


LEGAL NOTICE 



Contract Xo , W-7405-eng-26 

CHmI GAL TECHNOLOGY D X V I S  ION 

IRRADIATED FUEL SHIPPING CASK DESIGN GUIDE 

L .  B. Shappert 

JANUARY I969 

OAK RIDGE NATIONAI, LEiF30FLATORY 
Oak Ridge, Tennessee 

operated by 
wmr CAREIDE CORPORATION 

for the 
0 .S . ATOMIC ENEi2GY COMMISSION c 





iii . 

CONTENTS 

Page 

Abstract  ........................................................ 1 

1 . Introduct ion .................................................... 1 

1.1 Scope ...................................................... 7 

1.3 Quality Assurance .......................................... “I 
1 .  4 Acknowledgments ............................................ 9 
1.5 References ................................................. IO 

1 . 2  Cask Nomenclature .......................................... 7 

2 . S t r u c t u r a l  Design ............................................... l l  

‘2 . 1 Inner S h e l l  Thickness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 1  

2 . 2  Outer S h e l l  Thickness ...................................... 11 

2.2 . 1 msis far Equation 2 . 1 .............................. 121 

2 .3  Weld Design ................................................ 16 

2 . 1 ~  Cask Closure. Gasketing. and Bolting Design ................ 1 V  

2.4.1 Selec t ion  and Design of the  Gasket . . . . . . . . . . . . . . . . . .  20 

2.14.2 Design for Bolts  o r  Studs t o  Retain Cask L. i d  ........ 2‘[ 

2.4,3 Cask Closure Design ................................. 31 

2 - 5  L i f t i n g  Devices ............................................ 35 

2.6 Tie-Downs .................................................. 1~0 

2.6.1 General Considerations .............................. kc1 
2 . 6 . 2  Tie-Down Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  242 

2.6.3 Methods of Analysis ................................. 16 

2.7 E f fec t s  o f  a 3O-ft Impact on Lead Shielding ................ 46 

2 . 7  . 1 Mater ia l  Proper t ies  Under Impact Conditions . . . . . . . . .  116 

Cask Without F ins  ................................... 48 

Nonbuffered Ehds .................................... 5’3 

2.7.2 Analysis o f  a Horizontal  Axis Drop o f  a Cyl indr ica l  

2.7.3 Analyses o f  an End Drop of  a Cyl indr ica l  Cask With 



i v  

Page . 
2.8  Shock Absorbing St ruc tures  ............................... 55 

2 .8 .1  F ins  ............................................. 55 
2 . 8 . 2  Toroidal She]-1-Type Energy Absorbers . . . . . . . . . . . . .  57 
2 .8 .3  Protect ive Buffers ............................... 57 
2 . 8  . 4 Aluminum Honeycomb Charac te r i s t ics  . . . . . . . . . . . . . . .  61 
2.8.5 The Army-AEC Vehicle Irnpact Studies  . . . . . . . . . . . . . .  64 

2 . 9  Testing Requirements ..................................... 65; 

2.9.2 Normal- Operating Conditions ...................... 67 
2.9 . 1 Hypothetical Accident Conditions ................. 65 

2 . 10 Cornrnents on Cask Shielding Material ...................... ‘ io 

2 . 10 . 1 Heat. Transfer Under Normal Conditions ............ 72 
2 . 10.2 Heat Transfer Under Accident Conditions .......... 74 

2 .11  Fuel . Magazine Design ..................................... 76 

2 . 1 1  . 1 Protect ion ard Containment o f  Fuel During 
Transportati-on and Handling . . . . . . . . . . . . . . . . . . . . . .  76 

2 . 1 1 . 2  Dissipat ion of Heat .............................. 7 7  

2.11  . 3 Control of C r i t i c a l i t y  ........................... 77 

2 . 1 2  Simple Beam Requirement .................................. 80 

2.13 References ............................................... 82 

3 . Materials  ...................................................... 85 

3 . 1 P l a k  .................................................... 85 
3 . 2  Pipes and Tubes .......................................... 87 

3.11 Welding Electrod.es, Rods, and Wire ....................... 88 
3.5 Special  Maheria1.s ........................................ 88 

3 .3  Forgings. F i t t i n g s .  and Bolting .......................... 87 

3.6 Iden t i f i ca t ion  Marking and Purchase Order Requirements . . .  88 

4 . Fabr ica t ion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  89 
4.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  90 



V 

Page 
_I 

1. r.. 1 . 1 M i l l  Test Reports and Marking . . . . . . . . . . . . . . . . . . . .  90 

Ic.1 . 3 Repair of Defects i n  Mater ia l s  ................... 90 

4.1 . !+ Forming Mater ia ls  ................................ 31 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4. . 1 . 2 Cutting Mater ia l  90 

1i.2 I d e n t i f i c a t i o n  and Control of Mater ia l s  .................. 91 
4.3 Welding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  91 

4.3.1 
4.3.2 
4.3.3 
4.3.4 
1-1 . 3 . 5 
4.3.6 
4.3.7 
14.3.8 
4.3.9 
L.3.10 

Welding Processes and F i l l e r  Metals 
Q u a l i f i c a t i o n  of  Welding Procedures .............. 

.............. 

Q u a l i f i c a t i o n  of Welders and Welding Operators . . .  
Lowest Permissible Temperatures f o r  Welding ...... 
F i t t i n g  and Alignment . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Cleaning of  Surfaces t o  be Welded 
J o i n t s  - Alignment Tolerances .................... 
Finished .Joints .................................. 
Miscellaneous Welding Requirements . . . . . . . . . . . . . . .  

................ 

Repair o f  Weld Defects ........................... 
4.4  Meld-Metal Cladding of Carbon S t e e l  . . . . . . . . . . . . . . . . . . . . . .  31 . c 

Ic.Ic.2 Performance Q u a l i f i c a t i o n  Test . . . . . . . . . . . . . . . . . . .  97 
4.4.1 Welding Procedine Q u a l i f i c a t i o n  Requirements . . * .  . 911 

11.5 Joining I n t e g r a l l y  Clad o r  Weld-Metal-Overlay Clad 

Mater ia l  ................................................. 37 

9 '7 h.6  Postweld Heat Treatment .................................. 
b.7 Lead Pouring . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  98 

4.8 Inspect ion ............................................... 98 

4.8.1 Access f o r  Inspector  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  38 
4.0.2 Inspect ion o f  N a t e r i a l  ........................... ?13 
4.8.3 Inspect ion of Surfaces During Fabr ica t ion  . . . . . . . .  99 

lc.8 ss Weld Inspect ion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  11)0 

4.8.k Dimensional Inspect ion . . . . . . . . . . . . . . . . . . . . . . . . . . .  (39 



v i  

4.9 

li.10 

5 . Heat, 

5 . 1 

5 . 2  

5.3 

5.4 

5.5 

5.6 

Page 
I__ 

4 .8  . 6 Check o f  Postweld Heat-Treatment P rac t i ce  . . . . . . . .  100 
4 .8 .7  Inspection During Fabr ica t ion  .................... 101 

Test ing .................................................. 101 

).~.9 . 1 Shielding Chamber Leak Test . . . . . . . . . . . . . . . . . . . . . .  101 

k .9 .2  Pressure Test .................................... 101 

4.9.3 Leak Test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  102 

4.9 . j.c Heat, Transfer Acceptance Test .................... 102 

4.9.5' Shielding I n t e g r i t y  Test ......................... 103 
Ic.9.6 Lead Bond Tntegri ty  Tes t  ......................... 103 

Fabr ica t ion  Record ....................................... i04 

Transfer  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  106 

Introduct ion ............................................. 106 

Heat Sources ............................................. 108 

5.2.1 Decay- Heat Load . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  109 

j.2.2 Solar  Heat Load .................................. 1 1 2  

External Heat Transfer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  116 

5.3 . 1 Heat Remval  from a Cask Surface . . . . . . . . . . . . . . . . .  116 

I n t e r n a l  Heat Transfer ................................... 12 '1  

5 .IC . 1 Analy t ica l  Method ................................ 128 

s . k . 2  The Parame-Lric Cases ............................. 1 2 9  

F i r e  Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  134 

. 5 . 1 Graphical Metklod ................................. 138 
5.5.2 Analog Method .................................... 141 

5.5.3 Fnergy Balance Method ............................ 1143 

5.5.4 Use of  D i g i t a l  Computers i n  Studying t h e  Thermal 
Transient  Caused by a Fire ....................... 156 

References ............................................... 161 



v i i  

Page 
IIL 

.................................................... 6 . C r i t i c a l i t y  l b l ~  

6.1 Introduct ion ............................................. 164 
6.2 Methods of Prevention o f  C r i t i c a l i t y  . . . . . . . . . . . . . . . . . . . . .  164 

6.3 Normal Conditions of Transport  . . . . . . . . . . . . . . . . . . . . . . . . . . .  168 
6.3 . 1 The Fresh Fuel Assumpb'-on ........................ 160 

6.3.2 Burnup Ef fec t s  on Reac t iv i ty  . . . . . . . . . . . . . . . . . . . . .  169 

6.2.1 Application ...................................... 165 

6 . L The Most Reactive Credible Condition o f  Transport . . . .  * .  . 172 

6.5 C r i t i c a l i t y  Evidence ..................................... 173 

6.5.1 Safe Limits ...................................... 173 
6.5; . 2 Calcu la t iona l  Evidence 174 

6.6 Applicat ions f o r  AEC Approval on C r i t i c a l i t y  . . . . . . . . . . . . .  180 

6.6.1 Exemptions ....................................... 180 

6.6.2 General Licenses ................................. 181 

........................... 
. . ............................ 6 5 3 ExperiIrlental Evidence 178 

6.7 References ............................................... 183 

6.8 Bibliography o f  C r i t i c a l  Experiments ..................... 186 

7 . Shielding ...................................................... 19'1 

7 .1  General Considerations 197 

7 . 2  DOT Regulations .......................................... 137 
7 . 3  Shielding Estimates ...................................... 139 

................................... 

7.3.1 Comparison o f  Nomograph and Machine Code ......... 199 

7 .  4 Dose Calculat ions Away f rom Cask Surface ................. 133 

7.5 Example .................................................. 201 

7.6  References ............................................... 209 





1 

RBADIATEE FK3L S€IIZ;PING CASK DESIGH GTJIDE 

L, B.  Shappert 

AFGTRACT 

The design of i r r a d i a t e d  f u e l  shipping casks i s  gov- 
erned not  only by the  ma te r i a l  being shipped but also by 
the  Regulations ( AEC PIanuaJ. Chapter 05'29, 1 iICFR7 1 and 
LaCFRl'il-178) t h a t  impose s t r u c t u r a l  per formnce  standards 
on t h e  cask by a s e r i e s  o f  pos tu la ted  acc iden t s .  
Guide provides cask design procedures and c r i t e r i a ,  devel- 
oped from extensive ana lys i s  and t e s t i n g  programs t h a t  
enable t h e  designer  to  c o r r e l a t e  t he  crtsk design to  i t s  
performance a s  r e l i a b l y  as if the cask were subjes txd  t o  
a phys ica l  demonstration, 

T h i s  

The Guide covers design areas o f  cask s t r u c t u r a l  
i n t e g r i t y ,  hea t  t r a n s f e r ,  c r i t i c a l i t y ,  sh ie ld ing  rmte- 
r ials o f  cons t ruc t ion ,  and f a b r i c a t i o n  techniques.  The 
design informatton presented i s  discussed within the  
framework o f  the AEC regula t ions  along with the r a t iona le  
and t e s t i n g  program t h a t  supported i t s  development (I 

It has been possible t o  provide design information 
i n  the  important areas r e fe r r ed  t o  i n  t h e  cu r ren t  Regu1.a- 
t i o n s  . However, the Regulations continue t o  undergo 
modif i c a  ti.on and r e i n t e r p r e t a t i o n .  In consequence, f u t u r e  
e d i t i o n s  o f  the Guide ~ 1 . 1 3  conta in  a d d i t i o n a l  data to cover 
the  problems tinat r e s u l t  from continuing refinement of  t h e  
Regulations.  

-- 

1 e INTRODUCTION 

The domestic t r anspor t a t ion  o f  sperit file1 elerrents from power -reac- 

tmrs is governed by regula t ions  from t h e  Department of  Transportat)iori 

(LOT) and t h e  U. S. Atomic Energy Commission. T%ie Hazardous Mater ia l s  

Regulations Board of the  I D T  has r ecen t ly  revised these  r egu la t ions ,  

rriakirig them m r e  general  and el iminat ing much o f  t h e  d e t a i l . '  

nary-  aim o f  tlzc Regulations is, of  course,  t o  p r o t e c t  t,he public: by 

r igorous ly  r e s t ~ j  c t h g  t h e  arnrnrit of  r a d i a t i o n  and. contamination t o  

which people a r e  expo sed.  

The p s i -  
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The Regulations r e f  crred t o  ihroughout t h i s  Guide a r e  pr imari ly  

those o f  the USAEC" ( r e fe r r ed  t o  as AECM 0529 which a r e  almosL i d e n t i c a l  

t o  those published as CF'H. T i t l e  10 p a r t  7 1 ) ,  but  occasional ly  the WT 

regulat ions a r e  mentioned." 
- -  

The Hegulations are w r i t t e n  i n  t e r n s  o f  perfonfiance speci-f icat ion 

A cask dcsigrier i s  f r e e  t o  exercise  h i s  own judgment as requirements. 

t o ,  first,, how t o  meet t h e s e  requirements and, second, how t o  prove t h a t  

he has done so .  M-ff i cu l t i e s  a r i s e  because var ious cask designers place 

theil-  own i n t e r p r e t a t i o n  on the  regula t ions  and many develop new methods 

of s t ruc t , i r a l  assessiiienl,. No document has been a v a i l a b l e  which corre- 

l a t e  t e s t s  with an a n a l y t i c a l  treatmerit o r  i nd ica t e  ana lys i s  met'nods 

which have withstood a t e s t  of time. 

Several. years ago the  Division o f  React,or Development and Technology 

(RDT) si-Lggested t h a t  t he  Oak Ridge Nat,ional. Laboratory develop a Guide 
which would s t a t e  i n  c l ea r ,  o r d e r l y  fashion what are considered 'to be 

good engj-neering stand.ards o f  p r a c t i c e  i n  the  design, fabr ica t ion ,  t e s t -  

ing,  inspect ion,  and maintenance of i r r a d i a t e d  f u e l  shipping casks I It 
was decided t h a t  i n i t i a l l y  t h e  i.ni?ormtion i n  the Guide should apply t o  
lead-shielded spent f u e l  casks having s t e e l  i.nner and outer  s h e l l s  s ince  

t h i s  ,type o f  cask i s  most widely used i n  t h e  Uni.t;ed S t a t e s  tod.ay; it 
should be subsequently expanded t o  include uranium, s t e e l ,  and o t h e r  ap-- 

propr ia te  shielding mater ia l s .  The Guide should be of such qiial-ity t h a t  

proof of adherence to  it would c o n s t i t u t e  prima f a c i e  evidence of s a t i s f y -  

ing the performance standards of -the Federal  Regulation. In addi t ion ,  the 

Guide shoiuld provide d e t a i l e d  engineering backup supporting i t s  provisions 

with such j u s t i f i c a t i o n s ,  der iva t ions  and judgments as required t o  c la r i fy-  

the i n t e n t  as t o  t h e  degree o f  s a f e t y  and degree of conservatism intended 

_ _  
"The DOT regulat3ons have been made compatibLe t o  the I n l e r n a t i o n a l  

It i s  expected t h a t  the  USAEC Atomic Ehergy Agency (LAU) 

w i l l  modify t h e i r  regulat ions to  become more compatible with both the  

D3T and MEA regula t ions .  



3 

by the  Guide. 
a l t e r n a t i v e  approaches, techniques 01' mater ia l s  to assvre  that, a consis- 
t e n t  degree of conservatism i s  applied and to provide a means f o r  cricow- 

aging improvement i n  t h e  art  and i t s  incorporat ion in to  p r a c t i c e .  

r epor t  c o n s t i t u t e s  t h e  i n i t i a l  e f f o r t  i n  f u l f i l l i n g  that commitment 

A s  a r.esult a framework would e x i s t  aga ins t  which t o  judge 

This 

This repo-i-t, w i l l  be widely disseminated; readers  are asked t o  review 

it and siibrnit t h e i r  connncnts 

t o  t h e  au tho r ,  Especial ly  those  methods o f  ana lys i s  t h a t  may be used t o  
evaluate  e q e r i n i e n t a l  r e s u l t s  are  s o l i c i t e d ;  any known operat ing or fab- 

r i c a t i o n  l i m i t a t i o n s  w i l l  be o f  i n t e r e s t  

suggest ions,  and recorru?iendaiions for changes 

'The format, w a s  chosen so as t o  group design subjec ts  o f  a s p e c i f i c  

nahure under t o p i c a l  headings.  

t op ic s  do not  follow t h e  same order  as they appear i n  the  regxlazi-ons i t  
i s  e a s i e r  (and s t rong ly  suggested) t ha t  reques ts  for.  approvals t h a t  a r e  

submitted t o  the AEC fol low t h e  format and order  of the regulation t o  

a m i d  confusion 

hi s p i t e  o f  the disadvantage tha5 the 

Methods o f  a n a l y s i s  suggested i n  t he  Guide a r e  intended t o  pmvide 

Lxasonably accura te  information about cask design; however, i n  some cases  

where t h e  accuracy o f  t h e  analysis is  not known, a fact-or  o f  safety i.s 
assigned t o  account for t h e s e  unce r t a in t i e s  a 

The Guide conta ins  seven chap te r s .  Fnapter 1 c o n s i s t s  of  introduc-  

t o r y  remarks, Chapter 2 is  concerned with the s t r u c t u r a l  design of ship- 

ping casks. Discussions o f  t h e  ma te r i a l s  o f  cons t ruc t ion  and the methods 

of f a b r i c a t i o n ,  which a r e  in t ima te ly  assoc ia ted  w i t h  design, f o l l o w  in 

Chaps. 3 and 4, r e spec t ive ly .  

tcr 6 descr ibes  t h e  kinds of  evidence t h a t  should be considered acceptable  

f o r  proving t h a t  a system conrforms t o  t h e  c r i t i c a l i t y  requirements o f  

e x i s t i n g  f e d e r a l  r egu la t ions .  

Chap. ' i  . 

Chapter 5 deals with heat  t r a n s f e r ,  Chap- 

Information on  sh ie ld ing  i s  presented in 

Early vers ions  o f  t he  regula t ions  ind ica ted  t h a t  for c a l c u l a t i o n a l  

purposes,  the impact r e s u l t i n g  from t h e  jO-€t f r e e  f a l l  coifid bt: consid- 

ered equivalent  t o  applying a OJ - g dece lera t ing  fg rce  t o  the cask f o r  

0 .01  6 seconds. Although this s p e c i f i c a t i o n  was remoTred ir?_ l a t e r  ~ e r ' s m n s  



of the  regula t ions  it i s  occasional ly  used t o  ind ica t e  compliance t o  the  

30-ft-d.rop requirement. 

o f  such a fo rce  w i l l  no t  produce damage similar t o  t h a t  produced by a 
30- f t  drop. 

011 t h e  conservation o f  energy p r inc ip l e  as out l ined  i n  Chap. 2, 

e r a l  cases  Lhis method has been co r re l a t ed  with experimental r e s u l t s .  

The methods w i l l  be re f ined  and expanded f o r  wider appl ica t ion  i n  o the r  

c r i t i c a l  a r eas  f o r  fu ture  ed i t i ons  o f  the Guide. 

Oui" inves t iga t ions  ind ica t e  that, 'Ghe appl ica t ion  

However, darrlage may be assessed by a n a l y t i c a l  methods based 

1, sev- 

A t  t h e  present  time we do not have s u f f i c i e n t  da ta  at, our  disposal. 

t o  p red ic t  with confidence t h e  bes t  weld j o i n t  design.  

formation based on observations o f  s t a t i c  t e s t s  and personal conta.cts 

with f i r s t -hand  observers of cask impacts leads  us t o  bel ieve t h a t  some 

j o i n t  designs w i l l  withstand t h e  3O-ft. f r e e  f a l l  b e t t e r  than o the r s .  

Thus, until. verifica-Lion t e s t s  can be ca r r i ed  out ,  t h e  j o i n t  designs 

recommended i n  Chap. 2 are based on what we consider to be good engineer- 

ing prac-Lice . 

Some l imi ted  in-  

Although loss of sh ie ld ing  i s  cli scussed in Chap. 2 ,  ti?e primary 

hazard r e su l t i ng  from the 30- f t  f r e e  f a l l  i s  a breach o f  t he  cask contain- 

ment; for t h i s  reason i t  i s  necessary t o  pro tec t  c losure regions from 

impact. Energy absorbers tha t  m y  he use fu l  for t h i s  purpose are d i s -  

cussed i n  Sec t .  2 . 8 .  

One o f  the  rnajor requirements of the  cask ana lys i s  i s  to  show t h a t  

t he  i n t e g r i t y  o f  the  cask s e a l  can survive the  impact. The primary seal. 

i s  genera l ly  maintained by a force  on t h e  l i d  cI.osiu-e which i s  secured by 

b o l t s  o r  s tuds and f o r  t h e  P Q S ~  p a r t ,  the problem involves t h e  energy 

absorpt ion capac i ty  of  these b o l t s  o r  s tuds .  Su f f i c i en t  data a r e  not  

availab1.e t o  permit the computation of t h e  capaci ty  o f  a p a r t i c u l a r  s tud  

or b o l t  with the  desired degree o f  confidence; u n t i l  it i s ,  t h e  equations 

given i n  Sect;. 2 . 4  

c losures  I 
w i l l .  prrovide conservative b o l t  p a t t e r n  designs f o r  

Since t h e  primary aims of  cask design are  t o  sh i e ld  and t o  contain 

a source of  radioact ive mater ia l ,  t h e  mater ia l s  of  construct ion (discussed 

i n  Chap. 3 )  must be capable of  performing saki s f a c t o r i l y  when they a rc  



exposed t o  a wide range o f  environmental condi t ions as spec i f i ed  i n  the  

r egu la t ions ,  
s t e e l  should have adequate s t rength ,  d u c t i l i t y ,  and toughness a t  ambient 

temperatures.  We have assumed thar, r a t e r i a l s  which I-equire a minimum o f  

1s f t - i b  of energy to break a Charpy keyhole specimen at> a temperature 

of -,!lO°F w i l l  f u n c t b n  s a t i s f a c t o r i l y  under normal operat ing condi t ions,  

as described i n  the  regula t ions ;  simh toughness should be sxfficient,  t o  

prevent b r i t t l e  Practure  f m m  occurr ing a t  l o w  -temperatures. 

From t h e  standpoint of use a s  a f a b r i c a t i o n  r ra te r ia l ,  a 

In  con t r a s t  ?x t he  high degree of r e l i ance  placed. on  s t e e l  s h e l l s  

of  casks,  Lhe requirements €01- s t e e l  used fc:r supports ,  l i f t i n g ,  t i e -  

down, and s imi l a r  noo-containmefit s t r u c t i r e s  may be relaxed.  

quence of  a f a i l u r e  i n  these  components a1.e minirr,aS s ince  one r m t e r i a l  

f a i l u r e  would not be s u f f i c i e n t  by i t s e l f  t o  cause ariy loss o f  cask con- 

t e n t s  o r  sh i e ld ing .  

The conse- 

The designer  i s  f r e e  t o  spec i fy  materials o the r  than those recom- 

mended i n  Chap, 3; however, t h e  f a c t o r s  descr ibed above must be accounted 

for i n  t h e  cask design.  

are acceptable  f o r  r ad ia t ion  sh ie ld ing  arid c r i t i c a l i t y  control. i n  shippirig 

casks i s  a l s o  provided i n  t h i s  chapter .  

To a i d  LIie designer ,  a. l i s t  of  mater ia l s  that 

The f a b r i c a t i o n  and inspec t ion  r e y u i r e m n t s  f o r  shipping casks a r e  

not  covered by e x i s t i n g  codes and s tandards.  Chzpter. 4, which s e t s  forth 

m h i i m m  q u a l i t y  requirements, has been prepared i n  such a manner t h a t  any 

sec t ion  may be incorporated i n t o  pmcurement s p e c i f i c a t i o n s .  To ensure 

t,hat t h e  requirements a r e  adhered t o ,  an inspec tor ,  as a representat2ve 

o f  the cask purchaser,  would a u d i t  t he  manufacturer’s procurement, f a b r i -  

ca t ion ,  i.nspec.tion, and t e s t i n g  records t o  determine compliance with t h e  

procureuient spec i f ica- t ions .  Such  a system w i l l  be worth i t s  cos t  f o r  t he  

p o s i t i v e  assurances o f  s a f e t y  and qua l i ty  o f  t h e  f i n a l  product ~t w i l l  

a f f o r d  t o  both t h e  cask purchaser and the U, S. Atonlic Fnergy Cbrimission. 

Two beat, souYces - s o l a r  heat  and decay hea t  - a r e  considered (see 

Chap. 5 )  i n  ca l cu la t ing  t h e  rriaxi.mnm temper-ature o f  the spent f u e l  and 

cask expected. under normal shipping condi t ions ,  Although both o f  these 

loads vary as a €unction o f  time, t h e  cask i s  genera l ly  desiLned for a 
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spec i f ied  heat  load t h a t  accounts f o r  these  two sources.  Since .the hea t  

capaci.t,y o f  massive spent f u e l  casks i s  very l a r g e  and the s o l a r  load i s  

appl ied pr imar i ly  t o  t h e  projected sur face  area of  tihe cask, we f e e l  it 
i s  j u s t i f i a b l e  t o  base t h e  s o l a r  load ( i n  Btu/hr) on the  hea t  input  t o  

t h e  cask averaged over a 2j.c-hr day ( see  the  example i n  Sec t .  5.3 . I  ) , 

The response of a cask t o  the  hypothet ical  f i r e  stipul.at,ed i n  the  

regulat ions i s  d i f f i c u l t  t o  evaluate  accumte ly  a For  exampl.e, few f i r e  

t e s t s  of casks have been instrumented properly t o  permit theoret ical-  and 

e,xperi.mental. comparisons t o  be made. &-La that, have been accumulated 

thus far  ind ica t e  t h a t  t e s t i n g  should be carried. ou t  on a prototype cask 

r a the r  than a scale imdel i n  order  .to obta in  useful. r e s u l t s .  More re -  

cen t ly ,  i- t  appears t h a t  the  furnace t e s t i n g  o f  a cask a t  11175°F may not  

be equivalent t o  t h e  f i r e  t e s t  postulated i n  the  regulat ions because of 

t h e  i n a b i l i t y  t o  con t ro l  the  erniss-ivity o f  the  source -to t h e  s t a t e d  val.ue 
o f  0.9. %I addi t ion ,  i n  an a c t u a l  t e s t  t he re  i s  inevi tab ly  a convection 

as w e l l  as a rad ia t ion  coupling between the cask and heat  source t h a t  i s  
no t  a l luded t o  i n  the regula t ions .  Such a s i t u a t i o n  makes t h e  cor re la -  

t i o n  of theory and experinent d i f f i c u l t ,  

Federal  regu1ai;ions requi re  every shipment of f i s s i l e  material t o  

remain s u b c r i t i c a l  a t  a l l  times diwing normal -transport ,  including load.- 

ing and unloading, and. under hypothe t ica l  accident  condi t ions leading t o  

the  most reac t ive  c red ib le  configurat ion.  

cerned with t he  proof o f  adherence t o  t h e  requirement o f  subc-rit,i.cality 

r a the r  .than wi th  the  method o f  maintaining s u b c r i t i c a l i t y .  

es t  of economy and p r a c t i c a l i t y ,  a shipper  should be allowed t o  exercise  

any p r a c t i c a l  cont ro ls  he des i r e s  in renderjag a system s u b c r i t i c a l ;  how- 

ever ,  he must present  proof that, these  cont ro ls  are adequate. The types 

o f  proof considered acceptable a r e  discussed,  

Chapter 6 i n  the  Guide i s  con- 

I n  t h e  inter- .  

Proof o f  s i d x r i t i c a l i t y  can b e s t  be subs tan t ia  Led by arranging the  
desired f u e l  in t h e  most reac t ive  c red ib le  confi eura t ion  wi th  respect  t o  

the shipping cask design.  Thus it would be des i rab le  t o  have the  concep- 

t u a l  cask design ava i lab le  a t  the same time that, r eac to r  c r i t i c a l  experi-  

ments on t h e  f u e l  are being performed, s ince  only  a few add i i iona l  
experiments would be needed t o  p red ic t  the degree o f  s u b c r i t i c a l i t y  that  



would be a t t a i n e d  during shipment. 

o f  s u b c r i t i c a l i t y  must depend e n t i r e l y  upon c a l c u l a t i o n a l  methods, The 

accuracy o f  such methods may be v e r i f i e d  by analyzing se l ec t ed  c r i t i c a l  
experiments in which a s imi la r  f a e l  has been used.  The Guide provides 

an annotated l i s t i n g  of" a wide v a r i e t y  o f  experiments t h a t  m a y  be used 

f o r  t h i s  purpose.  

When this i s  not  poss ib le ,  t h e  proof 

- 

Chapter '7 presents  i n f o m a t i o n ,  i n  t h e  form o f  a nomograph, t h a t  

will provide cask reviewers a quick and reasonably accura te  method f o r  

determining whether t he  thickness  of  t h e  l ead  sh ie ld ing  i n  a given cask 

is adequate f o r  a p a r t i c u l a r  pwpose.  

gives  values  o f  lead thicknesses  ger iemlly wi-thin 5% o f  those ca lcu la ted  

by a machine code assuming that, the  source i n  the  c a v i t y  i s  homogeneous. 

It w a s  found t h a t  the  nonograph 

Since regula t ions  spec i fy  dose r a t e s  3 f t  f rom t h e  cask sur face  as  

w e l l  a s  surface dose r a t e s ,  a number o f  graphs aye given t h a t  r e l a t e  

sur face  dose r a t e  t o  dose r a t e s  3 f t  from t h e  sur face  a s  a funct ion o f  

cask dimensions. 

1 . I  Scope 

This Guide dea l s  almost exclusive12 with casks having s t e a l  shells - 
and lead sh ie ld ing  s ince  such casks c o n s t i t u t e  t h e  most, c o m n l y  used 

type a Ultimately,  other types of  sh ie ld ing  mater ia l s  will be covlsidered 

I .2 Cask Nomenclature 

Figure 1 . I  shows a cutaway diagram o f  a spent  f u e l  shipping cask 

l i s t i n g  the  p r i n c i p a l  components found i n  such casks ,  

are r e fe r r ed  t o  by name throughout t h i s  Guide. 

These coqmnentis 

1 .? Q u a l i t y  Asswance 

The requirements i n  t h e  Guide a r e  deemed %he minimum t o  provide 
quali ty assurance adequate f o r  ms t  shipping casks .  The designer  must 
exerc ise  good judgment and adopt s t r i c t e r  requirementk where p rea t e r  

perforrrmce requirements a r e  warranted. 
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The cask manufacturer should provide h i s  owfl inspect ion and t e s t  

persomiel and f a c i l i t i e s  t o  maintaln control. of the  q u a l i t y  o f  rnaterials, 

components, and f ab r i ca  Lion throughout the cask construct ion.  

The purchaser’ s inspector  must v e r i f y  that, the  mnaimfacturing q u a l i t y  

con t ro l  i s  maintained and a l l  parts and work processes are i n  accordance 

with the  approved drawings and spec i f i ca t ?  ons.  

the r i g h t  t o  s top work on t he  cask a t  any time he f e e l s  the  cask qiwlity 
assurance i s  being jeopardized e 

The inspec tor  m u s t  have 

O R N L  D W G  68-12260 

F i g .  1 .I. CuLaway Diagram o f  a Shipping Cask Showing Its 
P r inc ipa l  Components. 
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Plater ia l  t e s t  repor t s ,  heat  t r e a t  cha r t s  and o t h e r  documents s e m -  

ing as evidence t o  document t h e  e n t i r e  f a b r i c a t i o n  a r e  required t o  be 

maintained i n  a Fabricat ion Record (Sect .  l ~ . l O j  by the  Manufacturer and 

del ivered with the  cask t o  the purchaser.  The inspector  i s  required t o  

be aware of and t o  approve a l l  such documents before  they  are placed i n  

the  record.  This i s  t o  ensure t h e  inspec.Lorls complete awareness o f  a l l  
phases o f  the construct ion;  it does not r e l i eve  the cask m n x f a c t u r e r  o f  

h i s  r e s p o n s i b i l i t y  t o  conform t o  the  design as  spec i f ied  i n  the  drawings. 

' 
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2. STRUCTURAL DESIGN 

2.1 Inner S h e l l  Thickness 

The inner  s h e l l  of  the cask exclusive o f  c losure  devices should be 

designed as an unfired pressure v e s s e l  according t o  the spec i f i ca t ions  

l i s t e d  i n  Sec t .  V I 1 1  of' t he  ASME Boi le r  and Pressure Vessel Code. 

spec i f i ca t ions  r e l a t e  s i z e ,  material o f  construct ion,  internal and ex- 

t e r n a l  pressure and weld e f f i c i ency  t o  th ickness .  

These 

It i s  necessary t o  e s t a b l i s h  a s h e l l  thickness  t h a t  w i l l  a l low t h e  

cav i ty  t o  remain serviceable  under a l l  expected i n t e r n a l  and ex te rna l  

loads .  I n t e r n a l  loads w i l l  be imposed from t h e  s t a t i c  head o f  lead dur- 

ing pouring, t h e  shrinkage o f  l ead  upon cooling, the expansion o f  lead 

r e s u l t i n g  from a f i r e ,  o r  t he  nlovement o f  lead a s  a r e s u l t  of' impact. 

I n t e r n a l  loads occur as a r e s u l t  of coolant  pressure i n  the  cav i ty  o r  

poss ib ly  from thermal expansion of i n t e r n a l  components such as a basket .  

Because o f  the type of environment t o  which the  inner  s h e l l  i s  
exposed, t h e  ma te r i a l  should be capable of  being decontaminated without 

loss o f  s e r v i c e a b i l i t y .  

cussed i n  Chap. 3.  
Acceptable mater ia l s  o f  cons t ruc t ion  a r e  d i s -  

If i t  i s  des i r ab le  t o  perform a more d e t a i l e d  ana lys i s  than  is  
afforded by t h e  Pressure Vessel Code, Om-TM-1312, V o l .  1 ,  which dea ls  

with inner  s h e l l s  of  both c y l i n d r i c a l  and pr ismatic  casks, should be 

consulted.  

2 . 2  Outer She l l  Thickness 

A 40 i n .  fall of a lead  shielded cask onto a 6-in.-diam punch may 

cause f a i lu re"  of  t h e  cask i n  one of s eve ra l  ways, The most obvious is 
a rupture  to t he  o u t e r  s h e l l  which could r e s u l t  i n  an excessive loss o f  

lead  i f  t h e  cask were involved i n  a f i r e .  

important,  a r e  the  p o s s i b i l i t i e s  of  a gasket f a i l u r e  ( i f '  the impact i s  
Less obvious, bu t  nonetheless 

_ -  
-Fa i lu re  i s  defined as t h e  i n a b i l i t y  o f  t he  cask t o  meet t he  
regula t ions  I( 
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i n  c lose  proximity t o  t he  cask c losure)  o r  a substanti .al  reduction i n  

shielding ( i f  t he  indentat ion i s  p a r t i c u l a r l y  deep) . 
For an ordinary hot r o l l e d  carbon s t e e l  ou te r  s h e l l  the  minimum 

ou te r  s h e l l  thickness  required to withstand t h e  punching ac t ion  o f  t he  

piston i s  given by Q .  ( 2  . I  ) , 

0.71 -t = (w/s) 9 

where 

t = s h e l l  thickness ,  i n . ,  

rrJ = cask weight, lb, and 

s = ult imate  t e n s i l e  s t rength  of  t h e  ou te r  s h e l l ,  p s i .  

Figure 2 . 1  shows a photomicrograph of a sec t ion  o f  a s t e e l  shell 
t h a t  was dainaged t o  the  poin t  o f  i nc ip i en t  puncture as a r e s u l t  o f  irn- 

pact  on a punch. Note the p a r t i a l  f r a c t u r e  o f  t he  t e s t  specimen. 

ORML PHOTO 84426 A 

PARTIAL FRACTURE 

_.. N 
0 ? 

0 0 0 

Inches 
L . 1 1  

Fig .  2 . 1 .  Photomicrograph o f  Hot-Rolled S t e e l  P l a t e  Tested a t  Its 
Inc ip ien t  Puncture Energy. 



A convenient representatAon of  (Eq .  2.1 i s  given i n  Fig 2 '2, Equa- 

tion ( 2 . 1 )  may be used f o r  both pr i smat ic  and c y l i n d r i c a l  casks within 

c e r t a i n  limits. Tests have indicated '  t h a t  for c y l i n d r i c a l  casks wit11 

diameters g r e a t e r  than abo?lt 30 i n . ,  (Eq.  2 . 1 )  g ives  acceptable  r e s u l t s ;  

for diamet,ers l e s s  than 30 i n . ,  it may give nonconservative r e s u l t s .  

Un t i l  more d e f i n i t i v e  t e s t s  can be performed it i s  recommended t h a t  a 

f ac to r  of 1 .3 t imes t h e  a c t u a l  cask weight be used i n  ( E q .  2 . I  ) when i t  

i s  appl ied t o  casks having diameters l e s s  t,han 3rJ i n .  

When (Eq. 2 .I  ) i s  used considerat ion should be given t o  t he  reduc- 

t i o n  i n  j acke t  f l e x i b i l i t y  caused by var ious  s t r u c t u r a l  f e a t u r e s .  The 

energy required t o  puncl;ure t h e  jacke t  will be reduced from t h e  value 

ind ica ted  by Eq. (2.2) by ' 9 s t i f f e n e r ~ f f  such as fins t h a t  a r e  c l o s e r  than 

about 9 i n .  from t he  cen te r  o f  t h e  impact area. Data to quan-titatively 

evaluate  the  e f f e c t  o f  l o c a l  s t i f f e n e r s  a r e  not  p re sen t ly  ava i l ab le  and 

u n t i l  t h i s  e f f e c t  i s  b e t t e r  known, E q ,  ( 2 . 1 )  may be considered adequate.  
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Lead shielded casks based on a .t,hree-shell cask w a l l  concept have 

been designed and b u i l t .  

~ 1 . 1 ~  a t h i r d  s h e l l  t h a t  i s  posi t ioned approximately 2 i n .  i-nside the  

ou te r  one; t h i s  arrangement provides fo rmhg  two separate  chambers t o  

contain the  lead sh ie ld ing .  Under accident  condi t ions the  ou te r  shell 

could be ruptured I 

s ince  the l o s s  of  2 i n .  of  lead sh ie ld ing  i n  a f i r e  will l i m i t  .the dose 

r a t e  increase t o  approximately a f a c t o r  o f  10 .  

c r ea t e  an ai.r gap Which will reduce t h e  e f f ec t ive  heat  input  t o  the  cask 

cavi ty .  Impact tests have been perfonlied on the  t'nree-shelled w a l l  con- 

cept2,  t he  r e s u l t s  o f  which appear promising. 

i s  required -to rupture t h e  center  s h e l l  o f  such a cask than would be 

expected based on Eq. ( 2  .I ) . 

The design provides inner  and ou te r  s h e l l s ,  

However, such ai1 occurrence would be acceptable 

The loss o f  lead w i l l  

Considerably more energy 

A s imi l a r  concept i n  which puncture o f  the  outer  s h e l l  may be a l -  

A l a y e r  lowed i n  an accident  i s  described i n  a repor t  by t h e  F r e n ~ h . ~  

o f  wet p l a s t e r  i s  poured between the l ead  sh ie ld  and the  ou te r  s h e l l .  

Jf the  cask i s  involved i n  a f i r e  $'ne o u t e r  s h e l l  per fora tes  by v i r t u e  

of f i s s i b l e  plugs and the  p l a s t e r  d r i e s ,  forming an in su la t ing  l a y e r  

around t h e  lead s h i e l d .  Results of  t e s t s  i nd ica t e  t h a t  t he  l aye r  o f f e m  

adequate pro tec t ion  from both impar:t and f i r e .  

2 . 2  . I  2asi.s f o r  Q u a t i o n  2 .I 

An experimental program was i n i t i a t e d  t o  inves t iga te  t h e  condi-tions 

that would lead t o  t h e  puncture o f  s t e e l -  jacketed 1-ead-shielded casks . ' -34 

The r e s u l t s  a r e  summarized i n  F ig .  2 .3 .  The three  da ta  poin ts  a r e  the 

r e s u l t s  of t h e  86,200 I h  protot jqx model t e s t ,  and appear t o  be corre-  

l a t e d  wel l  by the  equation 

E/S = 3% 1 .4 , 

whe :re 

E i s  the  energy (40 Id, i n  i n . l b )  and the  o ther  terms are  given 
above, 

Equation 2 . 2  w a s  developed f r o m  a geometrical s ca l e  up of da ta  obtained 

usirig 1 :I 2 s i z e  model t e s t  data;  i . e .  

75 l b  and the  punch w a s  0.5 i n .  diam. 

tes - t  specimens Tdeighed from 35 t o  



Materials  with a broad range o f  p rope r t i e s  backed with lead were 
t e s t e d  i n  the  p r i s m t i c  model phase o f  t h e  pr0gram.l It, was found t h a t  

s i g n i f i c a n t l y  l e s s  energy was required to punch through materials which 

have an u l t imate  e longat ion o f  l e s s  than 40% i n  a 1- in .  gage length  than 

those whose elongat ion was grea te r  than 40%. 
the  u l t i n a t e  t e n s i l e  s t r eng th  o f  t h e  s h e l l  rmterial was the s igni f icant ,  

property of t h e  material and, t he re fo re ,  was used t o  c o r r e l a t e  t h e  d a t a .  

A t  impact energies near  pm1ctur.e energy, s i g n i f i c a n t  deformations of the  

jacke t  were evident over  an a rea  whose diameter w a s  about t h ree  times 

t h a t  of  t h e  punch diameter.  

Above t h i s  elongation level 
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Cylindrical  mode1.s from about 4 t o  7 i n .  i n  diameter with a jacke t  

thickness of’ 0.075 i n .  were t e s t e d  with punches wi.th diameters o f  0 .Id, 

0.5, and 0 .6  i n .  In the  range o f  parameters t e s t ed ,  the  s h e l l s  of the 
c y l i n d r i c a l  mod.el were more d i f f i . cu l t  t o  puncture than those of p r i s -  

matic mdels of  s imi la r  weight and s h e l l  th ickness .  However, some o f  

t h e  da ta  ~ e p o r t e d ~  f o r  impacts of pro-Lotype c y l i n d r i c a l  casks on 6- in .  

d i an  punches suggest t h a t ,  f o r  casks with diameters l e s s  than 30 i n . ,  

w i t h  a pimch diameter o f  6 i n . ,  a c y l i n d r i c a l  cask s h e l l  w i l l  puncture 
more r ead i ly  than a prisma.tic cask s h e l l  o f  t he  same weight, thickness  

and inaterial.. 

being d i rec ted  through ‘the center  of g rav i ty .  This i s  the b a s i s  f o r  the 

recommending f o r  casks of l e s s  than 30 i n .  diam, -the weight should be 

increased by a f a c t o r  o f  1 .3. 

All tests were made wi th  the  l i n e  o f  ac-tioln of the punch 

2 . 3  Weld Design 

Limited t e s t  da ta  has shown Lhat welds a re  p a r t i c u l a r l y  vulnerable 

regions and subjec t  t o  f r ac tu re  i n  an acc ident .  

Po ten t i a l ly ,  t h e  g rea t e s t  loadings t o  which welds a r e  l i k e l y  t o  be 

subjected would occur as a r e s u l t  o f  t h e  impact or f i r e  acciden-t condi- 

t i o n s .  It is ,  therefore ,  recommended t h a t  a mini.miim number o f  j o i n t s  be 

made i n  corner regions and t h a t  f u l l  penetrat ion welding be used through- 

ou-t f ab r i ca t ion  involving s t r u c t u r a l  coinponents . 
no p a r t i a l  pene t ra t ion  welds be used on t h e  cask outer. s h e l l  s ince  these 

would provide a bui l - t - in  crack f o r  rupture i n i t t a t i o n  under irnpact or 

f i r e  condi t ions.  

I’i. i s  important t h a t  

Data on welds i n  casks that, have been subjected t o  f i r e  and impact- 

induced loading a r e  almost non-existent . U i l t i l  f u r t h e r  in forna t ion  be- 

comes ava i lab le ,  weld designs given i n  Table 2 .I a re  recommended. Other 

welds may be acceptable,  but they should be examincd on the b a s i s  of ease 

of f ab r i ca t ion  and a b i l i t y  t o  develop f u l l  j o i n t  s t r eng th .  It i s  permis- 

s i b l e  t o  use backup r ings  o r  consumable i n s e r t s  for any of these  welds, 

but backup r ings  o r  bars  i n  the  lead sh ie ld ing  chamber should be removed 

p r i o r  t o  lead  pouring t o  prevent poros i ty  i n  the  s h i e l d  (caused by trapped 
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Joint 
ippearonca 

Joint ' Weld 
Type 1 Symbol 

Square-Groove Joints Weided Both 
S t des, Corn plete Jo I n t Penetrott on. 

I 

Square- Groove Joints. Welded One 
Side Wi th  Backing, With Compl- 
e te Joint Penetrat ion.  

Double-Vee Groove Joint  Welded 
Both  Sides, Complete Joint Pene- 
t ra t ion Prefered Jornt For ~ o n y -  
itudinol Welds On O u t e r  Shel l .  

Single-Vee Groove J o i n t s  
Complete Joint Penetrat ion,Beael 
Back Weld 

Single-Vee Groove Jo in ts  Welded 
One Slds,Wi th Bock ing,  Comple t t  
Joint  Penetration 

Single-Vee Groove Joints Welded 
One Side ,With  8urn Through, 
Complete Joint  Penetrotion 
a. Gas Tungsten A r c  Process Pref-  

w e d  For Rest Pnss 
b Beta i ls  Of J o i n t  Developed By 

Procedure Qual i f tcat ion A r e  To 
Be U s e d  In Product ion 

-?- 

+e-- 

+ 
n 

+-- 

Joint 
qpearanee 

Jo in t  
Type 

Single-Bevel Groove Joints. 
Cornp\eie Joint ?metretion ,Bead 
Bock Weld. 

Single-Bevel Groove Joints.  Weiu- 
ed O R @  S ide  With Bocking,Com- 

Weld 
Symbol -- 

p l a t e  Jo in t  Penetrat ion 

Double-Bevel G r o o v e  Joints,&,sl- -f$--- 
d e d  B o t h  Sides,Camplete Joint , 

Pene t r a  t IO n 

Sing le - J Groove J o i n t  5 ,  Complete 
Jomt Penetration, Bead Bock I 

Weld 

Double-J Groove 
Both Stdes, Comp 

Joint Penetrotion , Bead Bock 

Double-U Grseve Joints ,  Welded 
B o t h  Sides ,  Complete  Joint  
Pen et  rut i on, 

Wsl d i 
v --+e-- 
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gases ) .  

cconornical-ly f eas ib l e ,  t h e  welds should be s t r e s s  r e l i eved ,  

Welding p rac t i ces  required by Chap. 1; should be adhered to; if 

If a weld design from Table 2 . 1  i s  used i n  conjimction w i t h  t he  in -  

spect ions required i n  Chap. 4, the  cask designer may use a j o i n t  e f f i -  

ciency of  85% 3n the design of the  inner s h e l l  under  the  recommendations 

o f  Sec t .  2 . 1 .  

the  designer f e e l s  j u s t i f i e d  based on thorough inspect ion procedures,  

The j o i n t  ef- ic iency can be increased to loo$, provided 

A l l  welds should be made by t h e  processes given i n  Sec t .  4.3.1 and 

should be o f  the q u a l i t y  spec i f ied  by Sects .  4.3.2 and 4.8.5. 
requirements shown on engineering d r a v ~ n g s  should conform to AWS A2 .O 

welding symbol s . 

Welding 

The design o f  a welded j o i n t  t h a t  i s  not a p a d  o f  the cask proper 

wri.11 be l e f t  t o  t h e  d i s c r e t i o n  o f  t he  designer and should be based on 

good engineering p r a c t i c e .  

For most common cask designs a t  least ,  one weld of  t he  cask s h e l l s  

must, be made from one s ide  on ly .  Because o f  L l e  d i f f i c u l t y  i n  maintain- 

ing i n t e g r i t y  i n  an a rea  of high v u l n e r a b i l i t y  and stl-ess concentration, 

t h i s  weld should not be made i n  a corner but r a t h e r  a+; a poin t  i n  the  

ou te r  o r  inner s h e l l  as suggested i n  F i g .  2 .b .  
c i sed  i n  the design of welds i n  order  t o  avoid d i f f e r m t i a l  expansion 

d i f f i c u l t i e s  i n  f ab r i ca t ion  o r  s e rv i ce .  

