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Study on Fuel Failure Behavior of a Thin Wail Ciad Fuel Rod
in NSRR Experiments

Shinzo SAITO, Shusaku SHIOZAWA,
Satoshi YANAGIHARA and Kiyomi ISHIJIMA

Division of Reactor Safety,
Tokai Research Establishment, JAERI

{Received February 4, 1980)

Thin wall clad fuel rods in which the cladding thickness was reduced from
0.62mm to 0.4mm were tested in water environment at ambient pressure and
temperature in the Nuclear Safety Research Reactor (NSRR). The purpose of the
test is to investigate the effect of Zircaloy-4 cladding thickness on the clad-
ding temperature behavior, threshold energy deposition for fuel failure and
fajlure mechanism under reactivity initiated accident conditions.

The cladding temperature in the thin wall clad fuel rod is much higher than
that in the standard test fuel rod whose cladding thickness is 0.62mm when they
are subjected to the same energy deposition. This is possibly attributed to the
smaller heat capacity in the cladding and higher linear heat rate due to the larger
pellet diameter in the thin wall clad fuel rod.

The threshold energy deposition for fuel failure of the thin wall clad fuel
rod is about 210cal/g.U0,, which is 50cal/g.U0; lower than that of the standard
fuel rod. However, there is no essential difference in fuel failure mechanism
between these two rods. It is brittle fracture of the cladding due to the em-
brittlement by the oxidation and the thinning by melting of the cladding inner
surface ; the cladding melting contributes more to the failure of the thin wall
clad fuel rod. The reason why the threshold energy deposition for fuel failure of
a thin wall clad fuel rod is lower than that of a standard one is the severer
embrittlement of the claddding in the former caused by much more oxidation due to
higher peak cladding temperature and thinner original then final cladding thickness.

Keywords: Reactivity Initiated Accident, NSRR Reactor, Fuel Failure, Failure
Mechanism, Zircaloy-4 Cladding, Cladding Thickness, Thin Wall Cladding,
Energy Deposition, Post Irradiation Examination, Oxidation, Fuel-Cladding

Reaction, Cladding Temperature
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EFFORLESBREOCARBOEB*E~LBNTNSRRTE1I975F10 A% R
EETIC35 OEMEORRTERL T e, NSRRERTH, KEEEKBOSKAH
T EHE A2 HCE > TEBEL, RBRARCHEALZY 7t v ROFEBBREOZEH T RE,
ENSOREFHRCENZOZBRBEROLGEHALLIOLTHIOTS S, AEYKE,
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T WEETOBE HHEORE BEICREBBITOREISZCKHALERPHCERET L
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THhbEDERLE PWRO14X14BEBRBORITHE(L, BHMET 1 0% L LANSRR
EEABRAHICH L EEELE4ZL, REERAL 2 WE BHRMESTHEEERHER,
WIEME T BERCT A ETRYIDPHEFSEVWEA— 7 7HEEI D, LDV EFCRNEE
THREEI LORFFEATOEE TR BREE <7 2 —2ER, RKRKFEAF 72+ T
KB, RES* L2725 2 —2FLZBL L UBKBRB LV EBSRERE % fneR
B ERICKANESN S, FHED, BHEBH A -ZRRO-DLLTERBLABTARSR
HREEBOERZ I LOAIOTE S,

EBRIIRSEK? 71k, HEEB200c2]1/g U0, 225450cal /g U0, O
Bilhi-THEHET, #HEREEEED HHELEIWE HBRBERTIOHE SXH
EWBEROBEXHSCEB L THETAEVAHEAEBCRITERTE . #EHO
MESL L THEERARE 06 2mm/CHL T 04mm #8273 ELW, EROLRE HEALE
NEEH 210cal g - U0, EHIEL, HERBOBESO 260cal g U0, THLTHS50
cal /g U0, B ABLEHFor, 7, HEBBCEL TEEBREOSE AL T,
BEMOREBBEVBLCLARLCERT LIHREEA 25WdRAMNODBREEREL T
BWBTH S, |
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2. RERHEHELREBRTE

2.1 HNSRRO#E

ER PR etlEFE (NSRR | Nuclear Safety Research Reactor) [dXEGA#H
Lo TEEINAAAPZAFETRIGA-ACPR ( Annular Core Pulse Reactor) %
HERLASDTSHE, NSRREFig. 21 0RTLOCARIMDRA ¥ 7 - 7— BT,
FEL T — A EWMICABL, FLOREDERE 7 -+ KO ERERTL T, FLPRIC
HAREH 22emO K EAERATAL, EBYRBEEZHAE I A7 £y VEREFLIDHL
ANd 5,

FOHFig. 22 RTLHDCHROERILEBRVAL 1 4 SORBERLE 8EXDRH 7 4
n TR EBESELTSCRESEL I F3EQ IO BRIVERIN, FUODEZEEMN63cm,
HEEL 38em T35, FLRBIEZMN36cm, EXE38ecmD 2 0%RBMEY 7 » - KFE
ffyna=va(U-2ZrH, ;) X7 v vAHATHBELAIOTS 5,

