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

Osamu MIYAKE', Hirotsugu HAMADA®, Hiromi TANABE™, Yusaku WADA*
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-TMo steel was established taking account of time dependent effect based
on the high temperature (700 - 1200°C) 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

¥} Thermochemistry Safety Engineering Group, Advanced Technology Division, 0EC
$%) Advanced Technology Division, OEC

#x%) Plant Improvement Planning Group, Monju Construction Office -

$%x%} Fugen Nuclear Power Station
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FHERMEER I I VITRT, K3.3.305, SBEEREGTRIGEEE
B3 EET UT0CL100°CTIREN T 5 (L) IZHIC. EAMMREED
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900~500°C R (3-3)
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BRI F FY D AREBOMELEE YRGSESEVESNYT
</ZBDT, ZROOKRDHEBESTLY HEANBOBERTHE
LWheEZS5hD,
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BA5PERBEOHIC. TN DEF—-5Z2dBLIT 18, 38, RUS
PDTEFHRLBLLT I Z2ENThREEBELLUT, RRERET
HREVBEDLS LEDLZPEIEERGERIFTRANL. 6. RIS
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(a) 3#FBRAE (LT77L2RT—R)
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4. FRUDA—KREBOERAIENE
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NSOBIFTHWSNSK - w{nﬂﬁﬁﬁ'ﬂi SG DF|FERR (K
KTt 4 — 1M BT 50MY %m%i%&’itﬁ BTRESNEAUALOA
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4.1 7k - REOERGHEER
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R2.2.1 2 1/4Cr-MofA DR I EHRTFM O /= D DI B HE(E

B R | HBE (C) KHTBL U —HERRE W)

(s) 700 | 750 | 800 | 850 | 900 | 950 |1, 000(1,050|1 1001, 1501, 200
1 [125.3{101.6 |82.4 |82.4 [82.4 |74.2 {60.2 {489 |30.6 |321 |26 1
10 [125.3 [101.6 [82.4 {82.4 [82.4 |74.2 [60.2 |48.9 {306 |32.1 |26 1
20 [112.4{90.7 {73.2 |73.2 |73.2 |65.8 |53.1 [42.9 |346 |27.0 |225
50 |97.4 |78.1 (626 {626 |626 |561 |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 |441 [35.0 |27.8 {221 {17.5 |13.9
360 [71.5 |56.5 [44.7 |44.7 447 |30.8 |31.4 249 [197 | 155 | 123
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 {161 [125 [ 97 |76

£2 22 REBEBRBIETHEOAE? - 1/40-MBHEOBBRNEERE (52)

1, 200

éﬁ’%ﬂ?ﬁﬁm 600 | 650 | 700 | 750 | 800 | 850 | 500 | 950 [1,000] 1,100
Wty | 251 226 168 | 112 | 69.6 | 68.6 [ 67.7 549|422 | 235|147




INC TN9400 2001-130

} 23 1(a) TRUST-2 HBRCEER LA JISHRE (T2) it
1) B9&
TTE C Si Mn P S Cr Mo
FitgiE (0. 15 LUF(0. 50 LLF] 0. 30~ 0.03 0. 03 1.90~ | 0. 87~
0. 60 LI'F LI 2. 60 1. 13
SIE 0.10 0. 31 0. 50 0. 022 0. 002 2. 20 0. 96
(BfL : %)
2) B -
REGLOLEBREBEL (930°C —  T740°C XAC)
3 BWAEE
R mAh 0 2%4 71y K FIREE 14
RIEIE 206N/ mm? 412N/ mm? 30%
HEE 308N/ mm? 498N/ mm? 41%
#F2.3.1(0) TRUST-2HBRTHEALA IHbAULw! HYHOMHLE
1) BH&
& C Si Mn P S Cr Mo
FRARME (0. 15 LUF|0. 50 ELF| 0. 30~ 0. 03 0. 03 1.90~ | 0. 87~
0. 60 LI LIF 2. 60 1.13
ShiE 0. 11 0. 26 0.43 0.0623 | 0.0072 2. 06 0.93
(BT : %)
2) BmiE: |
BEELASLBEEHEL (920CX1049AC — 740°CX30 % AC)
3 BEEEEE
i A0 2%A 7ty k) BlIRIEE ke
TBR{E 206 N/mm? 412N/ mm? 30%
HEE 333 N/mm? AQ0N/mm? 48%




INC TN9400 2001-130

232 TRUST-2 L HIRMEMIBERBEROE &

AUBRAY | BLBRET | IRIE | BiEE: | BRIERS | BB

BBFE | oNE onE| BE | Eh | Bh | BE

(mm) (mm) (’C) | MPa) | N/mmd | (s)
i?ii%ﬂ %iﬁggu(f% 30.6 | 365 | 1,200 | 10.0 | 37.2
;ﬁl:gﬁ- %22;?.;5% 31.75 | 404 | 1,107 | 15.0 | 52.6
g omme | B4 | am || e | s
iﬁligﬁ %\gg;?ﬁ%‘ 27.15 | 1.90 | 1,004 | 11.2 | 747

iﬁfw ; sn[;gac'if;f T 0309 | 3.8 | 1,185 | 87 | 317 4

;;:w ; i;g:.ifg 3.7 | 3.74 | 1,199 | 5.4 | 19.6 | 75

i;w ;;ﬂgf-iff 30.8 | 373 | 1,100 ] 87 | 322 69
;EE:GH ;‘:?& h200C) 08 | 370 1,170 | 10.6 | 39.5
;;jgﬁ ial:?é BIOC) 216 | 317 | 1147 | 112 | 508
:’é;f;@ %‘gg;?fi‘%‘ 31.7 | 410 | 1,196 | 10.3 | 353
fé;‘f;@ %‘gg;?fi&%\ 20.5 | 3.00 | 1,125 | 10.7 | 47.9
pan s | 2088 | 2o | e | s |

,E;f;@ ; g;gac_iif 27.65 | 2.00 | 1,028 | 6.8 | 434 | 95

-8 0 -




JNC TN9400 2001-130

£31.1  SWAT3 KU~ HBREER
Run No. 1. 2 3 4 ) 6 7
$BAKES  (WPa) 151 | 150 | 146 | 144 | 151 | 151 | 122
MMFPUSARECC)]| 378 | 320 | 398 | 380 360 445 245
AMU—0%F ke/s) | 67 | 65 18.8~7.9/0 0~7.2| 15~11 |9 4~8.3 e~
SEKESE (s) 7.6 | 99 | 95 | 94 | 97 9.5 9.5
BU—E (ke 8.2 | 122 78 83 150 90 85
|

