·¸É¨Ö ¢
³¥¤²¥´´μ ¢· Ð ÕÐ¥³¸Ö ¤¨¸±¥. ’ ±μ¥ Ê¸É·μ°¸É¢μ ³μ¦¥É ¶·¨³¥´ÖÉÓ¸Ö Éμ²Ó±μ
¤²Ö § £·Ê§±¨ Ï ·¨±μ¢ ¢ É· ±É ¶μ¤ Î¨ ¨Ì ± ± ³¥·¥ Ìμ²μ¤´μ£μ § ³¥¤²¨É¥²Ö.
‚Ò¡·μ¸ § ³¥¤²¨É¥²Ö ¨§ ± ³¥·Ò ¶·¥¤¶μ² £ ¥É¸Ö ¶·μ¨§¢μ¤¨ÉÓ ¢ ¦¨¤±μ° Ë §¥,
¶¥·¨μ¤¨Î¥¸±¨ μÉμ£·¥¢ Ö ± ³¥·Ê [1]. �μ²¥¥ ÔËË¥±É¨¢´μ° ¡Ò²  ¡Ò ¶μ¸ÉμÖ´´ Ö
¸³¥´  Ï ·¨±μ¢ ¢ ± ³¥·¥, μ¡¥¸¶¥Î¨¢ ÕÐ Ö ¡¥¸¶·¥·Ò¢´ÊÕ · ¡μÉÊ § ³¥¤²¨É¥²Ö.
„²Ö ÔÉμ£μ ¶·μ¸ÉÒ³ ¨ ´ ¤¥¦´Ò³ Ê¸É·μ°¸É¢μ³ ³μ¦¥É ¡ÒÉÓ ¤μ§ Éμ· É¨¶  ¶¥¸μÎ-
´ÒÌ Î ¸μ¢, ¡Ê¤¥³ ´ §Ò¢ ÉÓ ¥£μ ¶ ¸¸¨¢´Ò³ ¤μ§ Éμ·μ³. ˆ§ ± ³¥·Ò § ³¥¤²¨É¥²Ö,
¸μ¸ÉμÖÐ¥° ¨§ ´¥¸±μ²Ó±¨Ì μÉ¸¥±μ¢ ¸ μÉ¢μ¤± ³¨ ¢ ¢¨¤¥ ¢μ·μ´±¨ ¨ ¢Ò¶Ê¸±´μ°
¨§μ£´ÊÉμ° É·Ê¡±¨ (¸³. ·¨¸. 1), Ï ·¨±¨ ¢Ò± ÉÒ¢ ÕÉ¸Ö ¸ § ¤ ´´μ° Î ¸ÉμÉμ°. � 
Ï ·¨±¨ § ³¥¤²¨É¥²¥° ¢ ¤μ§ Éμ·¥ ¤¥°¸É¢ÊÕÉ £· ¢¨É Í¨μ´´ Ö ¸¨²  ¨ ¸¨²Ò É·¥-
´¨Ö. ‚ ÔÉ¨Ì Ê¸²μ¢¨ÖÌ ³μ¦´μ ¶μ¤μ¡· ÉÓ É ±¨¥ £¥μ³¥É·¨Õ ¨ · §³¥·Ò Î ¸É¥°
¤μ§ Éμ· , ÎÉμ ¶·¨ ¤μ¸É¨¦¥´¨¨ ¤¨´ ³¨Î¥¸±μ£μ · ¢´μ¢¥¸¨Ö ³¥¦¤Ê ¤¥°¸É¢ÊÕ-
Ð¨³¨ ´  Ï ·¨±¨ ¸¨² ³¨ Ê¸É ´μ¢¨É¸Ö É·¥¡Ê¥³Ò° · ¸Ìμ¤ Ï ·¨±μ¢. •μ²μ¤´Ò°
§ ³¥¤²¨É¥²Ó ´¥°É·μ´μ¢ ¸ É ±¨³ ¤μ§ Éμ·μ³ · ´¥¥ ´¨±¥³ ´¥ ¶·¥¤² £ ²¸Ö.

‚ · ¡μÉ¥ ¨¸¸²¥¤μ¢ ´μ ¶μ¢¥¤¥´¨¥ Ï ·¨±μ¢ ¢ ¶ ¸¸¨¢´μ³ ¤μ§ Éμ·¥ ¤²Ö ¶·μ-
¥±É¨·Ê¥³μ£μ Ìμ²μ¤´μ£μ § ³¥¤²¨É¥²Ö ·¥ ±Éμ·  ˆ��-2Œ ´  μ¸´μ¢¥ ¶·μ£· ³³Ò
PFC-3D, ¶·¥¤´ §´ Î¥´´μ° ¤²Ö ·¥Ï¥´¨Ö ³´μ£μÎ ¸É¨Î´ÒÌ § ¤ Î DEM-³¥Éμ-
¤μ³ [2, 3].

��ˆ�–ˆ� ����’› ˆ ‘’�“Š’“�� ��‘‘ˆ‚��ƒ� „�‡�’���

�  ·¨¸. 1 ¶·¥¤¸É ¢²¥´  ¸Ì¥³  ¶ ¸¸¨¢´μ£μ ¤μ§ Éμ·  Ìμ²μ¤´μ£μ § ³¥¤²¨É¥²Ö.
‚ ¸¨¸É¥³¥ Ìμ²μ¤´μ£μ § ³¥¤²¨É¥²Ö Ï ·¨±¨ § ³¥¤²ÖÕÐ¥£μ ¢¥Ð¥¸É¢  (³¥§¨-

É¨²¥´ , ³¥É ´ ) ¤¨ ³¥É·μ³ ∼ 4 ³³ § ¶μ²´ÖÕÉ μÉ¸¥±¨ ± ³¥·Ò § ³¥¤²¨É¥²Ö ¤μ
μ¶·¥¤¥²¥´´μ° ¢Ò¸μÉÒ. �μ¤ ¤¥°¸É¢¨¥³ £· ¢¨É Í¨¨ Î¥·¥§ ±μ´Ê¸´Ò° ¨ É·Ê¡´Ò°
ÊÎ ¸É±¨ ¤μ§ Éμ·  μ´¨ Ê¤ ²ÖÕÉ¸Ö ¨§ ± ³¥·Ò ¸ Ê¸É ´μ¢²¥´´μ° Î ¸ÉμÉμ°, ¨ ¸
É ±μ° ¦¥ Î ¸ÉμÉμ° ¢ ± ³¥·Ê ¶μ¤¸Ò¶ ÕÉ¸Ö ®¸¢¥¦¨¥¯ Ï ·¨±¨ (¶·¨´Í¨¶ ¶μ¤ Î¨
Ï ·¨±μ¢ ¢ ± ³¥·Ê ³μ¦¥É ¡ÒÉÓ É ±¨³ ¦¥ ¨²¨ ¨´Ò³; ÔÉμ ´¥ Ö¢²Ö¥É¸Ö § ¤ Î¥°
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�¨¸. 1. ‘Ì¥³  ¶ ¸¸¨¢´μ£μ ¤μ§ Éμ·  Ï ·¨±μ¢ Ìμ²μ¤´μ£μ § ³¥¤²¨É¥²Ö ´¥°É·μ´μ¢: 1 Å
Í¨²¨´¤·¨Î¥¸±¨° ÊÎ ¸Éμ± (μÉ¸¥± ± ³¥·Ò § ³¥¤²¨É¥²Ö); 2 Å ±μ´Ê¸´Ò° ÊÎ ¸Éμ±; 3 Å
¶·Ö³ Ö Î ¸ÉÓ ¢Ò¶Ê¸±´μ° É·Ê¡±¨; 4 Å ¨§μ£´ÊÉ Ö Î ¸ÉÓ É·Ê¡±¨; 5 Å ´ ±²μ´´ Ö Î ¸ÉÓ
É·Ê¡±¨