NRAREIORET 5 Yy VBOSEFEFREL LT, 3FZDIS vV >}
BOHEER L -TERLT PPV TOEBDORICERRATLLENTE L, ~“ A2 WA
NSRROD>IDHCE#EYE, Tabb, BHEEKEILIBREMOKRECARICLLIKRERZA
D74 — NS, 2HRCLAFIINS, Fig. 23 CHARIGCEEAST VN VT T H =
M EBAHETOBEMELETRT, ¥ —2HHE#H 21,00 0MW, BALTE 11 7MW sec
THb, BEFEHE1L12msec, S+ 2 ¥{EEL 44msee TH5H, NSRRFOHEUERE

Table 217,
22 EBAE

(1) BB

FERC AN EBRRO L2 R AR EERN S RREBICHSTHAL T o EEmE L
L TTable 220TT, FRRBROEREAETOANEN 040nm L BEREREHOY
03 (EEBEEOAE 0.62mm) KA TWARBKELZBRTH L, REEOHNETRE
BREL L L 10.72mmTH Y, SVvy PEHBEOF » o TR (0095mm) b EBHRKE
®L U EALOBREL TR A, TORD, HABEBHBHEO Vv, t AEE973mm LFEE
BB ~L ., PO 029mm & HNT, 044mm KEL(HZ-oTWD, REBEEALELTOMD
 HBHEFig. 24 CRTEBRHECHELL(H-TH 5,

(2) MREEH

HEBRBEY, Ch: COEERBERIFARICFig. 25 CRTRAEKY 7w THA
L, “AxfBHETo%, # 7 RECE, LHCH25cemOZHEEELTHMKI(ER) &
BEAELTEALLZ, NSRREHFWT AL 2BHEINLEABRABICE Fig. 231mxEL

4.2.._
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P EAEEASERS WBHCZAALF-—NELLNL (HMT, cOzrrs-—0DKES
“ s B ” — Energy deposition (&), RBABRICN T L 1+ 2HELEREOHR
i, MARGELR 2438 EEF AR 29 Imsec) T H#H 200cal g-U0, 5 b, 4448
(Al 1.2 1msec) KT H#¥450cal /g - U0, OFEHECS L, REEOEEEREREITET
LB EORERBCEANTHEET - %,

(3) HEEEETH
EEHFOHMELTHATRERENE Tk, EALA ¥ —id, Pt/ Pt—13%Rh
BREHLT, EHEEImmO I NERBO T SBWATREC R Xy VEELA, TOLOTLT
WA e BESE, ISERM200H: 87 h, HIL600CETRERBRILESR L (EBT 5
C L AREODEATING 1,

(4) WHABHER

FRE®, ZBRBRNZHZEMOSHBEELRET, #» 7 e bBEBLT, TORBHERR
#1795, RREBE, AEBERE TERE AFERSEEETH L, AEBRELETLLTE
HCLLIODT, FHEA~AZes—2%, /¥RAEBRBATHINELFEEFEICOATOM
F(ARABR ) 2T RIF—VEFRANTOHEBDORETS L, AEREBREBHECHL, BHEE%
BEO S LABUABTFERY, F£FATEY N - by 2—TCEFRELFERFRICTEHRL,
EEH3Iem, B33 cm OHEESECEDLAALE FBEFrIURAEICLIOEZES
ELTHWr, WEE, T TFE80BBEY = A ) —MTREXAAREZL D, REAEHBER
B DL THIRHEL, BELCFATEY N ~—=2 P EANTREHC A 7HBE T 7.
WwIC, Table 23 NATHARTILERAL, BREBRBECHLA, LEREDHEL, B
AREFBERCLAATE, TORTHEBETRILOCL TREL £, BRCH A+ ) »<x
BETELYBEERETEY, T, HBCERLTREREEZATTOBERELI T2,
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Table 2.1

(1) Reactor Type:
(29 Reactor Vessels;

(8) Fuel:
Fuel type
Fuel enrichment
Clad material
Fuel diameter
Clad diameter
Length of fuel section
Number of fuel rods

Equivalent core diameter

{44 Countrol Rods;
Number
Type
Peison material
Rod drive

(5 Transient Rods;
Number

Ty pe
Poison material
Rod drive

(6) Core Performance :
a) Steady state cperation
Steady state power

b) Pulse operation

Max. peak power

Max. burst energy

Max. reactivity insertion
Min., period

Pulse width
Neutron life time

(77 Experiment Tube;
Inside diameter

Characteristics of NSRR

Modified TRIGA—ACPR (Annular Core Pulse Reactor)

36 (wide )} x45%( long)X9™(deep) open pool

12 wt% U~ZrH fuel
20 wt% U—-235
Stainless steel

356 em

376 em O.D.

