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Disclaimer 

qÜÉ=áåÑçêã~íáçå=éêÉëÉåíÉÇ=áå=íÜáë=êÉéçêí=Ü~ë=ÄÉÉå=ÅçãéáäÉÇ=~åÇ=~å~äóëÉÇ=Äó=

^Çî~åÅÉÇ=kìÅäÉ~ê=qÉÅÜåçäçÖó=fåíÉêå~íáçå~ä=bìêçéÉ=^_=EANT=fåíÉêå~íáçå~ä∆F=

~åÇ=áíë=ëìÄÅçåíê~ÅíçêëK=ANT=fåíÉêå~íáçå~ä=Ü~ë=ÉñÉêÅáëÉÇ=ÇìÉ=ÇáäáÖÉåÅÉ=áå=íÜáë=ïçêâI=

Äìí=ÇçÉë=åçí=ï~êê~åí=íÜÉ=~ÅÅìê~Åó=çê=ÅçãéäÉíÉåÉëë=çÑ=íÜÉ=áåÑçêã~íáçåK=

ANT=fåíÉêå~íáçå~ä=ÇçÉë=åçí=~ëëìãÉ=~åó=êÉëéçåëáÄáäáíó=Ñçê=~åó=ÅçåëÉèìÉåÅÉë=

~ë=~=êÉëìäí=çÑ=íÜÉ=ìëÉ=çÑ=íÜÉ=áåÑçêã~íáçå=Ñçê=~åó=é~êíóI=ÉñÅÉéí=~=ï~êê~åíó=

Ñçê=êÉ~ëçå~ÄäÉ=íÉÅÜåáÅ~ä=ëâáääI=ïÜáÅÜ=áë=äáãáíÉÇ=íç=íÜÉ=~ãçìåí=é~áÇ=Ñçê=íÜáë=

~ëëáÖåãÉåí=Äó=É~ÅÜ=ZIRATLIZNA éêçÖê~ããÉ=ãÉãÄÉêK=
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Acronyms and expressions 