¤ ´´μ° · ¡μÉÒ) ¸ É¥³, ÎÉμ¡Ò ¢Ò¸μÉ  § ¸Ò¶±¨ μ¸É ¢ ² ¸Ó ¶μ¸ÉμÖ´´μ°. �·¨
ÔÉμ³ ¤¨ ³¥É· ¢Ò¶Ê¸±´μ° É·Ê¡±¨ ¤μ²¦¥´ ¡ÒÉÓ ¢Ò¡· ´ É ±¨³, ÎÉμ¡Ò ´¥ ¢μ§´¨-
± ²¨ § Éμ·Ò ¢ ¤¢¨¦¥´¨¨ Ï ·¨±μ¢. �μ¸²¥ ¶·μÌμ¦¤¥´¨Ö ¶·Ö³μ° Î ¸É¨ É·Ê¡±¨
Ï ·¨±¨ § ³¥¤²¨É¥²Ö ¨¸¶ÒÉÒ¢ ÕÉ ¶μ¸É¥¶¥´´μ Ê¢¥²¨Î¨¢ ÕÐ¥¥¸Ö ¸μ¶·μÉ¨¢²¥-
´¨¥ ¢ ¨§μ£´ÊÉμ° Î ¸É¨ É·Ê¡±¨, ±μÉμ·μ¥ ¶μÉμ³, ¢ Ìμ¤¥ ¶·μÌμ¦¤¥´¨Ö ´ ±²μ´´μ°
Î ¸É¨ É·Ê¡±¨, ¡Ê¤¥É ³ ±¸¨³ ²Ó´Ò³. ’ ±¨³ μ¡· §μ³, ¶μ¤¡μ·μ³ ¢Ò¸μÉÒ ¶μ¤Ñ-
¥³  ¨ ¤²¨´Ò ´ ±²μ´´μ° Î ¸É¨ É·Ê¡±¨ ³μ¦´μ ¤μ¸É¨£´ÊÉÓ ¤¨´ ³¨Î¥¸±μ£μ · ¢-
´μ¢¥¸¨Ö ³¥¦¤Ê ¸μ¶·μÉ¨¢²¥´¨¥³ Ï ·¨±μ¢ ¨ £· ¢¨É Í¨μ´´μ° ´ £·Ê§±μ° μÉ ¢¸¥Ì
Ï ·¨±μ¢, § ¶μ²´ÖÕÐ¨Ì μÉ¸¥± ± ³¥·Ò. �·¨ ÔÉμ³, μÎ¥¢¨¤´μ, ¸·¥¤´¨° · ¸Ìμ¤
Ï ·¨±μ¢ ¤μ¸É¨£´¥É ¸É ¡¨²Ó´μ£μ É·¥¡Ê¥³μ£μ · ¸Ìμ¤ .

‡ ¤ Î  μ¶É¨³¨§ Í¨¨ ±μ´Ë¨£Ê· Í¨¨ ¤μ§ Éμ·  ¥¸ÉÓ ¶·μ¡²¥³  ¤¨´ ³¨Î¥-
¸±μ£μ · ¢´μ¢¥¸¨Ö ¢ ³´μ£μÎ ¸É¨Î´μ³ ¶·μÍ¥¸¸¥; ÔÉμ · ¢´μ¢¥¸¨¥ μÎ¥´Ó ÎÊ¢¸É¢¨-
É¥²Ó´μ ± ± ± £¥μ³¥É·¨¨ ¤μ§ Éμ· , É ± ¨ ± Ë¨§¨Î¥¸±¨³ ¸¢μ°¸É¢ ³ ³ É¥·¨ ²μ¢
(±μÔËË¨Í¨¥´ÉÒ É·¥´¨Ö Ï ·¨±μ¢ μ ¸É¥´±¨ ¤μ§ Éμ·  ¨ ³¥¦¤Ê ¸μ¡μ°, ¶²μÉ´μ¸ÉÓ
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’ ¡²¨Í  1. ƒ² ¢´Ò¥ ¤ ´´Ò¥ μ¡Ñ¥±É  ³μ¤¥²¨·μ¢ ´¨Ö

� · ³¥É· ˜ ·¨± § ³¥¤²¨É¥²Ö ‘É¥´±¨ ¤μ§ Éμ· 
Œ É¥·¨ ² ’¢¥·¤Ò° ³¥É ´ ¶·¨ T = 20 Š �²Õ³¨´¨° (Al)
ŠμÔËË¨Í¨¥´É É·¥´¨Ö 0,5 0,5
�²μÉ´μ¸ÉÓ, £/¸³3 0,5 2,7
„¨ ³¥É·, ³³ ∼ 4,0 Å

ŠμÔËË¨Í¨¥´É ¦¥¸É±μ¸É¨ 104 104

Ï ·¨±μ¢, ±μÔËË¨Í¨¥´ÉÒ ¦¥¸É±μ¸É¨,  ¤£¥§¨μ´´Ò¥ ¸¢μ°¸É¢  ¨ ¤·.). ‚ É ¡². 1
¶·¥¤¸É ¢²¥´Ò £² ¢´Ò¥ ¤ ´´Ò¥ μ¡Ñ¥±É  ³μ¤¥²¨·μ¢ ´¨Ö.

�¸´μ¢Ò É¥μ·¨¨ · ¸Î¥É  ³´μ£μÎ ¸É¨Î´μ£μ  ´¸ ³¡²Ö Ï ·¨±μ¢. ‘¨²Ò,
¤¥°¸É¢ÊÕÐ¨¥ ´  Ï ·¨±¨, ¨ ¤¢¨¦¥´¨¥ Ï ·¨±μ¢ μ¶·¥¤¥²ÖÕÉ¸Ö ±² ¸¸¨Î¥¸±¨³¨
§ ±μ´ ³¨ ¤¢¨¦¥´¨Ö ¨ ÉÖ£μÉ¥´¨Ö ¸ ¶·¨³¥´¥´¨¥³ ¸²¥¤ÊÕÐ¨Ì ¤μ¶μ²´¨É¥²Ó´ÒÌ
Ê¸²μ¢¨°.