Caution should be exer- ' 

UMNL Bwg 68-10532 

FINAL 

OUTER 

SHELL 

Fig. 2 . l i .  Suggested Posi t ioning of Final. Weld. 
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k n s i d e r a t i o n  should be g-iven t o  t h e  e f f e c t s  o f  angular ,  l a t e m l ,  and 
end restraints on t h e  weldment when b u t t  welds a r e  made (as descr ibed 

i n  Sect .  4.3*5), p a r t i c u l a r l y  with respec t  t o  ma te r i a l  and weld metal 

having an u l t imate  s t r eng th  o f  130,000 p s i  or' higher  and heavy sec t ions  

of both low and h igh- tens i le -s t rength  ma te r i a l .  

s t r a i n t s  during welding may result i n  cracks t h a t  might not  occxr other-  

wise * 

The add i t ion  of' re-  

Typical recommended corner' j o i n t  conf igura t ions  (see  Fig. 2 -5) are  

based on conyosite j o i n t s  as shown i n  Table 2 . 1 .  

F i g .  2.5.  
Design rin Table 2 . I  . Reconmended Corner J o i n t  Configuration Based on Joint; 

2.4 Cask Closure, Gasketing, and Bolting Oesign 

The primal-.j funct ions o f  the c losu re  a re :  ( 1 )  t o  provide access  t o  
the cavit-y wi th in  the  cask and ( 2 )  t o  confine the  rad ioac t ive  mater ia l  

within t h e  cask  during normal condi t ions o f  t r a n s p o r t .  Under accident  

condi t ions some leakage o f  r a d i o a c t i v i t y  i s  allowed; these  l i m i t s  a r e  
noted i n  AECM 0529, 

It  i s  rea1ist)i.c t h a t  some leakage is permitted; hu t ,  unless encapsu- 

l a t e d  ma te r i a l  i s  being ca r r i ed ,  i t  would be d i f f i c u l t  t o  es t imate  the 
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a n o u t  oE rad ioac t ive  material t h a t  w i n .  escape i f  t h e  seal i s  breeched 

following an acc ident .  A s  mre kriowledge i s  gained about t h e  mechanism 

of  t h e  escape of radioac Live mater ia l s  under accident  coiidi t i o n s  , these 
d i f f i c u l L i e s  may be eased. 

'The c losure  design must provide f o r  t h e  load carrying capaci ty  o f  

t he  gaskets ,  retainirig s tuds o r  b o l t s ,  f langes ,  e t c .  t o  r e s i s t  both nor- 

m a l  and accident  conditions s ince  exposwe t o  t h e  hypothe-tical  30- f t  

drop followed by t h e  0.S-hr f i r e  c rea t e s  t h e  most d i f f i c u l t  c losure prob- 

lems -the designer  must f ace .  If an ana1ysi.s ind ica t e s  .that quan-t i t ies  

l a r g e r  than those permitted t o  escape could e x i s t  i n  t h e  cav i ty  i n  a 

mabi.le form a f t e r  an accident ,  containment re l iance  may have t o  be placed 

oil some item o the r  than the  gaske-t. 

2 m j j . e l  Select ion and. Design of the Gasket 
-I__ 

Large forces  and thus d i s t o r t i o n s  t h a t  could separa te  t h e  l i d  from 

the  body of t h e  cask may occur as a r e s u l t  o f  t h e  30- f t  impact. Under 

such condi t ions t h e  i n t e g r i t y  o f  t he  seal. genera l ly  depends upon the  de- 

s ign of  t h e  f langes and re ta in ing  bolts o r  s tuds ;  t h a t  i s ,  i f  the l i d  and 

cask f langes  a re  s t i f f  (or i f  t h e r e  i s  no r e l a t i v e  movement between the  

l i d  and t h e  cask due t o  impact) and i f  t h e  gasket i s  loca ted  near t h e  re -  
ta in ing  s tuds ,  t h e  s e a l  would probably remain i n t a c t .  'These condi t ions 

can b e s t  be m e t  by providing s a c r i f i c i a l  par ts  such as fins t o  lessen  -the 

shock o f  impact and to  d i s t r i b u t e  t h e  impact load over  a r e l a t i v e l y  wide 

a rea  e Such pro tec t ion  i s  discussed i n  Sec t .  2 . 8 .  

Gaskets t h a t  a r e  most appl icable  t o  use as closure seals f a l l  i n to  

seve ra l  bas ic  groups, as follows: 

1 . elastomer gaskets,  

2 .  f l a t  asbestos  gaskets ,  

3 ,  .jacketed gaskets  (e .g .  , s t e e l  over asbes tos)  , 
1.c. corrugated meta l  gaskets w i th  or without s o f t  f i . l l e r ,  

5. spiral-wound gaskets ,  

6. p l a i n  o r  iiiachined f l a t  metal gaskets; 
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7, 0-ring-type me ta l l i c  gaske ts ,  and 

8 .  s o l i d  metal  gaskets  with a round o r  a s p e c i a l  c ross  sec t ion .  

The general  c h a r a c t e r i s t i c s  o f  each o f  these bas ic  groups are discussed 

in t h e  following paragraphs; design inforrration per ta in ing  t o  some o f  

the more c o m n  t,ypes o f  gaskets i s  given i n  Tables ?.2a, 2 ,  2b, and 2.2. 

Normally, elastomer gaskets  alone would not  be considered s a t i s f a c -  

t,oSrj because t h e i r  m a x i m u m  recommended operat ing temperature i s  ):,f"ten 

below t h a t  t o  which t h e  gaskets  would be exposed i f  the cask were involved 

i n  a O,s-hr f i r e ,  

prevent t h e  escape of  r a d i o a c t i v i t y  ( e , g . ,  i f  t h e  f u e l  is  canned p r i o r  t o  

shipment), elastomer gaskets  a r e  excellent, t o  provide a f i n a l ,  insurance 

s e a l .  In  f a c t ,  s ince  elastomer gaskets  a r e  des i r ab le  iirider normal. con- 

dit,ions of t r anspor t ,  an an-angement of  one elastomer and one me ta l l i c  

O-ring gasket mn_y provide t h e  best al l -around sea l ing  p ro tec t ion .  

If o the r  l i n e s  of containment have been designed t o  

To maintain a f l u i d - t i g h t  j o i n t ,  it i s  necessazy t h a t  the  parts be 

The i n i t i a l  b o l t  Loading must be g rea t  enough t i g h t l y  bo l t ed  toge the r .  

t o  cause l o c a l  y ie ld ing  of the  gasket  when i n  contac t  with the i n e q u a l i t i e s  

o f  t h e  metal  f lange  surrfaces. 
secure a t i g h t  j o i n t  i s  c a l l e d  the  "yield1' va lue ,  fry7f o r  l fy, l f l  o f  the 

gasket;  values  of  y and y '  a r e  given i n  Tables 2.2a and 2.2b. 

The minimum contac t  pressure necessary t o  

Ary i n t e r n a l  f l u i d  pressure above atmospheric in t h e  cask cav i ty  re -  

duces t h e  gasket contact  pressure .  Ekperience has shown t h a t  t h e  r a t i o  
between t h e  contac t  pressure and t h e  f l u i d  pressure ,  which i s  ca l l ed  t h e  

gasket f a c t o r  ( r r m r r ) ,  should no% be less than a c e r t a i n  value i f  the ,joint 
i s  t o  rernain t ) ight  ( s ee  Tables 2 . 2 a  and 2.2b). 

Design equations using t h e  da ta  from Tables 2.2a and 2.2b a r e  given 
i n  S e c t .  2 . 4 . 2 .  
o r  Grayloc types,  the  manufacturer should be consul ted.  

For design da ta  on spec ia l  gaske ts ,  such as t h e  Marman 

Specia l  gasket c ross  sec t ions  shown i n  Table 3.2b require  a f i n e  

sur face  f i n i s h  lin contact  with t h e  gasket  and c lose  to le rance  con t ro l ,  

along with c a r e f u l  assembly. 

recoxmiended f o r  s o l i d  metal gaskets  i n  continuous seivice a r e  gl.ven i n  
Table 2 .3 .  

The maximum temperature l i m i t s  t na t  a r e  



22 

a 
Table 2.2a, Design Data for Differen t  Types o f  Gaskets 

YY 
m y  Minimum Design 

Gasket SeaLhg Stress 
me Mat e r I ial. Fac t,o r ( p s i  1 

Flot 

Hubber (homogeneous) 
Be low 75 Shore di-wometer 0.50 
Above is Shore durometer 1 .OO 

Asbestos 
1/8 i n .  t h i c k  
1/16 i n .  t h i c k  
1 .32 i n .  t h i c k  

2 .00 
2.75 
3.50 

0 
200 

1600 
3700 
6500 

7 Carbon s t e e l  + Sta in l e s s  O T  Monel 
- -  4 

Spiral Wound MetQl 
Asbestos Filled 

2.50 
3 .oo 

2900 
&OO 

Soft alivninum 
Corrugated Jacketed, Soft, copper or brass 

Asbestos Filled 
Iron or s o f t  stxel. 
Monel 
S ta in l e s s  s t e e l s  

2.50 
2 .75  
3 .oo 
3.25 
3 .SO 

2 goo 
3700 
&00 
5500 
6500 

Corrugated Metal, Asbestos 
Cord Cemented in Corru- 
gations 

__I_. __.- - 
Soft aluminum 2.75 3700 
Soft, copper O T  b rass  

li-on oi" s o f t  s t ee l  
Corrugated Monel 

Stainless s t e e l s  

3 .oo 
3.25 
3 .SO 
3.75 

4500 
5500 
6500 
'7600 

-. 

Sof t  zliminum 3.25 5500 
~ Soft  copper o r  brass 3.50 6500 

Iron or s o f t  steel .  3.7s 7600 

x 
- 1  

c.2- 

Metal Jacketed, 
Asbestos Filled 

Mo ne 1 
St,ai.nless s t e e l s  

3 .so 
3.75 

8000 
9000 



Table 2.2a (Cont 'd . )  

Y, 
rn, l'linimum Design 

Gasket Seat ing  Stress 
T y F e  Mater ial Factor  ( p s i )  

Soft  aluminurn 3.25 s500 
Copper 3 .$E G g X  

Iron o r  soft steel 
Monel 

3 .</5 7 bo 0 
3 . ? 5  9i)OG 

Flot Metal ,Serrated Stainless steels 4 "25 19, ic)O 

or Grooved 

Lead ;) .oo 1 )$0!3 
Sof t  aluminum 4 ,oo s 6 00 
Sof t  copper or brass ic " 75 13 ,m0 -- Iron o r  s o f t  steel 5 .so 1 8 000 
Mo ne 1 b a 00 21,800 

Flat Metal S t a i n l e s s  steels 0 .so 26,000 

Iron o r  s o f t  s t e e l  i' ..so 7 8,000 
None1 6 .oo 2-1 ,800 
Stainless s tee ls  6.5(1 26 ~ OO(3 

R inq Joint 

a Data taken from the f1A5?IE 2oile.r and Pressure Vessel Code 
Sect ion V I I Z ,  Unfirzd Pressure Vessels"; from Machine Design, 
Seals Reference Issue ~ 36( 141, 35 (Jwie 11, 1 1 6 ~ ~ ) ;  and from 
M. F. Spott,s p .  hs2 i n  DGsign o f  Machine Elements, 3d ed. ,  
Pren t ice  H a l l ,  1961 , 
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a 
Tabie 2.2'~. De,r;ign Data for Different  Types of Gaskets 

Minimum 
Seating S t r e s s  

( lb / in .  o f  gpske t )  _..- Type Ma 1; e r i a l  

Alunj.num 
Soft  s t e e l  ( i r o n )  
Stain1 ess  s t e e l  

- 1  - 
f 

~ ~~~ ~ 

Round Cross Section 

I 300 
14500 
6000 

Aluminum jacke t  - aluminum cores 1 so0 

cores 1500 

, 
Q ,  Aluminum j acke t  - stainl.ess s t e e l  

Wrapped Wire Core S t a in l e s s  s t e e l  j acke t  - stain- 
l e s s  s t e e l  cores  6000 

1/16-in.-OD tube x 0.Olh-in.- 
t h i ck  ~da11. 

Aluminum 
M i l d  s t e e l  
Inconel. 
S t a in l e s s  s t e e l  

1/8-in.--OTl tube x 
t l i c k  wall 

Aluminum 
Inc o ne 1- 
S t a in l e s s  s t e e l  

l/h-in.-OD tube x 
tiiick wa3.1 

S t a in l e s s  s t ee l  

350 
850 

I 300 
1100 

0.012-in.- 

100 
300 
320 

0.01 2- i i? , -  

90 

a nata taken from t h e  "ASlVIE Boiler and Pressure Vessel.. Code 
Section V I I I ,  Unfired Pressure Vesselsf1; from Machine Design, 
Seals  Reference Issue, 36(114) ,95 (June 1 1  1964); and frarn 
M .  F .  Spotts p .  453 i n  Design o f  Machine . - ~  Elements, 3d e d , ,  
Prent ice  H a l l J  1951 . 
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Tabie 2 .3 .  Tempemture L i m i t s  o f  Metall ic Gasket Mater ia ls  

Lead 

Corrnon bras s e s 

Asbestos 

copper 

klumlnum 

S t a i n l e s s  s t e e l  type 30L 
S t a i n l e s s  s t e e l  type 316 
Sof t  i ron ,  low-carbon steel 

Sta in l e s s  s t e e l  t,ype 502 

S t a i n l e s s  s t e e l  type 410 
S i l v e r  

Nic ke 1 
b Monel 

S t a i n l e s s  s t e e l  type 309 
S t a i n l e s s  s t e e l  type 321 
S ta in l e s s  s t e e l  type 347 
Ceramic fiber 

k c o n e P  

b 

b 

b 
b 

b 

a Data take11 from Machine Design, Seals Reference Issue,  3h( 6)  : 1 9 
(June 1961.1) . 
Consult gasket m n d a c t u r e r  f o r  high-temperature use. '0 



I b l l o w  O.-Ring T - J ~  Met,aJ.l.ic Gaskets. - Under operat ing condi t ions,  

h o l l m  meta l l ic  O-ring gaske-ts possess c e r t a i n  c h a r a c t e r i s t i c s  that, a r e  

n o t  found i.n el..ast,orner O - T ~ I I ~ S  e 

resiI.i.ency somewhat similar Lo tha-t of elastomer tjrpes, but  without t h e i r  

tempera-Lure l imi t a t ions ,  and. can be used in 'mth ful ly  confined and semi- 

confined gasket, j o i n t s ,  

sive forces  i n  tile f l ange  faces  t o  create a seal. (O-rings requi re  approxi- 

mately 20  t o  30% conpression across  the  small diameter Lo develop a s e a l , )  

The s e a l  i s  created i n  a manlier. similar Lo t h a t  expel-ienced by an ordi.- 

n2i-y f l a t  gaske t ,  

These meta l l ic  O-rings have a na.t-ura1. 

Such O-rings a r e  dependent; upon large compres- 

S ta in l e s s  s t e e l  0-ringb a r e  common; 331 s t a i n l e s s  s t ee l  i s  the most 

widely used. However, 0-r'tngs fabr ica ted  from oi l ie r  metals,  such as  a lu-  

minim and copper, are ava i lab le  ~ 

When designed f o r  low tempcrature operat ion,  f langes,  b o l t s ,  and 0- 

r ings  should be made o f  t h e  same ma te r i a l .  Consideration of the  iiiaximurn 

operat ing temperature i n  an accident  de ?ermines the  bas ic  O-ring mate- 
r i a l  as follows: 

( 1  ) -kO .to 450°F - 321 s t a i n l e s s  s t e e l ,  

(2) 450 t o  8 0 ° F  - Inconel ,  

(3) 800 to 1 3 0 0 " ~  - ~ncone l -  X, 

04) above 13OO"F - consul t  O-ring manufacturer 

Meta1li.c O-rings a m  o f t en  used with a coat ing o f  s i l v e r  o r  o t h e r  

n a t e r i a l  t o  increase  sea l ing  e f fec t iveness  i n  s e a t s  which have a. poor 

f i n i s h  and t o  reduce t h e  p robab i l i t y  of seizi-ng o r  ga l l i ng  when the  ri.ngs 

a r e  used i n  screwed c losures .  

sur ized  hollow stari.nless s t e e l  ring with a s i l v e r  coat ing is used. 

pressures  up 'LO I O 0  p s i ,  an i.mpressurized r ing  with medium w a l l  th ickness  
i s  used; a t  pressures  above 100 p s i ,  a pressurized r ing  with a heavy w a l l  

is used. Coatings a r e  necessary f o r  r ings  t h a t  seal gases o r  vo lab i l e  

l i q u i d s .  

For vacuums and low pressures ,  an. unpres- 

At, 

Gases, vacimms, and low-viscosity l i q u i d s  such as water requi re  a 

coating or  p l a t ing ,  depending upon t h e  maxiinurn design temperature: 
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( 1 )  -b30 t o  1300°F - s l l v e r  p l a t i n g ,  

(2 ) above 1 309 "F - consul t  li-ring manufacturer, 

(3) in the  event t h a t  s i l v e r  i s  not  compatible wi th  f l u i d  - consul t  

O-ring manufacturer. 

The th ickness  of t h e  w a l l  o f  t h e  tubing used t o  form these  O-rings 

provides the  necessary r e s i s t ance  t o  t h e  compression t h a t  c r ea t e s  tine 

i n i t i a l  s ea l ;  the  required thickness depends a g r e a t  dea l  upon the  nature  

of  t h e  material t o  be confined. 

t o  s e a l  and can be confined with thin-walled r i n g s .  Gases requi re  a 

coated heavy-wall r i ng .  

loads ;  consequently they provide t i g h t e r  seals. 

Highly viscous l i q u i d s  a r e  t h e  e a s i e s t  

The heavy wall rings can support  heavier  f lange 

Care should be exercised during assembly t o  assure  t h a t  t h e  f in i shed  
suri'aces and Uie O-ring a r e  not  marred o r  sc ra tched .  

2 .L .2  Design for Blts o r  Studs t o  Retain Cask Lid 
I 

Closures should withstand expected dece lera t ing  fo rces  r e su l t i ng  
from an impact without producing s t r e s s e s  ( i n  t h e  closiure f a s t en ings )  

t h a t  exceed the  y i e l d  s t r eng th  or 50% o f  t h e  u l t ima te  s t r e n g t h .  

t h i s  recommendation caruzot be met, then the b o l t s  o r  s tuds should be de- 

signed to  absorb a l l  t h e  k i n e t i c  energy o f  t h e  cask c losure  and conten-bs 

a t  $he impact v e l o c i t y  (genera l ly  assumed t o  be 30 mph re su l t i ng  f r o m  the  

39-€t d rop) .  

may be found i n  r e f .  3. 

bhere 

Estimates of  t h e  energy absorpt ion c a p a b i l i t i e s  of b o l t s  

The expected fo rces  experienced by casks protect,ed by crash  frames 

a r e  o f t en  amenable t o  ca l cu la t ion ;  i n  o t h e r  cases  t h e  deformation and 

displacements observed i n  model t e s t i n g  should provide a b a s i s  f o r  e s t i -  

mating dece lera t ion  f o r c e s .  

Four fo rces  must be  considered i n  t h e  development of a design f o r  

bo l t i ng  t h e  

F ( 2 )  t h e  

o f  t h e  cask 

t h e  gasket ,  

t i g h t  joint 

P'  

cask l i d .  They are: (1 ) t h e  force due t o  i n t e r n a l  pressure,  

fo rce  due do t h e  apparent weight o f  the lid and the contents  

under impact condi t ions ,  Fw, (3 )  the  fo rce  required t o  s e a t  

E' and (4) the  fo rce  on the  gasket required t o  maintain a 
under se rv ice  condi t ions,  

sg ' 
Foe" 
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The force  on a c y l i n d r i c a l  cask l i d  due  -to the i n t e r n a l  pressure in 

the  cask j.s 

(2.3) 

where 

p 1- t h e  d i f f e r e n t i a l  pressure ex i s t ing  across  the  gasket,  p s i ,  

d = the  mean diameter of -the gasket,  i n .  
g 

- If" a cask i s  end-loaded and shipped hor izonta l ly ,  the  cS.osin-e for 

the l i d  may be subjected t o  a f o y w  caused by the  impact, of .tile cask con- 
t e n t s  aga ins t  tiie l i d  when the t ranspor t lng  vehic le  comes t o  a sudden 

s top.  

t e n t s  of Lhe cask can be ca lcu la ted  from 

The force  due t o  t he  apparent weight o f  Lhe cask l i d  plus tiie con- 

F = 2 N  (W +Idc),  
W g c  (2.4) 

where 

b18 = t he  weight of the  cask l i d ,  Ib, 

W = t he  weight of t he  contents  of  the cask, l b ,  C 

N =  
E: 

t he  mean number o f  g ' s  t o  which. the  l i d  and conten-Ls of the  

cask a r e  subjected upon impact. A method f o r  accu.rately 

obtaining t h i s  number i s  n o t  ava i l ab le  a t  present ,  but, g 

loadings experimentally measured at, po in ts  on several cask 

models a r e  discussed i n  Sec t .  2 .8;  es t imates  of  N 

made by considering tlie information presented i n  t h i s  sec- 

t i o n ,  and t'ne f a c t o r  2 i.s an attempt -to account f o r  t he  
e f f e c t  o f  dynamic load.ing. 

- 

may be 
g 

For a cy l indr ica l  l i d ,  t h e  force  required t o  make the  gasket mateyial  
flow into t he  i r r e g u l a r i t i e s  o f  the f lange faces  and s e a t  i s  given by 

where 

b = t h e  effect3-ve gasket sea t ing  width, i n .  (This value may be 

obtained from "ASPIE Boi ler  and Presslire Vessel Code Section 

V I 1 1  - Unfirred Pressure Vessels"), 



;y = t h e  minimum design sea t ing  stress, lb/in." ( see  Table 2 . 2 a ) ,  

y' = t h e  minimum design s p e c i f i c  load,  l b / i n .  ( s ee  Table 2.33). 

For c y l i n d r i c a l  cask l i d s ,  t he  fo rce  required on a f l a t  gasket t o  

r a i n t a i n  a t i g h t  j o i n t  under s e rv i ce  condi t ions i s  given by 

(2 .S) 

where 

in = t h e  gasket f a c t o r  ( see  Table 2 . 2 a ) .  

Proper design requi res  t h a t  F be equal t o  o r  g rea t e r  than F * 
oc 5g ' 

ho-wever, care  must be exercised t o  avoid overloading t h e  gasket ,  par t icu-  

l a r l y  i n  designing large-diameter f langes  o r  even r e l a t i v e l y  srriall ones 

for high-pressure se rv i ce .  Overloading can r e s u l t  i n  crushing o f  t h e  

gasket o r  y ie ld ing  o f  t he  f l ange  o r  both, To avoid t h i s ,  F should not  oc 
exceed 2 E' . 

sg 

After  t h e  gasket has been se l ec t ed ,  t he  mininium b o l t  a r ea ,  A i s  m' 
ca lcu la t ed  by both E q s .  2 . 7  and 2 .8 ;  then t h e  l a r g e s t  value i s  chosen for 

use i n  f u r t h e r  calculaLions. 

The b o l t  a r e a  is  given by 

(F + F w + F  ) oc , A =  
m S a 

where 

s = the b o l t  y i e l d  stress at, operat ing temperatures, p s i .  a 

Af ter  A has been chosen, t h e  ac t i ia l  bo l t i ng  pat, tern may be estab- 
rn 

l i s h e d .  A s i n p l e  procedure f o r  c y l i n d r i c a l  k ids  i s  as follows: 

1 ,  To obtain an approximation of  Lhe nurribcr of bol t s  required, 

allow one b o l t  f o r  each inch o f  i n s ide  diameter o f  the l i d  

f l ange .  If t h e  r e s u l t i n g  number is  not  a l r eady  a multiple 



of four ,  use .the next lE.rger number tha-t  i s  a iriul.t,iple of  

foul- * 

2 e Uivide the  minimnun b o l t  a r ea ,  A by t h e  number o f  b o l t s  
m' 

determined in s t ep  1 ;  t h i s  gives the  required a rea  pe r  

b o l t .  

3 .  Se lec t  t he  bolt, s i z e .  Because of the danger o f  overstress- 
i ng  smaller-sized b o l t s ,  a 1/2-in.  diam b o l t  i s  considered 

the m i n i m u m  s i z e  t o  be used. The shank diameter should be 

no g rea t e r  t l a n  the r o o t  diameter o f  the  thread ,  

L .  Apply EQ. 2.9 t o  determine whether the r e su l t i ng  b o l t  spac- 

ing i s  c lose  enough t o  min-Lain adequate imit pressure on 

the gasket between t h e  b o l t  holes  .6 

Maximum b o l t  spacing = [ 6t/(m + 0.5)] 1- 2a , 
where 

a = the  major diameter of  the b o l t s ,  i n .  ~ 

t = t he  thickness  o f  the l i d  flange, i n , ,  

m = t he  gasket f ac to r .  

(2.9) 

In  an ana lys i s  o f  deformation and fract,.lrr.e of  s t ee l  b o l t s ,  

t h e  French considered both p l a s t i c  deformation and b r i t t l e  

fracture . 3  They conclud.ecl t h a t  s ince  u ider  high sLrain 

rates the  outs ide o f  bolts u.ndergo considerable p l a s t i x  de- 

f o r m t i o n  whi1.e t he  center  frac-tl lres,  i-t i s  b e t t e r  t o  employ 

a l a rge  number o f  small bo1.t.s rathel- than a small. number of 

l a rge  b o l t s  t o  maximize t h e i r  - t o t a l  energy absorpt ion capa- 

b i l i t i e s  

Any changes i n  the bolbing arrangement, should be based on pract ical .  con-- 
s idera t ions  such as those suggested i n  s t e p  5, subjec-t only- t o  the i-e- 

quirements f o r  the minimum total., b o l t  area and. maximum spacing. 

A torque wrench should be used ita bo l t ing  the  cask l i d ,  A n  approxi- 

mate re la t ionship  between t h e  t o r q i ~ e  applied t o  the b o l t  or nut  and thd 

force  induced i n  the  b o l t  o r  s tud  f o r  unl-ubricated condi t ions i s  given 

by: 
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T = 0,2aF, ( 2  .IO) 

where 

T = torque,  in.-lb, 

a = t he  rrajor diameter o f  t h e  b o l t ,  i n . ,  

F = t h e  induced fo rce ,  lb, 

The force Yequired t o  seal t h e  gaske t ,  F was ca lcu la ted  i n  
% 

E&. 2.5; t he re fo re ,  t he  corresponding torque required t o  seal  the  gasket 
is 

(2.11 j 

where 

NB = t h e  number o f  bolts requi red .  

2.4.3 Cask Closure Design 

A schematic drawing of' a shipping cask, typical of  those designed 

foi- t ranspor t ing  rad ioac t ive  materials, i s  shown i n  F ig .  2 .6 .  
s igns  have been impact tested'9" i n  the c losure  region; r e s u l t s  i nd ica t e  

relative rtlovemerit between t h e  cask closure and body OCCUI-s f requent ly ,  

destroying t h e  s e a l  ( see  Fig. ?. ' ( ) .  

Such de- 

ORNL D w ~ .  68-10548 

C L C  SURE PLUG 
BOLTS ---- 

C L O S U R E ~  
PLUG 

OUTER SHELL INNER SHELL 

INNER CAVITY INNER CAVITY 

LEAD SHIELD\NG 

Fig  .) 2 . 6 ,  Schematic Drawing of  a TypfcaL Radioact,:ive Material. 
Shipping Cask. 
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GRNL DWG 68-10571 
GASKET 

END CLOSURE CLOSURE \ \ BGILTS 

WELD CRACK 

VOID -- 

.OUTER SHELL 

-- L E A D  

F i g .  2.7. Deforniatiun as a Resul t  o f  a 30-ft Free Drop Test on a 
Model Cask Shown i n  F i g .  2 . 6 .  (Courtesy of t he  Uri i rers i tg  o f  Tennessee) . 

A pl-actical  s o l u t i o n  to t he  r e l a t i v e  movement problem for t h i s  and 

o the r  designs i s  i o  bu f fa r  t he  vulnerable impact, areas with energy- 

absorbing par t s .  
f i n s  i s  shown i n  Pig. 2.8. 

For example, a closure, proiec  Led by energy-absorbing 

ORNL DWG 68-10549-A 

SCRFW TYPE %JlNL VALVE 
S4FETY HEAD\ 

ENERGY ABSORBING 
LID RETAINING FINS 

CIRCUMFERENTIAL 
ENERGY ABSORBING 
BARS AND SPACERS 

PRESSURE RELIEF LINE 

VITON "0"  RING SEAL 
METAL "0" RING SEAL 

LIFTING LUG CASK BODY 

OUTER SWELL- 

INNER SYFLL 
-.- HEAT TRANSFER FINS 

Model Shipping Cask Pro tec  tcd by Enzrgy Absoi-bing P'ins F i g .  2.8. 
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A cask,'' wi th  p ro tec t ive  fins s imi l a r  t o  those shown i n  F ig .  2 .8  
and weighing 372 l b  was dsop t e s t e d  on i t s  closure end from a height of  

30 f t .  

to one broken b o l t  i n  the l i d  (see F ig .  2 . 9 ) .  

and an inspect ion revealed t h a t  l e s s  than 0.5 m l  o f  water-soluble o i l  had 

leaked across  the  gasket s e a l ,  apparent ly  a t  t h e  moment o f  impact s ince 

the  cav i ty  was s t i l l  capable of maintaining pressure a f t e r  impact. De- 

t a i l s  of t he  drop and the pro tec t ion  of fe red  by t h e  energy-absorbing f i n s  

a r e  discussed i n  Sec t ,  2.8. 

The impact damage t o  the  m d e l  was r e s t r i c t e d  t o  the  f i n s  and 

The l i d  was e a s i l y  remved, 

ORNL PHOTO No. 93140A 

g.  2 . 9 .  Model o f  
End Drop Test - L 



34 

SE 

Figure 2 .IO shows a c losure  design t h a t  i s  l e s s  vulnerable  t o  impact. 

ORNL DWG. 68-10547Rl 

SH IELDl N G 
PLUG BOLTS 

SHIELDING PLUG 

OUTER SHELL ALING PLUG 
GASKET 

S 

=\WINNER CAVITY-FRB 

Fig .  2.10. Cask Double Plug Closure,  

This design i s  charac te r ized  by the  separa t ion  of  t h e  sh ie ld ing  and sea l -  

ing func t ions  i n t o  two s imi l a r  plug-type c losu res .  It i s  expected t h a t  

t h i s  design w i l l  survive an impact, provided t h a t  t h e  sh i e ld  plug does 

not  d i r e c t l y  contact  (and therefore  a f f e c t )  t he  s e a l  plug i n  an impact. 

A closure design developed by t h e  Knapp M i l l s  Corporation i s  unique 

i n  t h a t  t he  c losure  b o l t s  a r e  loaded i n  compression r a t h e r  than tension 

(see  F ig .  2 . 1 1 ) .  
t h i s  one has t h e  highest  p r o b a b i l i t y  of r e t a in ing  t h e  sh ie ld ing  plug i n  

Of a l l  t h e  c losure  designs t e s t e d ,  it i s  l i k e l y  t h a t  

ORNL DWG 68-10542 

F i g .  2 . I  1 . Knapp M i l l s  Type Cask Closure I 
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pos i t i on  after an impact; however, t he  problem o f  maintaining a leakproof 

s e a l  appears t o  be no d i f f e r e n t  than f o r  o the r  c losu res .  

removing the plug a f t e r  t h e  accident  may prove d i f f i c u l t .  

In addi t ion ,  
1 0 

2.5 L i f t i n g  Devices 

For purposes of  t h i s  Guide, l i f t i n g  devices a r e  defined as those - 
i tems t h a t  a r e  a t tached permanently t o  a shipping cask whose funct ion it 
i s  t o  t ransmi t  t h e  e n t i r e  load t o  l i f t i n g  equipment such as a crane.  

Sxch devices a r e  genera l ly  designed with the  convenience and s impl i c i ty  

t h a t  would be required f o r  remote handling ( e . g . ,  when a cask i s  handled 

underwater o r  i n  a shielded c e l l ) .  

used f o r  tiedown. The perforrriance s tandards required by Paragraph 11. 

A 3, OP the regula t ions  are given below. 

Occasionally, l i f t i n g  devices  a r e  

1 .  "A system o f  l i f t i n g  devices whi-ci? i s  a s t r u c t u r a l  p a r t  o f  

t h e  package sha11 be capable o f  supporting th ree  times the 

weight of t h e  loaded package without generating s t r e s s  i n  
any material o f  t h e  packaging i n  excess of' i t s  y i e l d  

s t r eng th .  

2 .  "A system o f  L i f t i ng  devices which i s  a s t r u c t u r a l  p a r t  only 

o f  t he  l i d  shall be capable o f  supporting t h r e e  times t h e  

weight of  t h e  l i d  and any attachments without generating 

s t r e s s  i n  any mater ia l  o f  t he  l i d  i n  excess o f  i t s  y i e l d  

s t r eng th .  

3. 'IFor a s t r u c t u r a l  p a r t  of t h e  package which could be em- 

ployed t o  l i f t  the  package and which does not comply with 

t h e  above requirements, t h e  p a r t  s h a l l  be securely covered 

o r  locked during t r anspor t  i n  such a nanner a s  t o  prevent 

i t s  use for t h a t  purpose. 

4. 'IEa.ch l i f t i n g  device which i s  a s t r u c t u r a l  p a r t  o f  t he  pack- 

age s h a l l  be s~ designed t h a t  f a i l u r e  o f  t he  device under 
excessive l i f t i n g  load would not impair the containment o r  
sh ie ld ing  p rope r t i e s  o f  t h e  package. 
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These requirements have been in t e rp re t ed  -to mean t h a t  the  l i f t i n g  

device may n o t  s u f f e r  any s ign i f i can t  permanent deformation when sub- 

jec ted  t o  a fo rce  equal to t h ree  times t h e  weight o f  the cask .  This 

does not, eliminat,e devices that nny be subjected t o  l o c a l  y ie ld ing ,  

over a small area, caused by contact  o f  'iiie l i f t i n g  device with l i . f t i ng  

hooks, e t c .  

Many types o f  lif1;irig devices nay be designed t o  meet t h e  rrgula-  

Lions by relyring on the  "s t rength of mater ia l s"  approach io so1L.d me- 

chanics .  

nature  o f  t h i s  method r e s u l t s  i:n a reasonable balance between engineer- 

ing e f f o r t  and conservative design.  

Providing a f a c t o r  of s a f e t y -  t o  %l.iow fo:r the approxima-te 

This approach m y  not  be j u s t i f i e d  i f  t he  li.ft,ing device design i s  

complex or t h e  basic  assumptions prove t o  be inva1.i.d. 

designer m y  r e l y  on a mare rigor0u.s mebhod based on e l a s t i c  behavior.  

Discussi.ons o f  such methods may be foimd i n  most o f  t h e  bas ic  isstrength 

o f  material-s iJ text'oooks . 

In siich cases t he  

The following para.gi.aph.s present  a b r i e f  descr ip t ion  of four general  
l i f t i n g  device designs.  The de ta i l ed  malyses o f  -these configurat ions 

will be published i n  r e f .  1 1 .  

Perhaps t h e  

sho r t  canbilever 

most coiivnnn design f o r  a l i f t i n g  device i s  a pair of 

beams commonly c a l l e d  t rumioi i s  ( see  Fig 2 . I  2 ) . This 

I ORNL Dwg 68-10530 

I I 
I 

~. . . . ..... .+,'L ... . . . .. . .......... L q l . . . . . .  . i Lead Shielding 

F i g  ~ 2 . I  2. Typical. Cask Trunnions. 
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design has the  advantage o f  s impl ic i ty  o f  f ab r i ca t ion  and, t o  some ex- 

t e n t ,  s imp l i c i ty  o f  ana lys i s .  T r imions  should be mounted i n  massi-ve 

s t e e l  blocks as suggested i n  F ig .  2 . 1 2 ;  t he  base o f  each t , r m i o n  should 

be in se r t ed  t o  a depth of at l eas t  one t runnion diarnetep i n t o  i t s  socket,. 

The weld between trunnion and f lange should be designed for mrinimun con- 

cen t r a t ion  of  s t r e s s e s  and should be s u f f i c i e n t  t o  develop t h e  fu l l - l oad  

c a p a b i l i t y  of  t h e  t,rwLnion. 

Trunnions welded onto t h e  o u t e r  s t ee l  s h e l l ,  as opposed t o  the  r a s -  

s ive  block shown i n  Fig 2 .I p ,  my be vulnerable  t o  i t s  punching ac t ion  

i n  a 3(1-f't impact, 'dkiile penetrhtkion o f  the  ou te r  s h e l l  may rlot  v i o l a t e  

regulat ions,  pe r  s e ,  a f i r e  following such an impact might r e s u l t  in the 

leakage o f  l ead  and excessive r ad ia t ion  l e v e l s .  

Occasionally,  a s t r a p  t h a t  is  a t tached  t o  the s h e l l  and the free end 

of  the  trunnion i s  used to minimize any f l ex ing  i n  the  trunnion-to-flange- 

j o i n t  weld area. 
tfian t h r e e  t runnion diameters and should be designed orily a f t e r  considera- 

t i o n  o f  the effects  o f  both shear and bending s t r e s s e s .  For  l i f t i n g  

systems o f  t h i s  type,  a reasonable safety f ac to r  i s  1 ~ .  

The length  o f  the  exposed t r i m i o n  should be no Inore 

A second type of' common l i f t i n g  device cons i s t s  o f  "ears" with holes  

Often the  ears are placed through which hooks may be placed f o r  l i f t i n g .  

v e r t i c a l l y  so %hat t h e  weld i s  loaded e n t i r e l y  i n  shear (see Fig. 2 . 1 3 ) .  
This device has been used on l ightweight  casks and is  not  recommended €or 

designs weighing over  10 ,Oi)C) l b  . 

ORNL Dwg 68-10540 

LIFTING E A R  

* - C A S K  

Fig.  2 . l 3 .  Typical Cask L i f t i n g  Ears. 



The design 

minimum risk of 

However, i f  t h e  

could result, i n  

f ea tu res  s impl i c i ty  of  f ab r i ca t ion  and ana lys i s  and a 

puncture of the  s h e l l  i n  the hypothetical acci-dent. 

ears are particulaa-ly s t i f f ,  impact, on the closure end 

high-tensi le  loadings of t h e  closure b o l t s .  

For the designs shown i n  Fig. ;I "13, t h e  thickness  o f  t h e  ear should 

be equal t o ,  o r  g rea t e r  t l a n ,  t h e  th ickness  o f  t h e  o u t e r  s h e l l .  'The 

diameter o f  t h e  hole i n  t h e  e a r  should be no more than one-half t he  width 

o f  t h e  ea r ,  and the amount o f  mater ia l  above t h e  hole  should be cquiva- 

l e n t  t o  a t  l e a s t  the  diameter of t he  hole .  

The length of  t h e  ear welded t,o .Wie cask shell. should be at, least 

equal t o  t h a t  por t ion  o f  t h e  eai- (containing the  hole)  t h a t  i s  not  welded 

t o  the  cask s h e l l .  The load carrying capaci ty  o f  .the weld between s h e l l  

and ea r  should be a t  l e a s t  t h ree  t imes t h e  loaded cask weight and care  

must be taken not  t o  overs t ress  tile metal surrounding the  hole  under load 
condi t ions,  For t h i s  design,  a reasonable f a c t o r  of safety i s  3 .  

A design tha t  incorporates  many- o f  t h e  f ea tu res  of the  previous two 

designs i s  the  mechanical inversion o f  t h e  trunnion, he rea f t e r  ca l l ed  a 

socket-and-sling l i f t i n g  device ( s e e  Fig .  2.11.~) . 

Fig. 2 . 1  IC. Typical Cask Inverted Trunnion, 
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The socket-and-sling l i f t i n g  device minimizes t h e  p o t e n t i a l  e f f e c t s  

of  a 3O-€t impact with respect  t o  t h e  puncture problem. 

l i f t i n g  c a p a b i l i t i e s  am sornewhat d i f f i c u l t  to  analyze and an e labora te  

s l i n g  i s  required,  i t s  advantage o f  nlinirnizing impact e f f e c t s  rrakes the  

design des i r ab le .  

Although its 

Welds are the  key Lo a proper design i n  t h a t  t h e  socket i s  usua l ly  

a massive machined p iece  whose thickness  is about one diameter o f  the  

p in  used i.n t h e  s l i n g .  

t he  welds. 

i n  F i g ,  2 
load .  Analysis i s  somewhat complicated s ince  an eccent r ic  loading caused 

by the  l i f t i n g  s l i n g  produces a t o r s i o n a l  load i n  the weld pa t t e rn .  A 

s a f e t y  f a c t o r  of  3 i s  reasonable for. this des ign .  

A s  n r e s u l t ,  t,he socket, i s  usua l ly  s1;ronger than 

Although tne  socket may be loca ted  beneath a flange 3s  shown 

t h e  socket welds should be capable o f  carrying t h e  design 

The four th  design i L 3  a l i f t i n g  device which ray be thought of 8 s  a 

continuous r ing  made up o f  l i f t i n g  ears welded around the top o f  t h e  

cask ( see  F ig .  2 . I s ) .  
o f  s ing le  l i f t i n g  ears, t he  ana lys i s  i s  more difficult .'-I 
t he  more-detailed ana lys i s  required,  a s a f e t y  f a c t o r  of  2 i s  considered 

s u f f i c i e n t ,  

Although bhis design is sopewhat similar t o  tha t  

Because o f  

OUNL DWG 67 12874 
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F i g .  2 .Is. Cask Using Continuous Ring L i f t i n g  Device. 
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2 . 6  Tie-Downs 

2.6.1 General Considerations 

The tie-down i s  a. device defi-ned i n  the  regula t ions  as t h a t  port ion 

o f  -the system which i s  r i g i d l y  at tached t o  the cask. 

including the  tie-down device,  is used t o  m i n t a i n  a cont ro l led  geometri-c 

r e l a t ionsh ip  between a cask and the  transport,ing veh ic l e .  

are usual ly  designed to f a c i l i t a t e  rapid loading and unloading of  cargo,  

This guide considers t h e  ana lys i s  o f  t he  complete tie-down system. 

The -Lie-down syst,em, 

Such systems 

The perforimnce requirements f o r  tie-down devices a r e  as follows: 

I t i f  t h e re  i s  a system of tie-down devices which i s  a s t r u c t u r a l  

p a r t  o f  -the cask, it s h a l l  be capable of  withstanding, without 

generating stress i n  any- mater ia l  o f  t h e  cask i.u excess of i t s  
y i e ld  s t rength ,  a s t a t i c  force  appl ied a t  t he  center  of 

g rav i ty  of the package having a v e r t i c a l  component o f  two 

times the  weight, of the  cask, with i-Ls contents ,  a hori- 

zontal  component along the  dii-ection in which. the  vehic le  

t r a v e l s  of t e n  times the weight of the  cask with i t s  con- 

t e n t s ,  and a horizontal  cornpoilent i n  the  t ransverse d i rec-  

t i on  of f i v e  times t h e  weight of the cask wibh i t s  conten ts .  

2. "Also if there  i s  a st,r-uctural pa r t  of the cask which could 

be employed t o  t i e  t h e  package down and which does not  

comply with -the above paragraph, t h a t  p a r t  shall .  be secu re l j  

covered o r  locked di.iri.ng t ranspor t  in such a manner as t o  
prevent i'cs use fa 1-a that purpose. 

3 .  '!Each tie-down device which i s  a sti-uctural p a r t  o f  t he  pack- 

age s h a l l  be so designed t h a t  fa i lure  o f  the device under 
excessive h a d  wou1.d not  impair the a b i l i t y  o f  t h e  device 

t o  meet o the r  requirements o f  t he  regula t ions .  I t  

Since the prevention o f  l oca l i zed  y ie ld ing  i n  s m a l l .  areas due i o  contact 

s t r e s s e s  i s  v i r t u a l l y  impossible under normal. usage, these  requirements 
are in-Lerpreted t o  mean Lha-t, t he  tie-down must Se ab le  t o  withstand the 

prescr ibed load.ing w7; tho& suffering any sign.ifi.cant permanent d e f o r m -  

t i a n .  
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these  perforrriarlce reyuiremeilts, as fa r  as i s  poss ib le ,  t o  t h e  tie-down 

system r a t h e r  than j u s t  t h e  tie-down device.  

con t ro l  over. tihe e n t i r e  tie-down system up to t h e  po in t  where the  system 

i s  a t tached  t o  t h e  veh ic l e .  A t  that, po in t  he has t o  depend upon o ther  

personnel t,o a t t a c h  the  system i n  pos i t i ons  o f  adequate s t r eng th  on the  

vehic le .  

t a i n  con t ro l  0.r" t he  load - vehicle  system t o  avoid poss ib le  loss of  cargo 

o r  vehic1.e i n s t a b i l i t y .  

The designer  o f t m i  has 

This problem can be s i g n i f i c a n t  s ince  it i s  important t,o m i n -  

The rmst commonly used tie-down is one i n  which the  cask is r i g i d l y  

fastened t o  t h e  vehic le  during normal operat ing condi t ions and which i s  

expected t o  remain with the vehic le  under accident  condi t ions I 

downs have p o v c d  adequate €or nos t  shipments i n  the past. 

Such t i e -  

Xadord's pol icy  of  using tie-do+ms i'or t h e i r  buffered c a s k  on ra i l -  

ca r s  has been somewhat d i f f e r e n t .  Since the buffer t h a t  i s  al tached t o  
the cask i s  designed t,o reduce the  dece lera t ion  t o  which t h e  cask will 

be subjec t ,  t h e  tie-downs a r e  designed t o  break with a severe shock (abollt, 

1 2  g), allowing cask and bu f fe r  t o  1-011 f ree ;  t h i s  would reduce the  chance 

o f  i t s  being crushed by t h e  co l l i d ing  r a i l c a r s .  

downs are shown i n  F i g ,  2 .16 ;  the cask itself i s  discussed i n  Sec t .  2.8. 
The buffered cask  t i e -  

In general ,  casks Lhat have been designed i'or shipment on a spec ia l  
veh ic l e  can have t h e i r  tie-down systems designed to  provide the necessary 

s t r eng th  and energy absorpt ion capab i l i t y .  This i s  more d i f f i c u l t  t o  

provide i n  the case o f  smaller casks t h a t  are t ransported by a v a r i e t y  of 

c o m n  c a r r i e r s .  

The United S t a t e s  o f  America Standards I n s t i t u t e  (USASI) subcommittee 

M 1b.2 expects t o  publish, i n  the near  f ~ l t u r e ,  a eorripendiwrl of tie-down 

rriethods t h a t  are i n  use today. In addi t ion ,  t he  Oak Ridge National Labo- 

r a t o r y  i s  considering wir ious methods for t he  analysis o f  corrmon tie-domi 

designs under the  prescribed s t a t i c  loading.  

A corriputer program t o  perform. tie-down analys is  under s t a t i c  loading 

condi t ions has been developed by tke  Sandia Corporation and ray be folmd 

i n  ref a 1 2 .  Thj s program considers  t he  s l i d i n g  mde of displacement only.  
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/' 

Fig .  2 .16 .  Tied.own of  Hanford 's  Buffered Cask t o  Railroad Car. 

Workers a t  t h e  Franklin I n s t i t u t e  have developed a method of tie-down 

ana lys i s  t h a t  i s  based on idea l ized  dynamic condi t ions.  
priimriLy usefu l  for comparing illaterials used i n  tie-down systems 

The method i s  

2 . 6 . 2  Tie-Down Methods 

Spent f u e l  c a r r i e r s  weighing l e s s  than 10,000 lb may be r ead i ly  

t ransported by- t ruck o r  r a i l ,  

some means rrlust be provided t o  l i m i t  the  f l o o r  loading t o  less than 500 

l b / f t 2 .  

