
In this artkle, lud rod behadour in mdivity-inmated slccWenis is dis-ed, espcWr)l the fuel rod faIIure 
mechanisms that are emuntemd at high bumups. 77re npplWlity ol the ~ 0 m p ~ t 8 r  cdes 
TRANSURAhlUS (Ill)* and FREY to Readm Initiated Addents (RIA) Wing at hlgh bumups is 
asaSSBd, and soma muits of a comparison between RIA slmuhtions using the packages TU and 
FRE Y are pmsmted. 

A special case of the dass of Beactlvi~1dthied 
~c&hb (Rm) is Conbdaod-n m n t  
(HU)~.  The e j e d h  of a contml rod frwn a mador 
core causes a sudden increase In re-, and 
wkqwnt power pulse. Due to the wry short time in 
w M c h e n e r g y i s ~ f n t h e f u e l , t h e f u d ~ u p  
mady adhbathlly and, ff the ponrer b u d  Is 
- y - ~ a n d r a p # , f t m a y ~ , w  
#an-,theIhefuel. 
At PSI, modelling of f d  rod behaviour under acc[dent 
c o n d i i t i o ~ k k r  RIA and M W m t  AccWerrt 
( L a )  mdtiona-is performed wSthln h STARS 
m w  
The code lpANSyWUS (TU) haa been tradknally 
wad a! PSI to mkulaae the M i u r  of peM rods 
umler nomral- (11. Altfiogh the oode has not 
been dwdoped explicDtly for addent dwlatlons, it 
cantmmedforRLAmdtOCAevents#ncaseswhsm 
L PmlWiom tn modeling &mWgy am insign- 
~ l y , P S I h a s p r r r c h a s e d ~ e o d e F R E Y ~ u e l  
Bod-Ww*--- 
developed formdtmand 12). 
A c m p a h n  between TIJ and F E Y  has been 
vldertaken in Mder to M u a t e  h m l a r  
advanhgsa and rlEaadven)nnna of the w oode 
system. fhe behavfour of a fuel rod has been 
~ u s i r r g b o t h ~ f o r t h e f d ~ ~  
-*: 
.RIA under $yph l  PWR c m d t h s  rd zero m&r 
M 
a rod avemgs k#nup of 47.7 MWdkgU; 

mcWylnserteOn of 1.75$; and 
.peak a- - of -1caVg 

bmtsponding to -70 d g ) .  
7he base hdmlion to 47.7MWdlkgtr wss erst 
caDwlated u s h  W, and the output then usad 

RmdM proflle of temperakue 
figure I shows the tenpwtms in Mal Slice 11, as 
cakulated by FREY, for 10 mdfal p s h b n s  (7 rides in 
the hrel, 3 in the cladding), for a few sekbd time 
steps. At the beginning of the RIA, he  tmpmture & 
hlghestatthefuelrkn.Asthefuelheatsupalmost 
~ ~ l y ,  the radial tenperaturn profile has 
roughby the shape of the rdhl  power Wle: b. 
tempetaturn Is hiotwtt in the rim area and h a w s  

tomda the fuel c d m  (Fig. 1). 

* r p e a k p o W # o o w r s a b o ~ s , t h e ~ m ~  ' 
pdlle dtanges as the h&d from the rim f both 
embled inwards t o w d s  lb cantre, and wlwads 
to the daddlng and the cdmL Power continues to be 
~ i n W f u e l ( a 8 e r l s t L s M I 2 5 k W l m ) , a n d  
asamdtmradialmymatmproRbsWftstowarrds 
t h e R o m r a l p ~ k p r o f i l e ~ s t l c o f ~  
moperation* 

hputtDthsR'AdadaWnsmThech-testm FIg.l:Tempershlresin10radielnodeaatselected~ s p d h l l y  d d h d  for thh code cm@son 
axerdse, and mighi not repment a rds t ic  cese h all 

~ ( A x $ l S l b 1 l , F R E V c a l # r ~ ) .  
- 

aspects. M E i l p d i b o f ~ t m l ~ l l l p # t u m  
2. FUEL ROD BEHAWOUR IN RIA f i g r e 2 ~ t h e a x l a l p ~ l e o f t h e f u e l ~  

we* of ml thmml behavlour during R1& k a fun* of lime- The w m r m  
9 h n  below, based on a sknulation using FREY. cmhm to rlse following the power peak (An8 A), and 

stNdseaflerthpowerhasdec~tobelow1%of 
the maximum power h m l  (li B). 