1. ˜ ·¨±¨ · ¸¸³ É·¨¢ ÕÉ ± ± ¸¶²μÏ´Ò¥ ¸Ë¥·¨Î¥¸±¨¥ É¢¥·¤Ò¥ É¥² .
2. Šμ´É ±ÉÒ ¢μ§´¨± ÕÉ ´  μÎ¥´Ó ³ ²¥´Ó±¨Ì ¶²μÐ ¤ÖÌ (®ÉμÎ¥Î´Ò¥¯ ±μ´-

É ±ÉÒ).
3. ‚ ±μ´É ±É Ì ³¥¦¤Ê Ï ·¨± ³¨ ¸Í¥¶²ÖÕÐ¨¥ ¸¢Ö§¨ (¶·¨ÉÖ£¨¢ ÕÐ¨¥ ¸¨²Ò)

´¥ ¸ÊÐ¥¸É¢ÊÕÉ.
4. ˜ ·¨±¨ ¤¢¨£ ÕÉ¸Ö ´¥§ ¢¨¸¨³μ ¤·Ê£ μÉ ¤·Ê£ ,   ¢§ ¨³μ¤¥°¸É¢ÊÕÉ Éμ²Ó±μ

¢ ±μ´É ±É Ì ³¥¦¤Ê ¸μ¡μ° ¨²¨ ¸ £· ´¨Í ³¨ ¸É¥´μ± ¤μ§ Éμ· .
5. ‡ ±μ´ ¤¢¨¦¥´¨Ö ¶·¨³¥´Ö¥É¸Ö Éμ²Ó±μ ± Ï ·¨± ³, ´μ ´¥ ± ¸É¥´± ³

(É. ¥. ¸¨²Ò, ±μÉμ·Ò¥ ¤¥°¸É¢ÊÕÉ ´  ¸É¥´±Ê, ´¥ ¢²¨ÖÕÉ ´  ¥¥ ¤¢¨¦¥´¨¥).
�·¨ ¢Ò¶μ²´¥´¨¨ ÔÉ¨Ì Ê¸²μ¢¨° ¤¢¨¦¥´¨¥ ± ¦¤μ£μ Ï ·¨±  ¶μ²´μ¸ÉÓÕ

μ¶·¥¤¥²¥´μ ¤¥°¸É¢ÊÕÐ¨³¨ ´  ´¥£μ ¸¨² ³¨ ¨ ³μ³¥´É ³¨ ¸¨², ´¥¶·¥·Ò¢´μ
³¥´ÖÕÐ¨³¨¸Ö ¢ Ìμ¤¥ ¤¢¨¦¥´¨Ö ¢¸¥£μ  ´¸ ³¡²Ö Ï ·¨±μ¢.

„¢¨¦¥´¨¥ É¢¥·¤μ£μ Ï ·¨±  μ¶·¥¤¥²¥´μ ¶μ¸ÉÊ¶ É¥²Ó´Ò³ ¤¢¨¦¥´¨¥³ Í¥´-
É·  ³ ¸¸Ò ¢ Ï ·¨±¥ ¨ ¢· Ð É¥²Ó´Ò³ ¤¢¨¦¥´¨¥³ Ï ·¨± . �μ¸ÉÊ¶ É¥²Ó´μ¥
¤¢¨¦¥´¨¥ Í¥´É·  ³ ¸¸Ò μ¶¨¸ ´μ ´  μ¸´μ¢¥ ¥£μ ¶μ²μ¦¥´¨Ö xi, ¸±μ·μ¸É¨ ẋi ¨
Ê¸±μ·¥´¨Ö ẍi; ¢· Ð É¥²Ó´μ¥ ¤¢¨¦¥´¨¥ Ï ·¨±  μ¶¨¸ ´μ ´  μ¸´μ¢¥ ¥£μ Ê£²μ¢μ°
¸±μ·μ¸É¨ ωi ¨ Ê£²μ¢μ£μ Ê¸±μ·¥´¨Ö ω̇i. ’μ£¤  ¤¢¨¦¥´¨Ö Ï ·¨±μ¢ μ¶¨¸Ò¢ ÕÉ¸Ö
¸²¥¤ÊÕÐ¨³¨ ¢¥±Éμ·´Ò³¨ Ê· ¢´¥´¨Ö³¨:

Fi = m(ẍi − gi) (¤²Ö ¶μ¸ÉÊ¶ É¥²Ó´μ£μ ¤¢¨¦¥´¨Ö), (1)

Mi = I · ω̇i =
(

2
5
mR2

)
· ω̇i (¤²Ö ¢· Ð É¥²Ó´μ£μ ¤¢¨¦¥´¨Ö), (2)

£¤¥ Fi Å ¸Ê³³  ¢¸¥Ì ¢´¥Ï´¨Ì ¸¨², ¤¥°¸É¢ÊÕÐ¨Ì ´  i-° Ï ·¨±; m Å ³ ¸¸  Ï -
·¨± ; gi Å ¶·μ¥±Í¨Ö ¢¥±Éμ·  Ê¸±μ·¥´¨Ö, ¢Ò§¢ ´´μ£μ ¸¨²μ° ÉÖ£μÉ¥´¨Ö; Mi Å
¸Ê³³ ·´Ò° ³μ³¥´É, ¤¥°¸É¢ÊÕÐ¨° ´  Ï ·¨±; I Å ³μ³¥´É ¨´¥·Í¨¨ Ï ·¨± ;
R Å · ¤¨Ê¸ Ï ·¨± .
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“· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö (1) ¨ (2) ¨´É¥£·¨·ÊÕÉ¸Ö ³¥Éμ¤μ³ ±μ´¥Î´ÒÌ · §´μ-
¸É¥° ¸ ¢·¥³¥´´Ò³ Ï £μ³ Δt. ‡´ Î¥´¨Ö ¢¥²¨Î¨´ ẋi ¨ ωi ¢ÒÎ¨¸²ÖÕÉ¸Ö ¢
¸¥·¥¤¨´¥ ¢·¥³¥´´ÒÌ ¨´É¥·¢ ²μ¢ t± nΔt/2, ¢ Éμ ¢·¥³Ö ± ± §´ Î¥´¨Ö ¢¥²¨Î¨´
xi, ẍi, ω̇i, Fi ¨ Mi ¢ÒÎ¨¸²ÖÕÉ¸Ö ´  £· ´¨Í¥ ¨´É¥·¢ ²μ¢ t + nΔt.

’μ£¤ , ¨¸¶μ²Ó§ÊÖ ¸±μ·μ¸É¨ ¶μ¸ÉÊ¶ É¥²Ó´μ£μ ¤¢¨¦¥´¨Ö ¨ Ê£²μ¢Ò¥ ¸±μ·μ¸É¨
¢ ¸¥·¥¤¨´¥ ¢·¥³¥´´ÒÌ ¨´É¥·¢ ²μ¢, ¶μ¸ÉÊ¶ É¥²Ó´Ò¥ ¨ Ê£²μ¢Ò¥ Ê¸±μ·¥´¨Ö ¢
³μ³¥´É ¢·¥³¥´¨ t ³μ¦´μ ¢ÒÎ¨¸²¨ÉÓ ± ±

ẍ
(t)
i =

1
Δt

(
ẋ

(t+Δt/2)
i − ẋ

(t−Δt/2)
i

)
,

(3)

ω̇
(t)
i =

1
Δt

(
ω

(t+Δt/2)
i − ω

(t−Δt/2)
i

)
.

