


ROBATEL

technologies

RT-100 Type B Cask

Safety Analysis Report

Docket Number 71-9365
TAC Number L.24686

Revision 4

February 13, 2014

This Part 71 Application for Approval of RT-100 Type B Cask Package for Radioactive Material represents
Robatel Technologies, LLC approach to its business as applied to the specifications of this submittal. This
Application requests that the Nuclear Regulatory Commission respects the proprietary information and
withholds it from public disclosure subject to the provisions of 10 CFR 2.390. All detailed drawings are
considered proprietary information.




N
RT-100 Safety Analysis Report, Rev. 4 @ ROBALEJF'“

Docket No. 71-9365/TAC No. L24686 February 13,2014
TABLE OF CONTENTS

1. GENERALINFORMATION....cccottsteesssrsncsssssasssssressssssessssssnessassascssasssssssassssssssssassassasases 1-1
1.1 INErOAUCEION ccuueeureersnrensannesunessssnessanesssesssssnesssessssasssssssssassssasssssessasassassssasessasesssssssanssnnns 1-1
1.2 Package DescCriPtion.....ccicueecessssseisesssiossssssesssssasssssnnsassssssssssessssasssssassassassassasssssssasassas 1-3
1.2.1 PACKAZING ... ceeeerierreecre ettt rere st s e e s e see s ser e eer e st e s an e s e be s esssee s neeanereseneesnenans 1-3
1.2.1.1 Overall DIimeNSIioNS ......cueuieeccieereterieieeriesneeesereeeseeeeeeseseessesaeessesessesssessannsesesnsesasanens 1-3
LL2.1.2 WEIGNE ..ccieeeeciereieeeiiieesteessteesaeessreessssessssessaneseesassnesssesssseasssesssessssassssaseseessnsessnnens 14
1.2.1.3 Containment FEALUIES .........cccoieiiieriereiieesie ettt see e st sen e e e sressmeees 1-4
1.2.1.4 Neutron and Gamma Shielding Features ........c..cccccvvvvrircrviirencennnieenniteencsseesenneesssnenens 1-4
1.2.1.5 Shielding Features for Personnel Barri€rs .........cocvoveeerverrereeescerenimviecsasnsssseesessessnsssssnens 1-4
1.2.1.6 Criticality CONrol FEAtUIeS.......c.ceeerereerrerrreerseresioreessereenesaeresseesasesensensssssssessasessasrores 1-4
1.2.1.7 Structural Features — Lifting and Tie-Down DevVices .........ccccuvernirnrenenercreneererercerseenenas 1-4
1.2.1.8 Structural Features — IMpact LIMIterS......cccccrverirrreecreeecreerseressnicreesiessssessssnessessssssssreeses 1-5
1.2.1.9 Structural Features — Internal Supporting or Positioning Features..........ccoeveeecveervrerceeenes 1-5
1.2.1.10 Structural Features — Outer Shell or Outer Packaging...........cccoeevrreevrereccnroncreneeconenens 1-5
1.2.1.11 Structural Features — Packaging Closure Device.........c.ccoioiiievniinnninncenrcccncceenee 1-6
1.2.1.12 Structural Features — Heat Transfer Features..........c.cccoevreerenievcenninninicnncenenceresenianen 1-6
1.2.1.13 Structural Features — Packaging Markings ........c.ccccevcirnminierennenerenmnecenreereienenenenas 1-6
1.2.1.14 Additional InfOrmation ...........cccoeeicierccreriinnirerccreesrererrerenees s esnessrnessenesseessensernesaas 1-6
1.2.2 CONLENES ..eovvriiiiiniiinieiseeisetiite et sstes et et s sbt st s sesete bt s st s s s aessstesavssosusosassessesnetsonenesuen 1-6
1.2.2.1 Identification and Maximum Quantity of Radioactive Material ............cccecrieernevnvienns 1-7
1.2.2.2 Identification and Maximum Quantity of Fissile Material ...... eeeeerrrreerrre i e eenareaeannes 1-7
1.2.2.3 Physical and Chemical Form — Density, Moisture Content and Moderators...........c....... 1-7
1.2.2.3.1 [on-EXChange ReESINS ....c.cccvevrereerieriiereiieeererrenneieessnesessarersensesesoaveessssaessanenessnns 1-7
1.2.2.3.2 FAEIS. ettt e et et s st s e se s e e et s na et bt s snneneesnnssnesanesn 1-8
1.2.2.3.3 Secondary CONtAINETS........c.cueeerrieeieerienteeseeeseesseesteestee e esassteetesereseesseesaramesaeens 1-8
1.2.2.4 Location and CONfigUIAtION ........c.ccciieriireirrrreeteeeerreneeeeeerseeeseesee st e s see s e s enen 1-8
1.2.2.5 Use of Non-Fissile Materials as Neutron Absorbers/Moderators .........c.ccecceeerereeecennenne 1-8
1.2.2.6 Chemical/Galvanic/Gas Generation ..........c.ceeceeteerersernerreesetreeseretessteseeeesseneenesenns 1-8
1.2.2.7 Maximum Weight of Contents and Payload ........cccccoveeeivirinimnienniciiiee e ceere e 1-9
1.2.2.8 Maximum Decay Heat........ccecoverriiieeriniiiieninereitecesieerertestesseeseseseessasaesasaeerensneassneann 1-9
1.2.2.9 Loading ReStIICHONS. ...cccccrieiiieieieereir et eie s e ser e s see s e s e e e s e s s eane s s nnne e s 1-10
1.2.2.10 Contents for the Certificate of COMPHANCE ......cccccvrevererrricrirenieniennernieenieeereresrenens 1-10

Robatel Technologies, LLC Page TOC-1



N\
RT-100 Safety Analysis Report, Rev. 4 @ ROBAIE..‘!.:

Docket No. 71-9365/TAC No. L.24686 February 13, 2014
1.2.3 Special Requirements for PIUtONIUM ....ccviviimercirereeninerceeeeeneee et 1-10
1.2.4 Operational FEATUIES.........ccocvrrerieenieeerieereineeiieeseeriserstsesereseessessassessesseessacssessesssssssasssessses 1-10

1.3 Engineering Drawings and Additional Information .........c.cccccneccisnnniscrnncccsancesennns 1-11
1.3.1 Engineering DIAWINGS ......coccoerreereerierieniereriestnsterrsressesssessasssessesesssessessssessessassasnsessesssenes 1-11
1.3.2 Conformance to Approved DESiZN......ccccivvvirveiriiriireiieertieseeseeriesteereeesreeraesesssessesseesssenses 1-11
1.3.3 Referenced PAgES .......c..cccieiiireiieriireciisitinieenaeeie s e seeresesseasssssnessssssessnessesssesnsessesssensnes 1-11
1.3.4 Special Fabrication ProCeAUIES .........cccccreeivireiinriinreisrenreesiesreeseessesssesssessesssesssesssssssesses 1-11
1.3.5 PaCKaZe CAtEROTY .....coriuerieeireiiiteeeeit st s st e rteeeesaessaesrnesseesusesasesssessneseraserssansesasenseranees 1-11
1.3.6 Supplemental Information..........coceeeuiriirriiiiiee ettt rre s e e saessressesases 1-11

1.4 APPENAIXaauiiuiiirenrnsiarnsrncsanisnissenassissssossnsossssssssssassssessnsssarssssssssossassassanssssesssesssssssssasese 1-12

1.5 References......ccoueeerncceererisneresssnsnncscsassossnsaosasenses . cecesstteesssentenssesennsases 1-26

2. STRUCTURAL EVALUATION ....ccoiiinicnsnncssencsssnssssancssssessnssssasssasessansosssssssssssasossasesenses 2-1

2.1 Description of Structural Design ..........ceeireiciensnresscsiissssresssnssassssanssessossssssassesssssssses 2-1
21,1 DISCUSSION ..ceveuiiteenieieettrst et et e et eeet e s et e st et e sate e s aesbassstssnasssasssesseernesnsesssensestersarssnans 2-3

2.1.1.1 Containment BOUNAArY .........cccceiirrciniiniieerienieeressnnressinesssssessesssssssesssessssnssssseessssees 2-4
2.1.2 DeSi@N CIIleITa cveveeriisiiniiiiiiiitiiiireeeie oo s sresteseeaeeseeere e e esaeatesatese et e e sneenraseessessessessnnns 2-4
2.1.2.1 Cask Body Criteria (except Bolts and O-RiNES) ......ccccvreevermrrererserennreseseesesnesennens 2-5
2122 BOIES. ettt s e e s n et s e e et ae et et e e e e s r e nesre e s e e naseensensens 2-5
2123 LA .cnniiiiiiiiiii ittt sttt st st st st e ne s n e beesneebasn 2-6
2124 FOQM ittt ittt e s et s s ses b e e ee st st e st et e se b e sataue et eaesmeeatent et esnnses 2-6
2.1.3 Weights and Centers 0f GraVIty ....c.cccvcveiieeniersiereiireienieeseseesseressesnsessesssesseessessserssssssessense 2-6
2.1.4 Identification of Codes and Standards for Package Design ........c.eceveecievecensnnennceseeseennenens 2-7

2.2 Materials......ccooccerecrnenisscnrescasenns cessrnasssenes cessessssnanssnsnanaseseseseseasansasaans 2-8
2.2.1 Material Properties and Specifications ...........cocevvieivriineineniveeciennesnecienesensrrrsessessseerseessenns 2-8
2.2.2 Chemical, Galvanic, or Other REaCHONS. ......ccccccervtvivienvirnrienrrirrnnnesiiessesssessieseensressessssesees 2-10

2.2.2.1 Component Material CategOris.......eecvrrerreruireesversieerrereirsseesserssesssesssessnessesssessocsesnses 2-10
2.2.2.1.1 Stainless/Nickel AlIOY StEEIS ......ciiiiieeeiieeeteeeeteecteeee e vt se e et 2-11
2.2.2.1.2 Nonferrous MEtals..........ccceerurirreiriereenirieetentee e ntereeeeee e e s e sssssassssssssessensesssnaes 2-11
2.2.2.1.3 Shielding Materials ..........ccceeevcerereriniirieniieerieresresirtrerersseesseesesssssssesssssssesssseesnns 2-11
2.2.2.1.4 Criticality CONIOl MAterial.................eveevereveeeereeseeeseeesreseeessesesesesessesessseseesenans 2-12
2.2.2.1.5 Energy Absorbing Material ettt e e ee e reserereeses s nese e 2-12
2.2.2.1.6 Cellular Foam and InSulation........cc..ccoccrvenneecierereesreninennnesieesssensessseereessnensesssenas 2-12
2.2.2.1.7 Lubricant and Grease.........c.cccecerrrrerrrcrineiireesreeereieresssesssessasssnsssesssssssessesssesssenes 2-12

Robatel Technologies, LL.C Page TOC-2



RT-100 Safety Analysis Report, Rev. 4 (® rROBATEL

Docket No. 71-9365/TAC No. L24686 February 13,2014
2.2 2. 1.8 O-RiINES..coeiiiiieeeeetee ettt s s et s r e s ssessae st e ssa e s tesaas s e bassne s aesasnanantesnnean 2-12
2.2.2.1.9 Secondary Containers and ShOIiNg .......ccccceevrrerireicrrecerreirreieseeesresesereeseeecseeens 2-12
2.2.2. 110 FIIETS ... erereeeenereereetecteesen et ee e s et e et st e e sae st e e aee e st eaeeaeeeeansansesr e sassasesnenns 2-12

2.2.2.2 General Effects of Identified Reactions..........cccccrverorienirecirnnienceecerceec e 2-12
2.2.2.3 Adequacy of the Cask Operating Procedures........c.cccovirveecveeivuesrinsresreessesesessesesesenens 2-13
2.2.2.4 Effects of Reaction Products.........c..coveeeirierniniicniiecenrente et ae s s 2-13
2.2.3 Effects of Radiation on Materials...........ceccerreirireneniieieeceneeecteseeseeeie e ente s e eee s 2-13
2.3 Fabrication and Examination........ vestesseesesensessassssaressassnnassssnessanessanases 2-13
2.3.1 FabBIICALION ....ceeneiiierieer ettt e re st et s e e e br s s e e s e s saassbessenssbessneshasnbassserannsssessnanees 2-13
2.3. 2 EXAMINALION c..corueiiiiiieeee e rereeeser et et esit et et eeat st e besae st et e e et e e st san e e sanasnernessassessesseenes 2-13
2.4 General Requirements for All Packages........c.cevsscesscnercsnercssenne . 2-14
2.4.1 Minimum Package SiZe ........coccceeiiivrirnieineciieeriienieisiesneessesssssesssesssesssesssssssssesssessssssesnsens 2-14
2.4.2 Tamper-Indicating FEatUre.........c.ccovvivriirvreirienieerniereeniessesieeerssssessssessesssseseessressessssssessees 2-14
2.4.3 POSItIVE CIOSUTE.....ccoieircrerirrrriririenieeereseeeesseesiresenieeresseresseesaseesssesssesssnreessassssasssssesssesnssssnses 2-14
2.5 Lifting and Tie-Down Standards for All PAckages .......cc.ccceereerriscnnnsscssrecssasescsasrasse 2-14
2.5.1 LiftiNg DEVICES ..coruieriiieriiriercieeritreirinesisesssessieeesssrtsssnsssesssesssasnsesasesstassesssesnsansevensennrrasas 2-14
2.5.1.1 Lifting Design Criteria........cccverrerireeereesieerseinrieninearuesiseensessesssessessssssssssesssessssssesssesnns 2-15
2.5.1.2 Lifting Device DESCTIPLIONS -....ccoveruiecrierverrrrirseerintinessiaesessseessesssecsessaesssessesssrsssessensns 2-15
2.5.1.3 Lifting Device EValUations .........cccoceeveirrrenreerieniieineeserninssesisrsosmsseessesssesssessssssessessnes 2-15
2.5.1.3.1 Cask Body Lifting Evaluation.............ccoccirevrerncrerinerisiecssensneenesessiesssnessserasnenns 2-15
2.5.1.3.1.1 Lifting Pocket Design Features ......cc.cccvrverrrererurseesriresssesiersseenerssssserssssssenns 2-16
2.5.1.3.1.2 Lifting Pocket Tear-out SIreSSES .......cccvvererrrererrreirreriseiresiersieresssesessesssnenns 2-17
2.5.1.3.1.3 Lifting Pocket Bearing Stresses ........cccceererervverriireniiereeeerresseeseeeesesessenanens 2-18
2.5.1.3.1.4 Lifting Pocket Weld Stresses .....ccocvvveriieeniereiirrininrnnesniesreenseesersensssesssssseres 2-18
2.5.1.3.1.5 Lifting Pocket Average Pure Shear............ccccovvvirirveeceresciececene e e 2-20
2.5.1.3.1.6 Summary of RESUILS .......cccereiiniiniriieiee sttt rsre e e snesressaens 2-20
2.5.1.3.2 Primary Lid Lifting Evaluation...........cccevvreeeveesinieneneeeieere e neeeecneeneeneeneennes 2-21
2.5.1.3.2.1 Primary Lid Lifting Ring Working Loads .......c.cccvveevrueerrivrvirieriressenserieessennns 2-21
2.5.1.3.2.2 Primary Lid Thread Engagement ...........cccccevveenieeriieereeeneeecerereeeereeeee e 2-22
2.5.1.3.3 Secondary Lid Lifting EvValUation ...........cccvvveerireeienriinrnnieeenenneerieenessenssssosssssens 2-23
2.5.1.3.3.1 Lifting Ring Working Load ..........c.ceeevueerriuemveerieinirirnnrenrereeerseeesseesessssenens 2-23
2.5.1.3.3.2 Secondary Lid Thread Engagement ............cccceeveerreerreeriecrresiensnecsssnerissesanans 2-23
2.5.1.3.4 Upper Impact Limiter Lifting Evaluation.........c.cc.ceccevoerirceennneniencencereeeeescnens 2-24

Robatel Technologies, LLC Page TOC-3



RT-100 Safety Analysis Report, Rev. 4 @ RDBA:’;ED!;

Docket No. 71-9365/TAC No. L24686 February 13,2014
2.5.1.3.4.1 Lifting Ring Working Load .........c.cccooriviiniinieciinninnineniiesreenesseessneseeenns 2-24
2.5.1.3.4.2 Impact Limiter Thread Engagement..........ccccceeieieereceeniiecreeereeneeenveensesseenanes 2-25

2.5.1.3.5 Lower Impact Limiter Lifting Evaluation ........c..cceccvvenveenreerirerniennnvenieeseenseeneens 2-26
2.5.1.3.5.1 Attachment Bolt StresSes.......cc.cevererrereereeriniinierer et ecree e se s eeaene 2-26
2.5.1.3.5.2 Lower Impact Limiter Thread Engagement..........ccccoovvvreinrenninienvensieraennens 2-27

2.5.2 TiE-AOWI DIBVICES......ireiieiiieitceeeree ettt e e res e se s s e e s snesanesusesenessasssnesenensasnsenseessnsnsnsnnen 2-28
2.5.2.1 Tie-down Load Calculation ..........c.ccceciieiiieniniinieinnienieinienesseesiesessessesssesssessrennensenns 2-28
2.5.2.2 Tie-down Force Caleulation...........ccceereeieriomninirreee st esee e eees e st enen 2-29
2.5.2.3 Tie-Down Arm Evaluation ......cc.cccceeerieieneniinienieeeesieresteeeeee e e snessessesssssne s neennen 2-33
2.5.2.4 Tie-down Arm & Plate Weld Evaluation...........cccccevvevrrereereeesvenrrnersreeesceeeesee e 2-34
2.5.2.4.1 Tie Down Arm-to-Plate Weld Stress ......cocceoerverernieneniericrseecececceere s eeeeenes 2-35
2.5.2.4.2 Tie Down Plate-to-Outer Shell Weld Stress .......cccccovviriciincerienenerineeneresseneeens 2-35
2.5.2.5 Tie-Down Evaluation SUMMATY........ccccceveevrireriernereiereiiesereresesssssessessnessessssssaessesses 2-36
2.6 Normal Conditions of Transport...........iccceiricscssenccssssoscntsosesaesssssasscssensesssansssnssoses 2-36
2061 HEAE oottt ettt st ettt st e s e s e e e s s n e e e ae et e e s e e nnebann 2-37
2.6.1.1 Summary of Pressures and TEMPETatures.........ceoveerrerercerceesreeiereeesteresresssesssessessens 2-37
2.6.1.2 Differential Thermal EXPansion........cccccevivviricinnenvicniinieinnneneeeressnesesissesseseessesssnens 2-38
2.6.1.3 Stress Calculations .......cciiireceeeiennienceieiete et rt e e e tr e sa e aesee e aereenen 2-38
2.6.1.4 Comparison with Allowable SIreSSes ........ccvvevrirveerieerienrincieirrrieecerseseesseseseereesseenns 2-38
206.2 Cold oottt et ettt ettt et sae e ene et et et et et e s eanaaneeneeans 2-38
2.6.3 Reduced EXErnal PrESSUIE.........coceerirririeetesente s ceetteesnessesstesstessssssnessessssssesnensnsranes 2-39
2.6.4 Increased EXternal PreSSUure ......oeiecrcreernnnreeetestestesieie et et e s s sre s s ae s esae e nes 2-39
2.6.5 VIDIALION ...ttt ettt s e st e s s e e sae s aeesbe et e st e ess s sreeasannsessaensennessnsen 2-39
2.6.5.1 Vibration Evaluation of the RT-100 Cask Primary Lid BOIts......c.ccccoevceevereveenerncrenennns 2-39
2.6.5.2 Vibration Evaluation of the RT-100 Cask Secondary Lid Bolts .......c.ccccoevervenererunnene. 2-41
2.6.6 WALET SPIAY....cccirueerrienrienteeeeeteseesteessesnesssasssesssesstesatsrasssestesseesserssesssersesssessssssessssnssssen 2-42
2.6.7 FTEE DITOP c.vueitiiiiiiiriticiienee e stesiseeeseeessstessstessstsssraessea s srsesensassnsesasnsessasesseessssensessnseensenan 2-42
2.6.7.1 MethOUOIOZY ..c.veneiiiiiiniiniiirstti st ettt st et et esae s et et eae e ae e nesaesnansenns 2-42
2.6.7.2 Finite Element ANalysSiS.........ccocecerrmrmirenrneseeesreesieseesesseessessssnseseseessesnessesessssasnes 2-42
2.6.7.2.1 MOdel DESCIIPHION. ....ccetieierieriretceieeretsree e sseetesressessaesstsessaessesseesasesseensassennns 2-43
2.6.7.2.2 Boundary Conditions........c.ccceevereuirciirenivninenneecnresiessnennesssesssesunsesssseseessaessesnes 2-48
2.6.7.3 SHAE DIOP ...ttt s e st st s r s ba e s st e srb e sbe s be st e st e st e e s neensesneensennen 2-53
2.6.7.4 ENA DIOD.c.eiiiiiieiieree ettt ettt et e et e st st a e e eansssa e bestssasestaebe e sanasansessresrneennen 2-61
2.6.8 COrNEr DITOP ..ottt et e et eeesae e s ne s en e e e et et entan 2-69

Robatel Technologies, LLC Page TOC-4



o))
RT-100 Safety Analysis Report, Rev. 4 @ RDBAJ;E#

Docket No. 71-9365/TAC No. L24686 February 13, 2014
2.6.9 COIMPIESSION. ...cvuiiiiuiirisrisrtintitestisiseteeesateare st s e rereate e et et esaesaseseesesesesussnesssesesnssasnseessenns 2-69
2.6.10 PENELIAtION ......oiieereecieiciiiiiieieiseesisesesaresetesertesssneessssrassrerssnesaseassssasssesanssrrasarsssesesssasenns 2-69

2.7 Hypothetical Accident Conditions........ccccecvvurressensirnsssnnessssnsessssssnessonsossasssessessressanease 2-69
2. 7.1 FTEE DITOP - tireeteeereriiernee et eretesisressseesortessesssvessssesessnesastsanneessseesosesessserassessseerassesseesans 2-69
2. 7.1 1 ENA DIOP..cuiiiiiiiiiiiiiiiitiiiieiceerecatenseresssesssessosessssessssassssesasnsssssessestsssssesnsassnsessnsennnes 2-71
2.7.1.1.1 End Drop Evaluation .......c.cccceccveriieriiersiencererierenninessseesssessneeraccescesessessssnesareanes 2-71
2.7.1.1.2 Lead Slump Evaluation ......c..cccccceciirinvrieciinenniseisinneeseesessnnessesnsessseessssssssees 2-71
2.7.1.2 SHAE DIOP c.eeereeeirireerii et et e et et e e ettt aseesarsraesseeer e seeanesaeananesnnesessnentes 2-80
2.7.1.3 CONET DIOP ...eeeiiiiiiriiiiieeircrreirtresente e s ssreseseneesesssenesesasaeseasessasseesensesssssaesnnneensones 2-88
2.7.1.4 ObliQUE DIOPS ...oviuviiiiriiiiiiitiniiis sttt sreeserestee et et e sesarssr et seesresaessesassnesnseneans 2-90
2.7.1.5 SUMMArY Of RESUILS ...cooumiiiiiecicrtret e s esee s e s nesnn s et snnessessnessnentesasenss 2-92
2.7.2 CrUSN ettt ettt et e e e et s te e s e e s et et ea e et e nae et et ent et et e ee e s e s s e reerenreenes 2-92
273 PUNCHUTE ...ttt coe ettt eseesae s e st e r e b e s e e et srnesr e e saseanteestases et essnesnasssassasraean 2-92
2.7.3.1 Lid PUNCIULE.....co.eei ettt ettt ettt st e sttt et e et s e 2-92
2.7.3.1.1 Lid Puncture Boundary Conditions.........cc.ccccvvvrrerrrererenernersrineesserssesssessresssssnens 2-92
2.7.3.1.2 Lid Puncture RESUILS .......c.ccccirirerceivneieniiereisseeneerseceessesssessnesssesseessasssansassanes 2-93
2.7.3.2 Cask Side PUNCIUTE........cccoiiiiieieeceiet et tee et ettt e se s et e r e s saasse s 2-95
2.7.3.2.1 Cask Side Puncture Minimum Wall Thickness.........c.cccceveerrnennercnsreicncniereneenne. 2-95
2.7.3.2.2 Cask Sidewall Bending StreSses .......ccveevcveeeirereiierieieeeeeerireeeseseereeasseesesessesnns 2-95
2.7.3.3 Lead Deformation during Side PUNCIULE ......c..covueivivireiiveinneninieceeinnesieesiennesireeeenens 2-96
2.7.3.3.1 Outer Shell StIffNess......cccoieriieriireiir ettt rssre e e e ssesesssesssenas 2-96
2.7.3.3.2 Lead SHfIESS..cvivririeieieeectererentee ettt rt s ae sttt see e e renaen 2-97
2.7.3.3.3 Inner Shell StIffNESS ..cc..eveeriiiieeie ettt e s sr e ssreens 2-97
2.7.3.3.4 Lead Deformation due to Puncture Load.........cccceceerrnincirninsenecnerceccreeeseeneennen 2-97
274 TREIMNAL....c.ecrieeceet ettt ettt e e et et e e s aee st e sesne s e ese et e sesseanassessesananaans 2-100
2.7.4.1 Summary of Pressures and TEMPETratUures...........ccvvverrreerreereersnrrsesssacssessaesensessarsseras 2-100
2.7.4.2 Differential Thermal EXpansion.........ccccccvevierevcmrererreireiierieeecseresereseesesseesessesessnnes 2-100
2.7.4.3 Stress CalCulations .........cceceeveeceeriesierienienieecreee e rtr s e e s e e sssssesre e e eeeseeaessestaneas 2-100
2.7.4.3.1 Bolt stresses during fire accident .........ccoccoeeveviirieiieniciire e 2-100
2.7.4.3.2 Pressure stress during fire accident .........ccccveeveeericinniiennirinniecneesnseneeereerenenenne 2-100
2.7.4.4 Comparison with Allowable StreSSeSs .......ccvvveviiveiiveniierniirninesrenireeiesseeseesesseeessessanns 2-100
2.7.5 Immersion — Fissile Material..........ccooverrinenimiienneere ettt e e 2-102
2.7.6 Immersion — All PACKAEE......c.ccveuieieieiirerteenee et re s seeeae s e e s e se st esresse e eaenaens 2-102

Robatel Technologies, LLC Page TOC-5



RT-100 Safety Analysis Report, Rev. 4 @ ROBAL'E!::

Docket No. 71-9365/TAC No. L.24686 February 13,2014
2.7.7 Deep Water Immersion Test (for Type B Packages Containing More than 10° A2) ... 2-102
2.7.8 Summary of Damage ........ccooueerierieiieerieiieeee it rte s ettt et st ee et et e ee et e an e 2-102

2.8 Accident Conditions for Air Transport of Plutonium.........c.eierccerecscsnncccennes 2-102
2.9 Accident Conditions for Fissile Material Packages for Air Transport .........ccccceeneee 2-102
2.10 Special FOrm .......ccccovvveeeecniscnnessrncsaenanss sessssesssssenenssssnsane . 2-102
2.11 FUEL ROMAS ...ueevricesnrrenssnnisssnnniscsssocsssoseessessessssssessssossasossasossnssssssssssssssssssssssssssonsasse 2-102
2.12 Appendix — Impact Limiter AnalysiS.....c.cccocccrieiricccsnnrcsssssnnnnscssesscncsnesscscssssncoseses 2-103
2.12.1 ASSUMPLIONS ...ereerrererrersererrerrertessasesseessssssessssessrsessssssraseessssesssesesessseesssassssserarsnsssansns 2-103
2.12.2 ANalySsis INPULS ....cvuiiiiiiiiiiiiniiiticeeee sttt re e rr e rr e st et e e steesesaes e e resreesesarensesanonnasene 2-103
2.12.2.1 Cask ASSEMBIY ......ueiieiiiiiieeiirieeiiree e resieeecsraeesesetesesaeeseeaeesessbes s s ssnassnsnessnsens 2-103
2.12.2.2 Foam Material Properties........coccieeeiiiieiciiieeiciiiteeeccereeereeesneeeseseneessssessesasassnsneres 2-105
2.12.2.2.1 DIENSILY ceeerieetieeere e nee e see et et esee st st e s assres s e s b s be s nn e ae s s et et e e e s nanns 2-105
2.12.2.2.2 Crush SIEngth.......cceiiiccrierierereeecteeesees et se et eeee e saesse s e s e e sasesenenas 2-105
2.12.2.3 TeMPEIAIUTES...ccvririiiiiririisieieieeiesetetiessesstaerersreeresenessesnesssnssssaassonersossaseresserssssssasaasns 2-105
2.12.3 MELhOAOIORY ...eonieniirieiiree ettt ettt e e e s e e sbe s be s bassoe s enose st smeennarasnns 2-106
2.12.3.1 Numerical INtE@ration.........ceeeeeerrueesureiseriieererneersieerarersssrssessssessssssssnerasesasersssesas 2-107
2.12.3.2 Crush Strength......coincerceereecer ettt ettt st et 2-108
2.12.3.3 Crush FOICE....couiiiiiiiiiiiiiiiiieicierenrtr e see s en e se s ssessne s neeseneeseenesaneasanessnns 2-111
2.12.3.3.1 ENd-DIrop Case........ceereeeereeerrvermiuererereruereresrerssserssssessssrssessesseressersssssesesssseens 2-112
2.12.3.3.2 Side-DIop Case .....c..ceerevrercrrenrrerireeririesisessssensssenessssessssssssessssassssessssssssssssassne 2-114
2.12.3.3.3 Corner-Drop Case .......cceveeiiiieeiiiiiiiiieiiiiesinerenerciraesaesssmessseesossessererseressesssresss 2-117

2.12.4 CalCUlAtiONS.....coceeeeeieierieeeteeitentie st re et et ae st e st et s e bt s b e s re s r e st e s bt e s sn e st et e srnesreenaeenes 2-121
2.12.4.1 RT-100 Cask Drop ANalySiS .......cccoeereererrerereenseseerseneesennresieraersteseeseessessessessensenaeenes 2-121
2.12.4.1.1 Calculation for Drop Height of 9.0 M.......cccccoeiririivneirrnrn e reeeeseeeeeeens 2-121
2.12.4.1.1.1 HAC End-Drop Case.......ccceeveeeeireieeeeeestencssnesesneseeesseseessssnsensssessnsseas 2-122
2.12.4.1.1.2 HAC Side-Drop Case .......cccerevierieeciieccrinteinnieresssesssesssessaesssessressesssessesssens 2-125
2.12.4.1.1.3 HAC Corner-Drop Case........cccvsreeerrrererreresieessverensessssessrsessssesssnssssesssassanes 2-128

2.12.4.1.2 Calculation for Drop Height of 0.3 M....ccccceeevvircvericreiniieniiecneecsenecerenseereneens 2-132
2.12.4.1.2.1 NCT End-Drop Case .....ccccceerrurrrrerireeenreresierrsrensasessassssseesassemessresssesasessnes 2-132
2.12.4.1.2.2 NCT Side-Drop Case.......ccoccervrervirervisnriineeisenseesesssesssesssesssessesssssssesssessses 2-135
2.12.4.1.2.3 NCT Corner-Drop Case..........uueverreeerirrererereciiereeseesesneecessaessssseseessesensenes 2-138

212,42 PN PUNCEULE ...ttt et et eae et e s e e sseesse s bnssbassnassneesesssnansesnanensanes 2-141
2.12.4.3 Confirmatory Testing - 3/10 Scale Cask........cocerrvrrrerveerreerininrienienieessesviessenseesenns 2-142

Robatel Technologies, LLC Page TOC-6



RT-100 Safety Analysis Report, Rev. 4 @ RDBAI-E!‘&

Docket No. 71-9365/TAC No. L24686 February 13,2014
2.12.4.3.1 ENA-DITOP .cuviiniiniiiineieniiieiiininnese e esere e rest et e st st s e sesaesaees e ssesenesesneenasane 2-144
2.12.4.3.2 COINEI-DIOP ... eteecererereeeirsreieseressaressssnseressesssssseessssssssssssrasssssasssonosnessssassssens 2-146
2.12.4.3.3 SIAE-DIOP... it rrriressree s e beernesrsesessrseesaesaas s e seresebaassssbasenesnessenes 2-148

2.12.5 Discussion Of Test RESUILS .......coceeiiieiiiiiiirieteccerrrsessre e ssressresnesssesssessesnesssesssenes 2-150
2.12.6 SUMMArY Of ACCEIETALIONS ......cccceirierrrririreiieiteeeeeresrersreeeressseseessaessesssnessesssassansssasssees 2-150
2.13 Appendix — Closure Bolt Evaluation ............ciiiiniiininscncniniisnsscssnnnicnssscnnsncscssens 2-159
2.13.1 MEthOUOIOZY ...covrurererrererurroreienseresseeeesseeseseeesressseesssteraresassassssssssnsesnsesrassrsessesssnssansessneeas 2-159
2132 L0AS «-r-verveveeesssarereeeesssssesesessssssesessssssseess s sssss s ess s s RS n e 2-159
2.13.2.1 Internal Pressure Loads.........cceicceerriiriirenirerrerceteecaeneeer e sne s sseneseseesameseeneesenens 2-159
2.13.2.1.1 Internal Pressure Loads for Primary Lid Closure Bolts........cccccevvererinerrnnrenenen 2-159
2.13.2.1.2 Internal Pressure Load for Secondary Lid Closure Bolts ........ccccccccveeeriieieennnenn. 2-161
2.13.2.2 Temperature LOadS.......cccovcvcieerrireerieneeeeeeneeereteseesseeeesaveesesnesssssasessesanessaneasasensens 2-162
2.13.2.2.1 Temperature Loads for Primary Lid Closure Bolts .........cccccccecverienrinncrnncnnienne 2-162
2.13.2.2.2 Temperature Loads for Secondary Lid Closure Bolts ..........ccceeecververeveercennnnnn. 2-163
2.13.2.3 BOIt Preloads .........ceeueeeeieieriieieenteen ettt ettt et eee et s as s nnn s 2-163
2.13.2.3.1 Bolt Preload for Primary Lid Closure Bolts.......cccceveeveevnnicieeneecnrencneeeeeenen 2-163
2.13.2.3.2 Bolt Preload for Secondary Lid Closure Bolts.........ccccoeererercvecrrererecsirenernnnnn. 2-164
2.13.2.4 IMPACt LOAAS.....coiieiieeiieieeeieteetr st eesrr s e st e sta e s st et e s bassnaesassen s nassnnsnnes 2-165
2.13.2.4.1 Dynamic L0ad FaCtOrS.......c.ccvreriirrnveerrnieecrirerseereniesineesiseesinseseseressessseesensesesees 2-165
2.13.2.4.2 End Drop LOAdS -..ccceeeoeiririeiiiriiiinieeeeecenriineteesesesssvesesesesersnssssssessvessssnsnssnneses 2-168
2.13.2.4.2.1 Primary Lid BOItS ......cccceeviirreinveerinnirenieinnisessneseneenssesssessessessseessssnssenes 2-168
2.13.2.4.2.2 Secondary Lid BOItS ........coeiieiiiiieieee ettt 2-172
2.13.2.4.3 Corner Drop Evaluations ...........ccceveciereienieeeieiieneerireeesnesesseeessseneesseenesssnnenes 2-175
2.13.2.4.4 Side Drop EValUations .........c.ccceevviercrrerinenninenninesnessieesesessnsesssesssssseessssssseans 2-176
2.13.2.5 PUNCLUIE L0AAS ......comriieiieeiiteet ettt ettt ettt e e st n 2-176
2.13.2.5.1 ENA PUNCLUTE ..ottt ettt ees ettt eve s st eeeeeen 2-176
2.13.2.5.1.1 Primary Lid BOItS .....ccccviviinrerienniernienieniesirrnnressersseeessresessvesnenssessssenses 2-176
2.13.2.5.1.2 Secondary Lid BOIS ......cceeirereirreniiinnier e e ere e nr e neeas 2-180
2.13.2.5.2 Side PUNCIUE ....ceeernierieeieiiirierresecsnesre e sesesinsessnesteessesseesssesssesnsessesanssnsnenes 2-183
2.13.2.6 EXtErNal PreSSUTE.....cocociiiiinieriiiricririiirssieerssreveteesseresenesaressresesonessserseseeeneresaenens 2-183
2.13.2.6.1 Primary Lid BOItS .....ccccoreieeiirniiiiieiesrtieeeeneneesiereeneneessrsesssssessussseesssesssnees 2-184
2.13.2.6.2 Secondary Lid BOIS .....c.cccerorierrrrreeccrrtnrecrereeseeeseeseseeeesseesesessesaesaessnaneens 2-185
2.13.2.7 Gasket Seating Load..........ccoccoireccrirvreniierinerssennireeesseessieneseessssesssesessessssesssaessareens 2-186
2.13.3 Load Combinations..........ccoeeeriiiiicirieicnetenieeresessessieessessosesessesesesssssessesessnseenseseres 2-186