A - FEAkE () 1 1 i 1 1 1 1

E] - BIEkE () 0 0 0 0 0 0 0
ME - HRMEE ) |13 13 13 13 15 39 20
BEGAEORE | ®L | BL | BL | BL | L | mL | mL
BAETEE W) | 0.47 | 0.60 | 0.49 | 0.53 | 093 | 050 | 0.57
REHBEEE (C) | — — | 1,185 | 1,175 | 1,250 | 1,180 | 1,140

#31.2 SWAT-3 mHiEEREBEER

Run No. sl 9 ol 31a]s .| 7] 18] 19
SKEH WP [146{146]149| 144|147 (148 146[155|150[150]138] 159
M MUY ARECC) | 343 | 358 | 400 | 336 | 334 | 372 | 341 | 335 | 340 | 320 | 468 | 459
U —2% @/s) | 36 | 68570 [ 00| 87 | 900| 18 | 14 |2 2001480 40 {1, 850
KBS () 160 |2,180] 54 | — | 152 | 168 | 168 | 293 | 60 | 60 |4 680 32
wy—s8 ke | 27 | 15| 32| — [ 39 [125] 110 f132] 228 81 |425] s
BAY—2% ke/s) | 1.5 00068 0.57] — |1.46(0.90|0.90|274| 45 | 1.46|0 24/ 1. 85
-k Lol ool o|o|olololo] 4a!o]s
ym-gmbked | 2 | 2 | o 1| 5| 1|55 6| 08| 0
WER-HAMEE | 25 | 5 | 24| 9] 9|13 oo 4|59 0|1
MR RIBRAREL SR IBL| 2K — |3k |2kl 6k| 5k 2R |EL| 3| 2k
gaLegkER |2 | o ol — 3| 1 alal 1020
mgELHzmESE® | 1 | 0 | 3 | —| 1|8 | —| —|2alo!l =15
RUCHEERREE (O 11,132 640 |1,190] — |1, 130]1, 092|1. 170[1, 520(1, 222|1, 3741, 127]1, 400
memFmmEg o) | — | — | — | — | — | — [1.100]1, 110{1, 121]1, 106] — |1, 185




JNC TN9400 2001-130

3. 1.3(a) THAUW Bt SWAT-350E8 525 & D HE#k (Run1s, 19)
HACp] SWAT-3 SWAT-3
#R e Run’é Run1g BiHE ReTHE
WRE (ROEE TH| m eOand e 0xer|  « (RENERR (REZzy MR~06 LU S THR
" REETE w3 et gt n ke et TELEHSERE NERONEREHZEDICS
s ~AUHh)N3a
S e - N 40@'{ HE 924 = mEscERE _(E%mﬁflizku 0%%@0)1&51"‘%@
ERERE (EvF) m 50X50/48 - o [ERSTUmOESTRED
ERERE ~ [z 25cr-mom| < -  |mmscami
= 20 (AE) - -
mE c +59° (i 340 37° [Runl6lL RESCRASTEDMAIKSEEE, Run iS55
15.1{AQ) lﬁ!ﬁ?éﬁ?ﬁmﬁ%ﬁtﬂu SHAT-3I7k Inshagse
J ] £ ¥ N -
* 53] MPa 143 (200) 15.0 15.9 2 =~
Bl sk ke/s - 2.2 1.85
o= $ - 60 32
FkE ke - 228 61
= pr v 469 {A0) 340 450 RunlbiZEafkiER CoBEL L., Runl LS L3
= 325 (#01) NaBIA 1) ot % 25
B |ES B A=A | Walsagel | 0.1 .05 -
t/h 3,730 FERC I D AR AR L E LV eth. RS
A 1 e (0. 7} e T | CESNEEEAROIC S5,
| ERBODMEREE | b ) 0.3 03 c  |m@scemEm
E RN ERORRRERE | W2 @EE | 015 015 —  |=msczan
RRBRES WHME | Walzedl | 0.01~0.03| 005 - |=mEsEcEE
£3.1.30) THAU v BT & SWAT-35B4 224 & D LEES (Runl7)
SALwr | T5ACw] | SHAT-3
RA = 10%&K | Runi? REME /R .
Pt ) (ﬁiﬁ@%ﬁ) <+ m ﬂgmxﬂiau — . 3'")(#]7“ ﬁg%g%ﬁ) (BT o bE(~0. 50 LU B+HE
FREE mo3.00x38t |« [onamxa | PESMCERR NEROARRSHZFOS
. 1 3 -
R - il < |eEes zesees RBTEkY —0 BT EHEER
EOERE (EvF) - 50X 50/48 - - [ERSTNmOERTRE)
GREHE = |z e~ —  [me@scemnE
B SR KN A i RUSUEBEEOERITE (HAC) £1H-E A
2% ?EI. LY
15. 1°(AD) | #13{AD) . ¥ RESGIRER KA v & —, SWAT-3137kINZAES St
o WPa Y4 3cko | 3ekm | 180 RSN ’ *
| Empe ke/s —~ ~ 1. 46
[k s - — 50
FEkE ke - - 81.3
- © 269 (ACT ] 300 (AC) w0 | RBSCEREROERET S NafltD) wre B
o 325 (N 290 {# 0} (102857 8a (& Bk
RIEN @mn—HRD | Waleaged | 0.1 < 0.05
o t/h 3,730 1, 455 L |RRCEEBLCESA ﬁw%eﬁﬁum\m R
- /s 0n 0.3 ICHESNBIEEEBOHICEAS
o ERBONGBREE | WPa (2E 0.3 - —  |mmscems
H BB ORISR | WaZE | 015 - —  |m@scems
RGeS GME | Walsaee] | L 0~003] < T

—6

2_




R321 BRZTFrEHICHDS SWATHBROE LD
KU —o= aiLBR No. REETIE HAMEGERE faKIGEE wm &
100 g/s SWAT—T\' SWAT-2 EIC 25. 4nm® X 3. 2mm* (%9 1 25— S57) 2 IRERIERFE1S 50 ?’J‘LLU: SS:NTTT—_; (;?13400!2.”):
LUF BT SWAT-3 ~—&B 31. 8mm® X 3. 8mm* (D RT—PE) SWAT=3 (5 @]
570 g/s SWAT-3 Run10 - 25. 4om® X 3, 2mmt 5([37???;1jiﬁ§f — RIS - 54 B
900 g/s SWAT-3 Run13 | 31. 8mm® X 3. 8mm' iojfi[;izfﬁf 7)‘::): i;%f:;:f;;k_%:; KRR - 168 #
1,460 /s SWAT-3 Run17 31. 8mm® X 3. 13mmt 2 REFEARL 'ff;:i;zi | FERRER] - 60 B
1. 850 g/s SWAT-3 Run19 | 31. 8mm® X 3. 13mm* 1(2:2@&757_2?;:;& : Tﬁ:‘i ;zf FEKEERE - 30 #
2,200 g/s SWAT-3 Run16 31. 8mm® X 3. 13mm" 12 (T;,"fgi ?fj;ﬁﬁ 3 ?J‘zggiﬂ;l:i;fﬁ}ﬁﬁ EkEsE : 60 B
2,740 g/s~ | SWAT-3 Runl5 @ 31, 8 X3, Bumt B fh DB LK E I 5 RALIBD
¥ 1, 000e/s 5 RigiE 6 Rz L 58 BRIk =L
6,700 &/s bLE Rsifj R:m";: 2‘? | :n':‘n"f:sfq’;';’ft 2 KA L - AEKEH -

