
P13-2010-59

Š¨³ ’ÌÔ ƒÕ´, �.�. �¥¶¥²ÒÏ¥¢, �. „. �μ£μ¢

’…�‹�”ˆ‡ˆ—…‘Šˆ‰ ���‹ˆ‡ ’‚�‹�
�…�Š’��� ˆ��-2
(‘’�–ˆ������Ÿ ‡�„�—�)



Š¨³ ’ÌÔ ƒÕ´, �¥¶¥²ÒÏ¥¢ �.�., �μ£μ¢ �.„. P13-2010-59
’¥¶²μË¨§¨Î¥¸±¨°  ´ ²¨§ É¢Ô²  ·¥ ±Éμ·  ˆ
�-2
(¸É Í¨μ´ ·´ Ö § ¤ Î )

�·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ É¥¶²μË¨§¨Î¥¸±μ£μ  ´ ²¨§  É¥¶²μ¢Ò¤¥²ÖÕÐ¥£μ Ô²¥-
³¥´É  (É¢Ô² ) ¡Ò¸É·μ£μ ¨³¶Ê²Ó¸´μ£μ ·¥ ±Éμ·  ˆ
�-2 ¸ ¶²ÊÉμ´¨¥¢Ò³ Éμ¶²¨¢μ³
¨ ´ É·¨¥¢Ò³ É¥¶²μ´μ¸¨É¥²¥³. Œ ±¸¨³ ²Ó´ Ö É¥³¶¥· ÉÊ·  ¢ Í¥´É·¥ Éμ¶²¨¢  ¢
¢¨¤¥ ¡·¨±¥Éμ¢ ¶·¨ ³ ±¸¨³ ²Ó´μ° É¥¶²μ¢μ° ´ £·Ê§±¥ É¢Ô²  (137,52 ‚É/¸³) ¨ ¤²Ö
É¢Ô²  ¸μ ¸·¥¤´¨³ Ô´¥·£μ¢Ò¤¥²¥´¨¥³ (109,31 ‚É/¸³) Å 1135 ¨ 948 ◦C ¸μμÉ¢¥É-
¸É¢¥´´μ. Œ ±¸¨³ ²Ó´ Ö É¥³¶¥· ÉÊ·  ´  ¢´ÊÉ·¥´´¥° ¶μ¢¥·Ì´μ¸É¨ Éμ¶²¨¢  ¢ ¢¨¤¥
¢ÉÊ²μ± ¤²Ö ³ ±¸¨³ ²Ó´μ ´ £·Ê¦¥´´μ£μ É¢Ô²  Å 944 ◦C. Œ ±¸¨³ ²Ó´ Ö É¥³¶¥-
· ÉÊ·  É¥¶²μ´μ¸¨É¥²Ö ´  ¢ÒÌμ¤¥ ¢ ± ´ ²¥ ¶·¨ ³ ±¸¨³ ²Ó´μ° É¥¶²μ¢μ° ´ £·Ê§±¥
É¢Ô²  Å 398 ◦C ¨ ¥£μ ¶μ¤μ£·¥¢ Å 108 ◦C. �·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ Éμ²Ó±μ ¤²Ö
¸É Í¨μ´ ·´μ£μ ¸μ¸ÉμÖ´¨Ö ·¥ ±Éμ· .
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Thermal Analysis of a Fuel Rod in IBR-2 Pulsed Reactor
(Steady-State Problem)

Computational results of a thermal analysis for a fuel rod of fast pulsed reactor
IBR-2 with plutonium as fuel and liquid sodium as coolant are presented. The
maximum temperature in the center of rod-shaped fuel subjected to maximum thermal
load (137.52 W/cm) and to average thermal load (109.31 W/cm) is 1135 and 948 ◦C,
respectively. And the maximum temperature on an inner surface of hollow-shaped
fuel subjected to maximum thermal load is 944 ◦C. The maximum temperature of a
coolant on the output of the coolant channel with a fuel rod subjected to maximum
thermal load is 398 ◦C and the heating of coolant is 108 ◦C. Only thermal analysis
of a steady-state fuel rod is presented.

The investigation has been performed at the Frank Laboratory of Neutron Physics,
JINR.
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‚ · ¡μÉ¥ ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ É¥¶²μË¨§¨Î¥¸±μ£μ  ´ ²¨§  É¥¶²μ¢Ò¤¥-
²ÖÕÐ¥£μ Ô²¥³¥´É  (É¢Ô² ) ¡Ò¸É·μ£μ ¨³¶Ê²Ó¸´μ£μ ·¥ ±Éμ·  ˆ
�-2 ¸ ´ É·¨¥¢Ò³
É¥¶²μ´μ¸¨É¥²¥³ ¨ ¶²ÊÉμ´¨¥¢Ò³ Éμ¶²¨¢μ³. � ¸Î¥É´Ò°  ´ ²¨§ ¡Ò² ¶·μ¢¥¤¥´ ¶μ
³¥Éμ¤¨±¥ ¨ ¶·μ£· ³³¥ [1], ¶μ§¢μ²ÖÕÐ¥° ¢ÒÎ¨¸²¨ÉÓ · ¸¶·¥¤¥²¥´¨¥ É¥³¶¥· ÉÊ·
¢ Éμ¶²¨¢¥, ¢ § §μ·¥ ³¥¦¤Ê Éμ¶²¨¢μ³ ¨ μ¡μ²μÎ±μ° É¢Ô² , ¢ μ¡μ²μÎ±¥,   É ±¦¥
¢ ¸²μ¥ ¤¢¨¦ÊÐ¥£μ¸Ö ¢¡²¨§¨ μ¡μ²μÎ±¨ ´ É·¨Ö [1Ä7].

