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FATIGUE ANALYSIS OF ZIRCALOY-2 CLADDING UNDER CYCLIC STRESS DAMAGE
-THE RESULT OF PCMI STUDY IN HALDEN BOILING WATER REACTOR

Kazuaki YANAGISAWA, Hiroaki SAITO* and Misao FUJITA

Division of Nuclear Safety Research,Tokai Research Establishment,
JAERI '
(Received October 14, 1982)

A zircaloy cladding in water reactors will increase its
etastic 1imit with progress of burnup because of absorbing
fissjoned neutrons into matrix. After the hardening, zircaloy

"c1adding under the exposure deforms in a elastic manner when
the rod power is increased.

The study was made concentrating on the influence of
periodic elastic hoop stress arised from power cycling 1) on
fatigue 1ife of exposed cladding and 2} on the possibility
of PCI-SCC failure.

The elastic hoop stress was calculated by measured cladding
outward displacement in Halden Boiling Water Reactor ,Norway.

In the calculation two dimensional computer code as noted as
FEMSTR developed for this study was used.

The maximum PCMI in experiment was occurred at burnups
11.7 GWd/tU where rod power increased from O to 42 kW/m.
Corresponded elastic stress calculated by FEMSTR at burnups
was 333 MPa.

That case was used for hypothetical application of fuel rod
to the condition associated with daily locad-following operation.
Fuel rod fatigue life inferred from such calculation was
approximately eight years when it was plotted on 0'Donnells’
design curve.

* Century Research Center
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The hoop stress levels of the rod werecompared with these
from Halden ramp test together with fission product gas release
rate at every burnups. It was implied from comparisons that hoop
stresses in this study tead fuel rod intact at any stage of studied
burnups. Post irradiation examination performed recently gave
supprt to this conlusion, _

Large ealstic deformation of fuel rod has frequently
been observed in the experiment left 1ittle dimensional change
on cladding outer diameter at post irradiation examination.The fact
shall lead that in-core behavior of fuel rod under operation is
only possible to understand exactly by means of data from on-power
measurements, |

Keywords: Fatigue Analysis, Zircaloy-2 Cladding, Cyclic Stress,

PCMI, HBWR, Elastic Hoop Stress, FEMSTR Code, Burnups,

Water Reactor
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PREED ~ L b —EEEMAB E/ER (Pellet - Cladding Mechanical Interaction :
PCMI ) s#ABERE &I P OBICE DB h LV S BHERSE, FHHZ/ 42—« AT vfE
(HBWR) L TR L 7o, ERTEIFAIC TREHBEONAZE (0° - 180° ) ~TEEL g ¢
ZHEEAHG, BERELH I1ISGWA U ZTOBEOART 0 7 4 — A 2WESICRIE Ui,

Figures 1 —6 (&, MEOME LT 2B OARE R LD THY , PCMI BFFEOE#
B RO EIEEA S B,

1) HEEO L sEEEM (End of Life : EOL)  THENELITS 5,

2) WMAIDEENTPES - THEAR O E LIE/BITmeH - T 5,

3) SRR LISASEEIIC K E WEBSHBICEEL TV 5,

INn1) ~3) OREMEFCET 5L, TNEEBRBRERLERER 1 7 vichE
STEBELIBAETHA D, 2OEE, WEERYA 7)) v 7R E2ZF 54, Zelto
Bhhold  BoRULINCEAHBEEORF IR SEEL L5,

#2°7T, Figures 1—6 o, REVTRL & BETHEER @A ICH LISHFEMAER L, HIH
I AR ETH - /oo BB ONAEHEEOMALTRIMEEM L, 2oEMRIT
NS BB AEIR & B ORI, GNFEHEDERE, HETOROE LESOHRTF
ft FHO ST 5 O DONNEL iR T O+ THE « B2 - 12,

2. BEUEOLAR & IRaT&M

#EHEE BWR (AR THAE 1219 mm, WEERWE 038 mm, fMi~YU 7401 MPa 78RGIE N
T#THB, B~y FEAF 112lmm, B3 1519 mm, WHEEZ 95 #$TD T, BERET
Ridd42cmTh 3,

