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� ¸¸³μÉ·¥´  § ¤ Î  ´¥¸É Í¨μ´ ·´μ£μ · ¸¶·¥¤¥²¥´¨Ö É¥³¶¥· ÉÊ·Ò ¢ É¥¶²μ¢Ò-
¤¥²ÖÕÐ¥³ Ô²¥³¥´É¥ (É¢Ô²¥) ·¥ ±Éμ·  ˆ
�-2: ¢ Éμ¶²¨¢¥ (¢ É ¡²¥É± Ì ¢ÉÊ²μÎ´μ£μ
É¨¶  ¸ μÉ¢¥·¸É¨¥³ ¨ ¢ ¡·¨±¥É Ì ¡¥§ μÉ¢¥·¸É¨Ö), ¢ μ¡μ²μÎ±¥ É¢Ô² ,   É ±¦¥ ¢
μ±·Ê¦ ÕÐ¥³ μ¡μ²μÎ±Ê ¸²μ¥ ¤¢¨¦ÊÐ¥£μ¸Ö ´ É·¨Ö. „²Ö ¶·μ¢¥¤¥´¨Ö É¥·³μ¤¨´ -
³¨Î¥¸±μ£μ  ´ ²¨§  É¢Ô²  ¸μ§¤ ´  ¶·μ£· ³³  Î¨¸²¥´´μ£μ ·¥Ï¥´¨Ö Ê· ¢´¥´¨° É¥-
¶²μ¶·μ¢μ¤´μ¸É¨ ¢ Í¨²¨´¤·¨Î¥¸±μ° ¸¨¸É¥³¥ ±μμ·¤¨´ É ¸ ¶μ³μÐÓÕ · §´μ¸É´ÒÌ
Ê· ¢´¥´¨° μ¤´μ³¥·´μ° ´¥¸É Í¨μ´ ·´μ° § ¤ Î¨ É¥¶²μ¶·μ¢μ¤´μ¸É¨. �·μ£· ³³ 
¶μ¸É·μ¥´  ´  μ¸´μ¢¥  ²£μ·¨É³μ¢, ¨¸¶μ²Ó§μ¢ ´´ÒÌ ¢ ¶·μ£· ³³ Ì FEMAXI, FRAP-
TRAN ¨ FRAPCON, ´μ ¨³¥¥É ¸ÊÐ¥¸É¢¥´´μ¥ μÉ ´¨Ì μÉ²¨Î¨¥, ¶μ¸±μ²Ó±Ê μ·¨¥´É¨-
·μ¢ ´  ´  É¥¶²μË¨§¨±Ê ¡Ò¸É·ÒÌ ·¥ ±Éμ·μ¢ É¨¶  ˆ
�-2 ¸ ¶²ÊÉμ´¨¥¢Ò³ Éμ¶²¨¢μ³
¨ ´ É·¨¥¢Ò³ μÌ² ¦¤¥´¨¥³ ¸ ¢μ§³μ¦´μ¸ÉÓÕ ¨¸¸²¥¤μ¢ ´¨Ö ¡Ò¸É·μ¶·μÉ¥± ÕÐ¨Ì
É¥¶²μ¢ÒÌ ¶·μÍ¥¸¸μ¢ ¢¶²μÉÓ ¤μ ³¨±·μ¸¥±Ê´¤´μ° ¤²¨É¥²Ó´μ¸É¨. �·¨¢¥¤¥´μ ±· É-
±μ¥ μ¶¨¸ ´¨¥ ¨¸¶μ²Ó§μ¢ ´´ÒÌ ¢ ¶·μ£· ³³¥  ²£μ·¨É³μ¢ ·¥Ï¥´¨Ö ´¥¸É Í¨μ´ ·´ÒÌ
É¥¶²μ¢ÒÌ ¶·μÍ¥¸¸μ¢, ³¥Éμ¤¨±  ¨Ì ¶·μ£· ³³´μ° ·¥ ²¨§ Í¨¨.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ ´¥°É·μ´´μ° Ë¨§¨±¨ ¨³. ˆ.Œ. ”· ´± 
�ˆŸˆ.
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Kim Tae Gyoun, Pepyolyshev Yu.N., Rogov A.D. P13-2010-58
Thermal Analysis Methods of a Fuel Rod in IBR-2 Pulsed Reactor

The problem of transient temperature distribution in a fuel rod of the reactor
IBR-2 is considered: in fuel (in rod-shaped pellet and in hollow-shaped pellet), in
cladding of the fuel rod, and also in liquid sodium coolant surrounding a fuel rod.
For analyzing transient thermal behaviour of a fuel rod, a program for numerical
solving of heat conduction equation in cylindrical coordinates system by applying
ˇnite difference method to the equations of one-dimensional transient problem of heat
conduction is created. The program is written on the basis of the algorithms used in
programs FEMAXI, FRAPTRAN and FRAPCON, but has essential difference from
them as it is focused on thermal physics of fast reactors of IBR-2 type with plutonium
fuel and sodium coolant with research possibility of very rapid thermal processes
up to microsecond duration. The solution algorithms of transient thermal behaviour
used in the program and their implementation technique are shortly described.

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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�´ ²¨§ · ¸¶·¥¤¥²¥´¨° É¥³¶¥· ÉÊ· ¢ É¥¶²μ¢Ò¤¥²ÖÕÐ¥³ Ô²¥³¥´É¥ (É¢Ô²¥)
¨³¶Ê²Ó¸´μ£μ ·¥ ±Éμ·  ˆ
�-2 Ö¢²Ö¥É¸Ö Î·¥§¢ÒÎ °´μ ¢ ¦´μ° § ¤ Î¥° ¤²Ö μ¡μ-
¸´μ¢ ´¨Ö ¡¥§μ¶ ¸´μ° ¨ ´ ¤¥¦´μ° · ¡μÉÒ ·¥ ±Éμ· . �¸μ¡¥´´μ ÔÉμ ¢ ¦´μ ¤²Ö
¶μ¸²¥¤ÊÕÐ¥° μÍ¥´±¨ É¥³¶¥· ÉÊ·´ÒÌ ¶·μÖ¢²¥´¨° ¢ ¨§£¨¡´ÒÌ ¤¥Ëμ·³ Í¨ÖÌ
É¢Ô² , ¢²¨ÖÕÐ¨Ì ´  ¤¨´ ³¨±Ê ¡Ò¸É·μ° μ¡· É´μ° ¸¢Ö§¨ ¨, ¸μμÉ¢¥É¸É¢¥´´μ,
´  ¸É ¡¨²Ó´μ¸ÉÓ · ¡μÉÒ ·¥ ±Éμ· . �μÔÉμ³Ê · ¸Î¥É´ Ö μÍ¥´±  · ¸¶·¥¤¥²¥´¨°
É¥³¶¥· ÉÊ· ¢  ±É¨¢´μ° §μ´¥ ˆ
�-2 Ö¢²Ö¥É¸Ö ´¥μ¡Ìμ¤¨³μ° μ¸´μ¢μ° ¤²Ö ¶·μ¢¥-
¤¥´¨Ö ¢ ¤ ²Ó´¥°Ï¥³ É¥·³μ³¥Ì ´¨Î¥¸±μ£μ  ´ ²¨§  É¢Ô²  ¨ ¤¨´ ³¨±¨ ¡Ò¸É·μ°
μ¡· É´μ° ¸¢Ö§¨.

„²Ö · ¸Î¥É  · ¸¶·¥¤¥²¥´¨° É¥³¶¥· ÉÊ· ¢  ±É¨¢´μ° §μ´¥ ˆ
�-2 ¸ ÊÎ¥-
Éμ³ ¸μ¢·¥³¥´´ÒÌ ¤ ´´ÒÌ μ É¥¶²μË¨§¨Î¥¸±¨Ì ±μ´¸É ´É Ì ³ É¥·¨ ²μ¢  ±É¨¢-
´μ° §μ´Ò ¨ ¸μ¢·¥³¥´´ÒÌ ¶·¥¤¸É ¢²¥´¨° μ ³μ¤¥²ÖÌ · ¸Î¥É  ¡Ò²  · §· ¡μ-
É ´  ³¥Éμ¤¨±  ¨ ¸μ§¤ ´  ¶·μ£· ³³  Î¨¸²¥´´μ£μ ·¥Ï¥´¨Ö Ê· ¢´¥´¨° É¥¶²μ-
¶·μ¢μ¤´μ¸É¨. ˆ¸¶μ²Ó§μ¢ ²¨¸Ó · §´μ¸É´Ò¥ Ê· ¢´¥´¨Ö μ¤´μ³¥·´μ° ´¥¸É Í¨μ-
´ ·´μ° § ¤ Î¨ ·¥Ï¥´¨Ö É¥¶²μ¶·μ¢μ¤´μ¸É¨ ¢ Í¨²¨´¤·¨Î¥¸±μ° ¸¨¸É¥³¥ ±μμ·¤¨-
´ É. �·μ£· ³³  ¶μ¸É·μ¥´  ´  μ¸´μ¢¥  ²£μ·¨É³μ¢, ¨¸¶μ²Ó§Ê¥³ÒÌ ¢ ¶·μ£· ³³ Ì
FEMAXI, FRAPTRAN ¨ FRAPCON [1Ä7] ¤²Ö · ¸Î¥É  É¥¶²μ¢ÒÌ ·¥ ±Éμ·μ¢,
´μ ¨³¥¥É ¸ÊÐ¥¸É¢¥´´μ¥ μÉ²¨Î¨¥. �¸´μ¢´μ¥ μÉ²¨Î¨¥ ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ ¤ ´´ Ö
¶·μ£· ³³  μ·¨¥´É¨·μ¢ ´  ´  É¥¶²μË¨§¨±Ê ¡Ò¸É·ÒÌ ·¥ ±Éμ·μ¢ É¨¶  ˆ
�-2 ¸
Éμ¶²¨¢μ³ ¢ ¢¨¤¥ ¤¨μ±¸¨¤  ¶²ÊÉμ´¨Ö ¨ ´ É·¨¥¢Ò³ μÌ² ¦¤¥´¨¥³. Š·μ³¥ Éμ£μ,
¶·μ£· ³³  ¶μ§¢μ²Ö¥É ¨¸¸²¥¤μ¢ ÉÓ É¥¶²μË¨§¨±Ê É¢Ô²  ´¥ Éμ²Ó±μ ¡Ò¸É·ÒÌ ·¥-
 ±Éμ·μ¢ ¸ ´¥¶·¥·Ò¢´Ò³ ¢Ò¤¥²¥´¨¥³ ³μÐ´μ¸É¨, ´μ ¨ É¥·³μ¤¨´ ³¨±Ê ¨³¶Ê²Ó¸-
´ÒÌ ·¥ ±Éμ·μ¢ ¨ ¨³¶Ê²Ó¸´ÒÌ ¶μ¤±·¨É¨Î¥¸±¨Ì ¸¡μ·μ± ¸ ¡Ò¸É·μ¶·μÉ¥± ÕÐ¨³¨
¶·μÍ¥¸¸ ³¨ Ô´¥·£μ¢Ò¤¥²¥´¨Ö ¢¶²μÉÓ ¤μ ´¥¸±μ²Ó±¨Ì ³¨±·μ¸¥±Ê´¤. ‘ ¶μ³μ-
ÐÓÕ ¤ ´´μ° ¶·μ£· ³³Ò ³μ¦´μ ³μ¤¥²¨·μ¢ ÉÓ · §²¨Î´Ò¥  ¢ ·¨°´Ò¥ ¸¨ÉÊ -
Í¨¨, É ±¨¥ ± ± ¶μÉ¥·Ö É¥¶²μ´μ¸¨É¥²Ö, £¥´¥·¨·μ¢ ´¨¥  ¢ ·¨°´μ£μ ¨³¶Ê²Ó¸ 
³μÐ´μ¸É¨ ¨ É. ¤.