^`op= ^Çîáëçêó=`çããáííÉÉ=çå=oÉ~Åíçê=p~ÑÉíó=

^almq= ^Çî~åÅÉÇ=açéÉÇ=mÉääÉí=qÉÅÜåçäçÖó=

^co= ^ï~óJcêçãJoÉ~Åíçê=

^kpf= ^ãÉêáÅ~å=k~íáçå~ä=pí~åÇ~êÇë=fåëíáíìíÉ=

^kpvp= ~=ÑáåáíÉ=ÉäÉãÉåí=ÅçÇÉ=

^kq= ^Çî~åÅÉÇ=kìÅäÉ~ê=qÉÅÜåçäçÖó=

^l^= ^ñá~ä=lÑÑëÉí=^åçã~äó=

^ll= ^åíáÅáé~íÉÇ=léÉê~íáçå~ä=lÅÅìêêÉåÅÉë=

^mpo= ^ñá~ä=mçïÉê=pÜ~éáåÖ=oçÇë=

^o= ^ååì~ä=oÉéçêí=

^pi_= ^íçãáÅ=p~ÑÉíó=~åÇ=iáÅÉåëáåÖ=_ç~êÇ=

^pqj= ^ãÉêáÅ~å=pçÅáÉíó=Ñçê=qÉëíáåÖ=~åÇ=j~íÉêá~äë=

_Ct= _~ÄÅçÅâ=C=táääÅçñ=

_l`= _ÉÖáååáåÖ=lÑ=`óÅäÉ=

_q= _ìêëí=qÉëí=

_qm= _çííçã=qáÉ=mä~íÉ=

_to= _çáäáåÖ=t~íÉê=oÉ~Åíçê=

`^kar= `~å~Çá~å=aÉìíÉêáìã=rê~åáìã=

`_= `çåíêçä=_ä~ÇÉ=

```= `çåíêçä=`Éää=`çêÉ=

`b= `çãÄìëíáçå=båÖáåÉÉêáåÖ=

`b^= `çããáëë~êá~í=¶=äDbåÉêÖáÉ=^íçãáèìÉ=

`ca= `çãéìí~íáçå~ä=cäìáÇ=aóå~ãáÅ=

`cj= `Éää=cêáÅíáçå=jÉíêáÅ=

`co= `çÇÉ=çÑ=cÉÇÉê~ä=oÉÖìä~íáçåë=

`fi`= `ora=fåÇìÅÉÇ=içÅ~äáëÉÇ=`çêêçëáçå=

`fmp= `ora=fåÇìÅÉÇ=mçïÉê=pÜáÑíë=

`mkmm= `çã~åÅÜÉ=mÉ~â=

`mpbp= `çã~åÅÜÉ=mÉ~â=píÉ~ã=bäÉÅíêáÅ=pí~íáçå=

`opp= `êáíáÅ~ä=oÉëçäîÉÇ=pÜÉ~ê=píêÉëëÉë=

`ora= `Ü~äâ=oáîÉê=råáÇÉåíáÑáÉÇ=aÉéçëáíë=

`pba= `êáíáÅ~ä=píê~áå=båÉêÖó=aÉåëáíó==

`t= `çäÇ=tçêâÉÇ=

`tpo= `çäÇ=tçêâ=~åÇ=píêÉëë=oÉäáÉîÉÇ=

a_^= aÉëáÖå=_~ëÉ=^ÅÅáÇÉåí=

a`m= aáëíáåÅíáîÉ=CRUD=m~ííÉêå=

a`pp= aêó=`~ëâ=píçê~ÖÉ=póëíÉã=

ae= aáëëçäîÉÇ=eóÇêçÖÉå=

ae`= aÉä~óÉÇ=eóÇêáÇÉ=`ê~ÅâáåÖ=

alb= aÉé~êíãÉåí=lÑ=båÉêÖóÛë=

au= aìéäÉñ=

awl= aÉéäÉíÉÇ=wáåÅ=lñáÇÉ=

b`= bÇÇó=`ìêêÉåí=

b`_b= bÑÑÉÅíáîÉ=`çåíêçä=_ä~ÇÉ=bñéçëìêÉ=

b`m= bäÉÅíêçÅÜÉãáÅ~ä=`çêêçëáçå=mçíÉåíá~ä=

b`o= bèìáî~äÉåí=`ä~ÇÇáåÖ=oÉ~ÅíÉÇ=

b`q= bÇÇó=`ìêêÉåí=qÉëíáåÖ=

bcfa= bÑÑÉÅíáîÉ=cìää=fåëÉêíáçå=a~óë=

bccma= bÑÑÉÅíáîÉ=cìää=mçïÉê=a~óë=

bfp= bäÉÅíêçÅÜÉãáÅ~ä=fãéÉÇ~åÅÉ=péÉÅíêçëÅçéó=

bip= bñíê~Jiçï=på=

bj^o= bäÉÅíêçã~ÖåÉíáÅ=^ÅçìëíáÅ=oÉëçå~åÅÉ=qÉÅÜåáèìÉ=

bl`= båÇ=lÑ=`óÅäÉ=

bmof= bäÉÅíêáÅ=mçïÉê=oÉëÉ~êÅÜ=fåëíáíìíÉ=
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bpp`= båÜ~åÅÉÇ=pé~ÅÉê=pÜ~Ççï=`çêêçëáçå=

bq`= bÑÑÉÅíáîÉ=qÜÉêã~ä=`çåÇìÅíáîáíó=

c^= cìÉä=^ëëÉãÄäó=

c^`= cäçï=^ÅÅÉäÉê~íÉÇ=`çêêçëáçå=

cb^= cáåáíÉ=bäÉãÉåí=^å~äóëáë=

cc= cáííáåÖ=c~Åíçê=

ccp= cáíåÉëë=cçê=pÉêîáÅÉ=

cfsmbq= cäçï=fåÇìÅÉÇ=sáÄê~íáçå=~åÇ=mêÉëëìêÉ=Çêçé=bñéÉêáãÉåí~ä=qÉëí=

cjb= cçêÉáÖå=j~íÉêá~äë=bñÅäìëáçå=

coba= cìÉä=oÉäá~Äáäáíó=a~í~=_~ëÉ=

com= cìÉä=oÉäá~Äáäáíó=mêçÖê~ã=

cp^o= cáå~ä=p~ÑÉíó=^å~äóëáë=oÉéçêí=

ct= cÉÉÇt~íÉê=

db= dÉåÉê~ä=bäÉÅíêáÅ=

dkc= däçÄ~ä=kìÅäÉ~ê=cìÉä=

dqoc= dêáÇJíçJoçÇ=cêÉííáåÖ=

e^k^= eáÖÜ=éÉêÑçêã~åÅÉ=^ääçó=Ñçê=kìÅäÉ~ê=^ééäáÅ~íáçå=

e_p= eáÖÜ=_ìêåìé=píêìÅíìêÉ=

e_to= e~äÇÉå=BWR=
e`m= eÉñ~Öçå~ä=`äçëÉJm~ÅâÉÇ=

ea`f= eáÖÜ=aìíó=`çêÉ=fåÇÉñ=

emr= eóÇêçÖÉå=máÅâré=

emrc= eóÇêçÖÉå=máÅâré=cê~Åíáçå=

et`= eóÇêçÖÉå=t~íÉê=`ÜÉãáëíêó=

f^b^= fåíÉêå~íáçå~ä=^íçãáÅ=båÉêÖó=^ÖÉåÅó=

f`j= fåíÉêå~ä=`çåáÅ~ä=j~åÇêÉä=

fa= fååÉê=aá~ãÉíÉê==

fc_^= fåíÉÖê~ä=cìÉä=_ìêå~ÄäÉ=^ÄëçêÄÉê=

fcj= fåíÉêãÉÇá~íÉ=cäçï=jáñáåÖ=

fdp``= fåíÉêdê~åìä~ê=píêÉëë=`çêêçëáçå=`ê~ÅâáåÖ=

fkml= fåëíáíìíÉ=çÑ=kìÅäÉ~ê=mçïÉê=léÉê~íáçåë=

fmeq= få=mêçÅÉëë=eÉ~í=qêÉ~íÉÇ=

fpcpf= fåÇÉéÉåÇÉåí=péÉåí=cìÉä=píçê~ÖÉ=fåëí~ää~íáçå=

fpd= fåíÉêáã=pí~ÑÑ=dìáÇ~åÅÉ=ÇçÅìãÉåíë=

fwk^= fåÑçêã~íáçå=çå=wáêÅçåáìã=^ääçóë=

h^bof= hçêÉ~=^íçãáÅ=båÉêÖó=oÉëÉ~êÅÜ=fåëíáíìíÉ=

hhd= hÉêåhê~ÑíïÉêâ=dìåÇêÉããáåÖÉå=

hhi= hÉêåhê~ÑíïÉêâ=iÉáÄëí~Çí=

hhj= hÉêåhê~ÑíïÉêâ=jΩÜäÉÄÉêÖ=

i^= iáÅÉåëÉ=^ééäáÅ~íáçå=

i``= LWR=`ççä~åí=`ÜÉãáëíêó=
ibcj= iáåÉ~ê=bä~ëíáÅ=cê~ÅíìêÉ=jÉÅÜ~åáÅë=

iedo= iáåÉ~ê=eÉ~í=dÉåÉê~íáçå=o~íÉ=

ih= i™Ö=Åçêêçëáçå=Eiçï=`çêêçëáçå=áå=pïÉÇáëÜF=

iiki= iáîÉêãçêÉ=k~íáçå~ä=i~Äçê~íçêó=

il`^= içëë=çÑ=`ççä~åí=^ÅÅáÇÉåí=

iq^= iÉ~Ç=qÉëí=^ëëÉãÄäáÉë=

iqm= içï=qÉãéÉê~íìêÉ=mêçÅÉëë=

ir^= iÉ~Ç=rëÉ=^ëëÉãÄäáÉë=

ito= iáÖÜí=t~íÉê=oÉ~Åíçê=

itq= iÉÖ~ä=tÉáÖÜí=qêìÅâ=

ja^= jáíëìÄáëÜá=aÉîÉäçéÉÇ=^ääçó=

jcaf= jçÇáÑáÉÇ=cìÉä=aìíó=fåÇÉñ=

jef= jáíëìÄáëÜá=eÉ~îó=fåÇìëíêáÉë=

jfj^p= jáÅêçåáòÉÇ=j~ëíÉê=_äÉåÇ=êçìíÉ=

jlu= jáñÉÇ=luáÇÉ=

jm= jáÇJmÉääÉí=
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jobu= åÉìíêçå=ëÜáÉäÇáåÖ=ã~íÉêá~ä=

jpioa= j~áå=píÉ~ã=iáåÉ=o~Çá~íáçå=açëÉ=

ka^= kÉï=aÉîÉäçéÉÇ=^ääçó=

kcfo= kìÅäÉ~ê=cìÉä=fåÇìëíêó=oÉëÉ~êÅÜ==

kj`= kçÄäÉ=jÉí~ä=`ÜÉãáëíêó==

kj`^= kçÄäÉ=jÉí~ä=`ÜÉãáÅ~ä=^ÇÇáíáçå=

ko`= kìÅäÉ~ê=oÉÖìä~íçêó=`çããáëëáçå=

kppp= kìÅäÉ~ê=píÉ~ã=pìééäó=póëíÉã=

krmb`= krÅäÉ~ê=mçïÉê=båÖáåÉÉêáåÖ=`çêéçê~íáçå=

kt`= kçêã~ä=t~íÉê=`ÜÉãáëíêó=

l`otj= lÑÑáÅÉ=çÑ=`áîáäá~å=o~Çáç~ÅíáîÉ=t~ëíÉ=j~å~ÖÉãÉåí=

la= lìíÉê=aá~ãÉíÉê=

lik`= lå=iáåÉ=kçÄäÉ=`ÜÉã=

m`f= mÉääÉí=`ä~ÇÇáåÖ=fåíÉê~Åíáçå=

m`jf= mÉääÉí=`ä~ÇÇáåÖ=jÉÅÜ~åáÅ~ä=fåíÉê~Åíáçå=

m`q= mÉ~â=`ä~ÇÇáåÖ=qÉãéÉê~íìêÉ=

mcp= mêáî~íÉ=cìÉä=píçê~ÖÉ=

mdm= m~êíáÅäÉ=dêçïíÜ=m~ê~ãÉíÉê=

mfb= mçëíJfêê~Çá~íáçå=bñ~ãáå~íáçåë=

miq= máå=iç~ÇÉÇ=qÉåëáäÉ=

mna= mçëíJnìÉåÅÜ=aìÅíáäáíó=

éou^= m~êíá~ääó=oÉÅêáëí~ääáòÉÇ==

mp``= mêáã~êó=píêÉëë=`çêêçëáçå=`ê~ÅâáåÖ=

mpf= m~ìä=pÅÜêÉêêÉê=fåëíáíìíÉ=

mpr= mÉåå=pí~íÉ=ë~âå~ë=ÇÉí=áåíÉ=Éíí=çêÇ\=

mto= mêÉëëìêáëÉÇ=t~íÉê=oÉ~Åíçê=

mtp``= mêáã~êó=t~íÉê=píêÉëë=`çêêçëáçå=`ê~ÅâáåÖ=

o_jh= oÉ~âíçê=_çäëÜçá=jçòÜåçëíá=h~å~äçî=Eáå=båÖäáëÜ=i~êÖÉ=_çáäáåÖ=t~íÉê=`Ü~ååÉä=íóéÉ=êÉ~ÅíçêF=

of^= oÉ~Åíáîáíó=fåáíá~íÉÇ=^ÅÅáÇÉåí=

ofi= oÉëÉ~êÅÜ=fåÑçêã~íáçå=iÉííÉê=

ou= oÉÅêóëí~ääáëÉÇ=

ou^= oÉÅêóëí~ääáëÉÇ=^ååÉ~äÉÇ==

p``= píêÉëë=`çêêçëáçå=`ê~ÅâáåÖ=

pba= píê~áå=båÉêÖó=aÉåëáíó==

pbj= pÅ~ååáåÖ=bäÉÅíêçå=jáÅêçëÅçéó=

pcml= péÉåí=cìÉä=mêçàÉÅíë=lÑÑáÅÉ=

pmm= pÉÅçåÇ=mÜ~ëÉ=m~êíáÅäÉ=

po^= píêÉëë=oÉäáÉîÉÇ=^ååÉ~äÉÇ=

pom= pí~åÇ~êÇ=oÉîáÉï=mä~å==

pq^o= píÉ~Çó=ëí~íÉ=~åÇ=qê~åëáÉåí=^Åíáîáíó=oÉäÉ~ëÉ=

pqbj= pÅ~ååáåÖ=qê~åëãáëëáçå=bäÉÅíêçå=jáÅêçëÅçéó=

pqm= pí~åÇ~êÇ=qÉãéÉê~íìêÉ=~åÇ=mêÉëëìêÉ=

pqo= péÉÅá~ä=qçéáÅ=oÉéçêí=

q^a= qê~åëéçêí~íáçåI=^ÖáåÖ=~åÇ=aáëéçë~ä=

q`b= qçí~ä=`áêÅìãÑÉêÉåíá~ä=bäçåÖ~íáçå=

qcdo= qê~åëáÉåí=cáëëáçå=d~ë=oÉäÉ~ëÉ=

qjf= qÜêÉÉ=jáäÉ=fëä~åÇ=

qp`= qê~åëéçêí~ÄäÉ=píçê~ÖÉ=`~åáëíÉê=

qpeq= qìÄÉ=pÜÉää=eÉ~í=qêÉ~íÉÇ=

rc`= räíê~ëçåáÅ=cìÉä=`äÉ~åáåÖ=

rpko`= råáíÉÇ=pí~íÉë=kìÅäÉ~ê=oÉÖìä~íçêó=`çããáëëáçå=

t^iq= tÉëíáåÖÜçìëÉ=^Çî~åÅÉÇ=iççé=qÉëíÉê=

sb`= s~ääÉÅáíçë=bãÄÉÇÇÉÇ=`Ü~êéó=

ssbo= sçÇ~=sçÇ~=båÉêÖç=oÉ~Åíçê=Eoìëëá~å=íóéÉ=PWRF=
u^kbp= uJê~ó=^Äëçêéíáçå=kÉ~êJbÇÖÉ=píêìÅíìêÉ=

wfo^q= wfoÅçåáìã=^ääçó=qÉÅÜåçäçÖó=

wfoil= wfoÅçåáìã=içï=lñáÇ~íáçå=
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Unit conversion 

TEMPERATURE  MASS 

°C + 273.15 = K               °C*1.8 +32 = °F  kg lbs 

T(K) T(°C) T(°F)  0.454 1 
273 0 32  1 2.20 

289 16 61    

298 25 77  DISTANCE 

373 100 212  x (µm) x (mils) 

473 200 392  0.6 0.02 

573 300 572  1 0.04 

633 360 680  5 0.20 

673 400 752  10 0.39 

773 500 932  20 0.79 

783 510 950  25 0.98 

793 520 968  25.4 1.00 
823 550 1022  100 3.94 

833 560 1040    

873 600 1112  PRESSURE 

878 605 1121  bar MPa psi 

893 620 1148  1 0.1 14 

923 650 1202  10 1 142 

973 700 1292  70 7 995 

1023 750 1382  70.4 7.04 1000 
1053 780 1436  100 10 1421 

1073 800 1472  130 13 1847 

1136 863 1585  155 15.5 2203 

1143 870 1598  704 70.4 10000 
1173 900 1652  1000 100 14211 

1273 1000 1832     

1343 1070 1958  STRESS INTENSITY FACTOR 

1478 1204 2200  MPa√m ksi√inch 

    0.91 1 

Radioactivity  1 1.10 

1 Sv 
1 Ci 

1 Bq 

= 100 Rem 
= 3.7 x 1010 Bq = 37 GBq 
= 1 s-1 

   

 
=
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OKT cìÉä=êÉä~íÉÇ=êÉÖìä~íçêó=áëëìÉë=çÑ=ÅçåÅÉêå=íç=ìíáäáíáÉë= OJRM 
OKU pìãã~êó= OJRN 
3 Zirconium alloy manufacturing and alloy system 3-1 
4 Mechanical properties (Ron Adamson) 4-1 
QKN fåíêçÇìÅíáçå= QJN 
QKNKN pìãã~êó=Ñêçã=ZIRATNNLIZNAS=Eoçå=^Ç~ãëçåF= QJP 
QKO bÑÑÉÅíë=çÑ=ÜóÇêáÇÉë= QJP 
QKOKN mêÉîáçìë=ïçêâ= QJP 
QKOKO kÉï=ïçêâ= QJU 
QKP bÑÑÉÅíë=çÑ=ëìäéÜìê= QJNO 
QKQ fêê~Çá~íáçå=ÉÑÑÉÅíë=EoF= QJNS 
QKR jÉÅÜ~åáÅ~ä=éêçéÉêíáÉë= QJNV 
QKS jçÇÉääáåÖ=~åÇ=éä~ëíáÅ=ÇÉÑçêã~íáçå= QJOO 
QKT cê~ÅíìêÉ=íçìÖÜåÉëë= QJOU 
QKU eáÖÜ=éÉêÑçêã~åÅÉ=^ääçó=Ñçê=kìÅäÉ~ê=^ééäáÅ~íáçå=EHANAF= QJPN 
QKV pìãã~êó= QJPP 
QKNM píêÉëë=`çêêçëáçå=`ê~ÅâáåÖ=~åÇ=DHC=E_êá~å=`çñF= QJPQ 
QKNMKN mÉääÉí=`ä~ÇÇáåÖ=fåíÉê~Åíáçå=EPCIF= QJPQ 
QKNMKO aÉä~óÉÇ=eóÇêáÇÉ=`ê~ÅâáåÖ=EDHCF= QJPS 
5 Dimension stability 5-1 
6 Corrosion and hydriding 6-1 
SKN wáêÅçåáìã=~ääçó=Åçêêçëáçå=~åÇ=Åê~ÅâáåÖ=E_êá~å=`çñF= SJN 
SKNKN jÉí~ä=~åÇ=çñáÇÉ=ëíêìÅíìêÉë= SJN 
SKNKO wáêÅçåáìã=~ääçó=Åçêêçëáçå=çìíJêÉ~Åíçê= SJN 
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SKNKOKN bÑÑÉÅíë=çÑ=ï~íÉê=ÅÜÉãáëíêó=~ÇÇáíáîÉë= SJN 
SKNKOKO bÑÑÉÅíë=çÑ=åáçÄáìã=~ÇÇáíáçåë=çå=Åçêêçëáçå= SJP 
SKNKP i~Äçê~íçêó=íÉëíë=áå=ëáãìä~íÉÇ=LOCA=ÅçåÇáíáçåë= SJR 
SKNKQ eóÇêçÖÉå=áå=wê=çñáÇÉ=Ñáäãë= SJNO 
SKNKR eóÇêáÇÉ=êÉçêáÉåí~íáçå= SJNP 
SKNKS fêê~Çá~íáçå=ÉÑÑÉÅíë= SJNR 
SKO fåJéáäÉJêÉëìäíë=EcêáÉÇêáÅÜ=d~êò~êçääáF= SJNT 
SKOKN fåJPWR=Åçêêçëáçå= SJNT 
SKOKNKN fåJPWR=Åçêêçëáçå=ãÉÅÜ~åáëã= SJNT 
SKOKNKO fãéêçîÉÇ=wêJ~ääçóë=Ñçê=PWR=ÑìÉä=~ëëÉãÄäáÉë= SJNV 
SKOKNKP fåJPWR=ï~íÉê=ÅÜÉãáëíêó=~ëéÉÅíë=êÉä~íÉÇ=íç=wê=~ääçó=Åçêêçëáçå= SJOO 
SKOKNKQ kÉï=áåÑçêã~íáçå=çå=PWR=ï~íÉê=ÅÜÉãáëíêó=ÉÑÑÉÅíë=çå=wê=~ääçó=Åçêêçëáçå= SJOO 
SKOKNKQKN bÑÑÉÅí=çÑ=wå=~ÇÇáíáçå=çå=PWR=ÑìÉä=êçÇ=Åçêêçëáçå= SJOO 
SKOKNKQKO bÑÑÉÅí=çÑ=ÉäÉî~íÉÇ=Åçåëí~åí=ée=TKPLTKQ=çå=PWR=ÑìÉä=êçÇ=Åçêêçëáçå= SJOT 
SKOKNKQKP bÑÑÉÅí=çÑ=ÉäÉî~íÉÇ=aáëëçäîÉÇ=eóÇêçÖÉå=EDHF=çå=PWR=ÑìÉä=êçÇ=Åçêêçëáçå= SJPO 
SKOKNKQKQ bÑÑÉÅí=çÑ=íáí~åáìã=ÇáçñáÇÉ=áåàÉÅíáçå=çå=Åçêêçëáçå=ÄÉÜ~îáçìê=çÑ=CANDU=ÑìÉä=

êçÇë= SJPO 
SKOKNKR kÉï=áåÑçêã~íáçå=çå=Åçêêçëáçå=çÑ=wêJ~ääçóë=~ééäáÉÇ=Ñçê=PWR=ÑìÉä=~ëëÉãÄäáÉë= SJPP 
SKOKNKRKN `çêêçëáçå=ÄÉÜ~îáçìê=çÑ=jR=áå=PWR= SJPP 
SKOKNKRKO `çêêçëáçå=ÄÉÜ~îáçìê=çÑ=ZIRLO=áå=PWR= SJPT 
SKOKNKRKP `çêêçëáçå=ÄÉÜ~îáçìê=çÑ=MDA=áå=PWR= SJPV 
SKOKNKRKQ `çêêçëáçå=ÄÉÜ~îáçìê=çÑ=bNNM=~åÇ=bSPR=áå=VVERë= SJQM 
SKOKO fåJBWR=Åçêêçëáçå= SJQN 
SKOKOKN fåíêçÇìÅíáçå= SJQN 
SKOKOKO kÉï=áåÑçêã~íáçå=çå=PWR=ï~íÉê=ÅÜÉãáëíêó=ÉÑÑÉÅíë=çå=wê=~ääçó=Åçêêçëáçå= SJQR 
SKOKOKP kÉï=áåÑçêã~íáçå=çå=Åçêêçëáçå=çÑ=wêJ~ääçóë=~ééäáÉÇ=Ñçê=BWR=ÑìÉä=ÉäÉãÉåíë= SJQV 
SKOKOKPKN `çêêçëáçå=ÄÉÜ~îáçìê=çÑ=wêóJO=Åä~ÇÇáåÖë=~í=ÜáÖÜ=Äìêåìé=áå=BWR= SJQV 
SKOKOKPKO `çêêçëáçå=ÄÉÜ~îáçìê=çÑ=ëíêìÅíìê~ä=ÅçãéçåÉåíë=~í=ÜáÖÜ=Äìêåìé=áå=BWR= SJRM 
SKP pìãã~êó=çå=áåJéáäÉ=Åçêêçëáçå= SJSM 
7 Primary failure and secondary degradation – open literature data 

(Peter Rudling) 7-1 
TKN fåíêçÇìÅíáçå= TJN 
TKNKN mêáã~êó=c~áäìêÉë= TJN 
TKNKO pÉÅçåÇ~êó=ÇÉÖê~Ç~íáçå= TJR 
TKO oÉëìäíë=éêÉëÉåíÉÇ=áå=óÉ~ê=OMMTJOMMU= TJR 
TKOKN mêáã~êó=ÑìÉä=Ñ~áäìêÉë=~åÇ=ÇÉÖê~Ç~íáçå= TJR 
TKOKNKN dÉåÉê~ä= TJR 
TKOKNKNKN PWR=~åÇ=BWR= TJR 
TKOKNKNKO CANDU= TJT 
TKOKNKO mêáã~êó=ÇÉÑÉÅí=íóéÉ= TJU 
TKOKNKOKN dêáÇJíçJoçÇ=cêÉííáåÖ= TJU 
TKOKNKOKO j~ëëáîÉ=ÜóÇêáÇáåÖ= TJNS 
TKOKNKOKP PCI=~åÇ=PCMI= TJON 
TKOKNKOKPKN o~ãé=oÉëìäíë= TJON 
TKOKNKOKPKO jçÇÉääáåÖ= TJOP 
TKOKNKOKQ cìÉä=~ëëÉãÄäó=ÄçïáåÖ= TJOV 
TKOKNKP aÉÖê~íáçå=çÑ=Ñ~áäÉÇ=BWR=ÑìÉä= TJPO 
TKOKO jÉíÜçÇë=íç=~ëëÉëë=ÑìÉä=éÉêÑçêã~åÅÉ= TJPS 
TKP pìãã~êó=~åÇ=ÜáÖÜäáÖÜíëJóÉ~ê=OMMTJMU= TJPS 
8 LOCA/RIA 8-1 
9 Fuel performance during intermediate storage (Alfred Strasser) 9-1 
