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The Development and Application of Overheating Failure
Model of FBR Steam Generator Tubes ()

Osamu MIYAKE! , Hirotsugu HAMADA? | Hiromi TANABE? , Yusaku WADA3
Akira MIYAKAWA* |, Ayao OKABE* , Ryodai NAKAI® , Hiroshi HIROI®

Abstract
The model has been developed for the assessment of the overheating tube failure in
an event of sodium-water reaction accident of fast breeder reactor's steam generators
(SGs). The model has been applied to the Monju SG studies. Major results obtained

in the studies are as follows:

1. To evaluate the structural integrity of tube material, the strength standard for
2.25Cr-1Mo steel was established taking account of time dependent effect based on
the high temperature (700 — 1200 ) creep data. This standard has been validated
with the tube rupture simulation test data.

2. The conditions for overheating by the high temperature reaction were determined
by use of the SWAT-3 experimental data. The realistic local heating conditions
(reaction zone temperature and related heat transfer conditions) for the
sodium-water reaction were proposed as the cosine-shaped temperature profile.

3. For the cooling effects inside of target tubes, LWR's studies of critical heat flux
(CHF) and post-CHF heat transfer correlations have been examined and considered
in the model.

4. The model has been validated with experimental data obtained by SWAT-3 and
LLTR. The results were satisfactory with conservatism. The PFR superheater leak
event in 1987 was studied, and the cause of event and the effectiveness of the
improvement after the leak event could be identified by the analysis.

5. The model has been applied to the Monju SG studies. It is revealed consequently
that no tube failure occurs in 100%, 40%, and 10% water flow operating conditions

when an initial leak is detected by the cover gas pressure detection system.
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6.1.4 Run
12 22
6.2 SWAT-3
6.2.1
Run 3-9 3-14
3.2.1
6.2.1
3.3.15(c)
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1.5

az 15

SWAT
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6.2.2
6.2.3
(3-5)
6.1.1
6.2.2
6.1.2
6.2.3
6.2.1 O
v oy 3 )
a; 1.5 o
Run17
1.5kg/s 1.5kg/s
6.3 LLTR
3.3 LLTR s15
3.3.3 6.2.1 6.2.3
453g/s 16
1210
2200° F
10.1MPa
343
2 1/4Cr-1Mo
0.07mm/s
6.2.1 12.3 ai; 3.0
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16.7
LLTR
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PFR
7.1
1987 62 2 PFR
40 (3-14,(7-D)  (7-4)
AEA
20kg/s 7.1.1079 PFR
23kg/s
50kg/s
7.2
7.2.1
40
PFR
PFR
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7.3
PFR
7.4
FINAS
SUS321
7.4.1
No.16
30
6.9MPa

PFR
AEA 1992 Nuclear Energy

AEA
Ron Currie

1
13.7MPa 2.0MPa
23

15

160kg

PFR

- 36 -

(7-5),(7-6)

PFR

PFR

PFR
SUS316

20
PFR

(3-14)

APPENDIX B

11
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60 0.69MPa
Currie PFR
1 11
7.4.1 7.4.2
7.4.1
7.4.2
PFR
1-7)
1230 1300
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SG
8.1
SG 8.1.1 1
BLOOPH SG
2
BLOOPH
RUPIN APPENDIX-H 3
RUPIN
TRUE®D TRUE 2.4
8.1.2
8.1.1
40
30 40 10
10 10
1 2 10 40 40 100
10 40 290 320
10 41 40 100
460 470 41 100
10 40 40 100 10 40
40% 10%
8.1.2
40 10
40 10
10
200 290
300
8.1.1
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8.1.3
8.1.4
SG
8.1.4
SG
out of
8.1.5
8.1.1 2
(1
RUPIN

- 39 -

out of

RUPIN

TRUE

8.1.3

RUPIN
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()
(@)
(0
(d)
(a)
NaOH
Na()+H20(g)  NaOH(s)+0.5Hz(g)
AH, = 188kJ/mol
Na(@)+H:0()  NaOH(s)+0.5Hz(g)
A H,y, = 147kdJ/mol
40
A H25
)
40 10
() NaOH H:
NaOH
1000 Ho
(G))
NaOH
8.1.5 SG
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10

(b)

NaOH
He
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SG

APPENDIX D

()

40
RUPIN
8.1.2

2

SG
BLOOPH

8.1.6

1.5kg/s
1.5kg/s

3.3.16 10

4.5
8.1.3
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1.5kg/s

3.3.17

BLOOPH
SG

3.2

RUPIN

RUPIN
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8.1.3
BLOOPH SG
8.1.3
BLOOPH
8.1.7 8.1.8
8.1.9
SG
17 70 1MPa
100
30
8.1.10
250
10 17
TRUE RUPIN
8.1.11 8.1.14
8.1.11 8.1.12
11
8.1.12
1 2
8.1.11
1 2
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Condie
Bengston 7 8 1.0
10 17 8.1.13
8.1.14
10
8.1.6
SWAT 3
40
3.3.16 10 3.3.17
3.3.15(c)
8.1.7
6]
3.8mm
4.2mm
4.02mm 3.50
2
20
10mm
3
1
0.28mm
3.70mm 4.02x 0.99 0.28
3.5mm

3.22mm
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(4)
3.4.1 3 5
3
8.1.8
TRUE Cp A p
A /(p Cp)
SG 2 1/4Cr 1Mo (8-2)
(83) 600
(8-4)
800 (8-3) 600
89 8.1.15
700 800
(1-8) 800 2 1/4Cr 1Mo
SG
800
TRUE
800
TRUE 700 800
Cp 8.1.15(a) 800
800
A 8.1.15(b) 800
800
800
p TRUE
TRUE A /(p Cp)
Cp A p
8.1.15(c) TRUE 800
800
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8.1

8.2
8.2.1
8.1.2

0.17MPalgage] 0.15MPalgagel

APPENDIX G
1) @2 2
2) ai; 3 1

a; 3
APPENDIX
E
8.2.1 8.2.7 8.2.1
8.2.11
(1
4.02mm 830

0.74

0.74 0.13
3.5mm 0.86

0.34

(2 40

40

Post CHF

40
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4.02mm 0.65
0.11
0.65 0.12
3.5mm
0.79 0.31
0.79
0.33
(3 10
10 40
10
4.02mm 0.61
0.17
0.62 0.2
3.5mm
0.73 0.44
0.74 0.52
SWAT 3
3
20m 10mm
3.5mm
APPENDIX F
1/2
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1.1
8.2.2
(»
1)
2) 3.5mm
3)
4) 10
14
(2)
8.2.6 8.2.6
0.78 0.75
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10

SG

8.2.7

8.2.8
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SG
(1
1Mo 700 1200
2
40
10
3
Post CHF
4)
(5)
10

SG

1110

1170

Condie Bengston
BLOOPH

RELAP5

SWAT 3

1987

SG

- 49 -

PFR

TRUST 2

LLTR

Bromley

40

2 1/4Cr

SG
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10
ey

2
(1

(1

(1

(1

(1

(1

(1

(1

(1

(1

(1

(1

2
(3

PNC TN9410 98 086 1998
JNC TN9400
2000 091 2000
1) SWAT SWAT 3
No.25 1978.2
2)
No.56 1985.12
3) TRUST
1 1997 (H-75) 1997.10
4)
1995 (F-95) (1995.10)
5)
PNC TN9410 98 086 1998
6) SG (1 6

1998 (E-58 63) (1998.9)

7)
10 3 30

8)
PNC TN9410 98 029 1998

9) H. Hamada, H. Tanabe, Y. Wada, A. Miyakawa, and H. Hiroi,“Study of
Overheating Tube Rupture for FBR Steam Generator’8th International
Conference on Nuclear Engineering, April 2-6, 2000

10)
No.4(JNC TN1340 99
003) 1999.9

11)

JNC TN9400 2001 099
12)

JNC TN9400 2001 130
1) (1968)
1)

- - 50 D30.
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(3

(3

(3

(3

(3

(3

(3

(3

(3

(3

(3

(3

(3

(3

4

2)

3)

4)

5)

6)

7)

8)

9)

10)

11)

12)

13)

1)

D31.

D32.

