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� ¸Î¥É · ¸¶·¥¤¥²¥´¨Ö É¥³¶¥· ÉÊ·Ò ¢ ± ¶¸Ê²¥ ¤²Ö µ¡²ÊÎ¥´¨Ö
³ É¥·¨ ²µ¢ Ìµ²µ¤´µ£µ § ³¥¤²¨É¥²Ö ´¥°É·µ´µ¢

�·¨¢¥¤¥´Ò ³¥Éµ¤¨±  ¨ ·¥§Ê²ÓÉ É Î¨¸²¥´´µ£µ · ¸Î¥É  · ¸¶·¥¤¥²¥´¨Ö É¥³¶¥-
· ÉÊ· ¢ ± ¶¸Ê²¥ ³ ²µ£µ µ¡Ñ¥³  ¢ Ëµ·³¥ ¸Ë¥·¨Î¥¸±µ£µ ¸¥£³¥´É , § ¶µ²´¥´´µ°
É¥¶²µ¢Ò¤¥²ÖÕÐ¨³ ¢¥Ð¥¸É¢µ³. ‚ ·Ó¨·Ê¥³Ò° ¶µ µ¡² ¸ÉÖ³ · §´µ¸É´Ò° ³¥Éµ¤ ¶µ-
§¢µ²¨² ÉµÎ´µ µ¶·¥¤¥²¨ÉÓ ´¥§´ Î¨É¥²Ó´µ¥ ¸´¨¦¥´¨¥ É¥³¶¥· ÉÊ·Ò ¢¡²¨§¨ £· ´¨ÍÒ
¢¥Ð¥¸É¢  ¸ Ê¸É ´µ¢²¥´´µ° ¢ µ¡Ñ¥³¥ É¥·³µ¶ ·µ°, ¢Ò§¢ ´´µ¥ µÉ²¨Î¨¥³ É¥¶²µ¶·µ-
¢µ¤´µ¸É¨ ³ É¥·¨ ²µ¢ É¥·³µ¶ ·Ò ¨ ´ ¶µ²´ÖÕÐ¥£µ ¢¥Ð¥¸É¢ .

� ¡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¡´ , 2004

Ro Du Œin P3-2004-140
Calculation of Temperature Distribution in Capsule for Neutron
Exposure of the Cold Moderator Materials

Methods and results of the numerical calculation of temperature distribution in the
spherical segmented small capsule ˇlled with heat-generating substance are presented.
Variable ˇnite-difference method allowed one to evaluate a small drop of temperature
near the boundary between the ˇlling substance and the thermocouple installed inside
the capsule, which originates from the difference in thermal conductivity.

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

Communication of the Joint Institute for Nuclear Research. Dubna, 2004
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‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¶·µ£· ³³µ° · §· ¡µÉ±¨ ÔËË¥±É¨¢´ÒÌ ¨ ´ ¤¥¦´ÒÌ Ìµ-
²µ¤´ÒÌ § ³¥¤²¨É¥²¥° ´¥°É·µ´µ¢, µ¸ÊÐ¥¸É¢²Ö¥³µ° ¢ ‹ ¡µ· Éµ·¨¨ ´¥°É·µ´´µ°
Ë¨§¨±¨ ¨³. ˆ. Œ. ”· ´± , ¨§ÊÎ ²¨¸Ó · ¤¨ Í¨µ´´Ò¥ ÔËË¥±ÉÒ ¢ · §²¨Î´ÒÌ
§ ³¥¤²ÖÕÐ¨Ì ¢µ¤µ·µ¤µ¸µ¤¥·¦ Ð¨Ì ³ É¥·¨ ² Ì ¶·¨ É¥³¶¥· ÉÊ· Ì 15÷50 Š.
� ¡µÉÒ ¶·µ¢µ¤¨²¨¸Ó ´  É·¥ÉÓ¥³ ± ´ ²¥ ·¥ ±Éµ·  ˆ��-2 ´  ¸¶¥Í¨ ²Ó´µ ¸µ-
§¤ ´´µ° Ê¸É ´µ¢±¥ “��Œ-2 [1Ä4]. � ¤¨ Í¨µ´´Ò¥ ÔËË¥±ÉÒ ¢ ¨¸¸²¥¤Ê¥³µ°
µ¡² ¸É¨ É¥³¶¥· ÉÊ· ¸¨²Ó´µ É¥³¶¥· ÉÊ·´µ-§ ¢¨¸¨³Ò, ¨ ¶µÔÉµ³Ê É¥³¶¥· ÉÊ· 
µ¡²ÊÎ¥´¨Ö ¤µ²¦´  ¡ÒÉÓ ¨§¢¥¸É´ , ¶µ ±· °´¥° ³¥·¥, ¸ ÉµÎ´µ¸ÉÓÕ ´¥ ÌÊ¦¥
µ¤´µ£µ £· ¤Ê¸ . ‘ ÔÉµ° Í¥²ÓÕ ¢ ¤µ¶µ²´¥´¨¥ ± É¥·³µ¶ · ³ ´  ¸É¥´± Ì ¶µ²Ê-
¸Ë¥·¨Î¥¸±µ° ± ¶¸Ê²Ò ¤²Ö µ¡· §Íµ¢ ¤¨ ³¥É·µ³ 30 ³³ µ¤´  É¥·³µ¶ ·  ¡Ò² 
Ê¸É ´µ¢²¥´  ¢´ÊÉ·¨ ± ¶¸Ê²Ò. �¤´ ±µ ¢¢¨¤Ê ´¨§±µ° É¥¶²µ¶·µ¢µ¤´µ¸É¨ ¨¸¸²¥-
¤Ê¥³ÒÌ ³ É¥·¨ ²µ¢ (É¢¥·¤Ò° ³¥É ´, £¨¤· ÉÒ ³¥É ´ , ²¥¤ ¢µ¤Ò,  ·µ³ É¨Î¥¸±¨¥
Ê£²¥¢µ¤µ·µ¤Ò) ´ ²¨Î¨¥ É¥·³µ¶ ·Ò ¶·¨¢µ¤¨É ± ²µ± ²Ó´µ³Ê ¸´¨¦¥´¨Õ É¥³-
¶¥· ÉÊ·Ò. �É  ¶µ¶· ¢±  ¶·¨  ´ ²¨§¥ Ô±¸¶¥·¨³¥´Éµ¢ “��Œ-2 µÍ¥´¨¢ ² ¸Ó
¶·¨¡²¨¦¥´´µ,  ´ ²¨É¨Î¥¸±¨. ‚ ¤ ´´µ° · ¡µÉ¥ · ¸¶·¥¤¥²¥´¨¥ É¥³¶¥· ÉÊ· ¢
± ¶¸Ê²¥ · ¸¸Î¨É ´µ Î¨¸²¥´´µ.

