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Gap heat transfer between fuel pellet and cladding have a large
influence on the LWR fuel behaviors under reactivity initiated accident
(RIA) conditions. The objective of the present study is to investigate
the effects of gap heat transfer on RIA fuel behaviors based on the results
of the gap-gas parameter tests in NSRR and on their analysis with NSR-77
code. Through this study, transient variations of gap heat transfer,
the effects of the gap heat transfer on fuel thermal behaviors and on
fuel failure, effects of pellet-cladding sticking by eutectic formation,
and the effects of cladding collapse under high external pressure have
been clearified. The studies have also been performed on the applica-
bility and its limit of modified Ross and Stoute equation which is
extensively utilized to evaluate the gap heat transfer coefficient in
the present fuel behavior codes. The method to evaluate the gap con-
ductance to the conditions beyond the applicability limit of the Ross

and Stoute equation has also been proposed.
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Table 2.1 Characteristics of NSRR

Reactor Type; Modified TRIGA-ACPR (Annular Core Pulse Reactor)

—

(2} Reactor Vessal; 3.5 (wide) x 4.5m(1ong) x 9™(deep) cpen poo!
(3} Fuel;
Fusl type 12 wt% U-ZrH fuel
Fuel enrichment 20 wt? U-235
Clad material Stainless steel
Fuel diameter 3.56cm
Clad diameter . 3.76cm 0.0.
Length of fuel section 38cm
Number of fuel rods 157 {including 8 fuel-followered

contral rods}

Equivalent core diameter 82cm

(4} Centrol Rods;

Number 8 (including 2 safety rods)
Type Fuel followered type

Paison material Natural B,C

Rod drive Rack and pinion drive

{5} Transient Rods;

Number 2 fast transient rods and 1 adjustable
transient rod

Type Air followered type
Poison material 32% enriched B,C
Rod drive Fast : Pneumatic

Adjustable : Rack and pinion & Preumatic

{6} Core Performance;

a) Steady state cperation

Steady state power 300KW
b) Pulse gperation

| Max. peak power 21,700MW
Max. burst energy 117MW=-sec
Max. reactivity insertion 3.4% ak (54.67)
Min. period 1.17 msec
Pulse width 4.4 msec (1/2 peak power)
Neutron life time 30 usec

{7) Experiment Tube; )
Inside diameter 22cm
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Table 2.2 Test fuel design summary
U0, Pellets
Diameter 9.29 mm
Length 10 mm
Density 95 ZTD
Enrichment 10 #
Shape Chamferred
Cladding
Mataerial Zircaloy-4
Wall thickness 0.62 mm
Quter diameter 10.72 mm
Gap
Pellet-cladding 0.095 mm
Element
Cverall length 279 mm
Active fuel length 135 mm
Welpght of fuel pellets 95.5 g
Number of pellets 14
Fill gas He , Xe
Table 2.3 Instrumentations
Measurement Instrument Instrument Location | Instrument Range Type of Instrument
Cladding Thermocouple | Axial center of 0 to 1700 °C Pt/Pt-Rh 13 %
Surface fuel stack, | 0.3 mm bare wire T/C
Temperature 13 mm upper and
lower sides from
axial center of fuel
stack
Coolaat Thermoceuple | Inlet and outlet of 0 to 1000 °C C/A
Te@perature flow shroud 1 mm OD sheathed T/C
Axial center of
fuel stack
20 mm from upper
stack end
Velocity Flowmeter Inlet of shroud 0 to 15 l/min Drag disk type
flowmeter
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Fig.2.10 Photographs of bare wire thermocouples attached
on the cladding surface by spot weiding
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Fig.2.11 Cladding temperature measuring position
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Fig.2.13 Reactor power histories for different reactivity

insertian
30
E
= 20r
©
=
E:
o3
a
— 10+
-
T
O I ! |

1 1
0 100 200 300 40C 30
Energy  Deposition {cal /qUO,!

Fig.2.14 Half power width of NSRR vs. energy deposition
given to a standard test fuel rod in a capsule
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Fig.2.15 Radial power profile in the fuel pellet
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Fig.2.16 Axial power profile in a standard test fuel rod
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REITHR B LD, THIEIF + v PREESTFOLENICEEEL TS,
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vy TRZEECHSPHATELAEDEZELATCRTHEAD . A X THRETLHHE L,
ELTCOHBERBELEVEMNATITOERERRETSZODTHS, '

@) FesrBEOER

PLE~Y o A BT AR THEN, ik, #2/ YEHALLEE (LT, +€/
VIRELLIE ) DBAOERERE . N O LBBOBESLILKT EETRY .