1. Š��’Š�… ��ˆ‘��ˆ… Œ�„…‹ˆ ’…�‹�‚�ƒ� ���‹ˆ‡� ’‚�‹�

‚ É¢Ô²¥ ˆ
�-2 Éμ¶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·¥), É ±
¨ ¡·¨±¥É´μ£μ (¸¶²μÏ´Ò¥). ’ ¡²¥É±¨ ¶μ³¥Ð¥´Ò ¢ μ¡μ²μÎ±Ê ¨§ ´¥·¦ ¢¥ÕÐ¥°
¸É ²¨ ¨ ¸¢¥·ÌÊ ¢ £ §μ¢μ³ ¶·μ³¥¦ÊÉ±¥ ¶μ¤¦ ÉÒ ¶·Ê¦¨´μ°.

’¥¶²μ¶¥·¥¤ Î  ¢ μ¸¥¢μ³ ´ ¶· ¢²¥´¨¨ É¢Ô²  ´¥ ÊÎ¨ÉÒ¢ ¥É¸Ö, ¶μ¸±μ²Ó±Ê
£· ¤¨¥´ÉÒ É¥³¶¥· ÉÊ·Ò ¶μ · ¤¨Ê¸Ê É¢Ô²  §´ Î¨É¥²Ó´μ ¡μ²ÓÏ¥, Î¥³ ¶μ ¢Ò-
¸μÉ¥. „²Ö Î¨¸²¥´´μ£μ ·¥Ï¥´¨Ö ³¥Éμ¤μ³ ±μ´¥Î´ÒÌ · §´μ¸É¥° É¢Ô² · §¤¥²Ö¥É¸Ö
¶μ μ¸¨ ´  ¸¥£³¥´ÉÒ. Š ¦¤Ò° ¸¥£³¥´É, ¢ ¸¢μÕ μÎ¥·¥¤Ó, · §¤¥²Ö¥É¸Ö ´  ·Ö¤
±·Ê£μ¢ÒÌ Ô²¥³¥´Éμ¢ ¢ · ¤¨ ²Ó´μ³ ´ ¶· ¢²¥´¨¨. —¨¸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±¨ ¨ · ¢´μ 22 ¨²¨ 44. —¨¸²μ ±·Ê£μ¢ÒÌ Ô²¥³¥´Éμ¢ ¢ ± ¦¤μ³ ¸¥£³¥´É¥
· ¢´μ: ¢ Éμ¶²¨¢¥ Å 10, ¢ § §μ·¥ Å 1 ¨ ¢ μ¡μ²μÎ±¥ Å 3. �·¨  ´ ²¨§¥
É¥³¶¥· ÉÊ·´μ£μ £· ¤¨¥´É  ¶μ · ¤¨Ê¸Ê É¢Ô²  ¤²Ö ± ¦¤μ£μ μ¸¥¢μ£μ ¸¥£³¥´É  ¨¸-
¶μ²Ó§μ¢ ²μ¸Ó μ¤´μ³¥·´μ¥ Ê· ¢´¥´¨¥ É¥¶²μ¶·μ¢μ¤´μ¸É¨. �·¥¤¶μ² £ ²μ¸Ó, ÎÉμ
É¥¶²μ¢Ò¥ ¸¢μ°¸É¢  Éμ¶²¨¢  ¢ ±μ²ÓÍ¥¢μ³ Ô²¥³¥´É¥ § ¢¨¸ÖÉ μÉ É¥³¶¥· ÉÊ·Ò.

“· ¢´¥´¨¥ É¥¶²μ¶·μ¢μ¤´μ¸É¨ ´  μ¤´μ³ μ¸¥¢μ³ ¸¥£³¥´É¥ ³μ¦´μ ¶·¥¤¸É -
¢¨ÉÓ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³ [1Ä3]:

∂

∂t
[Cv(T, r)T (r, t)] = ∇k(T, r)∇T (r, t) + q(r, t), (1)

£¤¥ T Å É¥³¶¥· ÉÊ· ; r Å ±μμ·¤¨´ É  ¢ · ¤¨ ²Ó´μ³ ´ ¶· ¢²¥´¨¨; Cv Å μ¡Ñ-
¥³´ Ö Ê¤¥²Ó´ Ö É¥¶²μ¥³±μ¸ÉÓ; k Å- É¥¶²μ¶·μ¢μ¤´μ¸ÉÓ; q Å Ô´¥·£μ¢Ò¤¥²¥´¨¥.
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‚¨¤ · §´μ¸É´μ£μ Ê· ¢´¥´¨Ö ¤²Ö Í¥´É· ²Ó´μ° ¨ ¡μ±μ¢μ° μ¡² ¸É¨ Éμ¶²¨¢ ,
μ¡² ¸É¨ § §μ·  ³¥¦¤Ê É ¡²¥É±μ° ¨ μ¡μ²μÎ±μ° ¨ ¤²Ö, ¸μ¡¸É¢¥´´μ, μ¡μ²μÎ±¨
¸ÊÐ¥¸É¢¥´´μ § ¢¨¸¨É μÉ ³μ¤¥²Ó´μ£μ ¶·¥¤¸É ¢²¥´¨Ö μ¡³¥´  Ô´¥·£¨¥° ³¥¦¤Ê
μÉ¤¥²Ó´Ò³¨ Ô²¥³¥´É ³¨ É¢Ô² .