‚ · ¡μÉ¥ ¶·¥¤¸É ¢²¥´Ò μ¸´μ¢´Ò¥ ¶μ²μ¦¥´¨Ö ³¥Éμ¤¨±¨ ·¥Ï¥´¨Ö ´¥¸É -
Í¨μ´ ·´μ£μ · ¸¶·¥¤¥²¥´¨Ö É¥³¶¥· ÉÊ· ¢ É¢Ô²¥ ˆ
�-2: ¢ Éμ¶²¨¢¥, ¢ μ¡μ²μÎ±¥
É¢Ô² ,   É ±¦¥ ¢ ¸²μ¥ ¤¢¨¦ÊÐ¥£μ¸Ö ¢¡²¨§¨ É¢Ô²  ´ É·¨Ö. Š· É±μ ¤ ´μ μ¶¨¸ -
´¨¥  ²£μ·¨É³μ¢ ¨ ¨Ì ¶·μ£· ³³´μ° ·¥ ²¨§ Í¨¨, ¨ ¢ ± Î¥¸É¢¥ ¶·¨³¥·  ¶·¨¢¥-
¤¥´Ò ´¥±μÉμ·Ò¥ ·¥§Ê²ÓÉ ÉÒ  ´ ²¨§  É¢Ô²  ˆ
�-2.
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ƒ¥μ³¥É·¨Î¥¸± Ö ±μ´Ë¨£Ê· Í¨Ö É¢Ô²  ˆ
�-2 ¶μ± § ´  ´  ·¨¸. 1. ’μ¶²¨-
¢μ³ ¸²Ê¦ É É ¡²¥É±¨ ¨§ ¸¶¥Î¥´´μ° ¤¢Êμ±¨¸¨ ¶²ÊÉμ´¨Ö, ±μÉμ·Ò¥ ³μ£ÊÉ ¡ÒÉÓ
¢ÉÊ²μÎ´μ£μ É¨¶  (¸ μÉ¢¥·¸É¨¥³ ¢ Í¥´É·¥) ¨²¨ ¡·¨±¥É´μ£μ (¸¶²μÏ´Ò¥). ’ -
¡²¥É±¨ ¶μ³¥Ð¥´Ò ¢ μ¡μ²μÎ±Ê ¨§ ´¥·¦ ¢¥ÕÐ¥° ¸É ²¨ ¨ ¸¢¥·ÌÊ Î¥·¥§ ¶² ¸É¨´Ê
¶μ¤¦ ÉÒ ¶·Ê¦¨´μ°.

�¨¸. 1. ’¥¶²μ¢Ò¤¥²ÖÕÐ¨° Ô²¥³¥´É ·¥ ±Éμ·  ˆ
�-2: 1 Å ´ ±μ´¥Î´¨± ¢¥·Ì´¨°; 2 Å
μ¡μ²μÎ± ; 3 Å ¶·Ê¦¨´ ; 4 Å ¢¸É ¢± ; 5 Å μÉ· ¦ É¥²Ó; 6 Å É ¡²¥É±¨  ±É¨¢´μ° Î ¸É¨;
7 Å ¶·μ¢μ²μ± ; 8 Å ¢ÉÊ²± ; 9 Å § £²ÊÏ± 

� ¸Î¥É É¥³¶¥· ÉÊ·´μ£μ ¶μ²Ö ¢ É¢Ô²¥ ˆ
�-2, ± ± ¨ ¢ ²Õ¡μ³ É¥²¥, ¸¢μ¤¨É¸Ö
± ·¥Ï¥´¨Õ Ê· ¢´¥´¨Ö É¥¶²μ¶·μ¢μ¤´μ¸É¨ ¢ § ¤ ´´ÒÌ £· ´¨Î´ÒÌ Ê¸²μ¢¨ÖÌ. „²Ö
·¥Ï¥´¨Ö § ¤ Î¨ É¥¶²μ¶·μ¢μ¤´μ¸É¨ ¢ É¢Ô²¥ §  ¶·¨¥³²¥³Ò° · ¸Î¥É´Ò° ¶¥·¨μ¤
¢·¥³¥´¨ ¨¸¶μ²Ó§μ¢ ²¸Ö ³¥Éμ¤ ±μ´¥Î´ÒÌ · §´μ¸É¥°. ‘ÊÉÓ ¤ ´´μ£μ ³¥Éμ¤  ¸μ-
¸Éμ¨É ¢ Éμ³, ÎÉμ ¢ ¤¨ËË¥·¥´Í¨ ²Ó´μ³ Ê· ¢´¥´¨¨ É¥¶²μ¶·μ¢μ¤´μ¸É¨ ¢¸¥ ¡¥¸±μ-
´¥Î´μ ³ ²Ò¥ · §´μ¸É¨ (¤¨ËË¥·¥´Í¨ ²Ò) § ³¥´ÖÕÉ¸Ö ±μ´¥Î´Ò³¨, ´μ ³ ²Ò³¨
¢¥²¨Î¨´ ³¨. ‘²¥¤μ¢ É¥²Ó´μ, ¨¸É¨´´μ¥ ´¥¶·¥·Ò¢´μ¥ ¢ ¶·μ¸É· ´¸É¢¥ ¨ ¢·¥³¥´¨
· ¸¶·¥¤¥²¥´¨¥ É¥³¶¥· ÉÊ·Ò § ³¥´Ö¥É¸Ö ¶·¨¡²¨¦¥´´Ò³¨ ¶·¥·Ò¢¨¸ÉÒ³¨ §´ -
Î¥´¨Ö³¨, Ê¸·¥¤´ÖÕÐ¨³¨ É¥³¶¥· ÉÊ·Ê ¢ ±μ´¥Î´ÒÌ ³ ²ÒÌ ÊÎ ¸É± Ì É¥²  Δx,
Δy, Δz ¨ ³ ²ÒÌ ¶·μ³¥¦ÊÉ±μ¢ ¢·¥³¥´¨ Δτ . „μ¸Éμ¨´¸É¢μ³ ³¥Éμ¤  Ö¢²Ö¥É¸Ö
¢μ§³μ¦´μ¸ÉÓ ·¥Ï ÉÓ § ¤ Î¨ ¤²Ö É¥² ¸²μ¦´μ° Ëμ·³Ò.

„²Ö Î¨¸²¥´´μ£μ ·¥Ï¥´¨Ö ³¥Éμ¤μ³ ±μ´¥Î´ÒÌ · §´μ¸É¥° É¢Ô² ¶μ μ¸¨ · §-
¤¥²Ö¥É¸Ö ´  ·Ö¤ ¸¥£³¥´Éμ¢ (ÊÎ ¸É±μ¢) (¸³. ·¨¸. 2). Š ¦¤Ò° ¸¥£³¥´É, ¢ ¸¢μÕ
μÎ¥·¥¤Ó, · §¤¥²Ö¥É¸Ö ¢ · ¤¨ ²Ó´μ³ ´ ¶· ¢²¥´¨¨ ´  ·Ö¤ ±·Ê£μ¢ÒÌ Ô²¥³¥´Éμ¢.
—¨¸²μ ¸¥£³¥´Éμ¢ ¢ É¢Ô²¥ ³μ¦¥É ¢Ò¡¨· ÉÓ¸Ö ¶·μ¨§¢μ²Ó´μ, ´μ μ¡ÒÎ´μ μ¶·¥¤¥-
²Ö¥É¸Ö ¢Ò¸μÉμ° Éμ¶²¨¢´μ° É ¡²¥É±¨ ¨ ¤²Ö ˆ
�-2 · ¢´μ 22 ¨²¨ 44. —¨¸²μ
±·Ê£μ¢ÒÌ Ô²¥³¥´Éμ¢ ¢ ± ¦¤μ³ ¸¥£³¥´É¥ ¢Ò¡¨· ¥É¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³: ¢
Éμ¶²¨¢¥ Å 10, ¢ § §μ·¥ Å 1 ¨ ¢ μ¡μ²μÎ±¥ É¢Ô²  Å 3.

�¸´μ¢´Ò¥ ¶μ²μ¦¥´¨Ö ¶·μÍ¥¤Ê·Ò ¢ÒÎ¨¸²¥´¨Ö ¸μ¸ÉμÖ²¨ ¢ ¸²¥¤ÊÕÐ¥³.
• ’¥³¶¥· ÉÊ·  É¥¶²μ´μ¸¨É¥²Ö ¤²Ö ¢¸¥Ì ¸¥£³¥´Éμ¢ § ¢¨¸¨É μÉ · ¸¶·¥¤¥²¥-

´¨Ö Ô´É ²Ó¶¨¨ É¥¶²μ´μ¸¨É¥²Ö ¢ ¶·¥¤Ò¤ÊÐ¥³ ¢·¥³¥´´μ³ Ï £¥ ¨ μ¶·¥¤¥²Ö¥É¸Ö
É¥³¶¥· ÉÊ·μ°, ¤ ¢²¥´¨¥³ ¨ ¸±μ·μ¸ÉÓÕ ´  ¢Ìμ¤¥,   É ±¦¥ §´ Î¥´¨¥³ ¶μ¢¥·Ì-
´μ¸É´μ£μ É¥¶²μ¢μ£μ ¶μÉμ±  μÉ ± ¦¤μ£μ ¸¥£³¥´É  ¢ É¥±ÊÐ¥³ ¢·¥³¥´´μ³ Ï £¥.