Acceptable tie-downs for casks i n  t h i s  category a r e  shown i.n F i g s .  2 . 1 7  

and 2 . I  8 .  The bottoms o f  these  casks a r e  of ten  held in .  p lace by wooderl 

chocks t h a t  a r e  nai.l.ed t o  t he  floor of the veh ic l e ,  B,outi.ne inspect ion 
should ensure t h a t  these  chocks a r e  adequate and provide reasona.ble s i q -  

por t  during t ransr i t .  Members of t he  tie-down s y - s t e m  a r e  usua l ly  cables  

o r  chains;  however, i n  ce r t a in  cases ,  so l id  s t ee l  s t r u t s  ha-ve been used 

t o  obta in  a fully r i g i d  system (see F ig ,  2 . 1 9 ) .  

chaias  because o f  t h e i r  e l a s t i c  behavior beyond "yield poin-t" loading 

(a des i r ab le  c h a r a c t e r i s t i c  not  a v a i l a b l e  i n  c h a i n s ) .  

cons is t  o f  S/8-in. (minimum) ploughed s t e e l  wire rope fastened t o  i t se l f  
with no l e s s  than three Crosby clamps a t  e i t h e r  end (see  Fig. 2 " 1 8 ) .  

If the cask weighs g rea t e r  than 500 lb, 

A skid o r  load spreader under t h e  cask w i l l  serve this purpose. 

Cables a r e  preferred over. 

Recommended cables  
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CARRIER BED -p 

2H OR SKID 

A Four-Way Tie-Down for Heavy Containers. 

---- 

a. A Basket Hitch Tie-Down for Light Containers. 

Fig ~ 2 .I '( . 'Two Typical. Tiedown Systems 

Casks we<-ghing more than 10,000 Yo but l e s s  than ~ f 7 , O C X l  lb may be 

shipped _ _  by e i t h e r  t r a c t o r - t r a i l e r  o r  r a i l .  

usually designed for c D n t r o l l i n g  the f l o o r  loading and for t,yi.ng down 
the cask ,  The uswl prac5ice i s  to t i e  the cask t o  the skid and then 
t~ t i e  the  sk id  to the vehicle  ( w e  F ig .  2 . I  3 )  + Loads o f  this s i z e  occa- 

sionally yequire modification t o  t ra i ler .  or rail car beds to provide ade- 

quate iiieans o f  making y.ig:id connections between the s k i d  and the bed. 

Brackets are often welded t o  the vehicle t o  ensure alignment of the holes 

in the f l anges  of t h e  s k i d  with those i n  the vehic le .  

In each case ,  a skid i.s 
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ORNL PHOTO No. 52994 8, 

Fig. 2.18. A Four-Way Tiedown on a "-Ton Cask. 

Shipment by r a i l  o r  barge appears t o  be the  b e s t  methods f o r  casks 

weighing great,er than 50,000 lb; however, rail. t r anspor t  i s  much more 

prevalent . 
Tie-dovms f o r  such heavy shipments a]-e o f t e n  desigiied s p e c i f i c a l l y  

for the cask and vehicle. Saddles, with s t e e l  holddown s t r a p s  bol ted 

to  t h e  saddles ( s e e  Fig. 2.20), may surmount the s k i d .  The number of 

b o l t s  required to  withstand t h e  2 ,  5, and 10 - g tie-down loadings may be 
cal-culat,ed, based on a static loading as discussed i n  S e c t .  2.6.3. 
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Fig .  2 . I  3. Tiedown of a IS-Ton Cask and Skid to Trailer. 
( C o i u t e s y  of Aberdeen Proving Grounds) . 
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TRUNNION TRU~NION 1 ~ C R A D F E  SAODLE 
TRUNNION \ C R A ~ L E  TIE 

CASK HOLD DOWN 
DOWN BAND CRADLE SUN 

SHADE BOLTS 

Fig .  2-20. HNPF 6-Eleiiien.t Fuel Shipping Cask Tiedowns, 



3.6.3 Methods of  Analysis 

Tie-down systems may be analyzed by using approximate methods of 

s o l i d  mechanics. These methods w i l l  not y i e l d  exact  r e s u l t s ,  i f  compared 

with s t r a i n  gauge measurements; nevertheless ,  tie-down systems designed 

by using these methods have proved t o  be adequai,e. 

Dynainic loadings such as might occur i n  an accident ,  are not  easy 
t o  analyze.  The behavior of a system of e l a s t i c - p l a s t i c  elements under 

dynamic loading condition has been under study for a nuniber o f  years by 

var ious  workers. Recent work i s  based on dividing the  striict,ure in to  a 

number o f  f i n i t e  elements and then using the proper desc r ip t ive  d i f f e ren -  

t i a l  equations,  converted t o  f i n i t e  d i f fe rence  equations, t o  ca r ry  out  a 
so lu t ion  using numerical i n t eg ra t ion .  

be found elsewhere.'* 

reference 15. 

Discussion o f  t h i s  technique may 

A d i r e c t  appl ica t ion  o f  t h i s  method i s  found i n  

2 . ' /  Effec ts  o f  a 30- f t  Impact on Lead Shielding 

Lead sh ie ld ing  can be l o s t  i n  an  impact i n  two ways: (1  ) An ou te r  

surface o f  t he  cask can be f l a t t ened  to  the  ex ten t  t h a t  l ead  i s  s h i f t e d  

t o  o the r  areas; thus less shielding; would remain i n  the  a rea  of the impact,. 

( 2 )  
of  the cask, c r ea t ing  a void space,  This sec t ion  presents  a a a l y t i c a l  pro- 

cedures arid t e s t  results t h a t  w i l l  al low the  cask designer  t o  estimaie t h e  
Loss of sh ie ld ing  which occurs i n  e i t h e r  of these  two ways. 

If an end impact occurs,  l ead  movement nay occiir a t  t he  opposite end 

2.7 .I Material  Proper t ies  Under Impact Conditions 

The k ine t i c  energy of a cask during an impact must be dissipa-Led 

e i t h e r  i n  the  cask o r  i t s  environment. Since regula t ions  st,.i.pulate t h a t  

the impact surface must be unyielding, e s s e n t i a l l y  a l l  t he  energy must 

be absorbed by e l a s t i c  and i n e l a s t i c  deformation of  material t h a t  may o r  

may no t  be a p a r t  o f  t h e  cask. The proper t ies  o f  the mater ia l  under dy- 

namic conditions must, therefore ,  be known i n  order  t o  evaluate the  ef-  

f e c t  of impact on the  cask.  



For s t e e l ,  t e s t s  i nd ica t e  t h a t  a t  s t r a i n  r a t e s  expected i n  a 30- f t  

impact the  dynamic y i e l d  poin t  i s  only s l i g h t l y  g r e a t e r  than the s t a t i c  

y i e l d  poin t , "  
s t r e s s  be used t o  determine i n e l a s t i c  deformations i n  s t e e l  corriponerits 

o f  t h e  cask. 

It is ,  therefore ,  recommended tha t  t h e  s t a t i c  y i e l d  poin t  

The behavior o f  l ead  under impact condi t ions has been s tudied by a 

niunber of  workers; however, s ince  t h e  dTJnamic p rope r t i e s  o f  lead are a€- 

f ec t ed  by s t r a i n  r a t e ,  impuri t ies  i n  the  lead  arid o ther  va r i ab le s ,  r e s u l t s  

do not  o f t en  agree .  

condi t ions a r e  given i n  Table 2.I.i. l7 

The riiechanical proper t ies  det,e-t.mined under s t , a t i c  

Table 2 .4 a Mechanical PropertAes o f  Cast Lead 

Modulus o f  Elas t i c  i b y  2 x I O E  

Poisson* s r a t i o  o*!$ t o  0.45 

Tensi le  s t rength  

74 t i l t i r a t e  elongation Approx. 3374 

B r i n e l l  hardness No. 2$.0-6.0 

2 3 00 - 2 800 PS i 

S t r a i n  r a t e  affects t h e  r e l a t ionsh ip  between s t r e s s  and s t r a i n .  In  
p r i n c i p l e ,  once t h e  r e l a t ionsh ip  between these  p rope r t i e s  i s  known, t he  

damage suf fered  i n  any given impact may he  predicted by using me-thods o f  

continuam mechanics. In p r a c t i c e ,  closed-form s o l u t i o n s  t o  the impact, 
problem a r e  few; and r e s u l t s ,  using r e a l e i s t i c  physical  models and mea- 
sured dynamic p rope r t i e s ,  have been Less than s a t i s f a c t o r y .  

Accepting t h e  l i m i t a t i o n s  o f  l e s s  rigorous methods, dynaFLic behavior 

can be r e l a t e d  t o  a pseudo mater ia l  property c a l l e d  t h e  tlddynaric f l o w  

pressure " I 1  This pressure i s  defined as t h e  energy t h a t  i s  necessary t o  

d isp lace  a u n i t  volume of  lead;  dimensions a r e  ir i .- lb/in. '  o r  p s i .  The 

dynamic f l o w  pressure r e l a t e s  t h e  absorbed energy d i r e c t l y  t o  t he  f i n a l  

displacement without r e so r t ing  t o  laborious numerical methods. Resul ts  



of the  few problems analyzed using the  ilynarnic flow pressure concept 

have been acceptable when applied t o  composite s t ruc tu res  and exce l len t  

when appl ied t o  homogeneous bodies.  Two examples of  t h i s  form o f  analy- 

sis appl ied t o  composite s t ruc tu res  appear as S e c t s ,  2 . 7 . 2  and 2 . 7 . 3 .  

The dynamic flow pressure o f  common plumbers lead ,  as measured by 

J .  I I .  Vincent,'" w a s  found t o  be between 3700 and 18,850 p s i ;  the  magni- 

tude o f  this range w a s  attr*ibuLed t o  va r i a t ions  i n  the  c r y s t a l  s i z e  o r  

o r i en ta t ion  and possibly t,o material. impur i t ies .  J , P , A r n d r e w ~ ~ ~  9 2o 

found t h a t ,  i n  t e s t i n g  lead spheres,  the  r e l a t ionsh ip  be-Lween impact 

energy and displaced volume o f  t h e  sphere w a s  a s t r a i g h t  l i n e  i n  the 

range o f  ve1oci.ti.es investiga-ted.  In a study of impact o f  spheres on 
r i g i d  p l a t e s ,  Clarke2' p resents  a nondimensional s t r a i n  f a c t o r  as a func- 

t i o n  of impact, ve loc i ty ;  t h i s  f a c t o r  may be r ead i ly  converted t o  a dy- 

namic f l o w  pressure  o f  8500 p s i  by using h i s  d e f i n i t i o n  o f  average r a d i a l  

s t r a i n .  

f l o w  pressure (based on ve ry  low strai .n  r a t e s )  has been ca lcu la ted  t o  be 

S;y00 p s i .  

However, assuming a Br ine l l  hardness No,  of  24.0, the  dparnic 

These data ind ica t e  t h a t  l ead  tends t o  r e s i s t  deformation under dy- 

namic condi t ions more than under equivalent s t a t i c  condi t ions and t h a t  

t he  energy required t o  displace 1 i.n.3 o f  l ead  appears t o  be t7do t o  t h ree  

times the s t a t i c  compressive y i e l d  s t rength  as s t a t e d  i n  r e f .  2 2 .  Thi-s 

conclusion i s  i n  agreement with information presented in r e f s .  8 and 23 

where penetrat ion t e s t s  usimg cy l ind r i ca l  punches a r e  reported; r e s u l t s  

ind ica te  a value o f  10,300 p s i  f o r  the dynarnic flow pressure .  

From t h e  above da ta  it i s  c l e a r  t h a t  t he  dynamic flow pressure o f  
lead depends upon test specimen configurat ion,  s t r a i n  r a t e ,  and method 

of  correlat , ion.  

appears t o  be both reasonable and consemat ive  and i s  recommended for 

ca lcu la t iona l  purposes unless t h e  designers  can just i fy  a higher va lue .  

IIowever, f o r  cngineering purposes, a value of 5000 psi 

2.7.2 Analysis of a Horizontal. Axis Drop of a Cyl indr ica l  Cask Without 
Fins  - 

TrSnen dropped i n  such a manner t h a t  t h e i r  longi tudina l  axes arc hori-  

zontal ,  c y l i n d r i c a l  casks with flat. end p l a t e s  and no ex terna l  energy 
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absoybers w i l l  absorb energy upon impact nkzinly 3.n t h m e  ways: ( 1  ) by 
deforrmtion o f  the end p l a t e s ,  ( ' l j  rmvement of  lead,  and ( 3 )  s t r e t ch ing  

o f  the  c y l i n d r i c a l  o u t e r  shell. A r e l a t i v e l y  s i m l l  armimt of  energy i s  
absorbed i n  bending t h e  s t e e l  s h e l l  a t  t he  p o i n t  o f  irriplct and i s ,  t,here- 

f o r e ,  neglected i n  t h i s  a n a l y s i s .  

Assuming t h e  cask t o  be a long cy l inder  without an i n t e r n a l  cavity, 
the energy absorbed i n  deformation o f  the  s t e e l  ends and 02 the lead 

may be ca l cu la t ed  from Eqs . (2 , I  1 a )  and ( 3 . I  1 b ) , r e spec t ive ly .  

where 

E = energy absorbed i n  the  lead o s  s t e e l  ends, in . - lb ,  

R = t he  o u t e r  rad ius ,  i n . ,  

L = t he  cy l inder  length  i n . ,  

t = th ickness  03 the  s t e e l  end p l a t e ,  i n , ,  
e 

J = t he  dynamic flow s t r e s s  i n  s t e e l ,  lb/iri.z 
S 

G = t h e  dynamic flow s t r e s s  i n  lead,  lb/in." Pb 

Q = the  angle defined i n  Fig 2 . % I  , deg . 
ORNL Dwg 68-10537 

THICKNESS OF 
SHIELDING LOST 

Fig .  2.21. End View o f  t he  Deformation i n  a S t e e l  &cased Sol id  
Lead Cylinder.  



Assuming u n i f o r m  s t r a i n ,  the  energy absorbed by the s t r e t ch ing  o f  

the  ou te r  s h e l l  of t h e  cask (due t o  movement o f  l ead ) ,  E may be 

estimated. f r o m  
o s y  

E = p L t  L? [ s i n  0 ( 2  - cos 8) - e l ,  ( 2 . 1 2 )  
o s  s s  

where 

R = t h e  outer. she11 radius ,  i n . ,  

tS = the  oii ter shell thickness ,  i n . ,  

I; the length of the  she1.1, j.n"9 

D~ = t h e  dynamic f l o w  sLr.ess of the  s h e l l ,  psi 

Combining and rearranging Eqs 

Eq. ( 2 . 1 3 ) :  

(2 ~ 1 1 a ) , (2 I '1 1 b ) , and (2 ,I 2 ) l eads  t o  

where 

Id = cask weight, Ib, 

H = drop height ,  i n  + ,  

1 
1 2 1' (0) = 8 - - sin 29 = 8 - si.n 8 COS 8, 

Equation ( 2 . 1 3 )  i s  based on the assumptioms t h a t  %he y ie ld  point  

stress o f  the  s t e e l  end piece i s  the  same as that of  t h e  shell. and t h a t  

the end pieces  are of  equal. thickness.  

In  ordeT t o  use Eqs. ( 2 + 1 1 a ) ,  (2e11b) ,  and ( 2 . 1 2 ) ,  Lhe ha l f  angle 8 

The angle 8 may be determined f r o m  and the  cask geometry must be known. 

Fig. 2 . 2 2 ,  which i s  based o n  Fq, ( 2  3). 
represented by the  out,er s h e l l  f l a t t e n i n g ,  d ,  may be calculated by d = 

R ( l  - cos  0 ) .  

The maximum loss o f  sh ie ld ing  
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F i g .  2 .%2. Noxograph for Determining 1/2 Angle of P l a t  Developed 
Due t o  Impact o f  a Cyl-indrrical Cask with Axis Hor i zo r l t a l .  
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Fxample. - A 1 .3-ton cask, shown schematically i n  Fig. 2.23, was 

dropped 15 a d  29 ft i n  a hor izonta l  a t t i t u d e .  

t i o n  prodiiced a f t e r  t h e  first drop only  are reported i n  ref" 5. 
FQ. ( 2 . 1 3 ) ,  the expected deformation i s  predic ted  and compared with the 

actual  r e s u l t s  I 

Results o f  the  defoma- 

Using 

CRNL DWG 63-3592-0. 

20 in LEAD FILL HOLE 
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CASK COVER 

AND INSERT 
-. . 

Fig. 2 . 2 3 .  1 .3-Ton Test Cask .  

The geometry and proper t ies  of the  rnater5al.s o f  the cask are given below: 
e 

w = 2600 lb, 

H = 180 i n . ,  

tS = 0.31 in., 

R = 9.0 in., 

1, := 36.0 in., 

= 50,000 p s i ,  JS 

t = 0.5 in., e 



Computing the parameters given i n  F ig .  2 .I 3, 

R7Pb 2 R t e  WH 
t RLss 

ts'Ts LtS S 
- -t - = 3.70 and - = O . O 3 3 l ? .  

From Fig .  2 .22  .the angle c3 i s  predicted t o  be 18",  and the maximum Yeduc- 

t i on  i n  shielding,  d,  i s  ( 9  i n . )  [ I  - c o s ( l 8 ' ) ]  = 0.hOS i n .  

The t e s t  data  i n  r e f .  .5 i n d i c a t e  t h a t  t he  average width o f  t h e  de- 

veloped f l a t  i s  3 .s.3 i n . ?  f o r  which the average half angle i s  11 "1 9'  . 
The rmximum width was determined t o  be 5.25 i n . ,  f o r  which the half  angle 

i s  Ih"5''[r ( e  .e .9  very near the predicted angle or" 18"). 

The approximate d i s t r i b u t i o n  o f  absorbed energies  for this dropy 

based on E q s .  (2+11a), (2.1lb), (2.12), and (2.13), is: 

Cask P a r t  

Lead 

Energy Absorbed ($) 

76 

She l l  73 

Ehd p l a t e s  1 1  

These values  are i n  good agreement with those o f  t h e  d e t a i l e d  a n a l y s i s  
based on b r i t t l e  coat ing and s t r a i n  gage measurements presented i n  ref .  5 .  

2.7.3 Analyses of an End Drop o f  a Cylindrical  Cask with Nonbuf'fered 
Ends 

An end drop or^ a cask i n  which the  lead i s  not  bonded t o  the s t e e l  

she l l  will cause t h e  lead t o  s e t t l e ,  thus c rea t ing  a void i n  the  end 

opposi te  t h e  poin t  OP impact. 

the  energy absorbed by the  lead (as a result of  i t s  deformation) and by 

the o u t e r  s t e e l  s h e l l  (as a resuLt o f  i t s  ci.rcumferential s t r a i n  from 
i n t e r n a l  lead pressure) has been nade 

f h  a n a l y s i s  o f  such an irripac;t, based on 

2a7 

The change i n  the lead volume i n  an impact mag be estinat,ed from 

E&. (2.14): 



54 

For negl ig ib le  changes i n  the  ou te r  radius of lead ,  R, and t h e  

inner radius  of  lead,  r, t h e  change i n  the  height  of t h e  lead  column, 

AH, is 

Combining Eqs. (2.14) and ( 2 . 1 5 )  y i e lds  

RldH 
- r2>( t  7 + Ro-. AH = 

s s  Pb) 
(2.16) 

A s  noted before ,  Eq.  (2.16) i s  based on an unbonded l ead  condi t ion 

s ince  ne i the r  t h e  support provided by the  s t e e l  s h e l l s  nor t h e  p o s s i b i l i t y  

of col lapse of  t he  inner  s h e l l  by buckling i s  -taken in to  account.  

Example. - A model shipping cask (F ig .  2.24) was designed and b u i l t  

Care w a s  taken t o  

The cask 

t o  inves t iga te  the  movement o f  l ead  i n  an end impact. 

prevent t he  lead from becoming bonded t o  t h e  s t e e l  s h e l l s .  

(F ig .  2.211) was dropped 30 f t  onto i t s  bottom end. Per t inent  data  o f  t h e  

cask a r e  a s  follows: 

W = I63 l b ,  

H = 30 f t  o r  360 i n . ,  

R = 2,21~8 i n . ,  

ts = 0.20 i n . ,  

= 115 ,000 p s i  (seamless cold-drawn tubing) ,  OS 

= 5000 p s i .  "Pb 

The change i n  the  height o f  the lead  c o h m  ins ide  t h e  w e l d m e n t  call 

be estimated from Eq, (2.16) as follows: 

= 0.62 in., 



Experimental da ta  ind ica ted  t h a t  t he  height  o f  lead a c t u a l l y  

changed 0 . 7  i n . ,  which i s  i n  reasonable agreement wi th  t h e  height  pre- 

d i c t ed  above. 

ORNL Dwg.  67 12065 
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Fig .  2.21i. 
Shipping Cask (HNPF) . 

ORNL Constructed 1 :7f; Node1 of Ilallam 6-Element; 

2.8 Shock Absorbing Structures 

Often it i s  des i r ab le  t o  p r o t e c t  a cask f r o m  d i r e c t  impact by sur- 

rounding it with a shock-absorbing s t r u c t u r e .  

t u r e  will deform and absorb energy t h a t  might otherwise caiise damage in 

the  cask i t s e l f  a It i s  p a r t i c u l a r l y  important t o  p r o t e c t  cask closures 

from deformation ( see  Sec t .  2 .)_I . 3 ) .  

In an accident  t he  sbruc- 

2.0.1 Fins  - 
Several  types of p ro t ec t ive  s t r u c t u r e s  have been designed and b u i l t  

Probably t h e  s implest  and l e a s t  expensive o f  these a r e  f i n s  t h a t  are 

welded d i r e c t l y  onto t h e  cask.  F ins  a r e  o€ten  necessary f o r  heat, removal, 

but t h e i r  usefulness  as shock absorbers  should not be overlooked. 

Analy t ica l  techniques f o r  pred ic t ing  t h e  axounL o f  energy -that can 

be absorbed during t h e  deformation o f  f i n s  o f  var ious  configurat ions have 

not  been f u l l y  developed; however, i.f' the fins are pre-bent in s~zch a 

manner t h a t  t h e i r  mmveiiient i n  an acc ident  can be  predicted with confi-  
dence, t h e  energy t h a t  they absorb can be estimated by treating eaqh f ' in 

as a p l a s t i c  hinge. 
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A s  a p a r t  o f  R l a r g e r  study program, a model uraniiun-shielded cask 

weighing 382 lb w a s  b u i l t  with 1 /j.L-in. - th ick  f i n s  extending approxirmtely 

1 i n .  above the c losure .  

The pro txc t ion  afforded by f i n s  i s  i l l u s t r a t e d  Tn Fig .  2 . 2 5 .  
This cask w a s  dropped 30 f t  onto an edge.” 

ORNL PHOIO No. 93139 A 

F i g ,  2.25. Model Uranium Shielded Cask After 30-f t  Drop, 

Two accelerometers were placed - one on the  top  and one on the  bottom 

of the  cav i ty  - a t  an angle  normal t o  t h e  impact sur face .  Both regi.st,ered 

approximately 1100 - g fs ;  t he  peak l a s t e d  f o r  approximately 0.001 sec .  

The closure ( see  F ig .  2.9) was apparent ly  wel l  prot,ected s ince no 

dimensional- changes to the l i d  and i t s  mating p a r t s  were observed a f t e r  

t h e  irnpact . 
The f u l l - s i z e  demonstration f u e l  element shipping cask, designed 

with protec t ive  f in s ,  was also d-rop t e s t e d  from 30 f t  onto a t op  

It was equipped w i t h  both elastomer and s t a i n l e s s  s t e e l  gaskets .  

cavit,y w a s  pressurized t o  approximately 16s p s i  before t h e  drop; 110 evi-  

dence o f  leakage a f t e r  t he  drop was noted. 

The 



2 . 8 . 2  Toroidal Shell-Type Energy Absorbers 

The amount o f  enerpJ t ha t  can be absoi-bed by fins i s  dependent on 

the  o r i e n t a t i o n  of f i n s  r e l a t i v e  -to the  d i r e c t i o n  of cask i r r ~ p c t .  Shell 

s t n x t u r e s ,  such as -the segmented t o r o i c k l  r i n g  shown ir_ Fi.g. 2 -26, can 

he designed t o  circumvent t h i s  problem. This r i n g  i s  designed not  on ly  

t o  p r o t e c t  t he  cask clos-ure in a n  end drop but w i l l  also opera-L,e properly 

regard less  of the  angle at, which t h e  cask impacts on a h o r i z o r r t n l  sur face  

CASK-LID BOLTS 

QRURQAL RING 
ENERGY ABSORBE 

CASK BUOY 

L---SHIELDI NG 

Fig. 2.26. Toroidal Ring Energy Absorber. 

Several  engineers a t  the Universi ty  o f  Tennessee have inves t iga ted  

p ro tec t ive  devices o f  this design arid have foimd t h a t  such r ings  C a r l  

siipply the enerpy absorpt ion c a p a b i l i t i e s  necessary to m i n t a i n  seal- in-  

t e g r i t y  and permit c losure a f t e r  a jjO-ft, impact f o r  cask weights of 

i n t e r e s t .  '' 
l a t e  enpineering da ta  t h a t  will permit the  design oP a t o ro ida l  r i n g  o f  

ored;-ct,able energy absorpt ion capaci ty ,  as would be req;iired i n  a spe- 
ciflc use.  

This work is being pursued Further in an attempt, t o  accumu- 

2.8 "3  Protect i t re  Buffers 

A n  example of a crash  frame, designed t o  proteci,  a cask which, per  
se,  would no t  meet spec i f i ca t ions  with regard io  the 30-f t -drop,  js shorm 

in Fig I 2 . 2 7 .  
technique. 2 G  

This c rash  frame was analyzed by m a n s  o f  a plastic hingc 



Fig .  2.2'7.  Crash Frame Designed f o r  an Ekistfng Cask. 

The v a l i d i t y  o f  t h e  anaI.ysi-s w a s  confirmed by t h e  r e s u l t s  from 

severa l  model. t es t  drops; these r e s u l t s  ind ica ted  thal; t h e  force load- 

ing  to  t h e  cask and contents can be estiina-Led with a reasonable degree 

of accuracy 27 

A vehicle-cask system can be designed i n  such a manner t h a t  a con- 
s iderable  amount of t he  impact energy i s  absorbed i n  the  deformation o f  

material locaked ex te rna l  to  the cask.  

the  Westinghouse E l e c t r i c  Corporation t o  p ro tec t  t h e i r  75-ton Yankee 

spent f u e l  shipping cask ( s e e  Fig .  2 . 2 8 ) .  
absorbing s t ruc tu re ,  based on an e a r l y  vers ion o f  t h e  regula t ions ,  i s  

given i n  ref. 2 8 .  

Such a system w a s  designed by 

Their ana lys i s  o f  t h i s  shock 

Another, more e labora te ,  p ro tec t ive  buffer ,  which can be considered 
simply as an extension of the  cask, w a s  designed by Hanford t o  p ro tec t  

severa l  o f  t h e i r  isotope shipping casks, the heavies t  o f  which weighs 
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Fig. 2.28. 2&?rnal Crash Frame Mounted on a Railroad Car. 
(Courtesy 01- Westinghouse E1ecT;ric Corpora t ion)  . 

O K N l  DWG. 63-769lK I 

RUBBER BUFFERS 

CASK 

iNSULATlON -- 

F i g  ~ 2.27. Hanforcl's I A Cask and B u f f e r  Shi-eld. 



40,000 lbe2' 

and i s  made of concentric s t e e l  s h e l l s  t h a t  surround the  lead-shielded 

cask and a re  held i n  place by rubber shock absorbers .  This bu f fe r  i s  
designed t o  reduce the impact force  on t h e  surface o f  the  cask t o  50 g l s  

when the  cask-buffer combination i s  dropped i n  any o r i e n t a t i o n  on a s o l i d  
surface from a height  of  30 f t .  Since mos t  of the k i n e t i c  energy o f  the 

system i s  d i s s ipa t ed  by t h e  shock-absorbing device,  t h e  uniform surface 

loading on the  cask may be spec i f ied  and cont ro l led .  

The pro tec t ive  s t ruc tu re  ( see  F ig .  2.29), weighs 35,000 I h  

- 

In  o rde r  t o  test, t h e  adequacy o f  the  design and t o  rnzlke a complete 

ana lys i s  of t h e  buffer ing system, an impact t e s t i n g  program o f  model 

buffered casks w a s  undertaken a t  the University o f  Texas."' 

model o f  t h e  HAP0 cask-buffer combination w a s  b u i l t .  
A 0.25-scale 

An ana lys i s  o f  the  sca l ing  laws i nd ica t e s  t h a t  t he  dece lera t ion  re- 

ceived by the  cask ins ide  the  bu f fe r  should be inverse ly  proport ional  t o  
t he  scale f a c t o r .  Since t h e  HAP0 system w a s  designed t o  reduce t h e  d.e- 

celera-Lion of t he  cask to  5'0 1;'s on impact from a 30- f t  f a l l ,  a decelera- 

t i o n  of  200 - g l s  wa.s expected f o r  t h e  0.25-scale m d e l s  when dropped from 

the  same he ight .  'TWO types o f  mater ia l  were used i n  the  buf fer  t o  absorb 

the  impact energy: rubber and a s p e c i a l l y  designed aluminum honeycomb 

material . ,  The aluminum honeycomb w a s  evaluated because i t s  proper t ies  

a re  less suscept ib le  t o  temperature changes and because t h i s  mater ia l  

can be used t o  design srilaller buf fers  with the  same energy absorbing 

c a p a b i l i t i e s  as those using rubber shock absorbers .  

An acce lera t ion ,  ve loc i ty ,  and displacement record o f  t n e  rubber 

buf fer  model i s  shown i n  Fig.  2.30. The maxirnurn dece lera t ion  of t he  cask 

received i n  t h i s  drop w a s  224 - g ' s ;  however, t h e  flsmooth peak" value w a s  

about 200 - g l s ,  which i s  i n  exce l len t  agreement with the  predicted value.  

A similar record f o r  an aluminum honeycomb bi i i fer  model i s  shown i n  
Fig e 2.31 , The cask received a peak dece lera t ion  o f  300 g ' s ;  t h e  "smooth 

peak!' value was considerably less than 200 gl s .  This i s  c e r t a i n l y  wi-thin 

acceptable l i m i t s  and, i f  required,  t h e  honeycomb could be redesigned i n  

such a manner t h a t  the impact r e s u l t s  w i l l  agree more c lose ly  

w i - t h  the  specif icat i -ons . 

- 
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F i g .  2.30. Acceleration, Velocity, and Displacement 
30- f t  Ehd Drop o f  a Rubber Buffer Model. 

1 

Record f o r  

2.8.4 Aluminum Honeycomb Charac te r i s t i c s  

Energy absorpt ion c h a r a c t e r i s t i c s  of aluminum honeycomb were s tudied 

a t  t h e  University o f  Texas. This ma te r i a l  has cross-laminated cor- 

rugat ions and i s  made i n  various fo i l .  thicknesses, corrugation heights, 

and lamination p a t t e r n s .  

under s t a t i c  loading and impact v e l o c i t i e s  of sf, and 'I00 fps  are sho~wri i n  
F i g s .  2 3, 2.33, and 2.34. When the  honeycomb i s  cornpi-essed t o  about 

20% o f  i t s  i n i t i a l  thickness  (see F i g .  2.32), it becomes almost so l id ;  

t h e r e f o r e ,  f u r t h e r  corrtpression i s  a t t a i n a b l e  only a t  high loadings. 

energy absorpt ion c a p a b i l i t y  of such a systCm i s  e s s e n t i a l l y  i r r e v e r s i b l e .  

The c h a r a c t e r i s t i c s  o f  the  honeycomb under s t a t i c  and impact condi t ions 

a r e  summarized i n  Table 2.5.  
under s t a t i c  loading than impact loading.  

that t h i s  p a r t i c u l a r  ma te r i a l  can absorb under an impact load i s  about 

550 in . -lb/in . 

S t r e s s - s t r a i n  curves for a t y p i c a l  honeycomb 

T'ne 

Note t h a t  t h e  honeycomb i s  slightl-jr s t ronger  
The maximum armunt o f  energy 
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F i g .  2.31 . Acceleration, Velocity,  and Displaceinent Record for 
30- f t  End Drop of  an Aluminum Honeycomb Buffer Model. 

Table 2 . 5 .  Euergy Dissipat ion and Average S-tress 

____. 

Impact Velocity Average S i r e s s  Ehergy Dissipated S t r a i n  
Ma i; e ri.al ( f p s )  (psi) ( i n  .- lb/in .") (%)  

_I__ 

PR-A- 0 o ( s t a t i c )  798 
PR-A-0 50 71 3 

600 75 
535 75 
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Fig. 2.32. Static Stress-Strain Curves for PR-A-0 Type Aluminum Honeycomb. 

. 
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Fig .  2.33. Dynamic Stress-Strain C ~ r v e s  for PK-A-0 T-ype Aluminum 
Honeycomb Impacted at 50 FPS. 
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Fig. 2.34. Dynamic S t r e s s -S t r a in  Curves f o r  PR-A-0 Type Aluminum 
Honeycomb Impacted a t  100 FPS . 
2,8 .s The Army-AEC Vehicle Impact Studies  

Three vehic le  impact t e s t s ,  sponsored by t h e  USAEC and the  Depai-t- 

mefit  o f  t h e  Army, have been c a r r i e d  ou t  i n  order  t o  determine t h e  e f f e c t s  

of an accident  on the t o t a l  t r anspor t  system.33 

study was f f t o  provide a r e a l i s t i c  undemtanding of  t h e  dynamics of t r ans -  

po r t a t ion  acc idents  . . . . ," particular1.y wi.t,h regard t o  veh ic l e ,  car- 
go, and tie-dams. 

w a s  used as the  "immovabll..e o b j e c t f J  i n t o  which the  vehic les  were dr iven 

a t  v e l o c i t i e s  varflng from 11 i o  41 mph. 

t h a t  t h e  b a r r i e r  d id  not  move during any o f  t h e  t e s t s ,  

The objec t ive  o f  t h i s  

A massive b a r r i e r  with a f r o n t  sur face  o f  armor p l a t e  

High-speed photogyapby revealed 

One of  the  r m s t  s i g n i f i c a n t  r e s u l t s  o f  Lhe s tudy w a s  the proof t h a t  

t h e  f i f t h  wheel i s  a weak link i n  a t r a c h r - t r a i l e r  system; however, i f  

t h i s  wheel i s  reinforced,  l a r g e  f r a c t i o n s  of -tile t o t a l  energy o f  t he  t r ans -  

p o r t  sy-stem (up t o  100%) may be d i s s ipa t ed  i n  t h e  vehic le  without s e r i -  

ously involving t h e  cask or tie-downs. 

cask was r i g i d l y  t i e d  down t o  a f l a t b e d  t r a i l e r  ( s e e  F i g ,  2 . 1 3 ) ;  the f i f t h  
wheel was re inforced,  and the  t r a c t o r - t r a i l e r  was driven,  by remote means 

in to  t h e  b a r r i e r  a t  28 .s mplz. 

For example, DuPontfs l s - ton  1.l" 

R.esults showed t h a t  even tlioirgb the  cab was 



completely demolished and t h e  trailer frame was bent 

upright, and undamaged on the  t r a i l e r  1) 
force i npu t s  t o  a cask i n  an acc ident  remain somewhat crude, these tests 

leave l i t t l e  doubt as t o  t he  energy absorpt ion capabili-Lies o f  t h e  .rehi.- 

c l e  i n  a front,-end impacta Until methods t o  r a k e  rzasoizable pred ic t ions  

of  -the energy absorpt ion c a p a b i l i t i e s  o f  complex s t ruc t i r res  becorm a v a i l -  

ab l e ,  such t e s t s  will have t o  be considered as t h e  bes t  method f o r  de t e r -  

mining the  amount o f  impact prootection t h a t  i s  afforded t h e  cask by a 

vehic le .  

t h e  cask reiraiiied 

Although. methods of calculati-ng 

2 .i, “resting Requirements 

Eecause o f  t h e  u n c e r t a i n t i e s  and inherent  approximations in engineer- 

ing designs 
by subjec t ing  the  cask t o  a s e r i e s  o f  t e s t s  r a the r  than re ly ing  e n t i r e l y  

on a n a l y t i c a l  t rea tment .  A decis ion  i o  t e s t  w i l l  be affected pr imar i ly  

lug the purpose o f  t he  cask and the des igne r ’ s  knowledge o f  t he  appl iea-  

b i l i t y  o f  a n a l y t i c a l  t reatments  t o  h i s  p a r t i c u l a r  design A compilation 

o f  cask t e s t  r e s u l t s  i s  i n  prepara t ion  by an ad  hoc group of t h e  USASS: 

fJ1 IC cormit tee;  t h i s  compilation can a s s i s t  designers  i n  deciding i f  test- 

ing i s  d e s i r a b l e .  

compliance with regula t ions  must sonie-bimes be de.mnstrated 

Cask t e s t s  would appear to  c o n s t i t u t e  complete proof of a design; 

bu t ,  i n  f a c t  they do n o t .  
e r a l l y  under condi t ions t’nat t h e  designer  feels  are most dmaging.  

f a c t ,  however, in no way lessens  t h e  importance of‘ cask t e s t i n g .  Tests 

can o f t e n  be valuable  to  more than one desi-gner; and, as add i t iona l  de-  

f i n i t i v e  tests a r e  made, a n a l y t i c a l  techniques can be improved until 

t e s t  r e s u l t s  can be predic ted  wi th  a known degree o f  accuracy. 

Only a l imi t ed  nixiiber o f  tests a r e  made, gen- 

This 

2.Y.l Hypothetical  Accident Conditions 

Designers usua l ly  consider  subjec t ing  a cask (prototype o r  s ca l e  

model) to  t e s t s  t h a t  involve an impact 01- a f i r e .  
dent condi t ions given i n  AECPI 0529 Annex 2 are noted below: 

The h3rpothetical acc i -  
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1 .  Free Drop - "A f r e e  dmp through a d is tance  o f  30 f t  onto a 

f l a t ,  e s s e n t i a l l y  unyielding horizontal  surface s t r i k i n g  

tlie sur face  i n  a pos i t i on  for which maximmi damage is ex- 

pected.  

2. Puncture - "A f r e e  drop through a d is tance  o f  40 i n .  s t r i -k ing  

in a pos i t i on  rilaximm damage i s  expected, t h e  t o p  end of a 

v e r t i c a l  cy l ind r i ca l  mi.1.d s t e e l  ba r  mounted on an  e s s e n t i a l l y  

unyielding hor izonta l  surPace.  The bar  shall. be 6 i n .  i n  

diameter, with t h e  top hor izonta l  aiid its edge rounded to a 

radius  o f  no t  more than 1/14 i n . ,  and o f  such a length  as t o  

cause rnaxiinum damage t o  t h e  package, but not  less than 8 i n .  

long. 

The long a x i s  of t h e  bar s h a l l  be normal t o  the  package 

sur face .  

Thermal - "Exposure f o r  30 rnin within a source o f  r ad ian t  

heat  having a temperature of  11175°F and an emissivi ty  co- 

e f f i c i e n t  of 0.9 y or equivalcnt , 

it  s h a l l  be assumed that t h e  package has an absorpt ion co- 

e f f i c i e n t  o f  0 . 8 .  The package s h a l l  no t  be cooled a r t i f i -  

c i a l l y  u n t i l  a f t e r  t h e  30-min t e s t  per iod has expired and 

the  temperature a t  the c e n t e r  of tlie package has begun t o  

f a l l  

For calculat ional-  purposes,  

4. Water immersiori - fJImmei-sion i n  water f o r  24 h r  t o  2 depth 
o f  a t  l e a s t  3 f t  . I J  

These condi t ions a r e  t o  be appl ied t,o a cask, e i t h e r  by calcula-  

t ional.  methods o r  by t e s t ,  ill the sequence l i s t e d . .  As a resul t ,  t he  re- 

duction i n  shielding should not  be s d f i c i e n t  t o  i-ncrease the ex te rna l  

rad ia t ion  dose r a t e  t o  more than 1000 mr/hin ( o r  equivalent)  a t  1 rn from 
the  ex te rna l  surface o f  the cask.  The cask w i l l  not  re lease  any radio- 

a c t i v e   material^ except gases o r  contaminated coolant ( r e l ease  L i m i t s  
a r e  given i n  AECM 0529, Para. I1 .F. 1 .b .  ) and the ratex-ial  i n  t h e  cask 

w i l l  reniain s-abcri t ical .  
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% t h  probotype  and sca le  nodel casks have been used i n  t e s t i n g  pro- 

grams. However, -the f i r e  -test should be performed on a protot;ype cask 

because t,he response o f  t h e  f u l l - s c a l e  cask ~ ~ o u l d  be d i f f i c u l t  to pred ic t  

based on test ,  results of  a nodel .  

One cask t h a t  has r ecen t ly  been subjected t o  a r a the r  eoniplete t e s t -  

i n g  program was b u i l t  by Union Carbide Corporation, Paducah Plan t ,  using 

laminated uranium for sh ie ld ing .  Tes ts  were made Lo study the s t ruc - tu ra l  

c a p a b i l i t i e s  of a ilranium shielded cask.  A d e t a i l e d  desc r ip t ion  of these 

t,ests, t h e i r  ob5ectives and t h e  r e s u l t i n g  da ta  and conclusions,  repo r%ed 

i n  r e f .  25 ,  i s  recommended as a guide t o  t e s t i n g  procedures.  

The quest ion of instrumentat ion of  t h e  t e s t  specimens f requent ly  

a r i s e s .  

have been used on casks subjected t o  impact, while thermocouples, heat-  

s e n s i t i v e  p a i n t  o r  t h e r m  s t i c k s  a r e  most f requent ly  used i n  connection 

with f i r e  t e s t i n g .  Wnile the iniact da ta  are i n t e r e s t i n g ,  f requent ly  no 

s a t i s f a c t o r y  method i s  ava i l ab le  t o  t r a n s l a t e  such i n f o m t i o n  in to  ex- 
pected cask damage. The most useful accelerometer readings have been 

obtained from buffered cask t e s t s  i n  which t h e  cask itse1.f (i .e  = ,  t h e  

sh ie ld ing  and cav i ty}  dece lera tes  uniformly; such da ta  a r e  discussed i n  

Sec t s .  2.8.1 and 2 . 8 , 3 ,  

To d a t e ,  s t r a i n  gages, accelerorne t e r s  , and b r i t t l e  lacquer  

2 . 3 . 2  Normal Operating Conditions 

Normal operaLing condi t ions,  presented i n  h e x  1 o f  AECPI 0523, a re  

Each o f  t he  condi t ions i s  t o  be appl ied  separa te ly  t o  de-ter- given below. 

mine i t s  e f f e c t  on the  cask. 

1 .  Heat - Direct  sun l igh t  a t  an ambient temperature o f  130°F i n  

s t i l l  a is .  
II 

2. Cold - An anbient  temperature o f  -40°F i n  s t i l l  a i r  and shade. 
I_ 

3 ,  Pressure - Atnospheric pressure of' 0.5 times standard atmo- 

spheric  pressure .  

4. Vibrat ion - Vibration normally inc iden t  to t r a n s p o r t ,  



5. 

6. 

7. 

8. 

9. 
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Water Spray - A water spray s u f f i c i e n t l y  heavy to  keep t h e  

e n t i r e  exposed surface o f  t h e  package, except -the bottom, 

continuously wet during a period of  30 min. 

Free Drop - Within 2 .j h r  a f t e r  conclusion o f  t h e  water 
spray, a free drop through the d is tance  spec i f ied  below 

onto a f l a t  e s s e n t i a l l y  unyielding horizontal  sur face .  

Impact with t h e  sur face  OCCUPS i n  a pos i t i on  for which 

maximum damage i s  expected. 

Free F a l l  Distame 

Package weight _ _ - ~  ( l b )  

< 10,000 

10,000 t o  20,000 

20,000 t o  30,000 

> 30,000 

Distance (ft) 

4 

Comer Drop - A f r e e  drop onto each corner of t he  pnckage 

i n  succession, o r ,  jn the  case o f  a c y l i n d r i c a l  package, 

onto each quar te r  of  each rim, from a height  of 1 f t , .  

This t e s t  does not  apply t o  packages t h a t  are not con- 

struct,ed pr imari ly  o f  wood o r  f iberboard,  t o  t o  packages 

exceeding 10,000 lb in weight. 

Penetrat ion -- Impact of t k  f l a t  c i r c u l a r  end of a v e r t i c a l  

s t e e l  cyl inder ,  I .25 i n .  i n  diameter and weighing I3 l b ,  

dropped from a height o f  

exposed surface (of  the  package) tha t  i s  expected t o  be t h e  

mo st vulne ra'ole t o  puncture . 

ft impacting normally onto t h e  

Corpressi-on - For packages not  exceeding 10,000 lb in weight, 
a compressi.ve load equal t o  e i t h e r  f i v e  times Lhe weight o f  

t h e  package o r  2 lb/ in . '  mult ipl ied by the  maximum hor izonta l  

c ross  sec t ion  o f  t h e  package, wh ichve r  i s  g r e a t e r .  The load 

s h a l l  be appl ied,  f o r  a period o f  2 4  h r ,  unifori-illy agai-nst 

-the top and the  bot-tom of t he  package. 

posi t ioned as i n  normal t r anspor t .  

'The package should be 



It i s  not  always necessary t o  subjec t  a spent f u e l  shipping cask 

t o  these normal condi t ions of  t r anspor t  i n  order. t o  det,ermi.ne t.rhether 

the  cask i s  adequate; c a l c u l a t i o n a l  methods o f t e n  s i l f f i ce .  There a r e ,  

however except ions.  

The e f f e c t  of" v ib ra t ion  on t h e  cask contents  may be? impossible t o  

ca lcu la t e  a n a l y t i c a l l y ;  t h i s  my a l s o  be t r u e  o f  t he  r e n e t r a t i o n  reyui re -  

ment (No , @),  p a r t i c u l a r l y  i f  t he  pene t r a to r  s t r i k e s  an exposed va lve .  

Tests  could be used t o  resolve t h e  problem. 

In add i t ion ,  Paragraph 111 .C: .2 a o f  AECM 0523 r equ i r e s  the cask ,  

before i t s  i n i t i a l  shipment, to be t e s t e d  a t  50% higher  than the normal 

operat ing pressure ( i f  the  l a t t e r  exceeds 5 p s i g )  . The t e s t  shoilld be 

camied ou t  with t h e  cask a t  the rciaximm n o r m 1  operat ing temperature; 

i f  t h i s  i s  not  possible, t h e  t e s t  may be made a t  a lower temperature but 

a t  a higher  pressure (see A5NE Code Sec t .  VIII, Paragraph ZTG 99b; SLarr- 

dard Hydrostatic T e s t ) .  

It i s  a l so  wise t o  demonstrate t h e  c a p a b i l i t y  o f  t he  cask to d i s s i -  

pa t e  the  a n o m t  o f  heat  generated by t h e  f u e l  t o  an ambient temperature 

of 130"F i n  d i r e c t  sun l igh t .  A t e s t  o f  this type i s  discussed i n  Sec t .  

4.9.L. 

Often, spent f u e l  shipping casks a r e  loaded and unloaded under water .  

If the normal operat ing cask temperatures are high, t h e  cask will be 

subjected t o  a t h e m a l  shock during t h i s  type of unloading procedure. 

Although not, required by t h e  regula t ions ,  t he  consequences of such a 
t h e r r a l  shock shoi.dd be evaluated either.  ty t e s t i n g  o r  some other rriethod. 

It i s  poss ib le  +,hat welds could crack under t h i s  trea1;nient; v i s u a l  in -  

spect ion of  such vulnerable a r e a s  should be made i f  t h e  t e s t  i s  performed. 

Although a radiati-on a t t enua t ion  t e s t  i s  not  required by the regula- 

t,i.ons, it i s  recommended, 

i s  f irst  loaded in to  the cask w i l l  s l lff ice;  however, it, i s  freq?rently 

des i r ab le  to check t h e  e f f ec t iveness  of  t h e  sh ie ld ing  d u r k g  f a b r i c a t i o n .  

Tests  of t h5s  na ture  a r e  discussed i n  S e c t ,  L .9 *s. 

b s e  r a t e  measurements rria.de when t h e  source 
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2 . I  0 Comments on Cask Shielding Mater ia l  

i t s  low cos t  (present1.y about $0 . ls/ ' lb),  high dens i ty ,  and a b i l i t y  

t o  be e a s i l y  fabr ica ted ,  even i n  odd shapes, make l ead  the  most corncon 

mater ia l  o f  construct ion used i n  the United S ta t e s  f o r  a gama sh ie ld .  

However, disadvantages o f  using lead as the primary sh ie ld ing  material 

are several. f o l d .  For example, l ead  must usually be encased i n  s t e e l  

f o r  f ab r i ca t ion ,  pro tec t ion ,  and handling purposes. Also ~ s ince  lead 

cont rac ts  appreciably upon s o l i d i f i c a t i o n  f r o m  t h e  molten s t a t e  (more 

than 3% by volume), ca re  must be taken during the  pouring of  l a r g e  

steel-encased sh ie lds  t o  prevent the i.ntroductinn o f  unwanted voids .  