�É³¥É¨³ É ±¦¥, ÎÉμ ±μ´¥Î´Ò° ·¥§Ê²ÓÉ É § ¢¨¸¨É μÉ ¢Ò¡μ·  ³μ¤¥²¨ ¶·¥¤-
¸É ¢²¥´¨Ö É¥¶²μË¨§¨Î¥¸±¨Ì ¶ · ³¥É·μ¢ μÉ¤¥²Ó´ÒÌ Ô²¥³¥´Éμ¢ É¢Ô²  (Éμ¶²¨¢ ,
μ¡μ²μÎ±¨, £ §μ¢μ£μ ¶·μ³¥¦ÊÉ± ), É ±¨Ì ± ± ±μÔËË¨Í¨¥´ÉÒ É¥¶²μ¶·μ¢μ¤´μ-
¸É¨, É¥¶²μ¥³±μ¸É¨ ¨ É. ¤. �μÔÉμ³Ê, ¤²Ö μ¡Ñ¥±É¨¢´μ¸É¨, ¢ · ¸Î¥É Ì ¨¸¶μ²Ó-
§μ¢ ²¨¸Ó ´¥¸±μ²Ó±μ ´ ¨¡μ²¥¥ · ¸¶·μ¸É· ´¥´´ÒÌ ³μ¤¥²¥° μÍ¥´±¨ Ê± § ´´ÒÌ
¶ · ³¥É·μ¢. �¥·¢Ò° ¨¸ÉμÎ´¨± ¤ ´´ÒÌ ¶μ É¥¶²μË¨§¨Î¥¸±¨³ ¶ · ³¥É· ³ ³ -
É¥·¨ ²μ¢, ¢Ìμ¤ÖÐ¨Ì ¢ ¸μ¸É ¢ É¢Ô² , Å ¡¨¡²¨μÉ¥±  ®A Library of Materials
Properties for Light Water Reactor Accident Analysis¯ [8, 9]. „ ´´Ò¥, ¢§ÖÉÒ¥ ¨§
ÔÉμ° ¡¨¡²¨μÉ¥±¨, μÉ³¥Î¥´Ò ¢ É¥±¸É¥ ± ± ¤ ´´Ò¥ ¶μ ³μ¤¥²¨ ŒATPRO. ‚Éμ-
·μ° ¨¸ÉμÎ´¨± Å ¤ ´´Ò¥, · ´¥¥ ¶·¨³¥´Ö¢Ï¨¥¸Ö ¤²Ö  ´ ²¨§  É¢Ô²  ˆ
�-2 [10];
¢ É¥±¸É¥ μÉ³¥Î¥´Ò ± ± ³μ¤¥²Ó ˆ
�-2.

� ¸¶·¥¤¥²¥´¨¥ É¥¶²μ¢Ò¤¥²¥´¨Ö. �·μË¨²Ó · ¸¶·¥¤¥²¥´¨Ö É¥¶²μ¢Ò¤¥²¥-
´¨Ö ¶μ · ¤¨Ê¸Ê μ¶·¥¤¥²Ö¥É¸Ö ËÊ´±Í¨¥° · ¸¶·¥¤¥²¥´¨Ö Ô´¥·£μ¢Ò¤¥²¥´¨Ö ¶μ
Ëμ·³Ê²¥ �μ¡¥·É¸μ´  [1Ä3]. �É  ËÊ´±Í¨Ö ¶μ§¢μ²Ö¥É ¢Ò¶μ²´¨ÉÓ · §¤¥²¥´¨¥ ¶¥-
·¥³¥´´ÒÌ ¶μ ¢·¥³¥´¨ ¨ ±μμ·¤¨´ É¥. Š·μ³¥ Éμ£μ, ¨¸¶μ²Ó§μ¢ ²¨¸Ó · ¸Î¥É´Ò¥
¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶μ · ¸¶·¥¤¥²¥´¨Õ Ô´¥·£μ¢Ò¤¥²¥´¨Ö ¶μ ¢Ò¸μÉ¥
 ±É¨¢´μ° §μ´Ò ˆ
�-2 [10Ä12].

Œμ¤¥²Ó É¥¶²μ¶·μ¢μ¤´μ¸É¨ ¢ § §μ·¥. ’¥¶²μ¶·μ¢μ¤´μ¸ÉÓ ¢ § §μ·¥ μ¶·¥-
¤¥²Ö¥É¸Ö ¸Ê³³μ° ¶·μ¢μ¤¨³μ¸É¨ Î¥·¥§ ¨§²ÊÎ¥´¨¥, É¥¶²μ¶¥·¥¤ Î¨ Î¥·¥§ £ § ¢
§ §μ·¥ É ¡²¥É± Äμ¡μ²μÎ±  ¨ É¥¶²μ¶·μ¢μ¤´μ¸É¨ Î¥·¥§ ÉμÎ±¨ ±μ´É ±É  É¢¥·¤ÒÌ
É¥² [1, 3, 4, 6, 7]. „²Ö É¥¶²μ¶·μ¢μ¤´μ¸É¨ ¢ § §μ·¥ ¨¸¶μ²Ó§μ¢ ² ¸Ó ¨§³¥´¥´´ Ö
³μ¤¥²Ó �μ¸¸ -‘É·μÉ¥ [1, 2],   ¤²Ö É¥¶²μ¶·μ¢μ¤´μ¸É¨ £ §μ¢μ° ¸³¥¸¨ Å ³μ¤¥²Ó
MATPRO [9].