• �´É ²Ó¶¨Ö ± ¦¤μ£μ μ¸¥¢μ£μ ¸¥£³¥´É  ¢ÒÎ¨¸²Ö¥É¸Ö ´  μ¸´μ¢¥ · ¸¶·¥¤¥-
²¥´¨Ö Ô´É ²Ó¶¨¨ ¢ ±μ´Í¥ ¶·¥¤Ò¤ÊÐ¥£μ ¢·¥³¥´´μ£μ Ï £  ¸ ÊÎ¥Éμ³ Ô´É ²Ó¶¨¨
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�¨¸. 2. �·¨³¥· · §¤¥²¥´¨Ö É¢Ô²  ´  ¸¥£³¥´ÉÒ ¶μ ¢¥·É¨± ²¨ ¨ ´  ±·Ê£μ¢Ò¥ Ô²¥³¥´ÉÒ ¶μ
· ¤¨Ê¸Ê. ’μÎ± ³¨ μÉ³¥Î¥´Ò Ê§²Ò, ¢ ±μÉμ·ÒÌ μÍ¥´¨¢ ¥É¸Ö É¥³¶¥· ÉÊ· . �¡Ð¥¥ Î¨¸²μ
¸¥£³¥´Éμ¢ ´  ·¨¸Ê´±¥, · ¢´μ¥ ¸¥³¨, ¢§ÖÉμ ¨¸±²ÕÎ¨É¥²Ó´μ ¤²Ö ¨²²Õ¸É· Í¨¨

É¥¶²μ´μ¸¨É¥²Ö ´  ¢Ìμ¤¥ ¸¥£³¥´É . “¢¥²¨Î¥´¨¥ Ô´É ²Ó¶¨¨ ¢ÒÎ¨¸²Ö¥É¸Ö ¸ ÊÎ¥-
Éμ³ ¸±μ·μ¸É¨ É¥Î¥´¨Ö ¨ ±μ²¨Î¥¸É¢  É¥¶²  μÉ ± ¦¤μ£μ ¸¥£³¥´É . � ¸¶·¥¤¥²¥´¨¥
É¥³¶¥· ÉÊ·Ò É¥¶²μ´μ¸¨É¥²Ö ¢ μ¸¥¢μ³ ´ ¶· ¢²¥´¨¨ μ¶·¥¤¥²Ö¥É¸Ö, É ±¨³ μ¡· -
§μ³, · ¸¶·¥¤¥²¥´¨¥³ Ô´É ²Ó¶¨¨ É¥¶²μ´μ¸¨É¥²Ö.
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• ‡ É¥³, ¨¸¶μ²Ó§ÊÖ ¨§¢¥¸É´ÊÕ É¥³¶¥· ÉÊ·Ê É¥¶²μ´μ¸¨É¥²Ö, ³μ¦´μ μ¶·¥-
¤¥²¨ÉÓ ±μÔËË¨Í¨¥´É É¥¶²μ¶¥·¥¤ Î¨ ¨ ¢ÒÎ¨¸²¨ÉÓ É¥³¶¥· ÉÊ·Ê ´  ¢´¥Ï´¥°
μ¡μ²μÎ±¥ É¢Ô² .

• ’¥³¶¥· ÉÊ·´μ¥ · ¸¶·¥¤¥²¥´¨¥ μÉ ¶μ¢¥·Ì´μ¸É¨ μ¡μ²μÎ±¨ ¤μ Í¥´É·  Éμ¶-
²¨¢´μ° É ¡²¥É±¨ ¢ÒÎ¨¸²Ö¥É¸Ö ¢ · ¤¨ ²Ó´μ° μ¤´μ³¥·´μ° Í¨²¨´¤·¨Î¥¸±μ° ¸¨-
¸É¥³¥.

• ’¥¶²μ¶¥·¥¤ Î  ¢ μ¸¥¢μ³ ´ ¶· ¢²¥´¨¨ ¸¥£³¥´É  ´¥ ÊÎ¨ÉÒ¢ ¥É¸Ö, ¶μ-
¸±μ²Ó±Ê É¥³¶¥· ÉÊ·´Ò¥ £· ¤¨¥´ÉÒ ¶μ · ¤¨Ê¸Ê É¢Ô²  ´  ¶μ·Ö¤μ± ¢ÒÏ¥, Î¥³
¶μ ¢Ò¸μÉ¥.

1.1. Œμ¤¥²Ó ·μ¸É  Ô´É ²Ó¶¨¨ ¤²Ö É¥¶²μ´μ¸¨É¥²Ö. ‚ ÔÉμ° ³μ¤¥²¨ · ¸-
Ìμ¤ ¨ ¤ ¢²¥´¨¥ É¥¶²μ´μ¸¨É¥²Ö ´  ± ¦¤μ³ ¢·¥³¥´´μ³ Ï £¥ ´¥ ¨§³¥´ÖÕÉ¸Ö.
�´É ²Ó¶¨Ö É¥¶²μ´μ¸¨É¥²Ö H(z, t) ¤²Ö ÉμÎ±¨ ¶μ μ¸¨ z ¢ ³μ³¥´É ¢·¥³¥´¨ t ³μ-
¦¥É ¡ÒÉÓ § ¤ ´  ¨´É¥£· ²μ³ ¶μ ¶ÊÉ¨ ¨ ¢Ò· ¦ ¥É¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³ [2]:

H(z, t) = H(0, tin) +

τ∫
tin

V (z′)Q(z′)
S(z′)

dτ, (1)

£¤¥ H(z, t) Å Ô´É ²Ó¶¨Ö É¥¶²μ´μ¸¨É¥²Ö [„¦/±£]; H(0, tin) Å Ô´É ²Ó¶¨Ö
É¥¶²μ´μ¸¨É¥²Ö ´  ¢Ìμ¤¥ ¢ ³μ³¥´É ¢·¥³¥´¨ tin [„¦/±£]; tin Å ¢·¥³Ö, ±μ£¤ 
É¥¶²μ´μ¸¨É¥²Ó ´ Ìμ¤¨É¸Ö ¢ ÉμÎ±¥ z ¢ ³μ³¥´É ¢·¥³¥´¨ t ´  ¢Ìμ¤¥ ¢  ±É¨¢´ÊÕ
§μ´Ê [¸]; z′(τ) Å ÉμÎ±  ¶μ μ¸¨ z ¤²Ö É¥¶²μ´μ¸¨É¥²Ö ¢ ³μ³¥´É ¢·¥³¥´¨ τ ,
±μÉμ·Ò° ´ Ìμ¤¨²¸Ö ¢ ÉμÎ±¥ z ¢ ³μ³¥´É ¢·¥³¥´¨ t [³]; V Å Ê¤¥²Ó´Ò° μ¡Ñ¥³
[³3/±£]; Q Å ²¨´¥°´ Ö ¶²μÉ´μ¸ÉÓ ³μÐ´μ¸É¨ [‚É/³]; S Å ¶·μÌμ¤´μ¥ ¸¥Î¥-
´¨¥ [³2].

1.2. ŠμÔËË¨Í¨¥´É É¥¶²μ¶¥·¥¤ Î¨ É¥¶²μ´μ¸¨É¥²Ö. „²Ö ¢ÒÎ¨¸²¥´¨Ö ±μ-
ÔËË¨Í¨¥´É  É¥¶²μ¶¥·¥¤ Î¨ ¶·¨ ¢Ò´Ê¦¤¥´´μ° ±μ´¢¥±Í¨¨ ¤²Ö μ¤´μË §´μ£μ
¸μ¸ÉμÖ´¨Ö É¥¶²μ´μ¸¨É¥²Ö ¨¸¶μ²Ó§Ê¥É¸Ö ¸²¥¤ÊÕÐ¥¥ ¸μμÉ´μÏ¥´¨¥ [1Ä3, 5, 6]:

h = 0,023
k

De
Re0,8Pr0,4, (2)

£¤¥ h Å ±μÔËË¨Í¨¥´É É¥¶²μ¶¥·¥¤ Î¨ [‚É/³2 · K]; De Å Ô±¢¨¢ ²¥´É´Ò°
É¥¶²μ¢μ° £¨¤· ¢²¨Î¥¸±¨° ¤¨ ³¥É· [³]; k Å É¥¶²μ¶·μ¢μ¤´μ¸ÉÓ É¥¶²μ´μ¸¨É¥²Ö
[‚É/³ ·K]; Re Å Î¨¸²μ �¥°´μ²Ó¤¸ ; Pr Å Î¨¸²μ �· ´¤É²Ö.

�±¢¨¢ ²¥´É´Ò° É¥¶²μ¢μ° £¨¤· ¢²¨Î¥¸±¨° ¤¨ ³¥É· De ¢Ò· ¦ ¥É¸Ö ¢ ¢¨¤¥
De = 4S/P [1Ä4], £¤¥ S Å ¶²μÐ ¤Ó ¶μ¶¥·¥Î´μ£μ ¸¥Î¥´¨Ö ± ´ ²  É¥¶²μ-
´μ¸¨É¥²Ö (¸³. § ÏÉ·¨Ìμ¢ ´´ÊÕ μ¡² ¸ÉÓ ´  ·¨¸. 3) ¨ P Å ¸³μÎ¥´´Ò° ¶¥·¨-
³¥É· É¢Ô² .

�¡μ§´ Î¨¢ · ¸¸ÉμÖ´¨¥ ³¥¦¤Ê Í¥´É· ³¨ É¢Ô²μ¢ ¡Ê±¢μ° l, ¢´¥Ï´¨° · ¤¨Ê¸
É¢Ô²  ¡Ê±¢μ° r ¨ · ¤¨Ê¸ ¤¨¸É ´Í¨μ´¨·ÊÕÐ¥° ¶·μ¢μ²μ±¨ ¡Ê±¢μ° rw , ¸³μÎ¥´-
´Ò° ¶¥·¨³¥É· ¨ ¶²μÐ ¤Ó ¶μ¶¥·¥Î´μ£μ ¸¥Î¥´¨Ö ± ´ ²  É¥¶²μ´μ¸¨É¥²Ö ³μ¦´μ
¢Ò· §¨ÉÓ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

P = 2πr + 2πrw, S =
√

3
2

l2 − πr2 − πr2
w.
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�¨¸. 3. Œμ¤¥²Ó ± ´ ²  É¥¶²μ´μ¸¨É¥²Ö, μÌ² ¦¤ ÕÐ¥£μ Í¥´É· ²Ó´Ò° É¢Ô² ¢ É¥¶²μ¢Ò¤¥-
²ÖÕÐ¥° ¸¡μ·±¥ ˆ
�-2

1.3. Œμ¤¥²Ó ¤²Ö ¢ÒÎ¨¸²¥´¨Ö É¥³¶¥· ÉÊ·. �·¨  ´ ²¨§¥ É¥³¶¥· ÉÊ·´μ£μ
£· ¤¨¥´É  ¶μ · ¤¨Ê¸Ê ¢ ± ¦¤μ³ μ¸¥¢μ³ ¸¥£³¥´É¥ ¨¸¶μ²Ó§ÊÕÉ¸Ö μ¤´μ³¥·´Ò¥
Ê· ¢´¥´¨Ö É¥¶²μ¶·μ¢μ¤´μ¸É¨. �·¥¤¶μ² £ ¥É¸Ö, ÎÉμ É¥¶²μ¢Ò¥ ¸¢μ°¸É¢  Éμ¶²¨¢ 
¢ ±μ²ÓÍ¥¢μ³ Ô²¥³¥´É¥ § ¢¨¸ÖÉ μÉ É¥³¶¥· ÉÊ·Ò. �¸´μ¢Ò¢ Ö¸Ó ´  ÔÉ¨Ì ¶·¥¤-
¶μ²μ¦¥´¨ÖÌ, Ê· ¢´¥´¨¥ É¥¶²μ¶·μ¢μ¤´μ¸É¨ ´  μ¤´μ³ μ¸¥¢μ³ ¸¥£³¥´É¥ ³μ¦´μ
¶·¥¤¸É ¢¨ÉÓ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³ [1, 2]:

∂

∂t
[Cv(T, r)T (r, t)] =

1
r

∂

∂r

(
k(T, r) r

∂T (r, t)
∂r

)
+ q(r, t), (3)

£¤¥ T Å É¥³¶¥· ÉÊ·  [K]; t Å ¢·¥³Ö [c]; r Å ±μμ·¤¨´ É  ¢ · ¤¨ ²Ó´μ³
´ ¶· ¢²¥´¨¨ [³]; Cv Å μ¡Ñ¥³´ Ö Ê¤¥²Ó´ Ö É¥¶²μ¥³±μ¸ÉÓ [„¦/³3]; k Å É¥-
¶²μ¶·μ¢μ¤´μ¸ÉÓ [‚É/³ ·K]; q Å Ô´¥·£μ¢Ò¤¥²¥´¨¥ [‚É/³3].

