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ABSTRACT

Spent nuclear fuel storage is gradually becoming a nightmare for nuclear reactors which were
commissioned in the 1980s. This leaves the nuclear faciity management with the dilemma of
having to choose between pursuing the cask storage option to relieve the demand pressure on
the spent fuel pool, or to opt for the more radical but unpopular option of shutting down the
reactor compromising the energy suppnd South Africa is no excem. In a bid to
minimise the risk of reactor shut dowthe Nuclear Analysis Section (NAS) of Eskom
launched the present study of investigating the design requirements of spent fuel casks
suitable for the storage and transportation of spent fuel assentbé¢ have an intial
enrichment of up to 5 wt% and much higher burnup of between 50 and 60 GWD/MTU.

The aim of the present study is to investigate the suitabilty of the existing casks for use in 5
wt% enriched fuel, given that they are licensed fonaximum enrichment of 3.5 wt%. As a
result of the huge number of casks required, there is potentially a risk of shortage of cask
storage space and, therefore, it was prudent that the study also investigates the most optimum
storage array that wil maximiséhe storage space, whie keeping the effective neutron
multiplication factor Kef) below the internationally recommended value of O[BSEA,

2014] As such, it is also necessary to identify parameters which have the greatest effect on
the neutron multization factor. These include determining the effect of changes in
moderator and fuel temperature on the neutron multiplication factor and also what the effect
of an increase in the concentration fB of the boral plate wil have on the neutron
multiplication factor.

Keywords:

Rim effect, Burnup credit, Sensitivity and UncertainBancoff factor Misloading, water
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storage matrix th&g, neutron absorbemserts



Dedication

Dedicated to my family; Liz my wife and my two sons Kenneth and Thabo.

To my brothers and my sister who provided me with the initial opportunity to obtain a tertiary

education.

To John Beer, my afime friend, who dedicated all hiworking life to maintaining the
Tandem and Walton Cockcroft accelerators at the Schonland Research Centre for Nuclear

Sciences so that postgraduate students “can

To all my guardian angels from whom | learrgry early in my life that being born into a

poor famiy, having parents with little or no primary education, walking 20 kiometres to
school and back barefooted on an empty stomach, living in a squatter camp, being a security
guard (albeit for a short ped of time), living under the apartheid regime where black people
were treated like secomdass citizens should not define who you are, or what you wil
become. These should instead be motivation to succeed and not the justification to fail. Sadly,
for many people who lived under the same conditions, these were the cause of failure and not
the motivation to succeed. In life you can choose to be a victim (or a victor) and blame all
your problems (socialfinancialacademic) on your poor upbringing, povaffirmative

action, apartheid or any other forms of injustice you were subjected to; but that wil not
change the situation you find yourself in. It is only when you roll up your sleeves and start
doing something about it that your situation will changem@mber, the world does not owe

you (or anyone for that matter) anything; you cannot expect to have anything unless you have
worked for it. Nothing will become yours without you having earned it. The world does not
revolve around you! Whatever you needlfie and from the world, you must work for fi.

You must roll up your sleeves and be prepared to commit a fair amount of energy and effort,
and only then will the situation change. When you do so, remember that the Earth cannot be
recycled; do what you cato improve your wellbeing but remember to leave it just as you
found it for the betterment of all humanity and the next generations to come. Sitting back and
blaming the past but doing nothing to improve your situation wil only make matters worse

not ony for yourself but for everybody, especially your chidren and your grandchildren!



Acknowledgements

It has been a great honour and priviege for me to have been mentored and guided by Mr.
Mueller of Oak Ridge National Laboratory, for whom | have great respect. First as a person
who, even though he has so much knowledge in the field of nuclear oyis=dtity analysis

and SCALE code, is stil down to mother earth and very humble. Secondly for his abilty to
disseminate knowledge so that even the novice of novices in the application of SCALE code
and Nuclear Criticalty Safety Analysis can understand are able to stand up and be
counted as proud and eloquent users of SCALE; that is something to be celebrated and
honoured. He has been a source of inspiration and strength, a fountain of knowledge and

indeed a great influence in my life in the pdstars or so since | started my studies.

In all cases where | requested assistance soatehelp he would respond to the request and
make a followup on the matter to find out if | understood the explanation. He has been a true
inspiration, a guardian angel and a true role model of what a true Teacher is.

There are too many instances where he veemtof his way to get me the help |1 needed,

which if | took time to name each one of them it would take too long, but the one that really
stands out is théatchfile request where he took time off from his family vacation and
responded to my request. Tiisone moment | wil never forget in my life and really want to
thank the family for their urskkkcosmaath dwmigc h Th
| needed to create thgysin2fie for use in TSUNAMI3 sensitivity and uncertainty. The

entire sesitivity and uncertainty analysis depended on this sysin2file coming right before |

could proceed to the next stage. Without his generous time and kindness this would have

taken me a long time.

Some of the SCALE6.0 modules which | learnt from him in spitéeing mies away are
STARBUCS and TSUNAM which are used for Burnup Credit Analysis and Sensitivity

and Uncertainty analysis respectively. Thank you so much Mr. Mueller!

There are many great scientists behind slmalehelp button who are too many tbe
mentioned in this thesis but all played their role in helping me get here. Some of the great
Scientists who deserved to be mentioned and credited for their generosity are Dr. Bradley
Rearden and Mr. lan Gauld who kindly gave me permission to copy #ehgyrin
NUREG/CR 6700 for use in my thesis.



| am also highly indebted tdhe kindness and generositgf: Professor Ivo Petrmy

Supervisor Mrs Christina Thinane, the secretary for the Head of School of Phgsdany

sistet my dearfriend L or r ai noez a“ MaNdoa | a a n-tine fayourite boshed ut e a
endless support and encouragemgponiu icrmanmy gl wc
now, youbre al most done, y'ou tmudtt umes engakKu
her a Maralewenantate o rata gonna o ntse o ithogakisa ka mothakatamdtdike

you c atont ydoour own! The more o mmot Fhaska, S
you Itu, that was so empowering and upliftingb Tshepo Olfant and Morongwa Ngoepe

Ndou, my childr en’ Pfolegsor Dalviek NMycockheochasarmamof tthe r e s p ¢
graduate committee and also tAesistant Dean Postgraduate School of Animal, Plant &
EnvironmentalSciences Facultyf Sciene who pl ayed t heatingdishingr e ma n’
al“ fsgrewhenever a n dare flare-epd & batama bamhbe iIGiant Resonance,

uDr. Maxwell Jingg Dr. Oscar Kurebano Dr.lyabo UsmanThe next round is on me gyys

this time in my Nkandla!!

Also, to Eskommanagement for providing all the necessary support for this research but
most specifically to Mr Hans Lensink in whose department this project was started and
continued to support it until to the end, to Braac Malgas, Mr Sadika Touffie and Mr.
Mervin Theronwho in spite of it belonging to another group, they continued to support it
financially and otherwisend finally Dr. Eugene Taviv who initiated thi@searclprojectand
continued to have interest in it in spite of being retirdd my industrial supervisprwe
published a number of papers togetliervarious international journals To Mrs Annatjie
Mogaladi and Mr. Nkosinathi Khumalofor ther respective assistance with flow chart

drawingsand 3D drawingsand MadamsJenny De Wet jgn.dewet@yahoo.comandAlexa

Barnby (barnbak@unisa.ac.zalexabarnby@gmai.comfor their excellent editorialwork.

Last but by no meanthe leastand probably the most important corporate sponsor | received
for this project,EPRI for providingme access tdCAFTA computer codgstudent version)

for use in my studies. Your generosity and kindness is greatly Ggige guys!!

Vi


mailto:jen.dewet@yahoo.com
mailto:barnbak@unisa.ac.za
mailto:alexabarnby@gmail.com

TABLE OF CONTENTS

DECLARATION ..ottt sttt ettt s e £s b e bbb bbbttt ii
ABSTRACT .ttt s8££ Rt bbbt il
DIEAICALION ...cvo ettt bbb bbb bbb E bbb AR bbb bbbt iv
o S (011 T=To o T 0 7] T %
LIST OF FIGURES ..ottt sttt s bbb bbbt Xiii
LIST OF TABLES ..ottt sttt sttt Xvi
CHAPTER 1 ..ottt 1
1. INTRODUCTION ..ottt et st s bbbt bbbt 1
1.1SPENt FUBINANAGEIMENL ......tii ittt ceme et e st et e st s s e e bee e sbeeesbeeesbe e s et eeenteeenteesnseeensesmmnr e s 2
1.2Status Of SPENT FUEI POOIS. ..ot ettt ae e bt s b e b b et et 3
CHAPTER 2 ..ottt s8££ bbbt 8
2.1Crystal structure transformations during the irradiation periad............ccccvevvimme e scee s 8
2.1.1Thermally induced crystal structure tranSforMAaLION............oceieeiimmeeeesee e ememee e 8
2.12. Radiation induced crystal structure transformation ............cccocvereeiesommeeeseese e s 13

2.1.2.1Radiation damage to YQuclearfueland the effect of fission rate in crystal structure

L =T8S (0] 1010711 o P 15
2.13 Free Energy in Radiation Induced AmMOorphiSation .............cooeeieeniesmmmmeeseesieee e e 25
2. 2NUCIEAT REACTIONS. ... tiitiitiete ettt ettt sttt et e et ae e ae e st 541 e e £ he e e he e s ae e e bt mmmmas e sne e 27
2.3DOPPLER BROADENING........coittiiitietetimem ettt sttt amem st s e b bt st smmms et b b eneenesre s 28
P I T T =T 1Y - S 29
2.3.ZThe Effective Temperature MOGEL...........cooiiiiiiimme ettt st 30
2.3.3TemperatureDependence Of CIOSRCLION.........c.ciiurieeieesiecmmmeeeeeee e sreesteeste e mmmresseesseesreesreenseenesomm 31
2.3.4Doppler broadening of ULNUCIEAT fUEIS.........cceeii e e 33
2.3.4.1Doppler broadening of abSOrption CIIBBLION.........cccuvieeiiireee e see e emmm e 34
2 ANUCLEAR CRITICALITY PROCESSES. ......ccoiiiittitieit ittt smmmee et s 36



2.4.1The Effective Neutron MUltiplication FACLQL...........coouiiiiiiimmre e s 37

2.4.1.1The Fast FISSION FACIOL........ccioiiiiieie sttt ettt et sneesnee e 38
2.4.1.2Resonance esScape ProbailiLy...........ccereeieeimmeseesie e st 38
2.4.1.3Thermal ULIHISAtION FACLOL.........coiiiiiieeeimme ettt sttt bbb 39
P S 1 2 (=T 0T oo [0 Tod £ o I ==V (o) cF PSS 41
2.4.1.5Fast NoRLeakage Probability.............ccooeiiiiimmme e smemee e s 4L
2.4.1.6Thermal NonrLeakage Probability.............cooieeiiimmm e mee e s 42
AR N BN o I = (g T oo (PSSP RSP 42
2.5.INeutron DiffUSION TREOMES......ciuiitierieerieeiti ettt ettt imme e s be et ettt smmm e sbeenbeeneesnee 46
2.5.1.10NEGI0UP TREOMY ..ottt ettt sttt et snne e e eeniDO
2.5. 1. 2TWO-GrOUP THEOIY.....uieieeieeieeeeseessemme e eeteesteeneessee s smmmr e seesteenteeneesneessessammnseenteenseaneesnnnsneensed 47
SN IRV U (e (o TU T o I I =T Y/ SRS 47

2.6PERTURBATION OF ASYSTEM AND THE SEARCH FOR THE APPROPRIATE EIGENVYALYB

2. 7RANKING OF NUCLIDES IMPORTANT TO CRITICALITY SAFETY.....cceoiiirintimemeeeeeeenee e 51
2.7.1RANKINGS OF ACHNIIES ... .ccvieiieiieieeie s cmmmre et te et see s smmme et ss e sne et e et e e esnaesneesreenreenes 52
2.7.2RanKiNgs Of FISSION PrOUCLS .......cueiiiiie ittt ettt et te e et e et s e e neeennneenes h4
CHAPTER 3 ..ottt bbb bbb bbbt 57
3.MODELLING TECHNIQUES.........oot ittt smmms bbbttt b e nnes 57
G0 oo [0 o3 (o) o FO TP U PP S PSP 57
3.2RESEAICHMEINOUOIOGY ... e .ve ittt sttt ettt ettt et sttt bbb et 58
A N (ST o T T USSR 59
A o 1= | A o 1T SRR 60

TG TN W 1<) =T o111 o) o PR 61
3.3.1 OUT-IN vz IN-OUT Core-10ading Pattern............cccoieeieeniiiimmee ettt 67
3.3.2 MIXED COre-10ading PAtTEIN .........coeiiiiiueeitee sttt sttt ettt ettt et s smmm s 10
3.3.3Structure of the FUEl aSSEMDIY.........oiiiie et e 72
3.3.3.1Fuel aSSemMDIY [ATICE. .......oiiieeee et e bbb e e 73
3.34 Structure of Castor X/28F Spent fuel Cask .........cccocuiiiriierieiiemme et ] D
3.3.4.1Arrangement of fuel assemblies N the Cask.........ccoviieme e 76

BT I 2] w0 1Y =1 )Y T = (T L3P 78
CHAPTER 4 ..ottt bbb bbb 282 E bbbkttt 79
4 STORAGE OF SPENT FUEL ...ttt ettt sees st sss st sss s sss s s sse bbbt snse s 79
0 1 Y 0T [T 7o o TSRS 7.9
4. 2CaSKSTOTAGE MALIICES. .. ecuveeveeeeeseeeseeesmmmeeestesseesseesseesseessommnr s eesseesseesseesseessesmmmmssesseesseesseessesssenssommmns 79
4.2 1Fresh FUel” APProach ..........c.coooiiiiiiiiiimmmeiice e ommme et smmmr e ne e e 80



A o o U O 1 TR 81

4.2.2.1Vertical LIN@Ar StOTaQ@ ATTAY........cieeieerieeiueeiemmmeeseeesteesteesseeseessommmrsseesseessesssesssesnsesmmmmsesssessses 81
4.2.2.2H0rizontal LIN@Ar StOrAgE ATTAY.......cccueeeeeeeeruee e seeesteesseesseesseessesmmmseesseesseesseesseesseessmmmesseend 83
4.2.2.3Vertical SQUAE SIOTAgE ATTAY.....ccueeiueereeieevommmteeseeseesseassesssesmmmmtessesssesssessesssssssssmmmssesssess 85
0 T I T 1Y O ] TSRS 38
R T 2 G L A (- S OUSPSRN 38
A.2.3.23 10 ATTAY ... eiiteietie ettt ettt ms et e et e s et e e s as e ek £ 2 st e s et s bt ettt et e e 90
4.2.3.2.2VertiCal OFIENTALION. ... .ccui ettt semmee sttt sttt st et e e bbb sb e sbe s Q0
4.2.3.2.2HONZONTAl OFENEALION. .......eiiteeitieteete ettt ettt ee et et sbe et ee e immmae e be e 91

e S (o = Yo T= T o) AU F=T=To I 0 T= S 94
4.3.1 Taking credit for burnup in spent fuel STOFrage.........ccoecveieiie et 94
4.3.Zactors affecting the neutron multiplication factor of spent flasbge matrces..........ccoceeeerernad 96
4.3.2.1Spatial selshielding and the lumping effect............cooiiii e 96
4.3.2.2ReS0NANCE SEHNIEIAING ......viiviieeiieeeie e cmmm ettt st e st e ste e ee e eeemmms e sreesreereens 99
I T g [0 < {03 T 102
4.3.2.4 Backscattering 103
4.3.2.55tatiStiCAl UNCEMAINTIES. ... ..eceieiitiiti et immme ettt sttt s nenne s 109
4.3.2.6NEULION IMPOIANCE ... .eiitee it eteeeiimmre e stee e stee e stee e saee e s sabe e sabeesnbeesabe e st e e sbee e sbeeebeeenes 109
4.4Alternative methods of increasing the capacity of spent fuel storage facility................c.oomme.. 110
4.4.1Ranking of aluminium Composite Material for use as Neutron Abslogeats.................ceueee.. 110
I = S =Y D= T | SRS 112
W g o o 1 (Yot I 1= S 113
4.4.1.3The Central INStrumentation DESIJN..........c.ciueiueeitmmmmreeeseeseeseeseeestesmmmmeesseesseesseesseesseessommm 114

(O N e I SRR 119
5. ABNORMAL OPERATING CONDITION ....cotiieiirtiriereeniseeceneessiesseesesessessssessesssssse e sssssessssesssssssssseses 119
L0t R TR 00 [ ox 110 o VPSSR 119
5. 2Water INQIESS SCEMALIA. ... .cetiiueeiueesteesiimme et eiee st e steesbe e besmems e saeesheesbeesbeeabe e s bmmmt e s eeesbeesbe e beenee ees e e 119
5.2.1 Water ingress in “fresh fuel’..............cooooiiiiiiiimem e s 119
5.2.1.1The neutron multiplication factor as a function of the volume of water in the.cask.......... 119
5.22 Water ingress iN USEATUBL........cccuiiieiie ettt vmmm e et e st et e snee e 120
5.22.1 Water ingress int0o a VertiCal CasK .........oouiiiiiiiiiiii e e e 121
5.222 Water ingress into a Norizontal Cask.............coveeiieniiriecee e emmme e 122
5.3Cask flooded with water of different chemical COMPOSItIANS..........c.coiiviimeeeierereeeee e 127
5.3.1 Effect of water of different chemical composition on the K Of @ SYStem. ......coccveviiiiieiciiiien 128
5.3.1.1 The neutron multiplication factor Versus teMPErature ..........cccovevvireeeeesmmmme e 128
5.3.1.2 The neutron multiplication factor versus ENFiChment...........cccoeiiiiiesimemec s 133
5.3.1.3 Effect of increase in moderator density on the neutron multiplication factor....................... 133

X



5.3.2 Comparison of fuel assemblies from different manufacturers...........cccovvvveeceesvcmmeeecevee e 135

Y 1= (o T=To [ o Vo TP PO PSR UU SRR 138
5.4.1The risk of misloading SPent fUEI CASKS........cueiiiiieetimmmr e eeeeee et smmmre et e et e e e s 138
5.4.1.1 Application of the loading curwe to mitigate the consequences of misload...............cccccvenee. 139
5.4.12 Compilation of STARBUCS Misload INPUt File........ccoeovieiiieiiiit ot 139
5.4.1.3 Probability of misloading the CasK ..ot 145
5.4.1.3.1The importance of a clear and unambiguous operating procedure for the cask
loading process 146
5.4.1.4 Comparison of Single versus Multiple MiSIOad...........cccooiiiiiiiiiimmm e e 150
CHAPTER 6 ..ottt sttt s s sttt 152
6 BURNUP CREDIT ANALYSES ...ttt s emem sttt st sae et smem e s 152
6.2 Effect of burnup on the neutron multiplication factor.............ccooveveeie s s 152
6.2.1 Relationship of the burnup and the position of the fuel assembly in the reactor core.............. 157
6.3Bumup Credit Computation MethOdOIOGY..........ueieerieeirimmmeeeseesteeseeseeste e mmmee e e e e sreesse e esesvams 158
6.4BumupCredit Analyses for Castor X/28E...........ccoiieieeriimemee e stee e st mmmee s este et e e e 159
6.4.1 The effect of duration of decay periodin Burnup credit application...........cccecververeeescmmesennne 162
6.4.2 Effect of isotopic composition on the Loading CUNVE ........c.coovuieiieriieesimmmreeesieeesieeesieeeseee s 167
CHAPTER 7 sttt ettt 170
7SENSITIVITY AND UNCERTAINTY ANALYSES ..ottt ssnsesns 170
7.1PERTURBATION AND VARIATIONAL ANALYSISA CRITICAL SYSTEM......ccoveeeierierer e 170
7.2Variational methods and perturbation tNEAIY..........ciiuiiir et 170
7.2.1 Linear perturbation ThEOKY ........ oottt ettt et e e b e 170
A N[0 g LT g LoV gl o =T o (0 o LA o] o SRS 171
7.3SENSITIVITY AND UNCERTAINTY ANALYSIS ..ottt e 173
7.3.1 SENSITIVITY GENEIALION .....veeieeieeie e seeesmmmee e te et e e smmme e e teeseeeseesseess e et enteeneeeneennee e 173
7.3 1. LEXPlCIit SENSItiVITY GENEIAtiON .....ccveieeeieeerieesteestommmr s eesteesteeseeesteeseesommmse e e esteeseeeneeeseessssmmm e s 176
7.312 IMpPliCit SENSTHVITY GENETALION ......eiiieiiiiieie st semm ettt st st e e ae e sae s s e 179
7.4 OVEIrVIEW OF UNCEITAINTY.....veiteiti ettt ettt ettt st ememe ettt s ae e bt et ene e sne e 181
7.4.1 Variance reduction tECNNIGUES........oivereeieeee et vmmme e e e eee e ssee s eesneesseesseesneesseesmmmnessneean 182
7.4.2 The uncertainty of the neutron multiplication factor ...........cccocveieeie s e see e 183
7.421Uncertainties of calculated UNCEITAINTIES .........cceecuirerieeeiieimeme et mmme e s 134
7.4.3 The General Equation of the total Standard UNCertainty..........ccocoeeeeieriisiemmee e 185
7.4 4 BEstimation of the neutron multiplication factor of anarray...........cccocvevevevvecv e 186
7.44.1 Uncertainty arising from spacing of fissile materials................ccovvevivimmecee e o 186
A== To 10 g o v= Yy Vot ) o [ 110 F= S 187



7.5.1The Vacuum Boundary CONGITION ..........ccueeiieeiuieesiimmeesereesteesereesaressssmmmsesssteeesseeessessssessssmames 188

7.5.2White boundary CONITION ..........coiiiiiiiieies ettt ettt sttt eneas 188
7.5.3PeriOdiC BOUNGAITES. ... .eeieeiieiieitites et ettt et saee s ettt e st sseesae s samms e e teemseeneesneesneens 189
7.54 Reflective boundary CONAITIONS. .........ccieiiieieeee e e teeste e e este e te e s s e teesteesseeseessees e sreens 189
7.55The Albedo boundary CONAITION ...........ccouviiiiie it vmmee et ee e e 189
7 ONEUITON IMPDOITANCE ...t euteeieeeite ettt ettt e eateeaeesae s smmm £ s e £s e 22 e s 2 2ae e s ae e st o5 445 s e 2he 2 eae e eee e see s memmat e 190
7.6.1 Neutron Generation IMPOFTANCE .........cuiieiiieieeeees ettt e eeeesae s st s sse e ee e saeesee s s 191
7.6.2 Time-Dependent NEULron IMPOFTANCE .........coouiiiiiiiiiiie sttt st snee 193

7. 7PERTURBATION OF PARAMETERS IMPORTANT TO NUCLEAR CRITICALITY SAFETY OF CASTOR

XI28F SPENT FUEL CASKS......ootitieieteite st eeseestestesseeseessesemmmsssessesseestessesseeseesmmmsssessessessesssessessens 194
7.7.1 Direct perturbation of fresh fuel parameters.........ccvevvereeeiee st 194
7.7.1.1 Perturbation of "B CONCENTIALION. ..........c..everueeeesoemm s sesenteseeses s s essensesee s sessesses o 195
7.7.12 Perturbation of MOGerator DENSITY. .....c.cicuiieeiieriieiie e ettt et emmme e st e e sae s 198
7.7.1.3 Perturbation of moderator and fuel tEMPEratures..........cooeeieeiieeniessmmee e e e 199
7.7.14 Perturbation of polyethylene teMPErature .........ccoouvieeieesee s e et 202
7.7.2 Perturbation of spent fuel Parameters...........coovvieeieesie et smmme e 205
7.72.1 Sensitivity 10 DUMNUP CRANGES .......oiiiie e et e e et 205
7.7.2.1.1 Sensitivity and Uncertainty analysis of neutron multiplication factor to burnup by Direct
e (N g0 Lo o I T o o T O 206

7.7.2.2 Tsunami3D sensitivity and uncertainty analysis of major actiide 209

CHAPTER 8 ...ttt bbb b8 s bbbt 213
8.0 CONCLUSION AND RECOMMENDATIONS .......ooiiiieieeerieneeneseseesese s esessesssessessssssssssessssssssssssses 213
8.1Acceptability of the present design for use in higher fuel enrichment..............ccooee v, 213

8.2Sensitivity ok.4to parameters important to criticality nuclear safety of Castor X/28 spent fuel. @dsk

8.2.1 Sensitivity t0 2B CONCENIALION. ...........cuveeeeeeesimmm e eeeeseeseseeseseseessssmmes s sessnessenessensesesssmmme e e 214
8.2.2 SENSITIVITY t0 tEMPEIALUIE.....cc.vieieeeie et cmmmr e et eaee st e st et smmms et esneesneeste e se e s smmmr e eeeneesnee e 214
8.2.3 Sensitivity t0 MOErator ABNSTTY ........eiieiiiiiiee ittt ettt ettt et st st emm s 214
8.2.4 Sensitivity to polyethylene teMPEIature ........ccceeiieieiie et neeas 214
8.3Selection of the OPtimMUM SLOTAgE AITAY........c.eicveeeereesimmmeeeeeseeeeeseeeseee s eee e sseesseesseessessammnee s 215
8.4Risks that can lead to an increase in tEoK the SYSteM...........cooiiiiiiii i 217
B4 L WV AEEE -INGIESS. ..ttt ettt semms ettt e bt s be e s bt bt €2 4228 e 24t 2 bt 2 bt st £ 242t 42t e e et e e et st et s 217
8.4.1.1 The neutron multiplication factor as a function of rising water levels............ccccccevverieesomn. 217
8.4.1.2 FreShWaLer VEISUS SEAWALET ........ooueiueeueeueeiteset e eteete st st it et e semms e see st e seseesbe st ese s s sbe e 218
8.4.2 Fuel @sembly MISTOAM. ... .....coiiiiiiii ettt et 218
8.5Taking credit for bumup of major actinides + minor fission Products............cccccve v mme e eevesnenes 219
8.6 CONCLUSION 221

Xi



ACRONYMS L.ttt b et e b kbt s e £ b b e e £ b e b e e b b e £ e A e b e b e R £ e S e b e b e R e b e b e bt se b eb e bt st bt ebe e e 221
APPEND IX 1: Design data 0f Castor X/28 CasK........ccuririnniiieenniie st 223
APPENDIX 2 : X-Y-co-ordinates of fuel assemblies on the outer source of the cask (z=0, a2=0, a3=0)224
APPEND IX 3: SYSin2 file fOr 40 GWD/IMTU.......cccviiierinreisrsienisessssessesesssssssssssssssssssssesssssssssssssssssssssssssssssssnns 225
APPENDIX 4: SENSITIVITY COEFFICIENTS FOR MAJOR ACTINIDES ..o 249

APPENDIX 5: GRAPHICAL REPRESENTATION OF YIELD OF ACTINIDES AS A FUNCTION OF
BURNUP ... bbb s 251

APPENDIX 6: GRAPHICAL REPRESENTATION OF THE YIELD OF FISSION PRODUCTS AS A

FUNCTION OF BURNUP ......oooiiiititintieieiei st setsss st sse sttt st st st sssssssessessesssssssssessessessssnnsnsens 258
APPENDIX 7: INPUT FILEWITH THE MISLOADED FUEL ASSEMBLY ......ccocovininreirenesreeneeneen. 271
APPENDIX 8: Ket Of VArious NeUtron abSorbDer INSETS........cci ittt s srene 299
APPENDIX 9: INPUTFILEOF KENOVI FOR 4 VERTICAL CASKS IN A SQUARE MATRIX.......... 301
REFERENCES ..ottt st £ £ bbbt bbbt 318

Xii



LIST OF FIGURES

FIGURE 2.1; COEFFICIENT FOR LINEAR THERMAL EXPANSIONOF UQ, (PRESENT STUDY. +vvevvereeereeereeeseeenessmmms 12
FIGURE 2.2: PHASE DIAGRAM OF URANUM-OXYGEN SYSTEM[PATTERSON ET AL, 2010 ...cccoeiierieieeireeee e 16
FIGURE 2.3: RM EFFECT INUOLFUEL [HAYES, 2010 ...c.ueiiueiieeiteeieesie s et sie ettt emmme e bbb s 17
FIGURE 2.4: DIFFUSION COEFFICIENT OFUO, AS A FUNCTION OF T EMPERAT URE(PRESENT STUDY). ...cccvvrveanane 24

FIGURE 2.5: DOPPLERBROADENING OF6.67EV RESONANCE SCATTERINGROSSSECTION OF U [BECKER,
22101 36
FIGURE 2.6: NEUTRONENERGY NUMBERING SYSTEM [DUDERSTADT, ET AL, 2010] ..ccivvviiiieiiie e e 47
FIGURE 2.7: CONVERGENCE OF AN ITIRATION OF EIGENVALUE TO A SYSTEM S AVERAGE EIGENVALUE (PRESENT
LS ) ST 50
FIGURE 2.8: FRACTION OF TOTAL NEUTRON ABSORPTION FROMACTINIDES FORSWT%AND  5YEARS COOLING
[GAuLD, ET AL, 2000]WITH PERMISSION FROMBT REARDEN AND [C GAULD ....ccvvveieiieciie e v e 52
FIGURE 2.9: FRACTION OF TOTAL NEUTRON ABSORPTION FROMACTINIDES FORSWT% AND 100YEARS COOLING
[GAULD, ET AL, 2000]WITH PERMISSION FROMBT REARDEN AND IC GAULD .....occvveeieieeeieee e e 53
FIGURE 2.10: FRACTION OF TOTAL NEUTRON ABSORPTION FROMFISSIONPRODUCTS FORSWT%AND 5YEARS
COOLING [GAULD, ET AL, 200Q WiTH PERMISSION FROMBT REARDEN AND IC GAULD.....ccceevvreriieeireenn 55
FIGURE 2.11: FRACTION OF TOTAL NEUTRON ABSORPTION FROMFISSIONPRODUCTS FORSWT%AND 100YEARS

COOLING [GAULD, ET AL, 2000]wTH PERMISSION FROMBT REARDEN AND |C GAULD......ccvverreerrreeeenne 55
FIGURE 3.1: OUT-IN FUEL LOADING PATTERN....ccttttettttesteeesteesssemmmmessssessssessssessssessssmmmsessssessssessssessssessssmmmseess 69
FIGURE 3.2 IN-OUT FUEL LOADING PATTERN.....ettittuteesuteeessusesmmmmtessssteesssssesssssessmmmessssesessseesssnssesssmmmmenses 70
FIGURE 3.3: MIXED CORE LOADING PATTERN. ... .utttteiteetesuseeeesssimmmsteeessssessssssesessnssmmmmsesessnseesssnssesssnsssssmmmmessnsses 71

FIGURE 3.4:CROSSSECTION VIEW OF THED X P )UEL ASSEMBLY AS MOCELLED IN THIS STUDY[LEOTLELA, ET

FIGURE 3.5: FUEL ASSEMBLY LATTICE (PRESENT STUDY..ccueitueeiteesreereeseesimmmreseeesteesressesnsssssssmmmseessessesnsesns D
FIGURE 3.6: CROSSSECTION OF ACASTORX/28SPENT FUEL CASK AS MDDELLED IN THIS STUDY(PRESENT
11012 SRS 76
FIGURE 3.7: CO-ORDINATES OF THE FUE ASSEMBLIES IN THECASTORX/28CASK (PRESENT STUDY) ............ 78
FIGURE 4.1: ISOMETRIC VIEW OF CAX STORAGE ROOM WITHFOUR CASKS IN A TRADOTIONAL VERTICAL ARRAY.81
FIGURE 4.2: SECTIONAL VIEW OF A 1X4STAGGERED LINEARMATRIX . ..vceuveereereerennresmsmmmmesseesreesresnesnssnessomns 82
FIGURE 4.3: COMPARISON OF TRADITDNAL AND STAGGERED1X4 LINEAR STORAGE MATRIX (PRESENT STUDY)..
82
FIGURE 4.4:TOP VIEW OF CASKS INA HORIZONTAL ORIENTATION. ..ccuveeiureesureesureesuimmmseeesseessseessseessseeesimmeeess 84
FIGURE 4.5: COMPARISON OF THEK ¢ OF CASKS IN A VERTIGAL AND A HORIZONTAL POSITION(LEOTLELA ET AL,

2002) oo 85
FIGURE 4.6: 2 X 2 SQUARE ARRAY IN ISONETRIC VIEW  .iieiiiiutieeeeeeeeiutseesmmmmstsseeeesssannssesssesssmmmmessssessssssesesns 86
FIGURE 4.7: TOP VIEW OF FOUR CASR INAG ¢ MATRIX (LEOTLELA ET AL, 2012) ....coiiiiiiiiieieeie e 86

FIGURE 4.8: COMPARISON OF REACTINTY BETWEENDP T ARRAY AND ¢ G ARRAY (LEOTLELA ET AL, 2012).87

Xiii



FIGURE 4.9: TOP VIEW OF THE TRADTIONAL 2X15STORAGE MATRIX (LEOTLELA ET AL, 2012).....cccvevcveernrennne 88

FIGURE 4.10: MISALIGNED 2 X 15 ARRAY ...iiiitieeeiueeeeetueeesimmmesssesesassesesassesssssmmmmssessssnssesssnssssssnssmmmmsesssnssens 89
FIGURE 4.11: TRADITIONAL 2 X 15VS MISALIGNED 2 X 15ARRAY (PRESENT STUDY)...ccvteeesurreeeeseerseessemmeeees 89
FIGURE 4.12: TRADITIONAL 3 X 10STORAGE ARRAY IN VERTICAL ORIENTATION ...cceiuvreeeiurereesnrees s esseeeesnes 90
FIGURE 4.13: MISALIGNED 3 X 10 STORAGE ARRAY WITH THE MIDDLE ROW ELEVATED BY 20CM.......ceeevneen.nnn a1l

FIGURE 4.14:3X 10STORAGE ARRAY IN A HORIZONTAL ORIENTATION WITH THE MIDDLE ROW ELEVATED BY 20

0] PSPPSR OP PRSP 91
FIGURE 4.15: COMPARISON OF VARIOUSORIENTATIONS OF3 X LTOARRAYS. ...ccveiiieeireeeieeesesmmmr e 92
FIGURE4.16:¢ p wWzG p TBTORAGE ARRAY(LEOTLELA ET AL, 2012)....cceviieiiieiecie s ot sve e 93
FIGURE 4.17: EFFECT OF DEGREE OF BRNUP ON CRITICALITY (LEOTLELA ET AL, 2012......ccciiiiiiiniie e 96
FIGURE 4.18: MICROSCOPIC FISSION ROSSSECTION OF U AND “*Pu AT 600K (PRESENT STUDY............... 100
_FIGURE 4.19: NEUTRON FLUX INUNIT 1 REGION 1(I.E. FUEL REGION) (PRESENT STUDY)...cciteeiteerreerrenreenessanms 100
FIGURE 4.20: FLUX DEPRESSION AS ARESULT OF HIGH CROSSECTION [BALL, 2012].....ccciiiiiiiiieie i 101
FIGURE 4.21: SCHEMATIC ILLUSTRATION OF THEEND-EFFECT. ...ctiiiiiiieesie ettt 103
FIGURE 4.22: SPECTRUM AT LOCATION 1 [BUCHILLIER, ET AL, 2007 .. .cccteeeeeeeeereeeesesomemeeeeeeneeeneesneesnes s 105
FIGURE 4.23: SPECTRUM AT LOCATION 2 [BUCHILLIER , ET AL, 2007 ] veiiteiiiiieiereeeeemmmseeesseeesnseesesessasee s ommms 105
FIGURE 4.24: SPECTRUM AT LOCATION3 [BUCHILLIER, ET AL, 2007 ]..veiiteieierireeeees e mmmsseeseveessnessnsessnsee s ommms 106
FIGURE 4.25: SPECTRUM AT LOCATION4 [BUCHILLIER, ET AL, 2007 .. .ccueeieeieeeeeeee st amemee e eee e s 106

FIGURE 4.26: NEUTRON FLUENCE SPECRA AT VARIOUS LOCATIONS AROUNDTN85NORMALIZED TO FLUENCE
MAXIMUM FOR FAST NEUTRONS. ... .uutttteteeeeiuusteeessmmmmmessseessasssssssesssssssmmmmesssssssssssssssansssessmmmssssssesssasansen 107
FIGURE 4.27:NEUTRON SPECTRA AT ADISTANCE OF2M FROM TN85AND CASTORHAW 20/28cAsk
NORMALIZED TO FLUENCE MAXIMUM FOR FAST NEUTRONS .....uvtteeiutereesureeesssmmmsseeesenssesssnsensssnssmmmmmeneees 108
FIGURE 4.28: NEUTRON ABSORBER INSRT INSIDE THE FUEL ASSEMBLY FLASK[LEOTLELA, ET AL,2015] ....... 112
FIGURE 4.29: NEUTRON ABSORBER INSRT OUT SIDE THE FUELASSEMBLY FLASK[LEOTLELA, ET AL,2015]....113
FIGURE 4.30: BORAFLEX SLEEVES AT THE TOP AND BOTTOM END OF THEFUEL ASSEMBLY [LEOTLELA, ET AL,
2015] 114
FIGURE 4.31:NEUTRONABSORBER INSERT AS AZORD(WITHOUT CLADDING) IN THE CENTRAL
INSTRUMENTATION TUBE [LEOTLELA, ET AL, 2015] ..iiviiiiieeiieesiieesivs s e eeeteeeteeeias e s s 115
FIGURE 4.32: SCHEMATIC ILLUSTRATION OF NEUTRON ABSORBR INSERTS SANDWICHEIBY ZIRC2CLADDING

FIGURE 5.1: EXCERPT OF THE INPUTFILE OF STARBUCSHOWING THE CONTROLNPUT DECK WHERECREDIT FOR

BURNUP OF ACTINIDESIS TAKEN. 1.1t tuutttetittetesaurstessimmmsesseessssessssreeesss s s e e s sssasesaaseeessasssmmmnsesssnnnnessnnn 121
FIGURE 5.2: XZ VIEW OF THE VERTICALCASK INDICATING WATER LEVEL AT 50% (PRESENT STUDY) ............. 12
FIGURE 5.3:WATER INGRESS IN A VERTICAL CASK (PRESENTSTUDY ) ..euvtevreeerseeeseeesseesimmmeesseessesssessseessesnssomm 123
FIGURE 54: WATER INGRESS IN A FORIZONTAL CASK (PRESENT STUDY) ...uveruerierrsreeseeeeeessmmmmrsseesseesseessesnsesnes 124
FIGURE 5.5: FRONT VIEW OF THE CAX SHOWING FISSION RAE AT VARIOUS REGIONS (PRESENT STUDY).......... 125

FIGURE 5.6: CROSSSECTION OF THE CASKCUT AT Z=-160) SHOWING FISSION RATEAT THE TWO SOURCES
(PRESENTSTUDY) etttttttteeueesteesteesueemmmmseesseesseesseesseesseessommmesseesseesseensesssesssssmmmmsssssesnsesssesssssssssssmmmmnsesseesn 126

FIGURE 5.7: EFFECT OF VARIATION N TEMPERATURE ON THEKgi : DRY AIR (PRESENT STUDY....cccvvevrreeeiennne 129

Xiv



FIGURE 5.8:K¢AS AFUNCTION OF TEMPERATURE CASK FILLED WITH WAT ER OF THREE DIFFEREN CHEMICAL

COMPOSITIONS(?*™U = 4.4WT%) [LEOTLELA, ET AL, 2019 .....vuiveceeeeeeeceees e eeeee s s semmne e 130
FIGURE 5.9 : K. AS A FUNCTION OF ENRCHMENT : CASK FILLED WITH WATER OF THREE DIFFEREN CHEMICAL
COMPOSITIONS(T Z296K) (PRESENT STUDY). .veeuvtiuverteesreesseesseemmmmesssesssessseesseessesssmmmmssesssesssesssesssesnsesn 132
FIGURE 5.10: EFFECT OF INCREASE INMODERATOR DENSITY ONCRITICALITY [LEOTLELA, ET AL, 2019........... 134
FIGURES5.11: CoMPARISON OF374RFA AND AFA -3GFUEL A SSEMBLIES (PRESENT STUDY....cccveevereeennen. 135
FIGURE 5.12: CROSSSECTION OF THECASTORX/28 CASK SHOWING MISLOADED FUEL ASSEMBLIES[LEOTLELA,
g I 0 S PSTRRTI 143
FIGURE 5.13: EFFECT OF THE LOCATI® OF A SINGLE MISLOADED FUEL ASSEMBLY ON THEK OF THE
[LEOTLELA, ET AL, 2015 . tieiteiiiieiiee et tmmmr s veestte e st e e savee st smmmr s e saeanseeensaeesse e s smmmte e e nbeeenteeanreeanseeenem 144
FIGURE 5.14: MULTIPLE MISLOAD WHERE TWO MISLOADEDFAS ARE IN THE CENTRELEOTLELA, ET AL, 2015]
............................................................................................................................................................ 145
FIGURE 5.15:GENERIC DRY CASK LOADONG ACTIVITIES [KNUDSEN, 2003].......coiiiiieerieeiieiimmme e seeesieesieeee e 147

FIGURE 5.16: EVENT TREE FOR DETERNNING THE LIKELIHOOD OF MISLOADING THE CASK (PRESENT STUDY)...149

FIGURE 6.1: COMPARISON OFK,-OF THREE BURNUP CRED' NUCLIDE SETS ON THE BASIS OFBURNUP[LEOTLELA,

g R 0 USSR 153
FIGURE 6.2 : EFFECT OFBURNUP INCRITICALITY [RADULESCU, ET AL., 2008].....ccctiiiirieiieeereeeimmmeeeeseveeseneees 154
FIGURE 6.3: COMPARISON OF BURNURCREDITS OBTAINED FRO/ DIFFERENT SETS ORUCLIDES [MODELLED AT

BU=40GWD/MTU AND Z2U= 4. AWTW0].......ocvveeeeereesressmemms e eesesessessesesessesssmamssssssssnsssassnsasssssssmmmnens 155
FIGURE 6.4: EFFECT OF COOLING PEROD IN CRITICALITY : 0-50 YEARS [A CTINIDES+M INOR FISSIONPRODUCTS AT

BU=40GWD/MTU, 235=4.ANTY0] (PRESENT STUDY)...eeiveerureesrersnressssmmmmeeesseeessseessseesnsessssmmmsessssesssses 163
FIGURE 6.5: EFFECT OF COOLING PEROD IN CRITICALITY : 5.0T010P YEARS (PRESENT STUDY .....vveeeeeeane. 166

FIGURE 6.6: EFFECT OFDECAY PERIOD ON THELOADING CURVE (M AJORACTINIDES ONLY) (PRESENT STUDV.

............................................................................................................................................................ 166
FIGURE 6.7: EFFECT OF CHANGE IN $OTOPIC COMPOSITIOMN THELOADING CURVE: 10 YEAR DECAY PERIOD
(PRESENT STUDY)uuutttttsttesueesseesueesuesmmmmseesseesseesseesseesseessommmsseessesssesnsesssesssssmmmmsesssesnsesssesssssssssssommmnsesssesn 167
FIGURE 6.8: COMPARISON OF LOADING CURVES OF THREE NUCIDE SETS AT THREE DFFERENT COOLING TIMES
(PRESENT STUDY)uuutteutteuteesueessessessmmmmressesssssssessssssssssssmmmmmsssssesssesssessssssssssmmmmssssesssssssesseesseessesmmmmessseenss 168
FIGURE 7.1: ILLUSTRATIONS OF DIRECTIONS OF(Q AND NPUSED IN BOUNDARY CONDITIONS......crverrrsreeeeneeseens 188
FIGURE 7.2: PERTURBATION OF "°B CONCENTRATION OFBORAL PLATE [LEOTLELA, ET AL, 2019 .......cooveeeeee. 196
Figure 7.3 : Sensitivity of*U fission to changes MB concentratiofpresent study 199
FIGURE 7.4: EFFECT OFPERTURBATION OFM ODERATORDENSITY IN THEK,[LEOTLELA, ET AL, 2015].......... 199
FIGURE 7.5: COMPARISON OFEFFECTS OFPERTURBATION OF FUEL AND M ODERATORTEMPERATURE INKgq+
[LEOTLELA, ET AL, 2015].. i uiiiiieiiieeiiee et tmmmre s eeestte e st teesasee st ommmr s s ssaeasseeenseeesse e smmmte e e nteeanteeanreeanseeenem 200
FIGURE 7.6: SENSITIVITY OF *U FISSION TOM ODERAT ORTEMPERAT URE(PRESENT STUDY.....ovvveviceeeenenes 202
FIGURE 7.7: SENSITIVITY OF **U CAPTURE TO MODERAT ORT EMPERATURE(PRESENT STUDY) ....vvovvveveenenee 202
FIGURE 7.8: PERTURBATION OF POLYE HYLENE (PRESENT STUDY)....tttuvtsuttsueesueesuessummmmeeseesseessesssssssessssssmmmnes 205
FIGURE 7.9: SENSITIVITY OF THE THREE NUCLIDE SETS T@URNUP USED IN THE NALYSIS OFCASTORX/28.
= =N = N 0 L P 208



LIST OF TABLES

TABLE 2.1: VALUES OF VARIOUS PR®ERTIES USED BYREST ET AL IN UO, CALCULATIONS [REST, ET AL,1994]23

TABLE 3.1: DISTRIBUTION OF FUELASSEMBLIES IN THE CRE.....uueeeiueeeesureeessssmmmmssesessssesssansensssnsssmmmmesesnsseses 66
TABLE 3.2: CHEMICAL COMPOSITION OF CLADDNG MATERIAL 1eeeuvteeeiuteeessseeeesssmmmmssesessssesessssesssssommmssessanses 66
TABLE 3.3: DESIGN NEUTRON FLUXFLUENCE LIMIT FORPWRS.....ooitiii ettt smmme e 69
TABLE:34: IMPACT OF LOADING PATTERN ON THEK e OF THE SYSTEM.....uuuttrieeeeeiiuerreeesammmmeeeeeeeessnnnssseesessssmmmn 72
TABLE 3.5: MAIN PARAMETERS OF FUEL ASSEMBLIES UNDERSTUDY...ceeieutereeiurereessseessmmmmresssseeessssesessnsesessmmmmnns 72
TABLE 4.1: COORDINATES OF THE FOR VERTICAL CASKS INTHEIR STORAGE BUILDNG........cuveteeeeiierreeeesmmmmeeees 80
TABLE 4.2: COORDINATES OF THE FOUR CASK3N A HORIZONTAL POSTION ......ccuvviieeeeeiiunreeessmmmsssneeeesennnnnneens 84

TABLE 4.3: LOCATION OF RADIATION MEASUREMENTS AROUNDTHE CASK CONTAINING SPENT FUEIlBUCHILLIER,

g T 00 4 USSR 104
TABLE 4.4: DESCRIPTION OF MEASURMENT LOCATION IN RMPLER'S EXPERIMENT[RIMPLER, ET AL, 2010].....107
TABLE 4.5: RANGE OF ENERGY SPEGRUM......ceeiutieiureesureesursommmesreesseesasessasessassammmtesssesssssssnssessssesssmmmmesasessane 109

TABLE 4.6: CHEMICAL COMPOSITIONOF ALUMINIUM COMPOSITE MATERIAL USED ASNEUTRON ABSORBER

INS E R T S ettt teetteestees s s mmmr e e e eeeeeeeeeeeeeeeeeeee s smmmr e s 4 a s annns s an s s omE £ 442442 e e 42 aeaeaeeeeeeeommmnnnnnnnnnnnnnnrrnnrrnnes 111
TABLE 4.7: MODERATING RATIO OF MATERIALS USED IN THECALCULATIONS [LEOTLELA, ET AL,2015] .......... 116
TABLE 4.8: CHEMICAL COMPOSITIONOF BORATEDSTEEL[LEOTLELA, ET AL,2015]....ccoiiiiiieiieeeee e 116
TABLE 5.1: Kger AS AFUNCTION OF AMQUNT OF WATER IN THECASK (FRESH FUEL ..veeiuveeiiieiieecvee e smmmeeesveeea 120

TABLE 5.2: PHYSICAL PROPERTIES ® WATER THAT ARE IMPORTANT TO NUCLEAR CRTICALITY SAFETY ANA LYSIS

(PRESENT STUDY) 1evtuteeueesueesseesseessesmmmmmeesseesseesssesssesssessmmmmsseesseesseensssssssssssmmmmsesssesssssssssssssssssssmmmmnsesseesn 131
TABLE 5.3: COMPARISON OFAFA-3GAND 374RFA ...ttt emmme e 137
TABLE 5.4: X-Y CO-ORDINATES OF THREE GSES OF SINGLE MISL@DED FUEL ASSEMBLIES [LEOTLELA, ET AL,

220 L SRS 141
TABLE 5.5: CO-ORDINATES OF TWGMISLOADED FUEL ASSEMBLIES [LEOTLELA, ET AL, 2015].....cccccvviireinenns 142
TABLE 5.6: CO-ORDINATES OF THREE MSLOADED FUEL ASSEMRLIES [LEOTLELA, ET AL, 2015].....ccceevvveiinnnne 142
TABLE 5.7: SUMMARY OF HUMAN ERRORPROBABILITIES USED INTHIS CALCULATION [KNUDSEN, 2003]......... 147
TABLE 5.8:PROBABILITY OF INDEPENDENTM ULTIPLEMISLOAD [KNUDSEN, 2003]........ceioeeeieeeieeeerseeemmmee e 151

TABLE 6.1: REQUIRED BURNUP/ENRICHMENT COMBINATION FOR A GIVEN ENRICHMENT TO BE ACCEPTABIE FOR
CASK LOADING (PRESENT STUDY) ...utteuteeuteeusesueesseessmmmmresseessessssssssssssssssmmmmsesssessssssssssssssessssmmmensessssseess 159

TABLE 7.1:MATHEMATICAL RELATION SHIP BETWEEN TEMPERAUREAND CRITICALITY (FUEL AND MODERATOR)
[LEOTLELA, ET AL, 2018 oottt sttt ettt sttt

TABLE 7.2: THE NEUTRON MULTIPLICATION FACTOR AS FUNCTION OF SPENT FUEL BIRNUP FORGBC CASK

[RADULESCU, ET AL, 2008] ..eevvieiureeiureeiuressusssmmmresseeesseessssessseesssmmmnresssessssessnsessnsessnsmmmmsessssessssessssessssees 206
ACRONYMS
A CR ONY MM S L e e e e e et e e e s e e et eeaaas 221



APPENDICES

APPEND IX 1: DESIGN DATA OF CASTORX/28 CASK ....veeiteeiieesteeeeeeeemimmmeeseeesteesseessesnsesnsssmmmseessesssesnsesnsesnes 223
APPENDIX 2 : X-Y-CO-ORDINATES OF FUEL ASEMBLIES ON THE OUTR SOURCE OF THE CASKz=0,A2=0,A3=
0) ettt ettt ettt o—————tteeteeeteeeheebe e om———eheeeteeheesteete e st om— b e e bt e teeteeateente et s e teeateenteenteenbeensommnns 224
APPENDIX 3: SYSIN2FILE FORADGWDI/MTU......oiiiiieiiee ettt stee e stee et st enta e ente e nnte et 225
APPENDIX 4: SENSITIMTY COEFFICIENTSFORMAJORACTINIDES. .......ccoveiviieiee e 249
APPENDIX 5: GRAPHICAL REPRESENTATIONOFYIELD OFACTINIDESASA FUNCTIONOF
BURNUP ..ottt ettt ettt st e et e s smmmr a4 e 2t e s aeesaeeete et e e smmmn e e st e eheeebeeebe et e e st ommms e neeereesteesbeenrin 251
APPENDIX 6: GRAPHICAL REPRESENTATIONOFTHE YIELD OF FISSIONPRODUCTSASA
FUNCTION OF BURNUP.........oootiiitieesteesmmmte e stesseesseesseessssmemssseseesseesseesseesseesmmmsesssessesssesssessseenes 258
APPENDIX 7: INPUT FILEWITH THE MISLOADED FUEL ASSEMBLY ......ocoiviiviie e 271
APPENDIX 8: K¢ OF VARIOUS NEUTRON BSORBER INSETS.....ccuvtieeeeeeiiusreesmmmmssseeeeessasnsresessssssmmmmessssssses 298
APPENDIX 9: INPUTFILE OF KENOVI FOR4 VERTICAL CASKSINA SQUAREMATRIX ........cccv.e.. 300



CHAPTER 1

1. INTRODUCTION

For many years prior to the advent of Nuclear Criticalty Safety Analysis, criticalty
induced accidents were often underestimated, resulting in disfisteyae, 1955; Knief,
2000] Quite often theCriticality Safety Analysis aspect of the entire nuclear safety regime
was not thoroughoften lumped together with conventional safeijle to lack of high
pedigree rigorous computer codes and powerful computersa result, large quantities of
highly reactive material were often stored in relatively small areas, ignoring the geometry
and material density aspect of criticalty, thus resulting in reacindyced accidents
[O'Dell, 1974]

Considering that the South African Government is considemgaling additional
nuclear reactors in its energy mpooE, 2011] it is expected that they wil in all
probability, be different from the present generatloRressurised Water Reactor (PWR)
presently run at Koeberg. This suggests that there is agspossibiity that the fuel
assemblies, burnup, enrichment etc. might be different from what is currently used in the
Koeberg reactor. This raises questions on the safety of storing different spent fuels with

different enrichment and burnup, and differelesigns of spent fuel casks.

As a result of the potential change in configuration of the fuel elements, there is a need to
intensify the effectiveness of criticality safety analysis in all our spent fuel management.
Addttionally, the fact that the buup and the fuel enrichment levels might be different,
indicates that the Vaalputs Spent Fuel Storage Facilty will most probably contain Spent
Nuclear Fuels (SNFs) from different reactors with different fmpgnand enrichment
levels, thus increasing the kiof criticality accidents. It is thus important that Criticality
Safety Analysis of the envisaged permanent storage faciity takes into account the
complexity of the problem in order to prevent a nuclear reaction from being supercritical.
Supercriticalty may be defined by first describing neutron multiplication factor denoted,
by kes Or simply k, as a relationship between the neutron populations of one generation to
the neutron population of the generation before. This is represented mathematically by [J
Duderstadt, 1976; Lewis, 2008]:



0. , (1.1)

altternatively,

~

Kk . (1.2)

Therefore, depending on the value lof three criticalty states in a multiplying nuclear
system may exidiLewis, 2008 Lamarsh, 2002]J Duderstadt, 1976

k <1 the reaction isubcritical. (1.3
k = 1 the reaction igritical (1.4)
k > 1 the reaction isupercritical (1.5

Supercriticalty implies that neutron production rate is higher than the neutron loss,

therefore k > 1. Nuclear criticality wil be described in detail in Sectioril 2#this thesis.

1.1 Spent fuel management

The responsibiity regarding authorisation of transportation and storage of spent fuel
resorts under the National Nuclear Regulator which regulates activities regarding
management of spent fuel. Judging from the fact that the National Nuclear Regulator
(NNR) has developed a number of Regulatory Documents: Requirement Document or
Position Papersbut (as of8/8/2019, none of them addresses nuclear criticalty safety

(refer to http//www.nnr.co.zaégulatorydocument9/ However,based orits membership

of the International Atomic Energy Agency (IAEA),ist acceptedthat the same top limit

of ke = 0.95 recommended by the IAEA wil also lagplicable tothe NNR [IAEA,

2014] Therefore based on the IAEA recommendations, it is a regulatory requirement that
the licensee demonstrates beyond any reasonable doubt tlagsipeandthe materials,

out of which the Spent Nuclear Fuel (SNF) caskd fuel assemblies are made, as azll

how they are stored or transported, will not render the system unsafe. As such, the design,
material composition, transportation and storage of SNF casks have to meet the Criticalty

Safety requirements of the NNR so as to prevent inadvertent nuctaasier.


http://www.nnr.co.za/regulatory-documents/

1.2 Status of spentfuel pools

Most Generationll nuclear power reactors that were commissioned 20 years ago have
accumulated a significant amount of spent fuel in their spent fuel pdem),(&s a result

are running out of storage space. This lsuge risk to the security of energy supply of the
country and the economy because if no alternative storage space is found, it might lead to
the nuclear installation being shut down. This is even more important if one takes into
consideration that the kgrated Resource Plan 202030, [IRP2012030; DoE, 2011]

the Government’'s official strategy for ens
increasing the fraction of nuclear energy in the energy mix of projected energy by a total

of 9.600 GW [DoE, 2011] This point towards an increase in thermal nuclear power
reactors, and subsequently in an increase in the rate at which spent fuel assemblies are

generated.

Because of this, the Nuclear Analyses Section (NAS) launched a Criticalty Nuclegr Sa
project aimed at investigating options which could be of immediate solution to the spent
fuel storage problem while lortgrm solutions are being investigated. The objectives of

this project are:

1 Given the fact that the current stock of Castor X/28ksa(the design specification
Castor X/28 casks are summarisedARPENDIX 1 [Thomas, 1992]are only
icensed to a maximum enrichment of 3,.59%w feasible would it be to use them
in higher enrichments, e.g. 5%.

1 Determine whether there is a significant difference in criticality of casks containing

fuel assembles from Areva and the casks containing fuel assemblies from

Westinghouse.
1 Determine the effect of burnup credit on the capacity of storage facility.
i Determine the storage pattern/array of the Castor X/28F casks that will be used to

ensure optimal use of storage space of the storage facilty while keepig diie

the systenbelow 0.95 as reasonably achievable.

i Perform sensitivity and uncertainty arsdy of the system with the view of

determining the parameter which has the greatest effect dgtbethe system.



When the fuel is irradiated in a nuclear reactor, there are two important processes which
take place simultaneously; the depletion prsecesich largely accounts for decay (hence
depletion) of the original fissile material (the fuel) and at the same time results in the
process of increasing the yield of decay or activation products. These are further classified
as fission products, light eshent or actinides, depending on their mode of origin and
atomic mass. From the point of view of cask desigdjoactive isotopesnay lead to a

high risk of radiation exposure to members of the public if radiation protection measures
are not adequate. laddition, the criticalty process which is as a result of an incriease

the effective neutron multiplicationfactor eg ,which if not controlled, can lead to an
increase the risk of inadvertent nuclear excursion as the neutron multiplication factor
increases during cask transportation and storage. The other equally important design
feature of the cask which needs to be accorded a similar amount of attention is the heat
load the cask is designed to withstand when the fuel assemblies are loaded ingkshe ca

Therefore, the casks must be designed to prevent accidents by minimising these risks.

In order to standardise the safety of casks, the International Atomic Energy Agency has

subsequently produced a technical document which lists design featuresewdiglspent

fuel cask must comply with before it can be declared and licensed as safe for use. Hence,
the casks, irrespective of the materials they are made of or the supplier, have to meet the

following safety design featur¢AEA, 2006];

1 Nuclear Criticality Safety, whose primary goal is prevention or termination of
inadvertent nuclear chain reaction in freactor environmentfKnief, 2000}

i Shielding, which is a very important radiological safetpnsideration giverthat
the fuel assembly which has been irradiated is very radioaetmitjng all types
of radiationswhich may produce various types of radiatiomyda are particularly
damaging to biological tissuelhus, fom a radiological protection point view, i$

the most important safety feature.

| Thermal Safety, a design feature of the cask which is aimed at ensuring that the
casks will be able to withstand heat, whether it is decay heat or heat from a burning
building, it must not disintegrate as a result of either of these possibilities.

i The containment/structural integrity aspects of cask design have two roles,
firstly containment or prevention of escape of radionuclides from the fuel assembly

into the atmosphere where they can pose a health risk to members of the public and



to radiation workers and, secondb ensure that the structural integrity of the cask

is maintained under a series of perceived accident conditions.

The structure of this thesis is as follows

CHAPTER 2: THEORETICAL BASIS OF THE RESEARCH: This chapter

will describe the theretical basis é&hind the project as well as describing the
drawings and the design data such as material composition that wil be used in the
analysis.It wil also describe the relationship between nuclear criticalty (and the
factors influencing the effective neutronuliplication factor of a fissie system)
and the material degradation of various components. Crystal structure
transformation whichis a basis of material degradatidne toirradiation of the
materialandbr exposure to high temperatune#f be descried in detail.

CHAPTER 3: MODELLING TECHNIQUES: This providesa description of
different moeling techniques which are used in the thesis, different modeling
scenario consideredThe results of these wil be described in all subsequent
chaptes,which are listed below and their respective themes.