Robatel Technologies, LL.C Page TOC-7



3\
RT-100 Safety Analysis Report, Rev. 4 RDBAI.E‘#

Docket No. 71-9365/TAC No. L24686 February 13,2014
2.13.3.1 Primary Lid Closure Bolt Evaluation under Normal Conditions of Transport........... 2-187
2.13.3.2 Secondary Lid Closure Bolt Evaluation under Normal Conditions of Transport ...... 2-192
2.13.3.3 Primary Lid Closure Bolt Evaluation under Hypothetical Accident Conditions ....... 2-196
2.13.3.4 Secondary Lid Closure Bolt Evaluation under Hypothetical Accident Conditions....2-200

2.13.4 Seal INEEGIILY ...eeveeeereiiereiriiniie st ceerererresenteesresesseesssusesanssssseesssesssessssnessseessssesaressssennn 2-204
2.13.4.1 PHMATY Lid SEALS «....oo.veeeeveeceeeeeeseeeeessoeessesss s s seesss s essssssssssessssssssesssssssenns 2-204
2.13.4.2 Secondary Lid S€als ......cccccvieeeiiiiieiiiiieciiie st serieeees e se s ree e s e s ae e s aae e e s ne s 2-204

2.13.5 Vent Port Cover Plate O-Ring and Bolt Evaluation ..........cccceverveeerecrinsnnissennensioneeseens 2-205
2.13.5.1 Vent Port Cover Plate O-Ring Evaluation...........cccccoueeieiiiiiiiiiecnnieninneeeccee e 2-205

2.13.5.1.1 O-ring S€aling FOICE ......uverereererririririnrieenierecrieerserarireesesssesssssesssesssassssessaneans 2-205
2.13.5.1.2 Vent Port Cover Plate Preload .........cccoceevceerinieinirieniiinirienneennenessneesneesssensseens 2-206
2.13.5.1.3 Factor of Safety to Maintain a Tight Seal.........cccccvieeriievervennnicrenninnnenieniennes 2-206
2.13.5.2 BOlt EVAIUALION. ....cccieiririereiireieietenieeteserseeresereresesereessaessssnesssssnesssssnnessranesssnneens 2-207
2.13.5.2.1 Thread ENGagement...........cccoveeeierrrerrierrrisireisesisessiessnessassressessssessansssessessessans 2-207
2.13.5.2.2 Thread Shear EvalUation..........c.cccociriienieicirniinneiessinesneseessessesssnsssssssssssnssnes 2-207
2.13.5.2.3 Load to Break Bolt ........c.cooeeieerinieieierirtee e e n s s s nne s 2-208

2.14 Abpendix — Fabrication Stress Evaluation tesessstenisesssnnsatesssenssrasssesennsnasssananas 2-208

2.14.1 Lead POUT ...cueiiiiiiiiiiiitiiiiiiitecte it ncs s ressse s eesssanassesssasessssassssassasessessssessrnesarensas 2-209
2.14.1.1 Cask Shell GEOMELIY .....coccecuieriirireireieerrr ettt eetesenesenesnesssessessssessesseesssensasaresns 2-209
2.14.1.2 Stresses Resulting from Lead PouUr...........ocoivecvieciiiceeneeieree e e e reee e 2-209

2.14.2 COOl-AOWIN....ouiiiiiiiiririitiriereiiniiiiiesctenecntene e e sressssstrosenessenesssassssessssensssessnassssssssenssreesnns 2-210
2.14.2.1 Hoop (Circumferential) SIreSSES ....cccuerrvivrrrerererereriieiereseeerreesssessesesssesssssessesssseenns 2-210
2.14.2.2 AXIAL STIESS «.eoeeerieriieeiete e stee s teete e see s e e s e re e s et essaessnesbasstesanessnessesssessansaessenns 2-211
2.14.2.3 Effects of Temperature Differential during Cool-down ...........ccccccvecniericnnnccnnnnn. 2-212

2.14.3 Lead CIeEP «.ucvcvreererreieieceerecsrecr s e s et ees et e saesue e s e e e aesaesaneneena et estessesnansessnsnsannane 2-213

2.15 Appendix — Seal Region Stress Evaluation.........ccocueiniiicsccnsnniscscssancescsscssansesssees 2-213

2.15.1 Seal Region Post-Processing Methodology ........c.ucceieiereiecerriereneeneeeesrreenreseeesnenseens 2-213

2.15.2 Stress Concentration FACIOIS. ......covcviieriiriiieiete et nreesees st sres e st srnesaresassnnesaanes 2-213

2.15.3 Seal Region Stress RESUIS .....ccvervrereieriiinrieisireeeineeeseensrieesrseesseessessvessssessssesrasnessnnsans 2-214

2.15.4 Displacement RESUILS........c.oiiniiiiiininiiiierrr et te et se e s sse s ene 2-214

2.16 ReferenCeS......uciccsierrersssnessssssscsssserssssnsrsssssasassesanssssossrssssssessssansessossessasssssssnssossansssse 2-226
3. THERMALEVALUATION.... cessensarscsses cressensenensans 3-1
3.1 Description of Thermal DeSi@n ..........cccvrievsniersnrissecscrcscnesssessassssanssssisessessssssassssases 3-3

Robatel Technologies, LLC Page TOC-8



N
RT-100 Safety Analysis Report, Rev.4 ROBATEL

Docket No. 71-9365/TAC No. L24686 February 13,2014

3.1.1 DESIZN FEALUIES ..ot rce et e st e s s e s ae s e st e et e ssn e s besaeasbeensesnsesnsasneans 3-3
3.1.1.1 RT-100 DESCIIPLION ....cceueieiereteierierteeeercteesree st eertessbessaeessessesssnsssesssassnssssasassssessaensens 33
3.1.1.2 RT-100 DimenSions.......ccceeriereicreerirererererireressessssersssnrraseesseeraseesssssssssessssersssesssesseseesens 34
3.1.2 Content’s Decay HeEat ........cooceciieiirenircienersienreisee e seessrssssessesstssteessessnesensssasssesssnansens 3-4
3.1.3 Summary Tables Of TEIMPETALULES. ....c..cccovreeeririiirireeerierrrrerseeesnersreeersesessesssessssasassnersseesnns 3-5
3.1.4 Summary Tables of Maximum PIeSSUIES .........cocvvvricreirreieieneiiinesiesnesneeniessnerssssssesesesseees 3-7
3.2 Material Properties and Component Specifications .........ccceeecrerscrencessarcans e 3-7
3.2.1 Material PrOPEIties ........coecirivmiiiiiiintiintiseieec ettt et et e esr e s ssosenes e sesae s eseosen 3-8
3.2.2 Component SPeCIfiCatiONS .....cccceeruiereieeciriteie et et srse e e e e seesseesressta s bessnesssessnessessens 3-11
3.2.3 CoNtent PrOPEITiEs .......ccceiieiieerieveirinrirreiiresiteseessteseeesseessressssasesseessasssesssessssessessesassessesssns 3-12
3.3 Thermal Evaluation under Normal Conditions of Transport...... 3-13
3.3.1 Heat and Cold......occieriiiireceiecereceeeceeeesreesneeesesessanessasssseesssessssasssusssseessssasssasasssssnns 3-14
3.3.1.1 L0ad CaSES...coiiviirrininiiiiiniiisissiesiencsereeeereeeesesese e eeesaesaesas et est et et assesatsassnseneenssnaens 3-14
3.3.1.2 Analytical MOdEl.......ccooriiiiieectie ettt et et ce e st e e e eeneaeenens 3-16
3.3.1.3 ANalysis RESUIS ... oottt esre e e e sae e bs s aessae s b e bassaestasabasaes 3-19
3.3.2 Maximum Normal Operating PreSSUTe ...........cccivevieereisreinreerieerisessissesisesnesssersssseesserssesnes 3-29
3.3.2.1 Calculation MEthOd .........oooeriieriiiieiieeie e e st tessesrae s s sseeseesaesssessnasseesesanns 3-29
3.3.2.2 Pressure Due to the Initially Sealed Air in the Cavity.......ccocccvverrieerririenieniecrnirseersnnns 3-29
3.3.2.3 Pressure Due to the Water Vapor in the Cask........ccccociieeiiiieeiiiiieiiceeieeceeeeeee e, 3-29
3.3.2.4 Pressure Due to Generation 0f Gas ..........cccovverererercrrercinnecneenseenisessssessseesssessssessssnesnes 3-30
3.3.2.5 TOtAl PrESSUIE......cociiitiieriecnierie ettt ee et e st s s tesressnesresesaesnesneeseessaesaassvenasanses 3-30

3.4 Thermal Evaluation under Hypothetical Accident Conditions .......ccoceevecscvensaseresaes 3-31
3.4.1 HAC Fire Analysis—Pin Puncture Damage to Top Impact Limiter .........ccccccevuerreeriveevennen. 3-31
3.4.1.1 Initial Conditions—Pin Puncture Damage to Top Impact Limiter..........cccoccerrvrrurenne. 3-31

3.4.1.2 HAC Fire and Cool-down Analysis—Pin Puncture Damage to Top Impact

LAIMEET oo ceteeceree st e s seesseneeeneasnessseasssne e s seesseesssee e s eessssansnsesansessssenssnesnees 3-31

3.4.1.3 HAC Fire Analysis Results—Pin Puncture Damage to Top Impact Limiter................. 3-32

3.4.2 HAC Fire Evaluation—Pin Puncture Damage to the Side of the Cask Body....................... 3-43

3.4.2.1 Initial Condition—Pin Puncture Damage to the Side of the Cask Body .......ccccecveneeee. 3-43

3.4.2.2 HAC Fire Analysis—Pin Puncture Damage to the Side of the Cask Body ................... 3-44
3.4.2.3 HAC Fire and Cool-down Analysis—Pin Puncture Damage to the Side of the

CaSk BOY ....coouieriierieeieeeetet ettt ettt a et st e e nae e narn 3-44

3.4.3 Maximum Temperatures and PreSSure...........ccccivvimernieinenrienniinersersnessrererisssssessessseessens 3-57

Robatel Technologies, LLC Page TOC-9



RT-100 Safety Analysis Report, Rev. 4

Docket No. 71-9365/TAC No. L24686

(® ROBATEL
February 13,2014

3.4.3.1 MaxXimum TemPETAtUIES........ccceveerrurereeiireeiirieeeesaeressssesrasseesesssesessansesassssesasssssessnnnes 3-57
3.4.3.2 Maximum Accident Condition Pressure..........ccoccecvriciniciinenvenninneessnesneesvressessnesssenes 3-57
3.4.3.2.1 Calculation Method ........c.ccocoiriiieiiicieiterenierree sttt rr vt sen e sesaressnsnneesnees 3-58
3.4.3.2.2 Pressure Due to the Initially Sealed Air in the Cavity.........coccvvvevinecrenrienreercercrnens 3-58
3.4.3.2.3 Pressure Due to the Water Vapor in the Cask..........ccceevvvvnrerinveeriennenneninnnenienns 3-58
3.4.3.2.4 Pressure Due to Generation of Gas ........c.cccevererennrnieriinsetnctnte et 3-58
3.4.3.2.5 TOLAl PrESSUIE.......ueieeriiririeiieecreeitee et seesee st e et e et st e st e s e s nesemt e s st e saassnssnsrssenes 3-59
3.4.3.2.6 Total Pressure Accounting for Combustion of Contents............cceeeceeeccereceerceenns 3-59

3.4.4 Maximum Thermal SIrESS......c.c.ceriecierercctirtenrieivrierersresreesreseieesstessnessesssesssessasssesssensaesnnes 3-60
3.4.5 Accident Conditions for Fissile Material Packages for Air Transport.........ccccceveervueererveennne 3-60
3.5 AppendiX.....ccceeisssiincscnecssnsessssnssocssnssesssnnes 3-61
3.6 REfEreneeS....ccocuueeiiricsicneirisnssenssorsesessonsnrsorsossersanserossssssrsnressssssssssesssssassssesssssnsasssssssees 3-70
4. CONTAINMENT ....cuiiinicrnenscnresssnsassssssssssssssesssssaasssssssssssssasssssssssssssessnntssssessesssnesssssnsssssas 4-1
4.1 Description of Containment SYSTEI ......cccceieiiiiisiiicscncsisnssssssessossssssnsassssssssssssassssassss 4-1
4.1.1 ContAINMENt VESSEL......coceiieiiicieeiiiecriinirresiseeesareeeteesieseseeessseesssssraserassesssaesssseesseerareesenn 4-1
4.1.2 Containment PeNetration...........cccovceeririiieciiiienteeeerireersnsrnessresnssssessesssessesssnssresssesssessnes 4-3
4.1.3 Welds and S€AaIS .........coiiiiiieiiiiierreri ettt ettt et e ettt ee et n e st e e nessae e 4-5
B.1.4 CLOSUIE.....eivniiimireeriereereteeie e e e rresreeteseeeesaseasssassssssssssesssssessaeassesssrssasesssssessueerasesrsbreraneann 4-5
4.1.5 Cavity Volume, Conditions, and CONtENtS........cceevveerrveeeireeriiinrirrssseressersssesreesseerereseseessseess 4-6
4.2 Allowable Leakage Rates at Test Conditions ...........ccceveeviescvecccinresscossesssssressonnes 4-7
4.3 Leakage Rate Test for Type B PacKages .......ccicoviinvnnniiiiinsssscsiccssssseiecssssssesecsssnnsenses 4-8
4.3.1 Determination of Equivalent Reference Leakage Rate for Helium Gas.........cccoceevveeinneninne 4-9
4.4 Hydrogen Gas Generation .........eceieencssnsecsssseecsssssscssssssssassssssssssssssssssasssssssassassass 4-15
4.4.1 Determination of Bounding G Values .........ccccovveeieieiiiciiicinneciieinienniinie e seesesieesesseeeesnes 4-16
4.4.1.1 G Values for Waste and Secondary Container Materials .........ccccooeerveervereninnerrneneennes 4-17
4.4.1.2 Calculation of Effective G ValUes.........ccceeeererrierresiniienenieneeciecrcesesee e seesessnesesseens 4-18
4.4.1.3 Operating Temperature G Value Adjustment .............cccevcervvervnesinreenierereecseessesssesnssens 4-19
4.4.2 Hydrogen Gas Generation by RadiolysiS.....c..ccceerveeeenierrnimiiieenircrerreesrese e sscneeeeeecssessees 4-21
4.4.3 Hydrogen Generation — Radiolysis in Waste, Water and Polyethylene Container................ 4-23
4.4.4 Hydrogen Gas Generation — Simplified Model used to develop Loading Curve.................. 4-30
4.4.5 Hydrogen Gas Generation — Analytical Model used for Detailed Analysis .......ccccoccverurennen. 4-32
4.5 APPCNAIXuaueiiiiiirirennecsenssncssenessannssannssancessstsssstossssssssstesssessssssssasesssssssssssasssssnssanssssanss 4-35
4.6 ReEfCIEINCES ...uuuieiiurirsaressacssecssrenssannssansisannessstsssstssssssssnssosssssssssssssssssnsssssossssessanssonsasensss 4-46
Robatel Technologies, LLC Page TOC-10



RT-100 Safety Analysis Report, Rev. 4 @ RDBAL%W%
Docket No. 71-9365/TAC No. L24686 February 13,2014
5. SHIELDING EVALUATION....uuuuiiiineticcicnensssssnscsssssssssssssssssssassssssassasassassssassssassasssassssse 5-1
5.1 Description of Shielding Design ceeessessscsenssnseassanes 5-5
5.1.1 DESIZN FEATUIES ....ocviiiiriiininititinictciiit sttt ettt et e sessessase st srnesaesanenesanan 5-5
5.1.2 Summary Table of Maximum Radiation Levels .........c...cccovvirvenriicviinninnnnnennenneenenneeene 5-5
5.2 Source Specification.................... cessessesansessasassssenss 5-6
5.2.1 GAMMA SOUICE ....eeiiiiiiiiieieiiiieiittiee sttt e e rese e reteese s st mreese s areeasaessaaareresessesananeeesanancas 5-6
5.2.2 NEULTON SOUICE.....ueeiiruiiirriieieriiininieissiesiisteceersrenssresasreresarserenssseessssassnsassenssnsasssesssressssenne 5-8
5.3 Shielding Model ......ccoveercircrcnnnrccssserensescssosees teeessttisiessanattessesnnastsesensnnsttessenetnnes 59
5.3.1 Configuration of Source and Shielding.........c.cccvrererrrrererirreinininieniiersreeeneeeseessenesssessenans 5-9
5.3.1.1 S0UICE TOMIucuiiiiiiiiiiiciiicicir ettt st s e e se s s e st e e e s s s emis 5-10
S.3L2INCT MOGEL......eiciieiieiieeiieceirerrrteeistesirressesssstesssstesssnesssesnseasssesrassssssnssnsesssssnaneesnnes 5-10
5.3. 1.3 HAC MOUEL....uiiiiiiiiiiiniiniinininertienre et seecesersesestesaesse st et et e b e s se st st esaeeneens 5-11
5.3.2 Material PIOPEITIES ....ccerererrieririeririreerirerssoseessirestessirrasureraseeraseessssassaseseeressessssesasessssesssees 5-20
5.4 Shielding Evaluation........ tessresssssnesessessesssnnsesssasaassonne vessnersassenssansrsssnseas 5-22
5.4.1 MEROGS c.coiiiiiiiiriciiitc ittt ettt e s et et es e e e se e sae s et a st et et e b et et s 5-22
5.4.1.1 Package Geometry, Materials, Source Definition, Tallies..........coceerrveereercenecrerrveennnen 5-22
5.4.1.2 External dose rate calculation .........c.cccerievierieciinvnnsnninneesneennseeessesesesnesessnssssessassees 5-22
5.4.1.3 Individual Radionuclide dose rate calculation ...........cccceeervieriieeiinccnnenincne e 5-23
5.4.1.4 Maximum allowed source strength density ..........coccvrvrrrirrecrecreenrenneenessessseenesiaennes 5-25
5.4.1.5 Variance RedUCLION ........cc.vieuieiireiereieentecsee ettt s s e sa s e n e srasane s 5-26
5.4.2 Input and OULPUL DAL ......ccccceveircieriereecrerrrercresseeeeseresesessresisssesieereseesssesassessnessssesnsenas 5-27
5.4.3 Flux-t0-Dose Rate CONVETSION......cocccerieerieniiieieietrieentenressensresseeeressssssaessesssesneessesssssaees 5-27
5.4.4 External Radiation LeVelS.......c.cuuiioreienireenienieeceeeeetecee ettt et meae e 5-30
5.4.4.1 MCNPS Statistics Evaluation..........oceoveiriniiicieireterteecrnrne s ecssee e sresnenaees 5-31
5.4.4.1.1 Tally Statistics DiagnostiCs......ccuereererrerreererseerrerseeseeseeereesrensrsnssnesssssnesessesernes 5-31
5.4.4.1.2 Fractional Standard Deviation of Individual Tally Segments..........cccceevcurreuerenenn. 5-34
5.4.4.2 Media Composition and Density.........cccccveeermrcererrcreerrninsnrereieseneesesseeseeseesesesessesseans 5-38
5.4.4.2.1 Effect of Media COmMPOSILION.......ccoviirreirreriieesirrsiernenieerieesiereersesseessessseessessesenne 5-38
5.4.4.2.2 Effect of Media DEnsity .....c.cccecrvererieinieeineirnieeenieeenrenienrnseressssessersssessasessssssenas 5-39
5.4.4.3 Shielding Evaluation UnCertainty .......cucceeeenererereecrcrmrieesieseeceeieseeseneseseeeeseeeesaeseens 5-40
5.4.4.3.1 Calculation of DOSE RateS ........cceerteiriririiereeneniersteeete et ese e 5-40
5.4.4.3.1.1 Radiation Source Generation .............cccveeeeererreesreeseessessuesiuesisssesssasnsesssesses 5-40
5.4.4.3.1.2 Cross Section DAt ..........ccccerurerrerenreieinneresueessessesessesessessssessesessessansesenses 5-42

Robatel Technologies, LLC Page TOC-11



N
RT-100 Safety Analysis Report, Rev. 4 @ RDBAL%

Docket No. 71-9365/TAC No. L24686 February 13,2014

5.4.4.3.1.3 Radiation Transport COAES .........c.ceevirriiercirierrernenieereesseessessveeeessnsssseesans 5-42
5.4.4.3.2 Attenuation from other material (i.e. secondary containers) not included in

Shielding ANAIYSIS ......cceeeieieieiere et sae e e sans 5-42
5.4.4.3.3 Nominal Media Bulk Density .........ccecererimriireiineiiereeesseesieeseeeseee s eescsnessenenns 5-42
5.4.4.4 Loading Table .........oocvviniiiiiiiiiiiniiiiiiii e reee s e sereree e e et esessansanessenees 5-43
5.4.4.5 Dose Rates for Maximum Radionuclide Loading........c...ccccrvvvrvvvrseersnersenvencresseninenes 5-44
5.5 Appendix.......... eesersaseressessrasattressissssestesesssssnsatnssesssasersessassasarssssss 5-61
5.5.1 List of Gamma Radionuclides with Greater than 1 Day Half Life........c..cccccccvevervevrceneene. 5-61
5.5.2 Gamma Radionuclide RESPONSES .....ccccveeeiuieireriniireeiieciereiereteesree e escseee s essaeseseessanasanes 5-63
5.5.3 Radionuclide Maximum Ci/g Loading Limits ........c..ccerevverieerenninnenieeniensiesseessessieesssssaes 5-80
5.5.4 Process Description for Calculating Maximum Allowed Source Strength Density .............. 5-89
5.6 ReferenCes...ccuccueieercsnnrescsrnsnssneesssssressssasossssssssssessssssssssesssssssssssasssssssasssssasessssssssssnsssss 5-92
6. CRITICALITY EVALUATION....cccocvciicrsnrrcscsssisscssatssssensssesssnsssssansssssascsssssassssnssossanaasss 6-1
7. PACKAGE OPERATIONS...... . cerssesesenneisenannasenas .7-1
7.1 Package LOAdING ......uueereeeisiicnrerncsccsnnerseisennssnrascsssesnssnssessssnssssssssssssassesssssssasesssssasases 7-3
7.1.1 Preparation for LOAdING .........coeviiiiininiiiiiiinieenrceseneeeeesenseeesssressessessessesessessesessessaneas 7-3
7.1.1.1 Upper Impact Limiter REMOVal ..........ccovmeeieiiriiniiniineineeneenreniesinesresesssssesirssssesesssens 7-5
7.1.1.2 Optional Loading StEPS .....ccoeceereerieriieiiete et et estess e ssnressesaesreesrassnesssssssssaassessees 7-5
7.1.1.3 Removal of Quick-Disconnect Valve Cover Plate.........ccccevvereerieeceenerceneesereneeesneenees 7-5
7.1.1.4 Removal of the Primary Lid........ccccoocvcieiiminiieinrnneieniienireecnreceeessecenesssvesssesssseesanens 7-6
7.1.1.5 Removal of the Secondary Lid.........ccccvveiiiiiniiniicriniinienenensessne s ssssssesssseesensersees 7-6
7.1.2 Loading of the RT-100 ......coccciiiiiieiiierecrtcrreneereressresssestesetesssessessesesrsseansessssssssssassenns 7-7
7.1.2.1 Content LOAAING.......coveeiieirieiie ettt sen e crnssressseesrasnssssessesstessesssasssesnsasnnn 7-7
7.1.2.2 Primary Lid Replacement .........ccccueviirivriinrinmiirinenreneenrsesensesieesaessessesessessssesaessenenns 7-8
7.1.2.3 Secondary Lid Replacement .............ccieiiiiiiirnnieniinininneneeneesisesssssesssesssessesssensssrses 7-8
7.1.2.4 Quick-Disconnect Valve Cover Plate Replacement ...........cccocvvevviverireerveecreecrenecseesanenns 7-9
7.1.3 Preparation fOr TTANSPOTL.......c.cccccteiverrrirrereirreesiveeiseessreseeraresessrssssssesssessssssesssessssesessssssesses 7-9
7.1.3.1 Replacement of Upper Impact LIMiter ...........ccovveerverenvereeiieenierenieneerereerereeneeeseseesnns 7-10
7.1.3.2 Verification for TraNSPOIt........cc.cocciiiertrriercieereesrersessseesieesresssesssesssessessrersssseessessns 7-11
7.2 Package Unloading ..........ccccvvrecsiniccssssssssssnnressssesassssssissssssossssaasesssssossonsosssrssssssansosans 7-11
7.2.1 Receipt of Package from Carrier ...........coccceciivrrerriirinieniereisreesreesieesseseessesiassssssnsneesnens 7-11
7.2.2 Removal Of COMEENLS ...c...eeueeieieriereriieitnrteeeeestetee e st rt e sae e s e e te s e sessesnsasessessnassensesaes 7-12
7.3 Preparation of Empty Package for Transport .........ccccccvcsceccssnncssncscascssoscsssssssssssannas 7-13

Robatel Technologies, LLC Page TOC-12



N
RT-100 Safety Analysis Report, Rev. 4 @/ naBAImgw‘:s

Docket No. 71-9365/TAC No. L24686 February 13, 2014
7.4 Other Operations....... : . . . o 7-13
7.4.1 Lower Impact Limiter REmOVal ........cc.cccovvieviirrinveeiieiienieeseesieesiesreeesesstessasesssssesssssseans 7-13
7.4.2 Package Removal from TTailer.........ccoeieieeniniriee vt see s 7-14
7.4.3 Replacement of Lower Impact LIMIter.......cccvvviirnirerieniimiiieciineiresneesessseeseessenessessessssesseenns 7-16
7.4.4 Reloading the Package onto the Trailer..........cocuivviiieriieiiienniennieneenienereereeeseeeseeseesenenns 7-16
7.4.5 Tightening of COMPONENLS......c.cciereieirectirrrirrrerteeieesierrsesssesstesssesssesssessaessssessesseessressesssesses 7-18
7.4.5.1 Tightening TOTQUES ......cccerruierierteeneirrererteriesreersresereesansssesssessassssessnessuessesssssssasessessenss 7-18
7.4.5.2 Threaded Bolts — Tightening Methods and Equipment.........cccccoccrvinvernirncieenenevennnenns 7-19
7.4.5.3 Replacement of the Impact Limiter Threaded Studs ........ccceevvevevveevinrinriccereceeceennne 7-19
7.5 Hydrogen Buildup in RT-100 'Transport Cask ccoovvunirncrnrinccnnirissnniscsiecsssssssscnnsesans 7-20
7.5.1 Hydrogen Gas Generation — Simplified Model used to develop Loading Curve.................. 7-20
7.5.2 Hydrogen Gas Generation — Analytical Model used for Detailed Analysis ........c.coverveecrenne 7-23
7.5.3 Hydrogen Gas Generation — Analytical Model Example ..........ccccocvevrereenecrenenerenienrennnens 7-26
7.6 APPENAiX.uerciveersresrarensaressanessancsssnesssissssesssssassssssssssosssssssssssssnsssassssassssasssssase ee 7-27
7.6.1 RT-100 Loading Table DiSCUSSION........cccecririivercreicrinereisreniseeseeseesresssesseneneressesseessessssenes 7-27
7.6.1.1 RT-100 Loading Table Procedure...........cc.cccooveveirerenrerrinecieesriesninsnesiersnssessnessenessenes 7-33
7.6.1.2 Turkey Point Source Term Example Evaluation...........cccceceeiernrnieinveeicncereen e 7-34
7.6.1.3 St. Lucie Loading Table .........cccceeverriieeniierierciierecieeesrtessreseeeeessscsseeereesssessnseennns 7-36
7.6.1.4 Additional EXamPIES .......ccooviriiirecierrrniniiinreeesseeeciseesineneesssnerssnenesssssaresrasessessssesnes 7-39
7.7 References . ceesssessssensessnnnresestatststananasssssssssssssane .. 7-49
8. ACCEPTANCE TESTS AND MAINTENANCE PROGRAM.......ceeiercnicnssaneccsaseosenne 8-1
8.1 Acceptance Tests .........cccesvvessnecssarcsanneens sesssessenstssnsanesses .. 8-2
8.1.1 Visual Inspections and MEaSUrEMENLS.........cccvveeerereirenrerssessveesesssersenssrerssessssssessessssessessesenes 8-3
8.1.2 Weld EXaMINaAtions .......c..cecoirieiriieriieniiaeiiretrseniniesnessnesessseessesssessssssseansessssasssssessseessessesssns 8-3
8.1.3 Structural and Pressure TESES ........coceverirreriererieiteteste et estete e s e e e rsnas e s e e ssa e ae s esannes 8-3
8. 1.4 LeaKage TeStS....cioviiiiiicririiiienireeene it e careeseresressstaessseasssessseesssenssesraseressnesssseasseessessasesns 8-4
8.1.4.1 Cask Containment BOUNAArY .........cccoccoiviiriieiiiviisrnineeneesissseesesisessieesasssesssessssensesseens 8-5
8.1.4.1.1 Cask Body Leak Testing — Prior to Lead Pouring..........c.c.cecevvvuervecivenneeneesvenveennes 8-5

8.1.4.1.2 Primary Lid Assembly Including Secondary Lid and Cover Plate — Prior to

Final ASSEMDBIY ....coueruieieieii et e n e s sreenoneanes 8-6
8.1.4.2 Primary and Secondary Lid Containment O-Rings Helium Leak Testing ...................... 8-7
8.1.4.3 Quick Disconnect Valve Helium Leak Testing.........cccceerevenierniinrirenerreceeesrenseeesennnns 8-8
8.1.4.4 Quick Disconnect Valve Cover Plate Containment O-Rings Helium Leak Testing......8-10

Robatel Technologies, LLC Page TOC-13



A\
RT-100 Safety Analysis Report, Rev. 4 ROBATEL

Docket No. 71-9365/TAC No. L24686 February 13,2014

8.1.5 Component and Material Tests........c.ccoeririrreerreierterererteereeee et eee e seeseesaesesseesesannas 8-12
BL5.1 FOAM....uiiieiiieiiiiiitiintiiitin sttt ren e ter e re e s esee s e e s csssesnnessreesssasssneassssnassnesssanssnnessnnanes 8-13
BL1.5.2 O0-RiNE c.oiiuiiiiiiininiiiiiiiiiiiniicie et rr e sttt ere e e s e es e e e e s s esae s s e e eearen 8-13
8.1.5.3 CeramiC PAPLT ......ccueeouiecieieieeieteiecteeicsns s e e ssee st s te e e s sae s s e s st e s saesnbaenseasnesseeentassnens 8-14

8. 1.5 4 FUSIDIE PIUZS ..ottt ettt ssn s e e ssessnn e sae s bessnessmnsnnesananas 8-14
8.1.5.5 Carbon Steel and Alloy Steel Fasteners. ......cccoiveveirerrercrenereesrenreesrseessessessnrssensssesssanes 8-15
8.1.5.6 Stainless Steel FASIENETS ......c.c.ciueiriiirerierie ettt ettt e et s smeane 8-17
8.1.5.7 Thread INSEITS......coieiiereieiieert ettt st e e st eete et e sat e s e s e b e s e e e e see et et e neenes 8-19
8.1.5.8 Quick DiSCONNECt VAIVE .......umiiiieiiiieitierciiteeeccieeecerieeeesriaesesssessesssasesessessesaseseesasenaas 8-20
8.1.6 Shielding TestS ..cocuiiiiiiiiiiiiiiirete ettt sttt s et s e e e ensaees 8-20
8.1.7 Thermal TESES...ccivvuerirriitiiiitiiniiiiiie bt reteetr e st e sererere s eeseaeesaeesanessssresonresesnesneresansasnnes 8-21
8.1.8 MiSCEIIANEOUS TESES.....vvvrroereveeeeeereoressesesseeseseseessessessseesssessesssessesssesessssessseseseseesenseeeseeees 8-21
8.2 Maintenance Program............ccccceeecnensinsescnnens terssessessssssnstesssnssssssssassssssesssnnseses 8-21
8.2.1 Structural and Pressure TeSTS .......cc.cerevcirercerirenirenrnereseeresecesreesessesssnassssesorasessesorenserensnes 8-21
8.2.2 LLeaKAZE TESS ...eerierieiiciceicec ettt e sttt e et st e st e e st e ene s ne st e e nais 8-22
8.2.2.1 Periodic and Maintenance Leak Test..........cceeveererereirreriersrersessresrensrseesiesssessesssesssesnes 8-22
8.2.2.2 Pre-Shipment Leak TeSt ........ccceeccrercreernieriiieenireesseeesseesesensoresssesssssssssessssesaasassasasnes 8-22
8.2.3 Component and Material TeStS.......ccverreererersiererrrrerierererrerserareresersrsesssssesseressersseeraseesees 8-24
8.2.3.1 Routine Component INSPECLiON......ceeveereirerrireiereriireirerreeerteerresessssreeesserereeesseeenans 8-24
8.2.3.2 Annual Component INSPECHION.......c.cccceriiiirieirerererrenrereretesnreesstesserssoneessesssenssnsessnes 8-25
8.2.4 THEIMAI TESTS c..eeiueierireereireeteiieestertess e st e see e bt nee e et e st e s s e st e e es et e st e sae s e e saeenmterteanaessnannnes 8-25
8.2.5 MiSCellaneous TeStS.....cuivuiireiiiiriicierentecre ettt se e st setesat et e e e e e s mnan 8-25
8.3 APPENUiXo..uueiiriirrnerirnnisissrrcscssnscsssssssssssssssssassssssssssssssnasssssnsassassssssossssssssasssssassessosasass 8-27
8.3.1 Summary of Leak Test REQUIEINENES ....c..eoueeeeceeririiniereneeneeneesersecseseseesee e e et e senaeneeesaas 8-27
8.3.2 Minimum Lead Thickness and Gap Determination............cccceeeeerurerreereecsieensenreneeeneeseenens 8-28
8.3.2.1 Explanation of the Gap Between Lead and the External Shell ..........cccovveecvernvercrnenane. 8-28
8.3.2.2 CONCIUSION ...ttt ettt rs ot s sne s srn e sre s ae s s e s smesas st e ssae e e s nnnseeses 8-33