ƒ· ´¨Î´Ò¥ Ê¸²μ¢¨Ö ¸²¥¤ÊÕÐ¨¥:

∂T

∂r

∣∣∣∣
r=0

= 0, (4)

λ
∂T

∂r

∣∣∣∣
r=r0

= h(Tw − Tb), (5)

£¤¥ r0 Å ¢´¥Ï´¨° · ¤¨Ê¸ É¢Ô² ; Tw Å É¥³¶¥· ÉÊ·  ´  ¶μ¢¥·Ì´μ¸É¨ ¢´¥Ï´¥°
μ¡μ²μÎ±¨ ¨ Tb Å É¥³¶¥· ÉÊ·  É¥¶²μ´μ¸¨É¥²Ö.
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1.4. � ¸¶·¥¤¥²¥´¨¥ É¥¶²μ¢Ò¤¥²¥´¨Ö. ‡ ¢¨¸¨³μ¸ÉÓ · ¸¶·¥¤¥²¥´¨Ö É¥¶²μ-
¢Ò¤¥²¥´¨Ö ¶μ · ¤¨Ê¸Ê μ¶·¥¤¥²Ö¥É¸Ö ¶μ ¸²¥¤ÊÕÐ¥° Ëμ·³Ê²¥ [2, 3]:

Q1(R) = I0(kR) +
I1(kR1)
K1(kR1)

K0(kR). (6)

‡¤¥¸Ó Q1 Å · ¸¶·¥¤¥²¥´¨¥ É¥¶²μ¢Ò¤¥²¥´¨Ö μÉ´μ¸¨É¥²Ó´μ ³ ±¸¨³ ²Ó´μ£μ §´ -
Î¥´¨Ö; I Å ËÊ´±Í¨Ö 
¥¸¸¥²Ö ¶¥·¢μ£μ ·μ¤ ; R1 Å · ¤¨Ê¸ μÉ¢¥·¸É¨Ö ¢ Í¥´É·¥
É ¡²¥É±¨; K Å ËÊ´±Í¨Ö 
¥¸¸¥²Ö ¢Éμ·μ£μ ·μ¤ ; R Å · ¤¨ ²Ó´ Ö ±μμ·¤¨-
´ É  ¢ É ¡²¥É±¥; k Å μ¡· É´ Ö ¢¥²¨Î¨´  ¤²¨´Ò ¤¨ËËÊ§¨¨ ´¥°É·μ´  [¸³−1].
‡´ Î¥´¨¥ k ¢ÒÎ¨¸²Ö¥É¸Ö ¨§ Ê· ¢´¥´¨Ö

k = 0,328(ED)0,8 + 0,54
(

0,5
Rp

)0,82

(ED)0,19, (7)

£¤¥ E Å μ¡μ£ Ð¥´¨¥ 239Pu [%]; D Å ¤μ²Ö μÉ É¥μ·¥É¨Î¥¸±μ° ¶²μÉ´μ¸É¨
É ¡²¥É±¨; Rp Å · ¤¨Ê¸ É ¡²¥É±¨ [¸³].

‚¢¨¤Ê ³ ²μ£μ · ¤¨Ê¸  É¢Ô²  (¢ ³¨²²¨³¥É· Ì), ³¥´ÓÏ¥£μ Ì · ±É¥·´ÒÌ ¤²¨´
³¨£· Í¨¨ ´¥°É·μ´μ¢ ¢  ±É¨¢´μ° §μ´¥ ˆ
�-2, ³μ¦´μ ¢ ¶¥·¢μ³ ¶·¨¡²¨¦¥´¨¨
¶·¨´ÖÉÓ ¶·μË¨²Ó Ô´¥·£μ¢Ò¤¥²¥´¨Ö ¶μ · ¤¨Ê¸Ê É¢Ô²  · ¢´μ³¥·´Ò³. �²μÉ´μ¸ÉÓ
Ô´¥·£μ¢Ò¤¥²¥´¨Ö ¶μ ¢Ò¸μÉ¥ É¢Ô²  ¢ ´ Î ²¥ ± ³¶ ´¨¨ ˆ
�-2 μ¶·¥¤¥²Ö² ¸Ó
Ô±¸¶¥·¨³¥´É ²Ó´μ [8], ¤ ²¥¥ Å- · ¸Î¥É´Ò³ ¶ÊÉ¥³.

1.5. Œμ¤¥²Ó É¥¶²μ¶·μ¢μ¤´μ¸É¨ ¢ § §μ·¥. ’¥¶²μ¶·μ¢μ¤´μ¸ÉÓ ¢ § §μ·¥
³¥¦¤Ê Éμ¶²¨¢μ³ ¨ μ¡μ²μÎ±μ° μ¶·¥¤¥²Ö¥É¸Ö ¸Ê³³μ° ¶·μ¢μ¤¨³μ¸É¨ Î¥·¥§ ¨§-
²ÊÎ¥´¨¥ (hrad), É¥¶²μ¶¥·¥¤ Î¨ Î¥·¥§ £ § ¢ § §μ·¥ (hgas) ¨ É¥¶²μ¶·μ¢μ¤´μ¸É¨
Î¥·¥§ ÉμÎ±¨ ±μ´É ±É  É¢¥·¤ÒÌ É¥² (hsolid) [1, 2, 4, 6, 7]:

h = hrad + hgas + hsolid. (8)

‘ÊÐ¥¸É¢ÊÕÉ · §²¨Î´Ò¥ ³μ¤¥²¨ ¤²Ö ¢ÒÎ¨¸²¥´¨Ö É¥¶²μ¶·μ¢μ¤´μ¸É¨ ¢ § -
§μ·¥. ŒÒ ¨¸¶μ²Ó§Ê¥³ ¨§³¥´¥´´ÊÕ ³μ¤¥²Ó �μ¸¸ Ä‘É·μÉ¥, ¢Ò· ¦¥´´ÊÕ ¸²¥¤Ê-
ÕÐ¨³ μ¡· §μ³:

h =
λgas

C(Ref + R2) + (g1 + g2) + GAP
+

λmPc

0,5R1/2H
+ hrad. (9)

�¥·¢Ò° Î²¥´ Ê· ¢´¥´¨Ö (9) Å £ §μ¢Ò° ±μ³¶μ´¥´É ¶·μ¢μ¤¨³μ¸É¨, ¢Éμ·μ° Å
¶·μ¢μ¤¨³μ¸ÉÓ É¢¥·¤μ£μ ±μ´É ±É  ¨ É·¥É¨° Å ¶·μ¢μ¤¨³μ¸ÉÓ Î¥·¥§ ¨§²ÊÎ¥´¨¥.
� · ³¥É· C = 2,77 − 2,55 · 10−8Pc,   λm ¨ hrad Å ¤μ¢μ²Ó´μ £·μ³μ§¤±¨¥
¢Ò· ¦¥´¨Ö μÉ ¡μ²ÓÏμ£μ ±μ²¨Î¥¸É¢  ¶¥·¥³¥´´ÒÌ, § ¤ ÕÐ¨Ì £¥μ³¥É·¨Õ ¨ É¥-
¶²μË¨§¨Î¥¸±¨¥ ¶ · ³¥É·Ò § §μ· , É ±¨Ì ± ± ¤ ¢²¥´¨¥ ±μ´É ±É  μ¡μ²μÎ± Ä
É ¡²¥É± , ¢¨¤¨³ Ö Ï¥·μÌμ¢ Éμ¸ÉÓ ¶μ¢¥·Ì´μ¸É¨ É ¡²¥É±¨ ¨ É. ¤. ‚¢¨¤Ê £·μ-
³μ§¤±μ¸É¨ ÔÉ¨Ì ¢Ò· ¦¥´¨° §¤¥¸Ó μ´¨ ´¥ ¶·¨¢μ¤ÖÉ¸Ö, ´μ ¶μ¤·μ¡´μ ¨§²μ¦¥´Ò
¢ ²¨É¥· ÉÊ·¥ [1, 2].
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’¥¶²μ¶·μ¢μ¤´μ¸ÉÓ £ §μ¢μ° ¸³¥¸¨ ¶μ ³μ¤¥²¨ MATPRO ¨§ ¡¨¡²¨μÉ¥±¨
®A Library of Materials Properties for Light Water Reactor Accident Analy-
sis¯ [9] ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

λgas =
n∑

i=1

⎡
⎢⎣λi

/⎛
⎜⎝1 −

n∑
i=1
i�=j

φij
xj

xi

⎞
⎟⎠

⎤
⎥⎦ , (10)

φij =

[
1 +

(
λi

λj

) 1
2

(
Mi

Mj

) 1
4
]2

23/2
(
1 + Mi

Mj

) 1
2

[
1 +

2,41(Mi − Mj)(Mi − 0,142Mj)
(Mi + Mj)2

]
, (11)

£¤¥ xi Å ³μ²Ö·´μ¥ μÉ´μÏ¥´¨¥ £ §  i; λi Å É¥¶²μ¶·μ¢μ¤´μ¸ÉÓ £ §  i [‚É/c³ ·K];
Mi Å ³μ²Ö·´ Ö ³ ¸¸  £ §  i ¨ (g1 + g2) Å ¤²¨´  ¸± Î±μ¢ É¥³¶¥· ÉÊ·Ò ³¥¦¤Ê
É¢¥·¤μ° Ë §μ° ¨ £ §μ¢μ° Ë §μ° [c³].

‘Ê³³ ·´μ¥ · ¸¸ÉμÖ´¨¥ ¸± Î±μ¢ É¥³¶¥· ÉÊ· ¶μ ¢Ò¸μÉ¥ É¢Ô²  ¢¡²¨§¨ £· ´¨Í
¶¥·¥Ìμ¤  μÉ Éμ¶²¨¢  ± £ §Ê ¨ μÉ £ §  ± ¢´ÊÉ·¥´´¥° μ¡μ²μÎ±¥ É¢Ô²  (g1 + g2)
¤²Ö n £ §μ¢ § ¤ ¥É¸Ö ¢ ¢¨¤¥

g1 + g2 =
n∑

i=1

xi(g1 + g2)i
105

Pgas
, (12)

£¤¥ Pgas Å ¤ ¢²¥´¨¥ £ §  [� ]. ‘μ£² ¸´μ ³μ¤¥²¨ �μ¸¸ , §´ Î¥´¨Ö (g1 + g2) ¤²Ö
£¥²¨Ö,  §μÉ , ±·¨¶Éμ´  ¨ ±¸¥´μ´  Å 10 · 10−4, 5 · 10−4, 1 · 10−4, 1 · 10−4 [c³].