7.6~8. 9%

0€1-T00Z 00%6NL ONI
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&= 331 RINGREZEBOZETMERMGE

it B fi7 HEE Lo
EERENME m 30. 77
EEERAE mm 3.19
FEEEREEE | WK 25. §
RRELER | ke 7. 67x10°
ERELS | )/ ke K 0.63X10°
IR C 405. 0
EAMMEEE | W/ (- K) 8, 524. 3
RIGIRE C 1, 170+=100
EARMEEE | WK 4,300

%332 FHUBERCREREOB®R (SWAT-3 Runld)

FHAERRE (B) 1 3 5
Runi9-Ti114 - L1ne 1, 151°C 1,129°C
Run19-T1173 . 1, 288°C 1,165 1, 119°C
Run19-T1181 1, 177°C 1, 165°C 1, 146°C




%333 KELLRPY—XT fU—sHBOELD

TEST NO, , UNITS

Test Date

Simulated Steam Generator

Conditions

Initial Leak Size (diameter) in (mm}

Leak Location (above bottom  in (meters)
of shroud)

PRETEST CONDITIONS .

NA Temperature °F $°C)

Na Pressure o © psia (MPa)

Primary Tube Pressure psia (MPa)

Secondary Tube Pressure psia (MPa}

Initial Primary Tube Flow
Cover Gas 3,3
Cover Gas Volume * ft~ (M7)

TEST RESULTS

1bs/sec (g/sec)

Maximum Total Leak Rate 1bs/sec (kg/sec)

Leak Duration o sec

Time to Rupture Disc sec
Operation ,

Maximum Sodium Pressure psia (MPa)

Maximum Measured Reaction °F (°C)
Temperature

TUBE DAMAGE

No. Failed Secondary Tubes

Maximum Wastage in (mm)
Maximum Tube Bowing in (wm)

STACK EFFLUENT

Average Downwind Deposition ~ mg NaOH/CM-day
Rate : '

{subcooled H

A-3

6/11/80
Evaporator

2

0.040 (1)
81.5 (2.07)
Central

580 (304;
160 (1.10)%
1715 (11.8)
1715 (11.8)
0.1 (45.3)
Nitrogen

0)

150 (12.75)

13.4 (6.08)
145
114

335 (2.31)
2100 (1149)

(

5
(to failure)
1.25 (31.75)

36x10™5

2}

2015-1515

A5

4/14/82
Superheater

(Hot standby/
Hot shutdown)

0.25 (6.4;
149 (3,78}
Peripheral

- 650 (343
78 (0.55

1465 210.1)
1.0 (453)
Helium
140 (11.9)

15 (6.802
72 (2)
58

275 (1.89)

. 2500 ( 1371)

23
(to failure)
2.5 {63.5)

31.3x1077

Notes: 1. Estimated from leak sizes determined by pressure decay tests,

2. Includes secondary tube blowdown time.

13.9-10.4)

A8

7/30/81
Superheater
(operating

temp. )
0.054 E1.4)
197 (5)
Central

900 (482;
195 (1.34
1565‘(10.83
1565 (10.8
0.07 (31.7)
Nitrogen
160 (13.6)}

0.07 (0.032)
40

40

195 (1.34)
N/A

0
0.054 (1.37)

o .

715x10™°

0E1-100¢ 00¥6NL INI
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#=3.3.4 SWAT-3 Runi6,

17, 18 HROTE

-~ %JJ,EH(EIS);‘EE -557}(15)%*;%‘1’ :Fi’-v(kk;J/ S—)az
Runib—1:&RYU—2% 340 0~23. 5 2.2
Runl6—2:x 1 —2& * - 23. 5~60 4.5
Runt7 320 0~60 1. 46
Run19 - 459 0~30 1. 85
¥1) Run16- 2%V — & (IFEMxIERS
£3.3.5 FhELHBNBOTFEBEEZDOBG
BB | kB | ARERE | HRe0 | BiEEZE | B/A
No. (ke) () BEEY(C) | HABMEYW | (5)
Run16 | 228 2.38X10% 197 0.55%10° | - 0.23
Runt7 81 0. 85%10° 110 0. 31X 10° 0. 38
Run19 61 0. 64108 74 0. 20 10° 0. 31

1
2}
3)

RIsE& 188kd/mol & LTEKBERECKE
kA CEKER &3kEET 40 P2 OEEE

ARG EY EBBOF MU ARIFICRIEBMEZ SN S & LIEBEORE

(RIFICITERSTHROF M VADEBELRbH B LEZLENS, )
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%336 REEREMSL RunIHREZHTOREGE

= | REERSGOBFMSE | SWAT-3 Runld OFkE
ZEME 15.7 MW C19.3 MW
EREAY? 534 3%
Y | 2.7 m 0.15 m?
+ MUY ATRE 0.7m/s DTHEER | ik
1FHEVD
0.75 kg/s 0.20 ke/s
REEB
1&x4-UD
62.2 ki/kg 30 kJ/ke
B 9
e e 2.5 My 0.018 My

—

) RASEL 188kd/mol T3 L. RERUVEBRTOKI —IFEZENTN 1. 5ke/s R
1. 85ke/s & L7z, '

2] REICOVTIE. ER S OREBBETHEHE (RS 50cm) DESFHKE LA,

3) RBICOOTE, HES0cn 0¥ ERT 3 GEHEOARER. HBICOVWTE. B
50cm DIREAVE 3 A D s KM,

4 HERICOWTH. TABEADOESRE,

5 ZHHICOVWTRERBLBETORHMASTMELY. HBRICDVTHEH, FhUDA

SRR 1, 170°C, BMERE 4, 3000/ (- K) OV A LAHERE. AMALARE

[EMHFTHE, '
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=421 RABRRBBPXOBERBE (F—FXN—XgH) 9 «°

By

15 Tong D= ! HgEo
KA MPa 5.5~18.0 0. 1~18. 6
AOv7o—Jb kd/ke 0~1, 630 (x3)
KHEE cm 0. 254~1. 37 0. 118~3. 81
RE/MEL - 21~365 5~940
HERR kg/ (i - s) 271~10, 850 (x4)

(#1) BRI TWB YT —NERICET 5EET— S RN 5 EARE

($2) B OSSO 46 2409 BICRBEINTOSK/ERDF—I R—ADIF
{#3) PAME/REEEREL
(+4) BERRICELU T We BTEEINTVS (1/Ne=(0,0,) / (G?2) : 2. 78x10°~1. 0.

