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Abstract

¥1.a3 regard 0 f.ssion gas :raasportat.on .a2s:3e fual roe. fclloviag
laree 3eclan.snS are 13portant. i a lacal.Zed and i 3e 2ependenl Jlssion
323 ~eisase "ram UOp fuei 0 selisz/clag gap. (2] tiae Sonsequent gas prsssure
2.7 %srencs Setween Lhe Fap ana tie pienua, ane 3, 3e .atsr-diffusion  3f
iariially Tilled Helouz age ~elemsed 7:33:0n as such as lenan. imcng -hese
LArsee 3JECAANniISAS. -3¢ 2224 mecaanisd vould ~3sull L2 lae 3ne cimensianal flav
arougs ?°C gap 1a  Lae axial &ireczion, Wnlle tie 3rd averaglag Lae local
f1s8:90n gas soncentratian 2iffsreace.

In this saper. ag aileapt vas zade o develop a computerized 1model.
wINUS o NMear flov ang 21ffusion uncer Un-Steacy condillon) lescri3lag tae

.

a00ve 40 meclan:sms. .:exs$.2; aad 3. The . em 1. .$ irsated 23 A Lapus.
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Thae zoge vas appiigd IO analyse sitort lengiy experisantal fuel -ods aad iong
lengih zomamerc:al fuel rods. The <calzulated lize avolution of Le
acncegtration along fuel columa shovs tlal e Jilution raie of Xe :in
scmmerc:al fueli rods :$ 3uch slover tnas that i3 sao0orc experizental fusl

racs. Scme acaer senglLiviLy siygLas, suca as ine 2 fece af

pre~gressurizat.in. are alse psresented.

1. latroduction

To use the LWR oxisde fuel for the ex%ended 3urazup. 1t 18 00SI :Zporcant
to prevest fiss10a gas relesss {ros fuel »dellets. This relsase .35 very
sensitive 10 tne ‘uel temperaturs aad il 1S 1eCessary 10 Keep :le Lemperatuyrs
L9  encugR L0 aclieve 11En flss10n gas retention. 3ut. vaen a certalal amount
of fLs3.00 gas vas released 1n :ne ssall gas voluse. gap conductaace s
deter.orated 3ue 0 a 1.83 Xe concentration and rasulis La a stepvise jump of
e fuel :saperature and Laduces 30re rslease. This s iie ‘lesperaturs
feedback effsct k3ovn as ‘ne ey 3echan.s® of s.gnificant (ission gas relsase
axderienced al pover reactdr fuels and tust Be avoided under usual sperai.ag
sandiiions. Zxperizents or durtuped fuels SNov ilal S0mE Lemperaiure shock
can .xduce a Ltransient of {ission gas ~-siexse Al S8 DOSSIOly 130re

sigazf.cant a8 Re  urIup  .acreased N Recertly, seversl .n-rsactor
|

| is7
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sxper:aents ars 9oropased alalag 1o uncerstand the tize lepencence 3f iae gas
-~elease :Qrough  -sai ‘ixe zeasursaenis 3/ ~3d laterzki-prassure. .less lata
2%30le us L0 .00k :a2t3 Ile temperaturs Zesedback 3ore .2 jetai.. The Jreviaus
2omputer 304ARLS TOr LemwLEratures ILIZALIIN AZIuSEd L1e Llsiantaneous ILXLAG
of tae rsleased gas anc ine s:ared Helium. TRis agsumpkian varked wveil ac
the un-pressurized rods RQecause Lle [rse volume VYas 2atasilacled dy the
Ti153:90 gas 13@eqiractely after ihae start of t3e rsisase. 3Jut Tar e
2re—prassur.zZed oQs. 3.3 Lreactaeat s a9t suffizieat 3 iacerstaznd Lae
iemperature “sedback off2ci. The agaiysis 3f the i.3e iepencdence af :3:is3
2 eC% LS necss3ary -2 svaluate e affsct of iie 3re—pressuriazion aac L3
slugy ae 22f.cl.v7e .amprovements 3r L€ JLER  3wraup Tuel  3Iesigx  aag
aperation.