CHAPTER 4: STORAGE OF SPENT FUEL. This chapter wil describehe
analyses and resulisf various storage arraywith a view of showing that for a
given fissile system, there is a relationship betweenstbege matrices of spent
fuel casksandthe resulting effectiveeutron multiplication factor

CHAPTER 5: ABNORMAL OPERATING CONDITION. In the abnormal
operating condition, | wil be describing two unusual events which the criticality
specialist wil have to be cautious about. This includes water ingress where the
effects of water ingress in vertical and horizontal casks witoelied ard finally

fuel assembly misload.

CHAPTER 6: BURNUP CREDIT: The objective of this chapter is &acssesfiow

the Kkerr Of the system is affected by the presencevanfous nuclides sets the
system. It wil also evaluate the effect of -afitthe-reactor coling period affects

the Kest

CHAPTER 7: PERTURBATION AND VARIATIONAL ANALYSIS OF A
CRITICAL SYSTEM: This chapter presents a study of teensitivity and
uncertainty of a number of important parameters of fresh fuel such as fuel and

moderator te mperatures.



CHAPTER 8: CONCLUSION AND RECOMMENDATIONS: A summary of
the important findings of the research are presented from which conclusions and

recommendations are made.

The key issuesof this researcltproject are spread acrosshe entirethesis addressing
various aspects oflNuclear Criticalty Safety Analyses of casks. For the purpose of
neatness and to be systematic they dw&led into three areas, each culminating in a
publication in an international journaBarting with the last publicatiomvhose title wa
SENSITIVITY ANALYSIS OF PARAMETERS IMPORTANT TO NUCLEAR
CRITICALITY SAFETY OF CASTOR X/28F SPENT NUCLEAR FUEL and Published
in Kerntehnik Journal in Germany. h& focus of this research wasto perform of
Sensitivity and Uncertainbinalyss of ke of the fissile systenwhich culminatedn the
derivation of the sensttivity coefficients othe neutron multiplication factorkfs) to a
numberof parametes of importance tauclear criticality safetpf castor X/28Fspent fuel
cask Two techniqueswere used Direct Perturbationand TSUNAMI3D computer
program, both of which are based on linear perturbation th&be/parametershat were

assessetb evaluate theensitivity ofkes include

the concentratiorof *°B,
moderator and fuel temperatsre

moderator densityand

A w D

fuel burnup.

The resultsof this studyhave recently been publishedtive GermanJournalKerntechnik
80 (2015) f. eotlela, et al, 2015] and the reader isefered to Chapter 7for more
information The second area relates to evaluating guantifying the impact of fuel
assembly misload on the neutron multiplication factbhe results ofthat study were
published invol. 4, issue Ypp.5-10) of 2015 ofthe InternationalNuclear Safety Journal
with the article: EFFECTS OF THE LOCATION OF A MISLOADED FUEL
ASSEMBLY ON THE NEUTRON MULTIPLICATION FACTOR OF CASTOR X/28 F
SPENT FUEL CASK The reader is referred to Chapter 5 for the detailed discussion
[Leotlela, et al, 2015] The third theme relates toan investigation of amptimum spent
fuel storage arrayhat can be used to increase the capacity of spent fuel starciljg
while keeping theke of the systenasfar bdow 0.95as reasonablpossible The results of

that study, referenced in Chapter vere publishedunder the title THE EFFECTS OF
6



STORAGE PATTERNS ON THE NEUTRON MULTIPLICATION FACTOR OF
SPENT NUCLEAR FUEL CASKS,in vol. 1 issue 1(pp. #15) of 2012 of the
International Nuclear Safety Journal 2012 [Leotela,et al, 2012]

The fourth area relate® ranking of aluminium composite material for use as neutron
absorber inserts in spent fuel pedfer detail see section 4.4 he resultof this studyare
published under the title: RANKING OF ALUMINIUM COMPOSITE MATERIALS
FOR USE AS NEUTRON ABSORBER INSERTS IN SPENT FUEL POGhLSol. 4
issue 3 (pages 238) in the International Nuclear Safety Journal 2015 [Leotlela,et al,
2015]



CHAPTER 2

2.1 Crystalstructure transformations during the

irradiation period
During the depletion process, the fuel assembly is subjected to two important factors that
lead tothe degradation of its materidigh temperature and exposure to neutron radiation.
Which of these have a greater effect depends on the component of the fuel assembly and

the intensity of either. One of the changes that occur is amorphisation.

Amorphisation is the transformation in ctgb structure of a material as a result of an
increase in temperature, presence of impurity or exposure to radiation. Several
investigations have been conducted to determine whether irradiation can induce the
transformation of amorphous phases. AccordmgMas when the material is irradiated,
amorphisationtakes place if there is a significant decrease in energy between the quasi
state and amorphous state [Was, 2007]. As a result, there are a number of minima where
energy loss between the two states is swarily at equilbrium. Given sufficient time,
further decrease in internal energy wil occur and another minimum is reached until it has
reached its equilbrium position where there is no further decrease in internal energy and
the crystal structure bes®s the permanent crystal lattice of that mateviég, 2007]

This transformation can either be thermally induced or radiation induced.
2.1.1 Thermally induced crystal structure transformation

Several analogies have been proposed to describe the crystedin@or phous ( C-A
transformation; the most successful one has been by drawing a paralel between
transformations and melting, mainly because of the similarity of the two processes. Some

of the simiarites include, among others, the fact that amorphisations occur in a
heterogeneous manner that follows first order nucleaton and growth process
characteristics of mel ting. Because of t hi
transformation In 1999, Okomotaet al [Was, 2007]presented a solid state physics paper

in which the role of irradiation in amorphisation was critically revie\Wds, 2007]

This argument was largely based on quantum physics phenomena in which it is accepted

that nomally, the atoms of a material wil be under a constant state of vibration and the



rate of vi bration increases with temperatu

crystallisation will only occur when the repteansquare (ms) of thermal displacaent

<d§b>l’zof atoms from their equilbrium position becomes large enough to encroach on

their nearest neighbour’s or when the vibr

spacing. Thus, transformation will occur when the vibraioplitude reaches the critical
value equal to a fractior{dvﬁbf‘z/rm of the nearest neighbours spacing, Using the
Debye harmonic model of crystal lattice, the mean square thermal displacement for a
perfect crystal at a temperatufeabove the Debye temperatlig,is defined by[Was,

20071

V2 _ 360°%n°T

2.1)
MKQ3

(i)

whereii s Pl anckkiss dBmonddtzanatn n M ss the atame thass df thea n d
nuclide. Since transformation wil only occur whéqﬁb>reaches some critical value, then
from the above equation, the transformation temperature, which is the temperature at

which crystal transformation wibccur is[Was, 2007]

70 - MkQ§< 2>

m~ W crit (2-2)

Because the total displacement is due to thermal vib(@ﬁgh as well as static vibration,

which is due to defects such pedefects and dislocations (size misntmbetween solute
and solvent atoms in sold solutions); the Lindemann crystal structure transformation
criterion becomefNas, 2007]

<d02rit>:< éat> < \,2%> (2.3)

where <d2

crit

> iS a constant.
This criterion implies that the crystal can undergo transformation by either being heated to
the melting point Where<a’frit> :< 5:;>or by increasing the amount of static disor@f‘l’a&

in a crystal until the free energy of theystal is equal to that of a liquid. As the

temperature increases, the damage level increases too, but the crystal transformation



temperature of the defective crystal does not. This implies increasing the temperature of

the crystal after it has already react(etgﬁb> will not result in further transformation but

can only damage the material. There is thus an inverse relatidegimeen the level of

damage of crystal lattice and transformation temperature. The state of maximum damage
is reached wher{?, ) =( &) or whenT,1=0. Here T, =0, is the theoretical upper iimit

for damage accumulation in a defective crypidas, 2007] By substituting Egn.(2.1) into
Eqgn. (2.3), this can be teritten as:

3602h°T¢
()={ &) % (2.4

from which the theoretical temperature upper Iiﬁiﬁis found to be

MkQ?
o =——=(0%) (25)
360%H

and the Debye temperature of defective cry@ga?et given as:

a < a? t>
oS =ga sl (2:6)
" ? <dc2;rit>

In addition to changes which occur at a misoale level, there are those which occur at
the macrescale level some of whictare linear and others volumetric expansion

corresponding to changes in density.

On a macroscopic scale, damage might mean chanljgear or volumetric expansion
which may either be permanent or temporary depending on whether the material wil

resume its original length or volume when the thermal strain is removed.

Numerous studies have been conducted with a view to determining nder Bnd

volumetric expansion of UDas a result of irradiation and it has been found that in the

'Crystal structure transformation temperature is the temperature required to initiate or sustain
transformations. It is the point where thee energy curve intersects that of a super cooled liquid.

10



temperature rangeg X &

Y w¢ &, the instantaneous linear thermal expansion
coefficient ( ais)given bylgbal, et al, 2006; and Saeguset, al, 2007as:

ap:9.828x1(? -6.930x18T 4.330x16T2 1.757Xx18T°3,

(2.7)
while for the temperaturan ¢ & Y o p ¢+t isayiven by [gbal, et al, 2006;
Saegusaet al., 2007]:

a,=1.1833x10 - 5.013xt0 +3.756xf0° -6.125x10°,  (28)

Here subscript p int) refers to the cubic polynomial and the fractional change in linear
thermal expansion of a material/metal with the length Lvergby[Giancoli, 1988]:

DL _L-Ly

(2.9)
L273 L273

while the relationship between fractional change in density and the fractional change in
volume is given by

-
D \Y
r_f_ _ Yo (2.10)
0 214.&
C 0

It is generally acceptable to quote the coefficient for volumetric expansi@iaasoli,
1988}

b=3 g, (2.11)

since the error introduced wil be small (~1%) for many applications. Howeverdér

for the calculations to be accurate it is very important that the accurate coefficient of
thermal expansion is reflected and has been found tGiaadoli, 1988]:

b=33g 8 Da F°DO (212

11



and the relationship betweerand temperature T(K) is ilustrated kgure 2.1 The stress
, O¢ i M1 Whinduced as a result of the thermal expansion of the it/@e
fuel cladding is enormous which eventually could lead to deformationceacking of the

fuel rod. The stress is given [paegusaet al, 2007; Igbalet al, 2006]:

s=C X (213
A L273

whereEi s t he Young’' s ms dven by[dacksoh, 2004 Igdadgal, U O
2006, Saeguset al., 2007]:

E=E -CTexp( F/7). (213

Linear Thermal Coefficient of UZC
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Figure 2.1: Coefficient for linear thermal expansion of Y@ resent study).
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andE’ and C are constant equal to 22.7xNmnt and 20.42 N/mfMK respectively and
T. is a characteristic temperature corresponding tehaifeof Debye temperature, i.e. 135
K.

2.1.2. Radiation induced crystal structure transformation

In earlier sections reference was made to the fact that sufficient thermal energy was
critical for the C-A transformation to pr.
energy, disorder may only be partial and thus transformation may only be panitihges

in the original crystal structure only being elevated to an excited state and not proceeding

to complete the transformation process to a new structure. This alludes to the fact that
there is a minimum temperature below which transformation wilbootr; therefore, it is

only if this temperature is exceeded that transformation can occur. Several studies have
been conducted to determine the validity of this claim, which amongst others include that
conducted by Dubink§wWas, 2007]and all concur withthis finding, confirming that there

is a cutoff temperature at which amorphisation occurs.

This model indicates that the rate of change in crystal structure may be indicated by the
long range parameted. This consists of two competing processes; a disorg term due

to radiation and r@rdering term due to thermal energy and is illustrated mathematically
as follows[Was, 2007]

e 2 a-V ¢
o A A 1' CA l'S exw s
((jj—tS: €K,S ﬂexpa__llf & ( )& gkt = (214
o ds+a-q) ¥)

where U is the energy barrier between atoms A and BB)Apair interchangef is

ordering efficienc$; K, is the defect production rat€, is concentration of A atomg, is

Bol t zmann'Tss tecpenataré andhid the ordering energy defined by

(Vir +Ves )

V =V, >

(2.19

Here,Vag, Vaa andVgg are bond energies for aB, A-A and BB pairs, and

“Disordering efficiency is the ratio of replacement to displacement of atoms where transformation occurs as
a result of A replacing B, it is of the order of100 under neutronirradiation
13



S=—fa” ZA (2.16)

where an is the probabilty of atom A being in th& lattice site, andX, is the atomic

fraction of atom A. IfS = 1, the polymorph is completely ordered and when S = 0, the

polymorph is completely disorderd@w/as, 2007]

From this it is clear that the type of bonds holding two atoms together play a significant
role in the transformation process, without this knowledge, it becomes difficult to
determine the activation energy. The-ofittemperaturelc referred to is the taperature

at which amorphisation is initiated where disorder is driven by irradiation and is given by
[Was, 2007]

-1

e 3§ ; -g) 02
Tczueklnegc’*(l G -8) . (2.17)
g T S )

It should be noted thalc depends on thelisplacement ratand also on the number of
replacements per displacemertis account for thi€ is included in the equation. Hence

the temperature at which amorphisation wil occur depends on the irradiating material i.e.
the charge and the mass of projectie and the dose rate. Okainadtdescribes the main
kinetic features of irradiatiemducedamorphisation as folowpNeber, et al, 1996; Was,
2007}

1 For a specified particle and dose rate, there is a temperature at which the two
competing processes of damage production and recovery just balance; below that
temperature, damage production dwtes recovery and the crystal can be
completely amorphised.

1 Amorphisation occurs homogeneously at low temperatures far from the critical
dose rate and temperature. Heterogeneous amorphisation occurs nearofhe cut
temperature.

1 For fixed dose ratél,., increases with particle mass.

14



i Tca) is the kinetic parameter that depends on the irradiation variables such as dose
rate. Higher dose rates shifiig 5 to higher values.
There is a temperaturgg, above which amorphisation is impossible.
Tca) depends on the target temperature but not irradiation variables.
BetweenTcq and Tgny (Where Ty is the thermal rerystallisation temperature)
irradiation can induce t he A-C transfo
transformation is dosdependenfWeber,et al, 1996;Was, 2007]
Thus, disordering, as indicated in the previous section, is an important factor in crystal
structure transformation and can either take place at higher temperature or at low

temperature where their thermal displacemeist reached the critical values.

2.1.2.1 Radiation damage to UO, nuclear fuel and the effect of
fission rate in crystal structure transformation

The objective of this section of the research project is to demonstrate that there is a strong
correlation between burnupnd material degradation resulting from irradiation; there
must, therefore, be a similar correlation betwkgrand crystal structure transformation of

the fuel caused by irradiation.

As stated infSection2.1, the fuel undergoes several crystaline ctical changes during its
ifecycle. There have been a number of studies performed to understand what crystal
structure transformation means physically, which culminated in the phase digigamn

2.2 One of the important changes that 4f@el undergoess dimensional change caused

by transition in crystallographic structure.

15
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Figure 2.2: Phase diagram of uranidaxygen systerfPattersonet al, 2010]

According to Matzke[Matzke, 1992], wherlJO, is subjected to high thermal energy, it

will undergo the following phase transformation at their respective temperature:

1 orthorhombic (-phase) to tetragonabphase) at (T = 665 °C),
1 b-phase to the body centred cubic (BG&hase at (T = 770 °C)
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Cladding

Fuel Pellet

Rim effect

Fuel-Cladding Interaction

Figure 2.3: Rim effectin UQfuel [Hayes, 2010]

The primary cause of radiatiamduced dimensional change in YCuel is an
accumulation of fission products in the fuel matrix which according to Matzke is non
uniform but rather more prominent at therpep hem’ alr e“’gi on of the fu

shown inFigure 2.3[Hayes, 201Q] than in the middle of the axial length of the fuel pellet.

Matzke has been able to demonstrimatiee geixnpse rait
burnups above 40 GWD/MTU and its thickness ranges typicaly from 100 tqr0Q0

making this region much more porous than any other region of the fuel pellet [€uros,

al., 1992; Matzke, 199P

According to Matzketh r eason for the formation of 't he
burnup at the periphery is much higher than in the central region by a factor of up to 2.5.

This is due to the formation of fissi€°Pu by resonance neutron capture’8t), which

resuls in a gradient i**Pu concentration which decreases exponentially towards the

centre of the fuel pellefiMatzke, 1992 Matzke, et al, 1997] As a result of this there is

grain subdivision known as the polygonisation procedgsitike, 1992; Matzke, 1996;
Matzke, et al., 1997] which converts the original grains of J@hat formed during the

sintering process into 1@ 1¢ new small ones.

These consequently lead to higher fission gas release, low thermal conductivites and
changed mechanical propertifdatzke, 1992; Matzkeet al, 1997 Matzke, 1996] As a
result of higher burnup caused by an increas&pu, there is a structural change in that

area or rim, which leads to:
17



! A phase change from crystaline to amorphous (ghase transformation) known as

metamictization in materials containing high concentrations of U and Th, which
happen to be actinides which decayUbgmission.

A phase change from single crystaline to pojgtalline phase.

Amorphisation occurred in (anisotropic) rouabic oxides.

Uraniun238 ¢*%V) is particularly important in the formation of the rim region and not so
much?**U becausé>*U has six strong resonances for focrosssections. These occat

6.67, 20.90, 36.80, 66.15, 102.47 and 116.85 eV, and therefore, any neutron group faling
in any of these energy ranges can be captured. The resonance capture responsible for the
formation of the rim is dominated by the first three resonances i.e. &0 and 36.80

eV but mainly 6.67 eV. This is because at higher neutron energies such as 66.15, 102.47
and 116.85 eV, attenuation by scattering becomes more dominant than neutron capture in
contributing to the total resonance interaction riMatzke, 192, Matzke, 1996 Matzke,

et al, 1997] Thus because of the$&U resonances, the surface of the fuel pellet becomes
enriched with**Np which then undergoesfadecay to®%Pu with the two halfives 23.45

min and 2.356 d of*U and ***Np respectively lsows that there wil be a buildp of

ZNp from 2% because the halife of 2% is much shorter than that 8Np hence the

high enrichment if*Np:

FRURA ST
29 1Y 2B R, SNp+ b A7 (2.18
N YA, ZPut b

Given that®**®Pu decays by- and Bdecay, then-particles wil cause a significant amount
of radiation damage comparedffg whi ch also contributes to

effect.
According to Matzke[Matzke, 1992] t herimt eeinf éct describes thr
1)  Anincreag in***Pu and burnup along then region, leading to;

2) (a) a porous zone along the periphery of the fuel pellet, and (b) a large reduction in

grain size on the periphery.

18



3) A decrease in the content of fission xenon within the, d@ins as measured with

electron microprobe analysis.

Although the rim is thin (in the order of about 100 to R0d), it corresponds to 4% to 8%
of the fuel volume which is situated near the fuel surface. As a result of its location near

the surface, it dcomes important for the following poinslatzke, 1992]

1. As a result of low thermal conductivity in the rim, the fuel temperature may be
increased to temperatures higher than in other regions, and because an increase in
fuel temperature has a negativeeeff in thekes of the system (due to Doppler
Broadening which will be discussed in detailsectiors 2-4), the result is a lower

kes ON the rim with respect to the centre of the fuel pellet,

2. If the spent fuel is going to be stored in a repository, research indicates that in the
event of anyingressof ground wateinto the repository and into the fuel, the water
will first interact with the ®%urich, high burnup, large porosity, radiation
damaged rim region for leaching before it reaches the remainder of the rest of the
UO..

There are other possible alternatives to grain subdivision which result in accumulation of
fission products in the fuel matrix. One such reason is-pressurisation ofission gas
bubbles as a result of the difference in volumetric expansion of the fuel and the cladding.
The fuel has a much higher volumetric expansion compared to that of the fuel cladding,
therefore, when subject to the same temperature the fuel pélnelxto a greater volume
exerting an enormous amount of force on the fuel cladding, which if it does not fail, will

result in much finer grain structure of the fuel.

Other alternatives may be due to either a nucleapioocess or growth in fission gas
bubbles which leads to gaseous swelling which increases with temperature and radiation
exposure. The accumulation of solid fission products also leads to svdelingp a lower
density of fission products and their decay products relative to the uranioms &tom

which they originated. The accumulation of fission products results in volumetric
expansion of the fuel which exerts severe stress on the cladding material thus criticaly

affecting its performance and causing premature failure.

% A type of crystastructureggrowthmechanismwhichresuults fronthe formation of small droplets oras a
result ofthe presence of impurities in the solutdanng the crystallisation process
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The accumulation offission products combined with the radiation damage of the fuel
creates intrinsic or vacancy type defects which influence the migration of fission product
throgh the grain boundaries of the fuel pellet. Studies of material properties of UO
indicate thatunder normal conditons UQadopts the faceentredcubic (FCC) fluoride
structure with oxygen occupying the corners of the cilieyes, 201Q] However, the
stoichiometry of fuel at hand plays a very important role in its physical properties as well
as is crystal structure since it determines how the defect processes takes place. This is
because the presence of oxygen atoms as interstitials and the number of vacancies are
controlled by the U@ stoichiometry, which in turn determines the number of vacancie
needed in migration and defect formation procefigleszke, 1996; Matzke, 1992]

In 1994 RestRest, et al, 1994] reported that while studying the effect of irradiation in
uranium siicide (WSk) and uranium dioxide (U§) it was observed that abw-
temperature, swelling of irradiated;8b, and UQ fuels was caused by the growth of
fissiongas bubbles whose size is strongly affected by fission rate. It was further noted that
“subdivision” of t he or i-wrup aJQ, agdtha penpherywa s o
region of the lightwater reactor (LWR) fuel pellets revealed that there was an increasingly
porous microstructure which increased with burnup [Matzke, 1992; Matzke, 1992;

Matzke, 1996; Matzke,1997%t al.].

Detailed insmpeffediti amdefr t@me el ectron microscc
extremely finegrained structures which according to Matzke are formed by subdivision of
the original fuel grains. If, after irradiation, the sample is allowed sufficient time to cool
down undematural cooling, these smaller particles wil aggregate to larger ones and form

a much coarser structupelatzke, 1996]

Post irradiation examination of UGamples irradiated to high burnup conducted by Rest

etd , confirmed Mat zsubdvisisn ogcwreduid Higls burhup.aChanggs a i n
in fuel volume also indicated that the swelling rate of the material changes from 0.16 to

0 . 5 9% peA 16° fissions/ni in the burnup range of £3.6x1G’ fissions/n [Rest,et al,

1994]

After numerous experie nt s Rest was abl e graiosuldiivisowisa c on
induced when the energy per nucleus is high enough that creation of grain boundary
surface is offset by creation of strairee volume, a resultant net decrease in the free

energy of mateal” [Rest, et al, 1994] Subsequent to this, they were able to derive a
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mathematical equation that showed that there was a correlation between fission density
(FDX) and grain subdivision which is given figest,et al, 1994]

By fW(q +7ud/1214) b (2.19

FDX =
280rsnkT°1 Dvl %GV

where

f = (BK) = 2x10° fissions nts™ is a fission rate, (B is the conversion factor and K is the

damage rate in units of displacements per atom per second (dpa/s) and,

Ey =B & . (2.20)

Es = stored energy

E: = the formation energy of a viable nucleus.
C; = concentration of interstitials
Cy, = concentrations of vacancies

1 and] are jump frequencies of vacancies away from and toward nesightour
nuclei of solute atom.

1 and ] are the jump frequencies of vacancies and interstitials, respectively,

unperturbed by the presence of a solutenato

Q atomic volume

rsm = annihilation radius of a nucleus/vacassoute pair.
k = Boltzmann constant

T = Absolute temperature

Dy = the diffusivity of the vacanegolute pair and consists of thermal and radiation

enhanced components given [bkhanskii, et al, 2005; Restket al, 1994]:

D, =x,a%\, €M +0,,, (2.21)
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wherea is a lattice parametey, is the vibration frequency factor of vacancieg,is the
migration energy for a vacansplute pairé,; is the preexponential factor that accounts
for the deviations from diffusion in a pure solvem,y is the radiation enhanced
component oD,; which is given by[Turos, et al, 1992; Matzke, 1996; Restt al, 1994]:

D.,=Dgt, g, (222

where, D, and D; are random walk diffusion coefficient of vacancies and interstitial
defined by

Dy =xa’ |}, (223
D, =2xa (229
where,
w =v,e &/KT (2.25
W =ve &/KT (2.26)

whereg, andg; are the migration energies for vacancy and interstitialsvarahd v are
vibration frequencies factors for vacancy and interstitials respecfRelgt,et al, 1994]

At relatively low temperatures and high fission rakem (2.22) becomes:

Do~ C€ eV/ZkT\/T, (2.27)

re

and

. 2
o= axa’v,wW I/Q 228
' ¢ P rivB 9 .

At high temperatures and low fission rakgn (2.22) becomes:

Dea- C.f (2.29

and
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W

c=_ W 230
° 2psylsB (239

The values used by Rest in his calculations are summaris€édbie 2.1 In the body
centred cubic (BCC) structure the diffusion mechanis dominantly interstitial in nature

with the diffusion coefficientD;, given by[Rest,et al, 1994]

D =7 310%e M) (2.31)

Table 2.1: Values of various properties used by Retstl.in UO; calculations[Rest,et
al., 1994]

Property Value
Vy 5x10” s
& 2.4 eV
&vi 2.8 eV
X2 2x10% v
B 6x107°m~ s~
Es 0.62 eV
C1 1x10°
iv 2x10 m
Fsm 3x10" m
&v1 0.01
3 0.1
a 3.4x10" m
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D, =1 307! 7%T) 30 “F (232

whereT (°C) is the fuel temperaturén the face centred cubic (FCC) on the other hand the
diffusion is largely by vacancy mechanism for which the diffusion coefficient is given by
[Likhanskii, etal, 2005]

D, =aw (2.33

After researching orthe stability of spatial distribution of crystal structure defects in
irradiated high burnup U©Likhanski and Zborovskii further quantified the Orlander
equation to givdLikhanskii, et al, 2005]

where F is the fission rate equal to 1XfGission/n?s in light water reactors ark(°C)
is the fuel temperaturé¢lLikhanskii, et al, 2005; Restet al, 1994]

From Figure 2.4 it is observed that up to 508C both D, and D; are independent of
temperature However, above 500C, there is a rapid increaseln as the temperature

increases.

I T I T
adl —m— DV:lX10—7e(—27800/T)+ 1O—4OF
—e— Di:7xlole(-22000/T)

Diffusion Coefficient (13° n'’s")

T T T T T T T T T T T T T
0 100 200 300 400 500 600 700
Temperature (Deg C)

Figure 2.4: Diffusion Coefficient of UQ as a function of Temperature (Present study).
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This may be ascribed to changes in crystal structure of d$ociated with an increase in
temperature. If one studies the chaimyeaogether with the phase diagram of P picted

in Figure 2.2, one wil note that between 50 °C and 300 °C the fuel composition with a
ratio of O/U=2 i.e. UQ wil largely be made umf a-U +UO, in equilibrium with UQ.«
+U40q., each of which has its physical properties, including the diffusion coefficient.
However, at 300 °C the same fuel material wil now consist of a solid solution made up of
three materials in equilbrium with enanothe, namely; a-U +UO,, UO,.x +UsOqy and

UO,. (refer to Figure 2.2). If the temperature is increased even further to about 670 °C,
the fuel composition will now be made afU +UO,, -UB+UO, and UQ.. Therefore,
because of these changes in crystal structure as the temperature increases the diffusion
coefficient of D; will also change accordingly, and that is the reason Bhm Figure 2.4

behaves as it does.

Hence, the rate at which neutrons are fparted, but more speciffically the rate at which
they diffusé through the fuel and subsequently result in the reaction between neutrons and
2 atoms, depends on the diffusion coefficient of the neutron in that crystal structure.
Looking at D; (m*s) andD, (n¥/s), it shows that the coefficient for diffusion by an
interstitial mechanism is larger than that by vacancy diffusion. This implies that neutron
transport in the BCC will be at a much higher rate than is the case with FCC which many
neutron transporcodes including SCALE and MCNP do not take into consideration. This
has further been confirmed by Griesmeyer who cidgdand Do as 7.12x1® cnf/s and
1.0x10° cnf/s respectiveh[Griesmeyer et al, 1978;Veshchnovet al, 2009]

Thus, assuming that all neutrons wil be in the thermal range, it is expected that BCC

material wil result in a highekes than would be the case in FCC.
2.1.3 Free Energy in Radiation Induced Amorphisation

Apart from disordering, one of the most importanttéas that drives amorphisation is
Gibbs free energy released when two or more chemical elements react chemicaly and
release energy in an exothecmieaction, which also apples to nuclear reactions.
However, in nuclear technology these processes near at isolation of one another;

each contributes a certain fraction to the entire requirement for transformation, and which
of them dominates depends on the setdlrent system, dose of solute and temperatures.

Motta et al, [Was, 2007]summarised the criteria for amorphisation driven by free energy

* Neutron diffusion is butone formor mode of neutron transport.
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as follows:the free energy change upon irradiatiéX3,, must as a minimum be equal to

or greater than that DEpinordertoe theGransfigkmatonta ns f or

occur. This relationship is summarised mathematically as follows;

DG, 2 @, (239

Where DG,, includes all the defects created by irradiation and can be written as the sum

of terms representing chemical disordefifg, and all other defectsDG,,. The

relationship between these three components may mededs: YWas, 2007]

DG, =@, D a(€E T$ DV T g (2:35

where C; is the concentration defeptE; is the formation energy is the ordering energy

and DSJ- and DS, are the configuration entropy changes due to point defects and anti

site defects, respectively, ahis the number of lattice sites per mole. The concentration
of defects is given by the defect balance equation defingd/as, 2007]

o Ko Ki.GC, KCG

(2.36)
=K KCG K.GG

where

C, = vacancy concentration

Ci = interstitial concentration

Ko = The effective point defect production rate

Kiy = vacancyinterstitial recombination rate coefficient

Kys= vacancysink reaction rate coefficient

Kis = interstitiaisink reaction rate coefficient

and
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Kiv = 4pr|v Di
K =4por.D, | (2.37)
KVS = 4-IOI’VSDV

wherery, Iys andris are interaction radii for the reaction between the species given by the
subscripts i.e. (i, v for interstitial and vacancy, respectively) and represent the radi of
surfaces such that if crossed by the defect, it is annihilate@n® O, interstitial and

vacancy diffusion coefficients respectively.

2.2 Nuclear Reactions

In order to be able to discuss nuclear reactions, one must start by describing the space
within which nuclear reactions take place. When two or more nuclear particles interact,
there are a number of possibiities of what can happen in that reaction dgpemdhe
crosssection, particle flux, kinetic energy, nucldeaction pair, sensitivity coefficient of

the nuclidereaction pair, mass and velocities of the incident particles which consequently

determine the nature of the final particle(s).

These faairs also determine the rate at which the reaction proceeds and for a reactor core
are initiated by neutron flux being related to one anothdLagnarsh, 2002]

2 0. A, (2.39)
where,

Py
I

reaction rate (reactions/sec)

¢ = neutron flux (neutrons/cfrsec

Z
1

atom density (atom/ch
O  microscopic crossection (crm)

Because of the number of possible interaction modes, the reaction rate wil depend on the
macroscopic crossection § 0, used in the calculation, and meactor physics the
nuclear reaction of interest is normally a fission reaction. However nuclear fission is not
the only nuclear reaction that takes place in fissile system, some of the most common
reactions observed includ@elastic scattering elasic scattering (n,n’), (n,2n), capture, (

n, y hp), (nd), (nt) and f, aAs.wil be seen in sectioh.2.2.2 Figure. 5.7 the highest
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fission density is in the centre of the cask and decreases gradualy pogmsseto the

periphery[Leotlela, etal., 2015]

The reactions which are oafmportance in nuclear reactor analysis involve interactions
between neutrons and nuclide and [@ederstadtet al, 201Q Lewis, 2008]

1 nuclear fission rf, fissior), which may generally be represented by the following

nuclear reactign
N+ X - 22X+ %= X+neutron(s) + 200Me"
0 4 Z, Zg

1 radiative capture (npgeneraly represented by

*
40X - (MX) - X g
q scattering (i) or ( F¢ )

sn+45X- in+%X (elastic scattering (n,n))
n+45X- in+%4X (inelastic scattering (r,n))

an+45X- in+/% X+4g (inelastic scattering (n,nYy

Some of the inelastic scattering reactions of interest in reactor physics from the fission and

neutron irradiationpoint of view are neutreproducing reactions liken( 2n), (n, 31) and

( ).

These are only a few reactions that are of importance to nuclear criticalty analysis that

will take place in the reactor vessel but there are many other possibilities.

2.3 DOPPLER BROADENING

Doppler broadening can best be understood by studying the quantum mechanicsirof UO
which it is understood that the particles of a crystal are in a continuous state of vibration,
vibrating like a wave where the frequency and the amplitude of vibrations are greatly
influenced by the temperature. As a result of the bonding of atomengktal lattice, the
displacement of one or more atoms from their equilibrium positions wil give rise to a set
of vibration waves propagating through the lattice. According to Kittel, there is a
minimum amount of energy needed to induce a certain fregueh vibration; which
aludes to the quantized nature of vibratipkittel, 1987]. Furthermore, all lattice

vibrations of normal mode types have a wdeffined wavelength and frequency of
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vibration, which although in classical mechanics they are viewesaaslike phenomena
in nature, in quantum mechanics they are beleved to possess certain -@rticle
properties known as phonofisittel, 1987], which is in agreement with the dual nature of

matter

Thus Doppler Broadening in this context refers tongjeain crosssection as a result of
thermal motion of atoms of a crystal structure brought about by the increase in
temperaturgBorgonovi, et al, 1969; Kadotani, 1970JAs a result of the differences in the
two schools of thought i.e. Wayxersus Partiel nature of matter, a twi@r approach has
been developed to try and explain Doppler broadeftimygonovi, et al., 1969; Butland,
1974; Kadotani, 1979]

I.  The first one was Free Gas Model which was originally introduced by Lamb,
ii. The second one is the Efftve Temperature model developed by Nelkin and
Parks.

2.3.1 The Free Gas Model

This model uses an analogy of free gas targets in which it is believed that the atoms of a
crystaline material are in a constant state of motion as a result -@enoriemperaturef

the material. The energy distribution of target nuclei assumes an isotropic Maxwellian
distribution. As the temperature increases there is a corresponding increase in vibrational
and rotational frequency of the atoms of the material and thus an iaareth® spacing or
distance among different atoms of the material. As a result of this vibration, it is very
difficult to pinpoint with absolute certainty where each atom wil be at any given time, and
the degree of uncertainty increases with energyefatloms, which is consistent with the

Heisenberg uncertainty principlerzbacher, 1998]

The same applies to the cressctions of a nuclide since the uncertainty or probability of a
particular projectilenuclide interaction is a function of relativeelocities between the
neutron and the target nucl i de. Henergetic i n a

neutrons can only see” targets of a certa

phenomenon is known as Doppler Broadenikgdotani, 1970].

Doppler Broadening is very important parameter in nuclear criticalty safety since
depending on the moderator or fuel temperature kthef the system can either increase

or decrease as a result of vibration of atoms. Underpinning this isahéhda temperature
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change plays a major role on the kinematics of neutron colision which tends to be
“thermalized” to energies consistent to mal
since the neutron can either gain or lose energy in disamt®ints or quanta and that

modifies the double differential crosection (thermal inelastic scatter) of the material

thus affecting the reactivity of the material.

This model has been very successful in a wide variety of applications, particularly in
reactor physicgKadotani, 1970; Borgonoviet al, 1969; ANL, 1963]

2.3.2 The Effective Temperature Model

This model was first developed by Nelkin and Parks who argued that if either the binding

energy among crystalline atoms is we a k'’ 0
of crystaline binding energy can be given to a good approximation by agstimat the
nuclei behave lke a free gas, only if an effective temperaturs used, and the

relationship between the nuclear kinetic energy and the effective temperature is given by E

=-"0Ywherek is Boltzmann constariButland, 1974]

It has beerfound that at higher temperatures these models, (i.e. effective temperature and
free gas models) approach one another, it does not matter which one uses, they wil yield
the same answgButland, 1974; Kadotani, 1970; Borgonaoet, al, 1969] Thus ifv is the
velocity of an incident neutron and is the thermal velocity of a target nucleus, then
velocity of the neutron relative to that of a target nucleus-usand the relative energy

with respect to u/v is given by
Ei=%n(v—u)2= E -J2nEu (2.39

Wher e E 1is t he incident neutron energy, u
direction of neutron flux. Assuming that the target is in a gaseous phase, then from the
kinetic theory of gases, the number of nuclei with themicomponent u is described by

the Maxwellian distribution

LU
MA o 21

W(u)du=
=27

du, (2.40)

Where m is the mass of a target nucleus dnd temperature.
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The corresponding relative energy distribution is given [Bytland, 1974; Kadotani,
1970}

L dEi

1
W(E, E)dEH4——
b D (2.4)

where D =2 }nET/ my is the Doppler width, and the averaged thermation cross

section is given byButland, 1974; Kadotani, 1970]
s(E) =ﬁdEiW( E E) is( E). (242

Thus the effective temperature wil result in higher frequency of vibration, and
consequently to the increase in Doppler Broadening effect. Since the Doppler width is
inversely proportional to thatomic mass of the target nuclide, the Doppler width is higher

for smaller nuclidegBorgonovi, et al, 1969; Kadotani, 1970]

2.3.3 Temperature-Dependence of cross-section

According to studies conducted by Borgonovi and Kadotani, the radiation capture and
total crosssections in the resonance range are givefBagonovi,et al, 1969; Kadotani,
1970}

G, s
-9 °0
SH(E)=—= , 243
6 cos ZO - xsin26 (244
S = + , .
t sp 1+ x2

respectively, wherex = 2(E-E/ )/G is the energy deviation from the resonance value in
total width units and s =i_"27g( j)g_g is the total crossection for the resonance energy
without potential scatterinfButland, 1974]

Thus the radiation capture and total creestiors averaged over thermal motion are
described byBorgonovi, et al, 1969; Kadotani, 1970]

Gqy

sg(E):E X

ik

[5 (2.45)

O
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% X 803202 X —&;x sir&0 g‘, (2.46)
- @ - y

aG _ 9§ 1 Gp e
X g—F—="—D NXi————, 24
B Vo I e @
and
G s %
- X Xi g
&G 5 1 Gp e 4P 7
XX §—F=—D X — : 248
DX Or & PN 49
The function y g;g,x defines the thermal motion modification of the line shape for the
¢

resonance capture and resonance elastic scattering, X\/@ex defines the
¢

interference term in the averaged total ciesstion (potential and resonance elastic

scattering interference). For the resonance energy,

G
aG CN)x/[_? Gamzd, 2 geo -2
,0 g——=€ —= dy é 249
y "0 D gé- b R ay (249
the function y %,x has bea shown to satisfy the condition
¢
o aG _ o
A X Xxa, X GO0, (2.50
o 2
AG
and the functionX 255, X satisfies
¢
o) aG _ o
A X Xxgk, X §O (2.5))
&H* 0

If the natural line is much larger than the Doppler wifh then
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1
~ 1+X

Qio

y , X 5 G >: (2.52

o
|

which implies that the line shape is not modified and the averagedsmossn equation,
Eqgn (2.56) produces a ndimermal crossection. However, if the natural width is closer to
or less than the Doppler width, then the resonance -sexs®n and thdne-shapes are
changed to new values. Finally,@ < < one obtains an expression for the function in the
off-resonance rang@prgonovi, et al, 1969; Butland, 1974]

2.3.4  Doppler broadening of UO, nuclear fuels

Doppler Broadening has hednvestigated by a number of scientists to determine the
effect of temperature on the broadening of resonances of uranium bound.ir©Obkof

these is Schenter who used it speciffically in the calculation of temperature dependence on
criticalty for the Argonne National Laboratory (ANL) critical assembly ZPRI47
[Butland, 1974;Borgonovi, et al, 1969] The results showed that although the binding
effect of U in UQ decreased with an increase in temperature, the magnitude of the
decrease depended on wietone was looking at the binding effect of; a) U inlg O

in UO,, or c) the average binding energy of an atom in,Uhas been established that
calculations using averaged binding effects result in values which are significantly higher
than thebinding effects of U in U@or O in UG, The binding effects on U in UQwere

found to be even smaller than those of O in,UO

Other scholars who investigated Doppler Broadening of W€uded Jarvis and Thorson

who used Bosé&instein statistics to dewd the relationship between the thermodynamic

temperature T(K) and effective temperatdreof the phonon frequency spectrung @

which is given by Borgonovi, et al, 1969; Butland, 1974]

=1
2

r( ) 'both( '/a)d } (253

O= B

where

r( ')d 51 (254

O= B
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This was based on the assumption that nuclear vibrations are described by a set of
harmonic oscillators, and using phonon frequency spectra developed by Thorson and

Jarvis, Hutchinson and Schofield derived éfitectivetemperature of U and O in YU@s
Tu =T(1 81107?) K, (255

and

To = T(l 270007 2) K (2.56)

This has been a significant development in nuclear criticalty safety analysis as wil be
seen in later sections where Doppler broadened -smstions are discuss¢dorgonovi,
et al, 1969;Butland 1974; Kadotani, 1970]

2.3.4.1 Doppler broadening of absorption cross-section

The Doppler broadening of neutron absorption cemsstion + j as a function of

energy E and the Doppler widi#, hwas first derived by Bethe and Placzek using the free
gas model and was found to t#&ofgonovi, et al, 1969; Butland, 19% Kadotani, 1970]

N

- 129 | CE Eg
Sng(DE) :(,0):)]/ ng S gE)e@ o (2.557)

1-00:

where E is the kinetic energy of the neutron in the laboratory sys%(El) is an

unbroadened neutron resonance absorption -s@stion, andD is the Doppler constant
given by:

D =2(kTEmy M)l/ 2 (2.58

whereki s the Boltzmann’s constant, T is the
of the neutron and target respectively. According to Lamb the Doppler Broadening
equation, is only applicable to crystaline targets if T in Egn (2.69) is replaced with the

effective temperature given by:

T=2&/k, (259



where J is the average energy per vibrational degree of freedom of a cBatal.then,
T can only be replaced with on condition that the following wedbinding condition is

satisfied:
%G -I(Eém/M)l/2>>U‘ (2.60)

where
G = natural width of resonance,
Q = Debye temperature of the crystal in energy units

Doppler broadening of the cross section is caused by an increase in temperature of the fuel
temperature.To that effect Doppler broadening of 6.67 eV resonance scattering cross
section of 2% at four diferent temperatures is shown Figure 2.6 From this it is
observed thaas the temperature increases the height of the peak decreases and becomes
flatter (broadens out) to cover a much wider area than has been the case at lower
temperature (ubroadenedpeak). As a result of the importance of Doppler broadening in
the nuclide crossection, a number of specialised computer codes have been developed to
specifically calculate the Doppler broadening caused by thermal vibration of atoms. One
of these is NJOYwhich used the Sigmal method first developed by Cullen to evaluate
Doppler broadening of absorption cresasction of ENDF/B [Cullen, 1979; Seidekt al,

1989] Other codes which are not as specialised as NJOY use an approximate form of

Doppler Broadening equation defined d3yderstadtet al, 2010]

&(E &)

o ]/»2 e—-————

_ G NI

S,(BT)= ‘%GD%% 8 ;es i (260

whereG, ZE 0 (262
¢

k = the Boltzman constant = 1.380662%1Q/K,

T = Temperature (K),

® ENDF/B = Evaluated Nuclear Data file version B
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Figure 2.5: Doppler Broadening of 6.67 eV resonance scattering c@ston of>2U
[Becker, 201Q]

A = Atomic mass of nuclide in question.

Eo = Maximum energy of a neutron = 10 MeV; and this is the most common Doppler

broadening model used by many neutron transport computer codes.

Therefore, because the reactor generates so much decay heat when it is in operation, the
fuel temperature increas quite significantly, resulting in broadening of the cisEsstion
and a more effective neutron absorption at the resonance peak and consequently a decrease

24 NUCLEARCRITICALITY PROCESSES.

The second process which takes place in a nuclear \@dseh may be the reactor core,

the spent fuel cask or even a spent fuel pool), is nuclear criticalty which is as a result of
an increase in neutron muiltplication factor. As Knigief, 2000] pointed out this can

lead to inadvertent nuclear excursibmot properly controlled. After the fuel assemblies
have been taken out of the reactor core and transferred into the spent fuel pool, irradiation

and thermal exposure have decreased -qoitsiderably except for decay heat and
36



spontaneous fission/decayhish wil continue for a long time albeit at a much slower
pace[Knief, 2000].

Before going into the modelling process, how it was done and what the results were, it is
mandatory that this is preceded by the theoretical bases underlying the phenomena
obseved. A neutron undergoes a number of histbriests short life in a reactor vessel.

Some of these neutrons may be absorbed by the fuel as radiative capture rather than
fission, some may be absorbed by other material which may not be fuel and some may
leak out of the system. Hence for a nuclear chain reaction to be sustainable, at least one or
more neutrons produced in the fission process must survive these competitive processes to
produce another fission event. For criticalty, it is almost imperat@e dne first explains

the six factor formula and shows how each factor relates to the multiplication factor
[Knief, 2000]

2.4.1  The Effective Neutron Multiplication Factor

The relationship between the neutron population of one generation versus the neutron
population of the generation before it is often described by using effective neutron
mutltiplication factor denoted b¥es or simply k and has been used as a measure of
whether the reaction wil be critical or not. This is represented mathematically rby Eq
(2.1)[JJ Duderstadt, 1976; Lewis, 2008]

There are a number of factors which determined the neutron multiplication factor and the
relationship of these factors to k is described by the six factor formula which is discussed
in detail in many reactor arnyals text books but is described here as a background theory

to support the arguments.

There are a number of factors which determined the neutron multiplication factor and the
relationship of these factors tois described by the six factor formula awh in Egn
(2.74) [Lamarsh, 2002; Lewis, 2008]

k = epf 'PFNL PI'NL (2.63

® The complete randomwalk of a Monte Carlo parfidieluding all progenyfromits birth in thesource to
its deathinclude scattering, absorption, capture, escape, decay
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where Rn. and Ry refer to the probabilty that fast neutrons will not leak out (fast non
leakage) and the probabilty that thermal neutrons will not leak out (thermal non leakage)

respectively.

Thus the neutron multiplication factor is a factor which is used to indicatther the
system is critical or subcritical and the system can go either way depending on the
magnitude of any of the six factors. How each one of them wil aKestdescribed in

detail in the next section.

2.4.1.1 The Fast Fission Factor

This is the first ppcess that neutrons that have just been born will undergo. It is a fission
process caused by neutrons in the fast energy range and results in the net increase in the
fast neutron population. Since the crasstion for fast fission fof>°U or 2% is smd,
only a small number of fast neutrons cause fission. The fast fission factor is expressed
mathematically [Duderstadét al, 2010; Lewis, 2008L.amarsh, 2002]

. O AIRBAIGOOO BT AOAGEAEOOET 1
. Ol ATABAIODOO O 00T @ GARERA OERDOET 1

The value oft is affected by the arrangement and concentration of the fuel and moderator.
In a homogeneous system the fuel atoms are surrounded by the moddrasoa, value of

1.00, while in a heter@mneous system where all fuel atoms are packed separately from the
moderator such as in fuel pellets. Thus in a heterogeneous system neutrons emitted from
the fission of one fuel atom have a very good chance of passing near another fuel atom and
be absorbedr captured before slowing down significantly to cause fission. The valge of

for such an arrangement is about 1.03 and is not easily affected by temperature, pressure,
enrichment or neutron poison. In essence the choieeisoinade at the design phabg

choosing either the homogeneous or heterogeneous dysterarsh, 2002; Lewis, 2008]

2.4.1.2 Resonance escape probability

The number of neutrons wil continue to increase as a result of fast fission factor and
continue to diffuse through the reactor core jperg fuel cask. As they move along the
system, they colide with nuclei of fuel, moderator or other materials loosing part of their
energy during the colision and subsequently slowing down. While they are slowing down,
they pass through the resonance aegif many actinides but most importantly BfU

whose resonance ranges frone¥d to 200MeV, and there is a large probabilty that they
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may be captured. The probabilty that a neutron wil not be absorbed by a resonance peak
is known as resonance escaypebabiity and is given bjLamarsh, 2002; Lewis, 2008]
1 Of AIAMAOOOE®GAGEA OATAAOCGU

P —
I O ATABAIOOO O OEEBRO D@D 1A% x 1

The value of resonance escape probability is influenced largely by thenddetator
arrangement, i.ewhether the system is homogeneous or heterogeneous and the amount of
enrichment used®U or ***Pu). To undergo resonance absorption, the neutron must pass
as close t0?®®U as possible while slowing down. This condition is easily met in the
heterogeneousystem since the neutron does its slowing down in the fuel region. Thus the
neutron has a high probability of being absorbed; hence its escape probability is low. In a
homogeneous mixture the neutron slows down in a moderator where theréds and it

cannot be absorbed, hence its escape probability is high.

In watermoderated, low enrichment systems, raising the temperature of the fuel will
increase the resonance absorptioffi) as a resuft of Doppler Broadening, which implies

a decrease in resonanescape probabilty. As water temperature increases, water density
decreases. The decrease in water density allows more resonance energy neutrons to enter
the fuel and be absorbficamarsh, 2002; Lewis, 2008]

2.4.1.3 Thermal Utilisation Factor

After the neutras have been thermalized, they continue to diffuse throughout the system
and as a result may be absorbed by any material of the system. The thermal utiisation
factor refers to how effectively neutrons are absorbed by the fuel or colloquially how well
they are utilised within the system. Since the some of the neutrons wil be absorbed by
other materials of the system other than the fuel, the value of f wil always be less than one
(f <1). Itis defined as:
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It may be described mathematically as

f_ azFUVU

= : : , (2.64)
AFVUH FVT + § WP
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where
a = absorption

U = uranium

m = moderator

p = poison

(O +9)'¢
V = volume

Again here there wil be a distinction between heterogeneous system and the
homogeneous system. In the heterogeneous system as is the case with A PWR such as the
Koeberg reactor, the flux in the fuel region wil be different from that of the moderator

regon primarily because of the absorption rate of the fuel.

This is further compounded by the fact that the volume of the fuel, moderator and poison
wil also be different in the two regioftamarsh, 2002; Lewis, 2008]

In a homogeneous system, the neutitor seen by the fuel, moderator and poison will be
the same and also because they are spread throughout the system, all occupy the same

volume. Thus for the homogeneous system, Egn (2.75) may be approximated as

U
a.
m

f= U .
a,+d +a

(2.65

The thermal utiisation factor wil vary with temperature since the absorption varies with

temperature.

In a heterogeneous watmtoderated system, when the fuel temperature increases the
water moderator expands forcing a significamount of them out of the core. This means
that the atom density of the fuel wil be reduced and subsequently reducing the probability
of a neutron being absorbed. This wil then result in the increase in the thermal utiisation
factor as the temperat increases because the neutrons have a much better chance of
reacting with the fuel. As a result of this, the temperature coefficient of the thermal
utiisation factor is positivgdDuderstadtetal., 2010; Lamarsh, 2002;ewis, 2008].
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2.4.1.4 Reproduction Factor

Not all neutrons absorbed by the fuel result in fission; some are absorbed and only lead to
an increase in internal energy of the fuel while others actualy do cause fission. The
reproduction factor is therefore, a factor that relates the relatidnstvigeen fast neutrons
produced as a ratio of thermal neutrons absorbed and is defined as:

I O AIARBAIGHO O O0IT & FAREA OEROOET 1

s 1 O AIR@OEAANGOBAILD BAOEAOAI

The effectiveness of thermal neutrons in the production of fagtamecan be determined

from the product of fission reaction ratg l:|: “ and the average number of neutrons

produced per fissiof v This may be summarised mathematically by:

éLfJ F U3
h= (2.66)

sy FY

In a case like the PWR such as the Koeberg reactor fuel where the fuel contafi@both

and®®, the reproductive factor is calculated by:

235
N US ;35U ,7235U
h= > , (267)
U 235 238J 239
N Sa *N )

whereN is atom density of the respective nuclidesmarsh, 2002; Lewis, 2008].

2.4.1.5 Fast Non-Leakage Probability

In an ideal system which is infintely large there would be no leakage of neutrons because
regardless of where they went, they would stil be inside vtssel. However, in practice
the reactor core and the spent fuel cask have a finite size and as such neutrons do leak out
of the system. The fast non leakage probability describes the relationship between fast
neutrons that do not leak to those produbgdall fission. The relationship is represented
mathematically aslfamarsh, 2002; Lewis, 20Q8]
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2.4.1.6  Thermal Non-Leakage Probability

Not only fast eutrons leak out of the system, thermal neutron too do leak out. The
number of thermal neutrons that do not leak out of the system in relation to the number of
neutrons that are thermalized is defined be the thermalea&age probability which is
defined by

1 O AIR@EAQIAGOOEAD 110A ADIOIERA AA OT O
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These factors are affected by temperature differently when studied in isolation. However
when considered collectively, they produce a newtdiaknown as the total ndeakage
probability given by k which describes the fraction of all neutrons; thermal and fast
neutrons, that do not leak out of the system. In a heterogeneouscoaltxt, water
moderated system, both &nd L; are affected byhe coolant temperature as follows; when

the coolant temperature increases it expands and as a result its density decreases. This
implies two things; a decrease in atom density needed for collision and the expansion of
the path they have to travel. Theutrons thus have a much longer path to travel to slow
down in which there is very little collision. This increases the probabilty of leakage and
consequently decreases the demakage probability. The temperature coefficient for-non
leakage probabiltysi thus negative since as the temperature increases tHeakage
probabiities decreadéamarsh, 2002; Lewis, 2008]

Thus the neutron multiplication factor is a factor which is used to indicate whether the
system is critical or subcritical and the systecan go either way depending on the
magnitude of any of the six factors. How each one of them wil aKestdescribed in

detail in the next section.

2.5 Neutron Transport

The success of nuclear criticalty safety analysis depends largely on the understanding of
how neutrons are transported from one region to another and how they interact with
matter. Notwithstanding the difficulty of not being able to describe the mechanfism
transport of neutron, how they interact with matter, or their energy content Boltzmann
derived a most important equation; the Boltzmann transport equation which provides a
mathematical relationship among all factors needed to transport neutrons &oragon

to another. The Boltzmann transport equation is based on the kinetic theory of gasses
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which was derived earlier and expanded by introducing the neutron balance concept which
iIs summarised by the following relati¢gStacey, 2001; Lamarsh, 2002; udtadtet al,
2010; Chochranret al, 1999]

OERADOAEAECAROOOAT OE®@I OOAAGOAOD
What this relation means is that in a closed system, the number of neutrons leaving must

always be the same as those entering i, i.e. there must be neebaltween the two

processes. The above relation is summarised mathematically in terms of the angular

neutron flux 7 (r,E,\?\/,t) by [Chochran,et al, 1999;Duderstadtet al, 2010]

LWEE W, g wrE, W gatE) (0 E,

)
& LA (2.68)
= fidej; f WaszE i-rE W W rgE, W
+S§er,Efv,vf8

where,

B % = the total macroscopic cressction of the neutron energy with energy E,

B %O 9% W - W = differential scattering crossection (per unit energ9olper unit

sold angleY

and

f(r,E,\?\/,t)dEdV\' = the number of neutrons per square centimetre per second at point r,

at time t, with energy betwedn and E+dE, moving in a directionw inside a solid angle
dW._ The source terrk d@fined by[Chochran,etal., 1999 Duderstadtet al, 2010]

S(rEW Y =S €(BAJE & WBaf(BfirE .Y (269
where,
Sext = f(r, E, Av,vt) = a given norfission external source.

O% = the number of neutrons per fission caused by a neutron with energy E.

t %A %= neutron fission per spectrum = fraction of fission neutron with energy between
E andE + dE
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There are a number of approximations of Boltzmann transport equations each leading to a
solution of an equation of a completely different mode of neuteomsport. The Diffusion
Approximations being just one of many which is derived from the transport equation by
dropping the W variable which is aunit vector that describes the direction of motion of

the neutron. Diffusion, as Wwie seen later, plays \ery significant role in the design of

the cask and selection of the storage pattern to ensure that the selected storage array results
in the kes Which is as far below 0.95 as possible. What is also important to note is that the
UO, will change its crystal structure as a result of irradiation, and because of this the rate
of diffusion of neutrons wil change depending on the diffusion coefficiétbat crystal
structure in question. This is particularly so for higher burnup since this wil result in a
higher fission rate and consequently in the increase in the fission product density.
According to Matzke, the diffusion coefficient increases wittrease in Oxygeto-Metal

ratio O/M, thus any factor that will change the stoichiometry of, tfOUQO,.x where x >0

will have a net effect of increasing the diffusion coefficient of that matdviatzke, 1996;
Matzke, 1992]

The other important neutronamsport variation which results from dropping time fadtor
results in a solution that represents a stestdie. Using the one group diffusion theory the

neutron balance can be written as

on _neutron produced Neutronslostbya b s o r peutfoms lostbyl ea kage

(2.70

Ot unit volume.time unit volume.time unit volume.time

In a steady state system that is just critical, the neutron balance requirement is only met if
[Duderstadtet al, 2010; Lewis, 2008]:
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From this the diffusion equation can then be written as:

WM_0 s 5af D23 (271
pt

where

f = the neutron flux (n.cthsec).

a = macroscopic absorption
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D =diffusion coefficient.
S = source term

The diffusion coefficient is a function of the macroscopic scattering-c@stion s and
the relationship between the two is given[Duderstadtet al, 2010; Lewis, 2008]:

1
=—. 2.73
3, (273
Given that the macroscopic transport crssstion is given by
ar=a(1 -m), (2.79)

where a is the average cosine of the scattering angle in the laboratory system, then

according to Stacey and Duderst@dmay be written afDuderstadtet al, 2010]:

D= 1 .79

Hauraft m)}

Substituting Eqgn (2.84) into Eqgn (2.85) yieldsn (2.86).

1
D=~ 2.76

However, since the transport mean free path) (s related to the transport cressction

by

o=t @277
r atr '

and assuming that ,is very small relative to s Eqn (2.86) can then be written as

1
D= . 2.78
%, (279
Substitution of Eqgn (2.8Ghto Eqgn (2.87), will yield
p=lr 2.79
3
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From this one can see that there is a linear relationship between the diffusion coefficient

and transport mean free path.

Therefore, the diffusion coefficient of a particle (e.g. neutron) through a given material is
paramount to the criticalty of a syste This is particularly so if one has to compare
different cladding materials for their effect in the criticalty nuclear safety. The material
with the highest diffusion rate wil tend to allow more neutrons to pass though cladding
and reach the fuel, bittis material that will be able to slow the neutrons down to thermal
energy range and has a high diffusion coefficient that wil ultimately determine the
criticality of the system.

2.5.1 Neutron Diffusion Theories.

Generally neutrons in a reactor vessel likeeactor core or the cask have a wide ranging
energy spectrum which may vary from eV to MeV, with the cgEssion also varying
accordingly. Trying to treathem the same has proven to be impossible because in spite of
being in the same vessel at the saime they have different energies and interact with
different matter differently. As a result of this a number of theories were developed each
one breaking them into smaller discrete energy groups and studying how elements of each

group behave.

2.5.1.1 One-group Theory

The Onegroup theory purports all neutrons in a reactor vessel as though they all have the

same energy and all travelled the same distance and ietéraith matter in the same

way. This soon proved to be a problem to advocates of thgronp tleory since they

soon discovered that trying to express all neutrons in the reactor vessel as having the same
energy, presented them with too many problemsesiihe theory could not explain some

of the nuclear phenomena which were observed. It is thusssiy® to expect the one

group theory to be accurate in describing the energy of neutrons in a system given that
they are in a continuous state of motion and there are always new ones being born at a
higher energy whie some are moderated to thermal enengye [Duderstadtet al,

2010].
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Most importantly, it is critical to take note that since their cigEsstions are energy
dependent, there will therefore be nuclear reactions which can only take part at a certain
energy range and cannot take place outside that range which the one gooygais to
explain. Simiarly, there are nuclides which can only participate in certain nuclear
reactions and not in others because of the erdgggndence of their cresgction. It is
therefore, important that the particle (neutron) energy spectrumivided into a number

of discrete energy groups each being characterised by its boundaries, and the
characteristics of nuclear reactions uniquely belonging in that energy group identified
[Duderstadtet al, 2010; Chochraret al, 1999] As a resulof ineffectiveness of the one
group theory in that regard the energy range was divided into even smaller discrete groups
and resulted in two three or even four group theory which will be studied in detail in the

next section.

