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Fatigue Life Prediction Model According to Crack Growth Concept

(Fatigue Life Corrections for Loading History and Mean Stress Effects of S45C Carbon

1. #E

steel)

24 B3 (Masayuki Kamaya)
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\Z, LDCETNVEEMAT5H Z & T, sk CHB B SN 7 HM I RITTIEEIG ), fEEE,
SHE, REHE, FRBEOSER, BLXOENLOHFENR L GHEMICEETE LI L E2RLE.

F—0—F  EIIHEG, AZGER, WEBER, ISR, S45C BRI, ARGt

Abstract It has been shown that fatigue damage is brought about by crack initiation and growth and fatigue
life can be predicted by crack growth analysis. This study approximated the fatigue life of S45C carbon steel
and its change due to the mean stress and loading history effects according to the proposed LDC model
(fatigue Life Determined by Cracking model). The equation for the fatigue life approximation was derived
assuming the fatigue life was equivalent to the number of cycles for a small crack to grow to a critical size
for specimen failure. According to the LDC model, it was shown that the fatigue life and fatigue limit for
various mean stresses could be predicted using the effective strain range, which accounted for the crack mouth
closure. To confirm the applicability of the LDC model to the loading history effect of carbon steel, the
overload fatigue tests were conducted, in which cyclic compressive over strains were applied. Also, non-
propagating cracks were observed to investigate the correlation between the fatigue limit and crack arrest
phenomenon. It was shown that the fatigue life was reduced by applying the cyclic overloads and the
magnitude of the reduction could be predicted using the effective strain range. A procedure was shown to
predict reduction of the fatigue life due to mean stress and loading history conservatively. Finally, it was
shown that the LDC model was useful to deal with effects of various factors such as mean stress, loading
history, specimen size, surface finish and environment in a unified way.

Keywords fatigue life, crack growth, loading history effect, mean stress effect, S45C carbon steel, component design
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Fig. 1 Fatigue life obtained by strain-controlled fatigue tests
using S45C carbon steel 7. The fatigue life
correlated well with the strain range and could be
approximated by Eq. (5).
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Fig. 2 Test conditions for stress-controlled fatigue tests using
S45C carbon steel conducted in previous study @7
Changes in fatigue life and fatigue limit due to
applying mean stress were investigated.
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Fig. 3 Fatigue life obtained by stress-controlled fatigue tests
with or without applying mean stress @7, The fatigue
life and fatigue limit correlated better with strain
range than with stress amplitude.
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Fig. 4 Definition of nominal effective strain range Aecfinom).
The crack mouth is assumed to open when stress
changes from negative to positive.
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Fig. 5 Relationship between nominal effective strain range
Aeemnomy and fatigue life obtained by stress-
controlled fatigue tests with and without applying
mean stress @7, The fatigue life and fatigue limit
showed excellent correlation with the nominal
effective strain range.
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Table 1 Chemical element content (mass %) of test material (S45C carbon steel).

Fe C Si Mn P S Ni Cr Cu
Bal. 0.44 0.17 0.74 0.014 0.026 0.05 0.14 0.11
Table 2 Mechanical properties of test material (at R.T.).
Yield strength Tensile strength Young’s modulus Elongation Reduction of area
412 MPa 701 MPa 227 GPa 0.218 0.476

Axial Observed area Observed area
direction /
/

Fig. 6 Microstructure of test material S45C carbon steel obtained by EBSD measurement.
The mean grain sizes were 9.17 um and 8.40 pm for N-plane and C-plane observations, respectively.
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Table 3 Test conditions of overload fatigue tests
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Fig. 8 Geometry of compact tension specimens used for crack growth tests (unit: mm).
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Fig. 9 Sum of number of cycles for constant strain range of
Aeca, denoted as Nyca), applied until specimen
failure. Nyca) increased as the interval cycles 7,

increased.
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Fig. 10 Relationship between the equivalent fatigue life
Nicayq calculated by Eq. (9) and constant strain
range Aeca. The application of cyclic overload
reduced the faticue life.
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Fig. 11 Change in normalized fatigue life DF with interval
cycle ne. Reduction in the fatigue life was more
significant for the larger overload ratio Ror and
smaller interval cycle nca.
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Fig. 12 Crack growth rate observed by crack growth tests
using the CT specimens. The results obtained using
plate specimens ¥ were also shown. The growth
rate correlated well with effective strain intensity

factor range.
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Fig. 13 Change in normalized effective strain range after
compressive overstrain obtained for SUS316 plate
specimens @7, Single compressive overload was
applied when 4a = 0. The application of overload
enhanced crack mouth opening.
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Loading direction

(a)Crack-1 (length : 47.3 pm)

(b)Crack-2 (length : 48.8 um)

Fig. 14 Non-propagating cracks observed on the unfailed specimen subjected to stress amplitude of 230 MPa, mean

stress of 70 MPa.

2B EBEL DWENRD DR, =GO R
D OFRFEHEICER SN TND Z L IZER SN, ZiF
HOVDRERTIL, A — N— 11— NAREOEH LA
B Aeaide DMK 13 DXL TDHZ EERL T
5. BNZRWT, il da = 0 BRIEEOA—/S—a—
PREMLTWS., ZOHEBICABZFOSNBEIL, Jegde
DHENIN L7z, delde DRE STA—"—m—FDOKE X
WCBIEAEL, Rou=4 (XD eor= —-1.0%) TrEeb Ak
REICAEY B dew/de=1 1TV DKL, Ror=2 (eoL= -
0.50%) TIE deewfde 13 095 BRETH o7z, F/o, A—
—— RARED den/de OB S Rog ITIKTFE LT,
RoL=4 TIE, 0.5 mm FRERRNERT S E ClIssein
RIEDHERF ST,

[REBH L 2T o L RDENTH D DD, ARERT
RO X 0 2B O HMIRHE SR 55 F A h3E <
ol bBZ IS, EOFEL RoL IIKIFEL, RoL? 4
BHEZ D LD AT, AN — 1 — REAR ORI
LW eEZBND. FT-, KRBT, A &—2
JUASE LSS 1,000 [EIFEEE T DF O T 288F1 LTV a2y,
A B =R IR L DR, A —N—1a— KA OZHERN
M Eh =Bz BN 5.

52 RHRELREERDER

IRFEIMOFE T IRENBHOBAEDOHETITR L, AR
HEROEBIIRIET 5 Z EAMER STV p0e®, 2 - G,
FrEHIEHRABRICRN T, 107 Y1 7 VTR L7ah o 7ok
Bh USDHRNE 230 MPa, 45577 70 MPa) 12DV THE
EZOE AT T, AEE IS 2 0T 20 um
DRFAERT D T & & BRI 200 (5 CRig L. &

HOEHER T —2 % AW TERR 10 mm, &S 20 mm OF
TR AR Z EE LI, 14 IoRTRaBBLE
50 um OEZN 2 AR SN, BIIPRE L X 6 OFfkE
ETEZ D&, 2 b ORENIERE SRR L 7= otk
RELHERI SN D . BEMER L QWG O TR O 4
FERAREHEDH AR semnen (3 1.09X 105 m" T, Z (10) D
BSND TR LRGP 2.71 MPa m® & 725
7. FHETIE, BAOESBEID 05 EFD), Bikieks
f=0.61209L L, SEHUED S LTz deemoom = 0.19%%
Wz BEZIROEICER S AR D b OO, (ZRas
MHHEE SN D FIRFYEIX CT B Ick v RIEShiz
EOBBIZ 040 5L 7272, N TIRAS 8L
KEREEPE DS, BlBZUIKIT 22N LD /SN &R
SN TVBO), 2 bDZ E0D, AREORE IR
334 LT BAOERIZHE L TS EHEll s, ik
OWETITRZMER OERN & U, fhazlickig o e
PAOZEENORERIEICER S5 Z ENREoTz. L,
3 OFEFIE, BB OMERERE ) (SRR AEM
M7 L [ CAMAE R OT A Ch 5 Z L AR LT
W5, B EE 10 um OISR T 5K & 50 um
DRZNTBNTIL, IR RE—E (E52%) @
NN SO EHEE SN DO,

53 BHERLEHFHOBRF

P T T DM N R BRI A AR S B B STHEICHR
F3 % £ TOMR U L, FEIR 04— —a—
RNaAf L7e 2 LT K 29577 D2 Y, BAEREE
OELITER LT\ D LRI NT-. 7, EHEOE T
RO O ROEIT I > THI=5b &N, BRI N S80%



INSS JOURNAL Vol. 31 2024 NT-1

14
+ Strain cont.
x Load cont.
12 ¢ Nc=25
O Nc=50
x 10 A Nc=100
g O Nc=1,000
g o8 © Nc=4,000
° — Prediction(ai = 10 um)
E 06 —Prediction(ai = 25 pm)
£ & |—Prediction(ai = 50 pm)
& 04
0.2
0.0
1E+03 1E+04 1E+05 1E+06 1E+07

N; or Nycp)eq» CYcles

Fig. 15 Comparison of fatigue life observed by overload and
mean stress tests. Reduction in the fatigue life due to
compressive overload was similar to that caused by
applying mean stress.
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Fig. 16 Definition of strain range Aeciose, Which corresponds to
the strain range during crack mouth closing.
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Fig. 17 Cyclic stress-strain relation obtained by stress and
strain controlled fatigue tests. The curve was
approximated well by Eq. (14).
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Fig. 18 Predicted fatigue life by the “non-closure model”.
The reduction in the fatigue life due to overloading
and mean stress could be predicted conservatively.
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Fig. 19 Schematic drawing representing the change in
fatigue life due to various factors according to LDC
model.
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x4 A Ni & Si DAEERE
RPV Model Alloys

BEH 2 (Katsuhiko Fujii)  #@4 #¥  (Koji Fukuya)
AHH K (Yuta Ishida) e tHoC  #Hf— (Kenichi Fukumoto) 2

EH K CuEABROETIFRSBMOBIMCEEL A ST 2 2 L& B, JRIFRZH
DEFNEETHDH Fe-Mn-(Ni, Si,Ni-Si) A&k LT, Fe A A BEREBRE T hAFa—T7%
B, BRI A TN L, WER TV T A X LML — T DRRICKT 5 NI & Si D
MEAREZFATZ, 77 AXORETEENL & ST OFMCESLTH3 nm THY, Ni & Si DIEFE
HEIFRD LN o7, ZHUTK LT, 7T AXOEBEEIINI & Si OBEMEINTH i L
2, AT L0 EBITED Lic, 2 SR — T OB EIXEARIM TR L, #imhr
N—T DREPMEEEND Z N0 o7 N & Si ZTIMULEBEETHL 7 T A O T
FiI Mn THY, Mn ITHCKFRFEFSIAD) EDF U~V ETER L CIEIT 5 2 &2v5, Ni & Si
OB SIA 7 7 AL FTIpbBEsfiL— T DR EIHE L, 7 T A X OIRNH S D
EREZ b,

*F—0—F WL, ETEAS BERTS T RS, BAUL—7, Ni & si ORI

Abstract To investigate the synergistic effects of Ni and Si on the formation of solute atom clusters and
dislocation loops, which are radiation embrittlement factors in reactor pressure vessels (RPVs), ion-irradiation
experiment, atom probe tomography analysis, and transmission electron microscopy observations were
performed on Fe-Mn-(Ni, Si, Ni-Si) alloys, a model alloy for RPV steel. The cluster size was about 3 nm
regardless of the addition of Ni and Si, indicating no synergistic effect of Ni and Si. In contrast, the number
density of clusters was reduced by the single addition of Ni and Si, but was further reduced by the combined
addition. On the contrary, the number density of dislocation loops increased with combined additions,
indicating that the formation of dislocation loops is promoted. Even when Ni and Si are added, the major
constituent element of the clusters is Mn, and Mn diffuses by forming the dumbbell with a self-interstitial
atom (SIA), suggesting that the combination addition of Ni and Si promotes the formation of SIA clusters,
such as dislocation loops, and suppresses cluster formation as a mechanism.

Keywords radiation embrittlement, reactor pressure vessel, solute atom cluster, dislocation loop, synergistic effects of
Ni and Si.
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51 AR AR (wi%)

Alloy C Si Mn P S Ni Cu 0 N Fe
FeMn 0.004 <0.01 1.54 0.001 0.002 <0.01 <=0.01 0.0040 0.0004 Bal.
FeMnNi 0.003 <0.01 1.51 0.001 0.001 0.53 <0.01 0.0040 0.0006 Bal.
FeMnSi 0.003 0.25 1.54 0.001 0.001 <0.01 <=0.01 0.0027 0.0006 Bal.
FeMnNiSi 0.003 0.25 1.52 =0.001 0.001 0.54 <0.01 0.0027 0.0006 Bal.
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Evaluation of a phased array asymmetrical TOFD ultrasonic testing method

by ultrasonic propagation simulation
i {7 (Hitoshi Ishida) * 1

EH ST 138 BT OMERFRIS I ‘ﬁ%ﬁ*ﬁﬁ ZBWT KA SN BT,
DO OEEMFE A RD B 5. %@t 2iE, KRMaOHEERBELSET S 2 &ﬂ%?
kﬁé.m%E@AﬁBﬁ%ﬁ%mﬁ%mmDﬁAﬁﬁﬁiﬁmmﬁfﬁo#otmﬁﬁﬁ%ﬂ
(Stress Corrosion Cracking; SCC) &, NN D OIREIZMEH S TV 0ER OB S K EEE
ETITRSHENNEECTH 72, TDDIC, EFH DL, 72— X RT LA EE RO IES RS
e — LIC K% TOFD (Time of Flight Diffraction) @& IEGIELABFL, MERERIC LY #
OHEPEERBRFEL TS, S50, KFIRICEZBENGHEEL I 2 b—a VREIT L, RIS
2331 ARG ORAE L RBICOWTRE L, KRFREOEIM A HT-.

*—9—F BE WG, 72— X7 LA, TOFD I, &3 2 b—3 g ST, e a—

Abstract Fitness rules for nuclear power plants require that component integrity assessments be performed
if defects are detected during in-service inspections. Such assessments require accurate measurement of defect
dimensions.

In 2008, stress corrosion cracking (SCC) was found on the inner surface of the outlet nozzle dissimilar
weld of the Ohi-3 reactor vessel, but at that time it was difficult to measure the depth of the SCC using
conventional ultrasonic testing methods that were used to detect cracks from the inner surface. A few years
later, to overcome this problem, we developed a time-of-flight diffraction (TOFD) ultrasonic testing method
using an asymmetric ultrasonic beam with a phased array method and verified its effectiveness through
measurement tests. Furthermore, we performed a simulation to evaluate the ultrasonic wave propagated by
the TOFD ultrasonic testing method, investigated the generation and detection of diffraction waves at the tip
of the defect, and confirmed the effectiveness of the testing method.

Keywords  Ultrasonic testing, Phased array method, Time of flight diffraction method, Ultrasonic waves propagation
simulation analysis, Tip echo
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SCC Initiation in Cold Worked Alloy 690 TT under Simulated PWR Primary Water (4" Report)

S

INSS JOURNAL Vol. 31 2024 NT-4

SCC FEAEFHM (55 4 #) M/ NBHDORRZEH)-

- Growth Behavior of Microcracks -

15 (Takumi Terachi)*1, KEE %t (Toru Oumaya)*2

(L 46 (Yuki  Yamaoka)®1 A 2%] (Koji Arioka)™*!

BEH  TT690 A& IINTIAHM O PWRL RIS 5D SCCIAEZETNZHONT, I/ v F CT R
BRAIC L ORI L7z, 450°C TP X v B ¢ RS Z i L, PWR1 KCRFEEEBREE T C 26, 007 K
T 72 0 R SCC FEAFRBR AT - 7oAk 3L, BABRZe SCC I UZedro 7203, SCC FAE D RIBRELRE &
EZOLNDHH/NRAANRD SN, BRI OWTERMICBE L 24, RBAEREHOR
SHMNACHE L%, BIOMEAS 2 um FREE & ChliE L7228, M4 RIS OV TR 75
gz R U, B8 U2 RIS, kiR I RTINS N8, AN RET 55
FEDN 72 SINDRIR DNV I N E R L LHEER SN D, T D7, TT690 A4 DOHREIZI SCC M
BN D S5 RO ENFCIE, REIIC/ IO ZE L SEEGATH, ZOERMEET5H
REMENHD Z EDRBH LN E ol

F—D—F 11690 54, JISJIBEEN, BEINT, ¥+ 7 ¢ ERLEE, SCC R4

Abstract SCC initiation behavior of cold-worked Alloy 690 TT in PWR primary water was investigated
using a blunt-notch CT specimen. A cavity formation treatment was performed at 450°C, and an induced SCC
initiation test was performed for 26,007 hours under a simulated PWR primary water environment. No clear
SCC was observed, but micro-openings, which are considered to be a precursor to SCC initiation, were
observed. Periodic observations of the micro-openings showed that they propagated along the length of the
specimen surface and grew to a width of about 2 um, but tended to be arrested at about one-grain boundary.
The cause of the arrest is thought to be that the local stress and crack resistance differ for each grain boundary,
and there are few grain boundaries where the conditions for crack propagation are satisfied. Therefore, it was
concluded that in materials with excellent SCC resistance such as Alloy 690 TT, the growth of micro-openings

(LA BB (Takuyo Yamada) *1
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may be arrested.

Keywords  Alloy 690TT, stress corrosion cracking, cold work, cavity formation, SCC initiation test

1. #E

TT690 A 43 K OVE O ¥ H & B LIS /)& & &l
(stress corrosion cracking, SCC) PEIZEN D HIELE LT
JE/KTURR 7K 4 (pressurized water reactor, PWR) @ 1 ¥GRIE )
Ny FY—=THNLN TV, BITEETOE 25, Eik
2B T SCC HAEDHEFT <, FREICK T HERE
TH IR CRANTET D Z LA m T AT R Y 7
B L LR G, SRR 2N A 72455512 SCC
RO Z T 2 E BRI TN D720, EEEER
DML LT, SCC A4, RIS B0 AT
bhT&i9,
TT690 A& M THIZ OV T D SCC HRIFSEIZOU
TIE, WBFEICFHET SCC &4 U I/ 600 54 & DLk

* 1 (B R ARE AT DFFERT £ 2T LFTERT

EWVDIETEENHED 5T 5. EPRI (Electric power
research institute) /X NRC (nuclear regulatory commission)
DY R— b &S RFERFX 2R L, MRP-386 & L
TRHMlAE IR A AR LT D, ZOWMEFDO R TIE, RTHY
VZEHI L7=854, 600 G4 & BT TT690 421 38 50
UGEENIR D FLAE N D Z E BB BTV 5D, TT690 &
&0 SCC ERAEEDBENERITOWTIE, —RICH B
DY v MBS DE NP EL TWD EEX LN
T30,

TT690 54212 Bd % SCC H#ERICBIT 2 B #1741, R
\CRAEDEAELTGETYH, BEMETHETE D L O ITHh
FPMTHONTND H DT, KETILXLPR (Extremely Low
Probability of Rupture) 7’1 <= 7~ COIEHIEE ST
W2 O Z 0 xLPR IR T A IV, MREEIZ A]

*2 o0 (BR) BFHLET AT LERT ki A7 LAFJERT Bl BMES) ()
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AR T SCC MEIEA DB G FHlIRICE £ D
W, BERY AT BREICHEET 57201013, AZHER DS
2o, AT L THEMEERD D Z ENEEL VA D.

BITE, SCC FAFRERIZ AW TIIERAIREN TH S b
DD, TT690 A4xid SCC WFAE LER MBI CH D Z &)
JRS FNHATND U fi 21X, Maeguchi 591X TT690
BeOEMMES | FRRBR TOMGT, 11 HRRaiRes T
t SCC IZ X DM AE T T2 2 L TR Y,
TRHESAFZ IR L 72 GR Tl SCC RAITA L &5
2 BND. —J5, HERI7RED M L LTIE, Arioka &
(S1073 BHRAT A COBZOEAFERITHLY $7, B+
ET « QAN BIIE AT D AR Z R LT
. BBRICIE TT690 A4 20%M M I ARV b, 7
T h ) v TR % 400°CLL EOEIRT AR T J—
THEREITO 2 & RRTENAE T A FERE L T
. ZORFERIL, RIFEERICSHT 2L TRy ET
A AR KV RIRFEE DR T2 2 & 2R d 555
Thb. £z, Zhai 5PPT 7= 31%CWESTFIN TR D
360°CEREE FICRIT 2BRCIX, 15 um 2B 2 D%
¥ BT 4 AR E o TR BN AE U 2 MR ST
W5,

INHOHRERIET S &, TT690 &4t SCC Ml
BNDZ LITRETH D HDOD, FFRITHh- Y SCC A4
Ui & 5 0z Il 2121, FEs R0 72 BRfE & (it
BRICE D RIEFENNEE LB 2 D, YRFSERTIC IV T
1%, TT690 A4 SCC HERE - FAEMFZEI T3 L CHLY fHA
ZHED, I TCBRE S DR LU SCC FAED ]
REMEITHRT U CRTMi & 2 L C & 720719, BECUTAE 1T SCC %
AT DFHMICIES U, B2 TR T D515 0 H
XX v BT o AR A FENET 2 & T, ek
OB ODOARIMEESND Z L MR L CTE - Z O
B D% SCC AN I T DR E R T LRI DD,
HRCIEIHRETE 2V 0.1mll FTOW A X E-TED,
FRFRR 714212 SCC 12 5 AlREMEITHIfE & 72 o TUWVRL.