1 -ugh REA Is ths tern a rod profib of bloum-m 
ewn a b b d a h ,  aocldent. 'IA Is 

andiskqwdydInb-wW1 - lmown h a RIA 1 hij#~ banup, the @-re at the pellet 
REA. rim is crjblcal due to the large potentla1 for gawus 



swelling, both in High Bumup Structure (HBS) and In 
the unrestructured fuel. Figure 3 shows the axial 
profile of the fuel outer temperature as a function of 
time. 

Fig. 2: Axial profile of fuel centraltemperature vs, time 
(FRW 

Fig. 3:Axial profileof fuel outer temperaturevs. time 
(FRW 

Fuel outer surface terneralures exhlbii four phases: 
(i) rapid increase, (ii) rapid decrease, (ili} a slower 
increase, and (iv) a still slower decrease. To describe 
the origins of these four phases, the principal 
phenomena having an effect on the fuel outer 
temperature have been displayedin Fig. 4. 

i. 	 The power increase is initiated at 0.200s and 
peaks at 0.226 s. Up to the time of maximum 
power, the temperatures both in the centre and at 
the rim increase ne&y at the same rate, The 
increase in gap conductivity due to the gap dosure 
(at 0.220s) had neatly no effect on the fuel 
temperature increase rate. 

ii. 	 After the power peak, fuel outer temperatures 

and (further) to the coolant. In contrast b this, fie 
central temperatures continue to rise due to the 
continued heat generation (although at a much 
lower level), and the poor thermal conductivity of 
UQ, 	which prevents rapid heat transfer from fie 
fuel centre. 

iii. 	 The fuel outer temperature increasedslowly due to 
the onset of DMB* at 0.24 s {hid Slices3 - 191, 

iv. 	 After the end of the DNB phenomenon (staling 
from Axid Slice 3 and proceeding towards the 
upper end of the rod), the fuel outer temperature 
decreases slowly. 

Fig. 4: Phenomenaaffectingfuel temperatures 
(FREY). 

-DeparIure fmrn Nucleate Miling (DNB). Denotes a boiling 
crisis in Pressurised Water Reactors, and occurs i f  the 
dad temperature exceeds a certain value at which the 
highly effective heat-transfer mechanism of nucleate 
boiling changes to the highly inefficient mechanism of film 
boiling, in which cladlcoolant heat transfer is degraded bY 
the presence of an 'isotating' vapour film on the clad 
surface. 

-Critical Heat Rux (CHF) is the value ofthe heat flux at 
which the boiling ch is  occurs; and the DNB ratio (DNBR) 
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3.1 The role of high burnup structure 

At present, the most investigated single item of U02 
' fuel is the formation of the _High Bumup -Shucture 

(HBS), and especially the effed it has on pin 
behaviourduring an RIA. Namely: 
a with increasing bumup, the decrease of the energy 

deposition required for rod failure (for which HBS 
is, together with the structural changes of the 
dadding, the most important single factor); and 
the effect on the fuel the@ conductivity. 

HBS can be characteM by three typical features: 
1) subdiibn of the original fuel grains into -10 000 

n e ~grains, with diameters of 0.1 - 0.3 TI 
I'cauliiower struchrre"); 

2) depletion of htra~rarmlarfission gas; and 
3) formation of large faceted pores (0-1 pn),which 

contaln mastof thef b b n  gas originallyin the fuel, 
andwhich incmaae the fuel pros@by up to 20%. 

HBS is always formed as a consequence of IrradDation 
to hi h bumups at tow temperaturn (below 110& 
1200!G ). The m a l  candidates that mdd a b w  
grainsubdivisionam l M  

) ~ r e s s u ~of the fission gas bubbles. To 
telieve gas pmssurrr, the bubMes must increase 
their volume. Howwar, this is possible only by 
ahsotptb of vacancies. Due to the low mobPlity of 
-0s al low temperatures, Lnsuffldent 
qtmnwles of wmncb arrive at the bubble, and 
bubble growth is prevented. 