’¥¶²μ¢ Ö ³μ¤¥²Ó ¢ £ §μ¢μ³ ¶·μ³¥¦ÊÉ±¥. Œμ¤¥²Ó ¤²Ö · ¸Î¥É  É¥³¶¥· -
ÉÊ·Ò £ §  ¢ £ §μ¢μ³ ¶·μ³¥¦ÊÉ±¥ É¢Ô²  μ¸´μ¢ ´  ´  ¶·¥¤¶μ²μ¦¥´¨ÖÌ μ Éμ³,
ÎÉμ 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¦¨´¥ É¢Ô²  ¨ μ¡μ²μÎ±¥ Ö¢²ÖÕÉ¸Ö ´¥§´ Î¨É¥²Ó´Ò³¨.

�·¨´ÖÉ Ö É¥¶²μ¢ Ö ³μ¤¥²Ó ¶μ§¢μ²Ö¥É ¢ÒÎ¨¸²¨ÉÓ μ¡³¥´ Ô´¥·£¨¨ ³¥¦¤Ê
£ §μ³ ¨ ¸É·Ê±ÉÊ·´Ò³¨ ±μ³¶μ´¥´É ³¨ Å ¶μ¤¤¥·¦¨¢ ÕÐ¥° ¶·Ê¦¨´μ°, ¢¥·Ì-
´¥° É ¡²¥É±μ° ¨ μ¡μ²μÎ±μ°. �¡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].

„²Ö É¥¶²μ¶¥·¥¤ Î¨ ¶ÊÉ¥³ ¥¸É¥¸É¢¥´´μ° ±μ´¢¥±Í¨¨ Ô´¥·£¨Ö ¶¥·¥¤ ¥É¸Ö
£ §Ê μÉ ¶·Ê¦¨´Ò ¨ § É¥³ μÉ £ §  ± ¸É¥´±¥ μ¡μ²μÎ±¨ ¨²¨ ´ μ¡μ·μÉ.

�¥·¥´μ¸ Ô´¥·£¨¨ ¨§²ÊÎ¥´¨¥³ ³¥¦¤Ê ¶·Ê¦¨´μ° ¨ μ¡μ²μÎ±μ° ¢±²ÕÎ¥´ ¢
³μ¤¥²Ó £ §μ¢μ£μ ¶·μ³¥¦ÊÉ±  ¶·¨ ¶μ³μÐ¨ ±μÔËË¨Í¨¥´Éμ¢ É¥¶²μ¶¥·¥¤ Î¨.
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“Î¨ÉÒ¢ ²¸Ö É ±¦¥ £ ³³ -´ £·¥¢ ¶·Ê¦¨´Ò ¨ μ¡μ²μÎ±¨ §  ¸Î¥É £ ³³ -
¨§²ÊÎ¥´¨Ö μÉ ¤¥²¥´¨Ö ¶²ÊÉμ´¨Ö. �·¨¡²¨§¨É¥²Ó´μ 10% Ô´¥·£¨¨ μÉ ¤¥²¥´¨Ö
¶²ÊÉμ´¨Ö ¢Ò¤¥²Ö¥É¸Ö ¢ ¢¨¤¥ £ ³³ -¨§²ÊÎ¥´¨Ö.

Œμ¤¥²Ó ·μ¸É  Ô´É ²Ó¶¨¨ ¨ ±μÔËË¨Í¨¥´É É¥¶²μ¶¥·¥¤ Î¨ É¥¶²μ´μ¸¨É¥²Ö.
�´É ²Ó¶¨Ö É¥¶²μ´μ¸¨É¥²Ö ¶μ μ¸¨  ±É¨¢´μ° §μ´Ò ¨ ¢μ ¢·¥³¥´¨ § ¤ ¥É¸Ö ¨´É¥-
£· ²μ³ ¶μ ¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´μ³Ê ¶ÊÉ¨ [1, 3]. „²Ö ¢ÒÎ¨¸²¥´¨Ö ±μÔËË¨-
Í¨¥´É  É¥¶²μ¶¥·¥¤ Î¨ ¶·¨ ¢Ò´Ê¦¤¥´´μ° ±μ´¢¥±Í¨¨ ¤²Ö μ¤´μË §´μ£μ ¸μ¸Éμ-
Ö´¨Ö ¦¨¤±μ³¥É ²²¨Î¥¸±μ£μ É¥¶²μ´μ¸¨É¥²Ö ¨¸¶μ²Ó§Ê¥É¸Ö μÉ´μÏ¥´¨¥ „¨ÉÉÊ¸ Ä

μ²É¥·  [1Ä5].