�μ¸ÉÊ¶ É¥²Ó´Ò¥ ¨ Ê£²μ¢Ò¥ ¸±μ·μ¸É¨ ¢ ³μ³¥´É t + Δt/2 ¢ÒÎ¨¸²ÖÕÉ¸Ö ± ±

ẋ
(t+Δt/2)
i = ẋ

(t−Δt/2)
i +

(
F

(t)
i

m
+ gi

)
Δt,

(4)

ω
(t+Δt/2)
i = ω

(t−Δt/2)
i +

(
M

(t)
i

I

)
Δt.

� ±μ´¥Í, ¸±μ·μ¸É¨ ¢ Ê· ¢´¥´¨¨ (4) ¨¸¶μ²Ó§ÊÕÉ¸Ö, ÎÉμ¡Ò μ¡´μ¢¨ÉÓ ¶μ²μ-
¦¥´¨¥ Í¥´É·  ³ ¸¸Ò Ï ·¨± :

x
(t+Δt)
i = x

(t)
i + ẋ

(t+Δt/2)
i · Δt. (5)

�·¨ ÔÉμ³ ẋ
(t+Δt/2)
i ¨ ω

(t+Δt/2)
i ¶·¨³¥´ÖÕÉ¸Ö ¤²Ö ¶μ²ÊÎ¥´¨Ö §´ Î¥´¨°

F
(t+Δt)
i ¨ M

(t+Δt)
i , ±μÉμ·Ò¥ ¡Ê¤ÊÉ ¨¸¶μ²Ó§μ¢ ´Ò ¢ ¸²¥¤ÊÕÐ¥³ Í¨±²¥ ¶·¨³¥-

´¥´¨¥³ § ±μ´  ¸¨²Ò-¸³¥Ð¥´¨Ö ¢ ±μ´É ±É Ì. ‡ ±μ´ ¸¨²Ò-¸³¥Ð¥´¨Ö ¸¢Ö§Ò¢ ¥É
μÉ´μ¸¨É¥²Ó´μ¥ ¸³¥Ð¥´¨¥ ¤¢ÊÌ ¶·¥¤³¥Éμ¢ ¢ ÉμÎ±¥ ±μ´É ±É  ¸ ¸¨²μ°, ¤¥°¸É¢Ê-
ÕÐ¥° ´  ¶·¥¤³¥ÉÒ ¢ ±μ´É ±É¥ (±μ´É ±É Ï ·¨±ÄÏ ·¨± ¨²¨ ±μ´É ±É Ï ·¨±Ä
¸É¥´± ).

�¨¸. 2. –¨±² ¢ÒÎ¨¸²¥´¨Ö ¢ PFC-3D
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�·¨³¥´¥´¨¥ § ±μ´  ¤¢¨¦¥´¨Ö ± ± ¦¤μ³Ê Ï ·¨±Ê ¨ § ±μ´  ¸¨²Ò-¸³¥Ð¥´¨Ö
± ± ¦¤μ³Ê ±μ´É ±ÉÊ ¤²Ö ± ¦¤μ£μ ¨´É¥·¢ ²  Δt ¶μ¸ÉμÖ´´μ μ¡´μ¢²Ö¥É μÉ´μ¸¨-
É¥²Ó´Ò¥ ¶μ²μ¦¥´¨Ö Ï ·¨±μ¢ (¸³. ·¨¸. 2). Šμ´É ±ÉÒ, ±μÉμ·Ò¥ ³μ£ÊÉ ¸ÊÐ¥¸É¢μ-
¢ ÉÓ ³¥¦¤Ê ¤¢Ê³Ö Ï ·¨± ³¨ ¨²¨ ³¥¦¤Ê Ï ·¨±μ³ ¨ ¸É¥´±μ°, Ëμ·³¨·ÊÕÉ¸Ö ¨
Ê´¨ÎÉμ¦ ÕÉ¸Ö  ¢Éμ³ É¨Î¥¸±¨ ¢ É¥Î¥´¨¥ ³μ¤¥²¨·μ¢ ´¨Ö ¢ PFC-3D.

‘�‡„��ˆ… ƒ…�Œ…’�ˆ—…‘Š�‰ Œ�„…‹ˆ

ƒ¥μ³¥É·¨Î¥¸± Ö ³μ¤¥²Ó ¤μ§ Éμ·  Ï ·¨±μ¢μ£μ § ³¥¤²¨É¥²Ö ¡Ò²  ¸μ§¤ ´ 
¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¶·μ£· ³³ PFC-3D ¨ Rhinoceros 4.0. ‘· ¢´¨É¥²Ó´μ ¶·μ-
¸ÉÒ¥ £¥μ³¥É·¨Î¥¸±¨¥ μ¡Ñ¥±ÉÒ, É ±¨¥ ± ± ¶·Ö³Ò¥ Í¨²¨´¤·¨Î¥¸±¨¥ Î ¸É¨ ¨
±μ´Ê¸´ Ö Î ¸ÉÓ, ¡Ò²¨ ¸μ§¤ ´Ò ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¶·μ£· ³³Ò PFC-3D,   ¡μ²¥¥
¸²μ¦´Ò¥ Å ¨§μ£´ÊÉ´ Ö ¨ ´ ±²μ´´ Ö Î ¸É¨ Å ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¶·μ£· ³³Ò
Rhinoceros 4.0 [4]. ƒ¥μ³¥É·¨Î¥¸±¨¥ μ¡Ñ¥±ÉÒ, ¸μ§¤ ´´Ò¥ ¢ Rhinoceros 4.0,
¶μ¸²¥ ¶·¥μ¡· §μ¢ ´¨Ö ± É¨¶Ê Ë °²  ®*.STL¯ Î¥·¥§ ¶·μÍ¥¸¸ § Í¥¶²¥´¨Ö ¡Ò²¨
¢¢¥¤¥´Ò ¢ PFC-3D ´  ´ Î ²Ó´μ³ ÔÉ ¶¥ ³μ¤¥²¨·μ¢ ´¨Ö ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ËÊ´±-
Í¨¨ ÎÉ¥´¨Ö FISH ¸ CAD-¶μ¤¤¥·¦±μ°.