2) ~atticestr8ss~byfissionpmduct;i .  
3) Acatmulalh of imdaihddwk 
In HEIS, gas pressurn in the porn and inthebubbles 
is far higher h n  in the inner part of the M.far 
example, in m u l a r  rimedbubbles, the gas 
pressure can be as hlgh as 1.2 GPa, which is the 
pressurn at which Xe isnear or at a solidus state.lhe 
pressure in larga, pm-size p m s  is lower, but still of 
the order of 30-40MPa. If the temperaturn is 
Increased, the hwly preisurbd fission gas has a 
considerable poterrtEal to cause fuel -fling. O u t 4  
pile annealing of sanyhs with b u m w  of 
80 MW- have shown immedhle and 'wpWv# 
hgmemtbnof the sample, al tenptatures of 
7Wc. 
fhe fornation of HBS starts when the local, 
mi-pic bumup reaches a threshold of 
80-75GWdAM, atwhichthef irstkW spotsof 
HBS, surrounded by lenrestructuredfuel, am.formed. 
At a local bumup of -120 GWdAM, 100% of the fuel 
has been transformed into HBS form.3 

AIthepdbt W, a -I bumup of 70 GWMM ISreached 
at a cramaverage bumup of -40 G W W  (for 
standard LWR conditlwrs and enrichment;i.e.496). 

..--. ..uu ...r. r w r r .  .r-. -..r.- .-r......, "W-"l""" ".r.-

the local bumup first reached the threshold for HBS 
formation (this is the origin of h e  sometimes used, 
and misleading term, "rim structure'). However, HBS 
is not a characteristic of the rim itself. If the threshold 
burnup of 70 GWdAM Is reached deeper in the fuel, 
HBS spreads futther towards the pin centre and, at 
the cro%-s8ctionai average burnup of 85 GWdhM, 
HBS extends nearly wer thewhole pin (providedthat 
the temperature remains less than 1100-1200°C). 

52 Fuelswelling during RIA 

In RIA, a rapid fuel m m t u r e  b a s e  muses an 
increaseIn fuel volum due to [3,5l: 

1) thermalexpansion ofthe hrel; 

2) gasews swelling d the fuel due to the the& 
expansionofthefissiongasin 
a) rwn-slzed g d n  batdary bubbles, 
b) m l z e d  intragranularbubbles, and 
4 w d porn (as-Wrhtd orpores in HBSk 

3) growth of the existing bubbles, and formation of 
new ones (though il is uncerCain H the short 
temperature . h RIA is long enough for 
thermal eliffusion to Mag gas hto the bubbles); 
and 

4) of figskn gas bubbles, since after 
e d e s m m  the gas a larger volume, 
wen ~theamwnt0fgasremabr~t1wsame4. 

Abve the c-raged bumllp of 
QOMWdlkgU, HES stWs to form, ernd some new 
medranism take phe, roughly in thebbwlng order 
(- ns.s): 
5) rapkl growth of Ihe w e w d s e d  pm3ized 

p ~ e s a n d n m s & e d b r r b b l e s , d u e t o t h e ~  
n m b i l i t y o f o f d ~ ~  

8) fuel grain boundary separation causing fuel 
-n5: 

7)  dadding debormation, due to thermal expandon d 
thefuelandgasaousswellIng;and 

8) in the last phasw, b s t  release of the gas to the 
tod free vokme. (Burat mleasa decreases 
gaseous swdlhg, and relicmstha stress on the 
dadding. In the W phase of the RIA, burst 
m k a e  iweasim r#wnewhEd the rod inner gas 
p-, but the exha loadon the cladding, due to 
this pressure hmase b smaller than the load the 
gas wwld haw awsd by remainingin the fuel.) 

Larger bLlbbles ham lomw gm pressurn h u s e  of t?w 
smaller surface tenskn (or smaller wrbe cumturn). 
For example If N to form hV2 new 
~ ~ , # r e r d w n e o o w p l e d b y t h e g a s i n e ~ ~ b y  
40%; I.e., gasewsswelling of fuel Iwkasasby40% (7J. 

5 equivalent term hs 'grain boundary decohesionm, 
which occurs In HBS. in the transition zone, or in un-
restnrchrmd fuel H the gas p-re h g d n  boundary 
b u b b l e s ~ t h e ~ ~ m s t r e 9 s .  