10

11

3 Run

~ - 50
- ~ 50
SWAT 3 Run
PNC TN941 78 93 (1978.7)
SWAT 3 Run-
PNC TN941 79 118(1979.6)
SWAT 3 Run
PNC TN941 79 04 (1978.10)
SWAT 3 Run
PNC TN941 78 154 (1978.10)
SWAT
12 PNC

TN941 79 155 (1979.8)

SWAT 3

SWAT 3

SWAT 3

SWAT 3

( ) PNCTN94181 05 (1981.1)

( ) PNCTN94182 42 (1982.2)

( ) PNCTN94182 99 (1982.3)

( ) PNCTNO94183 158 (1983.11)
SWAT-3

( ) PNC TN9410 86-104 (1986.9)
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(7 3) R. Currie, G.A.B. Linekar and D.M. Edge, "The under sodium leak in the

(7

(7

(8

(8

8

(8

4)

6)

1)

2)

3)

4)

PFR Superheater 2 in February 1987," Proceedings of the IAEA/TIWGFR
Specialists' Meeting on Steam Generator Failure and Failure Propagation
Experience, Aix-en-Provence, France, Sept 1990.

R. Currie and J.D.C. Henderson, "The experimental and engineering

programmes to support the PFR safety case following the Superheater 2
under sodium leak: In particular, large scale experiments in the Super
Noah Rig at Dounreay," Proceedings of the TAEA/IWGFR Specialists'
Meeting on Steam Generator Failure and Failure Propagation Experience,

Aix-en-Provence, France, Sept 1990.(7 5) PFR
1996
(G56)
- PFR
TN9410 96 027 (1995)
JNC TN9400
2000 091 2000
TN941 81 73 1981
2 1/4Cr-1Mo TN941 78 04

1978

TN941090 094 1990
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2.2.1 2 1/4Cr-1Mo

(N/mm?)
(s) 700 | 750 | 800 | 850 | 900 | 950 |1,000|1,050(1,100|1,150 (1,200
1 125.3 [101.6 | 82.4 [82.4 [82.4 |74.2 |60.2 |48.9 |39.6 |32.1 |26.1
10 125.3 [101.6 |82.4 [82.4 [82.4 |74.2 |60.2 |48.9 |39.6 |32.1 |26.1
20 112.4 [ 90.7 [73.2 [73.2 |73.2 |65.8 |53.1 |42.9 |34.6 |27.9 |22.5
50 97.4 |78.1 |62.6 |62.6 [62.6 |56.1 |45.0 |36.1 |28.9 |23.2 |18.6
100 87.4 |69.7 |55.6 [55.6 |55.6 |49.7 |39.7 [31.7 |25.3 [20.2 |16.1
200 78.4 [62.3 [49.4 |49.4 |49.4 |44.1 |35.0 |27.8 |22.1 |17.5 |13.9
360 71.5 |56.5 |44.7 |44.7 |44.7 |39.8 |31.4 |24.9 |19.7 |15.5 |12.3
1080 |60.2 |47.2 |37.1 |37.1 |37.1 |32.8 |25.8 |20.2 |15.9 |12.4 | 9.8
3600 |49.9 |38.8 [30.2 |{30.2 [30.2 |26.6 [20.7 |16.1 [12.5 | 9.7 | 7.6
2.2.2 2 1/4Cr-1Mo
600 | 650 | 700 | 750 | 800 | 850 | 900 | 950 [1,000]1,100] 1,200
N/ 251 | 226 | 168 | 112 | 69.6 | 68.6 | 67.7 | 54.9 | 42.2 | 23.5 | 14.7
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2.3.1(a) TRUST 2 JIS T2
1
C Si Mn S Cr Mo
0.15 0.50 0.30 0.03 0.03 1.90 0.87
0.60 2.60 1.13
0.10 0.31 0.50 0.022 | 0.002 2.20 0.96
2)
930 x AC
3)
0.2
206N/mm?2 412N/mm?2 30
308N/mm?2 498 N/mm?2 41
2.3.1(b) TRUST 2
1
C Si Mn S Cr Mo
0.15 0.50 0.30 0.03 0.03 1.90 0.87
0.60 2.60 1.13
0.11 0.26 0.43 0.023 | 0.0072 | 2.06 0.93
2)
920 x 10 740 x 30 AC
3)
0.2
206 N/mm?2 412N/mm?2 30
333 N/mm?2 490N/mm?2 48
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2.3.2 TRUST 2

(mm) | (mm) (MPa) |(N/mm?2)| (s)
JIS 1,200
30.6 3.65 | 1,198 9.9 37.2
JIS 1,100
31.75 | 4.04 | 1,063 | 15.0 52.6
JIS 1,100
31.4 3.20 | 1,081 | 11.4 50.9
JIS 1,000
27.15 | 1.90 | 1,004 | 11.2 74.9
IIS 1,200 30.9 3.8 1,185 8.7 31.6 4
8.7MPa ‘ ‘ ’ ' '
IIS 1,200 30.7 3.74 | 1,199 5.4 19.6 75
5.4MPa ‘ ‘ ’ ' '
IIS 1,100 30.8 3.73 1,100 8.4 31.0 69
8.7MPa ' ' ’ ‘ ‘
JIS 1,200
30.8 3.70 | 1,170 | 10.6 39.5
JIS 1,100
31.6 3.17 | 1,147 | 11.2 50.9
1,200
31.7 410 | 1,196 | 10.3 35.4
1,100
29.5 3.00 | 1,125 | 10.7 47.9
1,000
27.65 | 2.00 992 11.6 74.9
1,000 27.65 | 2.00 | 1,028 6.8 43.4 95
6.8MPa ' ' ’ ‘ ‘
JIS 1,100
30.70 | 3.70 | 1,074 | 11.9 44.9
1,100
31.75 | 4.08 | 1,087 | 17.6 61.1

- 56 -




JNC TN2400 2003-003

3.1.1 SWAT 3

Run No. 1 2 3 4 5 6 7

(MPa) 15.1 15.0 14.6 14.4 15.1 15.1 12.2

()] 378 320 398 380 360 445 245

(kels) | 6.7 1‘;27 88 7990 72|15 11|94 83 197'%

(s) 7.6 9.9 9.5 9.4 9.7 9.5 9.5

(kg 61.2 122 78 83 150 90 85

() 1 1 1 1

() 0 0 0 0 0 0 0

() 13 13 13 13 15 39 20

MPa 0.47 0.60 0.49 0.53 0.93 0.50 0.57

— — 1,185 | 1,175 | 1,250 | 1,180 | 1,140

3.1.2 SWAT-3

Run No. 8 9 | 10|11 | 12| 13| 14|15 | 16| 17 | 18 | 19
(MPa) 14.6 | 14.6 | 14.9 | 14.4 | 14.7 | 14.8 | 14.6 | 155 | 15.0 | 15.0 | 13.8 | 15.9
()] 343 | 358 | 400 | 336 | 334 | 372 | 341 | 335 | 340 | 320 | 468 | 459
(g/s) 36 | 6.8 | 570 | 0.0 | 87 | 900 | 18 | 14 [2,200[1,460| 4.0 |1,850
(s) 160 2,180 54 | — | 152 | 168 | 293 | 311 | 60 | 60 [4,680| 32
(kg) 27 | 15 | 32 | — | 39 | 125 | 110 | 132 | 228 | 81 [425| 61
(kg/s) | 1.5 [0.0068 0.57 | — |1.46]0.90(0.90|2.74 | 45 [ 1.46|0.24 | 1.85
() 0 0 0 0 0 0 0 0 0 4 0 3
() 2 2 0 1 5 1 | 55 |55 | 6 0 | 55| 0
()] 25|25 | 24| 9 9 | 13] 0 0 | 48 |59 | 0 | 16
() 2 0 0o | — [ 3 1 4 4 1 0 2 0
()] 1 0 3 | — 1|1 8 | — | — |24 0 | — |5
() 11,132 640 [1,190] — [1,130{1,092|1,170{1,520/1,222|1,374|1,127|1,400
3 )| — | — | — | — | — | — |1,100[1,110|1,121|1,106| — |1,165