2.5.1.2 Two-Group Theory

The two-group model was developed as a result of the inability of thegane theory to
provide an explanation of nuclear phemma taking place in reactor vessel. It portrays the
neutron energy of the system to be divided into two groups. Because ohehes vias

quite an improvement from the ogeoup theory since it allowed one to study nuclear
reactions belonging to either of the two groups separately. Studying nuclear reactions
using this model gave much better results with minor changes on the -energged
crosssection compared to the egeoup theory[Chochran,et al, 1999 Duderstadtet

al., 201Q Stacey, 2001]

2.5.1.3 Multi-group Theory

The Multigroup energy model has been found to yield the most accurate cell calculation
results compared to the egeoup, twegroup or the semntivo group modelThis because

the neutron energy spectrum is divided into a number of discretgraubs indicted in

Figure 26 and the reaction mechanism of each nuclear reaction is studied in only that
particular energy group where it yields reliable results. Therefore, because of reliability,
reproducibiity and accuracy of its results it finds application imach wider scope in

reactor physics than the less discretized groups i.e.ammktwaegroup theory.
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Figure 2.6: Neutron Energy Numbering System [Duderstatigl., 2010]

Subsequently, the multigroup energy equation wiesived which is based on the
assumption that the entire energy spectrum is divided into G groupsgwithh gr oup
having K and B as its boundaries. The properties of each variable in toap.g.
crosssections, particle energies, sensitivity are thus assumed to be the same and this
assumption is applied in all calculations involving neutron transport [Duderstadil,

2010; Stacey, 2001].

Thus whenever one studies a particular nuclear reaction, one has to always take their
energy, and thereby the energy group into account. This determines theseotms of
the nuclide and hence the probability of whether the reaction in question wipkake or

not.

The calculation of the eigenvaluke,and the source term referred to earlier are thus based
on the multigroup group theory rather than on-ooe two grouptheory, because it is
imperative that the calculated eigenvalue of the system is as accurate as can be found to

avoid the system goingupekcritical [Duderstadtet al, 2010].

26 PERTURBATION OF ASYSTEM AND THE SEARCH
FOR THE APPROPRIATE EIGENVALUE

In criticalty safety analysis it is often necessary to calculate the effect of a perturbation
(.,e. minor change) of material (compositidemperature or density) or geometry of the
vessel wil have on the neutron muttiplication factkf) (of the system. If the perturbation

is sufficiently small and sensitivity ok is insignificant (i.e. less than one standard
deviation) one does not have tepeat the original criticalty calculation, but instead can

use the perturbation theory to express the corresponding neutron multiplication factor in

"The conceptsd, k andeigenvalue mean the same thing, except that the eigenvalue is more suitable when
used in an operational sense where the eigenvalue can be manipulated by adjusting certain reactor controls,
while the other two k and.k aremore suitable in computer modmyg. In this study they will be used
interchangeably
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terms of the fluxes of the unperturbed c@ibriderstadtet al, 2010; Chochrargt al,
1999]

This however is not always the case since, as Stacey af§tazky, 2001]in real life, the

value ofk is seldom based on a steady state system where there is an immediate balance
between ircoming and outgoing neutronk real life, the system is rather more dynamic
than steady, and in a dynamic system there is a contihuous change in material
composition, material density, macroscopic ctesstion or density of material. In such a
system, these wil always affect thelue of k whenever they change. To maintain the
value of k at a particular point, the number of neutrons or material compositions is
regularly changed such that a required constant valle i®fmaintained. To enable us to
manipulate the neutron transporguation better, Eqn (2.795 rewritten in operator
notation agRearden, 2004Reardenet al, 2008]

, (2.80)

and

M 1 - .DB(r) P g(ry is the destruction operator (leakage plus absorption)

Fin § (r) is the production operator (fission)

Since the source term, S, on the right hand side (RHS) of Egn (2.90) is unknown (as can
be seen from its absence from the equation), the process of determining it starts by
[Chochran,et al,, 1999}

1. guessing an intialestimate value of the fission source &nd

s(n=s(y k=k, (281)

1 . .
()resuitlng from the new source is calculated

2. next the flux 7

M(l)l - P f.@ au% El-ﬂ, (2.82)

3. Now a new fission source term is calculated using the fluxes just obtained
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o, s (4 (2.83

This is taken as the new fission source term which can be used to calculate a fléz\}v flux
etc. aslong as a new and improved estimatei®imade. In general, this implies that a

new and improved fission source te can be calculated iteratively from the
previous ones(™ by solving [Chochran,et al., 1999]

f(n+1) 1

n
_Ws , (2. 84)

and then computing
S(n+1) _ Ff(n 19 285

After the nthiteration a test for convergence is performed as follows:

gn_ 4y
S —|<es (2.86)
and
-1
NS
T eky (2-8D
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Figure2.7:. Convergence of an iteration of eigen
(Present study).

where the values of the convergence criterigfofand €, range from 1x18 to 1x10° If

that convergence criterion is met as showifrigure 2.8 then calculation is completeif,

not the process starts all over again until it is f@&bchran,et al, 1999]

To ensure convergence, in this thesis a high number of neutron generations (between 1000
and 10000 and the same number of neutrons per generation) were used and the eigenvalue

converged to 99% confidence level of the systkgas

2.7  RANKING OF NUCLIDES IMPORTANT TO
CRITICALITY SAFETY

As stated in the previous sections nuclides of interest to Criticalty Nuclear Safety may

generally be divided into the following groups:

i Actinides

1 Fission products

1 Light elements

Actinides and Fission Products have been sfudjgite extensively as indicated in the
previous section. Light elements on the other hand have generally been found to make no
significant impact in criticalty and as such are by far and large ignored exceffOfor
which although it has a small cresection, is included in the analysis because of its huge
fraction in water rather than for its cresection. Even in Actinides and Fission Products,
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not every nuclide in those groups is important to criticalty safety analysis. A study was
launched in the BA to determine which nuclides in the either group is more important
than the otherfGauld, et al, 2000]

2.7.1 Rankings of Actinides.

According to Gauld, the criterion for expressing the importance of each nuclide is based
on the fractional contribution of each nuclide to the total neutron absorption rate for a
given enrichment and cooling period [Gaukt al, 2000]. For high enrichménand
burnup (5 wt% and 60 GWDI/t respectively) the relative total actinide absorption in PWR
has been found to be 82%. Based on this the individual fractional contributions is
calculated as a fraction of the total. In the criticalty rankings that werferped by |
Gauld, in 2000, he classified the actinides into three groups in accordance to their
fractional contribution to the total absorption as showfigure 2.9 These werdGauld,

et al, 2000]
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Figure 2.8: Fraction of total neutron absorption from actinides for 5 wt% and 5 years
cooling [Gauld, et al, 2000] with permission from BT Rearden and IC Gauld
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1) Dominant actinide absorbefabsorption fraction > 0.1), which consisted of:

a) “*®U whose absorptioriraction remained constant at about 0.28 as burnup

increases.
b) %**Pu whose fraction increased up to about 50 GWd/t and then levelled out.

c) #%U whose absorption fraction decreased rapidly with burnup as it is depleted

by fission.

2) Moderately absorbing actimg (0.01 < absorption fraction < 0.1) included;

240py, #'Am, #%U and *'Pu. All these were found to be increasing quite rapidly in
importance up to about 40 GWd/t and from there the increase was less rapid up to 70
GWwadf.

3) Least absorbing< 0.01 absorptn fraction): Except for**U whose importance

decreases with burnup, the importance of other members of this group increases fairly
rapidly across all burnup ranges regardless of the cooling time used. These include:

238PU,243Am, 2427 and237Np.
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Figure 2.9 Fraction of total neutron absorption from actinides for 5 wt% and 100 years
cooling [Gauld, et al, 2000] with permission from BT Rearden and IC Gauld
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As a result of variations in isotopic inventory caused by enrichment, burnup and cooling
time, the analysis was done on 5 wt% enrichment across all of burnup ranges and at 5 year
and 100 year cooling time. Their respective graphs arEigare 2.9and Figure 2.10
respectively.lt is interesting to note that the total actinide absorption in the P¥$Rbaen

found to be higher than that in the Boiing Water Reactor (BWR) fuel assembly, being
82.3% and 80.7% respectivegauld, et al, 2000]

According to Gauld, this could be due to the difference in structural material per fuel
assembly mass, whiadlesults in greater neutron absorption by structural material, hence a
higher absorption in PWR.

2.7.2 Rankings of Fission Products

Apart from the actinides which have just been discussed, fission product also must be
accounted for in burnup credits. During thenking of this group of nuclides, ORNL
found that they only account for between 6% and 15% of the total absorption taking place
in the PWR[Gauld, et al, 2000] It was also observed that with the exceptiort‘dm

and *’Sm which have a steady increase importance, all others show quite a rapid
increase across all burnup ranges. Following this ranking, the following nuclides were

found to be of great importance in nuclear criticajiauld, et al, 2000]

ﬂ 103Rh 143Nd l498m 133CS lSlxe 99-|-C 1528m 153Eu lSSGd
151Sm14ﬁ\|d IOQGd 95M 0 lSOSm 154Eu 147Sm 101Ru 155Eu 105Pd.

A graphical representation of the importance of fission productsyatcooling and 160
year cooling are indicated iRigure 2.11and Figure 2.12respectively.lt is observed that
the nuclide that shows the most rapid increas&>®&d, primarily because it is stable and
its predecessof”™Eu has a only a halfe of 4.75 years. There is therefore, a continual
supply of 1**Gd from the decay of°*Eu whereas itsi not being depleted by any form.
Another nuclide which has shown a similar rapid increas€’gsl does is>*Eu. The only
difference between these two nuclides is that the order eiMeslfbetween the parent and
the daughter is reversed. In the secoade*>*Eu which is stable is the precursor'ticd
with a halflife of 241.6 days.
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Figure 2.10 Fraction of total neutron absorption from Fission Products for 5 wt% and 5
years cooling [Gauldet al, 2000] with permission from BT Rearden and IC iBau
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Figure 2.11: Fraction of total neutron absorption from Fission Products for 5 wt% and 100
years cooling [Gauldet al, 2000] with permission from BT Rearden and IC Gauld.
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Thus,the rate of decay dP*Eu is not fast enough to generatd&d at a reasonable rate; as
a result the importance 6F°Gd i s affected negatively becal

contribute to fractional absorption.

As a result of the huge neutron absorption cemsion fission products have, they are
rarely studied on their own when it comes to burnup credits. As such they are always used
in conjunction with major actinides so that major actinides can complement whatever

neutrons have been lost to absorption by fission products.
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CHAPTER 3
3. MODELLING TECHNIQUES

3.1 Introduction

Generally, there are two main methods for simulating and modeling neutron transport and
interaction of neutrons with matter in the reactor core (or neutronics as often called) and
these are deterministic methods and Monte Carlo Metfiddpree et al, 2002; Landau,

et al, 2005]

According to Landauljandau,et al, 2005] the deterministic technique approaches the
solution of the Boltzmann Transport Equation (BTE) using numerical approximations
throughout the system that is being modeleds such the results obtained are
approximations and are therefore, less accurate compared to their Monte Carlo
counterparts [Dupreeet al, 2002; Landauet al, 2005]. The Monte Carlo (or stochastic)
methods, on the other hand, model the nuclear systaost exactly and use statistical
approximations to solve the Boltzmann Transport Equation of the system being modelled.
As a result, the calculations are much more accurate and reliable compared to their
deterministic counterparts in spite of the lengfigriod of time it takes to complete a
given task [Dupreeet al, 2002; Landauet al, 2005]. However, both techniques have
profound benefits in numerical analyses; the deterministic methods are fast for one
dimensional systems while Monte Carlo methaal® slow but give a more reliable

answer.

Modelling in this thesis wil largely use Monte Carlo Techniques using various modules of
SCALE 6.1.3; for nuclear criticalty safety analysis and sensitivity analgsisl
uncertainty analysis with direct pertutiba technigues KENO VI, a module of SCALE
[Bowman, et al, 2005] will be used to determine the neutron multiplication fackqg)(

For Sensitivity and Uncertainty analysis where the goal is to determine the sensitivity
coefficient of all nuclear reaotis that may possibly take place in the fissile system, the
TSUNAMI-3 code Mueler, et al, 2005b] wil be used. However, where necessary,

deterministic techniques are employed such as in the case of determining the source term.
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3.2 Research Methodology

The pesent study was performed by modelling criticalty from eitfreish fuel (un
irradiated fuel) orspent fuelusing the SCALE (standardized computer analysis for
licensing evaluation) computer code that uses Monte Carlo techniques to calculate the
neutrontransport of the systeipGauld, et d., 2004 Bowman,et al, 2005; Hollenbach.et

al., 2009]

SCALE computer code consists of a number of analytical sequences, referred to as
functional moduleswhich actualy perform the analysis. They are automated by other
modules of SCALE known asontrol modulesto perform data processing and analysis

the requiredaccuracyand level of detaibf a high pedigree and rigorous computer code
SCALE is desigad as a modular structure, each type of analysis requiring that a specific
control module be used-or example, for criticalty safety analyses where no burnup
credtt is taken into account, the KENND module of SCALE is used whereas for Burnup
Credit Anayses and Sensitivity and Uncertainty analyses STARBUC and TSUNBEMI

are used

The analyst prepares an input file based on the engineering parameters of the system to be
modelled. The SCALE control modulethen uss this input data to generate additional
parameters and creatan input for the functional moduleshich are necessary to derive

the results being sought.

Since it is a regulatory requirement that all licensing analytical software undergoes a
verification and validation (V&V) process, it morth mentioning that both SCALE6.0

and SCALE®6.1, as used in this thesis, have undergone an extensive and rigorous V&V
process as part of the Oak Ridge National Laboratory Development programme
[Broadhead, 1996].

The ‘fresh f u eahafyses assume that fueds never been irradiated, i.e. it is being
irradiated for the first time, which implies that other nuclides present in the reactor core
are ignored. The fresh fuel assumption plays a very important role in Nuclear Criticality
Safety Analysis ina senseat i f the f @elesihshdreuiedsi@llysee d as
certain degree of conservatism built into the calculations which often results in an over
estimation of, for example, the distance between neighbouring spent fuel assemblies or
absorber thickiess needed to prevent criticality (thus a better safety marginpwever,
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burnup credit were taken into account, this could have resulted in more fuel assemblies
per cask, fewer transportation trips and a lower risk of accidents during transportation.
Therefore, one could achieve the same criticalty value by either reducing the distance
between fuel assemblies or by keeping the distance constant and increasing the thickness
of boral plate[Parks,et al, 2006]

Burnrup credit(BUC), on the other han@ssumes that the fuel has been in the reactor for
some timeand thus a number of nucldes have been generated, some of which have a very
high neutron absorption cresgection and high sensitivity coefficients thus have a high
propensity of reducing critidty, a phenomenon known as btup credit[Parks,et al,

2006 Pesic,et al, 1997] Thus, application of burap credits often results in the saving

of storage space by removing ox@mservatism associated with analysing spent fuel as
fresh fuel. Thisallow for more spent fuel to be stored in a smaller space compared to that
of fresh fuel, while at the same tin@mplying with subcriticality requirement of safe
storage of the fudlCousinou, et al, 2003 Withee, et al, 2000]

3.2.1 Fresh Fuel

Most nuclear regulators are generally not very keen to licence any spent fuel storage
facilty that takes burnup credits into account as the basis of their safety analysis. They
would rather have calculations performed on the basis that the fuel is &eabskresh

fuel assumptions do not take credit for the high absorption <s@ston for neutrons of
nuclides concerned. Such nuclides includ®®Gd, **’Sm, **°%Sm, **'sm, **Sm, and"**Cs

which because of their high neutron absorption cross sectionthnaligh absorption,
capture etc. remove some neutrons from further participation in the fission process,
thereby making the system less reactive and safer than without [Radulescuget al,

2006; Parkset al, 2006] As a result of this, burnup cré&lioften allow the licensee to
store more fuel assemblies in a storage space which would never have been allowed under
fresh fuel assumptions. Although it is scientifically correct and safe to do so, it is a safety
risk the nuclear regulator is not prepaute take. As such, f r e samalylsas eekulnh a

large safety margin andhus preferable to nuclear regulators while burnup credits
analyseson the other hand have less safety margin and hence are more economical,
providing the nuclear operator withare storage space and hence are preferable to the

nuclear operator
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The important factors which fresh fuel assumptions take into consideration when
calculating criticalty are inttial enrichment of the fuel, fuel temperature, moderator
temperature and fleand moderator densities and their respective compositions. These
have a direct bearing on the criticality of the system and on the choice of the materials
from which the cask is made and the number of fuel assemblies that can be stored in the
cask [Gauld et al, 2004; Radulescwet al., 2006} In this work a number of different
combinations of temperature, moderator density, flooding with freshwater or with

seawater simulations were run to determine the effect of varying these fackgfs on

3.2.2 Spent Fuel

When a fuel assembly is irradiated in the core, the amount of nucleaf*fuebnd?*%U)

will decrease withtime and increase in burnupand because of this there wil be a
corresponding decrease lis of the system because of the buiol of nuddes with
parasitic absorption of neutrons. These include among others fission products which have
a high absorption crossection and as a result wil reduce the amount of neutrons

participating in the fission process and thus result in the decrelkge in

Not only do fission products have a high absorption esession, according to Mueller,
[Mueller, et al, 2005a]their sensitivity coefficient is also marginally higher than those of
Major Actinides which implies that they will have a much greatérefc t d&asnthahnhe A
the Major Actinides. This is further exacerbated by the fact that in some cases where
fission products have a lower sensitivity, their predecessors, wil compensate for the

shortfall by their own high sensitivity coefficients.

The hiild-up of fission products such a&?Am, #Np, **Cs, ***Nd, **'sm, **°Gd, *°Tc,

15Nd, *'Sm, °%Sm, *'Sm, 1*Sm *'Eu and™*Eu are particularly important since they

have a high neutron absorption crsgxtion, and as a result wil decrease reactivity by
absorbing neutrons in the system thus reducing the amount of neutrons that are available
to participate in the fission procesBdrks,et al, 2006; Pesicet al, 1997]. According to
Chochran [Chochraret al, 1999], the effective yield of fission produg¢trom actinidea,

is a function of the independent yield neutron flux%. and the number of atontg,(t) of

fissile actinick a (which in this case can primarily be eitfétU, 2%Pu or?*'Pu) at the time

t of irradiation. The relationships of these factors are summarised mathematicaly by
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where

F
Sak = is the effective group averaged fission cresstion of actinidea in the K"

neutron group of N group. For this research 238 neutron groups were used.

fk

= is the neutron flux in the™kneutron group

Na(t) = the number of atoms of fissile actinideat the timet of irradiation

Y;vk = the independent yield of fission product

These nuclides play a significant role in criticalty safety and have to be accounted for in
burnup credit calculation since their presence in a vessel can lead to either an increase or
decrease in criticalty. However, because there are so many of tiEmirportance in
criticalty has to be ranked and only those which prove to be important need be taken into
account in criticalty analysis. Since ranking has already been done, it will not be repeated
in this thesis but wil use already available dgtablished in various publications. One
such publication which has been referenced quite extensively in nuclide ranking because
of the level of depth and the scope of nuclides it covered is NUREGIO® ORNL/TM
2000/284 [Gauldet al, 2000]. In this pultiation the importance of nuclides is ranked
according to their impact in criticalty, shielding and radiation protection. In addition to
the gradual increase in nuclide which were inttially not part of the fuel, there is also a
gradual decrease in the amowf the initial fuel due to the depletion process, and the

criteria of how they are ranked is described in the next section [Gatudd, 2000].

3.3  Fuel depletion

Fuel depletion is one of the nuclear processes that take place in the reactor cordavhere t
original amount of fuel? and ?% undergo nuclear reactions (fission, capture, or
absorption) with neutrons. As a result the fuel is slowly depleted because of transmutation
and/or decay which converts it into other nuclides like decay or fissmmugts. Some of

the nuclides that result from these reactions are fissile sutirag?*°Pu,?*'Pu and*Pu
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etc. resulting in a positive reactivity in the core which if not accounted for in a criticality
safety analysis can result in a nuclear exoursiThe buildup of actinides and fission
products as a function of burnup is indicated ARPENDIX 5 and APPENDIX 6
respectively and their respective importance in burnup credit analysis wil be discussed in
detail in the respective section dedicated to this topic. After the fuel assemblies have been
in the reactor core for approximately 18 months, most of the fuéfilé.and®*®U wil be
depleted, and is offlbaded and replaced by the new ones. Accorditgciey, depletion is

w h e the fuel left in the assemblies can no longer produce enough power to the
electricity grid, the fuel assembly is said to be spent and must be replaced with new fuel
assemblies [ St a c.dhe timeZ20whith]the fuel must lnéfloaded is known as the
EndOf-Cycl e (EOC) ti me, and acc othedimemawhicho St ac
the reactor can no longer be maintained critical with the control rods withdrawn as fully
as all owed by s Dluderstadteta.o02019;iShaey, 20Q1). o n 0

Thus, the EndDf-Cycle time {eoc) is defined mathematically as [Stacey, 2001]:

Ch 1+ R-( g ¥)N0) £/ ¥s M f(t)g«ﬁ

qh-0(1+4 5 M9ls+ HO f s,
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where,

o the capturdo-fission ratio of the fuel, and

» = Mmicroscopic absorption crasgction for theuel,

[ =fission yield of other fission products which accumulates over time
» = the microscopic crossection of other fission products.

L =The quantity ,  ranges from 40 to 50 barns per fission, and

(3.2)
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is the excess reactivity at the beginrsfecycle (BOC) without xenon, samarium, fission

products or control crossection.

From Eqn (3.1) it is clear that thHeoc is indirectly proportional to the power or flux level.
Hence given that the fuel density is abouf?Ifucleicni compared to the neutron flux
density of about 18 n/cnfs it takes a few months before an appreciable fuel depletion is
noticed. That is on®f the reasons why the fuel outage only takes place once every 18
months [Garland, 2005].

The nuclides cited above are only a few of a large number of nuclides produced in the core
and to keep track of every reaction they all undergo may be cumbersonweit véth
computer programme. As a result, computer codes such as SCALE and MCNP have been
developed to address this very problem and have among many other modules a module
which is specifically designed for the calculation of fuel depletion in a reactor Thee.
general equation for the calculation of depletion of nucldes in a core is thus given by
[Chochran,et al, 1999]:

M M
%:E’i'u/ﬂ\‘j +raf ('i I+ fis*ﬁ)l\# Fli+LM, , (3.3
=1 k&

where,

N; = atom density of nuclide

M = number of nuclides,

l; = fraction of decays of nuclidg, leading to formation of nuclide

A\ = radioactive decay constant of nuclide

L = neutron flux, position and energy averaged,

fik = Fraction of neutron absorption by nuclié#eleading to the formation of nuclide
Ok = average neutron absorption creextion of nuclidek,

ri = continuous removal rate of nuclidefrom the system,

¢ = continuous feed rate of nuclide
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Fi = production rate of nuclidedirectly from fission,

B & _ 0 =production of spec& as a result of the decay of all the nuclides present,

%B "Q, 0 = production of species as a result of neutron capture by all nuclides
present,

AN; = loss of nuclidei through its own decay,

% iN; = loss of nuclidei as a result of négron capture,
"O @B %.=production rate of nuclidg directly from fission, and
Y; = fission yield of nuclidei.

There are a number of detectors in the core which measures the degree of depletion of the
fuel. In addition to that, they alsprovide incore physics data such as assembly power,
maximum power, assembly burnup, boron fraction etc. from various fuel assemblies
which is then used to plot flux map#ssumingthat they are 100% efficient, and that the
amount of thermal power produtdoy each assembly depends on its fuel and poison
content as well as its location with respect to the core, the power produced by any
assemblyj is thus defined by [Duderstadit al, 2010]:

G —

v, (3.4)

where

P, = power produced by assemfly

q(r) = power density (W/cH

E = energy per fission,

a fgil: average (group) macroscopic fississsection,
%0 = average flux by group and

V, = volume of assembly
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The average power per assembly is given by [Lamarsh, 2002]:

Pk (3.5)

N —
B E; 'ail afgjlfgjv
p=—1_°

N , (3.6)

N is the number of fuel assemblies in the core, and in the case of Kd¢bel§y.
Each fuel assembly B X p Xarray consisting of:

1 264 fuel rods,

1 24 guide thimbles and.

T 1 instrumentation tube.

The fuel rods are in turn composed of fuel pellets which contain enriched uranium dioxide
(UO,) stacked in cold pressed cladding materials which may either be Zircaloy as is the
case with AFA3G or Zirlo as is the case with (374RFA) Westinghouse Fuel. There are

two types of zirconium alloys (zircaloys) commonly used as cladding material of nuclear

fuels, zircaloy2 and zircaloy4.

Each of these materials is characterised by unique physical propertiessstminosion
resistance, compressive and tensile strength. The choice of the alloys has to meet the
criticalty as well as material strength ré&ements of the cladding materiallhe
distribution of fuel assemblies in the Koeberg reactor is agable 3.1 and he chemical
compositions of cladding materials referred to above are summarisddbie 3.2
[Chochran, et al, 1999]. Therefore, knowig the thermal power to which each fuel
assembly has been exposed and the duration of exposure, provides valuable information
about the burnup of the fuel assembly which is an important factor in deciding whether the
fuel assemblies have been depleted oetivdr they still need to be put back in the core for
another irradiation cycleThe quantitative indication of whether the fuel assemblies have
been depleted or not is based on the concentrati@otopes that are known asirnup
markers which consist of*'Cs,**'Cs,™Eu and™zr.

Experimental analysis conducted by Tqgasao, et al, 1993]and CarusqCaruso,et al,

2006] using destructive and nalestructive gamma spectroscopic measurement of

activities of *‘Cs, *'Cs, ***Eu and®™zr showed that*'Cs#*'Cs and**Cs***Eu changed
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as burnup of each fuel assembly changaat that these ratios were a function of the
location of the fuel assembly in the camredalso of the location of the fuel pin in the fuel
rod. The study further indicated th&t‘Cs/*'Cs is only accurate for burnups less than 50
GWD/t [Tsao,et al, 1993]and as the burnup increases beyon@8eD/t, the'*‘Cs/>*Eu
becomes much more reliabl€aruso,et al, 2008.

Table 3.1: Distribution of fuel assemblies in the core

Core region Number of fuel assemblies Mass of Uranium (Tons)
1 53 24.46

2 52 24

3 52 24

Total 157 72.46

Table 3.2: Chemical Composition of cladding material

Element Thermal Neutron | Zircaloy-2 Zircaloy-4 | Zirlo
Absorption Cross-
(Wt%) (Wt%) (Wt%)
sections (Barns)
Tin (Sn) 0.63 1.261.70 1.261.70 1.0
Iron (Fe) 2.6 0.070.20 0.180.24 0.2
Chromium (Cr) | 3.1 0.050.15 0.070.13 N/A
Nickel (Ni) 4.8 0.030.08 0.007 (max) N/A
Fe+Cr+Ni 0.180.38 0.280.37 N/A
Niobium (Nb) 1.10 N/A N/A 1
Zirconium (Zr) | 0.18 The balance| The balancg The
balance
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Equation (3.6) also provides valuable information on the amount of decay heat and the
level of radioactivity released per fuel assembly at the end of the fuel cycle. It has also
been confirmed that when decay heat (Watts) is plotted as a function of decay period, the
largest contributor in decay heat of all isotopes in the core wil be fission products,
followed by actinides and finally light elements. However, if the same plot is madestaga
burnup, (i.e. Watts versus burnup) the largest contributor wil be actinidlewed by

fission products.

Before the fuel assemblies are transferred from the reactor core into the spent fuel pool, a
decay heat load calculation is performed to deteemwhether the total amount of decay
heat released from all spent fuel assembiiethé core is within the acceptable range of
1012 MW.

This takes into consideration the number of fuel assemblies in the spent fuel pool and their
residual decay heat which in past outages has averaged to 1.4 kW per fuel assembly. Then,
in accordance wi the design specification of Castor X/28, the fuel assemblies wil be
stored in the spent fuel pool for 10 years before being transferred into the casks. The casks
wil then be shipped to the Interim Spent Fuel Storage Facilty (ISFSF). Depending on the
National Spent Fuel Management Policy, they might then be shipped to Long Term

Storage or Spent Fuel Reprocessing Facilty.

The reload pattern is governed by the optimal balance between production (economic) and
safety related factors, which includes the/gics need to prevent or reduce neutron escape
and to keep the neutron flux map as flat as possible. As a result, there are many different
ways in which the core is loaded, which can be eithelOT, OUT-IN or MIXED,

loading pattern, depending on the ipms and distribution of fresh assemblies in core.
3.3.1 OUT-IN vz IN-OUT Core-loading Pattern

In the early days of many generation Il PWR such as the Koeberg reactor when the
enrichment was still about 1.8 wt%, many nuclear operators used thelNDUb&ading

pattern where fresh fuel {icycle) was loaded in the periphery of the core and the most
burnt (cycle 3) in the centf®uderstadtet al., 1976; Lamarsh, 2002hown inFigure 3.1

It was found to be uneconomical to continue with this as the fissiontydemas
concentrated on the periphery of the core and a lot of neutrons escaped the core leading to

low fission rate and consequently low efficiency. It was also found that the internal
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structures, system and components (SSC) of the reactor pressure (RBSI
experienced a significantly high level of radiation damage because of interaction of high
energy neutrons with the SSGss a result of this th&€SCs that are closest to the fuel such
as thecore barrel and thermal shield often result in prematurdailure or agingdue to
radiation induced corrosiorsince every reactor is designed with the neutron dose limit in
mind, the IAEA has compiled the flux and fluence design limits for some of the PWR in
the market whi ch s houl distedtin Table 3.3are excemdbed, d .
there is a risk of premature component fail(i’@EA, 2009).

To prevent this, taking into consideration that the enrichment and burnup have since been
increased and wil most likely reach therriehment of 5% and the burnup of 50
GWD/MTU, the loading patterhas since beechanged to INOUT shown inFigure. 3.2

One of the disadvantages of these two strategies is that they concentrate fission density in
one region of the reactor vessel whiclsuks in an uneven neutron flux, with the highest
neutron flux concentrating in the higher enrichment fuel and the lowest flux in the
depleted fuel or low enrichment fuel. This strategy, makes it mandatory that the vessel
must be divided into three regioasd every fuel assembly must at least be in the core for
three cycles (one cycle being approximately 18 months), spending one cycle in each

region.

Given that there are three burnup groups or regions in the core, in 4B&TNloading

pattern the regionvith the highest power density is in the centre, the second lowest in the
middle and the region with the lowest power being in the periphery. Hence, in line with
the IN-OUT principle, the fresh fuel batch*{tycle batch) is loaded in the centre of the

core while the most burnt {Bcycle) batch is loaded in the periphery. The second cycle
batch wil be halfiway between batches 1 and 3 and wil advance to take the position of
batch 3 when it is finally unloaded. One of the most important benefits of thtegt is

that it minimizes the escape of neutrons which are needed in the fuel burnup process and it

is also less damaging to the reactor pressure Vi@¥asl 2007]
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Table 3.3: Design neutron flux/fluence limit for PWRs

Reactor type Flux Lifetime fluencé
(n.m=.s%) (n/nf)
(E>1 MeV) (E>1 MeV)
VVER-440 core weld 1.2x16° 1.1x10°
VVER-440 maximum 1.5x1G° 1.6x10™
VVER-1000 3-4x10™ 3.7x10°
PWR(W) 4x10™ X107
PWR 1.2x10" 1.2x10°

QUT-IN CORE CUT AT 2=7.6

LEGEND
I MATERIAL 10
I MATERTAL 11
[ MATERIAL 12
[ ] mATERIAL 20
Il MATERIAL 21
[ 1 mATERIAL 22
Il MATERIAL 30
[ MATERTAL 31
[ mATERIAL 32
[ ] mATERIAL 40
[ MATERIAL 41
Il MATERIAL 42
[ ] MATERIAL 43

Figure 3.1: OUT-IN Fuel loading patterh

® Design lifetime for VVERSs is 3@0 calendar years and PWRs operate for 32 EFPY
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IN-QUT CORE FUEL MANAGEMENT CUT AT Z2=7.6

Figure 3.2: IN-OUT Fuel loading pattern

3.3.2 MIXED core-loading pattern

To minimize uneven distribution of the flux and to prevent material degradation of
systems, structure and components (§S@f the vessel, a third loading pattern was
developed called MIXED or SCATTER core loading pattern, where the fuel assemblies of
different enrichment levels or burnumse distributed randomly throughout the reactor
core as shown ifrigure 3.3 Accordingto Duderstadt although the fuel assemblies are
distributed randomly throughout the core, it is still found that they do not experience the
same burnup at it was anticipatfuderstadtet al, 1976] Those in the centre of the

LEGEND
I MATERIAL 10
I MATERTAL 11
[ MATERIAL 12
[ ] mATERIAL 20
Il MATERIAL 21
[ 1 mATERIAL 22
Il MATERIAL 30
[ MATERTAL 31
[ mATERIAL 32
[ ] mATERIAL 40
[ MATERIAL 41
Il MATERIAL 42
[ ] MATERIAL 43

° Material numbers 40,41 and 42 in all three figures illustrating the reactor core, refer to fuelassemblies
with 1.8,2.4 and 3.1 wt% enrichment levels respectively
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core have a much higher bup because of the high neutron flux compared to those on the
periphery, even though to a lesser extent compared 4OUN and OUTIN fuel loading

patterns.

The axial and radial profilehas been found to be common to all three loading patterns but
much nore pronounced in the HOUT and OUTIN loading patterns. As a result of this,
irrespective of location of the fuel assembly in the core and what loading pattern is chosen
they will be exposed to uneven distribution of the flux both radially and axiazich

will result in a phenomenon known dsnd-Effect. When the above simulations are
executed, it also observed that they had yielded diffdegntalues as indicated imable

3.4.

MIXED CORE AT Z=7.6

LEGEND
[ MATERIAL 10
I MATERIAL 11
[ MATERTAL 12
[ ] mATERIAL 20
Il rATERIAL 21
[ 1 mMATERIAL 22
Il MATERIAL 30
[ ] mATERIAL 31
[ MATERTAL 32
[ ] mATERIAL 40
[ MATERIAL 41
Il MATERIAL 42
[ MATERIAL 43

Figure 3.3: Mixed core loading pattern
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Table:3.4: Impact of loading pattern on thegs of the system

Core loading pattern

IN-OUT

OUT-IN

MIXED

Keft 0.90190

0.91757

0.89133

3.3.3 Structure of the Fuel assembly

There are many designs of fuel assemblies but each cask designbleaaccording to the
dimensions of the fuel assembly it is meant to store or transport, taking into account the
inttial enrichment level of the fuel and therrbup the fuel assembly has been exposed to.

The casks in question are specificaly designedafduel assembly which ranges from

3867.1 mm to 4063.37 mm in height and ar@ of p xarray type.

Table 3.5: Main parameters of fuel assemblies under study

Darameter Westinghouse Framatome
(374RFA) (AFA-3G)
Number of Fuerods/assembly 264 264
Assembly Pitch (mm) 215 215
Array Size 17X17 17X17
Number of Instrumentation Tubes |1 1
Number of Guide Thimbles 24 24
Fuel rod pitch (mm) 12.60 12.60
Cladding outer diameter (mm) 9.50 9.50
Cladding inner diameter (mm) 8.36 8.36
Active height (mm) 3657.1 3657.6
Overall Assembly Height (mm) 4063.37 3867.1
Pellet Diameter (mm) 8.19 8.192
Pellet Height (mm) 13.46 13.46
Pellet density (g/cri 10.96 10.96
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The detais of the fuel assemblies under investigation are sourcedtirondifferent
manufactures; Westinghouse (USA) and Areva (France) and are summarised in Table 3.5.
The primary criterion for the selection of the material out of which the fuel assembly is
made is that it should be able to withstand the harsh environmewhich it wil be
exposed. They must therefore have very good resistance to high radiation and high

temperature.

3.3.3.1 Fuel assembly lattice

The nuclear fuel assembly under study is a 17 array type with dimensions of
¢rmimi  ¢mini o @@y | made up of 24 guide thimbles, 1 instrumentation
tube and 264 fuel rods indicated in Figure 3.4.

Instrumentation Tube

264 Fuel rods

0@ ...\-.....

24 Guide thimbles

Figure 3.4: crosssection view of thep x p Xxfuel assembly as modelled in this study
[Leotlela, et al, 2013.

The totalength of duelrod is 386.71 cm and the active fuellengthis 365.76 cm
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The fuel rods are in turn made up of fpellets which are 13.46 mm in length as shown in
Figure. 3.5

Given that the active fuel length of the rod is 3657.6 mm, there are 3657.6 mm/13.46 mm
= 271.73 fuel pellets stacked inside the fuel rod. Furthermore, since there are 264 fuel rods
per fuel asembly each containing 271.73 fuel pellets, the number of fuel pellets per fuel

assembly = 264 fuel rods per fuel assembly x 271.73 fuel pellets per fuel rod = 71 738 fuel

pellets per fuel assembly.

Not all fuel pelets mentioned above have the same emeiohlevels. In practice, fuel
pellets from 50 cm upwards and those occupying the bottom 50 cm of the fuel assembly
have lower enrichment than the middle ones to preventEtngEffect which wil be
discussed in detail in sectigh3.3 However, in this sidy all fuel assemblies are modelled

as containing uniform enrichment as it is conservative. Furthermore, because of the
amount of material density of oxygen in the fuel and moderator, the calculation has to take

it into account as well. Thus the fractiohU in UG, can be calculated from
5p — pnmb 3.7

where,
My = Relative atomic mass of uranium=238.02891 &mu

Mo = Relative atomic mass of oxygen = 15.9994 amu

Thus, the fraction of U in U® 8

p TUTT = 88.14981% of the fuel mass
and O =11.85019%.

Since the average mass of fiel in the fuel assembly = 465 kg, therefore the mass of U

in UO, may be calculated as follows:

=0
I\/IU - /dJin uo, ™M total fuel mas:

M, =88.14981% 3 465 k 3.8
Y M, =409.8966165 kg

1 Atomic mass unit
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Fuel

| Coolant

Figure 3.5: Fuel assembly lattic@resent study).

Thus, the amount of*®U in the fuel assembly required to generate power for the entire
fuel cycle in a fuel that is 3.5% enricheda® P 1 M@ w @E&C p & T @ & GGiven

that at any one time there are 157 fuel assembilies in the core, thus the total 7fabi of

the core P®T Qo PULXC ¢ WY QQwhich is a very small amount of fuel
compared to what fossil fuel i.e. coal power stations burn for the sameoduratian
unevenly enriched fuel assembly the largest part of the fuel is in the middle of the fuel
assembly.

3.3.4 Structure of Castor X/28F Spent fuel Cask

Castor 28/X F is a high capacity dry spent fuel cask manufactured by Gesselschaft fir
NuklearBehaltermBH (GNB) in Germany. It is designed to for 28 fuel assemblies which
have had a 10 year decay period (as indicated by 28 and the suffix X which is Roman
numeral for 10) to allow for the reactivity and decay heat to decay to a level acceptable to
be storedn the casks. Before then, the fuel assemblies are kept in a spent fuel pool filed
with water.Because of the stringent nuclear safety requirements the design of the cask has
to comply with, the selection of material from which they are manufacturedmaedt all
the design requirements listed section1.2 The material compositions from which the
cask is made are tabulated APPENDIX 1. Some materials wil only serve the one
purpose whie others wil serve more than one. For example, cast iron witlgoriaoth
mechanical strength and because of the carbon (graphite) content it wil also contribute in
nuclear criticalty safety. Iron and nickel on the other hand wil by far and large be for
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structural and mechanical safety purposébe borated steel ispecifically designed to
increase the neutron absorption capability by increasing the fraction of natural boron in the
borated steel composition to 0.9% of the entire material composition of borated steel .The
polyethylene rods are by far and large resjme for neutron shielding and wil be
studied in great detail isectiors 3.3.4.2 and.7.1.4 Therefore, the general design criteria

of the spent fuel cask are that it should be able to meet all licensing requirements of its
own (i.e. exporting)country, before making an attempt to license it in the importing
country. The importing country must still perform its own safety analysis to the
satisfaction of the nuclear regulator [IAEA, 2006; IAEA, 2007].

3.3.4.1 Arrangement of fuel assemblies in the cask

The 28 fuel assemblies (FAs) inside the CASTOR X/28 cask are arranged in such a
manner that 12 fuels assemblies form the inner source surrounded by stainless steel, the
air-gap and the outer source consisting of 16 fuel FAs evenly distributed around the

circumference of the cask as indicated-igure. 3.6.

Fuel Assembly

Stainless steel

<€—— C(astlron

Polyethylene rod

Air-gap

Figure 3.6 : CrossSection of a CASTOR X/28 spent fuel cask as modelled in this study
(Present Study)
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If 360° of the circumference of the cask is divided by 16 FAs the result is the angle

between two adjacent FAs in degrees, which is equal to:

3 S C T GBI i Q4 HA O (3.9)

and

81J
J

T WY OQ " IOG | Qa wda W (3.10)

To understand the location of the each fuel assembly on the outer source or periphery of
the cask, one has to draw a triangle with tkexis drawn from the centre of the cask (C)

to the middle of fuel assembly (B) at 45 degrees to the cask. From this point draw the y
axis by drawing another line to the middle of the fuel assembly (A) just above . If points
C and A are joined, one will obtain the triangle showrrigure 3.7 where the fhie 6 Ois

the hypotense (R). From basic geometry, the relationship of the distaRdestween C

and A and the distancé between C and B and the distance Y between A and B is given
by Egn (3.11). The actual lengths of the X and Y vectors which areotheiates of

each of the 16 FAs on the circumference of the cask are calculated from Eqgn (3.11) given
thatR=94.9 cm.

X = Rcoyg,

_ wherert [  CA (3.11)
Y = Rsigy

The z-plane of fuel assemblies formed a tangent of circle described by Rdi84.9 cm.

In order to have all outer source fuel assemblies at an angle indicatedria 3-8 the
azimuthal angleb in SCALE, was varied from 1 ¢ Ot ¢ depending on the
coordinates obtained. Thus, the-adinates of each of the 16 outer fuel assemblies are
given inAPPENDIX 2.
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Figure 3.7: Co-ordinates of the fuel assemblies in the CASTOR X/28 cask (Present study)

3.3.4.2 Polyethylene rods

There are 70 polyethylene rods that are of 7 cm in diameter and 370 cm in length placed in
a 141.7 cm radius from the centre of the cask. The rationale for the inclusion of the
polyethylene in the design is to increase the effectiveness of neutron ghiglis is
because polyethylene has a very high concentration of carbon and hydrogen which are
ight elements and are known to be exceptionaly good in scattering material. The
calculation of the location of the polyethylene rods was based on the fattdldistance

R, from the centre of the cask to that of the polyethylene rod is 141.7 cR&el4l.7

cm) and the angular separation between the polyethylene rods is calculated by dividing

360° by the number of polyethylene rods as follows:
3 — UBTCS (3.12

The lengths ofX andY are calculated from Eqn (3.11) taking into account Bat141.7
cm andd is in radians [Hahn, 2007].
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CHAPTER 4

4 STORAGEOF SPENT FUEL

4.1 Introduction

Spent fuel storage has been a subject of major costara the adventf nuclear technology
[Dowson, 1962]. The main concern is not only radiation exposure of members of the public
but also due to the potential risk of inadvertent nuclear explosion if sidifealit due regard

to potential couplinginterference between neutns from one fuel assembly to another
adjacent fuel assembly. Coupling is largely dependent on the separation gap between various
rows of casks and generaly on the type of the storage array selected and also on the
enrichment levels of fuel assemblies.hisTwas further raised by Mayne [Mayne, 1955] who
indicated that if the spacing among different casks is not adequate and the enrichment is
higher than the array abws, there could potentially be a criticality incident [Mayne, 1955].
Subsequently he dewpled a technique that estimated the level of criticality associated with a
storage array. In this thesis, a storage array of 4 and 30 casks in different arrays wil be

investigated where only major actinides are taken into account.

4.2 Cask Storage Matrices

To assess the adequacy of the separation gap among adjacent casksVKBR®D
STARBUCS modules of SCALE computer code were used for fresh fuel and spent fuel
respectively. The purpose of this entire exercise was to obtain the most optimum storage
configuration of spent fuel casks in a given storage room that wil conserve the storage space
and still not compromise nuclear safety, i.e. staying as far below the regulatory limit of the
neutron multiplication factor as possible [Leotledd,al, 2012]. Sincethe dimensions of the

cask storage buiding ared 6 O omn ¢ &1 yBoxX with a 48.5 cm thick
concrete slab below ground surface, the centre of the cask was shifted -t8@2=cm.

When the thickness of the slab is taken into account it is fthaidtz ., = -400 cm and-Zgap
=-448.5 [Leotlelaet al, 2012].
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Table 4.1: Coordinates of the four vertical casks in their storage building

D 100 150 200 250 300 350 400 450 500

(cm)

- |o]- Jof- [0|-538|0|-588|0[-638[0|-688|0|-738|0][-788]0
2 388| |438| | 488

c

S

s |0 [o]o [o]Jo [oflo oo [ofo [ofo [o[0 [ofo O
o

o

> [ 388][0[438[0[488]0|538 [0[588 [0[638 [0]688 [0[738 [0[788 [0

7761 0| 876|0| 976 0| 1076|0|1176| 0| 1276| 0| 1376| 0| 1476| 0 | 1576| O

Also, because theadius of the cask is 144.3 cm, to make a 100 cm gap between adjacent
casks, a 100 cm was added to the radius resulting in the distances and their corresponding x
co-ordinates are summarised Trable 4.]Leotlela, et al, 2012]. The project was divided

into two main categories; fresh fuel and spent fuel, which was further divided into two
subgroups; thirty casks and four casks.

The 30 casks were further subdivided iito p vando p marrays whereas the 4 casks
were subdivided intp T andg ¢ array [Leotlelagt al, 2012]. The four and thirty casks

will be discussed in detail imection4.2.2and4.2.3respectively.

4.2.1 ‘Fresh Fuel’ Approach

It is generally accenptresbfuel tboe camnuasley siet syp een ti
conservative results, which envelop those obtamwbdn burnup credit is taken into account

(EPRI, 2008; Gauld, 2003; Wagnet al, 2003) Fresh fuel is generaly highly reactive

owing to the absence of nuclides with parasitic absorpiarkset al, 2004. Such fuel

assemblies are treated differerfttpm those which have already been used, or spent fuel as

they are generally referred to.

Given that there are already four full casks in the low level waste and that even more may be

acquired to ease the demand in the spent fuel pool, it is expectadettgamight be a need
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for a larger storage space for spent fuel casks in the near future. It is expected that eventually
about 30 casks wil have to be acquired for all the spent fuel in the spent fuel pool; hence, it is
imperative that a suitable caslorstge array be found that will primarily store as many casks

as possible without compromising nuclear criticalty safety in any way. It is important to
note that as recommended by US Nuclear Regulatory Commission in NUEBG
(USNRC, 2010) the casks are partially filed with water to enable them to reach Higher

values.

4.2.2 Four Casks

In this section, the study investigated the most suitable and optimum storage array that can be
used to store four casks without waststgrage space, while also complying with regulatory
requirements. The two storage arrays that were investigated were the linear array and the

square array.

4.2.2.1  Vertical Linear Storage Array

In the first scenario, the four casks under study were arrangetl id4 #near array where all

the casks were at the same height above ground (ifek to Figure 4.1). In the second
scenario, the height of the alternate casks in the traditional linear matrix was lifted by 20
centimetres to ensure that the reactive asfdthe casks, as a result of the end effect, were
misaligned, as shown iRigure 4.2

Figure 4.1: Isometric view of cask storage room with four casks in a traditional vertical array
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Figure 4.2: Sectional view of dX4 staggered linear matrix
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Figure 4.3: Comparison of traditonal and staggered 1X4 linear storage ni{&rasent

study)

The two configurations were compared on the basis ofkthef the systemas shown in
Figure 4.3 It is observedhat the staggered/misalignedtorage array results in lowéegs
compared to théraditional 1X4 linear matrix. This is due to the fact that the reactive top and
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bottom ends of adjacent casks are misaligned and when the casks stand next to each other the
reactive end of one casksfiin the norreactive middle part of its adjacent partner. As a
result, the misaligned casks result in a lower fission rate than in traditional 1 X 4 array, where
the reactive ends are alignékhe resultsof this analysis are consistent with those rebite

the Transportation issues and resolutioiscompilation of laboratory work packages
[McConnel, 2012]. Using the analogy of misalignment of fuel assemblies in the cask,
McConnel believes that the behaviour of the graphs may be ascribed to the fapaters

are used inside the casks to keep the fuel assemblies properly aligned. If the spacers fall, it is
possible that the fuel assemblies might shift and end up in the region of the cask where there
is no neutron absorber to separate them, thus begom@aligned. This would result in an

increase in &, as a result of an increase i n c
assemblies [McConnel, 2012]. Similarly, looking at the cismsstion in Figure 5.13, it is

noted that there are gaps between thd &ssemblies on the periphery of the cask. It is
therefore possible that in some configurations two adjacent casks may be able to
“communicate” owing to the alignment of t he
This consequently results in highlkeg, although those configurations where the alignment is

such that neutrons are adequately absorbed between fuel assemblies might resultkig, lower

which is the reason why there is this sine wavelike gragphgure 45.

4.2.2.2 Horizontal Linear Storage Array

Subsequent to the analysis of the vertical casks, the study proceeded to analyse the horizontal
casks with a view to determining what the effect of storing casks in the horizontal position
would be on the&ker. The zaxes of the casks were altergyl90°. The cordinates and the
locations of four casks in the cask storage buiding are summariséablia 4.2and Figure

4.4 respectively.The results were compared with those of the traditional 1 X 4 matrix and are
indicated in Figure 4.5. It is obsed from the results that vertical casks are more reactive
when they are farther apart than their horizontal counterparts, and vice versa. This may be
due to backscattering from the walls and the fact that neutrons from the vertical casks can

reach much bher areas of the wall than those from horizontal casks.
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Table 4.2: Coordinates of the four casks in a horizontal position

1X4 Horizontal Positions

D 100 150 1200 250 1300 1350 [400 450 [500
(cm)
X X X X Jylx Jyl[x y | x X X
: - R o[- [0[ 6380|6880 -738| 0 -788
38 | |a3 | |48 | |53 | |58
8 8 8 8 8
0 0 0 0 oo [ol0 oo 0 0
38 [0[43 (0148 0|53 [0/58 [0]638 |0]688 [0] 738 [0] 788
8 8 8 8 8 8
©
g
S [77[o[s2[0[87 92 [0l97 [0 102 [0[107 (0| 112 [0 117
3 |e 6 6 6 6 6 6 6 6
>
X

Figure 4.4: Top view of casks in a horizontal orientation
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Figure 4.5: Comparison of thé&of casks in a vertical and a horizontal postigreotlela et
al., 2012)

Since the casks are partially filed with water, when they are placed horizontally there wil be
some fuel assemblies that wil be above the water level, thus little or no moderation wil take
place. However, this is not the case with the vertical casks since as long as there is some
water in the cask that covers a certain portion of the active regidme fuel assembly, all

fuel assemblies will have the same region covered by water. As a result, there wil be higher
neutron density in the thermal region of the vertical cask than the horizontal cask.
Consequently, thecin the horizontal casks lBwer than in the vertical casks.

4.2.2.3 Vertical Square Storage Array

The storage array was later changed;to ¢ square array, as indicated kiigure 4.6to

determine how th&gs of this system compared to that of the # traditional linear array.

In the 2 2 square array, the gap between adjacent casks was increased by 50 cm in every

subsequent run. Thie;s was then compared to that of the traditional linear array (Leattela
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al., 2012). The general trend indicated by the linear flEigure 48 suggests that there is a

slight increase in th&es of the¢ ¢ array as the distance between adjacent casks increases,
whereas there is a decreasd&dpfor thep T array over the same distance. The difference

in the two trends is due to the amourit shielding each cask provides for one another
combined with backscattering.o understand the interference and the interaction of neutron
flux from one source with another, it is better to have the above figure in 2DFasina 4.7.

It should be notedrom Figure 4.7 that no single cask can take credit for shielding the others.

In contrast, in the linear array the two casks between the outer casks are shielded from any

external source by the outer two casks.

Figure 4.6: 2 X 2 square array iisometric view

Figure 4.7: Top view of four casksin a Matrix (Leotlelaetal, 2012)
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Figure 4.8: Comparison of reactivity betwegn T arrayand; ¢ array(Leotlela et al,
2012).

In addttion, because of the different arrangement of the two arrayBatheoff factorof the

two wil differ (referto Sect 4.3.1 for detailAs a result, thep 1 array tends to experience

a much more rapid decreaseki with an increase in distance compared toghe¢ array.
Secondly, backscattering from the wall and other casks will tend to decrease the neutron
energy to thermal range, thereby resulting in an increaskeirwith an accompanying
increase in the sepaiat gap rather than a decrease, as is the case witl2 ar2ay. It will

also be noted that the casks in a22array are surrounded by air which has very low density
and low attenuation coefficient compared to that of the cast iron which shields thésoner
casks of thep Tt array. Therefore, because of the difference in the density and attenuation
coefficient, it is expected that the decreaskgfin ap T array wil be as rapid as that of a

2 2 array. For a detailed description of the effect of thas¢ors the reader is referred to

section4.3
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4.2.3 Thirty Casks

Given that most generation Il (GEN Il) reactors have a lfespan of about 60 years, with an
outage frequency of between 18 to 24 months, it is expected that an additional 30 casks will
be neededThus, this calculation was based on the projected additional 30 casks that might be
needed. The original plan was to model the storage of 33 casks. However, it became evident
after a few runs that the dimensions of the storage room would not allow anatedeq
separation gap between adjacent casks. Consequently, this was abandoned and the project
continued by basing all calculations on the 30 cadkarthermore, because of the limitations

of the size of the building, the distance between adjacent caskshaaged along the-gxis

only. Two different storage arrays were investigated, and various configurationslbfahd

3 10 were studied and compared on the basis of the neutron multiplication factor.

4.2.3.1 2X15 Array

In the 2 15 array analysis, two possible options were investigated: the tradiiod&larray
where all the casks in the adjacent rows were on the sasperdinates as ifrigure 4.9
[Leotlelaet al., 2013. The distance between the rows in the two arrays were the aad

only differed in terms of their spatial posttidm the second 215 array, the scoordinates of

the cask in the two rows were misaligned as indicated in Figure Bh#Oresults in Figure
4.11 indicatethat the kg in the misaligned array is loweihan in the traditional 215 array by

an averagesk of 0.0050.Since the distance between the two rows was the same in both
arrays, the difference in tHes may beascribed to the changethe Dancoff factorthat takes

place when an array is changed.
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Figure 4.9: Top view of the traditional 2X15 storage mafficeotlela et al.,2012)
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Figure 4.10: Misaligned 2 X 15 array

The endeffect consequently becomes less effective as the distance between the adjacent

casks increases.
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Figure 4.11: Traditional 2 X 15 vs misaligned 2 X 15 arr@resent study)
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4.2.3.2 3 10 Array

In the second part of the study of 30 casks, the impact of changing the orientation of the casks
from vertical to horizontal was studied to determine thieotfon the neutron muglication

factor. The basis for this was that water ingress affected the vertical and horizontal casks
differently, particularly when the fuel assemblies had uniform enrichment. When there is
water ingress in a horizontal caskjsitpossible that some fuassemblies may be above the
water level while others may be submerged. However, regardless of the water level in the
cask, in the horizontal cask the two highly reactive ends wil be submerged in water at the
same time, whereas in the vertical arraytilie vertical ends wil be below the water level at

different times.

This may potentially have a significant effect on tkg of the system, depending on the
number of fuel assemblies covered with water, and ultimately on the storage capacity of the

spent fuel storage facility.

4.2.3.2.1 Vertical Orientation

4 5 6 0

Figure 4.12: Traditional 3 X 10 storage array in vertical orientation

In the vertical orientation, two options were analysed; the first one wasathiéonal 3 X 10
array indicated inFigure 4.12 where all the casks in the three rows were positioned at the

same level with respect to the ground surface.
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Figure 4.13: Misaligned 3 X 10 storage array with the middle row elevated by 20 cm.

The second option was a 3 X 10 array in which the cast®imiddle row were elevated by
20 cm to ensure that the neutron flux peak due to theeBadt was misaligned as in Figure
4.13.

4.2.3.2.2 Horizontal Orientation

Following the insight obtained on the effect of elevating one of the adjacent casksegp the
it was imperative to determine what the combined effect of changing the orientation of the
vertical cask to horizontal and increasing the height of the middle row by 20 cnfigsré
4.14 would be on th&e. The results were subsequently comparetthdee of the traditional

3 X 10 array in a vertical orientation, as was shown in Figure 4.12.
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Figure 4.14: 3 X 10 storage array in a horizontal orientation with the middle row elevated by
20 cm.
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Figure 4.15: Comparison of various orientations of 3L arrayqPresent study)

The results in Figure 4.15 indicate that casks in misaligoedp Ttistorage arrays,
irrespective of whether they are horizontal or vertical, result in much lkwyénan those in a
traditional o p Tvertical orientation. Since the gaps between the rows of the two arrays
were kept constant, the difference kigr will be as a result of the misalignment of the two
reactive ends of the adjacent casks, thus resulting in a decreaseédp Whben vertial and
horizontal casks are compared, it is observed that there is no significant difference in the
neutron multiplication factor of the two arrays; the sine wikee variation inkes from one
position to the next is as a result of stochastic variatiothe number of neutrons in the
thermal energy range. When the casks in a tradtionalp ttvertical orientation were
compared to the traditional p v vertical orientation, it was observed that as the gap
between adjacent rows was increased, there was a corresponding decregase loth

arrays.
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Figure 4.16: \V74 storage arrafleotlelaet al, 2012)

However, the decrease was much more rapid inothe marray than was the case with a
¢ p varray, as indicated ifrigure 4.16 One of the factors that play a major role in the
behaviour of thekes relative to the position of the cask in the matrix is Drencoff factor,
which is described in detail in sectioAs3.2.1and4.3.2.2

ConsideringFigure 4.12 the probabilty that a neutron born in cask O wil be absorbed before
reaching any one of the neighbouring casks, i.e. 1, 2, 3, 4, 5 and 6 is much higher than that of
casks 7 and 8. Cask 8 isrpletely shadowed from O by the two casks between itself and O,

and thus has the lowest probability of interacting with neutron from O.

In Figure 4.9, on the other hand, there is no shielding between A and D, B and E or C and F.
Therefore, because of the absence of additional shielding, a neutron has a much higher
probability of interacting with the outer rows in the array than is the case m the rarray.

As a result, there is a much more rapid decreakg with distance iro p rtthan is the case

with the¢ p warray (Leotlelaet al, 2013.
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4.3 Storage of used fuel.

I n the pr evifeshsfueldeehniqué was used) which assumes thatfubéis

being irradiated for the first time and does not take into account any fission or decay products
since it is assumed that they are not there. In spent fueisexn fuelas it is often called)
analysis, however, it is acknowledge that the fuel has been irradiated for quite some time and
as a result has generated a number of fission products with parasitic absorption which must
be accounted for in the analysis. This appro& known asurnup creditanalysis and wil

be described in detail in chapter 6.

4.3.1 Taking credit for burnup in spent fuel storage

In burnup credit analysis, there are three sets of nuclides of importance to nuclear criticality
namely: Major actinides only Major actinides + Minor Fission Productand Major
Actinides + Principal Fission Productdhe elements of which will be discussed in detail in

chapter6.

Of these three, only the major actinides set has been accepted as a set of nuclides for which

credt can be taken for burnup. For this reason the next section wil focus on major actinides

only.

In this study the two traditional arrays qf p vand o p manalysed in the fresh fuel
technique were simulated at two different burnup levels, 20 GWD/MTU ar@D/MTU,

which included major actinides nuclide sets in their input Tilke objective was to determine

how taking credit for burnup would influence the storage array. The resufigure 4.17

show that the degree of burnup has a much greater effée irduction of thées than the

type of array. It is also observed that when burnup credit is taken into account, the type of
array has insignificant value for thes This proves that although the choice of the storage
array can make a meaningful ¢dboution to increasing the capacity of the storage facility,
this is more relevant to fresh fuel than used fuel. In spent fuel, burnup credit is by far the

most effective means to achieve this goal.

According to Chochran, the yield of various nuclidesaasesult of an increase in burnup is
given by (Chochramet al.,1999):
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where,

yin = independent fission yield of nuclide n

yg = cumulative yield of nuclide n for energyoup g

Noy =atomic density of fissienuclide m

Sf’g'm:microscopic fission crossection of nuclidem for energy g

f
9= neutron flux at energy g.
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Comparison 2X15 and 3X10 Array at two different burnups
[T=296 K,”*U=3.9 wt%)]
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Figure 4.17: Effect of degree of burnup on criticalitl_eotlela et al, 2013

4.3.2 Factorsaffecting the neutron multiplication factor of

spent fuel storage matrices

It has been shown in the previous section that there is a relationship between the separation
gap between dacent casks and thes of the system. This section wil now provide the
scientific explanation and describe a number of factors which influencddstteebehave as

it did.