RIA. Consequently, fuel rods with identical burnups 
can behave differently during the RIA, due to the 
factors listed below. 

.There is the possibility of enhanced cladding 
corrosion and spallation due to coolant conditions, 
water chernisky or cladding materialtype. 

a A Gd rod accumulettes bunuq at the beginning of 
the irradiation relatively slowly, but its cladding is 
exposed to the same condon and irrad'ition 
damage as a standard UOp md. 
If the rod has been imd-iatedat h'uhtemperature, it 
has experienced high fission gas release, and less 
gas is left in the fuel to cause swelling during the 
RIA. 

C o m p m s h  loads in the fuet cawxi by PCMl (due 
to fuel swelling and dad c-) reduce grain 
boundary bubble slas. C-, bubble 4nter-
llnkage and flsslon gas dease ia delayed and more 
gas accumulated at graln boundaries, which can 
cause high fuel swelHng and gms m h s e  dudng the 
RIA. 

T h e m ,  just ptwenting -nst fuel bumup 
musfbeseenmetelyaeawaytoshowthetangeat 
which the RIA tests have been pertormed, aml not as 
an indqAabbdepndme on bumup. For rod failure 
m n s ,  a bebr abmdw migM be to plot 
AHMWU as a 3dmensional swfaee (- as the z-
coordtnaQe)against 

bump (x-coosdiate), which capturns the change 
in fuel material propertieg with h m s h g  bumup, 
the f o e of HBS, ftssian gas gmeratlan 
(though not itadidbution), e k ;and 
daddbrg duczility -nab), whkh 
in- theeff& of hy&bs, spallation, etc. 

4.1 ThsNRCaecsptanca dblm for RIA 

The US N R C ~has set down the guidhrg principles 
debmining fuel rod W in the General 
Design Criterion 28 (GDG28), which slates that RIA 
should netther: 

dmage the mactor bwmlary beyond 
limited localyielding; nor 
si6lnfficantly i w r  h e  cmWlity of the corn. 

A c c c l d i  to Regulatory Guide 1.77, GDC-28 is 
considered to be d s k d  if tha peak cross-s8ctiond 
averaged en- of the fuel does not exceed 280 
caVg. Thii limitwas thoughttopmmt 

fuel dlsperwl to the cmfant, M i could cause 
pnssure waves that oould thwten the reactor 
pressure boundary; and 
lo889fcoolabjlity of the cum due to dadding 
fallurn, leading to a shsbmh! reduction in the 
coolant flow channel area due to fuel rod 
defomratian and dispersed fuel and dadding 

material. (Cladding failure is acceptable if it can be 
shown that core codability is maintained.) 

At the time when the enthalpy limit of 280 d g  was 
set, data was available (mainly from low bumup 
situations), and only four fuel tests related to RIA 
issues hstd been pedonned above 6 G W W .  Since 
then, RIA tests have been performed beyond 60 
GWdttM. Swne of them have shown fuel failures at 
low awtgy deposltlons, which has called lntoquestion 
the adequacyof the enthalpy limit of 280 caVg. 

In genepal,several diffemnt methods am avail- for 
assadng oonputer codes. Slightly - I ,  the 
divisioncan be set out as d m i below. 
• v the most limbd which 

c h e c l c s t h & t t h 8 8 d w a r 0 I m p l e m ~ o f t h e  
model is done w,that it behaves 
quaWMyasexp&de8c. 
Valldsdion: checkhrgthat,for the intendedtask, the 
modelsam usedonly in their range of Widty. 

tb broadest term, which goes 
beyond vdicpbkn and validation. Put m,the 
~istoshwthattheeodekadequateforthe 
Mmkd task As the mch haw a variety of 
Mkmt  aptions, and, as a large part of the 
m o d e l i n g ~ ~ b y ~ d e f b r i n g ~  
CQdg input, the ultimate mqmmWity in 
q ~ m s t s * t h e ~ ~ 8 e r *  

It Is M sufficient Ihat tb numerical dmulatkn can 
reproduegowralrodMwrInantrradlationW 
I t i s ~ n e c e s s a r y t o s h o w t h a t ~ ~ b e e n  
-by: 

modeling exEadty those phen~nenaIhat am 
m t h a most Importmt and 
thathrelethreimpohmeofthe-in 
Ihe eode calculation comqmnds to what is the 
'widely-he#oplnlon4. 