JAERI-M 84-063

Fig.3.4(3. B8 164cal/g U0, , 220cal/g-U0; ,» H LT 260cal g U0, DIFESDW
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PG, E%d s HFROAROT O T A NER DT T TIRTRy PLELDTHLN
IADLHETOLLNOBHOEELEML I EBTE S,

T4, BAT 180cal g U0, OB A& KRNI UEFEAZRN1082mmELYD . HIBDI
(IR ~TOED, RUMBTI BRUbHaoARBREIC I BESNECLE>TBY ., F
BRI A A ER B OB EL ., LT, CcOREORBECRGOER G BEEH
BB EAESBEREITHY, FHRGELSARBD TCHTPTHE, /7. 230cal
S0, OBAITIR, BEEKNESEORYT 5Lk, FHROMIBHEERS (L -TH
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T5H5,
L= Qo dQ

Thaxlt)—To = fir) fo o (T (3.1)
717 L

Toax (7] ¢ EFFRrOREON L v FHREEETC

T, P Loy bl EEC)

fir) PR T TOHRDSAEK

Qe PNV AR DRy PP RERE (cal g U0, )

C,IT) s BETICHY 5U0, OLE (calg-T)

m#. C, & LTIt Kerrisk and Clifton &AM TFoOXEHY . (B ROHETH.
D (32) RAEMALAAT B ROKEBSEFTHCEMNTE 2&KFEHREEY 77T 07
5 AMATPRO %= L7 .

f
Klﬁzexp (,‘.:l.:)

KsE
C,(T)= 15.496 + 2 K, T +

T exp (%)- 1

F#5L. C, L BB (T kg K) L TIHBE K

K, = 19.145 (cal ol -K)
K, = 7.8473 x 107* (cal/mol- K*)
K; = 56437 x 10° ( cal/mol )

# = 535.285(K)
Ep = 376946 (calsmol )
R =1987 (cal/mol-K)
/. U, #EEIIE, BL{MATPROICAHVWLN T ARAETH W,

ﬁiQT::—4972x1U4+7407X1W*T+2581x1d&ﬁ4144OX1U“T3

D
.................. (3.3)
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oD
T pmax = Tpo ° (__D )Trnax ................................................... (3.4)
Eemax = [ pmax 9 L (3_5)
rCD
ffEL 8, I E 788 (m)

Comee by FEACEE (m)
Fye Ry MEEEE (m)
re, -HEHEHEMHAAE (m)
Cemax - MABEOHERE

(35) MORWBBID comy HEOESR~AL y P EHBEOEMAELY, TABEST -
THHTCHBEOER EERETORENEL T LTI 5,
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Fgazui,uim¢bﬁkaE%®%k§($<n)&ﬁﬁﬁ(&<ﬂ)%%ﬁ%mﬁ
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G ET s —HARL, HETOBEAENVy FARROE -7 BE A 72, PR
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DNBOREBIULE L EHE~OBTICALRDOL S EEEEZRL TV S,

?Hh%-@mm®%$u&va-ﬁ%%mﬁm%%#&L12U1w5C&.5;6-
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INAEFEFT + o THHEFRINET S EDOEEAL 51 L.
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R SR EIENTES .
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DF -4 OB EEENEEEL T, COREETTRFy v 7HORUETERT S LER
. S T B L, NI TLEEE ) DT IBHERTECERD O, T VA
ADEEDHHEOPEHENL > T ToaxPHEBEEUARPBRAED T b, LT T,
OHLETE, TCIRFr, TEPPHEBOALGDLBKRTE L, &5 1 DIDTT G
Aol B, REREAHELS VEICESCEREY, T, 0F— 7 DPIREFICHOEDHH

N

-
fus
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o

N

HONBEIICRBBELET, THIE, GREBELHTERVy F  BEEEODHSAELITY
LiEB . BRICEAETALANHEFETAELZ TR LT 4,

LT AT, Fv o 7THHBREBEFECEZT ERICHIBRENVY y FPOREBTIILS
M%T%%GLﬁﬂaf,C@ﬁ%@mﬁﬂwzﬁ%%®4vyh@aumﬁ%ﬁmﬁbﬁﬁ

TE L L EBRESBEEE T AN LB LN, Fey TREIEHCISLEFL N L.

