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�µ „Ê Œ¨´ P3-2004-189
�´ ²¨§ ¶¥·¥Ìµ¤´µ£µ É¥³¶¥· ÉÊ·´µ£µ ¶·µÍ¥¸¸  ¢ É¢Ô² Ì
¨³¶Ê²Ó¸´µ£µ ·¥ ±Éµ·  ´  ¡Ò¸É·ÒÌ ´¥°É·µ´ Ì ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³
¶µ²ÊÉµÎ¥Î´µ-¤¨´ ³¨Î¥¸±µ° ³µ¤¥²¨

�¶¨¸ ´a · §· ¡µÉ±  ¶µ²ÊÉµÎ¥Î´µ° É¥·³µ¤¨´ ³¨Î¥¸±µ° ³µ¤¥²¨ ¨ ¶·¨¢¥¤¥´ ·¥-
§Ê²ÓÉ É ·¥Ï¥´¨Ö ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° ¢ Î ¸É´ÒÌ ¶·µ¨§¢µ¤´ÒÌ · §´µ¸É-
´Ò³ ³¥Éµ¤µ³, ¸ ¶µ³µÐÓÕ ±µÉµ·ÒÌ ³µ¦´µ ¶·µ ´ ²¨§¨·µ¢ ÉÓ É¥·³µ¶¥·¥Ìµ¤´Ò¥
¶·µÍ¥¸¸Ò ¢ É¢Ô² Ì ¨³¶Ê²Ó¸´ÒÌ ·¥ ±Éµ·µ¢. � ¸¸³µÉ·¥´Ò É ±¦¥ Ê¸²µ¢¨Ö Ê¸Éµ°-
Î¨¢µ¸É¨ ¨ ¸Ìµ¤¨³µ¸É¨ ·¥Ï¥´¨Ö ¶·¨ ¢ÒÎ¨¸²¥´¨¨ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨°
· §´µ¸É´Ò³ ³¥Éµ¤µ³. �µ²ÊÎ¥´µ ¨§³¥´¥´¨¥ É¥³¶¥· ÉÊ·Ò É¢Ô²µ¢ ¶·¨ ¸± Î±µµ¡· §-
´µ³ ¨§³¥´¥´¨¨ · ¸Ìµ¤  ¨ É¥³¶¥· ÉÊ·Ò É¥¶²µ´µ¸¨É¥²Ö ´  ¢Ìµ¤¥ ¢  ±É¨¢´ÊÕ §µ´Ê.

� ¡µÉ  ¢Ò¶µ²´¥´  ¢ ‹ ¡µ· Éµ·¨¨ ´¥°É·µ´´µ° Ë¨§¨±¨ ¨³. ˆ. Œ. ”· ´± 
�ˆŸˆ.
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An Analysis of Heat Transitional Processes in Fuel Rods
of the Fast Impulse Reactor by the Semi-Point
Dynamical Model

A construction of the semi-point dynamical model for analysis of heat transi-
tional processes in fuel rods of fast impulse reactors and the results of solving of the
differential equations with partial derivatives by the ˇnite defference method are pre-
sented. Conditions of stability and convergency of the solution in solving differential
equations by the ˇnite defference method were also analysed. Temperature changes
of the fuel rods in conditions of rapid changes of the inlet 	ows and temperatures of
coolant have been gained.

The investigation has been performed at the Frank Laboratory of Neutron Physics,
JINR.
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�¤´¨³ ¨§ ¸ ³ÒÌ ¢ ¦´ÒÌ ¢µ¶·µ¸µ¢, ·¥Ï ¥³ÒÌ ¶·¨ ¶·µ¥±É¨·µ¢ ´¨¨ ¨
Ô±¸¶²Ê É Í¨¨ Ö¤¥·´µ£µ ·¥ ±Éµ· , Ö¢²Ö¥É¸Ö µ¡¥¸¶¥Î¥´¨¥ É¥·³µ¤¨´ ³¨Î¥¸±µ°
¶·µÎ´µ¸É¨ É¥¶²µ¢Ò¤¥²ÖÕÐ¨Ì Ô²¥³¥´Éµ¢. „²¨É¥²Ó´Ò° µ¶ÒÉ Ô±¸¶²Ê É Í¨¨ Ö¤¥·-
´ÒÌ ·¥ ±Éµ·µ¢ ¶µ± § ², ÎÉµ ¶µ¢·¥¦¤¥´¨¥ É¢Ô²µ¢ £² ¢´Ò³ µ¡· §µ³ ¸¢Ö§ ´µ ¸
Ì · ±É¥·µ³ É¥·³µ¤¨´ ³¨Î¥¸±¨Ì ¶·µÍ¥¸¸µ¢ ¢ É¢Ô² Ì. ’ ± Ö ¸¨ÉÊ Í¨Ö É·¥-
¡Ê¥É ÉµÎ´µ£µ  ´ ²¨§  É¥·³µ¤¨´ ³¨±¨ É¥¶²µ¢Ò¤¥²ÖÕÐ¨Ì Ô²¥³¥´Éµ¢. ˆ¸Ìµ¤Ö
¨§ ÔÉµ£µ É·¥¡µ¢ ´¨Ö, ³Ò ¶·µ¢¥²¨ ¨¸¸²¥¤µ¢ ´¨Ö c Í¥²ÓÕ · §· ¡µÉ±¨ ³ É¥-
³ É¨Î¥¸±µ° ³µ¤¥²¨, ¸ ¶µ³µÐÓÕ ±µÉµ·µ° ³µ¦´µ  ´ ²¨§¨·µ¢ ÉÓ ¨§³¥´¥´¨¥
É¥³¶¥· ÉÊ·Ò ¢ ¶¥·¥Ìµ¤´ÒÌ ¶·µÍ¥¸¸ Ì ¨³¶Ê²Ó¸´ÒÌ ·¥ ±Éµ·µ¢.

Š ± ¨ ¢ µ¡ÒÎ´ÒÌ ¸É Í¨µ´ ·´ÒÌ ·¥ ±Éµ· Ì, ¢ ¨³¶Ê²Ó¸´ÒÌ ·¥ ±Éµ· Ì É¥·-
³¨Î¥¸±¨¥ ¶·µÍ¥¸¸Ò ¢¥¤ÊÉ ¸¥¡Ö ´¥²¨´¥°´Ò³ µ¡· §µ³ ¶µ¤ ¢µ§¤¥°¸É¢¨¥³ ¸²µ¦-
´ÒÌ ¶·µÍ¥¸¸µ¢ · §³´µ¦¥´¨Ö ´¥°É·µ´µ¢. �µÔÉµ³Ê ¤²Ö ¨¸¸²¥¤µ¢ ´¨Ö ¶¥·¥Ìµ¤-
´ÒÌ ¶·µÍ¥¸¸µ¢ ´¥µ¡Ìµ¤¨³µ ÊÎ¨ÉÒ¢ ÉÓ ´¥ Éµ²Ó±µ ¶·µÍ¥¸¸Ò É¥¶²µ¶¥·¥¤ Î¨,
´µ ¨ ¶·µÍ¥¸¸ · §³´µ¦¥´¨Ö ´¥°É·µ´µ¢ ¨ µ¡· É´µ° ¸¢Ö§¨ ¶µ ·¥ ±É¨¢´µ¸É¨,
µ¸µ¡¥´´µ ¢ ¸²ÊÎ ¥ ¨³¶Ê²Ó¸´ÒÌ ·¥ ±Éµ·µ¢ ´  ¡Ò¸É·ÒÌ ´¥°É·µ´ Ì, ¢ ±µÉµ·ÒÌ
¨³¶Ê²Ó¸´ Ö ·¥ ±É¨¢´µ¸ÉÓ, Ö¢²ÖÕÐ Ö¸Ö µ¸´µ¢´Ò³ Ë ±Éµ·µ³ Ê¶· ¢²¥´¨Ö ¸·¥¤-
´¥° ¨³¶Ê²Ó¸´µ° ³µÐ´µ¸ÉÓÕ, ¡µ²ÓÏ¥ µ¡ÒÎ´µ° ·¥ ±É¨¢´µ¸É¨ ¶·¨¡²¨§¨É¥²Ó´µ
¢ 20 · §. B ·¥§Ê²ÓÉ É¥ ÔÉµ£µ ÔËË¥±É µ¡· É´µ° ¸¢Ö§¨ ¶µ ·¥ ±É¨¢´µ¸É¨ ¡µ²ÓÏ¥,
Î¥³ ¢ µ¡ÒÎ´ÒÌ ·¥ ±Éµ· Ì [1,2]. ’ ± Ö µ¸µ¡¥´´µ¸ÉÓ ¨³¶Ê²Ó¸´ÒÌ ·¥ ±Éµ·µ¢ ´¥
¶µ§¢µ²Ö¥É ¶·¥´¥¡·¥ÎÓ ÔËË¥±É ³¨ ·¥ ±É¨¢´µ¸É¨ ¶·¨  ´ ²¨§¥ ¶¥·¥Ìµ¤´ÒÌ ¶·µ-
Í¥¸¸µ¢ É¥¶²µ¶¥·¥¤ Î¨. �¤´ ±µ ¨³¶Ê²Ó¸´Ò¥ ·¥ ±Éµ·Ò ¨³¥ÕÉ ¨ ·Ö¤ ¶µ²¥§´ÒÌ
µ¸µ¡¥´´µ¸É¥°, ¶µ§¢µ²ÖÕÐ¨Ì Ê¶·µ¸É¨ÉÓ  ´ ²¨É¨Î¥¸±ÊÕ ³µ¤¥²Ó. � ¶·¨³¥·,
³ ²Ò° · §³¥·  ±É¨¢´µ° §µ´Ò ¨ Ê¶· ¢²¥´¨¥ ³µÐ´µ¸ÉÓÕ ¸ ¶µ³µÐÓÕ µÉ· ¦ -
É¥²¥° (´¥ ¶µ£²µÉ¨É¥²¥°) ¶µ§¢µ²Ö¥É Ê¶·µ¸É¨ÉÓ ¨¸Ìµ¤´ÊÕ ¸¨¸É¥³Ê Ê· ¢´¥´¨°
³µ¤¥²¨. ‡  ¸Î¥É ¨¸¶µ²Ó§µ¢ ´¨Ö É ±¨Ì ³µ³¥´Éµ¢ ³Ò ¶·¨¡²¨§¨²¨ ³µ¤¥²Ó ±
¶µ²ÊÉµÎ¥Î´µ-¤¨´ ³¨Î¥¸±µ° ³µ¤¥²¨, ¢ ±µÉµ·µ° É¥¶²µ¶¥·¥¤ Î  ¢ É¢Ô²¥ µ¶¨¸Ò-
¢ ¥É¸Ö ¶·µ¸É· ´¸É¢¥´´µ° ³µ¤¥²ÓÕ,   · §³´µ¦¥´¨¥ ´¥°É·µ´µ¢ ¢ ·¥ ±Éµ·¥ Å
ÉµÎ¥Î´Ò³¨ Ê· ¢´¥´¨Ö³¨ ±¨´¥É¨±¨.
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‚ ÔÉµ° · ¡µÉ¥ · ¸¸³µÉ·¥´Ò ¤¨´ ³¨Î¥¸± Ö ³µ¤¥²Ó ¨ ³¥Éµ¤ Î¨¸²¥´´µ£µ
·¥Ï¥´¨Ö ¤²Ö ± ±µ£µ-Éµ £¨¶µÉ¥É¨Î¥¸±µ£µ ·¥ ±Éµ· ,  ±É¨¢´ Ö §µ´  ±µÉµ·µ£µ
¶µÌµ¦  ´   ±É¨¢´´Õ §µ´Ê ·¥ ±Éµ·  ˆ��-2.

1. �‘��‚��… ��…„��‹�†…�ˆ… ˆ Œ…’�„ˆŠ�

1.1. �¸´µ¢´µ¥ ¶·¥¤¶µ²µ¦¥´¨¥

„²Ö ¸µ§¤ ´¨Ö ¶· ±É¨Î¥¸±¨ · §·¥Ï¨³µ° ³µ¤¥²¨, ÊÎ¨ÉÒ¢ Ö µ¸µ¡¥´´µ¸É¨
¨³¶Ê²Ó¸´ÒÌ ·¥ ±Éµ·µ¢ É¨¶  ˆ��-2, ³Ò ¶·¨´Ö²¨ ¸²¥¤ÊÕÐ¨¥ ¤µ¶ÊÐ¥´¨Ö.

• ‚ ¶·µÍ¥¸¸¥ Ô±¸¶²Ê É Í¨¨ ·¥ ±Éµ·  ¢¨¤ ¶·µ¸É· ´¸É¢¥´´µ£µ · ¸¶·¥¤¥²¥-
´¨Ö ¶µÉµ±  ´¥°É·µ´µ¢ ´¥ ³¥´Ö¥É¸Ö ¸µ ¢·¥³¥´¥³.

• �²µÉ´µ¸ÉÓ ´¥°É·µ´µ¢ · ¸¶·¥¤¥²Ö¥É¸Ö ¶µ  ±É¨¢´µ° §µ´¥ µ¸¥¸¨³³¥É·¨Î-
´Ò³ µ¡· §µ³.