In addi t ion ,  t h e  unsatisfac-tory wet t ing o r  bonding o f  lead t o  stain- 

l e s s  s teel .  can also cont r ibu te  to the  fornatS.on o f  unwanted voids .  

F i r e  presents a hazard t o  l ead - f i l l ed  casks.  The coefficri-ent of 
thermal expansion f o r  lead  i s  higher than t h a t  o f  steel.,  which i s  nor- 

mally used. t o  encase the  lead (F ig .  2 .35) . "4735 High pressures9  which 

my develop i n  t h e  cask during exposure t o  a f i r e ,  could r e s u l t  i n  

broken welds and subsequent loss o f  sh ie ld ing .  

F i g .  2.35. Volumetric Expansi-on o f  Lead and Steel as a Function 
o f  Temperature 



The B r i t i s h  have performed some heat  t e s t s  on small Lead-f i l led,  

s t e e l - s h e l l e d  casks3" and found t h a t  even t h e  use o f  cont ro l led  voids 

i n  the  cask s h i e l d  t o  provide thermal expansion space f o r  the  lead was 
not  e n t i r e l y  sa t i s f ac to ry .  Melting o f  the  lead would not always take 

place aroumd t h e  void a rea ;  thus these a reas  d id  not prevent pressure 

buildup aIid the  loss of lead  i n  o t h e r  areas. In addi t ion ,  the p o s i t i o n  

o f  t h e  void a f t e r  cooling (even when no lead w a s  l o s t )  w a s  not pred ic t -  

a b l e  and could result, in areas of' inadequate sh ie ld ing .  Such arguments 

aga ins t  voids a r e  compelling; nevertheless ,  it i s  premature t o  argue 

t h a t  properly designed voids  do not give the pr.oi;ection f o r  which they 

a r e  designed and t h a t  t h e  r e su l t i ng  r e d i s t r i b u t i o n  o f  lead my o f f e r  

less protec t ion  than i f  t h e  voids had not  been the re .  

0 ther sh ie ld ing  matierials that nay be used t o  advantage include 

uranium and s t e e l .  1Jraniu.n j s stnzcturallgr about as strong as s t ee l  ; 

both shielding mater ia l s  can r e s i s t  %he consequences o f  an acc identa l  

f i r e  b e t t e r  than l e a d .  

quent ly  w i l l  impart a higher shock loading t o  t he  cask contents when 

involved i n  a 3O-ft impact unless buffer ing i s  suppl ied.  

Neither rrktterial i s  eas i ly  deformed and conse- 

The B r i t i s h  have Fade a number o f  l a rge  casks from c a s t  i ron  or 

s t e e l  contain-ing no lead  or other  high-density material . .  This elimi- 

na tes  the problem o f  d i f f e r e n t i a l  thermal expansion found in the  lead 

cask with thei-r- s t e e l  s h e l l s .  The sh ie ld ing  does not melt when involved 

i n  a normal petroleum f i r e ,  arid the cask impact, q u a l i t i e s  a r e  apparent ly  

improved e 

The u n i t  cos t  of a s t e e l  cask i s  about, $o.IcO t o  $ O . S O / l b ,  but  its 

t o t a l  c o s t  i s  comparable t o  t h a t  o f  a lead  cask w i t h  the same c a v i t y  

size. It has been reported t h a t ,  i n  the  United Kingdarn, Ghe expected 

c o s t s  of  sti.,el casks,  ordered i n  l a rge  q u a n t i t i e s ,  might have uni t  cos t s  

as low as $0.1 8/lb.  37J38 

The main disadvantage of' s t e e l  casks Is t h a t ,  f o r  an iden t i ca l  

ca-$i.tg s i z e ,  a s t e e l  cask i s  l a r g e r  and weighs considerably more Lhan a 

lead- shielded cask. Thi s , i n  t u r n  means tlia t transpo r t a t i o n  charges 
for. the  s t e e l  cask will normally be h igher .  



Depletxd uranium has been used fo r  sh ie ld ing  i n  casks .  Uranium 

i s  a more dense metal than lead an.d, f o r  t h e  same cav i ty  s i z e ,  w i l l  

r e s u l t  i n  a smaller  cask weighing l e s s  than a lead cask.  Because o f  

the pyrophoric nature  of  uranium (even though i.t i s  d i f f icu l ' c  t o  ge t  

l a rge  so1.i.d pieces  'to burn), uranium sh ie lds  should be encased i n  

s t e e l .  

Uranium rnay be c a s t  and machined, o r  r o l l e d  i n  sheets ,  formed and 

A uranium cas t ing  i s  genera l ly  l imi ted  by t h e  s i z e  of t he  fab-  welded. 

r i c a t i o n  equipment; a t  present ,  t h e  maximum s i z e  i s  about 10,000 I b .  

However, shee ts  t h a t  have been r o l l e d  and formed my  be nested and 

welded in to  a modular type of construct ion o f  almost any s i z e .  

Unassayed depleted uranium may be obtained from the  IJnited S t a t e s  

Government a s  UF, a t  a base cos t  o f  about $1 . I 3  per pound of contained 

urantum. The uranium hexafluoride must b e  reduced t o  metal. and then 

c a s t  o r  ro l l ed .  The t o t a l .  cos t  of a uranium cask f r o m  a vendoi- would be 

more expensive when compared t o  t he  cos t  o f  a l e a d - f i l l e d  cask; however, 

the  p r i ce  my be j u s t i f i e d  t o  ob ta in  a maximum cav i ty  volume f o r  mini- 

mum sh i e ld  weight.  The physical  p rope r t i e s  o f  lead, steel, and uranium 

a re  given i n  Table 2 .6 ,  

2 1 0 .I Ilea-t Transfer Under No rrm.1. Conditions 

When lead-shielded casks a r e  t o  be used f o r  t ranspor t ing  f u e l  t h a t  

generates a l a rge  armunt of heat ,  t h e  thermal r e s i s t ance  between the  

lead  and s t e e l  s'nells should be as Low as possible;  a i r  gaps between the  

lead. and t h e  s t e e l  s h e l l s  of the  cask could cause excessive temperatures 

i.n the  cask cav i ty .  To minimize t h e  normal opernt,ing teniperature of t h e  

cask and. contents ,  many cask designers  des i r e  a metall.urgica1. bond be- 

tween the ou te r  s h e l l  and the  lead shi-eld.  

T t  i s  poss ib le  t o  design the  cask i n  such a way t h a t  a good bond 

between the lead and t h e  outer she l l  i s  not  required f o r  e f f i c i e n t  heat  

removal, F i g w e  2.36 schema t i c a l l y  shows a sect ioned cask i n  which the  

f i n s  a m  welded o r  brazed t o  t h e  in s ide  o f  the  ou te r  s h e l l .  39 

are designed to move as the lead expands aiid contr.acks under varying 

'These f i n s  



Table 2.6. Physical. and Chenical Propert ies  o f  Some Shielding Materials 

Sta in l e s s  
S tee lC  UranturrP Leadb I ron 

- 

Densitiy, g/cc 

lb/in, 

18.9 
0.583 

11.3!4 
c .Ll3  

7 .? 
0.29 

325 
61 8 

1537 
2'798 

Melting poin t ,  "C 

"F 

1133 
2c70 

b i l i n g  point ,  "C 

"F 

Ultimate tensile s t rength ,  p s i  6C ,090-1 00,C0Od 

Yield s t rength,  psi 

M G ~ U I U S  o f  e l a s t i c i t y ,  p s i  x 10' 

Poisson's r a t i o  0.21  

Hardness, Br ine l l  E a ,  

25 ,0ofi-45 ,0GOd 
2LP 

" P  i gs-jesd 

Thermal expansion, (in./in.-"C) x 
1 0-6 1 1 . 7  

G.11  Spec i f i c  heat ,  cal/g-"C 0.028 

cal/cm-sec-"C 0.od3 
Btu/hr-Pt-"R '4 .o 

T h e r r d  conductivity (a t  i O O * C )  
C. ,032 

7 9 . 9  

0 ,039 

? .L 

a Unalloyed depleted ~ x r a n t ~ . .  
bCiiemical lead  ASTE B2P-55. 

2 Type ?Oa, annealed, 
9Taries with treatmen-t . 
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heat loads while s t i l l  maintaining mechanical contact  with the lead;  t h i s  

provides a good pa th  f o r  heat, t o  be conducted from t h e  lead  t o  the  ou te r  

s t e e l  s h e l l ,  

ORNL-DWG 63-4338R2 

INNER 

Fig. 2.36. Cask Containing In t e rna l  Heat Transfer F ins .  

2 .IO. 2 Heat Transfer Under Accident Conditions 

Although the  probabi.l.ity of a cask being involved i n  a f i r e  nlay be 

low, an examination of the  consequences i s  far  from acad.emi.c s ince the  

potenti-al. monetary loss i s  s i g n i f i c a n t .  As i t s  1;erripei*atiure increases ,  

lead expands a t  a f a s - t e r  r a t e  than s t e e l s  t h a t  normally contain i t .  Con-. 
sequently, molten lead could rupture t h e  s t e e l  s h e l l  aiid flow 011%. Cavi- 

t y  pressure would increase ,  p a r t i c u l a r l y  i f  a 1.i.qui.d coolant were present, 

which could cause the  containment t o  be vi-olated w i t 2 1  -the a t tendant  loss 

o f  coolant;  f i s s i o n  pmducts  could thus be dispersed.  

The cur ren t  regula t ions  requi re  t h a t  a cask be able t o  withstand the  

environment o f  a C) .5-hr f i r e  a t  1475°F wi-thout exceeding the prescr ibed 

loss of contents  or increased dose li.mit,s shown i n  Table 5 .1 .  Because of 

t he  m a l 1  amoimt of test data  pi-eseintly a v a i l a b k ,  as wel l  as Lhe impracti-  

c a l i t y  o f  t e s t i n g  many casks,  the t ask  of desigiiing in berms of  t h e  con- 

sequences of t h e  O.S-hr f t r e  i s  pr imar i ly  a matter  o f  good engineering 

judgment . 



Normally, t he  cask i s  designed t o  provide a path f o r  hea t  t o  f l o w  

L'rum t h e  source t o  t he  cask su r face .  This,  however, r e s a l t s  i n  a path 
f o r  heat  t o  be t r a n s f e r r e d  from the surface o f  t he  cask t o  %he cav i ty .  

Since,  i n  a f i r e ,  much o f  -the energy i s  t r a n s f e r r e d  by r ad ia t ion ,  it i s  

des i r ab le  t o  bu i ld  a cask t h a t  would reject ,  hea t  by convection and not  

accept thermal energy bjr r a d i a t i o n ,  
by providing s e v e r a l  concentr ic  s t e e l  s h e l l s  surrounding the cask t o  a c t  

as bu f fe r s  ( see  F i g .  2 . 2 9 ) .  Under. nom-al. condi t ions,  a i r  cools  t h e  cask 

by flowing around t h e  cask, then Fas t  the  cask, and f i n a l l y  out  t he  top  

o f  t h e  bu f fe r .  

few entrance b a r r i e r s ,  a-nd the r ad ian t  energy o f  t he  flame w i l l  be i n t e r -  

cepted by t h e  o u t e r  sur face  o f  t he  b u f f e r .  

The HAP0 cask i s  designed t o  do t h i s  

In a f i r e ,  the  h o t  gases a r e  not  expected Lo pass the  

Since t h e  add i t ion  o f  a f i r e  s h i e l d  would add t o  t h e  t o t a l  cost; and 

s ince  proper operat ion o f  t h e  f i r e  sh i e ld  following the  3O-ft drop i s  
d i f f i c u l t  t;o guarantee,  t h i s  technique has seen limrited use.  

A second method o f  p ro t ec t ion  i s  t o  design the sh i e ld  i n  two por t ions :  

an inner  s h i e l d  t o  conta in  lead  and an ou te r  s h i e l d  t o  contain lead o r  

wet p l a s t e r . "  

e i t h e r  by melting and running oiit ho les  designed i n  the  o u t e r  s h e l l  ( i n  

t h e  case o f  l e a d )  o r  by dr iv ing  water vapor ou t  pressure  r e l i e f  valves  

( i n  t h e  case of' wet p l a s t e r ) .  

mal buf fe r  aga ins t  continuing r ad ian t  energy emanating Zrora t h e  f i r e .  

In a f i r e ,  r a t e r i a l  i n  the  ou te r  compartment i s  s a c r i f i c e d  

The void thus  c rea ted  would provide a the r -  

Casks o f  both types have been b u i l t ,  but t e s t i n g  has been l imi t ed .  

A schematic o f  t h e  three-she l led  cask containing lead  i n  the  ou te r  conipart- 

rnent i s  shown i n  F ig .  '2 . I  5. 

Calculat ions made f o r  a l a rge  lead-shielded cask ind ica t e  t h a t ,  in. 

t h e  3O-miri  l!477s"C f i r e ,  an unres t ra ined  (no c i rcumferent ia l  f i n s )  ou te r  

s h e l l  of a cask w i l l  deform by p l a s t i c  s t r a in . " "  

shown t o  be low i n  magnitude (below t h e  u l t imate  e longat ion a t  the e l e -  

vated temperatures) ,  thus  ind ica t ing  t h a t  lead w i l l  not, be l o s t .  
l a t i o n s  o f  t h i s  type can ind ica t e  compliance o f  t h e  regula t ions  sirice the  
spec i f i ed  f i r e  i s  assumed t o  provide a uniform hea t  source around the cask 

T-t does not  accoimt f o r  p r a c t i c a l  problems such a s  l o c a l  hot spots  o r  re- 
s t r a i n t s  caused by, f o r  example, f i n s  o r  a cask c r a d l e .  

Such s t r a i n s  can be 

Calcu- 
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2 .I 1 Fuel  Magazine Design 

The funct ion o f  the spent f u e l  shipping cask magazines ( o r  baske ts )  

i s  to :  

1 .  Protec t  arid contain the  f u e l  assemblies during t ranspor ta t ion  

and handling - 
2 .  Assist i n  the  dissi.;pati.on of decay heat,. 

3 .  Control c r i - t i c a l i t y  . 
Since t h e  decay heat  d i s s ipa t ion  problem i s  one o f  Lhe chief f a c t o r s  

i n  l imi t ing  cask capaci ty  under normal condi t ions,  t he  se l ec t ion  of ther -  

mally e f f i c i e n t  material  s can be an important, economic f a c t o r .  

2 .I 1 .I Protect ion and Containment of  Fuel During Ti-ansuortation and 
Handling. 

The magazine serves to  segregate each f u e l  assembly, and t o  keep 

the  assemblies from abrading each o the r  while in ti-ai7si.t. 

'Testing reac tor  fuel. assemblies a re  norrm1.l.y shipped i n  a v e r t i c a l  

or ien- ta t ion which i s  ident i  c a l  t o  t h e i r  or i -entat ion during opera t ion .  

Wi-th t h i s  i n  mind, t h e  magaz.ines designed f o r  -these assemblies a r e  usu- 

a l l y  r ead i ly  removable f rom t h e  casks .  They- serve a l s o  -to s a f e l y  move 

t'rie f u e l  i n  both -the loading or unloading pool. 

Because o f  their length,  power r eac to r  f u e l  assembl.ri.es a re  normally 

These assemblies a.re desfgned t o  shipped i n  t he  horizontal. or?-entat ion.  

operate  i n  t h e  v e r t i c a l  pos i t ion ,  however, and excessive s t r a i n  may be 

appl ied t o  t h e  f u e l  p ins  j.f ins i l f f ic ien t  suppoi-t i s  provided f o r  t he  

assemblies i n  t h e  hor izonta l  pos i t i on .  The f u e l  magazi.nes must be de- 

signed t o  provide t h i s  support as  uniformly as  possib3.e ovei- t h e  e n t i r e  

f u e l  assernlily- length .  k r i n g  an impact acc ident ,  t h e  magazines are 

designed t o  l i i i i i t  the movemen-t o f  each assembly and t o  minimize loading 

appl ied t o  an assembly o ther  than t h a t  d.ue t o  its o m  weight. 

The designer m u s t ,  consider the following items i n  the se lec t ion  of  

mater ia l s  of construc ti-on o f  t h e  cask magazine : 



1 . Compatibil i ty o f  f u e l ,  coolan t ,  and cask cav i ty  ma te r i a l s .  

This compat ib i l i ty  includes poss ib le  corrosion Gencencies 

under cask operat ing condi t ions and thermal expansion du-- 

ing t h e  operat ion and l i f e  of  t h e  equipment. 

2 .  The mst  e f f i c i e n t  use of  cask cav i ty  space while meeting 

the  requirements o f  c r i t i c a l i t y ,  thermal conduction, pro- 

t e c t i o n  o f  f u e l  elements, r ad ia t ion  sh ie ld  capab i l i t y ,  arid 

s t r u c t u r a l  i n t e g r i t y .  

3 .  The optimum se l ec t ion  of  f a b r i c a t i o n  tecihniques and con- 

s t r u c t i o n  c o s t s .  

2 . I 1  .2 Dissipat ion o f  Heat 

Fuel mzigazines provide a s i g n i f i c a n t  path f o r  t h e  t r a n s f e r  o f  decay 

heat  t o  t h e  cask w a l l .  In  t he  normal operat ing condi t ion,  the nlagazine 
fue l  assembly should be designed t o  provide e f f i c i e n t  flow channels f o r  

c i r c u l a t i n g  coolan t .  In t h e  loss-of- l iquid-coolant  condi t ion,  t h e  maga- 
zine s t r u c t u r e  provides heat  conduction paths  from the  hot f u e l  elements 

t o  the  sh ie ld ing .  

heat  pa ths  w i l l  extend d i r e c t l y  from t h e  f u e l  assemblies to the  sh ie ld ing ,  

mki i ig  a very e f f i c i e n t  hea t  removal system. 

When f ixed  (welded j.n p l ace )  baskets  a r e  used the 

2 . I  1 .3 Control o f  C r i t i c a l i t y  

One o f  t h e  bes t  methods t o  con t ro l  c r i t i c a l i t y  i s  t o  alloy neutron 

absorbing ma te r i a l  with the s t r u c t u r a l  members of the  rragazine. 

d i s s ipa t ing  purposes, t he  magazine s t r u c t u r a l  members o f t en  range frorn 

0.25 i n .  t o  O , ( s  i n .  i n  thickness;  such thicknesses  permit the  u s e  o f  

s r i i a l l  a l l o y  percentages of hkgh thermal neturon cross-sect ion material  s 
f o r  e f f e c t i v e  con t ro l  of c r i t i c a l i t y .  

For heat  

Fuel magazines cons i s t ing  o f  c a v i t i e s  l i n e d  wi th  borak(35g B,C + Al) 

a r e  used i n  shipping aluminum-clad t e s t i n g  -reactor €uel assemblies (see 

F ig .  2 . 3 7 ) .  F i r e  t e s t  and loss-of-coolant  condi t ions as defined i n  AECM 
(3533 and T i t l e  1 0  CFR p a r t  71, &my r e s t r i c t  the usefulness  of  bora1 as a 

s t r u c t u r a l  m t e r i a l ,  Such weakness may be overcome by cladding the  bora1 



F i g .  2.37. BMI-1 Shipping Cask wi-Lh One Fuel. E3aske.l; Removed 
(Coiirtesy of B a i t e l l e  Memorial. Inst i -Lute)  . 

with s ta i .nless  steel.; k s t s  performed a t  B a t t e l l e  Memorial I n s t i t u t e  

ind ica te  t n i s  c lad  mater ia l  funct ions with adequate s t r u c t u r a l  i n t e g r i t y  

above 1 400 O F .  

Borated s t a i n l e s s  s i x e l  has been employed as a poison by some de-- 

s igners .  

the  disadvantages o f  bj.gh i n i t i a l  c o s t ,  d i f f i c u l t y  of procurement, rela-. 
t i v e l y  low thermal. conductivity,  and a h i s t o r y  o f  embrittlement a f te r  

welding.  

Although ii; i s  an effec- t ive poison, bolated s t a i n l e s s  s t e e l  has 
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Copper, a l loyed with e i t h e r  cadmium o r  bor.on, i s  also a very e f fec-  

t i v e  neutron absorbing mater ia l  and i n  addi t ion  i s  a ver-y good thermal 

conductor ~ Such a l l o y s  a r e  d i f f i c u l t  t o  f a b r i c a t e ,  however, and add 

considerably t o  the  magazine c o s t ;  they may also require  cladding t o  

( 1  ) p r o t e c t  t he  coolant water from copper partic1.e contamination and 

( 2 )  permi t  magazine and cask decontamination by a c i d  so lu t ions  I )  

Geometric o r  s p a t i a l  c o n t r o l  of  c r i t i c a l i t y  can be achieved w i t h  

proper magazine designs.  
i n e f f i c i e n t  use o f  cask space when compared t o  the use o f  neutron absorb- 

ing m t e r i a l s .  

However, t h i s  method o f  cont,rol may lead t o  

Table 2.7 i s  a l i s t  o f  p e r t i n e n t  data descr ibing t y p i c a l  m t e r i a l s  

used i n  t h e  construct ion of magazines f o r  spent f u e l  assembly shipment, 

?able 2.7. Finperties of High Cross-Sec%ioii K q p z i n e  Alloys 



2 .IF Slimnp1.e Beam Requirement 

When regarded as a simple beam s11,pported a t  i t s  ends along any 

m;.jor a x i s  the  cask must be capable o f  withsLandiiig a s t a t i c  load,  n o r -  

mil to and uniformly disti-i.biii,ed along i t s  length,  equal t o  f i v e  times 

the  f u l l y  I.oaded cask weigh-t wiLhout genei-ating s t r e s s e s  i n  any material 

o f  the  cask i n  excess o f  the y k l d  sLrength o f  t ha t  mat,erial. This poi-- 

t i o n  of  t h e  r egu la t ions  i s  usua l ly  in t e rp re t ed  as Seine; appl ied t o  -the 

ou te r  she1.l. a lone .  The s t rength  of the lead sh ie ld ing  and the l o c a l  

stresses Lha-t would occiir aroung the  support po in t s  are neglected.  

Stresses in tihe outer shell r e s u l t i n g  from the uniform load  caa be 

determined a n a l y t i c a l l y  using -tile following equation: 

MC s = ,  
1 (2.1 i )  

where 

S = Lhe sLress, J.b/ri.n.' 

M = t he  bending momeat, i n , / l b  

C = one-half (1/2) the he ight  of %he cask i n  .the d i r ec t ion  of  

bending, i n .  

I = the cross section moment o f  i n e r t i a ,  ( i n . ) '  

The bending moment i s  given by: 

where 

SW = five times t h e  total cask weight as required. i n  the regula- 

t i o n s  and L i s  the  Length between supports .  

'The c ross  section moment of iner* t ia  ~ C J I - ,  a c y l i n d r i c a l  cask i s  cal.culated 

from : 
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where 

I-?_ = the outs ide  radius 

rl = t h e  in s ide  rad ius ,  both o f  the ou te r  shell i n  inches 
(see Fig. 2.33a). 

The cross s e c t i o n  moment o f  inertia f o r  a p?-isrclati.e cask ( see  Pig. 2.38b) 

is: 

( 2 . 2 o j  1 I = -  12 (t,d," - b,d,") . 

ORNL-DWG 64-9982191 

F i g .  2.38. Cross Section of a Cyl indr ica l  and a Prismatic Cask. 

The s t r eng th  provided by the lead sh ie ld ing  prevents local buckling 

of the ou te r  s h e l l ;  t h i s  helps ensure the v a l i d i t y  o f  t h e  assumptions 

w h i c h  lead to t h e  use of R .  (2 .I 7). 
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3. MATEXIAIS 

The primary object,i-ves of cask design a r e  t o  sh i e ld  arid contain a 

source of radioact ive rmte r i a l .  

s t r u c t i o n  must be such t h a t  these  objec t ives  can be carr.ied o u t  izrider a 

number o f  envirormental conditions as spec i f ied  i n  the  regulat ions 

The proper t ies  o f  the  mater ia ls  OX con- 

This chapter  provides guidel ines  F o r  s e l ec t ing  mate pials. Some ITB- 

t e r i a l s  which have t he  des i rab le  propert,ies recorrmended below are given 

i n  t,abvlar form a long  with t h e i r  ASTM mater ia l  specif  i c a t l o n  I 

To be acceptable ,  a mater ia l  should have adequate s t rength ,  duc- 

t i l i t y  and toughness a t  sub zero (-I4tioF), ambienrJ and elevated tempera- 

t u r e s ,  In addi t ion ,  €actors SLL& as i t s  corrosion resis tance,  cost,, 

ava i l ab i l i t j r ,  and ease o f  f ab r i ca t ion ,  as well as i t s  a b i l i t y  t o  wj th-  

starid decontamjnation so lu t ions  must be considered. 

The necess i ty  t h a t  materials of eonstruc t i on  have adequate s t rength  

a t  -140°F is  probably the most r e s t r i c t i v e  requirement ant3 the one t h a t  

removes rmny otheywise accept,able materials -from the t ab le s  given below 

W e  have a r b i t r a r i l y  considered m i t e r i a l s  which require  a minimum of  
15 f t - l b  of  energy t o  break a Charpy keyhole specimen a t  temperatures o f  

- L O O F  as adequate to meet the regulat ions;  such toughness should be 

s u f f i c i e n t  t o  prevent b r i t t l e  f r a c t u r e  from occurring a t  low temperatures. 

The designe-e- may spec i fy  m t e r . i a l s  o ther khan those recorrmended i n  

t h i s  chapter provided he considers t h e  factf i rs  described above; and the 

design analysis r e f l e c t s  these  consi.derati.ons . 
L4 l i s t i n g  of spec ia l  m t e r i a 2 s  used in shipping casks for rad ia t ion  

sh ie ld ing  and c u i t i c a l i t y  cont ro l  i s  a l s o  provided t o  assist, t h e  designer .  

3 .1  P l a t e  

Recommended carbon low a l l o y  and s t a i n l c s s  s t e e 1  plate  spec i f ica-  

t ions a r e  l i s t e d  i n  Table 3 . I  . 
d u c t i l i t y  and a r e  adeymte  €or serv ice  a t  -40°F. 

a r e  given mandatory impact t e s t s  and a r e  s p e c i a l l y  rnanu.Psctured f o r  low 

temperature sei-vice by cont ro l  o f  composition, melting p r a c t i c e  and heab 

These mater ia ls  have good s t r e n g t h  arid 

The ASTM A 3 0 0  steels 



treatment;  ti1.i.s mater ia l  i s  d i f f i c u l t  t o  procure j.n small quant i ty  with 

reasonable de l ivery  schedu.les. 

not  procured t o  A300 requirements, have proven to  be su f f i c i en t ly -  tough 

a t  l o w  tenrperatu-res t h a t  indi-vidual impact t e s t s  o f  d i f f e r e n t  heats  i s  

not required; t h i s  material. i s  ava i l ab le  in small q u a n t i t i e s .  A533, a 
nuclear  reac tor  grade s-beel,  i s  a l s o  considered to  be an accep.table 

material 

Howev-er, t he  ASTM As1 6 grades 5s and 60, 

Several  grades o f  aus-teni-t ic s t a i n l e s s  s t e e l  p l a t e  conforming .to 
ASTM Speci f ica t ion  A240 a r e  l i s t e d .  

expensive, has inherent  charac te r i s t i . cs  which a re  o f  ten i d e a l l y  suibed 

f o r  c e r t a i n  por t ions  of a shipping cask. 

and duc t i l i t y -  over a wide rarige of temperatures; has no duct i le - to-  

b r i t t l e  t r a n s i t i o n  a t  low temperatures; has exce l len t  corrosion r e s i s t ance  

p a r t i c u l a r l y  f o r  chemicals used i n  decontamination, and good forming and 

welding proper t ies  , The parLicular  grades recormtiended wei-e se lec ted  to  

pro-vide a balance of a l l  the  f ac to r s  involved, 

suggested iml.ess t h e  appl ica t ion  requi res  t h e  ad.ded corrosion res i s tance  

for decontamination i n  t h e  heat-affectzd weld zone t h a t  i s  provided by 

3041;, 321 , and 347. 

S ta in l e s s  s t e e l ,  although nure 

The mater ia l  has good s-trengtii 

ASTI4 A214.0 type 304 i.s 

S ta in l e s s  s t e e l  c lad  p l a t e  i s  l i s t e d  €or i h e  s i t u a t i o n  i n  which the 

designer des i r e s  t o  take advantage of both carbon and s t a i n l e s s  steel i n  
h i s  cask design.  

Table 3.1 Recommended P l a t e  Materials 

Mat,eri.al Type AS'i'M Spec i f ica t ion  and Grade - 
Carbon and low alloy- s t e e l  A300 As16 a l l  grades 

A203 A and B 
A516l Grades 55 and 60 

Loow a l l o y  s t e e l  A533 Grades A, B, and C: 

Sta in l e s s  steel .  A240 Types 304, 304L, 321, and 347 

Sta in l e s s  c lad  s t e e l  A26L with .A300 o r  AS16 base metal and 
A2 11 0 cladding 

~- 
Manganese content s h a l l  be 0.85 t o  I .20% All p l a t e  s h a l l  be normalized 
by t h e  m i l l  and so  marked. 
1 



3 .% Pipes and Tubes 

Suggested carbon and s t a i n l e s s  s t e e l  pipe and tube s p e c i f i c a t i o n s  

a r e  shown i n  Table 3.2, These s t e e l s  have adequate resist ,ance t o  b r i t t l e  

f r a c t u r e  a t  -).LOOF and l i k e  the p l a t e  mater ia l s ,  they a r e  weldable grades 

o f  rmderately s t rong,  d u c t i l e  mterials . 

Table 3.2 Recommended Pipe arid Tube 

Mater ia l  ' m e  ASTI4 Spec i I ica t ion  aid Grade 

Carbon s t e e l  pipe A333 Grades 1 and 6 
S t a i n l e s s  s t e e l  pipe A 3 1 2  Types 30L, ~ O ~ J I , ,  311 and 347 
Carbon s t e e l  tube A3314 Grades 1 and 6 
S t a i n l e s s  s t e e l  tube A213  Types 304, 304L, 321 and 3).~'1 

3.3 Forgings, F i t t i n g s ,  and Bolting 

Forging, weld f i t t i n g  and b o l t i n g  materials having mechanical and 

chemical proper t ies  comparable 01' b e t t e r  than those l i s t e d  for p la t e  a-re 

given i n  Table 3.3. 
produced f o r  sub zero temperature a p p l i c a t i o n s ,  The s t a i n l e s s  s t e e l s  

l i s t e d  have good s t rength  at; both -I-$I"F a i d  elevated teoiperatures. 

The l o w  a l l a y  s t e e l s  s e l e c t e d  a r e  s p e c i f i c a l l y  

Table 3.3 Suggested. Material  Spec i f ica t ions  
f o r  Forgings, E'i-t t ings,  ard 130Iting 

Platerial Type ASTN Spec i f ica t ion  and. Grade 

Low alloy s t e e l  forgings A 3 5 0  Grades LF1 and W2 

Stainless s t e e l  forgings 

Zow a l loy  s t e e l  f i t t i n g s  

S t a i n l e s s  s t e e l  Titkings QO3 Gyades WP304, 3041,, 321,  and 514'1 

h w  alloy s t e e l  bo l t ing  

S t a k l e s s  s t e e l  bo l t ing  

As08 Classes 14, ).LA, 5, and .SA 

AI 82 Types 304, ,304L, 321,  and 3117 
Ab73 'Types 30L, 3D41J, 325 , and 3l.i'i 

d.1.20 Grade WI,1 

.R32ii  Grade L'7 L1 0, and 1,1!.3 

AI 93 Types B8, BSC, and 88% 
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3.4  Welding Electrodes,  Rods, and Wire 

The following f i l l e r  iiietal spec i f i ca t ions  a re  appl icable  t o  ship- 

ping cask fabr ica t ion :  AS'iTl A316, A371, 3295, and B304. The f i l l e r  

metal used i n  a p a r t i c u l a r  weld w j l l  depend upon the base metal. or 

metals being joined toge ther .  

3 ,s Special  Mater ia ls  

Lead used f o r  shielding i s  norrmally spec i f ied  as AS'ITYZ B29, pig lead ,  

chemical. grade.  

gid.i ty and because of i t s  ab i - l i ty  t o  wet, s t e e l .  However, these gains  

a re  p a r - t i a l l y  o f f s e t  by the  lower  melting poin t  of 570°F versus 618°F 
f o r  chemical lead.. 

A 4% ant imny- lead  a l loy has been used for grea te r  ri- 

Three mater ia l s  used f o r  c r i t i c a l i t y  con t ro l  a r e  as follows: 

Pure cadmium metal purchased t o  AS'Im Bb4O. 

Sta in l e s s  s t e e l  containing slllall qiiari t i t ies o f  na tu ra l  boron or 

boron enriched i n  'OB. 

Bora1 plat,e, a uniform di spers ion o f  baron carbide c r y s t a l s  i n  

aluminum with a cladding of commercially puw aluminum such 

as produced by Brooks and Perkins,  Inc .  of Det ro i t ,  Michigan. 

3.6 Ident i f icat i -on Marking and Purchase Order Requirements 

In fo rmt ion  regarding i d e n t i f i c a t i o n  marking and purchase order. 

requirements o f  mater ia l s  arc given i n  Sec t .  4.1 of t h i s  guide.  



a l e  f ab r i cn  t ion  and inspec t ion  reqiSxernents f o r  shipping casks are 

n c t  (;overed by ex i s t ing  codes and s tandaids .  
lriinimum q u a l i t y  assurance requirements as part, of t h e  Giride; - it, has been 

prepared so  t h a t  any o r  a l l  s ec t ions  may be fricorporat,ed i n t o  procure- 

ment s p e c i f i c a t i o n s .  

This chapi,ey s e t s  f o r t h  

The designer  i s  expected to prepare engineering draxings and speci - 
f i c a t i o n s  as appropr ia te  fo r  t h e  p a r t i c u l z r  reqlii rernents o f  the shippirig 
container .  The spec i f i ca t ions  shall include a s  a r r i i n iwxn  t h e  ;ipnlicable 
requirexents  o f  this chapter  a s  a quality assurance program t o  be f o l -  

lowed during Eabricat ion and t e s t i n g .  

added as necessary.  

Additional requirements rray he 

The purchaser shall bear the p r i m a ~ j  r e s p o n s i b i l i t y  for assur ing  

that t h e  shipping container  i s  Eabri.cated i n  accordance wFLh the  appro- 

p r i a t e  r egu la t ions .  

The Inspector. i s  the  representa t ive  o f  the purchaser .  He i s  respon- 
s i b l e  f o r  aud i t ing  t h e  nianufacturer' s proci.rexnent, Pabr ica t ion ,  inspec- 

t i o n ,  and t e s t i n g  t o  t he  ex ten t  t h a t  he i s  satis1ied that the s h i p p i n g  

conta iner  corriplies with the  c o n t r a c t .  'The Inspector  i s  expected t o  vi-sit, 
0% be i n  res idency a t  t he  f a b r i c a t o r ' s  p l an t  as required t o  discharge h i s  

r e s p o n s i b i l i t i e s  . 
The manufacturer i s  responsible  t o  conform t o  the c o n t r a c t ,  As p a r t  

of t h i s  r e s p o n s i h i l i t y ,  he s h a l l  provide competeat qiiali ty con t ro l  persoa- 

ne1 who w i l l .  perform the prescri-bed inspec t ions  and tests t o  t he  satis- 
f ac t ion  o f  the  purchaser ' s  i n spec to r .  In  add i t ion ,  he s h a l l  maintain a 
Fabrication Record including such infomiation a s  m i l l  t e s t  r q m - r t s  I in-  

p l an t  procedures,  s tandards and s p e c i f i c a t i o n ,  heat  t r e a t  cha r t s ,  a l l  
approved devia t ions ,  t e s t  and inspect ion r e s u l t s ,  and fYas-builtfs drawings. 

This Record s h a l l  be de l ivered  t,o t h e  purchaser at, t h e  completion o f  t he  

con t r ac t .  
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IL .I Materia1.s 

Only mtei-ia1.s o f  cons-truction wh.ich conform t o  t h e  drawings and. 

speciPicat ions s h a l l  be used i n  f a b r i c a t i o n ,  

4.1 . I  Mill Test Reports and Marking 

Purchase ordei-s for nia-Lerial except, for ASTM Ab03 arid A420 sha1.1. 

include t h e  reqixirrement t h a t  a c e r t i f i e d  m i l l  t e s t  repor t  be fiirnis'ned. 

The n l i i l  t e s t  r epor t  s h a l l  include the ASTM Spec i f ica t ion  number, -thr 

rnamfacturer ' s  riame, -the heat  ximbe?, and the  r e s u l t s  of  a l l  chemical 

ana lys i s  aiid rnechanS.cal proper t ies  test r e s u l t s  Orders f o r  Ab03 weld- 

i.ng f i t t i n g s  sliall s Late t h a t  the rmnufacturer s h a l l  furn ish  a c e r t i f i c a -  

t i o n  o f  confornwice. 

-he manufacturer shall provide t h e  r e s u l t s  of t h e  chemical ana lys i s  ~ t'ne 

r e s u l t s  of  the impact t e s t s  and the heat  treatnlwit a,oplied t o  t h e  m t e -  

Yial and t h e  test, pi-eces. 

Orders f o r  A).!.20 Tdeldi.np; f i t t i n g s  s h a l l  stat,e t h a t  

Tie purchase order should also s t a t e  t h a t  al-1 m t c r i a l  shall be 

rarked i n  accordance with t h e  appl icable  AS'fTvl Spec i f ica t ion .  

wheri oxyacetylene o r  an arc process i s  used f o r  c i i t t ing mater ia l ,  

a l l  s l a g  aiid p'reviously molten mater ia l  skiall be removed by mechanical 

Rearis p r i o r  t o  further f ab r i ca t ion  GI- use .  

Fdqes t h a t  w i l l  be exgosed i n  t'ne finished cask sha l l  be roiinded 

(gr inding is pefmitt,ed) t o  a radius  o f  at l e a s t  l/t3 i n .  o r  chamfered at, 

115" t o  a t  l e a s i  5/32 in, flat, 

11 .I -3 Repair o f  Rcfecbs i n  Materials -__. 

Minor de fec t s  i n  mater ia l  may be r e p j r e d ,  provided t h a t  thc  Lnspec- 

t o r  approves t h e  method 3n(i the extent of r ep2 i r s .  Llefectivc material_ 

t h a t  cannot be s a t i s f a c t o  I-ily repaired s h a l l  be r e j ec t ed .  
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?%%erials my be formed t o  t h e  required shape by any proccss that 
will not  unduly jmpair the physi-cal p m p e r t i e s  o f  t he  rcxtterial.. 

h .2 I d e n t i f i c a t i o n  and Control of  Phterials 

The m r k b g  on each piece o f  mater ia l  shall be re ta ined  wrt5.l Eab- 

r i c a t i o n  i s  complete. pf the material is  c u t  i n t o  two o r  m r e  parts, or 

if  the parked surface i s  t o  be removed, the m r k s  s h a l l  be c a r e f u l l y  

ti ansfer red  p r i o r  t o  cu t  t i q  . 
Unless it can be positively i d e n t i f i e d ,  any piece  of  material whose 

parking i s  los t ,  o r  removed must be c l a s s i f i e d  a s  lrnot f u l l y  ident, if iedlf  

m te r i a i  and subjected t o  the t e s t s  o f  Scc t .  4.8.2 before il i s  re-marked 

and used i n  f a b r i c a t i o n .  

The mmufacturer  s h a l l  oBintain a d e t a i l e d  record t ha t  Lists the 
desc r ip t ion  

t i o n ,  and s h a l l  c o r r e l a t e  t h i s  information with materid t e s t  r epor t s .  

This record s h a l l  be incorporated into t h e  Fabr ica t ion  Record (see 

Sec i .  4 . l n . )  

and marking o f  each piece o f  mater ia l  used i n  t h e  fnbr ica-  

14.3 Welding 

Froduction welding s h a l l  not be undertaken u n t i l  both t h e  welding 

pmcedure and the welders o r  welding operators have been qua l i f i ed .  

such q u a l i f i c a t i o n s  must be approved by the  Inspec tor .  

su re  welding processes a r e  riot pe imi t t ed ,  

All  
Braztng and pres- 

14.3 . I  Welding Processes and F i l l e r  Metals 

S t a i n l e s s  S t e e l  t o  S t a i n l e s s  Steel.. - Any arc-welding process my  

be used without including i w a c t  t e s t s  a s  a part, of t h e  procedure qua l i -  

f i c a t i o n ,  

S t a i n l e s s  S t e e l  t o  Carbon S%ee l .  - Any arc-welding process my be 

used. The f i l l e r  metal s h a l l  be s t a i n l e s s  s t e e l  AS 'PJ  A238 o r  A271 

Class E30?, o r  fiiconel ASTM B29s Class E $Ti CR Fe-2 or ASTM SSciL Class El?, 

M i  CR Ye-6. 



No impact t e s t s  are required.. 

Carbon Steel to Carbon S t e e l .  -' The shielded metal-al-c process my 
be used w i t h  AS'I'M A37 6 Class E801 6 o r  801 8-61 , C 2 ,  C 3  elecbrodes without 

requir ing impact t e s t s  a s  a p a r t  of the  procedure qualifi.cati.on. 

use o f  o the r  elecLrodes with t h e  metal-arc process,  or the use o f  o ther  

processes such as the  gas-metal. a r c  o r  submerged-arc processes,  requi res  

tiii-ee iitipact t e s t s  o f  Lhe deposited. weld metal; t h e  weld must have an 

average o f  1s f t - l b  o f  impact energy (Charpy- keyhole) a-L -40°F i n  order  

t o  qua l i fy  as an accep-Lable process .  

The 

1~ -3.2 Qumlif icat ion - of Welding Pi-ocedixres 

Each welding procedure t o  be used i n  construct ion sha1.1. be qua1.i.f i.ed 

by t h e  nnanufacturer i n  accordance with Sec t .  IX of the  ASPE b i l e r  and. 

Pressure Vessel Code. 

and the  Welding Procedure s h a l l  be, after approval by the  Inspector,  

incorporated in to  bhe Fabri-ca-Lion Record. 

A copy o f  t he  Procedure Qua l i f i ca t ion  Test Report 

4.3.3 Qual i f  icat,ion of Welders and Welding Opera-tors 

Performance qiialif i c a t i o n  of  welders and weld-ing operators  s h a l l  

conform t o  Sec t .  _Ui of  the ASMZ Boiler  and Pressure Vessel Code. A copy 

o f  the Performance Qual.if icat,i.on Test Report s h a l l  be, a f t e r  approval by 

the  Tnspec.tor, incorporated in to  -the Fabi-icat Lon Hec0i-d (I 

A t e s t  conducied by one Mariufactiirer s h a l l  not qualifg, a welder to  

do work f o r  any o t h e r  Manufacturer. 

4.3.4 J,owest Permissible 'Temperatures f o r  WeJ.ding 

Wnen the  tempra t l i re  of  t he  base metal. i s  lower than 60°F, ihe area 

t o  be welded s h a l l  b e  preheated u n t i l  i t  i s  w a r m  to  the  hand, A l l  sur- 

faces  s h a l l  be dry and proiected from ra in ,  snow, and high winds, 

4.3 .s F i t  t i i ig and Alignment 

Edges t o  be welded shall be uniform and fi-ee o f  a l l  foreign material 

( s e e  Sect .  4.1 .2). 
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Par t s  t o  be welded shall be f i t t e d ,  a l igned,  and re ta ined  iri  posi-  

hion during t h e  welding opera t ion ,  

Bars, j acks ,  clamps, tackwelds, or o t h e r  appropr ia te  means may be 

used to hold the edges t o  be welded i n  l i n e .  Tackwelds rray be incorpo- 

r a t ed  i n  the  f i n a l  weld, provided they a r e  f r e e  o f  v i s i b l e  defectx.  

The edges of b u t t  j o i n t s  shall be held during welding i n  such a 
rmnner tha- t l;'ne to le rances  s t a t e d  i n  S e c t .  jc.3 # ' (  arc riot exceeded i n  'Ihe 

completed j o i n t .  

1)  .3 .G Cleaning; o f  Surfaces  t o  be Welded 

Surfaces t o  be welded shall be c lean  arid f r e e  o€ fore ign  mater ia l  

such as grease,  o i l ,  l ub r i can t s ,  and nsrzrkimg p a i n t s ,  f o r  a d is tance  o f  
a t  least  1 i n .  from t h e  welding edge. Detrimental oxides s h a l l  be r e -  

moved from the  weld prepara t ion  a rea .  

over a previously welded sur face ,  any s l a g  s h a l l  be removed. 

>hen weld metal is t~ be deposited 

4.3.7 J o i n t s  - Aligrunent Tolerances 

Abutting edges of  p a r t s  at, j o i n t s  s h a l l  no t ,  a f t e r  being welded, 

have an o f f s e t  from each o t h e r  a t  any poin t  i n  excess of one-eighth of  

t h e  nominal thickness of tne p a r t  a t  Lhe j o i n t .  

l~ .3 .8 Finished So i n t s  - 
J o i n t s  shall have complete penet ra t ion  and shall. be f r e e  from cracks,  

undercuts,  overlaps,  a b n q t  r idges,  o r  valleys. F i l l e t  welds s h a l l  have 

corriplete fus ion  at, t h e  roo t  of t h e  f i l l e t ,  To ensure tha t  t he  weld 

grooves are cofipletely f i l l e d  s o  t h a t  t he  sur face  o f  t h e  weld metal a t  any 

po in t  does no t  f a l l  below t h e  sur face  of t h e  adjotning p a r t ,  weld metal 

my  be b u i l t  up as a reinforcement, on each side o f  t he  j o i n t .  

ness o f  t h i s  rehforcement  shall not  exceed t h e  fol lowing dimensions : 
The th ick-  

M ~ X ~ I T ~ L U T I  Thickmess 
'Thickness o f  P a r t  (in. ) o f  Reinforcement ( i n .  ) 

Up t o  1/2, incliwi.ve 3/32 
Over 112 t o  1 ,  i nc lus ive  '1 /8 
Over 1 3/16 



4.3.9 Miscel.laneoiis Welding ._.- Requirements 

The reverse  s i d e  of  double-welded b u t t  j o i n t s  s h a l l  be prepared by 

chipping, grinding, o r  melting ou t ,  so as "LO secure sc)imd metal a t  t h e  

root  o f  the  weld bel'ore applying f i l l e r  metal from the  reverse  side, 

This requirement i s  not  intended t o  apply to a ~ y  process o f  brelding by 

which proper fiision and penet ra t ion  a r e  otherwjse obtained and by which 

the  b a s c  o f  the  weld remains fr.ee from impiiri t i e s .  

I f  tlie welding i s  stopped for any reason, extra care  s h a l l  be taken 

i n  r e s t a r t i n g  t h e  process t o  achieve t h e  required peiietrati-on and fus ion .  

For  submerged arc welding, chipping o u t  a groove i n  the  c r a t e r  i s  recom- 

mendec"*. 

Wmre single-welded j o i n t s  a r e  used, p a r t i c u l a r  ca re  should be taken 

i n  alignment t o  ensure complete pene t ra t ion  and fiision a t  the  root  of the 

weld over its f u l l  l eng th ,  

In t h e  case o f  plug welds, a f i l l e t  arou~id t h e  bottom o f  the  hole 

should be deposited f irst .  

4.3.10 Repair of Weld Defects ....-- 

Visible defec t s  such as cracks,  pinholes,  and incomplete fusion, as 

well. as de fec t s  t h a t  can only  be detected by  prescr ibed examinations 01' 

t e s t s ,  s h a l l  be rermved and t he  j o i n t  rewelded ( see  SecL. 4.1 . P I e  

4 . I4  Weld-Metal Clad-ding o f  Carbon S t e e l  

4.4.1 Welding Procedure Qual.ification __.I_ Requirmnen'Gcs 

A separate  -welding procedure s h a l l  be qua l i f ied  for the  corrosi-on- 

resis.Lant weld-metal overlay cladding of carbon-steel-base metal, i n  
accordance with Sec t .  1X of  t h e  ASMZ Boiler and Pressure Vessel Code, 

'In addi t ion ,  when any of t he  changes l i s t e d  below are  made, the  procedure 

shall be requali-fied.; o they changes do not  require  requal i f  i ca t ion ,  but 
the  procedure spec i f ica t ion  must, be corrected t o  show tlie changes. 



For All Welding Processes: 

(1 ) 
o r  combination O P  welding pi-ocesses. 

A change from one welding process -to any othei- welding process 

( 2 )  A change in t he  composition o f  t h e  deposited weld metal €rom 
one A-Number i n  T a b l e  Q-71 .3 of Sect .  IX of t he  Code t o  any other 

A-Nimber or t o  an. a n a l y s i s  not  l i s t e d  i n  the  Lable; however, each 
AIS1 type o f  A-( o r  A-8 a n a l p i s  (Table Q-71 , 3 )  requi res  separate 

q u a l i f i c a t i o n  I 

( 3 )  
q u a l i f i e d  . 