Far tae firs:t stage 3f 1313 azaiysis. tie increase 3f 3@ 7.33.3R gas
conceagiratisn 12 tae S/C gap gust e vell simuiated. wher :31e Iransient
re.2a3€¢ vas laitiated., ¢ FAS Aressure .acrsases locaily (2 he gap 2ac
causes 2 fas {lov .n axial direc:i.ca. The released gas. 3eizly Xe, vil. DSe
R.xee viln tae siared Helium ia >lenum azd P/C gap. This axial iransport
process .3 “ne sus'ect af lars vorik and a somputerizea mocel. LINUS  ([oaear
flov ane A:ffusisn uncer a-Sleady condiiiaas vas develosed. In inis zsae.
sne i-nensi1onal flov ana diffusisn 2odel vas smpioyed. Some sarametric

siudias for commersial ~28cior fuels are seiily srasentad.

2. Descriprioe 3! Models

The Basis eQuUALiORS are suasarized . Ladle=! vnere - .s 30l deasiiy 37

he dixec gas and T .3 X¢ 2onceasralioa. The Zirst iar%e equalilions 3dascr.de

a8 pressure Laduced Tlov. The flov resistaisce. est.dated s3n :ie ;sSunp:;on
of lamizar flov, vas calzulated usi3g Hagen numoer Dy whica gas flov
axperiments vere successfully analysed (2,3.4.5;. A -eflecl:ve 3ouncary
29nd.t.3n was used ar 1e lover rod and o atiairan flov sctagnactisan. AL Lae
Siter s0ouncary vaoere Juel s$lacx 1nd pleaud LS 08NeCIEC, L. -3 iSSUTEC LlAC
138 10t zas ‘rom ‘uel stack .5 iLastantaneously 2s0led dJova 5 ile pienunm
tamperaiure. The gradrents of prsssurs and concestrai.sn are nsgleclted i Lie
pleaus volume. Zathalpy of ne Fission gas. released from high cemperacurs
oxide graiis o COLS E87. 1S 30C comsidersed .1 513 acdsel. The lLast egquacion
descrides composiie sfrect of Qr.fs and giffusion on tae ranspor. of Xe i
He. The reisased .38:28 gas c=ontaias e aad Xr. dul e fraction of X .S
SMaL. ans n18gLecLed L1 iis asalysis. The Later-arffusion sonstant of (s ana

He .3 approx.saced 3y 1e J=d.oensional 3.77usion taeory and seasursaents.
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reglectiag zhe 2f fect 3¢ semi-Z2-diaensional gecmecry jecause ie lean ‘rre
sata of e seema 33 3@ Jairl7 saortar tlaa ¢ Zap slzZe. Trom -~ef. 3] . t1e

LoNUS uses ::e® Tallaviag 17Tusiaa samstaat:

2488 . T .
- 3T
3 273.:8

J

‘ow/ 3ee)

dere. taaperatire .8 .z Selvix and aressure :s (x Atx. T3 solve ::e

212%us10n  aquaciom. crial 31%arsnce scheme 13 act apolicapls: lecause e
3r:’% tary Jecsmes Jery Large and lomizagt AC  lle 3egi22:3g I 1ae  fas
release ana .aQucs qumerical Lastaolliily. Ix the LINUS zaae. 2 zewly
ievelioed 1eL20Q 3y Xada .3 aQopted. nlcz Jas 2ppl.2a 13 i1e saee <iag  3f

sroclens successCuiiy [7.31 .

3. Resul:s af Calculatioa

The sover -saczor Tuel. nica 2as jellac stack 3¢ 380ca ang a 3.zl
slanua 3t tle upper 2ad. vas analyzed 3y 3e LINUS. The fissioa gas vas
3ssuzed 0 3e ~eisased uxilorzmiy aloag /3 3f ke stal stack a2t a zscascaat
rats. The =acal =3a 13 2ivided .2td 31 nodes (30 for jeilsc stack arga [ for
sisaus volume: . The 2aflacc.va gap Jor 2 7lov resistances 7/as set 13 2
zonstant 4duriag -3e Lriasiaat. The 3lenus fas emBeralure vas issuaed 3 e

zhe sase 33 :i1e coclant tcesperaltucse of 300 C.

3.1 Iladuced flow at the start of release

Jusing e :ait:al scage just :fier the stars af fission gas relaase,
sose 3rassure 2i1/7areacs L§ Laduced lacally z2round e raleased region  aag
2auses aag axial “low vaica ~craasports %le relsased zas i3varis ile ipser
slaaum. F.gs.1 ana 2 rsprasent e -ile Jepsadeat 3ehaviour of as (e
goncsatraiion aad cie fLov velacily aloag tie fuel stack. Ths gas 13 ~sisased
from /3 of the pellet stack at the 3iddle sart o =2e r2d 1atd tiae radial
gap of 20ua. The :zotal released gas is 122c /NTP) and tle duration 3¢ -ae
rslease .35 300sec ac 2 constant rita.