• „²¨´Ò ± ´ ²µ¢  ±É¨¢´µ° §µ´Ò ¤µ¸É ÉµÎ´µ ³ ²Ò, ÎÉµ¡Ò ³¥¦± ´ ²Ó´Ò³¨
É¥¶²µ¶¥·¥¤ Î ³¨ ³µ¦´µ ¡Ò²µ ¶·¥´¥¡·¥ÎÓ.

• � ¸¶·¥¤¥²¥´¨¥ · ¸Ìµ¤  É¥¶²µ´µ¸¨É¥²Ö ¶µ ¶µ¶¥·¥Î´µ³Ê ¸¥Î¥´¨Õ  ±É¨¢-
´µ° §µ´Ò · ¢´µ³¥·´µ.

• �¥ ±Éµ· ¸µ¸Éµ¨É Éµ²Ó±µ ¨§ É¢Ô²µ¢ ¨ É¥¶²µ´µ¸¨É¥²Ö ¨ · ¡µÉ ¥É ¸ µÉ±·Ò-
Éµ° ¸¨¸É¥³µ° µÌ² ¦¤¥´¨Ö.

1.2. �¸´µ¢´ Ö ³¥Éµ¤¨± 

1.2.1. ˆ¸Ìµ¤´ Ö ¤¨´ ³¨Î¥¸± Ö ³µ¤¥²Ó
‘¤¥² ´´Ò¥ ¢ÒÏ¥ ¶·¥¤¶µ²µ¦¥´¨Ö ¶µ§¢µ²ÖÕÉ ¨¸¶µ²Ó§µ¢ ÉÓ ¤²Ö  ´ ²¨§  É¥-

¶²µ¶¥·¥Ìµ¤´µ£µ ¶·µÍ¥¸¸  Ê¶·µÐ¥´´ÊÕ ³µ¤¥²Ó.

‚µ-¶¥·¢ÒÌ, ³µ¦´µ · ¸¸³µÉ·¥ÉÓ ¶·µÍ¥¸¸ · §³´µ¦¥´¨Ö ´¥°É·µ´µ¢ ¢ · ³-
± Ì µ¤´µÉµÎ¥Î´µ° ³µ¤¥²¨ ±¨´¥É¨±¨. ‚ ¸²ÊÎ ¥ ·¥ ²¨§ Í¨¨ ¶·¨¢¥¤¥´´ÒÌ ¢ÒÏ¥
Ê¸²µ¢¨° ¶·µ¸É· ´¸É¢¥´´ Ö ¨ ¢·¥³¥´´ Ö ¶¥·¥³¥´´Ò¥ ¡Ê¤ÊÉ ´¥§ ¢¨¸¨³Ò³¨ ¤·Ê£
µÉ ¤·Ê£ . ’µ£¤  ¢µ§³µ¦´µ · §¤¥²¥´¨¥ ¶¥·¥³¥´´ÒÌ, ¡² £µ¤ ·Ö Î¥³Ê ³µ¦´µ ¨¸-
¶µ²Ó§µ¢ ÉÓ ÉµÎ¥Î´ÊÕ ³µ¤¥²Ó.

‚µ-¢Éµ·ÒÌ, ³µ¦´µ · ¸¸³ É·¨¢ ÉÓ É¥³¶¥· ÉÊ·´Ò¥ ÔËË¥±ÉÒ ·¥ ±É¨¢´µ¸É¨
´¥ ¢ ¤¨ËË¥·¥´Í¨ ²Ó´µ°,   ¢ ¨´É¥£· ²Ó´µ° Ëµ·³¥.

’ ±¨³ µ¡· §µ³, ¨§ ÔÉ¨Ì ¤µ¶ÊÐ¥´¨° ¸²¥¤Ê¥É, ÎÉµ ¢ ± Î¥¸É¢¥ ³µ¤¥²¨ ¤²Ö
É¥·³µ¤¨´ ³¨Î¥¸±µ£µ  ´ ²¨§  ³µ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¸µ±· Ð¥´´ÊÕ ¶µ²ÊÉµÎ¥Î-
´ÊÕ ³µ¤¥²Ó, ´¥°É·µ´´ Ö Î ¸ÉÓ ±µÉµ·µ° µ¶¨¸Ò¢ ¥É¸Ö ÉµÎ¥Î´Ò³¨ Ê· ¢´¥´¨Ö³¨
±¨´¥É¨±¨,   ¤¨´ ³¨Î¥¸±µ¥ ¶µ¢¥¤¥´¨¥ É¥³¶¥· ÉÊ·Ò µ¶¨¸Ò¢ ¥É¸Ö ¢ · ³± Ì · ¸-
¶·¥¤¥²¥´´µ° ³µ¤¥²¨, ¶·¨Î¥³ µ¡· É´ Ö ¸¢Ö§Ó ¶µ É¥³¶¥· ÉÊ·¥ µ¸ÊÐ¥¸É¢²Ö¥É¸Ö
Î¥·¥§ ¨´É¥£· ²Ó´Ò° ±µÔËË¨Í¨¥´É ·¥ ±É¨¢´µ¸É¨. ’ ±ÊÕ ¶µ²ÊÉµÎ¥Î´ÊÕ ³µ¤¥²Ó
¤¨´ ³¨±¨ ¤²Ö µ¡ÒÎ´µ£µ ·¥ ±Éµ·  ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¸²¥¤ÊÕÐ¥³ µ¡Ð¥³
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¢¨¤¥:


cjρj
∂Tj

∂t
= div (λ0j(r)∇Tj) + af (r) · W, j = 1, k,

∂T

n

∣∣∣∣
r∈Sj

=
∂T

n

∣∣∣∣
r∈Sj+1

, j = 1, k − 1,

∂T

∂n

∣∣∣∣
R∈Sk

= α [Tr∈Sk
− Tcool(z, t)] , T |Z=0 = Tin,

∂Tcool

∂t
+ v

∂Tcool

∂z
= α0(T |r∈Sk

− Tcool), Tcool(0, t) = Tin,

dn

dt
=

ρ − β

l∗
· n +

6∑
i=1

λiCi,

dCi

dt
=

βi

l∗
· n − λiCi, i = 1, N, β =

6∑
i=1

βi,

n|t=0 = n0, Ci|t=0 = C0i,

ρ(t) = ρ(T1, T2, · · · , Tk);

(1.1)

§¤¥¸Ó n Å ¶²µÉ´µ¸ÉÓ ´¥°É·µ´µ¢; W Å ¸·¥¤´ÖÖ ³µÐ´µ¸ÉÓ ·¥ ±Éµ· ; cj , ρj ,
λ0j Å Ê¤¥²Ó´ Ö É¥¶²µe³±µ¸ÉÓ, ¶²µÉ´µ¸ÉÓ, É¥¶²µ¶·µ¢µ¤´µ¸ÉÓ j-£µ ¸É·Ê±ÉÊ·-
´µ£µ ³ É¥·¨ ² ; af Å ËÊ´±Í¨Ö, µ¶¨¸Ò¢ ÕÐ Ö · ¸¶·¥¤¥²¥´¨¥ É¥¶²µ¢Ò¤¥²¥-
´¨Ö ¶µ µ¡Ñ¥³Ê; n Å ¢´¥Ï´ÖÖ ´µ·³ ²Ó ± ¡µ±µ¢µ° ¶µ¢¥·Ì´µ¸É¨ ¸É·Ê±ÉÊ·´µ£µ
Ô²¥³¥´É ; sj Å ¡µ±µ¢ Ö ¶µ¢¥·Ì´µ¸ÉÓ j-£µ Ô²¥³¥´É ; sk Å ¶µ¢¥·Ì´µ¸ÉÓ µÌ² -
¦¤¥´¨Ö µ¡µ²µÎ±¨; α Å ±µÔËË¨Í¨¥´É É¥¶²µ¶¥·¥¤ Î¨ ³¥¦¤Ê µ¡µ²µÎ±µ° ¨ É¥-
¶²µ´µ¸¨É¥²¥³; Tcool Å É¥³¶¥· ÉÊ·  É¥¶²µ´µ¸¨É¥²Ö; Tin Å É¥³¶¥· ÉÊ·  É¥¶²µ-
´µ¸¨É¥²Ö ´  ¢Ìµ¤¥ ¢  ±É¨¢´ÊÕ §µ´Ê; v Å ¸±µ·µ¸ÉÓ É¥¶²µ´µ¸¨É¥²Ö; l∗ Å ¢·¥³Ö
¦¨§´¨ ¶µ±µ²¥´¨Ö ´¥°É·µ´µ¢; Ci, λi, βi Å ±µ²¨Î¥¸É¢µ, ¶µ¸ÉµÖ´´ Ö · ¸¶ ¤ ,
¤µ²Ö ¢ÒÌµ¤  ˆ‡� (¨¸ÉµÎ´¨±  § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·µ´µ¢) i-° £·Ê¶¶Ò; Tj Å
É¥³¶¥· ÉÊ·  j-£µ ¸É·Ê±ÉÊ·´µ£µ ³ É¥·¨ ² ; ρ(t) Å ·¥ ±É¨¢´µ¸ÉÓ, Ö¢²ÖÕÐ -
Ö¸Ö ¶¥·¨µ¤¨Î¥¸±µ° ËÊ´±Í¨¥° ¢·¥³¥´¨ ¸ ¤µ¡ ¢²¥´¨¥³ ·¥ ±É¨¢´µ¸É¨ µ¡· É´µ°
¸¢Ö§¨.

‚ Ê· ¢´¥´¨¨ (1.1) α0 Å Ô±¢¨¢ ²¥´É´Ò° ±µÔËË¨Í¨¥´É É¥¶²µ¶¥·¥¤ Î¨,
±µÉµ·Ò° µ¡µ§´ Î¨É ¨§³¥´¥´¨¥ É¥³¶¥· ÉÊ·Ò É¥¶²µ´µ¸¨É¥²Ö §  ¸Î¥É É¥¶²µ¶¥-
·¥¤ Î¨.

α0 =
2πr

ccool · scool · ρcool
· α,

£¤¥ r Å · ¤¨Ê¸ µ¡µ²µÎ±¨; ccool, scool, ρcool Å ¸µµÉ¢¥É¸É¢¥´´µ Ê¤¥²Ó´ Ö É¥-
¶²µ¥³±µ¸ÉÓ, ¶²µÐ ¤Ó ¸¥Î¥´¨Ö ¶µÉµ±  ¨ ¶²µÉ´µ¸ÉÓ É¥¶²µ´µ¸¨É¥²Ö.
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1.2.2. Œ¥Éµ¤ · ¸Î¥É  É¥³¶¥· ÉÊ·Ò
‘·¥¤´ÖÖ É¥³¶¥· ÉÊ·  ¢  ±É¨¢´µ° §µ´¥
�· ±É¨Î¥¸±¨ ’‚‘ (É¥¶²µ¢Ò¤¥²ÖÕÐ¨¥ ¸¡µ·±¨) ¨³¶Ê²Ó¸´ÒÌ ·¥ ±Éµ·µ¢

µ¡ÒÎ´µ · ¸¶µ² £ ÕÉ¸Ö ±µ²ÓÍa³¨ ¢ Ï¥¸É¨Ê£µ²Ó´¨±¥ (·¨¸. 1). �µ, ´  µ¸´µ¢ ´¨¨
¸¤¥² ´´ÒÌ ¢ÒÏ¥ ¶·¥¤¶µ²µ¦¥´¨°, ¤²Ö ¶·µ¸ÉµÉÒ · ¸Î¥É  ¢³¥¸Éµ Ï¥¸É¨Ê£µ²Ó-
´µ° ±µ²ÓÍ¥¢µ° ³µ¤¥²¨ ³µ¦´µ · ¸¸³µÉ·¥ÉÓ Ô±¢¨¢ ²¥´É´ÊÕ ±µ²ÓÍ¥¢ÊÕ ³µ¤¥²Ó,
¢ ±µÉµ·µ° ’‚‘ · ¸¶µ² £ ÕÉ¸Ö ´  ±·Ê£ Ì ¸ Ô±¢¨¢ ²¥´É´Ò³¨ · ¤¨Ê¸ ³¨. �±¢¨-
¢ ²¥´É´ Ö ±µ²ÓÍ¥¢ Ö ³µ¤¥²Ó ¤²Ö · ¸Î¥É  · ¸¶·¥¤¥²¥´¨Ö É¥³¶¥· ÉÊ·Ò ¢  ±É¨¢-
´µ° §µ´¥ ¶µ± § ´  ´  ·¨¸. 1.