ŠμÔËË¨Í¨¥´É É¥¶²μ¶·μ¢μ¤´μ¸É¨ Éμ¶²¨¢ . ’¥¶²μ¶·μ¢μ¤´μ¸ÉÓ ±μ³¶ ±É-
´ÒÌ ¢¥Ð¥¸É¢, ¶μ²ÊÎ¥´´ÒÌ ³¥Éμ¤μ³ ¶μ·μÏ±μ¢μ° ³¥É ²²Ê·£¨¨, ¸ÊÐ¥¸É¢¥´´μ
§ ¢¨¸¨É μÉ ¶μ·¨¸Éμ¸É¨ ¸¶¥Î¥´´μ° ³ É·¨ÍÒ. ‡ ¢¨¸¨³μ¸ÉÓ É¥¶²μ¶·μ¢μ¤´μ¸É¨
μÉ ¶μ·¨¸Éμ¸É¨ ¤²Ö ±¥· ³¨Î¥¸±¨Ì É¥² ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ¢  ´ ²¨É¨-
Î¥¸±μ³ ¢¨¤¥. ŠμÔËË¨Í¨¥´ÉÒ ÔÉμ° § ¢¨¸¨³μ¸É¨, ¢ ¸¢μÕ μÎ¥·¥¤Ó, § ¢¨¸ÖÉ μÉ
¸É·Ê±ÉÊ·Ò ¶μ·, É¥³¶¥· ÉÊ·Ò ¨ ³´μ£¨Ì ¤·Ê£¨Ì Ë ±Éμ·μ¢ [8, 9].

’¥¶²μ¶·μ¢μ¤´μ¸ÉÓ Éμ¶²¨¢  ˆ
�-2 ³μ¦¥É ¡ÒÉÓ μ¶¨¸ ´  ¤¢Ê³Ö ³μ¤¥²Ö³¨:
³μ¤¥²ÓÕ MATPRO ¨²¨ ³μ¤¥²ÓÕ ˆ
�-2.

‚ 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 ¨ ¸μ¤¥·¦ ´¨Ö ¶²ÊÉμ´¨Ö ¢ Éμ¶-
²¨¢¥ [9].

‚ ³μ¤¥²¨ ˆ
�-2 ¨¸¶μ²Ó§Ê¥É¸Ö É¥³¶¥· ÉÊ·´ Ö § ¢¨¸¨³μ¸ÉÓ ±μÔËË¨Í¨¥´É 
É¥¶²μ¶·μ¢μ¤´μ¸É¨ ¤¨μ±¸¨¤  ¶²ÊÉμ´¨Ö ¸ É¥μ·¥É¨Î¥¸±μ° ¶²μÉ´μ¸ÉÓÕ ¨ ¶²μÉ-
´μ¸ÉÓÕ 10,0 £/c³3, ¶·¥¤¸É ¢²¥´´ Ö ¢ · ¡μÉ¥ [10], ¢ ¤¨ ¶ §μ´¥ É¥³¶¥· ÉÊ·
200Ä1500 K.

“¤¥²Ó´ Ö É¥¶²μ¥³±μ¸ÉÓ ¨ É¥μ·¥É¨Î¥¸± Ö ¶²μÉ´μ¸ÉÓ Éμ¶²¨¢ . ’¥¶²μ¥³-
±μ¸ÉÓ Éμ¶²¨¢ , ± ± ¨ É¥¶²μ¶·μ¢μ¤´μ¸ÉÓ, ³μ¦¥É ¡ÒÉÓ μ¶¨¸ ´  ³μ¤¥²Ö³¨
MATPRO ¨ ˆ
�-2. �É³¥É¨³, ÎÉμ ¤ ´´Ò¥, ¢ÒÎ¨¸²¥´´Ò¥ ¶μ ¤¢Ê³ ³μ¤¥²Ö³,
μÉ²¨Î ÕÉ¸Ö ¤·Ê£ μÉ ¤·Ê£  [8Ä10].

’¥μ·¥É¨Î¥¸± Ö ¶²μÉ´μ¸ÉÓ Éμ¶²¨¢  μ¶·¥¤¥²Ö¥É¸Ö ¶²μÉ´μ¸ÉÓÕ Éμ¶²¨¢  ¶·¨
±μ³´ É´μ° É¥³¶¥· ÉÊ·¥ ¨ ¤¥Ëμ·³ Í¨¥° É¥¶²μ¢ÒÌ · ¸Ï¨·¥´¨°.

2. �…‡“‹œ’�’› ��‘—…’�

�¨¦¥ ´  ·¨¸. 1Ä9 ¶·¥¤¸É ¢²¥´Ò μ¸´μ¢´Ò¥ ·¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¶μ ¸É Í¨μ-
´ ·´μ³Ê · ¸¶·¥¤¥²¥´¨Õ É¥³¶¥· ÉÊ· ¢  ±É¨¢´μ° §μ´¥ ˆ
�-2: ¢ Éμ¶²¨¢¥, § §μ·¥
¨ μ¡μ²μÎ±¥ É¢Ô² . „²Ö ¸· ¢´¥´¨Ö · ¸Î¥É´Ò¥ ¤ ´´Ò¥ ¶·¨¢¥¤¥´Ò ¤²Ö · §´ÒÌ
³μ¤¥²¥° É¥¶²μ¶·μ¢μ¤´μ¸É¨ ¨ §´ Î¥´¨° ²¨´¥°´μ° ³μÐ´μ¸É¨ É¥¶²μ¢Ò¤¥²¥´¨Ö
¶·¨ ¸·¥¤´¥° ³μÐ´μ¸É¨ ·¥ ±Éμ·  2 Œ‚É. � ¸¶·¥¤¥²¥´¨Ö É¥³¶¥· ÉÊ· ¶μ ¢Ò-
¸μÉ¥ ¨ · ¤¨Ê¸Ê ¢ ¸·¥¤´¥³ ¸¥Î¥´¨¨ É¢Ô²  ¤ ´Ò ¤²Ö ³μ¤¥²¥° É¥¶²μ¶·μ¢μ¤´μ¸É¨
MATPRO ¨ ˆ
�-2 ¤²Ö ³ ±¸¨³ ²Ó´μ ´ £·Ê¦¥´´μ£μ É¢Ô²  (³ ±¸¨³ ²Ó´ Ö ²¨-
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´¥°´ Ö ¶²μÉ´μ¸ÉÓ Ô´¥·£μ¢Ò¤¥²¥´¨Ö qmax
l = 137,52 ‚É/¸³) ¨ ¤²Ö É¢Ô²  ¸μ ¸·¥¤-