�¥Ï¥´Ò ¸É Í¨µ´ ·´Ò¥ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ Ê· ¢´¥´¨Ö É¥¶²µ¶·µ¢µ¤´µ¸É¨
¤²Ö ·¥ ²Ó´µ° 2D-£¥µ³¥É·¨¨ ¶µ²Ê¸Ë¥·¨Î¥¸±µ° ± ¶¸Ê²Ò Ö¢´Ò³ · §´µ¸É´Ò³ ³¥-
Éµ¤µ³. �·¨ ÔÉµ³ ¶·¥¤¶µ²µ¦¥´µ, ÎÉµ ³¥¦¤Ê µ¡² ¸ÉÖ³¨ · §²¨Î´ÒÌ ³ É¥·¨ ²µ¢
¸ÊÐ¥¸É¢Ê¥É £¨¶µÉ¥É¨Î¥¸±¨° £· ´¨Î´Ò° ¸²µ°, É¥¶²µË¨§¨Î¥¸±¨¥ ¸¢µ°¸É¢  ±µÉµ-
·µ£µ Ê¸·¥¤´¥´Ò ¶µ ¸¢µ°¸É¢ ³ £· ´¨Î Ð¨Ì ³ É¥·¨ ²µ¢. ‚ ·¥§Ê²ÓÉ É¥ ¶µ²ÊÎ¥´Ò
¤ ´´Ò¥ µ · ¸¶·¥¤¥²¥´¨¨ É¥³¶¥· ÉÊ·, ¶µ§¢µ²ÖÕÐ¨¥ ÊÉµÎ´¨ÉÓ ¶µ¶· ¢±Ê ´  ¶µ-
± § ´¨¥ ¢´ÊÉ·¥´´¥° É¥·³µ¶ ·Ò ± ¶¸Ê²Ò “��Œ-2.

1. „ˆ””…�…�–ˆ�‹œ�›… “��‚�…�ˆŸ ’…�‹����‚�„��‘’ˆ

ƒ¥µ³¥É·¨Î¥¸± Ö ³µ¤¥²Ó · ¸¸³ É·¨¢ ¥³µ° ± ¶¸Ê²Ò ¶µ± § ´  ´  ·¨¸. 1. Š ±
¢¨¤´µ ´  ·¨¸. 1,  , ± ¶¸Ê²  ¸µ¸Éµ¨É ¨§ ¢¥Ð¥¸É¢  § ³¥¤²¨É¥²Ö ´¥°É·µ´µ¢ (¢µ¤µ-
·µ¤µ¸µ¤¥·¦ Ð¥¥ ¢¥Ð¥¸É¢µ) ¨ É¥·³µ¶ ·Ò; ¢ ¸¢µÕ µÎ¥·¥¤Ó, É¥·³µ¶ ·  ¸µ¸Éµ¨É
¨§ Éµ´±µ° ³¥É ²²¨Î¥¸±µ° Í¨²¨´¤·¨Î¥¸±µ° µ¡µ²µÎ±¨ ¨ § ¶µ²´¨É¥²Ö (µ±¨¸Ó
³ £´¨Ö). �·¨ µ¡²ÊÎ¥´¨¨ ´¥°É·µ´ ³¨ ¢ ± ¶¸Ê²¥ ¢Ò¤¥²Ö¥É¸Ö É¥¶²µ, ¨´É¥´¸¨¢-
´µ¸ÉÓ ±µÉµ·µ£µ § ¢¨¸¨É µÉ ³ É¥·¨ ² .
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’¥¶²µ¶¥·¥¤ Î¨ Î¥·¥§ ¢¥·Ì´ÕÕ ¸Éµ·µ´Ê ± ¶¸Ê²Ò, ±µÉµ· Ö Ö¢²Ö¥É¸Ö  ¤¨ -
¡ É¨Î¥¸±µ° £· ´¨Í¥°, ´¥ ¸ÊÐ¥¸É¢Ê¥É. ‘Ë¥·¨Î¥¸± Ö ¸Éµ·µ´  µÌ² ¦¤ ¥É¸Ö ¸´ -
·Ê¦¨ £¥²¨¥³ ¶µ¸ÉµÖ´´µ° É¥³¶¥· ÉÊ·Ò ¨ ¶µÉµ³Ê Ö¢²Ö¥É¸Ö £· ´¨Í¥° ¶µ¸ÉµÖ´-
´µ° É¥³¶¥· ÉÊ·Ò.

‚ ÔÉµ³ ¸²ÊÎ ¥ · ¸¶·¥¤¥²¥´¨¥ É¥³¶¥· ÉÊ·Ò ¶µ µ¡Ñ¥³Ê ± ¶¸Ê²Ò ¤µ²¦´µ
¡ÒÉÓ µ¸¥¸¨³³¥É·¨Î´Ò³ (¸³. ·¨¸. 1, ¡).

�¨¸. 1. ƒ¥µ³¥É·¨Î¥¸± Ö ³µ¤¥²Ó · ¸¸³ É·¨¢ ¥³µ° ± ¶¸Ê²Ò [1]:   Å ³µ¤¥²Ó ± ¶¸Ê²Ò;
¡ Å ¢¥·É¨± ²Ó´µ¥ ¸¥Î¥´¨¥ ± ¶¸Ê²Ò

�  ·¨¸. 1, ¡ Ω1, Ω2 Ö¢²ÖÕÉ¸Ö  ¤¨ ¡ É¨Î¥¸±¨³¨ £· ´¨Í ³¨,   Ω3 Å £· ´¨-
Í¥° ¶µ¸ÉµÖ´´µ° É¥³¶¥· ÉÊ·Ò. Ω0, Ω4 ¨ Ω5 ¥¸ÉÓ É¥¶²µ¢Ò¤¥²ÖÕÐ¨¥ µ¡² ¸É¨,
£¤¥ ¶²µÉ´µ¸É¨ É¥¶²µ¢Ò¤¥²¥´¨Ö · ¢´ÖÕÉ¸Ö ¸µµÉ¢¥É¸É¢¥´´µ qv,0, qv,4 ¨ qv,5 ¨
É¥¶²µ¶·µ¢µ¤´µ¸É¨ Å ¸µµÉ¢¥É¸É¢¥´´µ λ0, λ4 ¨ λ5. Ω4in ¨ Ω4out Å ¸µµÉ¢¥É-
¸É¢¥´´µ ¢´ÊÉ·¥´´ÖÖ ¨ ¢´¥Ï´ÖÖ £· ´¨ÍÒ µ¡² ¸É¨ Ω4.