�¨¸. 1. �±¢¨¢ ²¥´É´ Ö ±µ²ÓÍ¥¢ Ö ³µ¤¥²Ó  ±É¨¢´µ° §µ´Ò: S Å Ï £ · ¸¶µ²µ¦¥´¨Ö ’‚‘;
R Å · ¤¨Ê¸ Ô±¢¨¢ ²¥´É´µ£µ ±µ²ÓÍ ; α Å Ê£µ² É·¥Ê£µ²Ó´¨±  · ¸¶µ²µ¦¥´¨Ö ’‚‘

’µ£¤  · ¤¨Ê¸Ò Ô±¢¨¢ ²¥´É´ÒÌ ±µ²¥Í ³µ¦´µ ´ °É¨ ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

R1 = S,

R2 =
2S + 2S · sin α

2
,

R3 =
3S + 2

√
(3S)2 + S2 − 2 · 3S · S · cosα

3
,

R4 =
4S + 4S · sinα + 2

√
(4S)2 + S2 − 2 · 4S · S · cosα

4
¨ É ± ¤ ²¥¥.

—¨¸²µ ’‚‘ ¢ ± ¦¤µ³ ±µ²ÓÍ¥ ¢Ò· ¦ ¥É¸Ö ¶µ § ±µ´Ê

Ni = 6i, i = 1 ∼ n;

§¤¥¸Ó Ni Å Î¨¸²µ ’‚‘ ¢ i-³ ±µ²ÓÍ¥; i Ä ´µ³¥· ±µ²ÓÍ ; n Å Î¨¸²µ ±µ²¥Í.
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‚ É ±µ³ ¸²ÊÎ ¥ ¸·¥¤´ÖÖ É¥³¶¥· ÉÊ·   ±É¨¢´µ° §µ´Ò ´ Ìµ¤¨É¸Ö ¶µ Ëµ·-
³Ê²¥

T̄core =
T̄0 +

n∑
i=1

NiT̄i

1 +
n∑

i=1

Ni

; (1.2)

§¤¥¸Ó T̄0 Å ¸·¥¤´ÖÖ É¥³¶¥· ÉÊ·  Í¥´É· ²Ó´µ£µ ’‚‘; T̄i Å ¸·¥¤´ÖÖ É¥³¶¥· -
ÉÊ·  ’‚‘ ¢ ¢ i-³ ±µ²ÓÍ¥.

‘·¥¤´ÖÖ É¥³¶¥· ÉÊ·  ¶µ ’‚‘
� ¸¶µ²µ¦¥´¨¥ É¢Ô²µ¢ ¢ ’‚‘ ¤²Ö ·¥ ±Éµ·µ¢ É¨¶  ˆ��-2 ¶µ± § ´µ ´  ·¨¸. 2.
‚ µÉ²¨Î¨¥ µÉ µ¡ÒÎ´ÒÌ ·¥ ±Éµ·µ¢, ’‚‘ ¨³¶Ê²Ó¸´ÒÌ ·¥ ±Éµ·µ¢ É¨¶ 

ˆ��-2 ¨³¥ÕÉ ³ ²ÊÕ ¤²¨´Ê, ±µÉµ· Ö ¸· ¢´¨³  ¸ ¤²¨´µ° £¨¤· ¢²¨Î¥¸±µ° ¸É -
¡¨²¨§ Í¨¨, ¨ ¡µ²ÓÏµ° µÉ´µ¸¨É¥²Ó´Ò° Ï £ É¢Ô²µ¢ (´ ¶·¨³¥·, ¢ ˆ��-2 d/s =
1,17), ±µÉµ·Ò° ¡µ²ÓÏ¥ 1,15.

�¥§Ê²ÓÉ ÉÒ ¶·¥¤Ò¤ÊÐ¨Ì ¨¸¸²¥¤µ¢ ´¨° ¶µ± § ²¨, ÎÉµ ¢ É ±µ³ ¸²ÊÎ ¥ ³¥¦-
± ´ ²Ó´ Ö É¥¶²µ¶¥·¥¤ Î  ¨ ´¥· ¢´µ³¥·´µ¸ÉÓ É¥³¶¥· ÉÊ·Ò ´  ´ ·Ê¦´µ° ¶µ-
¢¥·Ì´µ¸É¨ µ¡µ²µÎ±¨ ´¥§´ Î¨É¥²Ó´Ò [3].

�¨¸. 2. P ¸¶µ²µ¦¥´¨¥ É¢Ô²µ¢ ¢ ’‚‘: A Å Í¥´É· ²Ó´Ò° É¢Ô²; ‚ Å ¡µ±µ¢µ° É¢Ô²; d Å
¤¨ ³¥É· É¢Ô² ; s Å Ï £ · ¸¶µ²µ¦¥´¨Ö É¢Ô²µ¢

�µÔÉµ³Ê ³Ò ´¥ ÊÎ¨ÉÒ¢ ¥³ §¤¥¸Ó ³¥¦± ´ ²Ó´ÊÕ É¥¶²µ¶¥·¥¤ ÎÊ ¨ ´¥· ¢´µ-
³¥·´µ¸ÉÓ É¥³¶¥· ÉÊ·Ò ´  ¶µ¢¥·Ì´µ¸É¨ µ¡µ²µÎ±¨.

�µ¸±µ²Ó±Ê ´ ¸ ¨´É¥·¥¸Ê¥É ´¥ É¥³¶¥· ÉÊ·  µÉ¤¥²Ó´µ£µ É¢Ô² ,   ¸·¥¤´ÖÖ
É¥³¶¥· ÉÊ· , ³Ò ¸Î¨É ¥³, ÎÉµ ¢ ’‚‘  ±¸¨ ²Ó´µ¥ · ¸¶·¥¤¥²¥´¨¥ É¥¶²µ¢Ò¤¥²¥-
´¨Ö ¶µ É¢Ô² ³ · ¢´µ³¥·´µ. ‚ É ±µ³ ¸²ÊÎ ¥ ³µ¦´µ · ¸¸³µÉ·¥ÉÓ É¥³¶¥· ÉÊ·Ê ¢
’‚‘ ¢ ¶·¨¡²¨¦¥´¨¨ µ¸¥¢µ° ¸¨³³¥É·¨¨ ¨ ´ °É¨ É¥³¶¥· ÉÊ·Ò É¢Ô²  µÉ¤¥²Ó´µ
¤²Ö Í¥´É· ²Ó´µ£µ ¨ ¡µ±µ¢µ£µ Éµ²Ó±µ §  ¸Î¥É ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ ±µÔËË¨Í¨¥´É 
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É¥¶²µ¶¥·¥¤ Î¨. �·¨ ÔÉµ³ ¸·¥¤´ÖÖ É¥³¶¥· ÉÊ·  ’‚‘ ´ Ìµ¤¨É¸Ö ¶µ Ëµ·³Ê²¥

T̄ =

NÍ¥´É·

r1∫
0

l∫
0

TÍ¥´É·(t, r, z)drdz + N ¶¥·¨

r1∫
0

l∫
0

T¶¥·¨(t, r, z)drdz

π(r1)2l(NÍ¥´É· + N¶¥·¨)
, (1.3)

£¤¥ TÍ¥´É·, T¶¥·¨ Å ¸µµÉ¢¥É¸É¢¥´´µ É¥³¶¥· ÉÊ·  ¤²Ö Í¥´É· ²Ó´µ£µ ¨ ¶¥·¨Ë¥-
·¨°´µ£µ É¢Ô²  ¢ ’‚‘; NÍ¥´É·, N¶¥·¨ Å ¸µµÉ¢¥É¸É¢¥´´µ Î¨¸²µ Í¥´É· ²Ó´ÒÌ ¨
¶¥·¨Ë¥·¨°´ÒÌ É¢Ô²µ¢ ¢ ’‚‘; r1 Å · ¤¨Ê¸ É¢¥² , l Å ¤²¨´  É¢Ô² .

� ¸¶·¥¤¥²¥´¨¥ É¥³¶¥· ÉÊ·Ò ¢ É¢Ô² Ì
Š ± ¸± § ´µ ¢ÒÏ¥, ³µ¦´µ ¶·¥´¥¡·¥ÎÓ ´¥· ¢´µ³¥·´µ¸ÉÓÕ É¥³¶¥· ÉÊ·Ò

´  ´ ·Ê¦´µ° ¶µ¢¥·Ì´µ¸É¨ µ¡µ²µÎ±¨ ¨ ¢ ·¥§Ê²ÓÉ É¥ · ¸¸³µÉ·¥ÉÓ É¥³¶¥· ÉÊ·Ê
É¢Ô²  ¢ ¶·¨¡²¨¦¥´¨¨ µ¸¥¢µ° ¸¨³³¥É·¨¨.

� ¸¶·¥¤¥²¥´¨¥ É¥³¶¥· ÉÊ·Ò ¢ µÉ¤¥²Ó´µ³ É¢Ô²¥ ¢ÒÎ¨¸²Ö¥É¸Ö Ö¢´Ò³ · §-
´µ¸É´Ò³ ³¥Éµ¤µ³ ¶µ ¤¨ËË¥·¥´Í¨ ²Ó´Ò³ Ê· ¢´¥´¨Ö³ É¥¶²µ¶¥·¥¤ Î¨ ¤²Ö µ¡² -
¸É¨ Éµ¶²¨¢  ¨ µ¡µ²µÎ±¨. ’µ£¤  ±µÔËË¨Í¨¥´É É¥¶²µ¶¥·¥¤ Î¨ £ §µ¢µ£µ § §µ· 
´ Ìµ¤¨É¸Ö ¸ ¶µ³µÐÓÕ ¨É¥· Í¨µ´´µ£µ ¶µ¢Éµ·¥´¨Ö · ¸Î¥Éµ¢, ¶µÉµ³Ê ÎÉµ ±µÔË-
Ë¨Í¨¥´É É¥¶²µ¶¥·¥¤ Î¨ £ §µ¢µ£µ § §µ·  § ¢¨¸¨É ´¥ Éµ²Ó±µ µÉ É¥¶²µË¨§¨Î¥-
¸±¨Ì ¸¢µ°¸É¢ µ¡µ²µÎ±¨, ´µ ¨ µÉ ¸¢µ°¸É¢ Éµ¶²¨¢ .

’ ±µ¥ ¶µ¢Éµ·¥´¨¥ · ¸Î¥É  ±µÔËË¨Í¨¥´É  § §µ·  ¶·µ¤µ²¦ ¥É¸Ö ¤µ É¥Ì ¶µ·,
±µ£¤  · ¸¶·¥¤¥²¥´¨¥ É¥³¶¥· ÉÊ·Ò ¸Ìµ¤¨É¸Ö ¸ ¤µ¸É ÉµÎ´µ° ÉµÎ´µ¸ÉÓÕ. �  ± -
¦¤µ³ · §´µ¸É´µ³ Ê§²¥ ¢·¥³¥´¨ ¸´ Î ²  ¢ÒÎ¨¸²Ö¥É¸Ö ¸·¥¤´ÖÖ ¶µ  ±É¨¢´µ° §µ´¥
É¥³¶¥· ÉÊ·  Éµ¶²¨¢  ¡¥§ ÊÎ¥É  ·¥ ±É¨¢´µ¸É¨ ¨ ´ Ìµ¤¨É¸Ö · §´µ¸ÉÓ ¸·¥¤´¥°
É¥³¶¥· ÉÊ·Ò ³¥¦¤Ê ¸µ¸¥¤´¨³¨ Ê§² ³¨ ¢·¥³¥´¨. �µÉµ³ É¥³¶¥· ÉÊ·´ Ö ·¥ ±-
É¨¢´µ¸ÉÓ ¨ ¨§³¥´¥´¨¥ ³µÐ´µ¸É¨ ¢ÒÎ¨¸²ÖÕÉ¸Ö ´  µ¸´µ¢¥ ÉµÎ¥Î´µ° ³µ¤¥²¨
¤¨´ ³¨±¨ ¨ ¶·µ¢µ¤¨É¸Ö · ¸Î¥É ´µ¢µ£µ · ¸¶·¥¤¥²¥´¨Ö É¥³¶¥· ÉÊ·Ò É¢Ô²µ¢.

’ ±¨³ µ¡· §µ³, ´  ± ¦¤µ³ · §´µ¸É´µ³ Ê§²¥ ¢·¥³¥´¨ ¢ÒÎ¨¸²¥´¨¥ ¸·¥¤´¥°
¶µ  ±É¨¢´µ° §µ´¥ É¥³¶¥· ÉÊ·Ò ¶µ¢Éµ·Ö¥É¸Ö ¤µ É¥Ì ¶µ·, ¶µ±  ¸·¥¤´ÖÖ É¥³¶¥-
· ÉÊ·  ´¥ ¸Ìµ¤¨É¸Ö ¸ ¤µ¸É ÉµÎ´µ° ÉµÎ´µ¸ÉÓÕ. ‘·¥¤´ÖÖ ¶µ ’‚‘ É¥³¶¥· ÉÊ·  ¨
¸·¥¤´ÖÖ ¶µ  ±É¨¢´µ° §µ´¥ É¥³¶¥· ÉÊ·  ¢ÒÎ¨¸²Ö²¨¸Ó ¶µ Ëµ·³Ê² ³ (1.2) ¨ (1.3).

Šµ´±·¥É´Ò¥ ³µ¤¥²¨ ¨ ³¥Éµ¤Ò · ¸Î¥É  · ¸¸³ É·¨¢ ÕÉ¸Ö ¢ ¸²¥¤ÊÕÐ¨Ì · §-
¤¥² Ì.