T h m ~ ~ ~ t h e o o d e s l U a n d  
FREY isan example of thecode-- -ns 
us& to dtfferences between the code8,but are 
rdyllOdhingm0~flthanth8f.Itdaesmtval#ateor 
'qualifyd t k  sf them. 

5 2  ~bumupbrua#inRIAamdthdr  
hrplrm#rtstlonInflland FREY 

l b v&ily of hi@ burnup RIA calculafions dqmds 
on: I 

the ap~tlcaMlftyof the models to high bump 
slPualions;d 
whether hphenomenon the model is intendedto 

has an importancein RIA. 

WWIyWd optnlonmis best documented in the NRCs 
'- IdentiAcation and Banldng Iables' (PIRT), 
whM #entffythe M Important phenomena, and g hh f r  
- Id. - --.-I-- AtU----I&---:-& --A - L A - &  -----2--



Tahb 1: FR EY vs. TRANSURANUS-lmplementation of high-burnup phenomena that have an importance in 
RIA. 

Table1 shows highbumup pheMHnena of 
hpartame during liw RIA, and the mms of their 
~bmentatfon In FREY and 7U (i@emnW 
models are s k i d ) .  Some of these hues are 

in mom debtit Later in this W o n .  

As 7U and FFtEY are not appDcable t~ td#~ bumup 
calwlatlons,Iheoodescannotbau~assudrBo 
~ t t r e ~ d e ~ ~ d i ~ ~ d a d W u r e  
athig$lbumtp.Theprobhcannotbesdvedby 
a d d ~ s o m e ~ ~ t o h ~ F a r  
example, gamous swelling can be calculated only 
with a mde having a fission gas model 
capable of "keeping tracW at the fission gas &ring 
Ihe whok barn hadlation; i.e. mcbMng the 
d m d t . - g a s a n d t h e W l e m  
tf an applicable cdde Is not avaaable for high 
bwnups, RIA calwhhns can be supplemented with 
a rough estSmale of the gmms swetling {or of Its 
inslgdlkance). This could b performed with the 
cde  SPHERE-3, for which has a 
med.ranistic IWon gas model. SPHERE4 had been 
Opjainally developed at PSI to d c u b  the fuel 
b e h a v i o u r o f ~ f r r e l , b u t m x d y t h e c d e  
has been modiAed for pellet h1. 
85 C M  mbrhl In FREY and TU 
TU has only very baslc mnehtbns for the LWR-dd 
W r l a l .  Only Zircaloy and Zrl Nb dadding (used R 
WERs) mod& have been inplmmtd. The 
correlations for rtlpture s W n  and yleld stress #Klsist 
of fixed values, wfttwut a bumup dependence. Apart 
fKHnthabasiccom~ns,theusercafilmplement 

Phenomena llke fuel grab growth, fuel Wnrcturlng, ek 
am affected by bumup, but they oca# only durlng the base 
Imdalon priM to the RIA, not durbq tfw short time of the 
RIA itself, Strlctry, correct ma l ing  of RIA in tmmht  
codes L therefore not knportant. However, they do 
delermlne the irJtlal condWtons fat the RIA ~ ~ W a t l o n s ,  and 
Uwir correct mudding in b Im&h is important for 
.* . ..* . 0.- - . . - -- 

his orm daddng correMans into the code. This 
applles also to FREY. 
6 OUTUNE OF THE CODE COMPARISON 

6.1 Vatidity of the cuds calculations h ths 
#k#dbtmsa 

The C O C h  fll and FREY were cumpared by 
9 an RIA mder charecterjstic PWR 
condibons. The RIA case cormponds to a typkd 
1.m rod ejection accident at hot-zero v r ,  

with 3-dimensional Idnetics. 

The kurmps am (Fg. 6): 
rudavmge: 47.7 MWdkgU 
 ma^ mss+donal  avg. (Slke 7):54.5 MWdlkgtl 
nraxhthecentre(Sliee7): 48.0 MWdlkgu 
maxintherirn(Slce7) : 119 M W W  

HBS is fwrnd in all axial slims, except in SIces 1 and 
20. As Isah FREY and 175 do not have mod& For 
mwst higbbmp pbnomena, the pre#nt work can 
n o t b  seen asan attemptto perform apropw RIA 
analysis, but merely as a cornpalison of the &. 