…¸²¨ ¶·¥¤¶µ²µ¦¨ÉÓ, ÎÉµ ¤²Ö ± ¦¤µ° µ¡² ¸É¨ ± ¶¸Ê²Ò É¥¶²µ¶·µ¢µ¤´µ¸ÉÓ
¶µ¸ÉµÖ´´  ¨ ¨§µÉ·µ¶´ , Éµ ³µ¦´µ ´ ¶¨¸ ÉÓ ¸¨¸É¥³Ê ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢-
´¥´¨°, ±µÉµ· Ö Ê¤µ¢²¥É¢µ·¨É · ¸¶·¥¤¥²¥´¨Õ É¥³¶¥· ÉÊ·Ò ¢ ¢¨¤¥ ¸Ë¥·¨Î¥-
¸±µ£µ ¸¥£³¥´É , ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

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

1
r

∂

∂r
(r

∂T

∂r
) +

∂2T

∂z2
+

qv,0

λ0
= 0, (r, z) ∈ Ω0,

1
r

∂

∂r
(r

∂T

∂r
) +

∂2T

∂z2
+

qv,4

λ4
= 0, (r, z) ∈ Ω4,

1
r

∂

∂r
(r

∂T

∂r
) +

∂2T

∂z2
+

qv,5

λ5
= 0, (r, z) ∈ Ω5,

1
r

∂

∂r
(r

∂T

∂r
) +

∂2T

∂z2
+

qv,(0−4)

λ(0−4)

= 0, (r, z) ∈ Ω4out,

1
r

∂

∂r
(r

∂T

∂r
) +

∂2T

∂z2
+

qv,(4−5)

λ(4−5)

= 0, (r, z) ∈ Ω4in,

∂T

∂z

∣∣∣∣
Ω1

= 0,
∂T

∂r

∣∣∣∣
Ω2

= 0, T |Ω3 = T0.

(1.1)

2



‚ ÔÉ¨Ì Ê· ¢´¥´¨ÖÌ

Ω1 = (r, z), 0 � r �
√

R2 − h2
0, z = h0,

Ω2 = (r, z), r = 0, h0 � z � R,

Ω3 = (r, z), 0 � r �
√

R2 − h2
0, z =

√
R2 − r2,

Ω4in = (r, z),
{

r = r1, R − h1 � z � R,
0 � r � r1, z = R − h1,

Ω4out = (r, z),
{

r = r1 + δ, R − h1 − δ � z � R,
0 � r � r1 + δ, z = R − h1 − δ,

¨ qv,(0−4), λv,(0−4) Ö¢²ÖÕÉ¸Ö ¸µµÉ¢¥É¸É¢¥´´µ Ô±¢¨¢ ²¥´É´µ° ¶²µÉ´µ¸ÉÓÕ É¥-
¶²µ¢Ò¤¥²¥´¨Ö ¨ Ô±¢¨¢ ²¥´É´µ° É¥¶²µ¶·µ¢µ¤´µ¸ÉÓÕ ´  £· ´¨Í¥ ³¥¦¤Ê µ¡² -
¸ÉÖ³¨ Ω0 ¨ Ω4, ¨ qv,(4−5), λv,(0−4) Å ´  £· ´¨Í¥ ³¥¦¤Ê µ¡² ¸ÉÖ³¨ Ω4 ¨
Ω5.

„²Ö ¶·µ¸ÉµÉÒ § ¤ Î¨ ³Ò ¸Î¨É ²¨, ÎÉµ ³¥¦¤Ê µ¡² ¸ÉÖ³¨ · §²¨Î´ÒÌ ³ -
É¥·¨ ²µ¢ ¸ÊÐ¥¸É¢Ê¥É ´¥±¨° £¨¶µÉ¥É¨Î¥¸±¨° £· ´¨Î´Ò° ¸²µ°, ±µÉµ·Ò° ¨³¥¥É
Ô±¢¨¢ ²¥´É´Ò¥ É¥¶²µË¨§¨Î¥¸±¨¥ ¸¢µ°¸É¢ , · ¢´Ò¥ ¸·¥¤´¥³Ê §´ Î¥´¨Õ µÉ
¸¢µ°¸É¢ ³ É¥·¨ ²µ¢, ¸µ¸É ¢²ÖÕÐ¨Ì £· ´¨ÍÊ.

2. ��‡��‘’�›… “��‚�…�ˆŸ

„²Ö Ê³¥´ÓÏ¥´¨Ö Î¨¸²  Ê§²µ¢ ¢ ·¥Ï¥´¨¨ Ê· ¢´¥´¨Ö (1.1) · §´µ¸É´Ò³ ³¥-
Éµ¤µ³ Ï £ ¶·µ¸É· ´¸É¢¥´´µ° ·¥Ï¥É±¨ ¢ ·Ó¨·Ê¥É¸Ö ¶µ µ¡² ¸ÉÖ³, ± ± ´  ·¨¸. 2.
�·¨ ÔÉµ³ µ¡² ¸ÉÓ ± ¶¸Ê²Ò ¤¥²¨É¸Ö ´  ¢µ¸¥³Ó ¶µ¤µ¡² ¸É¥° ¸ µÉ²¨Î´Ò³¨ ¤·Ê£
µÉ ¤·Ê£  Ï £ ³¨ Ê§²µ¢.

2.1. ‚´ÊÉ·¥´´¨¥ Ê§²Ò. ‚ ÔÉ¨Ì Ê§² Ì (1Ä8 ´  ·¨¸. 2) ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥
Ê· ¢´¥´¨Ö ¨³¥ÕÉ ¸²¥¤ÊÕÐ¨° ¢¨¤:

1
r

∂

∂r
(r

∂T

∂r
) +

∂

∂z
(
∂T

∂z
) = −qv

λ
, (2.1)

¤²Ö ±µÉµ·µ£µ ³µ¦´µ ´ ¶¨¸ ÉÓ · §´µ¸É´µ¥ Ê· ¢´¥´¨¥ [2]:

1
rm

rm+1/2(T n
m+1 − T n

m) − rm−1/2(T n
m − T n

m−1)
h2

r

+

+
T n+1

m − 2T n
m + T n−1

m

h2
z

= −qv

λ
, (2.2)