HA U wEETEH2 31070 (10057E) ~4. 110 (1057 8))

% 4.3.1 Post-CHF {ZEAMBESSN DB AEEE
IEE ==} Groeneveld 5.9 M= | Condie-Bengston WD
EH MPa 3. 4~21.5 0. 42~21.5
 HEEBRE  |ke/e-s) 700~5, 300 16. 5~5, 234
LW AV T« - (0. 1~0. 9) -0.12~1.73
R KW/ m? 120~2, 250 34~2, 074




% 4.5.1 BLOOPH & RELAPS (BRARE 5L 0D Ltk

BLOOPH RELAP5/MOD2
MEEE2ERETIIN IEEIETH 2 KEEFIN
' [UESHEOEREOR (2/58ER) S[EEHDOEEDOR (2 5ER)
1. %kBEFNE [QURREOIRNLF—- (1 FER) FEEHEOIRIF- (2 FER)
HEAER [URESDEHEDR (1 A1) S[URBHEOEERZEDR - (2F8ER)
NVA—ADP o EERELE Seni-implicit | RYUa—AS v s a2 E8AE L7~ Semi-implicit
Eak ENiE
JkE4E  Henry-Fauske EFIL

2. BRMETIN

238 Moody E£F I
ERBEHE BRERETI

Ransom & Trapp BF I

3. kflBEETE TV

EERORGERHERES

AYRIE (BEER) ORGEEAD
G | BLOBES eusmg | Dl ttusBoelter Ozt
f&1E Chen D=
Pre-CHF Pre—CHF.
2 faish {&1E Schrock-Grossman D=t > 48 Chen Ot
Rohsenow D=
248 DNB m&fafIREHE s+ 248 Chen D3
Post-CHF | TRhiRis: o Tl Post-CHF | BEvh Izt Dougal |-Rohsenow D=
AR EAE [ FhLogER FESEMEE | Dittus-Boelter ¢
) HEBRT—&ICHINT, ] Biasi D3
CHF E{‘-‘fﬂii:‘n_t %‘lBu?m F U5 4 (0.75) T CHF SR =, IETE Zuber CDEt

4. FbUDARBETIV

TRUDARBEEZRARMGEL, TRVF-RER

<. BMEEIT Hoe D,

FTRUDARIREIAEWNT., CRENETEEST

(—%&) eRARMGLT S,

0€1-7002 Q0F6NL ONI
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#5031 KU—sGHEROSTERE

. = A | 0%k | 10%8K

BEEF | sman | meae | mres
BRIEEE (s) 10 " 13

1) REEREE, MEEDY ETFTO S,

®5.3.2 KU—IBREBROHEER
(IRHBEE DR MEZRE)
e RE T e WY R
TH0%wk | 14 14
*ﬁgﬂfﬂ 40%#k 2 12
& 1 10 i

* 1) iREAEIL. MIEETIY BT TS,

¥ 2) EEBROFA—/N\TO—1EHRH. 2 RESINRBER L TA—NT
A—=35ADFA—~NT7OA—LEORBEVAN-HAAMYARD S E
DEDHDPHELUZIGELYBRESFEEZ B S THEFREE
FERALTHEE T #
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£6.1.1 KU—oRBRCOEESTF v BHFEE (BRUTME
e
F U ARE E et ﬁ*ﬁf fz;:-- =
TE O TREE
Run O BRIER gpmw | mE | Eh0 |sEER | A2 | BE
_ BE | BE
kg/s C IT/C No{ W/ (m*-K C EAHE (W W -K mm mm
3 3 8~7.80 398 T1119 308 P5201 45 25.4 | 3.52
4 8. 0~7.2 380 T1140 380 P5202 1.7 25.4 | 3.52
@ -
5 15~11 360 71114 { 3. 3. 15 (¢) 360 P5205 1.0 31.8 | 418
DEEE
6 9 4~8.3 445 T1135 - 445 P5204 1.3 25.4 | 3. 52.
7 10. 6~7.3 | 445 T1139 445 p5204 0.6 25.32 | 3. 48
VEBROBIET—~ %EH
QA EBEROFINBNA NS E’ﬁi‘f}ﬁﬂﬁﬁ%&{ﬁﬁ?
£6.1.2 KU—+RRTOSES 7FvRIFEE (EFHE)
2 o
F U AR EPR REEAR
ERE  mmTRER | BEE
Run o oy | TR lmm| Ent  (mEER| sE | WE
kg/s C C WK | °C | MPalgagel® | W/ (m?-K) s e
3 8.8~7.9 1 398 1, 185 4,150 393 17.6(179) 45 25.4 | 3.52
4 9. 0~7.2 380 1. 175 4, 250 380 14. 2 (145) 1.7 25.4 | 352
5 15~11 360 1, 250 3, 300 360 20. 4(208) 1.0 31.8 | 418
6 0.4~8.3 | 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 25.321 3. .48

1) RET—4 0 LIREHELS EER
AWRETBZIHAMEEDREEALLE
JEBMAIL ate

) EAOREBENS 50 ARMRIMEEZEER
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#£6.1.3 KU—JHERTOBES 75 vBAER (RERMFEM)