AHETIL, ZIVE TOFHMTRD HAVMUINH A 23,
ZOHBOEIFZ £ - T, T 5 flEEMEIZ DUV TR
LTERERICOWTRRS . BRIZIE, v B7 ¢ ARkl
PZ XV SCC A L= BRIz >0 T, PWR1K
TARHEERBE CRERI O SCC A3 BR A ke L, MUl D
NELT DIRMEBE L=, £, R TRAEDREEND
IEIEA~OBATEE 2 BT 572012, i EIZ 5 ) L 7= SCC
TR 12 Ui 7e 2z DWW THRHMIE L 72, 2h
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2LV, SCC BAEBRMBOHR LE X LN/ 0D
WG, BEOMGEIRICE A FEENCOWTELE LT

2. EEAE
2.1 HEMRUHERR

PEMITIE, £ IR T EFHART, MR,
700°CC 15 WFfil D TT #LPE (thermal treatment, RFERZLER)
Zfiti L 72 TT690 &4 % 20%MRIAN L L CTHIV -, &2 (fik
B O E T, B ICRERARBRICHW TS
>/ » T CT(blunt notched compact tension, BNCT)#5#
Rk E 7R3, 3BT SCC #EERBRITIA < AV BT
% 0.5TCT (compact tension) FERA & [FEROTIRIZD, />
Tz R=0.5mm & L PRAZITEA L TW7au. iR O
WU T AR O ERRE SRS STV D T-L Fhr e
L7z @2V SCC AT D/ v FIRENES A 7L Ri—
AN lum BT & L. ZOFRHET T, @ OMEERR
R A REE TERRRE SN, WU N OBIENRES
270 %.

K1 P OEZHARR (wt. %)

C Si Mn P S Cu Ni Cr | Fe
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N T E .
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1T ER 6 R=05
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2.2 {BHESCCRAERER
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HL, RRxy 7 ¢ OEMEIR L. ZORi ¥y 7
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®£T%ﬂﬂ%ibﬁw*@&bfnoﬁ%£mbk

Z D%, PWRI UCRIE#EK & L TAFKREZIRM LTI
S, KER{LY T 27K (500 ppm B + 2 ppm Li + DH 30cc-
STP/kg-H0) Bifii N CREWID SCC F8A47-8k 4 52 L 7-.
SCC FAaR, EHIRYIC IS ARl L v A 2 By
HL, BAORARIUZ W T ERRE IS (scanning
electron microscope, SEM) |2 CHIZEZ S0 L7z, T4 BT
MR DRI, BERICRELIZEBY THHY. 5
FIFCONTIE, Ak, BANEAINTWRWRBRAIC
JEIIERBEE (K ) OBERILEAH TE 22003, CT 3BT
DOISSREEL L THEIE LT WS TH D 2 Enh, AMF
FETIHEE b, BEDPFET H5EIZ 40MPay m FHH D K
EERD5TREBR L. b OaMmEIZ K& T &
PWR 1 AR TR —CTH 5. H5INTWBIEHD
IR, 24 BOHEHE TiRR5.

* 3 BERIGEERRORKIT
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e
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e 400 E 5 0.012 '.::.
g 4% 600 F gg 0.01 e
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) & L CREEIT- 7. FHIIES v E T ¢ kST
H5 450°CE PWR BB TR LTRAL
72 360°Cis L Oy 7e il B4l & LC 320C CEME L 7.

X 2 | FERER AR ST HgE o FIEE HRES (B
ZADHERRT 2 J518) ~DIS TR L OB OT B0 5 A[Ic o
WCORERERTH S, X 2R Lz —EB2A0/MYE
N, WTFNOBRERTY /) v FEBCTRRNGNEZRL,
WERME LR T4 5 2 L3305, 320°C, 360°C, 450°COL
BCIHRIRSRIHE ERVIS T &0 TS, Zhudzh
ZIOIRFERITIT DI ERROE N L 0 ERAET
b THD. I —FAOMYIEN DR NEIIAERAIRM
KT D& 22 o TN D.

2 (b) (/R LIoArES MOS0, BRAENT5
HWDIEITTH Y, T HIENERD 0.5 moF2E OFEIRIC
BRIER DD . ZI D OFFEDN EO IR I RO B
AT ¥ BT 4 BNELHENHGRSN TN D 9, RBRA
D/ v FIEEB T, E— (@ L2 LISNBKT L
TWAHHDOD, TAXY bErEEFa ORI E T T
WD EBTND.

MRIOBHEOTZAIREE L LCix/ » T EHT 0.013-0.017
BE LTI, WTInoERE CHENIEENAE T
RAET, WMEEZJENDHE SN T DB EfiFIR SN D.

3. #EE
3.1 JyFESOHE
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SCC Growth Behavior of Stainless Steel Weld Metals in Oxygenated High-Temperature Water

-Influence of Thermal Aging and Steel Type-

(L ELES (Takuyo Yamada) ¢ 1 SFHiT5 (Takumi Terachi) s 1

(%4 (Yuki Yamaoka) ¢ 1, FH[MZ%5 (Koji Arioka) 1
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Abstract Pressurized water reactor (PWR) primary water is normally controlled at a low corrosion potential
by hydrogen injection into the water. But primary water with a high corrosion potential exists outside the
pressure boundary, because there are pipelines filled with aerated water. To evaluate the stress corrosion
cracking (SCC) behavior in such high corrosion potential conditions in PWR plants, water chemistry should
also be considered because the B and Li concentrations in the water depend on its location in the plants. And
when the materials have been used at high temperature conditions, influence of thermal-aging on SCC should
also be considered. In our research program, the SCC growth behaviors of unaged and aged stainless steel
(SS) weld metals were investigated in oxygenated high-temperature water with 2900 ppm B water as an
example for the safety injection system line water. In our previous report, the effect of thermal-aging up to 10
kh at 400°C on the SCC growth rate of 316L weld metal was not significant, but the SCC growth rate after
aging for 20 kh at 400°C tended to increase compared to that of unaged material, suggesting the effect of
long-term thermal-aging. In this report, the effect of long-term thermal-aging on SCC growth of 308L weld
metal was investigated, and the effect of steel type was compared with that of 316L weld metal.

As a result, the SCC growth rate of the 308L weld metal did not change significantly after thermal-aging
at 400°C for up to 20kh, but rather it showed a decreasing trend. This trend was different from that of
316Lweld metal aged at 400°C for 20kh, where the SCC growth rate tended to increase compared to that of
the unaged material. It is suggested that the ferrite phase in SS welds under unaged conditions does not cause
SCC and rather acts as a factor to inhibit SCC growth. The SCC growth rate was considered to increase when
thermal age-hardening of the ferrite phase caused trans-granular (TG) SCC, while SCC growth did not
increase when TGSCC did not occur even after thermal-aging. It is suggested that the effect of steel type on
the thermal-aging conditions under which the ferrite phase undergoes TGSCC.

Keywords  stainless steel welds, stress corrosion cracking (SCC) in high-temperature water, SCC growth rate,
thermal-aging, pressurized water reactor (PWR)

* 1 (R RPN LET AT DWERT il 27 LBFERT
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1. [FL&IZ

EAKFTORT L ZAYEHELS B D (stress

corrosion cracking, SCC) Ff] & LT, WK 1-4F

(boiling water reactor, BWR) DFEERALE T, IWEETUTES
TRV T 252 7= 25 o L A SRS T3 48 L= SCC
PG REICE L TO A EFRRE SN TWDEO. 20
%, ATV ASEREAERERO SCC HERAEEN R D
ZEClX, BWR OifiE /K8 (Normal water chemistry, NWC)
D &5 7ol & Erte 288°COERMIAK T T SCC HefRH
BT =N, @ sh®), £~ TFa—ky Y TEH
K (MIT) OFFFE 7 V—712 Jhud, 3161 B RIE
400°C5kh DOEMRFEHZ 10 SCC HEHRE DN M A3
WESNLCIRE, BN ORBEIZ OV T HRET ST
WD, AT L AFHIRC AT v L A AR OB O
NI OWTL, MBI E END 7 = T A4 MEMSEHIH
DRI &0 ZURFZhE{L L, S0P OB E AME 3
DT EBFBITND. Z OB L DR BHMEZE kI
DNTIHE L OFEBRH Y, 8, o v L B —EE{E
EDOHIRAIEE BT 5 RAFESERITIZIE & T 726
STV, — 5T, BRI RS Z b Lo 2 &
L OB RENMERE T SCC ZEE<OE Ry F7 f\@%ﬁﬁiﬁ(
LT, MIT LSO &S & 26 41073 BUREZhi %
L7207y, e LA SCC HEREE AW T 5 & T 5
HEHICHUDG B0, Z OFURZND SCC HERA~DREIZ O
TIELT L H R TITAR 0.

—75, BMEARBYRTIF (pressurized water reactor, PWR)
D 1 WHHAMBRE T CIL, @, KFEMKUC L ERERM
MR FT ONIBRE L > THEY, 20X 2EER

BAERBE TICBWTIL, AT v LV AEES BB LA T
> U ASEIIIEN - SCC HERMEAE R L, F-Z Dl
SCC HEEMEIL 400°C40kh D RRFHERZNE bR S D
ZEM, FEOICIVHRE SN TND9, Lo, PWR D
RAFIZBNTHIREN TIEH 2 b ODOBFREM D &L 72

AIHENEDN B DENIFAE L, WO PWR 77 > kTl
Fx ) BE— v — VAR T (Inter-granular, IG) SCC 24451

44

INR2, AT ARE 1 WRREFRITEE T SCC FH|1972 &,
FESEDHEE L2 LB 2 DNDELE 72 & DFHZESC, @VE
BB L LB D AT L AHD SCC F1H3
WESN TN, F£7-, 51 REEFOIMUIEAE LT
AT, KRRBIECROKM- S TEBY, PWR IZE
WCHMHE LGRS RENZRET HLERDHD. H1
BB OSMANE, FEE ORI~ T30 :1£Eu R
MESNDD, Fv T 0 7o—03 A LEESITE, =
B OISRV AR IR S D o — A %%z f‘ozhé. ES
T RETEAROKE T, 1 WEHM I TERE DR
vF# B) BEHH, TOREIZT T MORMIZ I - TR
2%, LID->7T, 31 BREEFOIMAITO SCC ZEHEHh
DI=DITIE, ZOKE LIREDOFBIZONTHEEIZAND
M\%N@é.

RO X O kAR L L, B e TIE, PWRTO
AT L AR B O MR & & Lok O SCCHE
JEZRENC RAETIKE L IRE OB ONW T, BEEARD
KEOBIEFEZFE L, 2900 ppm BTY F 7 L (Li) OF
INEZ2V KB 280 L, Feigr sl (290 &320°C) DSCC
HEJRAEE) 2 0, KE ORI X 0 SCCHE R N
BIEIR2, 290°CI3320°CIZ FbTSCCHERE 25 ikl S B A
MZE#RE L. S OICRTER@ T, 316LIERESREDSCCIE
JEH |2 M F B D B 2O T, 400°C10khE TO
BT H F DB L7203, 400°CT20khD R L 7=
S16LIRIEAIR I, R T SCCHE R S N5
DI H 0, RRFEEWh OB RIE S ND Z & &3
LTz, AT, SR R 5308LIAREEE D400°C
20kh % TORFERIEMZIAIZ O T, SCOHER I K IF 351
RN DR 2T AEREWET L. £, 7=FA MA
OERFIZEEREM & LCT b AT u—T7 5 & Elii L, 24
IRFZNRERE & SCCRRSMED IR 2 71T L 72 /5 R b 532

2. REAE
2.1 HEH

#1 ATV AGEESROTHE (4 v 7f#H) (wt.%)

0.032 0.35 1.45 0.024

(308L)

C Si Mn P S Cr Ni Mo Fe
NC-36L
(16L) 0.024 0.42 1.56 0.025 0.002 19.26 12.11 2.20 Bal.
NC-38L

0.002 19.53 9.79 - Bal.
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1 AT 2 U AHEEEIR D) WEHERFOIMEL, (b) Wik~ 27 v LRBRAERIULE ((RERD) , (o) () 7 vk

AT v L AEE RN, TR 3161 35 KUY 308L #H
RROFEEREE AV, 227 SUS316 & SUS304 A7 L
ZHN V Bdea i L, WIEE AT « 2 (Tungsten inert gas,
TIG), " #4787 — 7 ¥+ (shielded metal arc welding,
SMAW)IZ L 5@k TRYEL7-. —¥, U B b o
RN AT v L A A T L= 0, WIS HEREL
L7l i=e, IRBASEIC T8 TIG L= b O b
L7z, & 1Bk o EE] (04 v 718 %
AT X @ICEEESE TROSMBLZ 7~ 3. DX 91, B8
BACH T o CUIREREIC L DB A BT D720, F6 %
FIHABIZEE LTDIRE T T o 1o, IR O~ 7 ik 21X
1 (O)IZ. SCC MERFEEGIEE D X 7 wfiikoEp 4 X
1) &(d) 1TR7. X 1(c)316L iEH4E, X 1(d)308L A
B®E L I, A=A T A MEHIZT v R7 A MRo~7
=74 MABRGAAT M ERL, 2N F T v a v

(compacttension, CT) Rk OBILER G MR, BWHET
¥ RIA4 MHRMEIEER— & 72D X O ITRELL 7=, FHE
D7 T4 VERRIY, BRKT I5%RETh-o7-. BUF
ZHRFEE, IRFEENMEZ X L 400°CE L, K&HFESUFIC

. . || SCC WrififBis
| ’:'/
} R

2 CT &Ry 43T UM

ThelR 20kh & CEURFZNLERT, [RIERIC CT RBR A 2482
L7

2.2 SCCHEREHER & HERE D

SCC HEEEFBRIE, 2900 ppm B Z ¥R L 7-/K & FAKE

L L, W%z (8 ppm DO) Hieiafrlsadel CEM L7z
(LIBE 2900B(DO)KE L 577, 735, Li OWMITAR0 .
FRBRIEE 1T 320°C L L7z, 2 COMESRMIFIT—EMEL L,
JEIYERAREL D BFEEIL K=30MPa - m'? & L7z aXBRIFH]

1349 500h & H%e & LI L7z,

SCC HERFABRAL T4, X 2 (TR L7 D X 51z,
Rz CT S 22 & 1.6 mm, SCC Krifn@Big2iic
CT i % 3 mm /&S THIKr L7-. MBI 05
FIERE R Btk Chilik L, 7o v~ A rn A a—
7B L OERENE B4 (scanning electron microscopy,
SEM) THIZZL, fEmIFREL SCC MBS 23 L7-.
SCC I, WIEHANC 5~10 ASFHIILZ O FHfEE L
7. SCC #EEHE CGR (mm/sec)lE, SCC EREES a(mm)
% ARBRIFR £ (sec) TR LTk 7=, SCC AW IE, 3 mm
[ESTOWHEZ /N7 (aaAf XAy Bk b)) B,
SEM Bi£3° 8 1% J7 BUELIE T (electron back scattering
diffraction, EBSD) JIFEIZ LV, SCC HEREFRES 2 3 L
To. —8, BEEBHAETOBERAIZ OV TIE, 2O 3 mm KT
D SCCIES b SCC HEREIRE DFHMIZ AV =, IfbRi
BiET, REH AT (Focused ion beam, FIB/SEM N1 %
) ([CX DWIEINTH, SEM BZIC LY, ZOMIRHER
%Sk L7z
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2.3 EARERIAL DB AR A ST

BURFNC K DI O FMEIE, 3161 & 308L A4
JROENRR) (400°C20kh) M axt5 e LT, 7 hAa7r—
7" (Atom probe tomography, APT) Z3#7%17>7-. APT Jl
FEITIE,  CAMECA #HOJFprEMmE 3 kouT h a7 m
—7" (LEAP4000XHR) %\ 7=, HIEE, L—F— 31
AE— R TITolc. BEEDORIESME, FEHEE 35K &
Lic WEE L7277 —21%, Y 7 by =7 LT ofE
EAREL, Fe, Cr, Ni, Si, Mn, Mo, P, C ® 3 &t
BRI GAIE LT=T — 2 0357 b b~y 7 % iS4
Lo a—A0) 21To7-. s, 3 WoTEIR L
WIZBWTIL, 7 b A~y 7O z SR S b 5720
|2, HEfEZ3Y (Evaporation Field) =30.0V/nm &7 kA<
v 7 OMfEFEEL (Image Compression Factor) =1.65 % Hu»
To. AY ) —HNGRORRE & E BN D201, 5B

(a) REFZN | wmmuwz | (b) EBE%h (400°C10kh)

KELIEIR

2 mm
M- 316Lweld ME:
SRERE: 320°Cx502h
OUQ
(d) kB T

308Lweld [ZECE

4
SHERZMF: 320°Cx495h
3 AT VL AHIEHEGRO SCC HERGRERL ORTE (I & BV L)
316L: (a) AMEZD, (b) FARFZ)) (400°C10kh), () FARFA) (400°C20kh)
308L: (d) AMFRD, (e) FURFR) (400°C10kh), (f) FURF) (400°C20kh)
SCC @RS : 320°C, 2900B(DO), K=30MPay' m

316Lweld

SRERS M 320°Cx520h

(e) ErEE3H (400°C10kh)

SRERS M 320°Cx519h

T ATIRNTIE 2 FIVN T Cr 5 D3 A fBAT 4 520 L
7. F£72, ARV TNL S, Mn D2 T A X 134 LT
FEBCHEM L7z, BT ARMATIE TIE, Cr 122\ T
TR R U CHE i & R, T v X ARE A
E LT & 7k b o fe. By T Cli o
Z2DFESTE T INN (Istnearestneighbor) /X7 A —& DfEN
EFSND. AE ) —FNSRNEITT D &, B &
TUHE DS DEPRKEL LY, INN NTA—FHRE
{RDHDT, THEAY ) —ZNOROFEELE L.

3. EEREER
3.1 SCCHERZEEIZRIZTHHIE L #REHD

B
g

(c) EABE%h (400°C20kh)

2 mm

ME: 316Lweld
HERZH: 320°Cx230h

(f) E\BE3h (400°C20kh)

7 e RS TSR

2 mm 2 mm
308Lweld #E 308Lweld
SHERSME: 320°Cx503h



INSS JOURNAL Vol. 31 2024 NT-5

31T320°C SCC irakrts Ok Bl RE L2,
T, BARFRHIFREIMEICR L7z, 308L 1ARE4 )R %)

(400°C20kh) #FLIAME, AEROTFBTH 5. X3 LB (a),
(b), ()& 316L EHEREM T, BUREhSt(a) AIF%D, (b)
EMRFZh (400°C10kh) #4, (c) MR (400°C20kh) #4Clt.
B9 5L, REFZhE 400°C10kh F TOEMELHT SCC EE
ICRERET RSNV, 400°C20kh T, FABREER]
230h THEIT L, & ViR SCC RN BIZR Sz, FEEIC
3 TE(d), (e)iE 308L AR JEM T, BAURFISAT(d) ARE
%h, (e) BNRFR) (400°C10kh) #4, (f) ZM#Zh (400°C20kh)
MCH#ed 2 &, BWpghic Lo snd, &Ls
BRI R 7R DI HONTRBIZERL R D TH - 7.

316L A4 B A 00 SEM 12 L % SCC RRIETZHED
REHIZ B 4R LTz, ISR Lz & ) IClimEREIE T

L C .

(a) 316Lweld ﬂeav*f&jﬁ 7
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v R4 MRS (inter-dendritic, ID) SCC & (trans-granular,
TG) SCC k&2 L, YERBIEMERNOIX, A—ATF
A & (y) #HO v -TGSCC kM BIgE s D & L b, 7
=74 MH (8) IOV TITHEMER 7R (K(a) 23B1Z2
SH7z. 316L iR AR (400°C20kh) #4> SCC K
HEEREDE B Z K 4b)T T, ZOBRIM CIE, 7=
T A MHTY 6 -TGSCC i MEIEL S, R OB
W2 X DT — R L LT 2 & AV S 7.