1.6. Œμ¤¥²Ó É¥³¶¥· ÉÊ·Ò £ §  ¢ £ §μ¢μ³ ¶·μ³¥¦ÊÉ±¥. ƒ §μ¢Ò° ¶·μ³¥-
¦ÊÉμ± ¢ ¢¥·Ì´¥° Î ¸É¨ É¢Ô²  ¶· ±É¨Î¥¸±¨ ´¥ ¢²¨Ö¥É ´  · ¸¶·¥¤¥²¥´¨¥ É¥³-
¶¥· ÉÊ· ¢ Éμ¶²¨¢¥, ´μ ³μ¦¥É ¢²¨ÖÉÓ ´  É¥·³μ³¥Ì ´¨Î¥¸±¨¥ ¶ · ³¥É·Ò É¢Ô² 
(¨§£¨¡Ò, ¸³¥Ð¥´¨Ö, ´ ¶·Ö¦¥´¨Ö ¨ É. ¤.), ¶μÔÉμ³Ê ¢ É¥¶²μË¨§¨Î¥¸±μ° ³μ¤¥²¨
É¢Ô²  ˆ
�-2 £ §μ¢Ò° ¶·μ³¥¦ÊÉμ± ÊÎÉ¥´ ¤μ¸É ÉμÎ´μ ±μ··¥±É´μ. Œμ¤¥²Ó ¤²Ö
· ¸Î¥É  É¥³¶¥· ÉÊ·Ò £ §  ¢ £ §μ¢μ³ ¶·μ³¥¦ÊÉ±¥ É¢Ô²  μ¸´μ¢ ´  ´  É·¥Ì ¶·¥¤-
¶μ²μ¦¥´¨ÖÌ:

• É¥³¶¥· ÉÊ·  ¢¥·Ì´¥° ¶μ¢¥·Ì´μ¸É¨ É ¡²¥É±¨ ´¥ § ¢¨¸¨É μÉ É¥³¶¥· -
ÉÊ·Ò £ § ;

• £ § Ìμ·μÏμ ¶¥·¥³¥Ï¨¢ ¥É¸Ö ¥¸É¥¸É¢¥´´μ° ±μ´¢¥±Í¨¥°;
• μ¸¥¢Ò¥ É¥³¶¥· ÉÊ·´Ò¥ £· ¤¨¥´ÉÒ ¢ ¶·Ê¦¨´¥ ¨ μ¡μ²μÎ±¥ É¢Ô²  ´¥§´ Î¨-

É¥²Ó´Ò.
’¥¶²μ¢ Ö ³μ¤¥²Ó £ §  ¢ £ §μ¢μ³ ¶·μ³¥¦ÊÉ±¥ ¶μ§¢μ²Ö¥É ¢ÒÎ¨¸²¨ÉÓ μ¡³¥´

Ô´¥·£¨¨ ³¥¦¤Ê £ §μ³ ¨ ¸É·Ê±ÉÊ·´Ò³¨ ±μ³¶μ´¥´É ³¨ É¢Ô² , É ±¨³¨ ± ± ¶μ¤-
¤¥·¦¨¢ ÕÐ Ö ¶·Ê¦¨´ , ¢¥·Ì´ÖÖ É ¡²¥É±  ¸ ¶² ¸É¨´μ° ¨ μ¡μ²μÎ± .

�¡³¥´ Ô´¥·£¨¨ ³¥¦¤Ê £ §μ³ ¨ ¸É·Ê±ÉÊ·´Ò³¨ ±μ³¶μ´¥´É ³¨ ¶·μ¨¸Ìμ¤¨É
¶ÊÉ¥³ ¥¸É¥¸É¢¥´´μ° ±μ´¢¥±Í¨¨, ¶·μ¢μ¤¨³μ¸É¨ ¨ ¨§²ÊÎ¥´¨Ö [1]. �·Ê¦¨´  ¸³μ-
¤¥²¨·μ¢ ´  ¤¢Ê³Ö Ê§² ³¨ · ¢´μ° ³ ¸¸Ò (Ê§¥² Í¥´É·  ¨ ¶μ¢¥·Ì´μ¸É´Ò° Ê§¥²).
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�¡μ²μÎ±  ¸³μ¤¥²¨·μ¢ ´  É·¥³Ö Ê§² ³¨ (¤¢  Ê§²  ¶μ¢¥·Ì´μ¸É¨ ¨ μ¤¨´ Ê§¥²
Í¥´É· ). Œ ¸¸μ° Ê§²  Í¥´É·  Ö¢²Ö¥É¸Ö ¤¢μ°´ Ö ³ ¸¸  ¶μ¢¥·Ì´μ¸É´ÒÌ Ê§²μ¢.
�É  ¸Ì¥³  ¶·¨¢μ¤¨É ± Ï¥¸É¨ Ê· ¢´¥´¨Ö³ ¶¥·¥¤ Î¨ Ô´¥·£¨¨, ¨§ ±μÉμ·ÒÌ ³μ£ÊÉ
¡ÒÉÓ ¢ÒÎ¨¸²¥´Ò É¥³¶¥· ÉÊ·Ò £ §μ¢μ£μ ¶·μ³¥¦ÊÉ± . “· ¢´¥´¨Ö ¤²Ö ¶¥·¥¤ Î¨
Ô´¥·£¨¨ ¤²Ö £ § , ¶·Ê¦¨´Ò ¨ μ¡μ²μÎ±¨ ¨³¥ÕÉ ¸²¥¤ÊÕÐ¨° ¢¨¤.

ƒ §:

ρgVgCg
∂Tg

∂t
= Aephep(Tep − Tg) + Aclhcl(Tcli − Tg) + Asshss(Tss − Tg); (13)

Ê§¥² Í¥´É·  ¶·Ê¦¨´Ò:

ρsVscCs
∂Tsc

∂t
= q̄Vsc +

Ascλs(Tss − Tsc)
Rss

; (14)

Ê§¥² ¶μ¢¥·Ì´μ¸É¨ ¶·Ê¦¨´Ò:

ρsVssCs
∂Tss

∂t
= q̄Vss + Ascλs(Tsc − Tss) + Asshrads(Tcli − Tss)+

+ hss(Tg − Tss) + Asshcons(Tcli − Tss); (15)

¢´ÊÉ·¥´´¨° Ê§¥² μ¡μ²μÎ±¨:

ρclVcliCcl
∂Tcli

∂t
= Aclhradc(Tss − Tcli) + Aclhcl(Tg − Tcli)+

+ Aclhconc(Tss − Tcli) +
Aclλcl

Δr/2
(Tclc − Tcli) + q̄Vcli; (16)

Ê§¥² Í¥´É·  μ¡μ²μÎ±¨:

ρclVclcCcl
∂Tclc

∂t
= q̄Vclc +

Aclλcl

Δr/2
(Tcli − Tclc) +

Aclλcl

Δr/2
(Tclo − Tclc); (17)

¶μ¢¥·Ì´μ¸É´Ò° Ê§¥² μ¡μ²μÎ±¨:

Tclo = Tcool. (18)

�¡μ§´ Î¥´¨Ö ¤ ´Ò ¢ É ¡²¨Í¥. �¡³¥´ Ô´¥·£¨¨ ¶·¨ ¥¸É¥¸É¢¥´´μ° ±μ´¢¥±Í¨¨
¶·μ¨¸Ìμ¤¨É ³¥¦¤Ê £ §μ³ ¨ ¢¥·Ì´¥° ¶μ¢¥·Ì´μ¸ÉÓÕ É ¡²¥É±¨, ¶·Ê¦¨´μ° ¨ μ¡μ-
²μÎ±μ°. ŠμÔËË¨Í¨¥´ÉÒ É¥¶²μ¶¥·¥¤ Î¨ ³μ¤¥²¨·ÊÕÉ ÔÉμÉ μ¡³¥´ Ô´¥·£¨¥°.

„²Ö ¢ÒÎ¨¸²¥´¨Ö ±μÔËË¨Í¨¥´Éμ¢ É¥¶²μ¶¥·¥¤ Î¨ ¨¸¶μ²Ó§μ¢ ²¨¸Ó ¸²¥¤ÊÕ-
Ð¨¥ ¤μ¶ÊÐ¥´¨Ö: ¢¥·Ì Éμ¶²¨¢  Ö¢²Ö¥É¸Ö ¶²μ¸±μ° ¶² ¸É¨´μ°, ¶·Ê¦¨´  Å £μ-
·¨§μ´É ²Ó´Ò³ Í¨²¨´¤·μ³,   μ¡μ²μÎ±  É¢Ô²  Å ¢¥·É¨± ²Ó´μ° ¶μ¢¥·Ì´μ¸ÉÓÕ.
„μ¶Ê¸± ¥É¸Ö ¢μ§³μ¦´μ¸ÉÓ ± ± ² ³¨´ ·´μ°, É ± ¨ ÉÊ·¡Ê²¥´É´μ° ¥¸É¥¸É¢¥´´μ°
±μ´¢¥±Í¨¨. ŠμÔËË¨Í¨¥´ÉÒ ¤²Ö ¥¸É¥¸É¢¥´´μ° ±μ´¢¥±Í¨¨ ¢ ¶²μ¸±μ° ¶² ¸É¨´¥
¤²Ö É¥¶²μ¶¥·¥¤ Î¨ ¶μ¢¥·Ì´μ¸É¨ Éμ¶²¨¢´μ° É ¡²¥É±¨ ¢§ÖÉÒ ¨§ · ¡μÉÒ [1].
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�¡μ§´ Î¥´¨Ö, ¨¸¶μ²Ó§Ê¥³Ò¥ ¢ Ê· ¢´¥´¨ÖÌ ¤²Ö É¥¶²μ¢μ° ³μ¤¥²¨ £ §μ¢μ£μ ¶·μ³¥-
¦ÊÉ± 

�¡μ§´ Î¥´¨¥
A Å ¶²μÐ ¤Ó ¶μ¢¥·Ì´μ¸É¨
h Å ±μÔËË¨Í¨¥´É É¥¶²μ¶¥·¥¤ Î¨
q̄ Å μ¡Ñ¥³´μ¥ É¥¶²μ¢Ò¤¥²¥´¨¥
Δr Å Éμ²Ð¨´  μ¡μ²μÎ±¨

�¨¦´¨¥ ¨´¤¥±¸Ò
cl Å μ¡μ²μÎ± 
cli, clc, clo Å ¢´ÊÉ·¥´´¨°, Í¥´É· ²Ó´Ò°, ¢´¥Ï´¨° Ê§²Ò ¶·Ê¦¨´Ò
cool Å É¥¶²μ´μ¸¨É¥²Ó
conc, cons Å ¶·μ¢μ¤¨³μ¸ÉÓ
conv Å ±μ´¢¥±É¨¢´ Ö É¥¶²μ¶¥·¥¤ Î  ± É¥¶²μ´μ¸¨É¥²Õ
ep Å ±μ´¥Í É ¡²¥É±¨
g Å £ §
p Å £ §μ¢Ò° ¶·μ³¥¦ÊÉμ±
s Å ¶·Ê¦¨´ 
sc, ss Å Ê§¥² Í¥´É·  ¨ ¶μ¢¥·Ì´μ¸É¨ ¶·Ê¦¨´Ò
rads, radc Å É¥¶²μ¶¥·¥¤ Î  ¨§²ÊÎ¥´¨¥³ ³¥¦¤Ê ¶·Ê¦¨´μ° ¨ μ¡μ²μÎ±μ°