38 em

157(including 8 fuel—followered
control rods)

62 cm

8(including 2 safety rods)
Fuel followered type
Natural B,C

Rack and pinion drive

2 fast transient rods and
1 adjustable transient rod
Air followered type

92% enriched B,C

Fast
Adjustable. Rack and pinion

& pneumatiec

Pneumatic

300 kW

21,100MW

117 MW=sec

3.4%4k($467)

1.13 msec

44 msec(l1/2 peak power)
30 usec

22 cm
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Table 22 Design Summary of Thin Wall
Clad Fuel Rod

TO, Pellets

Diameter 9.7 3mm (9.29mm)
Length 1 0mm
Density 95% TD
Enrichment 10%
Shape Chamfered
Cladding
Material Zirealoy — 4
Diameter 10.72mm
Thiekness 0.4 0mm (0.6 2mm )
Pellet—Cladding Gap 0.0 9 bmm
Element
Fuel Length 135mm
Plenum Gas Helium 1 atm.

Figure in tha Parenthesis

standard test fuel rod.

indicates the value of NSRR

Table 2.3 OCOomposition of Chemical Etching
Solution for Zircaloy '

Lactic acid C,H, (OH) (COOH} 556 vol. %
Nitrie acid HNO, 185 vol. %
Fluorie acid HF 7.4 vel. %
Distilled water H, O 185 wvol. %
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offset loading tube
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Top End Fittin Magnetic_Tron Core Bottom
Spring  Spring Adaptor Disk  Fuel Pellets Cladding Disk Spacer End Fitting
L4

L1

135 mm et

(active lergth)

L

265 mm
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Fig.24 Test Fuel Rod

200 ¢

Water Level Sensor |
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800 _ _ _J

Sensor | 8?
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o
Thermocouples \ at]
| &
e N
Fuel Pressure/ | ‘
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Pressure Sensor ‘
" (Unit:mm)

Fig.2.5 Standard Water Capsule
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3. EEB MR

AEERLASEAOERICHT L RAE HECTEEIRSEE BENENAES L CEEES
BEROBES Table 311K, 2ANBER.2Figs. 3.1~35 AxF7, ERBPEBCHERY
KICEMIC ST 5,

3.1 R#%H®200cal/g-U0, CHIBZER(EBET216-1)

%#HE 200cal/g U0, THEALZHR FEVEBHEARChA - TRILL 20 THE
WRBCEES Ao (Fig.31), HETRAEEEEE Table 3.2 WRTLOK,
#ENH10cal /g- U0, BWEERBOBRLZIEFALT, REECEHICEL TR, KE
L O REEN 20cal /g U0, BENWEBAKEERTest No. 111-16 &E~T3Table
33 LOBHLARLON, HAGBEHAREOCELKEAERELZo TS, BT, #H b5
KENDHEGERT, ZRXBOBE, LEHROSH (AFE4mm) @, LEEHBREIFROK
(RE1L5mm) CERLTWA ", BIEODRREARLED THE—THEREHRROBEREAL K
R ENTEENCHERI RN D,

wIT, BEEDEEABROBRLCOWTIRRT S, ZEECHEBIL, Fig.36CrT L9
i, HEDSER, BILE(Zr0,% ), BUECL-TRELLEIN/La - Y rd o4 E (Oxygen
stabilized a—Zircaloy layer),—H MBI h - A+ I =2 A8 ( prier #—Zircaloy
layer) CB - TWnh, 4, atfé SEMOERICI a — incursion dFBEBLCEL LA Tn
H, IHIC, WEEHAELCEANTUQ, - vrhafREHERELZHEL RN L BHNHE
L., BHAINATALOHERE, TENCIEBREERCE A TRBIEREAL 2dor
EHEH 200~240cal g U0, DHATEABLTLEC—HL TS, T4 BRILECHL
Th, BICEEREERLZEH (FAXRENRACELELRE ) THE15~204nTH Y, #
HAE O REMEMH 220cal g U0, OHEELERE—KLTWHEA,

3.2 R#8220cal /g-U0, CHIEIXRB (ERES216-4)

ZE#mE 220cal /g U0, TRHLAKR BFEHOEREZ 5 2 #£EL, BEEHAL%.
Fig.320RLALoOCEHRTED 757 ORENED, FRABERCET S WHHKIEA
025y 20mBLY LASEALBENV, N EROTEBAT, ARBTABB~V ., M E
WETHEL Y05 cm (25 7 FBEBECIR YLBECHALRERDD ) L4 em (¥

