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1 Ú ó

9ØàC¢�ææ^��1�5D4^NX
Ú¤I��>6, ��1� u"�XÚS ("�
XÚ���1�Jø
��ý�!4 K �$§ó�
�¸), d~§ 300 K ü� 4 K, e%Ú^N £¬
E¤1��.�, l¦ý��«É�A�.�Ú
@Ø, N´�)øÅa�"� [1−3].

ù	9ÅEâ���«¯�!k��Ã�u
ÿ�ª, 3ISþ®²ÅìA^u ITER (IS9Ø
àC¢�æ) �8,
Ü��uÿÚµ�. Seki �
<�ï
ù	9¤�XÚ5uÿF��fUÅ�
mu� ITER  6ì%n�OrEÜá� (CFC) Ü
�, ¦�òpØ9Y5\+¥é CFC Ü�?19
-y, ¿|^ù	��C�Ó�iÿÁ��n¡,

5uÿ CFC �e%+�m�Å��þ [4]. î³�
fU�ÓN (EURATOM), Durocher �<Ó�|^
ü«-y�ª� (£�Ú SATIR �{) ù	9ÅE
âuÿ ITER ¥� CFC Ü�, ¿ò���êâ?1

KÜ5Jpuÿ���5 [5,6]. Lotta ��ïÄy¢

3�Äu�Ç�cJe, ù	9¤��{�±¢
y ITER  6ì¥7á¾Ü�§Ý�°(ÿþ [7].

Gauthier �<3��þ�ï2�ù	9¤�C�,

iÿÌ-�¿S�lfN�p�^ [8]. 'u��
1�ý���ù	9Åuÿ, ���'��.

��1�ý���?nkü«�ª, �«´æ
^^�ý��z, ,�«´Ãó�K (E��Àæ
j�ÚàzæX��U���z). cÙ´Ãó�
K�ó², Ùõ�.¡�(�¦�DÚ�Ã�uÿ
Eâ (X ��, �(�) É���. ù	9ÅEâ´
ÏL�«9-y�ª (ð1�!�(!>Nº�)

ÌÄéÔN�\��9-y, ¦ÔNSÜ"�±L
¡§|Cz��É/ªLyÑ5 [9−11]. �éØÓ
��uÔ9"�a., æ^·^�9-y�ª9ê
â?n�{éJpÙuÿUå�'�. ��ïÄ
}Á|^L¡�>9-y�ù	9Å�{éÃó
�Kó², ýîøÅ"����1�ý��?1u
ÿ. 3nØ©Û9�[�Ä:þ, ÏLé9ãS�
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?1�©?n5Jp"�&Ò��"�&Ò�é
'Ý, ¿�DÚ�ð1�9-y�(J?1'�,

±Ï���«���!·^u��1�ý���
Ã�uÿ�{.

2 ¢��n99D�nØ�.

��1�ý���ù	9Åuÿ�nãXã 1

¤«, éý��L¡�\�]��96 q, 9�¤æ
8Á�L¡§|Cz. b�D90�´þ!�, ¿
���Ä r �����9��¹, Î�I�9D�
�©�§�±�� [12−14]

∂2T

∂r2
+

1
r

∂T

∂r
− 1

α

∂T

∂t
= −f(r, t)

κ
, (1)

T (r, t) ´ u r ? t ���§Ý, f(r, t) ´9�
§, κ(W/(m·K)) ´9D�Ç, α(m2/s) �9*ÑXê.

3ü0��>¡ (�uÔL¡��í) )�§ (1) I
�÷v§ÝëY>.^� T1 = T2, ±9ý9>.
^�

∂T

∂r
|r = r0 = 0. (2)

�Ä��]�²¡9, 3 t = 0 ���\3
��Î r′ ?, �§ (1) ¥� f(r, t) �±��

f(r, t) = qδ(r′)δ(t), (3)

q ´~ê, �Lü ¡È�9þ, Ïd�§ (1) �±
��

∂2T

∂r2
+

1
r

∂T

∂r
− 1

α

∂T

∂t
= −qδ(r′)δ(t)

κ
. (4)

�§�)� [15]

T (r, t) =
C

4παt
e−(r2+r′2)/4αtI0(

rr′

2αt
), (5)

Ù¥, C = q/ρc, ρ ��Ý, c �'9N, I0 �"�1
�a?��l�¼ê.

]�9�\3�uÔ�L¡ r′ = r0, @oÁ
�L¡ r = r0 ?�§ÝL�ª���

T (r0, t) =
C

4παt
e−r2

0/2αtI0(
r2
0

2αt
). (6)

XJ9D��L§¥3åL¡�Ý d ?-�
�ía�"�, ��Ä�g����¹, ¿Cq�
���. @o"�?éA�Á�L¡§ÝL«�

T (d, t) =
C

4παt

[
e−r2

0/2αtI0

(
r2
0

2αt

)
+e−[(r0−d)2+d2]/2αtI0

(
r2
0 − 2r0d

2αt

)]
.

(7)

ã 1 ¢��n«¿ã

ã 2 � (6), (7) ª�nØ�[�, n^�
©OL«�]�¡9�^�Á�L¡�"�«
�!3 mm �"�?Ú 2 mm �"�?§Ý��m
�CzL§, �±w�, ü§L§¥"�:��"
�:��Ñy
©l, ��f�"�©l��@,

ù´d"�?9Å���E¤�.