4.3.2.1  Spatial self-shielding and the lumping effect

There are a number of factors which must be taken into account in this mode of shielding.
Increasing the distance between the source and the detector, or as is the case here increasing
the gap between adjacent casks is not the only factor that wil sedeeitease thie;s Other

factors in addition to the increase in the separation gap include the macroscopgectoss
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and thickness of the shielding material. The relationship among these factors is found to obey
the following mathematical equatiohgmarsh, 2002; Lewis, 2008].
L=le 4.2)
where,
lo = the inttial intensity of the neutron beam with no shielding (or O cm thick shield),
I« = the intensity of the beam after traversingm thick shielding material,
N = thenumber of nuclei of the material (nuclei®ymand
{l = the microscopic crossection (crffnucleus).
Given that,

S Ns (4.3)

whereZ (cm™) is a macroscopic crosection.

If Egn. 4.3 is substituted oftm Eqn. 4.2, that can be rewritten as

LElE (4.4)

Also, because,

Ny
A (4.5)
where,

p density of the shielding material (9/dm

No= Avogadro’s numobend = 6. 023x10

A = atomic mass of the material, (g/mol)

If we substitute Eqn. 4.5 into Egn. 4.3 then Eqn. 4.3 can be written as;

S = % S
A (4.6)
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and substituting Eqgn. 4.6 into Eqn. 4.4, Egn. 4.2 can be written as

-r=2 x

L=le (4.7)
It can be deduced from this that there is an exponential relationship between the number of
neutrons crossing the shielding medium and the density or thickness of the shielding. This is
one of the fundamental reasons why different storage array# iredifferent ker. For
example, in the case of@ ¢ array, the shielding media which occupies the largest volume

is air which has a very low density and low absorption esesdion and wil therefore result

in low scattering or absorption of the neuts and consequently give rise to higlhef

The second i mpo fluimmng teffedta avthorc hi 1l aphe &a very
determining the value of th&.s by taking into consideration the type of an array used in
spent fuel storage. Thepty of storage pattern has a great effect on the outcome lofs thea

sense that it determines which material, fuel or moderator, the neutrons will interact with first
when they slow down to thermal energy level. Depending on the type of an arragahey
interact with the fuel first and be absorbed before they have their next collsion with the
moderator. This is because of the lumping effect of fuel [Lamarsh, 2002; Dudeestati,
2010] which implies that t hesashaeump;amif#ere‘iss e e ”
more than one lump in the fuel lattice, the neighbouring lumps tend to shield one another
from the view of the neutrons [Duderstadt, al, 2010; Kulikowska, 20Q0Petrie,et al.,

2011] This wil result in the reduction of the number of fuel lumps in direct view of neutrons
and consequently in lower probability of absorption by the fuel resonances thereby increasing
the probability of interacting with the moderator. As a result of thisre wil be more
neutrons reaching the thermal energy levels and hence a Mighdran without spatial
shielding. Dancoff and Ginsburg derived a formula to calculate the reduction in surface
resonance absorption due to the neighbouring absorbershiandgduction is known as the
DancoftGinsburg factor, or more commonly tBencoff factorwhich is defined as [Wegt

al., 2011; Kulkowska, 2000]:

Definition: The Intervolume Dancoff factor is the probability that a neutron escaping from
afuellunp i n a finite volume enters another f
[Kulikowska, 2000]
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The Dancoff factor has been found to depend on the material of the lattice, the amount of
lumps, the geometry and the size of the lumps [Kulikowska, 2000; avai., 2011]. As a

result the same number of casks, the same size and same shape arranged differently wil yield
different ke values. This is the reason why the1® array has a much higheg ger distance

of separation than the 30 array.

Therefore,for a neutron traveling from cask A &igure 4.1to cask D (and vice versa) in a

p T array must successfully pass through two casks B and C without being absorbed by the
fuel before it can reach D to cause fission. Thus the two middle casks formdabsiweten

A and D. The factors that play a role in this case are the shielding coefficients of the material
participating. These include, iron (Fe), air between the casks. Other factors include the
thickness of the two materials, the gap among adjaceris casd density of the shield.
[Leotlela, et al,, 2012];

In a ¢ ¢ array on the other hand, there is no -sélelding among various casks. The
shielding material which covers the largest areaiiswhich has a very low density and low
shielding coefficien Also the fact thatFigure 4.1 is arranged in series while Figure 4.7

there is in a square array, the spatial shielding factor plays a much more significant role in the
inear array as opposed to the square arrayrigare 4.7 a neutron from E has asgual
chance of reaching casks F, G or H without being absorbed, which is in contradiction to what
has been observed Ffigure 4.1and Figure 4.4 Thus because of higher probabilty of causing
fission in ag¢ ¢ array, Figure 4.7 experiences a much slowercdease irkes as the gap

among adjacent casks increased as showigime 4.8 [Leotlela, et al, 2012]

4.3.2.2 Resonance self-shielding

In addition to spatial shielding which becomes important only in as fdroasvarious casks
are positioned with respected to one another, (which defines the type of an array), it is also
imperative that the resonance ssielding of various casks from one another is taken into

consideration, when designing the storage array dfscas

At higher energies in heavier nuclei, the resonances get so close together that they cannot be
given separately. This region is known as the unresolved resonance range, and is
characterised by the difficulty in computing simple cresstion versus emgy [Lamarsh,

2007 [Duderstadt,et al, 1976] This is particularly important in the selection of neutron
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absorber material and the type of fuel used since each one of them has its own characteristic

resonance which will contribute to sslhielding.
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Figure 4.18: Microscopic fission crossection of*U and®*%Pu at 600K (Present study)

For example selshielding in the U@ fuel will be different from that of Pufbecause of the

presence of*®U in the UQ which has a number of resonance peaks which is not available in
PuG.
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Figure 4.19 : Neutron flux in Unit 1 Region 1(i.e. fuel region) (Present study)
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Figure 4.20: Flux depression as a result of high cross section. [Ball, 2012]

Apart from the fuelselection of the moderator and other material which makes the largest
fraction of the material compositi will come with their own resonances in the system which

will add to the sefshielding of the array.

Therefore, fi the material is made up of a nuclide with a wide narrow resonance peak in the
resolved resonance range, the microscopic esestion atthe energy range corresponding
with the resonance wil increase sharply thereby causing a flux depression in tigst ene
range. This phenomenon can be observed in the dip in neutron flux between leV and
1x10%eV in Figure 4.19 which coincides with resonance regiondU and®*%u in the same
energy range ifrigure 4.18[Frohner,et al, 2000; Lamarsh, 2002]

When thes two spectra are superimposed, they will result in a spectrum such as shown in
Figure 4.20 which also shows that the flux wil subsequently return to its original level at
energies just below the resonance [Dudersetdgl, 2010]. Alternatively, if a material with

high resonance is present in minute quantties in a diute mixture; its resonance wil have very

ittle effect on the neutron flux.

However, if a nuclde with a large resonance is present in large quantties or is pure, its
resonance wil haar a significant effect in the neutron flux, acting as a neutron sink, causing
sharp dips in the neutron spectrum corresponding to each res¢mnekme 2000}

It is clear from this that the resonance region plays a very crucial role in neutron absorption
of the moderator and that of the fuel. As stated earlier, one of the six factors which plays a

significant role in determining thkes of the system is the resonance escape probability which
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is defined ashe probability of a neutron to escape tlesonance absorptioand is given by
[Duderstadtet al, 2010]

p=ex {a" )o/x & 4

where (ér ) is the effective resonance integral is the average logarithmic energy
e

decrement given by [Duderstadt,al, 2010; Lewis, 2008]:

2

X A+2/3

4.9

where, A is the atomic mass of the nuclide in guestion, @8 is the macroscopic

scatteringcrosssection. In the context of the reactor lattice cell, if a neutron leaves the
fuel/cladding interface of its origin it should be able to enter another adjacent fuel/cladding

interface without collision.

The Dancoff factortherefore, plays a significamole in taking into account how the fuel rods

or spent fuel casks are arranged with respect to one another (i.e. the type of an storage array
or fuel assembly array type) when the correlation between the type of an array &gdsthe
determined. Itis for this very same reason that B has a lowelke than the 215
[Kulikowska, 2000; Weiget al,, 2011].

4.3.2.3 End-effect

When one takes a look at the vertical distribution of neutron flux along the length of the fuel
assembly, it is observed that the cahtegion, in the area bordered by 50 cm from the top
and 50 cm from the bottom has a much higher burnup than those at the extreme ends; the top
end has an even lower burnup compared to the b@taras shown ifigure 4.21 [Parks et

al., 2006;Suyamaet al, 2008] This is due to the axial profie of the flux caused by uneven
distribution of the neutron flux, being higher in the middle of the fuel assembly than at the

top and bottom ends.
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Figure 4.21 Schematic illustration of the Efieffect

Since the top and bottom regions of the fuel assembly are underburned, they are much more
reactive than in the middle part, thus limiting the distance of proximity of how close the fuel
assemblies or casks can be stacked together without the interfereneenetition flux with

fissile nuclides from adjacent ones. This became evident at Figure 4.7, in which there was a
peak at 150 cm for the ¢ array.This may be ascribed to the eeffect which resulted in
extreme end regions of the fuel assembly havirgigher concentration of under reacted
fissile material compared to the middle part of the fuel assembly, thus resulting in the
increase in k& when casks are stacked closer to one another [Petrled, 2006; Wagner,

2006].

4.3.2.4 Back-scattering

Back scatteng has a profound effect on the storage of fuel assemblies and spent fuel casks.
If the building is not big enough, neutrons wil be scattered from the walls of the building
back to the cask and cause an increasegirand also scattered among the casiksthe fuel

and cause fission and subsequently highgrAs a result of the intricacies associated with

the effect of baclscattering on thég, it has been studied extensively. One of the scientists
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that did an extensive study on the neutron dade around casks is Buchili@Buchilier, et
al., 2007]

Buchilier performed neutron measurements at different distances and locations around
Castor HAW? 20/28 cask. The location and the corresponding distance where measurements
were taken are summsed in Table 4.3 and the results ifrigure 4.22 through toFigure

4.25 As shown inFigure 4.23 the neutrons were detected as far as 10 m from their cask.
Not only were neutrons that far from the casks, it was also established that their energy
peakedat 1x10° MeV which is well within the thermal range and can potentially cause

fission if they interact with fissile material.

Many scientists ascribed this increase in neutron measurement farther away from their source
to backscattering from wall, ajrfloor surface and from other casks in the same building
[Buchilier, et al, 2007; Kralik, et al, 2002] Therefore,because dose rate measurement
differed depending on the location on the casks where measurements were taken, and because
neutrons were @tected as far as 10 m from their source, it would therefore be recommended
that in future measurement be taken at different locations of the cask and also that a 10 m

dose rate measurement be performed on all casks.

Table 4.3: Location of radiation measurements around the cask containing spent fuel
[Buchilier, et al, 2007]

Location Angle (degree) Distance fronl Height (m)

external surface (m)

1 270 1 1.95
2 180 10 0.86
3 270 1 3.92
4 Centre On Top 0.47°

2 HAW: High Active Waste
3 Above top surface

104



Location 1

1

160
— |

TTEAIY T T Ofe T T U0y T T T ¥ TN IeeT 0 T I ¥ L] L i Ll

1.0E-0 1.0B-086 1.0B-04 1.0B-02 1.0B+00 1.0E+02
Energy (MeV)

Figure 4.22: Spectrum at location 1 [Buchilieret al, 2007]
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Figure 4.23: Spectrum at location 2 [Buchilieret al, 2007]
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Figure 4.24: Spectrum at location 3 [Buchilieret al, 2007]
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Figure 4.25: Spectrum at location 8Blchilier, et al, 2007]

Later, Rimpler[Rimpler, et al, 2010] performed a similar study using TN85 cask and the
description of measurement locations are summaris€iialite 4.4 The results were later
compared to those of Castor HAW 20/28. Comparisofigidre 4.26 and Figure 4.27 show

the neutron fluence spectrum of TN85 on its own and when it is compared to Castor HAW
respectively[Buchillier, et al, 2007;Rimpler, et al, 2010]
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Table 4.4: Description of measurement location in Rimpler's experinjBinpler, et al,

2010]
Measuring Distance  from Height aboveg
N Axis/Angle ()
Position cask surface (m) floor (m)
P1 - 0.20°* Centre
P2 0.9° 0.2 270
M1 0.2 3.30 a0
M2 2.00 3.30 90
M3 10.00 1.80 135
M4 20.00 1.80 135
M5 0.25 0.63 90
v 2 T IO I0 I | I | !
E | Distance from cask surface
'-: i -=e=02m(Ml) 2 m (M2)
gh20 T — — 10m (M3) —--20m(M4) 7]
§ = 1 17 =T TR — |- L
?D 15 i
w

o | J‘]_

, e I i
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Figure 4.26 Neutron fluence spectra at various locations around TN85 normalized to fluence
maximum for fast neutrons.
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Figure 4.27: Neutron spectra at a distance of 2 m from TN85 and CASTOR HAW 20/28
cask normalized to fluence maximum for fast neutrons.

From this experiment, Rimpler was able to detect neutron fluence as far as 20 m from TN85,
which defied the belief that no neutronan pass through the wall of any cask and cause
fission in neighbouring casks, thereby confirming earlier studies by Buclifienpler, et

al., 2010]

This was confirmed by the results of comparison between Castor HAW and TN85 in which it
was shown thatvhen measurements are taken from the same distance, CASTOR 20/28 has a
much lower rate of neutron escape than TN85 as seen from lower neutron detection level
around CASTOR HAW compared to TN85. Looking Fgure 4.261it is observed that the
farther away neutron measurements are taken from the cask, the lower is the energy of
neutrons detected. Therefore, the widest gap between adjacent casks in storage is no
guarantee that the storage array wil not be critical, inesamay types it may have an
opposite effect as seenin  array. Given that there are 3 or 4 energy groups depending on
the energy cuoff point of each group. The upper and lower limits &ir8l 4 energy groups

are indicated inTable 4.5[Duderstadt,et al, 2010] Therefore, the neutrons detected in
Rimpler and Buchilier experiment can be regarded as thermal, epithermal or even fast

neutrons.
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Table 4.5: Range of energy spectrum

Designation of Energy
3 Group Theory 4 Group Theory
Group

Thermal Energy 0.02eVtoleV 0.02 eV to 0.625 eV

0.625eV to 5.5keV
Epithermal leV t010 keV

5.5k eV -0.86MeV
Fast Neutrons 10keV — 10 MeV 0.86 MeV- 10 MeV

It is evident from this that in the absence of scattering or absorpéolia neutrons can travel
a long distance from their source. What is even of greater concern in nuclear criticalty safety
analysis is that they can also be in the thermal range, making it quite likely that they may

induce fission to fissile material in ighbouring casksljeotlela,et al.,, 2012]

4.3.2.5 Statistical uncertainties

As has beershown in various storage arrays eKpgure 4.16 there is a huge statistical
uncertainty in thekes of the system as the distance betweeacent casks increases.
According to Dean [Deanret al, 2007], there are many factors which contribute to this and
these wil be discussed iection7.4. Some of the main factors include uncertainty in the
measurements of the radii or thicknesses of the cladding materials or in the mass of the
amount of the fuel loaded in the fuel assembly. This is further compounded by the uncertainty

in the spacing amgnadjacent fuel rods [Deaet al, 2007].

The compounding effect in modeling process due to biasing and the statistical
error/uncertainty in the sensitivity of nuclide cresection wil result in a high uncertainty
noted [Deanet al, 2007].

4.3.2.6  Neutron Importance

The final and possibly the most effective factor making the most significant contribution to
variation of kes with the type of the array is neutron importance, which wil be described in

detail insection7.6of this thesis.
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AslLewinsoncesaidl f an independent neutron source S
been established that in a linear system of sources, the behaviour admeeaid its progeny

will not be affected by other neutrons or the independent sources of neutrons, thus the
importance equations is independent of the source S. Idinear systems however, this

equation must be modified since the systems propertis®(fijsscattering, absorption) and
therefore, the way in which progeny will propagate in the system will be influenced by the
neutron density, fission densi t[yewirsn®5; t her e
Lewins, 1960].

In the context of this pregt, this implies that when the casks are arranged in a linear array
(p 1) the behaviour (fission, scattering, absorption etc.) of the neutrons and its progeny will
not be affected by other neutrons from other sources or the independent source of neutrons S
and subsequently the.. However, if they are in nelmear system sth as in & ¢ array,

the independent source has a much greater effect on the behaviour of neutrons and its
progeny, since the way in which the progeny propagates is influenced by the neutron density
and fission density and therefore, indirectly by theepehdent source of neutrons. This is the
fundamental difference between the results obtained it array versus those obtained

from¢ ¢ array.

4.4 Alternative methods of increasing the capacity of

spent fuel storage facility

4.4.1 Ranking of aluminium Composite Material for use as
Neutron Absorber Inserts

As a result of the continual increase of spent fuel assemblies in the spent fuel pools and the
reluctance of many nuclear regulators to take credit for burnup, an alternative method has
been developed that wipreserve the storage capacity of the spent fuel pool whie
maintaining the safety margin and thus reduce the demand of the casks. This involves the use
of aluminium composite material as neutron absorber infeRRI, 1988]

In this study three types ailuminium composite material were analysed to determine their
effectiveness to reduce thegs namely; AA1100 UNS, Boral Metal Matrix and ALCAN

Metal Matrix. The ALCAN Metal Matrix was further divided into derivatives 15.3%CB
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and 15.9% BC as shown inTable 4.6[O'Leary, et al, 1996; Lindquist, et al, 1993;
Northeast Technology Corp, 200BPRI, 1988]

The inserts are designed according to the location/area of the fuel assembly they were going
to be located. As such three locations were identiiscareas where high neutron densities

are likely to occur which will need neutron absorber inserts to reduce fission rate, namely
[Leotlela, et al, 2015]

1 The basket design
1 The Endeffect design,

1 The Central Instrumentation tube design

Table 4.6: Chemical compositionof aluminium composite material used as neutron absorber

inserts(Present study)

%ﬂ AA100 UNS Boral Metal ALCAN Metal ALCAN ALCAN

3 A91100 Temper Matrix Material Matrix Material 153% 15.9%

g @) Spec Spec

@ (%) (%)

(%) (%) (%)

Al 99 min 99 min 99 min 97.214059 | 97.00698

S 0.95 max 1.00 max 0.45 max 0.446691 0.461375

Fe

Cu 0.050.20 0.050.20 0.050.20 0.1293053 | 0.130131

Mn 0.05 max 0.05 max 0.05 max 0.011755 0.01183

Zn 0.10 max 0.10 max 0.10max 0.011755 0.01183

Mg 0.05 0.011755 0.01183

Ti 1.002.5 2.1746797 | 2.366024
100 100

B4C 15.30 15.90
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4.4.1.1 Basket Design

In this design, the composite material formed the basket of the fuel assembly where the fuel
assembly would be placdsefore being transferred into the spent fuel pool. In a case where
there is already neutron absorber material use@ dise case in reacking, this design is
further classified as either the new inserts were put inside the existing one or outside as
indicated inFigure 4.28andFigure 4.2%espectively[Leotlela, et al, 2015]
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Figure 4.28 Neutron absorber insert inside the fuel assembly flasktlela, et al, 2015]
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Figure 4.29: Neutron absorber insert outside the fuel assembly flaesttliela, etal., 2015]

4.4.1.2 End-Effect Design

In this design, the neutron absorber inserts sleeves were placed at the top and bottom end of
the fuel assembly as shownhigure 4.30to reduce neutron flux occurring at the ends of the

fuel assembly as a result of unavelistribution of neutron flux causing the eeffect
phenomendLeotlela, et al, 2015]. The top sleeve ranged from 76.1 cm to 201.1 cm while

the bottom sleeve ranged fromh35.81cm to -185.81cm Theywere then enclosed with the

outer regiongenveloping all of them, called the global regjheotlela, et al, 2015].

The design was further divided into two groups depending on whether region4 of the model
was made of water or borated steel and the models were executed As will be shown below,
the model with region4 made of water resulted in higkgrthan that of borated steel. It has

also been observed that in general this was less effective in reducikg twmpared to a
basket desigijLeotlela, et al, 2015]
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op Boraflex sleeve

Fuel assembly

Waterregion

Bottom Boraflex sleeves

Figure 4.30: Boraflex sleeves at the Top and Bottom end of the Fuel assdbaijiela, et
al., 2015]

44.1.3 The Central Instrumentation Design

In this design two options were assessed: in the first case the neutron absorber inserts was
placed inside the instrumentation tuiséhout its own cord as shown Irgure 4.31 In the

second case the neutron absorber was covered with the zirc2 cladding material as shown in
Figure 4.37Leotlela, et al, 2015]
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ALCAN
Zirc2

Figure 4.31: Neutron Absorber insert as a cord (without cladding) inCatral
Instrumentation Tubf_eotlela, et al, 2015]

ALCAN

Inner side of the tube
(H,0)

Outer side of the tube

Zirc2

Figure 4.32: Schematic illustration of neutron absorber inserts sandwiched by Zirc2 cladding

The results INMAPPENDIX 8 [Leotlela, et al, 2015] indicate that of the three designs, the
basket design has the largest effect in reducing¢helhis varied depending on the location

of the neutron absorber used and what the chemical composition of the neutron absorber was

Within the variations of théasket design, it was found that the largest decrease occurred
when the borated steel was replaced with boraflex and boraflex wasnimenostiayer as

was the case iRigure 4.28 That resulted in th&oDk/k,s varying between 13.6 and 16.69%.
The second largest @k/ks was noted when neutron absorber was onahtside of the
borated steel as shown kigure 4.29where it was found that the Dk varied from 9.34

and 11.69Leotlela, et al, 2015]
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The %Dk/k,es in end effect was found to be theeen 5.41 and 6.1, which occurred when

region4d was madap of borated steel.

The central instrumentation tube design had the least decre&gewith %Dk/k.s ranging
between 0.27 and 2.02 for the cord design and between 0.188 and 0.55 for the sandwich
design[Leotlela, et al, 2015] Furthermore, the results also showed that inclusion,&f B

the chemical composition of ALCAN wil have a negative effectkgp of the system,
resulting in an increase iker instead of decreasing it. This is due feestral hardening
whereby the amount of thermal neutrons required for fission 3tth, reduced to an extent

that the flux density is dominated by neutrons in the high energy fsvagner.et al, 2002]

As a result of this, there is an increase in nuclear reaction betf¥&érand high energy

neutrons.

Table 4.7: Moderating ratio of materials used in the calculatifirsotlela, et al, 2015]

xa .
é- s a a X a a
cmi®
Al 0.08 0.02 0.07| 0.40488
Si 0.09 0.01 0.07| 0.776525
Fe 0.93 0.22 0.99| 4.152691
Cu 0.61 0.03 0.03| 0.579138
Mn 0.18 1.04 0.04| 0.006248
Zn 0.24 0.07 0.03| 0.100067
Mg 0.16 0.00 0.08| 4.190167
Ti 0.23 0.33 0.04| 0.028319
SUM 10.23803
B,C 1.664| 81.00] 0.397| 0.008156
H,O 1.47( 0.019 0.92 71.17
Table 4.8: Chemical composition of borated stfiedotlela, et al, 2015]
xa .
é- a a s X a a
Element| % absorption| scattering MR
B 0.9 103 0.346/ 0.171| 0.000574
Si 1 0.008 0.089| 0.0698| 0.776525
Mn 2 1.04 0.181| 0.0359| 0.006248
Cr 19 0.255 0.247| 0.9872| 0.956229
Fe 67.1 0.222 0.933| 0.988L | 4.152691
Ni 10 0.42 1.6 0.9887| 3.766476
SUM 9.658743
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This wil subsequently result in the increasefPu and®*Pu which wil then increase
fission and consequently an increasekii To understand why there is a difference in
%Dk/kres In different designs of neutron absorber inserts, one wil have to take into account
the nuclear interaction, whether it is scattering or absorption that occurs inside the fuel

assembhfLeotlela, et al, 2015]

Thus if the neutron absorber inserts wardé¢ placed on the inside of the existingaeking
material it is likely to have a significant impact rather than when placed on the outside. The
other factor that played the significant role is the chemical composition of the neutron
absorber used whicls shown inTable 4.6 Since the current neutron absorber is borated
steel, it is important that its specific chemical composition is analysed to determine its
moderation ratio (MR), defined {puderstadt, et al., 2010]

xa .

MR =

a, (4.10)
where,

X =Logarithmic energy decrement,

a . =Macroscopic crossection for scattering, and

a . =Macroscopic crossection for absorption

Looking at Table 4.7and Table 4.8[Leotlela, et al, 2015], it is noted that the moderation

ratio for borated steel, neutron absorber inserts and water are respectively 9.658743,
10.23803 and 71.17, which excludes the moderation ratio fGr hich is 0.008156. For
neutron absorber inserts the moderatioio raiust be low[Leotlela, et al, 2015] Therefore

to decrease thesof the system, the borated steel must be on the inside and the new neutron
absorber on the outside which explains why kieis lower when the neutron absorber is on

the outside. $iilarly, when one looks at the moderation ratio gCBone will note that it is

the lowest of them all in the table. Therefore inclusion of this in the chemical formula will
result in the drastic decrease in the number of thermal neutrons, leaving thetigpopf

high energy neutrons much higher. As a result of this there wil be an increase in the reaction
rate betweerf>U and the high energy neutron leading to an increased yiedd®fi and

241py, which wil subsequently result in an increasédninstead of decreasing. That is the
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reason why ALCAN that contains,8 has higheker as shown irAPPENDIX8 compared to
the standard ALCAN with no & [Leotlela, et al, 2015]
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CHAPTER 5

5. ABNORMALOPERATING CONDITION

5.1 Introduction
The CASTOR X/28 caslthat is under study is designed to function normaly with only dry

air or helium, at a pressure of 31 bars (3100 kPa), surrounding the fuel assemblies. However,
it must be demonstrated that the cask wil remain subcritical under a number of anticipated
acddent conditions, such as misloading or water ingress due to aging. In noting that most
power reactors are literally on the edge of the sea, they could be filed with either fresh water

or seawater; as a result it was necessary to model both cases.
5.2 Water ingress scenario

Two approaches wer e Urseshfliel ampptrhoachi wats usetda
secondly, the spent fuel approach

5.2.1 Water ingress in ‘fresh fuel’

5.2.1.1 The neutron multiplication factor as a function of the
volume of water in the cask

The objective of this analysis was to determine howkihhef the system would be affected
by a gradual increase in the water level in a cask, and the results on castor x/28F were

compared to those MR24 which were performed by Bechtel on Behalf of US DOE

To achieve this, the entire length of the cask andukd assembles were divided into
divisions of 10% along the length of the fuel assembly and then gradually filed with fresh
water. At every 10% interval, an analysiskgf was performed in relation with the volume of
water in the cask.The results shen in Table 5.1 indicate that there is a sudden increase in

kest @s the water level increases from 0 to 10% and thereafter a gradual increase is registered
up to 40%. From 40% thke.s then decreases until 60%, and then increases again between 70

and 80% thereafter it continues to decrease until it is 100% full
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Table 5.1: kesras a function of amount of water in the cask (fresh fuel)

_ | Bechtel on
MJ Leotlela (this | pehalf of US
study) on Castor| pog
Soaes | Oonmpoas
using MCNP
eS| ket | 08 | ke | 09
0 0.1076 | 0.0004 | 0.3654| 0.0001
10 0.8882 | 0.0001 - -
20 0.9190 | 0.0001 - -
25 - - 0.9184| 0.0003
30 0.9206 | 0.0001
40 0.9207 | 0.0001
50 0.9206 | 0.0001 | 0.9450| 0.0003
60 0.9206 | 0.0001
70 0.9208 | 0.0001
75 - - 0.9575| 0.0003
80 0.9208 | 0.0001
90 0.9208 | 0.0001
100 0.9207 | 0.0001 | 0.9594| 0.0003

The variation in the magnitude of tker as the water level increases along the length of the

caskis brought about predominantly by two factors:

il End-effect: this accounts for thacreasein ke from a water level of 0 to 40%, and the

decreasdrom a level of 40 to 60%, and also for the increase from 60 to 80%.

1  The length of the fuel rod with respect to the length of the cask: The active length of the
fuel rod is 365.76 cm, whereas the length of the cask is 423.6 cm. The 57.84 cm
difference isfiled with water and there is no fissile material present in that area; hence
no fission takes place in that part of the cask. As a result of this there is a deckegse in

as the water level rises frod@ to 100%(refer to Table 5.1)
5.2.2 Water ingress in used fuel

Having studied water ingress and its effect on kiegof fresh fuel, it was necessary to
determine how spent fuel would respond to a similar incident. This was driven by the need to

ascertain how thées of spent fuel analysis that takes burnup crediwasfous nuclide sets
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into account would respond to a gradual increase in water levels in the cask. To that effect
two scenarios were investigated, the first one focused on the water ingress in acsaskcal

and the second one focused on a horizontak.cas

In both cases, the fuel assemblies under study had a burnup of 20 GWD/MTU and 30
GWD/MTU, in which theaxial profile was taken into consideration in the calculation. This is
particularly important sirg, if omitted, it could result in th&kes bei ng 3k nbno 5 %A
conservativgMueller, 2015; J.C.Wagneet al, 2003] To that effect theontrol in the input

deck waghusmodified to read in the same way as the excerpt of the input figime 5.2
read control

arp=w17x17

nax=18

axp= 0.668  1.034 1.15 1.094 1.053 1.048 1.064 1.095 1.121 1.135
114 1.138 1.13 1106 1.049 0.933 0.669 0.373 end

nuc= U234 0.635 P35 1.085 U238 0.992 P#238 0.856 P39 1.076 Pu
240 0.945 P41 1.087 P242 0.848 AnrP41 0.609 end

end control.

Figure 5.1: Excerpt of the input file of STARBUC showing the control input dediere

credit for burnup ofctinidesis taken

Furthermore, each of them i.e. the vertical and horizontal casks, included one of the three

burnup credit nuclide sets in their input files.

5.2.2.1 Water ingress into a vertical cask

In the vertical cask the same geometry as in the fresh fuel analysis was used, with the cask
being divided into discrete parts of 10¥owever, instead of using KEN®I [Bowman,
2008 to calculate the neutron multiplication factor, STARBUCS (Radulextcd., 2011)
was used since it has been specifically developed for burnup credit arfétysie 52 shows
a lengthwise section of the vertical cask showing the water level, fuel assembly and other
components of the cask. This must be analysed in conjunatibn fig.5.3. It wil be

observedrom that that a cask does not need a lot of water to reach its migmu
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Figure 5.2: XZ View of the vertical cask indicating water level at 5QPaesent study)
5.2.2.2 Water ingress into a horizontal cask

In the case of a horizontal cask, because the computer codes used in modelling this do not
allow for two geometry regions to intersect, only those areas where it would be possible to
insert the planeand divide the cask into smaller sections without ietetisg any of the fuel

assemblies were divided.
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Figure 5.4: water ingress in a horizontal cadkresent study)

As such, a plane was used to divide the cask perpendicular todhes.YThe results of the

two scenarie are indicated irFigure 5.3 and Figure 5.4 and in both cases the results agree,
showing that the most critical amount of water from a nuclear criticalty safety point of view
is the first few litres (up to 10% of empty spacaice this has the greatest effect on the k

of the system.

From bothFigure 5.3 andFigure 5.4, it may be observed that the first 10% of the water level
in the cask wil increase thie;s of the system from the lowest eigenvalligs § (of 0.21 and
0.34 in vertical and horizontal casks respectively) when filed with air to its highest (0.92 and

0.938 respectively), irrespective of whether the cask is horizontal or vertical. From there
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onward, thekes will stay constant regardless die amount of water addeskcept when it

reaches the midsection of the casks wherekghelecrease. Th&g increases again after the

level has passed the midsectitinhas also been shown that water ingress in a horizontal cask

results in highekest han in verticalk=clasOkks ,atb ya nayn

| eweerl a g

cask. However, when the two scenarios are compared at 100% full, the horizontal cask has a

lower ker than the vertical cask. This is due to the fact that all fuel assemblies tutly

have uniform enrichment, and therefore the-efidct is much more significant than it would

otherwise have been had this not been the @eseondly, when a horizontal cask experiences

water incursion, the water covers all areas (top, middlebattdm) of the fuel assembly at

the same time, whereas in the vertical cask the water starts covering the bottom part first,

rising through to the middle part and finally the top part. Lookind-igiire 5.5, it is noted

that the highest fission rate occuatthe top and bottom ends of the cask, and the lowest in

the middle of the cask, further confirming the uneven distribution of the neutron flux, which

consequenly results in the eatfect phenomenon.

Scale: } { 100.0cm

fission rate
Total fission rate
Values

I :.336-03-1.326-02
I 3.39E-04-3.33€-03
B 2 126-04 - 8.39E-04

5.34E-05 - 2.12E-04

1.35E-05 - 5.34E-05

3.40E-06 - 1.35E-05
_ 8.57E-07 - 3.40E-06
I 2.16E-07 - B.57E-07
I 5.45E-08 - 2.16E-07
I 1 336-08 - 5.46E-08
I :<7E-09-1.386-08
I 3.75E-10 - 3.47E-09

Figure 5.5: Front view of the cask showing fissioate at various regiondresent study)
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Since in the horizontal cask there is a reactive part of the fuel assembly (top and bottom part)
that is always submerged in water, neutron thermalisation is much higher than in the vertical
cask. Also, becaus®B is exposed to water, spectral hardening is much more dominant in the
horizontal cask, resulting in a higher yield 3fPu and**Pu and a decrease U fission
[Sanderset al, 2002. As a result, fission rate is much higher in the horizontal cask i

the vertical one which consequently leads to highgiin that cask than in the vertical cask.
Furthermore, it is observed frofigure 5.6 that the highest fission rate, and thus the highest
fission density, occurs in the centre of the cask dedreases gradualy as one moves

outwards to the periphery of the cask, as was reported ¢hdetlela et al, 2015.

fission rate
Total fission rate
Values

I :336-03-1.32E-02

- ' I 2.39E-04 - 3.33E-03
P 2.12E-04 - 8.39E-04
. _ l 5.34E-05 - 2.12E-04

1.35E-05 - 5.34E-05

3.40E-06 - 1.35E-05
© | B.57E-07-3.40E-06
I 2 16E-07 - 8.57E-07
I s 45E-08 - 2.16E-07
I 1 33608 -5.46E-08
I :<7E-09-1.38E-08
I 5 75E-10 - 3.47E-09

Scale: B 500cm

Figure 5.6: Crosssection of the cask (cut at z£60) showing fission rate at the the two

sourceqPresent Study)
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5.3 Cask flooded with water of differentchemical
compositions

Having determined how thk.is affected by the gradual increase in water in the cask, the
focus was now to determine how water with different chemical composition would affect the
neutron multiplicationfactor of the system. To achieve that, two separate models were run

with the cask flooded with freshwater and seawater.

It is assumed that all agaps in the cask are filed with water and the pressure kept constant
as under normal operating conditonsh& reading this, it is advisable mote that this is not
about testing the process of how water wil get into the casks; the objective is to test what the
effect of water ingress will be on thes of the system if the fuel assemblies were to get into
contact with water, irrespective of how water got into the cask. For the full process of how
water wil get into the cask, the reader is referred tdtp://www.eurosafe
forum.org/userfiles/2 03 Eurosafe2010%203 Kilger%20(GRS).ptiat is a subject on its

own which is outside the scope of this project. From the neutron moderation theory, & is well

known trat neutrons are born in the high energy range (MeV) [Dudergtadt, 2010]. At

such high energy range, it is very unlikely that they will induce fission when interacting with
either fissile nuclides?{™U, #%Pu and*'Pu) or fertile isotopes (such 4%8U). However, it is

far more likely that fast neutrons wil undergo inelastic scattering with lighter moderator
nuclei (( and #) and slow down to the thermal energy range where they have a much
higher probability of causing fission. During the slgvidown process they may also leak
out of the system or continue to diffuse unti they are absorbed by either th&*Jueh(this
case) or moderator (B-Al,O3 in the case of our model). As stated above, two accident

scenarios have been investigated:
i flooding with freshwater and

1 flooding with seawater.

These scenarios received a priority after the recent earthquake in Japan which led to the
closure of the Fukushima Daiichi Nuclear Reactor. Considering that many nuclear power
stations are very close tbe sea for use in their cooling system, it was prudent that a study
was conducted to determine what the effect of freshwater and sea water would beginfthe

the cask given that under accident conditions the cask can be filed with either of them. Thi
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is particularly important for South Africa as Koeberg is on the edge of Atlantic Ocean and
there are a few more nuclear power stations planned to use the same cooling medium. Two
scenarios were run, one for the cask with seawater the other for freshiveteesults were

compared on the basis of the changkgjn

5.3.1 Effect of water of different chemical composition on the K

of a system.

The comparison of the effects of the two media was based on the chahkggwith an

increase in moderator temperature as well as the increase in enrichment in either case.

5.3.1.1 The neutron multiplication factor versus temperature

As shown inTable 5.2 seawatercontains significantly more chemical elements than fresh
water some ofvhich some have very high cresection for neutron absorptigRidwirny, et
al., 2006; Duderstadtet al, 2010] Chemical elements with significantly high microscopic
absorption( & and scattering & crosssections only found in seawater and not esfr
water are chlorine (Cl) and bromine (Br). High neutron absorption -sest®on wil reduce

the number of neutrons that participate in criticalty and thus reklyce

To test the effect of temperature increase orkthethe temperature was inciseal to 900K,

which is very close to that recommended by the IAEREA, 2000). The IAEA requirement

for analysis of containers of hazardous nuclear fuel materials like the Castor X/28 cask is that
the analysis must include heap to 800°C (1073.15K)[IAEA, 2000] [Sprung,et al, 2000;

WNTI, 2010} It will be noted the graph shows a number of changes in slopes which signifies

transition in internal phag&prung, et al,, 2000]

The other physical property that is importangrtigularly to criticality is the logarithmic
energy decremerit {which gives an indication of theumberof collisions required to slow a
high-energy neutron to the thermal energy range, which can be calculated from Egn (5.1) as
follows [Duderstadt, etlg 1976].

x=InE, -In E,
E, 5.1




where, g and E, refer to higher and thermal energies respectively.

The numbem of collision required to thermalize a neutron frogt&Ey is given by

n= th 52
X
Furthermore & can be calculated as
2
XO
A+ % 5.3

whereA is the atomic mass of the scattering mateliawill be noted from this that (, #)
always have highe¢ ( &nd9.158 for (, and , #). Stated otherwise, yowil need a
smaller number of collisions to reach thermal energy if light elements are used.
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Figure 5.7: Effect of variation in Temperature on tkg: : Dry Air (Present study)
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Thus, although seawater contains carbon &ith =  @hich $h8uld aid irslowing neutrons
down to thermal range and thereby improve the chance of fissioning, this is overcome by the

collective absorption from all other elements present.

The results inFigure 5.8 indicate that ingress of water regardless of whether it is fresh o
seawater, it wil result in an increasekig relative to that of a dry caghown inFigure 5.7.
However, it is the water that has highest amount chemical impurities that wil have the least
increase inker Reading theker at 296 K inFigure 5.8, it is noted that thées of fresh water

and seawater are respectivéip678, and 0.9369, whereas that of dry dagkre 5.7 at the

same temperature is 0.293Fhis implies that the increase ks due to fresh water ingress

will result in aDks, = 0.96780.2934 = 0.6744 whiBk.,, due seawater will be 0.6435.
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Figure 5.8: ker as a function of temperature: cask filed with water of three different chemical
compositions TU = 4.4 wt%)[Leotlela, et al, 2015
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Table 5.2: Physical properties of water that are important to nuclear criticalty safety analysis
(Present study)

m 2 X o
) 2 & o) Crosssection
3 = 2 o
z = D g
Composition g.cm® barns cmt
n 9
3 3 % § Ga | Os| G a s ¢
T 3
S 3
O 85.85| 88.89 | 0.0014( 0.120 20 | 4.2| 24.2| 0.0 21 21
H 10.82 | 11.11 8.9 1.00 [ 0.33 ] 38| 38 [ 1.7° | 0.002[ 0.002
0.056
cl 1.94 - 0.0032 1 338 | 16| 49.8| 0.002| 8¢ | 0.003
0.084
Na 1.08 - 0.971 . 0.525| 4 | 453 0.013| 0.102| 0.115
0.081
Mg 0.1292 - 1.74 1 0.069| 3.6| 3.67( 0.003| 0.155| 0.158
0.061
S 0.091 - 2.07 ) 052 | 11| 1.6 | 0.020| 0.043| 0.063
0.049
Ca 0.04 - 1.55 5 0.44 | 3.0( 3.44] 0.010( 0.070| 0.080
0.050
K 0.04 - 0.87 4 2.07 | 1.5| 3.57| 0.028| 0.020( 0.048
0.024
Br 0.0067 - 3.12 ; 6.7 6 [ 12.7]| 0.157| 0.141| 0.298
C 0.0028 - 1.60 | 0.158 | 0.004| 4.8 48 | 32 | 0.385] 0.385

®valuehas been multiplied by 1fb effect a meaningfulnumber
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It is important to note that between 800 K and 900 K, water is in equilbrium with steam.
Looking at the results presented in Figure 5.9, it is observed that, between 800 K and 900 K,
the rate at which thés decreases is much slower than earlier, that is, it is beginning to
plateau. This may be ascribed to cladding failure, which is caused by either irradiation
induced corrosion and/or temperature induced stress [Kononen, 2012]. Therefore, as a result
of fuel cladding failure there wil be ingress of water. This wil result in extra moderation to

an otherwise undemnoderated system and thus will result in an increxdisiee ket asis shown

in Figure 5.9. In addiion, since the fuel wil now be in contact whi#a moderator, which

could be either steam or liquid water, it wil be at the same temperaturiewas indicated

in section 2.1.2.1, as the temperature increases the fuel undergoes several crystal structure
transformations (refer to fig. 2.2). At 655 (@38 K) the fuel changes from the orthorhombic

( atd the tetragonal PBphase, and at 770 °C (1043 K) it changes fromBtphase to they-

phase, which has a BCC structure.
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Figure 5.9 : ker as a function of enrichment: cask filed with watetwb different chemical
compositions (T =296 K) (Present study).
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Therefore, not only wil the increase in temperature affiegt as a result of Doppler
broadeningbut also changes in crystal structure fgllithemselves have an effect on thg

as they chnge the diffusion coefficient (for neutrons) of that material (see fig. P¥y.is to

be expected since seawater contains a significantly higher concentration of salts in the form
of chlorides (Cl) and bromidesvhich have high neutron absorption microscopic cross

section( 4.

5.3.1.2 The neutron multiplication factor versus Enrichment

Again for the same reason stated above the results in Fig@edicate that when two are
compared on the basis ki; versus temperature, the increase s is much slower in

seawater compared to freshwater.

5.3.1.3 Effectof increase in moderator density on the neutron

multiplication factor.

In case of freshwater ingress, it is imperative to establish how change in moderator density
will affect the neutron muttiplication factor of the cask. To that effect, three different models
were run at three different temperatures: RQ&00 K and 900K with a view of determining

what the effect of increase in moderator density would be inaditficThe enrichment on all

of them was kept constant at 3.9 wt%. The resulfSigare 510 show that as the water
density increases, thiess will increase accordingly. In analysing this,is important to note

that the Castor X/28 cask and the PW#actor core such as that found at Koeberg are

heterogeneous systems in which the moderator is separate from the fuel.

The six factors discussed in section 2.4.1 affect a heterogeneous and a homogeneous system
differently. The main factors which play rola this are theesonance escape probabilty and
thermal utiisation factor as described iections 2.4.1.2and 2.4.1.3 respectively. As
described in Sectio2.4.1.1 in the heterogeneous system the flux in the fuel region wil be
different from that ofthe moderator region primarily because of the absorption rate of the
fuel. This is further compounded by the fact that the volume of the fuel, moderator and
poison wil also be different in the two region¥herefore,when the fuel temperature
increases, e water moderator expands (resulting in a decrease in density) forcing a

significant amount of water out of the reactor vessel or the cask whichever vessel is used.
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Figure 5.10: Effect of increase in moderator density on criticaftyeotlela, et al.,2015

This means that the atom density of the fuel wil be significantly reduced thereby reducing
the probabilty of a neutron being absorbed by the fuel. This wil then result in the increase in
the thermal utiisation factor as the temperatucreases because the neutrons have a much
better chance of reacting with the fuel. As a result of this, the temperature coefficient of the
thermal utiisation factor wil be positivfDuderstadtet al, 2010; Lewis, 20085econdly, it

is a known fact thalighter nuclei (low atomic mass) such as hydrogen are much more
effective in slowing down neutrons to thermal energy range compared to heavy nuclei, stated
differently lighter nuclei need a fewer number of collisions to thermalize a neutron from 2
x10° MeV to 1 eV, compared to their heavier atomic mass counterjutierstadtet al,

2010] Hence, the higher the density of hydrogen per unit volume, the greater is the
probabilty of scattering from which it can be inferred that the more colisions aoneut
encounters with hydrogen, the higher will be the fission rate and subsequently the higher the
criticality wil be.
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5.3.2 Comparison of fuel assemblies from different

manufacturers.

If the nuclear reactor operator intends sourcing nuclear fuel from different fuel suppliers, it is
imperative that both their physical and chemical properties are thoroughly analysed and a
comparative study is performed to prevent any significant differamany of their physical
properties. If there is a difference at all, the significance of the difference must be ascertained
and quantified and whether it will not pose any safety risk if they happen to be mixed in the
core or cask should also be asciedd.

If there is a significant difference in the coefficient of thermal expansion of the fuel
assemblies, there is a risk that they may expand at different rates and entangle one another,
creating a huge safety risk when removing them from the coresérwelaich may result in a

nuclear incident.

0.98 @ —m—AFA-3G (**U=3.9%)
\ —8—AFA-3G (*U=4.4%)

0.97 ’1‘\ AFA-3G (**U=5.0%)

] r" —w—374-RFA(*U=3.9%)
0.96 + \21‘\ 374-RFA(FU=4.4%)
1 2. —4—374-RFA**U=5.0%)
0.95 - e .
0.94 1 "“‘“-\ ﬁ‘“\m.‘ 7
] »
5 0.93 4 .
v &

] [ ] \
i I

0.90 - !\.
0.89 T~
0.88 \; .

L) I T l L) I L) l L) I T l L)
200 300 400 500 600 700 800 900

Fuel Temperature (K)

Figure 5.11: Comparison of 3H#RFA and AFA3G Fuel Assemblies (Present study)
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That kind of study is a specialised field on its own and falls outside the scope of this thesis.
The two fuel assemblies under study were supplied by Westinghouse and AREVA with fuel
types 374RFA and AFA3G respectively. In this study their comparison wased purely on

their nuclear criticalty aspects with respect to increased fuel temperature.

The fuel temperature referred to in this research is the effective fuel temperature rather
surface temperaturés or the centreline temperatuiie which is a function of both of them.

Their relationship to one another is given[Badulescuget al, 2006]:
T =T 49T, 1. (5.4)

The results inFigure 511 indicate that within the same enrichment levels e.g. 3.9% the

change in fuel temperature had the same effect on criticalty on both fuel assemblies.

The reason for the decrease in criticalty as the temperature increases, is because in water
moderated sstems, increasing the fuel temperature wil result in an increase the resonance
absorption by”*®*U due to Doppler broadening. This implies that there wil be a decrease in
resonance escape probability of neutron which wil result in a decredsg IFuthermore,

as the temperature of water increases, its density decreases allowing more resonance energy
neutrons to enter the fuel and be absorbed which contributes to an even further decrease in
Ker [Lewis, 2008 Duderstadtet al, 2010; Lamarsh, 2002].

Also, as expected at a constant temperature and burnupyihereases with an increase in

the level of enrichmentCuderstadtet al, 2010]

This is because an increas€’U wil lead to in an increase in the fission rate and hence the
increasein criticalty. However, the purpose of this exercise was not to prove the latter, but
rather to determine whether Castor X/28F which is only licensed to a maximum enrichment

level of 3.5% can be used for higher enrichments

At the temperature of 298 both fuel assemblies (refer teigure 5.11) with an enrichment of

4.4 wt% and 5.0 wt% are already above the recommended regulatory limit of 0.95. This
proves that the Castor X/28F cask cannot be used in fuel assemblies with enrichment higher
than 3.9 wt%, wish is in agreement with the design specificatibhe main factors which

play role in this are theresonance escape probabiity and thermal utiisation factor as
described insections2.4.1.2 and 2.4.1.3 respectively.
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Table 5.3: Comparison of AFA3G and 374RFA
keﬂ
3.9wt% 4.4 wt% 5.0 wt%
T(K)

AFA- 374RFA | AFA-3G | 374RFA | AFA-3G 374RFA

3G
296 0.9259 [ 0.9240 0.9536 0.9530 0.9812 0.9803
600 0.8971 | 0.8966 0.9264 0.9264 0.9566 0.9571
900 0.8793 | 0.8789 0.9093 0.9094 0.9412 0.9384

As described in section 2.4.1.3, in the heterogeneous system the flux in the fuel region wil be
different from that of the moderator region primarily because of the absorption rate of the
fuel. This is further compounded by the fact that the rweluof the fuel, moderator and

poison will also be different in the two regions.

Therefore ,when the fuel temperature increases, the water moderator expands (resulting in a
decrease in density) forcing a significant amount of water out of the reactor methsetask
whichever vessel is used. This medhat the atom density of the fuel will be significantly
This wil
then result in the increase in the thermal utiisatiootdia as the temperature increases

reduced thereby reducing the probabilty of a neutron being absorbed by the fuel.

because the ngons have a much better chance of reacting with the fuel. As a result of this,
the temperature coefficient of the thermal utiisation factor wil be pogikelerstadtet al,
2010; Lewis, 2008]

Second, it is a known fact that lighter nuclei (low atomic mass) such as hydrogen are much
more effective in slowing down neutrons to thermal energy range compared to heavy nuclei,
stated differently lighter nuclei need a fewer number of collisions to theemalimeutron

from 2 x16 MeV to 1 eV, compared to their heavier atomic mass countefpautierstadtet

al., 2010] Hence, the higher the density of hydrogen per unit volume, the greater is the
probabilty of scattering from which it can be inferred thh¢ tmore collisions a neutron
encounters with hydrogen, the higher wil be the fission rate and subsequently the higher the

criticality wil be.
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54  Misloading

54.1 The risk of misloading spent fuel casks

This section wil study the abnormal operating conditibrthe spent fuel casks as result of
misloading which can happen as a result of poor spent fuel management such as inadequate

record keeping of assembly power history, enrichmentplrgactor cooling period etc.

Misloading of underburned fuel assembliesults in an increase in reactivity. The magnitude

of increase depends on several factors but the most common ones are; power history of the
fuel assembly, postradiation decay period, fuel enrichment, assembly burnup, assembly
position in the reactocore and the amount by which assembly is less than the minimum
burnup value for loading acceptance, and the latter is the most important factor of all of them
[Wagner, 2008]

There are therefore, a number of combinations of misloading that can be evaklatéd
may be classified into the following categorf@gagner, 2008]

| Scenario 1: The effect of misload involving underburned fuel, where the degree of
underburn can range from 1% to about 90% underburned.
T Scenario 2: The effect of misloading involvifgesh fuel with enrichment?{V)
levels varying from 2, 3, 4 or 5 wt%.
1 Scenario 3: The effect of misload involving multiple fuel assemblies in the above two
scenarios.
The study of the probability of misload falls outside the scope of this researchhascsuc
attempt wil be made to quantify scenario 1, however where necessary wil take credit of
applicable probabilistic risk assessment (PRA) results and apply them without deriving them.
Some such values which are particularly important in this studyhaceste used i n Wa
[Wagner, 2008] study in which it is estimated that the probabilty of a single misloading can
range between T™and 10 for a large cask. Furthermore, according to Wagner if it is
assumed that multiple misloading events in a sioglek are independent, then the probability
of misloading n fuel assemblies can be estimated by raising the probabiity of a single

misloading to the powar [Wagner, 2008].
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In this thesis scenario 2 in combination with scenario 3 invokaagtivity axid burnup will
be evaluated. This is primarily because there has already been extensive research about

scenario 1 where reactive axial profile is not involved.

5.4.1.1 Application of the loading curve to mitigate the

consequences of misload The misloading events@based on castor
X128 F where there is uniform fuel enrichment throughout fuel rod, hence much more
reactive axial profies and only major actinides nuclide sets were Wdeeh spent fuel are to
be loaded into the spent fuel cask, the decision whellegrare acceptable or not acceptable
for loading is based on the loading curve of the daske discussed in detail &4 a), b),
6.4.1 and 6.4.2 The loading curve may therefore, be described as a representation of the
combination of burnup and the initial enrichment that corresponds to the limiting value of the
kes fOor a given confjuration such as a cask or a spent fuel pdalisthe fuelassemblywith
insufficient burnup (i.e. with lower burnup than the limitihg burnup obtained from the
loading curve are not acceptable for loading. Therefore, the further below the limiting burnup
value the misloaded cask is; the more critical the situation of exceeding the regulatory limit

becomes.
5.4.1.2 Compilation of STARBUCS Misload Input File

If one wants to perform misload calculation involving a fuel assembly of either a lower
burnup or fresh fueihto a cask containing high burnup fuel assemblies using SCALE, one
will need to have two separate fuel assemblies at two different burnups in the
model. However STARBUCS can only use one ARP lbrary in a STARBUCS
calculation. Consequently, one cannotitptwo different fuel assemblies with different power

histories and decay period into the same model.

Thus in this thesis a mechanism of working around this STARBUCS limitation was found
which involved performing STARBUCS calculations on all fuels as thahgy were the

same. Then the CSAS6 model was copied out of the STARBUCS output file and modified
the CSASG6 input file to use as an additional fuel type, including addition of fuel composition
for the additional fuel type. This needed an additional foeland fuel assembly model to be
created for the misloaded assembly and placing the misload assembly in the array in the cask,

finally gave the intended results.
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Starting from STARBUCS model which was run for actinides before, the following changes

weremade as required by STARBUCS to create a Reference input file:

1 Changed the mixtures in the unit cell model to use mixtures 1 (fuel) , 2 (Cladding), 3
(Moderator) and 0 or 4 (Gap)

1 Then in the same input file, (call it reference input file), the following were added:

nax and axp inputs to define the 18 fuel mixtures:

1 nax=18 and axp= 0.649 1.044 1.208 1.215 1.214 1.208 1.197 1.189 1.188 1.192 1.195
1.190 1.156 1.022 0.756 0.614 (L48.284 end).lt is important to note that the axp

array added may not be appropriate for other reactor/fuel types.

i Added the shell command at the end of the input file to save the csas6 input created
by STARBUCS. The shell command is as follows;

“ = s hapylsysin2 "%RTNDIR%® sas6r 0. inp end”

i The model was then executed and produced a new csas6 input file which is saved as
csas6r0.inp and shows all nuclides concentration after the Reference input file was

run .

1 From this (i.e. csas6r0.inp) a new inpie (seeAPPENDIX 7), csas6rl, was created

by modifying csas6r0.inp as follows

0 Added mixtures 21 (92234=0.040 wt%, 92235=2.4 wt%, 92236=0.02 wit%,
92238=97.53 wt%), 22 (Zirc2) and 23 AB)) for fresh fuel rod compositions

0 Added a new first lattice celithe read cell data block for the fresh fuel rod
which is as follows: lattice cell square pitch fuelr=0.4096 21 gapr=0.418 O
cladr=0.475 22 hpitch=0.63 23 end

0 Created unit 21 (just above unit 1) to model a single fresh fuel rod

0 Added unit 24 which is &resh fuel assembly and a copy of unit 4 where array

1lis unit 4 is replaced by array 2 in unit 24.

0 Replaced the first “ hdhiserepldcesoneibturied “ hol e
fuel assembly with a fresh fuel assembly which is a misloaded fuel.
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0 Added aray 2 in the array dataArray 2 is a copy of array 1 with the fuel rods

changed from unit 1 to unit 21.

The misloaded fuel assembly was moved around the cask to find the worst case misload

[Leotlela, et al, 2015] The aim of the analysis was to determine the following;

i How the location of misloaded fuel assemblies wil affecttef the system.

i What the effect of multiple fuel assembly misload would be on ¢hefkkthe system.

To determine how the location of misloaded fuel assemblies would affdctiod the

system, three cases of single misloaded fuel assemblies at different locations of the casks

were investigated.

To determine the effect of multiple fuel assembly mdlam thekes of the system, three

different cases were investigated which were categorised as;

i Single FA misload,

i Two FA misload and

| Three FA misload.

Each case was misloaded as per Tablés5®h, and 56 respectively. Thds of the three fuel

assemblies were then compared with those of a single FA located at locatioif ailecb4.

Each case was investigated at different fuel enrichment of the fresh fuel. The results indicate
that if the misloaded cask is near the centrehef cask, it wil exhibit the highets for
enrichments above 2.5 wt%. For enrichments below that, casks further away from the centre
will exhibit the highesker. The increase iker in fuel assemblies near the centre is a function

of the number of fuel assemblies that surround the misloaded fuel assembly and the distance

between misloaded fuel assembly and those which surround it.

Table 5.4: X-Y Co-ordinaes of three cases of single misloaded fuel assemflliestlela, et
al., 2015]

Case # X Y Comment

1 16.25 16.25 Inner Source
46.95 16.25 Inner Source

3 94.90 0.00 Outer Source
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Take for example the misloaded FA in Figure29dcated at (16.25; 16.25) and compare it
with those at (46.95; 16.25) and (49.9;he FA at (16.25; 16.25) is surrounded by four (4)
fuel which are also very close to the misloaded FA compared to the FA at (46.95; 16.25) and
(49.9; 0) which are only stounded by 2 FAIn addition to having fewer neighbouring fuel
assemblies the FA at (49.9; 0) its nearest neighbours are further away compared to those of
the other two misloaded fuel assembliesotlela, et al, 2015] Apart from being far from its
neighbouring fuel assemblies, the number of neutrons being transported to it is further
reduced by the cast iron material that surrounds it, adding to the decr&ase in

The fuel assembly with more neighbouring fuel assemblies -bipskas a much greater
chance of interaction with neutrons from neighbours than if it had fewer and are far apart,
hence the difference ke [Leotlela, et al, 2015]

Table 5.5: Co-ordinates of twamisloaded fuel assemblidkeotlela, et al., 2015]

Location # X Y
1 16.25 16.25
2 -16.25 16.25

Table 5.6: Co-ordinates of three misloaded fuel assembjlis=otlela, et al.,2015]

Location # X Y

1 16.25 16.25
2 -16.25 -46.95
3 -16.26 16.25

142




Fuel Assembly (16.25;16.25)

Stainless steel

<€—— Castlron
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Figure 5.12: Crosssection of the Castor X/28 cask showing misloaded fuel assemblies
[Leotlela, et al, 2015]

When there are multiple fuel assembly misloaded, the results indicate th&tgtbé the
system wil increase with an increase in the number of misloaded fuel assemblies. Therefore,
as indicated in Figure B3 the cask with three misloaded fuel assemblies will have a higher
Ker than with two misloaded fuel assemblies which in turn wil be higher than that of a single
misloaded FA.

However, according to Figure 18, that depends on the combination of locatioris o
misloaded fuel assemblies and the number of misloaded fuel assemblies, for example when;

1. two misloaded fuel assemblies both located near the centre of the cask (16.25,16.25)
will yield a higherkes than the same fuel assemblies located in the periphery (94.90,0)
[Leotlela, et al, 2015]

2. one of the two misloaded fuel assemblies is located near centre (16.25,16.25) and the
other in the periphery (94.90,0.0), tlker of such a combination wil be lav than
that of the system where both fuel assemblies are in the centre, i.e. case 1) above
[Leotlela, et al, 2015].
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Figure 5.13: Effect of the location of a single misloaded Fuel Assembly orkdhef the
[Leotlela, et al, 2015]

1 One of the two is located near the centre of the casks (16.25, 16.25) and the second
one in the middle between the centre and the periphery (46.95, 16.286) wikbe
higher than in case 2) abojiesotlela, et al, 2015].