s ERESEED FHOATEEL, EEEHAROAWIERELCL TWEDY, TFRORCHEHBOER ML
&, BREOBEROC IR EOBENEHEINLL L AL, BERRORS, CORBEBTERTLILIE

i,
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%Kbﬁ%ﬁ@%¢éhﬁm)®%ﬁféb;ﬁS&VVF—&VvF%ﬁKﬁoT%éDL
AL, EEFEBREHEERECINE, ThHUACERAEZ 7> 730 (20R0 0N, TOAME
LAFLAMHO RV, b — vy PERCEZ > TWEWS, Fig. 370RT LK, ~
Ly FEBREVIC L LIRS Ty 2NV PFECHEEL, BALIFAAESV y b v
S VERHATE, TORACEEEEERT L7 7 9y I VRELTNEL LHE N, Tk, &
BEOEEOREICBL TR, RELET-> T, (vavy), ILCHEEETHTLHICHRO
ERHSMEN TN 20RO LI, + % — SR OBRILBEOHE (breakaway) &7, &
HRBROERCLAL, BEHOBMIESHICELTED, T DB O TR LA D
tb,%ﬁ%@ﬁﬁbfh%aﬂﬁiﬁﬂoTE26®Hﬁ%ﬁC®ﬁ%ﬁ$Ef,4V7b
@%%@ﬁyﬁ%&tbfméoik,vahﬂﬂbmiékﬁbnéwﬁﬁﬂﬁﬁ%@ﬁ
CEBb LR, BRERCABCERLTAEY, BELCL - THT DESROERD FIRILTIC
BoThb, BFACMROERERL TE, ThbLORERER, FERABERICEHNT
@@@E%EUk%ﬁkm&f,%%%Hﬁmmﬁﬁbf,E%mibﬁbm&mzéo&m
ﬁﬁﬁ@K?%f&é&,FipsﬁkiUTﬂle32Kﬁbﬁiﬁﬁ,%$%ﬁ®ﬁ*%
B BT AL, BRBEBREZALTNE, T, BLRLEETLDHABEMVEAR
@kb%ﬁﬁﬁw%ﬂwk&1@§%ﬁ¢émt&ﬁ;U@E%Gﬂ%%lU#«y7@%%
BRE LA —E LA DEAFBEBO R LNV FEPRE(BEATRELBWTECL LS
DE BB, —F, BEEBRETHHBELALAIC (RELT00T HMLE) LH~NB ER
ERC LT A EEERTRSEEARMENECE > T,
iﬁ&mxﬁé%ﬂ@ﬁﬁﬁﬁ?wfﬁﬁﬁﬁ%%%%bTmﬁﬁﬁ%m%ﬁ%ﬂ®%%§%
260cal g U0, T} 5 WHBRD B G, BB 2 5, 2 ELREBTAZDIE, () #&
ﬁﬁ%@bf,ﬁﬁﬂﬁﬁ#¢Uét&,HJmﬁﬁﬁmmwiémmﬁﬁé,i)wﬁﬁw
L HE T, WEAMH S zero ductility” KARAHT &, D BEBREBLCEBANTUO,
—oah A RENREL BEEENVy FDENEENETZD, RETIRBOBOAHRT.
SIS <L, TV EIEARBC ED3DTHELBHAINED Y cneHL, KRB
Kﬁm1mﬁﬁ®;5%2@ﬁmbmfﬁﬁy¢®%$ﬁ%6nk#,cwﬁfvﬂmﬁﬁﬁ
FigsjngagKﬁ?i5K%$%ﬁ®@ﬁﬁﬁﬁ%%&%$ﬁﬁéi5%%@&53
Fig.37TKmLAZ 5y 7RRBBTHIVH05em OEFRCRONZSDTHEE ¢)
Kﬁ%ﬂéi5Kﬁﬁﬁfmﬁﬁﬁ@ﬁﬂbfkﬁbt%ﬁ%%bfuénEﬂ@%éﬂﬁ%
BAIE550~600 am EWEID 4002miC L THYAFVEML TRDHT &b S BRIE
CED, BEHAHNARABRACE-ZIDLEEDbNE, TR, BINLHAOZrO,BOE
X4 50um BESAADE BEEERBCEUO, £yr3a1ORLIRLN, Fig.
57 DABERIC BEONAL O ICAL D IBNE, COBACHTH L0, BOEI LRKHY
BEABCKLTLOBRUTC, HEHERO2 5 » 7REBVTHAEINA20BLEBTLHL
FO¥STHB, —F, Fig.30WFRLA2 7y 2 REBTRHEEM L RELC—EHBLT
2y, WEEFPHEBLRZ 7 9 2RRERATRELTHALOCEL D, TOM REMD
O TLRBRCIRATL 79 7BEKECNS, THRED, EEAFETS> TN ANOTERE
BT 7D, BEHIFBERLAZABLUTAQU-Zr @SBV +rI 21 DFERPFITAD
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RATEEL, TOADEIRICHTI2BENBETLHEEATIGSS INBERMGET LBIIC~ L
gy POBBEBELCL S THEINZ Z 5 2B A0rbOLEBRDNE, BARCOBAD 410, 8
DEIEZH30em TKEDERBLLABIEOAL L - THEL2CHEILLEZEEZEbh N,
PEOX o> AWBRHEIERARICHL TH290cal /g-U0, ~340cal /g -U0, D
BEYELZABEICAGN, BBRO 260c¢al /g U0, T AMPHEBECHEGEETREL D,
WEMOBRABREOCIREZELLNS, LrL, XERBARNETCRLAAE 2D 25, 2
RO L ST L ABBEBHCEFRMOFRICAAFERLTBELAIO TS D, EBHEE
MERTL, 30D BREVENBECIEREERHOMPHEEL 2 AR BB THETS
e THAELLNL,