VKN fåíêçÇìÅíáçå= VJN 
VKO cìÉä=éÉêÑçêã~åÅÉ=áëëìÉë= VJQ 
VKP pí~íìë=çÑ=ÑìÉä=êÉä~íÉÇ=êÉÖìä~íçêó=êÉèìáêÉãÉåíë=áå=íÜÉ=rp^= VJS 
VKPKN fåíêçÇìÅíáçå= VJS 
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VKPKO ISG=NI=oÉîK=OI=Ç~ã~ÖÉÇ=ÑìÉä= VJS 
VKPKP ISG=OI=êÉîKMI=ÑìÉä=êÉíêáÉî~Äáäáíó= VJT 
VKPKQ ISG=TI=êÉîKMI=éçíÉåíá~ä=ÖÉåÉêáÅ=áëëìÉ=ÅçåÅÉêåáåÖ=Å~ëâ=ÜÉ~í=íê~åëÑÉê=áå=~=

íê~åëéçêí~íáçå=~ÅÅáÇÉåí= VJT 
VKPKR ISG=UI=oÉîK=OI=Äìêåìé=ÅêÉÇáí= VJT 
VKPKS ISG=VI=êÉîK=NI=ëíçê~ÖÉ=çÑ=ÅçãéçåÉåíë=~ëëçÅá~íÉÇ=ïáíÜ=ÑìÉä=~ëëÉãÄäáÉë= VJU 
VKPKT ISG=NNI=êÉîK=PI=Åä~ÇÇáåÖ=ÅçåëáÇÉê~íáçåë=Ñçê=íÜÉ=íê~åëéçêí~íáçå=~åÇ=ëíçê~ÖÉ=çÑ=

ëéÉåí=ÑìÉä= VJV 
VKPKU ISG=NOI=êÉîK=NI=ÄìÅâäáåÖ=çÑ=áêê~Çá~íÉÇ=ÑìÉä=ìåÇÉê=Äçííçã=ÉåÇ=Çêçé=ÅçåÇáíáçåë= VJNM 
VKPKV ISG=NVI=êÉîKMI=ëìÄÅêáíáÅ~äáíó=êÉèìáêÉãÉåíë=ÇìêáåÖ=~ÅÅáÇÉåíë=P= VJNM 
VKPKNM ISG=OOI=êÉîK=MI=éçíÉåíá~ä=êçÇ=ëéäáííáåÖ=ÇìÉ=íç=ÉñéçëìêÉ=íç=~å=çñáÇáòáåÖ=

~íãçëéÜÉêÉ=ÇìêáåÖ=ëÜçêíJíÉêã=Å~ëâ=äç~ÇáåÖ=çéÉê~íáçåë=áå=LWR=çê=çíÜÉê=
ìê~åáìã=çñáÇÉ=Ä~ëÉÇ=ÑìÉä= VJNN 

VKQ pí~íìë=çÑ=áåíÉêå~íáçå~ä=ÑìÉä=êÉä~íÉÇ=êÉÖìä~íçêó=êÉèìáêÉãÉåíë= VJNN 
VKQKN fåíêçÇìÅíáçå= VJNN 
VKQKO `çãé~êáëçå=çÑ=áåíÉêå~íáçå~ä=ÅêáíÉêá~= VJNO 
VKR `ä~ÇÇáåÖ=íÉãéÉê~íìêÉ=~åÇ=ëíêÉëë=äáãáíë= VJNQ 
VKRKN fåíêçÇìÅíáçå= VJNQ 
VKRKO aÉÅ~ó=ÜÉ~í=~åÇ=Åä~ÇÇáåÖ=íÉãéÉê~íìêÉë= VJNQ 
VKRKP bÑÑÉÅíë=çÑ=ëíêÉëë=äÉîÉäë=~åÇ=ÜóÇêáÇÉ=êÉJçêáÉåí~íáçå= VJNV 
VKRKQ bÑÑÉÅí=çÑ=ÅêÉÉé= VJOR 
VKS cìÉä=éÉêÑçêã~åÅÉ=ÇìêáåÖ=Çêó=ëíçê~ÖÉ= VJOS 
VKSKN aÉÑÉÅíáîÉ=ÑìÉä=êçÇ=ÄÉÜ~îáçìê= VJOS 
VKSKO PWR=~ëëÉãÄäáÉë=ïáíÜ=íçé=åçòòäÉ=ÅçååÉÅíáçå=Åê~ÅâáåÖ= VJOT 
VKT `êáíáÅ~äáíó=ÅçåëáÇÉê~íáçåë= VJOU 
VKTKN _ìêåìé=ÅêÉÇáí= VJOU 
VKU e~åÇäáåÖ=~åÇ=íê~åëéçêí~íáçå=~ÅÅáÇÉåíë= VJPO 
VKUKN pçìêÅÉ=íÉêã=ÇÉÑáåáíáçå= VJPO 
VKUKO bÑÑÉÅí=çÑ=~ÅÅáÇÉåíë=çå=ÑìÉä=êçÇë= VJPQ 
VKUKP bÑÑÉÅí=çÑ=ÑáêÉ=~ÅÅáÇÉåíë= VJPS 
VKV `~ëâ=ÇÉëáÖå=ÑÉ~íìêÉë= VJPU 
VKVKN fåíêçÇìÅíáçå= VJPU 
VKVKO `~ëâ=íÜÉêã~ä=Å~é~ÅáíáÉë= VJPV 
VKVKP kÉï=Å~ëâ=ÇÉëáÖå=ÑÉ~íìêÉë= VJQN 
VKVKPKN TAD=Å~åáëíÉê=ëóëíÉã= VJQN 
VKVKPKO eliqb`=áåíÉêå~íáçå~ä= VJQP 
VKVKPKP qê~åëåìÅäÉ~ê=E^obs^F= VJQQ 
VKVKPKQ k^`=áåíÉêå~íáçå~ä= VJQS 
VKVKPKR jáíëìÄáëÜá=eÉ~îó=fåÇìëíêáÉë=EMHIF= VJQT 
VKNM `çåÅäìëáçåë= VJQU 
10 Potential burnup limitations 10-1 
NMKN fåíêçÇìÅíáçå= NMJN 
NMKO `çêêçëáçå=~åÇ=ãÉÅÜ~åáÅ~ä=éêçéÉêíáÉë=êÉä~íÉÇ=íç=çñáÇÉ=íÜáÅâåÉëë=~åÇ=e=éáÅâìé= NMJN 
NMKP aáãÉåëáçå~ä=ëí~Äáäáíó= NMJO 
NMKQ PCI=áå=BWRë=~åÇ=PWRë= NMJP 
NMKR LOCA= NMJQ 
NMKS RIA= NMJR 
NMKT RB=ÉåêáÅÜãÉåí=äáãáíë=áå=Ñ~ÄêáÅ~íáçå=éä~åíëI=íê~åëéçêí=~åÇ=êÉ~Åíçê=ëáíÉë= NMJR 
NMKU aêó=ëíçê~ÖÉ= NMJR 
11 References 11-1 

=
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1 Introduction (Peter Rudling) 

qÜÉ=çÄàÉÅíáîÉ=çÑ=íÜÉ=^ååì~ä=oÉîáÉï=çÑ=wáêÅçåáìã=^ääçó=qÉÅÜåçäçÖó=~åÇ=fåÑçêã~íáçå=çå=

wáêÅçåáìã=^ääçóë=EwfoÅçåáìã=^ääçó=qÉÅÜåçäçÖó=EZIRATF/fåÑçêã~íáçå=çå=wáêÅçåáìã=^ääçóë=
(IZNAFF=áë=íç=êÉîáÉï=~åÇ=Éî~äì~íÉ=íÜÉ=ä~íÉëí=ÇÉîÉäçéãÉåíë=áå=òáêÅçåáìã=~ääçó=íÉÅÜåçäçÖó=~ë=íÜÉó=

~ééäó=íç=åìÅäÉ~ê=ÑìÉä=ÇÉëáÖå=~åÇ=éÉêÑçêã~åÅÉK==

qÜÉ=çÄàÉÅíáîÉ=áë=ãÉí=íÜêçìÖÜ=~=êÉîáÉï=~åÇ=Éî~äì~íáçå=çÑ=íÜÉ=ãçëí=êÉÅÉåí=Ç~í~=çå=òáêÅçåáìã=

~ääçóë=~åÇ=íç=áÇÉåíáÑó=íÜÉ=ãçëí=áãéçêí~åí=åÉï=áåÑçêã~íáçå=~åÇ=ÇáëÅìëë=áíë=ëáÖåáÑáÅ~åÅÉ=áå=êÉä~íáçå=

íç=ÑìÉä=éÉêÑçêã~åÅÉ=åçï=~åÇ=áå=íÜÉ=ÑìíìêÉK=fåÅäìÇÉÇ=áå=íÜÉ=êÉîáÉï=~êÉ=íçéáÅë=çå=ã~íÉêá~äë=êÉëÉ~êÅÜ=

~åÇ=ÇÉîÉäçéãÉåíI=Ñ~ÄêáÅ~íáçåI=ÅçãéçåÉåí=ÇÉëáÖåI=~åÇ=áåJêÉ~Åíçê=éÉêÑçêã~åÅÉK==

táíÜáå=íÜÉ=ZIRATNPLIZNAU=mêçÖê~ãI=íÜÉ=ÑçääçïáåÖ=íÉÅÜåáÅ~ä=ãÉÉíáåÖë=ïÉêÉ=ÅçîÉêÉÇW=

• fåíÉêå~íáçå~ä=`çåÑÉêÉåÅÉ=çå=kìÅäÉ~ê=cìÉäI=jçåíéÉääáÉêI=cê~åÅÉI=j~ó=NVJOPI=OMMUK=

• g~ÜêÉëí~ÖìåÖ=hÉêåíÉÅÜåáâI=e~ãÄìêÖI=j~ó=OTJOVI=OMMUK=

• ríáäáíó=ÅçåÑÉêÉåÅÉI=rp^I=OMMU=Ñçê=ZIRAT13=çåäóK=
• fåíÉêå~íáçå~ä=`çåÑÉêÉåÅÉ=çå=t~íÉê=`ÜÉãáëíêó=çÑ=kìÅäÉ~ê=oÉ~Åíçê=póëíÉãëI=_ÉêäáåI=dÉêã~åóI=

pÉéíÉãÄÉê=NRJNUI=OMMUK=

• t~íÉê=oÉ~Åíçê=cìÉä=mÉêÑçêã~åÅÉ=jÉÉíáåÖI=pÉçìäJhçêÉ~I=lÅíçÄÉê=NVJOOI=OMMUK=

qÜÉ=ÉñíÉåëáîÉI=Åçåíáåìçìë=Ñäçï=çÑ=àçìêå~ä=éìÄäáÅ~íáçåë=áë=ÄÉáåÖ=ãçåáíçêÉÇ=Äó=ëÉîÉê~ä=äáíÉê~íìêÉ=

ëÉ~êÅÜÉë=çÑ=ïçêäÇJïáÇÉ=éìÄäáÅ~íáçåë=~åÇ=íÜÉ=áãéçêí~åí=é~éÉêë=~êÉ=ëìãã~êáëÉÇ=~åÇ=ÅêáíáÅ~ääó=

Éî~äì~íÉÇK=qÜáë=áåÅäìÇÉë=íÜÉ=ÑçääçïáåÖ=àçìêå~äëW=

• gçìêå~ä=çÑ=kìÅäÉ~ê=j~íÉêá~äëI==

• kìÅäÉ~ê=båÖáåÉÉêáåÖ=~åÇ=aÉëáÖåI=

• hÉêåíÉÅÜåáâI=

• jÉí~ääìêÖáÅ~ä=~åÇ=j~íÉêá~äë=qê~åë~Åíáçåë=^I=

• gçìêå~ä=çÑ=^ääçóë=~åÇ=`çãéçìåÇëI=

• `~å~Çá~å=jÉí~ääìêÖáÅ~ä=nì~êíÉêäóI=

• gçìêå~ä=ÇÉ=mÜóëáèìÉ=fsI=

• gçìêå~ä=çÑ=kìÅäÉ~ê=pÅáÉåÅÉ=~åÇ=qÉÅÜåçäçÖóI=

• kìÅäÉ~ê=pÅáÉåÅÉ=C=båÖáåÉÉêáåÖI=

• kìÅäÉ~ê=qÉÅÜåçäçÖóK=

qÜÉ=éêáã~êó=áëëìÉë=~ÇÇêÉëëÉÇ=áå=íÜÉ=êÉîáÉï=~åÇ=íÜáë=êÉéçêí=áë=òáêÅçåáìã=~ääçó=êÉëÉ~êÅÜ=~åÇ=

ÇÉîÉäçéãÉåíI=Ñ~ÄêáÅ~íáçåI=ÅçãéçåÉåí=ÇÉëáÖåI=ÉñJ=~åÇ=áåJêÉ~Åíçê=éÉêÑçêã~åÅÉ=áåÅäìÇáåÖW=

• oÉÖìä~íçêó=ÄçÇáÉë=~åÇ=ìíáäáíó=éÉêëéÉÅíáîÉë=êÉä~íÉÇ=íç=ÑìÉä=éÉêÑçêã~åÅÉ=áëëìÉëI=ÑìÉä=îÉåÇçê=

ÇÉîÉäçéãÉåíë=çÑ=åÉï=ÑìÉä=ÇÉëáÖå=íç=ãÉÉí=íÜÉ=ÑìÉä=éÉêÑçêã~åÅÉ=áëëìÉëK=

• c~ÄêáÅ~íáçå=~åÇ=èì~äáíó=Åçåíêçä=çÑ=òáêÅçåáìã=ã~åìÑ~ÅíìêáåÖI=òáêÅçåáìã=~ääçó=ëóëíÉãëK=

• jÉÅÜ~åáÅ~ä=éêçéÉêíáÉë=~åÇ=íÜÉáê=íÉëí=ãÉíÜçÇë=EíÜ~í=~êÉ=åçí=ÅçîÉêÉÇ=áå=~åó=çíÜÉê=ëÉÅíáçå=áå=

íÜÉ=êÉéçêíFK=

• aáãÉåëáçå~ä=ëí~Äáäáíó=EÖêçïíÜ=~åÇ=ÅêÉÉéFK=

• mêáã~êó=Åççä~åí=ÅÜÉãáëíêó=~åÇ=áíë=ÉÑÑÉÅí=çå=òáêÅçåáìã=~ääçó=ÅçãéçåÉåí=éÉêÑçêã~åÅÉK=

• `çêêçëáçå=~åÇ=ÜóÇêáÇáåÖ=ãÉÅÜ~åáëãë=~åÇ=éÉêÑçêã~åÅÉ=çÑ=ÅçããÉêÅá~ä=~ääçóëK=

• `ä~ÇÇáåÖ=éêáã~êó=Ñ~áäìêÉëK=

• mçëíJÑ~áäìêÉ=ÇÉÖê~Ç~íáçå=çÑ=Ñ~áäÉÇ=ÑìÉäK=

• `ä~ÇÇáåÖ=éÉêÑçêã~åÅÉ=áå=éçëíìä~íÉÇ=~ÅÅáÇÉåíë=Eiçëë=çÑ=`ççä~åí=^ÅÅáÇÉåí=ELOCAFI=oÉ~Åíáîáíó=
fåáíá~íÉÇ=^ÅÅáÇÉåí=ERIAFFK=

• aêó=ëíçê~ÖÉK=

• mçíÉåíá~ä=Äìêåìé=äáãáí~íáçåëK=

• `ìêêÉåí=ìåÅÉêí~áåíáÉë=~åÇ=áëëìÉë=åÉÉÇáåÖ=ëçäìíáçå=~êÉ=áÇÉåíáÑáÉÇ=íÜêçìÖÜçìí=íÜÉ=êÉéçêíK=
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_~ÅâÖêçìåÇ=Ç~í~=Ñêçã=éêáçê=éÉêáçÇë=Ü~îÉ=ÄÉÉå=áåÅäìÇÉÇ=ïÜÉêÉîÉê=åÉÉÇÉÇK=qÜÉ=Ç~í~=éìÄäáëÜÉÇ=áå=

íÜáë=oÉéçêí=áë=çåäó=Ñêçã=åçåJéêçéêáÉí~êó=ëçìêÅÉëX=ÜçïÉîÉêI=íÜÉáê=Åçãéáä~íáçåI=Éî~äì~íáçåëI=~åÇ=

ÅçåÅäìëáçåë=áå=íÜÉ=êÉéçêí=~êÉ=éêçéêáÉí~êó=íç=ANT=fåíÉêå~íáçå~ä=~åÇ=ZIRAT/IZNA=ãÉãÄÉêë=~ë=

åçíÉÇ=çå=íÜÉ=íáíäÉ=é~ÖÉK=

qÜÉ=~ìíÜçêë=çÑ=íÜÉ=êÉéçêí=~êÉ=aêK=oçå=^Ç~ãëçåI=_êá~å=`çñI=mêçÑÉëëçê=bãáêáíìëI=råáîÉêëáíó=çÑ=

qçêçåíçX=jêK=^ä=píê~ëëÉêI=mêÉëáÇÉåí=çÑ=^èì~êáìë=~åÇI=jêK=mÉíÉê=oìÇäáåÖI=mêÉëáÇÉåí=çÑ=ANT=
fåíÉêå~íáçå~äI=~åÇ=jêK=cêáÉÇêáÅÜ=d~êò~êçääáK=

qÜÉ=ïçêâ=êÉéçêíÉÇ=ÜÉêÉáå=ïáää=ÄÉ=éêÉëÉåíÉÇ=áå=íÜêÉÉ=pÉãáå~êëW=çåÉ=áå=`äÉ~êï~íÉê=_É~ÅÜI=

cäçêáÇ~I=çå=cÉÄêì~êó=PJ=cÉÄêì~êó=RI=OMMV=çåÉ=áå=aêÉëÇÉåI=dÉêã~åó=çå=j~êÅÜ=NSJNUI=OMMV=~åÇ=

çåÉ=áå=g~é~å=áå=OMMVK=

qÜÉ=qÉêã=çÑ=ZIRATNPLIZNAU=ëí~êíÉÇ=çå=cÉÄêì~êó=NI=OMMU=~åÇ=ÉåÇë=çå=j~êÅÜ=PNI=OMMVK
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2 Burnup achievements and fuel performance 
issues (Alfred Strasser) 

2.1 Trends in fuel operating conditions 

2.1.1 General trends 

qÜÉ=áåÅÉåíáîÉ=Ñçê=íÜÉ=ÅçåíáåìÉÇ=áãéêçîÉãÉåíë=áå=çéÉê~íáåÖ=ÉÅçåçãáÅë=~åÇ=êÉäá~ÄäÉ=ÑìÉä=

éÉêÑçêã~åÅÉ=Ü~ë=êÉëìäíÉÇ=áå=ëáÖåáÑáÅ~åí=~Çî~åÅÉë=áå=ã~íÉêá~äë=íÉÅÜåçäçÖóI=ëçÑíï~êÉ=Ñçê=ãçÇÉääáåÖ=

ÑìÉä=éÉêÑçêã~åÅÉ=~åÇ=ëçéÜáëíáÅ~íÉÇ=áåëíêìãÉåí~íáçå=~åÇ=ãÉíÜçÇë=Ñçê=éçëíJáêê~Çá~íáçå=

Éñ~ãáå~íáçåëK=qÜÉëÉ=~Çî~åÅÉë=Ü~îÉ=ÄÉÉå=ìëÉÇ=íç=áåÅêÉ~ëÉ=íÜÉ=ÇÉã~åÇë=çå=ÑìÉä=éÉêÑçêã~åÅÉ=äÉîÉäë=

~åÇ=íç=éìí=éêÉëëìêÉ=çå=íÜÉ=êÉÖìä~íçêó=ÄçÇáÉë=íç=äáÅÉåëÉ=çéÉê~íáçåë=íç=áåÅêÉ~ëÉÇ=Äìêåìé=äÉîÉäëK=qÜÉ=

íóéÉë=çÑ=ÅÜ~åÖÉë=áå=iáÖÜí=t~íÉê=oÉ~Åíçê=ELWRF=çéÉê~íáåÖ=ãÉíÜçÇë=íç=~ÅÜáÉîÉ=áãéêçîÉÇ=ë~ÑÉíó=
~åÇ=ÉÅçåçãáÅë=Ü~îÉ=åçí=ÅÜ~åÖÉÇ=áå=íÜÉ=é~ëí=óÉ~ê=~åÇ=ëíáää=áåÅäìÇÉW=

• ^ååì~ä=ÑìÉä=ÅóÅäÉë=ÉñíÉåÇÉÇ=íç=NU=~åÇ=OQ=ãçåíÜëK=

• aáëÅÜ~êÖÉ=Äìêåìéë=áåÅêÉ~ëÉÇ=Ñêçã=ãáÇJPM=íç=RU=dtaLjq=Ä~íÅÜ=~îÉê~ÖÉ=ÉñéçëìêÉë=Äó=

ÜáÖÜÉê=ÉåêáÅÜãÉåíëI=áåÅêÉ~ëÉÇ=åìãÄÉê=çÑ=Äìêå~ÄäÉ=~ÄëçêÄÉêë=áå=íÜÉ=~ëëÉãÄäáÉë=~åÇ=áå=

mêÉëëìêáëÉÇ=t~íÉê=oÉ~Åíçê=EPWRëF=ÜáÖÜÉê=iá=~åÇ=_=äÉîÉäë=áå=íÜÉ=Åççä~åíK=
• mä~åí=éçïÉê=ìéê~íÉë=íÜ~í=ê~åÖÉ=Ñêçã=R=íç=OMBK=

• jçêÉ=~ÖÖêÉëëáîÉ=ÑìÉä=ã~å~ÖÉãÉåí=ãÉíÜçÇë=ïáíÜ=áåÅêÉ~ëÉÇ=ÉåêáÅÜãÉåí=äÉîÉäë=~åÇ=éÉ~âáåÖ=

Ñ~ÅíçêëK=

• oÉÇìÅÉÇ=~Åíáîáíó=íê~åëéçêí=Äó=wå=áåàÉÅíáçå=áåíç=íÜÉ=Åççä~åíK=

• fãéêçîÉÇ=ï~íÉê=ÅÜÉãáëíêó=Åçåíêçäë=~åÇ=áåÅêÉ~ëÉÇ=ãçåáíçêáåÖK=

• `çãéçåÉåí=äáÑÉ=ÉñíÉåëáçå=ïáíÜ=HWC=~åÇ=kçÄäÉ=jÉí~ä=`ÜÉãáëíêó=ENMCF=áå=_çáäáåÖ=t~íÉê=

oÉ~Åíçê=EBWRëFK=

2.1.2 Fuel cycle lengths 

qÜÉ=íêÉåÇ=Ñçê=áåÅêÉ~ëÉÇ=ÑìÉä=ÅóÅäÉ=äÉåÖíÜë=Ü~ë=ÅçãÉ=íç=~=åÉ~ê=“ÉèìáäáÄêáìãÒ=áå=íÜÉ=rp=ïáíÜ=PWRë=
çéÉê~íáåÖ=~í=~å=~îÉê~ÖÉ=çÑ=RMM=bÑÑÉÅíáîÉ=cìää=mçïÉê=a~óë=EEFFPDF=éÉê=ÅóÅäÉ=~åÇ=BWRë=~å=
~îÉê~ÖÉ=çÑ=SOM=EFFPD=éÉê=ÅóÅäÉK=kÉ~êäó=~ää=íÜÉ=rp=BWRë=~êÉ=íêÉåÇáåÖ=íçï~êÇ=OQ=ãçåíÜ=ÅóÅäÉëK=
qÜÉ=çäÇÉêI=äçïÉê=éçïÉê=ÇÉåëáíó=PWRë=Ü~îÉ=áãéäÉãÉåíÉÇ=íÜÉ=OQ=ãçåíÜ=ÅóÅäÉëI=Äìí=ÑìÉä=
ã~å~ÖÉãÉåí=äáãáí~íáçåëI=ëéÉÅáÑáÅ~ääó=êÉäç~Ç=Ä~íÅÜ=ëáòÉë=êÉèìáêÉÇI=Ü~îÉ=äáãáíÉÇ=áãéäÉãÉåí~íáçå=çÑ=

OQ=ãçåíÜ=ÅóÅäÉë=áå=íÜÉ=ÜáÖÜ=éçïÉê=ÇÉåëáíó=éä~åíëK=qÜÉ=ÉÅçåçãáÅë=çÑ=OQ=ãçåíÜ=ÅóÅäÉë=íÉåÇ=íç=

ÄÉÅçãÉ=éä~åí=ëéÉÅáÑáÅ=ëáåÅÉ=íÜÉó=ÇÉéÉåÇ=çå=íÜÉ=Ä~ä~åÅÉ=çÑ=~=î~êáÉíó=çÑ=éä~åí=ëéÉÅáÑáÅ=é~ê~ãÉíÉêëK=

qÜÉ=éçíÉåíá~ä=ÉÅçåçãáÅ=Ö~áåë=Ñçê=ÅóÅäÉ=ÉñíÉåëáçå=Ü~îÉ=ÇÉÅêÉ~ëÉÇ=áå=íÜÉ=rp=ëáåÅÉ=íÜÉ=ÇçïåíáãÉë=Ñçê=

êÉäç~ÇáåÖ=~åÇ=ã~áåíÉå~åÅÉ=éêçÅÉÇìêÉë=Ü~îÉ=ÄÉÉå=ëáÖåáÑáÅ~åíäó=êÉÇìÅÉÇK=

líÜÉê=ÅçìåíêáÉë=íÜ~í=ÜáëíçêáÅ~ääó=Ü~îÉ=Ü~Ç=çåäó=çåÉ=éÉ~â=éçïÉê=ÇÉã~åÇ=éÉê=óÉ~ê=áå=íÜÉ=ïáåíÉê=

Åçãé~êÉÇ=íç=íÜÉ=íïç=ëìããÉê=~åÇ=ïáåíÉê=éçïÉê=éÉ~âë=áå=íÜÉ=rp=~êÉ=~äëç=íêÉåÇáåÖ=íçï~êÇ=äçåÖÉê=

ÅóÅäÉë=~ë=~=êÉëìäí=çÑ=ÅÜ~åÖÉë=áå=ÉÅçåçãáÅëI=ã~áåíÉå~åÅÉ=éê~ÅíáÅÉë=~åÇ=äáÅÉåëáåÖ=éêçÅÉÇìêÉëK=PWRë=
~êÉ=íêÉåÇáåÖ=íçï~êÇ=NU=ãçåíÜ=ÅóÅäÉë=áå=cê~åÅÉI=íÜÉ=rh=EpáòÉïÉää=_F=~åÇ=dÉêã~åóK=g~é~å=áë=

éä~ååáåÖ=íç=áåÅêÉ~ëÉ=ÅóÅäÉ=äÉåÖíÜë=áå=ëÉîÉê~ä=ëíÉéëI=Ñáêëí=íç=NR=ãçåíÜë=ïÜáÅÜ=ÇçÉë=åçí=êÉèìáêÉ=êÉJ

äáÅÉåëáåÖI=íÜÉå=íç=NU=~åÇ=OQ=ãçåíÜë=ïÜáÅÜ=ïáää=êÉèìáêÉ=êÉJäáÅÉåëáåÖK==
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2.1.3 Burnup extension 

qÜÉ=ã~àçê=áåÅÉåíáîÉ=Ñçê=ÉñíÉåÇÉÇ=Äìêåìéë=áë=íÜÉ=éçíÉåíá~ääó=áãéêçîÉÇ=ÑìÉä=ÅóÅäÉ=ÉÅçåçãáÅëI=

~äíÜçìÖÜ=çíÜÉê=áåÅÉåíáîÉë=ãáÖÜí=ÉñáëíK=qÜÉ=áãéêçîÉÇ=ÉÅçåçãáÅë=ÇÉéÉåÇ=áå=é~êí=çå=íÜÉ=ÇÉÅêÉ~ëÉÇ=

~ãçìåí=çÑ=ëéÉåí=ÑìÉä=~ëëÉãÄäáÉë=íç=ÄÉ=éìêÅÜ~ëÉÇ=~åÇ=Ü~åÇäÉÇK=qÜáë=áë=Ä~ä~åÅÉÇ=Äó=íÜÉ=áåÅêÉ~ëÉÇ=

~ãçìåí=çÑ=ìê~åáìã=~åÇ=ÉåêáÅÜãÉåí=ëÉêîáÅÉë=êÉèìáêÉÇ=qÜÉ=ÉÅçåçãáÅë=çÑ=ÇÉÅêÉ~ëÉÇ=~ëëÉãÄäáÉë=

ÅçìäÇ=ÄÉ=áãé~ÅíÉÇ=Äó=íÜÉ=ãìÅÜ=äçåÖÉê=ÅççäáåÖ=íáãÉë=êÉèìáêÉÇ=áå=ëéÉåí=ÑìÉä=éççäë=éêáçê=íç=çåJëáíÉ=

Çêó=ëíçê~ÖÉ=çê=íê~åëéçêí=íç=~=ëíçê~ÖÉ=Ñ~Åáäáíó=~ë=åçíÉÇ=ä~íÉêK=

qÜÉ=~îÉê~ÖÉ=Ä~íÅÜ=Äìêåìéë=áå=rp=PWRë=~êÉ=ÖÉåÉê~ääó=áå=íÜÉ=ê~åÖÉ=çÑ=QRJRQ=dtaLjq=~åÇ=áå=

rp=BWRë=áå=íÜÉ=ê~åÖÉ=çÑ=QRJRM=dtaLjqK=

pçãÉ=bìêçéÉ~å=éä~åíë=çéÉê~íÉÇ=áå=íÜÉ=RMJRU=dtaLjq=Ä~íÅÜ=Äìêåìé=ê~åÖÉ=~åÇ=Ü~îÉ=ÇÉëáÖåÉÇ=

íç=Öç=íç=SO=dtaLjq=áå=íÜÉáê=ÅìêêÉåí=ÅóÅäÉë=áå=ÄçíÜ=PWRë=~åÇ=BWRëK=qÜáë=áë=ÑÉ~ëáÄäÉI=áå=é~êíI=
ÇìÉ=íç=íÜÉáê=ÖêÉ~íÉê=ã~êÖáå=íç=êÉÖìä~íçêó=äáãáíëK=qÜÉ=ã~ñáãìã=Äìêåìé=iÉ~Ç=rëÉ=^ëëÉãÄäáÉë=

ELUAëF=~êÉ=áå=íÜÉ=ê~åÖÉ=çÑ=ST=Ó=TR=dtaLjq=Ñçê=ÄçíÜ=êÉ~Åíçê=íóéÉëK=

qÜÉ=sçÇ~=sçÇ~=båÉêÖç=oÉ~Åíçê=EVVERJQQMF=ÑìÉä=áë=ìé=íç=RT=dtaLjq=~ëëÉãÄäó=Äìêåìé=ïáíÜ=