- 57 -




JNC TN2400 2003-003

3.1.3(d) SWAT-3 (Run16,19)
SWAT-3 SWAT-3
Run16 Run19
3% 13t 1.3k 7 - SG ( 0.5m)
mm 31.8%x 3.8 |[31.8%x 3.13 - S6
- 140 2 ) - s6
700mm
mm 50x 50/48 - -
- 2.25Cr-1Mo - - SG
240C ) 340 347"
369*( ) Run16 SG Run19
15.1C ) - ) SG SWAT-3
MPa 1“3C ) 15.0 15.9
kg/s - 2.2 1.85
s - 60 32
kg - 228 61
469( ) Run16 Run19
25 ) 340 459 (Na )
Na ( ) | MPa[gage] 0.1 0.05 -
t/h 3,730
/s) 0.7 - Na
RD MPa( ) 0.3 0.3 - SG
RD MPa( ) 0.15 0.15 - SG
( ) MPa[gage] (| 0.01 0.03 0.05 - SG
3.1.3(b) SWAT-3 (Runl7)
SWAT-3
10 Run17
30% 13 _ 1.3%x 7 SG ( 0.5m)
mm 31.8%x 3.8 - 31.8%x 3.13 S6
- 140 < %3 ) SG
700mm
mm 50x 50/48 - -
— 2.25Cr-1Mo . . SG
240°C ) | 195C ) -
369( ) | 300( ) 250 " SG ( )
15.1°C ) 13C ) « *)  SG SWAT-3
MPa Wl 3| 13C ) 15.0
kg/s - - 1.46
S — — 60
kg - - 81.3
469(C ) | 300( ) 320 SG (Na )
325( ) | 200( ) 10 )
Nalm ¢ ) | WPa[gage] 0.1 - 0.05
t/h 3,730 1,455
(n/s) ©.7) 0.3) Na
RD MPa( ) 0.3 - - SG
RD MPa( ) 0.15 - - SG
( ) MPa[gage] | 0.01 0.03 - 0.05 SG
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3.3.1
mm 30.77
mm 3.19
W/ (m K) 25.6
kg/m® 7.67x 10°
J/(kg K) 0.63x 10°
405.0
W/ K) 8,524.3
1,170+ 100
W/ K) 4,300
3.3.2 SWAT-3 Run19
1 3 )
Runl19-T1114 1,171 1,151 1,129
Runl19-T1173 1,288 1,165 1,119
Run19-T1181 1,177 1,165 1,146
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3.3.4 SWAT-3 Runl6, 17, 19

No Na
) s kg/s
Runl6 340 0 23.5 2.2
Runl6 " 23.5 60 4.5
Runl7 320 0 60 1.46
Runl9 459 0 30 1.85
*1) Runl6-
3.3.5
A: D B: B/A
No. (ko) ) 2 ) 2(9)
Run16 228 2.38x 10° 197 0.55x 10° 0.23
Runl17 81 0.85x 10° 110 0.31x 10° 0.38
Run19 61 0.64x 10° 74 0.20x 10° 0.31
1 188kJ/mol
2) ( 40 )
3)
( )
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3.3.6 Run19
SWAT-3 Runl9
D 15.7 Mw 19.3 Mw
2 53
2 2.7 m? 0.15 m?
0.7m/s
) 0.75 kg/s 0.20 kg/s
4
X 62.2 kJ/kg 30 kJ/kg
5
2.5 MW 0.018 Mw
1 188kJ/mol 1.5kg/s
1.85kg/s
2) 50cm 50cm
3) 50cm
50cm
4)
5)
1,170 4,300W/(m? K)
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4.2.1 (4-5), (4-6)
Tong 1) *2)
MPa 5.5 19.0 0.1 18.6
kJ/kg 0 1,630 (*3)
cm 0.254 1.37 0.118 3.81
/ - 21 365 5 940
kg/(m* s) 271 10,850 (*4)
(*1) (4-5)
*2) “-6) 46 -409 /
(*3)
(*4) We 1/We=(o p Q)/(GZZ) 2.78x10° 1.0

2.3x10°° (100%

4.3.1 Post-CHF

) 4.1x10°4(10%

)

(4-13)

Groeneveld 5.9 Condie-Bengston
MPa 3.4 21.5 0.42 21.5
kg/(m s) 700 5,300 16.5 5,234
- (0.1 0.9) -0.12 1.73
KW/m? 120 2,250 34 2,074
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5.3.1
40 10
D s 10 11 13
1)
5.3.2
2
10 14 14
40 12 12
s)
() 10 11
1)
2)
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6.1.1

Run 1 2

1

kg/s T/C No | W/(m* K) W/(m? K) | mm mm

3 8.8 7.9 398 T1119 398 P5201 4.5 25.4 | 3.52
4 9.0 7.2 380 T1140 380 P5202 1.7 25.4 | 3.52
5 15 11 360 T1114 | 3.3.15(c) 360 P5205 1.0 31.8 | 4.18
6 9.4 8.3 445 T1135 445 P5204 1.3 25.4 | 3.52
7 10.6 7.9 445 T1139 445 P5204 0.6 25.32 | 3.48

1)

2)

6.1.2
Run 2) )
1
kg/s W/ (m* K) MPa[gage]® | W/(m?* K) | mm mm

3 8.8 7.9 398 1,185 4,150 398 17.6(179) 4.5 25.4 | 3.52
4 9.0 7.2 380 1,175 4,250 380 14.2(145) 1.7 25.4 | 3.52
5 15 11 360 1,250 3,300 360 20.4(208) 1.0 31.8 | 4.18
6 9.4 8.3 445 1,180 4,200 445 17.5(178) 1.3 25.4 | 3.52
7 |10.6 7.9 | 445 1,140 4,770 445 21.6(220) 0.6 25.32 | 3.48

1)

2)

3) atg

4)
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6.1.3
Run 3.0 1.5
S MPa S S S
3 9.5
4 9.4
5 9.7
6 9.5
7 9.5
6.1.4
Run 3.0 1.5
S MPa(kg/mm?) S S S
3 9.5 56.0(5.71) 1,020 11.42 14.88 16.85
4 9.4 45.3(4.62) 1,069 14.49 18.70 21.70
5 9.7 68.9(7.03) 971 11.53 14.44 15.98
6 | 9.5 55.7(5.68) 1,022 11.17 | 14.67 | 16.69
7 9.5 69.7(7.09) 968 9.02 12.10 13.83
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6.2.1
W/ (e K)
Runl0 No.47 400 1,050 7,000
Run13 No.233 372 1,000 10,000
Runl6 No.63 340 1,000 10,000
No.73 340 1,000 10,000
Runl7 No.58 320 950 15,000
Run19 No.63 459 1,150 4,650
LLTR/A-5 No.41633 343 1,210 3,850
6.2.2
MPa W/(m? K)
Runl0 No.47 400 16.3 3.6
Run13 No.233 372 15.3 3.8
Runl6 No.63 340 19.0 4.3
No.73 340 14.9 9.4
Runl7 No.58 320 13.3 4.7
Run19 No.63 459 15.6 5.7
LLTR/A-5 No0.41633 343 9.90” 6.3
*)
6.2.3
9/s mm/s mm® mm mm® mm
Run10 No.47 570 0.016 25.4 | 3.50 | 50 | 23.80 |2.700
Runl3 No.233 900 0.014 31.8 | 4.14 70 29.83 | 3.153
Runl6 No.63 2,200 0.010 31.8 | 2.95 | 11.9 | 31.55 | 2.826
No.73 2,200 0.010 31.8 | 3.03 | 23.5 | 31.26 | 2.786
Runl7 No.58 1,460 0.012 31.8 | 3.13 | 60 | 30.35 |2.404
Runl9 No.63 1,850 0.011 31.8 | 3.13 13 | 31.51 | 2.986
LLTR/A-5 No.41633 453 0.070 15.8 | 2.77 16 13.56 | 1.650
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8.1.1
40 10
Na 469 456 300 3
Na 325 284 290
Na D 100 39 39
240 195 195
368 368 300
2 100 41 10
Na 469 4 461 © 300 ©
Na
Na D 100 ° 34.5 6 34.5°
240 1 200 © 200 ©
2 100 ° 39 ¢ 4
1 1,036kg/s
2) 105kg/s
3)
4) 102
5)
6)
8.1.2 RUPIN
) ( ( )
W/(m* K
kd/kg kd/kg kd/kg (%)
342 342 342
13 2,220 (2,430) 2,470 4,680
40 331 331 331 1,800
13 (1,830) 2,060 (2,120)
10 298 310 328
13 1,330 1,400 (1,640) 1,000
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8.1.3
EV
SH SH
0.8MPa
100
SG 1036kg/s EV
SG 505 SH
SH 469 EV
EV 469 EV
EV 325 EV
SH
105.3Kg/s SH
240 SH
EV 369
SH 367 SH
SH 487 EV
483 SH
SH