3.3 RHB231¢cal /g U0, CHITEHIER (EBEBS216-3)

HBE231cal g-U0, TEHLAHER B2 7FlE T3 20H 4 LA, (Fig.
3.3 a)) . ABLABEBE NV, VHBEETHLIDI Ml em M8 om DEZAT, TO
YL 8 em PHAR I 72 A LBRBMERATRICEELC L VA LALIO TS, TOM
OABLEORFEELTH, HHLAUADERCENTIEHOERB2 7 5 2 (HCXAFR)
BEETHE(Fig.33 ¢)) . #FEOB#BHEAKEMAL T D, BRHEBEXRGELLEL B A
s TnBEZ E(Fig.33 b)), AFEBCH T EREFAERL A EHAS b RERATEL T
LTz &, UO, —vrhaAREERRT LNV y P ERBEO—RELBOLLNEZ &, B
BlLaNV,y PROZEENEL A THBE LTEARIERANLTED (ZOERKRS L 86
AR _vy b —=Vvy VEABTEHEELA), HAROZ S v 206N b2 & (HE
Fig.33 d),e)) , #BRERENBERBICEETLILEDNLET -k (vavy) ERLRBOL
NATERETEDH, GHERDOERDILTLALOABLOBYMEEMNTEIOT, Fig.
310~312 CRTLOCHBEANDEM(Fig.310), RA(Fig.311), UO,— ¥+
#eAREG(Fig.312) #ELTEY, EENICHMNALAREFF 216 -40KRLT
LTHL BEHNCRTLIELLAcTWAEEELSL, TOMEELL RS- EL T,
BHRCL-THEEBECLAERTORB (BRSTLE, BREOCRE LA) OBREHSEXRL
o Tnbh, Hlsid, Fig.311 CRLABEZBRFIAOE -BECEATELNILT180° B
N BFCHTIBEROESEEETH L, a) THEHEAOBMY, U0, vrie4d
RIGE#ED 5, Prior- HEADVE(EBSTWD, ZAEHL D) THHEBEHOBEBRY
U0~ vr e A RILHRLN, ad KB L TRZELARBRECHZYOCHELSLHDIO
LEIND, BEBSTHERICL Y #BHBBERIVPOEICHLEF AL RS Tnb,
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BEEFH LT ECLBEDERDNE,

BB ORBESEICELTH, #BES5216—4 OCHSLFABRCRAHOBEMVAERLEZ -
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KR35 5 DORAMLTHEL ., ABRLOBHL, HBANEREF216-3 LKRHKE
BATELTHLY, FOBECEATRETNTLIKLL (Fig. 34 b) ~ h)). TOfE
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Table 31 Swrmary of Thin Wall Clad Fuel Rod Tests
Energy Maximum
Test o Cladding UO,—Zry |Cladding
Deposition Surface Post—test Appearance
# Temperature Reaction|Melting
(ecal g -T0,) (C)
216—1 200 ~1,300 No failure, Uniform oxidation| none none
in a whole active region.
neither Oxide—flake nor
break—away.
216—4 220 ~1L600 Failure by circunferential partial | partial
cracks. Local collapse,
and local ballooning.
(wavy cladding surface in an)
active region.
216~3| 231 >1,600 Failure by fracture into almest | almost
TAC failure three parts, and wall—through | whole whole
at~1,600C | circumferential ecracks.

216—2 255 >1,700 Failure by fracture into almost almost
TC failure five parts, and wall-through whole whole
at~1,700C cracks.

216-5 449 >1,200 Almost of the fuel was almost almost
failure fragmented into fine whole whole
at 1,200T particles.
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Table 3.2 Comparison of Cladding Surface Temperatures of Thin

Wall Clad Fue! Rod and Standard Red

Energy Wall

Test Deposition Maximum Cladding Surface Temperature
{e) Thickness

No.

{cal/g- U0, )| #1 #2 #3 #4 #5 #6
2161 200 1200 1250 1200 | 1300 | 1250 failed thin
226-1 208 1200 1230 1140|1250 | 1250 1210 standard
226—5 207 1230 1240| 1180 | 1170 | 1160 1160 standard
216—4 220 1580 1380 ifailed| 1580 | 1530 1300 thin
11116 220 failed 1250| 1200 | 1300 | failed| 1300 standard

Position of Thermocouples

e aective region — =

(135mm)

#5 # 4 # 6
bot tom top
La@ssg

Center of active region
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Table 3.3 Comparision of Deformation between Thin wall
Clad Fuel Rod and Standard Fuel Rod after

Irradiation.