éä~åë=íç=ÖÉí=íç=SR=dtaLjqK=qÜÉ=VVERJNMMM=ÑìÉä=áë=ìé=íç=RR=dtaLjq=~ëëÉãÄäó=Äìêåìé=ïáíÜ=

éä~åë=íç=Öç=íç=SU=dtaLjqI=jçäÅÜ~åçî=Éí=~äKI=OMMTK=oçÇ=Äìêåìéë=çÑ=TP=dtaLjq=Äìêåìé=Ü~îÉ=

ÄÉÉå=~ÅÜáÉîÉÇ=áå=ÄçíÜ=VVERJQQM=~åÇ=VVERJNMMM=ÑìÉäI=j~êâçî=Éí=~äKI=OMMUK=

qÜÉ=g~é~åÉëÉ=~êÉ=éä~ååáåÖ=íç=ê~áëÉ=ÅìêêÉåí=BWR=QR=dtaLjq=Ä~íÅÜ=~îÉê~ÖÉ=Äìêåìé=íç=

RM=dtaLjq=ïáíÜçìí=ÉñÅÉÉÇáåÖ=íÜÉ=RR=dtaLjq=éÉ~â=~ëëÉãÄäó=Äìêåìé=êÉÖìä~íçêó=äáãáí=Ñçê=VñV=

“píÉé=OÒ=ÑìÉäI=fí~Ö~âá=C=jìê~í~I=OMMTK=qÜáë=ïáää=ÄÉ=ÇçåÉ=áå=ÅçåàìåÅíáçå=ïáíÜ=ÅóÅäÉ=ÉñíÉåëáçå=

Ñêçã=íÜÉáê=ÅìêêÉåí=NP=ãçåíÜ=íç=ÑìíìêÉ=NS=çê=NV=ãçåíÜ=ÅóÅäÉëK=qÜÉ=PWR=~ëëÉãÄäó=Äìêåìéë=ïáää=
~äëç=ÄÉ=ê~áëÉÇ=íç=RR=dtaLjq=Ñçê=~ää=êçÇ=~êê~óëK=^=éÉ~â=êçÇ=Äìêåìé=çÑ=TP=dtaLjq=Ü~ë=ÄÉÉå=

êÉ~ÅÜÉÇ=Äó=~=ÑìÉä=êçÇ=ïáíÜ=jáíëìÄáëÜá=aÉîÉäçéÉÇ=^ääçó=EMDAF=~ääçó=Åä~ÇÇáåÖI=t~í~å~ÄÉ=Éí=~äKI=OMMUK=

qÜÉ=Äìêåìéë=~êÉ=ÅìêêÉåíäó=äáãáíÉÇ=Äó=íÜÉ=êÉÖìä~íçêó=~ÖÉåÅáÉë=ãçêÉ=íÜ~å=Äó=íÉÅÜåáÅ~ä=äáãáí~íáçåëI=

ÉñÅÉéí=Ñçê=LUAë=~åÇ=êçÇëK=pçãÉ=çÑ=íÜÉ=ÅìêêÉåí=êÉÖìä~íçêó=äáãáíë=~êÉ=ëìãã~êáòÉÇ=áå=q~ÄäÉ=OJNK=

Table 2-1: Regulatory burnup limits in GWD/MT. 

USA 62.5 peak rod Korea 60 peak rod 

Belgium 55 UO2 asssembly Netherlands 60 peak rod 

 50 MOX assembly Sweden 60 assembly 

Finland 45 assembly  64 rod 

France 52 assembly Switzerland 75 peak pellet 

Germany 65 assembly Taiwan 60 peak rod (PWR) 

Japan 55 UO2 assembly  54 peak assembly (BWR) 

 (66 peak rod) UK 55 peak pellet 

 45 MOX assembly   
=

bÅçåçãáÅ=~å~äóëÉë=êÉéçêíÉÇ=áå=é~ëí=ZIRAT=êÉéçêíë=áåÇáÅ~íÉÇ=íÜ~í=ÉÅçåçãáÅ=áåÅÉåíáîÉë=Ñçê=ÉñíÉåÇáåÖ=
Äìêåìéë=ÄÉóçåÇ=íÜÉ=SMJTM=dtaLjq=Ä~íÅÜ=~îÉê~ÖÉ=ê~åÖÉ=ïáää=Çáë~ééÉ~ê=~åÇ=íÜ~í=çíÜÉê=áåÅÉåíáîÉë=

ïáää=ÄÉ=åÉÉÇÉÇ=íç=Öç=ÄÉóçåÇ=íÜáë=äÉîÉäK=qÜÉ=ÄáÖÖÉëí=ÄäçÅâ=íç=áåÅêÉ~ëáåÖ=Äìêåìé=áë=íÜÉ=ÉëëÉåíá~ääó=

ìåáîÉêë~ä=êÉÖìä~íçêó=äáãáí=çå=RKMMB=áåáíá~ä=ìê~åáìã=ÉåêáÅÜãÉåíK=^å~äóëÉë=êÉéçêíÉÇ=áå=

ZIRATNNLIZNAS=Ñçê=î~êáçìë=êÉ~ÅíçêëI=áåÅäìÇáåÖ=PWRë=~åÇ=BWRëI=ëÜçïÉÇ=íÜ~í=~=RB=ÉåêáÅÜãÉåí=

ïáää=éêçîáÇÉ=ìé=íç=RR=dtaLjq=áå=~=VVER=~åÇ=~Äçìí=SP=dtaLjq=áå=~=dÉåÉê~ä=bäÉÅíêáÅ=EGEF=
BWR=assembly ~îÉê~ÖÉ=ÄìêåìéK=^Çî~åÅÉÇI=ëçéÜáëíáÅ~íÉÇ=ÑìÉä=ã~å~ÖÉãÉåí=ãÉíÜçÇë=Å~å=éêçÄ~Ääó=
ê~áëÉ=íÜáë=ÅäçëÉ=íç=TM=dtaLjqI=Äìí=~êÉ=ìåäáâÉäó=íç=ÉñÅÉÉÇ=íÜáë=äÉîÉäK=qÜÉ=Åçëí=çÑ=ÉèìáééáåÖ=~åÇ=

äáÅÉåëáåÖ=íÜÉ=áåÇìëíêó=íç=Ü~åÇäÉ=ÉåêáÅÜãÉåíë=ÖêÉ~íÉê=íÜ~å=RB=ïçìäÇ=ÄÉ=îÉêó=ÖêÉ~í=~åÇ=íáãÉ=

ÅçåëìãáåÖX=~åÇ=Ñçê=íÜ~í=êÉ~ëçå=ëìÅÜ=~=ãçîÉ=áë=åçí=ÄÉáåÖ=ÅçåëáÇÉêÉÇ=Ñçê=íÜÉ=ÑçêÉëÉÉ~ÄäÉ=ÑìíìêÉK==



A N N U A L  R E P O R T  -  2 0 0 8  

Copyright © Advanced Nuclear Technology International Europe AB, ANT International, 2008.  

OJPEOJROF=

2.1.4 Power uprates 

qÜÉ=éçïÉê=çÑ=íÜÉ=ã~àçêáíó=çÑ=íÜÉ=çéÉê~íáåÖ=éä~åíë=Ü~ë=ÄÉÉå=ìéê~íÉÇI=íÜÉ=ã~ñáãìã=ÄÉáåÖ=OMBK=

tÜáäÉ=íÜÉ=ÑìÉä=éÉêÑçêã~åÅÉ=äáãáíë=êÉã~áå=íÜÉ=ë~ãÉ=Ñçê=íÜÉ=ìéê~íÉÇ=ÅçåÇáíáçåëI=íÜÉ=åìãÄÉê=çÑ=ÑìÉä=

~ëëÉãÄäáÉë=çéÉê~íáåÖ=~í=ÜáÖÜÉê=éçïÉê=ÅÜ~åÖÉ=~åÇ=íÜÉ=ã~êÖáå=íç=íÜÉ=äáãáíë=ãáÖÜí=ÄÉ=êÉÇìÅÉÇK=qÜÉ=

ÉÑÑÉÅí=çÑ=ÜáÖÜÉê=Ñäçï=ê~íÉë=çå=ÜóÇê~ìäáÅ=~åÇ=ï~íÉê=ÅÜÉãáëíêó=ÉÑÑÉÅíë=çå=íÜÉ=áåíÉê~Åíáçå=ïáíÜ=íÜÉ=ÑìÉä=

ãìëí=~äëç=ÄÉ=ÅçåëáÇÉêÉÇK=qÜÉëÉ=ÅÜ~åÖÉë=Ü~îÉ=åçí=~ÑÑÉÅíÉÇ=íÜÉ=Ñ~áäìêÉ=ê~íÉ=çê=~éé~êÉåíäó=íÜÉ=ÑìÉä=

éÉêÑçêã~åÅÉX=ÜçïÉîÉêI=áí=ÇçÉë=áåÅêÉ~ëÉ=íÜÉ=ëí~íáëíáÅ~ä=éêçÄ~Äáäáíó=çÑ=áåÅêÉ~ëáåÖ=éçïÉê=~åÇ=Äìêåìé=

êÉä~íÉÇ=Ñ~Åíçêë=çå=íÜÉ=ÑìÉä=éÉêÑçêã~åÅÉK=

qÜÉ=ãçëí=êÉÅÉåí=éçïÉê=ìéê~íÉë=áå=íÜÉ=rp=~êÉW=
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Figure 2-1: ECP monitoring points in a typical BWR primary coolant circuit, Wang et al., 2007. 
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Figure 2-2: Variations in ECP as a function of [H2]FW at four selected locations of a BWR with operating power levels ranging 
from 100% to 120% of the rated power, Wang et al., 2007. 
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åçí=ÇáêÉÅíäó=~ééäáÅ~ÄäÉ=íç=~åçíÜÉê=ëóëíÉãK=Nevertheless it would be prudent to re-analyze the 
potential effectiveness of the HWC level when contemplating a plant uprate. 

2.1.5 Water chemistry 
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Conmanche Peak 
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çéÉê~íáåÖ=ïáíÜ=wfoÅçåáìã=içï=lñáÇ~íáçå=EZIRLOF=Åä~Ç=ÑìÉäW=

= `óÅäÉ= iá=EééãF= ée= a~óë=[PKR=ééã=iá=

= T= YR= TKP= SS=

= U= YS= TKQ= PPQ=

= V= YS= TKQ= QSU=

=

qÜÉ=ÅóÅäÉë=ïÉêÉ=NU=ãçåíÜë=äçåÖ=~åÇ=íÜÉ=ÑìÉä=~ÅÅìãìä~íÉÇ=QOJRM=dtaLjq=~ëëÉãÄäó=Äìêåìé=~ÑíÉê=

P=ÅóÅäÉëK=qÜÉ=CPSES=N=ìåáí=çéÉê~íÉÇ=~í=YPKR=ééã=iá=~åÇ=ée=çÑ=TKNJTKO=~ë=~=êÉÑÉêÉåÅÉ=éä~åíK=

oÉëìäíë=Ñêçã=íÜÉ=Ñáêëí=íïç=ÅóÅäÉë=ïÉêÉ=êÉéçêíÉÇ=áå=ZIRATNNLIZNAS=~åÇ=íÜÉ=êÉëìäíë=Ñêçã=íÜÉ=íÜáêÇ=
ÅóÅäÉ=E`óÅäÉ=VF=ïÉêÉ=êÉéçêíÉÇ=áå=ZIRATNOLIZNATK=qÜÉ=ãçëí=êÉÅÉåí=êÉéçêí=EpíÉîÉåëI=OMMUF=
éêçîáÇÉë=~ää=íÜÉ=êÉëìäíë=~åÇ=áë=ëìãã~êáòÉÇ=ÜÉêÉK=

^=íçí~ä=çÑ=U=~ëëÉãÄäáÉë=ïÉêÉ=Éñ~ãáåÉÇ=Ñêçã=råáí=O=~åÇ=U=Ñêçã=råáí=NK=qÜÉ=~ëëÉãÄäáÉë=

çéÉê~íÉÇ=ïáíÜ=åìÅäÉ~íÉ=ÄçáäáåÖ=~åÇ=íÜÉáê=íÜÉêã~ä=Çìíó=áë=ëìãã~êáòÉÇ=Ñçê=íÜÉ=råáí=O=ÑìÉä=êçÇë=

Éñ~ãáåÉÇI=q~ÄäÉ=OJOK=kç=äçÅ~äáòÉÇ=çê=~ÅÅÉäÉê~íÉÇ=Åçêêçëáçå=çê=çñáÇÉ=ëé~ääáåÖ=ïÉêÉ=çÄëÉêîÉÇ=

ÇìêáåÖ=íÜÉ=ÜáÖÜ=îáëì~ä=ã~ÖåáÑáÅ~íáçå=Éñ~ãáå~íáçåK=kç=îáëì~ä=ÇáÑÑÉêÉåÅÉë=ïÉêÉ=çÄëÉêîÉÇ=ÄÉíïÉÉå=

íÜÉ=ÑìÉä=Ñêçã=råáí=O=~åÇ=íÜÉ=råáí=N=ÑìÉä=íÜ~í=çéÉê~íÉÇ=ïáíÜ=ëí~åÇ~êÇ=iá=ÅçåíÉåíK=

Table 2-2: Fuel duty parameters in Comanche Peak Unit 2, Stevens, 2008. 

 HDCI Max steam rate 
kg/hr-m2 

Integrated boiling 1E09 
kg 

Max core boiling area 
m2 

U2C6 156 2494 3.5 324 

U2C7 152 2191 2.0 242 

U2C8 155 3035 2.2 207 

U2C9 154 2474 3.1 248 
=

^å=áåÅêÉ~ëáåÖ=íêÉåÇ=áå=äçÅ~äáòÉÇ=CRUD=ÇÉéçëáíë=ï~ë=çÄëÉêîÉÇ=çå=råáí=O=ÑìÉä=Ñêçã=`óÅäÉ=S=íç=U=

ïÜáÅÜ=éÉ~âÉÇ=áå=`óÅäÉ=U=~åÇ=ÇÉÅêÉ~ëÉÇ=áå=`óÅäÉ=VK=qÜÉ=î~êá~íáçåë=áå=CRUD=äÉîÉäë=Å~å=åçí=ÄÉ=

~ííêáÄìíÉÇ=íç=íÜÉ=ée=~äçåÉI=ëáåÅÉ=íÜÉêÉ=ïÉêÉ=ÅÜ~åÖÉë=áå=ÑìÉä=Çìíó=~åÇ=ÄçáäáåÖ=ÅçåÇáíáçåë=íÜ~í=ÅçìäÇ=

Ü~îÉ=ÅçåíêáÄìíÉÇ=íç=íÜÉ=î~êá~ÄáäáíóK=lñáÇÉ=ãÉ~ëìêÉãÉåíë=~êÉ=ëÜçïå=áå=cáÖìêÉ=OJP=~ë=~=ÑìåÅíáçå=çÑ=

Äìêåìé=íÜ~í=ê~åÖÉ=ìé=íç=SM=μI=çÄëÉêîÉÇ=çå=íÜÉ=ìééÉê=ëé~å=çÑ=ëçãÉ=çÑ=íÜÉ=êçÇëK=^=Åçãé~êáëçå=çÑ=
~ñá~ä=çñáÇÉ=ãÉ~ëìêÉãÉåíë=çå=O=ÅóÅäÉ=êçÇë=Ñêçã=råáí=N=~åÇ=råáí=O=~êÉ=ëÜçïå=çå=cáÖìêÉ=OJQK=qÜÉ=

ëäáÖÜíäó=ÜáÖÜÉê=çñáÇÉ=äÉîÉäë=áå=råáí=O=~êÉ=ÄÉäáÉîÉÇ=íç=ÄÉ=ÇìÉ=íç=ÜáÖÜÉê=ÑìÉä=Çìíó=~åÇ=ëçãÉ=

ãÉí~ääìêÖáÅ~ä=ÇáÑÑÉêÉåÅÉë=áå=íÜÉ=Åä~ÇÇáåÖ=~ääçóK=^=Å~ìíáçå~êó=åçíÉ=Äó=íÜÉ=~ìíÜçê=ëí~íÉë=íÜ~í=íÜÉ=

çñáÇÉ=ãÉ~ëìêÉãÉåíë=áåÅäìÇÉ=ÄçíÜ=~=CRUD=~åÇ=çñáÇÉ=ÅçãéçåÉåí=~åÇ=~êÉ=åçí=ëÉé~ê~íÉÇ=Äó=íÜÉ=

ãÉ~ëìêÉãÉåí=íÉÅÜåáèìÉK==

Based on these results the utility has considered 7.4 pH operation fully qualified and adopted 
this operation to both their units. Unit 1 is in its 3rd high Li cycle and Unit 2 in its fourth cycle. 
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Figure 2-3: Oxide measurement results on ZIRLO in high Li program, Stevens, 2008. 

 

Figure 2-4: Comparison of oxide measurements on two cycle fuel rods from Comanche Peak Units 1 & 2. 
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Ringhals 
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Figure 2-5: Elevated pH/Li-program in Ringhals PWRs 1983-2008, Bengtsson et al., 2008. 



A N N U A L  R E P O R T  -  2 0 0 8  

Copyright © Advanced Nuclear Technology International Europe AB, ANT International, 2008.  

OJVEOJROF=

^ää=íÜêÉÉ=råáíë=~êÉ=ÅìêêÉåíäó=çéÉê~íáåÖ=ïáíÜ=jR=ÑìÉä=Åä~ÇÇáåÖ=~åÇ=“çñáÇÉ=íÜáÅâåÉëë=ãÉ~ëìêÉãÉåíë=

Ü~îÉ=~ää=ÄÉÉå=ïáíÜáå=íÜÉ=îÉåÇçê=ÉñéÉêáÉåÅÉ=Ç~í~=Ä~ëÉÒK=råÑçêíìå~íÉäó=åç=Ç~í~=~êÉ=ÖáîÉå=áå=íÜÉ=

éìÄäáÅ~íáçåK=kç=êÉä~íÉÇ=Åä~ÇÇáåÖ=äÉ~â~ÖÉë=Ü~îÉ=çÅÅìêêÉÇK==

CRUD=ÇÉéçëáíë=çå=íÜÉ=ÑìÉä=Ü~îÉ=ÄÉÉå=R=íç=NM=íáãÉë=äçïÉê=áå=råáíë=O=~åÇ=P=íÜ~å=råáí=Q=

çéÉê~íáåÖ=~í=~=Åçåëí~åí=TKOR=éeX=ÜçïÉîÉêI=íÜáë=áë=éêáã~êáäó=ÇìÉ=íç=íÜÉ=äçïÉê=Åçêêçëáçå=çÑ=íÜÉ=^ääçó=

SVM=ëíÉ~ã=ÖÉåÉê~íçê=íìÄÉë=áå=råáíë=O=~åÇ=PI=~äíÜçìÖÜ=íÜÉ=ÜáÖÜÉê=ée=çéÉê~íáçå=ã~ó=éä~ó=~=êçäÉ=áå=

íÜáëK=^ë=~=êÉëìäí=íÜÉ=ká=ÇÉéçëáíë=çå=íÜÉ=ÑìÉä=Ü~îÉ=ÄÉÉå=êÉÇìÅÉÇ=íç=NMMJOMM=Öê~ãë=Ñêçã=OJP=âÖ=áå=

råáíë=O=~åÇ=PK=

qÜÉ=
RU

`ç=ÅçåÅÉåíê~íáçå=ï~ë=êÉÇìÅÉÇ=èìáíÉ=ëáÖåáÑáÅ~åíäó=áå=råáí=PI=Äó=åÉ~êäó=~=Ñ~Åíçê=çÑ=PMI=íç=

RMJNMM=_èLâÖ=ÇìêáåÖ=åçêã~ä=çéÉê~íáçåI=~=äÉîÉä=ÄÉäçï=ÉîÉå=íÜ~í=çÑ=råáí=Q=ïáíÜ=^ääçó=SMM=íìÄÉëK=

pçãÉI=Äìí=åçí=åÉ~êäó=ëáãáä~ê=êÉÇìÅíáçå=ï~ë=çÄëÉêîÉÇ=áå=råáí=OK=pçãÉ=çÑ=íÜÉëÉ=ÇáÑÑÉêÉåÅÉë=~êÉ=

ÄÉäáÉîÉÇ=Äó=íÜÉ=~ìíÜçêë=íç=ÄÉ=ÇìÉ=íç=íÜÉ=éççê=êÉäá~Äáäáíó=çÑ=íÜÉ=Üçí=äÉÖ=Åççä~åí=ë~ãéäáåÖK=

OKNKRKO wáåÅ=fåàÉÅíáçå=

låÉ=çÑ=íÜÉ=ëìÅÅÉëëÑìä=áååçî~íáçåë=áå=çéÉê~íáåÖ=ãÉíÜçÇë=Ü~ë=ÄÉÉå=òáåÅ=EwåF=áåàÉÅíáçå=áåíç=íÜÉ=

Åççä~åí=íç=êÉÇìÅÉ=~Åíáîáíó=íê~åëéçêí=ïáíÜáå=íÜÉ=éêáã~êó=Åççä~åí=ëóëíÉãë=çÑ=ÄçíÜ=PWRë=~åÇ=BWRëI=
ïáíÜçìí=ëáÖåáÑáÅ~åíäó=~ÑÑÉÅíáåÖ=Åä~ÇÇáåÖ=ÅçêêçëáçåI=ÄÉ=áí=wáêÅ~äçóJQI=ZIRLO=çê=jRK=qÜÉ=éêÉëÉåÅÉ=

çÑ=wåI=ÜçïÉîÉêI=éêçãçíÉë=íÜÉ=ÇÉéçëáí=çÑ=~=wå=Åçåí~áåáåÖ=ëéáåÉä=çå=íÜÉ=Åä~ÇÇáåÖ=éêçÄ~Ääó=áå=íÜÉ=

Ñçêã=çÑ=ká
ñ
wå

ó
cÉ

ò
l

Q
I=ÉëéÉÅá~ääó=áÑ=ëìÑÑáÅáÉåí=cÉ=áë=éêÉëÉåíK=tÜáäÉ=íÜÉëÉ=CRUD=ÇÉéçëáíë=Ü~îÉ=åçí=

ÄÉÉå=çÄëÉêîÉÇ=íç=~ÑÑÉÅí=Åçêêçëáçå=çÑ=íÜÉ=Åä~ÇÇáåÖI=íÜÉó=~êÉ=ëìëéÉÅíÉÇ=çÑ=éêçãçíáåÖ=Äçêçå=ÇÉéçëáíë=

íÜ~í=Å~å=êÉëìäí=áå=^ñá~ä=lÑÑëÉí=^åçã~äáÉë=EAOAëF=~äëç=Å~ääÉÇ=CRUD=fåÇìÅÉÇ=mçïÉê=pÜáÑíë=ECIPSëF=
áå=éä~åíë=ïáíÜ=ëìÄÅççäÉÇ=åìÅäÉ~íÉ=ÄçáäáåÖK=^=âÉó=èìÉëíáçå=Ü~ë=íÜÉêÉÑçêÉ=ÄÉÉå=íÜÉ=ÉÑÑÉÅí=çÑ=wå=

áåàÉÅíáçå=çå=ÅçêÉë=ïáíÜ=åìÅäÉ~íÉ=ÄçáäáåÖ=~åÇ=íÜÉ=ÉñéÉêáÉåÅÉ=çÑ=ëìÅÜ=ÜáÖÜ=Çìíó=éä~åíë=ïáíÜ=êÉÅÉåíäó=

~ééäáÉÇ=wå=áåàÉÅíáçåK=kÉ~êäó=~ää=íÜÉ=BWRë=Ü~îÉ=~ééäáÉÇ=wå=áåàÉÅíáçåK=
^=íçí~ä=çÑ=QR=PWRë=~êÉ=~ééäóáåÖ=wå=áåàÉÅíáçå=ïçêäÇïáÇÉ=ENTB=çÑ=~ää=PWRëF=~åÇ=OM=

~ÇÇáíáçå~ä=éä~åíë=~êÉ=áå=íÜÉ=éêçÅÉëë=çÑ=ëí~êíáåÖ=íç=áãéäÉãÉåí=wå=áåàÉÅíáçåK=qÜÉ=áåÅêÉ~ëÉ=áå=wå=

áåàÉÅíáçå=~ééäáÅ~íáçå=çîÉê=íÜÉ=é~ëí=óÉ~êë=áë=ëÜçïå=çå=cáÖìêÉ=OJSE~FK=qÜÉ=ã~àçêáíó=çÑ=íÜÉëÉ=éä~åíëI=

UOBI=~êÉ=ìëáåÖ=íÜÉ=éêçÅÉëë=Ñçê=ÇçëÉ=êÉÇìÅíáçå=~åÇ=íÜÉ=êÉëí=Ñçê=ãáíáÖ~íáçå=çÑ=píêÉëë=`çêêçëáçå=

`ê~ÅâáåÖ=ESCCFI=AOAë=çê=CIPSëI=mÉêâáåë=Éí=~äKI=OMMUK=^ää=çÑ=íÜÉ=ÅìêêÉåíäó=ìëÉÇ=PWR=Åä~ÇÇáåÖ=
~ääçóë=Ü~îÉ=ÄÉÉå=ÉñéçëÉÇ=íç=wå=áåàÉÅíáçå=ïáíÜ=ë~íáëÑ~Åíçêó=êÉëìäíëK=ZIRLO=Ü~ë=Ü~Ç=íÜÉ=ãçëí=

ÉñéçëìêÉ=~í=[RRMM=wå=ééÄ=Ó=ãçåíÜë=~åÇ=wáêÅ~äçóJQ=~åÇ=jR=~í=[PRM=wå=ééÄ=Ó=ãçåíÜëI=

cáÖìêÉ=OJSEÄFK=

 

Figure 2-6(a): Zinc injection industry trends, Perkins et al., 2008. 
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Figure 2-6(b): Zinc exposure by fuel cladding type, Perkins et al., 2008. 
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Table 2-3: Loop operating parameters, Byers et al., 2008. 

Parameter Value 

Heated power 7.7 kW 

Heated rod current 630 amps 

Heated rod length 0.29 m 

Heat flux 900 kW/m2 (90 W/cm2) 

Pressure 15.5 MPa (2250 psia) 

Flow velocity 4 m/s 

Heater rod OD 9.5 mm 

Inlet temperature 329 to 332°C 

Rod material ZIRLOTM 

Boron concentration 1000 ppm 

Lithium concentration 2.2 ppm 

Hydrogen concentration 40 cc/kg H2O 
=

qÜÉ=éìÄäáÅ~íáçå=áë=äáãáíÉÇ=íç=êÉéçêíáåÖ=íÜÉ=êÉëìäíë=çÑ=çåÉ=íÉëí=ïáíÜ=íÜÉ=ã~ñáãìã=~ãçìåíI=SM=ééÄ=

wå=áåàÉÅíáçå=ëìÄëÉèìÉåí=íç=íÜÉ=ÇÉéçëáíáçå=çÑ=íÜÉ=~êíáÑáÅá~ä=CRUDK=qÜÉ=Åä~Ç=ID=íÉãéÉê~íìêÉ=