1 Both misloaded fuel assendd are in the periphery, they wil have the lowkgtof

all combinations[Leotlela, et al, 2015]

For the physics behind the changekia with the location and the number of fuel assemblies
the reader is referred to the discussion on spatiakkieliding and resonance ssliielding

as described in sectiods3.2.1and4.3.2.2respectively.The other equaly important factor is

the endeffect in the fuel assemblies given thatthis research the fuel assemblies have a
uniform enrichment level. Since the initial enrichment fuel assemblies is 2.4 wt%, it implies
the top and bottom of the fuel assemblies wil stay at about the same enrichment while the

centre is depleted bauseof the buildup of fission products.
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Figure 5.14: Multiple misload where two misloaded BAre in the centrfLeotlela, et al,
2015]

Therefore, when a fresh fuel is misloaded into the cask, theféact wil have the greatest
contribution to the systemk.s particularly around 2.4 wt%. As a result of this the graphs
(Figure 5.13 and Figure 5.14) in the region around 2.4 wt% are swappedund. Theeason

for the change irkes With misloaded fuel assemblies is because the misloaded fuel assemblies
are fresh which by definiton have not been irradiated and therefore very little fission
products vith parasitic absorption are produced. Because of the reduced parasitic absorption,

there will be an increase k.
5.4.1.3 Probability of misloading the cask

It is not the objective of this project to perform a complete probabilistic risk assessment
(PRA) of every event that takes place during the lifespan of the fuel assembly, and that is
why no PRA analysis was performed in earlier sections. However, because of the potential
consequences associated witfisload, its probabilty calculation has been included the
analysis. The PRA was performed using the computer aided fault tree analysis (CAFTA)
code developed by EPREPRI, 2007]
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5.4.1.3.1The importance of a clear and unambiguous operating
procedure for the cask loading process

The cask loading process developed by the fuel engineering department who have the
record of what the burnup and decay period of each fuel assembly is in the spent fuel pool,
and the expected location in the cask. The process varies from power station to power station,
as such a eneric loading process was used in this calculation to ilustrate how misloading
can occufKnudsen, 2003]

1 The appropriate engineering department at the plant wil determine which fuel
assembly wil be loaded into the cask, taking into consideration dixgign
specification of the cask and conformance of fuel assemblies to the design
specification. Important factors which determine whether the fuel assembly can be
loaded are the burnup, decay period and initial enrichif@mnidsen, 2003]

A review is perbrmed to verify that the appropriate assembly was selected.

A fuel move sheet is generated, which is a standard form containing the alphanumeric
grid location of the fuel assembly to be loaded, its serial number, final burnup and
date on which it was put ithe spent fuel pogKnudsen, 2003]

1 A physical inventory using an underwater camera is performed to verify that the serial
numbers specified in the sheet are the same as those in fuel assembly.

1 Transfer the fuel assembly from the spent fuel pool tocttek. This will consist of
verifying that a fuel assembly from the correct grid location of the spent fuel pool is
moved to the correct location of the cask.

1 Once the cask is fuly loaded an independent reviewer (nuclear fuel engineer) wil
verify that thecorrect fuel assemblies have been loaded into the cask.

This is summarised ifrigure 515

The cask loading process describeyl Figure 515 was modelled using an event tree
methodology using CAFTA code. An event tree is a systematic process for identifying all
possible accidents sequences that can occur as result of an initiating event. A sequence in this
context refers to a series of successad failures of top level events of the event tree. The
event tree consists of top level events that are systems or activities relied upon to bring about
the desired outcome. The-bpanch indicates auccesswhile the dowrbranch indicates the

failure of the top event.
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Figure 5.15 Generic dry cask loading activitig&nudsen, 200B

Table 5.7 Summary of Human Error Probabilties used in this calculgtamdsen, 2003]

Basic Event Name Mean Probability
Choose Assembhjo be loaded 4.84x10°
Move-sheet 4.84x10°
Fuel Transfer 8.70x10°
Final Review 1.61x10°
Independent Reew 1.61x10°

The Human Error Probabiites (HEP) used in this study were taken from generic data
published by the Electric Power Reseaha$titute (EPRI) and other refererscEPRI, 2008;

EPRI, 2002; Knudsen, 2008nd are summarised in Tabl& .3t is important to note that the
mean probabilties listed in this Table refer to the likelihood of faiure of each individual
activity with the loading process. Combining thelfiaés to perform each of these steps yields
the likelihood of misloading one or multiple assemblies within the cask. The event tree used

in the analysis of misload events in this project is indicatdedgimre 516. It is observed from
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the event tree that multiple misloads have a higher probabiity of occurrence 18°34than
a single misload.

This is due to common cause failure which increases with the number fuel assemblies. It has
been observed that of the singigsload that occurred, the probabiity due to error in the
move-sheet which resulted in the incorrect fuel assembly being loaded in the cask and the
error not being detected was higher (2.22)1than if the error was detected (1.24R10

Only sequencesending with single misload or multiple misload have been studied in this
research. Each of the sequence of the event tree may be described as follows [Knudsen, 2003;
EPRI, 2008];

1 Sequence 1. Assemblies were correctly chosen, the -simet properly geneed
and all assemblies were correctly loaded.

1 Sequence 2: Assemblies were correctly chosen and the -shee¢ properly
generated, but the fuel transfer error led to an incorrect fuel assembly being loaded
into the cask. However, the error was identifiedhm final review.

1 Sequence 3: Assemblies were correctly chosen and the-shees was properly
generated, but a fuel transfer error led to an incorrect fuel assembly being loaded into

the cask. The error was identified in the independent review.
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Figure 5.16: Event tree for determining the likelhood of misloading the cask (Present study)
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1 Sequence 4: Assemblies rgecorrectly chosen and the meskeet was properly
generated, but a fuel transfer error led to an incorrect fuel assembly being loaded into
the cask. The error was not identified in the final review or independent review. A
single assembly was misloaded.

1 Sequence 5: Assemblies were correctly chosen, but error in thesteee led to an
incorrect assembly being loaded. The error was identifigttieirfinal review.

1 Sequence 6: ésemblies were correctly chosen, but an error in the 1sloget led to
an incorrect assembly being loaded. The error was identffied in the independent
review.

1 Sequence 7: Assemblies were correctly chosen, but an error nmotlesheet led to
an incorrect assembly being loaded. The error was not identified in the final review or
independent review. A single assembly was misloaded.

1 Sequence 8: Assemblies were incorrectly chosen. Multiple assemblies were

misloaded.

5.4.1.4 Comparison of Single versus Multiple Misload

According to EPRI in 2009 there were approximately 52000 fuel assemblies loaded into 1200
casks. As a result of this huge number of fuel assemblies being moved around, there was
potential for misloadEPRI, 2002; EPRI, 2008]Hence a study was launched determine the
probability of misload of multiple fuel assemblies compared to a single misload.

If it is assumed that misloads are independent events and that multiple misloads occur as a
result of muiple fuel transfer errors, rather than due to choosing fuel assemblies, then the
probability of multiple misloads can be obtained by calculating the probabilkynatloads

in n trials given a misload probability gf. The single fuel movement transfprobability of
2.73X10" gives an error of probabiity of 8.70xi0per cask[EPRI, 2008; EPRI, 2002;
Knudsen, 2003] Thus, the probabilties for one to five independent misloads calculated using
the same methods are summarisedlable 58. These must heever be read in context
taking into consideration that only the effect of the presence or absence of the reviews are
taken into consideration and no other factors, and is the basis on which the event tree above

Figure 516 was developed.
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Therefore, because fromFigure 516 muliple misloads have a higher probability of
occurrence than single misloads, and the fact that they have kigltean single misloads;
the bounding accident scenario wil, therefore, be where multiple fresh fuel assenmlies a

misloaded near the centre of the cask.

Table 5.8:Probabilty of Independent Multiple Misloafnudsen, 2003]

Number of misloads from fuel Transfer Errors

i 2 3 ) 5
Without

0 3
Final 8.66x10° | 3.671F | 1.00x0 | 1.98x10° | 3.03x10°
Review

With - Final 139x10 | s5.91x1g | 16110 | 3.19x10" | 4.88x10%°
Review ' '

With  both

Reviews

4 7
22501 | 9.50x10° | 2.60Ex1dt | 5-14x10° | 7.86x10°
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CHAPTER 6
6 BURNUP CREDIT ANALY SESEffect of

burnup on the neutron multiplication factor

As part of this research an analysis was performed to determine the effect of burnup on the
Kef Using various burnup credit nuclde sets. Theultesobtained in this study shown in
Figure 6.1 indicate that between 20 and 25 GWD/MTU there is an increadsg[lreotlela,et

al., 2013. This because it is too early in the cycle of the fuel, no fission products have been
generated yet. Therefore because the material density of the fuel is higher than that of fission
product there is an increase kigs [Leotlela, et al., 2015. From 258 GWD/MTU there is a

sturdy decrease iRer as burnup increasdseotlela, et al., 2015. This is consistent with the
results in Figure 6.2 of a similar study conducted at Oak Ridge National Laboratory
[Radulescugt al.,2008].

In addition to that, the results confirm findings that major actinides wil have the lowest
decrease inkes While major actinides + principal fission products wil have the largest
decrease.This further confirms that when burnup increases, it will tasudn increase in the
yield of some fissile nuclides such &&Pu and®Pu which wil increase th&eswhile others

like *°Gd will tend to decrease fit.

The decrease in thks; beyond 25.8 GWD/MTU which is the inflexion point is due to the
presenceof principal fission products**Am, >'Np, *°Tc*Cs, *3Nd **™Nd, **'sm, **%m,

1315m, %5m, P*Eu, *Eu, °°Gd which were not present in the beginning of the cycle
[Leotlela, et al., 2019. If the fuel burnup is increased beyond the design limithef fuel
assembly such as in thermal power uprates, there is a risk that the fuel cladding wil begin to
show signs of failure (due to radiation induced brittle fracture etc.) around the top limit of its

burnup which for most of the present fuel typei ithe region of 460 GWD/MTU.
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Figure 6.1: Comparison okes of three burnup credit nuclide sets on the basis of Burnup
[Leotlela, et al.,2015]

Above this range, the periphery of the fuel pellet will have increased so much dueRimthe
Effect that it will exert so much pressure against the cladding material that it wil eventually
lead to the fuetladding mechanical interaction (FCMI) betweée fpellet and the cladding.
Given that the FCMI occurs round about 50 GWD/MTU [Lamarsh, 2002; Matzke, 1996;
Matzke, et al, 1997], this wil eventually result in cladding failure that wil lead to water

ingress. As a result of that, ther will then stat to increase.

It has also been observed that nuclear criticalty and premature cladding failure are not the
only concerns on the increase in burnup, which wil have a negative impact in thermal power
uprates. Others include an increase in radiationdeaet increased decay heat generation
[Gauld, et al,, 2000; Broadheadtt al, 2000; Broadhea@t al, 1995] which are likely to be

of great concern if thermal power uprates proceed without proper plant modification [Gauld,
et al, 2000]. Therefore athorough study wil need to be performed to determine the viability

of thermal power uprates in the current design. Information gathered through this study
indicates that shielding, nuclear criticalty as well as premature component failure wil need

to beinvestigated thoroughly if future problems are to be avoided.
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Figure 6.2 : Effect of Burnup in Criticality [Radulescetal., 2008]

Burnup credt’ plays a very important role in Criticality Safety Analysis in a sense that if the
fuel is analysed as fresh fuel without taking drddr burnup, there is usualy a certain
degree of conservatism built into the calculations which often results iresti@ation ofkes

and the corresponding margin, for example the distance between neighbouring spent fuel
assemblies or absorber thickness needed to prevent criticality. If howeveupboradit was

taken into consideration, there could have been lessnds/thickness needed to achieve the
same criticalty. Thus the application of btup credit often results in the saving of storage
space allowing for more spent fuel to be stored in same size of the storage by removing over
conservatism associated wiimalysing spent fuel as fresh fuel, and at the same time meeting
the sukcriticalty requirement of safe storage of the fuel [P.Cousinou, 2001; Withee DE,
2000; Parks et al, 2006; Pesiekt al, 1997]

Y Thephenomenowherebycreditis takerfor the reduction in reactivitgriticality as a result dfiel burnup
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While burnup credit plays such an important role cirticality, not every burnup credit
nuclides contributes the same towards burnup credit. As a results burrnup credit nuclides are

grouped into three nuclide sets whose nuclides are described in Section 3.3.2.2.

4. Actinidesonly burrup Credits

5. Actinides + Mnor Fission Products buup Credits

6. Major Actinides + Principal Fission Products bumm credits
As shown inFigure 6.3 relative to fresh fuel, the major actinides only burnup credits reduce
criticality quite substantially compared to fresh fuel. It is however stil very conservative
compared to the other two sets: Major Actinides + Fission Products and Major Actinides +

Principal Fission Products.
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Figure 6.3: Comparison of burnup credits obtained from different sets of nuclitesielled
at BU=40GWD/MTU and®*U= 4.4 wt%g
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According to Park$Parkset al, 2003, in the USA authorisatiorio conduct research on
burnup credits was given as far back as 2001 by the US Nuclear Regulatory Commission
[NRC)] through the issue of the Interim Staff Guidance 8 (ISGS8).

Since then the application of burnup credits faxjdi Actinides has been accegt®r use in
Transportation and Storage Cabk.South Africa it is uncertain whether credits for burnup of
any nuclde are acceptable or not, however, in countries against which South Africa
benchmarks its nuclear licensing strategies, such as the UBkKartide application of Major
Actinides is often preferred over other nuclide sets because of the amount of safety margin it
alows the licensee bare the regulatory limit of 0.95 is reachfidEA, 2014]. Therefore,
conservatism is the main reason why manglear regulators around the world have only

accepted Major Actinides only burnup credits to be used in criticalty safety analysis.

Because of the lack/absence of NNR positon on burnup credit analyses, the licensees
(Koeberg and NECSA) are oftamcetain whether to take credit for burnup or not, and if so
what nuclides sets to considdBurnup credit analysis using Major Actinides + Principal
Fission products on the other hand wil need no addiional countermeasures to prevent
nuclear exarsion becates they decrease thes of a system to such low levels that there is no
additional nuclear criticalty countermeasure needed other than burnup credits to prevent the
system from being supercritical. This is one burnup credit scenario that the nucldatoregu

are not interested in since it puts far too much risk on the system. However, for the licensee,
this would be a much better option since they can put as many casks or fuel assemblies in as
small a building as the system allows, thus saving theafdsansportation or of storage. As

a result there wil be more room for additional fuel assemblies if needed compared to Major
Actinides. Calculation using data froRigure 6.3 at T = 296K shows that relative to fresh

fuel, the Dkes due to major actinides, major actinides + minor fission products and that of
major actinides + principal fission products are; 0.0507, 0.0606 and 0.1193 respectively.
According to Wagner, these translate to a storage space saving of 5.167%, 6.176% and
12.159% respectivel)fWagner, 200; Wagner, 2006]
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6.2.1 Relationship of the burnup and the position of the fuel
assembly in the reactor core.

A PWR under consideration is a cylindrical reactor core whose volume is defined by the
radius of a cylinder and its height. The volumeof the core is givemy the equation of the

volume of a cylinder:

V= l?”12,0xf (x)dx
a (6.0)
where x is the radius and(x) is the height of the cylinder. This in turn defines the power
density (in units of MW/ or MW/MTU) of the core. The power density and therefore,
distribution of neutron flux in the core is not even. Depending on the loading pettédre
core, the type of control rods used, whether they are in or withdrawn, generally the central
region wil have a higher neutron flux than at the periphery partly because of neutron leakage
(Duderstadtet al, 1976) Thus the fuel assemblies located in the centre of the core or the
cask experience a much higher reaction rate because of the high neutron denstty in that area
than the fuel assemblies in the edges are exposed to. Hence when the cask is designed, it is
designed for a specific reactor design and for a specific burnup range. Therefore, this implies
that no two dissimilar reactors can have exactly the same cask or no two similar reactors with
different burnup can have the same cask. In that respect, thgnaasdr is designed for a

specific range of burnup, enrichment level and for a specific type of fuel [Taviv, 2013].

Thus a number of fuel assembilies located in the same region of the core are assumed to be
exposed to the same neutron flux and the sameufpuand are thus grouped together as a
batch. Therefore, when reload calculations are performed to determine the heat load of the
fuel assembly, a group of fuel assemblies that see the same neutron flux are grouped together
into a batch. Therefore, insteand calculating decay heat emission of each fuel assembly
individually, only a few batches of the same region are analysed and the results obtained are

found to be representative of every batch in that region [Taviv, 2013].

When one is preparing to loadeluassemblies into the casks or spent fuel pool, it is
imperative that one takes into consideration its intial enrichment level, the burnup it
experienced and the amount of decay heat. All of which are a function of the location in the

core, the duratiorf the cycle and the power history of the reactor anebbractor cooling
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period. These are crucial points to be taken into account whenever one decides to purchase
spent fuel casks. They wil give an indication of how the design of the casks shaidd be

how much shielding material to provide, how far apart the fuel assemblies should be to
prevent criticalty and what the nuclide inventory is and therefore, what radiation protection
and confinement provision to make [Taviv, 2013].

6.3 Burnup Credit Computation Methodology

Normally, burnugcredit calculations entail calculation of depletion of the nuclear material
usualy the fuel with the view of determining the spent nuclear fuel (SNF) isotopic
composition. This wil then be extracted from the depletitput fle and be used in a
criticalty calculation model. Doing this manually can be a very lengthy and tedious process,
as a result STARBUCS sequence was used in this thesis since it automatescigdiup
calculation thereby elminating manual extiian of isotopic composition. STARBUCS
couples the following SCALE code modules to achieve the automation; ORKHEN
ORIGEN-S, CSASI, WAX and KENO Va or KEN€I depending on whether one uses
SCALEDS5a or higher i.e. SCALE6 or SCALEG6.1 [Gaudt,al, 2000 Radulescuget al, 2006].

To ensure proper convergence and to reduce statistical uncertainty,-KEM@s used in
this study and all calculations were simulated using 10000 neutron generations, 10000
neutron histories per generation, and skipped 1@0rdeaveraging; thus each calculateg

is based on a minimum of 10 milion neutron histories.

The burnup credit information will subsequently be used to determine a lneuiploading

curve which will in turn be used to determine the bureopchmet combination. These are

in turn used to determine whether the fuel assembly is suitable for loading into the cask or not
[Radulescuget al, 2006; Wagner, 2001; Wagner, 2006].

It is also used to determine the effectiveness of a nuclde set in redueingetiron
multiplication factor of the system as indicated Table 6.1 thereby benefitting the
organisation in saving the spent fuel storage space which wil subsequently translate in cost
savings [Parkset al, 2006; Radulesciet al, 2009].
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6.4 Burnup-Credit Analyses for Castor X/28F

In this part of the study, the focus wil entirely be on the burnup credit of a high capacity
CASTOR X/28 cask.

There seem to be a consensus among nuclear regulators around the world to only accept
calculations which only take burnup credit of actinides only in SNF with an assembly burnup
of up to 50 GWD/MTU and the owtf-reactor cooling period of-40 years [Wagne 2006;

Mueller, et al, 2005a; Parkst al, 2006].

In spite of this being the case it is important to note that computational techniques used in
predicting the actinide compositions and for determiningkiheralue have to be verified and
valdated against a reputable reference standaibrmally, calculations of isotopic
compositions are valdated against destructive chemical assay measurements ffom SN
samples, while criticalty analysis methods are valdated against applicable critical
experiments Although only actinide burnup credits are acceptable to some nuclear
regulators, in this thesis an analysis of the loading curve based on all three sets of nuclides
listed in Table 6.1 were used so as to compare their effectiveness in as far as théiging

of a system and saving storage space is concerned. Unless stated otherwise, the following

calculation assumptions and nuclide sets were used:

T Major Actinides Only:?*U, U, 2%, % u,?%Pu,*%Pu,*Pu,**Pu and*Am.

Table 6.2: Required Burnup/Enrichment combination for a given enrichment to be
acceptable for cask loading (Present study).

Nuclide Set Enrichment (“°U wt%) | Burnup (GWD/MTU)
Major Actinides Only 2.65551948 28.6395553
Major Actinides + Minor
2.65551948 24.7483909

FP
Major Actinides +H

o 2.65551948 22.1591574
Principal FP
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q Major Actinides + Minor Fission Products?*U, 2%U, 2%%U, 2%%pu, ®%Pu, *%Pu,
241p, 242%p 24am 28am, PINp, ¥CsHNd, iSm and 5%Gd

T Major Actinides + Principal Fission Product§®U, U, %, 2%%pu, #%Pu, #%Pu,
241Pu, 242Pu, 241Am, 243Am, 237Np, 99TC,133CS, 143Nd 145Nd, 147Sm’ 1508m, 1518m,
lSZSm 151Eu 153Eu 155Gd

1 Burnup dependersdxial profile (No Radial Profile was takentd account)

1 Isotopic Correction Factors (ICFs) of actinides listed above were obtained from
various articles, notably from [Parkst al, 2006; Gauldet al, 2000 and Muelleret
al., 2005b].

1 Out-Of-Reactor cooling periods of 1 year, 5 years and 10syear

q Operating parameters; Fuel Enrichmefitld 1.8 wt% up to 5 wt%), Specific power
(continuous operation at 40 GWD/MTU)

Results were compiled as three sets;

1 Major Actinides Only, in three different cooling times (1 yr, 5 yrs and 10-gealing

period)
1 All three sets compared after a 10 year cooling period
1 All three nuclide sets compared at three respective cooling times.

Studies show that the reduction in reactivity associated with fuel burnup is as a result of two
competing processes [Radulesetal, 2006; Wagner, 2006]:

Increase in fission product and other actinides with high parasitic absorption as result
transmutation, decay or nuclear reactions. A literature survey shows that fission product
found in irradiated U@ fuel can be grouped into tHellowing categories [Pattersoet al,

2010; Lamarsh, 2002];

1. Volatile elements: Rb, Cs, I, Sb, Cd and inert gasses which include Xe and Kr.
2. Zr and the rare-earths

3. SrO and BaO which are present as occlusion dispersed throughout the fuel.
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4. Noble Metals: Mo, Ru, Tc, Pd, Rd and Ag. These metals are found in tredlayed
state and occur as occlusion in the Eayjed and columnar grains in the fuel. Mo

may occur in the form of Mofor MoQO; in a region of high oxygen potential.

5. Noble Metal Alloys: The nominal omposition of noble metal alloys generally
located in the central voids of the fuel is 20% Mo, 17% Tc, 48% Ru, 13% Rh, and
2% Pd [Lamarsh, 2002; Pattersen,al, 2010].

Decrease in concentration of fissile nuclidé®) and?3®U. When treating decreagre fissile
nuclides, it must always be borne in mind th&Pu and*!Pu wil be increasing and not

decreasing thus adding positive reactivity to the system.

Therefore, if criticalty calculations are performed based on the fresh fuel, they will only be
accounting for a small fraction of fissile nucldes and a limited subset of absorbers, the
calculatedkes value will thus be conservative (i.&ef is overestimated). Fdate, according

to the studies conducted at the Oak Ridge National Laboratory (RNe proposed
approach for burnup credit in storage and transportation casks is to qualify calculated isotopic
predictions of nuclides that wil be generated as result of the operation of the (€zailok;

2003) This isdone via validation against destructive assay measurements from SNF samples
and also qualés criticalty analysis methods via valdation against applicable critical
experiments. Thus, the nucldes in a safety analysis process have primarily beerbymited
two important factors [Parkst al, 2006; Wagner, 2001]:

i The availability of chemical assay data and

| The applicable critical experiments.

The use of burnup credit necessitates that the reactor operating history experienced by the
fuel assembly beaken into account when fuel assemblies are loaded into casks. Therefore, in
comparison to analyses based on the ffash assumption, additional information and
assumptions are needed for input to a bucragit evaluation. A related complication lies in

the design of storage and transportation casks for a given reactor tgvefore because of
previous operating history the fuel assembly has been exposed to, which leads to-thg build

of the fission product and thereby a decrease in reactivityhélsisto be taken into account
when finally storing them. This leads to definition of the concept of Loading Curve which

defines the criteria by which:
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a) Fuel assemblies that are in the reactor core may either be declared as acceptable or not
acceptable for lding in the spent fuel pool (decay heat loading requirement having

been met) and

b) Fuel assemblies which are in the spent fuel pool wil either be acceptable or not

acceptable for cask loading.

The loading curve depicts the initial enrichmeartdd minimum burnup combinations that
define the boundary conditions for cask loading acceptabiity. All points on the curve
represent burnup and enrichment combinations that yield the same vélyettbwever, no

credit is taken for burnup in the verticarp of the loading curve since this part corresponds
to a region in which the reduction in reactivity due to burnup is dominated by the increase in
reactivity associated with the conservatism in the buomagit evaluation [Parkset al,

2006; Wagner, ZML].

The shape and location of the loading curve depends on many factors some of which are:
1 Decay or cooling period of the fuel assembly before it is loaded into the casks

1 Type of burnup credit i.e. whether it is Major Actinides only, Major Actinides +
Minor Fission Products or Major Actinides + Principal Fission Products or Full

Burnup Credits.
1 A combination of both, decay period and isotopic composition

These wil deterimne whether the curve moves to the left or right of thexig of the loading

curve of up or down the-gixis of the loading curve axis.

6.4.1 The effectof duration of decay period in Burnup credit
application
The duration of the decay period plays a veryifggmt role in the position of the loading

curve with respect to one another and in the number of fuel assemblies acceptable for loading
in the cask. This is because of the decreaderiassociated with the length of the cooling
period of the fuel assably. To illustrate, consider a fuel assembly with an enrichment of 4.4
wt% that has been irradiated in the reactor at a burnup of 40 GWD/MTU and a temperature
of 400K. If only burnup credit of Major Actinides + Minor Fission Products are taken into
consiceration and thekes is plotted against the duration of cooling, a graph indicated in

Figure 6.4will be produced.
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Figure 6.4: Effect of cooling period in criticalty: -60 years [Actinides+Minor Fission
Products at BU=4GWD/MTU, 235=4.4 wt%] (Present study)

It is noted that thé&.s varies with duration of cooling as follows:

From 0 to 30 years: In the first thirty years there wil be a significant decreasécin

ascribed to:

i the decay of shofived nuclides such a&*°Cf (tu, = 2.65 yrs) which undergoes

spontaneous fission as well the deca§*#®u (,,=14.290 yrs) and;
1 the buidup of

o Gd from™Eu (ty=4.7yrs)

o 'Sm from**Pm (ty,= 2.62 yrs)

o  '°8m from™%Eu (t % = 13.54 yrs)

o *Am from **'Pu (t 2 = 14.29 yrs)

o '¥cs from™Ba (t,= 10.51 yrs)
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As a result of the opposing effect of nuclear fission and absorption, with absorption
dominating, the net effect will be a decreasédnand this $ confirmed by the decrease in

Kes In Figure 6.4

From 30 to 50 years: The decrease is gradualy slowing down because al-Bleattfissie
nuclides have decayed and as a resultkthdnas reached saturation. The causes of various
peaks and dips in the graph labelled (a) through to (f) and are;

Region ais a decreask.s due to;

T Decay of?>2Cf (t 1, = 2.65yrs), and

T Build-up of°>°Gd from beta decay df*Eu (t/, = 4.7yrs)
T Build-up d **’Sm from beta decay 6f'Pm(ty, = 2.62 yrs)
Region his a decrease ks due to;

q decay of*'Pu (t,,=14.290 yrs)

q Build-up of *’Sm (from*%Eu (t,) =13.537yrs)

q Buid-up of**Am (from ***Pu ( t,,=14.290)

q Buid-up of**Cs (from EC of-*Ba ( t,,=10.51 yrs)
Region cis an increase ik due to;

q SF® of 2*Cm (t,,= 18.11 yrs)

Region ds a decreaskgdue to;

1 Buid-up of *Nd (from EC"® of ***Pm (t,= 17.7 yrs)
Region eis an increasé&gs due to;

 SFof?*Cm (ty, = 29.1 yrs)

Region fis a decrease ksdue to:

'8 Spontaneous Fission
¥ Electron Capture
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f  The buidup of ***Eu and™Sm from neutron capture df°Eu and EC of*%Eu (t
1/2=36.9yr) respectively.

From 50 to 10° years: This period is better understood if divided into two time frames. This
is because therare periods where there is an increasd&cnand periods where there is
decrease. IfFigure 6.5 is divided into the following time frames: from 50 to*A@ars and

from 10 to 1¢ years, it is noted that thesalso changes due to the following reasons:
From 50 to 10 years: In this time period there wil be an increase in ldaedue to

q Decay of*®Pu (, = 6560y

q Decay of"*'Am (ty, = 433y)

T The buildup of ®%Pu from**Np (2 =2.12).?*®Pu undergoes spontaneous decay and

adds to the increase kg

q The buidup of 2%Pu from*°Am(t 1, = 11.9 h),®Np (t» = 2.39 d) and*’Cm (t, =
29yrs

From 10 to 10°%: In thistime frame, there is a decreasddpas a result of

T Decay of ®%Pu (t 1,=2.411x10 yrs) which dominatesThe buidup of other nuclide

with short halfives is insignificant, these inclugde
T 238p ) from?*Np (ty2= 2.12d)
T 2Am from *Pu (o= 14.29 yrs)
1 4%y from?*Np (t) = 61.9m)
q 24 from #*Pa (1,,=6.70h) and also from SF 6f*Pa

Therefore, the choice of the duration of a cooling period is very important because ff it is too
long, i.e. more than 30 years thg may be in the upward trend of a cycle (refeFigure 6.4

and Figure 6.5. The coolhg period must therefore be taken into account whenever the
loading curve of the casks is evaluated. The importance of this can be sEigarén6.6

which clearly shows that if the cooling period is long relative to others, one wil need much
lower burnupto achieve the sames compared to a shorter cooling periddhis is consistent

with the results obtained by Paul McConriécConnell, 2012
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6.4.2 Effectofisotopic composition on the Loading
Curve

In the previous section it was assumed that only one set of nuclides was active, the others
were kept constant. This was done purposely because the objective was to study the effect of
decay period on th&s and subsequently on the loading curve, andthteffect of isotopic
composttion, which is the subject of this section. In this section all three sets of nuclides
described earlier are considered to be active and will be compared to one another on the bases

of the effect they have on the loading @urv

ConsideringFigure 6.7, if one takes major actinides as a reference, one wil note that it lies
above those of Major Actinides + Minor Fission Products whie that of Major Actinides +
Principal Fission Products is below the other two. This impliesifthie¢ increase the number

of nuclides with higher absorption cressction e.g. fission products, there wil be more
nuclides taking part in the absorption process and not enough fission taking place to sustain
the reaction, as a result fission productll wesult in lower ke than their actinides
counterparts and the graph wil move down.
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Figure 6.7: Effect of change in isotopic composition on the Loading Curve: 10 year decay
period (Present study).
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If, on the other hand, we take Major Actinides + Minor Fission Product as a reference and we
increase the amount of Major Actinides, there wil be more fissile materia?&trin 2*%Pu,

24py and®*?Pu available for fission as a result thg will increase relative to those of other
nuclide, resulting in the graph moving up the burnup axis. Of the three sets, Major Actinides
+ Principal Fission Products (FP) has the greatest burnup credit effect, i.e. they wil decrease
the ker Of the system to a mudbwer level than the other two could achieve. Therefore a
small shift (up or down) in a cask loading curve can have a significant impact on the number

of spent fuel nuclear fuel assemblies that are acceptable for loading.

Such broad qualffication on cask contents requires an understanding of the effects of
variations in reactor operating conditons and fuel assembly design characteristics on the
reactivity of SNF to establish justifiable assumptions for a buonegit evalation. A
horizontal movement towards the right along the Enrichment axis at a constant burnup
implies that the increase ki can only be achieved by an increase in enrichment of fuel. If
one makes a combination of the isotopic concentration, cooling &nd burnup, one will

obtain the Loading Curves indicatedFigure 6.8
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Figure 6.8: Comparison of loading curves of three nuclide sets at three different cooling
times (Present study)
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The three graphs show that an increase in allowable burnup credit can lower the burnup
enrichment loading curve and save the storage space and number of shipments. Therefore,
given that tedate there is still a lot of uncertainty on the (NNR) National &lilr Regul at o
position regarding acceptability of burnup credi, it would be advisable that Eskom (Koeberg)
and the Nuclear Energy Corporation of South Africa (NECSA) initiate discussions with the
NNR to discuss the economic benefit of taking creditblamup, if not all three sets, at least

start with two; Major Actinides Onhand Major Actinides + Minor Fission Products. This

can make a significant difference in the storage space in the spent fuel pool, the number of
casks Eskom must acquire, and oa thumber of shipments to be made to Vaalputs. If not,

the application of neutron absorber inserts needs to be expanded to determine actual amount
of space that can be saved if neutron absorbers inserts are used. Thishasuaken
discussed in detail isection 4.4.1and indicated that neutron absorber inserts can offer an
atternative solution to the spent fuel storage capacity. It has been shown in this study that
depending on the design or location the neutron absorber inserts on the fuel asseynbly; the
can increase the storage capacity by up26 which is a significant saving in spent fuel pool

storage space if implemented.
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CHAPTER 7

7 SENSITIVITY AND UNCERTAINTY
ANALYSES

7.1 PERTURBATIONAND VARIATIONAL ANALYSIS
OF ACRITICAL SYSTEM

There are a number of factors which can bring about a change in a nuclear system, and there
are equally a number of parameters which can be perturbed to various degrees of perturbation
to determine the response of that system to the parameters thattarkepehe degree of
response to perturbation depends on the parameter or material being perturbed, the magnitude
of perturbation and the sensitivity of the response to the perturbed parameter. This chapter
will first and foremost provide a brief backgralito the perturbation techniques available to
nuclear analysis and finally present practical sensitivity and uncertainty analysis performed

on several materials of spent fuel casks.

7.2 Variational methods and perturbation theory

Perturbation theory is aet of approximation schemes which have Applied Mathematics as
their origin and have been applied in many branches of physical sciences and engineering
[McCartin, 2009; Merzbacher, 1998]. One of these applications is in the Rayleigh
Schrodinger theory fosymmetric matrix eigenvalue problems which has been applied quite
extensively in variational analysis. Other variational theories where Ragelyiddinger
theory has been applied include the WKB (Wentzel, Kramers & Brillouin) approximation
which is diredly related to mathematical perturbation for describing a complicated quantum
mechanical system in terms of simpler ones [Merzbacher, 1998]. Perturbation theory is
further divided into Linear and Nennear Perturbation Theory and is discussed in detail in
the next sectiofMoro, et al; McCartin, 2009 Merzbacher, 1998]

7.2.1 Linear perturbation theory

There are many research articles published in the field of linear perturbation theory, and all
concur that when the matrixoAs subjected to a small symmetric linear perturbatioa to

some inhomogeneity, the result will be in the form of a linear equéationt Xl . These
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techniques have a wide range of application in many areas of physics, particulaelfigid

of mathematical and theoretical physics through which physics problems which were
believed to have no solution such as the Schrodinger Wave equation in quantum physics were
solved[McCartin., 2009; Merzbacher, 1998]

In nuclear physics, particularly in reactor plgsit finds wide application in predicting what

the outcome of the neutron multiplication factor would be if a small perturbation in some
reactor parameters such as the nuclide eseston were to occur as a result of, for example,

an increase in fuel amoderator temperature. If such a strain (i.e. increase in temperature)
were to be brought to bear upon the system, then discrete mathematical analysis would be
used to analyse the Boltzmann Transport Equation to determine how this would affect

neutron trasport in genergMcCartin., 2009; Merzbacher, 1998]

7.2.2 Non-linear perturbation

In Nortlinear Perturbation on the other hatie differential operator of a real symmetric
matrix Ay is evaluated by discrete mathematics. According to Merzbacher and Mg@arti

the matrix is subjected to a small symmetric perturbation which may be due to some physical
inhomogeneity in the system which is in turn analytic in small pararketee, results wil be

in the power form of; ! X ! X! X! ~ 8.

In either caseregardless of whether one uses linear or analytic perturbation, the results wil
be statistically the sampvicCartin., 2009; Merzbacher, 1998; Johnson, 208&jcording to
Johnson [Johnson, 2005] the solutons to the eigenvalues and eigenvectors are
appraimations of matrix A, which is produced by a sequence of successive higher order
corrections to the inttial eigenvalues and eigenvectors. This has been confirnstudibg
conducted by Down in which it was observed that although the results wereicatitist
similar, when applied to density contrast, linear perturbation is more accurate thieaion
[Down, 2006]

The linear and noinear techniques both have boundary conditions as a common
denominator(Sanchezet al, 2001) therefore, in either case one wil have to perform an
analyses where the boundary conditions are brought to bear upon the system. In the case of
nuclear criticalty analyses the boundary conditions often encountered are geometrical and
albedo condttions [Sanchez,et al, 2001] Other forms of boundaries may either be time,

material density, neutron energy, etc., all of which may act for a certain period of time, hence
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they are timedependent. According to ReardfRearden, 2004]it is immateial whether
one applies linear or ndnear perturbation; they all start with a simple system of

Hamittonian H® for which the exact solutio® is known, such that

H (O)y r(10) — Er(10) J/r<10) (7.1)

and a small perturbing® H%® Hamittonian representing a small change in the system is
added. If the change is not too large, the various physical quantites associated with the
perturbed system (e.g. its energy or eigenvalue) can, from considerations of continuity, be

expressed asooections' to those of the simple system, as shown in Eqgn (7.2) and Eqgn (7.3)

H=H9® ¢yH® 4fH?2
Yo =¥ /+0¥ P4y (7.2)

E =E® +/ EY + PE? +...

and

Hy, = E, (7.3)

where \ is the perturbation parameter; the tefms AT % are the first order corrections

to the wave function and energy respectively, 4nd AT % are the second order
corrections. These corrections, being 'small compared to the size of the quantities
themselves, can be calculated using approximataaue such as asymptotic serjgoro, et

al., 2000, Johnson, 2005 According to Mueller the variation must be within the range of
+10% around the nominal value of the parameter that is being perturbed. Using the nuclear
criticality background, Muellerrag u e d if thehvariatiot used is too narrow, the Direct
Perturbation (DP) sensitivity coefficient is likely to be driven mainly by the statistical
variation in ks between highand low density calculation than by the actual sensitivity. If on

the oher hand the delta used is too large, the DP sensitivity coefficient may miss some local

nonlinear behaviour of k as a function of densityfMueller, et al.,, 2003.

Therefore, as stated earlielet complicated system can therefore, be studied based on
knowledge of the simpler one and what seemed difficult and impossible to solve can now be

solved because of the simplified version of the complicated system.
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7.3 SENSITIVITY AND UNCERTAINTY ANALYSIS

7.3.1 Sensitivity Generation

Using the basic principle of variational analysis and the background given in the previous
section it is noted that for every fractional change in an input parameter, there wil be a
corresponding fractional c hangep betweenttese sy st

two is a factor known as trsensitivity coefficienfReardenget al, 2008]

One specific example that wil be seen later is the effect of change in the moderator density
which has led to a statistically equivalent change in the eigenvitlhas also been noted that
not all material responds the same way to the same change in input; these wil be studied in

detail in following sections.

There are as many techniques that one can use to perform sensitivity analysis as there are
variationd and approximation methods, but not every method is applicable in every situation.

In this study, sensitivity and uncertainty analysis wil be based on the dijsiat
perturbation theory because of its credibiity and reliabiity in nuclear criicalifety
analysis and also because it is the approximation model used in TSUBIAMbde which

will be used in this studyMueller, et al., 2005] The adjoitbased perturbation theory
specific for the generation of sensitivity &ks is presented as thBoltzmann transport
equation agMueller, et al, 2005b]

[A-/B] 79 (7.4)

where A and B are the loss and production operatérss,the angular neutron flux ars

represents the eigenvalues where the largest eigenvaluéeds Tile perturbed transport

operators and eigenvalue are then defined as

Ai=A A
Bi=B B (7.5)
li= 1+ d

where UA and UB are fractional linear perturbations in their respective transport operators
and U\ represents the corresponding fractional change in the eigenvalues. Therefore, the
perturbed transport equation can then be giveifVagler, et al, 2005a; Muelleret 4.,

2005]
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[Ai-/ B] 7i® (7.6)

and the adjoint equation is given by,

A"-/B"] £0, (7.7)

where %4 is the adjoint flux, also known as thHeportance functionand A and B are

adjoint operators corresponding AandB.

If Egn (7.6) is multiplied bys*, and integrated over all phaspaces, it wil result in
<f* (Ai- /Bi) ), (7.8)
Where< >represents integration over all phase sjpaice, i.e. volume, energy and direction.

Expanding Eqn (7.8) in terms of Eqn (7.5) wil result in

<f*(A- B+Al -8B B- d-B) 'c>/04 | (7.9)

Since the requirement for adjointedness is that;

(F(A-B)ird (k"8 Y ) (7.10)

and using the property @fdjointedness and Eqn (7.7) to reduce the number of terms of Eqn
(47.9) will yield,

(F(a- B drB)dy @ (7.11)

If d /R is ignored andf is substituted with/ , it will be noted that the perturbations in the
transport operators do not cause significant perturbations in the flux sofiioeter, et al,
2005a; Mueller,et al, 2005b; Reardenet al, 2008; Rearden, 20Q4]Therefore, the
eigenvalue perturbation becomes

oy <f*( & - B)d>

_ (7.12)

ATy
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if we replace the perturbation terms with partial derivatives with respect to a particular

nuclidereaction pair macroscopic cresectioréX the relative sensitivity of_ wil be

[Mueller, et al, 2005a; Muelleret al, 2005b; Rearden, 2004].

< *é UA -/ B ;
f ae . :
ax W _ ax @ax My £
Ha x <f Bf>
Since
/ =1k, (7.14)
then
W/ /= ke Ky (7.15)
such that sensttivity df.s to some macroscopic cressction is defined as
S .. = ax Meff _ ax W
L a 0
<f aei_HA klﬂ $ (7.16)
_ Aax gHax Ko Hx D
k
eff #B )
K2
eff

where LA/ B

and uB/ QX are the functions of scattering, capture and fission €ross

section data. The evaluation of Egn (7.16) results in the integration of the forward and adjoint

fluxes andthe crosssection over the entire phaspace.

According to Mueller and Reard¢Reardengt al, 2008; Muellerget al, 2005b] the energy

dependence of the cressction data is generally obtained by averaginga@ gquantities

over energy groupg and is represented g§ g - If these groups areserted in Eqn (7.16),

it will result in the sensitivity ofkes to perturbation in a single energy group of a particular

nuclidereaction pair given bjBroadheadget al, 2004]:
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a xg MK
o =% M (7.17)
Sk’a x9 Kee  HA xg

If the value of gis changed to obtain the sensitivity of all energy groups across the energy
range, then an energlependent sensitivity profile is generated. In 2004 Broadhead and
Rearden[Broadheadet al, 2004] noted that the sensitivity coefficient as computed in Egn
(7.17) only accounts faexplicit sensitivity In order to be complete, it needs another term that
will account for firstorder implicit sensitivity Therefore, the implicit portion of the
sensithty coefficient is thus defined HBroadheadget al, 2004; Reardemt al, 2008]

W %

Sa.. "3 (7.18)

g.x

where W is the number density of a particular material or a certain nuclear data component.

The total sensitivity accounting for both implicit and explicit sensitivity where the implicit

sensittivity is added to the explicit sensitivity is then defined by

~

0

a
.. = N B a a N .. 7.19
Feixg G Foang § § R By Fax, O

wherei is summed over all parameters that are dependent on thevgsaigrosssection

ax,g - and y and fare summed over all nuclideaction pairs and energy groups that are

dependent on#. The two components of sensitivity, i.e. explicit and implicit sensitivity will

be described in detail in the following two sections.

7.3.1.1 Explicit Sensitivity Generation

As stated in the previous section Sensitivity is made upvof garts; explicit and implicit
sensttivity. The explicit sensitivty as described by Rearden and Mueller expresses the
sensitivity of ke to a particular growwise crosssection data. It is derived from the
eigenvalue neutretransport equation expreskén operator notation aBroadheadet al,

2004; Mueller, et al, 2005a; Muelleret al, 2005b; Rearden, 2004]:

Af==B i (7.20)

el

where

n = neutron flux
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K = Kef

A

operator that represents all transport equations efarepie fission term

B

operator which represents the fission term of the transport equation.
The adjoint form of the transport equation is written as

* *

AFrFf =

*

B . (7.21)

~lk

where, as statedss® is the adjoint flux which has a special physical significance as the
‘“neutron iIimportance’ of the system. By app
that a relative change k due to a small perturbation in macroscopic cissstion of the
transport operator at some pomtcan be expressed froadheadet al, 2004;Mueller, et
al., 2005a; (Muelleret al, 2005b; Rearden, 2004]:

S, oy A0 B

alf)  k pa(r
» - QAG(X) g1 B agx O
<f GUAB() g1 B ) I .22
_a(rn

& 1a (N k wr) 9

<f*()?)k12|3ga(} g(?)>x |

where X is the phasepace vector.

Thus the sensitivity ok to a particular crossection can be calculated from Egn (7.22), using
discrete ordinates from the Boltzmann neutron transport equation.

Regarding the sensitivity of nuclear reactmndue to isotope of energy groupg in a
computational regioz of the system, Mueller and Rearden have demonstrated that it can be
represented g8roadheadet al, 2004;Mueller, etal., 2005a; Muelleret al, 2005b]

i i '
. _Tl,x,g,z+T2,x,g,z il 3,X,9,.
Sk, 5 'X,g,z = D : (7.23)
where
p=1t R Gl i )Géi L (7.24)
=—a a aln c :
Kid1 22 Zgi 9.z fy,z g’zgi=l ai.z g,z)
and
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i _ . .. . . . ..
C,. ., = average fraction of fission neutrons emitted into energy geefim isotopei in

region z.

average number of fission neutrons emitted from fission of isatmperegion z

3
I

and in energy group g.

a ‘f — macroscopic crossection for fission of isotopein region z and energy group g.

number of isotopes in tlystem model

Py
I

number of computational regions in the system model.

G number of neutron energy groups in the system model

The energy integrated coefficients are obtained by summing the-gieeoefficients over

all the energy groups. Mueller aikeardenMueller, et al., 2005] further added that th@&

terms in Eqn (7.23yepresent the transport process for neutron loss, fission production, and
scattering to the group of interestin, T, and T3 respectivel{Mueller, et al, 2005] These

termsare in turn defined as;

i L NMOM A
T g™ 8x0.2 Vz K (20 By, %2 (7.25)
i 1., . G, .
Too: = Vg, @ 2 o (7.26)
gi=1
and
i NMOM G~
T3,g,z = a Vz afg,]z);z a.gl 9.z (727)
i=0 gi %
where
a ixg , = macroscopic crossection for some reaction x, of isotope |, energy gpup
region z.
L = Legendre order that corresponds to theeptvalued flux moments.
f, g*,jz = [ component real valued adjoint flux moment for energy group g, and region

Z,
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NMOM = total number of real valued flux moment®rresponding to the  desired

Legendre order of expansion

a i“g__ wr ™ gmoment of the transfer crosgction for reactiox of isotopei from energy

group g’ to energy g in region z.

According to Rearden and Mier, not all T terms dédfed above are used to calculate every
sensttivity coefficient [Broadheaat al, 2004; Muelleret al., 2005a; Muelleret al, 2005b].

For example in;

Capture reaction sensitivity: only;i§ used ,
Fission reaction sensitivity T, and T, are used.
/7 (nu bar) sensttivity : only Fis used.
Gsensttivity: only T is required

All Scattering reactions: ;land T; are required.

= =/ =4 4 - -

Total reaction sensitivity: all three;,TT, and T; terms are required.

7.3.1.2 Implicit Sensitivity Generation

In the previous section the first part of total sensitivity, explicit sensitivity was described. In

this section the study wil focus on the implicit sensitivity ko which may be due to
sensitivity of some subcomponents (e.g. fuel or moderator) ofyeEem to the parameter

(e.g. material density or temperature) that is being perturbed. For example there is a linear
relationship between the water density &ggdof the system. Since hydrogen and oxygen are

both components of water, and the densitywaiter has a certain fraction of sensitivity to
oxygen and hydrogen densitiegpi,s Whantdire®ct hen
to the sensttivity of water density which in itself is sensitive to the density of oxygen and
hydrogen. Therefe, ke is indirectly sensitive to the material density of hydrogen and
oxygen [Muelleretal., 2005a; Muelleret al, 2005b]

If one considers sensttivity ks to resonance setthielding then Egn (7.23) needs to be
modified with an additional termhat wil specifically account for the firsrder implicit

effects of perturbations oker. Thus, the implicit part of the sensitivity coefficient, is given

by;
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W pa
L= xg (7.28)
8% axg KA

where the¥; represents an input data, which could be the material number density of a
particular nuclide, or the physical dimensions of the system. If, on the otherhaisda

certain crossection data component for proces9 ¢f nuclide ( ) in energy grouph)

expressed agy ; o which is sensitive to perturbations in processir{ energy groupd) for
nuclide {) expressed aséixg , then the complete sensitivity &t due to perturbation

a,, can be defined as (derived from the chain rule of derivatives)

2 5 i 5 ] i
g@ . 8 =axg _ dk _dxg bk 44 2yh K _%lx,g uéjy’h (7.29)
Phakg QK dakg K wdxg Th K opaly 4 ek
=S . #&asS . S,
kK,ax g | h k'ajy,h aly,h é(yg

where the sensttivity coefficients with respecktg are the explicit components as computed

in Egn @7.23) with the regions subscript z omitted, apgnd h are varied to include all

processes that are influenced by the valuq'a"djg
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7.4  Overview of uncertainty

Modeling of physical systems is often complcated by the presence of a number of
uncertainties in the system, which may either be statistical or due to measurement errors in
nature which are typicaly categorised as Type A and Type B errors respectively
[Labuschagne,et al, 2007; Young, 1962] The implications of these uncertainties are
particularly important in the assessment of several criticalty safety analysis options. This is
primarily due to uncertainties which may arise in the neutron multiplication factor of the
system as a result of amall perturbation of a material composition of a system or any
physical parameter such as the fuel or moder
the geometry of the system. Perturbation of geometry can be achieved by, for example,
changing theseparation gap among adjacent fuel assemblies or spent fuel casks or-even re
arranging storage array which can subsequently change the neutron density, fission density or
neutron importance and subsequently kiyeof the system

According to Labuschagnand YoungLlabuschagnegt al, 2007;Young, 1962]a systematic
uncertainty analysis provides insight into the level of confidence in model estimates, and can
aid in assessing how various possible model estimates should be weighed so that the errors
arigng from uncertainty are accounted for in the final resjitsbuschagneet al, 2007;

Young, 1962] It can also lead to the identification of key sources of uncertainty, such as data
gaps or measurement discrepancies which may require more data termé¢otalktermine if

there is a significaft difference in the results as well as the sources of uncertainty that are

not important to the given response.

Quantitative uncertainty analysis on the other hand aims at quantifying the degree of

confidence in te data at hand and the model being used. Even though the applicabilty of a

model is limited by the model assumptions and the uncertainties in the evaluation data,
understanding the judgments associated with the modeling process is more valuable than
side-stepping the uncertainty analysis. In fact, it is precisely for problems where data are

imited and where simplifying assumptions have been used that a quantitative uncertainty
analysis can provide a significant insight into the problem being investifiasddschagne,

et al, 2007; Young, 1962]

Young argued that the information obtained from measurement of a certain physical quantity,

X, which could be the radius of the fuel pellet does not only consist of a single value, but of a

? significant in this context meamgeateor equal tBsigma &3A)
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whole probabilty distribution i.e. a distribution of discrete probabiltgsof possible x;
values from a discrete set or infintesimal probabilifEg)dx of the true value which lies
betweenx and x+dx if they form a continuum with probability density functige(x).
According to decision theorjabuschagne, et al., 2004 the distribution is to be based on
just two numbers, it is best to use its m& mather than its variance (var x) and the mean is
given by

N

alxi (7.30)

1
X==
Nj

where N is the number of observations, which in this case is 2, and the variance is given by

a (xx)* (7.31)

Therefore, the measured or calculated results must be reported as
X°s (7.32)

whereo is standard deviation given Ipyabuschagneet al, 2007]

(7.33)

7.4.1 Variance reduction technigues

Variance Reduction may be described using a detector which is set up to detect particles e.qg.
neutrons from a certain source. It is expected that there wil be a region around the detector
where there wil be neutrons at higher energies and other regiim:eutrons at lower
energies/velocitiegPeplow, et al, 2006; Blakemaret al, 2007] If low energy neutrons do

not activate the detector, the analyst may decide to ignore or reduce the counting
time/efficiency of low energy neutron and compensate régitiction by adding it in the high
energy neutrons. Thus Variance Reduction in this context means reduction of the counting
time or detection efficiency in the low energy neutron and increasing the counting

time/detection time in the high energy neutrtnysthe same amoufBlakeman,et al, 2007;
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Peplow,et al, 2006] There are a number of techniques used by SCAILE to achieve the
desired variance reduction but these wil be discussed in detail in their respective sections
[Wagner,et al, 2013; Brodhead,et al, 2004]

7.4.2 The uncertainty of the neutron multiplication factor

The objective of this calculation is to find the effect of making a small variation of either of
the parameters (atom densities, density of fuel, moderator or fuel temperatuhe)kgpof

the system. In some lterature it is caléd in this thesis,kes and k will be used
interchangeably. Assume that the uncertaintgf parameter is small enough to have a first
order effect onk. This implies that forA @ O, the change irk produced byAx; is
proportional to the magnitude &fx; [Reardenetal., 2008]

If the perturbation parameter &; it must be sufficiently large to minimise errors associated
with rounding off, but at the same time small enough notidiate the linearity (firsorder
effect) assumptions so that bothamddx; are proportional to the corresponding changéds in
by the same factdMueller, et al, 2005a; Rearden, 2004Then the desired reactivity effect

is given by

O 24K/ 4. 730

and the proportionality factor 0K,/ & is the sensitivity of & to x. If u is not linear

perturbation, then it is necessary to determine whether the sensitiityisohot too large.
However if Akj due to uis not too large, then it is imperative to calculate the effects of both
(+u; ) and Eu; ) perturbation. If the two resulting values &k; are comparable or are small,
then it is acceptable to average the maget and move on to the uncertaioombining
steps. However, if the two values Ok; are large and significantly different, they should be

treated as asymmetric uncertainty.

The easiest way of finding the effect of each parametet which wil be used in direct
perturbation of fuel and moderator temperature in this thesis, is to perform a systematic
analysis; changing one parameter at a time and observe its effect &y tiarst the
referencek (krg is calculated using unperhed parameters, then the parameterisx
perturbed whie all other parameters are kept constant, thecorkesponding to the
perturbation pis calculated[Mueller, et al, 2005a; Muelleret al, 2005b;Reardengt al.,

2008] The change ik given by Ea (7.35),
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is the reactivity effect ofjlon k.

There are several techniques to calculate the effect of perturbatierolofkybut the most
common ones are analytical techniques, deterministc and Monte @afmiques. For

simple configurations the analytical techniqgues could be used and have indeed been used
quite extensively in the past before the advent of high performance computers. The concern is
that it relies too much on manual labour, calculating esdie manualywhich opens it to

the risk of human error and it is also a very slow and tedious prfcaksschagneet al,

2007; Young, 1962].

7.4.2.1 Uncertainties of calculated uncertainties

When using Monte Carlo codes such KENO and MCNP to calculatiestlo¢ the reference
configuration and thekes of the parameter, statistical uncertainty of the calculation by the
Monte Carlo (§c) must be taken into accoufidupree,et al, 2002; Landauet al, 2005]

For large data such as in nuclear analysis thenee is often preferred over the mean, and
when it is found that there is no correlation among parameter uncertainties, then the variance
of the kes Uncertainty caused by the parameter is giverjRsarden, 2004; Mueller, et al.,
2005b]

(DK )° ‘;ngkax ) (e o $te) (7.36)

where (kd& - Kef)indicates the change ks as a result of changk; in parameter x; is the

standard uncertainty of parameter Suc sxi and SJuc rer are the statistical standard deviations
of the two calculations dfer. Generally the g 5« is typically the same asugef and in that

case Eqgn (7.36) is simplified to

(%) :;;):zgkdﬁ k) 2(Sic) (7.37)

Therefore, the contribution to the standard uncertaintyofrom the standard parameter is
thus given byMueller, et al, 2005b; Rearden, 2004]:
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and the uncertainty of uncertainty is equa’é}%alz%c

Ideally the uncertainty of uncertainty should be very small compared to the uncertainty itself.
This may be achieved by makirx very large. Alternatively, this may be achieved by
calculating a relatively large number of hisgsr which may be obtained by running the
simulation at 16 neutron generations and “1@eutrons per generationdRearden, 2004;
Rearden, et al., 200§Rearden, 2004Reardengt al, 2008] In that way it is possibiéhat

Svc < 0.0002 and the uncertainty of uncertainty wil b@.6003.

Other factors which contribute to the uncertainty in uncertainty other than Monte Carlo
statistics are often due to Multigroup Monte Carlo calculations which result from uncertainty
in crosssection processing approximations just as it happens with deterministic calculations.

7.4.3 The General Equation of the total Standard Uncertainty

In the previous section the equation for determidikg, the effect of uon ks were derived.
However, in all those cases it was only for a single parameleon the other hand there are
N important parameters brought to bear in a critical system, then total unceftajptyeeds

to be calculated and its effect on the fikglevaluated. In that case then the general formula

for the combined variance duelbparameters is given Qipean,et al, 2007]

(D) =a G B NN ke ki

=3 a
|1eIJXU i=1j=i+1 M X

A (RS 24 a( ki KB

=1 i=1j= |+1

4y
(7.39)

Each individualAk; indicates the change ke when a particular physical parameterisc
perturbed by an amount equal to the standard uncertainty of that parameter. Since to find
Ak;, the value ofk. was calculated first, which is the for all parameters equal to or very
close to their nominal values. Thénis calculated for a vaation in parameter;xwith all
other parameters held constant. The difference in the kwalues, dk;, divided by the
parameter variation in the calculatiodx, i.e. (@ Eja @) represents the sensitivity

(FE j D), of k to the parameter;xWhen the seitwity is multipied by the standard
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uncertainty,u; , of parameter;xwe get thekes uncertainty due to the standard uncertainty in

that particular parameter, i.¥E z—C) —— O [Dean,et al, 2007].

7.4.4 Estimation of the neutron multiplication factor of an array.

Being able to calculaté&es of an array (i.eKkaray Of a number of fissie materials is of great
importance to the storage of spent fuel assemblies and fuel assembly casks stored in the
interim or final storage facilty. Variation dhe pitch among adjacent fuel rods or casks is

one of the most important variables in criticalty safety but certainly not the only one. Not
being able to determine thes of an array also cale#a.y may lead to the array going
supercritical depenaly on the initial enrichment levels and the power history they were
subjected tgDean et al, 2007]

According to Dean to find the effect the random variation of a parameter like distance among
adjacent casks or fuel rods in an array has orkihehe Akes may be estimated by dividing,

the number of units e.g. casks, fuel rods or fuel assemblies in the arvay. fhe YQof an

array YE ) can then be derived froft YE jW.. This approximation has
received criticism from several scientists on the basis that it is not realistic since it fais to
take into account the fact that in a fuel assembly the fuel rods near the centre of the array
have a much higher neutron importantden the rods in the periphery of the array.
Furthermore, because the effects from each of the fuel rods or casks are added in quadrature
(i.e. square root of sum of squares), this uneven weighting must be taken into account if the
effect of random vari@n in the kes is to be determined, which is a subject of discussion in

the next section.

7.4.4.1 Uncertainty arising from spacing of fissile materials

If we take a case of an arrayMfequally spaced fuel rods, spent fuel assemblies or casks, the
uncertainty 6 the pitch due to either variation in rod position or uncertainty of measurements

in the fuel rod or fuel assembly, depends on the grid for the rods or units and their placement
(which includes pattern and gaps among different units) in the grid. Inathe af fuel rods,
random variation is due to the gaps among the rods and the grid hole and also due to the
location of the hole itself in the grid. In rare cases it may be affected by slightly bowing of the
rods[Dean,et al, 2007]
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If the standard devieton o f the distance among fissile
calculated for an increase in the distance among all units by that amount, the effect from each
unit may be estimated roughly &&j . . However, this is only a
partly because the value of a pitch at the centre of the assembly has a larger effect than the
value of pitch near the edges due to higher neutron importance at the centre of the fuel
assembly. The total effect on thes of the random variation among urpositions is
therefore, the total of the effects from each, combined as the square root of the sum of their

square values as indicated in Eqn (4A»®an,et al, 2007]

Nabk %_ | (k) _ m
e 'J“v W "o

7.5 Boundary conditions

Qo
1-o:0lN

For the purpose of describing the concept of boundary conditions it is assumed that the region
of interest where the reaction takes place is surrounded by a convex surface, therefore, a
neutron leaving the region through the surface cannot interact vethsuHface again. If
however neutrons enter such a region from the external source the incoming flux must be
specified; if on the other hand no neutrons from the external source enter the region and if a
neutron that leaves the surface cannot return irgaelgion, then that surface is known as a
free surface and there exists a condid@scribed by; [Becker, 2010; Holenbadt, al,

2004; Hollenbachget al, 2005]

0\

v

Figure 7.1: lllustrations of directions off and used in boundary conditions.
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N(r,W,E,t) =0 it nO WG, (7.41)

wheren is a unit vector in a direction of the outward normal at posttion the surface (see
Figure 7.1). Such a condition will exist if the region is surrounded by a vacuum or a perfect
absorber. In practice one finds a number of situations where a vacuum boundary is applicable

but hardly ever finds a perfect absorber.