\Liy \Ll/ 7

\/
AL/ SH
SH
& B &

SH

\VA

JV |Ev
—
—

ACS

%Ev

EV
EV
SH

EV

ACS

SG
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8.2.1
3.5mm
40 40 10 10
SH SH SH SH SH EV EV
No. 13 9 6 9 8 13 11
s 11 11 11 12 12 14 14
mm 31.8
mm  |31.54x 3.09 31.51x 3.08(  )|31.46x 3.05( )
2 1/4Cr-1Mo
Na
417 368 348 332 328 299 298
D 1,170 | 1,170 | 1,170 | 1,170 | 1,170 | 1,110 | 1,110
W/(m*> K)| 4,300 | 4,300 | 4,300 | 4,300 | 4,300 | 5,300 | 5,300
100 100 100 41 41 10 10
342 342 304 323 316 298 298
w/(m®> K)| 76,400 | 35,700 | 22,100 | 11,000 | 10,800 | 3,290 | 3,280
MPa 14.9 15.2 15.3 13.0 13.0 12.6 12.6
776 831 581 902 900 829 819
N/mm? 91.9 82.4 | 250.0 | 82.1 82.4 82.4 82.4
*2) N/mm? 69.8 71.2 71.5 | 61.00 | 61.00 | 59.2 59.2
/ 0.76 0.86 0.29 0.74 0.74 0.72 0.72
s 0 0 5 6 9 0 21
776 831 805 1,004 | 1,019 829 1,067
N/mm? 91.9 82.4 82.4 59.8 56.4 82.4 45.8
N/mm? 69.8 71.2 57.2 47.1 41.9 59.2 33.2
/ 0.76 0.86 0.69 0.79 0.74 0.72 0.73
R 0.15 0.34 0.09 0.31 0.27 0.23 0.44
8.2.1| 8.2.2| 8.2.3| 8.2.4| 8.2.5| 8.2.6| 8.2.7
*1) SH: EV:
%2)
*3)
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8.2.2
3.5mm
40 40 10 10
SH SH EV EV
No. 9 8 13 11
s 12 12 14 14
mm 31.8
mm 31.51x 3.08 31.46% 3.05
2 1/4Cr-1Mo
Na
331 326 300 300
D 1,170 1,170 1,110 1,110
W/(m® K) 4,300 4,300 5,300 5,300
39 39 4 4
321 314 300 300
w/m* k)| 10,500 10,300 1,560 1,560
MPa 13.0 13.0 12.6 12.6
904 901 849 849
N/mm? 81.8 82.2 82.4 82.4
*2) N/mm? 60.8 60.8 59.2 59.2
/ 0.74 0.74 0.72 0.72
s 7 0 0 16
1,015 901 849 1,057
N/mm? 57.4 82.2 82.4 47.7
N/mm? 45.5 60.8 59.2 35.4
/ 0.79 0.74 0.72 0.74
R 0.33 0.27 0.30 0.52
8.2.8 8.2.9 8.2.10 8.2.11
*1) SH: EV:
*2)

*3)
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8.2.3
3.8mm
40 40 10 10
SH SH EV EV
No. 9 8 13 11
s 12 12 14 14
mm 31.8
mm 31.51x 3.34 31.46% 3.31
2 1/4Cr-1Mo
Na
331 326 300 300
D 1,170 1,170 1,110 1,110
W/ (m® K) 4,300 4,300 5,300 5,300
39 39 4 4
321 314 300 300
W/(m® K) 10,500 10,300 1,560 1,560
MPa 13.0 13.0 12.6 12.6
899 896 848 848
N/mm? 82.4 82.4 82.4 82.4
*2) N/mm? 55.6 55.7 54.1 54.2
/ 0.68 0.68 0.66 0.66
s 7 0 0 16
1,010 896 848 1,054
N/mm? 58.5 82.4 82.4 48.2
N/mm? 41.7 55.7 54.1 32.5
/ 0.71 0.68 0.66 0.67
R 0.19 0.15 0.18 0.31
*1) SH: EV:
%2)
%3)
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8.2.4
4.02mm -3.50
40 40 10 10
SH SH SH SH SH EV EV
No. 13 9 6 9 8 13 11
s 11 11 11 12 12 14 14
mm 31.8
mm 31.54x 3.57( ) |31.51x 3.56(  )|31.46x 3.53(
2 1/4Cr-1Mo
Na
417 368 348 332 328 299 298
D 1,170 | 1,170 | 1,170 | 1,170 | 1,170 | 1,110 | 1,110
w/(m®> K)| 4,300 | 4,300 | 4,300 | 4,300 | 4,300 | 5,300 | 5,300
100 100 100 41 41 10 10
342 342 304 323 316 298 298
w/(m® k)| 76,400 | 35,700 | 22,100 | 11,000 | 10,800 | 3,290 | 3,280
MPa 14.9 15.2 15.3 13.0 13.0 12.6 12.6
777 828 596 893 891 829 820
N/mm? 91.5 82.4 230.4 82.4 82.4 82.4 82.4
*2) N/mm? 59.6 60.8 61.0 52.1 52.1 50.5 50.5
/ 0.65 0.74 0.26 0.63 0.63 0.61 0.61
s 0 0 5 6 0 0 0
777 828 803 995 891 829 820
N/mm? 91.5 82.4 82.4 62.2 82.4 82.4 82.4
N/mm? 59.6 60.8 48.8 40.2 52.1 50.5 50.5
/ 0.65 0.74 0.59 0.65 0.63 0.61 0.61
2 0.06 0.13 0.03 0.11 0.10 0.09 0.17
*1) SH: EV:
*2)
*3)
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8.2.5
4.02mm -3.50
40 40 10 10
SH SH EV EV
No. 9 8 13 11
S 12 12 14 14
mm 31.8
mm 31.51x 3.56 31.46x 3.53
2 1/4Cr-1Mo
Na
331 326 300 300
D 1,170 1,170 1,110 1,110
W/ (m? K) 4,300 4,300 5,300 5,300
39 39 4 4
321 314 300 300
W/(m* K) 10,500 10,300 1,560 1,560
MPa 13.0 13.0 12.6 12.6
894 892 848 848
N/mm? 82.4 82.4 82.4 82.4
*2) N/mm? 51.9 51.9 50.5 50.5
/ 0.63 0.63 0.61 0.61
s 7 0 0 16
1,006 892 848 1,052
N/mm? 59.4 82.4 82.4 48.6
N/mm? 38.8 51.9 50.5 30.2
/ 0.65 0.63 0.61 0.62
) 0.12 0.10 0.12 0.20
*1) SH: EV:
*2)

*3)
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8.2.7 (
3.5mm
10 10 10
EV EV EV
No. 13 12 11
s 17 17 17
mm 31.8
mm 31.39x 3.02
2 1/4Cr-1Mo
Na
300 300 300
D 1,110 1,110 1,110
W/’ K) 5,300 5,300 5,300
4 4 4
300 300 300
W/(m* K) 1,560 1,560 1,560
MPa 12.6 12.6 12.6
847 847 848
N/mm? 82.4 82.4 82.4
2 N/mm? 59.8 59.9 59.9
/ 0.73 0.73 0.73
s 0 0 16
847 847 1058
N/mm? 82.4 82.4 47.6
N/mm? 59.8 59.9 35.8
/ 0.73 0.73 0.75
"8 0.37 0.50 0.60
*1) SH: EV:
*2)

*3)
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Plant Safety Engineering Section
Safety Engineering Division, O-arai Engineering Center
Power Reactor and Nuclear Fuel Development Corporation

address: 4002 Narita, Oarai-machi, Ibaraki, 311-13 Japan
(Tel) +81-29-267-4141, (Fax) +81-29-266-3717

4th April, 1997
Mr Ron Currie
Active Handling Department
Fuel Performance Group
AEA Technology, plc
B7 Windscale, Cumbria
CA20 1PF
United Kingdom

Title: Questions on PFR SH-2 Leak Event

Dear Ron:

We have been obtained much information about the PFR SH-2 leak event from documents of 1988
LIMET papers, 1992 Nuclear Energy, etc. However, there are a few points that are not clear yet from
those documents. I'd like to ask you the following questions. Please let me know if you have already
found the fact:

1) It was reported that forty tubes had failed in the leak event. Do you know how large was the
water/steam leak rate of the incident, compared with design basis accident of PFR steam generators?