Energy Dimension after Irradiation
Test =% Wall
Deposition Cuter Diameter(min) Mz x imum
No. «x| thickness
(cal/g-UO, ) #1 #2 #3 Bowing(mm)
: 10.94 1086 1083
216—1 200 ~ 1.0 thin
1083 1086 1084
1070 10.80 1070
2261 208 0.5 standard
10.75 1080 1075
1075 10.85 1085
226—5 207 ~11 standard
1075 10.75 1075
1083 1082 1080
111-16 220 0.67 standard
1077 1080 1081
* Measuring positions are in correspondence with

thermocouple positions.

*+ Measured with a thickness gauge.
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active reglon w3

oxidation ——34

Fig.3.1 Post—test appearance of the fuel 2rod,irradiated
at 200 ¢al/g-UO, in Test No.216-1

oxide break-away

a) crack

oxide break-away

b) crack crack

Fig.32 Post—test appearance of the fuel rod irradiated
at 220 ¢al/g. U0, in Test No.216-4,showing a) an
overall view,and b)a magnified picture of the
cladding at the c¢racks and oxide break—away.
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A B

local . .
o) projection of molten cladding
and/or pellets

d)

Post—test appearance of the fuel rod irradiated
at 255 ¢cal/g.UC, in Test No.216—2,showing a) an
overall view,b)~h) enlarged views of the rod, i)
j) magnified views of the fuel rod fragmented
after opening the capsule,k),m) mating end views
at the location of failure,and 1) end views at
the location of failure.
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e) local projection of molten cladding
and/or pellets

h)

Fig.34 (Continued)
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traces of pellet-pellet boundaries

Fig.34 {(Continued)
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m )

Fig.34 (Continued)
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- Lr O,
j:Oxygen Stabilized

a—Zry

——prior

200 um

Fig.36 Transverse section of Zry—4 ecladding irradiated
at 200 cal/g.UQ,{(Test—No,216—1)showing zirconium
oxide and oxygen—stabilized alpha—Zircaloy reaction
lgyers by Zircaloy—water reaction.



JAERI-M 8758

j Zr O,
JOxygen stabilized
T a-Zry

Prior f—Zry

4 Oxygen stabilized
a— ry
UQ2-7Zry reaction
layer

. UOZ fuel c) ZOOym
||
Disk
U0, pellet

'e—— Zry—4 eladding

Pellet-pell%t boundary 4 mm

a)

Fig. 37 Crack characteristics of fuel rod irradiated at
931 ¢al/g.U0, (Test No.216—4) showing a) Enlarged
view of erack, b) Longitudinal section of fuel rod,
and ¢) Magnified view of cladding.
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b—— molten Zry

Longitudinal section showing c¢rack appeared in the
molien Zircaloy region (Test No.216-4)

Fig.3.9
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crack

position

:}—““’Z 1'02

o j ..... —QOxygen stabilized a—Zry
,ﬂ3“"~prior B—Zry
— O xzygen stabilized a—Zry

DO

UG,—Zry reaction layer

b)

}“‘”"" Zir 02
;}”—Oxygen stabilized a—Zry

e prior 8—Zry

et ched 2030 um
| OO —

Fig.311 Comparison of cladding thicknesses and microstructures
at the locations apart 180°each other on the same cross—
section of the fuel rod {Test No.216—3)
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._..ZI'OZ
e Oxygen stabilized a—Zry

.— prior f8
{a—incursion)

‘ -....;Oxygen atabilized a—Zry
j—-—UOg—Zry reaction layer

200 um

Fig.312 Typical cladding reacted with water at external
surface and with fuel at internal surface

(Test No.216—3)

precipitation of U
cand,or (U, Zr) alloy
within cladding
material

Cladding —>

200 gm

ue,

Zr) alloy withinp

Precipitation of U and or (U,
/g . U0,

cladding material irradiated at 231 ca
(Test No.216—3)

Fig.3.13
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74~ 125 250 500~ 1000 2000
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Particle Size(4m)

Fig. 315 TFragmented Fue! Particle S8ize Distribution
in Weight for Test # 216—5

20 |
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Fig. 317 Fractional Distribution of Fragmented Fuel Particle
in Number of Particles for Test # 216—5
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316 Fragmented Fuel Particle S8ize Distribution

in Number of Particles for Test % 216—5
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4. # #®