AERIER BRER
| oV —THkE
Run FER | 2K EREIE REREI{RE | ErRIERE
BFfE | B8 3.0 1.5
wh WAEIEE | TRIEER | AHiERER | ARiERER
s - MPa °C 3 s s
3 105 |EL EEBERUNI YU —THEITEL
4 | 9.4 |8BL FEEIERE S ) —TiaId L
5 | 9.7 | EL EEBIERUNS U —~THIBIZEL
6 | 9.5 | EL EEHIERUOI U —THRIBIZEL
7 195 |&L EHEBEEUS U —THaEL
#6114 RU—VHBTOEES7FvEBFER (RFISEME)
AR BITER
. o) —THie
Run k| 2k FETEEE BrREIRE | BEERE
U g | e 3.0 1.5
wh WIERE | AR | BIEREE | TRiERFR
s — MPa (kg/mm?) °C $ 3 s
3 9.5 |#EL 56.0(5.71) 1, 020 11. 42 14. 88 16. 85
4 9.4 | EL 45. 3 (4. 62) 1, 069 14. 49 18. 70 21.70
5 | .7 &L 68. 9(7. 03) 971 11. 53 14. 44 15. 98
4 9.5 |EL | 55. 7 (5. 68) 1,022 11.17 14. 67 16. 69
7 9.5 |HEL 69. 7 (7. 09) 968 9. 02 12. 10 13. 83
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+x6.21 REAFBIRICHBITDENES _
iR MR E FRIESE
BB — X E%?E Eﬁg B ?ﬁ%m
Run10 No. 47 400 1, 050 7, 000
Runi3 No. 233 372 1, 000 10, 000
Run16 No. 63 340 1, 000 10, 000
" No. 73 340 1, 000 10, 000
Runt7 No. 58 320 950 | 15, 000
Run19 No. 63 459 1, 150 . 4, 650
LLTR/A-5 No. 41633 343 1. 210 3, 850
622 HEERICHIISERERY _
= 8 g
wir-2 | EERe [t T W
Run10 No. 47 BRAZAME | 400 16. 3 3.6
Run13 No. 233 BRAAME 372 15.3 3.8
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Plant Safety Engineering Section
Safety Engineering Division, O-arai Engineering Center
Power Reactor and Nuciear Fuel Development Corporation

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

4th April, 1997
M Ron Currie
Active Handling Department
Fuel Performance Group
AEA Technology ple
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 5. 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,......"

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,

o ke

Hiromi Tanabe
Plant Safety Section,
Safety Engineering Division

ce: K. Aizawa RPD/HQ/PNC
K. Nakamoto SED/OEC/PNC
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Mr H Tanabe
Plant Safety Engineering Section

Power Reactor and Nuclear Fuel Development Corporation
4000 Narita, O-arai

AEA Technology plc

Fuel Performance
Windscale, Seascale
Cumbra CA20 1PF
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 Ieak 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 Expenence, Held in Aix-en-Provence, France, 26-28 September
1990, IWGFRI78.

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.
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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 fcading 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 assurned 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 fubes 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,
50 we can assumne 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 comectly 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 correcily, 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 stearn 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 Steamn 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 durmnp 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
stow 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 superbeater 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 evaporater. 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 lealk, 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 1235¢. 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

Nobrne

Ron Currie
Manager
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21 TbAln] RRSEFEELEROELD (/IFL)
(BERGER N~ HREANEEIC L BRE, EHEAES b« SEEAE)

o _ AR | ER | EB |A0%4E7K|40%4a7k]{10%557k| 10687k
' SHiEEEE | SHaEEL | SHaEER: | SHEREL | SHEEES | EVEESh | EVES
KU —ZME - 1B LB ERPER T ERT ER T ERLIP|ERDEE
U > &No. - 13 9 6 9 8 13 11
(k7 O—FaiaiE s 14 14 14 15 15 18 18
GEENE m 31.8
BiTR~TA m 31.46X3. 05 GEAZERE) |31.44%3. 04 (AZE) | 31. 37X3. 00 (A&
T GEREWA — 2 - 1/4Cr-1No5
(Na{,ﬂﬁ#) S
PELRE C M7 368 348 332 328 299 298
RisEamgt! C 1,170 { 1,170 | 1,170 | 1,170 [ 1,170 { 1,110 | 1,110
REEEEEE (W @K 4300 | 4,300 | 4,300 | 4300 | 4,300 | 5 300 | 5 300
[OREETED)
BkRE % 100 100 100 41 41 10 10
MEFOEE C 342 342 304 323 316 298 298
INEABTDBIEZEE |W/ (- K) ] 76, 400 | 35,700 | 22,100 ] 11,000 | 10,800 ] 3,290 | 3,280
EHREA MPa | 14.9 15. 2 15. 3 13.0 13.0 126 | 126
(HmR) '
-2 | EEER C 786 849 581 929 930 917 | 912
BItaET [BI5RemE| N/me? | 87.0 | 82.4 | 250.8 | 77.8 | 77.6 } 79.7 | 80.6
7 N/ | 7005 | 71.8 | 722 ) 61.7 { 61.7 | 60.0 60. 1
B/ _ )
5 i = 0.80 | 0.87 0.29 | 0.79 0.8¢ | 0.75 | 0. 75
(3] s 0 0 14 9 12 0 23
- EBERE| C 786 849 1028 | 1042 1048 917 1075
wégg SEE=| Nm | 8.0 | 824 | 542 | 51.0 | 49.5 | 79.7 | 44.0
Ll A N/m2 | 705 [ 71.8 | 45.0 | 48.1 43.8 | 60.0 | 351
wh/ _
3 0. 80 0.87 | 0.8 | 094 0.80 | 0.75 | 0.80
ZEEEn” — 0.37 0.70 0. 47 0. 83 0. 68 0. 65 0. 93
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#2) k70 —BIh (RE€0) Off
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#2 [HAUw) ZRBEFEZGLEROZ O (HEREEE)
(FRARELERT : AIN—HRAEHGESICLZEE. GCHRERES S FERRE)
—— B A%k | A0%8k | 10%5K | 10%%8K
SHiE#% SHER: EVELH EV 2
KU~ IE - ERPE | ERTH | EFELE | P
> oo - 9 8 13 12
KT Oi— Bt S 15 15 18 18
GEENE i 31.8 .
e iR mm 31. 44X3. b4 {mm Rz | 31.37X3.00 (RE)
GEEHE — 2~ 1740r— 1Moy
[ (NafBIZ=TE)
YIELEE T 331 326 300 300
ErsEkaes! C 1,170 1,170 1, 110 1, 110
RISEMEZEZ [ w/ - K 4, 300 4, 300 5, 300 5, 300
(m@%@)
Bk % 39 39 4 4
MBEDERE C 321 314 300 300
MBAFOMMERE |w -0 | 10 500 10, 300 1, 560 1, 560
ERES MPa 13.0 13.0 12. 6 12.6
(BBIRiER)
S O— | BERE C 932 933 845 845
BAEBET | 5IEBE | N/ 77. 4 77.3 82. 4 82. 4
BA N/mm? 61.5 61.5 60. 0 60. 1
s/ _
2R & 0. 80 0. 80 0.73 0.73
=T s 9 13 27 22
EEEE C 1041 1050 1068 - 1072
%géffﬂ SRS | W/ 57, 1 489 154 448
i Bh 1 N/ 48. 0 427 34.8 36. 1
s/ _
2t 0. 94 0. 87 077 0. 81
REEGH — 0.84 0. 66 0. 80 0. 99
) R B EIIRSE (SH:@Zhes, EV: ZHE2D)

)k 7O0-FE (KREO) OFE
¥R T O—RTREADE
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F THAUw) BRSBHRELEROELD (V2F0)
(REBERT : AIN—HAEHNFHESICL SN, GREREA 02mm : RETHE-3. 50)