�¡Ñ¥±ÉÒ ³μ¤¥²¨·μ¢ ´¨Ö Å Ï ·¨±¨ § ³¥¤²¨É¥²Ö Å £¥´¥·¨·μ¢ ²¨¸Ó ¸ ¨¸-
¶μ²Ó§μ¢ ´¨¥³ ¢¸É·μ¥´´μ° ËÊ´±Í¨¨ ¢ ¶·μ£· ³³¥ PFC-3D. ‚μ ¨§¡¥¦ ´¨¥ ¶¥-
·¥±·ÒÉ¨Ö ¸μ§¤ ´´ÒÌ Ï ·¨±μ¢ ¸´ Î ²  μ´¨ £¥´¥·¨·μ¢ ²¨¸Ó ¸ ³¥´ÓÏ¨³ ¤¨ ³¥-
É·μ³ 2 ³³, ±μÉμ·Ò° ¶μ¸É¥¶¥´´μ Ê¢¥²¨Î¨¢ ²¸Ö ¤μ ´μ³¨´ ²Ó´μ£μ ¤¨ ³¥É·  4 ³³
¶·¨ ¶μ¸ÉμÖ´´μ³ §´ Î¥´¨¨ ±μÔËË¨Í¨¥´É  ¶μ·¨¸Éμ¸É¨. “¢¥²¨Î¥´¨¥ ¤¨ ³¥É· 
¶·¥±· Ð ²μ¸Ó  ¢Éμ³ É¨Î¥¸±¨, ± ± Éμ²Ó±μ Ï ·¨±¨ ´ Î¨´ ²¨ ¶¥·¥±·Ò¢ ÉÓ¸Ö.
‘μ§¤ ´´ Ö É ±¨³ μ¡· §μ³ £¥μ³¥É·¨Î¥¸± Ö ³μ¤¥²Ó ¶·¥¤¸É ¢²¥´  ´  ·¨¸. 5 ¨ 7.

ƒ· ´¨Î´Ò¥ ¨ ´ Î ²Ó´Ò¥ Ê¸²μ¢¨Ö. ƒ· ´¨Î´Ò¥ Ê¸²μ¢¨Ö. ƒ· ´¨ÍÒ ³μ-
¤¥²¨·μ¢ ´¨Ö § ¤ ¢ ²¨¸Ó ¢´ÊÉ·¥´´¨³ μ¡Ñ¥³μ³ ¸μ§¤ ´´μ° £¥μ³¥É·¨Î¥¸±μ° ³μ-
¤¥²¨,   É ±¦¥ ¶·μ¸É¨· ²¨¸Ó ´  ´¥¡μ²ÓÏμ¥ · ¸¸ÉμÖ´¨¥ ¶μ¸²¥ ¢ÒÌμ¤  ¨§ ¤μ-
§ Éμ· . „²Ö ³μ¤¥²¨·μ¢ ´¨Ö ·¥ ²Ó´μ£μ ¶·μÍ¥¸¸  ´¥¶·¥·Ò¢´μ° ¸³¥´Ò Ï ·¨±μ¢
¢ ± ³¥·¥ § ³¥¤²¨É¥²Ö Ï ·¨±¨, ±μÉμ·Ò¥ ¶μ±¨¤ ÕÉ ¤μ§ Éμ·, Ê¤ ²ÖÕÉ¸Ö ¨§ ³μ-
¤¥²¨·μ¢ ´¨Ö, μ¤´μ¢·¥³¥´´μ ´μ¢Ò¥ Ï ·¨±¨ ¶·μ£· ³³´μ ¸μ§¤ ÕÉ¸Ö ´ ¢¥·ÌÊ
Í¨²¨´¤·¨Î¥¸±μ° Î ¸É¨ ¤μ§ Éμ·  ¨ ¤μ¡ ¢²ÖÕÉ¸Ö ¢ ³μ¤¥²¨·μ¢ ´¨¥.

� Î ²Ó´Ò¥ Ê¸²μ¢¨Ö. ‚ ´ Î ²Ó´Ò° ³μ³¥´É ³μ¤¥²¨·μ¢ ´¨Ö ´  ± ¦¤Ò°
Ï ·¨± ¤¥°¸É¢Ê¥É Éμ²Ó±μ £· ¢¨É Í¨Ö,   ¸ ³μ³¥´É  ¢μ§´¨±´μ¢¥´¨Ö ±μ´É ±Éμ¢
´ Î¨´ ÕÉ ¤¥°¸É¢μ¢ ÉÓ ¢¸¥ ¸¨²Ò, ¢ Éμ³ Î¨¸²¥ ¸¨²  É·¥´¨Ö. ŠμÔËË¨Í¨¥´É ¶μ·¨-
¸Éμ¸É¨ ¶·¨ ¸μ§¤ ´¨¨ ¶μ²´μ£μ  ´¸ ³¡²Ö Ï ·¨±μ¢ ¡Ò² Ê¸É ´μ¢²¥´ · ¢´Ò³ 0,4.

�¶·¥¤¥²¥´¨¥ ¢·¥³¥´´μ£μ Ï £  ¤²Ö ¸É ¡¨²Ó´μ¸É¨ ³μ¤¥²¨·μ¢ ´¨Ö. Œμ-
¤¥²¨·μ¢ ´¨¥ ¢ ¶·μ£· ³³¥ PFC-3D Ö¢²Ö¥É¸Ö Ê¸Éμ°Î¨¢Ò³, Éμ²Ó±μ ¥¸²¨ ¢·¥³¥´-
´μ° Ï £ ´¥ ¶·¥¢ÒÏ ¥É ´¥±μÉμ·μ£μ ±·¨É¨Î¥¸±μ£μ §´ Î¥´¨Ö, ±μÉμ·μ¥ ¸¢Ö§ ´μ
¸ ³¨´¨³ ²Ó´Ò³ ¸μ¡¸É¢¥´´Ò³ ¶¥·¨μ¤μ³ ¶μ²´μ° ¸¨¸É¥³Ò. 
ÉμÉ ±·¨É¨Î¥¸±¨°
¢·¥³¥´´μ° Ï £ § ¢¨¸¨É μÉ Ë¨§¨Î¥¸±¨Ì ¸¢μ°¸É¢, μ¸μ¡¥´´μ μÉ ³ ¸¸Ò Ï ·¨±μ¢
¨ §´ Î¥´¨° ±μÔËË¨Í¨¥´Éμ¢ ¦¥¸É±μ¸É¨. …£μ §´ Î¥´¨¥ ¤²Ö ´ Ï¥° § ¤ Î¨ ¡Ò²μ
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· ¸¸Î¨É ´μ  ¢Éμ³ É¨Î¥¸±¨ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ËÊ´±Í¨¨ FISH ¢ PFC-3D ¨ μ± -
§ ²μ¸Ó · ¢´Ò³ ¶·¨¡²¨§¨É¥²Ó´μ 2,2 · 10−5 ¸. �¥ ²Ó´Ò° ¢·¥³¥´´μ° Ï £ ¡Ò²
¢Ò¡· ´ · ¢´Ò³ 0,8 μÉ ±·¨É¨Î¥¸±μ£μ ¢·¥³¥´´μ£μ Ï £ .