2. Œ�„…‹œ ’…�‹��…�…„�—ˆ

2.1. Œµ¤¥²Ó É¥¶²µ¶¥·¥¤ Î¨ ¢ ± ´ ²¥
ƒ¥µ³¥É·¨Î¥¸± Ö ³µ¤¥²Ó µÉ¤¥²Ó´µ£µ ± ´ ²  ¶·¨¢¥¤¥´  ´  ·¨¸. 3.
“· ¢´¥´¨¥ É¥¶²µ¢µ£µ · ¢´µ¢¥¸¨Ö ¤²Ö É¢Ô²  ³µ¦´µ µ¶¨¸Ò¢ ÉÓ ¢ µ¸¥¸¨³³¥-
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�¨¸. 3. ƒ¥µ³¥É·¨Î¥¸± Ö ³µ¤¥²Ó É¢Ô² :
1 Å É ¡²¥É± ; 2 Å § §µ· £ § ; 3 Å
µ¡µ²µÎ± ; 4 Å Ô±¢¨¢ ²¥´É´Ò° ± ´ ²
µÌ² ¦¤¥´¨Ö; l Å ÔËË¥±É¨¢´ Ö ¤²¨´ 
É¢Ô² ; v Å ¸±µ·µ¸ÉÓ É¥¶²µ´µ¸¨É¥²Ö;
r1 Å · ¤¨Ê¸ É ¡²¥É±¨; r3 Å ´ ·Ê¦´Ò°
· ¤¨Ê¸ µ¡µ²µÎ±¨; r2 Å ¢´ÊÉ·¥´´¨° · -
¤¨Ê¸ µ¡µ²µÎ±¨

É·¨Î´ÒÌ Í¨²¨´¤·¨Î¥¸±¨Ì ±µµ·¤¨´ É Ì ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:


ρ1c1
∂T

∂t
=

1
r

∂

∂r

(
rλ1

∂T

∂r

)
+

∂

∂z

(
λ1

∂T

∂z

)
+ qv, 0 � r � r1,

ρ3c3
∂T

∂t
=

1
r

∂

∂r

(
rλ3

∂T

∂r

)
+

∂

∂z

(
λ3

∂T

∂z

)
, r2 � r � r3,

T |t=0 =
{

T 1
0 (r, z), 0 � r � r1, 0 � z � l,

T 3
0 (r, z), r2 � r � r3, 0 � z � l,

∂T

∂r

∣∣∣∣
r=0

= 0,
∂T

∂z

∣∣∣∣
z=0,l

= 0,

−λ1
∂T

∂r

∣∣∣∣
r=r1

= −λ3
∂T

∂r

∣∣∣∣
r=r2

= αgap(T out
f − T in

c ),

−λ3
∂T

∂r

∣∣∣∣
r=r3

= α(T out
c − Tcool),

∂Tcool

∂t
= α0(T out

c − Tcool) − v
∂Tcool

∂z
,

Tcool(0, t) = Tin.

(2.1)

‡¤¥¸Ó ρ1, c1, λ1, ρ3, c3, λ3 Å ¶²µÉ´µ¸É¨, Ê¤¥²Ó´Ò¥ É¥¶²µ¥³±µ¸É¨ ¨ É¥-
¶²µ¶·µ¢µ¤´µ¸É¨ Éµ¶²¨¢  (1) ¨ µ¡µ²µÎ±¨ (3) ¸µµÉ¢¥É¸É¢¥´´µ; qv Å ¶²µÉ´µ¸ÉÓ
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É¥¶²µ¢Ò¤¥²¥´¨Ö Éµ¶²¨¢ ; αgap Å ±µÔËË¨Í¨¥´É É¥¶²µ¶¥·¥¤ Î¨ ¢ § §µ·¥ £ § ;
T out

f Å É¥³¶¥· ÉÊ·  ¶µ¢¥·Ì´µ¸É¨ Éµ¶²¨¢ ; T out
c Å É¥³¶¥· ÉÊ·  ´ ·Ê¦´µ° ¶µ-

¢¥·Ì´µ¸É¨ µ¡µ²µÎ±¨; T in
c Å É¥³¶¥· ÉÊ·  ¢´ÊÉ·¥´´¥° ¶µ¢¥·Ì´µ¸É¨ µ¡µ²µÎ±¨.

“· ¢´¥´¨e (2.1) Ö¢²Ö¥É¸Ö ¸¨¸É¥³µ° ´¥²¨´¥°´ÒÌ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢-
´¥´¨°. �¥²¨´¥°´µ¸ÉÓ ÔÉµ° ¸¨¸É¥³Ò ¢Ò· ¦ ¥É¸Ö £² ¢´Ò³ µ¡· §µ³ ¢ Éµ³, ÎÉµ
¶²µÉ´µ¸ÉÓ É¥¶²µ¢Ò¤¥²¥´¨Ö gv, ±µÔËË¨Í¨¥´ÉÒ É¥¶²µ¶·µ¢µ¤´µ¸É¨ λ ¨ ±µÔË-
Ë¨Í¨¥´É É¥¶²µ¶¥·¥¤ Î¨ § §µ·  αgap, ¢Ìµ¤ÖÐ¨¥ ¢ Ê· ¢´¥´¨Ö, ¨§³¥´ÖÕÉ¸Ö ¸
¨§³¥´¥´¨¥³ É¥³¶¥· ÉÊ·Ò.

2.2. �²µÉ´µ¸ÉÓ É¥¶²µ¢Ò¤¥²¥´¨Ö
‚ ’‚‘, · ¸¶µ²µ¦¥´´µ° ¢ i-³ ±µ²ÓÍ¥, · ¸¶·¥¤¥²¥´¨¥ ¶²µÉ´µ¸É¨ É¥¶²µ¢Ò-

¤¥²¥´¨Ö ¶µ ¢Ò¸µÉ¥ É¢Ô²  µ¶¨¸Ò¢ ¥É¸Ö Ëµ·³Ê²µ°

qi
v(t, Ri, z) =

4
πd2lNrod

W (t)Kv cos
(π

2
− π

H
z
)

I0(χ, Ri), (2.2)

£¤¥ I0 Å ËÊ´±Í¨Ö �¥¸¸¥²Ö ´Ê²¥¢µ£µ ¶µ·Ö¤± ; H = l+2δ Å Ô±¸É· ¶µ²¨·µ¢ ´-
´ Ö ¢Ò¸µÉ  ·¥ ±Éµ· ; δ = 0,71λtrans Å ÔËË¥±É¨¢´ Ö ±µ³¶¥´¸ Í¨Ö; λtrans Å
É· ´¸¶µ·É´ Ö ¤²¨´  ´¥°É·µ´µ¢; Kv Å ±µÔËË¨Í¨¥´É ´¥· ¢´µ³¥·´µ¸É¨ É¥¶²µ-
¢Ò¤¥²¥´¨Ö ¢  ±É¨¢´µ° §µ´¥; d, l Å ¤¨ ³¥É· ¨ ÔËË¥±É¨¢´ Ö ¤²¨´  Éµ¶²¨¢ ;
Nrod Å Î¨¸²µ É¢Ô²µ¢ ¢  ±É¨¢´µ° §µ´¥; W (t) Å ¸·¥¤´ÖÖ É¥¶²µ¢ Ö ³µÐ´µ¸ÉÓ
·¥ ±Éµ· .

2.3. ’¥¶²µË¨§¨Î¥¸±¨¥ ¸¢µ°¸É¢  ³ É¥·¨ ²µ¢ ·¥ ±Éµ· 
’µ¶²¨¢µ (¤¢Êµ±¨¸Ó Éµ¶²¨¢ )
’¥¶²µ¶·µ¢µ¤´µ¸ÉÓ ¸¶¥Î¥´´µ° ¤¢Êµ±¨¸¨ Éµ¶²¨¢  (¶²ÊÉµ´¨Ö ¨²¨ Ê· ´ )

µ¡ÒÎ´µ ¨§³¥´Ö¥É¸Ö ´¥ Éµ²Ó±µ ¸ ¨§³¥´¥´¨¥³ É¥³¶¥· ÉÊ·Ò, ´µ ¨ ¶µ ³¥·¥ ¸¶¥-
± ´¨Ö ¶·¨ ¨§£µÉµ¢²¥´¨¨ ¨ µ¶·¥¤¥²Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³ µ¡· §µ³ [13]:

λf =
1 − θ(1 − ρT

f )
1 − 0,05θ

(
C1

C2 + T
+ C3 exp(C4T )

)
,

£¤¥ ρt
f Å É¥µ·¥É¨Î¥¸± Ö ¶²µÉ´µ¸ÉÓ Éµ¶²¨¢ ; t Å É¥³¶¥· ÉÊ· ; θ Å ±µÔËË¨-

Í¨¥´É, § ¢¨¸ÖÐ¨° µÉ Ê¸²µ¢¨Ö ¸¶¥± ´¨Ö; C1 ∼ C4 Å ±µ´¸É ´ÉÒ, µ¶·¥¤¥²Ö¥³Ò¥
Ô±¸¶¥·¨³¥´É ²Ó´µ.

“¤¥²Ó´ Ö É¥¶²µ¥³±µ¸ÉÓ ¨ ¶²µÉ´µ¸ÉÓ ¤¢Êµ±¨¸¨ ¶²ÊÉµ´¨Ö ¨§³¥´ÖÕÉ¸Ö ¸ ¨§-
³¥´¥´¨¥³ É¥³¶¥· ÉÊ·Ò Éa±:

cf = 3,58 · 104 + 1,05 · 10−7T − 8,553 · 10−10T 2 + 1,99 · 1013T 3 („¦/±£ · Š),

ρf = 11,5023 · 103 − 0,339T − 1,08 · 10−4T 2 (±£/³3).

�¡µ²µÎ±  (´¥·¦ ¢¥ÕÐ Ö ¸É ²Ó)
�±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ µ É¥¶²µ¶·µ¢µ¤´µ¸É¨ ´¥·¦ ¢¥ÕÐ¨Ì ¸É ²¥°,

³ É¥·¨ ²Ò µ¡µ²µÎ¥± ·¥ ±Éµ·µ¢, ¶·¨¢¥¤¥´Ò ¢ É ¡². 1 [12].
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’ ¡²¨Í  1. ‚¥²¨Î¨´Ò É¥¶²µ¶·µ¢µ¤´µ¸É¨ ´¥·¦ ¢¥ÕÐ¥° ¸É ²¨, (±± ²/±£ · ◦‘)

Œ ·±  ’¥³¶¥· ÉÊ· , ◦C

º 20 100 200 300 400 500 600 700 800 900 1000 1100 1200

X13(1a) 23,0 23,8 23,8 24,1 23,8 23,4 22,7 21,9 21,6 23,0 23,8 24,8 26,2
X13(1¡) 23,5 23,1 22,7 22,4 22,4 22,6 23,0 23,4
2X13(2) 20,9 21,9 22,2 22,6 22,7 22,9 22,7 22,5 23,0 23,7
2X13(2¡) 17,6 19,0 20,3 21,2 22,0 22,5 23,0 23,5 24,0 24,5
3X13(3a) 21,6 22,7 23,4 23,8 23,8 23,4 23,0 22,0 21,6 23,0 23,8 24,8 25,9
3X13(3¡) 21,6 22,0 22,0 22,0 22,0 22,0 21,2
4X13(4) 24,8 24,1 25,0, 25,2 25,1 24,8 24,4 24,1

‘·¥¤´¨° ±µÔËË¨Í¨¥´É ²¨´¥°´µ£µ · ¸Ï¨·¥´¨Ö ¸É ²¥° X13, 2X13, 3X13 ¨
4X13 ¢ ¨´É¥·¢ ²¥ É¥³¶¥· ÉÊ· µÉ 20 ¤µ t ◦C · ¸¸Î¨ÉÒ¢ ¥É¸Ö ¨§ Ê· ¢´¥´¨Ö

α = 9,23 · 10−6 + 0,93 · 10−8t − 0,06 · 10−10t2.

”µ·³Ê²  ¶·¨£µ¤´ , ¥¸²¨ É¥³¶¥· ÉÊ·  ´¥ ¶·¥¢ÒÏ ¥É 1200 ◦C ¸ ÉµÎ´µ¸ÉÓÕ
±2 %.

‘·¥¤´ÖÖ É¥¶²µ¥³±µ¸ÉÓ ´¥·¦ ¢¥ÕÐ¨Ì ¸É ²¥° · ¸¸Î¨ÉÒ¢ ¥É¸Ö ¨§ Ê· ¢´¥´¨Ö

cp = 109,5 · 10−3 + 1,93 · 10−5t + 0,6 · 10−7t2 (±± ²/±£◦C),

  É¥³¶¥· ÉÊ·µ¶·µ¢µ¤´µ¸ÉÓ Å ¨§ Ê· ¢´¥´¨Ö

a = 25,5 · 10−3 + 1,225 · 10−5t − 0,728 · 10−7t2 + 0,0464 · 10−9t3 (³2/Î).