—— B ERE ER R | 40%587k | 40% 58k | 109587k | 10% 487k
SHiEEd | SHau | SHaEsr | sHaEit | SHaEsE | EvEimk | EvEm
U—LAE - BRI ERFPR | ERTHIEFTPR I ERTB TR | ERBE
Y > £ No. - 13 9 6 9 8 13 11
7K O —BIRE B s 14 14 14 15 15 18 18
GEEIE mm 31. 8
BATA~TE o 31. 46x3.53 GEAEIEE) |31.44%3. 52 (@) | 31. 37x3. 48 (AE
GRETE — 5 1/74Cr-TMo S
(PEEZR)
PEEE C 47 368 348 332 328 299 298
ErsiEga C 1,170 | 1,170 | 1,176 { 1,170 | 1,170 | 1,110 | 1,110
FREEREEE |wind-]| 4300 | 4300 | 4300 | 4300 | 4300 | 5300 | 5300
OkEIER)
BIKTRE % 100 100 100 41 41 10 10
MBAFIOEE c | 342 342 304 323 316 298 298
MBABOIEESE (W md-K 1 76400 | 35700 | 22,100 | 11,000 | 10.800 | 3,290 | 3,280
ERES MPa 14. 9 15.2 15. 3 13.0 13.0 12.6 12. 6
CEREES
Jr—* (EERE! °C 789 848 596 923 924 912 907
Batadr [BIRaR=] N/md 86. 6 824 | 230.2 78.7 78. 6 80.5 81.3
_ S N/ mm? 60. 1 61.2 61.6 52. 6 52. 6 51. 1 51.1
wh/
— 0. 69 0. 74 0. 27 0. 67 0. 67 0. 64 .
2| E o4 | 0.8
=T s 0 0 13 9 12 0 23
mEEE C 789 848 1002 1035 1042 912 1072
TO—R e wmd | 86.6 | 824 | 60.3 | 525 | 500 | 80.5 | 447
DEHE
Lo BA | Nmt | 601 6.2 [ 408 | M0 | 3.4 | 511 29.9
BAH/
— 0. 69 0.74 0. 68 0.78 073 . .
il _ 0. 64 0. 67
FFEER - 0.15 - [ 027 0.17 0. 33 0. 26 0. 26 0.37
#1) RIGERE I HEE (SH:BzAzs, EV.ZRFE2)

£2) k70 —Etg (BAE0) ofF
£3) k7O —RBRTHAOE
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#z4 HAUw) BREBENEXGEEERZDE LD (FIHEEERE)
(RBER : AIN—HRENHERICL D&, EREREL 02m : EHFHE-3.50)
_— _ AokE7k | 40%%87k | 10%%7k | 10%#57k
i SHiE SHEH EVES EVELH
KU ~—~HHiE - ERPE | ERTE | EELE | SEFI
Pz — 9 8 13 12
KT O — GalRr el S 15 15 18 18
e X ¥ mm 3.8
R <TE mm 31. 44X3. 52 (A EAEE) | 31.37X3.48 (AK)
GREMA - 2 - 1/74Cr-1Mo%B
(Na{,ﬂ.lj?;r%jﬁF) .
HEE C 331 326 300 300
REEEE" C 1,170 1,170 1,110 1,110
B anEE W/ (m? - K) 4, 300 4, 300 5, 300 5, 300
(7k£§.ﬂ'—%ﬁ=) .

%ﬁlk}n = % 39 39 4 4
BRI DEE C 321 314 300 300
MEFMORGEE | W/ m*-K | 10500 10, 300 1, 560 1, 560

EREA WPa 13.0 13.0 12.6 12. 6
(BT R) ,
Sh—7 | BELE C 925 926 846 847
FIMaET | 3lRAE N/mm® 78.5 78.4 82.4 82. 4
| wmh N/ mm® 52. 4 52, 4 51.1 51.1
A/ _
213 0. 67 0. 67 0. 62 0. 62
=15 s g 13 27 22
T °C 1035 1045 1066 1068
Zo T EEeE | W | 527 50 3 %0 | 5.4
ry B N/ mm* 40.9 36 4 29.6 30.7
wBh/ N
Srddnd 0.78 0.72 0. 64 0. 68
BigEEnY — 0. 31 0. 25 0. 32 0. 39

*) RIGECRE (I REE (SH:aBZA3%, EV:Z%%<R)
)k 7O0-RE (BHAE0) OfF

¥3) k70— TR=E0E
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&5 oAby ZRBBITRGLBROELD
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KU ~H g —  [EREL|ERTD | EETH Exhn | TR T | SR LB | SERE
> &io. - | 13 9 6 | 9 8 13 11
7K O~ Bl s 43 43 43 43 43 54 54
CREAE mm 31.8
BRTE e 30. 77mm X 3. 19mm (HEA% 1EE) 1 30. 50%3. 05 {RI7E)
EREME 2« 1/4Cr-1Mo83
(N2 Z= )
THIEREE C 417 368 348 332 328 209 298
RisEEE" c 1,170 | 1170 | 1,170 | 1,170 | 1,170 f 1,110 | 1,110
RICEAGEZE W/ im?-K) | 4300 | 4300 | 4300 | 4300 | 4300 | 5 300 | 5 300
EEZE) -
BIKE % 100 100 100 A1 41 10 10
MBFDRE C 342 342 304 323 316 298 298
MBFTOREEE [/ (w?-K) | 76,400 | 35 700 | 22,100 | 11,000 | 10,800 | 3, 290 | 3 280
EWEAN MPa 14.9 15. 2 15. 3 13.0 13.0 12. 6 12.6
() '
sO—"2 [EEBE| C 796 871 586 965 970 985 985
BEREEN | SR N/mmd 84.0 82. 4 243. 8 70. 4 69. 0 B5. 0 65. 0
SN N/mm* 65. 8 66. 9 67. 3 57.3 57.3 57.3 57.3
7/
alime 0.78 0. 81 0.28 0. 81 0.83 0.88 0. 88
=] s 0 - 13 - - - —
sEEE| T 796 — 1011 - - - —
A e PEEE | W | 840 [ - 58. 3 - - - -
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KU —ofiE - ERPRE | ERDPE | ERBE | ERFH | ERPE
U > &, — 9 9 11 9 12
K70 —FiarE s 14 15 18 15 18
(REEZE)
PIERE C 368 339 298 331 300
RisEERE" C 1,170 1,170 1, 110 1,170 1,110
RICEZAGESZ W/ W K| 4 300 4, 300 5, 300 4, 300 5, 300
— GRBIZER)