FHNEGE s v 2 =7 dE (HBWR) ARV, FOMEMER T~ 240 °C, £/112
34MPa Th B, BEHEOERIFOFEEHT)E 45 — 50 kW, m ORI - 7o,

BEHEPED, o UshHitEES NN T T0° — 180° HuiCBERED BT EllEA £
Lo 5KkW/ mELTF & 45 — 50 kW m RHiFHO 2 BECEE T 2 BOoERTREEL AT
5707 4 —d T Tt Figures 1 — 6 1ZR L 720

3. #NEKLIGHDIHE

BORLISADIHFR, Figures 1 ~ 6 ., REIT/R L 2 fBFNIC TITHE » 72, BFigures iTRd
BEEICIN T, HAAER (5kW, / mEL T 45~50 kW, mZT) LB ORKIERAE~
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BREMED N L b ~HEEMMAE EEH (Pellet - Cladding Mechanical Interaction :
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(HBWR) iCTEH L /oo EFRTEHFAICTREBEONAE (0°— 180° 40 ~FHEEALASHEIET
XLEFEALAAO, BHEEHISCWA MU 2 TOEOARET 07 4 — VERBRIICHIE L 7.

Figures | — 613, MEOER LK ICELT 2HOARER LA LD THY , PCMI IFEOE
R SIRO IR S B,

1) RO L sBEEY (End of Life : EOL ) & THENEEIETE 5,

20 MTIDEENTLEIL » THHENE OB LIS BEICHh - T 5,

3) MEERVER 0K USBSRIETECR & W ESTSEICELE L T 5,

o l) ~3) OBEEMNEFICECAETNE, ThidEREBHEE L LSy 4 7 Vi
STEELABETHES D, FOBE, WEERYA 2 ) o 2k A2 54, ©atko
B ol " BoRUIGHIC L 2EEEOKSIE" HMEE 85,

LT, Figures | =6 o, KEVT/R L /2 B i 25 M oo LIBRE & i L, B I
RICHT AR ETH oo BERUKG o /-HEECHRARRWEHEN L, ZoE IR
MEF MR ARG 2B TR 7, IPHROHRAE, BT 0RO K LIESFOHENTF
ft ERO ST 5 O DONNEL S5t R IC D€ THE « 2T - 70,

2. BEHROMLH & ISR

WROEHE L BWR B TAR 1219 mm, WBEEAE 038 mm, #i~1 w4 01 MPa FEGH M
FHETHL, BE~NL .y FRIAR 1121 mm, EX 1519 mm, #IEIEEL 95 $TD C, BEED

Eit42cmTh 3,

FNBEL / v7 = — 7w (HBWR) &R0, B oBRHMER G~ 240 °C, T3
34MPa T#& %, #OEMEDERIFO T4 /113 45 — 50 kW, /mO#EFIZ & - 2,

BEARIS, & oh UDHHES AL/ER T T 0° — 180° Aulic el OB R~ iR E 4 H i
Lo 5kW/ mELTF & 45 — 50kW/ moBED 2EBHOBRE It T 2B0BEEEELER
707 4 — iz F T Figures 1 — 8 1R L 726

3. YKL HhDFE

BOELIEADTRE. Figures 1 — 6 h, KEITR L 2 8ANC T - F2, KFigures icRd
T AT, EAMEE (5kW, mLE F—+45~50 kW mE T) L #rBE DB KL T~
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1. & U & i
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EHEELH, BTN I8CGWd U ZTOBROAR T 07 4 — L EEHBEIICHEIE L1,

Figures 1 — 613, BREOERELCELT 2HEOARAERLALOTHY , PCMI HIEOEH
B SIROSEIEERNS B,

1) o U icSBE AR (End of Life : EOL ) $ THENHEHNTS 5,

2) WAIDEEITAE » THHAE R LISASEICME » T 3,

3 ) SEPERSER OR LIS EETET R E WEMABICEEL TV 3,

Cnl) ~3) OREMEIFICB S LN, TN BMEEERLR LS RER 1 7 vicl
STEBLABETHEA D, £DBFE, WEERYA 70 v 7 EHIENAZT 54A, 2o
Bl ol " BoRUNC L 2EME RS " SE &L 5,