’¥¶²µ´µ¸¨É¥²Ó (¦¨¤±¨° ´ É·¨°)
’¥¶²µ¶·µ¢µ¤´µ¸ÉÓ, ¶²µÉ´µ¸ÉÓ, É¥³¶¥· ÉÊ·µ¶·µ¢µ¤´µ¸ÉÓ ¨ Ê¤¥²Ó´ Ö É¥¶²µ-

¥³±µ¸ÉÓ ¦¨¤±µ£µ ´ É·¨Ö ¨§³¥´ÖÕÉ¸Ö ¶µ Ëµ·³Ê²¥ [3]

pi = ai + biT + ciT
2, (2.3)

£¤¥ T Å É¥³¶¥· ÉÊ· , ◦C; pi Å µ¤´µ ¨§ ¸¢µ°¸É¢ λ, ρ, a ¨²¨ cp.
� ¸Î¥É ±µÔËË¨Í¨¥´É  ¢Ö§±µ¸É¨ µ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¶µ Ëµ·³Ê²¥

µ = ρ
1/3
i · ai exp

(
biρ

1
T

)
, (2.4)

‡´ Î¥´¨Ö ±µÔËË¨Í¨¥´Éµ¢ ai, bi, ci ¶·¨¢¥¤¥´Ò ¢ É ¡². 2.
2.4. ŠµÔËË¨Í¨¥´É É¥¶²µ¶¥·¥¤ Î¨ £ §µ¢µ£µ § §µ· 
’¥¶²µ¶¥·¥´µ¸ ¢ § §µ·¥ ³¥¦¤Ê ¸¥·¤¥Î´¨±µ³ ¨ µ¡µ²µÎ±µ° µ¶·¥¤¥²Ö¥É¸Ö

É¥¶²µ¶·µ¢µ¤´µ¸ÉÓÕ £ §  ¶¥·¥³¥´´µ£µ ¸µ¸É ¢  ¨ ¤ ¢²¥´¨Ö Î¥·¥§ Ô±¸Í¥´É·¨Î¥-
¸±¨° § §µ· ¨§³¥´ÖÕÐ¥£µ¸Ö · §³¥· , ±µ´É ±É´µ° ¶·µ¢µ¤¨³µ¸ÉÓÕ ¸²ÊÎ °´ÒÌ
³¥¸É ± ¸ ´¨Ö ¸¥·¤¥Î´¨±  ¨ µ¡µ²µÎ±¨ ¨ · ¤¨ Í¨µ´´µ° ¶·µ¢µ¤¨³µ¸ÉÓÕ.
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’ ¡²¨Í  2. ‡´ Î¥´¨¥ ¶ · ³¥É·µ¢ ai, bi, ci

� · ³¥É· ai bi ci

ρ (i = 1) 949 Ä0,223 Ä1,75·10−5

a (i = 2) 6,6951·10−5 5,2644·10−9 Ä2,6892·10−11

cp (i = 3) 1436,74 Ä0,58049 4,6229·10−4

λ (i = 4) 90,604 Ä0,048523 Å
µ (i = 5) 1,2162·10−5 0,6976 Å

ŠµÔËË¨Í¨¥´É É¥¶²µ¶¥·¥¤ Î¨ [13]
�·¨ Ë¨±¸¨·µ¢ ´´µ³ §´ Î¥´¨¨ Ï¨·¨´Ò § §µ· 

αgap = Hg + Hs + Hr, (2.5)

£¤¥ Hg Å ±µ´¢¥±Í¨µ´´ Ö É¥¶²µ¶¥·¥¤ Î  £ § ; Hs Å ±µ´É ±É´ Ö ¶·µ¢µ¤¨³µ¸ÉÓ
±µ´É ±É´ÒÌ ³¥¸É; Hr Å · ¤¨ Í¨µ´´ Ö ¶·µ¢µ¤¨³µ¸ÉÓ ³¥¦¤Ê ¤¢Ê³Ö ¶µ¢¥·Ì´µ-
¸ÉÖ³¨.

Šµ´¢¥±Í¨µ´´ Ö É¥¶²µ¶¥·¥¤ Î  £ §µ¢µ° ¸³¥¸¨ ¶µ¤ µ¡µ²µÎ±µ° É¢Ô²  Hg

¨§³¥´Ö¥É¸Ö ¢ É¥Î¥´¨¥ ± ³¶ ´¨¨ ¢¸²¥¤¸É¢¨¥ ¢ÒÌµ¤  ¨§ É ¡²¥Éµ± £ §µµ¡· §´ÒÌ
¶·µ¤Ê±Éµ¢ ¤¥²¥´¨Ö (±¸¥´µ´, ±·¨¶Éµ´ ¨  §µÉ) ¨ µ¶·¥¤¥²Ö¥É¸Ö ¶µ Ëµ·³Ê²¥

Hg =
K̄

(2,77 − 2,55 · 10−8 · Pc)(Rf + Rc) + J + Wgap
, (2.6)

£¤¥ Pc Å ±µ´É ±É´µ¥ ¤ ¢²¥´¨¥; Rf , Rc Å ¸·¥¤´ÖÖ ¢Ò¸µÉ  ¢Ò¸ÉÊ¶µ¢ ³¨±·µÏ¥-
·µÌµ¢ Éµ¸É¥° ¶µ¢¥·Ì´µ¸É¥°, § ¢¨¸ÖÐ Ö µÉ ±² ¸¸  Î¨¸ÉµÉÒ µ¡· ¡µÉ±¨; Wgap Å
Ï¨·¨´  § §µ· ; Pgas Å ¤ ¢²¥´¨¥ £ §µ¢µ° ¸³¥¸¨; Xi Å µ¡Ñ¥³´Ò¥ ¤µ²¨ £ §µ¢
¢ ¸³¥¸¨; J Å ¤²¨´  ¶·µ¡¥£  ³µ²¥±Ê² (jumping distance), µ¶·¥¤¥²Ö¥³ Ö ¶µ
Ëµ·³Ê²¥

J =
1

Pgas

k∑
i=1

GiXi,

§¤¥¸Ó Gi Å ¢¥²¨Î¨´Ò, ±µÉµ·Ò¥ § ¢¨¸ÖÉ µÉ · ¤¨Ê¸µ¢ ³µ²¥±Ê² £ §µ¢.
‘·¥¤´ÖÖ É¥¶²µ¶·µ¢µ¤´µ¸ÉÓ £ §µ¢µ° ¸³¥¸¨ · ¢´ 

K̄ =
∑

i

kiXi

Xi + ϕi
,

£¤¥ ki Å É¥¶²µ¶·µ¢µ¤´µ¸ÉÓ i-£µ £ § ; ϕi Å ¢¥²¨Î¨´ , µ¶·¥¤¥²Ö¥³ Ö ¶µ Ëµ·-
³Ê²¥

ϕi =
∑
i,i�=j

[
1 + (ki/kj)

0,5 (wi/wj)
0,25

]2

[1 + 2.41(wi − wj)(wi − 0,142wj)]

(1 + wi/wj)
0,5 (wi − wj)2Xj

,

(2.7)
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£¤¥ wi Å ¢¥¸ ³µ²¥±Ê²Ò i-£µ £ § .
Šµ´É ±É´ Ö ¶·µ¢µ¤¨³µ¸ÉÓ Hs · ¸¸Î¨ÉÒ¢ ¥É¸Ö ¶µ Ëµ·³Ê²¥

Hs =
2kfkcpc/(kf + kc)

[(Rf + Rc)/2]0,5 · HBN

;

§¤¥¸Ó HBN Å É¢¥·¤µ¸ÉÓ É ¡²¥É±¨ Éµ¶²¨¢ , § ¢¨¸ÖÐ Ö µÉ ¸¶¥± ´¨Ö.
� ¤¨ Í¨µ´´ Ö ¶·µ¢µ¤¨³µ¸ÉÓ ³¥¦¤Ê ¤¢Ê³Ö ¶µ¢¥·Ì´µ¸ÉÖ³¨ ´ Ìµ¤¨É¸Ö ± ±

Hr =
5,67 · 10−12(T 4

1 − T 4
0 )

(1/E1 + 1/E2 − 1)(T1 − T0)
,

£¤¥ T0, T1 Å ¸µµÉ¢¥É¸É¢¥´´µ É¥³¶¥· ÉÊ·  µ¡µ²µÎ±¨ ¨ É ¡²¥É±¨ ¢ § §µ·¥; E1,
E2 Å ±µÔËË¨Í¨¥´ÉÒ É¥·³¨Î¥¸±µ° · ¤¨ Í¨¨ µ¡µ²µÎ±¨ ¨ É ¡²¥Éµ±.

�¶·¥¤¥²¥´¨¥ Ï¨·¨´Ò § §µ· 
˜¨·¨´  £ §µ¢µ£µ § §µ·  ¨§³¥´Ö¥É¸Ö ¶µ ³¥·¥ ¢Ò£µ· ´¨Ö Éµ¶²¨¢  ¨ µ¶·¥-

¤¥²Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³ ¢Ò· ¦¥´¨¥³

Wgap = Wgap,0(1 + εf + εc), (2.8)

£¤¥ Wgap,0 Å Ï¨·¨´  ¸· §Ê ¶µ¸²¥ ¨§£µÉµ¢²¥´¨Ö É¢Ô² , εf , εc Å ±µÔËË¨Í¨-
¥´ÉÒ ²¨´¥°´ÒÌ ¤¥Ëµ·³ Í¨° Éµ¶²¨¢  ¨ µ¡µ²µÎ±¨.

ŠµÔËË¨Í¨¥´É ²¨´¥°´µ° ¤¥Ëµ·³ Í¨¨ Éµ¶²¨¢  εf ¸µ¸Éµ¨É ¨§ É·¥Ì ¸µ¸É -
¢²ÖÕÐ¨Ì, ±µÉµ·Ò¥ µ¡µ§´ Î ÕÉ, ¸µµÉ¢¥É¸É¢¥´´µ, Ê¶²µÉ´¥´¨¥ Éµ¶²¨¢  (fuel den-
siˇcation), · ¸¶ÊÌ ´¨¥ Éµ¶²¨¢  (fuel swelling) ¨ É¥·³¨Î¥¸±µ¥ · ¸Ï¨·¥´¨¥ (fuel
thermal expansion).

εf = εd
f + εs

f + εth
f . (2.9)

‚ Ëµ·³Ê²¥ (2.9), εd
f µ¶·¥¤¥²Ö¥É¸Ö ± ±

εd
f = dM + e−3B + 2e−35B,

£¤¥ dM Å ³ ±¸¨³ ²Ó´µ¥ Ê¶²µÉ´¥´¨¥; B Å ¸É¥¶¥´Ó ¢Ò£µ· ´¨Ö É ¡²¥É±¨.
Œ ±¸¨³ ²Ó´µ¥ Ê¶²µÉ´¥´¨¥ dM µ¶·¥¤¥²Ö¥É¸Ö ¶µ Ëµ·³Ê²¥

dM = −A
1 − ρT

f

TS − 1453
,

£¤¥ Ts Å É¥³¶¥· ÉÊ·  ¸¶¥± ´¨Ö Éµ¶²¨¢ , K; A Å ±µÔËË¨Í¨¥´É, § ¢¨¸ÖÐ¨°
µÉ É¥³¶¥· ÉÊ·Ò ¢Ò£µ· ´¨Ö Éµ¶²¨¢  T .

εs
f ¨³¥¥É ¸³Ò¸² Éµ²Ó±µ ¶·¨ T > 2800 Š ¨ µ¶·¥¤¥²Ö¥É¸Ö ¶µ Ëµ·³Ê²¥

εs
f = 8,8 · 10−50(2800 − T )11,73 exp [−0,0162 · (2800 − T )] exp(−8 · 10−21B).

εth
f · ¸¸Î¨ÉÒ¢ ¥É¸Ö ¶µ ¸²¥¤ÊÕÐ¥° Ëµ·³Ê²¥:

εth
f = 10−5T − 3 · 10−3 + 4 · 10−2 exp

(
−6,9 · 10−20

1,38 · 10−23T

)
.
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ŠµÔËË¨Í¨¥´É ²¨´¥°´µ° ¤¥Ëµ·³ Í¨¨ µ¡µ²µÎ±¨ ¸µ¸Éµ¨É ¨§ É·¥Ì ¸µ¸É ¢²Ö-
ÕÐ¨Ì, ±µÉµ·Ò¥ µ¡µ§´ Î ÕÉ ¸µµÉ¢¥É¸É¢¥´´µ ¶µ²§ÊÎ¥¸ÉÓ (creep deformation),
Ê¶·Ê£ÊÕ ¤¥Ëµ·³ Í¨Õ (elastic deformation) ¨ É¥·³¨Î¥¸±µ¥ · ¸Ï¨·¥´¨¥.

εc = εcr
c + εel

c + εth
c . (2.10)

‚ Ëµ·³Ê²¥ (2.10) εcr
c µ¶·¥¤¥²Ö¥É¸Ö ± ±

εcr
c = 0,75 · 10−10Rcl(Pcool − Pgas)

√
0,88148B

1
Wcl

,

£¤¥ Rcl Å ´ ·Ê¦´Ò° · ¤¨Ê¸ µ¡µ²µÎ±¨; Wcl Å Ï¨·¨´  µ¡µ²µÎ±¨; pgas Å
¤ ¢²¥´¨¥ £ §  ¢ § §µ·¥; pcool Å ¤ ¢²¥´¨¥ É¥¶²µ´µ¸¨É¥²Ö.