§¤¥¸Ó T n
m Å É¥³¶¥· ÉÊ·  ¢ Ê§²¥ (m, n), rm±1/2 Å · ¤¨ ²Ó´ Ö ±µµ·¤¨´ É 

ÉµÎ±¨ ³¥¦¤Ê Ê§² ³¨ m ¨ (m ± 1). �·¥µ¡· §ÊÖ · §´µ¸É´µ¥ Ê· ¢´¥´¨¥ (2.2),
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�¨¸. 2. � §´µ¸É´ Ö ¸Ì¥³  ¤²Ö ·¥Ï¥´¨Ö ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨°: hr(i) Å i-Ö · ¤¨-
 ²Ó´ Ö · §´µ¸ÉÓ; hz(i) Å i-Ö  ±¸¨ ²Ó´ Ö · §´µ¸ÉÓ; m, n Å ´µ³¥·  Ê§²µ¢ ´  · ¤¨ ²Ó´µ³
¨  ±¸¨ ²Ó´µ³ ´ ¶· ¢²¥´¨¨; 1Ä8 Å ¢´ÊÉ·¥´´¨¥ µ¡² ¸É¨; rm Å · ¤¨ ²Ó´ Ö ±µµ·¤¨´ É 
m-£µ Ê§² ; 9, 10 Å ¢´ÊÉ·¥´´¨¥ £· ´¨ÍÒ ´  £µ·¨§µ´É ²Ó´µ° ¨ ¢¥·É¨± ²Ó´µ° ¸Éµ·µ´¥;
Ω1ÄΩ3 Å ¢´¥Ï´¨¥ £· ´¨ÍÒ

¶µ²ÊÎ¨³ ¢Ò· ¦¥´¨¥

1
h2

z

T n−1
m +

rm−1/2

rmh2
r

T n
m−1 − (

rm+1/2

rmh2
r

+
rm−1/2

rmh2
r

+
2
h2

z

)T n
m+

+
rm+1/2

rmh2
r

T n
m+1 +

1
h2

z

T n+1
m = −qv

λ
, (2.3)

±µÉµ·µ¥ Ö¢²Ö¥É¸Ö µ¡Ð¨³ · §´µ¸É´Ò³ Ê· ¢´¥´¨¥³ ¤²Ö ´¥£· ´¨Î´ÒÌ µ¡² ¸É¥°.
‚ ÔÉµ³ Ê· ¢´¥´¨¨, ¥¸²¨ § ³¥´¨ÉÓ ¶µ¸²¥¤µ¢ É¥²Ó´µ ¢¥²¨Î¨´Ò hr, hz, qv ,

λ ¢¥²¨Î¨´ ³¨ ¤²Ö ¸µµÉ¢¥É¸É¢¥´´ÒÌ µ¡² ¸É¥°, ¶µ²ÊÎ ÕÉ¸Ö ¸µµÉ¢¥É¸É¢¥´´Ò¥
· §´µ¸É´Ò¥ Ê· ¢´¥´¨Ö ¤²Ö ¢¸¥Ì ¢µ¸Ó³¨ µ¡² ¸É¥°. ‚ É ¡². 1 ¶µ± § ´Ò ¢¥²¨Î¨´Ò
hr, hz, qv, λ ¤²Ö ± ¦¤µ° µ¡² ¸É¨.

Š ± ¢¨¤´µ ¨§ Ê· ¢´¥´¨Ö (2.3) ¨ É ¡². 1, ¢¸¥ Î²¥´Ò · §´µ¸É´ÒÌ Ê· ¢´¥´¨°
¤²Ö ´¥£· ´¨Î´ÒÌ Ê§²µ¢ ¨³¥ÕÉ ´¥´Ê²¥¢Ò¥ ±µÔËË¨Í¨¥´ÉÒ.
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’ ¡²¨Í  1. ‚¥²¨Î¨´Ò hr , hz , qv , λ ¤²Ö ± ¦¤µ° µ¡² ¸É¨ ± ¶¸Ê²Ò

‚¥²¨Î¨´ 
�¡² ¸ÉÓ

1 2 3 4 5 6 7 8

hr hr3 hr2 hr1 hr1 hr2 hr2 hr3 hr3

hz hz1 hz1 hz1 hz2 hz1 hz2 hz2 hz1

qv qv,0 qv,0 qv,0 qv,0 qv,4 qv,4 qv,4 qv,5

λ λ0 λ0 λ0 λ0 λ4 λ4 λ4 λ5

2.2. �¸¥¢Ò¥ £· ´¨ÍÒ (Ω1, Ω2). �¸¥¢Ò¥ £· ´¨ÍÒ ¤µ²¦´Ò Ê¤µ¢²¥É¢µ·ÖÉÓ
¸²¥¤ÊÕÐ¨³ £· ´¨Î´Ò³ Ê¸²µ¢¨Ö³:




∂T

∂z

∣∣∣∣
Ω1

= 0,

∂T

∂r

∣∣∣∣
Ω2

= 0.
(2.4)

�·¥µ¡· §ÊÖ ÔÉ¨ Ê¸²µ¢¨Ö ¢ · §´µ¸É´Ò¥ Ê· ¢´¥´¨Ö, ¶µ²ÊÎ¨³

{
T n

m+1 = T n
m−1, m, n ∈ Ω2,

T n+1
m = T n−1

m , m, n ∈ Ω1.
(2.5)

‡ ³¥´¨¢ · §´µ¸É´Ò¥ Ê· ¢´¥´¨Ö (2.5) ´  µ¡Ð¨¥ · §´µ¸É´Ò¥ Ê· ¢´¥´¨Ö
(2.3), ¶µ²ÊÎ¨³




1
h2

z

T n−1
m −

(
rm+1/2

rmh2
r

+
rm−1/2

rmh2
r

+
2
h2

z

)
T n

m+

+
(

rm−1/2

rmh2
r

+
rm+1/2

rmh2
r

)
T n

m+1 +
1
h2

z

T n+1
m = −qv

λ
,

rm−1/2

rmh2
r

T n
m−1 −

(
rm+1/2

rmh2
r

+
rm−1/2

rmh2
r

+
2
h2

z

)
T n

m+

+
rm+1/2

rmh2
r

T n
m+1 +

2
h2

z

T n+1
m = −qv

λ
,

(2.6)

± ¦¤µ¥ ¨§ ±µÉµ·ÒÌ Ö¢²Ö¥É¸Ö µ¡Ð¨³ · §´µ¸É´Ò³ Ê· ¢´¥´¨¥³ ¸µµÉ¢¥É¸É¢¥´´µ
¤²Ö µ¡² ¸É¥° Ω1 ¨ Ω2.