„²Ö ¶·Ê¦¨´Ò ¨ ¢´ÊÉ·¥´´¥° ¶μ¢¥·Ì´μ¸É¨ μ¡μ²μÎ±¨ ¨¸¶μ²Ó§μ¢ ²¨¸Ó ±μ-
ÔËË¨Í¨¥´ÉÒ ¥¸É¥¸É¢¥´´μ° ±μ´¢¥±Í¨¨, ± ± ¤²Ö £μ·¨§μ´É ²Ó´ÒÌ Í¨²¨´¤·μ¢.
�·μ¢μ¤¨³μ¸ÉÓ Ô´¥·£¨¨ ³¥¦¤Ê ¶·Ê¦¨´μ° ¨ μ¡μ²μÎ±μ° ¶·¥¤¸É ¢²¥´  ¢ Ê· ¢´¥-
´¨ÖÌ ±μÔËË¨Í¨¥´É ³¨ É¥¶²μ¶¥·¥¤ Î¨. „²Ö É¥¶²μ¶¥·¥¤ Î¨ ¶ÊÉ¥³ ¥¸É¥¸É¢¥´´μ°
±μ´¢¥±Í¨¨ Ô´¥·£¨Ö ¶¥·¥¤ ¥É¸Ö £ §Ê μÉ ¶·Ê¦¨´Ò ¨ § É¥³ μÉ £ §  ¤μ ¸É¥´±¨ μ¡μ-
²μÎ±¨ ¨²¨ ´ μ¡μ·μÉ.

�¥·¥´μ¸ Ô´¥·£¨¨ ¨§²ÊÎ¥´¨¥³ ³¥¦¤Ê ¶·Ê¦¨´μ° ¨ μ¡μ²μÎ±μ° ¢±²ÕÎ¥´ ¢
³μ¤¥²Ó £ §μ¢μ£μ ¶·μ³¥¦ÊÉ±  ¶·¨ ¶μ³μÐ¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ±μÔËË¨Í¨¥´Éμ¢
É¥¶²μ¶¥·¥¤ Î¨ [1].

‚ · ¸Î¥É Ì É ±¦¥ ÊÎ¨ÉÒ¢ ²¸Ö ´ £·¥¢ ¶·Ê¦¨´Ò ¨ μ¡μ²μÎ±¨ μÉ £ ³³ -
¨§²ÊÎ¥´¨Ö. �¡Ñ¥³´μ¥ É¥¶²μ¢Ò¤¥²¥´¨¥ ¢ Ê± § ´´ÒÌ Ô²¥³¥´É Ì É¢Ô²  ¢ μ¸´μ¢-
´μ³ μ¶·¥¤¥²Ö¥É¸Ö £ ³³ -¨§²ÊÎ¥´¨¥³ μÉ ¤¥²¥´¨Ö ¶²ÊÉμ´¨Ö ¨ ¨¤¥É ´  ´ £·¥¢
¶·Ê¦¨´Ò ¨ μ¡μ²μÎ±¨. �·¨´¨³ ²μ¸Ó, ÎÉμ μ±μ²μ 10 % Ô´¥·£¨¨ ¤¥²¥´¨Ö ¶²ÊÉμ-
´¨Ö ¢Ò¤¥²Ö¥É¸Ö ¢ ¢¨¤¥ £ ³³ -¨§²ÊÎ¥´¨Ö.

2. ���ƒ��ŒŒ��Ÿ �…�‹ˆ‡�–ˆŸ Œ…’�„ˆŠˆ ’…�‹�‚�ƒ�
���‹ˆ‡� ’‚�‹�

�·μ£· ³³ , ·¥ ²¨§ÊÕÐ Ö ³¥Éμ¤¨±Ê É¥¶²μ¢μ£μ  ´ ²¨§  É¢Ô²  ¡Ò¸É·μ£μ ·¥-
 ±Éμ·  ¸ ¦¨¤±μ³¥É ²²¨Î¥¸±¨³ É¥¶²μ´μ¸¨É¥²¥³ É¨¶  ˆ
�-2, ¸μ§¤ ´  ¢ Visual
C++ 2008.

„μ¶μ²´¨É¥²Ó´μ, ¤²Ö Ê¤μ¡¸É¢  · ¸Î¥Éμ¢, ¡Ò²  ¸μ§¤ ´  ¡¨¡²¨μÉ¥±  ¶·μ-
£· ³³, ¸ ¶μ³μÐÓÕ ±μÉμ·μ° ¢ÒÎ¨¸²ÖÕÉ¸Ö É¥¶²μË¨§¨Î¥¸±¨¥ ¸¢μ°¸É¢  ³ É¥-
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·¨ ²μ¢ É¢Ô²  ¨ É¥¶²μ´μ¸¨É¥²Ö, ·¥Ï ÕÉ¸Ö ³ É·¨Î´Ò¥ Ê· ¢´¥´¨Ö, ¶·μ¢μ¤¨É¸Ö
¸¶² °´-¨´É¥·¶μ²ÖÍ¨Ö ¨ É. ¤.

�·μ£· ³³  ¨³¥¥É Ê¤μ¡´Ò° £· Ë¨Î¥¸±¨° ¨´É¥·Ë¥°¸ ¶μ²Ó§μ¢ É¥²Ö, ¸ ¶μ-
³μÐÓÕ ±μÉμ·μ£μ ³μ¦´μ Ê¶· ¢²ÖÉÓ ¢¢μ¤μ³-¢Ò¢μ¤μ³ ¤ ´´ÒÌ ¨ μ·£ ´¨§ Í¨¥°
¶·μ¢¥¤¥´¨Ö ¶μ¸²¥¤μ¢ É¥²Ó´μ¸É¨ · ¸Î¥Éμ¢.

�¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ³μ£ÊÉ ¡ÒÉÓ ¶·¥¤¸É ¢²¥´Ò ¢ £· Ë¨Î¥¸±μ° Ëμ·³¥. „²Ö
ÔÉμ£μ ¨¸¶μ²Ó§Ê¥É¸Ö OpenGL (μÉ±·ÒÉ Ö ¡¨¡²¨μÉ¥±  £· Ë¨Î¥¸±¨Ì ËÊ´±Í¨°,
³´μ£μ¶² ÉËμ·³´Ò° ¶·μ£· ³³´Ò° ¨´É¥·Ë¥°¸ ¤²Ö  ¶¶ · É´ÒÌ ¸·¥¤¸É¢ ±μ³-
¶ÓÕÉ¥·´μ° £· Ë¨±¨) ¨ Windows GDI (¨´É¥·Ë¥°¸ £· Ë¨Î¥¸±¨Ì Ê¸É·μ°¸É¢).

3. �…Š�’��›… �…‡“‹œ’�’› ��‘—…’�

„²Ö ¶·¨³¥·  ·¥ ²¨§Ê¥³μ¸É¨ μ¶¨¸ ´´μ° ¢ÒÏ¥ ³¥Éμ¤¨±¨ · ¸Î¥É  É¢Ô²  ¡Ò-
¸É·μ£μ ·¥ ±Éμ·  ´  ·¨¸. 4Ä6 ¶·¨¢¥¤¥´μ ¸É Í¨μ´ ·´μ¥ · ¸¶·¥¤¥²¥´¨¥ É¥³¶¥· -
ÉÊ·Ò ¶μ ¢Ò¸μÉ¥ ³ ±¸¨³ ²Ó´μ ´ £·Ê¦¥´´μ£μ É¢Ô²  ˆ
�-2 ¤²Ö ¤¢ÊÌ ³μ¤¥²¥° É¥-
¶²μ¶·μ¢μ¤´μ¸É¨. ’ ³ ¦¥ ¶μ± § ´μ · ¸¶·¥¤¥²¥´¨¥ É¥³¶¥· ÉÊ· ¤²Ö É¢Ô²  ˆ
�-2
¸ Ê¸·¥¤´¥´´Ò³ ¶μ  ±É¨¢´μ° §μ´¥ ³ ±¸¨³ ²Ó´Ò³ §´ Î¥´¨¥³ Ô´¥·£μ¢Ò¤¥²¥´¨Ö.

�¨¸. 4. � ¸¶·¥¤¥²¥´¨¥ É¥³¶¥· ÉÊ·Ò (T, ◦C) ¢ Í¥´É·¥ Éμ¶²¨¢  ¢ ¢¨¤¥ ¡·¨±¥Éμ¢ ¶μ
¢Ò¸μÉ¥ É¢Ô²  (z/H , §¤¥¸Ó H Å ¸Ê³³ ·´ Ö ¢Ò¸μÉ  Éμ¶²¨¢´ÒÌ É ¡²¥Éμ±) ¤²Ö ³μ¤¥²¥°
É¥¶²μ¶·μ¢μ¤´μ¸É¨ MATPRO (1, 3) ¨ ˆ
�-2 (2, 4) ¶·¨ · §²¨Î´μ° ²¨´¥°´μ° ³μÐ´μ¸É¨
Ô´¥·£μ¢Ò¤¥²¥´¨Ö: 1, 2 Å ¢ ³ ±¸¨³ ²Ó´μ ´ £·Ê¦¥´´μ³ É¢Ô²¥ qmax

l = 137,52 ‚É/¸³;
3, 4 Å ¢ É¢Ô²¥ ¸μ ¸·¥¤´¨³ ¶μ  ±É¨¢´μ° §μ´¥ ³ ±¸¨³ ²Ó´Ò³ Ô´¥·£μ¢Ò¤¥²¥´¨¥³ qmax

l =
109,3 ‚É/¸³. ‘·¥¤´ÖÖ ³μÐ´μ¸ÉÓ Å 2 Œ‚É
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�¨¸. 5. ‘· ¢´¥´¨¥ · ¸¶·¥¤¥²¥´¨Ö É¥³¶¥· ÉÊ·Ò (T, ◦C) ¢ Í¥´É·¥ Éμ¶²¨¢  ¶μ ¢Ò¸μÉ¥
É¢Ô²  (z/H , H Å ¸Ê³³ ·´ Ö ¢Ò¸μÉ  Éμ¶²¨¢´ÒÌ É ¡²¥Éμ±) ¤²Ö ³μ¤¥²¥° É¥¶²μ¶·μ¢μ¤-
´μ¸É¨ MATPRO (1) ¨ ˆ
�-2 (2) c ¤ ´´Ò³¨, ¶·¥¤¸É ¢²¥´´Ò³¨ ¢ · ¡μÉ¥ [9] (3), ¤²Ö
³ ±¸¨³ ²Ó´μ ´ £·Ê¦¥´´μ£μ É¢Ô²  qmax

l = 137,52 ‚É/¸³

�¨¸. 6. ‘· ¢´¥´¨¥ · ¸¶·¥¤¥²¥´¨Ö É¥³¶¥· ÉÊ·Ò (T, ◦C) ¶μ · ¤¨Ê¸Ê Éμ¶²¨¢  (r/R0) (1) ¸
¤ ´´Ò³¨, ¶·¥¤¸É ¢²¥´´Ò³¨ ¢ · ¡μÉ¥ [9], ¤²Ö ³ ±¸¨³ ²Ó´μ ´ £·Ê¦¥´´μ£μ É¢Ô²  qmax

l =
137,52 ‚É/¸³ (2)