8.4 ReEfEreNCeS . .cuuiieruicrinrcssnirssntessnnssnnissnsssaneisstnsssencsssnecssssssassssssncssessssssssssssssssossnsssonsessns 8-34

Robatel Technologies, LL.C Page TOC-14



RT-100 Safety Analysis Report, Rev. 4
Docket No. 71-9365/TAC No. L24686

@ ROBATEL
February 13,2014

List of Figures

Figure 1-1

Figure 1.2.1-1
Figure 2-1

Figure 2.5.1-1
Figure 2.5.1-2
Figure 2.5.2-1
Figure 2.5.2-2
Figure 2.6.7-1
Figure 2.6.7-2
Figure 2.6.7-3

Figure 2.6.7-4
Figure 2.6.7-5
Figure 2.6.7-6
Figure 2.6.7-7
Figure 2.6.7-8
Figure 2.6.7-9
Figure 2.6.7-10
Figure 2.6.7-11
Figure 2.6.7-12
Figure 2.6.7-13
Figure 2.6.7-14
Figure 2.6.7-15
Figure 2.6.7-16
Figure 2.6.7-17
Figure 2.7.1-1
Figure 2.7.1-2
Figure 2.7.1-3
Figure 2.7.1-4
Figure 2.7.1-5
Figure 2.7.1-6
Figure 2.7.1-7
Figure 2.7.1-8

Information Flow for General Information ...........cocccevevevirevinreinnersneniessrenenennennnenne 1-2
RT-100 Cask Package Artist CONCEPL ......cccervrirerereererrveerinessrecriensarsssessnessssssnsssessses 1-3
Information Flow for the Structural ReVIeW ........cc.cceciieviniiniinnenienicesieereceeneen. 2-2
RT-100 Lifting Pocket DIMENSIONS .......occvviieriereiinrernierenecsieesienssesseesenssssessesssessans 2-17
WEld GEOMEITY ....evviireireireiieereireeesireesesiee e s st e e seaveesesante e se st e e s snteeeseneaaesassasensnns 2-19
RT-100 Tie-Down Arm GEOMELTY ......cceeieiueiieereeieiniererinreeieeinnesesssnesesnsessensessesses 2-31
RT-100 Tie-Down Free Body Diagrams...........cocceceereesersernenseesecrennenserereereeseeennee 2-32
RT-100 Solid Model........cooiiiieeieiereee ettt ettt 2-45
RT-100 Finite Element Model ..........ccooiiciiiiiecinenee st eee s 2-46
Gap Elements Used to Represent the Impact Limiters for Side and End Drop

CONFIGUIALIONS.....c et reereee vt see e s e s e e e ssee s besseesseessnesenessnssresssesatesans 2-47
Bolt Pre-load Using ANSYS Pre-Tension Elements (PRETS179)......ccccccccennnennenn. 2-51
Pressure Distribution Used to Simulate the Contents............ccooeeveevrencericcrneecenenne. 2-52
RT-100 NCT Side Drop Stress Intensity Results.........ccccceveirroiricereceerecereceereen, 2-55
RT-100 Inner Shell NCT Side Drop Stress Intensity Results..........ccceceereveenieernenn. 2-56
RT-100 Outer Shell NCT Side Drop Stress Intensity Results ........cccceveeierceeeeneneen. 2-57
RT-100 Flange NCT Side Drop Stress Intensity Results .........ccecovvcvieenveniciiennnnens 2-58
RT-100 Outer Lid NCT Side Drop Stress Intensity Results........ccocceeevveervrvrncvernnenn. 2-59
RT-100 Inner Lid NCT Side Drop Stress Intensity Results.........cccceeeeveernivrenceeranen. 2-60
RT-100 NCT Bottom Drop Stress Intensity Results.......cccoceveeververveenincenennenncenenne 2-63
RT-100 Inner Shell NCT End Drop Stress Intensity Results..........cccveceererieecernnenn. 2-64
RT-100 Outer Shell NCT End Drop Stress Intensity Results............cceevirirrecrensnen 2-65
RT-100 Flange NCT End Drop Stress Intensity Results .........ccceecerveervercreicrenieennens 2-66
RT-100 Outer Lid NCT End Drop Stress Intensity Results.........cceeceeveereverecernnnnen. 2-67
RT-100 Inner Lid NCT End Drop Stress Intensity Results .........cccoeerveeeccverceerannnnne 2-68
RT-100 HAC End Drop Stress Intensity Results.........ccccceveevrceeieereceeeceeecieeeneen, 2-73
RT-100 Inner Shell HAC End Drop Stress Intensity Results ........cccoeeveeeeceeccnenennas 2-74
RT-100 Outer Shell HAC End Drop Stress Intensity ReSults........c.ceevvvervveervivveerneas 2-75
RT-100 Flange HAC End Drop Stress Intensity Results........c.occeevveeenerecvcecnueecneenas 2-76
RT-100 Outer Lid HAC End Drop Stress Intensity Results ........cccovevrveerierveirennnen. 2-77
RT-100 Inner Lid HAC End Drop Stress Intensity Results.........c.ccccvvvereerevreeernnnn. 2-78
RT-100 Lead STUMP ....cormiieriiiiienecete ettt see e sae e snr e e 2-79
RT-100 HAC Side Drop Stress Intensity Results .........ccccoeeeieevinienieennenencnecnens 2-82

Robatel Technologies, LLC

Page TOC-15



RT-100 Safety Analysis Report, Rev. 4
Docket No. 71-9365/TAC No. 1.24686

ROBATEL
February 13,2014

Figure 2.7.1-9
Figure 2.7.1-10
Figure 2.7.1-11
Figure 2.7.1-12
Figure 2.7.1-13
Figure 2.7.3-1
Figure 2.7.3-2
Figure 2.7.3-3
Figure 2.12.2-1
Figure 2.12.3-1
Figure 2.12.3-2
Figure 2.12.3-3
Figure 2.12.3-4
Figure 2.12.3-5
Figure 2.12.3-6
Figure 2.12.3-7
Figure 2.12.3-8
Figure 2.12.3-9
Figure 2.12.3-10
Figure 2.12.3-11

RT-100 Inner Shell HAC Side Drop Stress Intensity Results..........cccoevreicciirnianns 2-83
RT-100 Outer Shell HAC Side Drop Stress Intensity Results.........cccoceccevicericnicenns 2-84
RT-100 Flange HAC Side Drop Stress Intensity Results........c.ccccvievncvecenrerneencnne 2-85
RT-100 Outer Lid HAC Side Drop Stress Intensity Results............c.ccocieieniriicnn. 2-86
RT-100 Inner Lid HAC Side Drop Stress Intensity Results ........ccccececrvenervcncnnnnncns 2-87
RT-100 ANSYS Puncture Model...........ccooieirrerneinnneionniiiniiienenerserencerensenennes 2-94
RT-100 Pin Puncture Stress Intensity ReSults ........ccccovvieverinninnenencenesrenseereneennes 2-94
RT-100 Side Puncture Details.........cccooereeeienieciiniciiiiininisicien e ceneneresesnenenns 2-99
Schematic of the RT100 impact lIMiters .........ccovveereecreererneonrneerinereeeneeseteseneenas 2-104
Example Crush Strength-Strain Curve ...........oceveieereeieiinionienceeeeseeseeesseenes 2-111
Cask configuration at impact (End-Drop).........ccccovveiniiininnininnn. 2-112
Cask configuration when velocity becomes zero (End-Drop) .......... eerererenreneans 2-113
Diagram for contact area calculation (End-Drop) ......cccceeeeerrineeninrersercrcserseneens 2-113
Cask configuration at impact (Side-Drop)......cccevvecreerricirccrnnnrriesnerenereserenienens 2-115
Cask configuration when velocity becomes zero (Side-Drop)........cccceveeerecerercecnns 2-115
Diagram of CONtaCt ZOMNES .......ccccereeieeeieiririeeriieeecveereessseessarersrerssnsseseesessresssnesane 2-116
Cask Configuration at Impact (Corner-DIop) ........coveerereenereiiiennrenereiernreceererneens 2-117
Cask configuration when velocity becomes zero (Corner-Drop).......c.cccccceevereuenee 2-118
Typical Unit Cell Configuration .........c.ccccoveeruvrinrenrensereese s nscneeeeseeeeseeneenes 2-119
Crush sequence of two foam Cell ...........coviieieieereiinieeiriienre e 2-120

Proprietary Information Content Withheld Under 10 CFR 2.390

Robatel Technologies, LLC

Page TOC-16



RT-100 Safety Analysis Report, Rev. 4
Docket No. 71-9365/TAC No. L24686

© mosatEL
February 13, 2014

Figure 2.13.4-1
Figure 2.15.4-1
Figure 2.15.4-2
Figure 2.15.4-3
Figure 2.15.4-4
Figure 2.15.4-5
Figure 2.15.4-6
Figure 2.15.4-7
Figure 2.15.4-8
Figure 2.15.4-9
Figure 3-1
Figure 3.3.1-1
Figure 3.3.1-2
Figure 3.3.1-3
Figure 3.3.1-4
Figure 3.3.1-5
Figure 3.3.1-6
Figure 3.3.1-7

Proprietary Information Content Withheld Under 10 CFR 2.390

Compression Set vS. TeMPErature .........c.cvecveeerienesreeerseereesiessserseerssersrerssesseesenes 2-205
Stress Intensity Contour Plot of Primary Lid Following End Drop. .......cccccceeuvenee 2-217
Stress Intensity Contour Plot of the Primary Seal Region........cccccecvvevviveiiiccnnenne 2-218
Lid S€al GEOMELTY ...ccverriniieneieiereniriecrtestesnesseestesseessesssasssessssrassesssensnansessanes 2-219
Primary Lid Sealing Surface Displacement during Side drop .........ccccecuvevecreennnne. 2-220
Secondary Lid Sealing Surface Displacement during Side drop.......c..cccevevveeerennne 2-221
Primary Lid Sealing Surface Displacement during End drop.........cccecvvvvvevrueenene 2-222
Secondary Lid Sealing Surface Displacement during End drop .......ccccceevvureen.e. 2-223
Primary Lid Sealing Surface Displacement during Puncture..........ccccccevcervvenenne 2-224
Secondary Lid Sealing Surface Displacement during Puncture........cccccceevveeeuennne 2-225
Information Flow for the Thermal REVIEW ........cccvvveevieiiiecriinveireeniecieeseereeeeneeens 3-2
RT-100 ANSYS Finite Element Model Volumes.........c.cccovvereerevnviennenieenrenrnennens 3-17
RT-100 ANSYS Normal Condition Finite Element Mesh..........cccccccveevvveenennnenn. 3-18
Temperature Contour Plot of Package—Hot Case 1......ccovvverieenieniinninnciineniennn, 3-19
Temperature Contour Plot of Cask Body—Hot Case 1.....cccoceveeeiierinnnncincene, 3-20
Temperature Contour Plot of Inner Shell Surface—Hot Case 1.........ccceevveveennens 3-21
Temperature Contour Plot of Lead Shielding—Hot Case 1 .........cccvvveveveeercnnnnns 3-22
Temperature Contour Plot of Package—Hot Case 2.........ccceevimrvnercvcriereecrieenne, 3-23

Robatel Technologies, LL.C

Page TOC-17



RT-100 Safety Analysis Report, Rev. 4
Docket No. 71-9365/TAC No. L24686

© RoBATEL
February 13, 2014

Figure 3.3.1-8
Figure 3.3.1-9
Figure 3.3.1-10
Figure 3.3.1-11
Figure 3.3.1-12
Figure 3.4.1-1
Figure 3.4.1-2
Figure 3.4.1-3
Figure 3.4.1-4
Figure 3.4.1-5
Figure 3.4.1-6
Figure 3.4.1-7
Figure 3.4.1-8
Figure 3.4.1-9
Figure 3.4.1-10

Figure 3.4.1-11

Figure 3.4.2-1
Figure 3.4.2-2

Figure 3.4.2-3

Figure 3.4.2-4

Temperature Contour Plot of Cask Body—Hot Case 2.......c..ccccerverevereverveenvencnenes 3-24
Temperature Contour Plot of Package—Cold Case 1 .......cccoocevveriiivecnsericrnceccnns 3-25
Temperature Contour Plot of Cask Body—Cold Case 1........ccccoeveivmninccecnnccenas 3-26
Temperature Contour Plot of Package—Cold Case 2.......c.cccevuririeirirercreececrerecenses 3-27
Temperature Contour Plot of Cask Body Cold Case 2........cccoveviriieeniecincineceneens 3-28

Temperature Contour Plot of Package Pre-Fire Fire Condition—HAC Pin

Damage on Top Impact LIMiter.......coccovuiiiiinnnmennnininninierieiniecsseesnensnes 3-33
Temperature Contour Plot of Cask Body Pre-Fire Condition—HAC Pin

Damage on Top Impact LIMIter........ccocccviviinrneneernrnerreccereneeesreseserresereeceeeenens 3-34
Temperature Contour Plot of Inner Shell Pre-Fire Condition—HAC Pin

Damage on Top Impact LIMIter........ccc.ceciimveeiveriireerenseniieneeeneee e e e sne s 3-35
Temperature Contour Plot of Package at the End of Fire—HAC Pin Damage

0N TOP IMPACE LIMILer.....c.coiiiieiieieenrctcecreeet ettt s et seene 3-36
Temperature Contour Plot of Cask Body at the End of Fire—HAC Pin

Damage on Top Impact LIMiter .......c.ccoooreriirerieenrerennieniiiniiceneeeeceree e eereceeesanes 3-37
Temperature Contour Plot of Package after Cool-Down—HAC Pin Damage

0N TOP IMPACt LIMILET.....ccccviieereereriiieenireenieeererarsornesseressressnreesnsssssnssassassasssanases 3-38
Temperature Contour Plot of Cask Body after Cool-Down—HAC Pin

Damage on Top Impact LIMIter.........cccvervuereeeimnrersenreisneentenceriessecsreesinesseeseenee 3-39
Time-History Plot of Critical Package Components—HAC Pin Damage on

Top IMPact LIMILEr ...c..cooiiiiiieiecieernenrerereres ettt 3-40
Time-History Enhanced View Plot of Critical Package Components—HAC

Pin Damage on Top Impact LiMiter.......ccccceeiieriveeeieecreennininneeneeesseconieesssanenenes 3-41
Maximum Temperature of the Inner Shell—HAC Pin Damage on Top Impact

LIMIEET coeintiiieniiiiiciiit ettt st st rn e s rar e sae e s st s e e sa e 3-42
Maximum Temperature of Lead Shielding—HAC Pin Damage on Top Impact

LAMITET 1oeintiiiiciiit ettt s se e st e et e s e e e e e 3-43
Cask Model-HAC Pin Damage on Cask Body Side........ccccererieinircncecrccrenneeneens 3-45

Temperature Contour Plot of Package Pre-Fire Condition—HAC Pin Damage

0N Cask Body SIe .....cccvverviieniiiiiiniiiieee e este e reesreeenre e s s e sar e s nneennes 3-46
Temperature Contour Plot of Cask Body Pre-Fire Condition—HAC Pin

Damage on Cask Body Side .......ccooieiiiciiinvriirireee e vr e nees 3-47
Temperature Contour Plot of Inner Shell Pre-Fire Condition—HAC Pin

Damage on Cask Body Side ........cooeveveririerennneesinicniccnicrenecnreerec e 3-48

Robatel Technologies, LLC

Page TOC-18



RT-100 Safety Analysis Report, Rev. 4
Docket No. 71-9365/TAC No. L24686

ROBATEL
February 13,2014

Figure 3.4.2-5
Figure 3.4.2-6
Figure 3.4.2-7
Figure 3.4.2-8
Figure 3.4.2-9
Figure 3.4.2-10
Figure 3.4.2-11
Figure 3.4.2-12
Figure 4-1
Figure 4.1.2-1
Figure 4.3.1-1
Figure 4.3.1-2
Figure 4.4.4-1
Figure 5-1
Figure 5.3.1-1
Figure 5.3.1-2
Figure 5.3.1-3
Figure 5.3.1-4
Figure 5.3.1-5
Figure 5.3.1-6

Figure 5.3.1-7

Figure 5.4.4-1
Figure 5.4.4-2

Temperature Contour Plot of Package at the End of Fire—HAC Pin Damage
ON Cask BOAY Side ......cooivreieieierieinriininsresieescseeesineniereseseessensseesessresssressseeseseess 3-49
Temperature Contour Plot of Cask Body at the End of Fire—HAC Pin

Damage on Cask Body Side .......coceviniiiinernennniiiciretestesesiteeeseeere e 3-50
Temperature Contour Plot of Package after Cool-Down—HAC Pin Damage

0N Cask BoAY Side .....cccovverercrriniiiiniinireecireeeseesienerseesesensseesesesessssesssesessssassesass 3-51
Temperature Contour Plot of Cask Body After Cool-Down—HAC Pin

Damage on Cask Body Side ....c.ccoceiiierceniinnirnieieecerenine et 3-52
Time-History Plot of Critical Package Components—HAC Pin Damage on

Cask BOAY Side.....ccouieiiiieiiieeer ettt et setsee s sne e e s eressn e ssnasraseae e 3-53
Time-History Enhanced View Plot of Critical Package Components—HAC

Pin Damage on Cask Body Side ........ccceveerinirienenieieieteieceetee et 3-54
Maximum Temperature of the Inner Shell—HAC Pin Damage on Cask Body

S ettt ettt e st eae e ra e anes 3-55
Maximum Temperature of Lead Shielding—HAC Pin Damage on Cask Body

ST .ttt et sttt sae et e e e e s e saeene 3-56
Information Flow for the Containment ReVIew ........c..cccovveriiceinininnvninnseereeneeninees 4-2
Illustration of Containment Boundary.........ccccvveeeeniieniiiiennienseneesseesersressessssseneens 4-4
Allowable Air/Helium Mixture Test Leakage Rates ...........cccceveevievvierernnrennvnninenee 4-12
Allowable Helium Test Leakage Rates .......ccccovevveiieeniininneeniencineenreeneeseseseenens 4-13
Package Loading Curve for Hydrogen Generation — Decay Heat Limit Versus

WaASte VOIUIME.......ooiiiieeiitertenercecet ettt n st er et e ve s e s sressr e srnssba s seanna s 4-31
Information Flow for the Shielding Evaluation ..........ccccocovirievenenceninincnicnenene 5-4
NCT MOAEL 1 ettt st sttt et et e st e st s b asssa s nessneass 5-13
NCT Model 2, 10% COmMPACLION ......covvereererrererrireersrirrrressrseerrreseressrsessesessssassesans 5-14
NCT Model Tally Surfaces for Dose Rate Response Estimation........c.cccccceveecunne. 5-15
HAC End Drop Lead Slump and Pin Puncture Model...........cccceervverervrerirenceiniennenns 5-16

HAC Side Drop Lead STump Model ........ccceeiriiniriinicieietereseereneeeesee e 5-17
HAC End Drop/Pin Puncture Model Detector and Tally Surfaces for Dose '
Rate Response EStMAation........cc.ccecvieciriciencnnccincnnrisen i seseessensseesssssessssessessess 5-18

HAC Side Drop Model Detector and Tally Surfaces for Dose Rate Response

EStIMAtION ...ttt sttt e s 5-19
NCT Upper Impact Limiter Radial Tally Surfaces and Dose Rates for Co-60........ 5-35
NCT Upper Impact Limiter Radial Tally Surfaces and Dose Rates for Cs-137 ...... 5-35

Robatel Technologies, LLC

Page TOC-19



RT-100 Safety Analysis Report, Rev. 4
Docket No. 71-9365/TAC No. L24686

ROBATEL
February 13,2014

Figure 5.4.4-3
Figure 5.4.4-4
Figure 5.4.4-5
Figure 5.4.4-6
Figure 5.4.4-7
Figure 7-1
Figure 7.1.1-1
Figure 7.1.2-1
Figure 7.1.3-1
Figure 7.4.2-1
Figure 7.4.2-2
Figure 7.4.2-3
Figure 7.4.2-4
Figure 7.4.4-1
Figure 7.4.4-2
Figure 7.5-1

Figure 8-1

Figure 8.1.4-1
Figure 8.1.4-2
Figure 8.1.4-3
Figure 8.1.4-4
Figure 8.1.4-5

Figure 8.1.4-6

Figure 8.3.2-1
Figure 8.3.2-2

Total Dose Rate Response for Co-60 .........c.ccevvvieeiiineiiierirnrsiresessnersnesreessessansssenns 5-36
Total Dose Rate Response for Cs-137.....ccccovviiriiiiniinninnenienneesesesernnessnssrnessessns 5-37
Summary of Calculated Dose Rate Margins..........cccocvceeevericiersceeninneenceeessveessveesne 5-40
Example of Media Density Effect........c.ccoervieereciinienrieerceecrenereceeeeercnene 5-43
NCT Maximum Gamma Dose Rates for Co-60 Content at 0.65 g/cC...ceveevrecreerenen. 5-46
Information Flow for the Operating Procedures Review..........cccccceeeeeieienennnenenenen. 7-2
Preparation for Loading Process Flowchart........cccuceceeeviiiniiriniienrnninnennerneecsnneeenns 7-4
Loading of the RT-100 Process Flowchart ..........cccovciirnimeioiiicenseerceeecennneeninneens 7-7
Preparation for Transport Process Flowchart........cc.ceevviviiviinenncennnceccneneen, 7-10
Spreader Beam Arm Positioned on CasK........ccccceiereieinrenencrereeeeeceecerenenene 7-15
Spreader Beam CONNECLIONS ........ceerveerererieniieriietiiesrissessreessaeeseesesesesesaesasesnessns 7-15
Spreader Beam Secured with Locking Pin ........c.ccovvvvvrrenicieniecienecseesceseecnene 7-15
Assembled Cask Ready t0 Lift......c.coveverimreieiceceeeereeeeeeeecreeseeeerenene 7-15
Example Trailer IHUSLration........cccccccerrvriceeiieecricnnirinieesneesinesereseeesereosessersecens 7-17
Loading of the RT-100 on Transportation Trailer.........cccceveverieeeccrerenreceeervnnnnnnns 7-17
Package Loading Curve for Hydrogen Generation — Decay Heat Limit Versus

WSt VOIUME.....cooneiiiiiiiiiiiir ettt ettt et e e 7-21
Information Flow for the Acceptance Tests and Maintenance Program Review....... 8-1
Cask Body Containment Boundary Test Apparatus...........ccecevevsvervverereeesseerareesnanens 8-5
Primary Lid Assembly Containment Boundary Test Apparatus...........cccceecrveererucene 8-6

Test Apparatus for Measuring the Helium Leak Rate through the Quick

DISCONNECE VALVE ...cceueiiieiriiiiriiieerierecereeretesereeeesteessesssseesssessaneeesorsonsnesacssssansoneasans 8-9
Alternate Test Apparatus for Measuring the Helium Leak Rate through the

Quick DISCONNECt VAIVE ....c.eeeeiireieiieiieerceteee et e s seeee s sneeseaneesesanessssanasssanens 89
Test Apparatus for Measuring the Helium Leak Rate through the Quick

Disconnect Valve COVer PIate ..........ccccoiveeeiiciiininrincntrsenneese et sre s 8-11

Alternate Test Apparatus for Measuring the Helium Leak Rate through the

Quick Disconnect Valve Cover Plate .........ccccooiveviiriciiieciiiececree st seccie e 8-11
Lead Solidification DIagram.........ccccovceeverremnirrirererseetes e e e nees 8-29
Effect of temperature on the physical properties of AISI 301 stainless steel........... 8-31

Robatel Technologies, LLC

Page TOC-20



RT-100 Safety Analysis Report, Rev. 4
Docket No. 71-9365/TAC No. L.24686

© moBaTEL
February 13, 2014

List of Tables

Table 2.1.2-1
Table 2.1.2-2
Table 2.1.3-1
Table 2.2.1-1
Table 2.2.1-2
Table 2.2.1-3
Table 2.5.1-1
Table 2.5.2-1
Table 2.5.2-2
Table 2.5.2-3
Table 2.6.7-1
Table 2.6.7-2
Table 2.7.1-1
Table 2.7.1-2
Table 2.7.1-3
Table 2.7.1-4
Table 2.7.1-5
Table 2.7.3-1
Table 2.7.4-1
Table 2.12.3-1
Table 2.12.4-1
Table 2.12.4-2
Table 2.12.4-3
Table 2.12.4-4
Table 2.12.4-5
Table 2.12.4-6
Table 2.12.4-7
Table 2.12.4-8
Table 2.12.4-9

Table 2.12.4-10
Table 2.12.4-11
Table 2.12.4-12
Table 2.12.4-13

Load Combinations for RT-100 Cask Body Analyses ........cccereverernvensersnnvensssenienes 2-5
Structural Design Criteria for RT-100........ccceviiniiierciniieeicereeneesereteeeeeneenees 2-5
Assembly Weights and Center of Gravity Locations...........ceccececrernienieneernsreneennenes 2-7
Cask Temperature-Dependent Material Properties .........cccveccereceniinenenenoneninenenees 2-9
Cask Temperature-Independent Material Properties ..........ccceevvverrueervvercnercrncernnnens 2-10
Allowable Stresses for Cask Body Materials........ccccoeerverveercrrecniennieenseeecssesserenenne 2-10
Summary of Results for Lifting Assembled Cask........cccoceeveviirvinnncenienneenieenne 2-21
Tie-down Arms Horizontal Angles ..........ccocviviriiiionininniiene e srerererccererererecenens 2-29
Calculated Values for Tie-DOWN AImS ......cccoceeievirntriienieniereser et esee e 2-33
Calculated Forces for Tie-DOWN ATMS......cccccrrierieniinrencreeneeereserseecseecreeeneenne 2-33
NCT Side Drop Stress SUMMATY ......covveivviiirerreseree st eererseer e res e s e eseresannes 2-54
NCT End Drop Stress SUIMMATY ...c..ceeeerrererieierereriieeresirersenesecsseresssseessssenesesessenes 2-62
Deceleration Loadings in RT-100 Cask Body Finite Element Analyses................. 2-70
HAC End Drop Stress SUMMATY .......ccccvvierererrecereriiieeereseeseseessesssssesseesessssesesones 2-72
HAC Side Drop Stress SUMMATY .......ccceeriierervenercreeneeeroneessesssessssessonersassessesssceens 2-81
Corner Drop Component ACCEIerations .........cccevceeriereereierericernieeneeseresereeeseeeans 2-88
HAC Corner Drop Stress SUIMMATY ......c.coccerrrreeirrereeirerseessreeessresesseessessesesesees 2-89
HAC Pin Puncture Stress SUMMArY .......cccooveerveeeciersinennernsnenireesssnessessseesssenesens 2-93
HAC Pressure Stress SUMMATY.....cooeiviiiiiiiniineeiereniiessiesneesossressesesne 2-101
Foam Crush Strength Coefficients ........c.ccoevieiriieniecneinnein e 2-110
Maximum Decelerations Summary for 9.0 m End-Drop Case.......c.ccocerveereeerenen. 2-125
Maximum Crush Depths for 9.0 m End-Drop Case......c.ccoccerecereenvererinerereecnenans 2-125
Maximum Decelerations Summary for 9.0 m Side-Drop Case.......c.ccocerrcrierene 2-128
Maximum Crush Depths for 9.0 m Side-Drop Case .........cccceeveeerrvrevveccrernrererennes 2-128
Maximum Decelerations for 9.0 m Corner-Drop Case.........ccoooeeeveecrerecreceneennne 2-131
Maximum Crush Depths for 9.0 m Corner-Drop Case.........ccoccerverervesvrveecrvenrenns 2-131
Maximum Decelerations for 0.3 m End-drop Case......c.cceooeervrccnccvivnnennneeencnne 2-135
Maximum Crush Depths for 0.3 m End-drop Case......c.ccceceererurecrereninerrneeesrecenes 2-135
Maximum Decelerations for 0.3 m Side-drop Case .......c.cccevvervrveriersivrinseenenns 2-138
Maximum Crush Depths for 0.3 m Side-Drop Case .......ccccccervrvrrvrerrrueerceercererenss 2-138
Maximum Decelerations for 0.3 m Corner-Drop Case..........c.cceevueervrencrvnernreracnons 2-141
Maximum Crush Depths for 0.3 m Corner-Drop Case..........cceereveerererrereesrerenenns 2-141
Actual Test Conditions - 3/10 Scale Cask Drop Tests......c.cceeverereercrerericreerecrenenans 2-143

Robatel Technologies, LLC

Page TOC-21



RT-100 Safety Analysis Report, Rev. 4

® RoBATEL

Docket No. 71-9365/TAC No. L24686 February 13,2014
Table 2.12.4-14  Foam Densities - 3/10 Scale Cask Drop Tests.........ccvveerrerrrernrirnssresreenssesessvenns 2-143
Table 2.12.4-15  Predicted and Actual Deceleration and Crush Depth - 3/10 Scale Cask End-

DTOD ittt et re st re s e e s e s e e s e s nae s e s ane s s anaesananens 2-144
Table 2.12.4-16  Predicted and Actual Deceleration and Crush Depth - 3/10 Scale Cask Corner-

| () o OSSOSO P PP SUPR PP 2-146
Table 2.12.4-17  Predicted and Actual Deceleration and Crush Depth - 3/10 Scale Cask Side-

IO ettt ettt ettt ettt et st s r et e sttt e s r e e s nr e s e st e s en st ne s e neresaraneseanarasan 2-148
Table 2.12.5-1 Comparison of 3/10th Scale Drop Test Results and Analytical Method............... 2-150
Table 2.12.6-1 Design Decelerations for Subsequent Cask Body Analysis........ccceeceerecerrnenrcnnnnns 2-151
Table 2.13.2-1 Closure Bolt Loads for 9.0 m Corner-Drop ........ccecvverrveeriernersienveesierereenseersesnnes 2-176
Table 2.13.3-1 Primary Lid Bolt Load SUMMAry ......c...ccovecreeeiiriceieeene e sseesseeeeeene 2-187
Table 2.13.3-2 Secondary Lid Bolt Load SUMMALY .....ccccccvirimeerrirecieenneennneniieenessnesssesessesnane 2-187
Table 2.15.4-1 Stress Concentration FAaCIOrS........ovoviierrcreeniicreircecect et ece et seeene 2-214
Table 2.15.4-2 Sealing Surface Stress SUMMATY........cooceirieerciereieneeeeneesstenireeesereeeresensesesenns 2-215
Table 2.15.4-3 Lid Seal Groove Region SIresSses.......cccvvnieieiverenverseerireerinnrenereireseessseesesessnees 2-215
Table 2.15.4-4 HAC Seal Region Displacement ..........cccoceriecviinrnineinennensesrersesereesrnsssesnseseees 2-216
Table 3.1.3-1 RT-100 Maximum Normal Condition Temperature SUMMary........cceccceeeeeeveerenennns 3-6
Table 3.1.3-2 RT-100 Maximum Calculated Temperature of Cask under HAC with Pin

Puncture Damage on Top Impact LImMiter ........cccecoeevvrrecereveenrienrnersseneeneerereneoneeens 3-6
Table 3.1.3-3 RT-100 Maximum Calculated Temperature of Cask under HAC with Pin

Puncture Damage at the Side of the Cask Body..........ccccoecivivrivniinsnnnnnrecnienieennnen 3-7
Table 3.1.4-1 RT-100 Summary of Maximum Normal and Hypothetical Accident Condition

PIESSUTES ..ceeineeiiiiriniiientrecrerereereererereenee s st e ssnesesenssseasssenesasaessseessesnssessnsessssessssaens 3-7
Table 3.2.1-1 Temperature-Independent Material Properties ....cccoecvereeerveeicecesiccncneneseeenenecsnnens 39
Table 3.2.1-2 Temperature-Dependent Material Properties—Stainless Steel 304 ............ccouo...... 3-10
Table 3.2.1-3 Temperature-dependent Material Properties—Lead........c.ccceocveeevemeveercinnvcnereennne 3-11
Table 3.2.1-4 Temperature-dependent Material Properties—Ceramic Paper ..........cccccvereeveereneanne 3-11
Table 3.2.2-1 Component Specifications — Minimum and Maximum Temperatures.................... 3-12
Table 3.2.3-1 Maximum Temperature Limits for RT-100 Content Materials...........ccccocceveeeeennene. 3-13
Table 4.1.4-1 Bolt Torque REqUITEMENLS......c.cccvreeerreriircerreiniereriieresreeieserreenesssenesesanesesesnenes 4-6
Table 4.1.5-1 Cask Cavity DIMENSIONS........cccveeiureriiiiiieirsieeeetesseesseessseeeteseteeesseesseesenseeseesnees 4-6
Table 4.1.5-2 Cask Cavity VOIUME........ccoceeeceeirieiriiniiieierenieseeerereeseseeeeseesseeessesseseasssesssasasassas 4-6
Table 4.1.5-3 Parameters for Normal Transport and Accident Conditions..........covceeeeerevveerrennanenn. 4-7
Table 4.3-1 Leakage Tests of the RT-100 Package .........coccevvirveerreerveennecrinneenineenseenennsesssesneenens 49

Robatel Technologies, LL.C Page TOC-22



RT-100 Safety Analysis Report, Rev. 4

© RoBeaTEL

Docket No. 71-9365/TAC No. L24686 February 13,2014
Table 4.3.1-1 Helium and Air VISCOSILY ...c.cciveeerierierieriecetnreesnessseentessseseesnsersesessssesssssssesssaenss 4-11
Table 4.3.1-2 Allowable Helium Test Leakage Rates, CIMP/SEC.....c.cceevurerecreerneerierennverenueesssenenns 4-14
Table 4.4-1 G Values (Molecules/100eV) for Potential Content Materials ...........ccccceeeunrennnen. 4-17
Table 4.4-2 Effective G Values (Molecules/100eV) for Potential Content Materials ................ 4-18
Table 4.4-3 ACtIVAtion ENEIZY ..cceeriiiiieiiecite ettt st e s see e e sne s e e st ssae s ne s nevanenns 4-19
Table 4.4-4 Bounding G Values for Contents at Maximum NCT Temperature............cccceereennes 4-20
Table 4.4-5 Effective G Values and Corresponding a Values for Contents.............cccoevrurrernnene. 4-25
Table 4.4.3-6 Secondary Container Volumes and Allowable Shoring Volume..........cccceveunneeee. 4-29
Table 4.4.4-1 Conditions and Justifications for using Package Loading Curve

(FIUIE 4.4.4-1) vttt ettt e e e s e st e bemee st e s e e nn e s e aneas 4-32
Table 4.4.5-1 G-values and a-Fractions for a Range of Alpha/Gamma Decay Heat