‚ ´ Î ²¥ ±µµ·¤¨´ É Ê¤µ¢²¥É¢µ·ÖÕÉ¸Ö µ¡  Ê· ¢´¥´¨Ö (2.5), ¨ · §´µ¸É´µ¥
Ê· ¢´¥´¨¥ ¨³¥¥É ¢¨¤ [2]

−(
rm+1/2

rmh2
r

+
rm−1/2

rmh2
r

+
2
h2

z

)T n
m + (

rm+1/2

rmh2
r

+
rm−1/2

rmh2
r

)T n
m+1 +

2
h2

z

T n+1
m = −qv

λ
.

(2.7)
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2.3. ‚´ÊÉ·¥´´¨¥ £· ´¨ÍÒ ³¥¦¤Ê ³ É¥·¨ ² ³¨. �  ÔÉ¨Ì £· ´¨Í Ì (¸³. 9,
10 ´  ·¨¸. 2) · §´µ¸É¨, ¶·µÉ¨¢µ¸ÉµÖÐ¨¥ µÉ´µ¸¨É¥²Ó´µ · ¸¸³ É·¨¢ ¥³µ° ÉµÎ±¨,
´¥ · ¢´Ò (¸³. ·¨¸. 3).

�¨¸. 3. � §´µ¸É´ Ö ¸Ì¥³  ´  ¢´ÊÉ·¥´´¥° £· ´¨Í¥ ³¥¦¤Ê ³ É¥·¨ ² ³¨

‚ ¸ ³µ³ µ¡ÒÎ´µ³ ¸²ÊÎ ¥, ¢ ±µÉµ·µ³ µ¡¥ · §´µ¸É¨ ´  · ¤¨ ²Ó´µ³ ¨  ±¸¨-
 ²Ó´µ³ ´ ¶· ²¥´¨¨ · §²¨Î´Ò (ÉµÎ±  A ´  ·¨¸. 3), µ¡Ð¥¥ · §´µ¸É´µ¥ Ê· ¢´¥´¨¥
³µ¦´µ § ¶¨¸ ÉÓ ¢ ¢¨¤¥ [2]

2r+
m+1/2

rmh+
r h0

r

T n
m+1 −

2(h−
r r+

m+1/2 + h+
r r−m−1/2)

rmh+
r h−

r h0
r

T n
m +

2r−m−1/2

rmh−
r h0

r

T n
m−1+

+
2

h+
z h0

z

T n+1
m − 2

h+
z h−

z
T n

m +
2

h−
z h0

z

T n−1
m = −qv

λ
, (2.8)

§¤¥¸Ó

qv =
qv,1h

−
z h+

r + qv,2h
+
r h+

z + qv,3h
−
r h+

z + qv,4h
−
r h−

z

h0
rh

0
z

,

λ =
λ1h

−
z h+

r + λ2h
+
r h+

z + λ3h
−
r h+

z + λ4h
−
r h−

z

h0
rh

0
z

.

„²Ö Ê§²µ¢ ´  · ¤¨ ²Ó´µ° £· ´¨Í¥, ¢ ±µÉµ·µ° Éµ²Ó±µ · §´µ¸É¨ ´   ±¸¨ ²Ó-
´µ³ ´ ¶· ¢²¥´¨¨ · §²¨Î´Ò (ÉµÎ±  � ´  ·¨¸. 3), µ¡Ð¥¥ · §´µ¸É´µ¥ Ê· ¢´¥´¨¥
µ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥ [2]

rm+1/2

rmh2
r

T n
m+1 −

rm+1/2 + rm−1/2

rmh2
r

T n
m +

rm−1/2

rmh2
r

T n
m−1+

+
2

h+
z h0

z

T n+1
m − 2

h+
z h−

z
T n

m +
2

h−
z h0

z

T n−1
m = −qv

λ
,
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¶·¨ ÔÉµ³

qv =
qv,1h

−
z + qv,2h

+
z

h−
z + h+

z
, λ =

λ1h
−
z + λ2h

+
z

h−
z + h+

z
.

„²Ö Ê§²µ¢ ´   ±¸¨ ²Ó´µ° £· ´¨Í¥, ¢ ±µÉµ·µ° Éµ²Ó±µ · §´µ¸É¨ ´  · ¤¨ ²Ó-
´µ³ ´ ¶· ¢²¥´¨¨ · §²¨Î´Ò (ÉµÎ±  ‚ ´  ·¨¸. 3), µ¡Ð¥¥ · §´µ¸É´µ¥ Ê· ¢´¥´¨¥
¨³¥¥É ¢¨¤ [2]

2rm+1/2+

rmh+
r h0

r

T n
m+1 −

2(h−
r rm+1/2 + h+

r r−m−1/2)

rmh+
r h−

r h0
r

T n
m+

2r−m−1/2

rmh−
r h0

r

T n
m−1 +

1
h2

z

T n+1
m − 2

h2
z

T n
m +

1
h2

z

T n−1
m = −qv

λ

¶·¨ ÔÉµ³

qv =
qv,1h

+
r + qv,4h

−
r

h−
r + h+

r
, λ =

λ1h
+
r + λ4h

−
r

h−
r + h+

r
.

2.4. ‚´ÊÉ·¥´´¨¥ Ê§²Ò µ±µ²µ ¢´¥Ï´¥° £· ´¨ÍÒ (Ω3). �µ¸±µ²Ó±Ê ¢´¥Ï´ÖÖ
£· ´¨Í  Ω3 (·¨¸. 2) ¨³¥¥É ±·Ê£µ¢ÊÕ ¸¨³³¥É·¨Õ, ¢´ÊÉ·¥´´¨¥ Ê§²Ò ¨³¥ÕÉ É·¨
¢¨¤  ·¥Ï¥Éµ± (¸³. ·¨¸. 4).