áåÅêÉ~ëÉÇ=~Äêìéíäó=Ñêçã=íÜÉ=çêáÖáå~ä=PTNø`=~ÑíÉê=É~ÅÜ=CRUD=~ÇÇáíáçå=ìåíáä=áí=äÉîÉääÉÇ=çÑÑ=~í=

PUPø`K=qïç=Üçìêë=~ÑíÉê=íÜÉ=wå=áåàÉÅíáçå=íÜÉ=íÉãéÉê~íìêÉ=ëí~êíÉÇ=íç=áåÅêÉ~ëÉ=~Ö~áå=~åÇ=äÉîÉääÉÇ=çÑÑ=

~í=PVOø`=áåÇáÅ~íáåÖ=íÜ~í=íÜÉ=wå=~ÇÇáíáçå=êÉëìäíÉÇ=áå=~=íÜÉêã~ä=êÉëáëí~åÅÉ=Äó=ëçãÉ=ãÉ~åëK==

pÅ~ååáåÖ=bäÉÅíêçå=jáÅêçëÅçéó=ESEMF=~å~äóëÉë=ëÜçïÉÇ=íÜÉ=ëíêìÅíìêÉ=çÑ=íÜÉ=CRUDI=RM=μ=íÜáÅâI=
áåÇáÅ~íÉÇ=ïáÅâ=ÄçáäáåÖ=ÅÜáãåÉóë=ïáíÜ=~=ïÜáíÉ=ã~íÉêá~ä=åÉ~ê=íÜÉ=Äçííçã=çÑ=íÜÉ=ÅÜáãåÉóëI=

ëìÄëÉèìÉåíäó=áÇÉåíáÑáÉÇ=~ë=~=òáåÅ=çñáÇÉ=EwålF=êáÅÜ=éÜ~ëÉK=qÜÉ=wå=êáÅÜ=Åêóëí~äë=ÖêÉï=áå=ÑáÄêçìë=

ÄìåÇäÉëI=É~ÅÜ=~Äçìí=NM=μ=äçåÖ=~åÇ=N=μ=áå=ïáÇíÜ=~åÇ=éêÉÅáéáí~íÉÇ=áå=íÜÉ=ÅÜáãåÉóë=ïÜÉêÉ=íÜÉ=wå=
ï~ë=ÅçåÅÉåíê~íÉÇI=cáÖìêÉ=OJTK=oÉÅÉåí=ãÉ~ëìêÉãÉåíë=ÇÉíÉêãáåÉÇ=íÜ~í=íÜÉ=ëçäìÄáäáíó=äáãáí=çÑ=wål=áå=

ï~íÉê=~í=íÜÉ=êçÇ=ëìêÑ~ÅÉ=íÉãéÉê~íìêÉë=áë=~Äçìí=OMM=ééãI=ëç=íÜ~í=íÜáë=ÉñéÉêáãÉåí=ïçìäÇ=áåÇáÅ~íÉ=~=

ÅçåÅÉåíê~íáçå=Ñ~Åíçê=çÑ=~Äçìí=PKPK=
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EDS analysis of deposit 

 Elemental concentration (wt%, no oxygen) 

 Al Si Ca Fe Ni Cu Zn Zr 

Image Average 2.7 0.1 0.8 45.4 17.0 13.5 20.4 0.2 

Point 1 2.4 0.0 1.7 21.8 8.3 8.8 57.0 0.0 

Figure 2-7: CRUD deposit post 60ppb Zn injection in EY-reactor loop, Byers et al., 2008. 
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Zircaloy-4 
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Figure 2-8: Measurement of fuel oxide thickness at Bugey 2 with zinc injection compared with data from 900 MWe units 
without zinc injection, Tigeras et al., 2008(b). 
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Figure 2-9: Peak measured fuel rod oxide thickness as a function of burnup for Diablo Canyon unit 2 cycles 13 and 14 and 
Diablo Canyon unit 1 cycle 11 against overall ZIRLOTM database, Iyer et al., 2008. 
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Figure 2-10: Vandellos 2 ZIRLO maximum oxide thickness vs. rod average burnup, Sánchez et al., 2008. 

 

Figure 2-11: Asco 2 ZIRLO maximum oxide thickness vs. rod average burnup, Sánchez et al., 2008. 
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Figure 2-12: CRUD composition after Zn injection cycle 15 in Vandellos 2, Sánchez et al., 2008. 
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Figure 2-12(b) Oxide thickness after Zn injection cycles in Sequoyah 2 (in black) compared to peak rod oxide thickness without 
Zn injection (grey) for M5 cladding, Guillermier et al., 2008. 
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ÇìÉ=íç=íÜÉ=éêÉëÉåÅÉ=çÑ=mí=ï~ë=ÅçåÑáêãÉÇ=Ñçê=ãçëí=çÑ=íÜÉ=ÅçãÄáå~íáçåë=çÑ=mí=äç~ÇáåÖ=~åÇ=ÜóÇêçÖÉå=

ÅçåíÉåíë=áå=ãçëí=Å~ëÉë=~ë=ÉñÉãéäáÑáÉÇ=áå=cáÖìêÉ=OJNPK=eçïÉîÉêI=~=ÇÉÅêÉ~ëÉ=áå=çñáÇ~íáçå=ê~íÉ=ï~ë=

ÑçìåÇ=Ñçê=ëçãÉ=ÅçãÄáå~íáçåëI=ëìÅÜ=~ë=áå=íÜÉ=áåáíá~ä=Üçìêë=çÑ=íÜÉ=íÉëí=ïáíÜ=R=μÖmíLÅãO

=~åÇ=QMM=ééã=

ÜóÇêçÖÉåK=qÜáë=äÉÇ=íç=~=ëÉ~êÅÜ=Ñçê=íÜÉ=ÅêáíáÅ~ä=ÅçãÄáå~íáçå=íÜ~í=ïáää=ÉåÜ~åÅÉ=çñáÇ~íáçå=êÉëáëí~åÅÉK=

^å=Éñ~ãéäÉ=çÑ=íÜáë=áë=ëÜçïå=áå=cáÖìêÉ=OJNQ=ïÜáÅÜ=äÉÇ=íÜÉ=~ìíÜçêë=íç=ÅçåÅäìÇÉ=íÜ~í=íÜÉ=ÅêáíáÅ~ä=mí=

ÅçîÉê~ÖÉ=Ñçê=wê=ïáíÜ=OMM=ééã=ÜóÇêçÖÉå=áë=~Äçìí=Q=μÖLÅãO

K=While such islands of beneficial effect 
of Pt on oxidation resistance may exist, there is no practical way to control the hydrogen content 
and Pt deposit levels in practice. 

 

Figure 2-13: Influence of Pt surface coverage (18 µg Pt cm-2) on the oxidation of peroxidised (1 µm oxide thickness) 
Zr (<5 wt ppm H) in 1 atm air at 400ºC, Anghel et al., 2008. 

 

Figure 2-14: Pt influence on the oxide growth on Zr with 200 wt ppm H in 1 atm air at 400ºC, Anghel et al., 2008. 
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3 Zirconium alloy manufacturing and alloy 
system 

qÜÉêÉ=ïÉêÉ=äáãáíÉÇ=åìãÄÉê=çÑ=êÉëìäíë=êÉä~íÉÇ=íç=òáêÅçåáìã=~ääçó=ã~åìÑ~ÅíìêáåÖ=~åÇ=~ääçó=ëóëíÉã=

éìÄäáëÜÉÇ=áå=íÜÉ=é~ëí=íïÉäîÉ=ãçåíÜëK=qÜáë=íçéáÅ=ïáää=ÄÉ=ÅçîÉêÉÇ=áå=ÖêÉ~íÉê=ÇÉéíÜ=áå=íÜÉ=

ZIRATNQLIZNAV=^ååì~ä=oÉéçêí=EARFK=
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4 Mechanical properties (Ron Adamson) 

4.1 Introduction 

qÜÉ=ãÉÅÜ~åáÅ~ä=éêçéÉêíáÉë=çÑ=ÉëëÉåíá~ääó=íïç=ÇáÑÑÉêÉåí=ÅçãéçåÉåíë=~êÉ=åçêã~ääó=íêÉ~íÉÇ=áå=íÜáë=

ëÉÅíáçåK=cáêëíI=íÜÉ=LWR ÑìÉä=~ëëÉãÄäó=~åÇI=ëÉÅçåÇI=íÜÉ=Pressure tubes}=áå=`~å~Çá~å=aÉìíÉêáìã=
rê~åáìã=ECANDUF êÉ~ÅíçêëK=qÜÉ=ÇáÑÑÉêÉåÅÉ=ÄÉíïÉÉå=íÜÉëÉ=íïç=ÅçãéçåÉåíë=áë=íÜ~í=íÜÉ=ÑìÉä=áë=
êÉäç~ÇÉÇ=~ÑíÉê=ëçãÉ=íáãÉ=áåJêÉ~Åíçê=ïÜáäÉ=íÜÉ=Pressure tube áë=~=é~êí=çÑ=íÜÉ=êÉ~Åíçê=ÇÉëáÖå=~åÇ=
ãìëí=ÅçåëÉèìÉåíäó=éÉêÑçêã=ë~íáëÑ~Åíçêáäó=ÇìêáåÖ=íÜÉ=äáÑÉíáãÉ=çÑ=íÜÉ=êÉ~ÅíçêK=

aÉä~óÉÇ=eóÇêáÇÉ=`ê~ÅâáåÖ=EDHCFI=áë=~=Ñ~áäìêÉ=ãÉÅÜ~åáëã=íÜ~í=ã~ó=äáãáí=íÜÉ=äáÑÉíáãÉ=çÑ=
CANDU=~åÇ=oÉ~âíçê=_çäëÜçá=jçòÜåçëíá=h~å~äçî=ERBMKF=éêÉëëìêÉ=íìÄÉëI=~åÇ=íÜáë=ãÉÅÜ~åáëã=áë=
íÜÉêÉÑçêÉ=íêÉ~íÉÇ=áå=íÜÉ=éêÉëëìêÉ=íìÄÉ=ëÉÅíáçåK=DHC=áë=~=Ñê~ÅíìêÉ=ãÉÅÜ~åáëã=íÜ~í=ã~ó=êÉëìäí=áå=
éêÉëëìêÉ=íìÄÉ=Ñ~áäìêÉë=~ë=ïÉää=~ë=ÇÉÖê~Ç~íáçå=çÑ=Ñ~áäÉÇ=LWR ÑìÉäK=^=ÄÉííÉê=ìåÇÉêëí~åÇáåÖ=çÑ=íÜÉ=
êÉä~íáçå=çÑ=íÜÉ=DHC ãÉÅÜ~åáëã=íç=íÜÉ=ã~íÉêá~ä=éêçéÉêíáÉë=ã~ó=ÉKÖK=~ëëáëí=íÜÉ=ÑìÉä=îÉåÇçêë=íç=
ÇÉîÉäçé=éêçÇìÅíë=ïáíÜ=ÉåÜ~åÅÉÇ=êÉëáëí~åÅÉ=íçï~êÇë=DHCK=

få=~=CANDU=êÉ~Åíçê=íÜÉ=ÅçäÇJïçêâÉÇ=wêJOKRkÄ=éêÉëëìêÉ=íìÄÉë=çéÉê~íÉ=~í=íÉãéÉê~íìêÉë=ÄÉíïÉÉå=

~Äçìí=ORM=~åÇ=PNMø`=~åÇ=~í=Åççä~åí=éêÉëëìêÉë=çÑ=~Äçìí=NM=jm~=ÅçêêÉëéçåÇáåÖ=íç=Üççé=ëíêÉëëÉë=çÑ=

~Äçìí=NPM=jm~K=qÜÉ=ã~ñáãìã=Ñäìñ=çÑ=Ñ~ëí=åÉìíêçåë=Ñêçã=íÜÉ=ÑìÉä=áë=~Äçìí=Q=NM
NT

=å=ã
JO

ë
JN

K=

qÜÉ=éêÉëëìêÉ=íìÄÉë=ìëÉÇ=áå=~=CANDU=êÉ~Åíçê=~êÉ=ã~ÇÉ=Ñêçã=wêJOKRkÄK=qÜÉ=íìÄÉë=~êÉ=

ÉñíêìÇÉÇ=~í=UNRø`=CW=OTB=~åÇ=ëíêÉëë=êÉäáÉîÉÇ=~í=QMMø`=Ñçê=OQ=ÜçìêëI=êÉëìäíáåÖ=áå=~=ëíêìÅíìêÉ=

ÅçåëáëíáåÖ=çÑ=ÉäçåÖ~íÉÇ=Öê~áåë=çÑ=eÉñ~Öçå~ä=`äçëÉJm~ÅâÉÇ=EHCPF ά-wêI=é~êíá~ääó=ëìêêçìåÇÉÇ=Äó=~=
íÜáå=åÉíïçêâ=çÑ=Ñáä~ãÉåíë=çÑ=ÄçÇóJÅÉåíÉêÉÇJÅìÄáÅ=βJwêK=qÜÉëÉ=βJwê=Ñáä~ãÉåíë=~êÉ=ãÉí~ëí~ÄäÉ=~åÇ=
áåáíá~ääó=Åçåí~áå=~Äçìí=OMB=kÄK=qÜÉ=ëíêÉëëJêÉäáÉÑ=íêÉ~íãÉåí=êÉëìäíë=áå=é~êíá~ä=ÇÉÅçãéçëáíáçå=çÑ=íÜÉ=

βJwê=Ñáä~ãÉåíë=ïáíÜ=íÜÉ=Ñçêã~íáçå=çÑ=ÜÉñ~Öçå~äJÅäçëÉJé~ÅâÉÇ=ωJéÜ~ëÉ=é~êíáÅäÉë=íÜ~í=~êÉ=äçï=áå=
kÄI=ëìêêçìåÇÉÇ=Äó=~å=kÄJÉåêáÅÜÉÇ=βJwê=ã~íêáñK=qÜÉ=ÜÅé ά-wê=Öê~áåë=~êÉ=çêáÉåíÉÇ=ïáíÜ=íÜÉáê=
ìåáèìÉ=ÅJ~ñÉë=~äáÖåÉÇ=áå=íÜÉ=ê~Çá~äJíê~åëîÉêëÉ=éä~åÉI=ãçëíäó=íáäíÉÇ=íçï~êÇë=íÜÉ=íê~åëîÉêëÉ=ÇáêÉÅíáçåK==

qÜÉ=ãÉÅÜ~åáÅ~ä=éêçéÉêíáÉë=çÑ=íÜÉ=LWR ÑìÉä=~ëëÉãÄäó=áë=ÅêìÅá~ä=Ñçê=áíë=ë~íáëÑ~Åíçêó=éÉêÑçêã~åÅÉ=
áåJêÉ~ÅíçêK=Standard Review Plan, SRPI=ëÉÅíáçå=QKOI=äáëíë=ÇáÑÑÉêÉåí=ãÉÅÜ~åáÅ~ä=Ñ~áäìêÉ=ãçÇÉë=çÑ=íÜÉ=
LWR ÑìÉä=ÅçãéçåÉåíë=~åÇ=~äëç=íÜÉ=ÅçêêÉëéçåÇáåÖ=ÇÉëáÖå=ÅêáíÉêáçå=íç=ÉåëìêÉ=íÜ~í=íÜÉ=ÑìÉä=
~ëëÉãÄäó=ÄÉÜ~îáçìê=áë=ë~íáëÑ~ÅíçêóK=qÜÉëÉ=ÇÉëáÖå=ÅêáíÉêá~=~êÉ=ëÉí=íç=ÉåëìêÉ=íÜ~íW=

• qÜÉ=ÑìÉä=~ëëÉãÄäó=ïáää=åçí=Ñ~áä=ÇìêáåÖ=åçêã~ä=çéÉê~íáçå=EÅä~ëë=fF=~åÇ=^åíáÅáé~íÉÇ=léÉê~íáçå~ä=

lÅÅìêêÉåÅÉë=EAOOF=EÅä~ëë=ffFK=Failing áå=íÜáë=ëÉåëÉ=Ü~ë=~=Äêç~ÇÉê=ãÉ~åáåÖI=å~ãÉäó=íÜ~í=íÜÉ=
ÑìÉä=êçÇ=ã~ó=åçí=ÄÉ=ÄêÉ~ÅÜÉÇ=~åÇ=íÜ~í=íÜÉ=ÇáãÉåëáçå~ä=ÅÜ~åÖÉë=çÑ=íÜÉ=~ëëÉãÄäó=ÇìêáåÖ=

áêê~Çá~íáçå=ãìëí=ÄÉ=äáãáíÉÇK=qÜÉ=ä~ííÉê=êÉèìáêÉãÉåí=áë=íç=ÉåëìêÉ=íÜ~í=Åçåíêçä=êçÇë=Å~å=ÄÉ=

áåëÉêíÉÇ=~åÇ=íÜ~í=íÜÉ=ÑìÉä=Å~å=ÄÉ=Ü~åÇäÉÇ=ÇìêáåÖ=ëÜìíÇçïåK=^äëç=íÜÉ=BWR ÑìÉä=çìíÉê=ÅÜ~ååÉä=
Åêçëë=ëÉÅíáçå=ãìëí=åçí=Ü~îÉ=áåÅêÉ~ëÉÇ=íç=ëìÅÜ=~å=ÉñíÉåí=íÜ~í=áí=áë=áãéçëëáÄäÉ=íç=é~ëë=áí=

íÜêçìÖÜ=íÜÉ=ìééÉê=ÅçêÉ=ÖêáÇ=ÇìêáåÖ=êÉäç~ÇáåÖK=

• qÜÉ=ÑìÉä=êÉã~áåë=Åççä~ÄäÉ=ÇìêáåÖ=~å=~ÅÅáÇÉåí=EÅä~ëë=fff=~åÇ=fsFK=`ä~ëë=fs=ÇÉëáÖå=Ä~ëáë=

~ÅÅáÇÉåíë=~êÉ=LOCA, RIA ~åÇ=É~êíÜèì~âÉK=aìêáåÖ=Åä~ëë=fff=~åÇ=fs=ëáíì~íáçåë=äáãáíÉÇ=ÑìÉä=
Ñ~áäìêÉë=~êÉ=ÜçïÉîÉê=~ÅÅÉéíÉÇK=^åçíÜÉê=ÅêáíÉêáçå=íÜ~í=ãìëí=ÄÉ=ÑìäÑáääÉÇ=áå=íÜÉëÉ=ëáíì~íáçåë=áë=

íÜ~í=áí=ëÜçìäÇ=ÄÉ=éçëëáÄäÉ=íç=áåëÉêí=íÜÉ=Åçåíêçä=êçÇëK=
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• aìêáåÖ=Åä~ëë=f=~åÇ=ff=çéÉê~íáçåI=íÜÉ=ÑçääçïáåÖ=ãÉÅÜ~åáÅ~ä=failure=ãÉÅÜ~åáëãë=~åÇ=

ÅçêêÉëéçåÇáåÖ=ÇÉëáÖå=ÅêáíÉêáçåë=Ñçê=íÜÉ=ÑìÉä=~ëëÉãÄäóI=áåÅäìÇáåÖ=áíë=ÅçãéçåÉåíëI=~êÉ=äáëíÉÇ=áå=

SRP=ëÉÅíáçå=QKOW=
− mä~ëíáÅ=ÇÉÑçêã~íáçå=Ó=íÜÉ=ÅçãéçåÉåí=áë=êÉÖ~êÇÉÇ=~ë=failed=áÑ=áí=áë=éä~ëíáÅ~ääó=ÇÉÑçêãÉÇ=

~åÇ=íÜÉ=~ééêçéêá~íÉ=ÅêáíÉêáçå=áë=íÜ~í=íÜÉ=ëíêÉëëÉë=ãìëí=ÄÉ=äçïÉê=íÜ~å=íÜÉ=óáÉäÇ=ëíêÉëëK=

SRP=ëÉÅíáçå=QKO=~äëç=ëí~íÉ=ïÜ~í=íóéÉ=çÑ=ãÉíÜçÇçäçÖó=ëÜçìäÇ=ÄÉ=ìëÉÇ=ïÜÉå=Å~äÅìä~íáåÖ=
íÜÉëÉ=ëíêÉëëÉëK=få=íÜÉëÉ=Å~äÅìä~íáçåë=íÜÉ=ëíêÉëë=áå=íÜÉ=~ëëÉãÄäó=äçÅ~íáçå=ëìÄàÉÅíÉÇ=íç=

ã~ñáãìã=ëíêÉëëÉë=áë=Å~äÅìä~íÉÇK=få=Å~äÅìä~íáåÖ=íÜáë=ëíêÉëëI=~ää=íóéÉë=çÑ=ëíêÉëëÉë=~êÉ=í~âÉå=

áåíç=~ÅÅçìåíI=ëìÅÜ=~ë=ïÉäÇáåÖ=êÉëáÇì~ä=ëíêÉëëI=íÜÉêã~ä=ëíêÉëëI=ëíêÉëë=áãéçëÉÇ=Äó=êçÇJ

ëóëíÉã=ÇáÑÑÉêÉåíá~ä=éêÉëëìêÉI=ÉíÅK=fí=áë=áåíÉêÉëíáåÖ=íç=åçíÉ=íÜ~í=íÜÉ=ÅêáíÉêáçå=çå=ã~ñáãìã=

~ääçï~ÄäÉ=çñáÇÉ=íÜáÅâåÉëë=çå=ÑìÉä=êçÇë=áë=êÉä~íÉÇ=íç=íÜáë=ÅêáíÉêáçåK=fÑ=íÜÉ=çñáÇÉ=íÜáÅâåÉëë=

ÄÉÅçãÉë=íçç=ä~êÖÉ=áå=~=PWRI=íÜÉ=çñáÇÉ=íÜáÅâåÉëë=ïáää=áåÅêÉ~ëÉ=íÜÉ=Åä~ÇÇáåÖ=íÉãéÉê~íìêÉ=
ÇìÉ=íç=áíë=äçïÉê=íÜÉêã~ä=ÅçåÇìÅíáîáíó=~åÇ=ïçìäÇ=íÜÉå=áåÅêÉ~ëÉ=Åçêêçëáçå=ê~íÉK=qÜÉ=çñáÇÉ=

íÜáÅâåÉëë=ïçìäÇ=áåÅêÉ~ëÉ=ÑìêíÜÉêI=ê~áëáåÖ=íÜÉ=Åä~Ç=íÉãéÉê~íìêÉ=~åÇ=Åçêêçëáçå=ê~íÉI=

êÉëìäíáåÖ=áå=íÜÉêã~ä=ÑÉÉÇÄ~ÅâK=páåÅÉ=áåÅêÉ~ëáåÖ=íÉãéÉê~íìêÉ=ÇÉÅêÉ~ëÉë=íÜÉ=óáÉäÇ=ëíêÉåÖíÜ=

çÑ=íÜÉ=ã~íÉêá~äI=íÜÉ=ã~íÉêá~ä=ïçìäÇ=ÉîÉåíì~ääó=ãÉÅÜ~åáÅ~ääó=Ñ~áäI=áKÉKI=éä~ëíáÅ~ääó=ÇÉÑçêãI=

éêçîáÇÉÇ=íÜ~í=íÜÉ=Åä~ÇÇáåÖ=ëíêÉëëÉë=~êÉ=ä~êÖÉ=ÉåçìÖÜK=

− bñÅÉëëáîÉ=ÅêÉÉé=ÇÉÑçêã~íáçå=íÜ~í=ÅçìäÇ=ÉáíÜÉê=êÉëìäí=áå=ÅêÉÉé=Ñê~ÅíìêÉ=çê=íçç=ä~êÖÉ=

éä~ëíáÅ=ÇÉÑçêã~íáçåë=íÜ~í=ÅçìäÇ=ÉKÖK=äÉ~Ç=íç=dryout ÇìÉ=íç=ÉñÅÉëëáîÉ=çìíï~êÇ=ÅêÉÉé=çÑ=
íÜÉ=ÑìÉä=Åä~ÇÇáåÖ=Çá~ãÉíÉê=íÜ~í=ïçìäÇ=äáãáí=Åççä~åí=ÑäçïK=`êÉÉé=çÅÅìêë=~í=~=ëíêÉëë=äÉîÉä=

äçïÉê=íÜ~å=íÜÉ=óáÉäÇ=ëíêÉëëK=qÜÉ=ÅçêêÉëéçåÇáåÖ=ÅêáíÉêáçå=áë=îÉêó=ÖÉåÉê~ä=~åÇ=àìëí=ëéÉÅáÑáÉë=

íÜ~í=íÜÉ=ÅêÉÉé=ÇÉÑçêã~íáçå=ãìëí=ÄÉ=äáãáíÉÇK=

− c~íáÖìÉ=Ñ~áäìêÉ=Ó=jçëí=ÑìÉä=~ëëÉãÄäó=ÅçãéçåÉåíë=~êÉ=ëìÄàÉÅíÉÇ=íç=Ñ~íáÖìÉ=ëíêÉëëÉë=~åÇ 
SRP ëÉÅíáçå=QKO=éêçîáÇÉë=íÜÉ=ã~ñáãìã=~ääçï~ÄäÉ=Ñ~íáÖìÉ=ëíêÉëë=äÉîÉäK=

− PCI=Ó=qÜÉ=ÅêáíÉêáçå=íç=Éäáãáå~íÉ=íÜáë=íóéÉ=çÑ=Ñ~áäìêÉ=áë=Äó=äáãáíáåÖ=íÜÉ=Éä~ëíáÅ=~åÇ=
ìåáÑçêã=éä~ëíáÅ=ÇÉÑçêã~íáçå=áå=íÜÉ=Åä~ÇÇáåÖ=ÅáêÅìãÑÉêÉåÅÉ=ÇìêáåÖ=~=Åä~ëë=f=~åÇ=ff=

íê~åëáÉåí=íç=NBK=qÜáë=î~äìÉ=áë=çÑ=ÅçìêëÉ=åçí=ëìÑÑáÅáÉåí=íç=ÉåëìêÉ=íÜ~í=PCI=Ñ~áäìêÉë=Çç=åçí=
çÅÅìêK=eçïÉîÉêI=íÜÉ=ÑìÉä=îÉåÇçêë=~êÉ=ëíáää=ÇÉëáÖåáåÖ=íÜÉáê=ÑìÉä=ëç=íÜáë=NB=äáãáí=áë=

~ÅÜáÉîÉÇ=áå=íÜÉáê=ÇÉëáÖåK=

− eóÇêáÇÉ=ÉãÄêáííäÉãÉåí=Ó=qÜÉ=ÅêáíÉêáçå=àìëí=ãÉåíáçåë=íÜ~í=íÜÉ=ÜóÇêçÖÉå=ÅçåíÉåí=áå=íÜÉ=

ã~íÉêá~ä=ãìëí=ÄÉ=äáãáíÉÇ=ëç=íÜÉ=ÑìÉä=~ëëÉãÄäó=ÅçãéçåÉåí=ïáää=åçí=Ñ~áäK=

aìêáåÖ=~ÅÅáÇÉåí=ÅçåÇáíáçåë=ëìÅÜ=~ë=LOCA ~åÇ=RIAI=íÜÉ=ãÉÅÜ~åáÅ~ä=éÉêÑçêã~åÅÉ=çÑ=íÜÉ=ÑìÉä=
Åä~ÇÇáåÖ=áë=ÅêìÅá~ä=íç=ãÉÉí=íÜÉ=çÄàÉÅíáîÉ=íÜ~í=íÜÉ=ÑìÉä=ãìëí=êÉã~áå=Åççä~ÄäÉ=ÇìêáåÖ=íÜÉëÉ=íóéÉë=çÑ=

~ÅÅáÇÉåíëK=få=ÄçíÜ=ëáíì~íáçåëI=áí=áë=áãéçêí~åí=íÜ~í=íÜÉ=ÑìÉä=Åä~ÇÇáåÖ=ã~ó=åçí=Ñ~áä=áå=~=ÄêáííäÉ=Ñ~ëÜáçå=

ÇìêáåÖ=íÜÉ=êÉÑäççÇáåÖ
N

=éÜ~ëÉ=ÇìêáåÖ=LOCA ~åÇ=ÇìÉ=íç=mÉääÉí=`ä~ÇÇáåÖ=jÉÅÜ~åáÅ~ä=fåíÉê~Åíáçå=

EPCMIFO=ÇìêáåÖ=~=RIA íê~åëáÉåíK=
cìÉä=îÉåÇçêë=Ü~îÉ=ÇÉîÉäçéÉÇ=ÅçÇÉë=íç=ãçÇÉä=íÜÉ=ÑìÉä=~ëëÉãÄäó=ãÉÅÜ~åáÅ~ä=éÉêÑçêã~åÅÉ=ÇìêáåÖ=