DASEIIBULIONS. .. vttt ettt ettt et e e s e s e et e s ses e ennesnansans 4-34
Table 5.1.2-1 Summary Table of External Radiation Levels (Exclusive Use).........cccccevuvreeernrnen. 5-6
Table 5.2.1-1 One Curie Co-60 Gamma SoUrce TEIM ........ceicercereriereericerrtereeeeeeeeeeseeesassnsesens 5-7
Table 5.2.2-1 One Curie Cm-244 and Pu-242 Neutron Source TerM........cccceevevereeruririnineeeiasneneienne 5-8
Table 5.3-1 Model Shielding ThiCKNESSES .......ccererverirrrenereirecciireriereresrresseescreessesessssesseeesseeas 5-9
Table 5.3.2-1 RT-100 Material Composition SUMMATY .......ccccevveererniernrerienieeniserieessrerecsseessenses 5-21
Table 5.4.3-1 ANSI/ANS 6.1.1-1977 — Gamma Flux-to-Dose Conversion Factors ..................... 5-28
Table 5.4.3-2 ANSI/ANS 6.1.1-1977 — Neutron Flux-to-Dose Conversion Factors..................... 5-29
Table 5.4.4-1 Summary Dose Rates and Responsible Radionuclide for the Maximum

Allowable Source Strength Density .......c.ccoeveerrerrerrininricee e eereee e eeee et e e 5-30
Table 5.4.4-2 MCNPS5 Statistics Summary for NCT Gamma Analysis - Passed?.........cccecuenene. 5-32
Table 5.4.4-3 MCNPS Statistics Summary for HAC Gamma Analysis .........cccevererriniinrinenenne. 5-32
Table 5.4.4-4 NCT Dose. Rate Responses Due to Bremsstrahlung...........cccceveveeeieiveeicciieeeninnnn. 5-41
Table 5.4.4-5 NCT Gamma Dose Rates for the Maximum Radionuclide Loading....................... 5-47
Table 5.4.4-6 NCT Neutron Dose Rates for the Maximum Radionuclide Loading .............c........ 5-53
Table 5.4.4-7 HAC Gamma Dose Rates for the Maximum Radionuclide Loading ...................... 5-54
Table 5.4.4-8 HAC Neutron Dose Rates for the Maximum Radionuclide Loading...................... 5-60
Table 5.5.1-1 List of Gamma Radionuclides with Greater Than 1 Day Half Life...........ccccu....... 5-61
Table 5.5.2-1 NCT Gamma Dose Rate Responses (mrem/hr/Ci).......c.coccvvveeeeeceerecencceeiceenneene 5-63
Table 5.5.2-2 HAC Gamma Dose Rate Responses (mrem/hr/Ci) ........ccceeeeervreerieveeseeeerecerennnen. 5-71
Table 5.5.2-3 NCT Radionuclide Neutron Dose Rate Responses (mrem/hr/Ci)........cceevierueerunnne 5-79
Table 5.5.2-4 HAC Radionuclide Neutron Dose Rate Responses (mrem/hr/Ci).........ccccceeeereeenee 5-79
Table 5.5.3-1 Radionuclide Maximum Ci/g Loading Limits based on Gamma Response............. 5-80

Robatel Technologies, LL.C

Page TOC-23



RT-100 Safety Analysis Report, Rev. 4
Docket No. 71-9365/TAC No. L24686

® RoBATEL
February 13, 2014

Table 5.5.3-2
Table 5.5.4-1
Table 5.5.4-2
Table 7.4.5-1
Table 7.4.5-2
Table 7.5.1-1
Table 7.5.1-2

Table 7.5.2-1

Table 7.6.1-1
Table 7.6.1-2
Table 7.6.1-3
Table 7.6.1-4
Table 7.6.1-5
Table 7.6.1-6
Table 8.1.5-1
Table 8.1.5-2
Table 8.1.5-3
Table 8.1.5-4
Table 8.1.5-5
Table 8.1.5-6
Table 8.1.5-7
Table 8.1.5-8
Table 8.1.5-9
Table 8.1.5-10
Table 8.1.5-11
Table 8.1.5-12
Table 8.1.5-13
Table 8.1.5-14
Table 8.3-1
Table 8.3-2

Radionuclide Maximum Ci/g Loading Limits based on Neutron Response............. 5-88
RTL-001-CALC-SH-0201 MCNP Model Description and Directory Names......... 5-89
RTL-001-CALC-SH-0201 MCNP Model Tally Index .........cccoceeveerermeerrnerreeneeene 5-89
Lid Bolt Tightening TOIQUES........c.ccciiviiiiinrimininiiiitiess s 7-18
Tightening Torques - Other Parts........cccoecereiiiininienesreereccn it sescsteseeenns 7-18
Conditions for using Package Loading Curve (Excerpt from Table 4.4.4-1) .......... 7-21
Secondary Container and Allowable Shoring Volumes (Excerpt from Table

BA.376) ..ttt sttt e s e a s s r e sneene 7-22
G-values and a-Fractions for a Range of Alpha/Gamma Decay Heat

Distributions (Excerpt from Table 4.4.5-1) ...coceveriiiviriienieciecrrercrer e 7-25
RT-100 Loading Table ITUStration.........ccceoeeveriereieserierieeneeeseeneenereceeeeenennne 7-30
Turkey Point Loading Table Example.........ccccevviviiieiiiininiinninnnennnennnens 7-35
St. Lucie Loading Table EXaMPIE.......cccccvervrereirenreercrnesrereniessonensneresereseeecsecerane 7-37
Maximum Co-60 Loading Table Example .........ccociveviiieviiniiinninniniinininnnecnneenn 7-39
Failed Loading Table EXxample .........ccccocoiiiiiniiiiiinniiiniinniinnenccensecenicnneenns 7-40
Radionuclide Activity Concentration Limits ........ccocvivrciiinnnnnnninnnninniiiinen, 7-41
Material Specifications for O-RiNgS........ccccevceerrerrrrrererensiinnnressnneresceeerrerenresseenens 8-13
Basic Requirements for O-Rings.......cccviviiiiniiininiiiniinnn, 8-13
Supplémentary Requirements for O-Rings.......cccocecerervereeecrecrecrennerrereerersnereenenen: 8-14
Critical Characteristics of Ceramic Paper..........cccccocoreniniccinnnnrniiecientivecies 8-14
Materials and Reference Standards for Carbon Steel and Alloy Steel Fasteners.....8-15
Chemical Composition for Carbon Steel and Alloy Steel Fasteners.........ccccc.cc... 8-16
Mechanical Properties of Carbon Steel and Alloy Steel Fasteners .........ccccevuueennee. 8-17
Materials and Reference Standards for Stainless Steel Fasteners ..........c.ccccceueee..e. 8-18
Chemical Composition for Stainless Steel Fasteners ..........cccccovvvveviinninivccrinencnas 8-18
Mechanical Properties of Stainless Steel Fasteners.........ooeecoeeevvrieeieenresenicneneenne 8-18
Chemical Composition for Stainless Steel Bars........ccevvviiinnnnininiincncniin, 8-19
Mechanical Properties of Stainless Steel Bars........c.cccveccreevcrernceeniieinnveniccnnenennen, 8-19
Chemical Composition for Threaded INSEItS ......c.cccerverererveraererereriorrereernienienennen 8-20
Mechanical Properties of Threaded INSerts........cc.ceecveecericrieennnreninrrccneeereneerennce 8-20
RT-100 Leakage TeSt TYPES ....ceeerorererreeiriniiriiiiee it sreeressesremsssstssssssesssssnnsessanne 8-27
Allowable Helium Leakage Rates........cccovvrererecreenrerrccrernmreneenreecerenererecneenenenaens 8-27

Robatel Technologies, LLC

Page TOC-24



RT-100 Safety Analysis Report, Rev. 4

© rosateL

Docket No. 71-9365/TAC No. L24686 February 13,2014
List of Attachments
Attachment 1.4-1 RT100 NM 1000 Rev. F — Bill of Material........ccccooeeriiieiieriinevnesenencrieeeeeseeennn 1-13
Attachment 1.4-2 RT100 PE 1001-1 Rev. H — Robatel Transport Package RT-100 General

ASSEMDLY ShEet 1/2...uiieiiiiiiiiiiri e erererreerre e eete s srssesresssaesssseesenenssnseans 1-19
Attachment 1.4-3 RT100 PE 1001-2 Rev. H — Robatel Transport Package RT-100 General

ASSEMBIY Sheet 2/2....cociviiiiiiieectireierceecirresveesstee e s see e e sesaesesseeesseeeseesnneenns 1-20
Attachment 1.4-4 RT100 PRS 1011 Rev. E — Robatel Transport Package RT-100 Cask Sub

Assembly Weld Map Cask Body .......ccccimrcinvnnnviineninneiineineeneessssessesssesssenns 1-21
Attachment 1.4-5 RT100 PRS 1013 Rev. C — Robatel Transport Package RT-100 Cask Sub

Assembly Weld Map Secondary Lid.........cccceeeevereenernreeenieeinineneienesiesisneerereeeseennns 1-22
Attachment 1.4-6 RT100 PRS 1031 Rev. D — Robatel Transport Package RT-100 Cask Sub

Assembly Weld Map Lower Impact Limiter .......ccccceevirreiercierieee v e 1-23
Attachment 1.4-7 RT100 PRS 1032 Rev. D — Robatel Transport Package RT-100 Cask Sub

Assembly Weld Map Upper Impact Limiter.........c.ccceverireneinirercreeenreennsesenneenenenns 1-24
Attachment 1.4-8 102885 MD 1031-06 Rev. F — Robatel Transport Package RT-100 Sub

Assembly Fabrication Drawing Impact Limiter Foam........c.c.covceveveienvnerevreereenns 1-25
Attachment 2.12-1 General Plastics Foam Product Information Sheets ........ccccccivevvieeereeveereverevennans 2-152
Attachment 3.5-1 EPDM Temperature Specifications............ccceeererrernnersenneenre e etesereeee e e 3-61
Attachment 3.5-2 Seal Material EPDM Working Temperature..........cccoeveeereeereerrseerescerereereresaeennes 3-62
Attachment 3.5-3 Water Vapor Pressure Reference (80°C).......covveveeiienierniirinnnnenerieeeseerecesseeeennes 3-63
Attachment 3.5-4 Water Vapor Pressure Reference (150°C) .....coiiiicccrerirrnrnniienneesieeeeeeeeeesesneenees 3-66
Attachment 4.5-1 EPDM Temperature SpPecifiCations.........cccoererererrerererreerarurecreesssreessenssessssnsessasenes 4-35
Attachment 4.5-2 Seal Material EPDM Working Temperature...........cccococeeriierienneniuesiensiersessessinens 4-36
Attachment 4.5-3 Seal Material EPDM Helium gas permeation rate...........ccceeceveverreveericeevevvreieneenns 4-37

Attachment 4.5-4

Attachment 4.5-5

Seal Material EPDM Characteristics With Respect to Damage by Radiation
and Hardness CONCEITS .....ccoeieriermieiiriirteteeiesie st eteteste st et e e e e e b e e eeeseeae s 4-39
Additional Support Information about EPDM Resistance to Radiation Up to
5x10® Rads While Retaining Reasonable Flexibility and Strength, Hardness
and Very Good Compression Set Resistance.........cceeveerveerirernrereirreserenennsennnnenns 4-43

Robatel Technologies, LLC Page TOC-25



(o)
RT-100 Safety Analysis Report, Rev. 4 @ RDBAI»-%!E
Docket No. 71-9365/TAC No. L24686 February 13, 2014

1. GENERALINFORMATION

ROBATEL Technologies, LLC (RT) submitted its Application and Safety Analysis Report
(SAR), Revision 3, to the Nuclear Regulatory Commission (NRC) on 14 January 2014 [Ref. 3]
for the Model RT-100 Type B(U) Cask Package (RT-100). Revision 3 addressed the Request for
Additional Information (RAI) received from the NRC on 26 November 2013 [Ref. 4].

After further review, RT submits this Revision 4 of our Application and SAR in accordance with
its NRC-approved RT Quality Assurance Program [Ref. 1]. Revision 4 includes editorial changes
for clarification, and replaces the previous submittal (Revision 3) in its entirety.

Chapter 1 of the SAR provides General Information that feeds information to later sections in this
application according to Figure 1-1 on the following page. The RT-100 meets the following
general requirements for all packages:

o The smallest overall dimension ofthe RT-100 is not less than 10 cm (4 in.).

o The outside of the RT-100 incorporates a feature that, while intact, is evidence
that the package has not been opened by unauthorized persons.

1.1 Introduction

The purpose of this application is for the approval of a new type B(U) cask design. The
“RT-100" is the proposed cask model number. The RT-100 is proposed to package and transport
contaminated spent resins and spent filters.

This application does not request the packaging and/or transport of fissile material in quantities
exceeding those exempted from consideration in accordance with 10 CFR 71.15 [Ref. 2] and thus,
the Criticality Safety Index (CSI) is non-applicable.
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1.2 Package Description

Section 1.2 provides a summary of all
design aspects of the RT-100. A general
arrangement of the RT-100 cask is included
in Appendix 1.4. The general arrangement
depicts the package dimensions and the
materials of construction. Figure 1.2.1-1
shows the major components of the RT-100
as an exploded artist view with the various
components labeled.

1.2.1 Packaging

Section 1.2.1 provides details regarding
overall dimensions, weight, containment,
shielding, criticality, structural features, heat
transfer features and package markings.

1.2.1.1 Overall Dimensions

The package consists of a stainless-steel and
lead cylindrical shipping cask with a pair of
cylindrical foam-filled impact limiters

installed .on‘ each c?nd.. The package Figure 1.2.1-1 RT-100 Cask Package
configuration is shown in Figure 1.2.1-1. Artist Concept

The internal cavity dimensions are 1730 mm in diameter and 1956 mm high. The cylindrical cask
body is comprised of a 35 mm thick outer stainless-steel shell and a 30 mm thick inner stainless-
steel plate. The annular space between the shells is filled with 90 mm thick lead.

The base of the cask consists of a 30 mm thick stainless steel outer bottom plate, a 75 mm thick
gamma shield of poured lead, and a 50 mm thick stainless steel inner bottom forging.

The primary lid consists of a 210 mm thick stainless steel forging. The primary lid is fastened to
the cask body with thirty-two (32) M48 hex head bolts.

The secondary lid is made of 100 mm thick stainless steel plate, a 60 mm thick lead gamma shield
and a 10 mm thick stainless steel plate. The secondary lid is attached to the primary lid with
eighteen (18) M36 hex head bolts.
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1.2.1.2 Weight

The maximum gross weight of the RT-100 including impact limiters is 41,500 kg (including the
maximum payload weight of 6,804 kg). The maximum (empty) weight of the RT-100 including
impact limiters is 34,696 kg.

1.2.1.3 Containment Features

The containment vessel of the RT-100 cask consists of the inner shell, the bottom forging, the top
flange, the primary lid, the primary lid inner O-ring, the stainless steel vent port cover plate and
its inner O-ring, the secondary lid and the secondary lid inner O-ring. The containment system
prevents leakage of radioactive material from the cask cavity and allows pre-shipment leakage
testing of the assembled cask configuration.

1.2.1.4 Neutron and Gamma Shielding Features

The RT-100 is not designed to carry fissile material or neutron sources (except typical small
quantities consistent with contaminated resins and filters as discussed in Chapter S) and thus,
provision of neutron shielding is not required for the RT-100.

In regards to gamma shielding, the RT-100 cask walls provide a shield thickness of 90 mm of
lead and 70 mm of stainless steel including the thermal shield plate of 5 mm thickness (65 mm
used for HAC analysis). The cask bottom end provides a shield thickness of 75 mm of lead and
80 mm of stainless steel. The top end provides a shield thickness 0of 210 mm of stainless steel for
the primary lid and a shield thickness of 60 mm of lead and 110 mm of stainless steel for the
secondary lid. Contents are limited such that the radiological shielding provided assures
compliance with U.S. Department of Transportation (DOT) regulatory requirements.

1.2.1.5 Shielding Features for Personnel Barriers
The RT-100 does not require the use of personnel barriers to meet 10 CFR 71 dose rate limits.

1.2.1.6 Criticality Control Features

The RT-100 contents are resins and filters from commercial nuclear power plants that contain
only trace quantities of fissile radionuclides. As such, the contents meet the requirements of 10
CFR 71.15 [Ref. 2] and are exempt from classification as fissile material. As a result, the RT-100
does not require any criticality control features.

1.2.1.7 Structural Features — Lifting and Tie-Down Devices

The RT-100 cask employs lifting devices that are a structural part of the package. Two lifting
pockets are welded to the cylindrical cask body as shown in Drawing RT100 PE 1001-02, Rev. H
(Chapter 1, Appendix 1.4, Attachment 1.4-3). The pockets engage the arms of a separate lifting
yoke used to lift the package. The lifting pocket retaining pins remain installed when the pockets
are not in use. In this way the blocks are rendered inoperable when not in use so they cannot be
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inadvertently used as cask tie-downs. Removable lifting lugs are utilized for removal and
handling of the primary and secondary lids, as well as the impact limiters. Refer to Chapter 2,
Section 2.5.1 for a detailed analysis of the structural integrity of the lifting devices.

Two tie-down arms are welded to the external cask shell and are considered a structural part of
the package. When not in use for package tie-down, the arms' holes are rendered inoperable
preventing the tie-down arms from being used to lift the packaging. Refer to Chapter 2, Section
2.5.2 for a detailed analysis of the structural integrity of the tie-down arms.

1.2.1.8 Structural Features — Impact Limiters

The impact limiters have an outside diameter of 2587 mm. The lower impact limiter extends 494
mm beyond the base of the cask. The upper impact limiter extends 498 mm beyond the cask
primary lid. The impact limiter external shells are stainless-steel, allowing them to withstand
large plastic deformation without fracturing. The volume inside the shell is filled with crushable
shock-absorbing and thermal-insulating polyurethane foam. The polyurethane is preformed and
inserted into the shell to the void space. The use of preformed foam ensures homogeneous
density. Several different foam densities are used to customize the shock absorbing performance
of the impact limiters during hypothetical accident conditions. The rationale for use of preformed
foam blocks and the use of different foam densities is presented in detail in Chapter 2, Section
2.2.

The impact limiters are attached to the cask via two stainless-steel bolt ring flanges located on
the exterior cask body. The flanges are welded along the cask circumference and considered a
structural part of the package. Each impact limiter is equipped with twelve (12) M36 studs and
attached to the bolt ring using twelve (12) M36 stainless steel hex head nuts. The purpose of the
bolt rings and bolts are to ensure the impact limiters remain attached to the cask body for all
Normal Conditions of Transport (NCT) and Hypothetical Accident Conditions (HAC) events.
Additionally, use of bolt rings facilitates removal of the impact limiters during loading and
unloading operations.

1.2.1.9 Structural Features — Internal Supporting or Positioning Features

The RT-100 cask interior has no supporting or positioning features. The waste contents shall be
pre-packaged in liners and placed into the cask cavity. Waste liners may require appropriate
shoring to prevent movement during transit. It is the responsibility of the shipper to provide
shoring that meets DOT requirements.

1.2.1.10 Structural Features — Outer Shell or Outer Packaging
The external surface of the cylindrical cask body is comprised of a 35 mm thick stainless-steel
outer shell.
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1.2.1.11 Structural Features — Packaging Closure Device
The chief packaging closure device is the primary lid that consists of a 210 mm thick stainless
steel forging as described in Section 1.2.1.1. The primary lid is fastened to the cask body with
thirty-two (32) M48 hex head bolts.

The secondary lid also represents a closure device for the cask and is made of 100 mm thick
stainless steel plate with lead shielding and another stainless steel plate as described in Section
1.2.1.1. The secondary lid is attached to the primary lid with eighteen (18) M36 hex head bolts.

1.2.1.12 Structural Features — Heat Transfer Features
The RT-100 relies on the insulating properties of the impact limiter polyurethane foam and the
cask body ceramic fiber thermal shield to minimize heat input during the hypothetical fire
accident event. See Chapter 3, Section 3.4 for details.

There are no special features designed to dissipate heat from the cask.

1.2.1.13 Structural Features — Packaging Markings
The side of the cask body is marked with the Model Number of the cask “RT-100", the
Certificate of Compliance No., Empty Weight, Type B(U)-96, UN 2916 and other required data.

1.2.1.14 Additional Information

o

RT-100 cask has one configuration as depicted in the engineering drawings provided
in Appendix 1.4, Attachments 1.4-1 thru 1.4-8.

The RT-100 has no receptacles.

Pressure test ports are provided between the twin O-rings for the primary lid, between
the O-rings for the secondary lid, and between the O-rings for the vent port cover
plate. These ports facilitate leak testing of the package in accordance with ANSI
N14.5-1997 [Ref. 4].

The vent port is provided for venting pressures within the containment cavity which
may be generated during transport and prior to lid removal. Each port is sealed with
an EPDM O-ring. Specification information for all O-rings is contained in Chapter 4,
Section 4.1.3.

The RT-100 does not rely on any coolants to perform its function of providing safe
transportation of its radioactive contents.

There are no external/internal protrusions other than the tie-down arms previously
described.

1.2.2 Contents
The authorized contents of the RT-100 are generally described in Section 1.2.2. The radioactive
contents are described to the extent required to demonstrate compliance with 10 CFR 71
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requirements relating to the structural, thermal and shielding performance of the cask.

1.2.2.1 Identification and Maximum Quantity of Radioactive Material
The contents of the RT-100 cask are limited to contaminated resins and filters containing
byproduct or otherwise radioactive nuclear material.

The maximum quantity of material is defined as a Type B quantity of radioactive materials not to
exceed 3000 A,. The activity of beta, gamma and neutron emitting radionuclides will not exceed
the limits established in the shielding evaluation provided in Chapter 5 and using the procedure
presented in Chapter 7.

1.2.2.2 Identification and Maximum Quantity of Fissile Material
The RT-100 will not transport fissile material exceeding the quantities exempt in 10 CFR 71.15
[Ref. 2]. Thus, Section 1.2.2.2 is non-applicable.

1.2.2.3 Physical and Chemical Form — Density, Moisture Content and Moderators

The type/form of material is defined as byproduct, source, or special nuclear material in the form
of resins, filters, and mixtures of resins/filters. These materials are contained within secondary
container(s). The chemical form of the contents is resins and filter media containing radioactive
materials. The radioactive content of the resins and filters is considered to be in the form of
dispersible solids. There are no contents in powdered form. The contents may include the metal
housings associated with the media.

1.2.2.3.1 Ion-Exchange Resins

Single or mixed bed ion exchange resins are used in deep bed filter demineralizers for reduction
of particulate matter and dissolved contaminants in utility power plant condensates. Radioactive
waste systems in nuclear power plants include ion exchange systems for the removal of trace
quantities of radioactive nuclides from water that will be released to the environment. The
primary resin system used is the mixed bed.

Conventional ion exchange resins consist of a cross-linked polymer matrix with a relatively
uniform distribution of ion-active sites throughout the structure. Ion exchange resin materials are
sold as spheres or sometimes granules with a specific size and uniformity to meet the needs of a
particular application. Ion exchange resins can contain up to 66% water when delivered from the
manufacturer. This is essentially the same moisture content for “dewatered resins” when
delivered for disposal. The majority are prepared in spherical (bead) form, either as conventional
resin with a polydispersed particle size distribution from about 0.3 mm to 1.2 mm (50-16 mesh)
or as uniform particle sized (UPS) resin with all beads in a narrow particle size range. In the
water swollen state, ion exchange resins typically show a specific gravity of 1.1-1.5. The bulk
density as installed in a column includes a normal 35-40 percent voids volume for a spherical
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conventional resin product. Bulk densities in the range of 560-960 g/1 (35-60 1b/ft’) are typical
for wet resinous products [Ref. 8].

The contents are limited by the maximum overall weight limit of 6,804 kg as described in Section
1.2.1.2. The radioactive inventory of the contents are limited as a function of the activity
concentration as described in Chapter 5.

1.2.2.3.2 Filters

Filters packaged in the secondary liner are designed for use in a nuclear power plant’s primary
water chemistry; therefore, the housings are a non-corrosive and non-reactive material. Filter
housings may be stainless steel or a thermoplastic such as polyethylene or polypropylene. They
are designed to filter radioactive material from the water, and thus are acceptable for use in a
radiation environment. The filter housings do not interact with the secondary container and
therefore do not interact with the RT-100 metal cavity.

1.2.2.3.3 Secondary Containers

Secondary containers may be constructed of carbon steel or stainless steel, or a thermoplastic
such as polyethylene or polypropylene. The secondary containers are used to package resins or
filters generated by nuclear power plants. There is a long history of transportation of these resins
and filters via typical polyethylene or metal liners in metal casks by the nuclear power industry
and other low-level waste generators. Secondary containers are required to be passively vented
within the cask cavity during shipment. The RT-100 stainless steel inner cavity does not interact
with polyethylene or metal liners typically used in the nuclear industry for the shipment of resins
and filters. Secondary containers may be positioned or braced within the cavity using shoring.
This shoring may be constructed of carbon steel or stainless steel, wood, or a thermoplastic
material or any combination thereof.

1.2.2.4 Location and Configuration

The contents shall be packaged in secondary containers. Except for close fitting contents, shoring
is placed between the secondary containers and the cask cavity liner to prevent movement during
accident conditions. Providing appropriate shoring is the responsibility of the shipper.

1.2.2.5 Use of Non-Fissile Materials as Neutron Absorbers/Moderators
The RT-100 does not contain non-fissile materials as neutron absorbers/moderators.

1.2.2.6 Chemical/Galvanic/Gas Generation

Chemical Reaction and Galvanic Reactions

The contents do not include materials that may cause any significant chemical, galvanic, or other
reaction.

Robatel Technologies, LLC Page 1-8



A
RT-100 Safety Analysis Report, Rev. 4 ROBATEL
Docket No. 71-9365/TAC No. L24686 February 13, 2014

Gas Generation

Secondary packages containing water and/or organic substances may generate combustible gases
via radioanalytical reactions. A maximum molar quantity of 5% hydrogen by volume at standard
temperature and pressure is allowed. The time duration is calculated as twice the expected
shipment time.

Determination of hydrogen generation is made using the methods in NUREG/CR-6673 [Ref. 6],
“Hydrogen Generation in TRU Waste Transportation Packages”, and supplemented with data
from EPRI NP-5977 [Ref. 7], “Radwaste Radiolytic Gas Generation Literature Review”.
NUREG/CR-6673 provides equations that allow prediction of the hydrogen concentration as a
function of time for simple nested enclosures and for packages containing multiple contents
packaged within multiple nested confinement layers. The inputs to these equations include the
bounding effective G(H;)-value for the contents, the G(H;)-values for the packaging material(s),
the void volume in the containment vessel and in the confinement layers (when applicable), the
temperature when the package was sealed, the temperature of the package during transport, and
the contents decay heat. EPRI NP-5799 provides G-Values for a wide range of ion exchange
resins [Ref. 7].

For any package delivered to a carrier for transport, the secondary container is prepared for
shipment in the same manner in which the determination for gas generation is made. Shipment
period begins when the package is prepared (sealed) and is completed within a time period that is
one half the time used in the hydrogen generation calculation. It is the shipper’s responsibility to
ensure that hydrogen generation in the cavity will be below 5% by volume, representing the lower
flammability limit for hydrogen. The maximum allowable shipping time is not restricted for any
other reason. Detailed discussion of the hydrogen generation calculations are provided in Chapter
4, Section 4.4, and Chapter 7, Section 7.5.

Secondary packages with radioactive contents less than Low Specific Activity (LSA) and shipped
within 10 days of preparation (or within 10 days of venting the secondary container) do not
require a determination of hydrogen gas generation or a restriction on shipping time.

1.2.2.7 Maximum Weight of Contents and Payload
All contents shall be packaged in a secondary container (liner). The maximum gross weight of
payload is 6,804 kg including the secondary container (liner).

1.2.2.8 Maximum Decay Heat
The maximum decay heat of the RT-100 contents is 200 watts.
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1.2.2.9 Loading Restrictions

Contents that are prohibited include explosives, non-radioactive pyrophoric materials, and
corrosives (pH less than 2 or greater than 12.5). Pyrophoric radionuclides may be present only in
residual amounts less than 1% by weight. Materials that may auto-ignite or undergo phase
transformation at temperatures less than 140 °C, with the exception of water, are not included in
the contents. As required by 10 CFR 71.43(d) [Ref. 2], the contents do not include materials that
may cause any significant chemical, galvanic, or other reactions.

1.2.2.10 Contents for the Certificate of Compliance

The type and form of material is defined as byproduct, source, or special nuclear material in the
form of dewatered resins, spent filters, or mixtures of resins/filters, contained within secondary
container(s). Secondary containers are required to be passively vented within the cask cavity during
shipment. The maximum bulk density of the contents may not exceed 1.0 g/cm’. The maximum quantity
of payload material including contents, secondary containers, and shoring is limited to 6,804 kg.
The maximum quantity of material is defined as a Type B quantity of radioactive materials not to
exceed 3000 Az. The activity of alpha, beta, gamma and neutron emitting radionuclides does not
exceed the limits established in the shielding evaluation provided in Chapter 5 and using the
loading table provided in Appendix 7.6, Section 7.6.1. The contents may include fissile materials
provided at least one of the paragraphs (a) through (f) of 10 CFR 71.15 [Ref. 2] is met.

1.2.3 Special Requirements for Plutonium
The RT-100 will not contain plutonium in solid form. Therefore, the requirements of 10 CFR
71.63 [Ref. 2] specifying that more than 0.74 TBq (20 Ci) of plutonium must be in solid form do

not apply.

1.2.4 Operational Features

The RT-100 has no complex operational requirements. The various valves, connections,
openings, seals and containment boundaries are depicted in the drawings provided in Appendix
1.4, Attachments 1.4-1 through 1.4-8. There are no piping systems associated with the RT-100
cask.
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1.3 Engineering Drawings and Additional Information
Appendix 1.4 contains the engineering drawings (Attachments 1.4-1 thru 1.4-8) and additional
information associated with the RT-100.

1.3.1 Engineering Drawings
The RT-100 drawings are enclosed in Appendix 1.4, Attachments 1.4-1 thru 1.4-8, and contain
the following information:

o Safety features (primary and secondary lids, seals, bolts, containment boundary, and

shielding)

o Materials list, dimensions, vent and leak test ports and weld inspection requirements

o Weld joint requirements

o Details of gasket joints

Appendix 1.4 does not include detailed construction drawings.

1.3.2 Conformance to Approved Design
The RT-100 cask will be fabricated in accordance with the drawings referenced in the CoC.

1.3.3 Referenced Pages
All referenced pages are generally available to the public.

1.3.4 Special Fabrication Procedures
Fabrication of the RT-100 involves standard cask fabrication techniques.

1.3.5 Package Category
The RT-100 is categorized as a Type B(U)-96 Package.

1.3.6 Supplemental Information
This application contains no supplemental information.
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1.4 Appendix

Appendix 1.4 contains Proprietary Information that Robatel requests be withheld from public
disclosure under 10 CFR 2.390. This request is in accordance with the Robatel Affidavit and as
requested in 10 CFR 2.390.

Attachment 1.4-1

Attachment 1.4-2

Attachment 1.4-3

Attachment 1.4-4

Attachment 1.4-5

Attachment 1.4-6

Attachment 1.4-7

Attachment 1.4-8

RT100 NM 1000 Rev. F — Bill of Material

RT100 PE 1001-1 Rev. H — Robatel Transport Package
General Assembly Sheet 1/2

RT100 PE 1001-2 Rev. H — Robatel Transport Package
General Assembly Sheet 2/2

RT100 PRS 1011 Rev. E — Robatel Transport Package
Cask Sub Assembly Weld Map Cask Body

RT100 PRS 1013 Rev. C — Robatel Transport Package
Cask Sub Assembly Weld Map Secondary Lid

RT100 PRS 1031 Rev. D — Robatel Transport Package
Cask Sub Assembly Weld Map Lower Impact Limiter

RT100 PRS 1032 Rev. D — Robatel Transport Package
Cask Sub Assembly Weld Map Upper Impact Limiter

RT-100

RT-100

RT-100

RT-100

RT-100

RT-100

102885 MD 1031-06 Rev. F — Robatel Transport Package RT-100
Sub Assembly Fabrication Drawing Impact Limiter Foam
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Attachment 1.4-1  RTI100 NM 1000 Rev. F — Bill of Material
(Page 1 of 6)
Proprietary Information Content Withheld Under 10 CFR 2.390
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Attachment 1.4-1  RT100 NM 1000 Rev. F — Bill of Material
(Page 2 of 6)
Proprietary Information Content Withheld Under 10 CFR 2.390
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Attachment 1.4-1  RT100 NM 1000 Rev. F — Bill of Material
(Page 3 of 6)
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Attachment 1.4-1  RT100 NM 1000 Rev. F — Bill of Material
(Page 4 of 6)
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Attachment 1.4-1 RT100 NM 1000 Rev. F — Bill of Material
(Page 5 of 6)
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Attachment 1.4-1  RT100 NM 1000 Rev. F — Bill of Material
(Page 6 of 6)
Proprietary Information Content Withheld Under 10 CFR 2.390
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Attachment 1.4-2  RT100 PE 1001-1 Rev. H — Robatel Transport Package RT-100 General Assembly Sheet 1/2
Proprietary Information Content Withheld Under 10 CFR 2.390
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Attachment 1.4-3  RT100 PE 1001-2 Rev. H — Robatel Transport Package RT-100 General Assembly Sheet 2/2
Proprietary Information Content Withheld Under 10 CFR 2.390
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Attachment 1.4-4  RTI100 PRS 1011 Rev. E — Robatel Transport Package RT-100 Cask Sub Assembly Weld Map Cask Body
Proprietary Information Content Withheld Under 10 CFR 2.390
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Attachment 1.4-5  RT100 PRS 1013 Rev. C — Robatel Transport Package RT-100 Cask Sub Assembly Weld Map Secondary Lid
Proprietary Information Content Withheld Under 10 CFR 2.390
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Attachment 1.4-6  RT100 PRS 1031 Rev. D — Robatel Transport Package RT-100 Cask Sub Assembly Weld Map Lower Impact Limiter
Proprietary Information Content Withheld Under 10 CFR 2.390
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Attachment 1.4-7  RT100 PRS 1032 Rev. D — Robatel Transport Package RT-100 Cask Sub Assembly Weld Map Upper Impact Limiter
Proprietary Information Content Withheld Under 10 CFR 2.390
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Attachment 1.4-8 102885 MD 1031-06 Rev. F — Robatel Transport Package RT-100 Sub Assembly Fabrication Drawing Impact Limiter Foam
Proprietary Information Content Withheld Under 10 CFR 2.390
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2. STRUCTURAL EVALUATION

Chapter 2 describes the structural evaluation for the RT-100 under the RT Quality Assurance
Program [Ref. 1} and summarizes the results to demonstrate compliance with the structural
requirements of 10 CFR Part 71 [Ref. 2]. These evaluations follow nuclear industry standards
[Refs. 3 —20]. Chapter 1 General Information and Chapter 3 Thermal Evaluation provide input to
the Chapter 2 Structural Evaluation; furthermore, these three chapters feed information to later
Chapters of the SAR as demonstrated in Figure 2-1 on the following page.

The RT-100 structural performance under 10 CFR Part 71 [Ref. 2] Normal Conditions of
Transport (NCT) and Hypothetical Accident Conditions (HAC) significantly affects the package
ability to meet the thermal, containment, shielding and subcriticality requirements. Consequently,
results from the structural evaluation are used in the thermal, containment, and shielding
evaluations (Note: criticality issues are not applicable to the RT-100).