SCC R % E R T 5 72012, SCC S
53Rz SCC HEBHE 2K S 1R LTz, o=, BE
Ao 320°C TR 2 ErTe PWR FE%E (500 ppm B +2 ppm
Li+8ppmDO) K& (LI, FEHEDOYKE &7Cd.) TOfE
HA9L Kim 50 BWR O NWC TOFRSEOZH-8TRL
7. F7=, KFEEETe PWR (500 ppm B +2 ppm Li+30 cc

e — N o -_\"‘\‘
87 TCSOET )

(b) 316Lweld Z\HEF56(400°C20kh)

X 4 SCC ek D& B
BRI 3 D(a) & (TR
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DH) (LABE, PWRAZHAEKE L5097, ) OFERO{HBEITR
L7z, K5 316L 34248 D 2900B(DO)/KE H ¢ SCC
HEREREEIE, 400°C10kh £ CTOENELITIL, HE W ZEN
7R3, 400°C20kh OENEFZIAA TI SCC HERAHENT 5
A BTz, 308L B D 2900B(DOYKEH T
? SCC ML, 400°C20kh £ TORFELhTHREFNIC
HA_TEe LA SCC #ERENBT 2 THY, 7=F41
NG B OHRTR D S T BN LIS D RSN RIS S L
7. WD 7= R LTAZHEDOYKE TP 316L/308L {5HE
BT, Wi & HIZ 400°C10kh £ TOEENE, SCC i
BHEICHEVHELRWERTH -7, Kim 5D BWR
? NWC @ SCC HEREHE TlE, 400°CT Skh OERNT
SCC HERAENT 5 & DRI HRE SN TNDHD3, K
RUTE KD TR ERRE Ch o7z, HFRETRL
7okFE a2 G e PWR BEHEKE OFERTH, 316L/308L ¥4
SJEIE, RIEFNE KO 400°C10kh Ik Ofi#E ¢ SCC
HERDBIZL ST, 400°C10kh £ TORERhE, (K &E
AL PWR KEIZBWTH SCC HERICEBE LN L%
WEHTH D1, —HOFEREDD 400°C10kh F TOEURE
N & B SCC #RA~DFET, HiffE L USRS,
POLTRENEE X S, — T, 316L I§EEED
iftﬁ%éfiﬁ (400°C20kh) #FDOEFAETE, REFPIHIZHEART SCC

HERRHE OHIME R 23RS S 4L, BmEREICI VTS 6 -
TGSCC D3erl 415 7 CENRFh ORI S e, 72
721, 308L AHEJEOEURRN (400°C20kh) #4ClE, 2y
ZhZ &% SCC MR E DHIIFMER I T, Buior
BOELAT, 308L & 316L OHIFEAN GRSz, ZOE
eh & BRFE DR ST, 3.2 THO BSR4
T, BEOETHinT 5.

LES05" s o KREOTHEERE
K=30MPavm
)
§ 1606 4
P A L]
£
£ A ©316L weld 29008 8ppmDO
o A wel ppmi } i
g 1.E=07 A 6 A308L weld 29008 8ppmDO | P12
o @ - O316L weld 500B2Li 8ppmDO }
A308L weld 5008+2Li 8ppmDO -~ BE$R(10)
ﬁ ©316L weld 500B+2Li 30ccDH
) 1.E-08 [ A308L weld 500B+2Li 30ccDH
8 O316L weld BWR(Low-ferrite) 288°C)_ - ~1)
7] i ©316L weld BWR(High-ferrite) 288°C
1E6-09 ] L
0 10,000 20,000 30,000 40,000

400°C D ERBFZNEER, £ (h)

X5 SCC ks EE ORI e

32 RESDhERE

6 12 316L(a) & 308L(b)IAHE4: & E7h (400°C20kh)

31 2024 NT-5 48

Fe Cr Ni Si

(72x72x174nm? )
G212-uS2-AP3

(a) 316L FNRF%) (400°C20kh) #4

Fe Cr Ni Si

( 64x68x206nm* )
G311-pS1-AP3

(b) 308L EMif%) (400°C20kh) #4

K6 Z7=FA MAOT bi~v7 ((RFEHF)
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MOT kb~ y 7OREHIZR L, W& HIZCr o~
YT MHITA Y ) — XV RRTER T 5 IR AT R
S, NG S, Mn 2FEEKELEZGHERDNS Y T
A DOERL S Wi & HICHERR SV, 2 OFRZhOHEI T
ZEEIHMET 572012, INN 35 A —& O34 FhE L,
X7 R LTz D=9, 316 ZAT L AFHHTH D
SCS14A (F8, 8% 7 =7 A k) OFMEBIFEIRHZ T 1 F L
72. SCS14A @ INN /37 A —X# %, 400°C10kh ZAREShkS
TIE 0.3 BT, = SCS14A DOEWFHFAHTA Y ) —
SIVRDNEDOIAEE THITL, 7= 7 A MEOIEIS
HV(0.25)=600 FREEIZEIE L- A TRECTH 5 AP | LR
~7T, 308L/316L ¥4 E 7 400°C20kh @ INN /35 #
—XL, TNEIR 03 &£ 025 THY, WHEEbIC
J = E NSRRI RSOV TE L ZE 2 B b,
212, 316L(a) & 308L(b)FkE4 B #R%h (400°C20kh)
MOy T AR BYTHERZR UTZ. 77 A2 ORI
308L DB WEHITH -2, 316 FD
SCS14A OENEZI & AV -l 2 Etemiik o SCC
HEJRIZ KA 9- B 20Tl I, 400°C40kh DEARER) T
SCC MERNEANMZ MR L TV AED DT, ARFZE0 SCC
HEREHRE 2500 C, R IR D MO A HEZ DT
LRI L.

0.50
@ 1NN (308Lweld) 400°C BABF %)
@ INN (316Lweld) 400°C ZABEZ)
@ INN (SCS14A F8)400°C B3
0.40
[
ﬁ'\ 030 L
RS
n )
2020
S
0.10
0.00 ?
0 10,000 20,000 30,000 40,000 50,000

BSSNBSRA, ¢ (h)
7 INN /R A — X OB A

#£2 TxTA MEDT T AR AT

e 2052 9528 | 9524 CGR®
S EEm) | HEE 1t
308LiF#E 2 E*1 | 400°C20kh 7.1 1.8E+23 | #7075
316Li5#E & M2 | 400°C20kh 5.6 36E+23 | s
400°C10kh 6.6 44E+23 | —
SCS14A(F8) !
400°C40kh 7.6 6.8E+23 | #7811

W10 2 PIEDTE, %2 : 1 MEDRER

49

4 EE
4.1 SCCEREIZRIZTHEHOTE

MSIR L= L 918, AT v L A4 R OSCCiE R
LI, 316L/308LIARERE & H12400°C10kh F TOER)
i, BRERBEIMNE 20N> 72, 316LIARE A8 OB

(400°C20kh) 44T ASCCHEREDMEINT DA 2 e
A, BREIC 0 BUREN DS ENN BT 2 FTREMED RIS S 4L7e.
% Z T OSCCHERSEE (2D T, BIHE R OB
TELET 5.

B CORMBEBIZ THL/R LIZ@ Y 3I6LIEHES R
RN O R E A B AFERRIR L, A— AT A MED
TGSCCE 7 =7 A ME/A—ATFA MAOHERTH D,
7 =74 MEDOTGSCCITBIE SN2k o 7. K8IZ308LIA
PR BBWFR) (400°C20kh) A O RBEIMTHBIZERE R A R L
7=, B OMRIE, A —AT T A MEORIN THESEH

WAL, RIFPFRIITRLIEZ =T 4 MEE, VLS
P, EEARRZMERRIKIL, A —2T A MHOTGSCC
L7274 MEA—AT A MEOHER CThHo72. =
DEWZNGATTH 7 = 74 MHEOTGSCCILIZIFBIZE S
T, O DSCCHEHEE BN L e -T2 b o L fBbh
2. 788, 316LIEHERJE ORI OV T, AWRET
TSR E R 2 R L= & 2 AK4@IcRr LZ &
N, 7= T4 METIEERRELZ L TRBY, A7
L ASHEBEGIR T O 7 = T A4 ML, ABREETICHWT

8 SCC BB DB I BIEHE R
308L IR BB (400°C20kh) 1
FRBRSIFIEE 3 D(DIZxbhi
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SCCHEEDIHIA 1L LTEH D B2 LN, ZD X
D727 =T A MENSSCCHEREMHIE -1 & LT/ < B,
Tz OBFZEHASE CH HIEHEDO)KE H TAT v L AHE
BeREs LR T L AT O BZE R O Wi 6l
O LIFPTH -T2, £z, BWRONWCKEFIZIWT
t, BB SII31I6LAT v L AEHES BT D7 =54 k
FHZSSCCHER I Z% L CTHIBIRICE < EHmEOLTEY, %
D X 9 7RI Wang B D308V B DSCCEE AT
RCTHHEBDIINTEY, BRE ST mEmRKTOSCCH
FELTHEBEBL WD LD EEZBND. —FHT, K4(b)
IR L2k 91Z, 316LiEHAmER) (400°C20kh) A4
7 =74 MHIZTGSCCE L TEY, ZOERhEIET
1$7 = 74 MEOSCCHERIMBIZIFITERL, £07®
SCCHERHE & RN I AT L2 b D L EZ 5
na.

42 754 MEABEREZESLEBRKPT
TGSCC% 4 L S8 &H

41HTIE, 7= T4 MEPEWNC L Y TGSCCZEA L
DRI D T L3 SCCHEREFE AN AR Z b~ CTHY
M55 THHbDOEELRE LI, ZZTlE, 7274 ©
FHSTGSCCZ A U % £ D72 DB EAFICONT, K
WFIEOBREIREMRE R & B EO G2 & TBET 5.

EHEDOYKE T TDI16%2D AT L Al (SCS14A)
BURFA OSCCHEIERR IS OBIZERE R TI, 400°C30khD
IFETEARE A4 CHAR 7R 7 = 7 A MHOTGSCC % ffEad L C
W5, 55T, ATV LV ASIEESRDO T = 74 MEIZ
BT b RRFHIZMRERNZ B i b L 723581, 7 =
F 4 MEBTGSCCEAEL D X IR D FREMNRH D H D
EEZOND. T2, A D316L/308LAT L AL
WA B OB (400°C10kh) A4 ClE, SCCHEREE A
REFRIANTHEARTHIN L TR0 T &, SCCHE IR I
727 =7 A MHOTGSCCHIRNZ EnD, 2 DR
FETOmE T, 7= T4 MEOTGSCCIEHE W AET
7, SCCHER~DFHIL, T LAMHI TH -T2 D L JE
bivd.

SCS14A 2T > L Z 6l 0D BN s b oD RS B TI
400°C10kh DB Cl, TD 7 =T 4 MEFORE ) —
BV FRITIREER B CAEE XA BOGHAEIC F CHIT L,
Z O SIXHV(0.25)=6001ZEET 5. 7= Z LD KR
MIBFh S FIZ RV T, GROHTHICZ A, S 51Tk
F50) KTDOINN/RT A —F OFHEN D, 316L/308LIA
P BEURRD (400°C20kh) AIZIWTH, 7= F A MEH
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DAY ) —H VT, REER]_ECRE S5 SOGHEIC
FCHEATL Z e RSNz, UL, ZOBREhSA:
(2B T, 316LIAEHEA B ERFS) (400°C20kh) #4TiE, SCC
TR AN AN L7223, 3084 S B (400°C20kh)
BT, REFIMIZIEARTSCCEROEMITIR ONT, 7
=74 MHDTGSCCHBIE I N2 h o7z, LLEDFERD
5,7 =7 A MEMEEE A FTemElEAKH TTGSCCE AL %
LT BB, A — AR & B ED
HTITAELBRWEERNH D Z EAVRE ST, S HIZRERF
IDOERZNZIZIE, GHONTHEAEIML, Ziucky
I LT 52 X0 7 =7 A MHDTGSCCAE U5 AlHE
PN DDS, DRI 72 < & $400°C20khLA |
OERBFMEEEZEZNDD. 2B, ZTRETRLTELR
400°COENRFNSATIMHEBFNSRNETH Y, EHEREE S
P COSCCEE TRINLETH L. AU L D5+
NE—FEREOTEME LR L X — & LTHES LT D
100kJ/mol % V5 &, 400°C T1~4J5 B O BRI L A
Ay b L7 IR BT 00320°C D EUREZ) THRI13 ~ 514
Y5 (BEI580% DI B RI64E~634) . 72721, =
2 CTHWEE b= %L —100k)/moliE, ¥ ¥/l B —7&
BAE DI HRRBRINT R D DT ELEIOCTH 0, Fhx e
MPEHEIEIC X > T65~250 kl/mol & THED & HEAF> =
& B S0, FE =GR OAT HH ESCBREh 4 O R,
BRI L D D AREMER R S h T 2@, 2
DIz, 308LIEERIB DY, 2D WNI304RD AT L
AFHTH HSCSI3A AT o L AT, 400°C20khEA
D7 5 BRI H SCCHER D3NN L 72\ AT EME
LTINS, WTHUCE X, SCCERIZKIETEWZhD
ESHMOBITIE, ARSI AT IC L 0,
7 =74 MADTGSCCOA MR - O i 258 2 B
PR+ 5 2 EMEE L.

43 FOMDSCCEREERF

ARG ORBERIRI, HERAIROEEBOD 72T E
T, Ho7 v RI A MAMIZIH S K 5 2esl Bz LT
W5, L, AT 2L ASiEEeE DOSCCHE R EE) A7
FRONCEET 720121, T OMOFER 2O THE
EICAND Z EEE L. BiIZIE, Abe b ITEEET— K
T2 DI6LRIREM D7 = T A MHTI, SCCHERE DER
Rrshi% DZE A e L A 2 BMIcdH 2 2 & 2 AT
0L L hlz, BT K DR LAEENC b 2203 N D L FERE
LTWA®, g, SCCHEEIZHRT L CHIMIZER & L@
{7274 MAOESLZDOCHRIE 7 & OLFEMALDE N
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2 EY, SCCHERZEENIEET HREMENE L bD. &
e — RO RRFHECE 2 5B OV T, I R I3
[EE— NIZ X W HER ORI EROR 2 EnEb b
EEBITERFELED D MR AR L TV AP E£7-
Cui HONZ LU, 309LAT > L AGARE AR ClIfBE R
DFALBSCCHERDIRHEI BT 5 L DL b HH 2
EMD, BURRhGMEET T, SR, BEEE— RO

WL O OMMOEBIR OV T b, A% LS
HTENEFELL.

5 F&OH

AT L ASRBEEE (3161, 308L) DOERHE & Giemih
KHFTO SCC HREEI RIE TR DR EL,
400°C20kh F T O & kg fH] VIR 2h B4 2 I v, 320°C D
2900B(DOYKE M CHi~T=. F7z, RO~
=7 A MDA 7 AT e —T TEEAM L, LA
TOFRE AT

(1) 316L/308L #H42J8 D 400°C10kh % TOEFNIX
SCC EEERHEDOHIMH F VB L b o7 —F,
316L VAREAJR D 400°CC 20kh EARFZIA ClIIARIZh
T HA T SCC BB S IN9~ B AR S,
2900B(DO)/KE H CRFHHZURIZN A SCC R T2
I AREMEDS IR ST,

(2) —FT, 308L At R AR (400°C20kh) #4D SCC
WERGEEE T, RIS TRERREEDS, o LA
DI BRI DS HERE S AL, 316L IR R O B2

(400°C20kh) #40> SCC Z&) & H7p [0 ) el X
iz,

(3)  AREFIA S 400°C10kh ZAHFN £ TOBMISMET
I3, ?AH#@J IZE VR L L7 =54 MES TGSCC %
+TIFAERET, 2900B(DO)/KE HC SCC HEEDOH)
%!%lJlnZ & LTI 729 SCCHEEREE ORI %5 L
BRNbLDEEZ BN, —F, —EORRENS)

(316L {A824: 8 DEFES) (400°C20kh)) #4ClE, 7
=T MERXVELL, =T MAZBWVTY
TGSCC MU D X 91272572728, SCC A
MLz boLEZHNT-.

(4) 316L/308L i 424 B O ERFR) (400°C20kh) #4D 7 =
T A MHOTHIARME A &R Ui U7 bR, A
v —HVRITEE & IS TH E 0 ZHR
Mo 7. G AHOEEFEIL 308L TR0 7\ MEIA T
HoT=, THHDZEN SCC HERIC ¥ OFLEERE
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BT TIER o T2, B% D7 =T 4 MAIC
BWTH TGSCC 2VE U DB 2 L 0 AR
TH LN, B LI B O S S E R R D 72
OICEETHD.

%’I

5t

AWFZEZ AT D012, BRI O F oAl
ORBRMERIC DTz > TE, WIRTF LR AT LSRR
R TS 7 — ﬁ EARE, FRRRIK, £7oRe
DT — 2B\ TUT, R 7V —T R & RDZ K
whRoTe. ZO%RERED THEEZRLET.
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PWR 1 XRBEHE AP CRN ATV VASMBESRBICER LT

FRAVAR D X 7 vk & A 26 8)

Microstructure and Fracture Behavior of Oxide Layers Formed on Irradiated Stainless Steel Weld

Metal in Simulated PWR Primary Water

=i WL (Terumitsu Miura) *1 jJF 702 (Katsuhiko Fujii) *1 84 #ke (Koji Fukuya) *1

=W PWR 1 RRBREICKBITAME AT L 2 MAHEE R OIS BRIEE2 A LT 5720,
PWR 1 K BRI AKT A AL BH LI AT L AR RBICER L7 =54 N/ F—RFF
A MRS O BRI O R & B TIBRE 23R 72, 7 = 74 METIXIBH 25217 CH BT
FEEAUEREINT, MERID > TEH—ATF A MAMIOBLIENELS ETERIND Z &,
FEAL D eI AR BE R B A — AT A MRANCBENTZALEICH D Z LAY TEM BRI LD o
7o, F7o, BROBMUNIERRICLY, F—XF7F A MIOEBLEL 7254 ME (&E) Lo
R > THENE L D Z &, BbY, /48 R ORISR 1L H % 7B 27 v U 2B O R
{ELEIBRIR L TN R o T, BHEE2ZIT AT o L A4 B TlX PWR 1 IRBEREEIC
BV THEERICI - TEIEANCERE R HEIT L, FEAOTERE O LKW R (LY, 4 I SR T A3 <
F TR END LR DZENRBEINT.

F—D—F AT UURMEESIE, A AR, BRI, BIRE NS, B R

Abstract To clarify the corrosion properties of irradiated stainless steel weld metals in PWR primary water
environments, microstructures and mechanical strength of oxide layers formed at ferrite/austenite phase
boundaries of ion-irradiated stainless steel weld metal in simulated PWR primary water were investigated.
TEM observations revealed that almost no oxide layers were formed in ferrite phases even when irradiated,
but deep oxide layers were formed on austenite phase sides along phase boundaries, and the oxidation front
was deflected from the phase boundaries toward the austenite phases. Furthermore, micro-tensile testing at
room temperature revealed that fracture occurred preferentially along the interface between the oxide layer
in the austenite phase and the ferrite phase (metal), and the mechanical strength of the interface was similar
to that of the oxidized grain boundaries of neutron-irradiated stainless steel. It was suggested that in irradiated
stainless steel weld metals, oxidation proceeds preferentially along phase boundaries in PWR primary water
environments, resulting in the formation of deep oxide/metal interfaces with relatively low mechanical
strength.

Keywords  stainless steel weld metal, ion irradiation, oxide layer, transmission electron microscopy, micro-tensile testing
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1. [TCHIC

FRGAEIS /IS RN (irradiation assisted stress corrosion
cracking, IASCC) 1%, TS E22175 2 TALD &
DN 72 DRI DS T 2 EI 4L (intergranular stress
corrosion cracking, IGSCC) M Z & TH Y, SCC D 3 EXT
HOMEL, BT, BRIEOZNEIUCIRN SR L T4
DU FLRTH L. R IFEEIT B TR RS
& EIRKIZHR SN DRSS C TASCC 233841 D856
RV, ANEKBEIKYT (pressurized water reactor, PWR)
T, MIMFIZRB W TA—AT A h 2T U LA (LLT,

k1 (B0 By 27 DT Bifis 27 2WF95HT

AT VAGH) WSy T T p—<RV | (baffle-former
bolt, BFB) (ZFAENEE STV 5. IASCC i, EN PWR
(2B DIAREIL IR, JFA- TSI BT O i LA
DRI R D—> L 725 TN,

PWR (Z331F 5 TASCC DXFIR-CWFZEIE, HtE-FRs 50
BRECIEE RS L OV I OB LS CoREEHIN G, BFB
EERRRE L TEDLNTE 2. LvL, T4, KEO
St. Lucie 1 54 & H.B. Robinson 2 SH§DIF L7 5 DYATEE
W CRAMOFEENHE S TNDHW, BROFEMIZS
WCIEAE R OO B Mcid /e > TE BT, TASCC 12
X2 b0 L ITEERAT S TRV, kRS 2%
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T DIENEE CTH D10, IR N BRI AEICEE LT
REMEDS B 5.