Åä~ëë=fI=ffI=fff=~åÇ=fs=ëáíì~íáçåëK=qç=ÄÉ=~ÄäÉ=íç=Çç=íÜÉ=ãçÇÉääáåÖ=ÅçêêÉÅíäóI=Ç~í~=çå=ãÉÅÜ~åáÅ~ä=

éÉêÑçêã~åÅÉ=çÑ=íÜÉ=ÑìÉä=~ëëÉãÄäó=ãìëí=ÉñáëíK=qÜÉ=Ç~í~=~êÉ=ÖÉåÉê~íÉÇ=áå=íïç=íóéÉë=çÑ=íÉëíëI=ÉáíÜÉê=

ëÉé~ê~íÉ=ÉÑÑÉÅí=íÉëíë=çê=áåíÉÖê~ä=íÉëíëK=qÜÉ=ÑçêãÉê=íÉëí=ëíìÇáÉë=çåäó=íÜÉ=áãé~Åí=çÑ=çåÉ=é~ê~ãÉíÉê=~í=~=

íáãÉ=çå=íÜÉ=ãÉÅÜ~åáÅ~ä=éÉêÑçêã~åÅÉI=ëÉÉ=ÉKÖK=^Ç~ãëçå=C=oìÇäáåÖI=OMMNI=qÜáë=ÅçìäÇ=ÉKÖK=ÄÉ=íÜÉ=

áãé~Åí=çÑ=ÜóÇêçÖÉå=ÅçåíÉåí=çå=ÇìÅíáäáíóK=qÜÉ=Ç~í~=Ñêçã=íÜÉëÉ=ëÉé~ê~íÉ=ÉÑÑÉÅí=íÉëíë=~êÉ=íÜÉå=ìëÉÇ=Äó=

íÜÉ=ÑìÉä=îÉåÇçê=íç=ÇÉîÉäçé=~ÇÉèì~íÉ=ãçÇÉäë=áå=íÜÉáê=ÑìÉä=éÉêÑçêã~åÅÉ=ÅçÇÉëK=qç=íÜÉå=îÉêáÑó=íÜ~í=

íÜÉ=ÅçÇÉ=ÅçãÉë=ìé=ïáíÜ=íÜÉ=ÅçêêÉÅí=éêÉÇáÅíáçå=çå=ÑìÉä=~ëëÉãÄäó=ãÉÅÜ~åáÅ~ä=éÉêÑçêã~åÅÉ=ÉKÖK=

ÇìêáåÖ=~=LOCAI=íÜÉ=ÅçÇÉ=éêÉÇáÅíáçåë=~êÉ=ÄÉåÅÜã~êâÉÇ=íçï~êÇë=áåíÉÖê~ä=íÉëíëK=få=íÜÉ=áåíÉÖê~ä=íÉëíI=
íÜÉ=ÑìÉä=~ëëÉãÄäó=ÇÉëáÖå=~åÇ=ÉåîáêçåãÉåí=áë=~ë=ëáãáä~ê=~ë=éçëëáÄäÉ=~ë=áë=ÉñáëíáåÖ=áå=íÜÉ=ëáíì~íáçå=

íÜ~í=áë=ëáãìä~íÉÇ=áå=íÜÉ=íÉëíI=ÉKÖK=~=LOCAK=

                                                 
 
 
1 This is the last phase during a LOCA situation when the core is reflooded with water that cools the fuel cladding 
surface imposing very large thermal stresses that may fracture the fuel cladding. 
2 Pellet Cladding Mechanical Interaction, i.e., interaction without the influence of iodine (that would instead result in 
PCI. 
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4.1.1 Summary from ZIRAT11/IZNA6 (Ron Adamson) 

oÉîáÉï=çÑ=íÜÉ=ä~íÉJOMMR=íç=ä~íÉJOMMS=äáíÉê~íìêÉ=éÉêíáåÉåí=íç=íÜÉ=ãÉÅÜ~åáÅ~ä=éêçéÉêíáÉë=çÑ=

òáêÅçåáìã=~ääçóë=Ü~ë=êÉëìäíÉÇ=áå=íÜÉ=ÑçääçïáåÖ=çÄëÉêî~íáçåëW=

• qÜÉ=Äççâ=wáêÅçåáìã=áå=íÜÉ=kìÅäÉ~ê=fåÇìëíêóI=NQ
íÜ

=fåíÉêå~íáçå~ä=póãéçëáìãI=^ãÉêáÅ~å=

pçÅáÉíó=Ñçê=qÉëíáåÖ=~åÇ=j~íÉêá~äë=EASTMF=pqm=NQSTI=mÉíÉê=oìÇäáåÖ=~åÇ=_êìÅÉ=h~ããÉåòáåÇI=

ÉÇáíçêëI=ASTM=fåíÉêå~íáçå~äI=tÉëí=`çåëÜçÜçÅâÉåI=m^I=OMMRI=ï~ë=áëëìÉÇ=áå=OMMSK=fí=Åçåí~áåë=

íÜÉ=Ñáå~ä=îÉêëáçå=çÑ=é~éÉêë=éêÉëÉåíÉÇ=~í=íÜÉ=píçÅâÜçäã=ãÉÉíáåÖ=çÑ=gìåÉ=OMMQK=jçëí=çÑ=íÜÉ=

é~éÉêë=ïÉêÉ=êÉîáÉïÉÇ=áå=íÜÉ=ZIRATNMLIZNAR=^ååì~ä=oÉéçêíI=ëç=àìëí=ÄêáÉÑ=ÅçããÉåíë=ïÉêÉ=
ÖáîÉå=ÜÉêÉ=íç=~ääçï=íÜÉ=êÉ~ÇÉê=íç=É~ëáäó=äççâ=ìé=íÜÉ=é~éÉêë=áå=íÜÉ=ÄççâK=

− pçãÉ=åÉï=ÉîáÇÉåÅÉ=çÑ=Ü~êÇÉåáåÖ=ÇìÉ=íç=áêê~Çá~íáçåJáåÇìÅÉÇ=SPP=Çáëëçäìíáçå=ï~ë=
éêÉëÉåíÉÇ=Äó=oìëëá~å=áåîÉëíáÖ~íçêëK=qÜáë=~Ö~áå=éçáåíë=íç=íÜÉ=åÉÉÇ=íç=ìåÇÉêëí~åÇ=

ãáÅêçëíêìÅíìê~ä=Éîçäìíáçå=áÑ=áêê~Çá~íáçå=ÉÑÑÉÅíë=~êÉ=íç=ÄÉ=éêÉÇáÅíÉÇK=

− GNFJwáêçå=EwêNKQSBpåKOSBcÉKNMB`êKMRBkáF=~åÇ=eáÖÜ=cÉJká=EwêNKQPBpåKOS=

cÉKNMkáF=~êÉ=ÄÉáåÖ=áåíêçÇìÅÉÇ=~ë=~ääçóë=íç=êÉëáëí=Åçêêçëáçå=~åÇ=ÜóÇêáÇáåÖ=~í=ÜáÖÜ=

ÄìêåìéK=qÜÉëÉ=~ääçóë=~êÉ=êÉéçêíÉÇ=~ë=Ü~îáåÖ=ãÉÅÜ~åáÅ~ä=éêçéÉêíáÉë=îÉêó=ëáãáä~ê=íç=

ëí~åÇ~êÇ=wáêÅ~äçóK=

− bñéÉêáãÉåí~ä=íÉÅÜåáèìÉë=íç=çÄí~áå=Ñê~ÅíìêÉ=íçìÖÜåÉëë=î~äìÉë=íÜ~í=~êÉ=~ééêçéêá~íÉ=Ñçê=

íÜáå=ï~ääÉÇ=wáêÅ~äçó=~êÉ=ÄÉáåÖ=ÇÉîÉäçéÉÇ=~åÇ=êÉéçêíÉÇK=

− pÉîÉê~ä=é~éÉêë=Ö~îÉ=ëáãáä~ê=êÉëìäíë=áå=íÉêãë=çÑ=ÉÑÑÉÅíë=çÑ=ÜóÇêáÇÉë=~åÇ=íÉëí=íÉãéÉê~íìêÉë=

çå=Ñê~ÅíìêÉ=íçìÖÜåÉëëK=qÜÉ=ÉÑÑÉÅí=çÑ=“ê~Çá~ääóÒ=~äáÖåÉÇ=ÜóÇêáÇÉë=~í=íÜÉ=Åê~Åâ=íáé=áå=íÜÉ=

`q=ëéÉÅáãÉå=íÉÅÜåáèìÉ=ÇçÉë=~ééÉ~ê=íçI=~ë=ÉñéÉÅíÉÇI=Ü~îÉ=~=ãçêÉ=éêçåçìåÅÉÇ=ÉÑÑÉÅí=çå=

Ñê~ÅíìêÉ=íçìÖÜåÉëë=~í=íÉãéÉê~íìêÉë=ÄÉäçï=~Äçìí=NOTø`=EQMMhFK=^í=ÜáÖÜÉê=íÉãéÉê~íìêÉë=

íÜÉ=òáêÅçåáìã=ã~íêáñ=áë=ëìÑÑáÅáÉåíäó=ÇìÅíáäÉ=íç=ÇÉÑçêã=~êçìåÇ=Ñê~ÅíìêÉÇ=ÜóÇêáÇÉëI=

~îçáÇáåÖ=ÄêáííäÉ=äáåâÉÇJÜóÇêáÇÉ=Ñê~ÅíìêÉ=~åÇ=êÉëìäíáåÖ=áå=~=ãçêÉ=ëí~ÄäÉ=Åê~Åâ=ÖêçïíÜ=~åÇ=

ÜáÖÜÉê=Ñê~ÅíìêÉ=íçìÖÜåÉëëK=

− ^=ÑÉï=Ä~ëáÅ=ÅêÉÉé=ãÉÅÜ~åáëã=áåîÉëíáÖ~íáçåë=~êÉ=áå=éêçÖêÉëë=ïÜáÅÜ=êÉä~íÉ=íç=áåíÉêáã=Çêó=

ëíçê~ÖÉ=çÑ=ëéÉåí=ÑìÉä=êçÇëK=tçêâ=ÅçåÇìÅíÉÇ=~í=ìåáîÉêëáíó=~åÇ=éêáî~íÉ=ä~Äçê~íçêáÉë=~êÉ=

ã~âáåÖ=ëçãÉ=éêçÖêÉëë=áå=ìåÇÉêëí~åÇáåÖ=ÅêÉÉé=ãÉÅÜ~åáëãë=áå=ìåáêê~Çá~íÉÇ=wáêÅ~äçóK=

− qÉåëáäÉ=éêçéÉêíáÉë=çÑ=~=ÇÉJÑìÉääÉÇ=Åä~ÇÇáåÖ=íìÄÉ=Åçåí~áåáåÖ=ÜáÖÜ=ÜóÇêáÇÉ=äÉîÉäë=ïÉêÉ=

ÇÉíÉêãáåÉÇ=çîÉê=~=ïáÇÉ=ê~åÖÉ=çÑ=íÉãéÉê~íìêÉëK=fí=ï~ë=ÅçåÑáêãÉÇ=íÜ~í=ëíêÉåÖíÜ=ÇÉÅêÉ~ëÉë=

ïáíÜ=áåÅêÉ~ëáåÖ=íÉãéÉê~íìêÉI=ïáíÜ=~=ëÜ~êé=ÇÉÅêÉ~ëÉ=çÅÅìêêáåÖ=~ÄçîÉ=QMMø`=ESTPhF=

ïÜÉêÉ=ê~éáÇ=~ååÉ~äáåÖ=çÑ=ê~Çá~íáçå=Ç~ã~ÖÉ=çÅÅìêëK=aìÅíáäáíó=êÉÑäÉÅíÉÇ=åçí=çåäó=íÜÉ=

áêê~Çá~íáçå=Ç~ã~ÖÉ=~ååÉ~äáåÖI=Äìí=~äëç=íÜÉ=ÉÑÑÉÅí=çÑ=íÉãéÉê~íìêÉ=çå=ÜóÇêáÇÉÇJã~íÉêá~ä=

ÇìÅíáäáíóK=

4.2 Effects of hydrides 

4.2.1 Previous work 

qÜÉ=ÇÉÑáåáíáçå=çÑ=~=ÜóÇêáÇÉ=“êáãÒ=çê=“ÄäáëíÉêÒ=çê=“äÉåëÒ=áë=åçí=ÅêáëéX=ÜçïÉîÉêI=áå=~ää=Å~ëÉë=íÜÉ=íÉêãë=

êÉÑÉê=íç=~=ÜáÖÜ=ÅçåÅÉåíê~íáçå=çÑ=ÜóÇêáÇÉë=åÉ~ê=íÜÉ=ëìêÑ~ÅÉ=Eåçêã~ääó=íÜÉ=çìíÉê=ëìêÑ~ÅÉ=çÑ=ÑìÉä=

Åä~ÇÇáåÖF=çÑ=íÜÉ=ëéÉÅáãÉå=çê=ÅçãéçåÉåí=ÄÉáåÖ=Éñ~ãáåÉÇK=_äáëíÉêë=~åÇ=äÉåë=~êÉ=äçÅ~ä=ÅçåÅÉåíê~íáçåëI=

é~êíáÅìä~êäó=ïÜÉå=Åçãé~êÉÇ=íç=íÜÉ=Ö~ÖÉ=äÉåÖíÜ=çÑ=íÜÉ=ëéÉÅáãÉå=ÄÉáåÖ=íÉëíÉÇX=~=ä~êÖÉ=äÉåë=ï~ë=ÇÉÑáåÉÇ=

Äó=eÉêã~åå=Éí=~äKI=OMMT=~ë=[P=ãã
O

=ïÜÉå=éêçàÉÅíÉÇ=çå=íÜÉ=Åä~ÇÇáåÖ=ëìêÑ~ÅÉI=çê=~=ÑÉï=ãã=äçåÖK=^=

“êáãÒ=áë=~=ÜáÖÜ=ÜóÇêçÖÉå=ÅçåÅÉåíê~íáçå=çîÉê=~å=ÉñíÉåÇÉÇ=~êÉ~=çê=äÉåÖíÜI=ã~åó=ãã=äçåÖK=qÜÉ=ÇÉéíÜ=

~åÇ=ëÜ~éÉ=áë=~äëç=áãéçêí~åíI=~ë=áë=ÜóÇêáÇÉ=ÅçåÅÉåíê~íáçåK=^=äçï=ÅçåÅÉåíê~íáçå=ïçìäÇ=ÄÉ=ëÉîÉê~ä=

ÜìåÇêÉÇ=ééã=eI=ïÜáäÉ=~=“ëçäáÇÒ=ÜóÇêáÇÉ=ïçìäÇ=ÄÉ=NMMMMJNSMMM=ééãK=^=“êáãÒ=áë=ìëì~ääó=~=Åçåëí~åí=

íÜáÅâåÉëëI=ïÜáäÉ=íÜÉ=çíÜÉêë=~êÉ=äÉåíáÅìä~ê=áå=ëÜ~éÉK=
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5 Dimension stability 

qÜÉêÉ=ïÉêÉ=äáãáíÉÇ=åìãÄÉê=çÑ=êÉëìäíë=êÉä~íÉÇ=íç=òáêÅçåáìã=~ääçó=ã~åìÑ~ÅíìêáåÖ=~åÇ=~ääçó=ëóëíÉã=

éìÄäáëÜÉÇ=áå=íÜÉ=é~ëí=íïÉäîÉ=ãçåíÜëK=qÜáë=íçéáÅ=ïáää=ÄÉ=ÅçîÉêÉÇ=áå=ÖêÉ~íÉê=ÇÉéíÜ=áå=íÜÉ=

ZIRATNQLIZNAV=ARK=
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6 Corrosion and hydriding 

6.1 Zirconium alloy corrosion and cracking 
(Brian Cox) 

6.1.1 Metal and oxide structures 

qÜÉ=“ê~íÉ=ÅçåíêçääáåÖ=ëíÉéÒ=áå=wê=~ääçó=çñáÇ~íáçå=~åÇ=Åçêêçëáçå=áë=íÜÉ=ÉäÉÅíêçå=ÅçåÇìÅíáîáíó=çÑ=íÜÉ=

çñáÇÉ=ÑáäãK=qÜÉ=ÜáÖÜÉëí=êÉëáëíáîáíó=çñáÇÉë=~êÉ=ÑçìåÇ=çå=s~å=^êâÉä=EÜáÖÜ=éìêáíóF=òáêÅçåáìã=çñáÇáëÉÇ=

áå=~=Çêó=~íãçëéÜÉêÉK=qÜÉ=éêÉëÉåÅÉ=çÑ=áãéìêáíáÉë=~åÇ=~ääçóáåÖ=ÉäÉãÉåíë=íÜ~í=~êÉ=áåÅçêéçê~íÉÇ=áå=íÜÉ=

çñáÇÉ=Ñáäã=ÇÉÅêÉ~ëÉë=íÜÉ=çñáÇÉ=êÉëáëíáîáíó=~åÇ=áåÅêÉ~ëÉ=íÜÉ=çñáÇ~íáçå=ê~íÉK=fåíÉê~Åíáçå=ïáíÜ=ÜáÖÜ=

íÉãéÉê~íìêÉ=ï~íÉê=çê=ëíÉ~ã=ïáää=ÇÉÖê~ÇÉ=íÜÉ=éêçíÉÅíáîÉ=çñáÇÉ=Ñáäã=~åÇ=~äëç=áåÅêÉ~ëÉ=íÜÉ=Åçêêçëáçå=

ê~íÉK=håçïäÉÇÖÉ=çÑ=ïÜÉêÉ=íÜÉëÉ=ëéÉÅáÉë=~êÉ=äçÅ~íÉÇ=áå=íÜÉ=çñáÇÉI=~åÇ=íÜÉáê=ÉÑÑÉÅíë=çå=íÜÉ=çñáÇÉ=

éêçéÉêíáÉë=~êÉI=~êÉ=íÜÉêÉÑçêÉI=áãéçêí~åí=íç=~å=ìåÇÉêëí~åÇáåÖ=çÑ=wê=~ääçó=Åçêêçëáçå=ÄÉÜ~îáçìêK=fí=áë=

~äëç=åÉÅÉëë~êó=íç=ÅçåëáÇÉê=íÜÉ=êÉÅçáä=çÑ=ìê~åáìã=~åÇ=Ñáëëáçå=éêçÇìÅíë=íÜ~í=ã~ó=éÉåÉíê~íÉ=íÜÉ=

éêçíÉÅíáîÉ=çñáÇÉ=Ñáäã=~åÇ=~ÑÑÉÅí=Åçêêçëáçå=~åÇ=Åê~ÅâáåÖ=éêçÅÉëëÉëK=aìêáåÖ=áåJêÉ~Åíçê=Åçêêçëáçå=íÜÉ=

áåíÉê~Åíáçå=çÑ=ï~íÉê=ÅÜÉãáëíêó=~åÇ=íÜÉ=ÇÉéçëáíáçå=çÑ=CRUD=çå=íÜÉ=Åä~ÇÇáåÖ=Å~å=~äëç=~ÑÑÉÅí=

Åä~ÇÇáåÖ=ÅçêêçëáçåK=

p~ïáÅâáI=OMMU=Ü~ë=êÉéçêíÉÇ=ÇÉí~áäÉÇ=ëíìÇáÉë=çÑ=íÜÉ=ÅÜÉãáëíêó=çÑ=ÇÉéçëáíë=ÑçìåÇ=çå=ÑìÉä=Åä~ÇÇáåÖ=

ÑçääçïáåÖ=~å=AOA=áå=íÜÉ=`~ää~ï~ó=PWRK=eÉ=ÑçìåÇ=ÉñíÉåëáîÉ=ä~óÉêë=çÑ=ãçåçÅäáåáÅJòáêÅçåá~=áå=íÜÉ=

CRUD=ä~óÉêë=íÜ~í=ëìÖÖÉëíÉÇ=íÜ~í=íÜÉó=Ü~Ç=ÄÉÉå=ÑçêãÉÇ=Äó=òáêÅçåá~=Çáëëçäìíáçå=~åÇ=

êÉéêÉÅáéáí~íáçåI=ëìÅÜ=Çáëëçäìíáçå=éêçÅÉëëÉë=áå=íÜÉ=éêçíÉÅíáîÉ=wêl
O
=Ñáäã=çå=íÜÉ=Åä~ÇÇáåÖ=ëÜçìäÇ=ÄÉ=

ÅçåëáÇÉêÉÇ=Ñçê=áåJêÉ~Åíçê=ÄÉÜ~îáçìêK=

d~êÅá~J_~êêáçÅ~å~ä=Éí=~äKI=OMMU=Ü~îÉ=Çê~ïå=~ííÉåíáçå=íç=~åçíÜÉê=Ñ~Åíçê=íÜ~í=åÉÉÇë=íç=ÄÉ=

Éñ~ãáåÉÇ=Ó=~=éçëëáÄäÉ=ÉÑÑÉÅí=çÑ=ëã~ää=é~êíáÅäÉ=ëáòÉ=áå=íÜÉ=wáêÅçåá~=éêçíÉÅíáîÉ=Ñáäã=çå=íÜÉ=ÉäÉÅíêçåáÅ=

êÉëáëíáîáíó=çÑ=íÜÉ=òáêÅçåá~K=fÑ=íÜÉ=wáêÅçåá~=é~êíáÅäÉ=ëáòÉ=áë=ÇÉÅêÉ~ëÉÇ=áåíç=íÜÉ=å~åçãÉíÉê=ê~åÖÉ=E~ë=

ã~ó=Ü~ééÉå=ïáíÜ=ëçãÉ=íÜáå=çñáÇÉ=ÑáäãëF=íÜÉ=ä~êÖÉ=áåÅêÉ~ëÉ=áå=ÉäÉÅíêçåáÅ=ÅçåÇìÅíáîáíó=ã~ó=çÅÅìêK=

qÜáë=ÅçìäÇ=Ü~îÉ=~=ÅçêêÉëéçåÇáåÖ=ÉÑÑÉÅí=çÑ=áåÅêÉ~ëáåÖ=íÜÉ=Åçêêçëáçå=ê~íÉ=ëáÖåáÑáÅ~åíäóK=fêê~Çá~íáçå=

ÉÑÑÉÅíë=ã~ó=ÅçåíêáÄìíÉ=íç=íÜáëI=~åÇ=~=éÜ~ëÉ=ÇáÑÑÉêÉåÅÉ=EÉKÖK=ãçåçÅäáåáÅLíÉíê~Öçå~äF=áë=åÉÉÇÉÇK=

6.1.2 Zirconium alloy corrosion out-reactor 

kÉï=ïçêâ=çå=Åçêêçëáçå=çÑ=òáêÅçåáìã=~ääçóë=éìÄäáëÜÉÇ=íÜáë=óÉ~ê=Å~å=ÄÉ=ëìÄÇáîáÇÉÇ=~ÅÅçêÇáåÖ=íç=

ëìÄJíçéáÅëK=

SKNKOKN bÑÑÉÅíë=çÑ=ï~íÉê=ÅÜÉãáëíêó=~ÇÇáíáîÉë=

v~ç=Éí=~äKI=OMMU=ëíìÇáÉÇ=wáêÅ~äçóJQ=ëéÉÅáãÉåë=ïáíÜ=ÇáÑÑÉêÉåí=ÜÉ~í=íêÉ~íãÉåíë=ÉñéçëÉÇ=~í=PSMø`=íç=

MKMN=kI=iále=áå=~=ëí~íáÅ=~ìíçÅä~îÉ=áå=ÉáíÜÉê=íÜÉ=~ëJêÉÅÉáîÉÇ=ESRAF=ÅçåÇáíáçå=çê=~ÑíÉê=~=NMOMø`=
βJèìÉåÅÜK=qÜÉëÉ=ë~ãéäÉë=ïÉêÉ=Åçãé~êÉÇ=ïáíÜ=íïç=ZIRLO=Ä~íÅÜÉë=EUX=NUFK=qÜÉ=Åçêêçëáçå=êÉëìäíë=

~êÉ=ëÜçïå=áå=cáÖìêÉ=SJN=~åÇ=ÇÉãçåëíê~íÉ=íÜÉ=éêçíÉÅíáîÉ=ÉÑÑÉÅí=çÑ=~=βJèìÉåÅÜáåÖ=íêÉ~íãÉåí=çå=íÜÉ=
Åçêêçëáçå=êÉëáëí~åÅÉ=áå=iále=ëçäìíáçåë=áå=ïÜáÅÜ=íÜÉ=SRA=ã~íÉêá~ä=ÄÉÜ~îÉë=îÉêó=éççêäóK=qÜÉ=
~ìíÜçêë=~äëç=Éñ~ãáåÉÇ=íÜÉ=Ñê~ÅíçÖê~éÜó=çÑ=íÜÉ=çñáÇÉ=Ñáäãë=éêçÇìÅÉÇ=Äó=é~êíá~ääó=ÇáëëçäîáåÖ=íÜÉ=wê=

ã~íêáñ=áå=~=ekl
P
Lec=éáÅâäáåÖ=ëçäìíáçå=~åÇ=ÄêÉ~âáåÖ=çÑÑ=íÜÉ=ÑêÉÉJëí~åÇáåÖ=çñáÇÉ=Ñçê=SEM=

Éñ~ãáå~íáçåK=qÜÉ=~ìíÜçêë=Ää~ãÉ=ãìÅÜ=çÑ=íÜÉ=ãáÅêçéçêçëáíó=ëÉÉå=çå=íÜÉ=áååÉê=çñáÇÉ=ëìêÑ~ÅÉ=íç=
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Figure 6-1: Corrosion weight gain vs. exposure time of βQ Zry-4 and RA Zry-4 specimens tested in 0.01 M LiOH aqueous 
solution at 360°C/18.6 MPa. The weight gain vs. time of ZIRLO [8] and N18 tested in the same condition as this 
study and RA Zry-4 tested deionised water at 360°C/18.6 MPa [21] is also presented, Yao et al., 2008. 
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Figure 6-2: Microscopic estimates of the oxide film thickness on E110 and Zircaloy- 4 after 120 h of exposure to simulated 
VVER water as depending on the KOH content, Bojinov et al., 2008. 



A N N U A L  R E P O R T  -  2 0 0 8  

Copyright © Advanced Nuclear Technology International Europe AB, ANT International, 2008.  

SJPESJSOF=

SKNKOKO bÑÑÉÅíë=çÑ=åáçÄáìã=~ÇÇáíáçåë=çå=Åçêêçëáçå=

^=åìãÄÉêë=çÑ=ëíìÇáÉë=çÑ=íÜÉ=ÉÑÑÉÅíë=çÑ=åáçÄáìã=ÅçåíÉåí=çå=íÜÉ=Åçêêçëáçå=çÑ=òáêÅçåáìã=~ääçóë=Ü~îÉ=

ÄÉÉå=éìÄäáëÜÉÇ=íÜáë=óÉ~êI=ãçëí=çÑ=íÜÉã=Éã~å~íáåÖ=Ñêçã=pçìíÜ=hçêÉ~=Eháã=Éí=~äKI=OMMUE~FF=ëíìÇáÉÇ=

~=ê~åÖÉ=çÑ=åáçÄáìã=~ÇÇáíáçåë=ÄÉíïÉÉå=MKMN=~åÇ=OKM=ïíBkÄK=qÜÉ=Åçêêçëáçå=êÉëìäíë=Ñçê=ëí~íáÅ=

~ìíçÅä~îÉ=íÉëíë=~í=PSMø`LNUKV=jm~=áåîçäîÉÇ=ëéÉÅáãÉåë=íÜ~í=~Ç=ÄÉÉå=ëçäìíáçå=íêÉ~íÉÇ=~í=NMOMø`=

Ñçê=OM=ãáåìíÉëI=èìÉåÅÜÉÇI=Üçí=êçääÉÇ=~ÑíÉê=éêÉJÜÉ~íáåÖ=Ñçê=OM=ãáåìíÉë=~í=ÉáíÜÉê=RTM=çê=SQMø`I=~åÇ=

ÅçäÇJêçääÉÇ=íïáÅÉ=íç=~=Ñáå~ä=íÜáÅâåÉëë=çÑ=MKU=ããK=qÜÉó=ïÉêÉ=éáÅâäÉÇ=áå=~=åáíêáÅLÜóÇêçÑäìçêáÅ=~ÅáÇ=

ëçäìíáçå=EkK_K=ïáíÜçìí=~åó=ëìäéÜìêáÅ=~ÅáÇ=~ÇÇáíáçåFK=oÉëìäíë=~êÉ=ÖáîÉå=áå=cáÖìêÉ=SJPK=qÜÉó=ëÜçï=~=

ãáåáãìã=áå=íÜÉ=Åçêêçëáçå=ê~íÉë=Ñçê=MKOJMKPVBkÄ=~ääçóëX=ëÉîÉêÉ=Åçêêçëáçå=çÑ=~ääçóë=ÜÉ~í=íêÉ~íÉÇ=~í=

SQMø`=EáKÉK=~ÄçîÉ=íÜÉ=ãçåçíÉÅíçáÇ=íÉãéÉê~íìêÉ=EαJβ=íê~åëÑçêã~íáçå=íÉãéÉê~íìêÉI=~åÇ=çåäó=~=ëã~ää=

“ÄìãéÒ=~í=MKUBkÄ=Ñçê=~ääçóë=~ååÉ~äÉÇ=~í=RTMø`=Eàìëí=ÄÉäçï=íÜÉ=ãçåçíÉÅíçáÇ=íÉãéÉê~íìêÉFK=

táíÜçìí=~ÇÇáåÖ=ëìäéÜìêáÅ=~ÅáÇ=íç=íÜÉ=éáÅâäáåÖ=ëçäìíáçå=áí=ïçìäÇ=ÄÉ=ÇáÑÑáÅìäí=íç=êÉãçîÉ=åáçÄáìã=

çñáÇÉ=Ñáäã=ÇÉéçëáíë=Ñêçã=ëéÉÅáãÉå=ëìêÑ~ÅÉëK=qÜÉ=ãáåáãìã=áå=íÜÉ=Åçêêçëáçå=ÅìêîÉë=~í=~Äçìí=MKOJ

MKPBkÄ=~ÖêÉÉë=ïáíÜ=oìëëá~å=Ç~í~=çå=ëáãáä~ê=~ääçóë=éêÉëÉåíÉÇ=~í=íÜÉ=O