���–…„“�� Œ�„…‹ˆ��‚��ˆŸ ‘ ˆ‘��‹œ‡�‚��ˆ…Œ PFC-3D

�μ¸²¥ Ê¸É ´μ¢²¥´¨Ö £· ´¨Î´ÒÌ ¨ ´ Î ²Ó´ÒÌ Ê¸²μ¢¨° ¶·μ£· ³³  PFC-3D
¶·μ¢μ¤¨É ³μ¤¥²¨·μ¢ ´¨¥ ¶μ¢¥¤¥´¨Ö Ï ·¨±μ¢ ¢ ¤μ§ Éμ·¥. �¡Ð Ö ¶·μÍ¥¤Ê· 
³μ¤¥²¨·μ¢ ´¨Ö ¶·¥¤¸É ¢²¥´  ´  ·¨¸. 3.

�¨¸. 3. �¡Ð Ö ¶·μÍ¥¤Ê·  ³μ¤¥²¨·μ¢ ´¨Ö ¢ PFC-3D

�…‡“‹œ’�’› Œ�„…‹ˆ��‚��ˆŸ

—¨¸²¥´´Ò¥ Ô±¸¶¥·¨³¥´ÉÒ ¶μ ¢μ§´¨±´μ¢¥´¨Õ § Éμ·μ¢ ¢ ¤μ§ Éμ·¥. 
É¨
Î¨¸²¥´´Ò¥ Ô±¸¶¥·¨³¥´ÉÒ ¡Ò²¨ ¶·μ¢¥¤¥´Ò ¤²Ö μ¶·¥¤¥²¥´¨Ö Í¥²¥¸μ¡· §´μ£μ
¤¨ ³¥É·  ¢Ò¶Ê¸±´μ° É·Ê¡±¨ ¤μ§ Éμ· . ˆÌ ·¥§Ê²ÓÉ ÉÒ ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 4.
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�¨¸. 4. �¥§Ê²ÓÉ ÉÒ Î¨¸²¥´´ÒÌ Ô±¸¶¥·¨³¥´Éμ¢ ¤²Ö μ¶·¥¤¥²¥´¨Ö ¤¨ ³¥É·  ¢Ò¶Ê¸±´μ°
É·Ê¡±¨

�¨¸. 5. PFC-3D £¥μ³¥É·¨Ö, ¸μ§¤ ´´ Ö
¤²Ö ³μ¤¥²¨·μ¢ ´¨Ö · ¸¶·¥¤¥²¥´¨Ö ¸±μ-
·μ¸É¨ ¶ ¤¥´¨Ö Ï ·¨±μ¢ ¢ ¤μ§ Éμ·¥: 1 Å
¸¥Î¥´¨¥ ¢ ´¨¦´¥° Î ¸É¨ ¤μ§ Éμ· ; 2 Å
¸¥Î¥´¨¥ ¢ ¢¥·Ì´¥° Î ¸É¨ ¤μ§ Éμ· ; 3 Å
Í¨²¨´¤·¨Î¥¸± Ö ¸É¥´± ; 4 Å ±· ¸´Ò¥
Ï ·¨±¨ ¢ Í¥´É·¥; 5 Å ¸¨´¨¥ Ï ·¨±¨ ¢
¸¥·¥¤¨´¥; 6 Å §¥²¥´Ò¥ Ï ·¨±¨ ¢¡²¨§¨
¸É¥´±¨

ˆ§ ·¨¸. 4 ¢¨¤´μ, ÎÉμ ¢ ¸²ÊÎ ¥ ¤¨ ³¥-
É·  ¢Ò¶Ê¸±´μ° É·Ê¡±¨ ¤μ§ Éμ·  ³¥´ÓÏ¥
12 ³³ ¢μ§´¨± ÕÉ ¸ÊÐ¥¸É¢¥´´Ò¥ § Éμ·Ò
¨ É¥Î¥´¨¥ Ï ·¨±μ¢ ¶·¥±· Ð ¥É¸Ö. �μ ¢
¸²ÊÎ ¥ ¤¨ ³¥É·  ¡μ²ÓÏ¥ 13 ³³ § Éμ·Ò
¢μ ¢¸¥Ì Î ¸ÉÖÌ ¤μ§ Éμ·  ´¥ ¢μ§´¨± ÕÉ ¨
É¥Î¥´¨¥ Ï ·¨±μ¢ ´¥ ¶·¥±· Ð ¥É¸Ö.

—¨¸²¥´´Ò¥ Ô±¸¶¥·¨³¥´ÉÒ ¤²Ö
μÍ¥´±¨ ¢²¨Ö´¨Ö É·¥´¨Ö ´  · ¤¨ ²Ó-
´μ¥ · ¸¶·¥¤¥²¥´¨¥ ¸±μ·μ¸É¨ ¤¢¨¦¥-
´¨Ö Ï ·¨±μ¢. � ²¨Î¨¥ É·¥´¨Ö ³¥¦¤Ê
¸É¥´± ³¨ ¨ Ï ·¨± ³¨ ¨ ³¥¦¤Ê Ï ·¨-
± ³¨ ¶·¨¢μ¤¨É ± § ³¥¤²¥´¨Õ ¤¢¨¦¥-
´¨Ö Ï ·¨±μ¢, £· ´¨Î Ð¨Ì ¸μ ¸É¥´± ³¨
¤μ§ Éμ· , ¶μ ¸· ¢´¥´¨Õ ¸ Í¥´É· ²Ó´μ
· ¸¶μ²μ¦¥´´Ò³¨ Ï ·¨± ³¨. „²Ö ¶·μ-
¢¥¤¥´¨Ö Î¨¸²¥´´μ£μ Ô±¸¶¥·¨³¥´É  ¶μ
μÍ¥´±¥ ÔËË¥±Éμ¢ É·¥´¨Ö ¶·¨ ¶¥·¥¤¢¨-
¦¥´¨¨ Ï ·¨±μ¢-§ ³¥¤²¨É¥²¥° ¢ ¤μ§ -
Éμ·¥ ¨¸¶μ²Ó§μ¢ ² ¸Ó ËÊ´±Í¨Ö μ±· Ï¨-
¢ ´¨Ö μ¡Ñ¥±Éμ¢ ¢ PFC-3D. ˜ ·¨±¨ ¢ ¤μ§ Éμ·¥ ¡Ò²¨ · §¤¥²¥´Ò ´  É·¨ ¸²μÖ:
±· ¸´Ò°, ¸¨´¨° ¨ §¥²¥´Ò°, ÎÉμ ¶μ§¢μ²¨²μ ¢ÒÖ¢¨ÉÓ § ¢¨¸¨³μ¸ÉÓ ¢·¥³¥´¨ ¢Ò-
Ìμ¤  Ï ·¨±  ¨§ ¤μ§ Éμ·  μÉ ¥£μ ´ Î ²Ó´μ£μ ¶μ²μ¦¥´¨Ö μÉ´μ¸¨É¥²Ó´μ μ¸¨
Í¨²¨´¤·¨Î¥¸±μ° Î ¸É¨ ¤μ§ Éμ·  (·¨¸. 5). �¥§Ê²ÓÉ É ÔÉμ£μ Ô±¸¶¥·¨³¥´É  ¶·¥¤-
¸É ¢²¥´ ¢ É ¡². 2 ¨ ´  ·¨¸. 6, 7.
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’ ¡²¨Í  2. ˆ§³¥´¥´¨¥ ±μ²¨Î¥¸É¢  ¨ μÉ´μ¸¨É¥²Ó´μ° ¤μ²¨ Ï ·¨±μ¢, ¨³¥ÕÐ¨Ì ¤ ´-
´Ò° Í¢¥É, ¢ μ¡Ð¥³ ±μ²¨Î¥¸É¢¥ Ï ·¨±μ¢, Ê¤ ²¥´´ÒÌ ¨§ ¤μ§ Éμ· 