´¨³ ¶μ  ±É¨¢´μ° §μ´¥ ³ ±¸¨³ ²Ó´Ò³ Ô´¥·£μ¢Ò¤¥²¥´¨¥³ (qmax
l = 109,3 ‚É/¸³).

�·¨ Ê³¥´ÓÏ¥´¨¨ ¨²¨ Ê¢¥²¨Î¥´¨¨ ¸·¥¤´¥° ³μÐ´μ¸É¨ §´ Î¥´¨Ö É¥³¶¥· ÉÊ·
¡Ê¤ÊÉ ²¨´¥°´μ ³¥´ÖÉÓ¸Ö ¸ ³μÐ´μ¸ÉÓÕ. �Éμ ¸¶· ¢¥¤²¨¢μ ¤²Ö · ¡μÎ¨Ì É¥³¶¥· -
ÉÊ·  ±É¨¢´μ° §μ´Ò ˆ
�-2 (¤²Ö ´μ·³ ²Ó´ÒÌ, ´¥  ¢ ·¨°´ÒÌ ·¥¦¨³μ¢) ¨ Éμ²Ó±μ
¢ ¶¥·¢μ³ ¶·¨¡²¨¦¥´¨¨. � £·¥¢, ´ ¶·¨³¥·, ¢´¥Ï´¥° ¸Éμ·μ´Ò Éμ¶²¨¢´ÒÌ É -
¡²¥Éμ± ¨ μ¡μ²μÎ±¨ É¢Ô²  ¨³¥¥É ´¥²¨´¥°´Ò° Ì · ±É¥·. ‘·¥¤´ÖÖ É¥³¶¥· ÉÊ· 
Éμ¶²¨¢  ¡Ê¤¥É μÉ²¨Î ÉÓ¸Ö μÉ · ¸Î¥É´μ° ³ ±¸¨³ ²Ó´μ° ´  ±μÔËË¨Í¨¥´É ´¥-
· ¢´μ³¥·´μ¸É¨ Ô´¥·£μ¢Ò¤¥²¥´¨Ö, ±μÉμ·Ò° ¤²Ö ˆ
�-2 ¡Ò² ¨§³¥·¥´ ¢ ´ Î ²¥
± ³¶ ´¨¨ ¨ μÍ¥´¥´ · ¢´Ò³ 1,54 [11]. ‚ ¶·μÍ¥¸¸¥ Ô±¸¶²Ê É Í¨¨ ·¥ ±Éμ·  ±μ-
ÔËË¨Í¨¥´É ´¥· ¢´μ³¥·´μ¸É¨ Ê³¥´ÓÏ¨²¸Ö ¨ ¸μ¸É ¢¨² ¶μ · ¸Î¥ÉÊ ∼1,25Ä1,30.

‚›‚�„›

�´ ²¨§ · ¸Î¥É´ÒÌ ¤ ´´ÒÌ ¶μ É¥·³μ¤¨´ ³¨±¥ É¢Ô²  ˆ
�-2 ¶μ§¢μ²Ö¥É ¸¤¥-
² ÉÓ ¸²¥¤ÊÕÐ¨¥ ¢Ò¢μ¤Ò.

1. � ¸¶·¥¤¥²¥´¨¥ É¥³¶¥· ÉÊ·Ò ¢ Éμ¶²¨¢´ÒÌ É ¡²¥É± Ì ¸ÊÐ¥¸É¢¥´´μ § ¢¨-
¸¨É μÉ ¨¸¶μ²Ó§Ê¥³ÒÌ ³μ¤¥²¥° É¥¶²μ¶·μ¢μ¤´μ¸É¨ Éμ¶²¨¢ . Œμ¤¥²Ó MATPRO

�¨¸. 1. � ¸¶·¥¤¥²¥´¨¥ É¥³¶¥· ÉÊ·Ò (T, oC) ¢ Í¥´É·¥ Éμ¶²¨¢  ¢ ¢¨¤¥ ¡·¨±¥Éμ¢ ¶μ
¢Ò¸μÉ¥ (z/H) ¤²Ö ³μ¤¥²¥° É¥¶²μ¶·μ¢μ¤´μ¸É¨ MATPRO (1, 3) ¨ ˆ
�-2 (2, 4) ¤²Ö
³ ±¸¨³ ²Ó´μ ´ £·Ê¦¥´´μ£μ É¢Ô²  (1, 2 Å qmax

l = 137,52 ‚É/¸³) ¨ ¤²Ö É¢Ô²  ¸μ ¸·¥¤´¨³
Ô´¥·£μ¢Ò¤¥²¥´¨¥³ (3, 4 Å qmax

l = 109,31 ‚É/¸³). ‘·¥¤´ÖÖ ³μÐ´μ¸ÉÓ 2 Œ‚É
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�¨¸. 2. � ¸¶·¥¤¥²¥´¨¥ É¥³¶¥· ÉÊ·Ò (T, ◦C) ´  ¢´ÊÉ·¥´´¥° ¶μ¢¥·Ì´μ¸É¨ Éμ¶²¨¢  ¢
¢¨¤¥ ¢ÉÊ²μ± ¶μ ¢Ò¸μÉ¥ É¢Ô²  ¤²Ö ³μ¤¥²¥° É¥¶²μ¶·μ¢μ¤´μ¸É¨ ¶·¨ qmax