11



�¨¸. 7. �·μÍ¥¸¸ ¶μ¤μ£·¥¢  Éμ¶²¨¢  ¢ Í¥´É·¥ ³ ±¸¨³ ²Ó´μ ´ £·Ê¦¥´´μ£μ É¢Ô²  ˆ
�-2
¢ É¥Î¥´¨¥ ¶¥·¢ÒÌ ¤¥¸ÖÉ¨ ¸¥±Ê´¤ μÉ ´ Î ²  · §¢¨É¨Ö ¨³¶Ê²Ó¸μ¢ ³μÐ´μ¸É¨. ‘·¥¤´ÖÖ
³μÐ´μ¸ÉÓ 2 Œ‚É. � Î ²Ó´ Ö É¥³¶¥· ÉÊ·  Éμ¶²¨¢  ¸μμÉ¢¥É¸É¢Ê¥É É¥³¶¥· ÉÊ·¥ ´ É·¨Ö
´  ¢Ìμ¤¥ ¢  ±É¨¢´ÊÕ §μ´Ê

�¨¸. 7 ¨²²Õ¸É·¨·Ê¥É ¢μ§³μ¦´μ¸É¨ ¶·μ£· ³³Ò ¤²Ö · ¸Î¥É  É¥³¶¥· ÉÊ· ¢
¨³¶Ê²Ó¸¥ ³μÐ´μ¸É¨. �·¥¤¸É ¢²¥´ Ì · ±É¥· ´ £·¥¢  Éμ¶²¨¢  ¢ ¨³¶Ê²Ó¸ Ì ³μÐ-
´μ¸É¨ ¶·¨ ³£´μ¢¥´´μ³ ¶¥·¥Ìμ¤¥ ·¥ ±Éμ·  ´  ¸·¥¤´ÕÕ ³μÐ´μ¸ÉÓ 2 Œ‚É (£¨-
¶μÉ¥É¨Î¥¸±¨° ¸²ÊÎ ° ¢ÒÌμ¤  ´  ³μÐ´μ¸ÉÓ).

‘· ¢´¥´¨¥ ·¥§Ê²ÓÉ Éμ¢ · ¸Î¥Éμ¢ ¸ ¡μ²¥¥ · ´´¨³¨ [9] ¶μ± § ²μ ¨Ì Ìμ·μÏ¥¥
¸μ¢¶ ¤¥´¨¥. �¸´μ¢´μ¥ μÉ²¨Î¨¥ ¸¢Ö§ ´μ ¸ ´¥μ¶·¥¤¥²¥´´μ¸ÉÓÕ ¨ · ¸Ìμ¦¤¥´¨¥³
É¥¶²μË¨§¨Î¥¸±¨Ì ¤ ´´ÒÌ ¶·¨ ¢Ò¸μ±¨Ì É¥³¶¥· ÉÊ· Ì ¤²Ö ¤¢Êμ±¨¸¨ ¶²ÊÉμ´¨Ö.
�ÉμÉ ·¥§Ê²ÓÉ É ¢ ¦¥´ ¶·¨  ´ ²¨§¥  ¢ ·¨°´ÒÌ ¸¨ÉÊ Í¨° ´  ·¥ ±Éμ·¥.

’¥¶²μË¨§¨Î¥¸±¨¥ ¶ · ³¥É·Ò ³ É¥·¨ ²μ¢, ¢Ìμ¤ÖÐ¨Ì ¢ ¸μ¸É ¢ É¢Ô²  ˆ
�-2,
¶·¥¤¸É ¢²¥´Ò ¢ ¶·¨²μ¦¥´¨¨.

‚›‚�„›

� §· ¡μÉ ´  ³¥Éμ¤¨± , ¨ ¸μ§¤ ´  ¶·μ£· ³³  Î¨¸²¥´´μ£μ · ¸Î¥É  ¸É Í¨μ-
´ ·´ÒÌ ¨ ´¥¸É Í¨μ´ ·´ÒÌ É¥³¶¥· ÉÊ·´ÒÌ ¶μ²¥° ¢ É¢Ô²¥ ¡Ò¸É·μ£μ ·¥ ±Éμ· 
É¨¶  ˆ
�-2 ¸ ¦¨¤±μ³¥É ²²¨Î¥¸±¨³ É¥¶²μ´μ¸¨É¥²¥³ ¨ Éμ¶²¨¢μ³ ´  μ¸´μ¢¥
¤¢Êμ±¨¸¨ ¶²ÊÉμ´¨Ö.

‘· ¢´¥´¨¥ ·¥§Ê²ÓÉ Éμ¢ · ¸Î¥Éμ¢ ¸ ¡μ²¥¥ · ´´¨³¨ ¶μ± § ²μ ¨Ì Ìμ·μÏ¥¥
¸μ¢¶ ¤¥´¨¥. �¸´μ¢´μ¥ μÉ²¨Î¨¥ ¸¢Ö§ ´μ ¸ ´¥μ¶·¥¤¥²¥´´μ¸ÉÓÕ ¨ · ¸Ìμ¦¤¥´¨¥³
É¥¶²μË¨§¨Î¥¸±¨Ì ¤ ´´ÒÌ ¶·¨ ¢Ò¸μ±¨Ì É¥³¶¥· ÉÊ· Ì ¤²Ö ¤¢Êμ±¨¸¨ ¶²ÊÉμ´¨Ö.

‚¢¨¤Ê ¢ ¦´μ¸É¨ ¶·μ¢μ¤¨³ÒÌ ¨¸¸²¥¤μ¢ ´¨° · ¡μÉ  ¡Ê¤¥É ¶·μ¤μ²¦¥´  ¢
´ ¶· ¢²¥´¨¨ · ¸Ï¨·¥´¨Ö ¶·μ£· ³³Ò ¤²Ö ·¥Ï¥´¨Ö ±μ³¶²¥±¸´μ° § ¤ Î¨ ´¥-
¸É Í¨μ´ ·´μ° É¥·³μ³¥Ì ´¨±¨ É¢Ô²  ˆ
�-2.
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��ˆ‹�†…�ˆ…. �…Š�’��›… ’…�‹�”ˆ‡ˆ—…‘Šˆ… ‘‚�‰‘’‚�
Œ�’…�ˆ�‹�‚ ’‚�‹� ˆ��-2

I. ’¥¶²μ´μ¸¨É¥²Ó (´ É·¨°)
1) �²μÉ´μ¸ÉÓ

ρ = 951,0 − 0,238T [±£/³3].

2) ŠμÔËË¨Í¨¥´É É¥¶²μ¶·μ¢μ¤´μ¸É¨

λ = 99,604 − 0,048523T [‚É/³ · K],

T Å É¥³¶¥· ÉÊ·  [◦C].
3) ’¥¶²μ¥³±μ¸ÉÓ

Cp = 1436,74 − 58049T + 4,6229T − 2 [„¦/±£ · K].

4) ŠμÔËË¨Í¨¥´É ¤¨´ ³¨Î¥¸±μ° ¢Ö§±μ¸É¨

μ = ρ1/3 · 1,2162 · 10−5 exp (0,6976ρ/T ) [�  · ¸].

II. ’μ¶²¨¢μ PuO2

„²Ö μÍ¥´±¨ É¥¶²μË¨§¨Î¥¸±¨Ì ¶ · ³¥É·μ¢ Éμ¶²¨¢  ¨¸¶μ²Ó§μ¢ ²¨¸Ó ¤¢¥
μ¸´μ¢´Ò¥ ³μ¤¥²¨, ¢§ÖÉÒ¥ ¨§ ¸²¥¤ÊÕÐ¨Ì ¨¸ÉμÎ´¨±μ¢. �¥·¢Ò° ¨¸ÉμÎ´¨± Å
¡¨¡²¨μÉ¥±  ®A Library of Materials Properties for Light Water Reactor Ac-
cident Analysis¯ [10]. „ ´´Ò¥ ¶μ ÔÉμ° ³μ¤¥²¨ μÉ³¥Î¥´Ò, ± ± ¶μ ³μ¤¥²¨
ŒATPRO. ‚Éμ·μ° ¨¸ÉμÎ´¨± Å ¤ ´´Ò¥, ¶·¨³¥´Ö¢Ï¨¥¸Ö · ´¥¥ ¤²Ö  ´ ²¨§ 
É¢Ô²  ˆ
�-2 [11]; ¢ É¥±¸É¥ μÉ³¥Î¥´Ò ± ± ³μ¤¥²Ó ˆ
�-2.

1) ŠμÔËË¨Í¨¥´É É¥¶²μ¶·μ¢μ¤´μ¸É¨
 ) Œμ¤¥²Ó MATPRO
‚ ³μ¤¥²¨ MATPRO É¥¶²μ¶·μ¢μ¤´μ¸ÉÓ Éμ¶²¨¢  § ¢¨¸¨É μÉ É¥³¶¥· ÉÊ·Ò,

¶²μÉ´μ¸É¨, μÉ´μÏ¥´¨Ö ±¨¸²μ·μ¤  ± ³¥É ²²Ê (O/M) ¨ ¸μ¤¥·¦ ´¨Ö ¶²ÊÉμ´¨Ö ¢
Éμ¶²¨¢¥.

λ =
[

D

1 + (6,5 − 0,00469T ′)(1 − D)