it |

FoT, i, FAHBREYD, CoF o THEHELAROBRBEERZENML . Fig.3.23
DF =7 TS,
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FLT, £4, "Ly FOBRBELLD, ADSBASTCREL. KICHATEORARR L <
Lo bOINEICE DG OABRKENT. CDOERAE » THERNBE L, DAKELITERE,
WEEREEOFAADEBL, Fou 7ABOTYW(EILLSE, #-T, F¥r v 7HHACE
ik, BWEEESODTACDERo e LT, MOILHTERDTLLHBTE S,

AD
AGE?:HCI&Tc+aD'&Tp ................................. (36)
piul A R
v a, BERBLOSL s P OBEET (L0

AT, | HEEOFHEZLER (C)

AT, | BEEEZIEHMALOSL .y POFYEERT (C)
LI ATHERL .y FORABIRBEONSESD, T BEERIRELODT, (36)
AOLEHEES I EOBBEOREES KRN bNLEE S, 22T, § 2 HIEFME R D
CEMTE, Ly FOTHEEETAHEEORE LRCELDNARELOH OFMT 5,
Trhb,

Po Cp* %DDZ'ATuipc Cc"z(Dcoz_Dclz)'/—\Tc """""" (3.7

72 sl A

por pe b Ny P BLUBRBEOFE (kgm' )

c., ¢, . " " o s (keal kg »°C)

D, DLy PR (m)

DorDeo - BEEORESLUARFE (m)
(37) AOFELEFTHICERED, Foo 7PHEGILEOHFERE LA~ T, i EMEE
Fmo@EErEe c KhFlToLo1 BB RNoFILEHINS,

g

ATC = T -asaundNR R LU LR E LR LALLM (38)
2. +a fe C¢ (DCO DCI )

2
#p Cp Dy

p

NSRREROEESMEOTEL LUYPHEEANS L B8 RFROLIILTL,
aT, = 917 X 104. S g ereesereeserirreessaieecsisrens (3.9)
R L, MEEOMMMIE 0 ~ 700 CEHE, <Ly b OWEFE 1000~ 1500 CFHOET A
Wi L SE, CoBs. G RNBOHIHEEEIHONLBTHD, Efokiic, ¥
S TSI Ry PONEEL D SHEEORBRECHSOAPEEIDLITREILSL,
Wi, BHEAHEAETALEDOUTAo . BAOTAHBRERCTRRDT A
oy DEHELTRKDEENTES, ) - 0T 4R L LTixme sty 7 v —F Y MAT-
PROCL D, vano4—2ORAFEOFARHT HROEEREM S,
o ek
c=F * ¢ e (3.10
= 1.148 x 11" — 599 X 10T T ceerrrererrmrmrrrsein s (3.11)
for T=1135K
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n

c=Ke - ( 150_3 I LT Sy PR (3.12)

K= 1075 x 10° —9.996 x 10° T
for T=79498 K

K=exp [ 3417 x 10" =T { — 2.6630 X 1072 } coovereeermeees (3.13)
+7T (11569 X 107° = 1.,7111 X107 T) }J
for T > 75498 K

n=—186 X102 +T(7110x10™* =T (7721 x 1077}
for T < 850K
(3.14)
n = 0.027908
for T = B50K
m= 0.02
for T =< 730K
m=— 29191625 + 402625 X 107° T
........................... (3.15)

for 730 K < T < 750K
m=—647 X 1072 + 2203 X 107*T
for 750K =T =< 1090K

I SO
7 LT A (Pa)
E P IR (Pa)
Kim e n @ ¥WEES « OFAHEZAOHRE
T . I E (K)
£ COFAEE (L)

W D EERICRITT S, VO ABASICHEYT A0 T Ay id (3100 . (3.12) D
Fhoxaltlt, KXTELASN D,

1 m

- (E) ot (—mi ) © e (3.16)

fY K 1073
PEokA DTVAEERLD, BERESODTHL ¢ 3 e, PHAFEELTHRDLSICED
LT EHTES, AL '
EmaxgeY{’D&%’

OB T epax s (3.17)
e > ey D EE L (310) . (312) R LD
b &\
E+oe =K £ max (10_3)
K - m
_— . " () erreersieserrreratina et 3.
[ E Ernax 10_3.) ( 18)
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~boy FEERBEL, (31) REEAMIKCR LR

T
-/’I-‘UOQ Cp{T) dT:qulse ............................................. (319)

a

~ Ly MEUERE D (MATPROE Y. (3.3 KX EEFD

= 4792 X 107+ 7.107 x 107° T,
IUOZ z 3
+ 2.581 x loﬂ”Tm5+-lj40 x 1077 T, (3.20)

aD
&Y

Emax z(

742l Tos T, L NOAEELORBRE K
Cp U0, DB (calrsgeK)
qulse :/\";{/z’%‘lﬁgrﬂcg‘lgf\“[/.y T‘EC'»?—%.'B?’L%%% fcal/g)