PWR DIFLE 513304 AT v L AFHRITH Y, DR
BT RIbE & B BRE (heat affected zone, HAZ) 35
VAR MDD, WHAIXE T B — A8 (electron
beam welding, EBW) °H A X L T AT 7 — 7 4% (gas
tungsten arc welding, GTAW) ZERHAWLNS, ENO bk
BT LWV EEAT CIIAE A/ NS W EBW SV B D
T ENBND, RT L ASHTEBE O AR TR HR
DAT VAL IR E S F2 D, HAZ TIIEHEREOE
AN X0 SRR O A Lo S b, ZREE IS 1004
B D OEBRIL Ui b ERNE L5800 5. £,
BB UL, LM ERRE I IR DN, A—R T
FA M ) LT =T A ME ) 2 Dkd ARk
L7220, RS S O BME R BEERERR A T S 5.
FEIS) BIAE L, HRREETERC BT 2~ 7 v la e R imiT
DECDEGAENHD. TiE TIZ PWR OIFLZE D AR
TRADHER SN T/ <, ENO PWR FNHEEY
SRR AT A R 5 A L OB T b Eli R &, ms
HNTHEASNDFNREEY TIXd 575, BFB L0 4K
IS DMK L, D> DRSS TR & 0 SR B AR
MO D2 BT 572, TASCC FAEDFRENMEIX
BWEFHBEEIN TS, LovL, A7 v L AEREBETICER
\7 % IASCC 28 (FEAUSSI0FNOMERERREE, 55) (2B
3% 50 LIRS KB KA (boiling water reactor, BWR) @
P 27T FEICBET b 0ERS LIEEAERL T
A KT A AZHT DRETS IR A7 o L 28R (R
) TOMREZD LITh TN 5. £, B JIRER
TEBRICHEH SN FHEMEHT DWW T X 7 m RS E
BpE 240 L, BT S S BT RIOME & 2 FGE
T B ENRKRETHDIN, JFLE DO TIE—H oMt
BEIFMAFZEONZBR BN TR Y, +H3ITiTtEA TRV, St
Lucie 1 54%<° H.B. Robinson 2 54&MD X 9 724F.0%F 9 1582
HOEN NS Bk L CRAET 2 ATREMIHRW & B 2
SIDD, T FIFEFTD LV —BOLRE) DR AERD
729DITIE, PWR 1 UCRERERZIIT 5 AT o L AHEHED
D IASCC ZEh & LN L, P 5T IASCC
TR T ABUTORMMEN RS TH DL Z LA MEEL TR
KZEBREF LV, ZOEDIiE, B AT L A HER:
D SCC #ERR° JASCC BB IZ DU TORRET, EIN DR
BESFM 205 LT IR 08 O VRBER O BHR M O HEFR 23 20
HThD.

AT 2 VA 31T B TASCC H# DR OB
X5 &, BN SCC O3 ERICKFTHED S, Mk
~OEENROEETH Y, B LRI L0 R o
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SRIENMK N2 2 & & BIMREE OB T v o RV TERL
BLED BRI L ORI E WRFSAONAE LD X H 127
% Z & D IASCC DFAEITRARS 56D, KR DRI 173
RIRBRIE 2 E[A125 2 & CRIFUCHU NMBZL 84 L, RIS
o CTBANET S Z & TIASCC OIEITOR2ND &
B2 oD, AT U AEREHER CIXRA OMIZ HAZ &
WESIRNE T, FHORESR TR & O4MHfkOE
WRKX, 2070, AT L ASRESTIC BT S
IASCC Z#Ehz2{iEd 5121%, M CToRAEERKRE /- T
WD B &R KX D RIFRIE & RPTG S O BIC R Y
THEE, HAZ ORISR OV TS Z &)
HEERD.

IASCC OZFEERCHEEA I ST 5 BT, A 4Bt
ZAEH UT-AFFEIE, AP 1B O (RIS i - PR i 2
HWFRENA B ET HRIBOMSEE LTEZITH 5.
IHETITEE SO, 316L BLT308L A7 o L AHiA
PE& SR ORI & BRI IS A A R 21TV, 320°C
@ PWR | IABHOKHP CEERRT 22 L2k, 27
> L AGYARE A B O RS T ) & R O
BERRTND. BRE2ZTHETT72TA N/ A—2A
TFA N ORI - TR LOEITRRD 5
D XTI T &, BRI & Lo B CIE L
BE TSRO DD Z L E2RE LTV D, [FEED
BB LIT 7 v b RS &7z 308L AT v L ASARE A
BIZOWTHHEOIN TS, BREZITHZ EITE-
TR CEESEMIZRE L E U D K 51272 DI skt
DOZAE, PHEFIRE S AT > L AEORIRIZ W T
HEBH B TER Y O RIFREZ T 5 ERO—>& LT
IASCC HtETE 2 5TV D0, FHBER OB LA
KR OB & Rk < & 30uE, TASCC DFAIC
DIRM DU INBROFA LT ERIT/RY 5 5. LML,
FIEE R OERAL B OV TTRFIF AN E LN TE
59, Fio, HERIB > TR LIRS ED X 9 72
R E) 2 7R D) EORIE-CIES) R0
TWRV, & ZCARMIETIE, AT 2 L AEET O
IASCC FE & a3 5 —B L& LT, PWR 1 SRERELICE
DS AT U ASEES R OB RFHEE I SN T
BT, A FURE LTz 27 o L AR B OB R
TR LT-BALIE D X 7 v #ilfk % %M E T B8R

(transmission electron microscope, TEM) Tiif<5 & & 12,
5 | IR B & SR OB NS [RRBR TR, ZhE Tl
W LD HE IR 27 o L 2 ORI EERIZ D
WT OB L g LTz,

2. A&k
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2.1 R

AR TR L= BR 0 5 b, fERICh-
T e LSRRI ZER D S 72 400°C T 10,000 HEFEOZEL
REZh 2 M L 7= 3161 A7 o L RS R DA A FREHF
DFRERF 2 o W HEITER 1 IR T AR DRt &
FAWCHEE T — 7 154 (shielded metal arc welding, SMAW)
IZE V1T TR, BRSNS OFERII SRR L.
MBI SFREAR D 2 X 1 1w T Mk B F 2 b
DEIBHATH Y, ZNLS ORI TH D, 723,
SHOWERIT 15%THD. HEKRFDA A L WRERAE
DuET (Z7C, 64MeV @ Fe¥' A A S 600nm TOET
5 dpa (displacement per atom) % THES L727%, 320°C @
PWR 1 RiER AR (500 ppmB, 2 ppmLi, 2.75 ppmDH)
H1C 1,020 FRFRHID G ERBRICHE L T D,

JE R BR T o £ UL B O Wi & A E 7 BB

(scanning electron microscope, SEM, Carl Zeiss ! ULTRASS)
THBIEZ L7 B & R CSEM L 7= 8 714 J7 BEL R4

(electron backscatter diffraction, EBSD) HIE DFEF-% X 2
WRT. I CIEE X 200 nm (E E ONBEMLIRO TR
D HIDA, S TIINERR RO IIRIZ IR &
A7av. SHH & yF OBESRAIT Ty TN FR (LIRS R
SETHRENTE Y, AHESUTIN - 7o B R L3580 5
5. X 2b) RSO T O [X (HE T E ST 0
FEN TR LIZHO) LEFHOHEM (i EEe
IR ER LTZH D) Tha. piE-1 LSHOMEIR 1 B
FOWME-2 ESHOFEER 2 13, I 111)y /(011)875>[112]
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(a) SEM &

St

YFE-1
(b) EBSD v >~ (W) & Bfrfa

yFE-2

2 JEARER L7- 316L AT L A ESE D
Wi > 451
¥ //[110]8 & 72 % Nishiyama-Wasserman DBt% (N-W BI{R)
AT ARR & oo TWNVD . AT U L ABEEES
JBD X D W CHRBEREFR I 33\ T FAEEREo84H & yFI R AR
IHREMNE U D& BMEFCIE, SF &yAE2S N-W BIR2(111 )y
/1 (011)3%>2[110]y // [11118 & 72 % Kurdjumov-Sachs R
(K-S BifR) 2L Db0NH5. ZiuL, SFHEyFIZRT
DIRTFH B2 D ECIT A 5 Z & CoyME T
TR ok TR AT I KBRIC AR T2 2, SR = R L —
WEAMEEND Z & THORESEREBRES 25720
EEZLNTNDMS, 7083, K-S BAfRE N-W BIfRICE
VB INEDENTHI 5.3 FEETH Y, HNORERRZAELR
F72 O A L D O EBET 5 &, K-S Btk &
N-W BROEE R XBITEE L. AT 2 U A AREE )R
BT DHOIEREICIE, MMM EE DO NI F 2 T —
(vermicular) 7 =74 b, #HWER EDOL—3— (lacy)
7274 N ERHDLNNTEIUCEVERO 7 m 2 T —
(globular) 7 =7 A NMERHY, ZONDL——7 =
TA MIMEET Dy E K-S BIRS N-W BER O 57 BHR
(272 50410 SHHOREITE S R Ob 7R (Cr H& &

=1 MEM O LR (W)
C Si Mn P S Ni Cr Mo Fe
0.024 042 1.56 0.025 0.002 12.11 1926 220 balance
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Ni MEO) EMEEEIC LY 2T 57200, (bl
JRROVE ST A TS Z L T K-S BIRRC N-W BIfRO A
HEATDHL——7 = T4 FOAEKILREEOL, KGR
BV R D) 2 a3 L2 b 72 ST 5049,
AWFFETIE, ¥ 21255 L7z N-W BR Al 72 977 B
FROFELFUZ DN T, ABBERUT IR » TR L 7B B D <
7 vtk & B & T
2R LTeyhR-1,2 E8HE G~ A 7 vkt (1%

15x10x10 pm) ZEHEH A 4> BT — LI TE gk E

(focused ion beam and scanning electron microscope system,
FIB-SEM, H3NA 77 /v — 2% NB5000) % VT
BRHL L, FHEESEREEO TEM 8122 & sy [iRaRER ik
L.

2.2 TEM#RZE

B LT~ 7 ailkkl L0, MRS oRm -
AR A BRI B e O O 2 (B L 72, FIB-SEM
% IV TR X 200 nm FREE CHEEA(ERL L 7-1%, KSHA 4
VRS (Gatan 8L PIPS) % VT 0.5kV O Ar A A
E MK DA A URFEEE L, FIBIITIZL VEASH
T A=V ERRET D & & HITHEEDOE X % 100 nm LA
TIC L7z, MEREGUEHE TEM (H SZ8EFTL HE-3000)
BELL, MBERERLE O R 7 ok E -

23 EfRhsIREER

BE LTz~ 7 aif$t L Y FIB-SEM % AWC, 3 1{Z
IRTIIR OB NG [BRERBR A & | ARVERL U 7=, BN 1R

IR

~A 7 vkl (i)
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vl e

2440

Ja—7J
XAy aR
UNKEH - k)
(a) HEmEE (b) #BrATO SIM 4

4 NG IRRBROBINEX & IRAETO SIM B

B OEIL 8x4x2 um TH Y, yiE-1 IR LT-NE
FRALIEE & SFH & DEES SERER T O H o5 [kl 2k LT
WEINARDEDICE L. 207w, SBER ez —iT
FIB I L. TRz L72#, FIB-SEM & D785 %2 AV C
BT AT UHEEETO, R O—H AR LT, 35
F oW L 0 FRSEREde X 5122 Y » & FIB 1L
TEAL, ISINEFTLEIICL. 2B, AV v MZ
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TEATE A L7-PWRIR BB EE /K HIZBIT BATT69048 4D

BREEBCKIETTEFRRREDORE (F2H)

Influences of Dissolved Hydrogen on Corrosion Behavior of Alloy 690 TT
in Zinc-Injected Simulated PWR Primary Water Condition (Part 2)

4B BE (Yoshiari Kaneshima) ! F8 {57 (Nobuo Nakano) 2 A 1EFN (Masakazu Murashita) 2

B WE IR E MBI (biE 2 BRY & Lz PWRI RAFEBOK BB OB L+ 572
W, HHHTEA L2 PWR 1 RRBHEKEREE T TT690 B 0RIERBREIT-7-. Zhic kv, #HéE
AR FOT 7 v NMERREGH (270~320°C) T TT690 &4 DB EIZxT 28FK%E (DH) #
JE (30,35,40,45 cm’/kg) OB OWTEME U, FHMEOFER, & DHEEIEEREOE ALK
WMCd D A RN DB 2N S 71, DHJZE 45 cm/kg CTHE TH D Z LNz,
MR LIRS & FRERIRHH > & Bl BE T4 kp [m%/s] ZRDI-FER TS, HBRIBEITKD
T DH REAKEWIT Eh, [3E T L7z, BSEAC KD, BLEAROAERMAAE S, & DH IRE
TEOMENEEZE IR0 EEZ 0N, ZNODOKRFNI LY, HERFEARE FIZBWTY,
& DH JREMICERMMH SN AEANREND & &b, BEBLYOREIIHIShD Z &
DR E Tz,

F—U—F  PWRI %RK, TT690 &4, BEHAKFIRE, MILEEES, #hiEA

Abstract To optimize water chemistry management for reduced radiation exposure and material degradation,
immersion tests were conducted using Alloy 690 TT in zinc-injected simulated PWR primary water. The
effect of dissolved hydrogen (DH) concentration (30, 35, 40, 45 cm?/kg) on corrosion behavior in the plant
operating temperature range (270-320 °C) was investigated. Higher DH concentrations suppressed the
formation or growth of spinel-type corrosion products, particularly at 45 cm*/kg. By determining the parabolic
rate constants from oxide film thickness and test time, the results showed that zinc injection and higher DH
concentration synergistically delayed the progression of inner layer oxidation regardless of test temperature.
Additionally, zinc injection significantly suppressed oxide film formation, with this effect being more
pronounced at higher DH concentrations. These findings confirm that even in a zinc-injected environment,
corrosion tends to be suppressed at higher DH concentrations, and oxide formation is further suppressed by
zinc injection.

Keywords PWR primary water, Alloy 690 TT, Dissolved hydrogen, Oxide film thickness, Zinc injection

(Takumi Terachi) *3
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1TaBI 2 &M BCo DFEEIMEIT HBLEN LA & &
TN 9.

BESR C U HFFERT O] 5©1%, Ni 0 Ni/NiO BEfft T
JVEER IR EIRBEDZEL S, Ni FEA A DN 258 2
LTWBEEZ, TT90 GE0BEIIxT HIRERED
Bl DH IREE DR A T LTz, £z, FEBED PWR 7
7 v T, BT < KR HICHSRE A T T D
Z e, BB, WA ABREE N C DH RE (30
cm¥kg, 45cm’kg) EIREE (270°C, 290°C, 320°C) %% %
72 TT690 S DIFE R A I L, AT OMAEE.

OHEFATFEA L7z PWRI RABHIERE T2\ T, 270~
320°CHO 7 v NEEAIR LRGP T, DH #REE 30 cm’/kg
({ZEE~TrE DH JREERIO 45 em’/kg TR IIH S
DIEEA D 5.

@A ABRBE TI, HEATEAME L OBREIC TR

BRI DI A S 5.

L, FEPWR 772 MBI HHUE KRS, #
BEE A B & UT- Bl AR b4 3RE D72 DI,
SDIZT —H OYEFBME LB 2 BT,

AMWFFETIE, BIIZHEHEE TT690 A4aZ DU THESH
HEABREE CORMFKBIRE ORI D HEBIZONT
PRI RN L 7= fE R A2 5.

2. HERAE
2.1 EH

AR TT690 G taftt Dbtk A3 112
Y. WIMEAERE 700°CT 15 B> TT 4LEE(thermal
treatment, FFEREVILER) % fiti L 72 TT690 A4, 20%4 N

THEMELIAMETH 5.

# 1 TT690 A& BEAM OILFHARL  (Wi%)

65

22 BERER

RIERBRICIL, REZX A VYES RX—Z] (DP) 3
pm THFEE L 7= 15x15x2 mm OFE MR ORER 7 & A=,

1, 2\ ARBREERE OB L OB R A
A7 HiERTEA LT PWRI SGREREEK (B:500 ppm, Li:2
ppm) ZHEHEL, 77 NEERIRELHPH (270°C, 290°C,
320°C) |Z°C DH IRE DA FMT 2 iRk & Jehi L
72. 17 DHIREE O % I 0 FE IR 32 HiU o, #E
RS L 7= DH #2/% 30 cm¥kg 38 LUV 45 em/kg DRk
N2 T, ]2 ORECRIERBRZIT o 72, BB
TEM RN CRIEAE R S D &2 Biud 500 e
HHEE L.

2 REABRORE M

C Si Mn P S Cr Fe Cu Ni

0.019 | 030 | 032 | 0.009 |0.0006 | 30.18 | 9.42 | 0.04 | 59.25

270°C 290°C 320°C
SRS AL
aﬁﬁﬁﬂfﬁi 35cm’/kg 35cmkg 35cm’/kg
B RS 3 N 5
FEY : DH 270°C 290°C 320°C
40cm’/kg 40cm’/kg 40cm’/kg

- MR 0.03~0.04 ppm % Hi&
< 13y FORBRIERIZH) 500 FFR
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JE ERBRAEE ~ D HFENEAFIEITIE, Ry T ALK
ZEA U720, X3 1 il iE O KB RAE T A
INATA b LT LT AR & 7~ T RDR Ok
{LHEEN(ZnO) 2N LT ERfRA ., 65 ArakBidi i o Rt K
Z—EREK L, SRAEO MRS 0.03 ppm~0.04 ppm &
RDEDITER LT, ok, SR OELRET DT
DIZ, HEE 99.99% DR bl grak SRRl thmi A LA
et & e, 2 3 IIRITRBR O E ks R 2~

Ad#nTHOS 4 A2y

BRALTEOTA 2N

4 Lot i

X3 HENEARKT O

# 3 RESRBRO MRS R

EC)
— 1%
270 | 290 320

HERTR AL
D | 35 | S04h | sMb | soan | ol
3 7\VEL £
[emkgl | 4o | soan | soan | soan | TESIRE
0.03 ppm

23 RIEEER

RIERBRZIC, BRI EAE RS (Field
Emission Scanning Electron Microscope, LA T, FE-SEM &
T5) \CTBIERL, BRARMORN L HBIEE L.
&bz, 7aAxkwsvarRY vy (CP) ICTHRERS

66
DOWIE B %I TAFEE L, FE-SEM |2 X v Bk Rzl
22N ORIBE X OF i 21T~ 7-.
3. HERER
3.1 SMERERE

R ORBR A DML A 4 1R, & DH IR &
REIZB W TREOOEWIZS L OOL T THLILHN,

ML EDOR E ZekiE T e <, B &b IR — D R
RSN TODEET23 D D AT

270°C 290°C 320C

DHAE
3Scm’/kg

40ppbZn

5mm

DHARRE
40cm?/kg

30ppbZn

Smm

X4 JEaERER g 0RO
(20%CW TT690)

32 BMERIEBEOFRMEER

SITRTIEAER (x500) 0> SEM #2423 C, DH i
FE 35,40 cm’kg & b, WEESAE (270°C, 290°C, 320°C) 1T
L AREREOMEIIFES 5T, DH OFEIR O
otz K6 (x50,000) LU 7 (x100,000) (2T
BfEROBIEITHB VTS, DHIRE 35, 40em’/kg DV
DAL, FIRESIE (270°C,290°C,320°C) TO0.1 um 2
FEDRLR OB I BIE S, DH R &R O
UNE K DI ERR S e o 7.
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270°C

290°C

320°C

DHRE
35cmi/kg

40ppbZn

DHAIE
40cm®/kg

30ppbZn

5 FE-SEM |Z & % 2 1hi R IR 234E (< 500)

(20%CW TT690)

270°C

290°C

320°C

DHARE
3Scmi/kg

40ppbZn

DHIRE
40cm®/kg

30ppbZn

6 FE-SEM |Z & % 21 B2 IR 2245 (% 50,000)

(20%CW TT690)

290°C

320°C

DHIR[E
3emi/kg

40ppbZn

DHAE
40cm¥/kg

30ppbZn

7 FE-SEM (Z & % 21 2 IR 224E (% 100,000)

(20%CW TT690)

67



INSS JOURNAL Vol. 31 2024 NT-7

33 BRERIZEDOETHERE

FE-SEM (T & 5 bR DB Bl E5Rs o — il 2 K 8 1T
a1 BBRAIE, HENA G T PWRI SCRBHEERBE (DH 2
JE 35em’/kg, 270°C,Zn0.04ppm) (ZiRiE L7=t%, CPAIT.
12XV 3383um (ZH7 VWTHABEE A L= D TH S,
0.1 pm [T/ 72V WL T 572, (RAE TOF
MV X REE 23, BIEREF IR 2 o7 » — kR 7R SRR L
TWo., ZRETOBETY, KEIINE LHVED 2 JEtk
WEIERL, b 2 JEIXRREDRER L 0D T L33
STWD. AEHEE L= BIEICHOWT b, Lo 2 JEks
DIEREN GRS DAL,

x 50,000 100nm x 100,000 100nm x 200,000 100nm
- — —

8 FE-SEM (Z L % JErmBlashi s (20%CW TT690, DH #21 35 cm’/kg, 270°C, Zn ¥ 0.04 ppm)
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34 BAERIEE S DRIE

Ml B A E BRI D D 721, —MRICTit At A4 5
LEZ LN NBIRCIEDIE S 2310 L7, 3HEiL CP
I S AU BV R BT (= >N T, I - A5 -+ e
D 3 B A EfERE (x100k) £ TR LTI To7z. HlER
#0912, FHBRA ONBRMLEIED 3 ORI %

w/4 me LW/"J w/4 =
—O—— [

REFL BEFC VIR

100nm

9 FE-SEM |2 L B NEBa b Rzl S JIER)

69

F 4\ RT. Gl S U7 B IRE S OSEAEIE 21~
32nm OFPFAIZIH Y, AL d 0.1 pm 12 b T72 220 L 7
Thol-.