εel
c µ¶·¥¤¥²Ö¥É¸Ö ¶µ Ëµ·³Ê²¥

εel
c = (Rc − wcl)

Pgas

[
(Rc − wcl)2 + R2

c

]
− 2PcoolR

2
c

Ecl [R2
c − (Rc − wcl)2 + Pgas]

,

£¤¥ Ecl Å ³µ¤Ê²Ó Ê¶·Ê£µ¸É¨ µ¡µ²µÎ±¨; Tc Å ¸·¥¤´ÖÖ É¥³¶¥· ÉÊ·  µ¡µ²µÎ±¨.

2.5. ŠµÔËË¨Í¨¥´É É¥¶²µ¶¥·¥¤ Î¨ ³¥¦¤Ê µ¡µ²µÎ±µ° ¨ É¥¶²µ´µ¸¨É¥²¥³
–¥´É· ²Ó´Ò¥ É¢Ô²Ò
� ¸Î¥É É¥¶²µµÉ¤ Î¨ ¶·¨ · ¸¶µ²µ¦¥´¨¨ É¢Ô²µ¢ ¢ É·¥Ê£µ²Ó´µ° Ê¶ ±µ¢±¥

¢¥¤¥É¸Ö ¶µ Ëµ·³Ê²¥ [3]
Nu = A + BPem, (2.11)

£¤¥ pe Å Î¨¸²µ �¥±²Ö.
� · ³¥É· É¥¶²µ¢µ£µ ¶µ¤µ¡¨Ö εk0 · ¸¸Î¨ÉÒ¢ ¥É¸Ö ¶µ Ëµ·³Ê²¥

εk0 =
λ3

λ0

[
1 − λ3 − λ1

λ3 + λ1

(
r2

r3

)12
][

1 +
λ3 − λ1

λ3 − λ1

(
r2

r3

)12
]−1

. (2.12)

‚ Ëµ·³Ê²¥ (2.11)

A =
[
7,75x − 6,3x−17x(x−0,81)

]{
1 − 3,6x

[
x20(1 + 2,52ε0,86

k0 + 3<2)
]−1

}
,

B = 0,041x−2
{
1 −

[
(x30 − 1)/6 + (1,24εk0 + 1,15)0.5

]−1
}

,

m = 0,56 + 0,19x,

¨ §¤¥¸Ó x = s/d Å µÉ´µ¸¨É¥²Ó´Ò° Ï £ · ¸¶µ²µ¦¥´¨Ö É¢Ô²µ¢.
‚ Ëµ·³Ê²¥ (2.12) λ0 Å É¥¶²µ¶·µ¢µ¤´µ¸ÉÓ ¦¨¤±µ£µ ³¥É ²² .
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�¥·¨Ë¥·¨°´Ò¥ É¢Ô²Ò
� ¸Î¥É É¥¶²µµÉ¤ Î¨ ¡µ±µ¢ÒÌ É¢Ô²µ¢, · ¸¶µ²µ¦¥´´ÒÌ ¢ ’‚‘, ¶·µ¨§¢µ¤¨É¸Ö

¶µ Ëµ·³Ê²¥
Nu = a + b · Pen, (2.13)

£¤¥ a = 4,69x − 4,131, b = 0,577x− 0,566, n = 3,53x2 − 8,71x + 5,79.
‚ Ëµ·³Ê² Ì (2.11) ¨ (2.13) §  µ¶·¥¤¥²ÖÕÐ¨° · §³¥· ¶·¨´ÖÉ £¨¤· ¢²¨Î¥-

¸±¨° ¤¨ ³¥É· É·¥Ê£µ²Ó´µ° ¡¥¸±µ´¥Î´µ° ·¥Ï¥É±¨ ¸É¥·¦´¥° dr∞ = d(2
√

3x2/π−
1), §  Ì · ±É¥·´ÊÕ ¸±µ·µ¸ÉÓ w Å ¸·¥¤´ÖÖ ¶µ ¸¥Î¥´¨Õ ¸±µ·µ¸ÉÓ ¢ ¶µÉµ±¥;
α = q/(tw − tf ) Å ¸·¥¤´¨° ¶µ ¶¥·¨³¥É·Ê É¢Ô²  ±µÔËË¨Í¨¥´É É¥¶²µµ¡³¥´  ¢
¸É ¡¨²¨§¨·µ¢ ´´µ° µ¡² ¸É¨; tw Å ¸·¥¤´ÖÖ É¥³¶¥· ÉÊ·  ¶µ ¶¥·¨³¥É·Ê É¢Ô² ;
tf Å ¸·¥¤´¥¸³¥Ï ´´ Ö É¥³¶¥· ÉÊ·  ¦¨¤±µ¸É¨.

3. Œ�„…‹œ ����’��‰ ‘‚Ÿ‡ˆ �…�Š’ˆ‚��‘’ˆ [1, 2]

�·µÍ¥¸¸ ¨§³¥´¥´¨Ö ³µÐ´µ¸É¨
Š ± Ê¦¥ ¸± § ´µ ¢ · §¤. 1.1, ¶·µÍ¥¸¸ · §³´µ¦¥´¨Ö ´¥°É·µ´µ¢ ³µ¦´µ · ¸-

¸³aÉ·¨¢ ÉÓ ¸ ¶µ³µÐÓÕ ÉµÎ¥Î´µ£µ Ê· ¢´¥´¨Ö ±¨´¥É¨±¨. „²Ö ´ Ï¥° § ¤ Î¨
¸ÊÐ¥¸É¢¥´´µ Éµ²Ó±µ ¶µ¢¥¤¥´¨¥ ¸·¥¤´¥° ³µÐ´µ¸É¨ §  ¶¥·¨µ¤ ¶Ê²Ó¸ Í¨¨ ·¥ ±-
É¨¢´µ¸É¨, É ± ± ± ¢·¥³¥´  µ¡· É´µ° ¸¢Ö§¨ ³´µ£µ ¡µ²ÓÏ¥ ¶¥·¨µ¤  ¶Ê²Ó¸ Í¨¨
[17]. ˆ§ ´¥°É·µ´´µ-Ë¨§¨Î¥¸±µ° É¥µ·¨¨ ¨³¶Ê²Ó¸´µ£µ ·¥ ±Éµ·  ¸²¥¤Ê¥É, ÎÉµ,
¥¸²¨ ¢ Ëµ·³Ê² Ì µ¡ÒÎ´µ° ±¨´¥É¨±¨ § ³¥´¨ÉÓ ·¥ ±É¨¢´µ¸ÉÓ (ρ) ¨³¶Ê²Ó¸´µ°
·¥ ±É¨¢´µ¸ÉÓÕ (p), ³µ¦´µ ¶µ²Ó§µ¢ ÉÓ¸Ö ÔÉ¨³¨ Ê· ¢´¥´¨Ö³¨ ¨ ¤²Ö ¨³¶Ê²Ó¸´ÒÌ
·¥ ±Éµ·µ¢ [2].

‘·¥¤´ÖÖ ³µÐ´µ¸ÉÓ ·¥ ±Éµ·  §  ¶¥·¨µ¤ ¸µ¸É ¢¨É


N =
1

β(1 − P )

∑
i

λiCi,

dCi

dt
= −λiCi + βiN, Ci(0) = C0

i ,

(3.1)

£¤¥ N Å ¸·¥¤´ÖÖ ³µÐ´µ¸ÉÓ ·¥ ±Éµ·  §  ¶¥·¨µ¤ ¶Ê²Ó¸ Í¨¨; P Å ¨³¶Ê²Ó¸´ Ö
·¥ ±É¨¢´µ¸ÉÓ; β Å ¤µ²Ö § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·µ´µ¢ ´  µ¤¨´ ´¥°É·µ´ ¤¥²¥´¨Ö;
C1, λi, βi Å ±µ²¨Î¥¸É¢µ, ¶µ¸ÉµÖ´´ Ö · ¸¶ ¤ , ¤µ²Ö ˆ‡� i-£·Ê¶¶Ò.

ˆ³¶Ê²Ó¸´ Ö ·¥ ±É¨¢´µ¸ÉÓ P µ¶¨¸Ò¢ ¥É¸Ö ± ±

P = 1 − (Mβ/Tp + β/
∣∣εË

∣∣)−1,

£¤¥ M Å Ë ±Éµ· Ê³´µ¦¥´¨Ö ´¥°É·µ´µ¢ ¨¸ÉµÎ´¨±  ¢ ¨³¶Ê²Ó¸¥, ¢¥²¨Î¨´  ±µ-
Éµ·µ£µ § ¢¨¸¨É µÉ ¤²¨É¥²Ó´µ¸É¨ ¶·¥¡Ò¢ ´¨Ö ·¥ ±Éµ·  ¢ ´ ¤±·¨É¨Î¥¸±µ³ ¸µ-
¸ÉµÖ´¨¨ ¨ µÉ ³ ±¸¨³ ²Ó´µ£µ §´ Î¥´¨Ö ·¥ ±É¨¢´µ¸É¨ ε; εË Å ·¥ ±É¨¢´µ¸ÉÓ ´ 
³£´µ¢¥´´ÒÌ ´¥°É·µ´ Ì ³¥¦¤Ê ¢¸¶ÒÏ± ³¨ ¨³¶Ê²Ó¸ ; Tp Å ¶¥·¨µ¤ ³µ¤Ê²ÖÍ¨¨
·¥ ±É¨¢´µ¸É¨.
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“· ¢´¥´¨¥ (3.1) Ô±¢¨¢ ²¥´É´µ Ê· ¢´¥´¨Õ ±¨´¥É¨±¨ ´  § ¶ §¤Ò¢ ÕÐ¨Ì
´¥°É·µ´ Ì µ¡ÒÎ´µ£µ ¸É Í¨µ´ ·´µ£µ ·¥ ±Éµ· , ±·µ³¥ µÉ²¨Î¨Ö ¢ µ¶·¥¤¥²¥´¨¨
·¥ ±É¨¢´µ¸É¨, ¨ Ö¢²Ö¥É¸Ö ¸¨¸É¥³µ° µ¡Ò±´µ¢¥´´ÒÌ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢-
´¥´¨°, Î¨¸²¥´´Ò° ³¥Éµ¤ ·¥Ï¥´¨Ö ±µÉµ·µ° Ìµ·µÏµ ¨§¢¥¸É¥´ [16].

ˆ§³¥´¥´¨¥ ·¥ ±É¨¢´µ¸É¨ ¶µ É¥³¶¥· ÉÊ·¥
BÒÏ¥ · ¸¸³µÉ·¥´µ, ÎÉµ ¨³¶Ê²Ó¸´ Ö ·¥ ±É¨¢´µ¸ÉÓ ¶·¥¤¸É ¢²Ö¥É¸Ö ¢ ¢¨¤¥

P = 1 − (Mβ/Tp + β/
∣∣εË

∣∣)−1. (3.2)

‡¤¥¸Ó Ë ±Éµ· Ê³´µ¦¥´¨Ö ´¥°É·µ´µ¢ ¢ ¨³¶Ê²Ó¸¥ M Ö¢²Ö¥É¸Ö ¸²µ¦´µ°
¢¥²¨Î¨´µ°, ±µÉµ· Ö µ¶·¥¤¥²Ö¥É¸Ö ¶µ ¸¢µ°¸É¢ ³ ·¥ ±Éµ·  ¨ ³µ¤Ê²ÖÉµ·  ·¥ ±-
É¨¢´µ¸É¨ [1, 2].

�µ, ¢ ¸²ÊÎ ¥ ρ < β¨, ¨³¶Ê²Ó¸´ÊÕ ·¥ ±É¨¢´µ¸ÉÓ ³µ¦´µ ¶·¨¡²¨¦¥´´µ
¢Ò· §¨ÉÓ Î¥·¥§ ¸± Îµ± ·¥ ±É¨¢´µ¸É¨ ρ [1, 2]

P = [1 − exp(−ρ/β¨)] , (3.3)

£¤¥ β = M(εm0)
/

∂M
∂ε

∣∣
ε=εm0

Å ¨³¶Ê²Ó¸´ Ö ¤µ²Ö § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·µ´µ¢;

εm0 Å · ¢´µ¢¥¸´ Ö ¨³¶Ê²Ó¸´ Ö ´ ¤±·¨É¨Î´µ¸ÉÓ; M(εm0) Å · ¢´µ¢¥¸´Ò°
Ë ±Éµ· Ê³´µ¦¥´¨Ö ¢ ¨³¶Ê²Ó¸¥.