4.1 WML EOE

HAEBEHBEEHAN, RRBEFBE4LL TSHOERTH-AKEE BHAREHREOHR
HBLEANERZ200~220cal /g U0, OEBARDDL, 220cal g-U0, OERKR( EBEE
216—4) T ABRHBOBE THTHCHEATHEEL LRV ECHBLTWALT &5
5, BHRL 8 WEKL 220cal /g U0, S DE{H210¢al g- U0, BELEL L, Thid
ERENEEREHRBOBEBELEWECH 260cal g U0, WEEL T50cal/g U0, En
TERARYD, BEAAEOREBHICERZ T EEIBEETSLL LEFRLTND, BARME
CHT 2 BAEREHBRBOREZONE 2 BERERAMBREOBS LWL ILETFig. 41
Cxt, A 5L3E—RAEDES, BAHEHABOTVARAOEESEL AT LA 5,

BAEEBHRHOBCCERAEEEABE L VBRELENEXETTL2REARZ2>2FLL
nNo, FO—DEREBOBEBEOETHEMCRNL L, BNCHHBHEIEEROREL
FRCEEEOREREATS ), HATORLCEIEL L TERICEL 2 #EBH L ZAKDORIGK
HEBEHOBILCIAZETAERNDLOICELLNE, £TT, HARBBEBMOREC W
TRARAZEEBET LI BRINABRLLEELFLCHHET L L, RBHOREFMT LN
TRVHEOBBHARCHL TRIEIN TR Prior § HBOFEIOUVPHELAZSL, L
s T, EXAED 23 OHHEETATIERAERHCLENTH, RERAEREHS LD
Prior BHOEINEL, »O2TFTRECRTLISCTHRBCETHEL(Fw E) KN TD

NI RBOTEARABOLTHENEETL D,

=—a — b
a—b b 3 3 b
= 1 - —m— S e—— = ] = ——
a a 2 2 &
-_—a
7T,
a (EEHFOARARE

b MILEDE ( ZrO, tOxygen—stabilized a)
RELFERCBECETLOT, HEHONERLE LU0, —vrre A RIGCL BiE(IS
B, nTHRCLLA—RERFEZRRLABE BAHOHIMFR, LadtoTHELEN
EHAETTHZECRD,

—%, 39 —0o0EALLT, SAOCKBABCEHEAOMETS 52, ~v o P EOMEH
Ei bbb, 2 2HBICANL LI CAERBHAOBE ABREH AR EEEH LA—CL, 2
feo BBV, P —BEAHEOE ¢ » TEIERBBEF-C Lakcd, BEEBEHBREON
vy PABRE T 3mmE BEAB Y 5 PO 9.29mmé BT, 0L44mmKE (B oTnE,
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B EPHERE R TnD, BINABEIBLEAE, Zr0, .Oxygen stabilized ¢ /&
RUUQ, " ZrDRIGET Prior— AR EALT {, BICEELGBEABRICHT L LR
20 % %4, ¥4 Fw E( Prior AHONEI,/ 2REFE) THEL TIEETR- TS
A, FOBERCEATEHEERBODPHBLEEEE - T520, ERTELND
BEMOREEMICL VARG 0 2om BELCA-TLE-ACEVBBADBEEEL (&
TR ENHBACKE(EEL, TOERTEMPERTSHLLEFTLLI, L2l
Fig.311a)DL%% 25 2 8 BAMKENTELNLZ L, FEARBRETDRL -



JAERI-M 8758
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BT ARALORGCE Y BAX T BILILLEE (BRARBRE) UR(EEIN, 480
ERELTHERREODPERLES(A—DIORROALLAELADEIOARDE BEbN
L. Livl, 25y 2 RERESOBHERELL SWIC L AHAKEDBBASBIAENCH
EERHLIZELY, Fig. 420502t bnd, BF, 75y 7 RUSHEEILLE
BrERE 3 OF ORI, ENCRLTSRFRERBCL D BEREELTNDY
OTHL, ‘

4.3 BEEEABAROBERBRELLSSH

REOEERBRABEENAAERTCENWT, 380cal g-U0, MENERBEY 5L 23
SREER A O THBEL, RERAOKEERLTNAE VY, 2, U0, BHOER,
i D HNEUO, FORMBORRCL VRRBTONELLAL, —F, HEESBEL
ACL)REFETTACELL ) REBBT 23D LBDAS,

_BCECHRES AL ABADEABFALARRRTRDINS,
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rrT, PRAAE DEHEEOCARE tRAEHEAECHAETS L. LAV T, HAHEH
DEASTEEREHCEHL THLANEAERELARE, HBEFAOIENELNLFEELRD,
PO ENBEBHEE CRETAZ RS, TLT, EBE150cal.g- U0, OEER/EH
BHARRNER (ERFES111-21) OBA/LELBTLHLHARYORE LFRICEANERRFD
BEMBERIH100T (E{ BECERAHEEZRZSh ALk, RBEHBE100TO
BAOBRBEMLY 33k /mm’ T2 5D THEAT A DICIERREH TREH 431kg/
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4 340cal /g U0, THHNT, KRBO—HHEERLTIT0, PELELE kg om’
BETEEMN100kg ecm’ ERAZDVENLOSCELNL, RECHRBOEHEEBFRTY 7 o
HEDNFHEALH L CABAOBBHEBT L DHAKL, BRETORERIRBOINFEHL THED
THROTELWLITCHMBRZNEERLNLS, LD EBCEIBREBEBOTREEI DR
HEOER, fHEEOR: SHREOERBRLLELAA2Y, UEOBBI D IROERARSE
BT EENES S EAMICL SRR HRICHERZ DL K.
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NSRREBRCEHEWT, EBRECHLA2/3 O 04mm DOER Y~ H =41 — AHEMHR
BHEn, RHEET 200cal /g-U0, 75 450cal g U0, DEBICH - TELTER
Biot. TORR ROLOIAZBRVBLIL.