% 4 FRBRAICRT 2 NBRRILEIRDO R S

DH i PIB LA 45 (nm)
(cm3/kg) 270°C 290°C 320°C
35 25 30 32
40 21 23 21
4., EAE

41 REKREMHEAD DHREOFE

% DH IBFEEIZRT D TT690 AaFm OIS &A KB DR
WAHHR OfERAE D TE L=, (%10 T3 O DP
3 um OAFEEH # i % FE-SEM (2 TR (x50, 000) CH#1
BUTAERZ T W NOZMEG figh 2 5 TeBR B IR
L7cb DT, BB R SRk b glisg s -,

270°C

290°C 320°C

JGKTB9C2ZN-3

DHIREE |
30cm®/kg

40ppbZn

IGKT69C2ZN-4

JGKTE9C2ZN-5

DHIRE
35cmd/kg

40ppbZn

JGKTE9C2ZN-11

JGKT69C2ZN-12"

DHIRE
40cm®/kg

30ppbZn

JGKTEOCIN-13 s L | fime
! ;

JGKT69C2ZN-6

DHIRE |
45cmd/kg

30ppbZn

JGKT69C2ZN-7

JGKT69C22N-8

10 FE-SEM |2 L A R LSRG R (%50,000)

(20%CW TT690 A&-4x, DH = 30, 35, 40, 45 cm’/kg)

*Fi7E 7 INSS JOURNAL 2023 76 D2 |
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DH J2 30, 35, 40 cm’/kg TIE, 270°C~320°C IR,
T, RN 0.1 pm FREE727S, DH EEE 45 en’/kg TITEE &
R OICREN /NS <, [RIRREF CIXRIR 2 3Hld 25 = & A3
HEETH L. —J)5T, REEBEOESKE SITIREOE
IR SN -T2 2RO OMANE, & DHBEIF L
KE DB EERY) OREMRHNEE CHDHZ L ERLT
W5,

42. RNEBRILEERE~DDH BEEDRE

PIERRALEIBEDRCR DS, B DA 7 DRI &
NDYE, T DRIEORRITHMBANAE > LEX BND.
BT & &R OBAR &2 & Al RS LV R &
ho®,

x? =2kt )

T TG, x I RIRIR S [m), ko, (ZHHEHEE &4 m?s],
tIIRFHE[s] TH 5. WIE Lo NBR L AIRE & & 5ERRE
NHEMRUT LV k, ZRe, BRI O 572 2 3080 ok
{EDHEIT ZABRTENC HlE LTz, 2 5 AT TORERR &
V4 DRIIE S L KTk, % % & TRT

£5 kp HEIHER

DH RE | #EnEA k, [m%s]
(cm'/kg) DFHE 270°C | 290°C | 320°C
. In Y | 23x102 | 2.6x1072 | 3.6x1072
% L — 1.0x102' | 1.3x10
In Y | 1.8x102 | 2.5x102 | 2.9x102
35 o — — —
ZnHY 1.2x102 | 1.4x10%2 | 1.2x107%
40 o — — —
. ZnFHY | 6.8x1073 | 6.4x107 | 3.2x105
® L — 3.4x10%2 | 4.6x10%

*Fi74 7 INSS JOURNAL 2023 725 D2 |

HEEMEABREE FI31T Dk, & DH IREORMR A 11 12
AT RBRIEEICIK ST DH IEDNKEWE Lk, MK T
LTHY, i DH REIE ERBRRILOET T B Dk
Reieot.

Wiz, HERREE (290°C, 320°C) Dk, & DH OBIfR%,
WEICHG L S EAE L7 —# LR T 121
AT HEEAC L0 F L BRSO AR S 4,
s DH B T OZWRNBEIZ /2D Z LW gz,

1.0E-20
F —e—270°C. ZndH Y
—e—290°C. Znd Y
I 320°C. znd Y
~ R |
= = e
S v——
< 1.0E-22 E —
E >
1.0E-23 |
30 35 40 45
DHEE (emi/kg)
11k, &DH £ DEILR
(270°C, 290°C, 320°C, Zni¥AH V)
1.0E-20 ¢
—e— 290°C. ZnH Y
- @ =290°C. zZn%& L
— 10E-21 @ = = _ _
2 e Ll e
E i e )
kQ 1.0E-22 :——\\
J
1.0E-23
30 35 40 45
DHEE (cm?/kg)
(a) 290°C
1.0E-20
320°C. znH V)
320°C. Zn7 L
— 1.0E-21
g E
E
< 10822 {
1.0E-23
30 35 40 45

DHEE (cmd/kg)

(b) 320°C

12 k, & DHIREDORHE (Zn EAAEED L)
(EB% - 290°C, TB% :320°C)
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JEEZ RIFE T HENEABREE N T 270°C~320"C i
(TIT DIREEDFBATHI L7z, k,\ZxtT DIRE DS
Z 1317 B DH I X0 ) RiE G
A1, DH R 30 & 35 em’kg TIHRE BRI K, 2303
MTRE L Ipo7=. —7J5, DHIEE 40 cm¥/kg CIHREEIZ
X BEHIFE ALK, DHBE 45 cm’/kg CldmiEml
Thy, BT DMMATRO DTz, Z ORI KT
PEIZDOUWTIE, & DH TR A A2 OYLBLIS O FER D
PR WSS T L AR LTS, BARRYIZIE, Rk
J D EEACARICH B TR 2 B, AT v L
A7 T EiE CRIENELS 7D Z EnHE ST
W59 72720, K0 IR D ERCRE AR I o
WL, BIEHRERFZET L LD LB X LIS,

1.0E-20

~&— DH30cni/ kg *— DH35cni/kg

== DHa40cni/kg == DH45cri/kg

1.0E-21

1.0E-22
1.0E-23
270 280 290 300 310 320
EE (°c)
13 BEAFRBLRECRT Dk, & IREDORR
(DH 30%, 35, 40, 45* cm’kg, ZniEAHY)
*Fi7ER 7 INSS JOURNAL 2023 7)>6 D2 | H
5. F&oH

FEEEA L7z PWRI UCRIEEEREE N IZ36V VT, DH #REE
LIREEE %7 TT690 B4 Aakli% Fht L=, b
Belsiz Feifids L OW A HBIZE L, REWEVEIEOIZRES,
WIBERL RO & ZJi 7. Z OFE D & IS EABREE
T DH RE LiREOB BRI 2B A et L. 15
LIZHFITLLTOmEY TH 5.

(1)  HEEAIC K DR L, Mata FEhu L
72 270~320°C¥ L O DH R 30~45 cm’/kg D
WO TH A THS.

(2)  FrZR DH RS & 725 DH IR 45 cm'kg
DEMT, HHERTEAIT X 2 8 Bhh R B
WZRRD L.

(3)  JFIE S ~OEEOHFET DH #EEIC X 0 281k
THAREMEN BV, = DH §:ft: & 72 5 45 emkg

71

TUE, BRI TR < 22 BT D H i
7.

%’I

32

AR EZFITT HIZHTY, BRI T2 bONC
W 2y 27 DFFERT @i e s v—>7" &
EANRK, BRPBROZ KRR -T-. Z0%aE
DTHEELRLET.
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Study of the Irradiation Hardening Mechanism of Model Alloy of Reactor Pressure Vessel Steel
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BNy T VEHEBIZLXBRFERSRHETT NVEE&D

RIS REA LB DR AT

Using Pop-in Phenomena

&7 (Yuuki Maeda) *1 s #2Z  (Katsuhiko Fujii) *! &% #% (Koji Fukuya) *!

=4 FRPEF-FRIFHC X o TR ARSI S 00 2 BRS K & fishr O R BAEH 28 5 M9
HZEEHEMIC, FeA A B LK Cu & BEDOIR T RMMOET V54 (Fe-Mn-Ni-Si-Cu
BE) LTI AT T—vayilREFEE LIz, FRS, T/ AT T —v a vy oA
BRTRATAHIREGLEBIRE TH LR Y A IEH L, BEDRITRBIEETRORBICE X
DR EFANT. Fe A VHICE o T LIABE S ITE R LI—FHT, Ry A UBAETD
WEIME T 2PN AL, F72, Ny T A BN RET HMEICHT DEMD/N—R N ED
FEEBAROERICLE > TR T L. 2L ORRIE, 4 BEIC X > TEA SRS K
PR AN L — T DR — AR DY A FTh D L L bICEMoEEE LTHIERT L
BRETD.

F—D—F WL, A4V BE, oA T T—vay, Ry Ay, FRERREE

Abstract In order to elucidate the interaction between irradiation defects that are formed by neutron
irradiation and dislocations, Fe ion irradiation was conducted on model alloys of low Cu reactor pressure
vessel steel (Fe-Mn-Ni-Si-Cu alloy), and nanoindentation was performed. To study the influence of irradiation
on the initiation of local plastic deformation, pop-in behavior, i.e. discontinuous deformation during
nanoindentation loading, was investigated. Although nanoindentation hardness increased with irradiation
dose, there was a tendency for the load at which pop-in occurred to decrease. Furthermore, the ratio of the
pop-in load to the displacement burst width was decreased with irradiation dose. These results suggest
irradiation defects act as not only the sites for dislocation nucleation but also as obstacles to dislocation
movement.

Keywords  Irradiation hardening, Ion-irradiation, Nanoindentation, Pop-in, Reactor pressure vessel steel

[ZC®HIC N 5.
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IR R Al O - FREHC & 2 IR LIx 2 s
BRAMFEROOEDTH Y, IEFIZE < OB TS
TEO, BETIE, 7 FA7 o — 7 50r-odkii s I
FElE T Sl RFEEND 2 7 a RO FHEFIEDIEIC
PR, IS LSRER T2 T A X OFESHRNLV— 7 73
Eo= MY 7 ZABEIC L A LN EER THHOOZ &2
LTS TND. 51T, 27 oAb & NG
RME S 72 E D S)FREDBRIZ DWW T B RED e =4,
Cul v FOWER+ Y T A Xk D Russel-Brownt T
NSHENT L — 125k F 2 OrowanE 7 /L @7 & ORfi{LE
FANEA SN TWD. L, Bhi—7 ERER 7
T AL ORI OEN 2 EOARHOFRED H 0, 1l
ETNDEEDT-DIZE & B2 5 ML A ILFET 2 M2

k1 (B0 BFheas 27 MRET Bifis 27 LF5EET

MBI IR 2 R 2 FEO—2 & L TEHEITA
BIEBEBERN=TF A T o=y a rBABRpNmsEn T
WA, FIA T rT— g VR, FAAIEE A3 nm
A= EFEFITNE KO, HEREIOFIZ T T <,
EREI D R T O EumFEEE T 5 A A RGN X D 1
{LEFHnT 258 AW TETH L0, T4
TUT—va VERBRORFE L LT WE EETOREANES
ZE LRy BINATe Z L 12 K o THFE — 2507 #hf A3 B
BCEDEDFET B, B U7 i — 220D D FHA
HE S OHNAL IR Z RIS 5. —EDOFMF T Tl g
1Tolz8, il — A RO ARTERE CRNIRT XL D
TR RSB TE N AET DA H 500, ZOBBIIR v
7’4 (Pop-in) &FEEN, SBEMEICRAET DR Y TA
X, R 2R OBIMAIZR ST D & W O B E D
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mE

v

EhL

1 F AT T— a3 TORY FA v DOf)

BWENTNDD. Ry 7 A o O3FAT HIRRICET 25
DIENNZ, R 7 A SRRSO BRI it
HEBZENDT EEFAL, AERIROCHAOM07: &
DF&A-K IR0, VATV O FBIRIC 5 2.5
MR LN, ITETIE, BEMEOR Y 71 258,
BRI 5 2 & CRAK R MaNRPT 22 712 i 5 2 D
WEICBT DRI T D 2 EAHIRFS N TEY, Mo
HEROOSCEE RO B DA A BRI K DR v 7
A VOB EFT ST S, LvL, BKIFORT
PRSI ZF DT NEEDOBINT L DR v 7 A %5
DEALITHR DT FIIHRD T2, £ 2T, AWFZET
I, BIRKIFAELO R LS DRFRA D721, A A
% e L 72 ARCuE A RO B TIR RSO ET L5412
FIA T o T—varEERL, A AV RENRETE
FREIC G- 2 D 5B T2

2. RER
2.1. EERR

AT, ERCuE A BOFR TR AT T VA4
T HFe-Mn-Ni-Si-Cufrd: % V2. #UALFHAE R~
7.

AR OIRIE, EE8mm, fE2mm, /& X0.5mmOg
KThs. A4 REEFIERT HHEICIE, #2000 2 Y
—EIC K DA E DI pmD X A Y E v BRI &
DI 21T o 7. Feféft BiF & LCR20.03 umdD =2 2 A

# 1 BEOFHA (Wt.%)
Element Si Mn Ni Cu Fe
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© o o
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a
T

0 500 750 1000 1500 2000
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0.00
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A UMY, BUR R E MR RHIT C M L 7-.

%5 ha g% VT, 2.8 MeVOAliDFeA A
(Fe*") % FRIRE290°C TR L7z, 750 nmiES TESR L
TR I E N E 1.6 X 107 dpals £2.0X 107 dpa/s, 1
{558130.02 dpa £ 0.21 dpa?D25:Ch 5. HIEEEDFFIC
I, A A EATH Y 7 k7 = 7 SRIM20068 % v 7z,
R, Mgk e L, 1IZCEH LRV —E,1340 eV
& Lz, BRIZSRIMEHHE N B b 7= IS EDOR S F o
il wan

Bl

23. F/AToT—a VR

HREHC & 21 & OZAL 2 iR D T DI HR LA S 3
BEATote. 0%, By 7o U ETRDIDITR Y 74
VR A I LT, AL D200, BB A 8.7x10%2
mm A N — (BRI A TR LToRIE TN L 7=

23.1. WLAHESHER

7 U IAZE S 3Bk 1%, ELIONIXA#UDENT-2100% HV>
TAT o 7=, JEF13Berkovich &7 % L 72. 2.8 MeVDFe**
A ALV DRE O — 7 BEEIFHI750nmTH 0, FRES T
#1000 nmTdh 2. HAGHF OFFIALME SFRERTIE, AR
TRE DA~SEOVERNRAT D Z ERRESHTVD
O ZO=0, FHAREI Z150nm & 95 2 & THEMFER
DI OIS & BUG Uz, i S OFSR RIS L D508
ZENET D T2 ORI TIES0A,  BRGTA TIX12045
DRNTE % Fhti L7,
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Abstract Since its establishment, the Institute of Nuclear Safety System (INSS) has analyzed and evaluated
information on accidents and failures that have occurred at nuclear power plants overseas, and has been
making recommendations for improvements to prevent similar accidents and failures from occurring at
domestic pressurized water reactor (PWR) power plants. In this paper, we focused on identifying the
characteristics of accident and failure trends, and used text mining methodology to analyze accident and
failure information (307 cases in total) for the reactor type "PWR" and the job function information
"nuclear reactor" using licensee event reports (LERs) of U.S. nuclear power plants. As a result of the
analysis, we extracted three events as occurring frequently, and we confirmed that measures have been
taken for these events in Japanese nuclear power plants.
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MAAPS Analysis on TMI-2 Core Damage and Relocation in the Early Stages of the Accident
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Abstract We used the severe accident analysis code, MAAPS, to study the core damage and relocation
in the TMI-2 accident for the early stages of the accident (100-174 min) when the debris bed formed from the
intact core geometry. For the analytical nodes and conditions used in this study, the computed values of the
MAAPS core water level and hydrogen generation rate were close to the measured values. In addition, the
computed cladding temperature at the central upper node showed the similar behavior to that computed by
other analysis codes. Therefore, we thought that the analytical conditions used in this computation were
reasonable and the effects of core inlet flow rate on core damage and relocation during an accident could be
examined using these as the base case. The hydrogen generation rate was smaller when the core inlet flow
rate was smaller than the base case. We believed that to be due to the earlier onset of core heat-up, which led
to earlier relocation of zircoloy in the upper core region, and the relatively low temperature of the relocated

region near the water level, which consequently suppressed the zirconium-water reaction.
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Application of Machine Learning Models for Statistical Safety Evaluation
(Investigation of Applicability of Quantum Circuit Learning)
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Abstract To reduce the computational demand in the best estimate plus uncertainty (BEPU) analysis, an
accurate and inexpensive machine learning model is expected to be used to replace the high-fidelity RELAPS
code for rapid determination of the uncertainties on the figure of merit of interest. One of the problems
associated with the application of machine learning is overlearning. Quantum circuit learning is the quantum
analogue of classical deep learning, which is expected to be less prone to overlearning because the optimized
parameters are bound by unitary transformations in the quantum circuit. In this paper, quantum circuit learning
is applied to the BEPU analysis of the fuel peak cladding temperature (PCT) for a small-break LOCA scenario
in PWRs. The parameterized quantum circuit is trained using a small number of the RELAPS analysis results
and the prediction accuracy of the 95th percentile value of the PCTs is investigated. By taking a large number
of layers of parameterized quantum circuits depending on the complexity of the analysis target and applying
a global optimization method to optimize the parameters, the 95th percentile value of the PCTs predicted by
the quantum circuit learning is found to result in better accuracy and smaller variability than linear quadratic
regressions.

Keywords Best estimate plus uncertainty (BEPU), Quantum circuit learning, Uncertainty analysis, RELAP5
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Numerical Simulation for Impinged Penetration Flow at a T-junction

=#f #L—  (Koji Miyoshi) *1

By TEEOBRKEKETRITICE T WA VRRS 2 M GUCHIEY I 2 L—va Y EERML,
BVRETREETED, 4 IS NIE VT EE DI L ONRE S5 2 5B A2 #~7-. Ko, Wikick 5
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Abstract Numerical simulations were conducted to investigate the effect of the inlet temperature difference
on the velocity and temperature distributions near the inner surface of the branch pipe at the T-junction, where
hot and cold waters mix. The focus was on the distribution characteristics along the branch pipe axis from the
corner position of the junction, considering thermal fatigue of the branch pipe inner surface due to impinged
penetration flow. Non-stationary calculations were performed using fluid-structure thermal coupling analysis
including the pipe wall. As a result, the mean and fluctuating values of velocity tended to increase with
increasing temperature difference due to the effect of buoyancy and the decrease in viscosity with increasing
mainstream temperature. In addition, the temperature fluctuation at the inner surface also increased, and the
range over which it fluctuated tended to be deeper. Due to heat transfer from the fluid to the pipe wall, the
RMS values of the temperature fluctuations on the inner surface of the pipe were reduced to the range of 15%
to 40% of those of the fluid temperature near the wall. However, at locations where the velocity fluctuation
near the wall increased due to an increase in the inlet temperature difference, its attenuation effect was reduced
due to enhanced heat transfer.

Keywords  Thermal fatigue, T-junction, Mixing of hot and cold water, Impinged penetration, Numerical simulation
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Improvement of the Severe Accident Practice Tool
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Abstract We developed the severe accident (SA) practice tool based on lessons learned in the 2011 accident
at the Tokyo Electric Power Company’s Fukushima Daiichi Nuclear Power Station. Reflecting the our review
of emergency action level (EAL ) criteria, we utilized the developed SA practice tool. Major improvements
were the incorporation of a special safety facility into the SA practice tool, and improvements to the
explanatory materials for the exercise scenarios based on the review of EAL judgment criteria. Using the
improved SA practice tool, SA training was conducted at Kansai Electric Power Company based on the
improved exercise scenario explanatory materials. As a result, we confirmed that the training participants
were able to deepen their understanding about the changes to the EAL judgment criteria.

Keywords  severe accident, practice tool, emergency action level, alert, site area emergency, general emergency,
Act on Special Measures Concerning Nuclear Emergency Preparedness, specialized safety facility
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Development of an Evaluation Method Using Gaussian Process Regression

for the Number of Steam Generator Tubes Broken

B FEKER (Seitaro Sakurai)*! Frkl A (Akira Nakamura)®!

EH AFLTIE, FRANEENRT A—FERY AT L SPDS INHELNLIEHEND, %W%
AW TEKREAEZSME RN SGTR RO AR 2 HEE T 2 FiEE MGt L. SBITirzeicikss
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WA AHEET DAY v FAVNED ot BNE A IV 7 TR ZHEET 5728, SGTR #/4E
MORFAREE CRAFEAMET T2 HEICHEE L, BT L HMELER L. 5HE LM

Fig VA% (1) SGTR+EAFEEIRIELR SBOJ F LN [(2)SGTRHE 147 H B 1E (FA /K fkit) |
D2 OBEL, WAKEZMMEES L L BIZ, SPDS DEEMIEN 60 W THhbZ by 7
UL TR DB E T D - OICE RIS SGTR 41 £ TOMRMBIEAL Lk &87-. ki
FETYET T I UT L MENT T — F MAAP4A AW TCHEE 7 7 A VEFHE Lz, £ L CHEbiE
B S5 MATLAB # VWG, 87 7 A A0 DRMEE I L, # U A @FEREF GPR 12 X 55H
ZFEM Lz ()OO U A TITAHXRRZE 25%FLE, (2)D > F U A TIFHHXREZE S0%FLE & /e o 72

TRV FEE T 7 ANERERT L THEA RV T Y AICHLHIETEDL Z LD, RTIEITEH
g5 2 LR TX 5.