¢�L§¥Ò´|^9�¤&ÿÁ�L¡§
Ý�©Ù9Cz, |^"�:��"�:§ÝCz
�ØÓ5é�"�� �.

ã 2 nØ�[�

3 Á�9¢���0�

��1�Á�7á+	» 22 mm, ý��æ^
Ãó�K©��7ó² (E��Àæj�Úàz
æX��U���z), þÝ 6 mm. 7á+SÜî
k���, Á� 1/4 Ú 1/2 ?�k��Ý�� 2 mm

Ú 3 mm ��[øÅ"�, ã 3 �Á�ì¡.

¢�XÚ¥, ù	9�¤´�e.9�¤, §
Ý©EÇ� 0.02 K, ã���� 320×240 ��, ¯
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aÅã� 8—9 µm, æ8ªÇ�æ8�m�±¢�
N�.

ã 3 Á�ì¡

4 ¢�(J

^Ck9Y����éÁ�L¡?1�>9
-y, ,�¯�£m, /¤��L¡9. 9�¤æ

8ªÇ� 10 Hz, æ8�m 180 s, ã 4 �¢�(J
��©9ã�.

ý��æ^õ��7ó², E¤Á�L¡Ø².

|^L¡�>ª9-y, ¬�)L¡\9Øþ!.

Ó�, duý���9ú, "�Ú�"�«�&Ò
�OØ�, ±9D(�Z6¦�ã 4 ¤«��©ã
�¥éJ©EÑ"�«�.

Á�L¡\9Øþ!5�3ã 5, "�«��
�~«��§ÝCz�¥Ly�n^��Ð
©§ÝØÓ. Ù¥, � 1, 2 ©O� 2 mm Ú 3 mm

��"�«�, � 3 ��"�«�. ü§L§¥
��©l:�vknØ�[� (ã 1) @o�
ß, ÏLã 5 ��éJ�ä"�«�Ú�"�«
�. �n^�ü§��Ç´k�O�, � 3 '
� 1 Ú 2 ü§�¯, Ì�Ny3c 60 s.

ã 4 �©9ã�

ã 5 §Ý - �m�

�
�ØL¡\9Øþ�K�, é§Ý - �
m���©. ã 6 �nØ�[�©�, ã 7

�¢�(J��©�. �
�Ð�wyÑØÓ
� Ý " � � ©  � � C z 5 Æ, p � I � � æ

^ ln(1000×|dT/dt|). 3nØ�©�Ú¢��©
�¥, Ñ�±w�, �"�«��§ÝCzÇp
u"�«�. éuØÓ�Ý�"�, 3ü§Ð©�
ã�f"��§ÝCzÇ�u��"�, 3,�
��ü^�u)
�=. ¢�(JÚnØ�.´
Ä�ÎÜ�, =�f"�fm©ü§¯, 3,��
����"�ü§¯. 3nØ�[¥´�Ä���
9*Ñ�., ¢�êâKÉn�9*Ñ�K�,

Ï, ¢�(J¥n^�úúm©Ü, nØ
�[�3���mE,äk�½§�ÚØÓ�
§ÝCzÇ.

Ïd, é9ã�¥z��:��©?n, ��
CzÇ9ãS�. Xã 8 ¤«�1 12 s ��©9ã,

�Ø
L¡9-yØþ!�K�, ØÓ�Ý�ü�
øÅ"��ß/wyÑ5.

��'�, ã 9 �Ñ
ð1�óÀ-y�¢�
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ã 6 nØ�[�©�

ã 7 ¢��©�

ã 8 �©9ã�

ã 9 ð1�óÀ-y(J

(J. ð1�Uþ 9.6 kJ, óÀ°Ý 2 ms. ã 9 �¢
�(J��©9ã�, �±w�ð1�-y�9þ
!5`u�>9-y, 2 mm ��"�3�©9ã
¥�ß�wy
Ñ5. �duð1�\9Uþ$,

�á��9*ÑXê�, �UuÑ uÁ� 1/2 ?
���"�.

5 ( Ø

�é9ØàC¢�æ¥��1�õ��Kó
²ý���"�uÿ, ©¥|^Ck9Y����
éýî�[øÅ"��Á�L¡?1�>9-y,

�Ñ
3]�¡9�^e��Î���]�9
D�CqnØ�., ¿±�nØ�[�9�©
�. ¢�(J¥"�«���"�«��§ÝCz
5Æ�nØ�.Ä�ÎÜ, =�"�«�§ÝCz
Ç�ýé�pu"�«�, ��f"�fm©ü§
¯, 3,������"�ü§¯. é�©9ãS
�?1�©?n��CzÇ9ãS�, �Ø
Ð©
\9Øþ!5�K�, Jp
9ã�¥"�&Ò�
�"�&Ò�é'Ý. �ð1�-y�(J?1'
�, uy�>9-y�uÿ�Ý�`uð1�óÀ
9-y.
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Abstract

This work aims at developing a thermal wave imaging method for testing the insulation layer of superconducting busbar in

thermonuclear experimental reactor. In the paper, a film bag filled with hot water is used to heat the sample surface. The approxi-

mate theoretical model of transient heat conduction under an instantaneous cylindrical surface source in cylindrical structure is given.

Through simulation and analysis of the theoretical model, it is found that differential processing of the thermal cooling signals can

improve the signal contrast between defects and non-defects areas. Compared with the flash pulse excitation method, the contact

excitation method can detect deep defects.

Keywords: thermonuclear experimental reactor, busbar insulation layer, contact heat excitation, thermal wave
imaging
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