SE. (319 RIC LB Ty, DB, cp ZFREOMKE LTHAT 319) AD&HEXT

L, 2 oot/ Tuw, & Quuise DG A R T A EIREDIT2 0,

PlEo (319) . €320), BI7) ., 318 LU BN XEMH VLT L ED Quise ™ T,
e o —=aT, ORHEZEFT T, REBRNELEaT, £RKHHLENTE
%, Fig.3.25 BB EDEED 2 ¢ BLT aT QHBEERETRABICNLT
Fay P LELOTEL. Gh. (318) XOER. EBERHOTFESLLIF v vy THED
ZEET, ~600CEMBEE0COEHEERNTLEE, 2/, OFHEERFr v THHL
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Fig.3.26 BLLEDHBHEREERERLZLBLELDTH S, EHpGHEERERL, £
bo. HHE, EBRERLLF v o THMIGEIAEELELIWLREET, 27y PLALOT
5. REEH 1T0cal g U0, ITOEEERIE . JFEHEREIT: LB HERT . &5
. Ry PORIBERS L CPEETICHT AHEMOMADICFig. 321 KR LAKEEDO K
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LBk FEEARAVAT LICED . RAEN 1T0cal /U0, L TDBEEGOHBHRELGLEK
tEe KA E LR, by POREEAFRZFMGTAE. BEFU-RP5ES0L C LHTE
mafifo.

LFDEEOERM S, RETORELABOBRIEIEKNBEMTEF v v 7OMBIUHD
SHEHIELTOAE, BLU. ELEAMORELRTI R, F+ v THRARGKI-TEES
nd, T4, RABCHLTHEENFTOERICE >T 3 EMNHLMITE 7,

3.3.2 HBEASLASEESF v v TERAOER

EBREREE, SLVABRNEROS FABICREBY TRELEETLEFT 2. L0 LAER
8100 C /s ichEL, COMRERROE{DENRERBRERICSY SERARE LA EE
DEEF FRIEAVLEDTHD, CAET, ~BREANBEHSREAREEELALATOL
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BENOEEZITE, vhid, BEEMXEHIZT LIRS, 2OLD, HEEOEELER.,
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ENEDEEZZENRTEE, 35T, 51 >0BHBHELT, 2Ly FDAMBHAEEC
L0, BREOHBELRRSSB LY %S0, KEUENRENARE LB G EMBGES
BFéubsimhELLNS,

LT, $¢, BMACEZRFOLELE L. KIT, 20%40F T, BMBEREREZERL
RBGEET T, ERTHESWALBELAEESULOL S U BHTHWATE 20 &9 0
TRFT 5,
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160cal /g U0 LI FRBEEEEZ L, XLy MOEBETICHEMLAEEOET IR, 1313 Fig.
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RIGAicE LEHEEL Tws,

CDEHED N THDHEAEAL S,
HEEBEBRHEELTL S E#EHRKRATRDSN S,

p= R .................................................................. (321)
Pl il D
p : HEEN (MEERBDFEEHE (MPa)
oy . WEEOT7-T7ILH (MPa)
a . HBEEOWE (m)
R ! #MBEBEDFHER (m)

L2 AT, BREECERIES TR, BME N p REBENEHOFEEETHD, BEhTDME
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A BEEREOER (o)
A iBHOREAOZHER ()
sl | EEHOEMAOBEWMBECDOEES (MPa)
Nl R A K OB AK
g, + o DFHEE (MPa)
ZA;

— ! EfhdE b
A

LT, MBED T TR AREARECEIABRIEAIRELL, £, BRLAEBTSIE
WMEAREMES TOBECETA2BREARG LIELT S L

ay = Oy (TO)

............................................. (3.23)
g, =m * ay (Ty)
Pd il DR
oy (TY: BETKEBUIHEEOBRKIEN (MPa)
T, L iR E (>
T O ERSAEE (C)

m D ORIEfRE

WA, ZRAcseTREHIOLSLTLEFEHTHLT VL ERWMTLEMIETH S,
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KD EEEL G DALY BEAERE I LDKRSVEENLL, 917 €Y FOMAELF
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i, HEHABET &, OHMEET, OHEE & Typ,P Vv PASTEL R LA ESOER
HEELAsdToEidiEg,. RATRKDHBELENTE S,
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T +T ———