*—9—F KRB ARG, WMEE, Y eT7 T2 VTN, BERTA—ZFRVAT A, HUR
IR A
Abstract This paper evaluates a method for estimating the numbers of broken steam generator tubes

that occur in a steam generator tube rupture (SGTR) accident using information obtained from the nuclear
safety parameter display system (SPDS). The method applies machine learning to this information. The
method used in the previous study to estimate the leakage diameter during a loss-of-coolant accident (LOCA)
has little advantage because it takes too long to complete the estimation due to the long time during the SGTR
accident in which the reactor pressure must remain at the saturated vapor pressure in the calculation. In order
to estimate the number of broken tubes at an early stage, this study focuses on the period between the onset
of SGTR and the decrease in reactor pressure to the saturated vapor pressure, and defines a new feature. The
calculation conditions are as follows. The first is the selection of two accident scenarios "(1) SGTR + loss of
all AC power SBO" and "(2) SGTR + automatic reactor shutdown (continued water supply)". The second
condition is intended to increase the number of broken tubes. The third is to change the time delay between
the start of the calculation and the SGTR occurrence to consider the effect of the sampling time, since the
transmission interval of the SPDS is 60 s. The studied training file is calculated using the severe accident
analysis code MAAP4 under the above conditions. Then, using the technical computing language MATLAB,
features are extracted from the studied file and trained using Gaussian process regression (GPR). The relative
error is about 25% for scenario (1) and about 50% for scenario (2). This method is judged to be practical
because it can be applied to various scenarios by increasing the number of training files.

Keywords steam generator tube rupture, machine learning, safety parameter display system, Gaussian process
regression
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On-site Survey on the Self-management of ECOTEC (Taikan Training)

EZBF % (Masaru Hikono) * 1. A %7 (Yuko Matsui) 2

= INSS "CId 2020 4FiZ, HEFT ORI RATICSET HEEE 7 7 AOEEIC, BAkF
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OB HEOBATE, JIEEE, 7Hh, EViKY) 75\% BIELU7Z, fERE LT, OBEFIIR L
DA ZE S B SE %, QFEATHM CHEMAHREZITH, O 2 JANEBELEZ DT, BRAKE
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Abstract In 2020, INSS developed a training course (ECOTEC) to impart the leadership skills required for
emergency response to command-level personnel who would be present at an emergency headquarters within
power stations. In this study, we investigated and observed the field practice of the developed training course
and organized our findings as training developers from the following four perspectives: ways of feeding
obstacles to the training participants; the training settings; evaluation of the observed behaviors; and the post-
training review. As a result, two points were considered important: further deepening the integration with
existing training; and exchanging information held by command-level personnel at different power stations.
In order to improve leadership capacity in emergency situations, it is desirable to keep the essence of
ECOTEC but not to stick to the training format, but to conduct training on a continuous basis, flexibly
changing and improving the training style according to the situation and regulatory requirements.

Keywords  Emergency response training, Non-technical skills, Voluntary safety improvement activities

B9 5ME

B L A5 D0 B 7R\ VR T o — U A DS % THE

131

(A Y )

AAROJF1HEERIT, 2011 Ec:ﬁwﬁ%m’%ﬁ;ﬁ
ICBWCBESES T 77y b)) ERBRLE. 2
AU LY, iz e BAEAT IS LT sR IR 7RI 24T 5 2 &
DEARIRL L L 72 5 & & B1Z, IR BT O E (21

DMk & F ORI, WOV R AERIIBW LY =
TRBEEBZD & D RilEE IR I x5 L 0o K
AHIRHRIZNL - T, B HHICBR ARSI DOFIRZ1T S 2 &
NI RDOEND Z L Lotz (AARFF IR 22—~
VYUV AT MRS, 2015).

FDID, WEKNLHD LI~ =a T MIED BN
Tl LB EOEEMEITEITT DI L EBZHIMEND
— DT, v = 2 T IUTEDN TR A 7R~
DF— L%ha2, BREED A N L ARD) 5 BB T %

DFAEA VU ¥ 2 7 AOBFEIRD D L D127 (UK
#5,2015). % Z TINSS TI, 2014 EIZABR SN -NEE
BHUR R R IR T IR FEITIC 38T 2 Fili A - R B
SOWERGRER GEHFHE) 12EH Lz, BIEOSR CRA
IREHis A FEHE U 7240 5 26— IR IR BT O 3, J
L H2RUVRGER DDA N U AIZE LR 5 b, Tk
B OB ESCRES) & i 7o < FHE S H 5 72 DI ERE
L7=2 &, FEETEE o2 B2 & 2hhH,
B U2 G2, 2016). EOFEE, Flin (1996) 2R L
TEBRERISITRO NG ) T 7 = VAL L [EkE
DEODAFNANESNZ  [ala=r—a] A
VA TOREBRE] TA MV ATOANMFRE) THERRZE)
DRGSR DIRGGETEAN GERS) ) DR B TR FRE~
OFFIHER) ZBHl, 2016). 2N HDARX VAL SH

%1 g0 (BR) RFHLRES AT LR 227 L1980 3 (b R hiatbtEis

% 2 (R FF LT AT DT #4327 WHF5eHT
k3 T2 AFIR) CBERPAITEERS 6462440 &)



INSS JOURNAL Vol. 31 2024 R-1

DI2DOIEA Y 2T K& LT, B0 BRARSRASE
THIISHSIC BT BUGHEIA R L Licy T VAT Z
A2 ROFEEFTRO [0 iifk 283 L, s TR
L UCEMIAR 1T C& 72 (E8fth, 2017, 2019). %
FEFOBIGNERMEE T 57200~ =2 7 L [
AR A K7 > 7 ) bEf L (Z8ih, 2020), 2021
FEEN BTG TH EM7RIEENE U T Z G - & e L
TV T =2—RXL o TWND, LML, TNETRUAD
RN T Z AN AFINERELY T LD TH LT
W, ZOFREE BN TIR L 2p o CEET B ICITIREEZ 4
HZ b THENT.

ARED BINZL, FEHHERIHEROZ &M E M
EEELIHOO LD E LTOIWDAFIRED, Bz &
DX D ITEASNEH STV DM DN TELR 2 R
L, HEMD DM 72 2RI AT 7o IR BN D72 23 B A A
VRERTIETHD.

2. BAEAE
2.1 RERR

2023 AR O 3 FEFTTERENE S s
M= AR ZREOXISRE Lic. 2 b ORI,
H B2 - hozetkm b (n— K< v ) O
(BAVETE ), 2023) 12T, FEHENH S OEERE L
LCMESITTEBY, 512, T IEHITF~DZ2 4t
RIS EIC RO T H BB E OIEE & LT3
FonTno.

R XSz, [T AR 132020 4 % CORTT
BYPEARRT, 2021 4EFEDNS X, INSS OAFFER A £ &
TeHA RT v 7 ZIERA LS, SHEFNERE 25T
HEE SN TWD. AR Tg s L 2023 FEI2IE, BHE
BI7RIRENE LT T2 AFIR) 3h 2FEEER LoD
bHrLOETHRINS.

22 REAE

(D)FISREHE DORERR

A EERTIC SR SN FmIC S X, FoZ A A
A o=, FI G, BT L LR EnD
VT = HNAX)L, BEFRHONE LW, BEIUR S
AT R L.
)Flls ol

2 DOFFEFTIE, BIEEF 2 ANBIGITEE, FFo
TLA Y — @FlgxgE) BLar ha—7— GifEE

132

B GE1) BB U, BlEE, JIBALED 5~10 43
AT E TIZRIFRM T4 5 BRRARERRFTIC A U7z, FlIHEE
fiiE, BlEEiEa s he—I—f GIEESR) &
A Y —1 GISRER) &2 14T 200, FIEOR
WEBRTEE L. B LRI OELN-A 0%
1X, BRI A EEE Litsk L.

av b= —{loBEEITay he—F—03 <l
< CHRFENEE CHERT D Z EWNATEETH 1208, LA
P—HIOBEEIL, T LA T—DBBEINTNAZ EER
LT &K DI, E£7, oBLKIRBIRE OB D
HFIZ72 B 720 J D (BT A R LToRER, B
M 5 A— MUVREBENI G b OBl L 7eoT-. &6
\Z, LD FIHEIRE DIFEN L BRI E B D @2 77290,
T A Y —OFFENH E B VR TOBIERIC R b &
BEGIRINoTZ. TDT-D, ar ha—F—0FE (HE
RO LA Y —DOREEWET S L HOFETT
277,

D 1 DOFEFIZONWTIE, BB TOBIENTE A
Molzie®, FFE THRIZA — /L THaERE T T2,

23 BEOHRR

FRNHYR L7123 mI LD %, KHEOIHN %
BRI ESND ) VT 7 =N AR LR AFHEICE VW
T, arha—7—2HELED LI IUBZTNDD,
WNZT LA =R 5, SREANFERRA SN,
WoTe ) T 7 =HIVASIVRIFE SN TN D A 815
L7z

3. #ER
3.1 BEEMOIYIEMHMEZDINT

FAMZATF L7 lGTm & s 1A b &1, 2023 4
A HFECER SN T2 Adlid) OMEEE 1
[N

ETOEENOIMTIL, 64 % FARN) 72T HNT &5
% 720D AR DOFEAGRFHI AT, K0 HROKRE
WAL KO (K 40 23f) & LCHEmL T
7. Ay bu—J— [ 3FEEYSFIHOEE F— L0 1~
2HDBD, T LA L FEEBL IR OB AR R E
NOBEE (1~24) Tholz. 7L A v—I%, FEEHK
D T U ANZEADWREEIT I D EWATLT, 72
MAFIRO 2 e —F =5 OB L DHEICH X
T DI EBRD LN Fz, TRTOFRETIBNT



INSS JOURNAL Vol. 31 2024 R-1

AR TRV AR D IR Y, KO ER0H Caliz1T -

Tz, R UIDRLIZIEY , BRI 72 380 71T F RIS

Lo TEHETEL->TEY, ZRENOLREA LN, Fi
ZIET VA =2 oW T, A FEFTCIE 7200 AFIE)
DFAGHG L F UATEE ) SEE L GUEH%E), BF
SEPITCIIRISHE & IRREE A, C 2P ClIA P2 3E L
7o, KOBSHE L INERINE, SURIY) 2R EFH Ch D i et
o N, 1t 5 ORIWE RIS AIREE O
WHELE S 25, 2O LT LA Y —0ORE &SI OEN
WGECT, avy br—7—0nbL0MEONE L B>

TU-.
32 BfAREFELELTOROZ=

32.1 BEEORAD LM

BIRENC, 2> b —T =Y THL Db B IVAE]

322 §l##EnETE

B el % DIZ S5

133

oy he—T —BHEEZRATLZOOEELEZNT D
LCWeDT, Y 7 JWGHT %
R CE D L LWV EEbniz. ¥z, 7V —7 4 7o
e d, FHERADZ A 2 7L LTUIKRESRNTH D
N, BEOLLSZFEBREBU T LAY —IZHLT V=T 0
JOEFENEIZTHY, B HERbh D K9 ITEb
5. oL, BRARSERINZT W RGT (Bl
RN 7 a7 RoEE A L) HERADEEZ )T 545

e UCHER L TR MERHD Lo Ilbhi-. 0 &
DIPTSR TE IR, H 2 T RIS 2L
THERY S5 T2 L0 FEBEND S Ltz
REDG U T, 2 L THEGRE
BTN ZENMELEZD.

WTRIZ LT, Fllfso

G ThoT-. BEERTIE, LAY —DREIZEMNE

MZEITNT720, BINCTEER R 57 E, 711 Y —
IZEZ EFDHI2OD LRBEALLNIZN, 20846 bkl
HEWIEE LT Th o7, ERRICE, BRaFBIcEs L
NFESTY, BB DT 00720, BEIMET
L7z 3 2EE2605. 2y ba—F—F, FNETND
SFIINED L, EO XS IRIEIZAR Y, EANREDL SR
MEVRREE L L TN ARG LA RN S REE0 T %
BRZDUERDHD X H)IZBbhd. ar he—7—(Z
TIEH DR DR R O DAV LW S 5 5203, =2
Fa—F—=RNEBLENTNDET LA Y=L BENT
KIE LT RDDT, AfxmH 555120, FETHES
AT OFRGFEZAMD 70 EOE V2 X 178, FEAHHIZIX
WURVIREEAR LA RIT L L METHD EEZD.
72120, A Y —DADEE b Shod <o & T
BENDHDOT, 2> b=, 7 LA Y —LR%L

OB R 2 EOBUE b ML L b g,

3.2.3  FllfED i

&o EFHET 2 b & /T bk,

TEHHLDTHDLI LD,

HAMCAF LI k5 &, BEHEFRTIL, S L
A Y —IC L% B ORI STz, FBRE SIS
LC 2~ 3 HOFHIEE AR S, ENHOEAIZ DN
TF— L Tilanm LaHili T 2L 72> Tz, C FHEFTT
1%, 1 SOMEFEICK LT 6~7 EOFHMER A4 S
NTWe. fMFETZa Y fe—9 =1L 5F = v 73 (T,
WS NDITEE LA Y= T L/ Lighoiz) O

T-ODARIBRIL S T 7 = IV AF L0l EE HI L
Mz L=,/ Ligoolzdy] &
Dy TEDOL LTy ZERT . Fl2E [9—2KW
TRBICERILA Lz LW HARD 2358,
1%, MDA L ASR—DEEZ ED X ITHIN =07,
(2] T27OIZED LD RRBRVIMEFTIRA =00, 1FH
PHEINTEZ L2 EDE I ITHER LD ED, LV

- -
— =

[

T BARRATEN S END. - T, ar br—F—

#£1 BEEROZGDAIIFEOWEE

A ST B $3P0 C 3T
eS| 2023 49 H 2024 2 A 2024 4£ 1 H
7L Y- B WESHE, JEEREE JEEEE (2 40)
avtu—7— E o L= RefRRi EYUE S
ow s e 2 BLAKER, EESAREES, 5 Bl (FANHES D). fmhatt 3L R RO BoEEE 07
FHER E A

B o iz v, IRE L 7255
T3,

B, #H, HBE st
ERARD 735 CIRDUHERL.

BRI ORI W&,




INSS JOURNAL Vol. 31 2024 R-1

BRI E B0, L0 BRATEICHREE D Hh e Tt
B, FRHRORVIRY OMEIE T2 O T RIS S & &
WeEEDNS.

F72, TA YRR LI SINT A5A1C
ﬁ@ﬁ%@ﬁ@%%iﬁ@ﬁm%ﬁi%ﬁiztaaﬁ
b FEMT 5 & Lo cBbi-. Flz, miElEd 5
m%_ﬁb_®i9&ﬁm%&oﬁﬁna@i%h&iﬁ
7R BRNEEAT o1z, FRUC L > TT LA Y —RADOXHED
BlEHLNEZ D2 7o, H LI, AiENZZ DXL
IIATEN R L ooy, TOBOBHORER 5F X, i
ISR CIIHFEE LENE D L) RSN TEI, 7ol T
5.

324 iRYIRY

RV IE IOV TCIEH COFHRATICE EE o7z,
PUF, 2o 0EmICHESFUR L 725, 3FEF L
b, [MHNOFETIRYIRYD 217> T\ e, IRV IRY 0F
BITFENMC L > TR Tz, AFEFTTIE, I
BEHOERRICa Y fa—F =57 LA T —ITRGD
WEISIZBAT A7 4 — KXy RN 2 binlz. BE¥ED
TIE, R LBy, HEI LI LA P—IWifF s
D2~ 3OITEN RS, FAHIZIE DSV TRIGOE Y]
&, KARRPKDEDMmatani. cEEirclL, v
ha—Z =L ORNEOME ST 57 4 — KXy s
LT A Y —BHEORMFE PRI RH o7 &
ITHD.

2203, I LESNTET LA T —DR X OB T
HD. BEEFTIL, KT L X IEHOE %
155 Z L DBEEMEA~DRDE, FIFRIC K-> TEARSHS
BEZDMD Lo T-Z LR BH, CHETIX

BRAEC i&e@ﬁbméb%¢<ﬁamﬂﬂég&k
5L, FEBOBREC L > TGRS RS 72 ) 09
2D 2 E~DRDENRIRARSNT-.

M7= AR I, FIRHE T 141
R &2 05T TRV iR

A & FIFREE D
DEATH ZEHEEELEEZTND

134

ZLTC, A VY—HMTOIEYIEY LKA Tk
<, tMOT A Y —DOENT-AXFALEZRD, IETHZ
LIZE > THEPRDOE LS, BMERIKDA X V%0
EXEBZEEBEEL WS, AEEIE LI TIX
RYVIRY OWRE e B2 ENHE LT, 7L
A X =M% LDzl P bar har—F—L
DZFZBTORLYVINIZE EEHSTLESRZY, F—24
TORY B IZHEANTHERDEE VI WAER H -T2
LEZLND. £, REOBEYSIZONTORD KD
IZBWTh, TEDXHITHEEITH =00 NENITH
LY FIZ 0 VO LRIEBR R > T eb EH 2o 7z
N EWVWo T L EERTAIEICE ST, L&D
RAOZITORND ZENHETE 5.

J T ZHNAFIONEIZBIT IR K OFhE
IXEESGES TV 5 (Savoldell et al., 2006 ; Thomas, 2018) .
— T, AXVBKA NTB D ORES) 2 KEHET 2%
@ﬁ%%é:&%ﬂ%ﬂfmé.//77%ﬁwﬁﬂ7
F =< L ARTHRT DAL, T =N AFNE TR
DAXNENELT L LIS (Thomas, 2018). RV K
D:%wf 77T =2 —OODNFIZONTHE R

, MDA AN=EEGRT D E VST Z &, ST
7= ﬁwx%w IR HIAEOWD R, BBy
ERBINCAIMS 720, AR EED D 2
L o7203% (Thomas, 2018). L7=MR->T, /T2
ZHIVAF VA EDTOIZIE, RV Y ORFRE S B
L, W77 05— arDF, HEOA L AR—T
FRISORER & 22 Cileim 32 2 L B EETH 5.

4. MBRTIEEREICRT TOEESEH

41 TEEIFIEEDOBREZESOICRIESED
&l

2021 AFENLEFEN TRV MENTE R 720 A
) 1, FEHPSFEE VD K& A D—ER & L
TEHE - EfE SN TV, 2O LS ICBEFEOIEIC , T

£2 LA v¥Y—DRo%

A FHHERT B 3T

C H3EPT

SRR 5T, HLEDE~OLIE >

CRIHE) TLEo7

BICZ LD RFL LKL,

KERHIEEFN ORI ERE LR LT

L, JEY LERE G LERE v, FERRICIINT D b DR E b RBE S

32BN FLLVIFEEEZIEA LS

SR ETT) 2 T, RYBICERPEL LD 7

IETTEIC D THRATIRD C & 2 2o H 7

LA,

N DEA é°b0b\’€b\5 R CIRRI DR 23
Hich e, HiEicoikite Rcsis
FEH D LKL T,




INSS JOURNAL Vol. 31 2024 R-1

I = HINVAFNVOERERANIND Z 1L, T2 Al
22X a7 FCER LT WL O & L, M7

RO TN &\ D BLSDNE, HARNCITAF £ LOEE ik
LWz 5.