The additi-on o f  welding pos i t ions  o-ther than those already 

(1.1 ) 

(5) 
increase o f  25% o r  more in Lhe t o t a l  t i m e  at, tempera-twe. 

A change i n  the  s p e c i f i e d  preheat,-jng temperature range 

A change i n  the  s p e c i f i e d  hea t - t rea t ing  teinperat,u??e or an 

(6)  
o r  v i c e  versa. 

A change from a multiple weld l aye r  t o  a s ing le  weld layel-, 

For Shielded Metal-AYc Welding: 

( 1  ) A change in t h e  elecLrode diamet,er used f o r  t h e  first, layer. 

( 2 )  
F-Nmiber (notes  2 and 3 i n  Table &- I1  -2 s h a l l  apply)  e 

A change from one F-Niniiber i n  Table 9.-11 .2 t o  m y  other  

(3)  
a p p l i c a t i o n  of  t h e  f i rs t  w e l d  l a y e r .  

Alz increase of' more thari 10% i n  the  amperage used i n  the  

For Submerged-Arc Welding : 

( I  ) 
t i o n  is  not  required for a change i n  fh~x p a r t i c l e  s i z e ,  

A change i n  the coinposition or^ type of fLiur used. Requalifiica- 

(2 1 4- change from single-wise t o  multiple-wire techniques 

(3)  
in t h e  polarity oP the cimri-ent. 

A change from ac i o  dc o r  fraom dc to  ac  c?lr-rent, o r  a change 

(4) Tne addi.t,ion o r  e l iminat ion of  o s c i l l a t i o n  of  the e lec t rode .  



(5) A var.i.aLioii o f  more than 10% i n  t ravel  speed. 

(5) A change i n  wire diameter. 

FOT Gas Tungsten-Arc Welding -̂ ..__I or Gas I\letal---Arc Welding: 

( 1 )  A change f r o m  one gas t u  another,  or t o  a mixture of gases, 

( 2 )  A reduction of  25% ri.n t h e  rat,e o f  gas flow. 

(3) 
sh ie ld ing  gas containing mre than 2% o f  an a c t i v e  gas ( e . g . ,  

oxygen o r  hydrogen). 

A change from an i n e r t  gas o r  a mixture of  i n e r t  gases to  3 

( )J  ) A change from single-wire t o  miulti.ple-wire techniques 

(5) 
i.n t h e  p o l a r i t y  o f  the current, 

A change from ac t o  dc oi- f rom dc t o  ac  cur ren t ,  or a change 

(6) The addi t ion  or el iminat ion o f  o s c i l l a t i o n  of  t he  el-ectrode. 

( ' / )  A y a r i a t i o n  o f  more than 10% i n  t r a v e l  speed. 

( 8 )  A change i n  wire diameter.  

The procedure qua l i f ica t - ion  shall be made on a tes - t  pla.t,e t h a t  

simulates t h e  coildj-tions t o  be u.sed i n  production w i - t i i  r espec t  t o  essen- 

t i a l  varj-ables, except t h a t  t he  tes-t plate may be thinner  than t h e  mate-. 

i-ial. used i n  produ.c:Lion but sh.aI.1 no t  be less than e i t h e r  3/4 in. o r  t h e  

thickness o f  the  fa'nricati-on inater ia l ,  whichever is  less .  The postweld 

h.eat treatment o f  t h e  test plate sh.a.ll be equivalent t o  thxt Lo be 

appl ied -Lo .ihe p a r t s ,  except that, the  t o t a l  time a t  temperature may be 

achieved during one heatri:ng cycle .  

The weld ovei?lay sui-..face s h a l l  be examined using a 1iqui.d penetrant  

i n  accordance with Sec t ,  L .8.5. 
p l a t e  slial-1 be sectri.oned to make fou r  side--bend t e s t  specime11.s, two  para l -  

l e l  and .two perpendicular t o  t he  di-mction o f  welding. These s h a l l  have 

dimensions i-dentical. t o  those o f  the  guided side-bend specimens rioted i n  

Sec t .  iX o f  t h e  ASMR Bori.lerr and Pressure Vessel Code. 

s h a l l  he bent in .  a tesl; jig and shall meet the acceptance requirements 

o f  Sec t .  Lx, excepf. t h a t  t h e  m a x i m u m  allowable defec-L in t h e  cladding 

Following t h i s  examination, t h e  tes t  

'The specimens 



s h a l l  be 7/16 i n .  

from t h e  overlay a t  a depth from t h e  sur face  o f  at, least ,  0.020 i n .  

chemical ana lys i s  obtained s h a l l  be within the  range of a n a l y s i s  given 

i n  the  procedure spec i f i ca t ion .  

In add i t ion ,  a chemical ana lys i s  shall be obtained 

The 

4 .k .2 Performznce Q u a l i f i e a t i o n  Test 

Welders and welding opera tors  s h a l l  be qua l i f ied  on metal p l a t e  

that is e i t h e r  not  l e s s  thzn 3/4 in. t h i c k  01" t he  thickness 07 the  mate- 
r i a l  t o  be used in f ab r i ca t ion ,  whichever is thinner,  i n  accordance w i t h  

the  requirements of  a q u a l i f  Ted weld-metal overlay cladding procedure 

s p e c i f i c a t  ion. 

The e s s e n t i a l  var iab les  o f  Paragraph Q-22 of Sect, IX o f  the Code 

s h a l l  apply.  

bend t e s t s  as n o h d  i n  Sec t .  4 .h . l  , except t h a t  t he  chemical ana1ysi.s 
need riot be made. 

procediire is automatically q u a l i f i e d  

The t e s t  p l a t e  s h a l l  be siibjected t o  the penetrant  and 

Axy welder o r  welding operator  who q u a l i f i e s  the 

4.5 Joining i n t e g r a l l y  Clad o r  Weld-Metal-Overlay Clad N a t e r i a l  

Each welding procedure used in  jo in ing  c lad  mater ia l  s h a l l  be qua l i -  

f i e d  by t h e  Manul'acturer i n  accordance w i t h  S e c t s ,  V l r I  and IX o f  thc  

S M E  Eoiler and Pressure Vessel Code using c lad  mater ia l .  A separate  

welding procedure arid q u a l i f i c a t i o n  is  required f o r  welds that, j o in  clad 

material t o  a u s t e n i t i c  s t a i n l e s s  s t e e l .  Test, welds s h a l l  be h e a t  t r e a t e d  

i f  the fabr ica ted  mater ia l  i s  t o  be heat  t r e a t e d .  

The performance q u a l i f i c a t i o n  of welders to j o i n  c lad  m L e r i a l  shall 

conform to Sec t s .  VI11 and IX of  the ASMJ3 Boiler  and Pressure Vessel Code. 

Ferl'ormnce t e s t s  should be -made, using c lad  mater ia l  before a welder i s  

permitted to  weld base metal, cladding, o r  t he  composite j o i n t ,  

4.6 Pos'c-weld Heat 'Treatment 

Postweld heat, tr.eatment i s  n e i t h e r  required nor prohibj-ted , 

Any postweld heat  treatment s h a l l  be documented azd made a p a r t  o f  

the Fabricat ion R.ecord. 
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4.7 Lead Touring 

Lead pouring shall. be done 3.n a s i n g l e ,  continuous operat ion unless 

a method i s  d-eveloped and proven by a t e s t  which w i l l  assiwe no high, 

local rad,in.ti.on a t  lead  in t e r f aces  r e s u l t i n g  from mulLiple pours I 

The manufac-tur.er slioa.ld prepare a detailed lead-pouring procediire 

which w i l l  pyovide such infor .m.t ion as t o  t he  grade ancl p u r i t y  o f  the 

lead, t h e  grade o f  any t k m i n g  compoimcls, a descr ip t ion  o f  t h e  heating: 

pouring ancl cooling f a c i l i t i e s  ( including sketches ) , t he  seyi.~nce of 

operaf;ions, a precleaning or pre - t iming  procedure ( i f  used), t he  method 
and. speed of pouring, preheatlng and cont ro l led  cooling methods -tem- 
pera ture  contmol requirements and. measv.remerrts, and debai l s  of pou.rri.ng 

and. vent connections. 

After approval by LIE Inspectoi-, the lead pouring s h a l l  he performed 

i n  accordance with the p:rocedure and a copy o f  t h e  Lea? Pouring Procedu.i-e 

sliall be incorporated into .the Fa’oricat,i.o:o Record. 

4.8.1 Access ~ -___.._- f o r  Inspector 

The hspetcbi- shall be  

4.8 inspect ion 

periliitted f m e  access ,  a t  a l l  ti.mes whi-le 

work on t h e  f ab r i ca t ion  is  beTng performed, -to a l l .  p a r t s  o f  tihe manufa(;- 

turei-! s shop conceimed with t he  f ab r i ca t ion .  

t h e  Inspector informed af t h e  progress of the m r k ,  and shall  n o t i f y  him 

reasonably i n  advance sf any required t e s t s  01: inspect ions 

The ranufacturer  siialI keep 

11.8.2 Inspection o f  Mater ia l  

The Inspector s h a l l  assuj’e himself thaL a l l  riiatcrials u.sed comply 

i n all. respec ts  w i i h  the  mater ia l  requirements giveci i n  Chap 14 . I  , 

The manufacturer siial.?~ make ava i l ab le  t o  the Inspector c e r t i f i e d  
i r i i l l  test, repor t s  o r  c e r t i f i c a t i o n  of compliance records i n  t h e  case o f  

A.STM Aji03 and Alj20 mater ia l  p r i o r  t o  L h e  use o f  the matm-ial. 
t o r  s h a l l  satisfy himself that the  mater ia l  complies with the specifica- 

t ions  and is  pmper ly  marked and cor re la ted  w i t h  the m i . 1 1  t e s t  repoi-ts.  

The Tnspec- 



A copy of  all approxJed t e s t  r epor t s  and c e r t i f i c a t i o n s  s h a l l  be incor-  

porated i n t o  the  Fabr ica t ion  Record. 

If there  i s  a quest ion regarding t h e  i d e n t i t y  o r  adequacy of  the 

ma. t e r i a l ,  t h e  f a b r i c a t o r  s h a l l  perform chemical ana lys i s  and mechanical 

t e s t s  t o  v e r i f y  t h a t  the material compli-es with %he appl icable  speciPica- 

t i o n ,  
approved, such records s h a l l  be placed i n  the  Fabr ica t ion  Record. 

Reports o€ such tests shall be reviewed by t h e  Inspector and i f  

A l l  mater ia ls  t.o be used i n  f a b r i c a t i n g  a cask s h a l l  be inspected 

f o r  t h e  purpose o f  de tec t ing ,  as far as poss ib l e ,  de fec t s  t h a t  would 

a f f e c t  t h e  adequacy o f  t h e  Yabrication. 

P a r t i c u l a r  a t t e n t i o n  should be given. t o  cu t  edges and o ther  p a r t s  

of  r o l l e d  p l a t e  t h a t  would d i sc lose  t h e  exis tence of serious laminations,  

shear ing cracks,  and o the r  ob jec t ionable  de fec t s  , 

The Inspector  s h a l l  a s s w e  himself t h a t  t h e  thickness and o ther  

dimensions o f  t h e  mater ia l  comply with those spec i f i ed  on the  design 

drawings . 
4.3.3 Inspect ion o f  Surfaces During Fabr ica t ion  

A s  f ab r i ca t ion  progresses ,  t h e  edges o f  p l a t e s ,  openings, and f i t -  

t i ngs  s h a l l  be Pxamined t o  d e t e c t  de fec t s  as w e l l  a s  to determine t h a t  

t he  work has been properly done. 

!; e S .4 Dimensional Inspect ion 

The Inspector  s h a l l  s a t i s f y  himself t h a t  components conform t o  t he  

prescr ibed  shape and meet thickness  requirements a f t e r  f o r d r i g  . 
The Inspector  s h a l l  assme himself o f  the proper f i t ,  t o  the curva- 

t u r e  o f  t h e  sur face ,  of appurtenances t o  be a t tached  t o  curved su r faces ,  

During and a f t e r  f ab r i ca t ion ,  siich dimensional inspect ions a s  a r e  

necessary s h a l l  be performed to ensure t h a t  t h e  completed f ab r i ca t ion  

conforms to the  design drawings and t h a t  mechanical parts can be physi- 

c a l l y  assembled. 
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Any c r i t i c a l  fea ture  requi-ring s p e c i a l  inspect ion,  such as the  

f l a t n e s s  o r  t h e  siri-i'ace f i n i s h  of gasket, seat,s, s h a l l  be s p e c i f i c a l l y  

indicated on the  dkrsigri drawjngs A repoi-t of  the dimensj.o-na1. inspec- 

tion of a11 such f ea tu res  shall be iacorporated inLo t h e  Fabricat ion 

Record. 

The Errspect,oy s h a l l  a s s u e  himself that t h e  weldi-ng procedures 
employed in the fabri-cation have: been qual i f  Ted under the provisions 

of  t h i s  Crj-teria.  

'The Tnspector s h a l l  assure  himself t h a t  only welders and welding 

operaiors  t h a t  a r e  qua l i f i ed  iinder the provis ions o f  t h i s  C r i  ter ia  a r e  

b e h g  used t o  fabricate t h e  weldment, 

The Inspector sha.l.1 have t h e  r i g h t ,  a t  any -Lime, t u  call f o r  a n d  

-to witness t e s t s  of -the weldj.ng procedure o r  test,s to determine the 

abi.l.i.t;y of any welder or welding opera tor ,  

All welds, i.ncI.udi.ng the  heat-affected zone, shall. be i-nspected 

at, l e a s t  twice w l L h  l i q u i d   penetrant,^, us tng  Procedure A-2 or R - 3  of 

ASTM E165, or with ma~neti .c p a r t i c l e s ,  using AS'1'M E109, first on com- 

plet,i.on of t h e  roo t  pass,  a f t e r  prepari-ng -the secnild sj.de o f  velds  made 

from two s ides ,  ( i f  appropria-Le) and. second, aft,er completi.ng t h e  weld. 

Finished welds sha.l.1. be inspected on both  sur faces  a f t e r  hea i; treatment 

and./or any machining. 

should be reirwued. duwri to so1.in.d metal and then  repa i red .  

t r a n t  inspect ion . v j i l l >  in most cases require soine g r ind ing  o f  the welds e 

Cracks , in-line porosikg-, 01- o the r  linear def c c t s  

Adequate pene- 

4.8 .c  Check of  Postwekd Heat-Trcatrrient Prac t ice  I_. --.-._ 

The lnspectoi- s h a l l  s a t i s f y  himself that, any posiwdd he.3.: t reat-  

m i i t  i s  co r rec t ly  performed and tha t  tile terq.m-a:,iire readings conform 

t o  i h e  rsquirzrnents,  A copy o f  t h e  heat-treatment procedure ant1 furnace 

cha r t s  s h a l l  be incorporated in to  ihe r 'abrica t im Record. 
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11.8.7 Inspection During Fabricat ion 

The Inspector s h a l l  inspect  each component, a t  such s tages  o f  con- 
s t ruc t ion  as he deems necessary,  to asswre himself t h a t  f a b r i c a t i o n  i s  
i n  accordance with the  design drawings. 

I n t e r i o r  surfaces  o f  enclosed chambers s h a l l  be examj-ned as com- 

plet ,ely as poss ib le  before  f i n a l  c losure i s  nlade. 

4.9 Testing 

14.9 .I Shielding Chamber Leak Test 

Before any shielding chamber i s  f i l l e d  wlth shielding mater ia l ,  t he  

i n t e g r i t y  of  t h e  chamber s h a l l  be demonstrated by a leak tes t , .  

ing chamber t h a t  i s  par t ly  completed a t  the  tirrie o f  introduct ion of 

shielding mater ia l  s h a l l  be leak t e s t e d  twice : 

i s  added, and when the chamber i s  conlple-Led. 

s h a l l  be performed while j o i n t s  a r e  access ib le  f o r  r epa i r  and before any 

leak paths  can be plugged with shielding mater ia l .  

A sh ie ld-  

before sh ie ld ing  mater ia l  

In any instance,  - tes t ing 

Leak t e s t s  may be performed by any procedure t h a t  can be derr~n- 

s t r a t e d  t o  have a s e n s i t i v i t y  of 1 cm' (STP) of  a i r  per hour. Acceptable 

t e s t  methods a r e  2 mass spectromel;ry, heliuni l e a k  de tec t ion ,  halogen leak 

de tec t ion ,  vacuum rate-of-pressure-r ise  and pressurized soap bubble. 

If leakage i s  indicated,  t he  leaks  shall be located,  repaired,  and 

the  t e s t  repeated. 

4.7.2 Pressure Test 

After f a b r i c a t i o n  i s  complete, t'ne c a v i t y  and any o t h e r  chamber t h a t  

is  pressurized i n  serv ice  s h a l l  be subjected t o  a pressure t e s t  tm demon- 

s t r a t e  strinct,ural i n t e g r i t y .  

Each chamber t o  be tes ted  s h a l l  be separa te ly  f i l l e d  with water and 

pressurized t,o twice the  maxinum normal operat ing pressure or 1.10 ps ig ,  

whichever i s  the  greater..  Pressui-e s h a l l  be held for 1 0  min. 
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For the purposes o f  t h i s  test, gaskets o the r  than serv ice  gaskets 

may be used. 

4.7.3 Leak 'Test 
-__l_l 

After  t h e  pressure tes t ,  i s  complete, t h e  cask sha l l  he assembled 

with a service gasket, and the cavj t j  s h a l l  be siibjected io  a l e a k  Lest. 

The cav i ty  s h a l l  be pressurized t o  1 -1/2 times t h e  maximum normal 

operat ing pressure o r  '7-1/2 ps ig ,  whichever is  g rea t e r ,  w i - t i l  a gaseous 

mixture containing at, l e a s t  70% of  a t e s t  gas to  which t l e  l e a k  de t ec to r  

is sens.i.t,ive. Testing may be done by using a helium mass spectrometer 

o r  2 halogen leak  detec-tor i f  tiie t e s t i n g  procedure has been demJnst,rated 

-Lo have 3 sens i t , iv i ty  equivalent t o  1 cm3 (STP) o f  ai.]: p e r  hour a t  Lhz 

Lest d i f  f e r e n t k l  pressure.  

shall  be surveyed.r 

A l l  access ib le  welded arid niechan.i-cai joints 

Any ind ica t ion  o f  leakage shall requi re  r epa i r  a d  r e t e s t i n g  of  the 

cask. 

4.9 . j i  -.II Heat ' lransFer Acceptance Test 

If hea t - tmns fe r  calcul  a t ions  incl i caLe a cask s i r face ie rpera ture  

of 180°F o r  s r e a t e r  under n o r m 1  condi t ioos o f  t ranspor t ,  a hea t , - t ransfer  

t e s t  s h a l l  bc prrforrned before t h e  cask i s  accepted by tile purchaser.  

The hea t  soiree:! provided i n  thc  cask- cavi ty  f o r  m e  i n  the test .  

s h a l l  he ecpal t o  or grea ter  tiian 25% of the des ign  heat load  of   ti.^ 

cask. The cask w i l l  be scaled,  so Tar as is poss ib le ,  i n  a mnner Pearly 

f o r  transpork when tiie t e s t  i s  performed. 

Teinperatiires s h a l l  be measured a n d  recorded (using e i t h e r  .therrro- 
couples or t e m p e r a t u r e - ~ s e n s ~ l i v e  paint,) at, a rnininiwri o f  three poin ts  each 

o n  t he  inner  arid. the ou te r  cask s h e l l .  

shcmld be measiired a t  po in ts  i n s ide  t h e  cav i ty  t h a t  could come i n  contact  
with t he  f u e l  ( e . g . ,  nuclear-poison d iv ide r  plates)c 

Pn addition, the  temperaturz 

Measured temperatures must, be less than those ca lcu la ted  f o r  the 

t e s t  heat  load inpui,  01- t he  discrepancy recunci led.  A repoyt o f  Lhesc 
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t e s t s ,  along with the  o r i g i n a l  temperature records,  shall become a p a r t  

o f  t he  Fabricat ion Record. 

The Inspector s h a l l  witness a U  hea t - t ransfer  tests and s h a l l  sign 

the o r i g i n a l  temperature record 

4.9.5 Shielding I n t e g r i t y  Test 

P r io r  t o  i n i t i a l  use i n  shipping i r r a d i a t e d  i m k r i a l s  t h e  i n t e g r i t y  

of  t h s  sh ie ld ing  o f  each cask s h a l l  bc demonstrated by load-ing the cask 
with the  mater ia l  f o r  which it is designed o r  equivalent,  insofar  as i s  

p r a c t i c a l ,  and s i r rey ing  t h e  e n t i r e  outer. sur face  f o r  r a d i a t i o n  in excess 

o f  t he  allowable limits 

Gama Scanning and Probing. - G a m  scanning and probing inspect ion 

t o  determine t h e  soundness of' t h e  l e a d  as p a r t  o f  the  manufacturing pro- 
cedure i s  an o p t i o n a l  t e s t  which may be required.  In  such cases the  

requirements are as follows : 

The manufacturer s h a l l  prepare a gariurla probe procedure which includes 

information concerning: t he  e l e c t r o n i c  equipment, rad ia t ion  source and 

s t rength ,  c a l i b r a t i o n  s tandards f o r  both scanning and probing, g r id  pat-  

t e r n ,  s c i n t i l l a t i o n  c rys ta l  s i z e ,  pos i t ion ing  equipment, the  method o f  

reading and recording the  r a d i a t i o n  detected,  t he  measuring technique and 

acceptance requirements The procedure s h a l l  be acceptable t o  the In- 
spector  p r i o r  t o  i t s  appl ica t ion .  The procedure and all. r e s u l t s  s h a l l  be 

Pade a p a r t  o f  the  Fabricat ion Record. If the  above gama  scan and probe 

inspect ion i s  not  c a r r i e d  o u t  then p r i o r  t o  i n i t i i a l  use and insofar  as i s  
possible ,  each cask s h a l l  be loaded wi th  the  material t h a t  i.t i s  intended 
.to carry and t h e  e n t i r e  o u t e r  sur face  s h a l l  he surveyed f o r  r a d i a t i o n  i n  

excess o f  t he  allowable l i m i t s  e 

4.3 .L Lead Bond In t eg r i ty  Test 

Pn those cases where the  design requi res  a meta l lurg ica l  bond 'oetFieen 

the  l e a d  and t h e  s h e l l  and/or t he  l i d ,  t he  manufacturer shall determine 

the percentage o f  bond by an u l t r a s o n i c  iospect ion procedure. A de ta i led  
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procedure based oil a standard s h a l l  be prepared and approved by t h e  

inspector  prior Lo i t s  appl icat ioi l ,  The -information reiquirvxl by pai-a- 

graph 7.7.1 .2 o f  MITJ-STD-27i0 (SHTPS) s h a l l  be provided j n  the  procedure. 

The cask s i r f a c e s  which w i l l  be contacted by the  coilplant and trazzs- 
ducer sha l l  be f r e e  o f  s c a l e  and fore ign  makerial. 

be n o t i f i e d  piqioy t o  t h e  u l t r a son ic  inspect ion so that, he may have t h e  

opti.on o f  witnessii ig any oi" izilI. of t he  work, 

resul'cs s h a l l  he made a p a r t  o f  the Fabricat ion Hecord, 

The inspector  shall 

'The procedur.e a i d  all. 

)I. IO Fabricat ion Rem rd 

Tne mai:afacturer s h a l l  mi-ntain cu r ren t ly  i n  a Fabricat ion Record 

dowments ind ica  tirig compliarice w i t h  t h i s  C r j  t e r i a  which includes,  but, 

is  noL  l imi ted  t o  t he  following: 

( 1 )  A Material  Record shall be kept and shall specify t h e  

fol lowing : 

( a )  P't*oduc-L f o m  and heat  number 

( b )  Correlation of pari; and t c s t  repoI't 

( e )  Cask component, name o r  p a r i  number 

Marked drah-jngs o r  annoidied b i l l s  of material my be neces- 

sary to  szti  sfy this requirement. 

(7) Ln compliance with t h e  s t i p u l a t i o n s  l i s t e d  i n  Chap. 3, Mater ia l  

Test Reports f o r  each item of  m i e r i a l j  or other evidence o f  

accep tab i l i i y ,  s h a l l  be irico ~-po rated i n i o  Lhc P'abricai,ion Record  

after the rnatei-ial has been accepted. 

(3)  Welding procedwe, procedure qualification, welder performaricd 

records, and lead pouring procediire 

( l i )  Reports of' a l l  inspect ions aiid tes-ts,  including 1iyu.j.d pene- 

tyant  examinations dimensional inspections and pressure and 

leak  t e s t s ,  s h a l l  be prepared i.n such d e t a i l  t h a t  compl.?.a:cice 

with this C r i t e r i a  is clearly denons-trated , If any radio- 

graphic inspect ion is perfomed,  t ne  radiographs sirall- b$ made 

a p a r t  o f  the  Fabricat ion Record e 



(5)  Reports o f  any required check a n a l y s i s ,  c l e a r l y  ident i1 icd  

with the  rrlate r ial  they represent .  

(6) Where hea t  treatment i s  performed, the  procedure followed, 
toge ther  with f i r n a c e  temperature cha r t s ,  shall be included 

i n  the  Fabricat  ion Record. 

( ( )  Aqy deviat ion,  f o r  any reason, f r ~ m  t h i s  Cr.i tcria s h a l l  be 

reported i n  d e t a i l  i n  t h e  Fabricat ion Flecord. 

( 8 )  I f ,  f o r  any reason, t h e  f a b r i c a t i o n  process deviates signi l" i -  

ean t ly  from the design drawings, and those drawings do not 

present  a c l e a r  and co r rec t  desc r ip t ion  o f  t h e  eonstruct,ion 
o f  the cask o r  show proper s i z e s  of r a t e r i a l s  and I.ocatisn 

and geometries o f  welds, t h e  rmnul"actiirer s h a l l  prepare as- 

b u i l t  drawings to accorriplish %hi s purpose. 

ings s h a l l  be v e r i f i e d  and c e r t r f i e d  by t h e  Inspector ,  

As-bui It, draw- 

The Fabricat ion Record shall be assembled 'uy t he  rwnufacturcr and 

shall be kept cur ren t  a t  a l l  t imes.  The h s p e c t o r  sh3ll h a w  acczss t o  

the Fabr ica t ion  Record and, a t  regular  i n t e r v a l s ,  s h a l l  assure  'n5.rflseli' 

t h a t  it, i s  complete and c o r r e c t ,  Any d e f i c i e n c i e s  found s h a l l  be 

prorriptly r e c t i f i e d  by the  manufacturer., On completion o f  the fabrica-  

t i o n ,  t he  Fabr ica t ion  Etecord s h a l l  be reviewed by the rrwmfacturer and 

by the hispectot-, each of whom s h a l l  cer t , i fy ,  i n  w r i t i n g ,  t h a t  the record 

i s  co r rec t  and complete and that -the f a b r i c a t i o n  i s  (with noted exeep- 

t i o n s )  i n  complete conformity with t h i s  Guide, The Fabricat ion Record 

s h a l l  then be t ransmit ted t o  thc Purchaser.  

The Inspecior s h a l l  maintain a log i n  which he s h a l l  record the 

da t e s  o f  h i s  v i s i t s  t o  the manufacturing p l an t ,  s t a t u s  o f  work a t  those 

times, nota t ions  o f  mna-terials accepted, no ta t ions  of  inspect ions w i t -  
nessed, d i P f i c u l t i e s  encountered i n  f ab r i ca t ion ,  deviat,ions from design 

d e t a i k  and speeiPicat ion,  and a chronological record o f  the progress O S  

t h e  work. On completion o f  the job,  the  I n s p e c t o r l s  l o g  s h a l l  be incor-  
porated in to  the Fabricat ion Record. 



5. HEAT TRANSE'ER 

A l l  shipping casks shou.ld SI e.wal.uated -to detei-mi.ne t h e i r  tempera- 

t u r e  response i.n the-mal  environments uadw iiormal and accident  condi- 

t i o n s ,  Spzcif icn!.ly, the te~~perat,ii.i?e~ which should be determined are 
t h e  maxi.nwo cask surface temperature and maxhurn fueJ- element tempera- 

-L ui- e under normal condi t ions,  -tile tmpera-bui-e d$.strihiitio:r* through the 

sh ie ld ,  and the m a x i m u m  fuel element t w n p r a t , u r e  iirtder accident  condi- 

Lions. 

The n0-i.ma.l ambient temperature iqatlge i s  defined i n  the regulat,i.ons 

.Lo be - L O O F  to +I3OoF. A s  a resul-L of  exposure to tkese  tempei-at,ures 

thei-e milst he no release o f  radioactimu:! r a t e r i a l  from -the containment 

v e s s e l .  

whose temperature i s  ljd.7s°F, for 0.5 hi-. 

re leased f r o m  t h e  cask mirst not exceed the l i m i t s  given i n  Tab1.e 5.1 . 

Under accident  condt t ions the cask xi11 experience a f i . re ,  

A s  a resul t ,  r ad ioac t iv i iy  

_I I I___-..__I ---I__ _.-. _ll_l_ 

No rad ioac t ive  matwial,  except gases and contaminated ~oolant, 

may bc released from t h e  cask; the t o t a 3  r ad ioac t iv i ty  content of tile 

coolaat  must not exceed E'itheL' 0.1% of t l e  t o t a l  rad ioac t iv i t j -  o f  t h e  

cask contents  o r  t he  fo l lowing  des igmted  l iu i t , s :  

Transport Group ''- Cm- i e s ----- -__ 
L 0.01 

11 0.5 
111 Pr m IO. 

Inert gases 1000. 

- . - - ~  --* ... 
._ 

"Specif ic  isotopes a r e  arranged in t r anspor t  groups,  The 

complete l i s t  is given i n  r e f .  1 , 



Regulations dc not spec i fy  temperature l i m i t a t i o n s  011 t he  cask o r  
f u e l ;  ~ O W ~ V C Y ,  s ince  f u e l  temperatures a f f e c t  f u e l  i n t e g r i t y  whi-ch i n  
t u r n  a f f e c t s  p o t e n t i a l  contamination i f  a cask l eaks ,  teaiperatLwc. l i n l i -  

t a t io r i s  should be considered by a. designer  for. h i s  spec i f ic  cask and 
type o f  f u e l .  

access ib l e  sur face  o f  t h e  cask system t o  180°F under nornlal. operat ing 

condi t ions a Such a temperature r e s t r i c t i o n ,  while present ly  not requiyed 

for domestic shipmenLs, i s  inposed by I A U  regula t ions  for a cask being 

shipped '!exclusive use.  Secondly, the temperature or" a lead  sh ie ld  

should be r e s t r i c t e d  t o  belm the melting point, o f  l ead  (621 OF) 
t h e  temperature of the f u e l  should be kept as low as  poss ib le  to help 

prevent r e l ease  o f  a c t i v i t y  from the  fue l  t o  the  pr i rary c o o l a n t .  

That i s ,  it i s  prudent t o  r e s t r i c t  the  t e q e r a t u r e  o f  the 

Fina l ly ,  

For example, t h e  fuel temperature under normal operat ing condi t ions 
can be r e s t r i c t e d  t o  that which w a s  experienced by the  f u e l  dirring reac- 

tor opera t ion  assuming such a temperature d id  not produce f a i l e d  rue1 

elements a 

temperatures and the  safety o f  such operat ing temperature should 'ne spe- 

c i f i c a l l y  s t a t e d .  

There my be an economic J u s t i f i c a t i o n  for operating a i  higher 

Under t h e  0.5 hr f i r e  accident  condi t ion,  f u e l  element temperatures 

The maximum terrrperature i&icl? the f u e l  should be permit-  w i l l  i nc rease .  

t e d  t o  reach under accident  condi t ions will be af fec txd  by cladding 

mater ia l  of" cons t ruc t ion ,  cladding thickness ,  fuel mateyial ,  burnup, cool- 

ing ti-me, s p e c i f i c  power, f u e l  damage caused by iriipact, e t c .  It i s  ioi- 

poss ib le  t o  i nd ica t e  p rec i se ly  how o r  to what ex ten t  each item will a f f e c t  
the  maxi mum permissible  f u e l  temperatures but  sortie general  statements nay 
b e  nade. 

The m a x i m m  temperature 1-eached by the cladding u n d e ~  accident  con- 
d i t i o n s  should be less than t h e  temperature a t  which the  f u e l  ruptures, 
r e l eas ing  gross q u a n t i t i e s  o f  f i s s i o n  products t o  the  cask cav i ty .  

per fora t ion  temperature w i l l  vary wi th  the f u e l  cladding r m t e r i a l ,  i t s  
th ickness ,  h i s t o r y  i n  the  reac tor ,  f u e l  element geometry, e t c .  It should 

be ca lcu la ted  f o r  each type of  f u e l  element under. t h e  accident  condi t ions 

i f  the  cask designer  wishes t o  push h i s  temperature t o  the maximum.  Other. 

T h i s  



th ings  being equal s t a i n l e s s  steel .  c lad  fue l  can genera l ly  wiLiistaxd 

higher temper-atures than Zircaloy-clad f u e l .  

If em'orittlement o f  -the cladding has occiirred t o  a s i g n i f i c a n t  ex- 
t e n t  as a result ,  of high burnup o r  high s p e c i f i c  power and/or i f  -tihe 

buildup o f  pressure i n  the  gas space i n  the  fix1 element produces exces- 

sive s t r e s s e s  i:i t h e  cladding at; t h e  cask operat ing pressure,  the per- 

fo ra t ion  temperat-ure could be a f f e c t e d .  

If the f u e l  clemcn ts a r e  ind iv idua l ly  coiitained i n  scal  ed can i s t e r s  

iernpe miiire l imi t a t ions  s1ioul.d bc considered on the  ba sis  of good. engi- 

neering p rac t i ce  by the  cask des igner ,  

The subjec-ts covered i n  t h i s  chapt;er iilclude heat. soiirees, ex t e rna l  
heat  t r ans fe r  under iioi-rnal condi t ions,  intei-nal heat -Lransfer u.n"der loss- 

of-coolant condi t ions and f i r e  ana lys i s  o f  the  s h i e l d .  

es t imat ion o f  the f i r s t  t h ree  teniperatires which Idere suggested as neces- 

sary i n  the fbrst paragraph o f  Sect,. 5.1. Maxiiircun f u e l  element tempera- 

tures can be ca lcu la ted  u t i  l iz i -ng nutrierical methods capable of determin- 

ing ind iv idua l  f u e l  element response under t ransien-t  coiiditions , 

computer codes u t i l i z i n g  such methods a r e  a ~ a i l . a b J - e ~ ~ ~ , ~ ~ '  and have been 

used f o r  t h i s  purpose Fach code requi res  considerable experie-nce t o  

obta in  b e s t  resu l t s  f o r  a given probl-em and thus no comparison of tne  

codes i s  made here .  

This w i l l  a l loF:  

Digital. 

5 . 2  Heal; Sources 

The cask surface temperature under normal operat ing condi t ions i s  

dependent upon the heat  which the  cask must d i s s i p a t e  t o  the  environment. 

The heat  sterns fi-om two sources; namely, t he  decay heat  load caused by 

radioact ive decay o f  i-sotopes wi th in  the n a t e r i a l  being shipped, and the 

s o l a r  heat  load which r e s u l t s  from t,he impingement o f  s o l a r  radia.t ion on 

the  surface o f  the  cask.  Both sources change with 'time, 'out va r i a t ions  

i n  the decay heat  load.  i s  genera l ly  in s ign i f i can t  during shipment. 
heat i s  usua l ly  t h e  ma jo r  por t ion  of  t he  total heat. Load that, must b e  

diss ipa ted .  

Decay 



The cont r ibu t ion  o f  s o l a r  rad.iation t o  t h e  t o t a l  cask load r a r e l y  

exceeds 15% of the  e n t i r e  amount o f  heat t h a t  t he  cask must r e j e c t .  

s o l a r  hea t  load depends on the pro jec ted  sur face  a rea  of  the cask, the  

condi t ion of the cask su r face ,  the season o f  t he  year,  the hour of  the 

dag, and o ther  €ac to r s  enumerated i n  S e c t ,  5.2.2. 

The 

5.2 . I  Decay Heat Load 

The amount o f  decay hea t  generated by a spent, h e 1  element i s  de- 

pendent on the  time the  fuel element spends j n  t h e  r eac to r  ( i r r a d i a t i o n  

t i n e ) ,  t h e  number of  fissions occurr ing per unit, time i n  t he  element and 

the  time an element has t o  decay before  it, is  shipped (cool ing t i n e ) .  

A fftypicalff  t h e r m 1  power r eac to r  f u e l  element, wi th  a cooling time o f  

121) days would be expected t o  generate  hea t  a t  a r a t e  of from 2 t o  7 kw. 

One of  t h e  m o s t  recent  c a l c u l a t i o n a l  t o o l s  recommended f o r  de t e r -  

mining decay heat  i s  a code developed a t  Oak Ridge National Taboratory' 

i n  which experimental d a t ; ~ ~ , ' ? ~  has been used t o  cover a wide range of 

cooling per iods .  

i r r a d i a t i o n  t i n e ,  and cool ing time as input  va-riables a 

representa t ion  o f  the decay hea t  source t h a t  was constructed by use o f  
t he  code i s  presented i n  F i g .  i1 .1 .  

r ep lo t t ed  such t h a t  t h e  e f f e c t  o f  burnup and s p e c i f i c  power on t he  decay 

heat, carl be seen. 

s.? were based on the decay of  f i s s i o n  products r e s u l t i n g  from the +,her- 

m a l  f i s s i o n  o f  238TJ. F i s s ion  product y i e l d s  vazy with neutron enqrgies 

and the  f i s s ionab le  isotopes;  10~z1.~ '2: ,Lc3 however, t he  da ta  for a3aU can 

be used f o r  t h e  therlral  f i s s i o n  of' 239Pu and the f a s t  f i s s j o n  of 235U 

The code u t i l i z e s  t h e  fission r a t e  (opera t ing  power), 

A parametric 

2 Figure 5.3 presen t s  the same data  

The data  used i n  the cons t ruc t ion  of  Figs a 5 . I  and 

with l i t t l e  e r r o r  i n  the calculati-on of  decay h e a t ,  and 2s3'>pU 

Figures 5 . I  and 4' .2 may be used t o  determine Q 

generat ion r a t e ,  of  an average f u e l  element by determining the  informa- 

t i o n  given i n  L i s t  l .  Items ha and 4b m y  be used t o  ca l cu la t e  Item 3. 

t he  decay heat  d' 

List, 1 

1 .  Reactor opera t ing  power i n  megawatts 

2 .  Cooling time i n  days 
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1 1 2  

3 . Iieactor opei-a.ting times days 

b) Reactor fuel. loading, kg 

Example : If a reac tor  had tile f o l l o w i  ne design c h a r a c t e r i s t i c s ,  

dc+ermine ihe decay heat of one average f u e l  assembly that has Leer: a l -  

l05Jed t o  COO] for 120 d43.JTS. 

Rea.ctoi- fuel loading 4350 Kg 

Opera-Ling power o f  o m  
reac Lo I' 100,000 Kw 

Number of f u e l  assernbl i es 20 

Specif ic  power = 

Applying this data t o  F i g .  5.2, ob ta in  a value of  6 .5  x IO-" 

f o r  the  m.I;%o o f  decay heaL/operat:ng power. 

entered. fi-om ei- ther  the ol-dinate or abscissa. ) 
(Note F i g .  5 . 2  could be 

Assinning tha'c the operat ing power o f  one average fuel a s s m b l y  i s  

- 5000 kx/assmbly, t he  decay heat  may then be computed by 1 00,000 ki*r -_I._ 
70 a s s e d d i e s  

Qd = (5000 kw-/assembly)(6.5 x IO-") 3.25 kv,'assembly 

5 .2 .2 ~ O L ~ L ;  ~ e a i  Load 

The rate at, which the  eal-th in-tercep'is s o l a r  energy- on a surface 

noi-rflal t o  the sun's i-ays at a poin t  ahme -the ea r th ' s  atmosphere i s  

j.dc2 Btu/hr--ft2, o r  10,600 Stu/ft"-da.y-; t h i s  value,  known as the s o l a r  
constant ,  increases  (decieeascs) 3 .5% in Oecenber (June). The a m m t  o f  

s o l a r  rad ia t ion  received a t  a po in t  on t h e  surface o f  tile eartli 011 a 

c l e a r  d.ay hiheil t h e  sun i s  at, t h e  zeni th  va r i e s ;  but  70% o f  the so1a.i. 

constant  value genera l ly  i s  considered s u f f i c i e n t l y  accura te  f o r  engi- 

neering pu .q~oses .  



Total s o l a r  radiat , ion i s  rmde up of both d i r e c t  radiation from the 

sari arid diffuse or s c a t t e r e d  s o l a r  radj-ation; Lhis iat t,er cont r ibu t ion  

i s  m a l l  and can be neglected when considex-ing maximum daytime heat ing 

rates . 
Values o f  t h e  solar hea t  load  can be ca lcu la t ed  for. each sur face  o f  

-the cask and the sum of these  values yields the total s o l a r  heat load 

which i s  then n o r r m l l ~  added t o  the  decay heat load t o  es t imate  the heat  

which must be r e j e c t e d  by the cask. 

Exact values a s  a func t ion  of l a t i t u d e ,  time of  day, time of year, 

tilt; o f  t h e  sur face ,  e t c .  can be ca l cu la t ed  by referring t o  s tandard 

heat  t r a n s f e r  texts,'" 3 1 6  bu t  a quick e s t i m t i o n  of imwr~y solar heat ing 

rates on clear simer days on vayiously ori-erited surfaces"' may be lrYzde 

by r e f e r r i n g  t o  F ig .  5 .3 .  

17. t"?. Solar time June 21 p. m. 

Fig .  5 .3 ,  Incident  Solar  Energy on Clear Days, Latitude 42"N. 

The curves marked N, Vert ., S. Vert . ,  and E ,  Vert,. indicate t,he 

b t a l  a m m t  of solar plus s c a t t e r e d  r ad ia t ion  received by v e r t i c a l  sur- 

faces facing north,  south,  and e a s t ,  respectivelj-j. The s o l a r  energy 

received by a v e r t i c a l  w e s t  wall may be considered as t he  mi r ro r  image 

o f  that, given i'ar E .  Vert. ro t a t ed  around the 12:OO noon l i n e .  T h e  
curves marked horizontal.. and normal indieaLe the solar  energy received 
by a horizontal sur face  arid a sur face  that is always noma1 t o  t he  siv1's 

1-ays . 



A l l  curves,  except t h a t  one refzri-ing t o  t h e  norma.1 surface,  include 

the  cont r ibu t ion  of  d-i-ffuse i-adiatrion -to t he  t o t a l  heat  load;  -the d i f fuse  

radiat,j.on for a horimn.Lal surface i s  separa te ly  noted i n  Fig. 5.3 .  

Figure 5 . h  gives the  r e l a t i v e  t o t a l  d a i l y  r ad ia t ion  inc ident  on a 

hor izonta l  or south-facing v e r t i c a l  surface as a funct ion of 1.atiI;ude .I7 

Mulkiplication o f  the appropr ia te  values from Fig. 5.4 by the  34-hour 

solar  constant, (10,600 Btu//ft2 day) and the l o c a l  mass transmittance o f  

the  ear th ' s  atmosphere ( -  0 . 7 )  gives the  d a i l y  incidence on a ver - t i ca l  o r  

hol-izontal sur face .  Sea-t-terecl r ad ia t ion  i s  not  included,  

T'o determine the hea t  load a f f ec t ing  a given su?-face9 t h e  inc ident  
heating value,  Qsi, given in Fig .  5 . 3  must, be miiltipli ed by t h e  absorp- 

t i v i t y  (emissivity ) , a s o l a r  ' o f  that, surface;  i . e . ,  Qs = Qsi ( u  solar). 

Values of  CL are given i n  Table 5.2. 

0.4 

6.3 

0.2 

0. I 

0 
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F i g ,  5.4. Relat ive Total Daily Solar  IEidiation Incident  011 a 
1io;izontal. o r  South Facing Veriical  Surface as a F'unction of' Lat i tude .  

Note t h a t ,  f o r  most polished metals, t he  emissivi ty  ( abso rp t iv i ty )  

o f  t h e  sur face  i s  higher  when exposed t o  s o l a r  rad.:i.ation than when ex- 

posed t o  lower temperatures o r  longer wavelength rad-iat ion.  There are 

pa in t s  that, mag be applied t o  such siirfaces t o  reverse -the s i tuat , ion.  

White zinc oxide p a i n t  has a low value of  emissivi ty  a t  solar. waxre- 

lengths  (0.18), but a.L 100°F the  emissi-vity i s  high (0.95). 

i.deal s i t u a t i o n  s ince a sui-face fi-eshly painted w i t h  zinc oxide pa in t  
This is t h e  



Table 5.2 I Emissivities of  Vari.ous Nater5al.s 

'l'enperature 
a Mat e r i a  1 1OC 'Fa Solar. 

Metals 

A l u m i n u m  

Polished 

Oxidized 

24-ST weathered 

An0 d i  zed ( a t  1 00 "F ) 

Chromium 

Polished 

Iron 

Po li she d 

Cast, oxidized. 

Galvanized, new 
Galvanized, d i r t y  

S tee l  p l a t e ,  rough 

Stainless steel 

18-8, pol ished 

1 8-8, weathered 

Pa in ts  

0 .GL; 

0 , l l  

0 *4 
0.94 

0 ,08 

0 "06 

Q .63 
0.23 

0 -28 

0.34 

0;15 

0 . 8 5  

.26 

0 .I49 

Allminized lacquer  

Cream p a i n t s  

Lacquer black 

Lampblack paint 

Red paint, 

Y e l l o w  pa-int 
Oil paints (all c o l o r s )  
White ( k o )  

Y 

9.65 
0 .9.5 

0.36 

0 *96 0.97 

0.96 0.74 
0 35 0.30 

0.94 
0 0.18 

- _  - 
a 

See refs. 1 k and 15. 
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would absorb l i t t l e  s o l a r  rad ia t ion ,  y e t  would have a high emiss iv i ty  

a t  lower operat ing terflperatures . 

5.3 b t e r n a l  Heat 'Transfer 

The analy- t ica l  proceduues described below were developed t o  analyze 

heat t r ans fe r r ed  from the ex te rna l  surface of a cy l ind r i ca l  cask and t o  
accoun-t for varia-Lions i:n -bile cask geomet:,y (i. . e . ,  'the cask may be 

ei-ther finned or unfinned, and be posi t ioned v e y t i c a l l y  o r  hor izonta l ly)  . 
It i s  assumed t h a t  t he  contai-iier i s  r e s t ing  on i t s  shipping skid and i s  
surrounded by e s s e n t i a l l y  stagnan-t ai.r. 

cask surfaces  by radiat,i.on and by m t u r a l  convection t o  the  environment* 

A t  cask surface and ambient ari I- temperatiires norxnal.ly encountered, both 

the  amount o f  heat  t r ans fe r r ed  by convection and rad ia t ion  a r e  s i g n i f i -  

cant  and nei-ther can be neglected.  

Heal; i s  ti:ansferred from the  

The surface a rea  (of a t y p i c a l  cyl.indrica1 cask)  -that, i s  available 

f o r  r e j ec t ing  i t s  heat, load i s  na t  e a s i l y  def ined.  

t h e  Lotal  sur face  ai-ea cons i s t s  of the  cyl indrical .  si-des of the  cask 

which w i l l  not  be imiforinly e f f ec t ive  i n  t r ans fe r r ing  heat, because a 

por t ion  o f  t,he surface may be e i t h e r  i n  contact  w i - L h ,  o r  facing,  a s o l i d  

surface (.tihe vehic le  deck) of indetermtnate temperature and surface 

emissivi ty .  

shipped with its major axis or ien ted  horizontal-ly , 

o f  t h e  cask are neglected when conside t5ng external.  heat  t r a n s f e r  a l -  

though under some circumstances they could r e j e c t  a s i g n i f i c a n t  f r a c t i o n  

of the heat  load .  

The major poi-tion o f  

This i s  p a r t i c u l a r l y  t r u e  when the  cask is designed. t o  be 

Occasionally the ends 

-4 finned surface on a cask i s  qu i t e  coiniion, p a r t i c u l a r l y  f o r  casks 
designed for l a rge  heat  loads .  

t i a l  or longi tudina l  depending on t h e  expected o r i en ta t ion  of the cask 

during shipping. 