2) There are two different descriptions as for depressurisation performance. Which is correct?

The following sentences are found in Nuclear Energy, 1992, 31 No.3, p.224.
"The automatic protective action was therefore effectivelycomplete in just over 10 s. The plant
protection system functioned as intended"

However, another different expression is written in the LIMET paper, p.701-2.
"Subsequent to the trip about 160 kgs of the steam were injected into the sodium side of the
superheater,...... g

Was the fast depressurisation system functioned as it should be? If so, are there any other reasons
why it could not prevent failure propagation of many tubes. I'd really appreciate it if you could answer
above questions.

Best Regards,

Hiromi Tanabe
Plant Safety Section,
Safety Engineering Division

cc: K. Aizawa RPD/HQ/PNC
K. Nakamoto SED/OEC/PNC
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fﬂ AEA AEA Technology plc

Fuel Performance
Windscale, Seascale
Mr H Tanabe Cumbria CA20 1PF
Plant Safety Engineering Section
Power Reactor and Nuclear Fuel Development Corporation
4000 Narita, O-arai

United Kingdom

Ibaraki, 311-13
Japan
Direct line
8 May 1997 +19467 72157
Direct facsimile
+19467 72606
e-mail
ron.currie@aeat.co.uk
Dear Mr Tanabe

THE PFR SUPERHEATER 2 LEAK IN FEBRUARY 1987

Thank you for your letter concerning some issues relating to the under-sodium leak in PFR
Superheater 2 in February 1987. I have re-examined the documents you have quoted and I have also
referred to unpublished reports in order to clarify the situation.

Tube Failure Rate and Steam Injection Rate
Information on the calculated steam injection rate during the leak was published in:

"The under sodium leak in the PFR Superheater 2 in February 1987", Currie, Linekar and Edge,
September 1990, Pages 107 to 132, Proceedings of the Specialists' Meeting on Steam Generator
Failure and Failure Propagation Experience, Held in Aix-en-Provence, France, 26-28 September
1990, IWGFR/78.

In this paper, more details were given than in the Nuclear Engineering paper you refer to, which was
limited in length because of publisher's requirements.

The steam injection rate was calculated on the basis of the assumption that when the valve which
isolates the superheater from the steam drum closed 1s after the trip, 160 kg of steam was trapped in
the superheater. The value of 160 kg was based on a knowledge of the volume of the steamside of
the superheater and the pressure and temperature of the steam at the time of the trip.

Registered office 329 Harwell, Didcot
Oxfordshire OX11 ORA. Registered in
CL0270 England and Wales, number 3095862
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The PFR data recording system recorded the following superheater steam pressure data
which was used to assess whether certain tube failure scenarios were pessimistic, optimistic or
realistic:

09:43:49 133.2 bars absolute
09:43:54 42.57 bars absolute
09:43:59 7.0 bars absolute

09:44:06 1.171 bars absolute

The value at 09:43:59 was not a direct pressure reading but was derived from the activation of a
pressure switch which was designed to act when the superheater steam pressure fell to 7.0 bars
absolute. This value is of lower accuracy than the others and was not used in the analysis of the leak
event. ' :

From calculations and experimentally measured values, the DEGF flowrate at 130 bars
absolute through a superheater tube was known to be 1.0 kg/s.

Calculations were performed using the ARK code which assumed that the pressure in the
steamside of the superheater was proportional to the remaining mass of steam and that the only
escape route for steam was through the failed tubes. : :

As will be explained in answer to your second question, there was by design no rapid steam
depressurisation of the superheater and the steam dump valves were not programmed to be fully
open until about 24s following the trip.

Therefore the superheater dump valves did not fully open during this leak event. Due to the long
stroking time of these valves, it has been assumed in the analysis that they did not open. In fact, there
could have possibly been some steam depressurisation through these valves, but there is no direct
evidence that they started to open. Ignoring any loss of steam through the depressurisation
system introduces pessimism into the calculations.

Information on the times at which tubes failed can be derived from the type of failure. It was
established by experiment after the leak that 5 of the tubes failed at relatively high pressure and low
temperature eg 128 bars and 1250c; 26 tubes failed at pressures in the range of 120 to 40 bars at
temperatures of the order of 1300c, whilst the remaining 8 tubes failed at low pressure and very high
temperature, eg 40 bars and 1350c. The other tube, was the initial failure.

From the type of failure and from the pressure-time history above, we can deduce that
approximately 31 tube failures plus the initial failure had occurred by 6s following the trip.
The experimental work also showed that tubes would not rupture at pressures much below 40 bars,
so we can assume that the remaining tubes failed not much later than 6s after the trip and
certainly before 11s after the trip when the pressure switch was activated at 7.0 bars.

The results for two leak escalation scenarios are presented in the IWGFR paper:

(a) A best estimate scenario in which 40 tubes rupture over a period of 8s [ Figure 12]

(b) A pessimistic scenario in which the first 20 failures occur during the first second after the trip
[Figure 14], with the remainder failing over the next 7s.
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The results of the ARK calculations for these two scenarios showed that the depressurisation was
reproduced quite well for the best estimate, but was too rapid in the case of the pessimistic scenario
[Figure 13].

The other plant data that can be used to assess these leak scenarios is the time delay between failure
of the superheater bursting disc and the failure of the reheater and evaporator bursting discs. In the
case of (a), the delays are 3.1 and 3.55 s, compared to recorded delays of 3s. In the case of (b), the
reheater and evaporator bursting discs are predicted to occur after only 1.1s, which is too early.

From these calculations, it was deduced that the event lay between them, but closer to the best
estimate than to the pessimistic scenario.

The calculated steam flowrates during these two scenarios was given in Figure 16. The maximum
value during the pessimistic scenario was 21 kg/s compared to 18.2 kg/s during the best estimate.
These values are less than the DEGF of 23 kg/s used for the design basis accident in the
evaporator, which was the steam generator accident used in the PFR safety case.

Trip System Response

The statement that the automatic protective action was completed in 10s and that the system
functioned as intended is correct.

All of the isolations on the steam/water and sodium circuits were correctly effected and the fast and
slow steam dump of the evaporator also functioned as designed.

All steam generator bursting discs correctly ruptured and the sodium-water reaction product effluent
and separation system operated correctly.

The automatic sodium dump of the secondary circuit was not completely effected by the automatic
system because of blockage in a sodium line. The valves had operated correctly, but a low
temperature zone in a pipe caused it to become blocked. The sodium dump was completed by the
operators manually. This had no effect on the outcome of the leak in terms of steam generator tube
damage and the sodium dump was not part of the safety protection of the secondary circuit in the
event of a large steam leak. It was primarily intended to minimise sodium transfer to the steamside in
the case of steamside depressurisation following a small steam leak.

The situation on the Evaporator, is that following a sodium-water reaction trip, the unit is isolated
from the Steam Drum. The Evaporator contains about 2.5 tonnes of water/steam, the Steam Drum
about 10.5 tonnes.

After a 1s delay, the fast dump valves open, reducing pressure from 140 bars to 20 bars in 11s. The
Fast Dump valves are triggered to close when the pressure falls to 70 bars, and they completely close
by the time the pressure reaches 15 bars.

The slow dump valves are timed to open 27s after the trip signal. Once they start to open at 27s, the

pressure decays to 7 bars over a period of about 60s, although the valves take about 23 s to fully
open.
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At the time of the Superheater 2 leak, the superheater only had a slow dump system. The
valves were programmed to start to open 1s after the trip signal, but as in the case of the evaporator
slow dump valves, they take about 23s to fully open. Consequently the steam dump from the
superheater is quite slow - From plant measurements, there is very little depressurisation
during the first 15s, and so the steam dump was ignored during the analysis of the leak event.