‘²¥¤µ¢ É¥²Ó´µ, ¸ ÊÎ¥Éµ³ ·¥ ±É¨¢´µ¸É¨ µ¡· É´µ° ¸¢Ö§¨ ¢ § ¢¨¸¨³µ¸É¨ µÉ
É¥³¶¥· ÉÊ·Ò ∆ρT , ¨³¶Ê²Ó¸´ Ö ·¥ ±É¨¢´µ¸ÉÓ µ¶¨¸Ò¢ ¥É¸Ö ¢ Ëµ·³¥




P (t) = 1 − exp [−(ρ0 + ∆ρT )/β¨] ,

∆ρT (t) =

T (t)+∆T∫
T (t)

αT (T )dT ;
(3.4)

§¤¥¸Ó αT (T ) Å É¥³¶¥· ÉÊ·´Ò° ±µÔËË¨Í¨¥´É ·¥ ±É¨¢´µ¸É¨ ·¥ ±Éµ· ; ρ0 Å
´ Î ²Ó´ Ö ·¥ ±É¨¢´µ¸ÉÓ; T (t) Å ¸·¥¤´ÖÖ É¥³¶¥· ÉÊ·  Éµ¶²¨¢  ¢ ³µ³¥´É t;
∆T Å ¨§³¥´¥´¨¥ ¸·¥¤´¥° É¥³¶¥· ÉÊ·Ò Éµ¶²¨¢  §  ¢·¥³Ö ∆t.

4. —ˆ‘‹…���… �…˜…�ˆ… „ˆ””…�…�–ˆ�‹œ�›• “��‚�…�ˆ‰

4.1. � §´µ¸É´µ¥ Ê· ¢´¥´¨¥
‘¨¸É¥³  ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° (2.1) ¸µ¸É ¢²¥´  ¨§ ±¢ §¨²¨´¥°-

´ÒÌ Ê· ¢´¥´¨°, ±µÉµ·Ò¥ ¨³¥ÕÉ ¤¢¥ ¶·µ¸É· ´¸É¢¥´´Ò¥ ¶¥·¥³¥´´Ò¥. �µ, ¶µ-
¸±µ²Ó±Ê ¤²¨´  É¢Ô²  ´ ³´µ£µ ¡µ²ÓÏ¥ ¥£µ · ¤¨Ê¸ ,  ±¸¨ ²Ó´ Ö É¥¶²µ¶¥·¥¤ Î 
´ ³´µ£µ ³¥´ÓÏ¥ ¢ ¸· ¢´¥´¨¨ ¸ · ¤¨ ²Ó´µ° É¥¶²µ¶¥·¥¤ Î¥°. �µÔÉµ³Ê ¤²Ö ¶·µ-
¸ÉµÉÒ · ¸Î¥Éµ¢ ³Ò ¶·¥´¥¡·¥£ ¥³  ±¸¨ ²Ó´µ° É¥¶²µ¶¥·¥¤ Î¥° ¨ ´ ¶¨Ï¥³ · §-
´µ¸É´µ¥ Ê· ¢´¥´¨¥ Éµ²Ó±µ ¤²Ö µ¤´µ° ¶·µ¸É· ´¸É¢¥´´µ° ¶¥·¥³¥´´µ°. Ÿ¢´Ò¥
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· §´µ¸É´Ò¥ Ê· ¢´¥´¨Ö ¤²Ö ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° (2.1) ³µ£ÊÉ ¡ÒÉÓ
¶·¥¤¸É ¢²¥´Ò ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥




T n+1
i,j −T n

i,j

∆t
=

an
f,i,j

rj

rj+1/2(T n
i,j+1−T n

i,j)−rj−1/2(T n
i,j−T n

i,j−1)
(∆r)2

+
qn
i,j

ρn
f,i,jc

n
pf,i,i

,

0 < r < r1;

T n+1
i,j − T n

i,j

∆t
=

an
cl,i,j

rj

rj+1/2(T n
i,j+1 − T n

i,j) − rj−1/2(T n
i,j − T n

i,j−1)
(∆r)2

,

r2 < r < r3;

T n
i,1 − T n

i,0

∆r
= 0, r = 0;

−
T n

i,j(fw) − T n
i,j(fw)−1

∆r
=

αn
G,i

λn
f,i,j(fw)

(T n
i,j(fw) − T n

i,j(cw0)), r = r1;

−
T n

i,j(cw0)+1 − T n
i,j(cw0)

∆r
=

αn
G,i

λn
cl,i,j(cw0)

(T n
i,j(fw) − T n

i,j(cw0)), r = r2;

−
T n

i,j(cw1) − T n
i,j(cw1)−1

∆r
=

αn
i

λn
cl,i,j(cw1)

(T n
i,j(cw1) − T n

cool,i), r = r3;

T n+1
cool,i − T n

cool,i

∆t
= αn

0,i(T
n
i,j(cw1) − T n

cool,i) − vn
T n

cool,i+1 − T n
cool,i

∆z
;

§¤¥¸Ó n, i, j Å ¸µµÉ¢¥É¸É¢¥´´µ Ê§²Ò ±µµ·¤¨´ ÉÒ ¢·¥³¥´¨,  ±¸¨ ²Ó´µ° ¨ · -
¤¨ ²Ó´µ° ±µµ·¤¨´ É; j(cw0), j(cw1) Å Ê§²Ò · ¤¨ ²Ó´µ° ±µµ·¤¨´ ÉÒ ´  ¢´Ê-
É·¥´´¥° ¨ ´ ·Ê¦´µ° ¶µ¢¥·Ì´µ¸ÉÖÌ µ¡µ²µÎ±¨; j(0) Å Ê§¥² ¢ Í¥´É·¥ É ¡²¥É±¨;
f , cl Å Ê§²Ò ¸µµÉ¢¥É¸É¢¥´´µ É ¡²¥É±¨ ¨ µ¡µ²µÎ±¨.

“¶µ³Ö´ÊÉ Ö ¢ÒÏ¥ ¸¨¸É¥³  · §´µ¸É´ÒÌ Ê· ¢´¥´¨° Ö¢²Ö¥É¸Ö ¶µ²´µ° ³ -
É¥³ É¨Î¥¸±¨ § ±·ÒÉµ° ¸¨¸É¥³µ° ¨ · §·¥Ï ¥É¸Ö ¶µ¸²¥¤µ¢ É¥²Ó´µ, ¥¸²¨ ¶µ²Ê-
Î ¥É¸Ö ´  ± ¦¤µ³ Ï £¥ ¢·¥³¥´¨ ¸µµÉ¢¥É¸É¢¥´´µ ¸·¥¤´ÖÖ ³µÐ´µ¸ÉÓ §  ¸Î¥É
µ¡· É´µ° ¸¢Ö§¨ ·¥ ±É¨¢´µ¸É¨ ¶µ É¥³¶¥· ÉÊ·¥.

‘·¥¤´ÖÖ ³µÐ´µ¸ÉÓ ·¥ ±Éµ·  ³µ¦¥É ¢ÒÎ¨¸²ÖÉÓ¸Ö ¨§ Ê· ¢´¥´¨° (3.1) ¨ (4)
· §²¨Î´Ò³¨ Î¨¸²¥´´Ò³¨ ³¥Éµ¤ ³¨, ¢ Éµ³ Î¨¸²¥ ³¥Éµ¤ ³¨ �°²¥·  ¨ �Ê´£¥-
ŠÊÉÉ .

�µ¸±µ²Ó±Ê É ±¨¥ Î¨¸²¥´´Ò¥ ³¥Éµ¤Ò Ï¨·µ±µ ¨§¢¥¸É´Ò ¨ ¶·¨¢¥¤¥´Ò ¢
²¨É¥· ÉÊ·e [11, 14, 16], §¤¥¸Ó ¨Ì ´¥ · ¸¸³ É·¨¢ ²¨.

‘Ì¥³  Ö¢´µ° · §´µ¸É¨ ¶·¨¢¥¤¥´  ´  ·¨¸. 4.

…¸²¨ ¶·¥µ¡· §µ¢ ÉÓ · §´µ¸É´Ò¥ Ê· ¢´¥´¨Ö É ±, ÎÉµ¡Ò µ¶·¥¤¥²¨ÉÓ §´ Î¥-
´¨Ö ¢µ ¢¸¥Ì · §´µ¸É´ÒÌ Ê§² Ì ¶µ¸²¥¤µ¢ É¥²Ó´µ, ´ Î¨´ Ö ¸ ¨¸Ìµ¤´ÒÌ Ê¸²µ¢¨°,
Éµ£¤  µ´¨ ¶·¨³ÊÉ ¢¨¤
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�¨¸. 4. CÌ¥³  · §´µ¸É¨




T n+1
i,j =

an
f,i,j

rj

rj+1/2(T n
i,j+1 − T n

i,j) − rj−1/2(T n
i,j − T n

i,j−1)
(∆r)2

∆t +

+
qn
i,j

ρn
f,i,jc

n
pf,i,i

∆t + T n
i,j , 0 < r < r1;

T n+1
i,j =

an
cl,i,j

rj

rj+1/2(T n
i,j+1 − T n

i,j) − rj−1/2(T n
i,j − T n

i,j−1)
(∆r)2

∆t + T n
i,j ,

r2 < r < r3;

T n
i,1 = T n

i,0, r = 0;

T n
i,j(fw) =

T n
i,j(fw)−1 +

∆r(αn
G,i/λn

f,i,j(fw))T
n
i,j(cw0)+1

1 + ∆rαn
G,i/λn

cl,i,j(cw0)

1 + ∆rαn
G,i/λn

f,i,j(fw) −
(∆r)2(αn

G,i)
2/(λn

f,i,j(fw)λ
n
cl,i,j(cw0))

1 + ∆rαn
G,i/λn

cl,i,j(cw0)

,

r = r1;

T n
i,j(cw0) =

∆r(αn
G,i/λn

cl,i,j(cw0))T
n
i,j(fw) + T n

i,j(cw0)+1

1 + ∆rαn
G,i/λn

cl,i,j(cw0)

,

r = r2;

T n
i,j(cw1) =

T n
i,j(cw1)−1 + ∆r(αn

i /λn
cl,i,j(cw1))T

n
cool,i

1 + ∆rαn
i /λn

cl,i,j(cw1)

, r = r3;

T n+1
cool,i = αn

0,i∆t(T n
i,j(cw1) − T n

cool,i) − vn∆t
T n

cool,i+1 − T n
cool,i

∆z
+ T n

cool,i.
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4.2. “¸²µ¢¨¥ Ê¸Éµ°Î¨¢µ¸É¨ · §´µ¸É´ÒÌ Ê· ¢´¥´¨°

“¸²µ¢¨¥ Ê¸Éµ°Î¨¢µ¸É¨ ¤²Ö ¶µ¸É·µ¥´´µ° ¢ÒÏ¥ ¸¨¸É¥³Ò · §´µ¸É´ÒÌ Ê· ¢-
´¥´¨° µ¶·¥¤¥²Ö¥É¸Ö, £² ¢´Ò³ µ¡· §µ³, ¤¢Ê³¥·´Ò³¨ · §´µ¸É´Ò³¨ Ê· ¢´¥´¨Ö³¨
¨ µ¶¨¸Ò¢ ¥É¸Ö ¸²¥¤ÊÕÐ¨³ ¢Ò· ¦¥´¨¥³ [14]

sup
(r,t)

A0(r, t)
∆t

(∆r)2
<

1
2
. (4.1)

‚ ´¥· ¢¥´¸É¢¥ (4.1)

¶·¨ 0 < r < r1, A0(r, t) =
an

f,i,j

rj
,

¶·¨ r2 < r < r3, A0(r, t) =
an

cl,i,j

rj
.

’¥³¶¥· ÉÊ·µ¶·µ¢µ¤´µ¸ÉÓ ³ É¥·¨ ²µ¢ É¥³ ¡µ²ÓÏ¥, Î¥³ ¡µ²ÓÏ¥ É¥³¶¥· -
ÉÊ· , ¶µÔÉµ³Ê sup(r,t) A0(r, t) ´ Ìµ¤¨É¸Ö ¢ Í¥´É·¥ É ¡²¥É±¨ ¨ ´  ¢´ÊÉ·¥´´¥°
¶µ¢¥·Ì´µ¸É¨ µ¡µ²µÎ±¨.

…¸²¨ · §´µ¸ÉÓ ¶·µ¸É· ´¸É¢¥´´µ° ±µµ·¤¨´ ÉÒ ∆r ¡Ò²  ¢Ò¡· ´ , · §´µ¸ÉÓ
¢·¥³¥´¨ ∆t ¤µ²¦´  ¡ÒÉÓ ¢Ò¡· ´  É ±, ÎÉµ¡Ò

∆t <
(∆r)3

2

(
1

an
f,i,0

+
∆r(j(cw0) − 1)

an
cl,i,j(cw0)

)
. (4.2)

5. �…‡“‹œ’�’› ‚›—ˆ‘‹…�ˆ‰

�  µ¸´µ¢¥ · ¸¸³µÉ·¥´´µ° ³µ¤¥²¨ ³Ò ¶µ¶ÒÉ ²¨¸Ó ¶·µ ´ ²¨§¨·µ¢ ÉÓ É¥³-
¶¥· ÉÊ·´Ò¥ ¶¥·¥Ìµ¤´Ò¥ ¶·µÍ¥¸¸Ò ¢ ´¥±µÉµ·µ³ £¨¶µÉ¥É¨Î¥¸±µ³ ·¥ ±Éµ·¥ ¶·¨
¸± Î±µµ¡· §´µ³ ¨§³¥´¥´¨¨ · ¸Ìµ¤  ¨ É¥³¶¥· ÉÊ·Ò É¥¶²µ´µ¸¨É¥²Ö ´  ¢Ìµ¤¥ ¢
 ±É¨¢´ÊÕ §µ´Ê. „²Ö ¢ÒÎ¨¸²¥´¨Ö · §´µ¸É´Ò¥ Ê§²Ò ¢Ò¡· ´Ò É ±, ÎÉµ¡Ò Î¨¸²µ
 ±¸¨ ²Ó´ÒÌ Ê§²µ¢ ¡Ò²µ · ¢´µ 13, Î¨¸²µ · ¤¨ ²Ó´ÒÌ Å 20,   Î¨¸²µ ¢·¥³¥´´ÒÌ
· §´µ¸É´ÒÌ Ê§²µ¢ Å 100.