�¡Ð¥¥ ±μ²¨Î¥¸É¢μ
Ï ·¨±μ¢,

Ê¤ ²¥´´ÒÌ ¨§
¤μ§ Éμ· 

‡¥²¥´Ò¥,
±μ²¨Î¥¸É¢μ

(¤μ²Ö)

‘¨´¨¥,
±μ²¨Î¥¸É¢μ

(¤μ²Ö)

Š· ¸´Ò¥,
±μ²¨Î¥¸É¢μ

(¤μ²Ö)

201 79 (2,257) 87 (2,486) 35 (1,00)
400 155 (2,067) 170 (2,267) 75 (1,00)
600 239 (2,173) 251 (2,282) 110 (1,00)
820 328 (2,172) 341 (2,258) 151 (1,00)
1000 411 (2,356) 416 (2,405) 173 (1,00)
1223 503 (2,351) 506 (2,364) 214 (1,00)
1309 552 (2,544) 540 (2,488) 217 (1,00)
1369 595 (2,717) 555 (2,534) 219 (1,00)
1393 614 (2,778) 558 (2,525) 221 (1,00)
1404 623 (2,819) 560 (2,534) 221 (1,00)
1500 717 (3,244) 562 (2,543) 221 (1,00)

�¨¸. 6. ˆ§³¥´¥´¨¥ ±μ²¨Î¥¸É¢  Ï ·¨±μ¢, ¨³¥ÕÐ¨Ì ¤ ´´Ò° Í¢¥É, ¢ μ¡Ð¥³ ±μ²¨Î¥¸É¢¥
Ï ·¨±μ¢, Ê¤ ²¥´´ÒÌ ¨§ ¤μ§ Éμ· 

ˆ§ ¶·¨¢¥¤¥´´ÒÌ ¤ ´´ÒÌ ¸²¥¤Ê¥É, ÎÉμ ±· °´¨¥ Ï ·¨±¨ ¢ÒÌμ¤ÖÉ ¨§ ¤μ§ -
Éμ·  ¢ 1,3Ä1,4 · §  ³¥¤²¥´´¥¥, Î¥³ Í¥´É· ²Ó´Ò¥.
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�¨¸. 7. ˆ²²Õ¸É· Í¨Ö ¤¢¨¦¥´¨Ö Ï ·¨±μ¢ ¢ ¤μ§ Éμ·¥ § ³¥¤²¨É¥²Ö

’ ¡²¨Í  3. Šμ²¨Î¥¸É¢μ Ï ·¨±μ¢, Ê¤ ²¥´´ÒÌ ¨§ ¤μ§ Éμ· , ¢ § ¢¨¸¨³μ¸É¨ μÉ ¢·¥³¥´¨
¶·¨ ¤²¨´¥ ´ ±²μ´´μ° É·Ê¡±¨ L = 90 ³³ ¨ · §´ÒÌ ¢Ò¸μÉ Ì (H)

‚·¥³Ö,
¸

H = 16,0 ³³,
α = 10,08◦

H = 17,0 ³³,
α = 10,70◦

H = 18,0 ³³,
α = 11,31◦

H = 19,0 ³³,
α = 11,92◦

H = 20,0 ³³,
α = 12,53◦

2 40 38 26 22 20
4 98 95 64 37 34
6 172 151 96 50 46
8 221 200 131 59 53
10 298 252 163 61 54
12 380 301 194 63 54
14 439 350 226 65 54
16 525 403 264 67 54
18 596 454 296 69 54
20 668 506 316 72 54
22 750 553 330 76 54
24 835 604 338 78 54
26 876 652 344 79 54
28 900 701 349 81 54
30 975 756 362 83 54

—¨¸²¥´´Ò¥ Ô±¸¶¥·¨³¥´ÉÒ ¶μ μ¶É¨³¨§ Í¨¨ · §³¥·μ¢ Î ¸É¥° ¤μ§ Éμ· ,
μ¡¥¸¶¥Î¨¢ ÕÐ¨Ì § ¤ ´´ÊÕ ¸·¥¤´ÕÕ ¸±μ·μ¸ÉÓ ¢Ò¡·μ¸  Ï ·¨±μ¢. ‘±μ·μ¸ÉÓ
¢Ò¡·μ¸  Ï ·¨±μ¢ ¨§ ± ³¥·Ò § ³¥¤²¨É¥²Ö ´¥°É·μ´μ¢ Ö¢²Ö¥É¸Ö ¸É·μ£μ μ¶·¥¤¥-
²¥´´μ° ¢¥²¨Î¨´μ°. „¥²μ ¢ Éμ³, ÎÉμ ¢·¥³Ö ¶·¥¡Ò¢ ´¨Ö ³¥É ´μ¢ÒÌ Ï ·¨±μ¢
¢ ± ³¥·¥ § ³¥¤²¨É¥²Ö μ£· ´¨Î¥´μ, É ± ± ± ¶·¨ μ¡²ÊÎ¥´¨¨ É¢¥·¤μ£μ ³¥É ´ 
¢ÒÏ¥ μ¶·¥¤¥²¥´´μ° ¤μ§Ò ¢μ§´¨± ¥É ¸ ³μ¶·μ¨§¢μ²Ó´ Ö Í¥¶´ Ö ·¥ ±Í¨Ö ·¥±μ³-
¡¨´ Í¨¨ · ¤¨± ²μ¢, ¸μ¶·μ¢μ¦¤ ÕÐ Ö¸Ö §´ Î¨É¥²Ó´Ò³ ¶μ¢ÒÏ¥´¨¥³ É¥³¶¥· -
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�¨¸. 8. Šμ²¨Î¥¸É¢μ Ï ·¨±μ¢, Ê¤ ²¥´´ÒÌ ¨§ ¤μ§ Éμ· , ¢ § ¢¨¸¨³μ¸É¨ μÉ ¢·¥³¥´¨ (μ¸Ó
 ¡¸Í¨¸¸, ¸¥±Ê´¤Ò) ¶·¨ ¤²¨´¥ ´ ±²μ´´μ° É·Ê¡±¨ L = 90 ³³ ¨ · §´ÒÌ ¢Ò¸μÉ Ì (H)