0 ° (kpc)
Ty = —f Y
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1+ / —

(kPC)UOZ

fo7 L

k | BURER

o BE

¢ - H#

H 74y 7 AU, Zry BB A U0, &YV vhoA CHHEEERT .
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T (x> 0) :TZry L X (0 e (3.28)
T(O. t) =Ty ., x=10

yrol il DA
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T, ! EREEE (C)
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Fig.4.9 Comparison of cladding temperature histories of

helium and xenon filled rods tested in the high
cooling envircnment; coolant subcooling of 80°C,
flow velocity of 1.8 m/s ( 1-10s )
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Fig.4.22 Comparison of cladding temperature behaviors of
helium and xenon filled rods and a pre-pressurized
helium rod ( 0-30s )
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Fig.4.26 Photographs showing cladding collapse and waisting
at pellet interfaces, helium filled rod tested

under PWR condition
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dt 2X
Q
621 CO exp (_ﬁ) ......... (52)
1L, X BALEE X (cm?)
8 1 BT O EH { cm’/8)
t o RIGHE {s)
T | BILEE (k)
Q . wEHibxzprrF - { cal/mol)
R I HRAEH (cal/ mol* K)
C,: & (cmz/s)( )
23
WG oERELTR, RONBOLR EIZERREFEI D LT L,
Cy; = 0.02156Xp(——35860/?{T) """"" (53)

Dl EOBEAR TEHEERNTILDOTHEH, AEROI I ICEESELT IHFEXL
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Fig.5.1 Maximum cladding temperatures and energy

depositions in the test cases for which
metallurgic post-test examination were performed
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€1ad

Thermocouple

Fig.5.2 Cross sectional photographs of post-test fuel
rod, xenon filled rod subjected to 220 cal/guU02
in stagnant coolant { Test 235-14 )
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}f“—Open'Gap

Thermocouple

Fig.5.3 Cross sectional photographs of post-test fuel
rod, helium filled rod subjected to 230 cal/gU02
under forced coolant flow ( Test 240-6 }
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Thermocouple

"“, #7

/’/C]ad

Fragmented Fuel—

Reacticn Layer

Fig.5.4 Cross sectional photographs of post-test fuel
rod, xenon filled rod subjected to 260 cal/qU02
in stagnant coolant ( Test 235-7 )
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}4+-Reaction Layer

Pellet ~

Fig.5.5 Cross sectional photographs of post-test fuel
rod, xenon filled rod subjected to 250 cal/gU02
under forced coolant fiow { Test 240-15 )
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Clad Reaction Layer
Pellet

Fig.5.6 Cross sectional photographs of post-test fuel
rod, helium filled rod subjected to 260 cal/qU02
under forced coolant flow { Test 240-4 )
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Fig.5.7 Azimuthal variation of zirconium oxide layer
thickness at 33 mm below axial midplane of the
fuel rod irradiated in Test No.235-7
( xenon filled, 258 cal/qg.Uu02 }
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Fig.5.8 Relation of thickness of zirconium oxide and of

oxigen stabilized alpha Tayer versus maximum
cladding temperature calibrated for typical
transients in NSRR tests
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Fig.5.9 Azimuthal variation of maximum cladding
temperature obtained from zirconium oxide tayer
thickness measurement for Test No.235-7
ZOOOT #7
s /Thermocouple Failure af 1600°C
1500 e
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ot l [ 1 I | 1 1 | ! |
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Fig.5.10 Comparison of cladding temperature histories

measured at the opposite sides of the same axial
level, 33 mm below axial midplane in Test No.235-7

( 0-10s )
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Fig.5.11 Comparison of cladding temperature histories
measured at the opposite sides of the same axial
level, 33 mm below axial midplane in Test No0.235-7

( 0-1s )
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=FAVOBAREABA LR T TOF v » TAEFORBVIT D XM ET -7,

6.2 BMiIFEFNL

6.2.1 NSR-77TDHE
ARFICHER LANSR —77 i3, BRkERBRRBHOBEESHOFMIBENZBENLLT
BR S, BdHR—RTE F VLI 2R —BREBOREEL S L UBREERIT 2 - FTH5,

NSR-TTOEBLNBESIUHREELDDIEROLIICE S,
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O WM OB S K OBMEMERE, 2 TEEKS L LTRRY, KE I NELTER
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Fig.6.25 Comparison of cladding temperature histories
calculated for different rod internal pressures
under PWR condition, 220 cal/g.u0z { 0-1s )
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