ZZT, Figures 1 -6 i, RHITR L/ BErabE ez @ oot LISkl 5 L, 57508
RICH T 2R FTEITH - Fo, BROCE SN HBETOMAF A IC L, T0EURIC
YT MR LRI AR TRS /2, IWHIHEOHRL, HBES 0RO ELEFOHFREAF
ft ERW LT3 O/ DONNEL 5t HHIRIT D¢ THE » MEZT7 - 7,

2. BREHBROALEE & BRSTSRAT

Wk L BWR R TAE 1219 mm, #BERNE 038 mm, #i~1Y 74 01 MPa FEGIEN
HHETH D, BENL .y FEAR 12 mm, £2 1519 mm, #IEEREZ 5 %TD T, MEED

Fild42cemTH 5,

FHBEE /v 72—/ v F i (HBWR) 20, P OBEHIMERE i~ 240 °C, B3
34MPa T& 5, BEHEOEBIRRFOTFEEH N 45 — 50 kW, mOEBEIZH - 72,
AT, & S Uil S 708/ T 0° — 180° Alc BREHE O B <1 ERIE % F2 e
Lo SkW/ mBLT & 45 — 80 kW mDfHD 2 MECEIL AT 2 BoBEFE THE AR
T 707 4 — it g TR Figures 1— § IR L f2o

3. ENELIehoiE

BB LIEADIRI, Figures 1 — 6 h, REITHR L 72 @FIC TITH - 12, BFigures KTd
BEICRT, HAPES (5kW,/ mUT—45~50kW/ m& T) L BoRkKELMAH~

_1_



JAERI-M 82 - 155

20 ROMAHHELBRARNE L, 7 - FIETZoREZELMICHEY 2 0RIENEE KRB
MAFHNEMEEZ T 07« -V CAIET 2B, BICBOTHL8N% EORICEET 50T,
MEHEZEAM B OFMIE 2 2ilhhrit b, Figure 6 ZH0 2 BEOFMOF % Figure 7Ta &
Figure 7b it7kd, Figure 7 a REBCEHNOBEEEZ 6D, Figure 7b i FO%E %
HWLI-bDTH D, MEICLIDITLOR Figure Ta (HEFE) tBbhidh ZebrhoBE
OFEE*NE LizFigure Tb (MI7EER) bHaHOE TR T LE L LI

3.1 BEBODOIMNMERTFE

TR BHEOE MBI IBES DD 51 (Creep- down) & RSE (Ovality ) OFE5HE
L TROETE O,

Figure 8 (L3R REH#RBTOFAICE T 5E—H0 2 AF) (0°— 180°, 50°— 270°)
HRT 07 4 —NThHbH, BEIBROTEHERORE LD, BODShEFRAEEL b -
FEhibhh b,

Z #4112 HBWR #3BfTO BWR IFICB~UFEMCER LT TH 2 E0, U THAEOESER
L7ztchThiEFZLOND, - TIEHEMTH, B2 (71 —-7FT5F ) KkDE
BASOEDELTEEL 2. |

FHTOBABET 07 4 — i3 EIC—T71A (0°—=180°) OATH-75, 2H5hofREF
(A3 F 4 )BRICBET 38N T -2 AT TE N -1, MIEOFEAMEST 26, BHHRA
BIC T, RS ABEMCIBL oL, FORFHEEF v TREIE L/, MEEEOHH
F, BREhAE ~ 10 cm FERRICE A PR v o TBA 0°— 180° 4[] K OF 80°— 270° AR]icxt
L8z, R EFigure 8 (F&) KRTED TH B, 2 AN L S LICLABES +
TEOER, 03 F 2HEEOREENNRLII LD EEL OGNS,

Figure 8 (F#) »Sobp 2 BRICRTNR L T 3RFEES TORTEEHEN O Ki{)ic
L, 0°HE & 90° A TI# 15 um DEDS 5, INHFHETE, 0°H MO Fa-MER
MEGRA DRSS AARICH - /0B, L2 (MBIRHABRFMET 20D &H TREGRE
EH LI, REOHRABE LA - HEEOIENFMC O WTEMBLERLE T EHTHE T
&L