l = 137,52 ‚É/¸³.
1, 2 Å ³μ¤¥²¨ MATPRO ¨ ˆ
�-2

�¨¸. 3. � ¸¶·¥¤¥²¥´¨¥ É¥³¶¥· ÉÊ·Ò (T, ◦C) ´  ¢´¥Ï´¥° ¶μ¢¥·Ì´μ¸É¨ Éμ¶²¨¢  ¢ ¢¨¤¥
¢ÉÊ²μ± ¶μ ¢Ò¸μÉ¥ É¢Ô²  ¤²Ö ³μ¤¥²¨ É¥¶²μ¶·μ¢μ¤´μ¸É¨ MATPRO ¶·¨ · §²¨Î´μ° ³μÐ-
´μ¸É¨ É¥¶²μ¢Ò¤¥²¥´¨Ö: 1 Å qmax

l = 137,52 ‚É/¸³; 2 Å qmax
l = 109,31 ‚É/¸³

5



�¨¸. 4. � ¸¶·¥¤¥²¥´¨¥ É¥³¶¥· ÉÊ·Ò (T, ◦C) Éμ¶²¨¢  ¢ ¢¨¤¥ ¡·¨±¥Éμ¢ ¶μ · ¤¨Ê¸Ê (r/R,
R Å · ¤¨Ê¸ Éμ¶²¨¢ ) ¢ ¸·¥¤´¥³ ¸¥Î¥´¨¨ É¢Ô²  ¤²Ö · §´ÒÌ ³μ¤¥²¥° É¥¶²μ¶·μ¢μ¤´μ¸É¨
¶·¨ · §²¨Î´μ° ³μÐ´μ¸É¨ É¥¶²μ¢Ò¤¥²¥´¨Ö: 1, 2 Å ³μ¤¥²¨ MATPRO ¨ ˆ
�-2 ¶·¨
qmax

l = 137,52 ‚É/¸³; 3, 4 Å ³μ¤¥²¨ MATPRO ¨ ˆ
�-2 ¶·¨ qmax
l = 109,31 ‚É/¸³

�¨¸. 5. � ¸¶·¥¤¥²¥´¨¥ É¥³¶¥· ÉÊ·Ò ¢ Éμ¶²¨¢¥ ¢ ¢¨¤¥ ¢ÉÊ²μ± (T, ◦C) ¶μ · ¤¨Ê¸Ê ¢
¸·¥¤´¥³ ¸¥Î¥´¨¨ É¢Ô²  ¶·¨ qmax

l = 137,52 ‚É/¸³
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�¨¸. 6. � ¸¶·¥¤¥²¥´¨¥ É¥³¶¥· ÉÊ·Ò ¢ É¢Ô²¥ ¸ Éμ¶²¨¢μ³ ¢ ¢¨¤¥ ¡·¨±¥Éμ¢ ¶μ · ¤¨Ê¸Ê ¢
¸·¥¤´¥³ ¸¥Î¥´¨¨ É¢Ô²  ¶·¨ qmax

l = 137,52 ‚É/¸³

�¨¸. 7. � ¸¶·¥¤¥²¥´¨¥ É¥³¶¥· ÉÊ·Ò ´  ¢´ÊÉ·¥´´¥° ¶μ¢¥·Ì´μ¸É¨ μ¡μ²μÎ±¨ ¶μ ¢Ò¸μÉ¥
¤²Ö ³μ¤¥²¨ É¥¶²μ¶·μ¢μ¤´μ¸É¨ MATPRO ¶·¨ · §²¨Î´ÒÌ ³μÐ´μ¸ÉÖÌ É¥¶²μ¢Ò¤¥²¥´¨Ö:
1 Å qmax

l = 137,52 ‚É/¸³; 2 Å qmax
l = 109,31 ‚É/¸³
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�¨¸. 8. � ¸¶·¥¤¥²¥´¨¥ É¥³¶¥· ÉÊ·Ò ´  ¢´¥Ï´¥° ¶μ¢¥·Ì´μ¸É¨ μ¡μ²μÎ±¨ ¶μ ¢Ò¸μÉ¥ ¤²Ö
³μ¤¥²¨ É¥¶²μ¶·μ¢μ¤´μ¸É¨ MATPRO ¶·¨ · §²¨Î´ÒÌ ³μÐ´μ¸ÉÖÌ É¥¶²μ¢Ò¤¥²¥´¨Ö: 1 Å
qmax