1) BABBHBREOBEAL & NEEH210cal /g U0, TREAFRENRHOBEICKL
LT#H50cal g U0, BT T 5,

0 BABBEHREORAREL BEAERBERAROBSLFARTS L, VANRGEE
BRTHEBSIARCIMAINAUO, BRELLORBEICL YBERC AR D AETEFHO
#EEORIGCL VBT B, —T, BEBBEr ST IRENRBEERBICELBAEIT
AEBENERRRL, —~BTRUO - vr s o AREHELBEHR ORICECERD TR
H O E A CEREEI T E LR, CDLOARBTHETVERINLLEXLREOR
%Kéb&vyb@%@ﬁ#ﬁﬁ%@%ﬂﬁ%ﬁi?éc&mﬁb,WE%@Eﬁﬁmyi
o 2 RELTHET L. KL, BEEEHOBE, BACL DBV ERTHIET L3R
EO@MEEBIB LN, BBREDN220cal g U0, TR EEAOBERIEMRE TN
FTABMEMEL R DL, '

3) BHAEBHRBOBAL 2 ~EFERNEREFABOESLVETTLRAL F—%
VB E RBRBC 54 7BE FRBRNTHEABRESBRROBZNUO, vy  OED
KENODTRENBESE AL BAHORFEVIIVOTHETRELL VG CZIR
MLV BLL, pOLbARBCEMT S, —F, VHARYEADTEANOLH LD K
<o Ladin THBHAREASEEEEI L ENE BLNEHERFAEFRCIELA
EEBTAL BENE THDLRBEEALEWENETT S,

) ATEHEAOKE®:2ABHBEER TR, EREHIIZ(HEIATAZEICOEDY,
BEMBECLAEEL R NESOHEREOLICERE D 7.
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T ARBEEREEL R L. '

{3) %%@ﬁﬁ%ﬂﬁﬁﬁb%%ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ%ﬁiDﬁT?%EE@,@“%
#E T XBRBICELES, AZBRRETHEABBEARBOFBUO, vy P OES
KEAOTHHNEBEENBEN L WEH OBREEN I IO THATERELLVE(LZVER
b LhwlL(, »2LVERBCEMT L, —F VHABEIEANO THEAMO AL L DI
s Latio THEBHMALEASEEEZEI L & NE BLNCHBEEVREFBICELEA
FEMFLLENE TRLLREBALENESRETT 5.

1) AEEECHEL LLIBRABRERTH, EEEMDI LR (HEIATHRLCESED D,
WEMABILAREL ENESOHERIBELLICEHKRE >

M O

x%ﬁ%%ﬁ?éKﬁbﬁkEE&%OfﬁWﬁimﬁ§QH%EEMﬁ%§EﬁUK%&
XFCHABIHEHNZNS RREBEOERICEHL € 7T,



JAERI-M 8758

BE XK

1)

2)

3)

4)

5)
6)
7)
8l

9)

NSRRERBR 7 vV X - UF—->P1~7, JAERI-M 6635,6790,7051,
7304,7554,7977,8259(1976~1979),

E BE f; RGEBREHTCLTxBHRBRBOBRIEER, OXRFIHESE
20 651(1978),

M. Ishikawa, S.Saito, S.8hiozawa and K. Ishijima ;“A Study on Fuel
Failure Mechanism for Unirradiated Fuel Rods under a Reactivity
Initiated Accident Condition’, Proc. of the International Colloquim
on Irradiation Tests for Reactor Safety Programmes, Petten., The
Netherlands, 1979.

HRBE NEN= MF #:; NSRRERCHITHUO,- vrihed R,
JAERI-M 8267(1979),

Hobson. D.O., et al ; ORNL—4758(1972).
IRFE, M AFRRFNEE BHS 0ERKOORSTMRE @6, (1975),
HmEE— fi: AFEREFERFE 39, 71201975),

HHEx, i SHHBEEREHTTO Y+ 1 HRE L KBEKRGE & CESEZEL”
JAERI-M 6601(1976),

SARTHE, 1 BHRBLEKEFT O A+ I oA BEAETLEARLLORIGE LUEHE
ZAL(1200C HMECRT B Ao A HATLEXKRIKLEORIG), JAERI-M
6879 (1977),