As such boundary condttions are slfisd according to how neutrons are reflected back into
the vessel. To give a qualitative context to this descriptienmain function of théoundary
conditions is to specify or describe mathematically the amount of angular flux that comes
from the ouside of the vessel into the vessel, in a directignsuch tha®;,-n<0, wheren as
already stated denotes the unit outward normal to the boundary as indicéigdrén7.1

The meaning of each boundary condition in a reactor physics context is desgcihiedext
section[Hollenbach, et al.,2004; Hollenbachgt al, 2005,Sanchezet al, 2003

7.5.1 The Vacuum Boundary Condition

The vacuum boundary conditions are often referred to as zero (incoming) flux boundary
conditions since they demand that the angular flup9gn the boundary of the region of
interest is zero for all incoming directions, ile. OMY 1T whenQ-n(r) < 0, &% T8,
wheren(r) is an outward normal aD¥ F6 andV is the boundary (seEigure 7.1). Since as

per the requirements of boundary conditions no neutron wéinter the system, a neutron

exiting the system through a vacuum boundary is permanently lost $g<teen.

7.5.2White boundary condition

The white boundary on the other hand is a boundary condition where the outgoing flux is
reflected isotropically (with an equal distribution in angle) back into the system. If expressed
in terms of the normal plane a peldi scattered from a white boundary wil be reflected with

a cosine distributiorb g g relative to the normal plane. White boundaries are very
important in comparing results of two codes such as in a verification and validation (V&V) of
codes that have whitboundary conditions such as e.g. MCNP and SCALE. It makes no
sense in using them in problems with rexent estimators such as detec{ptellenbach,et

al., 2005; Hollenbachet al, 2004]
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7.5.3 Periodic Boundaries

The Periodic boundary conditions can be depicted as a number of pairs of paralel planes
used to simulate an infinite lattice. Thus the incoming angular flux on a boundary is set equal
to the outgoing angular flux on the opposite side, which results ieutrom leaving one
boundary being returned at the same quantity and angle on the opposite boundary. In reactor
lattice calculations, for example, the geometry may consist of a single fuel assembly, often
infinte In the axial direction, which is surroundday reflective or periodic boundary
conditions. This means that the solution corresponds to a repeated lattice of identical fuel
assemblies, infinte in all spatial directions. Therefore, instead of, for example performing
criticalty analysis of at 4 array of casks, one could use 2 array and change the
boundary conditions to periodic and obtain the results of 4 aray. Although the scattering

and other aspects of Monte Carlo random walk dominates the running time, the computer
time gained by usingeriodic boundaries is lost to the scatteriftpllenbach,et al, 2005;
MCNP_X5_ Team, 2003]

7.5.4 Reflective boundary conditions

This requires that the flux at the boundary in tneomingdirectionQ is the same as the flux

in the outgoing direction Q 'at tat point, wherey "y ¢Y d O O s the reflected
direction as shown irFigure 7.1 and satisfiesy ¥ J O 1 In simple terms this
means angle of incidence equals the angle of reflection. In the context of criticalty
calculations it means the escapetltrons are reflected back into the core or any vessel of the
system in the same plane in which they [&fiis implies that there is no loss of neutrons and
therefore, no change in fission densitfhe reflective boundary conditon can thus
summarised maematicaly as follows,

"IRh hA P when d heyz g (7.42)

7.5.5 The Albedo boundary condition

The albedo forms a link between the vacuum and specular reflection condition in the
following way; if in specular reflection a fractidhof escaped neutrons is reflected back into

the system an@l-a )asses through the boundamgan be adjusted so thaither all escaped
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neutrons are reflected back into the vessel or all are transmitted through the boundary
[McCartin., 2009] Whena is set at zero (0) all neutrons will pass through the boundary and
that boundary condition is known as vacuum. Howeveemnhis set at one (1), all neutrons

are reflected at the boundary and that boundary condition is referred to as reflective boundary
conditions. Generally the albedo coefficiert varies with the reflector properties and the
selection of the albedo coefignt should be such that it can capture angular and energetic
redistribution of reflected neutrons as they diffuse through the reflfidadienbach,et al,

2005; MCNP_X5_ Team, 200®%anchezet al, 200].

7.6 Neutron importance

Neutron Importance refer® the fact that every neutron in a system has an equal chance of
causing an evertewins, 1965], whichcan either be a fission process or reaching a neutron
detector thereby registering a signal. Research conducted by Soodak and Lewins has shown
that theneutron importance is a function of the distaciom the detectoror in this case

the distance from the fuel and the number of its progeny sometingsr. A neutron
progeny in this context refers tthe neutron generations which trace their existe to a

parent neutron through either scattering or fissiofLewins, 1965] Therefore, because

every neutron generation has as much chance of registering a signal in a detector, Lewins

derived the following postulate to indicate the importance of neytrogeny in an event;

Postulate: “A particle is as important as its progeny. This axiom expresses the requirement
that a particle only contributes to the future meter reading through its progeny and the total
importance of these progeny must be conseupetd the moment the meter is régtewins,

1960; Lewins, 1965]

The progeny only captures the time factor of neutron importance. The other equally important
factor in neutron importance is distangef a neutron from the detector which, according to
Lewins plays an equaly important role in defining neutron importance. He subsequently

derived the following definition.

Definition: Th'e importance N+(x,t), is defined as the expected or probable catitnibof
one particle at x attime t to the meter reading attimetThus a particle 1is
(future) observable readirigLewins, 1960; Lewins, 1965]
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In the context of storage array, this implies that the neutron in the middle of theocaskasy

has much higher importance than those at the periphery which is in agreement with the
Lewins findi ngreutrans neamthe outest sudacd hiavae &a higher probability

of leaking out of the system without leaving any progeny behindhrerdfore, without
affecting the meter reading. Hence the neutron importance will be lower near the outer
surface than near the centre of the artayewins, 1960; Lewins, 1965]This seems to

confirm why the 2 2 array has a much highkg than the 1 4 array.

7.6.1 Neutron Generation Importance

Neutron importance is interpreted in different ways depending on the intention of the author
and on the criticality of the reactfirewis, 2008] and has been found to be applicable to both
critical and steady state artical system. In attempting to describe the concept of
generation importance, one has to assume that there are a number of cycles of neutron
generations radiating out of the neutron source and each cycle must be seen as separate from
the others[Lewins, 1965; Lewins, 1984] Also, each of the particles radiating out of the
source exists in its own (first) generation until it is removed by the process represented by R.
Whilst in its cycle, each neutron is producing progéfigr the next generation accorgitio

the probabilty represented by [Pewins, 1960; Lewins, 1965] Therefore, if N®(x) is the
importance of a particle in its own generation (i.e. its own effect on the detector or criticality
without regard to that of its progeny) and if Bescribs the distribution with which it is

being removed from its generation, therN*® is the rate at which the particle is giving up

its importance in the system, and this is equal to its immediate effect to criticality or to the

detector given by , Hx):
where, 2°. ( (7.43)

It must be noted that the neutron multiplication factor of the system is also being affected by
the progeny of the particles emitted from the source in the previous generation. If the
preceding generation= 2 and the present generatior 1, then the particle in generation 2

has importance ¥ and is being lost to its generation with probabiity distribution .R
However, its progeny in the next generation are being produced with the probability
distribtion P* and each wil have an importance of . Since the conservation of

importance in the steady state requires fbaivins, 1960; Lewins, 1965]:

! Daughter products
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n“"E "E'E (7.44)

then the general equation that describes the importance of previousitigpenas written as
2°. 0. (7.45)
where. is the importance of a particle through its progeiater.

Apart from the neutron importance, the system must also take into account the neutron source

importance, which iglefined as theum of the particle generation importangeen by:

n o B E O (7.46)

In a subcritical system where there are no progeny left after a number of generations, this can
be represented mathematically [aswins, 1960; Lewins, 1965; Lewins, 1984]

ELO HYO H (7.47)
However, this is not the case in a critical system since there wil always be a number of
progeny left after a several generations in which case remains finte. Therefore, the

sum corresponding to that is not finte but instead converges to. for a large i
[Lewins, 1960; Lewins, 1965]

In subcritical and critical systems the neutron importance is associated with the asymptotic
neutron population[Lewis, 2008] Therefore, if the system is slightly perturbed by inserting
neutrons in a critical system the neutron population will increase depending on the location of
insertion, their energy and the directions of initial neutrons whethgrate moving away or

towards the fuel. For a critical nuclear system having an igaheutron population, the

neutron population wildl change by AN after
new neutron density level of N A N. | n syatem,ctiei Vvaratora 6f neutrons
population per I ns ernewrdn inmpertarice omand s d&kmemwads aa

direction, energy and location of insertion. Therefore, in this regard the concept of neutron
importance is related to any quantity pndjomal to the asymptotic power of a reactor cpre
[Lewins, 1960, Lewins, 1965
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7.6.2 Time-Dependent Neutron Importance

The other school of thought is of the opinion that he 1 mportance concept
contribution of any one neutron to some finpkeoationally determinable characteristics of a

nuclear reactor such as perturbation of criticality is as important as any other neutron
generation, irrespective of whether it is the first Stg e n e r 4Lewins, ©960] This is

the basis of the derivathh of adjoint equation and the boundary condition of the Boltzmann
Transport Equation for simple and multigroup diffusion theory and also for the continuous
slowing down model. Adjoint functions which are solutions to the adjoint Boltzman equation
were first introduced in reactor physics in 1945, but their application in theofust
perturbation theory was not until latgrewins, 1960; Lewins, 1965]

Regardless of which school of thought one subscribes to, it is agreed that for many problems
in reacto physics it is necessary to describe the state of the reactor by using a single overall
characteristic, e.g. reactiity, instead of describing the neutron behaviour in detail throughout
the reactor corellewins, 1960; Lewins, 1984However, contrary tohe general belief, the
neutron density cannot be separated into a function of time and the remaining variables,
because then the notion of criticalty loses its meaning. This led to the derivation of the time
dependent adjoint equation of neutron imporéanghere the importance of a neutron is
believed to be in three different tirzenes relative to the position of the projectile to that of a

target nuclide[Lewins, 1960; Lewins, 1965]

1 before timet, in which case the neutron has not yet interacted taittbet nuclide
(neutron still approaching).

1 at time t where interaction of a neutron is actualy in progress, in which there is
transfer of energy, charge or other particles between the projectie and the target
nuclide, and

1 after timet where new nuclels/isotopes are created as a result of the interaction.

These are different time zones or stages through which nuclear reactions take place, and must

be interpreted in the context of nuclear reaction analysis with referef@gite 2.5
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7.7 PERTURBATION OF PARAMETERS
IMPORTANT TONUCLEAR CRITICALITY
SAFETY OF CASTOR X/28F SPENT FUEL CASKS

In this thesis, sensitivity and uncertainty analysis was performed in two separate phases; in
the first instance the focus was on fresh fuel, perturbing some of thetampparameters to
criticality with the view of determining what the effect of small perturbation wil be on the
keff.

7.7.1 Direct perturbation of fresh fuel parameters

The sensitivity and uncertainty analysis of fresh fuel was based on Direct Perturbaton (DP
technigue where KEN@V was used to calculatkes. The resultingkes value is then used to
manually calculate a total sensitivity coefficient that wil then be compared to the total
sensitivity coefficient calculated using TSUNAMD or TSUNAMI-3D [Mueller, et al,

2005a] In this case, the study was divided into the following categories

f Perturbation of°B in the boral plate of the cask basket.
91 Perturbation of moderator density,

1 Perturbation of Moderator Temperature.

1 Perturbation oPolyethylene Temperature.

The initial input parameters were as follows;

Enrichment: 3.9 wt%,
Crosssection library: v7238
Number of neutron generations (gen) = 10000

Number of neutrons per generation (npg) = 10000

= =2 =4 4

Number of generations skipped (nskL00
1 Standard deviation (sig) = 0.0001

A sensitivity coefficient is thus definemks the relative impact of a change in some nuclear

data e.g. the macroscopic absorption cresstion(g , ) on the systemsskand is defined

as

Sa = dk/%a /| & (748)

wherea is nuclear data of interefReardenet al, 2008; Rearden, 2004]
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The coefficients therefore, directly reflect the relative importance of data parameters to the
results of acomputer simulation. Studies conducted by Mueller have shown that TSUNAMI

3 and Direct Perturbation results should be within 1 or 2 standard deviations of each other
[Rearden, 2004; Reardest, al, 2008]

As stated, Sensitivity coefficients may be furthdivided into explicii and implicit
components. The explicit component results from the sensitivitikeoto variation of the
resonance sefhielded macroscopic cresection. The implicit component on the other hand
results from crossection adjustmest in the resonance selhielding calculation. For
example, the explicit sensttivity of hydrogen in the moderator around a fuel pin results
directly from the sensitivity ofkes to changes in the hydrogen creassction. Implicit
sensttivity on the other Indl includes the effects of the sensitivity of the fuel macroscopic
crosssection to change in the moderator c¥ssstion. The implicit component is calculated
using derivatives produced during problelependent crossection processingMueller, et

al., 2005a; Reardergt al.,, 2008]

7.7.1.1 Perturbation of °B Concentration

In this study, the fraction dfB was taken as the nominal amount'® in the borated steel.

It was then perturbed by £5% and £10% and in each case the effect of perturbatiokspn the
recorded for further analysis using Direct Perturbation techniques discussed|basiter,
20133 Leotlela, et al, 2015.

The results shown in Figure 7.2 indicate that as the fractidfiBoin boral plates (or poison
panels as some authors callig)increased, there is a corresponding decreakg imtil one
approaches a saturation level where no further decreakegr tan be achieved by any
increase in'®B. This may be ascribed to the fact that the neutron population available for
absorption by'%B has decreased so much that any exces®Bofvil have no neutrons left to
absorb. If one keeps on increasing tAB concentration it wil reach the point wieethe

slope of the curve (i.e. the sensitivity) approaches zero but never actually gets to zero. This is
a classic case of the némear behaviour that is exhibited by some mateflsligeller, 2013c,
Leotlela, et al,, 201§
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Figure 7.2: Perturbatiorof '%B concentration of Boral plafé.eotlela, et al, 2015

What has been observed by changing the order of polynomial function is that when either of

the polynomial fit is performed, the trend line tends to fit the graph better. As a result three
equations were obtaindtieotlela, et al., 2015];

1. Exponential decay equation

Y.=Ae™

Y 0" 0.98145s =3.25425E-
A, =0.11166 s =5.47223E-
t, =0.55025 s =0.00684

R? = 0.99975
X?/DoF=19.6245

2. 2" Order Polynomial Equation
Y=A B,x B,X

A =1.07199s =2.5984 310

B, =0.10802s =6.79124310

B, =0.03514s =3.37549310
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R? = 0.99748

SD =14.1196

3. 3" Order Polynomial Equation

Y=A+B ,x+B,X+B X

A =1.08956s5 =9.27283E -
B,= 0.17676s $9.000355
B, =0.11506s =0.00403
B,= 0.0281s $.00403

R? = 0.99994

SD =3.01384

Looking at the linear fit of all three equations, it is noted that ther@er polynomial has the

best fit (R = 0.99994) as the trend line fit seems to capture all data much better than any
other equatin above. To add to that, it also has the lowest standard deviation of them all. It
is therefore, expected that the decreadegias the fraction ofB is increased will follow the

39 order polynomial described ieotlela, et al, 2015}

Y=1.08956 - 0.1767%6 +0.11586 - 0.028]

7.49

The sensitivity coefficient can be obtained by finding the derivative (slope) of this equation at

a particular point. Applying the basic differentiation rule in calculus whereanisfa positive

integer andy is a function defined byYy = X' then the derivative is gven R Qo ¢ w
[Finney, et al, 1990] Therefore the general equation for the sensitivity gf t& B

concentration is given bjeotlela, et al,, 2015}

dy/dx= 0.17676 ©.2301% 90.084§

7.50
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Figure 7.3 : Sensitivity of?**U fission to changes i’B concentratior{present study

Therefore at’B(Ci/Crom) = 1 (i.€. X = 1), thenikuom Wil be [Leotlela, et al, 2015]

dy/ d¥,—1 =-0.03094 ° 1.10 18

7.51

which is the sensitivity coefficient at that concentration and is consiaténthe coefficient
obtained by Muelleeet al [Mueller, et al.,2005]

The relationship between sensitivity 87U to changes in'®B concentration is shown in
Figure 7.3

7.7.1.2 Perturbation of Moderator Density.

When the density of water is increased, there is a linear increasekig théhe system. This

Is because the increase in water density results in the increase in the density of hydrogen
atoms in the system. And besa&ulight elements such as hydrogen have a much higher
moderation power than their heavier counterparts e.g. oxygen in this case, they have a much
higher propensity of slowing neutrons down to their thermal energy range, thus increasing the
rate of fissionthereby increasing thé The graphical relationship between these two
parameters is shown ifrigure 7.4 which is summarised mathematicaly by Eqgn (7.52
[Leotlela, et al., 2015).
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Y =0.61451 +0.384%

A =0.61451 s = 6.94405E;
B=0.3841 s = 6.97119E;
R?=0.99933

(7.52)

1.04
Y =0.61451+0.3841x

1 R’=0.99933
L0271 s=03841
1.01 4

1.03

£ 1.00 4
xc -
= 0.99 - 1
1 .
0.98 - kik |
T —— Linear Fit:k /k
0.97 4 1 mnom -
0.96
0.95 I | ] | ]
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HQO (pllpnom)

Figure 7.4: Effect of Perturbation of Moderator Density in thg [Leotlela, et al, 2013

7.7.1.3 Perturbation of moderator and fuel temperatures

Perturbation of fuel and moderator temperatures reveals that there is a linear relationship
between an increase temperature in both materials and a decreas&joththe system
[Leotlela, et al, 2015] This is largely due to Doppler broadening effect of the temperature on
the crosssections of the two materials. Since the two materials i.e. fuel and moderator have
different absorption and capture crassctions, the mode of reaction with neutrons aldlo

be different..
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Figure 7.5: Comparison of Effects of Perturbation of Fuel and Moderator Temperatkige in
[Leotlela, et al,, 2013

In the fuel?®U accounts for the largest fraction of Doppler broadening because of the
resonance escapgrobability and the negative temperature coefficient being more affected
than in other materialdHowever, because of its fission cressction, it will tend to decrease

the keg much slower than the moderator wil do as shown in Figure 7.5, hence a lower
sensttivity coefficient (B =- 0.01195) compared to that of the moderator (B092527)
[Leotlela, et al, 2015] The relationship between these two parameters as summarised by the
mathematical equation are shown in Table 7.1.

Table 7.1:Mathematicalrelationship between temperature and criticalty (fuel and moderator)
[Leotlela, et al, 2019

Fuel Moderator

Equation Y =1.01181- 0.01195x y =1.02527 - 0.0254x
A=1.01181 s = 6.7550% 10 | |A=1.02527 s = 6.8353 10
B=-0.01195 s = 6.82307 1{||B=-0.0254 s = 6.88072 1{

R 0.99687 0.99543

SD 0.80144 2.04404
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Figure 7.7: Sensitivity of**U capture to moderator temperatRresent study)
The sensitivity per unit lethargy for fission and captur€df to moderator temperature is

indicated inFigure 7.6 and Figure 7.7respectively, which confirms the trend obtained in
Figure 7.5
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7.7.1.4 Perturbation of polyethylene temperature

Before one can go to study the effect of perturbation of polyethylene to temperature, one has
to understand what polyethylene is and what its chemical structure is and what happens when

it is subjected to slight changes in temperature or when it is ieddia

There have been a number of studies conducted to determine whether polyethylene wil lose
its shielding effectiveness when stored for a long time, subjected to high temperature changes
or exposure to radiation. The studies were initiated as a rekultoncern that when
polyethylene is stored for a long time or exposed to high temperatures or radiation exposure,
it will result in deformation of the molecules or result in change in density due to changes in
temperature (from decay heat, day light etih@reby resulting in premature failure in its

effectiveness to provide neutron shielding.

One such study was conducted Rpdel, et al. [1998] of the German Nuclear Regulatory
Authority in which all components of Castor X/28F were analysed for their an@eth and
thermal stabilty. Their results indicated that there was no substantial change in polyethylene

shielding effectiveness after it had been subjected to changes in temperature and pressure.

Polyethylene is one type of what in organic chemisiryeiferred tan-paraffin madeup of

carbon and hydrogen of various carbon chain lengths such as,

1 N-CagHsg, N-CasH72,

1 n-CasHgo and

1 N-CosH100

In the nuclear industry, polyethylene is used as neutron absorber in the spent fuel casks where
it is continuously exposed to radiation from the spontaneous fission process. Studies
conducted by Kawaguchi indicate that when polyethylene is irradiated with charged particles,
it undergoes crystal structural deformation in the following ord#&awaguchi,et al, 1982;

Rodel, et al, 1998]

i n-CyoHa4 and G4Hso: undergo transition from triclinic to orthorhombic form.

i CogHss, CzgH7s and GyHge: Undergo transition from monoclinic to orthorhombic
phasgKawaguchi,et al, 1982]

The transition to a phase with high energy (ofttbanbic phase) results in radiatioluced

stresses. The excess strain energy produced bylinkass structure is believed to be equal
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to the enthalpy change of the phase transition, and the number ofird®s®quired to
induce the phase transttiaa estimated as one per volume of about ten molecular chains
[Kawaguchi,et al.,, 1981]

In the study conducted by Rodel, it was concluded that because of change in structures, the
performance of polyethylene as neutron absorber wil be negatively affe€sdaguchi
[Kawaguchi,et al, 1982] argued that, this depends on the molecular weight of the paraffin
and the radiation dose it received. Kawaguchi was able to show that irradiation of any of the
polyethylene monomers results in the widening of thec@atsipacings, and that the degree of
widening of the lattice spacings increases with irradiation dose and the molecular weight of
the paraffin. In addition to an increase in the lattice spacings as a lattice defect, Kawaguchi
al. noted that irradiationfoshorter paraffins resulted in amorphous patches being segregated
out of the crystal lattice, thus improving the crystalinity of the pardgKawaguchi,et al,

1982]

Other factors which Kawaguchi identified to be the causes of phase transitions in
polethylene were the presence of impurity and temperature. As was the case in radiation
study where the signs of structural defect were lattice spacings, in the case of temperature
effects it is change in structure. KawagufRawaguchi,et al, 1981] noted that different
paraffins of different structure are affected by temperature differently; the results show that
an increase in temperature hardly ever induces phase transition of the triclinic form to the
monoclinic form, while changing to orthorhombic takplace quite easijKawaguchiet al,

1981}

With regard to the effect of impurities on the stabilty of the paraffins, Kawaguchi observed
that addition of a small fraction of impurities such as other homologs (i.e. other paraffins of a
different carbonchain length from that of a base material) in the base material causes crystal
transformation to take place in the base material paraffin of various modifications
[Kawaguchi,et al, 1982]

Therefore, based on this, it would be expected that the longerarbon chain of a homolog,
the better the shielding effectiveness wil be because of the sheer number of light elements

available for scattering.
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Figure 7.8: Perturbation of polyethylen¢Present study)

In spent fuel storage technology, theparaffins are used quite extensively in neutron
moderation beasse of light nuclide in their composition. For example the Castor X/28 F cask
has 70 polyethylene rods which are of 7 cm in diameter and 370 cm in length distributed

evenly around a radius of 104.5 cm to provide neutron shielding.

As shown in Figure 7.8the results indicate that thkes has little or no sensitivity to
temperature of polyethylene, which correlates very well with the findings of Kawaguchi and
Rodel [Kawaguchi, et al, 1981; Rodelet al, 1998] In this study the density was held
constantand only the temperature was varied, because of this the most significant contributor
which seem to increase the attenuation coefficient of polyethylene to an exceptional neutron
shielding material that it is, is how the H and C are arranged in the ehesmiocture of

polyethylene.

Although polyethylene does not lose its shielding qualities, being exposed to radiation for an

extended period of time accelerates its aging.
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A classical example of this are the problems the US nuclear plants have watfieBor
(which is a polymer loaded with 4,8 crystals). After being irradiated for quite some time,
boraflex panels shrink, forming gaps of unshielded areas in fuel racks, and also exhibit
enhanced dissolution in spent fuel pools [US NRC, 20M@rtheast €chnology Corp, 2008
(O'Leary,et al, 1996).

7.7.2 Perturbation of spent fuel parameters
7.7.2.1 Sensitivity to burnup changes

In 2002 Seong Hee Leet al. conducted a study with a view of determining the effect of axial
profile on thekes [Lee, et al, 2002] In that study Seong Hee Lee used various combinations
of a flat burnup (where axial burnup profile was not taken into account) and an actual axial
burnup profile and coupled these with different enrichment levels to determine what the
effect of each conitation would be in thées The results showed different trends depending
on the enrichment level and whether a flat or actual axial burnup profile wafl_esedt al.,

2002}

Table 7.2: The neutron multiplication factas function of spent fuel burnup for GBC cask
[Radulescugt al, 2008]

Average Initial Fuel -
burnup Enrichment| Temperaturg =ALF Kef o
(GWD/MTU) | (wt% 2*U) (K) (V)
10 1.9972 293 2.09E1 0.8975 0.0005
20 2.5563 293 2.42E1 0.88%4 0.0006
30 3.2025 293 2.67E01 0.8807 0.0005
40 3.777 293 2.84E01 0.8776 0.0004
50 4.3427 293 2.99E01 0.8755 0.0006
60 4.8819 293 3.14E01 0.8703 0.0005

2 Energy of Average Lethargy for causing Fission
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A. For a High Enrichment (4.6 wt%) and High Burnup (54 GWD/MTU) : A flat burnup
distribution resulted in lowekes than the actdaburnup distribution which became
more severe (even lowkgg) in longer cooling times.

B. At relatively low initial enrichment (3.0 wt %) and high burnup (54 GWD/MTU), the
flat burnup distribution yields lowelkes than those obtained from axial profile
distribution. The kes was further decreased by a long cooling time. However, the
degree of difference was less than was seen in the case of high enrichment and high
burnup case.

C. For a high enrichment (4.6 wt%) amdlatively low burunp (18 GWD/MTU): The
flat burnup distribution yields highekes than what is obtained with the actual axial
profile at no cooling time and 1 year cooling time. However, the flat burnup results in
lower ke than that obtained in axigrofile burnup with a 5 year cooling.

D. In a 5 year cooling time case, the flat burnup distribution resulted in kwéran is

seen with axial profile.

7.7.2.1.1 Sensitivity and Uncertainty analysis of neutron
multiplication factor to burnup by Direct Perturbation
Technique

A similar study was performed at Oak Ridge National Laboratory and the results confirmed

S findings and the resul t set ah r2@08]. Toabul at

Lee
determine sensitivity okes to burnup, twotechniques were used, in the first instance Direct
Perturbation technique summarised by Egn 7.53 was applied. The second technique entails
using TSUNAME3D computer code and wil be described in detail the following section.
Also instead of using a threeipt DP technique, a multipoint DP techniqgue was used which

is described byMueller, et al, 2005; Mueller,et al, 2005a]

s= (kl_ kz)/ knominal
(rl_ 6)/ ngminal

(7.53)

where K, ko, Kvomina @re thekes; of the perturbed system, using the new vapesnd p, from
the perturbed systenand the uncertainty coefficient is calculated using the following

equation[Mueller, et al, 2005a; Muellerget al, 2005]

0.5
g r

1 ¢ &k -k, 0, -
5,565 +§ &= 55, UL (7.54)
knominaléi éﬁ G "nominal 9 foomeal E”rl- /’i
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where o1 , ke 0and Cwnominal @re calculated standard deviatiaesociated with 1k ky, and
Knomina It was found that sensitivity okes Of various nuclide sets to burnup obey the

following respective equationd.eotlela, et al., 2015]

= 852.07X #466.4% 9325x 9694.6x 5019.6x+1(%

yactinides -

R? =0.9908

Major actinides

(7.55)

= 1492.1X ¥678.6% 15765x 16139x 8239.7x+1@]

yMajor actinides+Minor FP—

R? = 0.9864

Major actinides+Minor FP

(7.56)

Y ajor actinides:principal ri= 335-36X -1364.4%  +2110.9x -1504x + 455.92x B
R; =0.9978

Major actinides+Principal FP_

(7.57)

where,y = ki/knomandx = BUi/BUpom

—m— Major actinides only
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Figure 7.9: Sensitivity of the thre@uclide sets to burnup used in the analysis of CASTOR
X/28. [Leotlela, et al., 2015]
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The study started with an inttial enrichment of 3.9 wt% and nominal burnup of 40
GWD/MTU. The burnup was increased by values ranging froid5%, to +410% and in
each case all three burnup credit nuclide sets were takeacotunt[Leotlela, et al,, 2015].

After each simulation the/k.,,m and the BuUBuy,n were calculated using Egn 7.53 and
instead of using Eqn 7.54 to calculatedirect difference method was used and the results are
indicated inFigure 7.91t is observed that there is a decreaskgs4as burnup increases. It is,
however, observed that the decrease is not uniform; at lower burnups betwWaaDATU

and 38GWD/MTU it is much slower and between @®WD/MTU and 43GWD/MTU it is

much more rapid. Looking at the graph, it is observed that therelig-adgeat BUi/BUnom

= 0.981655844, Kk.o,r= 1.00257314) and that the -oadinates of thesliff-edgefor the three
nuclides sets coincides. The relationship betweéq.k and BwBun.m and their respective
correlation coefficients for all three nuclide sets is summarised mathematically by equations
(7.55), (7.56) and (7.57). The total sensitivty coefficients of any of these nuclde sets
indicated in the graph may bebtained by determining the differential of the respective

equation at the point of intereléteotlela, et al,, 2015}

7.7.2.2 Tsunami-3D sensitivity and uncertainty analysis of major
actinides

The study of sensitivity of major actinides was largely drivensinyilar research that was
done in 2005 by Oak Ridge National Laboratory (ORNL) aimed at investigating the accuracy

of each Burnup Fission Product cresesction[Radulescuget al, 2008; Mueller, 2013c]

The main aim of Major Actinides Sensttivity analysis as carried out in this thesis is to use
TSUNAMI-3 to determine by how much thes of the system is affected by the variation in
crosssection of a given fuel composition, which is what TSUNABAells an analyst. On the

other hand, the sensitivity dfes to a particular nuclideeaction pair macroscopic cress

section(az ) referred to as sensitivity coefficient, provides a measure of eofilstr effect

of perturbation in nucleareaction x for nuclide n upon ke A sensttivity coefficient is
computed as a sum over all energy groups of the sensitivitidgs @ groupwise cross
section.[Radulescugt al, 2008;Mueller, 2013c]
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Based on the definttion of sensitivity above, or@n deduce that it is important that the
accuracy of a crossection of a particular nuclide for a specific reaction is known. Therefore,
in that regard the accuracy of actinide cresstion is very important to criticalty analyses

for the following reaons;

1 the microscopic crossection of the nuclide determines the reactivity worth of
actinide in spent fuel when determining the importance or fractional contribution of
that nuclde to burnup credit (BUC) of the entire set of Major Actifiideeller, et
al., 2005a]

i the crosssection of the nuclde determines the reaction rate during the
depletion/irradiation of the fuel and determines the degree of accuracy to which the
final concentrations of various nuclides in the spent fuel can be preflidteder, et
al., 2005a]

i the radiation damage of the material and consequently crystal structure transformation
that results from irradiatiofiMatzke, 1992]

This research will only evaluate the effect cresstion of Major Actinides in th&es of the

system and not fission products or any of the precursor nuclides since they have already been

studied. The methodology for this part was divided into two stages;

| Phase 1

The Burnup Creditis the first phase of the TSUNAMD sensitivity and unceainty
calculation. It involves application of STARBUCS (Standardized Analysis of Reactivity for
Burnup Credit using Scale) sequence to cregtn2filecriticalty input file by making use

of the shellcommand, which is written at the end of the depieinput fie (i.e. at the End of
STARBUCS) as follows[Mueller, et al, 2005a; Muelleret al, 2005b; Radulesciet al,
2008}

#shell
copy sysin2 "% RTNDIR®owhy%.buc.input"
end

This will copy the sysin2file with the file namewhy to the same directory here
STARBUCS was executed and append it with .Hlec extension e.g%why%.buc.input
(Refer to APPENDIX 3) [Leotlela, et al, 2015] The initial enrichment of the fuel was 3.9
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wt% 2*U and it was subjected to three different burnupsG®D/MTU, 40GWD/MTU and
60 GWD/MTU and the cooling time of each burnup level was divided into three different
categories; 1 year, 5 years and 10 y¢ihseller, 2013d]

There are other similar studies which have been done before, however the approach was
different in the sense that the cooling time was kept constant (5 years) but enrichment
increased as burnup is increased. These include those published by Radulescu and Mueller
[Radulescuget al, 2008]

For the purpose of this analysis the cask was modelled gdoadled (28 fuel assemblies)
with ap x p XPWR fuel assemblies and all the-gaps in the interior of the cask replaced
with water. The nuclde whose cressctions were investigated were Major Actinide

nuclides.

1 Phase 11

In the second phase tlsgsin2file that wascreated in the STARBUCS depletion phase was
imported into the TSUNAMI3D input file and the cell data divided into 18 axial sections
with their corresponding media alongside each component of the cell data. The geometry in
unit 1 was also divided into 18 axial fuel zones and used the 18 fuel mixtures retiee

cards for unit 1, and finaly added thead SAMS block. The parameter input deck was as
follows [Mueller, 2013a; Mueller, 2013d_eotlela, et al., 2015];

read parameter

gen = 10000, npg = 10000, nsk = 100, htm = yes, nub = no, apg = 2000028Q00=ask
= 200, sig = 0.0001, as g=0.001, ttm=no, pnm =1, mfx = yes msh = 10

end parameter.

The programme was then executed and sensitivity coefficient of each nuclide read from the

output file.

It is important to note that under normal conditions the fuel burned in the PWR core exhibits
an axial burnup profie as a result of uneven distribution of neutron flux caused by neutron
leakage and temperature gradient along the length of fuel asserhislyledds to a high
concentration of fission products around the middle of the fuel assembly and low
concentrations at the top and bottom ends of the fuel assembly, creatsmtbHectas has

already been discussed in the previous section. In a st@iagdion there is no such
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temperature gradient, hence the axial fission distribution is much higher near the top
compared to the same fuel assembly in the dbteeller, et al, 2005b] As a result of
changes in isotopicomposition along the length dhe fuel assembly, the results were taken
from the total integrated sensttivities from the 18 mixturElse results are summarised in
APPENDIX4[Leotlela, et al, 2015]

Oak Ridge National Laboratory conducted a study to determine the relative sensitivity
coefficients of a number of nucldes with a view to ranking the nuclide -ses®ns that
need to be revised. The results were documented in ORNRODE/48 [Mueller, et al,
2005a;Mueller, 2013]. The Fission Product nucldes which were investigatéuk irstudy by

Gauld, et al.were;
99Mo’ 99—I—C, 101RU, 103Rh, 109Ag, 133CS,143NC|, 147Sm,1491528m, 155Gd andlngu.

Because the concentration of nuclear reaction products changes dramatically during
irradiation the sensitivity coefficients are thus burtipe- and regiordependent, the
burnup in that case was held constant at 43 GWD/NNukller, et al, 2005a]

Also, because burnup credit fission products are in many cases stable; their coefficients also

do not change appreciably from discharge from the reactor.

However for those fission products that changed appreciably after fuel dischard&Smy.

and °°Gd the coefficients were calculated after the cooling period of 5 and 20 years while in
other cases 1 year cooling was sufficient. It is important to note that the coefficients represent
the relative importance of the fission product cfesstion to the preclied concentration of

each burnup credit fission product.

The coefficients were evaluated with respect to the radiative capturesex@ssso fy )
[Gauld, et al, 2003. The results showed that the relative sensitivity coefficients for each
burnup credifission product are as ilustratanl ORNL/TM-2005/48[Gauld, et al, 2003.
The Figure shows that the concentration of many fission products is sensitive to their own
crosssection. However,*Cs, *Nd, **Tc, Mo and '*'Ru exhibit relatively lowcross

section sensitivities, with sensitivities coefficients of less tharf@g2ild, et al, 2005]

The other fission products%tRh, 1®Ag, 1*3Nd, *"14%1%25m, 5%Gd and™*Eu) display larger
crosssection sensitivity. Most fission products show edatsensitivity to their own cross
section with the exception of'Sm, *°Gd, *>*Eu and'*’Sm which exhibit sensitivity to the
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crosssection of their precursors. Gauld further lists sensitivity coefficients as follows;
1305 m(S=0.4) **Eu(S=-0.95), **’Sm(S = 0.32) and*’Pm(S =-0.48) respectively. Gauld and
Mueller commented further that the reason for the high sensitivity to the precursor fission
product is that production by neutron capture and not directly by fission is a dominant mode
of production[Gauld, et al, 2005]

TSUNAMI-3 calculations were only run on nominal concentration and the sensitivity
coefficient is read directly from the TSUNAM output[Leotlela, et al,, 2015]
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CHAPTER 8

8.0 CONCLUSION AND RECOMMENDATIONS

8.1 Acceptability of the presentdesign for use in higher
fuel enrichment

As stated in Section 1.2 the twoirpary objectives of this project were to: i) ascertain
whether the present cask design can be used to store fuel assemblies with higher enrichment
given that theyare only licensed for 3.5 wt%; i) and to determine if there was a significant
difference in criticalty between fuel assemblies from AREVA (AB&) and the one from
Westinghouse (37RFA).

Considering Table 5.3 when the three enrichment levels are comgaat 600K, it is
observed that at the 3.9 wt% and 4.4 wt% enrichment the results are well below the
regulatory safety limit ofkes = 0.95, while at 5.0 wt% both fuel assemblies are above the
regulatory limit. Also, at 4.4 wt%, thekes are so close tthe safety limit that the safety
margin is only 2.5%, which is below the recommended 10%. Therefore, neither of the two

fuel assemblies can be stored in the present consignment of casks.

On the question of which one of the two fuel assemblies is more reactive, it is observed that
at 600K, AFA-3G is more reactive at lower enrichment (3.9 wt%) thanR#A by 0.056%

and at higher enrichments (5 wt%) 3REA is more reactive by the same @emtage margin.

8.2 Sensitivity of ket to parameters importantto
criticality nuclear safety of Castor X/28 spent fuel
Cask

Sensitivity and uncertainty analysis was performed on both fresh fuel and on spent fuel. On
the fresh fuel, analysis was largely penfied by Direct Perturbation (DP) while for spent
fuel, TSUNAMI-3D was usedLeotlela, et al, 2015] The parameters investigated foesh

fuelare discussei detailin section7.7.1while those of spent fuel are discussed.in.2.
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8.2.1 Sensitivity to *°B concentration

The results indicate that the sensitivity kfs to 198 concentration follows a neimear
relationship defined by the differential equation giverséction7.7.1.1 derived fromFigure

7.2 [Leotlela, et al, 2015] This is implies that the concentration'88 can only be increased
up to a certain point where tthes will still decrease; beyond that point it reaches a saturation

point where no further increase iB concentration wil result in further decreadekg:

8.2.2 Sensitivity to temperature

With regard to sensitivity ofkes to fuel and moderator temperature, it is noted that the
moderator with a sensttivity coefficient ef 0.0254 is much more sensitive to temperature
perturbation than the fuel which h#se sensitivity coefficient of 0.01195. This implies that
when the temperature of the system increases and there is a corresponding dekggése in
decrease wil largely be due to the effect of the moderator rather than due to the effect of

temperaure on the fuelKigure 7.5).

8.2.3 Sensitivity to moderator density

On the moderator denstty, the results show that as the moderator density increases so wil the
Ker, and the senstitivity coefficient has been found to be 0.3B#uré 7.4). This may be
understood if one considers neutron moderation in the presence of hydrogen where
absorption is ignored. If one takes into account the logarithmic energy decrement of all light
elements, one wil notice that hydrogen has the highest logarigmergy decrement of all
isotopes in the geometry affU has the lowest which are 1.00 and 0.00838 respectively. As
the density of water is increased, it implies that there will be more hydrogen molecules in the
system available to cause scatteringolwhsubsequently results in thermalisation of neutrons.

As a result of the gradual increase in the number of neutrons in the thermal energy range
caused by an increase in moderator density, there wil be a corresponding incriegses in

moderator densityncreaseglLeotlela, et al, 2015]

8.2.4 Sensitivity to polyethylene temperature

Research indicates that when polyethylene is irradiated, it undergoes crystal structure

deformation in the following order [Kawagucleit al, 1982; Rodelet al, 1998]
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i n-CyoHa4 and G4Hso: undergo transition from triclinic to orthorhombic form.

i CogHss, CseH7s4 and GyHge: undergo transition from monoclinic to orthorhombic

phase [Kawaguchgt al, 1982]

The transition to a phase with high energy (orthorhombic phase) results in rad@uoed
stresses. The excess strain energy produced bylinkass structure is believed to be equal

to the enthalpy change of the phase transition. The number oflinksssequired to induce

the phase transition is estimated to be one per volume of about ten molecular chains
[Kawaguchi,et al,, 1981].

With regard to the effect of increase in temperature structural changes, it has been observed
that different paraffinsof different structure are affected by temperature differently. For
example, an increase in temperature hardly ever induces phase transition of the triclinic form
to the monoclinic form, whereas changing to orthorhombic takes place quite easiy
[Kawaguchj et al, 1981].

It has also been noted that the longer the carbon chain of a homolog, the better will be the
shielding effectiveness of that paraffin compared to the shorter carbon chain homologs.

8.3 Selection of the optimum storage array

In this section te objective of the study was to ascertain what the effect of: 1) different
storage arrays and 2) changing the distances among adjacent casks would begoi e

cases were investigated which involved four casks and thirty casks in two differeist &nray

the case of four casks, one scenario focussed on the linear (1X4) array while the other
focussed on the 2X2 square array. Similarly, the thirty casks were arranged in 2X15 and in
3X10 arrays and the changekig; plotted as a function of the sepasatgap among adjacent
casks. The cases were further divided into misaligned casks and compared to traditional
storage arrays where all casks were at the same Ehwelresults irFigure 4.11 indicate that

the kg from the misaligned array is lower than in the traditional 2X15 array by an avakage

of 0.0050. Since the distance between the two rows were the same in both arrays, the
difference in thekes may beascribed to the change in the Dancoff factor whenabages

the array and the ereffect which becomes less effective as the distance between the

adjacent casks increases.
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It has further been proven that the casks in misaligned 3X10 storage arrays, irrespective of
whether they are horizontal or verticagsult in much lowelkes than those in a traditional

3X10 vertical orientation. Since the gaps between the rows of the two arrays were kept
constant, the difference ke will be as a result of misalignment of the two reactive ends of
adjacent casks which resulted in the decrease kcthe

When on compares vertical and horizontal casks, it is observed that there is no significant
difference in the neutron multiplicatiofactor of the two arrays, the watlilee variation inkes

from one position to the next is due to stochastic variation the number of neutrons in the
thermal energy range.

In the case of four casks, it was observed that the linear arrays (1X4) wilnyield lower

kef cOmpared to the square arrays (2X2) for every unit separation made among the adjacent
rows. Comparing different configurations of 1X4, it was observatat the
staggered/misalignedtorage array resulted in lowégs compared to theraditional 1X4

inear matrix. This is due to the fact that the reactive top and bottom ends of adjacent casks
are misaligned and when the casks stand next to each other the reactive end of one cask fits in
the nonreactive middle part of its adjacent partn&s. a result of this, misaligned casks result

in lower fission rate than in traditonal 1X4 array where the reactive ends are aligned.
Similarly the 3X10 array wil yield much loweke than their 2X15 counterparts. The
common denominator between the 1X#ray and the 3X10 is that they both have a middle
array which acts as a neutron absorber for neutron origination from the outer rows.
Resonanceand spatial sefhielding are the two most important elements of shielding which
will add to neutron absorpti in the two arrays and consequently lead to a decredsg in

The absence of spatial shielding in the 2X15 and 2X2 arrays combined with the fact that as
the distance between two rows increases it wil result in neighbouring casks moving away
from the influence of Enéffect of one another, thereby resulting in &r@ase ke This,
combined with the fact that as adjacent casks move away from one another, the total volume
occupied by the array of casks wil also increase and thus decrease the flux density. Since
neutrons have very short mean free path, theitroeumportance wil decrease which wil
subsequently lead to a decreas&n However, because these do not have the middle row,
their decrease ikes per distance of separation is much slower than those containing the
middle row. This slow decrease k¢s is further exacerbated by the fact that as the distance

among adjacent casks is increased, the cask actually moves closer to the walls of the building,
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resulting in an increase in back scattering of neutrons back to the cask. The net effect is that
2X15 and 2X2 have a much slower decreasé&cincompared to the 3X10 or 1X4 array.
Therefore, if there are only a few casks to store, it would be recommended that they be stored
in such a manner that they shield one another rather than not. Theredocasie where there
are four fuly loaded casks to be stored, it would be recommended that they are stored in a

staggered 1X4 array rather than in a 2X2 array.

If one is to choose between changing storage array or to use burnup credit to increase the
capady of the spent fuel. It has been proved that the degree of burnup has a much greater
effect in the reduction of this than the type of an array has. This implies that although the
choice of the storage array can make a significant contribution ieasinlg the capacity of

the storage facilty, this is more relevant to fresh fuel than in used fuel. In spent fuel, burnup

credit is by far the most effect means to achieve this goal.

8.4 RIisks that can lead to an increase in the k.+ of the
system

Two accidehscenarios were investigated, Water Ingress and Misload accident scenarios. The
water ingress has always been one of the top priority accident scenarios because of the
potential accident that can happen while being transported to the Radioactive Wesge Sto
facilty. Its importance and popularity was further heightened by the Fukushima Daiichi
Nuclear Plant accident.

The second scenario which proved to be of importance because of its high probabilty is the

misload accident scenario.

8.4.1 Water-ingress
8.4.1.1 The neutron multiplication factor as a function of rising

water levels

On the relationship between rising levels of water and theitkhas been shown in both
horizontal and vertical cases that the most critical amount of water from nuclear criticalty
safety point of view is the first few litres (up to 10% of empty space) since it has the greatest
effect in the kg of the system. It will increase they of the system from the lowekty (of

0.21 and 0.34 in vertical and horizontal casks respectivei@n filed with air to its highest
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(0.92 and 0.938 respectively) irrespective of whether the cask is horizontal or vertical. From

there onward, th&es will stay constant regardless of the amount of water added.

It has also been shown that water ingrésa horizontal cask resulted in highef than in
vertical caskk=0hy2amtawearyagevAl of water
scenarios are compared at 100% full, the horizontal cask has aHlgwtean in the vertical

cask.

8.4.1.2 Freshwater versus Seawater

When the fresh water is compared to the seawater, the results show that the cask flooded with
freshwater results in highégs compared to that containing seawater. This may be ascribed to
the fact that seawater contains significantly enahemical elements than pure freshwater,
some of which have a very high neutron absorption esession e.g. chlorine and bromine.

The neutron absorption cresection wil reduce the number of neutrons participating in
fission and subsequently lead taeduction inker. Therefore, because of this, seawater will

tend to make cask less reactive and safer compared to the freshwater. Therefore, in an
accident situation where the spent fuel pools are running dry and fuel temperature is
increasing as has he¢he case at the Fukushima Daiichi Nuclear Reactor, it is recommended

that they are cooled with seawater instead of freshwater.

8.4.2 Fuel assembly misload

The study has found that there is a direct correlation between the number of fuel assembly
surrounding the misloaded fuel assembly and magnitude of the neutron multtiplication factor;
and also between the distance between the misloaded fuel assemblynemghldsuring fuel
assemblies. The research findings indicate that the higher the number of fuel assemblies
surrounding the misloaded cask the higher Kag and the wider the gap between the
misloaded fuel assembly and its neighbouring units the lowekgheThis is to be expected
since; if the misloaded fuel assembly is surrounded by four neighbouring fuel assemblies as is
the case with (16.25; 16.25)hich is the maximum number of nearest fuel assemblies it can
be surrounded with, it wil be exposed to neutrons escaping from 4 fuel assemblies compared
to those at (46.95;16.25) and (94.9;0) which only have two fuel assemblies around them.
Therefore, themisloaded fuel assembly with higher neighbouring fuel assembly will yield

higher Keg .
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Secondly if the neighbouring fuel assemblies are farther away from the misloaded fuel
assembly, thées will decrease because the mean free path of neutrons ishaetytence as

the gap between the neighbour and the misloaded fuel assembly increakgslebreases.

Where multiple misloads are considered, it has been found that the neutron multiplication
factor is a function of a number of misloaded fuedeamblies and the location of misloaded

fuel assemblies; for a constant number of fuel assemblies, it has been found that;

1 thekes wil be higher in a case where all misloaded fuel assemblies are near the centre of
the cask e.g. (16.25; 16.25), compatedhose that are farther away (46.95;16.25) and
(94.9;0) and fuel assemblies misloaded in the periphery (94.9;0) wil have the lwest

1 In a case of two misloaded fuel assemblies, the study shows that if one of the misloaded
fuel assemblies is nearetttentre of the cask (16.25;16.25), and the other at (46.95;16.25)
the kes Will be higher compared to the case when one of the casks is at (46.95;16.25) and
the other at the periphery (94.9;0).

8.5 Taking credit for burnup of major actinides + minor
fission products

In light of the shortage of storage space in the spent fuel pool and the fact that this already
has taken credit of Major Actinides, it is recommended that consideration be given to taking
credit of Major Actinides + Minor Fission Productaucide sets. The results of the study
show that this nuclide set can decrease the dkite considerably compared to thajor
Actinides Onlynuclide sets and still leave a reasonable safety margin comparedMa.jibie
Actinides+Principal Fission Productsuclide sets. As Wagner (Wagner, 2006) indicated,
inclusion of fission products in burnup credit calculations wil increase the number of
acceptable fuel assemblies from 11% to 58%. This is a significant amount of increase in the
number of acceptable fuaksemblies to be loaded in the casks and can buy E&la#berg)

a fair amount of time and storage space whie maintaining the safety margin within the

regulatory limit.

Not only does it save Eskom storage space, thlralso be a reduction in thenumber of
consignments to the Interim Spent Fuel Storage Installgtis reducing the risk of nuclear

related accidents associated with transportation of spent fuel to the storage facility
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Also, given that Rimpler and Buchiller proved that neutrons tcavel as far as 10 m from
the cask, it is recommended that a 10 m dose rate measurement from the cask be performed

regularly in addition to current contact and 1 m dose rate measurements.

In a case where the casks are stored out in the open field ¢t tine building) it is
recommended that a fence is erected around them to prevent members of the public coming

too close. The casks must be at least 10 m away from the fence.

Based on the fact that both Eskom and NECSA could save a significant amatotagie

space if burnup <credit were taken into accoc
position on this matter were known to its licensees. This could be done by being forthright,

that is, by developing its own requirements docun{®i) that sgcifically addresses the
requirements for nuclear criticalty safety, as it did with other aspects of nuclear safety

(please refer tohttp//www.nnr.co.za/acteegulations/requlatg-documents/for a list of

NNR regulatory documents). If this were done, both Koeberg and NECSA would know what
nuclide sets are acceptable for burnup credit analysis relating to the spent fuel pool and for
casks, and what nuclides constitute these mudiets. Being forthright about this matter, and
informing the public and the licensees about what nuclide sets can be taken into account for
burnup credit in nuclear criticalty safety analysis, would not make the publc and the
environment any less safban it would be if the licensees were to propose the nuclide sets

and the NNR to accept the proposal.

8.6 CONCLUSION

In conclusion, underthe current state of affairs of the spent fuel pool, taking into
consideration that the present casks cannot be used for higher enrichment and the lengthy
period of procurement for new casks, it is recommended that burnup credit and neutron
absorber insés be given consideration to relieve the demand in the spent fuel pool storage
space.There role of crystal structure transformation on the neutron multiplication factor of
the system has been greatly undervadlumderestimatedit is therefore prudentthat when
surveillance of a Reactor Pressure Ve$B&lV) is performedone does not only look aigns

of material degradatiofike corrosion onlywhich are easily observable to unaided eye, but
also perform microscopic analysis of the SSC to determineeietis ag crystal structure
transformation which mayot only result inmaterial degradation but also have an effect on

the kg Of the system

220


http://www.nnr.co.za/acts-regulations/regulatory-documents/

BCC
BOC
BUC
CAFTA
EOC
EPRI
FA
FCC
GNB
GWD/MTU
HAW
HEP
IAEA
ISFSF
ISG8
KW
MCNP
MWD/MTU
NNR
NRC
O/M

ORNL

ACRONYMS 1

Body Centred Cubic

Beginning of cycle

Burnup Credit

Computer Aided Fault Tree Analysis
End of cycle

Electric Power Research Institute
Fuel Assembly

FaceCentredCubic

Gesselschaft fur Nukleddehalter mBH
Giga Watt Day per Mega tonne of Uranium
High Active Waste

Human Error Probabilties
International Atomic Energy Agency
Interim Spent Fuel Storage Facility
Interim Staff Guidance 8

Kilowatt

Monte Carlo NParticle

Mega Watt Day per Mega tonne of Uranium
National Nuclear Regulator

Nuclear Regulatory Commission
Oxygento-Metal ratio

Oak Ridge National Laboratory
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PWR Pressurized Water Reactor.