The f i n s  a r e  designed e i t h e r  c i r c d e r e n -  

5.3.1 Heat, Removal f r o m  a Cask Surface 

The bas ic  equation thai, descr ibes  convection and rad ia t ion  from the 
cask surface i s  



where 

Qr = t o t a l  heat  t ransfer red ,  BtU/hr 

h = t he  convective heat t r a n s f e r  coe f f i c i en t ,  Btu/'hr-ft'- "F c 

A = t h e  e f f ec t ive  convective sur face  area, f t "  c 

A = the  e f f ec t ive  r ad ia t ive  surface a rea ,  f t "  r 

T = t he  cask surface temperatwe, O F  
S 

Ta = t he  ambient temperature, "F 

- 
FlZ = t he  gray-body shape f a c t o r  

This equation, which assumes a uniform cask sur face  temperature, 
cannot e a s i l y  be expressed parametr ical ly  i n  graphical  form owing t o  the  

difference i n  A arid Ar .  If t h e  cask i s  unfirmed, howevel., A = A = A 

and Eq 
c C r 

(5 .I ) can be s impl i f ied  t o  

Q I= h . A  (Ts - Ta) T t  

where h accounts f o r  both convection and r ad ia t ion .  t 

The f o l l o w i n g  stepwise procedures, which t r e a t  t he  imfinned and 

finned types of shipping container ,  a r e  recorrmended f o r  ca lcu la t ing  -the 

heat  r e j e c t e d  from t he  cask surface t o  the eilvironment wider normal con- 
d i t i o n s .  

Analysis of" an Unfinned Cask. - If t h e  .total heat  load of an unfimled 

c y l i n d r i c a l  cask i s  known, determination o f  t he  e x t e r n a l  surface tempera- 

t u r e ,  T s ,  involves a t r ia l -and-er ror  so lu t ion  of Q. (5.1 ) lefith QT = Q, + 
Qs (Qd is  t h e  decay heat and Q 
as follows: 

- 
t h e  s o l a r  heat load). The procedu.re i s  

9 
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1 .  Compute the Heat Transfer -- Area. - If w e  neglect  t he  ends of - 
an unfinned cask, the areas availab1.e f o r  the r e j e c t i o n  of heat  by 

convection and radiaLion a r e  equal and a r e  given by: 

A = A  - A = n D I , .  (5.3) 
C r 0 

Ts - 2 .  Assume a Cask Surface Temperature, 

3 .  Determine the Heat Transfer Coeff ic ien t .  - McAdarn.sJo recommends 

._.-_- 

I__ 

the  s implif ied dimensional equation ( f o r  cy l inders  o r  plane surfaces  i n  

a i r  under. tu rbulen t  condi t ions)  , 

hc = C; (Ts - Ta)S/3 (5.4) 

where C 

0.18 f o r  hor izonta l  cy l inders ,  0 . 2 2  f o r  heated pl.ates fac ing  up. 

value o f  hc c a l w l a t e d  by Q .  (5.4) can be used under laminar flow con- 

d i t i ons  with only a slight,  loss of accuracy. 

i s  assigned t he  value o f  0 . I  9 f o r  v e r t i c a l  planes and cyl inders ,  

The 

It i s  convenient t o  determine an equivalent rad ian t  hea t - t r ans fe r  

coe f f i c i en t  so t h a t  a t o t a l  hea t - t ransfer  coeff ic i -ent  my be computed as 

follows : 

ht = h + hr . 
C 

The heat t r ans fe r r ed  by rad ia t ion  can be expressed by t h e  equatrinn: 

Q = h,A ( T  - 
S 

(5, .5> 

then by s e t t i n g  Eq.  (5 .6)  equal t o  t h e  second term on ihe  r i g h t  s ide o f  

Q, (5.1 ), the e f f e c t i v e  rad ian t  hea t - t ransfer  coeff ic ient ,  may be calcu- 
l a t e d  by : 

If t h e  surroundings are la rge  compared t o  the cask then p12 m a y  be 

approximated by E ,  the  emissivi ty  o f  the cask sur face .  After subs t i t u t ing  



E f o r  F,,, the so lu t ions  t o  Eq.  (5J) and Eq. (5.h) a r e  p l o t t e d  i n  

F i g .  (5.5) as a fimctioii o f  ( T  - Ta) = AT. 
S 

k .  Find t h e  Surface Emissivi ty .  The proper va lue  o f  E my be 

se l ec t ed  from Table 5 . 2 .  

5. Solve mua t ion  (5.2). Se lec t  a T t o  determine AT and with S 

the  G determined above f i n d  h and h from F i g .  5.5. Add these  co- c r 
e f f i c i e n t s  as i n  Eq. (5.5) and evaluate  Eq.  (5.2) using t he  assumed 

AT. t 
must be repeated assuming a d i f f e r e n t  value f o r  T S . 

If Q thus  determined does not equal Qd f Q s ,  Steps 3 through 5 

20 IOU 200 300 

AT, T 

F i g ,  5 -5. Convective arid Iiadiative Heat, Transfer Coeff ic iea ts  as 
a Function o f  A'I' when Ta, .:= 13!)"F. 



Analysis of a Finned Cask. - For firmed casks,  tile procediire t o  be 

used for t h e  p red ic t ion  o f  t h e  cask surface tempei-ature i s  more involved,  

The recornrilended t r i a l - and-e r ro r  procedure is as fol lows : 

1 .  Compute the  Beat Transfer  Area. The area f o r  convection does 

not equal. t h e  a rea  f o r  r ad ia t ion  i n  the case o f  firmed casks ,  For the  

cask sliowii i n  Fig e 5.6 

T 
-I 

F i g .  5 .G .  Longitudinal ly  Finned Cask Oriented Ver t i ca l ly .  

A = (irDo - n y o )  L + qnf ( 2 G T J 1 )  , 
C 

where 

D = cask o u t e r  diameter,  ft; 
0 

11 = number of fins f 

= f i n  thickness ,  ft 
YO 

L = cask l e n g t h ,  Et, 

q = f i n  e f f i c i ency  (see Step 5) 

8 = f i n  he ight ,  ft 

L f  :I f i n  length,  ft 
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For. a cask with circunlferent ia l  fins of  rectangular p r o f i l e  o r i en ted  

ho r i zon ta l ly  ( see  Fig. 5 . 7 ;  

where 

= f i n  e f f i c i e n c y  for- circunfererxtiai f i n s .  -1 c 

The m d i a t i o n  heat t r a n s f e r  a r e a  o f  the f.i.med cask is  taken as the 

! ' s t r ingr f  a r e a  o f  the cask; t h i s  i s  t h e  a rea  o f  the t o t a l  cask envelope, 

and i r respect ive o f  the type o f  f i n  can be calcul.ated by: 

6.67-11702 RI 

E L  

F i g .  .'/ . Circi-mferent ia l ly  Finned Cask Oriented Hmizonta l ly .  

3 .  Determine the  Effect ive Emissivi ty .  Since,  for finned casks, 

the s-ides are considered catrity-type r a d i a t o r s ,  l9 

where 

F, i s  the  su r face  emiss iv i ty  o f  t h e  cask shell and f i n s ,  r 

s i s  the  average face- to-face d is tance  between f i n s  and S is  
def ined as:  
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Typical values  f o r  E a r e  given i n  Table 5 . 2 .  r 

3 ,  Assume a Cask Surface Temperature, ITs. 

4. Determine t h e  Convection iieat Transfer  Coeff ic ien t .  Use F i g ,  5.5. 

5. Calculate t he  F in  Efr ic iency - as Indicated i n  Step 5 f o r  Unfinned _I_ 

Casks. The useful  heal; t ransfer  a rea  i s  dependent on tiie f i n  e f f ic iency  

7, which i n  turn depends on t h e  convection heat t r a m f e r  c o e f f i c i e n t .  

Figure 5.8 i s  based on tiie following two equations from Jacob"" f o r  longi- 

t ud ina l  f i n s  and can be used f o r  any mater ia l s  of  constructi-on: 

tanh(  b )  
r l =  b 

Where : 

and k i s  the  thermal conduct ivi ty  o f  the f ins .  

O R N L  D W G  67-9783R2 

.......... 'i- 
...... t -  

FIN PARAMETER, b 

ii'lpg. 5 . d .  Fin Efficiency far S t r a i g h i  F i n s  o f  Rectangular Cross 
Seciion vs Fin Paramcter. 



Figure 5.9 can be used bo detern ine  q f o r  s t a i n l e s s  s t e e l  fins by 

f i rs t  ca l cu la t ing  b/C and by knowing 8, computing b. 

Eq.  (5 . I  2 

Substktut ing II i n  

(o r  u t i l i z i n g  Fig. 5.8) will y i e l d  a value f o r  q . 
If c i r c imfe ren t i a s  fins o f  rectangular  p r o f i l e  a r e  used, a correc-  

t i o n  fact>or,  A q J  must be added t o  Eq. (5.1L~) (see  Fig. s . l O > ;  that, is, 

Afte r  11 and/or '1 has been determined the  ca l cu la t ions  can be com- 
I: 

p le t ed  s ince  the convection and r ad ia t ion  heat t r a n s f e r  a r eas  a r e  com- 

0 1/16 3/16 1/4 5/16 7/16 1/2 

Fig. 5 .Y. Graph of (Fin Parameter/Fin Length) f o r  Loy- i tud ina l  
F ins  of Rectangular Profile, 304 S t a i n l e s s  Yteel. 

6.  Solve EQ. (5.6). If t h e  value obtained by so lu t ion  of E&. (5.1) 

does not  equal Qd + Qs, a new sur face  temperature must be chosen and 

Steps 3 through 6 repeated u n t i l  QT = Qd t Qs. 

Example using Heat Transfer  Equations. Assume it i s  required t o  - 
determine a value f o r  the sur face  temperature o f  a c i r cumfe ren t i a l ly  



finned cask which i s  t ransported hori zonta l ly .  

t m n s p o r t  two f u e l  elements from a r eac to r  whose character i  s t i c s  are 

described i n  the  example of  Sect. 5.2 .I, 

lowing; charac te r j  s t i c s :  

The cask i s  designed t o  

Suppose t h e  cask has the  f o l -  

Material. of construct ion (ou te r  s h e l l  and f i n s )  ... 304 SS 
Outside diameter of  cask, Do ...................... 3 ft, 

Radius from cask center  t o  t i p  of f i n ,  r ......... 1 .75 ft, L 

RadLiis from cask center  t o  base of f i n ,  r . . . . . . . .  1 .SO ft, 
0 

Cask length,  L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  9 f t  

Number o f  f i n s  , nf ................................ 5l.i. 

Fin length,  -8 ..................................... 0.25 f t  ( 3  i n , )  

Fin thickness ,  y; ................................. 0.0208 f t  
(.25 i n . )  

( 2  i n . )  
Approximate f i n  spacing (center  t o  cen te r )  ........ 0.16'7 f t  

Fin width, I.,' ..................................... 9 fl; 

ORNL DWG 67-9785 R I  

F' a 
.... 
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'L 

Fig .  5.10. 
Rectangular P r o f i l e .  

Reduction Term Aq f o r  Circumferential  Fins o f  
qc = TI - AT 



F i r s t  t h e  heat  load ,  Qd + Qs, should be ca l cu la t ed .  From the  ex- 

ample i n  Sect,. 5.2.1 f o r  f u e l  cooled 120 days, Qd = ( 2  assemblies) 

(3 .25 kw/assembly) = 6,50 kw. 

The s o l a r  hea t  load, Q v a r i e s  wi th  the  season, the l a t i t u d e ,  t,he 

weather, e t c .  Assuming t h e  cask w i l l  be t ranspor ted  a t  a l a t i t u d e  o f  
42" during the  summer s o l s t i c e ,  an average hea t  load can be ca l cu la t ed .  

S' 

Because o f  t h e  cyc l i c  nature  o f  t he  s o l a r  hea t  load and t h e  l a rge  

t h e r m 1  capac i ty  of spent f u e l  shipping casks,  it seems reasonable t o  
average t h e  t o t a l  load over 24 h r .  

In t eg ra t ing  the  curve denoted as " n o m l "  i n  Fig. 5 . 2  gives  
31~1~5 Btu/ft"-day; t h i s  equals 1kk Btu/ft"-hr o r  42 wat,ts/ft" o f  pro- 

j ec t ed  cask su r face .  

(3  f t )  (0.042 kw/ f t2 )  = 1 .I kw. 
The t o t a l  s o l a r  hea t  load i s  therefore  (' ft,) 

Proceeding step-by-step as previously ind ica ted  f o r  a finned cask, 

1 .  From Eq. (5.93, 

2 ,  Determine t h e  ePfect ive emiss iv i ty  using Bq. (5.11 ) 

s = 2 - .25 = 1 .'ys sq i n . / i n .  

s I 1 .'75 
7.72 5 - = 0.226 

A Tjalue f o r  F, 

a b l e  r e fe rence .  For p a r t i a l l y  weathered s t a i n l e s s  s t e e l :  

may be obtained from Table 5.2 o r  other  s u i t -  r 
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Thus, 

1 

r 
- - I  - 1  
E 

And f r o m  Eq. (5.11) 

= 0.814 1 
1 + 0.223 E =  

3 .  Assume T = 200°F. 
S 

4. Since Ta = 130°E’, A T  = 70°F arid from Fig. 5.5. 

h 7 0.781 
C 

5, From Fig. 5.9, f o r  yo = l / k  i n .  and hc = 0.781 , 

- -  - 2.8 ft-’ 
8 

hence 

b = 2.8 (0.25) = 0,700 

Using Fig. 5.8 f o r  b = 0.700 

r] = 0.87 

From t h e  cask geonietry 

From Fig. 5.10 f o r  q = 0.87 and ro/rl = 0.85’1, 

A q  = -0.007 

Making the  cor rec t ion  for c i rcumferent ia l  f i n s ,  



= 74.3 i 276 (0.863) -- 312 .s ft" 

6.  From E q .  (5.11, the  so lu t ion  f o r  Q y i e l d s :  T 

Since Q = Qd + Qs, = 6.50 + 1 . I  = 7.6 kw, the  cask sur face  

temperature i s  s l i g h t l y  lower than the  200°F value a s s w e d .  

By repeat ing Steps 3 through 6 a temperature o f  199°F i s  
found t o  d i s s i p a t e  t h e  r e q u i s i t e  amount o f  hea t .  

5 ,b. I n t e r n a l  Heat Transfer  

Present  regula t ions  do not place a l i m i t  on t h e  m x i m u m  temperature 

of a spent f u e l  element. What they do requi re  i s  t h a t  under normal con- 

d i t i o n s  o f  t r anspor t  no r a d i o a c t i w  ma te r i a l  w i l l  be released from t h e  

containment ves se l ;  and wider t he  hypothe t ica l  acc ident  condi t ions some 

a c t i v i t y  r e l ease ,  up t o  spec i f i ed  l i m i t s ,  may be toleyated.  

therefore ,  prudent t o  keep f u e l  element temperatures as low as poss ib le  

and, i f  coolant  i s  l o s t ,  below temperatures which a r e  capable of causing 

cladding f a i l u r e .  

It is, 

The i n t e r n a l  hea t  t r a n s f e r  ana lys i s  involves considerat,ion of t h e  

t r a n s f e r  o f  the  decay heat  generated i n  t h e  l u e l  elements-, through t h e  

f u e l  cladding, t h e  primary coolant  region, t h e  cask inne r  s h e l l ,  the  

b i o l o g i c a l  s h i e l d  region, and t h e  cask o u t e r  s h e l l .  

been given t o  t h e  heat  t r a n s f e r  ana lys i s  i n  t h e  usual ca8e involving 

water as a primary coolant  s ince  accident  condi t ions normally imply t h a t  

l i q u i d  coolants  have been replaced with air. 

No treatment has 

In some cases  it w i l l  be des i r ab le  t o  conta in  each f u e l  element i n  

i t s  own c a n i s t e r  although canned fuel elements o f t en  impose ecormrnic 

p e n a l t i e s .  Such a c a n i s t e r  becomes t h e  prirary line of containment ami 
-the cask ' s  main purpose i s  then to  s h i e l d  and tyans fe r  hea t ,  and provide 

a secondary l i n e  o f  containment. Thi.s system o f t e n  has the disadvantage 
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o f  increasing the  temperature d i f fe rence  f o r  t h e  heat, t h a t  m u s t  be 

t r ans fe r r ed ,  but -tie increased a b i l i t y  t o  contain t h e  f u e l  general ly  

o f f s e t s  t h i s .  Present ly  few cask designs employ t h i s  containment 

philosophy . 
This sec t ion  presents  temperature maps o f  one spec i f i c  cask cav i ty  

containing two f u e l  element designs under seve ra l  d i f f e r e n t  condi t ions.  

Its purpose i s  to  ind ica te  how t h e  temperature d i s t r i b u t i o n  changes as 

these  condi t ions a re  va r i ed .  

The fol-lowing information should provide a '!feel" f o r  maximum tern- 

pera tures  and ind ica t e  the  magnitude o f  temperature va r i a t ions  caused 

by charging var ious  parameters 

5.4.1 h a l . y t i c a l  Method. 
_-I__ 

This da ta  tras developed using t h e  heat t r a n s f e r  computer code THTC 

( I r / ) ,  which considers conductive, convective, and r ad ia t ive  heat  t r ans -  
f e r  simultaneously and determines s teady s t a t e  temperature d i s t r i b u t i o n s  

by a re laxa t ion  technique. 

For t h e  square 3 x 3 f u e l  assembly array s-Ludied t h e  syskrn parame- 

t e r s  which were used as input  t o  t h e  code a r e  summarized as follows: 

1 .  Number of  f u e l  p ins  per  assunbly 

2 .  P 
3.  Fuel  p i n  spacing (S ) 

Fuel p i n  diameter (P ) 

P 

4. Fuel  element assembly l inear.  heat generation r a t e  

5. Bske'L configurat ion 

6.  Wsket web thickness 

7 .  Mode of  basket attachment t o  cask inner  s h e l l  

The ove ra l l  geometry upon which the  nodal network i s  based i s  shown 

i n  F ig  - -5 . I  1 , and i s  defined as a 145" wedge with two adiaba t ic  boundaries. 

This system p e m i t s  simultaneous radi a t i v e ,  conductive, and convective 
coupling throughout t h e  cav i ty  and b io log ica l  s h i e l d .  

b i en t  condi t ions were assumed t o  be 130°F. 

Tne ex te rna l  am- 

An emiss iv i ty  and s o l a r  
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a b s o r p t i v i t y  equal t o  o .s respec t ive ly ,  were chosen f o r  the e x t e r i o r  cask 

sm-face 

--1 ~ ____..... __ ................-.-- 

Fig. 5.11 a Therrrnl Nodal Model Used as Basis for Loss of" 
Coolant Investigations . 

5.4.2 The Parametric Cases 

The bas i c  geometric model f o r  t h e  fxel assemblies i n  the cask caviliy 
c o n s i s t s  o f  a square a r m y -  of  rods o r  "ppins , ' I  A range OS pin  diameters 

and p in  spacings was der ived from a review of  the f u e l  assembly designs 

of ex i s t ing  and proposed power reactors ;  t hese  da ta  a r e  presented in 

Table 5.3. 

Table 5 .3-  Fuel Parameters i n  Typical Water Reactor Systems 

Q,, 
Reactor Pin Length, Diameter, .Spacing, Cross Sect ion Q,. BtU 

Ae t ive Pin Pin  Fuel Assembly 

i n .  x in. B t d h r  h r - f t  System Array f t  i n .  i n .  

Oyster 
Creek 7 x 7 12 0 "S7 0.738 5.27 x 5.27 12,620 1,OSQ 

Senn 3 x 9  3.07 0.534 0.7QS '7.36 x '7.36 3,OM 1 , (100 

Yankee 18 x 78 7.68 0.34 0.1.p2 8.6 8.6 33,405 I4,3S0 
SCE 15 x 1s 12 0 "2% 0.562 7 x 9  43,859 4,160 



The f i rs t  %aself case w a s  made considering the  following spec i f ic  

values  o f  the  parameters required by the  THTC code to determine each ind i -  

v idua l  p in  temperature i n  a i r  : 

Case 1 

1 ,  

I 

6 x 6 f u e l  p i n  array 

2. 1) = 0.55 i n .  

3 .  S = O.'[? i n .  

4. Q = 1000 Btu/iir-ft, o f  fuel assembly- 

5 .  

P 

P 

2 

3 x 3 basket  array 

6. Basket, web -thickness = 0.25 i n .  

7 .  Web welded Lo cask inner  s h e l l  

'The temperature d i - s t r ibu t ion  r e su l t i ng  from the ca lcu la t ion  i s  g i v e n  

i n  Fig. 5 . 1 2 .  

The temperature maps a r e  presented i n  F igs .  5.13 through 5 .I 6 .  
Variat ions were then made i n  parameters (4), ( h ) ,  arid (7) 

Figure 5 . I  f graphica l ly  presents  the  temperatwe d i s t r i b u t j o n  as  a 

funct ion o f  cask rad ius  taken along the  absc issa  o f  F i g s ,  5.1?, 5.13, 
5 .1 ,~  and 5.16. 
row o f  adjacent  fuel. pj-ns. 

A s  might be expected, t he  in s ide  web i s  cooler  than e i t h e r  

A second bass  case w a s  inves t iga ted  i n  which the  n u h e r  of f u e l  p i n s  

was increased from 36 t o  144. Per t inent  da ta  of t h e  f u e l  element i s  given 

below : 

Case 2 

1 .  12 x 12 fuel. p in  array- 

2 .  Il = 0.20 i n .  

3. S =O. icOin .  

4. Q2 = 1000 Btu/hr-ft. 

5. 

6 .  Basket web thickness = 0.25 i n  

7 .  Web not  welded Lo inner s h e l l  

P 

P 

3 x 3 basket, array 



n A 

Fig .  5.1%. T e n p m t w e  Dis t r ibu t ion  IJnder Condi t ions  ~f Case 1 , 

+--- 
Fig .  5.13. Temperature Dis t r ibu t ion  IJnder Conditions of Case 2 a 
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f- 

F i g .  5.114. Temperature Dis t r ibu t ion  Under Conditions oi Case 3 .  

CRHL h s .  68-iOSO4 STEEL 

A O R N L  DWG 68-10600 

Fig .  5.15. Temperature Distri’out,ion Under Conditions o f  Case !J I 
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n di 

Fig .  5 . I  6. Temperature Dls t r tbu t ion  Under Conditions of Case 5. 
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The l i n e a r  heai  source, Q2, w a s  changed t o  500 and 7500 Btu/hr-ft .  

Temperature maps of t h e  r e s u l t s  a r e  shown i n  F igs .  5.18, 5.19, and 5.20. 
The m a x i m u m  temperature picked from these  th ree  f igu res  i s  p l o t t e d  a s  a 

funct ion of l i n e a r  heat generation i n  F ig .  5 .21  and i s  compared t o  t he  

m a x i m u m  temperatures o f  the  6 x 6 f u e l  p in  array given i n  F igs .  5 . 1 2  

through 5.14. 

Results of the  Parametric Analysis 

Per t inent  conclusions which may be drawn from the data  a re :  

1 .  

2. 

3 .  

Ll. 

As the  hea t  generation r a t e  per  u n i t  lengtii increases ,  t h e  

m%aximum f u e l  element tempemtxre increases  t o  approx imte ly  

t h e  0.5 power ( see  F igs .  5 . 1 2  through 5.11.1 and 5.18 through 

5.20. 

Welding of  the  basket web t o  the cask sh ie ld  inner  l i n e r /  

inner  s h e l l  apparent ly  does not  s i g n i f i c a n t l y  a f f e c t  the  

maximum p in  temperatures with respect  t o  heat  transfer, 

(compare Figs. 5 . 1 2  and 5.15). 

Increasing the  basket web thickness  from l /4 i n .  t o  3/14 i n .  

results i n  a s i g n i f i c a n t  decrease i n  mxiiiium p i n  temperature 

(about 200°F f o r  t he  case analyzed; coinpare F i g s .  5 . I  2 and 

5.16). 

If Q2, t he  l i n e a r  heat, generat ion ra te  i s  constant ,  increas-  

ing t h e  number o f  fuel p ins  i n  the f u e l  assembly (keeping 

the  f u e l  assembly approxiniately the  same s i z e )  d3es not  

s i g n i f i c a n t l y  increase t h e  maxiinum p in  temperature. One o f  

t h e  reasons €or t h i s  i s  t h a t  as the  numbcr o f  p ins  pe r  f u e l  

asscmbly iacreases ,  t he  heat  source pa r  p in  decreases pro- 

po r t iona l ly .  

5.5 F i r e  .A.nalysis 

In the  ana lys i s  of t r ans i en t  hea t  t r a n s f e r  many methods exi-st, for 
obtaining approximate temperature d i s t r i b u t i o n s  through the  use of mathe- 

mat ical  mdels. These range from one dimensional models that, cannot 



ORNL G W G  63-10594 

W E B  

F i g .  5.1 8. Temperature Distr ibut ion Under Condi1;ions o f  Case 6. 

ORNL DWG 68-10597 

F i g .  5.1 9. Terripex'ature Distribii t ion Under Condit ions 

-WEB 

of Case 7. 



9ESOI-89 '3Ma 1NHO 



account f o ~  a change o f  phase (which my be read5.ly handled using f i n i t e  
d i f fe rence  so lu t ions )  t o  th ree  dimensional models that can account f o r  

melting for which soph i s t i ca t ed  computer codes have beer1 .urit , t ,en" The 
following paragraphs present  a b r i e f  overview o f  iiiethods which have 

yielded acceptable  r e s u l t s  i n  analyzing cask response t o  a (1,s hr f i r e .  

The f i r e  w i l l  affect , ,  1 )  the s t r eng th  o f  mater ia l s  of  cnns t rwt ion ,  
2 )  the  a b i l i t y  of t h e  cask t o  sh i e ld  the contents  during and ~f t P r '  t h e  

fire, 3)  t h e  cask s e a l ,  and L1.j t he  nzobility o f  t h e  activity in t h e  cask. 

Any ana lys i s  o f  the  cask involved in the spec i f i ed  f i r e  must aiin a t  

determining whether t h e  cask can maintain i t s  sh ie ld ing  and s e a l h g  charac- 

t e r i s t i c s .  Cer ta in ly  cr.itical.itjr nust a l s o  be considered, s ince  the f u e l  

o r  poison p l a t e s  could change position o r  form, bu t  i n  general. hfgh tem- 

pera tures  w i l l  not  c r ea t e  a c r i t i c a l i t y  probl.em. 

In attempting t o  assess t h e  damage tha t  a f i r e  i s  capable o f  i n f l i e t -  

The objecti-ve of  ing on a cask many techniques have a l l  been emrployed. 
inost o f  t hese  methods i s  t o  determine t h e  rJemprature p r o f i l e  thraugh the 

cask sh ie ld  as a func t ion  o f  time and t o  determine t h e  m a x i m u m  Yuel e l e -  

ment temperature and what por t ion  of t h e  sh i e ld ,  i f  any, mel ts .  

information my then be used, i n  p r i n c i p l e ,  t o  e s t b a t e ,  I )  ko th  thermal 

and mechanical s t r e s s e s  induced i n  the  o u t e r  and inner  shell, 3 )  t h e  

a b i l i t y  o f  t h e  cask s e a l  t o  be maintained, and 3)  the  amolmt of  f i s i o n  

products which may escape from the fuel. to the primary coolan t .  

This 

The techniques of ana lys i s  will be somewhat a f f e c t e d  by the pecu- 

l i a r i t i e s  o f  t h e  cask t o  be analyzed. In  seve ra l  cases  when uni r rad ia ted  

rraterial w a s  t o  be t ranspor ted  in an insu la t ed  conta iner ,  and the process 

may be considered one dimensional, graphical. methods were employed t o  

c a l c u l a t e  t he  temperature p r o f i l e  through t h e  cask as a €unction o f  kine.  

These methods o f t e n  a r e  relatiTJely quick and easy, and the accuracy i s  
genera l ly  good. 

reader  i s  r e f e r r e d  t o  rePs.  11.k and 18,  
For a complete desc r ip t ion  of  the  theory and method, t h e  
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5.5 .I Graphical Me.thod - 
The graphical  technique discussed here known as t h e  Schmidt method 

i s  r e l a t i v e l y  simple even when the  boundary condi Lions become complicated, 

bu t  i s  l imi ted  to temperatures below ihe  melting point, o f  t h e  cask mate- 
r ia l s .  

The unsteady sta1,e equation, which appl ies  t o  hea t  conduction i.n a 

thick-wal.led cy l inder ,  i s  

where ?' i s  temperature, e i s  t i m e ,  a i s  -tile thermal d i f fus iv i ty ,  and r i-s 

the radius  I 'Phis equation may be transformed inLo the f i n i t e  d i f fe rence  

Eq. (5.16). 

(5.16) 

'Yo use Eq. 5.16, t h e  walls o f  the  cy l inder  must be subdivided i n t o  con- 

cen t r i c  cyl inders  of constant thickness  ( A r ) ,  and i t  i s  the temperature 

a t  t he  planes between these i n t e r v a l s  t h a t  i s  determined as a fimction 

o f  t ime. 

In  E q .  (5.16) the  superscr ip ts  i nd ica t e  t h e  number o f  time incre-  

ments (Agls) t h a t  have elapsed, Llie subscr ip ts  -to t he  pos i t i on  through 

the  cylinder wall, and A r  . 
A r l  = -- r 

Assuming the  thermal diffusiv i t y  o f  t he  system remains conslalit over 

the  temperature range o f  interest ,  and i f  A0 or rAq i s  chosen such t h a t  

then FQ (5 .I 6) would become 



%.rhich kdkcates  that t h e  temperature a t  pos i t to i l  zi a t  %ime incrsrnmt 
i- 1 is ecp~d. t o  t he  a r i t hme t i c  mean o f  t h e  temperatuse a t  p o s i t i o n  I 

n i 1 and n - 1 measured at time increment t, and i n p l i e s  tmiiperatare 

at %fly po in t  changes at, a l t e r n a t e  t ime iiitemals . 
permits a stepwise ca lcda t ion  of terperature as a f imct ion of t i m e  and 

temp ra t u re  hi a t o  ry 

This, t h e m f o r e ,  

Example 

A conta iner ,  designed t o  tmnspo rt uslirradxated f i s s i l e  mater ia l ,  

was b u i l t  by inserting Foarnglas” i n s u l a t i o n  into a. 3ri-gal drwi. 

f i r e  t e s t e d  by inserting it i n t o  an oven preheated t o  1725°F and both 

i n s i d e  and ou t s ide  surface Lemperat,ures were measiired as a f ixict lor i  of  
t i m e .  ‘‘ 
hour . 

It was 

The container was removed from the  furnace a t  t he  end o f  on2 

The temperature o f  the inner siirface w a s  ca l cu la t ed  by the SchnidL 

rrethod using the measured outer surface temperature as input data and 

.~issuming there were rro end e f f e c t s  (a  non conservat ive but  reasonable 

assumption).  A drawing o f  the container is shorn in F i g .  5 . 2 2  I 

Pi t t sburgh  Coming Company 

ORNL DWG.68-872 R l  

STEEL INNER 

STEEL O U T E R  

F ig  jl 5 . 2 2 .  Y-12 Foamglas Insulated Shipping Container.  



The insu la t ion  was divided up in to  six 1 - in . - thick cyl inders;  Aq, 
ca lcu la ted  f o r  each cylinder (see Table 5 .b),  was irsed to graphica l ly  

determine t h e  temperature as a funct ion of time (see Fig. 23). 

Table 5.14 Deternlination o f  a-1 

A r  Aq = - r 
1 5 6 2 f -2 Id 0.182 

Radius ,P ( i n .  ) .-I- -_._- 
Seg. No. Inner Outer Mean 

_p 

2 6 7 6.5 0.154 
3 ' I  8 '7 .I; 0.134 

5 9 IO 9.5 0.105 

14 8 3 8.5 0.118 

6 10 11 10.5 0.095 

The thermal d i f f u s i v i t y  (a )  o f  Foamglas a t  room temperature i s  

given as 0.01 75 f t 2 / h r .  

t he  f i r e  i s  i n  the range o f  1.$IO0F and .til:: thermal conduct ivi ty  i s  known 

t o  increase appreciably with temperature e For these  reasons rrarr w a s  
assumed to  be 0.0278 f t " /hr .  

i n  @. (5.20) gives a convenient value f o r  AO. 

The average temperature o f  -the insulati .on during 

This number seems reasonable and when used. 

That i s  : 

A0 = (rAq)"/2a = [1/12]'/[ (2)(0.02'?8)] 

= 0.125 h r  = . 7 . j  nlin . 
Equation (5.1 8 )  i s  solved graphica l ly  i n  Pig I I  5.23, 

The ca lcu la ted  value o f  t h e  inner  sur face  temperature as a funct ion 

of time i s  compared with the  measured inner and ou te r  surface tempera- 

t u r e s  i n  Fie;. 5.24. 
ca lcu la ted  t,emnperature i s  about 60"~ bel-ow t h e  measured mi ilium. 

accuracy could have been obtained by decreasing the t h i - c h e s s  o f  the 

slabs ( A r )  thereby shortening A0 . 

Res111 t s  compare reasonable alt,kiough the  m a x i m u m  
Greater 



F i g .  5.23. Temperature Dis t r ibu t ion  Through the Annular Foamglas 
Insula-t ion . 

5 .5 .2 Analog Nethod 

Ari electrical analog network f o r  a thermal analysis o f  n lead 

shiel.ded cask under f i r e  conckl-tions has been reported by Bonilla and 
Strzlpczewskl. Their analysis can acco-mi; for fins a n  exbernal. f i . re  

shield, a f i r e  s h i e l d  s i t u a t e d  in s ide  the lead, and both  convection and 

radiat ion heat t ransfer  ai; the ou- t e r  surface, 
a l l o w  f o r  i n t e r n a l  (decay) heat generation nlkhough i.k m u l d  n0.t be 
difficult to add to the progrnrrl. 

23 

Their network does not 
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Fig 5 .24 .  Time-Temperature Curves of Lhe Foarng1.a.s Container. 

Their ana lys i s  of a lead-shielded MTR shipping cask produced some 

i n t e r e s t i n g ,  a l b e i t  no t  surpr i s ing ,  r e s u l t s  

shie1.d g r e a t l y  reduced. the  cask temperatures r e su l t i ng  from t h e  f i r e  

environment t o  t h e  poin t  t h a t  without a high wind ve loc i ty  present ,  very 

I.i.ttle l ead  melted a f t e r  ai1 kour's exposure; t h i s  compares t o  complete 

mel-Ling o f  t h e  lead a f t e r  1 4  min without Lhe shield. 

A n  ex te rna l  asbestos  f i r e  

The use o f  s t e e l  thermal sh ie lds  placed i n  the  sh ie ld ing  cavity 

w a s  also considered. Tn a f i r e ,  the lead between these  s t e e l  she1 . l~  

would melt and f low amy bhrough drainage holes provided i n  the  lower 

p a r t  o f  t he  cask. The resulting voids would provide a t h e r m 1  shield 



f o r  t h e  remaining po r t ion  o f  t he  l e a d .  

such gaps complete melting o f  the remaining lead took about 45 D3n. 

Resul ts  ind ica ted  t h a t  with four. 

5.5.3 Energy Balance Method - 
An empir ical  method o f  ca l cu la t ing  t h e  inner and ou te r  shell tm-npera- 

t u r e s  and the amunt of  lead  t h a t  melts i n  the spec i f i ed  30-min f i r e  has 

been proposed by TFJachteS1 and Ianghaar.z* The method, based on a heat  

balance deduced from both theory and experiment, i s  essentially a one- 

dimensional ana lys i s  bu t  does account f o r  melting i n  cask corners .  

Advantages i n  using t h i s  method a r e  several.. F i r s t ,  t h e  method. i s  

r e l a t i v e l y  quick and easy and does not  yequire a computer, 

t akes  i n t o  account t he  convection o f  molten lead;  that; i s ,  v e r t i c a l  tem- 

pera ture  grad ien ts ,  found i n  a c t u a l  f i r e  t e s t s  o f  l ead  shielded casks, 

a r e  ca l cu la t ed ,  

melted i s  recognized and considered. Ikperimental  results have shown 

during lead melting, the  molten po r t ion  i s  considerably h o t t e r  than 421 O F ,  

t he  melting temperature o f  l e a d .  

Second, it 

Third, superheat o f  molten l ead  before  a11 l ead  has 

Disadvantages a r e  t h a t  the  temperature gradfents  across  t h e  s h i e l d  

cannot be ca l cu la t ed  as a func t ion  of  time and fins are ignored so f a r  as 
hea t  t r a n s f e r  from t h e  f i r e  t o  t'ne cask i s  concerned. 'This l a t t e r  point 
is  probably n o t  a severe l i m i t a t i o n  i f  the cask being analyzed i s  a t  

l e a s t  of  moderate s i ze ;  t e s t s  tend t o  confirm t h i s  suppos i t ion ,  If the 

cask i s  smll, however, and t h e  f i n  height, i s  an apprectable fr.actFon o f  

the  cask rad ius  ( e . g . ,  z 25$), neglec t  o f  t h e  f i n s  coiilrl be s i g n i f i c a n t .  

In addi t ion ,  t h e  method does n o t  account for air gaps, f i r e  shields, 

o r  o the r  f e a t u r e s  which would s i g n i f i c a n t l y  a f f e c t  the flow of heat,. 

NeTrertheless, f a r  a nwnber o f  cases  t h e  method ray prove xseful., 
phys ica l  cons tan ts  that  r a y  be assimed f o r  these caLculs t ions are tabu- 

l a  ted below * 

The 

Sta i i i l ess  Carbon <%lid Piquid 
S t e e l  Steel Lead Lead 

k - thermal conduct ivi ty ,  1 'I 25 18.6 9 .3  
Btu/hr f t  "F 



St,ainLess Carbon Sol id  Liquid 
S t e e l  Lead Lead 

C = spec i f i c  heat capaci ty ,  0.125 0.125 0.0325 0.038 

--a_̂  _II 

S t e e l  

Btu/lb "F 

p = densi ty ,  l b / f t "  485 48 7 68 7 6.5 '7 

H = l a t e n t  heat  o f  fusion,  
Btu/lb 

Tplp = melting temperature, 
"F 

10.55 

52 1 

In these calculat,i.osn.s, time i s  divided in to  'three in t e rva l s :  t, t o  
t,, t, t o  t,, and t, t o  t,; where to i s  the i n i t i a l  time a t  the  start  o f  

t he  fire test, t, i s  the -time required t o  start  melt,i.ng o f  t h e  lead i n  

the  center  o f  a face  away from t he  corners of the  cask, t, i s  the L i m e  

required t o  complete melting o f  the  lead, and i, i s  t.he time t o  a r r i v e  

a t  a temperature higher than -the melting p o i n t  o f  I.ead. The following 

s t eps  are required t o  es t imate  t h e  temperature o f  the outer  and inner  

cask s h e l l s ,  

1 .  Calculate t h e  weight. and area  o f  the p a r t s  o f  t he  cask, 

2 .  e s t h a t e  t h e  average surface temperature o f  t he  cask between 

time to and t,, , 
3 .  estimate t h e  average ne t  absorbed heat  flux between time to 

and t, , 
4. 

5'. 

es t , lmte  the  average temperature of  solid l e a d  a t  t i m e  tl, 

es t i iaLe  the  temperature o f  t h e  inner  shell at, time tl, 

6. estimate the  value o f  tl, 

7. 

8.  

estjmate t h e  t o t a l  heat absorbed by t h e  cask a t  time tl, 

estimate t h e  amount o f  molten lead a t  time t,, 

9. est imate  the superheat o f  molien lead,  

10 .  estimate the  surface temperature o f  the  cask at; time t,, 

1 1  . estima-be the  ne t  absorbed heat, fl.iur between time t, and t,, 



1 2 .  

13. 

1 ) ~ .  

1s. 

16. 

e s t i m t e  t h e  t o t a l  heat  absorbed by the cask a t  t,Me t,, 

estimate t h e  value of  t,, 

est imate  the armunt o f  molten Lead a t  6.5 hr, 

es t imate  t h e  maximum inner. w a l l  tempers-Lure a t  0,s h r s  

repeat, appropr ia te  s t e p s  for cask l i d  i f  necessary,  

SZep 1 
4: 

The weights and a reas  tabula ted  below must be corrp.ited. 

Symbol 

A 

% 
wt 
w 
W' 
O S  

os 

'is 

"is 

wL 
W' 

De s c r i p t  ion 

effective ex te rna l  hea-t 
t rans fer surfac e++::- 

weight or" fins 

weight o f  f i n s  

weight o f  ou te r  shell 

weight o f  ou te r  she31 

weight o f  inner s h e l l  

weight, of inner she l l  

weight o f  l ead  

weight of lead 

&its 

total f t "  

- 

to'h%9 lb 

lb,/ft" of outey she l l  

t o t a l  Ib 

Ih/f t"  of o u t e r  shell 

t,o%al lb 

l b / f t z  of o u t e r  shell 

i;otaL Ib 

lb/ f t"  of outer. shell  

Step 2 

'.fie average temperature of t h e  cask undel- normal onerating condi- 
t'ions, To, must be estimated (see Sect a S A 3 ) .  

shown in Fig .  5.25, t h e  average surface temperature o f  t,he cask, T 
between t i n e  to and t, may be obtained.  

determined from ~ q .  (5 . I  9). 

F ' Y ~  T ,  and the c u w e  

3-1. 

The curve i n  Fig. 5,2S vas  

._ 

"For a c y l i n d r i c a l  cask the  weights are based on a wedge-shaped 
segment 1 

This surface a rea  is ca l cu la t ed  as i f  there were  no Pins welded t o  
t h e  cask.  

I, .I -- ,> IC 
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To =AVERAGE TiMPERATURE OFCASK UNDER N O R M A L  OPERATING CONDITIONS, OF 

F i g .  5.25. The Average Surface Temperature o f  t he  Cask Between 
Time to and t l ,  as a Function of the Averagc 'I 'erqerature n f  the  Cask 
Under Normal Operatirig Conditions.  

0 

,r 4 = To4 2TO3 (TIJlp - To) - 2T02 (TMr - T o ) "  s-1 
(5.19) 

- + 5 1 (TPTP - T o ) 4  , + To (Tm 

where T 
are i n  degrees Pankine. 

i s  t h e  melting-point tenlperature of the  lead. A l l  temperatures YP 

SSL 

with a f i r e  temperatu-re o f  1475'"F (193SoR), a flame errlissiviijr o f  

0.9, and a cask absorption coef f ic ien t  of 0.8, as required by the  regula- 

t i ons ,  the average heat  .flux between the time to and t, i s  given by 

The value f o r  Ql may be found f r o m  the  curve shown i n  Fig. 5.26 by know- 

ing Ts-=. 



(S .21 j 

w11er.e Xi = the thickness of the lead shield in in. 

be determined i r ~ i i i  the nonograph shown in Fig. 5.27. 

The value of T, 2- can 

Step 5 

The average temperature of the iruier s h e l l  of the  cask at Lime t, 

ray be calculated from 

The m.Tue of Ti.s - can be determined from the norwgraph shown in Fig. 5.29. 
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Step 6 

To determine a value f o r  t,, t h e  quan t i ty  o f  hea t  absorbed pe r  

square f o o t  of cask surface a t  t i n e  t, must be ca l cu la t ed .  
t u r e  of -the o u t e r  s h e l l  and t h e  f i n s  must first be calculated by using 
Eqs. (5.23a) and (5;.23b), For t h e  o u t e r  shell: 

The tempera- 

where x = the th ickness  of .the o u t e r  shell in i n ,  

For the  fins: 

- 
QlX TF = 621 3- - 

-1 12k (5.23bj 

These temperatures may easily be found f o r  carbon and s t a i n l e s s  steel 

matierials of cons t ruc t ion  by r e f e r r i n g  t o  Figs. 5 ' 2 9  through 5.32. 
t h e  nomgraphs, i t  was assumed that k f o r  carbon st,eel = 25 Btulhr f t  

OF, and that, k f o r  s t a i n l e s s  s t e e l  = I 1  Btu/hr f t  "F. 

For 

Assunling t h a t  W;, W' W' and W1 are the  weights of the fins, ou te r  
.r os '  is L 

s h e l l ,  inner s h e l l ,  and lead per square f o o t  of outer  s h e l l  area yespee- 

i s  the  'cively, t he  t o t a l  hea t  absorbed p e r  square foo t  a t  time t,, 13' T-s ' 
sur1 of that, absorbed by tho p a r k  o f  the  cask. That is: 
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Then t, i s  given by: 

St,ep 7 

Knowing tl, the  t o t a l  heat  absorbed by the  cask a t  time t, mmy be calcu- 

l a t e d  from t h e  equation: 

SLep 8 

The amount o f  lead t h a t  i s  w l t e n  a t  time t, may be estimated by 

ca l cu la t ing  t h e  hea t  absorbed by the  cask i f  a l l  the lend were s o l i d  and 

each component of Lhe cask w a s  al; the same average temperatu-e as  it was 
i n  Step 6. 

If WF, Was, Wis, and W a r e  the t o t a l  weights of -the f i n s ,  ou te r  L 
s h e l l ,  inner  s h e l l ,  and lead ,  respec t ive ly ,  the t o t a l  heat  absorbed by 

t h e  cask a t  time ti, i f  a l l  t he  lead were s o l i d ,  H 

absorbed by t h e  p a r t s .  

, i.s the sum of t h a t  T-1 
That is: 

- - To)0.12S H os-1 - w o s ( T o s - ~  

= Wis(T" - T,)0.125 is-1 1s - 1. H 

H Btu, T- 1 



Values foor may be obtained from t he  curve shown i n  Fi-g, 5 .33 

Step 1 2  

The t o t a l  amount o f  heat absorbed by t h e  cask at, t h e  tS9 qi;-d9 
(when the  lead i s  completely melted) my be ca l cu la t ed  from t he  follow- 

ing equations: 

1500 

N - 
$? 1480 

- 
W 

I- = 1460 
0 
[r LI 

z 

I- W 
z 1400 

i2 I3'O 
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i5~2 =SURFACE TEMPE2ATURE OF CASK I\T i lMF t 2  , OF 

F i g .  5.33. N e t  Heat Flax  Absorbed f rom l Z m e  t, to t, as a Function 
of the Surface Temperature of -the Cask. 



The weight of t h e  molten lead can now be ca lcu la ted  from Eq. ( 5 . 2 7 )  

Note t h a t  i f  the cask were an i n f i n i t e l y  long cylinder or a semi- inf in i te  

sl.ab, there would be no m o l t e n  lead a t  time t, because the onse t  o f  melt- 

ing would be uniform over t h e  surface. F h i ' c e  cask geometries t h a t  have 

edges and corners  c rea t e  spots  f o r  l ead  t o  s t a r t  mel t ing quickly.  

The superheat of  thc molten l e a d  has been estimated t o  be 11..3'F per 

v e r t i c a l  inch f o r  a 1)+75"F fire. 
heated lead, T is, therefore,  given by 

SUP 

The average temperature o f  the super- 

where h = tlie v e r t i c a l  dimension o f  t he  cask i n  the f i r e ,  

Step i o  

The suyface temperature of t h e  cask at, time t, i s  given by: 

The average teinperatmie of the  ou te r  s h e l l  o f  t h e  cask a t  t i . m e  t, i.s: 

- T  + 'r (5.30) OS-, os-1 sup T 

Values o f  T, and T WBT-"F? computed i n  Step 6 .  
P -1 O S - ] .  

Step 11 

The net, heat  Ylux absorbed from t,hne t, t o  t ,  inay be calciilated 

from : 

(5.31 ) 
- 
Qz 7 [19354(0.9) - Ti-,] (0.173 x 10'-8)(0.8) . 



1 5.5 

(5.32) 

(5.33) 

Step 14 

If time t, is greater  than Oes hr., then a l l  of t,he lead w i l l  n o t  be 
melted at the end of- the 30-min f i r e  t e s t .  I n  t h i s  event, ihe quxntitjr 
of t he  lead tl1a-f; is m e l t e d  nay be computed by using Eq. (5.311), 

The temperature of  %he %mer she l l  may be calcillated by asswiling 

tihat the b~d.y  o f  the  cask i s  a t  a uniform temperature.  

absorbed per degree E' by the s t e e l  and lead i n  the cask up $0 the  melt- 
i n g  pint of lead i s  given by: 

The t o t a l  heat 

y- = 0.0325bJL . (5.36) 

The average temperature o f  the i luei-  she l l  may then be calculated from: 



5.5.4 Use of Digital. Computers i n  Studying the  Thermal Tmnsient  
Caused by a F i r e  e_yl_ -..- I 

In  recent  years  d i g i t a l  comput,er programs have been wr i t t en  t o  pro- 

vide so lu t ions  to  general  and spec i f i c  t r a n s i e n t  heat t r ans fe r  problems. 