The isolation valves which isolate the superheater from the steam drum were timed to operate
immediately, trapping 160kg of steam in the superheater.

The fact that we assumed that 160 kg of steam entered the sodiumside of the unit through the
failed tubes was not because of a failure to operate correctly of the protection system but
because the system was not correctly designed!

Following the superheater 2 leak, the steam dump arrangement on the superheater was
changed to be the same as on the evaporator. The new arrangement results in a
depressurisation rate similar to the evaporator.

On the basis of the R&D performed after the leak, we believe that if there had been fast
depressurisation of the superheater at the time of the leak, only the initial tube and the 3 others
affected by fretting would have failed. The extent of fretting on these tubes was such that between
55 and 90% of the tube wall thickness had been removed prior to the event. This has a significant
effect on tube life since the reduction in wall thickness would significantly increase the hoop stress.
For example, reduction of the wall thickness by 50%, reduces the tube life by a factor of 36.

We have generated data which enables tube life as a function of tube wall temperature and hoop
stress to be determined. We have also demonstrated that high heat transfer rates are only possible
when liquid sodium is present. Therefore tubes can be quickly heated to the boiling point of
sodium at the local pressure on the sodiumside of the unit, but it is a relatively slow process to
heat the tube walls to temperatures greater than this.

From the ARK pressure calculations, the maximum sodium pressure at the time of the trip was in the
range of 7 to 10 bars, which relates to a sodium boiling point in the range of 1150 to 1235c¢. The
depressurisation of the unit would have been fast enough to reduce the tube wall stress below the
value at which rapid failures occur in this temperature range, if there had been a fast dump.

The fast steam dump system was commissioned on the superheaters in PFR in Autumn 1987
and was part of the protection system for the final 6.5 years of operation.

Yours sincerely

Hndne

Ron Currie
Manager
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1 ( 40 )
3.5mm
40 40 40 40 40 40
SH SH SH SH SH SH
kg/s .5 2.0 2.5
No. 9 8 9 8 9 8
S 12 12 9 9 5 5
mm 31.8
mm 31.51x 3.08 | 31.61x3.12 | 31.70x 3.17
2-1/4Cr-1Mo
Na
332 328 332 328 332 328
1 1,170 1,170 1,170 1,170 1,170 1,170
W/ (m?
%) 4,300 4,300 | 4,300 4,300 | 4,300 4,300
41 41 41 41 41 41
323 316 323 316 323 316
2
W/ﬁg 11,000 | 10,800 | 11,000 | 10,800 | 11,000 | 10,800
MPa 13.0 13.0 13.0 13.0 13.0 13.0
2y 902 900 852 849 729 720
N/mm?|  82.1 82.4 82.4 82.4 112.1 115.9
N/mm?l  61.0 61.0 60.2 60.2 59.4 59.4
/ 0.74 0.74 0.73 0.73 0.53 0.51
s 6 9 0 0 2 2
1,004 1,019 852 849 809 794
N/mm?l  59.8 56.4 82.4 82.4 82.4 84.7
N/mm?l 47.1 41.9 60.2 60.2 52.0 51.9
/ 0.79 0.74 0.73 0.73 0.63 0.61
=) 0.31 0.27 0.19 0.17 0.065 | 0.066
*1)
*2)

*3)
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2 ( 10 )
3.5mm
10 10 10 10 10 10
EV EV EV EV EV EV
kg/s .5 2.0 2.5
No. 13 11 13 11 13 11
S 14 14 11 11 7 7
mm 31.8
mm 31.46x 3.06 | 31.56x3.10 | 31.66x 3.15
2-1/4Cr-1Mo
Na
299 298 299 298 299 208
D 1,110 1,110 1,110 1,110 1,110 1,110
W/ (m?
% 5,300 | 5,300 | 5,300 | 5,300 | 5,300 | 5,300
10 10 10 10 10 10
298 208 208 208 208 208
2
W’%g 3.200 | 3.280 | 3,290 | 3,280 | 3,200 | 3,280
MPa | 12.6 12.6 12.6 12.6 12.6 12.6
) 829 819 841 836 772 772
N/mm2 |l 82.4 82.4 82.4 82.4 93.6 93.5
N/mml  59.2 59.2 58.4 58.5 57.6 57.7
/ 0.72 0.72 0.71 0.71 0.62 0.62
S 0 21 0 21 0 21
829 1,067 841 1,067 772 1,065
N/mm?|  82.4 45.8 82.4 45.8 93.6 46.1
N/mm?l  59.2 33.2 58.4 32.8 57.6 32.3
/ 0.72 0.73 0.71 0.72 0.62 0.70
) 0.23 0.44 0.18 0.37 0.11 0.28
*1)
*2)

*3)

- 187 -




JNC TN2400 2003-003

25

20

M)

15

10

250

200

150

100

50

1.5

(kg/s)

2.5

1.5

- 188 -

(kg/s)

2.5




JNC TN2400 2003-003

1.0

40

10

1.5

kg/s

2.5

40

1.5

- 189 -

kg/s

2.5







JNC TN2400 2003-003

- 191 -






JNC TN2400 2003-003

1.
SG
2.
1)
2) 4.02mm 3.5mm
3)
4)
3.
1 4
4.02mm
40 0.78 10
0.37
40
0.78 10 0.39
3.5mm 40
0.94 10 0.93
40 0.94 10
0.99
3.5mm 0.99
1.0 APPENDIX-F
4.02mm 3.5mm
1/2
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3.5mm
40 40 10 10
SH SH SH SH SH EV EV
No. 13 9 6 9 8 13 11
S 14 14 14 15 15 18 18
mm 31.8
mm 31.46x 3.05 [ 31.44x 3.04C ) [31.37x3.00( )
2 1/4Cr-1Mo
Na
417 368 348 332 328 299 208
D 1,170 | 1,170 | 1,170 | 1,270 | 1,170 | 1,110 | 1,110
w/(m® k)| 4,300 | 4,300 | 4,300 | 4,300 | 4,300 | 5,300 | 5,300
100 100 100 41 41 10 10
342 342 304 323 316 298 208
w/(m? k)| 76,400 | 35,700 | 22,100 | 11,000 | 10,800 | 3,290 | 3,280
MPa 14.9 15.2 15.3 13.0 13.0 12.6 12.6
*2) 786 849 581 929 930 917 912
N/mm? 87.9 82.4 250.8 77.8 77.6 79.7 80.6
N/mm? 70.5 71.8 72.2 61.7 61.7 60.0 60.1
/ 0.80 0.87 0.29 0.79 0.80 0.75 0.75
S 0 0 14 9 12 0 23
786 849 1028 1042 1048 917 1075
N/mm? 87.9 82.4 54.2 51.0 49.5 79.7 44 .0
N/mm? 70.5 71.8 45.0 48.1 43.8 60.0 35.1
/ 0.80 0.87 0.83 0.94 0.89 0.75 0.80
") 0.37 0.70 0.47 0.88 0.68 0.65 0.93
*1) SH: EV:
*2)
*3)
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2
3.5mm
40 40 10 10
SH SH EV EV
No. 9 8 13 12
S 15 15 18 18
mm 31.8
mm 31.44x 3.04( )| 31.37x 3.00
2 1/4Cr-1Mo
Na
331 326 300 300
1 1,170 1,170 1,110 1,110
w/® K| 4,300 4,300 5,300 5,300
39 39 4 4
321 314 300 300
w/(m*> k)| 10,500 10,300 1,560 1,560
MPa 13.0 13.0 12.6 12.6
*2) 932 933 845 845
N/mm? 77.4 77.3 82.4 82.4
N/mm? 61.5 61.5 60.0 60.1
/ 0.80 0.80 0.73 0.73
S 9 13 27 22
1041 1050 1068 1072
N/mm? 51.1 48.9 45.4 44 .8
N/mm? 48.0 42.7 34.8 36.1
/ 0.94 0.87 0.77 0.81
) 0.84 0.66 0.80 0.99
*1) SH: EV:
*2)