‘hen *2e rsilease Jas starcad. w0 2:{7sreat Zlavs. 3ne i3 0 e ipper
slenua and Cthe octler is to ihe lLover snd of ile rod, 3re rLaduced. Afer a
shorec seconds, around tie Jo0c¢tom 3f the rod, cie shortage of ihe /rse volLuge
leads cto the iicrsase of pressurs aad the velocity of Lie devavard flov

3ecoses slover and cerainates. [n contrast vith Cie 3ocies side. =ie veloci:iy

of the upvard lov 2ecomes Caster due Lo 3@ ccnixzuous Lacrease of Lie
pressure d:.llersnce det7een Lhe rsisased region aad le alenuam. The
deveilopsent f 3@ 2.g8 pressure reglon 3vard e Jlsaus auses sode

7@L0C.0Y $XCUrsion arsound e upper end, YRicn relaxes .3 4 sLaute. Fisallz a
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steady flov .3 established after tvo to three miautes from the star: of the
release. The reieased gas is :ransported sainly by the axiai flov i1a this
irLtial stage. The stored He 1a the P/C gap contributes To ailute the
released Xe so that the 100% comcentration i3 achieved oaly .a asysptotise

saaner.

3.2 Pre—pressurizatios. Relesse rate. Fuel stack leagtk

Fig. 3 shovs the effect of pre—presgurization on the time dJepencence of
fission gas comcemtration at the centre of the fuel stack. The pressurization
tacreases tae deasity of stored de 12 the gap and suppresses the .ncrease of
the K¢ concentrat:on.

The ¢ffect of fission gas release rate is showm 1z Fig.4 wvhere the
total volumes of 12, 24 and 3IBec (NTP) are released iz 2C hours. the
increasiag rate of the coacsntration is non-linearly dependent or the relesase
rate a3 a resylit of the non-linear depencence of the comcentration on the
rejeasec total voiume.

The dilutior and 31Xxing is slover at the Dottom end due o cthe long
di17fusion lergth to the plenus. Fig.5 shovs the Xe concentration at the
bottom comparing he effect of fill gas pressure. The small P/C gap of 3Sum :s
tssumed sc l1al the gap free voluse is much smalier than the previous case
and Xe concentration 13 approximately 100% after the release. The fill gas
preassure significantly affects the mixing rate and high Xe concentration is
kept for many hours 1a high pressure rods.

The short rods such as ones used at test reactors may have different
benaviour from the D»dover rescior fueis. Fig.8 compares short 40cm rod and
long BYR8X8 rod assuming ihe sase asymptotic concentration. The aixing i1a the
short rod completes .n sose sinutes vhile the BWR rod needs sors than ten

nours.
4. Discussion

1

“hen the gap was videly opened. the Lemperature feedback :aduces [ue}
tesperature increase 4p to several nundred deg.C. [n this case,
pre=-pressurization can confine relatively lLarge amount of He gas in the wvide
gap and the increase of ie concentration cas be suppressed. The concentration
inc-ease at the point vhere axial flov has negligible effect 1s approxinated

by the folloving,
{= "'Wh)

vhere Xeo and Me are locally reieased and locally stored gas voluse
respectively. 7This equation approxisately reproduces the approacning

|
behaviour of the concentration (o shc saturstion spovn in the Fig.2.
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Iz case that the fissioa gas relesse vas :paitiated 3y L cSsrtais gsover
seock. Lae "elsase ~i1le San de¢ somevaal larger aad the "visased asouat can e
such amougs: o (ill ke small voiuse of the ?/C gap. Uader txese iraasient
ralease CORQLIIQGBS. 2rE-Pressuriati3dz CanAct SUPPress ik “empearatire
feedkack. Ffor example. it Cthe JOVer ruapLIgL eXperiients Isaducted 0
.avest:gacs tae SCT faiiure laeresnold. especially 3¢ 2@ =34 i-Tudiated at
lgver 1eal -~atiag 5 aveid :ae Ias ~slease uncill a :ercain Surlug.
srgnrl.ant Tissiin gas Teieage 3ccuUrg Ifuriag e gover ~1Epliag iad laproviag
efT2et 13 reques 2@ Taliure areszold 2y e Pre-presSuriZitlog Sasnst e
saservea.