S % 100 41 10 39 4
MBRFDERE C 349 323 298 321 300
MBFOREEE (w/ (md-k)] 35700 | 11,000 | 3,280 | 10,500 1. 560

ERES MPa 15.2 13.0 12.5 13.0 12.6
(REE)
Jo—* |&EeEaEE|  C 849 929 912 932 845
pEbsEn [SIERRE | N/mn? 82. 4 77. 8 80. 6 77. 4 82. 4
oA N/ mm® 71. 8 61. 7 60. 1 61. 5 60. 1
&H/ _
2218 & 0. 87 0.79 0. 75 0. 80 0.73
EE 5 0 g 23 9 )
—— EEEE C 849 1042 1075 1041 1072
DEbE BIARAEE | N/mmd 82. 4 51.0 44. 0 51. 1 44.8
L [ B N/mm’ 71. 8 431 35. 1 48.0 36. 1
B/ _
et 0. 87 0. 94 0. 80 0. 94 0. 81
B T = 0. 70 0. 88 0.93 0. 84 0. 99
) KioEiRE R BEE

$2) k70— (BRER) OfFE
13} A TO—ETHIDE
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APPEND I X-F

RRES V=D T T O FMEERFTIC S HBIEETE

1. B
HALHEEBREREOREHICE 10mm BEVSEVERCTEEHASEOLHOY
VLU MTIC K BEEEA DD, EESTFYENR Tl COLIREREAEETES
LEEELT. ERELHOAEA—BIZENLD LR EL CRTFHUERETHET->T
L3, LOLESD, HEEZRITHAEEETE. EBERGHIEEBATHY . cDE3HE
WIETOETFOREAIL, ERMEEZ T TREETILECISAEEZLNS, 5T, &
HELANTRTEVLDERET O EBECRFHAEMELEEID T, BIEROE
ERR - TEICEILBYRIEEL CTRHZOMBE ORI TLAVLIATNDHETH
3,
C COTE. NEERFAARMICHLT. EEARERISN TS FESY —THE
VT HKRER FEMBIEREL. BEROL U NIICLS— “B%Pﬂ%ﬁ’éﬁﬁmu_
ETINE—BRERETILOBEDRBNEFARIECLE,

2. B A EEEN
(1) fBHAE
DU MIEAMERE T AAENNEERITAILICESEEFES) —THRO
THRERENE. LEMARB~OFEREAENEENS Tresca DG T1E Mises
DE|EII—TOTAHAERNT, RAEREEERETT AT A FINAS @ FEM BHETFIL
l:J:U%ﬁE?‘%aoﬁﬁﬂﬂi‘ﬁ%ﬁ%ﬁil‘&éﬂﬁﬁﬁi@’“ﬂ'é:&f REIZEBIE DA X
L. 2UV—OFHEENRBITMEL., RIZIFARBEMEICEYRELEBABLL
EBFETITHEDET S,

(2) fEMEH
BWEHEER 1 ISRT. HRETIERERK T, BE-FEHEHLEE. TROL
HYTH5.
(A) BEBOBE-BREEELLS—X
FHBEICAVSERESHHBONBERURER. AUDNL I NI O AT
FHZE Do=31.8(mm)., AE t=4.02 B U 3.80(mm)ZE(Z. thiFfmI X, BEBt. RUYIX
T—UIZEBBREAEFROT. 4% Do=31.54 R 31.46(mm). FIE t=3.57~3.31(mm)&
Ltze TV EOREZ. BIFIMITEOMETHS 3.50 RU 3.56(mm)EEIT, E
BREVIIATF—UIZEDBASERNT, 3.15~3.05(mmZE ALV, o= 58
DIFELT 10mm &L=, BB, 2= F T & a=0.48~0.26(mm). SERITE b=10(mm).
T—/\E[HE ¢ = a X 6=2.88~1.56(mm)&L 1=,
BE.BEELEAEHIIOVTIER. BESTFrREEEHICHEMFEL 000°C,
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147MPa (150atg) Z2 T —RITEWTRAWMR, BIE/N\TA—2H—_RAZE4TLN,
BE-EAFUHEIFEETILOENMILSFHENEEICREFTEEDNSNILERE
L=,
(B) —#ERALLI=r—X
BIFHIZOETHS 350 RV 356(mmZERIC. BRRRUIIRAT—UIZESH
RS ERWO 315~305(mmZE—HREEL TR BELEAFH L g00°C,
14.7MPa (150atg) [ZBIELT=, |

BH LU EOBFTEHRERORBERRELTITIRAT—UICLIBRSTERL
f=bY, SEFEELLTRERTORMBIZ 2L TE, BHBYBRE t=4.02mm, =245 &N
T#AE t=3.50mm D4 —RIZDOWTERETo1=. TOEHEER 2 2T,

-*ﬁiﬁﬁﬁﬁl:ﬁﬁuf:ﬁﬂ%ﬂ-f_r#’riif:(i.
HETE MR A E= (19000-15T) x 9.8 (MPa), F=12L T [ZIRE(°C)
BY—FOSTHEE e =Fo"%/s),
f=12L. oLk H(MPa), F= exp[-2.303{21775/Tk~1128}]/9.8"/n, n= 7019/Tk (Tk:Afa%t
BET, 1073~1198KDEEHE ClL 1198K)TH D .

-RREHER1ITFT,

3. TR
3.1 BEM UM ERAROBEEM

mE 900°CIEN 14 IMPa ZRREHLL T BESFERRFERL-BHERETL
EU—#BRETLTO—TUSHEOBREREINENE 2 RUB 3 TR,

I AES—EEOV T HIZEET IBROLE. ThENARET H7~RIZDN
TR, WABROBRBITHLTE 3 ISFRT, 58, WENOREIcHT 2RITRELE 4
ISR . EREAZFERAFESREEHLA-LZORABOUVT AL, BENEREIZEW
e, REHANIEAITRT LI, REIV—THRBR TN BRELFETI0%ITIETEL
TS, MEFEELT 30%DEBIY—TOTH (RIFAABII—TOTH—F) &L
Lt AEGEINATCHET 4L, BMBEESE 3.8mm, Y2 Y EAE% 3.5mm &L
TEMEL=7—X T}, 35mm D—EEREL-ESIZHATWED , £F-BHHAESL
4.02mm, V=T HARE 35mm ELTZIEEITIE 1006EDBBBEAHLEN S
e THDOB ENTNRATFREEN—HERALLEBED 115 RV 1/24ERLTL
NTED,
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® 1 BEASEANIZEHEICET IR —RERFIER)