l = 137,52 ‚É/¸³; 2 Å qmax
l = 109,31 ‚É/¸³

�¨¸. 9. � ¸¶·¥¤¥²¥´¨¥ É¥³¶¥· ÉÊ·Ò É¥¶²μ´μ¸¨É¥²Ö ¶μ ¢Ò¸μÉ¥ ¶·¨ qmax
l = 137,52 ‚É/¸³
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¤ ¥É §´ Î¥´¨¥ ³ ±¸¨³ ²Ó´μ° É¥³¶¥· ÉÊ·Ò É¢Ô²  ´  120 ◦C ¡μ²ÓÏ¥, Î¥³ ³μ¤¥²Ó
ˆ
�-2. �Éμ μ¡ÑÖ¸´Ö¥É¸Ö ¸ÊÐ¥¸É¢¥´´Ò³ · §²¨Î¨¥³ É¥¶²μË¨§¨Î¥¸±¨Ì ¶ · ³¥-
É·μ¢ ¤¢ÊÌ ³μ¤¥²¥° ¢ · ¡μÎ¥³ ¤¨ ¶ §μ´¥ ³ ±¸¨³ ²Ó´ÒÌ É¥³¶¥· ÉÊ· ˆ
�-2
700Ä1100 ◦‘, μ¸μ¡¥´´μ É¥¶²μ¶·μ¢μ¤´μ¸É¨ Éμ¶²¨¢ . �μ-¢¨¤¨³μ³Ê, ÔÉμ ¢Ò-
§¢ ´μ · §²¨Î¨¥³ ¢ μÍ¥´±¥ ¢²¨Ö´¨Ö ´  É¥¶²μ¶·μ¢μ¤´μ¸ÉÓ · ¸É·¥¸±¨¢ ´¨Ö (¨²¨
¶μ·¨¸Éμ¸É¨) ¤¢Êμ±¨¸¨ ¶²ÊÉμ´¨Ö ¶·¨ ¡μ²ÓÏμ³ Ô´¥·£μ¢Ò¤¥²¥´¨¨ ¢ ¨³¶Ê²Ó¸¥
³μÐ´μ¸É¨.

2. Œ ±¸¨³ ²Ó´Ò¥ É¥³¶¥· ÉÊ·Ò Éμ¶²¨¢  ¢ ¢¨¤¥ ¡·¨±¥Éμ¢ ¨ ¢ÉÊ²μ± ¤²Ö
³ ±¸¨³ ²Ó´μ ´ £·Ê¦¥´´μ£μ É¢Ô²  ´  ³μÐ´μ¸É¨ 2 Œ‚É ¸μ¸É ¢²ÖÕÉ 1135 ¨
944 ◦C ¸μμÉ¢¥É¸É¢¥´´μ, É. ¥. ³ ±¸¨³ ²Ó´Ò¥ É¥³¶¥· ÉÊ·Ò Éμ¶²¨¢  ¢ ¢¨¤¥ ¢ÉÊ²μ±
´  190 ◦‘ ³¥´ÓÏ¥, Î¥³ ¢ ¡·¨±¥É Ì.

3. Œ ±¸¨³ ²Ó´Ò¥ É¥³¶¥· ÉÊ·Ò μ¡μ²μÎ±¨ É¢Ô²  ¤²Ö Éμ¶²¨¢  ¢ ¢¨¤¥ ¡·¨-
±¥Éμ¢ ¨ ¢ÉÊ²μ± ¤²Ö ³ ±¸¨³ ²Ó´μ ´ £·Ê¦¥´´μ£μ É¢Ô²  ´  ³μÐ´μ¸É¨ 2 Œ‚É
¶· ±É¨Î¥¸±¨ ¸μ¢¶ ¤ ÕÉ ¨ · ¢´Ò 404 ¨ 403 ◦‘ ¸μμÉ¢¥É¸É¢¥´´μ.

4. �μ¤μ£·¥¢ ´ É·¨Ö ´  ¢ÒÌμ¤¥ ¨§  ±É¨¢´μ° §μ´Ò ¤²Ö ³ ±¸¨³ ²Ó´μ ´ £·Ê-
¦¥´´μ£μ É¢Ô²  ´  ³μÐ´μ¸É¨ 2 Œ‚É ¨ · ¸Ìμ¤¥ ´ É·¨Ö Î¥·¥§  ±É¨¢´ÊÕ §μ´Ê
90 ³3/Î ¸μ¸É ¢²Ö¥É 108 ◦‘. � ¸Î¥É´Ò¥ μÍ¥´±¨ ¸μμÉ¢¥É¸É¢ÊÕÉ ¸·¥¤´¥³Ê ¶μ¤μ-
£·¥¢Ê ´ É·¨Ö ¤²Ö ±μÔËË¨Í¨¥´É  ´¥· ¢´μ³¥·´μ¸É¨ Ô´¥·£μ¢Ò¤¥²¥´¨Ö ¢  ±É¨¢-
´μ° §μ´¥ ˆ
�-2, · ¢´μ£μ 1,54 ¢ ´ Î ²¥ ± ³¶ ´¨¨.

5. ‘· ¢´¥´¨¥ ·¥§Ê²ÓÉ Éμ¢ · ¸Î¥É  ¸ ¡μ²¥¥ · ´´¨³¨ ·¥§Ê²ÓÉ É ³¨ É¥¶²μ-
Ë¨§¨Î¥¸±μ£μ  ´ ²¨§  É¢Ô²  ˆ
�-2 [9, 10] ¶μ± § ²μ ¨Ì Ìμ·μÏ¥¥ ¸μ¢¶ ¤¥´¨¥.
�¸´μ¢´μ¥ μÉ²¨Î¨¥ ¸¢Ö§ ´μ ¸ ´¥μ¶·¥¤¥²¥´´μ¸ÉÓÕ ¨ · ¸Ìμ¦¤¥´¨¥³ É¥¶²μË¨§¨-
Î¥¸±¨Ì ¤ ´´ÒÌ.
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