)T = ANAFIVDFRT 1 7T B3, MiAEFERT
1T T % TCRM (Crew Resource Management) #lI##
DEINZOEDOMSLLIZFIfE T v 7T L LTHEAS
NWTWBGEIIZ . Loy LA RS & LicHERT T
I, MU HEE < DI - TEBM TV TR, ST
=V AF VA B G AR A R T 2 &
DEELWE D ICRZIT BN, 207 [0l
%, FEAPSGIH L VD K& RO PIZE » THElEd
AT, B L PIOFRRORE & e, LB /)N
éwﬁﬁkﬁéwi%ﬁéﬁﬁw%®&mbﬂf-—ﬁf
A RIOBESFEH DOXIERATlxd 503, FEEH LS
wfﬁ%$%§a($ﬂﬁ,i%thﬁ%@k@%~
U—&—=) BMToTCNDEERT 7 = VB 5 AT
1T8) (BRERE, W, 5 b, <D/ T =%
VA DS TOBEEFR A TN, £XICED LD
T = NVIATE E — R E o TRASHbW ) T
SANAFMIBEE LIEL T Z &R, 5L RICE
FEIR AT —VIZBIET DT DICEHEIL R D,

T = ANAFR Lo RIS, BBiTEIL, LT
B OORFUCKSL HREVIRY | OMSMITE D 5 Th
5. AFETORRIIMIE, BEFHIG T 7 = 7RE0n
WO TEDINEVIBULTITOR TV, 77 =%
VAN TL D&, ROAT 7L LT, UK
EXATIAN CThH > TH LV EEICEMTE TWDI0ER
DTV RETHDEEXD. plzX, BT HErRT5)
72T, HEREBEORN, ED XS BRHEFENEICK
S TG RO IE D> T 213 ThD. 2D X
D IR AFVOFIET, — S 5 ICAA T, BERAIC
KELESETHLEEHNEHLVBEDOTHS. LT,
324 TR L DT, ZOL SER#HT L LICb
LENd 5. SRIOBIESRIZRE Lz T2 Adlg ork
A E BT, FEAPIRIFRE BT, $T
OPREENT 7 = NI A V% X0 SRR
DI-ODEEI2D ) T I = HIVAFIVIZER LTZIRY
W0 E1TH 72 8, AR FEIRR L e L, TR b ETwn
T EMNREFE LV

42 MMEHRXBTEH L]

ABIOFHEDO T, B 5 FEFT O Y E N 5 HESCRE
EIZOWTHTZRT AT T B LW E DEE A

135

ZF7e. apRo 3.1 ThiItR L7z X 912, S4ED I
TIIEFEFTORHIN A LN Z LD, iR 325 A 8K
SOPHFESIH, ke ST CE AT 5 2 &
B UC, ZNENOFITEOUEIZIET Z L 23 AlFE
ThdEEZD. iz, BGITRILLIZTA K7 >
(ZPpfh, 2020) 11, & HEFEED S Lo 4R K
etk FER EHEOL v N ERDEENRE S EENTY
Do [0 AR ORI E EE 5T, FEFBLK
S EHT ) TV = HVAFADM EE B LT

ST, ZnHDOe » MHAENLBELBRD IR Uik
Fhi LTV ZEBRETHD.

A IHHEESOSFHEOO LI, TR HEEs
BESEAIfRRS S 5. ABSh TV &R (5 15[
202347 A 26 H ; I SIEGIEES, 2023) 45L&,
B DI A TR D 7=, TG (BB OXIGRE I
L) TenTy sy a o ERITENEE N, Fiz,

BEHCKD ) T I =N A AT ORI T E
LGS, £7-, 2024 FEICEM SN-HESD
Bk (GF 16 8] 2024 457 A 11 B ; - BRHIERS,
2024) Tl, TOMOBENRTHL~L T 7o v auwg
Lo U AN K BFHIEAE S 7= Z L AR A, T
NHOFRITIL, [T20AFIRR OB E bIHET 5. )
ﬁ@ﬁ%ﬁ@ﬂﬁk%ﬁﬁﬁ@%ku:mﬁ%ﬁﬁém
L2HDEHRBIDN, Sk, B DHWDDHITORARERIIGHE
NEEARD BTN Z L5, DAEOME B X IR
W COTFRAH bR TN D Z L NETH 5.

5. BHYIZ

ARG TIL, B —&— (BARRPRER) &L
T/ T 7 = INATNVENRINCHRIET 5 2 L RO
EZFL%’)ZP FUTIX ) T 7 =TV A F ) iﬁ“éfiﬁ#%

FHDHZ LWz, BB (84, 55%4) Z%EMC
<ﬂ5 EWFETH L. A E LMD DI iL
WL, REICIZRIR S 7R S5 3l TH 505 T
BB ERVIKY 218 U T H DB EOITECES ORHEK
ICHDRSIEDZEThHDH. ZDX I R HEESILE
B CEET 50 DD E LTINSS TIE 1720
PRI AR L CE . A TIE, #FEFTTON
DAABROERRIEBIEL L, ThENOTRERDL Z &
NTEZ 2120, AENTT LA Y —OREEN 4 & B
NRWVIRILTOBER L e 7=, AIRETHIUL, 5%IT/ A
Axx v U TRO~A TEEEH LN, LAY
—OFEEE L OB E RS Z e BHFE LN EE 2 5.

M7= AR 1L, BBFRBICKS T 2K H Y&DH)



INSS JOURNAL Vol. 31 2024 R-1

RS W) G2 I8E L, FHCRAARKERICBIT A
HEBZI-FHEEGNEEEZ T T I =NV AF T
FHHL, OL2DF Ry r— L WS TRITIEY RiF= b
DTHD. FBEE TR EFOFHUE, Ml Lo
&7, BHCIIHE L TV DI TERCEIRAIIC 3128 - T
WHAF NV E, AN LVADOPNDIGIET, VY —AHRS
AIZRIDOHR T, MEFHIHE L 2T IR 6 v ),
BRI AR 5t 2 AR DR 2 T4 1258 X AT 7.
ZOX IR ERNSAEENT TR0 AFIE) 1%, AEW
I, WIS OGS 2 Rk L, #ii-7e A % VRS
R T0OIC, e b L dEER RO b D, [
TRASINIZHEFE~ORNG] O L2 BRI s ST,
T = IIVAF VA LD RN T D208, ) T
JZIINVAXNVOBEP LS TEDLZ a2 U A5
fili, #EV KD IZED Ad, SHIEFTAFLVOIEEX >
TW ZENREETHS.

MES T, 0B 77 7 uy—0#RBIZLDE
HHEEDDISE 572 [VUCA (Volatility Z58)1%: + Uncertainty
AW S - Complexity BEHENE - Ambiguity BEBRIE) DIRF
RSN DB O R B~ ORI 2 QTR PEE
BGIZBWTH VAT LA RERIICHERE S 572D
VT = ANV AF L OBEEMEOEH L OERA~DR
DEESTETND BIZIE, (PR THERITBT S T
7 = IR NAFHE R L) . BN S E T OB
RIS ETRE LB SN0 AR S, X0 ISV
~OICHPHFRFTE LD EEZTND.

51 ST

Flin, R. (1996). Sitting in the Hot SeatLeaders and
Teams for Critical Incident Management. John
Wiley & Sons.

R HRIZ RS (2023). 5 156 Bl )5EE RS
HHMES DIMEEE 1 %5 Retrieved August 26,
2024, from https://www.nra.go.jp /data/000443157.
pdf

- OHRIZE RS (2024). 5 16 W15 B5 5
RIS SHIEEL Retrieved August 29, 2024, from
https://www.da.nra.go.jp/detai/NRA100003529

E8 B-EH RS B %ER -l IERT(2016) .
BUSF SSRGS D D ) T 7 = )V AR L
Aoty INSS vy —JFL, 23 153-159.

ZH B - - 4l BRF (2017). T =J1v
AX U B LT BARGAIRRORSE (1) 7o
DA OBIFE L FIT INSS Vv —TL, 24, 32-

136

41.

ZH R - Al BB (2019). T 7 =dv
A UK B LTCBRRBGHIOB%E (4) oo
AR (5584 : ECOTEC) | e INSS v
r—7) )b, 26, 187-193.

ZEE - o - e BB - RE B (2020).
YT = AN AXMIFE B LT BRI S FI# O B
5 (5) T2WINARIET A 7w 7 OfERK INSS &~
Y —T IV, 27, 242-246.

BAVEEE ) (2023). % 27 B2 eMGiZ B g
£} Retrieved August 26, 2024, from https/www.
kepco.co.jp/corporate/pr/2023/pdf/ 20231121_4j.pdf

DR B35 (2015). i i EICB T LY —F— v 7D
WEME KR35, 66, 451-460.

BAR TR a—~ v vy - VAT MFJEEE K
IS (R & 5 IR 3 R T R A N
B2 (2015). b a—~12 77 7 4 —OEENLDOMR
B3 — R )R EITF RO - HE Retrieved
August 26, 2024, from http://www.aesj.or.jp/
~hms/report/hms_report_1F_accident.pdf

Savoldelli, G. L., Naik, V. N., Park, J., Joo, H. S., Chow,
R., & Hamstra, S. J. (2006). Value of debriefing
during simulated crisis management: Oral versus
video-assisted oral feedback. The Journal of the
American Society of Anesthesiologists, 105, 279-
285.

Thomas, M. J. W. (2018) 7Training and assessing non-
technical skills. Tayler & Francis Group.

(h—=2A, M. Jb# ERE - /MR B8 (EER)
(2021). / > T 7 =V AF VO E Tl -
HOFEEt - MESCEHRR)



INSS JOURNAL Vol. 31 2024 R-2

NAT Yy RU—T DEREIC

137

B9 2 FPIRAURA o 5

Preliminary Study on the Reality of Hybrid Work

%A% % (Manabu Goto) *1

Y AnfE

(Waka Hamano) *1

EH NATVy RTU—IORT, T4 AT—27 &F LU —T FNFNDEE X )5 % W
LNCT DT EREMNC, HEERTLIY—2Z0OHICRBRLIEZLE, 74 AUV—2DHITRK

B2 & &2HE LEANKRIC L 2REE2IT- 7.
LESgGE LT, TVI—2 DAV NT AV M, NAT Yy RU—ZC
T TFTOZERHALNI o7, " TV v RU—

U—7 TEDRERD LILD R LT,

ﬁtﬁ%’%%?éﬂ%?)/FU 71 —8
Brs7 v

IBIFATLIT—ITY, T—7 A T7RF U ADOFKE, LR OHEN, 2 L X OBJAHE

RTE, Fiz, A &4 7000 B2 TREORIMICRE MR
ST, " T Yy RU—=21C

sy 3 U ROE TR

IEDLLTRO L.

IBOLNT, aI=2=
BIFAT7T1LU—

I TOaI a=r—3 g VEOKR TN ERICERZRITIC &@&F@%@%&ibfwémﬁ N

A7V RU—VPEERRIT TR (B

DT 8 ARREEICHRFT L T & 720,
£——F

FROEHE) b LDk o)

ZiFkEd 5Ty

NAT Yy RU—2, TLU—7 ({EEHHE), AN, aIa=r—ar

Abstract A survey was conducted to obtain data for making intra-individual comparisons between what the
same individuals experienced on telework days and what they experienced on office work days. Eight hybrid
workers working for the same company participated in the survey. The extent to which the

advantages/disadvantages of telework for employees are recognized in telework in hybrid work was examined.

The main findings when working in the office and when teleworking were as follows. Telework in hybrid
work also confirmed enhanced work-life balance, increased effective time, and reduced stress. No major
problems were observed in switching on and off or in the home environment, and only a decrease in the
amount of communication remained unchanged. In the future, it is necessary to examine to what extent the
reduced amount of telework communication in hybrid work actually affects work execution and how hybrid

work is perceived not only by employees but also by companies (executives and managers).

Keywords  hybrid work, teleworking from home, intra-individual comparison, communication
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Trends in Public Opinion concerning Nuclear Power Generation in the United
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Abstract  The author surveyed the results of American and European opinion research about nuclear
power generation around thirteen years after the Fukushima Daiichi Power Plant accident and analyzed
current public opinion trends toward nuclear power generation in some countries in the United States and
Europe. Since the United States is 100% energy independent, it is not as affected by Russia's invasion of
Ukraine and the surge in energy prices as Europe, however, its support for nuclear energy has increased
since 2022 and 2023. Opinion polls in Europe also showed support in the United Kingdom, Sweden,
Finland and the Czech Republic far outpacing disapproval, with support in all countries rising in 2022
compared to 2021. Finland's support rating increased further in 2023, while the Czech Republic's support
rating decreased in 2023 compared to 2022, reflecting a large increase in 2022.

Keywords the United States and Europe, nuclear power generation, public opinion, trend,
Russia's invasion of Ukraine
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The Interactive study session “After School Energy Talk” for Fukui Minami High School

Asai Seminar students

JNZZIT (Kanae Nishino) *' ™JIl 3. (Koji Nakagawa) ** @A FIET  (Rieko Takaki) **
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Abstract The Social Systems Research Institute's Social Awareness Research Group is working to
implement and promote energy and environmental education for the next generation. As part of its 2023
initiative, this group has begun an initiative to investigate how young generations view issues related to
nuclear power in collaboration with high schools and universities in Fukui Prefecture. In collaboration with
the high schools, we worked to build relationships with Asai Seminar of Fukui Gakuen Fukui Minami High
School, and held interactive study sessions in dialogue called ”After School Energy Talks” for the students
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of Asai Seminar four times.

Keywords  energy and environmental education, dialogue, study session, high school students
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Abstract The final objective of our study series is to present correlations for condensation heat transfer;
these correlations are used for boundary conditions in CFD (computational fluid dynamics) analysis for
thermal-hydraulic behavior in the containment vessel (CV) of nuclear reactors during accident conditions. In
this report, we summarized correlations for wall condensation obtained in our previous studies for forced
convection flows of steam and air mixtures. We obtained profiles of the steam mass fraction Y in a vertical
circular tube assuming saturated conditions from temperature profiles of a steam-air mixture measured at
Kobe University as a cooperative study, proposed a correlation for the Sherwood number S4, as a function of
the distance from the condensation surface y, and applied the Sh, correlation to existing correlations for
condensation heat flux g. defined for the bulk to predict the g. value from the turbulent region to the bulk. We
also obtained a logarithmic function of the dimensionless steam mass fraction Y;" used as a wall function in
coarse computation cells. For a vertical flat plate, we obtained the Sh, correlation and the logarithmic function
for Ys* by using existing temperature profile data, because the CV wall can be modeled by a vertical flat plate.
Condensation heat transfer correlations for natural convection flows are planned for future work.
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1Xs=0.75 CTHoT=.

H(®) & AV TRD =K Q26) COFHEME Y, DIEHE(RFE
IEs=055ThHY, RR5Ds=064 LD LAS. &K
(25) & 26)IFFO) E@ITHHE L TWAH Z LITEET D4
BB 5.

BEM 289 DRt L 2 BRI E T 255G, Bt
JUTOWEE (GRE, R, AKRE) 2T, X9)b
L < 1(8) A A ] L CHER CORBFERH ¢, 2, 225D
L<IFQO)EEH L CREmICHET DRIV TORKE
BORY,, Ml C& 5.

4. SHEME TOEMERORBREN

FRTELE PN C O FRIBIRHITEENE 2OV T, TRLEE /AR ORIEfE
Ty % U CEEMEMER ge, OFHBIZN9) & (8)F8 L UZRRE
R Y, OS5 S L <IFQROEFR L. b0
FARI=UIE CFD AT CHERT 272, T, OWEEE CFD
R & OFLEZ YR L CRBL LERHDH. £ 2T, CFD
21— R FLUENT % fdi f U CIEBRARAT 217 - 7209,

4.1 FRITETIEEESEHE

ﬂ9 WCHEOER E 7Y v NERT. FHRECRIL, faf
R & ZERDIRERMNE L OMBENE &8 I, I HIKE S A
ﬂ\tcu\. FROLEMEZ LT 572012, ADFOES
Z EEREE O 500mm LV V> 1000mm (2 L7z, JEE 5.5
mm OAREVE TR ERER O Zp5ifie Uiz, BERICHET DR &
JVOHBITEMET 0.02 mm, BAOREIT 2.1 B THD.
B, 'A1S, 39, 111 A CRFERERMZIZR U T
D L EHEE LT
ARG AR 5 1R BR L BROBEZERITHEFE DO
LS TOR E LT~ 72, BRR ORI AT L
ABIDIREVE TOIRE AR B RO T, GLIAE T /TITE
e ke R L7z, ADSMHEER 2 OFRMEAEH Lz

Unit [mm]
) 1000 ) 800 200
Cooling secfion “| Dutlef]

Top Thlet section
Bottom

Inlet

(Steam-air) \|/ 5. 5 Heat transfer tube
an i

% 9 u‘[“ﬁﬁ:*f‘}: D+ﬁ7 v Rao

164

5 BHEIAPEO

FHEa— R Ansys FLUENT 2020 R1
L R L BRORE, FRKIE
fiE A AT L A SUS304
R[] TE
ELEET v FEYE kg
S E OB “WE E
s —ZNo. |3 6 11
AB | W [g/s] 5.9 4.1 0.9
ESEE N AR 9.0 6.0 9.0
K2 | xun[] 0.40 041 0.09
M| .0C] | 874 87.7 53.5
1{%] 5
& JES—7E
B | EE R Enhanced wall treatment (EWT)
W | eHitfsEl
Eeaingl | A1), Oc=1
WEFBOS T O P E fE

TIXELFRIREE, xom (XA D 2RRUE Bl B

BEMIZEET DR L RO O MR TIREEE v =017~
033 TH Y, BEmLEE (BWT) (HEL A VX TOFELR
ET/VEFRRICIERT 5. AR OSMESER CITE IR E
AR H-Z, T OMOIE TIEWEVE Lz, IRAERIE DR
FRAZ K DB Geonmy 1 FLUENT (232 & T 2B

THE IS, BEffE RIS U CREN I CBE T D3R LT
RRE R ST

42 MAMFRIRROE

B O g 1T, BTAODORAT L ART 5
VR D HENT L0 BEH 45 x=50 mm TD
BRI A FRVNT, No. 3~5 TONHIENFTR & i) S+2s
=224 Y% DFIFAN THIEM gey & —E LTz

CFD #5RH u,, T, Y, &R(EO)%EHAWTEHEEFE RO T
UM 2 A & bl U CIX 10 1T d, @O R D &
£25 = 24 %L HEFR No. 3~5 TOREMD AT Y FIZ LD
ETHD. KE@NT LD TREDRK & F/MNTELtEk o>
50) TOHKNMEETR/IMETHS. KON LD FHIEIE, x
FADEACDINSAS, JIEE & i) & < —E L7z, No.
3 & No. 6 D g DFEIT/INE N,

RIS D43 ARIER13) & (1TIFIF—E L 7=, No.

ST DIRIE T, L ARRE B R ngoﬂﬁrkyn o3 X 11
R ZRKUEEESR CLE, BURRR & 0 Sl C ekt
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T, & Yy, OZALA/INE . w, T, Y, CFD A% A
72 T L Yooy (XHIEMICIES < Q23) & QO)D AN S
£2s OFFANTH 525, 23)EQODTFRAEL D/ E W,
YIRS 2D E, u, T Yo, VNELTRD Goomy = oy I
INELRDTIED, TE Yooy 1IRE 72D, FK(23)0(26)
O AN 72D, 728, No. 11 IZHT D Yomea, 135K
QRO)DHILE L FIF—B L=

O Data/Nos. 3-5

- = = -Eq. (8)/No. 3, max.
------ Eq. (8)/No. 3, min.
A Data/ No. 11
100 E — — Eg.(8)/No. 11, max.
~ F -+ =+ Eq.(8)/No. 11, min.
S [ @.@.—. oAt O K N
2 A X25=324%
- 10 E A
N A
1 1 1
0 200 400 600
X [mm]
10 CFD &HEAE A HIW 7 BEfEER AR g O T HIE(O
15 —
(a) MR T,
, +2s=+1.12
10 ',l
y
. s
X X
O 50mm < 90 mm
51 A 140mm X 240 mm
X 390 mm + 500 mm
- = ="-Eq.(17) Eq. (23)
o L
10 100 1000
y+
15 —
(b) ﬁ&ﬁ%%giﬁﬁﬁ Ys,moa’,yJr
10
+‘C§
Qo
g
>.V!

5 F O 50 mm <& 90 mm
A 140 mm X 240 mm
X 390 mm + 500 mm
| - = = Eq.(24) Eq. (26)
O L L L i1l L L Ll 1
10 100 1000
y+

11 {5 L RRE RS ROMER T (No. 3)19

165

43 BRAIKEROFH

WBGERSAECIL, IREDORE Tep & BFIZARKSMN:
MORKERNRY,, #RDDZ LN TERND, CFD
FRNTIZ K B Y, OFHENEEIZ /5. £2C, £2ITRL
72 No. 2SH®NZ 59~ % SFEBRAFNT 21T - 7=V, FHRMAR &3
7Yy RIEK9 LR U THY, GRS DS 25R
WCES LRIUTHD. AOSKMHIE W, =447 gs, W, =
4.5g/s, xu=0.50, T,n=1914 CTHB.

WEAE T,~T, @ CFD FHEAE & E O Hle 21X 12 (2R~
F.OEEVEIY, I y<lmm THA L, y=001mm TH
BB 2R LT D, p=0.01 mm CTOWBE TN E L
2°CLAFTHA. y<1mm THE L BEZHET S0
IZREECH Y, CFD 1FEERT < CTOWRE A OFHIA
WTHD.

100
X e
O 240 mm, Data /,6,%&
80 - 240 mm, CFD O a
A 500 mm, Data /A
—_ ----500mm,CFD  /,’
O 60 2,7
Q. 7/
l\u’ 40 F Irl I/
J
/7
,/ /7
20 ////
0 be=einn
0.01 0.1 1 10
y [mm]

80
— 60 | K z(,%,
€ X e
E e v 7 %
x40 §
3 ¢ 8
i 20 0k
i A Eq.(8)
X Egs.(9), (6)-(7), 6B
¢ Egs.(9), (6)-(7), 6C
O L L i L i
0 20 40 60 80
qc,exp [kW/mZ]

13 BEMEEAGRROFHRAE & JIE 0O b
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E\is o> CFD FHRAIIE, AFIZE5 No. 2 TOMRIES &
F< %L, #EVRK No.2SH TOREM X v /h&< 72
7o, KUBDKRITRIZENT X2 Geon DEFFEIEIE, No.2 T 0.64
~0.92 kW/m?, No.2SH T33~38kWm> ThHV, #£21IZ
IR LT SRR IR OARTE 56.2-46.0 = 10.2 KW/M? 1T Geom O
FHE L D REV.