3.2 BOBHMERICIEERER

BRI I EEOER I U TR DA TS h oo, BEDEIT LI F » o Z7HERL O

(EHEEBEWER L U, FRNROEBARKC S o ONIBFEAD ) v YEES Figure

QIRY, MEKATREREERY) » PEIBFHETH T pmBE &85> T
TIRCHERIT TR, BBEETOZBNNROMBEAREHEC L TRAMAIB TOEN LT
SELTV A, BHERSEUEOREATH LM, FETCRIRMETOMHES 2 RA LERL
o I L B EA B LS5,

—fRic, BEHFIREFCLoDET AN LELT 54, PEERDDLLFE VIIEENICL S

__2_
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HHE L, BT H R, BITHOER A CHEER TH - FE2EE L, FETHE
A I X AEEER GRAZE) BERTE L LT,

3.3 WEETEMETELHHEI-F [FEMSTR j

BRI & BBk Ui s &, ZOMARELMA I, HREREEZH VI
R0 — ¥ TFEMSTR | 2B% L+, [FEMSTR | OBERLUTOED TH S,
(1} EfgEhEA

a. FEAEEL

EgLEAE, KEGFOREICLD,

SB'gdv = F @
THB(2), CIRIETIT, KOLREKRHMMTH B, £ 70, PHEBNEBORER L DEERD
SO LTELLCEEL, BT BERAONAEETEEAB < v 2 ATHSH, F
BANTH-T, BINTH 5,

b . HECFRER
B —EOMFRE, 79 7OFESLSEKRORICHT S,
] g = Deg . @
2T, el ATHY, DEME- MY v 7 2T,
- ]
v v
1 —» 1 — v
| ' 1 Y 0
i E (1—¥v) 1 — v
| -
i D (1+v) (1 =2 @
i sym, 1 0
1—2v
2(1—v)
L. A

‘ THhb, Eldv v 78, vidd7ry v IhTH B, X, EEEMDOBERAE,

e = Bu @D
THB, CTTEMuICOVT, BHEME LTEESATL AR us, 2hUAOTES u
gt s &, @R,

¢ =Bu + Bu ®
FEH L, 2T, ulRBETHY, u BRANTHSL, ORNEQRITRAT S L,

¢ = DBu + DBu ®
1B, G A, EHABRADOCRAT S L,

fBTpRudV + SB'DBudvV = F @
LT,

K = fB"DBAV ®
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EB &, DA,
Ku = F — Ku )

B L, ORPEM utb RO 2R TH S, QXLEBROT, u BRI NE, OXLD
EpKE D, QRNERCTIRNEZRDEEMNTE 5,

ik, BREMAEEHFHAOSKREREEZAG, = ) v 7 2EE, ANA 54 vERIER
Wie
21 =Fnw

TFEMSTR ] T, ®EEAMmCEARIC PCMI KX BEM A BHIEMELTHA, C
nEEEEAROEMNE -2 L0, AEECIE, ANOERNEZRZIZR LN/ THL &
DIREIC L B, X, HAGAMC TR, BEVKENESA 7o, #E8E EFico0TE, —#k
I & LT, BEEN TRy -7 X, AMTRETHHE, 7 -78, BR300 T
R L,

Figure 10 3@HZES (RPEH) 2520 E%, BEVERTE-HBE PEEORICE
k227 vERLELDTH S,

4. # R & W

41 HEEr —HAGHSH

PREERF 154 GWd /tU (Figure 8 ( E D) TOE/i#%E (Figure 7 a iCHY) SEZEE
(Figure 7b 824 0E&IK> %, HEEr - AROGADNHETE L/, R %Fgure 11iC
A I

WEE r —AHROIEHEMNESESRAT, ARKT o TRD LT, 7- FR4HS
BREEZLCTIENRAZEBELTO A0, HEERE LTHNIh2I00ERKFOT v 24
THD, HEENEHROABMBOMTIEL L, LHhLZOER~ 4% BETHD, HETH L,
MoTHECH A YRAENEE0EE, WEERGRETARAE L