The foremost structural requirement of the RT-100 is to withstand NCT and HAC loadings with
sufficient structural integrity to maintain shielded containment. Evaluations in the following
sections demonstrate the RT-100 package design satisfies these requirements. Before presenting
these detailed evaluations, a general description of the RT-100 cask design is provided and
includes complete specifications for the containment boundary.

2.1 Description of Structural Design

Major design features that govern the structural performance of the RT-100 under NCT and HAC
conditions are the impact limiters (upper and lower) and the cask body including the impact
limiter attachment rings, bolting ring, primary and secondary lids, lifting pockets and tie- down
arms. These features are sufficiently designed so that the structural response of the RT-100
exceeds all 10 CFR 71 [Ref. 2] requirements.

Appendix 1.4 (Attachment 1.4-2 thru 1.4-8) shows the general assembly drawings of the RT-100
Cask Package. The major components are identified and include the impact limiters and cask
body. As subsequently discussed in Section 2.1.1.1, the package containment boundary is
defined by the inner surfaces of the cask body, and the primary and secondary lids. Shielding is
provided by the following features:

o Cask bottom and sidewall that contain 75 and 90 mm lead layers, respectively
o 210 mm thick stainless steel primary lid
o 170 mm (nominally) stainless steel secondary lid with embedded 60 mm thick lead layer
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2.1.1 Discussion

The RT-100 cask body is a cylindrical container with an outside diameter of 2060 mm and an
overall height of 2321 mm (including lids). The sidewalls are nominally 165 mm thick, consist of
a 90 mm thick lead layer encased by 30 mm thick internal and 35 mm thick external (ASTM
A240, Type 304) stainless steel shells, have a 5 mm thick ceramic insulation layer, and have an
outer 5 mm thick protective shell (ASTM A240, Type 304L stainless steel). The cask sidewall
design varies from the above description in the following areas:

o Regions of the cask body encompassed by the impact limiters
o Impact limiter attachment rings

o Lifting pocket locations

o Tie-down arm attachment pads.

The specific sidewall configuration at each of these locations is further described and fully
considered in all subsequent evaluations.

The bottom end of the cask body consists of a 75 mm thick lead layer encased by a 50 mm thick
(ASTM A240, Type 304L) stainless steel bottom forging on top, and a 30 mm thick external
stainless steel bottom plate underneath. The bottom forging is connected to the inner shell with
full penetration welds. The bottom plate is connected to the outer shell with a full penetration
weld.

The top end of the cask body consists of an upper forging (ASTM A240, Type 304L), and two
lids (primary and secondary, both ASTM A240, Type304L). The upper forging is connected to
the inner shell with full penetration welds. The upper forging is connected to the cask outer shell
with full penetration welds. Thirty-two (32) M48x2d threaded holes for securing the primary lid
are equally spaced along the upper forging top surface. The upper forging top surface also
provides a seating surface for the primary lid seals. The primary lid is nominally 210 mm thick.

The primary lid has thirty-two (32) clearance holes near its outer periphery for the M48 bolts
(ASTM A354 Gr. BD or equivalent), which secure it to the bolting ring. These clearance holes
are sufficiently counter-bored to preclude direct impact to the M48 bolts during a drop.
Additionally, the primary lid has a central 737 mm diameter through-hole with a 2016 mm OD x
82 mm deep counter-bore. The counter-bore surface has eighteen (18) M36x2d equally spaced
threaded holes for securing the secondary lid and also provides a seating surface for the
secondary lid seals. The secondary lid is nominally 170 mm thick with an embedded 60 mm
thick lead layer. The secondary lid has eighteen (18) clearance holes near its outer periphery for
the M36 bolts (ASTM A354 Gr. BD or equivalent) used to attach it to the primary lid. The
primary and secondary lids have one vent port each which allows for leakage monitoring.

The impact limiters are cylindrically-shaped components that surround the top and bottom ends of
the cask as shown in Chapter 1, Figure 1.2.1-1. Each impact limiter has twelve (12) M36 studs.
The impact limiters are attached to the cask with these studs that pass through clearance holes in
the top and bottom impact limiter attachment rings, and accept M36 stainless steel nuts. The
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impact limiters are comprised of segmented polyurethane foam blocks encased in relatively thin
stainless steel outer coverings. The outer coverings are 4 mm thick except near the cask surface
where the thickness is 10 mm. During NCT and HAC tests, the impact limiters are designed to
protect the cask by absorbing energy and for providing thermal insulation.

2.1.1.1 Containment Boundary

As shown in Chapter 4, Figure 4.1.2-1 (“Illustration of Containment Boundary™), the containment
boundary of the RT-100 cask is defined by the following specific features of the cask body and
the primary and secondary lid.

Bottom forging at the bottom end of the cask

Inner shell that forms the wall of the cask with a full penetration weld

Full penetration weld between the inner bottom forging and the inner shell bottom
Top forging at the top of the cask

Full penetration weld between the upper forging and inner shell top

Primary lid and inner O-ring

Vent port cover plate and inner O-ring

0O 0O 0O OO O OO

Secondary lid and inner O-ring

2.1.2 Design Criteria

The RT-100 design satisfies the NCT requirements of 10 CFR 71.71 [Ref. 2], and HAC
requirements of 10 CFR 71.73 [Ref. 2]. Furthermore, the design complies with “General
Standards for All Packages” as specified in 10 CFR 71.43 [Ref. 2], and the “Lifting and Tie-
Down Standards” specified in 10 CFR 71.45 [Ref. 2]. These criteria are demonstrated in Sections
2.5.1and 2.5.2.

The design criteria used in the qualification of the RT-100 were selected based on guidance
provided in Regulatory Guide 7.6 [Ref. 4]. Regulatory Guide 7.6 provides design criteria based
on the ASME B&PV Code, Section IlI [Ref.7], and is intended for Type B packages used to
transport irradiated fuel assemblies. Therefore, allowable stresses values for NCT Service Level
A Limits and HAC Service Level D Limits are conservatively adopted from Regulatory Guide
7.6 [Ref. 4] for the qualification of the RT-100 cask body.

Allowable stresses are derived from the Stress Intensity values appropriate to ASME B&PV
Code, Section III, Subsection ND [Ref. 7]. Stress Intensity values based on Subsection ND are
presented in Table 2.2.1-1.

The load combinations used in performing the structural evaluations of the RT-100 cask are in
accordance with Regulatory Guide 7.8 [Ref. 3]. Load combinations for the RT-100 cask body
analysis are summarized in Table 2.1.2-1.
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Table 2.1.2-1 Load Combinations for RT-100 Cask Body Analyses

LOAD NORMAL ACCIDENT
Reg. Guide 7.8 A D
Load Combinations 1 2 1 2 3 4
Dead Weight | With maximum contents X X X X X X
Thermal Hot X X X
Stresses Cold X X X
Internal Pressure Normal X X X X
Accident (fire) X X
Drop/Impact 0.3 Meters X X
Drop/Impact 9 Meters X X

2.1.2.1 Cask Body Criteria (except Bolts and O-Rings)

The criteria for the cask shells and lids are developed per Regulatory Guide 7.6 Regulatory
Position 2 [Ref. 4]. (The tie-down arms are also fabricated from stainless steel but their criteria
are developed separately in Section 2.5.2). Table 2.1.2-2 provides a summary of the allowable

stress limits defined in Regulatory Guide 7.6.

Table 2.1.2-2  Structural Design Criteria for RT-100

Reg. Guide 7.6 Service Level Stress Criteria Notes

P < Sm (1)2)
Normal conditions: Service Level A P,+P, <158, 2
P,+P,+Q<3S, 3
P,<2.4S,o0r0.7 S, (whichever is less) 4)
Accident conditions: Service Level D P, + P, <3.6 Sy or 1.0 S, (whichever is less) 4)
Total Stress <2 S, (5)

Regulatory Guide 7.6 [Ref. 4], Regulatory Position 1
Regulatory Guide 7.6, Regulatory Position 2
Regulatory Guide 7.6, Regulatory Position 4
Regulatory Guide 7.6, Regulatory Position 6
Regulatory Guide 7.6, Regulatory Position 7

NELPN -

2.1.2.2 Bolts
The allowable stresses under NCT (per NUREG/CR-6007 [Ref. 10]) are:

Ji < Sn

/™ < 3SpifS, <689 MPa
< 2,78y if S, > 689 MPa

Pm + Py + residual torsion < S,

where

f, = average tensile stress
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fme = maximum tensile stress under combined tension and
bending, and all other terms are as previously defined.

The allowable stresses under NCT (per NUREG/CR-6007 [Ref. 10]) are:

fi < F,
fv < Fvb
DGR
Eb Fvb
where
f, = average shear stress
F, = allowable average tensile stress
= Min (0.7Su, Sy) at temperature
F,= allowable average shear stress
= Min (0.42Su, 0.6Sy) at temperature and all other terms are as previously
defined.
2.1.2.3 Lead

The structural integrity of the RT-100 cask does not depend on lead strength and thus, no lead
strength criteria are specified. Mechanical and thermal properties which are important to the RT-
100 cask structural performance are discussed in Sections 2.2, 2.14, and 3.2

2.1.2.4 Foam

Criteria of the polyurethane foam used in the impact limiters are provided in Appendix 2.12
Impact Limiter Evaluation.

2.1.3 Weights and Centers of Gravity

The nominal RT-100 weights and centers of gravity are shown in Table 2.1.3-1. Refer to RT100
PE 1001-1 Rev. H — Robatel Transport Package RT-100 General Assembly Sheet 1/2 (Chapter 1,
Appendix 1.4, Attachment 1.4-2) for identification of assemblies and centers of gravity data.
These weights are utilized in the structural evaluation presented in this chapter.

With the exception of the impact limiter, all analyses are performed with no less than a minimum
gross weight of 41,500 kg. The impact limiter calculation is performed using 41,000 kg. The
reason for this is that the max crush is obtained by using the minimum density of the foam. The
calculation package RTL-001-CALC-ST-0401 Rev. 6 [Ref. 40] calculates the maximum g-load
using both 41,500 kg and 41,000 kg. It is shown that max g-load is obtained using a gross weight
of 41,000 kg. Thus, the impact limiter calculation is performed using a gross weight of
41,000 kg.
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Table 2.1.3-1  Assembly Weights and Center of Gravity Locations

Nominal Weight Center of Gravity’
Assembly’
v (kg) (mm)
Lower Impact Limiter 2,450 516
Cask Body 24,500 1,446
Primary Lid w/ bolts 3,670 2,716
Secondary Lid w/ bolts 870 2,737
Upper Impact Limiter 2,550 2,812
Total Assembly Empty 34,040 1,650
] 1,434 min.”
Payload 6,805 1,826 max.’
. 2 1,620 min.’
Total Assembly with payload 40,845 1.676 max.?

Notes: 1. Maximum.
2. A minimum weight of 41,000 kg was used in all structural evaluations.
3. Value determined using payload center of gravity at 10% of cask interior
height below or above the cask interior geometric centerline.

As shown in Table 2.1.3-1, the center of gravity of the empty RT-100 cask is approximately 1650
mm above the bottom of the cask. This location is just 20 mm lower than the 1630 mm elevation
of the center of the inner cavity. Further, the maximum payload weight is less than 17%
(= 6,805/40,845 x100%) of the loaded cask weight. Thus, payload weight and/or center of
gravity variations will not result in large changes to the loaded RT-100 cask center of gravity.
Indeed, locating the payload center of gravity within 10% of the cavity internal height above or
below the cavity centerline elevation moves the loaded RT-100 cask center of gravity by no more
than +/- 28 mm. Such minor variations are insignificant during either NCT or HAC.

2.1.4 Identification of Codes and Standards for Package Design

Since the package is used to transport contents with 3,000 A, (as defined in 10 CFR 71.4
[Ref. 2]), the RT-100 cask is a Type B Category II package per Regulatory Guide 7.11 [Ref. 5].
The codes and standards used in the design of the RT-100 cask are selected based on guidance
provided in Regulatory Guide 7.6 [Ref. 4 and NUREG/CR-3854 [Ref. 6] for packages
transporting Category Il contents.

Per NUREG/CR-3854 [Ref. 6], the package containment system is fabricated in accordance with
the ASME Code, Section I1I, Subsection ND [Ref. 7], and the tie-downs are fabricated in
accordance with Subsection NF [Ref. 8]. These codes are applicable to the RT-100 cask design
as they were developed for components of similar material as well as, for similar loading
operations and potential package failures.

Several regulatory guides and NUREGs are used to design and evaluate the RT-100 package.
Regulatory Guide 7.8 [Ref. 3] is used in identifying the load combinations to be used in package
design evaluation. Regulatory Guide 7.6 [Ref. 4] is used to determine the design criteria.
NUREG/CR-4554 [Ref. 9] is used in evaluating buckling of the containment vessel.
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NUREG/CR-6007 [Ref. 10] is followed for the bolt evaluations.

2.2 Materials

Material properties used in the RT-100 cask structural analyses are shown in Tables 2.2.1-1,
2.2.1-2, and 2.2.1-3. Material properties for the structural analyses of the polyurethane foam used
in the impact limiter evaluations are provided in Appendix 2.12. Properties of both cask materials
and foam used in the thermal analyses are provided in Section 3.2.1.

2.2.1 Material Properties and Specifications

Structural components of the cask body are specified to be ASME A240 Type 304/304L steel,
with the exception of the tie-down straps, which are ASME A240 UNS No. S31803 (Type 318)
stainless steel. The primary and secondary lids are ASME A240 Type 304/304L steel, and the
M36 and M48 bolts used to secure the lids are fabricated to meet the critical characteristics given
in Chapter 8. These materials meet the requirements of ASME Section III, Subsection ND
[Ref. 7]. Strength properties for these materials are presented in Table 2.2.1-1 using material
information taken from ASME Section II-D [Ref. 31]. Table 2.2.1-2 provides density and
Poisson’s ratio values also from ASME Section I1I-D.

The shielding is specified to be ASTM B-29 lead. The lead properties are provided in
NUREG/CR-0481[Ref. 11] and are presented in Table 2.2.1-2.

EPDM (material designation per ASTM D1418) is used for all O-rings as part of the containment
boundary. They serve as one of the boundaries for the cask. These O-rings have a usable
temperature range going from -50°C up to 150°C; this temperature range meets or exceeds both
NCT and HAC requirements.

RT verifies that all the materials of structural components have sufficient fracture toughness to
preclude brittle fracture under NCT and HAC. Regulatory Guides 7.11 [Ref. 5] and 7.12
[Ref. 16] are used to provide criteria for fracture toughness. RT shall procure all materials under
the RT Quality Assurance Program [Ref. 1] with the specifications for each material. Regulatory
Guides 7.11 and 7.12 do not apply to the RT-100; use of Stainless Steel ASTM A-240 type 304,
ASTM A-240 type 304L, and ASTM A-240 UNS S31803 precludes brittle fracture under both
NCT and HAC.

RT verifies that all material properties are appropriate for the load conditions specified in
Regulatory Guide 7.6 [Ref. 4] and temperatures at which allowable stress limits are defined are
consistent with minimum and maximum service temperatures. Allowable stresses based on
Regulatory Guide 7.6 [Ref. 4] at the bounding NCT temperature of 100°C are provided in Table
2.2.1-3. Allowable stress intensities at other temperatures considered to be the bounding
condition for a specific case are defined as needed in the section where that analysis is presented.

RT verifies that all the force-deformation properties for impact limiters are based on appropriate
test conditions and temperature. Test parameters for qualifying the foam material are identified
in Chapter 2, Appendix 2.13.
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Table 2.2.1-1  Cask Temperature-Dependent Material Properties

Yield Tensile Design Stress Coefficient of
Material Strength Strength Intensity Young's Thermal
Temperature Sy Sy (Sw) Modulus Expansion
(°C) (MPa) (GPa) (10%/°C)
-30 207 517 138 198 —
20 207 517 138 195 15.3
ASME SA-240 65 184 496 138 192 15.8
Type 304/304L 100 170 485 138 189 16.2
(Dual Certified) 150 154 456 138 186 16.6
200 144 442 129 183 17.0
250 135 437 122 179 174
-30 172 483 115 198 —
20 172 483 115 195 15.3
ASME SA-240 65 157 463 115 192 15.8
Type 304L 100 146 452 115 189 16.2
150 132 421 115 186 16.6
200 121 406 110 183 17.0
250 114 398 103 179 17.4
-30 172 483 115 198 —
20 172 483 115 195 15.3
65 157 471 106 192 15.8
ASME SA-240 100 145 467 96.3 189 16.2
Type 316L
150 131 441 874 186 16.6
200 121 429 81.2 183 17.0
250 114 426 76.0 179 17.4
-30 448 621 207=S,/3 211 —
20 448 621 207 205 15.3
ASME SA-240 65 418 620 207 200 15.8
UNS No. S31803 100 395 619 206 194 16.2
150 370 598 199 190 16.6
200 354 577 193 186 17.0
250 344 564 188 183 17.4
-30 896 1030 343 =S,/3 199 —
20 896 1030 343 202 11.5
ASME SA-354 65 855 1030 343 199 11.8
Grade BD (Bolting 100 816 1030 343 197 121
material)
150 792 1030 343 194 12.4
200 768 1030 343 191 12.7
250 737 1030 343 188 13.0
ASME SA-479, ER308 -30to 40 205 515 — — —
-29 — — — 16.75 28.2
20 — — — 15.67 28.9
50 — — — 14.94 29.4
ASTM B-29 Lead 100 — — — 13.73 30.2
150 — — — 12.74 31.2
200 — — — 11.80 32,6
250 — — — 10.70 34.1
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Table 2.2.1-2  Cask Temperature-Independent Material Properties

ASME [Ref. 31]

Material l(?;/nsnlg Pollzs:t(i)g’s
ASME SA-240 Type 304/304L (Dual Certified) 8030 0.31
ASME SA-240 UNS No. S31803 8030 0.31
ASME SA-354 Grade BD (Bolting material) 7750 0.30
ASTM B-29 Lead 11300 0.40

Table 2.2.1-3  Allowable Stresses for Cask Body Materials

Material
o ASME SA-240 | , o\ e 5A 240 | ASME SA-240 | ASME SA-240 |\ o\ 1p GA-354
Design Criteria Type 304/304L Tvpe 304L Tvoe 316L UNS No. Grade BD
(Dual Certified)| P P $31803

MPa MPa MPa MPa MPa

Yield Stress, S, 170 146 145 395 816

Tensile Strength, S, 485 452 467 619 1030

Design Stress Intensity, S, 138 115 96.3 206 299

P, 138 115 96.3 206 299

Normal — Fp— "5 207 173 144 309 449
Conditions

P.+Py+Q 414 345 289 618 897

Hypothetical | Pm 331 276 231 433 718

Accident | P, + P, 485 414 347 619 1030

Conditions [ Tqtal Stress 970 904 934 1238 2060

2.2.2 Chemical, Galvanic, or Other Reactions

The materials used in the fabrication and operation of the RT-100, including coatings, lubricants,
and cleaning agents, are evaluated to determine whether chemical, galvanic, or other reactions
among the materials, contents, and environments can occur. All phases of operation, loading,
unloading, handling, storage, and transportation, are considered (in conjunction with the
procedures described in Chapter 7) for the environments that may be encountered under normal,
off-normal, or accident conditions. Based on the evaluation, there are no potential reactions that
could adversely affect the overall integrity of the cask or the structural integrity and retrievability
of the contents from the cask. The evaluation conforms to the guidelines of NRC Bulletin 96-04,
“Chemical, Galvanic, or Other Reactions in spent Fuel Storage and Transportation Casks,” dated
July 5, 1996 [Ref. 52], and demonstrates that the RT-100 cask meets the requirements of 10 CFR
71.43(d) [Ref. 2].

2.2,2.1 Component Material Categories

The component materials evaluated are categorized based on similarity of physical and chemical
properties and/or on similarity of component functions. The categories of materials that are
considered are as follows:
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o Stainless/nickel alloy steels

o Nonferrous metals

o Shielding materials

o Criticality control materials

o Energy absorbing materials

o Cellular foams and insulations

o Lubricants and greases

o O-rings

o Secondary Containers and Shoring
o Filters

These categories are evaluated based on the environment to which they could be exposed during
operation or use of the RT-100.

The RT-100 component materials are not reactive among themselves, with the cask’s contents,
nor with the cask’s operating environments during any phase of normal, or accident condition
loading, unloading, handling, storage or transportation operations. No reactions occur, and no
gases or other corrosion byproducts are generated.

2.2.2.1.1 Stainless/Nickel Alloy Steels

No reaction of the cask components (stainless or nickel alloy) is expected in any environment.
During the fabrication process of the RT-100 ridges and crevices on the external surfaces are
reduced through the finishing process and the external surface is passivated to prevent corrosion.

Galvanic corrosion between the stainless steels and nickel alloy steels does not occur due to the
lack of effective electrochemical potential difference between these metals. No coatings are
applied to the stainless steel or nickel alloy steels.

There is no potential for a reaction between stainless steel and any silicone products, fluorocarbon
elastomers, dry film lubricants, blended polytetrafluoroethylene (PTFE), or ethylene glycol.

Based on the foregoing discussion, there are no potential reactions expected with the stainless
steel cask components.

2.2.2.1.2 Nonferrous Metals

There are no nonferrous metals used in the RT-100. Therefore, no electrochemical driving
potential exists.

2.2.2.1.3 Shielding Materials

The primary shielding materials used in the RT-100 is lead which is completely enclosed and
sealed in stainless steel. Therefore, there are no potential reactions associated with the cask
shielding materials.
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2.2,2.1.4 Criticality Control Material

The RT-100 does not contain materials for criticality control. Therefore, no potential reactions
associated with these materials exist.

2.2.2.1.5 Energy Absorbing Material

The RT-100 utilizes polyurethane foam for energy absorption in the impact limiters. The foam is
completely enclosed (sealed) in stainless steel and there are no potential reactions between the
foam and the stainless steel shells. The foam is cured, cut, and machined prior to installation.
During fabrication the machined foam blocks are inserted into the impact limiter stainless steel
shell. During the welding process backing strips, high temperature heat tape, and rock wool are
used to protect the foam. Therefore, no potential reactions associated with the energy absorbing
material exists.

2.2.2.1.6 Cellular Foam and Insulation

The RT-100 does not utilize cellular foam or insulation. Therefore, no potential reactions
associated with the cellular foam or insulation exists.

2.2.2.1.7 Lubricant and Grease

The dry film lubricants used with the RT-100 meet the performance and general compositional
requirements of the nuclear power industry. These lubricants are used primarily on
threaded/mechanical connection surfaces. These lubricants are insoluble in most solutions. There
are no potential reactions associated with these lubricants or grease.

2.2.2.1.8 O-Rings

The RT-100 utilizes seals formed from EPDM. EPDM is a synthetic rubber elastomer. Elastomer
O-rings are used for transport cask applications because of their excellent short-term sealing
capabilities, ease of handling, and more economical cost. Seal and gasket materials have stable,
non-reactive compositions. There are no potential reactions associated with the RT-100 seal
materials.

2.2.2.1.9 Secondary Containers and Shoring

Secondary containers and shoring features may be constructed of carbon steel, stainless steel,
wood, or a thermoplastic such as polyethylene or polypropylene.

2.2.2.1.10 Filters

Filters shipped for disposal may be constructed from stainless steel or thermoplastic such as
polyethylene or polypropylene.

2.2.2.2 General Effects of Identified Reactions

No significant potential galvanic or other reactions have been identified for the RT-100.
Therefore, no adverse conditions can result during any phase of cask operations for NCT or HAC.
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2.2.2.3 Adequacy of the Cask Operating Procedures

Based on the results of this evaluation, it is concluded that the RT-100 operating controls and
procedures presented in Chapter 7 are adequate to minimize occurrence of hazardous conditions.

2.2.2.4 Effects of Reaction Products

No significant potential chemical, galvanic, or other reactions are identified for the RT-100.
Therefore, the overall integrity of the cask and the structural integrity and retrievability of the
contents are not adversely affected for any cask operations throughout the design basis life of the
cask. Based on the evaluation, no significant reactions are identified and thus, there is no change
in cask properties, no binding of mechanical surface, and no degradation of any safety
components either directly or indirectly.

2.2.3 Effects of Radiation on Materials

Gamma radiation has no significant effect on metal and therefore, the radiation produced by the
contained radioactivity does not cause any measurable damage to the cask metallic components
(stainless steel, carbon steel and lead).

For seals, the absorbed dose in a year is expected to be below 350 rad which is significantly
below the polymer damage threshold of 1 x 10°rad. Additional support information about EPDM

resistance to radiation up to 5x10° rads while retaining reasonable flexibility and strength,
hardness and very good compression set resistance is provided by an IEEE paper [Ref. 54].

For the ceramic thermal shield, the absorbed dose is expected to be below 350 rad. However,
ceramic materials are insensitive to gamma radiation damage and thus, the ceramic thermal shield
is expected to be unaffected by radiation.

2.3 Fabrication and Examination

The following subsections provide a summary description of fabrication and examination of the
RT-100. A more detailed description is provided in subsequent sections of the SAR.

2.3.1 Fabrication

The RT-100 packaging is designed as a category 1l container, as mentioned in Section 2.1.4.
Fabrication and procurement of the containment components is based on ASME B&PV code,
section III, Subsection ND [Ref. 7]. The other components (non-containment) are fabricated
based on ASME B&PV code, Section III, subsection NF [Ref.8]. See Sections 2.1.2 and 2.1.4 for
additional information.

2.3.2 Examination

Examination of the RT-100 during and after fabrication is conducted in accordance with the
requirements of the ASME B&PV code, Section III, Subsection ND-5000 [Ref. 7]. The non-
containment components examination is conducted in accordance with the requirements of ASME
B&PV Code, Section III, Subsection ND-5000 or NF5000 [Ref. 8]. See Chapter 8, Sections 8.1
and 8.2 for additional information.
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2.4 General Requirements for All Packages

The RT-100 meets or exceeds all the requirements in 10 CFR 71.43 [Ref 2]. Also, the RT-100
meets the general package requirements Regulatory Guide 7.9 [Ref. 49] as listed below:

o Smallest overall dimension is greater than 10 cm (4 in).

o Outside of the cask incorporates a feature, such as a seal, that is not readily breakable
and that, while intact, would be evidence that the package has not been opened by
unauthorized persons.

o Cask includes a containment system closed by a positive fastening device that cannot
be opened unintentionally or by a pressure that may arise within the package.

The following sections describe compliance of the RT-100 with these requirements.

2.4.1 Minimum Package Size

This section is not applicable since the RT-100 has dimensions larger than 10 cm (4 inches). The
smallest overall dimension of the cask body is the outer diameter, which is over 200 cm.

2.4.2 Tamper-Indicating Feature

The RT-100 upper impact limiter covers the upper end of the cask including the primary and
secondary lids, which prevents access to the cask lids. Therefore, tamper-indicating devices are
attached to the impact limiter aligning pin. Impact limiters are installed on the cask body
following the lid closure operation. Once the impact limiters are installed on the cask body, the
attachment nuts are threaded on the attaching studs and hand-tightened (drop testing has shown
that torquing of the attachment bolts is not necessary). A tamper-indicating seal is installed on
the aligning pin of the upper impact limiter to ensure that removal of the impact limiter by
unauthorized individuals can be detected.

2.4.3 Positive Closure

The RT-100 design includes a containment system that is bounded by the inner shell, primary lid,
secondary lid, and vent port cover plate. Each lid and the cover plate are secured to the cask body
by multiple bolts. These bolts are tightened during the loading process to a set torque value that
cannot be inadvertently loosened. Additionally, the stress analysis of the bolts presented in
Section 2.6.7 demonstrates that the bolts can maintain positive closure during operation.

2.5 Lifting and Tie-Down Standards for All Packages

The RT-100 lifting and tie-down components are evaluated structurally in the following sections.
The lifting and tie-down requirements are as specified in 10 CFR 71.45 [Ref. 2].

2.5.1 Lifting Devices

The primary lifting device for the RT-100 is the set of two lifting pockets that are welded to the
outer shell of the cask. After removal of the impact limiters, the lifting pockets are designed to
allow the loaded cask to be lifted using a lifting yoke. The primary and secondary lids and the
upper/lower impact limiters are fitted with threaded bolt holes; these bolt holes provide for
attachment of lifting rings that are used in lifting each component.
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2.5.1.1 Lifting Design Criteria

Lifting attachments that are a structural part of the RT-100 cask are designed with a minimum
safety factor of three against yielding when used to lift the package. The lifting devices are also
designed so that any failure of the lifting device under excessive load would not impair the ability
of the RT-100 to meet other requirements of 10 CFR 71.45 [Ref. 2]. The design weights used in
the lifting evaluation are as follows:

Fully loaded RT-100 with maximum contents and the lower impact limiter is 41,500 kg
Primary lid with secondary lid in place is 4,505 kg

Secondary lid is 857 kg

Upper impact limiter is 2,541 kg

Lower impact limiter is 2,448 kg

O O O 0 ©°

2.5.1.2 Lifting Device Descriptions
In this section, the following RT-100 components are evaluated for lifting:

Lifting Pockets
Primary Lid
Secondary Lid

Lower Impact Limiter

O 0 0 0O

Upper Impact Limiter

The lifting pockets are utilized to lift the assembled cask; the bounding configuration is the cask
loaded with the maximum payload weight and the lower impact limiter attached. Additionally,
the primary and secondary lids and the upper and lower impact limiters are evaluated for lifts
using removable lifting rings.

2.5.1.3 Lifting Device Evaluations

In the following sections, each device used for lifting is evaluated for stress. The details of each
evaluation are presented including the worst-case stress results and safety factors. Additional
details supporting these calculations are provided in Calculation Package RTL-001-CALC-ST-
0201, Rev. 5 [Ref. 33].

2.5.1.3.1 Cask Body Lifting Evaluation

The cask is lifted by using the two lifting pockets that are welded to the cask exterior sidewall on
opposite sides of the cask body. The assembled and loaded cask is lifted with the upper impact
limiter removed to accommodate the connection between the lift yoke and the lifting pockets.
The cask lifting load is the total weight of the fully assembled cask, including the payload, but
with the upper impact limiter load removed. The upper impact limiter is lifted separately. The
lifting pockets are evaluated for the tear-out stress, bearing stress, and weld stress due to the
required lifting activities. The lifting pockets are also evaluated for pure shear stress as described
in ASME Section III Subsection NF [Ref. 8].
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A Dynamic Load Factor (DLF) of 1.35 is applied to the lift forces that act on the cask
components during movement. ANSI N14.6 [Ref. 56] requires additional safety features for
handling of critical loads. One option identified is to apply increased stress design factors on the
load-bearing members; however, the standard does not recommend a value for the stress design
factor. The German Nuclear Safety Standards Commission provides standard KTA-3905 for
lifting loads in nuclear power plants. [Ref. 57] This standard requires a live load factor of 1.35
for dead weight lifts. This calculation uses the KTA-3905 live load factor value as the dynamic
load factor. The dynamic load factor is applied to all load bearing members.

2.5.1.3.1.1 Lifting Pocket Design Features

The lifting pockets are manufactured from blocks of ASTM A240 Dual Certified Type 304/304L
stainless steel that are welded to opposite sides of the outer shell of the cask body, also
manufactured from ASTM A240 Type 304/304L stainless steel. The weld material is SA-279
Grade ER308 UNS S30880. The welds extend down both sides and along the bottom of the
lifting pockets, forming a “U” shape. The lifting pockets have a cutout that allows the lifting
yoke to pass downward and through the lifting pocket. The connection is completed with a
rectangular shaped retaining pin that is inserted through cutouts in both the lifting pocket and the
lifting yoke. Figure 2.5.1-1 provides the configuration and dimensions of the lifting pockets and
shows the cutouts for the lifting yoke and retaining pin. The design loads and material strengths
of the lifting pocket base metal and weld materials are as follows:

Total Lifted Cask Weight W= 41,500 - 2,541 kg = 38,959> use 39,500 kg
Dynamic Load Factor DLF =1.35
Number of Lifting Pockets n, =2
Gravitational Acceleration 2=9.81 m/s?
Vertical Shear Load Py = wxﬁ:Fxg = B0 12'35X9'81 ,:,;?N
=261.6 kN pocket
Lifting Pocket Yield Strength Sy =199 MPa
Lifting Pocket Tensile Strength Su=511MPa
Factor of Safety on Yield Strength Fsy =3

Factor of Safety on Tensile Strength Fo =5

The critical dimensions for the weld evaluation are as follows. These dimensions ignore the
dimensions of the welds.

Lifting Pocket Length L= 191 mm = 0.191m
Lifting Pocket Edge Distance d,=55mm = 0.055m
Lifting Pocket Eye Length Le= 8 mm = 0.084 m

Retaining Pin Dimensions Wp= 60mm = 0.060 m
Hpy= 80mm = 0.080 m
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The “eye” refers to the rectangular cutout in the lifting pocket for the retaining pin and the eye
length is the vertical height of the eye. The lifting pocket length is the distance from the
horizontal centerline of the retaining pin eye to the top of the lifting pocket. The lifting pocket
edge distance refers to the vertical height of the recessed cap on the lifting pocket.
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Figure 2.5.1-1 RT-100 Lifting Pocket Dimensions
2.5.1.3.1.2 Lifting Pocket Tear-out Stresses

The lifting pockets are used for lifting the assembled and loaded cask body, without the upper
impact limiter, and are rendered inoperable by removing the lifting attachment from the lifting
pocket during transport. The lifting pockets are considered to be a structural part of the package
with respect to lifting and shall be designed for the factor of safety against yielding and ultimate
stresses. A lifting yoke is used to lift the assembled cask body and to ensure that the lifting straps
or cables remain parallel to the body of the cask during lifting operations. The tear-out stresses
for the lifting pocket retaining pin hole are as follows:

Lifting Eye Tear-out distance d;, = L, — d, — % = 0.191 — 0.055 — %
=0.094 m
Lifting Pocket Thickness t, = 110.5-40=70.5 mm=0.071 m
Lifting eye Tear-out Area A;, = dy, X t, = 0.094 x 0.071
=0.00663 m*

The tear-out stresses for the lifting pocket are calculated:
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. . k
Nominal Tear-out Stress 7, = :‘; = 2:060106663 = 19734 m—’: = 19.7 MPa
to -

Allowable Yield Stress
gy = 0.6 X Sy = 119 MPa

Allowable Ultimate Stress
oy = 0.6 XS, =307MPa

Factor of Safety on Yield Strength

FS= 2= 22=605>3.0
Tro 197
Factor of Safety on Tensile Strength
FS = 2= 3 - 1554 > 50
Tto 19.7
2.5.1.3.1.3 Lifting Pocket Bearing Stresses

The bearing stress in the lifting pocket from the lift yoke retaining pin is calculated as follows.
The acceptance criterion for the pocket bearing stress are the yield strength of the material.

Lifting Pocket Bearing Area
A, =W, x t, =0.06 x0.071 = 0.00423 m?