�¨¸. 9. Šμ²¨Î¥¸É¢μ Ï ·¨±μ¢, Ê¤ ²¥´´ÒÌ ¨§ ¤μ§ Éμ· , ¢ § ¢¨¸¨³μ¸É¨ μÉ ¢·¥³¥´¨ ¶·¨
¤²¨´¥ ´ ±²μ´´μ° É·Ê¡±¨ L = 90 ³³ ¨ μ¶É¨³ ²Ó´μ° ¢Ò¸μÉÒ ¥¥ ´ ±²μ´  H = 19 ³³:
1 Å ¶¥·¥Ìμ¤´Ò° ·¥¦¨³; 2 Å ¸É ¡¨²¨§¨·μ¢ ´´Ò° ·¥¦¨³ (¸·¥¤´ÖÖ ¸±μ·μ¸ÉÓ ¢Ò¡·μ¸ 
1Ä1,2 Ï ·¨±  ¢ ¸¥±Ê´¤Ê)

ÉÊ·Ò. 
Éμ ¢·¥³Ö, μ¶·¥¤¥²¥´´μ¥ ¤²Ö ·¥ ±Éμ·  ˆ��-2 Ô±¸¶¥·¨³¥´É ²Ó´μ [5],
¸μ¸É ¢²Ö¥É 3Ä4 Î. �·¨ ¢Ò¸μÉ¥ § ³¥¤²¨É¥²Ö 20 ¸³ ÔÉμ μ£· ´¨Î¥´¨¥ ¢·¥³¥´¨
¶·¥¡Ò¢ ´¨Ö ³¥É ´μ¢ÒÌ Ï ·¨±μ¢ ¢ ± ³¥·¥ § ³¥¤²¨É¥²Ö ¸μμÉ¢¥É¸É¢Ê¥É ¸±μ·μ-
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¸É¨ ¢Ò¡·μ¸  Ï ·¨±μ¢ 1Ä1,2 Ï ·¨±  ¢ ¸¥±Ê´¤Ê. ‘±μ·μ¸ÉÓ ¢Ò¡·μ¸  Ï ·¨±μ¢
³μ¦´μ ¢ ·Ó¨·μ¢ ÉÓ ¶ÊÉ¥³ ¢Ò¡μ·  · §³¥·μ¢ ´ ±²μ´´μ° ¶·Ö³μ° Î ¸É¨ ¢Ò¶Ê¸±-
´μ° É·Ê¡±¨ ¶ ¸¸¨¢´μ£μ ¤μ§ Éμ·  Å L3 ¨ H (·¨¸. 1). �¥§Ê²ÓÉ ÉÒ Î¨¸²¥´´ÒÌ
Ô±¸¶¥·¨³¥´Éμ¢ ¤²Ö ¢ ·¨ ´É  L = 90 ³³ ¶·¨ · §´ÒÌ §´ Î¥´¨ÖÌ H ¶·¥¤-
¸É ¢²¥´Ò ¢ É ¡². 3 ¨ ´  ·¨¸. 8, 9. ˆ§ ¶·¨¢¥¤¥´´ÒÌ ¤ ´´ÒÌ ¢¨¤´μ, ÎÉμ ¶·¨
L = 90 ³³ ¨ H = 19 ³³ ¶μ²ÊÎ ¥É¸Ö ´¥μ¡Ìμ¤¨³Ò° (¸ ÉμÎ±¨ §·¥´¨Ö ¤μ¶Ê¸É¨-
³μ£μ ¢·¥³¥´¨ ¶·¥¡Ò¢ ´¨Ö ³¥É ´μ¢ÒÌ Ï ·¨±μ¢ ¢ ± ³¥·¥ § ³¥¤²¨É¥²Ö) · ¸Ìμ¤
Ï ·¨±μ¢ Å 1Ä1,2 Ï ·¨±  ¢ ¸¥±Ê´¤Ê.

‚›‚�„›

1. „²Ö ³μ¤¥²¨·μ¢ ´¨Ö · ¡μÉÒ ¶ ¸¸¨¢´μ£μ (μ¸´μ¢ ´´μ£μ Éμ²Ó±μ ´  ¤¥°-
¸É¢¨¨ £· ¢¨É Í¨¨) ¤μ§ Éμ·  Ï ·¨±μ¢μ£μ § ³¥¤²¨É¥²Ö ·¥ ±Éμ·  ˆ��-2M ¸
Ê¸¶¥Ìμ³ ¨¸¶μ²Ó§μ¢ ´  PFC-3D Å ¶·μ£· ³³  ³μ¤¥²¨·μ¢ ´¨Ö § ¤ Î¨ ³´μ£¨Ì
É¥², ¨¸¶μ²Ó§ÊÕÐ Ö DEM-³¥Éμ¤ [4].

2. �Ò²¨ μ¶·¥¤¥²¥´Ò Í¥²¥¸μμ¡· §´Ò¥ · §³¥·Ò Ô²¥³¥´Éμ¢ ¶ ¸¸¨¢´μ£μ ¤μ-
§ Éμ·  ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ · §· ¡μÉ ´´μ° ³¥Éμ¤¨±¨ (¸³. ·¨¸. 1 ¨ É ¡². 4).

’ ¡²¨Í  4. –¥²¥¸μμ¡· §´Ò¥ · §³¥·Ò Ô²¥³¥´Éμ¢ ¶ ¸¸¨¢´μ£μ ¤μ§ Éμ·  Ï ·¨±μ¢μ£μ
§ ³¥¤²¨É¥²Ö ·¥ ±Éμ·  ˆ��-2M

�¥·¥³¥´´Ò¥ ¶·μ¥±É¨·μ¢ ´¨Ö � §³¥·
Œ¨´¨³ ²Ó´Ò° ¢´ÊÉ·¥´´¨° ¤¨ ³¥É· ¢Ò¶Ê¸±´μ° É·Ê¡±¨, ³³ 13
‚Ò¸μÉ  ±μ´Ê¸´μ£μ ÊÎ ¸É±  (L1), ³³ 50
‚Ò¸μÉ  ¶·Ö³μ° Î ¸É¨ ¢Ò¶Ê¸±´μ° É·Ê¡±¨ (L2), ³³ 30
� ¤¨Ê¸ Î ¸É¨ ¨§μ£´ÊÉμ° ¢Ò¶Ê¸±´μ° É·Ê¡±¨ (R), ³³ 70
ƒμ·¨§μ´É ²Ó´ Ö ¶·μ¥±Í¨Ö ¤²¨´Ò Î ¸É¨ ´ ±²μ´´μ° É·Ê¡±¨ (L3), ³³ 90
‚¥·É¨± ²Ó´ Ö ¶·μ¥±Í¨Ö ¤²¨´Ò Î ¸É¨ ´ ±²μ´´μ° É·Ê¡±¨ (H), ³³ 19
“£μ² ´ ±²μ´  ¢Ò¶Ê¸±´μ° É·Ê¡±¨ (α), ◦ ≈ 12
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