*3)
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3
4 .02mm -3.50
40 40 10 10
SH SH SH SH SH EV EV
No. 13 9 6 9 8 13 11
s 14 14 14 15 15 18 18
mm 31.8
mm 31.46x 3.53 31.44x 3.52(  )|31.37x 3.48( )
2 1/4Cr-1Mo
Na
417 368 348 332 328 299 298
D 1,170 1,170 1,170 1,170 1,170 1,110 1,110
w/qm® k)| 4,300 4,300 4,300 4,300 4,300 5,300 5,300
100 100 100 41 41 10 10
342 342 304 323 316 298 208
w/(m® k)| 76,400 | 35,700 | 22,100 | 11,000 | 10,800 | 3,290 3,280
MPa 14.9 15.2 15.3 13.0 13.0 12.6 12.6
*2) 789 848 596 923 924 912 907
N/mm? 86.6 82.4 230.2 78.7 78.6 80.5 81.3
N/mm? 60.1 61.2 61.6 52.6 52.6 51.1 51.1
/ 0.69 0.74 0.27 0.67 0.67 0.64 0.63
s 0 0 13 9 12 0 23
789 848 1002 1035 1042 912 1072
N/mm? 86.6 82.4 60.3 52.5 50.9 80.5 44.7
N/mm? 60.1 61.2 40.8 41.0 37.4 51.1 29.9
/ 0.69 0.74 0.68 0.78 0.73 0.64 0.67
3 0.15 0.27 0.17 0.33 0.26 0.26 0.37
*1) SH: EV:
*2)
*3)
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*3)
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4.02mm -3.50
40 40 10 10
SH SH EV EV
No. 9 8 13 12
S 15 15 18 18
mm 31.8
mm 31.44x 3.52( )| 31.37x 3.48
2 1/4Cr-1Mo
Na
331 326 300 300
D 1,170 1,170 1,110 1,110
W/(m® K) 4,300 4,300 5,300 5,300
39 39 4 4
321 314 300 300
W/(m* K) 10,500 10,300 1,560 1,560
MPa 13.0 13.0 12.6 12.6
*2) 925 926 846 847
N/mm? 78.5 78.4 82.4 82.4
N/mm? 52.4 52.4 51.1 51.1
0.67 0.67 0.62 0.62
S 9 13 27 22
1035 1045 1066 1068
N/mm? 52.7 50.3 46.0 45.4
N/mm? 40.9 36.4 29.6 30.7
0.78 0.72 0.64 0.68
%) 0.31 0.25 0.32 0.39
*1) SH: EV:
*2)
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5
4 .02mm -3.50
40 40 10 10
SH SH SH SH SH EV EV
No. 13 9 6 9 8 13 11
s 43 43 43 43 43 54 54
mm 31.8
mm 30.77mmx 3.19mm [ 30.50x 3.05( )
- 2 1/4Cr-1Mo
Na
417 368 348 332 328 299 298
D 1,170 1,170 1,170 1,170 1,170 1,110 1,110
w/? k)| 4,300 4,300 4,300 4,300 4,300 5,300 5,300
100 100 100 41 41 10 10
342 342 304 323 316 298 298
w/(m® k)| 76,400 | 35,700 | 22,100 | 11,000 | 10,800 | 3,290 3,280
MPa 14.9 15.2 15.3 13.0 13.0 12.6 12.6
*2) 796 871 586 965 970 985 985
N/mm? 84.0 82.4 243.8 70.4 69.0 65.0 65.0
N/mm?2 65.8 66.9 67.3 57.3 57.3 57.3 57.3
/ 0.78 0.81 0.28 0.81 0.83 0.88 0.88
S 0 13
796 1011
N/mm? 84.0 58.3
N/mm?2 65.8 44.5
/ 0.78 0.76
"3 0.93 1 0.31 1 1 1 1
*1)
*2)
*3)
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200 -

6
3.5mm
40 10 40 10
SH SH EV SH EV
No. 9 9 11 9 12
s 14 15 18 15 18
Na
368 332 208 331 300
D 1,170 1,170 1,110 1,170 1,110
w/(m®* K)| 4,300 4,300 5,300 4,300 5,300
100 41 10 39 4
342 323 208 321 300
w/(m?* K)| 35,700 11,000 3,280 10,500 1,560
MPa 15.2 13.0 12.6 13.0 12.6
*2) 849 929 912 932 845
N/mm? 82.4 77.8 80.6 77.4 82.4
N/mm?2 71.8 61.7 60.1 61.5 60.1
/ 0.87 0.79 0.75 0.80 0.73
S 0 9 23 9 22
849 1042 1075 1041 1072
N/mm? 82.4 51.0 44 .0 51.1 448
N/mm?2 71.8 48.1 35.1 48.0 36.1
/ 0.87 0.94 0.80 0.94 0.81
) 0.70 0.88 0.93 0.84 0.99
*1)
*2)
*3)




JNC TN2400 2003-003

- 201 -






JNC TN2400 2003-003

10mm
FEM
(€H)
@)
1
A)
Do=31.8(mm) t=4.02 3.80(mm)
Do=31.54
10mm

c=ax 6=2.88 1.56(mm)

- 203 -

Tresca Mises
FINAS FEM
31.46(mm) t=3.57 3.31(mm)

3.50 3.56(mm)
3.15 3.05(mm)
a=0.48 0.26(mm) b=10(mm)

900 , 14.7MPa



JNC TN2400 2003-003

(150atg)
B
3.50 3.56(mm)
3.15 3.05(mm) 900 , 14.7MPa
(150atg)
t=4.02mm
t=3.50mm 9
E= (19000 15T)x 9.8 (MPa), T ()
e = Fo » (%l/s),
o (MPa) F=expl 2.303{21775/Tk 1128}1/9.8"/n, n= 7019/Tk (Tk:
1073 1198 1198 )
1
900 , 14.7MPa
2 3
3 4
5 4 40%
30%
3.8mm 3.5mm
3.5mm 50%
4.02mm 3.5mm 100%
1/1.5 1/2
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1 ( )
900 14.7MPa
| 10% | | 10% | | 10% 1] 2] 3] 4
mm 318 31.8
mm | 402 [ 402 [ 402 | 402 [ 380 [ 380 || 350 | 350 [ 3.60 | 3.60
mm | 398 [ 398 [ 398 | 3.98 | 3.76 | 3.76
mm | 350 | 350 | 356 | 3.56 | 350 | 350 | 350 | 350 | 356 | 3.56
mm | 370 [ 370 | 370 | 370 | 348 | 348
mm | 31.54]31.46|3154 | 31.46 | 31.54 | 31.46 | 31.54 | 31.46 | 31.54 | 31.46
mm | 357 | 353 | 357 | 353 | 335 | 331 | 309 | 305 | 315 | 3.11
mm | 309 [ 305 | 315 | 3.1 | 309 | 305 | 309 | 305 | 315 | 3.11
@|mm | 048 [ 048 [ 042 | 042 [ 0.26 [ 0.26 | 0.00 | 0.00 [ 0.00 | 0.00
(b) mm 10
() Imm | 288 | 288 | 252 | 252 | 156 | 156
wo1 | wo2 | wo3 | wo4 | wos | woe | wro1 | wroz | wro3 | wRo4
2 ( )
900 14.7MPa
| 10% | 5 | 6
mm 318 31.8
mm| 402 | 402 | 350 | 350
mm| 398 | 398
mm| 350 | 350 | 350 | 350
mm 3.70 3.70
mm 3144 31.37 3144 31.37
mm| 352 | 348 | 304 | 3.00
mm| 304 | 300 | 304 | 300
@ | mm| o048 | 048 | 000 | 000
(b) mm 10 10
() |mm] 288 | 288
wo7 | wos | wRos | WRO6
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3 ( )
900 14.7MPa

Do t(mm) 31.8%x 4,02 31.8%x 3.8t

(mm) 350 356 350

10% 10% 10%

40% A0% A0%
(mm) 3154 | 3146 | 3154 | 3146 | 3154 | 3146
(mm) 357 | 353 | 357 | 353 | 335 | 331
(mm) 309 | 305 | 315 | 311 | 309 | 305
amm) | 048 | 048 | 042 | 042 | 026 | 026
b(mm) 10