WS Was On t 8 W m r e  k d s ,  
in ihe dad, mbl defommlhn, and the d a l  power 

6.2 -n thermal boundary conditions 
Both FREY and TU have a Flow channel model, 
which cdculates thermal boundary mdMons fur fuel 
pin analysia (rod-to-coofant heat transfer coefficients 
and ooolant temperatures). 

fhe flow channel model of fC1 cannot handk extreme 
acddml condMtions and, for example, the prewt 
version is not capable of modelling DNB. The codant 
c M  m d d  in FREY also has Its limitations, and is 

only to pre-DNB heat transfer conditioN. 

metefore, in a proper RIA analysis, both codes 
~ l r e  thermal boundary condins to be 
by an external thermal-hydraulics code. For this 
reason, the flow-channel . models . were excluded fT-T 
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-	 then using these values as b u n d m  conditions for 
the TU calculation. 

Fig. & Local and cmss-wdhal average bump. 

7 INPUT DATA FOR CODEOOMPARlSON 
7.1 Input data tot 7U @mseirmdhdonand RIA) 

The input data for TU is lWin Table 2. Modelling 
was performed using 20 axial fuel dices. In the radial 
~~, the fuel was divided into 16 coarsezones, 
and the dad into 2 mame zones. fhese coarse 
zones were further mMMded, typically wfth 310 
mesh polnts per m. 
Tabb 2: Pin, fuel and daddata in TU calculation. 

7 2  Input data for FREY (RLA) 
Most of the materid properties and calculational 
models in FREY are taken from the MAfPRO 
handbook [6]. The models for fuel thermal 
conductivtty, porosity correction and deg-n of 
conductivity with increasing bumup were changed to 

...I-... 1 ,..---.- - --__-.-- _ _ _ ..._ .. 

irradiation, the thickness of the clad oxide layer was 
84 w. 
8 COMPARISONOF TU AND FREY RESULTS 
8.1 Rod deformationcalculated u l n g  FREY 

Figure 7a shows the rod dimensions after base 
irradiation under cold conditions (TU); as-fabricated 
dimensions are shown for comparison. During base 
irradiation, the as-fabricated radiat gap of 97.5 pm 
had decreased to about 10 pm (cdd gap) due to fuel 
swelling and cladding weep-down. 

Figure 7b compares the rod dlmenshs calculated by 
TU and FREY at the time of maximum radial fuel 
deformation (1.000s for TU and 1.601 s for FREY). 
The rod dimensions In hot--by conditions just 
prior to the RIA are shown for comparison. 

cuml~:lrrr)t n :  

--(Cunl 

Flg. fa: Dimensions (edd)af&erbaseirradiation (FREY) 

8 2  Comparison of tudaubr radius 
Figure9 compares thefuel mi dad radii calculated with 
TU and FREY. Rapid thermal expansion of the fuel 
causes almost immediate dosure, after which the 
clad is forced outwards, 

Both codes provide a w r  option to change these 
wmjations. In this exercise, Um san?e correlations 
wem c h o ~ nfor both cocks. 

http:.r...pr.-


Fig. 7b: W m u m  radialfuel deformation 
(FRWvs.Tu) 

FREY calcuW 7-10 pm greater Inmas8 In fuel 
outer radiw durn the RIA. This Mereme was 
nearly the sam inall axial slices. Edaetemperatwes 
were- the same for both the %.J a d  FREY 
calculations, but FREY calculated W " c  Mgher 
central ternpakms. This would cause 3 pm 
greabr thennal expansion In the hottest axial s k e ,  
not enough to explain the dlfferenoe of 7-10 pm. 

As expected, at thebeginning of the RIA, the hi@mr 
fuel radial e-sion inthe FREY calculation leadsto 
both higher contact pressure and better gap 
conductivity 9). After the initial phase, the 
contact pmssure is seen to decrease faster in FREY 
than in TU, and FREY gabs -30% tower gap 
conductance Ihen TU during the rest of the 
calculation. 