�¨¸. 4. ’·¨ ¢¨¤  ·¥Ï¥Éµ± µ±µ²µ ¢´¥Ï´¥° £· ´¨ÍÒ: m, n Å ´µ³¥·  Ê§²µ¢ ´  · ¤¨-
 ²Ó´µ³ ¨  ±¸¨ ²Ó´µ³ ´ ¶· ¢²¥´¨¨; br Å · ¤¨ ²Ó´ Ö ¤¨¸É ´Í¨Ö ³¥¦¤Ê Ê§² ³¨ µ±µ²µ
£· ´¨ÍÒ ¨ ´  £· ´¨Í¥; bz Å  ±¸¨ ²Ó´ Ö ¤¨¸É ´Í¨Ö ³¥¦¤Ê Ê§² ³¨ µ±µ²µ £· ´¨ÍÒ ¨ ´ 
£· ´¨Í¥; Ω3 Å ¢´¥Ï´ÖÖ £· ´¨Í 

„²Ö Ê§²µ¢, ¶·¥¤¸É ¢²¥´´ÒÌ ´  ·¨¸. 4,  , ´  ±µÉµ·ÒÌ T n
m+1 = T0, µ¡Ð¥¥

· §´µ¸É´µ¥ Ê· ¢´¥´¨¥ ³µ¦´µ § ¶¨¸ ÉÓ ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥ [5]:

1
h2

z

T n−1
m +

2rm−1/2

rmhr(hr + br)
T n

m−1−2
[
hr(rm + br/2) + brrm−1/2

rmhrbr(hr + br)
+

1
h2

z

]
T n

m+

+
1
h2

z

T n+1
m = −qv

λ
− 2(rm + br/2)

rmbr(hr + br)
T0.
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„²Ö Ê§²µ¢, ¶·¥¤¸É ¢²¥´´ÒÌ ´  ·¨¸. 4, ¡, ´  ±µÉµ·ÒÌ T n
m+1 = T0 ¨ T n−1

m =
T0, µ¡Ð¥¥ · §´µ¸É´µ¥ Ê· ¢´¥´¨¥ ³µ¦´µ µ¶¨¸Ò¢ ÉÓ É ± [5]:

2rm−1/2

rmhz(hz + bz)
T n

m−1 − 2
[
hr(rm + br/2) + brrm−1/2

rmhrbr(hr + br)
+

1
hzbz

]
T n

m+

+
2

bz(hz + bz)
T n+1

m = −qv

λ
−

[
2(rm + br/2)
rmbr(hr + br)

+
2

hz(hz + bz)

]
T0.

„²Ö Ê§²µ¢ ´  ·¨¸. 4, ¢, ´  ±µÉµ·ÒÌ T n−1
m = T0, µ¡Ð¥¥ · §´µ¸É´µ¥ Ê· ¢´¥-

´¨¥ ³µ¦´µ µ¶¨¸Ò¢ ÉÓ ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥ [3]:

rm−1/2

rmh2
r

T n
m−1 − (

rm+1/2 + rm−1/2

rmh2
r

+
2

hzbz
)T n

m +
rm+1/2

rmh2
r

T n
m+1+

2
bz(hz + bz)

T n+1
m = −qv

λ
− 2

hz(hz + bz)
T0.

’ ±¨³ µ¡· §µ³, ¶µ²ÊÎ¥´Ò µ¡Ð¨¥ · §´µ¸É´Ò¥ Ê· ¢´¥´¨Ö ¤²Ö ¢¸¥Ì · ¸¸³ -
É·¨¢ ¥³ÒÌ µ¡² ¸É¥° ± ¶¸Ê²Ò. ˆ¸¶µ²Ó§ÊÖ ¢ÒÏ¥· ¸¸³µÉ·¥´´Ò¥ µ¡Ð¨¥ · §´µ¸É-
´Ò¥ Ê· ¢´¥´¨Ö, ³µ¦´µ § ¶¨¸ ÉÓ · §´µ¸É´Ò¥ Ê· ¢´¥´¨Ö ¤²Ö ± ¦¤µ£µ Ê§²  ´ 
¶²µÐ ¤¨ ¸¥Î¥´¨Ö ± ¶¸Ê²Ò, ¨ ¢ ·¥§Ê²ÓÉ É¥ ¶µ²ÊÎ ¥É¸Ö ¸¨¸É¥³   ²£¥¡· ¨Î¥¸±¨Ì
Ê· ¢´¥´¨° ¶¥·¢µ£µ ¶µ·Ö¤± :

[M ] [T ] = [S] , (2.9)

£¤¥ [M ] Å ³ É·¨Í  ±µÔËË¨Í¨¥´Éµ¢ ¶µ·Ö¤±  N , Ô²¥³¥´ÉÒ ±µÉµ·µ° µ¶·¥¤¥²Ö-
ÕÉ¸Ö ¶µ ±µÔËË¨Í¨¥´É ³ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì · §´µ¸É´ÒÌ Ê· ¢´¥´¨°:

[M ] =




A1,1 A1,2 0 ··· A1,i 0 0 0 ··· 0
A2,1 A2,2 A2,3 0 ··· A2,i+1 0 0 ··· 0

0 A3,2 A3,3 A3,4 0 ··· A3,i+2 0 ··· 0

... 0 A4,3 A4,4 A4,5 0 ··· A4,i+4 ··· 0

Ai,1

... 0 A5,4 A5,5 A5,6 0 ··· ··· 0

0 Ai+1,2

... 0 A6,5 A6,6 A6,7 0 ··· 0

0 0 Ai+2,3

... 0 A7,6 A7,7 A7,8 ···
...

0 0 0 Ai+3,4

... 0 A8,7 ··· ··· 0

...
...

...
...

...
...

...
... AN−1,N−1AN−1,N

0 0 0 0 0 0 ··· 0 AN,N−1 AN,N




,

§¤¥¸Ó N Å Î¨¸²µ Ê§²µ¢; i Å Î¨¸²µ · ¤¨ ²Ó´ÒÌ Ê§²µ¢ ´  £· ´¨Í¥ Ω1.
Œ É·¨Í  [M ] Ö¢²Ö¥É¸Ö ¤¨ £µ´ ²Ó´µ° ³ É·¨Í¥°, ±µÉµ· Ö ¨³¥¥É ²¥´Éµ-

µ¡· §´ÊÕ ¸É·Ê±ÉÊ·Ê.
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�µ¸±µ²Ó±Ê ¢´¥Ï´ÖÖ £· ´¨Í  · ¸¸³ É·¨¢ ¥³µ° µ¡² ¸É¨ ¨³¥¥É ±·Ê£µ¢ÊÕ
¸¨³³¥É·¨Õ

r2 + z2 = R2,

Î¨¸²µ · ¤¨ ²Ó´ÒÌ Ê§²µ¢ i Ê³¥´ÓÏ ¥É¸Ö ¸ Ê¢¥²¨Î¥´¨¥³ ´µ³¥·   ±¸¨ ²Ó´µ£µ
Ê§² . �µÔÉµ³Ê Éµ²Ð¨´  ²¥´ÉÒ ³ É·¨ÍÒ [M ] Ê³¥´ÓÏ ¥É¸Ö ¸ Ê¢¥²¨Î¥´¨¥³ ´µ-
³¥·  N .