The development of such programs has  been prorryted by a v a r i e t J  of  reasons 

such as to analyze h m t  t r a n s f e r  i n  three  dimensions, ta include tempera- 

t u r e  dependent materi a1 proper t ies  and t o  incorporatz  L i m e  dependent 
boundary condi t ions.  Such codes are valuable i n  studying t h e  thermal 
resl)onse of  a cask to the  hypothet ical  f i r e  condi t ion.  

The programs used have ranged from those which provide numerical 

eval.iiat,ion of closed €orrm a n a l y t i c a l  so lu t ions  o f  heat, t r a n s f e r  equati.ons 

t o  those which involve d i r e c t  mathematical models o f  the heat t r a n s f e r  

phenomena I 

useful. i n  axalyzing the  response of a cask t o  the  hypothet ical  f i r e  i s  
discussed below. 

A discussion of soiiie of  the charact,eri .st ics o f  corryutev cndes 

Se-v-era1 codes have been dev-eloped. t o  obta in  a so lu t ion  .to the d i f -  

f e r e n t i a l  hea t  t r a n s f e r  equations wr i t t en  i n  f i n i t e  d i f fe rence  form f o r  

spec i f i c  geometries. A n  excellenl; reference on the  pyinciples  used. i n  

f i n i t e  d i f fe rence  so lu t ions  to  problems in .  heat  t r a n s f e r  i s  -the text by 
G .  M .  D.menberre.25 Examples o f  t h i s  a r e  the code and t he  code 

described i n  a paper given by K .  H .  Veith.27 These programs a r e  aimed 

at spec i f i c  cask geometries and. each have 1imi. ta t ions i n  -theiy ab i l i - tg  

t o  provide de t a i l ed  information regarding .thermal behavior.  

they provi.de a reasonably de t a i l ed  ana1ysi.s of cask behavior coupled 

wi-th economical use o f  computer memory and ruruiirig time . 

Holdever, 

A second major c l a s s  of computer codes are those based on finite 

element representa t ion .  

of such general  appl ica t ion  codes not  intended .for use on any spec i f i c  

geometry. 

coordinates which descyibe material. boundaries; the codes a l l o w  t h e  

var ious rmte r i a l  volumes t o  be divided in to  a l a rge  numbel- of smaller 
regions .thus providi.ng the  f l e x i b i l i t y  t o  model a spec i f ik  ptnblem. 

The SIFT-TOSS'" and TRUMP29 codes a r e  examples 

Both codes provide f o r  computer input  i n  terms of physical  

The heat  t r a n s f e r  equations i n  these  codes are used t o  descr ibe heat; 

flow i n  a riiediinn incI.uding t h e  a b i l i t y  o f  the  mediurr, t o  r e t a i n  heat and 



resist hea t  t r a n s f e r  i n  each ind iv idua l  small  volume, For each s m a l l  
t ime increment a heat  balance i s  made on each eler 'ental  volume; t h i s  

r e s u l t s  i n  a temperatwe change for t h a t  volume from i t s  previous tem- 

pe ra tu re .  Solut ions t o  t h e  problem o f  t ransient ,  heat t r a n s f e r  a r e  

c a r r i e d  ou t  i n  a manner c lose ly  resembling t h a t  i n  codes using f i n i t e  

d i f f e rence  representa t ion  of  the  equat ions.""JZ7 

Severe problems o f  s torage  and machine running time may r e s u l t  from 

using a very f i n e l y  divided network s ince  such networks 1-educe t h e  heat  

capacitance of t h e  ind iv idua l  volume elements.  The method o f  so lu t ion  

used i n  t h e  SIFT-TOSS and TRUMP codes r equ i r e s  t h a t  t he  time increment 

used i n  each hea t  balance be d i c t a t e d  by the  smal les t  hea t  capacitance 

used i n  t h e  network. D e n  with present  day high speed d i g i t a l  computers 

it i s  no t  uncommon f o r  t h e  execution time o f  some analyses  t o  exceed the  

r e a l  time being modeled. 

Codes l i k e  SIFT-TOSS and TRUMP have l i m i t a t i o n s  on t h e  geometry 

which may be e a s i l y  accepted by t h e  machine. 

TOSS does not  have a mesh generator  for sphe r i ca l  coord ina tes .  

incorporat ion o f  mesh generators  i n t o  codes l i k e  SIFT-TOSS and TRUMP 

requi re  r e l a t i v e l y  l a rge  amounts O P  m e m r y  thus  reducing t h e  number o f  
elements t h a t  may be u t i l i z e d  i n  8 given problem. 

l a r g e r  number of' elemental  volumes may be considered, the input  genera- 

t o r  (SIFT) of t h e  SIFT-TOSS code may be bypassed and t h e  TOSS por t ion  

only o f  t he  code used. 

One example i s  t h a t  SIFT- 

The 

In  order  t h a t  a 

I n  c e r t a i n  cases of ana lys i s  advantages w i l l  be found i n  "buildingr1 

a spec ia l i zed  program from a family o f  subrout ines  incorporated i n  prob- 

lexn-oriented codes such a s  CINDA-3G. This code i s  a s e r i e s  of' nlurteri- 

CSLI rout ines  for so lu t ion  by d i r e c t  o r  i t e r a t i v e  methods. 

an a l m o s t  unlimited a b i l i t y  t o  model thermal t r a n s i e n t  p-roblerrls i n  terms 

o f  number o f  elements considemd but also r equ i r e s  v a s t  amounts of  input  

This al.lows 

L bo descr-ibe a given problem. A family oP codes i s  cumen t ly  being devel- 

oped a t  OIZNL which w i l l  combine the best f ea tu res  o f  codes l i k e  SIFT-TOSS 
wit,h the f l e x i b i l i t y  of CINDA-jG t o  minimize the  ted ious  input  generat ion 

problem 



A -= e f f e c t i v e  ex te rna l  surface a rea  o f  cask, f t "  

C = s p e c i f i c  heat capaci ty ,  B t u / l f  O F  

P 

II := thickness  of l ead  sh i e ld ,  i n ,  

= l a t e n t  heat o f  fus ion ,  B-tu/lb f 1.I 

H j L  1 := heat  absorbed by cask f i n s  a t  t i m e  tl, Btu 

%-1 - heat  absorbed per sq f t  o f  fin a t  time t,, Btu/ft2 

= heat  absorbed by cask f i n s  a t  time tZI Btu 
? F a  

= heat absorbed by inne r  s h e l l  o f  cask a.t time t,, Btu is- i  H 

H! = heat absorbed by inner  shell of  cask per sq ft at t i n e  I+, 1s-1 
Btu/f t ' 

H. = heat  absorbed by inner  s h e l l  o f  cask a t  time t,, Btu 
15-2 

q- = heat  absorbed by lead t o  i t s  melting po in t ,  Bti.i/"E' 

= heat  absorbed by lead  a t  time tl, B t u  1 $,4 

13' = heat absorbed by lead per  sq f t  at, time t,., Bt7i/ft" L - 1  

15. .L = heat  absoybed by melting lead ,  Btu 

IiLM = heat absorbed by sol.id lead  t o  mel.ting, Btu 

HLs = heat  absorbed by superheating lead, RLu 

H = heat absorbed by ou te r  s h e l l  o f  cask a b  time 'tl, Rtu 
OS--< 

H' = heat  absorbed by outer  s h e l l  o f  cask pe r  sq f t  a t  time tl, os-1 
3-tu/f L 

= heat, absorbed by ou te r  s h e l l  o f  cask a t  time %i;u 
0.9-2 
H 



159 

hea t  absorbed by s t e e l  on cask t o  t h e  melting poin t  of lead ,  

Btu/"F 

t o t a l  hea.t absorbed by the cask t o  t h e  melting poin t  o f  l ead ,  

Btu/ "F 

t o t a l  hea t  absorbed by t h e  cask p e r  sq f t  a t  time t,, E%u/ft" 

t o t a l  heat  absorbed by the  cask a t  t i m e  t,, Btu. 

to ta l .  bea t  absorbed by t h e  cask i f  a l l  t he  l ead  were s o l i d ,  

Btu 

hea t  ava i l ab le  for melting l ead  a t  t i m e  f,, , B t u  

t o t a l  beat  absorbed by t h e  cask a t  time t2?, Btu 

v e r t i c a l  dimension o f  cask i n  f i r e  t e s t  ca l cu la t ions ,  i n .  

t h e r m 1  conduct ivi ty ,  Btu/hr f t  "F 

weight o f  cask pe r  unit, a rea  of' o u t e r  she l l  a r ea ,  l b / f t 2  

average hea t  f l u x  between time t, and t,, Btu/hr ft2 

average hea t  flux between time t, and t2, Btu/hr f t "  

hea t  absorbed a t  t h e  end of 0-5 hr, Btu 

average temperature of  cask under noma1 operat ing condi t ions,  
"F 

average f i n  temperature a t  time t1, "F 

average sur face  temperature o f  fins a t  t,, "F 

average temperature of inner  s h e l l  o f  cask at, time t,, "F 

average temperature of i nne r  she l l  of  cssk at time t,, "F 

average temperature of  s o l i d  l ead  ai; time t i l ,  "F 

melting temperatinre o f  l ead  = 621 "F = 1081 "R 



1 60 

= average temperature o f  o u t e r  s h e l l  of cask a t  time tl, "F T0S-l 

= average temperature of ou ter  s h e l l  of cask a t  time t,, OF 
os-2 
T 

= average surface temperature of cask between time to and tl, "E' s-1 T 

= surface temperature of cask a t  time t2, "F s-2 T 

T = average temperature of superheated lead o r  t h e  increase above 
SUP 

621 O F  a t  tinlc: t2, "F 

to = i n i t i a l  time a t  s tar t  o f  f i r e  tes t ,  

t, = time required t o  s t a r t  melting lead in centel. o f  cask face ,  h r  

t, = time required t o  cornplete melting o f  l ead ,  h r  

t, 2 time required t o  a r r i v e  a t  a temperature higher than t h e  
melting point o f  lead,  hr 

W = weight of f i n s ,  l b  F 

$1' = weight of f i n s  pe r  unit  o f  ou ter  s h e l l  a rea ,  Ib/ftJ2 F 

AT = d i f f e r e n t i a l  i.n temperature, "F 

= weight of inner  s h e l l ,  1.b wi s 

W' = weight of inner s h e l l  pel. mlit of ou ter  s h e l l  a r ea ,  l b / f t "  

= weight of molten lead a t  time L1, l b  

i s  

Wp& 2 = weight of  melted lead at, -time t2,  lb 

W = weight of ou ter  shel l ,  Yo 
o s  

Fd' = weight of o u t e r  she l l  pel- imi t  of o u t e r  s h e l l  area, lb / f t "  o s  

x = thickness  of t h e  outer  s h e l l ,  i n .  

p = densi ty ,  l b / f t 3  
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6. CRITiCA1,ITY 

6.1 Introduct ion 

The c r i t i c a l i t y  eval.uation problem considered here is  not  SO much 
concerned w i  Lh t he  method o f  maintaining sx ibcr i t ica l i ty  as i t  i s  wi-th. t h e  

proof of  adherence t o  the requirement of su -bc r i t i ca l i t y .  In the i n t e r e s t  

of economy and p r a c t i c a l i t y ,  a shipper  should be allowed t o  exerc ise  any 

p r a c t i c a l  cont ro ls  he so  des i r e s  i n  rendering a sys tern s u b c r i t i c a l ;  how- 

ever,  the  shipper  must present  proof tha t  h i s  con-trols are adequate. 

Thei-erare, t h i s  chapter dea l s  with t h e  determination of t he  kinds of evi-  

dence t h a t  should he considered as  accep.table i n  proving iha t  a system 

confonm t o  the c r i t i c a l i b y  requirements o f  ex i s t ing  f ede ra l  regulat,i.ons, 

These regulat ions requi re  every shipment of f i s s j - l e  mater ia l  t o  

remai.n s u b c r i t i c a l  a t  a l l  times dur5ng normal t ranspor t ,  i.ncluding load- 

i.ng arid unloading, and under hypothetical. accident  condi-Lions leadi-ng t o  
the most reac-Live credi-ble (he rea f t e r  denoted by MR.C:) configurat ion.  La 
complying wi.th these  regula.t,i.ons, shippers  of i r r a d i a t e d  r eac to r  f u e l s  

normally c a r r y  o u t  a c r i - t i c a l i t y  evaluati.on of thei:? casks.  

Proof o f  system s u b c r i t i c a l i t y  can hardly be b e t t e r  subs tan t ia ted  

Uian with an expwiment usirig the  fue l  i n  question arranged i n  the  PBC 

configuration with r e s p w t  t o  tlne shipping cask design. Many t imes such 

i n f o r m t i o n  is  not  ava i l ab le  and proof o f  s u b c r i t i c a l i t y  i s  based on 
ca l cu la t iona l  methods. 

It i s  therefor:: highly des i r ab le  t o  at leas-t have the  cask concept, 

i r i  mind. a t  t he  t i m e  c r i t i c a l  experiments a re  being perfarmed t o  ob ta in  

i .nformtion in t h e  physi.cs of a new reac tor  core .  Under such cond-itions 

add i t iona l  experiments m y  be performed to predic- t  the degyee o f  sub- 

c r i t i c a l i t y  du.ri.ng shipmen1;. 

6.2 Methods of Prevention of Crit ical i - ty  

The c r i t i c a l i t y  o f  a system i s  o f t en  discussed i n  tcms of an 

which is  defined as the r a t i o  o f  ke f f '  e f f ec t ive  mul t ip l ica t ion  f ac to r ,  

t'ne neutron production r a t e  to t h e  neuiron l o s s  r a t e  i n  t h e  system. The 



cask-fuel system must remain s u b c r i t i c a l  so t h a t  k 

This may be accomplished by the  adjustment and con t ro l  o f  severa.1 physi- 

c a l  and nuclear  va r i ab le s  which e i t h e r  limit t h e  neutron production r a t e  

( i . e * ,  f i s s i o n  r a t e )  or provide an adequate neutron loss r a t e  (capture 

plus l eakage ) .  These va r i ab le s  a r e :  

is  less than unity, eff 

1 .  Nass of f i s s ionab le  mater ia l  

2 .  Degree o f  moderation 

3. I n t e r n a l  geometry d e t a i l s  

4. P a r a s i t i c  poison ef fec t iveness  

5. Geometrical shape o f  assembly 

6, Ref lec tor  e f fec t iveness  

Control of  the  f irst  th ree  va r i ab le s  can serve t o  l i m i t  t h e  fission 

r a t e  e i t h e r  by l i m i t i n g  the amount of f i s s ionab le  mater ia l  o r  by control-  

l i n g  the  energy and s p a t i a l  d i s t r i b u t i o n  01 t he  neutrons which cause 

f i s s i o n .  The second, t h i r d ,  and f o u r t h  f a c t o r s  mag be adjus ted  to pro- 

v ide  an adequate l o s s  r a t e  t h o u g h  neutron capture ,  while t h e  second, 

f i f t h ,  and s i x t h  var2iables may be cont ro l led  to achieve the des i red  

neutron leakage,  

6 2 . I  Application 

An example of  a shipment i.n which the m a s s  af f i s s ionab le  :mat;e~ial 

was t h e  prirrary- c r i t i c a l i t y  con t ro l  w a s  t h e  shipment of MTR-type fu.eX 

f:rom. t h e  Swedish AER2 r eac to r .  Previous experiments a t  Oak Ridge had 

s'n.om %hat ,  under optimum conditions, 2.5 kg of "'"U i n  MTR,-t,ype fuel 

elements w a s  requi-red f o r  c r i t i c a l i t y ,  

ment was designed t o  hold nine f u e l  elements. 

shipped contained 200 g of  '"U per  element, o r  a . to ta l  of  1 .8 kg. 
was c l e a r  -that . this shipment w a s  and would remain s u b c r i t i c a l  by v i r t u e  

o f  a l imi t ed  J E ~ S S .  

The cask for. t h e  Swedish ship- 

The parii.ci_ilar fuel to be 

It 

AnoZ;her emrrrple o f  e r i t i c a l i % y  con t ro l  achieved by Limiiing the  

mass of f i s s i l e  inater ia l  i s  the Consolidated Edison Corrpany cask, used 

f o r  shipping f u e l  from -the Indian Potnt r eac to r  Criti.cal. experiments 
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indfcated. that; s i x  f u e l  elements were required f o r  c r i t i c a l i t y .  
cask F J ~ S  designed t o  hold two f u e l  elements, giving an estimated k 

of about 0.86. 

The 

ef f 

Fuel  assembly geometry i s  usua l ly  f ixed  by t h e  reac tor  design and 

i s  not  changed f o r  shipment. However, spaci.ng between assemblies i s  
o f t en  changed to  a l e s s  reac t ive  separat ion.  In  t h i s  case one should 

note tha-t, the  c r i t i c a l  experirfients performed during t h e  r eac to r  desi.gn 

may no longer be appl icaSle  the  cask - f u e l  asseinhly system unless 

perforriled i n  geometry i n  quest ion.  

placed i n  an awkward o r  i r r e g u l a r  geometry, the difficul.t,y o f  a c r i - t i -  

c n l i t y  evaluatiori is increased. 

Also, i f  t he  f u e l  assemblies are 

Moderation as a primary c r i t i c a l i t y  c o n t m l  has no t  o f t en  been used 

ia  the  transpor 'mtion of reac tor  f u e l  element,s because of  the d i f f i c u l t y  

of  guaranteeing the  presence o r  absence o f  moderator water i n  the  cask 

i.n the even': of an accident .  

Uranium enriched- t o  l e s s  than approximately- 5% in 2"sU yequires a 

nuderator to  make t he  system c r i - t i c a l ,  This fact  forms the  bas i s  of 

c r i t i c a l i t y  sa fe ty  f o r  t h e  shipment o f  l a rge  quan t i t t e s  of UF, enriched 

t o  l e s s  than 5 wt, $ 235U. 
pounds of UF, and moderation is t h e  primary metnod. of c r i t i c a l i t y  con- 

t m l  in these  shipments. This o f t en  cons-ti.t;utes many c r i t i c a l  masses 

i.7 optimum water mderat,i.on ever occurs . Rowever, t h e  cylindel-s have 

shown t h e i r  ab i l i - t y  t o  p ro tec t  t he  UE', and, consequently have demn- 

s t r a t e d  t h e  s a f e t y  o f  t h i s  shipping procedure,  

A s i n g l e  contaYner m y  hold hundreds of 

Reflector  e f f e c t s  a re  no t  normally used to con t ro l  c r i t i c a l i t y  

became the  r e a c t i v i t y  assoc ia ted  wi th  r e f l e c t o r  changes i s  not grea t  

i n  l a rge  systems and it is  d i f f i c u l t  t o  assure  t h e  absence or pyesence 

o f  r e f l e c t o r  water around t h e  f u e l  containment baske t ,  

Although watey i s  recognized t o  be one of  t h e  mst  e f f ec t ive  re- 

f lec- tors  that exis ts ,  one should note  t h a t  t h e  replacement of a wat,er 

r e f l e c t o r  by a lead o r  depleted uraniiun r e f l e c t o r  can increase t h e  

reac Livi ty  of  an assembly. Cr i - t ica l  experiment data f o r  d i f f e r e n t  

refl .ectors were being 0bts.i-ned a t  ORJVL a t  .tile t i m e  of  this wr i t ing ;  



prel iminary experiments i nd ica t e  t h a t  lead, depleted ff, and under some 

circumstances, s t a i n l e s s  steel  a r e  super ior  t o  water i n  thei.r r e f l e c t o r  
p r o p e r t i e s ,  An increase i n  k o f  a t  l e a s t  0.01 i s  poss ib le  i n  some 

assemblies by replacing an e f f ec t ive ly  i n f i n i t e  water r e f l e c t o r  with a 

& i n .  l ead  r e f l e c t o r  and a 3/4-in. water gap ( t h e  most r e a c t i v e  combina- 

t i o n )  between t h e  lead  and t h e  core .  

eff 

The c r i t i c a l i t y  con t ro l  technique which has p r a c t i c a l  app l i ca t ion  

i n  f u e l  transport ,  is the use o f  f ixed  heterogeneous poisons.  

duct ions i n  r e a c t i v i t y  can be sa fe ly  assured with properly f ab r i ca t ed  

poisoned casks.  

Large re- 

To be e f f e c t i v e  a s  t h e  primary c r i t i c a l i t y  con t ro l  method, both 

the presence o€ t h e  poison and t h e  e f fec t iveness  of t h e  poison must be 

assured.  

two condi t ions include: 

Physical and chemical processes which could a l t e r  t h e  above 

1 .  Se lec t ive  leaching of t h e  poison by coolants  

2. Melting and r e d i s t r i b u t i o n  of t h e  pojson 

3 .  Mechanical f r a c t u r e  and r e d i s t r i b u t i o n  of  %he poison 

4. Loss of moderation near a thermal neutron absorbing 
poison 

5. F a i l u r e  t o  i n s t a l l  t h e  poison 

The decay heat  from i r r a d i a t e d  f u e l  or large heat, loads imposed by 

a fire could melt o r  so f t en  a poison and change its geometry, thereby 

reducing i ts  ef fec t iveness  Such undesirable  e f f e c t s  xriuust be coiisi.dered 

when using Boral (B4C p a r t i c l e s  i n  aluminum) which softens below 800°C 

or boron-impregnated polyethylene which melts a t  about 100°C ~ 

In add i t ion  t o  B o r a l  and boron polyethylene,  use has been mde o f  

boron-clad s t a i n l e s s  s t e e l ,  boron-stainless  s t e e l  a l loy  
s t a i n l e s s  s t e e l ,  cadmium-copper, and cadmium-aluminum alloy, The l a t t e r  

two mater ia l s  have exce l len t  hea t  t r a n s f e r  p r o p e r t i e s ,  

cadm.i.ixn c l ad  

Am example of  a cask i n  which a heterogeneous Tixed poison cons t i -  

t u t ed  a pr i ra ry  method of c r i t i c a l i t y  con t ro l  i s  shown in F i g .  2.37, 
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This cask is capable o f  t ransport ing 24 MTR type f u e l  elements i n  two 

v e r t i c a l l y  stacked baskets .  

of Bora1 

The c e n t r a l  d iv ider  p l a t e s  a r e  construc Led 

Liquid poisons are genera l ly  coiisi.dercd t o  be an unsa t i s fac tory  

method of con t ro l l i ng  the  c r i t i c a l i t y  o f  a f u e l  shipment because o f  the 

po Lent ia l  leakage problem t h a t  accompanies all shipments. If, however, 

t he  f i s s i l e  m t e r i a l  i s  i n  t h e  l iqu id  form and mixed with t h e  poisori, 

this could be an acceptable method s ince  the  poison ~01.~1.d not  be l o s t  
without los ing  t h e  f u e l .  

6.3 Normal- Conditions of Transport 

The purpose of a c r i t i c a l i t y  ana1ysi.s f o r  the  normal condition is  

t o  i d e n t i f y  the nuclear  charac-Lerist ics of the system tha t  a r e  r.xpec-,ted 

t o  p r e v a i l  duri.ng shipment and, i n  addi t ion ,  provide a poin t  of  depar- 
t u re  f o r  establj-shing the  r m s t  r eac t ive  c red ib l e  condition tha t  might 

reasonably resul t  from an accident  dui-ing t ranspor t  ( see  Sec t .  6 .I.L> e 

Normal conditions o f  t ranspor t  a r e  presented i n  annex 1 of AEC manual 

Chapter 0529 and consider such environmental candj.t,ions as heat ,  cold,  

pressure,  vibra.ti.on water SIJIray, impact, and corripression, 

A s  p a r t  of t h e  normal conditions of t ranspor t  t he  following items 

should be considered: 

Any d i f fe rences  i n  normal t ranspor ta t ion  and norinal loading 

o r  unloading environments; i e . ,  occasional ly  f u e l  i s  shipped 

d r y  but; 1 o a d . d  o r  unloaded under water. 

The expected configurat ion of the  fuel-poison system. Is 

breakage, crumbling o r  movement o f  t h e  f u e l ,  poisoiis, o r  
siipporLing s t r u c t u r a l  mater ia l s  expected as a r e s u l t  of 

v ib ra t ion  during t ranspor ta t ion  and/or normal handling 

pro c edures ? 

'The f i s s i l e  c1assi.f ica-Lion f o r  t he  shipment s'nould be estab- 

l i shed  i n  accordance with regulatory requ-irernents . 2,3,4 
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S t r u c t u r a l  i r r e g u l a r i t i e s  and he terogenei t ies  which w i l l  exist 

in the inner cav i ty  and which cannot o r  r J i l l  n.ot be r igorous ly  

represented in nuclear czi2cdations and o t h e r  forms of c:r.itj-- 

cality evidence a 

The ac-tiaal r e f l e c t o r  system during traiisy?orta.tion; e .g , an 

inch of water surrounded. by 1 /% i n .  art" steel surrounded 'by 

3 i n .  of lead. 

The expected fuel. and moderator temperatures e 

fkcpected corrosion i n  l;he inner cairity %&ieh cs.uld z*esidt, j.11 

r.edis.i;ribut,i_cItn. of the f -ue l  o r  poisons e 

6.3.1 The Fresh Fuel  Assumption 

A criticality analysis should be made f o r  t h e  case wh.ese t h e  f u e l  

If Is in the  1-0.0s.t reactive conditi.on in which it w i l l  be t ransported.  
the reac Livitjr o f  t h e  wnirradia-ted f u e l  system continuausLy decreases 

w i t h  exposnre, which is often the  case,  tiit. nuclear  analysis should be 
based on a cask containing f r e s h  f u e l  a Usually, cri t i .cali t ;y analyses 
fQr the conmiercial thermal pmwer r eac to r s  are nude on this bash be- 

cause, .in addi t ion,  the physical fo rm and composition of f r e s h  fuel are 

known more accu ra t e ly  thm those of irradiat,ed fue l  and/or evidence i.n 
t h e  beiiavior of  a fi-esii fiieX system may already be in band fyom core 
design experiments and calculations. Moreover, the Tresh fuel assump- 

t i o n  coifid be q u i t e  real_i_st_iLc i f  i t  becomes m c e s s a y j  t o  rerruve and 

ship unexpectedly low bumup f u e l  because of  mechanical o r  o t h e r  prob- 

l e m ,  
i r r a d i a t i o n ,  however, then the effect csf bizm11.p on r e a c t i v i t y  should be 

milsidered, and the f resh  fuel assumption rmy n o t  be appropriate. 

1.f the  mac-Livity of  the fuel system increases at any L i m e  dtu-ing 

6.3.2 Bwrnup Effects on hac- t iv- i ty  - 
Tf t he  f resh  fue l  assumption is not app l i cab le ,  it w i Z 1  he neces- 

sary  %o d.eterinine the exposure 3.t which the  fuel system is m a s t  reactive 
s ince .the c~iticali.ty znalysis w i l l ,  have to be based on t2ii.s condi t ion .  
Even i.f t h e  fresh. fuel. assumption is applicable,  the shipper m y -  .want -to 



consider f u e l  burnup so t h a t  he caxl ship more fuel. in a given cask. 

However, because sever.4. key parameters a r e  a fi.mct,ion of exposure, and 

because t h e  f u e l  exposure w i l l  proba1:Ll.y not  be uniform, t h e  react8i.vj.ty 

of  i r r a d i a t e d  fuel is  rmi-’:: d i f f i c u l t  t o  p red ic t  than the  r e a c t i v i t y  o f  

f r e s h  f u e l .  The fo l lowing  items must be considered. when developing a 

c r i t i c a l i t j -  s a f e l y  ana lys i s  for i r rad- ia ted f u e l :  

1 .  Crcdit  t u  be taknn f o r  buriiup of t he  f i s s ionab le  mater ia l .  

2. Buildup o f  plutonium or 23”U. 

3. Depletion of burnahle poisons 

4. Credit  t o  be taken for poisoning diie t o  fi-ssion products.  

The n35.n problem in accoiunting f o r  bi.irnup of  235U i s  t h a t  t he  

gradual conbrol rod withdrawa.1 and, i n  som.e cases, cha.nges i n  mdera- 

t o r  densi-ty durj.ng exposure make the  axial- v a r i a t i o n  o f  neutron fl.ux 

(and therefoi-e bui-nup) d i f f i c u l t  t o  predicl; .  

but high resonance fliix, i.t i s  possible t o  genei-ate rm1-e fuel. than i s  

consumed, 

buildup of 23”Pu or 233U must be consid.ered.. 

i n  a region of  low t i ie r iml  

If ci-edit i.s taken f o r  burnup o f  f i s s i l e  2’’55U atoms, then 

- 
L t  i s  recommended t h a t ,  unless acceptable evidence is provided of  

the  i so topic  ahimdance o f  plutonium in t he  fiiel, a l l  plutoniiun be con- 

sj-dered as 239Pu . 
plutonium i s  f j - ss i le  P u . ~  

o f  f i s s i l e  concentration i.n i r r a d i a t e d  f u e l  should be supported by 
accep-i;abl.e evidence which iricludes the  associated uncer.l;ai.nty o f  f i s s i - l e  

content and the  basis f o r  determining that uncer ta in ty .  

In a typical. PWH. reacLor, about 70% of  the t o - t a l  
A n~si; important po in t  i s  t h a t  statemelits 

Pi-ioi- t o  1967, c r e d i t  for burnup of was claimed i n  only one 

shipment o f  i r r a d i a t e d  f u e l ,  ‘This shipmen-t was an in-p lan t  t r a n s f e r  o f  

Yankee r eac to r  f u e l  Assmirig no burnup, the  ca lcu la ted  k w a s  about 

0.97 for t en  oxide f u e l  elements enriched t o  jJ..l$ i n  235iJ. 

la-tcd k 

w a s  0.88. 

ef f 
The calcu- 

f o r  the  f u e l  assuming a humii.p of 12,000 Mid/metric ton U e f f  

Many thermal power r eac to r s  use burnable poison f o r  power f l a i t e n i n g  

Often, the  poison burns out  f a s t e r  than and r e a c t i v i t y  lifetime con t ro l  I 



In order to support a claim of f i s s i o n  product poison workh? sonie 

7sal.:i.d treatment of f i s s i o n  product poisoning is n,eeded 

per'iments 1iziv-e tieen per.f'orriied for comparison -with ca lcu la t ion  I 
o m  S U C ~  comparison" indicated t~ia . t  an uncer ta in ty  of  at, least  10% can 

be expec.i;d in. the calculated poisoning effects or" f i s s ion  produ.cts.  

Very few ex- 

'&wever 

The effect  of fission product poisoning has been t r e a t e d  in de ta i l  

at, oak Ridge National Laboratory. ' 
f i s s i o n  prod-uct worth in i r r a d i a t e d  f u e l s  is  estimated7 to be less tJm11 

15$ using the Lorig E'issiofon-Pi-odiict Treatnent (LE'PT) , This trea.trnenb is 
s.$ficierii;ly d e t a i l e d  and well enough e s t ab l i shed  to permf.t; it,s u.se as 

a validatirig caJculat ior%l method e 
cornpares favorably- wi%h LFPT, it should be considered safe engineering 

praclice to a l low credit, f o r  about two .Lhirds of the  ca.lculated f i s s i o r l  

produc% reactivity worth i n  the  shipment of  irradiated f u e l .  

The uncertainty i n  -ti-le calculated 

If a given f i s s i o n  product treatment 



reactoi- i s  about 4 t o  5% Ak f o r  a burnup of  10 to  12,000 I%d/me-t;.ic ton 

U; f o r  a burnup o f  1.~0 t o  60,000 Mwd/metric ton U, t h e  wDi-th is  about 6 
to 7% Ak. 
sa tu ra t e  a t  very high burnups and the  poissii worth of long-lived f i .ss ion 

products i s  not  expected t o  exceed a'ooiit 8% i n  any p r a c t i c a l  power r eac to r .  

'The f r a c t i o n a l  neutron absorption by f i s s i o n  products tends t o  

6.J.c The Most Reactive Credible Condition o f  Transport 

The mst, r e s t r i c t i v e  c r i t i c a l i t y  requirement f o r  nuclear  safe.ty in 

shipping i s  that t h e  shipping container must remain s u b c r i t i c a l  i n  i t s  
most reac t ive  c red ib le  configuration (PIRC condi t lon)  ; siich a configura- 

t i o n  could be the  r e s u l t  of tne  contai-ner becoming involved i.n a -trans- 

portat ioi i  accid.ent . 
withst,ood is  described i n  the  regulat ions and consis- ts  esseritially of  t h e  

container  f a l l i n g  30 f t  onto a soI.i.d, unyielding sur face  followed by a 

LcO-i i i .  drop onto a 6.-in.  diarn p is ton ,  foI.lowed by a 1/2-hr f i re , ,  followed 

by inuiiersi.on i n  water .  

A s e r i e s  of  h y p t i i e t i c a l  accidents  which must be 

Some t y p i c a l  problems t h a t  must, be considered when determining tiie 

MRC condition o f  a cask a f t e r  tiie accident  s e r i e s  are  given below. 

1 .  The fuel, f ixed poisons, and moderators may become broken 

and r ed i s t r ibu ied  in to  a more reac t ive  configurat ion.  This 

i.s p a r t i c u l a r l y  imporiant  f o r  i r r a d i a t e d  ceramic fuels with  

long exposures arid b r i t t l e  cladding. 

2. Optimum moderation and/or re f iec t io i i  by water may occiir in-  

s i d e  aiid s u i s i d e  the  cask as a r e s u l t  o f  impact damage 

followed by immersion o r  loss o f  cooI.ant. 

3 .  Lass o f  coolant may cause rnelbiiig of f u e l  and/or nuclear  

poisons, r e su l t i ng  i n  r ed i s t r ibu t ion  in to  a iiw re reac t ive  

configurat ion.  I r r ad ia t ed  f u e l s  with i n  terise y-heat,ine; 

and f ixed  neutron absorbers with low melting temperaiures 

a r e  cases i n  po in t .  

I L .  Unless s p e c i f i c a l l y  designed to  prevent such an occurrence, 
inleakage o f  water a f t e r  impact may rcsult i n  a v io l en t  reac- 

t i o n  with Na- o r  Nak-bonded f u e l s ,  causing r ed i s t r ibu t ion  o f  

t h 2  f u e l  in to  a more reac t ive  configurat ion.  



<' .>. [Jnder certain conditions rad ioac t ive  decay may increase reac- 
trivity while the fuel. i-s i n  the cask. For example, i n  the  case 
of t ho r im-bea r ing  f u e l s ,  t~ie decay of '"pa t o  ''% can -in- 

crease  the in-ventory of fissionable nla.-t;eri.al* 

6. Nuclear i n t e r a c t i o n  wit>h fissile material in mi-glaboring casks 
should be considered 

Mien bhe normal   id PRC conditions haire heen Fdenti.fied .for a par.- 

-titular fuel shipment, various types of criticality evldence m y  be 

ccmpiEed a 
volved, i-t mxy only be necessary t o  provide assurance that certain 
exenption. I i m i - b s  on the fuel system pararnetm=s w i l l  not be exceeded, 

For larger  sbipnien-tx with higkily' iieterogeneo.us fuel-po i son  geometries 

and eompositisns 
evidence my b e  necessary, The purpose OS t h i s  section is t o  e s t a b l i s h  

the klnds o f  e-vlderlce .that sbo:ild be considered acceptable i n  determining 

xhe.t;her and. -bo what, degree a syst,eiii w i l l  be subcriLical in the mrml. and. 

PE2C conditions with e m p h s  is on %he application t o  low-envicliied water-. 

If relatiyely smlP guantri-ties of fissile n!aa%.er.h9 are in- 

experimental evidence and well-validatmi calculational 

mderabed power reac-tt?? f u e l s ,  

IT any CIE: o f  the limits in Table 6 , l  and %he conditions f u r  which 

it applies are nnbdai.ned, the system carnot  become crit,j.eal !mdel- t he  
considered acciclsnt condi.i;ions ., 

scbntions and do m t  apply t o  mixtures af f i s s i l e  i.sot;opes. 

.Lion, the l i m i t s  a r e  only appl icable  when the  mal-t iplication factor of 

The limits are for w z i . f o r m  aqueoiis 

In add-i- 



Table 6 .I Parametric L i m i t s  for C r i t i c a l i t y  
o f  Single  Units':' 

Parameter 
L i m i t  - 

~ 2 3  5 ~ ~ 2 . 3 3  

Mass (grams) 700 500 

Cylinder d-iameter (em) 13.5 1 2 . 5  

Slab thickness (cm) 

Volume ( l i i e r s )  

4.38 3.6 

5 .i3 5.5 

Concentration ( g / l i t e r )  1 1  .o 7 .O 

._ 

"This assumes the unit i s  i so l a t ed  and therefore  has no 
in t e rac t ion  with o ther  f i s s i l e  mater ia l s .  

ilie system i n  the  presence of  neighboring ~-ef lectoi-s ,  f i s s ionable  mate- 

rials and sources i s  l e s s  than or equal to the multip,Zi.cation factor of  

the system h i t h  an i n f i n i t e  r c f l e c t o r  o f  water .  

A s a f e t y  standard i s  now being decrelopeal3 which will spec i fy  s in -  

g l e  parameter limits for usc i n  maintainiag nuclear  safety o f  f i s s ionab le  

materials. This proposal i s  intended as a rev is ion  of  t h e  American Stan- 

dard, ASA N6.1-1964 and i s  being prepared by Subcommittee ANS-8 o f  the 

Standards Committee o f  the Ameyican Nuclear Society.  While t h e  pai-anieter 

l i m i t s  o f  iha t  document a r e  s t i l l  being revised,  they arc  expected t o  be 

c lose  t o  tne  values given i n  Table 6.1 and, i n  addi t ion ,  are expected to 
be Inore coirlprehensive. 

G .5.2 Calculat ional  Evidence 
-I____ 

The purpose o f  this Guide is not  t o  require  tha t  c e r t a i n  pieces  of  
evidence be developed u t i l i z i n g  spec i f i c  codes and cross  sec t ions ;  it is  



assumed that competent, persaririel utilizing their own mchines, codes, 

and cross  sec t ions  can produce reliable evidenc~: as t o  t h e  k of the 

sjrs tiern in i p ~ ~ t i o n .  
eft' 

However, it i s  necessary to provide a f'rarnewo& by which the AEC 

can assess the confidence l e v e l  expected i . ~  t.he ca lcu la t ion  of 1 X F f f ' .  

For example, an acceptable calcu3-ati.on o f  k of a f i s s i l e  assem'bly 

should ~LCZVP;, as a suppor.ting bansis a t  l e a s t  one favorable c-ornpariso.n 

of t he  calc~-~Jka.i;ional method wj-tJi a critical experiment wlrich tias a fixel- 

nwderator-poi.son-reflec~~cp;oY. syst,em. similar ijo t h e  gi.ven assembly in t he  

T4R,C, condition. 

sys.tern to be shipped, the  calculai;'*can should be coniyiared with as1 experi- 

irlenta having the same poison material  arid approxiniately the Same polisori 

concent ra thn  , gearrie-try ,and associated neutron. energy spectrum as t h e  

system in the PffK condit,i.on . 
assemblies is i.ncluded 5n the PRC condition, the c a l c - r ~ a t i s n - e ~ ~ r i ~ ~ ~ ~ t  
comprzriscpn should be wade on a cr i - t tca l  experiment having the same 

interspersed r o d e r a t o r  a i d  apyroxirm-bely-y- the  same s9.x and. edge-La-edge 

spacing of  ind iv idua l  assem.bli.es 

_ _ .  - 
eff 

If heterogeneous I J . ~ U C T O ~  abso-rbers a r e  present, in t he  

If' th.e presence of neighboring f iss i le  

If a simjlar critical experiment does not exist, two O T  :rioPe c r i t i -  

ca9 e2qe-rirnents should be calculated t o  bmcket the  ,parametei.s o f  in- ter-  

est, over not; too wide a range I 

required t o  e s t a b l i s h  a reasona.h2e parameter Tange, A s  a mug11 es-Liwte 
for water-.roderated powel- reactors: 

iiranirun volume r a t i o ,  arid 2 3 5 1 ~  enri-chrtent of" t h e  assembly of  Taterest  

should not differ  by mre than about 20$ f rom . the c;orresoonding parame- 

ters in tAe validat,ing c r i t i c a l  experimnt a 

A certa3.n arr~unt of ,judgement will be 

the Sue1 rod diarnete:e=? water-to- 

The suppor%iylg calculational comparisons sl:oiiid usr3 the same assimp- 
t i o n s  c o n p t e r  codes honiogenization schemes inprrt; data prepamtion, 

neutron energy g ~ o i i p  structure ,* arid basic cross seeti.csns as the  calcula- 

",.on which is  .to provide acceptable  evidence o f  s i i b c r i t i c a l i t y  clhl~i.ag 

trampor-La t i o n  a 'Bie sophisticati-an of the calculational -teciii-~ique is 

:not overbj important in es-tablishing t he  r e l i a b i l i t y  and acciiracy 01" 

t h e  method m e r  a nari-ow rknge sf parameters e 
are somewhat of: an  art, and it is  possible f o r  a two-gmup diffusion 

Criticality ca lcu la t ions  



ca lcu la t ion  of  k 

p o r t  ca lcu la t ion  p a r t i c u l a r l y  i f  the parame.ters of t he  d i f fus ion  calcu- 

l a t i o n  happen ‘to be t a i l o r e d  Lo the spec i f i c  probleiii a t  hand, It is  

iniportant, however, t h a t  any ca l cu la t iona l  technique be va l ida ted  by 

comparison with experiment f o r  t h e  parameter i-ange o f  interest , .  

a i d  i n  f ind ing  related c r i t - i ca l  experiment data f o r  use i n  t he  ca l ib ra -  

t i o n  o f  calculat j -onal  techniques, a bibliography o f  se lec ted  references 

has been prepared and i s  presented i n  the  appendix. 

accompanied by a b r i e f  descr ip t ion  o f  t he  nuclear  system( s )  inves t iga ted .  

t o  give b e t t e r  r e s u l t s  than a ten-group S,, t rans-  ef f 

A s  an 

E x h  reference i s  

Whatever t he  form and qiial-i-ty o f  ca l cu la t iona l  evidence an e r r o r  

analysis should be performed which ind ica tes  t h e  uncer ta in ty  i n  t h e  

calculated k 

thc s y s t e ~ n  being described i s  j u s t  c r i t i c a l ;  therefoi-e, t h e  d e t a i l  of 

the  e r r o r  ana lys i s  should be commensuraie with the  proximity of  the 

nuclear  syst,em t o  t he  c r i t i  caJ. condi t ion ,  

Generally a ca lcu la t ion  w i l l  have grea ter  accuracj  if e f f ’  

Methods o f  cal.culation have been f a i r l y  wel l  es tabl ished f o r  i so-  

l a  Led f i s s i l e  assenbl ies  similar t o  wat,er-moderated thermal power 
r eac to r s  

of reasonable care ,  it i s  possib1.e t o  p red ic t  k within about 1 t o  2% 

i n  thermal reac tors  I In contrast.,  accurate  ca l cu la t iona l  me-thods arid. 

nuclear  cross  sec t ion  da ta  hav-e not yet  been general1.y es tab l i shed  foi- 

unmd-erated syst,ems A recent comparison of ca lcu la t inns  for a dilut ,e 

pkuLmniixn-fueled fast, c r i t i - c a l  assembly of p a r t i c u l a r l y  simple design 

indicated’’ t h a t  ca lcu la ted  values of  k 

a range from -3.6% t o  +2.4$. 
. t i c  and fore ign  l abora to r i e s  and by p r iva t e  industry. On -the bas i s  of  

the above comparison, and i n  view of the  general  lack of experience ii? 

calculat ioi is  f o r  11.rtmoderated assemblies 

be gtven t o  t h e  calcu.lal;ional techniqiies for unroodemted assemblies t o  

ensure t h a t  t he  r e s u l t s  a r e  reasonably conservative.  

.Experience has ~ b o ~ n m ~ ” ~ 3 ~ ~ ~ 5 ~ . ~  t h a t ,  wi th  the exercise  14 15 

ef f 

devia-Led .from experiment over e f f  
The calculatri.ons were suSjmitt,ed by domes- 

w e  recommend s p e c i a l  a t t e n t i o n  

When seve ra l  f i s s jonab le  assemblj es are to be trauspo1zted togel,her, 

the  ca lcu la t ion  of i n t e r a c t i  0x7 e f fec t s  between neighboring assemblies is  
o f t e n  necessa-y.  The niulti-ple- assembly ai-talysis is  iisiial-ly the  source 

of a g rea t e r  uncertainky in t he  ca lcu la ted  k than f o r  a s i n g l e  ef  f 



Considerable experience has been acci.mulated with Lhe solid angle 

and dens t ty  analog niethods 

1.; 

cr i t i . ca l i ty  f a c t o r  o f  a regular  air-spaced army- my be calculated with 

aTi accw-acy sf about 5 -to IC$ using the s o l i d  angle :rriethd.. 

arialog method has also been checked against experiment and, because of." 

its simplicity, versatiiitjr,  and accuracy, has been reconmended by Bmwn"" 

as the  method o f  ca lc ida t ing  critical arrays that is T ~ Q S ~  applicable t o  
t ranspr t ,a t i sn  problems. It pay' a l s o  be used t o  ex%er?d the information 

alrea&y obtained from Monte Carlo ca lcu la t ions  . 

both o f  which give  c o n s e . ~ m t i v e  e s t i m ~ l e s  of' 

Comparisons writi.1 experimentZD i:ndi.cate t,hai; the  when pro.perIy used a eff 

The d-ensity 

The above three methods o f  treatring i -n temct ion  e f f e c t s  have been 

checked with experiments on regular  air-spaced arrays o f  simi1a~- u n i t s  
containing highky enriched fue l  
il;f the  methods should be considered as pr.oven for app l i ca t ion  t o  Eox- 
enriched ar rays  having an ifit er sper s ed m derako T (par  l; i cul_arly a hydro g e- 

nous m%erial)  j for t h i s  application two dtfferent, methods should be used, 

one as a check on the s - the r .  

UrrL-il. m r e  experience i s  obtained, none 

.In si.mmry, t h e  foIlo'wTng gliideliiie is recclmended for evaluating 

the  a c c e p t a b i l i t y  o f  calculat ional .  evidence I If a c a l c u l a t i o n a l  tech- 
riique has been properly va l ida ted  b y  coniparison w i - t h  c r i t i c a l  exper.iments 

having a georne%ry and conipsition range which includes the asserib1-y under 

considerat ion,  a calculation f o r  the system i n  -the FRC condit,i.on s h ~ u l d  

generally be considered as sufficient,  evidence o f  s l - tbcr i t ica l i ty  i'or the 



s a f e  transpoi-t o f  1.ow-enPiched well-imderated p o w e r  Teai;toi^ f u e l s  having 

!hove t h i s  approxiniate l e v e l  of r e a c l i v i t y ,  ca l -  ke ff 
culnt,ional evidcmce shoiild be supplemented w i . t h  some type o f  e .qer imental  

evidence. For high-enri.ched or unrnoderated systems sipplemental  experi-  

mental evidence my be des i rab le  i f  the ca1cula"cion h d i c a t e s  a system 

below about 0 .go .  

even below 0.90 becaime of  the g rea t e r  change i n  k w i t h  small kef f  eff 
changes in s i z e ,  mass, o r  moderation of the system. 

6.5 ,3 Eacperimental. Evidence .... 

lib0 general  types o f  experimerital evidence a r e  considered below: 

(1 ) r e l a t ed  evidence, which includes relevant  da ta  f m m  s a f e t y  gui.des 

and also critica.1. experiments on the given fi iel  under condi-iions d i f f e r -  

ent from those expected i n  . t ransport ,  and (2) diiaect evidence, which 

incl-udes r e a c t i v i t y  determi-naiions f o r  h a d e d  casks i n  t h e  noimal and/or 

PRC conditions ~ While er i -Lical  experimen-Ls w i - t h  i.rra.di.at,ed f u e l  elements 

could be considered excell-ent d i r e c t  evidence, such experiments a r e  rare12 

performed i n  3 shipping cask: em-iroment  and a r e  not, included i-n t h i s  

discussion.  

Related Evidence - - C r i t i c a l  Experiments Before I r r a d i a i i o n ,  - ...._- .... ~ .... ..__ ..... -.. . ..._ 

Perhaps the  I ~ S  t convi.ncing c r i t i c a l i t y  evidence is  d.ei:i.ved from c r i t i -  

c a l  e.xperirnents wi Lh t h e  g b e n  f u e l  before i r rad ia t io i i .  This typz o f  

expertinent i s  ofter:  ca r r i ed  out, during the dksign o f  a r eac to r .  Tlie 

evidence i s  p a r t i c u l a r l y  usefu l  i f  t h e  fue7. elements caii be s i i o m  -to 

have t h e i r  maximum r e a c t i v i t y  ( a t  any time dur ihg  l i f e )  w h e n  they a r e  

f r e s h  aid uni r rad ia ted .  'The miniiilum niurber o f  fresh f u e l  elements re-- 

yuired f o r  c r i t i c a l i t y  can then be es tab l i shed .  If this number i.s d.eter- 

mined for a system having the same rodera tor  and t h e  same f u e l  elemen-t 
geometry and spacing that, is  used i n  -the shippimg cask, it sliould be 

considered exce l len t  c r i t i c a l - i t y  e-videncr . Advance planning can improve 

Uie qua l i t y  of the evid.crjce through experiments wit.h the  same refl.ectoi-, 

f i xed  poison, and s - t ruc tura l  arrangement that, wil.1. e x i s t  in the  cask. 