åÇ

=rKkK=`çåÑÉêÉåÅÉ=çå=íÜÉ=

mÉ~ÅÉÑìä=rëÉë=çÑ=^íçãáÅ=båÉêÖóI=dÉåÉî~I=NVRUI=^ãÄ~êíëìãà~å=Éí=~äKI=NVRUK=

 

Figure 6-3: Corrosion behaviours of the Zr-xNb alloys with the Nb content and annealing temperature corroded at 360°C for 
150 days, Jeong et al., 2003. 
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7 Primary failure and secondary degradation – 
open literature data (Peter Rudling) 

qÜÉ=çéÉå=äáíÉê~íìêÉ=Ç~í~=~êÉ=éêçîáÇÉÇ=áå=íÜÉ=ÑçääçïáåÖ=ëÉÅíáçåëK==

7.1 Introduction 

7.1.1 Primary Failures 

aìêáåÖ=êÉ~Åíçê=çéÉê~íáçåI=íÜÉ=ÑìÉä=êçÇ=ã~ó=Ñ~áä=ÇìÉ=íç=~=éêáã~êó=Å~ìëÉ=ëìÅÜ=~ë=ÑêÉííáåÖI=éÉääÉíJ

Åä~ÇÇáåÖ=áåíÉê~Åíáçå=EPCI)I=ã~åìÑ~ÅíìêáåÖ=ÇÉÑÉÅíëI=ÅçêêçëáçåI=ÉíÅKI=q~ÄäÉ=TJNK=

Table 7-1: Primary failure causes for LWR fuel during normal operation and AOO. 

Primary Failure Cause Short Description 

Excessive Corrosion An accelerated corrosion process results in cladding perforation.  
This corrosion acceleration can be generated by e.g., CRUD deposition (CILC12), Enhanced Spacer Shadow 
Corrosion, ESSC,13 (in BWRs), dry-out due to excessive fuel rod bowing.  

Manufacturing defects Non-through-wall cracks in the fuel cladding developed during the cladding manufacturing process.  
Defects in bottom and/or top end plug welds.  
Primary hydriding due to moisture in fuel pellets and or contamination of clad inner surface by moister or organics. 
Too large a gap between the fuel rod and the spacer grid supports (poor spacer grid manufacturing process) 
leading to excessive vibrations in PWR fuel causing fretting failures. 
Chipped pellets may result in PCI failures both in liner and non-liner fuel 

PCI PCI—an iodine assisted SCC phenomenon that may result in fuel failures during rapid power increases in a fuel 
rod. There are three components that must occur simultaneously to induce PCI and they are: 1) tensile stresses—
induced by the power ramp, 2) access to freshly released iodine-occurs during the power ramp, provided that the 
fuel pellet temperature becomes large enough and 3) a sensitised material—Zircaloy is normally sensitive enough 
for iodine stress-corrosion cracking even in an unirradiated state. 

Cladding collapse This failure mechanism occurred due to pellet densification. This failure mode has today been eliminated by fuel 
design changes and improved manufacturing control. 

Fretting This failure mode has occurred due to: 
Debris fretting in BWR and PWR 
Grid-rod fretting - Excessive vibrations in the PWR fuel rod causing fuel failures. This situation may occur for 
example due to different pressure drops in adjacent fuel assemblies causing cross-flow. 
Baffle jetting failures - Related to unexpectedly high coolant cross-flows close to baffle joints. 

=

                                                 
 
 
12 Crud Induced Localised Corrosion – an accelerated form of corrosion that has historically resulted in a large 
number of failures in BWRs. Three parameters are involved in this corrosion phenomenon, namely: 1) Large Cu 
coolant concentrations as a result of e.g., aluminium brass condenser tubes, 2) Low initial fuel rod surface heat flux – 
occurs in Gd rods and 3) Fuel cladding that shows large initial corrosion rates- occurs in cladding with low resistance 
towards nodular corrosion. 
13 This corrosion phenomenon resulted recently in a few failed rods. The mechanism is not clear but seems to be 
related to galvanic corrosion. This corrosion type may occur on the fuel cladding in contact or adjacent to a dissimilar 
material such as Inconel. Thus, this accelerated type of corrosion occurred on the fuel cladding material at spacer 
locations (the spacer springs in alloy BWR fuel vendors fuel are made of Inconel). Water chemistry seems also to play 
a role if the fuel cladding material microstructure is such that the corrosion performance is poor. Specifically coolant 
chemistry with low Fe/(Ni-Zn) ratio seems to be aggressive (provided that the cladding material shows poor 
corrosion performance. A fuel cladding material with good corrosion resistance does not result in ESSC, enhanced 
spacer shadow corrosion, even in aggressive water chemistry. 
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The failure statistics during 1980-2007 in US PWRs and BWRs are shown in Figure 7-1 and the 
percentage of failures y mechanism during 2000-2007 is provided in Figure 7-2.  

Most of the US BWR failure cases are related to CRUD-accelerated corrosion failures. Other 
US BWR failure cases involved six plants, which experienced PCI-like failures following control 
rod moves. Debris fretting also remains a problem even after the introduction of debris filters. 

In PWRs the primary contributor to failure rates remains grid-to-rod fretting; however, 
experience with new grid designs appears to be promising. During the last years it was 
noteworthy that some PCI-suspect failures were also experienced at three B&W-designed PWR 
plants following the movement of Axial Power Shaping Rods (APSRs) even though their 
calculated stress levels remained within the permissible range. 

 

Figure 7-1: Fuel failures in US PWRs and BWRs, 1980-2007, Tompkins, 2008. 
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Figure 7-2: Percentage of fuel failures by mechanism for PWRs and BWRs, 2000-2007, Tompkins, 2008. 

In the European BWRs debris fretting is one of the major failure causes. Debris filters in the BWR 
fuels do not eliminate the debris fretting failures while the debris filters seems to be efficient in the 
PWRs. 

Table 7-2 and Table 7-3 provide key data for some of the most recent fuel-failure cases. 

Table 7-2: Summary of previous PWR failure key events, see previous ZIRAT/IZNA-reports for details. 

Nuclear unit Type of primary failure Comment 

TMI-1, Cy 10, 
1995 

Nine high peaking fuel rods, 
Zr-4 Cladding, failed after 
122 days of operation.  
CRUD/corrosion related 
failures  

• All failed and degraded pins reportedly had (DCP) Distinctive CRUD Pattern14 
• High peaking factors, thermal-hydraulic conditions. Calculations indicated that no 

boiling should have occurred on the pins with DCP, although the pins with DCP were 
calculated to have a slightly higher temperature. 

• Water chemistry (low pH at BOC, pH < 6.9, max LiOH 2.2 ppm)  
• Some, AOA effect was found reaching a maximum in the middle of cycle 10.  
• The source of the CRUD could not be determined. The CRUD sampling showed that 

the nickel-to iron ratio was in the range 1.25 to 16.7, which was reportedly somewhat 
lower than in previous investigations.  

Seabrook, Cy 5, 
1997 

Five one-cycle ZIRLO rods 
failed. CRUD/corrosion 
related failures 

• Longer cycle in transition to 24-month cycle 
• Possibly CRUD-induced overheating resulting in substantial nucleate boiling. 

 

                                                 
 
 
14 This acronym implies that the fuel inspection revealed crud deposits on the fuel rod and that the deposits were 
uneven in the rod circumference 
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8 LOCA/RIA 

qÜÉêÉ=ïÉêÉ=äáãáíÉÇ=åìãÄÉê=çÑ=êÉëìäíë=êÉä~íÉÇ=íç=òáêÅçåáìã=~ääçó=ã~åìÑ~ÅíìêáåÖ=~åÇ=~ääçó=ëóëíÉã=

éìÄäáëÜÉÇ=áå=íÜÉ=é~ëí=íïÉäîÉ=ãçåíÜëK=qÜáë=íçéáÅ=ïáää=ÄÉ=ÅçîÉêÉÇ=áå=ÖêÉ~íÉê=ÇÉéíÜ=áå=íÜÉ=

ZIRATNQLIZNAV=ARK=
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9 Fuel performance during intermediate storage 
(Alfred Strasser) 

9.1 Introduction 

jçëí=ÅçìåíêáÉë=íÜ~í=ÖÉåÉê~íÉ=åìÅäÉ~ê=éçïÉê=~êÉ=áå=íÜÉ=éêçÅÉëë=çÑ=ÇÉîÉäçéáåÖ=ÅêáíÉêá~I=ÇÉëáÖåë=~åÇ=

ëáíÉë=Ñçê=íÜÉ=éÉêã~åÉåí=Çáëéçë~ä=çÑ=ëéÉåí=åìÅäÉ~ê=ÑìÉäI=Äìí=íÜÉó=Ü~îÉ=óÉí=íç=ÄÉÅçãÉ=äáÅÉåëÉÇ=

êÉ~äáíáÉëK=jÉ~åïÜáäÉ=íÜÉ=éççäë=~í=íÜÉ=åìÅäÉ~ê=éä~åí=ëáíÉë=~êÉ=ÑáääáåÖ=ìé=ïáíÜ=ëéÉåí=ÑìÉä=~åÇ=íÜÉ=

ìíáäáíáÉë=~êÉ=íê~åëÑÉêêáåÖ=íÜÉ=ëéÉåí=ÑìÉä=Ñêçã=íÜÉ=éççäë=íç=Çêó=Å~ëâ=ëíçê~ÖÉ=ëáíÉë=íÜ~í=~êÉ=äçÅ~íÉÇI=

ãçëíäó=~í=íÜÉ=éä~åí=ëáíÉëK=bñÅÉéíáçåë=~êÉ=íÜÉ=ÅÉåíê~äI=ä~êÖÉ=áåíÉêãÉÇá~íÉ=éççä=Ñ~ÅáäáíáÉë=íÜ~í=ëÉêîÉ=~ää=

íÜÉ=éä~åíë=áå=pïÉÇÉå=E`i^_=Ñ~ÅáäáíóF=~åÇ=~ää=íÜÉ=éä~åíë=áå=cáåä~åÇ=Ehm^JpqlobFK=qÜÉ=ä~Åâ=çÑ=~=

äáÅÉåëÉÇ=éÉêã~åÉåí=ÑìÉä=êÉéçëáíçêó=áå=~åó=Åçìåíêó=Ü~ë=éä~ÅÉÇ=íçí~ä=êÉäá~åÅÉ=çå=áåíÉêãÉÇá~íÉ=

ëíçê~ÖÉK=^ë=~=êÉëìäí=íÜÉ=Çêó=ëíçê~ÖÉ=íÉÅÜåçäçÖó=Ü~ë=ÄÉÅçãÉ=~=ã~àçê=~Åíáîáíó=~åÇ=ÄìëáåÉëë=

ÅçãéçåÉåí=çÑ=íçÇ~óÛë=Ä~ÅâJÉåÇ=ÑìÉä=ëíê~íÉÖáÉëK=

qÜÉ=rp=åìÅäÉ~ê=éä~åíë=ïáää=êìå=çìí=çÑ=éççä=ëíçê~ÖÉ=ëé~ÅÉ=áå=~Äçìí=OMNP=~åÇ=~ë=~=êÉëìäí=~ää=íÜÉ=

éä~åíë=Ü~îÉ=çê=~êÉ=éä~ååáåÖ=íç=Ü~îÉ=Çêó=ëíçê~ÖÉ=Ñ~ÅáäáíáÉëI=çê=fåÇÉéÉåÇÉåí=péÉåí=cìÉä=píçê~ÖÉ=

fåëí~ää~íáçåë=EISFSIëFK=^ë=çÑ=íÜÉ=ÄÉÖáååáåÖ=çÑ=OMMU=íÜÉêÉ=ïÉêÉ=RM=ISFSIë=áå=PM=pí~íÉë=EcáÖìêÉ=VJNF=
ïáíÜ=S=íç=U=åÉï=fpcfë=éä~ååÉÇ=Ñçê=OMMUJOMMV=~åÇ=V=íç=NN=áå=OMNMJOMNNI=_ê~ÅÜI=OMMUK=

 

Figure 9-1: ISFSI locations – 2008, Kellar, 2008. 
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Ñçê=OMNT=áë=~=íçí~ä=çÑ=çîÉê=OOMMM=íçåë=EjqrF=çÑ=ÑìÉä=ëíçêÉÇ=áå=OMMM=Å~ëâë=~í=SU=ëáíÉë=Ñçê=NMU=

éä~åíëI=hê~ÑíI=OMMUK==

qÜÉ=éÉêã~åÉåí=êÉéçëáíçêó=áë=éä~ååÉÇ=íç=ÄÉ=áå=Yucca Mountain=~Äçìí=VM=ãáäÉë=ENQR=âãF=Ñêçã=
i~ë=sÉÖ~ëI=kÉî~Ç~K=fíë=éä~ååÉÇ=Å~é~Åáíó=áë=~Äçìí=SPMMM=íçåë=çÑ=ÑìÉäI=ëç=íÜ~í=íÜÉ=ëéÉåí=ÑìÉä=Ñêçã=

ïÉí=~åÇ=Çêó=ëíçê~ÖÉ=ïçìäÇ=Ñáää=áí=ìé=Äó=OMMVK=cìÉä=Ñêçã=Çêó=ëíçê~ÖÉ=~äçåÉ=ïçìäÇ=Ñáää=áí=Äó=~Äçìí=

OMPU=~ëëìãáåÖ=ÉñíÉåÇÉÇ=çéÉê~íáçå=çÑ=ÅìêêÉåí=êÉ~ÅíçêëI=ëç=íÜ~í=éä~ååáåÖ=Ñçê=~=ëÉÅçåÇ=ëáíÉ=áë=ÄÉáåÖ=

ÅçåëáÇÉêÉÇK=

^=ÅêçëëJëÉÅíáçå=çÑ=íÜÉ=êÉéçëáíçêó=áë=ëÜçïå=áå=cáÖìêÉ=VJO=~åÇ=áåÇáÅ~íÉë=íÜ~í=íÜÉ=ÑìÉä=ïáää=ÄÉ=

ëíçêÉÇ=~Äçìí=NRMM=ÑÉÉí=EQRM=ãKF=ìåÇÉêÖêçìåÇK=qÜÉ=ÑìÉä=ïáää=ÄÉ=Åçåí~áåÉÇ=áå=Üçêáòçåí~ä=íìååÉäë=áå=

~=Å~åáëíÉê=íÜ~í=áë=áå=~=Å~ëâ=çê=ï~ëíÉ=é~Åâ~ÖÉ=~ë=ëÜçïå=áå=íÜÉ=äçïÉê=êáÖÜí=Ü~åÇ=é~êí=çÑ=cáÖìêÉ=VJOK=

^å=Éåä~êÖÉÇ=îáÉï=çÑ=íÜÉ=ã~åã~ÇÉ=ëÉÅíáçå=çÑ=íÜÉ=êÉéçëáíçêó=áë=ëÜçïå=áå=cáÖìêÉ=VJPK=qÜÉ=Çêáé=ëÜáÉäÇ=

íç=éêçíÉÅí=íÜÉ=ï~ëíÉ=é~Åâ~ÖÉ=Ñêçã=ÉîÉå=~å=ìåäáâÉäó=ï~íÉê=ëçìêÅÉI=áë=ã~ÇÉ=çÑ=íáí~åáìãK=qÜÉ=

Å~åáëíÉê=ïáää=ÜçéÉÑìääó=ÄÉ=~=ìåáîÉêë~ä=çåÉ=íÜ~í=ïáää=ÄÉ=äç~ÇÉÇ=ïáíÜ=ÑìÉä=~í=íÜÉ=ëéÉåí=ÑìÉä=éççä=çÑ=íÜÉ=

êÉ~Åíçê=ëáíÉ=~åÇ=íê~åëéçêíÉÇ=íç=íÜÉ=éÉêã~åÉåí=êÉéçëáíçêó=ïáíÜçìí=Ü~îáåÖ=íç=êÉäç~Ç=íÜÉ=ÑìÉä=áåíç=

~åçíÜÉê=Å~åáëíÉêK=qÜáë=Å~åáëíÉêI=ÅìêêÉåíäó=ìåÇÉê=ÇÉîÉäçéãÉåíI=áë=Å~ääÉÇ=TAD=Ñçê=qê~åëéçêí~íáçåI=

^ÖáåÖ=~åÇ=aáëéçë~äI=ÇÉëÅêáÄÉÇ=áå=pÉÅíáçå=VKVKPK=

 

Figure 9-2: YUCCA Mountain permanent storage concept, Sproat, 2007. 
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Figure 9-3: Man-made features of the Yucca Mountain repository, Office of Civilian Radioactive Waste Management 
(OCRWM, 2008). 