RWMP Radioactive Waste Management Policy
SCALE Standardized Computer Analysis facensing Evaluation
SNF Spent Nuclear Fuel

STARBUCS Standardized Analysis of Reactivity for Burnup Credit using Scale
TRS Technical Requirement Specification

TSUNAMI  Tools for Sensitivity and Uncertainty Analysis Methodology Implementation

uo, Uranium dioxide
URS Userrequirement Specification
WKB Wentzel, Kramers & Brillouin approximation
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APPENDIX 1: Design data of Castor X/28 Cask

Borated stainless steel

, Crosssections
Thickness (cm)| 1
(barns)
Density(g/cnt) | 7.8 & Oa | Os | G a s t

Borated Steel composition (%)

Boron(nat) 09 | 0171 755 | 4 | 759 | 103 | 0.346| 104

Silicon (Si) 1 |0.0698( 0.16 | 1.7 | 1.8 | 0.008| 0.089| 0.097

Manganese
(Mn)

2 00359 13.2| 23| 155| 1.04 | 0.181] 1.22

Chromium (Cr)| 19 | 0.0385| 3.1 3 | 6.1]0.255| 0.247| 0.501

Iron(Fe) 67.1| 0.0353| 2.62 | 11 | 13.6]| 0.222] 0.933| 1.15

Nickel (Ni) 10.0 | 0.0335| 4.6 | 17.5| 22.1| 0.420( 1.60 2.02

Stainless Steel

Thickness(cm)| 1

Denstty(g/cm) 7.8

Stainless Steel composition (%)

Chromium(Cr) 18 | 0.0385 3.1 3 | 6.1]0.255| 0.247] 0.501

Manganese(Mn] 2 | 0.0359| 13.2| 2.3 |15.5| 1.04 | 0.181| 1.22

Iron (Fe) 69.5| 0.0353| 2.62 | 11 |13.6]|0.222] 0.933| 1.15

Nickel (' Ni) 10.5| 0.0335| 4.6 | 17.5| 22.1| 0.420( 1.60 2.02

Cask Body Specification

Densityg.cm® | 7.8

Composttion (%)

Iron (Fe) 92.63| 0.0353| 2.62 | 11 | 13.6| 0.222| 0.933| 1.15

Graphite (C) 3.5 [ 0.158 | 0.004| 48| 48| 32° | 0.385] 0.385

Silicon(Si) 1.96 | 0.0698| 0.16 | 1.7 | 1.8 | 0.008| 0.089| 0.097

Nickel (Ni) 1.31 | 0.0335] 4.6 [17.5]22.1]0.420| 1.60 2.02

Manganse
(Mn)

0.60 | 0.0359| 13.2 | 2.3 | 15.5| 1.04 | 0.181| 1.22

% Value has been multiplied by 210
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APPENDIX 2 : X-Y-co-ordinates of fuel assemblies on the outersource of
the cask (z=0, a2=0, a3=0)

Fuel Assembly # XY -Co-ordinates b(al)
X Y
1 94.9 0 0
2 0 94.9 0
3 87.676 36.316 20
4 36.316 87.676 -20
5 67.105 67.105 -45
6 -94.9 0 0
7 -87.676 36.316 -20
8 -67.105 67.105 45
9 -36.316 87.676 20
10 -87.676 -36.316 20
11 -67.105 -67.105 45
12 -36.316 -87.676 -20
13 88.6 -36.699 -20
14 67.105 -67.105 45
15 36.316 -87.676 20
16 0 -94.9 0
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APPENDIX 3: Sysin2 file for 40 GWD/MTU

u-234
u-235
u-238

np-237
pu-238
pu-239
pu-240
pu-241
pu-242
am241
am243
tc-99
cs133
nd-143
nd-145
sml147
sm150
sm151
eul51
sm152
eu153
gd-155
o-16
zr-90
zr-91
zr-92
zr-94
Zr-96
snll2
snll4
snl115
snl1l16
snll7
sn118
snl119
snl20
snl122
snl24
fe-54
fe-56
fe-57
fe-58
cr-50
cr-52
cr-53

101 O 5.469386 400.0 end
101 O 7.465784 400.0 end
101 0 2128E02 400.0 end

101
101
101
101
101
101

0 1.633685
0 1.8883&/
0 9.548585
0 1.262385
0 3.500085
0 387EO07

400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end

101 O 1.347686 400.0 end
101 O 1.950888 400.0 end
101 0 9.885686 400.0 end
101 O 1.653185 400.0 end
101 0 1.417285 400.0 end
101 O 1.0065B5 400.0 end
101 O 3.475085 400.0 end
101 0O 1.965686 400.0 end
101 0 2.0038&/ 400.0 end
101 0O 1.724888
101 0 1.217585 400.0 end
101 O 5.2355&7 400.0 end
101 0O 1.503388 400.0 end
101 0O 4.8904&2 400.0 end

2 0
2 0
2 0
2 0
2 0

NRNRNNPDNGONMNOYNYNOYN NN
COO0CO0OO0O0COCsp0000ODOCOO

2.189182
4.774083
7.297183
7.395083
1.1914683
4.680786
3365E06
1.737266
7.011365
3.705965
1.168764
4.140265
1.5726B4
2.234265
2.793985
5.634786
8.759585
2.005665
2.674187
3.301286
6.366285
7.217986

400.0 end

400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
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cr-54
ni-58
ni-60
ni-61
ni-62
ni-64
hf-174
hf-176
hf-177
hf-178
hf-179
hf-180
0-16
h-1
co-59
o-16
b-10
b-11

ak27
fe-54
fe-56
fe-57
fe-58
cr-50
cr-52
cr-53
cr-54
ni-58
ni-60
ni-61
ni-62
ni-64

Si28
Stk29
si+30
p-31
mn-55
fe-54
fe-56
fe-57
fe-58
cr-50
cr-52
cr-53
cr-54
ni-58
ni-60
ni-61

2

0 1.7969686

2 0 2.52755

w
N S ) wNNI\JI\JNI\)NNNN

0
0
0
0
0
0

0 9.662986
0 4.183687
0 1.329186
0 3.36918/
0 3.585689
0 1.15238&7
0 4.11828&7
0 6.0418&/
0 3.0166&r
0 7.7688&7
3.3376&82

6.4741682
4.044584
1.6286&3

400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
4.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end

6.675182 400.0 end
1.000620 400.0 end

400.0 end
400.0 end
400.0 end

4 0 5.081084 400.0 end

aoooio oo o s

4.316182
3.4542683
5.369882
1295E03
1.639384
7.591884
1.464082
1.659963
4.132364

cNeoNololoNeoNeoNaNe)

5 0 5.2841E03

5
5
5
5

0 2.0202&3
0 8.746385
0 2.778784
0 7.043585

400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end

5 0 3.184884 400.0 end

5 0
5 0
5 0
50

5 0 1.7407a3

DO OOOOO OO OO

1.570283
7.950785
5.277885
6.946865

3.330083
5.176882
1.185383
1.580484
7.458084
13B2E02
1.6306683
4.059484
5.464283
2.089083
9.044385

[cNolNeoNoNoloNoNoloNoNe

400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
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ni-62 6 0 2.8734D4 400.0 end
ni-64 6 0 7.283485 400.0 end
b-10 6 0 7.781784 400.0 end
b-11 6 0 3.132283 400.0 end
si28 6 0 1.542583 400.0 end
si29 6 0 7.810585 400.0 end
si30 6 0 5.184785 400.0 end
mn-55 6 0 1.710083 400.0 end
ak27 7 0 6.020082 400.0 end
0-16 8 0 3.337682 400.0 end
h-1 8 0 6.675t22 400.0 end

c 9 0 3.9499&2 400.0 end
h-poly 9 0 7.8998H2 400.0 end
fe-54 10 0 4.1609&3 400.0 end
fe-56 10 O 6.468462 400.0 end
fe-57 10 0 1.481083 400.0 end
fe-58 10 0 1.974784 400.0 end
ni-58 10 0 6.479084 400.0 end
ni-60 10 0 2.477084 400.0 end
ni-61 10 0 1.072485 400.0 end
ni-62 10 0 3.407085 400.0 end
ni-64 10 0 83B1E06 400.0 end
Si28 10 0 2.736583 400.0 end
Sk29 10 0 1.385684 400.0 end
si30 10 0 9.198085 400.0 end
mn-55 10 0 4.643484 400.0 end
c-graphite 10 0 1.2401® 400.0 end
fe-54 11 0 3.4491H3 400.0 end
fe-56 11 0 5.3619&2 400.0 end
fe-57 11 0 1.227763 400.0 end
fe-58 11 0 1.636984 400.0 end
cr-50 11 0 7.065484 400.0 end
cr-52 11 0 1.3625&2 400.0 end
cr-53 11 0 1.5448a@3 400.0 end
cr-54 11 0 3.845784 400.0 end
ni-58 11 0 5.737463 400.0 end
ni-60 11 0 2.193463 400.0 end
ni-61 11 0 9.4965685 400.0 end
ni-62 11 0 3.0170®4 400.0 end
ni-64 11 0 7.647685 400.0 end
mn-55 11 0 1.710083 400.0 end
'Node[02][01] major actinides + principal fission products
u-234 102 0 5.009986 400.0 end
u-235 102 0 6.0141@4 400.0 end
u-238 102 0 2.3022®2 400.0 end
np-237 102 0 3.241386 400.0 end
pu-238 102 0 6.0628&/ 400.0 end
pu-239 102 0 1.235084 400.0 end
pu-240 102 0 2697E05 400.0 end
pu-241 102 0 8.444e86 400.0 end
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pu-242
am241
am243
tc-99
cs133
nd-143
nd-145
sm147
sm150
sm151
eul51
sm152
eu153
gd-155
o-16
zr-90
zr-91
Zr-92
zr-94
Zr-96
snll2
snll4
snl115
snl1l16
snll7
sn118
snl119
sn120
snl122
snl24
fe-54
fe-56
fe-57
fe-58
cr-50
cr-52
cr-53
cr-54
ni-58
ni-60
ni-61
ni-62
ni-64
hf-174
hf-176
hf-177
hf-178
hf-179
hf-180
0-16

102 0 1.536086 400.0 end
102 0 3.248286 400.0 end
102 0 1.401987 400.0 end
102 0 1.554585 400.0 end
102 0 2.592885 400.0 end
102 0 2.126085 400.0 end
102 0 1.558785 400.0 end
102 0 4.971166
102 0 3.336686
102 0 2632E07
102 0 1.987988B
102 0 2.013e86
102 0 1.047486
102 0 2.6880EB
102 0 4.8903@2
202 0 2.1891B2
202 0 4.774083
202 0 7.297163
202 0 7.395083
202 0 1.1914a3

202
202
202
202
202
202
202
202
202
202

4.680785
3.136586
1.7372686
7.011385
3.705985
16B7E04
4.1402685
1.572664
2.234285
2.793985

olololNololoNeloNoeNe

202 0 5.634785

202 0 8.7595H5
202 0 2.005685
202 0 2.6741&/
202 0 3.301286
202 0 6.366285
202 0 7.21796b
202 0 1.796965
202 0 2.527585
202 0 9.662966
202 0 4.183e&/
202 0 1.3291685
202 0 3.36918®7
202 0 3.5856eE
202 0 1.1523&/
202 0 4.1182&7
202 0 6.0418&/
202 0 3.016e&/
202 0 7.7688&/

302 0 3.337e@2

400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
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h-1

302 0 6.6751@ 400.0 end

0 4.8316e86
0 5.477884
0 2.297e@2
0 3.9876elb
0 8.6466&/
0 1.314e84
0 2.814285
0 1.065685
0 2.309486

400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end

major actinides + principal fission products

18 0 4.092306 400.0 end
103 0 2.4836& 400.0 end
103 0 1.781585 400.0 end
103 0 2.967785 400.0 end
103 0 2.389185 400.0 end
103 0 1.776685 400.0end
103 0 5.478786 400.0 end
103 0 3.939986 400.0 end
103 0 2.4881& 400.0 end
103 0 2.082088 400.0 end
103 0 2.324685 400.0 end
103 01.2992E06 400.0 end

'Node[03][01]
u-234 103
u-235 103
u-238 103

np-237 103
pu-238 103
pu-239 103
pu-240 103
pu-241 103
pu-242 103
am241

am243

tc-99

cs133

na-143

nd-145

sm147

sm150
sm151

eul51

sm152

eu153

gd-155 103
0-16 103
zr-90 203
zr-91 203
zr-92 203
zr-94 203
Zr-96 203
snl112 203
snl114 203
sn115 203
snl1l16 203
snl117 203
sn118 203
sn119 203
sn120 203
snl122 203
snl24 203

fe-54 203

fe-56 203

fe-57 203

fe-58 203

cr-50 203
cr-52 203
cr-53 203
cr-54 203
ni-58 203
ni-60 203

0 3.331488
0 4.8903&2
0 2.1891@
0 4.774083
0 7.2971&3
0 7.3956&3
0 1.191463
4.680786
3.136586
1.7372686
7103E05
3.705985
1.168784
4.1402685
1.572664
2.234285
2.793985
5.634765
8.759585
2.0056685
2.67416&7
3.301266
6.366265
7.217966
1.796966
2.527585
9629E06

OOOOOOOOOOOOOOOOOOOO

400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
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ni-61 203 0 4.1836&7 400.0 end
ni-62 203 0 1.329186 400.0 end
ni-64 203 0 3.3691&7 400.0 end
hf-174 203 0 3.585689 400.0 end
hf-176 203 0 1.1523@&/ 400.0 end
hf-177 203 0 4.1182@&7 400.0 end
hf-178 203 0 6.0418#&/ 400.0 end
hf-179 203 0 3.016e&/ 400.0 end
hf-180 203 0 7.7688%& 400.0 end
0-16 303 0 3.3376@®2 400.0 end
h-1 303 0 6/1E02 400.0 end
'Node[04][01] major actinides + principal fission products
u-234 104 0 4.82418 400.0 end
u-235 104 0 5.4557@¢4 400.0 end
u-238 104 0 2.2974@2 400.0 end
np-237 1@ 0 4.0202E06 400.0 end
pu-238 104 0 8.7688& 400.0 end
pu-239 104 0 1.317e84 400.0 end
pu-240 104 0 2.833485 400.0 end
pu-241 104 0 1.074485 400.0 end
pu-242 104 0 2.34638 400.0end
am241 104 0 4.128385 400.0 end
am243 104 0 2.5398&/ 400.0 end
tc-99 104 0 1.791165 400.0 end
cs133 104 0 2.983585 400.0 end
nd-143 104 0 2.399985 400.0 end
nd-145 104 (01.7852E05 400.0 end
sm147 104 0 5.498985 400.0 end
sm150 104 0 3.966286 400.0 end
sm151 104 0 2.4934&7 400.0 end
eu151 104 0 2.085988 400.0 end
sm152 104 0 2.337785 400.0 end
eu153 104 0 1.3103@6 400.0 end
gd-155 104 0 3.36088B 400.0 end
0-16 104 0 4.8903& 400.0 end
zr-90 204 0 2.1891@ 400.0 end
zr-91 204 0 4.774683 400.0 end
zr-92 204 0 7.2971@3 400.0 end
zr-94 204 0 7.395683 400.0 end
zr-96 204 0 1.191463 400.0 end
sn112 204 0 4.6807@6 400.0 end
snl114 204 0 3.136586 400.0 end
sn115 204 0 1372E06 400.0 end
sn116 204 0 7.011385 400.0 end
sn1l17 204 0 3.705985 400.0 end
sn118 204 0 1.168784 400.0 end
sn119 204 0 4.140285 400.0 end
sn120 204 0 1.572684 400.0 end
snl22 204 0 2.234285 400.0 end
snl124 204 0 2.793985 400.0 end
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fe-54
fe-56
fe-57
fe-58
cr-50
cr-52
cr-53
cr-54
ni-58
ni-60
ni-61
ni-62
ni-64
hf-174
hf-176
hf-177
hf-178
hf-179
hf-180
0-16
h-1

u-234
u-235
u-238
np-237
pu-238
pu-239
pu-240
pu-241
pu-242
am241
am243
tc-99
cs133
na-143
nd-145
sm147
sm150
sm151
eul51
sm152
eu153
gd-155
0-16
zr-90
zr-91
zr-92
zr-94
zr-96

204
204
204
204
204
204
204
204
204
204
204
204
204
204
204
204
204
204
204

5.634765
8.759585
2.005685
2.6741&7
3.301265
6.366265
7.2179686
1.796966
2.527585
9.662986
4.1836&7
1.3291686
3.3691&7
0 3.5856
0 15P3E07
0 4.1182&/
0 6.0418&/
0 3.0166&/
0 7.7688&/

eleooloNololNololoeNeloeNe o)

400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end

304 0 3.33768 400.0 end
304 0 6.675182 400.0 end
‘Node[05][01]
105 0 4.825286 400.0 end
105 0 5.458984 400.0 end
105 0 2.297482 400.0end

105
105
105
105
105
105

0 4.015e86
0 8.7513&/
0 1.317164
0 2.8306e85
0 1.073185
(2.3410E06

400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end

major actinides + principal fission products

105 0 4.123286 400.0 end
105 0 2.5317& 400.0 end
105 0 1.789785 400.0 end
105 0 2.981385 400.0 end
105 0 2.398485 400.0 end
105 0 1.783985 400.0 end
105 0O 5.4961685 400.0 end
105 0 3.962486 400.0 end
105 0 2.4927&7 400.0 end
105 0 2.0853@8B 400.0 end
105 0 2.335885 400.0 end
105 0 1.308786 400.0 end
105 0 3.356688 400.0 end

105
205
205
205
205
205

0 4.8903&2
0 2.1891@
0 47A0E03
0 7.2971@3
0 7.3956&3
0 1.191463

400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
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400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end

major actinides + principal fission products

400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end

106 0 4.09238 400.0 end
106 0 2.4836& 400.0 end

400.0 end
400.0 end
400.0 end
400.0 end
400.0 end

snl112 205 0 4.680766
snll4 205 0 3.136586
sn115 205 0 1.737286
snl1l16 205 0 7.011365
snl117 205 0 3.705985
sn118 205 0 1.1687&4
snl119 205 0 4.140285
sn120 205 0 1.5726
snl122 205 0 2.234285
snl24 205 0 2.793985
fe-54 205 0 5.6347686
fe-56 205 0 8.759585
fe-57 205 0 2.005e86
fe-58 205 0 2.674187
cr-50 205 0 3.3012686
cr-52 205 0 6.366266
cr-53 205 0 7.2179%6
cr-54 205 0 1.7969%6
ni-58 205 0 2.527585
ni-60 205 0 9.662966
ni-61 205 0 4.1836&7
ni-62 205 0 1.329166
ni-64 205 0 3.3691&/
hf-174 205 0 38H6E09
hf-176 205 0 1.1523%7
hf-177 205 0 4.1182&7
hf-178 205 0 6.0418&7
hf-179 205 0 3.016e&/
hf-180 205 0 7.7688&/
0-16 305 0 3.3376@2 400.0 end
h-1 305 0 6.6751&@ 400.0 end
'Node[06][01]

u-234 106 0 4.831686
u-235 106 0O 5.4778&4
u-238 106 0 2.297e@2
np-237 106 0 3.987686
pu-238 106 0O 8.646687
pu-239 106 0O 1.314684
pu-240 106 0 2.814285
pu-241 16 0 1.0650ED5
pu-242 106 0 2.3094@85
am241

am243

tc-99 106 0 1.781585 400.0 end
cs133 106 0 2.967785
na-143 106 0 2.389185
nd-145 106 0 1.776685
sm147 106 0O 5.4787685
sm150 106 0 3.9399E86
sm151 106 0 2881E07

400.0 end
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eul51
sm152
eu153
gd-155
o-16
zr-90
zr-91
zr-92
zr-94
Zr-96
snll2
snll4
snl115
snl1l16
snll7
sn118
sn119
sn120
snl22
snl24
fe-54
fe-56
fe-57
fe-58
cr-50
cr-52
cr-53
cr-54
ni-58
ni-60
ni-61
ni-62
ni-64
hf-174
hf-176
hf-177
hf-178
hf-179
hf-180
0-16
h-1

u-234
u-235
u-238
np-237
pu-238
pu-239
pu-240
pu-241

106 0O 2.082088 400.0 end
106 0 2.324685 400.0 end
106 0 1.299286 400.0 end

106
106

0 3.331488
0 4.8903&2

206 0 2.189112

206
206
206
206
206
206
206
206
206
206
206
206
206
206
206
206
206
206
206
206
206
206
206
206
206
206

0 4.774083
0 7.2971&3
0 7.3956&3
0 1.191483
0 4.68078b
0 3.136586
0 1.737286
0 7.011385
0 3.705985
0 1.168784
0 4.14025
0 1.572e84
0 2.234285
0 2.793985
5.634765
8.759585
2.0056685
2.67416&7/
3.301266
6.366265
7179E06
1.796965
2.527585
9.662986
4.1836&7
1.3291686

oNeolololololololololoeNe

206 0 3.36918®7

206
206
206
206
206
206

0 3.5856
0 1.1523&/
0 4.1182&/
0 6.0418&/
0 3.0166&/
0 7.7688&/

400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end

400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end

400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end

306 0 3.33762 400.0 end
306 0 6.6751@ 400.0 end
'Node[07][01]
107 04.8434E06 400.0 end
107 O 5.512e84 400.0 end
107 0 2.2979®2 400.0 end

107
107
107
107
107

0 3.936486
0 8.4566ek/
0 1.309784
0 2.783985
0 1.050285

400.0 end
400.0 end
400.0 end
400.0 end
400.0 end

major actinides + principal fission products
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pu-242
am241
am243
tc-99
cs133
nd-143
nd-145
sm147
sm150
sm151
eul51
sm152
eu153
gd-155
o-16
zr-90
zr-91
Zr-92
zr-94
Zr-96
snll2
snll4
snl115
snl1l16
snll7
sn118
snl119
sn120
snl122
snl24
fe-54
fe-56
fe-57
fe-58
cr-50
cr-52
cr-53
cr-54
ni-58
ni-60
ni-61
ni-62
ni-64
hf-174
hf-176
hf-177
hf-178
hf-179
hf-180
0-16

107 0 2.252086

400.0 end

107 0 4.035685 400.0 end
107 0 2.3971& 400.0 end

107 0 1.766465
107 0 2.942985
107 0 2.372085
107 0 1.761785
107 0O 5.446685
107 0 39BBE06
107 0 2.4798&/
107 0 2.0757@88
107 0 2.304086
107 0 1.281886
107 0 3.2854E8

107 0 4.8903H2

207 0 2.1891&2

207 0 4.7740683

207 0 7.2971&3

207 0 7.3950&3

207 0 1.191463

207 0 4.680785
207 0 3.136586
207 0 1.7372686
207 0 7.011385
207 0 30B9EO05
207 0O 1.168764
207 0 4.140285
207 0 1.572eg4
207 0 2.234265
207 0 2.793985
207 0 5.634+785
207 0 8.759585
207 0 2.005685
207 0 2.6741&/
207 0 3.301286
207 0 6652E05
207 0 7.217966
207 0 1.796965
207 0 2.527585
207 0 9.662966
207 0 4.183e&/

207 0 1.3291i06
207 0 3.3691&/
207 0 3.5856eE
207 0 1.1523&/
207 0 4.1182&7
207 0 6.0418&/
207 0 3.01ce&/
207 0 7.7688&/
307 0 3.337e@2

400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end

400.0 end
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h-1

u-234
u-235
u-238
np-237
pu-238
pu-239
pu-240
pu-241
pu-242
am241
am243
tc-99
cs133
na-143
nd-145
sml147
sm150
sml151
eul51
sm152
eu153
gd-1%
0-16
zr-90
zr-91
zr-92
zr-94
Zr-96
snll12
snll4
snl115
snl1l16
snll7
sn118
snl119
sn120
snl122
snl24
fe-54
fe-56
fe-57
fe-58
cr-50
cr-52
cr-53
cr-54
ni-58
ni-60

307 0 6.6751@ 400.0 end
'Node[08][01]
108 0 4.851986 400.0 end
108 0 5.537984 400.0 end
108 0 2.2981® 400.0 end

108
108
108
108
108
108

0 3.899286
0 8.3198&/
0 1.306284
0 2.761985
0 1.039485
0 2.210786

400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end

major actinides + principal fission protu

108 0 3.994386 400.0 end
108 0 2.3355&7 400.0 end
108 0 1.755485 400.0 end
108 0 2.924785 400.0 end
108 0 2.359585 400.0 end
108 0 1.751285 400.0 end
108 0 52B0E06 400.0 end
108 0 3.868986 400.0 end
108 0 2.4737&7 400.0 end
108 0 2.071288 400.0 end
108 0 2.289085 400.0 end
108 0 1.269286 400.0 end

108
108
208
208
208
208
208

208

208

208

208

208

208

208

208

208

208
208
208
208
208
208

0 3.252388
0 4.8903&2
0 2.1891@
0 4.774083
0 7.2971&3
0 7.395683
0 1.191463
4.680786
3.136586
1.7372686
7.011385
3.705985
1.168784
4.1402685
1.572664
2.234285
29B9E05
0 5.634785
0 8.759585
0 2.005685
0 2.6741&7/
0 3.3012665

cNeolololNololNoloNoeNe

208 0 6.366205

208
208
208
208

0 7.2179685
0 1.7969685
0 2.527585
0 9.662966

400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
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208 0 4.1836& 400.0 end
208 0 1.329166 400.0 end
208 0 3.3691&7 400.0 end

0 3.5856
0 1.1523&/
0 4.1182&/
0 6.0418&/
0 3.0166&s
0 7.7688&/

400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end

308 0 3.3376®2 400.0 end
308 0 6.6751@ 400.0 end

0 4.853686
0 5.541184
0 2.2981@2
3.894686
8.3028&/
1.305764
2.759285
1.038685
2.205586

oNoloNoNeNe)

400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end

major actinides + principal fission products

10 0 3.9892ED6 400.0 end

109 0 2.3279% 400.0 end
109 0 1.754165 400.0 end
109 0 2.922585 400.0 end

109 0 2.358085 400.0 end
109 0 1.749985 400.0end

109 0 5.42018 400.0 end
109 0 3.865286 400.0 end
109 0 2.4729%/ 400.0 end
109 0 2.070e@8 400.0 end
109 0 2.287286 400.0 end
109 01.2676E06 400.0 end

ni-61
ni-62
ni-64
hf-174 208
hf-176 208
hf-177 208
hf-178 208
hf-179 208
hf-180 208
o-16
h-1
'Node[09][01]
u-234 109
u-235 109
u-238 109
np-237 109
pu-238 109
pu-239 109
pu-240 109
pu-241 109
pu-242 109
am241
am243
tc-99
cs133
nd-143
nd-145
sml147
sm150
sml151
eul51
sm152
eu153
gd-155 109
0-16 109
zr-90 209
zr-91 209
zr-92 209
zr-94 209
Zr-96 209
snl112 209
snl114 209
snl115 209
sn116 209
snll7 209
sn118 209
sn119 209
sn120 209
snl122 209
snl24 209

0 3.248168
0 4.8903&2
0 2.1891@
0 4.774083
0 7.2971&3
0 7.39560&3
0 1.191463
4.680785
3.136586
1.7372686
7.011385
3.705985
1.168784
4.1402685
1.5726e84
2322E05
2.793985

QOO OO0 OOO0OO0

400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end
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fe-54
fe-56
fe-57
fe-58
cr-50
cr-52
cr-53
cr-54
ni-58
ni-60
ni-61
ni-62
ni-64
hf-174
hf-176
hf-177
hf-178
hf-179
hf-180
0-16
h-1

u-234
u-235
u-238
np-237
pu-238
pu-239
pu-240
pu-241
pu-242
am241
am243
tc-99
cs133
na-143
nd-145
sm147
sm150
sm151
eul51
sm152
eu153
gd-155
0-16
zr-90
zr-91
zr-92
zr-94
zr-96

209
209
209
209
209
209
209
209
209
209
209
209
209
209
209
209
209
209
209

5.634765
8.759585
2.005685
2.6741&/
3.301265
6.366265
7.2179686
1.796966
2.527585
9629E06
4.1836&7
1.3291686
3.3691&7
0 3.5856
0 1.1523&/
0 4.118287
0 6.0418&/
0 3.0166&/
0 7.7688&/

eleooloNololNololoeNeloeNe o)

400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end

309 0 3.33768 400.0 end
309 0 6.6751 400.0 end
‘Node[10][01]
110 0 4.848786 400.0 end
110 0 5528484 400.0 end
110 0 2.298082 400.0 end

110
110
110
110
110
10

0 3.913166
0 8.3716&/
0 1.307584
0 2.770285
0 1.043485
0 2.2261H6

400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end

major actinides + principal fission products

110 0 4.009886 400.0 end
110 0 2.358587 400.0 end
110 0 1.759685 400.0 end
110 0 2.931585 400.0 end
110 0 2.364285 400.0end
110 0 1.755285 400.0 end
110 0 5.431986 400.0 end
110 0 3.880186 400.0 end
110 0 2.4760&7 400.0 end
110 0 2.072988B 400.0 end
110 (2.2947E06 400.0 end
110 0 1.273986 400.0 end
110 0 3.264788 400.0 end

110
210
210
210
210
210

0 4.8903&2
0 2.1891@
0 4.774083
0 7.2971@3
0 7.3956&3
0 1.191463

400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
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snll12
snl114
snl115
snl1l16
snl1l7
snl118
snl119
sn120
snl2?
snl24
fe-54
fe-56
fe-57
fe-58
cr-50
cr-52
cr-53
cr-54
ni-58
ni-60
ni-61
ni-62
ni-64
hf-174
hf-176
hf-177
hf-178
hf-179
hf-180
o-16
h-1

210
210
210
210
210
210
210
210
210
210
210
210
210
210
210
210
210
210
210

O OO0 O0OO0O0O0O0 O

0 4.680786
0 3.136586
0 1372E06
0 7.011385
0 3.705985
0 1.168784
0 4.140285
0 1.572e84
0 2.234285
0 2.793985
5.634765
8.759585
2.0056685
2.6741&7
3.301265
6.366265
7.217966
1.796966
2.527585

210 0 9.6629H6
210 0 4.183e&/
210 0 1.329165
210 0 3.3691&/

210
210
210
210
210
210

0 3.5856
0 1.1523&/
0 4.1182&/
0 6.041887/
0 3.01ee&s
0 7.7688&/

400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end

310 0 33¥6E02 400.0 end
310 0 6.6751 400.0 end
'Node[11][01]

major actinides + principal fission products

u-234 111 O 4.845586 400.0 end
u-235 111 0 5.518984 400.0 end
u-238 11 0 2.2979©2 400.0 end
np-237 111 0 3.927186 400.0 end
pu-238 111 0 8.4223®&7 400.0 end
pu-239 111 0 1.30888 400.0 end
pu-240 111 0 2.778485 400.0 end
pu-241 111 O 1.047585 400.0 end
pu-242 111 0 2.241e86 400.0 end
am241 111 0 4.025386 400.0 end
am243 111 0 2.3816&/ 400.0 end
tc-99 111 0 1.763785 400.0 end

cs133 111 0 233E05 400.0 end
nd-143 111 0 2.368985 400.0 end
nd-145 111 0 1.759185 400.0 end
sm147 111 0 5.440786 400.0 end
sm150 111 0 3.891386 400.0 end
sm151 111 0 2.4783&7 400.0 end
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eulsl
sm152
eu153
gd-155
o-16
zr-90
zr-91
zr-92
zr-94
Zr-96
snll2
snll4
snl115
snl1l16
snll7
sn118
sn119
sn120
snl22
snl24
fe-54
fe-56
fe-57
fe-58
cr-50
cr-52
cr-53
cr-54
ni-58
ni-60
ni-61
ni-62
ni-64
hf-174
hf-176
hf-177
hf-178
hf-179
hf-180
0-16
h-1

u-234
u-235
u-238
np-237
pu-238
pu-239
pu-240
pu-241

111 0 2.0746B8 400.0 end
111 0 2.30038 400.0 end
111 0 1.278686 400.0 end

111
111
211
211
211
211
211

211

211

211

211

211

211

211

211

211

211
211
211
211
211
211
211
211

211
211
211
211
211
211

211

211

211

211

211

211

0 3.277168
0 4.8903&2
0 2.1891@
0 4.774083
0 7.2971&3
0 7.3956&3
0 1.191483
48D 7E06
3.136586
1.7372686
7.011385
3.705985
1.168784
4.140285
0 1.572e84
0 2.234285
0 2.793985
5.634765
8.759585
2.0056685
2.67416&7/
3.301266
6.366265
7.217966

0
0
0
0
0
0
0

QOO0 O0OO0OO0o

0 1.796906

0 2.527585
0 9.662985
0 4.1836e&/
0 1.329165
0 3.3691&/
0 3.5856
0 1.1523&/
0 4.1182&/
0 6.0418&/
0 31®B6E07
0 7.7688&/

400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end

311 0 3.3376@2 400.0 end
311 O 6.6751& 400.0 end
'Node[12][01]
12 0 4.85096 400.0 end
112 0 5.534884 400.0 end
112 0 2.2981® 400.0 end

112
112
112
112
112

0 3.903986
0 8.3369&/
0 1.306e84
0 2.764785
0 1.0407@85

400.0 end
400.0 end
400.0end

400.0 end
400.0 end

major actinides + principal fission products

239



pu-242 112 0 2.215886 400.0 end
am241 112 0 3.999585 400.0 end
am243 112 0 2.3432&7 400.0 end
tc-99 112 01.7568E05 400.0 end
cs133 112 0 2.927685 400.0 end
nc-143 112 0 2.361185 400.0 end
no-145 112 0 1.752585 400.0 end
sm147 112 0 5.426085 400.0 end
sm150 112 0 3.872786 400.0 end
sm151 112 0 2.47458&7 400.0 end
eu151 112 0 2.071888 400.0 end
sm152 112 0 2.290985 400.0 end
eu153 112 0 1.270786 400.0 end
gd-155 112 0 3.256488 400.0 end
0-16 112 0 4993E02 400.0 end
zr-90 212 0 2.1891& 400.0 end
zr-91 212 0 4.774083 400.0 end
zr-92 212 0 7.297163 400.0 end
zr-94 212 0 7.395683 400.0 end
zr-96 212 0 1.191463 400.0 end
snl112 212 0 4.68078B6 400.0 end
snl114 212 0 3.136586 400.0 end
sn115 212 0 1.737286 400.0 end
sn116 212 0 7.011385 400.0 end
sn117 212 0 3.705985 400.0 end
sn118 212 0 1.168784 400.0 end
sn119 212 0 4.140285 400.0 end
sn120 212 0 1.5726e84 400.0 end
sn122 212 0 2.234285 400.0 end
sn124 212 0 2.79398 400.0 end
fe-54 212 0 5.6347686 400.0 end
fe-56 212 0 8.759585 400.0 end
fe-57 212 0 2.005686 400.0 end
fe-58 212 0 2.6741&7 400.0 end
cr-50 212 0 3.301286 400.0 end
cr-52 212 0 6.366285 400.0 end
cr-53 212 0 7.217986 400.0 end
cr-54 212 0 1.796966 400.0 end
ni-58 212 0 2.527585 400.0 end
ni-60 212 0 9.662986 400.0 end
ni-61 212 0 4.1836&7 400.0 end
ni-62 212 0 121E06 400.0 end
ni-64 212 0 3.3691€&7 400.0 end
hf-174 212 0 3.585689 400.0 end
hf-176 212 0 1.1523@&7 400.0 end
hf-177 212 0 4.1182&7 400.0 end
hf-178 212 0 6.0418&/ 400.0 end
hf-179 212 0 3.0166B7 400.0 end
hf-180 212 0 7.7688& 400.0 end
0-16 312 0 3.337e@ 400.0 end
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h-1

u-234
u-235
u-238
np-237
pu-238
pu-239
pu-240
pu-241
pu-242
am241
am243
tc-99
cs133
na-143
nd-145
sml147
sm150
sml151
eul51
sm152
eu153
gd-155
0-16
zr-90
zr-91
zr-92
zr-94
Zr-96
snll12
snll4
snl115
snl1l16
snll7
sn118
snl119
sn120
snl122
snl24
fe-54
fe-56
fe-57
fe-58
cr-50
cr-52
cr-53
cr-54
ni-58
ni-60

312 0 6.6751@ 400.0 end
'Node[13][01]
113 0 4.8875@6 400.0 end
113 0 5.643e@4 400.0 end
113 0 2.2996@ 400.0 end

113
113
113
113
113
113

0 3.746786
0 7.7689&/
01.2911E04
0 2.671685
0 9.948286
0 2.044786

400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end

major actinides + principal fission products

113 0 3.824086 400.0 end
113 0 2.09288/ 400.0 end
113 0 1.710085 400.0 end
113 0 2.849885 400.0 end
113 0 2.307685 400.0 end
113 0 1.707985 400.0 end
113 0 5.324586 400.0 end
113 0 34B4E06 400.0 end
113 0 2.4484&7 400.0 end
113 0 2.052488 400.0 end
113 0 2.226986 400.0 end
113 0 1.217586 400.0 end

113
113
213
213
213
213
213

213

213

213

213

213

213

213

213

213

213
213
213
213
213
213
213
213
213
213
213

0 3.117e88
0 4.8903&2
0 2.1891@
0 4.774083
0 7.2971&3
0 7.3956&3
0 19M4E03
4.680786
3.136586
1.7372686
7.011385
3.705985
1.168784
4.1402685
1.572664
2.234285
2.793985
5.634786
8.759585
2.0056685
2.67416&7
3.301266
6.366265
7.217966
1.796966
2.527585
9.662966

OOOOOOOOOOOOOOOOOOOO

400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
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ni-61 213 0 4.1836&7 400.0 end
ni-62 213 0 121E06 400.0 end
ni-64 213 0 3.3691&7 400.0 end
hf-174 213 0 3.585689 400.0 end
hf-176 213 0 1.1523@& 400.0 end
hf-177 213 0 4.1182&7 400.0 end
hf-178 213 0 6.041887 400.0 end
hf-179 213 0 3.0166B7 400.0 end
hf-180 213 0 7.7688&/ 400.0 end
0-16 313 0 3.3376é@®2 400.0 end
h-1 313 0 6.6751@ 400.0 end
'‘Node[14][01] major actinides + principal fission products
u-234 114 0 5.0343@ 400.0 end
u-235 114 0 6.088984 400.0 end
u-238 114 0 2.3028® 400.0 end
np-237 114 0 3.144286 400.0 end
pu-238 114 0 5.7558&/ 400.0 end
pu-239 114 0 1.223e@4 400.0 end
pu-240 114 0 2.299585 400.0 end
pu-241 114 0 8.150286 400.0 end
pu-242 114 0 1.445486 400.0 end
am241 114 0 3.135585 400.0 end
am243 114 0 1.2880&7 400.0 end
tc-99 114 0 1.523685 400.0 end
cs133 114 0 2.541885 400.0 end
nd-143 114 0 2.08938 400.0 end
nd-145 114 0 1.529185 400.0 end
sm147 114 0 49B2E06 400.0 end
sm150 114 0 3.257686 400.0 end
sm151 114 0 2.3436& 400.0 end
eu151 114 0 1.974988 400.0 end
sm152 114 0 1.97038 400.0 end
eu153 114 0 1.015686 400.0 end
gd-15% 114 0 2.6085B8 400.0 end
0-16 114 0 4.8903& 400.0 end
zr-90 214 0 2.1891@ 400.0 end
zr-91 214 0 4.774683 400.0 end
zr-92 214 0 7.2971@3 400.0 end
zr-94 214 0 7.395083 400.0 end
zr-96 214 0 1.1914@83 400.0 end
sn112 214 0 4.6807@6 400.0 end
snl114 214 0 3.136586 400.0 end
sn115 214 0 1.737286 400.0 end
snll6 214 0 7.011385 400.0 end
snl1l7 214 0 3.705985 400.0 end
sn118 214 0 1.16878&4 400.0 end
sn119 214 0 4.140285 400.0 end
sn120 214 0 1.572684 400.0 end
sn122 214 0 2.234285 400.0 end
snl124 214 0 2.79398 400.0 end
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fe-54
fe-56
fe-57
fe-58
cr-50
cr-52
cr-53
cr-54
ni-58
ni-60
ni-61
ni-62
ni-64
hf-174
hf-176
hf-177
hf-178
hf-179
hf-180
0-16
h-1

214
214
214
214
214
214
214
214
214
214
214
214
214
214
214
214
214
214
214

eleooloNololNololoeNeloeNe o)

5.634765
8.759585
2.005685
2.6741&/
3B 2E06
6.366265
7.2179686
1.796966
2.527585
9.662986
4.1836&7
1.3291686
3.3691&7
0 3.5856
0 1.1523&/
0 41B2E07
0 6.0418&/
0 3.0166&/
0 7.7688&/

400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end

314 0 3.33768 400.0 end
314 0 6.6751® 400.0 end
‘Node[L5][01]

major actinides + principal fission products

u-234 115 0 5.340586 400.0 end
u-235 115 0 7.048984 400.0 end
u-238 115 0 2.3106& 400.0 end
np-237 115 0 2.0366@6 400.0 end
pu-238 115 0 2.7477& 400.0 end
pu-239 115 0 1.045884 400.0 end
pu-240 115 0 1.556885 400.0 end
pu-241 115 0 4.737386 400.0 end
pu-242 115 0 5022E07 400.0 end
am241 115 0 1.824185 400.0 end
am243 115 0 3.7386@8 400.0 end
tc-99 115 0 1.1445685 400.0 end

cs133 115 0 1.912785 400.0 end
nd-143 115 0 1.619985 400.0 end
nc-145 115 0 1.160285 400.0 end
sm147 115 0 3.920985 400.0 end
sm150 115 0 2.325386 400.0 end
sm151 115 0 2.1128&7 400.0 end
eu151 115 0 1.8053@8B 400.0 end
sm152 115 0 1.43888 400.0 end
eu153 115 0 6.5227&7 400.0 end
gd-155 115 0 1.774388 400.0 end
0-16 115 0 4.8904&2 400.0 end

zr-90 215 0 2.1891& 400.0 end

zr-91 215 0 4.7740683 400.0 end

zr-92 215 0 7.29718®3 400.0 end

zr-94 215 0 7.395683 400.0 end

zr-96 215 0 1.191463 400.0 end
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snll12
snl114
snl115
snl1l16
snl1l7
snl118
snl119
sn120
snl122
snl24
fe-54
fe-56
fe-57
fe-58
cr-50
cr-52
cr-53
cr-54
ni-58
ni-60
ni-61
ni-62
ni-64
hf-174
hf-176
hf-177
hf-178
hf-179
hf-180
o-16
h-1

215
215
215
215
215
215
215
215
215
215
215
215
215
215
215
215
215
215
215

OOOOOOOOOOOOOOOOOOO

4.680786
3.136586
1.7372686
7.011385
3.705985
1.168784
4.140285
1.572664
2.234285
2.793985
5.634765
8.759585
2.0056685
2B11E07
3.301265
6.366265
7.217966
1.796966
2.527585

215 0 9.6629H6
215 0 4.183e&/
215 0 1.329165
215 0 3.3691&/

215
215
215
215
215
215

0 3.5856
0 1.1523&/
0 4.1182&/
0 6.041887/
0 3.01ee&s
0 7.7688&/

400.0 end
400.0 end
4.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end

315 0 3.33762 400.0 end
315 0 6.675182 400.0 end
'Node[16][01]

major actinides + principal fission products

u-234 116 0 5.512286 400.0 end
u-235 116 0 7.606184 400.0 end
u-238 116 0 2.3137&2 400.0 end
np-237 116 0 1.507386 400.0 end
pu-238 116 0 1.648287 400.0 end
pu-239 116 0 9.221985 400.0 end
pu-240 116 0 1.167385 400.0 end
pu-241 116 0 3.122586 400.0 end
pu-242 116 0 3651E07 400.0 end
am241 116 0 1.202186 400.0 end
am243 116 0 1.534588B 400.0 end
tc-99 116 0 9.370686 400.0 end

cs133 116 0 1.567485 400.0 end
nd-143 116 0 1.34918 400.0 end
nd-145 116 0 9.555486 400.0 end
sm147 116 0 3.322286 400.0 end
sm150 116 0 1.849986 400.0 end
sm151 116 0 1.9647& 400.0 end
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eul51
sm152
eu153
gd-155
o-16
zr-90
zr-91
zr-92
zr-94
Zr-96
snll2
snll4
snl115
snl1l16
snll7
sn118
sn119
sn120
snl22
snl24
fe-54
fe-56
fe-57
fe-58
cr-50
cr-52
cr-53
cr-54
ni-58
ni-60
ni-61
ni-62
ni-64
hf-174
hf-176
hf-177
hf-178
hf-179
hf-180
0-16
h-1

u-234
u-235
u-238
np-237
pu-238
pu-239
pu-240
pu-241

116 0 1.6956@8 400.0 end
116 0 1.144485 400.0 end
116 0 4.8384&7 400.0 end

116 0 1.4223E8
116 0 4.8904&2
216 0 2.1891&2
216 0 4740E03
216 0 7.2971&3
216 0 7.3950&3
216 0 1.191463
216 0 4.680785
216 0 3.136585
216 0 1.7372686
216 0 7.011385
216 0 3.705985
216 0 1.168764
216 0 4.140285
216 0 126E04
216 0 2.234265
216 0 2.7939%85
216 0 5.634785
216 0 8.759585
216 0 2.005685
216 0 2.67418©7
216 0 3.301266
216 0 6.3662685
216 0 7.217965
216 0 1.796965
216 0 2.527565
216 0 9.662965
216 0 4.183e&/
216 0 1.3291685
216 0 3.3691&/
216 0 3.5856E
216 0 1.1523807
216 0 4.1182&7
216 0 6.0418&/
216 0 3.016e&/
216 0 7.7688&/

400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end

316 0 3.3376@2 400.0 end
316 0 6.6751@ 400.0 end
'Node[17][01]
117 O 5.678686 400.0 end
117 0O 8.159584 400.0 end
117 0 2.3171&® 400.0 end

117
117
117
117
117

major actinides + principal fission products

0 1.061386
0 9.085988
0 7.831585
0 8.171165
0 1.840165

400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
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pu-242 117 0 1.3736&7 400.0 end
am241 117 0 7.0804& 400.0 end
am243 117 0 5.227989 400.0 end
tc-99 117 0 7.396686 400.0 end
cs133 117 0 13B1E05 400.0 end
nc-143 117 0 1.082485 400.0 end
no-145 117 0 7.587686 400.0 end
sm147 117 0 2.708585 400.0 end
sm150 117 0 1.4189865 400.0 end
sm151 117 0 1.7922&7 400.0 end
eu151 117 0 1.56498B8 400.0 end
sm152 117 0 8.6490&7 400.0 end
eu153 117 0 3.4435&/ 400.0 end
gd-155 117 0 1.146288 400.0 end
0-16 117 0 4.8904&2 400.0 end
zr-90 217 0 2.1891& 400.0 end
zr-91 217 0 4.774083 400.0 end
zr-92 217 0 7.297163 400.0 end
zr-94 217 0 7.395683 400.0 end
zr-96 217 0 1.191463 400.0 end
sn112 217 0 487E06 400.0 end
snl114 217 0 3.136586 400.0 end
sn115 217 0 1.737286 400.0 end
sn116 217 0 7.011385 400.0 end
sn117 217 0 3.705985 400.0 end
sn118 217 0 1.168784 400.0 end
sn119 217 0 4.140285 400.0 end
sn120 217 0 1.572e84 400.0 end
sn122 217 0 2.234285 400.0 end
sn124 217 0 2.79398 400.0 end
fe-54 217 0 5.6347686 400.0 end
fe-56 217 0 8.759585 400.0 end
fe-57 217 0 2.005686 400.0 end
fe-58 217 0 2.6741&7 400.0 end
cr-50 217 0 3.301286 400.0 end
cr-52 217 0 6.366285 400.0 end
cr-53 217 0 7.217986 400.0 end
cr-54 217 0 1.7969806 400.0 end
ni-58 217 0 2.527585 400.0 end
ni-60 217 0 9.662986 400.0 end
ni-61 217 0 4.1836&7 400.0 end
ni-62 217 0 1.3291686 400.0 end
ni-64 217 0 3.3691&7 400.0 end
hf-174 217 0 3.585689 400.0 end
hf-176 217 0 1.1523&7 400.0 end
hf-177 217 0 4.1182&7 400.0 end
hf-178 217 0 6.0418& 400.0 end
hf-179 217 0 3.016e&/ 400.0 end
hf-180 217 0 7.7688& 400.0 end
0-16 317 0 3.337e@ 400.0 end
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h-1

u-234
u-235
u-238
np-237
pu-238
pu-239
pu-240
pu-241
pu-242
am241
am243
tc-99
cs133
na-143
nd-145
sml147
sm150
sml151
eul51
sm152
eu153
gd-155
0-16
zr-90
zr-91
zr-92
zr-94
Zr-96
snll12
snll4
snl115
snl1l16
snll7
sn118
snl119
sn120
snl122
snl24
fe-54
fe-56
fe-57
fe-58
cr-50
cr-52
cr-53
cr-54
ni-58
ni-60

317 0 6.6751@ 400.0 end
'Node[18][01]
118 0 5.931986 400.0 end
118 0 9.042084 400.0 end
118 0 2.322i@® 400.0 end
118 0 5.0931&/
118 0 2.597168

18

major actinides + principal fission products

0 5.2572ED5

118 0 3.557786
118 0 5.2069&7
118 0 2.187588
118 0 2.000287 400.0 end
118 0 4.6814H) 400.0end
118 0 4.416286 400.0 end
118 0 7.398886 400.0 end
118 0 6.625486 400.0 end
118 0 4.573786 400.0 end
118 0 1.697286 400.0 end
118 (8.0381E07 400.0 end
118 0 1.4074&7 400.0 end
118 0 1.256288 400.0 end
118 0 4.5775&7 400.0 end
118 0 1.7315&7 400.0 end
118 0 8.082989

118
218
218
218
218
218
218
218
218
218
218
218
218
218
218
218
218
218
218
218
218
218

0 4.8905&2
0 2.1891@
0 4.774083
0 7.2971&3
0 7.3956&3
0 19M4E03
4.680786
3.136586
1.7372686
7.011385
3.705985
1.168784
4.1402685
1.572664
2.234285
2.793985
0 537E06
0 8.759585
0 2.005685
0 2.6741&7/
0 3.3012665
0 6.366285

cNeolololNololNoloNoeNe

218 0 7.217906

218
218
218

0 1.7969685
0 2.527585
0 9.662966

400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end

400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end

400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
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ni-61
ni-62
ni-64
hf-174
hf-176
hf-177
hf-178
hf-179
hf-180
o-16
h-1

218 0 4.1836&7 400.0 end
218 0 1.329166 400.0 end
218 0 3.3691&7 400.0 end

218
218
218
218
218
218

0 3.5856
0 1.1523&/
0 4.1182&/
0 6418E07
0 3.0166&s
0 7.7688&/

400.0 end
400.0 end
400.0 end
400.0 end
400.0 end
400.0 end

318 0 3.3376®2 400.0 end
318 0 6.6751@ 400.0 end
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APPENDIX 4: SENSITIVITY COEFFICIENTS FOR MAJOR

ACTINIDES
%Jendix 4 Table 1: Sensttivty and Uncertainty of Major Actinides (BWD/MTU &

A
23

=3.9 Wt%)

20 GWD/MTU & “*U=3.9 wt%

Decay(yrs 1 5 10
Sensitivity(total) o %) Sensitivity(total)| o £) Sensitivity(total) 0%
sl -4.97E04 5.95E08 -4.52E04 9.38E08 -4.52E04 9.38E08
=y 1.06E01 1.46E05 7.82E02 1.44E05 7.82E02 1.44E05
= 28y -3.88E02 5.91E06 -2.99E02 9.45E06 -2.99E02 9.45E06
S % -5.66E06 3.56E10 -3.65E06 3.33E10 -3.65E06 3.33E10
z *%Pu 1.17E02 1.81E06 9.06E03 2.11E06 9.06E03 2.11E06
g 24py -2.39E03 2.84E07 -2.54E03 4.21E07 -2.54E03 4.21E07
® “py 1.98204 1.99508 153204 | 2.08E08 1.53E04 2.08E08
24Py -2.28E06 4.77E10 -2.68E06 7.71E10 -2.68E06 7.71E10
24Am -9.64E05 4.27E09 -8.31E05 5.34E09 -8.31E05 5.34E09
Appendix 4_Table 2: Sensitivty and Uncertainty of Major Actinides (BWD/MTU &
23U=3.9 wi%)
40 GWD/MTU & 2*U=3.9 wt%
Decay(yrs 1 5 10
Sensitivity(total) | o £) Sensitivity(total)| o £) Sensitivity(total) | o £)
3 9.38E 9.38E 9.38E
U -4.52E04 08 -4.52E04 08 -4.52E04 08
- 1.44E 1.44E 1.44E
U 7.82E02 05 7.82E02 05 7.82E02 05
3 9.45E 9.45E 9.45E
&) -2.99E02 06 -2.99E02 06 -2.99E02 06
=z ” 3.33E 3.33E 3.33E
) *Pu -3.65E06 10 -3.65E06 10 -3.65E06 10
> 23 ] 2.11E _ 2.11E ] 2.11E
z Pu 9.06E03 06 9.06E03 06 9.06E03 o
>
= 24 ] 4.21E ] 4.21E ] 4.21E
3 %Pu 2 54E03 07 2.54E03 07 2.54E03 P
24 2.08E 2.08E 2.08E
Pu 1.53E04 08 1.53E04 08 1.53E04 08
4 7.71E 7.71E 7.71E
Pu -2.68E06 10 -2.68E06 10 -2.68E06 10
a1 5.34E 5.34E 5.34E
Am -8.31E05 09 -8.31E05 09 -8.31E05 09
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Appendix 4_Table 3: Sensitivity and Uncertainty of Major Actinides (8WD/MTU &
239=3.9 wi%)

60 GWD/MTU & 2U=3.9 wt%

Decay(yrs) 1 5 10
Sensitivity(total) o %) Sensitivity(total) | o £) Sensitivity(total) 0%
el -4.5222E04 9.3gg5E -4.5222E04 | 9.38E08 -4.52E04 9.38E08
U 7.82E02 1.44E05 7.82E02 1.44E05 7.82E02 1.44E05
§_ =8 -2.99E02 9.45E06 -2.99E02 9.45E06 -2.99E02 9.45E06
= oy -3.65E06 3.33E10 -3.65E06 3.33E10 -3.65E06 3.33E10
5 3Py 9.06E03 2.11E06 9.06E03 2.11E06 9.06E03 2.11E06
2 %Py -2.54E03 4.21E07 -2.54E03 4.21E07 -2.54E03 4.21E07
& 2lpy 1.53E04 2.08E08 1.53E04 2.08E08 1.53E04 2.08E08
24%py -2.68E06 7.71E10 -2.68E06 7.71E10 -2.68E06 7.71E10
2Am -8.31E05 5.34E09 -8.31E05 5.34E09 -8.31E05 5.34E09
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APPENDIX5: GRAPHICAL REPRESENTATION OF YIELD OF
ACTINIDES AS A FUNCTION OF BURNUP

w24y

—— Polynomial fit of ***U

340

Y =385.4-2.27429 X+0.00143 X°

320

300 -

Yield(q)

280

260 -

240 T T T T T T T T T
20 30 40 50 60

Burnup(MWD/MTU

Appendixs:Figurd: Depletion of*U
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w2
—— Polynomial fit of **°U
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Appendixé:Figure: Depletion of*U
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w2y
—— Polynomial fit of U
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Appendix:Figure: Depletion of*%U
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—m— %py
—— Polynomial fit of **Pu
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Appendixs:Figuret: Yield of**®Pu
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Appendis:Figures: Yield of**Pu
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Appendi:Figurd: Yield of**Pu

256



—m— 241Am
——— Polynomial fit of **Am
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Appendix:Figure: Yield of*'Am
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APPENDIX6: GRAPHICAL REPRESENTATION OF THE YIELD OF
FISSION PRODUCTS AS A FUNCTION OF BURNUP
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Appendix6 Fig.1: Growth of**Am with increase in burnup
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Appendix6 Fig.2: Growth of**'Np with increase in Burnup
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Appendix6 Fig.3: Growth of***Nd with increase in Burnup
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Appendix6 Fig.4: Growth of***Cs with increase in Burnup
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Appendix6 Fig.5: Growth of*>*Gd with increase in Burnup
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Appendix6 Fig.6: Growth of***Sm with increase in Burnup
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Appendix6 Fig.7: Growth of**Tc as a function of burnup
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Appendix6 Fig.8: Growth of***Eu as a function of Burnup
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Appendix6 Fig.9: Growth of**’Sm as a function of Burnup
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Appendix6 Fig.11: Growth of***Sm as a function of Burnup
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APPENDIX 7: INPUT FILE WITH THE MISLOADED FUEL ASSEMBLY

'Input generated by GeeWiz SCALE 6.1.3 Compiled on Tue Sep 6 15:23:32 2011
=csasb6

major actinides

v7-238

read composition

zr-90 200.021891 400 end
zr-91 200.0047739 400 end
zr-92 2 00.007297 400 end
zr-94 2 00.0073949 400 end
zr-96 2 00.0011913 400 end
snl1l12 20 4.680766 400 end
snl1l4 20 3.184866 400 end
sn115 20 1.640666 400 end
sn116 20 7.016265 400 end
snl1l7 20 3.705965 400 end
sn118 20 0.00011687 400 end
sn119 20 4.14565 400 end
sn120 20 0.000157210@ end
snl122 20 2.234265 400 end
snl124 20 2.793965 400 end
fe-54 2 05.58266 400 end
fe-56 2 08.762565 400 end
fe-57 2 02.023666 400 end
fe-58 2 02.693167 400 end
cr-50 2 03.301266 400 end
cr-52 2 06.366165 400 end
cr-53 207.218666 400 end
cr-54 2 01.796966 400 end
ni-58 2 02.520265 400 end
ni-60 209.707666 400 end
ni-61 2 04.219867 400 end
ni-62 2 01.345566 400 end
ni-64 2 0 3.426567 400 end
hf-174 20 3.541489 400 end
hf-176 20 1.1642867 400 end
hf-177 20 4.116987 400 end
hf-178 20 6.0381867 400 end
hf-179 2 0 3146e07 400 end
hf-180 20 7.764587 400 end
0-16 30 0.033377 400 end
h-1 3 00.066753 400 end
co-59 30 1€0 400 end

0-16 40 0.064742 400 end
b-10 4 0 0.00040445 400 end
b-11 4 0 @O1628 400 end

c 4 0 0.0005081 400 end
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ak27
fe-54
fe-56
fe-57
fe-58
cr-50
cr-52
cr-53
cr-54
ni-58
ni-60
ni-61
ni-62
ni-64
C
Si28
Sk29
s+30
p-31
mn-55
fe-54
fe-56
fe-57
fe-58
cr-50
ni-58
ni-60
ni-61
ni-62
ni-64
b-10
b-11
Si28
Sk29
st30
mn-55
ak27
0-16
h-1
C
h-poly
fe-54
fe-56
fe-57
fe-58
ni-58
ni-60
ni-61
ni-62
ni-64

40 0.043162 400 end
50 0.0034542 400 end
500.053698 400 end
500.0012295 400 end
50 0.00016393 400 end
50 0.00075918 400 end
500.01464 400 end
500.0016599 400 end
500.00041322 400 end
50 0.0052842 400 end
50 0.0020202 400 end
50 8.7463685 400 end
500.00027787 400 end
50 7.043565 400 end
500.00031849 400 end
50 0.0015701 400 end
50 7.976365 400 end
50 5.264265 90 end
50 6.946965 400 end
50 0.0017407 400 end
6 0 0.0032989 400 end
6 00.051785 400 end
6 0 0.001196 400 end
6 0 0.00015916 400 end
6 00.01786900 end
6 0 0.0054482 400 end
6 0 0.0020987 400 end
6 09.122765 400 end
6 0 0.00029087 400 end
6 0 7.407665 400 end
6 0 0.00077817 400 end
6 0 @O31322 400 end
6 0 0.0015424 400 end
6 0 7.835665 400 end
60 5.171365 400 end
6 0 0.00171 400 end
7 00.0602 400 end
8 0 0.033377 400 end
8 00.066753 400 end
900.0395 400 end
9 00.078999 400 end
10 0 0.004122 400 end
10 0 0.064706 400 end
10 0 0.0014944 400 end
10 0 0.00019887 400 end
10 0 0.00064601 400 end
10 0 0.00024884 400 end
100 1.081765 400 end
10 0 3.448965 400 end
10 0 8.783466 400 end
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Si28
St29
s+30
mn-55

10 0 0.0027363 400 end
10 0 0.0m3901 400 end
10 09.174265 400 end

10 0 0.00046434 400 end

c-graphite 10 0 0.012399 400 end

fe-54
fe-56
fe-57
fe-58
cr-50
cr-52
cr-53
cr-54
ni-58
ni-60
ni-61
ni-62
ni-64
mn-55
zr-90
zr-91
zr-92
zr-94
Zr-96
snll2
snll4
snl1l5
snl1l16
snl117
snl118
sn119
sn120
snl122
snl24
fe-54
fe-56
fe-57
fe-58
nb-93
uo2

zirc2
h2o
co-59
u-234
u-235
u-238

11 0 0.0034169 400 end
11 0 0.053638 400 end
11 0 0.0012387 400 end
11 0 0.00016485 400 end
11 0 0.00070654 400 end
11 0 0.013625 400 end
11 0 0.001545 400 end
11 0 0.00038457 400 end
11 0 0.0057207 400 end
11 0 0.0022036 400 end
11 0 9.5788685 400 end
11 0 0.00030542 400 end
110 7.77885 400 end
11 0 0.00171 400 end
12 0 0.021591 400 end
12 0 0.00470860@ end
12 0 0.0071971 400 end
12 0 0.0072937 400 end
12 0 0.001175 400 end
12 0 3.198586 400 end
12 02.176386 400 end
12 01.121166 400 end
12 .7945e05 400 end
12 0 2.532485 400 end
12 0 7.986485 400 end
12 0 2.8325685 400 end
12 0 0.00010743 400 end
12 0 1.526785 400 end
12 01.9092685 400 end
12 0 8.19466 400 end
12 0 0.00012863 400 end
12 0 2.970666 400 end
12 0 3.953367 400 end
12 0 0.00042133 400 end
21 den=10.958 1 400
92234 0.04
92235 2.4
92236 0.02
92238 97.54 end
221400 end
231400 end
23 le-20 400 end
101 0 5.577286 400 end
101 0 0.00045861 400 end
101 0 0.023521 400 end
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pu-238
pu-239
pu-240
pu-241
pu-242

am241

0-16
u-234
u-235
u-238
pu-238
pu-239
pu-240
pu-241
pu-242

am241

0-16
u-234
u-235
u-238
pu-238
pu-239
pu-240
pu-241
pu-242

am241

0-16
u-234
u-235
u-238
pu-238
pu-239
pu-240
pu-241
pu-242

am241

0-16
u-234
u-235
u-238
pu-238
pu-239
pu-240
pu-241
pu-242

am241

o-16

u-234
u-235
u-238

101 0 9.682888 400 end
101 0 7.8376@85 400 end
101 0 1.0574@5 400 end
101 0 2.3831@6 400 end
101 0 2.4207@7 400 end
101 0 8.8245@7 400 end

101 0 0.048887 400 end
102 0 5.169886 400 end
102 0 0.00037295 400 end
102 ©®.023438 400 end

102 0 2.9704@7 400 end
102 0 0.00010208 400 end
102 0 1.9955@5 400 end
102 0 5.885286 400 end
102 0 1.022386 400 end
102 0 2.1794@6 400 end

102 0 0.048887 400 end
103 0 5.009286 400 end
103 0 0.00034186 400 end
103 0 0.023402 400 end

103 0 4.1838@7 400 end
103 0 0.0001091 400 end
103 0 2.3846@85 400 end
103 0 7.493786 400 end
103 0 1.541386 400 end
103 0 2.7738@6 400 end

103 0 0.048886 400 end
104 0 5.002586 400 end
104 ©®.00034058 400 end
104 0 0.023401 400 end

104 0 4.240887 400 end
104 0 0.00010937 400 end
104 0 2.4011@5 400 end
104 0 7.56386 400 end
104 0 1.5661@6 400 ed
104 0 2.7993@6 400 end

104 0 0.048886 400 end
105 0 5.003486 400 end
105 0 0.00034076 400 end
105 0 0.023401 400 end

105 0 4.232687 400 end
105 0.00010933 400 end
105 0 2.398785 400 end
105 0 7.5531@6 400 end
105 0 1.562%@6 400 end
105 0 2.7957@86 400 end

105 0 0.048886 400 end
106 0 5.009286 400 end
106 0 0.00034186 400 end
106 0 0.023402 400 end
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pu-238 106 0 4.183827 400 end
pu-239 106 0 0.0001091 400 end
pu-240 106 0 2.3846@5 400 end
pu-241 106 (.4937e06 400 end
pu-242 106 0 1.5413@6 400 end
am241 106 0 2.7738@6 400 end
0-16 106 0 0.048886 400 end
u-234 107 0 5.019886 400 end
u-235 107 0 0.00034387 400 end
u-238 107 0 0.023405 400 end
pu-238 107 0 4.0953@7 400 end
pu-239 107 0 0.00010867 400 end
pu-240 107 0 2.3587@5 400 end
pu-241 107 0 7.38586 400 end
pu-242 107 0 1.5028a6 400 end
am241 107 0 2.7336@6 400 end
0-16 1070 0.048886 400 end
u-234 108 0 5.027686 400 end
u-235 108 0 0.00034534 400 end
u-238 108 0 0.023406 400 end
pu-238 108 0 4.031587 400 end
pu-239 108 0 0.00010835 400 end
pu-240 108 0 2.33995 400 end
pu-241 108 0 7.306@6 400 end
pu-242 108 0 1.4752@6 400 end
am241 108 0 2.7045@6 400 end
0-16 108 0 0.048886 400 end
u-234 109 0 5.028586 400 end
u-235 109 ®.00034552 400 end
u-238 109 0 0.023406 400 end
pu-238 109 0 4.023687 400 end
pu-239 109 0 0.00010831 400 end
pu-240 109 0 2.337585 400 end
pu-241 109 0 7.29631@6 400 end
pu-242 109 0 1.471886 400 ed
am241 109 0 2.7008@6 400 end
0-16 109 0 0.048886 400 end
u-234 110 0 5.0247@6 400 end
u-235 110 0 0.00034479 400 end
u-238 110 0 0.023406 400 end
pu-238 110 0 4.0554@7 400 end
pu-239 110 0 0.00010847 400 end
pu-240 110 0 2.3469@5 400 end
pu-241 110 0 7.3356@6 400 end
pu-242 110 0 1.485586 400 end
am241 1100 2.7154@6 400 end
0-16 110 0 0.048886 400 end
u-234 111 ®.0218e06 400 end
u-235 111 0 0.00034424 400 end
u-238 111 0 0.023405 400 end
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pu-238
pu-239
pu-240
pu-241
pu-242

am241

0-16
u-234
u-235
u-238
pu-238
pu-239
pu-240
pu-241
pu-242

am241

0-16
u-234
u-235
u-238
pu-238
pu-239
pu-240
pu-241
pu-242

am241

0-16
u-234
u-235
u-238
pu-238
pu-239
pu-240
pu-241
pu-242

am241

0-16
u-234
u-235
u-238
pu-238
pu-239
pu-240
pu-241
pu-242

am241

o-16

u-234
u-235
u-238

111 0 4.0793@7 400 end
111 0 0.00010859 400 end
111 0 2.354@5 400 end
111 0 7.365286 400 end
111 0 1.495986 400 end
111 0 2.7263@6 400 end