In the pas t ,  core  design c r i t i c a l  experiments have no t  been used t o  f i i l l  

advantaee i n  providing c r i t i c a l i t y  evidence f o r  fu tu re  shi-pping and 

storage s a f e t y  requiremen-Ls 



Itelated Evi.d.ei~~e. - Safety Guides a ~ l d  CKLticcSLity k . t a .  - The I ~ S ' L  

read5l.y ava i l ab le  sources o f  c r i t i c a l i t y  evi.den.ce a r e  t h e  nuclear safe ty  
gi-tides ~ 9 3 10 9 I.:? 

ca1.i.t-y da ta  zre extremely use fu l  in estimating nuclearly sa fe  dlmensions 
masses, noderator- to-fuel  rat,ios, e'cc .- f o r  a v a r i e t y  o f  systems ., 
fmm s a f e t y  guides c o n s t i t u t e  exce l l en t  c r i t i c a l i t y  e-vidence i"cp l- many 

l~o.omoge~eous and s i rq l e  .heterogeneous f u e l  systerrs The s a f e t y  gu.ides 

a l s o  h a ~ e  establislned some safe  nilclear pa:rameterr co r re l a t ions  which 

represenk excek2ent evridesce when they are applicable I 

r a r e  complicated systems , caut ious ex t rapola t ion  and i.nt,erpolat,i.on o f  

cri-ti.calitg da ta  nag be necessary 

irlents con-Lain poison rods,  fuel. rods of  s eve ra l  enrichments and diameters 

etc ; for these  complex systems t he  quali-by o f  criticality evidence ob- 

ta :hed from safety guides should be Judged on t h e  basis o f  %he amount> o f  

ex tmpo la t ion  o r  interpolatiosi  involved a 

These systematic presenta t ions  of  experimental cl-iti.- 

D a t a  

In  .the c m e  sf 

Many conlrnercial reactor. fi-iel ship-. 

Direc.t Ev-id.ence, - Direct; experimental methods of' r e a c t i v i t y  deter- 

min.ai ;bn represent; a po-tentia.1 source o f  exce l l en t  c r i t i c a l i t y  evidence. 

An advantage 03 t h i s  type o f  evidence is  t h a t  the rneasurernents can be 
rriade on -l;he very systerr! which is  o f  ipiteres-t, e . g o  a loaded shipping 
cask submerged i n  water,  o r  a storage a r r a y ,  Because o f  the e f f o r t  and 

equipinent usually required 

fc>rIrieil r ~ ~ i  shipping casks except, i.n monitoring the loadi.ug procedmre * 

H o T , w ~ I * ,  i f  t h e  confidence d.erived. from su.ch an experiment, were to permit 

a s i g n i f i c a n t l y  g rea t e r  am-mt s.? f u e l  t o  be shi-pped t,ban i s  o r d i n a r i l y  

- 

t h i s  type o f  experiment i s  normally not per- 

J-1 m e  case,  t h e  performance o f  such an experiment on a shipping cask might 

be  j u s t i f i e d  



S ev-era1 experimental techniques f o r  r e a c t i v i t y  rneasuy ement s have 

been discussed by Keepin '" 
casks inc1iu.de : the  multipl_icati.on measurement, t h e  pulsed- neutron 

method, t he  Rossi-a technique, and the ~ o i i . i ~ e -  j e rk  experiment fi In  
geiieral, Lhe present  technology o f  t he  mul t ip l ica t ion  experiment is .i:n-- 

However, a midkiplica- e f f '  acleqaate f o r  t he  accurate  pred ic t ion  of k 

t i o n  experiment can serve as a. u se fu l  mi2itoriiig p m c e d i i r e  during t h e  

load-jag o r  f u e l  i n to  a sbi.ppi.rig cask. 

MeLhods ms t  a,pplicable to  loaded slii.ppi.ng 

The b e s t  technique f o r  evaluating the r e a c t i v i t y  of s u b c r i t i c a l  

inod~ei-ated asselliblies appears t o  be the  pulsed neu-imn method. 'The prompt 

fundamen-tal decay constant,, a ,  can be measured qii.i.te accura te ly  and when 

or supplenienied with a ca l -  nori-ml.iized by a rneasurem.ent a t  a known k 

cula-Lion of pi-omjjt, neutron l i f e t ime ,  can be used t o  e s t a b l i s h  a value o f  
e f f '  

with an accuracy o f  1 t o  2% f o r  0.9 < k < 1 .OO. Approximately e f f  
this same ar,cur.acy (can be obtained f rom 'the Rossi-cI method when it i s  

applied t o  utnmderated, stroiigJ.y-co1qledy fas t  iieut,i-on sysiems . Coli- 

s iderably  less nccuracy i s  to  bc expected from Rossi-n measurements on 

wel l -mderated systems Experience with the  s o u i ~ e -  j e rk  technique has 

been limibed. i n  the  U . S . ,  and accurate  pred ic t ions  o f  k 

a l l y  be mde wj.t,h t h i s  me-tho3 a t  t h e  preseri-l Lime. 

cannot gener- e f f  

Problems of  measurement aad in te rprc- ta t ion  o f  da ta  acco~iipaiiy each 

o f  t he  direc-t  experimental methods. 

s.t rong y-ray a c t i v i t y  sircti 3s i s  associa-Led with ii-rad,ia.ted f u e l  e le -  

ments I one must, a s s i r e  himself -iiiat, his detec tor  ~e.spoiise i.s primarily- 

determined by the neutron f lux  and not  the y-rays. 

thf: measured daka (and c o m  equently the  i-nferi-ed value of k e f f )  w i l l  

probably vary with detec-Lor loca-ti.on, and severa l  chtectoi-s may be neces- 

sary- t o  get, an accura-Le space-averaged result ,  Reasonable care  and a t t en -  

t i o n  must, be given -Lo S U C ~  problems t o  obtai.:o the  accuracy mciitioned above. 

F o r  example, i n  -the pi-esence o f  

As anothe-i. example, 

6.6 Applications f o r  AEC Approval OII C r i t i c a l i t y  

6.6.1 FSremptions 
--1 

Before making appl ica t ion  t o  cover a proposcd shipment , examine the  
shi-pment t o  see  whether o r  ilot a spec i f i c  1.i.cense i s  required.  



Exemptions a r e  provided i n  - the regula t ions  for a mall  quan t i ty  o f  

any f i s s i l e  materi.al; for thori-um, depleted uranium, n a t u r a l  uranium, o r  

a very slightly enriched uranium containing i n s i g n i f i c a n t  armimts o f  
plutonium or '33TT; and f o r  highLy moderated f i s s i l e  mt,eri.al, 
ages which aye exempted are those which contain Less than a Large qunri-Litg 

o f  m.ter . ia l ,  as def ined i n  the :reg-ulations, and m y  incliide: 

The pack-. 

1 .  

2 ,  

3. 

1-1. . 

k t  mre than 1s g r a m  f.i.ssi.le uia,a.t;erial., 

Tho rim, depl.et,ed. uraninrri, o r  natiuural m-aniiun w i t h  i n s i g n i f i -  

cant 23 ;3 U or 'fir content, 

Homgeneous substances with 1% 2 3 s ~  enrickrtlent 01' less, and 

no significant ' 3 3 ~  o r  PU content .  

Homogeneous substances w i L h  ~ 0 0  gmms o r  l e s s  o f  fissile 
rna.teria1, when the  H/X r a t i o  is greatm: than '7600; o r  GOO 

grams o r  Less of 836U when .the H/"'""1T r a t i o  is  greater than 

5200, and no s i g n i f i c a n t  '"TJ o r  RI i s  present ;  o r  ~ O O  gram 

or l e s s  of ZSaTJ and ZZsrJ  wheI1 l;he &/"""u plus 835 r a t i o  is 

greater. than 5200, and no s i g n i f i c a n t  ~1 i.s present. 

The "secondaryr! f i s s i l e  i so topes  mentioned are cons idered t o  bc in-  

s i g n i f i c a n t  when 'chey are  less than 1 %  of tne pr imary  f"isss1e LsrJtope, 
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Any cornbination of 233U, 235U, and Pu, f o l h w i n g  -the Unity 

Ride. 
A,.\,. 
I \  I\ 

2500 grams 233€'u, 23sPu, and 24'Lyu as Pu-Be neutron sources, 
with no more than 400 grams 238Pu, 239pU, and 24'-Pi.i per  

package. 

If t h e  shipment i s  t o  be made as a Class I1 shipment, the followirig 

i s  generallg l icensed f o r  each ind iv idua l  package: 

UP t o  li0 grams '"u 

up to  30 grams 2 3 3 ~  

Up to  25 grams Pu 

Up to 400 grams Pu as Pu-Be neutron sources 

AQ- comn~ination o f  '""u , 2 3 5 ~ ,  and PU, fo1.1owing the  Unity 

Ri1.1e'''' for a se lec ted  r ad ia t ion  unit,. 
\I \I . .. - 

The above general. l i censes  a r e  issued automatical ly  t o  persons 

holding a speci f i e  l i cense  issued pursuant t o  any spec ia l  nuclea!- mate- 

r i a l  o r  by-product n?at,eriaI l i cense  issued by t h e  ComTi ss ion.  

A general  l i cense  is issued. to persons holding a spec i f i c  AEC li- 

cense f o r  a shipment which i s  t o  be n1ade i.n a spec i f i ca t ion  coriCari.ner i n  

compliance with .the Yegulations of  t he  ICC, 49 CFR '13. 

coiitainer i s  one which is I.is-ted by the  XCC; as being approved f o r  certain 

spec i f ied  quantit i .es and fo:rms o f  mtxrial. 

I C C  Memorajzdum o f  Understanding 

ppevioi.isly evaluated by t h e  AEC before approval by ICC, 

A spec i f ica t io i i  

In  accordance with the AEC- 

s p e c i f i c a t i o ~  packages wi.11 have been 

\I \, ,I I\ . _ -  
Tile Unit,y Rule s t a t e s  tna t  when f i s s i l e  isotopes a r e  s h i p p d  i n  
combination, t h e  sum of the r a t i o s  o f  the quantity o f  each iso- 
tope t o  i ts  spec i f ied  l i m i t  shall no t exceed u i i - t y  . 



1 . Oak Ridge Gaseous Diffu.sion P1an.t "Standard Shi-ppirng Containers 
for 8- and 12-in, d i m  LEcs Cylinders, iCD-7 930, Sept a 27, 1966 ~ 

0. T R I Englamd, sfTlme-Dependent Fission-Prod-uc t Ther~nial and Reso- 

nance Absorption Cross S e e t i o m ,  rf  USAEC Report WQD-TM-133, p .  ~ J R  

(Nov, 1962). 

7 Private Commimica Lion w i t h  I,. L. Bennett and D Fi., JTondy, ORj!IL, 
January, 1 96 . 



1 2 .  

13. 

14.  

15. 

16 .  

17. 

1 8 .  

19.  

20 L 

2 1 .  

22 * 

2 3 .  

kmeri.can Standards Association Sec t iona l  Committee NS, IIGiiide for 

Design and Operation of  Shipping Containers f o r  lrradi a ted  Sol id  

Fuel from Nuclear Reactors If  Aroeri can Standard ASA N s  .3.1 96jk, 
published by The American Ins t , i tu te  o f  Chemical Engin, ners . 
Pr iva te  Comiimication with Dixon Call inan, OTC.NL, January 1967. 

A .  Xadkowsky, Naval Heactom F'nysics Handbook, V o l ,  I, 1964, 

Argonne National Laboratory, "Reactor Phys ixs Constaots, IJSAEC 

Report ANL-5800, July,  1963. 

P'atii.1- or* Light Water La t t i ce s ,  Light Water Lat,t ices,  Report o f  a 

Panel Held i n  Vienna, June 1 ,  1962, Technical lieport Se r i e s  No. 1 2 ,  

IAEa. 

- 

I,. E. Strawbridge, fJCalculation o f  L a t t i c e  Parameters and Cr i t ica-  

l i t y  for Uniform Water Moderated J ,a t i ices ,  i1 USAEC Report WCAP-j269- 

25, p .  3 5 ,  SepL. 1963. 

G .  E. Edison, M.  L. Minion, "Power Dis t r ibu t ion  and Reac t iv i ty  
Calculations f o r  the MH-IA i kac to r ,  

p , I O ,  January 1967. 
USAU Report OKNL-TM-l65L, 

W. G .  Davey, "Intercompari son o f  Calculations €or  a Diluie  Plutonium- 

Fueled Fast C r i t i c a l  Assembly (ZPR-3  Assembly 48), l i  i n t e rna t iona l  

Conference on Fas t  Crit ical .  Experiments a n d  Their Analysis, ANI,, 

Octobcr 10-1 3, 1966. 

R. C .  P'nxtan, MCri-ticality- Coiltrol i n  Operations with F i s s i l e  

Material, LA-3366, p .  32, December, 1964. 

K. E'. Henry, J .  R .  Knight, C .  E .  Newlon, Y3elf-consistenL C r i t e r i a  

for Evaluation of  Neutron In te rac t ion ,  K-I 31 7 ,  December, 1956. 

H. F. Henry, C .  E .  Newlon, J. R .  Knight, "h ie i i s ions  o f  NeuLrori 

Interact ion Criteria,If K-1478, July, 1961 . 
M .  A .  Meyer ( e d i t o r ) ,  Symposium on Monte Carlo Methods, --.___. Wiley, 

New York, 19%. 

- 

--- 



2 I e E. C Cruue, Sr "The Rel i ab i l i t y  ai' Cri t ica l . iLy  Safety CalcuZa- 

t ions  Using the  New Codes CSC and USAK Report Y-KC-96, 
A p - i l  21, 1967, 

29. C e L. Brown, "Cr i t i ca l i t y  Safety in Transportation and S-torage, 

Proceedings, Nuclear CrLt icaLj - ty  Safety, p (I 1 7 7 ,  Decernber 1 3 ,  1966. 

30. 6 ,  I?. Keepin, Fhysi.cs of Nuclear Kinetics, Ch. d ,  Addision-Wesley 

Publishing Company, b c .  1sii55. 
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6.8 Bibliography of C r i t i c a l  Experiments 

A bibliography o f  se lec ted  c r i t i c a l  experiments i s  presented f o r  use 
i n  vali-dating cal-cula-tioiial. me-Lhods of reac tor  ana1.ysi.s I 

a well-defined geometry and composition a r e  included e 

classi-f ied according to t h e  sy-s-tem parameter of rm j o r  interest , .  

at,t,enti.on W ~ S  given tn water cooled and moderated uranium systems of l a w  

enrichment siiice t hese  make up the  bulk of power reac-tor f u e l  shipments. 

The bibl.iography is accorripani.ed by a coiicise descr ip t ion  of the  nuc1ea.r 

sy-stems inves t iga ted  i n  each reference.  

Only systems with 

The experiments are 

Pa r t i cu la r  

A .  Lord Enriched UO,; Water Moderated -,..-..... 

AI . P. hT. Davison e t  a l ,  ~ Yankee C r i t i c a l  Experiments . Measurements 

on J ,a t t ices  o f  Stainless Steel Clad S l i g h t l y  Enriched LJraniim 

Dioxide Fuel Rods i n  Light Mater, If USAEC Report YMC-34, Apri l ,  1353. 

A 2 .  P .  W. Davison e t  al. llTwo Region Cri.t,ical Experimerits with Wat,ei- 

Moderated S l i g h t l y  Enriched UO, La t t i ce s ,  I f  USAEC Report YAEC-142 , 
November, 1 959. 

R. D Leamtxr et, a l ,  , " C r i t i c a l  Experimerits Performed with Clustered 

and Vniform Arrays o f  Rodded Absorbers, USAEC Report wcaP-3269-39, 

November, 1 365 , 

R .  M. Ba l l ,  A .  L .  MaeKinney, and J .  1-1. Mortenson, V X R T Y  C r i t i c a l  

Experiinei-its Summary o f  @ - Enriched UO, Cores Studied fol- NMSR,If 

USAEC Report BAW-I 21 6, May, 1961 . 
AS. Quar t e r ly  Technical Repoyt, SPERT 1 % ~  j e c t ,  IDO-17030, p.  40, 

Apri l ,  19614 , 

References AI A2  and A 3  h----L 

C r i t i c a l  experiments were performed wi.th s t a i n l e s s  s t ee l - c l ad  UO, 

An unclad f u e l  p e l l e t  diameter rods o f  3 .'(, 3 .7 ,  and 4.4% enrichment , 

o f  0.300 i n .  was used. 

0.7 i n . ,  permitti-ng W/U r a t i o s  between 2 and 1 1 .  

about 1 0 . 2  g/cm3, 

The square l a t t i c e  p i t c h  was i n  t h e  range 0.4 - 
The oxide densi-ty w a s  

Cyli.ndrica1 configurat ions with an a c t i v e  height. of 



Reference 

-Mttices of IJO, rods enriched to 3% and 14% were inves t iga ted  using 

a square p i t ch  of about 0.6 i n .  

resuited i n  'W/U r a t i o s  of 2.6 m d  3.6. The f u e l  had a densii,y of abciut 
'7.2 g\cm' and was clad i-n e i t h e r  s t a i n l e s s  s-t;eel or aluminim, The l.at- 

ti.ces were c y l i n d r i c a l  with a water r.efLectx,r and an a c t i v e  f i ie l  height; 

An unclad fuel pFn di.amter of O.j.$di i n  

o f  about, 5-'1/% r't, 

Reference A# 

cmmiulr- dioxide rods o f  4.8% enrichment were stu.died i n  -the COUL-.SF~ 

of the SPERT p r o j e c t .  The file1 p e l l e t s ,  0.420 i n ,  in drianeter, weire 

clad with stainless s t e e l  and aluminum aiid liad an oxide density of 

10,5 g/cm", 

appears to be less than 1 ,(I - nonmderator  to moderator r a t i o s  o f  1 .9 
and 2 . 2  were reported.  

were m d e ,  with an  a c t i v e  fuel Length of 38.3 i n .  

The square lat , t ice p i t c h  was aboini; 0,6 in. The ?$"U ratio 

Soth c y l i n d r i c a l  and rectangular configuyat ions 

B, Low Enriched U Metal: Mater Ploderated 

131 . $I, G .  Davey, K .  R .  Smith, "Exponential Ekperiments with Xr-riched 

Uranium.-Natural Water Systems, 

October, 104'4'. 

B r i t i s h  Report ..4EXE-RP/€1-1788 

92 ~ H, Kouts arid R. %et-, 'fExperjmentaL Studies  of Sl igh t ly  Enriched 

Urzniul71, Water I'bderated Lat t ices ,  1q IJSAEC Report I3NL-1~86 ( T - I 1 1  ) ~ 

September, 1 Y57. 

B?. C .  R. Richey, R. C, Lloyd, and E,  D. Clayton, "CriJicality of 

S l i g h t l y  Enriched Urani-um i n  Water Moderated La t-tices If Nucl 
S e i .  and Big., 21 2 p.  217, February, 1265. 

EL. J .  K, Fox, 5. T .  Mihalczo, and L .  W, G i l l c j r ,  ffGr-iC:ical Experi.ments 
w i t h  2.09% 23"U Enriched Uraniurn Pkt,al Ilates i n  Ni t e r ,  's USAEC 

2eport  ORNT.,-CF-58-8-3, 1958 



188 

B.5. P r iva te  Communicat,j.on with E.  5. Johnson, Oak Ridge Natioria.1 

Labora-tory, (December, 1966). 

lieference R1 

Most, o f  t h e  square p i t c h  l a t t i c e  experiirients wi t,h uranium metal. were 

performed at, Harwell Laboratory i n  England ~ 

approach- t o - c r i t i c a l  experimerits used metal rods of 0.93% enricliment w i L h  

I ' i r a t  aluminum and then s t a i n l e s s  s i e e l  cladding. 

diameters wcrc 0.75 and 1 .20 i n .  The l a t t i c e  p i t c h  var ied  from 0.91~ t o  

1 .85 i n .  corresponding t o  a bJ/U range o f  0.59 - 1 .91c. 

cy l ind r i ca l  configuratjons wit,h an a c t i v e  f u e l  l eng th  o f  aboui 30 i n .  

were employed. 

One scries o f  exponential  and 

The unclad f u e l  rod 

Nater--refleebed 

Reference 132 _____ 
A s e r i e s  o f  exportenti-a1 experiments was performed a t  BNL using 1 .O, 

1 .Is, and 3.3% enriched U metal rods c lad  wi th  aluminum. 

rod diameter was 0.600 i n , ,  and the  ac t ive  length  w a s  4 f t ,  

gu lar  p i t c h  w a s  var ied bebween 0.85 and 1 .3l i n .  to give a W/U r a t i o  

ranging from 1 i o  4. Cy1.i nd r i ca l  core configurat ions were arranged w i t h  

a water reflectox..  

The u.ncl.ad fuel  

The t r inn -  

Reference B3 

Ap p ro a c h - t o  - c r- i t i. c a 1 and expo T* en t i.a 1 exp e r i m e  nt s id i. t 11 un c lad U m e  t a1 
rods of enrtchmen-t 2.0% and 3.06% were cami.ed out  a t  Hanford. The 'crian- 

gu lar  p i t c h  w a s  var ied  from about 0 .28  i.n. t o  1 .8l i n .  f o r  f u e l  rods whsse 

diameter ranged from 0.175 t o  0.925 i n .  The bJ/U r a t i o  vari-ed from about 2 

t o  12 Water-reflected cy l ind r i ca l  configurat ions were iised with t h e  

ac t ive  height  varying f rom about 16 i n .  Lo 32 i n .  

Reference R)i 

Uranium metal p l a t e s  enriched to 2.09% were s tudied a t  ORNT," The 

p l a t e  spacing var ied  from 0.0 t o  5/8 i n .  
st,iidied with group spacings of  j'/5 - 1-1/8 i n .  

Groups o f  p l a t e s  were a l so  

The p l a t e  s i z e  w a s  l / 4  i n .  



tnick, 3-1/13 i n .  wide, and 30 in. long. 

t o  4.5. 
The W/U r a t i o  va~ied from 2 - 5  

Rectangiilar geometry with a water rePlec tor  was used i n  n?;/ny 
cases * 

Reference 335 

( h r r e n t l y ,  c r i t i c a l  experiments with 14.9% enriched um.nium metal 

rod6 are  unde.rway a t  OT?JTl. 

1 i.m I a r e  being s tudied  j-n bo th  triangular and squam p i t c h  l a t t i c e s .  

The res~il-ts for. 0.5- and 0,3-rLr. diarn yods are  already in hand b ~ t  un- 

reported as 0.f Janixry 1 

from about ri to 2 .4 i n .  w.ith resul t , ing N/TJ rablio of about 2 - 12.  

rer"lect,ed configurat ions w i t h  actiTre f u e l  lengths  of  abo-ul; 1 2  arid 2L i n  e 

kave been constructed i n  rec tangular  and cyLi.ndrica1 geometries I )  

.Unclad rods of  d i f f e r e n t  diameters up t o  

1967, L a t t i c e  p i t c h  is ejcpecixd 'to be varied. 

bhter- 

Eeference C1 

NiLLt,tplicatim measurements ai; b s  Alarms were used to determine 

c r i t i c a l  inass data f o r  fiihly eni-iched u.rani.1.m metal 

metal cubes having an edge length  up t o  1 in.. were arranged inLo cllbic 

a.:rrags wi th  water as maclera-tor. and ref lector ,  
.i-i.jas varied from 0 .'I5 to 2 e 2 5  i n .  
in. c y l i n d r i c a l  amays . 
ranged fmrn r) .5 t o  1 i n  
about 80 " 

Lat t i ce s  o f  unclad 

T'rre square l a t t i c e  p i t c h  

&me experiments were done ~ i t h  rods 

The rods were Ips in in diameter, axid -the pitch 

$kiter--t;ca-uraniuiil vollxrle r a t i o s  va~-i.ed 1x1.;~ t o  



Reference C 2  

C r i t i c a l  experiments were performed with homogeneous so lu t ions  of  

f u l l y  enriched uranium. 

37 , l  and 71~~6. 
f l -ec tor  and with and wiihout a cadmium l i n i n g  i n  ihe conta iner .  In some 

cases in t e rac t ing  a r rays  of  a s  marly as seven vesse ls  were t e s t e d ,  Cylin- 

d r i c a l  ves se l s  o f  diameters up t o  30 i n .  were used, 

The so lu t ions  had H:235U atomic r a i i o s  between 

Experiments were made with and a l s o  without a water re- 

Reference C 3  

A s e r i e s  o f  water iiwderated and r e f l ec t ed  experiments with SPERT-D 

f u e l  elenleiits were performed a t  ORNL. 

cent. elements was varied up t o  about 2 i n ,  Rectangular geometry was used 

i n  a l l  cases except one i n  which a rounded l a t t i c e  w a s  made. The elements 

were 2 f t  1-ong i.n most experiments; a few experimen-ts were done w i t l i  6 - f t  
elements. 'The f u e l  element cons i s t s  of a 3- in .  square a2,urninum a l l o y  tube 

containing 22 p a r a l l e l  f u e l  p l a t e s  60 m i l s  th ick  and spaced 117 m i l s  a p a r t .  

Each fuel. p l a t e  i s  a 20-mil th ick  a1.3.oy of uranium and aluminum containing 

23  I 8 w t  % o f  ful ly-enriched uranium sandw-iched between - L m  20-mi.]. th ick-  

nesses of aluminum al.loy cladding. 

rows of elemen-ts were only p a r t i a l l y  loaded t o  achieve critical.i.-t,y, t he  

inclivi.dua1 p l a t e s  being removable. 

The spacing between f u e l  i n  adja-  

In  some o f  t h e  experiments, -the ou te r  

I k f  erence ~4 
c 

Multiplicati.on measurements were used to  e s t a b l i s h  cri.ti.ca1 conf igura- 

t i ons  with:  

composition 95% '""Pu and 5% " 'Pu , 

exti-eme shape weye b u i l t  up, having height-to-diameter ratios ranging from 

about 0.05 to  0.3 and 4 t o  15. 

a )  ful ly-enriched uranium metal,and b )  plu-tonimt metal o f  

Elongated and squat cyl inders  o f  

The uranium cyl inders  were of two d-iameters .-- 15.00 and 3.314 i n .  
The plutonium cyl inder  diameters were 2 . 2  and 6.0 i n .  Fxperiments were 

made wiih d i f f e r e n t  r e f l e c t o r s  which included water,  uranium, graphi te ,  

polyethylene, aod beryl l ium, 
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I), Critical Expertments with Poisons 

D1 ~ E, U. Johnson and R. K. .Reedy, Jr., "Critical Experiments with 
SPEZT-D Fuel  Elernents , USAEC Report, 0R.i'JL-TM- 1 20'7, July, 1 965 

335 I P. W, I)a.sri.son -- e t  al. ~ Wmkee  Critical F~peri.ment,s - Measurements 
on Ut- t ices  of Stainless Stee l  Clad Slrigi-itly k15 ched rJraniwii 

Dioxide Fuel Rods in Light, Water, USBEC 2e.por.t YAEC-94, A p r i l ,  
1 Yj9 .) 



wide and 0.0015 i n .  t h i ck  with 13.-mil and 38-mi.l water gaps arid 29-mi l  

Z i  rcaloy spacer p l a t e s  in-terspersed. 

Refel-ence D ~ L  

1 , q e d  poison experimea-ts were pei-formed by Rahcock and Wilcox. 

h r o s i l i c a t e  g1,ass rods ( 1  2 -6% B,O,) of  0.460.- and 0 3 6 - i . ~  diameters 

were used as we l l  as s i l i c a  g lass  md-s  (3.00% B,O,) of 0.326-in, diam 

and aluminum-clad R,@ rods.  

rods a t  var ious loca t ions ,  

j k %  enrichment with OD = 0.475 i n .  

corresponding t o  a non-moderator t o  moderator volume ratio o f  0.750. 

oxide dens i ty  w a s  9.5 - 1 0 . 2  g/crn". 

f o r  the 2 .  j$ enriched rods a.nd about 5-1/2 f t  f o r  t he  1.1% enriched rods ,  

The poj-son rods were s ibs t i tu . t rd  for fuel.. 

The f u e l  consis ted of UO, rods o f  2.5 and 

?"ne square l a t t i c e  p i t c h  was 0.6b4 i n . ,  

The 

'l'he a c t i v e  fue l  l eng th  w a s  about 5 f t  

Reference 

A numbe-r o f  crit,ical. experiments were conducted with the Yankee 

2 .7% enriched U 0 2  usi-ng soli ible boron (bor ic  a c i d )  i.n the  moderator. 

summary of t h e  l a t t i c e  parameters i s  gi .vm under .the reference A I ,  

A 

Reference D6 
-1.1111 

Etxperiments with s t a i n l e s s  steel and boron-loaded aliminum p l a t e s  

were perforrried usi.ng BSR f u e l  elements (see descr ip t ion  o f  r e f .  CS) . 
Tile st,eel. plates  ranged i.n thickness  f rom 32 t o  725 m i l s .  

minim p l a t e s  had boroil loadings f r o m  1 'to 50 g o f  n a t u r a l  boron and were 

clad wi-ih aluitiinwri. 

t h i ck  and. ?;he plaGes with higher loadings were 1 14 m i l s  t h i ck .  

p l a t e s  were subs t i t u t ed  for f u e l  plates ..I!., several i j- ifferent posi.-tions . 

The B+C a h -  

'Ihz plates wi.t'ri 16 g o r  l e s s  of  baron were 52 m i l s  

The poison 

E.  Ci-i t ical  lkpcriments with Oifferenl  - l icf lectors  

El , E ,  C. Mallary, "Ora l loy  Cylindri-cal Shape Factor  and C r i t i c a l  Mass 

- _I 

Measiirements ill Gi-aphite, Paraf f in ,  and Wahr Tampers, USAEG Repo 1-t 
LA-1305, October, 19j1. 



Reference El 

Nu l t ip l i ca t ion  experiments were done using i n f i n i t e  reflectors of 

graphi te  , paraffin, and water 
ex t rapola ted  t o  y i e l d  cri-Licak masses. Yne cores were immderated 
cyl inders  or' spheres o f  93 .Y$ enriched uranium. 
ranged f rom 3.25 in. to 12, lc  in.; mms-1; of the Tanits had diameters 

between Ir and '7.5 i n .  

Reciprocal miLlipl-issatioican p l o t s  were 

The core diameters 

Reference E2 

Spheres and cy l inders  o f  Sully-enriched uranium r e f l e c t e d  by l ead  

~rvere the sub jec t s  o f  mult ipl icat ion rneasiuements a t  T,ivermre I 
uranium cyl inder  diameters were about 3 .ii and 

diameters were 1',6 and ';*? i n ,  C r i t i c a l  s i z e s  were determined for l ead  

LhFeknesses o f  about 3.5, 5-0, 5.2, and 6.8 in. 

The 

.4 i n , ,  and t h e  sphere 

The Peati dens i ty  was 

1 1 *3 g/crn" . 
B,eference E:! 

PuSt ipEica t i sn  measurements we r e  made using n natural u~~ani.mn re- 

flector of  d i f f e r e n t  tkicknesses up txa 9 i n .  The spherical core w a s  made 



1v4 

of f i J . 1  l y  enrichcd uraLlium, Some experimtmts used a spher ica l  phit,oj?j-um 

core with a na'iural. uranium r e f l e c t o r .  

Referenee El.! 

Critical masses were determined for 5-1 /4-i.n. diameter cylin-ders of 

ful ly-enriched uranium sui-roimded by 1/2- and 1 - i n .  t h i ck  r e f l e c t o r s  o f  

Be, graphi te ,  Mg, 81, T i ,  s t e e l ,  Cu, W all.oy, nahural. iJ, N i ,  Co, 1Mo9 

Al.,0,, %,C, and polyethylene.  A l s o ,  critjical. masses were measured for 

ful ly-enriched u.raniurn spheres with -2- and -I.r.-in, th ick  r e f l e c t o r s  o f  

Id aZ!.oy, Fe, N i ,  Ni-Ag, Cu, Zn, Th, Be, &AI, C, and n a t u r a l  U. Extrapo- 

l a t e d  inverse Iiid-Liplica.t,3.on da ta  were used t o  e s t a b l i s h  c r i t r ica l  rmsses . 
Values of r e f l e c t o r  savings were a l s o  determined. 

Reference E5 

Saf s ty-or iented experiments were done a t  Aldermaston, England nsi-ng 

re f lec- tors  of wood, concrete,  polyethylene, and water. The i-eflector 

thickness was varied up t o  a'wut 8 i n .  Unmderated s tacks o f  uranium 

metal p l a t e s  o f  37.7% enrichment were used f o r  the cores which were i n  
s l a b  and rectangular  geometries, The reflectox- d e n s i t i e s  were: ( a )  wood- 

0.693 g/cm3, (b)  concre-te .- 2 . 3 7  g/cm3, ( e )  polyethylene - 0.919 g/cm", 

and. (d) watei.. 'i .O g/crn3. 

o f  which 2.61j. w t  % could be driven off by heat ing.  

determined, as well as c r i t i c a l  masses and diiiiensions. 

The water content o f  .the concrete was 7.85 w t  $ 
Ref lec tor  savings were 

Reference E6 

In s ~ m e  o f  -the experimentk cu r ren t ly  i n  progress a t  O W L  (described. 

under r e f  I( Bs) with I.!. *9$ enriched water rilodernted u r a n i u m  metal m d s  , 
i-efl.ectoi-s o f  l ead ,  s t e e l ,  and water have been used i n  thicknesses iip .to 
8 i n ,  

t o  4 i n .  
were piaced on oine o r  two s ides ,  leaving water. on the  o the r s .  Crit ical .  

s i z e s  and 1-eactivity- worths we:re det,ermined by t h e  ca l ib ra t ed  water-heigh-t 

method. 

A l s o ,  the  m.t,er gap between fuel and r e f l e c t o r  w a s  var ied  from 0 

The f u e l  was arrayed i n  rectangidar geometry and the  r e f l e c t o r s  



Reference F1 

P i?re ... sli i; er c yXiader s o f conc e a t  rs t ed uranyl n i t  ra t e so l n t  io n w.e re 

arranged. in c r i t i c a l  arrays The umniim concentrat ions were 63 - 3 ,  279, 
and 1 ~ ~ ~ 1 5  g/li.t,er w i . t h  a 8 3 5 ~  conte12.t 0.f 92.6  wt $? Pesdt i rqg  li.11 N ; / " ~ ~ T J  

atoriiic r a t i o s  of 440, 92 and 59 respectively The pl-exiglas cyS_ind.ers 

which con-L-ined t he  f u e l  m r e  akuut; 8 in, in diame-ter and 7-7/2 in* high. 

and had a 7/14 in. w a l l -  thickness, The surface- to-surface ser ja ra t ion  of 

the cylindrical, imits ranged from zero t o  6-1/2 i n .  
a.nd. 12s units ~iiie2-e assembled j.n cubic and parallelepipedal geometry, 

of the arrays vmre r e f l e c t e d  by p a r a f f i n  and plexiglas  in thicknesses up 

to 6 in., 

Arrays of 8, 27,  64, 
Some 

Cylindrical bo t.t;les o f  enriched uranyl a i t r a t , e  were arranged in to  

In some experirnen-ts neither r e f l e c t o r  ai-~ags o f  as :rm.ny as 106 units a 

about the arrays :nor interspersed moderator was present;. 

rmdemtor and r e f l e c t o r  thickness w a s  varied. The h e 1  concentration w a s  

);IO g o f  uranium per l i t e r  contxining 92.6 wt % z 3 5 ~ ~ .  

cyli.n.dri.cal. bo tk le s  were used 

irmei- diameters of  about 4.7 and .5 . I  i f i ,  

t ies  about 13 and IS' l i ters ,  r e spec t ive ly .  

was ac ahmi.nwn cylinder 6 ft long wi th  a & i n ,  I D ,  The u n i t s  were 

a.rranged. v e r t i c a l l y  wi.th t h e i r  bases i n  a l i n e a r ,  square,, o r  t r i angu la r  

pattern A 

array periphery was e i t h e r  square o r  hexagonal. 

In o.thers, .bile 

~ h r e e  1Cind.s o f  
'I360 o f  i;ne types were po;l;yedh--lene .with 

Length about 4 ft, and c a p c i -  

Tile t h i r d  type of container  

Surface-to-surface spacings i ~ p  t o  8-1 /2 i n .   ere erriployed . The 



Reference F3 

In  some of  t he  experiments described under ref. C2, i n t e rac t ing  

a r rays  o f  as mmny as seven cyl inders  of ful ly-enriched uranyl n i t r a t e  

were constructed.  The cyl inders  were arranged i n  hexagonal triangular, 

and l i n e a r  pa t te rns  with edge-to-edge spaci.ngs up t o  24.5 i n .  One set 

o f  experiments w a s  performed with three units i n  a t r i angu la r  pat,tern. 

One o f  t he  cyl inders  w a s  then moved t o  various pos i t ions ,  foi-ming isosce-  

l e s  t r i ang le s  wri.th differenl;  .vertex angl..es I 



7. SKIELDING 

7.1 General Considerations 

The shielding of any shipping cask must reduce t h e  ex te rna l  dose 

rate from the l a r g e s t  expected soiirce to below specified to le rance  levels ~ 

T h i s  is  done fo r  t h e  mst, part w i t h  l ead .  This chapter  w i l l  be devoted 

pr imar i ly  to t h e  use of that, naater*ial althoiigh s teel ,  depleted iiranium, 
concrete,  and o t h e r  mterials can be used t o  advantage I J I I ~ ~ T  various 

circumstances. 

There a re  a number of  textbooks arid rei'erence docunents ava i lab le  

covering the  subjec t  o f  sh ie ld ing;  consequently, the  theory and s a k u -  
iatrional methods w i l l  not bc discussed here .  

j.nvol?reCi i n  sh ie ld ing  design, a l i s t i n g  o f  sh ie ld ing  corripputer c:.xies and. 

topical reports  a r e  a v a i l a b l e  thmugli t h e  Radiation Shi elding Lnfotmation 

Center I Tnquiries should be addressed to : 

Iri addi t ion ,  t o  help people 

Fadia t i o n  Shielding Informa-tion Center 
Oak Ridge National L a b r a h r y  
v ,  0 .  Box x 
Oak Ridge, Tennessee S'78.3(j, U , S  .A. 



" A l l  radioact ive ma te r i a l s ,  l i q u i d ,  solid and gaseous must. 

be packaged i n  s u i t a b l e  containers  ( sh ie lded ,  i f  necessary) so 
t h a t  my t i m e  during t r anspor t a t ion  t h e  r a d i a t i o n  dose ra te  does 

not  exceed any o f  t h e  l i m i t s  speci-fied i n  t h e  following subpara- 

graphs e 

. . . . . . . . . .  

1 .  20C mil l i rem pe r  hour a t  any po in t  on the  ex te rna l  su r f ace  

o f  t he  package 

2. 10 millirem per hour at, t h r e e  f e e t  from any access ib l e  ex- 
t e r n a l  surface o f  the  package. 

"Packages for which the  r a d i a t i o n  dose rate exceeds -the l i m i t s  
spec i f i ed  above but  does not exceed a t  any t i m e  during t ransporta-  

t i o n  anj7 o f  the I f m i t s  spec i f i ed  i n  subparagyaphs ( 1  ) tizr-ough (14) 

below, may b e  transpor-bed i n  a veh ic l e  (except a i r c r a f t )  assigned 

for the  s o l e  us? of  Lhat consignor, and tml-naded by the  consignee 

fi-om the t r anspor t  veh ic l e  i n  which o r ig i . na l ly  loaded. 

1 .  1000 m i l l i m m  p e r  hour ai; t h r e e  f e e t  from t h e  ex te rna l  sur-  

f a c e  of t h e  package (closed t r anspor t  veh ic l e  only) ; 

2 .  200 m i l l i r e m  per houy a t  any p o i n t  on t h e  e x t e r n a l  surface 

o f  t h e  c a r  oi- v-eiiic1.e (closed transport veh ic l e  0nl.y); 

3 .  10 millirem p e r  hour a t  six feet from t h e  ex te rna l  surface 

o f  t h e  c a r  o r  veh ic l e ;  and 

1. 2 m i l . l i r e m  p e r  hour or equivalent  i n  any normally occqoied 

pos i t i on  i n  t he  c a r  or veh ic l e  except; t h i s  does no t  apply 

.Lo pri-vatx mtor c a r r i e r s  I f  



'( .3 Shielding Es t iva t e s  

It, 3-8 often q u i t e  usefu l  t o  be able t o  determine quickly .wbe.thex. a 

caskls shielding i s  adequate for a given service.  For t h i s  purposeJ a 

nomograph. is given' which permits t he  est,ilmti.on of the shfelding i-e- 

yuired to reduce .the dose rate from spent fuel elel.flents .l;o 100 m/hP 011 

a cask surface ( s e e  Fig e 7 . I  ) 

hr can be estiiwted by no3ing that  the dose r a t e  cklanges by a factor. o f  

2 f o r  about 0.6 in, change in. lead thickness  

Swface dose .rates d i f f e r e n t  ~ ? > o r n  I 00 i r r /  

Figure 7.7 i s  based on the  assw~ption t h a t  a Xarge ~ o i u - c e  has f.ke 

same ac t iv i t ,y  and Irlttss per  mi-t; TJolui?ze as the average for a cask cavtty 

and that, t h e  f u e l  i s  either f a i r l y  w e l l  d i s  tributecb or qjproxiina.Le1-y 

centered in t h e  cav i ty ,  

exceeds about  200, where "I?T is the average densiby of  the cask cont,ents, 
in pounds per cubic foot, and I3 i.s the mintmum ~mss-st-3ct,ional dimerision 

of -the cwri ty ,  in f e e t .  For -values of xD as smll as 100, however, t h e  

conservatism of i h e  iiiethod results in l e s s  dhaa 112 in, of added t"O.i.ck- 

nesses , 

This rModeL i s  sui table  t.~hen $,lie product, ~ ' r j )~  

7 .? .1 Corriparison of Noimgraph and Machine Code 

C a l c d a t i o n s  i~ade to deterriirirle the sh ie ld ing  t h i c h e s s  requi.red to 
produce a dose rate of 100  m / h r  on t h e  cask sii.rface wem: determined 

iusipig the QU-PSA. code" (which uses a kernel  technlqiue w . f h  t he  bu.ildup 

i'actax. calculated 'by the mrrients rriethod) and compa~ed witin those val.ues 
obtained in Fig .  '7 2 

It fourid that the nornograph gave vala~es of lead th.ickness;es 

genera l ly  within. 5% o f  those calci-dated using the QW13-PSA code, the 

extreme being -7 1) 6% and +,q .,$./d , 
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QRNL. DWG 67-1 1619R: 
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DIRECTIONS: From proper , p i n t  in irradiation-decay grid, 
project perpendicularly to reference scale. 
Then project frorii W/W scale through point 
on reference scale. 

Fit;. 1 .1  . Nomograph f o r  E s t i m a t i r i g  Amount of Shie ld ing  
(Reference i) 
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Certainly t he  dose rate a;cmy from -Yne sii.rfac=e m y -  be accurately 
calculated if the angular flux on the surface is known. iinfortmately, 

nu general  correlatLons exist  'uekween a cask desi-gn With.  i t s  sc~urce and 

the f lux  d i s t r ib i i t i on  on the  cask surface; each case must be exani-ined 
individual ly ,  some l imi t ed  arn-mt of evidence indicates that, the angu- 

l a r  f l u x  + on t h e  surface o f  large casks r r ~ y  be represented by a cos'' 

ilistrlibution where @ i s  measured noz-mal to t he  cask su-face,  

A s e r i e s  of  graphs for c y l i n d r i c a l  contairiers gas developed i n  

which a r e  p l o t t e d  the ratio of t h e  dose a t  some point in space 'GO the 
surface dose rate aga ins t  a d is tance parameter TQJ? flux d!~strjbutions 
mnging .from isotropic .  t o  the h igkly  foxward-peaked cos' 6 dist,rTbntion, 

Figures 7.2  through '7.8 refer t o  t h e  dose r a t i o  at the side of a 

cyl indr ica l  cask and Fig .  7.9 r e fe r s  .Lo i t s  circular  end, Dose r a t i o s  

for rectangular s-urfaces are presented in Figs  1) '7 . I  0 through 7 , I  3. 

For dense shielding ~m-lerials such as lead and uranium, we _nresent,Ey 

recommend use of  the cos3 distribution to dete-rmine the dose rate away 

f"rorn the surface r e l a t i v e  t o  the dose rate on the surface. As m r e  evi- 

dence becomcs available, t h i s  recom:endation ray b e  mdi f i e d ,  

c y l i n d r i c a l  shipping cask is  6.35 ft h5gh and 1 .6kc f'c in diameter. 

it contains f u e l  that has been .isi*adiated ?(IC days and cooled 100 days" 

The ca.vi.ty contains 100 lb of f u e l  and other xnater.i.al per. megxwatt of  
original reactor  power. Determine a 1 the aimunt of shielding required 

t u  s:edu.ce the surface dose ra.i;e l;o 106 mrfhr, b) the  dose ra%e at both. 

the s i d e  and end of the cask 3 ft, f m m  the surface, 
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Answcr: Fyom F ig .  7 . I  i t  is determined t h a t  8 i n .  of  l ead  aye 

required t o  reduce t h e  s ix face  dose r a t e  t o  a m u d  100 mx-/hr. 

To deteriilirie t h e  dose r a t e  a t  3 f t ,  -the following ca lcu la t ions  a r e  

made ( see  f i g u r e s  f o r  nomencl.ature): 

6.35 Ic.0 Cask he ight  - 
Cask diameter - - 

R 0.82 ft, 

Assuming the flux on t h e  cask su r face  has a cos3 3 angular  d i s t r i b u t i o n ,  

fmm Fig .  7.j f o r  r/R = 3.66 and H/D = 4.00, t h e  dose r a t e  a'i, 3 f t  is:  

Uose r a t e  a i  3 f t  
b s e  r a t e  a t  si irface - o . 1 8  -. _ _ . _  

Dose r a t e  at 3 f t  = (0 .18)  (100 mr/hr) 

= 18 m r / h r  

Assunling t h e  same cos3 P flux d i s t r i b u t i o n  o n  t h e  sur face  o f  t h e  cad o f  

the cask and sirice 

from Fig .  7.9 f o r  n = 3 

= 0.135 Dose r a t e  a t  3 f't 
Dose r a t e  a t  surface 

Assuming t h e  sa~iie sur face  dose r a t e  o f  100 m/hr, t h e  dose r a t e  a t  3 f t  

from t h e  end of' t he  cask is 

(.135) (100) -1 13.5 inr/hr 

'l'hese resiilts ind ica t e  t h e  su r face  dose r a t e  i s wi th in  requirements,  but 

t he  dose r a t e  at, 3 f i  from t he  s i d e  o f  t h e  cask i s  almost, a f a c t o r  o f  two 

too high.  

An addthional  0 .6  i n .  o f  l ead  sh ie ld ing  should allow the cask t o  

meet t h e  TXIT r egu la t ions .  
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Fig. 7.2. Rat io  of Dose a t  P +A b s e  on the SurPace ii;as.;d on 
Isotropic Flux Distribution on Surface. 

F i g .  '7 *3. Ratio of Pmse at P t o  b s e  on t he  Surface Based on 
Cosine' E ' L ~  gi~tribu~iion o n  Surface e 



F i g .  7.4. Ratio of Dose at P to Dose on the Surface Based on 
Cosine2 F l u x  Di s t r ibu t ion  on Surface. 

F i g .  7.5. R a t i o  of Dose at P to b s e  on the Surface Based on 
Cosine” fi’lux Distribution on Surface, 



F i g ,  7.6. Ratio o f  Lbse a t  p t o  Dose on %he Siiri"ace Based on 
(;osine4 F ~ U X  D i s t r i b u t i o n  on Surface. 





F i g .  7.10. R a t i o  of Dose at P Lo Dose on the Sinrface Based on 
I so t rop ic  Flux Distribution on Surface e 
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I 

0 0  

Fig. 7.12. Ratio of hose at P Lo Dose on the Surface &sed 011 
Cosine’ F ~ U X  ~ i s i r - i b u t i o n  on Slurface , 

bkg .  7.13. Xat io  of Dose at, P to Dose on the Surface Based on 
Cosine3 F l u x  Di s t r ibu t ion  on Surface .  
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