4.2 TREHHHEOER

TR E o — F TFEMSTR | oitB&8R4 £ &6 T Table 1 iK7Rd, Table 1
wiknE, A EE LSS, EAGRBEPE (117GWd /tU) THEL 333MPa T

Bt HEPMAEC TOTEEHAEE 42kW,/micxtd 2 ARIEAOMEE 208 + 92 MPa &

1 otee —H, BIAAZEEL 18 - 1288, RAISHEBROAOEELSIEMEGEATELL,
699 MPa T& - 72, WS4 U CoEEHHES 42 kW, micstd 5 P B IGTI0EIT 472
T 139 MPa &7 -7,



JAERI-M 82~ 155

k<&, DR,
Ku = F - Ku @

B A, QRMEM u A KD EMMEHENTH S, QLEROT, udkFhid, @XLD

KT 0, QREHCTILNERDEENTE 5,

nh, ERRMNAFSESOSRERLHL, < by 7 2WER, AHA T4 VERIEZH

Wice
i2) =5

[FEMSTR | ©if, #BEENEICHEARICPCMI L 2E M 4 @HIENE LTEA/. T
NREEEAROEMNE 7 -2 L0, AEBELLE, ANOENEZIEIHR LE-/726DTHE L
OREC £ 5, X, HWESHMIC TR, BEKRENDESA 7, BT EEico0TE, —#k
A & LT, BHRIEMN TR -7 X, NHTRETIHEE, 778, BHECOVT
REM L7

Figure 10 d8EZL (XbEH) 2540 0%, BYERTH - W BE PRBRORICE
ItF2eF i RLI6DTHD,

4. HRX L W W

41 BEEr —HEILH2H

PRHER 154 GWd 7t U (Figure 6 ( E#) To#/1EE (Figure 7 a iTfY) ¢BZE
(Figure 7b 824 OE&Ic-> %, HEEr — ARONNOSH LR L. ER4£Fgure 11iC
PN I

WEE r — HEOITRPAESEAT, AT i 2hTHED LT, 2 - FR4HiS
BRERGZICTIEIMFTEERL TO 50, fTEBRELTHEN SR 2ENERRG DS 7 250
THO, WEENEROARBBOETEIN L, LArLITOER~ 4% BETHD, EETH 5,
BE-TtEICRHWAF vRERNEF0z E, HBEERGRETAIEHE LI,

4.2 —REBHEIEORE

TR A E o — F TFEMSTR | oitB&ER4 % &9 T Table 11Z7Rd, Table 1
wiEnE, BN AEELAES, SARBEPE (11.7GWd /tU) THA4L 333MPa T

H ot HEIERAE L TOFEEE IR 42 kW, micxid 5 FEIS DA 208 £ 92 MPa &

1 otre —H, BIAAEE LIS - 288, RAENEBROEOEELIEMEHREATED,
699 MPa T& » 72, BN AM U TOVEHNER 42kW,micstd 5 F B IO 472
+ 139 MPa &78 1.
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4.3 BWHBOEDICHEIGEEDOES

B 4. 2 O AOLEMEIE A DHETRRENTBEE TORFMENOHELE B L /2, T O
T, BMEHESEFLERICL 2 HAZLE (0kW/ m— 42 kW m— 0kW/ m) EZif & {KE
L& & DEHICLAHRICDEERT L, HEOBINHEE LA Rt BoSRATSH S
Table 1T, PCMI BB &EHKLVWEEZ LGNS ILTGWA /tU TOFERREE D

RS Z, O’DONNELL AND LANGER gi#R(4) &9 5.