Nominal Bearing Stress
Py 261.6

1, = = 28 _ 61934 XN — 618 MPa
Ap 0.00423 m

Factor of Safety on Yield Strength

FS=2=2_327 5 10
Tp 61.8
2.5.1.3.1.4 Lifting Pocket Weld Stresses

The stresses in the welds (attaching the lifting pocket to the cask outer shell) are found by
applying the shear load from the lifting pockets to the weld around the perimeter of the plate.
Based on the safety factors for the lifting pocket, yielding controls the weld evaluation. The
stresses and allowables are determined as described in “Design of Welded Structures” [Ref. 25]
and Calculation Package RTL-001-CALC-ST-0201, Rev. 5 [Ref. 33]

Conservatively, the upper section of the pocket is considered to take the full lifting load. The
lifting pocket is seal welded to and bears upon the cask bolting ring. The lifting load is therefore
shared between the lifting pocket weld and the bolting ring. Conservatively, the full load is
considered to be taken by the lifting pocket weld only.
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The stresses in the welds attaching the lifting pocket to the cask outer shell are found by applying
the shear load from the lifting pockets to the weld around the perimeter of the lifting pocket.
Based on the safety factors for the lifting pocket, yielding controls the weld evaluation. The
welds on the lifting pockets are evaluated as a line force on the weld as described in “Design of
Welded Structures” [Ref. 25] (Refer to pages 7.4-6 and 7, Tables 4 and 5). Since the cask is
lifted using a yoke that maintains the force in a vertical direction, there are no bending or
twisting loads, so the section Modulus and the polar moment of inertia are zero and can be
ignored. The weld geometry is provided in Figure 2.5.1-2

Y
F 8
| Cx
X— | — | —l-x ——>| |&——— Base Metal Thickness
d
Weld Throat Size
| !
Y

| Cy
Y X
b Local

> Coordinates

Figure 2.5.1-2 Weld Geometry

Weld properties are as follows:

Length of horizontal weld b= 028 m

Length of vertical weld d= 020m

Weld Length A,= b+2d=0.68 m
Weld Throat Size Tw=0.015m

Base Metal (Cask Wall) Thickness T= 0.035 m

The force acting on the weld is:

- B _2616 _ kN
foy albrwialry = 384.71 —
Yield Weld Allowable Twya = 0.6 X Syy x Ty, X 1000
= 0.6 x 205 x 0.015 x 1000 = 1845 kN/m
Tensile Weld Allowable Twya = 0.6 X S, x Ty, x 1000
= 0.6 x 515 x0.015 x 1000 =4635 kN/m
Yield Cask Allowable
_ 0.6 x Scy X T, x 1000 _ 0.6 X 199 x 0.035 x 1000
Teya = 0.7071 = 0.7071
= 5910 KN/m
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Tensile Cask Allowable
0.6 xS, X T, x 1000 _ 0.6 x 511 x 0.036 x 1000

Teua = 0.7071 = 0.7071
= 15176 kKN/m
Weld Yield FS
Twya 1845

= fw —m—4.80>3.0
Weld Tensile FS

 Twa 4635

= P aETYE T 12.05 > 5.0
Cask Yield FS

_Toa 5910 15.36 > 3.0

T f, 38471 '
Cask Ultimate FS

_Tan 15176 oS50

T f, 38471 T '

2.5.1.3.1.5 Lifting Pocket Average Pure Shear

The lifting pocket average pure shear is evaluated in accordance with ASME Section III
Subsection NF [Ref. 8] Subparagraph 3223.2 and is limited to 0.6 Sy. The factor of safety is
determined by comparing the pure shear to the lifting pocket tear out stress. For the lifting
pocket weld evaluation, the average pure shear is evaluated as follows.

Cask Membrane Strength
Sm = 115MPa
Cask Allowable Pure Shear
Sap = 0.6 XSy = 0.6 X 115 = 69.0MPa
FS for Cask Pure Shear
Sap _ 69.0

= — = — = 3.50 > 1.0 cask pure shear is OK
Tto 19.7

2.5.1.3.1.6 Summary of Results

Table 2.5.1-1 provides a summary of the Factors of Safety for each of the lifting conditions that
are evaluated for the assembled RT-100. The table shows that all of the lifting conditions meet
the required factor of safety greater than 3.0 against yield and the factor of safety greater than 5.0
against ultimate stress for the tear out and weld stress and a greater than 1.0 for the bearing
stresses and average pure shear.
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Table 2.5.1-1 Summary of Results for Lifting Assembled Cask

Factor of Safety
Lifting Condition Evaluated Yield Ultimate
3 >3)
Lifting Pocket Tear-out Stresses 6.05 15.54
Lifting Pocket Weld Stresses: 4.80 12.05
Weld
Lifting Pocket Weld Stresses: 15.36 3945
Cask
Factor of Safety
1)
Lifting Pocket Bearing Stresses 3.22 N/A
Lifting Pocket Average Pure 3.50
Shear g

2.5.1.3.2 Primary Lid Lifting Evaluation

The primary lid is evaluated for the working load limit in the lifting rings and for the tear-out
stresses in the lid from the lifting activities. The lifting rings for the primary lid can only be used
when the cask lid is separated from the cask body. The secondary cask lid is also removable, so
the primary lid may be lifted with the secondary lid attached or separated from the primary lid.
Conservatively, the combined primary and secondary lid is used for the lifting evaluation. The
primary lid design information is:

Primary Lid Weight Wp = 3648 kg, assume 3700 kg
Secondary Lid Weight Ws. = 857 kg, assume 900 kg
Total Lid Lifting Weight W, = 3700 + 900 = 4600 kg
Number of Lifting Rings n, =3
Dynamic Load Factor DLF = 135

2.5.1.3.2.1 Primary Lid Lifting Ring Working Loads

The lifting rings on the primary lid are only used for lifting when the lid is detached from the
cask body, and are rendered inoperable by removing the rings from the lid when the cask is
assembled. The rings are therefore not considered to be a structural part of the package and do
not need to be designed for the factor of safety against yielding.

_ W_xDLF _ 4600x1.35

Lifting Ring Load P, " T = 2070kg
Ring Working Load Limit Prrmax = 3000 kg

= Prmax _ 3000 _
Factor of Safety FS = = 200 145 > 1.0
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2.5.1.3.2.2 Primary Lid Thread Engagement

The minimum required thread engagement length is determined in accordance with “Machinery’s
Handbook [Ref. 27]. The primary lid is manufactured from ASTM A240 Type 304L SS material.
This material is weaker than the M20 lifting ring material (ASTM A-354 Gr. BD), so failure will
occur at the root of the primary lid material threads. The minimum required thread engagement
length that prevents primary lid material failure is:

Minimum Engagement Length L= S, X2xA,
S, xnxnxD,_ X[L +0.57735%(D,_, —Em)]
2Xxn

Where
Sw: =Bolt External Thread Tensile Strength, MPa
A, =Stress Area of Bolt External Threads, mm?
S =Cask Internal Thread Tensile Strength, MPa n = Number of threads per millimeter
D min = Minimum Major Bolt Diameter, mm

E,max = Maximum Pitch Diameter of Internal Thread, mm
Solving the equation for Minimum Engagement Length, L.:

Minimum Engagement Length
150,000 x 2 x 0.38

e 69,000 X 7 X 1016 X 0.773 X [;rTorg + 0.57735 x (0.773 — 0.699)]
= 0.73 in=18.5 mm
Where
Sie = 1030 MPa = 150,000 psi
Ay = 245.0 mm?= 0.38 in?
St = 470 MPa = 69,000 psi
p = Thread Pitch=2.5 mm = 0.098 in
n = %= ﬁ = 10.16 Threads/inch

Dsmin = 19.623 mm =0.773 in
Enmax = 17.744 mm = 0.699 in

The available thread engagement, Lep, is 32 mm. Therefore, the factor of safety is:

Fs—Lep—32'0—173>10
L, 185 '

The lifting ring configuration is acceptable for the applied loads. In the unlikely event that failure
does occur in the lid threads, no adverse effects on the RT-100 will occur since the threads are
outside the cask containment boundary.
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2.5.1.3.3 Secondary Lid Lifting Evaluation

The secondary lid is lifted using a set of three lifting rings that attach to threaded holes in the top
surface of the lid. Although the maximum evaluated weight of the secondary lid lift includes only
the secondary lid, the hardware is the same as that used for the primary lid. The combined
primary and secondary lid are evaluated for lifting in Section 2.5.1.3.2. This section evaluates
the working load limit in the lifting rings and for the minimum thread engagement in the lid
during lifting activities. The secondary lid design information is:

Secondary Lid Weight WsL= 857 kg, assume 900 kg
Number of Lifting Rings n=3
Dynamic Load Factor DLF= 1.35

2.5.1.3.3.1 Lifting Ring Working Load

The lifting rings on the secondary lid are only used for lifting when the lid is detached from the
cask and are rendered inoperable by removing the rings from the lid when the cask is assembled.
The rings are therefore not considered to be a structural part of the package and do not need to be
designed for the factor of safety against yielding.

Lifting Ring Load
_ Wsixpr 900 X% 1.35

P = o 3 = 405 kg
Ring Working Load Limit
P: max = 3000 kg
Factor of Safety
FS=PF'T":’X=%= 7.4 > 1.0
2.5.1.3.3.2 Secondary Lid Thread Engagement

The minimum required thread engagement length is determined in accordance with
“Machinery’s Handbook™ [Ref. 27]. The secondary lid is manufactured from ASTM A240 Type
304L SS material. This material is weaker than the M20 lifting ring material (ASTM A-354 Gr.
BD), so failure will occur at the root of the secondary lid material threads. The minimum
required thread engagement length that prevents secondary lid material failure is:

Minimum Engagement Length L= S, X2XxA,
S.XaxnxD_, x[L +0.57735%(D,,, —Ew)]
2xn

St =Bolt External Thread Tensile Strength, MPa

A, =Stress Area of Bolt External Threads, mm?

S =Cask Internal Thread Tensile Strength, MPa n = Number of threads per millimeter
Dg min = Minimum Major Bolt Diameter, mm

E,max = Maximum Pitch Diameter of Internal Thread, mm
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Solving the equation for Minimum Engagement Length, L.:

Minimum Engagement Length

150,000 x 2 x 0.38
Le =

69,000 X 7 X 10.16 X 0.773 X [ﬁo.m +0.57735 x (0.773 — 0.699)]
= 0.73 in=18.5 mm
Where
See = 1030 MPa = 150,000 psi
Ay = 245.0 mm?=0.38 in?
St = 470 MPa = 69,000 psi
p = Thread Pitch=2.5 mm =0.098 in
n = §= 0_0198 = 10.16 Threads/inch

Ds,min = ]9.623 mm = 0.773 in
Enmax = 17.744 mm = 0.699 in

The available thread engagement, L, is 32 mm. Therefore, the factor of safety is:

L 32.0
FS = -2 = 320

=173>1.0
Le 185

Therefore, the secondary lid lifting ring configuration is acceptable for the required loads.

2.5.1.3.4 Upper Impact Limiter Lifting Evaluation

The upper impact limiter is lifted using a set of three lifting rings that attach to threaded holes in
the top surface of the limiter. The lifting rings are designed to remove the impact limiter from
the cask body and not to lift the cask body while still attached. In the following sections, the
impact limiter is evaluated for the working load limit in the lifting ring and the lifting ring thread
engagement. The upper impact limiter design information is:

Secondary Lid Weight WuL= 2541 kg, assume 2700 kg
Number of Lifting Rings n=3
Dynamic Load Factor DLF= 1.35

2.5.1.3.4.1 Lifting Ring Working Load

The lifting rings on the upper impact limiter are used only for lifting when the impact limiter is
detached from the cask body; the rings are rendered inoperable by removing the rings from the
impact limiter when the cask is assembled. Since the rings are not considered a structural part of
the package, they do not need to be designed for the factor of safety against yielding.
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Lifting Ring Load
P = WyL X DLF 2700 x 1.35

, o 3 = 1215kg
Ring Working Load Limit
Prmax = 3000kg
Factor of Safety
FS = P*';r‘“" = % =247>1.0
2.5.1.3.4.2 Impact Limiter Thread Engagement

The minimum required thread engagement length to prevent impact limiter material failure is
determined in accordance with “Machinery’s Handbook™ [Ref. 27]. The upper impact limiter is
manufactured from ASTM A240 Dual Certified Type 304/304L material. This material is
weaker than the M20 lifting ring material (ASTM A-354 Gr. BD), so failure will occur at the
root of the upper impact limiter material threads. The minimum required thread engagement
length that prevents upper impact limiter material failure is:

Minimum Engagement Length L= S, X2XA,
S, xnxnxD__ x[-l— +0.57735%(D,,,, —Em)}
2xn

St =Bolt External Thread Tensile Strength, MPa

A, =Stress Area of Bolt External Threads, mm?

S =Cask Internal Thread Tensile Strength, MPa n = Number of threads per millimeter
Ds min = Minimum Major Bolt Diameter, mm

E,max = Maximum Pitch Diameter of Internal Thread, mm

Solving the equation for Minimum Engagement Length, Le:

Minimum Engagement Length
150,000 x 2 x 0.38

L. =
69,000 x T x 10.16 X 0,773 % [ﬁﬁ + 0.57735 x (0.773 — 0.699)]
= 0.73in=18.5mm
Where
See = 1030 MPa = 150,000 psi
Ay = 245.0 mm?=0.38 in®
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St = 470 MPa = 69,000 psi
p = Thread Pitch = 2.5 mm = 0.098 in
n = 1= _—_=10.16 Threads/inch

p  0.098
Dsmin = 19.623 mm = 0.773 in
Enmax = 17.744 mm = 0.699 in

The available thread engagement, L, is 32 mm. Therefore, the factor of safety is:

FS =22 320 _ 173510
L, 185

Therefore, the upper impact limiter lifting ring configuration is acceptable for the required loads.

2.5.1.3.5 Lower Impact Limiter Lifting Evaluation

The lower impact limiter is lifted using three of the threaded bolt studs that are utilized to attach
the lower limiter to the cask body. As such, it cannot be lifted while attached to the cask body.
The lower impact limiter is evaluated for the bolt stresses and for minimum thread engagement

in the lower impact limiter during lifting activities. The lower impact limiter design information
is:

Lower Impact Limiter Weight Wi = 2448 kg, assume 2600 kg

Number of Lifting Rings n =3

Dynamic Load Factor DLF = 1.35

Gravitational Acceleration g = 9.81 m/s?
2.5.1.3.5.1 Attachment Bolt Stresses

The bolts on the lower impact limiter are only used for lifting when the lower impact limiter is
detached from the cask body, and are rendered inoperable by securing them to the cask body as
part of the assembled cask. The bolts are therefore not considered to be a structural part of the
package with respect to lifting and do not need to be designed for the factor of safety against
yielding. Since the arrangement of the cables or straps used to lift the lower impact limiter may
vary, the total lifting load is conservatively considered simultaneously in the vertical and
horizontal directions.

Wy xDLFxg 2600 x1.35x9.81

Bolt Tension T = o = 3 = 11477.7N
Bolt Shear v =u xn‘;”xg = TR0 = 114777N
Bolt Stress Area A, = 0.000817 m?

Bolt Tensile Stress 61 = Al., = o = 14048.6 = 14.0 MPa
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_ vV _ _uami kN _

Bolt Shear Stress T T A T eI xIow 14048.6mz = 14.0 MPa
Maximum Principal Stress Cpl = % X o] + ’0’% +4 x 12

= 2x[140 + V1407 + 4 x 1407 = 227 MPa
Minimum Principal Stress Op2 = %x o) — {o% + 4 % tzl

L

= 2x[140 - V140> + 4 x 14.0)| = -8.7 MPa
Maximum Shear Stress Trax = 22 = 22220 = 15,7 MPa
Bolt Yield Stress Sy = 896.3 MPa
Allowable Shear Stress  Sa = 0.6 x Sy =537.6 MPa
Factor of Safety FS = = =22 =347 > 30

2.5.1.3.5.2 Lower Impact Limiter Thread Engagement

The minimum required thread engagement length to prevent impact limiter material failure is
determined in accordance with “Machinery’s Handbook”, 26" Edition [Ref. 27]. Since the
constants in the equation assume U.S. customary units, the metric units used in this calculation
are converted for determination of the required engagement length. The minimum required
thread engagement length that prevents upper impact limiter material failure is:

Minimum Engagement Length

L= S, X2XA,

S, xaxnxD,, x[—l—+0.57735><(Dm —Em)}
2Xn

=Bolt External Thread Tensile Strength, MPa
=Stress Area of Bolt External Threads, mm?
=Cask Internal Thread Tensile Strength, MPa n = Number of threads per millimeter

Dy min = Minimum Major Bolt Diameter, mm

E,max = Maximum Pitch Diameter of Internal Thread, mm

Solving the equation for Minimum Engagement Length, Le:

Minimum Engagement Length

150,000 x 2 x 1.27

Le

69,000 X 7 X 6.35 X 1.396 [ﬁ + 0.57735 x (1.396 — 1.313)]

= [.56 in =39.5 mm
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Where

[72]
=3
Il

1030 MPa = 150,000 psi
= 817.0 mm?*=1.27 in?
Sut = 470 MPa = 69,000 psi

Thread Pitch=4.0 mm =0.157 in

n = 1= _L_— 6.35 Threads/inch
p 0157
Ds‘min = 35.465 mm = 1.396 in

Enmax =33.342 mm = 1313 in

z
[

o
I

The available thread engagement, Lep, is 75 mm. Therefore, the factor of safety is
FS=22-730_ 190> 1.0
Le 39.5

Therefore, the lower impact limiter lifting ring configuration is acceptable for the required loads.

2.5.2 Tie-down Devices

The RT-100 cask utilizes two sets of tie down arms, as shown in Chapter 7, Figure 7.4.4-1. These
tie-down arms are welded to two different tie-down plates that in turn are welded to the outer
shell of the cask body. Each set of arms on opposite sides of the cask are designed to cross over
and securely position the cask, and to absorb the latitudinal, longitudinal and vertical forces
required by 10 CFR 71.45 [Ref. 2]. The tie-down arms and plates are a structural part of the
package, and must withstand the following loads without impairing the safety of the cask:

o Two (2) times the loaded weight of the cask in the vertical direction
o Ten (10) times the loaded weight of the cask in the direction of travel
o Five (5) times the loaded weight of the cask transverse to the direction of travel

These loads are considered to act simultaneously on the cask and the tie-down arms.

The lifting pockets on the cask body are the only other parts of the cask that could possibly be
used to tie down the cask. As such, these pockets are rendered inoperable for tie-down during
transport by ensuring that the lift yoke retaining pins are installed in place prior to transport.

2.5.2.1 Tie-down Load Calculation

The maximum forces applicable in each of the three loading directions are calculated in this
section. This calculation is accomplished by using the mass of the fully loaded cask along with
the gravitational acceleration and the vertical, longitudinal and lateral factors specified in 10 CFR
71.45 [Ref. 2]. The loaded weight of the cask is specified in Chapter 1, Section 1.2.1.2.

Gravitational Acceleration: g =9.81 m/s’

Cask Mass: M. = 34696 kg

Payload Mass: M, = 7060 kg

Total Mass: M = M. + M, = 34696 kg, assume 42000 kg
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Total Weight: W =M;=412.02 kN
Vertical Acceleration dv=2
Axial Acceleration da=10
Transverse Acceleration d=5
Vertical Load Py=M x g xdy =824 kN
Axial Load Pa=M x g xda=4120.2 kN
Transverse Load PL=M x g x di. =2060.1 kN

2.5.2.2 Tie-down Force Calculation

The geometric configuration of the tie-down system is designed so that the resultant tie-down arm
tensile loads are tangent to the cask surface in order to minimize the effects of out-of-plane
stresses in the cask shell. Figure 2.5.2-1 and Figure 2.5.2-2 illustrate the details of the tie-down
system geometry. Shear stops are utilized to convert some of the cask loads into turning moments
that are restricted by the tie-down arms. As shown on drawing RT PE 1001-1Rev. F — Robatel
Transport Package RT-100 General Assembly Sheet 1/2 (Chapter 1, Appendix 1.4, Attachment
1.4-2), the tie-down arms have slightly different angles in the front and rear of the casks. These
differences are summarized in Table 2.5.2-1. The horizontal angles from the cask body to each
arm varies from 40° and 44° on one end of the cask and 37° and 41° on the other.

Table 2.5.2-1 Tie-down Arms Horizontal Angles

Load Arms in Tension Angles Average Angle
Longitudinal L & M (Rear) 44 and 40 42
Q & R (Front) 37 and 41 39
Lateral M &R 40 and 41 40.5
L&Q 44 and 37 40.5
Vertical L,M, QR 44, 40, 37, 41 40.5

The analytical model for determining the reaction loads required to prevent rotation and
translation of the package due to the 10 CFR 71.45 [Ref. 2] applied loads is shown in Figure
2.5.2-1 and Figure 2.5.2-2. The evaluation is bounded by analyzing the high average angle (42°)
caused by longitudinal forces on the tie-down arms on the rear of the cask, and the low average angle
(32° caused by longitudinal forces on the tie-down arms on the front of the cask. The shear stop
forces at the bottom of the package are represented by the orthogonal components of a single
force vector, S, making an angle of y with the global y-axis. The stresses in the members are
determined by considering the component loads (10W, 5W, and 2W) individually and
superimposing the results. The geometry of the arms has a slight asymmetry so that the tie downs
can cross one another; this slight asymmetry is ignored and average dimensions are used for
calculation purposes. A detailed force analysis is conducted using the dimensions and notations
shown in the figures; other terms are defined below:

W: weight of cask, kN

Tx: tensile force in member 2 and 3 resulting from 5W load, kN
Ty: tensile force in member | and 2 resulting from 10W load, kN
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T,: tensile force in each member resulting from 2W load, kN
T1,2;34: total tensile force in subscripted member, kN

Fx: total force in the x direction resulting from 5W load, kN
Fy: total force in the y direction resulting from 10W load, kN

L: Effective length of tie-down arm, i.e. distance between tie-down tangent point and
center of tie-down attachment eye, mm

The forces are derived in detail in Calculation Package RTL-001-CALC-ST-0202, Rev. 4 [Ref. 34]
and are developed via summing the moments about the center of gravity. A summary of the
values calculated using Figure 2.5.2-1 and Figure 2.5.2-2 are provided in Table 2.5.2-2. The
maximum calculated forces using these values is provided in Table 2.5.2-3. The results show that
the front arms with the lower horizontal angle are subjected to the greater forces. The evaluation
of the longitudinal loads on the two front tie-down arms bounds the evaluation of all other load
conditions on the cask. The tension calculations and safety margin evaluations contained in the
following sections focuses on the front tie-down arms.
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Unit: mm

R = impace limiter radius = 2587/2
r = cask radius = (2040+60)/2

d = cask C.G. elev. = 1648

t = avg. tie-down eye elev. = 1429
L = total length from the tangent point tangent
of the tie-down arm (to the cask body)
to the tie-down eye

x’' = avg. tie-down eye X axis offset

y' = avg. tie-down eye Y axis offset

I " _ Hole CL
b =L cosB cosd
c=Lsin®

weight 412.02 KN

R 1293.5 mm

r 1050 mm

d 1648 mm

t 1429 mm

L 605 mm

] 0.514872 rad

0 0.733038 rad R

a 352.3409 mm

b 391.3142 mm

c 297.9163 mm

x' 427.9612 mm

y' 1093.901 mm

z 1726.916 mm e

A 4

Figure 2.5.2-1 RT-100 Tie-Down Arm Geometry
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Figure 2.5.2-2 RT-100 Tie-Down Free Body Diagrams
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Table 2.5.2-2 Calculated Values for Tie-Down Arms
Rear Arms Front Arms
) (44° & 40°)=>0.733038 rad (41° & 37°)=>0.680678 rad
a 351.47 mm 365.61 mm
b 390.34 mm 451.49 mm
c 297.18 mm 328.69 mm
L (616 + 591)/2 = 603.5 mm (682 + 653)/2 = 667.5 mm
x’ 451.13 mm 473.71 mm
y’ 1113.01 mm 1131.16 mm
z 1726.18 mm 1757.59 mm

(Note: these values calculated using parameters as defined in Figure 2.5.2-1 and Figure 2.5.2-2)

Table 2.5.2-3 Calculated Forces for Tie-Down Arms
Rear Arms Front Arms

Tx 1361.26 kN 1430.82 kN
Ty 1609.56 kN 1571.40 kN
Tz 418.36 kN 418.36 kN
Tmax 3389.18 kN 3420.58 kN
Fxx 474.56 kN 492.68 kN
Fyy 2038.07 kN 1994.43 kN
Fn 2925.80 kN 2956.73 kN
Ff 146.29 kN 147.84 kN
Sx 204.57 kN 213.28 kN
Sy 953.61 kN 931.10 kN

2.5.2.3 Tie-Down Arm Evaluation

The maximum tie-down arm load of 3420.58 kN is determined as described in Section 2.5.2.2
above. This load is applied to the tie-down arm design to ensure that stresses are within allowable
limits. As show in the drawings presented in (Chapter 1, Appendix 1.4, Attachments 1.4-2
through 1.4-8) the tie-down arm is reinforced in the portion containing the attachment hole. This
reinforcement ensures that the loads in this area of reduced cross-section can be transmitted safely
into the rest of the tie-down arm. Stresses for the tie-down arm and its connection to the exterior
cask shell are calculated as follows:

Arm Tension Stress at Hole

Arm Cross-Sectional Area at Hole, Ane = 11,450 mm?

Arm Tension Stress, Gnet = Tmax / Anet = 298.74 MPa

Stress Allowable, Gaiow = 437.2 MPa (@50°C per Table 2.2.1-1)
Factor of Safety, FS = Gallow / Onet =437.2/298.74=1.46>1.0

Arm Bearing Stress at Hole
Arm Bearing Area at Hole, Apear= 7,650 mm?
Arm Tension Stress, 6net = Tmax / Avear = 447.13 MPa
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Stress Allowable, caiow = 1.35 x 437.2 MPa = 590.2 MPa (@50°C per Table
2.2.1-1) Factor of Safety, FS = Gaiow / Onet = 590.2/447.13=1.32> 1.0

Arm Tear-Out Stress at Hole

Arm Tear-out Area, Aar = 18,700 mm?

Arm Tear-out Stress, Tiear = Tmax / Atar = 182.92 MPa

Tear-out Stress Allowable, Taiow = 0.6 x 437.2 = 262.3 MPa
Factor of Safety, FS = Tallow / Ttear =262.3/182.92=1.43>1.0

Arm Tension Stress at Main Cross Section

Arm Area, Aarm = 9,100 mm’

Arm Tear-out Stress, Garm = Tmax / Aarm = 375.89 MPa
Tear-out Stress Allowable, Gaow =437.2 MPa

Factor of Safety, FS = Gallow / Garm=437.2/375.89=1.16> 1.0

As shown in the summary above, the stresses in the limiting tie-down arm are below the yield
stress allowables.

2.5.2.4 Tie-down Arm & Plate Weld Evaluation

The stresses in the welds attaching the tie-down arms to the tie-down plates and the plates to the
cask body are found by applying the loads from the attachment arms to the weld around the
perimeter of the plates. The maximum load on the tie-down arm welds are the sum of the loads in
two connecting arms. Thus, from inspection of Figure 2.5.2-2, the maximum tie-down arm load is
calculated as follows:

Tie-down Arm Weld Force, Fout = 2Tx + Ty +2T, = 5269.76 kN

Weld axial load FX = Fiotat X (b/ L) = 3564.43 kN

Weld vertical load Fy = Fiort X (¢ / L) =2594.96 kN
Weld transverse load Fz = Fiow x (a/ L) = 2886.42 kKN

Arm tensile strength: 437.2 MPa

Cask tensile strength:  199.3 MPa

Weld tensile strength: 450 MPa, weld between tie-down arm and plate [Ref. 34]
420 MPa, weld between tie-down plate and cask [Ref. 34]

The weld length, b, is 1583.36 mm, the weld height “d” for the tie- down arm plate is the 260 mm
height of the arm, and weld height “d” for the weld between tie- down plate and cask body is
388.03 mm (Calculation Package RTL-001-CALC-ST-0202 Rev. 4 [Ref. 34]). These dimensions
and loads are used in the following weld stress calculations.
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2.5.2.4.1 Tie Down Arm-to-Plate Weld Stress

The stresses in the welds attaching the tie-down arm to the tie-down plate are found by applying
the weld loads as specified in Section 2.5.2.4. The stresses and allowables are determined as
described in “Design of Welded Structures” [Ref. 25] and Calculation Package RTL-001-CALC-

ST-0202, Rev. 4 [Ref. 34]. y
Weld properties are as follows: |

I i A
Cx
b =1.583
i x— — - X

d=0.260m
Cy=b2=0.79m |
Cx=d2=0.13m |

Aw=2xb=3.172m’/m Y Y
Sx=bxd=0.41 m*/m | C l

S, =b*/3 =0.84 m*/m X

s Local
= “ 2 = 4 b
Jw=b@Bd"+b)/6=0.71m"/m Coordinates

Weld Throat Size = 0.022 m

Weld stress is calculated as follows:
fi =(Fz/ Aw)+ (Mx/Sx)+(My/Sy) = 911.69 kKN/'m

foy = (Fy/ Aw) + (M2 X Cy) / Jw) = 819.63 kN/m
fux = (Fx/ Aw) + (MzXx Cx) / Jw) = 1125.85 kN/m
fw = (f2+ f,2+f2)* = 1664.49 KN/m

Weld Allowable Stress = 0.6 x Fw x Weld Size x 1000 = 5940 kN/m

Weld Metal Factor of Safety, FS = 5940/ 1664.49=3.56 > 1.0

Tie-Down Arm Shear Allowable = 0.6 x Fw x Weld Size / 0.7071 x 1000 = 8158 kN/m
Tie-Down Arm Factor of Safety, FS = 8158/ 1664.49=4.90> 1.0

2.5.2.4.2 Tie Down Plate-to-Outer Shell Weld Stress

The stresses in the welds attaching the tie-down plate to the cask outer shell are found by
applying the weld loads as specified in Section 2.5.2.4. The stresses and allowables are
determined as described in “Design of Welded Structures” [Ref. 25] and Calculation Package
RTL-001-CALC-ST-0202, Rev. 4 [Ref. 34].
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Weld properties are as follows:

b =1.583 m
d=0.388m

Cy=b2=0.79m
Cx=d/2=0.19m
Aw=2xb=3.172m’/m
Sx=bxd=0.615m’/m

S, =b%3 = 0.84 m*/m
Ju=b@Bd*+b%)/6=0.78 m*/m

1.

Local
Coordinates

Weld Throat Size = 0.017 m
Weld stress is calculated as follows:
fi=(F./ Aw) + (Mx/ S) + My / Sy) =911.69 kKN/m

fuy = (Fy / Aw) + (Mzx Cy) / Jw) = 819.63 kN/m
fux = (Fx / Aw) + (Mzx Cy) / Jw) = 1125.85 kN/m
fo = (£2 + fi,° + £,)"? = 1664.49 kKN/m

Weld Allowable Stress = 0.6 x Fy x Weld Size x 1000 = 4284 kN/m

Weld Metal Factor of Safety, FS = 4284 / 1664.49=2.57> 1.0

Outer Shell Shear Allowable = 0.6 x Fw x Weld Size / 0.7071 x 1000 = 2.875 kN/m
Outer Shell Factor of Safety, FS =2875/1664.49=1.73>1.0

2.5.2.5 Tie-Down Evaluation Summary

As shown in the previous sections, all components of the tie-down components that are a
structural part of the cask maintain positive safety margins when subjected to the simultaneous
loadings specified in 10 CFR 71.45 [Ref. 2]. The smallest factor of safety is 1.16 against tie-
down arm tension. Under excessive loading, the failure of the tie-down system occurs by
yielding in the tie-down arm. This failure does not impair the package’s ability to meet other
regulatory requirements since the tie-down arms are welded to a plate that is in-turn welded to the
cask body. Damage to the tie-down arm does not damage any component integral to the cask
body and therefore, does not compromise the cask body shell.

2.6 Normal Conditions of Transport

This Section describes the RT-100 evaluation for the normal conditions of transport specified in
10 CFR 71.71[Ref. 2]. The requirements of 10 CFR 71.71 state that the RT-100 shall be
structurally adequate for the following normal conditions of transport:

o Heat
o Cold
o Reduced external pressure
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Increased external pressure
Vibration

Water spray, free drop
Corner drop

Compression, and
Penetration.

O 0O 0O 0O OO

During the free drop analyses, the cask impact orientation evaluated is the orientation that inflicts
the maximum damage to the cask. Also, the requirements of 10 CFR 71.71 [Ref. 2] specify that
the evaluation of the RT-100 for the normal conditions of transport be evaluated at the most
unfavorable ambient temperature in the range from -29°C to +100°C. The normal conditions of
transport evaluations presented in this section show that the package satisfies the applicable
performance requirements specified in the 10 CFR 71.71 [Ref. 2]. The scale drop testing and
analytical analyses demonstrate that there is no decrease in the RT-100 Cask Package
effectiveness as follows:

o No loss or dispersal of contents

o No structural changes reducing the effectiveness of components required for
shielding, for heat transfer, or for maintaining subcriticality or containment

o No changes to the package affecting its ability to withstand HAC.

The normal conditions evaluations described in the following sections are performed in
accordance with the design criteria and load combinations as identified in Section 2.1.2. Each of
the following subsections addresses each normal conditions requirement.

2.6.1 Heat

The RT-100 cask body and closure lids are analyzed for structural adequacy in accordance with
the thermal evaluation of the RT-100 for the temperatures specified in 10 CFR 71.71(c)(1)
[Ref. 2] is presented in Chapter 3. The thermal evaluation demonstrates that the cask component
temperatures are maintained within their safe operating ranges for all normal conditions of
transport. The following subsections discuss the structural evaluation of the RT-100 using the
appropriate component temperatures as determined in Chapter 3.

2.6.1.1 Summary of Pressures and Temperatures

The pressures and temperatures occurring in the RT-100 as a result of the 10 CFR 71 [Ref. 2]
normal conditions of transport thermal conditions are an important consideration for the structural
evaluations presented in this chapter. The internal pressure induces stresses on the containment
system; the temperatures affect the selection of temperature-dependent material properties as well
as, the internal pressures that occur as a result of the ambient temperatures and solar insolation
specified in 10 CFR 71.71 [Ref.2]. The material properties utilized are based on the maximum
calculate temperatures of each component or higher temperatures which are conservative.

The maximum normal operating pressure evaluation for the RT-100 is presented in Chapter, 3
Section 3.3.2. As described in this section, the calculated maximum pressure for normal
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conditions is 182.71 kPa (26.5 psia). For conservatism, the structural evaluations involving
internal pressure use a maximum normal operating condition pressure of 342.7 kPa (49.7 psia or
35 psig).

The maximum component temperatures in the RT-100 for normal conditions are presented in
Chapter 3, Table 3.1.3-1 “RT-100 Maximum Normal Condition Temperature Summary” (Found
in Chapter 3). The temperatures are utilized to determine the stress allowables used in the
structural evaluation for the normal conditions of transport.

2.6.1.2 Differential Thermal Expansion

As shown in Chapter 3, Table 3.1.3-1, the temperatures of the components of the cask differ by
only a few degrees under normal conditions of transport thermal ambient conditions. This
difference is due in part to the relatively low decay heat of the contents. The RT-100 is evaluated
for differential thermal expansion as described in Section 2.6.7 in combination with normal
pressure and inertial loads under the following conditions:

o Ambient temperature, 38°C

Initial temperature, 38°C

Heat transfer to ambient by natural convection, still air
Heat transfer to ambient by radiation

Steady-state solar insolation

O 0 0O OO

Internal heat load as a uniform heat flux, 13.04 W/m?