‚ Ê· ¢´¥´¨¨ (2.9) [T ], [S] Å N -³¥·´Ò¥ ¢¥±Éµ·Ò ¸ ¶·µ¥±Í¨Ö³¨ ¸µµÉ¢¥É-
¸É¢¥´´µ ´¥¨§¢¥¸É´ÒÌ É¥³¶¥· ÉÊ· ¨ ¶µ¸ÉµÖ´´ÒÌ ±µÔËË¨Í¨¥´Éµ¢:

[T ] =




T1(m, n)
T2(m, n)

· · ·
TN (m, n)


 , [S] =




f1(qv/λ)
f2(qv/λ)

· · ·
fN (qv/λ)


 .

�¥Ï¨¢ ¸¨¸É¥³Ê  ²£¥¡· ¨Î¥¸±¨Ì Ê· ¢´¥´¨° (2.9), ¶µ¸²¥¤µ¢ É¥²Ó´µ ³µ¦´µ
¶µ²ÊÎ¨ÉÓ · ¸¶·¥¤¥²¥´¨¥ É¥³¶¥· ÉÊ·Ò ¢ · ¸¸³ É·¨¢ ¥³µ° ± ¶¸Ê²¥.

3. �…‡“‹œ’�’ ‚›—ˆ‘‹…�ˆŸ

�  µ¸´µ¢¥ ¢ÒÏ¥· ¸¸³µÉ·¥´´µ£µ ³¥Éµ¤  ¶µ²ÊÎ¥´µ · ¸¶·¥¤¥²¥´¨¥ É¥³¶¥-
· ÉÊ·Ò ± ¶¸Ê²Ò. ’¥¶²µË¨§¨Î¥¸±¨¥ ¸¢µ°¸É¢  ³ É¥·¨ ²µ¢ ¨ £¥µ³¥É·¨Î¥¸±¨¥
· §³¥·Ò ± ¶¸Ê²Ò, ¶·¨´ÖÉÒ¥ ¤²Ö ¢ÒÎ¨¸²¥´¨Ö, ¶·¨¢¥¤¥´Ò ¢ É ¡². 2 [5].

’ ¡²¨Í  2. ’¥¶²µË¨§¨Î¥¸±¨¥ ¸¢µ°¸É¢  ³ É¥·¨ ²µ¢ ¨ £¥µ³¥É·¨Î¥¸±¨¥ · §³¥·Ò ± -
¶¸Ê²Ò, ¶·¨´ÖÉÒ¥ ¤²Ö ¢ÒÎ¨¸²¥´¨Ö

� ¤¨Ê¸ Ï ·  ± ¶¸Ê²Ò 15 ³³
‚Ò¸µÉ  § ³¥¤²¨É¥²Ö ¢ ± ¶¸Ê²¥ 12 ³³
‚´ÊÉ·¥´´¨° · ¤¨Ê¸ ±µ·¶Ê¸  É¥·³µ¶ ·Ò 0,75 ³³
‚´ÊÉ·¥´´ÖÖ ¢Ò¸µÉ  ±µ·¶Ê¸  É¥·³µ¶ ·Ò 8 ³³
’µ²Ð¨´  ±µ·¶Ê¸  É¥·³µ¶ ·Ò 0,1 ³³
�²µÉ´µ¸ÉÓ É¥¶²µ¢Ò¤¥²¥´¨Ö § ³¥¤²¨É¥²Ö 0,3 ‚É/¸³3

’¥¶²µ¶·µ¢µ¤´µ¸ÉÓ § ³¥¤²¨É¥²Ö 0,3 ‚É/³·Š
�²µÉ´µ¸ÉÓ É¥¶²µ¢Ò¤¥²¥´¨Ö ±µ·¶Ê¸  É¥·³µ¶ ·Ò 0,02 ‚É/¸³3

’¥¶²µ¶·µ¢µ¤´µ¸ÉÓ ±µ·¶Ê¸  É¥·³µ¶ ·Ò 3 ‚É/³·Š
�²µÉ´µ¸ÉÓ É¥¶²µ¢Ò¤¥²¥´¨Ö § ¶µ²´¨É¥²Ö É¥·³µ¶ ·Ò 0,08 ‚É/¸³3

’¥¶²µ¶·µ¢µ¤´µ¸ÉÓ § ¶µ²´¨É¥²Ö É¥·³µ¶ ·Ò 0,1 ‚É/³·Š
’¥³¶¥· ÉÊ·  ´  ¢´¥Ï´¥° £· ´¨Í¥ ± ¶¸Ê²Ò 23 ◦‘

„²Ö Éµ£µ ÎÉµ¡Ò ´ °É¨ ¸ ³Ò° ²ÊÎÏ¨° ¢ ·¨ ´É · §´µ¸É´µ° ·¥Ï¥É±¨, ±µÉµ-
·Ò° ¤ ¥É ·¥§Ê²ÓÉ É ¸ ¤µ¸É ÉµÎ´µ° ÉµÎ´µ¸ÉÓÕ, · ¸Î¥É ¶·µ¢µ¤¨É¸Ö ¶·¨ · §²¨Î-
´ÒÌ · §´µ¸ÉÖÌ.
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’ ¡²¨Í  3. ˆ§³¥´¥´¨¥ É¥³¶¥· ÉÊ·Ò ¢ § ¢¨¸¨³µ¸É¨ µÉ Ï £µ¢ ·¥Ï¥É±¨

hΩ5
r = 0, 125 ³³, hΩ4, ³³ 0,050 0,045 0,040 0,035 0,030 0,025 0,020

hΩ0
r = 0,5 ³³ Tcenter, ◦C 52,606 52,607 52,607 52,608 52,608 52,608 52,608

hΩ4 = 0,035 ³³, hΩ5
r , ³³ 1,30 1,10 0,90 0,70 0,50 0,30 0,10

hΩ0
r = 0,5 ³³ Tcenter,

◦C 53,115 52,844 52,709 52,633 52,606 52,606 52,606

hΩ5
r = 0, 125 ³³, hΩ5

r , ³³ 0,225 0,200 0,175 0,150 0,125 0,100 0,975

hΩ4 = 0, 035 ³³ Tcenter,
◦C 52,617 52,61 52,609 52,609 52,608 52,608 52,608

ˆ§³¥´¥´¨¥ É¥³¶¥· ÉÊ·Ò ¢ Í¥´É·¥ ± ¶¸Ê²Ò ¢ § ¢¨¸¨³µ¸É¨ µÉ Ï £µ¢ ·¥-
Ï¥É±¨ ¶µ± § ´µ ¢ É ¡². 3 ¨ ´  ·¨¸. 5.