IEEME S a fE
I

— 1 - 3 L i
Sa = 333 MPa X 594 KDa X = 242 x 10 £b/in ()
(ENAEELIBE)
- . X 3 o
Sa = 578 MPa x T591KPa X 7 41.9 x 10* ¢b./in @
(FHAEEE LITVES)

ZHG2HDfEEO’ DONNELL AND LANGER #h# Bic T/Rd & Figure 12 D BRIC 75 5o
BHAEFLAHEFA 2 VEINZTIX 108 w470, MAOZFEELTTNEHFEY 1 70,
N=35x10° 44 70&1i5,

AREHONM A4 OAMK (DATLY ~LOAD FOLLOW MANNER) &9 #1id, EEOK
FFtnid,

gMAIEE 0 B2H
g mMeERE 0954
&1 B,

BOHSBREIMALER L HIGEVEFZL NS, IS SBICEREORIIH 5057
MEET A5, 24 LRt ECHORIENE S ToBuRE 7 — 5 2R LGS, #i%K
ELIAEEROAEPHENTHLEZ L oN D,

HBEE | B (MPa) BIRGRIET) (MPa) T %)
E=¥ich 360 500 30
343 C 140 240 46

4.4 WHBOELFANEPCI— SCC A

BIET IR IR D B LIENIC L AMMAERIC D EEE L, HKEBORLUENTDILA
BaEiihEFEE8ET 5,

BRI R A1 - TV ABOEROHNBEEA R TEANFP #2342 FEMAX [ — 111
NEERIGNC TR E Ui, FP AR REEFHHIIBHEHLBROA AV 7 F o7 (EflfE) L0k
oL, KESHRELFZITCGWA U LD LEVRBEE $ TEB L, #R% Figure 134T
i, BRI HTEITER (165%) RBHERBTOHEME (125%) Tl bF b7
g RO —FDE S,
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Table 1 ok L 72 B BB 10 3517 ARSIt L, FEMAX 1111 3B 2 TS 7- £ 458
ETOFP #AMHEBROEAE T o v F L, £0R% Figure 14 10RT, HPBHFEE V7Y
F (HBWR) TOHNARERICESOTFEMAX [-1HBATH»TH S UHEBEL
7= PCI —SCC ICBIT B8R - 8 —fH BT H 5(7),

WM O R LIBENESTTCO BRI, FPHROKENECLD, H2%H (BHERER) %
HITHEHE L PCI —SCC BEET5F b H 5,

HE TR ZEE L bDRFAA S ORBEE TIEEEBIC S - o, HAEZER LG -7
b FRA & OIS TIRIBEHIZ S - 72,

45 MRAEHREHBER

P ER TR SHEOMBE IR I o . BEEHBTOFP #RANY I Fa 7 ) 7D
B, BN A AREORDSEHESRE LB ET 2 HR R DRV HEs » o,
BEERER T, WITONR &1L - BRI ORI 0 (0°— 90°FERI D) AL L. £ OEM
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Summary of local hoop stress calculation by FEMSTR.

BURNUP POWER CHANGE HOOP STRESS AT CLAD INSIDE(MPa)
(GWd/ty) (KW/m) With axial force | Without axial force
3.5 46 3M 699
5.5 39 310 555
8.0 50 135 396
9.8 41 144 441
11.7 42 333 578
13.0 38 128 314
13.4 42 268 595
15.4 41 155 326
17.6 35 102 340
Average: 4z 208 47?2
Deviation(Go- ) 4 92 139




SO‘pm

JAERI-M 82 - 155

START-UP

U.J
48 kW/m
- ToP
~42 cm
e

1.6 GWd/tU

‘ 4 kW/m
F
A

J R ——— -

!

»
3
A
——

Rod diameter profiles at a various power level at start-up (top

Fig, 1
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] 3.0 GWd/tU

45 kW/m
4
W
3.5 GWd/tU
’ 2 kW/m
A
| 48 kW/m
'3 \

Fig, 2 Rod diameter profiles at a various power level at 3.0 GWd/tU
(top two) and 3.5 GWd/tU (bottom two)
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Fig. 3 Rod diameter profiles at a various power level at 5.5 GWd/tU
(top two) and 8 GWd/tl (bottom twa)
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] 9.8 GWd/tU