2.6.1.3 Stress Calculations

Regulatory Guide 7.6 [Ref. 4] requires that the range of primary plus secondary stress intensities
during normal conditions of transport be less than 3.0 Si. To evaluate this condition, the range of
primary plus secondary stresses for the combined normal events (including heat, cold, normal
operating pressure, 0.3-m end drop, and 0.3-m side drop conditions) are analyzed using the finite
element model presented in 2.6.7.2.

2.6.1.4 Comparison with Allowable Stresses

The combined stress results are presented in Tables 2.6.7-1 and 2.6.7-2. Since the margins of
safety are all positive, the RT-100, therefore, satisfies the requirements of 10 CFR 71.71(¢)(1)
[Ref. 2] for the heat (normal transport) condition.

2.6.2 Cold

The RT-100 cask body and closure lids are analyzed for structural adequacy in accordance with
the thermal evaluation of the RT-100 for the temperatures specified in 10 CFR 71.71(c)(2)
[Ref. 2] is presented in Chapter 3. The thermal evaluation demonstrates that the RT-100
component temperatures are maintained within their safe operating ranges for all normal
conditions of transport. Using the same methodology presented in Section 2.6.1, the RT-100 is
evaluated for cold conditions. The following thermal case is used to calculate the thermal stress
under cold conditions:

© Ambient temperature, -40°C
o Initial temperature, -40°C
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Heat transfer to ambient by natural convection, still air
Heat transfer to ambient by radiation

No solar insolation, in shade

Internal heat load as a uniform heat flux, 13.04 W/m>

0O 00O

The combined stress results are presented in Tables 2.6.7-1 and 2.6.7-2. Since the margins of
safety are all positive, the RT-100, therefore, satisfies the requirements of 10 CFR 71.71(¢c)(2)
[Ref. 2] for the cold (normal transport) condition.

2.6.3 Reduced External Pressure

The drop in atmospheric pressure to 24 kPa (3.5 psia), as specified in 10 CFR 71.71(c)(3)
[Ref. 2], effectively results in an additional internal pressure in the cask of 77 kPa (11.2 psig).
This additional pressure has a negligible effect on the RT-100 because, in Section 2.6.1.1, the
cask is analyzed for a normal transport conditions internal pressure of 241 kPa (35 psig).
Maximum internal pressure is included in combination with internal loads (see Tables 2.6.7-1 and
2.6.7-2). Since the margins of safety are all positive, the RT-100 satisfies the requirements of 10
CFR 71.71(c)(3) for reduced external pressure.

2.6.4 Increased External Pressure

An increased external pressure of 20 psia (5.3 psig external pressure), as specified in 10 CFR
71.71(c)(4) [Ref. 2], has a negligible effect on the RT-100 because of the thick outer shell and end
closures of the cask. Section 2.6.7 addresses many different loading cases which exceed these
prescribed external pressure requirements. Therefore, the requirements of 10 CFR 71.71(¢c)(4)
[Ref. 4] are satisfied.

2.6.5 Vibration
10 CFR 71.71 (c)(5) [Ref.4] requires that “vibration normally incident to transport” be evaluated.

The RT-100 package consists of think section materials that are unaffected by vibration normally
incident to transport, such as over the road vibrations.

2.6.5.1 Vibration Evaluation of the RT-100 Cask Primary Lid Bolts

The RT-100 may be subjected to a cycle range typically associated with high-cycle fatigue
(> 10® cycles). Therefore, the endurance limit of the material for the high cycle fatigue can be
approximated by using a 60% reduction, r,, of the ultimate tensile strength (AISC [Ref. 26]) with
an additional 10% reduction rg, for the connection surface (Machinery’s Handbook [Ref. 27]).
Thus the endurance limit for the material is:

Sa (l—rh )x(l_rg )xsub

where:
Sub

Bolt Ultimate Stress

1030 MPa  (ASTM A354 Grade B, Table 2.2.1-3)
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Sa

(1-0.60)x (1-0.10)x1030

370.8 MPa

NUREG-0128 [Ref. 30] gives the following RMS vibration load factors for the road travel:

f, =

= 0.52
fL =

= 0.27
ﬂ =

= 0.19

Vertical Vibration Load Factor

Longitudinal Vibration Load Factor

Transverse Vibration Load Factor

The RT-100 is transported in the vertical orientation. The cask lid is subjected to vibration in the
vertical direction. A notch factor, fy, of 3.0 is used and is conservative (AISC [Ref. 26]). The
vibration stress in the bolts is:

Sy:

where:
Fb =

Ab=

Fb=

Sy =

E xfy
Ab

Bolt Force due to Vibration
fxW xg
Nb
Bolt Stress Area
1470 mm’

Cask Lid Weight
3648 kg, use 3650 kg

Number of Bolts

32

0.52<365()<9.81>< 1kN
32 1000N

0.58 kN

0.58x3.0  1MPa

X 7
0.001470 kN
1000 /m 2

1.19 MPa << §, = 370.8 MPa

[Ref. 27]
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Since the stress in the bolts is well below the endurance limit of the material, the primary lid bolts
are not subjected to transportation-related fatigue damage during their service life.

The maximum shock loading coefficient for the three orthogonal directions is specified as 2.9
(NUREG-0128 [Ref. 30]). The RT-100 primary lid is subjected to shock loading during
transport. The primary lid closure bolts are shown to withstand a 125g impact load (Section
2.13.3.3), which is much larger than the 2.9W shock loading during transport. Therefore, the
primary lid closure bolts are acceptable for shock loading by comparison.

2.6.5.2 Vibration Evaluation of the RT-100 Cask Secondary Lid Bolts

Per Section 2.6.5.1, the components of the package are in the high-cycle fatigue range (> 108
cycles). The endurance limit of the material for the high cycle fatigue for the secondary lid bolts is
the same as for the primary lid bolts. The RT-100 lid is subjected to vibration in the vertical
direction. A notch factor, fy, of 3.0 is used and is conservative (AISC [Ref. 26]). The vibration
stress in the bolts is:

Sy = A,
where:
F, = Bolt Force due to Vibration
I xW Xxg
Nb
A, = Bolt Stress Area
= 817 mm’ [Ref. 27]

W_s= Cask Lid Weight
= 857kg

Ny = Number of Bolts
= 18

All other quantities are defined in Section 2.6.5.1

_ 0.52857x9.81 1kN

Fo = 18 1000N
0.24 kN

0.24x3.0  1MPa
X /
0.000817 ~ 1000 KN,

Sv =

0.89 MPa << S, = 370.8 MPa

Robatel Technologies, LLC Page 2-41



RT-100 Safety Analysis Report, Rev. 4 @ RoBATEL
Docket No. 71-9365/TAC No. 124686 February 13, 2014

Since the stress in the bolts is well below the endurance limit of the material, the secondary lid
bolts are not subjected to transportation-related fatigue damage during their service life.

The maximum shock loading coefficient for the three orthogonal directions is specified as 2.9
(NUREG-0128 [Ref. 30]). The cask primary lid is subjected to shock loading during transport.
The secondary lid closure bolts have been show to withstand a 125g impact load (Section
2.12.4.1), which is much larger than the 2.9W shock loading during transport. Therefore, the
secondary lid closure bolts are acceptable for shock loading by comparison.

The RT-100 satisfies the requirements for normal vibration incident to transport as required by 10
CFR 71.71(c)(5) [Ref. 2].

2.6.6 Water Spray

Water causes negligible corrosion of the stainless shell of the RT-100. The cask contents are
protected in the sealed cavity. A water spray as specified in 10 CFR 71.71(c)(6) [Ref. 2] has no
adverse impact on the package. The cask surface temperature specified during the water spray is
between 38°C and -29°C. Consequently, the induced thermal stress in the cask components is
less than the thermal stresses that occur during the extreme temperature conditions for normal
transport. Therefore, the requirements of 10 CFR 71.71(c)(6) [Ref. 2] are satisfied.

2.6.7 Free Drop

The RT-100 is shown to meet the free drop requirements of 10 CFR 71.71 [Ref. 2] through a
combination of classic calculations, finite element analyses and scale model drop testing (RTL-
001-CALC-ST-0402, Rev. 4 [Ref. 35]). The evaluations include the qualification of the RT-100
cover bolt design for the combined effects of free drop impact force, internal pressures, thermal
stress, O-ring compression force, and bolt preload following the methodology of NUREG/CR-
6007 [Ref. 10] (Appendix 2.13). The combined effects of inertial loads, internal pressures, and
thermal stress are considered for packaging components.

2.6.7.1 Methodology

The RT-100 is designed in accordance with Regulatory Guide 7.6 [Ref. 4]. The design criteria
for NCT and HAC are presented in Table 2.1.2-2. Load combinations for the structural analysis
of shipping casks for radioactive materials are defined by Regulatory Guide 7.8 [Ref. 3]. The
load combinations for all normal and accident conditions and corresponding ASME service
levels are shown in Table 2.1.2-1. Material properties used in this evaluation are presented in
Section 2.2.1. Stress intensities caused by pressure, thermal expansion, and mechanical loads are
combined before comparing to ASME, Section III, Subsection ND [Ref.7] stress allowables,
which are listed in Table 2.2.1-3.

2.6.7.2 Finite Element Analysis

The finite element code ANSYS [Ref. 28] is used to generate a three-dimensional model of the
RT-100 and to determine its response to normal conditions of transport (NCT) and hypothetical
accident conditions (HAC) (Section 2.7.1). Specifically, a one-half (180°) 3D model of the RT-
100 inner and outer shells, outer and inner lids, bottom plate and lead shields is constructed using
ANSYS [Ref. 28] solid elements. The interaction between components is modeled using gap
elements. Stability of the model is assured by using weak springs. Boundary conditions are
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applied to the model simulating the loading conditions the cask will experience during normal and
accident transport conditions. Pressure loads are applied to the cask inner shell to simulate
bounding contents loads and internal pressurization. Thermal stresses are calculated using input
temperatures from the NCT thermal analyses. Bolt preloads are applied to represent the bolt
torque at the time the cask is readied for shipment. Post-processing is accomplished by
linearizing the stress across locations where maximum stresses are calculated. The analyses
assume linear elastic behavior of the cask. Therefore, calculated stress intensities are compared to
appropriate allowables (Table 2.2.1-1) and the margin of safety is calculated.

2.6.7.2.1 Model Description

Finite element analysis methods are used to perform the stress evaluation of the RT-100 for
normal and accident free drop conditions. Each drop condition is analyzed using a three-
dimensional finite element model using the computational modeling software ANSYS [Ref. 28].
Figure 2.6.7-1 shows the major components of the RT-100 represented in the model including the
inner and outer shells, flange, bottom plate, primary and secondary lids, and closure bolts.

As shown in Figure 2.6.7-1, the model (which corresponds to half (180°) of the cask body) is
generated by de-featuring the SolidWorks® solid model used to develop the manufacturing
drawings and exporting the model to a .STEP file format. The .STEP file is imported directly
into ANSYS [Ref.28] where the finite element model is developed following the guidance
presented in ISG-21 [Ref. 53]. The resulting finite element model of the cask body is represented
using solid elements, contact elements, mass elements and spring/damper elements (Figure
2.6.7-2).

The solid portion of the model is constructed using ANSYS solid (SOLID185) elements. Surface-
to-surface contact elements are used to simulate the interaction between adjacent components.
Specifically, contact between the cask shells and lead shielding are modeled using
CONTACI174/TARGE170 surface-to-surface contact elements with zero friction, which allows
the lead to float between the inner and outer shells. Contact elements are also used to bond
dissimilarly meshed components. To simulate the impact limiters, the interaction between the
cask body and impact limiters is modeled using CONTACS2 gap elements (Figure 2.6.7-3),
which acts as a compression only element. The size of the CONTACS52 gaps is determined from
nominal dimensions between the impact limiter and cask body. Spring elements (COMBIN14)
are inserted automatically during the solution to help stabilize the model. ANSYS [Ref. 28]
assigns low spring stiffness so their presence does not adversely affect the accuracy of the
solution.

Finite element model verification and mesh density study are presented in Appendix A.4 of
Calculation Package RTL-001-CALC-ST-0402, Rev. 4 [Ref. 35]. During the development of the
finite element model each part and interface was considered on an individual basis. The RT-100
outer shell was meshed using the sweep method and the element size was varied until there was a
sufficient number of elements across the shell thickness. The element ratio was reviewed to
ensure adequate results. To test a component, in this case the outer shell, the ends were fixed and a
pressure load was applied to the inner surface and a solution was obtained. If a singularity or
discontinuity was noted, the mesh was refined until uniform results were obtained. As a second
check, a hand calculation was performed on to ensure that the stress calculated by ANSYS
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[Ref. 28] is giving expected results. Hoop stresses were also calculated and compared to the
results. As the model was developed the same philosophy was applied to the intersection of the
shell and bottom plate. Using Roark's equations (“Roark’s Formulas for Stress and Strain” [Ref.
29)), the interface stress was checked to ensure the bending stress was in the expected range.

The choice of element type was evaluated by running a series of sensitivity studies. For this case,
a high order 8-node brick element was chosen over brick element with mid-side nodes. This
choice was made because of the relatively thin section of the RT-100 shell versus the length,
which made it possible to increase the total number of elements without compromising the run
time performance. Several cases were run to vary the total mesh density to see how the stress
results varied versus performance of the model. In the extreme case, an overly dense mesh
produced excessively long run times and un-converged solutions. Models with low mesh
densities that were too low resulted in unrealistic stress results. After numerous runs a balance
was found between consistent results and model performance with variations in stress results of
less than 1% when comparing high mesh densities to adequate mesh densities. Therefore, it was
concluded that the cask model was a quality model and met the intent of ISG-21 [Ref. 53].

At the time the analyses were performed, analyses were generally compared to models previously
generated for other 10 CFR 71 [Ref. 2] cask designs. The results of the RT-100 cask analysis are
consistent with these previous designs and where peak stress are expected. Additionally,
confirmatory scale model testing of the RT-100 demonstrated that the methods used to calculate
the cask accelerations and impact limiter deformation are consistent with the drop test results.
Therefore, the inertial loads applied to the cask body are conservative.
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Figure 2.6.7-1 RT-100 Solid Model
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Figure 2.6.7-2 RT-100 Finite Element Model
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Figure 2.6.7-3 Gap Elements Used to Represent the Impact Limiters for Side and End
Drop Configurations
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2.6.7.2.2 Boundary Conditions

Boundary conditions are applied to the model to simulate the loading conditions the RT-100
experiences during NCT and HAC. The five categories of cask loading considered in the free
drop event are closure lid bolt preload, internal pressure load, thermal load, inertial body load and
displacement.

o Closure Lid Bolt Preload: The required total bolt preloads on the cask outer and inner
lid bolts are 130.6 kN and 72.2 kN, respectively (10). To apply the bolt preload
ANSYS [Ref. 28] pre-tension elements (PRETS179) are used to define the 3-D pre-
tension  section within the meshed bolt. The PRETS179 element uses a single
translation degree of freedom to define pretension direction (Figure 2.6.7-4). The

pretension Section is modeled by a set of pretension elements defined by the bolt
shaft.

o Pressure Loading: A pressure of 241 kPa (35 psig) is used to envelope the maximum
normal operating pressure for all impact loadings considered (Calculation Package
RTL-001-CALC-TH-0102, Rev. 6 [Ref, 42]). For accident conditions, a pressure value
of 588 kPa (85.3 psig) is used to represent the pressure experienced during fire
conditions (Calculation Package RTL-001-CALC-TH-0202, Rev. 6 [Ref. 43]). The
internal pressure load is applied as an equivalent static pressure load uniformly applied
on the interior surface of the cask.

o Pressure loading contents—cask end drop: For the end drop analyses, the content
weight is assumed to be uniformly distributed on the cask end and over an area
determined by the inside diameter of the RT-100. Therefore, one-half the contents
weight of 6,804 kg (15,000 Ib) is applied to the cask inner shell bottom plate. The
contents pressure load is multiplied by the appropriate g-load to accurately represent
the 304.8 mm (1-foot) and 9144 mm (30-foot) end drop. The pressure value is
conservatively multiplied by 1.05 to account for the difference between the solid
model surface and the tessellated area of the element mesh.

o Pressure loading contents—side drop: For the side drop condition, the contact area
between the contents and the cask cavity is approximately 180° (90° on each side of
the drop centerline). The inertial load produced by the 6,804 kg (15,000 Ib) contents
weight is represented as an equivalent static pressure applied on the interior surface of
the RT-100. The pressure is uniformly distributed along the cavity length and is varied
in the circumferential direction as a cosine distribution. The pressure value is
conservatively multiplied by 1.05 to account for the difference between the solid
model surface and the tessellated area of the element mesh. The maximum pressure
occurs at the impact centerline; the pressure decreases to zero at locations that are
90° either side of the impact centerline, as illustrated in Figure 2.6.7-5. The following
formula is used to determine the contents pressures for the side drop analyses, which
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vary around the circumference.

This method uses a summation scheme to approximate the integration of the cosine-shaped
pressure distribution:

Fiw = ZP A, cos (8,)cos (6')
i=1
F total = 6,804/2 kg
Where
Prmax = maximum pressure (at impact centerline)
0; average angle of subtended arc of i element measured from centerline
at point of impact to obtain vertical component of pressure
i = i"circumferential sector
0] = normalized angle to peak at 0° and to be zero at 90°
Aj = {"circumferential area over which the pressure is applied

Gap elements are defined at both ends of the cask to simulate the pressure applied by the impact
limiters during side drop conditions. This is accomplished by defining the gap stiffness as a

cosine function from a maximum value 175 x 10® N/m (1 x

10° 1b/in) at the center line to 15.3 x

10 N/m (87,156 1b/in) at 85° from the center line of impact, and a minimal value 175 x 10°
N/m (100 1b/in) from 90° to 180°. The load distribution that results from the crushing of the
impact limiter is shown in Figure 2.6.7-3.

o Thermal:

conditions must be considered

™o a0 o

™o a0 o

Condition 1 — Hot Case 1:

Ambient temperature, 38°C

Initial temperature, 38°C

Heat transfer to ambient by natural convection, still air
Heat transfer to ambient by radiation

Steady-state Solar insolation

Internal heat load as a uniform heat flux, 13.04 W/m?

Condition 2 — Hot Case 2:

Ambient temperature, 38°C

Initial temperature, 38°C

Heat transfer to ambient by natural convection, still air
Heat transfer to ambient by radiation

No solar insolation, in shade

Internal heat load as uniform heat flux, 13.04 W/m?

According to Regulatory Guide 7.8 [Ref. 3], four credible thermal
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Condition 3 — Cold Case 1:

Ambient temperature, -40°C

Initial temperature, -40°C

Heat transfer to ambient by natural convection, still air
Heat transfer to ambient by radiation

No solar insolation, in shade

Internal heat load as a uniform heat flux, 13.04 W/m?

e a0 o

Condition 4 — Cold Case 2:

Ambient temperature, -29°C

Initial temperature, -29°C

Heat transfer to ambient by natural convection, still air
Heat transfer to ambient by radiation

No solar insolation
Internal heat load as a uniform heat flux, 13.04 W/m>

me a0 o

Heat Conditions 1 and 3 bound the differential the worst case thermal expansion between
dissimilar materials. Therefore, Heat Conditions 2 and 4 are not considered.

The cask temperature distributions calculated for Conditions 1 and 3 are used as inputs to the
ANSYS [Ref. 28] analyses. The ANSYS analyses determine the stresses arising from the thermal
expansion of the cask from its initial 21°C condition, including the effects of the differential
thermal growth within the components; these effects are a result of the temperature difference
across the cask walls. The cask temperature distributions are also used to determine the values of
the temperature-dependent material properties.

The temperatures for the structural analysis are obtained from the results file and database file of
the thermal analysis by writing the results to an ASCII file using the ANSYS BFINT command.
Nodes for the structural model are transferred to the same coordinate system as used by the
thermal run and the thermal results are interpolated for each thermal condition.

o Inertial body load: The inertial effects, which occur during impact, are represented by
equivalent static forces, in accordance with the D'Alembert's principle. The inertial
body load includes the weight of the empty cask and the weight of the cavity contents.
Accelerations are calculated in Appendix 2.13. An acceleration of 44g and 52g are
applied to the model to simulate end drop and side drop conditions, respectively. The
inertial load is applied to the cask body using the ANSYS ACEL command equivalent
to the normal and accident conditions accelerations corresponding to the 0.3 meter and
9 meter drop cases. Since the lead shield is attached to the steel shells with frictionless
contact elements, the lead represents the largest physical load applied to the cask
structure.
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o Displacement boundary conditions: Displacement boundary conditions are applied to
enforce symmetry at the cut boundary of the 3D model. All nodes on the symmetry
plane are fixed in the UZ direction. The overall model is stabilized by the gap elements
(CONTACS?2) that represent the impact limiter, which are connected to the cask body
with the outer nodes or “ground” nodes representing the impact limiter fixed.

[) Bokt Pretension: 65300 N

[B 8ot Pretension 2: 13064005 N
[E Bolt Pretension 3: 1306 +005 N
[Bl Bott Pretension 4: L306e+005 N
[EJ Bott Pretension 5: 1.306e +005 N
[EJ Bott Pretension 6: 1.306e +005 N
[ Bott Pretension 7: 1.306e+005 N
[l Bott Pretension 8: 1.306e+005 N
[ Bott Pretension 9: 1.306e +005 N
[ Bolt Pretension 10: 1.306e+005 N

Figure 2.6.7-4  Bolt Pre-load Using ANSYS Pre-Tension Elements (PRETS179)
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Figure 2.6.7-5 Pressure Distribution Used to Simulate the Contents
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2.6.7.3 Side Drop

In accordance with the requirements of 10 CFR 71.71 [Ref. 2], the RT-100 is structurally
evaluated for the normal condition of transport 0.3 meter side-drop. During the 0.3 meter side-
drop event, the cask (equipped with an impact limiter over each end) falls a distance of 0.3 meter
onto a flat, unyielding, horizontal surface. The cask strikes the surface in a horizontal position,
thereby resulting in a side impact of the cask. The types of loading involved in a side-drop event
are lid closure bolt preload, internal pressure load, thermal load, and inertial body load.

Stress results for the 0.3 meter side drop combined loading conditions discussed previously are
documented in Table 2.6.7-1. The table documents the primary membrane (Py), primary
membrane plus primary bending (P,+P,), primary membrane plus primary bending plus
secondary peak stress (P, +P,+Q) in accordance with the criteria presented in Regulatory Guide
7.6 [Ref. 4].

As shown in Table 2.6.7-1, the margins of safety are positive when compared to the stress
intensity for each category. The most critically stressed component in the system is the inner lid.
The minimum margin of safety is found to be +0.8 for primary membrane plus bending stress
intensity. The locations of the critical sections correspond to the maximum stress location shown
in Figures 2.6.7.3-1 through 2.6.7.3-11. The minimum margin of safety for primary plus
secondary stress intensity is +1.5.
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Table 2.6.7-1 NCT Side Drop Stress Summa

RG 7.6 | Margin of
Component and Stress ANSYS Results (MPa) Allowable | Safety (1)
Stress State Location S1 S2 S3 SINT Stress

P 5.0 3.8 31.6 36.6 138 2.8
Inside 53 3.8 314 36.7 207 46
~ Pu+Py | Center 5.0 3.8 316 36.6 207 4.7
§ Outside 4.7 3.8 318 36.5 207 4.7
o= Inside 53 3.8 31.4 36.7 414 10.3
& [Hot Pu+Py+Q Center 5.0 3.8 31.6 36.6 414 10.3
= Outside 4.7 3.8 31.8 36.5 414 10.3
< Inside 53 3.8 314 36.7 414 10.3
Cold P+ P+ Q Center 5.0 3.8 31.6 36.6 414 10.3
Outside 4.7 3.8 318 36.5 414 10.3
Py 4.3 3.8 32.3 36.6 138 2.8
Inside 4.4 3.8 322 36.5 207 4.7
= Pu+Py | Center 43 3.8 323 36.6 207 4.7
N Outside 12 39 325 36.7 207 4.6
3 Inside 44 38 322 36.5 414 10.3
& [Hot Pn+Py+Q Center 4.3 3.8 -32.3 36.6 414 10.3
= Outside 42 3.9 325 36.7 414 10.3
S Inside 4.4 3.8 322 36.5 414 10.3
Cold P+ Py + Q Center 43 3.8 -32.3 36.6 414 10.3
Outside 42 3.9 325 36.7 414 10.3
[ 4.1 3.9 -32.9 37.0 138 2.7
Inside 4.1 3.9 32.7 36.8 207 46
Pu+ Py Center 4.1 -3.9 -32.9 37.0 207 4.6
g Outside 4.1 40 -33.0 37.1 207 46
S Inside 4.1 3.9 -32.7 36.8 414 10.2
T [Hot Pu+Py+Q Center 4.1 3.9 32.9 37.0 414 10.2
oy Outside 4.1 4.0 -33.0 37.1 414 10.2
Inside 4.1 3.9 32.7 36.8 414 10.2
Cold P+ Py + Q Center 4.1 39 32.9 37.0 414 10.2
Outside 4.1 4.0 -33.0 37.1 414 10.2
Pu 18.4 0.3 -18.4 36.8 138 2.7
Inside 51.6 9.5 7.4 44.3 207 3.7
PutPy | Center 18.4 03 -18.4 36.8 207 4.6
§ Ouiside 89 127 477 38.8 207 43
o Inside 62.8 15.8 419 104.7 414 3.0
& |Hot Pm+Py+Q Center 114 125 39.4 50.8 414 7.1
:3‘ Outside 12.9 2.4 41.7 545 414 6.6
Inside 116.0 61.8 27.6 88.4 414 3.7
Cold P+ Py + Q Center 30.1 5.4 177 478 414 7.7
Outside 4.4 137 -55.0 50.7 414 12
Pu +1.8 2.6 -56.9 55.4 138 L5
Inside 42 -19.9 -121.3 117.1 207 0.8
PutPy | Center 15 256 -56.9 55.4 207 2.7
g Outside 15.9 72 0.3 15.7 207 122
= Inside 2.4 31.7 -161.7 164.1 414 1.5
= Hot Pn+Py+Q Center 15.2 2.8 -58.4 73.6 414 46
= Outside 13.5 5.2 23.7 37.2 414 10.1
Inside -8.8 28.7 -148.7 140.0 414 2.0
Cold P+ P+ Q Center 4.1 0.2 -58.8 62.9 414 5.6
Outside 19.5 4.7 -6.9 26.4 414 14.7

Note: (1) The margin of safety is the ratio of Allowable Stress and the Stress Intensity (SINT) minus 1.

Robatel Technologies, LLC Page 2-54



RT-100 Safety Analysis Report, Rev. 4 © ROBATEL
Docket No. 71-9365/TAC No. 124686 February 13, 2014

(MPa)
0.08
15.44
30.80
46.16
61.52
76.88
.24
.60
.96
+ 32
.68
.04
.40
.76
<12
.48

i
|
Figure 2.6.7-6 RT-100 NCT Side Drop Stress Intensity Results
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Figure 2.6.7-7 RT-100 Inner Shell NCT Side Drop Stress Intensity Results
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Figure 2.6.7-8 RT-100 Outer Shell NCT Side Drop Stress Intensity Results
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Figure 2.6.7-9 RT-100 Flange NCT Side Drop Stress Intensity Results
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{

Figure 2.6.7-10 RT-100 Outer Lid NCT Side Drop Stress Intensity Results
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Figure 2.6.7-11 RT-100 Inner Lid NCT Side Drop Stress Intensity Results
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2.6.7.4 End Drop

In accordance with the requirements of 10 CFR 71.71 [Ref. 2], the Universal Transport Cask is
structurally evaluated for the normal condition of transport 0.3 m end-drop. In this event, the cask
(equipped with an impact limiter over each end) falls a distance of 0.3 m onto a flat, unyielding,
horizontal surface. The cask strikes the surface in a vertical position; consequently, an end impact
on the bottom end or top end of the cask occurs.

As discussed previously, stress results for the 1-ft top and bottom-end drop combined loading
conditions are documented in Table 2.6.7-2. The table documents the primary membrane (P,),
primary membrane plus primary bending (P,+Py), primary membrane plus primary bending plus
secondary peak stress (P, +P,+Q) in accordance with the criteria presented in Regulatory Guide
7.6 [Ref. 4].

As shown in the Table 2.6.7-2, the margins of safety for the primary stress intensity category are
positive for all of the 0.3 m top-end drop conditions. The most critically stressed component in
the system is the cask flange region due to the bending of the flange due to the inertial load
imposed by the cask lids. The minimum margin of safety is found to be +2.4 for primary
membrane plus bending stress intensity. The locations of the critical sections correspond to the
maximum stress location shown in Figure 2.6.7-12 through Figure 2.6.7-17. The minimum margin
of safety for primary plus secondary stress intensity is +0.2.
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Table 2.6.7-2  NCT End Drop Stress Summary

Component and Stress ANSYS Results (MPa) A:}(();wzol?le Margin of

Stress State Location Si 2 3 SINT Siieis Safety (1)
Pm 2.7 1.2 7.8 10.5 138 12.1
Inside 2.7 2.0 122 14.9 207 12.9
- Pm+Pb Center 2.7 1.2 7.8 10.5 207 18.7
o Outside 2.9 0.2 3.6 6.6 207 30.5
B> Inside 2.7 2.0 122 14.9 414 26.8
E Hot Pm +Pp+Q Center 2.7 1.2 -7.8 10.5 414 38.3
= Outside 2.9 0.2 3.6 6.6 414 61.9
= Inside 2.7 2.0 -12.2 14.9 414 26.8
ColdPm +Ph+Q | Center 2.7 1.2 -7.8 10.5 414 38.3
Outside 2.9 0.2 3.6 6.6 414 61.9
Pm 6.5 -0.9 3.4 9.9 138 12.9
Inside 7.5 1.0 2.7 10.2 207 19.3
w3 Pm+Pb Center 6.5 -0.9 -3.4 9.9 207 19.9
3 Outside 6.9 0.7 9.0 15.9 207 12.0
= Inside 1133 39.9 63.2 176.5 414 1.3
&5 |Hot Pm+Pp+Q | Center 22.5 -10.9 -16.7 39.2 414 9.5
= Outside 25.4 0.5 335 58.9 414 6.0
Q Inside 10.7 0.5 4.5 15.3 414 26.1
ColdPm +Pb+Q | Center 18.7 5.7 4.7 23.5 414 16.6
Outside 10.4 2.4 9.5 19.9 414 19.8
Pm 5.9 1.5 -12.3 18.1 138 6.6
Inside 0.1 33 -19.5 19.6 207 9.5
Pm+Pb Center 5.9 1.5 -12.3 18.1 207 10.4
- Outside 20.1 6.3 -13.6 33.7 207 5.1
o Inside 48.0 24.1 219.4 267.4 414 0.5
T |Hot Pm+Pb+Q | Center 12.9 5.7 -23.8 36.6 414 10.3
= Outside 74.0 34.2 -53.9 127.9 414 22
Inside 32.8 -42.6 -105.1 137.9 414 2.0
ColdPm +Pp+Q Center 14.2 2.1 -24.1 38.3 414 9.8
Outside 92.7 71.4 -36.7 129.4 414 22
Pm -0.9 -4.0 -14.6 13.7 138 9.1
Inside 17 -17.0 -52.6 45.0 207 3.6
Pm+Pp Center -0.9 -4.0 -14.6 13.7 207 14.1
% Outside 24.2 9.0 5.1 19.0 207 9.9
= Inside 280.5 36.7 -55.4 336.0 414 0.2
& Hot Pm+Pb+Q | Center 353 20.9 4.7 40.0 414 93
g Outside 41.6 16.7 -56.7 98.3 414 3.2
Inside -35.0 -71.0 -163.6 1285 414 22
ColdPm +Ph+Q | Center 14.0 45 -14.8 28.8 414 13.4
Outside 21.6 0.3 223 43.8 414 8.4
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Table 2.6.7-2 (Continued)

Component and |  Stress ANSYS Results (MPa) RG 16 Margin of
Stress State Location Allowable Safety (1)
S1 S2 S3 SINT Stress
Pm 5.7 -2.3 -35.4 41.1 138 2.4
Inside -6.5 -10.3 -67.7 61.3 207 24
Pm+Pp Center 5.7 -2.3 -35.4 41.1 207 4.0
Outside 20.8 6.0 -6.5 27.3 207 6.6
= Inside -14.6 -27.5 -112.1 97.5 414 3.2
< | Hot Pm+Pp+Q Center 28.9 11.0 -26.3 55.2 414 6.5
Outside 18.9 -8.7 -36.5 55.3 414 6.5
Inside -18.9 -23.7 -93.0 74.1 414 4.6
ColdPm +Pp+Q Center 9.7 -1.3 -39.2 49.0 414 7.4
QOutside 23.4 3.1 -13.5 36.8 414 10.2

Note: The margin of safety is the ratio of the Allowable Stress and the Stress Intensity (SINT) minus 1.

H

Figure 2.6.7-12 RT-100 NCT Bottom Drop Stress Intensity Results
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Figure 2.6.7-13 RT-100 Inner Shell NCT End Drop Stress Intensity Results
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Figure 2.6.7-14 RT-100 Outer Shell NCT End Drop Stress Intensity Results
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Figure 2.6.7-15 RT-100 Flange NCT End Drop Stress Intensity Results
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Figure 2.6.7-16 RT-100 Outer Lid NCT End Drop Stress Intensity Results
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Figure 2.6.7-17 RT-100 Inner Lid NCT End Drop Stress Intensity Results
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2.6.8 Corner Drop

The RT-100 is composed of materials other than fiberboard or wood. Also, the weight of the RT-
100 exceeds 100 kg. According to 10 CFR 71.71(c)(8) [Ref. 2], the corner drop test is not
applicable to the RT-100.

2.6.9 Compression

According to 10 CFR 71.71(c)(9) [Ref. 2], the compression test is not applicable to the RT-100
because the package weight is greater than 5,000 kg.

2.6.10 Penetration

According to 10 CFR 71.71(c)(10) [Ref. 2], a penetration test involving a 13-1b (6-kg) penetration
cylinder dropped from a height of 1 m is required for evaluation of packages during normal
conditions of transport. However, Regulatory Guide 7.8 [Ref. 3] states that “the penetration test
of 10 CFR 71.71 [Ref. 2] is not considered by the NRC staff to have structural significance for
large shipping casks (except for unprotected valves and rupture disks) and is not considered as a
general requirement.” A penetration test is not performed since the RT-100 has no unprotected
valves or rupture disks that could be affected by normal conditions of transport.

2.7 Hypothetical Accident Conditions

The RT-100 Cask meets the standards specified in 10 CFR 71.51 [Ref. 2] when subjected to the
conditions and tests specified in 10 CFR 71.73 [Ref. 2] for hypothetical accidents. In accordance
with 10 CFR 71.73 [Ref. 2], the RT-100 is structurally evaluated for hypothetical accident
scenarios of free drop, puncture, fire, crush, and water immersion. In the free-drop and puncture
analyses, the cask impact orientation evaluated is the one that inflicts the maximum damage to the
cask. The most unfavorable ambient temperature condition during operation in the range
from -40°C to 38°C is assumed. The following sections contain the evaluation of the cask for
structural integrity under the hypothetical accident conditions.