R E NS 900°C-14.7MPa

g EAE | 10% | ik | 10w | ER | 10% [smilswo|sm |88
ER{EERLE ARB[ERBLE

GEaE AR mm - 31.8 31.8

aEaHgEE jmm § 402 | 402 | 402 § 402 | 3.80 | 3.80 | 3.50 | 3.50 | 3.60 | 3.60

ghifmTgmE jmm | 398 | 3.98 | 398 | 3.98 | 3.76 | 3.76. ||

o =oaemE jmm j 3.50 | 3.50 | 3.56 | 3.56 | 3.50 | 3.50 | 3.50 | 3.50 | 3.56 | 3.56

HERER mm | 3.70 | 3.70 | 3.70 | 3.70 | 3.48 | 348

EERIME mm {31.54|31.46 | 31.54 | 31.46 | 31.54 | 31.46 | 31.54 | 31.46 | 31.54 | 31.46

SRR SEE  jmm 357 | 353 | 357 {353 33533t 3.09 | 305 ¢} 315 | 3.11

tmEEmassE mm ) 3.09 | 3.05 | 315 §{ 3.11 | 3.09 | 305 | 309 | 3.05 | 3.15 | 3.11

o= mTge@[mm || 048 | 048 | 042 [ 042 [ 0.26 | 0.26 | 0.00 | 0.00 | 0.00 | 0.00
HP3EL) mm 10

> mEae  |mm | 2.88 | 2.88 | 252 | 252 | 1.56 | 1.56

i —22 — | wot | wo2 | wos | woa | wos | wos | wrot | wro2 | wros | wroa

=2 HERIA SR TR L EE BT A — R (R AR E)

mEENES 900°C - 14.7MPa
BEs g | 1% | 8Bs5 | 8Ke
S EEBERBLLS
ERENE mm 31.8 318

EREBHEAE | mm | 402 4.02 3.50 350
BMIFMIZERE | mm | 398 3.98
AR | mm 3.50 3.50 3.50 3.50
BaikEd mm | 3.70 370
STl RS2 mm | 3144 31.37 31.44 31.37
SEFRABHERE | mm 3.52 3.48 3.04 3.00
FHEFREAAMAE | mm 3.04 3.00 3.04 3.00
L= dmIgia) | mm 0.48 0.48 0.00 0.00

EPIE(b) mm 10 : 10
F—N\FESc) | mm 2.88 2.88
Biry—X8 — wo7 wos WRO05 WR06
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R 3 BEMALEAMNT

22438

=

Al BE ¥ MRS R (R SUER)

R EHRH

800°C-14.7MPa

=B NE Do~ BIE tlmm) 31.8%° x 402 31.8% x 3.8t
V=T ERAE(mm) 3.50 3.56 3.50
2 22 e FEHR 10%AK | BIR R |10%387K | BEE [ 10%#8 7K
s V40% | &4 | U0y | &4 | U 40% | &4
§40 A3 41+ (mm) 3154 | 3146 | 3154 | 3146 | 3154 | 31.46
ST R B4 SRS E(mm) 357 3.53 357 353 3.35 3.31
A %&J%ﬂmﬁ(mm) 3.09 3.05 3.15 3.11 3.09 3.05
LS INTIE almm) 048 | 048 0.42 0.42 0.26 0.26
HERIE b(mm) 10
T=I\EEE c(mm) 288 252 1.56
BERERA (s) 9.2 8.6 10 9.3 7.7 7.2
1M0FH [ e
%gﬂﬁggﬁ%m 156 | 156 | 152 | 150 | 1.31 1.31
BEERA (s) 74.3 69.6 79.8 746 59.8 56.1
gfggg — 4R (s) 43.1 40.3 49.1 45.8 431 403
E%ﬁﬁ%&—ﬁﬁm 1.72 1.73 163 | 1.63 1.39 1.39
BPEEA (s) 117 110 124 116 90.8 | 85.1
20%0FH | g . -
VaErny HHEA () 627 | 584 | 713 | 666 | 627 | 584
Eﬂﬁggg-ﬁm 187 | 188 | 174 | 1.74 | 145 | 1486
BB (o) 142 133 150 140 107 100 .
OBVT A | e
R RER (s) 71.4 66.5 81.3 75.8 71.4 66.5
Eﬁﬂﬁg&—ﬁ%w 199 | 2.00 1.85 1.85 1.50 1.50
BEER (s) 158 148 165 154 116 109
40NV TH[ e
TR HER (s) 75.2 70.1 85.7 80.0 75.2 70.1
%ﬁﬂﬁggﬁ'ﬁﬁ 210 | 2.11 193 | 1.93 154 | 155
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R4 BERAXEANIZETMICETSBMERERDER

REENFEHE

900°C*14.7Mpa

{REAE S ZE Do A E t{mm)

31.8°° X 4,02°

oz G AR mm) 3.50

5T A 4+ (mm) 31.44 31.37
iR BH A RE(mm) 3.52 3.48

14 P 58 P B A EE (mm) 3.04 3.00
ST I E almm) 0.48 0.48

SEA0E b(mm) 10

T\ R E clmm) 288 2.88
BEEA () 8.4 7.8

wg s —mmm o 54 50
%%“E%%]ﬁf ﬁﬁﬁ 1.56 1.56

BERERA () 68.3 63.6

109';;;;@1 —FREH () 39.6 36.7
Etﬂﬁ%ﬁt ’%%'*‘ 1.72 173
BEREA (o) 108 100

20@;;; # —FEA (s) 57.3 53.3
E"‘%ﬁ%g ﬁ%m 1.88 1.88

RERER (s) 131 123

302;:;; | —HERA (s) 65.4 60.7
%%ﬁﬁggﬁgm 2.00 2.03

BEERA (s) 146 136

402;%@] — A (s) 68.6 64.0
E&BEQ&—&%W 2.13 2.13

—-198-




INC TN9400 2001-130

i

|

o

il
{
f
i1
a
4

T
1

S W B TR

|

1 {EREHERREEFAEHORE

-1959—



INC TN5400 2001-130

0.8

0.7

0.6

0.5

04

2=TUFH
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05

M—=TUFH ()
o e
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* WO { BFH 51483 4.02mm. FHBIEE3.50mm. ) '
o WO2 (B 2540 Hi4.02mm, JEIER3.50mm, 10%§A7K)

A W03 (BH S 4T 804.02mm. 3 BIEE3.56mm. E)
AW04 {BHEFE1A0HR4.02mm., BEIER3.56mm. 10%HEK)

"‘J’QOO

o W05 ( BT 554 803.80mm., JREIEE3.50mm, EH)

o W05 { B+ B 4D HA3.80mm, HPIER3.50mm, 10%457K)
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£S5 EREONERREARER &

ag | £ | sz | mE |anin |weem | 050 | s
(‘c) | Mpal | (mm) | (om) | (N/mmd) | (s) (%) (s
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