BRI AR DFH RN Goca & TIENE Goep DHALZ ] 1312
Y. Geea DB, F(DIZx L CIE@E SR v < 10 TO
FRIOFHIE, R(8) & NIkt LTidy >50 TOFHDF
B Ch 5. R()NTHRT 28500, @ FA#EFH T ORI
Eh/MEZRL, £10%THD. XO6)~DZOWTIE, A
VT AR TO 65 LW LB & FEHALZ. Y0
BRI S < KRB T D HBIN(DIT ooy 228/ NETF
fili U, ELAHE x5 g OFABIRIT gy FRFHM L 72
TUETO/INENY Goep (5 U TRKFHET 2ERHR1E, FH5H
T q OINHECLY V2R KGHET 5 2 Lick b, |k
TECORER oy \IRTLTUE, Y OIBREHHOFZED/]N
<, g BBEIRIC L D Goeanl T Goep & X< —FLTZ.

15

10

50 mm

90 mm

140 mm
240 mm
390 mm
500 mm
Eq. (20)
- Eq. (21)

Yo -]

1000
y*[-]

o b) RFE A (2D

X
50 mm
90 mm
140 mm
240 mm
390 mm
500 mm
------ Eq. (24)
Eq. (26)

10

Ys,mod+ [_]

+XXO0D> <O

10 100 1000

14 BERGUASKE = Y O 534D
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WBRRGRME COMRTTEE u' DAL, fafnZARK S
L FERES, A3 EANTIRIE T LTz, mBERR S
TOMRICIERE T O, X 11 @2 L7 fgfiiia s
L7200, BUHRICT 2 FHBI(17) 3 K UY18) & Fhig
BIR < =B L7z, Zhud, mEGRRSRIECIEAM T THZ
BTN IZ LD RSN D.

R TTARE ER Y, O0A X 14 13T, X 14 ()
(R TRERDEFRR(9C LD YT, 1ERMBIRQ0)E X
VR EHEM L —F LR, yBREL RS L)
BLE x (KT DT Y XRREL o7z, K 14 IR
FTAMFETIRE LI ERAQHC LD Yo 1E, x 12695
NI HPNEL, y> 40 THEIRERO) & L<—&K L.
ERUEA STV D g, OFHMBEN R TR E &
RIZRKESFEL, Y <40 T Yod BRELR2DDIT gy
OFHMEA/ NS 725 Z 212X 5.

WBGRESAMTIE, wy, Ty, Yy OOARITEAEFT O
ARVZIATNAS, BT OUT < CTRIKICEFIEE TS %,
B g 13 T, 705 OEHEEGR K ¢ T TE 5.

5. SRETRTOEREEMREDOHERX

SATE M CIRPREE WA Y/ S < /INBUAR D FEBRER i &
TEHT & 5720, BEmEEEIC 31T HEWER L IRAKURDIR
FEGMAT 2 E L, B R & BERIEL D ARBI N DU TR
FL7. —7, MIORLEZ CVITEADKI 40 m, &S
D3I 80m TH Y, TRIRITERE ATV . £ Z°C, Legay-
Desesquelles and Prunet-Foch® 2 &2 2 I FE 43 4f O EfE %
AN TE R & BERIEL DFRBIRUZ DUV TR L 720819, =
DOFEBRIIAFES 7 ORI TOERE CH A0S, HEENRKI S
m/s OFRFFFREA T Y K- & ghiE ORI TR T X
2.

5.1 EREROERIR

TR, V7 TOBE uy=5.35m/s, IE T,=85°C
THY, WEMBEIZx=28m THD. »IL7 Lk s
DIRFEFET AT = (T-T,) = 5.1, 12.2, 153 &£ 209 °C Th
%. BRI g CBMAEESR h (XHE DO RN S R X
WEHHIESINTE 5T, “IRITHIT TRO B AT =
5.1, 122, 153, 209°C IZ% L gew=48, 9.2, 109, 133
kWm? Th 5.

M &SR CIMERER N R Y, STV v —
7y FEUIER 6 I TRQY)TEA BN, ShiF/ Vs
TOBE upy EPENFTENLE x ZHOVTERSINL TN DT
B, VT OERTH HEMERE S 6 OHBI28) % Fv
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<, BN ERQONTES LTz, AWFZETITEEN(29)
\Z& D Shs & JRTfniE y (A L CR@oIZ LD Shy, &l
M4 5.

KGBOYDZLMEE MRS D012, TEEARIEE &
FIFZRR AT D Shy 5l L 7=, WEssE T /Wz(3)
H L <1ER(S) 2 RO JFriE y (2@ L7=XE )b L<
FRG)EFEH Lz, RGDZEHEH L TRdz Shy X 15
@Iz, R@2)ZMEH L TRDTZ Shy #[ 15 OIZRT
15 (a) & (b)D Re, > 300 (Zxf L T/ 3854 VYT Sh, D
7 4 v hGB3)EIERL LT, Shy OFHIEIZxH 2 (33)D
R S 1325 = £16 % L/ S0, REOYDOFREUT3E3)D
FRED 112 5 TH D03, IR OAHIEMD 5 2(33) % 1Rk
L= Z L &2FETUE, G4 LS s.

#6 PR COYEIRERIZET 2K
WY s ESRARR S (Johnson & Rubebesin, 1949)

Uy X

Sh, = 0.0296Re’/5Sc1/3, Re, = ”T 27)

BeS8/E X (Schlichting, 1968)
0.37x u,6 4/5
6= W,Re(; = T = 037R€x (28)
P

WEAREER DAY

Shs = 0.023Re./*Sc'/3 (29)

u
Sh, = 0.023Re)/*Sc'/?,Re,, = %y (30)

JERTENIER g,y OFRBE A

P Mg Sh, 1— X,y
=D _7 1 ,
ey RT hygln (1 ~ X,y (3D
Sh
Aoy = Ac TY (Ty - Tw) (32)
WEIRERD 7 4 v FA®
Sh, = 0.0205Rey’*sc/? 33)

(300 < Re,, < 11,200)

*Murase et al. !9 & 0 5t 2D Shy/x % Shy/y T4,
R(32)D AT (6)~(T) &=L

A(31) & (30)F L NBEERIEMDE HWTHAE L gepre
& Goea PHLE 16 @ITTT . Goca | IRTTRITIC K D EF
B CTHD. ¥y >30 DELFILTIX, gope/gecatF 1.10£0.10

(>F D 1.00~1.20) OFPHICHD. G goea % 10%
WRIZFHM L7273, D E+0.10 1T/ &0,

(32) & (30)3 L ONREEHIEE 2 FAWCREA LTZ gopre
& Goea DEEZE[H 16 (b) IZ7”77. Liao and Vierow!'Z L 57T

167

100

E (@) G

O AT=20.9°C
A AT=15.3°C
o AT=12.2°C
X AT=5.1°C
—Eq.(33)

<
—
A
~ 10 ¢
<
A

Y 125 =+16 %

100 1000
Rey

10000

100 ¢
E (b)) R(32)Z&AEH

O AT=20.9C
A AT=15.3°C
o AT=12.2°C
X AT=5.1°C

10000

15 REESATHIENE 7 B3R 72
T = RO

XTIV 7 > a3 ARG PMER ST, X 16 (b)D
#5 Tl de 1a Rosa et al @MELES 2507 o g AEIEAREK
Oc BER LT 05 & 0c13RQ)EBM). O EATD &
Gepel Qocat T 1.0520.10 (O FE D 0.95~1.15) OFPHIZ /2~ 7=.
—J5, O FMHEHT D& Gepelqoca i3 1.1240.10 (OFE D 1.02
~122) DI/,

PERARIUZ L D g DEMRMENE, K 1B ITR LTSS &
[AIEEIZ, Liao and Vierow D1 & G, Arakietal.lZ L 512,
Liao and Vierow ORI & G DNEIC K E x5 25, =
OO LD TN gepre 1F, K16 DI —AT, ZIRIT
FHEAE Geea \ IR LT 112, 1.10, 1.05f5ToH Y, BEE/HH
EITR.

CFD fiftfr CREMIZHET D3R B A BRI ERET 5
ek, XGDHH LLIEB2) & XG0 2 HTIE L.
[R5 AL 7= EME A & R 72 20(33) & 0 EHETED m sk
MR E L L=XGO)ZHW L DR L & 2.
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1.5 -
[ (@) G EHE
5 1
GU‘ L
\Qj L
2 b .
< [ O AT=5.1%C
05 F X AT=12.2°C
- o AT=15.3°C
A AT=20.9°C
0 1 1 Ll 1 a1
10 100 1000
y+
15
3 1
@G L
S [
3
< P O AT=5.1C
05 } X AT=122°C
! ©  AT=153°C
A AT=20.9°C
O 1 1 L i 11311
10 100 1000

y+
16 JRAT COEEEEAR D THUE gep®

52 fERTHHOHEER

FNIEL M T O R GT A & [FARIZ, Desesquelles and
Prunet-Foch!\Z & 2 {547 O I E A & Safnii e 51 %
AW TR TOERITTOMIZOW TS L7721, Kumar
B0, ] <0.02 TV > a Uil v, OFENT/NE
WEHAE LTS, AIFETIE, g.=4.8~13.3kW/m? (Zxt
L Thw/ud =0.011~0.025 (v, =2.5~6 mm/s) TdH V), v, HAEHE
ST AE TR TE TR0, R GHEEIZHOWNT
VERRET L7220,

PR TRV BN TND /LY TER ST
R DFMEZESE Nu, DFHBINE FVT(16) DXFEGER g,
EEHAETDE, RO TTOR/NFIECED T 4 v bR
1L Tr=154 InpHHL ISR 0, FERFEBIR(18) & &4
RE AFEDVNEL 2p 72, CFD i ClditE Lo
WpiE GHE u, WE T, AKREY,) 2EHTZE
M, FEAEICT 02 E RS, £ 7T I0RTRAT
DX BV MR Nuy 123 5 BHERHWT TERDT-.
728, EHTE0) EARBIRID BRI,

168
7 R TOMERIC A OFEREZ (BEREEY)
R ITIR L
Ny = Reony ¥/2 = 0.023Re;)* Pri/3 (34)
T+ =194In(y*) + 645 (HLiUH) 35)

ERTTARREBDR (Os=1)"
Ys-,'—mod = eBYs+/(1 - Ysy) (36)
= 1.87 In(y*) + 3.64 (ELik)

20 -
i o
15 | a
i X 51°C
t.10 } 4 o 122°%
/I & 153°C
Y A 209°C
R Eq. (17)
5S¢ / - - - Eq.(18)
[ Eq. (35)
0 [ 1 L1 11l 1 L1 113l
1 10 100 1000

y+
17 AR TOBERICIRE T D534

20
3 7 ‘
15 F %
- 2s=+¢ :
‘y o AT
g§10 | A X 51°C
NG O 122°C
/ ¢ 153°%C
J A 209°C
5T JC Eq. (20)
- - --Eq.(22)
//’ Eg. (36)
0 L~ 1 MR MR T
1 10 . 100 1000
y

18 AR COBERITCARCE L Z Yomod DI

R(15) TEFR SN MR ICIRE T O 2 X 17 1R T
RedTe THIRERAERIZ(18) & BREE A M &L /2. f/ N5
EEHNT TO7 v FEBSEVER LT, ESHITHT
% T OFHIEDO AN S 13425 =+0.54 TH 5.

HEROTRRE BT VIEROERX19)EHW D &,
LA C Y OFMIMES e DR D) LV &L e b,
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SRIELIIAE & [RIBRIC, REMEIERE R L CEH L7 E#8(24)
& Op=1 ZEMA L7 Yomod DFHIEA X 18 1R T, Y, OF
BAEEIET D Z LI EY Ymod DFHMEIERER D x4
CHEIE—H LTz (OF VIEROMBEREZTEATE 5).
/N REEZAOTER L7 4 XBO)IZxT 5
Yomod DRI AT S 13425 = £5.4 % L /NS0,

ROTZEKERDHE Y, ONTBHFTH 5 36)% Hv
T T HNE Yypre ZBENE Yy & BB LTI 19 (@127 T, 2
(36)T YFEEA19)THAE L, K(19)T ¢ OFFHEIZIFX
GO EROEMH LTz, Yo [TIEEERIENM & ARG S0
MHRDOTZ. Yipe & Yo T L —EL, FHENEITL2s =
£2.0%E /NS0,

Yope & BIFIZRGSRM D ROTZIRE DO THNE Ty &
TEME Ty DHCERE X 19 (ONTTRT . Typre & Ty 1T L < —
L, A SITE2s=20.48 °C L/ E N,

0.5
L
504
>
X 51°C
s o 122°%
i ¢ 153°%C
A 209°C
0.3 . .
0.3 0.4 0.5
Ys,exp
86
(b) IBEXKIRNIRE T,
84 |
%) o
gy | #25=:048 'C &
g
~ R X 51°C
e o 122°C
80 | 1. A ¢ 153°C
H A 209°C
78 1 1 1 1 1 1
78 80 82 84 86
O,
Tgexp [C]

19 R U7 FHBI=NC oo T IIME & I E i oD b

169

SRR T OBERIEENE 51T D IREE AR OBIE BN LIER I
Dia < AWFFE TR LIZBEMIFBR ST D, L,
AMFFECHERE LT JmpT OFRBIR(34) & (30)3s KL OMER TR
KERSFEOERNGO)THEHTIUL, K17 L 181w
L7= & 91z, PERMBARA8) L QDITIEWVERBEOND.

53 EE

ABFFE T & 5 BEmEERE C ORI 50
BT — ZIIIEE TR, 27, RSB RE YN & <
INRBEDRA T —CHEAi TR T 2EnHE M % A
CHRH R EEE C OB A0 2 L, SLiiik O T &
% BERFENTT R OAHBER & RT3 A D) (BERSED) %
YRR L7z, CVBEDTRRIZERE AR TUTL TE 5 2 &7 b,
& COREREZ B L, SEAROTREIHTTEENEC ORI A5
DRERT — 4 % T, BEfaBE R OFAREA & R ST oA
OxHEC (BERIED) 2Rk Uiz, & 20T — 4 1
DI DD, TE DT HRAER A OIERFEBI A 15 H]
L, I3 55085 & e/ MRIZEH L7z, 24Uz &b,
SR EEE Sk L C U CFD figdt TR /L A LI
RIE L CHRENRHAZIATTE L L9 koTe.

—J7, FHEEO CV NTIE, SRl & AR L O
H A5kt & FARRITAME S LIZFinigic /e b, 207w,
I SRR | ek~ 2 B SR O AR B2 & BEYR S 5341 D3t
BAZ T 20N B D . AR TO BRI T — & & HL
T DI RN TR S B T e 5. 5l 21, Kelm
etal OVXIBTTA 0.44 m x 0.44 m CHREIHIR & 6 m OXEE 24l
U7 BEREENE R 2 i LT 528, MER RITIE & A
EABH STV, SRR IAB L CREM L7 g
F 100 £ (100 fF ORI & 22K A WNE) Th
0, AL T B ARG O EERFHEZEE L. 22
T, CFD it T&H L C B ARRHEENZ 6 2 Bl oD
FARER & MR ITo0 A DRI AT T DFHECTh 5.

6. BhYIc

A TIE, CFD = — R&EFHEHT 25l R ChEfEm
\ZHET DR TSI D W ER R G, TR, ZRKRE)
% RO CEEEENTE R g 23R 5720 OB A w42
ZEERHAME LTWD. ARWETIL, TRfHEEiE e
BEERCOLIBEO e E £ & Tz, TRk TicEbni
FRFERIILLTO®EY THS.

(1) HENOTRGHRERRE L, BEm D OMEEy o 2 %
2y #REFRE I LT2v Y — v v N Sh, OFEBIRA
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RFHUL, BRI g OREIRFRBIR L BEEE y OELITE
WooyERE GHE, HE, AKURE) 2RO
K qey ZTHITEX S,

(2) FEMEIEE T ORI AR LS < BEEETEHR g @
B BB SN D IR ILARE RS Vimed 13,
HMRIZHT 2 Y OERANERLD. H L Yod D
ERNEHHTDE, PHENSIVNSWEGEEDHR
Y, DX A AR C X, LRI T Y, & fafmliE T, %
WU TPHICTE S,

(3) KitEEE COATIREARICE S g OMHEXEEE
FREATAE L7z CFD i, BAfiR g & 4PiE (R
BE, IREE, ZERURE) ONmEEUNCEE TE 5.

(4) IEBFAEEM 100 COWMBFERSAMTIEL, R DOUL <
TRIIZAIFER IO &, AUFmEED & OEREREL
&L TRRR AR CX 5. iBER ST CIEaLtk
THIZALD 228, ELIK CORGRIRRE T, & Y,
DAIARITEAR T ORI,

(5) EROEEEERE CORPTS ¥ —v > R Shy 1%, 7V
7 TOFMNIFI x (T DT v —7 v REL Shyo<Re”
& Re Ba~DARAFYED 720, ShyocRe 1725 . Shy D
FARERX AU, MEN & EERS, SR Tom
PR GBS, R, ZRSURE) AW TEYTR ¢, 2 T
HTE5.

(6) PARDBEHEEEIZIIT D T, & Y, ONHE, Yl Yomod
DEFRAEMHERTIUL, R X o5z
AN

L%OFEE LT, CFD f#dTZ7EH LT B IRkt EIC

x5 % B R OFHBIZC & B TT /AT O A T 5

TEMEFE L.

v

B P arRTGA—2 ()
cp B (K/kg K)

D JEHUEREL (m?/s)

d EZ (m)

he BHEEVmER (kW/m’K)
hye EERRIE N (K)/kg)

by =hg+ cp (Tr=T,) (k/kg)
M 53 (kg/kmol)

P E7) (Pa)

Pr 77 MV (5)

qe EHEEVEHR (kW/m?)

R — WA A ES (KI/kmol K)

Re LA VAR (5)

170

Se valv MO

Sh Tr—Uy N (0

s EERZE ()

T BE K)

A MR ITIEE ()

u HE (m/s)

u AT (-)

w i (ke/s)
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Flow Characteristics in Vertical Pipes under Flooding Conditions

A 29K (Toshiya Takaki)"

AR ERE (Michio Murase)”!

FEA 3% (Ryo Kurimoto)™ M At (Kosuke Hayashi)™ I B35 (Akio Tomiyama)™

EH ASEI DX GUIIAIF O FEHIFFIZ BT 2EE R CTOWMBFETH Y, HIIIHESE TO
7T T 4 v IRBEICE T DR AFHIR CCFL, RNA R ag, BEMBEEARE £, FmmBEEREL 1
BT A HERORHEN S EHINTH L THD. HEFO L TMoOEmEIRE ZNENEAD D
UWMEHRTANCZE 2 TZER - KOKIRH FR F25k 21TV, CCFL 8k, IS X 5, fi, filoxbd 2408
KAEIERK LTz, BE N OFiEh/ X% — > & LT smooth film (SF), transition (TR), rough filmI (RF-I),
rough film 1T (RF-ID Z 58 L7=. CCFL RrHIZE MR L B ¥ — Nk E L. 7T v T v
JIRBETO CCFL ¥k, ENAMR dPldz 3 X0 ac ZHIE L, fi HIBIRAZIRE Lz, BIER RSN
ZCEEIED dPldz T—FRRE LT i AR AN T o BL O fOMBERERELEZ. b 4,
o BEOSHBERZ FAFOFMMIICA WD), KO, EiRmESRt~0m A2 ih L
7o EBIZ, SFBLUVRF OWTFIC LA REER, fi s L O AFEBERA MR LT,

F—D—F PREE, KR, 7T v T 4 IR, RN

Abstract This article studies flow characteristics in piping systems of nuclear reactors under accident
conditions, with the objective of decreasing uncertainties in correlations for counter-current flow limitation
(CCFL), void fraction ag, wall friction factor fi, and interfacial friction factor fi in vertical pipes under
flooding conditions. We conducted gas-liquid counter-current flow experiments with air and water by
changing the geometry to sharp-edged or rounded at the top end and bottom end of vertical pipes, respectively,
and we obtained correlations for the CCFL characteristics, liquid film thickness 3, fw, and f;. We observed four
different flow patterns in the pipes: smooth film (SF), transition (TR), rough film I (RF-I), and rough film II
(RF-II). The CCFL characteristics depended on the pipe edges and flow patterns. We proposed a fi, correlation
and obtained the liquid film thickness ¢ and f; from the existing dP/dz data and the proposed fi, correlation.
By using these data, we proposed a J correlation and a f; correlation. Applicability of these correlations for J,
fwand f; to large diameters and high pressure and temperature conditions was evaluated with respect to their
use in accident analysis of nuclear reactors. Moreover, fi and f, correlations, which were applicable to both

SF and RF, were evaluated.
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