2.7.1 Free Drop

The RT-100 Cask is required by 10 CFR 71.73(c)(1) [Ref. 2] to demonstrate structural adequacy
for a free drop through a distance of 9 meters onto a flat, unyielding, horizontal surface. The cask
payload is oriented to strike the surface to inflict the maximum damage. In determining the
orientation that produces the maximum damage, the cask is evaluated for impact orientations in
which the cask strikes the impact surface on its bottom end and side. Evaluation of each drop
orientation is performed by using finite element analysis techniques. A complete description of
the 3-D model used to analyze the cask body is presented in Section 2.6.7.2. The results of each
drop orientation listed above are presented in this section. The impact limiters are evaluated in
Appendix 2.12 for all loading conditions and orientations. These analyses provide the inertial
loads (maximum “g-loads”) imparted to the cask for each drop orientation (Table 2.12.6-1). Cask
body decelerations used in NCT and HAC finite element analyses are shown in Table 2.7.1-1.
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Table 2.7.1-1  Deceleration Loadings in RT-100 Cask Body Finite Element Analyses

Case End Drop (g) Side Drop (g)
HAC (Drop Height = 9.0 m) 123 226
NCT (Drop Height = 0.3 m) 44 52

The mass of the contents is considered when evaluating impact and environmental temperature
for the drop is between -40°C and 38°C. For the accident condition, stresses arising from thermal
expansion are not considered. However, for determination of properties, the temperatures are
considered. The mean normal operating pressure of 241 (kPa) 35 psig is applied in the finite
element models to produce the bounding critical stress condition in conjunction with the other
loads previously discussed. A separate analysis evaluates the stresses associated with the accident
pressure of 588 kPa (85.3 psig) that results from the regulatory fire event. Closure lid bolt
preload is considered (Appendix 2.13 and Section 2.6.7.2.2) and fabrication stresses are discussed
(Appendix 2.14). The following method and assumptions are adopted in all the hypothetical
accident drop analyses:

The following sections contain the evaluation of the RT-100 for impact orientations in which the
cask strikes the impact surface on its bottom end and side. The impact conditions (in accordance
with Regulatory Guide 7.8 [Ref. 3] and the categories of load to be considered for the hypothetical
accident conditions) are similar to those for the 0.3 meter free drops under normal conditions of
transport as discussed in Section 2.6.7. Therefore, the discussions in the following sections refer
to Section 2.6.7 wherever applicable.

Three categories of load—closure lid bolt preload, internal pressure, and inertial body loads—are
considered on the cask. The inertia loads imposed upon the cask by the impact limiter result from
the mass of the entire assembly being acted upon by a design deceleration value of 123 g for the
30-ft end-drop case. The closure lid bolt preload, internal pressure load, and contents loads
considered for the 30-ft end-drop condition are similar to those considered for 1-ft end-drop
condition in Section 2.6.7.2, with the exception that thermal stresses are not considered for
accident conditions. The material properties of the components are considered to be temperature
dependent.

The allowable stress limits criteria are discussed in Section 2.6.7.1. These criteria are used to
determine the allowable stresses for each cask component, conservatively using the maximum
operating temperature within a given component to determine the allowable stress throughout that
component. For cask body analyses presented in this section, the maximum heat conditions
(thermal condition 1) are 38°C ambient temperature, maximum decay heat load, and maximum
solar insolation.

During fabrication of the RT-100, thermal stresses can be introduced in the inner and outer shells
as a result of pouring molten lead between them. Residual stresses may be induced in the inner
shell (containment boundary) and the outer shell due to shrinkage of the lead shielding subsequent
to lead pouring operations; however, these stresses are relieved early in the life of the cask because
of the low creep strength of lead. Therefore, the effects of stresses resulting from the cask
fabrication processes are considered negligible. Further discussion of fabrication stresses is
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provided in Appendix 2.14.

2.7.1.1 End Drop

In accordance with the requirements of 10 CFR 71.73(c)(1) [Ref. 2], the RT-100 is structurally
evaluated for the 30-foot end-drop condition. In this hypothetical accident, the cask including the
payload, spacer (if appropriate), and the impact limiters falls 30 feet onto a flat, unyielding,
horizontal surface. The cask strikes the surface in a vertical position and results in an end impact
on the bottom of the cask. The types of loading involved in an end-drop accident are closure lid
bolt preload, internal pressure, and inertial body load. Section 2.6.7.2 describes the application of
each loading condition.

2.7.1.1.1 End Drop Evaluation

In accordance with the requirements of 10 CFR 71.73(c)(1) [Ref. 2], the RT-100 is structurally
evaluated for the 30-foot end-drop condition. In this hypothetical accident, the cask including the
payload and the impact limiters falls 30 feet onto a flat, unyielding, horizontal surface. The cask
strikes the surface in a vertical upright position. For the RT-100 cask, the bottom end drop is
bounding. In the bottom down position, the prying load on the closure bolts is maximized.

Stress results for the 9-meter bottom end drop combined are documented in Table 2.7.1-2. The
table documents the primary membrane (Pn), primary membrane plus primary bending (Pm+Py)
stresses in accordance with the criteria presented in Regulatory Guide 7.6 [Ref. 4].

As shown in Table 2.7.1-2, the margins of safety when compared to the stress intensity for each
category are positive. The most critically stressed component in the system is the flange; this
result is due to bending as a result of the inertial loads on the cask lids. The minimum margin of
safety is found to be +1.5 for primary membrane plus bending stress intensity. The locations of
the critical sections correspond to the maximum stress location shown in Figure 2.7.1-1 through
Figure 2.7.1-6.

2.7.1.1.2 Lead Slump Evaluation

The RT-100 experiences the largest acceleration during the end drop orientation. Because of the
cask geometry, maximum lead slump occurs during the previously analyzed bottom end drop in
Section 2.7.1.1.1. From the finite element model analysis the relative displacement at the lead-
steel interface is obtained. Figure 2.7.1-7 shows the exaggerated displacement plot under this
drop condition. The total displacement of the lead column is 1.62 mm. For conservatism, elastic
recovery of the lead and steel is neglected.
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Table 2.7.1-2 HAC End Drop Stress Summary

Component and Stress ANSYS Results Aﬁocwz.:le Margin of
Stress State Location Stress Safety (1)
S1 S2 S3 SINT

INNER SHELL MPa | MPa | MPa | MPa MPa
Pm 7.5 5.7 -309 | 384 331 7.6
Inside 12.8 6.5 -51.3 | 64.1 496 6.7
Pm+Pb | Center 7.5 5.7 -30.9 | 384 496 11.9
Qutside 8.2 -0.5 -11.2 19.4 496 24.6

OUTER SHELL MPa MPa MPa MPa MPa
Pm 10.7 0.1 -22.0 | 32.8 331 9.1
Inside 7.2 -0.2 -26.3 | 33.5 496 13.8
Pm+Pb | Center 10.7 0.1 -22.0 | 328 496 14.2
Qutside 14.2 0.5 -17.8 | 32.0 496 14.5

FLANGE MPa | MPa | MPa | MPa MPa
Pm -5.2 -11.9 | -19.5 14.3 331 22.2
Inside -5.9 -13.2 | -20.2 14.2 496 33.8
Pm+Pb | Center -5.2 -11.9 | -19.5 14.3 496 33.8
Outside 4.7 -149 | -239 | 28.6 496 16.3

OUTER LID MPa MPa MPa MPa MPa
Pm 10.1 -2.3 -30.1 40.3 331 7.2
Inside -29.7 | -48.1 | -104.5 | 74.8 496 5.6
Pm+Pb | Center 10.1 -2.3 -30.1 40.3 496 11.3
Qutside 68.5 45.1 24.1 44.4 496 10.2

INNER LID MPa | MPa | MPa | MPa MPa
Pm 45.2 314 9.3 35.9 331 8.2
Inside 47.0 | -146 | -143.5 | 1904 496 1.6
Pm+Pb | Center 45.2 314 9.3 35.9 496 12.8
Outside | 1720 | 77.5 33.6 | 1384 496 2.6

Note: (1) The margin of safety is the ratio of the Allowable Stress and the Stress Intensity (SINT) minus 1.
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Figure 2.7.1-1 RT-100 HAC End Drop Stress Intensity Results
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Figure 2.7.1-2 RT-100 Inner Shell HAC End Drop Stress Intensity Results
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Figure 2.7.1-3 RT-100 Outer Shell HAC End Drop Stress Intensity Results

Robatel Technologies, LL.C Page 2-75



RT-100 Safety Analysis Report, Rev. 4 © ROBATEL
Docket No. 71-9365/TAC No. 124686 February 13, 2014

Figure 2.7.1-4 RT-100 Flange HAC End Drop Stress Intensity Results
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Figure 2.7.1-5 RT-100 Outer Lid HAC End Drop Stress Intensity Results
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|
} Figure 2.7.1-6 RT-100 Inner Lid HAC End Drop Stress Intensity Results
|
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Figure 2.7.1-7 RT-100 Lead Slump
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2.7.1.2 Side Drop

In accordance with the requirements of 10 CFR 71.73(c)(1) [Ref. 2], the RT-100 is structurally
evaluated for the hypothetical accident 30-foot side drop condition. In this event, the cask
including the payload and impact limiters falls 30 feet onto a flat, unyielding, horizontal surface.
The package strikes the surface in a horizontal position resulting in a side impact. The types of

loading involved in a side drop accident are closure lid bolt preload, internal pressure, and inertial
body load.

As previously discussed, stress results for the 9-meter side drop combined loading conditions are
documented in Table 2.7.1-3. The table documents the primary membrane (Pn), primary
membrane plus primary bending (Pm+Pb), stresses in accordance with the criteria presented in
Regulatory Guide 7.6 [Ref. 4].

As shown in Table 2.7.1-3, the margins of safety are positive when compared to the stress
intensity for each category. The most critically stressed component in the system is the cask outer
shell; this condition is due to ovalization of the cask body and the inertial load of the lead shield.
The minimum margin of safety is found to be +0.2 for primary membrane plus bending stress
intensity. The locations of the critical sections correspond to the maximum stress location shown
in Figure 2.7.1-8 through Figure 2.7.1-13.
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Table 2.7.1-3  HAC Side Drop Stress Summary

Component and Stre§s ANSYS Results All}fw:l?le Margin of
Stress State Location s1 ) S3 SINT Stress Safety (1)
INNER SHELL MPa | MPa | MPa | MPa MPa
Pm 19.1 -13.7 | -1404 | 159.6 331 1.1
Inside 200 | -13.9 | -139.7 | 159.7 496 2.1
Pm+Pb | Center 19.1 -13.7 | -140.4 | 159.6 496 2.1
Outside 18.3 | -13.5 | -141.3 | 159.6 496 2.1
OUTER SHELL MPa | MPa | MPa | MPa MPa
Pm -142 | -129.8 | -201.4 | 187.1 331 0.8
Inside -66.9 | -166.2 | -472.2 | 405.3 496 0.2
Pm+Pb | Center -142 | -129.8 | -201.4 | 187.1 496 1.7
Outside 73.5 36.5 | -95.5 | 169.0 496 1.9
FLANGE MPa | MPa | MPa | MPa MPa
Pm 17.1 -12.5 | -145.1 | 162.2 331 1.0
Inside 169 | -12.6 | -144.6 | 161.5 496 2.1
Pm+Pb | Center 17.1 -12.5 | -145.1 | 162.2 496 2.1
Outside 17.3 | -12.4 | -145.5 | 162.8 496 2.0
OUTER LID MPa | MPa | MPa | MPa MPa
Pm 95.6 0.3 | -104.9 [ 200.5 331 0.7
Inside 289.3 | 354 -7.0 | 296.3 496 0.7
Pm+Pb | Center 95.6 0.3 | -104.9 | 200.5 496 1.5
Qutside | -34.4 | -94.7 | -206.7 | 172.3 496 1.9
INNER LID MPa | MPa | MPa | MPa MPa
Pm -4.3 -14.3 | -164.4 | 160.1 331 1.1
Inside -20.9 | -70.1 | -371.6 | 350.6 496 0.4
Pm+Pb | Center -4.3 -143 | -164.4 | 160.1 496 2.1
Outside 64.8 33.1 -1.4 66.3 496 6.5

Note: (1) The margin of safety is the ratio of the Allowable Stress and the Stress Intensity (SINT) minus 1.
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Figure 2.7.1-8 RT-100 HAC Side Drop Stress Intensity Results
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Figure 2.7.1-9  RT-100 Inner Shell HAC Side Drop Stress Intensity Results
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Figure 2.7.1-10 RT-100 Outer Shell HAC Side Drop Stress Intensity Results
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Figure 2.7.1-11
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RT-100 Flange HAC Side Drop Stress Intensity Results
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Figure 2.7.1-12 RT-100 Outer Lid HAC Side Drop Stress Intensity Results
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{

Figure 2.7.1-13 RT-100 Inner Lid HAC Side Drop Stress Intensity Results
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2.7.1.3 Corner Drop

In accordance with the requirements of 10 CFR 71.73(c)(1) [Ref. 2], the RT-100 is structurally
evaluated for the hypothetical accident 30-foot corner drop condition. Based on the impact
limiter analysis provided in Appendix 2.12, Table 2.7.1-4 demonstrates that the end and side
drop accelerations bound the CG over corner drop acceleration.

Table 2.7.1-4  Corner Drop Component Accelerations

Side Drop End Drop Corner Drop Comer Drop Axial | Corner Drop Lateral
Acceleration (g) Acceleration (g) Acceleration (g) Component (g) Component (g)
226 123 116 91.4 71.4

To evaluate the stresses generated in the RT-100 during the corner drop (38° from vertical), the
ANSYS [Ref. 28] stress results for the side and end drop evaluations are scaled by the ratio of
the end and side drop accelerations and the corner drop axial and lateral component
accelerations. Once scaled, the resulting axial and lateral component stresses are summed and
compared to the allowable stress intensity.

Stress results for the 9-meter corner drop combined loading conditions are documented in Table
2.7.1-5. The table documents the primary membrane (P,), primary membrane plus primary
bending (Pn+Py) stresses in accordance with the criteria presented in Regulatory Guide 7.6
[Ref. 4].

As shown in Table 2.7.1-5, the margins of safety when compared to the stress intensity for each
category are positive. The most critically stressed component in the system is the inner lid. The
minimum margin of safety is found to be +1.0 for primary membrane plus bending stress
intensity.
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Table 2.7.1-S  HAC Corner Drop Stress Summary

. RG 7. .
Stress State Ensdn:)';"op Sl(;en?;op %‘;:;,r Alé(?walfle I\él:;‘egt;lzlo)f
tress
INNER SHELL MPa MPa MPa MPa
Pm 38.4 159.6 79.0 331 32
64.1 159.7 98.1 496 4.1
Pm + Pb 38.4 159.6 79.0 496 53
19.4 159.6 64.9 496 6.7
OUTER SHELL MPa MPa MPa MPa
Pm 32.8 187.1 83.5 331 3.0
335 405.3 153.0 496 2.2
Pm + Pb 32.8 187.1 83.5 496 49
32.0 169.0 77.2 496 54
FLANGE MPa MPa MPa MPa
Pm 14.3 162.2 61.9 331 44
14.2 161.5 61.6 496 7.1
Pm + Pb 14.3 162.2 61.9 496 7.0
28.6 162.8 72.7 496 5.8
OUTER LID MPa MPa MPa MPa
Pm 40.3 200.5 93.3 331 2.5
74.8 296.3 149.2 496 23
Pm + Pb 40.3 200.5 93.3 496 43
44.4 172.3 87.4 496 4.7
INNER LID MPa MPa MPa MPa
Pm 35.9 160.1 77.3 331 3.3
190.4 350.6 2523 496 1.0
Pm + Pb 359 160.1 77.3 496 54
138.4 66.3 123.8 496 3.0

Note: (1) The margin of safety is the ratio of the Allowable Stress and the Stress Intensity (SINT) minus 1.
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2.7.1.4 Oblique Drops

In accordance with the requirements of 10 CFR 71.73(c)(1) [Ref. 2], the RT-100 is structurally
evaluated for the hypothetical accident 30-foot oblique drop condition. Based on the following
analysis, the cask velocities and stresses generated by an oblique-angle drop are bounded by
those produced by the side drop. For a shallow angle drop, it is assumed that no energy is
absorbed by the first impact limiter that contacts the impact surface, which causes all of the
rotational inertia generated by the cask into the second impact limiter. The analysis is performed
according to the following basic inertial equations in “Standard Handbook for Mechanical
Engineers, 7" Edition” [Ref. 51]

Assumptions:

o The rotational inertia of the cask is approximated by a solid cylinder

o The cask does not slide along the impact surface

o No gravitational acceleration is assumed to occur after initial contact of the cask with the
impact surface

The equation for the rotational inertia of a
cylinder is:

Where M =mass of cask

r =radius of cask

1 =length of cask

R = distance from CG to
corner of impact limiter

a =angle of the cask at impact

b= {'2 | - r ania)] cos(a)

For this configuration, the angular momentum of the cask before impact, L,, is represented by:

Li=Mxv, x G—tan (a)) x cos (a)

Where v, =impact velocity
After impact the angular momentum, L,, of the cask is:
Lo=Timp>w,
Where  Iimp= Icyﬁ-MXR2
®, = angular velocity of cask following impact

Substituting the rotational inertia for a cylinder, I.y:
2
r

2
Limp= Mx ("‘ + '1—+R2)
4 12

Because no external moments are applied to the cask, angular momentum is conserved.
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Therefore:
L1=L2
Substituting:

I 2P
Mx v, % (E-r X tan (a)) x cos (a) =M x (E+E+R2) X 0y
Solving for the angular velocity, u,, gives:

|
=-rxtan(a) )x cos (a)
o)

The maximum angular velocity occurs when the impact angle equals zero. Therefore, the
velocity of the secondary impact is:

ve=1x oy
Substituting the angular velocity:

Vo=l g (%-rx tan(a))XCos(a)
’ Vi r—2-+-l-2-+R2
4 12

The limiting case occurs when the secondary impact velocity equals the initial impact velocity.
Therefore:
vs=Vv; when the angle a =0

Solving:

ST har®)

1 — ~ 5
- 1 2
FRETRR
From the figure above:
)
= - 4
R 7 r

Substituting and solving:

P 2 1P P 49 5 1 1

-_— =_+_+_ p— = - _— = - =

S =otgtIte > pl= > 5575 > -=274
Therefore:

i

- =1.37

D

Where D =diameter of cask

This evaluation shows that cask designs with a length-to-diameter ratio greater than 1.37 may
result in oblique impact velocities greater than the side drop. However, the length of the
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RT-100 is 3316 mm and the diameter is 2587 mm for a length-to-diameter ratio of 1.28.
Therefore, impact velocities and resulting stresses in the RT-100 during the oblique drop event
are less than those experienced during the side drop.

2.7.1.5 Summary of Results

Structural analyses are performed for the RT-100 for hypothetical accident conditions free drop
conditions. To evaluate the RT-100, 3D ANSYS [Ref. 28] is used to analyze the governing drop
cases. All structural members have a positive margin of safety under worst case loading
conditions. It is concluded that the RT-100 is structurally adequate for the HAC free drop
conditions. Therefore, the requirements of 10 CFR 71.73(c)(1) [Ref. 2] have been satisfied.

2.7.2 Crush

In accordance with the requirements of 10 CFR 71.73(c)(2) [Ref. 2], the RT-100 is to be
subjected to a dynamic crush test by evaluating the package on essentially unyielding horizontal
surface so as to suffer maximum damage by the drop of a 500-kg mass from 9 m onto the
package. The mass must consist of a solid mild steel plate 1 m x 1 m and must fall in a horizontal
attitude. The crush test is required only when the specimen has a mass not greater than 500 kg,
and overall density not greater than 1000 kg/m’ based on external dimension. The crush
condition is not applicable since the RT-100 weighs more than 500 kg and overall density is
greater than 1000 kg/m’.

2.7.3 Puncture

In accordance with the requirements of 10 CFR 71.73(c)(3) [Ref. 2] related to puncture
(hypothetical accident condition), the RT-100 Cask is analyzed for structural adequacy
(Calculation Package RTL-001-CALC-ST-0403 Rev. 4 [Ref. 36]). The cask is assumed to be in a
horizontal position and dropped 1 m onto a 15 cm diameter, mild steel bar, oriented vertically on
an unyielding surface. The structural evaluation of the RT-100 is performed by classical elastic
analysis and finite element analysis methods.

2.7.3.1 Lid Puncture

Finite element analysis methods are used to perform the stress evaluation of the RT-100 for the
end puncture conditions. The end puncture is analyzed using a three-dimensional finite element
model using the computational modeling software ANSYS [Ref. 28]. To simplify the pin
puncture analysis, only the upper end of the cask is considered for this evaluation. Figure 2.7.3-1
shows the pin puncture model.

2.7.3.1.1 Lid Puncture Boundary Conditions

The puncture load is applied to a 152 mm (6 in) diameter region which corresponds to a 152 mm
diameter pin. The load is simulated with an evenly distributed pressure load equal to the dynamic
flow stress of the pin; the dynamic flow stress is taken to be 324 MPa (47,000 psi). As discussed
in the cask body analysis, the preload torque is included as an initial condition. In addition, the
maximum normal operating pressure of 241 KPa (35 psig) is applied to the interior surface of the
RT-100.
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2.7.3.1.2 Lid Puncture Results

Stress results for the 1-meter pin puncture combined loading conditions are documented in Table
2.7.3-1. The table documents the primary membrane (Pm), primary membrane plus primary
bending (Pm+Py) stresses in accordance with the criteria presented in Regulatory Guide 7.6
[Ref. 4]. Stresses are linearized across critical sections to determine the membrane and bending
stresses and subsequently, are compared with allowable stress intensities.

As shown in Table 2.7.3-1, the margins of safety are positive when compared to the stress
intensity for each category. The most critically stressed component in the system is the flange;
this condition is due to bending as a result of the pin puncture probe striking the center of the lid.
The minimum margin of safety is found to be +0.2 for primary membrane plus bending stress

intensity. The locations of critical section correspond to the maximum stress location are shown
in Figure 2.7.3-2.

Table 2.7.3-1 HAC Pin Puncture Stress Summary

RG 7.6 Margin of
Stress State Location S1 S2 S3 SINT Allowable g
Safety
Stress
INNER LID MPa MPa MPa MPa MPa
Pm -108.6 -109.8 -191.5 82.9 331 3.0
Inside 383.4 382.9 -37.7 421.1 485 0.2
Pm + Pb Center -108.6 -109.8 -191.5 '82.9 485 49
Outside -3429 -602.3 -603.3 260.4 485 0.9
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Figure 2.7.3-1 RT-100 ANSYS Puncture Model

Figure 2.7.3-2 RT-100 Pin Puncture Stress Intensity Results
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2.7.3.2 Cask Side Puncture
The following sections describe the cask side puncture analysis.

2.7.3.2.1 Cask Side Puncture Minimum Wall Thickness

A series of pin puncture tests (performed at Oak Ridge National Laboratory) are used to develop
an empirical equation to determine the stress in the outer wall of a multi-wall cask as a function of
the mass of the cask and the thickness of the cask outer wall material. This equation (Nelm's
equation [Ref. 59]) applies to steel-lead-steel cask wall construction and is used to demonstrate
pin puncture adequacy for casks with stainless steel walls; this equation has been the basis for the

puncture analysis of several previously licensed casks. Solving Nelm’s equation [Ref.59] for the
RT-100 outer shell:

0.71
t = (3) =116in(29mm) <35 mm
where,

w
S

92,594 1b (42,000 kg), maximum gross weight of the package
75,000 psi (517.1 MPa), ultimate tensile strength of the outer shell

Nelm’s equation [Ref. 59] shows that the cask outer shell is sufficient to resist puncture.

2.7.3.2.2 Cask Sidewall Bending Stresses
When the cask sidewall impacts the puncture pin, the bending force is:

Mxc _

= 15.3 MPa

Gy, —

Conservatively assuming the compressive and tensile stresses occur at the same location, the
stress intensity is doubled to 30.6 MPa. Therefore, the factor of safety is:

517.1

FS = — = 157>1
30.6
where,
M = Fi% = 1589.2 kN-m, moment due to impact force
m = g = 1.16 m, moment arm resulting from impact
L = h—hy—hy =2.32 m, sidewall length
het = 3312.8 mm, cask total height
hy = 498 mm, upper impact limiter height
hy = 494 mm, lower impact limiter height
Fi = Ksx Ai = 5478.2 kN, impact force
Ks = 324 MPa, dynamic flow stress for mild steel (3)

A = % x d& =0.0177 m’, puncture probe area

dr = 0.15 m, puncture probe diameter
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Therefore, the RT-100 sidewall successfully resists the regulatory puncture drop.

2.7.3.3 Lead Deformation during Side Puncture

Following the postulated side puncture of The RT-100, the cask may experience localized
deformation in the outer shell. Behind this localized deformation a slight flattening may occur,
and results in shielding loss. To quantify this loss, the local stiffness of the cask wall is
determined to calculate the energy absorbed by the package. To calculate the total deformation
of the lead shield, it is conservatively assumed that the available potential energy of the 1 meter
puncture drop is converted to strain energy.

The maximum deformation occurs during postulated puncture event when the cask strikes the
puncture probe approximately mid-span on the cask outer shell. Figure 2.7.3-3 shows the side
puncture details. For the purposes of this evaluation, the cask is considered a closed cylinder
subjected to a concentrated load at the mid-span. The deformation is obtained from Table 31,
Case 9 of “Roark’s Formulas for Stress and Strain, 6" Edition” [Ref. 29]. The deflection of the
outer shell due to the applied load is:

Eloasx ()< ()]

y =

where:
L = length ofthe cylinder
R = mean radius of the shell
P = applied load
E = Young’s modulus

Solving for the stiffhess
P Et

7 Joasx(® )]

The RT-100 is considered a composite cylinder comprised of an outer shell, lead shield, and
inner shell. The resulting stiffness of each component is shown below.

k:

2.7.3.3.1 Outer Shell Stiffness

1.989 x1019x 3.505 x10~2

k; = 0% 122 = 1.743 x 107N/m
1.946\% 1.003 ‘
[0'48)((1.003) ><(3.505 x10‘2) ]
where:
L =1946m
R =1.003m
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t =3.505x102m
P =6972x10®N
E =1.989x10"Pa

2.7.3.3.2 Lead Stiffness

1.602 x10°x 8.992 x10~2

.
kn = 7 1946 \%5 (9.401x10-1\1%2 B LT X 107N/
[0-48x(9_401x1o-1) ><(8.992><10'2> ]
where:
L =1946m

R =9.401x10"m
t =8992x10°m
P =1441x10°N
E =1.602x10°Pa

2.7.3.3.3 Inner Shell Stiffness

1.989 x101%%x 1.905 x10~2

6
ks = 1.946 05 rggoix10—1\122 N 4.945x 10" N/m
[0.48x(8.801><10_1) x(1-905><1°_2) ]
where:
L =1946m

R =8801x10"m
t  =1.905x 107 m
P =3.789x10°N

E =1.989x10"Pa

2.7.3.3.4 Lead Deformation due to Puncture Load
The effective stiffness of the composite section of the cask is:

ket =ki +ko+ks = 3.428 x 10’ N/m

The energy absorbed during impact is:
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U = Y%kegx

Assuming the energy absorbed is equal to the total potential energy, the potential energy is
calculated as:

P.E.=Wxh

Setting the energy absorbed during impact equal to the total potential energy the outer shell
deformation is:

Vikgx& = Wxh =8 =f@ = 0.050m

where:
W = 42,000 kg
H = 1.016 m

The deformation of the lead is calculated from the ratio of the effective stiffness and lead
stiffness:

8leadzsxk_z = 0017m
Keff

Although the deformation is comprised of an elastic and inelastic component, the entire
deformation is conservatively assumed to be permanent.
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Figure 2.7.3-3 RT-100 Side Puncture Details
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- 2.7.4 Thermal

For hypothetical accident conditions, the RT-100 cask body provides protection and containment
of the contents. Thermal expansion of the bolts is evaluated to ensure the containment boundary
is maintained. Similarly, the cask body is evaluated for pressures associated with the fire
accident; during the accident, the cask is assumed to be subjected to a fire that produces a
surrounding environment of 800°C for a period of 30 minutes. The thermal evaluation of the
hypothetical fire transient is presented Section in 3.4.

2.7.4.1 Summary of Pressures and Temperatures

Cask components temperatures under varying conditions are evaluated using the ANSYS finite
element computer code [Ref. 28]. The cask cavity pressure is estimated based on the surface
averaged temperature of the inner shell at the cavity side. The detail of the thermal analyses is
documented in Chapter 3, Section 3.1. Table 3.1.3-1 presents the normal condition maximum
temperature along with the maximum surface averaged temperature of inner shell surface at the
cavity side. Chapter 3, Table 3.1.3-2 presents the maximum temperatures under hypothetical
accident conditions along with the maximum surface averaged temperature of inner shell surface
at the cavity side. The surface averaged temperature of the inner shell at the cavity side is used to
predict the gas pressure inside the cask; Chapter 3, Table 3.1.4-1 summarizes the maximum NCT
and HAC pressures.

2.7.4.2 Differential Thermal Expansion
For the RT-100 Cask, the closure bolts are the only components of concern during the fire

accident that may experience thermal expansion. The bolting evaluation in Appendix 2.13
evaluates the effects of thermal expansion on the closure bolts.

2.7.4.3 Stress Calculations

The following Section evaluates the stresses in the bolts and cask body during hypothetical
accident conditions.

2.7.4.3.1 Bolt stresses during fire accident

The bolt stress evaluation is presented in Appendix 2.13. The evaluation shows that the bolt
stresses are less than the allowables. Therefore, the bolts continue to provide a tight seal and
containment is maintained.

2.7.4.3.2 Pressure stress during fire accident

In accordance with the requirements of 10 CFR 71.73(c)(4), the RT-100 Cask is structurally
evaluated when subjected to an accident internal pressure of 689.4 kPa (100 psia). The pressure is
based upon an average cask temperature of 73.1°C. For conservatism, the stress intensity values
are compared to allowable stress values at 150°C. To obtain pressure stress results, a uniform
internal pressure is applied to the ANSYS finite element model.

2.7.4.4 Comparison with Allowable Stresses

The accident pressure stresses are presented in Table 2.7.4-1. The table documents the primary
membrane (Pn), primary membrane and plus primary bending (Pn+Pb) stresses in accordance
with the criteria presented in Regulatory Guide 7.6. As Table 2.7.4-1 shows, the margins of
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safety are positive when compared to the stress intensity for each category. The most critically
stressed component in the system is the inner lid; this condition is due to prying load at the
interface of the closure bolt and lid. The minimum margin of safety is found to be +6.4 for
primary membrane plus bending stress intensity. The margins of safety are all positive and thus,
the RT-100 satisfies the requirements of 10CFR71.73(c)(4) for thermal HAC.

Table 2.7.4-1 HAC Pressure Stress Summary

ANSYS Results RG 7.6

Component and Stre§s Allowable Margin of
Stress State Location S1 S2 S3 SINT | Stress Safety (1)

INNER SHELL MPa | MPa | MPa | MPa | MPa
Pm 1.2 (00 |-1.0 [2.2 331 Large
Inside 1.2 0.0 |-1.1 2.3 496 Large
Pm+Pb Center 12 (00 |-1.0 |22 496 Large
Outside |12 (0.0 |-09 |2.1 496 Large

OUTER SHELL MPa | MPa | MPa | MPa | MPa
Pm 1.2 100 |-0.7 1.9 331 Large
Inside 1.2 {00 |-07 |20 496 Large
Pm + Pb Center 1.2 (0.0 |-0.7 1.9 496 Large
Outside |12 (0.0 |-06 |1.8 496 Large

FLANGE MPa | MPa | MPa | MPa | MPa
Pm 1.2 |00 |-04 1.6 331 Large
Inside 1.2 100 |-0.5 1.7 496 Large
Pm + Pb Center 1.2 00 |-04 1.6 496 Large
Qutside |12 [0.0 |-04 1.5 496 Large

OUTER LID MPa | MPa | MPa | MPa | MPa
Pm 1.1 0.1 -0.2 1.3 331 Large
Inside 1.1 0.1 -0.3 1.4 496 Large
Pm+Pb Center 1.1 0.1 -0.2 1.3 496 Large
Qutside | 1.0 |0.1 -0.2 1.2 496 Large

INNER LID MPa | MPa | MPa | MPa | MPa
Pm 02 |-2.1 |-36.5 [36.7 |331 Large
Inside 2.1 |-6.2 |-64.0 |61.9 |496 Large
Pm + Pb Center 0.2 |-2.1 |-36.5 {36.7 |496 Large
Outside | 4.1 20 |-10.6 |{14.7 | 496 Large
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2.7.5 Immersion — Fissile Material

This Section is not applicable. The RT-100 does not have any fissile material subject to the
requirements of 10 CFR 71.55 [Ref. 2].

2.7.6 Immersion — All Package

According to the requirements of 10 CFR 71.73(c)(6) [Ref.2], a package must be subjected to
water pressure that is equivalent to: immersion under a head of water of at least 15 meters for a
period of 8 hours. Also, 10 CFR 71.61 [Ref. 2] requires that a package’s undamaged containment
system be able to withstand an external water pressure of 2000 kPa for a period of not less than
one hour without collapse, buckling or in-leakage of water. The outer lid is shown to be
structurally adequate for a maximum external dynamic crush pressure of the top impact limiter.
Therefore, the RT-100 satisfies all of the immersion requirements for a package that is used for
the international shipment of radioactive materials.

2.7.7 Deep Water Immersion Test (for Type B Packages Containing More than 10° A2)
This Section is not applicable. The RT-100 is limited to a maximum of 3000 A..

2.7.8 Summary of Damage

The analytical results reported in Section 2.7.1 through 2.7.7 indicate that the damage incurred by
the RT-100 during the hypothetical accident is minimal, and such damage does not diminish the
cask ability to maintain the containment boundary. A 9-meter drop or a 1-meter pin puncture
accident may damage the outer shell and result in a localized reduction in shielding ability.
However, the shielding remains intact to satisfy the accident shielding criteria. Based on the
analyses of Section 2.7 through 2.7.7, the RT-100 fulfills the structural and shielding requirements
of 10 CFR 71[Ref. 2] for all of the hypothetical accident conditions.

2.8 Accident Conditions for Air Transport of Plutonium

This Section is not applicable. The RT-100 cask is not to be used to transport Plutonium by air
transport.

2.9 Accident Conditions for Fissile Material Packages for Air Transport

This Section is not applicable. The RT-100 is limited by 10 CFR 71 [Ref. 2] for quantities of
fissile material. However, the RT-100 is not used to transport any fissile material by air transport.

2.10 Special Form

This Section is not applicable. The RT-100 is not to be used to transport special form materials as
specified in 10 CFR 71.75 [Ref. 2].

2.11 Fuel Rods
This Section is not applicable. The RT-100 is not to be used to transport fuel rods.
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2.12 Appendix — Impact Limiter Analysis
Proprietary Information Content Withheld Under 10 CFR 2.390
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