ˆ¸Ìµ¤´Ò¥ ¤ ´´Ò¥, ¶·¨´ÖÉÒ¥ ¤²Ö ¢ÒÎ¨¸²¥´¨Ö, ¶·¨¢¥¤¥´Ò ´¨¦¥:
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‘·¥¤´ÖÖ É¥¶²µ¢ Ö ³µÐ´µ¸ÉÓ 4 Œ‚É

’¥³¶¥· ÉÊ·  ´ É·¨Ö ´  ¢Ìµ¤¥ ·¥ ±Éµ·  300 ◦C

�¡Ñ¥³´Ò° · ¸Ìµ¤ ´ É·¨Ö 138 ³3/Î

—¨¸²µ É¢Ô²µ¢ ¢  ±É¨¢´µ° §µ´¥ 546

˜ £ ·¥Ï¥É±¨ É¢Ô²µ¢ 10,1 ³³

�¡Ñ¥³´Ò° ±µÔËË¨Í¨¥´É ´¥· ¢´µ³¥·´µ¸É¨

É¥¶²µ¢Ò¤¥²¥´¨Ö 1,6

’¥³¶¥· ÉÊ·´Ò° ±µÔËË¨Í¨¥´É ·¥ ±É¨¢´µ¸É¨ 0,002 %/K

„¨ ³¥É· µ¡µ²µÎ±¨ É¢Ô²  8,6 ³³

„¨ ³¥É· É ¡²¥É±¨ Éµ¶²¨¢  7,66 ³³

’µ²Ð¨´  ¸É¥´Ò µ¡µ²µÎ±¨ 0,45 ³³

�ËË¥±É¨¢´ Ö ¤²¨´  É¢Ô²  445 ³³

�ËË¥±É¨¢´ Ö ¤µ²Ö § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·µ´µ¢ 0,0021

ˆ³¶Ê²Ó¸´ Ö ¤µ²Ö § ¶ §¤Ò¢ ÕÐ¨Ì ´¥°É·µ´µ¢ 0,00016

‘´ Î ²  ¢ÒÎ¨¸²Ö²µ¸Ó · ¸¶·¥¤¥²¥´¨¥ É¥³¶¥· ÉÊ·Ò ¢ · ¢´µ¢¥¸´µ³ ·¥¦¨³¥
¤²Ö ¨¸¶µ²Ó§µ¢ ´¨Ö ¥£µ ¢ ± Î¥¸É¢¥ ´ Î ²Ó´ÒÌ Ê¸²µ¢¨° ¶·¨ · ¸Î¥É¥ ¶¥·¥Ìµ¤´µ£µ
¶·µÍ¥¸¸ . ‘·¥¤´ÖÖ É¥³¶¥· ÉÊ·  ¢ · ¢´µ¢¥¸´µ³ ·¥¦¨³¥ ¡Ò²  · ¢´ , ¸µµÉ¢¥É-
¸É¢¥´´µ, 360 ◦C ¤²Ö É¥¶²µ´µ¸¨É¥²¨, 373 ◦C ¤²Ö µ¡µ²µÎ±¨ ¨ 1050 ◦C ¤²Ö Éµ¶-
²¨¢ . ˆ§³¥´¥´¨¥ ¸·¥¤´¨Ì É¥³¶¥· ÉÊ· ¶·¨ ¸± Î±µµ¡· §´µ³ ¨§³¥´¥´¨¨ · ¸Ìµ¤ 
¨ É¥³¶¥· ÉÊ·Ò É¥¶²µ´µ¸¨É¥²Ö ´  ¢Ìµ¤¥ §µ´Ò ¶·¨¢¥¤¥´o ´  ·¨¸. 5.

B ·¥§Ê²ÓÉ Ée ¢ÒÎ¨¸²¥´¨° ¢ÒÖ¸´¨²¨ ¸²¥¤ÊÕÐ¥¥:

‚µ-¶¥·¢ÒÌ, ¶·¨ ¨§³¥´¥´¨¨ · ¸Ìµ¤  ¨ ¢Ìµ¤´µ° É¥³¶¥· ÉÊ·Ò É¥¶²µ´µ-
¸¨É¥²Ö ¸·¥¤´ÖÖ É¥³¶¥· ÉÊ·  Éµ¶²¨¢  ¤µ¸É¨£ ¥É 95 % · ¢´µ¢¥¸´µ£µ §´ Î¥´¨Ö
Éµ²Ó±µ Î¥·¥§ 40Ä60 ¸ ¨ ¶µ¸²¥ ÔÉµ£µ ³¥¤²¥´´µ ¸Ìµ¤¨É¸Ö ± · ¢´µ¢¥¸´µ° É¥³¶¥-
· ÉÊ·¥. ‡´ Î¥´¨¥ ÔÉµ° · ¢´µ¢¥¸´µ° É¥³¶¥· ÉÊ·Ò ¨ ¤²¨É¥²Ó´µ¸ÉÓ ¶¥·¥Ìµ¤´µ£µ
¶·µÍ¥¸¸  § ¢¨¸ÖÉ µÉ ¸É¥¶¥´¨ ¨§³¥´¥´¨Ö ¢Ìµ¤´µ£µ §´ Î¥´¨Ö.

‚µ-¢Éµ·ÒÌ, ¸·¥¤´ÖÖ É¥³¶¥· ÉÊ·  µ¡µ²µÎ±¨ ¤µ¸É¨£ ¥É 95 % · ¢´µ¢¥¸´µ£µ
§´ Î¥´¨Ö µÉ´µ¸¨É¥²Ó´µ ¡Ò¸É·µ, §  ¢·¥³Ö µ±µ²µ 8 ¸ ¶µ¸²¥ ¨§³¥´¥´¨Ö ¢Ìµ¤-
´µ° ¢¥²¨Î¨´Ò. �Éµ µ¡ÑÖ¸´Ö¥É¸Ö, ¶µ-¢¨¤¨³µ³Ê, É¥³, ÎÉµ É¥¶²µ¶·µ¢µ¤´µ¸ÉÓ
µ¡µ²µÎ±¨ ´ ³´µ£µ ¡µ²ÓÏ¥, Î¥³ Éµ¶²¨¢ .

‚-É·¥ÉÓ¨Ì, ¸·¥¤´ÖÖ É¥³¶¥· ÉÊ·  É¥¶²µ´µ¸¨É¥²Ö ¤µ¸É¨£ ¥É 95 % · ¢´µ¢¥¸-
´µ£µ §´ Î¥´¨Ö ¸· §Ê, §  1Ä2 ¸ ¸ ³µ³¥´É  ¨§³¥´¥´¨Ö ¢Ìµ¤´µ° ¢¥²¨Î¨´Ò, ¨
¶µ¸²¥ ÔÉµ£µ µÎ¥´Ó ³¥¤²¥´´µ ¸Ìµ¤¨É¸Ö ± · ¢´µ¢¥¸´µ° É¥³¶¥· ÉÊ·¥.

‚µ ¢¸¥Ì ¸²ÊÎ ÖÌ § ¤¥·¦±  ¢µ ¢·¥³¥´¨ ¶¥·¥Ìµ¤´µ£µ ¶·µÍ¥¸¸  ¶·¨ ¨§³¥-
´¥´¨¨ · ¸Ìµ¤  ´¥³´µ£µ ¡µ²ÓÏ¥, Î¥³ ¶·¨ ¨§³¥´¥´¨¨ ¢Ìµ¤´µ° É¥³¶¥· ÉÊ·Ò.
�Éµ ¸¢Ö§ ´µ ¸ É¥³, ÎÉµ ¶·¨ ¨§³¥´¥´¨¨ · ¸Ìµ¤  É¥³¶¥· ÉÊ·  É¥¶²µ´µ¸¨É¥²Ö
¨§³¥´Ö¥É¸Ö ¢ ¶·µÍ¥¸¸¥ ¨§³¥´¥´¨Ö É¥³¶¥· ÉÊ·Ò Éµ¶²¨¢ .
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�¨¸. 5. ˆ§³¥´¥´¨¥ ¸·¥¤´¨Ì É¥³¶¥· ÉÊ· ¶·¨ ¸± Î±µµ¡· §´µ³ ¨§³¥´¥´¨¨ · ¸Ìµ¤  ¨ É¥³-
¶¥· ÉÊ·Ò É¥¶²µ´µ¸¨É¥²Ö: 1 Å ¶·¨ Ê¢¥²¨Î¥´¨¨ É¥³¶¥· ÉÊ·  É¥¶²µ´µ¸¨É¥²Ö ´  ¢Ìµ¤¥
´  60 ◦C; 2 Å ¶·¨ Ê³¥´ÓÏ¥´¨¨ · ¸Ìµ¤  É¥¶²µ´µ¸¨É¥²Ö ´  0,02³3/¸; 3 Å ¶·¨ Ê¢¥²¨-
Î¥´¨¨ É¥³¶¥· ÉÊ·  É¥¶²µ´µ¸¨É¥²Ö ´  ¢Ìµ¤¥ ´  30 ◦C; 4 Å ¶·¨ Ê³¥´ÓÏ¥´¨¨ · ¸Ìµ¤ 
É¥¶²µ´µ¸¨É¥²Ö ´  0,01³3/¸. � Î ²Ó´ Ö ¸·¥¤´ÖÖ É¥³¶¥· ÉÊ·  É¥¶²µ´µ¸¨É¥²Ö Å 360 ◦C;
´ Î ²Ó´ Ö ¸·¥¤´ÖÖ É¥³¶¥· ÉÊ·  µ¡µ²µÎ±¨ Å 373 ◦C; ´ Î ²Ó´ Ö ¸·¥¤´ÖÖ É¥³¶¥· ÉÊ· 
Éµ¶²¨¢  Å 1050 ◦C
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‡�Š‹�—…�ˆ…

P §· ¡µÉ ´  ´µ¢ Ö ¶µ²ÊÉµÎ¥Î´ Ö É¥·³µ¤¨´ ³¨Î¥¸± Ö ³µ¤¥²Ó, ¸ ¶µ³µÐÓÕ
±µÉµ·µ° ³µ¦´µ  ´ ²¨§¨·µ¢ ÉÓ ¶¥·¥Ìµ¤´Ò¥ ¶·µÍ¥¸¸Ò ¨³¶Ê²Ó¸´ÒÌ ·¥ ±Éµ·o¢,
  É ±¦¥ ³¥Éµ¤¨±  ¸µ§¤ ´¨Ö · §´µ¸É´ÒÌ Ê· ¢´¥´¨° ¤²Ö ¸²µ¦´µ° É¥·³µ¤¨´ -
³¨Î¥¸±µ° £¥É¥·µ£¥´´µ° ¸¨¸É¥³Ò, · ¸¸³µÉ·¥´Ò Ê¸²µ¢¨Ö Ê¸Éµ°Î¨¢µ¸É¨ ¨ ¸Ìµ-
¤¨³µ¸É¨ ·¥Ï¥´¨Ö ¶·¨ ¢ÒÎ¨¸²¥´¨¨ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° ¢ Î ¸É´ÒÌ
¶·µ¨§¢µ¤´ÒÌ. �¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¶µ± § ²¨, ÎÉµ ¶·¨ 0,01 ³³ · §´µ¸É¨ ¶µ
¶·µ¸É· ´¸É¢¥´´µ° ±µµ·¤¨´ É¥ ¨, ¸µµÉ¢¥É¸É¢¥´´µ, 0,1 ¸ ¶µ ¢·¥³¥´´µ° ¶·µÍ¥¸¸
¢ÒÎ¨¸²¥´¨Ö ¤µ¸É ÉµÎ´µ ¡Ò¸É·µ ¸Ìµ¤¨É¸Ö.

�¢Éµ· ¢Ò· ¦ ¥É ¨¸±·¥´´ÕÕ ¶·¨§´ É¥²Ó´µ¸ÉÓ …. �. ˜ ¡ ²¨´Ê ¨ 
. �. �¥-
¶¥²ÒÏ¥¢Ê, µ± § ¢Ï¨³ ¶µ³µÐÓ ¢ ÔÉµ° · ¡µÉ¥.
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