- c(mm) 2.88 2.52 1.56
) 92 | 86 10 93 | 77 | 72
Lk () 59 | 55 | 66 | 62 | 59 | 55
/ O 156 | 156 | 152 | 150 | 131 | 131
s) | 743 | 696 | 798 | 746 | 598 | 561
10% s) | 431 | 403 | 491 | 458 | 431 | 403
/ O 172 | 173 | 163 | 163 | 139 | 139
) 117 | 110 | 124 | 116 | 908 | 851
20% s) | 627 | 584 | 713 | 666 | 627 | 584
/ O 187 | 188 | 174 | 174 | 145 | 146
) 142 | 133 | 150 | 140 | 107 | 100
30% s) | 714 | e65 | 8.3 | 758 | 714 | 665
/ O 199 | 200 | 185 | 185 | 150 | 150
) 158 | 148 | 165 | 154 | 116 | 109
40% ) | 752 | 701 | 857 | 80 | 752 | 701
e 210 | 211 | 193 | 193 | 154 | 155
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4 (
900 14.7Mpa
Do t(mm) 31.8%°x 4,02

(mm) 3.50
(mm) 31.44 31.37
(mm) 3.52 3.48
(mm) 3.04 3.00
a(mm) 0.48 0.48

b(mm) 10
c(mm) 2.88 2.88
(s) 8.4 7.8
Lk (s) 5.4 50
/ 0 156 156
(s) 68.3 63.6
10% (s) 39.6 36.7
/ 0 172 173
(s) 108 100
20% (s) 57.3 53.3
/ 0 1.88 1.88
(s) 131 123
30% (s) 65.4 60.7
/ 0 2,00 2,03
(s) 146 136
40% (s) 68.6 64.0
/ 0 213 213
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08

0.7

& W01
o W02
a4 W03
a W04
o W05

4.02mm
4.02mm
4.02mm
4.02mm
3.80mm

3.50mm
3.50mm 10%
3.56mm
3.56mm 10%
3.50mm
3.50mm 10%

)

)
)

)
)

04

03

0.2

0.1

0.6

0.5

0.4

=)

0.3

0.2

0.1

20 40 60 80 100 120 140 160 180 200
)
a A
44
A
A A
A A
? N
* WROL( 3.50mm
o WRO2( 3.50mm 10%
& WRO3( 3.56mm
a WRO4( 3.56mm 10%
20 40 60 80 100 120 140 160 180 200
)
3
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5

(MPa) [ (mm (mm) [ (N/mm?) (s) () )
1200 9.9 30.6 3.65 37.16 5.6 \Y/ 50 0
1107 15.0 31.75 4.04 52.57 6.1 V| 50 0
1081 11.4 314 3.20 50.79 12.5 V| 50 0
1004 11.2 27.15 1.90 74.69 8.4 V| 50 0
1185 8.7 30.9 3.80 31.61 16.1 V| 50 4
1199 54 30.7 3.74 19.60 1194 V 40 75
1100 8.7 30.8 3.73 32.16 87.4 V 40 69
1170 10.6 30.8 3.70 39.45 7.4 V| 50 0
1147 11.2 31.6 3.17 50.77 3.3 V| 50 0
1196 10.3 31.7 410 35.32 7.6 V 50 0
1125 10.7 295 3.00 47.80 6.9 V| 50 0
992 11.6 27.65 2.00 74.67 11.0 V| 50 0
1028 6.8 27.65 2.00 43.40 934 V| 50 95

( WV L
\de/_ 4
1199 75s W
1028 955
4
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1-1
BLOOPH
SH Na 505
SH Na 469
EV.__ Na 469
EV.__ Na 325 EV
Na 1036kg/s
EV 240
EV 368
SH 368
SH 487
105kg/s
EV 15.3MPa
SH 13.0MPa
SH Na 489
SH Na 456
EV.__ Na 456
40 EV.__ Na 284
Na 399kg/s
EV 195
EV 368
SH 368
SH 486
43.1kg/s
EV 13.0MPa
SH 12.7MPa
SH Na 300
SH Na 300
EV.__ Na 300
10 EV.__ Na 290
Na 399kg/s
EV 195
EV 300
SH SH
SH
10.5kg/s
EV 12.6MPa
EV 12.6MPa
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Na

BLOOPH Na SH
Na
COPD
COPD 1
1 2
Na
Na
SG
ACB = (ACS FR#E) anPAZal Eﬁi‘
Fy b7

 —
ﬂ

LnJL
TUrFL

G #kas
AL sy Ry L RRR BT —
Vel ATMFVT s =7 > [ \ nihss
TRIVF L o E‘ m¥ﬁ§ SEY ST~ Bt < E ].._@
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)

(

120

100

80

60

40 |

20 |

P,( Pa) /h 3700
1HX 31 1.9 rpm 1100
A 74 mNa 55
ACS
B 41 1.9 kg m 623
C 77 kg m? 900
ACS SH 54 1.95
SH 2 1.85 Na
SH 30 2
SH EV 27 1.95
EV 5 1.85
EV 36 2 1
EV POFC 77
29 1.9
22
POFC 16 1.95 v
A 64 1.9 1
B 101 1.95 35
C 69 1.9 22
A A ox Q/Q)
A 1
Qo 77
22
\
c
\\
10 20 30 40 50 60 70 80 90 100

(
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/ T
/ fT
0.05kg/s
T 0.05kg/s
T 400K
1.5kg/s
T 300K

700

e calculated by the data when
the rupture disk of the
r reaction vessel burst

s00b ¥ calculated by the datay
when the rupture disk
of the RPT burst

1

bl

g

SAFHET
fERALET T{E

(1) [=x]
Ly =
g 1=
]
ol
¥
basdee

wop,  KU—ZFIC _ | KU—SFELCZ
&KFT SR &7F L7\ ARl
’ i 50 100 $ 1L i

LEAK RATE & [g/sec]

SWAT-1 1l
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SG

POFC

1.2kg/cm?2g
gage 0.7kg/cm?2g

EV

POFC

EV  POFC
Cv

EV SH
POFC
OFT
EV SH
118kPa gage
69kPa
49kPa 0.5kg/ cm?
POFC
49kPa 0.5kg/cm? 85kPa
38
38
20
Cv 63
120
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Cv

EV

24%

26

38%

41

100%

50

POFC

24%

27

38%

46

20%

43

38%

59

100%

78

EV

POFC

38%

63
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OFC

118kPa |

~

EN

69kPa

OFT

130m?

69kPa
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110

—O— B H/\—HRENA
—8— 2 RROF/TH/A— 5 AEHA
—— AEBHAN—HREHA

100

90

[£H (kPa gage)

80

10

o
-60 0 60 120 180 240 300 360
RFfE (s)
AR 2 HAN—HRAEHAEERE (ERHEDN\—H X5 : FHE38%)

130 ||||| Lk b i K e ek ik i ik bk i e S e il s ; i i e e o S e

120 .. ....................... .. ........................ ......................... ......................... ......................... ....................... ]

110 e P s | —o—BRBEN A—HREPA | 1
- | 8- 2 RROF/THR—HAERA
—— ERBNN—HREPA

100 i\ — S rrmm rmm— -

[£H (kPa gage)

S L et ot s e

-60 0 60 120 180 240 300 360

B fe (s)
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O RUN 13 .
A RUN 16( un
+ RUN 16 H
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0.01 k) X ® RUN 1-7 5
g L S ]
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=
: I AN
|0 +
0 1 \
0.001 g \
\\\
\
+ \
+
0.0001
0.00001 o-—0-0
100 1000 10000

g/s
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REES (MPa)
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oy
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3

RUPIN
60
P W BLOOPH
o ,19w_
qtaz’
T6 vop)+ LT (=P
ﬂtb H P)+AﬂZ(WH) A
p t A P
<q>
RUPIN 1
A Hi Wi C
AH =CAH,+CAP +Cl, +C,
W =CW,+CAH,+CAP +C4
A Ho Wo
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Me_198 M0
PG T rqr A r 5

ﬂ.Tt —_
A W = Na(TNa- Tt)

(@)= =, (1 T)

<q> A
Tw A Na
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