qÜÉ=äáÅÉåëáåÖ=éêçÅÉëë=Ñçê=íÜÉ=vìÅÅ~=jçìåí~áå=oÉéçëáíçêó=Ü~ë=ÄÉÉå=áåáíá~íÉÇ=Äó=íÜÉ=aÉé~êíãÉåí=lÑ=

båÉêÖóÛë=EDOEF=áëëì~åÅÉ=çÑ=~=iáÅÉåëÉ=^ééäáÅ~íáçå=ELAF=áå=gìåÉ=OMMU=ïÜáÅÜ=ï~ë=êÉîáÉïÉÇ=~åÇ=
íÜÉå=ÇçÅâÉíÉÇ=Äó=íÜÉ=NRC=áå=pÉéíÉãÄÉêI=OMMUKÒaçÅâÉíáåÖÒ=ãÉ~åë=íÜ~í=íÜÉ=NRC=Ü~ë=~ÅÅÉéíÉÇ=
íÜÉ=~ééäáÅ~íáçå=Ñçê=êÉîáÉïK=^=ëáãéäáÑáÉÇ=Ñäçï=ÅÜ~êí=Ñçê=íÜÉ=éêçÅÉëë=ìé=íç=íÜÉ=éçíÉåíá~ä=NRC=
~ééêçî~ä=Ñçê=ÅçåëíêìÅíáçå=áë=ëÜçïå=áå=cáÖìêÉ=VJQK=qÜÉ=NRC=êÉîáÉï=áë=ÑçääçïÉÇ=Äó=ÜÉ~êáåÖë=Äó=íÜÉ=
^íçãáÅ=p~ÑÉíó=~åÇ=iáÅÉåëáåÖ=_ç~êÇ=EASLBFI=çíÜÉê=ÖçîÉêåãÉåí=~ÖÉåÅáÉë=~åÇ=íÜÉ=éìÄäáÅK=cáå~ä=
~ééêçî~ä=Äó=íÜÉ=NRC=ãìëí=ÄÉ=éêÉÅÉÇÉÇ=Äó=íÜÉ=~ééêçî~ä=çÑ=íÜÉ=ASLBK=qç=ÖÉí=íÜáë=Ñ~ê=`çåÖêÉëë=
ãìëí=~ééêçîÉ=ëìÑÑáÅáÉåí=ÑìåÇë=Ñçê=íÜáë=éêçàÉÅí=Ó=~=ÜáÖÜäó=éçäáíáÅ~ä=ãçîÉK=låÉ=ëÜçìäÇ=åçíÉ=íÜ~í=íÜÉ=

pí~íÉ=çÑ=kÉî~Ç~=áë=îÉêó=ãìÅÜ=~Ö~áåëí=íÜáë=éêçàÉÅí=áå=íÜÉáê=ëí~íÉ=~åÇ=Ü~ë=ëéÉåí=ã~åó=Ççää~êë=

äçÄÄóáåÖ=~Ö~áåëí=áíK=qÜÉ=ëÅÜÉÇìäÉ=Ñçê=íÜáë=éêçÅÉëë=áë=~í=äÉ~ëí=PI=Äìí=ãçêÉ=äáâÉäó=Q=óÉ~êëI=çê=

ÅçãéäÉíáçå=Äó=OMNPK=fÑ=ÅçåëíêìÅíáçå=Å~å=ëí~êí=~í=íÜ~í=íáãÉI=ìåçÄëíêìÅíÉÇ=Äó=~ééÉ~äëI=íÜÉ=çéíáãáëíáÅ=

Éëíáã~íÉë=Ñçê=áåáíá~ä=ÑìÉä=êÉÅÉáéí=~êÉ=OMNUI=Äìí=NRCÛë=Éëíáã~íÉ=áë=OMOMK=tÜÉå=íÜÉ=ÑÉÇÉê~ä=

ÖçîÉêåãÉåí=íççâ=çîÉê=íÜáë=éêçàÉÅí=áå=NVUPI=íÜÉó=Éëíáã~íÉÇ=ÑìÉä=êÉÅÉáéí=áå=NVVUK=

qÜÉ=ÇÉä~ó=áå=~=éÉêã~åÉåí=ëíçê~ÖÉ=ëáíÉ=ÅçãÄáåÉÇ=ïáíÜ=ëéÉåí=ÑìÉä=éççäë=ÑáääÉÇ=íç=Å~é~Åáíó=Ü~îÉ=

êÉëìäíÉÇ=áå=íÜÉ=ÇÉîÉäçéãÉåí=çÑ=Çêó=ëíçê~ÖÉ=~ë=~=ëáÖåáÑáÅ~åíI=ïÉää=êÉÖìä~íÉÇ=áåÇìëíêó=~ë=åçíÉÇ=Äó=íÜÉ=

ëí~íáëíáÅë=~ÄçîÉK=få=~ÇÇáíáçå=íç=íÜÉ=~íJêÉ~Åíçê=Çêó=ëíçê~ÖÉ=ëáíÉëI=ÅÉåíê~ä=áåíÉêãÉÇá~íÉ=ëíçê~ÖÉ=ëáíÉë=

Ü~îÉ=ÄÉÉå=ÅçåëáÇÉêÉÇK=få=íÜÉ=rp=~å=áåíÉêãÉÇá~íÉ=^ï~óJcêçãJoÉ~Åíçê=EAFRF=Çêó=ëíçê~ÖÉ=ëáíÉI=áå=
íÜÉ=Skull Valley fåÇá~å=oÉëÉêî~íáçå,=Ü~ë=~Åíì~ääó=ÄÉÉå=~ééêçîÉÇ=Äó=íÜÉ=ASLB=~åÇ=íÜÉ=NRC=
ëìÄëÉèìÉåíäó=áëëìÉÇ=~=ÅçåëíêìÅíáçå=äáÅÉåëÉ=áå=OMMSK=qÜÉ=aÉé~êíãÉåí=çÑ=fåíÉêáçê=~ééêçî~ä=íÜ~í=áë=

~äëç=åÉÉÇÉÇ=ï~ë=åçí=ÖáîÉåI=ÜçïÉîÉêI=~ë=íÜÉó=ÇÉåáÉÇ=íÜÉ=ê~áä=~ÅÅÉëë=íç=íÜÉ=ëáíÉ=~åÇ=íÜÉó=~äëç=ÇÉåáÉÇ=

íÜÉ=äÉ~ëÉ=ÄÉíïÉÉå=íÜÉ=pâìää=s~ääÉó=_~åÇ=çÑ=dçëÜìíÉ=fåÇá~åë=~åÇ=íÜÉ=Åçåëçêíáìã=çÑ=ìíáäáíáÉë=íÜ~í=

ÑçêãÉÇ=íÜÉ=mêáî~íÉ=cìÉä=píçê~ÖÉ=dêçìé=EPFSFK=qÜÉ=Å~ëÉ=áë=åçï=ÄÉáåÖ=~ééÉ~äÉÇ=áå=íÜÉ=rp=aáëíêáÅí=
`çìêí=áå=p~äí=i~âÉ=`áíóI=j~êíáå=pI=OMMUK=
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10 Potential burnup limitations (Peter Rudling) 

10.1 Introduction 

qÜÉ=éçíÉåíá~ä=ÑìÉä=~ëëÉãÄäó=Äìêåìé=äáãáí~íáçåë=êÉä~íÉÇ=íç=òáêÅçåáìã=~ääçó=ÅçãéçåÉåíë=~êÉ=

ëìãã~êáòÉÇ=áå=íÜáë=pÉÅíáçåK=qÜÉ=Äìêåìé=äáãáí~íáçå=íÜ~í=Ü~îÉ=~Åíì~ääó=ÄÉÉå=êÉ~ÅÜÉÇI=Äìí=Ü~îÉ=ÄÉÉå=

çê=~êÉ=ÄÉáåÖ=ÉñíÉåÇÉÇI=~êÉW=

• `çêêçëáçå=äáãáíë=çÑ=wêóJQ=áå=ÜáÖÜ=éçïÉê=PWRëI=~êÉ=ÉñíÉåÇÉÇ=Äó=íÜÉ=~äíÉêå~íÉ=ìëÉ=çÑ=
áãéêçîÉÇ=Åä~ÇÇáåÖ=~ääçóëK=fãéêçîÉÇ=Åçêêçëáçå=éÉêÑçêã~åÅÉ=Äó=íÜÉ=åÉï=~ääçóë=ã~ó=~ääçï=íÜÉ=

ìíáäáíáÉë=íç=ìëÉ=íÜÉ=~ÇÇÉÇ=ã~êÖáåëI=íç=ãçÇáÑó=éä~åí=çéÉê~íáçå=ÉKÖKI=íç=äçïÉê=ÑìÉä=ÅóÅäÉ=ÅçëíK=

eçïÉîÉêI=íÜáë=ãçÇáÑáÉÇ=çéÉê~íáçå=ïáää=áå=ãçëí=Å~ëÉë=êÉëìäí=áå=ÜáÖÜÉê=Åçêêçëáçå=Çìíó=çÑ=íÜÉ=

òáêÅçåáìã=ã~íÉêá~äëK=qÜìëI=áí=áë=ÄÉäáÉîÉÇ=íÜ~í=íÜÉ=Åçêêçëáçå=ã~ó=~äï~óë=ÄÉ=äáãáíáåÖ=Ñçê=éä~åí=

çéÉê~íáçå=ÉîÉå=ïáíÜ=íÜÉ=åÉï=íóéÉ=çÑ=~ääçóëK=cìêíÜÉêãçêÉI=íÜÉ=áåÑäìÉåÅÉ=çÑ=CRUD=çå=

Åçêêçëáçå=ã~ó=áåÅêÉ~ëÉ=ïáíÜ=áåÅêÉ~ëáåÖ=ÇìíóK=

• _çïáåÖ=çÑ=PWR=ÑìÉä=~ëëÉãÄäáÉë=ÅçåíêáÄìíÉÇ=áå=é~êí=Äó=áêê~Çá~íáçå=ÖêçïíÜI=ÅêÉÉé=~åÇ=
ÜóÇêáÇáåÖ=çÑ=wêóJQI=Ü~ë=ÄÉÉå=êÉÇìÅÉÇ=Äó=áãéêçîÉÇ=ÖìáÇÉ=íìÄÉ=ã~íÉêá~äë=EáKÉKI=äçïÉê=

áêê~Çá~íáçå=ÖêçïíÜ=~åÇ=ÜóÇêáÇáåÖ=ê~íÉëFI=êÉÇìÅÉÇ=~ëëÉãÄäó=ÜçäÇJÇçïå=ÑçêÅÉëI=~åÇ=çíÜÉê=

ãÉÅÜ~åáÅ~äLíÜÉãçãÉÅÜ~åáÅ~ä=ÇÉëáÖå=ÅÜ~åÖÉëI=Äìí=åçí=óÉí=Ñáå~ääó=Éäáãáå~íÉÇK==

• _çïáåÖ=çÑ=BWR=ÅÜ~ååÉäëI=ÉñíÉåÇÉÇ=Äó=áãéêçîÉÇ=ã~åìÑ~ÅíìêáåÖ=éêçÅÉëëÉëI=ÇÉëáÖå=ÅÜ~åÖÉë=
ëìÅÜ=~ë=î~êá~ÄäÉ=ï~ää=ÅÜ~ååÉä=íÜáÅâåÉëë=ïáíÜ=êÉä~íáîÉäó=íÜáÅâÉê=ÅçêåÉêëI=~åÇ=áåJÅçêÉ=ÅÜ~ååÉä=

ã~å~ÖÉãÉåí=éêçÖê~ãëK=

• RIA=~åÇ=LOCA=êÉä~íÉÇ=Äìêåìé=äáÅÉåëáåÖ=äáãáíë=~êÉ=áå=íÜÉ=éêçÅÉëë=çÑ=ÄÉáåÖ=~ëëÉëëÉÇ=Äó=
~ÇÇáíáçå~ä=ÉñéÉêáãÉåí~ä=Ç~í~=~åÇ=~å~äóëÉëK=fí=ïçìäÇ=~ééÉ~ê=íÜ~í=íÜÉ=ÅìêêÉåí=LOCA=äáãáíë=~êÉ=
ëìÑÑáÅáÉåíäó=ÅçåëÉêî~íáîÉ=Ñçê=ÑìÉä=Äìêåìéë=ìé=íç=TR=jtÇLâÖrK=qÜÉ=RIA=äáãáíë=EíÜêÉëÜçäÇ=
ÉåíÜ~äéáÉëF=ã~ó=ÅçåíáåìÉ=íç=ÇÉÅêÉ~ëÉ=~ë=~=ÑìåÅíáçå=çÑ=Äìêåìé=ÇìÉ=íç=íÜÉ=áåÅêÉ~ëÉ=áå=Åä~Ç=

Åçêêçëáçå=~åÇ=ÜóÇêçÖÉå=ìéí~âÉK=

• qÜÉ=Å~íÉÖçêáÉë=çÑ=ÉîÉåí=äáâÉäó=íç=ÉîÉåíì~ääó=äáãáí=êÉäá~Ääó=~åÇ=ë~ÑÉäó=~ÅÜáÉî~ÄäÉ=Äìêåìé=äÉîÉäë=

~êÉ=çìíäáåÉÇ=ÄÉäçïK=qÜÉ=òáêÅçåáìã=~ääçó=ÅçãéçåÉåí=ãçëí=ëÉåëáíáîÉ=íç=íÜÉ=äáãáíë=~åÇ=éçíÉåíá~ä=

ãÉíÜçÇë=Ñçê=ÉñíÉåÇáåÖ=íÜÉ=äáãáíë=~êÉ=åçíÉÇ=ÄÉäçïK=

10.2 Corrosion and mechanical properties related to 
oxide thickness and H pickup 

• BWRëW=áåÅêÉ~ëÉÇ=ìåáÑçêã=~åÇ=ëÜ~Ççï=ÅçêêçëáçåI=çñáÇÉ=íÜáÅâåÉëë=ëé~ääáåÖI=áåÅêÉ~ëÉÇ=
ÜóÇêçÖÉå=éáÅâìéI=~åÇ=Ñçêã~íáçå=çÑ=ê~Çá~ä=ÜóÇêáÇÉë=ÇìÉ=íç=äçåÖÉê=êÉëáÇÉåÅÉ=íáãÉI=ÜáÖÜÉê=

éçïÉêI=ãçÇÉêå=éçïÉê=ÜáëíçêáÉëI=~åÇ=ï~íÉê=ÅÜÉãáëíêó=ÅÜ~åÖÉëK=`ìêêÉåí=ÅêìÅá~ä=áëëìÉë=~êÉW=

ëÜ~Ççï=Åçêêçëáçå=ãÉÅÜ~åáëãë=áíë=ÉÑÑÉÅí=çå=ÅÜ~ååÉä=ÄçïI=ä~íÉ=áåÅêÉ~ëÉÇ=Åçêêçëáçå=~åÇ=

ÜóÇêçÖÉå=éáÅâìé=çÑ=wêóJO=~í=ÜáÖÜ=ÄìêåìéëI=~åÇ=Ñçêã~íáçå=çÑ=ê~Çá~ä=ÜóÇêáÇÉëI=CRUDJ

ÅÜÉãáëíêóJÅçêêçëáçå=áåíÉê~ÅíáçåI=ÉÑÑÉÅí=çÑ=ï~íÉê=ÅÜÉãáëíêó=áãéìêáíáÉëI=~ë=ïÉää=~ë=ëéÉÅáÑáÅ=

ÉÑÑÉÅíë=çÑ=NMCA=ïáíÜ=çê=ïáíÜçìí=wåJáåàÉÅíáçåK==
• PWRëW=áåÅêÉ~ëÉÇ=ìåáÑçêã=ÅçêêçëáçåI=çñáÇÉ=íÜáÅâåÉëëI=ëé~ääáåÖI=~åÇ=åÉï=wê=~ääçóë=ÇìÉ=íç=

äçåÖÉê=êÉëáÇÉåÅÉ=íáãÉ=~åÇ=ÜáÖÜÉê=iáI=ÜáÖÜÉê=éçïÉêI=ãçêÉ=ÄçáäáåÖK=qÜÉ=ÇÉîÉäçéãÉåí=çÑ=åÉï=

wêJ~ääçóë=áë=ëíáää=çåÖçáåÖK=qÜÉ=Ç~í~=Ä~ëÉ=Ñçê=ëÉîÉê~ä=çÑ=íÜÉ=åÉï=~ääçóë=áë=ëíáää=äáãáíÉÇK=wêJkÄ=

~ääçóë=~êÉ=çÅÅ~ëáçå~ääó=~ÑÑÉÅíÉÇ=Äó=~ÅÅÉäÉê~íÉÇ=Åçêêçëáçå=ÇìÉ=íç=ëìêÑ~ÅÉ=Åçåí~ãáå~íáçåë=

~åÇLçê=ÄçáäáåÖK=tÉäÇáåÖ=çÑ=íÜÉ=åÉï=~ääçóë=ã~ó=åÉÉÇ=áãéêçîÉÇ=éêçÅÉëëÉë=EwêJkÄ=~ääçóëF=~åÇ=

ÅÜÉãáÅ~ä=Åçãéçëáíáçåë=ÄÉíïÉÉå=Çáëëáãáä~ê=ãÉí~äë=ëìÅÜ=~ë=ÉKÖK=ZIRLO=~åÇ=wêóJQ=ã~ó=êÉëìäí=

áå=áåÑÉêáçê=Åçêêçëáçå=êÉëáëí~åÅÉK=iìÅâáäóI=íÜÉ=Åçêêçëáçå=íÉãéÉê~íìêÉë=~í=íÜÉëÉ=ÉäÉî~íáçåë=áå=íÜÉ=

ÅçêÉ=~êÉ=ëáÖåáÑáÅ~åíäó=äçïÉê=íÜ~å=íÜÉ=éÉ~â=íÉãéÉê~íìêÉëK==

• aÉÅêÉ~ëÉÇ=ÇìÅíáäáíó=~åÇ=Ñê~ÅíìêÉ=íçìÖÜåÉëë=~ë=ÅçåëÉèìÉåÅÉ=çÑ=íÜÉ=áåÅêÉ~ëÉÇ=ÜóÇêçÖÉå=éáÅâìé=

ÇìêáåÖ=~åó=ëáíì~íáçå=EÉKÖKI=RIAI=PCMII=LOCA=~åÇ=éçëíJLOCA=ÉîÉåíëI=ëÉáëãáÅ=ÉîÉåíI=
íê~åëéçêí=Åçåí~áåÉê=ÇêçéJ~ÅÅáÇÉåí=ÅçåÇáíáçåëFK=

• fåÅêÉ~ëÉÇ=ÖêçïíÜ=ÇìÉ=íç=ÜáÖÜÉê=ÜóÇêáÇÉ=îçäìãÉ=~åÇ=íÜáÅâ=çñáÇÉ=ä~óÉêëK=
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• fåÅêÉ~ëÉÇ=Åçêêçëáçå=ÇìÉ=íç=áãé~Åí=çÑ=ÜóÇêáÇÉë=~í=íÜÉ=Åä~ÇÇáåÖ=çìíÉê=ëìêÑ~ÅÉK=

• fãé~Åí=çÑ=Åçêêçëáçå=~åÇ=ÜóÇêçÖÉå=éáÅâìé=çå=ÅêÉÉé=ÄÉÜ~îáçìê=çÑ=ÑìÉä=Åä~ÇÇáåÖë=ÇìêáåÖ=

Åä~ëë=NJfs=ÉîÉåíë=~åÇ=ÇìêáåÖ=áåíÉêãÉÇá~íÉ=ëíçê~ÖÉK=

• fåÅêÉ~ëÉÇ=ÉÑÑÉÅíë=çÑ=áêê~Çá~íáçå=~åÇ=ÜóÇêáÇÉë=çå=íÜÉ=Ñê~ÅíìêÉ=íçìÖÜåÉëë=çÑ=íÜáåJï~ääÉÇ=

òáêÅçåáìã=~ääçó=ÅçãéçåÉåíëK=

Most sensitive component 

pé~ÅÉê=~åÇ=ÑìÉä=Åä~ÇÇáåÖëK=

Increase margin for PWR 

• fãéêçîÉÇ=âåçïäÉÇÖÉ=çÑ=Åçêêçëáçå=~åÇ=ÜóÇêçÖÉå=éáÅâìé=ãÉÅÜ~åáëãëK=

• fãéêçîÉÇ=~ääçóë=ïáíÜ=~ééêçéêá~íÉ=Ñ~ÄêáÅ~íáçå=éêçÅÉëëÉëW=ZIRLOI=MDAI=NDAI=~åÇ=
jRLwêNkÄK=DX=áë=~åçíÜÉê=~äíÉêå~íáîÉ=íÜ~í=ã~ó=ÄÉ=åÉÅÉëë~êó=íç=~ÅÜáÉîÉ=ë~íáëÑ~Åíçêó=

ãÉÅÜ~åáÅ~ä=éêçéÉêíáÉëK=

• wêJ~ääçóë=ëìÅÜ=~ë=léíáãáëÉÇ=ZIRLOI=jçÇáÑáÉÇ=MDAI=pOI=jçÇáÑáÉÇ=bSPR=ïáíÜ=êÉÇìÅÉÇ=på=

ÅçåíÉåí=áå=Åçãé~êáëçå=íç=íÜÉ=çêáÖáå~ä=Åçãéçëáíáçå=çÑ=ZIRLOI=MDAI=NDA=~åÇ=bSPR=~êÉ=
ÄÉáåÖ=ÉñéäçêÉÇK==

• `Ü~åÖÉ=íç=ÉåêáÅÜÉÇ=_=ëçäìÄäÉ=ëÜáã=íç=êÉÇìÅÉ=iáK=qÜÉêÉ=áë=ÜçïÉîÉê=~=ÑÉ~ê=íÜ~í=ÉåêáÅÜÉÇ=_=

ïçìäÇ=áåÅêÉ~ëÉ=AOA=éçíÉåíá~äI=áKÉKI=ãçêÉ=~Äëçêéíáçå=éÉê=ÖK=_I=ÉîÉå=íÜçìÖÜ=íÜÉêÉ=ã~ó=ÄÉ=äÉëë=
_K=

• fãéêçîÉÇ=ï~íÉê=ÅÜÉãáëíêó=~åÇ=CRUD=ÅçåíêçäK=

• fåÅêÉ~ëÉ=Åçêêçëáçå=êÉëáëí~åÅÉ=çÑ=ëíÉ~ã=ÖÉåÉê~íçê=ã~íÉêá~äëK=

Increase margin for BWR 

• fãéêçîÉÇ=âåçïäÉÇÖÉ=çÑ=Åçêêçëáçå=~åÇ=ÜóÇêçÖÉå=éáÅâìé=ãÉÅÜ~åáëãë=~í=ÜáÖÜ=ÄìêåìéëK=

• jçÇáÑáÅ~íáçå=çÑ=ã~åìÑ~ÅíìêáåÖ=éêçÅÉëëÉë=Eíç=ÖÉí=çéíáãìã=ëáòÉÇI=ãçêÉ=ëí~ÄäÉ=SPPëFK=
• wêóJQ=ÑìÉä=ÅÜ~ååÉäë=Ñçê=ÅçåíêçääÉÇ=éçëáíáçåë=

• fãéêçîÉÇ=~ääçóë=ìåÇÉê=ÇÉîÉäçéãÉåíK=

fãéêçîÉÇ=ï~íÉê=ÅÜÉãáëíêó=~åÇ=CRUD=ÅçåíêçäK=

10.3 Dimensional stability 

• fåÅêÉ~ëÉÇ=ÇáãÉåëáçå~ä=ÅÜ~åÖÉë=çÑ=ÅçãéçåÉåíë=~åÇ=ÇáÑÑÉêÉåíá~ä=ÇáãÉåëáçå~ä=ÅÜ~åÖÉë=ÄÉíïÉÉå=

íÜÉã=êÉëìäíáåÖ=áå=êÉÇìÅÉÇ=ÑìÉä=êçÇ=ëé~ÅáåÖ=çê=ÉîÉå=êçÇ=Åçåí~ÅíI=ÖìáÇÉ=íìÄÉ=ÄçïáåÖI=ÑìÉä=

~ëëÉãÄäó=ÄçïáåÖI=ëé~ÅÉê=ÅÉää=~åÇ=ÉåîÉäçéÉ=ÇáãÉåëáçåëI=BWR=ÑìÉä=ÅÜ~ååÉä=~åÇ=PWR=ÑìÉä=
~ëëÉãÄäó=Äçï=ã~ó=êÉëìäí=áåW=

− aÉÅêÉ~ëÉÇ=íÜÉêã~ä=ã~êÖáåë=ELOCA=~åÇ=ÇêóJçìíFK=
− `çåíêçä=êçÇ=áåëÉêíáçå=ÇáÑÑáÅìäíáÉë=Eë~ÑÉíó=áëëìÉFK=

Most sensitive component 

mçíÉåíá~ääó=~ää=òáêÅçåáìã=~ääçó=ÅçãéçåÉåíëI=Äìí=ÅìêêÉåíäó=wáêÅ~äçó=PWR=ÖìáÇÉ=íìÄÉë=~åÇ=BWR=
ÅÜ~ååÉäëK=^äëç=BWR=ëé~ÅÉêë=Ü~îÉ=çÅÅ~ëáçå~ääó=áåÅêÉ~ëÉÇ=ëç=ãìÅÜ=áå=ÇáãÉåëáçåë=íÜ~í=ìåäç~ÇáåÖ=çÑ=

íÜÉ=~ëëÉãÄäó=Ñêçã=íÜÉ=çìíÉê=ÅÜ~ååÉä=ï~ë=îÉêó=ÇáÑÑáÅìäíK=
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Increase margin for PWR 

• ^ääçóë=ïáíÜ=äçïÉê=ÖêçïíÜ=~åÇ=ÜóÇêáÇáåÖ=ê~íÉë=Ñçê=ÖìáÇÉ=íìÄÉë=Ó=ZIRLOI=jRI=bSPR=

E^åáâìäçóFK=

• jçÇáÑáÉÇ=ãÉÅÜ~åáÅ~ä=ÇÉëáÖå=íç=éêçîáÇÉ=äçïÉê=ÜçäÇJÇçïå=ÑçêÅÉëI=ëíáÑÑÉê=~ëëÉãÄäáÉëI=ÉíÅK=

• oÉÑáåÉãÉåí=çÑ=íÜÉ=ìåÇÉêëí~åÇáåÖ=çÑ=íÜÉ=ÉÑÑÉÅíë=çÑ=Åçêêçëáçå=~åÇ=ÜóÇêáÇáåÖ=~í=ãçÇÉê~íÉ=~åÇ=

ÜáÖÜ=ÄìêåìéëK=

• _Éí~JèìÉåÅÜÉÇ=ã~íÉêá~ä=~ÑíÉê=íÜÉ=ä~ëí=éä~ëíáÅ=ÇÉÑçêã~íáçå=ëíÉé=ÇìêáåÖ=ã~åìÑ~ÅíìêáåÖK=E_Éí~J

èìÉåÅÜÉÇ=ã~íÉêá~äë=Çç=åçêã~ääóI=ÜçïÉîÉêI=ëÜçï=ÜáÖÜÉê=Åçêêçëáçå=ê~íÉ=~åÇ=äçïÉê=ÇìÅíáäáíóK=

qÜÉëÉ=éêçéÉêíáÉë=ãáÖÜí=ÄÉ=áãéêçîÉÇ=Äó=~å=~ééêçéêá~íÉ=Ñáå~ä=ÜÉ~íJíêÉ~íãÉåí=áå=íÜÉ=~äéÜ~J

éÜ~ëÉK=^äëç=~ééäáÉë=íç=BWR=ã~íÉêá~äë=Åçåíêçä=çÑ=íÉñíìêÉ=EÅäçëÉ=íç=áÇÉ~ä=áëçíêçéóF=áë=ÅêáíáÅ~ä=
Ñçê=ÖççÇ=éÉêÑçêã~åÅÉ=~í=ÜáÖÜ=ÄìêåìéëFK=

Increase margin for BWR 

• råáÑçêã=ãáÅêçëíêìÅíìêÉ=~åÇ=íÉñíìêÉ=íÜêçìÖÜçìí=íÜÉ=Ñäçï=ÅÜ~ååÉäK=

• rëÉ=çÑ=äçïÉê=ÖêçïíÜ=ã~íÉêá~äI=ëìÅÜ=~ë=ÄÉí~JèìÉåÅÜÉÇ=ã~íÉêá~ä=áå=~ëJÑ~ÄêáÅ~íÉÇ=ëíÉéI=kpc=çê=

çíÜÉê=kÄJãçÇáÑáÉÇ=òáêÅçåáìã=~ääçóëK=

• `Ü~ååÉä=ã~å~ÖÉãÉåí=éêçÖê~ãëI=áåÅäìÇáåÖ=~ëëÉëëãÉåí=çÑ=ÇÉÖêÉÉ=çÑ=Åçåíêçä=çîÉê=ëéÉÅáÑáÅ=

êÉ~Åíçê=éÉêáçÇëK=

• jçêÉ=Åçêêçëáçå=~åÇ=ëÜ~ÇçïJÅçêêçëáçå=êÉëáëí~åí=ã~íÉêá~ä=áå=ÅÜ~ååÉäë=~åÇ=ëé~ÅÉêëK=

• fåÅêÉ~ëÉÇ=ìåÇÉêëí~åÇáåÖ=çÑ=Ä~ëáÅ=éÜÉåçãÉå~=ÇêáîáåÖ=íÜÉ=ÅÜ~ååÉä=Äçï=éêçÅÉëëI=áåÅäìÇáåÖ=Ñäìñ=

~åÇ=ÜóÇêçÖÉåJÇêáîÉå=éêçÅÉëëÉëK=

• içïÉêÉÇ=ÜóÇêáÇÉ=éáÅâìé=~åÇ=áåÅêÉ~ëÉÇ=ìåáÑçêãáíó=çÑ=ÜóÇêáÇÉ=ÇáëíêáÄìíáçå=áå=ÅÜ~ååÉäë=~åÇ=

ëé~ÅÉêë=íÜêçìÖÜ=ÜÉ~í=íêÉ~íãÉåí=~åÇ=~ääçó=ÅÜçáÅÉK=

10.4 PCI in BWRs and PWRs 

fåÅêÉ~ëÉÇ=ëÉåëáíáîáíó=Ñçê=PCILPCMI=ÇìÉ=íçW=

• jçêÉ=Ñáëëáçå=éêçÇìÅíë=EfI=`ë=~åÇ=`ÇF=éêçÇìÅÉÇK=

• fåÅêÉ~ëÉÇ=qê~åëáÉåí=cáëëáçå=d~ë=oÉäÉ~ëÉI=TFGRK=
• cçêã~íáçå=çÑ=~=êáã=òçåÉ=~í=íÜÉ=éÉääÉí=éÉêáéÜÉêó=~í=ÑìÉä=éÉääÉí=~îÉê~ÖÉ=Äìêåìé=çÑ=~Äçìí=

RM=jtÇLâÖrK=

• cìÉäJÅä~Ç=ÄçåÇáåÖ=~í=ÑìÉä=éÉääÉí=~îÉê~ÖÉ=Äìêåìé=çÑ=~Äçìí=RM=jtÇLâÖrK=

• fåÅêÉ~ëÉÇ=ëïÉääáåÖK=

• fåÅêÉ~ëÉÇ=íê~åëáÉåí=Ñáëëáçå=Ö~ë=ëïÉääáåÖK=

• jáÅêçëíêìÅíìê~ä=ÅÜ~åÖÉë=áå=ÑìÉä=Åä~Ç=ã~íÉêá~ä=~åÇ=áå=íÜÉ=äáåÉê=EÄ~êêáÉêF=áå=íÜÉ=Å~ëÉ=çÑ=äáåÉê=

EÄ~êêáÉêF=BWR=ÑìÉäK=
• aÉîÉäçéãÉåí=çÑ=~=ÜóÇêáÇÉ=êáã=~í=íÜÉ=Åä~Ç=çìíÉê=ëìêÑ~ÅÉ=EíÜ~í=ã~ó=éêçãçíÉ=PCMI=Ñ~áäìêÉëFK=
• cìÉä=ÇÉëáÖå=ÅÜ~åÖÉë=êÉëìäíáåÖ=áå=ìéJê~íÉÇ=Çìíó=çå=íÜÉ=Åä~ÇK=

Most sensitive component 

cìÉä=Åä~ÇÇáåÖ=
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