‚ É ¡². 3 hΩ0
r Å · ¤¨ ²Ó´Ò° Ï £ ¢ µ¡² ¸É¨ § ³¥¤²¨É¥²Ö, hΩ4 Å Ï £ ¢

µ¡² ¸É¨ ±µ·¶Ê¸  É¥·³µ¶ ·Ò, hΩ5
r Å · ¤¨ ²Ó´Ò° Ï £ ¢ µ¡² ¸É¨ § ¶µ²´¨É¥²Ö

É¥·³µ¶ ·Ò, Tcenter Å É¥³¶¥· ÉÊ·  § ³¥¤²¨É¥²Ö ¢ Í¥´É·¥ ± ¶¸Ê²Ò.

�¨¸. 5. ˆ§³¥´¥´¨¥ É¥³¶¥· ÉÊ·Ò ¢ § ¢¨¸¨³µ¸É¨ µÉ Ï £µ¢ ·¥Ï¥É±¨
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ˆ§ É ¡². 3 ¨ ·¨¸. 5 Ö¸´µ, ÎÉµ ¤²Ö ¶µ²ÊÎ¥´¨Ö ·¥§Ê²ÓÉ É  ¸ ÉµÎ´µ¸ÉÓÕ 10−3

´Ê¦´µ ¢§ÖÉÓ Ï £¨ hΩ0
r < 0,5 ³³, hΩ4 < 0,035 ³³, hΩ5

r < 0,125 ³³.
„²Ö § ¢¥·Ï ÕÐ¥£µ · ¸Î¥É  ¶·¨´ÖÉÒ ¸²¥¤ÊÕÐ¨¥ ¶ · ³¥É·Ò ·¥Ï¥É±¨, ¶·¥¤-

¸É ¢²¥´´Ò¥ ¢ É ¡². 4.

’ ¡²¨Í  4. � · ³¥É·Ò ·¥Ï¥É±¨ ¤²Ö § ¢¥·Ï¥´¨Ö · ¸Î¥Éµ¢

� ¤¨ ²Ó´Ò° Ï £ ¢ µ¡² ¸É¨ § ¶µ²´¨É¥²Ö É¥·³µ¶ ·Ò hΩ5
r 0,125 ³³

˜ £ ¢ µ¡² ¸É¨ ±µ·¶Ê¸  É¥·³µ¶ ·Ò hΩ4 0,033 ³³
� ¤¨ ²Ó´Ò° Ï £ ¢ µ¡² ¸É¨ § ³¥¤²¨É¥²Ö hΩ0

r 0,5 ³³
—¨¸²µ  ±¸¨ ²Ó´ÒÌ Ê§²µ¢ 25
—¨¸²µ · ¤¨ ²Ó´ÒÌ Ê§²µ¢ 37
�¡Ð¥¥ Î¨¸²µ Ê§²µ¢ 757

�¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨Ö ¶µ± § ´Ò ´  ·¨¸. 6 ¨ ¢ É ¡². 5.
„²Ö ²ÊÎÏ¥° ¢¨¤¨³µ¸É¨ · ¸¶·¥¤¥²¥´¨Ö É¥³¶¥· ÉÊ·Ò ¢¡²¨§¨ É¥·³µ¶ ·Ò

É¥³¶¥· ÉÊ·  ¶·¨¢¥¤¥´  ± ± ËÊ´±Í¨Ö ´µ³¥·  Ê§² . Š ± ¢¨¤´µ ¨§ £· Ë¨±  ´ 
·¨¸. 6, ¢¡²¨§¨ ±µ·¶Ê¸  É¥·³µ¶ ·Ò (m = 6÷ 9, n = 8÷ 11) ¶µÖ¢²Ö¥É¸Ö ´¥¡µ²Ó-
Ïµ¥ ¸´¨¦¥´¨¥ É¥³¶¥· ÉÊ·Ò ¨§-§  µÉ´µ¸¨É¥²Ó´µ ¢Ò¸µ±µ° É¥¶²µ¶·µ¢µ¤´µ¸É¨
³ É¥·¨ ²  ±µ·¶Ê¸  É¥·³µ¶ ·Ò. ’¥¶²µ¶·µ¢µ¤´µ¸ÉÓ ³ É¥·¨ ²  ±µ·¶Ê¸  É¥·³µ-
¶ ·Ò ¸µ¸É ¢²Ö¥É 3 ‚É/³/Š, ÎÉµ £µ· §¤µ ¡µ²ÓÏ¥ É¥¶²µ¶·µ¢µ¤´µ¸É¨ ³ É¥·¨ ²µ¢
§ ³¥¤²¨É¥²Ö ´¥°É·µ´µ¢ ¨ § ¶µ²´¨É¥²Ö (0,3 ÷ 0,1 ‚É/³/Š). �Éµ£µ ¤µ¸É ÉµÎ´µ
¤²Ö Éµ£µ, ÎÉµ¡Ò ¨¸± §¨ÉÓ ¢¨¤ · ¸¶·¥¤¥²¥´¨Ö É¥³¶¥· ÉÊ·Ò.

�¨¸. 6. � ¸¶·¥¤¥²¥´¨¥ É¥³¶¥· ÉÊ·Ò ¶µ · §´µ¸É´Ò³ Ê§² ³: T (m,n) Å É¥³¶¥· ÉÊ·  ´ 
Ê§²¥ (m, n); m Å ´µ³¥· · ¤¨ ²Ó´µ£µ Ê§² ; n Å ´µ³¥·  ±¸¨ ²Ó´µ£µ Ê§² 
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‡�Š‹�—…�ˆ…

‚ ´ ¸ÉµÖÐ¥³ ¨¸¸²¥¤µ¢ ´¨¨ ¶·µ¢¥¤¥´µ ¢ÒÎ¨¸²¥´¨¥ · ¸¶·¥¤¥²¥´¨Ö É¥³¶¥-
· ÉÊ·Ò ¢ ³ ²µ³ µ¡Ñ¥³¥ ¶µ²Ê¸Ë¥·¨Î¥¸±µ° µ¡²ÊÎ É¥²Ó´µ° ± ¶¸Ê²Ò ¶·¨ ´¥µ¤-
´µ·µ¤´µ³ Ì · ±É¥·¥ ³ É¥·¨ ²  ¢ ´¥° ¸ ÉµÎ´µ¸ÉÓÕ ¤µ 10−3 Š.

�¥§Ê²ÓÉ ÉÒ ÔÉµ£µ · ¸Î¥É  ¶µ§¢µ²ÖÕÉ ÊÉµÎ´¨ÉÓ ¶µ¶· ¢±¨ ´  ¢²¨Ö´¨¥ ¨§³¥-
·¨É¥²Ó´µ° É¥·³µ¶ ·Ò.
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