111 0 0.048886 400 end
112 0 5.026686 400 end
112 0 0.00034515 400 end
112 @®.023406 400 end

112 0 4.039587 400 end
112 0 0.00010839 400 end
112 0 2.342285 400 end
112 0 7.315886 400 end
112 0 1.4786@6 400 end
112 0 2.7081@6 400 end

112 0 0.048886 400 end
113 0 5.059686 400 end
113 0 0.00035146 400 end
113 0 0.023413 400 end

113 0 3.774287 400 end
113 0 0.00010701 400 end
1130 2.2619e05 400 end
113 0 6.9803@6 400 end
113 0 1.3641@6 400 end
113 0 2.5842@6 400 end

113 0 0.048886 400 end
114 05.191886 400 end
114 0 0.00037731 400 end
114 0 0.023442 400 end

114 0 2.8251@7 400 end
114 0 0.00010103 400 end
114 0 1.942985 400 end
114 0 5.6728@86 400 end
114 ®.6155e07 400 end
114 0 2.1009@6 400 end

114 0 0.048887 400 end
115 0 5.464e6 400 end
115 0 0.00043377 400 end
115 0 0.023498 400 end

115 0 1.3867@7 400 end
115 0 8.594585 400 end
115 0 1.30885 400 end

115 0 3.244286 400 end
115 0 3.906887 400 end
115 0 1.2016@6 400 end

115 0 0.048887 400 end
116 %.6148e06 400 end
116 0 0.00046703 400 end
116 0 0.023528 400 end
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pu-238
pu-239
pu-240
pu-241
pu-242
am241
0-16
u-234
u-235
u-238
pu-238
pu-239
pu-240
pu-241
pu-242
am241
o-16
u-234
u-235
u-238
pu-238
pu-239
pu-240
pu-241
pu-242
am241
o-16
zr-90
zr-91
zr-92
zr-94
zr-96
snll2
snll4
snl115
snl1l16
snll7
snl118
snl119
sn120
snl122
snl24
fe-54
fe-56
fe-57
fe-58
cr-50
cr-52
cr-53
cr-54

116 0 8.5025@88 400 end
116 0 7.567585 400 end
116 0 9.7693@6 400 end
116 0 2.121886 400 end
116 0 2.027287 400 end
116 0 7.8562@7 400 end
116 0 0.048887 400 end
117 05.759586 400 end

117 0 0.00050041 400 end

117 0 0.023555 400 end
117 0 4.8166@8 400 end
117 0 6.4251@5 400 end
117 0 6.812686 400 end
117 0 1.242286 400 end
117 0 9.0889%8 400 end
117 0 4.5964@7 400 end

1170 0.048887 400 end
118 0 5.980586 400 end

118 0 0.0005544 400 end

118 0 0.023594 400 end
118 0 1.4542@88 400 end
118 0 4.316585 400 end
118 0 2.939586 400 ed
118 0 3.4814@7 400 end
118 0 1.446888 400 end
118 0 1.285887 400 end
118 0 0.048888 400 end
202 0 0.021891 400 end
202 0 0.0047739 400 end
202 ®.007297 400 end
202 0 0.0073949 400 end
202 0 0.0011913 400 end
202 0 4.6807@6 400 end
202 0 3.184886 400 end
202 0 1.640686 400 end
202 0 7.016285 400 end
202 0 3.705985 400 end

202 0 0.00011687 400 end

202 0 4.14565 400 end

202 0 0.00015721 400 end

202 0 2.2342@5 400 end
202 0 2.7939@5 400 end
2020 5.582e06 400 end

202 0 8.7625@5 400 end
202 0 2.023686 400 end
202 0 2.6931@7 400 end
202 0 3.301286 400 end
202 0 6.3661@5 400 end
202 0 7.2186@6 400 end

202 0 1.7969%6 400 end
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ni-58 202 0 2.5202@65 400 end
ni-60 202 0 9.7076@6 400 end
ni-61 202 0 4.2198e7 400 end
ni-62 202 0 1.3455@6 400 end
ni-64 202 0 3.4265@7 400 end
hf-174 202 0 3.5414€9 400 end
hf-176 202 0 1.1642@7 400 end
hf-177 202 0 4.1169@7 400 end
hf-178 202 0 6.0381@7 400 end
hf-179 202 0 3.014687 400 end
hf-180 202 0 7.7645@7 400 end
zr-90 203 0 0.0284 400 end
zr-91 203 0 0.0047739 400 end
zr-92 203 0 0.007297 400 end
zr-94 203 0 0.0073949 400 end
zr-96 203 0 0.0011913 400 end
snl112 203 0 4.6807@6 400 end
snl1l14 203 0 3.1848e6 400 end
snl1ll5 203 0 1.6406@6 400 end
snl1ll16 203 0 7.0162@5 400 end
snl117 203 0 3.705985 400 end
snl118 203 0 0.00011687 400 end
snl119 203 0 4.14585 400 end
sn120 203 0 0.00015721 400 end
snl122 2030 2.2342€05 400 end
snl124 203 0 2.79395 400 end
fe-54 203 0 5.58286 400 end
fe-56 203 0 8.7625@85 400 end
fe-57 203 0 2.0236@6 400 end
fe-58 203 0 2.6931@7 400 end
cr-50 203 0 3.3012@6 400 end
cr-52 203 0 6.3661@5 400 end
cr-53 203 0 7.2186@6 400 end
cr-54 203 01.7969@6 400 end
ni-58 203 0 2.5202@65 400 end
ni-60 203 0 9.7076@6 400 end
ni-61 2030 4.2198e07 400 end
ni-62 203 0 1.3455@6 400 end
ni-64 203 0 3.4265@7 400 end
hf-174 203 0 3.5414@9 400 end
hf-176 203 0 1.164287 400 end
hf-177 203 0 4.116987 400 end
hf-178 203 0 6.0381@7 400 end
hf-179 203 0 3.014687 400 end
hf-180 203 0 7.7645@7 400 end
zr-90 204 0 0.021891 400 end
zr-91 204 0 0.0047739 400 end
zr-92 204 0 0.007297 400 end
zr-94 204 0 @073949 400 end
zr-96 204 0 0.0011913 400 end
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snll12
snl114
snl115
snl1l16
snl1l7
snl118
snl119
sn120
snl122
snl24
fe-54
fe-56
fe-57
fe-58
cr-50
cr-52
cr-53
cr-54
ni-58
ni-60
ni-61
ni-62
ni-64
hf-174
hf-176
hf-177
hf-178
hf-179
hf-180
zr-90
zr-91
zr-92
zr-94
Zr-96
snll2
snll4
snl115
snl1l16
snll7
snl118
sn119
sn120
snl122
snl24
fe-54
fe-56
fe-57
fe-58
cr-50
cr-52

204 0 4.6807@6 400
204 0 3.18486 400
204 0 1.6406e@6 400
204 0 7.0162@5 400
204 0 3.70595 400

204 0 0.00011687 400 end

204 0 4.145@85 400

204 0 0.00015721 400 end

204 0 2.234285 400
204 0 2.7939%5 400

end
end
end
end
end

end

end
end

204 0 5.58266 400 end

2040 8.7625€05 400
204 0 2.023686 400
204 0 2.6931@7 400
204 0 3.3012e6 400
204 0 6.3661@5 400
204 0 7.2186@6 400
204 0 1.79696 400
204 0 2.520285 400
204 0 9.7076e@6 400
204 0 4.2198@7 400
204 0 1.3455e6 400
204 0 3.4265e7 400
204 0 3.5414@9 400
204 0 1.1642e7 400
204 0 4.1169%7 400
204 0 6.0381@7 400
204 0 3.014ee7 400
204 0 7.764%@7 400
205 0 0.021891 400
205 @.0047739 400
205 0 0.007297 400

205 0 0.0073949 400 end
205 0 0.0011913 400 end

205 0 4.6807@6 400
205 0 3.1848e6 400
205 0 1.6406@6 400
205 0 7.0162@5 400
205 0 3.7059e5 400

205 0 0.00011687 400 end

205 0 4.145e5 400

205 0 0.00015721 400 end

205 0 2.2342@5 400
2050 2.7939e05 400

end
end
end
end
end
end
end
end
end
end
end
end
end
end
end
end
end
end
end
end
end

end
end
end
end
end

end

end
end

205 0 5.58266 400 end

205 0 8.762585 400
205 0 2.0236e6 400
205 0 2.6931@7 400
205 0 3.3012e6 400
205 0 6.3661@5 400

end
end
end
end
end
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cr-53 205 0 7.2186@6 400 end
cr-54 205 0 1.7969%6 400 end
ni-58 205 0 2.520285 400 end
ni-60 205 0 9.707686 400 end
ni-61 205 0 4.219887 400 end
ni-62 2050 1.3455€06 400 end
ni-64 205 0 3.4265@7 400 end
hf-174 205 0 3.5414@9 400 end
hf-176 205 0 1.1642@7 400 end
hf-177 205 0 4.1169@7 400 end
hf-178 205 0 6.0381@7 400 end
hf-179 205 0 3.0146@87 4® end
hf-180 205 0 7.7645@7 400 end
zr-90 206 0 0.021891 400 end
zr-91 206 0 0.0047739 400 end
zr-92 206 0 0.007297 400 end
zr-94 206 0 0.0073949 400 end
zr-96 206 0 0.0011913 400 end
snl112 206 0 4.6807@6 400 end
snl114 206 0 3.184886 400 end
sn115 206 0 1.640686 400 end
snl116 206 0 7.0162@5 400 end
sn117 206 0 3.7059@85 400 end
sn118 206 0 0.00011687 400 end
snl119 206 0 4.14585 400 end
sn120 206 0 0.00015721 400 end
snl122 206 0 2.2342@5 400 end
snl124 206 0 2.7939@5 400 end
fe-54 206 0 5.58266 400 end
fe-56 206 0 8.762585 400 end
fe-57 206 (2.0236e06 400 end
fe-58 206 0 2.6931@7 400 end
cr-50 206 0 3.301286 400 end
cr-52 206 0 6.3661@5 400 end
cr-53 206 0 7.2186@6 400 end
cr-54 206 0 1.79696 400 end
ni-58 206 0 2.5202@5 400 end
ni-60 206 09.7076@6 400 end
ni-61 206 0 4.219887 400 end
ni-62 206 0 1.345586 400 end
ni-64 206 0 3.426587 400 end
hf-174 206 0 3.5414@9 400 end
hf-176 206 0 1.1642@7 400 end
hf-177 206 0 4.1169€7 400 end
hf-178 206 0 6.0381@7 400 end
hf-179 206 0 3.0146@7 400 end
hf-180 206 0 7.7645@7 400 end
zr-90 207 0 0.021891 400 end
zr-91 207 0 0.0047739 400 end
zr-92 207 0 0.00729708 end
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zr-94 207 0 0.0073949 400 end
zr-96 207 0 0.0011913 400 end
snl112 207 0 4.6807@6 400 end
snl1ll4 207 0 3.184886 400 end
snl115 207 0 1.6406@6 400 end
snl116 207 0 7.0162@5 400 end
snl117 207 0 3.705985 400 end
sn118 207 0 0.00011687 400 end
snl119 207 0 4.14585 400 end
sn120 207 0 0.00015721 400 end
snl122 207 0 2.234285 400 end
snl124 207 0 2.79395 400 end
fe-54 2070 5.582e06 400 end
fe-56 207 0 8.7625@5 400 end
fe-57 207 0 2.0236@6 400 end
fe-58 207 0 2.6931@7 400 end
cr-50 207 0 3.3012@6 400 end
cr-52 207 0 6.3661@5 400 end
cr-53 207 0 7.2186@86 400 end
cr-54 207 0 1.7969@6 400 end
ni-58 207 0 2.5202@65 400 end
ni-60 207 0 9.7076@6 400 end
ni-61 207 0 4.2198e7 400 end
ni-62 207 0 1.3455@6 400 end
ni-64 2070 3.4265e07 400 end
hf-174 207 0 3.5414@0 400 end
hf-176 207 0 1.1642@7 400 end
hf-177 207 0 4.11697 400 end
hf-178 207 0 6.0381@7 400 end
hf-179 207 0 3.014687 400 end
hf-180 207 0 7.7645@7 400 end
zr-90 208 0 0.021891 400 end
zr-91 208 0 0.0047739 400 end
zr-92 208 0 0.007297 400 end
zr-94 208 0 0.0073949 400 end
zr-96 208 0 0.0011913 400 end
snl112 208 0 4.68e06 400 end
snl1l14 208 0 3.1848e6 400 end
snl1ll5 208 0 1.6406@6 400 end
snl1l16 208 0 7.0162@5 400 end
sn117 208 0 3.705985 400 end
snl118 208 0 0.00011687 400 end
snl119 208 0 4.14585 400 end
snl120 208 0 0.00015721 400 end
snl122 208 0 2.234285 400 end
snl124 208 0 2.793985 400 end
fe-54 208 0 5.58286 400 end
fe-56 208 0 8.7625@5 400 end
fe-57 208 0 2.0236@6 400 end
fe-58 2080 2.6931e07 400 end
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cr-50 208 0 3.3012@6 400 end
cr-52 208 0 6.3661@5 400 end
cr-53 208 0 7.2186@6 400 end
cr-54 208 0 1.7969@6 400 end
ni-58 208 0 2.5202@65 400 end
ni-60 208 0 9.7076@6 400 end
ni-61 208 0 4.2198@7 400 end
ni-62 208 0 1.3455@6 400 end
ni-64 208 0 3.4265@7 400 end
hf-174 208 0 3.5414@0 400 end
hf-176 208 0 1.1642@7 400 end
hf-177 208 0 4.1169@7 400 end
hf-178 208 0 6.0381@7 400 end
hf-179 208 0 3.0146@7 400 end
hf-180 208 0 7.7645@7 400 end
zr-90 209 0 0.021891 400 end
zr-91 209 0 0.0047739 400 end
zr-92 209 0 0.007297 400 end
zr-94 209 0 @073949 400 end
zr-96 209 0 0.0011913 400 end
snl12 209 0 4.6807@6 400 end
snl1l4 209 0 3.1848e6 400 end
snl1l5 209 0 1.6406@6 400 end
snl1ll16 209 0 7.0162@5 400 end
snl117 209 0 3.705985 400 end
snl118 209 0 0.00011687 400 end
snl119 209 0 4.14585 400 end
sn120 209 0 0.00015721 400 end
snl122 209 0 2.234285 400 end
snl124 209 0 2.79395 400 end
fe-54 209 0 5.58286 400 end
fe-56 2090 8.7625e05 400 end
fe-57 209 0 2.0236@6 400 end
fe-58 209 0 2.6931@7 400 end
cr-50 209 0 3.3012e6 400 end
cr-52 209 0 6.366185 400 end
cr-53 209 0 7.2186@6 400 end
cr-54 209 0 1.7969@6 400 end
ni-58 209 0 2.5202@5 400 end
ni-60 209 0 9.7076@6 400 end
ni-61 209 0 4.2198@7 400 end
ni-62 209 0 1.3455@e6 400 end
ni-64 209 0 3.4265@7 400 end
hf-174 2090 3.5414e09 400 end
hf-176 209 0 1.1642@7 400 end
hf-177 209 0 4.116987 400 end
hf-178 209 0 6.0381@7 400 end
hf-179 209 0 3.014687 400 end
hf-180 209 0 7.7645@7 400 end
zr-90 210 0 0.021891 40@nd
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zr-91
zr-92
zr-94
Zr-96
snll2
snll4
snl115
snl116
snll7
sn118
snl119
sn120
snl122
snl24
fe-54
fe-56
fe-57
fe-58
cr-50
cr-52
cr-53
cr-54
ni-58
ni-60
ni-61
ni-62
ni-64
hf-174
hf-176
hf-177
hf-178
hf-179
hf-180
zr-90
zr-91
zr-92
zr-94
Zr-96
snll2
snll4
snl115
snl1l16
snll7
snl118
snl119
sn120
snl122
snl24
fe-54
fe-56

210 0 0.0047739 400 end
210 0 0.007297 400 end
210 0 0.0073949 400 end
210 0 0.0011913 400 end
210 0 4.6807@6 400 end
210 0 3.184886 400 end
210 0 1.640686 400 end
210 0 7.016285 400 end
210 0 3.705985 400 end
210 0 0.00011687 400 end
210 0 4.14585 400 end
210 0 0.00015721 400 end
2100 2.2342€e05 400 end
210 0 2.793985 400 end
210 05.58286 400 end
210 0 8.7625@5 400 end
210 0 2.0236@6 400 end
210 0 2.6931@7 400 end
210 0 3.3012e6 400 end
210 0 6.3661@5 400 end
210 0 7.2186@6 400 end
210 0 1.7969@6 400 end
210 0 2.5202@85 400 end
210 09.7076@6 400 end
2100 4.2198e07 400 end
210 0 1.3455@6 400 end
210 0 3.4265@7 400 end
210 0 3.5414@9 400 end
210 0 1.1642@7 400 end
210 0 4.116987 400 end
210 0 6.0381@7 4® end
210 0 3.014687 400 end
210 0 7.7645@7 400 end
211 00.021891 400 end
211 0 0.0047739 400 end
211 0 0.007297 400 end
211 0 0.0073949 400 end
41 00.0011913 400 end
211 0 4.6807@6 400 end
211 0 3.184886 400 end
211 0 1.640686 400 end
211 0 7.016285 400 end
211 0 3.705985 400 end
211 0 0.00011687 400 end
211 0 4.145685 400 end
211 0 0.00015721 400 end
211 0 2.234285 400 end
211 0 2.7939%85 400 end
211 05.58286 400 end
211 B.7625e05 400 end
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fe-57
fe-58
cr-50
cr-52
cr-53
cr-54
ni-58
ni-60
ni-61
ni-62
ni-64
hf-174
hf-176
hf-177
hf-178
hf-179
hf-180
zr-90
zr-91
zr-92
zr-94
Zr-96
snll2
snl114
snl115
snl116
snll7
snl118
snl119
sn120
snl122
snl24
fe-54
fe-56
fe-57
fe-58
cr-50
cr-52
cr-53
cr-54
ni-58
ni-60
ni-61
ni-62
ni-64
hf-174
hf-176
hf-177
hf-178
hf-179

211 0 2.023686 400
211 0 2.6931@7 400
211 0 3.3012e6 400
211 0 6.3661@5 400
211 0 7.2186@6 400
211 0 1.7969@6 400
211 0 2.520285 400
211 0 9.7076@6 400
211 0 4.2198@7 400
211 0 1.345586 400
211 0 3.4265@7 400
2110 3.5414€09 400
211 0 1.1642e7 400
211 0 4.1169%7 400
211 0 6.0381@7 400
211 0 3.014ee7 400
211 0 7.764%@7 400

end
end
end
end
end
end
end
end
end
end
end
end
end
end
end
end
end

212 0 0.021891 40@nd

212 0 0.0047739 400 end

212 0 0.007297 400

212 0 0.0073949 400 end
212 0 0.0011913 400 end
212 0 4.6807@6 400
212 0 3.184886 400
212 0 1.6406@6 400
212 0 7.016285 400
212 0 3.7059@5 400
212 0 0.00011687 400 end

end

end
end
end
end
end

212 0 4.145@5 400 end

212 0 0.00015721 400 end
2120 2.2342€05 400 end
212 0 2.7939@5 400 end

212 0 5.58266 400 end

212 0 8.762585 400
212 0 2.023686 400
212 0 2.6931@7 400

end
end
end

212 0 3.301286 400 end

212 0 6.3661@5 400
212 0 7.2186@6 400
212 0 1.7969%6 400
212 0 2.520265 400
212 0 9.7076@6 400
212 0 4.219887 400
212 0 1.3455€6 400
212 0 3.4265@7 400
212 0 3.5414@9 400
212 0 1.1642@7 400
212 0 4.1169%7 400
212 0 6.0381@7 400
212 0 3.014e@7 400

end
end
end
end
end
end
end
end
end
end
end
end
end
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hf-180
zr-90
zr-91
Zr-92
zr-94
zr-96
snll2
snl114
snl115
snl116
snll7
snl118
snl119
sn120
snl122
snl24
fe-54
fe-56
fe-57
fe-58
cr-50
cr-52
cr-53
cr-54
ni-58
ni-60
ni-61
ni-62
ni-64
hf-174
hf-176
hf-177
hf-178
hf-179
hf-180
zr-90
zr-91
Zr-92
zr-94
Zr-96
snll2
snll4
snl115
snl1l16
snll7
snl118
snl119
sn120
snl122
snl24

212 0 7.764587 400 end
213 0 0.021891 400 end
213 0 0.0047739 400 end
213 0 0.007297 400 end
213 0 0.0073949 400 end
213 0 0@ 1913 400 end
213 0 4.6807@6 400 end
213 0 3.184886 400 end
213 0 1.640686 400 end
213 0 7.016285 400 end
213 0 3.705985 400 end
213 0 0.00011687 400 end
213 0 4.14585 400 end
213 0 0.00015721 400 end
213 0 2.234285 400 end
213 0 2.793985 400 end
213 05.58286 400 end
213 08.7625@85 400 end
2130 2.0236€06 400 end
213 0 2.6931@7 400 end
213 0 3.3012e6 400 end
213 0 6.3661@5 400 end
213 07.2186@86 400 end
213 0 1.7969@6 400 end
213 0 2.5202@85 400 end
213 09.7076@6 400 end
213 0 4.2198@7 400 end
213 0 1.3455@6 400 end
213 0 3.4265@7 400 end
213 0 3.5414@9 400 end
213 0 1.164287 400 end
213 0 4.11697 400 end
213 0 6.0381@7 400 end
213 0 3.0146@7 400 end
213 0 7.764587 400 end
214 0 0.021891 400 end
214 0 0.0047739 400 end
214 ®.007297 400 end
214 0 0.0073949 400 end
214 0 0.0011913 400 end
214 0 4.6807@6 400 end
214 0 3.184886 400 end
214 0 1.640686 400 end
214 0 7.016285 400 end
214 0 3.705985 400 end
214 0 0.00011687 400 end
214 0 4.14585 400 end
214 0 0.00015721 400 end
214 0 2.234285 400 end
214 0 2.7939%5 400 end
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fe-54 2140 5.582e06 400 end
fe-56 214 0 8.7625@85 400 end
fe-57 214 0 2.0236@6 400 end
fe-58 214 0 2.6931@7 400 end
cr-50 214 0 3.3012e6 400 end
cr-52 214 0 6.3661@5 400 end
cr-53 214 0 7.218686 400 end
cr-54 214 0 1.79696 400 end
ni-58 214 0 2.5202@85 400 end
ni-60 214 0 9.7076@6 400 end
ni-61 214 0 4.2198@7 400 end
ni-62 214 0 1.3455@6 400 end
ni-64 2140 3.4265e07 400 end
hf-174 214 0 3.5414@ 400 end
hf-176 214 0 1.164287 400 end
hf-177 214 0 4.116987 400 end
hf-178 214 0 6.0381@7 400 end
hf-179 214 0 3.0146@7 400 end
hf-180 214 0 7.7645e7 4® end
zr-90 215 0 0.021891 400 end
zr-91 215 0 0.0047739 400 end
zr-92 215 0 0.007297 400 end
zr-94 215 0 0.0073949 400 end
zr-96 215 0 0.0011913 400 end
snl112 215 0 4.6807@6 400 end
snl114 25 0 3.1848é06 400 end
snl115 215 0 1.640686 400 end
snl116 2150 7.0162@5 400 end
snl117 215 0 3.705985 400 end
sn118 215 0 0.00011687 400 end
snl119 215 0 4.14585 400 end
sn120 215 0 0.00015721 @G0end
sn122 215 0 2.234285 400 end
snl24 215 0 2.7939%85 400 end
fe-54 215 0 5.58286 400 end
fe-56 215 0 8.7625@5 400 end
fe-57 215 0 2.0236@6 400 end
fe-58 215 0 2.6931@7 400 end
cr-50 215 0 3.3012e6 400 end
cr-52 215 0 6.3661@5 400 end
cr-53 215 0 7.2186@6 400 end
cr-54 215 0 1.7969@6 400 end
ni-58 215 0 2.5202@85 400 end
ni-60 215 09.7076@6 400 end
ni-61 2150 4.2198e07 400 end
ni-62 215 0 1.3455@6 400 end
ni-64 215 0 3.4265@7 400 end
hf-174 215 0 3.5414@90 400 end
hf-176 215 0 1.1642@7 400 end
hf-177 215 0 4.11697 400 end
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hf-178
hf-179
hf-180
zr-90
zr-91
zr-92
zr-94
Zr-96
snll2
snll4
snl1l15
snl1l16
snll7
snl118
snl119
sn120
snl122
snl24
fe-54
fe-56
fe-57
fe-58
cr-50
cr-52
cr-53
cr-54
ni-58
ni-60
ni-61
ni-62
ni-64
hf-174
hf-176
hf-177
hf-178
hf-179
hf-180
zr-90
zr-91
Zr-92
zr-94
zr-96
snll2
snl114
snl115
snl1l16
snll7
snl118
snl119
sn120

215 0 6.0381@7 4® end
215 0 3.014687 400 end
215 0 7.7645@7 400 end
216 0 0.021891 400 end
216 0 0.0047739 400 end
216 0 0.007297 400 end
216 0 0.0073949 400 end
46 0 0.0011913 400 end
216 0 4.6807@6 400 end
216 0 3.184886 400 end
216 0 1.640686 400 end
216 0 7.016285 400 end
216 0 3.705985 400 end
216 0 0.00011687 400 end
216 0 4.14585 400 end
216 0 0.00015721 400 end
216 0 2.234285 400 end
216 0 2.793985 400 end
216 05.58286 400 end
216 B.7625e05 400 end
216 0 2.0236@6 400 end
216 0 2.6931@7 400 end
216 0 3.301266 400 end
216 0 6.3661@5 400 end
216 0 7.2186@6 400 end
216 0 1.7969@6 400 end
216 0 2.5202@65 400 end
216 0 9.7076@6 400 end
216 0 4.2198e7 400 end
216 0 1.3455@6 400 end
216 0 3.4265@7 400 end
216 0 3.5414@9 400 end
216 0 1.1642@7 400 end
216 0 4.1169@7 400 end
216 0 6.0381@7 400 end
216 0 3.014687 400 end
216 0 7.764587 400 end
217 00.021891 400 end
217 00.0047739 400 end
217 00.007297 400 end
217 0 0.0073949 400 end
217 0 0.0011913 400 end
217 0 4.6807@6 400 end
217 0 3.184886 400 end
217 0 B406e06 400 end
217 0 7.016285 400 end
217 0 3.705985 400 end
217 0 0.00011687 400 end
217 0 4.14585 400 end
217 0 0.00015721 400 end
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sn122 217 0 2.234285 400 ed
snl1l24 217 0 2.79395 400 end
fe-54 217 05.58286 400 end
fe-56 217 08.7625@85 400 end
fe-57 217 0 2.0236@6 400 end
fe-58 217 0 2.6931@7 400 end
cr-50 217 0 3.3012e6 400 end
cr-52 2Y 0 6.3661€05 400 end
cr-53 217 0 7.2186@86 400 end
cr-54 217 01.7969@6 400 end
ni-58 217 0 2.5202@85 400 end
ni-60 217 09.7076@6 400 end
ni-61 217 0 4.2198e7 400 end
ni-62 217 01.3455e6 900 end
ni-64 217 0 3.4265@7 400 end
hf-174 217 0 3.5414@90 400 end
hf-176 217 0 1.1642@7 400 end
hf-177 217 0 4.1169@7 400 end
hf-178 217 0 6.0381@7 400 end
hf-179 217 0 3.0146@7 400 end
hf-180 217 0 7.7645@7 400 end
zr-90 218 0 0.021891 400 end
zr-91 218 0 0.0047739 400 end
zr-92 218 0 0.007297 400 end
zr-94 218 0 0.0073949 400 end
zr-96 218 0 0.0011913 400 end
snl112 218 0 4.68%e06 400 end
snl1l4 218 0 3.1848e6 400 end
snl1l15 218 0 1.6406@6 400 end
snl116 218 0 7.016285 400 end
sn117 218 0 3.705985 400 end
snl118 218 0 0.00011687 400 end
snl119 218 0 4.14585 400 end
snl120 218 0 0.00015721 400 end
sn122 218 0 2.234285 400 end
snl124 218 0 2.793985 400 end
fe-54 218 05.58286 400 end
fe-56 218 0 8.7625@85 400 end
fe-57 218 0 2.0236@6 400 end
fe-58 2180 2.6931e07 400 end
cr-50 218 0 3.3012@6 400 end
cr-52 218 0 6.3661@5 400 end
cr-53 218 0 7.2186@86 400 end
cr-54 218 01.7969@6 400 end
ni-58 218 0 2.5202@85 400 end
ni-60 218 0 9.7076@6 400 end
ni-61 218 0 4.2198@7 400 end
ni-62 218 0 1.3455@6 400 end
ni-64 218 0 3.4265@7 400 end
hf-174 218 0 3.5414@9 400 end
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hf-176
hf-177
hf-178
hf-179
hf-180
o-16
h-1
co59
0-16
h-1
co-59
o-16
h-1
co59
o-16
h-1
co59
0-16
h-1
co59
o-16
h-1
co59
0-16
h-1
co-59
o-16
h-1
co59
o-16
h-1
co-59
0-16
h-1
co-59
o-16
h-1
co59
0-16
h-1
co-59
o-16
h-1
co59
0-16
h-1
co-59
o-16
h-1
co59

218 0 1.1642@7 400 end
2180 4.1169e07 400 end
218 0 6.0381@7 400 end
218 0 3.0146@7 400 end
218 0 7.764587 400 end
302 0 0.033377 400 end
302 0 0.066753 400 end
302 0 120 400 end
303 0 0.033377 400 end
303 0 0.066753 400 end
303 0 120 400 end
304 0 0.033377 400 end
304 00.066753 400 end
304 0 120 400 end
305 0 0.033377 400nck
305 0 0.066753 400 end
305 0 120 400 end
306 0 0.033377 400 end
306 00.066753 400 end
306 0 120 400 end
307 0 0.033377 400 end
307 0 0.066753 40@nd
307 0 120 400 end
308 0 0.033377 400 end
308 0 0.066753 400 end
308 0 120 400 end
309 0 0.033377 400 end
309 00.066753 400 end
309 0 120 400 end
310 0 0.033377 400 end
310 0 0.066753 400 end
310 0 120 400 end
311 0 0.033377 400 end
311 00.066753 400 end
311 0 120 400 end
312 0 0.033377 400 end
312 0 0.066753 400 end
312 0 120 400 end
313 0 0.033377 400 end
313 00.066753 400 end
313 0 120 400 end
314 0 0.033377 40end
314 00.066753 400 end
314 0 120 400 end
315 0 0.033377 400 end
315 0 0.066753 400 end
315 0 120 400 end
316 0 0.033377 400 end
316 00.06675308 end
316 0 120 400 end
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0-16 317 0 0.033377 400 end
h-1 317 00.066753 400 end
co-59 317 0 120 400 end
0-16 318 0 0.033377 400 end
h-1 318 0 0.066753 400 end
co-59 318 0 120 400 end

end composition

read celldata
latticecell squarepitch fuelr=0.4096
latticecell squarepitch fuelr=0.4096

21 gapr=0.418 O cladr=0.475 22 hpitch=0.63 23 end
101 gapr=0.418 O cladr=0.475 2 hpitch=0.63 3 end

latticecell squarepitch fuelr=0.4096 102 gapr=0.418 0 cladr=0.475 202 hpitch=0.63 302 end

latticecell squarepitch fuelr=0.4096
latticecell squarepitch fuelr=0.4096
latticecell squarepitch fuelr=0.4096
latticecell squarepitch fuelr=0.4096
latticecell squarepitch fuelr=0.4096
latticecell squarepitch fuelr=0.4096
latticecell squarepitch fuelr=0.4096
latticecell squarepitch fuelr=0.4096
latticecell squarepitch fuelr=0.4096
latticecell squarepitch fuelr=0.4096
latticecell squarepitch fuelr=0.4096
latticecell squarepitch fuelr=0.4096
latticecell squarepitch fuelr=0.4096
latticecell squarepitch fuelr=0.4096
latticecell squarepitch fuelr=0.4096
latticecell squarepitch fuelr=0.4096

end celldata

read parameter

gen=1000

nsk=1@0

fix=yes

htm=yes

far=yes

gas=yes

mfp=yes

cfx=yes

end parameter

read geometry

unit 21

com="fresh fuel rod cell

cylinder 1 0.4095 182.88182.88
cylinder 2 0.418 200.97185.68
cylinder 3 0.475 200.97185.68
cylinder 4 0.475 200.97185.71
cuboid 5 0.63 -0.63
media 21 11

media 01 21

media 22 1 32

media 11 1 43

0.63 -0.63

103 gapr=0.418 0 cladr=0.475 203 hpitch=0.63 303 end
104 gapr=0.418 O cladr=0.475 204 hpitch=@16an80

105 gapr=0.418 0 cladr=0.475 205 hpitch=0.63 305 end
106 gapr=0.418 0O cladr=0.475 206 hpitch=0.63 306 end
107 gapr=0.418 O cladr§0207 hpitch=0.63 307 end

108 gapr=0.418 0 cladr=0.475 208 hpitch=0.63 308 end
109 gapr=0.418 O cladr=0.475 209 hpitch=0.63 309 end
110 ge(p418 0 cladr=0.475 210 hpitch=0.63 310 end
111 gapr=0.418 O cladr=0.475 211 hpitch=0.63 311 end
112 gapr=0.418 0 cladr=0.475 212 hpitch=0.63 312 end
113 gapr=0.418 0 cladr=0.475 213 hpitch=0.63 313 end
114 gapr=0.418 0O cladr=0.475 214 hpitch=0.63 314 end
115 gapr=0.418 O cladr=0.47@di$=0.63 315 end

116 gapr=0.418 O cladr=0.475 216 hpitch=0.63 316 end
117 gapr=0.418 0O cladr=0.475 217 hpitch=0.63 317 end
118 gapr=8.4lcladr=0.475 218 hpitch=0.63 318 end

201.1-185.81
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media 23 -4

boundary 5

unit 1

com="fuel rod cell

cylinder 2 0.418 200.97185.68
cylinder 3 0.475 200.97185.68
cylinder 4 0.475 200.97185.71
cuboid 5 0.63 -0.63 0.63 -0.63 201.1-185.81
cylinder 101 0.4095-162.53 -182.88
cylinder 102 0.4095-142.22 -182.88
cylinder 103 0.4095-121.9 -182.88
cylinder 104 0.4095-101.58 -182.88
cylinder 105 0.4095-81.27 -182.88
cylinder 106 0.4095-60.95 -182.88
cylinder 107 0.4095 -40.63 -182.88
cylinder 108 0.4095-20.32 -182.88
cylinder 109 0.4095 0182.88
cylinder 110 0.4095 20.32182.88
cylinder 111 0.4095 40.63182.88
cylinder 112 0.4095 60.95182.88
cylinder 113 0.486 81.27-182.88
cylinder 114 0.4095 101.58182.88
cylinder 115 0.4095 121.9182.88
cylinder 116 0.4095 142.22182.88
cylinder 117 0.4095 162.53182.88
cylinder 118 0.4095 182.88182.88
media 101 1 101 vol=77342.68
media 102 1 102101 vol=77342.68
media 103 1 103102 vol=77342.68
media 104 1 104103 vol=77342.68
media 105 1 105104 vol=77342.68
media 106 1 106105 vol=77342.68
media 107 1 107106 vol=77342.68
media 108 1 108107 vol=77342.68
media 109 1 109108 vol=77342.68
media 110 1 110109 vol=77342.68
media 111 1 111110 vol=77342.68
media 112 1 112111 vol=77342.68
media 113 1 113112 vol=77342.68
media 114 1 114113 vol=77342.68
media 115 1 115114 vol=77342.68
media 1161 116-115 vol=77342.68
media 117 1 117116 vol=77342.68
media 118 1 118117 vol=77342.68
media 8 1 2118 vol=81085.74
media 2 1 32 vol=418253.7

media 11 1 43 vol=152.7673

media 8 1 54 vol=2195419
boundary 5

unit 2
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com="burnable poison rod"

cylinder 1 0.4095 147.08147.08

cylinder 2 0.4095 200.97184.38

cylinder 3 0.418 200.97184.41

cubod 4 0.63 -0.63 0.63 -0.63 201.1-185.81
media 4 1 1 vol=104138.3

media 8 1 21 vol=27411.72

media 2 1 32 vol=5528.919

media 8 1 43 vol=259390.2

boundary 4

unit 3

com="instrumentation tube"

cylinder 1 0.4095 182.88182.88

cylinder 2 0.418 185.68185.68

cuboid 3 0.63 -0.63 0.63 -0.63 201.1-185.81
media 8 1 1 vol=5395.254

media 2 1 21 vol=312.3727

media 8 1 32 vol=10811.92

boundary 3

unit 24

com="complete fresh fuel assembly"

cubod 1 10.55-10.55 10.55-10.55 185.81-185.81
cuboid 2 10.66-10.66 10.66-10.66 185.8 -185.81
cuboid 3 11.66-11.66 11.66-11.66 185.81-185.81
array2 1 place 991000

cuboid 4 14.5-145 145 -145 201.1-185.81
media 11 1 21 vol=126717.8

media 8 1 32 vol=783422.8

media 6 1 43 vol=2522055

boundary 4

unit 4

com="complete fuel assembly"

cuboid 1 10.55-10.55 10.55-10.55 185.81-185.81
cuboid 2 10.66-10.66 10.66-10.66 185.81-185.81
cuboid 3 11.66-11.66 11.66-11.66 185.81-185.81
arrayl1l plae 991000

cuboid 4 14.5-145 145 -145 201.1-185.81
media 11 1 21 vol=126717.8

media 8 1 32 vol=783422.8

media 6 1 43 vol=2522055

boundary 4

unit 5

com="section 1:inner cylinder enclosing the first 12 fuel assemblies"”
cuboid 1 62.25-62.25 0.75 -0.75 201.1-185.81
hole 6

hole 7

cylinder 2 725 211.8211.8

hole 24 origin x=16.25 y=16.25 z=0

hole 4 origin x=46.95 y=16.25 z=0

hole 4 origin x=16.25 y=46.95 z=0
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hole 4 origin
hole 4 origin
hole 4 origin
hole 4 origin
hole 4 origin
hole 4 origin
hole 4 origin
hole 4 origin
hole 4 origin

x=16.25 y=16.25 z=0
x=16.25 y=46.95 z=0
Xx=46.95 y=16.25 z=0
x=16.25 y46.25 z=0
x=46.95 y16.25 z=0
x=16.25 y46.95 z=0
%-16.25 y=16.25 z=0
x=16.25 y=46.95 z=0
Xx=46.95 y=16.25 z=0

media 6 1 1 vol=69400.04
media 11 1 21 vol=2496562

boundary 2
unit 6

com="vertical top part of boral panel’

cuboid 1 0.75 -0.75 62.25

media 6 1 1 vol=34281.95

boundary 1
unit 7

com="vertical bottom part of boral panel’

0.75185.81 -185.81

cuboid 1 0.75 -0.75 -0.75 -62.25 185.81-185.81
media 6 1 1 vo=34281.95

boundary 1
unit 8

com="section 2: steel basket"
cylinder 1 76.1 211.8211.8

hole 5

media 11 1 1 vol=177350.3

boundary 1
unit 9

com="section 3: air"

cylinder 1
hole 8

78.1 211.8211.8

media 8 1 1 vol=2277099

boundary 1
unit 10

com="section 4: steel basket"

cylinder 1
hole 9

80.1 211.8 -211.8

media 11 1 1 vol=439157

boundary 1
unit 11

com="section 5:outer source circle"
cylinder 1 112.3 211.8211.8

hole 10

hole 4 origin
hole 4 origin
hole 4 origin
hole 4 origin
hole 4 origin
hole 4 origin

x=94.9 y=0 z=0
x=0 y=94.9 z=0
x=87.676 y=36.316 z=0
x=36.316 y=87.676 z=0
x=67.105 y=67.105 z=0
x=94.9 y=0 z=0

rotate al=20 a2=0 a3=0
rotate - 20=a2=0 a3=0
rotate -db5=a2=0 a3=0
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hole 4
hole 4
hole 4
hole 4

hole 4 origin

hole 4
hole 4
hole 4
hole 4
hole 4

origin
origin
origin
origin

origin
origin
origin
origin
origin

media 11 11
boundary 1

unit 12

x=87.676 y=36.316 z=0 rotate a20 a2=0 a3=0

x=67.105 y=67.105 z=0 rotate al=45 a2=0 a3=0
X=36.316 y=87.676 z=0 rotate al=20 a2=0 a3=0
x=87.676 y=36.316 z=0 rotate al=20 a2=0 a3=0

Xx=67.105 y=67.105 z=0 rotate al=45 a2=0 a3=0

x=36.316 y=87.676 z=0 rotate ai20 a2=0 a3=0
x=88.6 y36.699 z=0 rotate ai20 a2=0 a3=0
x=67.105 y67.105 z=0 rotate al=45 a2aB=0
x=36.316 y87.676 z=0 rotate al=20 a2=0 a3=0
x=0 y=94.9 z=0

com="section 6: steel basket"
cylinder 1 120.4 211.8211.8

hole 11

media 11 1 1 vol=2431279
boundary 1
global unit 13
com="section 7:cast iron"

1 1443 211.8211.8

cylinder
hole 12
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14

origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin

x=132 y=0 z=0

x=132.0662 y=11.8863 z=0
x=130.469 y=23.6768 z=0
x=127.8214 y=35.2768 z=0
x=124.1446 y=46.5927 z=0
x=119.4683 y=57.5334 z=0
x=113.83 y=68.011 z=0
x=107.2752 y=77.9409 z=0
x=99.8568 y=87.2433 z=0
x=91.6343 y=95.8432
x=82.674 y=103.6715 z=0
x=73.048 y=110.665 z=0
x=62.8339 y=116.7675 z=0
x=52.1139 y=121.9299 z=0
x=40.9743 y=126.1105 z=0
x=29.5048 y=12928 z=0
x=17.7978 y=131.4002 z=0
x=5.9474 y=132.4666 z=0
x=5.9509 y=132.4664 z=0
x=17.8012 y=131.3997 z=0
x=29.5082 y=129.275 z=0
x=10.9776 y=126.1095 z=0
x=52.1171 y=121.9285 z=0
x=62.837 y=116.7659 z=0
x=73.0509 y=110.6631 z=0
x=82.6767 y=103.6693 z=0
x=01.6368 y$95.8408 z=0
x=99.859 y=87.2407 z=0
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hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14

origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin

x=107.2773 y=77.9381 z=0
x=113.8318 y=68.008 z=0
x=119.4698 y=57.5303 z=0
x=124.1458 y=46.5894 z=0
x=127.8223 y=35.2734 z=0
x=130.4696 y=23.6734 z=0
x=132.0665 y=11.8828 z=0
x=132.6 y=0.0035 z=0
x=132.0659 y=11.8897
x=130.4684 y=23.6803
x=127.8205 y=35.2801
x=124.1434 y=46.5959
x=119.4668 y=57.5366
x=113.8282 y=68.0139
x=107.2732 y=77.9437

TN N
eNeNoNeNeNoNo)

ogin x=99.8545 y=87.2459 z=0

origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin

x=91.6318 y=95.8456 z=0
x=82.6713 y=103.6736 z=0
x=73.0451 y=110.6669 z=0
x=62.8309 y=116.7692 z=0
x=562.1107 y=121.9313z=0
x=0.971 y=126.1116 z=0
x=29.5014 y=129.2765 z=0
x=17.7943 y=131.4006 z=0
x=5.9439 y=132.4667 z=0
x=5.9543 y%32.4662 z=0

x=17@46 y=131.3992
x=29.5116 y#29.2742
x=40.9809 y£26.1084
x=52.1203 y#21.9272
x=62.8401 y#16.7642
x=73.0538 y#10.6612
x=82.6794 y#03.6671
x=91.6393 y85.8384 z=0
x=99.8613 y87.238 z=0

x=107.2793 y#7.9353 z=0
x=113.8336 y68.005 z=0
x=119.4713 y57.5272 z=0
x=124.147 y46.5862 z=0
x=127.8232 y35.2701 z=0
x=130.4703 y23.67 z=0

x=132.0668 y¥1.8794 z=0

TNNNN N
QO OO0OOO0OOoO

N
I

media 10 1 1 vol=1924719
bounday 1

unit 14

com="polyethylene rods"

cylinder 1

media 91 1
boundary 1
end geometry

3.5 201.1-168.9

295



read array

ara=1 nux=17 nuy=17 nuz=1 typ=square
com="fuel assembly matrix’

fill

11111 111111111111
1111111111111 1111
11111 211211211111
111 2111111112111
1111111111111 1111
11211 211211211211
1111111111111 1111
1111111111111 1111
11211 211311 2 11 211
1111111111111 1111
1111111111111 1111
11211 211211211 211
1111111111111 1111
1112111111111 2111
1111121121121 1 111
1111111111111 1111
1111111111111 11 1 1endfi

ara=2 nux=17 nuy=17 nuz=1 typ=square

com="fuel assembly matrix'

fill

21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21
21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21
21 21 21 21 21 2 21 21 2 21 21 2 21 21 212121

21 21 21 2 21 21 21 21 21 21 21 21 21 2 21 21 21
21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21
21 21 2 21 21 2 21 21 2 21 21 2 21 21122P»

21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21
21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21
21 21 2 21 21 2 21 21 3 21 21 2 21 21 2 21 21
21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21
21 21 21 21 21 21 21 21 21 21 21 21 21 21 21121 2
21 21 2 21 21 2 21 21 2 21 21 2 21 21 2 21 21
21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21
21 21 21 2 21 21 21 21 21 21 21 21 21 2 21 21 21
21 21 21 21 21 2 21 21 2 21 21 2 21 21 21 21 21
21 21 21 21 21 21 21 21 21 21 21 21 21 21 21121 2
21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 endfil
end array

end data

end
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APPENDIX 8: keft Of various neutron absorber insets

BASKET END-EFFECT CENTRAL
INSTRUMENTATION TUBE
BASKET INSIDE THE OUTSIDE THE | Region4:HO Region4:Borate | SANDWICH PIN/CORD
COMPOSITIO | BASKET BASKET d Steel DESIGN
N CHANGED
keff (0) (Ak/ keff (0) (Ak/ keff (0) (Ak/ keff o (Ak/ keff o (Ak/ keff o (Ak/ keff o (Ak/
kref) kref) kref) kref) kref) kref) kref)
% % % % % % %
BORAFLE (0.5|/0.0|16.6 |06 |0.0|7.71 |06|0.0|115|0.7|0.0] - 0600|606 0700|024 |0.7]|0.0]|0.48
X _fe 9 (01 |91 63 (01 |0 35 |01 |91 25 (01 |084 |75 |01 |2 17 |01 |1 15 |01 |2
2
BORAFLE (0.5(0.0(16.6 {06 [0.0[7.15|06|0.0|11.3[0.7{0.0]- 06({00]|575(0.7(0.0(0.14 {0.7]0.00.39
X_Si 99 |01 | 35 67 |01 |7 37 |01 | 62 26 ({01 096 |77 |01 |5 17 |01 |9 16 |01 |9
7
AA1100 fe|0.6|0.0| 104 |06 |00 754 |06|0.0|100 0.7 (0.0 - 0600|598 0700|057 |0.7]0.0f0.50
43 |01 |91 64 101 |4 46 (01 |81 25 |01 109176 |01 (4 14 (01 |2 15 |01 |5
2
AA1100 Si| 0600|143 |06 (00733 |06{0.0|10.1(0.7(0.0]- 0.6(0.0[592 |0.7|0.0/0.30 [0.7]0.0]0.50
16 |01 | 19 66 (01 |1 46 | 01 | 65 24 (01 |081|76 (01 |7 16 |01 |6 15 (01 |4
4
ALCAN F |06|0.0|142 |06 |00 (735|06|0.0|9.75 0.7 (0.0 - 06(00|6.26 |0.70.0]043|0.7|0.0]0.42
e 16 |01 |72 66 48 |01 |6 1.02
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01 [0 26 [01 [3 74 101 [5 15 01 [7 15 (01 [7
ALCANfe [06[0.0[138]06[00(826 [06[0.0[933[0.7[0.0]- 06[0.0[570 0700056 [0.7]0.0]2.40
B4C14 19 (01 |53 |59 |01 |8 51 |01 |5 26 |01 [1.00|78 |01 |2 15 |01 |1 01 |01 |9
1
ALCANfe |06|/00[13.7]06|00[844]06[00[/969|0.7[0.0]- 06|00([573[0.7](00[0.29[0.7[0.0[ 245
B4C15 20 |01 |42 |58 |01 |3 49 |01 |7 26 |01 [1.02|77 |01 |4 16 |01 |2 01 (01 |1
7
ALCAN Si[0.6[00[142[06[00[7.32[06[0.0[10.0[0.7][0.0]- 06[0.0[591 0700034 [07[0.0]0.44
16 {01 |94 |66 (01 |3 46 |01 |35 |25 |01 (087 |76 |01 |2 16 |01 |4 15 |01 |7
0
ALCAN Si[0.6[00[135[06[00[838[06[0.0[951[0.7[0.0]- 06[00([553[0.7[00[031[07[0.0][236
B4C14 21 |01 |68 |58 [01 |9 50 |01 |6 26 |01 098 |79 |01 |5 16 |01 |6 02 |01 |7
5
ALCAN Si[0.6[00[139]06[00[816 [06[0.0[953[0.7[0.0]- 06(00[541|07[00[063[0.7]0.0[224
B4C15 18 (01 |70 |60 |01 |1 50 ({01 |2 27 |01 [1.13|80 |01 |0 14 |01 |6 02 |01 |6
0
Bounding | 0.7 | 0.0
(HO)Ref |19 |01
std
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APPENDIX 9: INPUTFILE OF KENOVI FOR 4 VERTICAL CASKS IN A SQUARE MATRIX
'Input generated by GeeWiz SCALE 6.0.2 Compiled on January 30, 2009

=csas6

Cask Storage

v7-238

read composition

uo2 11296
92234 0.04
92235 3.9
92236 0.02
92238 96.04 end

zirc2 2129 end

h2o 3129 end

co-59 30 1€0 296 end

bac 4 0.0126 296 end

atomal203 4 3.7 2
13027 2

8016 3
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0.9874 296 end
ss304 5129 end
wtptboratedstdes 7.8 6

5000 0.9
14000 1
25055 2
24050 19
26000 67.1
28000 10

129 end
al 7 0 0.0602 296 end
h2o 8129 end
polyethylene 91296 end
wtptcastiron 10 7.06 5

25055 0.6
14000 1.96
26000 92.63
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6312 3.5
28000 1.31
1296 end
wtptgnbsteel 11 7.8 4
25055 2
26000 69.5
28000 10.5
24000 18
129 end
end composition
read parameter
gen=1010
nsk=10
fix=yes
htm=yes
fdn=yes

far=yes
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gas=es

end parameter

read geometry

unit 1

com="fuel rod cell

cylinder 1 0.4095 182.88182.88
cylinder 2 0.418 200.97185.68
cylinder 3 0.475 200.97185.68
cylinder 4 0.475 200.97185.71
cuboid 5 0.63 -0.63 0.63 -0.63 201.1-185.81
media 11 1 vol=1392378

media 0 1 21 vol=81085.74

media 2 1 32 vol=418253.7

media 51 43 vol=152.7673

media 8 1 54 vol=2195419
boundary 5

unit 2
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com='burnable poison rod'

cylinder 1 0.4095 147.08147.08

cylinder 2 0.4095 200.97184.38

cylinder 3 0.418 200.97184.41

cuboid 4 0.63 -0.63 0.63 -0.63 201.1-185.81
media 4 1 1 vol=104138.3

media 0 1 21 vol=27411.72

media 2 1 32 vol=5528.919

media 8 1 43 vol=259390.2

boundary 4

unit 3

com='instrumentation tube'

cylinder 1 0.4095 182.88182.88

cylinder 2 0.418 185.68185.68

cuboid 3 0.63 -0.63 0.63 -0.63 201.1-185.81
media 8 1 1 vol=5395.254

meda 2 1 2-1 vol=312.3727
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media 8 1 32 vol=10811.92

boundary 3

unit 4

com="complete fuel assembly’

cuboid 1 10.55-10.55 10.55-10.55 185.81-185.81
cuboid 2 10.66-10.66 10.66-10.66 185.81-185.81
cuboid 3 11.66-11.66 11.66 -11.66 185.81-185.81
arrayl 1 place 991000

cuboid 4 145 -145 145 -145 201.1-185.81
media 51 21 vol=126717.8

media 0 1 32 vol=783422.8

media 6 1 43 vol=2522055

boundary 4

unit 5

com='section linner cylinder enclosing the first 12 fuel assemblies'
cuboid 1 62.25-62.25 0.75 -0.75 201.1-185.81

hole 6
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hole 7

cylinder 2 725 211.8211.8

hole 4 origin
hole 4 origin
hole 4 origin
hole 4 origin
hole 4 origin
hole 4 origin
hole 4 origin
hole 4 origin
hole 4 origin
hole 4 origin
hole 4 origin

hole 4 origin

x=16.25 y=16.25 z=0
X=46.95 y=16.25 z=0
x=16.25 y=46.95 z=0
x=16.25 y=16.25 z=0
x=16.25 y=46.95 z=0
x=46.95 y=16.25 z=0
x=16.25 y46.25 z=0
x=46.95 y16.25 z=0
x=16.25=-46.95 z=0
x=16.25 y=16.25 z=0
x=16.25 y=46.95 z=0
x=46.95 y=16.25 z=0

media 6 1 1 vol=69400.04

media 51 21 vol=2496562

boundary 2
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unit 6

com="vertical top part of boral panel

cuboid 1 0.75 -0.75 62.25 0.75 185.81185.81
media 6 1 1 vol=34281.95

boundary 1

unit 7

com="vertical bottom part of boral panel

cuboid 1 0.75 -0.75 -0.75 -62.25 185.81-185.81
media 6 1 1 vol=34281.95

boundary 1

unit 8

com='section 2: steel basket'

cyinder 1 76.1 211.8211.8

hole 5

media 51 1volF177350.3

boundary 1

unit 9
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com='section 3: air'

cyinder 1 781 211.8211.8
hole 8

media 0 1 1 vol=2277099
boundary 1

unit 10

com='section 4: stebhsket'
cyinder 1 80.1 211.8211.8
hole 9

media 51 1 vol=439157
boundary 1

unit 11

com='section 5:outer source circle'
cylinder 1 112.3 211.8211.8
hole 10

hole 4 origin x=94.9 y=0 z=0

hole 4 origin x=0 y=94.9 z=0
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hole 4 origin
hole 4 origin
hole 4 origin
hole 4 origin
hole 4 origin
hole 4 origin
hole 4 origin
hole 4 origin
hole 4 origin
hole 4 origin
hole 4 origin
hole 4 origin
hole 4 origin
hole 4 origin
media 51 1

boundary 1

unit 12

x=87.676 y=36.316 z=0 rotate al=20 a2=0 a3=0

x=36.316 y=87.676 z=0 rotate -20=a2=0 a3=0

X=67.105 y=67.105 z=0 rotate -d5=a2=0 a3=0

x=94.9 y=0 z=0

x=87.676 y=36.316 z=0 rotate
X=67.105 y=67.105 z=0 rotate
Xx=36.316 y=87.676 z=0 rotate
x=87.676 y=36.316 z=0 rotate
x=67.105 y=67.105 z=0 rotate

Xx=36.316 y=87.676 z=0 rotate

a?9 a2=0 a3=0

al=45 a2=0 a3=0
al=20 a2=0 a3=0
al=20 a2=0 a3=0
al=45 a2=0 a3=0

ai20 a2=0 a3=0

x=88.6 y36.699 z=0 rotate ai20 a2=0 a3=0

x=67.105 y67.105 z=0 rotate al=45 a2aB=0

x=36.316 y87.676 z=0 rotate al=20 a2=0 a3=0

x=0 y=94.9 z=0
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com='section 6: steel basket'

cylinder 1 120.4 211.8211.8

hole 11

media 51 1 vol=2431279

boundary 1

unit 13

com='section 7:cast iron'

cylinder 1 1443 211.8211.8

hole 12
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14

hole 14

origin
origin
origin
origin
origin
origin
origin

origin

x=132 y=0 z=0

x=132.0662 y=11.8863 z=0
x=130.469 y=23.6768 z=0
x=127.8214 y=35.2768 z=0
x=124.1446 y=46.5927 z=0
x=119.4683 y=57.5334 z=0
x=113.83 y=68.011 z=0

x=107.2752 y=77.9409 z=0
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hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14

hole 14

origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin

origin

x=09.8568 y=87.2433 z=0
x=91.6343 y=95.8432 7=0
x=82.674 y=103.6715 z=0
x=73.048 y=110.665 z=0
x=62.8339 y=116.7675 z=0
x=52.1139 y=121.9299 z=0
x=40.9743 y=126.11050
x=29.5048 y=129.2758 z=0
x=17.7978 y=131.4002 z=0
x=5.9474 y=132.4666 z=0
x=5.9509 y=132.4664 z=0
x=17.8012 y=131.3997 z=0
x=29.5082 y429.275 z=0
x=40.9776 y=126.1095 z=0
x=52.1171 y=121.9285 z=0
x=62.837 y=116.7659 z=0
x=73.0509 y=110.6631 z=0
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hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14

hole 14

origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin

origin

x=82.6767 y=103.6693 z=0
%-91.6368 y=95.8408 z=0
x=99.859 y=87.2407 z=0
x=107.2773 y=77.9381 z=0
x=113.8318 y=68.008 z=0
x=119.4698 y=57.5303 z=0
X=124.1458 y=46.5894 z=0
x=127.8223 y=35.2734 z=0
x=130.4696 y=23.6734 z=0
x=132.0665 y=11.8828 z=0
x=132.6 y=0.0035 z=0
x=132.0659 y=11.8897 z=0
x=130.4684 y=23.6803 z=0
x=127.8205 y=35.2801 z=0
X=124.1434 y=46.5959 z=0
x=119.4668 y=57.5366 z=0
x=113.8282 y=68.0139 z=0
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hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14

hole 14

origin

x=107.2732 y=77.9437 z=0

ogin x=99.8545 y=87.2459 z=0

origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin

origin

x=01.6318 y=95.8456 z=0
x=82.6713 y=103.6736 z=0
x=73.0451 y=110.6669 z=0
x=62.8309 y=116.7692 z=0
x=52.1107 y=121.93132=0
x=10.971 y=126.1116 z=0
x=29.5014 y=129.2765 z=0
x=17.7943 y=131.4006 z=0
x=5.9439 y=132.4667 =0
x=5.9543 y£32.4662 z=0

x=17.8046 y£31.3992 =0
x=29.5116 y£29.2742 z=0
x=40.9809 y£26.1084 z=0
x=52.1203 y$21.9272 z=0

X=62.8401 y#16.7642 z=0
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hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14
hole 14

hole 14

origin
origin
origin
origin
origin
origin
origin
origin
origin
origin

origin

x=73.0538 y%£10.6612 z=0
x=82.6794 y£03.6671 z=0
x=01.6393 y85.8384 z=0
x=09.8613 y87.238 =0

x=107.2793 y#7.9353 z=0
x=113.8336 y68.005 =0

x=119.4713 y57.5272 z=0
x=124.147 y46.5862 z=0
x=127.8232 y85.2701 z=0
x=130.4703 y23.67 z=0

x=132.0668 y&1.8794 z=0

media 10 1 1 vol=1924181

boundary 1

unit 14

com="polyethylene rods'

cylinder 1

media 911

3.5 201.1-168.9
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boundary 1

global unit 15

com="cask storage building'

cuboid 1 3000 -3000 1175 -1175 448.5-448.5

hole 13

hole 13 origin x=325 y=0=0

hole 13 origin x=0 y=325 z=0

hole 13 origin x=325 y=325 z=0

media 01 1

boundary 1

end geometry

read array

ara=1 nux=17 nuy=17 nuz=1 typ=square

com="fuel assembly matrix'

fill
1111111111111 1111

1111111111111 1111
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1

1

end fill

end array

11

11
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end data

end
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