8.4 Comparison of mdlal power distribution 
At the beginning of irradiation,fissile isotopes consist 
only of U-235, with no radial variation. During the 
irradiation. fissile dutonium builds up at the 8cbe due 
to the epithe-l neutron capture in U-238. With 
increasing bumup, fissile ptutonium concentdon 

sectional average of -I%, and to a local value of 
-3% at the pellet rim. 

As the fission rate in the fuel is directly proportional to 
the condentration of fissile isotopes, the fission rate at 
the pellet rim is typically 2-5094 higher than in 
the pellet inner area at high bumups (in LWR 
condions and with standard enrichments). 
FREY uses the W A R  model for calculating the 
radial distrSbution of fissile isotopes and power, while 
TU usis the TUBRNP model (the RADAR model is 
also available In TU, bul is a newer version than the 
om in FREY). Due to the different models, and due 
to the coarser Minodalisation in FREY, the radi 
power profile in FREY is'flatterthan in TU, as can be 
wen in Fig. 8. Conmuently, at the sam power, 
FREY calculates less heat production at the rim, 
whem the potential for gaseous swelling in RIA is 
hiiw. 

... 

Fig. s:Wal profile (FREY vs. TU) 

8.5 Comparisonof hnpamtum 

Cladouter~ratureswerethesamehtheTU 
and FREY &Wan8 shply beawe TU W the 
dad outer m r e b r r e s  calarlated by FREY as a 
boundary condition. Thedad inner -re$ and 
fuel outer tempgratums were also nearly identical, 

FREY gave 4O0C40% higher fuel central 
temperatures than TU (Flg. 9), this in spite of the 
same correlation for fuel thermal conductivity and its 
dependem on pMosity and bumup. The differ& 
c o for the fuel ~ heat causes a~ specific 
maximum difbmnce of 3%. and is not large enough 
to explain thb temperature dMerence, A passim
explanation Is the difference in the radial power
profile, which In FREY is flatter than in TU. This 
means that in FREY more heat is produced in the 
inner part of the fuel (fig.8). 

8.6 Comparisonof stressms in the cladding 
Durlng most of the calculation period, FREY 
predicted smaller stresses in the dadding than Tv 



FREY gave higher stresses than TU (as expected,
- due to the higherfuel radial expansionin FREY). 

e - - --m - - - m - M -

Fig. 9: calw variables (FREY vs. TU). 

At the end d the DNB, the cools down m m  
thanthehrelandconb.adsagainst~whiche~ 
t h e p 8 a k 3 h ~ a t t h a e n d o f t h e c a l a r h t h  
perkd. 
8.7 orhwmsulb 
M t b r  flJ r l ~FREY have a valid modd for brat 
- a t m ~ * ~ a i e q u e n t t y ~ ~ l y n e g n g l M e
~ g a s m ~ w a s c a l # l ~ c h h g t b R I A .  
fhe inner gas paesam in the c a l c u ~m f h b  
Wdy the changes h rod free vdume rtnd gas 
bpmtureduringtheRIA Fable3). 

9 CONCLUSIONS 

Coolant flow channel models were excludedfrom the 
code comparison by using common thermal 
boundary conditions. The d i e m s  between the 
code calculations were small. Clad inner 
temperatures and fuel rim temperatures were nearly 
W c a l .  A possible explanation for the 40-50% 
higher central temperahrres pedkted by FREY m l d  
be due to the flatter radial power profile in FREY (the 
correlation in TU far fuel thwmal conductivity, and its 
dependence an porosity and bumup, was installed 
into FREY). The differences in the specific heat are 
too small to explain the -re differences. 
However, it should be emphasisedthata temperature 
difference of 40-50°C is nmgible in fuel modelling 
calcuta1Jons. 

FREY calcuM larger fuel axid elongation and 
radal expansion than W. C o n q t m d y  the stresses 
in the cladding were also larger in h e  FREV 
calculatkn. Neither FREY nor lU calculated fuel 
M n g  or clad failure. 
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Tabk 3:Sorne maximumvalueg during IheRIA (FREY w. TRANSURANUSI. 

- --
Cladinner tempereture 681oc 0.70 8 0.700 10 

8.75 MPa 1.74 - 727 1.00-----
Averge equivalent dress In 196 MPa O m 5 
dad 
Clad hoop stress 178MPa 0238 4 287 MPa 0232 5 

Refersonly to the mslwter fuel region. Tempemture ismWy highersightly towad the fuel e. 