] [
Cv

(A + B′′)(1 + 3eth

]
+

+ 5,299710−3T e[−
13358

T ]
{

1 + 0,169
[(

13358
T

)
+ 2

]2
}

,

£¤¥ λ Å ±μÔËË¨Í¨¥´É É¥¶²μ¶·μ¢μ¤´μ¸É¨ [‚É/³ ·K]; D Å ¤μ²Ö μÉ É¥μ·¥É¨Î¥-
¸±μ° ¶²μÉ´μ¸É¨; Cv Å É¥¶²μ¥³±μ¸ÉÓ Éμ¶²¨¢  ¢ ¶μ¸ÉμÖ´´μ³ μ¡Ñ¥³¥ [„¦/±£ ·K];
eth Å ²¨´¥°´ Ö ¤¥Ëμ·³ Í¨Ö, ¢Ò§¢ ´´ Ö É¥¶²μ¢Ò³ · ¸Ï¨·¥´¨¥³ ¶·¨ É¥³¶¥-
· ÉÊ·¥ > 300 K (¡¥§· §³¥·´Ò°); T Å É¥³¶¥· ÉÊ·  Éμ¶²¨¢  [K]; T ′ Å É¥³¶¥-
· ÉÊ·  Éμ¶²¨¢ , ¥¸²¨ T < 1364 K. „²Ö T > 1834 K ±μÔËË¨Í¨¥´É ¶μ·¨¸Éμ¸É¨
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D {1+[6,5−0,00469 T ′]} · ¢¥´ 1; ¨ ¤²Ö É¥³¶¥· ÉÊ· ¢ ¤¨ ¶ §μ´¥ 1364Ä1834 K
±μÔËË¨Í¨¥´É ´ Ìμ¤¨É¸Ö ¨´É¥·¶μ²ÖÍ¨¥° [K]; T ′′ Å É¥³¶¥· ÉÊ·  Éμ¶²¨¢ , ¥¸²¨
T < 1800 K. „²Ö É¥³¶¥· ÉÊ· T > 2300 K T ′′ · ¢´  2050 K; ¤²Ö É¥³¶¥· ÉÊ· ¢
¤¨ ¶ §μ´¥ 1800Ä2300 K T ′′ ´ °¤¥´  ¨´É¥·¶μ²ÖÍ¨¥° [K]; A Å ±μÔËË¨Í¨¥´É,
¶·μ¶μ·Í¨μ´ ²Ó´Ò° ¢±² ¤Ê ÉμÎ¥Î´ÒÌ ¤¥Ë¥±Éμ¢ ¢ ¤²¨´Ê ¸¢μ¡μ¤´μ£μ ¶·μ¡¥£ 
Ëμ´μ´  [³ · ¸/±£ ·K]. ‘μμÉ´μÏ¥´¨¥, ¨¸¶μ²Ó§Ê¥³μ¥ ¤²Ö ÔÉμ£μ ±μÔËË¨Í¨¥´É :
0,339 + 12,6×  ¡¸μ²ÕÉ´ Ö ¢¥²¨Î¨´  (2,0 Å μÉ´μÏ¥´¨¥ �/Œ); B Å ±μÔË-
Ë¨Í¨¥´É, ¶·μ¶μ·Í¨μ´ ²Ó´Ò° ¢±² ¤Ê · ¸¸¥Ö´¨Ö Ëμ´μ´ÄËμ´μ´ ± ¤²¨´¥ ¸¢μ-
¡μ¤´μ£μ ¶·μ¡¥£  Ëμ´μ´  [³ · ¸/±£ ·K]. ‘μμÉ´μÏ¥´¨¥, ¨¸¶μ²Ó§Ê¥³μ¥ ¤²Ö ÔÉμ£μ
±μÔËË¨Í¨¥´É : 0,06867 · (1 + 0,6238× ¸μ¤¥·¦ ´¨¥ ¶²ÊÉμ´¨Ö ¢ Éμ¶²¨¢¥);

Cv =
K1θ

2e(
θ
T )

T 2
[
e(

θ
T ) − 1

]2 .

¡) Œμ¤¥²Ó ˆ
�-2
‚ · ¡μÉ¥ [11] ¤²Ö · ¸Î¥É  É¥³¶¥· ÉÊ· ¢  ±É¨¢´μ° §μ´¥ ˆ
�-2 ¨¸¶μ²Ó§μ¢ -

² ¸Ó É¥³¶¥· ÉÊ·´ Ö § ¢¨¸¨³μ¸ÉÓ ±μÔËË¨Í¨¥´É  É¥¶²μ¶·μ¢μ¤´μ¸É¨ ¤¨μ±¸¨¤ 
¶²ÊÉμ´¨Ö μÉ ¥£μ ¶μ·¨¸Éμ¸É¨:

λa = λb

(
1 − α

ρb − ρa

ρa

)
,

£¤¥ λa Å É¥¶²μ¶·μ¢μ¤´μ¸ÉÓ ±¥· ³¨±¨ ¸ ¶²μÉ´μ¸ÉÓÕ ρa; λb Å É¥¶²μ¶·μ¢μ¤-
´μ¸ÉÓ  ´ ²μ£¨Î´μ° ±¥· ³¨±¨ ¸ ¶²μÉ´μ¸ÉÓÕ ρb ¨ α Å ±μÔËË¨Í¨¥´É, § ¢¨¸Ö-
Ð¨° μÉ ¸É·Ê±ÉÊ·Ò ¶μ·, É¥³¶¥· ÉÊ·Ò ¨ ¤·Ê£¨Ì Ë ±Éμ·μ¢. „²Ö ¶μ·¨¸Éμ¸É¨ ¢
¶·¥¤¥² Ì 3Ä10% ¢¥²¨Î¨´  α ¨§³¥´Ö¥É¸Ö ´¥§´ Î¨É¥²Ó´μ: α = 2,5. �  ·¨¸. 8
¤²Ö ¸· ¢´¥´¨Ö ¶μ± § ´Ò § ¢¨¸¨³μ¸É¨ ±μÔËË¨Í¨¥´Éμ¢ É¥¶²μ¶·μ¢μ¤´μ¸É¨ ¢ ³μ-
¤¥²ÖÌ MATPRO ¨ ˆ
�-2 μÉ É¥³¶¥· ÉÊ·Ò Éμ¶²¨¢ .

�¨¸. 8. ‡ ¢¨¸¨³μ¸ÉÓ ±μÔËË¨Í¨¥´Éμ¢ É¥¶²μ¶·μ¢μ¤´μ¸É¨ ¤²Ö ³μ¤¥²¥° ˆ
�-2 (1) ¨ MAT-
PRO (2) μÉ É¥³¶¥· ÉÊ·Ò Éμ¶²¨¢  (μÉ 200 ¤μ 1200 ◦C) ¶·¨ ρ = 9,49 £/¸³3 (¸²¥¢ ) ¨
ρ = 10,06 £/¸³3 (¸¶· ¢ )
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�¨¸. 9. ‡ ¢¨¸¨³μ¸ÉÓ É¥¶²μ¥³±μ¸É¥° Éμ¶²¨¢  ¤²Ö ³μ¤¥²¥° ˆ
�-2 (1) ¨ MATPRO (2) μÉ
É¥³¶¥· ÉÊ·Ò

2) “¤¥²Ó´ Ö É¥¶²μ¥³±μ¸ÉÓ Éμ¶²¨¢ 
 ) Œμ¤¥²Ó MATPRO

Cp =
K1θ

2e(
θ
T )

T 2
[
e(

θ
T ) − 1

]2 + K2T +
Y K3ED

2RT 2
e

(
−ED

RT

)
[„¦/±£ · K],

£¤¥ T Å É¥³¶¥· ÉÊ·  [K]; Y Å μÉ´μÏ¥´¨¥ ±¨¸²μ·μ¤  ± ³¥É ²²Ê; R Å Ê´¨-
¢¥·¸ ²Ó´ Ö £ §μ¢ Ö ±μ´¸É ´É  = 8,3143 [„¦/³μ²Ó ·K]; θ Å É¥³¶¥· ÉÊ·  �°´-
ÏÉ¥°´  [K]; K1 Å 347,4 [„¦/±£ ·K]; K2 Å 3,95 · 10−4 [„¦/±£ ·K]; K3 Å
3,860 · 107 [„¦/±£]; Θ Å 571,000 [K]; ED Å 1,967 · 105 [„¦/³μ²Ó].

¡) Œμ¤¥²Ó ˆ
�-2

Cp = 278,1 + 0,06026T − 3,801 · 106/T 2 [„¦/±£ · K].

�  ·¨¸. 9 ¤²Ö ¸· ¢´¥´¨Ö ¶μ± § ´  § ¢¨¸¨³μ¸ÉÓ É¥¶²μ¥³±μ¸É¥° Éμ¶²¨¢  ¤²Ö
³μ¤¥²¥° MATPRO ¨ ˆ
�-2 μÉ É¥³¶¥· ÉÊ·Ò Éμ¶²¨¢ .

3) ’¥μ·¥É¨Î¥¸± Ö ¶²μÉ´μ¸ÉÓ
’¥μ·¥É¨Î¥¸± Ö ¶²μÉ´μ¸ÉÓ PuO2 ρ μ¶·¥¤¥²Ö¥É¸Ö ¶²μÉ´μ¸ÉÓÕ ¶·¨ ±μ³´ É-

´μ° É¥³¶¥· ÉÊ·¥ ¨ ¤¥Ëμ·³ Í¨¥° É¥¶²μ¢ÒÌ · ¸Ï¨·¥´¨°.

ρ = ρ0(1 − 3 εPuO2) [±£/³3],

£¤¥ ρ0 Å É¥μ·¥É¨Î¥¸± Ö ¶²μÉ´μ¸ÉÓ ¶·¨ ±μ³´ É´μ° É¥³¶¥· ÉÊ·¥ 11400 [±£/³3];
εPuO2 Å ²¨´¥°´ Ö ¤¥Ëμ·³ Í¨Ö É¥¶²μ¢μ£μ · ¸Ï¨·¥´¨Ö, ¢ÒÎ¨¸²¥´´ Ö ¤²Ö PuO2
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¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ´Ê²¥¢μ° ¤¥Ëμ·³ Í¨¨ ¶·¨ ¸É ´¤ ·É¨§μ¢ ´´μ° É¥³¶¥· -
ÉÊ·¥ 300 K.

4) ŠμÔËË¨Í¨¥´É ¨§²ÊÎ¥´¨Ö É¥¶²μ¢μ£μ ¨§²ÊÎ É¥²Ö

e = 0,7856 + 1,5263 · 10−5T.

III. �¡μ²μÎ±  É¢Ô² 
Œ É¥·¨ ² μ¡μ²μÎ±¨ Å ´¥·¦ ¢¥ÕÐ Ö ¸É ²Ó. ‚ ± Î¥¸É¢¥ É¥¶²μË¨§¨Î¥¸±μ°

³μ¤¥²¨ μ¡μ²μÎ±¨ É¢Ô²  ¡Ò²  ¶·¨´ÖÉ  ³μ¤¥²Ó ¨§ ²¨É¥· ÉÊ·Ò [2Ä4, 10].
1) ŠμÔËË¨Í¨¥´É É¥¶²μ¶·μ¢μ¤´μ¸É¨

λ = 0,1065 + 1,326 · 10−4T [‚É/c³ · K], T � 848 K.

2) “¤¥²Ó´ Ö É¥¶²μ¥³±μ¸ÉÓ

Cp = 326 + 0,298T − 9,56 · 10−5T 2 [„¦/±£ · K], 300 � T � 1558 K;

Cp = 558,228 [„¦/±£ · K], T � 1558 K.

3) ŠμÔËË¨Í¨¥´É É¥¶²μ¢μ£μ · ¸Ï¨·¥´¨Ö

αth = 1,629 · 10−5 + 3,285 · 10−9T − 2,198 · 10−12T 2 + 1,629 · 10−15T 3,

ΔL

L0
= αthΔT,

£¤¥ αth Å ±μÔËË¨Í¨¥´É É¥¶²μ¢μ£μ · ¸Ï¨·¥´¨Ö [1/K]; ΔL/L0 Å ²¨´¥°´ Ö
¡¥§· §³¥·´ Ö ¤¥Ëμ·³ Í¨Ö, ¢Ò§¢ ´´ Ö É¥¶²μ¢Ò³ · ¸Ï¨·¥´¨¥³ (· ¢´  ´Ê²Õ
¶·¨ 300 K).

4) �²μÉ´μ¸ÉÓ
ρ = 7900 [±£/³3].

5) ŠμÔËË¨Í¨¥´É ¨§²ÊÎ¥´¨Ö É¥¶²μ¢μ£μ ¨§²ÊÎ É¥²Ö

e = 0,54.
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