For ize 2123 Surnuged reds. zie P/C gap. vmich vas Jpensd inci! some
Ti3cle scage of 3¢ 3urtup. closes due 3 tie Tission $as 1ad $6lid srodue:s
sweiliag. Izpecially at a Burnup ~sage J2ere e Sransisnt ~eiease 222 3@
eas.l.y ilriggersd. this svelliag 1ay Je sigaificanc 2a0ugn -3 :lose the 3pened
gap and ve caznot sxpec: the ef fsct of the sre—pressur:ization. [3 :kis 3ase
the csmperaturs rise By t3e Tseddack 3ay aiso e ssall stap. But il cas 3e
order 3 200" 7 aed tais 1T can nake a large affect arsuxd tze taresiols
semperature 3¢ L38 tragsisnt rsiszase.

4iga pre—pressurization suppresses ie Jczurrsacs 3 Laical pressurs
3if%arence dus 33 Zas release and srsvents the axial flow. The 2iffusioan
constast s Laversely proporiisaal o tie pressure of t:c”uzm 3% $0 that
t3e raasportalion By cie 3iffusion is also siov. These /0 2{fscis 3ske ke
£:358,90 $a8 .acalizes arcuad e relaased region aad iy lacal 1igk Ke
sonceactracion Lasts Long. <sepiag 1i3n Cuel tesperaturs. Ispeciaiizy ad tae
s0t.0m sad, e Later-dllfusion 3ixizg cakes place very slaviy. Siaple
analy%ic Salculation shovs 3al the aixiag rate is iaverssly sroportional 0
t3e square of peliec stack Lengii. The analyses of 7igs.3 sad 8 iadicate chat
t3e sport length rods, sucl as ilastrusested fuels ia tast rsactors or
segmented fueis in e jover ~eaCiIr 3XPOrizents. may Jenave 3ilTersatly Crom
38 rsal Tull lengh pover reacior {uels aad carsfil inalyses ire 1ecessary .3
sxirapolate tne short rod Tission gas celease data O pover rsaciors (ueis.

Oiffusion a0del ia che LINUS assused only atomic .ater—diffusion 5ut
che turdulent diffusion, vhich is tve dizeasional. aay sxist aad accsieracs
aiffusional iraasporc. Furtiermore. :3e P/C gap say vary ia oscilatory sasaer
f ~eacior jover or fuel tesperacturs (luctuaces iaduciag rseiprocal flov
*NiCR coatridutes cthe 3isiag significastly. The effect of cxese additional
aechanisss 3f e Lraaspor: 1s 0 difficuls o Be sstiaaced L3at la-rescier

SXPOr.aenls are 16CesSsary 3 leck e 7alidiLy of hese salsuiacions.
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5. Cosclusion

A somputer 3odel. INUS. vas develaped 0 analyse e axial fission gas

Lransport and some zarametric studies revealad Lhe [ciloving:

~ AS ar as tae atomic 2iffusion is domisant for ‘the iater-¢iffusion
aschazis®s 1a -he small 2/C gap. the iacrease of tae filled He pressure

delays the 3iffusion aixiag of the released Fission gas signilicantly.

-the He pre—pressuri:zatios has no effec: sa 3¢ izprovement aof he
farlure taresnold atl the POver rasplag Jecause L3¢ as reiesase L1 Lae
surzuped ~24s :3 Tast: sROuUgR L9 contamidale 3@ Iap 2@ o .Laduce Llae

temperature feedback i3stantanecusiy.

~The snor: leagth rods for Lest reactors ana :he long iLenagilx rods for the
pover rsactars are dilferent i3 the temperacure feedback effec: so tihat
sareful analysis is necessary :0 extirepclate :the resulis of experlsests

to 13e@ pover rsactor fuels.

-Qnce the Dotigm 3 zha pover reactor fuel is contamiizated By tae fissian
§2%., Lt Lakes 3agy aours to dilute LRe gas 3y :he He siored 1a upper
plenus and lhe 3ixiag =ime—constast is proport.onal =3 the sguare of

the rod leagth.

These gquantii:ative analyses b5y the LINUS sode iadicate tiaatl aore
sareful analysis of tle Zasperasture feedback is 1ecessary 23 assess the
dperating cONdiiion or 0 Propose Lmprovements for extendilg ie dusnup of
LR fuels.
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Table 1. Model Eguations

. ar d
Conservation of Mees : 3 + 3;%Pln - q
ideai Gas Law : P = ORT

, , . 208 P
‘ Lominer Flow Aesistance : Us -Ff%-s;

. % L 3 o2 49
Diffusion with Ges Pow : + ugk 3;-(93-‘%)....5.:.
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