A
| M\WJWW

3

11.7 GWd/tU

Fig., 4 Rod diameter profiles at a various power level at 9,8 GWd/tU
(top two) and 11.7 CWd/tU (bottom two).
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| er/wikdﬁw/JV/A\h&ﬂhﬁpﬁﬂf/\wﬂﬁﬁfwv
1 A
13.4 GWd/tU
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Fig. 5 Rod diameter profiles at a various power level at 13 GWd/tU
(top two)} and 13.4 GWA/tU (bottom two)
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15.4 GWd/tU
4 kW/m

] 45 kW/m

| L L

4

i

17.6 GWd/tU

38 kW/m ﬂw
’ 4

Fig. 6 Rod diameter profiles at a various power level at 15.4 GWd/tU
(top two) and 17.6 GWd/tU (bottom two), in which symble arrow
shows the location of largest PCMI of fuel rod which has been
occurred through irradiation test
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0-18(° profile

=

_____ SAIOND A
| 90-270° profile
— broken line shows rod diameter
Region tor study before irradiation

FUEL COLUMN LENGTH(mm) from ROD BOTTOM
100 200 /300 400

[ ] |
\_Original gap(230pm)level

(Top) Summary of diameter profile measurements from non-destructive
post irradiation examination in which as for reference, diameter

profile before irradiation is included. (Bottom) Squeezed residued
mechanical gap as a function of fuel column length from rod bottom.
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RIDGE HEIGHT
a o

| MERE o

1 ] {
5 10 15
BURN-UP (GWd/tU)

O—O//O

Fig. 9 Permant residual ridge height at zero power vs assembly averaged
burnup.

FUEL CENTERLINE

CLADDING
! ?‘II.I-I11;
L[«
; L3 :
0 | i COOLANT
; ; 4 PRESSURE
-y 7
| «
'//‘///////l‘/ T

—-— FORCED DISPLACEMENT

( ZERO DISPLACEMENT AT CLADDING UPPER
EDGE PORTION )

Fig. 10 Schematic representation of the cladding
movement before imposing forced displacement
(shown the shape by solid line)} and after
imposing forced displacement (shown the shape
by broken line) in the model used in FEMSTR.
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oo Without axial force
o 300 Gaussian point
> [
= [
A [
a [
W [
= i
N [
Q 200
¢ With axial force
: 4 . OO0 e Dm0
e 'S
e
S 100
9
<
O
Clad inside Clad outside
ot N BT I BNV TR S IR I O
100 200 300 400

Fig, 11

CLAD THICKNESS ()Jm)

Increased clad hoop stress due to increase of power at burnups
15.4 GWd/tU vs clad thickness as a function of axial force;
code calculated clad hoop stress is derived from hoop stress
at Gaussian point,
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Code calculation

ROD AVERAGED BURNUP (GWdAU )

(FEMAX! -1il)
PIE @
(measured)
10— (;DO
——This work covered ————=
b g W L N | 1 1 TR BN daa L j
5 10 15 20

Fig. 13 Fission product gas release rate vs rod averaged burnup
included data from code colculation by FEMAXI-TI and data
from post irradiation examination

Legend:

30 O With axial force
<) ® Without axial force
gl |
&f \
%20— o0& © §|3 °® Jo
<{ I
o I L
T « Failure
c |
310“ Intact ~~TTT T
a L
w
| l . & 1,1 .1, ¢
0 200 400 600
HOOP STRESS at PEAK POWER (MPa)
Fig, 14 F.P. gas release rate vs hoop stress at

peak power calculated by FEMAXI-II code

in which as for reference, failure-intact
threshold determined by FEMAXI-IIT calcula-
tion by means of experimental results of
power ramp tests at Halden is included as
broken line,
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Photo 1

Metallography of longitudinal
cross section (0° generatric)
of Rod 13 of which pellet-to-
pellet iocation during the
in-pile test show largest
PCMTI behavior in the course
cf its irradiation,

— 21 - (22)
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(1) E.Kolstad : In—pile measurement of zircaloy creep and PCMI deformation
comparative evaluation of ten creep correlations, Nucl. Techn 49 (1980)
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AFig, |

Fig. 1 Hypothetical cross section of being interacted zircaloy cladding
in which solid line represents the case for no ovalization while
broken line does the case for ovalization, respectively.



